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The incorporation of nonproteinogenic amino acids into
peptides is a rational and indispensable approach to the
elucidation of the diverse roles of peptides and can also
impart new functions to the peptides to facilitate their use as
pharmaceuticals.[1] In particular, the appropriate introduction
of a,a-dialkyl a-amino acids (quaternary a-amino acids) is
known to induce significant conformational constraints and
can thus be used to probe the molecular structure of receptors
or enhance the biological activity of the peptides by helping to
preorganize the optimum conformation for binding or by
inhibiting metabolic degradation.[2] For example, naturally
occurring aminoisobutyric acid (Aib) and related achiral
amino acids are often
employed to study the rela-
tionship between the struc-
ture, stability, and function of
bioactive peptides.[3] In sharp
contrast, however, the use of
chiral, nonracemic quater-
nary a-amino acids has been
very limited, despite a long-
standing interest in the cor-
relation of the chirality of
these amino acids with pep-
tide structure, such as the
handedness of the helix, and
peptide function.[3c,d, 4] This situation is primarily due to the
lack of flexible synthetic strategies for incorporating a wide
range of chiral quaternary a-amino acids into peptide strands
at specific sites, which seems to be synonymous with the
intricacy of peptide-bond construction with independently
prepared, enantiomerically enriched quaternary a-amino
acids.[5–7] Herein, we report our own solution to this problem.
This solution involves the direct and highly stereoselective
construction of quaternary stereogenic carbon centers on
C-terminal amino acid residues of growing peptides by
alkylation under organic–aqueous biphasic conditions in the
presence of a catalytic amount of an optically pure,

D2-symmetric tetraaminophosphonium salt as a chiral
phase-transfer catalyst (PTC).[8] In combination with a
simple and direct ligation process,[9] this site-directed quater-
nization method enables the customized asymmetric synthesis
of nonnatural oligopeptides that contain quaternary a-amino
acid residues at the requisite positions.

Our strategy is based on the dehydrative activation of the
C terminus of a peptide as an oxazol-5-(4H)-one I, otherwise
known as an azlactone,[10] and its stereoselective alkylation
under practical biphasic conditions in the presence of an
appropriate PTC (Scheme 1).[11, 12] Since an azlactone is
known to be an active methine compound as well as a

reactive acyl donor, I can be regarded as a doubly activated
form of a peptide for two purposes, alkylation and subsequent
ligation. Thus, if we are able to utilize I selectively as the key
substrate for the first purpose, the purpose- and stereoselec-
tive introduction of an additional side chain R2 (�1 in
Scheme 1), the resulting azlactone II could be employed
directly for the second purpose, the ligation of the peptide
(�2 ). A crucial factor in enabling the stereoselective double
functionalization of the peptide C-terminal azlactone is the
structure of the PTC. It would be ideal if the primary structure
of the PTC was easy to synthesize and readily tunable so that
the most suitable catalyst for a particular transformation
could be identified promptly. With this aim in mind, we
focused our attention on the structural features of tetra-
aminophophonium salts,[13,14] which can be assembled from a
variety of amines and a commercial phosphorous source.

We first attempted the allylation of azlactone 3a, which
was formed from Boc-l-Ala-d,l-Phe by dehydration with a
carbodiimide (Scheme 2), in the presence of a known achiral
aminophosphonium salt (Table 1, entry 1). Thus, a mixture of
3a, allyl bromide, and tetra(N-methylcyclohexylamino)phos-
phonium tetrafluoroborate[13b, c] (5 mol%) in a mixture of
toluene and saturated aqueous tripotassium phosphate was
stirred vigorously at 0 8C. The starting material was consumed

Scheme 1. Strategy for the incorporation of chiral quaternary a-amino acids at specific sites of a peptide
strand. +Q*X�= chiral quaternary onium salt; LG = leaving group.
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within 2 h; however, the allylated dipeptide derivative 4a was
obtained in just 21 % yield. The observed (S,R)-4a/(S,S)-4a
ratio of 52:48 reveals the intrinsic stereoselectivity of the
transformation under these conditions. The concomitant yet
substantial formation of a diastereomeric mixture of an
undesired self-acylation product (73%) suggested the
extreme difficulty of the purpose-selective utilization of a
reactive azlactone moiety.[15]

These initial observations led us to design a series of
optically pure tetraaminophosphonium chlorides 1 as new,
chiral PTCs and to evaluate the relationship between their
structure and their selectivity in the allylation of 3a under
similar conditions.[16] Although an improvement in diastereo-
selectivity was observed with the N-benzylated aminophos-
phonium salt 1a, which was prepared from commercially
available (R,R)-1,2-diphenylethylenediamine and phospho-
rus pentachloride in two steps, the chemical yield of 4a

remained unsatisfactory (Table 1, entry 2). However, the
introduction of 3,5-bis(trialkylsilyl)benzyl substituents on
the nitrogen atoms of the catalyst led to a dramatic enhance-
ment of both the purpose- and stereoselectivities (Table 1,
entries 3 and 4): Product 4a was isolated in 78% yield with an
excellent diastereomeric ratio of 94:6 when 1 c, which
contains 3,5-bis(tert-butyldimethylsilyl)benzyl substituents,
was used as the catalyst (Table 1, entry 4).

The structure of the chiral D2-symmetric P-spiro amino-
phosphonium salts with silyl substituents was verified by
single-crystal X-ray diffraction analysis of 1b (Figure 1). The
absolute configuration of the newly created quaternary
carbon center of the major isomer of 4a was determined to
be R by X-ray analysis of an amide derivative.[17]

This biphasic alkylation system is compatible with ethe-
real solvents (Table 1, entries 5–7). Cyclopentyl methyl ether
(CPME) was found to be the solvent of choice (Table 1,
entry 7). The reaction temperature affected the stereoselec-
tivity only subtly (Table 1, entries 7–9), but self-acylation was
suppressed further (and thus the chemical yield was higher)
when the reaction mixture was cooled in an ice–salt bath
(�15 8C; Table 1, entry 9). The reaction of the N-carboben-
zyloxy-protected dipeptide 3b proceeded with comparable
reactivity and selectivity under the optimized conditions
(Table 1, entry 10).

To gain insight into the origin of the facial discrimination
in the present inherently diastereoselective reaction, we
carried out the allylation of the enantiomer of 3a, ent-3a

Scheme 2. Dehydration to the azlactone. Boc= tert-butoxycarbonyl,
DCC = N,N’-dicyclohexylcarbodiimide, WSCD·HCl=1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide hydrochloride.

Table 1: Effect of the catalyst structure on the purpose selectivity and
stereoselectivity under organic–aqueous biphasic conditions.[a]

Entry 1 Solvent T
[8C]

t
[h]

Yield[b]

[%]
d.r.[c]

S,R/S,S

1[d] (c-C6H11MeN)4PBF4 toluene 0 2 21 52:48
2 1a 0 1.5 26 64:36
3 1b 0 2 65 78:22
4 1c 0 1 78 94:6
5 1c Et2O 0 2 60 92:8
6 1c TBME[e] 0 1.5 75 94:6
7 1c CPME[e] 0 0.75 79 95:5
8 1c 25 0.25 75 93:7
9 1c �15 2 86 95:5

10[f ] 1c �15 2 85 93:7
11[g] 1c 0 0.75 69 9:91
12[g] 1c 25 0.25 60 13:87
13[g] 1c �15 1.5 70 7:93
14 ent-1c �15 2 70 8:92

[a] Unless otherwise noted, reactions were carried out on a 0.1 mmol
scale with 1.2 equivalents of allyl bromide. [b] Yield of the isolated
product. [c] The diastereomeric ratio was determined by HPLC on a
chiral stationary phase. [d] Catalyst: 5 mol%. [e] TBME = tert-butyl
methyl ether; CPME= cyclopentyl methyl ether. [f ] The azlactone 3b
derived from Cbz-l-Ala-d,l-Phe was used as the substrate instead of 3a
(Cbz = carbobenzyloxy). The absolute configuration of 4b was assigned
by analogy with 4a. [g] Compound ent-3a was used instead of 3a. The
diastereomeric ratio (R,S)-4a/(R,R)-4a is given.

Figure 1. Molecular structure of the tetraaminophosphonium salt 1b.
The counterion (Cl�), hydrogen atoms, and solvent molecules are
omitted for clarity. a) Perpendicular view of the 5,5-spirocycle; b) diag-
onal view. Purple: phosphorus, blue: nitrogen, light blue: silicon.
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(derived from Boc-d-Ala-d,l-Phe), in the presence of 1c at
0 8C. The diastereomeric product (R,R)-4a was produced as
the major isomer (69 %, (R,S)-4a/(R,R)-4 a 9:91; Table 1,
entry 11). The yield and selectivity both increased when the
temperature was lowered (Table 1, entries 11–13). Although
the slightly lower stereoselectivity suggests that ent-3a has a
mismatched stereocenter with respect to diastereofacial
differentiation with 1c, the establishment of the quaternary
carbon center with high enantioselectivity and the absolute
configuration of this center indicate clearly that the stereo-
chemical outcome of the reaction is mainly determined by the
chirality of the catalyst. The pivotal role of the chiral catalyst
was also supported by the predominant formation of (S,S)-4a
in the allylation of 3a with ent-1c under similar conditions
(Table 1, entry 14).

To explore the substrate generality of the phase-transfer
allylation catalyzed by 1c, various dipeptide-derived azlac-
tones were treated with allyl bromide under the optimized
conditions (Table 2). First, the reactions of five azlactones

with a different pendent amino acid (AA1) were examined,
and excellent stereoselectivities were uniformly observed
(Table 2, entries 1–5). Even 3 f, which contains a glycine unit,
reacted with high stereoselectivity (Table 2, entry 4), and 3g
derived from the homodipeptide of phenylalanine proved to
be a good substrate (Table 2, entry 5). Similarly, the amino
acid of the azlactone moiety (AA2) can be varied (Table 2,
entries 6–8). Notably, a tryptophan unit was used successfully
without protection of the reactive indole nitrogen atom

(Table 2, entry 6).[18] We also probed the scope of the reation
with respect to the alkyl halide component (Table 2,
entries 9–13). A terminal triple bond, a potential functionality
for use in click chemistry,[19] was introduced with rigorous
stereochemical control (Table 2, entry 10). Alkyl halides
containing nitrile and ester functionalities also reacted
efficiently (Table 2, entries 11 and 12). The use of such
electrophiles enables the incorporation of asparagine and
aspartic acid analogues at the C terminus of a peptide.
Furthermore, a serine derivative was constructed in moderate
yield with high selectivity (Table 2, entry 13).

We next extended the asymmetric phase-transfer catalysis
of 1c to the C-terminal alkylation of tripeptides. The
allylation of azlactone 6, derived from the homotripeptide
of phenylalanine, with 1c under the standard conditions
resulted in the formation of 7 in 94 % yield with 97:3
diastereoselectivity (Scheme 3). The distinct advantage of this
stereoselective alkylation strategy is that an alkylated,
diastereomerically enriched azlactone, such as 7, can be
used directly as a reactive acyl donor for a subsequent
ligation. For example, the simple treatment of 7 with a nearly
equimolar amount of l-phenylalanine methyl ester at 120 8C
for 10 h furnished 8 quantitatively without detectable epime-
rization of any stereocenter. The resulting N-Boc tetrapeptide

Table 2: Asymmetric alkylation of dipeptide-derived azlactones under
phase-transfer conditions.[a]

Entry AA1 AA2 3 R-X 4 t
[h]

Yield[b]

[%]
d.r.[c]

1 Leu Phe 3c Br-CH2CH=CH2 4c 7 89 97:3
2 Val 3d 4d 8 94 99:1
3 Pro 3e 4e 12 74 93:7
4[d] Gly 3 f 4 f 4.5 77 91:9
5 Phe 3g 4g 2.5 82 97:3
6 Trp 3h 4h 12 93 91:9
7 Leu 3 i 4 i 8 97 97:3
8[d] Leu Leu 3 j 4 j 1.5 98 95:5
9[d] Br-CH2Ph 4k 2.5 87 95:5

10[e] Phe Phe 3g Br-CH2C�CH 4 l 7 97 98:2
11 Br-CH2CN 4m 3 88 93:7
12 Br-CH2CO2Me 4n 7 82 93:7
13[e] Cl-CH2OMe 4o 2 66 95:5

[a] Unless otherwise noted, reactions were carried out on a 0.1 mmol
scale with 1.2 equivalents of alkyl halide. [b] Yield of the isolated product.
[c] The diastereomeric ratio was determined by HPLC on a chiral
stationary phase. The absolute configuration was assigned by analogy
with 4a and 10. [d] The reaction was performed at 0 8C. [e] Alkyl halide:
5.0 equivalents.

Scheme 3. Asymmetric alkylation of a tripeptide-derived azlactone and
construction of a tetrapeptide with two adjoining quaternary a-amino
acid residues.
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methyl ester 8 was converted readily into a new azlactone 9
through a saponification–dehydration sequence in prepara-
tion for another alkylation. However, when 9 was treated with
propargyl bromide in the presence of 1c under biphasic
conditions, significantly diminished diastereoselectivity was
observed. This result implied that the adjacent, sterically
congested quaternary carbon stereocenter had a considerable
influence on the stereochemical outcome of the reaction, and
that 1c may be a mismatched catalyst for the diastereofacial
differentiation of (S,S,R)-9. Indeed, a high level of stereose-
lectivity was observed with catalyst ent-1c. Thus, the straight-
forward asymmetric construction of stereochemically dense
tetrapeptides with two adjoining quaternary a-amino acid
residues is possible. The absolute stereostructure of the major
isomer of tetrapeptide 10 was determined to be S,S,R,S by
X-ray diffraction analysis after conversion into the amide
derivative 11.

To further highlight the broad scope of our strategy, we
undertook the stereoselective synthesis of a tetrapeptide with
two non-adjacent chiral quaternary a-amino acid residues.
The allylated azlactone 4 b was prepared as described earlier
with the catalyst 1c (Table 1, entry 10) and elongated by two
amino acid residues through amide-bond formation with the
tert-butyl ester of the homodipeptide of l-phenylalanine
(Scheme 4). The protected tetrapeptide 12 thus obtained was

then transformed into the C-terminal azlactone 13, the
subsequent phase-transfer allylation of which in the presence
of 1 c proceeded in high yield with high diastereoselectivity.
The resulting tetrapeptide 14 can be used as a transient
substrate for a further ligation–alkylation sequence or alter-
natively for the synthesis of oligopeptides with chiral quater-
nary a-amino acid residues incorporated at specific sites
through ligation with a preexisting, different oligopeptide
strand, as exemplified by the assembly of octapeptide 15.

In conclusion, we have developed a practical method for
the incorporation of a wide variety of chiral, nonracemic
quaternary a-amino acids at specific sites of a peptide strand.
This backbone modification of a growing peptide is based on
the dehydrative, double-purpose activation of the C terminus
as an azlactone and its highly selective quaternization under
biphasic conditions with the chiral D2-symmetric tetraamino-
phosphonium chloride PTC 1c. Since the alkylated azlactone
can be employed directly for the second purpose, that is,
peptide ligation, appropriate repetition of the operationally
simple alkylation–ligation process provides a powerful basis
for the synthesis of oligopeptides with quaternary a-amino
acid residues of the desired configuration at the requisite
positions. We hope that the results presented herein will
stimulate and even facilitate research in diverse fields in
which such nonnatural peptides serve as valuable tools.
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