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ABSTRACT: The diazabicyclooctanes (DBOs) are a class of
serine f-lactamase (SBL) inhibitors that use a strained urea moiety
as the warhead to react with the active serine residue in the active
site of SBLs. The first in-class drug, avibactam, as well as several
other recently approved DBOs (e.g, relebactam) or those in
clinical development (e.g., nacubactam and zidebactam) potentiate
activity of p-lactam antibiotics, to various extents, against
carbapenem-resistant Enterobacterales (CRE) carrying class A,
C, and D SBLs; however, none of these are able to rescue the
activity of p-lactam antibiotics against carbapenem-resistant
Acinetobacter baumannii (CRAB), a WHO “critical priority
pathogen” producing class D OXA-type SBLs. Herein, we describe
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the chemical optimization and resulting structure—activity relationship, leading to the discovery of a novel DBO, ANT3310, which
uniquely has a fluorine atom replacing the carboxamide and stands apart from the current DBOs in restoring carbapenem activity

against OXA-CRAB as well as SBL-carrying CRE pathogens.

B INTRODUCTION

Multidrug-resistant Gram-negative bacteria have become an
increasingly serious healthcare threat, exacerbated by major
structural and economic issues underlying the development of
new antibacterial drugs." The effectiveness of the most
important class of antibacterial agents, the f-lactam antibiotics,
has been compromised by a main resistance mechanism, the
production of f-lactamase enzymes.” Co-dosing of S-lactams
with a p-lactamase inhibitor (BLI) has been used as a
successful strategy to combat this type of resistance as far back
as 1981, when the combination of clavulanic acid and
amoxycillin was launched.” Other established BLIs, such as
tazobactam and sulbactam (Figure 1), have become less
clinically useful because of the increasing resistance attributable
to bacterial production of extended spectrum S-lactamases.” In
2015, the novel diazabicyclooctane (DBO) BLI avibactam
entered the clinic’ in fixed combination with ceftazidime and
several “fast followers”, including relebactam (approved June
2020), plus nacubactam, zidebactam, and durlobactam, which
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are in clinical development (Figure 1). To date, all BLIs in
clinical use are specific to serine f-lactamases (SBLs), which
include class A, C, and D enzymes. Resistance is also increasing
because of the occurrence of the class B metallo f-lactamase
(MBL) enzymes, such as NDM-1 % and currently, there are no
MBL inhibitors in clinical use.” Significant advances have been
achieved with the development of boronate SBLIs, such as
vaborbactam (VAB),® mainly a Klebsiella pneumoniae carbape-
nemase (KPC) inhibitor, and taniborbactam,” which possesses
broader spectrum f-lactamase inhibitory properties, including
VIM-2 from the MBL family. Recently, a series of publications
have described a new boronate QPX7728,"° representing an
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Figure 1. Various BLIs.
Scheme 1. Synthesis of the Key Acid, Alcohol, and Aldehyde Intermediates®
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%(a) KHCO; and THF; (b) triphosgene, DIPEA, and DCM, 0 °C to RT, 16 h; (c) LiOH-H,0 and THF/H,0, RT; (d) LiBH, and THF/EtOH;

and (e) trichloroisocyanuric acid, TEMPO, and DCM.

advance over taniborbactam as it has improved inhibition of
the NDM-type MBLs.'"~"> The whole area has been recently
reviewed."”

In the DBO series, the reactive f-lactam ring of earlier BLIs
has been replaced by a similarly reactive strained bicyclic urea.
Avibactam has proved to be the inspiration for other additions
to the DBO series, such as relebactam, nacubactam,
zidebactam, and durlobactam (Figure 1)," 7' all of which
contain a basic substituent appended to the carboxamide.
However, none of these, with the exception of durlobactam,

penetrate/accumulate into Acinetobacter strains, and because
durlobactam is not active against Enterobacterales, a combina-
tion to treat both carbapenem-resistant Enterobacterales
(CRE) and carbapenem-resistant Acinetobacter baumannii
(CRAB) infections remains elusive. Consequently, CRAB
remains a “critical priority pathogen” as designated by the
WHO.?® Carbapenem resistance in CRAB is mediated by class
D OXA-type enzymes, so a successful inhibitor should be able
to penetrate into Acinetobacter and have activity against OXA-
type enzymes. At the outset of this research, we set ourselves

https://dx.doi.org/10.1021/acs.jmedchem.0c01535
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Scheme 2. Synthesis of the CF; Analogue”
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?(a) (Boc),0, TEA, and DCM, 0 °C to RT, S h; (b) Me;SOI, KOtBu, and DMSO/THF; (c) BnONH,-HCI and EtOAc; (d) MsOH and EtOAc
then KHCO; aq; (e) NaBH;CN, H,SO,, and EtOAc; (f) triphosgene, DIPEA, and DCM, 0 °C to RT, 16 h; (g) H,, Pd/C then Me;NSO;, and
TEA then NaHCO; agq.

Scheme 3. Synthesis of CF,-Thiazolyl Analogue 10
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“(a) TMS-thiazole, Ac,0, and DMSO; (b) DAST and DCM; (c) TiCl, and DCM; (d) SO;-pyridine, TEA, and DCM; (e) nBu,NOAc and DCM;
and (f) Dowex-Na and H,O.

Scheme 4. Synthesis of the CHF, and CHCl, Analogues 11 and 12
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“(a) DAST and DCM; (b) PCL and DCM, 0 °C to RT, 8 h; (c) H, and Pd/C; (c) SO;-pyridine, TEA, and DCM; (d) nBu,NOAc and DCM; and
(e) Dowex-Na, H,O.

the objective of achieving a broad-spectrum DBO that restored B RESULTS AND DISCUSSION

carbapenem activity against CRAB and which ideally possessed Chemistry. Many of the analogues were accessed from

little or no intrinsic antibacterial activity in order to minimize either key acid 1, obtained after the basic hydrolysis of ethyl
the potential for resistance. ester 2, the primary alcohol intermediate 3, itself prepared by
C https://dx.doi.org/10.1021/acs.jmedchem.0c01535
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Scheme S. Synthesis of the CH,F, CH,Cl, and CH,OCF; Analogues 15, 16, and 17
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“(a) Mesyl chloride, TEA, DMAP, DCM then TBAF, and MeCN, 70 °C; (b) mesyl chloride, TEA, DMAP, DCM then TBAC], and MeCN, 70 °C
(c) TMSCF;, AgOTf, 2-fluoropyridine, KF, Selectfluor, and EtOAc, RT; (d) H, and Pd/C; (e) SO-pyridine, TEA, and DCM; (f) nBu,NOAc and
DCM; and (g) Dowex-Na and H,O.

Scheme 6. Synthesis of the F, Cl, SCF;, H, and SO,CF; Analogues 21 to 25
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“(a) AgNO;, selectfluor, and acetone/H,0 4:1, S0 °C, 3 h; (b) Pb(OAc),, NCS, AcOH, and DMF, 60 °C, 4 h; (c) AgSCF;, selectfluor, 2,6-
lutidine, and acetone; (d) Bu;SnH, AIBN, and Toluene, reflux; (¢) mCPBA and DCM, RT; (f) H, and Pd/C; (g) SO;-pyridine, TEA, and DCM;
(h) nBu,NOAc and DCM; (i) Dowex-Na and H,O.

the LiBH, reduction of ester 2, or its corresponding aldehyde 4 Certain analogues required bespoke syntheses. For example,
CF; analogue 7 was synthesized from commercially available
(5S)-5-(trifluoromethyl) pyrrolidine-2-one 8, which was Boc
protected and then converted to 7, following the sequence
reported for avibactam in the literature,”’ with the minor

obtained by the oxidation of alcohol 3 using trichloroisocya-
nuric acid and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO). Ethyl ester 2 was prepared from commercially

available diamine oxalate salt § by conversion to free base 6 modification that the sulfur trioxide trimethylamine complex
and cyclization with triphosgene (Scheme 1). was used to introduce the sulfonic acid functionality and the
D https://dx.doi.org/10.1021/acs.jmedchem.0c01535
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Scheme 7. Synthesis of CF,CH; Analogue 31“
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“(a) MeNHOMe; (b) MeMgBr and THF; (c) DAST and DCM; (d) H, and Pd/C; (e) SO;-pyridine, TEA, and DCM; (f) nBu,NOAc and DCM;

and (g) Dowex-Na and H,O.

sodium salt was obtained by treatment with sodium
bicarbonate (Scheme 2).

Analogues 10 to 12 were prepared from aldehyde 4. The
reaction of 4 with trimethylsilyl thiazole in the presence of
acetic anhydride afforded the thiazolyl alcohol which was
oxidized in situ to give ketone 13, based on the chemistry of
Dondoni.””> This was converted to the bis-fluoro methylene
derivative 14 by treatment with diethylaminosulfur trifluoride
(DAST). Difluoromethylthaizolyl analogue 10 was then
obtained following the usual synthetic route,”" (Scheme 3)
involving debenzylation, sulfonation/tetrabulylammonium salt
formation, and then ion exchange to give the desired sodium
salt. Difluoromethyl 11 and dichloromethyl 12 analogues were
obtained after treatment of the aldehyde with DAST or PCl;,
respectively, followed again by the usual sequence (Scheme 4).

Compounds 15 to 17 were prepared from alcohol 3. The
activation of the alcohol as a mesylate, then treatment with
TBAF or TBACI in acetonitrile at 70 °C afforded the
fluoromethyl and chloromethyl derivatives 18 and 19,
respectively, which were converted to 15 and 16 by the
usual synthetic pathway. Trifluoromethoxy compound 17 was
obtained following the conditions reported in the literature,
leading to trifluoromethoxy intermediate 20** (Scheme $).

Compounds 21 to 25 were prepared from acid 1. Fluoro and
trifluoromethylthio derivatives 26 and 27 were prepared by
decarboxylation and radical treatment with Selecfluor in the
presence of AgNO; or AgSCF;. Chloro derivative 28 was
produced by the reaction with Pb(OAc), in the presence of N-
chlorosuccinimide. This intermediate was reduced to H
analogue 29 with Bu;SnH, and SCF; intermediate 27 oxidized
using mCPBA to give the corresponding sulfone 30. All these
different intermediates were submitted to the usual chemistry
sequence described previously, affording analogues 21 to 25
(Scheme 6).

CF,CHj; analogue 31 was prepared also from carboxylic acid
intermediate 1. This was activated through Weinreb amide 32
and treated with Grignard reagent MeMgBr to afford methyl
ketone 33. The reaction with DAST afforded—CF,CHj,
intermediate 34, which was converted to 31 following the
usual synthetic route (Scheme 7).

Evaluation of Available Structural Data, Initial
Chemistry Strategy, and Screening Cascade. The
inspection of the X-ray structures of covalent adducts of

DBOs with various OXA enzymes (e.g., PDB entries 4WMC,
4WM9, 425], and SFAQ) shows several interesting features
(Figure 2). First, the orientation of the primary carboxamide

Figure 2. (A) Covalently bound avibactam in OXA-48 showing water
molecules in the pocket (PDB entry 4WMC) and (B) covalently
bound FPI1465 (close analogue of nacubactam) in OXA-48 (PDB
entry SFAQ) showing the inhibitor side chain exiting the pocket.

substituent in the avibactam adduct is not crucial as it does not
seem to make any obvious H-bond with class D f-lactamase
enzymes, and alternative conformations can be seen in the
secondary carboxamides derived from other DBOs (Figure 2).
Second, in OXA-48 there are two water molecules in the active
site pocket around the carboxamide. The original plan was to
make a range of substituents other than amide, which retained
the electron-withdrawing properties of the carboxamide and
which with increasing size might also fill the small pocket
around the carboxamide by the extrusion of the water
molecules—an established strategy in lead optimization.”*™>

Our primary screening cascade comprised a panel of SBL
enzymes (Enterobacter cloacae AmpC, CTX-M-15, TEM-1,
OXA-48, and KPC-2) for enzyme inhibition studies plus the
potentiation of the carbapenem antibiotic meropenem (MEM)
against a series of complementary clinical strains of bacteria
(see Table 1). The enzyme inhibition is reported as ICg,
values—however, this data must be interpreted with caution
because of the irreversible nature of the reaction forming a
covalent product, that is, it is not an equilibrium situation. The
results from this type of assay are dependent on the assay
conditions (in particular, the pre-incubation time of the
enzyme-inhibitor mixture used in the experiment) but
nevertheless provided useful data to rank the order of the
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Table 1. Enzyme Inhibition Data and Potentiation of MEM Tested on Various Carbapenemase-Producing Clinical Isolates
(Indicated in Bold) in the Presence of the 4 pg/mL Inhibitor”

pubs.acs.org/jmc

ICy values (uM) MEM MIC (ug/mL)

K
E. K. pneumoniae  pneumoniae K
cloacae (TEM-OSBL, (TEM-1, pneumoniae A.
volume CTX- OXA- OXA- (TEM-1, CTX-M-14, SHV-11, (SHV-11, baumannii

compound R (A%) AmpC M-15 TEM-1 48 KPC-2 23 KPC-2) OXA-48) KPC-3) OXA-181)  (OXA-23)
none 8 16 128 16 32
avibactam CONH, 352 0.008 0.001 0.005 0.252 0.008 >3.0 0.03 0.50 0.25 1 16
24 H S.1 >3.0 1.200 0.511 1.337 >3.0 >3.0 2 4 64 8 32
15 CH2F 26.9 0.304 0.119 0.492 0.154 0.051 >3.0 0.125 1 2 1 32
16 CH,CI 36.0 0.026 0.084 0.135 0.443 0.028 >3.0 0.06 8 2 16 32
11 CHF, 319 0.035 0.017 0.208 0.064 0.007 1.604 0.06 2 1 1 16
12 CHCl, 512 0.052 0.178 0.403 0.178 0.004 1.684 0.06 16 2 16 32
7 CF, 36.9 0.004 0.010 0.810 0.019 0.006 0.810 0.06 2 2 16
22 SCF; 55.7 0.002 0.010 0.026 0.099 0.002 1.320 0.03 8 4 8 32
25 SO,CF; 72.8 <0.001 0.002 0.001 0.015 0.015 N.D. 0.06 8 16 32
WCK4234 CN 23.5 0.003 0.004 0.067 0.002 0.008 0.059 0.06 0.06 0.5 0.25 4
31 CF,CH; 50.0 0.313 0.200 0.267 0.169 0.043 >3.0 0.06 2 16 32
10 CF,-thiaz. 90.9 0.001 0.019 0.216 1.107 0.003 >3.0 0.125 16 8 16 32
17 CH,OCF,; 64.3 0.023 0.011 0.117 0.015 0.013 >3.0 0.25 8 32 16 32
23 Cl 19.1 0.004 0.008 0.001 0.269 0.031 N.D 0.06 4 64 4 32
21 F 10.0 0.010 0.002 0.001 0.175 0.019 0.050 0.03 0.25 1 2

“(N.D = not done).

potency of compounds. The objective was to achieve a broad-
spectrum SBLI but with particular emphasis on the class D
carbapenemase OXA-48 in the panel because of the prevalence
of OXA-type variants as resistant elements in A. baumannii.””**

The whole cell potentiation assay involved measuring the
MEM MIC against a panel of resistant clinical strains in the
presence of 4 ug/mL of the inhibitor, with the rationale that
functionally active inhibitors would significantly lower the
MEM MIC against these resistant strains (Table 1). A note of
caution regarding this assay is that clinical strains often harbor
more than one resistance mechanism, for example, multiple
enzymes or porin/efflux changes, making interpretation
difficult.

Structure—Activity Relationship of Non-amidic Sub-
stituents. The H analogue 24 was used as a baseline. As
anticipated, this compound was a significantly worse enzyme
inhibitor than avibactam, across this panel (Table 1), but
remarkably it did show very modest MEM potentiation against
some of the clinical strains. The poor enzyme inhibition may
be due to a lower interaction with the target because the amide
substituent is absent, or to a reduced rate of the reaction with
the catalytic serine in the active site because of the absence of
the electron-withdrawing substituent. We decided to explore
novel “non-amidic” substituents at this position because the
—CONH- amido functionality itself does not seem to engage
in significant direct interactions with OXA enzymes, whereas,
in contrast, the various larger side chains on the amide
derivatives (as in nacubactam and zidebactam) do make
significant enzyme interactions. An early first compound,
trifluoromethyl (CF;) analogue 7, showed good enzyme
inhibition and potentiation of MEM against the panel of
clinical strains. In particular, 7 is apparently a better inhibitor
of OXA-48 than avibactam, with an ICg; of 19 nM. This CF,
analogue, however, was not as active in the potentiation assays
as avibactam or the cyano analogue WCK4234.”>*° Never-
theless, encouraged by the activity of 7, we made the mono-
and difluoromethyl analogues 15 and 11, which exhibited a

broadly similar profile, particularly in the potentiation assays.
However, as the monochloro- and dichloromethyl analogues
16 and 12 did not perform well in the potentiation assays, even
though the enzyme data were encouraging, the corresponding
trichloromethyl analogue was not synthesized.

We investigated the introduction of the electron-with-
drawing trifluoromethylthio (SCF;) group. Both the simple
thioether 22 and the corresponding sulphone 25 exhibited very
good enzyme inhibition. However, apart from the E. cloacae
strain, the performance of these analogues in the potentiation
assays was mediocre. Similarly, poor MEM potentiation was
seen with the modestly potent inhibitor 17 bearing the
trifluoromethoxymethyl (CH,OCF,) substituent. In an
attempt to completely fill the small pocket around the
avibactam carboxamide by displacing the water molecules,
we made (1,3-thiazol-2-yl)-difluoromethyl analogue 10, which
modeled extremely well into OXA-48, once the two water
molecules were removed (Figure 3). However, despite being a
good inhibitor of other enzymes in the panel, this compound
was an extremely poor inhibitor of OXA-48. Once again, the
potentiation of this analogue was generally poor. Similarly, the

A. B.

—

o

Figure 3. (A) (1,3-Thiazol-2-yl)-difluoromethyl analogue 10 modeled
into OXA-48 (PDB entry 4S2K), waters removed prior to
minimization and (B) fluoro analogue 21 modeled into OXA-48,
waters left in place before minimization.
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replacement of a fluorine atom in trifluoromethyl with a
methyl group gave methyldifluoromethyl (CF,CH,) analogue
31, which did show good inhibition of OXA-48; however, once
more, there was disappointing potentiation of MEM.

Re-evaluation of the Chemistry Strategy—Small is
Beautiful and Stereoelectronic Control. Because of the
disappointing potentiation results, the chemistry strategy was
re-evaluated. The accumulation of antibiotics in the periplasm
of Gram-negative bacteria is affected by two opposing
processes—entry though water-filled porins®' and efflux via
transporter systems such as the AcrAB-TolC system present in
Escherichia coli.”” In a recent seminal study,” experimentally
determined guidelines for bacterial accumulation were
proposed, which invoke low globularity, low numbers of
rotatable bonds, and the presence of a primary amine as being
key factors, facilitating accumulation in the periplasm. In our
series, it is apparent that the larger the size of the substituent,
the worse is the potentiation of MEM, for similar levels of
enzyme inhibition. This is unlikely to be because of reduced
access by slower diffusion through the porins because other
analogues with quite large substituents are able to penetrate
effectively. More likely, this phenomenon is related to the
enhanced recognition of the drug molecules by the efflux
pumps. Even the weak enzyme inhibitor 24, with a simple
hydrogen atom substituent, achieves marginally improved
potentiation against the K. pneumoniae strain expressing TEM,
CTX, and OXA variants than does the sulfone analogue 25,
which is a very potent enzyme inhibitor. This structure—
activity relationship (SAR) encouraged us to look at even
smaller electron-withdrawing substituents than trifluoromethyl;
consequently, we considered placing simple halogens at this
position, even though, a priori, this did not seem to be a
chemically attractive option because the RCON-C-halogen
motif is notoriously reactive because of the facile elimination of
the halide, generating an iminium species. Although there are
examples in the literature of such functional group
juxtapositioning, such as in chloroazetidinone®* and fluori-
nated glycosyl donor™ (Figure 4), in all cases these molecules
are functioning as reactive reagents and not as pharmacological
agents.

RERSY

chloroazetidinone fluorinated glycosyl donor

Figure 4. Examples of RCON-C-halogen.

However, the importance of the stereoelectronic control is
sometimes underestimated in the organic synthesis.”*~* If we
consider the 3D molecular structure of the proposed halo
analogues (Figure 5), it can be seen that the lone pair (shown
in red) and the C-Hal bond are at approximately 60° to each
other, not a suitable orientation for the orbital overlap required
to eliminate halide and form the iminium species. In classical
terms, the resulting iminium species contravenes Bredt’s law,
which states you cannot have a double bond at the bridgehead
position of a small bicyclic system.”

\ ‘\:“' 0 N~
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Figure S. Stereoelectronic control prevents the elimination of the

halide.

Encouraged by these considerations, we synthesized and
evaluated both chloro analogue 23 and fluoro analogue 21.
These have substituent volumes of 19.1 and 10.0 A3
respectively, both smaller than the primary carboxamide of
avibactam (35.2 A®) and obviously much smaller than the (1,3-
thiazol-2-yl)-difluoromethyl substituent (90.9 A?). Not only
were both analogues chemically stable but they were modestly
potent enzyme inhibitors. However, there were huge differ-
ences in the potentiation between the two; whereas 23 did not
perform well, 21 showed an excellent profile, even potentiating
the effect of MEM against the difficult-to-kill A. baumannii
strain (Table 1). Subsequent studies on OXA-23 showed that
21 was a very good inhibitor of OXA-23, as well as OXA-48
(Table 1). In contrast, avibactam had no activity against OXA-
23 even though it was a reasonable inhibitor of OXA-48,
offering an explanation for the lack of effectiveness of the
MEM-—avibactam combination against OXA-23 producing A.
baumannii (Table 1). The overall profile of 21 in our primary
screens resembled that of WCK4234°° but on further analysis
of the potentiation of MEM against a larger panel of clinical
isolates 21 proved to be equipotent against KPC- and OXA-
CRE while superior against OXA-CRAB (Table 2). In fact, the

Table 2. Potentiation of MEM MIC against KPC- and OXA-
Producing CRE and OXA-Producing CRAB at the 4 ug/mL
Concentration of SBLI”

MIC (ug/mL)

antibiotic (combination) = MIC;,  MICyy,  minimum  maximum

KPC-Positive CRE (n = 50)

MEM >32 >32 4 >32

MEM/21 0.06 1 <0.03 16

MEM/WCK4234 0.06 1 <0.03 16

CAZ—Avi 1 2 0.25 16
OXA-Positive CRE (n = 48)

MEM 16 >32 2 >32

MEM/21 0.12 1 <0.03 2

MEM/WCK4234 0.12 0.25 <0.03 0.5

CAZ—Avi 0.12 2 0.25 4
OXA-Positive CRAB (n = 50)

MEM >32 >32 8 >32

MEM/21 4 8 0.25 >32

MEM/WCK4234 16 32 0.25 >32

CAZ—-Avi >32 >32 4 >32

“Ceftazidime—avibactam (CAZ—Avi) was used as a comparator.

combination of MEM/21 compares favorably to that of
ceftazidime/avibactam, a drug marketed for the treatment of
KPC-and OXA-CRE, and has the additional coverage of OXA-
CRAB (Table 2).

As anticipated, in contrast to the intrinsic antibacterial
activities of avibactam and zidebactam, the antibacterial activity
of 21 was negligible (Table 3).
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Table 3. Intrinsic Antibacterial Activity (ug/mL) of Avibactam, Zidebactam, and 21 on Various Carbapenemase-Producing

Clinical Isolates (Indicated in Bold)

MIC (ug/mL)

E. cloacae K. pneumoniae K. pneumoniae K. pneumoniae A. baumannii
compound  (TEM:-1, KPC-2)  (TEM-OSBL, CTX-M-14, OXA-48)  (TEM-1, SHV-11, KPC-3) (SHV-11, OXA-181) (OXA-23)
avibactam 16 16 16 32 >128
zidebactam 0.5 0.25 2 2 >128
21 128 64 128 128 >128

ADMET Properties of 21. The ADMET properties of 21 Table S. Mouse IV PK of 21 and Avibactam
were investigated (Table 4). Compound 21 was stable in
parameter avibactam 21
Table 4. ADMET Properties of Compound 21 dose (mg/kg) 10 10
T, (h) 037 0.64

ADME plasma stability, % remaining after 90, 55, 85, 79 AUC (ng-h/mL) 279 412

1h (mouse(rat/dog/human) Cl (mL/min/kg) 59 40
hepatocyte Clint <3.5/<3.4/<3.0/<34 Vvd (L/kg) 19 22

uL/min/million cells)
(mouse/rat/dog/human)
PPB, % unbound

>93% for all species
(mouse/rat/dog/human)

in vitro CYP inhibition (TDI) IC, (uM) >50
toxicity 1A2, 2C9, 2C19, 2D6, 3A4
HepG2, CCy, (uM) >100
hERG, IC, (M) patch clamp >100
ames genotoxicity test negative
single dose  doses tested: 30, 100, 300, and 1000 tolerated up to 1000
rat MTD mg/kg mg/kg

mouse, dog, and human plasma (79—90% remaining after 1 h),
although less so in the rat plasma (55% remaining after 1 h)
and was mostly present as a free drug (>93% unbound).
Hepatocyte clearance and cytochrome P4S50 inhibition (time
dependent) were low for all species, indicating high metabolic
stability and low potential for drug—drug interactions.
Compound 21 showed a low in vitro toxicity profile, with no
observed cytotoxicity (HepG2 cell line), cardiotoxicity
(inhibition of the hERG potassium ion channel), or
genotoxicity (Ames test). Furthermore, 21 was well tolerated
(up to 1000 mg/kg) following a single iv dose in rats.
Pharmacokinetics. The IV PK of 21 in mice compared
favorably to that of avibactam (Figure 6 and Table 5), showing
a longer half-life, greater exposure, slower clearance, and higher
volume of distribution. Again, this is in accord with the
physicochemical properties of the series as a whole. The PK is

compatible to that of MEM, which is the crucial requirement
for an IV drug to be co-dosed with MEM and supported the
investigation of in vivo efficacy of 21 in combination with
MEM.

Efficacy of 21 in a Murine Thigh Infection Model. The
ability of 21 to restore MEM efficacy was investigated in a 9 h
neutropenic murine thigh infection model, with two K
pneumoniae clinical strains expressing either KPC-2 or OXA-
48 SBLs. This model was specifically developed to demonstrate
the efficacy of carbapenems, which have a very short half-life in
rodents and need to be dosed frequently in order to maintain
plasma levels above the MIC for the correct percent time of
the dosing interval (40% T > MIC). A MEM dose of 300 mg/
kg administered every 2 h (q2 h) was used in these studies.
This dose results in a % T > MIC in mice similar to that of a 2
g dose administered every 8 h by a 3 h infusion in humans,*’
and this is the clinical MEM dose/dosing regimen expected to
be used with this combination. The addition of 25, 50, and 100
mg/kg 21 to 300 mg/kg MEM-reduced bacterial burdens
(colony forming units, CFU) in a dose-dependent manner to
levels below that of the initial starting inoculum at the highest
dose (Figure 7a,b). Compared to treatment with MEM alone,
which was not efficacious, a statistically significant reduction in
bacterial counts could be observed in all the groups treated
with the combination, even those that received the lower dose.
In fact, the combination demonstrated similar efficacy to

10000 Plasma concentration (ng/mL) of Compound 21
after iv administration to male Swiss albino mice @ 1mg/kg
—~ 1000 Plasma concentration (ng/mL) of avibactam
'-E' after iv administration to male Swiss albino mice @ 1mg/kg
)
E 100
=
2
=
-
U
@
“
=
(=]
o
6
0.1

Figure 6. Mouse IV PK of 21 and avibactam.

Time (h)
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Figure 7. Efficacy of 21 in a murine thigh infection model. Neutropenic mice (five/group) were inoculated by IM administration into both thighs
with suspensions of either (a) KPC-2 K. pneumoniae NR-48977 or (b) OXA-48 K. pneumoniae AC00783. MEM was dosed IV at 300 mg/kg alone
or in combination with 21 at 25, 50, or 100 mg/kg at 1, 3, 5, and 7 h postinfection. MEM/VAB (dosed IV at 300/50 mg/kg at 1,3, 5,and 7 h
postinfection) was used as a positive control in (a) tigecycline (dosed IV at 40 mg/kg at 1 h postinfection) was used as a positive control in (b).
Animals were euthanized at 9 h postinfection and thigh CFUs determined. Three-dimensional structure of the OXA-48 class D carbapenemase

covalently bound to 21.

MEM/VAB (Figure 7a) and tigecycline (Figure 7b), which
were used as positive controls in these studies. These data
provided the in vivo proof-of-concept needed to continue the
progression of the compound through preclinical development.

A crystal structure of the OXA-48:21 covalent complex was
obtained at a maximum resolution of 1.85 A (see Supporting
Information for methods and data collection and refinement
statistics). The asymmetric unit included a single OXA-48
dimer, in which 21 was found to be covalently bound to the
catalytic serine in both subunits (Figure 8A). In addition, the
Lys73 residue was found to be decarboxylated in both
subunits, and a linear CO, molecule could be fitted in the
extra electron density found in the active site of subunit A
(Figure 8B), as previously observed in the OXA-48:avibactam
complex.*' The carboxylated Lys73 bears functional relevance,
as it is important in both the acylation and deacylation steps of
the catalytic mechanism of class D p-lactamases.”” **
Furthermore, the substituent of the piperidine ring, consisting
of a single F atom and despite being shorter than that of
avibactam (where a carboxamide is found), could be clearly
observed in the electron density map, supporting that the
compound would not undergo significant chemical modifica-
tions after the opening of the five-membered carbamide-
containing ring.

Stabilizing interactions were found between compound 21
and OXA-48 residues, essentially (1) between the oxygen
atoms of the sulfate moiety with the side chains of Serl18
(SxV-conserved motif), Lys208 and Thr209 (KTG-conserved
motif), and Arg250, the latter involved in a strong electrostatic
interaction, and (2) the carbonyl oxygen atom of the covalent
adduct interacting with the N backbone atom of residues Ser70
and Tyr211, forming the so-called oxyanion hole (Figure 8B).
These interactions were very similar to those already observed

in the avibactam complex (Figure 8C).*' The F substituent
was found in a hydrophobic pocket made of residues Val120,
LeulS8, and TrplOS but did not create any significant
interaction with such residues (closest distance, 3.9 A), only
interacting with a water molecule (observed in subunit B only)
(Figure 8B,C).

When compared to the native enzyme,"* the binding of the
inhibitor was associated with several modifications in the active
site that were similar to that observed in the avibactam
complex, that is, the decarboxylation of the Lys73, the rotation
of the Ser118 side chain, the displacement of the LeulS8 side
chain, and minor shifts of the region between helices @3 and
as.

Overall, these data are in agreement with the predicted
binding mode from earlier modeling, reflecting the conserved
binding mode of strained DBO compounds, mostly differing
(expect durlobactam®™) by the nature of the piperidine side
chain. As anticipated, the region of the active site around the
fluorine atom of 21 may still contain two water molecules
(observed in subunit B).

B CONCLUSIONS

A rapid and focused medicinal chemistry campaign successfully
delivered a new drug in the DBO space, which is clearly
differentiated from previous analogues by its expanded
microbiological spectrum to include the restoration of MEM
antibacterial activity against OXA-producing Acinetobacter
strains (CRAB). A reductionist approach led to the
identification of a single fluorine atom as being the optimum
substituent to achieve the desired properties, and while,
superficially, the fluoro analogue might be expected to have
stability issues, a consideration of the stereoelectronic aspects
of the system mitigated against this possibility. The X-ray
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Figure 8. Crystal structure of OXA-48 inhibited by 21. (A) Content
of the asymmetric unit, including an OXA-48 dimer, a chloride anion
(green sphere) at the interface between the subunits (shown in
different colors) in which the catalytic Ser70 was covalently bound to
compound 21 (cyan sticks), as well as water molecules (red spheres)
and ethylene glycol (green sticks). (B) View of the active site of the
enzyme (subunit A) showing the network of interactions between the
OXA-48 residues (green sticks) and the inhibitor 21 (see text for
details), the decarboxylated Lys73, and the presence of a linear CO,
molecule (the conserved motifs Ser’’-x-x-Lys, Ser''®-x-Val and Lys**-
Thr/Ser—Gly are colored in red, magenta, and blue, respectively).
(C) View of the active site of the OXA-48:21 complex (subunit A,
salmon; water molecules, red spheres) and its superimposition with
the native OXA-48 (white, subunit B of PDB entry 3HBR) and the
OXA-48:avibactam complex (blue, subunit C of PDB entry 4WMC),
showing the impact of inhibitor binding on the position of active
residues.

crystal structure of OXA-48 bound to 21, revealing a similar
binding and network of interaction with that of other DBO
compounds, also supports the concept that the inhibitor does
not undergo major chemical modifications upon ring opening.
Compound 21, designated as ANT3310, is effective against
CREs and A. baumannii strains and is efficacious in mouse
infection models. ANT3310 is currently being progressed

through preclinical development as a broad-spectrum DBO,
with coverage of KPC- and OXA-CRE but with the added
benefit of activity against OXA-CRAB. From a medicinal
chemistry perspective, it is noteworthy that all the synthesized
compounds from this project are described in this paper. From
this very short campaign, we discovered ANT3310, a novel
DBO, with clear differentiating advantages over other drugs in
this chemical class and addressing the increasingly important
global threat of antibiotic resistance.

B EXPERIMENTAL SECTION

General Procedures. Reactions were performed under argon or
nitrogen using dried glassware and solvents. Commercially available
reagents and solvents were used as supplied or purified using standard
protocols. Reactions were conducted at room temperature unless
otherwise stated and monitored by standard thin-layer chromatog-
raphy or liquid chromatography—mass spectrometry (LC—MS)
techniques. Chromatography was performed with standard silica
columns packed with silica gel (Merck silica gel 40—63 ym) and
eluting with solvent combinations as described. The Dowex Na resin
was obtained from Sigma-Aldrich. 'H spectra were recorded using
500 MHz (Bruker), 400 MHz (Bruker), 400 MHz (Varian), and 300
MHz (Varian) instruments in the deuterated solvents as indicated.
Chemical shifts (5) are reported in parts per million downfield from
tetramethylsilane or alternatively using the residual solvent peak as an
internal standard. Multiplicity is given as s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), or br (broad). Coupling
constants (J) are reported in Hertz (Hz). Preparative high-
performance liquid chromatography (HPLC) conditions are individ-
ually reported as appropriate. All final compounds tested were >95%
pure as determined by NMR and LC—MS. Modeling of potential
targets into OXA-48 were performed with Flare from the Cresset suite
of software and Discovery Studio 2019 from Biovia. Substituent
volume calculations were undertaken with Marvin from ChemAxon.

Sodium (2R,5R)-2-Fluoro-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-
yl Sulfate (21), (ANT3310). Ethyl (2S,5R)-6-(Benzyloxy)-7-oxo-1,6-
diazabicyclo[3.2.1]octane-2-carboxylate (2). A suspension of
commercially available ethyl (2S,5R)-S-[(benzyloxy)amino]-
piperidine-2-carboxylate oxalate salt (15.0 g 40.7 mmol) in
tetrahydrofuran (THF) (150 mL) at 0 °C was treated with a solution
of potassium hydrogen carbonate (16.3 g, 163 mmol) in water (150
mL). After 1 h, the mixture was extracted with ethyl acetate and the
combined extracts washed with water then brine, dried (N2,5SO,), and
evaporated affording ethyl (2S,5R)-S-[(benzyloxy)amino]piperidine-
2-carboxylate as brown oil (10.0 g, 88%).

A solution of ethyl (25,5R)-5-[(benzyloxy)amino]piperidine-2-
carboxylate (5.0 g, 18 mmol) in DCM (100 mL) at 0 °C was treated
with N,N-diisopropylethylamine (DIPEA) (12.5 mL, 72 mmol)
followed by the addition of a solution of triphosgene (2.6 g, 9 mmol)
in DCM (10 mL). The mixture was stirred at ambient temperatures
for 16 h, then saturated aqueous potassium bicarbonate solution (100
mL) was added. After 1 h, the phases were separated and the DCM
phase washed with water then brine, dried (Na,SO,), and evaporated
affording brown oil (5.0 g 92%). LC—MS Anal. Calcd for
Cy4H,oN,0,, 304.1. Found [M + H] = 305.1. '"H NMR (500 MHz,
CDCl,): 6 ppm 7.43—7.35 (m, SH), 5.06 (d, ] = 11.5 Hz, 1H), 4.90
((d, J = 11.5 Hz, 1H), 4.25—4.22 (m, 2H), 4.09 (d, ] = 6.5 Hz, 1H),
3.31(d,J = 1.5 Hz, 1H), 3.05—3.00 (m, 1H), 2.93 (d, J = 12 Hz, 1H),
2.11-2.04 (m, 3H), 1.71-1.60 (m, 1H), 1.29 (t, ] = 7.0 Hz, 3H).

(2S,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-
carboxylic Acid (1). To a solution of ethyl (25,5R)-6-(benzyloxy)-7-
oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxylate (7.0 g, 23.0 mmol) in
acetone/water (1:1, 120 mL) was added LiOH-H,O (0.97 g, 23.0
mmol) at 0 °C. The resulting reaction mixture was stirred for 2 h. The
mixture was diluted with water (50 mL) and washed with EtOAc (2 X
100 mL). The aqueous layer was acidified with IN HCI to
approximately pH3 and then extracted with EtOAc (2 X 100 mL).
The combined organic phases were washed with water, brine, dried
over anhydrous Na,SO,, filtered, and concentrated to obtain (2S,5R)-
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6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxylic acid
(5 g 79%) as a white solid, which was used in the next step without
purification.

LC—MS Anal. Caled for C,H(N,O,, 276.1. Found [M + H] =
277.2. "H NMR (500 MHz, DMSO-dg): 5 ppm 13.01 (br s, 1H),
7.45—7.32 (m, SH), 492 (AB q, ] = 11 Hz, 2H), 3.86 (d, ] = 7 Hz,
1H), 3.62 (s, 1H), 2.95-2.89 (m, 2H), 1.99—1.95 (m, 1H), 1.88—
1.79 (m, 2H), 1.70—1.66 (m, 1H).

(2R,5R)-6-(Benzyloxy)-2-fluoro-1,6-diazabicyclo[3.2.1]octan-7-
one (26) (A) and (2S,5R)-6-(Benzyloxy)-2-fluoro-1,6-diazabicyclo-
[3.2.1]octan-7-one (B). To a stirred solution of (2S,5R)-6-
(benzyloxy)-7-oxo0-1, 6-diazabicyclo [3.2.1] octane-2-carboxylic acid
(2.5 g 9.04 mmol) in acetone: water (4:1, 100 mL) was added
Selectfluor (6.4 g, 18.0 mmol) and AgNO; (153 mg, 0.90 mmol) at
room temperature. The reaction mixture was heated at 50 °C for 3 h
then evaporated. The resulting residue was extracted with EtOAc
(100 mL), filtered through a Celite pad, and washing the pad with
further EtOAc (10 mL). The filtrate was washed with the NaHCOj,
solution (50 mL), water (50 mL), and brine (S0 mL). The organic
layer was dried over anhydrous Na,SO,, filtered, and evaporated to
obtain oil. This was chromatographed on silica gel eluting with 10%
EtOAc in hexane as the eluent affording the desired isomer (2R,5R)-
6-(benzyloxy)-2-fluoro-1,6-diazabicyclo[3.2.1]octan-7-one (A) (550
mg, 24%) as pale yellow viscous oil. Further elution with 50—60%
EtOAc in hexane afforded the undesired isomer (2S,5R)-6-
(benzyloxy)-2-fluoro-1,6-diazabicyclo[3.2.1]octan-7-one  (B) (300
mg, 13%) as a pale yellow solid.

(2R,5R)-6-(Benzyloxy)-2-fluoro-1,6-diazabicyclo[3.2.1]octan-7-
one (A). LC—MS Anal. Calcd for C,3H,;FN,0,, 250.1. Found [M +
H] = 251.1. '"H NMR (500 MHz, CDCL,): § ppm 7.43—7.34 (m,
SH), 5.45 (dd, J = 4.5, 46 Hz, 1H), 5.04 (d, ] = 11.5 Hz, 1H), 4.89 (d,
J =11.5 Hz, 1H), 3.36 (dd, J = 2.5, 5.5 Hz, 1H), 325 (d, ] = 12 Hz,
1H), 3.02—2.98 (m, 1H), 2.13—1.98 (m, 2H), 1.92—1.86 (m, 1H),
1.73—1.66 (m, 1H). ’F NMR (470 MHz, CDCL;): § ppm —155.49—
155.69 (m).

(2S,5R)-6-(Benzyloxy)-2-fluoro-1,6-diazabicyclo[3.2.1]octan-7-
one (B). LC—MS Anal. Calcd for C,;H,FN,O,, 250.1. Found [M +
H] = 251.1. '"H NMR (500 MHz, CF;COOD): § ppm 7.49—7.48 (m,
SH), 5.95 (ddd, J = S, 10.5, 46 Hz, 1H, CHF), 5.19 (d, ] = 11.5 Hz,
1H), 5.12 (d, J = 11.5 Hz, 1H), 4.10—4.04 (m, 1H), 3.71 (d, ] = 3 Hz,
1H), 3.60 (d, ] = 11.5 Hz, 1H), 2.69—2.64 (m, 1H), 2.45—2.42 (m,
1H), 2.22—2.15 (m, 1H), 2.03—1.96 (m, 1H). ’F NMR (376 MHz,
CDCl;): 6 ppm —140.10—140.25 (m).

Please see the Supporting Information for the NMR experiments to
distinguish and characterize these two isomers.

(2R,5R)-2-Fluoro-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-7-one
Procedure (a). To a solution of (2R,SR)-6-(benzyloxy)-2-fluoro-1,6-
diazabicyclo[3.2.1]octan-7-one (300 mg, 1.19 mmol) in methanol (30
mL) was added 10% palladium on charcoal (300 mg). The reaction
mixture was hydrogenated at room temperature for 1 h using
hydrogen balloon pressure. The reaction mixture was filtered through
a Celite pad washing with MeOH (10 mL). The filtrate was
evaporated to give (2R,SR)-2-fluoro-6-hydroxy-1,6-diazabicyclo-
[3.2.1]octan-7-one (180 mg, 94%) as an off-white solid, which was
used in the next step without purification. LC—MS Anal. Calcd for
C(H,FN,0,, 160.1. Found [M + H] = 161.0.

Tetrabutylammonium (2R,5R)-2-Fluoro-7-oxo-1,6-diazabicyclo-
[3.2.1]octan-6-yl Sulfate Procedure (b). To a solution of (2R,SR)-2-
fluoro-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-7-one (180 mg, 1.12
mmol) in DCM (20 mL) was added Et;N (1.5 mL, 11.2 mmol),
followed by SO;.Pyr (1.07 g, 6.74 mmol) at 0 °C and stirred for 4 h.
Then, a solution of tetra(n-butyl)ammonium acetate (TBAA) (2.7 g,
8.99 mmol) in water (20 mL) was added and stirred at room
temperature for 2 h. The reaction mixture was diluted with DCM (50
mL) and the organic layer was separated. The organic layer was
washed with water (5 X 25 mL), dried over Na,SO,, filtered, and
evaporated. The resulting residue was chromatographed on silica
eluting with 0—100% EtOAc in hexane followed by 5% MeOH in
DCM affording colorless oil (220 mg, 40% over 2 steps). LC—MS
Anal. Caled for CgHgFN,O5S, 239.0. Found [M] = 239.0.

Sodium (2R,5R)-2-Fluoro-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-
yl Sulfate (21) Procedure (c). A stirred solution tetrabutylammonium
(2R,5R)-2-fluoro-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (220
mg, 0.45 mmol) in water (10 mL) was treated with a Dowex Na resin
(1 g). After 1 h, the mixture was filtered through a pad of the Dowex
Na resin, washing with H,O (5 mL). The combined filtrate was again
treated with the Dowex Na resin (1 g) for 1 h, filtered through a bed
of the Dowex Na resin, and washing with H,O (S mL). This process
was repeated for another 3 times. The combined filtrates were
lyophilized to obtain the title compound as a white solid (90 mg,
75%). HRMS Anal. Calcd for CqHgON,ES [M], 239.0132. Found
239.0143. 'H NMR (500 MHz, DMSO-d,): 8 ppm $.35 (ddd, 1H, J =
46 Hz, 5 Hz, 2.5 Hz, CHF), 4.08—4.06 (m, 1H), 3.26—3.24 (m, 1H),
3.06-3.04 (m, 1H), 1.99-1.68 (m, 4H). Anal. Calcd for
CH,ON,FSNa, C, 27.48; H, 3.08; N, 10.68; Na, 8.77. Found: C,
28.32; H, 3.22; N, 10.52; Na, 8.49.

Sodium {7-Oxo-1,6-diazabicyclo[3.2.1]octan-6-yl}-
oxidanesulfonate (24). (5R)-6-(Benzyloxy)-1,6-diazabicyclo[3.2.1]-
octan-7-one. To a solution of (2R,5R) charcol-6-(benzyloxy)-2-
chloro-1,6-diazabicyclo[3.2.1]octan-7-one 28 (500 mg, 1.87 mmol) in
toluene (15 mL) was added AIBN (30.8 mg, 0.18 mmol) and Bu;SnH
(1.09 g, 3.75 mmol). The reaction mixture was heated at 120 °C for 2
h. The reaction mixture was evaporated. The resulting oil was
chromatographed on silica eluting with 50% EtOAc in hexane as the
eluent, affording (SR)-6-(benzyloxy)-1,6-diazabicyclo[3.2.1]octan-7-
one (350 mg, 81%) as an off-white solid. LC—MS Anal. Calcd for
C13H,N,0,, 232.1. Found [M + H] = 233.1. '"H NMR (500 MHz,
CDCl,): 6 ppm 7.43 (d, ] = 6.5 Hz, 2H), 7.39—7.34 (m, 3H), 5.06 (d,
J=11.5Hz, 1H), 4.89 (d, ] = 11.5 Hz, 1H), 3.42—3.38 (m, 1H), 3.29
(s, 1H), 3.18—3.16 (m, 1H), 2.97-2.91 (m, 1H), 2.77-2.73 (m, 1H),
2.12—2.00 (m, 2H), 1.62—1.56 (m, 2H).

(5R)-6-Hydroxy-1,6-diazabicyclo[3.2.1]octan-7-one. According to
Procedure (a): (SR)-6-(benzyloxy)-1,6-diazabicyclo[3.2.1]octan-7-
one (350 mg, 1.50 mmol) was converted the desired compound
(190 mg, 90%) as an off-white solid, which was used immediately next
step without purification. LC—MS Anal. Calcd for C(H (N,0,, 142.1.
Found [M + H] = 143.2.

Tetrabutylammonium (5R)-7-Oxo-1,6-diazabicyclo[3.2.1]octan-
6-yl Sulfate. According to procedure (b) (SR)-6-hydroxy-1,6-
diazabicyclo[3.2.1]octan-7-one (190 mg, 1.33 mmol) was converted
to the desired compound as colorless oil (100 mg, 16% over 2 steps).
LC—MS Anal. Calcd for CqHyN,O;S, 221.0. Found [M] = 220.9. 'H
NMR (500 MHz, CDCly): 6 ppm 4.36 (s, 1H), 3.49—3.47 (m, 1H),
3.35—3.26 (m, 9H), 3.00—2.96 (1H, m), 2.84 (d, J = 11.5 Hz, 1H),
2.32-228 (m, 1H), 1.97-1.88 (m, 1H), 1.70—1.62 (m, 9H), 1.48—
1.41 (m, 9H), 1.01-0.99 (m, 12H).

Sodium (5R)-7-Oxo-1,6-diazabicyclo[3.2.1]octan-6-yl Sulfate.
According to procedure (c): (SR)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl sulfate (100 mg, 0.21 mmol) was converted to a white
solid, which was then purified by preparative HPLC [column:
KROMOSIL-C18 (150 X 25), 10 u; mobile phase: H,O: acetonitrile;
gradient: (T % B): —0/1, 3/1, 3.1/98, 8/98, 8.1/1, 10/1; flow : 25
mL/min], and the pure fractions were lyophilized to afford the title
compound (15.0 mg, 28%) as an off-white solid. HRMS Anal. Calcd
for CgHoN,0.S [M], 221.0227. Found 221.0235. 'H NMR (500
MHz, DMSO-dy): § ppm 3.97—3.96 (m, 1H), 3.10—3.05 (m, 2H),
2.98-2.92 (m, 2H), 1.93—1.92 (m, 1H), 1.72—1.65 (m, 2H), 1.50—
1.48 (m, 1H).

Sodium (2S,5R)-7-Oxo-2-(trifluoromethyl)-1,6-diazabicyclo-
[3.2.1]Joctan-6-yl Sulfate (7). This was prepared using essentially
the same methodology as reported for avibactam (Ball, M. et al.
Organic Process Research and Development, 2016, 20, 1799.) except
starting from commercially-available (SS)-S-(trifluoromethyl)-2-pyr-
rolidinone.

tert-Butyl (5S)-2-Oxo-5-(trifluoromethyl)pyrrolidine-1-carboxy-
late. A solution of (5S)-S-(trifluoromethyl)-2-pyrrolidinone (5 g,
32.7 mmol) in DCM (60 mL) at 0 °C was treated with Et;N (5.5 mL,
39.2 mmol) and 4-dimethylaminopyridine (DMAP) (0.4 g, 0.1
mmol). Then, a solution of Boc,0 (8.6 g, 39.2 mmol) in DCM (20
mL) was added dropwise over 10 min. After 0.5 h, the reaction
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mixture was partitioned between DCM and 10% aqueous citric acid.
The organic extract was washed with water, dried (Na,SO,), and
evaporated affording oil (9.4 g), which was chromatographed on silica
eluting with 0—25% EtOAc in toluene affording tert-butyl (S)-2-oxo-
5-(trifluoromethyl)pyrrolidine-1-carboxylate as oil (7.9 g, 96%). LC—
MS Anal. Calced for C;,H;,F;NO;, 253.1. Found [M + Na] = 276.

(3R,65)-N-(Benzyloxy)-6-(trifluoromethyl)piperidin-3-amine. For
a detailed explanation of this reaction sequence see Ball, M. et al.
Organic Process Research and Development, 2016, 20, 1799. These
steps, optimized for the manufacturing route of avibactam, were
carried out in a one-pot manner without full isolation/character-
ization.

Dimethyl sulfoxide (DMSO) (10 mL) was added to a mixture of
trimethylsulfoxonium iodide (1.6 g 7.3 mmol) and potassium t-
butoxide (0.72 g, 6.4 mmol) in THF (7 mL). The reaction mixture
was stirred at room temperature for 1 h, then cooled to —12 °C
(internal temperature). A solution of tert-butyl (SS)-2-oxo-S-
(trifluoromethyl)pyrrolidine-1-carboxylate (1.5 g, 5.8 mmol) in
THF (4 mL) was added dropwise over S min and the mixture stirred
at —12 °C for 1 h. The reaction mixture was treated with 20%
aqueous ammonium chloride (13 mL), and the stirred mixture was
allowed to warm to room temperature and then extracted twice with
EtOAc. The combined extracts were washed with 10% aqueous NaCl
solution and then concentrated to approximately a 20 mL solution
which was used directly in the next stage.

The above EtOAc solution (20 mL) was treated with O-
benzylhydroxylamine hydrochloride, and the mixture heated at 60
°C for 2.75 h then allowed to cool to room temperature before
washing with a 10% aqueous NaCl solution. This solution was
reduced in volume to approximately 10 mL and used directly in the
next step.

The above EtOAc solution (10 mL) was treated with
methanesulfonic acid (1.1 mL, 1.7 g, 17.4 mmol), and the mixture
heated at 45 °C for 1 h then allowed to cool to room temperature.
This was added to a solution of potassium bicarbonate (2.9 g, 29
mmol) in water (10 mL) and stirred at 45 °C for 3 h. After cooling,
the phases were separated and the EtOAc phase was washed with 10%
aqueous NaCl solution. The EtOAc solution was used as such in the
next stage.

The above EtOAc solution was cooled to —15 °C and concentrated
H,S0, (0.6 g 03 mL, 6 mmol) was added. Then, sodium
triacetoxyborohydride (0.5 g, 2.4 mmol) was added portionwise,
allowing the temperature to rise from —15 to —5 °C for over 1 h.
Water was added followed by concentrated aqueous ammonia (1
mL). The mixture was extracted with EtOAc, and the organic extract
washed with brine, dried, and evaporated, affording oil, which was
chromatographed on silica eluting with 15—40% EtOAc in DCM
affording (3R,6S)-N-(benzyloxy)-6-(trifluoromethyl)piperidin-3-
amine as oil (184 mg, 12% over 4 stages). LC—MS Anal. Calcd for
C13H,F3N,0, 274.1. Found [M + H] = 275.

(2S,5R)-6-(Benzyloxy)-2-(trifluoromethyl)-1,6-diazabicyclo-
[3.2.1]Joctan-7-one. A mixture of (3R,6S)-N-(benzyloxy)-6-
(trifluoromethyl)piperidin-3-amine (0.18 g, 0.67 mmol) and
potassium carbonate (0.53 g, 3.82 mmol) in DCM (20 mL) was
treated with triphosgene (0.2 g, 0.67 mmol) at —10 °C. After 0.5 h,
DMAP (3 mg, 0.03 mmol) was added. The reaction mixture was
stirred overnight and then washed with water, dried (Na,SO,), and
evaporated. The residue was chromatographed on silica eluting with
an EtOAc—DCM gradient affording a colorless solid (0.16 g, 81%).
LC—MS Anal. Calcd for C,H,F;N,0,, 300.1. Found [M + H] =
301.4.

Sodium (2S,5R)-7-Oxo-2-(trifluoromethyl)-1,6-diazabicyclo-
[3.2.1Joctan-6-yl Sulfate. A solution of (2S,5R)-6-(benzyloxy)-2-
(trifluoromethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (163 mg, 0.54
mmol) in isopropyl alcohol (IPA) (S mL) was treated with a sulfur
trioxide trimethylamine complex (85 mg, 0.61 mmol), Et;N (11 mg,
0.11 mmol), 10% palladium on charcoal (10 mg), and water (0.6
mL). The mixture was hydrogenated under balloon pressure for 4.5 h
and then more sulfur trioxide trimethylamine complex (82 mg, 0.3
mmol) was added. The mixture was stirred under nitrogen for 2 h,

then filtered, and concentrated to approximately 1.5 mL. This was
diluted with water and treated with a saturated aqueous sodium
bicarbonate solution (3 mL). The mixture was loaded onto a reverse
phase C18 cartridge (10 g size) and eluted with 0—40% ACN in
water. Evaporation of product-containing fractions gave a white solid
that was redissolved in water and rechromatographed using the same
chromatography conditions. The evaporation of product-containing
fractions gave a white solid that was redissolved in water and
rechromatographed using similar chromatography conditions except
that THF was used in place of ACN. Evaporation gave the title
compound as a white solid (86 mg, 51%). HRMS Anal. Calcd for
C,HgF;N,0,S [M], 289.0101. Found 289.0115. "H NMR (400 MHz,
DMSO-dy):  ppm 4.09—4.06 (m, 1H), 3.89—3.78 (m, 1H), 3.24 (d, ]
= 12.0 Hz, 1H), 3.13—3.08 (m, 1H), 1.92—1.74 (m, 4H). ’F NMR
(376.4 MHz, DMSO-dy): § ppm —74.7.

Sodium (2S,5R)-2-(Fluoromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl Sulfate (15). (2S,5R)-6-(Benzyloxy)-2-(hydroxymethyl)-
1,6-diazabicyclo[3.2.1]Joctan-7-one (3). A solution of ethyl (2S,5R)-
6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxylate (5.0
g, 16.4 mmol) in THF (75 mL) and EtOH (75 mL) was treated at 0
°C with a solution of lithium borohydride in THF (4 M; 24 mL, 96
mmol). After 1 h at room temperature, the mixture was re-cooled to 0
°C, and a further portion of a solution of lithium borohydride in THF
(4 M; 12 mL, 48 mmol) was added. After a further 16 h, the mixture
was treated with saturated aqueous monopotassium phosphate (200
mL), and the mixture extracted several times with DCM. The
combined DCM extracts were washed with water then brine, dried
(Na,SO,), and evaporated affording brown oil (S g). This was
chromatographed on silica eluting with 0—100% EtOAc in hexane
affording colorless oil (2.2 g 47%). LC—MS Anal. Calcd for
C,,H,sN,0, 262.1. Found [M + H] = 263.1. 'H NMR (400 MHz,
CDCl,): § ppm 7.43—7.66 (m, SH), 5.05 (d, ] = 11.6 Hz, 1H), 4.90
(d, J = 11.6 Hz, 1H), 3.71-3.68 (m, 1H), 3.60—3.57 (m, 2H), 3.33
(s, 1H), 3.01-2.89 (m, 2H), 2.04—1.93 (m, 3H), 1.39—1.35 (m, 1H).

((2S,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]Joctan-2-yl)-
methyl Methanesulfonate. To a solution of (2S,5R)-6-(benzyloxy)-
2-(hydroxymethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (3 g, 11.4
mmol) in DCM (40 mL) was added Et;N (4.8 mL, 34.3 mmol) at
0 °C followed by DMAP (140 mg, 1.14 mmol). Then,
methanesulfonyl chloride (1.3 mL, 17.1 mmol) was added at 0 °C
and the reaction mixture was stirred for 2 h. The reaction mixture was
diluted with DCM (40 mL), washed with 1 N HCI (40 mL), water
(40 mL), and brine (20 mL). The organic layer was dried over
Na,SO,, filtered, and evaporated to obtain ((25,5R)-6-(benzyloxy)-7-
oxo-1,6-diazabicyclo[3.2.1]octan-2-yl)methyl methane sulfonate as oil
(3.2 g) which was taken through to the next step without further
purification. LC—MS Anal. Calcd for C;sH,,N,O5S, 340.1. Found [M
+ H] = 341.1. "H NMR (500 MHz, CDCL,): § ppm 7.43—7.35 (m,
SH), 5.04 (d, J = 11.5 Hz, 1H), 4.89 (d, J = 11.5 Hz, 1H), 4.40 (dd, J
=7.5, 11 Hz, 1H), 424 (dd, J = 5.5, 11 Hz, 1H), 3.72—3.64 (m, 1H),
3.34 (s, 1H), 3.09 (s, 3H), 3.00—-2.99 (m, 2H), 2.03—1.98 (m, 2H),
1.59—1.56 (m, 2H).

(25,5R)-6-(Benzyloxy)-2-(fluoromethyl)-1,6-diazabicyclo[3.2.1]-
octan-7-one. To a solution of ((2S,5R)-6-(benzyloxy)-7-ox0-1,6-
diazabicyclo[3.2.1]octan-2-yl)methyl methane sulfonate (3.2 g, 9.4
mmol) in ACN (20 mL) was added dropwise tetrabutyl ammonium
fluoride (1.0 M in THF, 8 mL, 15.9 mmol). The reaction mixture was
heated at 70 °C for 10 h and then concentrated under reduced
pressure, and the residue was dissolved in DCM (50 mL) and washed
with water (2 X 40 mL) and brine (20 mL). The organic phase was
dried over Na,SO,, filtered, and evaporated. The crude product was
purified by preparative HPLC [column: ATLANTIS-T3 (250 X 20),
S p; mobile phase: (A) 10 mM ammonium bicarbonate in H,O (B)
acetonitrile; flow rate: 20 mL/min, gradient (T % B): 0/40, 8/55, 10/
55, 10.1/98, 12/98, 12.1/40, 15/40] the pure fractions were
combined and lyophilized to obtain (25,5R)-6-(benzyloxy)-2-
(fluoromethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (700 mg, 28%) as
an off-white solid. LC—MS Anal. Caled for C,,H,;FN,0,, 264.1.
Found [M + H] = 265.1. "H NMR (500 MHz, CDCl,): 5 ppm 7.44—
7.35 (m, SH), 5.05 (d, J = 11.5 Hz, 1H), 4.90 (d, ] = 11.5 Hz, 1H),
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4.72—4.55 (m, 2H), 3.62—3.50 (m, 1H), 3.33—3.16 (m, 1H), 3.17 (d,
J = 11.5 Hz, 1H), 2.98 (d, J = 11.5 Hz, 1H), 2.08—2.03 (m, 2H),
1.73—1.60 (m, 2H).

(25,5R)-2-(Fluoromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]-
octan-7-one. According to procedure (a): (25,5R)-6-(benzyloxy)-2-
(fluoromethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (500 mg, 1.89
mmol) was converted into the desired compound as an off-white
solid (329 mg, 100% yield), which was used immediately in the next
step without purification. LC—MS Anal. Caled for C,H;,FN,0,,
174.1. Found [M + H] = 175.1.

Tetrabutylammonium (2S,5R)-2-(Fluoromethyl)-7-oxo-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate. According to procedure (b):
(28,5R)-2-(fluoromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-7-
one (340 mg, 1.95 mmol) was converted into the desired compound
as colorless oil (201 mg, 21% over 2 steps). LC—MS Anal. Calcd for
C,H,,FN,0;S, 253.0. Found [M] = 253.0. 'H NMR (400 MHz,
CDCly): § ppm 4.70—4.57 (m, 2H), 4.36—4.35 (m, 1H), 3.60—3.42
(m, 1H), 3.33—3.20 (m, 9H), 3.19-3.17 (m, 1H), 2.25-2.21 (m,
1H), 1.99—1.97 (m, 1H), 1.75—1.63 (m, 10H), 1.45—1.34 (m, 8H),
1.00 (t, J = 7.5 Hz, 12H).

Sodium (2S,5R)-2-(Fluoromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl Sulfate. According to procedure (c): (2S,5R)-2-
(fluoromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (200
mg, 0.40 mmol) was converted to the title compound as a white
solid (64 mg, 57%). HRMS Anal. Caled for C,H,,FN,O.S [M],
253.0289. Found 253.0301. 'H NMR (500 MHz, DMSO-d;): 5 ppm
4.70—4.46 (m, 2H), 3.99—3.97 (m, 1H), 3.44—3.35 (m, 1H), 3.18 (d,
J=11.5 Hz, 1H), 2.94—2.91 (m, 1H), 1.84—1.80 (m, 1H), 1.79—1.69
(m, 2H), 1.51-1.48 (m, 1H).

Sodium (2S,5R)-7-Oxo-2-(difluoromethyl)-1,6-diazabicyclo-
[3.2.1]octan-6-yl Sulfate (11). (2S,5R)-6-(Benzyloxy)-7-oxo-1,6-
diazabicyclo[3.2.1]octane-2-carbaldehyde (4). A solution of
(28,5R)-6-(benzyloxy)-2-(hydroxymethyl)-1,6-diazabicyclo[3.2.1]-
octan-7-one (1.5 g, 5.7 mmol) in DCM (S0 mL) was treated at 0 °C
with trichloroisocyanuric acid (1.9 g, 8.6 mmol) and TEMPO (90 mg,
0.6 mmol). The mixture was stirred at 0 °C for 2 h, then filtered
through Celite, and washed with DCM. The combined DCM filtrates
were washed with saturated aqueous sodium bicarbonate solution,
and brine, dried (Na,SO,), and evaporated to afford the known
aldehyde (4) (W02015/136474) as oil (1.5 g, 100%), which was
used directly in the next step. LC—MS Anal. Calcd for C,H (N,0;,
260.1. Found [M + H] = 261.4. "H NMR (500 MHz, CDCL,): & ppm
9.73 (s, 1H), 7.44—7.36 (m, SH), 5.07 (d, ] = 11.5 Hz, 1H), 4.91 (d, ]
=11.5 Hz, 1H), 3.89 (d, ] = 8.0 Hz, 1H), 3.27 (s, 1H), 3.14—3.12 (m,
1H), 2.56 (d, J = 12.0 Hz, 1H), 2.19-2.15 (m, 1H), 2.04—1.92 (m,
3H).

(2S,5R)-6-(Benzyloxy)-2-(difluoromethyl)-1,6-diazabicyclo[3.2.1]-
octan-7-one. A solution of (2S,5R)-6-(benzyloxy)-7-oxo-1,6-
diazabicyclo[3.2.1]octane-2-carbaldehyde (1.5 g, 5.7 mmol) in
DCM (30 mL) at 0 °C was treated with DAST (1.5 mL, 12
mmol). The mixture was stirred for 4 h, then the solvent was removed
by purging with nitrogen. The residue was dissolved in EtOAc and
added to ice-cold water. The organic phase was separated, washed
with saturated aqueous sodium bicarbonate solution and brine, dried
(Na,S0,), and evaporated affording oil. This was chromatographed
on silica eluting with 20% EtOAc in hexane affording yellow oil (0.7 g,
44% over 2 steps). LC—MS Anal. Calcd for C,,H(F,N,0,, 282.1.
Found [M + H] = 283.1. 'H NMR (500 MHz, CDCl,): § ppm 7.43—
7.35 (m, SH), 5.93 (td, J = 2, 55.5 Hz, 1H), 5.04 (d, ] = 11.5 Hz, 1H),
4.89 (d, J = 11.5 Hz, 1H), 3.64—3.52 (m, 1H), 3.34 (t, J = 3.0 Hz,
1H), 3.12 (d, ] = 12.0 Hz, 1H), 2.98 (d, J = 11.5 Hz, 1H), 2.07—2.03
(m, 1H), 1.94—1.89 (m, 2H), 1.68—1.65 (m, 1H).

(25,5R)-2-(Difluoromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]-
octan-7-one. According to procedure (a): (25,5R)-6-(benzyloxy)-2-
(difluoromethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (0.60 g, 2.1
mmol) was converted to the desired compound as a white solid
(0.4 g, 100%), which was used directly in the next step. LC—MS Anal.
Calcd for C,H;(F,N,0,, 192.1. Found [M + H] = 193.1. '"H NMR
(400 MHz, DMSO-d,): 6 ppm 9.73 (s, 1H), 6.24 (td, ] = 4.4, 55.5 Hz,

1H), 3.65—3.63 (m, 1H), 3.33—3.28 (m, 1H), 3.17-3.14 (m, 1H),
2.99 (d, J = 12.0 Hz, 1H), 1.94—1.69 (m, 4H).

Tetrabutylammonium (2S,5R)-2-(Difluoromethyl)-7-oxo-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate. According to procedure (b):
(2S,5R)-2-(difluoromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-
7-one (0.40 g, 2.1 mmol) was converted to the desired compound as
colorless oil (0.45 g, 42% over 2 steps). LC—MS Anal. Calcd for
C,H,F,N,0,S", 271.0. Found [M] = 271.4. 'H NMR (400 MHz,
DMSO-dq): 5 ppm 6.24 (td, ] = 4.4, 55.5 Hz, 1H), 4.03—4.02 (m,
1H), 3.36—3.30 (m, 1H), 3.19—3.14 (m, 9H), 3.00 (d, ] = 10.8 Hz,
1H), 1.88—1.83 (m, 1H), 1.77—1.71 (m, 3H), 1.60—1.52 (m, 8H),
1.35—1.28 (m, 8 H), 0.98—0.87 (m, 12H).

Sodium (2S,5R)-7-Oxo-2-(difluoromethyl)-1,6-diazabicyclo-
[3.2.1]octan-6-yl Sulfate. According to procedure (c): tetrabutylam-
monnium  (25,5R)-2-(difluoromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl sulfate (0.45 g, 0.88 mmol) was converted to the title
compound as a white solid (202 mg, 78%). HRMS Anal. Calcd for
C,HyF,N,0,S [M], 271.0195. Found 271.0208. "H NMR (400 MHz,
DMSO-dy): 6 ppm 6.24 (t, ] = 4.4 Hz, 1H), 4.06 (m, 1H), 3.40 (m,
1H), 3.20 (m, 1H), 3.05 (m, 1H), 1.95—1.75 (m, 4H). ’F NMR
(470.59 MHz, DMSO-d): § ppm —122.87 (ddd, J = 13, S5, 283 Hz,
1F), —127.36 (ddd, J = 15, S5, 283 Hz, 1F).

Sodium (2S,5R)-2-(Chloromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl Sulfate (16). (2S,5R)-6-(Benzyloxy)-2-(chloromethyl)-1,6-
diazabicyclo[3.2.1]Joctan-7-one. To a solution of ((25,5R)-6-
(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl)methyl methane
sulfonate (2.6 g, 7.63 mmol) in ACN (30 mL) was added tetrabutyl
ammonium chloride (4.2 g, 15.3 mmol). The resulting reaction
mixture was heated at 70 °C for 16 h. The reaction mixture was
concentrated under reduced pressure, then the resulting residue was
dissolved in DCM (50 mL), washed with water (2 X 40 mL) and
brine (20 mL), and dried (Na,SO,). The filtrate was evaporated to
obtain oil, which was purified by chromatography on silica eluting
with 0—50% EtOAc in hexane as the eluent to obtain the desired
compound as an off-white solid (1.3 g, 59%). LC—MS Anal. Calcd for
C,,H,,CIN,0,, 280.1. Found [M + H] = 281.1. 'H NMR (500 MHz,
CDCL): 5 ppm 7.42—7.34 (m, SH), 5.02 (d, J = 11.5 Hz, 1H), 4.90
(d, J = 11.5 Hz, 1H), 3.70—3.57 (m, 3H), 3.32 (d, ] = 2.5 Hz, 1H),
2.97-2.90 (m, 2H), 2.05—2.01 (m, 2H), 1.69—1.57 (m, 2H).

(25,5R)-2-(Chloromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]-
octan-7-one. According to procedure (a): (2S,5R)-6-(benzyloxy)-2-
(chloromethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (500 mg, 1.78
mmol) was converted to the desired compound as a white solid
(330 mg), which was used directly in the next step. LC—MS Anal.
Calcd for C,H,,CIN,0,, 190.1. Found [M + H] = 191.1.

Tetrabutylammonium (2S,5R)-2-(Chloromethyl)-7-oxo-1,6
diazabicyclo[3.2.1]octan-6-yl Sulfate. According to procedure (b):
(28,5R)-2-(chloromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-7-
one (390 mg, 2.05 mmol) was converted to the desired compound as
colorless oil (110 mg, 10% over 2 steps). LC—MS Anal. Calcd for
C,H,,CIN,0,S™, 269.0. Found [M] = 269.0. 'H NMR (500 MHz,
CDCly): 6 ppm 4.37—4.35 (m, 1H), 3.74—3.71 (m, 1H), 3.64—3.58
(m, 2H), 3.33—3.24 (m, 9H), 2.95 (d, ] = 12 Hz, 1H), 2.20—2.15 (m,
1H), 2.00—-1.91 (m, 1H), 1.71—-1.63 (m, 10H), 1.48—1.41 (m, 8H),
1.00 (t, J = 7.5 Hz, 12H).

Sodium (2S,5R)-2-(Chloromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl Sulfate. According to procedure (c): tetrabutylammonium
(28,5R)-2-(chloromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl
sulfate (110 mg, 0.21 mmol) was converted to the title compound as
an off-white solid (45 mg, 71%). HRMS Anal. Caled for
C,H,,CIN,0,S [M], 268.9993. Found 269.0006. '"H NMR (500
MHz, DMSO-d;): § ppm 3.97—3.96 (m, 1H), 3.90—3.86 (m, 1H),
3.82—3.79 (m, 1H), 3.35—3.30 (m, 1H), 3.15 (d, J = 12 Hz, 1H),
2.85 (dt, J = 3.5, 12 Hz, 1H), 1.82—1.71 (m, 3H), 1.53—1.50 (m,
1H).

Sodium (25,5R)-2-(Dichloromethyl)-7-oxo-1,6-diazabicyclo-
[3.2.1]Joctan-6-yl Sulfate (12). (2S,5R)-6-(Benzyloxy)-2-(dichloro-
methyl)-1,6-diazabicyclo[3.2.1]Joctan-7-one. A solution of (2S,5R)-
6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carbaldehyde
(2.2 g 8.4 mmol) in DCM (100 mL) was treated with phosphorus
pentachloride (3.5 g, 16.9 mmol). After 16 h, the mixture was diluted
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with DCM and washed with ice-cold water and brine, dried
(Na,S0,), and evaporated. The residue was chromatographed on
silica eluting with 0—20% EtOAc in hexane affording a white solid
(130 mg, 5%).

LC—MS Anal. Caled for C,,H,4,C,N,0,, 314.1. Found [M + H] =
315.1. 'H NMR (400 MHz, CDCL,): § ppm 7.42—7.33 (m, SH), 5.84
(d, J = 4.8 Hz, 1H), 5.01 (d, J = 11.6 Hz, 1H), 4.86 (d, ] = 11.6 Hz,
1H), 3.81-3.76 (m, 1H), 3.39—3.37 (m, 1H), 325 (d, ] = 12.0 Hz,
1H), 3.04—3.00 (m, 1H), 2.11-1.97 (m, 3H), 1.75—1.65 (m, 1H).

(2S,5R)-2-(Dichloromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]-
octan-7-one. According to procedure (a): (25,5R)-6-(benzyloxy)-2-
(dichloromethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (130 mg, 0.4
mmol) was converted to the desired compound an off-white solid
(85 mg, 92%), which was used immediately in the next stage. LC—MS
Anal. Caled for C,H,,CL,N,0,, 224.0. Found [M + H] = 225.0.

Tetrabutylammonnium (2S,5R)-2-(Dichloromethyl)-7-oxo-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate. According to procedure (b):
(28,5R)-2-(dichloromethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-
7-one (85 mg, 0.37 mmol) was converted to the desired compound as
colorless oil (68 mg, 33%). LC—MS Anal. Calcd for C;H,CL,N,0;S™,
303.0. Found [M] = 303.0. 'H NMR (500 MHz, CDCL,): 6 5.87 (d, J
= 5.0 Hz, 1H), 4.38 (br s, 1H), 3.71-3.70 (m, 1H), 3.31-3.26 (m,
10H), 2.09—2.02 (m, 3H), 1.80—1.70 (m, 1H), 1.69—1.63 (m, 8H),
1.48—1.40 (m, 8H), 1.01—0.98 (m, 12H).

Sodium (2S5,5R)-2-(Dichloromethyl)-7-oxo-1,6-diazabicyclo-
[3.2.1]octan-6-yl Sulfate. According to procedure (c): tetrabutylam-
monnium (25,5R)-2-(dichloromethyl)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl sulfate (68 mg, 0.12 mmol) was converted to the title
compound as a white solid (36 mg, 88%). HRMS Anal. Calcd for
C,H,CLN,0.S [M], 302.9604. Found 302.9619. 'H NMR (400
MHz, DMSO-dy): 5 ppm 6.25 (d, J = 0.8 Hz, 1H, CHCL,), 4.02 (m,
1H), 3.45 (m, 1H), 3.22 (d, 1H), 2.95 (m, 1H), 1.95—1.75 (m, 4H).

Sodium (2R,5R)-7-Oxo-2-[(trifluoromethyl)sulfanyl]-1,6-
diazabicyclo[3.2.1]Joctan-6-yl Sulfate (22). (2R,5R)-6-(Benzyloxy)-
2-(trifluoromethylthio)-1,6-diazabicyclo[3.2.1]octan-7-one. A solu-
tion of (2S,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-
carboxylic acid (1 g, 3.62 mmol) in acetone (10 mL) was treated with
AgSCF; (1.51 g, 7.24 mmol), Selectofluor (5.13 g, 14.5 mmol), and
2,6-lutidine (1.04 mL, 7.25 mmol). The reaction mixture was purged
with nitrogen and heated at 90 °C for 0.5 h in a sealed tube. The
reaction mixture was allowed to cool and then quenched with
saturated aqueous K,CO;. The mixture was extracted with diethyl
ether (2 X 50 mL), then the combined organic phases were washed
with brine (20 mL), dried (Na,SO,), filtered, and evaporated. The
crude material was purified by column chromatography, eluting with
20% EtOAc in hexane to afford a pale yellow solid (150 mg, 12%).
LC—MS Anal. Caled for C,H,F;N,0,S, 332.1. Found [M + H] =
333.0. "H NMR (400 MHz, CDCly): 6 ppm 7.43—7.32 (m, SH), 5.18
(d, J = 8.0 Hz, 1H), 5.04 (d, ] = 11.6 Hz, 1H), 4.90 (d, J = 11.6 Hz,
1H), 3.50 (d, J = 12.0 Hz, 1H), 3.34 (s, 1H), 3.00 (d, ] = 12.0 Hz,
1H), 2.48—2.40 (m, 1H), 2.08—2.02 (m, 1H), 1.69—1.61 (m, 2H).

(2R,5R)-6-Hydroxy-2-(trifluoromethylthio)-1,6-diazabicyclo-
[3.2.1Joctan-7-one. According to procedure (a): (2R,SR)-6-(benzyl-
oxy)-2-(trifluoromethylthio)-1,6-diazabicyclo[3.2.1]octan-7-one (200
mg, 0.602 mmol) was converted to the desired compound as an off
white solid (100 mg), which was used in the next step without
purification. LC—MS Anal. Calcd for C,HyF;N,0,S, 242.0. Found
[M + H] = 243.0.

Tetrabutylammonium (2R,5R)-7-Oxo-2-(trifluoromethylthio)-
1,6-diazabicyclo[3.2.1]Joctan-6-yl Sulfate. According to procedure
(b): (2R,5R)-6-hydroxy-2-(trifluoromethylthio)-1,6-diazabicyclo-
[3:2.1]octan-7-one (100 mg, 0.413 mmol) was converted to the
desired compound as colorless oil (80 mg, 34% over 2 steps). 'H
NMR (500 MHz, CDCl,): § ppm 5.13 (d, J = 7.0 Hz, 1H), 4.40 (s,
1H), 3.54 (d, J = 12.0 Hz, 1H), 3.29-3.26 (m, 9H), 2.40—2.38 (m,
1H), 2.26—2.23 (m, 1H), 1.75—1.66 (m, 9H), 1.48—1.39 (m, 9 H),
1.09 (t, J = 7.5 Hz, 12H).

Sodium (2R,5R)-7-Oxo-2-((trifluoromethyl)thio)-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate. According to procedure (c):
Tetrabutyl ammonium (2R,SR)-7-ox0-2-(trifluoromethylthio)-1,6-
diazabicyclo[3.2.1]octan-6-yl sulfate (80 mg, 0.24 mmol) was

converted to the title compound as a white solid (36 mg, 73%).
HRMS Anal. Caled for C,HgF;N,0,S, [M], 320.9821. Found
320.9836. '"H NMR (500 MHz, DMSO-dy): 5 ppm 5.10 (dd, J =
3.5, 8 Hz, 1H), 4.07—4.06 (m, 1H), 3.50 (d, J = 12 Hz, 1H), 3.05 (d, ]
= 12.5 Hz, 1H), 2.26—2.18 (m, 1H), 1.90—1.86 (m, 1H), 1.80—1.69
(m, 2H). F NMR (470 MHz, DMSO-dg): § ppm —39.5.

Sodium (2R,5R)-7-Oxo-2-(trifluoromethylsulfonyl)-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate (25). (2R,5R)-6-(Benzyloxy)-
2-(trifluoromethylsulfonyl)-1,6-diazabicyclo[3.2.1]octan-7-one
(30). To a solution of (2R,5R)-6-(benzyloxy)-2-(trifluoromethylthio)-
1,6-diazabicyclo[3.2.1]octan-7-one (550 mg, 1.65 mmol) in CCl, (S
mL), ACN (S mL) and water (10 mL) was added sodium periodate
(14 g, 6.61 mmol) followed by ruthenium trichloride (34 mg, 0.16
mmol) at 0 °C. The reaction mixture was stirred for 3 h, then was
filtered through Celite, and washed with DCM (10 mL). The filtrate
was washed with water (10 mL), aqueous sodium thiosulfate (10
mL), and brine (10 mL). The organic layer was dried (Na,SO,),
filtered, and evaporated. The resulting crude material was triturated
with n-pentane followed by diethyl ether to give an off-white solid
(350 mg, 58%). LC—MS Anal. Caled for C,,H,F;N,0,S, 364.1.
Found [M + H] = 365.2. 'H NMR (400 MHz, CDCl,): § ppm 7.40—
7.37 (m, SH), 5.00 (d, J = 11.6 Hz, 1H), 4.89—4.86 (m, 2H), 3.52 (d,
J = 124 Hz, 1H), 3.44 (t, ] = 4 Hz, 1H), 3.11 (d, ] = 12.4 Hz, 1H),
2.37-2.28 (m, 1H), 2.23-2.17 (m, 2H), 1.91-1.85 (m, 1H).

(2R, 5R)-6-Hydroxy-2-(trifluoromethylsulfonyl)-1,6-diazabicyclo-
[3.2.1]octan-7-one. According to procedure (a): (2R,SR)-6-(benzyl-
oxy)-2-(trifluoromethylsulfonyl)-1,6-diazabicyclo[3.2.1]octan-7-one
(350 mg, 0.96 mmol) was converted to the desired compound as an
off-white solid (250 mg, 95%), which was used in the next step
without purification. LC—MS Anal. Calcd for C;H¢F;N,0,S, 274.0.
Found [M + H] = 275.2.

Tetrabutylammonium (2R,5R)-7-Oxo-2-(trifluoromethylsulfon-
yl)-1,6-diazabicyclo[3.2.1]octan-6-yl Sulfate. According to proce-
dure (b): (2R,SR)-6-hydroxy-2-(trifluoromethylsulfonyl)-1,6-
diazabicyclo[3.2.1]octan-7-one (250 mg, 0.91 mmol) was converted
to the desired compound as oil (200 mg). A portion of this material
(50 mg) was further purified by preparative. HPLC [column:
KROMOSIL-C18 (150 X 25), 10 u; mobile phase: (A) 10 mM
NH,OAc in H,O, (B) acetonitrile; flow rate: 25 mL/min; gradient (T
% B): 0/S, 8/40, 8.1/98, 10/98, 10.1/5, 12/5] to afford a white solid
(27 mg). LC—MS Anal. Calcd for C;HgF3N,0,S,7, 353.0. Found
[M] = 353.0. 'TH NMR (500 MHz, DMSO-dy): 6 ppm 5.35 (t, ] = 9
Hz, 1H), 4.13—4.12 (m, 1H), 3.45 (d, J = 12.0 Hz, 1H), 3.20—3.14
(m, 9H), 2.28—2.23 (m, 1H), 2.13—2.11 (m, 1H), 1.97—1.84 (m,
2H), 1.59—1.53 (m, 8H), 1.34—1.27 (m, 8H), 0.95—0.92 (m, 12H).

Sodium (2R,5R)-7-Oxo-2-(trifluoromethylsulfonyl)-1,6-
diazabicyclo[3.2.1]Joctan-6-yl. According to procedure (c): tetrabu-
tylammonium (2R,SR)-7-o0x0-2-(trifluoromethylsulfonyl)-1,6-
diazabicyclo[3.2.1]octan-6-yl sulfate (25 mg, 0.041 mmol) was
converted to the title compound as a white solid (13 mg, 86%).
HRMS Anal. Caled for C,HgF;N,0,S, [M], 352.9720. Found
352.9735. 'H NMR (500 MHz, DMSO-dy): § ppm 5.37—5.33 (m,
1H), 4.13—4.12 (m, 1H), 3.45 (d, J = 12.0 Hz, 1H), 3.19 (d, ] = 1.5,
10.5 Hz, 1H), 2.29-2.24 (m, 1H), 2.14-2.10 (m, 1H), 1.99—1.85
(m, 2H).

Sodium (2S,5R)-2-(1,1-Difluoroethyl)-7-oxo-1,6-diazabicyclo-
[3.2.1]octan-6-yl Sulfate (31). (2S,5R)-6-(Benzyloxy)-N-methoxy-N-
methyl-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide. To a
stirred solution of (25,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo-
[3.2.1]octane-2-carboxylic acid (1.5 g 543 mmol) in THF (50
mL) was added DIPEA (3.7 mL, 21.7 mmol), N,0-dimethylhydroxyl-
amine hydrochloride (794 mg, 8.15 mmol) at 0 °C followed by TP
(50% in EtOAc, 6.9 mL, 10.8 mmol). The resulting reaction mixture
was stirred for 4 h, then diluted with EtOAc (100 mL), washed with
water (S0 mL), sat. NaHCOj solution (50 mL), and brine (50 mL).
The organic layer was dried (Na,SO,), filtered, and evaporated to give
oil. This was purified by silica chromatography eluting with 40%
EtOAc in hexane affording brown oil (900 mg, 53%). LC—MS Anal.
Calcd for C;¢H,N;0,, 319.2. Found [M + HJ] = 320.1. '"H NMR
(400 MHz, CDCl,): § ppm 7.44—7.34 (m, SH), 5.04 (d, ] = 11.6 Hz,
1H), 4.90 (d, J = 11.6 Hz, 1H), 4.53 (br s, 1H), 3.80 (s, 3H), 3.34 (s,
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1H), 3.26—3.10 (m, 4H), 2.91 (d, J = 11.2 Hz, 1H), 2.04—1.88 (m,
4H).

(2S,5R)-2-Acetyl-6-(benzyloxy)-1,6-diazabicyclo[3.2.1]octan-7-
one. To a stirred solution of (25,5R)-6-(benzyloxy)-N-methoxy-N-
methyl-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (900 mg,
2.81 mmol) in THF (20 mL) was added a solution of
methylmagnesium bromide in diethylether (3 M; 1.8 mL, 5.63
mmol) at —78 °C under a nitrogen atmosphere. The reaction mixture
was stirred at —78 °C for 1 h, then quenched with EtOAc (10 mL) at
—78 °C, followed by water (10 mL). The reaction mixture was
allowed to warm to room temperature, then diluted with EtOAc (100
mL) and washed with water (50 mL) and brine (50 mL). The organic
layer was dried (Na,SO,), filtered, and evaporated. The crude
material was purified by silica chromatography eluting with 25%
EtOAc in hexane to afford a white solid (500 mg, 64%). LC—MS
Anal. Caled for C;H4N,0;, 274.1. Found [M + H] = 275.1. 'H
NMR (500 MHz, CDCL,): § ppm 7.43—7.35 (m, SH), 5.06 (d, J =
11.5 Hz, 1H), 490 (d, ] = 11.5 Hz, 1H), 3.92 (d, ] = 7.5 Hz, 1H),
3.27 (d, ] = 1.5 Hz, 1H), 3.03—3.00 (m, 1H), 2.48 (d, ] = 11.5 Hg,
1H), 2.30 (s, 3H), 2.20—2.15 (m, 1H), 2.00—1.90 (m, 1H), 1.87—
1.82 (m, 1H), 1.57—1.55 (m, 1H).

(25,5R)-6-(Benzyloxy)-2-(1,1-difluoroethyl)-1,6-diazabicyclo-
[3.2.1]Joctan-7-one. To a stirred solution of (ZS,SR)-Z-acetyl-é-
(benzyloxy)-1,6-diazabicyclo[3.2.1]octan-7-one (500 mg, 1.82 mmol)
in DCM (10 mL) was added DAST (2.4 mL, 18.2 mmol) at 0 °C
under a N, atmosphere and stirred for 48 h. The volatile components
were removed by purging with nitrogen. The resulting residue was
partitioned between EtOAc (50 mL) and ice-cold water (S0 mL).
The organic phase was separated, washed with saturated aqueous
NaHCO; (25 mL) and brine (25 mL), dried (Na,SO,), and
evaporated. The crude material was purified by chromatography
eluting with 10% EtOAc in hexane to afford yellow oil (400 mg, 74%).
LC—MS Anal. Calcd for C;sH,4F,N,0,, 296.1. Found [M + H] =
297.1. '"H NMR (400 MHz, CDCL,): § ppm 7.43—7.34 (m, 5H), 5.03
(d,] = 11.6 Hz, 1H), 4.88 (d, J = 11.6 Hz, 1H), 3.51-3.44 (m, 1H),
3.35-3.33 (m, 1H), 3.13 (d, J = 11.6 Hz, 1H), 2.94 (d, J = 12.0 Hz,
1H), 2.07—1.88 (m, 3H), 1.88—1.57 (m, 4H).

(2S,5R)-2-(1,1-Difluoroethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]-
octan-7-one. According to procedure (a): (25,5R)-6-(benzyloxy)-2-
(1,1-difluoroethyl)-1,6-diazabicyclo[3.2.1]octan-7-one (280 mg, 0.94
mmol) was converted to the desired compound as a white solid (175
mg), which was used directly in the next step. LC—MS Anal. Calcd for
CgH,,F,N,0,, 206.1. Found [M + H] = 207.1. "H NMR (500 MHz,
DMSO-dy): 6 ppm 9.68 (s, 1H), 3.64—3.62 (m, 1H), 3.36—3.32 (m,
1H), 3.11 (d, ] = 11.5 Hz, 1H), 3.00 (d, J = 11.5 Hz, 1H), 1.92—1.77
(m, 3H), 1.72—1.61 (m, 4H).

Tetrabutylammonium (2S,5R)-2-(1,1-Difluoroethyl)-7-oxo-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate. According to procedure (b):
(2S,5R)-2-(1,1-difluoroethyl)-6-hydroxy-1,6-diazabicyclo[3.2.1]-
octan-7-one (170 mg, 0.82 mmol) was converted to the desired
compound as colorless oil (200 mg, 46%). LC—MS Anal. Calcd for
CgH,,F,N,0,S™, 285.0. Found [M] = 285.2. 'H NMR (500 MHz,
CDCL,): § ppm 4.35 (br s, 1H), 3.51-3.39 (m, 1H), 3.31-3.23 (m,
10H), 2.19-2.12 (m, 1H), 2.00—1.86 (m, 2H), 1.78—1.63 (m, 12H),
1.48—1.41 (m, 8H), 1.02—0.99 (m, 12H).

Sodium (2S,5R)-2-(1,1-Difluoroethyl)-7-oxo-1,6-diazabicyclo-
[3.2.1Joctan-6-yl Sulfate. According to procedure (c): tetrabutylam-
monium  (25,5R)-2-(1,1-difluoroethyl)-7-oxo-1,6-diazabicyclo[3.2.1]-
octan-6-yl sulfate (50 mg, 0.09 mmol) was converted to the title
compound as a white solid (17 mg, 63%). HRMS Anal. Calcd for
CgH, ,F,N,0,S [M], 285.0351. Found 285.0365. 'H NMR (500
MHz, DMSO-d;): 6 ppm 4.04—4.02 (m, 1H), 3.38—3.35 (m, 1H),
3.16 (d, J = 12 Hz, 1H), 3.02—3.00 (d, J = 11.5 Hz, 1H), 1.87—1.81
(m, 2H), 1.78—1.71 (m, 2H), 1.69 (t, J = 19.5 Hz, 3H).

Sodium (2S,5R)-2-[Difluoro(1,3-thiazol-2-yl)methyl]-7-oxo-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate (10). (2S,5R)-6-(Benzyloxy)-
2-(thiazole-2-carbonyl)-1,6-diazabicyclo[3.2.1]octan-7-one (13).
To a stirred solution of (2S,5R)-6-(benzyloxy)-7-oxo-1,6-
diazabicyclo[3.2.1]octane-2-carbaldehyde 4 (4.0 g, 12.5 mmol) in
DCM (40 mL) was added 2-(trimethylsilyl)thiazole (2.5 mL, 18.8

mmol) at 0 °C, and the reaction mixture was stirred for 4 h. The
reaction mixture was evaporated, and then DMSO (70 mL) and Ac,O
(16 mL) were added. The resulting mixture was stirred for 48 h, then
the reaction mixture was quenched with saturated aqueous NaHCO;
solution, and extracted with diethyl ether (2 X 100 mL). The organic
layer was washed with water (50 mL) and brine (50 mL), dried
(Na,S0,) filtered, and evaporated. The residue was chromatographed
on silica, eluting with 25% EtOAc in hexane to afford a yellow solid
(1.3 g 24%). LC—MS Anal. Calcd for C;H,,N;0,S, 343.1. Found
[M + H] = 344.1. '"H NMR (400 MHz, CDCl,): & ppm 8.07 (d, ] =
3.2 Hz, 1H), 7.69 (d, J = 3.2 Hz, 1H), 7.45—7.34 (m, SH), 5.19 (d, ]
= 6.4 Hz, 1H), 5.07 (d, J = 11.6 Hz, 1H), 4.92 (d, ] = 11.6 Hz, 1H),
3.33 (d, J = 2.8 Hz, 1H), 3.11-3.00 (m, 2H), 2.29—2.18 (m, 1H),
2.14-2.06 (m, 2H), 1.81-1.68 (m, 1H).

(2S,5R)-6-(Benzyloxy)-2-(difluoro(thiazol-2-yl)methyl)-1,6-
diazabicyclo[3.2.1]Joctan-7-one (14). To a stirred solution of
(2S,5R)-6-(benzyloxy)-2-(thiazole-2-carbonyl)-1,6-diazabicyclo-
[3.2.1]octan-7-one (1.3 g, 3.79 mmol) in DCM (25 mL) was added
DAST (4.9 mL, 37.9 mmol) at 0 °C under a N, atmosphere. The
resulting reaction mixture was stirred for 16 h. The reaction mixture
was diluted with DCM (50 mL), washed with saturated aqueous
NaHCOj; (25 mL), brine (25 mL), dried (Na,SO,), and evaporated.
The residue was purified by chromatography on silica eluting with
25% EtOAc in hexane to afford yellow oil (0.8 g, 57%). LC—MS Anal.
Calcd for C;,H,,F,N;0,S, 365.1. Found [M + H] = 366.0. '"H NMR
(400 MHz, CDCly): 6 ppm 7.92 (d, ] = 1.6 Hz, 1H), 7.49 (d, ] = 2.8
Hz, 1H), 7.41-7.33 (m, SH), 4.99 (d, ] = 11.6 Hz, 1H), 4.86 (d,] =
11.6 Hz, 1H), 4.20—4.04 (m, 1H), 3.38 (s, 1H), 3.25 (d, J = 12.0 Hz,
1H), 2.97 (d, ] = 12.4 Hz, 1H), 2.14—2.02 (m, 3H), 1.77—1.65 (m,
1H).

(25,5R)-2-(Difluoro(thiazol-2-yl)methyl)-6-hydroxy-1,6-
diazabicyclo[3.2.1]octan-7-one. According to procedure (a):
(2S,5R)-6-(benzyloxy)-2-(difluoro(thiazol-2-yl)methyl)-1,6-
diazabicyclo[3.2.1]octan-7-one (800 mg, 2.19 mmol) was converted
to the desired compound as an off-white solid (301 mg, 49%). This
crude material was used in the next step without purification. LC—MS
Anal. Caled for C,H;,F,N;0,8, 275.1. Found [M + H] = 276.0. 'H
NMR (500 MHz, CDCly): § ppm 7.93 (d, J = 3.5 Hz, 1H), 7.51 (d, ]
= 3.5 Hz, 1H), 4.25—4.15 (m, 1H), 3.81 (s, 1H), 3.36 (d, ] = 12.0 Hz,
1H), 3.13 (d, J = 11.5 Hz, 1H), 2.23-2.15 (m, 2H), 2.08—2.03 (m,
1H), 1.89—1.80 (m, 1H).

Tetrabutylammonium (2S,5R)-2-(Difluoro(thiazol-2-yl)methyl)-
7-oxo-1,6-diazabicyclo[3.2.1]Joctan-6-yl Sulfate. According to pro-
cedure (b): (2S,5R)-2-(difluoro(thiazol-2-yl)methyl)-6-hydroxy-1,6-
diazabicyclo[3.2.1]octan-7-one (301 mg, 1.45 mmol) was converted
to the desired compound as colorless oil (250 mg, 38% over 2 steps).
'"H NMR (500 MHz, CDCL): 6 ppm 7.90 (d, ] = 3.0 Hz, 1H), 7.49
(d, J = 3.0 Hz, 1H), 4.38 (s, 1H), 4.18—4.12 (m, 1H), 3.33—3.23 (m,
10H), 2.21-2.09 (m, 2H), 1.99—1.91 (m, 1H), 1.86—1.80 (m, 1H),
1.68—1.62 (m, 8H), 1.47—1.39 (m, 8H), 1.01—0.98 (m, 12H).

Sodium (2S,5R)-2-(Difluoro(thiazol-2-yl)methyl)-7-oxo-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate. According to procedure (c):
tetrabutylammonium (25,5R)-2-(difluoro(thiazol-2-yl)methyl)-7-oxo-
1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (100 mg, 0.16 mmol) was
converted to the title compound as a white solid (21 mg, 33%).
HRMS Anal. Caled for C,(H,;(F,N;0:S, [M], 354.0024. Found
354.0039. '"H NMR (500 MHz, DMSO-d): 5 ppm 8.04 (s, 2H),
4.04—3.97 (m, 2H), 3.21 (d, J = 12 Hz, 1H), 3.00 (dd, J = 10.5 Hz, J
= 1.0 Hz, 1H), 2.03—1.96 (m, 1H), 1.88—1.76 (m, 3H). ’F NMR
(470 MHz, DMSO-d,): § ppm —96. 97 (dd, ] = 260 Hz, ] = 12 Hz),
—99.25 (dd, J = 260 Hz, | = 16 Hz).

Sodium (2S,5R)-7-Oxo-2-[(trifluoromethoxy)methyl]-1,6-
diazabicyclo[3.2.1]octan-6-yl Sulfate (17). (2S,5R)-6-(Benzyloxy)-
2-((trifluoromethoxy)methyl)-1,6-diazabicyclo[3.2.1]octan-7-one.
A solution of (2S,5R)-6-(benzyloxy)-2-(hydroxymethyl)-1,6-
diazabicyclo[3.2.1]octan-7-one (1 g, 3.81 mmol) in EtOAc (50 mL)
was treated with KF (0.88 g, 15.3 mmol), AgOTf (1.78 g, 11.4
mmol), Selectofluor (2.02 g, 5.72 mmol), 2-fluoro pyridine (1.21 mL,
11.4 mmol), and TMS-CF; (1.45 mL, 11.4 mmol). The reaction
mixture was purged with nitrogen for 10 min and then heated at 80
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°C for 16 h in a sealed tube. The reaction mixture was allowed to cool
to room temperature, filtered, and washed with EtOAc. The
combined filtrates were washed with water (50 mL) and brine (50
mL), dried over anhydrous Na,SO,, filtered, and evaporated. The
crude material was purified by chromatography on silica eluting with
40% EtOAc in hexane to afford a yellow solid (200 mg, 16%). LC—
MS Anal. Calcd for C;sH,,F;N,0;, 330.1. Found [M + H] = 331.1.
"H NMR (500 MHz, CDCly): § ppm 7.43—7.34 (m, SH), 5.03 (d, ] =
11.5 Hz, 1H), 4.89 (d, J = 11.5 Hz, 1H), 4.13—4.05 (m, 2H), 3.67—
3.65 (m, 1H), 3.33 (s, 1H), 2.99 (s, 2H), 2.06—2.00 (m, 2H), 1.66—
1.61 (m, 2H).

(25,5R)-6-Hydroxy-2-((trifluoromethoxy)methyl)-1,6-
diazabicyclo[3.2.1]Joctan-7-one. According to procedure (a):
(2S,5R)-6-(benzyloxy)-2-((trifluoromethoxy)methyl)-1,6-
diazabicyclo[3.2.1]octan-7-one (200 mg, 0.60 mmol) was converted
to the desired compound as an off-white solid (100 mg). LC—MS
Anal. Caled for CgH,,F;N,0;, 240.1. Found [M + H] = 241.0.

Tetrabutylammonium (2S,5R)-7-Oxo-2-((trifluoromethoxy)-
methyl)-1,6-diazabicyclo[3.2.1]Joctan-6-yl Sulfate. According to
procedure (b): (2S,5R)-6-hydroxy-2-((trifluoromethoxy)methyl)-1,6-
diazabicyclo[3.2.1]octan-7-one (120 mg, 0.5 mmol) was converted to
the desired compound as colorless oil (100 mg, 34% over 2 steps).
LC—MS Anal. Caled for CgH,oF3N,0,5™, 319.0. Found [M] = 319.0.

Sodium (2R,5R)-7-Oxo-2-(trifluoromethoxy)-1,6-diazabicyclo-
[3.2.1Joctan-6-yl Sulfate. According to procedure (c): tetrabutylam-
monium (2S,5R)-7-0x0-2-((trifluoromethoxy)methyl)-1,6-
diazabicyclo[3.2.1Joctan-6-yl sulfate (100 mg, 0.18 mmol) was
converted to the desired compound as a white solid. This was further
purified by preparative HPLC [column: X-SELECET-C18 (150 X
19), S y; mobile phase: (A) 10 mM ammonium bicarbonate in H,O,
(B) acetonitrile; flow rate: 18 mL/min; gradient (T % B): 0/S, 6/60,
6.1/98, 8/98, 8./5, 11/S]. The product-containing fractions were
lyophilized to afford the title compound as a white solid (31 mg,
51%). HRMS Anal. Calcd for CgH;,F;N,0S [M], 319.0206. Found
319.0220. "H NMR (500 MHz, DMSO-d;): § ppm 4.32 (dd, J = 10.5
Hz, ] = 9.5 Hz, 1H), 4.16 (dd, ] = 10.5 Hz, ] = 5.5 Hz, 1H), 3.98 (d, ]
=3 Hz, 1H), 3.45—3.42 (m, 1H), 3.20 (d, ] = 12.0 Hz, 1H), 2.91 (d, ]
= 12.0 Hz, 1H), 1.85—1.69 (m, 3H), 1.50—1.45 (m, 1H). ’F NMR
(470 MHz, DMSO-d,): 6 ppm —58.68.

Sodium (2R,5R)-2-Chloro-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-
yl Sulfate (23). (2R,5R)-6-(Benzyloxy)-2-chloro-1,6-diazabicyclo-
[3.2.1Joctan-7-one. To a solution of (2S,5R)-6-(benzyloxy)-7-oxo-
1,6-diazabicyclo[3.2.1]octane-2-carboxylic acid (1 g, 3.62 mmol) in
DMF (20 mL) and AcOH (4 mL) was added N-chlorosuccinimide
(4.83 g, 36.2 mmol). The reaction mixture was purged with nitrogen
gas for S min and then Pb(OAc), (2.4 g 5.43 mmol) was added. The
reaction mixture was purged with nitrogen gas for further 5 min and
then heated at 60 °C for 4 h. The cooled mixture was treated with
saturated aqueous K,CO; and extracted with diethyl ether (2 X SO
mL). The combined organic extracts were washed with brine (20
mL), dried over anhydrous Na,SO,, filtered, and evaporated. The
residue was chromatographed on silica eluting with 10% EtOAc in
hexane affording yellow oil (270 mg, 28%). LC—MS Anal. Calcd for
Cy3H,;CIN,0,. 266.1. Found [M + H] = 267.0. '"H NMR (500 MHz,
CDCL,): 6 ppm 7.43—7.36 (m, SH), 5.49 (d, ] = 5.5 Hz, 1H), 5.05 (d,
J=11.5Hz, 1H), 4.90 (d, ] = 11.5 Hz, 1H), 3.55 (d, ] = 12.0 Hz, 1H),
3.36 (dd, J = 5.5 Hz, ] = 3.5 Hz, 1H), 2.98 (dd, J = 11.5 Hz, ] = 3.0
Hz, 1H), 2.44-2.37 (m, 1H), 1.98—1.85 (m, 2H), 1.83—1.78 (m,
1H).

NMR experiments showed coupling constants for the H atom on
the same carbon as the Cl of 5.5 Hz (coupling to the axial proton on
the adjacent carbon), thereby establishing that this H atom has an
equatorial disposition and the molecule has the stereochemistry as
shown. See the Supporting Information for related experiments in the
F analogue series.

(2R,5R)-2-Chloro-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-7-one.
According to procedure (a): (2R,SR)-6-(benzyloxy)-2-chloro-1,6-
diazabicyclo[3.2.1]octan-7-one (220 mg, 0.824 mmol) was converted
to the desired compound as a white solid (150 mg), which was used

without purification. LC—MS Anal. Caled for C;HyCIN,O,, 176.0.
Found [M + H] = 177.0.

Tetrabutylammonium (2R,5R)-2-Chloro-7-oxo-1, 6-Diazabicyclo
[3.2.1] Octan-6-yl Sulfate. According to procedure (b): (2R,SR)-2-
chloro-6-hydroxy-1,6-diazabicyclo[3.2.1]octan-7-one (150 mg, 0.849
mmol) was converted to the desired compound as colorless oil (130
mg, 30% over 2 steps). LC—MS Anal. Calcd for C;HCIN,O;S7,
255.0. Found [M] = 254.9. "H NMR (400 MHz, CDCL,): 5 ppm 5.47
(d, J = 5.6 Hz, 1H), 4.42 (s, 1H), 3.64 (d, ] = 12.0 Hz, 1H), 3.30—
3.22 (m, 9H), 2.38—2.34 (m, 1H), 2.21-2.10 (m, 1H), 1.96—1.80
(m, 2H), 1.70—1.62 (m, 8H), 1.49—1.39 (m, 8H), 1.02—0.98 (m,
12H).

Sodium (2R,5R)-2-Chloro-7-oxo-1, 6-Diazabicyclo [3.2.1] Octan-
6-yl Sulfate. According to procedure (c): tetrabutylammonium
(2R,5R)-2-chloro-7-0x0-1, 6-diazabicyclo [3.2.1] octan-6-yl sulfate
(130 mg, 0.26 mmol) was converted to the desired compound as a
white solid (20 mg), which was further purified by preparative HPLC
[X-SELECT-C18 (150 X 19), 5 u, mobile phase: H,0: MeCN]. The
collected fractions were freeze-dried to afford the title compound (5.0
mg, 7%) as an off-white solid. LC—MS Anal. Calcd for
C¢HgCIN,0,S™, 255.0. Found [M] = 255.0. '"H NMR (500 MHz,
DMSO-dg): § ppm 5.51 (dd, J = 6.0 Hz, ] = 2.0 Hz, 1H), 4.10 (d, ] =
3.0 Hz, 1H), 3.51-3.49 (obs, 1H), 3.07—3.05 (d, ] = 12.0 Hz, 1H),
2.26—2.20 (m, 1H), 1.94—1.80 (m, 3H)..
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ACN, acetonitrile; AcOH, acetic acid; Ac,0, acetic anhydride;
AgNOs;, silver nitrate; AgOTH, silver triflate; AIBN, azobisiso-
butyronitrile; Boc, tert-butoxycarbonyl; Boc,O, di-tert-butyl
decarbonate; Bu;SnH, tributyltin hydride; brine, saturated
aqueous sodium chloride solution; DAST, diethylaminosulfur
trifluoride; DCM, dichloromethane; DIPEA, N,N-diisopropy-
lethylamine; DMAP, 4-dimethylaminopyridine; DMF, N,N-
dimethylformamide; dppf, 1,1’-bis(diphenylphosphino)-
ferrocene; EtOAc, ethyl acetate; EtOH, ethanol; Et;N,
triethylamine; IPA, isopropyl alcohol; MEM, meropenem;
MeOH, methanol; Na,SO,, sodium sulfate; Pb(OAc),, lead
tetraacetate; SOj.pyr, pyridine sulfur trioxide complex;
Selectfluor, 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo-
[2.2.2]octane bis(tetrafluoroborate); TBAA, tetra(n-butyl)-
ammonium acetate; TEMPO, (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl; TMSCF;, trimethyl(trifluoromethyl)silane; THF,
tetrahydrofuran; T3P, |propylphosphinic anhydride

B REFERENCES

(1) O'Neill, J. Review on Antimicrobial Resistance, Antimicrobial
Resistance: Tackling a Crisis for the Health and Wealth of Nations,
2016. For this seminal review of antibacterial resistance, see https://
amr-review.org/home.html (accessed May S, 2020).

(2) Bush, K; Jacoby, G. A. Updated functional classification of j-
lactamases. Antimicrob. Agents Chemother. 2010, 54, 969—976.

(3) De Koning, G. A. J; Tio, D.; Coster, J. F.; Coutinho, R. A;
Ansink-Schipper, M. C. The combination of clavulanic acid and
amoxycillin (Augmentin) in the treatment of patients infected with
penicillinase producing gonococci. J. Antimicrob. Chemother. 1981, 8,
81.

(4) Paterson, D. L.; Bonomo, R. A. Extended-spectrum f-lactamases:
a clinical update. Clin. Microbiol. Rev. 2005, 18, 657—686.

(5) Shirley, M. Ceftazidime-Avibactam: A review in the treatment of
serious gram-negative bacterial infections. Drugs 2018, 78, 675—692.

(6) Khan, A. U; Maryam, L.; Zarrilli R. Structure, genetics and
worldwide spread of New Delhi Metallo-f-lactamase (NDM): a threat
to public health. BMC Microbiol. 2017, 17, 101.

(7) Somboro, A. M.; Osei Sekyere, J.; Amoako, D. G; Essack, S. Y,;
Bester, L. A. Diversity and proliferation of metallo-f-lactamases; a
clarion call for clinically effective metallo-f-lactamase inhibitors. Appl.
Environ. Microbiol. 2018, 84, No. e00698.

(8) Griffith, D. C.; Sabet, M.; Tarazi, Z.; Lomovskaya, O.; Dudley,
M. N. Pharmacokinetics/phamacodynamis of vaborbactam, a novel -
lactamase inhibitor, in combination with meropenem. Antimicrob.
Agents Chemother. 2018, 63, e01659—18.

(9) Liu, B;; Trout, R. E. L,; Chu, G.-H.; McGarry, D.; Jackson, R.
W.; Hamrick, J. C.; Daigle, D. M.; Cusick, S. M.; Pozzi, C.; De Luca,
F.; Benvenuti, M.; Mangani, S.; Docquier, J.-D.; Weiss, W. J.; Pevear,
D. C.; Xerri, L; Burns, C. J. Discovery of taniborbactam (VNRX-
5133): A broad-spectrum serine- and metallo-f-lactamase inhibitor
for carbapenem-resistant bacterial infections. J. Med. Chem. 2020, 63,
2789-2801.

(10) Tsivkovski, R.; Totrov, M.; Lomovskaya, O. Biochemical
characterization of QPX7728, a new ultra-broad-spectrum f-lactamase
inhibitor of serine and metallo-f-lactamases. Antimicrob. Agents
Chemother. 2020, 64, No. e00130.

(11) Lomovskaya, O.; Tsivkovski, R.;; Nelson, K; Rubio-Aparicio,
D.; Sun, D.; Totrov, M.; Dudley, M. N. Spectrum of f-lactamase
inhibition by the cyclic boronate QPX7728, an ultra-broad-spectrum
P-lactamase inhibitor of serine and metallo f-lactamases: Enhance-
ment of activity of multiple antibiotics against isogenic strains

https://dx.doi.org/10.1021/acs.jmedchem.0c01535
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bhaskar+Kummari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Srinivasu+Pothukanuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0374-8060
http://orcid.org/0000-0002-0374-8060
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cyntia+De+Piano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+Morrissey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirsty+Holden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Warn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Marcoccia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuela+Benvenuti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0709-2537
http://orcid.org/0000-0003-0709-2537
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cecilia+Pozzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giusy+Tassone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2575-5528
http://orcid.org/0000-0002-2575-5528
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Mangani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4824-7478
http://orcid.org/0000-0003-4824-7478
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Denis+Docquier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9483-4476
http://orcid.org/0000-0001-9483-4476
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Pallin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5153-7965
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+Elliot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Lemonnier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8587-9864
http://orcid.org/0000-0002-8587-9864
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Everett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2002-1805
http://orcid.org/0000-0003-2002-1805
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01535?ref=pdf
https://amr-review.org/home.html
https://amr-review.org/home.html
https://dx.doi.org/10.1128/AAC.01009-09
https://dx.doi.org/10.1128/AAC.01009-09
https://dx.doi.org/10.1093/jac/8.1.81
https://dx.doi.org/10.1093/jac/8.1.81
https://dx.doi.org/10.1093/jac/8.1.81
https://dx.doi.org/10.1128/CMR.18.4.657-686.2005
https://dx.doi.org/10.1128/CMR.18.4.657-686.2005
https://dx.doi.org/10.1007/s40265-018-090210.1007/s40265-018-0902-x
https://dx.doi.org/10.1007/s40265-018-090210.1007/s40265-018-0902-x
https://dx.doi.org/10.1186/s12866-017-1012-8
https://dx.doi.org/10.1186/s12866-017-1012-8
https://dx.doi.org/10.1186/s12866-017-1012-8
https://dx.doi.org/10.1128/AEM.00698-18
https://dx.doi.org/10.1128/AEM.00698-18
https://dx.doi.org/10.1128/aac.01659-18
https://dx.doi.org/10.1128/aac.01659-18
https://dx.doi.org/10.1021/acs.jmedchem.9b01518
https://dx.doi.org/10.1021/acs.jmedchem.9b01518
https://dx.doi.org/10.1021/acs.jmedchem.9b01518
https://dx.doi.org/10.1128/AAC.00130-20
https://dx.doi.org/10.1128/AAC.00130-20
https://dx.doi.org/10.1128/AAC.00130-20
https://dx.doi.org/10.1128/AAC.00212-20
https://dx.doi.org/10.1128/AAC.00212-20
https://dx.doi.org/10.1128/AAC.00212-20
https://dx.doi.org/10.1128/AAC.00212-20
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01535?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

expressing single f-lactamases. Antimicrob. Agents Chemother. 2020,
64, doi. DOI: 10.1128/AAC.00212-20

(12) Hecker, S. J.; Reddy, K. R; Lomovskaya, O.; Griffith, D. C.;
Rubio-Aparicio, D.; Nelson, K.; Tsivkovski, R.; Sun, D.; Sabet, M,;
Tarazi, Z.; Parkinson, J.; Totrov, M.; Boyer, S. H,; Glinka, T. W,;
Pemberton, O. A.; Chen, Y.; Dudley, M. N. Discovery of cyclic
boronic acid QPX7728, an ultrabroad-spectrum inhibitor of serine
and metallo-f-lactamases. J. Med. Chem. 2020, 63, 7491—-7507.

(13) Papp-Wallace, K. M. The latest advances in f-lactam/ f-
lactamase inhibitor combinations for the treatment of Gram-negative
bacterial infections. Expert Opin. Pharmacother. 2019, 20, 2169—2184.

(14) Wong, D; Van Duin, D. Novel p-lactamase inhibitors:
unlocking their potential in therapy. Drugs 2017, 77, 615—628.

(15) Mushtaq, S.; Vickers, A; Woodford, N.; Haldimann, A;
Livermore, D. M. Activity of nacubactam (RG6080/OP0595)
combinations against MBL-producing Enterobacteriaceae. J. Anti-
microb. Chemother. 2019, 74, 953—960.

(16) Bradford, P. A; Huband, M. D.; Stone, G. G. A systematic
approach to the selection of the appropriate avibactam concentration
for use with ceftazidime in broth microdilution susceptibility testing.
Antimicrob. Agents Chemother. 2018, 62, ¢00223—18.

(17) Zhang, Y.; Kashikar, A.; Brown, C. A.; Denys, G.; Bush, K.
Unusual Escherichia coli PBP3 insertion sequence identified from a
collection of carbapenem-resistant Enterobacteriaceae tested in vitro
with a combination of ceftazidime-, ceftaroline-, or aztreonam-
avibactam. Antimicrob. Agents Chemother. 2017, 61, €00389—17.

(18) Alm, R. A;; Johnstone, M. R; Lahiri, S. D. Characterisation of
Escherichia coli NDM isolates with decreased susceptibility to
aztreonam/avibactam: Role of a novel insertion in PBP3. J.
Antimicrob. Chemother. 2015, 70, 1420—1428.

(19) Shields, R. K; Nguyen, M. H.; Chen, L; Press, E. G;
Kreiswirth, B. N.; Clancy, C. J. Pneumonia and renal replacement
therapy are risk factors for ceftazidime-avibactam treatment failures
and resistance among patients with carbapenem-resistant Enter-
obacteriaceae infections. Antimicrob. Agents Chemother. 2018, 62,
e02497—17.

(20) Global Priority List of Antibiotic-Resistant Bacterial to guide
Research, Discovery and Development of New Antibiotics; World
Health Organisation, see https://www.who.int/medicines/
publications/WHO-PPL-Short Summary 25Feb-ET_NM_WHO.
pdf (accessed May S, 2020).

(21) Ball, M,; Boyd, A.; Ensor, G. J.; Evans, M.; Golden, M.; Linke,
S. R; Milne, D.; Murphy, R.; Telford, A.; Kalyan, Y.; Lawton, G. R;;
Racha, S.; Ronsheim, M.; Zhou, S. H. Development of a
manufacturing route to avibactam, f-lactamase inhibitor. Org. Process
Res. Dev. 2016, 20, 1799—180S.

(22) Dondoni, A.; Catozzi, N.; Marra, A. Stereoselective synthesis of
alpha- and beta-L-C-fucosyl aldehydes and their utility in the assembly
of C-fucosides of biological relevance. J. Org. Chem. 2004, 69, 5023—
5036.

(23) Lui, J.-B,; Xu, X.-H; Qing, F.-L. Silver-mediated oxidative
trifluoromethylation of alcohols to alkyl trifluoromethyl ethers. Org.
Lett. 2015, 17, 5048—5051.

(24) Chen, D.; Li, Y,; Zhao, M.; Tan, W.; Li, X.; Savidge, T.; Guo,
W.; Fan, X. Effective lead optimisation targeting the displacement of
bridging receptor-ligand water molecules. Phys. Chem. Chem. Phys.
2018, 20, 24399—24407.

(25) Van Zandt, M. C.; Jagdmann, G. E.; Whitehouse, D. L.; Ji, M,;
Savoy, J.; Potapova, O.; Cousido-Siah, A.; Mitschler, A.; Howard, E.
L; Pyle, A. M.; Podjarny, A. D. Discovery of N-Substituted 3-amino-4-
(3-boronopropyl)pyrrolidine-3-carboxylic acids as highly potent third-
generation inhibitors of arginase I and II. J. Med. Chem. 2019, 62,
8164—8177.

(26) Mitcheltree, M. J.; Li, D.; Achab, A.; Beard, A.; Chakravarthy,
K.; Cheng, M.; Cho, H.; Eangoor, P.; Fan, P.; Gathiaka, S.; Kim, H.-
Y,; Lesburg, C. A; Lyons, T. W,; Martinot, T. A,; Miller, J. R;;
McMinn, S.; O’Neil, J.; Palani, A.; Palte, R. L.; Sauri, J.; Sloman, D. L.;
Zhang, H.; Cumming, J. N.; Fischer, C. Discovery and optimisation of

rationally designed bicyclic inhibitors of human arginase to enhance
cancer immunotherapy. ACS Med. Chem. Lett. 2020, 11, S82—588.

(27) Mairi, A.; Pantel, A.; Sotto, A.; Lavigne, J.-P.; Touati, A. OXA-
48-like carbapenemases producing Enterobacteriaceae in different
niches. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 37, 587—604.

(28) Stewart, A.; Harris, P.; Henderson, A.; Paterson, D. Treatment
of infections by OXA-48-producing Enterobacteriaceae. Antimicrob.
Agents Chemother. 2018, 62, e01195—18.

(29) Mushtaq, S.; Vickers, A.; Woodford, N.; Livermore, D. M.
WCK 4234, a novel diazabicyclooctane potentiating carbapenems
against Enterobacteriaceae, Pseudomonas and Acinetobacter with class A,
C and D p-lactamases. J. Antimicrob. Chemother. 2017, 72, 1688—
1695.

(30) Papp-Wallace, K. M.; Nguyen, N. Q.; Jacobs, M. R; Bethel, C.
R; Barnes, M. D.; Kumar, V.; Bajaksouzian, S.; Rudin, S. D.; Rather,
P. N.; Bhavsar, S.; Ravikumar, T.; Deshpande, P. K.; Patil, V.; Yeole,
R.; Bhagwat, S. S.; Patel, M. V.; Van den Akker, F.; Bonomo, R. A.
Strategic approaches to overcome resistance against gram-negative
pathogens using f-lactamase inhibitors and f-lactam enhancers:
Activity of three novel diazabicyclooctanes WCK 5153, Zidebactam
(WCK 5107), and WCK 4234. ]. Med. Chem. 2018, 61, 4067—4086.

(31) Pages, J.-M.; Winterhalter, M. The porin and the permeating
antibiotic: a selective diffusion barrier in Gram-negative bacteria. Nat.
Rev. Microbiol. 2008, 6, 893—903.

(32) Li, X-Z.; Plésiat, P.; Nikaido, H. The challenge of efflux-
mediated antibiotic resistance in Gram-negative bacteria. Clin.
Microbiol. Rev. 2018, 28, 337—418.

(33) Richter, M. F.; Drown, B. S.; Riley, A. P.; Garcia, A.; Shirai, T.;
Svec, R. L.; Hergenrother, P. J. Predictive compound accumulation
rules yield a broad-spectrum antibiotic. Nature 2017, 545, 299—304.

(34) Davies, D.; Pearson, M. J. Synthesis of novel fused lactams by
intramolecular 1,3-dipolar cycloadditions. Part 1. Tricyclic Triazoles.
J. Chem. Soc., Perkin Trans. 1 1981, 2539—2543.

(35) Sanchez-Fernandez, E. M.; Navo, C. D.; Martinez-Saez, N.;
Gongalves-Pereira, R.; Somovilla, V. J; Avenoza, A.; Busto, J. H;
Bernardes, G. J. L.; Jiménez-Osés, G.; Corzana, F.; Fernandez, J. M.
G.; Mellet, C. O.; Peregrina, J. M. Tn antigen mimics based on sz_
iminosugars with affinity for an anti-MUC antibodies. Org. Lett. 2016,
18, 3890—3893.

(36) Kirby, A. J. The Anomeric Effect and Related Stereoelectronic
Effects on Owxygen; Springer-Verlag: Berlin, 1983.

(37) Juaristi, E.; Cuevas, G. Recent studies of the anomeric effect.
Tetrahedron 1992, 48, 5019—5087.

(38) Perrin, C. L.; Young, D. B. Is there steroelectronic control in
hydrolysis of cyclic guanidinium Ions? J. Am. Chem. Soc. 2001, 123,
4446—4450.

(39) Bredt, J.; Houben, J; Levy, P. Uber isomere dehydrocam-
phersauren, lauronolsauren und bihydrolauro-lacton. Ber. Dtsch. Chem.
Ges. 1902, 35, 1286—1292.

(40) Sabet, M.; Tarazi, Z.; Nolan, T.; Parkinson, J.; Rubio-Aparicio,
D.; Lomovskaya, O.; Dudley, M. N,; Griffith, D. C. Activity of
meropenem-vaborbactam in mouse models of infection due to KPC-
producing carbapenem-resistant Enterobacteriaceae (CRE). Antimi-
crob. Agents Chemother. 2017, 62, e01446—17.

(41) Lahiri, S. D.; Mangani, S.; Jahi¢, H.; Benvenuti, M.; Durand-
Reville, T. F.; De Luca, F.; Ehmann, D. E.; Rossolini, G. M.; Alm, R.
A.; Docquier, J.-D. Molecular basis of selective inhibition and slow
reversibility of avibactam against Class D carbapenemases: A
Structure-Guided Study of OXA-24 and OXA-48. ACS Chem. Biol.
2015, 10, 591—600.

(42) Golemi, D.; Maveyraud, L.; Vakulenko, S.; Samama, J.-P.;
Mobashery, S. Critical involvement of a carbamylated lysine in
catalytic function of Class D f-lactamases. Proc. Natl. Acad. Sci. U.S.A.
2001, 98, 14280—1428S.

(43) Docquier, J.-D.; Mangani, S. Structure-function relationships of
Class D carbapenemases. Curr. Drug Targets 2016, 17, 1061—1071.

(44) Docquier, J.-D.; Calderone, V.; De Luca, F.; Benvenuti, M,;
Giuliani, F.; Bellucci, L.; Tafi, A.; Nordmann, P.; Botta, M.; Rossolini,
G. M,; Mangani, S. Crystal structure of the OXA-48 f-lactamase

https://dx.doi.org/10.1021/acs.jmedchem.0c01535
J. Med. Chem. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1128/AAC.00212-20
https://dx.doi.org/10.1128/AAC.00212-20?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.9b01976
https://dx.doi.org/10.1021/acs.jmedchem.9b01976
https://dx.doi.org/10.1021/acs.jmedchem.9b01976
https://dx.doi.org/10.1080/14656566.2019.1660772
https://dx.doi.org/10.1080/14656566.2019.1660772
https://dx.doi.org/10.1080/14656566.2019.1660772
https://dx.doi.org/10.1007/s40265-017-0725-1
https://dx.doi.org/10.1007/s40265-017-0725-1
https://dx.doi.org/10.1093/jac/dky522
https://dx.doi.org/10.1093/jac/dky522
https://dx.doi.org/10.1128/AAC.00223-18
https://dx.doi.org/10.1128/AAC.00223-18
https://dx.doi.org/10.1128/AAC.00223-18
https://dx.doi.org/10.1128/AAC.00389-17
https://dx.doi.org/10.1128/AAC.00389-17
https://dx.doi.org/10.1128/AAC.00389-17
https://dx.doi.org/10.1128/AAC.00389-17
https://dx.doi.org/10.1093/jac/dku568
https://dx.doi.org/10.1093/jac/dku568
https://dx.doi.org/10.1093/jac/dku568
https://dx.doi.org/10.1128/AAC.02497-17
https://dx.doi.org/10.1128/AAC.02497-17
https://dx.doi.org/10.1128/AAC.02497-17
https://dx.doi.org/10.1128/AAC.02497-17
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
https://dx.doi.org/10.1021/acs.oprd.6b00268
https://dx.doi.org/10.1021/acs.oprd.6b00268
https://dx.doi.org/10.1021/jo049406a
https://dx.doi.org/10.1021/jo049406a
https://dx.doi.org/10.1021/jo049406a
https://dx.doi.org/10.1021/acs.orglett.5b02522
https://dx.doi.org/10.1021/acs.orglett.5b02522
https://dx.doi.org/10.1039/c8cp04118k
https://dx.doi.org/10.1039/c8cp04118k
https://dx.doi.org/10.1021/acs.jmedchem.9b00931
https://dx.doi.org/10.1021/acs.jmedchem.9b00931
https://dx.doi.org/10.1021/acs.jmedchem.9b00931
https://dx.doi.org/10.1021/acsmedchemlett.0c00058
https://dx.doi.org/10.1021/acsmedchemlett.0c00058
https://dx.doi.org/10.1021/acsmedchemlett.0c00058
https://dx.doi.org/10.1007/s10096-017-3112-7
https://dx.doi.org/10.1007/s10096-017-3112-7
https://dx.doi.org/10.1007/s10096-017-3112-7
https://dx.doi.org/10.1128/aac.01195-18
https://dx.doi.org/10.1128/aac.01195-18
https://dx.doi.org/10.1093/jac/dkz03510.1093/jac/dkx035
https://dx.doi.org/10.1093/jac/dkz03510.1093/jac/dkx035
https://dx.doi.org/10.1093/jac/dkz03510.1093/jac/dkx035
https://dx.doi.org/10.1021/acs.jmedchem.8b00091
https://dx.doi.org/10.1021/acs.jmedchem.8b00091
https://dx.doi.org/10.1021/acs.jmedchem.8b00091
https://dx.doi.org/10.1021/acs.jmedchem.8b00091
https://dx.doi.org/10.1038/nmicro1994
https://dx.doi.org/10.1038/nmicro1994
https://dx.doi.org/10.1128/CMR.00117-14
https://dx.doi.org/10.1128/CMR.00117-14
https://dx.doi.org/10.1038/nature22308
https://dx.doi.org/10.1038/nature22308
https://dx.doi.org/10.1039/p19810002539
https://dx.doi.org/10.1039/p19810002539
https://dx.doi.org/10.1021/acs.orglett.6b01899
https://dx.doi.org/10.1021/acs.orglett.6b01899
https://dx.doi.org/10.1016/S0040-4020(01)90118-8
https://dx.doi.org/10.1021/ja003672y
https://dx.doi.org/10.1021/ja003672y
https://dx.doi.org/10.1002/cber.19020350215
https://dx.doi.org/10.1002/cber.19020350215
https://dx.doi.org/10.1128/AAC.01446-17
https://dx.doi.org/10.1128/AAC.01446-17
https://dx.doi.org/10.1128/AAC.01446-17
https://dx.doi.org/10.1021/cb500703p
https://dx.doi.org/10.1021/cb500703p
https://dx.doi.org/10.1021/cb500703p
https://dx.doi.org/10.1073/pnas.241442898
https://dx.doi.org/10.1073/pnas.241442898
https://dx.doi.org/10.2174/1389450116666150825115824
https://dx.doi.org/10.2174/1389450116666150825115824
https://dx.doi.org/10.1016/j.chembiol.2009.04.010
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01535?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

reveals mechanistic diversity among Class D carbapenemases. Chem.
Biol. 2009, 16, $40—547.

(45) Durand-Réville, T. F.; Guler, S.; Comita-Prevoir, J.; Chen, B.;
Bifulco, N.; Huynh, H.; Lahiri, S.; Shapiro, A. B.; McLeod, S. M,;
Carter, N. M.; Moussa, S. H.; Velez-Vega, C.; Olivier, N. B,
McLaughlin, R;; Gao, N; Thresher, J; Palmer, T.; Andrews, B.;
Giacobbe, R. A,; Newman, J. V.; Ehmann, D. E; de Jonge, B,;
O’Donnell, J.; Mueller, J. P.; Tommasi, R. A;; Miller, A. A. ETX2514
is a broad-spectrum f-lactamase inhibitor for the treatment of drug-
resistant Gram-negative bacteria including Acinetobacter baumannii.
Nat. Microbiol. 2017, 2, 1-10.

https://dx.doi.org/10.1021/acs.jmedchem.0c01535
J. Med. Chem. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1016/j.chembiol.2009.04.010
https://dx.doi.org/10.1038/nmicrobiol.2017.104
https://dx.doi.org/10.1038/nmicrobiol.2017.104
https://dx.doi.org/10.1038/nmicrobiol.2017.104
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01535?ref=pdf

