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The generation of molecular diversity through solid-phase
combinatorial chemistry has become an important component
of the drug discovery process.[1] An enduring challenge in the
design of solid-phase synthetic sequences is the selection of an
appropriate linker[2] that is stable to the proposed chemistry,
yet which can be readily and practically cleaved. Solid-phase
synthesis of natural products offers a particularly good
platform to evaluate linkers because of the multitude of
functionality often present. Vancomycin[3] (1, Scheme 1),
renowned for its activity against methicillin-resistant Staph-
ylococcus aurus (MRSA), has been used for the past forty
years to treat Gram-positive bacterial infections. The emer-
gence of vancomycin-resistant enterococci strains (VRE) has
raised serious health concerns and prompted a renewed vigor
in the field of glycopetide antibiotics.[3, 4] Researchers from Eli
Lilly have demonstrated that modification of the oligosac-
charide portion of vancomycin can enhance its activity against
VRE to a clinically significant level.[5] However, more in-
depth investigations of the role of the oligosaccharide unit in
the glycopeptide�s biological activity has been hampered by
the synthetic inaccessibility of analogues. The completion of
the total synthesis of vancomycin in these laboratories[6]

encouraged us to investigate a solid-phase approach to the
glycosidation of vancomycin�s aglycon, which might be
applicable to the semisynthesis of vancomycin libraries for
biological screening purposes. Herein we report the prepara-
tion and scope of a selenium-based safety-catch linker and its
application to the solid-phase semisynthesis of vancomycin
(1).

Vancomycin�s carboxylic acid group was identified as the
most suitable site for linkage to a solid support since it is the
only singularly present functional group on vancomycin and,
therefore, does not require some form of regioselective
derivatization. The required protected vancomycin 2 was
readily prepared in two steps from 1 as shown in Scheme 1.
The criteria for the selection of a linker included acid and base
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stability, as well as mild loading and cleavage conditions
compatible with silyl protecting groups. Our first efforts
focused on photolabile[7] linkers because of their mild
cleavage; however, an acceptable compromise between load-
ing and cleavage efficiency could not be reached. We then
turned our attention to allylic ester linkers.[8] As shown in
Scheme 1, protected vancomycin 2 was loaded in good yield
using Mitsunobu, cross metathesis, or alkylation techniques.
All three linkers were cleaved in excellent yield under the
very mild palladium(0)-mediated allyl transfer conditions.[9]

However, the cleavage efficiency of the linkers in 3 a and 3 b
was dramatically reduced after exposure to the Lewis acidic
conditions utilized in the glycosidation, presumably as a result
of a [3,3] sigmatropic rearrangement[10] to give a secondary
allylic ester. The allylic acrylate linker in 3 c, although stable
to the glycosidation conditions, was found to be susceptible to
premature cleavage and deactivation, which was assumed to
arise from a nucleophilic attack on the acrylate functionality.
It soon became clear that despite the attractiveness of their

mild and efficient cleavage, the linkers in 3 a ± c were not
suitable for application to the vancomycin problem.

In the search for alternative strategies to solve the problem
at hand we turned our attention to our recently reported
preparation of polymer-bound selenenyl bromide.[11] We
reasoned that the facile oxidation/elimination of the poly-
mer-bound phenylseleno group could be used to mask an
allylic functionality (Figure 1), thus serving as a pro-allyl
safety-catch linker. Since the presence of residual tin can be
detrimental to purification and biological assays we further
envisioned the use of polymer-bound tin hydride[12] for the
removal of the allyl group. Thus, the proposed strategy retains
the critical, but cumbersome elements on the resin, and
provides a measure of waste control and disposal. To test the
scope of this proposal, we prepared resins 9 ± 11 (Scheme 2).
Thus, LiBH4 reduction of the polymer-bound phenyl selenen-
yl bromide 8 afforded the corresponding lithiated selenium
species, which was quenched with either 1,3-diiodopropane or
3-iodopropanol to furnish resins 9 or 10, respectively. Treat-
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Scheme 1. Protection of vancomycin, as well as loading onto and cleavage from allyl ester resins. Reagents and conditions: a) TBSOTf (excess), 2,6-lutidine
(120 equiv), CH2Cl2:DMF (10:1), 23 8C, sonication, 8 h; b) CbzCl (5.0 equiv), NaHCO3 (10 equiv), 1,4-dioxane: H2O (3:1), 23 8C, 3 h, 52% over two steps;
c) 5 (7.0 equiv), DEAD (7.0 equiv), Ph3P (7.0 equiv), THF, ÿ15 8C, 1.5 h, 66%; d) 6 (10.0 equiv), [(Cy3P)2Cl2RuCHPh], (2� 0.1 equiv), benzene, 65 8C, 15 h,
60%; e) 7 (4.0 equiv), NaHCO3 (10.0 equiv), 4-� molecular sieves, 23 8C (vacuum), 0.5 h; DMF, 65 8C, 18 h, 72 %, f) allylBr (10.0 equiv), NaHCO3

(10.0 equiv), 4-� molecular sieves, DMF, 23 8C (vacuum), 0.5 h; 8 h, 97 %. Cbz� benzyloxycarbonyl, Cy� cyclohexyl, DEAD� diethyl azodicarboxylate,
DMF�N,N-dimethylformamide, lut.� lutidine, TBS� tert-butyldimethylsilyl.
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Figure 1. General concept of the selenium-based resin as a pro-allyl or pro-
alloc safety-catch linker.
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Scheme 2. Synthesis of pro-allyl and pro-alloc selenium linkers. Reagents
and conditions: a) LiBH4 (1.5 equiv), THF, 0 8C, 0.5 h, wash, 1,3-diiodo-
propane (4.0 equiv), THF:DMF (1:1), 23 8C, 5 h, 92 %; b) LiBH4

(1.5 equiv), THF, 0 8C, 0.5 h, wash, 3-iodopropanol (4.0 equiv), THF:DMF
(1:1), 23 8C, 5 h, 94%; c) COCl2 (4.0 equiv), THF, 23 8C, 5 h. Yields are
calculated on the basis of the mass gain of the polymer. Alloc� allyloxy-
carbonyl.

ment of resin 10 with phosgene afforded polymer-bound
chloroformate 11. We were gratified to find that the pro-allyl
ester 13 (Scheme 3) was formed smoothly by either alkylation
or esterification of resins 9 and 10, respectively. Furthermore,
formation of pro-alloc derivatives 15 and 17 also proceeded
smoothly (Scheme 3). Treatment of polymer-bound pro-allyl
derivative 13 as well as pro-alloc compounds 15 and 17 with
H2O2, followed by exposure to catalytic amounts of
[Pd(PPh3)4] and polymer-bound tin hydride VI (Figure 1)
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Scheme 3. Loading onto and cleavage from pro-allyl and pro-alloc
selenium resins. Reagents and conditions: a) 12 (4.0 equiv), CsCO3

(4.0 equiv), DMF, 50 8C, 5 h or 12 (4.0 equiv), DCC (4.0 equiv), DMF,
23 8C, 15 h; b) 1. H2O2 (2.0 equiv), THF, 23 8C, 2 h; Me2S (4.0 equiv), 60 8C,
10 h, 86 % from 9 and 78% from 10 ; 2. VI (3.0 equiv), [Pd(PPh3)4]
(0.1 equiv), CH2Cl2, 23 8C, 0.5 h, 96 % for 12 and 97% for 14 ; c) 11
(4.0 equiv), Et3N (5.0 equiv), 4-DMAP (0.1 equiv), 23 8C, 6 h; d) 11
(4.0 equiv), Et3N (5.0 equiv), 4-DMAP (0.1 equiv), 23 8C, 3 h; e) 1. H2O2

(2.0 equiv), THF, 23 8C, 2 h; Me2S (4.0 equiv), 60 8C, 10 h, 82 % from 10 ;
2. VI (3.0 equiv), [Pd(PPh3)4] (0.1 equiv), AcOH (4.0 equiv), CH2Cl2, 23 8C,
0.5 h, 93%. R1� 4-bromophenyl, R2� 4-iodobenzyl, R3NH2�methoxyva-
line, DCC�N,N'-dicyclohexylcarbodiimide, 4-DMAP� 4-dimethylamino-
pyridine.

furnished carboxylic acid 12, alcohol 14, and amine 16 in
yields of 86, 78, and 82 %, respectively. More importantly,
loading and cleavage of protected vancomycin derivative 2
proceeded smoothly via intermediate 18 (Scheme 4) and
without the previously discussed limitations of the allyl linkers
shown in Scheme 1.

The now readily available polymer-bound vancomycin
derivative 2 was utilized to demonstrate an efficient sequence
of deglycosidation and re-glycosidation reactions leading to
vancomycin (1, Scheme 5). Thus, the disaccharide moiety was
hydrolyzed from 2 under acidic conditions to provide
polymer-bound phenol 19, which was glycosylated with the
imidate 20[6a] (BF3 ´ Et2O) to afford glycoside 21. Deprotection
of the C-2 alloc group using palladium(00)-mediated allyl
transfer conditions afforded compound 22 (see Table 1) in
excellent yield. The polymer-bound monosaccharide 22 was
then subjected to a second glycosidation reaction with
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Scheme 5. Solid-phase semisynthesis of vancomycin 1. Reagents and conditions. a) TFA:Me2S:CH2Cl2 (1:1:1), 23 8C, 3 h, >95%; b) 20 (6.0 equiv), BF3 ´
Et2O (9.0 equiv), 4-� molecular sieves, ÿ40!0 8C, 12 h, >90 %; c) [Pd(PPh3)4] (0.1 equiv), nBu3SnH (10.0 equiv), CH2Cl2, 23 8C, 2 h, >95%; d) 23
(4.0 equiv), BF3 ´ Et2O (6.0 equiv), ÿ40!0 8C, 4 h, >85%; e) H2O2, THF, 23 8C, 48 h, 80%; f) K2CO3, MeOH, 23 8C, 6 h, 86 %; g) CsF, DMF, 23 8C, 15 h,
62%; h) [Pd(PPh3)4], nBu3SnH, DMF, 23 8C, 1 h, 95%; i) 10% Pd/C, NH4HCO2, H2O:AcOH (1:1), 23 8C, 4 h, 81%. Ac� acetyl, TFA� trifluoroacetic acid.
Yields for the reactions carried out on a solid phase are estimates based on 1H NMR, MS, and TLC analysis of the crude cleavage product.
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glycosyl fluoride 23[6a] (BF3 ´ Et2O) to deliver fully protected
polymer-bound vancomycin derivative 24, which was cleaved
with H2O2 to release allyl derivative 25 (see Table 1). Finally,
vancomycin (1) was obtained from 26 through a deprotection
sequence involving deacetylation (K2CO3/MeOH), desilyla-
tion (CsF), deprotection of the carboxylic acid group
([Pd(PPh3)4]/nBu3SnH[13]), and Cbz cleavage (10% Pd/C,
NH4HCO2) via intermediate 26. It is important to note that
the four-step deprotection sequence is carried out without
work-ups and requires only two purifications (at the stages
where 26 and 1 are formed). An interesting solvent effect was
observed during the course of studying the desilylation of this
series of compounds. Namely, it was found that the phenolic
silyl groups could be cleanly removed without affecting the
other secondary silyl-protected hydroxyl groups on the core of
vancomycin by carrying out the CsF-induced deprotection in
CH3CN rather than DMF.

In conclusion, we have prepared a new set of selenium-
based safety-catch linkers for carboxylic acids, alcohols, and
amines. The utility of one of these linkers was demonstrated
with a solid-phase semisynthesis of vancomycin (1). The
developed technology and sequence has potential for the
construction of vancomycin libraries for biological screening
purposes starting from the readily available vancomycin
scaffold.
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Table 1. Selected physical data for compounds 22 and 25.

22 (oxidative cleavage product): Rf� 0.39 (silica gel, 5 % MeOH in
CH2Cl2); 1H NMR (600 MHz, CD3OD, 330 K): d� 7.53 ± 7.48 (m, 2H),
7.43 ± 7.38 (m, 2H), 7.38 ± 7.27 (m, 7 H), 7.27 (s, 1 H), 7.08 (d, J� 2.0 Hz,
1H), 7.01 (dd, J� 9.5, 2.0 Hz, 1 H), 6.78 (d, J� 8.0 Hz, 1 H), 6.41 (d, J�
1.5 Hz, 1H), 6.39 (d, J� 1.5 Hz, 1 H), 5.98 ± 5.90 (m, 1H), 5.90 ± 5.87 (m,
1H), 5.79 (s, 1H), 5.56 ± 5.17 (m, 9H), 5.01 ± 4.84 (m, 6 H), 4.73 ± 4.50 (m,
6H), 4.25 ± 4.18 (m, 1 H), 4.11 (s, 1H), 3.89 ± 3.84 (m, 1 H), 3.74 ± 3.68 (m,
1H), 3.78 ± 3.70 (m, 1 H), 3.60 (dd, J� 11.0, 3.2 Hz, 1 H), 2.93 (s, 3H,
NCH3), 2.55 ± 2.40 (m, 2H), 2.03 (s, 3 H, COCH3), 2.00 (s, 3 H, COCH3),
1.78 ± 1.75 (m, 1 H), 1.53 ± 1.49 (m, 2 H), 1.01 (s, 9H, tBuSi), 0.94 (s, 9H,
tBuSi), 0.93 ± 0.91 (m, 6 H), 0.89 (s, 9H, tBuSi), 0.77(s, 9H, tBuSi), 0.73 (s,
9H, tBuSi), 0.63 (s, 9 H, tBuSi), 0.23 (s, 6 H, CH3Si), 0.18 (s, 3 H, CH3Si),
0.12 (s, 3H, CH3Si), 0.10 (s, 3 H, CH3Si), 0.09 (s, 3H, CH3Si), 0.09 (s, 3H,
CH3Si), 0.08 (s, 3 H, CH3Si), 0.04 (s, 3 H, CH3Si), 0.03 (s, 3 H, CH3Si), ÿ0.08
(s, 3H, CH3Si),ÿ0.09 (s, 3H, CH3Si); MS (ES�): calcd for C110H160Cl2N8O26-

Si6 [M�H�]: 2247; found: 2247.

25: Rf� 0.40 (silica gel, 5 % MeOH in CH2Cl2); 1H NMR (600 MHz,
CD3OD, 330 K): d� 7.65 ± 7.45 (m, 3 H), 7.40 ± 7.20 (m, 12H), 7.10 ± 7.08
(m, 2H), 7.03 (m, 2 H), 6.80 (d, J� 0.5 Hz, 1H), 6.78 (d, J� 0.5 Hz, 1H),
6.44 (d, J� 2.0 Hz, 1 H), 6.40 (s, 1 H), 5.91 (m, 1H), 5.83 ± 5.78 (m, 2H),
5.64 ± 5.45 (m, 2H), 5.44 ± 5.28 (m, 5 H), 5.26 ± 5.10 (m, 5 H), 5.01 and 4.88
(AB, J� 12.5 Hz, 2H), 4.64 (m, 2H), 4.18 ± 4.07 (m, 2 H), 3.85 ± 3.80 (m,
2H), 3.64 (m, 1H), 2.94 (s, 3H, NCH3), 2.48 (m, 2 H), 2.03 (s, 3H), 2.05 ±
1.98 (m, 5 H), 1.92 (s, 3H), 1.55 (br s, 3H), 1.29 (s, 3 H), 1.09 (m, 3H), 1.02 (s,
9H, tBuSi), 0.97 (s, 9 H, tBuSi), 0.93 (m, 6H), 0.88 (s, 9H, tBuSi), 0.82 (s,
9H, tBuSi), 0.79 (s, 9H, tBuSi), 0.71 (s, 9H, tBuSi), 0.24 (s, 3 H, CH3Si), 0.23
(s, 3 H, CH3Si), 0.19 (s, 3H, CH3Si), 0.18 (s, 3H, CH3Si), 0.13 (s, 3H, CH3Si),
0.12 (s, 3 H, CH3Si), 0.10 (m, 6 H, CH3Si), 0.04 (s, 3H, CH3Si), 0.03 (s, 3H,
CH3Si), ÿ0.06 (s, 3 H, CH3Si), ÿ0.08 (s, 3H, CH3Si); MS (ES�): calcd for
C127H181Cl2N9O31Si6Na [M�Na�]: 2592; found: 2592.


