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Abbreviations

Ac
AVI

BLI
Bn

Boc
Bzh
CAMHB

CAZ
CFM

C. freundii
CFU
CL

CLSI

CRAB

CRE

CRPA

Csl
CTB
DABCO

DBO

DBU
DIAD
DMAP
DMB
DMEAD
DMF

dr

DUR

E. cloacae

acetyl
avibactam

[-lactamase inhibitor

benzyl
tert-butoxycarbonyl

benzhydryl
cation-adjusted Mueller Hinton
broth

ceftazidime

cefixime
Citrobacter freundii
colony forming unit

clearance

Clinical Laboratory Standards In-
stitute

carbapenem-resistant Acinetbac-
ter baumannii
carbapenem-resistant Enterobac-
teriaceae
carbapenem-resistant
monus aeruginosa

chlorosulfonyl isocyanate

Pseudo-

ceftibuten

1,4-diazabicyclo[2.2.2]octane

1,6-diazabicyclo[3.2.1]octane

1,8-diazabicyclo[5.4.0]undec-7-
ene

diisopropyl azodicarboxylate
4-dimethylaminopyridine

2,4-dimethoxybenzyl

di-2-methoxyethyl azodicarbox-
ylate

N,N-dimethylformamide
diastereomeric ratio
durlobactam

Enterobacter cloacae

E. coli
EDC
ESBL

Et
EUCAST
FDA

'Pr

K. pneu-
moniae

LED
MBL
m-CPBA
Me

MHB
MIC
MPC

NAC

NMR
NOAEL
NOE

NOESY

PBP

Ph
PK
PMB

PNB
Py
QD
REL
SAR

Escherichia coli

1-ethyl-3-(3-dimethylaminopro-
pyl)- carbodiimide

extended-spectrum B-lactamase

ethyl

European Committee on Antimi-
crobial Susceptibility Testing

Food and Drug Administration
isopropyl

Klebsiella pneumoniae
light-emitting diode
metallo-B-lactamase
m-chloroperoxybenzoic acid

methyl

Mueller Hinton broth

minimum inhibitory concentra-
tion
minimum potentiating concentra-
tion

nacubactam
nuclear magnetic resonance
no observed adverse effect level

nuclear Overhauser effect

nuclear Overhauser effect spec-
troscopy

penicillin-binding protein
phenyl

pharmacokinetics
p-methoxybenzyl
p-nitrobenzyl

2-pyridyl

quaque die

relebactam

structure-activity relationship



SDS-
PAGE

SFC
Su
TASF

TBAF
TBS

TFA
THF
TLC
TMS
Ts
VAB
WHO
ZID

sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis
supercritical fluid chromatog-

raphy
succinimide

tris(dimethylamino)sulfonium
difluorotrimethylsilicate

tetra-n-butylammonium fluoride
tert-butyldimethylsilyl
tert-butyl

trifluoroacetic acid
tetrahydrofuran

thin-layer chromatography
trimethylsilyl

p-toluenesulfonyl

vaborbactam

World Health Organization

zidebactam
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B1HE RAMEEEB-T7F~<—F

B1E HiAEDELELEAMES

VA AN A 7V:VﬁVié&*V)V®%ﬁu% Bor OHUEWE DT, - B
SHNEOREICEMLCE. 1T -7 7 X 2R2PEEIL, muaRhE L LZaetti ik
A THAEMEE LT, "= U R (RNFL) ZIZLDELT, E7xh, £/ AT F A,
TSN L E NS TEEBBOEKE S -T2 -7 7 2 LARTUHENERBE THELNL TV D
(Figurel). ZO X HTHEL D B-T 7 # APFRE I NIZHRITIE, FLE AT MLOIERRR
WHREOEE, MHEEouGEIC X 28 EEREOM E2Em L nasntEll s &
iz, EE~OMISICERE BN EE S OMER RSN TELI Enb 5. MMEE O
UL, BrEEoBFE EMEROHB AR YIRS Wb ITosZ) ThY, ZOHRTE NS
7 A%Dﬁ/w\‘«\‘v‘?A EWVWSTE R DEWD B-T 7 Z APIHE N RNIESNTE 72, FRZhv
PN LRPUEE IO P AWK T DEFEICT L TAEZTH Y, BE, PRI
5F%%®$&J&LfﬁbMTwé.m

B-SV9 LRINEIEE

OH

Q H H O//I\oé | HN—//NH
R I o
%‘“OH © o on  °© 5 o O:FN\SO]H © o oH
Penicillin G Cephalosporin C Aztreonam Imipenem
(19434F) (19644£F) (19864£F) (1987£F)
AN 14 R IA TN FILIKRE L

Figure 1. A series of B-lactam antibiotics.

—Ji T, T DOHEWE OWmE LR o T I L0, AN M o RE 2 RZ L
LTEY KR E U THREZ2HUVEME ORI RO BT 5. R IRERERT (WHO) 7232017
FAZFEFR L7 “Global priority list of antibiotic-resistant bacteria to guide research, discovery, and
development of new antibiotics.”® (2 & 5 &, DA RAfi{fET % k327 % — (CRAB, car-
bapenem-resistant Acinetbacter baumannii) , /L3~ AfMPERRIEE (CRPA, carbapenem-re-
sistant Pseudomonus aeruginosa) , 35 & WY, B /L3~ AN A B E (CRE, carbapenem-
resistant Enterobacteriaceag) -~ %}isA3 “Priority 1: Critical” (ZAZEAT T HiL TV % (Table 1).
INOOMMEEIXB-T 7 X ARFIFEHEL T TR E A ERTOHFEMER DT NZH
MHEE TH Y, ZORISITLBEORETH L. B



Table 1. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery, and
Development of New Antibiotics!?

o Acinetobacter baumannii, Pseudomonas aeruginosa, car- | Enterobacteriaceae*,

Priority 1: carbapenem-resistant bapenem-resistant carbapenem-resistant, 3rd generation

CRITICAL cephalosporin-resistant
Enterococcus faecium, Staphylococcus aureus, methi- | Helicobacter pylori,
vancomycin-resistant cillin-resistant, vancomycin in- | clarithromycin-resistant

Priority 2: termediate and resistant

HIGH Campylobacter, Salmonella spp., Neisseria gonorrhoeae,
fluoroquinolone-resistant fluoroquinolone-resistant 3rd generation cephalosporin-resistant,

fluoroquinolone-resistant
Priority 3: Streptococcus pneumoniae, | Haemophilus influenzae, Shigella spp.,
MEDIUM penicillin-non-susceptible amipicillin-resistant fluoroquinolone-resistant

*Enterobacteriaceae include: Klebsiella pneumoniae, Escherichia coli, Enterobacter spp., Serratia spp., Proteus spp., Provi-
dencia spp., and Morganella spp.

E2TH AME O L IEFIMHESE

INSR T TRCESTERINTZT T LREIEICLY, MEIXZ 7 AG%EE 77 Ak
PEE D 2 DI KB ENA. I TE M L7- CRE X° CRPA,CRAB I T/ 7 LMl TH 5.
77 MaEMEE OfE &2 LU (Figure 2). 77 AREPEEE I HIIREE D SMANZ AR &’ 2L 5
%EE’J&EH%%L%% LTW5o. AMEITHALRE & HE@ HEE —HEE T S AL TW D08, Sl

) j‘gﬁiﬁi@ﬁiﬁé ZHRIZL TS, FEHOZEMEOB RO D &, FE _HEELERT
E)f_ IIRRIEME D+ THDHIMEN D D05, IMAID U AREHER 2 BT 5 7= DI LB KM 4y
%T%ézgﬁnﬁ%é DFE VY, FMEIINERME Y T b BUKES T H B S RV MEEIZ > TV D,
— )5, wER BUKEDE) ZEVIATL -0, FMEIZIZR =Y LMD X X T
J_75>3%> U B-T 7 X LEOBKEOTAEDEIIR—V U2 RHT 52 LT T AEEEOHE
KNIZRIET D ENTEL bR TS, M

1>
y

PRI g

Tl2deded @adddeddede
< ~ A
g@i — CUBdE e i - ¢
g PRI
4

Figure 2. Structure of Gram-negative bacteria.



ISR L~ TR DT LD A = X80, 1) FUAEWE 2 RIEMHL 2B 0
A, 2) BRI OERSCRE L — O, 3) EWOREEMEDZE D 3 DIZKHITE S
(Figure3). Bl Z D55, 1) FUEME Z RNEMHLT 2MHRITIZB-T 7 Z L& ffT D B-TF 7
=BT I 7Y av RRUEMEEZRNEHRT 27 I/ 7 oy NMEMBERERH 5.
F72, 2) G TOERSLRBL— FOREN b DL LTE, B-77 % LOEN1Th
% PBP2 (penicillin-binding protein 2) @ PBP2’~DZEFENH 5. 3) EYoREiE D2
LTI, a2t cde 3 2 AP AR L 7 ORASLK -V VOXRERHDH. b0
2%, CRE &7 7 ARRMEICIIT D FERMIEEREIL B -7 7 X ~—BDEATHS.

1) FAEMBEEEEC I BBROESE X
- B-799%—-t @ namE
- 729033 MEREE R
o
2) EHDFOER-KBI- ES K
— PBP2'
REBMHOZAL

3) EYOREEIEDZ(L
- EFIBRHARST
- R-URiE

SRR T &
[ ]

Figure 3. Principal bacterial mechanism of antibiotic resistance.



F3H B-Fr5v—F

B-F 7 H~—BITB-T 7 X LRFEEEZNKGRL, NEHEIT HEETHS. 2
SRR B RF R A b oo —HOBRHETH Y, Fkx RBIENO I TS, B Fd &
HELITWDHRETER, 7 2 BESIOMEFRMEICE S\ Ambler D3 TH L. Z D5y
Hicksr L, B-774~—BiZ4>DI T A (/7 AAB,CD) IZHHETED. 7 TAA,
C,DIZET D B-7 7 ¥~—RIIEEF L) VELE L2 V-3-F 7 4~—EThH
0, 77 ZABIXEHEFLICHIZNA A E b o7 AFR-B-F3 7 F~—EBThHD.

vV -B-T 7 F~—BIZLD B-T 7 X LONKG R Z LU IZRT (Figure 4A). £3°
FZL DI, IEEFLOEY U B-F 7 Z L% REBKEST L Z LT, MEERTRIE (TIL) 2T
R 5. FNT, TILWS T 7 ¥ AROBBRNSEIT L, 'Y ViR L E/E LBEREAR
(enzyme adduct) 2B S D . Z OBEREEIRD K F O KL 2 55 C MU AR A
(TI12) B L TIAKRDREEIND Z & T, B-T7 FLONKGMENRZET L, B-TF74~v—F
NHAETD.

FWNT, AFu-B-7 27 2~—EORICHEEAZHIT 5 (Figure 4B). £TI1X L HIT Zn?iZ
A LI KBRIbMA 4 (OH) BB-T 7 ZLDHIIVER=)VIRFEZ REHEE L, Zn BN
T2 Z Lk TRBEI NI MEERF A (TI3) 2T 5. VT, TI3MGR-7 74
LDOBABRMBHEIT L, 7 =4 HFEK (anionicintermediate) Z#&H L7=tk, 7 =4 0N 71 ko
22352 L1k~ TC, B-T7 X LONMKDENRZET L, BENHATS.

(A) H g H 4 HH,XJV‘%L -
Ar/»/N i Ar/YN ! ArWN H CO;

wp 0 FUph —= | o | — T 8L
.0 ©

— O —
co \J 2 co, \8
H 2 Ser Ser
B4 T

1 enzyme adduct

B-lactamase o H x/%%r;
HOH R N > N‘ CO,
N A /TC0r N AT H
Arﬁ( N

H 0 0 |''OH

o“ o OH

hydorolyzed product

hag) ) 0
(0] , 0O A ,
= \ﬁ" HO™; \L“\i" © o0 \/\Asp
o , K
) ° Hs /0O | T L

—
His= 4", \

B His» H \ Cvs
s - Y 0) His/zn\'o\ ./Asp His Ho
n——o0 "% H Zneys anionic intermediate
His H | WAsp L Cys/ B
%n‘His
Cys TI3

B-lactamase
N H"-XJV%LCO{
N
Arﬁof N
(¢]

(0]
hydrolyzed product

Figure 4. Hydrolysis mechanism of B-lactams by serine-p-lactamase (A) and metallo-f-lactamase (B).



K7 TADB-T I E~v—BEZOEEDOHM, B, REHRERIZOVTUFIZRT
(Table2). 7 7 AAIWLET D B-T7 7 X~—BIZHEEOHBEOB LN, W OO T N—F
3T ons. 7T AEMEDNEAET DR E LTRENR L OIE, HBNMEFRME (Enter-
obacteriaceae) IZHBWTIX TEM R SHV TH Y, KIHFHE (E. coli) <CMiZk#-E (K. pneumoniae)
WICBWTIECTX-M THD. ZibDB-F7 X~v—FDOL IR ERFEMIERN - 7 Z <
—¥ (ESBL, extended-spectrum B-lactamase) & FEEAL, R=U U ROMUICET7 7 r AR
TSN Z LIRS TE L. T F72, I, KPCIZRESND LRI A ARXRAY
DRETEDLEY VAN AXRy—EBbHRESN TS, B VI XA BIIAXR-B-F 7 X ~—
PTHY, T/ NI HLERLEBTDITADB-T 7 X LE5T 5. IMP % VIM, NDM
NHOLNTWA. Bl 7592 Cop-F7~—FBiZk) o7 7rr AR F—8 L HMEIEIN,
v TEOVA, BT EFVA, BT NI TRV UEOE MR T e AR 08T 7
VAV EERIREETCOE T 2 LB ETDH. VTADIIETHR-T7 X v—BIX, =
YUY, BT AR, B NT B LFRB-T I H N ERRT D, £, OXA-23,24/40,48
LV DTN DPDOFERII I N AR~ —BIEELZ A L TRV BIK ERIERE I Tng. B

Table 2. Substrate Scope and Relevant Examples of B-Lactamases

substrates
class type — - most relevant examples
penicillins  cephalosporins  carbapenems  monobactams

penicillinases from Gram-

A Serine- O X X X - _
pOSItIVE bacteria
@) A X X TEM-1, TEM-2, SHV-1
(ESBL) 0O o % N SHV-2, TEM-10, CTX-
M, GES-1
. KPC, SME, NMC-A,
(serin carbapenemase) O O O A
GES-2
B Metallo- @) @) @) X IMP, VIM, NDM
C Serine- O @) % O AmpC, CMY, ACT-1,
DHA
OXA-1/30, OXA-10,
D Serine- @) @) A @) OXA-23, OXA-24/40,

OXA-48

B-T7 7 Z<—BDAHIZONT

KPC ° OXA & W0 T2 B-T 7 2~ —BOAFRIEALFTHY, ML L THRDRVONR—KIT
HD. MRAEE (K pneumoniae) MO I NI HNARXR U ERRST HB-T7 7 24~v—EETHDHZ &
75 K. pneumoniae carbapenemase MDFRLT-% & > C KPC L4 SN TWAH L DT, BFED L HITH %
DEFRBAFAET 205, A SCTIXRTR O —ANZE> T R-F 7 ZF~—EOLARRILIEEE T3 < EA4
e LTS,




B28 B-F7F~—EBHEH

B-T7 7 Z~—VEAREICHLTIE, B-774~—FHEHR BL) % 8-7 27 % LZHHEK
EHFHTA LW T 7o —F RN THDH. 19824F, KEIZ T T T T UVBRTEF TV
v & OO TREIREEH SV TLIRE, W< 2D B-F 7 & 55k BLHTREIREIY; T4 & 22 B0
ENTWA. — 5T, 25O EHIAYZ BLUZ LR~ ATHESNAIE R (CRE) 23
T DHEIRB-T I H~v—BEHET DL LIZR#ETHS. 20X H7%eH, CREIZHHER
Hi7-72 BLI OBIRM TN, 1,6-PT7 e/ u[3.21]14 7 % (DBO) HikE b o727 B
7 B LN 2015 4RI FDA M HAAGR SNTZ. =0, 77 % AL FEEEIC DBO % BLI @ L
LRI AZLRLT 2 a2, Ra g% BL ThHNRANT ZANEW-S T2 BLIE S
Wxa LG LTEY, Zib 25K E2HLISHTH BLI OBFER KA ThIL TS, Bl i
172 BLI TH D B-7 7 ¥ L%k, KO, DBO R, HAu RO BLIZOWTLLUF Tl 4 ik
~ND.

B1E B-F7¥LRB-F7F~—EHEA

B-T7 7 ZALZABLIHEIELS OERFEHIN TS BLITHY, 7777, ANVNTH
Ly, BN EERZEHD (Figureb). 20956, 7777 VERIIRNOMEKE LTRAOB-F7 X A
THHETEFVV Y VEDHHAETHEDN TS, £, AT EZLNIT o EV) L E
WIZZ AT VRES THREOM DWW 2 “mutual prodrug” &V 2=—27 727w N7 v 7 CRAOKE

VBTG (ALF 2,
Ha
QJUW
)jJJ ;Q\ )ijN\ Loo§
]

COOH COOH COOH ) N
7

m
clavulanic acid sulbactam tazobactam o) é,
sultamicillin

Figure 5. A series of B-lactam type B-lactamase inhibitors.

o BLIE, EEWEMB-T 7 ¥~—F¥ (ESBL) 28/ T AADB-T I H~—F
ZHERRETH LN, KPCEIZLOHE LB VNN —EBRL I TAC,DDOEY VB
-F I B —VBIHIFEALHETE V. o, IEEFLORY VKL /S EERT D
EWVIBLERAMND, VI ABDOAXT--T 7 Z~<v—EHLETE R,

B-TF 7 X L% BLI OHEA I =ALE LT, 7777 80O SHV-1 HE X 1 =X LD
Z LU FIZRd (Figure 6). M B2 SHV-1 @ Ser®-OH 237 7 77 LD 1)V 7R =)V % sREG I B
L, WEAFEEREZRE LT, BEESKREALZFKTD. VT, A%V U P 0B
LY EA2 EpoTlztk, A I —=F I OB F I D cis-trans D BAE(L &<
ifRERIZ &> C, EA-5, 6 BT DH. EA-6 Lo, B-REMZ AT /L THY, Sert™ 3 1,4-fF
M2 Z & CHIBEAIREA-T 2T 5. Z OZEEHEAIR EA-T X EMNE <, BERILE
ICRELFELTWDEEZBND. EA-T 1 Ser® DK EE T, 77t KEA10 %
2. ZOT7 T RiZARE EA-9 & DOFHERRREICH D Z & T, Ser’® DMK R
PIDKGFE NT 7L, EAL0 DIKGIRIZ L - TEREEVRHET 20287 5D, =



NG OEREFHEAERIL, W OND TRZR CTREBITITIMK SR S BN FAT D8,
%@iﬁ@w<OW®%ﬁ@%@%a®,@@®%f@ﬁ%%%%¢5_kf,ﬁ%kbf
B-F 7 F~—FBEHETLHI LN TETTND

FL— A | — e

O HN—
70 z
OH S 70 S co,
srer70 tetrahedral intermediate enzyme adduct-1
(EA-1)
Ho§ %
0. N — cis-trans (0] X N\)J\/\ imine-enamine o) _ N\)K/\
Y\ ?\ tautomerization : OH tautomerization Y\/ B OH
O HN__ . _— le) (N _— fo) - Ao
¢ “No [ 0o [ 0o
Ser’® Ser’® Ser™®
EA-3 er EA-2
decarboxylation
decarboxylation
/\ H hydrolysis h © OH
O “ser'30 OY\/N\)K/\OH E—— O Xx N\)K/\OH
o K\/ Ser’®
O HN ( EA5
Ser70 Ser™®
l o _0
o 0._ Ser'® hydrolysis O X OH 0 OH o ~O  hydrolysis 7);\/
o] - rO O OH rO oH
g op130
HO™ “Ser EA-8 K EA-10
Ser’? EA7 Ser’® Sero EA9 Ser’® Ser®

Figure 6. Pathway of clavulanic acid-mediated serine 3-lactamase inhibition.

FEoIE 1,6-CT VI In[3.2.1]4 5% B -F7 5 ~—EHLEHA

CTYEY s uts X (DBO) 1X, B-T I X LARFHMERLE LTT VA2 - ARS
nNifbawmcdh s, BB Y oFHI K LT DBO (LAY OFIEIEMEIZTE - 7243, KPC 20
TV IR =BGl )V p-T 7 X~—FIZx L TR EEEZRLZZ
e, B g5 7 x<—VHEA] (BLI) & LTOREEMSRWE S, e~ EliE T
% < OFEMRNA ST\ D (Figure 7).

T e Z N (AVI) (RPN ETTE N7 DBO R BLI TH Y, 7 X TV LA LA DY
k%@%&bfﬁ%éhfwéﬁmmniﬁ7XA CDB-7 7 #~<v—FIZxT HHERED
B, —HT, 77 ADIZK L TILOXA-48 ZZD—HRD B -7 7 X ~—TF &R\ CII L ETEE
2F. BT DBO R BLI 1Z7 7 AB DAXR-B-F 27 %~—E (MBL) Z[HETX R0
W, 7T ABITH LTLERE ) NI ZLRHEEDT XN LA T L EDHF AR B S
nTkL, B ZoMAHAEDLEOMKRR S Ei LTS, LA r 24 (REL) IE, 12
RRL-VTAZF U EOMFHTEBEIN TS, AVI ERERIZREL 7 72 A, CDB-7
7 R —BIZRT HERENEVN, 7T A DK L QI EEE 2R =720, 19 OprD 7
— U R AmpC BEEAIC K DA I AR ATMPERRIR IS5 2 A dE STV 5 R
DM TH . PI F o rm "y % (DUR) ZREEIC _EESGZ 72 =—7 72 DBO ¥



HIKTHD. P ZANMMESIRRE T > b7 Z— Rk T 5720012, 77 A A CIZkd5
FEEEZHERF LoD, 7 7 ADICHT AiEEE#ILT 2B TT VA anTnWb. &
FEEOENL, D ICEAREEXDHZETR-TF7H4~v—BDIEMEHR.LOEY v & DRINESE
EODLIENERTHY (DBO % BLI OFEE A 1 = X A Figure 9 ), ik ->Tr 7
Z Dk A EEEORAGIZKREI LT b, F£72, DUR X PBP2 (penicillin-binding protein
2) ZBINMICPHETHZ & T, BLI TH D EFEFFICHETEME S RT. 20 PBP2 HE/EHIZ
EHLT, RUKSBLITHYZRRLT VR M Z—IZHEIERZET DALY Z KRAL
OHFRIZE D, DN RAMET >3 b7 X =R L L TER S TWD. T 37 %
L (NAC) 1T A Bk A L OO CRERBARF @ DBO 584K THSH. NAC D B-TF 7 X ~—
BIHEIZBIT DIEHECAZ FVT AVI LI L TRORE L ~FRETH DHH, T2/
7 2 K ERERIZ PBP2 B0 72 LEMERIC X W IS 2R3 2 L TR-F 7 X A L OHFHZ
RlTEw. B FE, MBL ICx L CRERMMIZHSH Z LT, MBL Z[HET 52 LI T
WD BT, K B-T 7 X AL OMAEDE T MBL EAREICK L TR Z R
9. P UOF Ry 2 A (ZID) HRERICHEIEEZ R FE - 72 BLI TH Y, 7 =LA L D0
A CHUERARRBR T T 5. 19 25 WCK 4234 |3h1o> DBO % BLI L 720, 247127 I KT
372 v T VR EFES TS ZENRMTHD. VT J EOBOVEF KRG MEDEED -0,
KT 7 B ~—F & DOUGPE (acylation rate, kay) 250 ELTHY, AVISENEFLT5H7 5
A DR B EEMES [ E LT g, B R

o} HN o) o
1 SN |,
MN“<] ”“<] AN
N 0.0 N 00 N 0.0

)—N\ _S. )—N\ _S. N ¥
o 0" "OH o 0" "OH g N.o-S~ou
avibactam relebactam durlobactam
(0] (0]
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Figure 7. A series of DBO type B-lactamase inhibitors.

Ak L7= DBO & BLUZ 2 TEHAREHIC L » TRE SN TWD N, iilt, v R7 v 71kl
Ko TROWIEZ 5 L 7= DBO #FE AN X Tu5 (Figure 8A).  ARX-1796 X AVI
DREOTa RT v Z7ThHY, FMOZATANT AT T —PIZ LTRSS NT-1%, B-
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Figure 9. Pathway of DBO-mediated serine 3-lactamase inhibition.
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Figure 11. (A) Scheme representing the interaction of -lactamases (E) with DBOs (1). (B) Chemical
representation of (A).
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Figure 12. Relationship between inductive effect of functional group at the C2 position and acylation
rate.
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Hiy L 9% 2 (LI BEERL 2 A 7 5 DBO #HE(RIE, 2/LIcALVT 4 REH oK A
NOBILISHEDOEREEZRDL Z L TR TE 5 & 27 (Figurel-l). £/=, AL7 ¢
RERAR A 1, Tk DBO Bk A 7= LR Ul 1 0 BIREER T W Az k- T
ARTEDEBEZT. 2B, WVRVEB LIZIATEORWE e 7L Z I VBN LAKRT 5 2
ELA[EETH S, W

R s’f o\ /o decarboxylative (0]
§ 2 RS/, radical thiolation I,

commercially available or
preparable from pyroglutamic acid

Figure 1-1. Synthetic strategy for 2-thio-substituted DBO derivatives.

DBO L AEMINAR) 72 OT BRI L » T LN D E LA DINLE F-xF & VR = VR E 0 S
IS L CWewy (Figure1-2). D72, UL THETHLIZHEDLT, WV R=/VDOKE
FHEEEW. Ez, INZE NI R= L EIIE L TWRWE®HIZ, 1L OZEZFR I3
HEALTWDER, Zhn7a hvfbazid 52 LI X o THAVR=LOREFHITEHIC
M BT 5. 207w, DBO (LEMIETEECEL, BUZ L > TEGITHART L EWHIMELRH Y,
DBO BRIZ%} L C-SR & AT 255 ICIXBM e KN RE 2R ET 20 ERH 5.

Electrophilic carbonyl group
O /
% _OR?
1 N
Lone pair not resonating N\A
with carbonyl group &/ \r
R1

Figure 1-2. Structural feature of DBO compound.




HNRUEEE AVT ¢ RICEBRT DGHIE LTIE, 48 Radd Ao 27 10K
FHZ X DBUREEN T 2 AVEOGERE < D BEI BTV S (Scheme 1-1). B 4725, LR
VL 22 AN T REY DV UN-FF Y FOMAICL > THOND 2-FAXF V) V=T
AT V(Barton = AT /L) 1, HEBEHZ L > TN-OEABERAL, WALRFLTIDNEED
Do ZOHANKRXTTIHMIMREEZ > T 1 IRFBWR LT VXL T DA% L,
ZHROCANT 4 RERIETHZETALT 4 RBELND. ZORISITERET, 0°C 2
DHE LW S RIS CHEIT T A 720, BRSO R XT L CRZE A DBO ‘Bis % b > 72k A
MOERIZHE LTV D,

Scheme 1-1. Photo-Induced Decarboxylative Thiolation

O \ [e) =
i} PhSSPh (2 eq.)
/WJ\OH + oY i Q/Q £ hSp
13 SH 13 ~ CH,Cly, 0 °C 13
S visible light

Y

82%

I~
13 o %\!

Ph< (/S\
SJ Ph
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B2 BURBRET DAUNVEISZ K DHEEREDHEA

AR O B ERERI) T ¥ 7 VG % IV T DBO B k% 2 fMi~DOHi s E I O A 27
(Scheme 1-2). BV VMR 1 NS, EDCHClI 2 HWT 2-A LB 7 ME YU U -N-A4F
R4 EHES L, T HILRETEEAD Barton =27 )L 3 AL L7-. Z o Barton = A5 )L 3 &
HEET 52 e RHPICS Y EDY 72 =LAV T ¢ Reaxhlz, K&T, LED 70 7%
AWTHOEZRF L= 2 A, BH® 2a % 1,122-7 b7 7anx X U2 NEEREL LT
A2 NMR IR T 61%, HEENCE 46% CF5 2 & 23H3k7-. NMR = & il U -C BRI
PMEWERKIEX, AVvT 4 R22aDBBRICH L TALETHLTEDEZZX NS, BBROALT ¢
F2b % TLC T2 WtBBI L= & =5, 2 U B0 ECOMRAREGRS TS (Figure 1-
5). ZOIHKIZBWT, 2a DT AT LA ~—L LTELNT. TOMIEEIZ OV
TIE, 8 axial fLDO 7 11 k2 Ha &-SPh FiD AL M7 1 b Hg & DRI NOE AHES 2 8]
HENT=Z EBIRIE LTz (Figure 1-3a). SAKEINAIIZ BN 1G 50, 72 vl
R 7 M convex HINDH Y ANT 4 RERIS LT ThHDH EE 2 T2 (Figure 1-3b).

Scheme 1-2. Introduction of -SPh Group via Photo-Reactive Ester 3

‘ X
o /'ll s A (0]
A, SH 4 on 5.,
HO™ EDC-HCI o7 PhSSPh (5a) (5 eq.)
" S " hite LEDs, 0 °C g N%
N\ CH20|2, rt N\ white S, N\
o OBn in the dark 3 O OBn o] OBn
1 2a
NMR yield? 64%

Isolated yield 46%

aNMR vyield was determined by "H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

(A) AR H
a
.H—_‘.U_ S S —— HbA—J—*u»
JOBn J,
N 3.
chﬁ-mﬁr.m =,
H » Ha y :
dy L )
b y—Ha « 00 "
I Hq "J‘ 0 O
(B)
concave convex
OB” OBn 0Bn s,
~. O -0
= — N
QF ﬁ H\[N H\waﬁ (
“OBn
(_’ /_\) SR 0
R’S“Q’R
C

Figure 1-3. (A) NOESY spectrum of 2a. (B) Proposed mechanism of diastereoselective thiolation.
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R BAF7RR T T AT VRIS AL T 4 Ra BT D2 ENTEX 2120, fit
WTC, VAFIAV AT 4 K6 2RO TREEOSMT-SMe JEDE A %77 7= (Scheme 1-3).
ZOFER, PAF IV AN T 4 R 5 4BV HA TIHIERIL 30% (NMRyield) (2B F 0,
U7 2=V VAT 4 R Ba WA (Scheme 1-2) LG L CTHERENE F L2, AT
NP ANT 4 K6 & 45 GRS Z LT 52% (NMR vyield) F CTILERNLET D 2 & 1IMER
TEX7=boOo, 5%, HEEEMAED (SAR, structure-activity relationship) BF7ED 7= 012, Z4E7R
TNAXNMMIEE S ST EMEERT A 2B DL, LR WREKE CIELUET
DMERDHD. TIFRNRDTANT 4 RN 55a I @R E&ORENLETHD Z L1
WEOWRE LKL, RECHRINTOWRWVIEETH S (Scheme 1-4). BB

Scheme 1-3. Introduction of -SMe Group via Photo-Reactive Ester 3

O A o}

SH 4
. on s,
HO Q EDC-HCI o Q MeSSMe (6) (X eq.)
N - > S N - N
CH,Cly, rt white LEDs, 0 °C N
)—N\ 2Cla, )—N\ ; )— <
o OBn in the dark o OBn o OBn

1 2b

X=5 30%°
45  52%°7
ANMR vyield was determined by "H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

Scheme 1-4. Reported Examples of Photo-Induced Decarboxylative Thiolation using MeSSMe

CH,CI,, 0 °C 13
visible light

o = MeSSMe (45 e
a)
g - s
13 o
S

64%

o) 7 MeSSMe (neat)
J - RJ\O/N >  R-SMe

-8°C
S visible light

R= 27%

— 20 —



-SMe KB ABhEE KET H72DI2-SMe {LIREDO MG &2 1T -7 (Table 1-1). F 7,
MeSO;SMe (8)% 5 &M=L 24, PAFIAIANT 4 K6 % 45 BEAWT-HEA & A%
D AT T, ANT 4 K20 #HGHZ LN TE. £, FERFRT AT ¢ K PhSSMe (5b)
ZHWTZGA I B AERIZ, NMR I 48%, HLEEINE 33% CTHMD 2b 21520 Z LA TE .
HAHEI R & NMR [CRICTRBES B 5N 5 DX, 2b 2359EED > U B 7 Mk L TRZETH
HMBHIEEEZTWD., AT 4 R 2b % EtOAc/hexane 52 C 2 IthERH L 7= TLC % Figure 1-
AN\RTS, 1y s AN &7z 2b 28 TLC TR L7=43As, 2 FER o x dili )i
~OREBRHICEH ST 5. Y 2V 7 ¢ K Bb 2 AW -54, -SMe ££721F C72 < -SPh
EHEASNDAHEMED B 578, crude @ TH NMR OFESH BB 5 &, -SPh JEA%E A
SNTALE DAL 8% T -7z,

EZDOMBEY, -SMe TR & 72 2REA LT+ 5 2 & TUEZUE L2l <, REAX
DBO #FEAR DA RAIFEE T T2 <, FRx RE A ILEMOERICH L TUSHTEL DT
boHLEBEZOLNS.

Table 1-1. Optimization of Reaction Condition for Introduction of -SMe Group
X
N -

(0]

(o} N o
| SH 4 | |
J, N S,
HO™ EDC-HCI o~ reagent (5 eq.)
N > S N * N

I N CHCly, 1t L N white LEDs LN
o OBn o OBn 0°C o] OBn

in the dark 3

1 2b
entry reagent yield (%)?
1 MeSO,SMe (8) 47
2 PhSSMe (5b) 48 (33)°

aYield was determined by 'H NMR using 1,1,2,2-tetrachloroethane as an internal standard.
bisolated yield.

S | vaughn’sreagent

15 development

21d development

Figure 1-4. 2D developed TLC of 2b.
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w3 AR VE BLI DAR

S m AL T 4 R oA, BEC, AFAALT £ Kb A CE . ZREROEL
i AN~ ERIEL, BIO §-7 7 5~ —CHER BL) ICHHTE 2 ERIFLE
(Scheme1-5). A/L7 ¢ K 2a,2b ZZHE41 2.2 48D m-CPBA Tk L7z & 25, IEELS
Z)VIR Y 93,90 2155 Z E KT, BEWTT BT X ADOERRIENESEIL, 6 IR T
FH T I ? Bn Mk PAIC Z HWIZKZEIRINEOS TR L, SOs-pyridine Z FV > THitlk
b3 52T, HWO 1la, 11b % B 72013 TH7z.

Scheme 1-5. Synthesis of Sulfone-Type BLI1 11a and 11b

s Q\S//O H, (1 atm) O\\S’/O
R (:1 m-CPBA (2.2 eq.) R (:l Pd/C R Q
> e
N o N N
CHxCl;, 0°C THF/MeOH, rt
)—N\ )—N\ ’ )—N\
0 OBn o OBn 0 OH
R=Ph (2a) 9a 91% 10a or 10b
Me (2b) 9b 90%
\//
SO3-pyridine R/S".Q
_—
pyridine, rt N Q\ ,,O
)—N\ N
0 0" O Na

11a 78% (from 9a)
11b 83% (from 9b)

HEE LTz AR R o DBO (LAWY 11a, 11b NATE 12728, B 58 % F -
EHEROARBIToT2. T FE2bom 1le BLXOA 24V U LEE S o 72 11d OARIE
ZLLUTFIZRT (Scheme 1-6). Z4VE T & RIERIZ, VAR 1 % Barton = A7 /L~ L Z8HA L,
WEREER T ¥ IV K > TANT ¢ REGR LTc. (= A7 VoL, ZivE Tl
D2-ANHT REYPUN-AFT R4 LOMEIZLDHE (LRb) 25T, F%FF
TYurbvY =y AEES WA Z b AEETHh o (TfEa) . -SRIEE LTIE, =X 7
NHZ ST ANT 4 RI6 BLOA IFX VI NVEE b o F A A NVRE—F 19 &
FTNEIEAL, B LED BT, KISEE1TH 2 & T, PREDOINERTHID ALY 4 K%
B (THab) . ZORSEFHALTHIARVEELNS T I RI13 ZEHEARKRL L5 LR
7203, BUOSHET Lo lelzh, TAT UK 2 28 H L TEREIT>TW5. L& 2c D
AF VT AT V% LIOH THAKSEL (Tfc) , 7UoE=THE L TRBAKRZT »E=7 A
EZHAWTT I RIS A~EZH LT (T d) . (b6 13 B L1V 2d % Scheme 1-5 & [AIER D544
T, ANKR~OEE, BBnik, fmEA{LEZITV, HMO 1lc, 11d #6875 Z LN TE 2.
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Scheme 1-6. Synthesis of Sulfone-Type BLI 11c and 11d?

i -S \\/,
M, R
HO™ aorb
N —_— N N
)—N\
o OBn

O//l_N‘OBn //l_N “OBn
1

2¢: R' = -CH,COOMe 14: R' = -CH,CONH,
2d:R" = 17:R' = _
2
c WN—BOC N—-R
N=/ N=/
] 17:R?=-B
12: R' = -CH,COOH 2
; d 18: R?=-H
13: R' = -CH,CONH,

N
Z\| /O>=O o\\ //O

| )
x5 or g R Q
15

N \\//
O Na
11c: R1 = -CH,CONH,

Rl =
11d: R -z(\(\NH
N=/

@Reagents and conditions: (a) 2-oxo-[1,4,2]oxathiazolo[2,3-a]pyridin-4-ium chloride (15), EtsN, CHzClz, rt, in the dark, then
PhSSCH2COOMe (16), rt, white LEDs, 35% for 2c; (b) 2-mercaptopyridine 1-oxide (4), EDC-HCI1, CH2Cly, rt, in the dark,
then tert-butyl 4-[(tosylthio)methyl]-1H-imidazole-1-carboxylate (19), rt, white LEDs, 45% for 2d; (c) LiOH, THF/Hz20, 0 °C,
85%; (d) NH4sHCOs, Boc20, pyridine, 1,4-dioxane/H20, rt, 18%; (e) m-CPBA, CHzClz, 0 °C, 60-74%; (f) TFA, CH2Cly, rt,
92%; (g) (i) Pd/C, Hz (1 atm), rt, (ii) SOs-pyridine, pyridine, rt, 7-52% over 2 steps.

DBO % BLIZEWTIE, 6 (MLICHiRiEE A © o I2iF 8721 T <, VAR U OFE
KHHOLNTWS, BN &7 e K7 v 7 baBETHE 6 DNVKRC BN B-F 7 X ~—
PILEEMEIC RN S 7205720, 25D bRAT- (Scheme 1-7). kL & LT K,COs
ZHAWT, & FrFI LT I 10b 2 ZNZENXIET 5 a-~a = X7 )L 22a-22¢ TT /v
XALT D Z & C, 6 NLICHIERMEE N E A S iz 20a-20d 2GRk L7z (TfEa) . 2 ORHE A
L7 2-7 uE-2-7 VA affiieF L 22c 137 IR THY, VTX%V%V~®%%’%5
20c, 20d NEEHNDD, INHIEFT VATV E T AT~ N T T T 40— ThHBET D Z LR
T&7e. 7eB, BBROSREIRAYZ G AL (Scheme 1-8) | iofﬁ%ﬂﬁ%dk@%@ﬂ
20c & 20d DFEXTELE Z R E L T\ 5. {LE 20a D37 = Fr X2 T (PNB) %75:7}@@#%
INEOS CTHiIAR# L, NaHCO; T hU U A E T 2 & Cb&® 21a (TF2b) , NaOH % H
WCZF VT RAT VENAKGR (TR ) 752 & T21b2ld 2ZnEhn )T MU U AalEE LT
57-.

T IROT T NA ORI TINR T X T AT IV ERAWEYT AT LA~ —if
NENZ X > THFEHEITED ZENMESN TS, B 22 ¢, pgiEti7 o704
a FEfR = T M22d 2 AR L, Z A VT 20d OSEARERIRAY 22 A il & 7k 7= (Scheme 1-8).
6 (LI T VIR 7 VA a WIS A b o 72 ETX0282 OARIEMI/E->T, 0°ClcTHiEL L
T DBU ZHWTKILZEITY &, BERT v IbZfED 2 &7 < SRR CRELUG T T
L, 20d ZH—DHRMAKL LTARTHZ LN TE . ok, KBUGA SN2 #ifE T4 5
Z &, FRROBIGSIFIZ L o TERR L7 bEW 119 O X #hEibisiE 2 CHesd L 7= (Figure
1-5). 07
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Scheme 1-7. Synthesis of Sulfone-Type BLI 21a-21d?

o 0

N O\\ 1/

O\\S//o S, S,
oS0 a borc
N - N R! R? - N R! R?

~ ~ - +
. J—N. O%N‘oWO‘R3 O%N\o)ﬁ(o Na

10b o o o
20a:R'=R?=-H, R®=-PNB 21a:R'=R?=-H
20b: R'=R2=-F, R®=-Et 21b:R'=R2=-F
20c: R'=-F, R?=-H, R® = -Et 21c:R'=-F, R?=-H
20d: R' =-H, R?=-F, R® = -Et 21d:R'=-H,R?=-F

@Reagents and conditions: (a) 4-nitorobenzyl 2-iodoacetate (22a), ethyl 2-bromo-2,2-difluoroacetate (22b), or ethyl 2-bromo-
2-fluoroacetate (22c), K2COs, DMF, rt, 42-47%; (b) Pd/C, Hz (1 atm), then NaHCOs, DMF, 0 °C, quant for 21a; (c) NaOH,
THF/H20, 0 °C, 79-92% for 21b-21d.

Scheme 1-8. Stereoselective Synthesis of 20d

F (S)-1-Phenethylamine £
. /SfOH - Br/H(OH HoN
r CHCl,
0 o 121
30%
EtOH
EDC-HCI quant.
CH,Cly, 0 °C
F
o
Br/Hf ~
0.0 0 22d Q.90

S
S, O,
- DBU
N _— N F

%N DMF, 0 °C S—N

10b 50% 20d ©

oceeoce

Figure 1-5. X-ray structure of compound 119. Thermal ellipsoids are set at 30% probability.
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BAE ANARFY FE BLI 048K

HNTANLKRF Y RFEEKRO SR EZFT 7= (Scheme 1-9). A/~ 4 K2b % —78 °C, V7
na AR PR, 1.1eq.0 m-CPBA TIRfb L7 & 2 A, AKRF TV R 23 BRI TH
%%w‘:. AR F Y ROBRIZBWTIL, 2FEO YT AT LA~ =0T 2 r[REMEN & 5

, ARISICE W TN ARSERE D BIFCh -7 (dr = 91/9). 7ok, V7 AT LA~—Lhix
MNMRwﬁ\%ﬂE%ﬁbfwé 572 23 ORI SLIRELE L, X RS SRS AT 2>
WE L7 (Figure 1-6A). O F£72, ZZTHOLNIEANLEFV R 23 XEFEAT 4T3
AN =B THEAEZED TWIHIEBRIETHIANLKEXF VA IV 24 ITHFETEH L
DR T & =, [y

SEARIBIRAIZ A VR 2 R~OBIES)S D ET L2 BRBRITLL T ORRIZE L LT\ 5 (Fig-
ure1-6B). T 72bbH, Me DA ELB LW, MR & L NOERF 1 EOINLE %D
EREEM 7R I L - T, 2b X Figure 1-6B 139 & 9 REERIELZ L H B2 HILD. Z DR
JEIZFBWNT, Wi EOSLRREE O R L T I < WO ISZE 15123 m-CPBA (2 L %
k&35 2 &T, 23 PMERIRICHE LN EERLTVD.

Scheme 1-9. Oxidation to Sulfoxide 23 and Sulfoximine 24

s, 0 CF3CONH,, Rhy(OAc), FSCJLN\ 0
(:l m-CPBA (1.1 eq.) oS0 Phi(OAc),, MgO ,‘sf,
N > - '
)_N\ CH,Cl,, -78 °C N CH,Clj, rt, overnight ,@
o OBn 2h N-og . N
2b 85% 0 23 n 78% I ~OBn
dr=91/9
(A)
°
9
.-.
°
1
(B) electric repulsion
10 (o e © 4 0
HOUUN o HOON. o a7
m
e Ty b 0
H N N, - P
steric repulsion OBn OBn m-CPBA 2b OBn 0" 23 ©OBn

disfavored disfavored favored

Figure 1-6. (A) X-ray structure of sulfoxide 23. Thermal ellipsoids are set at 30% probability.
(B) Presumable mechanism for diastereoselective oxidation of sulfide 2b.
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BT, 23 O Bn b &Z R L7z (Table 1-2). ALK 9b (2B WTiE, HRICRIEZR <
Pd/C filtfi % FI T Bn AL 23T L7278 (Scheme 1-5), 23 (23U Tl ALk ¥ o R )Ml 7
E LTI 727> PAIC X2 PA(OH), Z BUR CHW G TIIRISIE E A EEIT Lo T
(entriesland2). — T, DBOFEATHD L LAY X ADOARICENT, filfido DABCO
RIS 5 2 & TBn OB RENMEESND Z EAMESN TS, B ZORFIZE TS
DABCO O&ENIIA ST > TV RN HL OO0, 72 /B4, DBO BH LIS OIE % v
5Bl ZOMENHERINTEY, ANVFEFY Rebo B L TH MG ERET
HZENTEDLOTIERVNEE X, TZT, ZOFFERKIG~NGALIZEZ A, PdIC
& DABCO D#lAAHE TR E L CRUSMIEIT LRy 72 H DD (entry 3), PA(OH), & #
HE DT RUETIIEN A L—XZHETL, WEE HIUOB Bn K25 2155 Z LN TX
72 (entry 4).

Table 1-2. Optimization of Reaction Conditions for Pd-Catalyzed Debenzylation

o e} entry catalyst yield (%)
I H, (1 atm) S,
S catalyst - 1 Pd/C (5 mol%) trace
T e
N MeOH. rt N 2 Pd(OH), (5 mol%) trace
eOH, r J
O)_N‘OBn o N‘OH 3 Pd/C (5 mol%), DABCO (2 mol%) trace
23 25 4 Pd(OH), (5 mol%), DABCO (2 mol%) 89

fii Bn ALOREA R T X 7272012, HEID ALK FT RZ A 7D BLI 27 12D > THRK
ZED 7o (Scheme 1-10). Lx L7223 &, {b&H 25 226 BAYO BLI 27 DA I W TIE, A
JL7R AR 10b & [REED SOs-pyridine 54 (Scheme 1-5) TIZHBIME15D Z E N TEX o T,
ZOEMITBENTIE, EETHD 25 OERDHER D729, SOs-pyridine 25 2 LD A L7k
FUREEMALT AL T RSELEL O EHER LTS, —FHT, L LT/ eaki
o 27 W28 % HNDH &, ANVAEFY RTCEARE RrX I LT I 3R 25 & B L,
HEDORET AT AR 26 2155 Z LN TE 72, WBEAT ATV 26 DX A FANLET RV
ULFAT— k29 TREEMHRTDLZ LT, 271 REEFRNERTESON, HIO 2 (LI ALK
XV NEE L -7 BLI OB EER TE . £72, ANEKU XA T LREEOSM (Scheme 1-
7) IZTC, 6L EE AT D 31, 33 bAE L (Scheme 1-11). ZZ TlX, 717227
OEZAFOERET AT L LT, ZF LT AT 22d LU AR E B OB E S 7
YAt KUV (Bzh) = AT /L 22e ZHHWTW 5.

Scheme 1-10. Synthesis of Sulfoxide-Type BLI 27

0.0 28

o CI/S\O/\'< 0 N-N
s, DBU -5 ‘ s\%SNa S
S I oIV '
N DMF, 0 °C H—N_¥ DMF, rt N QR

%N\ g ~0~ \O/W< %N\O/s\o_
0 25 ©OH 54% 76% 0

26

SOg-pyridine, 2,6-lutidine
CH,Cly, rt
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Scheme 1-11. Synthesis of Sulfoxide-Type BLI 31 and 33
F F
Br O~
O 22b o

S,
K,COj \d Q

N F F
DMF, 0 °C
: J—N. o}
0 d O>Sf ~
I 40% 30 (0]
S

s,
DBU N
N
DMF, 0 °C

£
O%N\ O/ﬁ(OYPh
2 O Ph

57% 3

Q
s

S
N FF
%N\ %(o
o
0 Na'

68% 31 0

NaOH

THF/H,0, 0 °C

(0]

I
S,
NaOH -
—_—

N F
THF/H,0, 0 °C I "N, o
ke
S /ﬁ( Na+
33 0

78%

HEJE L TWIZ AR F Y FRIBLI2T WA TE 1272, RARLEHE S > CFEERDOE

KbITo 7=,

7 X F& b o7z BLI 39 OEMIEA LI FIZRY (Scheme 1-12). FA A /LA A —

N 40 ZHWIZ BRI Z ¥ W VEOET 34 Z57k, A/VARFY R~L(bL 35 ZA L

7=, ANKRF Y RAOBLICBIT 57 AT LA SR M

X dr=88/12 TH Y, MHIgEA T LIED

GELRBETH-T-. F7o, MHALIZT I FAEEHBm L T T5E T AT LA
BEIRMEDOIKR TR SN2 (dr = 55/45), T A VEF T R~LEpfb L7=%I1C, 'BuT A
TN EBUFHEL, 7 I R37T ~EEH L TWD. DABCO Z W L7 /KFBTINSSEIC BN
T Bn % BifRi# L7-%, Scheme 1-10 & [AIEEICHifE— A7 /L 38 Z#%H LC, HHYD BLI 39

AR LTz,

Scheme 1-12. Synthesis of Sulfoxide-Type BLI 39

4, EDC-HCI
0 CH,Cly, rt 0 o 9
212, Th I
Ho)"-q in the dark >LO)K/S’:.© m-CPBA >LOJK/S/,.©
—_—
N - N N
CH,CI
N, then, N, -782“02 N,
(6] OBn TsSCH 2C02'Bu (40) (@) OBn (6] OBn
1 white LEDs, 0 °C 34 36% (from 1) 35
dr = 88/12
(0] O O (0]
It EDC-HCI, HOSu I
TEA HOJK/S/" CH,Cly, -50 °C HZNJK/S/"
—_— >
0°C N then, ammonia N
SN, CHaCl, 1t N,
) (e} OBn ¥ . (0] OBn
86% 36 80% 37

1) Hy (1 atm), Pd(OH),
cat. DABCO, MeOH

NaS

\WS O O
N‘N/> HZNJK/H

Il
HZNJK/S".Q 41 Sq
o N 0. 0
2) 27, Et;N, DMF, 0 °C N N 0O 0

o

38

61%

MeCN/H,0, rt

N. S N, S -
0 oﬂ< g 07770 Na

52%
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B8 ANFLT I FEBLI OAR

2 ET 2 M~ DR EEHRISE AN AW T E BRIER T O I VRISE, AVT 4 RO
BROPTFARANVKEF—REN LIZALECT 2 ROARICHIGHTE S Z EnmsEah T
% (Scheme 1-13). ¥ F-7p%,, WFID SO AL T, JEHIIC K - T Barton = A7 /LB A4
ClT X NT o HME SO LT R T v &N, ANVE= VTN EARTDH. 2O
ANKR=VT AN Barton AT LDOF A Y RURE L ST H I LT, Hilmk T ¥
WTGDANDBELD EEBIT, FAAVREX— EDRERT L. HFONTITF A AVERE— M,
TURSTOFET, 1,2-Y7 0% 1122-7 hF7aax XDl ol a AL & K
JETBHZET, ANNF=ANTA RERBHLTALRY T I RANEEHTED.

Scheme 1-13. Synthesis of Sulfonamide from Carboxylic Acid via Thiosulfonate Derived from
Photo-Induced Decarboxylative Thiolation

Cl
Cl
Br%Br
Cl
_ Cl
/W?\ ! | SO, (excess) O\\,PO ammonia 0,0
D ——— >
. S A - S.
0 /HB/ s7ON /@; NH,

13 CH,Cl, DMF, 60 °C
S visible light

l 91% T 75%

Z T, ARISZIHLTANLR T I R&A7 5 DBO i EIRO G A7 A 72 (Scheme 1-
14). HEF L REROSMET, HAVRER 1 % Barton = A7 /UIZAHE, H LED FBET,
—10 ‘C IZ TR ED SO, &L SH2E T A, STNIRIZCTHHOF A ANLER— K 42 %
B, ZOFFANVER— N R ET VE=TFET, 1,2-78E€1122-7 hF7uanxX
VERILER, ANKRUT I RAOEMERRTZ. LPLERBRL, BoNALEFYT IR
1L HBOFEXELE 2 Ff > 72 43a Tlide <, 2fin=efb L7z 43b NEAKS TH Y, crude D
HNMR 22 SHEH L7~ 43a & 43b OERIE, 43a/43b=28/72 ThHo7=. I HIT, FERY
Tod 5 430 DHFENE S DT 526.5% & FEFITMRWFER & e oo, Zeds, A ALAR R — k42,
BXO, ALK T 2K 43b OFXALE L NOESY (2L - THER L TV 5D (EBROES : p.97,
99).

HED 43a TiEa<, 2 (iR efb L7z 430 BNESNEHBAIIL TO LY ICEZTVD
(Scheme 1-15). §72bh, FHANKRF— 2 NEANVKLT I RAOEBRIZBWTIE, 7
VEZT OREBHBIZL S TTFFANVER— A2 DB AVT o VR A4 DERL LT-1R, AL
R NNT A R4S LS, TR T v E=T ERIGLTWA EEZX NS, T
T & DIGERTIE, ANVER=NT A A5 5 affOli7 v b ALRET LTZ ALV 7 = 46
DEISTEHFECTH L B2 DD, ZORET 2 fLOSMEREFRPERILTLE Y. AT
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TUMNT VERST ERISTDHE2MICT =AU NEL, ZOT =42 47 7 convex @57
o b ALENDEZ E TR A3 N FEERM E L TELNZEERL TN,

Scheme 1-14. Synthesis of Sulfonamide 43a via Thiosulfonate 42

1) 15, Et;N _
)l CH2Cv|2, rt, | o\\ //O

HO™ in the dark SN S/S"'
N - N
N 2) |Iql.JId SO, (excess) N
o 1 \OBn white LEDS, 42 O/) ~OBn

-10 °C
37%

Y

Cl
cl

Br%Br

cr c7g Q.0 0,0

+ , s, s
N O) ° TMNH;inMeOH — HN"~" H,N
=5 - N N
DMF, tt, 2 hr

43a 43b
6.5% isolated yield

43a/43b=28/72
(determined by "H NMR of the crude mixture)

Scheme 1-15. Presumable Mechanism for Epimerization at the C2 Position
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42 O

Cl
— A CI —_
/ﬂ Br%Br NH3
" (.). Cl \F v/ 1)
S Cl O\/O 1}
o /,, \SihH 8 q o OBn
Bry " 07 N
N = — j N — ﬁ
J— N NH, HaNO,S LN/
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AR DOBLELYD, ANVFE=ANT A RERBEETICANLVKR ST I R~ TEE, H
DS LT 2R o 72 43a NWBIRIZEOND EE X T2, £2TC, FAHAVER— 42 73?
PhSNa & St S/ 5 2 & TRV T ¢ Uik 48 % ilFfE S, HNOSOsH & FlVWTRE 1-19IC
JMbmA T o2 2 A, BHIOANLKRLT IR 43a 2 HE—0ORMEERE LTHS 2 <‘:7§>“G°a°7i
(Scheme 1-16). 43a OFHXIELE & [FAEIZ NOESY (2L » THERR L TV D (FEBRDES : p.98).

Scheme 1-16. Conversion of Thiosulfonate 42 to Sulfonamide 43a without Epimerization at the
C2 Position

0
7 9P I H,NOSO3H QL0

N s, oS NaOA s
-9, ' aOAc s
N S . PhSNa O+ H2N
N THF/H,0 Na 0 THF/H,0 "
2 N 2
)—N\ S ° )—N\
42 . 0Bn rt,3h 0" 48 OBn 0°C,1h 0" 434 OBn
46% (from 42)

ANT 4 PR 48 DRETFHT I MEISIC L > TEMD A VE T I RERELND Z
EMIoT. L LIRS, AVT ¢ Uik 48 DRIBMRTH 5 F A4 AR — b 42 DAL
IZBWT, AHERRUETH D i sg 2 W &AL 5 WEN &H 572728 (Scheme1-14), XLV
BWARLV— hOWE 21T > 7= (Scheme 1-17). Al — bOWBRIZHT= > TIL, TEFLE
ORRETELDE RaX T ATFIVENSOBBEHZ X > TALT o Uk 48 ZETU D7 & b
XU AFIVANLKR S0 B 2T 4 VR A8 DRIBRAICERE L, /— MR EITo7Z. L
RUE L ZPURFEI T PNV TTF A AR R — N5 E RN SR LT, 7 Fxv
AFNIEFFST- AT ¢ F 49 ~LZBH L, m-CPBA (2 L 5F{kiZ & » TRV T ¢ BERITERE
K50 AR LT, LB 50 OT v F I E MK RS ChiR#ET S5 &, £U7-E Faf
/% FINEEND ANVT ¢ P 48 DEHE L, fe< KRETHIT I /L TALAR T I R 43a %H

. AbAW) 43a 13 PAIC 12815 % 6 fLofii Bn b &, #i< SOs-pyridine (2 X 2 ilE{LIC
of,zu_xwﬁ/Y\k%%otjmoﬂsumAtE@Lt.

Scheme 1-17. Toxic SO,-Free Synthetic Route to Sulfonamide-Type BLI 51

1) 4, EDC-HCI

j CHzclz, rt, ACO\/S/,. \/S
HO Q in the dark | _mCPBA Q
}—N\ CH2C|2 N
)—N AcO /\S/Ts 52 o] OBn 4 ~OBn
“OBn

white LEDs, 0 °C 49 47% (2 steps)

NaOH
THF/H,0

0°C,1h
1) Hy (1 atm
O\\S//O )Pgll(C ) (?\\s/fo HNOSO3H - ”
H,N"~"" THF/MeOH HoN™ " NaOAc (3
N 0 0 o N N
N 2) SOg-pyridine N, THF/H,0 )—N
o 0770 pyridine, rt o OBn 0°C,1h OB
51 43a
77% (2 steps) 86% (2 steps)
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IHIZ, 8BaDANKRYT I R& Boc b L7zt, MIESRETT AFMALTHZ ETN-AF
JALZSFRE T dh o 72 (Scheme 1-18). A F Lk 7= &4 54 1%, AICIs Z H 72 Iii Boc 1k &
e < i Bn Ak, FiEE(KIC ko> T BLIS6 ~& /=, F7-, 55 2 FHOIESMEIC T A F ks
HZETYUAFNMEENTZ BT ICHEET S 2 LN TE, 56 & REROSLMIZT BLISS % 157-.

WIES ST T, TAFANT A REHWEEETE Boc £ 53 D7 L F UALIZFATRET
HY, HH L L TKLCO;s ZHW= 2-3— RF7E 7 I REDKISTT /LF AR B9 2455
Z L NTE 7= (Scheme 1-19). {bA% 59 1Z[FKED J77E T BLI 6L ~ L FFE L /-,

Scheme 1-18. Synthesis of N-Methylated Sulfonamide-Type BLI 56 and 58

%P B0 g QP kb o &P
HN> DMAP 00\~ PPh, NI
—_— e
N HoN N
)_N CHCly, 1t //|_N THF, rt )_N
o "OBn 0 o "OBn o "OBn
43a 92% 53 quant. 54
1) H, (1 atm)
O\\S/,O PAIC O\\S/,O
AICI, SN MeOH, rt NG
—_— H > H
CH,Cl, N N 2) SO3-pyridine N N Q\S//O
° p N2 N +
-30 °C o i *OBn pyridine, rt o e 0"" 0 Na
96% 72%
MeOH, DIAD, o
PPhg, THF, rt l 87%
1) H, (1 atm)
QP Pa/C %
NS THF/MeOH, rt SN
| > |
N - N 0. 0
2) SO3-pyridine N\
)—N P )—N\ S - +
o ‘0Bn pyridine, rt o O 0 Na
58
57 59%
Scheme 1-19. Synthesis of N-Alkylated Sulfonamide-Type BLI 61
0 0 0.0 0 0
N 2-iodoacetamide W/ W/
Boc\N/S,,. K,COs Boc\N/S,,. TFA HQN\H/\N/S,,.
> —_—
o DMF, rt HZerJ N CH,CI o " on
AN ' An 3 AN,
o OBn o o OBn o OBn
53 84% 59 87% 60

1) Hy (1 atm) 0
Pd/C N

HoN S,
MeOH, rt 2 N“T

2) SO3;-pyridine
pyridine, rt N‘O/ ~0 Na

67%
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ZNVIR T X FRUCIRWNT S 6 (LIRS A T DA AAT -7 (Scheme 1-20). 2 {iz %
VIR T 2 ROV GED 43a °F / Boc 1K 53 @ 6 it & it Bn kL CT /L L b2 iR A 7= 73,
6 NEDT IVF AL T TR, 2D AR LT I ROT VXL S G LT L FWIEEDNE

TL7. 22T, 8B3DALKYTIRNHEY A FFT R V)L (DMB) A THREL TN D
(It a) , 6 OB Bnfb T I NALIC L > THIE 2= FEZEAL, V7 /4 aFER

63 BLOT A o FElEK 66 %ﬁ%f: (L b,c) . FT T ax 7/l 22d 25

B, AR O@EY, 0°CICTHELE LTDBU NS &T, BHFICT (LT HI &
7‘£< TNAafiEa =y N AEANTE 52 (Scheme 1-13), &% —20 °C (22> hr—/LF
HZETHEIELE L TKCOsZHWEHEILHL T ILZMGI LT VA nEiBZ 8 AT 52
ENTE (Tfc) . o763 BLUN66 1%, AICI ZHVWT Boc 5 & DMB JE%& —25(1C
iR L7-1% (TFEd) , TF LT AT VORI L > THREW 65 B L UN68 ~LiFE L
7= (Tfe) .

Scheme 1-20. Synthesis of Sulfonamide-Type BLI 65 and 68%

QL Q /,
.S,
Hl}l '
Boc N Boc N

N.
o) OBn

53

\\ //

borc Q
4>
Boc N 1R2
MeO R R

62

\//

.S,
d H2N !
> N R' R?

SN \o)'\[(o\/

0
o 0
63:R'=R2=F 64:R'=R2=F
66:R'"=H,R?=F 67:R'=H,R2=F
Q.0
Sl

65:R'"=R%2=F
68:R'=H,R?=F

@Reagents and conditions: (a) 2,4-dimethoxybenzylalcohol, DMEAD, PPhs, THF, rt, 89%; (b) (i) Hz (1 atm), Pd/C, MeOH, rt,
(ii) 22b, K2COs, DMF, rt, 75% for 63; (c) (i) Hz (1 atm), Pd/C, MeOH, rt, (ii) 22d, K2.COs, DMF, —20 °C, 55% for 66; (d)
AICls, anisole, CH2Cl2, =30 to 0 °C, 68-91%; (e) NaOH, THF/H-0, 0 °C, 82-88%
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BOHE XT—NT v TER

— RS, FERONEE TIRECSHIEIOBLE N D A7 — T » T ERICHEEDR H 0, flow
reactor 25 OEFEE /R MERE 2 9 LB N B A — AL, 18 —F ¢, AEHV- Barton = &
TIVERRET D URBEN T ¥ I VESIX T ¥ VBSOS TH Y, B8 &R OBLE NS X
— RN F ARG CTA T — VT v TINA[RETH D E B2 b=, £, HEMINIZE
WIS OHIE S R & 72 275, Biligk, HEEYEERMEIC TR L 72 Barton = X 7 /L OIRIE %,
EEAR 7O THRF SN TWARISELIZH F L TN Z & T, KILOHl#EA fTEE T
HbHEEZT.

KERZ 6009 DANAR UL L AN A — VT v TEROHE % LL TR (Scheme 1-21).
HIVR R L DS ENSAEIC T Barton = 27 /L 3 ZFHELL, & 572> U PhSSMe (5b) 723F% A
ENTWDRIGE R, KOT, JEHE L7 5 Barton = A7 )L 3 OYRIE & 8k AR > 72T
WFL-, MPEEEZFHEL, NIRZ 10 "CU TR Z & TRIGORIBENAIETH Y, K
JEDRAER 2b 21525 Z LN TE . FE2HTHRAZEY, A7 4 K20 1%2 Y 7%
LTCARZETHHTID, crude DEFE ALK FY R~k lL, 17570~ 777 4—I|C
L DK%, EtOAC I Dfffb S8 5 2 & T, N 34% (dr=31/1)T23 % 2199552 &
NTET. AT 4 R 2b ZHEEEFICALARFT Y R 28 ~EBRL L7272, BERNERDDT
AT LA BRI MBS o T,

Scheme 1-21. Scale-up Synthesis of Sulfoxide 23

(0} N (6]
I, 1)4 N
HO “r::l EDC-HCI 0 (::1

N _— S N
| CH,Cly, rt \
o 1 N\OBn in the dark o ~OBn
3
600 g (2.17 mol) - ) o -
light shielding
dropwise
?
S, 1) column chromatography 3
g m-CPBA 2) crystallization e
PhSSMe (5b) m’ N > - N
whnite S CH20|2
0°C o VoBn| 70°C )—N\OBn
2 O 23
219 g (0.74 mol)
34% yield

dr=31/1
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BTEH AKEOLELD

AR T 2 (IS B % b - 7281 DBO #FE R DA IEZBI% L= (Figure 1-7). A
FHEORWH LR R 1 2 HEYE L L, Barton = AT LV ZRHET AMUREEN T 2 VK
JRZ Lo T, B EL, BMCKT L CRZIE: DBO B ZHEEF L7 £ F, 2D D ILRF L
Tl ANVT 4 RICE#T 5 Z LITHII LTe. REISIZEBWT, TAF I ZRLT 4 ROFAMIE
FHEBEO SO L U CIENMES, LERREEDNZVVHNICH >7228, -SRIFORIEKE
FEXRNHRT AT 4 RROTFTAANKRA— bA~NEETFTHT LT, KOEMTT VX LALT
4 FEERTELZ LA LT, 29 LTAMDBHNL SN 2 fLANVT ¢ RIKD B A5 FEZL
BazAT9 2 LT, 2HLUTANTR Y, ANVEFT R, ALK T I REd 72 DBO A BLI OF&
%A 2R L7z

JOL — Sulfones
HO” ™ Q.9 0.9
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Figure 1-7. Variation of 2-thio-substituted DBO-type BLIs derived from commercially available car-
boxylic acid 1.
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BB 2{(LICHBEERELATS 16-OTFE 7 u321147 25
BARDOIEM: - BYREFE

W1 2 MO EEMFEE

METARLEY T ey s nt s % (DBO) #HiEkD -7 7 #~—PHEH (BLI)
ELTORT U VEFERT D120, B-7 7 2 ~—BIHEEM (IC), B, B-T77
B LFPIEE L OO DR AZMI L7, ICo 1%, T 7 7 0 AR Y NBEREEESEAL
EE=btutv7 o020, B-F7F~—VICXLD= a7 0 ORI TRk L 7=
BFEOWINIE R (492 nm) BT 25 2 & TR Lz, EEKEEORER OFmIZIS VT,
B-TF U H~—VLHERE LA FaX— g T DS L - TlCs DIENN R 5 7]
BEME D Y, PHLETEVEDIEIE & LT ICso Z WD Z L 134 L b @l TidZgvy. Lo L7Ras
5, HEES K2R ET D Z L CHEICBBENRMERORT vy VEFMTE 50
BELTHRATHY, KAWL TWS., U SEIFEFEIEM 2B KFEAMT 2 2 & A0 X
9, BLI &£ B-F 7 8~—TFE2 T LA rFa—va B PICEEm L. GEAREEME
® BLI DA, LAy Fax—raildioT, HonLdT 7 4~v—EEHELTEL
ZET, A FaX—va R LOLE LR L T ICo DIEN/ NS RDGERHD5.)
B-T7 7 F LRPEEKE ORI ROFMICH - TIE, B-T7XLELTREAET=AT
HHY 7 4% A (CFM) Z AV, 4pg/mL @ BLI FESMEICIIT D CFM D/ N BRI
£ (MIC) ZHIE L, BLIFEFAETD MIC 225 DEEDREAFFE L LT, BLIOKRT ¥
IV ERR LTz,

BREREAMAS 2 DL FIZRT (Table 2-1). BESGFHFIEMEICIH W TIE, A/LARy (11a-11d), &
LY, AR FT R (27,39) (X7 BN Z A (AVI) ERIZELLETH Y, B A7k 1% KPC-
2 BEXOCMY-2 IZxT 5 ICso DEHERBGED R STz, —FH T, AAR 7 IR (51-61)
1%, KPC-2 B X WNCMY-2 1ZxtT HIEMEILZAE CTH L H DD, CTX-M-15 (244 5 HEIEED
AVI &g U CEEERIC S o 7=, BEOEITH SO0, FRREOHE (ALvky, AL
BRETR, AR TIR) BREITTHIUE, BISENRRDGATYH, BRIAEGEOMRS
OAFANFFALL LTz,

72, CFM OHIETEMZ B8 ¥ 5B OWTIE, BLI 2AFELE L2 WEf: Tl MIC > 32
pug/mL T b 250 -7 7 X ~<—VREAKIZB W T, EALIZ CFM OPIETEME 2 EE S8 T
BV, lla R ETOEMIBNTEDOHRIT AVI L ETH 7. —FHT, CFM &
OFAZH ST T U b EERFLETR M (ICs0) L#EN T DFER L 1T b ol 1 EE 1HT
WA@Y, 7T AREMEREITAME L D S R e BEIC B i TR Y, KA IR A R T S
DI ZOMEEFZRT O ERNH S, B BUKEOTEEIL, RN—U v EMIns & X
JE TR S NIcEm L o COOMELZ BT 52 ENHMLNTEY, AVI 0 D00DR
— U U ERBE LU UOMEZZERT S Z ERMEINTWS. B £72, B-T7 7% L%RPIEEICE
W, AMEOFEREHE IS T ORE IOMREMELE D> TERY, L0 /hEBUKED W
ERHENLZ EbMBNATWS. W Zo X RBLANGREREZ RS L, 11ald ICs 2MEIE
RIFEE DD A VKR X A7 (11b-11d) & H#EE LT CFM & OOFHZIEMEW Y, sy
FENPREL, BEEREWZOIZ, +oEEREE /RN RPoTclcdThD EE X
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. Fiz, 2ALOEREEOFEIIC X o T I1Cs DEMIAHALL L T 2523, [6 UHEEO B R
THDHANKH AT (11b-11d) RANLK LT I KX A7 (51-61) ORI THEET D L, Fh
ZFNDEZA TORTRLYFEO/NID 11b B L UN51 235 b IR CFM OHLEEE M % (5]
BEEXETWA. 72770, 11b & 511X B-T 7 X ~—FHEEMEZ T TR <, HEAIRWPLETE
P (MIC) 26> TCWND7=0IZ, ZOFIEEEO RN ERE S CTEWIFAZIE BRI
TWAHAREME A BT HLENH D (Table2-1 By aNOfE) . AAARCT I K51-611C8
WL, CTX-M-15 (2% 9 2 BHLEE M AVI &l LTS L T A2 00 vb 59, CTX-
M-15 PEAERK SR34100 (2817 % CFM & OHFHZIRIZ AVI % EEISZ D THh 7. Z O HIE
ENTIXZRWA, AR T 2 RROEHBIEITAVI O 6 o7 2 MEE L0 b oM EEEEDOE]
SCTHENTWD AREELRH 5.

Table 2-1. Structure-Activity Relationship at the C2 Position®

R},
P ;
o% N‘o?\\sl?o’ Na HZN) q
N Q.0
R'= .0 N O%A ’:'/;o’s‘o' Na
S, W A Ry
4 Y 2N & / <\N]\/Sff HZN—<\S I f owHg
11a 11b 1c 11d N" NN
2 @ o 0.0 0.0 By To
s HZNJK/&:; y N/\\S/:'g‘ \H)S',},f \']'/s“f HZN\g/\H/S,,}f‘ HO I 07 oH
27 39 51 56 58 61 CFM
ICs0 (uM)° in the xége.gﬁg/é??fgf/ﬁi“gf BLI
comp. Mw’ clogP' ; ;
Koz CTOMIS o2 Tl smario
KPC-2¢ CTX-M-15¢
11a 362 004 0.052 0031  <0.001 1 (>32)¢ 4 (>32)9
11b 300 -1.65 0.004 0.017 0.003 0.125 (16)9 <0.031 (4)°
11c 343 -2.35 0.007 0.102 0.013 0.25 (>32)9 0.25 (>32)¢
11d 366 -2.75 0.020 0.055 0.007 0.25 (>32)9 0.5 (>32)¢
27 284 -1.56 0.006 0.012 0.041 0.25 (16)¢ 0.5 (8)¢
39 327 -2.30 0.028 0.008 0.014 0.25 (no data)? 0.25 (16)9
51 301  -1.89 0.044 0.140 0.116 0.125 (8)° 0.125 (8)¢
56 315 -1.22 0.015 0.198 0.018 0.25 (>32)¢ 0.25 (>32)¢
58 329 -0.80 0.013 0.360 0.036 0.25 (>32)¢ 0.5 (>32)¢
61 38 212 0.044 0.361 0.048 0.25 (>32)9 0.5 (>32)¢
AVI 265 -1.63 0.072 0.013 0.059 1 (32) 1 (16)9
alone - - >32" >32"

#Blue: >8-fold reduction compared to AVI, Red: >8-fold increase compared to AVI. AVI: avibactam. CFM: cefixime. °N = 1
determination. The values of ICso were determined without enzyme-inhibitor preincubation. °N = 1 determination. 9Strain ID.
eExpressed B-lactamase on each strain. fCalculated as a free form. 9MIC of BLI. "MIC of CFM alone.
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2 6N DOWEEMAEE

VT, 2H0% A F IV ALK AAZEE LT, 6 fLOEWIC L DIEEOELZfER LT (Table
2-2). 6 LD ALK UEE (11b) ZFEEAHIEIZ AR T 5 & ICo TR E < HI L7z (2la). LaL
TR D, ANVEKRUERO afIICETREMEETHD 7 v BEZEAN LTV 7 0 afifgiEdE~ A
g% L, AVRUEEREL (11b) LR VEEZRT 2 EN oot (21b). Fiz, 7 v FEE
—OHIK L72E /) 7 VA i~ BT 5 L, 2 DOSRREMARON, R K (21d) 12
BWTY 7 ook (21b) L RSOEM AR LTZ. 6 (ARG S 7 VA4 o FERIC A
WL CTHAN R B-T 7 Z~—BHEEEZRTH L LT, ETX1317 oFERH 5. B O =
DOBENZIBNT Y, 7oA aEEER OSSR EDS R RO T NEMERIRNZ E R E S TR,
AEO[A E —E L TWD. 6 La ANVKRUBND 7NV A afifg~EHd 5 &y EORE
7RI N O D, clogP X EHTAEMICH D, L LR D, -T2 Z~—EREARIC
X4 HET7 4 F L (CFM) OHIETEMERIEZIRICOWTY, Y7 A aliiE 21b 3L R
EOTZNVAaliETH 5 21d 1%, 72 ICo Ak LT, 6 fLA/LA K 11b &[5 D
RER LT, ZDZ LMD, 6 LD ANVKR RN 7 VA v iR ~DZEHE, clogP @ E5-
THDHHDOD, 551 OINEBIRMEIC K E R BEZ KIS WNW T ERRBE Iz,

Table 2-2. Structure-Activity Relationship at the 6-Position®

QL
/S".
]
2
O)—N\ o R
R2 = OO0 - + RF - + e - + ':: - +
N\ O Na O Na O Na - O Na
o] o] o} o]
11b 21a 21b 21¢ 21d
MIC (ng/mL) of CFM
b
ICs0 (LM) in the presence of 4 pg/mL of BLI°
comp.  Mw'  clogP' K. pneumoniae E. coli
KPC-2 = CTX-M-15  CMY-2 ATCC-BAA-1705¢ SR34100¢
(class A) (class A) (class C) KPC-2¢ CTX-M-15¢
11b 300 -1.65 0.004 0.017 0.003 0.125 (16)¢ <0.031 (4)¢
21a 278 —0.46 0.536 2.24 1.05 no data no data
21b 314 0.99 0.007 0.022 0.042 0.25 (32)¢ <0.031 (8)¢
21c 296  -0.39 0.217 0.378 1.06 0.5 (no data)® 1 (no data)?
21d 296  -0.39 0.031 0.055 0.042 0.25 (32)8 <0.031 (8)¢
AVI 265 -1.63 0.072 0.013 0.059 1(32)8 1(16)¢
alone - - - - - >32" >32h

#Blue: >8-fold reduction compared to AVI, Red: >8-fold increase compared to AVI. AVI: avibactam. CFM: cefixime. PN = 1
determination. The values of 1Cso were determined without enzyme-inhibitor preincubation. °N = 1 determination. %Strain ID.
°*Expressed B-lactamase on each strain. 'Calculated as a free form. SMIC of BLI. "MIC of CFM alone.
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T BRI H N (AV]) O 6 NIREIEE Y 7 VA o FEERIC A UL A, ERigER VL B
-F 7 A< —PHEEEEZAL, B 7 X VYA (CAZ) OHEEEZ FoICEESES 2 LN
WS TWD (Table2-3). B —5 T, Y7 A ufiieiEs € ) 74 nFiigIc A+ 5
&, BERIHEEM., BLY, CAZOHIEZEE ST 2RNEET 52 & b THE SN
TEY, 20N T 2 ROBAEITIE, 20U ANVK U ZHT 5 21d LB 2D, 6T/ 740
HEBRAE IS TN ZRIEE A2 R 2 LIXREECTH B

Table 2-3. Reported I1Css and Restoration of MICs of DBO Derivatives Pocessing Acetic Acid
Moiety at the 6-Position[®

=0

N
o =
Z— N
<)
/
o\ov
P

HN— HH g
R= «,{\"/OH \;\WOH \;i”/OH j\/l f\/

0 o] o]
example 1 example 2 example 3
CAZ
MIC (ng/mL) of CAZ
1Cs0 (LM) in the presence of 4 ug/mL of BLI
comp. TEM-1. Pag E. coli i E. cloacaae E. cloacaf C. freundaii
(classA)  (class C) 2SOBE6b 293HT6 i 293HTA; 261GR?

TEM-3 P99, AmpC AmpC AmpC
ex. 1 0.72 54 2 >32 >32 >32
ex. 2¢ 0.002 4.6 0.25 8 8 4
ex. 3 0.0008 2.2 0.25 1 0.5 1
alone - - >32¢ >32¢ >32¢ >32¢

CAZ: ceftazidime. 2Strain 1D. PExpressed B-lactamases on each strain. ‘Mixture (1:1) of the two diastereomers on fluorine
stereochemistry. 9IMIC of CAZ alone.
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72, DBOEH# 3L L 4 ffofMic “HEEAAEA Lz ETX1317 I2B8\W\W T, 6 fE / 7L
A v BRI TRV -7 7 X ~—VILEENE, B, B-7 7 ¥ LRHEEOFUETEERE
PR A TRTZENHEESNTVWD (Table2-4). B Z oML, “HEHEADEAIZL > THF
DOTHBEERKL, DBO B p-T7 7 Z~<—EBDIEEFLOEY VARG LT K eo72728
rmEEZLND. Al 2L ~ANKR U EZEAN LT Z & TDBO BHOKIGEN M EL, fHEE
I HEmEAABALESA EFED B-F 7 8 ~—BHEEMEIC T 220 BB S - &
525.

Table 2-4. Reported 1Cses and Restoration of MICs of ETX1317

) g
O//I-—N\o/\n/OH
o)

ETX1317
MIC (ng/mL) of CFM in the presence of ETX1317
1Cs0 (uM) at a fixed 1:2 ratio (CFM:ETX1317)
comp. i i
KPC-2 CTX-M-15 AmpC E. coli . K. preumoniae
(class A) (class C) (class C) ARCE074 RGO
AmpC, KPC-3P KPC-2, TEM-1, SHV-11°
ETX1317 0.043 0.002 0.16 0.13 0.25
alone - - - 32¢ >64°

CFM: cefixime. 2Strain ID. PExpressed B-lactamases on each strain. “MIC of CFM alone.



B3H ERROHERRICE S AR

2 NI R E AR 2 © o 725D DBO #5338 (K73 BLI & L CENIAIMEERT 2 & 0300
ST, BRRICERIR Sy BRI xﬁ“éﬁ hEDFMRE R A2 1T > 7= (Table 2-5). A{AM72fEH A
ELTIE, AEIT A b LIEKRESDOERICR LT, 2 (IChidkEILE 4§ -7~ DBO i iAklx
TENRTH N (AVI) L 0ENT-AMEEZRL, FFIC SR200030, SR09603, SR200487 (Zxf L
THERAZN R DZENIEE TH 7=, — T, SR201218 ® L 512 AVI & ek U CTHFRZN R0
BT D ER B HIET D 2 ERRBD LT

£/, MEERREOFEIN U T, B7 4 %L (CFM) OFETEMERIEREICI T D FERkK
WOMEmMN RS = LR S, HilziE, OXA-48 & CTX-M-15 % #4425 SR201218 IZ
%FLTC, ARV (11c,11d), BLW, A/LAET 2 K (56,58) 1%, BLIELE T CFM DO
EIEMEY, MIC = 2-16 pg/mL & AVI LD BIERWIFHAZIR A RT— T, ALRFT R (27,
39) 1%, MIC=05ug/mL & AVI & RIFHDOHFHIFEZ R L7z, 24X, CTX-M-15 253 5 H
FIEMEN A LA (11c,11d), BET, AA T2 R (56,58) L LT, A/LARFT R
(27,39) ORI THDHI-DIELEZ LD (Tabel 2-1 & R).

BIBHICEH 35 &, ARy, AAKRFY NZBWTE, Yo7V flgd (11b,27) 238
7 BLIART Uy vEmR L. %RibO@EY, ZhbO(bEWE, LEWE S B ER R T
EIEEEZ R > TWA Z EHBE LT TR 5720 (Table2-6 /), &0/ S W2 &
DB CBR TH T2 ENHEL TNWDHEEZ TS, £, ALKRUT I RICE
Wi, b7 b7 51 & Hl LT N-Me {E & 7= 56 @ J572%, SR200030 <> SR09603,
SR200487 &\ 5 72N D DORRIZK L TENTZOFAZIR AR LTz, AR 7 I K51 & 56
D B-7 7 H~—VHEFEELZ T D &, KPC-2 & CMY-2 (2% L TiX 56 & J5 2350 FHEE
HEH LTS5 (Table2-1). SEIOFMICHWTENFELET HETDB-T 7 ¥ ~—BITkH
BIREEMEZ I L T D DT TRV, ARV T 2 R 56 3% D -7 7 X ~—F(Z
R LTHL X0 HRAEIEMEDRR S, ZHADNEKRICKT D CFM OFUETEMEREIE RIS/ -
TWDATREMED B 5.

HELDERR T BERIC R LT, 67 VA uliiEZ A 7' 21b, 21d 1% 6 (g% 1 7 11b
EBREODINGIMEE R LT, —EOBEERIZRT L, 21b £V 21d O NHERER SO,
HEAMEDS K VARV Z & S B IZ A RN N 27D THh D EBE L T 5.
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Table 2-5. MICs of CFM against Selected Clinical Isolates in the Presence of BLI?

0.0 0 00 HN o0 o o} o O
R1 = \ // \ (\Y2 I I
RY. /S";f HZNJ\/S";;" <\N]\/S’;,f S H,N S;’
Q o0 11b 11c 11d 27 39
SN 8 s
0 o O Na O O \ 7/
s, ~ /\\S/i ~ /\\S/ff HZN\H/\N/S"},"
HNT NN I
51 56 58 61
Y R2 = FF . F .
0 O Na 0 Na
) e e
)—N R2 (6] (0]
o ~0” 21b 21d
MIC (ug/mL) of CFM
species strain 1D characteristics® in the presence of 4 ug/mL of BLI
11b 1ic 11d 27
K. pneumoniae ~ ATCC700603 SHV-18 0.063 0.25 0.25 0.125
E. cloacae SR200030 PER-2, ACT, AompF 1 2 4 1
E. cloacae SR36276 AmpC <0.031 0.25 0.25 0.125
K. pneumoniae ~ SR09635 DHA-1 <0.031 0.25 0.25 0.25
K. pneumoniae SR09603 CMY-8 type <0.031 0.25 0.25 0.5
K. pneumoniae ~ SR200263 OXA-48, CTX-M-1group  <0.031 0.125 0.25 0.063
K. pneumoniae ~ SR201218 OXA-48, CTX-M-15 n.t.c 2 8 0.5
VEB-8, CTX-M-15, SHV-
K. pneumoniae ~ SR200487 110, CMY-16, OXA-48, 0.125 0.5 0.5 0.25
OXA-10
MIC (ng/mL) of CFM
species strain ID characteristics® in the presence of 4 ug/mL of BLI®
39 51 56 58
K. pneumoniae  ATCC700603 SHV-18 0.25 0.125 0.125 0.125
E. cloacae SR200030 PER-2, ACT, AompF 1 4 1 16
E. cloacae SR36276 AmpC 0.25 0.25 0.063 0.5
K. pneumoniae ~ SR09635 DHA-1 0.5 0.25 0.25 0.25
K. pneumoniae SR09603 CMY-8 type 4 1 0.25 0.5
K. pneumoniae ~ SR200263 OXA-48, CTX-M-1 group 0.125 0.063 0.125 0.25
K. pneumoniae ~ SR201218 OXA-48, CTX-M-15 0.5 n.t 2 16
VEB-8, CTX-M-15, SHV-
K. pneumoniae ~ SR200487 110, CMY-16, OXA-48, 0.5 2 0.5 1

OXA-10
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MIC (ug/mL) of CFM

species strain 1D characteristics® in the presence of 4 pg/mL of BLI®
21b 21d AVI alone
K. pneumoniae ~ ATCC700603 SHV-18 0.125 0.63 0.5 16°
E. cloacae SR200030 PER-2, ACT, AompF 32 2 32 >32¢
E. cloacae SR36276 AmpC 0.5 0.25 2 >32¢
K. pneumoniae ~ SR09635 DHA-1 <0.031  <0.031 1 >32¢
K. pneumoniae SR09603 CMY-8 type <0.031 0.063 32 >32¢
K. pneumoniae ~ SR200263 OXA-48, CTX-M-1group  <0.031 n.t.d 0.5 >32
K. pneumoniae ~ SR201218 OXA-48, CTX-M-15 n.t. n.t. 0.5 >32
VEB-8, CTX-M-15, SHV-
K. pneumoniae ~ SR200487 110, CMY-16, OXA-48, 0.5 0.5 16 >32
OXA-10

#Blue: >8-fold reduction compared to AVI, Red: >8-fold increase compared to AVI. AVI: avibactam. CFM: cefixime. "The
expressed B-lactamases and the deletion of porin on each strain. °N = 1 determination. “Not tested. eMIC of CFM
alone.

FAH DBO FHEMLEFOHEEME

INFETR-T7X~—EMHEAl BL) & LTOHEIEICHOWTRTE N, TOHFTA
DBO FHEAR A G NHEIEEZET LN TV, 22T, ZoDILEMNET 5
HHE L TOMEIZOWTHLZOHMARFRD Z & & Lz, SHEERERICHTHMICZE LD
R R A2 L FICRT (Table 2-6). ALK, RAERFT R, ZLKRCT IR, WTFhOFE
BIZBWTH —EDHHEIEEZ R T b OO, EHA» S @< 25 & TR JRET T 5 [
IZ& -7~ (11bvs1lc,51vs56). £7-, 67 /LA alilEZ A FI2BWT bHLETEMEIIHER L
TWeZ &rn (21b,21d), 6 (L&D & 2 M OIBHOEE D PFUETEVEICIB W TITEETH L =
EDRBEI L. S HIZ, DBO FEATIIHETCERAWAX B-3-F 7 X~ —EDO—FTH
% NDM-1 ZPEAT % FAU I L CHHEIEREZ R LT Z &b, ZLDIEEWIEA X u
-B-T 7 X =—BIZX L TLETH D AHEMENRIB S 7.

ftho> DBO #BER L LTI, 72737 %4 (NAC), BL, UF /7 X L (ZID) 2
FRVPLEIEEZFF O Z E MBI TWV S, AVI L 5D 216 D&%, PBP2 (penicillin-bind-
ing protein 2) Z@EIRNAJICFHE S5 Z & THEIEMEEZ R T Z EARESN TS, B Z o &
9 72 PBP2 SEIRMIFLERNL, ERECHERRE CTZOPEEENRRDGANL N ESbA T
23, B ASREEHE L 72EkE v M2V TH, NAC X° ZID IIFEIEEEZ ~ Tk L & 5 T
WHEDDENE TH T, —FH T, 20T ERLZEA LZiFHERIE, 4RGN L 724
TORIZ LR Z T A H D, PUETEEORBLA 1 = X L5 NAC, ZID & #7p5H]
REMEDS/RIE S L7z,

PLETEMEORBA B = X L EWFET 5 HAUT, 21b @ PBP IRV AR L 7= (Table 2-7).
FEBr L LTIE, 350D MEE (1,10, 100 uM) @ 21b THFE PBP Z4LFL L7-D b2, &
JEF SN2 ) v eSS, RGO PBP 2#itHT 25 2 & T, KREICKTHE
FEFEM L., ZOREE, 21b 1 PBP2 LV ¢ PBP4, 5/6 (%79 A BIFMEN & <, miREgIC
BWTIEE PBP OV 74 A4 THMETDHZ ENHLNE R -T2 2, PBP2 &N
FHET D &9 ZHLETO DBO FHEMR & IIRE S R D PBP BIRMETH Y, FEFHITHLIKZE
WHRTHD L LI, RMeAEkAE LIZIEB-T 7 X LARPIEENPFE T 5 Al et %
RIETHLDOTHS.



Table 2-6. MICs of 2-Thio-Substituted DBOs?

" QP 0 0.0 0 0.0 0. 0
R = N/ ), O ), S ), €
@ 0 0 /S,,}é‘g HZNJ\/SL;}"’ /S,,}; HZN/S,,?; ~ /S/,?;

\ 7/
)—N\O/S\O— Na 11b 1c 27 51 56

Iz

O Na Wo Na
(6] o}
21b 21d

species MIC (ug/mL)
strain ID
B-lactamase® 11b 11c 27 51 56 21b 21d NAC 71D

K. pneumoniae
ATCC700603 8 >32 8 8 >32 32 32 >32 >32
SHV-18

E. coli
SR34100 4 >32 8 8 >32 8 8 2 1
CTX-M-15

K. pneumoniae
ATCC-BAA-1705 16 >32 16 8 >32 32 32 2 1
KPC-2

E. cloacae
SR36276 8 >32 16 16 >32 16 8 2 1
AmpC

K. pneumoniae
SR09635 8 >32 8 16 32 8 8 >32 8
DHA-1

K. pneumoniae
SR09603 8 >32 16 16 >32 8 16 >32 >32
CMY-8 type

K. pneumoniae
FAU 8 ntd  ntd 16 n.t.4 8 8 >32 >32
NDM-1

aNAC: nacubactam. ZID: zidebactam. "Expressed B-lactamase on each strain. °N = 1 determination. n.t. = not tested.

Table 2-7. PBP Inhibition Rate of 21b

Inhibition rate (%)"
concentration
PBP1 PBP2 PBP3 PBP4 PBP5/6
(uM)
1 2 11 9 62 37
10 23 32 21 82 84
100 69 72 86 92 98

@8N = 1 determination. Inhibition rates were determined by the relative fluorescence value of Bocillin FL penicillin after the
incubation of membrane fraction with 21b.



EoH RyEiE

2 (T E AL 2 3 % DBO #E R D 7 v MIFIT 5 PK (Pharmacokinetics) Az 17>
7= (Table2-8). 2 (\LO'EREILBINCHES T H &, ALK 1lb & AKX K271 h—H L7
J77/7< (CLw) 3@ o7=. ALEW 11b (2B W TIE, 7 v OIMERZEME RO T
<, ZTOFETHCL tgoTet&EZExbND. —FHT, AR T I K51, mAERZEME
zﬁﬂﬂ@%‘%%%kth@ LTRATHY, 7720250 O DBO FHEM & RSO
CL Z/r L7z, BHU 2 LR X A4 FI2BWTE, 6 iiad U7 VA iz (21b) 07 /v 4 v i
i (21d) (ZA&HL L7-2S, A ZEMEIFRNEETHY, PK 727 7 A VOWEITITE LR
Mmol=. Y7 unlig (21b) ([ZHBWTIE, pH7.0 U VU buffer FICBWTHARLETHD Z
EMD, ALFEMICARLZETH D EEZ L5, 21d 1T buffer FTIXLETHD Z LD, Il
WP ET 2= AT 7 —BEDOMKG IR T X > TUEEW DS 53R S 41T D ATREPE DN R
eI,

MAE R ZZEPEDNRWEER & U TR 3 fERESRE OB 53R S 7o 7o, IR ErtIc ks
D FEAEZ MRS LTz (Table2-9). ZDfER, A DBO FHERIZT v h&2IZ LD & T 5 EHEHIC
BWTEALERMBERR H-Tb DD, b MaEFhIdEEERHEO MK L CE+2Ic&E T
bole. TOZ NG, EREOMBETITE N DMK REETR 2 EOREFEDOFEIZ L - T
R DBO FHEARNBRENTND Z &R Sz,
Table 2-8. PK of the DBOs in Rats after Intravenous Administration®
2P e o b b
. Q 0.0 /S/,@ 0 0 - NQ 0.0 Q RS - o+ Q B
A R FA O%N\oyﬁo(o N O%N\oﬁofo N
11b 27 51 21b 21d
comrad AUC Tin CL.m rat serum sbtability solution stcability
(ng'h/mL) (h) (mL/min/kg) (%) (%)
11b 0.425 0.1 39.8 <1 44
27 0.188 0.2 88.7 no data no data
51 0.953 0.2 17.6 58 51
21b 0.315 0.1 533 2 2
21d n.c.? n.c.? n.c.4 <1 87

28AUC, area under the plasma concentration-time curve from time zero to infinity; T, apparent terminal elimination half-life;
CLt, total clearance. Dose = 1 mg/kg. N = 2 determination. PRemaining amount in rat serum after 30 min incubation. °Re-
maining amount in pH 7.0 phosphate buffer at 40 °C after 16 h. “n.c. = not calculated because of its low stability in rat serum.

Table 2-9. Compound Stabilities in Serum

residual ratio in serum after 30 min incubation (%)

compound rat mouse dog monkey human
11b <1 55 >99 94 89
51 58 94 >99 >99 90
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ETOHE 2fLL 6 MDA EDLERE

7w hbHEOTT R TCOHYREO MAEFLEENSGE I NTALEWE RLHT <, 248 6
N (B HAEL O fig it 2 LA ot DERSE & Fhii L 7= (Table 2-10). Riffio> Table 2-8 TARIFEfE T
HoTe 2MLANKX Y RETLITANVKR T I RE 6 fi 7 /VvAaliig X A 7 OMAEDOEET
ST A6 ALY 7 VA FEEEA (31,65) 12OV T buffer TR A 2 EMEIME L,
L EE L ClER e EE oK T E CL O RBNBRI Sz, — 5T, £/ 7V alig
& (33,68) I% buffer /1, MfEh & HICBAFRLENEZRL, CLOMEF L7z,

B2 PK a7 7 A V&b o72bEW 33, BELTY, 68 OIEM%E Table2-11 (Z/R7. AL
REXTVR3BITFHMI L7 3 FED B-T 7 ¥ ~—B a2 TIIx L CREREEEZ RTE LD
12, THBHDB-F 7 Z~v—PREAKRICH L TETZ £ %4 (CFM) L+ % - LT, CFM
DOFLFEEMEZ KX EESET-. —F T, ALK T 2 R681%, 33 & ik % L EEHEHERE
PED3E5 <, CFM DOIEMERIEZNE bR > 7.

INHDORERNG, IEEEEIREOMNI N ARETH D, 2 fLANLFXY RE 6 LT/ 7/VA
o RSSO LNTALEM 33 2 U — RE L GR K L. 5 3EICTZ OLEMOREE
I L DOFEMMZ IR D .

Table 2-10. PK of 31, 33, 65, and 68 in Rats after Intravenous Administration?

o 0 o 0

1l I \\ // \\ //

S, S, .S, .S,
P P HoN7=" HoN™ 7"
N EF N F N R F N E
%N\ o . %N\ O . %N\ o . %N\ O .,
o 0%{ Na o oY Na o O%f Na o o Na
0 33 O o 8 O

31 65

eEiED, AUC Tin CL}m rat serum sbtability solution stcability
(ugh/mL) (h) (mL/min/kg) (%) (%)
31 0.060 0.1 289 - 17
33 0.618 0.2 27.0 85 95
65 0.228 0.1 84.5 39 55
68 0.851 0.3 19.8 78 91

@8AUC, area under the plasma concentration-time curve from time zero to infinity; T2, apparent terminal elimination half-life;
CLt, total clearance. Dose = 1 mg/kg. N = 2 determination. PRemaining amount in rat serum after 30 min incubation. °Re-
maining amount in pH 7.0 phosphate buffer at 40 °C after 16 h. 9n.c. = not calculated because of its low stability in rat serum.

Table 2-11. ICsgs and MICs of CFM in the Presence of 33 or 682

MIC (ug/mL) of CFM
in the presence of 4 ug/mL of BLI®

comp. Mw" clogP' : _
KPC-2 CTX-M-15 CMY-2 S [T E. coli

1Cs0 (LM)P

ATCC-BAA-1705 SR09613
(class A) (class A) (class C) KPC-2 CMY-2 type
33 280 -0.30 0.014 0.012 0.028 0.25 (>32)¢ 0.125 (>32)¢
68 297 -0.63 0.977 0.249 111 0.25 (32)¢ 1 (>32)¢
alone - - - - - >32¢ >32¢

4CFM: cefixime. PN = 1 determination. The values of ICso were determined without enzyme-inhibitor preincubation. ¢N = 1
determination. 9MIC of BLI. ®MIC of CFM alone. fCalculated as a free form.



BTHI AEOE LY

ARETI, 2 MICKEMERERESEZ & > 72 DBO #FE A D BLI & L TOHEIMEICHONT,
TR, BLOY, YEHREOB S MBI LTZ. FOREE, 2 (M~ EHRLEOEANILB-T
7 B2~ —BREAKRERAWTZFHMEICS N TE Y 0 2 AOPREIEEZ KIEICSEL, TORE
IIBE D DBO 2 BLI THAT BN X L& ERIALZ LD TH-T2. p-7 7 X ~—BHEEME
(ICs0) DBLEMNDBIL, ANKY, ANNEXFY ROBABFFHCHENTHY, ZOEHIZIL->TH6
Nz 7 VA aFERICAE T L CHIEEZH#HRFT2 2 E R L NI/ > 72 (Figure 2-1). X 512,
50 DBO FEEMRIE multi-PBP JLED A H = XA L » CTHIEEM 2R L, PBP2 R
IR F T NG BARTT N H N E WS TBEFO DBO #FER L 1T R, iRIAWERRICKRH LT
PUETEME 2R LTz,

Thio-Functional Groups at the C2 position

v" Potentiate S-lactams against strains producing various serine S-lactamases
v" Expand structural tolerance at the 6-position

v Intrinsic microbial activity based on multi-PBP inhibition
Figure 2-1. Summary of the effect of thio-functinal group at the C2 position on the biological activity.
Flo, TNHOFHEERDZL AR\ THLHSE T2 EMEAMEN 2 & MK T4y 22 1 285 4

MEFFTE W E W I FBEEN D -T2y, 2 (L 6 MO EWILDOMAE oW 2 MR L

fa R, 2ALANRF TR, 6 (L7 VA v iR OFFEARNEME L BB WN. TE L 2 LA ML
7= (Figure 2-2).

o _
q v Good potential as BLI
(P v" Preferable PK profile

OAH/ Na

33

Figure 2-2. Structure of the lead compound 33 which balances BLI potential and PK profile.
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BTBIE 2fLICANVFX Y REETH 16-UT7HFET I r[32114 7 F
FEMAROEEREL

T ERMEEFE 72 2- 2V T 4 =)L-DBO DA R

A TR L2 Y — NMeE® 33 @ 2 (iSO R Z1T 5 7o DIZ SR MIEHE & > 72 2-
VT 4 =)L-DBO FHEIRD S AT 272, 2 b DILEMDERIZHT-> T, BRI T
UHIVIIRIZ LD AT 4 FAIBHOE AN & OT AT U AR A LR R~OBR{LAE
FRTERTHLD, 2N H% Table3-112F &7z, 728, FRIKTHDL AT 4 K (2b, 34,
71a-711) XV B L CREERFAREEN H 5720, WTI b BILR s A7
4 R~DZEH L Z)LRF L RO 2 TRARTHEEL-EEREARLTWS

F2FFE1IHIZEBW T FEN NS IRBREDIRVMAIBE A E I 3 IR EICEETH D =
EVRRIB ST\, oI E P AR EI T T2, 2T s O[EHIZ T L%
NROBEWETH L0, FH1EF2H TR LIZIERNIRT ANV T 4 RROFF A /LR R — |k
Z-SRIFE L THWD Z & C, REKD Y B % 3-5 4| F THI L, 2hRMICEREIT-T-.
Barton =27 /L& W BRI R AV T ¢ REEGERUNIEE < b TnwbH 0y, M -Sph
R0-SMe DB AN KERTTIH Y, AE7R-SR FEDE AL & U TITELNE DR ARG D) D
TThb.

WLIRBER) T > T VOB W T, EORIEEZ AW G612 6 MOSIISARIEIRAIIZ covex
LT, WTNOMKISZBWTH AL T 4 K (2b, 34, 71a-711) OSLARBEMEARTEM X
o te, RTRRIZBW IS OSIREFE NN ICEET 5 2 & DR S, LIRREE
DI H/INSU-SMe (23) bl LT, IBHAMAR L7z 72¢, 72e, 729 TIFULRIME T L, b
SEWBu it (72k) TIXEEIWINE LN o7 (6 -OBn TOLER) . HEWNE L7
o120, ERAEWEEA 2L, Barton = 2 7 /LH R D-SPy K & A L 7RI 85 4=
RSB 5 Z &AM S 47z (Scheme 3-1). $72bh, ZOEAKISI BHID KRG L B
ALTEY, SRIFEL 2 5REORISMEIMEWGEI2IE, BIERY) 85 HMESAICART S =
ET, BIOMOWEMETFT LTS EEX LD, SRS S Ihlc, MSEOETRIIMED
INRIZWBLZ 52 TBY, BRI EAEF-72 35, 72h IZRIERICHER 7O a (i A F Lo &
725 CUND T2¢, T2e, 729 & bl U CULRN @0 - 7= (6 (i-OBn TOE) . 728, &EKAI
ETHHLODORMCT I Rebor- 721 AL TUIAKRTAZ ENTE o7, £,
FEEOBENGHIX 6 (LI 7 VA ol AT LA STV 5 69, 70 &l LT, Bn
IR L OFPIEENBVMEBIZH > 7.

AT 4 KRB ZILRF T RO EEISIZ OV TR, MIEEIC & &3 BAF 2870 TRk
FOGHHELT LTz, 25 2 BTV T X Sk A EMEITIC K 0 23 OFEXELE 2 3R E L T\ 573,
HNMR IZEITFD 2 7w b rofbFy 7 hOFERIMEN S, AlElEak LizmofigiizBa L <
HLIRERDO T AT VA~ =D EER TH LTINS EHEEL TS,
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Table 3-1. Substrate Scope and Limitation of Photo-Induced Decarboxylative Thiolation and Di-
astereoselectivity of Oxidation to Sulfoxides

SH

N o
O\’r‘ N
o LA . s 8

|, 2 LOR S,
HO™ ™ EDC-HCI O N R m-CPBA (1.1 eq) R™
Dy e | pD | T
6 2) thiolating agent (3-5 eq) H\[N %N\ s CH20|3 N
g N-or' white LEDs [ o OR 78~0°C o OR'
L?—x 2b, 34, 71a-l 23, 35, 72a-1
R'= Bn 1 g & ) Re
(R)-CHFCO,;Me 69 i\l:lgt};nhg 'T'gem e . 2b
(R)-CHFCO,Et 70 : CHZCO,Bu 34
o o)
o) 0 o o Ne I
I Fe_S, >L g NS
S S O)k/s” SN
N N F N N F
23 72a N. _~_ _OEt 35 72b N.__~__OMe
% N N % N
O%N\OBn g O/\g o% 0Bn o O/ﬁg
Yield 29% 26% 36% 23%
dr of sulfoxide® >10/1 >10/1 71 71
thiolating agent PhSSMe (5b) TsSCH,F (73) TsSCH2CO,'Bu (40) TsSCH,CN (74)
o #\ PMBO.
TBSO._~_S.. Qe 9 0

1
O\/\/S//'Q TMS/\/OW)J\/S/,,Q

N F
£ N 0 N
72¢ O%N\OBn 72d O%N\O/\foa e 72f° e
o o

N\OBn
Yield 24% 12% 22% 21%
dr of ide® >10/1 >10/1 >10/1 >10/1
thiolating agent TsS(CH,),0TBS (75) PhSS(CH,);0TBS (76) PhSSCH,-((S)-2,2-diMe-1,3-dioxolan-4-yl) (77) Ts SCH,(C=NOPMB)CO,(CH,),TMS (78)
BOC\ N o
o N-N © N o —
If an I \]\/u BocHN s,
BocHN" >SS /<o)\/s’~ <N Se. s
] ) h £ %N N : oM
72i H 72j ~ e
729 O#N\OBn 72h O#N\OBn i O%N\O/\moa i oY
o o
Yield 16% 59% 14% 18%
dr of sulfoxide® >10/1 dr=7/1 7 5/1
thiolating agent PhS(CH,),NHBoc (79) Ts SCH,(5-Me-1,3,4-oxadiazol-2-yl) (80) Ts SCH,(1-Boc-imidazol-4-yl) (19) Ts SCH,(2-Boc-amino-thiazol-5-yl) (82)
: 18
>r HoN
N N
2k 721 S
o N\OBn o N\OBn
Yield not obtained not obtained
thiolating agent BsS'Bu (83) TsSCH,CONH, (84)
Scheme 3-1. Mechanism for the Formation of Byproduct 85
X
j 4 e "jf > co S Ny S
HO Q EDC-HCI ¢ N~ OU"Q 2 ‘ o N — = | — N
—_— EEE—
N S N ; N
white LEDs = J—N_ %N\
%N\ %N\ o OBn o OBn
o OBn o OBn
1 3 85

TZETHE, BIRRERDANLT 4 KOG E DT AT LA BRI BRILIZ OV TR T
X7=), BIIOD B-T 7 #~—BHEHR BL) OAKOETRRICOWCLLFICRT. BURERT
T VIV K DH-SR OEAZHEHLILE LT, 2250/ — FTHHD 2-AL7 =
JV-DBO iR Z AR LTz, B—0/— b, 2/7I2-SR FEEEA L7=#%IC 6 (L& 7 /A4 m i
g = MIEWT HL—FTHY, H—DILEMOEKIZIBW TR TRETHMY
EARTHIENTES., b9 D — ML, HENCD 6 M7 VA uliikr=y M &
HMALRRIZ, 2 (a2ZHlT 50— NThHY, Sk 2 M R o 758 R &2 2 mc &



K TED.

DAL — M2 X% BLI O/ A LLFIZAT (Scheme 3-2). Table 3-1 D512 T AL
REY REMELLHEIC (TR a), 35D BuT AT VEBUE#EL, ToE=T LA T52
ETTIR3I7TZER L (TR Db, ). fit\ T, fillitE o DABCO Z i L 7-4:14C, Pd(OH).
FRIET, AKBEEINBOZ TR Bn b &21TWY, 364072 Red T I UIZk LT, DBU (L
FEd) 7213 KCOs (THEe) ML LTHWT 7 A A ot~ =y FEZEALZ. b R
F LTIV MBS o 72 87 1%, TBAF SRIHCT TBS DFREAATV (LHES), £EUKH
—ifkt RrXviEEs /7 na ALR=)LA Y 73—k (CSI) &Rk SH7-1%, NaHCO; /KiE
TS 5 Z L THNNEA NI~ EBB LT (TR g). HIHIc A — &% FF- 72 88
X, RELTHHTE A FE AICKT =V — L OS5 Thi# L7- (L& h). &% 89
DD R AF NV NVZF NV AT)VE, VI Fa N AFAUT AN A(V ATV
TR )ANKR=1T A (TASF) [ THRE LIS, 7 e Xigs Y 7Tz HnciRA T
K ERAHLTT I R96 ~LABH LU= (TR gHcT 2 ) =F kst -7- 91 1%, TFA
IZTHE Boc b L72%%, Ac.0 #HWTT®FfkL, 97 24 L7 (TR ). XXk KU
(Bzh) E7-1Z=F L 2T LDIIKSIRIC L - T, BEIOILEY 33,98,101, 105 2157~ (T
K). £72, Bzh =27 /WT AIC Z W= R THIRERTRETH D, IS DOLRGER & [[IRFIZ
fiifR#ES 5 = & T 99,100,102 Z457= (TFEI). & 52, Bzh = A7 /L L Boc 44 TFA TR
ICHRET D 2 & T, 90005 103 ZMISHO T 2 > TFAHE & LT (TFE m).

Scheme 3-2. Synthesis of BLI 33 and 98-105

3 i
HO)/”' a R"S/" dore R! Q k, I, orm R’
No O. N Na
& "oen o VoBn o oY TR o o
1 o o
23: R'=Me 32: R' = Me, R? = Bzh 33: R'=Me
b ,: 35: R' = CH,CO,/Bu 86: R' = CH,CONH,, R2 = Bzh 98: R'=CH,CONH,
36: R' = CH,CO,H ¢ ,: 87: R = (CH,),0TBS, R? = Bzh 99: R'=(CH,),0H
¢ ': 37: R' = CH,CONH, 93: R' = (CH,),0H, R? = Bzh 100: R'=(CH,),0OCONH,
72c¢: R = (CH,),0TBS 9 ': 94: R' = (CH,),0CONH,, R? = Bzh 101: R' = (S)-CH,CH(OH)CH,0H
72e: R = CHy((S)-2,2-diMe-1,3-dioxolan-5-yl) 88: R' = CH,((S)-2,2-diMe-dioxolan-5-yl) 102 R' = CH,(C=NOH)CONH,
729 R = CH,(C=NOPMB)CO,(CH,),TMS h |: R? = Et 1032 R' = (CH,),NH,
729: R" = (CH,),NHBoc 95: R' = (S)-CH,CH(OH)CH,0H 104: R' = (CHy),;NHAC
72h: R = CH,(5-Me-1,3,4-oxadiazol-2-yl) R? = Et 105: R' = CH,(5-Me-1,3,4-oxadiazol-2-yl)
Bzh = Benzhydryl . |:89d: R; f CH,(C=NOPMB)CO,(CH,),TMS
i R4 = Bzh
#\ 967 R" = CH,(C=NOPMB)CONH,
-CHy((S)-2,2-diMe-1,3-dioxolan-5-yl) = d Q R2 = Bzh
A 90: R' = (CH,),NHBoc, R? = Bzh
N-n 91: R' = (CH,),NHBoc, R? = Me
-CHy(5-Me-1,3,4-oxadiazol-2-yl) = /< J\)\ 97: R' = (CH,),NHAc, R? = Me
0] 92: R' = CHy(5-Me-1,3,4-oxadiazo-2-lyl)
R? = Bzh

@Reagents and conditions: (a) Conditions are shown in Table 4-1; (b) TFA, 0 °C, 86%; (c) EDC-HCI, HOSu, CH2Cl2, —50 °C,
then ag NHs, rt, 80%; (d) (i) Pd(OH)2 on carbon, DABCO, H: (1 atm), rt; (ii) (R)-BrCHFCO2Bzh (22e), DBU, DMF, 0 °C, 9-
78% over two steps for 32, 86, 87, 89, 90, and 92; (e) (i) Pd(OH)2z on carbon, DABCO, Hz (1 atm), rt; (ii) (R)-BrCHFCOzR, R
= Me (22f), Et (22d), K.COs, DMF, —40 to —20 °C, 20-68% over two steps for 88 and 91; (f) TBAF, AcOH, MS3A, THF, rt,
10%; (g) CSI, THF, —30 °C, then ag NaHCOs, 84%; (h) AlCls, anisole, MeNO2/CH.Cl2, =30 °C, 78%; (i) (i) TASF, DMF, rt;
(ii) isobutyl chloroformate, EtsN, CH2Clz, 0 °C, then ag NHs, 0 °C, 64% over two steps; (j) (i) TFA, CH2Clz, 0 °C; (ii) Acz20,
CH2Cl2, =78 °C to rt, quant. over two steps; (k) NaOH, THF/H20, 0 °C, 43-78% for 33, 98, 101, 104, and 105; (I) AICls,
(anisole), MeNO2/CH2Cl2, —30 °C, then ag NaHCO3 49-79% for 99 (from 87), 100, and 102; (m) TFA, CH2Clz, 0 °C, quant.
for 103 (from 90). PCompound 103 is not Na salt but TFA salt of amine on the side chain. The oxime was obtained as a single
geometrical isomer, but the geometry (E/Z) is unknown.
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2 NEDEBR Z N RANCE KT B2 DIS, I 6 fLlc 7 VA gz E AL, %D 2 fif
EEMT HN— N TOHBEKRAKLIT -7 (Scheme 3-3). {t&W 1 O ILVKR V%
EDC/DMAP &£12TC, 'BUOH EHiA9 52 & CTBU T AT /L 106 ~L &L (TFEa), 6147
O Bnib L 7 v A afiita = FOEAIZL-T107,108 A L2 (T b). b ofk
Ao Bu kA TiCliio L » Clifhi#ET D = &<, @F IR TH D B VR ER 69,70 & ARk
L7z (T#E ¢). H\C, Table3-1 DHRIFIZT 2t & ALAKRF v R~ & B L7212 (TF2E d),
72d @ TBS 3 LUV 72j @ Boc J£% AICI; ThrEL T 109 B LN 111 #4157 (T e). F7z,
72i DA I F Y —/LD Boc HAE TFAIZTHRZEL T, 110 2157 (L), KRBRIZ6 Lo 74
2T A 7 V% NaOH IZ THKR 73 LC, HIJO 112-116 2155 Z L3 CT& 72 (LfE g).

Scheme 3-3. Synthesis of BL1 112-116

o o o] 0
I, S S Ho
HO™ ™ a o” b c
N — N E— N E E— N E
%N O %N O
%N %N N “R2 N “R2
o ~OBn o} ~OBn o O/Y R o O/Y R
1 106 o o
107: R% = Me 69: R? = Me
108: R?2 = Et 70: R? = Et
Q Q
Ri™S". RIS
d
— N F L» N F
H B — +
N, -~ N N, -~
O% OWO R2 O% O/WO Na
0o o
72a: R' = CH,F, R? = Et 112: R' = CH,F
72b: R' = CH,CN, R? = Me 113: R' = CH,CN
o 72d: R = (CH,);0TBS, R? = Et 114: R" = (CH,);0H
109: R' = (CH,);0H, R? = Et 115: R" = CH,(1H-imidazol-4-yl) HN
72i: R' = CH,(1-Boc-imidazol-4-yl) 116: R' = CH,(2-amino-5-thiazolyl) -CH,(1H-imidazol-4-yl) = <\ ]\)\
f R? = Et N
110: R' = CHy(1H-imidazol-4-yl)
R? = Et N
72j: R' = CHy(2-Boc-amino-thiazol-5-yl) -CHj(2-amino-thiazol-5-yl) = HzN’< ]\)\
e R2= Me S
111: R" = CHy(2-amino-thiazol-5-yl)
R? = Me

@Reagents and conditions: (a) ‘BuOH, pyridine, EDC-HC1, DMAP, CH:Clz, rt, 66%; (b) (i) Pd(OH)2 on carbon or Pd/C, Hz (1
atm), (DABCO), MeOH or DMF, rt; (ii) (R)-BrCHFCO2R, R = Me (22f), Et (22d), K2COs, DMF, —40 to —30 °C, 21-55% over
2 steps; (c) TiCls, MeNO2/CH:Cl2, =30 °C, 78-89%; (d) Conditions are shown in Table 4-1; (e) AlCl3, MeNO2/CH:Cl2, —30
°C, 66-72%); (f) TFA, CH2Cl, rt, quant.; (g) NaOH, THF/Hz0, 0 °C, 50-66%.

B2 2N O EIETEE RS

HEC LT 2- 2V 7 ¢ =/L-DBO FHEARDF A 21T - 7= (Table 3-2). FEEFHFEIGM: (1Cs) &
|z, ZAREE T minimum potentiating concentration (MPC) Z#HliDiEEE & 4% . ARIGHH L7-
B-T7 2 LARZMEEIROE 7 =L THDHETF 7T (CTB) THY, ZOMEPAHIEFHE
B Zxt9 %5 EUCAST (The European Committee on Antimicrobial Susceptibility Testing) D E® %
1 H 1[a] (QD, quaque die) , 400 mg, #% M550 breakpoint i% 1 pg/mL T&H 5. B Z 2T
1% CTB i/ MEBMLILIEE (MIC) % 1ug/mL £ CThHIE S5 7201 0nE /o -7 7 X
< —PERREZ MPCL L EFR L. MPCL DERN/NEWVIEE, B-T 7 4 ~—EEA
(BLI) £ LTORT Y IANENENS Z LT 5.

F2HEFH1IHTHLRRZE@Y, 77 AREEOIMELZ ZEHT 57O FETHD Z
ERBUKENTNWZ ENEETHLTD, VP NRBERE FLIZ SAR OfRFtEIT- 72
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(99-101,103,104,114). F£7=, 77 ¥ ~—B LD E BT 572 DICE T REIEDFHTH
HABEMENRH D DT, 7w F#E(12), 7 I F(98), = F U/ (113), AF T A(102)E W\ >7-FE
KEPIFEBBEA L., ZABITMAT, BAMOEEFERLE L T~TaRE2 b2 EMLT Y
A > L7 (105, 115, 116).

AT CHRH L7z bE9 33 1%, 1Cs, MPCy & BT BT X A (AVI) LR EORERT
bolz. =T, ANEKEFY RONMRILFEN 33 ERHDOTT AT LA~—"Th5b 117 1%, ICs
DR X 72ES DM S 7c. BERIAEFTEMEORESIZ S O 53, 117 (X ATCC BAA-1705 5 &
¥ SR34100 (Z%f LT 33 L[ASDAMMEE R L, SR09613 (2% L CORENMEDHEI N A5
Nz, ZoOfERIE, B7F 77 (CTB) O -7 7 ¥ ~—BITxT DEEMEDZEN L EE
T&E5. £ T7 7 4 ~—EBERBEL ST PEEEKIC K32 CTB @ MIC % Table 3-3 (I2F &
DI, ZOFERMNS, CTBlXclassA D p-T7 7 #~—ETh D KPC-2 X CTX-M-15 DFEH
IZ& 2 MIC DEETL Y B, classC D CMY-2 DFEEIZ LD MIC DIFIDO T AR E N &5y
Mmb. DFD, CTB L KPC-2X° CTX-M-15 9 & CMY-2 IZxf L TRZETH S & aaErEN
mW. Table3-2 TRMEI L7= 3 DOFEKIZINOD B-TF 7 X ~—BDELEKTH S, CTB D
B-T U7 Z<—VIHTDLEMEDEND, CMY-2 EEAKKTH D SR09613 (2B T D H ICs
DIFI D ENEE I CENTZ EEZ TN D.

ANVRFY ROVT AT L AY—Th 5 117 #R\ T, %< OFFERTIIBEE 72 1Cso DI
B BN o720y, WL ODOILAEIZEB W TLEIEEOTI AR I iz, A% A
R 28 A L7 102 125V CE, A L7723 20T 7 2 ~—E 2 TITBW TS5 FDiEM:
WBEF NS B, WEMEDOT 2 A2 572 103 128V T, CTX-M-15 & CMY-2 (2% L T
>10 FFOIEMERES BRI STz, 26 DILEMZ RV T, BHE 7R 1Cs DOIFIILR > T
HLOD, 1FEAEDALEWIZINT 33 Ll LT 4 0L ED MPCy OB R STz, =
X, D TEOBKIZEK L MEEREOBLN—NTH D LB b, AREHE L 721t
BHOTTY, SFEMNNEL, BAMLEW 98 & 113 OLBMEAY 33 L [FZ%D MPCy %
R U FREDLEE LWMEEZ & - 72 103 12O\ T b, BEZEPHETEMEA T LT\ % CMY-
2 FEAZD SR09613 & RN 7= 2 DDk (ATCC BAA-1705, SR34100) (Zxf L C, {b&# 33 L[H
LEOUFHNRZR LT, AT, BOBERAFEELZFF o Tz e LTh, 5 F&D 350 %
8z 5634 T ATCC BAA-1705 5 L O SR34100 (25135 MPCy A% 4 {FLL HEAL LT
(100, 102, 104, 105, 115, 116).

F2EFEAICBNC, 2 MICHMEE#RILE L > 72 DBO #FERIE, multi-PBP FLEFIZHS
{a=—7 RPEEEERTZE2WME LR, S0 —EOAEWITHEEEEZITE AL
RSP oTe., ZOZ LD, ZTRHDILEMITAH O L SHEIEETIERL, B-F 74~
—ERHEEMEIC L > T CTB OFEEMEZEE I ETWDH B2 b5,

U EOKETL Y, AERRGEE L7 SHED -7 7 ¥ ~—BIZH L TREFZ2 ICoZ/RL, B-T
7 B < —PHEAKE HWZ MPCL OFHlIC IV T b TORISH L TR R4 5 2 -1k
BB PERBALRIEEMTHDL EitmwmL, SOROFHMEEZITO 2L & LTz,



Table 3-2. SAR of Side Chain of Sulfoxide?®

O%N\O/EYO’ Na”
o
R= o (0] [¢] [e] (0] [¢] (0] (0] (0] (0]
VA VNS PN LS SRR DN R S
33 17 112 98 113 929 114 100
oo N g N WG SR B S
HO A Sy HzNjoH\/S”’/ N> S/ ”/\’S/ o)\/s’:ﬁ N St PN St
101 102 103 104 105 115 116
ICs0 (LM)P MPC:1 (ug/mL)¢ / MIC (ug/mL)?
h h i i i
o M ST eezenemas owv2  aqlnaaiio sk skosel
8 ug/mLf >32 ug/mLf  >32 pg/mLf
33 280 —0.30 0.014 0.012 0.028 0.063 /32 0.125/32 0.125/32
117 280 —0.30 0.443 0.445 0.655 0.125[<0.03119/32  0.125/16 05/32
112 298 —0.13 0.090 0.006 0.113 0.5/32 0.25/32 0.25/32
98 323 -1.04 0.035 0.050 0.057 0.063/ 32 0.25/32 0.125/32
113 305 —0.52 0.039 0.007 0.096 <0.031/>32 0.25/>32 0.125/32
99 310 -0.55 0.036 0.016 0.057 1/>32 05/>32 0.125/>32
114 324 —-0.30 0.038 0.010 0.039 0.5/>32 1/>32 0.063 / >32
100 353 0.1 0.027 0.014 0.064 1/>32 1/>32 0.125/>32
101 340 —-0.45 0.056 0.010 0.052 0.25/>32 1/>32 0.125/>32
102 366 —0.86 0.132 0.070 0.143 21>32 21>32 0.25/>32
103 309 275 0.069 0.159 0.431 <0.031/>32 0.125/>32 05/>32
104 351 —0.59 0.007 0.101 0.101 0.25/>32 0.5/>32 0.063/>32
105 362 -1.88 0.016 0.024 0.036 1/>32 1/>32 0.125/>32
115 346 —0.77 0.078 0.008 0.059 1/32 1/32 0.125/32
116 378 051 0.088 0.010 0.041 0.25/>32 1/>32 05/>32
AVI 265 —1.63 0.072 0.013 0.059 0.125/32 0.125/16 05/16

®Red: >5-fold increase on ICso value compared to 33. Pink: >4-fold increase on MPC1 value compared to 33. AVI: avibactam.
CTB: ceftibuten. ®The values of 1Cso were determined without enzyme-inhibitor preincubation. N = 1 determination. °“MPC1 to
reduce the MIC of CTB to 1 ug/mL. N = 1 determination. ®MIC of BLI. N = 1 determination. Strain ID. The followings are
the expressed S-lactamases and the deletion of porin on each strain: ATCC BAA-1705, KPC-2 and AompK35; SR34100, CTX-
M-15; SR09613, CMY-2 type. The MIC of CTB alone. MPC: did not converge on an identical value. “X [Y]” means a
compound reduced MIC of CTB to 1 ug/mL at its concentration of X and Y skipping values between them. "Calculated as a
free form.

Table 3-3. MICs of CTB against Isogenic Strains of E. coli Expressing B-Lactamase

B-lactamase

parent

KPC-2

CTX-M-15

CMY-2

OXA-48

MIC (ug/mL)?

0.031

0.25

0.25

8

0.031

aN = 1 determination.



B3 LB 33 DLERRIM

KOAELRMAEM LB 2 DTz 3312OWTC, ZE ORI BERIZ 3T 5 B 2 O R & 1T
7= (Table3-4). = DfER, (LAW 33X classA,C,DETCHI T ADE®Y v B-TF 7 H~—F
PEARRIZHRT L CTENT-AEIMEZ T I ERHALNE o7, RIS, BEOKRIZBWTENIZ
T e XA (AV]) Z BRSPS R Z R Lo sUXER ICfET S, SR100758 (£, AVI 1T X
BB ENFENME T 5 DI79Y B O KPC-2 A TH 0, BIAVI O MPCy 134 B #\ » KPC-
2 PEAERETH D ATCC BAA-1705 (Table 3-2) & Lb#k LT 16 51X F LT\ =23, 33 DFZED
BTIZAfFICEEE, BROB-T 7 2~—FITxt L TCOEEZ MR LTV £72, W
<OMDclassC IZJ@T D B-7 7 Z~—TrEAKRIZH LT, 331 AVI 2 k&< kRS HRME
%7~ L7- (SR100108, SR09603). 4 Al DR CH N 7= BER /7 BERR I, & IS E(L L7k o+
v P THDITHLND LT, ETORRICK LT MPCL <4 ug/mL 23ERT5Z N TEXTEH
0, {LAW331IBLI L LTEWRT Uy VAT DHZENHLMNI -T2,

Table 3-4. MPC; and MIC of 33 and AVI against a Set of Clinical Isolates®

MIC of MPC; (ug/mL)c/
species strain 1D characteristics” CTB MIC (ng/mL)¢
(ig/mL) 33 AVI
E. cloacae SR200030 PER-2, ACT, AompF >32 4/>32 16 /32
K. pneumoniae SR100758 KPC-2 (D179Y) 16 0.25/>32 2/>32
K. pneumoniae SR201325 KPC-3 32 2/>32 2132
E. cloacae SR36276  AmpC >32 2/>32 4732
E. cloacae SR100108 AmpC >32 1/>32 81/32
K. pneumoniae  SR09635 DHA-1 >32 2132 0.5/>32
K. pneumoniae SR09603  CMY-8 type >32 0.125/32 8/>32
K. pneumoniae SR201218 OXA-48, CTX-M-15 >32 2/>32 1/>32
K. pneumoniae  SR200263 g’r);@"‘& CTX-M-1 >32 0.125/32  0.063/>32
VEB-8, CTX-M-15,
K. pneumoniae  SR200487 SHV-110, CMY-16, >32 0.5/>32 4/>32

OXA-48, OXA-10
#Blue: >8-fold reduction compared to AVI, Red: >8-fold increase compared to AVI. AVI: avibactam. CTB: ceftibuten. "The
expressed S-lactamases and the deletion of porin on each strain. “MPC;: to reduce the MIC of CTB to 1 pg/mL. N =1 determi-
nation. MIC of BLI. N = 1 determination.
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22 F i C 2 Ao 7e A, class D IZ/EH S AL D OXA-48 1Tkt T BRI EIGEZ LU T
279" (Table 3-5). {L&#) 33 1%, OXA-48 IZx7 5 ICs Tik AVI A2>10 1% Elrldo > Tk b,
ZORMNLBENTBL THDHZENRBEINDS. Ik, ARIB-T7 XL L THW=EY
F 7T 1L OXA-48 FEBIFRIZ X LT MIC DFES N EV2D (Table3-3), £ L TET7F 7
T U E AW DSEEITIE, BLI @O OXA-48 |2kt 4 FEEMEZ B E T 5 LB <, OXA-48
FEAERK (Table 3-4: SR201218, SR200263) (27 230 6 AVI & bz L TR & 22213 R i/
Nl

Table 3-5. Inhibition Activity against OXA-48
compound 33 116 117 AVI

ICso against OXA-48 (uM)* | 0.443 0.981 326 5.70
AVI: avibactam. 2The values of ICso were determined without enzyme-inhibitor preincubation. N = 1 determination.

wAL {LAWIBOBRES 2T AL

LB 33 % v G LR O RIS 1T 2EE /R T A —X 2 LI FIZRT (Table 3-6).
ZOEMIHFRRED 7 VT T A (Cli) &V (Tw) 2R LN, 26 OfE
X7 BT X AEETlid DBO B8R L FARE CTHh-o7-. WELE F7- 2ToEYHEICZE
WTCIAES 7 U — 32 (PB % unbound) 1XE<, ZOMENIe kol *’*%ﬁﬁu\fﬁﬁﬁ ZBW
THiER M7= (PBinhuman=81%unbound) . B-7 7 % AZRPIEIESC BLI B W TCIE, 3
Yo7 U —REN invivo FEh EAERET 5 Z ERHE STV AT, P :@ﬁ.ﬁ%‘& EE )
RERICBWTRWEREZ G252 RET 560 THS. —H T, REMESEV (clogP
=—0.30) ZEMBHTFHEEIND KIS, LAY 33 2R OKG LI=HE Of O WINEI T - 7=

(F=14%inrat) .

Table 3-6. PK Parameter of 33 after Intravenous Administration?

. Dose AUC Tip CLiot PB
Animal .
(mg/kg) (ng-h/mL) (h) (mL/min/kg) (% unbound)
Mouse 10 4.92 £0.94 04+0.2 34.7+£6.8 74
Rat 1 0.618° 0.2° 27.0° 100
Dog 5 19.4+1.1 09+0.1 4.30+£0.24 86
Monkey 5 13.8+22 05+0.1 6.15+1.06 84

@N = 3 determination. AUC, area under the plasma concentration-time curve from time zero to infinity. T, apparent terminal
elimination half-life. CLut, total clearance. PB, serum protein binding. °N = 2 determination.



EBLET BOSu KTy SOBER

A& 33 HH OREORIEITEN -T2 Eonn, 7' K7 v 70 X 28 ORI E ot
kA Tz (Table3-7). EfidiCnad=A7 7 a KT v 7 O#EESE|Z, T 2ho
TNFINT AT V117119 Ak Lz, £72, B-TF 7 X L RPEFEO T KT v /7L LTHE
BOHDLERTNAEI120 OERGATZDY, HIVR CERAINBOSED @ 7 v A b B
ETHHZ EIZEY, 120 1FFEFITALETH Y BT 52 LN TE o7,

7n Ry 7 117-119 1, W HEAY 33 DR ARINIEE KE < W#E L. /2, =%
T RS IR 1T ORI A% 0D S IEPEAR 33 ~ L KR S H, MHICBWTREIGD 7 1 R
T ZIImH SN0 o7z Z AT VOREERNIZIB W TR ORIMED 221X R S L7223, T &
L E LTEZDOMOBNEE T A — X |ZIXE WX -T2, —J T, pH 7.4 @ buffer F T
ZEMIIEA O 27 /1 (118,119) OFNEHOE O (117) LV bEro7c. 2D X )
(IR EEN BAFC, EEEE (T, 4 X) ICBT2BARIERE N> T2 7 Bt
VNVERAT V119 KL, ROBEAKREGTO invivo #2175 2 & & Lk,

Table 3-7. PK Parameter of 33 after Oral Administration of Prodrugs?

R =

(0]
I
S,
- f{/ /H/ &/O\ﬂ)<
N o
17 18 119 1

:
O)—N \O/\H/O\R
(0]

20
clogP = 0.30 0.61 1.81 0.90
Rat (fed, 5 mg/kg, N = 2) Dog (fasted, 10 mg/kg, N = 2)

comp Cmax AUCpo Tmax F Cmax AUCpo Tmax F

(ng/mL)  (ugh/mL) (h) (%) (ng/mL)  (ng'h/mL) (h) (%)
117 2.15 2.30 05 744 10.6 26.0 1.0 68.3
118 1.70 2.09 05 676 7.39 18.4 0.8 48.1
119 0.62 1.17 05 378 158+1.4° 412+38> 1.0+0.0° 106.1+7.4°

Monkey (fasted, 10 mg/kg, N = 3)

solution stability

comp. Crmax AUCp, Tmax F at pH 7.4 (%)°
(ug/mL)  (ugh/mL) (h) (%)

117 451+033 832+19 1.0+0.0 299+28 11

118 438+£1.10 7.06+x126 1.0+£0.0 25507 56

119 794+£274 152+27 10x00 548=+37 56

3Cmax, peak concentration. AUC, area under the plasma concentration-time curve from time zero to infinity. Tmax, time at peak
concentration. F, bioavailability calculated from AUCp and AUCiy of 33. °N = 3 determination. ‘Remaining amount in pH 7.4
phosphate buffer at 40 °C after 16 h.
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FOoH BOBEIZXS invivo FEh

<~ U ARBIEYLET BT, ¥ 7F 77 (CTB) &7 e KT v/ 119 Z6FH L7 in
vivo FEZhEEAI 21T > 7= (Figure 3-1). ZDET /UL, ~ U ADRKIZ KPC EAKTH D K,
pneumoniae SR08667 Z /&L S 7= D Th Y, Z DOFRITKTT 5 CTB HLAITOHLETEME 2 i~
722 A, MIC=32ugimL Th o7z, £72, ZOKRICHLTT e FT v 7 119 DIEFWEARKT
&% 3373, CTB ® MIC % 1 pg/mL % TEIE S5 0| ’JZ\EE%/J\Y)%WT‘%%) MPCy (% 1
pug/mL Tho7o. ZoRBERIZIHBWT, CTB B4 30 mg/kg T L 7eH& 1L, & 5-BtaHT
&g U TR N O E BT E37T 21og (100 %) BAEBEEINT 5. Zhid id LC, CTB »$¢
5.8 % 10 mg/kg (Z[EE L7- EC, 119 % 3, 10, 30 mg/kg & EHEEZELCL TWho7z s 24,
10 mg/kg D G-& THH L72GE 128\ T, H 5B RO B & bl L T —0.8 log (ca. 1/6)
DOENEN OEB OB MR S iz, —J7 T, 119 % 30 mg/kg £ THEL TH L EDOHE
BORDIIZORN SR -72. £7z, CTB & 119 & #(C 30 mg/kg H 5 L2 HAICB N T
I%, —1log(1/10) #EB X 2EBOBL BB D L=, L EORER XY, 119 LT & T
CTB OHIEIEEAFIE S TUVWAD Z L8 invivo IRRER CHERR T X 72, 7235, HhRBRIZHEST -
T, YUARIIHEIT D BOMHEEDOHEKFEELZHERLIZEZA, 2 KT v 7 11913 100
mg/kg £ TOHRGEICBWT, HAEEEOICIm P RENENT S Z L 2R L W5 (Table
3-8).

K. pneumoniae SR08667 (KPC)

=
o

w0

Vialble cells (Log of CFU/kid ney)

Untreated CTB alone CTB 10 mg/kg + CTB 10 mg/kg+ CTB 10 mg/kg+ CTB 30 mg/kg +
control 30me/keg compound 119 compound 119 compound 119 compound 119
at the start of 3 mg/ke 10 mg/ke 30meg/kg 30mg/kg

treatment

Figure 3-1. In vivo efficacy in a murine urinary tract infectious model after oral administration of CTB
and prodrug 119. ®Change in Log CFU/kidney compared to the untreated control at the start of treatment.
N =5 determination. CTB: ceftibuten. CFU: colony forming unit.

Table 3-8. PK Parameter of 33 after Oral Administration of 119 in Mice?
Dose (mg/kg) ~ Cmax(ug/mL)  AUC (ug-h/mL) F (%)

10 5.6 3.9 80
30 21.4 18.1 122
100 52.0 50.2 102

aN = 3 determination. Cmax, peak concentration. AUC, area under the plasma concentration-time curve from time zero to infinity.
F, bioavailability calculated from AUCp, and AUCiy of 33.
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BTHI e

FNE R LT AbAY 119 1X. 7 v M &AW 2 J8RERHR 5 omERBRIcks W T et x
e L7z, T OfEF, #HME (NOAEL, no observed adverse effect level) 1% 600 mg/kg/day C
HV, HFEE (lethal dose) 1%>2000 mg/kg/day T - 7=.

FH8H AEDELY

ARETIL, 3RDIRIEM L B3 Bl 7" v 7 7 A VWS LTz 2-A)v 7 ¢ =/L-DBO #%
EROMEE O Fc A2 ol L, MI8HIZ Me 52 b > 72/LEW 33 3 BLI & L Tl bEN =A%)
PearRd 2 2R Lz, ZOMLAWIESE ORI BERE & FV 72 invitro O 2P EREIIZ 35
W, BEfFO DBOBIBLI THh D7 B X A LFEU EOFMEE R L. (LEW 3B EY
(I e ORI X 22 v o 728, e R v JfbERE Lz & 25, BORIENR KX
SWETEDHZEERELE., ZoFRTHIET > lEICBIT 2 ARINMERAE N T2 7 1
ANF LT ATV 119 %P L, in vivo 3EehEER A e L 7 A5 R, KPC EEAKE Wz~
ARBE T T VICBWT, RAREIC TR 7 F 77 v OHEEEZEE S8 5 2 L D3 HER
ENT-. ZOREREMNE, KO BT D 323 ATHESPHEESAE (CRE) (A%
PHEOR-F 74 ~—BHEREZRET N TELLEEFZ 5.
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3

AL T, 1,6-T7H ey n[3.21]4 7 % (DBO) BHZ2ETHHHRAB-T 7 4~
—VBREA] (BLI) OEEZEIFZEIZ OV TRk _7=. DBO B IZ BT 2 (LD EHILDE K51
HENB-F 7 4 ~—PHEENEZ ESED EWIRGROIE, 2 MICHEERLAZ b - 728
DBO % BLIZEH L, BUREENZ ¥ B NVIGESERIG E LT, Z O H DBO #HEARD ARk
HaEMSL U, 20X ) i ERILEOEANL, -7 7 X~—FBEFREEZM ESED L L
BT, 6 NLOMIERFFAMELZILEL, 2/LL 6 (L OMEDMEAEDLEDT NG, EEZIT TR
<, EHEME L THEREE, WERHEL IR 7280 BLI Z[FE Lz, AWFEAURIL,
DBO % BLI X° DBO ‘B & - o HHFIEE DT VA ANARABRMAEEZ DD THS.

AW L VGO N TR Z L TITRT.

1. ol AL, BT L TARZEZ DBO {LAMOFFHERGHIZIVT, Wk - IR Tt
T3 5 HREFHNC L DBREEN) T CANVRISIERTE 5 52, ZOKIEEFIA LT, DBO
BAG 2 (Lt LT T AT LATRIRIZ-SR 2528 ATHZ LIk L. £z, ZhET
DHEFITIE, KB W TIIEFES AL T ¢ R e L TIEMES ALV 7 4 ROKIS
HEMES, BREEORESUETH D Z ENM BTN, FEITEE-SR (LS E e
ANT 4 RTIERL, HHEHET A=V EMBEDETIEGHR AN T 4 RROF A A VAR —
Med 22T, KSHEEZEEL, REOYEHEZPDIELZ LITEIILIZ. 25 LTH
LT AT ¢ Rinh, BEEOERBEEHZITO 2L T, HIWE Lz 2 (Ll ERIL A
4% DBO 5% BLI AR Z 2R LT-.

2. 2 (LICHREEEHIE 245 DBO % BLI 23, BEfFHCTHDHL T NI X A LAEL LD B-T
7 B~<—FBHEEEZAL, B-T77XLRPHEETHLET =X A (CFM) itz R-
7 B-7 7 F~—EEAFEICK LT, CFRM EOFHT 5 Z & T, ZOHmEIEEZ HoichliE <&
HZEEWLMNMI L. &I, MHEEERR ELZZ & T 6 MOMETFEENERL, it
R 721 T <, VA RS ICBW T LA REN AR T ZEERHLEZ. 2
@ DBO #FEIKIE, 7 v MIBWTIEFZEMENMELS, mHRE L oI R T 720 O
EINST-N, 2L L 6 MEDREED AR EAER LIZE 2 A, 2T ALEFT R, 647
(27 VA a FERRRE & B o oD, HEIEMEE 7y MR L EEA MmN TE 52 8 %
R L7z,

3. LR TRH L7z DBO L&D 2 (i AR F ¥ FMABHO i b 2 MiEE L 72 fE R, A F ik
ERBEE LTALA R b BWIEEZ /R T 2 L 2R L. S OLEWIIIREMENMELS, &
ORI Z RS 2o 7oy, 6 MO 7 NVAuligZE = AT N7 a R7 v F LBl 52 L
TRAOBIMERLETEL 2 RN LE. SBIL, B-7 7 ¥~—BELDIMMEREZ H iz
invivo ~ 7 A REREET /LICBWNT, OB 72 L THDHE7F 77 (CTB) OHAIKS
TIHXBIBNOBEEZ D SEDL 2 LIETER» o720, siko7 e K7 v 7 &R0 &5
THZETHRBEBDSEDL Z L aER L.
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KA LOTERICER L, A2 ZBE & THREZ BV £ LR R RN EHE N
IR IR E L £

KX DOFEEIIHIZY, ARRITHE L THEZIBY £ LI BRI  /NEsTF
JEEE, BHREER, BHEHEEERICR BB L £

AFEDOHRZHATTEY, WOOMEMEEZTHE £ LHEFRECE B AIZM L E0T%E
FTAT R (L e i PR < R B L £ 7

ieam 21l U CAMIIEZ BB T 2 & )T 2 5 A TIHE £ LB RS (BR) TEMSER
MR 7 CRICTR G L =97

AW EAT I DIy, T —Z OEGE L OWER OIS S 2 THE £ L2
BUE (BR) TR BHEHE L, HEREEE (K PR, eRsER L, w)IER
FAZTR G L £ 9

Ei, X ARSI O 7 — 2 £ TS L OIS £ LIFs I () /IR, B
flE, Wb, KANEOT— 2 ORE KO ROMBUZH S 2 A & L0 5E (1)
WETEHIEG, TPV, ARICBIE, I, FARIERI < B L%
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General. Unless otherwise noted, reactions were performed under a nitrogen atmosphere. Solvents
and commercial reagents were used without purification. Carboxylic acid 1 was purchased from
PharmaBlock R&D Co. Avibactam, ! nacubactam,? and zidebactam?® were synthesized via analogous
method as reported. Analytical thin-layer chromatography (TLC) was run on silica gel F254 precoated
plates. Visualization of the developed chromatogram was performed by fluorescence quenching or
Vaughn’s reagent. Column chromatography was carried out using silica gel. Reverse phase column
chromatography was performed using HP20SS and octadecylsilyl (ODS) Silica Gel (Yamazen Ultra
Pack). *H, 13C, and °F NMR spectra were recorded on a Bruker AV400 spectrometer. Chemical shifts
(o) are reported in parts per million (ppm) from tetramethylsilane (TMS) (in CDsCI, DMSO-ds, metha-
nol-ds), sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS-ds) (in D,O) or the solvent residual peak
(in D20 & 4.79) as an internal reference. High-resolution mass spectral data were acquired on Orbitrap
Q Exactive Plus (ESI). Low-resolution mass spectral data were collected on a Waters ZQ mass detector
(ESI), a Shimadzu LCMS-8030 (ESI), or a Shimadzu LCMS-2020 (ESI). Purity was determined on a
Shimadzu Prominence HPLC system using a COSMOSIL 5C18-AR-II column. Mobile phase A was
0.1% trifluoroacetic acid in water, and mobile phase B was 0.1% trifluoroacetic acid in acetonitrile. One
of the following methods (A-D) was used: method-A, a gradient from 2% to 100% B in 10 min and
held at 100% B for 5 min; method-B, a gradient from 10% to 100% B in 10 min and held at 100% B for
5 min; method-C, an isocratic 5% B; method-D, an isocratic 7% B; method-E, an isocratic 10% B;
method-F, an isocratic 4% B. Elemental analysis was performed using Micro Corder IM11 (J-SCIENCE
LAB CO., Ltd.). Light promoted reactions were carried out using a Kessil A 160WE Tuna Blue 40 W
lamp with the white light mode. LED lamps were placed 2—10 cm away from the reaction vessel without
any filters. Purities for all tested compounds were determined by HPLC analysis and described along
with other characteristic data.

All studies with animals were approved by the Institutional Animal Care and Use Committee of
Shionogi & Co., Ltd.
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(2R,5R)-6-(Benzyloxy)-2-(phenylthio)-1,6-diazabicyclo[3.2.1]octan-7-one (2a). To a solution of
carboxylic acid 1 (300 mg, 1.09 mmol) and 2-mercaptopyridine 1-oxide 4 (145 mg, 1.14 mmol) in
CH_CI; (3.0 mL) was added EDC-HCI (219 mg, 1.14 mmol). The solution was stirred for 1.5 hours at
room temperature in the dark. Diphenyldisulfide 5a (1.19 g, 5.43 mmol) was added and stirred under
white light irradiation using two LED lamps for 30 min at 0 °C. The reaction mixture was poured into
water and the layers were separated. The organic layer was dried over MgSQO4 and concentrated under
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reduced pressure. The crude product was purified by flash column chromatography to obtain 2a (171
mg, 46%) as a white solid. *H NMR (400 MHz, CDCls) &: 7.48-7.20 (10H, m), 5.06-5.04 (2H, m), 4.90
(1H,d,J=11.5Hz), 3.82 (1H, d, J = 11.5 Hz), 3.37-3.34 (1H, br m), 2.90 (1H, d, J = 11.5 Hz), 2.47-
2.36 (1H, m), 2.05-2.01 (1H, m), 1.78-1.69 (2H, m). BC{*H} NMR (100 MHz, CDCls) &: 168.6,
135.9, 133.8, 130.1, 129.2, 129.0, 128.7, 128.5, 127.0, 78.2, 66.3, 59.0, 44.0, 24.7, 20.9. HRMS (ESI)
m/z: [M + H]" Calcd for C19H2:N20,S 341.1318; Found 341.1317.
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1-Methyl-2-phenyldisulfane (5b).* To a solution of NaOH (486 g, 12.1 mol) in H>O (1220 mL) was
added benzenthiol (1.25 L, 12.1 mol) at 0 °C. After stirring for 10 minutes at room temperature, methyl
methanethiosulfonate 8 (1.25 L, 12.1 mol) was added at 0 °C and the mixture was stirred for 1 hour at
room temperature. The reaction mixture was extracted with EtOAc (600 mL) and the organic layer was
died over Na;S;0s. After the solvent was removed, the crude product was distilled under reduced pres-
sure (10 mmHg, 105-115 °C) to afford 5b (1710 g, 90%) as a pale yellow oil. *H NMR (400 MHz,
CDCls) 8: 7.53-7.54 (2H, m), 7.34 (2H, t, J = 7.6 Hz), 7.24 (1H, t, J = 7.4 HZz), 2.45 (3H, s).
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P
2b

(2R,5R)-6-(Benzyloxy)-2-(methylthio)-1,6-diazabicyclo[3.2.1]octan-7-one (2b). To a solution of
carboxylic acid 1 (300 mg, 1.09 mmol) and 2-mercaptopyridine 1-oxide 4 (145 mg, 1.14 mmol) in
CH.CI; (3.0 mL) was added EDC-HCI (219 mg, 1.14 mmol). The solution was stirred for 1.5 hours at
room temperature in the dark. PhSSMe 5b (848 mg, 5.43 mmol) was added and stirred under white light
irradiation using two LED lamps for 30 min at O °C. The reaction mixture was poured into water and
the layers were separated. The organic layer was dried over MgSO. and concentrated under reduced
pressure. The crude product was purified by flash column chromatography to obtain 2b (99.3 mg, 33%)
as a colorless oil. 'H NMR (400 MHz, CDCls) &: 7.44-7.36 (5H, m), 5.06 (1H, d, J = 11.5 Hz), 4.91
(1H,d,J=115Hz),4.58 (1H,d, J=7.3 Hz), 3.74 (1H, d, J = 11.5 Hz), 3.33-3.31 (1H, br m), 2.82 (1H,
d,J=11.5Hz), 2.34-2.24 (1H, m), 2.11 (3H, s), 1.97-1.94 (1H, m), 1.68-1.53 (2H, m). *C{*H} NMR
(100 MHz, CDCls) 6: 169.4, 136.0, 129.2, 128.7, 128.5, 78.2, 65.6, 59.2, 43.4, 24.4,20.7,13.9. HRMS
(ESI) m/z: [M + H]" Calcd for C14H19N20,S 279.1162; Found 279.1160.
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(2R,5R)-6-(Benzyloxy)-2-(phenylsulfonyl)-1,6-diazabicyclo[3.2.1]octan-7-one (9a). To a solution
of 2a (353 mg, 1.04 mmol) in CH2Cl, (10 mL) was added 72 wt% m-CPBA (547 mg, 2.28 mmol) at 0
°C. After stirred for 1 hour at room temperature, the mixture was poured into aqueous sodium thiosulfate
solution and the layers were separated. The aqueous layer was extracted with ethyl acetate (20 mL x 2)
and the combined organic layers were dried over Na;SO,. After the solvent was removed under vacuum,
the crude product was purified by flash column chromatography (20-50% EtOAc/hexane) to obtain 9a
(353 mg, 91%) as a white solid. *H NMR (400 MHz, CDCls) 6: 7.91 (2H, J=7.5Hz), 7.67 (1H,J=7.4
Hz), 7.56 (2H, J=7.8 Hz), 7.37-7.35 (5H, m), 4.94 (1H, J = 11.5 Hz), 4.81 (1H, J = 11.5 Hz), 4.41 (1H,
J =75 Hz), 3.73 (1H, J = 11.8 Hz), 3.43-3.42 (1H, m), 3.02 (1H, J = 12.0 Hz), 2.48-2.44 (1H, m),
2.22-2.09 (2H, m), 1.91-1.86 (1H, m). *C{*H} NMR (100 MHz, CDCls) §: 167.2, 136.2, 135.5, 134.1,
129.2,129.2,129.0, 128.8, 128.6, 78.1, 74.2, 57.8, 43.2, 18.7, 15.6. HRMS (ESI) m/z: [M + H]* Calcd
for C19H21N20,4S 373.1217; Found 373.1214.
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(2R,5R)-6-(Benzyloxy)-2-(methylsulfonyl)-1,6-diazabicyclo[3.2.1]octan-7-one (9b). To a solution
of 2b (1.00 g, 3.59 mmol) in CH2Cl, (20 mL) was added 72 wt% m-CPBA (2.16 g, 9.00 mmol) at 0 °C.
After stirred for 1 hour at 0 °C, the mixture was poured into a mixture of aqueous sodium thiosulfate
solution and sodium bicarbonate solution and the layers were separated. The aqueous layer was extracted
with dichloromethane (20 mL x 1) and the combined organic layers were dried over MgSQ,. After the
solvent was removed under reduced pressure, the crude product was purified by flash column chroma-
tography (33-67% EtOAc/hexane) to obtain 9b (1.01 g, 90%) as a white amorphous. *H NMR (400
MHz, CDCl3) &: 7.39 (5H, t, J = 5.5 Hz), 5.01 (1H, d, J = 11.5 Hz), 4.88 (1H, d, J = 11.3 Hz), 4.33 (1H,
t, J = 7.8 Hz), 3.60 (1H, d, J = 12.0 Hz), 3.45-3.44 (1H, m), 3.06-3.02 (4H, m), 2.36-2.26 (1H, m),
2.15-2.03 (2H, m), 1.84-1.79 (1H, m). *C{*H} NMR (100 MHz, CDCls) 6: 167.3, 135.4, 129.2, 128.9,
128.6, 78.3, 72.7, 57.7, 43.0, 37.3, 18.2, 13.8. HRMS (ESI) m/z: [M + H]* Calcd for C14H19N204S
311.1060; Found 311.1058.
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Sodium (2R,5R)-7-0x0-2-(phenylsulfonyl)-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (11a). To a so-
lution of 9a (200 mg, 0.54 mmol) in THF/MeOH (v/v = 2/1, 6 mL) was added 5% Pd/C (57.1 mg, 0.29
wt equiv). After stirred at room temperature under H, (1 atm) atmosphere for 1 hour, the mixture was
filtered. The solvent was removed in vacuo. The crude product was dissolved to pyridine (4 mL) and
SOs-pyridine (514 mg, 3.23 mmol) was added. After stirred for 3.5 hours, 8.4% NaHCO3; aqg (20 mL)
was added at 0 °C and the aqueous layer was washed with CH,Cl, (20 mL x 3). To the aqueous layer
was added CHCl, (20 mL) and tetrabutylammonium hydrogen sulfate (183 mg, 0.54 mmol) at 0 °C.
After stirred at room temperature for 15 minutes, the aqueous layer was extracted with CH,Cl, (20 mL
x 3) and the solvent was removed under reduced pressure. The crude product was applied onto a Dowex®
sodium form column (Dowex® 50WX8 hydrogen form treated with 1IN NaOH aq and washed until
neutral pH with H,O) and subjected to ODS column chromatography (H.O only). The fractions contain-
ing the desired compound were combined, frozen and lyophilized to afford 11a (162 mg, 78%) as a
white amorphous. *H NMR (400 MHz, D;0) &: 7.99 (2H, d, J = 7.8 Hz), 7.85 (1H, t, J = 7.5 Hz), 7.72
(2H,t,J =7.8 Hz), 4.84-4.80 (1H, m), 4.26-4.26 (1H, m), 3.56 (1H, d, J = 12.5 Hz), 3.32 (1H, dd, J =
12.4, 2.6 Hz), 2.39-2.33 (1H, m), 2.18-2.03 (3H, m). ¥C{*H} NMR (100 MHz, D,0) §: 167.9, 135.4,
133.8, 129.7, 129.1, 75.0, 59.3, 434, 17.7, 16.3. HPLC: 93.0%. Anal. Calcd for
C12H13N207S:Na(H-0)13: C, 35.35; H, 3.86; N, 6.87; S, 15.72; Na, 5.64. Found: C, 35.48; H, 4.13; N,
6.84; S, 15.88; Na, 5.48.
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Sodium (2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (11b). To a so-
lution of 9b (200 mg, 0.54 mmol) in THF/MeOH (v/v = 1/1, 4 mL) was added 5% Pd/C (68.6 mg, 0.34
wt equiv). After stirred at room temperature under H, (1 atm) atmosphere for 1 hour, the mixture was
filtered. The solvent was removed in vacuo and the crude product was used without any purification.
The crude product was dissolved to pyridine (4 mL) and SOs-pyridine (514 mg, 3.23 mmol) was added.
After stirred for 3.5 hours, 8.4% NaHCO; aq (20 mL) was added at 0 °C and the aqueous layer was
washed with CH,Cl, (20 mL x 3). To the aqueous layer was added CH,Cl, (20 mL) and tetrabutylammo-
nium hydrogen sulfate (183 mg, 0.54 mmol) at 0 °C. After stirred at room temperature for 15 minutes,
the aqueous layer was extracted with CH>Cl, (20 mL x 3) and the solvent was removed under reduced
pressure. The crude product was applied onto a Dowex® sodium form column (Dowex® 50WX8 hydro-
gen form treated with 1N NaOH ag and washed until neutral pH with H,O) and subjected to ODS column
chromatography (H20 only). The fractions containing the desired compound were combined, frozen and
lyophilized to afford 11b (172 mg, 83%) as a white amorphous. *H NMR (400 MHz, D-0) &: 4.77 (1H,
t,J =8.3 Hz), 4.31-4.31 (1H, br m), 3.69 (1H, d, J = 12.3 Hz), 3.42 (1H, dd, J = 12.4, 2.6 Hz), 3.19 (3H,
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s), 2.38-2.28 (1H, m), 2.21-2.07 (3H, m). BC{*H} NMR (100 MHz, D,0) &: 168.2, 73.1, 59.4, 43.3,
36.5, 17.4, 14.5. HPLC: 99.3% (method-C). Anal. Calcd for C7H1:N,0-S,Na(H;0)1.0: C, 23.58; H, 4.18;
N, 7.86; S, 17.99; Na, 6.45. Found: C, 23.64; H, 4.27; N, 7.89: S, 17.88; Na, 6.64.
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Methyl 2-(phenyldisulfaneyl)acetate (16). To a solution of methyl 2-mercaptoacetate (100 mg, 0.94
mmol) in MeCN (2 mL) was added 1 N ag NaOH (0.94 mL, 0.94 mmol) at 0 °C. After being stirred for
10 min at 0 °C, S-phenyl benzenesulfonothioate® was added, and the mixture was stirred for 1 h at room
temperature. The mixture was poured into water, and the aqueous layer was extracted with EtOAc. After
the organic layer was dried over MgSQg, the solvent was removed under reduced pressure. The crude
was purified by flush column chromatography (0-10%, EtOAc/hexane) to give 16 (80 mg, 40%) as a
colorless oil. *H NMR (400 MHz, CDCls) &: 7.55 (2H, d, J = 7.3 Hz), 7.34 (2H, t, J = 7.5 Hz), 7.26 (2H,
t, J=7.3 Hz), 3.58 (3H, s), 3.50 (2H, s). MS-ESI (m/z): 215 [M + H]".
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Methyl 2-[[(2R,5R)-6-(benzyloxy)-7-ox0-1,6-diazabicyclo[3.2.1]octan-2-yl]thio]acetate (2¢). To a
solution of carboxylic acid 1 (138 mg, 0.50 mmol) in CH>Cl; (1.4 mL) were added EtsN (104 uL, 0.75
mmol) and 2-oxo-[1,4,2]oxathiazolo[2,3-a]pyridin-4-ium chloride 15 (114 mg, 0.60 mmol). The mix-
ture was stirred for 1 h in the dark (solution A). To another solution of methyl 2-(phenyldisulfaneyl)ac-
etate 16 (332 mg, 1.55 mmol) in CH,Cl; (1.4 mL) was added the solution A dropwise under white LEDs
irradiation. After 1 h, the solvent was removed under reduced pressure, and the crude was purified by
flush column chromatography (5-35%, EtOAc/hexane) to give 2¢ (58.0 mg, 35%) as a pale yellow oil.
IH NMR (400 MHz, CDCls) &: 7.44-7.35 (5H, m), 5.04 (1H, d, J = 11.4 Hz), 4.90 (1H, d, J = 11.4 Hz),
4.75 (1H, d, J = 6.9 Hz), 3.72-3.71 (4H, m), 3.50 (1H, d, J = 15.6 Hz), 3.33-3.32 (1H, m), 3.28 (1H, d,
J=15.6 Hz), 2.81 (1H, dt, J=11.5, 3.0 Hz), 2.35-2.25 (1H, m), 2.01-1.95 (1H, m), 1.69-1.55 (2H, m).
MS-ESI (m/z): 337 [M + H]".
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2-[[(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]thio]acetic acid (12). To a solu-
tion of 2¢ (1.22 g, 3.63 mmol) in THF/H,0 (v/v = 1/1, 24 mL) was added 4 M aqg LiOH (1.09 mL, 4.35
mmol) at 0 °C. After being stirred for 2 h at 0 °C, 10% aq citric acid was added. The mixture was
extracted with EtOAc three times, and the combined organic layers were washed with water and brine
before being dried over MgSQOas. The solvent was removed under reduced pressure to give 12 (988 mg,
85%) as pale yellow oil, which was used without further purification.
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2-[[(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]thio]acetamide (13). To a solu-
tion of 12 (943 mg, 2.93 mmol) in 1,4-dioxane/H.O (v/v = 9/1, 9.4 mL) were added ammonium hy-
drogencarbonate (289 mg, 3.66 mmol), Boc,O (1.02 mL, 4.39 mmol) and pyridine (118 pL, 1.46 mmol).
After being stirred overnight, water was added, and the mixture was extracted EtOAc three times. The
combined organic layers were washed with water and brine before being dried over MgSO.. After the
solvent was removed under reduced pressure, the crude was purified by flush column chromatography
(50-100%, EtOAc/hexane) to give 13 (170 mg, 18%) as a pale colorless oil. 'H NMR (400 MHz, CDCls)
d: 7.44-7.36 (5H, m), 6.69 (1H, br s), 5.40 (1H, brs), 5.04 (1H, d, J = 11.5 Hz), 4.90 (1H, d, J = 11.5
Hz), 4.73-4.71 (1H, m), 3.65 (1H, d, J = 11.7 Hz), 3.41-3.37 (2H, m), 3.12 (1H, d, J = 14.8 Hz), 2.90—
2.87 (1H, m), 2.35-2.24 (1H, m), 2.03-1.99 (1H, m), 1.71-1.65 (2H, m). MS-ESI (m/z): 322 [M + H]".
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2-[[(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfonyl]acetamide (14). To a
solution of 13 (170 mg, 0.53 mmol) in CH.Cl, (1.7 mL) was added 69 wt % m-CPBA (331 mg, 1.32
mmol) at 0 °C. After being stirred for 30 min at room temperature, 10% aq Na>S.0s was added, and the
layers were separated. After the organic solvent was removed under reduced pressure, EtOAc was added.
The organic layer was washed with 5% aq NaHCOs twice and brine before being dried over MgSO..
After the removal of solvent, the crude was purified by flush column chromatography (10-50%,
EtOAc/hexane) to give 14 (138 mg, 74%) as a pale colorless oil. *H NMR (400 MHz, CDCls) : 7.42—
7.38 (5H, m), 6.91 (1H, brs), 5.63 (1H, brs), 4.99 (1H, d, J=11.4 Hz), 4.88 (1H, d, J = 11.4 Hz), 4.64—
4.60 (1H, m), 4.43 (1H, d, J = 14.2 Hz), 3.86 (1H, d, J = 14.2 Hz), 3.54-3.49 (2H, m), 3.10 (1H, dd, J
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= 12.2, 3.1 Hz), 2.39-2.26 (1H, m), 2.17-2.09 (2H, m), 1.91-1.84 (1H, m). MS-ESI (m/z): 354 [M +
H]*.
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Sodium (2R,5R)-2-[(2-amino-2-oxoethyl)sulfonyl]-7-0xo-1,6-diazabicy-clo[3.2.1]octan-6-yl sul-
fate (11c). To a solution of 14 (500 mg, 1.42 mmol) in THF/MeOH (v/v = 1/1, 10 mL) was added 5%
Pd/C (151 mg, 0.30 wt equiv). After being stirred under a H, atmosphere (1 atm) for 45 min, DMF was
added to dissolve the precipitation of debenzylated product. The mixture was filtered, and the solvent
was removed under reduced pressure to give the product, which was used without further purification.
To a solution of the crude debenzylated product in pyridine (5 mL) was added SOs-pyridine (292 mg,
1.84 mmol). After being stirred for 5 h, the mixture was poured into aqg NaHCO3, and the aqueous layer
was washed with CHCl, twice. The aqueous solvent was removed under reduced pressure before the
crude was applied onto the HP20SS resin and subjected to ODS column chromatography (0-3%,
MeCN/H0) to give 11c (34.2 mg, 6.6%) as a white amorphous solid after lyophilization. *H NMR (400
MHz, D;0) &: 4.96 (1H, t, J = 8.3 Hz), 4.32-4.32 (1H, m), 3.70 (1H, d, J = 12.4 Hz), 3.46-3.43 (1H,
m), 2.43-2.33 (1H, m), 2.23-2.09 (3H, m). HPLC: 93.7% (method-C). Anal. calcd for
CsH12N308S:Na(H20).5: C, 23.62; H, 4.11; N, 10.33; S, 15.76; Na, 5.65. found: C, 23.68; H,3.88; N,
10.40; S, 15.48; Na, 5.58.
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tert-Butyl 4-[(tosylthio)methyl]-1H-imidazole-1-carboxylate (19). To a solution of tert-butyl 4-
(chloromethyl)-1H-imidazole-1-carboxylate® (4.0 g, 18.5 mmol) in acetone (40 mL) was added potas-
sium 4-methylbenzenesulfonothioate (4.4 g, 19.4 mmol). After being stirred for 5 h at reflux, the solvent
was removed under reduced pressure, and the crude mixture was dissolved to EtOAc. The organic layer
was washed with water and brine before being dried over MgSO.,. After the removal of solvent, the
crude was purified by flush column chromatography (5-40%, EtOAc/hexane) to give 19 (4.0 g, 59%)
as a white solid. *H NMR (400 MHz, CDCls) &: 7.87 (1H, s), 7.77 (2H, d, J = 8.3 Hz), 7.29 (2H, d, J =
8.3 Hz), 7.15 (1H, s), 4.19 (2H, s), 2.43 (3H, s), 1.61 (9H, s). MS-ESI (m/z): 369 [M + H]*.



tert-Butyl  4-[[[(2R,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]thio]methyl]-1H-
imidazole-1-carboxylate (2d). To a solution of carboxylic acid 1 (120 mg, 0.43 mmol) in CH,Cl (0.6
mL) were added 2-mercaptopyridine 1-oxide 4 (58 mg, 0.46 mmol) and EDC-HCI (87.0 mg, 0.46 mmol).
The mixture was stirred for 1 h in the dark (solution A). To another solution of tert-butyl 4-((to-
sylthio)methyl)-1H-imidazole-1-carboxylate 19 (320 mg, 0.87 mmol) in CH,Cl, (0.6 mL) was slowly
added the solution A under white LEDs irradiation. After being stirred for 30 min, the mixture was
directly purified by flush column chromatography (0-40%, EtOAc/hexane) to give 2d (87 mg, 45%) as
a colorless oil. *H NMR (400 MHz, CDCls) &: 8.02 (1H, d, J = 0.9 Hz), 7.43 (2H, dd, J = 7.5, 1.9 Hz),
7.40-7.35 (3H, m), 7.32 (1H, s), 5.05 (1H, d, J = 11.4 Hz), 4.91 (1H, d, J = 11.4 Hz), 4.61 (1H, d, J =
6.8 Hz), 3.82 (1H, d, J =14.2 Hz), 3.77 (1H, d, J = 11.5 Hz), 3.61 (1H, d, J = 14.2 Hz), 3.34-3.34 (1H,
m), 2.86-2.84 (1H, m), 2.32-2.21 (1H, m), 1.99-1.93 (1H, m), 1.69-1.51 (11H, m). MS-ESI (m/z): 445
[M + H]".

tert-Butyl  4-[[[(2R,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfonyllmethyl]-
1H-imidazole-1-carboxylate (17). To a solution of 2d (87 mg, 0.20 mmol) in CH.Cl; (1.3 mL) was
added 69 wt % m-CPBA (98 mg, 0.39 mmol) at 0 °C. After being stirred for 2 h at 0 °C, aqg NaHCOs
and ag Na»S,0; were added, and the layers were separated. The organic layer was washed with ag Na-
HCO;3 and brine before being dried over MgSQa.. After the solvent was removed under reduced pressure,
the crude was purified by flush column chromatography (10-60%, EtOAc/hexane) to give 17 (56 mg,
60%). *H NMR (400 MHz, CDCls) &: 8.07 (1H, s), 7.70 (1H, s), 7.42-7.37 (5H, m), 5.00 (1H, d, J =
11.4 Hz), 4.88 (1H, d, J=11.4 Hz), 4.69 (1H, d, J = 14.7 Hz), 457 (1H, t, J = 7.8 Hz), 4.29 (1H,d, J =
14.6 Hz), 3.66 (1H, d, J = 12.0 Hz), 3.45-3.44 (1H, m), 3.09 (1H, d, J = 10.9 Hz), 2.34-2.26 (1H, m),
2.17-2.00 (2H, m), 1.86-1.78 (1H, m), 1.62 (9H, s). MS-ESI (m/z): 477 [M + H]".
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(2R,5R)-2-[[(1H-Imidazol-4-yl)methyl]sulfonyl]-6-(benzyloxy)-1,6-diazabicyclo[3.2.1]octan-7-one
(18). To a solution of 17 (55 mg, 0.12 mmol) in CH:Cl: (0.55 mL) was added TFA (0.55 mL). After 3
h, the mixture was poured into ag NaHCOs3, and the aqueous layer was extracted with EtOAc three times.
The combined organic layers were washed with ag NaHCOj3; and brine before being dried over Na;SO..
After the solvent was removed, the crude was purified by flush column chromatography (50-100%,
EtOAc/hexane) to give 18 (40 mg, 92%) as a colorless oil. *H NMR (400 MHz, CDCls) : 7.69 (1H, s),
7.42-7.40 (6H, br m), 5.01 (1H, d, J = 11.4 Hz), 4.91-4.89 (2H, m), 4.45-4.42 (1H, br m), 4.20-4.17
(1H, brm), 3.63 (1H, d, J = 11.5 Hz), 3.51-3.49 (1H, br m), 3.12 (1H, d, J = 12.5 Hz), 2.35-2.25 (1H,
m), 2.14-1.96 (2H, m), 1.87-1.84 (1H, m). MS-ESI (m/z): 377 [M + H]".
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Sodium  (2R,5R)-2-[[(1H-imidazol-4-yl)methyl]sulfonyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl
sulfate (11d). To a solution of 18 (39 mg, 0.10 mmol) in MeOH (0.59 mL) was added 5% Pd/C (22 mg,
0.56 wt equiv.). After being stirred under a H, atmosphere (1 atm) for 1 h, the mixture was filtered, and
the solvent was removed to give the crude product, which was used without further purification. To a
solution of the crude debenzylated product in pyridine (1.5 mL) was added SOs-pyridine (99 mg, 0.62
mmol). After being stirred overnight, the mixture was poured into ag NaHCO3 and the aqueous layer
was washed with CHCl, twice. The aqueous solvent was removed under reduced pressure, and the
crude was applied onto the HP20SS resin and subjected to ODS column chromatography (H2O only) to
give 11d (21 mg, 52%) as a white amorphous solid after lyophilization. *H NMR (400 MHz, D,0) é:
7.80 (1H, s), 7.42 (1H, s), 4.82-4.79 (2H, m), 4.64 (1H, d, J = 14.8 Hz), 4.32 (1H, d, J = 2.9 Hz), 3.73
(1H, d, J = 12.3 Hz), 3.45 (1H, dd, J = 12.4, 3.1 Hz), 2.39-2.28 (1H, m), 2.16-2.07 (3H, m). HPLC:
>99.9% (method-C). MS-ESI (m/z): 365 [M — H]".

4-Nitrobenzyl  2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]oxy]-ace-
tate (20a). To a solution of 10b (179 mg, 0.814 mmol) in DMF (5 mL) were added 4-nitrobenzyl 2-
iodoacetate 22a (340 mg, 1.06 mmol) and K>COs3 (146 mg, 1.06 mmol). After being stirred overnight,
the mixture was poured into 10% aq citric acid, and the aqueous layer was extracted with EtOAc twice.
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The combined organic layers were washed with water and dried over Na,SO, before the solvent was
remover under reduced pressure. The crude was purified by flash column chromatography (30-70%
EtOAc/hexane) to give 20a (294 mg, 87%) as a white solid. *H NMR (400 MHz, CDCls) &: 8.25 (2H,
d, J=8.5Hz),7.54 (2H, d, J = 8.8 Hz), 5.32 (1H, d, J = 13.1 Hz), 5.28 (1H, d, J = 13.1 Hz), 4.66 (1H,
d,J=17.1Hz),4.62 (1H,d, J=17.1 Hz), 4.38 (1H, t,J = 8.2 Hz), 4.18-4.16 (1H, m), 3.70 (1H, d, J =
12.0 Hz), 3.13 (1H, d, J = 12.3 Hz), 3.04 (3H, s), 2.41-2.31 (1H, m), 2.25-2.07 (2H, m), 2.00-1.97 (1H,
m). BC{*H} NMR (100 MHz, CDCl;) é: 168.6, 168.5, 148.0, 142.0, 128.7, 124.0, 73.3, 72.5, 65.5, 59.1,
42.8, 37.3, 18.1, 14.1. HRMS (ESI) m/z: [M + H]" calcd for C16H20N30sS 414.0966; found 414.0962.

21a ©

Sodium 2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]Joxy]acetate (21a).
To a solution of 20a (146 mg, 0.352 mmol) in DMF (2 mL) was added 5% Pd/C (37.5 mg, 0.26 wt
equiv). After being stirred under a H, atmosphere (1 atm) for 2 h at 0 °C, the mixture was filtered and
poured into ag NaHCOs. After the aqueous layer was washed with EtOAc, the resulting solution was
applied onto HP20SS resin and subjected to ODS column chromatography (0-10%, MeCN/H0) to give
21a (116 mg, quant.) as a white amorphous solid. *H NMR (400 MHz, D,0) §: 4.70 (1H, t, J = 8.0 Hz),
4.43 (1H, d, J = 15.3 Hz), 4.35 (1H, d, J = 15.1 Hz), 4.26-4.24 (1H, m), 3.60 (1H, d, J = 12.3 Hz), 3.31
(1H, d, J = 11.8 Hz), 3.17 (3H, s), 2.38-2.27 (1H, m), 2.21-2.01 (3H, m). BC{*H} NMR (100 MHz,
D;0) 6: 178.4, 170.9, 77.3, 75.5, 60.6, 46.7, 39.4, 20.6, 17.4. HPLC: >99.9%.
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Ethyl  2,2-difluoro-2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-ylJoxy]
acetate (20b). To a solution of 10b (523 mg, 2.38 mmol) in DMF (10 mL) were added ethyl 2-bromo-
2,2-difluoroacetate 22b (723 mg, 3.56 mmol) and K»>COs (427 mg, 2.09 mmol). After being stirred for
2.5 h, the mixture was poured into 10% aq citric acid, and the aqueous layer was extracted with EtOAc
twice. The combined organic layers were washed with water and brine before being dried over MgSOa.
After the solvent was removed under reduced pressure, the crude product was purified by flash column
chromatography (20-60% EtOAc/hexane) to give 20b (354 mg, 45%) as a white amorphous. *H NMR
(400 MHz, CDCls) &: 4.46-4.38 (3H, m), 4.08 (1H, dd, J = 5.5, 2.9 Hz), 3.79 (1H, d, J = 12.4 Hz), 3.32
(1H, d, J = 12.4 Hz), 3.05 (3H, s), 2.41-2.33 (1H, m), 2.23-2.00 (3H, m), 1.40 (3H, t, J = 7.2 Hz).
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Sodium 2,2-difluoro-2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]oxy]
acetate (21b). To a solution of 20b (315 mg, 0.920 mmol) in THF/H,O (v/v = 2/1, 9.5 mL) was added
1 N ag NaOH (1.01 mL, 1.01 mmol) at 0 °C. After being stirred for 30 min at 0 °C, the reaction was
guenched by dry ice. The resulting solution was applied onto HP20SS resin and subjected to ODS col-
umn chromatography (0-10%, MeCN/H-0) to give 21b (284 mg, 92%) as a white amorphous solid. *H
NMR (400 MHz, D;0) 6: 4.84-4.82 (1H, m), 4.26-4.23 (1H, m), 3.69 (1H, d, J = 12.5 Hz), 3.43 (1H,
dd, J =12.4, 2.8 Hz), 3.19 (3H, s), 2.38-2.28 (1H, m), 2.23-2.05 (3H, m). BC{*H} NMR (100 MHz,
D20) &: 172.4, 166.3 (t, *Jcr = 31.9 Hz), 120.1 (t, 2Jcr = 280.6 Hz), 76.5, 63.8, 46.0, 39.4, 20.3, 17.6.
FE NMR (377 MHz, D20) &: —83.2 (1H, d, ®Je.r = 134.9 Hz), —83.9 (1H, d, *Je.r = 136.2 Hz). HPLC:
>99.9% (method-E). Anal. calcd for CoH11F2N2OsSNa(H20)0.0: C, 30.67; H, 3.66; F, 10.78; N, 7.95; S,
9.10; Na, 6.52. Found: C, 30.85; H, 3.81; F, 10.47; N, 7.94; S, 8.86; Na, 6.78.

\ 7/

S,
N F
)—N

20c O

Ethyl (2S)-2-fluoro-2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]oxy]
acetate (20c). To a solution of 10b (6.83 g, 31.0 mmol) in DMF (70 mL) were added ethyl 2-bromo-2-
fluoroacetate 22c¢ (8.03 mg, 43.4 mmol) and K,COs (5.57 g, 40.3 mmol). After being stirred for 3 h, the
mixture was poured into 10% aq citric acid, and the aqueous layer was extracted with EtOAc twice. The
combined organic layers were washed with water and brine before being dried over MgSO.. After the
solvent was removed under reduced pressure, the crude product was purified by flash column chroma-
tography (30-100% EtOAc/hexane) to give 20c (4.74 g, 47%) and 20d (4.18 g, 42%) as a white amor-
phous. *H NMR (400 MHz, CDCls) §: 5.80 (1H, d, Ju.r = 59.7 Hz), 4.42 (1H, t, J = 8.2 Hz), 4.39-4.32
(2H, m), 4.08 (1H, dd, J =5.5, 3.0 Hz), 3.76 (1H, d, J = 12.3 Hz), 3.26-3.23 (1H, m), 3.05 (3H, s), 2.41—
2.31 (1H, m), 2.25-2.09 (2H, m), 2.06-1.98 (1H, m), 1.37 (3H, t, J = 7.2 Hz). *C{*H} NMR (100 MHz,
CDCls) &: 167.8, 162.4 (d, *Jc.r = 29.3 Hz), 106.4 (d, 2Jc.r = 239.9 Hz), 73.5, 63.0, 60.7, 42.6, 37.3,
18.0, 14.1, 14.0. °F NMR (377 MHz, CDCls) &: —133.9 (d, 3Ju.r = 59.9 Hz). HRMS (ESI) m/z: [M +
H]* calcd for C11H1sFN2O6S 325.0864; found 325.0860.

Br/'\”/O\/

0 22d
Ethyl (R)-2-bromo-2-fluoroacetate (22d).% To a solution of (R)-2-bromo-2-fluoroacetic acid”® (25.7
g, 100 mmol) in CHCI; (257 mL) were added EtOH (29.2 mL, 500 mmol) and EDC-HCI (21.1 g, 110
mmol) at 0 °C. After the mixture was stirred for 30 min at 0 °C, diluted aq H,SO4 was added. The organic



layer was separated and washed with water before being dried over MgSQa. The solvent was carefully
removed under reduced pressure (200 torr, 20 °C) to give 22d (47.7 g, 38.7 wt%, quant.) as a colorless
oil. 'H NMR (400 MHz, CDCls) &: 6.56 (1H, d, *Ju.r = 50.6 Hz), 4.35 (2H, g, J = 7.1 Hz), 1.35 (3H, t,
J =7.1 Hz). ®C{*H} NMR (100 MHz, CDClIs) : 164.7 (d, ®Jc-r = 25.7 Hz), 80.9 (d, 2Jc-r = 263.4 Hz),
63.1, 13.9. F NMR (377 MHz, CDCls) &: —150.69 (d, 3Jn.r = 50.4 Hz).

Ethyl (2R)-2-fluoro-2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-ylJoxy]
acetate (20d). To a solution of 10b (142 mg, 0.645 mmol) in DMF (2 mL) were added 38.7 wt% ethyl
(R)-2-bromo-2-fluoroacetate 22d (370 mg, 0.774 mmol) and DBU (0.117 mL, 0.774 mmol) at 0 °C.
After being stirred for 1.5 h at 0 °C, the mixture was poured into 10% aq citric acid, and the aqueous
layer was extracted with EtOAc twice. The combined organic layers were washed with water and dried
over MgSO.. After the solvent was removed under reduced pressure, the crude product was purified by
flash column chromatography (20-50% EtOAc/hexane) to give 20d (104 mg, 50%) as a white solid. *H
NMR (400 MHz, CDCls) 6: 5.86 (1H, d, 3Ju.r = 52.5 Hz), 4.41 (1H, t, J = 8.1 Hz), 4.37-4.28 (2H, m),
4.09 (1H, dd, J=5.2, 2.9 Hz), 3.75 (1H, d, J = 12.4 Hz), 3.22 (1H, dt, J = 12.3, 1.4 Hz), 3.04 (3H, 3),
2.39-2.31 (1H, m), 2.23-1.99 (3H, m), 1.34 (3H, t, J = 7.2 Hz). *C{*H} NMR (100 MHz, CDCls) &:
167.4, 162.8 (d, ®Jc-r = 35.2 Hz), 105.2 (d, 2Jc.r = 239.2 Hz), 73.6, 62.8, 60.9, 42.6, 37.3, 17.9, 14.1,
14.0. F NMR (377 MHz, CDCl3) &: —136.7 (d, 3Ju.r = 51.8 Hz). HRMS (ESI) m/z: [M + H]* calcd for
C11H1sFN206S 325.0864; found 325.0861.
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Sodium  (2S)-2-fluoro-2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxyJacetate (21c). To a solution of 20c (90.0 mg, 0.278 mmol) in THF/H,0 (v/v = 2/1, 3 mL) was added
1 N ag NaOH (0.278 mL, 0.278 mmol) at 0 °C. After being stirred for 30 min at 0 °C, the reaction was
guenched by dry ice. The aqueous layer was washed with diisopropyl ether, and the resulting solution
was applied onto HP20SS resin and subjected to ODS column chromatography (0-15%, MeCN/H;0)
to give 21c (69.3 mg, 79%) as a white amorphous solid. *H NMR (400 MHz, D,0) &: 5.80 (1H, d, *Ju.r
=57.0 Hz), 4.79-4.76 (1H, m), 4.19 (1H, t, J=4.0 Hz), 3.64 (1H, d, J = 12.4 Hz), 3.34 (1H, dt, J = 12.3,
1.4 Hz), 3.18 (3H, s), 2.37-2.26 (1H, m), 2.21-2.02 (3H, m). HPLC: >99.9%. Anal. calcd for
CoH12FN2OSNa(H20)1s: C, 30.83; H, 4.48; F, 5.42; N, 7.99; S, 9.14; Na, 6.56. Found: C, 30.81; H,
4.62; F,5.22; N, 8.10; S, 8.96; Na, 6.63.
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Sodium  (2R)-2-fluoro-2-[[(2R,5R)-2-(methylsulfonyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxy]acetate (21d). To a solution of 20d (102 mg, 0.315 mmol) in THF/H20 (v/v = 2/1, 3 mL) was added
1 N ag NaOH (0.315 mL, 0.315 mmol) at 0 °C. After being stirred for 30 min at 0 °C, the reaction was
guenched by dry ice. The aqueous layer was washed with diisopropyl ether, and the resulting solution
was applied onto HP20SS resin and subjected to ODS column chromatography (0—15%, MeCN/H;0)
to give 21d (86.2 mg, 86%) as a white amorphous solid. *H NMR (400 MHz, D,0) &: 5.80 (1H, d, 3Jx.
r=58.6 Hz), 4.79-4.75 (1H, m), 4.27-4.26 (1H, m), 3.66 (1H, d, J = 12.4 Hz), 3.37-3.34 (1H, m), 3.18
(3H, s), 2.38-2.27 (1H, m), 2.21-2.05 (3H, m). BC{*H} NMR (100 MHz, D;0) &: 169.0 (*Jc.r = 27.1
Hz), 168.7, 107.7 (3Jc.r = 240.6 Hz), 73.2, 59.9, 43.2, 36.4, 17.3, 14.5. *°F NMR (377 MHz, D-0) é&:
—130.2 (3Jur = 58.6 Hz). HPLC: >99.9%. Anal. calcd for CoH12FN,OsSNa(H20)os: C, 32.50; H, 4.12;
F,5.71; N, 8.42; S, 9.64; Na, 6.91. Found: C, 32.60; H, 4.28; F, 5.58; N, 8.61; S, 9.15; Na, 6.75.
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(2R,5R)-6-(Benzyloxy)-2-[(R)-methylsulfinyl]-1,6-diazabicyclo[3.2.1]octan-7-one (23). To a solu-
tion of 2b (2.47 g, 8.89 mmol) in CH,Cl (25 mL) was added 72 wt% m-CPBA (2.34 g, 9.78 mmol) at
—78 °C. After stirred for 2 hour at —78 °C, the mixture was poured into aqueous sodium thiosulfate
solution and the layers were separated. The aqueous layer was extracted with ethyl acetate (30 mL x 3)
and the combined organic layers were dried over NaSO4. After the solvent was removed under reduced
pressure, the crude product was purified by flash column chromatography (0-10% MeOH/EtOAC) to
obtain 23 (2.31 g, 88%, dr = 91/9) as a white solid. *H NMR (400 MHz, CDCls) &: 7.43-7.37 (5H, m),
5.04 (1H, d, J = 11.3 Hz), 4.90 (1H, d, J = 11.5 Hz), 4.02 (1H, dd, J = 7.5, 4.3 Hz), 3.39-3.39 (1H, m),
3.18 (1H, d, J = 11.8 Hz), 3.03 (1H, d, J = 11.8 Hz), 2.68 (3H, s), 2.39-2.36 (1H, m), 2.17-2.11 (2H,
m), 1.80-1.77 (1H, m). 2¥C{*H} NMR (100 MHz, CDCls) &: 166.9, 135.5, 129.3, 128.9, 128.6, 78.4,
76.3,57.5, 45.7, 37.2, 19.6, 15.9. HRMS (ESI) m/z: [M + H]* Calcd for C14H1sN203S 295.1111; Found
295.1108. Melting point: 96-99 °C.
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24
N-[(1R)-[(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl](methyl)(0x0)-4°-
sulfaneylidene]-2,2,2-trifluoroacetamide (24). To a solution of 23 (592 mg, 2.01 mmol) in CH,CI; (10



mL) were added 2,2,2-trifluoroacetamide (445 mg, 4.02 mmol), magnesium oxide (324 mg, 8.04 mmol),
Rh2(OAC)s (44.4 mg, 0.101 mmol) and PhI(OAc). (971 mg, 3.02 mmol). After stirred overnight, the
reaction mixture was filtered and the solvent was removed in vacuo. The crude product was purified by
flash column chromatography (20-50% EtOAc/hexane) to obtain 24 (632 mg, 78%) as a white amor-
phous. *H NMR (400 MHz, CDCls) 6: 7.39 (5H, s), 4.99 (1H, d, J = 11.5 Hz), 4.87 (1H, d, J = 11.5 Hz),
4.49-4.47 (1H, m), 3.70 (1H, d, J =12.3 Hz), 3.55 (3H, s), 3.47-3.46 (1H, m), 3.06 (1H, d, J = 12.0 Hz),
2.55-2.50 (1H, m), 2.21-2.08 (2H, m), 1.95-1.90 (1H, m). BC{*H} NMR (100 MHz, CDCls) &: 166.6,
164.4 (9, ®Jc.r = 38.1 Hz), 135.1, 129.3, 129.1, 128.7, 115.9 (q, 2Jc.r = 288.1 Hz), 78.4, 75.2,57.7, 42.6,
35.7,17.9, 14.4. ®F NMR (377 MHz, CDCl5) 6: —76.12 (3F, s). HRMS (ESI) m/z: [M + H]* Calcd for
C16H10F3N304S 406.1043; Found 406.1039.
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(2R,5R)-6-Hydroxy-2-[(R)-methylsulfinyl]-1,6-diazabicyclo[3.2.1]octan-7-one (25). To a solution
of 23 (1.53 g, 5.20 mmol) in MeOH (15 mL) were added 10% Pd(OH). on carbon (365 mg, 0.24 wt
equiv) and DABCO (11.7 mg, 0.10 mmol). After stirred at room temperature under H, atmosphere (1
atm) for 1 hour, the mixture was filtered. The solvent was removed in vacuo to afford 25 (941 mg, 89%)
as a white solid, which was used to the next step without any purification. *H NMR (400 MHz, D,0) &:
4.20 (1H, t, J =5.9 Hz), 3.95-3.94 (1H, m), 3.34-3.31 (2H, m), 2.77 (3H, s), 2.39-2.29 (1H, m), 2.19-
2.14 (2H, m), 1.98-1.94 (1H, m). 3C{*H} NMR (100 MHz, D,0) &: 166.4, 74.4, 58.9, 46.3, 34.9, 18.6,
15.2. HRMS (ESI) m/z: [M + H]" Calcd for C7H13N203S 205.0641; Found 205.0642.
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Neopentyl chlorosulfate (28).° To a solution of sulfuryl chloride (2.00 mL, 24.6 mmol) in Et,O (2
mL) was added a solution of neopentyl alcohol (2.39 g, 27.1 mmol) and pyridine (1.99 mL, 24.6 mmol)
in E;O (3 mL) at —78 °C. After stirred at room temperature for 2 hours, the mixture was diluted with
Et,O (30 mL) and the organic phase was washed with 10% citric acid aqg, water and brine and dried over
Na,SOs. The solvent was removed under reduced pressure to afford 28 (3.96 g, 86%) as a colorless oil,
which was used without a further purification. *H NMR (400 MHz, CDCls) &: 4.18 (2H, s), 1.05 (9H,

s).
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(2R,5R)-2-[(R)-Methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl neopentyl sulfate (26). To
a solution of 25 (300 mg, 1.47 mmol) in DMF (3 mL) were added DBU (0.288 mL, 1.91 mmol) and
chlorosulfate 28 (274 mg, 1.47 mmol) at 0 °C and stirred for 15 minutes. The reaction mixture was
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poured into 10% aqueous citric acid solution and the aqueous layer was extracted with ethyl acetate (20
mL x 4). The combined organic layers were washed with water, dried over MgSO, and the solvent was
removed in vacuo. The crude product was purified by flash column chromatography (0-10%
MeOH/EtOAC) to afford 26 (281 mg, 54%) as a white amorphous solid. *H NMR (400 MHz, CDCls) :
4.42 (1H, d, J = 8.8 Hz), 4.26-4.26 (1H, br m), 4.18 (1H, d, J = 8.8 Hz), 4.11 (1H, t, J = 6.3 Hz), 3.45
(1H, d, J =12.3 Hz), 3.34 (1H, d, J = 12.3 Hz), 2.69 (3H, s), 2.52-2.43 (1H, m), 2.29-2.12 (2H, m),
2.06-2.01 (1H, m), 1.00 (9H, s). *C{*H} NMR (100 MHz, CDCls) &: 166.4, 85.2, 76.9, 59.9, 44.9, 37.1,
31.9, 25.8, 19.3, 15.9. HRMS (ESI) m/z: [M + H]* Calcd for C12H23N206S2 355.0992; Found 355.0989.
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Sodium (2R,5R)-2-[(R)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (27). To a
solution of 26 (286 mg, 0.807 mmol) in DMF (3 mL) was added sodium thiolate 29 (187 mg, 1.21
mmol). After stirred overnight, the solvent was removed in vacuo. The crude product was applied onto
the HP20SS resin and subjected to ODS column chromatography (H20 only) to afford 27 (188 mg, 76%)
as a white amorphous after lyophilization. *H NMR (400 MHz, D;0) &: 4.34-4.31 (2H, m), 3.47 (1H, d,
J=12.0 Hz), 3.39 (1H, d, J = 12.3 Hz), 2.79 (3H, s), 2.38-2.34 (1H, m), 2.20-2.16 (2H, m), 2.05-2.01
(1H, m). BC{*H} NMR (100 MHz, D;0) &: 167.9, 75.3, 59.2, 45.3, 34.8, 18.5, 15.5. Anal. Calcd for
C7H11N206S2Na(H20)13: C, 25.50; H, 4.16, N, 8.50; S, 19.45; Na, 6.97. Found: C, 25.86; H, 4.02; N,
8.25; S, 18.95; Na, 7.24.
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Ethyl 2,2-difluoro-2-[[(2R,5R)-2-[(R)-methylsulfinyl]-7-oxo0-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxyJacetate (30). To a solution of 25 (402 mg, 1.97 mmol) in DMF (10 mL) were added a solution of
ethyl 2-bromo-2,2-difluoroacetate 22b (599 mg, 2.95 mmol) and K,COs (354 mg, 2.56 mmol). After
being stirred for 3 h, the mixture was poured into 10% aq citric acid, and the aqueous layer was extracted
with EtOAc twice. The combined organic layers were washed with water and dried over Na,SO4. After
the solvent was removed under reduced pressure, the crude product was purified by flash column chro-
matography (0-10% MeOH/EtOAc) to give 30 (258 mg, 40%) as a colorless oil. *H NMR (400 MHz,
CDCls) 6: 4.44-4.37 (2H, m), 4.15-4.12 (1H, m), 4.06-4.04 (1H, br m), 3.42 (1H, d, J = 12.2 Hz), 3.30
(1H,d,J=12.3 Hz), 2.69 (3H, s), 2.49-2.41 (1H, m), 2.29-2.11 (2H, m), 2.06-1.98 (1H, m), 1.40 (3H,
t, J =7.2 Hz). MS-ESI (m/z): 327 [M + H]*
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Sodium  2,2-difluoro-2-[[(2R,5R)-2-[(R)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxyJacetate (31). To a solution of 30 (258 mg, 0.791 mmol) in THF/H,0 (v/v = 2/1, 4.5 mL) was added
1 N ag NaOH (0.791 mL, 0.791 mmol) at 0 °C. After being stirred for 30 min at 0 °C, the reaction was
guenched by dry ice. The organic solvent was removed under reduced pressure, and the resulting solu-
tion was washed with EtOAc. The aqueous solution was applied onto HP20SS resin and subjected to
ODS column chromatography (0-10%, MeCN/H0) to give 31 (173 mg, 68%) as a white amorphous
solid. *H NMR (400 MHz, D-0) &: 4.38 (1H, t, J = 6.0 Hz), 4.24-4.21 (1H, br m), 3.48 (1H, d, J=12.3
Hz), 3.39 (1H, d, J =12.0 Hz), 2.78 (3H, s), 2.38-2.31 (1H, m), 2.24-2.14 (2H, m), 2.08-2.05 (1H, m).
BC{1H} NMR (100 MHz, D;0) &: 172.0, 166.1 (t, ®Jc.r = 31.9 Hz), 120.0 (t, 2Jcr = 281.0 Hz), 78.4,
63.5, 47.7, 37.6, 21.3, 18.4. F NMR (377 MHz, D;0) &: —83.1 (d, 3Jr.r = 136.2 Hz), —83.7 (d, 3Jrr =
134.9 Hz). HPLC: 88.1% (method-A). Anal. calcd for CoH11F2N>OsSNa(H-0)15: C, 31.46; H, 3.99; F,
11.06; N, 8.15; S, 9.33; Na, 6.69. found: C, 31.69; H, 4.04; F, 11.20; N, 8.33; S, 9.03; Na, 6.71.

1) H,S0,
F NH, 2) diazodiphenylmethane (122) F
OH ~ EtOAc, rt _ 0 Ph
Br/H( > Br Y
(6} O Ph
121 22e

Benzhydryl (R)-2-bromo-2-fluoroacetate (22¢). To a suspension of 12178 (50.0 g, 180 mmol) in
EtOAc (500 mL) and HO (250 mL) was added 64% aq H2SO4 (21.5 mL, 216 mmol) at 0 °C. After the
mixture was stirred at room temperature for 15 min, the organic layer was separated and washed with
water and brine. To the EtOAc solution was slowly added diazodiphenylmethane 122 (35.7 g, 184
mmol) in EtOAc (40 mL) at 0 “C. After the mixture was stirred at room temperature for 1 h, ag NaHCO3
was added. The aqueous layer was extracted with EtOAc twice, and the combined organic layers were
washed with brine before being dried over MgSQ,. The solvent was removed under reduced pressure to
give 22e (62.6 g, 90.2 wt%, 97%) as a yellow oil. *H NMR (400 MHz, CDCls) &: 7.37-7.32 (10H, m),
6.98 (1H, s), 6.66 (1H, d, ®Ju.r = 50.4 Hz). 3C{*H} NMR (100 MHz, CDCls) &: 163.6 (d, J = 25.7 Hz),
138.5, 138.5, 128.7, 128.7, 128.6, 128.4, 127.3, 126.9, 80.9 (d, 2Jcr = 264.8 Hz). *F NMR (377 MHz,
CDCls) 8: —150.69 (d, 3Jn.r = 50.4 Hz).
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Benzhydryl (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-
6-yl]Joxy]acetate (32). To a solution of 23 (15.1 g, 51.1 mmol) in MeOH (150 mL) were added 10%

Pd(OH), on carbon (3.59 g, 0.24 wt eq) and DABCO (229 mg, 2.05 mmol, 0.04 eq). After being stirred
at room temperature under H, atmosphere (1 atm) for 1 h, the mixture was filtered. The solvent was

— 80 —



removed in vacuo to afford debenzylated product 25 as a white solid. To a solution of the debenzylated
product and DBU (8.48 mL, 56.2 mmol, 1.1 eq) in DMF (50 mL) was added a solution of 22e (19.8 g,
61.3 mmol, 1.20 eq) in DMF (30 mL) at 0 “C. After being stirred for 1 h at 0 °C, the mixture was poured
into 5% aq citric acid, and the aqueous layer was extracted with EtOAc twice. The combined organic
layers were washed with brine and dried over MgSOa. The solvent was removed under reduced pressure
to give a yellow solid. The solid was washed with 'PrOAc to give 32 (13.1 g, 57% over 2 steps) as a
white solid. *H NMR (400 MHz, CDCls) &: 7.37-7.31 (10H, m), 6.95 (1H, s), 5.98 (1H, d, J4.r = 53.2
Hz), 4.08 (1H, t, J = 6.1 Hz), 3.97-3.95 (1H, br m), 3.19 (1H, d, J = 12.0 Hz), 2.68-2.65 (1H, m), 2.65
(3H, s), 2.41-2.33 (1H, m), 2.23-2.07 (2H, m), 1.97-1.89 (1H, m). *C{*H} NMR (100 MHz, CDCls)
8:167.0, 162.1 (d, *Jcr = 35.2 Hz), 138.6, 138.5, 128.7, 128.5, 128.4, 128.4, 127.6, 127.1, 105.4 (d, 2Jc-
F = 238.4 Hz), 79.7, 76.7, 60.8, 44.5, 37.0, 19.1, 15.8. **F NMR (377 Hz, CDCls) &: —134.1 (d, 3Jur =
53.1 Hz). HRMS (ESI) m/z: [M + H]* calcd for C22H24N2OsFS 447.1384; found 447.1385.
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Sodium  (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-
yl]oxy]acetate (33). To a solution of 32 (50.0 g, 112 mmol) in THF/H,O (v/v = 2/1, 915 mL) was added
1 N ag NaOH (112 mL, 112 mmol) at 0 °C. After being stirred for 20 min at 0 °C, the reaction was
guenched by dry ice. The organic solvent was removed under reduced pressure, and the resulting solu-
tion was washed with EtOAc. The aqueous solution was applied onto HP20SS resin and subjected to
ODS column chromatography (0-10%, MeCN/H,0) to give 33 (26.5 g, 78%) as a white amorphous
solid. *H NMR (400 MHz, D;0) é: 5.81 (1H, d, J = 58.5 Hz), 4.32 (1H, t, J = 6.3 Hz), 4.24-4.22 (1H,
brm), 3.42 (1H, d, J = 12.0 Hz), 3.30 (1H, d, J = 12.0 Hz), 2.77 (3H, s), 2.38-2.29 (1H, m), 2.23-2.12
(2H, m), 2.07-1.99 (1H, m). BC{*H} NMR (100 MHz, D,0) &: 171.9 (d, 3Jc.r = 27.1 Hz), 171.4, 110.7
(d, Zc-r = 241.4 Hz), 78.3, 62.6, 48.1, 37.7, 21.4, 18.5. **F NMR (377 MHz, D;0) §: —130.2 (d, 3Ju-r =
59.9 Hz). HPLC: >99.9% (method-A). Anal. calcd for CoH1,FN20sSNa(H20)..1: C, 31.79; H, 4.80; F,
5.59; N, 8.24; S, 9.43; Na, 6.76. found: C, 31.81; H, 4.83; F, 5.40; N, 8.45; S, 9.28; Na, 6.64.

DMF, rt

0 Q\S/P >L 0 J@/
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quant. 40

tert-Butyl 2-(tosylthio)acetate (40). To a solution of tert-butyl 2-bromoacetate (20.0 g, 103 mmol) in
DMF (100 mL) was added potassium 4-methylbenzenesulfonothioate (23.2 g, 103 mmol), and the mix-
ture was stirred for 1 h. The mixture was diluted with EtOAc, and the organic layer was washed with
water twice before being dried over Na,SO.. The solvent was removed under reduced pressure to give
40 (31.5 g, quant.) as a pale yellow oil, which was used without further purification. *H NMR (400 MHz,
CDCls) 8: 7.82 (2H, d, J = 8.3 Hz), 7.35 (2H, d, J = 8.2 Hz), 3.72 (2H, s), 2.45 (3H, s), 1.39 (9H, s).
MS-ESI (m/z): 303 [M + H]".

— 81 —



S
8

O OBn
34

tert-Butyl 2-[[(2R,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]thio]acetate (34). To
a solution of carboxylic acid 1 (41.5 g, 150 mmol) in CH.Cl; (415 mL) were added 2-mercaptopyridine
1-oxide 4 (19.1 g, 150 mmol) and EDC-HCI (28.8 mg, 150 mmol). The mixture was stirred for 1 h in
the dark (solution A). To another solution of 40 (136 g, 451 mmol) in CH,Cl, (415 mL) was slowly
added the solution A at 0 °C under white LEDs irradiation. After being stirred for 30 min at 0 °C, diluted
aq HCI was added, and the layers were separated. The organic layer was washed with water and brine
before being dried over MgSQ,. The solvent was removed under reduced pressure to give the crude
product. To a slurry of silica-gel (100 g) in EtOAc/Hexane (v/v = 1/4, 500 mL) was added a solution of
the crude product in EtOAc (100mL) at 0 “C. After being stirred for 15 min, the mixture was filtered,
and the silica-gel was washed with EtOAc/hexane (v/v = 2/1) three times. The combined solvents were
removed to give the roughly purified crude 34, which was used without further purification.

tert-Butyl 2-[(R)-[(2R,5R)-6-(benzyloxy)-7-oxo0-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfinyl]acetate
(35). To a solution of the crude 34 in CH2Cl; (200 mL) was slowly added a solution of 65 wt % m-
CPBA (39.8 g, 150 mmol) in CH2Cl, (400 mL) at —78 °C. After being stirred for 30 min at —78 °C, aq
NaHCOs and ag Ns,S;03 were added, and the organic solvent was removed under reduced pressure. The
aqueous layer was extracted with EtOAc, and the organic layer was washed with brine before being
dried over MgSO.. After the solvent was removed under reduced pressure, the crude was purified by
flush column chromatography (0-70%, EtOAc/hexane) to give 35 (21.5 g, 36%, dr = 88/12) as a white
solid. *H NMR (400 MHz, CDCls) &: 7.42-7.37 (5H, m), 5.03 (1H, d, J = 11.4 Hz), 4.89 (1H, d, J =
11.4 Hz), 4.31-4.28 (1H, m), 3.89 (1H, d, J = 14.7 Hz), 3.59 (1H, d, J = 14.4 Hz), 3.40-3.39 (1H, m),
3.17 (1H, d, J = 11.9 Hz), 3.03-3.00 (1H, m), 2.39-2.32 (1H, m), 2.19-2.10 (2H, m), 1.83-1.74 (1H,
m), 1.49 (9H, s). MS-ESI (m/z): 395 [M + H]".

2-[(R)-[(2R,5R)-6-(Benzyloxy)-7-oxo0-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfinyl]acetic acid (36).
To 35 (21.5 g, 54.6 mmol) was added TFA (150 mL) at O °C. After being stirred for 3 h at 0 °C, the
solvent was removed under reduced pressure. The crude was triturated with EtOAc to give 36 (15.9 g,
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86%) as a white solid. *H NMR (400 MHz, DMSO-ds) &: 13.21 (1H, br s), 7.45-7.35 (5H, m), 4.94 (1H,
d,J=12.0Hz),4.91 (1H, d, J=11.6 Hz), 4.30 (1H, t, J = 6.4 Hz), 3.97 (1H, d, J = 14.9 Hz), 3.78-3.75
(1H, br m), 3.60 (1H, d, J =14.7 Hz), 3.27 (1H, d, J = 11.9 Hz), 2.98 (1H, d, J = 11.6 Hz), 2.30-2.20
(1H, m), 1.95-1.80 (3H, m). MS-ESI (m/z): 339 [M + H]*.
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37

2-[(R)-[(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfinyl]acetamide  (37).
To a solution of 36 (15.6 g, 46.2 mmol) in CH,Cl, (109 mL) were added HOSu (6.4 g, 55.5 mmol) and
EDC-HCI (10.6 g, 55.5 mmol) at 0 °C. After being stirred for 2.5 h at room temperature, the mixture
was cooled to —50 °C (solution A). To another solution of 28% ag ammonia (9.4 mL, 139 mmol) in
CH,CI; (47 mL) was added the solution A at —50 °C. After being stirred for 1 h at room temperature,
the mixture was poured into 10% aq citric acid, which was saturated with NaCl, and the aqueous layer
was extracted with CH,Cl; three times. The combined organic layers were washed with aq NaHCOs,
which was saturated with NaCl, before being dried over MgSQO.. After the solvent was removed under
reduced pressure, the crude was purified by flush column chromatography (0-10%, MeOH/EtOAC) to
give 37 (12.5 g, 80%) as a white solid. *H NMR (400 MHz, CDCls) &: 7.43-7.37 (5H, m), 6.60 (1H, br
s), 5.60 (1H, brs), 5.03 (1H, d, J = 11.5 Hz), 4.89 (1H, d, J = 11.4 Hz), 4.31 (1H, dd, J = 7.6, 5.2 Hz),
3.86 (1H, d, J = 14.1 Hz), 3.57 (1H, d, J = 14.2 Hz), 3.42-3.40 (1H, br m), 3.10 (1H, d, J = 11.8 Hz),
3.06-3.03 (1H, m), 2.36-2.12 (3H, m), 1.84-1.75 (1H, m). MS-ESI (m/z): 338 [M + H]".
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(2R,5R)-2-[(R)-(2-Amino-2-oxoethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl neopentyl
sulfate (38). To a solution of 37 (1.00 g, 2.96 mmol) in MeOH (40 mL) were added 10% Pd(OH)- on
carbon (0.83 g, 0.83 wt equiv) and DABCO (13 mg, 0.12 mmol). After being stirred under a H, atmos-
phere (1 atm) for 1 h, the mixture was filtered, and the solvent was removed to give the crude product,
which was used without further purification. To a solution of the crude debenzylated product in DMF
(5 mL) were added EtsN (0.82 mL, 5.93 mmol) and neopentyl chlorosulfate 27 (0.83 g, 4.45 mmol) at
0 °C. After being stirred for 1 h at 0 °C, the mixture was poured into brine, and the aqueous layer was
extracted with EtOAc three times. The combined organic layers were dried over Na.SO. before the
solvent was removed under reduced pressure. The crude was purified by flush column chromatography
(0-10%, MeOH/EtOAC) to give 38 (0.72 g, 61%) as a white solid. *H NMR (400 MHz, methanol-d.) &:
4.56 (1H,t, J = 6.6 Hz), 4.40 (1H, d, J = 8.8 Hz), 4.27-4.24 (1H, br m), 4.16 (1H, d, J = 8.8 Hz), 3.92
(1H,d,J =13.9 Hz), 3.67 (1H, d, J = 13.9 Hz), 3.56 (1H, d, J = 12.6 Hz), 3.33-3.31 (1H, m), 2.49-2.38
(1H, m), 2.21-2.03 (3H, m), 0.99 (9H, s). MS-ESI (m/z): 398 [M + H]*.
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Sodium (2R,5R)-2-[(R)-(2-amino-2-oxoethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sul-
fate (39). To a solution of 38 (100 mg, 0.252 mmol) in MeCN/H:O (v/v = 1/1, 2 mL) was added sodium
1,3,4-thiadiazole-2-thiolate (35.3 mg, 0.252 mmol). After being stirred overnight, water was added, and
the aqueous layer was washed with EtOAc twice. The aqueous solution was applied onto the HP20SS
resin and subjected to ODS column chromatography (0-3%, MeCN/H0) to give 39 (46.0 mg, 52%) as
a white amorphous solid after lyophilization. *H NMR (400 MHz, D,0) &: 4.59 (1H, t, J = 6.3 Hz), 4.33—
4.31 (1H, br m), 4.16 (1H, d, J = 14.4 Hz), 3.88 (1H, d, J = 14.1 Hz), 3.47-3.39 (2H, m), 2.41-2.32 (1H,
m), 2.26-2.15 (2H, m), 2.10-2.02 (1H, m). HPLC: 98.6% (method-F). Anal. Calcd for
CeH12N307S2Na(H20)1.1: C, 26.03; H, 3.88; N, 11.38; S, 17.37; Na, 6.23. Found: C, 26.03; H, 3.93; N,
11.72; S, 17.23; Na, 5.69.

5 5 i
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S-(Pyridin-2-yl) (2R,5R)-6-(benzyloxy)-7-oxo0-1,6-diazabicyclo[3.2.1]octane-2-sulfonothioate (42).
To a solution of the carboxylic acid 1 (2.00 g, 7.24 mmol) in CH>Cl, (20 mL) were added EtsN (1.51
mL, 10.9 mmol) and salt 15 (1.65 g, 8.69 mmol). The reaction mixture was stirred at room temperature
for 1 hour in the dark (solution A). To another flask was added CH.Cl, (20 mL) and cooled to —78 °C.
After liquid sulfur dioxide (20 mL, 7.24 mmol) was added, an inner temperature was raised to —15 °C.
Under white light irradiation using four LED lamps, the solution A was slowly added by a syringe
wrapped in aluminum foil while maintaining the inner temperature under —10 °C. After the reaction
mixture was stirred at 0 °C for 2 hours, the solvent was removed and water was added. The aqueous
layer was extracted with EtOAc (30 mL x 2) and the combined organic layers were washed with Na-
HCO;3 ag and brine. After dried over MgSO., the solvent was removed in vacuo. The crude product was
purified by flash column chromatography (10—-70% EtOAc/hexane) to obtain 42 (1.07 g, 37%) as a white
amorphous. *H NMR (400 MHz, CDCls) &: 8.67 (1H, d, J = 4.0 Hz), 7.78-7.75 (2H, m), 7.41-7.35 (6H,
m), 5.09 (1H, t, J = 8.2 Hz), 5.00 (1H, d, J = 11.5 Hz), 4.88 (1H, d, J = 11.5 Hz), 3.53 (1H, d, J = 12.3
Hz), 3.48-3.47 (1H, m), 3.13 (1H, d, J = 12.0 Hz), 2.37-2.31 (1H, m), 2.25-2.08 (2H, m), 1.88-1.80
(1H, m). BC{*H} NMR (100 MHz, CDCls) &: 166.8, 151.2, 150.7, 138.0, 135.4, 131.1, 129.3, 128.9,
128.6, 124.8, 79.6, 78.2, 57.8, 43.6, 18.5, 17.4. HRMS (ESI) m/z: [M + H]* Calcd for C1sH20N304S;
406.0890; Found 406.0885.
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(2S,5R)-6-(Benzyloxy)-7-0xo0-1,6-diazabicyclo[3.2.1]octane-2-sulfonamide (43b). To a solution of
42 (40.0 mg, 0.099 mmol) in DMF (0.40 mL) were added 1,2-dibromo-1,1,2,2-tetrachloroethane (257
mg, 0.789 mmol) and 7 M methanol solution of ammonia (42.3 pL, 0.296 mmol). After stirred for 2
hours, 0.5 N HCI aq was added. The aqueous layer was extracted with EtOAc (10 mL x 2) and the
combined organic layers were washed with water and brine. After dried over MgSQO,, the solvent was
removed in vacuo. The crude product was purified by flash column chromatography (0-60%
EtOAc/hexane) to obtain 43b (2.00 mg, 6.5%) as a pale yellow oil. *H NMR (400 MHz, CDCls) 8: 7.40—
7.38 (5H, m), 5.12 (2H, s), 5.04 (1H, d, J = 11.5 Hz), 4.91 (1H, d, J = 11.3 Hz), 4.20 (1H, dd, J = 12.9,
4.1 Hz), 3.44 (1H, d, J =11.5 Hz), 3.38-3.38 (1H, br m), 2.89 (1H, d, J = 11.5 Hz), 2.31-2.28 (2H, m),
2.14-2.07 (1H, m), 1.80-1.75 (1H, m). ¥C{*H} NMR (100 MHz, CDCls) &: 166.3, 135.1, 129.4, 129.1,
128.7, 78.5, 78.3, 58.2, 54.8, 23.2, 21.1. HRMS (ESI) m/z: [M + H]* Calcd for C13H1sN304S 312.1013;
Found 312.1010.

- + a
“S K O S~
OO /©/ DGR

I DMF/MeCN, rt o oo

85%

(Tosylthio)methyl acetate (52). To a white suspension of potassium 4-methylbenzenesulfonothioate
(5.00 g, 22.1 mmol) in MeCN (20 mL) were added chloromethyl acetate (3.36 g, 30.9 mmol), Nal (3.31
0, 22.1 mmol) and DMF (15 mL). After stirred overnight, water was added and the mixture was extracted
with EtOAc (40 mL x 2). The combined organic layers were dried over MgSO, and the solvent was
removed under reduced pressure. The crude product was purified by flash column chromatography (0-
33% EtOAc/hexane) to obtain 52 (4.86 g, 85%) as a white solid. *H NMR (400 MHz, CDCls) §: 7.84
(2H,d, J=8.3 Hz),7.35(2H, d, J =8.3 Hz), 5.58 (2H, s), 2.46 (3H, s), 1.87 (3H, ). *C{*H} NMR (100
MHz, CDCI3) 8: 169.6, 145.1, 142.9, 129.8, 127.2, 67.0, 21.7, 20.4. HRMS (ESI) m/z: [M + Na]+ Calcd
for C10H1204S>Na 283.0069; Found 283.0066.
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[[(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfonyl]methyl acetate (50). To
a solution of carboxylic acid 1 (20.0 g, 72.4 mmol) and 2-mercaptopyridine 1-oxide 4 (9.20 g, 72.4
mmol) in CH2Cl, (200 mL) was added EDC-HCI (13.9 g, 72.4 mmol). The solution was stirred for 1
hours at room temperature in the dark (solution A). Under white light irradiation using four LED lamps,
solution A was slowly added to a solution of thiosulfonate 52 (56.5 g, 217 mmol) in CH2Cl; (200 mL)
at 0 °C over 20 minutes by a liquid feeding pump. After the reaction mixture was stirred at 0 °C for 20
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minutes, the organic layer was washed with water (300 mL) and dried over MgSO.. After the solvent
was removed in vacuo, the crude product was purified by flash column chromatography (0-40%
EtOAc/hexane) to obtain 49 as a mixture of thiosulfonate 52 (25.6 g, 49 wt% purity). The product was
used without any further purification. To a solution of 49 (25.6 g, 49 wt% purity) in CH,Cl, (256 mL)
was added 70 wt% m-CPBA (23.0 g, 93.3 mmol) at 0 °C. After stirred at room temperature for 2 hours,
an aqueous solution of Na>S203 and NaHCOs was added at 0 “C and the organic solvent was removed
under reduced pressure. The aqueous layer was extracted with EtOAc (200 mL x 2) and the combined
organic layers were washed with NaHCO3 aq and dried over MgSQOa. After the solvent was removed in
vacuo, the crude product was purified by flash column chromatography (25-50% EtOAc/hexane) to
obtain 50 as a white amorphous (12.6 g, 47%). *H NMR (400 MHz, CDCls) : 7.39-7.38 (5H, m), 5.57
(1H,d,J=12.0 Hz), 5.00 (2H, dd, J = 11.7, 2.6 Hz), 4.87 (1H, d, J = 11.5 HZz), 4.61 (1H, t, J = 8.3 Hz),
3.52 (1H, d, J = 12.3 Hz), 3.44-3.43 (1H, m), 3.06 (1H, d, J = 12.0 Hz), 2.31-2.28 (1H, m), 2.23 (3H,
s), 2.17-2.03 (2H, m), 1.88-1.81 (1H, m). BC{*H} NMR (100 MHz, CDCls) &: 168.7, 166.9, 135.3,
129.3, 129.0, 128.7, 78.3, 70.1, 69.4, 57.6, 42.9, 20.4, 18.0, 13.3. HRMS (ESI) m/z: [M + H]* Calcd for
C16H2:1N206S 369.1115; Found 369.1113.
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43a

(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-sulfonamide (43a). Method A
(Scheme 1-16): To a solution of thiosulfonate 42 (75.9 mg, 0.187 mmol) in THF/H2O (v/v = 10/1, 0.84
mL) was added NaSPh (27.5 mg, 0.187 mmol). After the mixture was stirred at room temperature for 3
hours, H>0 (10 mL) was added and the aqueous layer was washed with EtOAc (10 mL x 2). The aqueous
solvent was partially removed under reduced pressure, the resulting aqueous sodium sulfinate 48 solu-
tion was equally divided into two flasks and one of the solution was used to the next step. To the aqueous
solution of 48 (ca. 1.5 mL) were added NaOAc (19.2 mg, 0.23 mmol) and (aminooxy)sulfonic acid (13.2
mg, 0.12 mmol). After stirred at room temperature overnight, Na.S,03 aq was added and the aqueous
layer was extracted with EtOAc (10 mL x 2). The combined organic layers were washed with 1 N HCI
ag, NaHCO;3; aq, water and brine. After dried over MgSQg, the solvent was removed under reduced
pressure. The crude product was purified by flash column chromatography (0-60% EtOAc/hexane) to
obtain 43a as a white amorphous (13.3 mg, 46%). Method B (Scheme 1-17): To a solution of sulfone
50 (1.24 g, 3.37 mmol) in THF/H,O (v/v = 1/1, 25 mL) was added 1 N NaOH aq (6.74 mL, 6.74 mmol)
at 0 °C. After stirred at 0 °C for 1 hour, NaOAc (1.11 g, 13.5 mmol) and (aminooxy)sulfonic acid (1.22
g, 10.8 mmol) were added and the mixture was stirred at room temerature for 6 hours. After the organic
solvent was removed under reduced pressure, the aqueous layer was extracted with EtOAc (20 mL x 2)
and the combined organic layers were dried over MgSO.. After the solvent was removed in vacuo, the
crude product was purified by flash column chromatography (0-60% EtOAc/hexane) to obtain 43a as a
white amorphous (0.90 g, 86%). *H NMR (400 MHz, CDCls) &: 7.39-7.38 (5H, m), 5.00 (1H, d, J =
11.5 Hz), 4.96 (2H, s), 4.87 (1H, d, J = 11.5 Hz), 4.39 (1H, t, J = 8.2 Hz), 3.55 (1H, d, J = 12.0 H2),
3.45-3.44 (1H, m), 3.07 (1H, d, J = 11.8 Hz), 2.32-2.07 (3H, m), 1.84-1.77 (1H, m). BC{*H} NMR
(100 MHz, CDCls) 8: 167.7, 135.3, 129.3, 129.0, 128.7, 78.3, 74.0, 57.9, 43.3, 18.2, 17.1. HRMS (ESI)
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m/z: [M + H]* Calcd for C13H1sN30.S 312.1013; Found 312.1010.
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Sodium (2R,5R)-7-ox0-2-sulfamoyl-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (51). To a solution of
43a (168 mg, 0.54 mmol) in MeOH (6.7 mL) was added 5% Pd/C (115 mg, 0.68 wt equiv). After stirred
at room temperature under H, atmosphere (1 atm) for 1 hour, the mixture was filtered. The solvent was
removed in vacuo and the crude product was used without any purification. The crude product was
dissolved to pyridine (6 mL) and SOs-pyridine (514 mg, 3.23 mmol) was added. After stirred for 3.5
hours, 8.4% NaHCO;3; ag (20 mL) was added at 0 °C and the aqueous layer was washed with CH,Cl; (20
mL x 3) and the solvent was removed under reduced pressure. The crude product was applied onto the
HP20SS resin and subjected to ODS column chromatography (H2O only) to afford 51 (133 mg, 77%)
as a white amorphous after lyophilization. *H NMR (400 MHz, D;0) §: 4.60 (1H, t, J = 8.1 Hz), 4.32—
4.29 (1H, br m), 3.72 (1H, d, J = 12.3 Hz), 3.41 (1H, dd, J = 12.0, 2.1 Hz), 2.30-2.24 (2H, m), 2.10-
2.04 (2H, m). B¥C{*H} NMR (100 MHz, D;0) &: 168.7, 74.2, 59.6, 55.4, 43.4, 17.7. HPLC: 94.4%
(method-C). Anal. Calcd for CsH10N307S2Na(H20)2.0(NaHCOs)o3: C, 19.68; H, 3.75; N, 10.93; S, 16.68;
Na, 7.77. Found: C, 19.52; H, 3.75; N, 11.10; S, 16.89; Na, 7.72.
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53
tert-Butyl  [[(2R,5R)-6-(benzyloxy)-7-0xo0-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfonyl]carbamate
(53). To a solution of 43a (2.58 g, 8.27 mmol) in CH.Cl, (13 mL) were added DMAP (1.21 g, 9.93
mmol) and Boc,O (2.11 mL, 9.10 mmol) at 0 “C. After being stirred overnight at room temperature, the
mixture was diluted with EtOAc. The organic layer was washed with 10% aq citric acid, 8.4% aq Na-
HCQOs, water, and brine, before being dried over Na;SO,. After the solvent was removed under reduced
pressure, the crude was purified by flush column chromatography (0-65%, EtOAc/hexane) to give 53
(3.14 g, 92%) as a white sticky foam. *H NMR (400 MHz, CDCls) §: 7.41-7.36 (5H, m), 6.96 (1H, brs),
5.01 (1H,d,J=11.4 Hz),4.93 (1H,t,J =8.4 Hz), 4.85 (1H, d, J = 11.4 Hz), 3.48 (1H, d, J = 12.2 Hz),
3.41-3.39 (1H, m), 3.09-3.05 (1H, m), 2.33-2.07 (3H, m), 1.85-1.78 (1H, m), 1.54 (9H, s). BC{*H}
NMR (100 MHz, CDCls) 8: 167.0, 149.1, 135.4, 129.3, 128.9, 128.6, 85.0, 78.3, 71.5, 57.8, 43.3, 27.9,
18.3, 16.6. HRMS (ESI) m/z: [M + H]* calcd for C1gH26N306S 412.1537; found 412.1533.
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54
tert-Butyl [[(2R,5R)-6-(benzyloxy)-7-oxo0-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfonyl](methyl) car-
bamate (54). To a solution of 53 (400 mg, 0.97 mmol) in THF (8 mL) were added MeOH (59 uL, 1.46
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mmol), PPh; (433 mg, 1.65 mmol) and di-2-methoxyethyl azodicarboxylate (DMEAD) (387 mg, 1.65
mmol) at 0 “C. After being stirred for 1 h at room temperature, the solvent was removed under reduced
pressure. The crude was purified by flush column chromatography (0-50%, EtOAc/hexane) to give 54
(412 g, quant.) as a white foam. *H NMR (400 MHz, CDCls) 8: 7.41-7.36 (5H, m), 5.13 (1H,t,J=8.2
Hz), 5.00 (1H, d, J=11.5 Hz), 4.85 (1H, d, J = 11.5 Hz), 3.50 (1H, d, J = 12.0 Hz), 3.41-3.39 (1H, m),
3.24 (3H, s), 3.04 (1H, dt, J = 12.0, 1.5 Hz), 2.35-2.24 (1H, m), 2.21-2.03 (2H, m), 1.86-1.77 (1H, m),
1.56 (9H, s). MS-ESI (m/z): 426 [M + H]".
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(2R,5R)-6-(Benzyloxy)-N-methyl-7-0xo0-1,6-diazabicyclo[3.2.1]octane-2-sulfonamide (55). To a so-
lution of 54 (202 mg, 0.474 mmol) in CH2Cl2 (4 mL) was added 2 M AIClz in MeNO: (0.47 mL, 0.949
mmol) at —30 °C. After being stirred for 1 h at —30 °C, 1 N ag HCI was added, and the mixture was
extracted with EtOAc. The organic layer was washed with ag NaHCOj3 before being dried over Na;SOa.
The solvent was removed to give 55 (148 mg, 96%) as a white amorphous solid. *H NMR (400 MHz,
CDCls) &: 7.40-7.37 (5H, m), 4.99 (1H, d, J = 11.4 Hz), 4.87 (1H,d, J = 11.4 Hz), 451 (1H,q, J=5.1
Hz), 4.41 (1H, t, J = 8.0 Hz), 3.55 (1H, d, J = 11.9 Hz), 3.47-3.46 (1H, m), 3.05-3.03 (1H, m), 2.89
(3H, d, J =5.3 Hz), 2.33-2.22 (1H, m), 2.17-2.04 (2H, m), 1.83-1.80 (1H, m). MS-ESI (m/z): 326 [M
+ H]".

56

Sodium (2R,5R)-2-(N-methylsulfamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (56). To a
solution of 55 (148 mg, 0.455 mmol) in MeOH (3 mL) was added 5% Pd/C (97 mg, 0.65 wt equiv).
After being stirred under a H, atmosphere (1 atm) for 40 min, the mixture was filtered, and the solvent
was removed to give the debenzylated product, which was used without further purification. To a solu-
tion of the crude product in pyridine (3 mL) was added SOs-pyridine (181 mg, 1.14 mmol). After being
stirred overnight, the mixture was poured into aq NaHCO;3; and the aqueous layer was washed with
CH.CI; twice. To the aqueous layer were added CH»Cl, (20 mL) and tetrabutylammonium hydrogen
sulfate (176 mg, 0.519 mmol) at 0 °C. After being stirred for 15 min at room temperature, the aqueous
layer was extracted with CH,Cl, (20 mL x 3), and the solvent was removed under reduced pressure. The
crude product was applied onto a Dowex sodium form column (Dowex 50WX8 hydrogen form treated
with 1 N aq NaOH and washed until neutral pH with H,O) and subjected to ODS column chromatog-
raphy (H2O only). The fractions containing the desired compound were combined, frozen and lyophi-
lized to afford 56 (115 mg, 75%) as a white amorphous solid. *H NMR (400 MHz, D;0) &: 4.75-4.71
(1H, m), 4.32-4.29 (1H, br m), 3.71 (1H, d, J = 12.3 Hz), 3.40 (1H, d, J = 12.0 Hz), 2.82 (3H, s), 2.34—
2.13 (2H, m), 2.09-2.04 (2H, m). HPLC 89.5% (method-C). Anal. calcd for C7H12N307S;Na(H20)1.0:
C, 23.66; H, 3.97; N, 11.83; S, 18.05; Na, 6.47. found: C, 23.58; H, 4.04; N, 11.48; S, 18.21; Na, 6.79.
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57

(2R,5R)-6-(Benzyloxy)-N,N-dimethyl-7-0x0-1,6-diazabicyclo[3.2.1]octane-2-sulfonamide (57). To
a solution of 55 (142 mg, 0.435 mmol) in THF (2.8 mL) were added MeOH (27 uL, 0.653 mmol), PPh;
(194 mg, 0.740 mmol) and diisopropyl azodicarboxylate (DIAD) (144 uL, 0.740 mmol) at 0 °C. After
being stirred for 30 min at room temperature, the solvent was removed. The crude was purified by flush
column chromatography (0-70%, 25% EtOAc in CHCl, / hexane) to give 57 (129 mg, 87%) as a white
solid. *H NMR (400 MHz, CDCls) &: 7.42-7.36 (5H, m), 4.99 (1H, d, J = 11.4 Hz), 4.87 (1H,d, J =
11.5 Hz), 451 (1H, t, J = 7.6 Hz), 3.60 (1H, d, J = 11.9 Hz), 3.45-3.43 (1H, m), 3.00-2.99 (7H, m),
2.31-2.21 (1H, m), 2.15-2.04 (2H, m), 1.85-1.76 (1H, m). MS-ESI (m/z): 340 [M + H]".

58

Sodium (2R,5R)-2-(N,N-dimethylsulfamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (58).
To a solution of 57 (255 mg, 0.750 mmol) in MeOH/THF (v/v = 4/1, 12.5 mL) was added 5% Pd/C (160
mg, 0.63 wt equiv). After being stirred under a H, atmosphere (1 atm) for 1 h, the mixture was filtered,
and the solvent was removed to give the crude product, which was used without further purification. To
a solution of the crude debenzylated product in pyridine (9.3 mL) was added SOs-pyridine (716 mg,
4.50 mmol). After being stirred overnight, the mixture was poured into ag NaHCOs, and the aqueous
layer was washed with CHCI, twice. The aqueous solvent was removed under reduced pressure, and
the crude was applied onto the HP20SS resin and subjected to ODS column chromatography (0-7%,
MeCN/H,0) to give 58 (156 mg, 59%) as a white amorphous solid after lyophilization. *H NMR (400
MHz, D;0) §&: 4.85 (1H, t, J = 8.2 Hz), 4.31-4.28 (1H, br m), 3.72 (1H, d, J = 12.4 Hz), 3.40 (1H, d, J
=12.6 Hz), 3.01 (6H, s), 2.35-2.25 (1H, m), 2.21-2.11 (1H, m), 2.08-2.04 (2H, m). HPLC: 98.9%. MS-
ESI (m/z): 328 [M - HJ.
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59

tert-Butyl (2-amino-2-oxoethyl)[[(2R,5R)-6-(benzyloxy)-7-oxo0-1,6-diazabicyclo[3.2.1]octan-2-yl]
sulfonyl]carbamate (59). To a solution of 53 (483 mg, 1.17 mmol) in DMF (4.8 mL) were added 2-
iodoacetamide (651 mg, 3.52 mmol) and K,COs (389 mg, 2.82 mmol). After being stirred overnight,
the mixture was poured into water, and the aqueous layer was extracted with EtOAc. The organic layer
was washed with water and brine before being dried over Na.SO.. After the solvent was removed under
reduced pressure, the crude was purified by flush column chromatography (30-80%, EtOAc/hexane) to
give 59 (460 mg, 84%) as a white amorphous solid. *H NMR (400 MHz, CDCls) &: 7.40-7.38 (5H, br

m), 7.33 (1H, br s), 5.39-5.35 (2H, m), 5.02 (1H, d, J = 11.4 Hz), 4.85 (1H, d, J = 11.3 Hz), 4.48 (1H,
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d,J=17.4 Hz), 4.11 (1H, d, J = 17.4 Hz), 3.49 (1H, d, J = 12.2 Hz), 3.45 (1H, dd, J = 6.0, 3.1 Hz), 3.06
(1H, d, J = 11.5 Hz), 2.39-2.22 (2H, m), 2.17-2.08 (1H, m), 1.89-1.83 (1H, m), 1.55 (9H, s). MS-ESI
(m/z): 469 [M + H]".
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2-[[(2R,5R)-6-(Benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane]-2-sulfonamido]acetamide  (60).
To a solution of 59 (220 mg, 0.47 mmol) in CH:Cl. (1.1 mL) was added TFA (1.1 mL) at 0 °C. After
being stirred for 2 h at room temperature, the mixture was poured into water, and the aqueous layer was
extracted with EtOAc. The organic layer was washed with water and brine before being dried over
Na,SO,. After the solvent was removed under reduced pressure, the crude was purified by flush column
chromatography (0-8%, MeOH/EtOAc) to give 60 (150 mg, 87%). 'H NMR (400 MHz, CDCls) &:
7.41-7.37 (5H, m), 6.81 (1H, br s), 5.75 (1H, br s), 5.36 (1H, t, J = 6.1 Hz), 4.99 (1H, d, J = 11.3 Hz),
4.86 (1H, d, J =11.4 Hz), 4.41 (1H, t, J = 8.1 Hz), 3.93 (2H, d, J = 6.3 Hz), 3.53 (1H, d, J = 12.0 Hz),
3.46-3.44 (1H, m), 3.08-3.05 (1H, m), 2.32-2.03 (3H, m), 1.85-1.77 (1H, m). MS-ESI (m/z): 369 [M
+ H]".

61

Sodium  (2R,5R)-2-[N-(2-amino-2-oxoethyl)sulfamoyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl
sulfate (61). To a solution of 60 (150 mg, 0.407 mmol) in MeOH (2.3 mL) was added 5% Pd/C (435
mg, 2.9 wt equiv). After stirred under a H, atmosphere (1 atm) for 1 h, the mixture was filtered, and the
solvent was removed to give the crude product, which was used without further purification. To a solu-
tion of the crude debenzylated product in pyridine (5.7 mL) was added SOs-pyridine (388 mg, 2.44
mmol). After being stirred overnight, the mixture was poured into aqg NaHCOs, and the aqueous layer
was washed with CHCl, twice. The aqueous solvent was removed under reduced pressure, and the
crude was applied onto the HP20SS resin and subjected to ODS column chromatography (H2O only) to
give 61 (103 mg, 67%) as a white amorphous solid after lyophilization. *H NMR (400 MHz, D,0) &:
4.70 (1H, t, J = 8.1 Hz), 4.31-4.29 (1H, br m), 3.92 (2H, s), 3.71 (1H, d, J = 12.4 Hz), 3.42-3.39 (1H,
m), 2.35-2.17 (2H, m), 2.08-2.05 (2H, m). HPLC: 92.9% (method-C). MS-ESI (m/z): 357 [M - H]".
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tert-Butyl [[(2R,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfonyl](2,4-dimeth-
oxybenzyl)carbamate (62). To a solution of 53 (8.09 g, 19.7 mmol) in THF (162 mL) were added (2,4-
dimethoxyphenyl)methanol (4.96 g, 29.5 mmol), PPh; (8.77 g, 33.4 mmol), and di-2-methoxyethyl
azodicarboxylate (DMEAD) (7.83 ¢, 33.4 mmol) at 0 °C. After the mixture was stirred for 2 h at room
temperature, the solvent was removed under reduced pressure. The crude was purified by flash column
chromatography (0-50%, EtOAc/hexane) to give 62 (9.77 g, 89%) as a white foam. *H NMR (400 MHz,
CDCls) 6: 7.39-7.36 (5H, m), 7.21 (1H, d, J = 8.3 Hz), 6.43 (1H, dd, J = 8.2, 2.1 Hz), 6.39 (1H, d, J =
2.0 Hz), 5.17 (1H, t, J = 8.1 Hz), 4.98 (1H, d, J = 11.4 Hz), 4.87-4.78 (3H, m), 3.78 (3H, s), 3.77 (3H,
s), 3.35-3.32 (2H, m), 2.77 (1H, d, J = 11.9 Hz), 2.28-2.02 (3H, m), 1.80-1.72 (1H, m), 1.51 (9H, s).
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Ethyl  2-[[(2R,5R)-2-[N-(tert-butoxycarbonyl)-N-(2,4-dimethoxybenzyl)sulfamoyl]-7-oxo-1,6-di-
azabicyclo[3.2.1]octan-6-ylJoxy]-2,2-difluoroacetate (63). To a solution of 62 (2.00 g, 3.56 mmol) in
THF/MeOH (v/v = 1/3, 80 mL) was added 5% Pd/C (0.76 g, 0.38 wt equiv). After being stirred under a
H. atmosphere (1 atm) for 1 h, the mixture was filtered, and the solvent was removed to give the crude
product. To a solution of the crude debenzylated product in DMF (34 mL) were added ethyl 2-bromo-
2,2-difluoroacetate 22b (1.37 mL, 10.7 mmol) and K,COs (1.18 g, 8.54 mmol). After being stirred over-
night for 3 h, the mixture was poured into water, and the aqueous layer was extracted with EtOAc three
times. The combined organic layers were washed with water and dried over Na,SO.. After the solvent
was removed under reduced pressure, the crude was purified by flash column chromatography (20-40%,
EtOAc/hexane) to give 63 (1.58 g, 75%) as a yellow oil. *H NMR (400 MHz, CDCls) &: 7.20 (1H, d, J
= 8.4 Hz), 6.43 (1H, dd, J = 8.4, 2.3 Hz), 6.39 (1H, d, J = 2.3 Hz), 5.27 (1H, t, J = 8.3 Hz), 4.90 (1H, d,
J=16.2 Hz), 4.77 (1H, d, J = 16.3 Hz), 4.43-4.35 (2H, m), 3.97-3.95 (1H, m), 3.79 (3H, s), 3.78 (3H,
s),3.49 (1H, d, J=12.5Hz), 2.94 (1H, d, J =12.5 Hz), 2.35-2.07 (3H, m), 2.01-1.94 (1H, m), 1.51 (9H,
s), 1.39 (3H, t, J = 7.2 Hz). MS-ESI (m/z): 594 [M + H]".
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Ethyl  2,2-difluoro-2-[[(2R,5R)-7-0x0-2-sulfamoyl-1,6-diazabicyclo[3.2.1]octan-6-ylJoxy]acetate
(64). To a solution of 63 (1.58 g, 2.66 mmol) in CH,CI, (32 mL) were added anisole (1.74 mL, 16.0
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mmol) and 2 M solution of AICI; in MeNO; (8.0 mL, 16.0 mmol) at —30 °C. After being stirred for 1 h
at 0 °C, the mixture was poured into water, and the aqueous layer was extracted with EtOAc twice. The
combined organic layers were washed with ag NaHCO3, water, and brine before being dried over MgSOQa.
After the solvent was removed under reduced pressure, the crude was purified by flash column chroma-
tography (0-60%, EtOAc/hexane) to give 64 (835 mg, 91%) as a colorless oil. *H NMR (400 MHz,
CDCls) 3: 4.78 (2H, s), 4.47 (1H, t, J = 8.5 Hz), 4.43-4.38 (2H, m), 4.10-4.08 (1H, m), 3.75 (1H, d, J =
12.4 Hz), 3.34 (1H, d, J = 12.6 Hz), 2.40-2.00 (4H, m), 1.39 (3H, t, J = 7.2 H2).
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Sodium  2,2-difluoro-2-(((2R,5R)-7-0x0-2-sulfamoyl-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)ace-
tate (65). To a solution of 64 (819 mg, 2.39 mmol) in THF/H2O (v/v = 2/1, 24 mL) was added 1 N aq
NaOH (2.39 mL, 2.39 mmol) at 0 °C. After the mixture was stirred for 1 h at 0 °C, the aqueous layer
was washed with EtOAc. The aqueous solution was applied onto HP20SS resin and subjected to ODS
column chromatography (0-10%, MeCN/H0) to give 65 (706 mg, 88%) as a white amorphous solid.
'H NMR (400 MHz, D;0) &: 4.65 (1H, t, J = 8.3 Hz), 4.25-4.22 (1H, br m), 3.71 (1H, d, J = 12.4 Hz),
3.40 (1H, dt, J = 12.4, 1.4 Hz), 2.33-2.24 (2H, m), 2.16-2.02 (2H, m). BC{*H} NMR (100 MHz, D;0)
8: 172.7, 166.2 (t, *Jc-r = 31.9 Hz), 120.0 (t, 2Jcr = 280.6 Hz), 77.5, 64.0, 46.0, 20.7, 20.5. *°F NMR
(377 MHz, D;0) &: —83.1 (d, *Je-r = 136.2 Hz), —83.8 (d, 3Jrr = 134.9 Hz). HPLC: >99.9% (method-
A). Anal. calcd for CsH10F2N3OsSNa(H20)1.3: C, 26.64; H, 3.52; F, 10.54; N, 11.65; S, 8.89; Na, 6.37.
found: C, 26.92; H, 3.27; F, 10.28; N, 11.88; S, 8.90; Na, 6.63.
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Ethyl (2R)-2-[[(2R,5R)-2-[N-(tert-butoxycarbonyl)-N-(2,4-dimethoxybenzyl)sulfamoyl]-7-oxo-
1,6-diazabicyclo[3.2.1]octan-6-yl]oxy]-2-fluoroacetate (66). To a solution of 61 (9.77 g, 17.4 mmol) in
MeOH (244 mL) was added 5% Pd/C (3.70 g, 0.38 wt equiv). After being stirred under a H, atmosphere
(1 atm) for 1 h, the mixture was filtered, and the solvent was removed to give the crude product. To a
solution of the crude debenzylated product in DMF (41 mL) were added 22d (5.76 g, 19.1 mmol) and
K>COs (2.65 g, 19.1 mmol) at —20 °C. After being stirred overnight at —20 °C, the mixture was poured
into water, and the aqueous layer was extracted with EtOAc three times. The combined organic layers
were washed with water and dried over Na,SO4. After the solvent was removed under reduced pressure,
the crude was purified by flash column chromatography (20-50%, EtOAc/hexane) to give 66 (5.54 g,
55%) as a colorless oil. *H NMR (400 MHz, CDCls) &: 7.19 (1H, d, J = 8.3 Hz), 6.42 (1H, dd, J = 8.3,
2.3 Hz), 6.38 (1H, d, J = 2.0 Hz), 5.82 (1H, d, 3Ju.r = 52.8 Hz), 5.23 (1H, t, J = 8.3 Hz), 4.89 (1H, d, J
=16.2 Hz), 4.77 (1H, d, J = 16.2 Hz), 4.38-4.27 (2H, m), 3.99-3.98 (1H, m), 3.79 (3H, s), 3.77 (3H, s),
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3.44 (1H, d, J = 12.4 Hz), 2.86 (1H, d, J = 12.4 Hz), 2.33-2.07 (3H, m), 1.97-1.91 (1H, m), 1.52 (9H,
s), 1.35 (3H, t, J = 7.2 Hz). MS-ESI (m/z): 576 [M + H]".

\ 7/

-Sy,
HoN"™"
N E

O)—N \O/'\n/o\/

0]
67

Ethyl (2R)-2-fluoro-2-[[(2R,5R)-7-0x0-2-sulfamoyl-1,6-diazabicyclo[3.2.1]octan-6-ylJoxy]acetate
(67). To a solution of 66 (164 mg, 0.284 mmol) in CH,CI; (3 mL) were added anisole (186 uL, 1.7
mmol) and 2 M solution of AICI; in MeNO; (852 uL, 1.70 mmol) at —30 °C. After being stirred for 1 h
at 0 °C, the mixture was poured into aq HCI, and the aqueous layer was extracted with EtOAc twice.
The combined organic layers were washed with ag NaHCOs, water, and brine before being dried over
MgSO,. After the solvent was removed under reduced pressure, the crude was purified by flash column
chromatography (0-60%, EtOAc/hexane) to give 67 (63.2 mg, 68%) as a yellow oil. *H NMR (400 MHz,
CDCls) 6: 5.85 (1H, d, J = 52.3 Hz), 4.75 (2H, br s), 4.44 (1H, t, J = 8.5 Hz), 4.36-4.28 (2H, m), 4.10
(1H,dd,J=6.2,3.2 Hz),3.70 (1H, d, J = 12.4 Hz), 3.24 (1H, d, J = 12.1 Hz), 2.38-2.13 (3H, m), 2.05—
1.97 (1H, m), .33 (3H, t, J = 7.1 H2).
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Sodium (2R)-2-fluoro-2-[[(2R,5R)-7-0x0-2-sulfamoyl-1,6-diazabicyclo[3.2.1]octan-6-yl]oxy]ace-
tate (68). To a solution of 67 (150 mg, 0.461 mmol) in THF/HO (v/v = 2/1, 4.5 mL) was added 1 N aq
NaOH (461 uL, 0.461 mmol) at 0 °C. After the mixture was stirred for 5 min at 0 °C, the aqueous layer
was washed with EtOAc. The aqueous solution was applied onto HP20SS resin and subjected to ODS
column chromatography (0-10%, MeCN/H0) to give 68 (121 mg, 82%) as a white amorphous solid.
'H NMR (400 MHz, D,0) 8: 5.80 (1H, d, 3Ju.r = 58.5 Hz), 4.60 (1H, t, J = 8.2 Hz), 4.25 (1H, 1, J = 3.8
Hz), 3.67 (1H, d, J = 12.3 Hz), 3.33 (1H, dt, J = 12.3, 1.5 Hz), 2.34-2.19 (2H, m), 2.17-2.01 (2H, m).
BC{*H} NMR (100 MHz, D;0) &: 172.1, 171.9 (d, *Jcr = 27.1 Hz), 110.6 (d, 2Jc-r = 240.6 Hz), 77.2,
63.1, 46.2, 20.6, 20.5. F NMR (377 MHz, D,0) &: —130.1 (d, ®Ju.r = 58.6 Hz). HPLC: >99.9%
(method-A). Anal. calcd for CsH11FN3OsSNa(H20)1.0: C, 28.49; H, 3.89; F, 5.63; N, 12.46; S, 9.51; Na,
6.82. found: C, 28.58; H, 4.12; F, 5.69; N, 12.52; S, 9.53; Na, 6.41.

% 6 Hi

Large-scale Synthesis of 23. To a solution of carboxylic acid 1 (600 g, 2.17 mol) in CH.Cl» (3.0 L)
were added 2-mercaptopyridine 1-oxide 4 (290 mg, 2.28 mol) and EDC-HCI (437 g, 2.28 mol) main-
taining the inner temperature 10-20 °C, with CH.Cl, (600 mL) for rinsing apparatuses. The reaction
mixture was stirred at room temperature for 1.5 hours in the dark (solution A). A solution of PhSSMe
5b (1.20 kg, 6.52 mol) in CH:CI; (1.2 L) was cooled to 0 °C under white light irradiation using eight
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LED lamps (A 160WE Tuna Blue, Kessil®). The solution A was added over 1 hour by a liquid feeding
pump, with a CH>Cl, (600 mL) linewash while maintaining the inner temperature under 10 °C. After
stirred at 0 °C for 1.5 hours, CO; gas evolution stopped and the reaction mixture was poured into water
(10 L). The organic phase was separated and the aqueous layer was extracted with CH2Cl, (300 mL).
After dried over MgSO, (400 g), the solvent was removed under reduced pressure to afford 1.86 kg of
the crude product. To a slurry of silica-gel (1.0 kg) in EtOAc/hexane (v/v =1/2, 3.0 L) was slowly added
a hexane (2.0 L) solution of the crude product while keeping the inner temperature under 10 °C. After
stirred for 15 minutes, the mixture was filtered and the silica-gel was washed with EtOAc/hexane (v/v
= 1/2, 3.0 Lx 3). The solvent was removed under reduced pressure to afford a roughly purified sulfide
2b (1.57 kg) containing PhSSMe 5b. To a solution of the roughly purified sulfide 2b (1.57 kg) in CH.CI>
(2.4 L) was slowly added a solution of 72 wt% m-CPBA (448 g, 1.87 mol) in CH.Cl, (4.8 L) over 1.5
hours while maintaining the inner temperature under —55 °C. After stirred for 15 minutes, the inner
temperature was raised to —30 °C and the reaction mixture was poured into a stirring aqueous solution
(4.3 L) of NaHCOs (225 g) and Na,S;03-5H,0 (350 g). After the organic layer was separated, NaCl
(675 g) was added and the aqueous phase extracted with EtOAc (4.5 L x 2). The combined organic
layers were dried over MgSQO, (750 g) and the solvent was removed under reduced pressure. The crude
product was purified by flash column chromatography (0-10% MeOH/EtOAcC) using 3.0 kg of silica-
gel. To the purified product (553 g) was added EtOAc (97 mL) and the slurry was stirred at —30 °C for
20 minutes before filtering, washing with EtOAc (480 mL x 2) and diisopropyl ether (480 mL x 2), and
drying to afford 23 (219 g, 34%, dr = 31/1) as a white crystalline solid.

The light shielding solution of
Barton ester (solution A)
A liquid feeding pump. l

Figure S1. Reaction set up for the large-scale synthesis of 23.

— 94 —



COSY and NOESY spectra of 2a, 42, 43a and 43b
COSY and NOESY of 2a
COSY-1 (500 MHz, CDCls)
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NOESY-1 (500 MHz, CDCl5)
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COSY and NOESY of 42
COSY (500 MHz, CDCls)

2017-7250-022 (Shibuya)
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COSY and NOESY of 43a
COSY (500 MHz, CDCls)

2017-7250-057 (Shibuya)
cDCl3, 25.0C, INOVA-500
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COSY and NOESY of 43b

COSY (500 MHz, CDCls)
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X-ray crystallographic data of compound 23

X-ray crystallography:

The diffraction data of 23 were collected on an XtaLAB AFC10 (RCD3): quarter-chi single
diffractometer. The crystal was kept at 100.0 K during data collection. Using Olex2, the structure was
solved with the ShelXT!! structure solution program using Intrinsic Phasing and refined with the
ShelX L' refinement package using Least Squares minimisation.

Sample preparation:
X-ray quality crystal was prepared by vapor diffusion method using EtOAc/hexane at room temper-
ature.

Figure S2. X-ray Structure of compound 23. Thermal ellipsoids are set at 30% probability.
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Table S1. Crystal data for 23

Formula C14H18N203S
Formula weight 294.36
Temperature (K) 100

Crystal system monoclinic
Space group C2

a(A) 20.2904 (10)
b (A) 6.2175 (3)
c(A) 11.6198 (5)
a (%) 90

B (°) 101.089 (4)
Y () 90

Volume (A3) 1438.53 (12)
z 4

p (g/cm®) 1.359
p(mm™) 2.085

F(000) 624.0
Crystal size (mm?) 0.18 x0.15x 0.1
R: 0.0441

Flack parameter 0.01(3)
CCDC Deposition Number 1993055

HEIEDARK

©=0

N
N

122

Benzhydryl (2R)-2-fluoro-2-[[(2R,5R)-2-[(S)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-
6-ylJoxy]acetate (122). Compound 122 was isolated by preparative supercritical fluid chromatography
(SFC) using CHIRALPAK IC/SFC (flow rate: 30 mL/min, mobile phase: ‘PrOH 38%, back pressure: 8
MPa). 'H NMR (400 MHz, CDCls) &: 7.41-7.28 (10H, m), 6.97 (1H, s), 5.98 (1H, d, 3Ju.r = 53.5 Hz),
3.98-3.95 (1H, br m), 3.81 (1H, t, J = 8.0 Hz), 3.62 (1H, d, J = 12.0 Hz), 2.75 (1H, d, J = 12.0 Hz), 2.69
(3H, s), 2.52-2.41 (1H, m), 2.23-2.09 (2H, m), 2.04-1.94 (1H, m). *C{*H} NMR (100 MHz, CDCls)
5:168.9, 162.2 (d, *Jc-r = 35.2 Hz), 138.6, 138.6, 128.7, 128.5, 128.5, 128.4, 127.7, 127.1, 105.4 (d, Zc-
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F = 238.4 Hz), 79.6, 72.4, 61.5, 44.5, 34.9, 19.1, 18.9. 1°F NMR (377 Hz, CDCls) &: ~134.1 (d, 3Jn.r =
53.1 Hz). HRMS (ESI) m/z: [M + HJ* calcd for CooH24N20sFS 447.1384; found 447.1382.

9 2
S S,
' NaOH :
N F —_— N F .
%N\ ~__O.__Ph THF/H,0 %N\ 0 Na
0 oYY 0°C o oY
O Ph o)
122 65% 117

Sodium  (2R)-2-fluoro-2-[[(2R,5R)-2-[(S)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-
ylJoxy]acetate (117). To a solution of 122 (144 mg, 0.323 mmol) in THF/HO (v/v = 2/1, 3 mL) was
added 1 N ag NaOH (0.323 mL, 0.323 mmol) at 0 °C. After being stirred for 15 min at 0 °C, the solution
was washed with EtOAc. The aqueous solution was applied onto HP20SS resin and subjected to ODS
column chromatography (0-15%, MeCN/H-0) to give 117 (63.4 mg, 64%) as a white amorphous solid.
'H NMR (400 MHz, D;0) &: 5.80 (1H, d, 3Ju.r = 59.0 Hz), 4.27-4.23 (2H, m), 3.53 (1H, d, J = 12.3 Hz),
3.37 (1H, dd, J=12.0, 2.5 Hz), 2.75 (3H, 5), 2.22-2.12 (3H, m), 2.07-1.98 (1H, m). *C{*H} NMR (100
MHz, D;0) &: 173.0, 172.0 (d, 3Jc.r = 27.1 Hz), 110.7 (d, 2Jc.r = 240.6 Hz), 77.7, 63.1, 47.4, 36.3, 21.3,
21.2. ®¥F NMR (377 MHz, D,0) &: —130.1 (d, 3Jn.r = 58.6 Hz). HPLC: >99.9% (method-A). Anal. calcd
for CoH1,FN2OsSNa(H20)..1: C, 31.79; H, 4.80; F, 5.59; N, 8.24; S, 9.43; Na, 6.76. found: C, 32.03; H,
4.86; F, 5.53; N, 8.51; S, 8.84; Na, 6.27.

DMF, 70 °C S
in the dark oo

O 0
N
F._OTs /©/S\s‘ k¥ ———>  F_S.

73
38%

S-(Fluoromethyl) 4-methylbenzenesulfonothioate (73).1* To a degassed solution of fluoromethyl 4-
methylbenzenesulfonate (5.00 g, 24.5 mmol) in DMF (30 mL) was added potassium 4-methylbenzene-
sulfonothioate (6.65 g, 29.4 mmol). After being stirred overnight at 70 °C in the dark, the mixture was
poured into water, and the aqueous layer was extracted with EtOAc twice. The combined organic layers
were washed with water and dried over Na,SO.. After the solvent was removed under reduced pres-
sure, the crude product was purified by flash column chromatography (0-20% EtOAc/hexane) to give
4.83 g of 42 wt % 73 in a mixture with fluoromethyl 4-methyl-benzenesul- fonate (net. 2.02 g, 38%).
'H NMR (400 MHz, CDCls) &: 7.83 (2H, d, J = 8.3 Hz), 7.36 (2H, d, J = 8.3 Hz), 6.01 (2H, d, 3Jur =
50.8 Hz), 2.46 (3H, s). Note: Compound 73 might be light and air sensitive.
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tert-Butyl (2S,5R)-6-(benzyloxy)-7-oxo0-1,6-diazabicyclo[3.2.1]octane-2-carboxylate (106). To a so-
lution of 1 (25.0 g, 90.0 mmol) in CH.Cl, (250 mL) were added tert-butanol (86.0 mL, 905 mmol),
pyridine (14.6 mL, 181 mmol), DMAP (1.1 g, 9.1 mmol), and EDC-HCI (20.8 g, 109 mmol) at 0 °C.
After being stirred for 2 h, at room temperature, the mixture was washed with 1N aq HCI, water, aq
NaHCOs, and brine. After the solvent was removed under reduced pressure, the crude product was pu-
rified by flash column chromatography (0-30% EtOAc/hexane) to give 106 (19.9 g, 66%) as a white
solid. *H NMR (400 MHz, CDCl3) 6: 7.42 (2H, d, J = 6.3 Hz), 7.39-7.32 (3H, m), 5.05 (1H,d,J=11.4
Hz), 4.90 (1H, d, J = 11.4 Hz), 4.01-3.99 (1H, br m), 3.31-3.29 (1H, br m), 3.04 (1H, d, J = 12.1 Hz),
2.98 (1H, d, J = 11.6 Hz), 2.09-2.02 (3H, m), 1.71-1.62 (1H, m), 1.48 (9H, s). MS-ESI (m/z): 333 [M
+ H]".

tert-Butyl (2S,5R)-6-hydroxy-7-0xo-1,6-diazabicyclo[3.2.1]octane-2-carboxylate (123). To a solu-
tion of 106 (52.7 g, 159 mmol) were added DABCO (0.36 g, 3.17 mmol) and 10 wt % Pd(OH). on
carbon (11.1 g, 21.2 wt equiv). After being stirred under a H, atmosphere (1 atm) for 2 h, the mixture
was filtered, and the solvent was removed under reduced pressure. The crude was triturated with diiso-
propyl ether to give 123 (14.4 g, 37%) as a white solid.

tert-Butyl (2S,5R)-6-[(R)-2-ethoxy-1-fluoro-2-oxoethoxy]-7-oxo0-1,6-diazabicyclo[3.2.1]octane-2-
carboxylate (108). To a solution of 123 (21.8 g, 90.0 mmol) in DMF (196 mL) were added 22d (20.0 g,
108 mmol) and K>CO3z (17.4 g, 126 mmol) at —40 °C. After being stirred for 2 days at —30 °C, the
mixture was poured into iced water, and the aqueous layer was extracted with EtOAc. The organic layer
was washed with water and brine before being dried over MgSO.. After the solvent was removed under
reduced pressure, the crude product was purified by flash column chromatography (20-30% EtOAc/hex-
ane) to give 108 (17.3 g, 56%) as a white solid. *H NMR (400 MHz, CDCls) &: 5.89 (1H, d, 3Ju.r = 52.5
Hz), 4.35-4.26 (2H, m), 4.08 (1H, d, J = 6.3 Hz), 3.97-3.95 (1H, br m), 3.20 (1H, d, J = 12.1 Hz), 3.13
(1H,d,J=11.9 Hz), 2.19-2.04 (3H, m), 1.89-1.81 (1H, m), 1.50 (9H, s), 1.33 (3H, t, J = 7.2 Hz). MS-
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ESI (m/z): 347 [M + H]".

(2S,5R)-6-[(R)-2-Ethoxy-1-fluoro-2-oxoethoxy]-7-0xo-1,6-diazabicyclo[3.2.1]octane-2-carboxylic
acid (70). To a solution of 108 (17.3 g, 49.9 mmol) in MeNO- (86 mL) was added 2 M solution of TiCl,
in CH2Cl; (49.9 mL, 100 mmol) at —30 °C. After being stirred for 20 min at —30 °C, the mixture was
poured into iced water, and the aqueous layer was extracted with EtOAc. The organic layer was washed
with water and brine before being dried over MgSO.. The solvent was removed under reduced pressure
to give 70 (12.9 g, 89%). *H NMR (400 MHz, DMSO-ds) &: 6.29 (1H, d, 3Jur = 55.1 Hz), 4.30-4.17
(2H, m), 3.98-3.95 (2H, m), 3.07-3.00 (2H, m), 2.04-1.77 (4H, m), 1.22 (3H, t, J = 7.1 Hz).

Ethyl (2R)-2-fluoro-2-[[(2R,5R)-2-[(fluoromethyl)thio]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxyJacetate (71a). To a solution of 70 (1.13 g, 3.89 mmol) in CH,Cl; (12 mL) were added 2-mercapto-
pyridine 1-oxide 4 (0.52 g, 4.09 mmol) and EDC-HCI (0.78 g, 4.09 mmol). The solution was stirred for
1.5 h at room temperature in the dark. Thiosulfonate 73 (2.57 g, 11.7 mmol) was added, and the mixture
was stirred under white light irradiation using two LED lamps for 40 min at 0 °C. After the solvent was
removed under reduced pressure, the crude product was purified by flash column chromatography to
give 71a (1.02 g, 57 wt % purity). *H NMR (400 MHz, CDCls) §: 5.89 (1H, d, 3Ju.r = 52.5 Hz), 5.65
(1H, dd, J=114.4,10.4 Hz), 5.52 (1H, dd, J = 110.0, 10.0 Hz), 4.96 (1H, d, J = 7.8 Hz), 4.37-4.28 (2H,
m), 4.02-4.01 (1H, br m), 3.78 (1H, d, J = 12.0 Hz), 3.04-3.01 (1H, br m), 2.39-2.33 (1H, m), 2.18-
2.12 (1H, m), 1.88-1.80 (1H, m), 1.68 (1H, dd, J = 15.7, 7.2 Hz), 1.35 (3H, t, J = 7.2 Hz). MS-ESI (m/2):
311 [M + H]*.

Ethyl (2R)-2-fluoro-2-[[(2R,5R)-2-[(S)-(fluoromethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]oc-
tan-6-ylJoxy]acetate (72a). To a solution of 71a (57 wt %, 1.02 g, 1.85 mmol) in CH,Cl, (3 mL) was
added 69 wt% m-CPBA (486 mg, 1.94 mmol) in CH.Cl, (5 mL) at —78 °C. After being stirred for 3 h at
0 °C, the reaction was quenched by 10% aq Na»S:0s3, and the aqueous layer was extracted with EtOAc
twice. The combined organic layers were washed with aqg NaHCO; and dried over MgSQ.. After the
solvent was removed under reduced pressure, the crude product was purified by flash column chroma-
tography to give 72a (333 mg, 26% from 70, dr = >10/1) as a white amorphous solid.

'H NMR (400 MHz, CDCls) &: 5.87 (1H, d, 3Ju.r = 52.3 Hz), 5.55 (1H, dd, J = 46.0, 8.8 Hz), 5.33
(1H, dd, J = 45.6, 8.8 Hz), 4.55 (1H, t, J = 6.3 Hz), 4.36-4.28 (2H, m), 4.10-4.07 (1H, br m), 3.35 (1H,
d, J=12.4 Hz), 3.24 (1H, d, J = 11.9 Hz), 2.43-2.35 (1H, m), 2.31-2.14 (2H, m), 2.05-1.96 (1H, m),
1.34 (3H, t, J = 7.2 Hz). MS-ESI (m/z): 327 [M + H]".

Sodium  (2R)-2-fluoro-2-[[(2R,5R)-2-[(S)-(fluoromethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]
octan-6-ylJoxy]acetate (112). To a solution of 72a (333 mg, 1.02 mmol) in THF/H,O (viv = 2/1, 45
mL) was added 1 N ag NaOH (1.02 mL, 1.02 mmol) at 0 °C. After being stirred for 10 min at 0 °C, the
reaction was quenched by dry ice, and the solution was washed with EtOAc. The aqueous solution was
applied onto HP20SS resin and subjected to ODS column chromatography (0-10%, MeCN/H0) to give
112 (208 mg, 64%) as a white amorphous solid. *H NMR (400 MHz, D;0) &: 5.82 (1H, d, *Ju.r = 58.0
Hz), 5.70 (1H, dd, J = 47.9, 9.8 Hz), 5.64 (1H, dd, J = 46.6, 9.8 Hz), 4.28-4.26 (1H, br m), 3.45 (1H, d,
J =123 Hz), 3.34 (1H, d, J = 12.3 Hz), 2.37-2.17 (3H, m), 2.10-2.04 (1H, m). B¥C{*H} NMR (100
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MHz, D;0) &: 171.8 (d, 3Jc.r = 27.1 Hz), 170.8, 110.7 (d, ZJc.r = 241.4 Hz), 94.6 (d, 2Jc.r = 220.8 Hz),
72.6 (d, *Jcr = 8.1 Hz), 62.4, 48.2, 21.3, 19.5. *°F NMR (377 MHz, D,;0) &: —130.2 (d, 3Ju.r = 58.2 Hz),
—228.4 (t, ®Ju-r = 47.2 Hz). HPLC: >99.9% (method-A). Anal. calcd for CeH11F2N20sSNa(H20)13: C,
31.46; H, 3.99; F, 11.06; N, 8.15; S, 9.33; Na, 6.69. found: C, 31.76; H, 4.11; F, 10.88; N, 8.26; S, 8.99;
Na, 6.46.
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Benzhydryl (2R)-2-[[(2R,5R)-2-[(R)-(2-amino-2-oxoethyl)sulfinyl]-7-oxo0-1,6-diazabicyclo[3.2.1]

octan-6-ylJoxy]-2-fluoroacetate (86). To a solution of 37 (449 mg, 1.33 mmol) in MeOH/DMF (v/v =
1/1, 10 mL) were added 10% Pd(OH). on carbon (841 mg, 1.87 wt equiv) and DABCO (3.0 mg, 0.03
mmol). After being stirred under a H, atmosphere (1 atm) for 1 h, the mixture was filtered, and the
solvent was removed to give the crude product, which was used without further purification. To a solu-
tion of the crude debenzylated product in DMF (5 mL) were added DBU (0.20 mL, 1.33 mmol) and 22e
(473 mg, 1.46 mmol) at 0 °C. After being stirred for 10 min at 0 °C, the mixture was poured into diluted
aq HCI, and the aqueous layer was extracted with EtOAc three times. The combined organic layers were
washed with water end brine before being dried over Na,SO,. After the solvent was removed under
reduced pressure, the crude was purified by flash column chromatography (0-20%, MeOH/EtOAC) to
give 86 (0.51 g, 78%) as a white amorphous solid. *H NMR (400 MHz, CDCls) &: 7.41-7.29 (10H, m),
6.95 (1H, s), 6.53 (1H, br s), 5.98 (1H, d, 3Ju.r = 53.2 Hz), 5.56 (1H, brs), 4.35 (1H, t, J = 6.3 Hz), 4.00-
3.97 (1H, br m), 3.80 (1H, d, J = 14.1 Hz), 3.53 (1H, d, J = 14.1 Hz), 3.09 (1H, d, J = 12.3 Hz), 2.67
(1H, d, J=12.0 Hz), 2.35-2.28 (1H, m), 2.24-2.15 (2H, m), 1.97-1.90 (1H, m).

Sodium  (2R)-2-[[(2R,5R)-2-[(R)-(2-amino-2-oxoethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]oc-
tan-6-ylJoxy]-2-fluoroacetate (98). To a solution of 86 (0.51 g, 1.04 mmol) in THF/H,O (viv = 2/1, 15
mL) was added 1 N aq NaOH (1.04 mL, 1.04 mmol) at 0 °C. After being stirred for 10 min at 0 °C, the
reaction was quenched by dry ice, and the organic solvent was removed under reduced pressure. The
aqueous solution was applied onto HP20SS resin and subjected to ODS column chromatography (0-
10%, MeCN/H,0) to give 98 (261 mg, 73%) as a white amorphous solid. *H NMR (400 MHz, D,0) &:
5.82 (1H, d, *Jur = 58.9 Hz), 4.58 (1H, t, J = 6.6 Hz), 4.27-4.25 (1H, br m), 3.42 (1H, d, J = 12.4 Hz),
3.33 (1H, d, J = 11.6 Hz), 2.41-2.32 (1H, m), 2.26-2.16 (2H, m), 2.09-2.03 (1H, m). BC{*H} NMR
(100 MHz, D;0) 8: 171.9 (d, 3Jc.r = 27.1 Hz), 171.6, 171.0, 110.6 (d, Xc.r = 241.4 Hz), 76.9, 62.5, 48.1,
21.2,19.1. ®F NMR (377 MHz, D,0) &: —130.2 (d, *Ju.r = 58.6 Hz). HPLC: 99.4% (method-A). Anal.
calcd for C10H13FN3OsSNa(H20)17: C, 31.95; H, 4.40; F, 5.05; N, 11.18; S, 8.53; Na, 6.12. found: C,
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32.03; H, 4.27; F, 4.92; N, 11.30; S, 8.08; Na, 6.49.

78% 74

S-(Cyanomethyl) 4-methylbenzenesulfonothioate (74). To a solution of bromoacetonitrile (11.6 mL,
167 mmol) in DMF (200 mL) was added potassium 4-methylbenzenesulfonothioate (40 g, 177 mmol)
at 0 °C, and the mixture was stirred for 1 h at room temperature. The mixture was diluted with EtOAc,
and the organic layer was washed with water twice before being dried over Na,SO.. After the solvent
was removed under reduced pressure, the crude was dissolved to CH2Cl,, and diisopropyl ether was
added. The solvent was partially removed under reduced pressure, and the white solid was precipitated.
The precipitate was filtered to give 74 (29.6 g, 78%) as a white solid. Note: Thiosulfonate 74 is unstable
onsilica gel. 'H NMR (400 MHz, CDCls) &: 7.87 (2H, d, J = 8.4 Hz), 7.41 (2H, d, J = 8.2 Hz), 3.87 (2H,
S), 2.48 (3H, s). MS-ESI (m/z): 228 [M + H]".
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tert-Butyl (2S,5R)-6-[(R)-1-fluoro-2-methoxy-2-oxoethoxy]-7-oxo-1,6-diazabicyclo[3.2.1]octane-
2-carboxylate (107). To a solution of 106 (10.5 g, 31.7 mmol) in DMF (105 mL) were added 5 wt %
Pd/C (4.72 g, 44.8 wt equiv). After being stirred under a Hz atmosphere (1 atm) for 2 h, the mixture was
filtered, and the solvent was removed under reduced pressure to give 123. To a solution of 123in DMF
(105 mL) were added 22f (6.51 g, 38.1 mmol) and K>COs3 (6.14 g, 44.4 mmol) at —40 °C. After being
stirred for 8 h at —40 °C, the mixture was poured into iced water, and the aqueous layer was extracted
with EtOAc. The organic layer was washed with water and brine before being dried over MgSQO.. After
the solvent was removed under reduced pressure, the crude product was purified by flash column chro-
matography (25-35% EtOAc/hexane) to give 107 (5.80 g, 55%) as a white solid. *H NMR (400 MHz,
CDCls) 6: 5.90 (1H, d, ®Ju.r = 52.5 Hz), 4.09-4.08 (1H, br m), 3.96-3.94 (1H, br m), 3.86 (3H, s), 3.21
(1H,d,J=12.1 Hz), 3.13 (1H, d, J = 12.1 Hz), 2.18-2.06 (3H, m), 1.88-1.81 (1H, m), 1.50 (9H, s).
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(2S,5R)-6-[(R)-1-Fluoro-2-methoxy-2-oxoethoxy]-7-0xo-1,6-diazabicyclo[3.2.1]octane-2-carbox-
ylic acid (69). To a solution of 107 (3.46 g, 10.4 mmol) in MeNO; (17 mL) was added 2 M solution of
TiCls in CH2Cl; (10.4 mL, 20.8 mmol) at —30 °C. After being stirred for 20 min at —30 °C, the mixture
was poured into iced water, and the aqueous layer was extracted with EtOAc. The organic layer was
washed with water and brine before being dried over MgSO.. The solvent was removed under reduced
pressure to give 69 (2.25 g, 78%). *H NMR (400 MHz, DMSO-dg) &: 6.30 (1H, d, Ju.r = 55.5 Hz),
3.98-3.96 (2H, m), 3.78 (3H, s), 3.06-3.03 (2H, br m), 2.04-1.76 (4H, m).

Methyl  (2R)-2-[[(2R,5R)-2-[(cyanomethyl)thio]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-ylJoxy]-2-
fluoroacetate (71b). To a solution of 69 (1.00 g, 3.62 mmol) in CH2Cl, (10 mL) were added 2-mercap-
topyridine 1-oxide 4 (0.48 g, 3.80 mmol) and EDC-HCI (0.73 g, 3.80 mmol). The solution was stirred
for 1 h at room temperature in the dark. Thiosulfonate 74 (2.47 g, 10.9 mmol) was added, and the mixture
was stirred under white light irradiation for 40 min at 0 °C. After the solvent was removed under reduced
pressure, the crude product was purified by flash column chromatography to give 71b (0.44 g, 41%) as
a yellow gum. *H NMR (400 MHz, CDCls) &: 5.90 (1H, d, 3Ju.r = 52.5 Hz), 4.87 (1H, dd, J=7.7, 1.9
Hz), 4.03-4.02 (1H, br m), 3.88 (3H, s), 3.78 (1H, d, J = 12.1 Hz), 3.50 (1H, d, J = 17.2 Hz), 3.28 (1H,
d, J = 16.9 Hz), 3.10-3.06 (1H, m), 2.38-2.30 (1H, m), 2.18-2.12 (1H, m), 1.87-1.79 (1H, m), 1.66—
1.60 (1H, m). MS-ESI (m/z): 304 [M + H]".

Methyl  (2R)-2-[[(2R,5R)-2-[(R)-(cyanomethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxy]-2-fluoroacetate (72b). To a solution of 71b (295 mg, 0.973 mmol) in CH,CI, (8 mL) was added
72 wt% m-CPBA (233 mg, 0.973 mmol) at —78 °C. After being stirred for 3 h at 0 °C, the reaction was
guenched by 10% aqg Na,S,0; and ag NaHCOs. The aqueous layer was extracted with EtOAc three times,
and the combined organic layers were dried over MgSO.. After the solvent was removed under reduced
pressure, the crude product was purified by flash column chromatography to give 72b (172 mg, 55%,
dr = 7/1) as a white amorphous solid. *H NMR (400 MHz, CDCls) &: 5.89 (1H, d, J = 52.1 Hz), 4.42
(1H,t,J = 6.9 Hz), 4.12-4.10 (1H, m), 3.98 (1H, d, J = 16.1 Hz), 3.88 (3H, s), 3.74 (1H, d, J = 16.2 Hz),
3.29-3.26 (1H, m), 3.22 (1H, d, J = 12.0 Hz), 2.41-2.24 (3H, m), 2.05-1.98 (1H, m). MS-ESI (m/z):
320 [M + H]".

Sodium (2R)-2-[[(2R,5R)-2-[(R)-(cyanomethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxy]-2-fluoroacetate (113). To a solution of 72b (171 mg, 0.536 mmol) in THF/H,O (v/v =2/1, 3 mL)
was added 1 N ag NaOH (0.536 mL, 0.536 mmol) at O °C. After being stirred for 15 min at 0 °C, the
solution was washed with EtOAc. The aqueous solution was applied onto HP20SS resin and subjected
to ODS column chromatography (0-10%, MeCN/H0) to give 113 (115 mg, 66%) as a white amorphous
solid. *H NMR (400 MHz, D20) 8: 5.82 (1H, d, 3Jur = 58.5 Hz), 4.59 (1H, t, J = 6.7 Hz), 4.28-4.26
(1H, br m), 3.44-3.32 (2H, m), 2.43-2.20 (3H, m), 2.11-2.04 (1H, m). BC{*H} NMR (100 MHz, D,0)
8:171.8 (d, ®Jc.r = 27.1 Hz), 170.6, 115.3, 110.6 (d, 2Jc.r = 241.4 Hz), 77.4, 62.4,48.1, 21.1, 19.5. °F
NMR (377 MHz, D;0) &: —130.2 (d, ®Ju-r = 58.6 Hz). HPLC: 99.5% (method-A). Anal. calcd for
C10H1:FN3OsSNa(H20)o9: C, 34.97; H, 3.76; F, 5.53; N, 12.23; S, 9.33; Na, 6.69. found: C, 34.96; H,
3.71; F, 5.40; N, 12.32; S, 9.31; Na, 6.60.
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S-(2-Hydroxyethyl) 4-methylbenzenesulfonothioate (124). To a solution of potassium 4-methyl-
benzenesulfonothioate (10.0 g, 44.2 mmol) in DMF (100 mL) was added 2-bromoethanol (4.05 mL,
57.4 mmol). After being stirred for 3 h at 50 °C, the mixture was poured into water, and the aqueous
layer was extracted with EtOAc twice. The combined organic layers were washed with water and brine
before dried over MgSQ,. After the solvent was removed under reduced pressure, the crude was purified
by flash column chromatography (20-60%, EtOAc/hexane) to give 124 (7.38 g, 72%) as a yellow oil.
'H NMR (CDCls;, 400 MHz) &: 7.83 (2H, d, J = 8.4 Hz) , 7.36 (2H, d, J = 8.2 Hz), 3.87-3.86 (2H, m),
3.17 (2H,t, J = 5.8 Hz), 2.46 (3H, s), 1.98 (1H, br s).

S-[2-[(tert-Butyldimethylsilyl)oxy]ethyl] 4-methylbenzenesulfonothioate (75). To a solution of 124
(7.38 g, 31.8 mmol) in DMF (37 mL) were added TBSCI (5.51 g, 36.5 mmol) and imidazole (2.60 g,
38.1 mmol). After being stirred for 1.5 h, the mixture was poured into water, and the aqueous layer was
extracted with EtOAc twice. The combined organic layers were washed with water and brine before
being dried over MgSQ,. After the solvent was removed under reduced pressure to give 75 (11.8 g,
quant.) as a pale yellow oil, which was used without further purification. *H NMR (CDCls, 400 MHz)
5:7.81(2H, d, J=8.3 Hz),7.34 (2H, d, J =8.0 Hz), 3.77 (2H, t, J = 6.3 Hz), 3.12 (2H, t, J = 6.3 Hz),
2.45 (3H, s), 0.85 (9H, s), 0.01 (6H, s).
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(2R,5R)-6-(Benzyloxy)-2-[[2-[(tert-butyldimethylsilyl)oxy]ethyl]thio]-1,6-diazabicyclo[3.2.1]oc-
tan-7-one (71c). To a solution of carboxylic acid 1 (44.0 g, 159 mmol) in CH,Cl, (220 mL) were added
2-mercaptopyridine 1-oxide 4 (21.26 g, 167 mmol) and EDC-HCI (32.1 g, 167 mmol) at 0 °C. The
mixture was stirred for 1 h at room temperature in the dark (solution A). To another solution of 75 (138
g, 398 mmol) in CH.Cl> (88 mL) was slowly added the solution A at 0 °C under white Light irradiation.
After being stirred for 30 min at 0 °C, water was added, and the layers were separated. The solvent was
removed before the crude was purified by flash column chromatography (0-20%, EtOAc/hexane) to
give 71c (18.6 g, 28%) as a pale yellow oil. *H NMR (400 MHz, CDCls) &: 7.44-7.33 (5H, m), 5.05
(1H,d,J=11.6 Hz), 4.90 (1H, d, J = 11.4 Hz), 4.68 (1H, d, J = 7.3 Hz), 3.83-3.72 (3H, m), 3.33-3.30
(1H, br m), 2.86-2.79 (2H, m), 2.67-2.61 (1H, m), 2.33-2.23 (1H, m), 1.98-1.92 (1H, m), 1.69-1.53
(2H, m), 0.89 (9H, s), 0.06 (3H, s), 0.06 (3H, s). MS-ESI (m/z): 423 [M + H]".
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(2R,5R)-6-(Benzyloxy)-2-[(R)-[2-[(tert-butyldimethylsilyl)oxy]ethyl]sulfinyl]-1,6-diazabicy-
clo[3.2.1]octan-7-one (72c). To a solution of 71c (18.6 g, 43.9 mmol) in CH,CI, (180 mL) was added
72 wt % m-CPBA (10.5 g, 43.9 mmol) at —78 °C. After being stirred for 1 h at =78 °C, ag NaHCOs and
aqg Ns;S;03; were added, and the organic solvent was removed under reduced pressure. The aqueous
layer was extracted with EtOAc, and the organic layer was dried over Na;SOa. After the solvent was
removed under reduced pressure, the crude was purified by flash column chromatography (30—70%,
EtOAc/hexane) to give 72c (16.2 g, 84%, dr = >10/1) as a pale yellow oil. *H NMR (400 MHz, CDCls)
8: 7.42-7.37 (5H, m), 5.05 (1H, d, J = 11.4 Hz), 4.90 (1H, d, J = 11.5 Hz), 4.18 (1H, dd, J = 7.7, 3.9
Hz), 4.12-4.00 (2H, m), 3.37--3.36 (1H, br m), 3.24 (1H, d, J = 11.8 Hz), 3.19-3.16 (1H, m), 3.02 (1H,
d, J=10.9 Hz), 2.77 (1H, dt, J = 13.1, 3.9 Hz), 2.39-2.33 (1H, m), 2.17-2.07 (2H, m), 1.83-1.77 (1H,
m), 0.90 (9H, s), 0.10 (3H, s), 0.09 (3H, s). MS-ESI (m/z): 439 [M + H]".

Benzhydryl (2R)-2-[[(2R,5R)-2-[(R)-[2-[(tert-butyldimethylsilyl)oxy]ethyl]sulfinyl]-7-oxo-1,6-di-
azabicyclo[3.2.1]octan-6-ylJoxy]-2-fluoroacetate (87). To a solution of 72¢ (3.99 g, 9.10 mmol) in
MeOH (40 mL) were added 10% Pd(OH) on carbon (1.28 g, 0.32 wt equiv) and DABCO (20 mg, 0.18
mmol). After being stirred under a H, atmosphere (1 atm) for 1 h, the mixture was filtered, and the
solvent was removed to give the crude product, which was used without further purification. To a solu-
tion of the crude debenzylated product in DMF (30 mL) were added 22e (4.41 g, 13.6 mmol) and DBU
(1.65 mL, 10.9 mmol) at 0 °C. After being stirred for 30 min at 0 °C, the mixture was poured into 10%
aq citric acid, and the aqueous layer was extracted with EtOAc twice. The combined organic layers were
washed with water and dried over Na,;SO,. After the solvent was removed under reduced pressure, the
crude was purified by flash column chromatography (20-60%, EtOAc/hexane) to give 87 (3.46 g, 64%)
as a white amorphous solid. *H NMR (400 MHz, CDCls) &: 7.42-7.28 (10H, m), 6.95 (1H, s), 5.98 (1H,
d, ®Ju.r = 53.3 Hz), 4.27 (1H, dd, J = 7.5, 4.7 Hz), 4.13-4.01 (2H, m), 3.96-3.94 (1H, br m), 3.26 (1H,
d, J=12.0 Hz), 3.16-3.09 (1H, m), 2.77 (1H, dt, J = 13.1, 3.8 Hz), 2.66 (1H, d, J = 12.2 Hz), 2.40-2.33
(1H, m), 2.22-2.07 (2H, m), 1.97-1.91 (1H, m), 0.91 (9H, s), 0.12 (3H, s), 0.10 (3H, s). MS-ESI (m/2):
591 [M + H]*.

Sodium (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-(2-hydroxyethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]
octan-6-ylJoxy]acetate (99). To a solution of 87 (518 mg, 0.877 mmol) were added anisole (0.383 mL,
3.51 mmol) and 2 M solution of AICI; in MeNO; (1.75 mL, 3.51 mmol) at —30 °C. After being stirred
for 30 min at —30 °C, the mixture was poured into ag NaHCO3, and the aqueous layer was washed with
EtOAc. The aqueous solution was applied onto HP20SS resin and subjected to ODS column chroma-
tography (0-10%, MeCN/H,0) to give 99 (221 mg, 76%) as a white amorphous solid. *H NMR (400
MHz, D;0) 8: 5.82 (1H, d, 3Ju.r = 58.6 Hz), 4.49 (1H, t, J = 6.1 Hz), 4.27-4.24 (1H, br m), 4.12-4.00
(2H, m), 3.47 (1H, d, J = 12.4 Hz), 3.37-3.30 (2H, m), 3.06 (1H, dt, J = 13.9, 4.2 Hz), 2.40-2.31 (1H,
m), 2.26-2.15 (2H, m), 2.07-1.99 (1H, m). BC{*H} NMR (100 MHz, D,0) &: 171.8 (d, ®Jc.r = 27.1 Hz),
171.2,110.6 (d, 2Jc-r = 240.6 Hz), 77.1, 62.5, 57.4, 55.0, 48.1, 21.4, 18.8. °F NMR (377 MHz, D;0) &:
—130.2 (d, 3Ju-r = 58.6 Hz). HPLC: 96.3% (method-C). Anal. calcd for C10H14FN2OgSNa(H20).3: C,
32.14; H, 5.02; F, 5.08; N, 7.50; S, 8.58; Na, 6.15. found: C, 32.01; H, 4.77; F, 4.99; N, 7.69; S, 8.50;
Na, 6.52.
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S-(3-Hydroxypropyl) 4-methylbenzenesulfonothioate (125). To a solution of potassium 4-methyl-
benzenesulfonothioate (26.2 g, 116 mmol) in DMF (130 mL) was added 3-bromopropan-1-ol (16.1 g,
116 mmol). After being stirred for 3 h at 50 °C, the mixture was poured into water, and the aqueous
layer was extracted with EtOAc twice. The combined organic layers were washed with water and brine
before being dried over MgSQO.. After the solvent was removed under reduced pressure, the crude was
purified by flash column chromatography (30-70%, EtOAc/hexane) to give 125 (22.5 g, 79%) as a
colorless oil. *H NMR (400 MHz, CDCls) &: 7.82 (2H, d, J =8.1 Hz), 7.35 (2H, d, J = 8.1 Hz), 3.71 (2H,
t,J=5.8 Hz), 3.12 (2H, t, J = 6.9 Hz), 2.46 (3H, s), 1.93-1.86 (2H, m). MS-ESI (m/z): 247 [M + H]".

S-[3-[(tert-butyldimethylsilyl)oxy]propyl] 4-methylbenzenesulfonothioate (126). To a solution of
125 (22.5 g, 91 mmol) in DMF (100 mL) were added TBSCI (15.8 g, 105 mmol) and imidazole (7.45 g,
109 mmol) at 0 °C. After stirred for 1 h at room temperature, the mixture was diluted with EtOAc/hexane
(v/v = 1/1), and the organic layer was washed with 1 N aq HCI, water, and brine before being dried over
MgSQO.. After the solvent was removed under reduced pressure, the crude was purified by flash column
chromatography (0-20%, EtOAc/hexane) to give 126 (32.5 g, 99%) as a colorless oil. *H NMR (400
MHz, CDCls) &: 7.81 (2H, d, J = 8.3 Hz), 7.33 (2H, d, J = 8.1 Hz), 3.60 (2H, t, J = 5.7 Hz), 3.07 (2H, t,
J=7.1Hz), 2.45 (3H, s), 1.85-1.79 (2H, m), 0.85 (9H, s), 0.00 (6H, s). MS-ESI (m/z): 361 [M + H]".

tert-Butyldimethyl[3-(phenyldisulfaneyl)propoxy]silane (76). To 1 N ag NaOH (90.0 mL, 90.0 mol)
was added benzenthiol (9.28 mL, 90.0 mol). After being stirring for 30 min, a solution of 126 (32.5 g,
90.0 mol) in MeCN (30 mL) was added, and the mixture was stirred for 1 h. The reaction mixture was
extracted with EtOAc, and the organic layer was died over Na,SO.. After the solvent was removed under
reduced pressure, the crude was purified by flash column chromatography (0-10%, EtOAc/hexane) to
give 76 (25.9 g, 91%) as a pale yellow oil. *H NMR (400 MHz, CDCls) &: 7.53 (2H, d, J = 7.9 Hz), 7.32
(2H,t,J=7.5Hz),7.22 (1H,t,J=7.3 Hz), 3.66 (2H, t, J = 5.9 Hz), 2.82 (2H, t, J = 7.1 HZz), 1.91-1.85
(2H, m), 0.87 (9H, s), 0.03 (6H, s). MS-ESI (m/z): 315 [M + H]".
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Ethyl (2R)-2-[[(2R,5R)-2-[[3-[(tert-butyldimethylsilyl)oxy]propyl]thio]-7-oxo-1,6-diazabicyclo
[3.2.1]octan-6-yl]oxy]-2-fluoroacetate (71d). To a solution of 70 (1.15 g, 3.96 mmol) in CH:Cl, (10
mL) were added 2-mercaptopyridine 1-oxide 4 (21.26 g, 167 mmol) and EDC-HCI (32.1 g, 167 mmol).
After the mixture was stirred for 1 h at room temperature in the dark, 76 (3.73 g, 11.9 mmol) was added,
and the solution was stirred for 30 min at O °C under white light irradiation. The solvent was removed
before the crude was purified by flash column chromatography (0-20%, EtOAc/hexane) to give 71d
(216 mg, 12%) as a colorless oil. *H NMR (400 MHz, CDCls) §: 5.88 (1H, d, 3Ju.r = 52.6 Hz), 4.73 (1H,
d, J=7.3 Hz), 4.36-4.28 (2H, m), 3.96-3.93 (2H, br m), 3.71-3.64 (2H, m), 2.96-2.93 (1H, m), 2.74—
2.58 (2H, m), 2.37-2.26 (1H, m), 2.11-2.07 (1H, m), 1.89-1.73 (3H, m), 1.62-1.58 (1H, m), 1.34 (3H,
t,J=7.2 Hz), 0.89 (9H, s), 0.05 (6H, s). MS-ESI (m/z): 451 [M + H]".

Ethyl (2R)-2-[[(2R,5R)-2-[(R)-[3-[(tert-butyldimethylsilyl)oxy]propyl]sulfinyl]-7-oxo-1,6-diazabi-
cyclo[3.2.1]octan-6-yl]oxy]-2-fluoroacetate (72d). To a solution of 71d (216 mg, 0.479 mmol) in
CH_CI; (3 mL) was added 72 wt % m-CPBA (115 mg, 0.479 mmol) at —78 °C. After being stirred for 1
h at =78 °C, ag NaHCOs and aq Ns;S,03 were added, and the aqueous layer was extracted with EtOAc
twice. The organic layer was dried over Na;SO4, and the solvent was removed under reduced pressure.
The crude was purified by flash column chromatography (50-100%, EtOAc/hexane) to give 72d (240
mg, quant., dr = >10/1). *H NMR (400 MHz, CDCls) 8: 5.87 (1H, d, 3Ju-r = 52.3 Hz), 4.38-4.26 (2H,
m), 4.18-4.15 (1H, m), 4.05-4.03 (1H, br m), 3.81-3.70 (2H, m), 3.41 (1H, d, J = 12.1 Hz), 3.20-3.15
(1H, m), 3.05 (1H, dt, J=15.1, 6.6 Hz), 2.79-2.72 (1H, m), 2.45-2.37 (1H, m), 2.26-2.21 (1H, m), 2.14
(1H, td, J = 14.9, 7.4 Hz), 2.04-1.93 (3H, m), 1.33 (3H, t, J = 7.2 Hz), 0.88 (9H, s), 0.05 (6H, 5). MS-
ESI (m/z): 467 [M + H]".

Ethyl (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-(3-hydroxypropyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]
octan-6-ylJoxy]acetate (109). To a solution of 72d (240 mg, 0.514 mmol) in CHCl, (2 mL) was added
2 M solution of AICI; in MeNO; (0.771 mL, 1.54 mmol) at —30 °C. After being stirred for 30 min at
—30 °C, the mixture was poured into brine, and the aqueous layer was extracted with EtOAc three times.
The combined organic layers were dried over Na;SO4, and the solvent was removed under reduced
pressure. The crude was purified by flash column chromatography (0-10%, MeOH/EtOAC) to give 109
(131 mg, 72%) as a colorless oil. *tH NMR (400 MHz, CDCls) &: 5.88 (1H, d, Ju.r = 52.6 Hz), 4.33—
4.25 (3H, m), 4.08-4.05 (1H, br m), 3.80-3.77 (2H, br m), 3.36 (1H, d, J = 11.8 Hz), 3.22-3.11 (2H,
m), 2.93-2.86 (1H, m), 2.50 (1H, br s), 2.42-2.37 (1H, m), 2.27-1.97 (5H, m), 1.34 (3H, t, J = 7.0 Hz).
MS-ESI (m/z): 353 [M + H]".
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Sodium (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-(3-hydroxypropyl)sulfinyl]-7-oxo-1,6-diazabicyclo
[3.2.1]octan-6-yl]oxy]acetate (114). To a solution of 109 (130 mg, 0.369 mmol) in THF/H,O (viv = 2/1,
3 mL) was added 1 N ag NaOH (0.369 mL, 0.369 mmol) at 0 °C. After being stirred for 15 minat 0 °C,
the organic solvent was removed under reduced pressure. The aqueous solution was applied onto
HP20SS resin and subjected to ODS column chromatography (0-10%, MeCN/H-0) to give 114 (81.4
mg, 64%) as a white amorphous solid. *H NMR (400 MHz, D,0) &: 5.81 (1H, d, *Ju.r = 58.7 Hz), 4.42
(1H,t,J =6.1 Hz), 4.26-4.23 (1H, br m), 3.75 (2H, t, J = 6.3 Hz), 3.46 (1H, d, J = 12.3 Hz), 3.32 (1H,
d, J = 12.0 Hz), 3.19-3.12 (1H, m), 2.99-2.91 (1H, m), 2.38-2.29 (1H, m), 2.25-2.13 (2H, m), 2.06—
1.99 (3H, m). B¥C{*H} NMR (100 MHz, D;0) &: 171.8 (d, 3Jcr = 27.1 Hz), 171.2, 110.7 (d, Zcr =
241.4 Hz), 76.8, 62.9, 62.5, 48.6, 48.1, 27.4, 21.4, 18.8. *°F NMR (377 MHz, D;0) &: -130.2 (d, J =
59.9 Hz). HPLC: 98.3% (method-A). Anal. calcd for C11H16FN20sSNa(H20)1.7: C, 35.05; H, 5.19; F,
5.04; N, 7.43; S, 8.51; Na, 6.10. found: C, 35.29; H, 5.14; F, 4.69; N, 7.60; S, 8.08; Na, 5.83.
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Benzhydryl (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-(2-hydroxyethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.
2.1]octan-6-ylJoxy]acetate (93). To a solution of 87 (2.93 g, 4.96 mmol) were added 3A molecular
sieves, 1 M tetrabutylammonium fluoride (TBAF) in THF (5.95 mL, 5.95 mmol) and AcOH (0.340 mL,
5.95 mmol) at 0 °C. After being stirred for 4 h at room temperature, the mixture was filtered, and the
solvent was removed under reduced pressure. The crude product was purified by flash column chroma-
tography (0-10%, MeOH/EtOAc) to give 93 (246 mg, 10%) as a white amorphous solid. *H NMR (400
MHz, CDCls) &: 7.41-7.26 (10H, m), 6.95 (1H, s), 5.98 (1H, d, 3Ju.r = 53.3 Hz), 4.36-4.33 (1H, m),
4.21-4.17 (2H, m), 3.98-3.96 (1H, br m), 3.21-3.14 (2H, m), 3.01-2.95 (1H, m), 2.67 (1H, d, J = 11.9
Hz), 2.38-2.31 (1H, m), 2.24-2.11 (2H, m), 2.09 (1H, s), 1.97-1.91 (1H, m). MS-ESI (m/z): 477 [M +
H]*.

Benzhydryl  (2R)-2-[[(2R,5R)-2-[(R)-[2-(carbamoyloxy)ethyl]sulfinyl]-7-oxo-1,6-diazabicyclo[3.
2.1]octan-6-ylJoxy]-2-fluoroacetate (94). To a solution of 93 (232 mg, 0.487 mmol) in THF (4 mL) was
added chlorosulfonyl isocyanate (CSI) (0.076 mL, 0.876 mmol) at —30 °C. After the mixture was stirred
for 30 min at —30 °C, 8% ag NaHCOs was added, and the mixture was stirred for 1 h at room temperature.
Brine was added, and the aqueous layer was extracted with EtOAc twice. After the combined organic
layers were dried over Na;SO4, the solvent was removed under reduced pressure. The crude product was
purified by flash column chromatography (0-10%, MeOH/EtOAC) to give 94 (212 mg, 84%) as a white
amorphous solid. *H NMR (400 MHz, CDCls) §: 7.40-7.29 (10H, m), 6.96 (1H, s), 5.98 (1H, d, J =53.1
Hz), 4.59-4.54 (2H, m), 4.45-4.42 (1H, m), 3.99-3.97 (1H, br m), 3.24-3.17 (1H, m), 3.12 (1H, d,J =
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12.1 Hz), 3.07-3.01 (1H, m), 2.7 (1H, d, J = 12.1 Hz), 2.38-2.31 (1H, m), 2.22-2.10 (2H, m), 1.97—
1.90 (1H, m). MS-ESI (m/z): 520 [M + HJ".

Sodium  (2R)-2-[[(2R,5R)-2-[(R)-[2-(carbamayloxy)ethyl]sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]
octan-6-ylJoxy]-2-fluoroacetate (100). To a solution of 94 (212 mg, 0.408 mmol) were added anisole
(0.134 mL, 1.22 mmol) and 2 M solution of AIClz in MeNO; (0.612 mL, 1.22 mmol) at —30 °C. After
being stirred for 15 min at —30 °C, the mixture was poured into aqg NaHCOs. The precipitate was filtered
before the aqueous layer was washed with EtOAc. The agueous solution was applied onto HP20SS resin
and subjected to ODS column chromatography (0-7%, MeCN/H-0) to give 100 (121 mg, 79%) as a
white amorphous solid. *H NMR (400 MHz, D,0) &: 5.82 (1H, d, 3Ju.r = 58.5 Hz), 4.58-4.46 (3H, m),
4.27-4.24 (1H, br m), 3.51-3.43 (2H, m), 3.33 (1H, d, J = 10.8 Hz), 3.20 (1H, ddd, J = 14.4, 6.0, 3.7
Hz), 2.40-2.30 (1H, m), 2.26-2.15 (2H, m), 2.09-1.99 (1H, m). ¥C{*H} NMR (100 MHz, D,0) 5: 171.8
(d, 3Jckr = 27.1 Hz), 171.1, 161.5, 110.6 (d, 2Jcr = 241.4 Hz), 77.0, 62.5, 60.8, 51.5, 48.0, 21.3, 18.9.
¥F NMR (377 MHz, D;0) &: —130.2 (d, 3Ju.r = 58.6 Hz). HPLC: >99.9% (Method-A). Anal. calcd for
C11H1sFN3O7SNa(H20).0: C, 32.12; H, 4.66; F, 4.62; N, 10.22; S, 7.79; Na, 5.59. found: C, 32.07; H,
4.73; F,4.52; N, 10.48; S, 7.67; Na, 5.62.
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(S)-4-(lodomethyl)-2,2-dimethyl-1,3-dioxolane (127). To a solution of (R)-(2,2-dimethyl-1,3-dioxo-
lan-4-yl)methanol (33.0 g, 250 mmol) in toluene (550 mL) were added imidazole (51.0 g, 749 mmol),
PPh;3 (79.0 g, 300 mmol), and I, (82.0 g, 325 mmol). After being stirred for 2 h at 90 °C, the solvent was
removed under reduced pressure. The residue was dissolved to CHCIs, and the organic layer was washed
with 10% aq Na»S;03 before being dried over MgSOas. After the removal of solvent, the residue was
triturated with diisopropyl ether to precipitate triphenylphosphine oxide. The mixture was filtered, and
the solvent was removed. The crude product was purified by flash column chromatography (0-10%,
EtOAc/hexane) to give 127 (45.0 g, 74%) as a colorless oil. *H NMR (400 MHz, CDCls) 8: 4.31-4.25
(1H, m), 4.15 (1H, dd, J = 8.7, 6.1 Hz), 3.79 (1H, dd, J = 8.6, 5.5 Hz), 3.26 (1H, dd, J = 9.9, 4.6 Hz),
3.14 (1H, dd, J = 9.8, 8.5 Hz), 1.46 (3H, s), 1.35 (3H, s).

(S)-S-[(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl] 4-methylbenzenesulfonothioate (128). To a solu-
tion of potassium 4-methylbenzenesulfonothioate (47.6 g, 210 mmol) in DMF (230 mL) was added 127
(46.2 g, 191 mmol). After being stirred for 1 h at 90 °C, the mixture was diluted with EtoAc. The organic
layer was washed with water and dried over MgSQa,. After the solvent was removed under reduced
pressure, the crude was purified by flash column chromatography (10-35%, EtOAc/hexane) to give 128
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(45.1 g, 78%) as a colorless oil. 'H NMR (400 MHz, CDCls) §: 7.82 (2H, d, J = 8.4 Hz), 7.35 (2H, d, J
= 8.2 Hz), 4.35-4.29 (1H, m), 4.04 (1H, dd, J = 8.7, 6.0 Hz), 3.68 (1H, dd, J = 8.7, 5.6 Hz), 3.16-3.15
(2H, m), 2.46 (3H, s), 1.37 (3H, s), 1.30 (3H, s). MS-ESI (m/z): 303 [M + H]*.

(S)-2,2-Dimethyl-4-[(phenyldisulfaneyl)methyl]-1,3-dioxolane (77). To 1 N ag NaOH (149 mL, 149
mol) was added benzenthiol (15.4 mL, 149 mol) at 0 °C. After being stirring for 15 min at 0 °C, a solution
of 128 (45.1 g, 149 mol) in MeCN (20 mL) was added, and the mixture was stirred for 1 h at 0 °C. The
reaction mixture was extracted with EtOAc, and the organic layer was died over Na,;SO4. After the
solvent was removed under reduced pressure, the crude was purified by flash column chromatography
(0-10%, EtOAc/hexane) to give 77 (30.4 g, 80%) as a colorless oil. *H NMR (400 MHz, CDCls) &: 7.54
(2H,d, J=75Hz),7.33 (2H, t, J = 7.6 Hz), 7.24 (1H, t, J = 7.6 Hz), 4.34 (1H, dt, J = 13.0, 5.9 Hz),
4.05 (1H, dd, J = 8.4, 6.0 Hz), 3.74 (1H, dd, J = 8.4, 5.9 Hz), 2.99 (1H, dd, J = 13.6, 5.6 Hz), 2.81 (1H,
dd, J=13.5,7.2 Hz), 1.41 (3H, s), 1.32 (3H, s).
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(2R,5R)-6-(Benzyloxy)-2-[[[(S)-2,2-dimethyl-1,3-dioxolan-4-yl]methyl]thio]-1,6-diazabicy-
clo[3.2.1]octan-7-one (71e). To a solution of carboxylic acid 1 (11.0 g, 39.8 mmol) in CH.Cl, (70 mL)
were added 2-mercaptopyridine 1-oxide 4 (5.32 g, 41.8 mmol) and EDC-HCI (8.01 g, 41.8 mmol). After
the mixture was stirred for 1 h at room temperature in the dark, 77 (18.5 g, 36.2 mmol) was added, and
the solution was stirred for 30 min at 0 “C under white light irradiation. The solvent was removed before
the crude was purified by flash column chromatography (0-50%, EtOAc/hexane) to give 71e (5.30 g,
35%) as a yellow oil. *tH NMR (400 MHz, CDCls) &: 7.44-7.35 (5H, m), 5.04 (1H, d, J = 11.5 Hz), 4.90
(1H, d,J=115Hz), 4.70 (1H, d, J = 7.0 Hz), 4.37-4.31 (1H, m), 4.08 (1H, dd, J = 8.3, 6.2 Hz), 3.73
(1H, d, J = 11.5 Hz), 3.69 (1H, dd, J = 8.3, 6.3 Hz), 3.33-3.33 (1H, m), 2.87-2.80 (2H, m), 2.72 (1H,
dd, J=13.6, 6.5 Hz), 2.34-2.24 (1H, m), 1.99-1.93 (1H, m), 1.69-1.55 (2H, m), 1.42 (3H, s), 1.35 (3H,
S). MS-ESI (m/z): 379 [M + H]".

(2R,5R)-6-(Benzyloxy)-2-[(R)-[[(S)-2,2-dimethyl-1,3-dioxolan-4-yl]methyl]sulfinyl]-1,6-diazabicy-
clo[3.2.1]octan-7-one (72¢). To a solution of 71e (5.29 g, 14.0 mmol) in CH,Cl; (60 mL) was added 72
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wt % m-CPBA (3.35 g, 14.0 mmol) at —78 °C. After being stirred for 1 h at —78 °C, ag NaHCO3 and aq
Ns,S,O3 were added, and the aqueous layer was extracted with EtOAc three times. The combined or-
ganic layers were dried over Na SO, and the solvent was removed under reduced pressure. The crude
was purified by flash column chromatography (0-10%, MeOH/EtOAC) to give 72e (3.48 ¢, 63%, dr =
>10/1) as a white solid. *H NMR (400 MHz, CDCls) &: 7.44-7.37 (5H, m), 5.04 (1H, d, J = 11.5 Hz),
490 (1H, d, J = 11.5 Hz), 4.64-4.57 (1H, m), 4.18 (1H, dd, J = 8.5, 6.1 Hz), 4.13 (1H, dd, J = 7.3, 4.6
Hz), 3.73 (1H, dd, J = 8.5, 6.2 Hz), 3.39-3.39 (1H, br m), 3.26 (1H, dd, J = 13.1, 9.0 Hz), 3.19 (1H, d,
J =118 Hz), 3.04-3.02 (1H, br m), 2.80 (1H, dd, J = 13.1, 3.8 Hz), 2.40-2.32 (1H, m), 2.20-2.10 (2H,
m), 1.82-1.76 (1H, m), 1.43 (3H, s), 1.38 (3H, s). MS-ESI (m/z): 395 [M + H]".

Ethyl (2R)-2-[[(2R,5R)-2-[(R)-[[(S)-2,2-dimethyl-1,3-dioxolan-4-ylJmethyl]sulfinyl]-7-oxo-1,6-di-
azabicyclo[3.2.1]octan-6-ylJoxy]-2-fluoroacetate (88). To a solution of 72e (3.48 g, 8.82 mmol) in
THF/MeOH (v/v = 1/1, 35 mL) were added 10% Pd(OH), on carbon (0.619 g, 0.18 wt equiv) and
DABCO (20 mg, 0.18 mmol). After being stirred under a H, atmosphere (1 atm) for 30 min, the mixture
was filtered, and the solvent was removed under reduced pressure. Trituration with diisopropy! ether
gave the debenzylated product (2.09 g, 78%). To a solution of the debenzylated product (2.09 g, 6.87
mmol) in DMF (20 mL) were added 22d (61.5 wt%, 2.48 g, 8.24 mmol) and K,COs (1.04 g, 7.55 mmol)
at —40 °C. After being stirred overnight at —20 °C, the mixture was poured into 10% ag citric acid, and
the aqueous layer was extracted with EtOAc twice. The combined organic layers were washed with
water and dried over Na.SO.. After the solvent was removed under reduced pressure, the crude was
purified by flash column chromatography (0-10%, MeOH/EtOAC) to give 88 (2.45 g, 68%) as a color-
less gum. 'H NMR (400 MHz, CDCls) &: 5.88 (1H, d, 3Ju.r = 52.3 Hz), 4.61-4.59 (1H, m), 4.37-4.29
(2H, m), 4.24-4.21 (2H, m), 4.07-4.05 (1H, br m), 3.73 (1H, dd, J = 8.5, 6.2 Hz), 3.38 (1H, d, J = 12.1
Hz), 3.25-3.19 (2H, m), 2.82 (1H, dd, J = 13.0, 3.7 Hz), 2.46-2.38 (1H, m), 2.29-2.12 (2H, m), 2.03-
1.94 (1H, m), 1.44 (3H, s), 1.38 (3H, s), 1.35 (3H, q, J = 7.2 Hz). MS-ESI (m/z): 409 [M + H]".

Ethyl  (2R)-2-[[(2R,5R)-2-[(R)-[(S)-2,3-dihydroxypropyl]sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]
octan-6-ylJoxy]-2-fluoroacetate (95). To a solution of 88 (340 mg, 0.832 mmol) in CH,Cl, (3.4 mL)
were added anisole (0.546 mL, 4.99 mmol) and 2 M solution of AICI; in MeNO- (2.50 mL, 4.99 mmol)
at —30 °C. After being stirred for 20 min at —30 °C, the mixture was poured into brine. The aqueous
layer was extracted with THF four times and the solvent was removed under reduced pressure. The
crude was purified by flash column chromatography (0-10%, MeOH/CHCI5) to give 95 (240 mg, 78%)
as a pale-yellow gum. *H NMR (400 MHz, CDCls) &: 5.87 (1H, d, ®Ju.r = 52.3 Hz), 4.40-4.28 (4H, m),
4.09-4.06 (1H, br m), 3.77 (1H, dd, J = 11.4, 3.7 Hz), 3.63 (1H, dd, J = 11.4, 5.6 Hz), 3.33 (1H, d, J =
12.2 Hz), 3.26-3.20 (2H, m), 2.87 (1H, dd, J = 13.6, 2.8 Hz), 2.43-2.36 (1H, m), 2.30-2.16 (2H, m),
2.04-1.97 (1H, m), 1.33 (3H, t, J = 7.2 Hz). MS-ESI (m/z): 369 [M + H]".

Sodium (2R)-2-[[(2R,5R)-2-[(R)-[(S)-2,3-dihydroxypropyl]sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]
octan-6-ylJoxy]-2-fluoroacetate (101). To a solution of 95 (64.8 mg, 0.176 mmol) in THF/H,O (v/v =
2/1, 3 mL) was added 1 N ag NaOH (0.176 mL, 0.176 mmol) at 0 °C. After being stirred for 15 min at
0 °C, the organic solvent was removed under reduced pressure. The aqueous solution was applied onto
HP20SS resin and subjected to ODS column chromatography (0-10%, MeCN/H:0) to give 101 (27.9
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mg, 43%) as a white amorphous solid. *H NMR (400 MHz, D,0) §: 5.81 (1H, d, 3Ju.r = 58.7 Hz), 4.45
(1H,t,J = 6.1 Hz), 4.26-4.23 (LH, br m), 4.19-4.16 (1H, m), 3.72 (1H, dd, J = 11.8, 4.0 Hz), 3.62 (1H,
dd, J=11.9,5.9 Hz), 3.46 (1H, d, J = 12.0 Hz), 3.33 (1H, d, J = 11.8 Hz), 3.19 (1H, dd, J = 13.6, 10.8
Hz), 3.02 (1H, dd, J = 13.6, 2.3 Hz), 2.36-2.30 (1H, m), 2.25-2.14 (2H, m), 2.07-2.02 (1H, m). BC{*H}
NMR (100 MHz, D20) &: 171.9 (d, 3Jc.r = 27.1 Hz), 171.2, 110.7 (d, 2Jcr = 241.4 Hz), 77.3, 68.5, 67.7,
62.6, 56.2, 48.2, 21.4, 18.8. *°F NMR (377 MHz, D;0) &: —130.1 (d, 3Ju-+ = 59.9 Hz). HPLC: >99.9%
(method-A).
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3-Bromo-2-(((4-methoxybenzyl)oxy)imino)propanoic acid (129). To a solution of 3-bromo-2-ox-
opropanoic acid (20.0 g, 120 mmol) in MeOH (400 mL) were added O-(4-methoxybenzyl)hydroxyla-
mine hydrochloride (22.7 g, 120 mmol) and NaOAc (19.7 g, 240 mmol) at 0 °C. After being stirred for
6 h at room temperature, the mixture was filtered, and the solvent was removed under reduced pressure.
To the residue was added 1 N aq HCI, and the aqueous layer was extracted with EtOAc twice. After the
removal of the solvent, 129 (37.4 g, quant.) was recrystallized from EtOH/H,0. Note: Compound 129
was obtained as a mixture of geometrical isomers (61/39). The geometry of the major isomer was un-
known. *H NMR of major isomer (400 MHz, CDCls) &: 7.32 (2H, d, J = 8.6 Hz), 6.92 (2H, d, J = 8.3
Hz), 5.32 (2H, s), 4.18 (2H, s), 3.83 (3H, s). MS-ESI (m/z): 300 [M —H]".

2-(Trimethylsilylethyl 3-bromo-2-[[(4-methoxybenzyl)oxy]imino]propanoate (130). To a solution
of 129 (36.2 g, 120 mmol) in CH,CI, (360 mL) were added 2-(trimethylsilyl)ethan-1-ol (17.0 g, 144
mmol), DMAP (4.39 g, 35.9 mmol), and EDC-HCI (27.6 g, 144 mmol) at O °C. After being stirred for 1
h at 0 °C, the mixture was washed with water, and the organic layer was dried over MgSO,. After the
solvent was removed under reduced pressure, the crude was purified by flash column chromatography
(0—25%, EtOAc/hexane) to give 130 (29.6 g, 62%) as a colorless oil. Note: Compound 130 was obtained
as a mixture of geometrical isomers (75/25). The geometry of the major isomer was unknown. *H NMR
of major isomer (400 MHz, CDCls) 6: 7.32 (2H, d, J = 8.6 Hz), 6.90 (2H, d, J = 8.6 Hz), 5.30 (2H, s),
4.39 (2H,t,J =8.4 Hz), 4.35 (2H, s), 3.82 (3H, 5), 1.12 (2H, t, J = 8.4 Hz), 0.07 (9H, S). MS-ESI (m/z):
402 [M + H]*.

2-(Trimethylsilyl)ethyl 2-[[(4-methoxybenzyl)oxy]imino]-3-(tosylthio)propanoate (78). To a solu-
tion of potassium 4-methylbenzenesulfonothioate (16.7 g, 73.7 mmol) in DMF (150 mL) was added 130
(29.6 g, 73.7 mmol). After being stirred for 1 h at 50 °C, the mixture was diluted with EtOAc/hexane
(v/v = 1/1). The organic layer was washed with water and brine before being dried over Na,SO.. After
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the solvent was removed under reduced pressure, the crude was purified by flash column chromatog-
raphy (0-40%, EtOAc/hexane) to give 78 (37.6 g, quant.) as a colorless oil. Note: Compound 78 was
obtained as a single isomer. The geometry was unknown. *H NMR (400 MHz, CDCls) 8: 7.78 (2H, d, J
=8.1 Hz), 7.30 (2H, d, J = 8.6 Hz), 7.26 (2H, d, J = 8.1 Hz), 6.90 (2H, d, J = 8.6 Hz), 5.22 (2H, s), 4.32
(2H, t, J = 8.6 Hz), 3.97 (2H, s), 3.82 (3H, s), 2.42 (3H, s), 1.10-1.05 (2H, m), 0.06 (9H, s). MS-ESI
(m/z): 510 [M + H]".
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2-(TrimethylsilyDethyl 3-[[(2R,5R)-6-(benzyloxy)-7-0xo0-1,6-diazabicyclo[3.2.1]octan-2-yl]thio]-2-
[[(4-methoxybenzyl)oxy]imino]propanoate (71f). To a solution of carboxylic acid 1 (5.00 g, 18.1 mmol)
in CH2Cl, (25 mL) were added 2-mercaptopyridine 1-oxide 4 (2.42 g, 19.0 mmol) and EDC-HCI (3.64
g, 19.0 mmol). After the mixture was stirred for 1 h at room temperature in the dark, 78 (18.5 g, 36.2
mmol) was added, and the solution was stirred for 30 min at 0 °C under white light irradiation. The
solvent was removed before the crude was purified by flash column chromatography (0-50%,
EtOAc/hexane) to give 71f (2.80 g, 26%) as a colorless oil. *H NMR (400 MHz, CDCls) &: 7.41-7.34
(7H, m), 6.88 (2H, d, J = 8.6 Hz), 5.26 (2H, 5), 5.04 (1H, d, J = 11.6 Hz), 4.88 (1H, d, J = 11.4 Hz), 4.73
(1H, d, J = 7.6 Hz), 4.37-4.27 (2H, m), 3.80 (3H, s), 3.71 (1H, d, J = 12.9 Hz), 3.58 (2H, d, J = 12.4
Hz), 3.24 (1H, s), 2.71 (1H, d, J = 11.4 Hz), 2.28-2.18 (1H, m), 1.89-1.88 (1H, m), 1.60-1.44 (2H, m),
1.10 (2H, t, J = 8.6 Hz), 0.06 (9H, s). MS-ESI (m/z): 486 [M + H]".

2-(Trimethylsilyl)ethyl 3-[(R)-[(2R,5R)-6-(benzyloxy)-7-oxo0-1,6-diazabicyclo[3.2.1]octan-2-yl]
sulfinyl]-2-[[(4-methoxybenzyl)oxy]imino]propanoate (72f). To a solution of 71f (2.80 g, 4.06 mmol)
in CH2Cl; (30 mL) was added 72 wt % m-CPBA (0.974 g, 4.06 mmol) at —60 "C. After being stirred for
1hat-10 °C, ag NaHCO;3; and aq Ns,S,03; were added, and the aqueous layer was extracted with EtOAc
three times. The combined organic layers were dried over Na,SO., and the solvent was removed under
reduced pressure. The crude was purified by flash column chromatography (50-100%, EtOAc/hexane)
to give 72f (1.93 g, 79%, dr = >10/1) as a colorless gum. *H NMR (400 MHz, CDCls) &: 7.42-7.37 (5H,
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m), 7.32 (2H, d, J = 8.6 Hz), 6.88 (2H, d, J = 8.6 Hz), 5.30 (1H, d, J = 11.4 Hz), 5.26 (1H, d,J=11.4
Hz), 5.03 (1H, d, J = 11.4 Hz), 4.87 (1H, d, J = 11.4 Hz), 4.39-4.35 (2H, m), 4.18-4.15 (2H, m), 4.01
(1H, d, J =12.1 Hz), 3.76 (3H, s), 3.28-3.27 (1H, br m), 2.98 (1H, d, J = 11.9 Hz), 2.85-2.82 (1H, br
m), 2.35-2.29 (1H, m), 2.04-1.96 (2H, m), 1.71-1.63 (1H, m), 1.13-1.09 (2H, m), 0.06 (9H, s). MS-
ESI (m/z): 602 [M + H]".

2-(Trimethylsilyl)ethyl  3-[(R)-[(2R,5R)-6-[(R)-2-(benzhydryloxy)-1-fluoro-2-oxoethoxy]-7-oxo-
1,6-diazabicyclo[3.2.1]octan-2-yl]sulfinyl]-2-[[(4-methoxybenzyl)oxy]imino]propanoate (89). To a
solution of 72f (1.92 g, 3.19 mmol) in MeOH (20 mL) were added 10% Pd(OH). on carbon (1.20 g,
0.63 wt equiv) and DABCO (36 mg, 0.32 mmol). After being stirred under a H, atmosphere (1 atm) for
15 min, the mixture was filtered, and the solvent was removed to give the crude product, which was
used without further purification. To a solution of the crude debenzylated product in DMF (15 mL) were
added 22e (1.34 g, 4.15 mmol) and DBU (0.481 mL, 3.19 mmol) at 0 °C. After being stirred for 1 h at
0 °C, the mixture was poured into 10% aq citric acid, and the aqueous layer was extracted with EtOAc
twice. The combined organic layers were washed with water and dried over Na.SO.. After the solvent
was removed under reduced pressure, the crude was purified by flash column chromatography (20-50%,
EtOAc/hexane) to give 89 (930 mg, 39%) as a white amorphous solid. *H NMR (400 MHz, CDCls) &:
7.40-7.29 (12H, m), 6.94 (1H, s), 6.89 (2H, d, J = 8.6 Hz), 5.96 (1H, d, ®Ju.r = 53.3 Hz), 5.32 (1H, d, J
=11.4Hz),5.28 (1H, d, J=11.4 Hz), 4.38 (2H, dd, J = 9.6, 7.3 Hz), 4.24-4.20 (1H, m), 4.12 (1H, d, J
=12.1 Hz), 3.98 (1H, d, J = 12.1 Hz), 3.87-3.84 (1H, br m), 3.80 (3H, s), 3.09 (1H, d, J = 12.1 Hz),
2.55 (1H, d, J = 11.9 Hz), 2.38-2.31 (1H, m), 2.09-1.94 (2H, m), 1.86-1.81 (1H, m), 1.12 (2H, t, J =
8.7 Hz), 0.06 (9H, s). MS-ESI (m/z): 755 [M + H]".

Benzhydryl (2R)-2-[[(2R,5R)-2-[(R)-[3-amino-2-[[(4-methoxybenzyl)oxy]imino]-3-oxopropyl]sul-
finyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-ylJoxy]-2-fluoroacetate (96). To a solution of 89 (929 mg,
1.23 mmol) in DMF (10 mL) was added tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF)
(407 mg, 1.48 mmol). After being stirred for 1 h, the mixture was poured into 10% aq citric acid, and
the aqueous layer was extracted with EtOAc twice. The combined organic layers were washed with
water and dried over Na,SOs. The solvent was removed under reduced pressure to give a crude product.
To a solution of the crude carboxylic acid in CH2Cl2 (10 mL) were added EtsN (0.256 mL, 1.85 mmol)
and isobutyl chloroformate (0.178 mL, 1.36 mmol) at 0 °C. After being stirred for 15 min at 0 °C, 28%
ag. ammonia (0.286 mL, 3.69 mmol) was added, and the mixture was stirred for 15 min at 0 °C. The
mixture was poured into water, and the aqueous layer was extracted with CH.Cl; twice. The combined
organic layers were dried over MgSOy, and the solvent was removed under reduced pressure. The crude
was purified by flash column chromatography (50-100%, EtOAc/hexane) to give 96 (517 mg, 64%) as
a white amorphous solid. *H NMR (400MHz, CDCls) &: 7.41-7.27 (12H, m), 6.94 (1H, s), 6.91 (2H, d,
J =8.7 Hz), 6.59 (1H, br s), 5.97 (1H, d, 3Ju.r = 53.3 Hz), 5.29 (1H, br s), 5.23 (2H, s), 4.24 (1H,t,J =
6.4 Hz), 4.12 (1H, d, J = 11.9 Hz), 4.03 (1H, d, J = 11.9 Hz), 3.91-3.88 (1H, br m), 3.81 (3H, s), 3.22
(1H, d, J=12.2 Hz), 2.63 (1H, d, J = 12.2 Hz), 2.42-2.35 (1H, m), 2.14-2.00 (2H, m), 1.90-1.83 (1H,
m). MS-ESI (m/z): 653 [M + H]".
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Sodium (2R)-2-[[(2R,5R)-2-[(R)-[3-amino-2-(hydroxyimino)-3-oxopropyl]sulfinyl]-7-oxo-1,6-di-
azabicyclo[3.2.1]octan-6-ylJoxy]-2-fluoroacetate (102). To a solution of 96 (238 mg, 0.365 mmol) in
CH.CI; (4 mL) were added anisole (0.159 mL, 1.46 mmol) and 2 M solution of AICI; in MeNO- (0.729
mL, 1.46 mmol) at —30 °C. After being stirred for 1 h at —10 °C, the mixture was poured into aq NaHCOs.
The precipitate was filtered before the aqueous layer was washed with EtOAc. The aqueous solution
was applied onto HP20SS resin and subjected to ODS column chromatography (0—7%, MeCN/H-O) to
give 102 (69.7 mg, 49%) as a white amorphous solid. *H NMR (400 MHz, D,0) é: 5.82 (1H, d, J = 58.6
Hz), 4.53 (1H, t, J = 6.3 Hz), 4.31 (2H, s), 4.26-4.23 (1H, br m), 3.42 (1H, d, J = 12.4 Hz), 3.33-3.30
(1H, m), 2.39-2.32 (1H, m), 2.26-2.21 (2H, m), 2.05-2.01 (1H, m). B¥C{*H} NMR (100 MHz, D,0) &:
171.9 (d, 3Jc¢r = 27.1 Hz), 170.9, 169.2, 146.9, 110.7 (d, 2Jc.r = 240.6 Hz), 78.2, 62.4, 48.3, 46.0, 21.4,
18.9. °F NMR (377 MHz, D;0) &: —130.2 (d, 3Jn-r = 58.6 Hz). HPLC: 96.1% (method-D).
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tert-Butyl [2-(phenyldisulfaneyl)ethyl]carbamate (79). To 1 N aq NaOH (207 mL, 207 mmol) were
added tert-butyl (2-mercaptoethyl)carbamate (36.7 g, 207 mmol) and a solution of S-phenyl benzene-
sulfonothioate® (51.9 g, 207 mmol) in MeCN (100 mL) at 0 °C. After being stirred for 1 hat 0 °C, the
mixture was poured into brine, and the aqueous layer was extracted with EtOAc. After the organic layer
was dried over Na;SOs, the solvent was removed under reduced pressure. The crude was purified by
flash column chromatography (0-20%, EtOAc/hexane) to give 79 (38.5 g, 65%) as a white solid. *H
NMR (400 MHz, CDCl3) &: 7.56-7.53 (2H, m), 7.33 (2H, t, J = 7.6 Hz), 7.26-7.22 (1H, m), 4.79 (1H,
brs), 3.43-3.42 (2H, m), 2.84 (2H, t, J = 6.2 Hz), 1.43 (9H, s). MS-ESI (m/z): 286 [M + H]".
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tert-Butyl  [2-[[(2R,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]thio]ethyl]carba-
mate (71g). To a solution of carboxylic acid 1 (10.0 g, 36.2 mmol) in CHCl, (100 mL) were added 2-
mercaptopyridine 1-oxide 4 (5.06 g, 39.8 mmol) and EDC-HCI (7.63 g, 39.8 mmol). The mixture was
stirred for 1 h at room temperature in the dark (solution A). To a solution of 79 (31.0 g, 109 mmol) in
CH,CI; (30 mL) was slowly added solution A at 0 °C under white light irradiation, and the mixture was
stirred for 30 min. The solvent was removed before the crude was purified by flash column chromatog-
raphy (10-30%, EtOAc/hexane) to give 71g (2.88 g, 20%) as a pale yellow gum. *H NMR (400 MHz,
CDCls) 6: 7.44-7.35 (5H, m), 5.05 (1H, d, J = 11.4 Hz), 5.01 (1H, br s), 4.90 (1H, d, J = 11.4 Hz), 4.64
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(1H, d, J = 7.2 Hz), 3.74 (1H, d, J = 11.4 Hz), 3.39-3.27 (3H, m), 2.86-2.79 (2H, m), 2.68-2.62 (1H,
m), 2.35-2.25 (1H, m), 1.99-1.93 (1H, m), 1.68-1.54 (2H, m), 1.44 (9H, s). MS-ESI (m/z): 408 [M +
H]*.

tert-Butyl  [2-[(R)-[(2R,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octan-2-yl]sulfinyl]ethyl]
carbamate (72g). To a solution of 71g (1.00 g, 2.45 mmol) in CH2Cl, (20 mL) was added 72 wt % m-
CPBA (0.588 g, 2.45 mmol) at —78 °C. After being stirred for 1 h at =78 °C, ag NaHCO3z and aq Ns;S,03
were added, and the aqueous layer was extracted with EtOAc three times. The combined organic layers
were dried over Na,SOa, and the solvent was removed under reduced pressure. The crude was purified
by flash column chromatography (30%, acetone/toluene) to give 72g (834 mg, 80%, dr = >10/1) as a
white gum. *H NMR (400 MHz, CDCl3) &: 7.41-7.37 (5H, m), 5.12 (1H, brs), 5.04 (1H, d, J = 11.4
Hz), 4.89 (1H, d, J = 11.4 Hz), 4.16-4.13 (1H, m), 3.67-3.65 (2H, br m), 3.39-3.38 (1H, br m), 3.27—
3.20 (1H, m), 3.17 (1H, d, J =11.8 Hz), 3.03 (1H, d, J = 12.0 Hz), 2.85 (1H, dt, J = 13.3, 5.5 Hz), 2.38-
2.28 (1H, m), 2.19-2.10 (2H, m), 1.81-1.74 (1H, m), 1.44 (9H, s). MS-ESI (m/z): 424 [M + H]".

Benzhydryl (2R)-2-[[(2R,5R)-2-[(R)-[2-[(tert-butoxycarbonyl)amino]ethyl]sulfinyl]-7-oxo-1,6-di-
azabicyclo[3.2.1]octan-6-ylJoxy]-2-fluoroacetate (90). To a solution of 72g (883 mg, 3.19 mmol) in
MeOH (10 mL) were added 10% Pd(OH). on carbon (146 mg, 0.17 wt equiv) and DABCO (5 mg, 0.04
mmol). After being stirred under a H, atmosphere (1 atm) for 1 h, the mixture was filtered, and the
solvent was removed to give the crude product. A part of the product was used for the next step. To a
solution of the crude debenzylated product (241 mg, 0.723 mmol) in DMF (2 mL) were added 22e (327
mg, 1.01 mmol) and DBU (0.131 mL, 0.867 mmol) at O “C. After being stirred for 1 h at 0 °C, the
mixture was poured into 10% aq citric acid, and the aqueous layer was extracted with EtOAc twice. The
combined organic layers were washed with water and dried over Na,SOa. After the solvent was removed
under reduced pressure, the crude was purified by flash column chromatography (50-100%, EtOAc/hex-
ane) to give 90 (286 mg, 69%) as a white amorphous solid. *H NMR (400 MHz, CDCls) §: 7.41-7.29
(10H, m), 6.95 (1H, s), 5.98 (1H, d, 3Jur = 53.3 Hz), 5.10 (1H, brs), 4.19 (1H, t, J = 6.2 Hz), 3.97-3.94
(1H, br m), 3.66-3.65 (2H, br m), 3.24-3.15 (2H, m), 2.83 (1H, dt, J = 13.2, 5.6 Hz), 2.65 (1H, d, J =
12.4 Hz), 2.37-2.30 (1H, m), 2.23-2.07 (2H, m), 1.96-1.88 (1H, m), 1.45 (9H, s). MS-ESI (m/z): 576
[M + H]".

(2R)-2-[[(2R,5R)-2-[(R)-(3-Aminopropyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]oxy]-2-
fluoroacetic acid-2,2,2-trifluoroacetic acid (1/1) (103). To a solution of 90 (286 mg, 0.497 mmol) in
CH.CI; (3 mL) was added TFA (3 mL) at 0 °C. After the mixture was stirred for 15 min at 0 °C, the
solvent was removed under reduced pressure. The crude was triturated with 'PrOAc to give 103 (107
mg, 51%). *H NMR (400 MHz, D,0) &: 5.81 (1H, d, J = 58.4 Hz), 4.52 (1H, t, J = 6.7 Hz), 4.26-4.24
(1H, br m), 3.59-3.47 (3H, m), 3.41 (1H, d, J = 12.1 Hz), 3.34-3.25 (2H, m), 2.36-2.30 (1H, m), 2.24—
2.19 (2H, m), 2.07-2.01 (1H, m). BC{*H} NMR (100 MHz, D,0) &: 171.3, 170.9 (d, 3Jc.r = 24.9 Hz),
165.9 (q, 3Jcr = 35.5 Hz) (TFA), 119.3 (q, 2Jc.r = 291.7 Hz) (TFA), 110.0 (d, 2Jcr = 242.1 Hz), 77.3,
63.0, 48.5, 47.9, 36.8, 21.2, 19.3. **F NMR (377 MHz, D;0) &: —75.6 (s) (TFA), —132.5 (d, *Ju.r = 55.9
Hz). HPLC: 96.7% (method-A). Anal. calcd for C1oH1sFN3OsS(TFA)o 7((PrOAC)e1(H20)06: C, 34.85; H,
4.64; F, 14.36; N, 10.25; S, 7.82. found: C, 35.04; H, 4.58; F, 13.90; N, 10.29; S, 7.67.

- 120 —



i 1) Hy (1 atm), PA(OH) S,
BocHN™ Cl Df\BC?)r,nTHF/Meoﬁ BocHN™ { ,
N =
2) 22f, K,COs, DMF, -40 °C J—N.__~_0O
N ~N
o "0Bn ° O/I(
729 20% 91
e e Q Q
1) TFA S, S,
CH,Cly, 0 °C )Lu/\’ ’ NaOH Aﬁ/\’ ’
N F — N F
2) Ac,0, EtsN, CH,Cly, : THF/H,0 0 N
-782°C tosrt 2Cl O%N\o/}(o\ 0°C2 O%N\O/WO Na
quant. 97 ° 66% 104 °
Methyl (2R)-2-[[(2R,5R)-2-[(R)-[2-[(tert-butoxycarbonyl)amino]ethyl]sulfinyl]-7-oxo-1,6-di-

azabicyclo[3.2.1]octan-6-ylJoxy]-2-fluoroacetate (91). To a solution of 72g (833 mg, 3.19 mmol) in
MeOH (40 mL) were added 5% Pd/C (4.19 g, 5.03 wt equiv). After being stirred under a H, atmosphere
(1 atm) for 0.5 h, the mixture was filtered, and the solvent was removed to give the crude product. A
part of the product was used for the next step. To a solution of the crude debenzylated product (656 mg,
1.97 mmol) in DMF (6 mL) were added methyl 2-bromo-2-fluoroacetate 22f (370 mg, 2.16 mmol) and
K2CO3 (272 mg, 1.97 mmol) at —40 °C. After being stirred overnight at —40 °C, the mixture was poured
into 10% aq citric acid, and the aqueous layer was extracted with EtOAc twice. The combined organic
layers were washed with water and dried over Na>SOs. After the solvent was removed under reduced
pressure, the crude was purified by flash column chromatography (25%, acetone/toluene) to give 91
(164 mg, 20%) as a white amorphous solid. Note: Both stereo isomers were obtained because racemic
methyl 2-bromo-2-fluoroacetate was used. The polar isomer was isolated on the assumption that it would
be a desired isomer described in the scheme. *H NMR (400 MHz, CDCls) &: 5.89 (1H, d, 3Ju.r = 52.3
Hz), 5.10 (1H, br's), 4.22 (1H, dd, J = 7.3, 5.0 Hz), 4.06-4.04 (1H, br m), 3.87 (3H, s), 3.67-3.66 (2H,
m), 3.35 (1H, d, J = 12.2 Hz), 3.27-3.20 (2H, m), 2.85 (1H, dt, J = 13.3, 5.5 Hz), 2.46-2.36 (1H, m),
2.29-2.12 (2H, m), 2.02-1.94 (1H, m), 1.44 (9H, s). MS-ESI (m/z): 424 [M + H]".

Methyl (2R)-2-[[(2R,5R)-2-[(R)-(2-acetamidoethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-
6-ylJoxy]-2-fluoroacetate (97). To a solution of 91 (164 mg, 0.387 mmol) in CH,Cl. (2 mL) was added
TFA (2 mL) at 0 °C. After the mixture was stirred for 15 min at 0 °C, the solvent was removed under
reduced pressure to give a crude product. To a solution of the crude product in CH,Cl, (2 mL) were
added EtsN (0.268 mL, 1.93 mmol) and Ac.0 (0.037 mL, 0.386 mmol) at —78 °C. After the mixture was
stirred at from —78 °C to room temperature, the mixture was directly purified by flash column chroma-
tography (0-10%, MeOH/CHCIs) to give 97 (142 mg, quant.) as a white gum. *H NMR (400 MHz,
CDCls) 3: 6.29 (1H, brs), 5.89 (1H, d, 3Ju-r = 52.2 Hz), 4.25 (1H, t, J = 6.2 Hz), 4.08-4.05 (1H, br m),
3.91-3.72 (2H, m), 3.87 (3H, s), 3.32 (1H, d, J = 12.2 Hz), 3.28-3.20 (2H, m), 2.94-2.88 (1H, m), 2.42—
2.34 (1H, m), 2.29-2.13 (2H, m), 2.03-1.97 (1H, m), 1.99 (3H, s). MS-ESI (m/z): 366 [M + H]".

Sodium (2R)-2-[[(2R,5R)-2-[(R)-(2-acetamidoethyl)sulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-
6-yl]oxy]-2-fluoroacetate (104). To a solution of 97 (142 mg, 0.389 mmol) in THF/H.O (v/v = 2/1, 3
mL) was added 1 N agq NaOH (0.389 mL, 0.389 mmol) at 0 °C. After the mixture was stirred for 15 min
at 0 °C, the organic solvent was removed under reduced pressure. The aqueous solution was applied
onto HP20SS resin and subjected to ODS column chromatography (0-20%, MeCN/H-0) to give 104
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(96.4 mg, 66%) as a white amorphous solid. *H NMR (400 MHz, D;0) &: 5.81 (1H, d, 3Ju.r = 58.6 Hz),
4.45 (1H,1, J = 6.3 Hz), 4.26-4.23 (1H, br m), 3.68 (2H, t, = 6.2 Hz), 3.43 (1H, d, J = 12.3 Hz), 3.35~
3.28 (2H, m), 3.05 (1H, dt, J = 13.7, 5.5 Hz), 2.35-2.28 (1H, m), 2.24-2.12 (2H, m), 2.06-1.97 (4H, m).
13C{'H} NMR (100 MHz, D;0) &: 177.3, 171.8 (d, 3Jc.r = 27.1 Hz), 171.1, 110.7 (d, Zc.r = 241.4 Hz),
77.1,62.5,52.1, 48.0, 36.1, 24.7, 21.3, 18.9. 1%F NMR (377 MHz, D20) &: —130.0 (d, 3Ju. = 58.6 Hz).
HPLC: 99.8% (method-A). Anal. calcd for C1,H17FN3OsSNa(H-0)1s: C, 35.52; H, 5.12; F, 4.68; N,
10.36; S, 7.90; Na, 5.67. found: C, 35.49; H, 5.12; F, 4.77; N, 10.51; S, 7.69; Na, 5.39.

(oye} N-N
N—-N % cat.Nal /@/
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S-[(5-Methyl-1,3,4-oxadiazol-2-yl)methyl] 4-methylbenzenesulfonothioate (80). To a solution of 2-
(chloromethyl)-5-methyl-1,3,4-oxadiazole (1.40 g, 10.6 mmol) in DMF (7 mL) was added potassium 4-
methylbenzenesulfonothioate (2.30 g, 10.6 mmol). After being stirred for 2 h, the mixture was poured
into water, and the aqueous layer was extracted EtOAc twice. The combined organic layers were washed
with water and brine before being dried over Na;SO4. After the solvent was removed under reduced
pressure, recrystallization from EtOAc/diisopropyl ether gave 80 (1.32 g, 44%) as a white solid. *H
NMR (400 MHz, CDCls) &: 7.80 (2H, d, J = 8.4 Hz), 7.34 (2H, d, J = 8.0 Hz), 4.38 (2H, s), 2.46 (3H,
s), 2.40 (3H, s).
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(2R,5R)-6-(Benzyloxy)-2-[[(5-methyl-1,3,4-oxadiazol-2-yl)methyl]thio]-1,6-diazabicyclo[3.2.1]oc-
tan-7-one (71h). To a solution of carboxylic acid 1 (430 mg, 1.56 mmol) in CH2Cl, (2 mL) were added
2-mercaptopyridine 1-oxide 4 (208 mg, 1.63 mmol) and EDC-HCI (313 mg, 1.63 mmol). The mixture
was stirred for 1 h at room temperature in the dark (solution A). To a solution of 80 (1.33 g, 4.67 mmol)
in CH2Cl,> (2 mL) was slowly added solution A at 0 °C under white light irradiation, and the mixture
was stirred for 30 min. The solvent was removed before the crude was purified by flash column chro-
matography (20-60%, EtOAc/hexane) to give 71h (383 mg, 68%) as a yellow oil. *H NMR (400 MHz,
CDCls) 6: 7.44-7.36 (5H, m), 5.05 (1H, d, J = 11.4 Hz), 491 (1H, d, J =115 Hz), 4.81 (1H,d, J = 6.7
Hz), 4.05 (1H, t, J = 11.1 Hz), 3.85 (1H, d, J = 15.2 Hz), 3.69 (1H, d, J = 11.7 Hz), 3.36-3.34 (1H, m),
2.87-2.84 (1H, m), 2.53 (3H, s), 2.36-2.26 (1H, m), 2.03-1.96 (1H, m), 1.69-1.57 (2H, m).

(2R,5R)-6-(Benzyloxy)-2-[(R)-[(5-methyl-1,3,4-oxadiazol-2-yl)methyl]sulfinyl]-1,6-diazabicy-
clo[3.2.1]octan-7-one (72h). To a solution of 71h (375 mg, 1.04 mmol) in CH:Cl; (4 mL) was slowly
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added a solution of 69 wt % m-CPBA (273 mg, 1.09 mmol) in CH.Cl, (2 mL) at —40 °C. After the
mixture was stirred for 2 h at -40 °C, aqg NaHCOs and agq Ns.S,Oz were added, and the aqueous layer
was extracted with EtOAc three times. The combined organic layers were dried over Na.SO., and the
solvent was removed under reduced pressure. The crude was purified by flash column chromatography
(60-100%, EtOAc/hexane) to give 72h (340 mg, 87%, dr = 7/1) as a white foam. *H NMR (400 MHz,
CDCls) 8: 7.41-7.39 (5H, m), 5.04 (1H, d, J = 11.4 Hz), 4.90 (1H, d, J = 11.4 Hz), 454 (1H, d, J = 14.2
Hz), 4.39 (1H, t, J = 6.1 Hz), 4.22 (1H, d, J = 14.2 Hz), 3.42-3.41 (1H, m), 3.13 (1H, d, J = 11.9 Hz),
3.05 (1H, d, J =11.8 Hz), 2.56 (3H, s), 2.36-2.27 (1H, m), 2.24-2.14 (2H, m), 1.83-1.74 (1H, m).

Benzhydryl (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-[(5-methyl-1,3,4-oxadiazol-2-yl)methyl]sulfinyl]-7-
oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]Joxy]acetate (92). To a solution of 72h (340 mg, 0.903 mmol) in
MeOH (7 mL) were added 10% Pd(OH); on carbon (951 mg, 2.80 wt equiv) and DABCO (2.0 mg, 0.02
mmol). After being stirred under a H, atmosphere (1 atm) for 8 h, the mixture was filtered, and the
solvent was removed to give the crude product. To a solution of the crude debenzylated product in DMF
(3 mL) were added 22e (249 mg, 0.772 mmol) and 1 M solution of DBU in DMF (534 uL, 0.534 mmol)
at 0 °C. After being stirred for 1 h at 0 °C, the mixture was poured into water, and the aqueous layer was
extracted with EtOAc three times. The combined organic layers were washed with water and dried over
Na.SOs. After the solvent was removed under reduced pressure, the crude was purified by flash column
chromatography (20-100%, EtOAc/hexane) to give 92 (43.0 mg, 9.0%) as a white foam. *H NMR (400
MHz, CDCls) &: 7.35-7.30 (10H, m), 6.95 (1H, s), 5.98 (1H, d, 3Ju.r = 53.2 Hz), 4.50-4.43 (2H, m),
4.20 (1H, d, J = 14.2 Hz), 4.00--3.97 (1H, br m), 3.14 (1H, d, J = 12.4 Hz), 2.92 (1H, d, J = 28.9 Hz),
2.57 (3H, s), 2.35-2.29 (1H, m), 2.24-2.15 (2H, m), 1.97-1.90 (1H, m).

Sodium (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-[(5-methyl-1,3,4-oxadiazol-2-yl)methyl]sulfinyl]-7-oxo-
1,6-diazabicyclo[3.2.1]octan-6-ylJoxy]acetate (105). To a solution of 92 (40.0 mg, 0.076 mmol) in
THF/H,0 (v/iv =2/1, 1.2 mL) was added 1 N ag NaOH (76 pL, 0.076 mmol) at 0 °C. After the mixture
was stirred for 1 h at 0 °C, the reaction was quenched by dry ice, and the organic solvent was removed
under reduced pressure. The aqueous solution was applied onto HP20SS resin and subjected to ODS
column chromatography (0-12%, MeCN/H-0) to give 105 (21.5 mg, 72%) as a white amorphous solid.
'H NMR (400 MHz, D;0) &: 5.82 (1H, d, 3Ju.r = 58.6 Hz), 4.63-4.61 (2H, m), 4.28-4.25 (1H, br m),
3.43 (1H, d, J = 12.3 Hz), 3.33 (1H, d, J = 11.8 Hz), 2.59 (3H, s), 2.38-2.16 (3H, m), 2.08-2.05 (1H,
m). C{*H} NMR (100MHz, D0) &: 171.8 (d, *Jc.r = 26.4 Hz), 170.7, 170.2, 162.0, 110.7 (d, 2Jcr =
240.6 Hz), 76.8, 62.3, 48.2, 21.1, 19.2, 13.0. **F NMR (377 MHz, D;0) &: —130.0 (d, 3Ju.r = 58.6 Hz).
HPLC: 99.1% (method-A).
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tert-Butyl  4-[[[(2R,5R)-6-[(R)-2-ethoxy-1-fluoro-2-oxoethoxy]-7-oxo-1,6-diazabicyclo[3.2.1]oc-
tan-2-yl]thio]methyl]-1H-imidazole-1-carboxylate (71i). To a solution of 70 (350 mg, 1.21 mmol) in
CH_CI; (2 mL) were added 2-mercaptopyridine 1-oxide 4 (161 mg, 1.27 mmol) and EDC-HCI (243 mg,
1.27 mmol). The mixture was stirred for 1 h at room temperature in the dark (solution A). To a solution
of 19 (1.33 g, 3.62 mmol) in CH.Cl, (2 mL) was slowly added solution A at 0 “C under white light
irradiation, and the mixture was stirred for 30 min. The solvent was removed before the crude was
purified by flash column chromatography (10-50%, EtOAc/hexane) to give 71i (145 mg, 26%) as a
yellow oil. *H NMR (400 MHz, CDCls) &: 8.03 (1H, s), 7.32 (1H, s), 5.88 (1H, d, 3Ju.r = 52.7 Hz), 4.69
(1H, d,J=7.5 Hz), 4.37-4.28 (2H, m), 4.00-3.98 (1H, br m), 3.94 (1H, d, J = 11.8 Hz), 3.81 (1H, d, J
=14.2 Hz), 3.62 (1H, d, J = 14.1 Hz), 2.99 (1H, d, J = 11.7 Hz), 2.33-2.23 (1H, m), 2.11-2.06 (2H, m),
1.86-1.78 (1H, m), 1.62-1.61 (9H, m), 1.35 (3H, t, J = 7.2 Hz).

tert-Butyl  4-[[(R)-[(2R,5R)-6-[(R)-2-ethoxy-1-fluoro-2-oxoethoxy]-7-o0xo-1,6-diazabicyclo[3.2.1]
octan-2-yl]sulfinyllmethyl]-1H-imidazole-1-carboxylate (72i). To a solution of 71i (170 mg, 0.371
mmol) in CH,Cl; (1.4 mL) was slowly added a solution of 69 wt % m-CPBA (93 mg, 0.371 mmol) in
CHCI; (1.2 mL) at —40 °C. After the mixture was stirred for 1 h at —40 °C, aq NaHCOs and aq Ns;S,03
were added, and the aqueous layer was extracted with EtOAc three times. The combined organic layers
were dried over Na,SQs, and the solvent was removed under reduced pressure. The crude was purified
by flash column chromatography (70-100%, EtOAc/hexane) to give 72i (95.0 mg, 54%, dr = 7/1) as a
white foam. 'H NMR (400 MHz, CDCls) &: 8.06 (1H, d, J = 1.0 Hz), 7.45 (1H, s), 5.87 (1H, d, 3Jur =
52.5 Hz), 4.40 (1H, dd, J = 7.2, 5.0 Hz), 4.36-4.27 (2H, m), 4.20 (1H, d, J = 13.7 Hz), 4.06-4.04 (1H,
br m), 3.92 (1H, d, J = 13.8 Hz), 3.44 (1H, d, J = 12.2 Hz), 3.23 (1H, d, J = 12.2 Hz), 2.45-2.36 (1H,
m), 2.29-2.11 (2H, m), 2.03-1.94 (1H, m), 1.62 (9H, s), 1.33 (3H, t, J = 7.2 Hz).

Sodium (2R)-2-[[(2R,5R)-2-[(R)-[(1H-imidazol-5-yl)methyl]sulfinyl]-7-oxo-1,6-diazabicyclo
[3.2.1]octan-6-yl]oxy]-2-fluoroacetate (115). To a solution of 72i (90.0 mg, 0.190 mmol) in CHCl;
(1.4 mL) was added TFA (1.4 mL) at 0 °C. After the mixture was stirred for 1 h at room temperature,
the solvent was removed under reduced pressure. To a solution of the product in THF/H,O (v/v = 2/1,
2.8 mL) was added 1 N agq NaOH (914 pL, 0.914 mmol) at 0 “C. After the mixture was stirred for 1 h at
0 °C, the reaction was quenched by dry ice, and the organic solvent was removed under reduced pressure.
The aqueous solution was applied onto HP20SS resin and subjected to ODS column chromatography
(0-7%, MeCN/H0) to give 115 (39.0 mg, 50%) as a white amorphous solid. *H NMR (400 MHz, D,0)
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8:7.91 (1H, s), 7.33 (1H, s), 5.83 (1H, d, Jn.r = 58.7 Hz), 4.44-4.37 (2H, m), 4.26-4.23 (2H, m), 3.46
(1H, d, J=12.3 Hz), 3.35 (1H, d, J = 12.0 Hz), 2.29-2.09 (3H, m), 2.06-1.99 (1H, m). *¥*C{*H} NMR
(100 MHz, D;0) §: 171.9 (d, ®Jcr = 26.4 Hz), 171.0, 139.7, 128.7, 122.4, 110.7 (d, ZJc-r = 241.4 Hz),
75.7, 62.5, 49.1, 48.4, 21.5, 18.8. F NMR (377 MHz, D,0) &: —130.1 (d, 3Ju.r = 58.6 Hz). HPLC:
94.7% (method-A).
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S-[(2-aminothiazol-5-yl)methyl] 4-methylbenzenesulfonothioate (131). To a solution of 5-(chloro-
methyl)thiazol-2-amine hydrochloride (2.00 g, 10.8 mmol) in DMF (20 mL) were added potassium 4-
methylbenzenesulfonothioate (2.45 g, 10.8 mmol), Nal (1.62 g, 10.8 mmol), and EtsN (1.50 mL, 10.8
mmol). After being stirred overnight, the mixture was poured into water, and the aqueous layer was
extracted with EtOAc. The organic layer was washed with water and brine before being dried over
MgSQO.. After the removal of solvent, the crude was triturated with CH,CI, give 131 (3.00 g, 92%) as a
pale yellow solid. *H NMR (400 MHz, CDCls) &: 7.75 (2H, d, J = 8.3 Hz), 7.29 (2H, d, J = 8.1 Hz), 6.30
(1H, s), 4.86 (2H, br s), 4.14 (2H, s), 2.43 (3H, s). MS-ESI (m/z): 301 [M + H]".

S-[[2-[(tert-Butoxycarbonyl)amino]thiazol-5-ylJmethyl] 4-methylbenzenesulfonothioate (82). To a
solution of 131 (2.64 g, 8.79 mmol) in CH,CI (35 mL) were added Boc,O (2.04 mL, 8.79 mmol) and
DMAP (107 mg, 0.88 mmol). After the mixture was stirred overnight, the solvent was removed under
reduced pressure. The crude was purified by flash column chromatography (0-50%, EtOAc/hexane) to
give 82 (1.04 mg, 30%) as a white solid. *H NMR (400 MHz, CDCls) &: 8.45 (1H, brs), 7.68 (2H, d, J
=8.1Hz), 7.25 (2H, d, J = 6.6 Hz), 6.61 (1H, 5), 4.27 (2H, s), 2.41 (3H, s), 1.54 (9H, s). MS-ESI (m/z):
401 [M + H]*,
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Methyl (2R)-2-[[(2R,5R)-2-[[[2-[(tert-butoxycarbonyl)amino]thiazol-5-yl)methyl]thio]-7-oxo-1,6-
diazabicyclo[3.2.1]octan-6-yl]oxy]-2-fluoroacetate (71j). To a solution of 69 (310 mg, 0.898 mmol) in
CH_CI; (3 mL) were added 2-mercaptopyridine 1-oxide 4 (114 mg, 0.898 mmol) and EDC-HCI (172
mg, 0.898 mmol). The mixture was stirred for 1 h at room temperature in the dark. To the solution was
added 82 (971 mg, 2.42 mmol), and the mixture was stirred for 10 min under white light irradiation. The
solvent was removed before the crude was purified by flash column chromatography (0-50%,
EtOAc/hexane) to give 71j (206 mg, 48%) as a colorless gum. *H NMR (400 MHz, CDCl3) &: 8.11 (1H,
brs), 6.79 (1H, s), 5.89 (1H, d, 3Ju-r = 52.6 Hz), 4.70 (1H, d, J = 6.4 Hz), 3.98 (1H, d, J = 2.8 Hz), 3.89—
3.86 (2H, m), 3.88 (s, 3H), 3.63 (1H, d, J = 13.9 Hz), 3.02-2.99 (1H, m), 2.28-2.22 (1H, m), 2.11-2.06
(1H, m), 1.86-1.80 (1H, m), 1.58-1.55 (1H, m)1.53 (s, 9H). MS-ESI (m/z): 477 [M + H]".

Methyl (2R)-2-[[(2R,5R)-2-[(R)-[[2-[(tert-butoxycarbonyl)amino]thiazol-5-ylJmethyl]sulfinyl]-7-
ox0-1,6-diazabicyclo[3.2.1]octan-6-yl]oxy]-2-fluoroacetate (72j). To a solution of 71j (206 mg, 0.431
mmol) in CH2Cl, (2 mL) was slowly added 69 wt % m-CPBA (53.9 mg, 0.216 mmol) at —40 °C. After
the mixture was stirred for 1 h at —40 °C, ag NaHCOs and aq Ns,S,0s were added, and the aqueous layer
was extracted with EtOAc three times. The combined organic layers were dried over Na,SO., and the
solvent was removed under reduced pressure. The crude was purified by flash column chromatography
(0-20%, MeOH/EtOAC) to give 72j (78.2 mg, 37%, dr = 5/1). *H NMR (400 MHz, CDCls) : 8.07 (1H,
br s), 6.93 (1H, s), 5.89 (1H, d, *Jur = 52.5 Hz), 4.54 (1H, t, J = 6.2 Hz), 4.20 (1H, d, J = 13.6 Hz),
4.06-4.03 (1H, br m), 4.01 (1H, d, J = 13.7 Hz), 3.87 (3H, s), 3.42 (1H, d, J = 12.0 Hz), 3.24 (1H, d, J
=12.2 Hz), 2.40-2.31 (1H, m), 2.27-2.22 (1H, m), 2.15-1.93 (2H, m), 1.54 (9H, s). MS-ESI (m/z): 493
[M + H]".

Methyl (2R)-2-[[(2R,5R)-2-[(R)-[(2-aminothiazol-5-yl)methyl]sulfinyl]-7-oxo-1,6-diazabicyclo[3.
2.1]octan-6-ylJoxy]-2-fluoroacetate (111). To a solution of 72j (78.2 mg, 0.159 mmol) was added 2 M
solution of AICIz in MeNO; (318 uL, 0.636 mmol) at —30 °C. After being stirred for 1 h at =30 °C, the
mixture was poured into ag NaHCO3, and the aqueous layer was extracted with EtOAc three times. The
combined organic layers were dried over MgSQOa, and the solvent was removed under reduced pressure
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to give 111 (41.4 mg, 66%) as a white solid. MS-ESI (m/z): 393 [M + H]".

Sodium (2R)-2-[[(2R,5R)-2-[(R)-[(2-aminothiazol-5-yl)methyl]sulfinyl]-7-oxo-1,6-diazabicyclo[3.
2.1]octan-6-ylJoxy]-2-fluoroacetate (116). To a solution of 111 (41.4 mg, 0.105 mmol) in THF/H20
(v/iv=2/1,1.5mL) was added 1 N ag NaOH (105 pL, 0.105 mmol) at 0 °C. After the mixture was stirred
for 1 hat 0 °C, the reaction was quenched by dry ice, and the organic solvent was removed under reduced
pressure. The aqueous solution was applied onto HP20SS resin and subjected to ODS column chroma-
tography (0-7%, MeCN/H,0) to give 116 (27.5 mg, 65%, dr = 3/1) as a white amorphous solid. *H
NMR (400 MHz, D;0) 8: 6.74 (1H, s), 5.82 (1H, d, ®Jur = 58.7 Hz), 4.48 (1H, t, J = 5.9 Hz), 4.31-4.25
(2H, m), 4.08 (1H, d, J = 14.1 Hz), 3.46 (1H, d, J = 12.3 Hz), 3.34 (1H, d, J = 12.0 Hz), 2.31-2.12 (3H,
m), 2.08-1.99 (1H, m). BC{*H} NMR (100 MHz, D,0) 6: 173.7,171.9 (d, *Jc.r = 27.1 Hz), 171.0, 140.7,
113.1, 110.7 (d, 2Jc.r = 240.6 Hz), 76.3, 62.5, 52.6, 48.4, 21.5, 18.8. °F NMR (377 MHz, D;0) 5: —130.1
(d, ®Ju.r = 58.6 Hz). HPLC: 97.4% (method-A).

Methyl (R)-2-bromo-2-fluoroacetate (22f). To a solution of (R)-2-bromo-2-fluoroacetic acid’® (18.0
g, 115 mmol) in Et,0 (200 mL) was babbled diazomethane at 0 °C. After the solution turned into yellow,
remaining diazomethane was removed by N; bubbling. The solvent was carefully removed under re-
duced pressure (200 torr, 20 °C) to give 22f (24.9 g, 69.7 wt%, 89%) as a colorless oil. tH NMR (400
MHz, CDCls) &: 6.59 (1H, d, 3Ju.r = 50.4 Hz), 3.91 (3H, s).

0] CH,Cl,, 0 °C

? EDC-HCI, iPrOH ¢
Br/H(OH - > Br/H(OY
0
22g

Isopropyl (R)-2-bromo-2-fluoroacetate (22g).2 To a solution of (R)-2-bromo-2-fluoroacetic acid’®
(5.20 g, 25.8 mmol) in CH.Cl, (52 mL) were added 'PrOH (19.9 mL, 258 mmol) and EDC-HCI (5.45 g,
28.4 mmol) at 0 °C. After the mixture was stirred for 30 min at 0 °C, diluted aq H.SO4 was added. The
organic layer was separated and washed with water before being dried over MgSO.. The solvent was
carefully removed under reduced pressure (200 torr, 20 °C) to give 229 (9.72 g, 52.6 wt%, 99%) as a
colorless oil. *H NMR (400 MHz, CDCls) &: 6.53 (1H, d, 3Jur = 50.7 Hz), 5.22-5.13 (1H, sep, J = 6.0
Hz), 1.34 (3H, d, J = 6.0 Hz), 1.33 (3H, d, J = 6.0 Hz). ®*C{*H} NMR (100 MHz, CDCls) &: 164.2 (d,
8)ck = 25.7 Hz), 81.1 (d, 2cr = 263.4 Hz), 71.4, 21.5, 21.3. **F NMR (377 MHz, CDCls) &: —150.53
(d, 3Jnr = 51.8 H2).
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Cyclohexyl (R)-2-bromo-2-fluoroacetate (22h). To a solution of (R)-2-bromo-2-fluoroacetic acid’®
(39.0 g, 102 mmol) in CH2Cl; (195 mL) were added cyclohexanol (107 mL, 1019 mmol) and EDC-HC1
(21.5 g, 112 mmol) at 0 °C. After the mixture was stirred for 30 min at 0 °C, diluted aq H.SO4 was added.
The organic layer was separated and washed with water before being dried over MgSO.. After the sol-
vent was removed under reduced pressure, the crude was purified by flash column chromatography (0-
5%, EtOAc/hexane) to give 22h (35.4 g, 63 wt%, 92%) as a colorless oil. *H NMR (400 MHz, CDCls)
8: 6.55 (1H, d, ®Ju.r = 50.8 Hz), 4.97-4.91 (1H, m), 1.90-1.87 (2H, m), 1.78-1.73 (2H, m), 1.56-1.51
(2H, m), 1.45-1.27 (4H, m). BC{*H} NMR (100 MHz, CDCls) 5: 164.2 (d, ®Jc-r = 25.7 Hz), 81.1 (d, ZJc-
F=263.4 Hz), 75.9, 31.1, 30.9, 25.1, 23.4, 23.3. F NMR (377 MHz, CDCls) : —150.34 (d, 3Ju.r = 50.4
Hz).

S, S/,
A K,CO4 M
N F —_—

e } /YOYPh EXOHICH,Cly, 0 °C %N O/YO\/

o (6]
32 O Ph 17

Ethyl (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl]
oxyJacetate (117). To a solution of 32 (5.00 g, 11.2 mmol) in EtOH/CH,CI; (v/v = 1/2, 150 mL) wad
added K»COs3 (1.55g, 11.2 mmol) at 0 °C. After the mixture was stirred for 3 h at 0 °C, 10% aq citric
acid and brine were added, and the layers were separated. The aqueous layer was extracted with EtOAc
twice, and the combined organic layers were dried over Na.SO.. After the solvent was removed under
reduced pressure, the crude was purified by flash column chromatography (0-10%, EtOH/EtOAC) to
give 117 (2.67 g, 77%) as a white solid. *H NMR (400 MHz, CDCls) &: 5.88 (1H, d, Ju.r = 52.2 Hz),
4.38-4.26 (2H, m), 4.10 (1H, t, J = 6.1 Hz), 4.07—4.05 (1H, br m), 3.36 (1H, d, J = 12.0 Hz), 3.20 (1H,
d, J=12.3 Hz), 2.68 (3H, s), 2.48-2.39 (1H, m), 2.29-2.11 (2H, m), 2.03-1.94 (1H, m), 1.34 (3H, t, J
=7.2 Hz). BC{*H} NMR (100 MHz, CDCls) &: 167.1, 162.8 (d, ®Jcr = 35.9 Hz), 105.2 (d, 2Jc.r = 239.2
Hz), 76.8, 62.9, 60.5, 45.1, 37.1, 19.3, 15.9, 14.0. °F NMR (377 MHz, CDCl3) 8: —136.7 (d, ®Ju.r=51.8
Hz). HPLC: 99.9% (method-B). HRMS (ESI) m/z: [M + H]* calcd for C1:H160sN2FS 309.0915; found
309.0911.

o
I S,
oS, 22g, DBU - Q
.
N

DMF, 0 °C %N
N\OH /Y T/

25 118
Isopropyl (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-
ylJoxy]acetate (118). To a suspension of 25 (150 mg, 0.734 mmol) in DMF (1 mL) were added 52.6
wit% 229 (333 mg, 0.881 mmol) and DBU (0.133 mL, 0.881 mmol) at 0 °C. After being stirred for 1 h
at 0 °C, the mixture was directly applied onto HP20SS resin and subjected to ODS column chromatog-
raphy (30-50%, MeCN/H0) to give 118 (159 mg, 67%) as a white solid. *H NMR (400 MHz, CDCls)
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8: 5.85 (1H, d, ®Jur = 52.5 Hz), 5.19-5.10 (1H, sep, J = 6.3 Hz), 4.12-4.07 (2H, m), 3.37 (1H, d, J =
12.0 Hz), 3.19 (1H, d, J = 12.0 Hz), 2.68 (3H, s), 2.48-2.39 (1H, m), 2.28-2.11 (2H, m), 2.02-1.94 (1H,
m), 1.33 (3H, d, J = 6.3 Hz), 1.30 (3H, d, J = 6.3 Hz). 3C{*H} NMR (100 MHz, CDCls) &: 167.0, 162.3
(d, 3Jcr = 35.9 Hz), 105.3 (d, 2c.r = 237.7 Hz), 76.8, 71.2, 60.6, 45.1, 37.1, 21.6, 21.4, 19.3, 15.8. °F
NMR (377 MHz, CDCls) &: —136.5 (d, 3Ju.r = 51.8 Hz). HPLC: >99.9% (method-B). HRMS (ESI) m/z:
[M + H]* calcd for C12H2005N2FS 323.1071; found 323.1067.

o
1] S,
oS, 22g, DBU (e
N —_— > N F

,0°C ;i
O%N\OH DMF, 0 O%N\OWO\O

25 119 O

Cyclohexyl (2R)-2-fluoro-2-[[(2R,5R)-2-[(R)-methylsulfinyl]-7-oxo-1,6-diazabicyclo[3.2.1]octan-
6-ylJoxy]acetate (119). To a suspension of 25 (16.0 g, 78 mmol) in DMF (112 mL) were added 92 wt%
22h (24.4 g, 94 mmol) and 2 M DBU in DMF (43.1 mL, 86 mmol) at 0 “C. After being stirred for 1 h
at 0 °C, the mixture was diluted with EtOAc (160 mL) and poured into water. The aqueous layer ex-
tracted with EtOAc twice, and the combined organic layers were washed with water and brine before
being dried over MgSQ.. After the solvent was removed, the crude was recrystallized form CH2Cl./'Pr,0
to give 119 (23.5 g, 83%) as a white solid. *H NMR (400 MHz, CDCls) &: 5.87 (1H, d, Ju.r = 52.2 Hz),
4.93-4.87 (1H, m), 4.12-4.07 (2H, m), 3.36 (1H, d, J = 12.0 Hz), 3.19 (1H, d, J = 12.3 Hz), 2.68 (3H,
s), 2.47-2.39 (1H, m), 2.27-2.11 (2H, m), 2.02-1.89 (3H, m), 1.78-1.21 (8H, m). *C{*H} NMR (100
MHz, CDCls) &: 167.0, 162.3 (d, *Jc.r = 35.9 Hz), 105.3 (d, 2Jcr = 238.4 Hz), 76.8, 76.1, 60.6, 45.1,
37.1,31.4,31.2,25.1,23.7,23.7,19.3, 15.8. ®F NMR (377 MHz, CDCls) §: —136.2 (d, 3Ju-r = 53.1 Hz).
HPLC: >99.9% (method-B). HRMS (ESI) m/z: [M + H]* calcd for CisH240sN2FS 363.1384; found
363.1379.

X-ray crystallographic data of compound 119

X-ray Crystallography:

The diffraction data of 119 were collected on an XtaLAB AFC10 (RCD3): quarter-chi single
diffractometer. The crystal was kept at 100.0 K during data collection. Using Olex2,'° the structure was
solved with the ShelXT*! structure solution program using Intrinsic Phasing and refined with the
ShelXL*? refinement package using Least Squares minimisation.

Sample Preparation:

X-ray quality crystal was prepared by vapor diffusion method using methyl ethyl ketone/hexane at
room temperature.
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Figure S3. X-ray Structure of compound 119. Thermal ellipsoids are set at 30% probability.

Table S2. Crystal data for 119

Formula Ci15H23FN20sS
Formula weight 362.41
Temperature (K) 200

Crystal system orthorhombic
Space group P21212;

a(A) 5.3772 (10)

b (A) 12.7909 (2)
c(A) 24.8398 (4)

o (%) 90

B() 90

Y () 90

Volume (A3) 1708.46 (5)

z 4

p (g/cm®) 1.409
p(mm™) 2.036

F(000) 768.0

Crystal size (mm?) 0.2 x0.02 x 0.01
R: 0.0316

Flack parameter —0.004(11)
CCDC Deposition Number 2195413
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PLactamase Inhibition Assay. The inhibition of f-lactamases was determined by the hydrolysis of
nitrocefin. The hydrolysis of nitrocefin was recorded as absorbance at 492 nm by Envision2013 (Perkin
Elmer). The concentration of S-lactamase enzyme (KPC-2, CTX-M-15, CMY-2, and OXA-48) used
was determined by the measurement of hydrolysis of nitrocefin (50 pug/mL), where the change of the
absorbance was approximately 0.2 from the negative control (no enzyme). The enzyme was added to
the sample solution including nitrocefin (final concentration 50 pg /mL) and an inhibitor at the volume
ratio of 1:3 (final 80 uL). The absorbance was measured at 35 °C after 20 min incubation. The concen-
tration of the inhibitor needed to reduce the hydrolysis of the substrate by 50% (ICso) was calculated
using XLfit (IDBS, UK).

Antibiotic Susceptibility Testing. Strains with a “SR” designation are from previous surveillance
which are kept in the Shionogi collection of clinical isolates and have been characterized by multiplex
PCR and sequencing analysis including whole genome sequencing. All strains with an “ATCC” desig-
nation are purchased from American Type Culture Collection (ATCC). The minimum inhibitory con-
centrations (MICs) were determined using the broth microdilution method in accordance with Clinical
Laboratory Standards Institute (CLSI) guidelines.* Briefly, two-fold serial dilution of test compounds
were prepared and transferred to a 96-well plate including cation-adjusted Mueller Hinton broth
(CAMHB). The bacterial suspension for inoculum were prepared based on optical density of 625 nm to
be approximately 5 x 10* CFU/well as final inoculum size. The 96-well plates were incubated at 35 °C
for 16 to 20 hours. The MIC endpoint was defined as the lowest concentration of the compound that
inhibited bacterial growth as detected by the unaided eye. The MPC (minimal potentiating concentra-
tion) values were used to define of BLI. The MPC; as defined as the concentration of BLI that was
required to reduce the CTB MIC to < 1 pg/mL. The MPC; values were determined using the broth
microdilution method. Briefly, two-fold serial dilution of test BLIs were prepared and transferred to a
96-well plate including CAMHB with 1 pg/mL of CTB. The bacterial suspension for inoculum were
prepared based on optical density of 625 nm to be approximately 5 x 10* CFU/well as final inoculum
size. The 96-well plates were incubated at 35 °C for 16 to 20 hours. The MPC; endpoint was defined as
the lowest concentration of the compound that inhibited bacterial growth as detected by the unaided eye.

PBP Inhibitory Rates Testing. Membrane fraction (2 mg/ml) of E. coli NIHJ JC-2 was incubated at
30 °C for 10 min with diluted 21b, and Bocillin™ FL penicillin sodium salt (final concentration was
100 pg/mL) (Life Technologies) was added and incubated at 30 °C for 30 min to label intact PBPs. Final
concentrations of N-lauroylsarcosine sodium salt (Nacalai Tesque) and penicillin G sodium salt (Chem-
Impex International) were adjusted to 1.7% (w/v) and 20 mg/mL, and incubated at 30 °C for 15 min.
Incubated samples were centrifuged at 18,000g for 30 min at 8 °C. An aliquot (50 pL) of supernatant
mixed with 10 uL of 6x sample buffer solution (Nacalai Tesque) and 1 pL of 2-mercaptoethanol was
heated in boiled water for 3 min. Samples were subjected to a 7.5% mini-gel (Nacalai Tesque) for SDS-
PAGE to separate PBPs and the gel was washed with water and scanned by LAS-3000 (Fuji Film) with
Y515 cutoff filter. The fluorescence values were measured using Multi Gauge (Fuji Film) and PBP
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inhibitory rates were calculated when fluorescence value of the control was considered to be 0%.

Pharmacokinetics Studies. Pharmacokinetics studies were performed in mice, rats, dogs, and mon-
keys. Briefly, 6-week old Jcl:ICR male mice, 8-week old Crl:CD (SD) male rats, male Marshal beagles,
and female cynomolugus monkeys were used in these studies. Blood samples were collected after intra-
venous and oral administration at designed time and centrifuged to obtain the plasma samples. Plasma
samples were stored at —20 °C until LC/MS/MS analysis.

LC/MS/MS Determination of Test Compounds. Aliquots (540 uL) of each samples were trans-
ferred to a 96-well plate, mixed with 250 or 500 pL of methanol, and centrifuged at 1,580g for 10 min
at 4 °C. A portion of supernatant was injected to Shimadzu Nexera HPLC system interfaced with an
API-5000 mass spectrometer (AB Sciex, Framingham, MA). Test compounds plasma concentration
were determined by LC/MS/MS with electrospray ionization in the positive ion mode using an external
standard method.

Pharmacokinetic Analysis. The elimination half-life (T12) was estimated as In 2/ke;, where ke is the
elimination rate constant derived from the slope of the log concentration versus time profile. The area
under the concentration-time curve from 0 h to the last time point (AUC) was calculated by linear trap-
ezoidal approximation. Total clearance (CLi:) was estimated as Dose/AUC.

Serum Stability. Each experiment was performed in duplicate. Pooled human, rat, mouse, dog, and
monkey serum were incubated with test compound for 30 min at 37 °C, respectively. The concentration
of test compounds was 5 umol/L. After incubation, an aliquot (20 uL) of each sample was transferred
to a 96-well plate, mixed with 120 uL of methanol, and centrifuged at 1,580g for 10 min at 4 °C. The
supernatant was analyzed by LC/MS/MS, and the plasma stability (%) of test compounds was calculated.

Serum Protein Binding. Serum protein binding was evaluated by ultrafiltration method. Test com-
pounds were spiked in the serum collected from fasted mice, rats, dogs, and monkeys at 10 ng/mL. After
incubation for 5 min at 37 °C, serum samples were transferred to Centrifree (Merck KGaA, Darmstadt,
Germany) and centrifuged. Initial serum samples and filtrates were analyzed by LC/MS/MS.

In Vivo Efficacy Studies. In vivo efficacy of CTB and prodrug 119 was evaluated in the murine
urinary tract infection model against K. pneumoniae strains SR08667. Briefly, 5-week old ICR female
mice (N =5 per arm, CLEA Japan, Inc.) were used in this study. This animal study was approved by the
Institutional Animal Care and Use Committee of Shionogi & Co., Ltd. K. pneumoniae SR08667 sus-
pension was diluted with MHB to be 1.2 x 10" CFU/mL. A 0.1 mL of the diluted bacterial suspension
was transurethrally inoculated (1.2 x 10® CFU/mouse) and the urethra was tightened for 4 hours for the
infection. The CTB and 119 were orally administered four times at the time points of 4, 8, 28, 32 h after
the infection. The both of CTB and 119 were formulated in 0.5% methylcellulose. At 4- or 48-hour post-
infection, animals were euthanized, and kidneys (2 samples/mouse) were collected and homogenized in
2.7 mL of MHB. The tissue homogenates were serially diluted and the viable cells in the samples were
counted by using modified Drigalski agar.
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Repeated-Dose Toxicity Study. Briefly, 6-week old Crl:CD (SD) male and female rats were used in
this study. Compound 119 was orally administered for 2 weeks at a daily dosage of 600 mg/kg or 2000
mg/kg. The following items were examined; clinical observations, body weight, feed consumption, uri-
nalysis, hematology, blood chemistry, organ weight, macropathology, and histopathology.
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