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ABSTRACT: Minor structural modificationssometimes single atom
changescan have a dramatic impact on the properties of compounds. This
is illustrated here on structures related to known mTOR inhibitor Sapanisertib.
Subtle changes in the hinge binder lead to strikingly different overall profiles with
changes in physical properties, metabolism, and kinase selectivity.
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mTOR (mammalian target of Rapamycin) inhibitors have
been extensively studied in oncology, leading to the approval of
rapalogs (Rapamycin analogs, binding allosterically to mTOR
and preventing the formation of the mTORC1 complex) and
the current clinical evaluation of multiple TORKinhibs (ATP-
competitive inhibitors of the kinase function of mTOR).1,2

Recently, mTOR inhibition has also entered the dermatology
field with reports of topical treatment of psoriasis3−7 and
strong links of mTORC1 function with acne.8,9

In this context, identification of mTOR inhibitors for the
topical treatment of dermatological diseases started at Nestle ́
Skin Health. Given the nature of some of these diseases, the
compounds were required to display an exquisite safety margin
as well as physicochemical properties compatible with topical
application. Recent publications have highlighted key param-
eters to optimize for topical administration, including low
molecular weight (<400) and good aqueous solubility (>50
μM) alongside well-balanced lipophilicity (2 < logD < 4). High
systemic metabolism in combination with high protein binding
are also desired to secure limited systemic effects.10,11

Out of the wealth of potent mTOR inhibitors described in
the literature, Sapanisertib (1, Figure 1) was seen as a
promising starting point for a topical mTOR inhibitor
program. Its potency (<5 nM in a cellular setting on both
mTORC1 and mTORC2 complexes) combined with its small
size (MW = 309) and logD (SFlogD = 2.3; ChromlogD =
0.4)12,13 were considerable assets on the way to identifying a
topical drug. However, its metabolic stability was a clear issue
as it could lead to significant systemic exposure even after
topical administration. Moreover, although fairly selective vs

other kinases, its selectivity profile was deemed suboptimal to
avoid potential local toxicities.14

In their published accounts of the discovery of PF-04691502
(2, Figure 1), a dual PI3K/mTOR inhibitor, Pfizer scientists
have highlighted the impact of the methyl group at the 4-
position of the pyrimidopyridone scaffold on kinase
selectivity.15,16 The selectivity arises from the presence of a
small lipophilic pocket in the PIKK family of kinases between
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Figure 1. Structure of known inhibitors Sapanisertib (compound 1)
and PF-04691502 (compound 2).

Figure 2. Design paradigm for lead generation.
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the hinge region and the conserved Tyrosine residue (Tyr2225
in mTOR, Tyr836 in PI3Kα).
Hybridizing the hinge binder of both Sapanisertib and PF-

04691502 suggested synthesis of compounds following the
general design paradigm exposed in Figure 2.

Strong binding to the hinge region would be ensured by the
aminopyrimidine acceptor−donor pair, while careful explora-
tion of the “R” substituent could help increase selectivity vs
other kinases. Inspired by other similar campaigns,17−19 an
exhaustive approach was thus undertaken to document the
impact of different groups at the 4-position of the 2-
aminopyrazolopyrimidine scaffold.
Scheme 1 depicts the synthesis of representative compounds

evaluated during this exploration.20 A robust synthesis to
intermediate 4-chloro-3-iodo-1-(propan-2-yl)-1H -pyrazolo-
[3,4-d]pyrimidin-6-amine was obtained in three straightfor-
ward steps from the commercially available 2-amino-4,6-
dichloropyrimidine-5-carbaldehyde. This versatile intermediate
allowed the introduction of variations at the 4-position while
providing a handle to introduce the aminobenzoxazole unit.

Scheme 1. Synthesis of Representative Compounds from
Table 1a

aReagents and conditions: (i) NH2−NH2, Et3N, THF/H2O, 60 °C,
57%; (ii) NIS, DMF, 80 °C, 98%; (iii) 2-iodopropane, Cs2CO3, DMF,
r.t. 76%; (iv) 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo-
[d]oxazol-2-amine, Pd(dppf)Cl2·CH2Cl2, K2CO3, dioxane, 100 °C,
microwave, 34−41%; (v) ZnMe2 in heptane, Pd(PtBu3)2, THF, 0 °C,
97%; (vi) ZnEt2, Pd(P

tBu3)2, THF, 0 °C, 21%; (vii) H2, Pd/C,
MeOH, r.t. 29%; (viii) NaOMe, MeOH, r.t. 95%; (ix) NH3 in H2O
(32% w/w), dioxane, 100 °C, 97%; (x) BBr3 in CH2Cl2, CH2Cl2, 0
°C, 5%.

Table 1. R Exploration

Entry R mTOR enz Ki nM
a mTORC1/2 IC50 nM

a PI3Kα Ki nM
a S35 @ 10 μMb ChromlogD6.5

d Solubility μMd

1 n/a 1 1/5 28 0.20 0.4 82
3a -Me 62 40/200 990 -c 0.8 74
4a -Me 33 30/90 2200 0.02 1.4 5.2
3b -Et 50 60/140 85 0.02 1.2 62
3c -CH2OH 4000 -c/-c >10000 -c 0.2 82
3d -OMe 370 420/680 250 -c 1.6 <1
3e -Cl 10 8/20 920 0.02 1.7 2
4b -Cl 11 7/20 4600 0.02 2.3 <1
3f -F 13 40/80 2600 -c 1.8 <1
3g -Br 21 35/60 1000 -c 1.8 4
3h -CF3 2300 -c/-c >10000 -c 2.4 <1
3i -CN 2200 -c/-c >10000 -c 1.8 <1
3j -NH2 4 4/11 150 0.10 −0.1 88
3k -H 6 7/15 780 0.26 1.1 1.6

aGeomean of at least 2 determinations. See Supporting Information for assay details. bS35 is defined as the ratio of the number kinases with less
than 35% residual activity over the total number of kinases. The test was performed at DiscoverX.21 cNot tested. dSee Supporting Information for
assay details.

Table 2. Microsome and Hepatocyte Data for R Exploration

Entry
Human Mics %parent compound

remaining @15 mina
Human heps Clint μL/

min/1e6 cellsa

1 >95 <5
3a >95 <5
3b 93 <5
3c >95 <5
3d >95 -b

3e 92 11
3f 83 57
3g 94 55
3h >95 <5
3i >95 <5
3j >95 <5
3k 94 150

aSee Supporting Information for assay details. bNot tested.
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Multiparametric evaluation of the compounds was con-
ducted with potency being evaluated on mTOR enzyme and
both mTOR complexes (mTORC1 and mTORC2) in a
cellular setting.20 Selectivity against PI3Kα was monitored as a
surrogate for lipid kinase selectivity. General kinome selectivity
was generated at 10 μM on selected compounds and is
expressed as S35, the ratio of the number of kinases with less
than 35% residual activity over the total number of kinases.21

Lipophilicity and kinetic aqueous solubility were monitored,
alongside metabolic stability in human microsomes and
hepatocytes (Tables 1 and 2).20

Although less potent than Sapanisertib, the methyl
compounds (3a and 4a) provided proof of concept that
compounds with the general structure highlighted in Figure 2
could be active against mTor. The selectivity vs PI3Kα of the
isopropyl analog (3a) was unchanged, while the n-butyl analog
(4a) displayed slightly increased selectivity. The overall S35
value in the kinase panel was improved, but no conclusions
could be drawn regarding selectivity given the observed loss of

potency on mTor. The overall properties of these two methyl-
substituted compounds (3a and 4a) were in line with their
lipophilicity, with the more lipophilic n-butyl group leading to
poor aqueous solubility. Moving to the ethyl group in the 4-
position, analog 3b gave a very similar profile with the
exception of an increased activity against PI3Kα. The
hydroxymethyl derivative 3c gave rise to a sharp activity loss,
highlighting the need for lipophilic substituents in this region.
Similarly, the methoxy group (3d) was not well tolerated. The
added lipophilicity resulted once again in a significantly
reduced aqueous solubility.
The incorporation of halogen atoms at the 4-position of the

pyrazolopyrimidine yielded promising compounds with im-
proved potency vs alkyl groups. The fluoro (3f), the chloro (3e
and 4b), and the bromo (3g) analogs all displayed robust
mTOR inhibition with improved selectivity vs PI3Kα and, for
chloro derivatives 3e and 4b, a reduced S35 value. As discussed
below when describing the cocrystal structures, potential
halogen bond or halogen−π interactions could explain the
potency gain in the case of the chloro or bromo analogs. It is,
however, harder to rationalize the fluoro analog’s potency.
These three compounds had relatively high lipophilicity with
consequentially low aqueous solubility.
Moving to electron withdrawing groups such as trifluor-

omethyl (3h) or nitrile (3i) resulted in a significant loss in
potency. The bis-amino analog (3j) gave quite promising
results with potency on par with Sapanisertib and improved
selectivity vs PI3Kα and more importantly vs the general
kinome. The low lipophilicity imparted good aqueous

Figure 3. X-ray cocrystal structure of inhibitors bound to PI3Kα. (A) Sapanasertib compound 1 (PDB code: 6GVF); (B) compound 3a (PDB
code: 6GVG); (C) compound 3e (PDB code: 6GVH); and (D) compound 3j (PDB code: 6GVI). Hydrogen bonds are represented by green
dashed lines.

Figure 4. Main metabolite of halogen containing compounds 3e, 3f,
and 3g and main metabolite of 2-aminopyrazolopyrimidine analog 3k.
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solubility, and the scaffold was seen as a potential starting point
for optimization.
Finally, the nonsubstituted analog (3k) generated partic-

ularly unexpected results. The potency on mTOR remained
quite high with improved selectivity vs PI3Kα. As demon-
strated by Pfizer scientists, removing the substituent facing
Tyrosine Tyr2225 had a negative impact on general kinome
selectivity.16 Moving the amino group from the 2- to the 4-
position of the pyrazolopyrimidine had a considerable impact
on lipophilicity (ΔChromlogD = +0.7) with the expected
negative impact on aqueous solubility.
Crystal structures of Sapanisertib and three of the

compounds described above were obtained in closely related
PI3Kα (Figure 3).22 One major difference between the
interaction of these compounds in the PI3Kα and the
mTOR hinge region is the position of the key Tyrosine
residue (Tyr2225 in mTOR and Tyr836 in PI3Kα), as this
residue has been shown to move significantly in mTOR when
bound to closely related analog PP-242.23 In PI3Kα, this shift
of the tyrosine residue was not detected with the compounds
presented here, and a hydrogen bond between the sp2 nitrogen
of benzoxazole was detected in all of our crystal structures. All
of the compounds make the expected interaction with hinge
residue Val851 (Val2240 in mTOR). Sapanisertib makes an
additional hydrogen bond with Glu849 (Gly2238 in mTOR;
Figure 3A), whereas the 2-amino substituted analogs make a
hydrogen bond with Val851. The chlorine atom in analog 3e is
too far away to interact both with the backbone carbonyl of
Glu849 through a halogen bond24 and with Tyr836 through a
halogen−π interaction25,26 (Figure 3C). However, either or
both these interactions could potentially take place in mTOR
and explain the increased affinity. Lastly, the bis-amino analog
3j makes three strong hydrogen bonds with the hinge residues
(Figure 3D).
Metabolism in human microsomes and human hepatocytes

was measured for all relevant analogs (Table 2). Screening in
both microsomes and hepatocytes in parallel was used not only
to identify compounds with metabolism liabilities but also to
highlight ones more susceptible to phase II metabolism.
Indeed, the conjugation event often associated with phase II
metabolism would most likely generate inactive metabolites,

Table 3. Pyrazolopyrimidones Exploration

Entry R1

mTOR enz Ki
nMa

mTORC1/2
IC50 nM

a
PI3Kα Ki
nMa S35

b ChromlogD6.5
d

Solubility
μMd

Human Mics %PP @
15 mind

Human heps Clint
μL/min/1e6 cellsd

1 n/a 1 1/5 28 0.20 0.4 82 >95 <5
3k n/a 6 7/15 780 0.26 1.1 1.6 94 150
6a -NH2 20 40/200 3200 0.05 0.4 9.2 >95 <5
6b -NHMe 190 240/360 >10000 -c 1.5 <1 >95 <5
6c -NMe2 1700 -c/-c >10000 -c 2.1 2 90 <5
6d -Me 40 45/90 >10000 -c 1.2 3 >95 <5
6e -H 28 30/130 >10000 0.02 0.9 3 >95 <5

aGeomean of at least two determinations. See Supporting Information for assay details. bS35 is defined as the ratio of the number of kinases with
less than 35% residual activity over the total number of kinases. The test was performed at DiscoverX. cNot tested. dSee Supporting Information for
assay details.

Figure 5. IRAK4 inhibitors described by Merck scientists34,35

Chart 1. Aqueous Solubility vs ChromlogD6.5 for All of the
Compounds Presented in This Articlea

aPink stars represent pyrimidone compounds; blue circles, pyrimidine
compounds.
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which are highly desirable to reduce any systemic pharmacol-
ogy. In general, the compounds were stable in both assays with
four notable exceptions.
All halogen substituted analogs (compounds 3e, 3f, and 3g)

displayed a high turnover in hepatocytes with limited turnover
in microsomes. This discrepancy suggested a possible phase II
metabolism and prompted more in-depth metabolism studies.
A Met-ID study on the halogen containing compounds in
human hepatocytes revealed that all three formed a glutathione
adduct (compound 5, Figure 4).27,35 This result clearly
highlighted the 4-position of these compounds as reactive to
nucleophiles. Given the potential risk of irritation with the high
doses found in the upper layers of the skin, 4-halogeno
derivatives were thus deprioritized.28

Nonsubstituted analog 3k was also quickly metabolized in
human hepatocytes while being essentially stable in micro-
somes, prompting once again a more in-depth analysis. The
main metabolite was identified as pyrimidone derivative 6a
(Figure 4),29,30 which could potentially come from aldehyde-
oxidase mediated metabolism.31−33 Pyrimidone 6a was
synthesized and evaluated in the hope of identifying an
inactive molecule (Table 3). Pyrimidone 6a turned out to be
quite active on mTOR with an increased selectivity vsPI3Kα
and low S35 value. If clearly not an inactive metabolite, it served
as a new platform to identify potent and selective mTOR
inhibitors.
At this stage, the parallel was made with published work by

Merck scientists on a series of IRAK4 inhibitors.34,35 In their
case, chloro, methyl, and hydrogen substituents were similarly
tolerated in the hinge region of the IRAK4’s ATP binding
pocket (compounds 7a, 7b, and 7c, respectively, in Figure
5).36,37

The pyrimidone derivative (7e) also turned out to be quite
promising and even more potent on IRAK4 than the
corresponding nonsubstituted compound (7d). This was all
the more surprising as X-ray crystallography proved the
pyrimidone tautomer altered the binding mode and shifted the
hydrogen bonding pattern to the hinge region.
No cocrystal structures of compound 6a (or closely related

analogs) bound to PI3Kα could be obtained, and no concrete
proof could be secured, showing the pyrimidone derivatives
described in this article bound to mTOR using their carbonyl
tautomer. Inspired by the Merck IRAK4 reports (e.g. optimized
compound 7f)34 analogs with modified amino groups at the 2-
position were profiled. Substitution led to a decrease in
potency (compounds 6b and 6c), suggesting either the
importance of the hydrogen on the amino group or a steric
clash in this region. However, replacing the amino group by a
methyl (compound 6d) maintained potency, suggesting a
nonessential role of the 2-amino group. Finally, deleting the
amino group altogether (compound 6e) displayed similar
potency with exquisite selectivity vs PI3Kα. No sign of
inhibition was detected on other PI3K isoforms at 10 μM.21

Although quite appealing from a potency/selectivity point of
view, the pyrimidones were deemed less promising starting
points. Indeed, securing good aqueous solubility was seen as a
significant challenge for this series, even in low logD space
(Chart 1), potentially highlighting the high crystallinity of
these derivatives. One reasonable explanation could come from
the tendency of pyridones/pyrimidones to form strong H-
bond interactions in their crystal packing.38,39

In conclusion, the body of work presented here highlights
that simple changes to the hinge binding core of Sapanisertib

could have drastic impact on the compound’s kinase selectivity,
physical properties, and metabolism. The move of an amino
group from the 4-position to the 2-position of the
pyrazolopyrimidine core (1 vs 3k) is particularly striking, as
the new analog displays significantly higher lipophilicity (+0.7)
and a completely different metabolic fate. Another example is
the replacement of the amino group by a phenol (1 vs 6e) with
an impressive impact on the selectivity vs PI3K isoforms.
Optimization of potency, metabolic instability, and solubility in
formulation leading to the identification of a clinical topical
mTOR inhibitor will be the subject of an upcoming
publication.
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