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ABSTRACT: The phosphoinositide 3-kinases (PI3Ks) have been
linked to an extraordinarily diversified group of cellular functions
making these enzymes compelling targets for the treatment of
disease. A large body of evidence has linked PI3Kγ to the
modulation of autoimmune and inflammatory processes making it
an intriguing target for drug discovery. Our high-throughput
screening (HTS) campaign revealed two hits that were nominated
for further optimization studies. The in vitro activity of the first
HTS hit, designated as the sulfonylpiperazine scaffold, was
optimized utilizing structure-based design. However, nonoptimal
pharmacokinetic properties precluded this series from further
studies. An overlay of the X-ray structures of the sulfonylpiperazine
scaffold and the second HTS hit within their complexes with PI3Kγ revealed a high degree of overlap. This feature was utilized to
design a series of hybrid analogues including advanced leads such as 31 with desirable potency, selectivity, and oral bioavailability.

■ INTRODUCTION
The phosphoinositide 3-kinases (PI3Ks) are attractive targets
for the design of small molecule inhibitors since abnormal PI3K
activity contributes to the transition from typical cell function
to the progression of disease.1−5 The most extensively studied
of the three PI3K classes, class I, includes heterodimeric
proteins consisting of a catalytic subunit (p110α, p110β, p110δ,
and p110γ) and regulatory subunit (p85 in the case of p110α,
p110β, and p110δ; either p84 or p101 in the case of PI3Kγ).5

This target is further grouped into the class IA subset,
comprising PI3Kα, β, and δ, which is predominately activated
by receptor tyrosine kinase signaling and the lone class IB
member, PI3Kγ, which is activated by G-protein coupled
receptors.1,6−9

The primary role of the class I PI3Ks involves catalyzing the
phosphorylation of phosphatidylinositol (3,4)-bisphosphate
(PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3).4

However, despite this unifying characteristic, differences in
tissue distribution among the isoforms allows for differentiation
in a disease setting. Where PI3Kα and PI3Kβ are ubiquitously
expressed, PI3Kδ and PI3Kγ expression is restricted primarily
to the hematopoietic system.6−11 The class IA PI3Ks regulate
many diverse processes and have been studied extensively as
targets for the treatment of cancer and metabolic disorders.12,13

Experimental evidence has uncovered the link between PI3Kγ
and processes such as lymphocyte chemotaxis and mast cell

degranulation, thereby generating interest in this target for the
treatment of autoimmune and inflammatory disorders.14−16

Recently, several reports linking PI3Kγ to cancer,17−21

diabetes,22 cardiovascular disease,23−28 and Alzheimer’s29 have
also been disclosed.
Given the overwhelming evidence linking the PI3K pathway

to various disease states, there have been reports from a
number of research groups targeting both pan-active and
isoform selective inhibitors. These efforts have resulted in a
considerable number of compounds now in the clinic, two of
which were generated by our in-house program.30 Both agents
are pan-active inhibitors of the class I PI3Ks and are
differentiated primarily by their activity against the closely
related PIKK family member mTOR.31,32 Our more recent
exploration has involved targeting isoform selective inhibitors in
attempts to deconvolute the pharmacological activity observed
with pan-active PI3K inhibition.
Fortunately, at the start of our work several reports exploring

the potential of selective PI3Kγ and dual PI3Kγ/δ inhibition as
a target profile for the treatment of inflammatory disease
existed.33−35 Collectively, this large body of evidence provided
a therapeutic rationale for pursuing PI3Kγ as a drug discovery
target and alleviated concerns around the risk of inhibiting this
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central signaling enzyme. The premise that PI3Kγ inhibition
would cause undesired side effects as a consequence of down-
regulating central signaling pathways, such as mitogen-activated
protein kinase (MAPK),36−39 was largely addressed by
knockout and knock-in studies which indicated that mice
lacking PI3Kγ activity are viable and fertile.40−42 Subsequently,
a groundbreaking report from Camps and co-workers disclosed
the first PI3Kγ selective inhibitor which demonstrated the role
of pharmacological inhibition on this target in a disease
setting.43 In addition to this disclosure, few other examples of
subtype selective PI3Kγ inhibitors have been disclosed.33,44 In
an effort to further investigate the role of PI3Kγ in autoimmune
and inflammatory disorders, we embarked on a campaign to
design a tool compound with selectivity for PI3Kγ vs class IA
isoforms (PI3Kα, β, and δ) and pharmacokinetic properties
amenable to oral dosing. Herein is described our efforts to this
end.

■ RESULTS AND DISCUSSION
Screening of our extensive ∼4.6 million compound in-house
library revealed hits 1 and 2 that we felt could be useful starting
points from which to initialize lead optimization studies (Figure 1).

Assessment of biochemical selectivity was carried out with a
luciferase-coupled chemiluminescence assay. Compounds were
evaluated in a cellular context by measuring inhibition of AKT
(PKB) phosphorylation with C5a-stimulated Raw 264.7 murine
macrophages in a fixed-cell ELISA format.43 HTS hit 1
possessed moderate in vitro potency and poor selectivity for
PI3Kγ vs α, β, and δ. Further evaluation of the pharmacokinetic
profile of 1 demonstrated that a <1 μM concentration was

observed in the plasma when dosed orally in mice at 100 mpk
after one and four hours. The second HTS hit 2 was previously
prepared as part of a program aimed at the inhibition of
checkpoint kinases 1 and 2.45 While 2 was not particularly
active in these investigations, its biochemical and selectivity
profile against PI3Kγ was noteworthy. Given that the IC50 of 2
was >10 μM when tested in our cellular assay, we chose to
prioritize our optimization efforts on 1 with the knowledge that
2 could serve as a viable scaffold as well.
The first generation of analogues aimed at improving the

potency and selectivity of 1 utilized key observations gathered
from a cocrystal structure of the ligand bound to the ATP-
binding site of PI3Kγ (Figure 2). Interaction of 1 with the

PI3Kγ hinge occurs through hydrogen bonding of the methoxy
phenyl oxygen to the backbone NH of Val882; a fact that was
not surprising based on the significant number of ligands that
engage oxygen with this residue.46 From our structural data, it
appeared likely that converting the methoxyphenyl group
interacting with Val882 to a functional group capable of
forming a bidentate interaction would improve the PI3K
activity. Indeed, introduction of the aminopyrimidine, with
analogue 3, produced a >40-fold improvement in biochemical
activity for PI3Kγ (Table 1). A high degree of homology is
exhibited within the class I PI3Ks; therefore, to improve γ
selectivity priority was given to modifying a part of the scaffold
in close proximity to a less conserved region along the
periphery of the active site.47 Selectivity residues near the ligand
are highlighted in Figure 2. The effectiveness of this strategy
was exemplified with modification of the R group of 3, where
replacing the methoxy group with an isopropyl group, to
provide 4, improved the PI3K selectivity in favor of γ over α
and β (Table 1). Unfortunately, 4 displayed poor plasma
exposure in mice, presumably due to high mouse liver
microsome (MLM) oxidation (79 ± 2.6% conversion at
30 min). Pyridine 5 displayed lower mouse liver microsome
oxidation (37 ± 2.7% conversion at 30 min) and in-turn higher
mouse plasma exposure than pyrazine 4. However, despite

Figure 1. Data for HTS hits 1 and 2.

Figure 2. Cocrystal structure of 1 in the PI3Kγ active site (PDB code
4anv). Residues nearest 1 in the PI3Kγ active site that are different
among class I PI3K isoforms are displayed in yellow. Hydrogen bonds
of 1 with Val882 and Lys833 are illustrated.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm300403a | J. Med. Chem. 2012, 55, 5467−54825468



other efforts to improve the pharmacokinetics of the sulfonyl
piperazine series, 5 was our most promising analogue thus far.
The combination of moderate mouse plasma exposure along
with undesirable rat pharmacokinetic properties precluded
further evaluation of this analogue. When considering the poor
oral bioavailability of 5, the low solubility (Ksol <5 μM) was
considered a primary factor. As the analogues in this series had
high molecular weight (>500) and lipophilicity (LogD7.4

>4.0),48 lowering these values was viewed as an attractive
approach to improving the solubility.
Fortunately, HTS hit 2 had considerably higher solubility

(Ksol = 424 μM), lower lipophilicity (LogD7.4 = 0.47), and
molecular weight (MW = 296). Therefore, 2 seemed like a
more reasonable starting point for pharmacokinetic optimiza-
tion since solubility would not likely be a limiting factor in
achieving acceptable oral bioavailability in this series. In the
optimization of 2, our first priority was improving the poor
cellular activity (IC50 >10 μM), and there was evidence to infer
this could be addressed by replacement of the tetrazole
functional group. For example, lower biochemical activity, yet
increased cellular activity, was observed when the tetrazole was
replaced with a trifluoromethyl group (6, Table 2). Fortunately,

our optimization effort was aided by structural data of HTS hit
2 and sulfonyl piperazine 4.
An overlay of the cocrystal structures of 2 and 4 indicated

that these analogues adopted a similar binding mode (Figure 3).
With 4, hydrogen bonding with kinase hinge residue Val882
involved the aminopyrimidine, and with 2, a similar interaction
is formed with the aminopyrazine. Additionally, interaction
with the salt bridge residue Lys833 occurs via the tetrazole of 2
and the sulfonamide oxygen of 4. Therefore, when considering
a surrogate functional group for the tetrazole, a sulfonamide
was deemed appropriate since it would be able to interact with
Lys833 while also allowing for additional structural manipu-
lation. It was also deemed beneficial that the tetrazole of 2
did not reside in close proximity to selectivity residues within
the active site, and therefore, modifying this region would be less
likely to disrupt the desirable PI3Kγ selectivity of this analogue.
Described in Table 2 is a representative sample of our initial

attempts to find a suitable sulfonamide replacement for the
tetrazole of 2. Phenylsulfonamide 7 displayed a similar
biochemical potency and selectivity profile to 2, but with
greatly enhanced cellular activity, thereby providing evidence
that the potency would be retained with an appropriate tetrazole

Table 1. Optimization of Sulfonylpiperazine Derivatives of HTS Hit 1

PI3K selectivity IC50
(nM)

compd X Y R
PI3Kγ IC50

(nM)
PI3Kγ cell IC50

(nM) α β δ
mouse plasma
exposurea,b rat PKb,c

3 N N OMe 10 264 38 1970 387 n.d. n.d.
4 N N iPr 18 182 505 >10,000 816 0.7 ± 0.3 μM (1 h)d n.d.

0.1 ± 0.08 μM (4 h)d

5 C N iPr 18 213 220 3512 456 12.9 ± 1.4 μM (1 h)e AUC(0‑∞) = 0.95 μM•h, t1/2 = 1.82 h, %F
= 12.73.2 ± 0.9 μM (4 h)e

aData are reported as the mean ± SD. bn.d. = not determined. cFemale Sprague−Dawley rats (n = 3) dosed at 5 mpk (PO) as a solution in 5%
EtOH 45% PEG400/water + 1:2 HCl. dMale C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a suspension in 0.5% CMC 0.2% Tween80/water.
eMale C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a turbid solution in 10% EtOH 20% PEG400/water + 1:1 HCl.

Table 2. In Vitro Potency and Selectivity Data for Derivatives of HTS Hit 2
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replacement. Installation of a chlorine on the central ring generally
led to an increase in cell activity as indicated with 8. This finding
was further explored with reduction of the size of the sulfonamide
group as demonstrated with 9−11 (Table 3). These analogues

were biochemically potent and provided evidence that the PI3K
selectivity could be modulated by changing the alkyl group on the
sulfonamide. Although the potency and selectivity was less than
optimal with 11, it displayed acceptable oral plasma exposure in
mice which provided affirmation of our thesis that a sulfonamide
derivative with desirable solubility (Ksol = 211 μM) would improve
the pharmacokinetic properties of this series.49 We were particularly
encouraged by the excellent cellular activity observed with aryl
sulfonamide 8 and adopted it as a standard going forward.

Further derivatization involved modification of the scaffold
core (Table 4). Comparison of methoxy analogue 12 with 8
and 13 suggested that electron withdrawing substituents
improved the potency. Aminopyridine analogue 14 displayed
a biochemical profile similar to that of parent 8, and reverse
sulfonamide derivatives 15−16 displayed slightly decreased
PI3K activity compared to that of parent 7. However,
reintroduction of chlorine on the central ring increased the
biochemical potency but decreased the selectivity profile as
shown with a comparison of 16 and 17. Overall, alteration to
the central ring of the aryl sulfonamide series did not lead to an
improvement in the biochemical activity or selectivity profile.
Building upon lead 8, substituted aryl sulfonamide derivatives

were next considered. Changing substituents at the meta
position, with groups exhibiting different electronic and steric
properties, generally did not greatly alter the selectivity profile,
cellular activity, or mouse plasma exposure as indicated by 18−
22 (Table 5). However, walking a chlorine atom around the
aryl group revealed that ortho substitution provided two
significant advantages (22−24, Table 6). First, a >40-fold
increase in plasma exposure in mice was observed for the ortho-
substituted analogue 23 when compared to the meta-
substituted analogue 22. Examination of the in vitro data for
these analogues indicated that the explanation for the drastic
difference in plasma exposure was likely related, at least in part,
to differences in the solubility of 22 (Ksol = <1 μM) and 23
(Ksol = 24 μM). Second, ortho substitution incrementally
improved the PI3Kγ selectivity over other class I PI3Ks. As an
aside, the slight potency improvement realized by placing a

Figure 3. (a) Overlay of the cocrystal structures of 2/P13Kγ (green/gray) and 4/PI3Kγ (magenta/orange). P-loop removed for clarity. Selectivity
residues in close proximity to the ligands are displayed in yellow (PDB codes 4anu and 4anx). (b) Schematic presentation of the binding interactions
between 2 and 4 in the active site.

Table 3. In Vitro Potency and Selectivity Data for
Sulfonamide Derivatives of HTS Hit 2

PI3K selectivity IC50 (nM)

compd R PI3Kγ IC50 (nM) α β δ

9 Me 17 142 1563 1073
10 H 26 97 701 638
11 CH2CF3 65 752 2511 1418
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chlorine on the central ring with earlier analogues was also
observed with a comparison of 22 and 25.
In an effort to explore the scope of the encouraging data

surrounding 23, disubstituted aryl derivatives were pursued.
Both 26 and 27 exhibited a profile similar to that of the parent
23 (Table 7). All other bis-substituted derivatives (28−29 and
31−32) also displayed excellent mouse plasma exposure. When
comparing the high oral plasma exposure levels observed in
mice for these analogues, in addition to solubility, permeability
was a differentiating factor. Throughout the evolution of the
program, passive membrane permeability was modeled using
an MDCK cell-based assay, and the aryl sulfonamide series
generally displayed apparent permeability (Papp) values of
100−200 nm/s. Therefore, it was not surprising to observe that
31 with excellent solubility (Ksol = 176 μM) and permeability
(550 nm/s) displayed the highest oral plasma exposure in the
bis-substituted aryl series. Additionally, a comparison of 30 and
31 again verified the potency increase observed when chlorine
was placed on the central ring. Further SAR plans involved

optimization of the hinge-binding heterocycle utilizing the
difluoroaryl sulfonamide contained in 31.
An intriguing observation was made when considering the

binding modes of 31 and 4 (Figure 4). As mentioned
previously, the isopropyl group of 4 resides in a region
containing multiple selectivity residues and was thought to
contribute to the PI3Kγ selectivity observed with this analogue.
Therefore, a series of derivatives was synthesized to determine
the extent to which the N-methylcarboxamide of 31 contributes
to the PI3K selectivity profile since this group is in close
proximity to the isopropyl group of 4 (Table 8). Analogue 33,
lacking the N-methylcarboxamide, displayed a significantly less
attractive biochemical profile than 31. However, the amino-
pyrimidine analogue 34 exhibited a biochemical profile
similar to that of 31, thereby providing evidence that the
N-methylcarboxamide was not necessary to retain γ
selectivity. Substitution at the 4-position of the pyrimidine
to provide 35 and 36 incrementally increased the activity
and deteriorated the PI3K selectivity. While it was intrigu-
ing that removal of the N-methylcarboxamide did not

Table 4. Biochemical Activity and PI3K Selectivity Data for Core Modifications of the Aryl Sulfonamide Series

PI3K selectivity IC50 (nM)

compd R1 X Y Z R2 PI3Kγ IC50 (nM) α β δ

12 OMe C SO2 NH H 507 1807 >10,000 1202
13 F C SO2 NH H 152 953 3370 1582
14 NH2 N SO2 NH H 53 200 362 533
15 H C NH SO2 H 167 3643 >10,000 3389
16 H C NH SO2 Cl 161 3381 6343 2964
17 Cl C NH SO2 Cl 11 90 64 100

Table 5. PI3K Selectivity, Cellular Inhibition, and Mouse Plasma Exposure Data for meta-Substituted Aryl Sulfonamide
Derivatives

PI3K selectivity IC50 (nM)

compd R PI3Kγ IC50 (nM) PI3Kγ cell IC50 (nM) α β δ mouse plasma exposurea,b

18 Me 48 572 323 2075 568 n.d.
19 F 43 171 316 1611 415 1.6 ± 0.3 μM (1 h)c

1.0 ± 0.1 μM (4 h)c

20 OMe 31 431 290 1656 546 0.7 ± μM (1 h)c

0.09 ± μM (4 h)c

21 CF3 49 552 727 5070 1355 1.7 ± 0.7 μM (1 h)d

0.4 ± 0.2 μM (4 h)d

22 Cl 18 184 174 1130 437 1.3 ± 0.6 μM (1 h)e

0.1 ± 0.04 μM (4 h)e

aData are reported as the mean ± SD. bn.d. = not determined. cMale C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a suspension in 10% EtOH
40% PEG400/water + 1:1 HCl. dFemale C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a suspension in 0.75% CMC 0.1% Tween80/water. eMale
C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a suspension in 10% EtOH 60% PEG400/water.
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significantly influence γ selectivity, the inability to improve
upon the biochemical profile of 31 prompted the deprioritiza-
tion of effort in this area.
Select advanced analogues (26, 28, and 31−32) demonstrat-

ing >10-fold selectivity vs other PI3K class I isoforms, potent
cellular activity, and excellent mouse plasma exposure were next
examined in a pharmacodynamic assay (Table 9). Both genetic
and pharmacological inhibitions of PI3Kγ are known to reduce
adenosine-evoked mast cell degranulation in vivo.16,50 To
determine the ability of our advanced PI3Kγ inhibitors to affect
mast cell activation in an inflammatory response, they were
tested in an established adenosine-induced mast cell

degranulation (AIMCD) mouse in vivo model. Response was
measured by quantitating Evans’ blue dye extravasation at 4 h in
the ears of BALB/c mice. Of note, 26, 28, 31, and 32 exhibit a
response analogous to that observed with PI3Kγ-deficient mice
in this assay.50 Additionally, data for 37 (GDC-0941),51 a well
characterized pan-active PI3K inhibitor currently in clinical
trials, provided evidence that knock-down in this assay was not
enhanced by additional inhibition of other PI3K isoforms. A
comparison of 32 to the potent anti-inflammatory steroid
dexamethasone, indicated that while 32 was less potent, it
induced a significant degranulation response in this assay
(Figure 5).

Table 6. PI3K Selectivity, Cellular Inhibition, and Mouse Plasma Exposure Data for Chloroaryl Sulfonamide Derivatives

PI3K selectivity IC50 (nM)

compd R1 R2 R3 R4 PI3Kγ IC50 (nM) PI3Kγ cell IC50 (nM) α β δ mouse plasma exposurea,b

23 Cl Cl H H 20 507 476 2404 1020 59.1 ± 4.0 μM (1 h)c

9.6 μM ± 1.2(4 h)c

22 Cl H Cl H 18 184 174 1130 437 1.3 ± 0.6 μM (1 h)d

0.1 ± 0.04 μM (4 h)d

24 Cl H H Cl 26 394 142 1263 539 n.d.
25 H H Cl H 42 409 705 4774 1253 0.6 ± 0.07 μM (1 h)e

0.4 ± 0.1 μM (4 h)e

aData are reported as the mean ± SD. bn.d. = not determined. cMale C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a suspension in 5% EtOH
40% PEG400/water. dMale BALB/c mice (n = 3) dosed at 100 mpk (PO) as a suspension in 10% EtOH 60% PEG400/water. eMale C57BL6 mice
(n = 3) dosed at 100 mpk (PO) as a suspension in 0.75% CMC 0.1% Tween80/water.

Table 7. PI3K Selectivity, Cellular Inhibition, and Mouse Plasma Exposure Data for Bis-Substituted Aryl Sulfonamide
Derivatives

PI3K selectivity IC50 (nM)

compd R1 R2 R3 R4 PI3Kγ IC50 (nM) PI3Kγ cell IC50 (nM) α β δ mouse plasma exposurea,b

26 Cl Cl H F 5 528 209 1069 340 64.8 ± 7.1 μM (1 h)c

19.2 ± 2.1 μM (4 h)c

27 Cl Cl F H 21 1575 972 4442 1186 236.7 ± 6.5 μM (1 h)c

39.8 ± 6.5 μM (4 h)c

28 Cl Cl H Cl 8 464 323 1964 1032 21.3 ± 1.7 μM (1 h)d

8.6 μM ± 2.5 (4 h)d

29 Cl Cl Cl H 18 587 555 1968 743 172.9 ± 32.3 μM (1 h)d

22.1 ± 11.1 μM (4 h)d

30 H F F H 102 1877 2369 5016 2452 n.d.
31 Cl F F H 18 773 435 2059 690 333.4 ± 8.3 μM (1 h)e

119.3 μM ± 40.6 (4 h)e

32 Cl Me F H 34 805 342 1148 415 13.1 ± 4.1 μM (1 h)e

6.2 ± 2.1 μM (4 h)e

aData are reported as the mean ± SD. bn.d. = not determined. cMale C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a suspension in 0.75% CMC
0.1% Tween80/water. dMale C57BL6 mice (n = 3) dosed at 100 mpk (PO) as a suspension in 10% EtOH 20% PEG400/water. eMale C57BL6 mice
(n = 3) dosed at 100 mpk (PO) as a suspension in 10% EtOH 40% PEG400/water + 1:1 HCl.
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Given the established link between PI3Kγ in preventing joint
damage and neutrophil recruitment in mouse models of
rheumatoid arthritis,43 an experiment was undertaken to
measure the impact that 32 would have on neutrophil
migration (Figure 6). In mice, intraperitoneal injection of the
chemokine RANTES (CCL5) is known to induce neutrophil
recruitment to the peritoneal cavity.43 Oral administration of 32
resulted in a 50% reduction in neutrophil recruitment, thereby
providing evidence of the effect PI3Kγ inhibition can exhibit on
neutrophil migration in vivo.
On the basis of the desirable profile of 31 and 32 in the

mouse, full pharmacokinetic data was gathered in rat (Table 10).
Generally, the exposure data observed between the mouse and
rat correlated appropriately where 31 demonstrated signifi-
cantly higher plasma levels than 32 in both species. High
plasma exposure levels were observed for both analogues
administered as a solution. Bioavailabilities were >60% at 5 mpk
along with a half-life of >4 h for 31. Figure 7 shows the
pharmacokinetic profile of 31 when dosed as a solution in the
rat at 5 mpk.
Additionally, advanced leads 31 and 32 were also profiled

against a set of kinase targets using previously described
methods (Table 11).52,53 The IC50 inhibition measured for

31 and 32 against the vast majority of kinases tested was
>3600 nM. Not surprisingly, cross-reactivity with the closely
related kinase mTOR was observed in both analogues.54 The
CYP, hERG, and P-glycoprotein inhibition profile of 31 was
also characterized (Table 12). The IC50 inhibition measured
was >20,000 nM with the majority of ADME targets profiled.
Collectively, the attractive off-target selectivity and ADME
profile of 31 will allow this analogue to serve as a useful
pharmacological tool.

Chemistry. Outlined in Scheme 1 is the synthesis of HTS
hit 1. Deprotection of 38 under acidic conditions followed by
coupling with 3-bromobenzene-1-sulfonyl chloride provided
bromide 39. A Suzuki−Miyaura cross-coupling utilizing two

Figure 4. Overlay of cocrystal structures of 31/PI3Kγ (green/gray)
and 4/PI3Kγ (magenta/orange) with selectivity residues displayed in
yellow (PDB codes 4anu and 4anw). The difluorophenyl ring of 31
was found to be present and modeled in two equivalently populated
poses, related by a 180° flip of the ring plane.

Table 8. Hinge-Binding Heterocycle Derivatives of 31

Table 9. In Vivo Data for Aryl Sulfonamide Advanced Leads
and Pan-Active PI3K Inhibitor 37

compd

PI3Kγ
IC50
(nM)

PI3Kγ cell
IC50 (nM)

adenosine induced mast
cell degranulation (%)a

mouse plasma
exposure (4 h)b

26 5 528 61 ± 25 20.3 ± 5.8 μMc

28 8 464 65 ± 15 6.5 ± 1.1 μMd

31 18 773 63 ± 21 43.1 ± 7.9 μMc

32 34 805 72 ± 12 9.2 ± 3.1 μMc

37 42 298 29 ± 19 5.3 ± 2.1 μMe

aResponse was measured by quantitating Evans′ blue (% absorbance at
620 nM relative to vehicle, mean ± SD, n ≥ 8) extravasation at 4 h in
the ears of male BALB/c mice. Analogues were dosed at 100 mpk
orally. bData are reported as the mean ± SD. cMale BALB/c mice
(n ≥ 8) dosed at 100 mpk (PO) as a suspension in 10% EtOH 40%
PEG400/water + 1:1 HCl. dMale BALB/c mice (n = 8) dosed at
100 mpk (PO) as a suspension in 10% EtOH 40% PEG400/water.
eMale BALB/c mice (n = 10) dosed at 100 mpk (PO) as a suspension
in 0.5% CMC 0.2% Tween80/water.

Figure 5. Inhibition of adenosine-induced mast cell degranulation
(AIMCD) by 32 dosed orally at 100 mpk. Response was measured by
quantitating Evans′ blue extravasation in the ears of male BALB/c mice
at 4 h. Data are reported as the mean ± SD (n = 8, *P = <0.05).
Vehicle (Ad-, nonsensitized) and Vehicle (Ad+, adenosine sensitized)
formulation: 10% EtOH 40% PEG400/water + 1:1 HCl. Dexametha-
sone (Dex) dosed PO at 3 mpk in 0.5% CMC/0.2% Tween80.
Analogue 32 was dosed as a suspension in 10% EtOH 40% PEG400/
water + 1:1 HCl.
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equivalents of 4-methoxyphenylboronic acid provided the final
product 1.
The synthesis of 3 was carried out in 3 steps starting from

intermediate 39 (Scheme 2). First, a Suzuki−Miyaura cross-
coupling with one equivalent 4-methoxyphenylboronic acid
provided 40, which was followed by boronic ester formation
and another Suzuki−Miyaura coupling with 5-bromopyrimidin-
2-amine.
Analogue 4 was constructed as outlined in Scheme 3. The

3-bromobenzene-1-sulfonyl chloride was first coupled to

tert-butyl piperazine-1-carboxylate to provide 41, followed by
a Miyaura borylation and Suzuki−Miyaura cross-coupling with
5-bromopyrimidin-2-amine to provide 42. Deprotection under

Figure 6. Analogue 32 dosed orally in male BALB/c mice at 100 mpk
reduced RANTES-induced peritoneal neutrophil recruitment in vivo
by 50%. Total neutrophil count was quantitated using FACS analysis.
Data are reported as the mean ± SD (n = 5, *P = <0.05). Vehicle
formulation: 10% EtOH 40% PEG400/water + 1:1 HCl. Dexametha-
sone (Dex) dosed PO at 3 mpk in 0.5% CMC/0.2% Tween80.
Analogue 32 was dosed as a suspension in 10% EtOH 40% PEG400/
water + 1:1 HCl.

Table 10. Oral Pharmacokinetic Parameters for 31 and 32 in
Rat (5 mpk, PO)a

parameter

compd Cmax (μM) t1/2 (h) AUC(0‑∞) (μM·h) % F

31 42.5 4.44 449.4 76.7
32 9.1 2.08 26.77 66.2

aAnalogues were dosed in female Sprague−Dawley rats (n = 3) as a
solution in 10% NMP 60% PEG400/water.

Figure 7. Pharmacokinetic profile of 31 in rat. Dosed as a solution in
female Sprague−Dawley rats at 5 mpk using IV formulation, 10%
NMP 60% PEG400/water + 1:1 HCl, and PO formulation, 10% NMP
60% PEG400/water. Data are reported as the mean ± SD (n = 3).

Table 11. Kinase Selectivity Profile of 31 and 32

kinase 31 inhibition IC50 (nM) 32 inhibition IC50 (nM)

AKT1 >3600 >3600
Aurora B >3600 >3600
c-Met >3600 >3600
cdc7 MP >3600 >3600
cdk1-cyclinB >3600 >3600
Chk1 MP >3600 >3600
cRaf-1 206 1814
cRAF/MEK1/ERK2 2313 2043
EGFR 739 410
FGFR1 >3600 >3600
Flt-3 >3600 >3600
hPKA Kem >3600 >3600
IRK >3600 >3600
JAK2 >3600 >3600
KDR >3600 >3600
p70S6k >3600 >3600
PDGFRB >3600 >3600
PDK1 >3600 >3600
PKCbetaII >3600 >3600
SRC MP >3600 >3600
mTOR/GbL/Raptor 623 1781

Table 12. CYP450, hERG, and P-gp Inhibition Profile of
Compound 31

target inhibition IC50 (nM)

CYP1A2 >20,000
CYP2C19 >20,000
CYP2C8 2331
CYP2C9 591
CYP2D6*1 >20,000
CYP3A4 (substrate: midazolam) >20,000
CYP3A4 (substrate: testosterone) >20,000
hERG potassium channel 17,318
P-glycoprotein >20,000

Scheme 1a

aReagents: (a) 4 N HCl, 1,4-dioxane, rt; (b) N,N-diisopropylethyl-
amine, CH2Cl2, 3-bromobenzene-1-sulfonyl chloride, 0 °C; (c) 4-
methoxyphenylboronic acid, Pd(dppf)Cl2·CH2Cl2, potassium carbo-
nate, 1,4-dioxane, H2O, 90 °C.
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acidic conditions followed by coupling with 2,3-dichloropyr-
azine afforded 43, and a Suzuki−Miyaura cross-coupling with 4-
isopropylphenylboronic acid provided the final product 4.
The synthesis of optimized lead 5 is described in Scheme 4.

A Buchwald−Hartwig cross-coupling was used to fuse 3-
bromo-2-chloropyridine to tert-butyl piperazine-1-carboxylate
followed by a Suzuki−Miyaura cross-coupling to provide 44.
Deprotection under acidic conditions followed by coupling
with 3-bromobenzene-1-sulfonyl chloride provided 45. Lastly,
the Miyaura borylation/Suzuki−Miyaura cross-coupling se-
quence used to synthesize 4 was also proficient in providing 5.
The synthesis of 3-aminopyrazine-2-carboxamides 7−13 and

18−32 is outlined in Scheme 5. Analogue 14 was synthesized
using a procedure similar to that outlined in Scheme 5 starting
from the known 2-amino-5-bromopyridine-3-sulfonyl chlo-
ride.55 The noncommercially available sulfonyl chlorides were
obtained via a modified Sandmeyer reaction and subsequently
coupled to the appropriate amine.56 The sulfonamide substrate
was then subjected to a single-flask two-step sequence involving
a Miyaura borylation reaction followed by a Suzuki−Miyaura
cross-coupling reaction with 3-amino-6-bromo-N-methylpyra-
zine-2-carboxamide to yield the corresponding analogue.
The synthesis of reverse sulfonamide derivatives 15−17

outlined in Scheme 6 was carried out by coupling the appro-
priate aniline to the corresponding aryl sulfonyl chloride. In a
similar fashion to the analogues synthesized in Scheme 2, a
Suzuki−Miyaura cross-coupling was utilized to provide the final
compounds. Likewise, the aminopyrimidine derivatives 33−36
shown in Scheme 7 were also synthesized in a manner similar
to that used for the derivatives in Scheme 2 but substituting the
appropriate aminopyrimidine in place of 3-amino-6-bromo-N-
methylpyrazine-2-carboxamide.

■ CONCLUSIONS
A series of novel, highly potent, and selective PI3Kγ inhibitors
are disclosed. The sulfonylpiperazine series was optimized
utilizing structure-based design; however, despite improving the
potency and selectivity of this series, desirable pharmacokinetic
properties could not be achieved. Taking advantage of insight
from cocrystal structures of 4 and HTS hit 2 in PI3Kγ provided
a series of novel hybrid sulfonamide analogues with improved
physical properties and pharmacokinetics. Pharmacodynamic
data for lead analogues provided a response similar to that
observed for PI3Kγ deficient mice. In summary, advanced leads
such as 31 contain a desirable potency, selectivity, and
pharmacokinetic profile that will contribute both biological
and chemical insights into the developing area of PI3K research
for the study of inflammatory disease.

■ EXPERIMENTAL SECTION
All reagents and solvents employed were purchased commercially and
used without further purification unless otherwise indicated. NMR
spectra were recorded on a Varian Mercury Plus 400 MHz instrument.
Reported spectra may appear to contain superfluous signals due to the
existence of rotamers and/or carbon−fluorine coupling. Chemical
shifts are reported in parts per million (ppm) relative to an internal
standard of tetramethylsilane in deuterated dimethyl sulfoxide
(DMSO-d6), deuterated methanol (CD3OD), or deuterated chloro-
form (CDCl3). All final compounds were purified to ≥95% purity as
assayed by analytical HPLC (YMC-Pack Pro 150 × 4.6 mm, 5 μm C18
column, Shimadzu LC-10AT VP system equipped with a Shimadzu
SPD-M10A VP diode array detector) at a 1.5 mL/min flow rate with a

Scheme 2a

aReagents: (a) 4-methoxyphenylboronic acid , tetrakis-
(triphenylphosphine)palladium(0), potassium carbonate, 1,4-dioxane,
H2O 70 °C; (b) bis(pinacolato)diboron, Pd(dppf)Cl2·CH2Cl2,
potassium acetate, 1,2-dimethoxyethane, 90 °C; (c) 5-bromopyrimi-
din-2-amine, Pd(dppf)Cl2·CH2Cl2, potassium carbonate, 1,4-dioxane,
H2O, 90 °C.

Scheme 3a

aReagents: (a) N,N-diisopropylethylamine, CH2Cl2, 3-bromobenzene-
1-sulfonyl chloride, 0 °C; (b) bis(pinacolato)diboron, Pd(dppf)-
Cl2·CH2Cl2, potassium acetate, 1,2-dimethoxyethane, 90 °C; (c) 5-
bromopyrimidin-2-amine, tetrakis(triphenylphosphine)palladium(0),
potassium carbonate, 1,4-dioxane, H2O, 90 °C; (d) 4 N HCl, 1,4-
dioxane, rt; (e) 2,3-dichloropyrazine, potassium carbonate, dimethy-
lacetamide, 120 °C; (f) 4-isopropylphenylboronic acid, Pd(dppf)-
Cl2·CH2Cl2, potassium carbonate, 1,4-dioxane, H2O, 90 °C.
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gradient of 5−95% acetonitrile (containing 0.1% TFA) in 0.1%
aqueous TFA for 25 min and total run time of 27 min. Analogues 2
and 6 were synthesized as previously described.45 Mouse liver
microsome assay data, reported as the mean ± SD, was carried out
as previously described.57

2-(4-(4′-Methoxybiphenyl-3-ylsulfonyl)piperazin-1-yl)-3-(4-
methoxyphenyl)pyrazine (1). To a stirred solution of 38 (896 mg,
3.00 mmol) in 1,4-dioxane (20 mL) was added HCl (5 mL, 4 N in 1,4-
dioxane), and the reaction mixture was stirred at ambient temperature

for 2 h. The reaction mixture was concentrated and used directly for
the next step.

To a stirred mixture of crude piperazine (962 mg, 3.00 mmol), N,N-
diisopropylethylamine (2.61 mL, 15.0 mmol), and CH2Cl2 (20 mL)
was added 3-bromobenzenesulfonyl chloride (770 mg, 3.03 mmol)
dropwise at 0 °C. After stirring for 30 min, saturated sodium
bicarbonate was added, and the resulting solution was extracted with
CH2Cl2 (2×). The combined organic layers were dried over anhydrous
sodium sulfate and concentrated, and the residue was triturated with
ethyl acetate and hexanes to afford 39 (1.04 g, 83%).

A mixture of 39 (125 mg, 0.300 mmol), 4-methoxyphenylboronic
acid (137 mg, 0.901 mmol), potassium carbonate (415 mg, 3.00
mmol), Pd(dppf)Cl2·CH2Cl2 (49.0 mg, 60.0 μmol), 1,4-dioxane
(4 mL), and H2O (1 mL) was stirred at 90 °C for 2 h. The reaction
mixture was concentrated and purified by flash chromatography
(hexanes/ethyl acetate, 2:1) to provide 1 (117 mg, 75%) as a white
powder after lyophilization. 1H NMR (400 MHz, CDCl3) δ 8.14 (d,
J = 2.5 Hz, 1H), 8.01 (d, J = 2.5 Hz, 1H), 7.91 (t, J = 1.7 Hz, 1H),

Scheme 4a

aReagents: (a) tert-butyl piperazine-1-carboxylate, xantphos, tris-
(dibenzylideneacetone)dipalladium(0), sodium tert-butoxide, toluene,
100 °C; (b) 4-isopropylphenylboronic acid, Pd(dppf)Cl2·CH2Cl2,
potassium carbonate, 1,4-dioxane, H2O, 90 °C; (c) 4 N HCl, 1,4-
dioxane, rt (d) N,N-diisopropylethylamine, CH2Cl2, 3-bromobenzene-
1-sulfonyl chloride, rt; (e) bis(pinacolato)diboron, Pd(dppf)-
Cl2·CH2Cl2, potassium acetate, 1,2-dimethoxyethane, 90 °C; (f) 5-
bromopyrimidin-2-amine, Pd(dppf)Cl2·CH2Cl2, potassium carbonate,
1,4-dioxane, H2O, 90 °C.

Scheme 5a

aReagents: (a) NaNO2, H2O, HCl, 0 °C; SO2, CuCl, AcOH, 0 °C to
rt; (b) R2NH2, pyridine, CH2Cl2, rt; (c) bis(pinacolato)diboron,
Pd(dppf)Cl2·CH2Cl2, potassium acetate, dioxane, 90 °C; 3-amino-6-
bromo-N-methylpyrazine-2-carboxamide, triethylamine, Pd(dppf)-
Cl2·CH2Cl2, triethylamine, N,N-dimethylformamide, H2O, 85 °C.

Scheme 6a

aReagents: (a) 3-bromoaniline or 5-bromo-2-chloroaniline, pyridine,
CH2Cl2, rt; (b) bis(pinacolato)diboron, Pd(dppf)Cl2·CH2Cl2, potas-
sium acetate, dioxane, 90 °C; 3-amino-6-bromo-N-methylpyrazine-2-
carboxamide, triethylamine, Pd(dppf)Cl2·CH2Cl2, triethylamine, N,N-
dimethylformamide, H2O, 85 °C.

Scheme 7a

aReagents: (a) NaNO2, H2O, HCl, 0 °C; SO2, CuCl, AcOH, 0 °C to
rt; (b) 2,3-difluoroaniline, pyridine, CH2Cl2, rt; (c) bis(pinacolato)-
diboron, Pd(dppf)Cl2·CH2Cl2, potassium acetate, dioxane, 90 °C; RBr,
Pd(dppf)Cl2·CH2Cl2, triethylamine, N,N-dimethylformamide, H2O,
85 °C.
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7.84−7.79 (m, 1H), 7.77−7.72 (m, 2H), 7.70−7.66 (m, 1H), 7.61 (d,
J = 7.7 Hz, 1H), 7.59−7.54 (m, 2H), 7.05−7.01 (m, 2H), 6.89−6.84
(m, 2H), 3.88 (s, 3H), 3.80 (s, 3H), 3.32−3.22 (m, 4H), 3.12−3.00
(m, 4H). MS (EI) for C28H28N4O4S, found 517.2 (MH+).
5-(3-(4-(3-(4-Methoxyphenyl)pyrazin-2-yl)piperazin-1-

ylsulfonyl)phenyl)pyrimidin-2-amine (3). A mixture of 39 (251
mg, 0.603 mmol), 4-methoxyphenylboronic acid (91.0 mg, 0.599
mmol), potassium carbonate (415 mg, 3.00 mmol), tetrakis-
(triphenylphosphine)palladium(0) (69.4 mg, 60.0 μmol), 1,4-dioxane
(4 mL), and H2O (1 mL) was stirred at 70 °C for 2 h. The reaction
mixture was concentrated and purified by flash chromatography
(hexanes/ethyl acetate, 5:1) to provide 40 (251 mg, 85%).
A mixture of 40 (251 mg, 0.510 mmol), bis(pinacolato)diboron

(260 mg, 1.02 mmol), Pd(dppf)Cl2·CH2Cl2 (41.6 mg, 51.0 μmol),
potassium acetate (200 mg, 2.04 mmol), and 1,2-dimethoxyethane
(6 mL) was stirred at 90 °C for 2 h. The reaction mixture was cooled
to ambient temperature, concentrated, and purified by flash
chromatography (hexanes/ethyl acetate, 3:1) followed by trituration
with hexanes to afford 2-(4-methoxyphenyl)-3-(4-(3-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)phenylsulfonyl)piperazin-1-yl)pyrazine
(236 mg, 86%) as an off-white solid.
A mixture of 2-(4-methoxyphenyl)-3-(4-(3-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)phenylsulfonyl)piperazin-1-yl)pyrazine (96.5
mg, 0.180 mmol), 5-bromopyrimidin-2-amine (41.5 mg, 0.240
mmol), potassium carbonate (150 mg, 1.09 mmol), Pd(dppf)-
Cl2·CH2Cl2 (16.3 mg, 20 μmol), 1,4-dioxane (4 mL), and H2O
(1 mL) was stirred at 90 °C for 1 h. The reaction mixture was cooled
to ambient temperature, concentrated, and purified by flash chromatog-
raphy (ethyl acetate/hexanes, 3:1) to afford 3 (54.0 mg, 60%) as a
white powder after lyophilization. 1H NMR (400 MHz, CDCl3) δ 8.57
(s, 2H), 8.15 (d, J = 2.0 Hz, 1H), 8.02 (d, J = 2.0 Hz, 1H), 7.86 (br s
1H), 7.76−7.73 (m, 4H), 7.65 (t, J = 8.4 Hz, 1H), 6.88 (d, J = 8.4 Hz,
2H), 5.29 (s, 2H), 3.83 (s, 3H), 3.30−3.28 (m, 4H), 3.10−3.08 (m,
4H). MS (EI) for C25H25N7O3S, found 504.1 (MH+).
5-(3-(4-(3-(4-Isopropylphenyl)pyrazin-2-yl)piperazin-1-

ylsulfonyl)phenyl)pyrimidin-2-amine (4). To a stirred solution of
tert-butyl piperazine-1-carboxylate (5.59 g, 30.0 mmol) and N,N-
diisopropylethylamine (6.30 mL, 36.0 mmol) in CH2Cl2 (60 mL) was
added 3-bromobenzene-1-sulfonyl chloride dropwise at 0 °C. After
stirring for 30 min, H2O was added, and the resulting solution was
extracted with CH2Cl2 (2×). The combined organic layers were dried
over anhydrous sodium sulfate, concentrated, and purified by flash
chromatography (hexanes/ethyl acetate, 5:1) followed by trituration
with hexanes to provide 41 (11.9 g, 98%) as an off-white solid.
A mixture of 41 (8.10 g, 20.0 mmol), bis(pinacolato)diboron (10.2

g, 40.0 mmol), Pd(dppf)Cl2·CH2Cl2 (820 mg, 1.00 mmol), potassium
acetate (7.85 g, 80.0 mmol), and 1,2-dimethoxyethane (40 mL) was
stirred at 90 °C for 2 h. The reaction mixture was cooled to ambient
temperature, concentrated, and purified by flash chromatography
(hexanes/ethyl acetate, 5:1) followed by trituration with hexanes to
afford tert-butyl 4-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
phenylsulfonyl)piperazine-1-carboxylate (9.1 g, quant.) as a pale pink
solid.
A mixture of tert-butyl 4-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenylsulfonyl)piperazine-1-carboxylate (9.10 g, 20.0 mmol), 5-
bromopyrimidin-2-amine (3.48 g, 20.0 mmol), potassium carbonate
(8.30 g, 60.0 mmol), and tetrakis(triphenylphosphine)palladium(0)
(817 mg, 1.00 mmol), 1,4-dioxane (40 mL), and H2O (10 mL) was
stirred at 90 °C for 1 h. The reaction mixture was cooled to ambient
temperature, concentrated, and purified by flash chromatography
(ethyl acetate/hexanes 3:1) followed by trituration with ethyl acetate
to afford 42 (6.49 g, 77%) as an off-white solid.
To a stirred solution of 42 (6.49 g, 15.4 mmol) in 1,4-dioxane

(60 mL) was added HCl (30 mL, 4 N in 1,4-dioxane), and the
resulting mixture was stirred at ambient temperature overnight. The
reaction mixture was concentrated and used for the next step without
further purification.
A mixture of crude 5-(3-(piperazin-1-ylsulfonyl)phenyl)pyrimidin-

2-amine, potassium carbonate (21.3 g, 154 mmol), 2,3-dichloropyr-
azine (3.44 g, 23.1 mmol) in dimethylacetamide (120 mL) was stirred

at 120 °C overnight. The reaction mixture was cooled to ambient
temperature, diluted with H2O, the precipitate was collected, and the
separated aqueous layer was extracted with ethyl acetate (2×). The
combined organic layers were dried over anhydrous sodium sulfate and
concentrated to give a light-brown solid. The solid and precipitate
were combined, triturated with ethyl acetate, filtered, and dried to
afford 43 (4.5 g). Another crop (0.3 g) was precipitated from the
filtrate to provide a total yield of 72% in this manner.

A mixture of 43 (43 mg, 99.5 μmol), 4-isopropylphenylboronic acid
(24.6 mg, 0.150 mmol), potassium carbonate (69.0 mg, 0.500 mmol),
and Pd(dppf)Cl2·CH2Cl2 (8.2 mg, 10 μmol), 1,4-dioxane (4 mL), and
H2O (1 mL) was stirred at 90 °C for 1 h. The reaction mixture was
cooled to ambient temperature, concentrated, and purified by flash
chromatography (ethyl acetate/hexanes, 4:1) to afford 4 (32.0 mg,
62%) as a white powder after lyophilization. 1H NMR (400 MHz,
DMSO-d6) δ 8.67 (s, 2H), 8.18 (d, J = 2.5 Hz, 1H), 8.11 (d, J = 2.5
Hz, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.87 (s, 1H), 7.77−7.62 (m, 4H),
7.19 (d, J = 8.2 Hz, 2H), 6.97 (s, 2H), 3.17−3.14 (m, 4H), 2.97−2.95
(m, 4H), 2.85 (dt, J = 13.9, 7.1 Hz, 1H), 1.17 (d, J = 6.9 Hz, 6H). MS
(EI) for C27H29N7O2S, found 516.3 (MH+).

5-(3-(4-(2-(4-Isopropylphenyl)pyridin-3-yl)piperazin-1-
ylsulfonyl)phenyl)pyrimidin-2-amine (5). A solution of 3-bromo-
2-chloropyridine (750 mg, 3.90 mmol), tert-butyl piperazine-1-
carboxylate (559 mg, 3.00 mmol), sodium tert-butoxide (432 mg,
4.50 mmol), tris(dibenzylideneacetone)dipalladium(0) (55.0 mg,
60.0 μmol), xantphos (104 mg, 0.180 mmol), and toluene (15 mL)
was stirred at 100 °C for 2 h. The reaction mixture was cooled to
ambient temperature, diluted with H2O, extracted with ethyl acetate
(2×), and washed with brine. The separated organic layer was dried
over sodium sulfate, concentrated, and purified by flash chromato-
graphy (hexanes/ethyl acetate, 10:1) to give tert-butyl 4-(2-chloro-
pyridin-3-yl)piperazine-1-carboxylate (747 mg, 84%).

A mixture of tert-butyl 4-(2-chloropyridin-3-yl)piperazine-1-carbox-
ylate (505 mg, 1.70 mmol), 4-isopropylphenylboronic acid (335 mg,
2.00 mmol), potassium carbonate (705 mg, 5.10 mmol), Pd(dppf)-
Cl2·CH2Cl2 (139 mg, 0.170 mmol), 1,4-dioxane (15 mL), and H2O
(5 mL) was stirred at 90 °C for 1 h. The reaction mixture was cooled to
ambient temperature, concentrated, and purified by flash chromatography
(hexanes/ethyl acetate, 10:1) to afford 44 (541 mg, 84%).

To a stirred solution of 44 (541 mg, 1.42 mmol) in 1,4-dioxane
(8 mL) was added HCl (5 mL, 4 N in 1,4-dioxane), and the reaction
mixture was stirred at ambient temperature overnight. The reaction
mixture was concentrated and used directly for the next step.

To a stirred mixture of crude 1-(2-(4-isopropylphenyl)pyridin-3-
yl)piperazine and N,N-diisopropylethylamine (1.23 mL, 3.75 mmol) in
CH2Cl2 (6 mL) was added 3-bromophenylsulfonyl chloride (397 mg,
1.55 mmol). After stirring for 30 min at ambient temperature, H2O
was added, and the resulting solution was extracted with CH2Cl2 (2×).
The combined organic layers were dried over anhydrous sodium
sulfate, concentrated, and purified by flash chromatography (hexanes/
ethyl acetate, 3:1) to provide 45 (647 mg, 92% in 2 steps)

A mixture of 45 (375 mg, 0.750 mmol), bis(pinacolato)diboron
(571 mg, 2.25 mmol), Pd(dppf)Cl2·CH2Cl2 (61.2 mg, 75.0 μmol),
potassium acetate (442 mg, 4.50 mmol), and 1,2-dimethoxyethane (8
mL) was stirred at 90 °C for 1 h. The reaction mixture was cooled to
ambient temperature, concentrated, and purified by flash chromatog-
raphy (hexanes/ethyl acetate, 2:1) followed by trituration with hexanes
to afford 1-(2-(4-isopropylphenyl)pyridin-3-yl)-4-(3-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)phenylsulfonyl)piperazine (337 mg,
82%) as a white powder.

A mixture of 1-(2-(4-isopropylphenyl)pyridin-3-yl)-4-(3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenylsulfonyl)piperazine (137
mg, 0.250 mmol), 5-bromopyrimidin-2-amine (51.9 mg, 0.300
mmol), potassium carbonate (138 mg, 1.00 mmol), Pd(dppf)-
Cl2·CH2Cl2 (20.4 mg, 25.0 μmol), 1,4-dioxane (4 mL), and H2O
(1 mL) was stirred at 90 °C for 1 h. The reaction mixture was cooled
to ambient temperature, concentrated, and purified by flash chromatog-
raphy (ethyl acetate/hexanes, 3:1) followed by reverse phase HPLC
(acetonitrile/aqueous ammonium acetate buffer solution; 30−100%
gradient) to provide 5 (64.0 mg, 50%) as a white powder after
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lyophilization. 1H NMR (400 MHz, DMSO-d6) δ 8.69 (s, 2H), 8.27
(dd, J = 4.0, 1.2 Hz, 1H), 8.07 (t, J = 1.2 Hz, 1H), 7.87 (t, J = 1.6 Hz,
1H), 7.75 (t, J = 8.0 Hz, 1H), 7.67−7.65 (m, 3H), 7.47 (dd, J = 8.4, 1.6
Hz, 1H), 7.26 (dd, J = 8.4, 4.8 Hz, 1H), 7.06 (d, J = 8.4 Hz, 2H), 6.98
(s, 2H), 2.91−2.74 (m, 9H), 1.11 (d, J = 7.2 Hz, 6H). MS (EI) for
C28H30N6O2S found 515.1 (MH+).
3-Amino-6-(4-chloro-3-(N-m-tolylsulfamoyl)phenyl)-N-

methylpyrazine-2-carboxamide (18). A solution of SO2/CuCl/
AcOH was formed by bubbling sulfur dioxide gas into acetic acid (424
mL) for 10 min at 0 °C to saturate and adding CuCl (7.15 g, 73.0
mmol). In a separate flask, an aqueous solution of NaNO2 (25.0 g,
0.362 mol) in H2O (380 mL) was added to a precooled (0 °C)
suspension of 5-bromo-2-chloroaniline (50.0 g, 242 mol) in conc. HCl
(aq., 380 mL). After stirring for 1 h, the reaction mixture was added to
the SO2/CuCl/AcOH solution at 0 °C via an addition funnel over 15
min. The ice bath was removed, and the reaction mixture was allowed
to stir at ambient temperature for 2 h, then diluted with H2O (1200
mL) and filtered. The off-white solid product was concentrated in
vacuo overnight to provide 63.6 g (91%) of 5-bromo-2-chlorobenzene-
1-sulfonyl chloride. 1H NMR (400 MHz, CDCl3) δ 8.28 (d, J = 2.3 Hz,
1H), 7.78 (dd, J = 8.5, 2.3 Hz, 1H), 7.52 (d, J = 8.5 Hz, 1H).
A mixture of 5-bromo-2-chlorobenzene-1-sulfonyl chloride (500

mg, 1.72 mmol), m-toluidine (202 mg, 1.89 mmol), pyridine (1.89
mmol, 153 μL), and CH2Cl2 (5 mL) was stirred for 30 min then
purified directly by flash chromatography (hexanes/ethyl acetate 4:1)
to provide 5-bromo-2-chloro-N-m-tolylbenzenesulfonamide (521 mg,
84%) as an off-white solid.
A mixture of 5-bromo-2-chloro-N-m-tolylbenzenesulfonamide (521

mg, 1.44 mmol), bis(pinacolato)diboron (403 mg, 1.59 mmol),
Pd(dppf)Cl2·CH2Cl2 (105 mg, 0.129 mmol), potassium acetate (423
mg, 4.32 mmol), and dioxane (10 mL) was heated to 90 °C in a sealed
tube. After 3 h, the reaction mixture was cooled to ambient
temperature, and 3-amino-6-bromo-N-methylpyrazine-2-carboxamide
(100 mg, 0.433 mmol), Pd(dppf)Cl2·CH2Cl2 (42 mg, 0.051 mmol),
triethylamine (238 μL, 1.84 mmol), N,N-dimethylformamide (2 mL),
and H2O (2 mL) were added. The reaction mixture was heated to
85 °C. After 2 h, the mixture was filtered through celite and purified
directly by reverse phase HPLC (acetonitrile/aqueous ammonium
acetate buffer solution; 10−90% gradient) to provide 18 (121 mg, 65%
in 2 steps) as an off-white solid. 1H NMR (400 MHz, DMSO-d6) δ
10.60 (s, 1H), 8.83 (s, 1H), 8.79 (dd, J = 12.0, 4.0 Hz, 1H), 8.57 (d,
J = 2.2 Hz, 1H), 8.41 (dd, J = 8.4, 2.1 Hz, 1H), 7.88 (s, 1H), 7.64−
7.37 (m, 2H), 7.08 (t, J = 7.8 Hz, 1H), 7.02−6.88 (m, 2H), 6.79 (d, J =
7.9 Hz, 1H), 2.85 (d, J = 4.8 Hz, 3H), 2.16 (s, 3H). MS (EI) for
C19H18ClN5O3S, found 431.8 (MH+).
Compounds 7−8, 12−14, and 19−36 were prepared by a

procedure similar to that described for the synthesis of compound 18.
3-Amino-N-methyl-6-(3-(N-phenylsulfamoyl)phenyl)-

pyrazine-2-carboxamide (7). 1H NMR (400 MHz, CD3OD) δ 8.61
(s, 1H), 8.30−8.22 (m, 2H), 7.72−7.70 (m, 1H), 7.55 (t, J = 7.6 Hz,
1H), 7.24−7.20 (m, 2H), 7.12−7.04 (m, 3H), 2.97 (s, 3H). MS (EI)
for C18H17N5O3S, found 382.1 (MH+).
3-Amino-6-(4-chloro-3-(N-phenylsulfamoyl)phenyl)-N-meth-

ylpyrazine-2-carboxamide (8). 1H NMR (400 MHz, DMSO-d6) δ
10.69 (s, 1H), 8.84 (s, 1H), 8.79 (q, J = 4.6 Hz, 1H), 8.57 (d, J = 2.4
Hz, 1H), 8.43 (dd, J = 8.4, 2.4 Hz, 1H), 7.82 (br s, 2H), 7.70 (d, J =
8.0 Hz, 1H), 7.24−7.15 (m, 4H), 7.00−6.96 (m, 1H), 2.85 (d, J = 5.2
Hz, 3H). MS (EI) for C18H16ClN5O3S, found 418.0 (MH+).
3-Amino-6-(4-methoxy-3-(N-phenylsulfamoyl)phenyl)-N-

methylpyrazine-2-carboxamide (12). 1H NMR (400 MHz,
DMSO-d6) δ 10.07 (s, 1H), 8.75 (q, J = 4.6 Hz, 1H), 8.73 (s, 1H),
8.35 (dd, J = 8.4, 2.4 Hz, 1H), 8.31 (d, J = 2.4 Hz, 1H), 7.63 (br s,
2H), 7.23 (d, J = 8.8 Hz, 1H), 7.20−7.11 (m, 4H), 6.96−6.92 (m,
1H), 3.94 (s, 3H), 2.84 (d, J = 4.8 Hz, 3H). MS (EI) for
C19H19N5O4S, found 414.0 (MH+).
3-Amino-6-(4-fluoro-3-(N-phenylsulfamoyl)phenyl)-N-meth-

ylpyrazine-2-carboxamide (13). 1H NMR (400 MHz, DMSO-d6) δ
10.68 (s, 1H), 8.83−8.79 (m, 2H), 8.50−8.47 (m, 1H), 8.41−8.37 (m,
1H), 7.78 (br s, 2H), 7.51 (t, J = 9.2 Hz, 1H), 7.23 (t, J = 7.6 Hz, 2H),

7.16 (d, J = 7.6 Hz, 2H), 7.01 (t, J = 7.2 Hz, 1H), 2.85 (d, J = 4.8 Hz,
3H). MS (EI) for C18H16FN5O3S, found 402.1 (MH+).

3-Amino-6-(6-amino-5-(N-phenylsulfamoyl)pyridin-3-yl)-N-
methylpyrazine-2-carboxamide (14). 1H NMR (400 MHz,
DMSO-d6) δ 10.47 (s, 1H), 8.98 (d, J = 2.4 Hz, 1H), 8.76 (q, J =
4.4 Hz, 1H), 8.66 (s, 1H), 8.40 (d, J = 2.4 Hz, 1H), 7.61 (br s, 2H),
7.25−7.21 (m, 2H), 7.12 (d, J = 7.2 Hz, 2H), 7.00 (t, J = 7.4 Hz, 1H),
6.87 (s, 2H), 2.83 (d, J = 4.4 Hz, 3H). MS (EI) for C18H18N6O3S,
found 400.2 (MH+).

3-Amino-6-(4-chloro-3-(N-(3-fluorophenyl)sulfamoyl)-
phenyl)-N-methylpyrazine-2-carboxamide (19). 1H NMR (400
MHz, DMSO-d6) δ 11.00 (s, 1H), 8.88 (s, 1H), 8.80 (d, J = 4.8 Hz,
1H), 8.62 (d, J = 2.0 Hz, 1H), 8.46 (dd, J = 8.4, 2.1 Hz, 1H), 8.34−
7.37 (m, 3H), 7.26 (dd, J = 15.1, 8.1 Hz, 1H), 7.10−6.91 (m, 2H),
6.82 (td, J = 8.5, 1.9 Hz, 1H), 2.86 (d, J = 4.8 Hz, 3H). MS (EI) for
C18H15ClFN5O3S, found 436.0 (MH+).

3-Amino-6-(4-chloro-3-(N-(3-methoxyphenyl)sulfamoyl)-
phenyl)-N-methylpyrazine-2-carboxamide (20). 1H NMR (400
MHz, DMSO-d6) δ 10.69 (s, 1H), 8.83 (s, 1H), 8.77 (dd, J = 8.1, 4.9
Hz, 1H), 8.58 (d, J = 2.0 Hz, 1H), 8.42 (d, J = 7.8 Hz, 1H), 8.27−7.33
(m, 3H), 7.10 (t, J = 8.3 Hz, 1H), 6.78−6.62 (m, 2H), 6.61−6.48 (m,
1H), 3.61 (s, 3H), 2.85 (d, J = 4.8 Hz, 3H). MS (EI) for
C19H18ClN5O4S, found 448.0 (MH+).

3-Amino-6-(4-chloro-3-(N-(3-(trifluoromethyl)phenyl)-
sulfamoyl)phenyl)-N-methylpyrazine-2-carboxamide (21). 1H
NMR (400 MHz, DMSO-d6) δ 11.18 (s, 1H), 8.86 (s, 1H), 8.80 (q,
J = 4.5 Hz, 1H), 8.63 (d, J = 2.2 Hz, 1H), 8.46 (dd, J = 8.4, 2.2 Hz, 1H),
8.27−7.52 (m, 3H), 7.54−7.40 (m, 3H), 7.42−7.26 (m, 1H), 2.86 (d, J =
4.8 Hz, 3H). MS (EI) for C19H15ClF3N5O3S, found 486.0 (MH+).

3-Amino-6-(4-chloro-3-(N-(3-chlorophenyl)sulfamoyl)-
phenyl)-N-methylpyrazine-2-carboxamide (22). 1H NMR (400
MHz, DMSO-d6) δ 11.00 (s, 1H), 8.86 (s, 1H), 8.81 (q, J = 4.6 Hz,
1H), 8.62 (s, 1H), 8.46 (dd, J = 8.4, 2.2 Hz, 1H), 8.35−7.34 (m, 3H),
7.25−7.19 (m, 2H), 7.14 (ddd, J = 8.2, 2.1, 0.9 Hz, 1H), 7.05 (ddd, J =
8.0, 2.0, 0.9 Hz, 1H), 2.86 (d, J = 4.8 Hz, 3H). MS (EI) for
C18H15Cl2N5O3S, found 452.0 (MH+).

3-Amino-6-(4-chloro-3-(N-(2-chlorophenyl)sulfamoyl)-
phenyl)-N-methylpyrazine-2-carboxamide (23). 1H NMR (400
MHz, DMSO-d6) δ 10.29 (s, 1H), 8.88−8.63 (m, 2H), 8.46 (d, J =
10.2 Hz, 1H), 8.41 (s, 1H), 8.12−7.55 (m, 3H), 7.43 (d, J = 7.8 Hz,
1H), 7.34−7.14 (m, 3H), 2.83 (d, J = 4.8 Hz, 3H). MS (EI) for
C18H15Cl2N5O3S, found 451.7 (MH+).

3-Amino-6-(4-chloro-3-(N-(4-chlorophenyl)sulfamoyl)-
phenyl)-N-methylpyrazine-2-carboxamide (24). 1H NMR (400
MHz, DMSO-d6) δ 10.86 (s, 1H), 8.85 (s, 1H), 8.79 (q, J = 4.8 Hz,
1H), 8.57 (d, J = 2.2 Hz, 1H), 8.45 (dd, J = 8.4, 2.2 Hz, 1H), 8.30−
7.43 (m, 3H), 7.28 (d, J = 8.9 Hz, 2H), 7.16 (d, J = 8.9 Hz, 2H), 2.85
(d, J = 4.8 Hz, 3H). MS (EI) for C18H15Cl2N5O3S, found 452.0
(MH+).

3-Amino-6-(3-(N-(3-chlorophenyl)sulfamoyl)phenyl)-N-
methylpyrazine-2-carboxamide (25). 1H NMR (400 MHz,
CD3OD) δ 8.65 (s, 1H), 8.35 (t, J = 1.7 Hz, 1H), 8.32−8.24 (m,
1H), 8.06−7.40 (m, 6H), 7.24−7.13 (m, 2H), 7.09−7.00 (m, 2H),
2.98 (s, 3H). MS (EI) for C18H16ClN5O3S, found 416.1 (MH+).

3-Amino-6-(4-chloro-3-(N-(2-chloro-4-fluorophenyl)-
sulfamoyl)phenyl)-N-methylpyrazine-2-carboxamide (26). 1H
NMR (400 MHz, DMSO-d6) δ 10.34 (s, 1H), 8.76 (s, 2H), 8.48 (d,
J = 6.2 Hz, 1H), 8.38 (s, 1H), 7.97−7.53 (m, 3H), 7.46 (dd, J = 8.5, 2.9
Hz, 1H), 7.29 (dd, J = 9.0, 5.7 Hz, 1H), 7.22−7.14 (m, 1H), 2.83 (d, J =
4.8 Hz, 3H). MS (EI) for C18H14Cl2FN5O3S, found 469.7 (MH+).

3-Amino-6-(4-chloro-3-(N-(2-chloro-3-fluorophenyl)-
sulfamoyl)phenyl)-N-methylpyrazine-2-carboxamide (27). 1H
NMR (400 MHz, DMSO-d6) δ 10.55 (s, 1H), 8.89−8.69 (m, 2H),
8.48 (dd, J = 8.4, 2.1 Hz, 1H), 8.45 (d, J = 2.2 Hz, 1H), 8.14−7.49 (m,
3H), 7.40−7.19 (m, 2H), 7.14 (d, J = 8.0 Hz, 1H), 2.83 (d, J = 4.8 Hz,
3H). MS (EI) for C18H14Cl2FN5O3S, found 469.7 (MH+).

3-Amino-6-(4-chloro-3-(N-(2,4-dichlorophenyl)sulfamoyl)-
phenyl)-N-methylpyrazine-2-carboxamide (28). 1H NMR (400
MHz, DMSO-d6) δ 10.44 (s, 1H), 8.87−8.56 (m, 2H), 8.58−8.28 (m,
2H), 7.91−7.19 (m, 6H), 2.84 (d, J = 4.8 Hz, 3H). MS (EI) for
C18H14Cl3N5O3S, found 483.7 (MH−).
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3-Amino-6-(4-chloro-3-(N-(2,3-dichlorophenyl)sulfamoyl)-
phenyl)-N-methylpyrazine-2-carboxamide (29). 1H NMR (400
MHz, DMSO-d6) δ 10.54 (s, 1H), 8.95−8.63 (m, 2H), 8.59−8.33 (m,
2H), 8.02−7.15 (m, 6H), 2.83 (d, J = 4.8 Hz, 3H). MS (EI) for
C18H14Cl3N5O3S, found 485.7 (MH+).
3-Amino-6-(3-(N-(2,3-difluorophenyl)sulfamoyl)phenyl)-N-

methylpyrazine-2-carboxamide (30). 1H NMR (400 MHz,
DMSO-d6) δ 10.78 (s, 1H), 8.96 (s, 1H), 8.93 (q, J = 4.6 Hz, 1H),
8.45 (d, J = 2.3 Hz, 1H), 8.33 (dd, J = 8.5, 2.3 Hz, 1H), 7.97 (t, J = 2.0
Hz, 1H), 7.91−7.45 (m, 4H), 7.49−7.34 (m, 1H), 7.20 (dd, J = 7.6,
1.7 Hz, 1H), 2.84 (d, J = 4.8 Hz, 3H). MS (EI) for C18H15F2N5O3S,
found 419.9 (MH+).
3-Amino-6-(4-chloro-3-(N-(2,3-difluorophenyl)sulfamoyl)-

phenyl)-N-methylpyrazine-2-carboxamide (31). 1H NMR (400
MHz, DMSO-d6) δ 10.80 (s, 1H), 8.83−8.61 (m, 2H), 8.47 (d, J = 2.2
Hz, 1H), 8.40 (d, J = 7.7 Hz, 1H), 8.24−7.36 (m, 3H), 7.15−6.85 (m,
3H), 2.84 (d, J = 4.8 Hz, 3H). MS (EI) for C18H14ClF2N5O3S, found
454.0 (MH+).
3-Amino-6-(4-chloro-3-(N-(3-fluoro-2-methylphenyl)-

sulfamoyl)phenyl)-N-methylpyrazine-2-carboxamide (32). 1H
NMR (400 MHz, DMSO-d6) δ 10.15 (s, 1H), 8.86−8.63 (m, 2H),
8.48 (dd, J = 8.4, 2.3 Hz, 1H), 8.39 (d, J = 2.2 Hz, 1H), 8.11−7.30 (m,
3H), 7.11 (dd, J = 15.0, 7.9 Hz, 1H), 7.02 (t, J = 8.8 Hz, 1H), 6.85 (d,
J = 7.9 Hz, 1H), 2.83 (d, J = 4.8 Hz, 3H), 2.12 (d, J = 2.1 Hz, 3H). MS
(EI) for C19H17ClFN5O3S, found 450.0 (MH+).
5-(5-Aminopyrazin-2-yl)-2-chloro-N-(2,3-difluorophenyl)-

benzenesulfonamide (33). 1H NMR (400 MHz, DMSO-d6) δ
10.76 (s, 1H), 8.57 (s, 1H), 8.49 (d, J = 2.2 Hz, 1H), 8.16 (d, J = 7.5
Hz, 1H), 7.96 (d, J = 1.4 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.20 (s,
1H), 7.15−7.01 (m, 2H), 6.81 (s, 2H). MS (EI) for
C16H11ClF2N4O2S, found 397.0 (MH+).
5-(2-Aminopyrimidin-5-yl)-2-chloro-N-(2,3-difluorophenyl)-

benzenesulfonamide (34). 1H NMR (400 MHz, DMSO-d6) δ 8.45
(s, 2H), 8.06 (d, J = 2.3 Hz, 1H), 7.81−7.10 (m, 3H), 6.98−6.82 (m,
3H), 6.66 (dd, J = 14.0, 6.9 Hz, 1H), 6.44 (s, 1H). MS (EI) for
C16H11ClF2N4O2S, found 397.0 (MH+).
5-(2-Amino-4-methoxypyrimidin-5-yl)-2-chloro-N-(2,3-

difluorophenyl)benzenesulfonamide (35). To a stirred solution
of 2-amino-4-chloropyrimidine (2.58 g, 20.0 mmol) in acetic acid
(40 mL) was added dropwise bromine (1.03 mL, 20.0 mmol) at
ambient temperature. After stirring for 2 h, the precipitate was
collected by filtration. The yellow solid was suspended with H2O, and
the pH of the mixture was adjusted to pH 8−9 using 50% aq. NaOH.
After sonicatation for 10 min, the precipitates were collected by
filtration, washed with H2O, and dried in vacuo to afford 2-amino-5-
bromo-4-chloropyrimidine (3.59 g, 86%).
To a stirred solution of 2-amino-5-bromo-4-chloropyrimidine (627

mg, 3.00 mmol) in 1,4-dioxane (15 mL) and methanol (15 mL) was
added NaOMe (4 mL of a 25 wt % solution in methanol) at ambient
temperature. After stirring for 1.5 h, H2O (20 mL) was added, and the
majority of solvent was removed in vacuo. The residual aqueous layer
was extracted with CH2Cl2 (3×). The combined organic layers were
dried over anhydrous sodium sulfate and concentrated to provide 5-
bromo-4-methoxypyrimidin-2-amine (578 mg, 94%) as a white
powder. MS (EI) for C5H6BrN3O, found 204.0 (MH+).
Analogue 35 was synthesized using a procedure similar to that

described for the synthesis of compound 18 using 5-bromo-4-
methoxypyrimidin-2-amine in place of 3-amino-6-bromo-N-methyl-
pyrazine-2-carboxamide. 1H NMR (400 MHz, DMSO-d6) δ 10.79 (s,
1H), 8.10 (s, 1H), 8.03 (d, J = 2.2 Hz, 1H), 7.74 (dd, J = 8.4, 2.2 Hz,
1H), 7.68 (d, J = 8.3 Hz, 1H), 7.31−7.18 (m, 1H), 7.18−7.05 (m,
2H), 6.91 (s, 2H), 3.80 (s, 3H). MS (EI) for C17H13ClF2N4O3S, found
427.0 (MH+).
5-(2-Amino-4-(2,2,2-trifluoroethoxy)pyrimidin-5-yl)-2-

chloro-N-(2,3 difluorophenyl)benzenesulfonamide (36). To a
stirred solution of 2-amino-5-bromo-4-chloropyrimidine (2.08 g, 9.95
mmol), 2,2,2,-trifluoroethanol (2.89 mL, 40.0 mmol), and 1,4-dioxane
(80 mL) was added NaH (1.6 g, 40 mmol, 60% in dispersion oil)
portionwise at 0 °C. Upon completion of the addition of NaH, the
reaction mixture was allowed to stir at 80 °C for 2 h. The reaction
mixture was cooled to ambient temperature and quenched with water

(10 mL). The organic solvent was removed in vacuo, and the aqueous
layer was diluted with CH2Cl2 and H2O. The separated aqueous layer
was extracted with CH2Cl2 (2×), and the combined organic layers
were dried over sodium sulfate, filtered, and concentrated in vacuo.
The residue was purified by flash chromatography (hexanes/ethyl
acetate, 3:1) to provide 5-bromo-4-(2,2,2-trifluoroethoxy)pyrimidin-2-
amine (2.43 g, 89%) as an off-white powder. MS (EI) for
C6H5BrF3N3O, found 271.9 (MH+).

Analogue 36 was synthesized using a procedure similar to that
described for the synthesis of compound 18 using 5-bromo-4-(2,2,2-
trifluoroethoxy)pyrimidin-2-amine in place of 3-amino-6-bromo-N-
methylpyrazine-2-carboxamide. 1H NMR (400 MHz, DMSO-d6) δ
10.75 (s, 1H), 8.23 (s, 1H), 8.10 (d, J = 2.0 Hz, 1H), 7.76−7.70 (m,
2H), 7.22−7.20 (m, 1H), 7.09−7.05 (m, 4H), 4.98 (q, J = 9.1 Hz,
2H). MS (EI) for C18H12ClF5N4O3S, found 494.9 (MH+).

Compound 9 was prepared by a procedure similar to that described
for the synthesis of compound 18 using 3 equivalents of methyl amine
(2 M in THF) to form the sulfonamide. 3-Amino-6-(4-chloro-3-(N-
methylsulfamoyl)phenyl)-N-methylpyrazine-2-carboxamide (9): 1H
NMR (400 MHz, DMSO-d6) δ 8.87 (s, 1H), 8.85−8.76 (m, 1H),
8.52−8.41 (m, 2H), 7.82−7.71 (m, 4H), 2.86 (d, J = 4.8 Hz, 3H), 2.54
(d, J = 4.8 Hz, 3H). MS (EI) for C13H14ClN5O3S, found 355.8 (MH+).

Compound 10 was prepared by a procedure similar to that
described for the synthesis of compound 18 using neat ammonium
hydroxide to form the sulfonamide. 3-Amino-6-(4-chloro-3-sulfamoyl-
phenyl)-N-methylpyrazine-2-carboxamide (10): 1H NMR (400 MHz,
DMSO-d6) δ 8.87 (s, 1H), 8.83−8.73 (m, 1H), 8.58 (d, J = 2.2 Hz,
1H), 8.41 (dd, J = 8.4, 2.2 Hz, 1H), 8.28−7.23 (m, 5H), 2.86 (d, J =
4.8 Hz, 3H). MS (EI) for C12H12ClN5O3S, found 341.9 (MH+).

Compound 11 was prepared by a procedure similar to that
described for the synthesis of compound 18 using 3 equivalents of
2,2,2-trifluoroethylamine to form the sulfonamide. 3-Amino-6-(4-
chloro-3-(N-(2,2,2-trifluoroethyl)sulfamoyl)phenyl)-N-methylpyra-
zine-2-carboxamide (11): 1H NMR (400 MHz, DMSO-d6) δ 9.01 (s,
1H), 8.88 (s, 1H), 8.85−8.76 (m, 1H), 8.54−8.39 (m, 2H), 8.09−7.42
(m, 3H), 3.90 (q, J = 9.5 Hz, 2H), 2.85 (d, J = 4.8 Hz, 3H). MS (EI)
for C14H13ClF3N5O3S, found 424.0 (MH+).

Compounds 15−17 were synthesized following the reaction
sequence outlined in Scheme 6 and following the procedure used to
synthesize 18.

3-Amino-N-methyl-6-(3-(phenylsulfonamido)phenyl)-
pyrazine-2-carboxamide (15). 1H NMR (400 MHz, DMSO-d6) δ
10.40 (br s, 1H), 8.62 (q, J = 4.8 Hz, 1H), 8.59 (s, 1H), 7.83−7.79 (m,
3H), 7.68 (br s, 2H), 7.66−7.53 (m, 4H), 7.30 (t, J = 8.0 Hz, 1H),
7.08−7.05 (m, 1H), 2.85 (d, J = 5.2 Hz, 3H). MS (EI) for
C18H17N5O3S, found 384.2 (MH+).

3-Amino-6-(3-(3-chlorophenylsulfonamido)phenyl)-N-meth-
ylpyrazine-2-carboxamide (16). 1H NMR (400 MHz, DMSO-d6) δ
10.45 (br s, 1H), 8.65 (q, J = 4.8 Hz, 1H), 8.62 (s, 1H), 7.89−7.86 (m,
1H), 7.81 (t, J = 2.0 Hz, 1H), 7.75−7.68 (m, 3H), 7.70 (br s, 2H),
7.59 (t, J = 4.0 Hz, 1H), 7.34 (t, J = 8.0 Hz, 1H), 7.08−7.05 (m, 1H),
2.85 (d, J = 4.8 Hz, 3H). MS (EI) for C18H16ClN5O3S, found 416.1
(MH+).

3-Amino-6-(4-chloro-3-(3-chlorophenylsulfonamido)-
phenyl)-N-methylpyrazine-2-carboxamide (17). 1H NMR (400
MHz, CD3OD) δ 8.69−8.62 (m, 1H), 8.64 (s, 1H), 8.10 (d, J = 2.4
Hz, 1H), 7.90 (dd, J = 8.8, 2.4 Hz, 1H), 7.74 (t, J = 2.0 Hz, 1H), 7.64−
7.61 (m, 2H), 7.47 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.8 Hz, 1H), 2.98
(d, J = 4.8 Hz, 3H). MS (EI) for C18H15Cl2N5O3S, found 453.1
(MH+).

PI3K Biochemical Assay. All PI3K proteins were expressed and
purified in-house. Human PI3Kγ with boundaries of S144-A1102 and a
C-terminal His-tag was expressed in Sf 9 cells using a baculovirus
expression vector system. Heterodimers of full-length N-His PI3Kα,
PI3Kβ, and PI3Kδ were coexpressed with truncated p85α [M322-
N600] in the same Sf 9 expression system. Purification was done using
Ni-NTA affinity columns. Protein concentration was determined by
the Bradford assay, and identification was confirmed by trypsin
digestion and mass spectrometry. Purity was determined by SDS−
PAGE.
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Enzyme activity and compound inhibition were determined using
luciferase-luciferin-coupled chemiluminescence and measured as the
percent of ATP consumed following the kinase reaction as described
previously.58 The standard PI3K assay buffer is composed of 50 mM
Tris, pH 7.5, 1 mM EGTA, 1 mM DTT, 10 mM MgCl2 (5 mM for
PI3Kγ), and 0.03% CHAPS. MgCl2 was added only into the enzyme
solution as a 2× concentration. The standard assay concentrations for
ATP and PIP2 were 1 μM and 10 μM, respectively. The standard
enzyme concentrations for the PI3K isoforms were PI3Kα, 3 nM;
PI3Kβ, 10 nM; PI3Kδ, 4 nM; and PI3Kγ, 30 nM. All reactions were
conducted in 384-well white, medium binding microtiter plates.
Generally, 0.5 μL of DMSO containing varying concentrations of
the test compound was mixed with 10 μL of enzyme solution
(2× concentration). Kinase reactions were initiated with the addition
of 10 μL of PIP2 and ATP solution (2× concentration). Following
incubation times of 30−90 min, a 10 μL aliquot of Promega Kinase-
Glo was added and the chemiluminescence signal measured using an
Envision plate reader (Perkin-Elmer). Total ATP consumption was
limited to 40−60%, and IC50 values of control compounds correlated
well with literature references. Data are reported as the mean (n ≥ 2).
Fixed-Cell ELISA Cellular Assay. RAW 264.7 cells (ATCC, TIB-

71) were seeded at 8 × 104 cells/well onto clear bottom black 96-well
tissue culture-treated plates (Corning, Costar 3904) in serum-free
DMEM medium (Cellgro, 10−013-CV) one day before the assay.
Dilution series of test compounds were generated using DMSO as a
diluent. After resuspending diluted compounds in serum-free medium,
compounds were added to the cells and incubated for 90 min. Minimal
signal wells were treated with 10 μM PI-103, a pan-PI3K inhibitor.
Maximal signal wells were treated with 0.3% DMSO only. After
compound treatment, cells were stimulated with 250 ng/mL
Complement Factor 5a (C5a, Sigma, C5788) for 3 min. Cells were
then fixed with 4% formaldehyde (Sigma, F8775) for 30 min at
ambient temperature. Plates were washed four times with Tris-buffered
saline (TBS; 20 mM Tris, 50 mM NaCl) containing 0.1% Triton X-
100 (Sigma, T9284) using the ELx405 plate washer (BioTek),
incubating with the final wash volume for 20 min at ambient
temperature. The wash buffer wash was removed, to be replaced by
Odyssey Blocking Buffer (Li-Cor, 927−40000). Cells were blocked for
1 h at ambient temperature. Cells were stained overnight at 4 °C on a
rocker with Odyssey Blocking Buffer containing rabbit antiphospho-
AKTS473 (1:300 dilution; Cell Signaling Technology, 4060) and mouse
anti-AKT (2 μg/mL; R&D Systems, MAB 2055) antibodies. Plates
were washed four times with TBS containing 0.1% Tween-20 (Bio-
Rad, 161−0781), then incubated for 1 h at ambient temperature with
secondary antibodies (goat antirabbit-IRDye800CW, Li-Cor, 926−
32211; goat antimouse-IRDye680, Li-Cor, 926−32220) diluted 1:400
in Odyssey Blocking Buffer containing 0.1% Tween-20. Plates were
washed three times with TBS with 0.1% Tween-20, followed by two
times with TBS without Tween-20, then scanned using the Odyssey
detector (Li-Cor). Intrawell normalization was accomplished by
dividing the phospho-AKTS473 intensity values from the 800 nm
channel by the total AKT values from the 700 nm channel. IC50 values
were then estimated by comparing the values of compound-treated
samples with averages of the aforementioned minimal and maximal
signal condition wells. Data are reported as the mean (n ≥ 2).
Crystallization and Structure Determination. A construct

representing amino acids 114−1102 of PIK3CG was expressed in Sf-9
cells. The purification of PI3Kγ protein was carried out as previously
reported59 except for the removal of betaine, ethylene glycol, and
CHAPS solutes from all purification buffers. Crystals of PI3Kγ were
grown at 19 °C in hanging drops using vapor diffusion. The complexes
were formed by incubating 49.5 μL of PI3Kγ-His6 (7.2 mg/mL in 20
mM Tris-HCl (pH 7.2), 50 mM (NH4)2SO4, and 1 mM TCEP) with
0.5 μL of ligand (100 mM stock in 100% DMSO) for 30 min at 4 °C.
Following incubation, the complexes were centrifuged at 14,000g to
clarify the protein−inhibitor solutions. Crystals of the binary
complexes were obtained by mixing 1.0 μL of the PI3Kγ:inhibitor
complex with 1.0 μL of a reservoir solution consisting of 16−21% PEG
4K, 0.25 M (NH4)2SO4, and 0.1 M Tris-HCl (pH 7.5). In addition,
0.2 μL of an apo-PI3Kγ crystalline seed stock (1 × 10−3 dilution) was

added to the drop to aid crystal growth. Crystals generally appeared
within one day and grew to full size in approximately 1−2 weeks.
Crystals were transferred for 30 s into a cryoprotectant solution
composed of 21% PEG 4K, 0.25 M (NH4)2SO4, 0.1 M Tris-HCl (pH
7.5), 10% ethylene glycol (v/v), 10% glycerol (v/v), and 500 μM
inhibitor. The structure of the PI3Kγ:inhibitor complexes were solved
by molecular replacement using all protein atoms of a previous
structure of PI3Kγ as a search model. A single unambiguous solution
was found using PHASER, with one molecule in the asymmetric unit.
The resulting model was subsequently refined in REFMAC5 using
rigid body and maximum likelihood procedures. At this stage, Fourier
syntheses with coefficients of Fo − Fc and 2Fo − Fc yielded clearly
interpretable electron density for all atoms of the ligands. The ligands
were built and minimized in Concorde/PRODRG, imported into
Coot, and fit into the difference electron density. The complex was
subsequently refined using maximum likelihood procedures in
REFMAC5. Portions of the protein were adjusted by iterative cycles
of manual rebuilding in Coot and refinement in REFMAC5, and
waters were built and manually inspected in Coot.
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