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a-Trialkylsilyl-Substituted a-Amino Acids**

Carsten Bolm,* Andrey Kasyan, Karlheinz Drauz,
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Dedicated to Professor Franz Effenberger
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As building blocks of peptides and proteins, a-amino acids
are widespread throughout nature.l!! Various methods have
been developed to gain access to them,? and among these
catalytic processes appear particularly attractive.?’] Among
the nonproteinogenic amino acids tert-leucine (1) has
emerged as an outstanding representative.’! Bearing a hydro-
phobic and sterically demanding ters-butyl substituent, it has
proved to be a valuable building block for pharmacologically
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effective peptide analoguest! and has been frequently em-
ployed in syntheses of chiral auxiliaries.l> ®! Here, we report
the first synthesis of fert-leucine-analogous a-trialkylsilyl-
substituted a-amino acids 2 and their corresponding, amino-
and carboxyl-protected derivatives 4.0]

For the synthesis of 2, fully protected a-trialkylsilyl-a-
aminoacetates 4 play a pivotal role. These are prepared
starting from a-trialkylsilyl-a-diazoacetates 3, which in turn
are accessible through reaction of the corresponding o-
diazoacetates with trialkylsilyltriflates in the presence of
tertiary amine bases.” Y1 Rhodium-catalyzed cleavage of
nitrogen['" 2 and intermolecular carbenoid-type N,H-inser-
tionl'> 1 leads to the protected a-trialkylsilyl-a-aminoace-
tates 4 [Eq. (1); PG = protecting group]. The yields in these

, R3 [Rhy(OAC)4] R2 R?
R (2 mol%) ~g CO,R
.S COR + pG-NH, ————————> 1- 2 0
RV 2 toluene, 40-70°C T W
NH-PG
N2 -N2
3 4

insertion reactions are good (up to 86 %; Table 1). An X-ray
crystal structure analysis of ester rac-4a confirmed its
constitution.!*4l

Table 1. Synthesis of protected a-trialkylsilyl-a-aminoacetates 4.

R R!/R? R3 PGl Product Yield [%]
Et Me Bu Tos 4l 58
Et Me tBu Boc 4b 72
Et Me tBu Z 4c 83
Et Me Me Boc 4d 65
Et Me Me Z 4e 69
Et Et Et Boc 4f 77
Et Et Et z 4g 86
Bn Me Bu Boc 4h 47
Bn Me tBu Z 4i 53

[a] Tos = tosyl = p-toluenesulfonyl, Boc = tert-butoxycarbonyl, Z =benzyl-
oxycarbonyl. [b] From a reaction sequence as described in the Experimen-
tal Section.

The enantiomers of 4a were separated by means of
preparative HPLC using a chiral stationary phase.”! Enan-
tiopure 4a is configurationally stable even upon prolonged
storing. The absolute configuration of the later-eluted (+)-
enantiomer of 4a was determined to be (S) by a second X-ray
crystal structure analysis. Figure 1 shows the molecular
structure of (S)-4a in the crystal.'¥

The Si—C11 bond (1.919(5) A) in (S)-4a is significantly
longer than those between the silicon atom and C13
(1.904(6) A), C12 (1.862(5) A), and C17 (1.865(4) A); the last
two bond lengths fall within the range that is considered
average for a bond between a four-coordinate Si atom and an
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Figure 1. Molecular structure of (S)-4a in the solid state. Selected
distances [A] and angles [*]: Si-C11 1.919(5), N-C11 1.469(6), C8-C11
1.512(7), C8-03 1.198(5), C8-0O4 1.327(5); C8-C11-Si 108.7(3), N-C11-Si
110.2(3), N-S-C1 109.3(2), C13-Si-C11 110.3(2), C12-Si-C17 112.2(2), C12-
Si-C13 109.8(2).

sp>-hybridized carbon atom (1.863(24) A).'!) A quantum-
chemical calculation at the B3LYP/6-31G* level confirms this
tendency. Starting from the experimentally found structure of
crystalline rac-4a, a complete geometry optimization resulted
in a bond length of 1.959 A for Si—Cl11, while the Si—C13,
Si—C12, and Si—C17 bonds of 1.922, 1.895, and 1.892 A,
respectively, are significantly shorter.

In order to allow the incorporation of a-trialkylsilyl-
substituted a-amino acids into peptides, processes needed to
be devised that selectively released the amino and carboxy
termini of protected esters 4 and, in addition, stability of the
derivatives formed had to be ensured. Therefore, N-Boc
derivative 4b was treated with concentrated trifluoroacetic
acid (in CH,Cl, 2 h, ambient temperature) and subsequently
with tosyl chloride and a base. The formation of tosylated
product 4a (58 % yield) may be taken as evidence for the
stability of the intermediate a-trialkylsilyl-substituted a-
amino ester, which bears a free amino group. Hydrogenolysis
of benzyl N-Boc-ester 4h selectively furnished the corre-
sponding, still N-protected a-trialkylsilyl-substituted a-amino
acid (N-Boc-2) in 93 % yield. In the same manner an entirely
unprotected a-trialkylsilyl-substituted a-amino acid was syn-
thesized for the first time. Thus, twofold debenzylation of 4i
afforded 2 in 92 % yield. Consequently, starting from either
enantiomer of 4i, amino acids (S)-2 and (R)-2 were obtained
in optically pure form.

Two methods exemplifying the synthesis of peptide-type
structures were investigated. On the one hand, rhodium-
catalyzed reaction of 3a and 3b with Z-protected glycine
amide 5 gave rise to dipeptides 6a and 6b in 20-25%
yield; that is a-trialkylsilyl a-diazoacetates 3 could react
directly with amides to yield dipeptidic entities [Eq. (2)].["
A more efficient approach, on the other hand, was the
peptide coupling of N-Boc-2 and the HCI salt of L-iso-
leucineallylester (7) under standard conditions involving
benzotriazol-1-yloxytripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP), which gave dipeptide 8 in about 88 %
yield [Eq. (3)].0'®
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[Rhx(OAC),]

Experimental Section

Synthesis of 4a: [Rh,(OAc),] (18 mg, 0.04 mmol, 2 mol %) was added at
room temperature to a stirred solution of 3a (457 mg, 2 mmol) and tert-
butylcarbamate (586 mg, 5 mmol) in dry toluene (5mL). The reaction
mixture was heated to 50°C and stirred at this temperature for 24 h. After
the mixture had been allowed to cool to ambient temperature, the solvents
were removed under reduced pressure and the product was purified by
column chromatography (silica gel, petroleum ether/ethyl acetate 5:1).
Thus, N-Boc-protected ester 4b (457 mg, 72 % ) was obtained as a colorless
oil. For the synthesis of 4a, trifluoroacetic acid (0.2 mL) was added
dropwise to a solution of 4b (317 mg, 1 mmol) in dry dichloromethane
(3mL) under argon. The reaction mixture was stirred for 2 h at ambient
temperature before the solvent was removed under reduced pressure. The
resulting residue was dissolved in dichloromethane (5mL) and treated
sequentially with triethylamine (0.28 mL) and tosyl chloride (190 mg,
1 mmol). After 1h of stirring the reaction was quenched with water
(10 mL) and the mixture was extracted with dichloromethane (2 x 20 mL).
The combined organic extracts were dried over MgSO,, and the solvent
was removed under reduced pressure. The product was purified by column
chromatography (silica gel, petroleum ether/ethyl acetate 3:1) to afford 4a
(216 mg; 58%) as a white solid (m.p. 127-128°C (ethanol)). The
separation of the enantiomers was performed by means of HPLC using a
chiral stationary phase.[’!
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bryostatin 1: R = COC7H;,, R'= Ac
bryostatin 2: R =COC7H;1, R'=H
bryostatin 7: R =Ac, R'=Ac

Total Synthesis of Bryostatin 3**

Ken Ohmori, Yasuyuki Ogawa, Tetsuo Obitsu,
Yuichi Ishikawa, Shigeru Nishiyama,* and
Shosuke Yamamura*

Bryostatins, 18 related macrolides isolated from the marine
bryozoa Bugula neritina Linnaeus and Amathia convuluta,
have been known to possess remarkably powerful antineo-
plastic activities against the murine P388 lymphocytic leuke-
mia and other tumors, and have the potential to activate
protein kinase C without tumor promotion, in contrast to the
activities of phorbol and aplysiatoxin.l! In particular, bryos-
tatin 1, which is the most abundant congener in the family, is
in phase II of clinical trials.

From the viewpoints of their interesting biological activity
and novel macrolide structure, the bryostatins have been
attracting the attention of many synthetic chemists.”l How-
ever, only a few bryostatins have been synthesized: bryosta-
tin 7 by Masamune et al.®l and bryostatin 2 by Evans et al.[*
We have also carried out extensive synthetic studies on the
bryostatins.’! Bryostatin 3 (1), which includes the exceptional
y-lactone structure, was taken as a challenging target mole-
cule, because it was isolated as a very minor component from
natural sources (a few milligrams from each 100 kilograms of
source),® yet it is expected to be a promising antitumor agent.
We describe herein the total synthesis of bryostatin 3 (1).

COyMe

1: bryostatin 3

Based on the retrosynthetic analysis depicted in Scheme 1,
the molecule of 1 is divided into two fragments (I and II). The
C1—C16 fragment I, which is shared by all bryostatins, has
been synthesized by a convergent synthetic methodology.[>

To accomplish the desired coupling reaction, the function-
ality of fragment I was required in an appropriate form, which
was obtained from the intermediate 2.°Y As can be seen in
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