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Abstract

The relationship between drug-target residence time and the post-antibiotic effect (PAE) provides
insight into target vulnerability. To probe the vulnerability of bacterial acetyl-CoA carboxylase
(ACC), a series of heterobivalent inhibitors were synthesized based on pyridopyrimidine 1 and
moiramide B (3) which bind to the biotin carboxylase and carboxyltransferase ACC active sites,
respectively. The heterobivalent compound 17, which has a linker of 50 A, was a tight binding
inhibitor of £. coli ACC (K;#P 0.2 nM) and could be displaced from ACC by a combination of
both 1 and 3, but not by just 1. In agreement with the prolonged occupancy of ACC resulting
from forced proximity binding, the heterobivalent inhibitors produced a PAE in £. coliof 1-4 h
in contrast to 1 and 3 in combination or alone, indicating that ACC is a vulnerable target and
highlighting the utility of Kinetic, time dependent effects in drug mechanism of action.
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INTRODUCTION

Drug activity is controlled by both the thermodynamics and kinetics of drug-target complex
formation and breakdown, and there is extensive evidence that the life-time of the drug
target complex can have a profound impact on drug pharmacology.1-8 The translation

of extended target occupancy to prolonged drug activity depends on factors such as
target vulnerability and the rate of target turnover,® and previously, we demonstrated that
the correlation between drug-target residence time and post-antibiotic effect (PAE) could
provide direct insight into target vulnerability. Using this approach, we found that the
ribosome and the LpxC enzyme from Pseudomonas aeruginosa were highly vulnerable,
based on the observation of a strong positive correlation between residence time and
PAE.""11 To apply this approach to other systems requires the development of slowly
dissociating inhibitors for the target of interest.

We have now extended our studies to acetyl-CoA carboxylase (ACC), which initiates fatty
acid synthesis by generating malonyl-CoA from acetyl-CoA and HCO3™(Figure 1).

ACC is a multienzyme complex composed of biotin carboxylase (BC), biotin carboxyl
carrier protein (BCCP), and carboxyltransferase (CT). Biotin, which is covalently attached
to BCCP, is carboxylated by the BC domain in an ATP-dependent reaction,!® after which
BCCP transfers carboxybiotin to the CT domain where acetyl-CoA is carboxylated.14:16.17
Unlike eukaryotic ACC, which is encoded on a single polypeptide, the prokaryotic ACC
consists of four proteins that form a non-covalent multienzyme complex.18 These structural
differences enable the selective inhibition of bacterial ACC, which is an attractive target for
broad-spectrum antibiotic development.1920 Compounds that inhibit either the BC or CT
domains have been developed and have antibacterial activity against both Gram-positive
and negative pathogens, including Staphylococcus aureus, Streptococcus pneumoniae,
Escherichia coli, and Haemophilus influenza12-14.21.22

We hypothesized that bivalent inhibitors of ACC, designed to simultaneously engage both
the BC and CT active sites, would have increased affinity and potentially longer residence
times on ACC due to avidity effects compared to the individual BC and CT inhibitors,
providing an opportunity to evaluate the vulnerability of ACC by exploring the correlation
between residence time and PAE. This strategy builds on the work of Waldrop and
coworkers,23 who previously reported bivalent ACC inhibitors based on an aminooxazole
BC inhibitor 2 and the natural product CT inhibitor moiramide B 3 (Figure 1), which
displayed broad-spectrum antibacterial properties and impeded the development of bacterial
resistance.

Although there is no structure of the entire bacterial ACC multienzyme complex, structures
are available of individual components as well as of related bacterial biotin-dependent
carboxylase holoenzymes and the eukaryotic fatty acid synthase complex.24-28 Collectively,
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the structural data indicates that the BC and CT active sites can be separated by distances
of anywhere from 40 to 80 A,2% and thus we designed bivalent compounds with linkers

of up to 80 A compared to the bivalent compounds previously reported in which the two
pharmacophores were separated by ~12 and 20 A linkers.2 In addition, we replaced the
BC inhibitor 2 with the pyridopyrimidine 1 (Figure 1) which inhibits the BC domain with
an ICgq value of <5 nM, which is at least 25-fold more potent than 2. We subsequently
synthesized a library of heterobivalent inhibitors based on 1 ranging from ~40 to ~110 A in
length, which demonstrated increased affinity for ACC compared to their parent warheads.
Using a spin-column LC-MS/MS-based competition assay, the bivalent inhibitors could be
displaced when treated with a combination of both 1 and 3, but not with a 100-fold excess
of either 1 or 3 alone indicating very high affinity binding and/or long residence time on
the enzyme. We propose that this is an example of “forced proximity” where the binding of
one ligand brings the second ligand into close proximity with the target, increasing its local
concentration.30 Consistent with this observation, the heterobivalent inhibitors produced a
PAE in E£. coli, in contrast to either 1 or 3 suggesting that ACC is a vulnerable target for
antibiotic discovery.

Heterobivalent Inhibitor Synthesis

The overall design of the novel heterobivalent ACC inhibitors involved linking the
pyridopyrimidine BC inhibitor 1, to the CT inhibitor moiramide B 3, via a polyethylene
glycol (PEG) linker of various lengths using copper(l)-catalyzed azide-alkyne cycloaddition
(CuAAC).31:32 We employed CUAAC to facilitate compound synthesis,33 and PEG units to
increase the overall solubility of the heterobivalent compounds.343> The pyridopyrimidine
1 possesses better biochemical potency and antibacterial activity than the aminooxazole

2 (IC5p <5 vs 125 nM, MIC 16 vs >64 pg/mL, respectively), and it had already been
demonstrated that 3 could be easily modified without alteration in antibacterial activity.21-23
In the X-ray crystal structure of 1 bound to BC, the dibromo ring of the inhibitor is

solvent exposed (Figure 2), and thus we synthesized a small library of analogs with linker
attachments at the /meta and para positions of 1 to determine the most amenable position

for synthetic modification (Figure 3, full SAR available in Table S1). While incorporation
of a methoxy group at either position reduced the biochemical and antibacterial activity
compared to 1, modification of the meta- position was found to have 4-fold smaller impact,
and thus this position was chosen as the starting point for linker attachment.

While it would have been an optimal point of divergence, late stage alkylation to introduce
the linker failed. As a result, we had to redesign the synthesis of compound 1 analogs so
that the linker was installed at an earlier stage of the synthesis. We found that linkers could
be successfully installed onto intermediate 6, and that the resulting compounds (8) could be
subjected to the Friedlaender synthesis to generate the desired derivatives of 1 with various
linker lengths that incorporated a terminal alkyne for CUAAC (Scheme 1).

Linkers were synthesized in increments of ~10 A and attached to 1 before cyclization
(Scheme 1), yielding analogs of 1 appended with alkyne groups of increasing length. Linker
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synthesis involved PEGylation of a tosylated alkyne, in which the tosyl group both served
as a convenient leaving group and a UV active group for reaction monitoring the reactions
(Scheme 2).

The corresponding azide counterpart for the CUAAC reaction was generated in a
straightforward fashion beginning with 11-bromoundecanoic acid. Displacement of the
bromide with sodium azide delivered carboxylic acid 12. Boc deprotection of 13 using

TFA yielded the amine that could then be coupled to carboxylic acid 12 using HATU DIPEA
to deliver the desired moiramide azide analog (14) in 69% yield (Scheme 3).

Subsequently the monovalent analogues of 1 and 3 were coupled using CUAAC to generate
a library of heterobivalent compounds (Scheme 4). In addition, a heterobivalent compound
(17-p) with the linker attached to the para-position of 1 was developed as a control to assess
the specificity of the heterobivalent molecules for the ACC complex.

Biochemical and Antibacterial Activity

Inhibition of the ACC complex was determined for the parent compounds (1 and 3), the
monovalent inhibitor analogues (9a-9f, 9c-p and 14), and the heterobivalent inhibitors
(15-20) using a fluorescence assay in which the formation of ADP displaced a fluorescent
ADP analog from an antibody leading to change in polarization. The fluorescence
polarization assay was more sensitive than the standard coupled assays,12 and enabled
routine reactions to be run with only 1 nM compared to 10 nM. Previous studies have shown
that both efflux and cell penetration is an issue for the ACC inhibitors, and so antibacterial
activity was evaluated towards both wild-type and efflux pump mutant strains of £. coliin
the presence of polymyxin B nonapeptide (PMBN).37

The 1C5q values for 1 and 3 were similar to reported values, while the 1Csq values of the
monovalent alkyne analogs of 1 increased with the attachment size of the linkers (Table

1). Specifically, whereas 1 had an ICsq value of 1 nM, respectively, the ICsq values of the
m-substituted alkyne analogs (9) ranged from < 1 nM (hexyne linker 9a) to 126 + 36 nM
(PEG 18 linker 9g). As expected, the regioisomer of 9c with the linker at the para position
(9c-p) had an 1C5q value of >500 nM compared to 65 nM consistent with the initial SAR
(Table S1). In addition, 14, the monovalent azido analogue of 3, had an 1Cgq value of 74 +
12 nM compared to the value of 5 nM for 3 (Table 1).

As observed previously for 1 and 3, no antibacterial activity was observed against the wild-
type strain of £. coliunless PMBN was included in the media and/or when the acrAB or
tolC efflux pumps were disabled.12:14.23.37 Antibacterial activity of the monovalent analogs
of 1 followed a similar trend to the I1Csq values for enzyme inhibition, with MIC values
increasing with linker length, while 14, the azido analog of 3 had antibacterial activity that
was similar to 3. A checkerboard MIC assay was also performed for 1 and 3 against £.
coli AtolC in the presence and absence of PMBN to explore potential synergy of the ACC
inhibitors. The fractional inhibitory concentration (FIC) index values for 1 and 3 showed
additive effects for £. coli AtolC where the lowest FIC index value was 0.5. However, in
the presence of PMBN an FIC index value of 0.38 (0.025 uM 3, 0.1 uM 1) was observed
indicating synergistic activity.
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In contrast to the monovalent warheads, the heterobivalent inhibitors (15-20) increased in
potency as the linker length increased (Table 2). Compound 15 with the shortest linker had
an ICgq of 1.8 nM for inhibition of ACC and an MIC value of 0.78 UM against £. coli
AtolC in the presence of PMBN. Compounds 16 to 20, with linkers that increased from n

= 3 to 15, respectively, exhibited higher biochemical potency than the parent compounds
and were tight binding inhibitors. K; values calculated using the Morrison equation gave
values of 0.2-0.3 nM for 16 to 20 which was at the limit of the enzyme assay.38 As observed
for the monovalent compounds, the antibacterial activity of the bivalent ACC inhibitors
generally followed biochemical potency and were more active towards the E. coli AtolC
strain (+/-~PMBN) compared to the wild-type or AacrAB strains. The lowest MIC observed
for £. coli AtolC in the presence of PMBN was 0.39 uM for 17, which is the same as that
seen for 1 although higher than the MIC of 3 (0.1 uM). As observed for the monovalent
analogs of 1, 17-p, the para-analog of 17, was 10-fold less potent in the biochemical assay,
and 2-fold less active in the antibacterial assay than 17.

The time-dependent antibacterial activity of the ACC inhibitors was evaluated by
determining the post-antibiotic effect (PAE) against £. coli AtolC in the presence of PMBN.
While the parent compounds 1 and 3 displayed no PAE either when used alone (data

not shown), or when used in the synergistic and additive FIC combinations (Figure S1),

all the heterobivalent ACC inhibitors displayed a PAE (Figure 4, Table 3). In addition,
consistent with the lower potency of the p-substituted analogs of 1, the PAE of 17-p (Figure
S2), was shorter than that of 17, further supporting the proposal that the activity of the
compounds stems from specific inhibition of ACC. Finally, time kill assays demonstrated
that all compounds were bacteriostatic, similar to the individual warheads (Figure S3).39

We attempted to measure the residence times of the inhibitors on ACC using a traditional
jump dilution activity assay. However, this assay was unable to measure activities at the
very low enzyme concentrations thought to be needed to ensure complete dissociation

of the inhibitors (<0.1 nM). We therefore used a competition-based assay, in which the
heterobivalent enzyme-inhibitor complexes were incubated with high concentrations of the
parent compounds prior to separating free from bound inhibitor using size exclusion spin
columns.!1 Following centrifugation, the bound inhibitor was extracted using acetonitrile to
denature the enzyme and then quantified by LC-MS/MS.

The ACC complex (1 uM) was incubated with an equimolar concentration of the
heterobivalent inhibitor 17 for 1 h at 22 °C, and then subjected to rapid gel filtration using

a gel filtration centrifuge SpinTrap column. Quantitative LC/MSMS was used to determine
the concentration of the inhibitor in the flow through following addition of buffer, (50%
MeCN, 50% 10 mM ammonium formate pH 8.0) to denature the protein. In the control
experiments, the concentration of 17 was in the flow through was shown to be similar to

the protein concentration determined using a Bradford assay. The experiment was repeated
following 1 h incubation of the ACC-heterobivalent complex by addition of 100 uM of either
1 or 3, or 50 uM of 1 and 3 together. Whereas even a 100-fold excess of 1 or 3 is unable to
displace 17 from ACC, the combination of both 1 and 3 causes rapid dissociation (Figure 5).
Experiments with 15, 16, 18-20, gave similar results in which little or no dissociation of the
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bivalent inhibitor occurred following incubation of the ACC-inhibitor complex with 1 alone
whereas rapid dissociation occurred in the presence of both 1 and 3 (Figure S4).

DISCUSSION

Target vulnerability quantifies the fractional drug target engagement required to induce

the desired physiological response.®19.11 High vulnerability targets require low levels of
engagement while low vulnerability targets require high levels of engagement to produce
the desired response. Target vulnerability is thus a critical factor in determining the drug
exposure required for the pharmacodynamic response, and the lower drug levels required for
a high vulnerability target are expected to translate into lower, less frequent drug doses and
a widening of the therapeutic window. Since antibiotics are often given at high levels for
sustained periods of time, approaches that reduce the required drug exposure are likely to
improve the success rate of new drug approvals.” Target vulnerability can be assessed using
time-dependent measurements of drug activity, and in antibacterial space time-dependent
cellular activity is assessed using the post-antibiotic effect (PAE), which is the delay in
bacterial regrowth following compound washout. The PAE has important implications for
dosing regimens and can have several origins, including the slow dissociation of the drug
from the target. We have shown that the correlation between residence time and PAE can
inform on target vulnerability and using this approach, we have shown that the LpxC
enzyme from A aeruginosa and the bacterial ribosome are highly vulnerable targets.”-10

In contrast, no PAE is observed in £. coli either for inhibitors of the £. coli LpxC or for
B-lactam antibiotics, which in both cases is due to rapid target resynthesis and low target
vulnerability.11 To extend this approach to other targets requires the availability of long
residence time or irreversible inhibitors, and in the present work we have sought to develop
long residence time inhibitors of acetyl-CoA carboxylase (ACC), which catalyzes the first
committed step in fatty acid biosynthesis. ACC has two active sites which collectively act
together to catalyze the carboxylation of acetyl-CoA to generate malonyl-CoA. Building
on the work of Waldrop and coworkers,23 the goal of the present work was to develop
heterobivalent inhibitors of ACC based on the premise that such compounds would have
high affinity and potentially long residence time on the ACC multienzyme complex.

The importance of multivalent interactions in biological systems is well documented and
includes the binding of viral particles and bacteria to mammalian cells, and the interaction of
antibodies with antigens.% In most cases polyvalent interactions have much higher affinity
than the binding of equivalent monovalent ligands, although the magnitude of the effect
depends on the cooperativity of the polyvalent interaction. For small molecules, bivalent
ligands have been used extensively in G protein-coupled receptors, for example by linking
pharmacophores that bind to orthosteric and allosteric binding sites.# Bivalent ligands can
exhibit both an increase in affinity and potentially slower off rates, which is due to the
increase in local concentration which arises when a pharmacophore that dissociates from

a binding site remains in “forced proximity’ as long as the companion pharmacophore is
still bound.3041 Such effects have been observed for multivalent inhibitors of voltage-gated
sodium (Nay/) channels, M, muscarinic acetylcholine receptors, and muscarinic receptor
antagonists and beta2-adrenoceptor agonists.#2-4> In the case of Nay,, the heterobivalent
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ligands display apparently irreversible binding when compounds are used that compete at
only one active site.4243

In the present work we have synthesized a series of tight binding heterobivalent ACC
inhibitors based on the BC and CT inhibitors 1 and 3, respectively. The dibromo ring of

1 is solvent exposed and, in agreement with the structural data, modification of the meta-
position of the dibromo ring is preferred compared to the para-position. In contrast to the
individual pharmacophores, in which an increase in the length of the attached linker leads
to a reduction in affinity, heterobivalent inhibitors based on 1 and 3 show an increase in
affinity as the linker is lengthened from ~25 A in 15 (ICsq 1.8 nM). However, elucidating the
precise structure activity relationship for inhibition of ACC is hindered since the apparent
Kj values for compounds 16-20 (0.2-0.3 nM) are at the limit of the assay. In terms of
antibacterial activity, the lowest MIC is observed for 17 (0.39 pM) which has a linker of ~
50 A. Importantly, the observation that the K; value for the para-analogue of 17 (17-p) is at
least 10-fold higher than that of 17 (3.53 v 0.25 nM, respectively), and also shows a 2-fold
increase in MIC, supports the belief that the compounds interact specifically with the ACC
binding sites.

The very high affinity of the compounds for ACC prevented the use of traditional jump
dilution methods to quantify the residence time of the inhibitors on ACC since we were
unable to measure enzyme activity at low enough concentrations where the inhibitors

would dissociate from ACC. We therefore turned to a competition displacement assay to
measure drug-target residence time. While a mixture of 1 and 3 is able to displace the
heterobivalent inhibitors from ACC, consistent with the specific binding of these compounds
to the enzyme, 1 or 3 alone are unable to displace the compounds from ACC. The inability
of the individual warheads to displace the heterobivalent inhibitors from ACC supports the
forced proximity effect for bivalent inhibitors which increases their residence time on the
target.30 In keeping with the displacement experiments, which indicate that 17 has a long
residence time on ACC, the bivalent inhibitors display a PAE of 1-2 h at 8xMIC towards £.
coliwhich rises to 3-4 h at 32xMIC. In contrast no PAE is observed for either 1 or 3 either
alone or in combination. These data indicate that ACC is a vulnerable target for antibacterial
drug discovery.

While the bivalent compounds are useful tools for probing the relationship between
residence time and PAE, they clearly do not adhere to the rule of five,*6 and are not
suitable for in vivo studies. In addition, antibacterial activity is only for observed for the
AacrAB pump mutant in the presence of PMBN (6 uM, 8 ug/mL) while the MIC for

the AtolC E. colistrains is decreased 4-30-fold by the addition of PMBN. For instance,

the MIC for 17 against £. coli AtolC drops from 3.13 uM to 0.39 pM (4 pg/mL to 0.5
pg/mL) when PMBN is included in the assay. Previous studies on ACC inhibitors have
reported similar observations,23:37 indicating that both penetration and efflux is an issue
for these compounds, and the antibacterial activity of many antibiotics against £. coliis
potentiated by PMBN such as azithromycin (10-30-fold) and rifampin (30-300-fold).4” The
current generation of compounds utilized a single linker chemistry and further optimization
will focus on the generation of more drug-like bivalent inhibitors with shorter linkers. In
addition, the inclusion of CUAAC in the synthesis of the current series raises the potential
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for in cell self-assembly of two smaller precursors as observed for hetero-bifunctional
proteolysis targeting chimeras.#849 Ultimately, a structure of the prokaryotic ACC is needed
to fully exploit the potential of this drug target and to optimize linker composition,
orientation, and rigidity. In this regard the heterobivalent inhibitors may prove useful for
stabilizing the multienzyme complex for structural studies which are currently in progress.

CONCLUSION

Although there is increasing recognition that drug-target kinetics play a major role in

drug action, the ability to probe the relationship between prolonged target occupancy and
time-dependent drug activity is hindered by the lack of strategies for rationally modulating
drug-target residence time. Here we describe the synthesis of heterobivalent compounds
that inhibit bacterial ACC, a target for antibacterial discovery, with sub-nM potency. ACC
is a multienzyme complex that contains two active sites, and the bivalent inhibitors bind
simultaneously to both active sites resulting in forced proximity binding which results

in long residence time of the compounds on the enzyme. In contrast to the monovalent
inhibitors, the bivalent compounds generate a post-antibiotic effect in £. coli, substantiating
the relationship between residence time and prolonged drug activity following compound
washout, and thereby demonstrating that ACC is a vulnerable target for intervention.

EXPERIMENTAL SECTION

General Chemistry.

All chemicals and reagents were purchased from Sigma-Aldrich, Fisher, Aces Pharma,
AmBeed, or AA Blocks and used without further purification. Flash chromatography was
performed using a Teledyne CombiFlash system using prepackaged silica cartridges from
Teledyne. All reactions were run under inert atmosphere unless otherwise noted. RP-HPLC
was performed with a Shimadzu LC-20AB pump, Shimadzu SIL-20A HT auto sampler, and
Shimadzu SPD-M20A diode array detector using Shimadzu Prominence LC. RP-HPLC was
performed using a Luna® C18 column (5uM, 250mm x 10 mm) (Phenomenex) with product
eluting from a mixture of solvent A (water, 0.1 % TFA) and solvent B (acetonitrile, 0.1%
TFA). TLC analysis was performed on aluminum backed 60 F,s4 silica sheets from Sigma
Aldrich. NMR spectra were recorded on a Bruker Ascend 700 MHz, Bruker Avance Il1

500 MHz, or Bruker Nanobay 400 MHz spectrometers and referenced to deuterated solvent
peak. NMR spectra were processed using Mestrelab Research’s Mnova software (Santiago
de Compostela, Spain). ESI-MS was performed on an Aligent 6110 single quad mass
spectrometer, HRMS was performed on a Bruker Impact 11 QTOF mass spectrometer, and
MALDI mass spectrometry was performed on a Bruker Microflex MALDI-TOF instrument.
All final compounds were purified to >95% as assessed by HPLC with UV detection at A=
213 and 353 nm.

Experimental details for Schemes 1, 2, 3, and 4.

tert-butyl(2,4-dibromo-3-methylphenoxy)dimethylsilane (4)— 7ert
Butyldimethylsilyl chloride (3.4 g, 22.6 mmol, 1.2 equiv), imidazole (3.84 g, 56.4 mmol,
3 equiv), and 4-(dimethylamino)pyridine (230 mg, 1.88 mmol, 0.1 equiv) were added to a
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solution of 2,4-dibromo-3-methylphenol (5 g, 18.8 mmol, 1.0 equiv) in CH,Cl, (40mL).
After 2 h, TLC showed reaction completion. The mixture was washed with 1 M HCI (2

x 50 mL) and brine (50 mL). The organic layer was then dried over MgSQy, filtered, and
concentrated. The crude oil was purified using flash chromatography, eluting with hexanes
to yield 3 as a clear oil (5.97g, 84%). 1H NMR (700 MHz, CDCl3) 6 7.34 (d, J= 8.7 Hz,
1H), 6.61 (d, J= 8.7, 1H), 2.57 (s, 3H), 1.04 (s, 9H), 0.24 (s, 6H). 13C NMR (101 MHz,
CDCl3) & 131.30, 118.38, 25.89, 24.55, 18.53, -4.07.

tert-butyl(3,5-dibromo-4-methylphenoxy)dimethylsilane (4-p)—Starting from 3,5-
dibromo-4-methylphenol, 4-p was synthesized following same procedure as 4 to yield 4-p as
a clear oil (1.34g, 94%). IH NMR (400 MHz, CDCls3) & 7.09 (s, 2H), 2.55 (s, 3H), 1.04 (s,
9H), 0.27 (s, 6H). 13C NMR (176 MHz, CDCls3) 6 154.29, 130.14, 129.94, 124.78, 123.82,
25.71, 22.79, 18.30.

tert-butyl(2,4-dibromo-3-(bromomethyl)phenoxy)dimethylsilane (5)—/N-bromo-
succinimide (4.49 g, 25.25 mmol, 1.5 equiv) and benzoyl peroxide (163 mg, 0.5 mmol, 0.03
equiv) were added to a solution of 4 (6.4 g, 16.83 mmol, 1.0 equiv) in CCl,4 (60 mL) and
heated at reflux for 4 h. The reaction was quenched with sodium thiosulfate (60 mL). Layers
were separated, and the aqueous layer was washed with CH,Cl, (2 x 50 mL). The combined
organic layers were washed with water, dried over MgSQy, filtered, and concentrated. The
crude oil was then purified using flash chromatography, eluting with hexanes to yield 5 as a
clear oil (5.89 g, 76%). 'H NMR (400 MHz, CDCls) 6 7.39 (d, J= 8.7 Hz, 1H), 6.71 (d, J
=8.8 Hz, 1H), 4.84 (s, 2H), 1.53 (s, 1H), 1.35 — 1.22 (m, 1H), 1.04 (s, 7H), 1.08 — 1.01 (m,
1H), 0.25 (s, 5H). 13C NMR (101 MHz, CDCl3) & 152.99, 137.53, 132.23, 120.89, 119.54,
116.31, 35.00, 25.82, 18.52, —4.08.

tert-butyl(3,5-dibromo-4-(bromomethyl)phenoxy)dimethylsilane (5-p)—Starting
from 4-p, 5-p was synthesized following the same procedure as 5 to yield 5-p as a clear

oil (1.36g, 84%). 1H NMR (400 MHz, CDCl3) 6 7.07 (s, 2H), 4.83 (s, 2H), 1.00 (s, 9H),
0.25 (s, 6H). 13C NMR (176 MHz, CDCl3) 6 156.69, 128.99, 125.58, 124.45, 77.34, 77.16,
76.98, 34.42, 25.61, 18.26, -4.34.

(2,6-dibromo-3-hydroxyphenyl)acetonitrile (6)—Sodium cyanide (2.71 g, 61.58
mmol, 1.5 equiv) was added to a solution of 5 (18.85 g, 41 mmol, 1.0 equiv) in DMF

(23 mL) and water (3 mL), and the mixture stirred for 1.5 h. The reaction was concentrated
then diluted with water and washed with ethyl acetate (3 x 200 mL). The combined organic
layers were dried over MgSOy, filtered, then concentrated. The crude oil was then purified
using flash chromatography, eluting with 2:8 ethyl acetate:toluene yielding 6 as a white solid
(9.43g, 79%). 'H NMR (500 MHz, CDCl5) 6 7.50 (d, J= 8.8 Hz, 1H), 6.96 (d, /= 8.7 Hz,
1H), 5.64 (s, 1H), 4.09 (s, 2H), 1.55 (s, 1H). 13C NMR (101 MHz, CDCl3) 6 133.21, 133.17,
132.47, 118.20, 117.71, 115.57, 72.39, 51.05, 26.40, 26.33. ESI-MS for CgH5Br,NO (//2)
289.9 [M-H]".

(2,6-dibromo-4-hydroxyphenyl)acetonitrile (6-p)—Starting from 5-p, 6-p was
synthesized following the same procedure as 6 to yield 6-p as a white solid (295 mg, 34%).
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1H NMR (400 MHz, CD30D) & 7.11 (s, 2H), 4.09 (s, 2H). 13C NMR (176 MHz, MeOD) &
158.89, 124.46, 120.52, 119.46, 116.11, 23.98.

General Procedure for Synthesis of Phenols 8-n

K,CO3 (4 equiv) and 6 (1 equiv) was added to a solution of 6-iodo-1-hexyne (1 equiv) or
tosylated alkynes (7a-f) (1 equiv) in DMF (0.5 M). The mixture was heated to 80°C and
stirred for 1 h. The mixture was filtered then concentrated. The crude oil was then purified
using flash chromatography (9.6:0.4 CH,Cl,:MeOH) to yield 8-n as a brown oil.

The following compounds were prepared following the general procedure above.

(2,6-dibromo-3-(hex-5-yn-1-yloxy)phenyl)acetonitrile (8a)—Starting from 6-iodo-
hexyne (363 mg, 1.75 mmol) and 6 (635 mg, 1.75 mmol), the general procedure gave

8a as a brown oil (381 mg, 59%). 1H NMR (500 MHz, CDCl3) & 7.52 (d, /= 8.8 Hz, 1H),
6.78 (d, /=8.9 Hz, 1H), 4.13 (s, 2H), 4.05 (s, 2H), 2.31 (td, /=7.0, 2.7 Hz, 2H), 2.02 -
1.94 (m, 3H), 1.82 — 1.73 (m, 2H). 13C NMR (101 MHz, CDCl5) & 155.58, 132.36, 131.22,
115.98, 115.72, 115.13, 114.06, 84.01, 69.21, 68.96, 28.04, 26.31, 25.04, 18.20. ESI-MS for
C14H13BroNO (m/2) 371.9 [M+H]*.

(2,6-dibromo-3-(2-(2-(2-(hex-5-yn-1-
yloxy)ethoxy)ethoxy)ethoxy)phenyl)acetonitrile (8b)—Starting

from 6 (399 mg, 1.37 mmol) and 7a (527 mg, 1.37 mmol), the general procedure gave

8b as a brown oil (595 mg, 86%). 1H NMR (500 MHz, CDCl3) & 7.52 (d, J= 8.9 Hz, 1H),
6.84 (d, /= 8.9 Hz, 1H), 4.21 - 4.16 (m, 2H), 4.13 (s, 2H), 3.92 (dd, /= 5.4, 4.3 Hz, 2H),
3.80-3.74 (m, 2H), 3.70 — 3.62 (m, 4H), 3.62 — 3.55 (m, 2H), 3.48 (t, /= 6.4 Hz, 2H), 2.21
(td, J=7.0, 2.6 Hz, 2H), 1.93 (t, J= 2.7 Hz, 1H), 1.76 — 1.65 (m, 2H), 1.65 — 1.54 (m, 2H),
1.26 (d, J= 1.8 Hz, 1H). 13C NMR (126 MHz, CDCl3) 6 162.16, 155.17, 131.99, 130.93,
115.46, 115.29, 114.94, 114.29, 70.72, 70.29, 70.24, 69.72, 69.29, 69.01, 68.21, 68.10,
36.11, 30.98, 28.27, 25.82, 24.80, 17.81. ESI-MS for CoqHo5Br,NOy (m/2) 504.0 [M+H]*.

(2,6-dibromo-3-(3,6,9,12,15,18-hexaoxatetracos-23-yn-1-
yloxy)phenyl)acetonitrile (8c)—Starting from 6

(181 mg, 0.62 mmol) and 7b (214 mg, 0.414 mmol), the general

procedure gave 8c as a brown oil (163 mg, 62%). 'H NMR (500 MHz, CDCl3) & 7.52 (d, J=
8.8 Hz, 1H), 6.84 (d, /= 8.8 Hz, 1H), 4.19 (t, /= 4.8 Hz, 2H), 4.13 (s, 2H), 3.94 - 3.89 (m,
2H), 3.79 - 3.74 (m, 2H), 3.69 — 3.61 (m, 16H), 3.61 — 3.54 (m, 2H), 3.48 (td, /= 6.4, 2.3
Hz, 2H), 2.21 (td, J= 7.1, 2.7 Hz, 2H), 1.94 (t, J= 2.7 Hz, 1H), 1.74 - 1.65 (m, 2H), 1.65
—1.54 (m, 2H). 13C NMR (126 MHz, CDCls) 6 155.59, 132.37, 132.35, 131.21, 116.05,
115.65, 115.47, 114.63, 84.43, 71.21, 70.80, 70.75, 70.69, 70.68, 70.65, 70.17, 69.70,

69.46, 68.52, 28.71, 26.29, 25.22, 18.28. ESI-MS for CogH37Bro,NO7 (/m/2) 636.1 [M+H]™.

(2,6-dibromo-4-(3,6,9,12,15,18-hexaoxatetracos-23-yn-1-
yloxy)phenyl)acetonitrile (8c-p)—Starting from

6-p (70 mg, 0.24 mmol) and 7b (125 mg, 0.24 mmol), the general procedure

gave 8c-p as a brown oil (122 mg, 80%). 1H NMR (700 MHz, CDCl3) & 7.17 (s, 2H),

J Med Chem. Author manuscript; available in PMC 2023 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cifone et al.

Page 12

4.12 - 4.09 (m, 2H), 4.02 (s, 2H), 3.85 — 3.81 (M, 2H), 3.70 (td, J= 4.0, 1.0 Hz, 2H), 3.70
—3.61 (m, 16H), 3.57 (dd, J=5.9, 3.8 Hz, 2H), 3.47 (t, J= 6.4 Hz, 2H), 2.21 (td, J= 7.1, 2.6
Hz, 2H), 1.95 — 1.93 (m, 1H), 1.72 - 1.66 (m, 2H), 1.59 (dg, J= 9.9, 7.1 Hz, 2H). 13C NMR
(176 MHz, CDCl3) & 162.67, 159.52, 125.22, 122.21, 119.25, 116.04, 84.49, 71.05, 70.87,
70.23, 69.49, 68.41, 28.76, 25.15, 18.34. ESI-MS for CogH37Br,NO7 (11/2) 636.1 [M+H]*.

(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27-nonaoxatritriacont-32-yn-1-
yloxy)phenyl)acetonitrile (8d)—Starting from 6 (56 mg, 0.193 mmol)

and 7¢ (125 mg, 0.193 mmol), the general procedure gave 8d as a brown oil (117 mg, 80%).
1H NMR (500 MHz, CDCls) 6 7.52 (d, J= 8.9 Hz, 1H), 6.85 (d, /= 8.9 Hz, 1H), 4.19 (t, J
= 4.8 Hz, 2H), 4.13 (s, 2H), 3.94 — 3.88 (m, 2H), 3.79 — 3.74 (m, 2H), 3.70 — 3.61 (m, 27H),
3.58 (dd, /=5.8, 3.6 Hz, 2H), 3.48 (t, /= 6.4 Hz, 2H), 2.21 (td, /= 7.0, 2.6 Hz, 2H), 1.94

(t, J= 2.6 Hz, 1H), 1.70 (dg, /= 8.6, 6.2 Hz, 2H), 1.65 — 1.55 (m, 2H). 13C NMR (126 MHz,
CDCl3) 6 162.66, 155.66, 132.43, 131.29, 116.16, 115.71, 115.56, 114.69, 114.65, 84.50,
72.57,71.36, 71.29, 70.88, 70.83, 70.76, 70.72, 70.64, 70.25, 69.77, 69.54, 68.55, 61.95,
36.62, 31.57, 28.78, 26.36, 25.29, 18.35. ESI-MS for C3pH49Bro,NO;1q (11/2) 768.2 [M+H]™ .

(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxadotetracont-41-
yn-1-yloxy)phenyl)acetonitrile (8e)—Starting from 6 (138 mg, 0.47 mmol)

and 7d (370 mg, 0.47 mmol), the general procedure gave 8e as

a brown oil (306 mg, 72%). IH NMR (500 MHz, CDCls) & 7.52

(d, /=8.9 Hz, 1H), 6.85 (d, /=9.0 Hz, 1H), 4.21 — 4.16 (m, 2H), 4.13 (s, 2H), 3.94 - 3.88
(m, 2H), 3.80 - 3.74 (m, 2H), 3.69 — 3.61 (m, 40H), 3.61 — 3.55 (m, 2H), 3.48 (t, /= 6.4
Hz, 2H), 2.21 (td, J=7.1, 2.7 Hz, 2H), 1.94 (t, J= 2.7 Hz, 1H), 1.74 - 1.65 (m, 2H), 1.65
—1.55 (m, 2H). 13C NMR (126 MHz, CDCl5) & 162.66, 155.66, 132.43, 131.30, 116.14,
115.71, 115.56, 114.69, 84.49, 71.29, 70.87, 70.83, 70.76, 70.72, 70.25, 69.78, 69.54,
68.55, 36.62, 31.57, 28.78, 26.35, 18.35. ESI-MS for C3gHg1Br,NO13 (77/2) 900.3 [M+H]™.

(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27,30,33,36,39,42,45-
pentadecaoxahenpentacont-50-yn-1-yloxy)phenyl)acetonitrile (8f)—

Starting from 6 (41 mg, 0.14 mmol) and 7e (130 mg, 0.14 mmol), the general

procedure gave 8f as a brown oil (127 mg, 86%). 1H NMR (500 MHz, CDCl3) & 7.52 (d,
J=8.9 Hz, 1H), 6.85 (d, /= 8.9 Hz, 1H), 4.22 - 4.11 (m, 3H), 3.97 — 3.86 (m, 2H), 3.76 (dd,
J=5.9, 3.6 Hz, 2H), 3.65 (d, /= 5.0 Hz, 53H), 3.61 - 3.55 (m, 2H), 3.48 (t, /= 6.4 Hz, 2H),
2.21 (td, J=7.0, 2.7 Hz, 2H), 1.94 (t, J= 2.6 Hz, 1H), 1.70 (dqg, /= 8.5, 6.5 Hz, 2H), 1.59
(dg, J= 9.5, 6.9 Hz, 2H). 13C NMR (126 MHz, CDCl5) 6 155.67, 132.43, 131.30, 116.15,
115.71, 115.57, 114.70, 84.50, 71.29, 70.88, 70.84, 70.77, 70.73, 70.72, 70.26, 69.78, 69.54,
68.55, 28.78, 26.36, 25.29, 18.35. ESI-MS for C44H73Br,NOg (7/2) 1032.4 [M+H]*.

(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27,30,33,36,39,42,45,48,51,54-
octadecaoxahexacont-59-yn-1-yloxy)phenyl)acetonitrile (8g)—Starting

from 6 (51 mg, 0.17 mmol) and 7f

(182 mg, 0.17 mmol), the general procedure gave 8g as a brown oil (184 mg, 90%).

1H NMR (500 MHz, CDCls3) 6 7.52 (d, /= 8.9 Hz, 1H), 6.84 (d, /= 8.9 Hz, 1H), 4.18 (t,
J=4.8Hz, 2H), 4.12 (s, 2H), 3.91 (t, /= 4.8 Hz, 2H), 3.79 - 3.73 (m, 2H), 3.71 — 3.60 (m,
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64H), 3.60 — 3.54 (m, 2H), 3.47 (t, J= 6.4 Hz, 2H), 2.21 (td, J= 7.0, 2.6 Hz, 2H), 1.94 t,
J= 2.6 Hz, 1H), 1.74 — 1.64 (m, 2H), 1.62 — 1.57 (m, 2H). 13C NMR (126 MHz, CDCl3) &
132.43, 131.30, 114.70, 84.50, 71.30, 70.88, 70.84, 70.77, 70.72, 70.26, 69.78, 69.54, 68.55,
36.61, 28.78, 26.36, 25.29, 18.35. ESI-MS for C5oHgsBraNO1g (/77/2) 1164.4 [M+H]*.

General Procedure for Pyridopyrimidine Alkynes

60% NaH in oil (0.4 equiv) was added to a solution of 8-n in 2-ethoxyethanol in an ice bath.
The mixture was allowed to warm to r.t., then 2,4-diaminopyrimidine-5-carbaldehyde was
added. The mixture was heated to reflux for 4 h. The mixture was then concentrated and
taken directly to purification by flash chromatography (9:1 CH,Cl,:MeOH) yielding (9-n) as
an orange oil. For in vitro assessment and MIC, oil was purified by RP-HPLC resulting 9-n
as an off white solid.

The following compounds were prepared following the general procedure above.

6-(2,6-dibromo-3-(hex-5-yn-1-yloxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-diamine
(9a)—Starting from 8a (290 mg, 0.709 mmol), the general procedure gave 9a as an orange
oil (189 mg, 54%) that was purified by RP-HPLC (isocratic 45% B, retention time = 15.2
min). IH NMR (500 MHz, DMSO-aj) 6 8.63 (s, 1H), 7.69 (d, /= 8.9 Hz, 1H), 7.48 (s, 1H),
7.12 (d, J= 9.0 Hz, 1H), 6.70 (s, 2H), 6.50 (s, 2H), 4.11 (td, J= 6.3, 2.8 Hz, 1H), 3.31 (s,
1H), 2.79 (t, /= 2.7 Hz, 1H), 2.26 (td, /=7.1, 2.6 Hz, 2H), 1.85 (h, J= 6.4 Hz, 2H), 1.65 (p,
J=17.2 Hz, 2H). 13C NMR (126 MHz, DMSO-a}) 6 163.77, 161.18, 160.04, 155.03, 138.49,
136.93, 132.25, 120.60, 115.33, 115.06, 114.79, 108.07, 84.29, 71.49, 68.57, 27.67, 24.66,
17.41. HRMS (ESI) calculated for C1gH17Br,NsO [M+H]*, 489.9873; found, 489.9871.

6-(2,6-dibromo-3-(2-(2-(2-(hex-5-yn-1-
yloxy)ethoxy)ethoxy)ethoxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-diamine
(9b)—Starting from 8b (545 mg, 1.08 mmol), the general procedure gave 9b as

an orange oil (239 mg, 35%) that was purified by RP-HPLC (isocratic 40% B, retention time
=22.5 min). IH NMR (500 MHz, DMSO-dj) 6 8.63 (s, 1H), 7.69 (d, J= 8.9 Hz, 1H), 7.48
(s, 1H), 7.14 (d, /= 8.9 Hz, 1H), 6.69 (s, 2H), 6.49 (s, 2H), 4.21 (9, /= 4.2 Hz, 2H), 3.80

(t, /= 4.6 Hz, 2H), 3.64 (dd, J= 6.0, 3.7 Hz, 2H), 3.53 (ddd, J=12.0, 5.4, 3.2 Hz, 4H), 3.46
(dd, J=5.8, 3.6 Hz, 2H), 3.37 (t, /= 6.3 Hz, 2H), 2.74 (t, J= 2.7 Hz, 1H), 2.15 (td, J= 7.0,
2.7 Hz, 2H), 1.60 — 1.51 (m, 2H), 1.46 (p, J= 7.0 Hz, 2H). 13C NMR (126 MHz, DMSO-dp)
§ 163.77, 161.18, 160.21, 160.03, 155.06, 138.55, 136.88, 132.24, 120.60, 115.36, 115.30,
115.01, 108.07, 84.44, 71.25, 70.18, 69.87, 69.81, 69.68, 69.48, 69.13, 68.76, 28.23, 24.79,
17.47. HRMS (ESI) calculated for Cy5H,9Br,Ns0,4 [M+H]*, 622.0659; found, 622.0661.

6-(2,6-dibromo-3-(3,6,9,12,15,18-hexaoxatetracos-23-yn-1-
yloxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-diamine (9¢)—Starting

from 8¢ (112 mg, 0.177 mmol), the general procedure gave 9c as

an orange oil (45 mg, 34%) that was purified by RP-HPLC (isocratic 40% B, retention time
=19.4 min). IH NMR (500 MHz, DMSO-dj) 6 8.63 (s, 1H), 7.69 (d, J= 8.9 Hz, 1H), 7.48
(s, 1H), 7.14 (d, /=9.0 Hz, 1H), 6.70 (s, 2H), 6.49 (s, 2H), 4.21 (9, /= 4.1 Hz, 2H), 3.85
—3.76 (m, 2H), 3.64 (dd, /=5.8, 3.7 Hz, 2H), 3.57 - 3.43 (m, 18H), 3.37 (t, /= 6.3 Hz, 2H),
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2.74 (t, J= 2.6 Hz, 1H), 2.15 (td, J= 7.1, 2.7 Hz, 2H), 1.55 (ddd, J= 13.5, 7.4, 4.7 Hz, 2H),
1.46 (dtd, J= 10.5, 8.3, 7.6, 5.8 Hz, 2H). 13C NMR (126 MHz, DMSO-dj) 6 163.77, 161.18,
160.19, 160.02, 155.06, 138.55, 136.87, 132.23, 120.60, 115.35, 115.29, 114.99, 108.07,
84.43, 71.23, 70.18, 69.84, 69.81, 69.80, 69.78, 69.67, 69.45, 69.12, 68.75, 28.23, 24.79,
17.47. HRMS (ESI) calculated for C31H,1BroNsO7 [M+H]*, 754.1446; found, 754.1442.

6-(2,6-dibromo-4-(3,6,9,12,15,18-hexaoxatetracos-23-yn-1-
yloxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-diamine (9c-p)—Starting

from 8c-p, 9¢c-p was synthesized following the same procedure

as 9c to yield 9c-p as a yellow solid (59 mg, 48%). 1H NMR (700 MHz, DMSO-dj)

8 8.63 (s, 1H), 7.50 (s, 1H), 7.38 (s, 2H), 6.72 (s, 1H), 6.66 (s, 2H), 6.45 (s, 2H), 4.20 - 4.16
(m, 2H), 3.77 = 3.72 (m, 2H), 3.59 (dd, /= 5.9, 3.5 Hz, 4H), 3.50 (d, /= 4.7 Hz, 11H), 3.48
—3.39 (m, 4H), 3.37 (t, /= 6.4 Hz, 2H), 2.71 (t, /= 2.7 Hz, 1H), 2.14 (td, J=7.1, 2.7 Hz,
2H), 1.55 (dg, J= 8.6, 6.5 Hz, 2H), 1.49 — 1.41 (m, 2H). ). 13C NMR (176 MHz, DMSO-d)
8 163.85, 161.25, 160.83, 160.46, 159.47, 137.82, 129.77, 125.67, 120.32, 118.76, 108.31,
84.72,71.39, 70.12, 70.01, 69.99, 69.97, 69.95, 69.87, 69.64, 68.86, 68.42, 28.40, 24.96,
17.65. HRMS (ESI) calculated for C31Ha1Br,NsO7 [M+H]*, 754.1446; found, 754.1438.

6-(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27-nonaoxatritriacont-32-yn-1-
yloxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-diamine (9d)—Starting from

8d (132 mg, 0.172 mmol), the general procedure

gave 9d as an orange oil (45 mg, 29%) that was purified by RP-HPLC (isocratic

40% B, retention time = 17.2 min). IH NMR (500 MHz, DMSO-dj) 6 8.63 (s, 1H), 7.69
(d, J=8.9 Hz, 1H), 7.48 (s, 1H), 7.14 (d, J= 9.0 Hz, 1H), 6.69 (s, 2H), 6.49 (s, 2H), 4.21
(g, J= 4.1 Hz, 2H), 3.80 (t, /= 4.7 Hz, 2H), 3.64 (dd, J= 5.8, 3.8 Hz, 2H), 3.57 — 3.43 (m,
30H), 3.38 (t, J= 6.3 Hz, 2H), 2.74 (t, J= 2.7 Hz, 1H), 2.16 (td, J= 7.0, 2.7 Hz, 2H), 1.56
(dg, J= 8.6, 6.5 Hz, 2H), 1.51 — 1.42 (m, 2H). 13C NMR (126 MHz, DMSO-a}) & 163.77,
161.18, 160.18, 160.02, 155.06, 138.55, 136.87, 132.23, 120.59, 115.35, 115.29, 114.99,
108.07, 84.43, 71.23, 70.18, 69.84, 69.80, 69.77, 69.67, 69.46, 69.12, 68.75, 28.24, 24.80,
17.47. HRMS (ESI) calculated for C37H53BrNsO10 [M+H]*, 886.2232; found, 886.2229.

6-(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxadotetracont-41-
yn-1-yloxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-diamine (9e)—Starting from 8e
(292 mg, 0.325 mmol), the general procedure gave 9e as an orange oil (68

mg, 20%) that was purified by RP-HPLC (isocratic 40% B, retention time =

17 min). 1H NMR (500 MHz, DMSO-d}) & 8.63 (s, 1H), 7.69 (d, /= 8.9

Hz, 1H), 7.47 (s, 1H), 7.14 (d, J= 9.0 Hz, 1H), 6.69 (s, 2H), 6.48 (s, 2H), 4.21 (g, /=4.1
Hz, 2H), 3.80 (t, /= 4.7 Hz, 2H), 3.64 (dd, J=5.9, 3.7 Hz, 2H), 3.57 — 3.50 (m, 5H), 3.50
(s, 21H), 3.46 (dd, J=5.8, 3.3 Hz, 2H), 3.38 (t, /= 6.4 Hz, 2H), 3.33 (d, J= 2.4 Hz, 14H),
2.74 (t, J= 2.7 Hz, 1H), 2.16 (td, /=7.0, 2.7 Hz, 2H), 1.56 (dq, J= 8.5, 6.5 Hz, 2H), 1.51
—1.42 (m, 2H). 13C NMR (126 MHz, DMSO-dj) 6 163.77, 160.20, 155.06, 136.87, 132.23,
120.60, 115.00, 71.23, 70.19, 69.84, 69.81, 69.77, 69.68, 69.47, 69.13, 68.75, 28.24, 24.80,
17.47. HRMS (ESI) calculated for C43HgsBroNsO13 [M+H]*, 1018.3018; found, 1018.3019.

J Med Chem. Author manuscript; available in PMC 2023 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cifone et al.

Page 15

6-(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27,30,33,36,39,42,45-
pentadecaoxahenpentacont-50-yn-1-yloxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-
diamine (9f)—Starting from 8f (117 mg, 0.113 mmol), the general

procedure gave 9f as an orange oil (24 mg, 17%) that was purified by RP-HPLC (isocratic
40% B, retention time = 16.3 min). IH NMR (500 MHz, DMSO-dj) 6 8.63 (s, 1H), 7.69 (d,
J=8.9 Hz, 1H), 7.48 (s, 1H), 7.15 (d, /= 9.0 Hz, 1H), 6.69 (s, 2H), 6.49 (s, 2H), 4.21 (q, J
= 4.1 Hz, 2H), 3.80 (t, J= 4.7 Hz, 2H), 3.64 (dd, J= 5.9, 3.7 Hz, 2H), 3.57 — 3.43 (m, 54H),
3.38 (t, J= 6.3 Hz, 2H), 2.74 (t, J= 2.7 Hz, 1H), 2.16 (td, /= 7.0, 2.6 Hz, 2H), 1.56 (dq,
J=8.5, 6.5 Hz, 2H), 1.47 (dtd, J= 9.3, 7.0, 5.2 Hz, 2H). 13C NMR (126 MHz, DMSO-d})

§ 163.75, 161.16, 160.21, 160.01, 155.06, 138.53, 136.88, 132.24, 120.60, 115.34, 115.28,
115.01, 108.05, 84.42, 71.24, 70.18, 69.76, 69.67, 69.46, 69.13, 68.75, 61.26, 28.24, 24.80,
17.47. HRMS (ESI) calculated for C49H77Br,Ns016 [M+H]*, 1150.3805; found, 1150.3809.

6-(2,6-dibromo-3-(3,6,9,12,15,18,21,24,27,30,33,36,39,42,45,48,51,54-
octadecaoxahexacont-59-yn-1-yloxy)phenyl)pyrido[2,3-d]pyrimidine-2,7-
diamine (9g)—Starting from 8g (174 mg, 0.149

mmol), the general procedure gave 9g as an

orange oil (46 mg, 24%) that was purified by RP-HPLC (isocratic 35% B, retention time =
11.9 min). IH NMR (500 MHz, DMSO-dj) 6 8.63 (s, 1H), 7.69 (d, J= 8.9 Hz, 1H), 7.47 (s,
1H), 7.14 (d, /= 9.0 Hz, 1H), 6.69 (s, 2H), 6.37 (s, 2H), 4.21 (q, /= 4.2 Hz, 2H), 3.80 (t, J
=4.7 Hz, 2H), 3.64 (dd, /=5.9, 3.7 Hz, 2H), 3.50 (dd, /= 5.3, 1.8 Hz, 68H), 2.74 (t, /= 2.7
Hz, 1H), 2.16 (td, J= 7.1, 2.7 Hz, 2H), 1.61 — 1.41 (m, 4H). 13C NMR (126 MHz, DMSO-
dg) §132.23, 115.35, 71.23, 70.18, 69.81, 69.77, 69.67, 69.46, 60.51, 59.67, 28.24, 24.80,
17.47. HRMS (ESI) calculated for Cs5HggBroNsO19 [M+H]*, 1282.4591; found, 1282.4601.

General Procedure for Alkyne Addition

Polyethylene glycol (1.1 equiv) (n=3,6) was added to DMF (0.5 M), and the mixture was
cooled to 0°C. Sodium hydride (1 equiv) was then added, and the reaction was stirred

for 10 mins. 6-iodo-1-hexyne or substituted (11a-d) alkyne (1 equiv) was then added, and
the reaction was removed from the ice bath. After 4 h, the TLC showed completion. The
reaction was then concentrated and taken directly to purification by column chromatography
eluting with 9:1 CH,Cl»:MeOH.

The following compounds were prepared following the general procedure above.

2-(2-(2-(hex-5-yn-1-yloxy)ethoxy)ethoxy)ethanol (10a)—Starting from triethylene
glycol (500 mg, 3.32 mmol) and 6-iodo-hexyne (692 mg, 3.32 mmol), the general procedure
gave 10a as a yellow oil (190 mg, 25%). IH NMR (500 MHz, CDCls) 6 8.02 (s, 1H), 3.76
—3.56 (m, 12H), 3.49 (t, /= 6.4 Hz, 2H), 2.22 (td, /= 7.0, 2.6 Hz, 2H), 1.94 (t, /= 2.7

Hz, 1H), 1.75 — 1.66 (m, 2H), 1.65 — 1.55 (m, 2H). 13C NMR (126 MHz, CDCl5) & 162.65,
84.48, 72.61, 70.90, 70.78, 70.74, 70.51, 70.20, 68.51, 61.90, 36.61, 31.56, 28.72, 25.26,
18.32. ESI-MS for C1oH2,0, (m/2) 231.3 [M+H]™.

3,6,9,12,15,18-hexaoxatetracos-23-yn-1-ol (10b)—Starting from hexaethylene glycol
(6.78 g, 24 mmol) and 6-iodo-hexyne (5.0 g, 24 mmol), the general procedure gave 10b as a
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yellow oil (3.42 g, 39%).1H NMR (500 MHz, CDCl3) & 3.75 — 3.70 (m, 2H), 3.70 — 3.55 (m,
22H), 3.48 (t, /= 6.4 Hz, 2H), 2.21 (td, /= 7.0, 2.7 Hz, 2H), 1.94 (t, J= 2.7 Hz, 1H), 1.69
(dt, /= 8.6, 6.3 Hz, 2H), 1.65 — 1.54 (m, 2H). 13C NMR (126 MHz, CDCl5) & 171.22, 84.50,
72.65, 70.87, 70.76, 70.75, 70.72, 70.69, 70.49, 70.24, 69.27, 68.53, 63.76, 61.89, 53.56,
28.77, 25.28, 21.11, 18.34. ESI-MS for C1gH3407 (m/2) 363.3 [M+H]*.

3,6,9,12,15,18,21,24,27-nonaoxatritriacont-32-yn-1-ol (11a)—Starting from
triethylene glycol (145 mg, 0.97 mmol) and 7b (500 mg, 0.97 mmol), the general procedure
gave 11a as a yellow oil (153 mg, 32%).1H NMR (500 MHz, CDCl5) & 3.75 — 3.66 (m, 2H),
3.70 - 3.63 (m, 29H), 3.62 (ddd, /= 9.1, 5.6, 3.3 Hz, 4H), 3.58 (dd, /= 5.8, 3.7 Hz, 2H),
3.48 (t, J=6.4 Hz, 2H), 2.21 (td, /= 7.0, 2.6 Hz, 2H), 1.94 (t, J= 2.6 Hz, 1H), 1.72 (s, OH),
1.73 - 1.65 (m, 2H), 1.63 (s, 1H), 1.59 (dtd, J= 9.4, 7.1, 5.3 Hz, 2H). 13C NMR (126 MHz,
CDCl3) 6 171.22, 162.69, 129.93, 128.09, 84.47, 72.74, 72.59, 70.84, 70.71, 70.66, 70.64,
70.61, 70.42, 70.39, 70.37, 70.21, 69.40, 69.24, 68.79, 68.53, 63.55, 61.86, 61.79, 36.61,
31.56, 28.74, 25.25, 21.75, 21.05, 18.31. ESI-MS for Co4Ha601¢ (7/2) 495.4 [M+H]".

3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxadotetracont-41-yn-1-ol (11b)—
Starting from hexaethylene glycol (1.3 g, 4.6 mmol) and 7b (2.4 g, 4.6 mmol), the general
procedure gave 11b as a yellow oil (1.85 g, 64%).1H NMR (500 MHz, CDCl3) & 3.75 — 3.67
(m, 2H), 3.70 - 3.61 (m, 42H), 3.62 (dd, /=5.4, 3.7 Hz, 2H), 3.58 (dd, /= 5.8, 3.7 Hz,

2H), 3.48 (t, /= 6.4 Hz, 2H), 2.22 (td, J=7.1, 2.7 Hz, 2H), 1.94 (t, /= 2.6 Hz, 1H), 1.69
(dt, J= 8.6, 6.4 Hz, 2H), 1.60 (dtd, J= 9.5, 7.1, 5.3 Hz, 2H). 13C NMR (126 MHz, CDCls)
684.44,72.73, 70.82, 70.70, 70.65, 70.62, 70.60, 70.37, 70.19, 68.53, 61.78, 53.55, 36.58,
28.72, 25.23, 18.29. ESI-MS for C3oHs8013 (/77/2) 627.5 [M+H]+.

3,6,9,12,15,18,21,24,27,30,33,36,39,42,45-pentadecaoxahenpentacont-50-yn-1-
ol (11c)—Starting from triethylene glycol (120 mg, 0.8 mmol) and 7d (622 mg, 0.8
mmol), the general procedure gave 11c as a yellow oil (203 mg, 33%).1H NMR (500 MHz,
CDCl3) & 3.81 — 3.55 (m, 60H), 3.48 (t, /= 6.4 Hz, 2H), 2.21 (td, /= 7.0, 2.7 Hz, 2H), 1.94
(t, J= 2.6 Hz, 1H), 1.70 (tt, J= 8.7, 6.2 Hz, 2H), 1.59 (dtd, /= 9.5, 7.1, 5.3 Hz, 2H). 13C
NMR (126 MHz, CDCl3) 6 162.64, 84.47, 72.65, 70.85, 70.74, 70.69, 70.46, 70.23, 68.53,
61.84, 36.60, 31.55, 28.76, 25.27, 18.33. ESI-MS for C3gH7¢O016 (/7/2) 759.5 [M+H]™.

3,6,9,12,15,18,21,24,27,30,33,36,39,42,45,48,51,54-octadecaoxahexacont-59-
yn-1-ol (11d)—Starting from hexaethylene glycol (225 mg, 0.8 mmol) and 7d (622

mg, 0.8 mmol), the general procedure gave 11d as a yellow oil (256 mg, 36%). 1H NMR
(500 MHz, CDCl3) & 3.80 — 3.53 (m, 72H), 3.48 (t, J= 6.4 Hz, 2H), 2.21 (td, J= 7.0, 2.7 Hz,
3H), 1.94 (t, J= 2.6 Hz, 1H), 1.69 (dd, J=10.1, 4.6 Hz, 2H), 1.60 (dtd, J= 9.5, 7.1, 5.3 Hz,
2H). 13C NMR (126 MHz, CDCl5) & 84.49, 72.65, 70.87, 70.76, 70.71, 70.48, 70.25, 68.55,
61.87, 53.57, 31.07, 28.78, 25.29, 18.35. ESI-MS for C4pHgy019 (11/2) 891.6 [M+H]*.

General Procedure for Tosylation

4-Toluenesulfonyl chloride (1.5 equiv) was added to a solution of 10a-b or 11a-d (1 equiv)
and triethylamine (3 equiv) in dry CH,Cl, (0.3 M) at 0°C. The mixture was allowed to warm
to r.t. and stir overnight. The mixture was then washed with 2M HCI, sat. Na,COs, and
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water, dried over MgSQy, filtered, and concentrated. The crude product was then purified by
column chromatography eluting with 9.5:0.5 CH,Cl,:MeOH.

The following compounds were prepared following the general procedure above.

2-(2-(2-(hex-5-yn-1-yloxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (7a)—
Starting from 4-toluenesulfonyl chloride (542 mg, 2.84 mmol) and 10a (803 mg, 2.84
mmol), the general procedure gave 7a as a yellow oil (793 mg, 73%).1H NMR (500 MHz,
CDCl3) 6 7.83-7.76 (m, 2H), 7.34 (d, /= 8.0 Hz, 2H), 4.20 — 4.12 (m, 2H), 3.69 (dd, J
=5.5, 4.3 Hz, 2H), 3.64 — 3.53 (m, 8H), 3.47 (t, /= 6.4 Hz, 2H), 2.45 (s, 3H), 2.21 (td,
J=7.0,2.6 Hz, 2H), 1.94 (t, /= 2.7 Hz, 1H), 1.75 - 1.64 (m, 2H), 1.63 — 1.54 (m, 2H).

13C NMR (126 MHz, CDCl3) & 144.92, 133.17, 129.95, 128.13, 84.49, 70.91, 70.88, 70.80,
70.71, 70.22, 69.38, 68.83, 68.54, 28.76, 25.29, 21.79, 18.34. ESI-MS for C1gH2g0¢S (m/2)
385.2 [M+H]*.

1-(4-(methylsulfonyl)phenoxy)-3,6,9,12,15,18-hexaoxatetracos-23-yne (7b)—
Starting from 4-toluenesulfonyl chloride (2.7 g, 14.15 mmol) and 10b (3.42 g, 9.43 mmol),
the general procedure gave 7b as a yellow oil (4.06 g, 83%). *H NMR (500 MHz, CDCl3) &
7.82-7.77 (m, 2H), 7.34 (d, J= 8.0 Hz, 2H), 4.16 (dd, /=5.7, 4.0 Hz, 2H), 3.69 (d, /= 4.9
Hz, 2H), 3.63 (dd, J=12.1, 2.6 Hz, 15H), 3.58 (s, 5H), 3.48 (t, J= 6.4 Hz, 2H), 2.45 (s, 3H),
2.21 (td, J=7.0, 2.6 Hz, 2H), 1.94 (t, J= 2.6 Hz, 1H), 1.70 (dq, /= 8.6, 6.2 Hz, 2H), 1.64 -
1.56 (m, 2H). 13C NMR (126 MHz, CDCl3) & 144.91, 133.16, 129.95, 128.13, 84.49, 70.89,
70.87, 70.76, 70.72, 70.70, 70.66, 70.24, 69.37, 68.82, 68.53, 53.57, 28.78, 25.28, 21.78,
18.34. ESI-MS for Cy5H4009S (m/2) 517.2 [M+H]*.

1-(4-(methylsulfonyl)phenoxy)-3,6,9,12,15,18,21,24,27-nonaoxatritriacont-32-
yne (7c)—Starting from 4-toluenesulfonyl chloride (72 mg, 0.38 mmol) and

11a (125 mg, 0.25 mmol), the general procedure gave 7c as a yellow oil

(142 mg, 86%). 1H NMR (500 MHz, CDCl3) 6 7.82 — 7.78 (m, 2H), 7.34 (d, /= 8.0 Hz,
2H), 4.18 — 4.14 (m, 2H), 3.70 — 3.55 (m, 34H), 3.48 (t, /= 6.4 Hz, 2H), 2.45 (s, 3H), 2.21
(td, J=7.0, 2.6 Hz, 2H), 1.94 (t, /= 2.7 Hz, 1H), 1.69 (dt, /= 8.6, 6.4 Hz, 2H), 1.60 (dtd,
J=9.4,7.0,5.2 Hz, 3H). 13C NMR (126 MHz, CDCls3) 6 144.97, 144.93, 133.15, 129.97,
128.14, 84.50, 70.90, 70.77, 70.72, 70.67, 70.64, 70.26, 69.39, 69.33, 68.89, 68.83, 68.55,
63.67, 28.78, 25.29, 21.79, 21.10, 18.35. ESI-MS for C31Hg5,015S (//2) 649.3 [M+H]*.

1-(4-(methylsulfonyl)phenoxy)-3,6,9,12,15,18,21,24,27,30,33,36-
dodecaoxadotetracont-41-yne (7d)—Starting from 4-toluenesulfonyl

chloride (429 mg, 2.25 mmol) and 11b (941 mg, 1.5 mmol), the general

procedure gave 7d as a yellow oil (932 mg, 79%). 'H NMR (500 MHz, CDCl3) & 7.80

(d, J=8.4 Hz, 2H), 7.34 (d, /= 8.0 Hz, 2H), 4.16 (dd, J=5.7, 4.1 Hz, 2H), 3.71 - 3.57 (m,
40H), 3.58 (s, 5H), 3.48 (t, J= 6.4 Hz, 2H), 2.45 (s, 3H), 2.21 (id, J= 7.1, 2.7 Hz, 2H), 1.94
(t, J= 2.7 Hz, 1H), 1.70 (dq, /= 8.6, 6.6 Hz, 2H), 1.64 — 1.56 (m, 2H). 13C NMR (126 MHz,
CDCl3) 6 144.92, 129.97, 128.14, 84.50, 70.90, 70.88, 70.77, 70.72, 70.67, 70.26, 69.38,
68.83, 68.55, 28.79, 25.30, 21.80, 18.36. ESI-MS for C37Hg4015S (/m/2) 781.4 [M+H]*.
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1-(4-(methylsulfonyl)phenoxy)-3,6,9,12,15,18,21,24,27,30,33,36,39,42,45-
pentadecaoxahenpentacont-50-yne (7e)—Starting from 4-toluenesulfonyl

chloride (70 mg, 0.37 mmol) and 11c (187 mg, 0.25 mmol), the general

procedure gave 7e as a yellow oil (140 mg, 62%). IH NMR (500 MHz, CDCls) & 7.83
—7.77 (m, 2H), 7.34 (d, J= 8.0 Hz, 2H), 4.19 — 4.13 (m, 2H), 3.76 — 3.55 (m, 58H), 3.48

(t, J= 6.4 Hz, 2H), 2.45 (s, 3H), 2.21 (td, /= 7.1, 2.7 Hz, 2H), 1.94 (t, /= 2.7 Hz, 1H), 1.70
(dg, J=8.6, 6.7, 6.2 Hz, 2H), 1.60 (qd, /= 7.1, 3.0 Hz, 2H). 13C NMR (126 MHz, CDCls)
6 144.92, 133.17, 129.97, 128.13, 84.50, 70.90, 70.88, 70.77, 70.72, 70.67, 70.26, 69.38,
68.83, 68.55, 28.78, 25.29, 21.79, 18.35. ESI-MS for C43H7¢018S (//2) 913.5 [M+H]*.

1-(4-
(methylsulfonyl)phenoxy)-3,6,9,12,15,18,21,24,27,30,33,36,39,42,45,48,51,54-
octadecaoxahexacont-59-yne (7f)—Starting

from 4-toluenesulfonyl chloride (77 mg, 0.40 mmol)

and 11d (240 mg, 0.27 mmol), the general procedure gave 7f as a yellow oil (194 mg, 69%).
IH NMR (500 MHz, CDCl5) 6 7.80 (d, /= 8.0 Hz, 2H), 7.34 (d, J= 8.0 Hz, 2H), 4.19 - 4.11
(m, 2H), 3.61 (m, 72H), 3.48 (t, /= 6.4 Hz, 2H), 2.45 (s, 3H), 2.21 (td, /= 7.0, 2.6 Hz, 2H),
1.94 (t, J= 2.7 Hz, 1H), 1.72 — 1.67 (m, 2H), 1.63 — 1.56 (m, 2H). 13C NMR (126 MHz,
CDCl3) & 144.92, 133.15, 129.96, 128.13, 84.49, 70.88, 70.75, 70.71, 70.70, 70.25, 69.38,
68.82, 68.56, 28.78, 25.29, 21.79, 18.35. ESI-MS for C49HggO21S (m/2) 1045.6 [M+H]*.

3-(10-carboxydecyltriaza-1,2-dien-2-ium-1-ide (12)—Sodium azide (735 mg, 11.31
mmol, 3.0 equiv) was added to a solution of 11-bromoundecanoic acid (1.0 g, 3.77 mmol,
1.0 equiv) in DMSO (10 mL). The mixture was heated at 80°C for 5 h, then the reaction
was quenched with water (10 mL). The mixture was diluted with ethyl acetate (10 mL),
and aqueous layer was washed with ethyl acetate (3 x 10 mL). The organic layer was

dried with MgSQy, filtered, and concentrated. The crude oil was then purified by column
chromatography eluting with 3:2 hexanes:ethyl acetate to give 12 as a white solid (770 mg,
90%).

IH NMR (500 MHz, DMSO-dp) 6 11.95 (s, 1H), 3.31 (t, /= 6.8 Hz, 2H), 2.18 (t, /= 7.4
Hz, 2H), 1.50 (dp, J=20.8, 6.9 Hz, 4H), 1.25 (s, 12H). 13C NMR (126 MHz, DMSO-dp)
8 174.49, 50.60, 33.64, 28.85, 28.80, 28.68, 28.53, 28.50, 28.22, 26.12, 24.48. ESI-MS for
C11H21N305 (m/2) 226.2 [M-H]".

tert-butyl((1S)-3-(((2S)-3-methyl-1-((3R,4S)-4-methyl-2,5-dioxopyrrolidin-3-yl)-1-
oxobutan-2-yl)amino)-3-oxo-1-phenylpropyl)carbamate (13)—~Precursor 13 was
synthesized following the procedure for Moiramide B from Silvers er /23 1H NMR (500
MHz, DMSO-djp) 6 11.36 (s, 1H), 7.99 (d, J= 8.5 Hz, 1H), 7.34 — 7.20 (m, 5H), 7.20 (dd,
J=6.2, 2.7 Hz, 1H), 4.96 — 4.82 (m, 1H), 4.70 (dd, J= 8.5, 5.0 Hz, 1H), 4.01 (dd, /= 20.3,
6.3 Hz, 1H), 3.33 (d, J= 2.3 Hz, 1H), 2.96 — 2.84 (m, 1H), 2.79 — 2.70 (m, 1H), 2.70 — 2.60
(m, 1H), 2.50 - 2.42 (m, 1H), 2.32 (dq, J= 13.4, 6.8 Hz, 1H), 1.33 (s, 9H), 1.15 - 1.06 (m,
2H), 0.85 (d, J= 6.7 Hz, 3H), 0.77 (d, J= 6.8 Hz, 2H). ESI-MS for C24H33N30¢ (11/2) 458.2
[M-H]".
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3-(11-(((19)-3-(((2S)-3-methyl-1-((3R,4S)-4-methyl-2,5-dioxopyrrolidin-3-yl)-1-
oxobutan-2-yl)amino)-3-oxo-1-phenylpropyl)amino)-11-oxoundecyl)triaza-1,2-
dien-2-ium-1-ide (14)—Trifluoracetic acid (4.0 mL) was added dropwise to

a solution of 13 (500 mg, 1.09 mmol, 1.0 equiv) in CH,ClI, at 0°C and

was stirred for 2 h. Toluene (20 mL) was then added to the mixture,

and the reaction was concentrated. After azeotroping with toluene two times,

the crude product was suspended in DMF (10 mL). 12 (297 mg, 1.3 mmol, 1.2 equiv),
HATU (496 mg, 1.3 mmol, 1.2 equiv), and diisopropylethylamine (570 pL, 3.26 mmol,

3.0 equiv) was added to the solution and stirred overnight. The reaction was concentrated
and partitioned between water (100 mL) and ethyl acetate (100 mL). The organic

layer was washed with sat. NaHCO3 (100 mL) and brine (100 mL), dried over MgSQyg,
filtered, and concentrated. The reaction was purified by column chromatography eluting
with 9.5:0.5 CH,Cl,:MeOH to give an off-white foam (426 mg, 69%). 1H NMR (500 MHz,
DMSO-d) & 11.36 (s, 1H), 8.29 — 8.17 (m, 1H), 8.05 (d, J= 8.5 Hz, 1H), 7.32 - 7.23 (m,
4H), 7.23 - 7.14 (m, OH), 7.20 (p, J= 4.3 Hz, 1H), 5.25 - 5.15 (m, 1H), 4.66 (dd, J= 8.4,
5.3 Hz, 1H), 3.95 (d, /= 5.5 Hz, 1H), 3.34 - 3.27 (m, 2H), 2.97 — 2.85 (m, 1H), 2.75 - 2.67
(m, 1H), 2.62 (dd, J=23.2, 6.7 Hz, 1H), 2.59 — 2.52 (m, OH), 2.31 (dq, /= 13.1, 6.7 Hz,
1H), 2.06 (tg, /=5.6, 2.9 Hz, 2H), 1.56 — 1.39 (m, 4H), 1.33 — 1.14 (m, 14H), 1.14 - 1.03
(m, 2H), 0.89 — 0.80 (m, 2H), 0.77 (p, /= 6.5 Hz, 3H). 13C NMR (126 MHz, DMSO-d})
§179.99, 174.09, 173.73, 171.15, 169.87, 143.09, 128.16, 128.07, 128.02, 126.73, 126.60,
126.37, 126.33, 126.30, 63.21, 62.96, 58.84, 57.85, 50.61, 49.74, 49.69, 42.04, 41.85, 38.24,
35.49, 35.43, 35.38, 28.85, 28.84, 28.73, 28.59, 28.52, 28.23, 28.18, 27.09, 26.13, 25.26,
25.22, 25.20, 19.71, 19.59, 19.44, 18.93, 18.84, 17.57, 17.47, 17.18, 16.89, 14.64, 14.62,
14.53, 10.38. HRMS (ESI) calculated for C3gH44NgO5 [M+H]*, 569.3446; found, 569.3443.

General Procedure for Heterobivalent Inhibitors

Copper (1) sulfate pentahydrate (1.0 equiv) and sodium ascorbate (2.0 equiv) was added to a
solution of alkyne (8a-g, 1.0 equiv) and azide (13, 1.0 equiv) in 9:1 DMF:H,0 (1 mL). The
reaction was stirred overnight. The reaction was then filtered through celite, washed with
MeOH, concentrated, and purified by RP-HPLC.

The following compounds were prepared following the general procedure above.

11-(4-(4-(2,4-dibromo-3-(2,7-diaminopyrido[2,3-d]pyrimidin-6-
yl)phenoxy)butyl)-1H-1,2,3-triazol-1-yl)-N-((1S)-3-(((2S)-3-methyl-1-((3R,4S)-4-
methyl-2,5-dioxopyrrolidin-3-yl)-1-oxobutan-2-yl)amino)-3-oxo-1-
phenylpropyl)undecanamide (15)—Starting from 9a and 14 the general

procedure yielded an off-white powder (5.2mg, 20%) purified by RP-HPLC (45% B held
for 5 min, 48% in 25 min, 27.5 min ret time). 1H NMR (500 MHz, DMSO-dj) 6 (11.37 s,
1H), 8.63 (s, 1H), 8.33 (dt, /= 19.9, 8.1 Hz, 1H), 7.85 (s, 1H), 7.68 (d, /= 8.9 Hz, 1H), 7.48
(s, 1H), 7.28 (tt, /= 10.6, 5.6 Hz, 4H), 7.18 (q, /= 5.0, 4.0 Hz, 1H), 7.11 (d, /= 9.0 Hz, 1H),
6.69 (s, 2H), 6.54 (s, 1H), 6.49 (s, 2H), 5.15 (s, 1H), 4.27 (t, J= 7.0 Hz, 2H), 4.10 (d, /= 5.6
Hz, 2H), 2.89 (q, /= 6.6 Hz, OH), 2.68 (d, /= 6.7 Hz, 2H), 2.65 — 2.51 (m, 1H), 2.31 (dt, J
=13.8, 8.0 Hz, 1H), 2.05 (qd, /= 9.0, 6.0, 4.9 Hz, 2H), 1.78 (dt, /= 15.4, 5.4 Hz, 6H), 1.43
(d, J=24.7 Hz, 1H), 1.43 (s, 2H), 1.26 — 0.96 (m, 18H), 1.11 (s, 1H), 0.89 — 0.73 (M, 4H),

J Med Chem. Author manuscript; available in PMC 2023 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cifone et al.

Page 20

0.68 (dt, /= 12.6, 8.7 Hz, 2H). 13C NMR (126 MHz, DMSO-d) 6 203.91, 164.23, 161.64,
160.66, 160.50, 155.53, 146.98, 138.95, 137.38, 132.70, 128.61, 127.06, 126.77, 126.64,
126.59, 122.16, 121.08, 115.80, 115.48, 115.24, 108.55, 70.25, 69.27, 63.64, 58.27, 49.60,
30.20, 29.48, 29.29, 29.26, 29.18, 29.08, 28.84, 28.64, 28.51, 28.37, 26.32, 25.99, 25.66,
25.10. HRMS (ESI) calculated for C49Hg1BroN110g [M+H]*, 1058.3246; found, 1058.3237.

11-(4-(4-(2-(2-(2-(2,4-dibromo-3-(2,7-diaminopyrido[2,3-d]pyrimidin-6-
yl)phenoxy)ethoxy)ethoxy)ethoxy)butyl)-1H-1,2,3-triazol-1-yl)-
N-((1S)-3-(((2S)-3-methyl-1-((3R,4S)-4-methyl-2,5-dioxopyrrolidin-3-yl)-1-
oxobutan-2-yl)amino)-3-oxo-1-phenylpropyl)undecanamide (16)—Starting

from 9b and 14 the general procedure

yielded an off-white powder (33 mg, 33.5%) purified by RP-HPLC (45% B held for 5 min,
48% in 25 min, 25.3 min ret time). 1H NMR (500 MHz, DMSO-d) 6 11.37 (s ,1H)9.04

(s, 1H), 8.63 (s, 1H), 8.20 (d, J=10.2 Hz, OH), 7.81 (s, 1H), 7.69 (d, /= 8.9 Hz, 1H), 7.47
(s, 1H), 7.34 - 7.10 (m, 6H), 6.69 (s, 2H), 6.61 (s, 1H), 6.50 (s, 2H), 5.15 - 5.06 (m, 1H),
4.30 - 4.14 (m, 3H), 3.79 (t, J= 4.6 Hz, 2H), 3.66 — 3.59 (m, 2H), 3.53 (t, /= 5.8 Hz, 2H),
3.54 - 3.43 (m, 2H), 3.44 (d, J= 4.6 Hz, 1H), 3.38 (t, /= 6.4 Hz, 2H), 2.93 (q, /= 7.3 Hz,
1H), 2.58 (t, /J=7.5 Hz, 2H), 2.31 (dd, /= 13.8, 4.6 Hz, OH), 2.04 (tp, /= 14.1, 6.9 Hz, 2H),
1.75 (p, J= 7.2 Hz, 2H), 1.58 (tt, J= 17.5, 9.3 Hz, 2H), 1.46 (ddd, J=27.7, 14.4, 7.3 Hz,
4H), 1.33 (s, 1H), 1.26 — 1.06 (m, 21H), 0.89 — 0.59 (m, 7H). 13C NMR (126 MHz, DMSO-
dg) 6 160.05, 155.07, 146.68, 138.55, 132.24, 128.14, 126.16, 121.63, 115.37, 115.30,
115.01, 70.18, 70.01, 69.88, 69.83, 69.49, 69.13, 68.76, 62.02, 50.32, 49.12, 35.60, 29.72,
28.83, 28.81, 28.72, 28.69, 28.65, 28.38, 25.85, 25.71, 25.50, 25.13, 24.79, 20.18, 17.45,
16.31. HRMS (ESI) calculated for Cs5H73BroN1109 [M+H]*, 1190.4032; found, 1190.4028.

11-(4-(22-(2,4-dibromo-3-(2,7-diaminopyrido[2,3-d]pyrimidin-6-
yh)phenoxy)-5,8,11,14,17,20-hexaoxadocos-1-yl)-1H-1,2,3-triazol-1-yl)-
N-((19)-3-(((2S)-3-methyl-1-((3R,4S)-4-methyl-2,5-dioxopyrrolidin-3-yl)-1-
oxobutan-2-yl)amino)-3-oxo-1-phenylpropyl)undecanamide (17)—Starting

from 9c and 14 the general procedure

yielded an off-white powder (16.1 mg, 14%) purified by RP-HPLC

(45% B held for 5 min, 48% in 25 min, 23.6 min ret time). 1H NMR (500 MHz, DMSO-

dg) 6 11.37 (s, 1H), 8.63 (s, 1H), 7.82 (s, 1H), 7.69 (d, /= 8.9 Hz, 1H), 7.47 (s, 1H), 7.27 (h,
J=4.1,3.6 Hz, 5H), 7.16 (dd, J=21.2, 7.1 Hz, 2H), 6.69 (s, 2H), 6.49 (s, 2H), 5.26 — 5.05
(m, 1H), 4.26 (t, J= 7.1 Hz, 2H), 4.20 (g, /= 4.1 Hz, 2H), 3.80 (t, /= 4.8 Hz, 2H), 3.63 (dd,
J=5.8, 3.8 Hz, 2H), 3.56 — 3.48 (m, 5H), 3.48 (s, 12H), 3.44 (d, /= 5.1 Hz, 2H), 3.38 (t,
J=6.3 Hz, 2H), 2.59 (t, /=7.5 Hz, 3H), 2.09 — 1.97 (m, 3H), 1.75 (g, /= 7.3 Hz, 2H), 1.64
—1.55 (m, 2H), 1.51 (q, /= 6.9 Hz, 2H), 1.43 (s, 3H), 1.23 (s, 3H), 1.20 — 1.06 (m, 16H),
0.84 (dd, J=12.1, 5.1 Hz, 2H), 0.76 (d, /= 6.5 Hz, 2H), 0.66 (ddd, /= 25.3, 12.7, 6.7 Hz,
2H). 13C NMR (126 MHz, DMSO-dj) 6 169.89, 163.77, 161.17, 160.19, 160.03, 155.06,
146.67, 138.55, 136.88, 132.23, 128.14, 126.59, 126.29, 126.15, 121.61, 120.61, 115.36,
115.29, 114.99, 108.08, 70.18, 70.00, 69.84, 69.81, 69.79, 69.77, 69.46, 69.13, 68.75, 49.72,
49.11, 29.72, 28.83, 28.81, 28.73, 28.70, 28.61, 28.37, 25.85, 25.72, 25.21, 24.80, 14.54.
HRMS (ESI) calculated for Cg1HgsBIroN1101, [M+H]*, 1322.4819; found, 1322.4817.
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11-(4-(22-(3,5-dibromo-4-(2,7-diaminopyrido[2,3-d]pyrimidin-6-
yl)phenoxy)-5,8,11,14,17,20-hexaoxadocos-1-yl)-1H-1,2,3-triazol-1-yl)-
N-((1S)-3-(((2S)-3-methyl-1-((3R,4S)-4-methyl-2,5-dioxopyrrolidin-3-yl)-1-
oxobutan-2-yl)amino)-3-oxo-1-phenylpropyl)undecanamide (17-p)—Starting
from 9c-p and 14 the general procedure yielded

an off-white powder (16 mg, 20%). 1H NMR (700 MHz, DMSO-dj) & 11.37 (s, 1H), 8.63 (s,
1H), 7.82 (s, 1H), 7.49 (s, 1H), 7.39 (s, 2H), 7.32 — 7.22 (m, 4H), 7.18 (dq, J= 8.7, 4.8 Hz,
1H), 6.69 (s, 2H), 6.55 (s, 2H), 5.21 - 5.07 (m, 1H), 4.26 (t, J= 7.1 Hz, 2H), 4.21 - 4.17 (m,
2H), 3.77 = 3.73 (m, 2H), 3.59 (dd, /= 5.9, 3.6 Hz, 2H), 3.56 — 3.51 (m, 3H), 3.51 (dd, J=
10.9, 2.3 Hz, 14H), 3.45 (dd, /= 5.9, 3.7 Hz, 2H), 3.38 (d, J= 12.9 Hz, 1H), 2.59 (t, /= 7.6
Hz, 3H), 2.10 - 1.97 (m, 3H), 1.76 (p, /= 7.2 Hz, 2H), 1.60 (qd, /= 8.8, 7.8, 6.2 Hz, 2H),
1.54-1.48 (m, 2H), 1.47 - 1.41 (m, 3H), 1.24 (d, /= 5.4 Hz, 4H), 1.18 (h, J= 8.7, 8.2 Hz,
13H), 1.13 (d, /= 7.3 Hz, 1H), 1.02 (s, 3H), 0.87 — 0.78 (m, 1H), 0.75 (ddt, J=12.5, 9.6,
4.9 Hz, 2H), 0.69 (d, J= 6.5 Hz, 1H), 0.69 — 0.60 (m, 1H). 13C NMR (176 MHz, DMSO-
dg) 6 208.70, 176.71, 174.96, 171.12, 171.05, 169.71, 163.77, 161.20, 160.64, 160.17,
159.25, 146.67, 143.09, 137.53, 129.71, 128.14, 128.05, 126.65, 126.59, 126.54, 126.29,
126.18, 126.15, 125.52, 121.63, 120.04, 118.58, 108.12, 86.89, 70.01, 69.94, 69.83, 69.82,
69.80, 69.48, 69.47, 68.69, 68.22, 58.20, 49.12, 29.73, 28.85, 28.82, 28.76, 28.74, 28.71,
28.65, 28.62, 28.61, 28.59, 28.39, 25.86, 25.73, 25.71, 24.81, 19.87, 19.84, 15.98, 13.98,
7.76. HRMS (ESI) calculated for Cg1HgsBroN11015 [M+H]*, 1322.4819; found, 1324.4809.

11-(4-(31-(2,4-dibromo-3-(2,7-diaminopyrido[2,3-d]pyrimidin-6-
yh)phenoxy)-5,8,11,14,17,20,23,26,29-nonaoxahentriacont-1-yl)-1H-1,2,3-
triazol-1-yl)-N-((1S)-3-(((2S)-3-methyl-1-((3R,4S)-4-methyl-2,5-dioxopyrrolidin-3-
yl)-1-oxobutan-2-yl)amino)-3-oxo-1-phenylpropyl)undecanamide (18)—Starting
from 9d and 14 the general procedure yielded an off-white powder (21.9

mg, 17%) purified by RP-HPLC (45% B held for 10 min, 50% in 20 min, 21.8 min ret time).

14 NMR (700 MHz, DMSO-dj) 6 11.36 (s, 1H), 8.85 (s, 1H), 8.30 — 8.21 (m, OH), 8.21 (d,
J= 8.4 Hz, 1H), 8.07 (d, J= 8.6 Hz, 1H), 7.82 (s, 1H), 7.78 (s, 1H), 7.74 (d, /= 8.9 Hz,
1H), 7.33 - 7.21 (m, 4H), 7.21 — 7.14 (m, 2H), 5.25 — 5.13 (m, 1H), 4.65 (dd, J= 8.5, 5.4
Hz, 1H), 4.31 — 4.17 (m, 4H), 3.95 (d, J= 5.5 Hz, OH), 3.80 (q, J= 7.7, 6.5 Hz, 2H), 3.63
(dd, J=5.8, 3.8 Hz, 2H), 3.56 — 3.42 (m, 30H), 3.34 (dd, J=52.9, 13.3 Hz, 2H), 2.96 —
2.83 (M, 1H), 2.78 — 2.67 (M, 1H), 2.66 — 2.52 (M, 3H), 2.30 (dg, J= 13.2, 6.7 Hz, 1H),
2.18 (t, J= 7.4 Hz, OH), 2.05 (hept, J= 7.3 Hz, 2H), 1.76 (p, J= 7.2 Hz, 2H), 1.60 (ddd,
J=12.3,8.9, 6.2 Hz, 2H), 1.55 — 1.39 (m, 5H), 1.33 — 1.21 (m, 5H), 1.18 (g, /= 5.8, 5.2
Hz, 12H), 1.15 — 1.06 (m, 2H), 0.88 — 0.72 (M, 5H), 0.68 (t, J= 7.1 Hz, 1H). 13C NMR
(176 MHz, DMSO-djp) & 204.51, 203.33, 203.31, 180.67, 180.27, 180.24, 174.50, 174.11,
173.75, 171.18, 171.14, 169.97, 169.87, 155.14, 146.69, 143.10, 142.70, 132.45, 128.17,
128.13, 128.08, 128.04, 126.80, 126.74, 126.60, 126.36, 126.32, 126.30, 121.63, 115.52,
115.26, 115.06, 70.18, 70.00, 69.84, 69.82, 69.80, 69.77, 69.47, 69.18, 68.73, 63.22, 62.97,
58.82, 57.83, 50.60, 49.74, 49.69, 49.11, 42.05, 42.03, 41.85, 35.48, 35.42, 35.38, 33.65,
29.72, 28.85, 28.84, 28.81, 28.74, 28.70, 28.60, 28.53, 28.50, 28.38, 28.34, 28.23, 28.18,
27.44, 27.09, 26.13, 25.85, 25.72, 25.26, 25.22, 25.20, 24.80, 24.48, 19.72, 19.60, 19.45,
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19.17, 18.94, 18.85, 17.47, 17.19, 16.89, 14.64, 14.54, 14.52, 10.39, 9.62, 1.11. HRMS
(ESI) calculated for Cg7Hg7BraN11015 [M+H]*, 1454.5605; found, 1454.5595.

11-(4-(40-(2,4-dibromo-3-(2,7-diaminopyrido[2,3-d]pyrimidin-6-
yhphenoxy)-5,8,11,14,17,20,23,26,29,32,35,38-dodecaoxatetracont-1-
yI)-1H-1,2,3-triazol-1-yl)-N-((1S)-3-(((2S)-3-methyl-1-((3R,4S)-4-
methyl-2,5-dioxopyrrolidin-3-yl)-1-oxobutan-2-yl)amino)-3-oxo-1-
phenylpropyl)lundecanamide (19)—Starting from 9e

and 14 the general procedure yielded an off-white powder (17.3 mg,

12.4%) purified by RP-HPLC (45% B held for 10 min, 50% in 20 min, 21.2 min ret time).

14 NMR (700 MHz, DMSO-dj) & 11.37 (s, 1H), 8.63 (s, 1H), 8.22 (dd, J= 24.0, 8.5 Hz,
1H), 8.07 (d, J= 8.5 Hz, 1H), 7.82 (s, 1H), 7.69 (d, J= 8.9 Hz, 1H), 7.47 (s, 1H), 7.33 - 7.21
(m, 5H), 7.21 — 7.12 (m, 3H), 6.70 (s, 3H), 6.55 (s, 2H), 6.50 (s, 2H), 5.25 — 5.09 (m, 1H),
4.65 (dd, J= 8.5, 5.3 Hz, 1H), 4.29 — 4.16 (m, 6H), 3.95 (d, J= 5.5 Hz, 1H), 3.84 — 3.76 (m,
3H), 3.64 (dd, J=15.8, 3.8 Hz, 3H), 3.56 — 3.48 (m, 7H), 3.45 (dd, J= 5.9, 3.7 Hz, 3H), 3.38
(t, J= 6.5 Hz, 3H), 3.33 (s, 9H), 2.92 (qd, J= 7.4, 5.4 Hz, 1H), 2.71 (ddd, /= 14.2, 8.3, 3.1
Hz, 1H), 2.66 — 2.51 (m, 4H), 2.30 (dg, J= 13.1, 6.7 Hz, 1H), 2.11 — 1.97 (m, 3H), 1.76 (p, J
= 7.2 Hz, 3H), 1.60 (p, J= 7.6 Hz, 3H), 1.57 — 1.45 (m, 3H), 1.4 (it, J= 12.3, 6.7 Hz, 3H),
1.27 — 1.11 (m, 20H), 1.09 (d, J= 7.4 Hz, 2H), 0.88 — 0.79 (m, 2H), 0.76 (dd, J= 9.6, 6.8
Hz, 3H), 0.73 - 0.62 (m, 2H). 13C NMR (176 MHz, DMSO-dj) 6 203.34, 203.31, 180.25,
180.02, 174.11, 173.76, 171.17, 171.14, 171.04, 169.98, 169.87, 163.78, 161.19, 160.19,
160.03, 155.06, 146.67, 143.10, 142.71, 138.56, 136.87, 132.23, 128.17, 128.14, 128.12,
128.08, 128.04, 126.81, 126.74, 126.60, 126.30, 126.16, 121.62, 120.60, 115.35, 115.29,
114.98, 108.08, 70.19, 70.01, 69.82, 69.80, 69.78, 69.48, 69.12, 68.75, 63.22, 62.97, 58.83,
57.84,49.74, 49.70, 49.11, 42.06, 41.86, 35.59, 35.49, 35.44, 35.38, 29.73, 28.84, 28.82,
28.74, 28.71, 28.65, 28.61, 28.38, 28.19, 27.09, 25.86, 25.72, 25.27, 25.21, 25.15, 24.81,
19.73, 19.60, 19.45, 17.48, 17.20, 14.65, 14.63, 14.54, 9.62, 1.12. HRMS (ESI) calculated
for C73H109BroN1101g [M/2+H]+, 793.8232; found, 793.8224.

11-(4-(49-(2,4-dibromo-3-(2,7-diaminopyrido[2,3-d]pyrimidin-6-
yl)phenoxy)-5,8,11,14,17,20,23,26,29,32,35,38,41,44,47-
pentadecaoxanonatetracont-1-yl)-1H-1,2,3-triazol-1-yl)-N-((1S)-3-(((2S)-3-
methyl-1-((3R,4S)-4-methyl-2,5-dioxopyrrolidin-3-yl)-1-oxobutan-2-yl)amino)-3-
oxo-1-phenylpropyl)undecanamide (20)—Starting from

9f and 14 the general procedure yielded an off-white powder (23.1 mg,

15.3%) purified by RP-HPLC (43.5% B held for 10 min, 90% in 20 min, 18.0 min ret time).

14 NMR (700 MHz, DMSO-dj) 6 11.37 (s, 1H), 8.94 (s, 1H), 8.64 (s, 1H), 8.55 (s, 1H),
8.23 (dd, /= 17.8, 8.2 Hz, 1H), 8.13 (s, 1H), 8.09 (d, J= 8.5 Hz, OH), 7.91 (s, 1H), 7.84
(s, 1H), 7.79 (s, 1H), 7.75 (d, J= 9.0 Hz, 1H), 7.32 — 7.25 (m, 4H), 7.21 (dd, /= 19.3, 7.3
Hz, 2H), 6.67 (s, 2H), 5.19 (p, J= 8.8, 7.8 Hz, 1H), 4.67 — 4.61 (m, OH), 4.24 (dt, J= 21.4,
5.9 Hz, 4H), 3.95 (d, J= 5.4 Hz, OH), 3.81 (d, J= 6.0 Hz, 2H), 3.63 (t, /= 4.8 Hz, 2H),
3.54 (d, J= 4.5 Hz, 2H), 3.49 (s, 50H), 3.45 (s, 1H), 2.91 (p, /= 6.7 Hz, 1H), 2.71 (dd, J=
14.4, 8.5 Hz, 1H), 2.59 (t, J= 7.9 Hz, 3H), 2.30 (g, J= 6.6 Hz, OH), 2.05 (hept, J= 9.5, 8.2
Hz, 2H), 1.76 (p, J= 7.0 Hz, 2H), 1.59 (q, J= 7.6 Hz, 2H), 1.51 (p, J= 6.7 Hz, 2H), 1.43
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(s, 3H), 1.24 (d, J= 9.0 Hz, 2H), 1.18 (s, 13H), 1.08 (d, J= 7.4 Hz, 1H), 0.88 — 0.78 (m,
5H), 0.76 (g, J= 9.8, 8.9 Hz, 2H), 0.71 — 0.63 (m, 1H). 13C NMR (176 MHz, DMSO-dj)
6 204.46, 203.30, 203.28, 203.05, 180.64, 180.24, 180.21, 180.03, 179.98, 179.22, 179.08,
178.85, 174.60, 174.47,174.07, 173.72, 171.15, 171.12, 170.59, 169.95, 169.85, 169.76,
165.71, 163.48, 160.21, 155.15, 152.90, 143.08, 143.00, 142.98, 142.68, 139.61, 135.97,
132.51, 128.25, 128.13, 128.10, 128.04, 128.00, 127.89, 126.77, 126.70, 126.61, 126.56,
126.35, 126.32, 126.29, 126.26, 126.04, 121.84, 115.75, 115.19, 114.92, 106.44, 103.68,
83.76, 77.00, 72.31, 70.15, 69.97, 69.77, 69.74, 69.44, 69.18, 68.69, 63.25, 63.20, 62.98,
62.88, 62.48, 60.16, 59.23, 58.78, 58.62, 57.78, 57.75, 55.09, 54.37, 50.57, 49.83, 49.74,
49.71, 49.68, 49.62, 49.10, 42.03, 41.82, 38.35, 37.17, 35.44, 35.39, 35.34, 33.62, 30.34,
29.68, 28.80, 28.78, 28.70, 28.67, 28.57, 28.50, 28.47, 28.35, 28.30, 28.20, 28.14, 27.39,
27.24, 27.05, 26.10, 25.82, 25.67, 25.27, 25.23, 25.17, 24.80, 24.45, 22.44, 19.80, 19.68,
19.56, 19.41, 19.19, 19.13, 18.91, 18.88, 18.82, 17.77, 17.53, 17.44, 17.17, 16.84, 16.46,
16.36, 14.91, 14.61, 14.59, 14.50, 14.46, 10.36, 9.58, 5.87. HRMS (ESI) calculated for
C79H1215r2N11021 [M/2+H]+, 859.8625; found, 859.8603.

Bacterial strains.

Wild-type E. colistrain K12 sub strain MG1655 was obtained from ATCC. E. coli AacrAB
was a gift from Prof. Vincent Tam at the University of Houston, and £. co/i AtolC was a gift
from Professor Zgurskaya, University of Oklahoma.

Minimum inhibitory concentration (MIC).

Antibacterial susceptibility tests for aerobically growing bacteria were performed with the
microbroth dilution assay according to the Clinical and Laboratory Standard Institute, using
visual inspection of cells grown in transparent 96-well plates.?0 Briefly, bacteria were grown
to mid log phase (ODgqg of 0.6-0.7) in cation-adjusted Mueller-Hinton (CaMH) media at
37 °C in an orbital shaker. An inoculum of 108 CFU/mL per well was added to media
containing a2-fold dilutions of compounds to give final concentrations ranging from 0.012
UM to 25 pM. The MIC was defined as the minimum concentration of inhibitor at which no
visible growth could be detected after 24 h of incubation at 37 °C.

Post-antibiotic effect (PAE).

Bacteria were grown to mid log phase (ODggg of 0.6-0.7) in CaMH media at 37 °C

and then exposed to different concentrations of ACC inhibitors or vehicle (DMSO). After
shaking for 1 h at 37 °C, cultures were diluted 1000-fold into fresh CaMH media to
remove any unbound drug. Regrowth was monitored by withdrawing 0.1 mL aliquots at 1
h time intervals and plating serial dilutions on Muller-Hinton agar plates. The CFUs were
determined by counting colonies after overnight incubation at 37 °C. The post-antibiotic
effect (PAE) was calculated as the time required for the antibiotic-treated cell population
to increase 1 logyg CFU minus the time needed for the control population to increase by 1
logyp CFU.5L
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Time-kill assays.

Bacteria were grown to mid log phase (ODggg of 0.6-0.7) in CaMH media at 37 °C and
then exposed to 32x MIC of ACC inhibitors or vehicle (DMSO). Subsequently, 0.1 mL
aliquots were taken at 1 h time intervals and plated in serial dilutions on Muller-Hinton agar
plates. The CFUs were determined by counting colonies after overnight incubation at 37 °C.
Bactericidal activity was defined as a reduction in CFUs of 3 log;g CFU/mL within the first
3h.

Cloning, expression, and purification of E. coli ACC proteins.

The plasmid encoding BC was constructed by amplifying the accC gene using primers accC-
f and accC-r (Table 4) and plasmid pACM4-ACA (Addgene #49809) as template DNA. The
polymerase chain reaction (PCR) product was digested with Ndel and BamHI and ligated
into pET28a digested with the same enzymes. The plasmid encoding the CT domain was
cloned as one operon in two steps after amplifying the accA and accD genes using the
forward and reverse primers in Table 4 and plasmid pACM4-ACA as the template. Initially,
the accA PCR product was digested with Ndel and BamHI and ligated into pET28a using
the same restriction sites. Subsequently, the PCR product of the accD gene was digested
with BamHI and Xhol and ligated into the pET 28a plasmid containing the accA gene using
the same restriction sites. Therefore, the final order of the plasmid was constructed to a
N-terminus His-tag, a subunit and B subunit, which was used to express the CT domain.
Finally, a plasmid encoding BCCP was produced by amplifying accB gene using the primers
in Table S2, pACM4-ACA as the template, and Ndel and BamHI to ligate into pET28a. The
plasmid constructs were confirmed by DNA sequencing.

Protein expression was performed by transforming the plasmids into £. col/f strain BL21
(DE3) pLysS. After transformation, one individual colony was used to inoculate 10 mL of
Luria Broth (LB) media containing 30 pg/mL kanamycin in a 50-mL falcon tube that was
shaken in the incubator at 37°C overnight. The overnight culture was then used to inoculate
1 L of LB media containing 30 ug/mL of kanamycin, which was shaken at 37°C until the
optical density at 600 nm (O.D. 600) increased to 0.8-1.0. Protein expression was induced
by adding 1 mM isopropyl-1-thio-b-D-galactopyranoside after which the temperature was
reduced to 25°C for ~16 h. Cells were harvested by centrifugation at 5,000 rpm for 15

min at 4°C. The cell pellet was then resuspended in 30 mL of His binding buffer (20 mM
Tris HCI, pH 7.9 containing 5 mM imidazole and 0.5 M NaCl) and lysed by sonication.
Cell debris was removed by centrifugation at 40,000 rpm for 1 h at 4°C. The BC and CT
domains were purified using His affinity chromatography. The supernatant was loaded onto
a His-bind column (2 cm x 20 cm) containing 7 mL of Ni- NTA resin that had been charged
with 10 mL of charge buffer (50 mM NiSOy) after which the column was washed first with
30 mL of His-bind buffer followed by 60 mL of wash buffer (20 mM Tris HCI, pH 7.9
containing 60 mM imidazole and 0.5 M NaCl). Subsequently, the protein was eluted using
15 mL elute buffer (20 mM Tris HCI, pH 7.9 containing 500 mM imidazole and 0.5 M
NaCl). Fractions containing protein were collected, and further purification was performed
on an AKTA using a size exclusion column Superdex200 prep grade (GE Healthcare) and 10
mM HEPES buffer pH 8.0 containing 0.5 M KCI. SDS PAGE was used to confirm protein
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purity, and 50 pL aliquots of each protein were flash frozen in liquid nitrogen and stored at
-80°C.

BCCP is post translationally modified though the covalent attachment of biotin to K122,26
and £. coliBirA was used to ensure that BCCP was fully biotinylated. BCCP and BirA
were separately expressed and after lysing the cell pellets, the supernatants were mixed,
and 2 mM biotin, 10 mM ATP, and 1 mM DTT were added. The reaction mixture was
then incubated on ice for 1 h followed by a 15 to 20 min incubation at 37°C. Since

BirA precipitates in the presence of high concentrations of ATP at 37°C, the supernatant
was centrifuged and filtered before loading onto the His affinity column. Pure BCCP was
subsequently obtained following the wash and elution steps described above and stored at
—-80°C. Biotinylation of BCCP was confirmed by MALDI-TOF mass spectrometry (Figure
S5).

ACC Activity Assay.

ACC activity was measured by quantifying ADP production using a Transcreener® ADP FP
assay kit from BellBrooks Labs (Madison, Wisconsin. Cat #3010-1K). Initially 1 nM BC,

2 nM BCCP, and 1nM CT were incubated with inhibitors or DMSO in assay buffer (100
mM HEPES pH 8.0 containing 15 mM KHCO3 and 20 mM MgCly) in a 384 well plate
(Corning Cat #4514), and then the reaction was initiated by addition of 10 uM ATP and 200
UM acetyl Coenzyme A. Endpoint reactions were performed by allowing the 10 pL reaction
mixtures to run for 45 min before being quenched with 10 pL of Stop and Detection Buffer
for a final concentration of 2 nM of Alexa Fluor 633 and 11.8 pg/mL of ADP antibody. In
the kinetic mode, all concentrations remained the same, but EDTA was omitted from the
detection solution and the plate was read every 2 min over 1 h using a BioTek Synergy Neo2
(BioTek, Winooski, Vermont). Data was analyzed using GraphPad Prism 9 (GraphPad, San
Diego, California).

Inhibitor off rate measurements.

A direct binding competition assay was used to determine the rate of inhibitor dissociation
from ACC. A 1 uM solution of ACC in 100 mM HEPES pH 8.0 containing 15 mM KHCO3
and 20 mM MgCl, was incubated for 1 h with heterobivalent inhibitor after which either
100 uM of 1 or 50 uM of 1 and 3 were added. At various time points, a 100 uL aliquot was
removed from the mixture and subjected to centrifugal gel filtration chromatography using
aPD SpinTrap™ G-25 spin column (Cytiva, Marlborough, MA) previously equilibrated 10
mM NH4HCO, pH 8.0 buffer. The amount of inhibitor present in the filtrate was quantified
using quantified by LC/MSMS mass spectrometry using an Agilent 1290 Infinity 11 UHPLC
and a Poroshell 120 EC-C18 column (1.9 um; 2.1 x 50 mm). Separation was achieved

using a gradient from solvent A (0.1% formic acid in water) to solvent B (acetonitrile,

0.1% formic acid) as follows: 45% B held for 0.3 min, 50% B in 2.7 min, 100% B in 0.1
min and held for 0.3 min, 100% A in 0.1 min, and re-equilibration for 1.5 min. The flow
rate was maintained at 0.2 mL/min for the duration of the run, the column was maintained
at 40°C, and samples were stored at 4°C. The column eluate was infused into an Agilent
6495c triple quadruple mass spectrometer with an electrospray source for MRM analysis.
The instrument was operated in positive mode and two transitions were set up for each of the
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desired compounds, one for quantitation and the other for qualification. Data analysis was
performed using Agilent MassHunter Workstation Quantitative Analysis V 10.0. Inhibitor
concentration was converted to target occupancy by using the 0 time point as 100% target
occupancy and fitting the data to a single exponential decay using GraphPad Prism 9.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

This work was supported by the National Institutes of Health (GM102864 to P.J.T.). M.T.C. was supported by
a National Institutes of Health Chemistry-Biology interface training grant (T32GM136572), and Genentech is
acknowledged for predoctoral internship support.

Abbreviations Used

ACC Acetyl CoA Carboxylase

BC Biotin Carboxylase

BCCP Biotin Carboxylase Carrier Protein
CFU Colony Forming Units

CT Carboxyltransferase
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Figure 1. The acetyl-CoA carboxylase (ACC) reaction and ACC inhibitors.
A) Biotin carboxylase (BC) catalyzes the ATP-dependent carboxylation of biotin which

is covalently tethered to biotin carboxyl carrier protein (BCCP). The carboxybiotin is

then transferred to the carboxyltransferase domain (CT) by BCCP, where acetyl-CoA

is carboxylated to form malonyl-CoA. B) Pyridopyrimidine 1 (ICso < 5 nM)12 and
aminooxazole 2 (ICsq 125 nM)13 are biotin carboxylase (BC) inhibitors. The natural product
moiramide B (3, ICso 6 nM) inhibits the carboxyltransferase (CT) domain.1#
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Figure 2. Structure of 1 bound to the BC domain.
A) Residues surrounding 1 in the BC active site. B) Surface representation indicates that

the dibromo ring of 1 is solvent exposed and suggests that the meta position (/) is more
amenable to modification than the para position (p). The figure was made with PyMol, 3¢
using PDB ID 2V58.12
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Figure 3. Initial SAR of 1.
Meta position derivatives of 1 (S7, S11) retain more potency than para position derivatives

(S8, S12). This trend is consistent through the initial SAR, the full scope which is in Table
S1.
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Figure 4. Post antibiotic effect of the ACC inhibitors against E. coli AtolC.
A) PAE of 15; B) PAE of 16; C) PAE of 17; D) PAE of 18; E) PAE of 19, F) PAE of 20.

Cultures of £. coli AtolC (108 CFU/mL) were treated with 6 pM (8 pg/mL) PMBN and 0x,
8x, 16x, or 32x MIC of each inhibitor for 1 h followed by 1:1000-fold dilution into fresh
cation-adjusted Mueller-Hinton (CaMH) media at 37 °C. Samples (100 uL) of the diluted
cultures were then plated on Muller-Hinton agar plates every hour, and CFUs enumerated
following incubation of the plates at 37 °C for 16 h. The experimental data points are the
mean values from duplicate, independent measurements, and the error bars represent the
standard deviation from the mean.
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Figure 5. Competition assay.
ACC 1 pM was incubated with 1 pM of 17 for 1 h at 22 °C after which either 200 pM

of 1 or 3 alone, or 50 pM of 1 and 3 were added. Samples were subject to gel filtration
using SpinTrap columns at different times after addition or the monovalent compounds, and
the concentration of 17 in the flow through was quantified by LC/MSMS after addition of
buffer. No dissociation of 17 is observed when 1 or 3 alone is incubated with the ACC:17
complex (blue and purple). However, rapid dissociation of 17 was observed when 1 and

3 were incubated together with the ACC:17 complex (red). Fitting of the data to a single
exponential function in GraphPad Prism gave a rate of inhibitor dissociation of 0.3 min~1
when both 1 and 3 were used, giving a residence time of 17 on ACC of 3.3 min.
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Scheme 1. Synthesis of the meta-substituted pyridopyrimidine alkynes.
Reagents and conditions: (a) TBSCI, Imidazole, DMAP, CH,Cl,, 22°C, 84%; (b) NBS,

benzoyl peroxide, CCly, reflux, 76%; (c) NaCN, DMF, H,0, 0°C to 22°C, 79%; (d) K,COs3,
DMF, 80°C, 59-90%; (e) NaH, 2-ethoxyethanol, reflux, 17-54%.
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Scheme 2. Synthesis of alkyne linkers.
Reagents and conditions: (a) NaH, DMF, 0°C to 22°C, 25-64%; (b) triethylamine, 4-
toluenesulfonyl chloride, CH,Cl,, 0°C to 22°C, 62-86%.
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Scheme 3. Synthesis of the moiramide B azide analogue.
Reagents and Conditions: (a) NaN3, DMSO, 22°C, 90%; (b) 1. TFA: CHyCl,, 0°C; 2.

HATU, DIPEA, DMF, 22°C, 69%.
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Scheme 4. Synthesis of the heterobivalent inhibitors.
Reagents and conditions: (a) CuSOy, sodium ascorbate, 9:1 DMF:H,0, 22°C, 12-35%.
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Biochemical and antibacterial activity of the monovalent inhibitors

Table 1:

MIC (uM)P
a
1 <1 225 3.13 3.13 0.78 1.56 0.78
3 45+18 >25 3.13 25 0.39 1.56 0.1
9a <1 >25 12,5 >25 0.78 1.56 0.78
9b 19+4 >25 >25 >25 3.13 3.125 1.56
9c 32+6 >25 >25 >25 6.25 6.25 6.25
9c-p 849+166 NDY  NDY >25 >25 >25 >25
od 98+21  >25 >25 >25 25 25 125
% 82£17  >25  >25 >25 >25 25 125
of 64+11  >25  >25 >25 >25 25 125
99 126 + 36 >25 >25 >25 >25 >25 125
14 74+£12 >25 12,5 >25 1.56 1.56 0.2

Page 39

a - . . - . A -
ACC activity was determined using a fluorescence polarization assay. Reactions were performed in triplicate and the errors are standard deviation

from the mean.

MIC values were determined by the microbroth dilution method. Experiments were performed in triplicate.

“Wild-type, £, colistrain (K-12, MG1655).

d/_-'. coli DacrAB, knockout of the acrAB inner efflux pump.

EE. coli AtolC, knockout of the tolC outer efflux pump.

fPMBN was present at final concentration of 6 uM (8 pg/mL).

gND, not determined.
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Biochemical and antibacterial activity of the heterobivalent inhibitors

Table 2.

MIC (uM)P
a
15 181204 (ICy) >25  >25 >25 12,5 >25 0.78
16 026009 (K) >25 >25 >25 6.25 313 0.78
17 025+006(K) >25  >25 >25 313 313 0.39
17-p 353+04(ICs) NDI  NDY >25 >25 6.25 0.78
18 031+£01(K) >25  >25 >25 313 313 0.78
19 018005 (K) >25  >25 >25 6.25 6.25 1.56
20 033+04(K) >25  >25 >25 125 125 1.56

a - . . A . . L
ACC activity was determined using the fluorescence polarization assay. Data were analyzed using the Morrison equation if the compound

Page 40

displayed tight binding behavior (IC50 < 0.5 nM). The experiment was performed in triplicate and the errors are standard deviation from mean.

MIC values were determined by the microbroth dilution method. Experiments were performed in triplicate.

Wild-type, £ colistrain (K-12, MG1655).
dAacrAB, knockout of inner efflux pump acrAB of £. coli

6’AtOIC. knockout of outer efflux pump tolC of £. coli

fPMBN was present at final concentration of 6 uM (8 pg/mL).

gND=Not Determined.
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Table 3:

Post-antibiatic effect (PAE) against E. co/i AtolC + PMBN

Compound  MIC (uM) PAE ()
8x 16x 32x
15 0.78 19+02 22+03 38+0.2
16 0.78 10+£02 12+x03 26+0.09
17 0.39 1.7+03 1702 34+0.2
18 0.78 12+04 18+01 34x0.02
19 1.56 2101 26+007 3.6+0.07
20 1.56 19+03 38%03 46+0.2

Page 41

aThe PAE was calculated using a standard procedure in which the time required for the bacteria to recover 1 log after washing out the inhibitor was
compared to the culture treated with the vehicle (DMSO). Experiments were performed in triplicate, and the reported values are the average of the

three independent experiments with the errors representing the standard deviation from the mean.
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