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AbstractÐAsymmetric syntheses of (S)-trans-cinnamylglycine and (S)-a-trans-cinnamyl-a-alanine via reactions of cinnamyl halides (Cl,
Br) with Ni(II)-complexes of the chiral Schiff base of glycine or alanine with (S)-o-[N-(N-benzylprolyl)amino]benzophenone were
developed. Inexpensive and readily available reagents and solvents were used, including an easily recyclable chiral auxiliary. The simplicity
of the experimental procedures and the high stereochemical outcome make this method synthetically attractive for preparing the target amino
acids on multi-gram scales. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Systematic studies conducted by our group into the chemi-
cal±physical basis for peptide-mediated biological informa-
tion transfer, as a function of topographical properties and
three-dimensional structure of peptides, has led to a
uniquely fruitful approach to the de novo design of peptides
via rational introduction of global and local constrains to the
peptide's geometry.1 Since phenylalanine (Phe) often plays
a pivotal role as a pharmacophore element in biologically
active peptides and proteins, much attention had been paid
by us2 and others3,4 to the development of sterically
constrained analogues of this essential amino acid and
related tyrosine (Tyr) analogues to be used as building
blocks in the rational design of peptide and proteins. Our
efforts in this ®eld resulted in the discovery of b-methyl-
2 0,6 0-dimethyl tyrosine (TMT),5 a unique amino acid, used
as a key structural unit in the design and synthesis of
numerous bioactive peptides, some of which have potential
medicinal applications.6 Thus, while the pattern of steric
substitution on the Phe moiety in peptides have been
extensively studied, little is known about the possibility of
modifying biological activity of Phe-containing peptides by
altering the distance between the pharmacophoric phenyl
ring and the a-stereogenic carbon in the original Phe
molecule. To pursue this opportunity we chose (S)-trans-

cinnamylglycine (1) and -a-alanine (2) as the ®rst, most
interesting targets. In this paper we describe a convenient
asymmetric method for preparing these amino acids on a
multi-gram scale.

Results and Discussion

A literature search for enantiomerically pure trans-cinnamyl
derivatives of glycine 1 and a-alanine 2 revealed that these
amino acids have been prepared by traditional approaches
such as biocatalytic resolution of the corresponding race-
mates7 or elaboration of enantiomerically pure glutamic
acid derivatives.8 More recent and methodologically
straightforward methods involved the asymmetric alkyl-
ation reaction of chiral equivalents of nucleophilic glycine
and alanine, respectively. For instance, reactions between
trans-cinnamyl bromide and lithium enolates of c-(S)-Val-
Gly or Ala bis-lactim ethers,9 or (2S,4S)-2-ferrocenyl-3-
pivaloyl-4-methyl-1,3-oxazolidin-5-one10 were shown to
afford the corresponding derivatives of the target amino
acids 1 and 2 in high chemical yield and excellent diastereo-
selectivity. In contrast, asymmetric cinnamylation of (6S)-
or (6R)-6-methylmorpholine-2,5-dione derivatives was less
successful, giving rise to the desired diastereomeric
products in less than 75% de.11 An ef®cient catalytic asym-
metric hydrogenation of the corresponding enamide furnish-
ing trans-cinnamylglycine (98.6% ee) also has been
reported.12 However, an apparent disadvantage of this
method on a large scale would be the high pressure
(90 psi) reduction protocol. One more approach to the
stereochemically de®ned trans-cinnamylglycine (1) via
asymmetric Claisen rearrangement of chelated enolates of
chiral N-protected glycine allyl esters13 should be
mentioned in this short review.
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In our experience, Ni(II)-complexes of the chiral Schiff
bases of glycine or alanine14,15 with (S)-o-[N-(N-benzyl-
prolyl)amino]benzophenone (BPB), as chiral equivalents
of nucleophilic glycine 3 and alanine 4, provide a generally
more practical solution for the asymmetric homologation of
these simple amino acids than the above mentioned
methods.7±13 Apparent synthetic advantages of Ni(II)-
complexes 3 and 4 over other known and well-tried chiral
equivalents of nucleophilic glycine and alanine are the
availability of 3 and 4 even on kilogram scales16 and the
extremely simple experimental procedure (vide infra) for
the corresponding asymmetric alkylation step. Therefore,
we decided to study the reactions of Ni(II)-complexes 3
and 4 with trans-cinnamyl halides to develop a practical
large-scale asymmetric synthesis of the target amino acids.

Synthesis of (S)-trans-cinnamylglycine (1)

Since the reactivity of cinnamyl halides was expected to be
similar to that of benzyl/allyl halides, we decided to use
initially the conditions used previously for the correspond-
ing benzylation/allylation of glycine complex (S)-3.17 The
reaction of complex (S)-3 with trans-cinnamyl bromide 5a
was conducted in DMF solution at room temperature in
oxygen-free18 atmosphere (N2) using powdered KOH as a
base and 1/1.5 ratio of the starting (S)-3 and 5a, respectively
(Scheme 1). The exothermic reaction was completed in less
then 5 min, giving rise in high chemical yield to a mixture of

products 6, 7 and 8 in a ratio of 24.4/1.0/13.1, respectively
(Table 1, entry 1). All three products were isolated in
diastereomerically pure form by column chromatography
and completely characterized. Based on the NMR spectra,
compounds 6 and 7 were found to be the diastereomeric
derivatives of trans-cinnamylglycine, while complex 8
showed data consistent with the corresponding bis-
cinnamylation product. Investigation of the chiroptical
properties19 of complexes 6 and 7 allowed us to assign the
absolute con®guration of the corresponding trans-cinnamyl-
glycine moieties as (S) and (R), respectively. The results
obtained suggested that while the ratio of (S)-6 and (R)-7
diastereomers (92% de) is synthetically meaningful, the bis-
cinnamylation side reaction would compromise a large
preparative use of the method. Indeed, the bis-cinnamyl-
ation product 8 could be readily obtained as the major
reaction product using 2.3 mol excess of bromide 5a
(entry 2). We reasoned that the unwanted bis-cinnamylation
reaction could be suppressed by using a less powerful base
or a less reactive cinnamyl halide.

Application of K2CO3 in place of KOH dramatically
decreased the reaction rate, taking more than 12 h at room
temperature to reach 95% conversion of starting complex
(S)-3. While our expectation was satis®ed and not even
a trace amount of bis-8 was detected in the reaction
mixture, the ratio of (S)-6 and (R)-7 diastereomers was
disappointedly low (entry 3). The absence of bis-8 in this

Scheme 1.

Table 1. The Reactions of Ni(II)-complex 3 with trans-cinnamyl halides 5a,b (all reactions conducted in DMF in a nitrogen atmosphere)

Entry 5a,b Ratio 3/5a,b Base t, (8C) Time Ratioa Yieldb (%)

6 7 8

1 a 1.0/1.5 KOH Room temperature 5 min 24.4 1.00 13.1 95.1
2 a 1.0/2.3 KOH Room temperature 1 h 1.00 0.00 20.0 96.8
3 a 1.0/1.1 K2CO3 Room temperature c 4.50 1.00 0.00 87.4
4 b 1.0/1.0 KOH 4 10 min 26.5 1.00 1.30 95.4

a Ratio of diastereomers determined by 1H NMR analysis of crude reaction mixtures.
b Combined yield of all listed products.
c Overnight.
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reaction might imply that K2CO3 as a base is ineffective in
generating the corresponding enolates from the primary
products (S)-6 and (R)-7, and consequently, the observed
stereochemical outcome is kinetically controlled. Indeed,
treatment of the 4.5/1 mixture of (S)-6 and (R)-7, with
KOH in DMF solution resulted in a fast epimerization of
the diastereomers to afford products (S)-6 and (R)-7 in
thermodynamically controlled ratio of 27/1, respectively.
After a series of additional experiments, we found that the
less reactive cinnamyl chloride 5b in combination with
KOH as a base provides a synthetically acceptable solution.
The reaction of complex (S)-3 with 5b conducted at 48C
gave a mixture of (S)-6, (R)-7 and bis-8 in a ratio of 26.5/
1.0/1.3, respectively (entry 4). The same stereochemical
outcome was reliably observed on gram and multi-gram
scales.

Decomposition of the diastereomerically pure (S)-6 under
standard conditions15 afforded the target amino acid (S)-1
along with 94% recovery of the chiral ligand (S)-9, which
was readily converted back to glycine complex (S)-3
(Scheme 1). It is important to note that cinnamylglycine
(S)-1 was found to be extremely hydrophobic, necessitating
the application of a mixture of NH4OH/EtOH as an eluent to
isolate (S)-1 from a cation-exchange column.

Synthesis of (S)-a-trans-cinnamyl-a-alanine (1)

Since cinnamylation of alanine complex 4 cannot be accom-
panied by the problematic side reactions encountered in the
case of glycine complex (S)-3, we used the more reactive
trans-cinnamyl bromide and KOH as a base. Alanine
complex 4 was prepared and used as a mixture of (S)(2S)
and (S)(2R) diastereomers in a ratio of 10/1, respectively. As
one can assume, the homologation of complex 4 occurs via
formation of the corresponding enolate, and thus the initial
diastereomeric composition of starting 4 does not in¯uence
the stereochemical outcome of the corresponding alkylation/
benzylation/allylation reactions.14,15 Having conducted a
series of reactions between alanine complex (S)(2S,R)-4
and 5a varying the reaction temperature and ratio of the
starting compounds, we found that the best synthetic result
could be obtained using 1/1.1 ratio of (S)(2S,R)-4 and 5a,
respectively, at 48C (Scheme 2). Under these reaction

conditions the cinnamylation of complex (S)(2S,R)-4 was
completed in 30 min affording the product 10 in high chemi-
cal yield. Analysis of the crude reaction mixture by 1H NMR
revealed trace amounts of some byproducts formed in a ratio
to 10 less than 1/50. Based on its spectral data and chir-
optical properties, the absolute con®guration of 10 was
determined to be (S)(2S). Attempts to isolate the corre-
sponding (2R)-diastereomer among the minor products
were not successful. It is interesting to note that the dia-
stereoselectivity obtained in this reaction (.98% de) is
better than that reported for the benzylation/allylation
(90±92% de) of complex 4.14,15

Decomposition of product (S)(2S)-10 (Scheme 2) afforded
the target (S)-a-trans-cinnamyl-a-alanine (2) as well as
chiral ligand (S)-9 which was recycled to give the starting
alanine complex (S)(2S,R)-4. As with the glycine derivative
(S)-1, the amino acid (S)-2 was found to be highly hydro-
phobic. However, its puri®cation to the analytically pure
state was readily achieved by recrystallization from H2O/
ethanol.

In conclusion, we have demonstrated that enantiomerically
pure (S)-trans-cinnamylglycine (1) and (S)-a-trans-
cinnamyl-a-alanine (2) can be readily prepared via reaction
of Ni(II)-complexes of glycine and alanine, respectively,
with cinnamyl halides (Cl, Br). Inexpensive and readily
available reagents and solvents are used, including a
recyclable chiral ligand, (S)-9. The simplicity of the experi-
mental procedures and high stereochemical outcome make
this method synthetically attractive for preparing the target
amino acids on multi-gram scales.

Experimental

General

1H and 13C NMR were performed on a Bruker DRX-500
(500.130 MHz) spectrometer and a Bruker AM-250
(250.133 MHz) spectrometer using TMS and CDCl3 as
internal standards. High Resolution Mass Spectra (HRMS)
were recorded on a JEOL HX110A instrument. Optical
rotations were measured on a JASCO P-1020 polarimeter.

Scheme 2.
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Melting points (mp) are uncorrected and were obtained on a
Thomas±Hoover apparatus in open capillaries. All reagents
and solvents, unless otherwise stated, are commercially
available and were used as received. Synthesis of the
Ni(II)-complex of the Schiff base of (S)-BPB and glycine
(S)-1 was accomplished by literature procedure.17 Unless
otherwise stated, Rf values were taken using ethyl acetate/
acetone (20/1) as an eluting system. Unless otherwise stated,
yields refer to isolated yields of products of greater than
95% purity as estimated by 1H and 13C NMR spectroscopy.
All new compounds were characterized by 1H, 13C NMR
and HRMS.

General procedure for the reactions of complexes (S)-3
and (S)(2S,R)-4 with cinnamyl halides 5a,b

To a solution of complex 3 or 4 (10 mmol) in DMF (45 mL)
at 48C (ice water) under oxygen-free atmosphere, KOH
powder (100 mmol) was added with stirring. The mixture
was warmed to room temperature, and trans-cinnamyl
halide 5a,b in DMF (4 mL) was added dropwise. The course
of the reaction was monitored by TLC (SiO2). Each sample
was quenched with 5% aqueous acetic acid and the products
were extracted with chloroform before being applied to the
TLC plate. Upon disappearance of the starting 3 or 4, the
reaction mixture was poured into icy 5% acetic acid aqueous
solution (200 mL) and stirred with a glass bar to initiate
crystallization. The crystalline product was ®ltered off,
thoroughly washed with water and dried in vacuo to afford
the corresponding diastereomeric products. In the case of
complex (S)-3, resulting complexes 6, 7, and 8 were isolated
by ¯ash chromatography on silica gel using acetone/ethyl
acetate (1/20) as an eluent, to afford diastereomerically pure
8 (emerges ®rst), 6 (emerges second), and 7 (emerges last).
For yields, ratios of starting compounds (S)-3 and 5a,b, and
products 6, 7, and 8 see Table 1. Alanine derivative (S)(2S)-
10 was puri®ed prior to decomposition on a short silica gel
column using acetone/ethyl acetate (1/20) as an eluent.

Ni(II) complex of Schiff base of (S)-BPB and (S)-trans-
cinnamylglycine (6). Rf�0.30. Mp 129±1308C. [a]D

25�
26958 (c 0.0302, CHCl3).

1H NMR (CDCl3) d 1.52±1.58
(1H, m), 1.97 (1H, ddd, J�17.0, 10.5, 6.5 Hz), 2.13±2.21
(1H, m), 2.24±2.30 (1H, m), 2.48, 2.64 (2H, ABXY,
JAB�14.0 Hz, JAX�7.0 Hz, JAY�4.0 Hz, JBX�7.0 Hz,
JBY�6.0 Hz), 2.82±2.91 (1H, m), 3.31 (1H, dd, J�10.5,
7.0 Hz), 3.43 (1H, ddd, J�10.0, 6.5, 3.0 Hz), 3.51, 4.35
(2H, AB, J�12.5 Hz), 4.14 (1H, dd, J�6.0, 4.0 Hz), 6.54,
6.72 (2H, ABXY, JAB�15.5 Hz, JAX�JAY�7.5 Hz), 6.65±
6.69 (2H, m), 6.99 (1H, m), 7.13±7.19 (2H, m), 7.23±7.34
(6H, m), 7.43±7.48 (3H, m), 7.50±7.57 (2H, m), 8.02±8.03
(2H, m), 8.20 (1H, part of AB, J�9.0 Hz). 13C NMR
(CDCl3) d 23.2, 30.7, 37.7, 57.2, 63.2, 70.3, 70.6, 120.6,
123.5, 123.5, 126.3, 126.6, 127.1, 127.7, 127.9, 128.5,
128.8, 128.9, 129.0, 129.8, 131.5, 132.3, 133.2, 133.3,
134.1, 134.7, 137.0, 139.2, 142.7, 171.0, 178.9, 180.4.
HRMS (FAB) [M1H]1 calcd for C36H33N3NiO3

614.1954, found 614.1964.

Ni(II) complex of Schiff base of (S)-BPB and (R)-trans-
cinnamylglycine (7). Rf�0.25. Mp 202.0±202.58C. [a]D

25�
213298 (c 0.0256, CHCl3).

1H NMR (CDCl3) d 1.20±1.32
(1H, m), 1.58±1.69 (2H, m), 2.01±2.04 (1H, m), 2.35±2.42

(1H, m), 2.57±2.63 (1H, m), 3.40 (1H, dd, J�9.5, 3.5 Hz),
3.81, 4.37 (2H, AB, J�13.5 Hz), 3.99±4.02 (1H, m), 4.05±
4.14 (2H, m), 6.55, 6.74 (2H, ABXY, JAB�15.8 Hz,
JAX�JAY�7.6 Hz), 6.74, 6.80 (2H, AB, J�8.0 Hz), 7.06±
7.11 (1H, m), 7.18±7.36 (7H, m), 7.44±7.45 (3H, m), 7.48±
7.52 (5H, m), 8.52 (1H, d, J�8.5 Hz). 13C NMR (CDCl3) d
23.5, 31.1, 37.9, 56.5, 61.1, 68.7, 70.8, 120.7, 123.6, 124.1,
126.1, 126.5, 127.0, 127.6, 128.0, 128.6, 128.8, 129.2,
129.8, 131.8, 132.1, 132.6, 133.7, 134.2, 134.7, 137.2,
143.1, 171.1, 178.9, 182.2. HRMS (FAB) [M1H]1 calcd
for C36H33N3NiO3 614.1954, found 614.1948.

Ni(II) complex of Schiff base of (S)-BPB and bis-(trans-
cinnamyl)glycine (8). Rf�0.52. Mp 194±1958C. [a]D

25�
21028 (c 0.0245, CHCl3).

1H NMR (CDCl3) d 1.40±1.43
(1H, m), 1.90 (1H, ddd, J�17.0, 11.0, 6.5 Hz), 2.12±2.17
(2H, m), 2.42, 2.63 (2H, ABX, JAB�14.5 Hz, JAX�9.0 Hz,
JBX�5.5 Hz), 2.57, 2.72 (2H, ABX, JAB�15.5 Hz,
JAX�6.5 Hz, JBX�7.0 Hz), 2.60±2.70 (1H, m), 3.24±3.70
(1H, t, J�8.5 Hz), 3.31, 4.30 (2H, AB, J�12.5 Hz), 3.54±
3.57 (1H, m), 6.19, 6.56 (2H, ABXY, JAB�15.0 Hz,
JAX�JAY�7.0 Hz), 6.63, 6.73 (2H, ABXY, JAB�15.0 Hz,
JAX�JAY�8.0 Hz), 6.97 (1H, ddd, J�15.5, 8.5, 6.0 Hz),
7.06±7.17 (5H, m), 7.23±7.29 (2H, m), 7.33±7.37 (3H,
m), 7.46±7.58 (7H, m), 7.81 (1H, d, J�8.5 Hz), 8.12 (2H,
d, J�7.5 Hz). 13C NMR (CDCl3) d 22.8, 30.7, 41.4, 43.3,
58.4, 64.2, 70.6, 82.3, 120.6, 123.4, 124.1, 126.3, 126.5,
127.2, 127.5, 127.6, 127.7, 128.1, 128.6, 128.7, 128.8,
129.8, 131.3, 131.4, 133.0, 133.9, 134.2, 134.6, 136.5,
137.1, 137.2, 141.6, 172.8, 180.6, 180.8. HRMS (FAB)
[M1H]1 calcd for C45H41N3NiO3 730.2580, found
730.2601.

Ni(II) complex of Schiff base of (S)-BPB and (S)-a-trans-
cinnamyl-a-alanine (10). Starting from 5.0 g of (S)(2S,R)-
4, 5.80 g (94.6%) of 10 was obtained. Rf�0.40. Mp 123±
1248C. [a]D

25�21928 (c 0.0262, CHCl3).
1H NMR (CDCl3) d

1.26 (3H, s), 1.41±1.47 (1H, m), 1.89±1.95 (1H, ddd,
J�17.2, 10.7, 6.5 Hz), 2.07±2.23 (2H, m), 2.57±2.68 (3H,
m), 3.27 (1H, dd, J�10.0, 7.0 Hz), 3.49 (1H, ddd, J�10.0,
6.5, 2.5 Hz), 3.61, 4.39 (2H, AB, J�13.0 Hz), 6.61±6.68
(3H, m), 6.92 (1H, ddd, J�15.5, 9.0, 6.5 Hz), 7.09±7.14
(2H, m), 7.23±7.26 (2H, m), 7.31±7.38 (5H, m), 7.41±
7.45 (1H, m), 7.48±7.53 (4H, m), 8.04 (2H, t, J�7.0 Hz).
13C NMR (CDCl3) d 22.9, 29.4, 30.5, 43.7, 57.3, 63.4, 70.1,
78.5, 120.6, 123.8, 124.0, 126.5, 127.0, 127.5, 127.7, 128.0,
128.5, 128.6, 128.8, 128.9, 129.5, 130.6, 131.6, 133.3,
133.4, 134.5, 136.6, 137.1, 141.9, 172.6, 180.4, 181.7.
HRMS (FAB) [M1H]1 calcd for C37H35N3NiO3

628.2110, found 628.2096.

General procedure for decomposition of complexes
(S)(2S)-(6) and (S)(2S)-(10)

Isolation of (S)-trans-cinnamylglycine (1) and (S)-a-
trans-cinnamyl-a-alanine (2) and recovery of chiral
ligand (S)-9. A solution of diastereo- and enantiomerically
pure complex (S)(2S)-(6) or (S)(2S)-(10) (10 mmol) in
MeOH (15 mL) was added dropwise to a mixture of
aqueous 3N HCl and MeOH (1/1) (70 mL) at 708C with
stirring. Upon disappearance of the red color of the starting
complex, the reaction mixture was evaporated and dried in
vacuo to dryness. Conc. NH3´H2O (45 mL) was added,
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followed by extraction with CHCl3 (40 mL). The CHCl3

extract was dried over MgSO4 and evaporated and dried
in vacuo to afford (94.8±97.3%) of free (S)-9. The aqueous
solution was evaporated and dried in vacuo, dissolved in
water/EtOH (1/1) and loaded on Dowex 50X2 100 cation-
exchange resin. Elution of the column with 10% NH3´H2O/
EtOH (1/1) and subsequent evaporation gave the target
amino acids (S)-1 and (S)-2.

(S)-trans-Cinnamylglycine (1). Yield: (90.2%); mp 238±
2398C (dec.). [a]D

25�230.78 (c0.11, MeOH), 218.38 (c0.57,
1 N HCl); lit.20 mp 197±2008C. [a]D

25�218.78, (c1, 1 N HCl).
1H NMR (CD3OD/D2O) d 2.75, 2.83 (2H, ABXY,
JAB�15.0 Hz, JAX�JAY�7.5 Hz, JBX�JBY�6.0 Hz), 3.78
(1H, dd, J�7.5 Hz, 5.0 Hz), 6.21, 6.62 (2H, ABXY,
JAB�15.0 Hz, JAX�JAY�7.5 Hz), 7.24±7.27 (1H, m), 7.32±
7.35 (2H, m), 7.43±7.44 (2H, m). 13C NMR (CD3OD/D2O) d
35.4, 55.5, 123.9, 127.3, 128.8, 129.7, 135.8, 137.8, 174.4.
HRMS(FAB) [M1H]1 calcd for C11H13NO2 192.1025,
found 192.1032.

(S)-a-trans-Cinnamyl-a-alanine (2). Yield: (90.6%); mp
249±2508C (dec.). [a]D

25�212.98 (c 0.51, MeOH); lit.10 mp
241±2458C. [a]D

21�13.18 (R enantiomer, c0.4, MeOH). 1H
NMR (CD3COCD3/D2O) d 1.49 (3H, s), 2.61, 2.77 (2H,
ABX, JAB�14.5 Hz, JAX�8.5 Hz, JBX�6.5 Hz), 6.19, 6.54
(2H, ABX, JAB�15.5 Hz, JAX�JAY�7.5 Hz), 7.13±7.16
(1H, m), 7.22±7.25 (2H, m), 7.35±7.36 (2H, m). 13C
NMR (CD3OD/D2O) d 22.6, 41.3, 61.7, 123.6, 127.0,
128.1, 129.1, 135.6, 137.6, 175.6. HRMS(FAB) [M1H]1

calcd for C12H15NO2 206.1181, found 206.1181.

Acknowledgements

This work was supported by the grants from US Public
Health Service Grant and the National Institute of Drug
Abuse DA 06284, DA 04248 and DK 17420. The views
expressed are those of the authors and not necessarily of
the USPHS.

References

1. (a) Hruby, V. J.; Li, G.; Haskell-Luevano, C.; Shenderovich,

M. D. Biopolymers 1997, 43, 219. (b) Hruby, V. J. Biopolymers

1993, 33, 1073. (c) Hruby, V. J.; Al-Obeidi, F.; Kazmierski, W. M.

Biochem. J. 1990, 268, 249. (d) Hruby, V. J. Life Sci. 1982, 31, 189.

2. (a) Lin, J.; Liao, S.; Hruby, V. J. Tetrahedron Lett. 1998, 39,

3117. (b) Li, G.; Haq, W.; Xiang, L.; Lou, B.-S.; Hughes, R.; De

Leon, I. A.; Davis, P.; Gillespie, T. J.; Romanowski, M.; Zhu, X.;

Misicka, A.; Lipkowski, A. W.; Porreca, F.; Davis, T. P.;

Yamamura, H. I.; O'Brien, D. F.; Hruby, V. J. Bioorg. Med.

Chem. Lett. 1998, 8, 555. (c) Liao, S.; Shenderovich, M. D.; Lin,

J.; Hruby, V. J. Tetrahedron 1997, 53, 16645. (d) Haskell-

Luevano, C.; Toth, K.; Boteju, L.; Job, C.; de Lauro Castrucci,

A.-M.; Hadley, M. E.; Hruby, V. J. J. Med. Chem. 1997, 40,

2740. (e) Yuan, W.; Hruby, V. J. Tetrahedron Lett. 1997, 38, 3853.

3. (a) Belokon', Y. N.; Kochetkov, K. A.; Churkina, T. D.;

Ikonnikov, N. S.; Chesnokov, A. A.; Larionov, O. V.; Kagan,

H. V. Russ. Chem. Bull. 1999, 48, 917. (b) Chinchilla, R.; Galindo,

N.; Najera, C. Synthesis 1999, 704. (c) Torrini, I.; Zecchini, G. P.;

Paradisi, M. P.; Mastropietro, G.; Lucente, G.; Gavuzzo, E.;

Mazza, F. Tetrahedron 1999, 55, 2077. (d) Davis, F. A.; Liang,

C.-H.; Liu, H. J. Org. Chem. 1997, 62, 3796. (e) Shapiro, G.;

Buechler, D.; Marzi, M.; Schmidt, K.; Gomez-Lor, B. J. Org.

Chem. 1995, 60, 4978. (f) Danho, W.; Tilley, J. W.; Shiuey, S. J.;

Kulesha, I.; Swistok, J.; Makofske, R.; Michalewsky, J.; Wagner,

R.; Triscari, J.; Nelson, D.; Chiruzzo, F. Y.; Weatherwood, S. Int.

J. Pept. Protein Res. 1992, 39, 337. (g) Evans, D. A.; Britton, T. C.;

Ellman, J. A.; Dorow, R. I. J. Am. Chem. Soc. 1991, 113, 2275. (h)

Fitzi, R.; Seebach, D. Tetrahedron 1988, 44, 5277.

4. For a recent review on conformationally constrained aromatic

amino acids, see Gibson, S. E.; Guillo, N.; Tozer, M. J. Tetrahedron

1999, 55, 585.

5. Qian, X.; Russell, K. C.; Boteju, L. W.; Hruby, V. J. Tetrahedron

1995, 51, 1033.

6. (a) Liao, S.; Shenderovich, M. D.; Zhang, Z.; Maletinska, L.;

Slaninova, J.; Hruby, V. J. J. Am. Chem. Soc. 1998, 120, 7393.

(b) Liao, S.; Lin, J.; Shenderovich, M. D.; Han, Y.; Hosohata, K.;

Davis, P.; Qiu, W.; Porreca, F.; Yamamura, H. I.; Hruby, V. J.

Bioorg. Med. Chem. Lett. 1997, 7, 3049. (c) Qian, X.; Shenderovich,

M. D.; KoÈveÂr, K. E.; Davis, P.; HorvaÂth, R.; Zalewska, T.;

Yamamura, H. I.; Porreca, F.; Hruby, V. J. J. Am. Chem. Soc.

1996, 118, 7280.

7. Kaptein, B.; Boesten, W. H. J.; Broxterman, Q. B.; Peters, P. J.

H.; Schoemaker, H. E.; Kamphuis, J. Tetrahedron: Asymmetry

1993, 4, 1113.

8. Baldwin, J. E.; North, M.; Flinn, A.; Moloney, M. Tetrahedron

1989, 45, 1465.

9. (a) SchoÈllkopf, U.; Hartwig, W.; Groth, U. Angew. Chem., Int.

Ed. Engl. 1979, 18, 863. (b) SchoÈllkopf, U.; Groth, U.; Deng, C.

Angew. Chem., Int. Ed. Engl. 1981, 20, 798. (c) SchoÈllkopf, U.;

Hartwig, W.; Pospischil, K.-H.; Kehne, H. Synthesis 1981, 966.

(d) SchoÈllkopf, U.; Groth, U.; Deng, C. Synthesis 1981, 969.

10. Alonso, F.; Davies, S. G.; Elend, A. S.; Haggitt, J. L. J. Chem.

Soc., Perkin Trans. 1 1998, 257.

11. Carloni, A.; Porzi, G.; Sandri, S. Tetrahedron: Asymmetry

1998, 9, 2987.

12. Burk, M. J.; Allen, J. G.; Kiesman, W. F. J. Am. Chem. Soc.

1998, 120, 657.

13. Kazmaier, U.; Schneider, C. Synthesis 1998, 1321.

14. For reviews see: (a) Belokon', Yu. N. Janssen Chim. Acta

1992, 10 (2), 4. (b) Belokon', Yu. N. Pure Appl. Chem. 1992,

64, 1917. (c) Kukhar', V. P.; Resnati, G.; Soloshonok, V. A. In

Fluorine-Containing Amino Acids. Synthesis and Properties;

Kukhar', V. P., Soloshonok, V. A., Eds.; Wiley: Chichester,

1994; Chapter 5. (d) Soloshonok, V. A. In Biomedical Frontiers

of Fluorine Chemistry; Ojima, I., McCarthy, J. R., Welch, J. T.,

Eds.; ACS Books; American Chemical Society: Washington, DC,

1996; Chapter 2. (e) Soloshonok, V. A. In Enantiocontrolled

Synthesis of Fluoro-Organic Compounds: Stereochemical

Challenges and Biomedicinal Targets; Soloshonok, V. A., Ed.;

Wiley: Chichester, 1999.

15. For successive papers see: (a) Soloshonok, V. A.; Avilov,

D. V.; Kukhar', V. P.; Tararov, V. I.; Savel'eva, T. F.; Churkina,

T. D.; Ikonnikov, N. S.; Kochetkov, K. A.; Orlova, S. A.;

Pysarevsky, A. P.; Struchkov, Yu. T.; Raevsky, N. I.; Belokon',

Yu. N. Tetrahedron: Asymmetry 1995, 6, 1741. (b) Soloshonok,

V. A.; Avilov, D. V.; Kukhar, V. P. Tetrahedron: Asymmetry 1996,

7, 1547. (c) Soloshonok, V. A.; Avilov, D. V.; Kukhar, V. P.

Tetrahedron 1996, 52, 12433. (d) De, B. B.; Thomas, N. R.

Tetrahedron: Asymmetry 1997, 8, 2687. (e) Soloshonok, V. A.;

Cai, C.; Hruby, V. J.; Meervelt, L. V.; Mischenko, N. Tetrahedron

1999, 55, 12031. (f) Soloshonok, V. A.; Cai, C., Hruby, V. J.;

Meervelt, L. V. Tetrahedron 1999, 55, 12045. (g) Soloshonok,



W. Qiu et al. / Tetrahedron 56 (2000) 2577±25822582

V. A.; Cai, C.; Hruby, V. J. Tetrahedron: Asymmetry 1999, 10,

4265. (h) Soloshonok, V. A.; Cai, C.; Hruby, V. J. Angew. Chem.,

Int. Ed. Engl. In press.

16. Belokon', Yu. N.; Tararov, V. I.; Maleev, V. I.; Savel'eva,

T. F.; Ryzhov, M. G. Tetrahedron: Asymmetry 1998, 9, 4249.

17. (a) Belokon', Y. N.; Bakhmutov, V. I.; Chernoglazova, N. I.;

Kochetkov, K. A.; Vitt, S. V.; Garbalinskaya, N. S.; Belikov, V. M.

J. Chem. Soc., Perkin Trans. 1 1988, 305. (b) Kukhar, V. P.;

Belokon', Y. N.; Svistunova, N. Y.; Soloshonok, V. A.; Rozhenko,

A. B.; Kuzmina, N. A. Synthesis 1993, 117.

18. Presence of oxygen in the reaction mixture can result in the

corresponding oxidation products of the Ni-complexes.

19. It has been demonstrated14,15 that CD and ORD spectra of

Ni(II)-complexes of this type in neutral solutions exhibit two

maxima in the region of metal d±d transition (Cotton effects at

450 and 550 nm). In the ORD spectra, the sign of Cotton effects in

this region strictly depends upon the conformation of the polycyc-

lic system of chelate rings. Thus, in the case of complexes contain-

ing a-monosubstituted a-amino acid, the pseudoaxial orientation

of the amino acid side chain, corresponding to an a-(l) con®gura-

tion of an a-amino acid, causes a Cotton effect with a positive sign

at the 500±700 nm region and a negative sign at 400±450 nm. On

the other hand, a pseudoequatorial orientation of the amino acid

side chain brings about opposite signs of the Cotton effects at 400±

450 (positive) and at the 500±700 nm (negative) region. As estab-

lished in numerous studies, this general trend is not in¯uenced by

the structure and nature of the a-amino acid side chain, and the

con®guration of other stereogenic centers that may be within it. 1H

NMR spectra of the complexes containing a-(l)- and a-(d)-amino

acids are also very characteristic, featuring a substantial difference

in chemical shifts of aromatic and methylene protons of the

(N-benzyl)proline moiety.

20. Coulter, A. W.; Lombardini, J. B.; Talalay, P. Mol. Pharmacol.

1974, 10, 305.


