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New Orally Active Penem Antibiotic: Farom
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An orally active penem antibiotic, Farom (generic name: faropenem) , was designed by the conformational analysis
of active and inactive penem derivatives. Faropenem showed potent activity against a wide variety of bacteria including
extended-spectrum f-lactamase (ESBL)—producing ones. The mechanism of the stability against ESBL was elucidated
by modeling the Michaelis complex of faropenem and Toho-1, an ESBL. Modeling of a complex of faropenem at the ac-
tive site of a penicillin-binding protein 2 (PBP2) model suggested the characteristic affinity for faropenem with PBP2 of
Escherichia coli. Faropenem has been totally synthesized from (R)-1,3-butanediol. The synthetic intermediate, a 3—
hydroxyethyl-4—acetoxyazetidinone derivative, was efficiently prepared by the 2+2 coupling of a optically active vinyl-
sulfide derivative and chlorosulfonyl isocyanate, followed by the substitution of the acetoxy group for the thiophenyl

group at the C—4 position.
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Fig. 1. The History of Design of Penem Derivatives
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Fig. 2. Penem Derivatives with the Methyl Group at C1’ Position
Table 1. In Vitro Antibacterial Activity (MIC, ug/ml)® of Penem Derivatives
Compound no.
Organisms
9 10 11 12 13 149 15 16 17 18 19 20 21 22 23
S.a.b 0.1 0.78 0.78 0.39 3.13 3.13 0.05 0.05 0.1 0.1 0.05 0.2 0.1 0.1 0.39 0.2
E. c.9 0.78 25 25 6.25 >50 50 0.78 6.25 6.25 >50 1.56 12.5 1.56 0.78 25 3.13
E.c.? 3.13 >50 >50 50 >50 >50 0.2 12.5 25 >50 3.13 25 0.39 0.39 25 12.59

@) Minimum inhibitory concentration was determined in heart infusion agar medium. Inoculum size: 106 cells/ml. Incubation: 24 h at 37°C. b) Staphylococcus

aureus 209P JC-1. ¢) Escherichia coli NIHJ
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JC-2. d) Enterobacter cloacae 963. e) Enterobacter cloacae NCTC 9394. f) faropenem.
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Fig. 3. Contour Map of the Conformational Energy for the C2 Side-Chain
(a): compound 8, (b): compound 9, (c): compound 10, (d) the area combined with (a), (b) and (c). a: torsion angle for S1-C2-C1’-02’, : for C2-C1’-02’—

C3’. The contours represent 1 kcal mol~! increments. The grey region in (d) shows the conformationally restrained area due to the introduction of the methyl group

on the CI’.
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Fig. 5. The Structure of Faropenem (Sodium Salt of 14)
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Fig. 6. Perspective View of the Crystal Packing for Faropen-
em (Ball and Stick Model)
netted balls: oxygen, hatched balls: nitrogen, small white balls: carbon,
dotted balls: sulfur, large white balls: sodium, stuffed balls: water oxygen.
Hydrogen atoms are omitted for clarity.
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WEZBALUZABEOEEIIDOVWTATHS L, &
AU AFIVEEIZHSNT A MFIHDAF )V &
SRR FEEE T D, ORI FE R BT D20
1214 Fig. 8 I RT L D72 C-O B DOEIRANET
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24 (sodium salt of 15)

25 (ally! ester of 22)

Fig. 7. Perspective View of the Crystal Structures for Penem Derivatives (Ball and Stick Model)
netted balls: oxygen, hatched balls: nitrogen, small white balls: carbon, dotted balls: sulfur, large white balls: sodium. Hydrogen atoms are omitted for clarity.
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Fig. 8. Favoured and Unfavoured Interactions Caused by the Methyl Group at the C1’ Position
netted balls: oxygen, hatched balls: nitrogen, small white balls: carbon, dotted balls: sulfur. Hydrogen atoms are omitted for clarity.

4. PBP2 D AREEETIE T 7 ORKLODR

7 7 ORXRIXALIIKRBE O PBP @O TH:IZ PBP2
WEEWEHMMZRT (Table2). E ROoFI TF)L
HEEBTZIIVNRILFAEYEIZBWTHEKD
BN R o2 280G, Zhs ofbaicim
T5t ROF>TF)LENEOHMEITH T 2 HE
BERETHZ NSNS,

SARKE T DYRE & T W B Streptococcus pneu-
moniae?® @ PBP2x D7 X/ BEECHIOHFEM:Z &

I KIGH O PBP2 DN AAHE €T IV 2/ER L 2
(Fig. 9). PBP2x & PBP2 O KISEfLIcBIT S 7 2
JBRBRIEIZFZEAEREINTRD, IHIZTZTA
AW IZHEIND B-F VIR —EORISHAALE S
JEFWITHBLTBO, B~ 75 LEININS DR
RERINUTY VIVEERZ AR T SO TH
HEHMEIND.,

7y OXRRXALADE ROF > TFIVHILGF 15T
Bpns, 3BORER Gauche DI 7+ A—3 3
CEEDHZENREINE, ZODB2D0a T
A= g VIEIRRLFEEROEREEICS AHI N
5.0 22T, J77aXRRXLADTMFEROT T >
RZBEE L TPBP2OMEIC Ry F 7 d5&
EROFIIFINREEZLED2DODI T4 A= 3
BN T, PBP2IZKHEMR T I JBHRETH S
Asp299 XX Tyrddd & DK FFES 2T 2 vl HE
PR ESNZ. —H, -7 73 —BIZBVTIF
R R T77yOZXR) D6 ML TLDT
IV AIVAR Z )V iE PBP2 @ Asp299 12 i3 %
Asnl32 EDOKFHRESITI VDRI ND. 2 Lo,

Table 2. Affinity of Faropenem for PBPs of Escherichia coli
NIHJ JC-2

PBPs

1A 1Bs 2 3 4 5 6

IDs, (ug/mD® 03 7.5 <0.1 17.8 0.2 2.3 19.7

a) Values indicate the concentration of faropenem required to reduce
[*4C] benzylpenicillin binding by 50%.

Asp299 % Asn X i3 Ala IZZ54: L /= PBP2 48 Btk %
EHEL/=& A, MARKITHT 2HEETEMEITE<
LT, Asp299 it RoFo TF)LEDFRFIC
WG LW EWS RN NI Ens, P
ROF > TF)I)VFEOFEHITIT PBP2 IZF R/ 5%
ETh2 Tyrddd NEELBZEHZL TNWDL D EE
A TWw3% (Fig. 10).

Toho-1 I3EEILRE -5 7 ¥ <~ —t (Extended
Spectrum f-Lactamases: ESBL) & L THI s, &
T IFIARENIENVTMT VT I ) HER
BT BN IFEVWTUIINT I EDOEBRIC
Asnl132 EE 592 Z LIINAKMICATRETH D, 29
Toho-1 IZBWTERERMIZCEZRL /= Asnl04 /8
Asn132 ORH O OFEZRZLTT IV T I RO
AWK Z)L %9 5. Toho-1 & PBP2 DiFMEE
fLZEREDE S E Asnl04 @ fl]§4 5 PBP2 O
Tyr367 DEHDO 7 2 RICHIRTEH I MG, RZ
UL TyOZARY D6 ML TREDT )b
FIVARZIVIE, PBP2 @ Tyr367 @ E$H1C & 0 a4
INBHHOEHEHEIND. £, ZOEBDENN
PBP2 & ffid> PBPs & DHEREMZERZ 725 L T
% Eitam S 1D,
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Fig. 9. The Model in the f~Lactam Binding Domain of PBP2 of Escherichia coli
The molecular surface of the binding site (indicated by a yellow arrow) is colored according to electrostatic potential. red: negative, blue: positive, white: neu-

tral. The main chain is traced by green ribbon.

Fig. 10. Faropenem at the f-Lactam Binding Site of the
PBP2 Model

The main chain is traced by grey ribbon. The important residues and
faropenem are shown by ball and stick model. Amino acid residues, dark
blue: nitrogen, red: oxygen, green: carbon. Faropenem, dark blue: nitrogen,
red: oxygen, yellow: sulfur, bright blue: carbon. The hydrogen bonds are
shown by the red broken lines. The amino acid residues are indicated by one-
letter code with the residue numbers (black: conserved residues in PBPs,
magenta: specific residues in PBP2).

5. 77AORXRLEB-FIVIR—ELDOHEENE
A

B~ 05— R TV I LBERIELTT >
WEEREERL, T8I IUMBICTE > TAEKRL =
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Ak fEd % (Fig. 11).
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Ty IIIVEEEZBE TS, LhL, 207 IVEEE
DIATIVIERRIBEZ TR I NG, 7 IVEE
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LE BV —BITHTHEBAEE LS. T
bbb, 77 OXRRAILPBP OHERTH S &3k
2, -7 —CHEATHLD 5 & WD RE
BB ERD.

—iRiz, RZ Ut T7yOARY IZBNT
1%, PBP IZxd 28 MMEEREL, -5V 5~ —
TITZBAED RN FEARD, FH LR OFEER
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TE2EEL T, BHIZINSZMKS#ET % ESBL
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Fig. 11. Mechanism of Hydrolysis of Penicillins by Class A —Lactamases

Table 3. In vitro Antibacterial Activity (MIC, ug/ml) of p-Lactam Antibiotics against Organisms Producing TOHO-1 S-Lactamase

Antibiotics
Organisms
ABPC CBPC PIPC CET CFX CZX CTX CAZ CZON LMOX FMOX AZT FRM
E. colio 512 >512 256 >512 1 32 >512 8 512 =0.25 32 =0.25 1
E. coli¥ 512 >512 256 >512 1 32 >512 4 >512 =0.25 32 =0.25 1

E. coli9 =0.25 =0.25 =0.25

0.5 =0.25 =0.25

=0.25 =0.25 =0.25 =0.25 0.125 =0.25 =0.25

ABPC: ampicillin, CBPC: carbenicillin, PIPC: piperacillin, CET: cephalotin, CFX: cefoxitin, CZX: ceftizoxime, CTX: cefotaxime, CAZ: ceftazidime,
CZON: cefuzonam, LMOX: latamoxef, FMOX: flomoxef, AZT: aztreonam, FRM: faropenem.
a) Escherichia coli TUH12191, clinical isolate. b) E. coli ML4903 (pMTY001), bearing TOHO-1 gene. ¢) E. coli ML4903, recipient.

NHBTHICE->TVD, 77 OXRRALZINSD
ESBL iZxt L THEMEZRL, KT 27 VB
EMRETHDZ EMS BSBL EARICHLTH
BN sPiEEN 279, Table 311 ESBL ® 1 D
Td % Toho-1 FEAER KT % &5FE p~F 7 & LAl
OHiEEEE R L .

J7yOXRRXLADE ROF T TF)LHEIL PBP2 &
MEERTZ2OERBEOI T+ A= 3 2T -
FIR—EEMBERATAZ DEEZ NS, 2
DEIRATH A= a>TI, ~F7F7—
T (I A) ODNKGRIIST BT DT 2 )b
B RS IZ A ZE TS Glulee &R < KFFESL T, B
TEEICEE R RE 2 R /Ky 7,7 B ROF
SIFIFEOKEEE EARFHEE T HEALICIR D S H#HE
X2 (Fig. 12). 930 Z DK% 7 & Glul66 133
NTOUTAAB-T I IR—VILHEET S0,
EROFTFI)VEIZESBL TAEUTWBHMOTY 2
JBREOERICIFEINT, -7 753 —F
ERHTEDHDEBEZILNS.

6. TN TEFZ /L DERK

RIL LTIV INR T L DEGEIZNTZE DA R

KELTTY R RNFIT7EFD )/ VBEAK 33) Of
FIEDRBNEBESHRETHS., BRIy b+ 7
YF ) UBERIIRZIY DB EEIRN, R*%
LBBRERICERATH D ZENRINT W, L
ML, RZDU S OERIIZEREZEL, D
KR TORISEGZEZVLAE LG ELELET S D
EMSEAMICHNDICIIR#ETH > 72
FrERZY oS DEERIETIRRLS, -
05 MRAEKEBDEGHIEICL AR TEDH
FEHME LEGRRKOMEIBICROMAL. B~
05 LAROGHRIEIIZ<HESINTVWDY, Fi
e ROF>TFIVEOARFZFHL T 2+2 £+
KIS LD -5 75 LNROEHKRZERFL /=
HFERE U THEEE3-E ROF 2T
IZT) (26) X3 1,3-T7% A=) (27) %=
BATHFEEEZ IV ZIV T 1 RIK (30) D&k %
1o/ £9, 7424 =)D 1{iKEEHEZE k>
L—hK (28 &L, 27z FAL—hEX
WL TCT7 I FFI—TI)IV29) &L= DAT,
TNV a=I)VE tert—-T FILT AF IV UL
(TBS) fbL/=#, N-7DOozxZ7>AIRZ2MAN
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Fig. 12. Distinct Interactions of the Water Molecule with the Acyl Moieties of the Acyl Enzymes
Hydrogen bonds are shown by broken lines.
P L LIS a0
COOMe OH oTs — SPh T
26 27 28 29
TBSO TBSO
oTBs oTBS CI oTBS b H H
e) f) 2. h) SPh i SPh
SPh > Y AP —— Wt
NH
o o
30 31 32
Scheme 1. Synthesis of the Optically Active Phenylthio-Azetidinones?

@ Reagents: a) Litium alminium hydride, ether, b) tosyl chloride, 2,6-lutidine, ¢) sodium phenylthiolate, THF, d) t~butyldimethylsilyl chloride, triethylamine,
4-dimethylaminopyridine, DMF, ¢) N—chlorosuccinimide, CCly, f) Li,COs, LiClOy4, Lil, DMF, g) CSI, ether, h) thiophenol, pyridine.

Tifrzrofel, HETL <R F
LTCHEBILLEZIL 2L 7 ¢ RIK (30) & L7z,
ZOEEEZN AT BRI N T2 A - AN
K3 DREWEL TE SN (Scheme 1).

T AERKRT Y ZRIZDOVWTENZE N CSI
(chrolosulfonyl isocyanate) & O RIGZ#EL 7=,
CORIREMEHT 2 RINEHIC K> T T AT LA
BERENET D I ENRFET, £/, EZILA
W7 4 RIKD 7 2 Z)VEOBEHILIZ K > TG R
BHZEbBOMNOE. FITAKIZDODW T/ OO Y
FINALAXIZT 7 OOAY CHTRIGETD &, F4

FENIEHM &I D ARBE SRR T AT LA
X— (32) Thok. —F, RINEI—TILXIA
FHHTITO &, HLEMMWEERM E L TH
537z (Table 4).30) ZORIEEBHR 7 t =)L EZ
WA T 4 BIZDOWTHRRICMEF L& Z A, p-
7 OVRTIRFEIBDRERNE S N, p-AF IV
EKERE p-7 )N AR TIZEL -5 75 LEBEFHD
FHEENESNRN . EHSIFCSIEEZIL
2T 4 REDKIET p-7 TV XiZ p—A F )V & Ha
T2 -1-7 ORIV ANV T 1 RTIE -7 % L
BB onsoicl, WEHRY 2 2)L-1-7 00X
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ZIVAIWT 4 RTRB-F 75 LERMIELNRNT
EERELTHBD,? OBz ZIIVR EDE
WIITHEBIND ZENKERBMTH 5.
EZILZAINNT 4 R (30) & CSI OR{LKINTE
TR T BOSINER R NI ARGEIRVED R © K < HEfT
5, RINBEICE > TOT AT LAY —DAERILD
W Z 2B B E LTI, NI AROKIGTIE
ANFH O HITBWTIE CSI LR ZFKRL TH
SEWHEELLUTERAL, Yr7ooiXAy Tl
BERELUTHRIGNEL 5 EET S &, Felkin £/
INBRBIRBICHBWT, Fig. 13ITRT XD RHEN
BCBEDTHAD LML TNVDE, TbDE, A
FH R TENSIEL B ZRENLRT 5 P RE
(D, >7oOxy > HTEIYINIT—FTIVEEEIC
AEEELAL U TR 2 Hr i (I 4R BE & 18 Je iy
WCRHEL TRIEDETT S EEZEZ NS, ANFH
HTRESNEZTEFY ) CHERDS S, BIERK
WT&H23RAS K (32) ITAMIT—T )7z EDIER
HIREICAED TR T 5729, KISHAERY Z2 /D ED

Table 4. Ratio and Yield of Phenylthioazetidinone in Various
Solvents

trans-isomer of 30 cis-isomer of 30

Solvent
31/32 Yield (%)? 31/32 Yield (%)
CH,Cl, 2.46 17 0.33 46
CHCl, — 0 0.69 38
Ether 2.17 61 1.00 65
Isopropylether  2.55 65 1.27 46
Hexane 4.33 39 2.06 35
Toluene 2.74 37 1.00 53

a) Isolated yield after removal of chlorosulfonyl group.

AMI—TIVTHRiT &, EMEOHNY (31)
M E LTRSSz,

TV FATEFD ) CEEAK G e Tt
KR T7EF D7 DFHFEER (33) NDOEHIZTDONT
&, BEER/KERZ WS HIENH S TWeh, 7Kl
EEMIHEENE L, ZOHEZTEMZFHET
ERVNHDTHO/Z. ZOEMKIFIZDNWTHREL
FeRER, T SOI 2 fliOFHEEZH WS Z LTk
T, WENbBbHMET DY FT7EFO 25
BRZEEBMIESONS I ENHLONIIER S 2
(Scheme 2) . 313 FEfg §i (1D O 55 1 EERE H 100°C
T4 pEMATY N F 2 T7EF P/ CAEK
(33) nEens. £z, insitu TR D -2 X
FIVZI T« BEEEREHR T MU T LN SFREL
78 (D RED L L, BEET 1.5 B & W S k&R
BREMTRIENET L2, A4 23 A UETF&
BEWHIMEZETHDT, 75— 4> &7
ZIVFF L — b A 2 OZHSOR S FEITHET L,
FEIZ 1A O S FAFE I FERR 8 (1D 12 R T E SIS
HhmE<, BRTETTHEDREMOY T 2 2))
P2 T 4 OB LW EnSAERRRAEE

TBSO TBSO

H H H H
i _SPh a)orb) :_OAc
—_—
NH NH
o o
31 33

Scheme 2. Conversion of the Phenylthio Group to the
Acetoxyl Group?
@®Reagents: a) Cu(OAc),, AcOH or b) CuBr-dimetylsulfoxide,
NaOAc, THF.

H O“Sif t-Bu
1 "Me
e
Me H
I

Fig. 13. Mechanism of the Stereoselectivity on the 2+2 Cycloaddition Rection
The open thick arrows indicate the direction of the attack of the reagent and the broken arrow indicates the direction of the coordination of the oxygen lone

pair.
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7. 7 7ORRLDERK

T NFRITEFD ) VFEEK 33) D4fLTE
FFIEBIESIT S KIBIZKDEREINS 20,
TINWFAL—F @) ZHWAHZ EIZKD, FF
IATINFERETDHZEMTES., £ T,
Scheme 3 IZ/R T LT, HFEEET IV TFA L —
~ @) 2HEKLE (D)2-FhobeRO75 >0
WRZB B4) @ (S)-(—)-1-T7 )V TF)LY
RUMEI2-Y /00y i EDR BRI E
AWTHEREZITD &, FERWICHRISHBET
%5 (R)2-F o ROTITHIVEREE 35 2
BonsZEERH LA CORNVKRCEEEY O
JR (36) &L/, NaSH 2{Efic82&7I L
FHL—bF G PNERSFHAMTEZ, DT,
INERAWTTZ R FIT7EFY/ ViFER (33)
ERINSHE, FAZATIVK (38) &Lk 351
ZDFFIZATIVIKIZS a7 0 RiBERZEE
HASET, FFFA—-RFFEEK 39 &LLHE, 2
VEONIIFIVT AT 7 &, 710°TRIHS
HE2E1U MR @0) fE6NE. 51T, 201
U REzEF L R TINERG T 2 &l nITHER

Do Do
—_— A —_—
HO,C H 0 HO,C” & o

LTRRLARZERLEZ. 206 —HO KRR
L<H#EFTL, FAIATIVHEEKR (38) 75 80%
PLEDIER TR LFHER A1) 2MfF6nk. D
TTF NI TFNT RZULTINATA REANT
SUNEZREL, ISITHIVREOREREZ)S
TV LR NTRET S 2 EICRD, &&H
FILEMTH D7 7ORRL (7 70L% 25
ELTHESZENTE (Scheme 4). 1V

TR

7y OLZRERORED -5 7 & LETE 07
RO Te o 2R Vit i&ERE 213 U
DET BT T LGMNE, &E TV —EEE
WCThHNaONIy—Jg IT>70ONr¥y—Jg,
WO HEILRE R =2 ) > —F (ESBL) A,
HDNIIHEMERE TN U TR PIE T ERE 2
RY. RO T  hEERLETHROL-T2
5 NI T EN RS Ts v o 72 TH SR E I
KBBYIEICH LT, 7 7 OLITEIEN 5 PEIE D
2 WIEEHEINC & 2% BARG 1L D 7= O D HTAME
ELUTHMEZEZRL TN,

7 7 O L QR R ORI FZ e ko
T I UREEDTFGNARE L, MO T DG E EE

JORE L2
o0 T o
H

cloc
H

NaSOC

H
34 35 36 37
Scheme 3. Synthesis of Thiocarboxylic Acid?
@Reagents: a) (S)-(—)—1-phenylethylamine, 1,2—-dichloroethane, b) oxalyl chloride, ¢) sodium hydrosulfide.
TBSO TBSO TBSO

o 0 o) P(OEt),
COsallyl COgallyl
38 39
TBSO OH OH
H H H H H
d) s e) f) S
— — —_—
N/ iNo o Ny @
H 0 (@) H

COyallyl COgallyl COzNa

4 faropenem

Scheme 4. Synthesis of Faropenem from Acetoxyazetidinone?

@ Reagents: a) acetone-H,0, pH 9, b) monoallyl oxalyl chloride, triethyl amine, dichloromethane, ¢) triethylphosphite, d) xylene, ¢) nBu,NF, AcOH, THF,

f) Pd(PPh;),, PPh;, sodium 2—ethylhexanoate, dichloromethane.
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DARRATIE Y 7 O LF ETITER 2R ORIt %
RS0z, LT, 7yaAldke MEAITBT
R 371 ST ERSY ¢ I EA S o AN I EYVRON7H
FEEZRL, FRFICY 7 OLDEHWEEEIZEY)
KRBT S EMEEERBRICBWTHEI N, &
512, SFHEEOKYE I LT 80% LA LD BAT
sAEEER L2

77 OARZO#EOHENE, AWy s 5
YA 2Pk EREMNEEENOMER A 1 = X L DR
I SITRFERERLE L TO2ARMEEZ LT
EYYEICB T D280 E, 7y OALETORED -
T NEEZ2< B RBRE5T7 07 =)V &R =#%
OPIESE E U THFICERT TR INZDHDTH
0, 5% 0ORYYEEBIC BT D98 - BRIGHICE
260 MFELTNS.

#EE T 7OLOWFERFEEEY > MY KA
HEEEEROSH AT ZELDHETHL DAL
DENEMNNTRDERSNIZRETH D, LKD
RBBL XY, £/, 77 0LOMFEZELFL T
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