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Abstract—We have developed a practical route for the synthesis of peptides containing unnatural amino acids. Mizoroki–Heck
reaction of polymer-supported dehydroalanine, followed by asymmetric hydrogenation was accomplished using Pd(0) and
Rh(I)–DuPHOS catalysts, respectively, leading to 36 dipeptides containing phenylalanine derivatives with high stereocontrol.
© 2003 Elsevier Science Ltd. All rights reserved.

Peptide inhibitors are widely found among naturally
isolated compounds, whose side chains are often
modified in a variety of alkyl and functional groups in
order to elucidate structure–activity relationships and
to find more potent analogs. The use of unnatural
amino acids are often important for precise tuning for
binding to a protein.1 Block type solid-phase synthesis

is an efficient approach to the synthesis of various
peptide analogs.2 However, one has to prepare building
blocks one by one when they are not commercially
available. In this letter, we wish to report a synthetic
method for the introduction of a variety of unnatural
amino acid residues into peptide chains from a single
common precursor on polymer-support.

Scheme 1. Strategy for solid-phase synthesis of peptides containing unnatural amino acids.
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Scheme 2.

Table 1. Preparation of polymer-supported dehydroalanine
7

Entry Base Time (h) Temp. (°C) Conversiona

(8:9)

121 25K2CO3 52:48
242 25K2CO3 86:14
24 40 99:13 K2CO3

NEt3 124 25 Trace

a Conversion was determined by 1H NMR measurement after cleav-
age with TFA–CH2Cl2 (1:1).

Our strategy is outlined in Scheme 1. Palladium(0)-cat-
alyzed Mizoroki–Heck reaction3,4 of dehydroalanine
residue 4 having various substituents (R1

1-R1
m) with

various aryl iodides 5 (Ar1-Arn) can provide dehy-
drophenylalanine derivatives in the peptide 3.5 If cata-
lyst-controlled asymmetric hydrogenation of 3 can take
place, unnatural amino acid residues can be introduced
into the peptide 2 with R- and S-configurations, respec-
tively.6 In order to synthesize this combinatorial
library, we decided to perform these reactions on poly-
mer-support. Rink amide was selected as a linker,
which is standard for solid-phase peptide synthesis and
is stable under these reaction conditions. A t-butoxy-
carbonyl (Boc) group is a good candidate for the
protective group at the N-terminus. This group will be
stable during the Pd-catalyzed reaction and should be
important for Rh(I)-catalyzed asymmetric hydrogena-
tion as a group assisting bidentate chelation which is
essential for chiral induction.5,6 Since a Boc group can
be selectively cleaved in the presence of Rink amide,7

further elongation of the peptide chains could provide a
peptide library 1 containing unnatural amino acids.

The Pd(0)-catalyzed Mizoroki–Heck reaction of poly-
mer-supported dehydroalanine 7 was initially investi-
gated using N-acetyl protection (Scheme 3). There are
many examples of Mizoroki–Heck reaction of polymer-
supported aryl halides.8 However, there are less exam-
ples of a polymer-supported alkene with aryl halides in
solution. Condensation of N-acetyl dehydroalanine
using various coupling reagents resulted in modest
yields,9,10 therefore, phosphonoglycine was immobilized
on polymer-support (DIC/HOBt, Synphase Rink-
amino PS-Crowns™)11 and Horner–Emmons reaction
of 6 was performed (Scheme 2).12 Potassium carbonate
was found to be a good base to accomplish this reac-
tion leading to 7 at 40°C (Table 1, entry 3).13,14

The Pd(0)-catalyzed Mizoroki–Heck reaction of 7 with
iodobenzene was carried out (Scheme 3).15,16 Products
were cleaved with TFA–CH2Cl2 (1:1) and were ana-
lyzed by LC–MS to determine the ratio of 10 and 8 to
monitor the progress of this reaction.14 The results are
shown in Table 2. It was found that 4 mM Pd(dba)2 in
acetonitrile at 80°C for 3 h in the presence of Bu4NCl
and triethylamine was optimal (entry 5). These condi-
tions were utilized for the construction of a library.

Scheme 3.

Hydrogenation of polymer-supported Ac-�Phe-Leu-
Rink 11 was investigated utilizing Rh(I)-catalyst in a
mixed solvent system, ethanol–toluene (1:1) (Scheme
4).17,18 We found that [Rh(COD)(R,R)-Me-DuPHOS]+

ClO4
− provided (R)-configuration with 99% dr and

[Rh(COD)(S,S)-Me-DuPHOS]+ClO4
− afforded (S)-

configuration with 97% dr.14,16,19,20 It should be noted
that catalyst-controlled asymmetric hydrogenation was
accomplished when the Rh(I)–DuPHOS was used as
the catalyst.21

The synthesis of a peptide library incorporating unnat-
ural amino acids was performed using a split and mix
method, tagging with colored Cogs and Spindles11

(Scheme 5): (i) immobilization of glycine, alanine, and
leucine on Rink amino Crowns (R1=H, Me, i-Bu), (ii)
preparation of dehydroalanine on the peptide, (iii)
Pd(0)-catalyzed Mizoroki–Heck reaction with 8 aryl
iodides 5, (iv) asymmetric hydrogenation with
[Rh(COD)(R,R)-Me-DuPHOS]+ClO4

− and [Rh(COD)-
(S,S)-Me-DuPHOS]+ClO4

−.

Rink amino Crowns were coupled with Fmoc protected
glycine, alanine, and leucine (DIC/HOBt) with different
colored Spindles to afford 14, which were mixed and
washed with DMF several times. After deprotection of
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Table 2. Mizoroki–Heck reaction of polymer-supported dehydroalanine 7a

Solvent Temp. (°C) Conversionb (10:8)Entry Pd Concentration (mM) Base

DMF 1002 95:51 K2CO3

2 NaHCO3 DMF 100 98:22
DMF3 1002 94:6NEt3

CH3CN 80NEt3 98:24 2
CH3CN5c 804 100:0NEt3

a The reactions were carried out in 1 mL solvent/1 Crown.
b Conversions were calculated by HPLC analysis of the ratio of peak intensities at 214 nm.
c The reaction time was 3 h.

Scheme 4.

Scheme 5. Reagents and conditions : (i) N-Boc-2-(dimethylphosphono)glycine, DIC, HOBt, DMF; (ii) HCHO, K2CO3, THF–H2O
(2:1), 40°C; (iii) Ar-I 5, Pd(dba)2, CH3CN, NEt3, Bu4NCl, 80°C; (iv) H2 (10 atm), [Rh(COD)Me-DuPHOS]+ClO4

−, NEt3, 40°C,
ethanol–toluene (1:1); (v) TMS(OTf), 2,6-lutidine, then methanol; (vi) Boc-Val-OH, DIC, HOBt, DMF; (vii) TFA–CH2Cl2 (1:1),
rt, 30 min.
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Table 3. Mizoroki–Heck reaction of aryl iodides 5 to 4

Entry Puritya (%)Ar

R1=H R1=Me R1=i-Bu

1 Ph 96 87 98
952 944-(MeO)-C6H4 98
86 981-Naphthyl 993

4-Me-C6H44 90 93 87
90 935 963-Me-C6H4

87 902-Me-C6H4 996
4-Ac-C6H47 45 52 60

No reaction No reaction8 No reaction4-NO2-C6H4

a Purities were determined by HPLC analysis of the ratio of peak
intensities at 214 nm after acid cleavage.

generally proceeded under the conditions described
above, with the exception of entries 7 (45–60%) and 8 (0%)
in which an electron withdrawing group is attached to
the benzene ring. The Crowns 3 obtained in entries 1–6
(Table 3) were divided into two sets and used for the next
reaction. Asymmetric hydrogenation of 3 catalyzed by
[Rh(COD)(R,R)-Me-DuPHOS]+ClO4

− and [Rh(COD)-
(S,S)-Me-DuPHOS]+ClO4

− was performed.16 Since the
products 2 (R1=H) have a single chiral center, these were
treated with TMSOTf in the presence of 2,6-lutidine and
then with methanol,7 followed by coupling of Boc-Val-
OH to the N-free terminus (DIC/HOBt). Finally, all
Crowns were treated with TFA–CH2Cl2 (1:1) in parallel
to provide the desired tripeptide 16 (R1=H) and dipep-
tides 17 (R1=Me, i-Bu), which were analyzed by LC–MS
(Table 4).14,23 It should be noted that Rh(I)–(R,R)-Me-
DuPHOS afforded R-configuration in the hydrogenation
and Rh(I)–(S,S)-Me-DuPHOS provided the S-configura-
tion, respectively, with high diastereomeric ratios. The
stereochemistries of 16 and 17 (Ar=Ph and naphthyl)
were determined by the 1H NMR spectra and retention
times compared with those of authentic samples prepared
by condensation from commercially available amino
acids.

the Fmoc group, N-Boc-2-(dimethoxyphosphono)-
glycine was coupled using the same coupling protocol with
N-methylmorpholine as base. Treatment of 15 with
formaldehyde, K2CO3, 40°C, THF–H2O (2:1), afforded
4 (97–99%).22 The Crowns 4 were divided into eight sets
according to the colored Cogs. Pd(0)-catalyzed Mizoroki–
Heck reaction of 4 with eight aryl iodides 5 was carried
out.16 The results are shown in Table 3. The reactions

Table 4. Asymmetric hydrogenation of polymer-supported 3

Entry ArR1 Catalysta Product Diastereomeric ratiob (R :S)

16APhH1 99:1
H 1:992 16BPh

96:43 16H A4-(MeO)-C6H4

7:93H4 4-(MeO)-C6H4 B 16
H 1-Naphthyl5 A 16 95:5

6 H 1-Naphthyl B 16 8:92
7 H 4-Me-C6H4 A 16 99:1

H 4-Me-C6H48 B 16 10:90
H 99:1169 A3-Me-C6H4

H 3-Me-C6H410 B 16 1:99
11 99:116A2-Me-C6H4H

16B 7:932-Me-C6H4H12
13 Me Ph A 17 99:1

Me Ph B 17 6:9414
Me 4-(MeO)-C6H4 A 1715 96:4

4-(MeO)-C6H416 6:9417BMe
17 1-NaphthylMe A 98:217
18 17B 7:931-NaphthylMe
19 Me 4-Me-C6H4 99:1A 17

Me 7:9317B4-Me-C6H420
21 Me 173-Me-C6H4 A 99:1

5:9522 17B3-Me-C6H4Me
2-Me-C6H423 Me 99:117A

4:9624 17Me B2-Me-C6H4

i-Bu Ph A 17 93:725
i-Bu Ph B 17 6:9426

93:717A27 4-(MeO)-C6H8i-Bu
6:9428 4-(MeO)-C6H9i-Bu B 17

29 93:717A1-Naphthyli-Bu
17B 4:961-Naphthyli-Bu30

i-Bu 4-Me-C6H4 A 17 99:131
i-Bu 4-Me-C6H432 B 17 9:91

33 i-Bu 3-Me-C6H4 A 17 93:7
3-Me-C6H434 6:9417Bi-Bu

35 2-Me-C6H4i-Bu A 17 99:1
i-Bu 2-Me-C6H436 B 17 4:96

a Catalyst A [Rh(COD)(R,R)-Me-DuPHOS]+ClO4
−. Catalyst B [Rh(COD)(S,S)-Me-DuPHOS]+ClO4

−.
b The ratio was determined by HPLC.
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In summary, we have demonstrated the stereoselective
synthesis of 36 dipeptides containing unnatural amino
acids utilizing the Pd(0)-catalyzed Mizoroki–Heck reac-
tion of dehydroalanine derivatives and Rh(I)–DuPHOS
catalyzed asymmetric hydrogenation on polymer-sup-
port. Syntheses of a variety of peptides containing
unnatural amino acid residues utilizing this methodol-
ogy are underway in our laboratory.
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