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Abstract

Ruthenium-promoted intramolecular SNAr reaction has allowed the construction of the 16-membered
DEF model macrocycle of ristocetin A that incorporates the required arylserine residue as the E ring.
# 2000 Elsevier Science Ltd. All rights reserved.

The vancomycin group of antibiotics1 is of considerable interest because of its clinical
importance as well as the complexity of these molecules. Furthermore, the recent upsurge of
vancomycin-resistant strains of infectious bacteria2 provides the impetus for the development of
total syntheses3 of vancomycin analogues. Ristocetin A (1) has structural features that are similar
to vancomycin (2), but incorporates an additional 14-membered biaryl ether connection between
amino acid residues F and G. The construction of the biaryl ether linkage in these structures has
posed a considerable challenge due to the presence of base-sensitive amino acid residues,
especially arylglycine derivatives.4 Our group has extensively studied ruthenium-promoted SNAr
reactions for the formation of biaryl ethers.5 This chemistry allows: (1) complexation with
ruthenium under very mild conditions; (2) etheri®cation without appreciable racemization of aryl-
glycines as well as phenylalanine subunits; and (3) demetallation under simple photolytic conditions.
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The main objective of the study reported herein was to establish the feasibility of applying
ruthenium-promoted SNAr chemistry to arylserine substrates (5). For this purpose we designed
target molecule 3 (Scheme 1) in which the C-terminus of the central amino acid D would be
protected as its N-methyl amide to prevent the facile epimerization of this arylglycine,3a since
previous work has shown that the corresponding methyl ester is easily and totally epimerized
under basic conditions.6

The synthesis of arylserine derivative 12 corresponding to the ruthenium complex 5 was based
on the Sharpless asymmetric dihydroxylation reaction7 (Scheme 2). Ethyl (E)-4-chlorocinnamate
(7), prepared by Fischer esteri®cation of (E)-4-chlorocinnamic acid (6), was subjected to asymmetric
dihydroxylation by treatment with the AD-mix-b (1.4 g/mmol) reagent and CH3SO2NH2 (1.0
equiv.) in t-BuOH:H2O (1:1) to provide ethyl (2S,3R)-3-(4-chlorophenyl)-2,3-dihydroxy-
propionate (8) in good yield (80%, ���25D=^14 (c 1.2, EtOH)) and high ee (74% ee, determined by
Mosher ester analysis).8 One recrystallization from 50% EtOAc±hexanes enriched 8 to >99% ee
(���25D=^19� (c 1.0, EtOH)).

Scheme 2.

Scheme 1.
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Reaction of 8 with 4-nitrobenzenesulfonyl chloride (nosyl chloride, 1.0 equiv.) and Et3N (1.5
equiv.) in methylene chloride at 3�C provided a-nosylate 9 (75%) resulting from the acidity
di�erence of the two alcohols.9 In addition, a small amount (12%) of the a,b-unsaturated ester
product, derived from elimination of the disulfonated intermediate, was isolated. Subsequent
azide replacement of the sulfonate (NaN3 (1.5 equiv), DMF, 50�C, 10 h, 81%) gave 10 as a
syn:anti (1:9) mixture, which was separated by chromatography. Subsequent reduction of azide 10
(SnCl2 (2.0 equiv.), MeOH, 25�C, 3 h) and Boc protection ((Boc)2O (2.0 equiv.), NaHCO3 (4.0
equiv.), THF:H2O (1:1), 25�C, 23 h, 90% for two steps) provided 11, which was converted to the
arylserine 12 (LiOH (2.0 equiv.), THF:H2O (1:1), 0�C, 2 h, 99%). Finally, complexation of 12
with [CpRu(CH3CN)3]PF6 was accomplished under the conventional reaction conditions
(ClCH2CH2Cl, re¯ux, 2.5 h) to provide Z6-arene-ruthenium complex 5 in good yield.10

With the arene-ruthenium complex 5 in hand, we investigated the ruthenium-promoted SNAr
chemistry as shown in Scheme 3. Our synthesis started with the azido acid 13, previously reported
by our group.11 The acid was masked as its methylamide (HOAt (1.5 equiv.), EDCI (1.2 equiv.),
CH3NH2 (3.0 equiv.), 0�C (1 h) to rt (23 h), 91%) to provide 14. Subsequent azide reduction (H2,
Pd/C, 6N HCl, MeOH/THF, 12 h) and coupling with (S)-ZPhg in the presence of HOAt (1.5
equiv.), EDCI (1.2 equiv.), and TMP (2.0 equiv.) provided the dipeptide 4 (90%).

Several attempts to prepare the tripeptide-ruthenium complex 15 under standard coupling
conditions gave unsatisfactory results (less than 20% yield). In order to examine the coupling
reaction in more detail, we carried out the reaction of the dipeptide 4 and the arylserine 12, not
having the attached ruthenium, which gave the tripeptide 16 in excellent yield (Scheme 4). This
result indicated that the coupling reaction with the ruthenium complex 5 was likely proceeding
e�ciently, but the normal work-up procedure by extraction with propionitrile, we thought, could
be a problem because of the low solubility of the product. Accordingly, the DMF solvent was
removed in vacuo after the coupling reaction (HOAt (3.3 equiv.), EDCI (3.0 equiv.), DIPEA
(1.05 equiv.), DMF, 0�C (3 h) to rt (21 h)) and the crude product was isolated by adding pro-

Scheme 3.
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pionitrile. The resulting dark brown solid was ®ltered, washed (cold H2O, ethyl ether), and dried
to give the desired product (58%). In addition to 1H NMR and FABHRMS to con®rm the
structure 15, demetallation reaction also furnished the same product 16 as synthesized from 4.
Intramolecular etheri®cation of 15 was achieved under basic conditions (potassium 2,6-di-t-

butylphenoxide (2.0 equiv.), 18-crown-6 (1.0 equiv.), DMF, ^78�C to rt, 4 h) at low concentration
(10 mM) to give a cyclized ruthenium intermediate, which was subjected directly to photolysis
(350 nm, CH3CN, 24 h) to provide the cyclized biaryl ether tripeptide 3 in 30% overall yield. The
cyclization was easily con®rmed by the 1H NMR (CD3OD, 300 MHz) spectrum of 3, which
showed that one of the two aromatic protons at the central phenyl D was shifted up®eld due to
the shielding e�ect of the neighboring ether linked phenyl group (� 5.58 ppm).6 It is especially
noteworthy that epimerization among the chiral centers was not observed during this reaction
sequence. Nonetheless, the problems caused by low solubility of complexes such as 15 are cause
for concern, and we decided to investigate a means of ameliorating this situation.

In order to improve the solubility of the tripeptide-ruthenium complex 15, the benzylic hydroxy
group was converted to its silyl ether (Scheme 5). Thus, 11 was treated with TBSOTf (1.5 equiv.)
and 2,6-lutidine (2.0 equiv.) in CH2Cl2 to provide the TBS protected compound 17 in 79% yield.
Hydrolysis of ester 17 was carried out by using lithium hydroxide monohydrate (2.0 equiv.) in
t-buthanol:H2O (3:1) to obtain the acid 18 in 85% yield (���25D=^45 (c 0.8, 95% EtOH); after
recrystallization from 20% EtOAc±hexanes). Compared to the hydrolysis of hydroxy ester 11, 17
required a more protic solvent system and increased reaction temperature. The resulting arylserine
18 was complexed with [CpRu(CH3CN)3]PF6 by using the same conditions as previous to give the
arene-ruthenium complex 19 in good yield. Prolonged reaction time (>2 h) led to the formation
of the desilylated side product 5.

Scheme 4.

Scheme 5.
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Coupling of the dipeptide 4with the arene-ruthenium complex 19 provided tripeptide-ruthenium
complex 20 in good yield, and without epimerization, with signi®cant improvement of its solubi-
lity (Scheme 6). Now, the tripeptide ruthenium complex can be conveniently used in less polar
organic solvents such as THF and CH2Cl2. Treatment of 20 with Cs2CO3 (5 equiv.) in DMF (5±10
mM), followed by photolysis (Rayonet 350nm, 24 h) in CH3CN, e�ected its smooth conversion to
macrocycle 21 (�a�25D = ^13.2� (c 0.6, MeOH)) in good yield without epimerization.

At this point we were concerned about the possibility of the complete inversion of con®guration
at the central amino acid D, as we had earlier noted in the case of the corresponding methyl ester
under the same basic conditions.6 Since this epimerization is thermodynamically driven to
completion, it would go unnoticed during the cycloetheri®cation. Therefore, we carried out the
same macrocyclization starting from racemic azido amide 14. Through all the coupling steps the
tripeptide ruthenium complex maintained its diastereomeric ratio (1:1). Cyclization under
standard conditions provided two macrocyclic products in 1:1 ratio arising from the original
amide-terminal mixture. These results establish that the N-methyl amide derivative is e�ective for
suppressing this epimerization, as a result of the lower acidity of the benzylic proton.
Conclusions: A 16-membered DEF model of ristocetin A was prepared by using ruthenium-

promoted intramolecular SNAr reaction under conditions that were mild enough to avoid
epimerization, when the C-terminal of the central amino acid D was protected as the N-methyl
amide linkage. Application of ruthenium-arylserine complex was successful for the construction
of the biaryl ether linkage. The e�orts developed here can be extended to the total synthesis of
ristocetin and related molecules.
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