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Yamee = N& WES(S+1) (1+u)/3kT (1a)
u = coth[JS(S+1)/kT] —KTIS(S +1) (1b)
M = Xdim::r/[1 - Xdimer(zz',,/Ngzlulz?‘)] (1 C)

The best fit for y, T versus 7 in the range of 9-300 K (solid
line shown in Figure 3a) leads to the following parameters:
JIk=T118K, J7k=0.58K, g=2.07 and R=2.0x 1072 (R=
2[(XM)obs_ (XM)calcd]Z/Z[(XM)obs]z)' The small pOSitiVe J' value
implies that the exchange interaction through the axial
asymmetrical EE bridging azide is very weakly ferromagnetic.
This is mainly because of the strict orthogonality of o, and
azide orbitals.”"! The low temperature magnetic data (2-
20 K) measured at different external fields between 200 Oe
to 10 kOe indicate that the value of y T'increases greatly with
decreasing magnetic field. This result suggest that the
presence of field-saturation effects in addition to the possible
weak inter-layer antiferromagnetic interaction may cause the
decrease of y; T below 9 K.

Very recently, Monfort et al.'l reported a 2D molecular
material with Ni" centers and azide units that shows
metamagnetic behavior. Our work supplies the first 2D
metal —azide bridged compounds with long-range ferromag-
netic ordering properties. Details of further magnetic meas-
urements can be found in the Supporting Information.

Experimental Section

A solution of CuCl,-6H,0 (1 mmol) in methanol (10 mL) was added to a
solution of NaNj; (2 mmol) and the hydrobromide salt of benzylamine
(1 mmol) in H,O (25 mL). A Black-brown precipitate formed over several
minutes. The solid was collected by filtration and washed with methanol
and diethyl ether (yield ca. 75%). Elemental analysis calcd for C;HyCuN;
(%): C32.97,H3.53,N 38.47, Cu, 24.93; found: C 32.78, H 3.70, N 38.56, Cu
25.00; IR: #,,,=2094, 2056 cm!(v,ym N;). Black needles suitable for
single-crystal X-ray analysis were obtained by slow evaporation of the
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Asymmetric Conjugate Addition of Azide to
af-Unsaturated Carbonyl Compounds
Catalyzed by Simple Peptides**

Thomas E. Horstmann, David J. Guerin, and
Scott J. Miller*

Stimulated by the efficiency exhibited by enzymes, chemists
have sought not only to understand the mechanistic basis for
enzymatic reactions, but also to reproduce and even surpass
their capabilities. The complementary fields of enzymatic
catalysis and transition metal based asymmetric catalysis have
recorded many successes in the field of enantioselective
reaction development. One question at the interface of these
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powerful areas is that of the basis for enantioselectivity when
a small-molecule catalyst is composed entirely of peptidic
structural elements. Answers to this question could provide
indirect insight into the fundamental connection between
peptide structure and function. Indeed, low-molecular-weight,
metal-free peptides have recently been found to be excellent
asymmetric catalysts for a number of organic transformations
including the enantioselective Strecker reaction!!! and asym-
metric acylation reactions.”’! Even proline itself (and simple
derivatives thereof) has been used as an asymmetric catalyst
for the direct asymmetric aldol reaction,? the Robinson
annulation,! and very recently the Diels— Alder reaction.>
Herein, we report the application of small peptide catalysts to
a fundamentally different asymmetric transformation, the
enantioselective conjugate addition of azide ion to enoate
derivatives.

We recently reported that simple tertiary amines catalyze
the conjugate addition of azide ion to enoates under mild
conditions [Eq. (1); TMSN; = trimethylsilyl azide].” ¥l From

TMSN; (3.8 equiv)
RCO,H (1.0 equiv)
O R3N (2.5 mol % catalyst) O Ng

R1MR2 R‘MR2 M

PhCH3
25 °C

the point of view of synthesis, this reaction is significant in that
the product, a 5-azido carbonyl compound, may be converted
into a f-amino acid. f-Amino acids are important targets for
asymmetric synthesis as synthons, 1 and also as monomers
for the synthesis of “B-peptides”, a biostable class of
compounds currently under study for application as peptide-
like drug molecules.'! Documenting a highly significant
advance in this area, Jacobsen and Myers recently disclosed
an efficient asymmetric synthesis of -azido imides employing
chiral salen-type complexes of aluminum as catalysts for HN;
addition (salen = N,N'-bis(salicylicidene)ethylenediamine
dianion).l”l Described below is a fundamentally different
approach to the problem in which metal-free catalysts
(2.5mol %) are used to deliver azide ion in an asymmetric
fashion under mild conditions (PhCHj, 25°C).

Previous studies from our laboratory have shown that
peptide S-turns represent suitable templates for the develop-
ment of asymmetric catalysts for acylation reactions. While
catalysts such as peptide 1 (with the imidazole nitrogen atom
proximal to the amino acid side chain alkylated, the “m
nitrogen”) are active for the conjugate addition, none of the
peptides we studied in this class afford products with
appreciable enantiomeric excess. In contrast, catalysts with
the “z-nitrogen” alkylated (e.g., 2), are not only active, but
they also yield products that exhibit significant enantiomeric
excess. Of the catalysts we screened, peptide 3 has emerged as
particularly promising.

As shown in Table 1, screening a variety of substrates in the
reaction with chiral catalyst 3 (2.5 mol%) resulted in the
identification of pyrrolidinone-derived imides 4 as suitable
substrates for further study. Crotonate-derived substrate 4a is
converted to 5a (3.8 equiv TMSN;, 1.0 equiv rBuCOOH/
PhCHj;, 25°C) within 24 h in 97% yield, and the product
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Table 1. Substrate scope for -azidation employing catalyst 3.2

Entry Substrate Product Yield ee

[o6]t %]

o 0 O 0 N
1 dNMMe NM 97 63
4a
0 o o]
ab 5b
o o O 0O N
s é " o
Me
4c
o o o)
=
4 é“ N 85 71
NBOC NBOC
4ad 5d
O o O O Ng

NJ\/'\/ 91 71

4e
j\ o] O O N
6 O\JNMMe O)LNJ\/‘\Me 85 45
/
€ 7

[a] All reactions conducted according to the optimized conditions. See
Supporting Information for details. [b] Yield of isolated product after silica
gel chromatography. [c] Determined by chiral HPLC. Reported ee values
are the average of five runs. See Supporting Information for details.

exhibits an ee of 63% (Table 1, entry 1). Substrates that
possess a y-branch on the acrylate moiety exhibit more
enantioselective reactions. Cyclohexyl-substituted acrylate 4b
undergoes efficient conversion to azide 5b with 85 % ee (79 %
yield, Table 1, entry 2). Similarly, isopropyl-substituted acryl-
ate 4c¢ participates in an efficient asymmetric azidation,
undergoing transformation to 5S¢ in 82% ee (84 % yield,
Table 1, entry 3). Piperidine derivative 4d undergoes con-
version to azide 5d in 71% ee, and 85% yield (Table 1,
entry 4). n-Pentenoic acid derivative 4e participates in the
reaction, affording product 5e with 71% ee (91% yield,
Table 1, entry 5). Notably, simple ester substrates such as ethyl
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crotonate are inert under the reaction conditions. The more
conventional oxazolidinone 6 is somewhat less reactive than
4a, and the product 7 shows also a reduced level of
enantiomeric excess in comparison to product 5a (85 % yield,
45% ee, Table 1, entry 6).

Examination of a variety of other peptides reveals that, as
in our studies of asymmetric acyl transfer, subtle changes in
the B-turn structure have a substantial impact on reaction
efficiency. Catalysts 8-11 provide representative results
(Table 2). In general, all peptides containing the N-terminal

Table 2. Screen of selected catalysts for $-azidation of substrate 4a.

Entry Catalyst Conversion [% ][ ee [%]

1 3 100 63

2 8 74 14

3 9 82 63

4 10 75 —-21

5 11 72 no Selectivity

[a] Determined by 400 MHz '"H NMR spectroscopy. [b] Determined by
chiral HPLC. See Supporting Information for details.

7-(benzyl)-histidine residue were found to be catalytically
active. Systematic variation of the residues revealed that in
the i+ 2 position, D-fLeu was found to give rise to a more
selective catalyst than L-tLeu. As stated above, for the
crotonyl-substituted substrate 4a, catalyst 3 affords the
product with quantitative conversion and 63 % ee (Table 2,
entry 1). However, when catalyst 8 is employed (identical to 3
except for the exchange of L-fLeu in place of the p-fLeu), the
product is obtained in only 14 % ee (74 % conversion, Table 2,
entry 2). The effect of the proline stereogenic center was
ascertained by comparing the performance of peptides 9 and
10, with a spirocyclic amino acid in the i+ 2 position. In the
case of catalyst 9, with L-Pro in the i + 1 position, the product
is obtained in 63% ee (82% conversion, Table 2, entry 3).
However, with D-Pro in this position (catalyst 10, Table 2,
entry 4), the product is delivered with only 21 % ee. Notably,
this diastereomeric catalyst afforded opposite enantioselec-
tivity in the conjugate addition. Control peptide 11, devoid of

Angew. Chem. 2000, 112, Nr. 20

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

any secondary structure, resulted in nonselective reactions
under all conditions employed (Table 2, entry 5).

The mechanistic basis for the reaction selectivities is under
investigation. Certainly, the conformation of the peptide
catalyst plays a role in dictating the enantioselectivity of a
given catalyst, and studies to determine the reactive con-
formations are underway.” In addition, “nonlinear” effects
have achieved an important status in asymmetric catalysis as a
tool for elucidating kinetically significant noncovalent inter-
actions among chiral catalysts. We thus carried out a study to
probe for such effects in reactions catalyzed by 3. Indeed, a
linear increase in product ee is observed with a linear increase
in the ee value of the catalyst at the optimized dilution for the
reaction conditions (R? = 0.98).['1 While the interpretation of
such probes for nonlinear behavior is a matter of some
discussion,[”! the results are consistent with the catalyst
behaving in a monomeric form during the stereochemistry-
determining step.

To demonstrate that the pyrrolidinone-derived products of
these reactions are readily converted to the corresponding
protected -amino acid synthons, we carried out the following
sequence [Eq. (2)]. Product 5a was subjected to catalytic
hydrogenation (Pd/C, EtOAc) in the presence of BOC,0
(80 % yield; BOC = butoxycarbonyl). The resulting protected
amine was then hydrolyzed by employing a two-step sequence
that affords the N-BOC amino acid 12 in 65 % yield.

1) Hy, Pd/C, EtOAC,
o 0 N, BOC,O o

)J\/k (80%) NHBOC
é/N Me HO/U\)\ Me 2)

2) MeOH, reflux;
5a then LiOH,
THF/MeOH/H,0 (2:2:1) 12

(65%)

In summary, we have shown that simple S-turn peptides
armed with a 7-(benzyl)-His residue are enantioselective
catalysts for the azidation of S-substituted acrylate deriva-
tives. As in our previous studies of asymmetric acyl transfer,
there appears to be a close connection between amino acid
sequence in the peptides and the enantioselectivities that are
observed. Future studies will involve a combination of catalyst
screening and mechanistic studies targeted at improved
catalyst selectivities and also a detailed understanding of
how these systems work.
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The First Dendrimer-Based Enantioselective
Fluorescent Sensor for the Recognition of
Chiral Amino Alcohols**

Vincent J. Pugh, Qiao-Sheng Hu, and Lin Pu*

The development of fluorescence-based molecular sensors
has received broad attention in research in recent years.'!
The use of fluorescence spectroscopic methods for molecular
recognition has many advantages: fluorescence provides
many more signaling modes for substrate detection, such as
quenching, fluorescence enhancement, excimers, exciplexes,
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and lifetimes, than electronic absorption. The high sensitivity
of fluorescence techniques requires the use of only very small
amounts of sensor molecules. Fluorescence spectrometers are
also of low cost and widely available. Fluorescence sensors
can be further applied to continuous monitoring and remote
sensing by using optical fibers. A large number of fluorescent
sensors have been designed for applications in the detection
of metal ions, phosphates, and neutral molecules.'*] Recently,
a fluorescent sensor has also been used in the combinatorial
search for catalysts.* If such fluorescent sensors could be
made enantioselective, they would allow a rapid analysis of
the enantiomeric composition of thousands of chiral mole-
cules generated by the combinatorial synthesis. This process
would greatly facilitate the combinatorial discovery of
asymmetric catalysts or reagents since the current chromato-
graphic analysis of enantiomers is inherently a slow process.
An enzyme-catalyzed release of fluorophores has been used
in the search for catalytic antibodies for the enantioselective
hydrolysis of acetates.*! Chiral discrimination by lumines-
cence has also been studied in the past two decades.>”] These
studies involve a variety of luminescent materials including
inorganic complexes,[’ organic molecules,* ! and enzymes.
Enantioselective responses have been observed when chiral
luminophores are treated with chiral quenchers or enhancers.
The relationship between the fluorescence properties of the
sensors and the enantiomeric purity of the substrates have
been established in a few cases.P> % 7 %]

Recently, we carried out a program to incorporate chiral
dendrimers!'”! into enantioselective fluorescent sensors as a
real-time technique to quantitatively or semi-quantitatively
determine the enantiomeric composition of chiral molecules.
Properly designed dendritic materials have been found to
show efficient migration of energy from the dendrons or
periphery groups to the more conjugated units or core, which
has led to greatly enhanced fluorescence intensity.l''"'”) The
strong fluorescence signals of such dendrimers should be very
useful in the development of fluorescent sensors. Based on the
structure of chiral 1,1’-bi-2-naphthol ((S)-1)!®! and the den-

NH,

(R)-or (5)-3
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