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Preface

Our first four installments Wiley's Drug Synthesis Series, Contemporary
Drug Synthesis, The Art of Drug Synthesis, Modern Drug Synthesis, and
Innovative Drug Synthesis were published in 2004, 2007, 2010, and 2015,
respectively. They have been warmly received by the drug discovery
community. The current title, Current Drug Synthesis, is our fifth
installment of this series.

This book has four sections, reviewing total of 18 drugs. Section I,
“Infectious Disease Drugs,” covers six drugs; Section II, “Cancer Drugs,”
reviews seven drugs; Section I11, “CNS Drugs,” covers two drugs; Section
IV, “Miscellaneous Drugs,” covers three additional drugs.

Each chapter is divided into seven sections:

Background

Pharmacology

Structure-activity relationship
Pharmacokinetics and drug metabolism
Efficacy and safety

Syntheses

References

N o g~ 0D

| am very much indebted to all contributing authors from both
industry and academia. Many of them are veterans and well-known
experts in medicinal chemistry. Some of them discovered the drugs that
they reviewed. As a consequence, their work tremendously elevated the
quality of this book as ateaching tool.

Meanwhile, | welcome your critique and suggestions so we can
make this Wiley’s Drug Synthesis Series even more useful to the drug
discovery community.

Jack Li
Ann Arbor, Michigan
December 1, 2021
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Chapter 1. Relebactam (Recarbrio)

1

Relebactam (Recarbrio), A B-Lactamase
Inhibitor for the Treatment of
clAl/cUTI/HABP/VABP

Dexi Yang

(0]
N‘f USAN: Relebactam (1)
N H *H0 Trade name: Recarbrio
Merck Co.

., N
T . Launched: 2019
0 NH,

1. Background

The discovery of antibiotics is revolutionary in chemotherapy against infectious diseases
in modern medicine history. Unfortunately, after its golden era from the 1950s to 1970s,
antimicrobia resistance among common bacterial pathogens became a new threat to
public health. Recently, WHO enlisted antibiotic resistance in the top three public health
threats. Infections caused by multidrug-resistant organism became a new economic
burden in health-care system. In the United States alone, it costs over 20 billion dollars
per year, and more than 23,000 people died of infection with antibiotic-resistant annually.
With this continuing, CDC estimated that victims will culminate to more than 300
million globally with loss of over 100 trillion dollars by 2050. The stake is high enough
to draw more attention to invent new therapeutics to treat infected patients.*

Of all known antimicrobial resistance, carbapenem resistance in gram-negative
pathogens is the most critical. Clinically, carbapenems are considered the most active and
potent agents against MDR gram-negative pathogens. They are the last silver bullets to
kill superbugs. However, according to the global priority list of antibiotic-resistant
bacteria published by WHO in 2017, three of the top four pathogens critical for

Current Drug Synthesis, First Edition. Edited by Jie Jack Li.
© 2023 John Wiley & Sons, Inc. Published 2023 by John Wiley & Sons, Inc.



4 Current Drug Synthesis

developing antibiotics are carbapenem-resistant, and they are Enterobacteriaceae (CRE),
Pseudomonas aeruginosa, and Acinetobacter baumannii.>® In the 1990s, research on
MDR revealed that antibiotic resistance of gram-negative bacteria is mainly caused by
three mechanisms. The major mechanism of resistance to carbapenems is the production
of B-lactamase. It has been identified that MDR gram-negative pathogens produces at
least four classes of B-lactamases: A, B, C, and D.* They all can degrade antibacterial
agents and make them ineffective. In addition to these enzymes, these pathogens also
developed other mechanisms to make antibiotics less efficient. One is porin mutation
caused by porin expression. This renders the outer bacterial membrane impermeable to
antibacterial. The other is efflux pump upregulation. Via efflux pump, antibiotics are
pumped out of the membrane of bacteria and lose their therapeutic efficacy.3* Based on
al these three mechanisms, new generations of B-lactamase inhibitors should not only
have high potency to help carbapenem restore potency, but also possess appropriate
physicochemical properties to increase permeability and decrease efflux rate.

Guided by this strategy, in the past decade, several combinations of antibiotic
with B-lactamase inhibitors, such as polymyxins, ceftazidime-avibactam, ceftolozane-
tazobactam, metropenem-veborbactam, etc., have been discovered and approved by
FDA.>7 But most of them are only effective against a small portion of pathogens, and
with no surprise, gradualy loose efficacy due to evolved resistance. As a result, new
therapeutic options against gram-negative organisms with resistance are still urgently
needed.

NH
- OH
0,50, 0 - HN—7

N—%( f —~

Ny N ©
n, N o
]/ OH
o) NH, o
+
Relebactam (1) Imipenem (2)

Yo

0~ "NH NH,
HO\H)\/\/\/S\/:\H/OH
O Cilastatin (3)  ©



Chapter 1. Relebactam (Recarbrio)

Recarbrio was approved in July 2019 as an alternative treatment option of adults
with complicated urinary tract infections (cUTI), including pyelonephritis, and
complicated intra-abdominal infections (clAl) caused by susceptible gram-negative
bacteria®® Recarbrio is a three-drug combination injection containing imipenem,
cilastatin, and relebactam (1). Imipenem is a carbapenem that inhibits cross-linking of
peptidoglycan during cell wall synthesis by deactivating penicillin binding proteins. It is
co-administered with cilastatin, a dehydro-peptidase-l inhibitor to reduce renal
metabolism of imipenem. Cilastatin itself does not have antibacterial activity. Relebactam
(1) is a novel B-lactamase inhibitor. It aone has no antibacterial activity either. Its
function is to protect imipenem by inhibiting Ambler class A (e.g., KPCs), class C (e.g.,
AmpC) B-lactamases, and PDC. In vitro, the addition of relebactam (1) significantly
improves the antibacterial activity of imipenem by lowering the minimum inhibitory
concentration of imipenem by 2- to 128-folds against ESBL or KPC producing
enterobacterales, aswell as MDR or imipenem-resistant isol ates. '

In June 2020, FDA further approved a supplemental new drug application
(sNDA) for Recarbrio for the treatment of patients 18 years of age and older with
hospital-acquired bacterial pneumonia and ventilator-associated bacterial pneumonia
(HABP/VABP), caused by agroup of susceptible gram-negative microorganism.®

It worth mentioning that relebactam (1) is inactive against class B metallo-f3-
lactamases (e.g., NDM, VIM, and IMP) and class D oxacillinases (e.g., OXA-48). This
leaves space for further development of novel BLIs with expanded coverage of class B
metallo-B-lactamase and class D B-lactamase to secure efficacy of new antibiotics.

2. Pharmacology

Imipenem (trade name Primaxin) is an intravenous f-lactam antibiotic discovered by
Merck scientists Burton Christensen, William Leanza, and Kenneth Wildonger in the
mid-1970s.'° As a carbapenem, it is highly resistant to the B-lactamases produced by
MDR gram-negative bacteria. It inhibits cross-linking of peptidoglycan during cell wall
synthesis by deactivating penicillin binding proteins, thereby causing bacterial cell lysis
and death.!* Since it rapidly degraded by the renal enzyme dehydropeptidase-l when
administered alone, imipenem is aways co-administered with cilastatin, a
dehydropeptidase-1 inhibitor to reduce rena metabolism. Ever since its approval, it
played a key role in treating infections caused by susceptible strains when other
antibiotics failed. However, since more and more bacteria developed drug-resistance via
production of B-lactamase, imipenem became less effective in some patients. It is
necessary to invent new f-lactamase inhibitors as additive to restore the antibacterial
activity of imipenem.

Relebactam (MK-7655) is a novel B-lactamase inhibitor discovered by Merck
scientists as part of a drug discovery program aimed at novel BLI in 2008. Over several
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lead series, a bridged class showed broad spectrum of activities. Its cyclic urea can open
and bind covalently to an active site serine within Ambler class A, C, and D f-
lactamases. To be specific, the constrained five-membered urea bridge facilitates
acylation reaction between the C-7 carbonyl and a serine residue within the p-lactamase
active site. Modeling studies suggested that the N,O-oxysulfate group can further
stabilize the ring-opened acyl-p-lactamase intermediate via hydrogen-bond formation
with neighboring catalytic site residues. As a result, the covalent bond blocks the active
site of the B-lactamase, stops hydrolysis of imipenem, and restores its bactericidal
activity.*?

So far, it is active in inhibiting Ambler class A (e.g., KPCs) and class C (e.g.,
AmpC) actamases and PDC, but inactive against class B metallo-p-lactamases (e.g.,
NDM, VIM and IMP) and class D oxacillinases (e.g., OXA-48).23 In vitro, the addition of
relebactam (1) significantly improves the antibacterial activity of imipenem by lowering
the minimum inhibitory concentration of imipenem by 2- to 128-folds against ESBL or
KPC producing enterobacterales, or imipenem-resistant isolates. Neither imipenem nor
relebactam is subject to efflux, which is an advantage against strains that overexpress
efflux pumps.

3. Structure—Activity Relationship (SAR)

The lead compound for the relebactam (1) project has two sources. one is MK-8712, a
monobactam B-lactamase inhibitor only effective against class C p-lactamase; the other is
avibactam sodium (NXL-104), a covalent and reversible non-p-lactam pB-lactamase
inhibitor to p-lactamase TEM-1 and CTX-M-15.* In order to expand the coverage of
novel BLI to both class C (PDC) P. aeruginosa and class A (KPC) enterobacterales class
A and class C B-lactamases, Merck scientists took a hybrid approach by incorporating
novel heterocyclic amide side chains for MK-8712 with the bridged core of NXL-104.
After overcoming many synthetic difficulties, a series of bridged bicyclic urea with basic
heterocyclic side chains have been prepared for SAR study.

|
H—N" o O
Oyl
N H2N IIQ
H
N

N
N\

of 0SO;H

MK-8712 (4) NXL-104 (5)

o’ so,
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As shown in Table 1, selected compounds were evaluated in enzyme inhibition
assays and in vitro synergy assays.’? The enzyme inhibition assays measured each
compound’s ability to inhibit the hydrolysis of nitrocefin by four B-lactamase: one class
A BL, two class C BLs and one class D BL. The synergy data reported the concentration
of each compound to reduce the MIC of imipenem to 4 pg/mL against the strains of
Pseudomonas, Klebsiella, and Acinetobacter.

Let us discuss the result from the piperidine analog 1, which was later devel oped
as Merck’s clinical compound relebactam (1). From enzyme inhibition assay we can see
it inhibits KPC-2, which is the key class A BL responsible for carbapenem resistance in
Klebsiella pneumoniae, as well as AmpC, the BL responsible for the resistance in
Pseudomonas. However, it shows weak inhibition against AmpC, and no effect against
the class D enzyme Oxa-40. Fortunately, the latter two enzymes account for very little
portion of clinical cases. It is delighting to see analog 1 also effectively synergized
imipenem against Klebsiella and Pseudomonas, with concentrations of 12.5 and 4.7 pM,
to reduce the imipenem MIC to 4 pg/mL. Just like the piperidine analog 1, the seven
membered azepine analog 6 and five membered pyrrolidine analog 7 all showed similar
activities in the enzyme and synergy assays. Alkylation of the piperidine nitrogen as in
analog 8 has nearly no effect on enzyme activity and synergy. From the X-ray crysta
structure (Figure 1) of 1 bound in the active site of AmpC (Pseudomonas), it can be
easily seen that hydrogen bonding between piperidine free N and backbone of AmpC isa
key interaction. Other than that, the amide and the N,O-oxysulfate are also important for
potency and should be considered for future target design.

Figure 1. X-ray crystal structure of 1in AmpC from Pseudomonas.
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Table 1. SAR of bridged bicyclic urea p-lactamase inhibitors

R/'Q

N
o

o) 0OSO3H

R Enzyme inhibition (1Cso, NM) In vitro synergy (BLi uM)?
KPC-2 AmpC AmpC Oxa40 CL6569 CL5701 CL6188

K.pneum | P.aerug Abaum | Abaum K.pneum | P.aerug A.baum

HN (0]
CLNJH; 210 465 | 4,000 | >50,000 | 125 47 | >100
H

HN
(0]
QN A, | 2 69 | 1,700 | 50,000 | 125 | 625 | >100
H

0]
HNO\Nkas 260 | 1,900 | 27,000 | >50,000 | 625 | 625 | >100

>N o}
CLNJK; 240 500 | 2,700 | >50,000 | 125 | 125 | >100

N7~ (e}
g N)J\g 54 6 1,050 | 20000 | 50 25 >100
9 H
\ﬁ/l o)
S | 260 210 | 12,000 | >50,000 | 25 25 | >100
10 N
HN (@]
ng 2500 | 290 | 2,200 | >50,000 | 50 25 >100
11 |
HNCL i 17 1,1 1 2 2 1
12 o)k; 9 0 100 | 13000 | 625 | 625 | >100

aBLI (uM) to reduce IPM MIC to 4 pg/mL .

Replacement of saturated heterocycles with aromatic heterocycles was aso
considered. Results shown obvious enhancement in -lactamase enzyme inhibition (asin
analog 9), but a substantial loss in synergy activity with imipenem is disappointing. It is
mainly due to increased efflux from bacterial cells as the nitrogen in aromatic
heterocycles would not be protonated at physiological pH. For comparison, a positive
charge was introduced by preparing a hard-quaternary analog 10. It is not surprised that
the compound is substantially less reactive than corresponding aromatic analog 9 in
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enzyme inhibition. It can be concluded that saturated heterocycles are the best with
considering both enzyme inhibition and in vitro synergy.

Asfor the amide linker, methylation on the nitrogen was prepared, and it caused
substantial loss in enzyme inhibition as shown in analog 11. Replacement of the amide
linker with an ester was also considered, although analog 12 showed comparable enzyme
inhibition and similar activity in the synergy assay, further stability study and efflux
studies proved it inferior to analog 1.

In general, most heterocyclic side chains were tolerated and the resulting
compounds had activity against both class A and class C B-lactamases. No inhibition
against class D was observed. After balancing all pros and cons, not only these assay
data, but also efflux and comprehensive ADMET properties, analog 1 is superior to
others and selected for further development.

4, Pharmacokinetics and Drug Metabolism

The pharmacokinetic properties of imipenem/cilastatin are not affected by relebactam.
Cmx and AUC of imipenem, cilastatin, and relebactam (1) are all increased
proportionally with dose. After administered by intravenous infusion over 30 min every 6
hour at a dose of 1,250 mg (imipenem/cilastatin 500/500 mg plus relebactam (1) 250 mg)
every 6 hour, steady-state Cnax Of imipenem and relebactam reached 88.9 uM and 58.5
uM, respectively, with AUC from 0 to 24 hour 500 uM-h for imipenem and 390.5 uM'h
for relebactam (1). Their PPBs are 20% for imipenem, 40% for cialastin, and 20% for
relebactam (1). Their Vs at steady state are 24.3 L for imipenem, 13.8 L for ciaastin, and
19.0 L for relebactam.

In Recarbrio, imipenem is exclusively metabolized in the kidney by
dehydropeptidase-l. To decrease rena metabolism, cilastatin, a dehydropeptidase-
inhibitor, is co-administered. Although relebactam (1) is minimally metabolized by renal,
it is mainly excreted renally. After multiple dose administrations in healthy individuals,
63% of imipenem, 77% of cilastatin, and > 90% of relebactam doses were recovered in
human urine. Half-lives of imipenem/cilastatin and relebactam (1) are 1.0, 1.2 hour
respectively. Since no ingredient is an inhibitor or inducer of the cytochrome P450
enzyme system, Recarbrio has no obvious drug-drug interactions.®

Sex, race, age, and weight have no impact on PK. Since it mainly excreted
renally, hepatic impairment has no effect, while renal impairments have substantial
influence. Exposure in patients with mild, moderate, or severe rena impairment was
1.22-2.01 times for imipenem, and 1.38-3.05 times for relebactam (1). Dose adjustment
therefore is required.8®
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5. Efficacy and Safety

In Table 1, we have aready seen imipenem/relebactam showed broad-spectrum in vitro
inhibitory activity on both class A (K. pneumoniae) and class C (P. aeruginosa) B-
lactamase enzymes. Actually, of over 6,000 P. aeruginosa isolates collected in 2016 in a
surveillance study, 90% were fully susceptible at the approved FDA imipenem/REL
breakpoint of 2 mg/L, while only 67% of the isolates were susceptible to imipenem
without REL. Additionally, the percent imipenem and imipenem/REL susceptibility for
145 molecularly-sequenced KPC isolates was 9.9% and 98.0%, respectively,
demonstrating the effectiveness of REL in restoring antibacterial activity of imipenem in
K PC-producing clinical isolates.'62

The in vivo efficacy of Recarbrio was demonstrated in mouse spleen (P.
aeruginosa and K. pneumoniae) and lung (P. aeruginosa) models of infection and
afforded greater than a 3-log reduction in colony forming units (CFU) following
intravenous (1V) administration. Based on these clinical studies, the pivotal phase 11
trial RESTORE-IMI 1 was conducted. Recarbrio was administered via intravenous
infusion in two trials, one each for cUTI and clAl. The cUTI tria included 298 adult
patients with 99 treated with Recarbrio. The clAl trail included 347 patients with 117
treated with Recarbrio. And later, more assessments were conducted in the phase 111 trials
of adults (age > 18 years) with Hospital-Acquired or Ventilator-Associated Bacterial
Pneumonia (HABP/VABP). All treatments achieved favorable overall response. In all
these clinical trias, imipenem/cilastatin/relebactam showed good tolerance in patients
with cUTI, clAl, or HABP/VABP, and their safety profiles were the same as those
established for imipenem/cilastatin alone.

Observed adverse effects are mainly from imipenem-cilastation (Primaxin).
Since generalized seizures have been reported when ganciclovir was co-administered
with imipenem/cilastatin, Recarbrio should be avoided being taken with the
anticonvulsant valproic acid, divalprox sodium, or the antiviral ganciclovir, unless the
potential benefits outweigh the risks. It may reduce the level of corresponding API and
increase the risk of seizure in the patients taking these drugs to control seizure. In
addition, there were also reported CNS adverse reactions with patients with preexisting
CNS disorders and/or those with compromised renal function. For these patients,
neurological evaluation should be conducted to determine before taking Recarbrio.’

6. Syntheses

6.1. Early Process Synthesis

The compound has two features made its synthesis difficult: one is the bicyclo[3.2.1]urea
bridge, and the other isits existence as a zwitterionic salt. Due to low solubility and high



Chapter 1. Relebactam (Recarbrio)

reactivity of the final product, the urea bridge had to be constructed as late as possible, so
did the formation of Zwitterionic salt. The evolution in its synthesis can be clearly
tracked from the several generations of synthesis routes published.'® Here we will focus
on two synthetic routes from process chemists. The earlies route from medicinal chemists
took up to 17 steps can be found in the patents.182P

In one earlier process chemistry route, the piperidine ring was prepared by ring
expansion of the known chiral (S)-N-Bocpyroglutamic acid 13.1% The lactam was first
opened by sulfur ylide generated in situ from trimethylsulfoxonium iodide and potassium
tert-butoxide. The ring opening intermediate 14 was carried forward without further
workup. Sequential treatment of 14 with benzyloxyammonium chloride and LiCl in
DM SO rendered a-chlorooxime 15. DM SO s critical to this reaction as it can suppress
undesired displacement of the chloride by residual iodide in the reaction mixture carried
from trimethylsulfoxonium iodide. With no surprise, ring closure was swiftly achieved by
treating the a-chlorooxime 15 with potassium tert-butoxide in DMF at 0 °C, and the
resulting intermediate 16 was deprotected by TMSBr and N,O-bis(trimethylsilyl)-
acetamide to give piperidine 17.

The oxime in 17 existed as a mixture of (E)- and (2)-isomers. After screening
reduction conditions for C=N bond, sodium borohydride/triglyme was selected to deliver
the desired product 18 with high diastereoselectivity, mainly directed by the carboxylic
acid. Conversion of the hydroxylamine to sulfuric acid salt enabled isolation of
crystalline form with 99.2:0.8 dr. Due to low solubility of sulfuric acid salt, it was
converted to trifluoroacetate first, followed by amidation with amino piperidine to give
amide 19. The TFA salt was further converted to tosylate salt for easy crystallization, and
compound 20 with high purity (> 99.5%) was separated as a salt.

o o

\\s/
Boc @?\ I@ T
O N /O @) HN,Boc
t)< KOt-Bu, DMF, THF oK
OH -15°C, 90% "”/
14
13 )
cl
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2 BnON - BOC KOt-Bu, DMF
NCCH,CO,H, DMSO
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15
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Construction of the reactive bicyclo[3.2.1]urea bridge from diamine 20 proved
to be very challenging. Most carbony! sources are added preferentially at the piperidine
nitrogen, without further cyclization to make the bridged urea. After trials and errors, the
cyclization finally succeeded with triphosgene in the presence of excess Hinig’s base,
followed by dilute agueous phosphoric acid. Urea 21 was crystalized with 87% isolated
yield. Deprotection of benzyl group in THF gave free N-hydroxylamine, which was
sulfated with SOgepyridine to give desired product 22. Finally, TMSI in acetonitrile was
able to deprotect Boc and give the desired final product 1.

19

BnO O

\N—{
BnOHN ap P TSO"iPrNE, triphosgene N
H DCM, H3PO, H
(G = 710
20 (0] NBoc 21 o NBoc
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0550 0
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THF, -10 °C C H 82%, 2 Steps
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K,HPO,, —10 °C o NBoc
22
6.2 Later Process Synthesis

After further optimization, Merck process chemists reported several new routes, and the
following one is the most efficient and economical for scalable multikilogram
synthesis.*®

This route started from optically pure cis-5-hydroxypipecolic acid 23 available
from enzymatic oxidation of pipecolic acid, avoiding more expensive earlier approach.
Upon treatment with 2 equiv of 2-NsCl, one for N-protection, the other to active the
carboxylic acid to facilitate cyclization to give lactone 24 in > 99% purity. The lactone
was then opened readily with commercially Boc-protected aminopiperidine in THF, and
the resulting intermediate was treated with another 2 equiv of 2-NsCl in one pot to give
desired sulfonate ester 25 in 98% yield for 2 steps from 24. Subsequent displacement of
2-NsO with protected —OBn hydroxylamine, followed by removal of all 2-Ns gave
neutral form of compound 20 in 70% yield with > 97.5% HPLC purity. From 20, the
same chemistry as mentioned before was able to furnish the synthesis of 1. This new
route provided a more efficient way for the synthesis in only eight steps and 42% overall
yield.

2-NsCl, NaOH HO,

HO.,, -Ns
OH H,0, acetone O
"/, OH ’/,/ OH
g iy

23 O o}

NBoc
2-NsCl, TEA, o HO,,, N’NS
EtOAc/acetone HoN H
(0] '\\j ”/N
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’ P 24 THF (0] \Q\IBOC
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7. Summary

NO,

In summary, Recarbrio is a fixed dose combination of imipenem, cilastatin, and
relebactam (1). It was approved by FDA in July 2019 for the treatment of adults with
limited treatment options for cUTI and clAl caused by a range of susceptible gram-
negative bacteria, including but not limited to Enterobacter cloacae, Escherichia coli,
Klebsiella aerogenes, K. pneumoniae, and P. aeruginosa. In June 2020, it was further
approved to treat hospital-acquired bacterial pneumonia and ventilator-associated
bacterial pneumonia (HABP/VABP) in patients 18 years of age and older. Recarbrio is
administered by intravenous infusion over 30 minutes every 6 hours at a recommended
dose of 1.25 g (imipenem 500 mg, cilastatin 500 mg, and relebactam 250 mg), with dose
adjustments for patients with renal impairment. In addition to its pharmacology, PK,
metabolism, safety, and SAR, two of its process syntheses have also been discussed in
this chapter. As the last treatment options for carbapenem-resistant gram-negative
infections, antimicrobial stewardship should be set up to ensure appropriate use of this
new therapeutic agent.
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Vaborbactam (1), a non-B-lactam B-lactamase inhibitor, was approved in 2017 in
combination with the carbapenem B-lactam antibiotic meropenem (2) as Vabomere for
the treatment of complicated urinary tract infections and pyelonephritis, kidney
inflammation resulting from bacterial infection.*?

B-Lactam antibiotics have been a mainstay as anti-infectives since the discovery
of penicillin in 1928 by Fleming and subsequent use of penicillin F in 1943 for the
treatment of streptococcal meningitis.® After the ensuing decades of constant application
of the drugs, bacteria evolved serine 3-lactamases to hydrolyze the -lactam of the drug
and render it ineffective. In the 1980s and 1990s a new strategy developed in the Pharma
industry to couple a B-lactamase inhibitor with the active antibiotic to protect the drug
from this metabolism.* Notable such combinations include clavulanic acid (3) as the B-
lactamase inhibitor in combination with amoxicillin (4, 1984); followed by sulbactam
(5)/ampicillin (6, 1987), and tazobactam (7)/piperacillin (8, 1993). These compounds 3,
5, and 7, each contained a -lactam and functioned by out-competing the drug to form a
covalent bond with the serine 3-lactamase.
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While this strategy worked to protect the cephalosporin class of B-lactams for
some time, eventually the bacteria evolved additional B-lactamases that evaded the
inhibitors 3, 5 and 7. Notably, the antibiotics reserved for multidrug resistant (MDR)
gram-negative bacterial (GNB) infection, the carbapenems, were not well protected,
particularly since they are susceptible to the Klebsiella pneumoniae carbapenemase
(KPC) type of pB-lactamase. MDR infections from carbapenem-resistant
Enterobacteriaceae (CRE) were recognized by the WHO and other public heath
authorities as a serious public health threat.> Hence, more recent efforts resulted in
another class of B-lactamase inhibitors which have overcome some of these deficiencies:
the diazabicyclooctanes (DBOs), avibactam (9) and relebactam (10). These compounds
function similarly to the first-generation compounds, 3, 5, and 7, by terminating the -
lactamase function with covalent bond formation between the p-lactamase serine and the
urea carbonyl of the DBO inhibitor. These were approved when administered with
ceftazidime (11, 2015) and imipenem (12)/cilastatin (13, 2019), respectively.*
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Vaborbactam (1) is the first boron-containing p-lactamase inhibitor. This
molecule joins a group of other boron-containing drugs and investigational compounds,
see 14-20,512 which benefit from the sp%sp® hybridization interconversions possible at
the boron atom. In contrast to the irreversible B-lactamase inhibitors from earlier
strategies (see 3, 5, 7, 9 and 10), the use of this boron-hybridization flexibility allows
these types of molecules to reversibly form a covalent bond with and inhibit hydrolase
enzymes as transition state mimic inhibitors, see Figure 1.3 Representative of the
continued value placed on this boron strategy are the three more recent members of this
group, 18-20,°%? which are in development as B-lactamase inhibitors with active
carbapenem antibiotics.
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Figure 1. Mechanism of boronate transition state mimetic covalent-reversible inhibition.

2 Discovery Medicinal Chemistry

With no effective B-lactamase inhibitor combinations with carbapenems yet available,
new research into novel molecule p-lactamase inhibitors was warranted. This resulted in
consideration of the early testing of boronic acids as B-lactamase inhibitors. This work
originated in academic labs with compounds which included 23,%° 24,1617 25 18 gnd 26.1°
Acknowledging back to the discovery that borate ion inhibited B-lactamase 1,
phenylboronic acid (23) was determined to inhibit it as well. Publication of the X-ray
crystal structure of the class A RTEM-1 B-lactamase?! inspired the sequential rational
design of inhibitors 24 and 25 which had resulting 1Cs, values of 110 and 13 nM,
respectively. The latter compound 25 revealed an important potency boost realized by the
polar phenolic OH group. Further structure-based design revealed the importance of an
additional hydrophobic residue, the thiophene ring of compound 26. Yet despite these
discoveries of potent B-lactamase inhibitors, there were no publications detailing testing
of these compounds in an animal infection model. Thus, the road was clear to investigate
if this strategy would work to inhibit the problematic serine carbapenemases of CRE and
hence protect an anti-infective carbapenem from degradation, enabling efficacy.?
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While the report describing 25 considered the equilibrium to the cyclic
derivative 27 to be potentially important to inhibition of B-lactamase TEM-1, it was
considered less likely when models indicated the acyclic version 25 seemed to fit better.

Figure 2. Equilibrium inspires cyclic active structure design.

While seeking to be selective away from serine hydrolases that favored linear
substrates with their smaller binding cavities, research towards vaborbactam (1) was
directed towards cyclic structures such as 28 in order to specifically target B-lactamases,
see Figure 2. Modeling of the cyclic boronate 28 into the active site of AmpC (S64G
mutant) revealed all key interactions could be obtained with pre-covalent and covalent
bound forms of the prospective compound, see Figure 3.2

Early analogues of the compound 28 series were tested in their ability to
potentiate the activity of biapenem against a KPC-producing strain of Klebsiella
pneumoniae (KP1004) as shown in Table 1. Potency is expressed as MPCL, defined as
the minimum concentration of the B-lactamase inhibitor required to reduce the biapenem
MIC from 32 pg/mL (no inhibitor) to 1 pg/mL. The 2-thienylacetyl analogue 28e
(reminiscent of marketed cephalosporins cephalothin and cefoxitin) proved remarkably
potent with MPC1 = 0.02 pg/mL. Few other analogues in this series approached that
potency and 28e was then designated as RPX 7009 (vaborbactam, 1).?
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Figure 3. Model of 28 bound at the active site of class C p-lactamase (magenta). X-ray
structure of cephalothin (core portion, green) bound to AmpC (enzyme is superimposed)
is shown in green. Blue balls represent hydrogen bonds. (Adapted with permission from

Reference 2. Copyright 2015 American Chemical Society)

Table 1. Potentiation of Biapenem by compounds 28.

28 Biapenem

R\
Cmpd N MPC; (ug/mL)

28a 0.30

0
0
280 A{ 0.15
0

o8¢ ©\H/ 0.30
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RPX7009 (vaborbactam, 1) is considerably more potent than FDA-approved [3-
lactamase drugs clavulanic acid (3) and tazobactam (7) against class A carbapenemase
KPC-2 as well as class C enzymes P99 and CMY-2.2 RPX7009 (vaborbactam, 1)
potentiated the effects of cefepime in whole cell models demonstrating enhanced
protection against clinical strains with serine pB-lactamases from classes A, C, and D, see
Table 2. Importantly, this compound potentiated the protective effect of the carbapenems
biapenem, meropenem, ertapenem and imipenem in clinical isolates of Eterobacteriaceae
expressing class A carbapenemases KPCs-2, and -3; SHVs-1, -11, -30; TEM-1; OXA-2;
aswell as CTX-M-15.2 Lastly, in ademonstration of selectivity, RPX7009 (vaborbactam,
1) was completely inactive (1Csp > 1000 uM) against eleven common mammalian serine
proteases.?

Table 2. Potentiation of Cefepime by RPX 7009 (vaborbactam, 1).
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RPX7009 Cefepime €O,
. Cefepime MIC
Cef
organism strain enzyme MIC (epé/nrfl_) (W/RPX7009
H 4 pg/mL)
Escherichia coli EC1008 CTX-M-3 >64 4
Klebsiella KP1005 | CTX-M-14 64 4
pneumoniae
Klebsiella KP1009 | CTX-M-15 >64 2
pneumoniae
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Klebsiella KP1011 SHV-5 64 0.25
pneumoniae
Klebsiella KP1010 SHV-12 2 0.25
pneumoniae
Escherichia coli EC1009 TEM-10 8 4
Escherichia coli EC1011 TEM-26 8 2
Enterobacter cloacae ECL1003 TEM, SHV 32 8
Enterobacter cloacae ECL1002 Hyper AmpC 16 0.5
Hyper
Enterobacter cloacae ECL1061 | AmpC, KPC- >64 2
3
Enterobacter cloacae EC1010 CMY-6 >64 4
Klebsiella oxytoca KX1001 OXA-2 4 0.5
Enterobacter EA1028 OXA-30 >64 05
aerogenes

Crystallographic structures of RPX7009 bound to class A (CTX-M-15) and class C
(AmpC) lactamases reveals two chair flipped orientations for the ligand respective to the
enzyme, see Figures 4 and 5. This molecular flexibility provides reasoning for why the
compound can so effectively inhibit a broad range of these bacterial enzymes. Consistent
with the covalent nature of the inhibition, in each enzyme, the key active site serine forms
abond to the boron atom of the inhibitor.
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Figure 4. RPX7009 bound to CTX-M-15. (Adapted with permission from Reference 2.
Copyright 2015 American Chemical Society)

Figure 5. RPX7009 bound to AmpC.
(Adapted with permission from Reference 2. Copyright 2015 ACS)

Proof of concept in vivo model.

The pharmacokinetics of RPX7009 in rat at multiple doses were similar to those of most
B-lactam antibiotics. At 100 mpk intravenous infusion, it had a high Crmax (231 mg/L), and
AUCo. (64 hemg/L), a short half-life (0.42 h) and a low volume of distribution (0.97
L/kg).? The compound RPX 7009 (vaborbactam, 1) enhanced the effects of biapenem and
meropenem against a KPC-producing strain of Klebsiella pneumoniae in a neutropenic
mouse lung infection model whereas the carbapenems alone were ineffective (Figure 6).2
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Figure 6. Potentiation of biapenem and meropenem activity by RPX7009 against a
carbapenem-resistant strain of K. pneeumoniae in the neutropenic mouse lung infection
model. (Adapted with permission from Reference 2. Copyright 2015 American Chemical
Society)

3 Vaborbactam/Vabomere Clinical Trials

Safety studies in rats at doses up to 1000 mg kg day* with RPX7009 (1) revealed no
discernable toxicity in the standard battery of safety pharmacology, repeat-dose
toxicology, genotoxicity, and reproductive and developmental toxicity studies. The
compound was designated vaborbactam (1) as it entered human clinical trids in
combination with meropenem.

The human clinical trials of meropenem/vaborbactam for the i.v. treatment of
complicated urinary tract infections (cUTI) including pyelonephritis caused by
designated susceptible bacteria including Escherichia coli, Klebsiella pneumoniae and
Enterobacter cloacae species have been summarized.?® Of particular importance is the
ability of vaborbactam (1) to inhibit the Klebsiella pneumoniae carbapenemases (KPCs).
The ability to clinically inhibit KPCs was critical and thus extended the treatment
capability of the carbapenem. Phase | single dose and multiple dose studies up to 2000
mg/dose vaborbactam (1) by i.v. infusion every 8 h for 7 days showed no differences in
safety findings in clinical laboratory tests (hematology, biochemistry, coagulation, and
urinalysis), vital signs, or ECG in patients receiving vaborbactam (1) vs. placebo. In the
Phase Il clinical trial TANGO I, administration of meropenem/vaborbactam (2000 mg
each) by i.v. infusion every 8 h for 10 days was compared to dosing with
piperacillin/tazobactam (4000 mg/500 mg) in the same manner to atotal of 550 patients
that were diagnosed with cUTI (41%) or acute pyelonephritis (59%). The primary
outcome was clinical cure and microbial eradication composite in the microbiologic
modified intention-to-treat population. The primary endpoint was achieved for 98.4% of
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patients receiving meropenem/vaborbactam and 94% of patients receiving
piperacillin/tazobactam.

A second randomized, open-label Phase Ill clinical trial, TANGO II, was
investigated in patients with cUTI, acute pyelonephritis, hospital-acquired or ventilator-
associated bacterial pneumonia, bacteremia, or complicated intra-abdominal infection due
to known or suspected carbapenem-resistant Enterobacteriaceae. This trial was
terminated early due to the superior performance of meropenem/vaborbactam compared
to the best available treatment (BAT). For the microbiological carbapenem-resistant
Enterobacteriaceae modified intention-to-treat population, it had higher cure rates (64%
vs. 33% BAT), fewer treatment-related adverse events (24% vs. 44% BAT), and lower
al-cause mortality (18% vs. 33% BAT). Based on findings of safety and efficacy,
meropenem/vaborbactam was approved by the FDA in 2017 under the trade name
Vabomere. It is indicated for the treatment of complicated urinary tract infections
including pyelonephritis caused by designated susceptible bacteria.
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4 Vaborbactam Medicinal Chemistry Synthesis

The medicinal chemistry synthesis of vaborbactam (1) was accomplished in seven steps
and 31% overdl yield, see Scheme 1. The synthesis begins with the known chiral
building block 29.24?> After alcohol protection with TBS, [Ir(COD)CI],*-catalyzed
regioselective hydroboration with pinacolborane provided intermediate 39 which was
converted to the more stable pinanediol boronate to provide 32. This group helped
provide stereocontrol during the chloromethyl-group installation to 33 using the Matteson
reaction.?”28 Though the Matteson reaction required —95 °C, and was conducted at scales
up to 30 kg, those cryogenic conditions were not suitable for commercial quantities of
material and would be addressed later with flow or continuous processing (CP) chemistry
during the process chemistry campaign. This compound contained a diastereomeric
impurity at the chloro-center as 15% of the product mixture. The impurity was removed
at the final step. Compound 33 was aminated with LiIHMDS? and the resulting amine
acylated with 2-thienylacetic acid 34 to provide amide 35. This compound was
conveniently deprotected and converted to the cyclic boronate 1 on treatment with 3 N
HCI in dioxane. Recrystallization from EtOAc/water provided isomerically pure product.

/Y\COzt-Bu TBDMSCI /Y\Cozt-Bu [I(COD)Cl],, dppb;

OH Imidazole  TBSO Pinacolborane
29 CH,Cl> 30 CH,Cl,
_B
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TBSO
51 5y TBSO
cl 1. LIHMDS, THF
n-BuLi, CH,Cl, o\ll3 co,tBu__—T8°Ctort
05 °C. THF O O  TBSO 2. EDCI, HOBT,
NMM, CH,Cl,
ZnC|2 H S
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Scheme 1. Medicinal Chemistry Synthesis of Vaborbactam (1).
5 Vaborbactam Process Chemistry Synthesis

The discovery of a boron-containing small molecule drug presented unique challenges
and opportunities for synthesis optimization on a process chemistry scale. In this case,
unigque boron chemistry was used to facilitate cGMP synthesis with an early-stage solid
B(IV)~ sdlt to be used as the registered starting material. Flow chemistry was applied to
solve the cryogenic requirements of the Matteson chloromethylene insertion reaction.
Moreover, the first part of the synthesis, preparation of the chiral building block 29,
involved more traditional process chemistry problem solving.

Scheme 2 shows the initial preparative method for chiral intermediate 29. Aldol
condensation between the lithium enolate of t-BuOAc and acrolein (36) provided racemic
alcohol 37, which was resolved by treatment with bulk lipase (non-immobilized PS
Amano lipase from Burkholderia cepacia) and vinyl acetate in pentane.?*?> Compound
29 prepared in this way could be isolated in yields of about 65% for the combined 2 steps
after SIO, chromatography. Both steps needed modification for kg-level operations
because of the cryogenic conditions of the aldol reaction, the pentane use, and the
chromatographic purification required in the second step.

o)

t-BuOAc /\OJ\R

O ~ 7Y CoutBu .
LDA, -78 °C OH PS Amano lipase,
36 37 pentane, 4A MS
ZY TcogBu , Z Y COtBu
OH OA
29 © 38

Scheme 2. Initial preparation of intermediate 29.

Scheme 3 shows the multi-kg process scale synthesis of intermediate 29.%° Aldol
condensation worked fine at —48 °C (79% yield) which resolved this cryogenic reaction
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concern. Resolution by a method without chromatography required significant
investigation. After survey of several lipases, PS Amano IM was found to be the most
effective and the acylation worked in the absence of pentane with vinyl acetate
functioning as the solvent. To test if distillation could be used to purify 29, lipase
esterification was investigated with higher molecular weight vinyl propionate to provide
38b. On scales below 1 kg, the double distillation of 29 (bp 87-90 °C/6 torr) worked to
effect separation from 38b (81% yield). However, at larger scales, separation by
distillation was unsatisfactory. Purification of 29 from the previously optimized reaction
mixture, which included 38a, was accomplished by first derivatizing 29 as a succinate
ester, and performing extractive isolation of the resulting carboxylic acid 39. Hydrolysis
was studied with K,CO3z and NH4OH but worked best with 4 equiv of hydrazine at pH 9
to provide 29 pure at multi-kg scale with no chromatography and only partition
extractions for purification. This hydrolysis was sensitive to pH since reactions run at pH
10 resulted in the elimination product 40 as a 40% impurity. Moreover, maintaining pH 9
eliminated production of this side product.

X
t-BuOAc Z07 R
P -~ 7Y coxtBu 2 -
LDA, -48 °C OH PS Amano IM lipase
36 37
ZCotBu o O g
Z COotBu L RO \V\j
OH bl
(0]
Et;N, MTBE
38b R =Et
/\l/\cozt-BU 4 eq NH,NH,+H,0
HO,C 0 29
pH 9
O 39

ZNC0,tBu
40
Scheme 3. Kg-scale preparation of intermediate 29
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The next stage of the vaborbactam (1) synthesis targeted a solid intermediate to
be the registered starting material for cGMP manufacture. In the existing 7-step sequence
(Scheme 1) only the penultimate intermediate 35 and the final compound 1 are crystalline
solids. It was envisioned that some earlier boron-containing intermediate would be ideal
because of the ready facility of boron to form B(IV)~ salts. This would allow the number
of steps conducted under GMP to be reduced which in turn would lower the overall cost
of goods. Hence, a boron-containing intermediate represented by 41 was sought that
could readily be converted to 32 (Scheme 4). In turn, 41 would be derived from TMS-
ether protected intermediate 42 for ease of synthesis. Additionally, the resulting sequence
to the B(IV)~ salt alowed for complete removal of the toxic impurities of acrolein,
hydrazine and iridium which were used in preceding reactions (vide infra).

®
4"" H r/>h_/cog{m
0 —> B2

\
0
_B
H O \/\l/\COZt-Bu G~ X
TBSO
32 41

Z T co,tBu

> TMSO o,

Scheme 4. The quest for solid intermediate 41 as the cGMP registered starting material.

The route to 41 and its conversion to 32 are shown in Scheme 5.3 To simplify
the preparation of 41, the TBS-ether 30 was substituted with the more labile TM S-ether
42. This ether was synthesized using NEt; as the base since imidazole use poisoned the
subsequent  iridium-catalyzed hydroboration.®> After this small modification,
pinacol borane hydroboration could be done with only 0.1 mol% [Ir(COD)Cl], as catalyst
under refluxing conditions to provide 43. Exchanging the solvent to heptane and filtration
through silica gel reduced residual iridium levels to < 30 ppm. Dilute acid cleaved the
TMS ether to 44. The pinacol ester was oxidatively cleaved with NalO4* and the free
boronic acid cyclized with the proximal acohol to form 45. Various N-substituted
ethanolamines were tested and only unsubstituted ethanolamine was effective at forming
a solid boron centered spirocyclic sdlt, i.e. 41a, from the MTBE/ACN reaction solvent.
Functionaly, the HCI desilylation and NalO4 reactions were conducted sequentially in
one pot, product 45 isolated by MTBE extraction, the extract concentrated to four
volumes and then treated with ethanolamine to provide the product 41a as a filterable
solid in 70-75% vyield for the three steps. This compound was a mixture of two
diastereomers (the boron atom is a stereocenter) and powder X-ray diffraction revealed it
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to be non-crystalline. Altogether in this sequence, the SO, filtration, the oxidative
treatment with NalOs and the many agueous treatments proved to remove the toxic
impurities acrolein, hydrazine and iridium to acceptable low or undetectable ppm levels
in the resulting solid compound 41a. This compound was converted to the previousy
prepared intermediate 32 to intersect the established synthesis by sequential treatment
with pinanediol in CH,Cly/water and then silylation with TBSCI in the presence of 2
equivalents of imidazole where the first equivalent sequestered the boron (as 47) to alow
formation of the desired TBS-ether 32 after extractive isolation. Thus, the cGMP
registered solid starting material 41a was established early in the synthesis in high purity
which greatly facilitated the manufacture of vaborbactam (1) free of the toxic impurities
utilized in these early synthesis steps.
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Scheme 5. Synthesis of intermediate 32 via the new starting material 41a.

The next consideration for kg-level scale-up was the low temperature (—95 °C)
Matteson chloromethylene-insertion reaction, see Scheme 6 for mechanism.?’2 Low
temperature is necessary since the incipient dichloromethyl-anion (‘CHCI,) is unstable
above —90 °C and decomposes to chloromethyl-carbene (:CHCI). The mechanism
reguires the anion to add to the boron to form a B(IV)~ species, which rearranges by a
1,2-shift after coordination with ZnCl,. The chelate with ZnCl, imparts
diastereoselectivity via a proposed 5-member ring as shown with intermediate 48 that
preferentially rearranges to the desired isomer 33. To address the requirements for low
temperature control, a flow chemistry or continuous processing (CP)3*% approach was
investigated. The advantage of CP with a cryogenic reaction at kg scale is better
temperature control of the small volumes passing through the reaction tubing compared
to the variable temperatures caused by localized reaction exotherms in a large volume
reaction vessel. The application of this technology to the Matteson reaction in the
synthesis of vaborbactam (1) has been described in detail®® and will be reviewed here.

CH,Cl, N

n-BulLi l CI—ZIn

1 A

G OCHCI, Q (el
0 0N
| o)X -) H

A

-B -95 °C, THF -B
H O CO,t-Bu ’ H O CO,t-B
\/\l/\ , e . \/\l/\ Lt-BU
TBSO Li TBSO
32 48
cl
oL

B/\/\l/\COZt—Bu

|
— Q o) TBSO
H

33
Scheme 6. Mechanism of the Matteson chloromethylene-insertion reaction.
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The CP reaction setup evolved into the arrangement shown in Scheme 7.
Stainless steel mixing T-joints combined two precooled solutions of CH2Cl, and n-BuLi
which then exited into a reactor loop (R2) which then combined with a solution of 32 in
the second T-joint before progressing into the next reactor loop R3. Final reaction
rearrangement was accomplished by transfer of this mixture into a stirred batch vessel
containing a precooled solution of ZnCl,. The optimal temperature was —-80 °C for all
vessels and residency times were optimized. The final mixing of this reaction process
stream with an excess of ZnCl;in a separate batch reaction vessel created an enhanced
dilution effect, avoided precipitation in the flow lines, and produced >98% conversion to
target product 33 with excellent diastereomeric excess (d.r. = 97.7 : 2.3).

Scheme 7. Initial optimized flow chemistry protocol for the Matteson reaction.
(Adapted with permission from Reference 36. Copyright 2019 American Chemical
Society)

In the design of 40 kg pilot runs, tubing was arranged in a vertical reaction
channel with coolant flowing around reaction tubing in a second outer tubing that acted
as a cooling jacket. The length and diameter of mixing tubes was increased and radial
mixing components were added inside reaction tubing. Optimization of n-BuLi
equivalents, reaction temperatures and residency times resulted in > 90% yields and 95:5
diastereoselectivity control. Further construction and operation of refined flow reactors at
larger scale produced several metric tons of intermediate 33 of high purity in a cGMP
production campaign.
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To achieve a fully continuous process, improvements were made to convert the
batch ZnCl, quench method to a fully continuous process for commercial production. To
achieve this, three operations were addressed: (1) the quench with ZnCl, at < -20 °C; (2)
the batch sequence of aqueous washes and (3) the distillation procedure to concentrate
the final product. The latter two were solved by established technology but the first
required specia study. The solution for the ZnCl, quench was studied with two strategies,
a continuous loop quench plus continuous stirred tank reactor (CSTR, Scheme 8) and a
sequential cascade double CSTR quench (Scheme 9). Both methods involved a smaller
vigorous premixing zone of ZnCl,/THF with reaction mixture from R3 at controlled
temperature followed by transfer to a larger secondary mixing chamber or CSTR at
controlled temperature before exiting to continuous work-up processing.

Scheme 8. Continuous loop quench. (Adapted with permission from Reference 36.
Copyright 2019 American Chemical Society)

Scheme 9. Continuous stirred-tank reactor (CSTR) cascade quench. (Adapted with
permission from Reference 36. Copyright 2019 American Chemical Society)
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For the continuous loop method (Scheme 8), a small volume is circulated at a
high flow rate and temperature is controlled by a heat exchanger. For the cascade CSTR
method (Scheme 9), the temperature is controlled by a cooling jacket around the first
smaller CSTR. For both, the stoichiometry of mixing is controlled by the flow rate of the
reaction mixture exiting R3 at —60 °C and the ZnCl./THF stock being added as a 25 °C
solution. After transfer to the larger CSTR for final mixing, the stable product solution is
directed to a buffer tank for further continuous downstream processing. Better
temperature control is realized because of the smaller initiad mixing volumes. Also,
elimination of the ZnCl, solution precooling step provides significant time and energy
cost savings.

During optimization, the concentration of ZnCl,/THF solution was varied (10—
20%) as well as flow rates for that solution. Like before, higher ZnCl, eguivalents (> 2
mol equiv) resulted in improved product quality. Studies of CSTR temperature revealed
optimal results even at >-10 °C, which is the highest temperature reported for the
Matteson reaction quenching step. This temperature tolerance was realized as a result of
the fast mixing occurring at the entry point of the boronate adduct reaction stream.
Comparison to the previous batch mode quenching run at —25 °C showed lower 33
diasteromer byproduct, 0.9% (CSTR) and 1.3% (loop) vs. 2.6% (batch mode) at 0.3 mol
equiv. less ZnCl; (2.1 mol equiv.). For translation to production scale, the loop method
was chosen for safety offered by the reaction chamber’s pressure resistance, simplicity,
lower cost and excellent scalability aspects.

For production, the modification of equipment only involved replacing the batch
ZnCl; quenching vessel with a quench loop. A demonstration cGMP campaign, which
included the loop reactor and subsequent continuous mode downstream operations,
produced several hundreds of kilograms of intermediate 33 of high chemical purity (98%
HPLC) and yield (97%) with only 0.8% undesired diastereomer. This was a true
demonstration that flow reaction technology can open commercial production to
traditionally temperature sensitive reactions and offer superior reaction selectivity
controls.

The remainder of the synthesis scheme, the two-step conversion of 33 to
vaborbactam (1), (the amine displacement and amide bond formation to 35 are performed
without isolation of the intermediate), followed the original methodology (Scheme 1).

6 Conclusions

Discovery of this new boron-containing FDA approved drug vaborbactam (1) involved a
design exploration which removed the aromatic ring utilized in earlier studies. Boron as
the central element in a cyclic structure enabled enzyme inhibition to be covalent-
reversible as a result of formation of a reversible bond with an active site serine residue.
It adso extended it to be a broad-spectrum p-lactamase inhibitor because of
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conformational flexibility observed in the boronate ring. Special synthesis challenges
were solved, including boron-chemistry specific, to enable the commercial synthesis of
this important molecule with methods which included (1) the traditional with enzymatic
and partition extractive purification to provide chira building block 29; (2) the unique
with preparation of the boron centered spirocyclic salt 41a as the solid cGMP starting
material; and (3) the modern with commercial scale continuous processing flow
chemistry for the previoudly prohibitive cryogenic Matteson reaction to 33.
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1 Background

Influenza viruses are responsible for both seasonal influenza and pandemic influenza, the
latter of which has occurred four times since the turn of the 201 century in the years 1918
(HIN1), 1957 (H2N2), 1968 (H3N2), and 2009 (H1N1), respectively. These instances
resulted in the combined deaths of more than 52 million people (Table 1).! Influenza,
which is an acute respiratory disease, affects approximately 13% of the world’s
population each year, leading to 3-5 million severe cases and 290,000-650,000 deaths
worldwide.? The two-pronged approach to control influenza is vaccination and antiviral
therapy. However, a sizable portion of the general population worldwide remains
unvaccinated against seasonal flu (only 45% in the United States in 2020), and
furthermore, influenza vaccines achieve approximately 60% protection rate due to
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mismatch to one or more circulating influenza viruses.® Thus, anti-influenza drugs are
essential for the treatment and prevention of influenza.*

Table 1. Timeline of influenza pandemics.

Y ear Virusstrain Deaths (world) Deaths (United States)
1918 HIN1 >50 million 675,000
1957 H2N2 1.2 million 116,000
1968 H3N2 1 million 100,000
2009 HIN1 151,700-575,400% 12,469

Source: datafrom Reference 1.

Over the past few decades, three classes of inhibitors have been developed to
treat influenza, as shown in Table 2.* The M2 ion channel blockers, amantadine (2) and
rimantadine (3), are no longer recommended because influenza A viruses have developed
resistance to treatment from these drugs, and these drugs lack efficacy against influenza
B viruses (influenza A and B viruses generaly cause seasond flu).> Three neuraminidase
(NA) inhibitors are recommended by the CDC for the treatment of uncomplicated
influenza: two doses per day of oral oseltamivir (4) or inhaled zanamivir (5) for 5 days,
or one dose of intravenous peramivir (6). However, their efficacy has been limited by
emergent resistance due to the mutations of the NA protein of the viruses. In October
2018, a single oral dose baloxavir marboxil (Xofluza, 1), a cap-dependent endonuclease
(CEN) inhibitor designed to block the initiation of viral mMRNA synthesis, was approved
by the FDA for the treatment of flu in patients 12 years and older who were symptomatic
for 48 hours or less. Baloxavir marboxil (1) represents the first flu medication in nearly
20 years after the FDA approved oseltamivir (4) and zanamivir (5) in 1999 (Figure 1).°6
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Figure 1. Structures of anti-flu drugs.

Table 2. Timeline of FDA-approved antiviral drugs for influenza.

Y ear Drug Mechanism Virustype Route Age
1973 | Admantadine (2) M2 inhibitor Influenza A Ora NR
1994 Rimantadine (3) M2 inhibitor Influenza A Ora NR
1999 Oseltamivir (4) NA inhibitor Influenza A/B Ord Any age
1999 Zanamivir (5) NA inhibitor InfluenzaA/B | Inhaled | >7years
2014 Peramivir (6) NA inhibitor Influenza A/B v >2 years
2018 Baloxavir CEN inhibitor Influenza A/B Ora >12 years
marboxil (1)
Source: Based on Reference 4. NR: Not Recommended by CDC.
2 Mechanism of Action

Influenza virus life cycle starts with attachment to host cell surface sialic acid (SA)
receptor using the viral surface glycoprotein hemagglutinin (HA).”# Upon entry, the virus
undergoes endosomal acidification to activate the M2 proton channel, which causes HA
conformational change. This change leads to HA-mediated membrane fusion, resulting in
release of the viral ribonucleoproteins (VRNPS) containing the viral genome into the
nucleus for transcription of virll mRNAS, which is dependent upon the activity of the
heterotrimeric influenza RNA polymerase consisting of PA, PB1, and PB2 subunits.® The
7-methylguanylate cap binding domain of the PB2 subunit binds to the cap structure at
the 5" ends of preemRNAs (the nuclear RNA precursors to cellular mRNAS), which are
cleaved by a CEN of the PA subunit at a position 10-14 bases downstream from the cap
to generate the capped RNA fragments, which are used as primers for viral mRNA
synthesis by RNA-dependent RNA polymerase (RdRp) of the PB1 subunit, a process
known as “cap-snatching.”'®'* The mRNAs are transported to cytoplasm for translation
to produce viral proteins, which are combined with the newly synthesized viral genome
segments to form VRNPs in the nucleus. These new VRNPs are exported from the nucleus
via viral nucleoprotein to the cell membrane where new virions are assembled in a
process called budding. After cleaving the terminal sialic acid residues from HA using
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NA, the new budding viruses are released from the cell to start a new cycle of infection
and replication (Figure 2).
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Figure 2. Mechanism of action of anti-flu drugs. (Based on References 7 and 8).
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Figure 3. Binding modes of baloxavir acid (7) and dolutegravir (1).
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The life cycle of influenza virus depends on all steps for its virulence,
replication, and transmission; therefore, small molecule inhibitors designed to block any
of these steps can be effective for the treatment or prevention of influenza infections. %13
Adamantanes (amantadine and rimantadine) inhibit viral replication by blocking the M2
proton channel which modulates acidification of the virion interior essential for its
uncoating. The NA inhibitors (oseltamivir and zanamivir) block the function of viral
neuraminidases, preventing viral release from the host cell.

The recently approved baloxavir marboxil (1) inhibits the PA subunit of the
influenza virus polymerase complex by binding to the two catalytic divalent metal ions of
the CEN active site,** 8 a binding mode similar to dolutegravir (8, Figure 3), an inhibitor
of the human immunodeficiency virus type 1 (HIV-1) integrase for the treatment of HIV
infections in combination with other HIV medications.’®?° The crystal structures of the
truncated PA subunit with and without baloxavir acid (7) have shown that the inhibitor
binds to the two metal ions with three oxygen atoms with a hydrophobic region known as
“specificity domain,” which provides selectivity for the target.®

3 Structure—Activity Relationship41®

High throughput screening of the Shionogi compound library provided hit compound 9
with a bicyclic carbamoy! pyridone core as the two metal chelators.** This compound was
a weak CEN inhibitor with ICs; of 69 UM due to lack of a hydrophobic region.
Introduction of a C1 benzyl group to the hydrophobic domain increased potency to
submicromolar range (10, 1Csp = 0.24 pM), but the benzyl analog 10 still lacked activity
in a cytopathic effect (CPE)-based antiviral assay (CPE ECsp > 25 uM). The benzhydryl
substitution further enhanced the hydrophobic interaction, resulting in significant
improvement in both enzyme inhibitory activity (11, 1Csp = 48 nM) and antivira activity
(CPE ECsp = 0.29 pM). The C7 carboxylic acid was not involved in the metal chelation,
but it was engaged in hydrogen bonding interactions with the enzyme. However, it
contributed to poor membrane permeability; therefore, the free carboxylic acid was
removed to give 12, which showed more potent antiviral activity despite reduction in
enzyme activity. Nevertheless, compound 12 exhibited very fast rat 1V clearance (42
mL/min/kg), which was attributed to a high free fraction in rat plasma (f, = 30%) rather
than metabolic instability (79% remaining after 30 minutes in rat liver microsomes
(RLM). Consistent with this hypothesis, replacement of the methoxymethyl side chain
with an isopropyl group (i.e., 13) increased clogP from 1.3 to 1.8, which led to a
substantial drop in free fraction (fy = 18%) and rat IV clearance (25 mL/min/kg). Further
increase in protein binding would require additional hydrophobic groups, which could
adversely impact both biological activity and metabolic stability. To increase lipophilicity
without incorporation of new hydrophobic moieties, the C-1 methine was replaced with a
non-basic nitrogen atom (due to the a effect) to form a cyclic aminal 14, a judicious
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bioisosteric substitution that led to 1.4 unit increase in clogP. The lower lipophilicity
transferred to a substantial decline in the free fraction (from 18% to 3.8%) and rat IV
clearance (from 25 to 11 mL/min/kg), while maintaining potent antiviral activity and
good metabolic stability.

Compound 14 demonstrated protection in a mouse influenza B infection model
upon IV administration, thus confirming that CEN inhibition is an effective approach to
fight influenza.®> Even so, the in vivo activity of 14 was not robust enough even with 1V
dosing, let aone oral efficacy due to poor oral bioavailability and moderate antiviral
activity.
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Figure 4. SAR leading to 14.

The moderate antiviral activity of 14 (CPE ECs, = 81 nM) was addressed by
optimizing the lipophilic benzhydryl group at the N1 position.®® Conformational
restriction by linking two phenyl rings together to form dihydrodibenzoannulene 15
resulted in 4-fold enhancement in both enzyme inhibition and antiviral potency (ICso = 60
nM; CPE ECs; = 20 nM). Further incorporation of an oxygen atom led to
dihydrodibenzooxepin 16 with much reduced activity, whereas racemic dihydrodibenzo-
thiepine 17 was comparable in activity to its carbon counterpart 15. As the more active
enantiomer of 17 was more potent than 15, dihydrodibenzothiepine was selected as the
N1 substituent to investigate the impact of the solvent exposed N3 substituent. This
substituent was expected to have marginal impact on intrinsic enzyme inhibitory activity
but may improve antiviral activity due to better membrane permeability and also alter
pharmacokinetic properties. Indeed, smply switching one of the methyl groups with
trifluoromethyl (i.e., 18) increased antiviral activity to subnanomolar ECsy range. The
trifluoromethyl analog 18 also showed lower free fraction and better metabolic stability,
which led to further dropinrat IV clearance.

With 18 identified as a potent antiviral agent, optimization of both phenyl rings
in the hydrophobic pocket was carried out with fluorine and/or chlorine substitution, a
thorough SAR exercise that identified the difluoro analog 19 with excellent antivira
activity as well as low rat IV clearance.®* In a mouse model of influenza A virus
infection, a single dose of 19 at 0.4 mg/kg (PO, BID) was shown to be more effective
than that of oseltamivir phosphate at 5 mg/kg (PO, BID) in reducing vird titers in the
lung.
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Figure5. SAR leading to the discovery of baloxavir marboxil (1).

Further optimization of 19 was inspired by dolutegravir (8), an HIV-1 integrase
inhibitor, which also engages two divalent metal ions for binding to the HIV-1 integrase
active site.>2! To imitate the tricyclic fused metal binding scaffold of dolutegravir, a
morpholine ring was fused onto the bicyclic system of 19 at the C2 and N3 positions, a
transformation that culminated in the discovery of baoxavir acid (7), which was
developed as a prodrug, baloxavir marboxil (1) to improve its oral absorption.

Baloxavir acid (7) selectively inhibits the CEN of the PA subunit with 1Csq of
1.9 nM, with much lower activity on RdRp of the PB1 (ICs > 40 nM) and the cap
binding activity of PB2.8 The CEN |Cso values against both influenza A and B viruses are
within 1.4-3.1 nM and 4.5-8.9 nM, respectively, and it also demonstrated potent antiviral
activity in infected cells against both influenza A and B viruses with CPE ECy of 0.46-
0.98 nM and 2.2-3.4 nM, respectively. Additionaly, baloxavir acid shows a broad
spectrum of activity against various subtypes of influenza A viruses (HIN2, H5N1,
H5N2, H5N6, H7N9 and HIN2), thus supporting its clinical application to treat various
influenzainfections.

4 Pharmacokinetics and Drug Metabolism?

Baloxavir marboxil (1) is readily hydrolyzed to the active baloxavir acid (7) primarily by
arylacetamide deacetylase (AADAC), a serine hydrolase found in the intestine, blood,
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and liver, with maximum plasma concentration reached at 4 hours. Baloxavir acid (7)
exhibits modest unbound fraction (6.1-7.1%) in human serum proteins, which contributes
to low clearance (CL/F = 10.3 L/h, approximately 10% of human hepatic blood flow =
109 L/h for 70 kg body weight). The low CL/F along with a huge volume of distribution
(Vo/F = 1,180 L) results in a prolonged terminal elimination half-life of 80 hours (ti, =
0.693°V4/CL), supporting a QD dosing regimen.

Baloxavir acid (7) undergoes phase |l metabolism predominantly in the liver
through glucuronidation of the hydroxyl group by uridine diphosphateglucuronosyl-
transferase 1A3 (UGT1A3). Ora administration of [**C]-baloxavir marboxil showed
predominant excretion through feces (80.1% total radioactivity) followed by urine
(14.7% total radioactivity and 3.3% as baloxavir acid).

5 Efficacy and Safety?%

Inaphase Il clinical trial (CAPSTONE-1), asingle pill of baloxavir marboxil (1, 40 mg
or 80 mg, depending on the body weight) was compared to oseltamivir (4, 75 mg, BID, 5
days) and to placebo for the alleviation of flu-like symptoms. Baloxavir marboxil (1)
reduced the median time of alleviation from an average of 80.2 hours to 53.7 hours vs.
placebo, a clinical outcome comparable to oseltamivir (53.8 hours); however, it reduced
viral loads more rapidly in respiratory secretions, with a median duration of infectious
virus detection of 24 hours versus 72 hours for oseltamivir and 96 hours for placebo.
Baloxavir marboxil (1) was generaly well tolerated with no serious drug drug
interactions.

Baloxavir marboxil (1) has been approved as an influenza antiviral drug for
patients 12 and older exhibiting flu-like symptoms for less than 48 hours. Despite similar
clinical efficacy to oseltamivir (4), baloxavir marboxil (1) offers a significant advantage
of one single pill as an effective regimen over oseltamivir that requires twice daily
treatment for five days. Nevertheless, the generic oseltamivir (4) is less expensive than
brand name Xofluza, and therefore, it remains a good option if the 5-day course of
medi cation poses no serious issue to the patient.

6. Synthesis®
Baloxavir acid (7) was prepared via Sy2 type reaction from tricyclic alcohol 21 and

tricyclic hydrazine 20, which was derived from hydrazine ester 22 and morpholine ether
23 through condensation (Scheme 1).
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Scheme 1. Retrosynthetic analyss of baloxavir acid (7).

Hydrazine ester 22 was readily available from pyridone 24 by hydrazination
with tert-butyl carbazate followed by Boc deprotection,