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A novel and efficient avenue for the preparation of dimeric

vancomycins is described, and the dimers exhibited excellent

antibacterial activities in the murine infection model.

The emergence of multidrug-resistant gram-positive pathogens

represented by MRSA (methicillin resistant S. aureus) is of concern

in clinical institutions. The emergence of vancomycin-resistant

bacteria (VRE:1 vancomycin-resistant enterococci; VRSA:2 vanco-

mycin-resistant S. aureus) is of particular concern,3 because

vancomycin is the last resort for the treatment nosocomial

infections by multi-resistant gram-positive bacteria. Currently,

Zyvox (Linezolid; Pfizer), Synercid (Monarch and King), and

Tygacil (Wyeth) are available for VRE infections, but have

problems such as side effects and drug resistance.4 Here we

describe the synthesis of novel vancomycin dimers with excellent

antibacterial activity both in vitro and in vivo.

Vancomycin binds to a bacterial cell wall intermediate by

recognizing the D-Ala–D-Ala terminus of lipid intermediates, and

thus exhibits antibacterial activities against Gram-positive bac-

teria.5 The dipeptide terminal of lipid II is transformed to D-Ala–

D-lactate in VREs (VanA and VanB phenotypes) and VRSAs

(Van A phenotypes), and this lowers the binding affinity of

vancomycin toward the mutated lipid II.6

The hypothesis that the associated dimer of vancomycin plays

important roles in the recognition events of the lipid intermediates7

prompted synthetic chemists to design covalently-linked glycopep-

tide dimers. It has been shown that the choice of the linker

structure significantly affects the antibacterial profiles.8

In order to develop lead-drug compounds based on the

dimerization strategy, advances in novel synthetic protocols are

necessary. The polyfunctionalized nature of vancomycin limits the

reactions applicable for dimerization. It should be possible to link

bulky vancomycin molecules without tedious protection/deprotec-

tion procedures over a short distance. Most of the reported dimers

have long flexible linkers, and some include biologically unstable

disulfide bonds in the linker portion.

To overcome these problems, we focused our attention on the

use of natural privileged templates found in actinomycin9 (Fig. 1).

Two cyclic depsipeptide subunits of actinomycin were arranged

in parallel on a rigid tricyclic actinocin template. This led to the

design of novel vancomycin dimers (Fig. 2). It should be noted that

the actinocin-type linkers are quite rigid. Since flexible linkers (e.g.

–(CH2)n–) are thought to reduce the entropic advantages in

dimeric binding modes,10 the rigid nature of the linker was

expected to minimize the entropic loss arising from the linker unit

in dimeric binding events. There are only four rotatable bonds

between the linked vancomycin molecules in 1 (Fig. 2). Molecular

modeling studies (data not shown) revealed that two vancosamine

nitrogen atoms should exist approximately 7 angstroms apart

in 1.11,12

With the biosynthetic pathway to actinocin nuclei in mind, an

alkoxynitrobenzaldehyde 6 was introduced to vancomycin by
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Fig. 1 Actinocin, a natural privileged scaffold for dimeric peptidic

ligands.

Fig. 2 Structures of vancomycin dimers with actinocin-based linkers.
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reductive alkylation. The regioselectivity of the alkylation was

proven by fragmentation analysis of ESI mass spectra (Scheme 1).

Conversion of a nitro group to an amine and removal of benzyl

ether were achieved in a one-pot reaction by catalytic hydrogena-

tion. The obtained aminophenol intermediate was unstable, and

thus was employed directly in the dimerization step. Treatment of

the aminophenol in methanol by quinone furnished a pink-colored

dimer at room temperature. After HPLC purification (Develosil

ODS HG-5, w 20 mm 6 250 mm, CH3CN : H2O : TFA 33 : 66 :

0.1, flow rate 2 mL min21, tR = 21.82 min) and lyophilization,

dimer 1 was isolated in 68% yield as a TFA salt. Various reactions,

such as amide formation, disulfide coupling, and cross metathesis,

have been employed for the synthesis of vancomycin dimers. Our

oxidative coupling to actinocin-linked dimers has notable advan-

tages, including mild reaction conditions, high yield and selectivity

and giving stable products in the in vivo test. Dimers 2, 3, and 4

were also prepared.

The antibacterial activities of the actinocin-based dimers were

evaluated with a set of vancomycin-susceptible and -resistant

bacterial strains (Table 1). The synthetic dimers were found to be

active against VREs. No clear correlation was found between the

linker structures and the antibacterial activities. We next selected 1

and 3 and conducted further investigations. The potencies of

dimers for vancomycin-susceptible S. aureus were somehow lower

than those for enterococci, but the problem could be solved by

changing the counter anion of the dimers 1 and 3 from

trifluoroacetate. The minimum inhibitory concentrations (MICs)

of dimer-HCl salt are shown in parentheses (Table 1 and 2). The

antibacterial activities of these dimer-HCl salts were enhanced 2 to

32-fold, not only for S. aureus but also for other strains including

vancomycin-resistant strains. The dimers thus possessed balanced

and practical in vitro antibacterial activities against both

vancomycin-sensitive and vancomycin-resistant strains.

We next conducted investigations with the second set of

bacteria, including vancomycin-resistant S. aureus (VRSA:

Table 2). VRSA and VanA-type VRE share the same vanA-type

resistant gene. However, the pathogenic and more harmful nature

of the parent S. aureus strain than those of enterococci leads to

VRSA being a cause of serious concern in clinics. The dimers were

found to be quite active against VRSA.

These promising antibacterial results prompted us to examine

the efficacy of the selected dimers in vivo (Table 3).13 A test was

conducted with S. pneumoniae-infected mouse, which is resistant to

penicillin, using 1, 3, and linezolid because the treatment of upper

Table 1 The first set of in vitro evaluations of vancomycin dimers
with different linker lengthsa

Dimer 1 2 3 4 Vancomycin

S. aureus FDA209P
JC-1

2 (N.T.) 2 2 (N.T.) 1 0.5

S. aureus SR3637
(MRSA)

16 (8) 32 16 (2) 32 1

S. aureus ATCC700787
(VISA:Mu50)

32 (32) 64 16 (4) 32 1

E. faecalis ATCC29212 2 (N.T.) 2 4 (N.T.) 1 2
E. faecalis SR7914

(VRE:VanA)
8 (4) 2 8 (4) 8 .64

E. faecalis SR23630
(VRE:VanB)

2 (1) 4 4 (0.5) 2 32

E. faecium NCTC7171 0.5 (N.T.) 1 2 (N.T.) 0.5 0.5
E. faecium SR7917

(VRE:VanA)
32 (N.T.) 2 8 (N.T.) 32 .64

E. faecium SR23598
(VRE:VanB)

1 (0.25) 1 2 (0.5) 1 .64

a Minimum inhibitory concentration (MIC) in micrograms per
millilitre as determined by microdilution broth assay in vitro. TFA
salts of dimers 1–4 were employed for the evaluation. Antibacterial
activities of dimers 1 and 3 were also examined with their HCl salts,
and the MIC values are shown in parentheses.

Scheme 1 Synthesis of vancomycin dimer 1 by mild oxidative coupling

of an amino-phenol. Reagents and conditions: (i) aldehyde 6, DMF–MeOH

(1 : 1), i-Pr2NEt, 70 uC, 2 h; NaBH3CN (4 eq.), 70 uC, 20 h (59%); (ii) Pd–

C/H2, MeOH; (iii) p-quinone, MeOH, RT, 20 h (68%).

Table 2 The second set of in vitro evaluations of antibacterial
activitya

1 3 Vancomycin

S. aureus VRSA-2
(VCM-resistant)

8 (4) 32 (1) .64

E. faecium SR7940
(VRE:VanA)

8 (4) 8 (4) .64

S. aureus Smith 16 (4) 16 (2) 1
S. pneumoniae Type1 0.125 (¡0.063) 1 (0.25) 0.5
S. pneumoniae SR23928

(PRSP)
¡0.063 (¡0.063) 1 (0.5) 0.5

S. pneumoniae tupelo
(VTSP)

0.125 (¡0.063) 1 (0.125) 0.25

a Minimum inhibitory concentration in micrograms per millilitre as
determined by microdilution broth assay in vitro. The TFA salts and
HCl salts of dimers 1 and 3 were employed for the evaluation.
Antibacterial activities of the HCl salts are shown in parentheses.

Table 3 In vivo efficacy in murine lung infection model with
S. pneumoniaea

Compounds
Two-log kill
dose/mg kg21

Three-log kill
dose/mg kg21 MIC/mg mL21

1 4.49 6.54 ¡0.063
3 34.8 72.2 0.125
Linezolid 21.3 33.1 0.5
a Animal: CBA mouse (6 weeks old, N = 5). Infection: S. pneumoniae
SR11031 (PRSP: 6 6 105 cfu mouse21) was administered
intranasally (i.n.). Compounds (HCl salt) were administered by the
intravenous route (i.v.) 17 h and 24 h post infection. Viable count
per lung was carried out at 48 h postinfection. A 2-log kill dose was
defined as the dose required to produce a decrease in titer of 2 log
CFU g21 from pretreatment controls. Similarly, 3-log kill doses were
defined as the doses required to produce decreases in titer of 3 log
CFU g21.
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and lower respiratory tract infections by multi-resistant

S. pneumoniae has become a therapeutic problem. Among the

tested compounds, 1 exhibited the most promising bactericidal

effect. Dimer 1 at 10 mg kg21 dose yielded undetectable bacterial

counts (i.e. ,50 CFU mL21, data not shown). Pharmacokinetic

profiles greatly affect the in vivo potency, which includes the

protein binding, and the tissue penetration of the drug showing

that there are significant barriers to attaining good in vivo activity.

It is noteworthy that 1 showed a preliminary but promising

curative effect in vivo.

At present, it is not clear how actinocin-based vancomycin

dimers exhibit their enhanced antibacterial activities. Biochemical

studies are underway to investigate the mechanism of these

actions. The answer appears to be more complex than simple

cooperative binding to transformed peptidoglycan intermediates.8b

The novel and efficient synthesis route presented here should be

applicable to the preparation of highly potent dimeric vancomy-

cins that are effective in the animal infection model.
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