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ABSTRACT: A stereocontrolled first total synthesis of muraymycin D1 (1) has been achieved. The synthetic route is highly ste-

reoselective, featuring 1) selective B-ribosylation of the C2-
methylated amino ribose, 2) selective Strecker reaction, 3) ring-
opening reaction of a diastereomeric mixture of a diamino-
lactone to synthesize muraymycidine (epi-capreomycidine). The
acid-cleavable protecting groups for secondary alcohol and uri-
dine ureido nitrogen are applied for simultaneous deprotections
with the Boc and "Bu groups. Muraymycin D1 (1) and its amide
derivatives (2 and 3) exhibited growth inhibitory activity against
Mycobacterium tuberculosis (MICs, 1.56-6.25 ug/mL) and strong
enzyme inhibitory activities against the bacterial phosphotrans-
ferases (MurX and WecA) (ICs, 0.096-0.69 uM).
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INTRODUCTION

Muraymycins belong to aminoribosyl-uridyl peptides that
were isolated from Streptomyces spp. by McDonald et al.’
To date, 19 muraymycin congeners (muraymycin A1-5, Bi-
7, C1-4, D1-3) have been isolated. Their structural diversity
is observed in the lipid moiety (R,) and the appended C5'-
aminoribose unit (R,) (Figure 1). Muraymycin A1 is one of
the most active members of this family and showed bacte-
ricidal activity against both Gram-positive and Gram-
negative bacteria. Notably, muraymycin A1 demonstrated
efficacy in the Staphylococcus aureus infected mice mod-
els (ED,, 11 mg/kg)." The muraymycins are structurally
related to the other uridyl peptide antibiotics such as the
liposidomycins, mureidomycins, pacidamycins, and tuni-
camycin.” This class of natural products is reported to
exhibit strong inhibitory activities against translocase I
(MraY/MurX), essential peptidoglycan biosynthesis en-
zymes that catalyze the formation of lipid I from Park’s
nucleotide (UDP-MurNAc-pentapeptide) with polyprenyl
phosphate.” Besides muraymycin Az, in vitro properties of
the other muraymycin congeners have been poorly char-
acterized. The difficulties in isolating the muraymycins in
their pure form via reverse-phase HPLC as well as inac-

cessibility of the muraymycin-producing strain preclude
biological evaluation. Recently, muraymycin D2 (R, R, =H
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Figure 1. Structures of representative muraymycins

ACS Paragon Plus Environment



Page 3 of 8

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Journal of the American Chemical Society

Scheme 1. Retrosynthetic analysis of muraymycin D1
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in Figure 1) was reported to show no significant antibacte-
rial activity, even though it has strong MraY enzyme in-
hibitory activity (ICs, 0.01 uM).* In addition, some struc-
ture-activity relationship (SAR) studies were also de-
scribed based on the structure of muraymycins.” Muray-
mycin D1 (1) is synthetically more challenging than other
members of the muraymycin D series. Because 1 lacks
only the lipophilic side chain appended in the L-leucine
moiety of muraymycin A1, achievement of synthesis of 1
will make a promising step toward the total synthesis of
muraymycin A1 Therefore, we desired to establish an
efficient synthesis of 1 and thoroughly evaluate the effica-
cy of 1 in vitro. Several groups have reported synthetic
efforts on muraymycins including a total synthesis of mu-
raymycin D2.*° Although remarkable accomplishments
have been documented in the reported syntheses, more
efficient strategies that minimize generations of diastere-
omers and protecting group manipulations will accelerate
the development of new analogs for multi-drug resistant
(MDR) bacterial infections. Herein, we report a highly
stereocontrolled total synthesis of muraymycin D1 (1), its
amide analogs (2 and 3), and their evaluation against the
bacterial phosphotransferases.

RESULTS AND DISCUSSION

Our retrosynthesis for muraymycin D1 (1) is illustrated in
Scheme 1; the challenging synthetic outcomes are high-
lighted in the structure of 1. Muraymycin D1 is retrosyn-
thetically divided into the left- and right-half segments.
We envisioned that the 3-aminopropyl amino acid moiety
(C6',7-positions) of 1 could be constructed via Strecker
reaction of the aldehyde 8 with the mono-protected 1,3-
diaminopropane in the presence of an appropriate CN
source. We have extensively studied ribosylations via
non-anchimeric assistance of the Cz-position and found
that B-selective ribosylations can be achieved when the
ribose-donors possess a bulky ester group at the C3-
postion.” The muraymycins are vulnerable to strong bases
and give rise to complex mixtures upon exposure. In or-
der to achieve facile deprotection of the acyl group under
acidic conditions, we planned to introduce the 3,3-
dimethyl-5-(triisopropylsilyloxy)pentanoate  protecting
group for the alcohol at the C3”-position of the amino
ribose (see 9).” Construction of the R-configuration at Cy'-
position relies on Carreira’s asymmetric alkynation.” Pres-
ence of (25,3S)-muraymycidine (epi-capreomycidine) is
one of the characteristics of the muraymycins.” We have
previously investigated lactone-opening reactions to syn-
thesize 2S,3S-ureido-muraymycidine 7 through a diastero-
mixture of 13 In addition, a wunique selective-
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deprotection =~ method to remove  the 2-
(trimethylsilyl)ethanol group of 7 followed by capturing
the carboxylate using the polymer-supported fluoride
(PS-F) is applied to facilitate the synthesis of the left-half
segment (the ureido-tripeptide carboxylic acid).” Cou-
pling of the right- and left-half segments, global deprotec-
tions of all acid labile groups including monomethoxytet-
rachlorodiphenylmethoxymethyl (MTPM)”, followed by
hydrolysis of the amide group are envisioned to furnish 1
in a single step.

The synthesis of 1 commenced with the left-half seg-
ment 7 (Scheme 2). We previously reported a scalable
synthesis of (2R;3S)- and (2S,3S)-diaminolactones
from(25)-2-amino y-butyrolactone.”” Extensive studies of
the opening of 13 with a wide range of amino acids

Scheme 2. Synthesis of the left-half segment
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revealed that the undesired 2R-configuration of 13 is
completely epimerized to the desired (2S,35)-13 by treat-
ment with 2(1H)-pyridinone at 70 °C. Interestingly, nucle-
ophilic attacks of (2R,3S)-13 with C-protected amino acids
did not take place, while (25,35)-13 underwent thermal
amide-forming reaction. Taking advantage of these ob-
servations, a one-pot epimerization/lactone-opening reac-
tion with the hydrazide 14 gave rise to the dipeptide 15.
The overall yield of the transformation from 13 to 15 was
determined to be >80% after acetylation of the primary
alcohol of 15. Although the phenylhydrazide could serve
as an appropriate C-protecting group to accomplish the
synthesis of the left-half segment 23, deprotection of the
phenylhydrazide group in 22 required multiple time-
consuming purifications via reverse-phase HPLC
(CH,0H-01% TFA = 50 : 50) to provide 23 in its pure
form. In order to facilitate the synthesis of 23, we revised
the orthogonal protection strategy. The hydrazide group
of 16 was converted to the trimethylsilylethyl (TMSE) es-
ter 17 in 95% yield by using N-bromosuccinimide
(NBS)/NaHCO, in anhydrous CH,Cl,. Hydrogenations of
17 provided the free-amine, which was then subjected to
the wurea-forming reaction with the imidazole-
carboxamido derivative 18 to furnish 19 in 65% overall
yield. The Boc group of 19 was removed with 4N HCl, and
the generated HCl-amine salt was coupled with N,N™-di-
tert-butoxycarbonyl-S-methyl isothiourea in the presence
of Et;N and HgCl, to afford 20 in 75% overall yield.”
['‘Bu,Sn(OH)Cl],-catalyzed deacetylation* of 20 followed
by tosylation of the primary alcohol provided the inter-
mediate 21 which subsequently underwent intramolecular
cyclization and concomitant deprotection of the Boc
group of the imino-N, yielding the ureido-muraymycidine
tripeptide 7 in 85% overall yield.

We have introduced the monomethoxytetrachlorodi-
phenylmethoxymethyl (MTPM) protecting group because
it has significant advantages over ordinal protecting
groups (e.g. BOM) for uridine ureido nitrogen; the MTPM
group is stable under hydrogenation conditions and to a
wide range of acids, but it can be deprotected by solvoly-
tic cleavage with 30% TFA.”"” The MTPM-protected uri-
dine 11° was subjected to a modified Swern oxidation to
provide the corresponding aldehyde in quantitative yield
which was then subjected to Carreira’s asymmetric al-
kynation reaction using (+)-N-methylephedrine,” yielding
the (S)-propargyl alcohol 10 in 80% yield with S/R = >98:2
selectivity. Without the chiral controller, the 1,2-addition
of the zinc acetylide species provided a mixture of the
propargyl alcohols in 75% yield with S/R = 1.7:1.0 selectivi-
ty (Scheme 3). The stereochemistry of the secondary alco-
hol of 10 generated via Carreira’s alkynation was unequiv-
ocally determined by the advanced Mosher’s method.”
NIS-AgBF, promoted ribosylation of 10 with the thiogly-
coside 9 furnished the B-glycoside 24 exclusively in 1%
isolated yield.” It is worth mentioning that the ribosyla-
tion demonstrated with g is an unusual observation in
that the Cz-ether-protected ribose donor provided (-
glycoside without contamination of the a-glycoside. This
observation may be attributable to C3-acyl group partici-
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pation in the oxocarbenium ion transition state, leading
exclusively to B-ribosylation of 9.” The azido group of 24
was reduced with Zn metal in the presence of aq. NH,Cl,
and the generated free-amine was protected with (Boc),O
to furnish 25 in 90% overall yield. The alkyne moiety of 25
was converted to the aldehyde via a standard three step
procedure including partial reduction with a Lindlar’s
catalyst, osmylation, and oxidative cleavage with
Pb(OAc),. The crude aldehyde 8 was subjected to a thiou-
rea-catalyzed Strecker reaction” with the Cbz-protected
1,3-diaminopropane to provide the desired aminonitrile
26 in 60% overall yield from 25. In this reaction, the un-
desired (R)-diastereomer was not observed by LC-MS,
TLC or 'H-NMR analyses of the reaction mixture; thus,
selectivity of the Strecker reaction of 8 was determined to
be >25/1. Later, we realized that same transformation
(from 8

Scheme 3. Synthesis of the right-half segment
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to 26) could be catalyzed by MgSO,, producing 26 with
the yield and S/R-selectivity comparable to the reaction
catalyzed by the thiourea. The nitrile group of 26 was hy-
drated with HgClz2-aldoxime to furnish the amide 6 in
70% vyield. The stereogenic center (C6’) generated via the
Strecker reaction (8—26) was confirmed by the 'H-NMR
analyses of 6 where the value of the coupling constant
between H-5" and H-6" (J;,¢ = 3.4 Hz) was in good agree-
ment with the reported J value for (2S,3S)-2-amino-3,4-
dihydroxybutyric acid derivatives (J = 3.2-8.0 Hz) and the
muraymycin D2 synthetic intermediate (J = 3.5 Hz).""*"**°
The Cbz group of 6 was removed under hydrogenation
conditions™ followed by treatment with 1N HCI to provide
the diamine HCl salts 27 in quantitative yield.

The 2-(trimethylsilyl)ethanol (TMSE) group of the left-half
segment 7 was selectively cleaved with PS-F" to furnish the
PS-ammonium salt 28 (Scheme 4). The purity of 28 was de-
termined to be >92% by '"H-NMR and HPLC analyses of the
protonated form 23 (see Scheme 2). Decomplexation of the
PS-ammonium complex 28 was not observed under neutral
conditions; conveniently, 28 could be dissociated under the
peptide-forming reaction conditions (Glyceroacetonide-
Oxyma (GOx, 29), EDCI, NaHCO; in DMF-H,0),” and the
coupling reaction with 27 was complete in 3h to afford the
protected muraymycin D1, 4 with >90% purity after water
work-up and filtration. Global deprotection of 4 to form mu-
raymycin D1 (1) was performed in two steps in a one-pot pro-
cedure with 84% overall yield; the MTPM, Boc, ‘Bu and acyl
(R,) groups were first removed via 30% TFA/CH,Cl,, then
addition of 50% TFA/H,O removed the acetonide and amide
groups leading to 1. Similarly, muraymycin Di-amide (2) was
synthesized via treatment with 50% TFA/CH,Cl, followed by
addition of H,O. Primary amide-formation of the C-terminus
of 2 was accomplished via our standard coupling conditions
(29, EDCI, NaHCO, in DMF-H,0)** with excess NH,CI to
give rise to 3 in 75% yield. Muraymycin D1 and its amide ana-
logs were synthesized in their pure forms as determined by
C,s reverse-phase HPLC analyses (retention time of 1, 2, and
3: 10.0, 17.5, and 18.0 min, respectively; solvent system:
MeOH : 01% TFA/H,O = 25 : 75, flow rate: 2.0 mL/min, UV:
254 nm).”

Table 1. Bacterial phosphotransferase activities and
MICs against M. tuberculosis

WecA inhibition  MurX inhibition | M. tuberculosis
Compound o o
1Cs0 (uM) ICs0 (uM)? growth inhibition [MICsq (ng/mL)]
Muraymycin Dy (1) 0.69 0.011 1.56
Muraymycin D4-amide (2) 0.66 0.011 1.56
Muraymycin D4-diamide (3) 0.070 0.0096 6.25
Tunicamycin 0.15 3.38 3.13
Capuramycin - 0.22 6.25
UT-01320 0.060 - 1.56

“WecA and MurX assays (see SI). °A microdilution broth method was
used. All structures in Table 1are shown in SI.

Antibacterial activity of some muraymycins is believed to
be solely due to inhibition of MraY/MurX. The other bacteri-
al phosphotransferase, polyprenyl phosphate-GlcNAc-1-
phosphate transferase (WecA), has never been investigated
as a potential mechanism of action for the muraymycins.
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Scheme 4. Synthesis of muraymycin D1 and its amide analogs
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WecA is an essential enzyme for the growth of M. tuberculo-
sis. Inhibition of WecA blocks the entire biosynthesis of es-
sential cell wall components of M. tuberculosis in both repli-
cating and non-replicating states, making this enzyme a tar-
get for development of novel TB drugs.* The synthetic mole-
cules (1, 2, and 3) were evaluated in MurX and WecA assays
(Table 1). Muraymycin D1 (1) and muraymycin Di-amide (2)
exhibited equal enzyme inhibitory activities against the bac-
terial phosphotransferases (MurX and WecA) and their IC,,
values were in low pM range. Inhibition of WecA enzyme of
muraymycin Di-diamide (3) was ~10 times greater than that
of 1 and 2. Extensive bacterial growth inhibitory assays of 1, 2,
and 3 against Gram-positive and -negative bacteria including
Mycobacterium spp. revealed that 1-3 exhibited bacteriostatic
activity against M. tuberculosis; the MIC,, values are compa-
rable to UT-01320 (a selective WecA inhibitor)****, capu-
ramycin (a selective MurX inhibitor), and tunicamycin (a
non-selective phosphotransferase inhibitor). However, 1-3
did not show antibacterial activity against Gram-negative
bacteria (E. coli, K. pneumoniae, P. aeruginosa and A. bau-
mannii) and Gram-positive bacteria (S. aureus, C. difficile,
and E. faecium) even at >100 pug/mL concentrations. Unlike
tunicamycin, 1-3 did not exhibit cytotoxicity against mamma-

lian cells such as Vero cells even at 300 nug/mL concentration
(see SI).

CONCLUSIONS

In summary, a highly stereocontrolled first total synthesis
of muraymycin D1 (1) has been achieved from the report-
ed intermediates.”"” The principal features of this synthe-
sis include 1) stereoselective synthesis of the ureido-
muraymycidine tripeptide, 2) B-selective glycosylation of
the C2-methyl ether of the amino-ribose, and 3) syn-
selective Strecker reaction to construct the 3-aminopropyl
o-amino acid moiety in a single step. The acid-cleavable
protecting groups introduced here allowed us to accom-
plish the synthesis of 1 with a minimum number of pro-
tecting group manipulations. Primary amide-formation of
the free carboxylic acid of 2 could be achieved via a
GOx/EDCI based coupling condition in H,O-containing
solvents without protections of the amino and alcohol
groups. We have demonstrated that the amide derivatives
of 1 do not diminish MurX enzyme inhibitory activity.
Muraymycin D1 and its amide derivatives are also effec-

ACS Paragon Plus Environment

Page 6 of 8



Page 7 of 8

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

tive in inhibiting WecA enzyme activity at low concentra-
tions. Muraymycin Di-diamide (3) shows significantly
greater inhibition of the WecA enzyme than its natural
form. To date, only a few investigational TB drugs such as
UT-01320 and CPZEN-45 have been reported to inhibit
the WecA enzymes at low concentrations.”** Although
the activity of muraymycin A1 has been evaluated in vitro
and in vivo,” the antibacterial activity of the other mu-
raymycins (B, C and D) has not been thoroughly investi-
gated. Interestingly, we have identified that muraymycin
D1 shows strong bacteriostatic activity against M. tubercu-
losis by targeting both MurX and WecA enzymes. Amide
derivatives of muraymycins can be purified readily via
conventional methods without the need for HPLC purifi-
cation. These chemical properties will facilitate the dis-
covery of new muraymycin analogs. Application of the
synthetic strategies presented here continues for the syn-
thesis of muraymycin A1 and its analogs in our laboratory.
Efficacy of muraymycin congeners against non-replicating
M. tuberculosis will be reported elsewhere.
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