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This review describes the synthesis and structure-activity relationship (SAR) study of muraymycins (MRYs),
which are potent antibacterial nucleoside antibiotics. The key elements of our synthetic approach include the prepara-
tion of L-epi-capreomycidine via a C-H amination reaction and a convergent assemblage to construct of the framework
of MRYs using Ugi four component reaction. With this approach the first total synthesis of MRY D2 and its epimer, epi-
MRY D2, which does not have lipophilic substituents, has been accomplished. The fact that MRY D2 and it’s epimer did
not show any antibacterial activity indicated the lipophilic substituents of MRYs plays an important role in membrane-
permeability. Hence, MRY analogues with lipophilic substituents were designed and synthesized simply by altering the
aldehyde component in Ugi four-component assemblage. The MRY analogues with lipophilic substituents exhibited im-
proved antibacterial activity against anti drug-resistant bacteria. It was also suggested that the accessory urea-dipeptide
motif might contribute to MraY inhibitory and antibacterial activity. Our synthetic approach would effectively provide a
variety of MRY analogues and resultant SAR information brings us directions to create further MRY analogues.
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pentapeptide) MENESY >INV ETH DL EEH#
MraY (translocase I) IZ&X-> T >FhH T L)L
U 2 (Css-P) NERAL S NENEE TH 5 lipid I 23
BREND. HWTlpid [IZ N-7EF )LV
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2) DEADZVWEIN I COERETH D
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DM TEEICREFE SN TS 10 [EFE#EA O
BERNTEES >N ETH D, ZDORBITME DA
BN TH D I ENHSN TS, 1O MraY [HE
H D B FE T FEAN ML B IS H R PIEF OB R D78
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Fig. 2. Structure of
EHETAEME TH D, 112 in vitro DG ER T
MraY %38} I2BHZE L (ICs) for MraY =0.027 ug/
ml), HEAET RUKEZSOY I LABMEREICHL T
EBNHEENZ2RT (MIC for Staphylococcus
aureus=4.0 ug/ml). F7=, HAT RIERERKRET

2 % F Wiz in vivo IEPERER T ® BHE TR IR B R
ZRL, FHPIEAIRAEOKGFD ) — MEEWTH
HEERD.

MRYs z U — R{b&W & U THHLIIEF O B 78
BT 70121, FEa SIS AR TTIc K D <
Ty —xAT FT7REED S T 4 —DRER EF
ERKOBREHES DB EIT/ D EEBHIT, ENPIE
TEME RO MraY [HEEEZ G T2E O X WiFEAk
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5 EHRIEICE D MRYs O 2k e O AR D 5 Bk
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28U 7= BEPIER OB RBHITICE T L.
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4CR)1D Z#IR L, MRYs O Fig. 3 SO X7 F
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Muraymycins
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—RICT CEZ T ERAWEEENRMETT S 2 &
MHALNTWBRD, 72EZ 7% MAE L T U-
ACR BITRRANIEIC K > TRERXZRET S I &N
TED24-VARNFIRIVNT I DEERL .
I 512, MRYs DE#OD 1 D THhIBIRT 7=
JHEETDERARTI ) BOL-TEN T LR
1Y (epi-Cpm) 13, VIV 77— hZEHEE
TH5CHYI /b z#E L THKT S &I
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5. MRY D2 RU'ZDIEY—HDLER

7IJURTERELIZHLT3- 7 7ON
F—IVAEERZE AW SEITTH Y IV FIERIE 21T 0
b&2 #57~-. HWT222-Fy o0 b+
AWKV ERER, £EURT I HEE2ERNIC
FIVIIAEL 3NEFE L= &BIZ3ITHLTH
URATF > EERSEAV NIy M4 &S
B L7~ (Scheme 1).
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X—hMRICH L TCHY I /bR ZIT- 7245
B, mWAEK, EZERETASHEDNGOND L
s L TWws (Scheme 2). 2 EHFIX[EERICL T
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BRTEDEEZT-.

CHY I JMEINICHWS YL 7 73— R~k 8
W, WO L-AINZF > FBEREAFIVT ATV
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KEEHZ 2T 7 BA)IALT BT & T3 LR, fhkh
LIV 66% THo ik L7/~ (Scheme 3). & Z TXRKIT,
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Ugi-4 component reaction

muraymycins
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NN
HO N oH
‘o
NH
N~ “NH
H
carboxylic acid 17 amine

RE C-H amination BN
—
HO’%:[; 2 OH: s,
O
p— HaS

NHPg

O—U{\—O

L-Val sulfamate

aminoriboside 1
Fig. 3. Retrosynthetic Analysis
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NaBH(OAc)3, AcOH
6 3 </ NH —>( s TrocHN\/\/H [9) </ :NH
\ CH2CI2 \

94%

1) Zn, NH,CI, MeOH

2) formic acid, EDCI
CH.Cl,

99% over 2 steps
triphosgene, Et3;N

CH,Cl,
quant.

Scheme 1. Synthesis of Isonitrile Unit 4
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#90 C-H amination 4S #;O 4R, #,O
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2o HO HO
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6
Scheme 2. Working Hypothesis of C-H Amination Reaction
(e}
CbzHN,,, " ikl
1) Mel, KHCO3, DMF CbzHN,,, OH su amclgsﬁ oride  CbzHN,,, ? 5
—_— 3 2
2) LiBH,, EtOH MeCN-DMA H2N’ﬁ
NHBoc 66% over 3 steps 0)
N-o-Cbz-N-5-Boc- NHBoc NHBoc
L-ornithine 8
Scheme 3. Synthesis of Sulfamate 8
CbzHN,,, see table1 CbzHN,,, 0
s i_0 PhI(OAc), (1.5eq.) .éﬁo
S MgO -
HNS ]‘_\{ o .
NHBoc NHBoc
8 1) HCI, AOEt 9a: R = Boc
2) CbzCl, NaHC03|: 10: R=Cbz
X-ray
Scheme 4. C-H Amination Reaction of 8
Table 1. Optimization of C-H Amination Reaction of 8
Yield of 9 Ratio
Entry Catalyst Solvent (%) (92/9b) rpmen s sy
i [Rha(esp)]=
1 Rh, (0OAc), CH,Cl, 21 1:1.6 : :
i Me !
2 Rh; (esp) ,* CH,Cl, 47 1:2.0 ; - |
3 Rhy(esp),™  (CH,CD), 27 1:2.0 l 0 :
: o-Rh—O !
4 Rh;, (esp) ,* benzene 35 1:1.9 : N
* . '\ Me 0-Rh—
5 Rh, (esp) » CF;Ph 45 1:1.5 b e .
6 Rh;, (esp) ,* MeCN 45 1:2.0
# L7z (Scheme 4 and Table 1). £33 ¥ 700 A BEETZ9H1.6:1.0 DEEEMEL THLN

o, A—RXREOT7ETF—-NEETTOY
LT T hEERAIEEEZS, 3MITHAK
INHEFT L CTHE S NG 9 13 21% DINETH
5Nz, TOEE, EAE LN AR D AR

7= (Entry 1). 72BLEY DX TAREIL 92 D
tert-7 NFHIINRZINFEEX D DIIVAF IR
ZIOVFEITZEH U AL S 10 TN 9b D X kG R
EHTC X D kE L7z (Fig. 4). 2XIZ Du Bois 5
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Fig. 5. Proposed Transition-state during C-H Amination Reaction

28 C-H 7 2 JLIRIZ B W TR R 7 fil i & o5
LTwas#™»eznyuh (gae,0 -7 8T AF
W-13-_X>¥ry7ov4=vy 77y K) (Rh
(esp),) Zfllii & L TRINZEIT>72EZA, {LEW
9 DINERIT4T% ETH EL. UL, MAERME
BFiEEAEE{L LMo/ (Entry 2). /=, &
VI 2 Bt U 7235 81T B PUR RO ARG IR D ek
A 5NN > 7= (Entry 3-6).

EFNT > o C-H 7 AKIS TIE 4 7 D EAARER
P£7% Du Bois 5 O#HEIT R 2 ERENE SN,
ZORERD 1 DZUTOXIDITEAL. FHEINS
MARERMEE, 7)1 2 REKOBEHER &
BIZTYZ T B T IVALICE M U 72 & 5E 7B IR 58 1

(TS1) Zi-> CRINDHET TSI ETHEAL, =
DOF R ASHKRNER L THEOND EZEZHEND
(Fig. 5). U)W UEBICIE, (L&YW AR KDESL
THESNE. NN AFHINRZINT 2
JIHDONH 7O >2R, )77 —hOEHER
T EKREREETDHIET, ARARLETHDEHIL
R TF7IVERIY 2 BSIREZZEL, ZD
fER, EBIREE3 (TS3) ZRIKIENEFICRD
SNAKBRENHE L ZEEFEZS5N5. —F, Du
Bois 5 DHEETIXS 7Y I/ HOREREN T & O
ANETHBD-D, ZOXOBMHEERTEE R
V. X7z, DuBois 5 O#E TIE REHELNKD
MIENA RUINEZEZFEL TS EDEBIRE 1
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CbzHN,, CbzHN,,
%o “0 o DHgBr, BN CPZNL
,§7 1) HCI, AcOEt ,§’ MeCN
N™1 _ > N (l) - > NH
2)  NTces* H 2) Bu,;NOAc, AcOH
NHBoc NH MeCN N~ “NTces
ClI” “SMe 82% over 2 steps H
9a 11 MeS NTces
sat. aq. NaHCO3-AcOEt 13
quant. over 2 steps
*Tces = 2,2,2-trichloroethoxysulfonyl
tBUO \n/ 0
HoN, BuO \n/
1) KoCO3, EtOH i HgBr2 NMM
2) Hy, Pd(OH), A AcOEt
NTces

TCA, MeOH H NTces 4% over 3 steps

14

16: R = CHQOH:ITEMPO, NaClO,, NaCIO
17: R=COOH

MeCN-phosphate buffer (pH 6.7)
quant.

Scheme 5. Synthesis of Carboxylic Acid Unit 17

(TS1) NI SICHHIZIR> TS EEZLND.

IR F OSTARRIRPEIZ DWW TSR EDO R M D S
73, SAR #FZE % 1T D T L-epi-Cpm & U L-Cpm %
BONTNOFER S BEEEN 2D MRYs DGk
BEIE DML 2 510 7= (Scheme 5).

&%) 9a O Boc M2 B LT X U BRER, ke
Y1120 TG D ETHYFAT L TR 12 NG
WLz BWTRUIFILT I HFE R TRALKER
(I) TUEUBRI 7= ) HEE2BELE. 55
NEZRAMEEMITHLTT RS TFIVT DY
L7 TF— b EHSIBTOAFVIAFHFTOF
CREMRL Y FIVE 13 257 (LEM 13D
7 FIIVEEREK, ~UZOOEERE (TCA) fF
R CHMBITZ1T) Coz 2 BINWICHREL T

A 14EL, L-Val D S-AFILFAH—)N XA —
MME15 ERALKER D Z2HWS T L 7L IR
KOT7IVa—IUK16 2GRk L7z, &REBICHESNTZ
TN A—=NKEBIET DI ETHINR BT Z2E
B L7z, 27

DEokSiz, 41V=hrUIL4, TIVKZE1T
MERTERLD, INS 2P E2,4-PANFY
NPV TI2, AIYNUIVTIVTFE RERWTH
TdH 5 UACR 217> 7 (Scheme 6). L% /J—)b
MR TR ZIT o 72 & A RIS DHEFT A% 122
Mo 7z, U-4CR T —MRITERE LM TRIBAM
HT B ENHMMENTNBD, WAEESLHTRIG
1o & T A 54% OIERT U-4CR BAFEARDY Leu

HOo1:107 AT LVAREGMEL THESNT.
FOBWMUEICELD 222-M) 700 hFT A
VIR Z)VHE (Tces ) ZFRERE, MUMIZKDE
BT NTORELZREL, HPLC KEHUT XD epi-
MRY D2 & & %12 MRY D2 #%537-. 2 /28, L&
Y DA SEARBLE T RAY & D NMR A7 LD
FL#E K OF Scheme 7 IZ/R 9 K227 2 /B TIT R
DRFELE. 2 bbb, e EEBRLMIZED
WERR T X J BEBIZ /3R L, Marfey’s id 2 /EH S &
TIIBEZTITATUVAR—ANEFELZ. ZOD
#%, L-Leu U D-Leu 22 b8 U 7= 2 5 & HPLC
DORFFR 2 T2 Z ETHREL . ZHUTEXD
MRY D2 DD EEWRNERTE I & Z2fRL
7z,
6. BERUBERDEREZDENEN

55 2 BT MraY 23l ld N T & Bk & 7172 UDP-
MurNAc-pentapeptide % Css-P ~N#{L L lipid I %
BT B RINEMIET 28R THD I L2k,
R L7 MRY D2 2D IE X —{KD MraY [HE
&2, B. Subtilis 705 Hp, 8L 7= MraY &3
B & U THER PR EERE U 72 UDP-MurNAc-pen-
tapeptide & WY CHIE L 7. 30 Z DR, MRY D2
I3 MraY 258 71Cf#E L (IC5=0.01 uM), TEX —
R H Bif 75 MraY [HETEE (IC50=0.09 um) ZH
TEHIENHESMER S/ (Table2). —Jf, I
5OHiEIE M Z M O R/NFEEMHIERE (mini-
12 & o TR

mum inhibitory concentration, MIC)
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DMB = 2,4-dimethoxybenzyl

N "RH HO OH
(-)-muraymycin D2

Z

O

H Ho)j/\ \ﬂ/ N
) i

1) Zn, THF-NaH,PO, buffer
2)aq. TFA
54% over 3 steps HO, NH,

I

HO OH
epi-muraymycin D2 (19)

Scheme 6. Completion of Total Synthesis

L

1)6 M ag. HCI TN

2) Marfey's reagent ON HN Marfey's reagent H
COOH HoN—X

. sat. ag. NaHCO3-acetone sat. aq. NaHCO3-acetone
(—)-muraymycin D2 _— -—— COOH
H L-Leu
N

CONH,

L-Ala-NHy-DNP-L-Leu

1) 6 M aqg. HCI
2) Marfey's reagent

. . sat. ag. NaHCO3-acetone
epi-muraymycin D2 (19) _— =

H
T
CONH,

D H _<
O,N m—\ H
COOH

Marfey's reagent ~
L HoN-X :

sat. aq. NaHCOg3-acetone
T

L-Ala-NH,-DNP-D-Leu

Scheme 7. Amino Acid Analysis by Marfey’s Reagents

Table 2. Inhibitory Activity of Synthesized Compounds
against the MraY Enzyme

MRY D2 19 20a 21a 22

ICso (uM) 0.01 0.09 0.33 0.74 5.0

The activities of the compounds were tested against purified MraY from
B. subtilis. The assay was performed in a reaction mixture of 10 ml con-
taining, in final concentrations, 100 mm Tris-HCI, pH 7.5, 40 mm MgCl,,
1.1 mMm Css-P, 250 mm NaCl, 0.25 mm UDP-MurNAc- [14C] pentapeptide
(337 Bq), and 8.4 mm N-lauroyl sarcosine. The mixture was incubated for
30 min at 37°C. The radiolabeled substrate UDP-MurNAc-pentapeptide
and reaction product (lipid I, product of MraY) were separated by TLC
on silica gel plates. The radioactive spots were caluculated with respect to a
control assay without the inhibitor. Data represent the mean of independ-
ent triplicate determinations.

L7z& 23,30 Winolkams 2 < JilEiEHs 2R
XMooz (MIC=>>64 ug/ml). MraY (% 10 [E]fE
EmMy N7 ETHO, ZOIEMEH LI E
BICHEET DI ENHOENTNE I &5, %2
I ofbamIME Mz Zild 5 2 ENTER
WeEDPIEEEZ RSBk EZEZ SN BN
HiEIETEZ A3 % MRY Al  BS 137 DR rh
WCEBIEGEEMEZEL TWa A (Fig. 2), HiE
B2 2 < RE Mo 7= MRY D2 (3 E g A MM
HEELTHST, (bAMOIRENE, BEiEE
EIEERBICKERFEE L EATNDS I ENURES
Nz,
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I TEHITI MRYs OFEREMOFHRD &L
T, MRYs IZEIEMEMISHZE AT 2 Z & THRER
HEmbEsgsZEiCUE.

MRY Al %> MRY BS 732 & DA TEMISEI - B
OF> 0422/ UTIZATIVEEG L TWa,
D BT IAFHIVEZIVREER BT &
LR, TAT T —YIZX D I5EMEAIEEOBREN
BadInd, 22T, IBAEWEWEHZLER, EYE
MR E TR R F -k RAE O ITEMR L =5 E IR
(Scheme 8, 20a—20d, 21a—21d) e LTz,

U-4CR ICHi4 Q@M E2HEIT 57 )T R
v NEHWTKIRZETT> 28I, REEREREL,
2DODVTATLAR—%HEETHZET8HDIF
A MRY S8k 2 A L7 1B, {LEY 20a &
21a DHESINIARELE T KRR ERIBRICT X B o
WX THRELZ. /2 SIKD L-Leu 2 & KK
M, SIKOXEZFIINTY T 2 EEHRARBD
200 DVNTNHD, FERAMDORAK21a LD H
HPLC ORFHFRKFHNAEWEBICH > -2 &M 5,
Z DM DL E Y DRI ARBLE B REFRF 2V R WL
GWERARE, HWbtEMmzIERARTEHEE L .

RIZINSFEAROYIETENEZ 57 L7z (Table

OMe

4 + + RCHO + 17

OMe

3). THRLU =& D ITHEAEMEMISE O AN PIEIE I
B2 2FEIEFEITKEL, 20a-d KU 21a-d D
THOIEYH MRSA © VRE 72 & O A it P B
EHEUTXRTOEICH L THEEEZRLEZ. EY
T ZIVEOE AT K B HEEBYEE RO EIZA 5
NEhoem, RFZFIINVEEFET DLW
20a, 21a X MRY Al Z E[E D HiEEEZEZRL, K
ICEHFIMPEE TH S VREICKH L THIERICTENT=
PG Z R Uz, £/, JERABO 20a OHIETE
PHENKARRD 21a % LA > 72 2 &3, SAR R D
fEE L CHIEEL, U4CR ZHWSEESDOA
FRIEDN SARTHZEICHEH THAH I EZRL TS &
EZoNb. 351, mbENLTEEEEZRLZ
20a, 21a @ MraY [HEEEZHE L&A, 20a
D ICso A% 0.33 uM, 21a 723 0.74 um & KIRMIIZT
£5HDODOHEED MraY [HEEEZRLEZZ &
M5, INSEWIE MraY BHEIC XK > THLEE
HZERLTWD ZENHSMNERS 7, IRIEMERISH
HOX St ORMIZH 208, LEYOIEEE
M RIZHD <, BOEEMESTIETEEFREBICIEREITKR
ERFEEFZDIENGNO T

MRYs ©EEZMNEG L 72 MRY BEAKIL, 75

H H
tBuo)i \n/ N\/\/N
DMB
(0] NH (0] g

1) Zn, THF-NaH,PO, buffer

d:R= 0NN 2) aq. TFA
(DL
HO, NH, HO, NH,
HOW., HOw.
o R 2 0 o R o 2
NN N N o (¢ NN N Ho ( Z
HO N N'Lj( SN F NH L - NWLTr SN S NH
) H o N ) H g o N
NH HO NH HO o)
O /& 0
N~ NH HO OH N "NH HO OH
20a-d 21a-d

Scheme 8.

Synthesis of Lipophilic MRY Analogues
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Table 3. Antibacterial Activity
MIC (ug/ml)
compound S. aureus ATCC S. aureus E. faecalis E. faecalis E. faecium E. faecium
29213 (MSSA) SR3637 (MRSA) ATCC 29212 SR7914 (VRE) ATCC 19434  SR7917 (VRE)
MRY D2 >64 >64 >64 >64 >64 >64
19 >64 >64 >64 >64 >64 >64
20a 2 4 4 4 4 2
21a 2 4 2 4 0.5 0.25
20b 4 4 4 16 4 8
21b 8 16 8 16 4 4
20c¢ 16 32 16 64 16 32
21c 64 64 32 64 4 8
20d 4 8 8 8 4
21d 16 16 16 16 4 8
22 >64 >64 32 64 64 64
vancomycin 1 1 1 >64 0.5 >64

MICs were determined by a microdilution broth method as recommended by NCCLS with cation-adjusted Mueller-Hinton broth (CA-MHB) . Serial 2-fold di-
lutions of each compound were made in appropriate broth, and the plates were incubated with 5X 10* CFU of each strain in a volume of 0.1 ml. Plates were incu-
bated at 35°C for 20 h, and then, MICs were scored.

NHBoc
CA 1) H,, Pd/C, MeOH

O 2)dodecanal, NaBH(OAc)3
ACOH CH2C|2

o, QH(_«

CbzHN O NH 3) 80% aq. TFA
'BuO 73% over 3 steps
o}
HO OH
)é
22
Scheme 9. Synthesis of the Urea-dipeptide Truncated Analogues

IWIEHST 2 3, JVRF 2 I)VETR E D Ekutt7s
EReA S RHEIBAEMEZEL THD, 20X
W& Z 69 2 LG —MRITKERF T2 DIEENE
A TEE L vV AR T 2 720 S s A &
LTS EEAGNDS. BRLEZIBIVE, &AW

VIR M ERAE 75 & O MIRERR 2 IS5 2 vREtE DY D
MR EEN T T2 L EIN5. T TRA
e FOEFENER L 72T X TOLEY DML
Z a2 A HepG2 filfla = HWCHIEL e & C
A, WIhofkambe<Masmte RS hoikz
(ICs5o>100 pg/ml).

—7%, MRYs O L 7 X7 F RERA MraY [
ENWEE R OPIHEIEEICGEZA 2 ZEEZRFT 5729
2, IBIEMERBEEZE L, O LT ORI F REMN
RINL 7=7F384K 22 256 U7z (Scheme 9).

ft&¥ 22 @ MraY HEEEZRIEL /& 25,

ICso fli72Y SuM TdH D MRY D2 & fblz L TR &EL
WLz, £72213, EFMMEREZ S DEITH L

TIEEALEPIHEENE 2RI BM>7z (Table3). Z
DGR MRY FEAROPIEIEERBICIME &Y DIE
B, BERENEETHD, LUV TIRTF
RESH B EE ZH> TWB I ENHS M ETL S
7":' 34)

7. &HYIC

EFL, FEEEGREHBICANZGRIEC
UKR%%&LTMMHH@@@% m%%mb
7. XERE#E D@D MRY D2 13 MraY % 8& 712
EL, IEY—KHENTZ MraY [HEEE 2467
HZEEEWH LU, £, BIEEMEEZEAL
MRY FE R ZE G, Gl ZE A, X%
FUINEEET BEY 20a, 21a A% MraY [HEE
EEHL, EAMEEZSOME IS L TEND
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HiEZ2AETAZE2RWHLAE, Lo T
MRY 78 O FiTE VEFR B3 &Y DB A

fEEENEERERTHD ZENHEMNERS
7z, FRERMEAEZEL, L7 ORI F Rz R
Li#FHEARTHDEEZONSELEY 2213,

MraY FHEEMEN RS <EIL, VEEEZIEZEA
ERIBNOZZENS MRYs DT LT OXTF
REIPIENEERBICEE R EEHZ R L Tnwa 2
EMRBINE., BRI TLTY OXRTF RO
SAR 22 & & HIC T 572 % 5HM 72 SAR BIZE 2175
T & CHEAIMMEE AR B R PIER R AT T
NWELENWEEZTNVWDS,

BE AWFIIIRERE KRR E R
BWTEL ORI EHETITONEL 2. A
EEDDIIH0, BRRDITHE, ERTHH,
Wihz U CIEE £ U2 FRHE LI 0K D
LEd. EECHAUBKEL, AR5 mzElT
S CTIHWZRILFMITE DS, %dEE, HE
B ORA EHEL, &l TEL kb
Eitdt, BIOJEAME L, MAMMS A, Pridetlh
IAICHELSIEH L £9. NMR HlE, GRS, 7t
T &7 > TIEW AR ST P AR E
Bt > =R QBRI BB L BiF £ T
MraY BHEEE O E 27> TIHHWE T T > X
CNRS @ Ahmed Bouhss {§ 122 < BALH L B
£9. B, AAKO—FIL, HAZMRESET
WF7E B i N B B R 2t o #hiBNIC K 0 1T
HLNEZHDTY.
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