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Vancomycin, isolated in 1956 from Streptomyces orienta-
lis,V is the prototypical member of a large family of antibiotics
whose structures consist of an arylglycine-rich heptapeptide
aglycon to which are appended an array of sugar residues.
Structural diversity within this family of natural products is
created by variation in the aglycon amino acid constituents
and in the nature, position, and number of incorporated sugar
residues.?l Clinical applications of vancomycin to the treat-
ment of Gram-positive bacterial infections and its efficacy
against methicillin-resistant Staphylococcus aureus have es-
tablished vancomycin as the antibiotic of last resort against
infections by this deadly pathogen.Pl Recently, emergence of
bacterial strains resistant to treatment by this family of
antibiotics! has provided the stimulus for us and othersl® to
develop reaction methodology and strategies relevant to the
synthesis of the individual members of this family of natural
products. In this communication we report the first syntheses of
the vancomycin aglycon (1) and the eremomycin aglycon (2).[°

The initial phase of our synthesis program in this area focused
on the development of reactions critical to the synthesis of this
family of target structures. Relevant methodology includes
new asymmetric amino acid syntheses!”] and new macrocycli-
zation reactions amenable to the construction of macrocyclic
diaryl ether!® and biaryl-containing!® tripeptides. Application
of this methodology to the synthesis of bis-dechlorovanco-
mycin (orienticin C) aglycon has recently been reported.['”]

The most formidable synthesis challenges that the vanco-
mycin skeleton presents are the three stereochemical ele-
ments of atropisomerism present in the structure as a
consequence of hindered rotation in each of the cyclic
tripeptide subunits. Our recent efforts have been directed
toward the development of strategies for controlling these
architectural features during the assemblage of the vancomycin
skeleton. A detailed account of studies that have culminated in
the current vancomycin synthesis is presented in the following
communication.''l These investigations have dictated both
the general synthesis plan (Figure 1) and the strategy for
controlling atropselectivity in each of the cyclic tripeptide
subunits designated as M(2-4), M(4-6), and M(5-7).01

The amino acids required for the (4-7)-tetrapeptide were
synthesized by our chiral auxiliary-based methodology.l’ %!
We envisioned two potential analogues of amino acid 6
(Figure 1, X =H, X = Cl) that could afford the desired M(4 -
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Figure 1. Assemblage strategy for vancomycin and eremomycin aglycons.
See ref. [6] for abbreviations.

6) chlorine atropisomer from either stereochemical outcome
of an SyAr-based macrocyclization given the versatility of the
Sandmeyer reaction (NO, —H, or NO, —Cl). Preparation of
the amino acids 6 commenced with (isothiocyanoacetyl)-
oxazolidinone 3 (Scheme 1).7¢ Stannous triflate mediated
aldol reaction of 3 with aldehyde 4a or 4bl'J proceeded with
good diastereoselection (dr=95:5) to afford the derived syn
aldol adducts Sa and 5b. In subsequent manipulations of these
adducts, the presence of the electrophilic halogen-containing
nitroaromatic nucleus, particularly in the chlorinated series
4b-14b, necessitated careful optimization of reaction param-
eters in order to minimize undesirable SyAr-based fluoride
displacement reactions. After Boc protection and transfor-
mation to the oxazolidinone in a one-pot sequence, selective
removal of the chiral auxiliary was effected under carefully
controlled conditions™! to afford carboxylic acids 6a and 6b.

Peptide coupling of 6a and 6b with amino acid 7 (EDCI -
HCI, HOBt, 4/1 CH,CIl,/DMF) provided dipeptides 7a and
7b. While endocyclic oxazolidinone cleavage of 7a could be
accomplished with LiOH (MeOH/H,0), the corresponding
transformation of chloro-containing 7b was hampered by
competing SyAr-based displacement of the highly reactive
aromatic fluoride on ring 6. Use of Li,CO; in MeOH
minimized this side reaction and provided 8b, which was
used in unpurified form after aqueous workup. Following Boc
cleavage, coupling of 8a and 8b to amino acid 5 and
subsequent protecting group exchange afforded tripeptides
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Scheme 1. Synthesis of the M(5 -7)-tetrapeptide. a) Sn(OTt),, N-ethylpiperidine, THF, — 78 °C, then 4; b) Boc,0, DMAP, CH,Cl,, then 1:1 HCO,H/30 %
H,0,; ¢) 3.1 equiv LIOOH, —5°C (X=Cl), 1.2 equiv LIOOH, —10°C (X=H); d) amino acid 7, TFA, DMS, CH,Cl,, 0°C, then 6, EDCI-HCI, HOBt,
CH,CL/DMF (X =Cl), THF (X=H), 0°C; e) Li,CO;, MeOH, room temperature; f) LiOH, MeOH/H,0; g) TFA, DMS, CH,Cl,, 0°C, then amino acid 5,
EDCI - HCI, HOBt, THF, 0°C; h) TFA, DMS, CH,Cl,, 0°C, then TFAA, 2,6-lutidine, CH,Cl,, room temperature; i) VOF;, BF;- Et,0, AgBF,, TFA/CH,Cl,,
0°C, then NaHB(OACc);; j) NaHCO;, MeOH, H,O, room temperature, 6 d (X=Cl), 9-14 d (X=H); k) amino acid 4, HATU, HOAL, collidine, CH,CL,/
DMF, —20°C, 16 h; 1) isobutyl chloroformate, N-methylmorpholine, EtOAc, — 10 — — 5°C, 30 min, then amino acid 4 in EtOA¢/DMF, —20°C — rt, 2 h;

m) HF - pyridine, THF, room temperature, 1 h (X =Cl), TBAF, CH,Cl,, 0°C, 15 min (X =H). See ref. [6] for abbreviations.

displacement for either 12a or 12b by HPLC. Coupling!'*! of

Oallyl HO,C._ .NHBoc o}
TBSO OMs \ NHBoc 12 and amino acid 4 provided tetrapeptides 13. As a prelude
@ o8n MerN to M(4-6) macrocyclization, silyl deprotection of the phe-
nolic hydroxyl in ring 4 was accomplished for 13a under basic
HO,C NHBoo Svte oo oM conditions (TBAF, THF), while acidic deprotection condi-
tions (HF - pyridine) proved necessary for substrate 13b.['7]
amino acid 4 amino acid 5 amino acid 7 Atropisomer control during the construction of the M(4 —6)

10a and 10b in excellent overall yield for the hydrolysis and
coupling events (see Scheme 1).

Oxidative cyclization of 10a and 10b according to our
previously reported conditions (VOF;)* % provided the
M(5-7) cyclic tripeptides 11a and 11b as their unnatural R
atropisomers (dr>95:5). The reductive quench for this
oxidation was modified to employ NaBH(OAc); in place of
zinc dust to avoid the unwanted reduction of the nitro group
in ring 6. As noted previously, the desired cleavage of the aryl
benzyl ether in ring 5 was also observed under the reaction
conditions.” 1% We also investigated the analogous oxidative
cyclizations of more conventional amino acid 7 ester ana-
logues of tripeptide 10. However, these substrates exhibited
significant levels of epimerization of the C-terminal amino
acid residue during the cyclization process, a side reaction that
was suppressed through use of the illustrated N-methyl amides.

In preparation for incorporating amino acid 4 into the
M(5-7) tripeptide 12, removal of the trifluoroacetamide
protecting group in 11 was accomplished by treatment with
NaHCO; in MeOH/H,0O. These conditions effected conver-
sion into amines 12 with no detectable aromatic fluoride
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macrocycle has posed a major challenge to the development
of a successful vancomycin synthesis. In conjunction with
evaluating potential strategies for achieving the proper
disposition of the chloro substituent in ring 6, substrates 14a
and 14b were examined with respect to the diastereoselec-
tivity of their individual cyclization processes (Scheme 2).
Optimal conditions for intramolecular SyAr cyclization
(Na,CO;, DMSO, room temperature),'s] when applied in
the dechloro series starting from 14a, provided the undesired
nitro atropisomer (dr=10:1); in situ derivatization of the
phenolic hyxdoxy group in ring 5 afforded 15. Reduction of
the nitro group in 15 provided the major atropisomer 16 as a
crystalline aniline whose structure was established by X-ray
analysis.'"-21 These results led to the speculation that the
analogue 14b with a chloro substituent in ring 6 might also
cyclize with the same stereochemical outcome (14b —17) if
the stereochemical bias for the nitro group were maintained.
In the event, cyclization of 14b afforded the desired atro-
pisomer 17 as a 5:1 mixture of atropdiastereomers in 79 %
yield (Scheme 2). The enhanced electrophilicity of 14b was
evident in the striking rate difference for the two cyclizations
(14a:66 h;14b: 1.5 h). More remarkable was the fact that 14b
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Scheme 2. Synthesis of the M(4-6)(5-7) bicyclic tetrapeptide. a) Na,CO;, DMSO, room temperature, 66 h (X=H), 1.5h (X= Cl), then Tf,NPh, 1 h;
b) Zn’, HOAc, EtOH, 40°C; c) NaNO,, H;PO,, cat. Cu,O, THF/H,0, 0°C, 1 h; d) [Pd(dppf)CL,] - CH,Cl,, Et;N, HCO,H, DMF, 75°C; e) PivCl, Et;N, THF,
room temperature; f) TFA, DMS, CH,Cl,, 0°C, then TFAA, 2,6-lutidine, CH,Cl,, 0°C to room temperature; g) AlBr;, then EtSH, 0°C; h) MeOH, 55°C;
i) BnBr, Cs,CO;, Bu,NI, DMF, 0°C; j) LiSEt, THF, 0°C; k) allyl-Br, Cs,CO;, DMF, 0°C; 1) LDA, THF, —78°C; m) LiOH, THF/H,0/MeOH, 0°C. See

ref. [6] for abbreviations.

cyclized at an appreciable rate upon dissolution in DMSO and
other polar, aprotic solvents without added base. Bicyclic
peptide 17 was submitted to reduction (Zn, HOAc, EtOH,
40°C) and diazotization/reduction (NaNO,, H;PO,, Cu,0,
THEF/H,0, 0°C),? to give the desired monochloride in 88 %
yield. NOE experiments confirmed that the major atropisom-
er possessed the desired R configuration.”?l Palladium-
catalyzed reduction of 17 removed both the extraneous aryl
triflate on ring 5 and the phenolic allyl protecting group on
ring 4 (Scheme 2),?! affording phenol 18 in 87 % yield.?
Protecting group adjustment (18 —19) and cleavage of the
phenolic methyl ethers (AlBry/CH,Cl,, EtSH, 0°C) was
followed by M(5-7) atropisomerization (MeOH, 55°C,
24 h) to give the bicyclic peptide 20, which possesses the
desired S biaryl configuration (dr >95:5). It is noteworthy
that 20 and its analogue without a chloro substitutent in ring 6,
which comprise the M(5-7) aglycon subunits common to
every member of the vancomycin family, contain the 5-6 cis-
amide found in vancomycin.”! In preparation for the final
peptide coupling, the triphenol was benzylated, the phenolic
hydroxy group in ring 4 was transformed to its allyl ether, and
the mesylate and trifluoroacetamide protecting groups were
removed to provide free amine 21.

The completion of the aglycon synthesis is summarized in
Scheme 3. Coupling of 21 and tripeptide 220! (EDCI - HCI,
HOAt, THF, 0°C) afforded heptapeptide 23 in 86% yield
with no detectable epimerization (Scheme 3). Under optimal
conditions (CsF, DMSO, room temperature, 5 h), intramolec-
ular SyAr cyclization provided the fully assembled tricyclic
core of vancomycin as a 5:1 mixture of M(2—4) atropisomers
favoring the desired R configuration 24 (95% yield). The
mixture of nitro atropisomers was reduced (Zn, AcOH, EtOH,
40°C) to provide two diastereomeric anilines which were
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separated by silica gel chromatography, affording a single
atropisomer in 80% yield. Sandmeyer transformation®! to
the protected vancomycin aglycon 25 proceeded in 81 % yield.
Deprotection of 25 to vancomycin aglycon (1) followed the
sequence developed for the synthesis of orienticin C.l'! The
N-methyl amide moiety at the carboxyl terminus was
removed by selective nitrosation in the presence of seven
other amidic functional groups (N,O,, NaOAc, CH,Cl,,
MeCN, 0°C) followed by treatment with lithium hydrogen
peroxide to give 26 in 68% yield.? Superficially, this
transformation appears improbable in view of the other
competing nitrosation sites; however, the steric effects
associated with amide nitrosation have been documented.?®l
Subsequent deprotection of allyl ether 26 ([Pd(PPhs),],
morpholine, THF, 0°C) proceeded in 62% yield. Benzyl
deprotection in the presence of the aryl chlorides was
achieved using transfer hydrogenation conditions (Pd/C, 1,4-
cyclohexadiene, EtOH, room temperature, 70% yield).]
Final deprotection of the acid-labile nitrogen-protecting
groups (Boc, Ddm) was effected through prolonged exposure
to trifluroacetic acid (TFA/CH,Cl,, 3/1, DMS, 83% yield)
to afford vancomycin aglycon (1), which proved identical
("H NMR, COSY, HPLC, MS, [a]) to a natural sample.?* 3!
The route detailed here provides vancomycin aglycon (1) in
40 steps (longest linear sequence) from 3,5-dimethoxybenzyl
alcohol (amino acid 7). Eremomycin aglycon (2)B2 was also
successfully synthesized through an identical strategy. These
syntheses provide diastereoselective solutions to each of the
biaryl ether and biaryl macrocycles and define a convergent
assemblage process which can be extended to a variety of
natural and unnatural analogues in the vancomycin series.
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Scheme 3. Assemblage of the vancomycin aglycon. a) EDCI, HOAt, THF, 0°C; b) CsF, DMSO, room temperature; ¢) Zn’, HOAc, EtOH, 40°C; d) HBF,,
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In the preceding communication, we described the first
syntheses of the heptapeptide aglycons of vancomycin (1a)
and eremomycin (1b).l! This contribution focuses on the
development of stereoselective methods for the synthesis of
the three stereochemical elements of atropisomerism present
in vancomycin.”l The development of a strategy for control-
ling these architectural features is one of the principal
challenges presented by this family of natural products. As
an aid in the ensuing discussion, a space-filling representation
of the vancomycin aglycon, taken from the X-ray structure by
Sheldrick et al. Pl is provided (Figure 1).
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Figure 1. Space-filling representation of the vancomycin aglycon.*"!

The high barrier to rotation about the biaryl bond™ in
vancomycin introduces an element of axial chirality into the
structure, while hindered rotation about the axes defined by
the para-oriented CH(OH) and O-aryl substituents in ring 2
and ring 6 incorporates two examples of planar chirality.
Collectively, these three features of the aglycon architecture
present the significant challenge of controlling atropisomer-
ism in the construction of each of the three macrocyclic
tripeptide subunits designated as M(2-4), M(4-6), and
M(5-7).51 Hence, even with asymmetric syntheses of the
amino acid constituents® and an assemblage strategy in
hand,”! one is still faced with the problem of producing the
vancomycin aglycon skeleton as only one of eight possible
atropdiastereomers.

The vancomycin aglycon skeleton (1a) consists of three
interlocking cyclic tripeptides that collectively afford a con-
formationally rigid cup-shaped structure (Figure 1).°! It is
evident that the biaryl bond connecting amino acids 5 and 7 is
the pivotal rigidifying amino acid crosslink. We therefore
adopted the premise that macrocyclization model studies for
the individual rings lacking the M(5-7) tripeptide subunit,
while informative in identifying the local contributions to
atropdiastereoselection, could prove unreliable stereochem-
ical predictors for more complex cyclization substrates con-
taining the M(5-7) fragment.

The construction of the M(5-7) biaryl subunit!®! forms the
basis of the synthesis plan. After the incorporation of an
additional ortho benzyloxy substituent on ring 5, high levels of
kinetic atropdiastereoselection for the unnatural atropiso-
meric product 3(R) were observed in the oxidative cyclization
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