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ABSTRACT: Control of the cell cycle through selective pharmacological inhibition of CDK4/6 has proven beneficial in the
treatment of breast cancer. Extending this level of control to additional cell cycle CDK isoforms represents an opportunity to expand
to additional tumor types and potentially provide benefits to patients that develop tumors resistant to selective CDK4/6 inhibitors.
However, broad-spectrum CDK inhibitors have a long history of failure due to safety concerns. In this approach, we describe the use
of structure-based drug design and Free−Wilson analysis to optimize a series of CDK2/4/6 inhibitors. Further, we detail the use of
molecular dynamics simulations to provide insights into the basis for selectivity against CDK9. Based on overall potency, selectivity,
and ADME profile, PF-06873600 (22) was identified as a candidate for the treatment of cancer and advanced to phase 1 clinical
trials.

■ INTRODUCTION

The cyclin-dependent kinases (CDKs) are a 21-member family
of serine−threonine kinases that are regulated by the formation
of heterodimeric complexes with their cyclin-binding partners.
CDK−cyclin complexes are involved in a diverse array of
cellular processes, including transcriptional regulation (CDKs
7, 8, 9, 10, 11, 12, 13, 19, and 20), splicing (CDK 12), DNA
repair (CDK 2, 9, and 12),1 and regulation of the cell cycle
(CDKs 1, 2, 4, and 6).2 While each of the above could play an
important role in the development of cancers, our research
program focused on controlling the regulation of the cell cycle.
The sequenced activation of the cell cycle CDKs orchestrates
progression through each of the four distinct phases of the cell
cycle (G1, S, G2, and M).3 First, CDK4 and CDK6 form
complexes with cyclinD that phosphorylate the retinoblastoma
(RB1) tumor suppressor. This step is followed by the CDK2−
cyclinE complex performing additional phosphorylations on
RB1.4 The entire process releases E2F transcription factors

from the RB1 complex and allows E2F-dependent tran-
scription,5 permitting cells to move through the G1 phase and
into the later phases of the cell cycle.
Sustained, unregulated progression through the cell cycle is a

hallmark of cancer.6 The dysregulation of CDKs can cause
continuous cell proliferation and can influence cancer
progression and severity.7 Cyclin D amplification is a well-
established oncogenic lesion, and targeting cyclin D activity
with CDK4/6 inhibitors is a successful therapeutic strategy for
treating some cancers.8,9 CDK2 has been proposed as a
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therapeutic target in multiple tumor types such as KRAS-
driven lung cancer,10 MYC-amplified neuroblastoma,11 mela-
noma,12 acute myeloid leukemia,13 hepatocellular carcinoma,14

glioblastoma,15 prostate cancer,16 and breast cancer.17−19 The
cyclin-binding partners of CDK2 (cyclin E1 and cyclin E2) are
amplified in a significant percentage of human cancers and this
phenotype predicts poorer overall survival for patients.20,21

The CDK4/6 dual inhibitor palbociclib (1, Figure 1) was
approved in combination with letrozole in 2015 for the

treatment of estrogen receptor-positive (ER+) breast cancer.
This was closely followed by two additional CDK4/6
inhibitors with roughly similar profiles, abemaciclib and
ribociclib.22 While CDK4/6 inhibition in combination with
endocrine therapy provides a therapeutic benefit in ER+ breast
cancer, intrinsic and acquired resistance to CDK4/6 inhibition
is expected. CDK2 activation may act as a compensatory
mechanism for progressing through the cell cycle despite
CDK4/6 inhibition. For instance, in the ER+ breast cancer cell
line MCF7, siRNA knockdown of CDK2 alone appears to have
very little effect on cell growth but synergizes with CDK4/6
inhibition.23 More intriguingly, palbociclib-resistant MCF7
cells, generated through chronic palbociclib exposure, display
relative amplification of cyclin E1, which has been shown to be
oncogenic and indicative of high CDK2 activity.23,24 In this
context, the siRNA knockdown of CDK2 or cyclin E1 re-
sensitizes cells to palbociclib.23 Indeed, a recent analysis of a
palbociclib clinical trial revealed that patients with high cyclin
E1 expression levels benefit less from palbociclib treatment
than those with low cyclin E1 expression levels.25 Therefore,
adding inhibition of CDK2 to CDK4/6 could potentially help
to control resistant tumors. Additionally, the broader control of
CDK2, 4, and 6 could potentially benefit a wider scope of
patients with tumors where CDK4/6 inhibitors have not yet
been approved.
Work to develop CDK inhibitors has been ongoing for more

than 20 years in the pharmaceutical industry. Flavopiridol,
identified in 1992 from a plant source in India, was advanced
into clinical trials in the late 1990s.26,27 Over the next two
decades, academic and industrial researchers produced
thousands of pre-clinical CDK inhibitors with widely varying
activities, physical properties, and most importantly selectivity
profiles. Generally, these compounds suffered from a lack of
selectivity, both from within the CDK family and also from the

broader kinome.28 When nonselective CDK inhibitors were
dosed in clinical trials, they generally displayed cytotoxicity
across gastrointestinal tissues, which could include irritation,
nausea, diarrhea, and vomiting.29 In addition, these com-
pounds could cause pronounced cytotoxic effects on bone
marrow cells, which resulted in the loss of peripheral
leukocytes after 1−2 weeks of dosing.30 Thus, while more
than 20 CDK inhibitors started clinical trials over almost 30
years, to date only the selective CDK4/6 inhibitors
(palbociclib, abemaciclib, and ribociclib) have been approved
as cancer therapies. We hypothesized that much of the
unwanted cytotoxicity in failed clinical candidates could arise
from the inhibition of CDK1 because it had been shown to be
essential in embryonic development in mice and because it has
a central role in G2/M progression.31 Recognizing the overall
challenge of designing selective chemical matter in a large
kinase family, we embarked on a program attempting to
develop compounds that would potently and selectively inhibit
CDK2, as well as CDK4/6 while at the same time spare CDK1.

■ RESULTS AND DISCUSSION
Screening for biochemical CDK2 inhibition by mobility shift
assay identified the truncated palbociclib derivative 2 (Figure
1). Compound 2 replaces the piperazine−pyridine ring system
of the palbociclib structure with a methyl sulfonamide capped
piperidine. This modification results in a greater than 500-fold
increase in CDK2 potency compared to palbociclib but gives
only modest CDK1 selectivity (8-fold). An examination of the
crystal structure of compound 2 in complex with CDK2 is
shown in Figure 2A and highlights the interactions leading to
the dramatic increase in CDK2 activity. The piperidine
sulfonamide motif made direct interactions with the CDK2
protein as a hydrogen bond acceptor from the backbone −NH
of Asp86 and the sidechain −NH3 of Lys89. Additionally, the
piperidine ring was oriented within a lipophilic pocket with
one edge forming van der Waals interactions with the phenyl
sidechain of Phe82. Compound 2 was bound to CDK2
through a classical kinase hinge acceptor−donor−acceptor
motif. Leu83 provided a carbonyl oxygen as an acceptor and a
backbone NH as a donor, while Glu 81 presented a carbonyl
oxygen as an acceptor. The methyl group at the 5-position of
the pyridopyrimidinone ring system extended toward the
gatekeeper Phe80 residue but primarily functioned to rotate
the adjacent acetyl group out of the plane of the core bicyclic
aromatic system. When oriented in this orthogonal con-
formation, the carbonyl oxygen served as a hydrogen bond
acceptor for the backbone NH of Asp145. The lipophilic
cyclopentyl ring was oriented within a lipophilic pocket formed
by Val64, Leu134, and Ala144 with one edge that extended out
toward a solvent accessible region.
The crystal structure of palbociclib (1) in complex with

CDK6 is shown in Figure 2B. Many of the same interactions
observed in the crystal structure of 2 in complex with CDK2
were present in the crystal structure of palbociclib in complex
with CDK6. For example, the hydrophobic and hydrophilic
interactions between the cyclopentyl ring, methyl ketone, and
hinge interactions were similar in both protein−ligand
complexes. Regarding primary sequence alignment, however,
a single amino acid difference between these two protein−
ligand complexes played a large role in driving significant
differences in CDK2 potency and broader CDK isoform
selectivity. While the hinge Phe residue is common to many
CDK family members, including CDK1, 3, 5, 7, and 9, the

Figure 1. Palbociclib (1) and early file screening hit for CDK2/
cyclinE1 (2).
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analogous residue in CDK4 is His95 and is His100 in CDK6.
This key difference in the active site underpins the CDK
isoform selectivity of palbociclib and the other marketed
CDK4/6 dual inhibitors. Each of those molecules contains a
pyridyl nitrogen atom which is placed in proximity to the
histidine residue in the CDK4 and CDK6 complexes (shown
for palbociclib in CDK6, Figure 2B). The polar environment
around this His residue effectively solvated the pyridyl nitrogen
in both CDK4 and CDK6 complexes, but the nonpolar Phe in
other family members created a de-solvation penalty with the
pyridine nitrogen on palbociclib and the other CDK4/6
inhibitors. This forms the basis of their extraordinary isoform
selectivity. The aminopiperidine sulfonamide 2 (see Figure
2A) lacked the pyridyl nitrogen and oriented the hydrophobic
edge of the piperidine ring toward the same Phe/His region.
This change was tolerated by both an adjacent Phe or His
residue, and thus 2 effectively inhibited multiple CDK/cyclin
complexes (see Figure 1). The significant increase in CDK2
potency and modest level of CDK1 selectivity achieved with 2
provided an attractive starting point for designs to further
increase CDK2 potency and CDK isoform selectivity.
A detailed examination of the crystal structure of 2 in

complex with CDK2 suggested that the 5-methyl may have
altered the position of the pyridopyrimidinone core within the

adenosine 5′-phosphate (ATP) binding pocket due to a
potential close-contact with the gatekeeper Phe residue.
Removal of both the 5-methyl and 6-acetyl groups from the
pyridopyrimidinone core of 2 provided 3 (Table 1) which
afforded a 7-fold improvement in CDK2 potency and a modest
increase in CDK1 selectivity (16-fold). The CDK2 potency
was further increased with compound 4 which was
unsubstituted at the 5-position but incorporated a methyl at
the 6-position. The addition of this methyl group resulted in
29-fold CDK1 selectivity, an improvement of 2-fold relative to
the CDK1 selectivity of compound 3. A crystal structure of
compound 4 in complex with CDK2 (Figure 3A) revealed
similar sulfonamide and hinge interactions observed with
compound 2. The 6-methyl was positioned at the opening of a
pocket formed by Val64, Leu55, and Phe80, suggesting the
opportunity to build additional interactions to increase CDK2
potency and potentially CDK isoform selectivity. Additionally,
the cyclopentyl ring of compound 4 appeared to only partially
fill a lipophilic pocket formed by Val64, Leu134, and Ala144.
A focus on lipophilic efficiency (LipE) informed the overall

project objectives, medicinal chemistry analysis, and optimiza-
tion strategy. As lipophilicity is a key parameter that influences
metabolic stability, solubility, permeability, and overall safety
risk,32−35 LipE was used to normalize potency differences
relative to log D.36 A comparison of compounds 3−5 which
differ by only 6-position modifications (-H, −CH3, and −Cl,
respectively) demonstrated that all three analogues displayed
relatively potent CDK2 Ki values. Compounds 4 and 5 are
more lipophilic than compound 3. Their additional lip-
ophilicity was not used efficiently to improve their CDK2
binding potency relative to 3. Consequently, the lipophilic
efficiency suffered (LipE drops by 0.5 and 0.7 units,
respectively, Table 1). Polarity was tolerated at the 6-position
and analogues 6 and 7 gave LipE values which were essentially
equivalent to parent analogue 3. This argued that polar features
could be accommodated without paying high de-solvation
penalties and provided an opportunity to lower lipophilicity as
a strategy to improve clearance and solubility. Hydroxyethyl
analogue 8 possessed a similar LipE for CDK2 as 3 and one of
the largest CDK2 versus CDK1 selectivity values (46-fold)
observed in this series. The methyl ether analogue 9 also
displayed similarly impressive CDK1 selectivity and suggested
this selectivity was not dependent on the free hydroxyl group
in 8. However, the LipE drop of ∼1 unit between compounds
8 and 9 suggested that the methyl group was not being used
efficiently in binding to CDK2. The additional lipophilicity of
9 led to a large increase in HLM clearance. Repositioning of
the oxygen atom within the ether chain of 9 to produce
compound 10 caused a 40-fold reduction in CDK2 potency to
80 nM (Ki). Cyclopropyl derivative 11 recovered only a small
amount of potency (35 nM, Ki) and compounds with larger 6-
substituent groups such as 12 were completely inactive.
The impact on CDK1 selectivity with substitution at the 6-

position of the pyridopyrimidinone core was noteworthy
because CDK2 and CDK1 share a common Phe residue near
this position. Despite this fact, installation of groups at the 6-
position gave a small but generally consistent improvement in
CDK1 selectivity. Compound 3 (6-hydrogen) displays a
moderate 16-fold selectivity favoring CDK2 over CDK1 but,
as noted earlier, replacement with the 6-methyl of 4 doubles
this CDK isoform selectivity. This same improvement in
CDK1 selectivity was seen in a series of 19 matched molecular
pairs (MMPs) comparing a methyl versus hydrogen (Figure

Figure 2. (A) Crystal structure of 2 in complex with CDK2. The
protein surface is rendered in gray with key molecular interaction
distances highlighted with dashed lines and measurements in Å.
Sidechains of Phe80, Phe82, and Lys89 are bolded in the protein. The
piperidine ring system orients a lipophilic edge toward Phe82. This
group is similarly accommodated in other CDK isoforms as a
relatively nonselective CDK inhibitor. (B) Crystal structure of
palbociclib (1) in complex with CDK6. The protein surface is
rendered in gray with key molecular interaction distances highlighted
with dashed lines and measurements in Å. The His100 residue (bold)
in CDK6 is aligned with the pyridyl nitrogen of palbociclib avoiding
any de-solvation penalty between the protein and ligand.
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3B). An examination of the overall trend within these MMPs
highlighted an average 2.3-fold improvement in CDK1
selectivity (CDK1 Ki/CDK2 Ki) when comparing hydrogen
versus methyl in this position (Figure 3C), and in some
instances this isoform selectivity improvement reached over 6-
fold. These results suggested that CDK1 was generally less
tolerant of steric bulk in this region. This is despite the fact that
the Phe gatekeeper residue is the same in both CDK1 and
CDK2, and the 3-dimensional surface that surrounds
compound 4 is also quite similar between CDK1 and CDK2
(see Figure 3D). This surprising difference in potency between
the two isoforms may be a result of very small differences in
protein strain energy between CDK1 and CDK2, which are
difficult to accurately predict.
Because compound 8 displayed one of the highest levels of

CDK1 selectivity, it was selected as a tool compound to
evaluate the potential for the translation of biochemical activity
and selectivity into cellular systems. Both Kuramochi and
OVCAR3 ovarian cancer cell lines were selected as model
systems due to their similar dependence on CDK2 as a primary
oncogenic driver. In these cell lines, compound 8 inhibited the
phosphorylation of RB1 while selective CDK4/6 inhibitors
such as palbociclib (1) were unable to do so (see Figure 4A).
The inhibition of the phosphorylation of RB1 led to the
inhibition of proliferation (see Figure 4B) and produced a
strong G1 arrest, with a significant reduction of the population
of cells in the S-phase (see Figure 4C). Palbociclib was inactive
in each of these experiments with CDK2-driven cell lines but
did show analogous activity in similar experiments using
CDK4-driven ER+ breast cancer cell lines.23 Live cell target
engagements for both CDK2 and CDK1 were measured in

order to evaluate how the biochemical selectivity ratios
translated into the cell context (see Figure 4D). Kuramochi
cells were pre-incubated with compound 8, followed by
treatment with the broad-spectrum covalent kinase probe
XO44 (PF-6808472),37 then lysed and subjected to a copper
catalyzed azide−alkyne cycloaddition reaction with biotin-
linked azide. After enrichment with streptavidin beads, elution,
and SDS-PAGE, western blots could quantitate the occupancy
of 8 on different CDK isoforms. In line with biochemical Ki
measurements, pre-incubation of 8 efficiently prevented the
binding of XO44 to CDK2. As a less potent inhibitor of CDK1,
compound 8 was much less effective in blocking XO44 binding
to CDK1. From these experiments, a concentration to give
50% kinase occupancy (OC50) for 8 in the cells was calculated
for each isoform. The OC50 values for CDK2 of 200 nM and 4
μM for CDK1 (20-fold ratio) were consistent with the CDK2
pRB1 cellular inhibition IC50 (270 nM), the cellular growth
inhibition IC50 (240 nM), and the biochemical CDK1/CDK2
Ki ratio of 46-fold.
To rapidly evaluate potential opportunities that the vector

for the 8-position provided for increasing CDK2 potency and
isoform selectivity, a combination of the structure-based drug
design and Free−Wilson analysis was used. As noted in the
crystal structure of 2 in complex with CDK2, the hydrophobic
pocket formed by Val64, Leu134, and Ala144 suggested that
increasing lipophilicity in this region of the protein could
provide increases to CDK2 potency. Steric interactions would
predispose cyclic structures to orient orthogonally to the plane
of the pyridopyrimidinone core, and it appeared that this
orientation would provide additional positions for further
substituents to optimize binding to CDK2. Computational

Table 1. Modifications at the 6-Position (R1) of the Pyridopyrimidinone Corea

aKi values are the arithmetic mean of at least three independent replicates ± SEM, except where noted. Each individual Ki value is generated from
at least 10 single-point inhibition data points run in duplicate. LipE values are calculated using the CDK2 Ki value, according to the formula LipE =
pKi − log D.
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deconstruction of pyridopyrimidinone analogues from the
Pfizer compound collection using a Free−Wilson technique38

gave further insights into features that would provide both high
potency and high LipE.39 In this analysis, 151 variations in R3

(see Figure 5A) and 92 different substituent variations from
the combination of R1/R2 from a total of 324 analogues were
analyzed to determine their mathematical contribution to
potency and lipophilic efficiency. To assess this analysis, all the
historical analogues were subjected to a leave-one-out (LOO)
validation method, which produced an R2 value of 0.74 for the
148 resulting analogues (Figure 5B). This LOO technique
suggested a high degree of consistent binding in the historical
data set and the potential for good predictivity of new
combinations. Potential groups in both vectors were then
ranked and prioritized for synthesis.
Combining the observations from the structural analysis of

inhibitor CDK2 complexes with the Free−Wilson method-
ology, designs were selected for synthesis. Considerations
included the potential for delivering analogues with high
potency as well as a focus on balancing lipophilicity to provide
the potential for low human liver microsomal clearance (HLM
Clint, Table 2). In the R3 vector, no groups provided any
predicted improvement from the established amino-piperidine
sulfonamide motif. While some variations were attempted,
efforts to improve the potency of compounds by modifications
in this region were generally unsuccessful and, in many cases,
only increased synthetic complexity. On the other hand, in the
vector formed from R1/R2, the Free−Wilson methodology
provided many possible alternatives to improve potency and
LipE. These modifications became the focus of further
optimization efforts. Swapping cyclopentyl (3) with cyclo-
heptyl (13, Table 2) improved CDK2 potency and maintained
a similar LipE. The increased HLM clearance observed for 13
was a consequence of increased lipophilicity compared with 3.
Cyclohexyl derivative 14 showed a significant drop in LipE as
the CDK2 potency was reduced while lipophilicity increased.
The addition of a methyl group to the cyclopentyl ring formed
the (1R,2S)-2-methylcyclopentyl derivative 15. This analogue
oriented the methyl group to occupy the bottom of the
lipophilic pocket in CDK2 formed by Ala144, Leu134, and
Val64. This became a key design feature. Both CDK2 potency
(0.09 nM Ki) and CDK1 selectivity (26-fold) were improved.
Not unexpectedly, the increase in lipophilicity that accom-
panied the additional methyl group substituent in 15 led to an
increased turnover in human liver microsomes. Some of the
higher clearance was alleviated in isobutyl analogues 16 and 17
which had lower SFlogD values (ca. 2.2). Although these
derivatives had all the atoms necessary to reach into the same
lipophilic pocket as 15, the more polar acyclic structures
provided less binding efficiency and lower CDK1 selectivity.
This may be due to small amounts of strain required in these
acyclic systems to optimally reach the pocket. Another
possibility is that cyclic structures such as 15 not only
benefited from the lipophilic pocket interactions as described
but also van der Waals interactions between ring carbons and
residues Gly11 and Val18 that form the G-loop which sits
adjacent to the inhibitor. These interactions from ring carbons
would be missing in acyclic systems. Finally, the data for
isopropyl derivative 18 suggested that while low HLM
clearance was possible with much lower SFlogD, potency
suffered as the occupation of the lipophilic pocket was not
possible.
The group which was identified from the Free−Wilson

analysis as providing the overall highest contribution to LipE
was the (1R,2R)-2-hydroxy-2-methylcyclopentyl moiety. Com-
putational modeling and analysis of the separate roles of the
methyl and hydroxyl groups revealed important details of the

Figure 3. (A) Crystal structure of 4 in complex with CDK2. The
protein surface is rendered in gray. Lys89, Phe82, and Phe80 are
bolded in the protein. The 6-position methyl is oriented towards a
pocket formed by the sidechains from the C-α-helix and the
gatekeeper Phe80. (B) Matched pairs of compounds which differ
only by the presence of a methyl group (blue circles) or hydrogen
atom (yellow circles) and the effect on biochemical selectivity vs
CDK1 (ratio of biochemical Ki CDK1/biochemical Ki CDK2). (C)
Box and whisker plot of pairwise data from (B). (D) Surface
representations of CDK2 (wireframe, teal) and CDK1 (solid, yellow)
around the inhibitor binding pocket formed by 4. Phenylalanine
gatekeeper residues are also highlighted for CDK2 (teal) and CDK1
(yellow).
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likely binding mode. The methyl group appeared to fill the
lipophilic pocket in CDK2 in a manner as described above for
compound 15. The modeling also showed that the hydroxyl
group could be positioned to form a hydrogen bond with a
backbone carbonyl from Gln131, and importantly, it reduced
the calculated SFlogD by ∼1 unit. Compound 19 which
contains the (1R,2R)-2-hydroxy-2-methylcyclopentyl substitu-
ent was a breakthrough compound with impressive CDK2
potency (0.2 nM), LipE (8.2), and the potential for
optimization for further improvements in selectivity and
HLM Clint. An additional feature of lead compound 19 was
the high level of CDK9 selectivity. The presence of the
piperidine sulfonamide group pre-disposed our compounds
toward a high level of selectivity against CDK9 (see Figure
6A). Additionally, the installation of the (1R,2R)-2-hydroxy-2-

methylcyclopentyl group appeared to enhance that selectivity.
To investigate this improved CDK9 selectivity, we employed
molecular dynamics (MD) simulations to compare ligand−
protein dynamics for compound 19 in both CDK2 and CDK9
(see Figure 6B).
The MD simulation with CDK2 suggested that the

sulfonamide formed a hydrogen bond interaction with the
backbone NH of Asp86, which was shielded from bulk water
molecules by a large hydrophobic sidechain (Lys89). This
hydrogen bond caused the sulfonamide region to remain stable
and tightly bind to CDK2 throughout the course of the
simulation. That tight binding influenced similar tight binding
in the adjacent lipophilic pocket where the tertiary hydroxyl
and the methyl group from the cyclopentyl ring formed
favorable interactions with CDK2. Specifically, the hydroxyl

Figure 4. (A) Inhibition of the phosphorylation of RB1 in OVCAR3 cells for both palbociclib and 8. (B) Inhibition of proliferation in OVCAR3
cells for both palbociclib and 8. (C) BRDU cell cycle analysis of cell cycle arrest in OVCAR3 cells for 8 at 24 and 72 h. Compound concentration
(nM) is shown below each bar, and the proportion of cells in G1 (black), S (red), and G2/M (blue) are shown. (D) Western blot of compound 8
showing the differential blocking of XO44 binding in CDK2 and CDK1 in Kuramochi cells demonstrating differential cellular target engagement.
Compound concentration (nM) is shown above each lane of the blot.

Figure 5. (A) Free-Wilson schematic. 324 Pyridopyrimidinone analogues were computationally deconstructed to form hypothetical fragments and
determine each fragment’s contribution to LipE. (B) Leave-one out analysis of 148 analogues. Blue circles designate compounds which differed in
actual vs predicted LipE by more than 1 unit. 141/148 (95%) of analogues (green circles) differed by less than 1 LipE unit.
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formed a hydrogen bond with a backbone carbonyl of Gln131
while the methyl group occupied the lipophilic pocket

previously described. Together, this entire set of interactions
caused compound 19 to remain tightly associated with the

Table 2. Modifications at the 6-Position (R1) and 8-Position (R2) of the Pyridopyrimidinone Corea

aKi values are the arithmetic mean of at least three independent replicates ± SEM. Each individual Ki value is generated from at least 10 single-
point inhibition data points run in duplicate. LipE values are calculated using the CDK2 Ki value, according to the formula LipE = pKi − log D.

Figure 6. (A) Scatter plot of CDK2 vs CDK9 potency (Ki in μM). Lines of equal selectivity are plotted as diagonals, with selectivity increasing to
the top left of the plot. Compounds containing the piperidine sulfonamide motif are plotted as blue dots, all other compounds are plotted as red
dots. (B) Snapshots from MD simulation of compound 19 in CDK2 (top left) and CDK9 (top right). Root-mean-squared deviation (rmsd) plots
showing movement over the course of the entire simulation are plotted below each snapshot vs time in picoseconds (CDK2 in green and CDK9 in
blue).
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CDK2 protein. In contrast, CDK9 lacks Lys89 and the
corresponding residue is Gly112 which creates a much more
open pocket. This additional space allowed bulk water to more
easily solvate the backbone NH of Asp109. Without the
oxygen atom of the sulfonamide being fully engaged in a direct
hydrogen bonding interaction, the sulfonamide moiety
fluctuated in position throughout the simulation. Occasionally,
this movement resulted in direct hydrogen bonding between
the inhibitor’s sulfonamide and the backbone NH of Asp109,
but more often the sulfonamide group moved away and
allowed a bulk water molecule to solvate this NH. This
fluctuation resulted in the movement of the core of the
inhibitor itself and caused the tertiary hydroxyl to interact less
effectively with the backbone carbonyl. The net result of the
inhibitor fluctuation in the CDK9 protein was that both ligand
and protein experienced partial de-solvation penalties and thus
reduced binding affinity. Additionally, primary sequence
differences between CDK9 and CDK2 around the backbone
carbonyl account for increased flexibility. The sequence in
CDK9 is Ala152-Ala153, while in CDK2 the corresponding
residues are Pro130-Gln131. These differences appear to have
accentuated the increased movement observed in the CDK9
protein and correspondingly led to weaker CDK9 binding
through the hydrogen bond to the tertiary hydroxyl group of
19. The differences in movement throughout the simulation
are shown in the CDK2 (green) and CDK9 (blue) rmsd plots
in Figure 6B. While the MD simulation was only a calculation
of potential protein−ligand interactions, it appeared to
highlight the structural features in both the ligand as well as
the two proteins which help explain the observed tight binding
of 19 to CDK2 and weaker binding to CDK9.
Compound 19 possessed many of the characteristics which

were desired in a final clinical candidate but poor microsomal
stability led to a predicted short human half-life inconsistent
with once or twice daily dosing. The examination of the site of
metabolism in 19 revealed a propensity for metabolic oxidation
occurring at the 6-position of the pyridopyrimidinone core.
New derivatives were designed to reduce or block oxidative
metabolism at that position. As discussed earlier for 6-
substituents, this strategy could additionally provide the
added benefit of a slight (∼2×) improvement to the CDK1

selectivity. Synthesis of the 6-chloro substituent gave 20, an
analogue with improved HLM clearance and favorable CDK1
selectivity. The methyl derivative 21 possessed improved
CDK1 selectivity but significantly increased the human
microsomal clearance. Analysis of the site of metabolism for
21 indicated that significant p450 mediated oxidation occurred
on the 6-methyl substituent. Difluoromethyl analogue 22 (PF-
06873600) was designed to maintain favorable CDK1
selectivity and to specifically address HLM clearance liability.
Replacing the 6-methyl with the −CHF2 substituent reduced
the oxidative metabolic liability and gave an analogue with
significantly improved microsomal clearance and still high
CDK1 selectivity (∼34×). One consideration with 22 was a
lower CDK4/D1 potency than for some other analogues and
as a result, a low selectivity ratio between CDK4/D1 and
CDK1/A2. Di-fluoroethyl derivative 23 was a similarly
noteworthy design with improved CDK4 potency compared
to compound 22, albeit with higher HLM Clint, which makes
the overall profile of 23 less attractive.
A crystal structure of compound 22 in complex with CDK2/

cyclinE (Figure 7) highlighted several of the key interactions
which were very similar to those described for compound 4.
The 4-aminopiperidine sulfonamide moiety provided lipophilic
and polar interactions with the CDK2 protein. The piperidine
ring was oriented within a lipophilic pocket with one edge
forming van der Waals interactions with the sidechain phenyl
of Phe82. One of the oxygen atoms from the sulfonamide
group served as a hydrogen bond acceptor for the backbone
−NH of Asp86, while the other oxygen was engaged in a
hydrogen bond with the sidechain −NH3 of Lys89. The 4-
amino −NH of the piperidine ring along with the 3-position
nitrogen and 4-hydrogen of the pyridopyrimidinone core
provided the canonical hinge hydrogen bonds with the NH
and carbonyl of Leu83 and backbone carbonyl of Glu81. As
expected, the (1R,2R)-2-hydroxy-2-methylcyclopentyl ring
system filled a lipophilic pocket formed at the top by the G-
loop residues Gly11 and Val18 and at the bottom by Val64,
Leu134, and Ala144. The methyl substituent appeared to
optimally fill this bottom lipophilic pocket, while the hydroxyl
group was positioned to form a hydrogen bond with the
backbone carbonyl of Gln131 and a water molecule. Finally,

Figure 7. Crystal structure of 22 in complex with CDK2. The protein surface is rendered in gray with key molecular interaction distances
highlighted with dashed lines and measurements in Å. Lys89, Asp86, Phe82, Phe80, and Gln131 are bolded in the protein. The methyl group on
the cyclopentyl ring is positioned in a lipophilic pocket formed by residues Val64, Leu134, and Ala144.
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the 6-difluoromethyl substituent made van der Waals
interactions with the sidechain phenyl of gatekeeper residue
Phe80. Together, these interactions produced a potent and
selective CDK2/4/6 inhibitor. More information on the
biochemical profile of 22 is available in the Supporting
Information. This includes biochemical Ki data across a cohort
of closely related CDK-family isoforms, and the related kinase
GSK3β. Additionally, it includes the results of kinase panel
screening of 22 against 276 kinases.
Compound 22 provided the best combination of potency for

CDK2, selectivity versus both CDK1 and CDK9, and low
HLM Clint. Assessing the effects of CDK2 inhibition on cellular
markers of CDK2 activity in an ovarian cancer cellular model
(OVCAR3), compound 22 blocked the phosphorylation of
RB1 with an EC50 of 19 nM and limited cell growth in this
model with an EC50 of 45 nM for antiproliferation.40 Notably,
CDK4/6 inhibitors such as palbociclib (1) displayed no
activity in these cells. In line with the measured biochemical
selectivity, we measured the cellular CDK2 isoform engage-
ment of 22 by the displacement of probe compound XO4437

in triple negative breast cancer (HCC1806) cells (OC50 = 9
nM). In the same experiment, the engagement of CDK1 was
also determined (OC50 = 597 nM). This ∼60× isoform
selectivity provided a compelling confirmation that a
biochemical Ki ratio of 35× was similar to target engagement
ratios in a cellular system.40 Compound 22 also gave a strong
phenotypic cellular response and arrested OVCAR3 cells in G1
at concentrations up to ∼100 nM, and at higher concentrations
generated a mixed population of G1 and G2 blocked cells.
Compound 22, a neutral molecule, was anticipated to be

absorbed mainly by the transcellular route based upon an
analysis of physicochemical properties (SF log D at pH 7.4 =
1.9, molecular weight = 471.5, total polar surface area = 126,

hydrogen bond donor count = 2, and hydrogen bond acceptor
count = 5) and solubility at pH 7.4 = 265 μM. 22
demonstrated high passive permeability (A/B ∼ 14 × 10−6

cm/s) in vitro in the RRCK(MDCK-LE) cell line, which was
consistent with high transcellular absorption.41 In addition,
after oral administration in vivo in mice and dogs, 22 exhibited
high absorption ( fa*fg ∼ 1.0 and 0.8) with time to maximal
absorption (Tmax) of 0.25 and 1 h, respectively. In an NSG
strain of mice, 22 displayed a plasma clearance (CLp) of 63
mL/min/kg, a volume of distribution (Vss) of 0.9 L/kg, and an
oral bioavailability (F) of 13%. Similarly, in beagle dogs, 22
showed a CLp of 8.4 mL/min/kg, a Vss of 1.1 L/kg, and an F of
59%. Based on these observed mean in vivo pharmacokinetic
(PK) results in both mice and dogs, 22 was predicted to
exhibit favorable oral drug properties in the clinic.
The pre-clinical in vivo anti-tumor activity for 22 was

similarly promising. In mice-bearing OVCAR3 tumors, orally
dosed 22 was shown to potently inhibit the phosphorylation of
RB1 in the tumor cells, with an EC50 of 40 nM, and tumor
growth inhibition studies showed 90% growth inhibition as a
single agent at 50 mg per kg body weight with BID oral
dosing.40 CDK2 orchestrates progression through the cell cycle
via the phosphorylation of RB1 when complexed with cyclin E
or via the regulation of DNA synthesis and DNA repair
machinery when complexed with cyclin A. Although
modulation of RB1 phosphorylation tracks well with the
efficacy and potency of 22, we cannot rule out the fact that
CDK2/cyclin A complexes also play a significant role in
inhibitor function. Hyperactivation of cyclin E1/CDK2
signaling in tumors often occurs due to impaired cyclin E1
degradation pathways governed by the tumor suppressor E3
ligase FBXW7.42,43 FBXW7 is commonly mutated or deleted in
a number of tumor types including non-small cell lung cancer

Figure 8. (A) In vivo tumor growth inhibition of 22 (PF-06873600) in PDX model CTG-0464 NSCLC. (B) In vivo tumor growth inhibition of 22
in PDX model CTG-0192 NSCLC. Both models are run with a vehicle arm and a twice daily dose of 22 given orally at 30 mg/kg.

Scheme 1. Synthesis of (1R,2R)-2-Amino-1-methylcyclopentan-1-ol (25)a

a(a) BnNH2 and H2O, 100 °C, 66%; (b) (2S)-[(3,5-dinitrobenzoyl)amino](phenyl) ethanoic acid (0.5 equiv) and EtOH, 80 °C to rt overnight,
82%, 96% ee; (c) repeat step b, but with 1 equiv of (2S)-[(3,5-dinitrobenzoyl)amino](phenyl) ethanoic acid, 97%, 98% ee; and (d) 20%
Pd(OH)2/C H2 (1 atm), and isopropanol, 23 °C.
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(NSCLC), where 5% of patients present with homozygous
deletions or loss of function mutation.44 Figure 8 shows tumor
growth inhibition studies performed in FBXW7 mutated PDX
models of NSCLC, where 22 demonstrated 93% growth
inhibition in the CTG-0464 model (P < 0.001) and 103%
growth inhibition in the CTG-0192 model (P < 0.001).

■ CHEMISTRY

The synthesis of 22 is shown in Schemes 1 and 2. Scheme 1
describes the preparation of the chiral amino methylcyclo-
pentanol (25), which was identified in the Free−Wilson
analysis and is used in the 8-position of the pyridopyrimidi-
none ring system to provide potency and modulate lip-
ophilicity. This route begins with the commercially available
epoxide of methylcyclopentene which is opened by heating
with benzylamine to give racemic 24. A classical resolution of
24 with the 3,5-dinitobenzamide derivative of 2-(S)-phenyl-
glycine gave the desired stereoisomer in 96% ee, and this step
can be repeated for further enhancement of enantiomeric
purity (>98% ee). Finally, the benzyl group can be removed
under standard Pd-catalyzed hydrogenative deprotection
conditions to provide 25.45

At this point, compound 25 is reacted with commercially
available [4-chloro-2-(methylthio)pyrimidin-5-yl]methanol
(Scheme 2). Following SNAr displacement of the chlorine,
the resulting intermediate which contains a primary alcohol is
oxidized with MnO2 to give aldehyde 26 in 90% yield over 2
steps. With intermediates such as 26, there are several viable
approaches to construct and further functionalize the
pyridopyrimidinone core, including Horner−Wadsworth−
Emmons methodology as reported previously.46 In this work,
the generation of the lithium enolate of ethyl acetate allowed
carbon−carbon bond formation by condensation with
aldehyde 26 and spontaneous ring closure during a quench
with ethanol and acetic acid to form pyridopyrimidinone 27 in
71% yield.
Intermediates such as 27 also represent flexible precursors

for final derivatization. The thioether at the 2-position of the
pyridopyrimidinone system can be oxidized efficiently with

oxone to form a sulfone. The resulting 2-position sulfone is
then subjected to SNAr displacement with amines to give 2-
aminopyridopyrimidinone analogues.47,48 In this sequence, this
allows the installation of the amino-piperidine sulfonamide
moiety to give 19, a compound which represented the first
breakthrough result from the installation of (1R,2R)-2-amino-
1-methylcyclopentan-1-ol 25. To complete the synthesis of 22,
a Langlois−Baran difluoromethyl functionalization reaction is
utilized. In these reactions, a difluoromethyl radical is
generated from a sulfinate precursor and tert-butyl hydro-
peroxide in the presence of iron or other inorganic counter-
ions. In this system, the resultant difluoromethyl radical species
reacts regioselectively at the 6-position of the pyridopyrimidi-
none core and provides 22 in 57% yield.49,50 Further details of
these reactions, as well as synthetic experimental details for all
compounds described in this work are available in the
experimental section.

■ CONCLUSIONS

In summary, we have outlined a medicinal chemistry program
that started with 2, a promising but relatively isoform
nonselective lead for CDK2. This approach used a
combination of structure-based drug design and property
space analysis to design improved lead analogues, and a
combination of cellular occupancy and mechanistic studies
confirmed that these leads achieve the desired cellular
functional effects. Free−Wilson analysis identified the highly
efficient (1R,2R)-2-hydroxy-2-methylcyclopentyl moiety,
which provided a key improvement in lipophilic efficiency
that translated to both better potency as well as better
metabolic stability. MD simulations were used to help
understand the selectivity ratios observed between CDK2
and CDK9 and further refine the hypotheses around the
structure-based drug design models. Subsequent modifications
to improve the selectivity and ADME characteristics of these
lead compounds provided advanced leads, including 22 (PF-
06873600) which performed well in both in vitro and in vivo
studies. PF-06873600 entered phase 1 clinical trials in 2018

Scheme 2. Synthesis of 22 (PF-06873600)a

a(a) DIPEA and 2-propanol, 80 °C, 97%; (b) MnO2 and EtOAc, 50 °C, 93%; (c) CH3CO2Et, LiHMDS, THF, −5 °C, EtOH, and AcOH, 71%;
(d) oxone, 2-methyl-THF, and H2O, 84%; (e) 1-(methylsulfonyl)piperidin-4-amine and 2-methyl-THF, 60 °C, 63%, >99% ee; and (f)
CHF2SO2Na, t-BuOOH, FeCl3/silica, DMSO, and H2O, 57%.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c00159
J. Med. Chem. 2021, 64, 9056−9077

9065

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00159?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00159?fig=sch2&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00159?rel=cite-as&ref=PDF&jav=VoR


and further communications regarding safety and efficacy will
be reported in due course.

■ EXPERIMENTAL SECTION
General Methods. Unless otherwise noted, materials were

obtained from commercial suppliers and were used without further
purification. Unless otherwise stated, all reactions were performed
under a positive pressure of nitrogen, argon, or with a drying tube; at
ambient temperature; and in commercially purchased anhydrous
solvents. Microwave-assisted reactions were run in a Biotage Initiator.
Removal of the solvent under reduced pressure or concentration
refers to distillation using a Büchi rotary evaporator attached to a
vacuum pump (3 mm Hg). Products obtained as solids or high boiling
oils were dried under vacuum (1 mm Hg) at ambient temperature,
unless otherwise noted. Silica gel chromatography was performed on
Teledyne Isco or Biotage purification systems using the manufac-
turer’s pre-packed columns.
The reactions were assayed by high-performance liquid chromatog-

raphy−mass spectrometry (LCMS) or thin-layer chromatography
(TLC) and terminated as judged by the consumption of the starting
material. Analytical TLC was performed on a glass-backed Silica gel
60 F254 plates (Analtech, 0.25 mm) and eluted with the appropriate
solvent ratios (v/v). The TLC plates were visualized by UV, p-
anisaldehyde, phosphomolybdic acid, or iodine staining. LCMS
utilized 254 and 220 nm wavelengths and either electrospray
ionization (ESI) positive mode or atmospheric pressure chemical
ionization (APCI) in positive mode.

1H NMR spectra were recorded on a Bruker XWIN-NMR (400 or
700 MHz) spectrometer. Proton resonances are reported in parts per
million (ppm) downfield from tetramethylsilane. 1H NMR data are
reported as multiplicity (s, singlet; d, doublet; t, triplet; q, quartet;
quint, quintuplet; dd, doublet of doublets; dt, doublet of triplets; and
br s, broad singlet). For spectra obtained in CDCl3, DMSO-d6, and
CD3OD, the residual protons (7.27, 2.50, and 3.31 ppm, respectively)
were used as the internal reference. Optical rotations were determined
on a JASCO P-2000 or a Rudolph Autopol IV polarimeter. All final
compounds were purified to ≥ 95% purity, unless otherwise specified.
For most compounds, purity was determined by Agilent 1200 or 1260
Series HPLCs coupled to an Agilent 6120 or 6140 Quadrupole LCMS
with simultaneous UV (220 and 254 nm) and TIC detection (either
APCI or ESI) or using a Shimadzu LC-20 HPLC with UV 220 nm
detection.
Where specified, some analogues were synthesized as racemic

mixtures with known relative stereochemistry and chiral preparative
SFC was used to separate the enantiomers as the final stage. In these
cases, absolute stereochemistry was not known for the separated
enantiomers.
IUPAC names were generated from structures using ACD/Name

2017 software from ACD/Labs. When absolute stereochemistry is
known, (R,S) labels are used. When absolute stereochemistry is not
known, the software-generated names are modified to include (+)-
and (−)-prefixes according to the optical rotations, and (R*/S*)
labels are used to show relative configuration.
6-Acetyl-8-cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]-

amino}-5-methylpyrido[2,3-d]pyrimidin-7(8H)-one (2). Two parallel
solutions of 6-acetyl-8-cyclopentyl-5-methyl-2-(methylthio)pyrido-
[2,3-d]pyrimidin-7(8H)-one46 (29.0 g, 91.4 mmol each) in THF
(300 mL each) and water (100 mL each) were treated with oxone
(84.3 g, 137 mmol each) and stirred at rt for 1.5 h. The solutions were
combined and filtered, and the filtrate was extracted with EtOAc (2 ×
300 mL). The combined organics were washed with saturated
aqueous NaCl, dried over sodium sulfate, filtered, and concentrated.
The crude product was recrystallized with petroleum ether/EtOAc
(20/1) to give 6-acetyl-8-cyclopentyl-2-(methanesulfonyl)-5-
methylpyrido[2,3-d]pyrimidin-7(8H)-one (54.9 g, 42% for the
combined batches) as a light yellow solid. 1H NMR (400 MHz,
CDCl3): δ 9.11 (s, 1H), 5.88−5.92 (m, 1H), 3.38 (s, 3H), 2.56 (s,
3H), 2.45 (s, 3H), 2.24−2.29 (m, 2H), 2.14−2.15 (m, 2H), 1.95−
1.96 (m, 2H), 1.70−1.72 (m, 2H); LCMS m/z: 350.1 [M + H]+. A

sealed tube containing a solution of 6-acetyl-8-cyclopentyl-2-
(methanesulfonyl)-5-methylpyrido[2,3-d]pyrimidin-7(8H)-one (200
mg, 0.572 mmol), 1-(methylsulfonyl)piperidin-4-amine (133 mg,
0.744 mmol), and CsF (261 mg, 1.72 mmol) in DMSO (8 mL) was
irradiated in a microwave at 140 °C for 15 min. After cooling to rt, the
mixture was washed with water and extracted with CH2Cl2. The
organic layer was dried over sodium sulfate, concentrated, and the
residue recrystallized from methanol to give 2 (140 mg, 55%) as an
orange solid. 1H NMR (400 MHz, CDCl3): δ 8.64 (s, 1H), 5.83
(quin, 1H, J = 8.8 Hz), 5.59−5.09 (m, 1H), 4.15−3.99 (m, 1H),
3.89−3.73 (m, 2H), 2.99−2.90 (m, 2H), 2.84 (s, 3H), 2.54 (s, 3H),
2.34 (s, 3H), 2.43−2.28 (m, 2H), 2.25−2.15 (m, 2H), 2.09−1.96 (m,
2H), 1.91−1.79 (m, 2H), 1.77−1.65 (m, 4H); 13C NMR (DMSO-d6,
101 MHz): δ 202.4, 161.5, 161.2, 158.6, 155.7, 142.8, 128.6, 105.7,
53.3, 47.9, 44.7, 35.8, 31.6, 31.2, 28.1, 25.5, 13.8; HRMS: calcd for
C21H29N5O4S (M + H)+, 448.2013; found, 448.20176.

8-Cyclopentyl-2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one.
Two parallel batches were run using the following procedure, then
combined for purification as noted below. To a solution of 4-
(cyclopentylamino)-2-(methylthio)pyrimidine-5-carbaldehyde46

(30.0 g, 130 mmol) in anhydrous THF (600 mL) was added EtOAc
(33.4 g, 379 mmol) at −70 °C. The mixture was stirred at this
temperature for 15 min, then LiHMDS (1.0 M in THF, 442 mL, 442
mmol) was added dropwise. The reaction was stirred at −70 °C for
30 min and then at rt (15 °C) for 16 h. The reaction mixture was
slowly added to ice water (800 mL) and then extracted with EtOAc
(3 × 500 mL). The combined organic layers were washed with
saturated aqueous NH4Cl (2 × 800 mL) and saturated aqueous NaCl
(2 × 600 mL), dried over sodium sulfate, and concentrated. The
crude products from both batches were combined and purified by
silica gel chromatography (eluting with petroleum ether/EtOAc 10/1
to 5/1) to give 8-cyclopentyl-2-(methylthio)pyrido[2,3-d]pyrimidin-
7(8H)-one (59.0 g, 87% combined yield) as a white solid. 1H NMR
(400 MHz, CDCl3): δ 8.57 (s, 1H), 7.52 (d, 1H, J = 1.0 Hz), 6.58 (d,
1H, J = 1.0 Hz), 5.96−5.86 (m, 1H), 2.60 (s, 3H), 2.38−2.27 (m,
2H), 2.11−1.99 (m, 2H), 1.91−1.82 (m, 2H), 1.73−1.63 (m, 2H);
LCMS m/z: 261.8 [M + H]+.

8-Cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-
pyrido[2,3-d]pyrimidin-7(8H)-one (3). Oxone (23.5 g, 38.3 mmol)
was added to a cooled (0 °C) solution of 8-cyclopentyl-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one (5.0 g, 19.13 mmol)
in THF (100 mL) and water (20 mL), and the mixture was stirred at
rt for 2 h. The mixture was diluted with EtOAc (300 mL), washed
with water (100 mL), dried over sodium sulfate, and concentrated to
give crude 8-cyclopentyl-2-(methanesulfonyl)pyrido[2,3-d]pyrimidin-
7(8H)-one (5.40 g, 96%, ∼90% purity) as a gray solid. LCMS m/z:
315.8 [M + H]+. A solution of this crude 8-cyclopentyl-2-
(methanesulfonyl)pyrido[2,3-d]pyrimidin-7(8H)-one (5.40 g of
∼90% purity, ∼17.0 mmol), 1-(methylsulfonyl)piperidin-4-amine
(5.34 g, 24.9 mmol), and DIPEA (14.7 mL, 82.8 mmol) in DMSO
(70 mL) was stirred at 65 °C for 18 h. The reaction mixture was
diluted with CH2Cl2 (150 mL), washed with saturated aqueous
NH4Cl (2 × 80 mL), dried over sodium sulfate, and concentrated to
dryness. Recrystallization with 1/2 EtOAc/petroleum ether (50 mL)
gave 3 (4.65 g, 72%) as a gray solid. 1H NMR (400 MHz, DMSO-d6):
δ 8.68−8.54 (m, 1H), 7.88 (d, 1H, J = 6.3 Hz), 7.68 (d, 1H, J = 9.3
Hz), 6.28−6.16 (m, 1H), 5.92−5.74 (m, 1H), 4.02−3.82 (m, 1H),
3.58 (d, 2H, J = 10.8 Hz), 2.96−2.82 (m, 5H), 2.33 (d, 1H, J = 1.8
Hz), 2.19 (br s, 1H), 2.03−1.91 (m, 4H), 1.78−1.55 (m, 6H); 13C
NMR (DMSO-d6, 101 MHz): δ 163.5, 161.1, 159.5, 156.6, 136.7,
117.2, 105.9, 53.1, 47.8, 44.8, 35.7, 31.2, 28.0, 25.5; HRMS: calcd for
C18H25N5O3S (M + H)+, 392.17509; found, 392.17586.

8-Cyclopentyl-6-methyl-2-(methylthio)pyrido[2,3-d]pyrimidin-
7(8H)-one. To a solution of 4-(cyclopentylamino)-2-(methylthio)-
pyrimidine-5-carbaldehyde46 (10.0 g, 42.1 mmol) in anhydrous THF
(250 mL) was added ethyl propionate (12.9 g, 126 mmol) at −70 °C.
The mixture was stirred at this temperature for 15 min, then LiHMDS
(1.0 M in THF, 147 mL, 147 mmol) was added dropwise. The
reaction was stirred at −70 °C for 30 min and then at rt (24 °C) for
16 h. At this time, TLC showed two product spots, which indicated
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that a significant amount of the cyclized but not yet dehydrated
intermediate, 8-cyclopentyl-5-hydroxy-6-methyl-2-(methylthio)-5,8-
dihydropyrido[2,3-d]pyrimidin-7(6H)-one, was still present. The
reaction mixture was partitioned between water and EtOAc (2 ×
30 mL), and the combined organics were washed with aqueous
NH4Cl (30 mL) and saturated aqueous NaCl (30 mL), dried over
sodium sulfate, filtered, and concentrated. To obtain the fully
dehydrated product, the residue was dissolved in THF (200 mL),
1,8-diazabicyclo[5.4.0]undec-7-ene (7.06 g, 46.4 mmol) was added,
and the mixture was heated to 60 °C for 3 h, at which time only the
less polar product spot remained. The solution was diluted with
EtOAc (200 mL) and washed with aqueous NH4Cl (3 × 200 mL)
and saturated aqueous NaCl (300 mL). The combined organics were
dried over sodium sulfate and concentrated. The residue was
suspended in 1:5 EtOAc/petroleum ether (100 mL), the solids
collected by filtration and dried to give 8-cyclopentyl-6-methyl-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one (11 g, 95%, ∼90%
purity by NMR) as a gray solid. 1H NMR (400 MHz, CDCl3): δ 8.50
(s, 1H), 7.40 (s, 1H), 5.94 (quin, 1H, J = 8.8 Hz), 2.56 (s, 3H), 2.34−
2.27 (m, 2H), 2.17 (s, 3H), 2.08−2.00 (m, 2H), 1.86−1.83 (m, 2H),
1.68−1.65 (m, 2H).
8-Cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-6-

methylpyrido[2,3-d]pyrimidin-7(8H)-one (4). According to the sulfur
oxidation and amine displacement methods described for the
synthesis of 3, 8-cyclopentyl-6-methyl-2-(methylthio)pyrido[2,3-d]-
pyrimidin-7(8H)-one (2.50 g, 9.08 mmol), yielded, after final
purification by silica gel chromatography, compound 4 (2.01 g, 54%
2-step yield) as a solid. 1H NMR (400 MHz, DMSO-d6, 80 °C): δ
8.49 (s, 1H), 7.51 (s, 1H), 7.27 (br s, 1H), 5.85 (quin, 1H, J = 8.7
Hz), 3.96 (br s, 1H), 3.62 (d, 2H, J = 12.0 Hz), 2.97−2.90 (m, 2H),
2.88 (s, 3H), 2.32 (br s, 2H), 2.04 (s, 3H), 2.03−1.92 (m, 4H), 1.83−
1.72 (m, 2H), 1.72−1.54 (m, 4H); 13C NMR (DMSO-d6, 101 MHz):
δ 164.0, 160.6, 158.4, 155.7, 133.0, 125.0, 105.8, 53.3, 47.7, 44.8, 35.7,
31.3, 28.1, 25.6, 16.9; HRMS: calcd for C19H27N5O3S (M + H)+,
406.19704; found, 406.19115.
6-Chloro-8-cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]-

amino}pyrido[2,3-d]pyrimidin-7(8H)-one (5). A solution of com-
pound 3 (840 mg, 2.15 mmol) and N-chlorosuccinimide (315 mg,
2.36 mmol) in DMF (21.5 mL) was stirred at rt for 16 h and then at
70 °C for 4 h. The mixture was quenched with saturated aqueous
NaHCO3 (20 mL), causing a white solid to precipitate out. The
precipitate was collected, dried, and then triturated in 1:1 EtOAc/
heptane to give 5 (778 mg, 85%). 1H NMR (400 MHz, DMSO-d6, 80
°C): δ 8.59 (s, 1H), 8.01 (s, 1H), 7.65 (br s, 1H), 5.95−5.79 (m,
1H), 3.97 (br s, 1H), 3.61 (br d, 2H, J = 12.2 Hz), 2.96−2.84 (m,
5H), 2.28 (br s, 2H), 1.98 (br s, 4H), 1.80 (br s, 2H), 1.72−1.59 (m,
4H); 13C NMR (DMSO-d6, 101 MHz): δ 161.0, 159.4, 159.3, 155.4,
134.6, 120.5, 105.2, 54.3, 47.9, 44.7, 35.7, 31.2, 28.1, 25.6; HRMS:
calcd for C18H24ClN5O3S (M + H)+, 426.13611; found, 426.13662.
[8-Cyclopentyl-2-(methylthio)-7-oxo-7,8-dihydropyrido[2,3-d]-

pyrimidin-6-yl]acetic Acid. Diethyl succinate (44.0 g, 253 mmol) was
added dropwise to a cooled (−70 °C) solution of LiHMDS (1.0 M in
THF, 506 mL, 506 mmol) in THF (400 mL). After stirring for 10
min, a solution of 4-(cyclopentylamino)-2-(methylthio)pyrimidine-5-
carbaldehyde46 (40 g, 170 mmol) in THF (80 mL) was added. The
reaction was stirred at −70 °C for 30 min, then at rt overnight. The
mixture was diluted with water (1 L) and EtOAc (1 L), stirred for 10
min, then the layers were separated. The aqueous layer was further
extracted with EtOAc (2 × 500 mL). No product was observed in the
combined organic layers by TLC. The aqueous layer was acidified to
pH 2 with conc. HCl. The resulting precipitate was collected by
suction filtration, washed with water and petroleum ether, dried under
vacuum, and then purified by silica gel chromatography (eluting with
2−5% MeOH in CH2Cl2) to give [8-cyclopentyl-2-(methylthio)-7-
oxo-7,8-dihydropyrido[2,3-d]pyrimidin-6-yl]acetic acid (32 g, 59%)
as a solid. 1H NMR (400 MHz, DMSO-d6): δ 12.36 (br s, 1H), 8.87
(s, 1H), 7.84 (s, 1H), 5.86 (quin, 1H, J = 8.8 Hz), 3.49 (s, 2H), 2.58
(s, 3H), 2.21−2.13 (m, 2H), 2.00−1.90 (m, 2H), 1.85−1.75 (m, 2H),
1.68−1.55 (m, 2H).

(8-Cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-7-
oxo-7,8-dihydropyrido[2,3-d]pyrimidin-6-yl)acetonitrile (6). A sus-
pension of [8-cyclopentyl-2-(methylthio)-7-oxo-7,8-dihydropyrido-
[2,3-d]pyrimidin-6-yl]acetic acid (5.00 g, 15.7 mmol) in EtOH (80
mL) was treated with conc. sulfuric acid (5 mL) and heated to 80 °C
for 18 h, affording a clear yellow solution. After cooling to rt, the
solution was concentrated to dryness, the residue was dissolved in
CH2Cl2 (100 mL) and basified to pH ∼8 with saturated aqueous
Na2CO3. The layers were separated, and the aqueous layer further
extracted with CH2Cl2 (2 × 50 mL). The combined organics were
dried over sodium sulfate, filtered, concentrated, and purified by silica
gel chromatography (eluting with 0−20% EtOAc in CH2Cl2) to give
ethyl 2-(8-cyclopentyl-2-(methylthio)-7-oxo-7,8-dihydropyrido[2,3-
d]pyrimidin-6-yl)acetate (4.90 g, 90%) as a yellow solid. A portion
of this solid (3.00 g, 8.63 mmol) was treated with oxone by the
method described for the synthesis of 3, affording 3.28 g of a crude
mixture of sulfoxide (LCMS m/z: 364.1 [M + H]+, ∼70%) and
sulfone (LCMS m/z: 380.1 [M + H]+; ∼30%) products, which were
used without further purification. A portion of this mixture (500 mg,
1.32 mmol) was reacted with 1-(methylsulfonyl)piperidin-4-amine by
the method described for the synthesis of 3, affording crude ethyl (8-
cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-7-oxo-7,8-
dihydropyrido[2,3-d]pyrimidin-6-yl)acetate (260 mg, 41%) as a
yellow gum. A solution of this gum (260 mg, 0.54 mmol) in ethanol
(6 mL) was sparged with anhydrous ammonia gas for 10 min, the
resulting solution stirred at 100 °C for 12 h, and then at 120 °C for an
additional 12 h. The solution was concentrated to give 200 mg of
crude 2-(8-cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]-
amino}-7-oxo-7,8-dihydropyrido[2,3-d]pyrimidin-6-yl)acetamide
(LCMS m/z: 449.0 [M + H]+, ∼60%) as a mixture with unreacted
starting ester (LCMS m/z: 478.0 [M + H]+, ∼40%). A portion of this
crude mixture (100 mg, ∼0.13 mmol amide) dissolved in CH2Cl2 (5
mL) and cooled to 0 °C was treated with triethylamine (67.7 mg, 0.67
mmol) and trifluoroacetic acid anhydride (56.2 mg, 0.27 mmol). The
cooling bath was removed, and the mixture stirred at rt for 2 h. The
resulting yellow suspension was washed with deionized water (20
mL) and saturated aqueous NaCl. The organic layer was dried over
magnesium sulfate, filtered, and concentrated. This crude product was
combined with the crude product from a parallel run (starting with 80
mg, 0.11 mmol, of crude amide) for purification by preparative HPLC
[column: DuraShell 150*25mm*5 μm; mobile phase: from 36 to 56%
acetonitrile in H2O (0.05% ammonium hydroxide v/v)] to give 6
(27.1 mg, 26% yield for the combined batches) as a white solid. 1H
NMR (400 MHz, DMSO-d6, 80 °C): δ 8.65 (s, 1H), 7.80 (t, 1H, J =
0.9 Hz), 7.57 (br d, 1H, J = 7.3 Hz), 5.85 (quin, 1H, J = 8.9 Hz),
4.06−3.93 (m, 1H), 3.70 (d, 2H, J = 1.0 Hz), 3.62 (td, 2H, J = 3.4,
12.4 Hz), 2.96−2.89 (m, 2H), 2.88 (s, 3H), 2.37−2.24 (m, 2H),
2.08−1.95 (m, 4H), 1.86−1.74 (m, 2H), 1.73−1.59 (m, 4H); LCMS
m/z: 430.9 [M + H]+.

8-Cyclopentyl-6-(hydroxymethyl)-2-{[1-(methanesulfonyl)-
piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-7(8H)-one (7). A sus-
pension of 8-cyclopentyl-6-(ethoxymethyl)-2-{[1-(methanesulfonyl)-
piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-7(8H)-one (10) (100
mg, 0.22 mmol) and methane sulfonic acid (150 μL, 2.2 mmol) in
acetonitrile (3.0 mL) and water (3.0 mL) was heated to 85 °C
overnight. After cooling to rt, the mixture was quenched with
saturated aqueous NaHCO3, extracted with CH2Cl2 (4 × 10 mL),
dried over sodium sulfate, concentrated, and purified by preparative
SFC [ZymorSpher Diol Monol 150 × 21.2 mm column; gradient of
10−25% MeOH @ 3%min, 100 bar, 58 mL/min] to give 7 (15.7 mg,
17%) as a solid. 1H NMR (400 MHz, DMSO-d6, 80 °C): δ 8.59 (s,
1H), 7.64 (s, 1H), 7.33 (br s, 1H), 5.85 (quin, 1H, J = 8.8 Hz), 4.79
(br s, 1H), 4.36 (br s, 2H), 3.98 (br s, 1H), 3.66−3.58 (m, 2H),
2.96−2.90 (m, 2H), 2.88 (s, 3H), 2.40−2.25 (m, 2H), 2.07−1.95 (m,
4H), 1.85−1.73 (m, 2H), 1.72−1.60 (m, 4H); LCMS m/z: 422.2 [M
+ H]+.

8-Cyclopentyl-6-(2-hydroxyethyl)-2-(methylthio)pyrido[2,3-d]-
pyrimidin-7(8H)-one. By the procedure described for 8-cyclopentyl-
2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one but using ethyl 4-
hydroxybutanoate instead of EtOAc, 6.0 g of 4-(cyclopentylamino)-2-
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(methylthio)pyrimidine-5-carbaldehyde was used to produce 8-
cyclopentyl-6-(2-hydroxyethyl)-2-(methylthio)pyrido[2,3-d]-
pyrimidin-7(8H)-one (5.98 g, 77%) as a yellow solid. 1H NMR (400
MHz, CDCl3): δ 8.57 (s, 1H), 7.49 (s, 1H), 5.96 (quin, 1H, J = 8.8
Hz), 3.89 (t, 2H, J = 5.8 Hz), 2.87 (t, 2H, J = 5.6 Hz), 2.73 (br s, 1H),
2.61 (s, 3H), 2.38−2.26 (m, 2H), 2.13−2.01 (m, 2H), 1.94−1.83 (m,
2H), 1.73−1.62 (m, 2H); LCMS m/z: 305.8 [M + H]+.
8-Cyclopentyl-6-(2-hydroxyethyl)-2-{[1-(methanesulfonyl)-

piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-7(8H)-one (8). Accord-
ing to the method described for the synthesis of 3, 8-cyclopentyl-6-(2-
hydroxyethyl)-2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one was
used to produce 8 (342 mg, 61% 2-step yield) as a light yellow solid.
1H NMR (400 MHz, DMSO-d6, 80 °C): δ 8.52 (s, 1H), 7.51 (s, 1H),
7.34 (br d, 1H, J = 7.6 Hz), 5.85 (quin, 1H, J = 9.0 Hz), 4.29 (br s,
1H), 4.02−3.90 (m, 1H), 3.66−3.54 (m, 4H), 2.93−2.87 (m, 5H),
2.62 (t, 2H, J = 6.8 Hz), 2.37−2.24 (m, 2H), 2.06−1.93 (m, 4H),
1.82−1.71 (m, 2H), 1.71−1.58 (m, 4H); 13C NMR (DMSO-d6, 101
MHz): δ 163.8, 160.6, 158.7, 155.6, 133.6, 126.5, 105.8, 60.2, 53.3,
47.8, 44.8, 35.7, 34.2, 31.3, 28.1, 25.6; HRMS: calcd for C20H29N5O4S
(M + H)+, 436.2013; found, 436.20155.
8-Cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-6-

(2-methoxyethyl)pyrido[2,3-d]pyrimidin-7(8H)-one (9). According
to the cyclization method described for the synthesis of 8-cyclopentyl-
2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one, methyl 4-methox-
ybutanoate (668 mg, 5.1 mmol) and 4-(cyclopentylamino)-2-
(methylthio)pyrimidine-5-carbaldehyde46 (400 mg, 1.69 mmol)
afforded 8-cyclopentyl-6-(2-methoxyethyl)-2-(methylthio)pyrido[2,3-
d]pyrimidin-7(8H)-one (428 mg, 79%) as a yellow gum. LCMS m/z:
319.9 [M + H]+. All of this material was subjected to the sulfur
oxidation and amine displacement methods previously described for
the synthesis of 3, affording compound 9 (70.73 mg, 11.7% 2-step
yield) as a yellow solid, after silica gel chromatography (eluting with
1% MeOH in CH2Cl2) and lyophilization. 1H NMR (400 MHz,
CDCl3): δ 8.38 (s, 1H), 7.38 (s, 1H), 5.88 (quin, 1H, J = 8.8 Hz),
5.23 (br s, 1H), 4.03 (br d, 1H, J = 7.0 Hz), 3.80 (br d, 2H, J = 12.0
Hz), 3.65 (t, 2H, J = 6.1 Hz), 3.36 (s, 3H), 3.01−2.89 (m, 2H), 2.87−
2.79 (m, 5H), 2.35 (br s, 2H), 2.20 (br dd, 2H, J = 3.1, 13.4 Hz),
2.10−1.99 (m, 2H), 1.92−1.79 (m, 2H), 1.76−1.63 (m, 4H); 13C
NMR (DMSO-d6, 101 MHz): δ 163.6, 160.7, 158.8, 155.7, 133.7,
125.9, 105.7, 70.9, 58.1, 53.3, 47.8, 44.8, 35.7, 31.3, 30.6, 28.1, 25.6;
HRMS: calcd for C21H31N5O4S (M + H)+, 450.21695; found,
450.21791.
8-Cyclopentyl-6-(ethoxymethyl)-2-(methylthio)pyrido[2,3-d]-

pyrimidin-7(8H)-one. By the procedure described for 8-cyclopentyl-
2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one but using ethyl 3-
ethoxypropanoate instead of EtOAc, 1.00 g of 4-(cyclopentylamino)-
2-(methylthio)pyrimidine-5-carbaldehyde46 produced 8-cyclopentyl-
6-(ethoxymethyl)-2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one
(406 mg, 60%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 8.63
(s, 1H), 7.68 (t, 1H, J = 1.6 Hz), 5.98 (quin, 1H, J = 8.9 Hz), 4.49 (d,
2H, J = 1.5 Hz), 3.74−3.65 (m, 2H), 2.63 (s, 3H), 2.40−2.27 (m,
2H), 2.16−2.03 (m, 2H), 1.97−1.84 (m, 2H), 1.76−1.65 (m, 2H),
1.32 (t, 3H, J = 7.0 Hz); LCMS m/z: 319.9 [M + H]+.
8-Cyclopentyl-6-(ethoxymethyl)-2-{[1-(methanesulfonyl)-

piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-7(8H)-one (10). A sol-
ution of oxone (4.58 g, 7.45 mmol) in water (40 mL) was added to a
cooled (0 °C) solution of 8-cyclopentyl-6-(ethoxymethyl)-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one (1.19 g, 3.73 mmol)
in THF (37.3 mL). The resulting suspension was stirred and allowed
to slowly warm to rt over 1 h. More water (20 mL) was added, and
the precipitate was collected and dried to give 8-cyclopentyl-6-
(ethoxymethyl)-2-(methanesulfonyl)pyrido[2,3-d]pyrimidin-7(8H)-
one (933 mg, 71%) as a solid. 1H NMR (400 MHz, CDCl3): δ 8.96
(s, 1H), 7.86 (t, 1H, J = 1.7 Hz), 5.97 (quin, 1H, J = 8.7 Hz), 4.54 (d,
2H, J = 1.7 Hz), 3.72 (q, 2H, J = 7.0 Hz), 3.39 (s, 3H), 2.38−2.23 (m,
2H), 2.24−2.12 (m, 2H), 2.06−1.87 (m, 2H), 1.78−1.64 (m, 2H),
1.34 (t, 3H, J = 7.0 Hz). A mixture of 8-cyclopentyl-6-
(ethoxymethyl)-2-(methanesulfonyl)pyrido[2,3-d]pyrimidin-7(8H)-
one (933 mg, 2.65 mmol), 1-(methylsulfonyl)piperidin-4-amine (855
mg, 3.98 mmol), and DIPEA (1.39 mL, 7.96 mmol) in DMSO (13.3

mL) was stirred at rt for 2 days, then at 60 °C for 4 h. Water (20 mL)
was added, which caused a precipitate to form. The resulting solid was
collected by filtration and dried in a 50 °C vacuum oven for 1 day,
affording 10 (752 mg, 63%) as a light yellow solid. 1H NMR (400
MHz, DMSO-d6, 80 °C): δ 8.60 (s, 1H), 7.63 (s, 1H), 7.37 (d, 1H, J
= 7.3 Hz), 5.84 (quin, 1H, J = 8.9 Hz), 4.32 (d, 2H, J = 1.0 Hz),
4.06−3.90 (m, 1H), 3.70−3.52 (m, 4H), 2.96−2.89 (m, 2H), 2.88 (s,
3H), 2.39−2.23 (m, 2H), 2.06−1.96 (m, 4H), 1.85−1.73 (m, 2H),
1.72−1.57 (m, 4H), 1.20 (t, 3H, J = 7.0 Hz); 13C NMR (151 MHz,
DMSO-d6, 70 °C): δ161.8, 160.0, 158.7, 154.9, 131.8, 124.9, 104.7,
66.5, 65.3, 52.3, 46.9, 44.0, 34.7, 30.4, 27.3, 24.8, 14.7; HRMS: calcd
for C21H31N5O4S [M + H]+, 450.2170; found 450.2177.

Ethyl 3-(Cyclopropyloxy)propanoate. To a solution of cyclo-
propanol (5 g, 90 mmol) and ethyl acrylate (13.8 g, 138 mmol) in
DMSO (50 mL) was added 5 M aqueous NaOH solution (1.72 mL,
8.6 mmol) dropwise. The solution color changed from yellow to blue
and back to yellow again during the addition. Stirring was continued
at rt (16 °C) for 48 h. The mixture was partitioned between EtOAc
(150 mL) and water (100 mL). The aqueous layer was further
extracted with MTBE (3 × 100 mL). The combined organic phases
were washed with water (3 × 100 mL) and saturated aqueous NaCl
(100 mL), dried over sodium sulfate, filtered, and concentrated to a
light-yellow liquid. Purification by silica gel chromatography (eluting
with 0−10% EtOAc in petroleum ether) afforded ethyl 3-
(cyclopropyloxy)propanoate (8.0 g, 59%, ∼90% purity) as colorless
liquid. 1H NMR (400 MHz, CDCl3): δ 4.15 (q, 2H, J = 7.1 Hz), 3.77
(t, 2H, J = 6.4 Hz), 3.29 (tt, 1H, J = 3.0, 6.0 Hz), 2.56 (t, 2H, J = 6.4
Hz), 1.26 (t, 3H, J = 7.1 Hz), 0.59−0.53 (m, 2H), 0.48−0.41 (m,
2H).

8 - C y c l o p en t y l - 6 - [ ( c y c l o p r op y l o x y )me t h y l ] - 2 - { [ 1 -
(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-
7(8H)-one (11). A three-necked flask containing a solution of 4-
(cyclopentylamino)-2-(methylthio)pyrimidine-5-carbaldehyde46 (150
mg, 0.632 mmol) and ethyl 3-(cyclopropyloxy)propanoate (300 mg,
1.9 mmol) in freshly distilled anhydrous THF (5 mL) under argon
was cooled in an ice−water bath. A 1 M solution of NaHMDS in
THF (1.9 mL, 1.9 mmol) was added dropwise over 2 min, slowly
enough to maintain the internal temperature below 3 °C. The
resulting turbid mixture was stirred at this temperature for 40 min,
quenched with aqueous NH4Cl (0.5 mL), and stirring was continued
at rt (25 °C) overnight. The solution was concentrated and purified
by silica gel chromatography (eluting with 0−10% EtOAc in
petroleum ether) to give a 2:1 mixture of 8-cyclopentyl-6-
[(cyclopropyloxy)methyl]-2-(methylthio)pyrido[2,3-d]pyrimidin-
7(8H)-one and unreacted aldehyde starting material (120 mg
combined). LCMS m/z: 332.2 [M + H]+. A solution of this mixture
in THF (6 mL) was treated with oxone (334 mg, 0.543 mmol) and
water (1 mL) and stirred at rt (28 °C) for 1 h. The mixture was
partitioned between EtOAc (10 mL) and saturated aqueous NaCl (3
mL). The organic layer was dried over sodium sulfate, filtered, and
concentrated to give crude 8-cyclopentyl-6-[(cyclopropyloxy)-
methyl]-2-(methanesulfonyl)pyrido[2,3-d]pyrimidin-7(8H)-one (130
mg) as a yellow gum. This crude product was dissolved in DMSO (1
mL) in a sealed tube. DIPEA (0.187 mL, 1.07 mmol) and 1-
(methylsulfonyl)piperidin-4-amine (130 mg, 0.729 mmol) were
added, the tube was sealed, and the mixture was heated at 60 °C
for 1.5 h. After standing at rt overnight, excess DIPEA was removed
by a syringe. The DMSO phase was diluted with CH2Cl2 (30 mL),
washed with water (10 mL), aqueous NH4Cl (10 mL), and saturated
aqueous NaCl (10 mL), dried over sodium sulfate, filtered, and
concentrated. The crude product was purified by silica gel
chromatography (eluting with 0−10% EtOAc in CH2Cl2) and then
lyophilized to give 11 (42.4 mg, 15% over 3 steps) as a pale solid. 1H
NMR (400 MHz, DMSO-d6, 80 °C): δ 8.60 (s, 1H), 7.70−7.57 (m,
1H), 7.43 (br d, 1H, J = 6.2 Hz), 5.84 (quin, 1H, J = 8.8 Hz), 4.37 (d,
2H, J = 1.1 Hz), 4.04−3.91 (m, 1H), 3.61 (td, 2H, J = 3.4, 12.4 Hz),
3.42 (tt, 1H, J = 3.0, 6.0 Hz), 2.96−2.89 (m, 2H), 2.88 (s, 3H), 2.38−
2.25 (m, 2H), 2.06−1.95 (m, 4H), 1.83−1.73 (m, 2H), 1.72−1.59
(m, 4H), 0.60−0.42 (m, 4H); LCMS m/z: 462.0 [M + H]+.
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6-Bromo-8-cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]-
amino}pyrido[2,3-d]pyrimidin-7(8H)-one. A solution of 8-cyclo-
pentyl-2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one (20.0 g,
76.5 mmol) and N-bromosuccinimide (20.4 g, 115 mmol) in
acetonitrile (160 mL) and CH2Cl2 (160 mL) was stirred at 50 °C
for 17 h. The mixture was concentrated to dryness, affording a crude
mixture of 6-bromo-8-cyclopentyl-2-(methylthio)pyrido[2,3-d]-
p y r im id i n - 7 (8H ) - one and 6 -b romo -8 - c y c l op en t y l - 2 -
(methanesulfinyl)pyrido[2,3-d]pyrimidin-7(8H)-one. (38 g total,
yellow solid). LCMS m/z: 341.9 and 358.0 [M + H]+, both Br
doublets. The crude product mixture was dissolved in THF (350 mL)
and water (175 mL), oxone (94.1 g, 153 mmol) was added, and the
mixture was stirred at 50 °C for 11 h. After standing at rt overnight,
the reaction mixture was concentrated to dryness, and the residue was
partitioned between water (500 mL) and EtOAc (3 × 300 mL). The
combined organics were washed with saturated aqueous NaCl (300
mL), dried over sodium sulfate, filtered, concentrated, and purified by
silica gel chromatography (eluting with 0−60% EtOAc in petroleum
ether) to give 16.5 g of a yellow solid, still contaminated with
succinimide. This solid was dissolved in CH2Cl2 (500 mL), washed
with saturated aqueous sodium carbonate (2 × 200 mL) and
saturated aqueous NaCl (200 mL), dried over sodium sulfate, filtered,
and concentrated. The residue was triturated with CH2Cl2 (5 mL)
and MTBE (100 mL). The solid was collected by filtration and dried
to give 6-bromo-8-cyclopentyl-2-(methanesulfonyl)pyrido[2,3-d]-
pyrimidin-7(8H)-one (15 g, 53% 2-step yield) as a white solid. 1H
NMR (400 MHz, CDCl3): δ 8.94 (s, 1H), 8.20 (s, 1H), 6.02 (quin,
1H, J = 7.8), 3.40 (s, 3H), 2.26−2.17 (m, 4H), 1.99−1.97 (m, 2H),
1.74−1.71 (m, 2H); LCMS m/z: 373.8 [M + H]+. A portion of this
sulfone intermediate (1.31 g, 3.519 mmol) was reacted with 1-
(methylsulfonyl)piperidin-4-amine by the method described for the
synthes is of 3 , to give 6-bromo-8-cyclopenty l-2-{[1-
(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-
7(8H)-one (1.07 g, 65%) as a yellow solid. 1H NMR (400 MHz,
DMSO-d6, 80 °C): δ 8.60 (s, 1H), 8.20 (s, 1H), 7.64 (d, 1H, J = 7.0
Hz), 5.89 (quin, 1H, J = 8.7 Hz), 3.99 (d, 1H, J = 6.4 Hz), 3.73−3.52
(m, 2H), 2.98−2.90 (m, 2H), 2.89 (s, 3H), 2.35−2.21 (m, 2H),
2.06−1.95 (m, 4H, J = 8.8 Hz), 1.87−1.76 (m, 2H), 1.74−1.61 (m,
4H); LCMS m/z: 471.65/469.75 [M + H]+(Br doublet).
8-Cyclopentyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-6-

{[(propan-2-yl)oxy]methyl}pyrido[2,3-d]pyrimidin-7(8H)-one (12).
In a microwave vial, a solution of 6-bromo-8-cyclopentyl-2-{[1-
(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-
7(8H)-one (50 mg, 0.11 mmol), potassium isopropoxymethyltri-
fluoroborate (190 mg, 1.06 mmol), [1,1′-bis(diphenylphosphino)-
ferrocene]dichloropalladium(II) (5.06 mg, 0.0069 mmol), and
potassium phosphate (tribasic, 1 mL of a 7 M aqueous solution, 7
mmol) in THF (10 mL) was purged with nitrogen gas for 5 min, then
irradiated in a microwave reactor at 100 °C for 6 h. After cooling to rt,
the mixture was partitioned between water (5 mL) and CH2Cl2 (5 ×
5 mL). The combined organics were concentrated to dryness and
purified by preparative SFC [ZymorSpher Pyridine Diol 150 × 21.2
mm column; gradient of 5−15% MeOH @ 3%/min then ramped to
15−40% MeOH at 99%/min, 100 bar, 58 mL/min] to give 12 (12.8
mg, 26%) as a solid. 1H NMR (400 MHz, CDCl3, 80 °C): δ 8.61 (s,
1H) 7.63 (s, 1H) 7.30−7.47 (m, 1H) 5.68−5.97 (m, 1H) 4.32 (d,
2H, J = 1.2 Hz) 3.89−4.06 (m, 1H) 3.72 (d, 1H, J = 6.1 Hz) 3.63 (d,
2H, J = 12.5 Hz) 2.93 (br s, 2H) 2.88 (s, 3H) 2.25−2.39 (m, 2H)
1.95−2.08 (m, 4H) 1.74−1.85 (m, 2H) 1.67 (d, 4H, J = 10.2 Hz)
1.19 (d, 6H, J = 6.1 Hz); LCMS m/z: 464.2 [M + H]+.
4-(Cycloheptylamino)-2-(methylthio)pyrimidine-5-carbalde-

hyde. A suspension of ethyl 4-chloro-2-(methylthio)pyrimidine-5-
carboxylate (16 g, 68.7 mmol), cycloheptylamine (9.34 g, 82.5 mmol),
and DIPEA (17.8 g, 138 mmol) in THF (150 mL) was stirred at rt for
18 h. Solvents were evaporated, the residue dissolved in water (150
mL), and the solution extracted with EtOAc (2 × 150 mL). The
combined organics were washed with saturated aqueous NaCl (2 ×
150 mL), dried over sodium sulfate, and concentrated to give ethyl 4-
(cycloheptylamino)-2-(methylthio)pyrimidine-5-carboxylate (21 g,
99%) as yellow oil. LCMS m/z: 309.9 [M + H]+. A cooled (5 °C)

solution of ethyl 4-(cycloheptylamino)-2-(methylthio)pyrimidine-5-
carboxylate (21 g, 67.9 mmol) in THF (200 mL) was treated with
lithium aluminum hydride (2.5 M solution in THF, 81.4 mL, 204
mmol) in portions over 1.5 h. The resulting suspension was stirred at
5−10 °C for an additional hour, then at rt (25 °C) for 18 h. The
mixture was cooled slightly (15 °C), then water (10 mL) and 2 N
NaOH (10 mL) were added dropwise to quench any residual hydride.
After stirring for 1 h at rt, the suspension was filtered, and the flask
and filter cake were rinsed with THF (4 × 300 mL). The combined
filtrates were concentrated to remove most of the solvent, and the
residue was partitioned between water (100 mL) and EtOAc (2 × 250
mL). The combined organic layers were washed with saturated
aqueous NaCl (100 mL), dried over sodium sulfate, and concentrated
to dryness. The crude product was recrystallized from petroleum
ether/EtOAc (200 mL/50 mL) to give [4-(cycloheptylamino)-2-
(methylthio)pyrimidin-5-yl]methanol (13.6 g, 75%) as a white solid.
LCMS m/z: 267.9 [M + H]+. Activated manganese dioxide (43.3 g,
860 mmol) was added to a solution of [4-(cycloheptylamino)-2-
(methylthio)pyrimidin-5-yl]methanol (13.6 g, 50 mmol) in chloro-
form (200 mL), and the resulting suspension stirred at rt for 15 h.
The solids were removed by filtration. The flask and filter cake were
rinsed with CH2Cl2 (4 × 150 mL). The combined filtrates were
filtered again to remove trace solids, then concentrated to give 4-
(cycloheptylamino)-2-(methylthio)pyrimidine-5-carbaldehyde (12.9
g, 98%) as yellow oil. 1H NMR (400 MHz, CDCl3): δ 9.68 (s,
1H), 8.63 (br s, 1H), 8.28 (s, 1H), 4.36−4.32 (m, 1H), 2.55 (s, 3H),
2.03−1.99 (m, 2H), 1.67−1.58 (m, 10H); LCMS m/z: 265.9 [M +
H]+.

8-Cycloheptyl-2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one.
By the same method used for 8-cyclopentyl-2-(methylthio)pyrido-
[2,3-d]pyrimidin-7(8H)-one but with an initial reaction temperature
of −5 °C instead of −70 °C, 4-(cycloheptylamino)-2-(methylthio)-
pyrimidine-5-carbaldehyde (9.9 g, 37 mmol) was reacted with EtOAc
(9.79 g, 111 mmol) and LiHMDS (111 mL of a 1.0 M solution in
THF) to give, after silica gel chromatography, 8-cycloheptyl-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one (9.5 g, 89%) as a
yellow solid. 1H NMR (400 MHz, CDCl3): δ 8.57 (s, 1H), 7.52 (d,
1H, J = 9.6 Hz), 6.60 (br s, 1H), 5.72 and 5.44 (2 br s, 1H together),
2.75−2.51 (m, 5H), 1.95−1.62 (m, 10 H); LCMS m/z: 289.9 [M +
H]+.

8-Cycloheptyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-
pyrido[2,3-d]pyrimidin-7(8H)-one (13). According to the two-step
method described for the synthesis of 3, 8-cycloheptyl-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one was used to produce
13 (107 mg, 37% 2-step yield) after a final purification by preparative
SFC. 1H NMR (700 MHz, DMSO-d6): δ 8.50 (br s, 1H) 7.80 (br s,
1H) 7.59 (d, 1H, J = 9.2 Hz) 6.30−5.98 (m, 1H) 5.49 and 5.21 (2 br
s, 1H together) 4.04−3.81 (m, 1H) 3.54 (br s, 2H) 2.84 (s, 3H) 2.79
(br s, 2H) 2.52 (d, 1H, J = 9.9 Hz) 2.31 (br s, 1H) 2.08−1.84 (m,
2H) 1.70 (br s, 2H) 1.62−1.32 (m, 10H); 13C NMR (101 MHz,
DMSO-d6, 80 °C): δ162.26, 160.14, 158.45, 154.97, 135.78, 116.24,
104.85, 53.79, 47.18, 43.94, 34.87, 31.02, 30.28, 27.12, 25.88; HRMS:
calculated for C20H29N5O3S [M + H]+, 420.2064; found 420.2070.

8-Cyclohexyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-
pyrido[2,3-d]pyrimidin-7(8H)-one (14). A mixture of 8-cyclohexyl-2-
(methanesulfinyl)pyrido[2,3-d]pyrimidin-7(8H)-one47 (60.0 mg,
0.206 mmol), 1-(methylsulfonyl)piperidin-4-amine (70.0 mg, 0.393
mmol), and cesium fluoride (59.7 mg, 0.393 mmol) in DMSO (3 mL,
pre-treated with CaH2) was irradiated in a microwave reactor at 140
°C for 15 min. After cooling to rt, the mixture was diluted with
CH2Cl2 (30 mL) and washed with water (2 × 10 mL) and saturated
aqueous NaCl (10 mL). The organics were dried over sodium sulfate,
filtered, concentrated, purified by preparative TLC (MeOH/CH2Cl2
= 1/15), and lyophilized to give 14 (57.2 mg, 36%) as a yellow solid.
1H NMR (400 MHz, CDCl3): δ 8.38 (s, 1H), 7.40 (d, 1H), 6.37 (br
s, 1H), 5.54 (br s, 1H), 5.40−5.25 (m, 1H), 4.05−3.95 (m, 1H),
3.83−3.81 (m, 2H), 3.00−2.90 (m, 2H), 2.85 (s, 3H), 2.75−2.60 (m,
2H), 2.24−2.21 (m, 2H), 1.90−1.85 (m, 2H), 1.73−1.68 (m, 5H),
1.42−1.25 (m, 3H); LCMS m/z: 406.0 [M + H]+.
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2-{[1-(Methanesulfonyl)piperidin-4-yl]amino}-8-[(1R,2S)-2-
methylcyclopentyl]pyrido[2,3-d]pyrimidin-7(8H)-one (15). Prepared
by the same method as used for 13 but starting with (1R,2S)-2-
methylcyclopentan-1-amine.51 1H NMR (400 MHz, CDCl3): δ 8.38
(s, 1H), 7.41 (d, 1H, J = 9.3 Hz), 6.34 (d, 1H, J = 9.3 Hz), 6.01−5.86
(m, 1H), 4.10−3.95 (m, 1H), 3.79 (d, 2H, J = 10.5 Hz), 2.93 (br s,
2H), 2.83 (s, 3H), 2.79−2.51 (m, 1H), 2.34 (br s, 1H), 2.19 (d, 2H, J
= 12.3 Hz), 2.10−1.99 (m, 1H), 1.89 (dd, 4H, J = 7.7, 18.7 Hz),
1.76−1.61 (m, 2H), 1.60−1.45 (m, 1H), 0.78 (d, 3H, J = 7.0 Hz); 13C
NMR (CDCl3, 151 MHz): δ 164.5, 159.8, 157.5, 157.1, 135.3, 119.2,
106.3, 56.3, 47.8, 44.7, 38.0, 35.2, 35.1, 31.5, 28.0, 25.5, 15.1 95% ee
by chiral analytical SFC/MS [Column: Chiralpak AD-3 100 × 4.6
mm I.D., 3 μm; Mobile phase: A: CO2 B/ethanol (0.05%
diethylamine); Gradient: from 5 to 40% of B in 4.5 min and hold
40%; for 2.5 min, then 5% of B for 1 min; Flow rate: 2.8 mL/min; 40
°C]; HRMS: calcd for C19H27N5O3S [M + H]+, 406.1835; found
406.1901.
rac-{4-[(Butan-2-yl)amino]-2-(methylthio)pyrimidin-5-yl}-

methanol. A solution of [4-chloro-2-(methylthio)pyrimidin-5-yl]-
methanol (500 mg, 2.62 mmol), (±)-butan-2-amine (249 mg, 3.41
mmol), and triethylamine (796 mg, 7.78 mmol) in ethanol (2 mL)
and acetonitrile (2 mL) was stirred at 80 °C for 18 h. After cooling to
rt, the mixture was diluted with CH2Cl2 (100 mL) and washed with
aqueous NH4Cl (50 mL) and saturated aqueous NaCl (50 mL). The
organic layer was dried over sodium sulfate, filtered, concentrated, and
purified by silica gel chromatography to give rac-{4-[(butan-2-
yl)amino]-2-(methylthio)pyrimidin-5-yl}methanol (520 mg, 87%) as
a light yellow solid. LCMS m/z: 227.8 [M + H]+.
rac 4-[(Butan-2-yl)amino]-2-(methylthio)pyrimidine-5-carbalde-

hyde. Activated manganese dioxide (1.75 g, 19.9 mmol) was added to
a rt (25 °C) solution of rac-{4-[(butan-2-yl)amino]-2-(methylthio)-
pyrimidin-5-yl}methanol (520 mg, 2.29 mmol) in chloroform (50
mL), and the resulting suspension heated to 50 °C for 6 h. After
filtration, the mixture was concentrated to a black gum and purified by
silica gel chromatography, affording rac 4-[(butan-2-yl)amino]-2-
(methylthio)pyrimidine-5-carbaldehyde (468 mg, 91%) as a light
yellow solid. 1H NMR (400 MHz, CDCl3): δ 9.69 (s, 1H), 8.50 (br s,
1H), 8.28 (s, 1H), 4.31 (quin, 1H, J = 7.2 Hz), 2.54 (s, 3H), 1.68−
1.61 (m, 2H), 1.26 (d, 3H, J = 6.4 Hz), 0.96 (t, 3H, J = 7.4 Hz);
LCMS m/z: 225.8 [M + H]+.
rac 8-(Butan-2-yl)-2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-

one. By the method described for the synthesis of 8-cyclopentyl-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one, rac 4-[(butan-2-yl)-
amino]-2-(methylthio)pyrimidine-5-carbaldehyde (350 mg, 1.5
mmol) was used to produce rac 8-(butan-2-yl)-2-(methylthio)pyrido-
[2,3-d]pyrimidin-7(8H)-one (340 mg, 77%) as a light yellow solid. 1H
NMR (400 MHz, CDCl3): δ 8.57 (s, 1H), 7.53 (d, 1H, J = 9.6 Hz),
6.59 (br d, 1H, J = 9.6 Hz), 5.58 (br s, 1H), 2.63 (s, 3H), 2.32 (br s,
1H), 1.99 (br s, 1H), 1.61 (br d, 3H, J = 6.4 Hz), 0.83 (t, 3H, J = 7.6
Hz); LCMS m/z: 249.8 [M + H]+.
(−)-8-(Butan-2-yl)-2-{[1-(methanesulfonyl)piperidin-4-yl]-

amino}pyrido[2,3-d]pyrimidin-7(8H)-one (16) and (+)-8-(Butan-2-
yl)-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]-
pyrimidin-7(8H)-one (16 and 17). By the same method as 3, rac-8-
(butan-2-yl)-2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one was
converted in two steps to rac-8-(butan-2-yl)-2-{[1-(methanesulfonyl)-
piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-7(8H)-one (150 mg,
71% 2-step yield). LCMS m/z: 380.0 [M + H]+. The enantiomers
were resolved by preparative chiral SFC.
The earlier eluting peak afforded 38.56 mg of 16: LCMS m/z:

380.0 [M + H]+; 1H NMR (400 MHz, DMSO-d6, 80 °C): δ 8.55 (s,
1H), 7.64 (d, 1H, J = 9.3 Hz), 7.48 (br d, 1H, J = 6.2 Hz), 6.19 (d,
1H, J = 9.3 Hz), 5.46 (sxt, 1H, J = 7.4 Hz), 4.02−3.89 (m, 1H), 3.61
(ttd, 2H, J = 2.2, 4.2, 12.3 Hz), 2.97−2.89 (m, 2H), 2.88 (s, 3H),
2.27−2.15 (m, 1H), 2.06−1.97 (m, 2H), 1.91 (quind, 1H, J = 7.1,
13.9 Hz), 1.71−1.59 (m, 2H), 1.51 (d, 3H, J = 6.8 Hz), 0.77 (t, 3H, J
= 7.5 Hz); 13C NMR (DMSO-d6, 151 MHz, 70 °C): δ 162.95,
160.18, 158.70, 155.74, 136.15, 116.24, 104.87, 49.87, 47.01, 43.97,
34.67, 30.40, 25.49, 17.29, 10.78; [α]D

25 −19.5 (c 0.087, CHCl3);
98.9% ee by chiral analytical SFC/MS [Column: Chiralpak AD-3 150

× 4.6 mm I.D., 3 μm; mobile phase: A: CO2 B/ethanol (0.05%
diethylamine); gradient: from 5 to 40% of B in 5.0 min and hold 40%;
for 2.5 min, then 5% of B for 2.5 min; flow rate: 2.5 mL/min; column
temperature: 35 °C]; HRMS: calculated for C17H25N5O3S [M + H]+,
380.1751; found 380.1755.

The later eluting peak afforded 28.92 mg of 17: LCMS m/z: 379.9
[M + H]+; 1H NMR (400 MHz, DMSO-d6, 80 °C): δ 8.54 (s, 1H),
7.64 (d, 1H, J = 9.3 Hz), 7.48 (br d, 1H, J = 6.8 Hz), 6.19 (d, 1H, J =
9.3 Hz), 5.52−5.40 (m, 1H), 4.01−3.89 (m, 1H), 3.61 (ttd, 2H, J =
2.0, 4.1, 12.2 Hz), 2.97−2.89 (m, 2H), 2.88 (s, 3H), 2.27−2.14 (m,
1H), 2.06−1.97 (m, 2H), 1.91 (quind, 1H, J = 7.2, 13.9 Hz), 1.72−
1.59 (m, 2H), 1.51 (d, 3H, J = 6.8 Hz), 0.77 (t, 3H, J = 7.5 Hz); 13C
NMR (101 MHz, DMSO-d6, 80 °C): δ 162.81, 160.12, 158.49,
155.66, 135.92, 116.20, 104.80, 49.83, 46.93, 43.80, 34.80, 30.32/
30.29, 25.42, 17.13, 10.60; [α]D

25 +7.56 (c 0.097, CHCl3); 99.5% ee by
chiral analytical SFC/MS. HRMS: calculated for C17H25N5O3S [M +
H]+, 380.1751; found 380.1758. The absolute stereochemistry was
not determined for either enantiomer.

2-{[1-(Methanesulfonyl)piperidin-4-yl]amino}-8-(propan-2-yl)-
pyrido[2,3-d]pyrimidin-7(8H)-one (18). By the same method as 3, 2-
(methylthio)-8-(propan-2-yl)pyrido[2,3-d]pyrimidin-7(8H)-one47

was converted in two steps to 18 (103.6 mg, 33% 2-step yield) as a
solid, after purification by preparative HPLC and lyophilization.
LCMS m/z: 366.1 [M + H]+; 1H NMR (400 MHz, CDCl3): δ 8.39
(s, 1H), 7.41 (d, 1H, J = 9.3 Hz), 6.36 (br d, 1H, J = 9.3 Hz), 5.73
(sept, 1H, J = 7.0 Hz), 4.12−3.98 (m, 1H), 3.80 (br d, 2H, J = 11.5
Hz), 2.96 (br t, 2H, J = 11.2 Hz), 2.84 (s, 3H), 2.25−2.16 (m, 2H),
1.78−1.65 (m, 2H), 1.60 (br d, 6H, J = 7.0 Hz); 13C NMR (101
MHz, DMSO-d6, 80 °C): δ 162.58, 160.13, 158.46, 155.35, 135.82,
116.33, 104.93, 46.84, 43.88/43.78, 34.76, 30.32, 18.89, HRMS:
calculated for C16H23N5O3S [M + H]+, 366.1594; found 366.1599.

(1R,2R)-2-{[5-(Hydroxymethyl)-2-(methylthio)pyrimidin-4-yl]-
amino}-1-methylcyclopentan-1-ol. To a solution of (1R,2R)-2-
amino-1-methylcyclopentan-1-ol52 25 (21.6 g, 188 mmol) in 2-
propanol (∼350 mL) was added solid [4-chloro-2-(methylthio)-
pyrimidin-5-yl]methanol (CAS# 1044145-59-6) (34.8 g, 182 mmol)
and DIPEA (95.3 mL, 547 mmol). The mixture was degassed with
nitrogen, stirred under a nitrogen atmosphere at rt for 15 min, then at
80 °C for 40 h. The volatiles were removed, and the residual oil (95
g) was partitioned between EtOAc (800 mL) and saturated aqueous
NaCl (250 mL). The aqueous layer was further extracted with EtOAc
(3 × 500 mL). The combined organic extracts were dried over
sodium sulfate, concentrated to oil (75 g), dissolved in EtOAc (200
mL), and heated to 60 °C. Some white solid was observed 5 min after
initiation of heating. Heptane (400 mL) was added slowly to the
suspension and stirring continued at 60 °C for 15 min. The
suspension was cooled to rt and then in an ice−water bath for 15 min.
The resulting precipitate was collected by filtration and dried to give
(1R,2R)-2-{[5-(hydroxymethyl)-2-(methylthio)pyrimidin-4-yl]-
amino}-1-methylcyclopentan-1-ol (47.8 g, 97%, 98% ee). LCMS m/z:
270.2 [M + H]+; 1H NMR (400 MHz, CDCl3): δ 7.76 (s, 1H), 6.01
(d, 1H, J = 4.6 Hz), 5.31 (br s, 1H), 4.55 (s, 2H), 4.26 (ddd, 1H, J =
5.7, 8.2, 10.5 Hz), 2.50 (s, 3H), 2.21 (ddd, 1H, J = 3.5, 8.2, 12.1 Hz),
1.97 (dt, 1H, J = 3.5, 7.7 Hz), 1.89−1.76 (m, 2H), 1.75−1.63 (m,
1H), 1.60−1.50 (m, 2H), 1.11 (s, 3H); [α]D

22 +37.7 (c 1.0, MeOH);
98% ee by chiral analytical SFC/MS [Chiralpak IC-3, 4.6 × 150 mm,
3 μm column heated to 25 °C and eluted with a mobile phase of CO2
and 30% ammonia in methanol (20 mM v/v) flowing at 4.0 mL/min
and maintained at 160 bar outlet pressure].

4-{[(1R,2R)-2-Hydroxy-2-methylcyclopentyl]amino}-2-
(methylthio)pyrimidine-5-carbaldehyde (26). To a 2 L 3-necked
flask equipped with a mechanical stirrer and a reflux condenser were
added solid manganese dioxide (10 μm mesh, reagent grade, 278 g,
2660 mmol), EtOAc (1.2 L), and solid (1R,2R)-2-{[5-(hydrox-
ymethyl)-2-(methylthio)pyrimidin-4-yl]amino}-1-methylcyclopenta-
nol (47.7 g, 177 mmol). The flask was heated in a 50 °C oil bath for 4
h. More manganese dioxide (80 g) was added; stirring and heating
were continued for another 16 h, until the reaction was completed by
LCMS. The solid was removed by filtration, and the flask and filter
cake were washed with EtOAc (1 L). The combined filtrates were
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filtered again to completely remove trace insolubles and then
evaporated to give 4-{[(1R,2R)-2-hydroxy-2-methylcyclopentyl]-
amino}-2-(methylthio)pyrimidine-5-carbaldehyde 26 (43.8 g, 93%,
>98% ee) as a white solid. 1H NMR (400 MHz, CDCl3): δ 9.73 (s,
1H), 8.66 (br s, 1H), 8.35 (s, 1H), 4.39 (ddd, 1H, J = 6.5, 8.2, 9.6
Hz), 4.16 (s, 1H), 2.57 (s, 3H), 2.33−2.22 (m, 1H), 2.03−1.92 (m,
1H), 1.89−1.68 (m, 3H), 1.68−1.56 (m, 1H), 1.17 (s, 3H); [α]D

22

+12.7 (c 1.0, CHCl3); >98% ee by chiral analytical SFC/MS
[Chiralpak IC-3, 4.6 × 150 mm, 3 μm column heated to 25 °C and
eluted with a mobile phase of CO2 and 30% ammonia in methanol
(20 mM v/v) flowing at 4.0 mL/min and maintained at 160 bar outlet
pressure]; LCMS m/z: 268.2 [M + H]+.
8-[(1R,2R)-2-Hydroxy-2-methylcyclopentyl]-2-(methylthio)-

pyrido[2,3-d]pyrimidin-7(8H)-one. To a 2 L three-necked flask
equipped with a mechanical stirrer and an internal thermometer were
added solid 4-{[(1R,2R)-2-hydroxy-2-methylcyclopentyl]amino}-2-
(methylthio)pyrimidine-5-carbaldehyde 26 (34.2 g, 128 mmol),
THF (400 mL), and EtOAc (33.4 mL, 333 mmol). The solution
was purged with nitrogen and cooled in a MeOH−ice bath to −5 °C
internal. LiHMDS (1.0 M solution in THF, 4 × 100 mL freshly
opened bottles, 400 mmol) was added by cannula, slowly enough to
keep the internal temperature at −5 °C. A light yellow precipitate
began to form after ∼300 mL LiHMDS solution had been added.
Stirring was continued as the mixture gradually warmed to rt
overnight. The resulting red solution was cooled in an ice−water bath
to ∼3 °C internal and then EtOH (224 mL, 3840 mmol) was added
using a cannula, slowly enough to keep the internal temp at ∼3 °C
internal. The mixture was stirred in the ice bath for 1 h; then, the
cooling bath was removed, the solution was allowed to warm to 20 °C
internal and stirring continued for 1 h. The solvents were evaporated,
the residue was diluted with water (180 mL) and saturated aqueous
NaCl (180 mL), and the aqueous layer was extracted with EtOAc
(700 mL, then 2 × 600 mL). The combined organic extracts were
dried over sodium sulfate and concentrated to a light yellow-brown
foam (43.8 g). This foam was dissolved in EtOAc (70 mL) and
sonicated to induce precipitation. The resulting solid was collected by
filtration, rinsed with EtOAc (10 mL), and dried to give 8-[(1R,2R)-
2-hydroxy-2-methylcyclopentyl]-2-(methylthio)pyrido[2,3-d]-
pyrimidin-7(8H)-one (21.4 g, 58%, >99% ee) as a white solid. The
mother liquor from the precipitation was evaporated to dryness, the
residue (24.5 g) was dissolved in EtOAc (30 mL), and the solution
was sonicated to induce precipitation. After filtration and drying, a
second crop of the product (4.70 g, 13%, >99% ee) was obtained as a
white solid. The total yield for both crops was 26.1 g (71%, >99% ee)
after crystallization. 1H NMR (400 MHz, CDCl3): δ 8.61 (s, 1H),
7.56 (d, 1H, J = 9.4 Hz), 6.60 (d, 1H, J = 9.4 Hz), 5.84 (t, 1H, J = 8.6
Hz), 2.92−2.76 (m, 1H), 2.64 (s, 3H), 2.34−2.19 (m, 2H), 2.13−
2.01 (m, 2H), 2.00−1.81 (m, 2H), 1.16 (s, 3H); [α]D

22 −12.9 (c 1.0,
MeOH). >99% ee by analytical chiral SFC/MS [Chiralpak AD-3, 4.6
× 100 mm, 3 μm column heated to 25 °C and eluted with a mobile
phase of CO2 and 40% methanol flowing at 4.0 mL/min and
maintained at 120 bar outlet pressure]; LCMS m/z: 292.2 [M + H]+.
8 - [ ( 1R , 2R ) - 2 -Hyd roxy - 2 -me thy l c y c l open t y l ] - 2 - { [ 1 -

(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-
7(8H)-one (19). A solution of 8-[(1R,2R)-2-hydroxy-2-methylcyclo-
pentyl]-2-(methylthio)-pyrido[2,3-d]pyrimidin-7(8H)-one (27)
(2.33 g, 8.0 mmol), 2-MeTHF (40 mL), water (8 mL), and oxone
(12.3 g, 20 mmol) was stirred at rt for 4 h. The solution was cooled in
a water bath, diluted with water (10 mL) and saturated aqueous NaCl
(10 mL), and extracted with EtOAc (3 × 80 mL). The combined
organic extracts were dried over sodium sulfate, evaporated to dark oil
(3.76 g), and purified by silica gel chromatography (eluting with a
gradient of 20−100% EtOAc in heptane) to give 8-[(1R,2R)-2-
hydroxy-2-methylcyclopentyl]-2-(methylsulfonyl)pyrido[2,3-d]-
pyrimidin-7(8H)-one (2.2 g, 84%) as a foamy solid. 1H NMR (400
MHz, CDCl3): δ 8.96 (s, 1H), 7.74 (d, 1H, J = 9.5 Hz), 6.90 (d, 1H, J
= 9.4 Hz), 5.77 (t, 1H, J = 8.5 Hz), 3.40 (s, 3H), 2.92−2.73 (m, 1H),
2.36−2.25 (m, 1H), 2.19−2.08 (m, 2H), 2.03−1.85 (m, 2H), 1.14 (s,
3H); LCMS m/z: 306.0 [M-18]+. A solution of this sulfone (800 mg,
2.47 mmol) and 1-(methylsulfonyl)piperidin-4-amine (970 mg, 5.44

mmol) in 2-MeTHF (12.4 mL) was heated in a 60 °C oil bath for 24
h. After cooling to rt, the mixture was partitioned between EtOAc (80
mL), water (10 mL), and saturated aqueous NaHCO3 (10 mL). The
aqueous layer was further extracted with EtOAc (2 × 60 mL). The
combined organic extracts were dried over sodium sulfate and
evaporated to dryness. The residue (1.23 g) was dissolved in EtOAc
(11 mL), seed crystals were added, and the solution was allowed to
stand at rt overnight. The resulting solid was collected by filtration,
rinsed with EtOAc (3 mL), and dried to give 8-[(1R,2R)-2-hydroxy-2-
methylcyclopentyl]-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-
pyrido[2,3-d]pyrimidin-7(8H)-one (19) (680 mg, 63%, >99% ee) as
a white solid. 1H NMR (400 MHz, CDCl3): δ 8.43 (s, 1H), 7.45 (d,
1H, J = 9.3 Hz), 6.36 (d, 1H, J = 9.4 Hz), 5.73 (t, 1H, J = 8.4 Hz),
5.34 (br s, 1H), 4.01 (br s, 1H), 3.88−3.74 (m, 2H), 3.01−2.89 (m,
2H), 2.83 (s, 4H), 2.36 (br s, 1H), 2.29−2.14 (m, 3H), 2.03 (dt, 2H, J
= 2.9, 6.3 Hz), 1.98−1.89 (m, 1H), 1.88−1.81 (m, 1H), 1.78−1.60
(m, 2H), 1.18 (s, 3H); 13C NMR (101 MHz, DMSO-d6, 80 °C):
δ162.86, 160.16, 158.50, 156.19, 135.88, 116.59, 104.88, 80.25, 62.96,
47.02, 43.92, 41.53, 34.83, 30.29/30.24, 26.68, 23.49, 22.83; [α]D

22

−17.0 (c 1.0, CHCl3); >99% ee by chiral analytical SFC/MS [Lux
Cellulose-1, 4.6 × 100 mm, 3 μm column heated to 25 °C and eluted
with a mobile phase of CO2 and 5−60% methanol gradient in 3.0 min
flowing at 4.0 mL/min and maintained at 120 bar outlet pressure];
HRMS: calculated for C19H27N5O4S [M + H]+, 422.1857; found
422.1863.

6-Chloro-8-[(1R,2R)-2-hydroxy-2-methylcyclopentyl]-2-{[1-
(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-
7(8H)-one (20). A solution of 8-[(1R,2R)-2-hydroxy-2-methylcyclo-
pentyl]-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]-
pyrimidin-7(8H)-one (19) (4.22 g, 10 mmol) and N-chlorosuccini-
mide (1.53 g, 11 mmol) in 2-MeTHF (100 mL) was stirred in a 50
°C oil bath for 44 h. After cooling to rt, ethanol (1.75 mL, 30 mmol)
was added and the mixture stirred at rt for 1 h. The solution was
diluted with EtOAc (120 mL) and washed with a mixture of water
(15 mL) and saturated aqueous NaHCO3 (15 mL). The aqueous
layer was further extracted with EtOAc (80 mL). The combined
organic layers were washed with saturated aqueous NaCl (15 mL),
dried over sodium sulfate, filtered, and concentrated to dryness.
Ethanol (45 mL) was added to the residue, and the resulting
suspension was stirred in a 55 °C oil bath for 1 h, then allowed to
cool, while stirring, to rt overnight. The resulting white solid was
collected by filtration, rinsed with EtOH (3 mL), and dried under
vacuum (∼10 mmHg, 50 °C) to give 20 (3.86 g, 84%, >99% ee) as a
white solid. 1H NMR (400 MHz, DMSO-d6, 80 °C): δ 8.60 (s, 1H),
8.02 (s, 1H), 7.61 (br s, 1H), 5.91 (dd, 1H, J = 7.4, 9.2 Hz), 4.09 (s,
1H), 4.04−3.94 (m, 1H), 3.70−3.49 (m, 2H), 2.97−2.88 (m, 2H),
2.87 (s, 3H), 2.48−2.42 (m, 1H), 2.20 (dt, 1H, J = 8.1, 11.4 Hz), 2.09
(d, 1H, J = 12.3 Hz), 2.05−1.96 (m, 2H), 1.96−1.84 (m, 2H), 1.79−
1.66 (m, 2H), 1.65−1.51 (m, 1H), 1.01 (s, 3H); 13C NMR (101
MHz, DMSO-d6, 80 °C): δ 160.06, 158.58, 158.46, 155.00, 133.82,
119.74, 104.18, 80.25, 64.05, 47.10, 43.88, 41.53, 34.83, 30.21, 30.14,
26.61, 23.42, 22.80; [α]D

22 −31.4 (c 0.4 MeOH); >99% ee by chiral
analytical SFC/MS [Phenomenex Lux Cellulose-1 4.6 × 100 mm 3μ
column; rt; mobile phase 30% MeOH in CO2; 120 bar outlet
pressure; flow at 4 mL/min]; HRMS: calculated for C19H26ClN5O4S
[M + H]+, 456.1467; found 456.1472.

(−)-8-[(1R*,2R*)-2-Hydroxy-2-methylcyclopentyl]-6-methyl-2-
{[1-(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]pyrimidin-
7(8H)-one (21) and (+)-8-[(1R*,2R*)-2-Hydroxy-2-methylcyclopen-
tyl]-6-methyl-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}pyrido-
[2,3-d]pyrimidin-7(8H)-one (ent-21). By the same two-step proce-
dure used to make the single-enantiomer analogue 4-{[(1R,2R)-2-
hydroxy-2-methylcyclopentyl]amino}-2-(methylthio)pyrimidine-5-
carbaldehyde (26), [4-chloro-2-(methylthio)pyrimidin-5-yl]methanol
(92 g, 0.48 mol) and rac-(1R*,2R*)-2-amino-1-methylcyclopentan-1-
ol52 (72 g, 0.625 mol) were used to prepare 82.6 g of rac-4-
{[(1R*,2R*)-2-hydroxy-2-methylcyclopentyl]amino}-2-(methylthio)-
pyrimidine-5-carbaldehyde in 64% yield over 2 steps. This aldehyde
(6.50 g, 24.3 mmol) was subjected to cyclization with ethyl
propionate, sulfur oxidation, and amination using the methods
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described in the synthesis of compound 4. This sequence gave 4.48 g
of rac-8-[(1R*,2R*)-2-hydroxy-2-methylcyclopentyl]-2-{[1-
(methanesulfonyl)piperidin-4-yl]amino}-6-methylpyrido[2,3-d]-
pyrimidin-7(8H)-one as a white solid in 42% yield over three steps.
1H NMR (400 MHz, CDCl3): δ 8.38 (s, 1H), 7.33 (s, 1H), 5.74 (t,
1H, J = 8.4 Hz), 5.43−5.21 (m, 1H), 3.97 (br s, 1H), 3.82 (t, 2H, J =
10.3 Hz), 2.98−2.87 (m, 2H), 2.83 (s, 3H), 2.47 (br s, 1H), 2.32−
2.18 (m, 3H), 2.15 (s, 3H), 2.08−1.57 (m, 7H), 1.16 (s, 3H); LCMS
m/z: 436.1 [M + H]+. To separate the enantiomers, 200 mg of the
racemate was submitted to chiral preparative SFC [Chiralpak AD-H
30 × 250 mm column at 36 °C; flow of 40% MeOH in CO2 held at
100 bar, 80 mL/min; detection with UV 336 nm.]
The earlier eluting peak afforded (+)-8-[(1R*,2R*)-2-hydroxy-2-

methylcyclopentyl]-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-6-
methylpyrido[2,3-d]pyrimidin-7(8H)-one ent-21 (97.1 mg, >99% ee)
as a white solid. 1H NMR (400 MHz, CDCl3): δ 8.38 (br s, 1H), 7.33
(s, 1H), 5.75 (t, 1H, J = 8.4 Hz), 5.41 (br s, 1H), 4.00 (br s, 1H), 3.81
(t, 2H, J = 10.6 Hz), 3.02−2.88 (m, 2H), 2.83 (s, 4H), 2.33−2.18 (m,
3H), 2.16 (s, 3H), 2.09−1.80 (m, 4H), 1.77−1.58 (m, 3H), 1.16 (s,
3H); 1H NMR (400 MHz, DMSO-d6, 80 °C): δ 8.49 (s, 1H), 7.52 (s,
1H), 7.25 (d, 1H, J = 5.5 Hz), 5.87 (t, 1H, J = 7.8 Hz), 3.98 (br s,
2H), 3.61 (t, 2H, J = 10.8 Hz), 2.97−2.89 (m, 2H, J = 6.6 Hz), 2.87
(s, 3H), 2.59−2.52 (m, 1H), 2.33−2.17 (m, 1H), 2.14−2.06 (m, 1H),
2.03 (s, 3H), 2.01−1.82 (m, 4H), 1.76−1.53 (m, 3H), 1.00 (s, 3H);
[α]D

22 +31.5 (c 0.1 MeOH); >99% ee by chiral analytical SFC/MS
[Chiralpak AD-3 4.6 × 100 mm column; 30% MeOH; 120 bar; 4
mL/min]; LCMS m/z: 435.9 [M + H]+.
The later eluting peak afforded (−)-8-[(1R*,2R*)-2-hydroxy-2-

methylcyclopentyl]-2-{[1-(methanesulfonyl)piperidin-4-yl]amino}-6-
methylpyrido[2,3-d]pyrimidin-7(8H)-one 21 (97.9 mg, ∼99% ee) as
a white solid. 1H NMR (400 MHz, CDCl3): δ 8.39 (br s, 1H), 7.33 (s,
1H), 5.75 (t, 1H, J = 8.3 Hz), 5.35 (br s, 1H), 3.99 (br s, 1H), 3.81 (t,
2H, J = 10.6 Hz), 3.01−2.88 (m, 2H), 2.83 (s, 4H), 2.33−2.18 (m,
3H), 2.16 (s, 3H), 2.10−1.79 (m, 4H), 1.75−1.53 (m, 3H), 1.16 (s,
3H); 1H NMR (400 MHz, DMSO-d6, 80 °C): δ 8.49 (br s, 1H), 7.52
(br s, 1H), 7.24 (br s, 1H), 5.87 (t, 1H, J = 6.7 Hz), 3.98 (br s, 2H),
3.61 (br s, 2H), 2.91 (br s, 2H), 2.87 (br s, 3H), 2.29−2.17 (m, 1H, J
= 9.4 Hz), 2.13−2.06 (m, 1H), 2.03 (br s, 3H), 2.00−1.81 (m, 4H),
1.77−1.49 (m, 3H), 1.00 (br s, 3H); 13C NMR (101 MHz, DMSO-d6,
80 °C): δ 163.35, 159.66, 157.42, 155.34, 132.19, 124.32, 104.86,
80.27, 63.18, 46.95, 43.93, 41.54, 34.80, 30.33/30.28, 26.75, 23.50,
22.86, 15.94, [α]D

22 −29.8 (c 0.1 MeOH); >99% ee by chiral analytical
SFC/MS [Chiralpak AD-3 4.6 × 100 mm column; 30% MeOH; 120
bar; 4 mL/min]; HRMS: calculated for C20H29N5O4S [M + H]+,
436.2013; found 436.2018. The absolute stereochemistry was not
determined for either enantiomer.
6-(Difluoromethyl)-8-[(1R,2R)-2-hydroxy-2-methylcyclopentyl]-

2-{[1-(methanesulfonyl)piperidin-4-yl]amino}pyrido[2,3-d]-
pyrimidin-7(8H)-one (22). A 2 L, 4-necked flask equipped with an
overhead stirrer, an internal thermometer, and a 250 mL dropping
addition funnel was charged with DMSO (1000 mL) and 8-[(1R,2R)-
2-hydroxy-2-methylcyclopentyl]-2-{[1-(methanesulfonyl)piperidin-4-
yl]amino}pyrido[2,3-d]pyrimidin-7(8H)-one 19 (26.38 g, 64.74
mmol). The mixture was stirred at rt (20 °C) until the solids
dissolved completely, then sodium difluoromethanesulfinate (44.7 g,
324 mmol) was added portionwise. Iron(III) chloride on silica gel
(105 g of 5 wt % loading, to deliver 5.25 g FeCl3, 32.4 mmol) was
added portionwise, causing a slight exotherm, raising the internal
temperature to 25 °C. The dropping addition funnel was charged with
a tert-butyl hydroperoxide solution (70 wt % in water, 41.7 g, 324
mmol) dissolved in DMSO (100 mL). This solution was added
dropwise to the reaction flask at a rate of 1 mL/min, causing the
internal temperature to rise to 40 °C by the end of the addition. The
mixture was stirred and allowed to cool to rt for 3 h, then poured into
saturated aqueous NaCl, and extracted with EtOAc (3 × 100 mL).
The combined organic extracts were washed with saturated aqueous
NaCl (3 × 100 mL), dried over sodium sulfate, concentrated, and
purified by silica gel chromatography (eluting with 20−80% EtOAc in
heptane) to give 22 (17.53 g, 57%) as a yellow foam. Two batches of
chromatographed 22 (28 g total) were dissolved in acetone,

combined, and concentrated to ∼300 mL. MTBE (500 mL) was
added and the solution was heated to 50 °C until crystallization
occurred. The suspension was sonicated, more MTBE was added
(300 mL), and the suspension was allowed to stand at rt for 30 min.
Heptane (500 mL total) was added in portions with sonication, then
the solids were collected by filtration and washed with heptane. The
filtered solids were dissolved in hot ethanol (300 mL). The solution
was concentrated under reduced pressure until crystallization began to
occur and then allowed to stand at rt for 24 h. Heptane (500 mL) was
added, then the solids were collected by filtration and rinsed with
additional heptane. The ethanol/heptane filtrate was concentrated to
dryness, and the residue was recrystallized in the same manner to
afford a second crop. The two crops of precipitate were combined,
slurried in hot ethanol (100 mL), sonicated, and allowed to stand at rt
for 30 min before heptane (300 mL) was added, and the suspension
was allowed to stand at rt for 1.5 h. The resulting crystals were
collected by filtration, washed with heptane, and dried to constant
volume, affording 22 (18.59 g, 66% for the recrystallization
procedure) as a colorless solid. 1H NMR (400 MHz, DMSO-d6, 80
°C): δ 8.73 (s, 1H), 8.04 (s, 1H), 7.81 (br s, 1H), 6.83 (t, 1H, J =
55.3 Hz), 5.87 (dd, 1H, J = 7.6, 9.3 Hz), 4.11 (s, 1H), 4.07−3.94 (m,
1H), 3.68−3.56 (m, 2H), 2.97−2.89 (m, 2H), 2.88 (s, 3H), 2.20 (dt,
1H, J = 8.8, 11.0 Hz), 2.14−2.05 (m, 1H), 2.05−1.93 (m, 2H), 1.93−
1.85 (m, 2H), 1.77−1.66 (m, 2H), 1.66−1.52 (m, 1H), 1.02 (s, 3H).
13C NMR (101 MHz, DMSO-d6): δ 161.82−161.61 (m, 1C), 161.55,
161.41, 157.22, 135.42 (t, 1C, J = 5.9 Hz), 120.25 (t, 1C, J = 20.5
Hz), 112.40 (t, 1C, J = 235.5 Hz), 104.48 (br s, 1C), 81.16, 64.24,
48.10, 44.84 (s, 2C), 42.45, 35.73, 31.08 (br d, J = 6.4 Hz, 2C), 27.53,
24.38, 23.77. 19F NMR (376 MHz, DMSO-d6, 80 °C): δ −116.90 (s,
2F). [α]D

22 −22.1 (c 0.5 CHCl3);
tR 2.68 min, >99.5% ee by chiral

analytical SFC/MS [Phenomenex Lux Cellulose-1 4.6 × 100 mm 3μ
column; rt; mobile phase: 15% MeOH in CO2; 120 bar; 4 mL/min];
Anal. Calcd for C20H27F2N5O4S: C, 50.95; H, 5.77; N, 14.85; F, 8.06;
S, 6.80. Found: C, 51.03; H, 5.78; N, 14.63; F, 7.92; S, 6.75. LCMS
m/z: 472.2 [M + H]+.

Methyl 4,4-Difluorobutanoate. To a solution of 2,2-dimethyl-1,3-
dioxane-4,6-dione (Meldrum’s acid, 14.4 g, 52 mmol) in CH2Cl2 (200
mL) at 0 °C was added difluoroacetic anhydride (17 g, 98 mmol),
followed by triethylamine (24.7 g, 245 mmol). The cooling bath was
removed and stirring continued at rt for 3 h. The reaction was poured
into a separatory funnel, washed with saturated aqueous NaCl (100
mL), dried over sodium sulfate, filtered, and concentrated to crude
brown oil (24 g). This oil was dissolved in CH2Cl2 (400 mL), cooled
to 0 °C, and acidified with acetic acid (38.9 g, 648 mmol). Sodium
borohydride (4.50 g, 119 mmol) was added in five portions over 30
min. The reaction was refrigerated at 4 °C overnight, then cooled to 0
°C, quenched with saturated aqueous NaCl (100 mL), and stirred
vigorously at 0 °C for 30 min. Additional water was added as
necessary to dissolve solids, then the layers were separated. The
organic layer washed with saturated aqueous NaCl (100 mL), dried
over sodium sulfate, filtered, and concentrated to dryness. The residue
was dissolved in CH2Cl2 (200 mL), cooled to 0 °C, washed with 4 M
HCl (100 mL) and saturated aqueous NaCl (100 mL), dried over
sodium sulfate, filtered, and concentrated to give 5-(2,2-difluor-
oethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (11.6 g, 57%, ∼90% pure
by NMR) as a yellow solid. 1H NMR (400 MHz, CDCl3): δ 6.32 (tt,
1H, J = 5.0, 57.4 Hz) 3.70 (tt, 1H, J = 1.1, 6.2 Hz), 2.62 (ddt, 2H, J =
5.1, 6.2, 15.6 Hz), 1.86 (s, 3H), 1.80 (s, 3H); 19F NMR (377 MHz,
CDCl3): δ −117.59 (s, 2F). Two sealable 350 mL reaction vessels
were each charged with 5-(2,2-difluoroethyl)-2,2-dimethyl-1,3-diox-
ane-4,6-dione (5.3 g, 25 mmol), copper powder (243 mg, 3.82
mmol), pyridine (180 mL), and methanol (20 mL). The suspensions
were degassed with nitrogen (3 cycles), sealed, and heated to 120 °C
for 4 h. The contents of the two vessels were combined, cooled in an
ice/water bath, diluted with CH2Cl2 (200 mL), and acidified to pH 2
with 6 M HCl. The organic layer was separated, dried over sodium
sulfate, filtered, concentrated, and purified by silica gel chromatog-
raphy (eluting with CH2Cl2) to give methyl 4,4-difluorobutanoate
(5.4 g, 70%) as yellow oil. 1H NMR (400 MHz, CDCl3): δ 5.93 (tt,
1H, J = 4.3, 56.7 Hz), 3.71 (s, 3H), 2.52 (t, 2H, J = 7.5 Hz), 2.17 (dtt,
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2H, J = 4.3, 7.4, 17.3 Hz); 19F NMR (376 MHz, CDCl3): δ −117.73
(s, 2F); 13C NMR (101 MHz, CDCl3): δ 172.43, 116.02 (t, J = 238.8
Hz), 51.91, 29.29 (t, J = 22.0 Hz), 26.55 (t, J = 6.2 Hz).
6-(2,2-Difluoroethyl)-8-[(1R,2R)-2-hydroxy-2-methylcyclopentyl]-

2-(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one. Condensation and
cyclization were achieved by using a similar method to the one used in
the synthesis of 8-[(1R,2R)-2-hydroxy-2-methylcyclopentyl]-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one but using methyl
4,4-difluorobutanoate (1.34 g, 9.73 mmol) instead of EtOAc and
using 4-{[(1R,2R)-2-hydroxy-2-methylcyclopentyl]amino}-2-
(methylthio)pyrimidine-5-carbaldehyde (26) (1.00 g, 3.74 mmol).
This yielded, after purification by silica gel chromatography, 6-(2,2-
difluoroethyl)-8-[(1R,2R)-2-hydroxy-2-methylcyclopentyl]-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one (589 mg, 44%, 70%
purity by NMR) as a bright yellow solid, contaminated with a small
amount of what appeared to be a vinyl fluoride/H-F elimination side
product. 1H NMR (400 MHz, CDCl3): δ 8.63 (s, 1H), 7.59 (s, 1H),
6.13 (tt, 1H, J = 4.6, 57.0 Hz), 5.88 (t, 1H, J = 8.6 Hz), 3.15 (dt, 2H, J
= 4.5, 16.3 Hz), 2.87−2.72 (m, 1H), 2.64 (s, 3H), 2.32−2.21 (m,
2H), 2.12−2.06 (m, 1H), 2.04−2.01 (m, 1H), 2.00−1.91 (m, 1H),
1.91−1.82 (m, 1H), 1.14 (s, 3H).
6-(2-Fluoropropyl)-8-((1R,2R)-2-hydroxy-2-methylcyclopentyl)-2-

((1-(methylsulfonyl)piperidin-4-yl)amino)pyrido[2,3-d]pyrimidin-
7(8H)-one (23). By the method of 19, the oxidation of 6-(2,2-
difluoroethyl)-8-[(1R,2R)-2-hydroxy-2-methylcyclopentyl]-2-
(methylthio)pyrido[2,3-d]pyrimidin-7(8H)-one (70% pure, 580 mg,
1.1 mmol), followed by the displacement of the resulting sulfone by 1-
(methylsulfonyl)piperidin-4-amine, afforded 23 (389 mg, 70%) as a
crystalline solid after recrystallization from EtOAc. 1H NMR (400
MHz, DMSO-d6, 80 °C): δ 8.58 (s, 1H), 7.70 (s, 1H), 7.48 (d, 1H, J
= 8.4 Hz), 6.19 (tt, 1H, J = 4.6, 57.2 Hz), 5.89 (dd, 1H, J = 7.5, 9.4
Hz), 4.09−4.03 (m, 1H), 4.02−3.91 (m, 1H), 3.68−3.53 (m, 2H),
3.11−3.04 (m, 2H), 3.00 (d, 1H, J = 4.6 Hz), 2.96−2.88 (m, 2H),
2.87 (s, 3H), 2.22 (dt, 1H, J = 8.6, 11.2 Hz), 2.10 (d, 1H, J = 10.8
Hz), 2.04−1.99 (m, 1H), 1.96 (d, 1H, J = 4.2 Hz), 1.93−1.80 (m,
2H), 1.77−1.46 (m, 3H), 1.00 (s, 3H); 13C NMR (101 MHz,
DMSO-d6, 80 °C): δ 162.87, 160.04, 158.44, 155.61, 135.39, 119.36
(t, J = 5.9 Hz, 1C), 115.42 (t, J = 239.2 Hz, 1C), 104.57, 80.27, 63.35,
47.06, 43.92, 41.55, 34.89, 34.59 (t, J = 24.9 Hz, 1C), 30.27/30.22,
26.68, 23.45, 22.86; 19F NMR (376 MHz, DMSO-d6, 80 °C): δ
−114.46 (s, 2F); [α]D

22 −25.1 (c 0.6 MeOH); >99% ee by chiral
analytical SFC/MS; HRMS: calcd for C21H29F2N5O4S [M + H]+,
486.1981; found 486.1985.
Purification of Cell Cycle Proteins. Purified CDK/cyclin

protein complexes were made in-house for CDK1/2/4/6/9 proteins,
which were found to be highly active by active site titrations. The
details of this work have been previously published.22 Active
recombinant human GSK3β (H350L) expressed by baculovirus in
Sf21 insect cells was purchased from Millipore Sigma.
Biochemical Potency Determination by a Mobility Shift

Assays. Compounds were tested toward untagged CDK/cyclin
kinase complexes produced in-house with a mobility shift assay
(MSA) that combines the basic principles of capillary electrophoresis
in a microfluidic environment and was performed on a Caliper
LabChip EZ Reader II (Caliper Life Science, Hopkinton, MA).53 For
example, CDK6/cyclin D1 reactions monitor the phosphorylation of
3 μM 5-carboxyfluorescein (5 FAM)-peptide 34, “Dyrktide” (5-FAM-
RRRFRPASPLRGPPK). Inhibitor Ki reactions (45 min) are initiated
with 2 mM ATP after a pre-incubation (12 min, 22 °C). Inhibition
constant (Ki) values are derived from a fit to the Morrison
equation.54,55 CDK1/2/4/9 was tested similarly. A detailed method
has been previously published.22 Compounds were also tested toward
GSK3β (H350L) with a MSA. GSK3β (H350L) reactions monitor
the phosphorylation of 2 μM 5 FAM-Peptide 15 (5-FAM-
KRREILSRRPpSYR-COOH). Inhibitor Ki reactions (30 min) are
initiated with 40 μM ATP after a pre-incubation (15 min, 22 °C).
Cell Culture. OVCAR3 cells were obtained from the American

Type Culture Collection (ATCC) and maintained in the Roswell
Park Memorial Institute (RPMI) 1640 media supplemented with 10%

fetal bovine serum and penicillin−streptomycin. All cells were
maintained in a humidified incubator at 37 °C with 5% CO2.

Phospho-Serine 807/811 RB1 ELISA. OVCAR3 cells were
seeded in growth media and allowed to adhere at 37 °C with 5% CO2
overnight. OVCAR3 cells were treated overnight with 1 mM
hydroxyurea (Sigma-Aldrich) to enrich for G1/S phase cells.
OVCAR3 cells were treated with the test compound for 1 h at 37
°C with 5% CO2. Cells were lysed, transferred to pre-coated and
blocked anti-phospho-Ser807/811 RB1 (Cell Signaling Technology,
8516) ELISA plates for overnight incubation. Plates were washed and
total RB1 detection (Cell Signaling Technology, 9309) antibody
added. HRP-tagged detection antibody (Cell Signaling Technology,
7076) and Glo substrate reagent (R&D Systems, DY993) was added
and incubated. Plates were read in luminescence mode and IC50
values calculated using GraphPad Prism v7.02 or Activity Base
v8.4.0.154 software by concentration−response nonlinear regression
curve fitting utilizing a four-parameter analytical method.

CyQuant Anti-proliferation Assay. OVCAR3 cells were seeded
in growth media in 96-well cell culture plates and allowed to adhere at
37 °C with 5% CO2 overnight. The following day, cells were treated
with test compounds for 6 days at 37 °C with 5% CO2. CyQUANT
Direct nucleic acid stain (Invitrogen, C35011) was performed
following the manufacturer’s recommendations to determine the
relative viable cell numbers on the Perkin Elmer Envision 2104 Multi
Label Reader with a FITC filter in bottom setting. 508/527 nM values
were exported and used for IC50 calculation using GraphPad Prism
v7.02 or Activity Base v8.4.0.154 software by concentration−response
nonlinear regression curve fitting utilizing a four-parameter analytical
method.

Protein Structure Preparation and MD Simulations. A
homology model of the human CDK9 structure and a complex
with cyclinT1 were constructed using Prime module in Schrödinger
suite 2016−1. The reference coordinates for the complex were
obtained from the Protein Data Bank: 4BCH, 3TN8. The modeled
complex was used for ligand docking to identify favorable interactions
between the ligand molecules and receptor protein. The docking
simulation was performed using Glide in Schrödinger, and selected
ligand poses were used for MD simulations. A co-crystal structure of
CDK2/cyclinE with compound 19 (data not shown) was prepared
using Protein preparation wizard in Maestro and used for simulations.

MD simulations were performed using the Desmond module in
Schrödinger. Each protein−ligand complex was solvated in a box of
TIP3P water molecules using an orthorhombic box under periodic
boundary conditions. The overall charge of each system was
neutralized by adding Na+ or Cl− ions.

The default system relaxation was performed before each
simulation, and the temperature and pressure were kept constant at
300 K and 1 bar throughout the simulations. The Simulation
Interaction Diagram tool in Schrödinger was used to analyze the
detailed interactions between the ligand and protein and root-mean-
square deviations (rmsd).

Animal Studies. All animal studies and handling were performed
in accordance with Pfizer’s Institutional Animal Care and Use
Committee guidelines.

Single Dose Intravenous (IV) and Oral (PO) 22 (PF-
06873600) PK in Mice. Municipal water further purified by reverse
osmosis and rodent diet were provided ad libitum in this single dose-
fed mouse study. PF-06873600 was prepared in 10% N-methyl-2-
pyrrolidone (NMP)/40% polyethylene glycol 300 (PEG 300)/50%
10 mM citrate buffer to yield concentrations of 0.6 and 1.0 mg/mL
for the IV and PO formulations, respectively. N = 3 mice each were
dosed at 3 mg/kg via tail vein (IV) and at 10 mg/kg via oral gavage
(PO). Approximately, 0.05 mL of blood was collected via retro-orbital
bleeds in tubes containing K3 EDTA at 0.083, 0.25, 0.5, 1, 3, 7 and,
24 h post-IV dose and 0.25, 0.5, 1, 2, 4, 7, and 24 h post PO dose.
Plasma samples were obtained via centrifugation and sample cleanup
was conducted by protein precipitation with acetonitrile that
contained terfenadine as the internal standard (IS). LCMS/MS (AB
Sciex QTrap 5500 and Acquity UPLC, USA) quantitation of PF-
06873600 and IS was achieved with positive ion MRM transitions of
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472.2/354.1 and 472.1/436, respectively. The reversed-phase
chromatographic system consisted of a gradient mobile phase at a
flow rate of 0.6 mL/min, containing 0.1% formic acid in water and
acetonitrile and a Waters HSS T3 1.8 μM 2.1 × 50 mm column.
Analyst version 1.6.2 was used to measure peak areas and peak area
ratios of PF-06873600 to IS. A calibration curve was constructed from
the peak area ratios (PF-06873600 to IS) with a weighted (1/x2)
linear regression using Watson version 7.5 LIMS and a calibration
curve ranging between 0.5 and 1000 ng/mL. The PK parameters were
determined from individual animal data using noncompartmental
analysis in Watson LIMS version 7.5.
Single Dose Intravenous (IV) and Oral (PO) (22) PF-

06873600 PK in Dogs. PF-06873600 was prepared in 10% NMP/
40% PEG 300/50% 10 mM citrate buffer to yield a concentration of
0. 5 mg/mL for the intravenous formulation and in 0.5%
methylcellulose containing 0.1% Tween 80 at a concentration of 0.5
mg/mL for the PO formulation. N = 2 dogs each were dosed at 0.25
mg/kg via cephalic vein (IV) and at 0.5 mg/kg via oral gavage (PO).
Approximately, 2 mL of blood was collected via jugular vein bleeds in
tubes containing K3 EDTA at 0.083, 0.25, 0.5, 1, 2, 4, 7, and 24 h
post-IV dose and 0.25, 0.5, 1, 2, 4, 7, and 24 h post-PO dose. Plasma
samples were obtained via centrifugation and sample cleanup was
conducted by protein precipitation with acetonitrile that contained
propranolol as the IS. LCMS/MS (AB Sciex 6500 and Acquity UPLC,
USA) quantitation of PF-06873600 and IS was achieved with positive
ion MRM transitions of 472.2/374.1 and 260.2/116.2, respectively.
The reversed-phase chromatographic system consisted of a gradient
mobile phase at a flow rate of 0.6 mL/min containing 0.1% formic
acid in water and acetonitrile and a Waters HSS T3 1.8 μM 2.1 × 50
mm column. Analyst version 1.5.2 was used to measure peak areas
and peak area ratios of PF-06873600 to IS. A calibration curve was
constructed from the peak area ratios (PF-06873600 to IS) with a
weighted (1/x2) linear regression using Watson version 7.5 LIMS and
a calibration curve ranging between 0.5 and 1000 ng/mL. The PK
parameters were determined from individual animal data using
noncompartmental analysis in Watson LIMS version 7.5.
Tumor Growth Inhibition Studies. Athymic immunocompro-

mised female mice between 6 and 8 weeks of age were implanted with
tumor cells from the various Champions TumorGraft models. After
the tumors reached 1000−1500 mm3, they were harvested and the
tumor fragments were implanted SC in the left flank of the female
study mice. Each animal was implanted with a passage lot 7 for CTG-
0192, CTG-0464 tumor growth was monitored twice a week using
digital calipers and the tumor volume (TV) was calculated using the
formula (0.52 × [length × width2]). When the TV reached an average
volume of 150−300 mm3, animals were matched by the tumor size
and assigned into the vehicle control and PF-06873600 30 mg/kg
groups (n = 5) and dosing was initiated on day 0 using a BID
schedule for vehicle control and PF-06873600. After the initiation of
dosing on day 0, animals were weighed twice per week using a digital
scale and TV was measured twice per week and also on the final day
of study or on the day moribund animals were euthanized. The study
was terminated when the mean tumor volume of the vehicle control
group reached 1500 mm3 or day 60, whichever happened sooner.
Single-Crystal X-ray Structure of 22 at 100 K. The single-

crystal X-ray diffraction studies were carried out on a Bruker Kappa
APEX-II CCD diffractometer equipped with Cu Kα radiation (λ =
1.5478). Crystals of the subject compound were grown by dissolving
approximately 1 mg of the sample in 350 μ L of dichloroethane, which
was then vapor diffused with pentane over 2 days. A 0.251 × 0.079 ×
0.064 mm piece of a colorless block was mounted on a cryoloop with
paratone oil. Data were collected in a nitrogen gas stream at 100(2) K
using ϕ and ϖ scans. Crystal-to-detector distance was 40 mm using
variable exposure time (2s−5s), depending on θ with a scan width of
2.0°. Data collection was 99.5% complete to 68.00° in θ. A total of
37376 reflections were collected covering the indices, −29 ≤ h ≤ 30,
−7 ≤ k ≤ 7, −30 ≤ l ≤ 28. 7702 reflections were found to be
symmetry independent, with a Rint of 0.0601. Indexing and unit cell
refinement indicated a C-centered, monoclinic lattice. The space
group was found to be C2. The data were integrated using the Bruker

SAINT software program and scaled using the SADABS software
program. Solution by direct methods (SHELXT) produced a
complete phasing model consistent with the proposed structure.

All nonhydrogen atoms were refined anisotropically by full-matrix
least-squares (SHELXL-2014). All hydrogen atoms were placed using
a riding model. Their positions were constrained relative to their
parent atom using the appropriate HFIX command in SHELXL-2014.
The absolute stereochemistry of the molecule was established by
anomalous dispersion using the Parson’s method with a Flack
parameter of 0.022(12). Crystallographic data are summarized in the
Supporting Information.

CDK2/CyclinE1 Protein Production and Crystallography.
The cDNAs encoding human full-length CDK2 and residues 96−378
of human cyclin E1 with an N-terminal His tag were synthesized and
cloned into pFastBack1 and pKRIC-N6, respectively, and then
expressed separately in insect cells. Cells were mixed, lysed in lysis
buffer (40 mM HEPES, pH 7.5, 150 mM NaCl, 0.01% 1-thioglycerol,
and 25 mM imidazole), and lysates were cleared by centrifugation.
The complex was purified on a Probond column with lysis buffer
wash, followed by step elution at 250 mM imidazole. His tags were
cleaved from cyclinE1 with TEV and dialyzed overnight. The proteins
flowed over a Probond column again. The complexes were
phosphorylated by CDK7/cyclinH1/Mat1 in a final buffer supple-
mented with 5 mM ATP and 10 mM MgCl2 and incubated for 1 h at
room temperature. The proteins flowed over a Probond column to
remove the His-tagged CDK7 complex; the complex was then loaded
on a Superdex 200 in a final buffer of 40 mM HEPES, pH7.5, 150 mM
NaCl, 0.01% 1-thioglycerol. The phosphorylated CDK2/cyclinE1
complex at a concentration of 13.25 mg/mL (combined) was filtered
with a low-protein binding 0.45 μM membrane and set up for
crystallization in MRC 48-well plates. Sitting drops in a 1:1 ratio
(protein/well solution) with a well solution containing 0.1 M MES at
pH 6, 0.18 M magnesium formate, and 9.0% (w/v) PEG 20000 were
incubated at 21 °C for 24 h. After one day, drops were streak-seeded
using a probe that was dipped into a “seed stock” solution (a
previously grown CDK2/cyclinE1 crystal crushed into 1 mL of well
solution). Data quality crystals grew 5−7 days after seeding. Apo
crystals were then introduced to 1 mM (final concentration) of the
inhibitor compound (2, 4, or 22) in 100% DMSO, in situ. After a 2 h
soak, the crystals were then placed into a cryoprotectant-containing
well solution + 22% glycerol before they were flash-frozen in liquid
N2. X-ray diffraction data were collected at the Advanced Photon
Source beamline 17-ID and processed with autoPROC from Global
Phasing.56 Structure solution and refinement were done using
BUSTER57 and COOT.58 The final refined 2.4 Å resolution structure
with 22 has been deposited to the Protein Data Bank (www.pdb.org)
with ID code 7KJS.
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■ ABBREVIATIONS
AcOH, acetic acid; ADME, absorption, distribution, metabo-
lism, and excretion; APCI, atmospheric-pressure chemical
ionization; br s, broad singlet; CDK, cyclin-dependent kinase;
DIPEA, diisopropylethylamine; d, doublet; dd, doublet of
doublets; DMF, N,N-dimethylformamide; DMSO, dimethyl
sulfoxide; dt, doublet of triplets; ESI, electrospray ionization;
ee, enantiomeric excess; ER+, estrogen receptor positive;
EtOAc, ethyl acetate; GI, gastrointestinal; HPLC, high-
performance liquid chromatography; h, hour(s); HLM,
human liver microsomes; LCMS, liquid chromatography−
mass spectrometry; LipE, lipophilic efficiency; LiHMDS,
lithium hexamethyldisilazide; LOO, leave-one-out; MDCK-
LE, Madin−Darby canine kidney low efflux cell line; MD,
molecular dynamics; MMP, matched molecular pair; MSA,
mobility shift assay; MTBE, methyl tert-butyl ether; min,
minute(s); NSCLC, non-small cell lung cancer; ppm, part per
million; q, quartet; quint, quintet; RB1, retinoblastoma
protein; rmsd, root-mean-squared deviation of atomic distance;
RRCK, Ralph Russ canine kidney cell based; rt, room
temperature; s, singlet; sept, septet; SFC, supercritical fluid
chromatography; t, triplet; THF, tetrahydrofuran; TIC, total
ion chromatogram; TLC, thin-layer chromatography
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