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logues of reduced synthetic complexity was developed. The synthe-
sis, achieved by the addition of two aryl chloride substituents to pro-
vide tetrachlorovancomcyin aglycon (Compound II), tetrachlorovan-
comcyin (Compound I ), and their derivatives, permitted a stream-
lined total synthesis of the new class of glycopeptide antibiotics by
removing atropisomer stereochemical control and enabled the simul-
taneous and further activated SyAr macrocyclizations that establish
the tricyclic skeleton of Compound I. In addition to the antimicrobial
evaluation of tetrachlorovancomycin (Compound I), the preparation of
key binding pocket and peripherally-modi fied derivatives, which over-
come vancomycin resistance and introduce independent and synergis-
tic mechanisms of action, revealed their exceptional antimicrobial po-
tency and provide the foundation for use of this new class of synthetic

glycopeptide analogues. Also disclosed are a pharmaceutical composi-
tion containing bactericidal amount of tetrachlorovancomycin, a deriv-
ative thereof or a salt of either dissolved or dispersed in a pharmaceu-
tically acceptable diluent.
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TE TRACHLOROVANCOMYCIN AND DERIVATIVES

Description

CROSS-REFEREENCE TO RELATED APPLICATION

This application claims priority to US
application Serial No. 63/521,400, filed on June 16,
2023, whose disclosures are incorporated herein by

reference.

GOVERNMENTAL SUPPORT

This invention was made with governmental
support under CA041101 awarded by the National
Institutes of Health. The government has certain

rights in the invention.

BACKGROUND ART

In a series of studies, it has been shown
that deep-seated changes in the binding pocket of
vancomycinl-? can be used to overcome vancomycin
resistance by reinstating binding to the altered
target D-Ala-D-Lac while maintaining binding for the
unaltered target D-Ala-D-Ala found in sensitive
bacteria.? This redesign, along with peripheral
modifications to the glycopeptides that introduce
independent synergistic mechanisms of action, have
provided an exciting advance in the development of
durable antibiotics that are less susceptible to
raising resistance than vancomycin itself.?

A remaining challenge enroute to their
translation to the clinic is their accessibility,
presently requiring total syntheses to obtain the
targeted glycopeptide analogues.® A new class of

structurally simplified synthetic glycopeptide
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antibiotics is disclosed that is now easily
accessible by total synthesis and directly addresses
this challenge. The class retains all the intricate
vancomycin structural features that contribute to its
target binding affinity and selectivity, maintains
the potent antimicrobial activity of vancomycin, and
achieves this simplification by an unusual addition,
not removal, of benign substituents to the core
structure.

The diastereoselective introduction of the
three elements of atropisomerism embedded in the
vancomycin structure is the central challenge to its
synthesis (Fig. 1).° 1In the most recent next
generation total synthesis of vancomycin,® the AR
biaryl axis of chirality was set through a
diastereoselective (>20:1 dr), chiral catalyst-
controlled Suzuki-Miyaura coupling. Preorganization
provided by the rigid AB macrocycle was used to then
construct the CD and subsequently the DE macrocyclic
diaryl ethers with high substrate-controlled
atroposelectivity.

Substantial improvements in the syntheses
of the unnatural amino acid subunits were also
introduced such that five subunits are now derived
from inexpensive chiral pool starting materials of
which one is commercially available, only two require
asymmetric synthesis, all require <5 steps to access,
and all but one are obtained in >50% overall yield.®
The extension of the work to [WI[C(=S)NH]Tpg‘]-
vancomycin for accessing pocket-modified vancomycin
analogues further improved on the approach and
established a scalable synthesis.’

The modification in the vancomycin

structure detailed herein that simplifies the total
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synthesis is exemplified by 2., 6.~dichlorovancomycin
(1), a fully synthetic analogue of vancomycin in
which two added chlorines are placed opposite those
naturally present on the C and E rings (Fig. 1).
This modification renders the CD and DE diaryl ethers
symmetrical and eliminates the two atropisomer
elements that are most challenging to control. As
detailed herein, this simplification allows full
control of all stereochemical features, results in a
technically straightforward total synthesis with
reduction in the step count [15 steps in longest
linear seguence (LLS), 15% overall yield], improves
the CD/DE macrocyclization rates and efficiencies
that are now run concurrently, and provides a
synthetic glycopeptide antibiotic that maintains the
ligand binding and antimicrobial activity of the
natural product.

The class of compounds (derivatives)
retains all the intricate vancomycin structural
features that contribute to its target binding
affinity and selectivity, maintains the potent
antimicrobial activity of vancomycin, and achieves
this simplification by an unusual addition, not
removal, of benign substituents to the core
structure.

For convenience, these 2., 6.~dichlorovanco-
mycin analogues as tetrachlorovancomycins (e.g.,

20, 6e—dichlorovancomycin (Compound 1) =
tetrachlorovancomycin), highlighting the four aryl

chlorides now present on the core structure.

SUMMARY
The present invention contemplates a new,

biologically active vancomycin analogue called

-3-
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tetrachlorovancomycin and its derivatives that are
produced, except for glycosylation, solely by
synthetic organic chemistry. Key elements of the
synthetic approach include a catalyst-controlled
diastereoselective formation of the AB biaryl axis of
chirality (>30:1 dr), an instantaneous
macrolactamization of the AR ring system free of
competitive epimerization (>30:1 dr), an
epimerization free coupling of the E ring
tetrapeptide, the room temperature dual CD/DE ring
system SyAr cyclizations, a highly refined 4-step
conversion of the product to the aglycon, and a
protecting group free one-pot enzymatic glycosylation
for disaccharide introduction.

The structural formula for
tetrachlrovancomycin itself is shown below as Formula

I.

NH,  OH
Me (@] CH
Me
CH,OH
cl
(o}
|
N NHMe
H
H,NO
I

The structural formula for
tetrachlrovancomycin aglycon that is produced solely
using synthetic organic chemistry is shown below as

Formula IT.
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OH

_«NHMe

I=

IT1

The above two compounds surprisingly
exhibit activity against methicillin-resistant S.
aureus at about a factor of 10 or less than the
activity of wvancomycin against vancomycin-sensitive
and vancomycin-resistant bacteria. However, their
derivatives substituted similarly to some of the most
active vancomycin derivatives show almost the same
activities. Being chemically prepared in relatively
high yield provides a route to less expensive very
active antibiotics.

A generic formula that can encompass
tetrachlorovancomycin, contemplated derivatives and a
pharmaceutically acceptable salt is shown below as

Formula IIT.

HO
NHR' oH
Me ) OH
Me
CH,OH
Cl o o C
HO Cl Cl OH
N N NHMe
H H
H,NO

ITT
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wherein
RS A S O R -
D SR G ey

Rl is selected from the group consisting of
hydrido (hydrogen), (Cq-Cqig)hydrocarbyl, aryl(Cq-Cg)-
hydrocarbyldiyl, heteroaryl-(Cq-Cg)hydrocarbyldiyl,
(C1-Cg) hydrocarbyldiylheteroaryl, halo(Cy-Cqo)-
hydrocarbyldiyl, and (C1-Cqg)amido substituents,

wherein an aryl or heteroaryl group is itself
optionally substituted with up to three substituents
independently selected from the group consisting of:
(i) hydroxy,
(ii) halo,
(1iii) nitro,
(iv) (Cq1-Cg)hydrocarbyl,
(v) halo(Cq1-Cqg)hydrocarbyl,
(vi) (C1-Cg)hydrocarbyloxy,
(vii) halo(Cq-Cg)hydrocarbyloxy,
(viii) aryl, and
(ix) aryloxy, wherein an aryl or aryloxy
substituent can itself be substituted with up to
three substituents independently selected from the
group consisting of:
(i) hydroxy,
(ii) halo,
(1iii) nitro,
(iv) (C1-Cg)hydrocarbyl,
(v) halo(Cq-Cqg)hydrocarbyl,
(vi) (C1-Cg)hydrocarbyloxy, and

(vii) halo(Cq1-Cg)hydrocarbyloxy; and

-6-
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| RN |
RZ is OH or \(::>// , where Circle A

is a linking moiety having the length of a saturated

chain of 2 carbon atoms and less than a saturated

chain of about 12 carbon atoms, and R3 is guanidinyl

[HoN (C=NH)NH-], N,N-(di-Cq-Cg-hydrocarbyl)amino, or
N,N,N- (tri-Cq-Cg-hydrocarbyl)ammonium, and an

optional pharmaceutically acceptable anion, Y™, to
balance charge as needed.

<3

3‘ s N .
Thus, when ﬁtis B Rl is H (hydrido), and

RZ is OH, the compound above 1s tetrachloro-

vancomycin. When one or both of Rl and RZ are other
than H and OH, respectively, a derivative of tetra-
chlorovancomycin is being contemplated.

In one aspect, the “X” moiety above can be
H,H making the carbon to which the two hydrogens are
bonded a methylene group. In another aspect, “X” is
O (oxygen) double bonded to the depicted carbon atom
as the carbonyl group of an amide. X can also be S
(sulfur) double-bonded to the depicted carbon, making
that carbon a thiocarbonyl moiety and thereby, the
thiocarbonyl bonded to the -NH- group form a
thicamide linkage. A compound where “X” 1is “S” is
usually used as an intermediate to the preparation of
a compound of Formula I, II and III in which “X” is
“H,H” forming a methylene group as above, or is “NH”,

forming an amidine linkage.

Turning to the Rl substituents other than
H, those hydrophobic materials are present and
discussed in one of the inventors’ U.S. Patents
No.9,879,049, No. 10,577,395, No. 10,934,326, well as
to U.S. Patent Publication 2023/0146239, and the
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papers cited therein. Many of these substituents are
present in commercially available in semisynthetic
derivatives of wvancomycin and similar glycopeptide
antibiotics such as teicoplanin A2, oritavancin,

dalbavancin and telavancin.

Hydrophobic Rl substituents that are
presently preferred are the benzyl, 4-chlorobenzyl,
(biphenyl)methyl, (4-chlorobiphenyl)methyl [CBP], 4-
fluorobenzyl, and (4-fluorobiphenyl)methyl
substituent groups. Each of these six substituents
can be added to the tetrachlorovancosaminyl amino

group by NaCNBH4 reduction of the corresponding
aldehyde as is shown in Scheme 5 hereinafter.
The RZ substituents, other than OH, contain

at least two nitrogen atoms separated by a linker

group referred to as Circle A and depicted as

},Z_HN R3
\<::>// , wWherein the remaining valence of the

nitrogen in the depicted “-HN-“ group bonds to

carboxyl group of the tetrachlorovancomycinyl portion

of the molecule to form an amido group. The R3
contains at least a second nitrogen atom bonded
directly to the Circle A linker. 1In one contemplated
aspect, the second nitrogen atom is part of a

guanidinyl group [HpN(C=NH)NH-]. In another

contemplated aspect, the second nitrogen of Circle A
is the nitrogen of a tertiary amine or a quaternary

ammonium group, as noted above.
When R3 is a quaternary ammonium group, an

optional anion, Y, that is preferably

pharmaceutically acceptable is also present to

balance the charge. R3 is a tertiary amine or

guanidinyl group, both of which are typically basic,

-8-
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a compound containing such a group can also be
present as a salt with an acid. Preferably, the acid

of such an acid salt is a pharmaceutically acceptable

acid, that provides the optional anion, Y~ . A
pharmaceutical composition containing an anti-
bacterially effective amount a before-described
tetrachlorovancomycin or derivative, or a
pharmaceutically acceptable salt dissolved or
dispersed in a pharmaceutically (physioclogically)
diluent acceptable diluent is also contemplated.
Such a composition can be in solid, liquid, gel or
other appropriate form.

A method of treating a bacterial infection,
particularly from Gram positive bacteria, is also

contemplated.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings forming a portion of this
disclosure:

Fig. 1 shows a comparison of vancomycin and
tetrachlorovancomycin that highlights the structural
and synthetic simplification and atropisomerism
elimination achieved by adding two benign chlorine
substituents;

Fig. 2 is a schematic representation of key
elements of a retrosynthetic analysis for
tetrachlorovancomycin;

Fig. 3 illustrates reaction Scheme 4 that
illustrates a direct synthetic route from Compound 27
to Compound 29 in 56% yield and five steps followed
by the one-pot two-step enzymatic glycosylation of
tetrachlorovancomycin aglycon (29) to form

tetrachlorovancomycin (Compound 1) that proceeded in
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high yield (82%) for installation of both sugar
residues despite the added 2. and 6. aryl chlorides;
Fig. 4 outlines a synthetic pathway by

which a tetrachlorovancomycin derivative of Formula

KK, A
ITI where ]{ 1S 1[ can be prepared;

Fig. 5 shows a reaction scheme whereby the
4-thiocamide derivative, Compound 41, can be prepared
from Compound 38;

Fig. 6 shows two reaction schemes by which
Compounds 40 and 39 can be prepared from Compound 38;

Fig. 7, in two panels, as Fig.7A that
illustrates two reaction schemes by which Compounds
42, 43, and 44 can be prepared from Compound 41, and
in which Compounds 46 and 45 can also be prepared
from Compound 44, and Fig. 7B in which Compound 44 is
used to prepare Compound 47, that in turn is used to
prepare Compounds 48 and 49;

Fig. 8, in two panels, as Fig. 8A that
illustrates tetrachlorovancomycin, Compound 1, and
its three 4-position differently substituted
analogues, Compounds 41, 42 and 43, titration binding
study results of with model ligands A and B, and
similar studies with vancomycin itself and its three
similarly substituted analogues in Fig. 8B;

Fig. 9, in two panels as Figs. 9A and 9B,
are tables showing minimum inhibitory concentrations
(MIC values) for tetrachlorovancomycin analogue
Compounds 41, 44, 47, 48 and 49 against bacteria that

are vancomycin-sensitive (Fig. 9A) and vancomycin-

resistant (Fig. 9B); data for G3,CBP—vancomycin44;
Figs. 10 through 15 provide illustrative

tetrachlorovancomycin derivative compounds with

_lO_
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varying 4-position substituents, as well as various
substituents bonded to the vancosaminyl nitrogen, and
also still further substituents bonded to the
vancomycin usually unsubstituted (C-14) carboxyl

group.

Fach of the patents, patent applications
and articles cited herein is incorporated by

reference.

Definitions

In the context of the present invention and
the associated claims, the following terms have the

following meanings:

144 w 144

The articles “a” and “an” are used herein
to refer to one or to more than one (i.e., to at
least one) of the grammatical object of the article.
By way of example, “an element” means one element or
more than one element.

The word "hydrocarbyl" is used herein as a
short-hand term for a non-aromatic group that
includes straight and branched chain aliphatic as
well as alicyclic groups or radicals that contain
only carbon and hydrogen. Thus, alkyl, alkenyl and
alkynyl groups are contemplated, whereas aromatic
hydrocarbons such as phenyl are grouped as an “aryl"
group.

Where a specific aliphatic hydrocarbyl
substituent group is intended, that group is recited;

i.e., C1-Cg alkyl, methyl or tert-butyl. Exemplary

hydrocarbyl groups contain a chain of 2 to about?77
carbon atoms, and preferably 2 to about 6 carbon

atoms.

_ll_
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A particularly preferred hydrocarbyl group
is an alkyl group. As a consequence, a Jgeneralized,
but more preferred substituent can be recited by
replacing the descriptor "hydrocarbyl™ with "alkyl"
in any of the substituent groups enumerated herein.

Examples of alkyl radicals include methyl,
ethyl, n-propyl, isopropyl, n-butyl, isobutyl,
sec-butyl, tert-butyl. Examples of suitable alkenyl
radicals include ethenyl (vinyl), 2-propenyl, 3-
propenyl, 1,4-butadienyl, l-butenyl, 2-butenyl, and
3-butenyl. Examples of alkynyl radicals include
ethynyl, 2-propynyl, l-propynyl, l-butynyl, 2-
butynyl, 3-butynyl, and l-methyl-2-propynyl.

As a skilled worker will understand, a

substituent that cannot exist such as a Cq alkenyl

group 1s not intended to be encompassed by the word
"hydrocarbyl", although such substituents with two or
more carbon atoms are intended.

Usual chemical suffix nomenclature is
followed when using the word "hydrocarbyl" except
that the usual practice of removing the terminal "yl1"
and adding an appropriate suffix is not always
followed because of the possible similarity of a
resulting name to one or more substituents. Thus, a
hydrocarbyl ether is referred to as a
"hydrocarbyloxy" group rather than a "hydrocarboxy"
group as may possibly be more proper when following
the usual rules of chemical nomenclature.
Illustrative hydrocarbyloxy groups include methoxy,
ethoxy, n-propoxy, isopropoxy, allyloxy, n-butoxy,
iso-butoxy, sec-butoxy, and tert-butoxy groups.

In the structural formulas shown throughout

this application, a wavy line as shown for example in

_12_
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the following representation “3§t” is used to indicate

that only a portion of a molecule is being shown, and
two bonds of the carbon atom doubly bonded to X are
severed from the remainder of the molecule. Similar
representations are used for the same purpose with
other chemical entities to save space in the text and
possible confusion.

“h” = hour(s); “min” minute(s); TFA =
trifluoroacetic acid; NMM = N-methylmorpholine: DMSO
= dimethylsulfoxide: AcOH = acetic acid; EtOAc =
ethyl acetate; MeOH = methanol; THF =
tetrahydrofuran; DMF = dimethyl formamide; MeCN =
acetonitrile; HBTU = 2~ (lh-benzotriazole-i-yl}~
1,1,3,3-tetranethyluronium hexaflucrophosphate and/or
o-bhenzotriazol-1-v1-N,N,N',N'-tetramethyluronium
hexafluorophosphate; AgOAcC = silver acetate; TCEPeHC1
- tris (carboxyethyl)phosphine hydrochloride; T3P® =
propanephosphonic acid anhydride; BuyNF =
tetrabutylammonium fluoride; THF = tetrahydrofuran;
equiv = equivalent(s); mmol = miliimole(s); umol =
micreomole(s); calcd = calculated; HRMS = high
resolution mass spectroscopy; ESI-TCF = electrospray
ionization time-of-flight mass spectroscopy; m/z =
mass-to-charge ratio; brsm = based on recovered
starting material; MHz = megaHertz;
polyathersulfone; PTLC = preparative thin layer
chromatography; mL = microliter(s); umol =

micromole(s); ca. = circa = about.

The present invention has several benefits
and advantages.
One salient benefit of the invention is the

relative ease and enhanced yield of synthetically-

_13_
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prepared tetrachlorovancomycin and derivatives as
compared to vancomycin itself when synthetically
prepared, and also when compared to vancomycin
preparation by fermentation using bacteria whose
4-postiion derivatives are very difficult prepare.

A salient advantage of the invention is
that the antibacterial activity of tetrachloro-
vancomycin compared to that of vancomycin itself is
almost identical.

Another benefit of the invention is that
the activity of the herein discussed derivatized
tetrachloro-vancomycins against both vancomycin-
resistant bacteria (VRE) and those bacteria that are
not vancomycin-resistant compared to the activities
of identically derivatized vancomycin are also almost
identical.

Still further benefits and advantages will
be apparent to the skilled worker from the detailed

description that follows.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The present invention contemplates a new,
biologically active vancomycin derivative called
tetrachlorovancomycin that is produced, except for
glycosylation, solely by synthetic organic chemistry.
The structural formula for tetrachlrovancomycin

itself is shown below as Formula I.

_14_



WO 2024/258613 PCT/US2024/031453

HO
NH,  OH
Me O oH
Me
H,OH
C
O
Cl OH
(@] H e)
N N NAN o NHMe
H H
H,NOC

Tetrachlorovancomycin

The structural formula for
tetrachlorovancomycin aglycon that is produced solely
using synthetic organic chemistry is shown below as

Formula IT.

IT1

The above two compounds surprisingly
exhibit activity against methicillin-resistant S.
aureus and about a factor of 10 or less the activity
of vancomycin against vancomycin-sensitive and
vancomycin-resistant bacteria. However, their
derivatives substituted similarly to the most active
vancomycin derivatives show almost the same
activities as those similarly substituted

vancomycins. Being chemically prepared in relatively

_15_
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high yield provide a route to less expensive very
active antibiotics.

A generic formula that can encompass
tetrachlorovancomycin, contemplated derivatives and a
pharmaceutically acceptable salt is shown below as

Formula IIT.

HO
NHR' OoH
Me O QH
Me

CH,OH
Cl 0o 0 Cl
Cl Cl OH
HJ%]/ N NHMe
H,NOC

ITT

wherein

Kx, Xy, KK KH Sy
| SIS B A el

Rl is selected from the group consisting of
hydrido (hydrogen), (C1-Cqg)hydrocarbyl, aryl(C1-Cg)-
hydrocarbyldiyl, heteroaryl-(Cq1-Cg)hydrocarbyldiyl,
(C1-Cg) hydrocarbyldiylheteroaryl, halo(Cyp-Cqip)-
hydrocarbyldiyl, and (C1-Cqg)amido substituents,

wherein an aryl or heteroaryl group is itself

optionally substituted with up to three substituents

independently selected from the group consisting of:
(i) hydroxy,

(ii) halo,

_16_
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(1iii) nitro,
(iv) (C1-Cg)hydrocarbyl,
(v) halo(Cq-Cqg)hydrocarbyl,
(vi) (C1-Cg)hydrocarbyloxy,
(vii) halo(Cq-Cg)hydrocarbyloxy,
(viii) aryl, and
(ix) aryloxy, wherein an aryl or aryloxy
substituent can itself be substituted with up to
three substituents independently selected from the
group consisting of:
(i) hydroxy,
(ii) halo,
(1iii) nitro,
(iv) (Cq1-Cg)hydrocarbyl,
(v) halo(Cq1-Cqg)hydrocarbyl,
(vi) (Cq1-Cg)hydrocarbyloxy, and

(vii) halo(Cq1-Cg)hydrocarbyloxy; and
2 . R3 NH . .
R4 1s OH or \<:>/ ~s where Circle A 1s a

linking moiety having the length of a saturated chain

of 2 carbon atoms and less than a saturated chain of
about 12 carbon atoms, and R3 is selected from the
group consisting of guanidinyl [HpN(C=NH)NH-], N,N-
(di-Cq1-Cg-hydrocarbyl)amino, N,N,N-(tri-Cq-Cg-
hydrocarbyl)ammonium, and N-(Cq-Cg—hydrocarbyl)-N-
(Cg—Cy-cyclohydrocarbyl)ammonium, and an optional

pharmaceutically acceptable anion, Y, as needed to

balance charge.
3 S . .
Thus, when ﬁtis H‘ Rl is H (hydrido), and
RZ is OH, the compound above 1s tetrachloro-

vancomycin. When one or both of Rl and RZ are other

_17_
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than H and OH, respectively, a derivative of tetra-
chlorovancomycin is being contemplated.

The chemical syntheses of the tetrachloro-
vancomycin and tetrachlorovancomycin aglycon are
shown and discussed hereinafter. These syntheses
require fewer steps and provide higher yields of the
desired compounds in part because of the symmetry
provided by the two chloro groups on each substituted
phenyl ring that flanks the central substituted
phenyl ring to which the vancosaminyl group is
bonded. That symmetry removes two atropisomers whose
presence in vancomycin itself reduces the yield of
desired isomers when the compound is chemically
rather than biologically prepared.

In one aspect, the “X” moiety above can be
H,H making the carbon to which the two hydrogens are
bonded a methylene group. In another aspect, “X” is
O (oxygen) double bonded to the depicted carbon atom
as the carbonyl group of an amide. X can also be S
(sulfur) double-bonded to the depicted carbon, making
that carbon a thiocarbonyl moiety and thereby, the
thiocarbonyl bonded to the -NH- group form a
thicamide linkage. A compound where “X” is S 1is
usually used as an intermediate to the preparation of
a compound of Formula I, II and III in which “X” is
H,H forming a methylene group as above, or is NH,

forming an amidine linkage.

Turning to the Rl substituents other than
H, those hydrophobic materials are present and
discussed in the inventor’s U.S. Patents
No.9,879,049, No. 10,577,395, No. 10,934,326, well as
to U.S. Patent Publication 2023/0146239, and the
papers cited therein. Many of these substituents are

present in commercially available derivatives of

_18_
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vancomycin and similar glycopeptide antibiotics such
as teicoplanin A2, oritavancin, dalbavancin and

telavancin.

Hydrophobic Rl substituents that are
presently preferred are the benzyl, 4-chlorobenzyl,
(biphenyl)methyl, (4-chlorobiphenyl)methyl [CBP], 4-
fluorobenzyl, and (4-fluorobiphenyl)methyl
substituent groups. Each of these four substituents
can be added to the vancosaminyl amino group by

NaCNBH4 reduction of the corresponding aldehyde as 1is
shown in Scheme 5 hereinafter.

The RZ substituents, other than H, contain
at least two nitrogen atoms separated by a divalent

linker group referred to as Circle A and depicted as

R3 NH
\\<::)/ \\, wherein the remaining valence of the

nitrogen in the depicted “HN“ group bonds to carboxyl

group of the tetrachlorovancomycinyl portion of the

molecule to form an amido group, and R3 contains at
least a second nitrogen atom. In one contemplated
aspect, the second nitrogen atom is part of a

guanidinyl group [HpN(C=NH)NH-]. In another

contemplated aspect, the second nitrogen of Circle A
is the nitrogen of a tertiary amine or a quaternary
ammonium group. The preparation of the compounds in
which the second nitrogen of a Circle A group is the
nitrogen of a tertiary amine or a gquaternary ammonium
group can be carried out as discussed in US Patent
No. 10,934,326 and in Okano et al., Proc Natl Acad
Sci, USA 114(26) :E5052-E5061 (Pub. online 05-30-2017)
for otherwise similar derivatives of wvancomycin.

The chain lengths herein are measured along

the longest linear atom chain in the radical between
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the amido nitrogen and the first nitrogen atom of a
guanidinyl group or the nitrogen of a tertiary amine
or a quaternary ammonium group. Each atom in the
chain is presumed to be carbon for ease in
calculation. The lengths are thus recited in terms
of carbon atoms. Such lengths can be readily
determined by using published bond angles, bond
lengths and atomic radii, as needed, to draw and
measure a staggered chain, or by building models
using commercially available kits whose bond angles,
lengths and atomic radii are in accord with accepted,
published values.

For example, a 1,4-bonded 6-membered
aromatic ring group (phenyl) not part of a fused ring
system has a length of about a butyl group. A 1,2-
or 1,3-bonded 6-ring has a length of a 2- or 3-carbon
chain, respectively, as the shortest path around the
ring between the two bonding position regardless of
formal naming criteria. Where a b-membered ring is
present, length is calculated as the length of a
2-carbon chain. Thus, for single ring systems,
length is calculated as the shortest path around the
rings between the two bonding positions to the amido
and guanidinyl, gquaternary ammonium or tertiary amine
nitrogen atoms of a compound of Formula ITII
regardless of formal naming criteria.

Radical lengths can also be determined
somewhat less exactly by assuming that all atoms
have bond lengths of saturated C-C bonds, that
unsaturated bonds have the same lengths as
saturated bonds, and that bond angles for

unsaturated bonds are the same as those for

saturated C-C bonds (108°), although the

above-mentioned modes of measurement are
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preferred. Both methods produce similar
results within one or two carbon atoms, and thus
the use of "about".

A contemplated linker moiety Circle A can
also be a hydrocarbyl chain of two to about 12
saturated carbon atoms, or preferably two to about
ten saturated carbon atoms. A more preferred
linking Circle A group contains a chain of atoms
that is equal to or greater than the length of two
saturated carbons and is shorter than about a
saturated ten carbon (decyl) chain.

More preferably still, the hydrocarbyl
chain has a chain length of two saturated carbon
atoms to about eight saturated carbon (octyl)
atomnms. In one illustrative instance, when there
is a chain of Circle A atoms linking the amido and
guanidinyl nitrogen atoms together, the length is
simply the length of the longest chain of atoms
linking those two nitrogens.

In further examining Circle A hydrocarbyl
linker groups, it is noted that such groups can
contain a substituent that is pendant from the
chain of atoms that link the amido and second
nitrogens (e.g., guanidinyl) shown in Formula IIT.
Such a substituent are selected from amino acid
side chain substituents other than those containing
a carboxyl group, a sulfhydryl group (-SH) or a
substituent that provides a negative charge in an
aqueous solution at physiological pH wvalues, e.g.,
pH 7.2-7.4.

Additional pendant substituents include
2-hydroxyethyl and Z2-hydroxypropyl, C1-C3-

hydrocarbyl Cp-Cp-carboxylate, and Cp-Co-
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carboxamide whose amido nitrogen is

unsubsubstituted (-NH»), monosubstituted (—NHR4) or
disubstituted (-NR4R®) in which the substituent (Ry

and/or R®) is one or two same or different C1-Cgy-

hydrocarbyl group, or whose amido nitrogen along
with two substituents together form a 5- or 6-
membered hydrocarbyl ring, or a heterocyclic ring
containing one additional oxygen (0O) atom or a N-
methyl group in the ring. In the previous

sentence, "Cp" 1s intended to indicate that the

carbonyl carbon is bonded directly to an atom of
the Circle A linking chain.

A contemplated linker moiety Circle A
atom chain need not be entirely hydrocarbyl, but
can also be contain 1, 2, or 3 oxygens in place of
carbon atoms as when a —-CH»-CH,-0-CH»-CHp—,
-CHy-CHy-0-CHy-CH»-0-CHy-CHy—, or -CHp-CHy-0-CHp-
CH»-0-CH»-CH»-0-CHp-CHp- Circle A linker moiety 1is
utilized.

A contemplated divalent Circle A linker
moiety also can comprise a ring system that can be
carbocyclic or heterocyclic as discussed below.
Thus, a single 5- or 6-membered ring optionally
contains one or two ring hetero atoms that can
independently be nitrogen, oxygen or sulfur.
Individual rings can be aliphatic or aromatic,
including heterocaromatic, and also be aralkyl as in
a benzyl group.

Using monovalent substituent names for
convenience, exemplary divalent aromatic carbocyclic
ring moieties include phenyl and naphthyl groups.
Again, using monovalent names for convenience,

exemplary divalent hetercaryl groups include
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6-membered ring substituents such as pyridyl,
pyrazyl, pyrimidinyl, and pyridazinyl; 5-membered
ring substituents such as 1,3,5-, 1,2,4- or 1,2,3-
triazinyl, imidazyl, furanyl, thiophenyl, pyrazolyl,
oxazolyl, isoxazolyl, thiazolyl, 1,2,3-, 1,2,4-,
1,2,5-, or 1,3,4-oxadiazolyl and isothiazolyl groups.

Aliphatic 5- and 6-membered carbocyclic
rings are contemplated such as cyclohexyl and
cyclopentyl, as well as their mono- and
diethylenically unsaturated derivatives, using
monovalent names for convenience. Again, using
monovalent radical names for convenience, divalent
aliphatic 5- and 6-membered heterocyclic rings
include, piperidinyl, piperazinyl, imidazolinyl,
imidazolidinyl, pyrrolinyl, pyrrolidinyl,
pyrazolidinyl, pyrazolinyl, pyranyl, morpholinyl,
oxazinyl, isooxazinyl, and oxathiolyl.

The present invention is exemplified in
part by the illustrative listing of Circle A linker

moieties shown below:

Tllustrative Circle A Linker Moieties

PN \5©\§/

\f/\}{ ’3/\/\’3/
Meozé
PN
/%:\/\‘}t./
CONH,
- \A/\f
: v i
H 2 N N "1{‘
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COMPOSITION AND TREATMENT METHOD

A further aspect of the invention is a
method of treating a mammal infected with a microbial
infection such as a bacterial infection, typically
either a Gram-positive infection or a Gram-negative
bacterium; i.e., an infection caused by Gram-positive
or Gram-negative bacteria, and the infected mammal is
in need of antimicrobial (antibacterial) treatment.
Treatment of Gram-positive bacteria are typically
more successful that treatment of Gram-negative
bacteria. In accordance with a contemplated method,
an antibacterial-effective amount of one or more
compounds of Formula III or a pharmaceutically
acceptable salt of such a compound is administered to
an infected mammal in need.

The compound can be administered as a
solid, as a ligquid formulation, as a thickened
preparation e.g., as a gel, as for topical use, and
is preferably administered via a pharmaceutical
composition discussed hereinafter. That
administration can also be oral or parenteral, as are
also discussed further hereinafter.

It is to be understood that mammals are
infected with bacteria and other microbes. The
present invention’s method of treatment is intended
for use against infections of pathogenic bacteria
that cause illness in the mammal to be treated.
Illustrative pathogenic microbes include S. aureus,
methicilin-resistant S. aureus (MRSA), VanA strains
of E. faecalis and E. feacium, as well as VanB
strains of E. faecalis. Evidence of the presence of
infection by pathogenic microbes is typically
understood by physicians and other skilled medical

workers.
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A mammal in need of treatment (a subject)
and to which a pharmaceutical composition containing
a Compound of Formula III or its pharmaceutically
acceptable salt to be administered can be a primate
such as a human, an ape such as a chimpanzee or
gorilla, a monkey such as a cynomolgus monkey or a
macaque, a laboratory animal such as a rat, mouse or
rabbit, a companion animal such as a dog, cat, horse,
or a food animal such as a cow or steer, sheep, lamb,
pig, goat, llama or the like.

As 1is seen from the data that follow, a

contemplated compound is active in in vitro assay

studies at less than 1 pug/mL amounts, which
corresponds to a molar concentration of about 1 to
about 100 nanomolar (nM), using the molecular weight
of G3-CBP-tetrachlorovancomycin (Compound 31). When
used in an assay such as an in vitro assay, a
contemplated compound is typically present in the

composition in an amount that is sufficient to

provide a concentration of about 0.1 nM to about 1 uM
to contact microbes to be assayed.

The amount of a compound of Formula III or
a pharmaceutically acceptable salt of such a compound
that is administered to a mammal in a before-
discussed method or that is present in a
pharmaceutical composition discussed below, which can
be used for that administration, is an antibiotic (or
antibacterial or antimicrobial) effective amount. It
is to be understood that that amount is not an amount
that is effective to kill all of the pathogenic
bacteria or other microbes present in an infected
mammal in one administration. Rather, that amount is
effective to kill some of the pathogenic organisms

present without also killing the mammal to which it
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is administered, or otherwise harming the recipient
mammal as i1s well known in the art. As a
consequence, the compound usually has to be
administered a plurality of times, as is discussed in
more detail hereinafter.

A contemplated pharmaceutical composition
contains an effective antibiotic (or antimicrobial)
amount of a Compound of Formula III or a
pharmaceutically acceptable salt thereof dissolved or
dispersed in a physiologically (pharmaceutically)
acceptable diluent or carrier. An effective
antibiotic amount depends on several factors as is
well known in the art. However, based upon the
relative potency of a contemplated compound relative
to that of vancomycin itself for a susceptible strain
of S. aureus shown hereinafter, and the relative
potencies of vancomycin and a contemplated compound
against the VanA FE. faecalis and E. faecium strains,
a skilled worker can readily determine an appropriate
dosage amount.

Exemplary salts useful for a contemplated
compound include but are not limited to the
following: sulfate, hydrochloride, hydro bromides,
acetate, adipate, alginate, citrate, aspartate,
benzoate, benzenesulfonate, bisulfate, butyrate,
camphorate, camphorsulfonate, digluconate,
cyclopentanepropionate, dodecylsulfate,
ethanesulfonate, glucoheptanoate, glycerophosphate,
hemisulfate, heptanoate, hexanoate, fumarate,
hydrochloride, hydrobromide, hydroiodide, 2-hydroxy-
ethanesulfonate, lactate, maleate, methanesulfonate,
nicotinate, 2-naphthalenesulfonate, oxalate,

palmoate, pectinate, persulfate, 3-phenyl-propionate,
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picrate, pivalate, propionate, succinate, tartrate,
thiocyanate, tosylate, mesylate and undecanoate.

The reader 1s directed to BRerge, J. Pharm.
Sci. 1977 68(1l):1-19 for lists of commonly used
pharmaceutically acceptable acids and bases that form
pharmaceutically acceptable salts with pharmaceutical
compounds.

In some cases, the salts can also be used
as an aid in the isolation, purification or
resolution of the compounds of this invention. In
such uses, the salt prepared need not be
pharmaceutically acceptable.

A contemplated composition is typically
administered repeatedly in vivo to a mammal in need
thereof until the infection is diminished to a
desired extent, such as cannot be detected. Thus,
the administration to a mammal in need can occur a
plurality of times within one day, daily, weekly,
monthly or over a period of several months to several
years as directed by the treating physician. More
usually, a contemplated composition is administered a
plurality of times over a course of treatment until a
desired effect is achieved, typically until the
bacterial infection to be treated has ceased to be
evident.

A contemplated pharmaceutical composition
can be administered orally (perorally) or
parenterally, in a formulation containing
conventional nontoxic physiologically acceptable
carrier or diluent, adjuvant, and vehicle as desired.
The term parenteral as used herein includes
subcutaneous injections, intravenous, intramuscular,
intrasternal injection, or infusion techniques.

Formulation of drugs 1is discussed in, for example,
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Hoover, John E., Remington's Pharmaceutical Sciences,
Mack Publishing Co., Easton, Pennsylvania; 1975 and
Liberman, H.A. and Lachman, L., Eds., Pharmaceutical
Dosage Forms, Marcel Decker, New York, N.Y., 1980.

In some embodiments, a contemplated
pharmaceutical composition is preferably adapted for
parenteral administration. Thus, a pharmaceutical
composition is preferably in liquid form when
administered, and most preferably, the liquid is an
aqueous liquid, although other ligquids are
contemplated as discussed below, and a presently most
preferred composition is an injectable preparation.

Thus, injectable preparations, for example,
sterile injectable aqueous or oleaginous solutions or
suspensions can be formulated according to the known
art using suitable dispersing or wetting agents and
suspending agents. The sterile injectable
preparation can also be a sterile injectable solution
or suspension in a physiologically acceptable diluent
or solvent, for example, as a solution in 1,3-
butanediol. Among the acceptable vehicles and
solvents that can be employed are water, Ringer's
solution, isotonic sodium chloride solution, and
phosphate-buffered saline.

Other liquid pharmaceutical compositions
include, for example, solutions suitable for
parenteral administration. Sterile water solutions
of a Compound of Formula III or its salt or sterile
solution of a Compound of Formula III in a solvent
comprising water, ethanol, or propylene glycol are
examples of liquid compositions suitable for
parenteral administration. In some aspects, a
contemplated Compound of Formula III is provided as a

dry powder that is to be dissolved in an appropriate
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liquid medium such as sodium chloride for injection
prior to use.

In addition, sterile, fixed oils are
conventionally employed as a solvent or suspending
medium. For this purpose any bland fixed o0il can be
employed including synthetic mono- or diglycerides.
In addition, fatty acids such as oleic acid find use
in the preparation of an injectable composition.
Dimethyl acetamide, surfactants including ionic and
non-ionic detergents, polyethylene glycols can be
used. Mixtures of solvents and wetting agents such
as those discussed above are also useful.

A sterile solution can be prepared by
dissolving the active component in the desired
solvent system, and then passing the resulting
solution through a membrane filter to sterilize it
or, alternatively, by dissolving the sterile compound
in a previously sterilized solvent under sterile
conditions.

Solid dosage forms for oral administration
can include capsules, tablets, pills, powders, and
granules. The amount of a contemplated Compound or
salt of Formula III such as Compounds 48 or 49 in a
solid dosage form is as discussed previously, an
amount sufficient to provide an effective antibiotic
(or antimicrobial) amount. A solid dosage form can
also be administered a plurality of times during a
one-week time period.

In such solid dosage forms, a compound of
this invention is ordinarily admixed as a solution or
suspension in one or more diluents appropriate to the
indicated route of administration. If administered
per os, the compounds can be admixed with lactose,

sucrose, starch powder, cellulose esters of alkanoic
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acids, cellulose alkyl esters, talc, stearic acid,
magnesium stearate, magnesium oxide, sodium and
calcium salts of phosphoric and sulfuric acids,
gelatin, acacia gum, sodium alginate,
polyvinylpyrrolidone, and/or polyvinyl alcohol, and
then tableted or encapsulated for convenient
administration. Such capsules or tablets can contain
a controlled-release formulation as can be provided
in a dispersion of active compound in
hydroxypropylmethyl cellulose. In the case of
capsules, tablets, and pills, the dosage forms can
also comprise buffering agents such as sodium
citrate, magnesium or calcium carbonate or
bicarbonate. Tablets and pills can additionally be
prepared with enteric coatings.

Where an in vitro assay 1s contemplated, a
sample to be assayed such as cells and tissue can be
used. These in vitro compositions typically contain
water, sodium or potassium chloride, and one or more
buffer salts such as and acetate and phosphate salts,
Hepes or the like, a metal ion chelator such as EDTA
that are buffered to a desired pH value such as pH
4.0 -8.5, preferably about pH 7.2-7.4, depending on
the assay to be performed, as is well known.

Preferably, the pharmaceutical composition
is in unit dosage form. In such form, the
composition is divided into unit doses containing
appropriate quantities of the active compound. The
unit dosage form can be a packaged preparation, the
package containing discrete quantities of the

preparation, for example, in vials or ampules.
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RESULTS AND DISCUSSION

Two key features were required for the
present synthetic simplification to be beneficial.
First, the two added chlorine substituents need to be
benign and not have a significant effect on the
target D-Ala-D-Ala binding and resulting
antimicrobial activity. Second, they would need to
be compatible with the enzymatic glycosylations used
to introduce the disaccharide. The latter could only
be established experimentally as little is known
about the stringency of the glycopeptide substrate
requirements for the native glycosyltransferases,
especially what might be accommodated on the proximal
D-ring phenol by GtfE in the initial glycosylation

reaction.

Role of the Vancomycin C and E Ring Aryl Chlorides

In contrast to the unknown stringency of
the glycopeptide substrate requirements for the
native glycosyltransferases, a great deal is known
about the impact of the aryl chlorides. The presence
of both the vancomycin C and E ring aryl chlorides
play important roles in ligand binding and
antimicrobial activity as shown below in Table A that
shows antimicrobial activity and D-Ala-D-Ala binding
affinity of dechlorovancomycins and aglycons. Both
chlorine substituents contribute to ligand binding
affinity (C-ring > E-ring chloride) and their
cumulative removal results in a >10-fold loss in

ligand binding affinity and antimicrobial activity.®-10
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Table A

Affinity for b-Ala-D-Ala

i;,NHMe
Selectivity for D-Ala-D-Ala

OH HO

H, OH
Me O OH
Re = Me
CH,OH

Compound R' R?* R® MIC (Hg/mL)® Ka(m™®

g/ycopeptjdes MSSAP MRSA® VSEd ACZKAA

4.2 Cl  Cl sugar 1 1 2  15x10°

4.3 H CI sugar 4 4 8 59x10°

4.4 H H sugar 8 8 32 1.6x10°

aglycons’ MSSA9I

4.5 cl cCl H 1.25 1.4 x10°

4.6 H cl H 5 6.8 x 10%

4.7 cl H H 10 3.8 x104

4.8 H H H 20 1.8 x 104

“Ref 9. PMethicillin-sensitive S. aureus (ATCC 29213). “Methicillin-

resistant S. aureus (MMX 2002). dVancomycin-sensitive E. faecalis
(MMX 101). “Ref 8. 'Ref 10. 9SATCC 25923.

In addition to its stabilizing hydrophobic
interaction with the ligand terminal D-Ala methyl
group, the C-ring chloride also provides a cap to the
binding pocket, which provides selectivity for D-Ala-
D-Ala binding by restricting the size of peptide

substituent that it can accommodate (Me > H >> all
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others) . Thus, a vancomycin structural
simplification achieved through removal of both aryl
chlorides may be too detrimental to be useful.

Complementary to these studies, placement
of an isomeric E-ring chloride over the binding
pocket has only a small effect.!? This observation,
combined with expectations that incorporation of an
isomeric C-ring chloride distal from the binding
pocket was unlikely to have a significant impact, '’
suggested that the addition of two chlorides would be
more effective than removal of the two key chlorides,
providing the synthetic simplification sought with
modest impact on the ligand binding
affinity/selectivity and antimicrobial properties.

To our knowledge, no member of the
glycopeptide antibiotics has been discovered that
contains the proposed 2.,2., 6., 6.~tetrachlorination
pattern. Therefore, determining the effect of the
tetrachloro modification on ligand binding affinity
and antimicrobial activity through the total
synthesis of tetrachlorovancomycin (1) as well as its
peripherally modified derivatives for direct
comparison with vancomycin and its derivatives was

begun.

Synthetic Strategy

A concise route to tetrachlorovancomycin
(Compound 1, and Formula I) was designed that takes
advantage of the increased symmetry (Fig. 2). Both
the CD and DE macrocyclizations, with each
chlorinated o-fluoronitrophenyl group now more
activated toward SyAr substitution, would be
accomplished in a single operation as their

stereochemical outcome is inconsequential following
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Sandmeyer chlorination. The only remaining element
of atropisomerism, the AB biaryl axis of chirality
embedded in AB macrocycle, would be set by a
reliable, highly diastereoselective catalyst-
controlled Suzuki-Miyaura coupling.®

Although confident in the ability of the
approach to provide tetrachlorovancomycin aglycon, it
was less clear whether the glycosyltransferases GtLfE
and GtfD would recognize it as a substrate for the
disaccharide introduction. These native
glycosyltransferases!*-l’7 were instrumental to our
total synthesis of vancomycin,®1® allowing direct
aglycon glycosylation without the need for protecting
groups and avoiding the less efficient chemical
glycosylation methods.!?-?1 The success of the
enzymatic glycosylations of tetrachlorovancomycin, as
established herein, is key to direct synthetic access
to not only Compound 1, but alsoc future pocket-

modified analogues.

Preparation of the Modified C and E Ring Subunits

In addition to residues 1, 3, 4, 5, and 7
already in hand, ¢ preparation of the chlorinated C and
E ring B-hydroxyphenylalanine subunits were required
(Scheme 1, below). Diastereoselective Crimmins
aldol?? addition of Compound 2 to 3-choro-4-fluoro-5-
nitro-benzaldehyde (Compound 3)?3 followed by in situ
methanolysis of the imide provided the syn aldol
product Compound 4 as a single diastereomer (66%,
anti-diastereomer not detected). TBS protection of
the secondary alcohol to provide Compound 5 was
followed by Staudinger reduction to afford the C ring
(residue 6) free amine Compound 6 (50% overall

yield/3 steps).
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Preparation of the E ring anti B-
hydroxyphenyl-alanine Compound 9 was accomplished by
modification of the method of Solladié-Cavallo?? that
allowed use of commercially available Cl1Ti (OiPr)s.

Accordingly, diastereoselective Ti-promoted aldol

Scheme 1

A. Preparation of the chlorinated C ring

NO,
F NO,

0
s 0 ol -
o)LN)H H 3 ~ Cl

-
\—(P N3 Ticl,, Pr,NEt, NMP MeO,C~ "N,
h then imidazole, MeOH
TBSOTf 4 R=H

66%, single isomer 87% 5 R=TBS

NO,
F
PhsP; H,0 6

TBSO,
> 2 Cl [50%/3 steps]

87%
MeO,C” NH,

B. Preparation of the chlorinated E ring

Me
Pro, 'CAN; i}
3 o|-| Me Me
CITi(O'Pr), Et;N Me
i i PrO,'C

59%, single isomer

NO,
aq. HCI F. 9
OH [51%I/2 steps]

86% Cl

PrO,/C” ¥NH,

addition of imine Compound 7 to the same aldehyde
Compound 322 provided the anti-product Compound 8 in

good yield (59%, syn diastereomer not detected).
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Hydrolytic removal of the chiral auxiliary
with dilute aqueous HC1l provided the E ring (residue

2) amine Compound 9 (86%, 51% overall yield/2 steps).

Preparation of the Linear DE Tetrapeptide

As shown in Scheme 2, below, Compound 9 was
incorporated into the DE tetrapeptide Compound 17
through a series of straightforward stepwise peptide
coupling reactions, starting with its coupling with
commercially available BocNMe-D-Leu-OH (2,4, 6-
tripropyl-1,3,5,2,4,6-trioxatriphosphorinane-2,4, 6-
trioxide (T3P®),2> N-methylmorpholine (NMM), THF, O
“C) to provide Compound 10 (89%). Saponification of
the isopropyl ester Compound 10 was surprisingly
clean (Mes;SnOH,2¢ C1CH,CH.,Cl, 96%), providing
carboxylic acid Compound 11 without detectable
epimerization of the a-stereocenter. By contrast,
use of even carefully controlled aqueous
saponification conditions (3 equiv LiOH, 2:1 t-BuOH-
H.O0, 0 °C, 1 h) led to significant C, epimerization
(4:1 dr).

Coupling of Compound 11 with (B-cyanoalanine
methyl ester Compound 1227 promoted by 4-(4, 6-
dimethoxy-1,3, 5-triazin-2-yl)-4-methylmorpholinium
chloride?®® (DMTMM, EtOAc, 97%) provided tripeptide
Compound 13. Saponification (MesSnOH, CI1CH.CH.CI1,
93%) provided carboxylic acid Compound 14, which was
coupled with the D ring free amine 15¢ (DMTMM, THF,
89%) to afford Compound 16.7° Methyl ester hydrolysis
(MesSnOH, CICH.CH,Cl, 81%) provided the tetrapeptide
Compound 17 without C, epimerization or competitive

desilylation of the base-sensitive phenol TBS ethers.
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Scheme 2
HO,C__ «NMeBoc NO,
F
T3P Cl OHQ
9 >
89% RO,C H _‘\NMeBoc
10 R=Pr
1] 1
Me;SnOH, 96% 11 R=H
MeOZC NH2
)/ 12
NC
DMTMM
- ROZC _«NMeBoc
97%
13 R = Me
0,
Me;SnOH, 93% 14 R = H
TBSO 56% overall

OMe 6 steps NO,

OTBS
TBSO OTBS
MeOZC H
DMTMM RO,C

89%

16,R==Me

0,
Me;SnOH, 81% 17 R = H

Preparation of the AB Macrocycle and Total Synthesis
of Tetrachlorovancomycin

Coupling of Compound 6 with Compound 183C
(DMTMM, MeCN, 0O "C, 1 h) followed by phenol
methylation (TMSCHN., 20% MeOH-CH,Cl,, 5 °C, 36 h)
provided dipeptide Compound 20 (82%/2 steps) (Scheme
3, below). A one-pot Mivyaura borylation-Suzuki
coupling sequence conducted with an in situ generated
(R) -BINAP (0) -Pd" catalyst system® 3! provided Compound

22 exclusively as a single diastereomer (72%, >30:1
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dr), setting the AB biaryl atropisomer
stereochemistry. This telescoped reaction sequence,
with in situ generation of Compound 21 from the
corresponding bromide, was conducted under mild
reaction conditions nearly identical to those
recently disclosed in the total synthesis of
vancomycin® (Pd(OAc)., (R)-BINAP, ag NaHCO;, MeTHF)
and did not require tailoring to accommodate the
modified substrate Compound 20, which is
intrinsically more reactive toward SyAr substitution

and contains a potentially reactive aryl chloride.

Scheme 3
cl
F
HO,C_ wNHBoc T8SO,, NO,  MeO OMe
S NHBoo Pd(OAc)z, (R)-BINAP
6, DMTMM MeO,C "IH R\ + BOH aq. NaHCOs3
Br 84% CF.COMN S 72%
3
H (>30:1 dr)
. TMSCHN, 19, R=H Br 21°
18 98% 20, R=Me R
cl
NO, F
F
DMTMMH TBSO, 1. PhI(OAG), TBSO,, X7 NO;
PrNEt g ¢ cat. TEMPO NHBoc
t ‘4 W
_NMPOIM e wNHBoc  2.'Buoc(NH)cels  MeOC7 N
— -
83%/2 steps R2NH 90%/2 steps CF,CONH
(>30:1 dr) t HO
BuO,'C OMe
d)O'\/Ie 6Me
Me MeQO
MeOf 23 22
23 R'=Me, R CocF,
Ba(OH)2 24 R =R
H,SO,, BUOAc 25 R =Boc
82% 26 R=H
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Oxidation of the C-terminus primary alcohol
to the corresponding carboxylic acid (PhI (OAc)., cat.
TEMPO, 2:1 MeCN-H.O, 23 °"C, 1 h)?? and esterification
with t-butyl trichloroacetimidate (CH.Cl,-cyclohexane,
23 °C, 16 h) provided Compound 23 cleanly (90%/2
steps, Scheme 3). Simultaneous hydrolysis of the
methyl ester and trifluorocacetamide was best
accomplished with Ba(OH)., (5 equiv, 2:1 t-BuOH-H,O, 23
"C, 95%). This reagent proved to be milder®?® than
LiOH and more easily removed by precipitation as
BaC0Os, thus avoiding minor losses of Compound 24 due
to aqueous extraction and chromatography.

Macrolactamization of Compound 24 under
simulated high-dilution conditions promoted by
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium hexafluorophosphate?* (DMTMMH, 1.5 equiv,
3 equiv 1-Pr,NEt, NMP, 0.1 M) provided the AR
macrocycle Compound 25 in superb yield (83%/2 steps).
Importantly, the cyclization reaction proceeds
essentially instantaneously upon dropwise addition of
Compound 24 to a solution containing DMTMMH without
trace of epimerization (>30:1 dr) and benefits from
the modulated nucleophilicity of the reacting amine
that precludes its competitive addition to the
coupling reagent.®

The structure, relative stereochemistry,
and absolute configuration of Compound 25, including
the AB biaryl atropisomer stereochemistry, were
confirmed in single crystal X-ray structure
determination. The cis amide between residues 5 and
6 in the crystal structure is characteristic of the
strained 12-membered ring system,3® both in related AB
macrocycles and within the tricyclic core structure

of vancomycin.® Boc deprotection of Compound 25 was
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accomplished under conditions that may allow
reversible deprotection of the slightly acid-labile
t-butyl ester?® (8 equiv H,30,, t-BuOAc, 0 to 23 °C, 2
h), providing Compound 26 (82%) that serves as the
common precursor to tetrachlorovancomycin (Compound
1) as well as futwre—the subsequent binding pocket-
modified analogues. Strikingly, NOESY studies of the
AB macrocycle Compound 26, bearing the free amine,
revealed exclusive adoption of the 5,6-cis amide
conformation.

The final steps to the full tricyclic
skeleton of tetrachlorovancomycin proved
exceptionally smooth (Scheme 4, Fig. 3). Although
the D ring phenylglycine is prone to epimerization,?ir3’
coupling of Compound 26 with the linear DE
tetrapeptide Compound 17 mediated by 3-(diethoxy-
phosphoryloxy)1l,2,3-benzotriazin-4 (3H)-one®*® (DEPRT,
2 equiv, 4.5 equiv NaHCOs, 23 °C, 17 h) proceeded in
excellent yield (93%), providing heptapeptide
Compound 27 without detectable epimerization (>30:1
dr). A room temperature in situ double SyAr
cyclization of Compound 27 was observed under the
conditions of desilylation with Bu/NF (5 equiv, MecCN,
23 ° C, 4 h), establishing both the CD and DE
macrocycles in a single step and providing Compound
28 in superb yield (95%) as an inconsequential
mixture of atropisomers.

The ease of the two-fold intramolecular SyAr
macrocyclizations of Compound 27 is noteworthy, being
conducted at room temperature with a mild
desilylating agent (Bu,NF) in a relatively nonpolar
solvent that is conveniently removed by evaporation
upon reaction completion (MeCN). The effortless

cyclization of Compound 27 relative to related
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substrates® 3%3% can be attributed to the inductive
electron-withdrawing effect of the added aryl
chloride substituent on each the C and E rings,
increasing the ease of SyAr reaction.??

The cyclized product Compound 28, as a
mixture of isomers, was directly subjected to dual
nitro group reduction (Fe, AcOH), two-fold Sandmeyer
chlorination (BF3*Et,0, t-BuONO; CuCl, CuCl,, CDsCN), &7
and a final global deprotection by neat TFA cleavage
of the Boc group and t-butyl ester concurrent with
nitrile hydration,*® and subsequent removal of four
methyl ethers (5:1 AlBrs/EtSH) to afford
tetrachlorovancomycin aglycon (Compound 29, 56%/5
steps from Compound 27) as a single diastereomer.
Remarkably, the conversion of AB macrocycle Compound
26 to the fully functionalized, deprotected aglycon
Compound 29 now requires only 6 steps, proceeds in
52% overall yield, and avoids the generation of
undesired atropisomers or C, diastereomers. See,
Scheme 4, Fig. 3.

Highlights in this sequence include not
only the mild room temperature double SyAr cyclization
of Compound 27 (<4 h, 95%), but also the clean Fe-
mediated dual nitro group reduction with avoidance of
hydroxylamine byproducts,’” a highly refined two-fold
Sandmeyer substitution reaction with Lewis acid-
mediated diazonium salt formation’ and deuterated
solvent suppression® of competitive reduction, a
remarkably effective TFA-mediated nitrile hydration, ¢°
and a scalable AlBr;/EtSH-mediated global
deprotection.’

Finally, to find that the one-pot two-step
enzymatic glycosylation of tetrachlorovancomycin

aglycon (Compound 29) proceeded in high yield (82%)
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for installation of both sugar residues despite the
added 2. and 6. aryl chlorides (Scheme 4, Fig. 3) was
delighting. The disaccharide introduction makes use
of the two overexpressed recombinant glycosyl-
transferases, GftE and GftD, involved in the native
glycosylation of vancomycin and the glycosyl donors
UDP-glucose (commercially available) and UDP-
vancosamine.?' UDP-substrate loadings were reduced in
a recent optimization of the scaled enzymatic
reactions, 4 and these reversible reactions are driven
to completion by addition of calf intestinal alkaline
phosphatase?t? to each glycosylation reaction.

This latter feature, which results in
hydrolysis of the byproduct uridine-5’-diphosphate
(UDP), also prevents product inhibition and permits
the sequential reactions to be conducted in a one-pot
procedure without intermediate isolation of the
pseudoaglycon. In addition to providing Compound 1,
the bonus of this latter work is that it also helps
define the glycopeptide substrate tolerance of the
native glycosyltransferases.

Combined, this allowed the total synthesis
of tetrachlorovancomycin (Compound 1) to be completed
in a straightforward manner (LLS = 15 steps, 15%
overall yield from the amino acid subunits), avoiding
generation of minor undesired atropisomers and past
problematic C, epimerizations.

Even within the constraints of an academic
lab, this permits substantial quantities of a fully
synthetic glycopeptide antibiotic to be prepared by
total synthesis, and for us includes its ongoing
extension to analogues bearing deep-seated binding-
pocket modifications. The concise, technically

straightforward approach proceeds in 15% overall
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yield to provide Compound 1 and nearly 20% overall
yield to provide the aglycon Compound 29 with
complete control of all stereochemistry and was
unimaginable at the time these studies were initiated

(Table B, below).

Table B

Comparison of Total Vancomycin Syntheses

Vancomycin Atroposelectivity Glycosylation
Total Syntheses LLS Yield AB CD DE method steps yield

Nicolaou (1998) 35 OOO,PB%E 21 11 13 E chemical 11 14%
Boger (2014) 27 ' v 11 111 811 enzymatic 2 80%
Boger 2020) 19  3.7% :>20:1 81 14:1: enzymatic 2 80%

Tetrachlorovancomycin Atroposelectivity Glycosylation
Total Synthesis LLS Yield AB CD DE method steps yield
This work 15 15% >30:1 enzymatic 1 82%

Peripherally-modified Tetrachlorovancomycins

Two key peripheral modifications have
emerged in studies with vancomycin that introduce
independent mechanisms of action, further inhibit
cell wall biosynthesis or its integrity, overcome
vancomycin resistance, synergistically improve
antimicrobial potency, reduce susceptibility toward
raising resistance, and even improve in vivo
pharmacokinetic (PK) properties.? For comparison
purposes and representative of these modifications,
the 4-chlorobiphenylmethyl (CBP)4® derivatization of
the vancosamine residue by reductive amination and
the cationic 3-guanidylpropyl-l-amine amidation (G3) 44
of the C-terminus carboxylic acid were sequentially
introduced in a single step each from Compound 1

(TCV, tetrachlorovancomycin) without need for
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protecting groups under established conditions

(Scheme 5, below).

Scheme 5
CBP ~
R' = C' transglycosylase inhibition
J
G3 ~

H
RZ = H2N\H/N\/\/N>/ membrane permeabilization
Ho

OHCC| 1 R1 " H, R, = OH (TCV)

NaCNBH3, 52% _ _ ]
3 L, 59 g1 = CBP: Ry = OH (CBP-TCV)

o 31 R = CBP, R, = G3 (G3,CBP-TCV)
H T3P, NMM, 74% ’

Divergent total synthesis of pocket-modified

tetrachlorovancomycins

The exciting biological activity of the

tetrachlorovancomycins provided the basis to pursue
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binding pocket-modified analogues through total
synthesis of the corresponding residue 4 thioamide.
The route developed to access the divergent precursor
to these analogues, [Y[C(=S)NH]Tpg*]ltetrachloro-
vancomycin aglycon (Compound 38), required only
slight modification for incorporation of the residue
4 thicamide (Fig. 4). Towards this end, direct
thiocacylation®® of AB macrocycle Compound 25 with
Compound 35°% provided 36 in superb yield (89%).
Subsequent Boc deprotection (TFA) and coupling with E
ring tripeptide Compound 14 (T3P®, NMM, O °C) provided
Compound 37 without detectable epimerization
(85%,69%/2 steps from Compound 14) as is also shown
in Fig. 4.

Desilylation of heptapeptide Compound 37
(Bu,NF, MeCN, 23 °C) triggered a spontaneous double
SyAr cyclization that established the full tricyclic
framework of [W[C(=S)NH]Tpg*]tetrachlorovancomycin
aglycon (Compound 38) in a single step (Fig. 4).
Dual nitro reduction (Fe, AcOH), Sandmeyer
substitution (BFs*Et,0, t-BuONO; CuCl, CuCl,), nitrile
hydration with concomitant Boc and t-butyl ester
deprotection (TFA, 23 °"C), and global demethylation
(5:1 AlBr;:EtSH) provided [¥[C(=S)NH]Tpg?]ltetrachloro-
vancomycin aglycon (Compound 38) in good overall
yield (43%/5 steps from Compound 37, with an average
vield of 84%/step), setting the stage for the
introduction of the residue 4 binding pocket
modifications.

Several improvements in the present route
(to Compound 38) are worth highlighting in comparison
with the total synthesis of [V[C(=S)NH]Tpg*]vancomycin
disclosed previously. First, both the CD and DE ring

closures are now performed in a single operation at
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room temperature and with no special precautions to
exclude moisture (e.g., molecular sieves, flame-dried
glassware and reagents). Second, the double SyAr
cyclization of Compound 36 does not require the
carefully controlled reaction conditions (5 "C, NMP)
that were necessary to obtain good atroposelectivity
in the CD ring closure enroute to
[W[C(=S)NH]Tpg?]vancomycin. Finally, coupling of
Compound 36 to the E ring tripeptide Compound 14
prior to cyclization of the CD ring system does not
result in epimerization of the sensitivelr 32
B-cyanoalanine residue.

Moreover, the late-stage divergent strategy
developed to access pocket-modified
tetrachlorovancomycin analogues directly from the
fully deprotected thiocamide aglycon (Compound 38) was
maintained (Scheme 6). The residue 4 amidine
modification was introduced under mild, pH-neutral
conditions (100 mM AgOAc, saturated aqueous NH,OAc, 23
C) to provide [V[C(=NH)NH]Tpg‘]tetrachlorovancomycin
aglycon (Compound 39, 70% yield). The unigque method
for reductive desulfurization developed in this work
(H-O2; NaCNBH;, AcOH) performed similarly well for
aglycon Compound 38, delivering [W[CH.NH]Tpg*]-
tetrachloro-vancomycin aglycon (Compound 40) in high

yield (74%).
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Scheme 6. Divergent synthesis of
[W[C (=NH)NH] Tpg*]ltetrachlorovancomycin aglycon (39)
and [W[CH:NH]Tpg*]ltetrachlorovancomycin aglycon (40).

WNHMe
H,0,
NaCNBH;
AcOH
, 74%
§
\( OH
C
o
38 . oH
0
H o)
N NHMe
N W
H H
H
H,NOC
70%
39

Similar, alternative syntheses of Compounds
Compound 39 and 40 from Compound 38 are illustrated
in Fig. b.

The aglycon substrate Compound 38, which
additionally bears a residue 4 thicamide, was well-
tolerated in the one-pot enzymatic glycosylation
(UDP-glucose, GtfE; UDP-vancosamine, GtfD) to provide
[W[C(=S)NH]Tpg?] tetrachlorovancomycin (Compound 41) in
excellent yield (84%). Sequential conversions of
Compound 41 to CBP-[¥Y[C(=S)NH]Tpg*]ltetrachloro-
vancomycin (Compound 44) and G3,CBP-[¥[C (=S)NH]Tpg?]-
tetrachlorovancomycin (Compound 47) following our
established protocols and their subsequent divergent

conversions to either the amidine or aminomethylene
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pocket modifications following our newly devised
methods smoothly provided a key series of pocket
modified tetrachlorovancomyin analogues bearing one
or two additional peripheral modifications that
introduce one or two additional synergistic
mechanisms of antibacterial activity is shown in
Figs. 6A and 6B.

Although our experience in the preparative-
scale enzymatic glycosylation of Compound 38 is still
limited, the conversion of Compound 38 to Compound 41
appears to be nearly quantitative (84%). This

conversion is shown in Scheme 7, below.

Scheme 7. Enzymatic glycosylation of

[P[C(=S)NH] Tpg?]tetrachlorovancomycin aglycon
OH

Cl
(0]
UDP-glucose, GtfE;
Cl OH UDP-vancosamine,
0] H 0 GHfD
N N N ‘\\\NHMe 84%, one-pot
H H
H,NOC
38 HO
NH>  oH
Me (0] A
Me
H,OH
Cl
0]
Cl OH
0]
H 0]
N N N \‘\NHMe
H H
H,NOC
41

Model Ligand Binding Studies
The binding of tetrachlorovancomycin

(Compound 1) and its aglycon Compound 29 to the model
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cell wall ligand Ac,-L-Lys-D-Ala-D-Ala(A) and Ac,-L-
Lys-D-Ala-D-Lac (B) *%:‘¢ was examined by UV
measurement of the change in absorbance upon
titration of the ligand into a solution of
glycopeptide (8.0 x 105 M, 20 mM sodium citrate
buffer, pH = 5.1)4%4% as shown in Figs. 8A and 8B
alongside those of tetrachlorovancomycin®' as well as
the corresponding vancomycin pocket modified
analogues reported earlier as well as by isothermal
titration calorimetry (ITC, 8.0 x 10°M, 100 mM
sodium citrate buffer, pH 5.1, 298 K)?! and compared
alongside vancomycin and its aglycon.

Studies established that tetrachloro-
vancomycin maintains a high affinity for the model
ligand A, displaying a binding constant approximately
5-fold lower than vancomycin. This small difference
in ligand binding affinity correspondingly reduced
the antimicrobial activity of relative to vancomycin,
but also proved inconsequential to the activity of
the more potent peripherally-modified
tetrachlorovancomycin analogues where differences in
potency were not distinguishable.
Tetrachlorovancomycin, like vancomycin, failed to
bind to an appreciable extent the model ligand of the
peptidoglycan precursor found in vancomycin-resistant
organisms, Ac.-L-Lys-D-Ala-D-Lac (B).

As expected, the thiocamide Compound 41 of
tetrachlorovancomycin, like that of vancomycin,
failed to bind either ligand effectively and
correspondingly exhibits no appreciable antimicrobial
activity. Consistent with expectations, both the
amidine and aminomethylene analogues of

tetrachlorovancomycin displayed dual ligand binding
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with near equal affinities in which the amidine was
roughly 10-fold (8-12-fold) more effective.

Notably, the amidine pocket modified
tetrachlorovancomycin binds both ligands with
affinities roughly only two-fold lower than the
affinity of tetrachlorovancomycin for Ac,-L-Lys-D-Ala-
D-Ala (A). 1In addition, and further consistent with
expectations, these affinities proved to be only 3-5-
fold lower than those of the corresponding vancomycin
pocket modified analogues.®® The lower antimicrobial
potency of these latter two pocket modified
tetrachlorovancomycin analogues, like that of
tetrachlorovancomycin itself, that smoothly follow
the ligand binding affinity differences proved to
incrementally diminish and ultimately disappear with
each subsequent peripheral modification (CBP, G3).

Thus, the peripheral modifications, which
sequentially introduce two additional independent
mechanisms of action that do not rely on ligand
binding,®? not only synergistically improve potency
but also largely eliminate potential small
distinguishing activity differences due to relative
ligand binding affinities. The key feature of which
is the equipotent antimicrobial activity of the
peripherally- and pocket-modified [C(=NH)NH and CH.NH
vs CONH] tetrachlorovancomycins against both
vancomycin-sensitive and vancomycin-resistant Gram
positive bacteria that is observed at superb
potencies.

The results establish that Compound 1
maintains a high affinity for the model ligand
Compound 32 (K, = 1.1 x 10° M), displaying a binding
constant only 5-fold lower than vancomycin (K, = 5.4 x

105 M-1) and the difference was even smaller (3-fold)
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for the aglycons.*® This minor difference in ligand
binding affinity correspondingly reduced the
antimicrobial activity of Compound 1 relative to
vancomycin, but proved inconsequential for the
antimicrobial activity of the more potent
peripherally-modified tetrachlorovancomycin analogues

as discussed hereinafter.

In Vitro Antimicrobial Activity

The antimicrobial activity of the series of
tetrachlorovancomycin analogues against
representative vancomycin sensitive methicillin-
susceptible and methicillin-resistant S. aureus (MSSA
and MRSA), vancomycin-sensitive E. faecium and E.
faecalis, as well as vancomycin-resistant E. faecium
and E. faecalis (VanA and VanB VRE) strains is

summarized in Table C, below.

Table C

Antimicrobial activity

MIC (Kg/mL)®

Compound VREP MSSA° MRSA®
vancomycin aglycon >250 2 2
29, tetrachlorovancomycin aglycon  >250 8 8
“vancomyein 250 05 05
1, tetrachlorovancomycin >250 4 4
CBP-vancomycin 25 0.08 0.08
30, CBP-tetrachlorovancomycin 10 0.08 0.08
G3-CBP-vancomycin 0.3 0.04 0.04

31, G3-CBP-tetrachlorovancomycin 0.3 0.04 0.08

Minimum inhibitory concentration. ®\/ancomycin-resistant E. faecalis
(ATCC BAA-2317). “Methicillin-sensitive S. aureus (ATCC 25923).

dMethicillin-resistant S. aureus (ATCC 43300).
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Tetrachlorovancomycin (Compound 1) and its
aglycon Compound 29 were found to be slightly less
potent than vancomycin and its aglycon (about 4-fold)
consistent with their relative ligand binding
affinities toward Ac,-L-Lys-D-Ala-D-Ala. However,
with incorporation of the CRP peripheral
modification, the activity of CBP-
tetrachlorovancomycin (Compound 30) and CRP-
vancomycin were indistinguishable in sensitive
strains.

Moreover, Compound 30 displays activity
against the VRE strain comparable to that of CBP-
vancomycin, which is derived from direct competitive
inhibition of transglycosylase (a second independent
mechanism of action) that does not require Ac,-L-Lys-
D-Ala-D-Ala binding.4?%0 This activity of CBP-
tetrachloro-vancomycin (Compound 30) is improved
about 100-fold against the sensitive strains due to
the expression of two independent and synergistic
mechanisms of action.

Combined, these studies highlight both that
the vancomycin core mechanism of action (D-Ala-D-Ala
binding) is operative and highly effective in the
sensitive strains and that the added CBP peripheral
modification introduces a well-established second
mechanism of action independent of D-Ala-D-Ala
binding (direct transglycosylase inhibition) .49,50

Most significantly, G3,CBP-tetrachloro-
vancomycin (Compound 31) exhibited exceptional
potency against all three pathogens, including the
VanA vancomycin-resistant enterococci (VRE) that was
indistinguishable from G3-CRP-vancomycin.?! FEven
against VRE (2 effective mechanisms of action now

including G3 induced cell permeability),*? the
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antimicrobial activity of Compound 31 is superb (MIC
= 0.3 pg/mL), and it is even more potent by an order
of magnitude against the vancomycin sensitive strains
(3 effective mechanisms of action). These results
suggest that even greater VanA antimicrobial activity
may be achieved with pocket-modified’ 5! analogues of
G3-CBP-tetrachloro-vancomycin (Compound 31) that
reinstate binding to the modified cell wall precursor
terminating in D-Ala-D-Lac.

Although not examined with this
tetrachlorovancomycin series, two additional features
are worth noting. First, the synergistic
antimicrobial activity observed with the added
peripheral modifications to tetrachlorovancomycin
likely requires their incorporation in a single
molecule as has been demonstrated with vancomycin®?
and its pocket-modified analogues.’” Second, the
peripherally-modified analogues of Compound 1 that
act by two or three independent mechanisms of action
are unlikely to raise resistance and would be
expected to be the newest members of an unusually

durable antibiotic class.%-44,51,52

Added In Vitro Antimicrobial Activity of Peripherally
and Pocket Modified Tetrachlorovancomycins

The antimicrobial activity of a key series
of pocket modified tetrachlorovancomycin analogues
against additional representative vancomycin-
sensitive methicillin-susceptible and methicillin-
resistant S§. aureus (MSSA and MRSA), vancomycin-
sensitive E. faecium and E. faecalis, as well as
vancomycin-resistant E. faecium and E. faecalis (VanA
and VanB VRE) strains is summarized in the tables of

Figs. 9A and 9B.
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To highlight both the synergistic activity
that results from the combined peripheral and
productive pocket modifications and to define the
distinguishing activity derived from each
modification and their independent mechanisms of
action, further tetrachlorovancomycin thioamide
derivatives were examined.

[W[C(=S)NH]Tpg?] Tetrachlorovancomycin
(Compound 41) was found to be inactive (MICs >80
ug/mL, highest concentration tested) against all
strains as expected as it is incapable of effectively
binding either D-Ala-D-Ala to D-Ala-D-Lac required
for inhibition of the penultimate transpeptidase-
catalyzed cell wall cross-linking reaction and
maturation. Sequential additions of the peripheral
modifications CBP and G3 impart and incrementally
improve antimicrobial activity. The CBP modification
on the disaccharide provides CBP-[W[C(=S)NH]Tpg*]-
tetrachlorovancomycin (Compound 44) that displays
effective and equipotent activity (MICs 5-10 ug/mL)
against both the vancomycin-sensitive and vancomycin-
resistant pathogens despite being incapable of
binding either D-Ala-D-Ala or D-Ala-D-Lac.

Farlier studies have shown this activity is
derived from the direct competitive inhibition of
transglycosylase and does not rely on D-Ala-D-Ala or
D-Ala-D-Lac binding or transpeptidase inhibition.?%®
Further addition of the C-terminus G3 modification
provides G3,CBP-[Y[C(=S)NH]Tpg?]tetrachlorovancomycin
(Compound 47) that now exhibits further improved
antimicrobial activity (MICs 0.3-1.2 ug/mL),
displaying essentially equipotent activity against
either vancomycin-sensitive or vancomycin-resistant

bacteria. The increase in potency attributable to G3
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is derived from a newly added mechanism of action,
permeabilization of the cell envelop without membrane
disruption or lysis,®® that is independent of both the
CBP-mediated transglycosylase competitive inhibition
and pocket-derived ligand binding and transpeptidase
inhibition.®® Notably, Compound 47 expresses this
activity now through two synergistic and independent
mechanisms of action, neither of which require D-Ala-
D-Ala or D-Ala-D-Lac binding.

Incorporation of the two productive pocket
modifications at residue 4 that maintain binding to
D-Ala-D-Ala and impart binding to D-Ala-D-Lac, the
amidine and aminomethylene, into the peripherally
modified tetrachlorovancomycin analogues with
Compounds 48 and 49, respectively, provided potent
antimicrobial agents equally active against
vancomycin-sensitive and vancomycin-resistant
bacteria. The most potent of these displayed superb
activity (MICs 0.02-0.08 ug/mL), representing a 15-
fold improvement in a