
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 1111–1122 |  1111

Cite this: RSC Chem. Biol., 2023,

4, 1111

Covalent targeting of non-cysteine residues in
PI4KIIIb†

Brett Cosgrove, ab Emma K. Grant,a Sophie Bertrand,a Kenneth D. Down,a

Don O. Somers,c John P. Evans,d Nicholas C. O. Tomkinson *b and
Michael D. Barker*a

The synthesis and characterisation of fluorosulfate covalent inhibitors of the lipid kinase PI4KIIIb is

described. The conserved lysine residue located within the ATP binding site was targeted, and optimised

compounds based upon reversible inhibitors with good activity and physicochemical profile showed

strong reversible interactions and slow onset times for the covalent inhibition, resulting in an excellent

selectivity profile for the lipid kinase target. X-Ray crystallography demonstrated a distal tyrosine residue

could also be targeted using a fluorosulfate strategy. Combination of this knowledge showed that a dual

covalent inhibitor could be developed which reveals potential in addressing the challenges associated

with drug resistant mutations.

Introduction

The World Health Organisation has predicted that Chronic
Obstructive Pulmonary Disease (COPD) will become the third
leading cause of death worldwide by 2030.1 Exacerbations of
COPD are frequently driven by viral infections, especially
human rhinovirus (HRV).2,3 Strong evidence has implicated
the lipid kinase PI4KIIIb, a phosphatidylinositol kinase widely
expressed in mammalian cells, in the replication of several
RNA viruses, including HRV, due to its signalling pathway.4

As a result, PI4KIIIb is an appealing target for prevention of
HRV-driven exacerbations in respiratory diseases. PI4KIIIb has
a long re-synthesis rate in human T-cells, which suggests small
molecule inhibitors with long residency time in the active site
of this protein could be a viable approach in this therapeutic
area. Inspired by the renaissance of covalent inhibition as a
mechanism to target proteins of interest,5 this strategy was
chosen for the development of inhibitors of PI4KIIIb with a
prolonged duration of action.

Cysteine targeted covalent inhibition has been a focus of
discovery science for many years, although concerns around
specificity remain.6,7 Targeting the thiol of cysteine, a nucleo-
philic and polarizable functionality, can permit the use of low
reactivity warheads to minimise off-target effects and non-
specific binding,8,9 which has led to the breakthrough discovery
of compounds such as Afatinib and Ibrutinib for the treatment
of chronic diseases in oncology.10,11 Both these drugs target a
cysteine residue via a Michael addition to an a,b-unsaturated
amide (Fig. 1).12,13 Despite these successes, two significant
limitations associated with cysteine targeted covalent drug
design have been identified.14 (I) The natural abundance of
cysteine is low and many cysteine residues are engaged in
disulfide bonds, further decreasing the availability of this

Fig. 1 Comparison of cysteine and lysine residues as targets in covalent
drug discovery.
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functionality.15 (II) Resistance can develop in a clinical
setting,16,17 where the cysteine residue can undergo single
point mutation to methionine or serine, preventing formation
of a covalent adduct when dosed with the drug. As a result,
there is a need to target alternative nucleophilic amino acids
using different covalent warheads.

Lysine is one of the most prevalent naturally occurring
amino acids, with an estimated 650 000 residues present in
the human proteome, and has recently generated interest in
covalent drug design.14,18 Despite its prevalence this critical
amino acid residue remains underexplored, probably due to its
protonation under physiological conditions, rendering the
amine unreactive to electrophiles.19 The nucleophilicity of
amino acid residues can be modulated significantly by the
local protein microenvironment.20–22 Interestingly, perturba-
tion of lysine pKa can be an advantage in covalent drug design
through the provision of selectivity to more nucleophilic
residues.23 Pioneering work of Cravatt identified several hun-
dred lysine residues with heightened reactivity, which could, in
principal, be targeted by electrophilic small molecules.24

In addition, computational methods for predicting reactive
residues in kinases are actively being developed25 although
challenges remain.26,27

Due to their potential, reactive warheads targeting lysine
residues are emerging as effective tools in covalent drug
discovery.28 For example, sulfonyl fluorides (Fig. 1) have been
shown to react with a variety of amino acid side-chains includ-
ing lysine.29,30 Taunton reported a sulfonyl fluoride covalent
warhead to probe the kinome, identifying a compound that
formed covalent adducts with 133 different endogenous
kinases.31 Despite their promising reactivity profile, there are
stability issues associated with sulfonyl fluorides that may
hinder their applicability.32,33 Increased stability can be
obtained with fluorosulfates,34,35 and new synthetic methods
to access this functionality,36,37 coupled with their tempered
reactivity in comparison to other sulfur(VI) electrophiles, render
them an attractive class of warhead.38,39

Campos and co-workers reported that a nucleophilic lysine
residue in PI3Kd could be covalently modified using activated
phenolic esters of the lipid kinase PI3Kd26 where they showed
that selectivity in the formation of the initial enzyme–inhibitor
complex was critical for achieving potent and selective covalent
inhibition. Based on this insight we embarked on an investigating
to covalently target the conserved lysine residue in PI4KIIIb as a
general approach for lipid kinase drug design.

Results and discussion

Literature describing PI4KIIIb has highlighted a hydrogen
bonding interaction between the sulfonamide moiety in 1
and Lys549 in the ATP binding pocket of the protein (Fig. 2).40

Drawing inspiration from this finding, compound 2 was
selected as a suitable starting point for this work due to its
activity against the protein of interest alongside the excellent
physicochemical profile displayed by this ligand.41

Surprisingly, a sulfonyl fluoride on this scaffold proved
susceptible to rapid hydrolysis (see ESI† for further details),
therefore, arylfluorosulfates were examined as the covalent
warhead due to their reduced electrophilicity and increased
stability.33,35 Initially, two fluorosulfate compounds 3 and 4
were prepared and screened against PI4KIIIb in both a bio-
chemical- and cell-based assay (Table 1). Covalent modification
of a protein is driven by a two-step process.42 Reversible
binding of the inhibitor within the active site places the
electrophilic moiety in close proximity to the nucleophilic
residue being targeted. Upon formation of this complex, the
covalent adduct can then be formed. Formation of the reversible
complex is time dependent and is frequently rate limiting.5 In our
enzyme assay, a 40 minutes pre-incubation was used compared to
a 48 hours incubation for the cellular cytopathic effect (CPE) assay
where the prolonged incubation may be necessary for the inhibi-
tors to covalently modify the protein (see ESI† for full details).
Within the cell assay, high levels of intracellular ATP (10 mM) were
present which can outcompete reversible competitive inhibitors.
Therefore, the measured pIC50 values were likely to drop from the
enzyme to the cell assay for reversible inhibitors, whereas for
covalent inhibition, the potency could be expected to translate or
even increase.

An increase in potency was observed for the fluorosulfate
containing compounds 3 and 4 from the enzyme to the cell
assay, indicating a potential time dependency associated with
the activity for these compounds (Table 1). Whilst the phenol
control 5 was more potent than compound 4 in the enzyme
assay it was a log unit less potent in the CPE assay. Both
compounds 4 and 5 were permeable which eliminates the
possibility of 5 not being able to enter the cell. This suggested
that the increase in activity in the cell assay for compound 4
was not driven by hydrolysis of the fluorosulfate group to the
phenol. Although the physiochemical properties were not
improved, the increase in activity within the cell assay was
encouraging. Compound 4 was below 10 nM activity in the CPE
assay and became the lead compound for characterising a
potential covalent adduct.

The selectivity profile of compound 4 over other lipid
kinases was established (Fig. 3). Pleasingly, 4100-fold selec-
tivity against other lipid kinases was observed. PI3Kg had a
pIC50 of 5.5, whilst all other lipid kinases were inactive at the
concentrations tested (pIC50 o 5).

To characterise the interaction of 4 and PI4KIIIb, mass
spectrometry was used to probe covalent modification of the

Fig. 2 Design strategy for the development of a covalent inhibitor for
PI4KIIIb.
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protein. Concentration and time dependant mass spectrometry
experiments are useful tools for determining the selectivity of
covalent modification and provide an indication of the kinetics
of the process.43 Multiple covalent adducts are indicative of
nonspecific binding and promiscuous reactivity which repre-
sents a major challenge of non-reversible inhibition in drug
discovery. In addition, the time taken to label a protein pro-
vides insight on the mechanism of modification. A time course
mass spectrometry experiment was carried out for compound 4
(5 mM) with PI4KIIIb (1 mM) (Fig. 4).

Pleasingly, compound 4 covalently modified recombinant
PI4KIIIb protein (Fig. 4). The covalent modification took
around 2 h to reach 50% conversion with 5 eq. of 4 under
neutral conditions. The parent protein displayed two peaks by
mass spectrometry corresponding to a phosphorylated and
non-phosphorylated form in roughly equal proportions. The
mass shift after covalent labelling was consistent with addition
of 4 minus the fluoride ion, correlating with attack of a
nucleophilic residue onto the electrophilic sulfur atom and
expelling a fluoride leaving group.

There are 39 lysine residues in recombinant PI4KIIIb which
could lead to non-specific labelling of the protein with multiple
warheads reacting. The incubation of an excess of 4 with the

enzyme revealed only one covalent modification, indicative of a
selective target engagement. Under the same mass spectro-
metry conditions, Wortmannin (5 mM) was profiled against
PI4KIIIb (1 mM) and the mass spectrum obtained is shown in
Fig. 5. This showed multiple covalent adducts, highlighting the
promiscuous covalent nature of Wortmannin in comparison to
4.44

Protein mass spectrometry was also used to assess
the stability of the covalent adduct between PI4KIIIb and 4.
Compound 4 (5 mM) was incubated with PI4KIIIb (1 mM) and
the adduct purified by size exclusion chromatography. The
protein sample was then saturated with high concentrations
of ATP (10 mM) and the solution monitored by mass spectro-
metry. Due to the high concentration of ATP, if the covalent
step was reversible, ATP would compete in the active site of
PI4KIIIb reducing the extent of covalent modification. The data
shown in Fig. 6 suggests that the adduct formed between 4 and
PI4KIIIb was stable under the conditions examined and not
susceptible to competitive inhibition.

Formation of the covalent adduct between 3 and PI4KIIIb
was profiled by mass spectrometry (Fig. 7). Interestingly, 3
displayed a significantly slower rate of covalent modification

Fig. 3 Lipid kinase pIC50 screening data for 4.

Fig. 4 Time course of compound 4 reacting with recombinant PI4KIIIb.

Table 1 Biochemical and physicochemical data for compounds 3–6

PI4KIIIb pIC50
a CPE pIC50

b D(CPE-PI4KIIIb) Solubility (mg mL�1) Chrom LogD7.4 AMP (nm s�1)

3 6.3 � 0.060 6.8 � 0.063 0.5 12 7.2 n.d.
4 7.2 � 0.101 8.2 � 0.058 1.0 15 6.2 215
5 7.2 � 0.145 7.0 � 0.063 �0.9 — — 510
6 8.1 7.6 � 0.005 �0.5 — — 360

a Compound incubated with protein for 40 minutes. b Compound incubated with cells for 48 hours.
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when compared to 4, reaching B50% conversion in 23 h. This
suggests that the presence of an o-chloro substituent hindered
the ability of this ligand to covalently link with PI4KIIIb.
Electronically, the presence of the o-chloro substituent would
be expected to increase the electrophilicity of the sulfur centre,
promoting reaction with the lysine residue. Therefore, the
reduced rate of covalent modification was possibly due to
an alternative conformational arrangement of 3, disfavouring
nucleophilic attack. This is supported by the decreased potency
of 3 when compared to 4 in the biological assays.

The data shown in Fig. 7 is in contrast to the expected
relative electrophilicity of the fluorosulfate groups in com-
pounds 3 and 4. The electron donating capability of the
methoxy group in 4 decreases the electrophilicity of the fluor-
osulfate, reducing the expected rate of covalent modification.
However, within the active site of PI4KIIIb, the methoxy group
increased the rate of covalent modification when compared to 3
(compare Fig. 5 and 7). It is possible that the methoxy group in
4 perturbs the pKa of Lys549 augmenting its nucleophilicity and,
as a result, increasing the rate of covalent modification (Fig. 8).

The rate of covalent modification of PI4KIIIb was surpris-
ingly slow, and this phenomenon is supported by recent
literature around arylfluorosulfate compounds targeting lysine
residues. For example, Pellecchia observed a slow onset of

arylfluorosulfate containing inhibitors.45 These findings are
consistent with a reduced reactivity of fluorosulfate containing
inhibitors when compared to alternative electrophilic warheads.

Once a selective covalent adduct for PI4KIIIb had been
obtained, it was important to understand the different binding
parameters that contributed to the potency of covalent inhibi-
tion. This was carried out using commercially available ADP-
Glo assays.46 Achieving linearity of the high control (no com-
pound) was difficult due to a prolonged onset of inhibition with
3. However, the measured onset of inhibition was reliably
measured for compound 4 and the data is shown Table 2.

The time course of the assay was significantly extended in
comparison to previous literature methods.26 For smaller KI

values, the equilibrium is driven towards an initial protein
inhibitor complex. The measured KI was 29.8 nM which means

Fig. 6 Stability of the covalent adduct between 4 (5 mM) and PI4KIIIb in
the presence of ATP (10 mM).

Fig. 7 Time course for the reaction of 3 with recombinant PI4KIII.

Fig. 8 The o-methoxy group may increase the rate of covalent
modification.

Table 2 Measured onset of inhibition of 4

kI (M) Kinact (s�1) Kinact/KI (s�1M�1)

2.98 � 10�8 1.17 � 10�4 3.9 � 103

Fig. 5 Time course of Wortmannin reacting with recombinant PI4KIIIb.
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the reversible interactions were favourable and a low concen-
tration of 4 was required to achieve 50% inhibition. Despite
this, the irreversible step, forming a covalent bond (described
by kinact), was measured to be 1.17 � 10�4 s�1, which is orders
of magnitude slower than literature precedent for a lipid kinase,
thus, the rate of covalent bond formation was deemed to be slow.26

This observation could be due to the nucleophilicity of the lysine
residue and/or the electrophilicity of the fluorosulfate. As a
result, the overall observed rate described by kinact/KI was slow.
Compound 4 is therefore suitable for a slow-onset of inhibition of
PI4KIIIb with a prolonged duration of action.

To gain further evidence that compound 4 covalently
labelled Lys549, protein X-ray crystallography was used to
characterise the adduct. Electron density consistent with 4
forming a covalent bond with Lys549 was observed (Fig. 9).
The oxygen linker of the fluorosulfate group directed the war-
head to interact with Lys549; it is possible that rotation about
the fluorosulfate warhead was restricted due to a steric clash
with the o-methoxy substituent. Compound 4 bound through a
hinge binding interaction between the valine backbone amide
and the nitrogen donor/acceptor atoms of the heterocyclic core.
In addition, the p-pyridyl head group formed a favourable
hydrogen bonding interaction with Tyr385.

The p-pyridyl head group of 4 formed a favourable hydrogen
bonding interaction with Tyr385 (Fig. 9). Based on the reported
reactivity of fluorosulfate warheads with tyrosine residues and
the hydrogen bonding interaction displayed within the crystal
structure, it was hypothesised that Tyr385 could be covalently
modified with our PI4KIIIb scaffold.45,48,49 To target this resi-
due, 8 along with the control compounds 7 and 9 were prepared
and evaluated for biological activity against the protein
(Table 4).

As shown in Table 3, 8 showed the same trend in activity as
observed for 3 and 4, where a significant increase in potency

was identified in progressing from the enzyme to the cell assay.
Control compounds 7 and 9 retained their activity in the CPE
assay rather than the value substantially increasing suggesting
they were not covalent modifiers of the protein. It is important
to note that potency in the cell assay for 7 was similar to the
potency of 8. This may suggest that once 8 entered the cell it
underwent hydrolysis to give phenol 7 which could be respon-
sible for the observed increase. In order to probe this further, 8
was profiled by mass spectrometry (Fig. 10).

A single covalent modification was detected between 8 and
PI4KIIIb with no evidence of multiple covalent adducts. It took
approximately 22 h to reach B90% conversion showing a
longer incubation time was required to engage with Tyr385

compared to that observed with 4 and Lys549, possibly due to
the reduced nucleophilicity of the tyrosine residue. We there-
fore established the kinetics of the reversible and irreversible
steps of the inhibition (Table 4).

Compound 8 was significantly slower in forming a covalent
adduct with the protein in comparison to 4 as shown by mass
spectrometry. The reversible binding for 8 was approximately
B1.4 mM and the irreversible step was r1.6 � 10�6 s�1. This
correlates to a higher concentration of compound being

Fig. 9 Crystal structure of PI4KIIIb covalently modified on Lys549 with 4
and a corresponding Fo � Fc difference ‘‘omit’’ map contoured at 3s (grey
mesh) [PyMOL47 generated figure] (PDB: 8Q6F). The compound is present
in the ATP binding site and makes key H-bonding interactions with Tyr385

and hinge residue Val598.

Table 3 Biological data for 8 and control compounds 7 and 9

PI4KIIIb pIC50
a CPE pIC50

b D(CPE-PI4KIIIb)

7 7.4 � 0.080 7.4 � 0.105 0
8 6.3 � 0.060 7.3 � 0.085 1.0
9 6.5 6.7 � 0.073 0.2

a Compound incubated with protein for 40 minutes. b Compound
incubated with cells for 48 hours.

Fig. 10 Reaction of 8 with recombinant PI4KIIIb.
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required to form a reversible complex in comparison to 4,
showing the reversible interactions to be less favourable. In
addition, covalent bond formation was two orders of magni-
tude slower for 8 in comparison to 4. As a result, the overall
observed rate described by kinact/KI for 8 was small (r1.2)
(Table 4).

To determine the site of covalent modification, X-ray crystal-
lography was carried out for 8, which showed Tyr385 was
covalently modified (Fig. 11). A hinge binding interaction with
the valine was observed as well as a bifurcated hydrogen
bonding interaction with Lys549 through the two methoxy
substituents. This highlights the versatility of the fluorosulfate
group, where two different amino acids in the same active
site were selectively covalently modified using this reactive
warhead.

As 4 modified Lys549 and 8 modified Tyr385 we were intri-
gued to discover if a compound containing two fluorosulfate
warheads could target both of these residues simultaneously;
compound 11 was designed and synthesised alongside the

bis-phenol control compound 10, which were profiled in the
biochemical and CPE assays (Table 5).

Compound 11 was inactive in the enzyme assay at the
concentrations tested suggesting this bis-fluorosulfate may
not be accommodated in the ATP binding pocket as effectively
as 10. However, there was a marked potency increase observed
in the cell assay, indicative of a time dependent inhibition of
PI4KIIIb for 11. To assess this possibility a mass spectrometry
experiment was carried out which revealed a covalent adduct
molecular ion (Fig. 12).

Compound 11 covalently modified PI4KIIIb, fully labelling
the protein after 24 h. The slow rate of covalent modification
was expected due to the weaker binding affinity of the com-
pound, suggesting a higher concentration of inhibitor would be
necessary to form the initial reversible complex. Two covalent
modifications were expected to take place and based on pre-
vious mass spectrometry and kinetic evidence, it was antici-
pated that Lys549 would react first, followed by Tyr385. To help
investigate the possibility of a dual interaction with the protein,
X-ray crystallography was used to characterise the adduct of 11
and PI4KIIIb (Fig. 13).

Compound 11 adopted a dual covalent binding mode label-
ling both Lys549 and Tyr385 maintaining the direct H-bonding

Table 4 Measured onset of inhibition of 8

kI (M) Kinact (s�1) Kinact/KI (s�1 M�1)

1.35 � 10�6 r1.6 � 10�6 r1.2

Fig. 11 Crystal structure of PI4KIIIb covalently modified on Tyr385 with 8
and a corresponding Fo � Fc difference ‘‘omit’’ map contoured at 3s (grey
mesh) [PyMOL47 generated figure] (PDB: 8Q6G). The compound is present
in the ATP binding site and makes key H-bonding interactions with Lys549

and hinge residue Val598.

Table 5 Biochemical data for 11 and control compound 10

PI4KIIIb pIC50
a CPE pIC50

b D(CPE-PI4KIIIb)

10 6.6 6.4 � 0.017 �0.2
11 o5.0 � 0.00 6.0 � 0.686c 41.0

a Compound incubated with protein for 40 minutes. b Compound
incubated with cells for 48 hours. c On one test occasion was inactive
(o5).

Fig. 12 Reaction of 11 with recombinant PI4KIIIb.
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interactions at the hinge region of the protein. Adoption of a
covalent strategy as a platform for drug discovery has been met
with remarkable clinical success, specifically in the field of
oncology.50 A specific challenge within the area is the develop-
ment of drug resistance by mutation, leading to loss of
efficacy.17 This can be avoided by targeting catalytic residues
of the protein, which on mutation, result in loss of function.50

Targeting two sites within a protein of interest could provide an
alternative approach to addressing this problem. To achieve
success against these goals, the distance between the warheads,
their trajectories relative to the nucleophilic protein residues
along with the reactivities of the warhead would need to
be optimised to ensure an appropriate compound profile.
This would require substantial compound optimisation and
presents a significant opportunity for future investigations.
Overall, this work highlights the potential of the fluorosulfate
group as a covalent modifier targeting non-cysteine residues in
proteins, an emerging area of research in chemical biology and
drug discovery.

Chemistry

To prepare the fluorosulfate warheads, COware two-chamber
glassware was used (Fig. 14).36 Sulfuryl fluoride (SO2F2) gas is
highly toxic and corrosive, therefore, a sealed COware reactor
system was used to construct the fluorosulfate warhead by
generating the gas in situ. 1,10-Sulfonyldiimidazole (SDI) 12,
trifluoroacetic acid (TFA) and KF were added to chamber A
generating SO2F2(g) which transferred to chamber B and reacted
with a phenol nucleophile under basic conditions to give the
corresponding fluorosulfate.

Suzuki coupling of the aryl bromide 13 and boronic acid 14
under conditions developed in previous work from our
laboratories41 followed by treatment with BBr3 gave the

Fig. 13 Crystal structure of 11 engaged with Lys549 and Tyr385 in PI4KIIIb
and a corresponding Fo � Fc difference ‘‘omit’’ map contoured at 3s (grey
mesh) [PyMOL47 generated figure] (PDB: 8Q6H). The compound is present
in the ATP binding site and makes key H-bonding interactions with hinge
residue Val598.

Fig. 14 Use of COware to generate fluorosulfate compounds.

Scheme 1 Synthesis of compound 3.

Scheme 2 Synthesis of compounds 4, 5 and 6.

RSC Chemical Biology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

hl
an

gu
la

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

6-
02

-0
6 

23
:1

0:
08

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00142c


1118 |  RSC Chem. Biol., 2023, 4, 1111–1122 © 2023 The Author(s). Published by the Royal Society of Chemistry

intermediate 15 (45%) after purification by chromatography.
SNAr reaction with 4-(aminomethyl)pyridine gave the phenol 16
(36%) which was converted to the fluorosulfate 3 (71%) in a
COware reactor (Scheme 1).

A similar strategy was adopted in the preparation of the target
compounds 4, 5 and 6. Suzuki coupling followed by SNAr reaction
with 4-(aminomethyl)pyridine in the presence of triethylamine gave
the phenol 5 (78%), which was converted into the corresponding
mesylate 6 (22%) or the fluorosulfate 4 (73%)51 (Scheme 2).

Probes to target Tyr385 were prepared from the known precursor
18 (Scheme 3).52 Treatment of 18 with 4-hydroxybenzylamine at
120 1C in the presence of DIPEA gave the adduct 7 (67%), which
was converted to fluorosulfate 8 (60%) in a COware reactor and the
methanesulfonate ester 9 (97%) by reaction with methanesulfonyl
chloride under basic conditions.

The bivalent probe 11 and its phenolic precursor 10 were
prepared using the same strategy starting with phenol 19 via an
SNAr reaction followed by formation of the bisfluorosulfate 11
(26%) (Scheme 4).

Conclusions

The aim of this project was to develop a selective irreversible
covalent inhibitor of PI4KIIIb which targeted the conserved

lysine (Lys549) in the ATP binding site. Compounds with fluor-
osulfate warheads were designed and synthesised based upon a
known reversible inhibitor of the protein. Compounds 3 and 4
displayed slow onset of inhibition, placing emphasis on initial
reversible interactions with the receptor over the covalent
modification resulting in an inherent selectivity for the protein.
Further studies could use an alkynylated derivative of 4 to
establish protein selectivity in a cellular environment.

This research confirms the hypothesis whereby the con-
served lysine in the lipid kinome can be targeted through a
covalent warhead attached to a selective scaffold. The crystal
structure of 4 confirmed this and also indicated the potential
for targeting covalent modification of a tyrosine residue (Tyr385)
in the active site. Compound 8 was synthesised and a crystal
structure showed that this residue could also be covalently
modified. Building upon this exciting finding, the covalent
warheads were combined to form the first dual covalent inhi-
bitor 11 targeting both lysine (Lys549) and tyrosine (Tyr385) with
X-ray crystallography supporting these proposed interactions.
A dual covalent inhibitor targeting two cysteine residues has
recently been described for FGFR4.53 With further optimisation
and tailored reactivity of the warhead this strategy provides the
potential to develop tools and drug molecules to overcome
resistance mutations such as those frequently observed in
the infectious disease and oncology areas. Targeting two
non-cysteine residues significantly widens the scope of this
approach to other proteins of interest.

Experimental
3-(4-Chloro-3-methoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo-
[1,5-a]pyrimidine

A microwave vial (20 mL) was charged with 3-bromo-2,5-dimethyl-
7-phenoxypyrazolo[1,5-a]pyrimidine (0.92 g, 2.89 mmol) (13),
(4-chloro-3-methoxyphenyl)boronic acid (0.81 g, 4.34 mmol) (14),
PdCl2(dppf)-CH2Cl2 adduct (0.189 g, 0.231 mmol), caesium carbo-
nate (1.413 g, 4.34 mmol) and 1,4-dioxane (10 mL)/water (2.5 mL).
The reaction vessel was sealed and heated in a Biotage Initiator
microwave at 130 1C for 4 h. After cooling the reaction, the reaction
mixture was passed through Celitet, diluted with ethyl acetate and
washed with brine. The organic layer was passed through a
hydrophobic frit and concentrated in vacuo to give the title
compound 3-(4-chloro-3-methoxyphenyl)-2,5-dimethyl-7-phenoxy-
pyrazolo[1,5-a]pyrimidine (1.054 g, 2.77 mmol, 96%) which was
used in the next experiment without further purification. 1H NMR
(400 MHz, DMSO-d6) d = 7.62–7.42 (m, 7H), 7.38 (d, J = 2.0 Hz, 1H),
6.00 (s, 1H), 3.93 (s, 3H), 2.61 (s, 3H), 2.44 (s, 3H). 13C NMR (101
MHz, DMSO-d6) d = 161.6, 154.8, 154.2, 152.4, 152.2, 147.9, 133.2,
131.2, 130.1, 127.4, 121.5, 121.3, 118.9, 113.0, 106.4, 91.1, 56.4,
25.3, 15.1. LCMS (formic) 97%; tret = 1.19 min, [M + H]+ = 376.3.

2-Chloro-5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-
yl)phenol (15)

A flask was charged with 3-(4-chloro-3-methoxyphenyl)-2,5-
dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (100 mg, 0.26 mmol)

Scheme 3 Synthesis of compounds 7, 8 and 9.

Scheme 4 Synthesis of compounds 10 and 11.
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and anhydrous CH2Cl2 (6 mL). The solution was stirred in an
acetone-dry ice bath, before adding boron tribromide solution
in CH2Cl2 (0.360 mL, 2.11 mmol) and the reaction was left to
stir at r.t. for 16 h. The reaction mixture was diluted with
CH2Cl2 and washed with saturated aqueous sodium bicarbo-
nate solution. The organic layer was concentrated in vacuo
and purified by MDAP (Method D). The appropriate fractions
were combined and evaporated in vacuo to give 2-chloro-5-
(2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)phenol 15
(43 mg, 0.12 mmol, 45% yield). 1H NMR (400 MHz, DMSO-d6) d
= 7.58 (m, 2H), 7.47–7.42 (m, 4H), 7.39 (d, J = 8.3 Hz, 1H), 7.23–
7.18 (m, 1H), 5.97 (s, 1H), 2.55 (s, 3H), 2.43 (s, 3H) (OH signal
not observed). 13C NMR (101 MHz, DMSO-d6) d = 161.3, 154.2,
153.6, 152.3, 152.2, 147.8, 132.7, 131.2, 130.0, 127.4, 121.4,
120.3, 117.8, 117.0, 106.6, 90.9, 25.2, 15.0. LCMS (HpH) 100%;
tret = 1.20 min, [M + H]+ 366.1. HRMS (C20H16ClN3O2) [M + H]+

requires 366.1009 found [M + H]+ 366.1004.

2-Chloro-5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo-
[1,5-a]pyrimidin-3-yl)phenol (16)

A microwave vial (5 mL) was charged with 2-chloro-5-
(2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)phenol 15
(43 mg, 0.12 mmol) (15), pyridin-4-ylmethanamine (0.013 mL,
0.13 mmol), triethylamine (0.025 mL, 0.18 mmol) and DMSO
(3 mL). The reaction vessel was sealed and heated in a micro-
wave at 120 1C for 4 h. After cooling, the reaction mixture was
diluted with EtOAc and washed with saturated aqueous sodium
bicarbonate solution. The organic layer was concentrated
in vacuo and purified by MDAP (Method E). The appropriate
fractions were combined and concentrated in vacuo to give
2-chloro-5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo
[1,5-a]pyrimidin-3-yl)phenol 16 (16 mg, 0.04 mmol, 36% yield).
1H NMR (400 MHz, DMSO-d6) d = 8.55–8.47 (m, 3H), 7.44 (d, J =
2.0 Hz, 1H), 7.40–7.36 (m, 2H), 7.34 (d, J = 8.3 Hz, 1H), 7.21 (dd, J
= 2.0, 8.3 Hz, 1H), 5.99 (s, 1H), 4.65 (d, J = 6.5 Hz, 2H), 2.55
(s, 3H), 2.34 (s, 3H) (OH signal not observed). 13C NMR
(101 MHz, DMSO-d6) d = 159.5, 153.3, 150.6, 150.2, 147.8,
146.5, 146.3, 133.6, 129.8, 122.4, 120.3, 117.1, 116.7, 105.1,
86.3, 43.9, 25.3, 15.1. LCMS (formic) 97%; tret = 0.52 min, [M +
H]+ 380.4. HRMS (C20H18ClN5O) [M + H]+ requires 380.1278
found [M + H]+ 380.1282.

2-Chloro-5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo-
[1,5-a]pyrimidin-3-yl)phenyl sulfofluoridate (3)

Chamber A of the COware flask reactor was charged with
sulfonyldiimidazole (258 mg, 1.30 mmol) (12) and potassium
fluoride (202 mg, 3.48 mmol). Chamber B of the COware flask
reactor was charged with 2-chloro-5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)phenol (330 mg,
0.87 mmol) (16), DIPEA (1.21 mL, 6.95 mmol) and acetonitrile
(4 mL). Trifluoroacetic acid (1 mL) was added to chamber A via
syringe injection. The reaction mixture was stirred vigorously
for 5 h at room temperature, chamber B was decanted and
chamber A was quenched with concentrated aqueous NaOH.
The reaction mixture was concentrated in vacuo and purified by
MDAP (Method A). The appropriate fractions were combined

and concentrated in vacuo to afford 2-chloro-5-(2,5-dimethyl-7-
((pyridin-4-ylmethyl)amino) pyrazolo[1,5-a]pyrimidin-3-yl)phenyl
sulfofluoridate as a colourless oil 3 (282 mg, 0.62 mmol, 71%
yield). 1H NMR (400 MHz, DMSO-d6) d = 9.05–8.97 (m, 1H), 8.80
(d, J = 6.5 Hz, 2H), 8.29–8.26 (m, 1H), 7.97–7.82 (m, 4H), 6.22
(s, 1H), 4.93 (d, J = 6.5 Hz, 2H), 2.65–2.61 (m, 3H), 2.40–2.37
(m, 3H). 13C NMR (DMSO-d6, 151 MHz) d = 160.0, 151.7, 146.8,
145.5, 144.3, 134.9, 131.7, 129.7, 124.6, 121.9, 117.2, 115.3, 102.9,
87.4, 44.4, 24.6, 15.0 (one carbon signal not observed). 19F NMR
(376 MHz, DMSO-d6) d = 41.57 (s, 1F). LCMS (formic) 100%; tret =
0.92 min, [M + H]+ 462.3. HRMS (C20H17ClFN5O3S) [M + H]+

requires 462.0803 found [M + H]+ 462.0803.

5-(2,5-Dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenol

The microwave vial (20 mL) was charged with 3-bromo-2,5-
dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (260 mg, 0.82 mmol)
(13), 2-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
phenol (225 mg, 0.90 mmol) (17), PdCl2(dppf)-CH2Cl2adduct
(53.4 mg, 0.07 mmol), caesium carbonate (399 mg, 1.23 mmol)
in 1,4-dioxane (8 mL) and water (2 mL). The reaction vessel was
sealed and heated in a microwave at 130 1C for 5 h. After cooling,
the reaction mixture was passed through Celitet and concen-
trated in vacuo. The crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (0–60%
gradient). The appropriate fractions were combined and con-
centrated in vacuo to give 5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-
a]pyrimidin-3-yl)-2-methoxyphenol (290 mg, 0.80 mmol, 98%
yield). 1H NMR (400 MHz, DMSO-d6) d = 8.98 (br s, 1H), 7.58
(t, J = 7.1 Hz, 2H), 7.46–7.40 (m, 3H), 7.24–7.22 (m, 1H), 7.13–7.08
(m, 1H), 7.03–6.99 (m, 1H), 5.91 (s, 1H), 3.82 (s, 3H), 2.54 (s, 3H),
2.41 (s, 3H). 13C NMR (DMSO-d6, 101 MHz) d = 160.6, 154.1,
152.3, 152.1, 147.6, 146.8, 146.6, 131.1, 129.8, 127.3, 125.6, 121.3,
120.0, 116.7, 115.7, 112.9, 90.5, 56.2, 55.3, 25.2, 14.8. LCMS
(formic) 90%; tret = 1.05 min, [M + H]+ 362.3. HRMS
(C21H19N3O3) [M + H]+ requires 362.1426 found [M + H]+

362.1507.

5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]-
pyrimidin-3-yl)-2-methoxyphenol (5)

A microwave vial (20 mL) was charged with 5-(2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (1.04 g,
2.88 mmol), pyridin-4-ylmethanamine (0.321 mL, 3.17 mmol),
triethylamine (0.88 mL, 6.33 mmol) and DMSO (10 mL). The
reaction vessel was sealed and heated in a microwave at 120 1C
for 4 h. After cooling, the reaction mixture was diluted with
EtOAc (20 mL) and washed with saturated aqueous sodium
bicarbonate solution (20 mL). The organic layer was concen-
trated in vacuo and purified by column chromatography eluting
with EtOAc in cyclohexane (0–100% gradient). The appropriate
fractions were combined and concentrated in vacuo to give
5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyri-
midin-3-yl)-2-methoxyphenol 5 (865 mg, 2.31 mmol, 80% yield)
as a colourless oil. 1H NMR (400 MHz, DMSO-d6) d = 8.55–8.50
(m, 2H), 8.47–8.42 (m, 1H), 8.18 (s, 1H), 7.37 (d, J = 5.9 Hz, 2H),
7.20 (d, J = 2.4 Hz, 1H), 7.12–7.05 (m, 1H), 6.97 (d, J = 8.3 Hz, 1H),
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5.93 (s, 1H), 4.64 (d, J = 6.4 Hz, 2H), 3.80 (s, 3H), 2.52 (s, 3H), 2.31
(s, 3H) (OH signal not observed). 13C NMR (DMSO-d6, 101 MHz)
d = 160.6, 154.1, 152.1, 150.2, 147.6, 146.8, 146.7, 131.1, 127.4,
125.6, 121.3, 116.6, 112.9, 94.9, 90.5, 89.9, 56.2, 25.2, 14.8. LCMS
(formic) 97%; tret = 0.87 min, [M + H]+ 376.3. HRMS (C21H21N5O2)
[M + H]+ requires 376.1773 found [M + H]+ 376.1769.

5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]-
pyrimidin-3-yl)-2-methoxyphenyl sulfofluoridate (4)

A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-
7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenol (203 mg, 0.54 mmol) (5) and THF (3 mL). To
this, (4-acetamidophenyl)(fluorosulfonyl)sulfamoyl fluoride
(204 mg, 0.65 mmol) was added, followed by the addition of
(Z)-3,4,5,6,8,9,10,11-octahydro-2H-pyrido[1,2-a][1,3]diazocine
(0.2 mL, 1.19 mmol). The reaction was stirred for 10 minutes
at room temperature. The reaction mixture was concentrated
in vacuo and the residue was dissolved in CH2Cl2 (20 mL)
and washed with brine (10 mL). The organic layer was con-
centrated in vacuo and the crude product was purified
by MDAP (Method A). The appropriate fractions were com-
bined and concentrated in vacuo to give 5-(2,5-dimethyl-7-
((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-
2-methoxyphenyl sulfofluoridate 4 (179 mg, 0.40 mmol, 73%
yield). 1H NMR (400 MHz, DMSO-d6) d = 8.74 (br s, 1H), 8.64–
8.57 (m, 2H), 7.96 (d, J = 1.8 Hz, 1H), 7.82 (dd, J = 2.1, 8.7 Hz,
1H), 7.51 (d, J = 6.3 Hz, 2H), 7.42 (d, J = 8.8 Hz, 1H), 6.07 (s,
1H), 4.73 (d, J = 6.5 Hz, 2H), 3.98–3.91 (m, 3H), 2.57 (s, 3H),
2.34 (s, 3H). 13C NMR (101 MHz, DMSO-d6) d = 159.5, 151.0,
148.6, 148.4, 146.6, 141.2, 138.6, 129.9, 126.8, 123.1, 121.8,
114.8, 103.8, 86.6, 76.9, 57.0, 44.1, 24.9, 14.7. 19F NMR
(376 MHz, DMSO-d6) d = 40.35 (s, 1F). LCMS (formic); tret =
0.74 min, [M + H]+ 458.1.

5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]-
pyrimidin-3-yl)-2-methoxyphenyl methanesulfonate (6)

A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-
((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenol (50 mg, 0.13 mmol) (5), methanesulfonyl
chloride (0.012 mL, 0.16 mmol), DIPEA (0.047 mL, 0.27 mmol)
and CH2Cl2 (2 mL). The reaction was stirred at r.t. for 16 h,
diluted with CH2Cl2 and washed with brine. The organic layer
was concentrated in vacuo and purified by column chromato-
graphy eluting with EtOAc/ethanol (3 : 1). The appropriate
fractions were combined and concentrated in vacuo to give
5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyri-
midin-3-yl)-2-methoxyphenyl methanesulfonate 6 (13 mg,
0.03 mmol, 22% yield). 1H NMR (400 MHz, DMSO-d6) d =
8.56–8.51 (m, 3H), 7.72–7.67 (m, 2H), 7.39–7.35 (m, 2H), 7.31–
7.27 (m, 1H), 5.99 (s, 1H), 4.66 (d, J = 6.9 Hz, 2H), 3.89 (s, 3H),
3.39 (s, 3H), 2.57 (s, 3H), 2.33 (s, 3H). 13C NMR (101 MHz, DMSO-
d6) d = 159.5, 150.0, 149.6, 148.0, 146.4, 138.2, 128.1, 123.6,
122.5, 114.1, 110.0, 104.5, 86.3, 56.5, 43.9, 38.7, 25.2, 14.8. LCMS
(formic) tret = 0.52 min, [M + H]+ 454.4. HRMS (C22H23N5O4S)
[M + H]+ requires 454.1549 found [M + H]+ 454.1551.

4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimi-
din-7-yl)amino)methyl)phenol (7)

A microwave vial was charged with 3-(3,4-dimethoxyphenyl)-2,5-
dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (500 mg, 1.33 mmol)
(18), 4-(aminomethyl)phenol (246 mg, 2.0 mmol) and DIPEA
(0.465 mL, 2.66 mmol). The reaction vessel was sealed and
heated in a microwave at 120 1C for 5 h. After cooling, the
reaction mixture was diluted with EtOAc and washed with
brine. The organic layer was concentrated in vacuo and purified
by column chromatography eluting with EtOAc gradient
(0–50%) cyclohexane. The appropriate fractions were combined
and concentrated in vacuo to give 4-(((3-(3,4-dimethoxyphenyl)-
2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenol 7
(361 mg, 0.89 mmol, 67% yield). 1H NMR (400 MHz, DMSO-d6)
d = 9.31 (s, 1H), 8.22 (s, 1H), 7.42 (d, J = 2.0 Hz, 1H), 7.27–7.19
(m, 3H), 7.01 (d, J = 8.4 Hz, 1H), 6.75–6.71 (m, 2H), 5.99 (s, 1H),
4.47 (d, J = 6.4 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 2.54 (s, 3H),
2.34 (s, 3H). 13C NMR (101 MHz, DMSO-d6) d = 158.9, 157.0,
150.2, 149.0, 147.3, 146.3, 146.3, 128.9, 126.5, 120.9, 115.7,
113.1, 112.6, 105.9, 86.0, 56.1, 56.0, 44.5, 25.4, 14.9 (1 carbon
signal not observed). LCMS (formic); tret = 1.08 min, [M + H]+

405.3. HRMS (C23H24N4O3) [M + H]+ requires 405.1927 found
[M + H]+ 405.1928.

4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyri-
midin-7-yl)amino)methyl)phenyl sulfofluoridate (8)

Chamber A of the COware flask reactor was charged with
sulfonyldiimidazole (110 mg, 0.55 mmol) (12) and potassium
fluoride (86 mg, 1.47 mmol). Chamber B of the COware flask
reactor was charged with 4-(((3-(3,4-dimethoxyphenyl)-2,5-
dimethylpyrazolo [1,5-a]pyrimidin-7-yl)amino)methyl)phenol
(149 mg, 0.37 mmol) (7), DIPEA (0.77 mL, 4.42 mmol) and
MeCN (3 mL). Trifluoroacetic acid (1 mL) was added to
chamber A via syringe injection and the reaction was stirred
at room temperature for 18 h. After pressure release, chamber
B was decanted and chamber A was quenched with aqueous
concentrated NaOH. The reaction mixture was concentrated in
vacuo, diluted with CH2Cl2 and washed with brine. The
organic layer was concentrated in vacuo and purified by MDAP
(Method B). The appropriate vials were combined and con-
centrated in vacuo to afford 4-(((3-(3,4-dimethoxyphenyl)-2,5-
dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenyl
sulfofluoridate 8 (107 mg, 0.22 mmol, 60% yield). 1H NMR
(600 MHz, DMSO-d6) d = 8.55–8.43 (m, 1H), 7.63–7.55 (m, 4H),
7.40 (d, J = 1.8 Hz, 1H), 7.22 (dd, J = 1.8, 8.4 Hz, 1H), 7.02 (d, J
= 8.4 Hz, 1H), 6.04 (s, 1H), 4.68 (d, J = 6.6 Hz, 2H), 3.80 (s, 3H),
3.79 (s, 3H), 2.55 (s, 3H), 2.34 (s, 3H). 13C NMR (151 MHz,
DMSO-d6) d = 163.4, 159.1, 150.4, 149.1, 149.0, 147.3,
146.3, 140.3, 129.8, 126.4, 121.6, 121.0, 113.1, 112.6, 106.0,
85.9, 56.1, 56.0, 44.0, 31.2, 14.9. 19F NMR (376 MHz, DMSO-
d6) d = 38.46 (s, 1F). LCMS (formic) 100%; tret = 0.94 min,
[M + H]+ 487.1. HRMS (C23H23FN4O5S) [M + H]+ requires
487.1451 found [M + H]+ 487.1454. nmax (neat)/cm�1 3370,
2933, 1617, 1582, 1504, 1446, 1329, 1251, 1233, 1141, 1027,
915, 771.

Paper RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

hl
an

gu
la

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

6-
02

-0
6 

23
:1

0:
08

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00142c


© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 1111–1122 |  1121

4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyri-
midin-7-yl)amino)methyl)phenyl methanesulfonate (9)

A microwave vial (5 mL) was charged with 4-(((3-(3,4-dimethoxy-
phenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)-
phenol (71 mg, 0.18 mmol) (7), methanesulfonyl chloride
(0.02 mL, 0.21 mmol), DIPEA (0.06 mL, 0.35 mmol) and CH2Cl2
(2 mL). The reaction was stirred at room temperature for 16 h,
diluted with CH2Cl2 and washed with brine. The organic layer was
concentrated in vacuo and purified by column chromatography
eluting with EtOAc in cyclohexane (0–100% gradient). The appro-
priate fractions were combined and concentrated in vacuo to
give 4-(((3-(3,4-dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyri-
midin-7-yl)amino)methyl)phenyl methanesulfonate 9 (82 mg,
0.17 mmol, 97% yield). 1H NMR (400 MHz, DMSO-d6) d = 8.43
(s, 1H), 7.56–7.48 (m, 2H), 7.41 (d, J = 2.5 Hz, 1H), 7.37–7.29
(m, 2H), 7.22 (dd, J = 2.0, 8.4 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 6.04
(s, 1H), 4.68–4.59 (m, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 3.36 (s, 3H),
2.55 (s, 3H), 2.34 (s, 3H). 13C NMR (151 MHz, DMSO-d6) d = 159.1,
150.4, 148.9, 148.6, 147.3, 146.3, 138.2, 129.1, 126.5, 122.8, 121.0,
113.1, 112.6, 105.8, 85.9, 56.1, 56.0, 44.2, 37.9, 31.1, 25.3, 14.8.
LCMS (formic); tret = 0.73 min, [M + H]+ 483.3. HRMS
(C24H26N4O5S) [M + H]+ requires 483.1702 found [M + H]+

483.1693.

5-(7-((4-Hydroxybenzyl)amino)-2,5-dimethylpyrazolo[1,5-a]pyri-
midin-3-yl)-2-methoxyphenol (10)

A microwave vial (20 mL) was charged with 5-(2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (520 mg,
1.44 mmol) (19), 4-(aminomethyl)phenol (266 mg, 2.16 mmol),
DIPEA (0.503 mL, 2.88 mmol) and DMSO (11 mL). The reaction
vessel was sealed and heated in a microwave at 130 1C for 5 h.
After cooling, the reaction mixture was diluted with EtOAc and
washed with brine. The organic layer was concentrated in vacuo
and purified by column chromatography eluting with EtOAc
in cyclohexane (0–100% gradient). The appropriate fractions
were combined and concentrated in vacuo to 5-(7-((4-hydroxy-
benzyl)amino)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxy-
phenol 10 (459 mg, 1.18 mmol, 82% yield). 1H NMR (400 MHz,
DMSO-d6) d = 9.35 (s, 1H), 8.91 (s, 1H), 7.23 (d, J = 8.9 Hz, 2H), 7.16
(m, 1H), 7.04 (d, J = 2.0 Hz, 1H), 6.99–6.95 (m, 1H), 6.73 (d, J = 8.4
Hz, 2H), 6.02 (s, 1H), 4.48 (d, J = 6.4 Hz, 2H), 3.79 (s, 3H), 2.48
(s, 3H), 2.34 (s, 3H). 13C NMR (101 MHz, DMSO-d6) d = 163.4, 157.1,
146.8, 129.0, 128.4, 120.1, 119.7, 116.6, 115.7, 113.0, 106.0, 86.3,
84.2, 71.6, 56.3, 44.6, 31.1, 21.2, 14.5 (one carbon signal not
observed). LCMS (formic); tret = 0.6 min, [M + H]+ 391.3. HRMS
(C22H22N4O3) [M + H]+ requires 391.1770 found [M + H]+ 391.1767.

4-(((3-(3-((Fluorosulfonyl)oxy)-4-methoxyphenyl)-2,5-dimethyl-
pyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenyl
sulfurofluoridate (11)

Chamber A was charged with sulfonyldiimidazole (104 mg,
0.52 mmol) (12) and potassium fluoride (81 mg, 1.39 mmol).
Chamber B was charged with 5-(7-((4-hydroxybenzyl)amino)-2,5-
dimethylpyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (68 mg,
0.17 mmol) (10), acetonitrile (3 mL) and DIPEA (0.73 mL,

4.18 mmol). Trifluoroacetic acid (2 mL) was added to chamber
A via syringe injection and the reaction was stirred at room
temperature for 16 h. Chamber B was concentrated in vacuo,
diluted with CH2Cl2 and washed with brine. The organic layer
was concentrated in vacuo and purified by MDAP (Method C).
The appropriate fractions were combined and concentrated in
vacuo to afford 4-(((3-(3-((fluorosulfonyl)oxy)-4-methoxyphenyl)-
2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenyl
sulfurofluoridate 11 (25 mg, 0.05 mmol, 26% yield). 1H NMR
(700 MHz, DMSO-d6) d = 8.57 (t, J = 6.7 Hz, 1H), 7.98 (d, J = 2.1
Hz, 1H), 7.83 (dd, J = 2.1, 8.7 Hz, 1H), 7.62–7.59 (m, 2H), 7.59–
7.54 (m, 2H), 7.41 (d, J = 8.9 Hz, 1H), 6.10 (s, 1H), 4.67 (d, J =
6.6 Hz, 2H), 3.94 (s, 3H), 2.57 (s, 3H), 2.34 (s, 3H). 13C NMR
(176 MHz, DMSO-d6) d = 159.3, 150.0, 148.6, 147.9, 146.0, 145.8,
139.7, 138.0, 129.3, 129.1, 126.7, 121.1, 121.0, 114.3, 103.2, 85.9,
56.4, 43.5, 24.8, 14.3. 19F NMR (500 MHz, DMSO-d6) d = 40.31 (s,
1F), 38.43 (s, 1F). LCMS (formic) 99%; tret = 1.22 min,
[M + H]+ 555.3. HRMS (C22H20F2N4O7S2) [M + H]+ requires
555.0820 found [M + H]+ 555.0818. nmax (neat)/cm�1 2928,
1711, 1618, 1580, 1442, 1290, 1228, 1140, 1018, 930, 840, 800.
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