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Design and synthesis of a series of 4-morpholino-6-aryl-1 H-pyrazolo[3,4-d]pyrimidines as potent and
selective inhibitors of the mammalian target of rapamycin (mTOR) are described. Optimization of the
6-aryl substituent led to the discovery of inhibitors carrying 6-ureidophenyl groups, the first reported
active site inhibitors of mTOR with subnanomolar inhibitory concentrations. The data presented in this
paper show that 6-arylureidophenyl substituents led to potent mixed inhibitors of mTOR and phospha-
tidylinositol 3-kinase o (PI3K-ct), whereas 6-alkylureidophenyl appendages gave highly selective mTOR
inhibitors. Combination of 6-alkylureidophenyl groups with 1-carbamoylpiperidine substitution resulted
in compounds with subnanomolar ICsq against mTOR and greater than 1000-fold selectivity over PI3K-
a. In addition, structure based drug design resulted in the preparation of several 6-arylureidophenyl-
1 H-pyrazolo[3,4-d|pyrimidines, substituted in the 4-position of the arylureido moiety with water
solubilizing groups. These compounds combined potent mTOR inhibition (ICsy < 1 nM) with unprece-
dented activity in cellular proliferation assays (ICsy < 1 nM).

Introduction

Inhibition of components of the PI3K-Akt-mTOR? cas-
cade, one of the most universally up-regulated signaling
pathways in human cancers, is currently the focus of an
intense effort directed at the identification of novel cancer
drugs.””®> Rapamycin and its analogues (“rapalogues”),
which inhibit the downstream component mTOR, have
shown clinical efficacy in the treatment of cancer. Two
rapalogues, temsirolimus and everolimus, were recently ap-
proved for the treatment of advanced, metastatic renal cell
carcinoma. Rapamycin and its analogues inhibit only one of
two functional complexes of mMTOR (mTOR complex 1,
mTORCI) while not affecting signaling through mTOR
complex 2 (mTORC2).® mTORC2 phosphorylates Akt at
serine-473, thereby contributing to full activation of Akt.’
mTORCI inhibition with rapalogues can lead to increased
PI3K-Akt signaling, through removal of a negative feedback
mechanism.® Increased Akt activity has antiapoptotic effects
and may limit the anticancer efficacy of the rapalogues. In
addition, recent reports suggest that rapalogues only partially
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inhibit mTORC]1 activity.”'® Inhibition of mTOR at the
active site by ATP-competitive inhibitors would be expected
to decrease signaling through both mTORC1 and mTORC2
and could therefore give access to mTOR inhibitors with
improved efficacy over the rapalogues.

Most of the reported ATP competitive inhibitors of
mTOR also inhibit one or several related kinases, particularly
PI3K."""13 PI3K is positioned upstream in the PI3K-Akt-
mTOR signaling pathway and is a key mediator for signaling
through the insulin receptor. Selective inhibition of mTOR
without inhibiting PI3K could result in compounds with
increased efficacy compared to the rapalogues and with
increased tolerability compared to mixed PI3K/mTOR inhi-
bitors. Very recently, several papers have appeared describing
the biological activity of selective ATP competitive mTOR
inhibitors."*”'® In addition, our laboratory has revealed a
series of 4-morpholino-6-aryl-1H-pyrazolo[3,4-d]pyrimidines
(e.g., 1 and 2, Figure 1) as ATP-competitive inhibitors
of mTOR." 2!
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Figure 1. Pyrazolopyrimidine mTOR inhibitors.
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An mTOR Delfia HTS screen of our HTS collection fol-
lowed by hit to lead optimization resulted in the discovery of 1.
Initial SAR studies revealed that the phenol in the 6-position of
the pyrazolopyrimidine could be replaced with a S-indolyl
group, resulting in compounds such as 2 that are potent
and selective inhibitors of mTOR.>® We recently published
preliminary data in a Letter describing the discovery of the
6-ureidophenyl group as an additional bioisostere for the
phenol or indole groups. The resulting mTOR inhibitors
combined excellent enzyme and cellular potency with high
selectivity over PI3K." We now follow up with an Article,
presenting a comprehensive report of our modeling studies and
lead optimization efforts leading to the discovery of 6-ureido-
phenyl containing mTOR inhibitors, as well as a detailed SAR
study of this substituent and full experimental details. In
addition, we present additional data highlighting the potency
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and selectivity of the resulting inhibitors at the enzymatic and
cellular levels as well as in vivo.

Chemistry

The synthesis of the 4-morpholino-6-aryl-1H-pyrazolo-
[3.4-dlpyrimidines is depicted in the following schemes. As
shown in Scheme 1, condensation of 2,4,6-trichloropyrimi-
dine-5-carbaldehyde®” (3) with commercially available phe-
nylhydrazine provided 4,6-dichloropyrazolopyrimidine core
4. Nucleophilic displacement of the 4-chloride with morpho-
line, to give 4-morpholinopyrazolopyrimidine 5, was followed
by Suzuki—Miyaura coupling to give target compounds 6. In
the case of N-methylaniline 6h, the aniline was acylated to give
amidoaryl 7.

Following a similar procedure, compounds 13a—c¢, con-
taining an N-benzylpiperidine at the 1-position, could be
prepared (Scheme 2). Thus, 1-benzyl-4-piperidone (8) was
condensed with benzoic hydrazide, followed by debenzoyla-
tion of resulting 9 to give hydrazine 10. Condensation of
N-benzylpiperidinylhydrazine 10 with 3 was followed by the
same sequence of reactions as described in Scheme 1, to give
target compounds 13a—c.

Pyrazolopyrimidines equipped with a ureidophenyl substi-
tuent in the 6-position were accessible as shown in Scheme 3.
Reaction of 4-isocyanatophenyl boronate 14 with amines gave
ureidophenyl boronate 15. Suzuki—Miyaura coupling of
boronates 15 with aryl chloride 12 gave access to 16.

An alternative approach to ureidophenyl compounds is
shown in Scheme 4. A 4-aminophenyl group was introduced
in the 6-position as described above (13a). Activation of 13a
with triphosgene, followed by condensation with amines,
provided 17. The synthesis of compound 18, an analogue of
4-ureidophenyl compounds 17 lacking one of the nitrogens,
is presented in Scheme 4 as well. Thus, Suzuki—Miyaura
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coupling with 2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro- the benzyl group in 12 with a methyl carbamate (23a) was
lan-2-yl)phenyl)acetic acid gave carboxylate 13b, which effected by treatment with methylcarbamoyl chloride. Alter-
was condensed with methylamine under the agency of EDC natively, carbamoyl piperidine compounds 23b,c were acces-
to give 18. sible from free piperidine 19, obtained after ACE chloride

Scheme 5 outlines synthetic approaches to inhibitors debenzylation of 12. Piperidine 19 could also be conver-

containing various piperidine substituents. Replacement of ted into picolyl-functionalized 20 by reductive amination.



Article
Scheme 7¢
o
N
N7
N
HO\/\©\ o @N/ N
ST
H H
25F Ny
)0
O
“Reagents and conditions: (a) NEt;, TsCl, then R{R,NH.

Aryl chlorides 20 and 23 were subjected to Suzuki—Miyaura
coupling conditions to give anilines 21 and 24, respec-
tively. Conversion of the aniline into a carbamoylphenyl or
ureidophenyl group was effected as before, to give 22 and
25-27.

An alternative approach to methylureido compounds 25a
and 26a is presented in Scheme 6. Boc-protected analogue 27a
was converted into the free piperidine 28 by treatment with
TFA. Treatment of 28 with chloroformates afforded carba-
moylpiperidines 25a and 26a.

Further derivatization of hydroxyethylphenylureido com-
pound 25f is depicted in Scheme 7. Treatment of 25f with
p-toluenesulfonyl chloride followed by reaction with excess
amine gave access to 25g—i.

Results and Discussion

Our initial efforts to discover bioisosteres of the 3-phenol
group (cf. 1) and 5-indole group (cf. 2) focused on anilines and
aminopyridines (Table 1). SAR studies were performed on the
readily available 1-phenyl substituted pyrazolopyrimidine
core. Comparison of indole analogue 6a with aniline analo-
gues 6b and 6¢ revealed that 3- or 4-anilino substitution in the
pyrazolopyrimidine 6-position led to compounds with de-
creased mTOR inhibitory activity. However, introduction of
anitrogen into the ring, to give 2-aminopyridin-5-yl derivative
6d, led to an 8-fold increase in potency compared to 6¢. Similar
results were obtained for aminopyrimidines (Supporting In-
formation, Table S1). In contrast, no such increase in potency
was observed for regioisomeric aminopyridines (6e and 6f).
Molecular modeling provided an explanation for these find-
ings. An mTOR homology model, based on the crystal
structure of the related PI3K-y in complex with a compound
from the pyrazolopyrimidine series,'® was used to examine
SAR. The catalytic domain of mTOR is 25% homologous to
that of PI3K-y, but the binding sites show significantly more
conservation with 68% of the residues being identical. Mod-
eling studies showed that the morpholinopyrimidines form a
critical hydrogen bond to the backbone of the hinge region
(Val2240) through the morpholine oxygen, while the indole
NH of 6a or the anilines of 6b—d interact with Asp2195. In the
case of aminopyridine 6d, an additional hydrogen bond was
observed between the catalytic lysine (Lys2187) and the
pyridine nitrogen (Figure 2A). This interaction is not possible
for regioisomers 6e and 6f. Finally, an additional interaction
between Glu2190 and the exocyclic amine in 6d was observed
(Figure 2A).

It was clear from the data in Table 1 that combination
of an H-bond donor (amino group) and H-bond acceptor
(ring nitrogen) in the 6-substituent (“R” in Table 1) could
give potent mTOR inhibitors. Interestingly, it was found
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Table 1. Anilines and Aminopyridines
[O
N

N7

PR

Ay

mTOR PI3K-u
Cmpd. R Selecli\/'ity’7
1(‘5/) (V[l\/f)a 1C5() (nM)“
%
6a (/N\/©/ 27418 231 /- 44 9
H
HoN S,
6b U 11431 436+ 142 4
%,
6¢ /©/ 73 +/-18 200 +/- <10 4
HoN
N
6d [ 9.6+/-14 59 4+/-17 6
HaNT N
HN_ N
6e s 113 +/- 18 1,000 9
=~
Ny
6f | 145+/-15 1,050 7
HNT
o S
6g P 16+/-2.2 137+/-40 9
N
[¢]
7 PN Q} 480+/-40 792+/-102 1.7
|
o S,
i /©/ 20+/-7.0 493 +/- 160 25
H

“Mean + SEM. ?Selectivity (ICso PI3K-a)/(ICso mTOR).

that mTOR potency could be maintained when the H-bond
donor (amino group) was combined with an exocyclic H-bond
acceptor (carbonyl oxygen). Thus, acetamide 6g possessed
similar potency as aminopyridine 6d. Methylation of the
amide in 6g to give 7 resulted in a 30-fold decrease in activity,
highlighting the importance of the presence of an H-bond
donor in that position. Molecular modeling of the binding
mode of acetamide inhibitors confirmed the formation of
H-bonds between the acetamide and Asp2195 and Lys2187
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Figure 2. Close-up of binding interactions of inhibitors with mTOR homology model: (A) binding mode of aminopyridine 6d showing
hydrogen bonds (dashed lines) with Asp2195, Lys2187, and Glu2190 and the salt bridge between Lys2187 and Glu2190; (B) interactions of
acetamide 6g showing hydrogen bonds between the acetamide and Asp2195 and Lys2187 and the salt bridge between Lys2187 and Glu2190.
Comparison of parts A and B highlights the observed concerted motion by Lys2187 and Glu2190 to maintain hydrogen bonding interactions

with the inhibitors.

(Figure 2B). A comparison of the binding modes of
aminopyridine 6d (Figure 2A) and acetamide 6g (Figure 2B)
showed a concerted motion by the catalytic lysine (Lys2187)
and its salt bridge partner Glu2190 to maintain hydrogen
bonding interactions with the inhibitors.

Table 1 showed that the m-aniline possessed similar potency
as the corresponding para-substituted inhibitor (compare 6b
and 6c¢). The effect of meta- vs para-substitution was investi-
gated in more detail. Small substituents (hydroxyl, amino)
were equally tolerated in the meta and para positions, while
larger amide substitutents were only tolerated at the para-
position (Supporting Information, Table 2). Molecular mod-
eling showed that incorporation of m-amidophenyl groups
resulted in significant steric hindrance. Therefore, further
efforts focused on the investigation of para-substituted aryl
groups. Initially, the use of substituted amides for the intro-
duction of water-solubilizing groups was explored. Although
a variety of groups were tolerated, all substituted acetamides
were only poorly selective over PI3K-a (Supporting Informa-
tion, Table S3). In contrast, methyl carbamate 6i possessed
promising selectivity, although the potency (IC5y = 10 uM) of
6i in a prostate cancer cell line (LNCaP) proliferation
assay required further optimization. When the corresponding
1-benzylpiperidinepyrazolopyrimidine (13¢, Table 2) was pre-
pared, it was found to possess greater potency in this cellular
proliferation assay. Therefore, 13c was selected as the starting
point for further optimization.

SAR had shown that the 1-benzylpiperidine group could be
replaced with a picolylpiperidine group.'” This replacement
was accompanied by a moderate increase in potency and
selectivity (22a, Table 2). For further SAR studies, the
benzylpiperidine and picolylpiperidine substituents at the
pyrazolopyrimidine 1-position were used interchangeably.
Larger alkyl carbamates (Et, Pr, ‘Pr) resulted in 4- to 13-fold
decreased potency (data not shown). Interestingly, the hydro-
xyethyl carbamate (22b) was 3-fold more potent than the
corresponding methyl carbamate (22a). Molecular modeling
provided an explanation for the high potency of hydroxyethyl

Table 2. Carbamoyl and Ureidophenyl Analogues and Isosteres

)

mTOR Pi3K-a LNCaP cell
Cmpd. R X Selectiviny”
oMy ICsy (nM)* ICsp (nM)°
13¢ i 5 CH 12+/-35 486 +/- 54 42 500
22a SoTy N 46+-12 801 +/-199 172 213
o
b o~ N 1SHi00 2844484 189 1
H
16a 9 CH 0.5+/-0.08 14+/-23 28 1.5
L
22¢ H H N 04+/-004 41+/-1.5 107 34
o
16b \NJ\N}”" CH  76+-22 589 +/- 136 8 2,400
| H
o
18 \N)l\/zi CH 170 +/-50 4,058 24 9,300
H
16¢ i CH 16+/-03 317 +- 10 20 500
Oy
22d H H N 23 1,005 +/- 47 44 500
;o
16d Al CH O g4wi14 1935474 23 3.500
HoOH

“Mean + SEM. °Selectivity (ICsy PI3K-a)/(ICsy mTOR). “The
average error for LNCaP ICs, determinations was <25%.

carbamate 22b. As shown in Figure 3A, the critical hydrogen
bond to the backbone of the hinge region (Val2240) through
the morpholine oxygen was maintained. The hydroxyethyl
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Figure 3. Close-up of binding interactions of inhibitors with mTOR homology model: (A) binding mode of hydroxyethyl carbamate 22b;
(B) interactions of methylurea 22¢. Hydrogen bonds are indicated by dashed blue lines. mTOR residue numbers are shown in part A.

carbamate of 22b was able to form three additional hydrogen
bonding interactions. The carbamate NH formed a hydrogen
bond to the side chain of Asp2195, while the carbonyl inter-
acted with the catalytic lysine (Lys2187). The hydroxyl group
interacted with another aspartic acid further away from
the ATP binding site (Asp2191) by forming a hydrogen bond
to its backbone carbonyl group. A comparison to the bind-
ing modes of inhibitors containing an aminopyridine (cf.
Figure 2A, one hydrogen bond to Asp2195 in addition to
the hinge region interaction), 5-indole (one hydrogen bond
to Asp2195 in addition to the hinge region interaction®”) or
4-acetamide (cf. Figure 2B, two hydrogen bonds to Asp2195
and Lys2187 in addition to the hinge region interaction)
reveals that the increased potency of the hydroxyethyl carba-
mate is likely caused by the formation of the additional
hydrogen bond to Asp2191.

A further increase in enzyme inhibition was observed when
the carbamoylphenyl group was replaced with a ureidophenyl
group. Thus, methylureas 16a and 22¢ were 10- to 20-fold
more potent than the corresponding methyl carbamates 13c
and 22a and represent the first known subnanomolar inhibi-
tors of mTOR. In addition, ureas 16a and 22c¢ inhibited
cellular proliferation at single digit nanomolar concentra-
tions, a several-hundred-fold improvement over the corre-
sponding carbamates 13¢ and 22a, respectively. Molecular
modeling, based on an X-ray structure of a urea analogue
bound to PI3K-y (PDB code 3IBE), again provided an
explanation for the increased potency of the urea analogues.
As shown in Figure 3B, in addition to the critical hinge region
interaction, the urea of 22¢ formed three hydrogen bonds. The
carbonyl bound to the catalytic lysine (Lys2187) and both NH
groups interacted with Asp2195.

In order to evaluate whether the potency in LNCaP cellular
proliferation was predictive of activity in other cancer cell
lines, several representative compounds were screened against
a broad panel of tumor cells (Supporting Information, Table
S4). The same trends as observed in LNCaP cells were evident
in other cell lines as well. Ureas 16a and 22¢ were significantly
more active than the corresponding carbamates 13cand 22ain
all cell lines studied. Because mTOR mediates the PI3K-Akt
signaling functions and PI3K/Akt hyperactive tumors more

likely depend on mTOR for growth and survival, mTOR
inhibitors may be more effective against a subset of tumors
that express dysregulated PI3K/Akt signaling status. Thus,
cell lines characterized by mutations that lead to hyperactive
PI3K/Akt signaling (PTEN —/— or PIK3CA) were especially
sensitive to mTOR inhibitors (LNCaP, US7MG, PC3MM2,
MDA361, and MCF7). Several cell lines not known to express
dysregulation of PI3K/Akt signaling were somewhat less
sensitive (MDA435, MDA231, DUI45, and HT29). The
excellent potency of the urea-containing mTOR inhibitors is
illustrated by the fact that even some of these less sensitive cell
lines responded well to submicromolar concentrations of
ATP-competitive mTOR inhibitors.

On the basis of this excellent activity, analogues of 16a and
22¢ were explored in more detail. First, consistent with the
proposed binding mode, the importance of the presence of
both urea NH groups as potential hydrogen bond donors was
confirmed by compounds 16b and 18. Thus, 1-N-methylation
(16b) resulted in a greater than 100-fold decrease in potency.
Similarly, removal of the urea 3-NH (18) led to a greater than
300-fold decrease in activity. Modifying the electronics of the
ureido NH by conversion to a 1-methoxyurea (16c¢, 22d) or a
hydrazinecarboxamide group (16d) also led to significantly
decreased potency.

Additional analogues and isosteres of the urea group were
explored (e.g., thiourea, cyanoguanidine), but in all cases their
potency against mTOR was inferior to that of the correspond-
ing urea compounds (Supporting Information, Table S5).
Substitution on the ureidophenyl group was explored in more
detail (Table 3). Alkylureas (16a, 16f, and 16g) were more
potent than unsubstituted urea 16e. Ethyl- and 2-fluoroethyl-
ureas 16f and 16g possessed similar enzyme potency and
somewhat decreased cellular potency compared to methylur-
ea 16a, but their selectivity was much higher. Branched urea
16h was not as potent as 16a. The increased activity of the
smaller cyclopropyl analogue (17a) compared to the isopropyl
compound (16h) suggests that this was due to steric hindrance.
With the exception of hydroxyethylurea 16i, attempts to
introduce water solubilizing ureas (16j—1) resulted in de-
creased potency and selectivity. Arylureido compounds
(16m, 16n, 17b) led to highly potent mTOR inhibitors that
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Table 3. Ureidophenyl SAR
[O
N
X
£
/©)\N/ N
R <)
N

Bn
mTOR PI3K-a LNCaP cell
Cmpd. R Selectiviny
ICso (M) ICso (nM)* ICso (M)
o
16a NP 0.5+-0.08 14+-23 28 15
H H
o]
16¢ N 274-04  834/-12 31 32
H
(o]
16f NP 0.8+/-03 257+-22 321 30
H H
o
16g Py oy 14401 234+/-44 167 95
H H
o
16h }NJLNA 48+/-06 270 +/-52 56 560
H
(o
17a ALK 2.6+-07 323+-70 124 50
H H
()
16i Ho Ay 0344003 86+/-19 282 26
H H
(e}
16 Oy 234/-48 401 +/-28 17 800
H H
| Q
16k LN S 65+-2.0  29+/-11 0.4 95
H H
161 NEES 125 708 +/-147 57 1,100
H H
e}
16m Y 24+-03 165+-3.5 6.9 200
H H
= o
16n n A 08401 554-6.0 69 180
H H
/ N o
17b {‘ N 0.7+-02  30+-70 43 1,000
H H H

“Mean £+ SEM. °Selectivity (ICsy PI3K-a)/(ICso, mTOR). The
average error for LNCaP ICs, determinations was <25%.

were slightly less selective over PI3K-ou than short chain
alkylureido compounds.

Compounds incorporating benzylpiperidines and picolyl-
piperidines at the 1-position generally possessed poor micro-
somal stability. For instance, picolylpiperidine 22¢ was
degraded in nude mouse microsomes with a half-life of
12 min, whereas the benzylpiperidines were even more rapidly
metabolized. We have previously reported that carbamoylpi-
peridines in the 1-position can improve microsomal stabi-
lity."” Combination of carbamoylpiperidines in the 1-position
with ureidophenyl groups in the 6-position led to several
compounds that combined highly potent inhibition of mMTOR
(ICsp < 1 nM) with excellent selectivity over PI3K-a (> 1000-
fold) and potent (low double-digit nanomolar) inhibition
of cellular proliferation (Table 4). In order to explore

Verheijen et al.

whether this unprecedented selectivity was specific to the
a-isoform of PI3K, the ICs, values against PI3K-y and
another PIKK, ATR, were also determined. In all cases,
selectivity over PI3K-y and ATR was greater than over
PI3K-a. In this respect, incorporation of isopropylcarba-
moylpiperidines in the I-position led to the most selective
compounds. It was also evident that 2-fluoroethylureidophe-
nyl and cyclopropylureidophenyl groups in the 6-position led
to more selective mTOR inhibitors compared to methylurei-
dophenyl groups.

The microsomal stability data revealed that the carbamoyl-
piperidines were significantly more stable than the benzyl- and
picolylpiperidines. We also explored the potential for drug—
drug interaction by examining inhibition of various cyto-
chrome P450 isoforms. At 3 uM, approximately 5000-fold
the mTOR ICs, none of the carbamoylpiperidines inhibited
CYP 2D6 more than 20%. The methylcarbamoylpiperidines
showed no inhibition of CYP 2C9 ( <20%) and low inhibition
of CYP 3A4 (<40%). The more lipophilic isopropyl- and
tert-butylcarbamoylpiperidines showed slightly increased in-
hibition of the last two isoforms (3A4, 23—70%; 2C9,
40—75% at 3 uM).

In order to further evaluate the selectivity of the urea-
containing inhibitors, representative compounds were as-
sayed against a broad panel of 26 kinases (Supporting In-
formation, Table S6). Although the methyl carbamate 22a
displayed excellent selectivity over all non-PIKKs in the panel
(>3500-fold), the selectivity of urea inhibitors 22¢ and 27a
was particularly impressive (> 100000-fold over all non-
PIKKs in the panel). The latter observation could be ex-
plained by the unique interaction of the urea with the active
site in mTOR and PI3K involving the formation of three
hydrogen bonds. Kinases outside the PIKK family do not
have the ability to form these same interactions. Methylurea
22¢ was also highly selective over the - and d-isoforms of
PI3K (ICsq of 141 and 64 nM, respectively). Finally, the less
selective methyl carbamate (22a) was screened in a panel of
59 kinases by Invitrogen. At 1 uM, the only kinase show-
ing >20% inhibition was RAF1 (cRAF, 31%), providing
further evidence that this class of inhibitors is highly selective
for mTOR and the PIKKs.

Having identified potent and selective inhibitors of mTOR,
we were interested in exploring how these inhibitors com-
pared to previously disclosed ATP-competitive mTOR inhi-
bitors. To this end, 31 (Ku-0063794),'*'® one of the most
potent and selective inhibitors reported to date, was syn-
thesized according to literature procedures. Under our
assay conditions, 31 inhibited mTOR with an ICs, of
2.5 nM, was ~200-fold selective over PI3K-o, and inhibited
LNCaP cellular proliferation with an 1Csy of 500 nM. Com-
parison of these values to the compounds in Table 4 revealed
that the pyrazolopyrimidines were significantly more potent
inhibitors of mTOR and cellular proliferation than 31. In
addition, several pyrazolopyrimidines were significantly more
selective over PI3K (25b,¢, 26a—c, 27b,c) than the selective
inhibitor 31.

mTOR inhibition was also explored at the cellular level in
US87MG tumor cells (Figure 4). The ATP competitive inhibi-
tors potently inhibited phosphorylation of the mTORCI1
substrate P-S6K (T389) (< 100 nM). Slightly higher concen-
trations were required for inhibition of another mTORCI1
substrate (P-4EBP1 (T70)) and the mTORC?2 substrate P-Akt
(S473) (<300 nM). These values correlate well with the
observed ICs, values for inhibition of cellular proliferation
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Table 4. Highly Selective mTOR Inhibitors Combining Alkylureidophenyl Substitution in the 6-Position with Carbamoylpiperdine Substitution in the

1-Position

)

O

N
2
O}OR

mTOR PI3K-a Sel” PI3K-y ATR LNCaP N.
Cimpd R R ICs9 (nM)* ICsy (nM)* ICsy (nM)* 1Csq (nM) cell ICsy (nM)‘/ Mouse micr.”
25a Me 05+-008  100+-17 220 148 4,800 31 >30
Q
26a NN iPr 02+-002 189+-16 857 1,431 7,700 28 19
H H
27a tBu  07+-02  80+-70 117 409 11,700 27 >30
25b Me 0.6+-0.04 505+-224 835 1,697 41,500 53 >30
(o}
26b PR iPr 0.3 +-0.01 1,207 3,772 3,765 >50,000 40 24
H R
27b tBu  0.5+-007 786 +-230 1587 2,526 >50,000 110 27
25¢ Me 0.5+-004 661 +-157 1468 1,772 26,200 42 >30
26¢ 2 iPr 0.5+/-0.01 1,782 3,637 3,554 50,000 50 24
ANP Y
27c AoH Bu  0.6+-0.1 898 1,403 1,290 >50,000 160 25

“Mean =+ SEM. ” Selectivity (ICsy PI3K-0)/(ICso mTOR). € The average error for PI3K-y and ATR ICs, determinations was < 50%

.“The average

error for LNCaP ICs, determinations was <25%. ¢ Microsomal stability (¢1/,, min.).
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Figure 4. Inhibition of mTOR signaling after treatment with mTOR kinase inhibitors. U87MG cells were treated in growth medium for 6 h
with the indicated concentrations of 22a, 25a, and 27a. Total cell lysates were prepared and subjected to immunoblotting with antibodies
against P-S6K, P-4EBP1 (T70), 4EBP1, P-Akt (S473), P-Akt (T308). The blots were also stained for Ponceau-S, a dye for total protein, for

sample loading control.

in this cell line (12—120 nM). Selectivity over PI3K was
evident at the cellular level as well. Thus, whereas the
mTORCI and mTORC 2 biomarkers were completely inhib-
ited below 300 nM, inhibition of the PI3K/PDK1 biomarker
P-Akt (T308) required significantly higher levels.

To confirm that the selectivity observed in vitro translated
to selective inhibition of mMTORC1 and mTORC?2 in vivo,
PC3MM tumor bearing nude mice were dosed intravenously
with 50 mg/kg of compounds 25a and 27a. One hour
after dosing, complete suppression of the mTORCI substrate
S6K was observed in the tumors (Figure 5), resulting in a
significant decrease in phosphorylation of its target (P-S6).

Likewise, near complete suppression of mTORC2 activity
was observed (P-Akt (S473)). In sharp contrast, only negli-
gible inhibition of phosphorylation of the PI3K/PDK1 bio-
marker (P-Akt (T308)) was observed, illustrating the fact
that these compounds behave as selective inhibitors of mMTOR
in vivo.

Water solubilizing groups are often incorporated in kinase
inhibitors to improve their physicochemical properties. It has
already been shown (Table 3) that incorporation of water
solubilizing alkylureidophenyl groups at the 6-position led to
decreased potency and selectivity. Similar results were ob-
served when water solubilizing groups were introduced at the
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1-position of the pyrazolopyrimidines (data not shown). A
careful examination of the three-dimensional structure of
phenylureidophenyl inhibitor 25d (Table 5), docked in an
mTOR homology model based on a human PI3K-y crystal
structure (PDB code 3IBE), indicated that the 4-position of
the phenyl ring was exposed to solvent (Figure 6). The latter
observation suggested that water solubilizing groups might be
introduced in the para-position of arylureidophenyl groups at
the 6-position of the pyrazolopyrimidines. Indeed, as shown in
Table 5, introduction of an N-methylpiperazine in the para-
position of the phenylureido moiety led to a compound (25e)
that was as potent as the unsubstituted phenylureido analogue
(25d). Selectivity over PI3K-a was also not affected by
introduction of the water solubilizing group. A variety of
other polar groups could also be incorporated in the same

Control 25a Control 27a

I 1T 1 T 1T 1
P-SOK (T359) Wil mesr e

p-akt (s473) () -y - -

e N o e

Ps«s”--- - e @ —~ — — —
e o dada e d I

— -

Figure 5. Inhibition of mTOR signaling in vivo following a single
dose of mTOR kinase inhibitors. Nude mice bearing sc PC3MM?2
tumors were injected iv with vehicle or 50 mg/kg test article. Tumor
lysates were prepared 1 h after injection and were immunoblotted
with antibodies against P-S6K (T389), P-Akt (S473), P-Akt (T308),
P-S6, and S-actin.

Verheijen et al.

position while maintaining mTOR inhibitory activity and
selectivity over PI3K-o (25f—i). In all cases, the selectivity
over PI3K-y and ATR was even greater, with ATR selectivity
in all cases >20000-fold. Moreover, the cellular potency was
greatly increased by the introduction of water solubilizing
groups, resulting in the first known mTOR inhibitors with
subnanomolar potency in cellular proliferation assays. These
observations are in sharp contrast to the pronounced decrease
in activity that was observed for direct linkage of polar groups
on an alkyl chain to the ureidophenyl moiety (Table 3).
The N-methylpiperazinophenylurea analogue 25e displayed
excellent stability in nude mouse microsomes. Although
aminoethylphenylureas (25g—i) possessed poor to moderate
stability in this assay, all compounds containing a basic amine
had excellent stability in human microsomes (25e,g—i). In
contrast, the hydroxyethyl substituent led to poor stability in
human and nude mouse microsomes (25f). While unsubsti-
tuted phenylurea 25d significantly inhibited CYP 3A4 (87% at
3 uM), analogues 25e, 25¢g, and 25h showed no inhibition of
CYP isoforms ( < 10% inhibition at 3 uM). Moderate inhibi-
tion of CYP 3A4 was observed for hydroxyethylurea 25f and
morpholinophenylurea 25i (50% and 28%, respectively).
Interestingly, the introduction of the morpholine moiety led
to increased inhibition of CYP2C9 (58% for 25i at 3 uM).
Comparison of the data in Tables 4 and 5 revealed that the
tools are now available to design highly potent inhibitors
(enzyme IC5y < 1 nM, cellular IC5y < 50 nM) with excellent
selectivity (> 1000-fold over PI3K-a) or to design compounds
with further increased cellular potency (ICsqg < InM) but
decreased selectivity (~50-fold over PI3K-a). It is currently
not clear what levels of selectivity are required for optimal

Table 5. Water Solubilizing Groups in 4-Position of Arylureidophenyl Substituents

)

N
O}—OMe

mTOR Pl3K-a LNCaP cell  N. Mouse Human
Cmpd. R Sel”
1Csy (nM)* 1Csy (nM)” 1Csy (nM)* micr. ¢ micr. ¢
25d H\f 0.3 +/-0.06 17+/-1.5 55 27 21
~
N
25e K/N\’; 0.3 +/-0.02 15+/-15 48 <1 >30 >30
25f HO 0.1+-0.005  10+/-<1 100 <1 7 <l
25g @\/\ 4 07+-02  34+/-15 48 <1 8 >30
~
N
25h K/)\,\/\; 0.8+/-0.08 21+/-35 26 1.4 21 >30
O
25i I\/)\‘\/\f 0.6 +/- 0.01 41 +/- 14 68 5.0 12 >30

“Mean + SEM. ® Selectivity (ICs, PI3K-a)/(ICso mTOR). ¢ The average error for LNCaP ICs, determinations was <25%. ¢ Microsomal stability

(t1)2, min.).
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Figure 6. Surface representations of the mTOR binding site highlighting the tight fit of inhibitors as exemplified by phenylureidophenyl 25d.
(A) Overview of the mTOR catalytic domain in cartoon representation and the binding site in surface representation. 25d is sandwiched
between the N-lobe and C-lobe of the catalytic domain. (B) Close-up view of 25d rotated 90° compared to part A. The hydrogen atom in the
4-position of the terminal phenyl ring is shown to illustrate the directionality toward solvent from this position. Hydrogen bonds between the
urea and Lys2187 and Asp2195 are maintained (cf. Figure 3B) and are shown by dashed lines.

clinical efficacy. On one hand, highly selective mTOR inhibi-
tors (i.e., the rapalogues) have proven efficacious in the
treatment of certain cancers. On the other hand, ATP compe-
titive mixed inhibitors of mTOR and PI3K are currently
advancing through clinical development. With the tools now
at our disposal, we expect to be able to further advance our
understanding of the biology of inhibition of the mTOR
pathway and to elucidate in more detail the role that PI3K
and mTOR play in determining efficacy and side effects.

Conclusions

The 4-ureidophenyl group was identified as an essential
substituent in the 6-position of pyrazolopyrimidine inhibitors
of mTOR, leading to highly potent (subnanomolar) inhibitors.
Moreover, several highly selective compounds (> 1000-fold
selective over PI3K-a) with good cellular potency (ICsy =
20—50 nM) were reported. In addition, we have presented
compounds with good selectivity (50- to 100-fold over PI3K-o)
that are extremely potent in cellular proliferation assays
(ICsg < 1 nM). The pharmacological tools now at our disposal
should prove valuable in advancing our understanding of the
role of this fascinating signaling pathway in cancer biology.

Experimental Section

Materials and Methods. All solvents were HPLC grade, and
all other chemicals were analytical reagent or equivalent. All
chemicals were used as received. '"H NMR spectra were deter-
mined with a Bruker DRX400 spectrometer at 400 MHz or a
NT-300 WB spectrometer at 300 MHz. Chemical shifts () are
expressed in parts per million relative to the internal standard
tetramethylsilane. Electrospray mass spectra were recorded in
positive mode on a Micromass Platform spectrometer. High-
resolution mass spectra (HRMS) were obtained on a Finnigan
MAT-90 spectrometer or a Bruker 9.4T FTMS spectrometer.
Chromatographic purifications were by flash chromatography
using Baker 40 um silica gel. Semipreparative reverse-phase
high-pressure liquid chromtography (RP-HPLC) was per-
formed using a Gilson Preparatory HPLC. The sample was
dissolved in DMSO, applied on a Waters Atlantis Prep T3 OBD
column (30 mm x 150 mm, 5 um), and eluted at 30 mL/min with
a 20 min gradient (from 5% B to 100% B), where solvent A is
water (0.05% TFA buffer) and solvent B is acetonitrile (0.05%
TFA buffer). An alternative solvent system consisted of sol-
vent A being water (0.1% NH4OH buffer) and solvent B
being acetonitrile (0.1% NH4OH buffer). The purity of tested

compounds was determined by HPLC and was >95% except as
noted.

mTOR, PI3K, and ATR Assays. A Flag-tagged truncated
human TOR (Flag-TOR(3.5), amino acids 1360—2549) was
expressed in HEK293 cells and affinity purified. The routine
inhibitor assays were performed in 96-well plates for 2 h at
room temperature in 25 4L containing 6 nM Flag-TOR(3.5)
(estimated 5—10% purity), 1 uM His6-S6K, and 100 uM ATP.
The assays were performed and detected by DELFIA employing
the Eu-phospho-p70S6K T389 antibody.?® The PI3K assays
were performed as described previously,** using enzymes from
Upstate Biotech (now Millipore). ATR kinase activity was
evaluated using a DELFIA assay format.

LNCap Tumor Cell Growth Assay.” The LNCap cell line was
obtained from the American Type Culture Collection (ATCC)
and was maintained in a 37 °C incubator with 5% CO», and was
cultured using standard cell culture methods. Cells were plated
in 96-well culture plates at 1000—3000 cells per well for 24 h,
treated with DMSO or various doses of mTOR inhibitors.
Viable cell densities were determined 3 days later by MTS assay
employing an assay kit (CellTiter 96 AQueous» catalog no.
G5421, Promega) following the kit assay protocol. The effect
of each treatment was calculated as percent of control growth
relative to the DMSO-treated cells grown in the same culture
plate. Inhibitor dose—response curves were plotted for determi-
nation of I1Cs values.

Determination of mTOR Inhibition in U87 Cells.”' Total cell
lysates were prepared using NuPAGE-LDS sample buffer
(Invitrogen), quantified by RCDC protein assay (Bio-Rad),
and immunoblotted using NuPAGE electrophoresis system
(Invitrogen). The following antibodies were obtained from Cell
Signaling Technology: P-Akt (S473), P-Akt (T308), P-S6K1
(T389), P-4EBP1 (T70), 4EBP1.

Inhibition of mMTOR in Nude Mouse Xenograft Tumors.
US7MG tumors (400 mm?®) were grown subcutaneously in
Balb/c nu/nu female mice, and vehicle or compound was dosed
by a single intravenous injection (iv). Tumor lysates were
prepared and immunoblotted.?

Microsomal Stability. Microsomal stability was determined
as described previously.?’

mTOR Homology Model. An mTOR homology model was
built based on an in-house PI3K-y crystal structure in complex
with a compound from the pyrazolopyrimidine series.'” PRIME
1.5 [Prime, version 1.5, Schrodinger, LLC, New York, NY,
2005] was used to build the initial model, which was further
optimized using EMBRACE (MacroModel, version 9.1,
Schrodinger, LLC, New York, NY, 2005) minimizations in
complex with the cocrystallized ligand.
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Subsequent docking studies were performed using Glide 4.0
(Glide, version 4.0, Schrodinger, LLC, New York, NY, 2005)
and 4.5 (Glide, version 4.5, Schrodinger, LLC, New York, NY,
2005) with the Single Precision (SP) scoring function. A hydro-
gen bonding constraint to valine-2240 of the hinge region was
used during the docking.

2.4,6-Trichloropyrimidine-5-carbaldehyde (3). To a solution
of POCl; (200 mL) in DMF (42 mL) cooled to 0 °C was slowly
added barbituric acid (30 g) over 1.5 h. The mixture was then
heated to reflux for 16 h and then evaporated (the distillate was
carefully decomposed by slowly pouring into a stirred ice
methanol slush). The remainder was cooled to 0 °C and added
very slowly to a solution of ice—water upon which a beige solid
formed. The solid was filtered, dissolved in DCM, washed with
water, washed with a saturated NaHCO; solution, dried
(MgSQ,), and concentrated in vacuo to give white crystals
(24 g). "H NMR (CDCl5): 6 10.42 (1H, s).

6-Chloro-4-morpholin-4-yl-1-phenyl-1 H-pyrazolo|[3,4-d|pyri-
midine (5). To a solution of 5.0 g (23.6 mmol) of 2.4,6-
trichloropyrimidine-5-carbaldehyde (3) in ethanol, cooled
at —78 °C, was added triethylamine (10 mL). Phenylhydrazine
(2.32 mL, 23.6 mmol) was added slowly, and the mixture was
allowed to warm to ambient temperature. The mixture was
cooled to —78 °C again, and morpholine (2.2 mL, 25 mmol)
was added. The mixture was allowed to warm to room tem-
perature, and the resulting solids were collected by filtration,
washed with ethanol, and dried to give 5.6 g (17.7 mmol) of the
title compound. HRMS: m1/z 316.0960 (M + H]"). For [M +
H]" mass error = 0.1 mDa or 0.16 ppm. 'H NMR (DMSO-d):
08.62(1H,s),8.03(2H,d,J = 8.8 Hz), 7.58 2H, t,J = 7.8 Hz),
7.40 (1H, t,J = 7.4 Hz), 3.95 (4H, t, J = 4.8 Hz), 3.78 (4H, t,
J = 4.8 Hz).

General Procedure for Suzuki—Miyaura Coupling of 6-Chloro-
4-morpholin-4-yl-1-phenyl-1 H-pyrazolo[3,4-d]pyrimidine (5).
6-Chloro-4-morpholin-4-yl-1-phenyl-1 H-pyrazolo[3.4-d]pyrimidine
(5, 38 mg, 0.12 mmol) was placed in a 0.5—2 mL microwave vial.
Then 0.2 mmol of a boronic acid or boronate pinacol ester was
added, followed by addition of 2 mL of dimethoxyethane and
0.25 mL of a 2 M aqueous solution of sodium carbonate. Tetrakis-
(triphenylphosphine)palladium(0) (14 mg, 0.1 equiv) was added,
and the mixture was heated for 10—30 min at 185 °C under
microwave irradiation. The mixture was concentrated, dissolved in
DMSO, filtered, and purified by reversed phase HPLC (TFA
buffers) to give the target compound.

The following compounds were made according to the gen-
eral procedure.

4-(4-Morpholin-4-yl-1-phenyl-1H-pyrazolo[3,4-d|pyrimidin-6-
yDaniline (6¢). Yield: 31 mg (0.086 umol, 71%). LCMS: 91%
pure, fg = 2.33 min, m/z 373.2 (M + H]"). HRMS: m/z
373.17799 (IM + H]"). For [M + H]" mass error = 0.85 mDa
or 2.29 ppm. '"H NMR (DMSO-dq): 6 8.50 (1H, s), 8.32 (2H, d,
J =8.4Hz),8.16( 2H, d, J = 8.8 Hz), 7.60 (2H, t, J = 8.0 Hz),
7.36 (1H,t,J = 7.4 Hz), 6.64 2H, d, J = 8.8 Hz), 5.64 (2H, bs),
4.02 (4H,t,J = 4.2 Hz), 3.81 (4H, t, J = 4.4 Hz).

5-(4-Morpholino-1-phenyl-1 H-pyrazolo[3,4-d]pyrimidin-6-yl)-
pyridin-2-amine (6d). Yield: 21 mg (0.056 umol, 47%). LCMS:
100% pure, tg = 1.94 min, m/z 374.2 (M + H]™).

N-[4-(4-Morpholin-4-yl-1-phenyl-1 H-pyrazolo[3,4-d]|pyrimidin-
6- yl)phenyl]acetamide (6g). Yield: 14 mg (0.033 umol, 28%).
LCMS: 96.5% pure, tg = 2.41 min, m/z 415.2 (M + H] ).

N-Methyl-4-(4-morpholino-1-phenyl-1H-pyrazolo[3,4-d|pyri-
midin-6-yl)aniline (6h). By use of 4-(tert-butoxycarbonyl-N-
methylamino)phenylboronic acid, pinacol ester in the Suzu-
ki—Miyaura coupling, the crude, hot reaction mixture was
filtered and the residue was rinsed with hot dimethoxyethane
(0.5mL). The Boc group was removed from the resulting crude
product by addition of 2 mL of TFA to the filtrate and stirring
at room temperature overnight. The crude product was con-
centrated and used without further purification in the next step
(preparation of 7).
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Methyl [4-(4-Morpholin-4-yl-1-phenyl-1H-pyrazolo[3,4-d]pyri-
midin-6- yl)phenyl]carbamate (6i). Yield: 7mg (0.016 umol, 13%).
LCMS: 99.1% pure, tg = 2.51 min, m/z 431.2 (M + H]").

Additional compounds (6a,b,e,f) are summarized in the Sup-
porting Information.

N-Methyl-N-[4-(4-morpholin-4-yl-1-phenyl-1H-pyrazolo[3,4-
d)pyrimidin-6-yl)phenyl]acetamide (7). Crude N-methyl-4-(4-
morpholino-1-phenyl-1H-pyrazolo[3,4-d|pyrimidin-6-yl)aniline
(6h, 0.12 mmol) was treated with acetic anhydride (0.5 mL) for
2 h. The solvents were removed and the crude product was
dissolved in DMSO, filtered, and purified by HPLC (TFA
buffers) to give 21 mg (0.049 mmol, 41%) of the title compound.
LCMS: 96% pure, tg = 2.61 min, m/z 429.2 (M + H]™").

(1-Benzylpiperidin-4-yl)hydrazine Dihydrochloride (10). Ben-
zoic hydrazide (27 g) was dissolved in methanol (150 mL).
1-Benzylpiperidin-4-one (8, 37.8 g) was added and the solution
heated at 30 °C for 1 h and 60 °C for a further 2 h. The solution
was then cooled to 0 °C and sodium borohydride (6.8 g) added in
portions. After 2 h, the solution was evaporated and the residue
was partitioned between dichloromethane and water. The or-
ganic phase was then dried with anhydrous magnesium sulfate
and evaporated, leaving an oil (102 g).

The oil was dissolved in water (80 mL) containing concen-
trated hydrochloric acid (140 mL) (any extra organic solvent
released at this stage was separated). The aqueous solution was
then refluxed overnight. After the mixture was cooled to 0 °C the
precipitate of benzoic acid was filtered off. Water was evapo-
rated, anhydrous ethanol was added, and the resulting precipi-
tate was collected by filtration and dried in high vacuum. The
title compound was obtained as a white solid (32.4 g). HRMS:
m/z 206.16482 (IM + H]"). Exptl — caled = —0.36 mmu. 'H
NMR (DMSO-d,) indicated a mixture of diastereomeric salts: ¢
11.10 (1H, bs), 7.63 (2H, m), 7.45 (3H, m), 4.27 (2H, m),
3.37—2.89 (5H, m), 2.16—1.72 (4H, m).

1-(1-Benzylpiperidin-4-yl)-4,6-dichloro-1 H-pyrazolo[3,4-d|pyri-
midine (11). To a solution of 2.4,6-trichloropyrimidine-5-carbal-
dehyde (3, 10.0 g, 47.3 mmol) in ethanol at —78 °C was added
(1-benzylpiperidin-4-yl)hydrazine dihydrochloride (13.2 g, 47.3
mmol). The mixture was stirred at —78 °C for 20 min. Triethy-
lamine (22 mL) was added slowly over 20 min. The mixture was
stirred for an additional 20 min at —78 °C, followed by stirring at
0 °C for 1 h. The mixture was concentrated in vacuo without
heating. The mixture was diluted with ethyl acetate (500 mL) and
saturated NaHCOj3 (400 mL) and filtered over Celite. The layers
were shaken in a separatory funnel, and the organic phase was
dried (MgSO,), filtered over a silica gel plug, and rinsed with ethyl
acetate. The filtrate was concentrated to give 12.5 g of a red foam
(34.4 mmol, 73%). MS: m/z 362.1/364.1 (M + H]*). '"H NMR
(DMSO-dq): 0 10.77 (1H, bs), 8.61 (1H, s), 7.62 (2H, m), 7.48 (3H,
m), 5.07 (1H, m), 4.33 (2H, m), 3.49 (2H, d,J = 12 Hz), 3.27 (2H,
d,J = 12 Hz), 2.53 (2H, m), 2.17 2H, d, J = 12 Hz).

4-(1-(1-Benzylpiperidin-4-yl)-6-chloro-1 H-pyrazolo[3,4-d]pyri-
midin-4-yl)morpholine (12). 1-(1-Benzylpiperidin-4-yl)-4,6-di-
chloro-1H-pyrazolo[3,4-d]pyrimidine (11) (4.5 g, 11.3 mmol)
was dissolved in ethanol (35 mL) and triethylamine (1.7 mL)
and stirred at room temperature for 1 h. The mixture was diluted
with water (200 mL) and 10 N sodium hydroxide (2.0 mL) and
extracted three times with ethyl acetate. The organics were
combined and dried over sodium sulfate, filtered through Mag-
nesol, and concentrated to an oil that crystallized upon standing.
The white crystals were collected by filtration, using a minimum
amount of hexanes, to give 4.1 g of (12) (89%). MS: m/z 413.3/
415.3 (M 4+ H]"). "H NMR (DMSO-dj): 6 8.34 (1H,s), 7.34 (4H,
d,J = 4.0 Hz), 7.26 (1H, m), 4.57 (1H, m), 3.88 (4H, t, J = 5.0
Hz), 3.73 (4H, t, J/ = 4.9 Hz), 3.53 (2H, s), 2.93 (2H, m), 2.50
(4H, m), 1.82 (2H, m).

General Procedure for Suzuki—Miyaura Coupling of 4-(1-(1-
Benzylpiperidin-4-yl)-6-chloro-1H-pyrazolo[3,4-d|pyrimidin-4-yl)-
morpholine (12). 4-(1-(1-Benzylpiperidin-4-yl)-6-chloro-1 H-pyra-
zolo[3,4-d]pyrimidin-4-yl)morpholine hydrochloride (12, 50 mg,
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0.12 mmol) was placed in a 0.5—2 mL microwave vial. Then
0.2 mmol of a boronic acid or boronate pinacol ester was added,
followed by addition of 2 mL of dimethoxyethane and 0.25 mL
of a 2 M aqueous solution of sodium carbonate. Tetrakis-
(triphenylphosphine)palladium(0) (14 mg, 0.1 equiv) was added,
and the mixture was heated for 10—20 min at 185 °C under
microwave irradiation. The mixture was concentrated, dissolved
in DMSO, filtered, and purified by reversed phase HPLC (TFA
buffers) to give the target compounds as TFA salts unless
otherwise noted.
The following compounds were prepared according to the
general procedure.
4-[1-(1-Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyrazolo[3,
4-d]pyrimidin-6- yl]aniline (13a). Yield: 53 mg (90 umol, 75%).
LCMS: 100% pure, tg = 1.90 min, m/z 470.3 (M + H]"). 'H
NMR (DMSO-dq): 6 8.21 (1H, s), 8.14 (2H, d, J = 8.7Hz), 7.35
(4H,m), 7.27(1H, m), 6.61 (2H, d, J = 8.4hz),6.55(2H, bs), 4.75
(1H, m), 3.94 (4H, m), 3.77 (4H, t, J = 4.4 Hz), 3.56 (2H, 5), 2.96
(2H, m), 2.18 (4H, m), 1.86 (2H, m).
{4-[1-(1-Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyrazolo-
[3,4-d]pyrimidin-6-yl]phenyl}acetic Acid (13b). 4-(1-(1-Benzylpi-
peridin-4-yl)-6-chloro-1H-pyrazolo[3,4-d|pyrimidin-4-yl)morph-
oline hydrochloride (12, 400 mg, 0.97 mmol) was placed in a
20 mL microwave vial. Phenylacetic acid—4-boronic acid
(380 mg, 1.45 mmol) was added, followed by addition of 5 mL
of dimethoxyethane and 1.5 mL of a 2 M aqueous solution of
sodium carbonate. Tetrakis(triphenylphosphine)palladium(0)
(20 mg) was added, and the mixture was heated for 15 min at
175 °Cunder microwave irradiation. The mixture was neutralized
by addition of 1 N HCI (3 mL) and was extracted with EtOAc.
The organic phase was dried (MgSO,). Trituration with Et,0O
yielded 150 mg of the title compound as a white powder. HRMS:
m/z 513.25891 (M + H]™"). Exptl — caled = —1.96 mmu.
Methyl {4-[1-(1-Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyra-
z0lo[3,4-d|pyrimidin-6-yl]phenyl} carbamate (13c). Yield: 21 mg
(33 umol, 28%). LCMS: 100% pure, tg = 2.05 min, m/z 528.3
(IM + HJ"). HRMS: m/z 528.269 89 (IM + H] ™). Exptl — caled =
—1.88 mmu. '"H NMR (DMSO-dj): 69.88 (1H,s),8.36 2H, d, J =
9.2 Hz), 8.28 (1H, s), 7.58 (2H, d, J = 8.8 Hz), 7.35 (4H, m), 7.26
(1H, m), 4.79 (1H, m), 3.99 (4H, bs), 3.78 (4H, t, J = 4.4 Hz), 3.69
(3H, s), 3.56 (2H, s), 2.96 (2H, m), 2.20 (4H, m), 1.88 (2H, m).
General Procedure for Formation of Ureas 16. To commer-
cially available 4-isocyanatophenylboronic acid, pinacol ester
(49 mg, 0.2 mmol) in a microwave vial was added a solution of
amine (see individual compounds for details), and the mixture
was stirred for 0.5—16 h. To the resulting ureidophenylboronic
acid, pinacol ester 15 were added 4-(1-(1-benzylpiperidin-4-yl)-
6-chloro-1H-pyrazolo[3.,4-d|pyrimidin-4-yl)morpholine hydro-
chloride (12, 50 mg, 0.12 mmol) and 0.25 mL of a 2 M aqueous
solution of sodium carbonate. Tetrakis(triphenylphosphine)-
palladium(0) (14 mg, 0.1 equiv) was added, and the mixture
was heated for 6—10 min at 185 °C under microwave irradiation.
The mixture was concentrated, dissolved in DMSO, filtered, and
purified by reversed phase HPLC (TFA buffers) to give the
target compound as the trifluoroacetate salt.
N-{4-[1-(1-Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyra-
zolo[3,4-d|pyrimidin-6-yl]phenyl}-/N'-methylurea (16a). An
amount of 1 mL of a 2 N solution of methylamine in THF
was used. Excess amine and solvent were removed under a
stream of nitrogen, and the ureidophenylboronic acid, pinacol
ester was dissolved in dimethoxyethane (2 mL) prior to Suzu-
ki—Miyaura coupling. Yield: 15 mg (23 umol, 20%). LCMS:
100% pure, tg = 1.90 min, m/z 527.3 (M + H]").
Additional compounds (16b—n) are summarized in the Sup-
porting Information.
1-{4-[1-(1-Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyrazolo-
[3,4-d]pyrimidin-6- yl|phenyl}-3-cyclopropylurea (17a). To a solu-
tion of aniline 13a (50 mg, 0.11 mmol) in dichloromethane was
added triethylamine (26 #L) and triphosgene (18 mg, 0.06 mmol).
The mixture was stirred for 15 min at room temperature and was
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then added to a solution of cyclopropylamine (35 4L, 0.5 mmol) in
dichloromethane (1 mL). After the mixture was stirred at room
temperature for 25 min, the solvents were evaporated and the
crude product was dissolved in DMSO, filtered, and purified by
HPLC (TFA buffers) to give the title compound as the trifluor-
oacetate salt. Yield: 25 mg, 0.037 mmol, 34%. LCMS: 96% pure,
tr = 2.00 min, m/z 553.3 (M + H] ).
1-{4-[1-(1-Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyrazolo-
[3,4-d]pyrimidin-6- yl]phenyl}-3-(1H-imidazol-2-yl)urea (17b). To
a solution of aniline 13a (50 mg, 0.11 mmol) in dichloromethane
(1 mL) containing Huenig’s base (75 L) was added triphosgene
(15 mg, 0.05 mmol). The mixture was stirred for 5 min at room
temperature and was then added to a suspension of 2-aminoimi-
dazole sulfate (106 mg, 0.4 mmol) in dichloromethane (1 mL)
containing Huenig’s base (75 uL). The mixture was stirred at
room temperature overnight, the solvents were evaporated, and
the crude product was dissolved in DMSO, filtered, and purified
by HPLC (TFA buffers) to give the title compound as the
trifluoroacetate salt. Yield: 5 mg, 0.007 mmol, 7%. LCMS:
100% pure, tg = 1.77 min, m/z 579.3 (M + H] ™).
2-{4-[1-(1-Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyrazolo-
[3,4-d]pyrimidin-6-yl]phenyl}-/N-methylacetamide (18). {4-[1-(1-
Benzylpiperidin-4-yl)-4-morpholin-4-yl-1 H-pyrazolo[3,4-d]pyri-
midin-6- yl]phenyl}acetic acid (13b, 50 mg, 0.098 mmol) was
dissolved in DMF (2 mL). To the solution was added EDC
(25 mg, 0.13 mmol) and HOBT (16 mg, 0.12 mmol), and the
mixture was stirred for 2 h. A solution of methylamine (0.25 mL,
2 M in THF) was added, and the mixture was stirred for an
additional 18 h. The mixture was purified by HPLC (TFA
buffers) to give the title compound as the trifluoroacetate salt.
Yield: 22 mg (34 umol, 35%). LCMS: 100% pure, tg = 1.86 min,
m/z 526.3 (M + H]™").
4-(6-Chloro-4-morpholin-4-ylpyrazolo[3,4-d|pyrimidin-1-yl)pi-
peridine-1-carboxylic Acid Methyl Ester (23a). 1-(1-Benzylpiper-
idin-4-yl)-6-chloro-4-morpholin-4-yl-1 H-pyrazolo[3,4-d|pyrimi-
dine (12, 499 mg, 1.2 mmol) was dissolved in 0.4 mL (5.2 mmol)
of methyl chloroformate and 1 mL of DCM. After 3 h at room
temperature the solvents were removed under reduced pressure
to give the title compound. HRMS: m/z 413.18445 (M + H]").
Exptl — caled = 0.89 mmu. '"H NMR (DMSO-d;): 6 8.35(1H, s),
4.83 (1H, m), 4.08 (2H, m), 3.89 (4H, t,J = 5.0 Hz), 3.74 (1H, t,
J = 4.8 Hz), 3.72 (3H, s), 3.07 (2H, bs), 2.50 (4H, m).
6-Chloro-4-morpholin-4-yl-1-piperidin-4-yl-1 H-pyrazolo[3,4-
d)pyrimidine Hydrochloride (19). The HCl salt of 1-(1-benzylpi-
peridin-4-yl)-6-chloro-4-morpholin-4-yl-1 H-pyrazolo[3.4-d]pyri-
midine (100 mg, 0.24 mmol) was converted into the free base by
extraction with an aqueous 1 N NaOH solution. Traces of
moisture were removed by coevaporation with 1,2-dichlor-
octhane (DCE). The residue was dissolved in DCE (2 mL), and
1.9 mmol (0.2 mL) of a-chloroethyl chloroformate (ACE-Cl) was
added along with a small amount of K,COs, and the mixture was
stirred for 5.5 h at room temperature. The reaction was quenched
by addition of MeOH, and the mixture was filtered and concen-
trated to dryness. The mixture was dissolved in MeOH and briefly
heated to reflux. The title compound was obtained in quantita-
tive yield by evaporation of the methanol. HRMS: m1/z 323.140 09
(IM + H]"). Exptl — caled = 1.92 mmu.
6-Chloro-4-morpholin-4-yl-1-[1-(pyridin-3-ylmethyl)piperidin-
4-yl]-1 H-pyrazolo[3,4-d|pyrimidine (20). 6-Chloro-4-morpholin-
4-yl-1-piperidin-4-yl-1 H-pyrazolo[3,4-d]pyrimidine hydrochlo-
ride (19, 1.2 mmol) was suspended in THF (10 mL). 3-Pyridi-
necarboxaldehyde (0.19 mL, 2.0 mmol) was added, followed by
addition of acetic acid (85 L) and NaHB(OAc); (0.47 g, 2.0
mmol). The mixture was stirred at room temperature for 30 min,
diluted with dichloromethane, and washed with saturated NaH-
COj; and a solution of NaOH (1 N). The organic phase was
dried (MgSOy) and concentrated. The crude product was ap-
plied to a silica gel column and eluted with a gradient of
methanol (0—8%) in ethyl acetate containing 1% triethylamine.
The title compound was obtained as 249 mg of an off-white



8022 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 24

powder (0.6 mmol, 50%). HRMS: m/z 414.18399 (M + H]").
Exptl — caled = 0.38 mmu. "H NMR (CDCl5): 6 8.57 (1H, d,
J=1.2Hz),8.51 (1H,dd,J = 1.8 Hz, 5.0 Hz), 7.90 (1H, s), 7.72
(IH, dt, J = 1.8 Hz, 7.4 Hz), 7.26 (1H, m), 4.75 (1H, m), 3.97
(4H,t,J = 44 Hz), 3.84 (4H, t, J = 4.8 Hz), 3.58 (2H, s), 2.99
(2H,d,J = 5.2Hz),2.28 (4H, m), 1.92 (2H,d, J = 10.8 Hz), 1.65
(IH, s).

4-(4-Morpholino-1-(1-(pyridin-3-ylmethyl)piperidin-4-yl)-1 H-
pyrazolo[3,4-d]pyrimidin-6-yl)aniline (21). 6-Chloro-4-morpho-
lin-4-yl-1-[1-(pyridin-3-ylmethyl)piperidin-4-yl]-1 H-pyrazolo|3,
4-dlpyrimidine (20, 2.6 g, 6.4 mmol) and 4-aminophenylboronic
acid, pinacol ester (1.53 g, 7.0 mmol) were dissolved in dimethox-
yethane (100 mL). A 2 M aqueous solution of Na,COs (13 mL)
was added, and the flask was flushed with nitrogen. Tetrakis-
(triphenylphosphine)palladium(0) (512 mg) was added, and the
mixture was heated under reflux for 20 h. The mixture diluted with
ethyl acetate and water and filtered over Celite. The organic phase
was washed with saturated NaHCOj (basified with NaOH to pH
11), dried (MgSO,), and concentrated. The crude product was
applied to a silica gel column and eluted with a gradient of
methanol (0—20%) in ethyl acetate containing 1% triethylamine
to give the title compound as 2.43 g (5.16 mmol, 81%) of a yellow
solid, which was used in the next step without further purification.

Methyl (4-{4-Morpholin-4-yl-1-[1-(pyridin-3-ylmethyl)piperidin-
4-yl]-1H- pyrazolo[3,4-d]pyrimidin-6-yl} phenyl)carbamate Hydro-
chloride (22a). To 4-(4-morpholino-1-(1-(pyridin-3-ylmethyl)piperi-
din-4-yl)-1 H-pyrazolo[3,4-d]pyrimidin-6-yl)aniline hydrochloride
(21, 1100 mg, 2.33 mmol) was added dichloromethane (50 mL)
and triethylamine (1.43 mL) to give a yellow solution. Triphosgene
(330 mg) was added, and the mixture was stirred at ambient
temperature for 5 min. Methanol was added (50 mL), and the
mixture was concentrated to ~50 mL. An additional amount of
methanol (50 mL) was added, and the mixture was again concen-
trated to ~50 mL. This procedure was repeated one more time. The
solvents were concentrated, and the mixture was dissolved in
dichloromethane and washed with a solution of 0.1 N NaOH
(2x). The organic phase was dried (MgSQ,), filtered over Magnesol,
and rinsed with dichloromethane and ethyl actetate. The organic
phase was concentrated and triturated from diethyl ether to give 908
mg (1.7 mmol, 74%) of an off-white powder. An additional batch of
product was obtained after concentration of the mother liquor after
conversion into the free base (washed with 0.1 N NaOH) followed
by column chromatography to give 260 mg of an off-white powder.
The combined crops of free base product were dissolved in dichlor-
omethane, 1.3 mL of a 4 N solution of HCI in dioxane was added,
and the resulting solids were collected to give 1.081 mg (1.91 mmol,
82%) of the title compound. LCMS: 100% pure, trg = 1.91 min, m/z
529.3 (IM + H]"). HRMS: m/z 529.26793 (M + HJ"). Exptl —
caled= 0.29 mmu. '"H NMR (DMSO-dy): 6 11.47 (1H, bs), 9.89
(1H,s),9.06 (1H, s), 8.88 (1H, d, / = 4.8 Hz), 8.54 (1H, d, J = 8.0
Hz),8.40(2H,d,J = 8.8 Hz),8.32(1H,s), 7.89 (1H, q,J = 5.2HZ),
7.59 (2H, d, J = 8.8hz), 5.08 (m, 1H), 4.53 (2H, s), 4.00 (4H, bs),
3.78 (4H, t,J = 4.6 Hz), 3.69 (3H, s), 3.57 (2H, d, J = 12 Hz), 3.34
(2H, m), 2.60 (2H, m), 2.16 (2H, d, J/ = 12 Hz).

Additional compounds (22b—d) are summarized in the Sup-
porting Information.

Isopropyl 4-(6-Chloro-4-morpholin-4-yl-1H-pyrazolo|3,4-d]py-
rimidin-1-yl)piperidine-1-carboxylate (23b). To 6-chloro-4-mor-
pholin-4-yl-1-piperidin-4-yl-1 H-pyrazolo[3,4-d]pyrimidine dihy-
drochloride (19, 1 g, 2.5 mmol) in dichloromethane (20 mL) was
added triethylamine (1 mL) and a 1.0 N solution of isopropyl
chloroformate in toluene (3 mL). The mixture was stirred for 3 h
at room temperature, diluted with dichloromethane, and washed
with saturated NaHCO;. The organic phase was dried (MgSOy)
and concentrated to give the title compound as 1.01 g (2.5 mmol,
99%) of an off-white solid. "H NMR (DMSO-dq): 6 8.35 (1H, s),
4.81 (2H, m), 4.09 (2H, m), 3.89 (4H., t, J = 4.8 Hz), 3.73 (4H, t,
J = 4.8 Hz), 3.04 (2H, bs), 1.90 (4H, m).

tert-Butyl 4-(6-Chloro-4-morpholin-4-yl-1H-pyrazolo[3,4-d|pyri-
midin-1-yl)piperidine-1-carboxylate (23c). 6-Chloro-4-morpholin-
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4-yl-1-piperidin-4-yl-1 H-pyrazolo[3,4-d]pyrimidine (19) (0.8 g,
2.48 mmol) was dissolved in dichloromethane (10.0 mL) with
excess triethylamine. Di-zert-butyl dicarbonate (0.65 g, 2.97 mmol)
was added, and the mixture was stirred at room temperature for
1 h. The mixture was washed twice with water, and the organic
phase was dried over sodium sulfate, filtered through Magnesol,
and concentrated to an oil. Trituration with ether/hexanes gave a
white solid, which was collected by filtration using a minimum
amount of ether/hexanes to give 0.93 g (89%) of the title com-
pound. HRMS: m/z 423.191 72 (M + H]"). Exptl — caled = 1.12
mmu. '"H NMR (DMSO-d): 6 8.35 (1H, s), 4.80 (1H, m), 4.05
(2H,d,J = 9.6 Hz), 3.89 (4H, t,J = 48 Hz), 3.74 (4H, t, J = 4.8
Hz), 2.99 (2H, bs), 1.88 (4H, m), 1.425 (9H, s).

Methyl 4-[6-(4-Aminophenyl)-4-morpholin-4-yl-1H-pyrazolo-
[3,4-d]pyrimidin-1-yl]piperidine-1-carboxylate (24a). To a solu-
tion of methyl 4-(6-chloro-4-morpholin-4-yl-1H-pyrazolo[3,4-
dpyrimidin-1- yl)piperidine-1-carboxylate (23a, 2.3 g, 6.0
mmol) in dimethoxyethane (26 mL) was added a 2 M aqueous
solution of Na,CO; (2.6 mL) and 4-aminophenylboronic
acid, pinacol ester (1.67 g, 7.6 mmol). Tetrakis(triphenylphos-
phine)palladium(0) (690 mg) was added, and the mixture was
heated under reflux for 16 h. The mixture was diluted with ethyl
acetate and water, and the organic phase was washed with water,
dried (MgSQ,), filtered though Magnesol, and concentrated.
The resulting oil was triturated with DCM and ether to give a
yellow solid. The solid was collected by filtration using a
minimum amount of diethyl ether to give the title compound
in a yield of 1.9 g (73%). LCMS: 98% pure, tg = 2.09 min, m/z
438.2 (IM + H]"). HRMS: m/z 438.2255 (IM + H]"). For [M +
H]* mass error = 0.7 mDa or 1.58 ppm. "H NMR (DMSO-dq):
08.21(1H,s),8.14(2H,d,J = 8.4Hz),6.61 (2H,d,J = 8.4 Hz),
5.56 (2H, bs), 4.99 (1H, m), 4.11 (2H, m), 3.96 (4H, t, J = 4.6
Hz), 3.77 (4H, t, J = 4.8 Hz), 3.65 (3H, s), 3.10 (2H, bs), 2.01
(2H, dq,J = 44 Hz, J = 12.4 Hz), 1.92 (2H, m).

Isopropyl 4-[6-(4-Aminophenyl)-4-morpholin-4-yl-1H-pyrazolo-
[3,4-d]pyrimidin-1-yl]piperidine-1-carboxylate (24b). To a solution
of isopropyl 4-(6-chloro-4-morpholin-4-yl-1 H-pyrazolo|3,4-d]pyri-
midin-1- yl)piperidine-1-carboxylate (23b, 2.5 mmol) in dimethox-
yethane (40 mL) was added a 2 M aqueous solution of Na,COs
(5 mL) and 4-aminophenylboronic acid, pinacol ester (613 mg,
2.8 mmol). Tetrakis(triphenylphosphine)palladium(0) (200 mg)
was added, and the mixture was heated under reflux for 16 h. The
mixture was diluted with ethyl acetate and water and filtered over
Celite. The organic phase was washed with saturated NaHCOj;,
dried (MgSQOy,), and concentrated. The crude product was applied
to a silica gel column and eluted with a gradient of ethyl acetate
(20—80%) in hexanes to give the title compound as 632 mg (1.4
mmol, 54%) of a yellow solid. NMR indicated that the product
contained a small amount of triphenylphosphinoxide. An analyti-
cally pure sample was obtained by HPLC purification of 57 mg of
crude product, using TFA buffers, to give 53 mg of pure sample,
used for analysis of purity and biological activity. LCMS: 93%
pure, g = 2.35 min, m/z 466.2 (M + H]™).

tert-Butyl 4-[6-(4-Aminophenyl)-4-morpholin-4-yl-1 H-pyrazolo-
[3,4-d]pyrimidin-1-yl]piperidine-1-carboxylate (24c). To a solution
of tert-butyl  4-(6-chloro-4-morpholin-4-yl-1 H-pyrazolo[3,4-
d)pyrimidin-1- yl)piperidine-1-carboxylate (23¢, 0.9 g, 2.1 mmol)
in dimethoxyethane (8.5 mL) was added a 2 M aqueous solution
of Na,COs (2.0 mL) and 4-aminophenylboronic acid, pinacol
ester (0.7 g, 3.2 mmol). Tetrakis(triphenylphosphine)palladium(0)
(100 mg) was added, and the mixture was heated under reflux
for 16 h. The mixture was diluted with ethyl acetate and water,
and the organic phase was washed with water, dried (MgSQOy,),
filtered though Magnesol, and concentrated. The resulting oil
was triturated with ether and hexanes to give a yellow solid. The
solid was collected by filtration using a minimum amount of
diethyl ether to give the title compound in a yield of 0.85 g (85%).
HRMS: m/z 480.273 25 (IM + H]™). Exptl — caled = 1.48 mmu.
"H NMR (DMSO-dg): 6 8.21 (1H, s), 8.14 (2H, d, J = 8.8 Hz),
6.60 (2H,d, J = 8.4 Hz), 5.57 (2H, bs), 4.94 (1H, m), 4.09 (2H, m),
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3.96 (4H, m), 3.77 (4H, t,J = 4.4 Hz), 3.02 (2H, bs), 2.02 (2H, m),
1.88 (2H, m).

General Procedure for Formation of Ureidophenyl Compounds
(25—27). The 4-[6-(4-aminophenyl)-4-morpholin-4-yl-1 H-pyra-
zolo[3,4-d|pyrimidin-1- yl]piperidine-1-carboxylate 24a—c (0.12
mmol) was dissolved in dichloromethane (1 mL), and triethyla-
mine (65 uL) was added. The resulting solution was added
dropwise to a solution of triphosgene (15 mg) in dichloro-
methane (1 mL), and the mixture was stirred at ambient
temperature for 5 min. The mixture was then added to a solution
of amine (see individual compounds for details), and the mixture
was stirred for 2—16 h. The solvents were concentrated, and the
crude product was purified by HPLC (TFA buffers).

The following compounds were prepared according to the
general procedure.

Methyl 4-(6-(4-(3-Methylureido)phenyl)-4-morpholino-1 H-pyra-
zolo[3,4-d]pyrimidin-1-yl)piperidine-1-carboxylate (25a). By use of
the general conditions described above, methyl 4-(6-(4-amino-
phenyl)-4-morpholino-1 H-pyrazolo[3,4-d]pyrimidin-1-yl)piperidi-
ne-1-carboxylate (24a) was treated with methylamine to provide
25a. Yield: 0.110 g, 53%, white solid. HPLC: 98% pure, tg = 11.3
min. "H NMR (DMSO-dq): 6 8.78 (1H, s), 8.31 (2H, d, J = 838
Hz),8.27(1H,s),7.51 (2H, d, J = 8.8 Hz), 6.08 (1H, m), 5.02 (1H,
m),4.11 (2H, m), 3.99 (4H, m), 3.78 (4H, m), 3.65 (3H,s), 3.12 (2H,
m), 2.66 (3H, d, J = 4.4 Hz), 2.01 (2H, m), 1.93 (2H, m). HRMS:
m/z 495.24492 (IM + H] " observed); m/z 495.24628 (IM + H]"
calculated).

tert-Butyl 4-(6-(4-(3-Methylureido)phenyl)-4-morpholino-1H-
pyrazolo[3,4-d|pyrimidin-1-yl)piperidine-1-carboxylate (27a). 27a
was prepared according to the general procedure, using 3.2 g of
tert-butyl 4-[6-(4-aminophenyl)-4-morpholin-4-yl-1 H-pyrazolo-
[3,4-d|pyrimidin-1-yl]piperidine- 1-carboxylate (24c¢), 1.0 g of tri-
phosgene, and excess methylamine in THF (2 N). Yield: 3.2 g
(84%). HRMS: m/z 537.293 92 (IM + H]"). Exptl — caled = 0.69
mmu. HPLC: 99% pure, fg = 14.1 min. "H NMR (DM SO-d;): 0
8.77 (1H, s), 8.30 (2H, d, J = 8.8 Hz), 8.26 (1H, s), 7.50 (2H, d,
J = 8.8Hz),6.06 (1H,dd,J = 44Hz,J = 50Hz),4.97 (1H, m),
4.10 2H, m), 3.98 (4H, m), 3.78 (4H,t,J = 5.2 Hz), 3.03 (2H, m),
2.66(3H,d,J = 44Hz),2.04 2H,dq,J = 3.6 Hz,J = 11.6 Hz),
1.90 2H, d, J = 9.2 Hz), 1.45 (9H, s).

Additional compounds (25b—f, 26b,c, 27b,¢) are summarized
in the Supporting Information.

1-Methyl-3-(4-(4-morpholino-1-(piperidin-4-yl)-1 H-pyrazolo[3,
4-d|pyrimidin-6-yl)phenyl)urea (28). To a solution of fert-butyl
4-(6-(4-(3-methylureido)phenyl)-4-morpholino-1 H-pyrazolo|[3,
4-dlpyrimidin-1-yl)piperidine-1-carboxylate (27a) (3.2 g 5.97
mmol) in dichloromethane (40 mL) was added trifluoroacetic
acid (excess), and the mixture was stirred at room temperature
for 2 h and then concentrated. The residue was treated with 2 N
HCI and extracted 2 times with dichloromethane. The aqueous
phase was basified with sodium hydroxide and extracted 4 times
with ethyl acetate. The combined organics were dried with
sodium sulfate, filtered, and concentrated to a white solid.
The solid was dissolved in acetonitrile, and a solution of HCI
in MeOH was added to precipitate a white solid. The solid was
collected by filtration and washed with acetonitrile to afford 2.6
g of the title compound (94%). LCMS: 99% pure, tr = 1.69
min, m/z 437.2 (M + H]"). HRMS: m/z 437.240 38 (M + H] ™).
Exptl — caled = —0.42 mmu. "H NMR (DMSO-d;): 4 8.82 (1H,
s), 8.34 (2H, d, J = 8.8 Hz), 8.31 (1H, s), 7.52 (2H, d, J = 8.8
Hz), 6.11 (1H, d, J = 4.8 Hz), 5.12 (1H, m), 4.00 (4H, m), 3.78
(4H,t,J = 4.8 Hz),3.47 (2H,d,J = 12.8 Hz),3.24 (2H, q, J =
11.2 Hz), 2.66 (3H, d, J = 4.4 Hz), 2.26 (2H, q, J = 13.2 Hz),
2.12(2H, d, J = 11.6 Hz).

Methyl 4-(6-(4-(3-Methylureido )phenyl)-4-morpholino-1H-pyra-
zolo[3,4-d]pyrimidin-1-yl)piperidine-1-carboxylate (25a). To a solu-
tion of 1-methyl-3-[4-(4-morpholin-4-yl-1-piperidin-4-yl-1 H-pyra-
zolo[3,4-d]pyrimidin-6-yl)phenylJurea (28, 200 mg, 0.42 mmol) in
dichloromethane (4.0 mL) and triethylamine (excess) was added
methyl chloroformate (0.040 mL), and the mixture was stirred at
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room temperature for 1 h. The mixture was washed 3 times with
water, and the organics were combined and dried over sodium
sulfate. The mixture was filtered over Magnesol and eluted with
ethyl acetate. The filtrate was concentrated to a crude solid. The
solid was recrystallized 2 times from acetonitrile to give 64 mg
(31%) of the title compound. The thus obtained compound was
identical to 25a obtained according to Scheme 5. LCMS: 92%
pure, rr = 2.18 min, m/z495.2 ((M + H]™). '"H NMR (DMSO-dj):
0 8.78 (1H, s), 8.31 (2H, d, J = 8.8 Hz), 8.27 (1H, s), 7.51 (2H, d,
J = 8.8 Hz), 6.08 (1H, m), 5.02 (1H, m), 4.11 (2H, m), 3.99
(4H, m), 3.78 (4H, m), 3.65 (3H, s), 3.12 (2H, m), 2.66 (3H, d, J =
4.4 Hz), 2.01 (2H, m), 1.93 (2H, m).

Isopropyl  4-(6~(4-(3-Methylureido)phenyl)-4-morpholino-1H-
pyrazolo[3,4-d|pyrimidin-1-yl)piperidine-1-carboxylate (26a). To
a solution of 1-methyl-3-[4-(4-morpholin-4-yl-1-piperidin-4-yl-
1 H-pyrazolo[3,4-d]pyrimidin-6- yl)phenylJurea (28, 40 mg, 0.08
mmol) in dichloromethane (1.0 mL) and triethylamine (excess)
was added isopropyl chloroformate (excess), and the mixture was
stirred at room temperature for 1 h. The crude product was
purified by HPLC using TFA buffers to give 13.8 mg (31%).
LCMS: 100% pure, tg = 2.34 min, m/z 523.3 (M + HJ ™).

Methyl 4-(4-Morpholino-6-(4-(3-(4-(2-(pyrrolidin-1-yl)ethyl)-
phenyl)ureido)phenyl)-1H-pyrazolo[3,4-d|pyrimidin-1-yl)piperidi-
ne-1-carboxylate (25g). A solution of methyl 4-(6-(4-(3-(4-(2-
hydroxyethyl)phenyl)ureido)phenyl)-4-morpholino-1H-pyrazo-
lo[3,4-d]pyrimidin-1-yl)piperidine-1-carboxylate (25f) (0.060 g,
0.099 mmol) in methylene chloride (1 mL) was prepared.
Triethylamine (0.041 mL, 0.23 mmol) was added, followed by
p-toluenesulfonyl chloride (0.019 g, 0.099 mmol), and the solu-
tion was stirred at room temperature for 3 h. The solution was
then diluted with methylene chloride, washed with saturated
sodium bicarbonate, brine, dried (Na,SOy,), decanted, and con-
centrated under reduced pressure. The crude tosylate (0.049
mmol) was dissolved in methylene chloride (1 mL), and pyrro-
lidine (0.038 mL, 0.450 mmol) was added. The solution was
stirred at room temperature for 14 h. Solvent was removed under
reduced pressure. Purification by HPLC provided 25g. Yield:
0.010 g, 34%, white solid. LCMS: 100% pure, tg = 2.05 min, m/z
654.3 (M + H]").

Additional compounds (25h,i) are summarized in the Sup-
porting Information.
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