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(57) ABSTRACT

The invention provides compounds and methods, for
example, to carry out organocatalytic Michael additions of
aldehydes to cyclically constrained nitroethylene compounds
catalyzed by a proline derivative to provide cyclically con-
strained a-substituted-y-nitro-aldehydes. The reaction can be
rendered enantioselective when a chiral pyrrolidine catalyst is
used, allowing for Michael adducts in nearly optically pure
form (e.g., 96 to >99% c.e.).

The Michael adducts can bear a single substituent or dual
substituents adjacent to the carbonyl. The Michael adducts
can be efficiently converted to cyclically constrained pro-
tected y-amino acid residues, which are essential for system-
atic conformational studies of y-peptide foldamers. New
methods are also provided to prepare other y-amino acids and
peptides. These new building blocks can be used to prepare
foldamers, such as a/y-peptide foldamers, that adopt specific
helical conformations in solution and in the solid state.

20 Claims, 4 Drawing Sheets
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GAMMA AMINO ACID BUILDING BLOCKS

RELATED APPLICATIONS

This application claims priority under 35 U.S.C. §119(e) to
U.S. Provisional Patent Application No. 61/251,630, filed
Oct. 14, 2009, which is incorporated herein by reference.

GOVERNMENT SUPPORT

This invention was made with government support under
Grant No. CHE-0551920, awarded by the National Science
Foundation. The United States Government has certain rights
in the invention.

BACKGROUND

Developing new and efficient asymmetric conjugate addi-
tion reactions for carbon-carbon bond formation is a chal-
lenging area of organic synthesis. Some recent work has
focused on organocatalytic Michael addition of carbonyl
compounds to nitroalkenes. Among these reactions, Michael
addition of aldehydes to nitroalkenes is of particular interest
because of the valuable synthetic intermediates that are gen-
erated. P-Aryl nitroalkenes have been the most common
Michael acceptors. These Michael reactions provide, for
example, o, -disubstituted-y-nitrobutyl aldehydes. Access to
adducts that bear only a single substituent adjacent to a car-
bonyl is of interest because such adducts can be readily con-
verted to y*>-amino acids. y>-Amino acids are important build-
ing blocks for y-peptide and heterogeneous backbone
foldamers.

Oligomers constructed from f-amino acid residues (“p-
peptides™) or from combinations of a- and f-amino acid
residues (“a/f-peptides”) can adopt protein-like folding pat-
terns. The conformational properties of these oligomers pro-
vide a basis for ongoing development of (- and o/ p-peptides
that display interesting functional properties. §-Amino acid
residues can be endowed with higher intrinsic folding pro-
pensities than those of a residues by installation of cyclic
constraints to limit backbone torsional mobility. This capac-
ity for residue-based rigidification has proven to be important
for both structure and function of - and a/f-peptide foldam-
ers. Analogous benefits might result from the use of con-
strained y-amino acid residues in foldamers, however it is
difficult to explore the use of constrained y-amino acid resi-
dues in foldamers because only a few types of ring-containing
y-amino acids are known. The few cyclic y residues examined
to date have been found to promote sheet secondary structure,
which contrasts with the helix-favoring effects of the most
common cyclic p-residues.

Additionally, the challenges of preparing enantiomerically
pure y-amino acids has limited the study of y-peptide foldam-
ers to date. Some routes to enantioenriched y*-amino acids
have been described but they typically involve specialized
chiral auxiliaries. Chiral auxiliary routes are undesirable for
preparing multigram quantities of protected y>-amino acids
bearing the diverse side chain functionality necessary for
foldamer research.

Accordingly, new methods for the synthesis of y>-amino
acids would significantly aid the preparation and study of
y-peptide and heterogeneous backbone foldamers. Ring-con-
taining y-amino acids are also needed to further the study of
peptide foldamers. New synthetic methods for the prepara-
tion of versatile adducts that can be converted to y*-amino
acids, and new methods for the preparation of cyclically
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constrained y-amino acid residues, would be of significant
value to the research community.

SUMMARY

The invention provides compounds of Formula I:

@

wherein

R! is hydrogen, alkyl, cycloalkyl, aryl, heteroaryl, or het-
erocycle;

R?is H, OH, an amino acid or peptide, or OR* wherein R*
is alkyl, cycloalkyl, aryl, heteroaryl, heterocycle, or an oxy-
gen protecting group;

Y is nitro, amino, —NHR?, or—N(R”), wherein each R” is

independently alkyl, cycloalkyl, aryl, heteroaryl, heterocycle,
anitrogen protecting group, or a nitrogen bonded to an amino
acid;

Z is O, S, or H, and the dashed line to Z is an optionally
present bond that is absent when Z is H;

A? is carbon;

A% is carbon or nitrogen;

A’ is carbon, or nitrogen provided A is not a direct bond;

AS is carbon or a direct bond;

each of A*-A® are optionally substituted with one or two
alkyl, alkoxy, fluoro, optionally protected hydroxy, aryl, (ary-
Dalkyl, heteroaryl, heterocycle, cycloalkyl, alkanoyl, alkoxy-
carbonyl, optionally protected amino, optionally protected
aminoalkyl, optionally protected alkylamino, dialkylamino,
acylamino, trifluoromethyl, triftuoromethoxy, optionally pro-
tected carboxy, optionally protected carboxyalkyl, keto, aryl-
sulfonyl, cyano, or azide groups, or when nitrogen, one nitro-
gen protecting group; and

wherein each alkyl, cycloalkyl, aryl, heteroaryl, or hetero-
cycle of any R', R?, R, or R” is optionally substituted with
one to five alkyl, alkoxy, fluoro, optionally protected hydroxy,
aryl, (aryDalkyl, heteroaryl, heterocycle, cycloalkyl,
alkanoyl, alkoxycarbonyl, optionally protected amino,
optionally protected aminoalkyl, optionally protected alky-
lamino, dialkylamino, alkylaminoalkyl, dialkylaminoalkyl,
acylamino, trifluoromethyl, triftuoromethoxy, optionally pro-
tected carboxy, optionally protected carboxyalkyl, keto, aryl-
sulfonyl, cyano, or azide groups;

or a salt or solvate thereof.

The invention also provides compounds of Formula [A:

I
R! 0
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wherein

R! is hydrogen, alkyl, cycloalkyl, aryl, heteroaryl, or het-
erocycle; wherein the alkyl, cycloalkyl, aryl, heteroaryl, or
heterocycle of R is optionally substituted with one to five
alkyl, alkoxy, fluoro, optionally protected hydroxy, aryl, (ary-
Dalkyl, heteroaryl, heterocycle, cycloalkyl, alkanoyl, alkoxy-
carbonyl, optionally protected amino, optionally protected
aminoalkyl, optionally protected alkylamino, dialkylamino,
alkylaminoalkyl, dialkylaminoalkyl, acylamino, trifluorom-
ethyl, trifluoromethoxy, optionally protected carboxy,
optionally protected carboxyalkyl, keto, arylsulfonyl, cyano,
or azide groups;

R? is H, OH, an amino acid or peptide, or OR™ wherein R*
is alkyl, cycloalkyl, aryl, heteroaryl, or heterocycle; wherein
the alkyl, cycloalkyl, aryl, heteroaryl, or heterocycle of R* is
optionally substituted with one to five alkyl, alkoxy, fluoro,
optionally protected hydroxy, aryl, (aryl)alkyl, heteroaryl,
heterocycle, cycloalkyl, alkanoyl, alkoxycarbonyl, option-
ally protected amino, optionally protected aminoalkyl,
optionally protected alkylamino, dialkylamino, alkylami-
noalkyl, dialkylaminoalkyl, acylamino, trifluoromethyl, trif-
luoromethoxy, optionally protected carboxy, optionally pro-
tected carboxyalkyl, keto, arylsulfonyl, cyano, or azide
groups;

A?is carbon;

A% is carbon or nitrogen;

A’ is carbon, or nitrogen provided AS is not a direct bond;

A% is carbon, or a direct bond;

provided that only one or two of A>-AS are nitrogen; and

each of A*-A°® are optionally substituted with one or two
alkyl, alkoxy, fluoro, optionally protected hydroxy, aryl, (ary-
Dalkyl, heteroaryl, heterocycle, cycloalkyl, alkanoyl, alkoxy-
carbonyl, optionally protected amino, optionally protected
aminoalkyl, optionally protected alkylamino, dialkylamino,
acylamino, trifluoromethyl, triftuoromethoxy, optionally pro-
tected carboxy, optionally protected carboxyalkyl, keto, aryl-
sulfonyl, cyano, or azide groups, or when nitrogen, one nitro-
gen protecting group; or a salt or solvate thereof.

The invention also provides compounds of Formula II:

an

OP

wherein

R! is hydrogen, alkyl, cycloalkyl, aryl, heteroaryl, or het-
erocycle; wherein the alkyl, cycloalkyl, aryl, heteroaryl, or
heterocycle of R! is optionally substituted with one to five
alkyl, alkoxy, halo, hydroxy, aryl, (aryl)alkyl, heteroaryl, het-
erocycle, cycloalkyl, alkanoyl, alkoxycarbonyl, amino, alky-
lamino, dialkylamino, acylamino, nitro, trifluoromethyl, tri-
fluoromethoxy, carboxy, carboxyalkyl, keto, arylsulfonyl,
cyano, or azide groups;

Y is nitro, amino, protected amino, or a nitrogen bonded to
an amino acid;

R? is an amino acid side chain;

Pishydrogen, a carboxylic acid protecting group, or —OP
is the nitrogen residue an amino acid or peptide;

A? is carbon or nitrogen;

A*is carbon or nitrogen;

A’ is carbon or nitrogen;
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AS is carbon, nitrogen, or a direct bond;

provided that only one or two of A*-A® are nitrogen; and

each of A*-A® are optionally substituted with one or two
alkyl, alkoxy, halo, hydroxy, aryl, (aryl)alkyl, heteroaryl, het-
erocycle, cycloalkyl, alkanoyl, alkoxycarbonyl, amino, alky-
lamino, dialkylamino, acylamino, nitro, trifluoromethyl, tri-
fluoromethoxy, carboxy, carboxyalkyl, keto, arylsulfonyl,
cyano, or azide groups, or one nitrogen protecting group; or a
salt or solvate thereof.

The invention further provides methods of preparing com-
pounds of Formula I. The methods can include, for example,
when R? is H, contacting a cyclic compound of 5 or 6 ring
atoms that includes a nitroethylene moiety within the ring and
that optionally includes one or two nitrogen atoms in the ring,
wherein the carbon atoms in the ring are optionally substi-
tuted and the optional nitrogen atom or atoms in the ring are
optionally substituted by a nitrogen protecting group; and an
aldehyde that has at least one a.-hydrogen; in the presence of
an organic solvent, and a proline derivative, for a period of
time sufficient to provide the compound of Formula I. Such
compounds can be modified, for example, by oxidation,
reduction, protection, and/or by conjugation to an amino acid
or peptide, to provide other compounds, including other com-
pounds of Formula I.

Additionally, the invention provides methods for preparing
compounds of Formula I1I:

(I

R! 0
0>N
H
AS A3
\AS—A“/
wherein
R! is hydrogen, alkyl, cycloalkyl, aryl, heteroaryl, or het-

erocycle; wherein the alkyl, cycloalkyl, aryl, heteroaryl, or
heterocycle of R! is optionally substituted with one to five
alkyl, alkoxy, halo, hydroxy, aryl, (aryl)alkyl, heteroaryl, het-
erocycle, cycloalkyl, alkanoyl, alkoxycarbonyl, amino, alky-
lamino, dialkylamino, acylamino, nitro, trifluoromethyl, tri-
fluoromethoxy, carboxy, carboxyalkyl, keto, arylsulfonyl,
cyano, or azide groups;

A® is carbon or nitrogen;

A*is carbon or nitrogen;

A’ is carbon or nitrogen;

A® is carbon, nitrogen, or a direct bond;

provided that only one or two of A*-AS are nitrogen; and

each of A*-A® are optionally substituted with one or two
alkyl, alkoxy, halo, hydroxy, aryl, (aryl)alkyl, heteroaryl, het-
erocycle, cycloalkyl, alkanoyl, alkoxycarbonyl, amino, alky-
lamino, dialkylamino, acylamino, nitro, trifluoromethyl, tri-
fluoromethoxy, carboxy, carboxyalkyl, keto, arylsulfonyl,
cyano, or azide groups, or one nitrogen protecting group;

comprising contacting:

a compound of Formula IV:

av)
(€]

H
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wherein R' is as defined for Formula III; and

a cyclic compound of 5 or 6 ring atoms that includes a
nitroethylene moiety within the ring and that optionally
includes one or two nitrogen atoms in the ring, wherein the
carbon atoms in the ring are optionally substituted and the
optional nitrogen atom or atoms in the ring are optionally
substituted by a nitrogen protecting group;

in the presence of an organic solvent and a proline deriva-
tive, for aperiod of time sufficient to provide the compound of
Formula III. The aldehyde moiety of Formula III can be
oxidized to a carboxylic acid moiety, which can be optionally
protected by a carboxylic acid protecting group or coupled to
an amino acid or peptide. Alternatively the aldehyde can be
reduced to an alcohol, which can be optionally protected by a
hydroxyl protecting group. Additionally, the nitro group of
Formula III can be reduced to an amine, which can be option-
ally protected by a nitrogen protecting group, or coupled to an
amino acid or peptide.

The invention further provides methods for preparing
a-substituted-y-amino acids that includes a ring moiety
attached to the carbons 3 and y to the carboxylic acid moiety
of the a-substituted-y-amino acid, and the ring includes 5 or
6 carbon atoms, wherein one or two of the ring carbon atoms
are optionally replaced with one or two nitrogen atoms,
wherein the nitrogen atom or atoms in the ring are optionally
substituted by a nitrogen protecting group. In certain embodi-
ments, the a-substituted-y-amino acid is a compound of For-
mula 1. The method can include contacting a cyclic com-
pound of 5 or 6 ring atoms that includes a nitroethylene
moiety within the ring and that optionally includes one or two
nitrogen atoms in the ring, wherein the nitrogen atom or
atoms in the ring are optionally substituted by a nitrogen
protecting group; and an aldehyde that has at least one a-hy-
drogen. The contacting can be, for example, in the presence of
an organic solvent and a proline derivative or compound.

The duration of the reaction is a period of time sufficient to
provide an a-substituted-y-nitro-aldehyde that includes a ring
moiety attached to the carbons f§ and y to the aldehyde. The
method can further include reducing the aldehyde of the
a-substituted-y-nitro-aldehyde to an alcohol. The method can
also include oxidizing the aldehyde or alcohol to a carboxylic
acid to provide an a.-substituted-y-nitro-acid. The method can
also include reducing the nitro moiety of the a-substituted-
y-nitro-acid to an amine, to provide the a-substituted-y-
amino acid that includes a ring moiety attached to the carbons
[ and y to the carboxylic acid moiety of the a-substituted-y-
amino acid.

The invention yet further provides methods for preparing
amide compounds that include an a-substituted-y-amino acid
that includes a ring moiety attached to the carbons f§ and y to
the carboxylic acid moiety of the a-substituted-y-amino acid,
coupled to an a-amino acid, a f-amino acid, or a y-amino
acid. The methods can include contacting a cyclic compound
of 5 or 6 ring atoms that includes a nitroethylene moiety
within the ring and that optionally includes one or two nitro-
gen atoms in the ring, wherein the nitrogen atom or atoms in
the ring are optionally substituted by a nitrogen protecting
group; and an aldehyde that has at least one a-hydrogen.

The contacting can be in the presence of an organic solvent
and a proline derivative, for a period of time sufficient to
provide an a-substituted-y-nitro-aldehyde that includes a ring
moiety attached to the carbons f§ and y to the aldehyde. The
reaction can also include reducing the aldehyde of the a-sub-
stituted-y-nitro-aldehyde to an alcohol. The reaction can fur-
ther include oxidizing the aldehyde or alcohol to a carboxylic
acid to provide an a-substituted-f-nitro-acid. The reaction
can additionally include forming a peptide bond with the
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carboxylic acid and the nitrogen moiety of an a-amino acid,
a P-amino acid, or a y-amino acid. The a-amino acid, the
p-amino acid, or the y-amino acid may have a protected
carboxylic acid group. The method can also include reducing
the nitro moiety of the a-substituted-y-nitro-acid to an amine.

The invention additionally provides methods for preparing
a a-substituted-y-nitro-aldehyde that includes a ring moiety
attached to the carbons 3 and y to the carboxylic acid moiety
of the a-substituted-y-amino acid. The method can include
contacting a cyclic compound of 5 or 6 ring atoms that
includes a nitroethylene moiety within the ring and that
optionally includes one or two nitrogen atoms in the ring,
wherein the nitrogen atom or atoms in the ring are optionally
substituted by a nitrogen protecting group; and an aldehyde
that has an a-methylene group. The contacting can be in the
presence of an organic solvent, such as an aryl solvent or a
chloroalkane solvent. The contacting can also be in the pres-
ence of a proline compound, such as an (S)- or (R)-diphenyl-
prolinol trialkyl silyl ether. The method can be carried out for
a period of time sufficient to provide the a-substituted-y-
nitrobutyraldehyde wherein the a-substituted-y-nitro-alde-
hyde that includes a ring moiety attached to the carbons f§ and
v to the carboxylic acid moiety of the a-substituted-y-amino
acid. The method can be carried out using enantioselective or
enantiospecific techniques such that the product is prepared
in at least about 90% enantiomeric purity.

The invention further provides compounds of Formula V,
and methods of preparing a compound of Formula V:

V)
R!' O
Y R
AS A3
\AS—A“/
wherein

Y is NO, or NH,;
R is H or OH;

R! is hydrogen, alkyl, cycloalkyl, aryl, heteroaryl, or het-
erocycle; wherein the alkyl, cycloalkyl, aryl, heteroaryl, or
heterocycle of R is optionally substituted with one to five
alkyl, alkoxy, fluoro, protected hydroxy, aryl, (aryl)alkyl, het-
eroaryl, heterocycle, cycloalkyl, alkanoyl, alkoxycarbonyl,
protected amino, alkylamino, dialkylamino, acylamino, trif-
luoromethyl, triftuoromethoxy, carboxy, carboxyalkyl, keto,
arylsulfonyl, cyano, or azide groups;

A?is carbon;

A% is carbon or nitrogen;

A’ is carbon, or nitrogen provided that AS is not a direct
bond;

AS is carbon, or a direct bond; and

each of A*-A® are optionally substituted with one or two
alkyl, alkoxy, halo, protected hydroxy, aryl, (aryl)alkyl, het-
eroaryl, heterocycle, cycloalkyl, alkanoyl, alkoxycarbonyl,
protected amino, alkylamino, dialkylamino, acylamino, trif-
luoromethyl, triftuoromethoxy, carboxy, carboxyalkyl, keto,
arylsulfonyl, cyano, or azide groups, or one nitrogen protect-
ing group; or a salt or solvate thereof. In various embodi-
ments, Y of Formula V can also be defined as Y of Formula I,
and R of Formula V can be defined as R? of Formula 1.

To prepare compounds of Formula V where Y is nitro and
R is H (i.e., a compound of Formula VI), the methods can
include contacting a compound of a compound of Formula
VIIL:



US 8,604,356 B2

7
(VID
0,
H
AS A’
/
\A5 —A4

wherein A*-A° are as defined for Formula V; and

a compound of Formula VIII:

(VIII)
Rl

\/

NO,

wherein R! is as defined for Formula V;

in the presence of an organic solvent and a proline deriva-
tive, for aperiod of time sufficient to provide the compound of
Formula VI. The contacting can be carried out in the presence
of'a carboxylic acid, such as benzoic acid, and also optionally
in the presence of a base, such as 2,4,6-collidine. The proline
derivative can be a chiral pyrrolidine catalyst and the com-
pound of Formula VI can be prepared in an enantiomerically
enriched form. The chiral pyrrolidine catalyst can be, for
example, an (S)- or (R)-diphenylprolinol trialkyl silyl ether.
The organic solvent can be a (C,-C,)alcohol or a chloroal-
kane solvent. The aldehyde moiety of Formula VI (Formula V
where R—H) can be oxidized to a carboxylic acid moiety
(Formula V where R—OH), which can be optionally pro-
tected by a carboxylic acid protecting group or coupled to an
amino acid or peptide. Alternatively the aldehyde can be
reduced to an alcohol, which can be optionally protected by a
hydroxyl protecting group. Additionally, the nitro group of
Formula VI (Formula V where R=nitro) can be reduced to an
amine (Formula V where R=amino), which can be optionally
protected by a nitrogen protecting group, or coupled to an
amino acid or peptide.

In another aspect, the invention provides a peptide that
includes at least one y-amino acid residue of Formula IX or
Formula X;

where Formula IX is:

. X
R 0
A—NH
0—B
AS /A3
\AS —_ A4

wherein

A is H, a nitrogen protecting group, an amino acid, or a
chain of two or more amino acids;

B is H, a carboxylic acid protecting group, an amino acid,
or a chain of two or more amino acids;

R! is hydrogen, alkyl, cycloalkyl, aryl, heteroaryl, or het-
erocycle, wherein the alkyl, cycloalkyl, aryl, heteroaryl, or
heterocycle of R is optionally substituted with one to five
alkyl, alkoxy, fluoro, protected hydroxy, aryl, (aryl)alkyl, het-
eroaryl, heterocycle, cycloalkyl, alkanoyl, alkoxycarbonyl,
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protected amino, alkylamino, dialkylamino, acylamino, trif-
luoromethyl, triftuoromethoxy, carboxy, carboxyalkyl, keto,
arylsulfonyl, cyano, or azide groups;

A>-AS are as defined for Formula I;
and Formula X is:

X

A R' O

\

N 0

/ \

H B
AS A’
\A5 — A‘{
wherein

A is H, a nitrogen protecting group, an amino acid, or a
chain of two or more amino acids;

B is H, a carboxylic acid protecting group, an amino acid,
or a chain of two or more amino acids;

R! is alkyl, cycloalkyl, aryl, heteroaryl, heterocycle or
optionally hydrogen (for example, when the peptide includes
a moiety of Formula IX); wherein the alkyl, cycloalkyl, aryl,
heteroaryl, or heterocycle of R! is optionally substituted with
one to five alkyl, alkoxy, fluoro, protected hydroxy, aryl,
(arylalkyl, heteroaryl, heterocycle, cycloalkyl, alkanoyl,
alkoxycarbonyl, protected amino, alkylamino, dialkylamino,
acylamino, trifluoromethyl, trifluoromethoxy, carboxy, car-
boxyalkyl, keto, arylsulfonyl, cyano, or azide groups; and

A>-A°® are as defined for Formula 1.

In various embodiments, the peptide can include three or
more residues and the peptide can form a 12-helix, a 13-helix,
ora 14-helix. For example, the peptide can include alternating
a- and y-amino acid residues and thereby form a 12-helix.
The peptide can also include one or more yoa peptide
sequences thereby forming a 12-helix. The peptide can also
include alternating (- and y-amino acid residues thereby
forming a 13-helix. The peptide can also include four or more
contiguous y-amino acid residues thereby forming a 14-helix.
The peptide can include a variety of amino acids or amino
acid chains, such as the various known natural and unnatural
a-amino acids, as well as 3-amino acids and/or other y-amino
acids, or combinations thereof. Examples of suitable amino
acids and combinations thereof are described by, for example,
U.S. Patent Publication Nos. 2004/0116654 (Gellman et al.),
2007/0087404 (Stahl et al.), 2008/0166388 (Palecek et al.),
and 2010/0021344 (Gellman et al.), and U.S. Pat. No. 6,914,
048 (Gellman et al.) and U.S. Pat. No. 6,958,384 (Gellman et
al.), each of which is incorporated herein by reference.

The peptides ofthe invention can include conformationally
constrained y-amino acids and can be resistant or immune to
peptidase and protease degradation. These peptides are there-
fore useful as tools to model peptide and protein conforma-
tions in aqueous solutions, and may be used as non-enzymati-
cally degradable probes to mimic protein behavior in
solution.

The invention further provides intermediates for the syn-
thesis of the compounds and compounds of the Formulas
described herein, such as the y-amino acids and various cor-
responding peptides. Also provided are compounds that are
valuable as intermediates for the synthesis of other useful
compounds.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the specification and
are included to further demonstrate certain embodiments or
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various aspects of the invention. In some instances, embodi-
ments of the invention can be best understood by referring to
the accompanying drawings in combination with the detailed
description presented herein. The description and accompa-
nying drawings may highlight a certain specific example, or a
certain aspect of the invention, however, one skilled in the art
will understand that portions of the example or aspect may be
used in combination with other examples or aspects of the
invention.

FIG. 1 illustrates crystal structures of 11 (left) and 12
(right) (see Scheme 5). Top views are perpendicular to the
helical axis; bottom views are along the helical axis.

FIG. 2 illustrates the X-ray structure of the L-phenylala-
nine derivative of the major diastereomer 2a, which was
determined to be (S, S, S).

FIG. 3 illustrates the X-ray structure of the minor diaste-
reomer (ent)-3a, prepared from Michael reaction catalyzed
by 20 mol % (S)-A and 10 mol % m-nitrobenzoic acid, the
absolute configuration of which was determined to be (S, R,
R) by X-ray structure analysis of the corresponding nitro acid.

FIG. 4 illustrates the crystal structure of 7, highlighting the
14-helical segment (N-terminal gabapentin residue not
shown), with a stereoview (left), and a view along the helical
axis.

DETAILED DESCRIPTION

Gamma-amino acids are an important class of non-natural
amino acids that are very difficult and/or expensive to pre-
pare. Literature methods for making y*-amino acids are lim-
ited, inefficient, and are not typically amenable to scalable
synthesis or to creating structural diversity. These methods
typically require about six synthetic steps and use harsh con-
ditions that result in limited functional group tolerance, and
low overall yields. They also typically require the separation
of diasteriomers, which further reduces the synthetic effi-
ciency of such methods.

The methods described herein allow for the preparation of
cyclically constrained y-amino acids using a Michael addition
reaction. The Michael addition reaction is highly enantiose-
lective, high yields are achieved, and the methods are ame-
nable to large scale synthesis. The reaction conditions are
mild, and are thus tolerant of a diverse range of functional
groups. The starting materials, including the catalyst, are
typically readily available and inexpensive. Accordingly, the
invention provides flexible and efficient catalytic methods for
the preparation of, for example, cyclically constrained amino
aldehydes and y*-amino acids. The methods can provide
either the (R)- or (S)-enantiomer of the Michael adduct.

Thus, a highly stercoselective synthesis of novel cyclically
constrained y-amino acid residues is provided by the disclo-
sure herein. The methods can include organocatalytic
Michael addition of an aldehyde to a 1-nitrocycloalkene, such
as an optionally substituted 1-nitrocyclohexene. After alde-
hyde reduction, this approach can provide optically active
[p-substituted-4-nitro alcohols (96-99% e.e.), which can be
converted to y-amino acid amino acid residues with a variety
of substituents at the a-position. These new building blocks
can be used to prepare a/y-peptide foldamers that adopt spe-
cific helical conformations in solution and in the solid state
(e.g., as schematically illustrated in Scheme A).
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Scheme A. Preparation of 12 Helix Oligomers.

0-N

Rl
+ H/H —_—
—_—
(substituents),, 0

n=0-8

COOH —» 12 Helix Oligomers
—_—

(substituents),,
n=0-8

protected y-cyclic amino acids

DEFINITIONS

Asused herein, certain terms have the following meanings.
All other terms and phrases used in this specification have
their ordinary meanings as one of skill in the art would under-
stand. Such ordinary meanings may be obtained by reference
to technical dictionaries, such as Hawley’s Condensed
Chemical Dictionary 14™ Edition, by R. J. Lewis, John Wiley
& Sons, New York, N.Y., 2001.

References in the specification to “one embodiment”, “an
embodiment”, “an example embodiment”, etc., indicate that
the embodiment described may include a particular aspect,
feature, structure, moiety, or characteristic, but not every
embodiment necessarily includes that aspect, feature, struc-
ture, moiety, or characteristic. Moreover, such phrases may,
but do not necessarily, refer to the same embodiment referred
to in other portions of the specification. Further, when a
particular aspect, feature, structure, moiety, or characteristic
is described in connection with an embodiment, it is within
the knowledge of one skilled in the art to affect such aspect,
feature, structure, moiety, or characteristic in connection with
other embodiments, whether or not explicitly described.

The term “and/or” means any one of the items, any com-
bination of the items, or all of the items with which this term
is associated.

The singular forms “a,” “an,” and “the” include plural
reference unless the context clearly dictates otherwise. Thus,
for example, a reference to “a compound” includes a plurality
of'such compounds, so thata compound X includes a plurality
of compounds X. It is further noted that the claims may be
drafted to exclude certain optional elements. As such, this
statement is intended to serve as antecedent basis for use of
such exclusive terminology as “solely,” “only,” and the like in
connection with the recitation of claim elements, or use of a
“negative” limitation, which may be used to further described
embodiments of the invention.

The term “about” can refer to a variation of £5%, +10%,
+20%, or £25% of the value specified. For example, “about
50” percent can in some embodiments carry a variation from
45 to 55 percent. For integer ranges, the term “about” can
include one or two integers greater than and/or less than a
recited integer. Unless indicated otherwise herein, the term
“about” is intended to include values, e.g., weight percents,
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proximate to the recited range that are equivalent in terms of
the functionality of the individual ingredient, the composi-
tion, or the embodiment.

As will be understood by one skilled in the art, for any and
all purposes, particularly in terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereof as well as the individual values making up the range,
particularly integer values. A recited range (e.g., weight per-
cents or carbon groups) includes each specific value, integer,
decimal, or identity within the range. Any listed range can be
easily recognized as sufficiently describing and enabling the
same range being broken down into at least equal halves,
thirds, quarters, fifths, tenths, etc. As a non limiting example,
each range discussed herein can be readily broken down into
alower third, middle third and upper third, etc. As will also be
understood by one skilled in the art, all language such as “up
to,” “at least,” “greater than,” “less than,” “more than,” “or
more” and the like include the number recited and refer to
ranges which can be subsequently broken down into sub-
ranges as discussed above. In the same manner, all ratios
disclosed herein also include all subratios falling within the
broader ratio.

One skilled in the art will also readily recognize that where
members are grouped together in a common manner, such as
in a Markush group, the present invention encompasses not
only the entire group listed as a whole, but each member of the
group individually and all possible subgroups of the main
group. Additionally, for various embodiments, the invention
encompasses not only the main group, but also the main
group absent one or more of the group members. The inven-
tion also envisages the explicit exclusion of one or more of
any of the group members in the claimed invention.

As will be understood by the skilled artisan, all numbers,
including those expressing quantities of ingredients, proper-
ties such as molecular weight, reaction conditions, and so
forth, are approximations and understood as being modified
in all instances by the term “about.” These values can vary
depending upon the desired properties sought to be obtained
by those skilled in the art utilizing the present teachings of the
present invention. It is also understood that such values inher-
ently contain variability necessarily resulting from the stan-
dard deviations found in their respective testing measure-
ments.

The phrase “one or more” is readily understood by one of
skill in the art, particularly when read in context of its usage.
For example, one or more substituents on a phenyl ring refers
to one to five, or one to up to four, for example if the phenyl
ring is disubstituted.

The term “contacting” refers to the act of touching, making
contact, or of bringing to immediate or close proximity,
including at the molecular level, for example, to bring about
achemical reaction, or aphysical change, e.g., in a solution or
in a reaction mixture.

An “effective amount” refers to an amount of a chemical or
reagent effective to facilitate a chemical reaction between two
or more reaction components, and/or to bring about a recited
effect. Thus, an “effective amount” generally means an
amount that provides the desired effect.

The term “a.-substituted-y-nitro-aldehyde” refers to a com-
pound of the formula O,N—CHX'—CHX>—CH(R)—
CHO, where X' and X? together with the carbon atoms to
which they are attached for an optionally substituted 5 or 6
membered carbocyclic ring ora 5 or 6 membered heterocyclic
ring that includes one or two nitrogen atoms in the ring,
wherein the nitrogen atom or atoms are optionally substituted
by a substituent as described herein or by a nitrogen protect-
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ing group, and where the substituent R is considered to be
‘alpha’ to the aldehyde moiety. The group R can be any
organic group or functional group, such as an optionally
substituted alkyl group, an optionally protected amino acid or
derivative thereof, and/or a substituent as described herein.
The term a-substituted-y-nitro-aldehyde can also refer to a
compound of the formula O,N—CHX'—CHX>—C(R)
(R)—CHO, wherein the compound has two substituents
‘alpha’ to the aldehyde moiety, and X' and X? are as previ-
ously described.

The aldehydes useful for the reactions described herein
have at least one a-hydrogen atom. Accordingly, the alde-
hydes employed with have either an a-methylene group or an
a-methine group. An “aldehyde that has an c-methylene
group” refers to a compound that includes a moiety of the
formula —CH,—CHO, and an “aldehyde that has an a-me-
thine group” refers to a compound that includes a moiety of
the formula >CH—CHO.

The term “proline derivative” refers to L-proline, R-pro-
line, or a chemical derivative thereof. Such derivatives
include various pyrrolidine compounds, including certain
chiral pyrrolidine catalyst known in the art, for example, a
proline compounds with one or more substituents on the
pyrrolidine ring. Examples of proline derivatives include dia-
rylprolinol trialkyl silyl ethers, such as diphenylprolinol tri-
alkyl silyl ether, for example, diphenylprolinol trimethyl silyl
ether. A proline derivative can be racemic, scalemic, or the
derivative can be the (R) or (S) enantiomer.

The term “solvent” refers to any liquid that can dissolve a
compound to form a solution. Solvents include water and
various organic solvents, such as hydrocarbon solvents, for
example, alkanes and aryl solvents, as well as chloroalkane
solvents. Examples include hexanes, DMF, DMA, DMSO,
benzene, toluene, xylenes, chloroform, methylene chloride,
dichloroethane, and alcoholic solvents such as methanol,
ethanol, propanol, isopropanol, and linear or branched (sec or
tert) butanol.

A “reducing agent” can effectuate the removal of oxygen
from a compound or the addition of hydrogen to a compound.
Typical reducing agents include various hydride reagents,
such as borohydride reagents and aluminum hydride
reagents, for example, sodium borohydride and lithium alu-
minum hydride.

An “oxidizing agent” can effectuate the addition of oxygen
to a compound or the removal of hydrogen from a compound.
Typical reducing agents include various metal oxides and
metal catalysts (e.g., a transition metal, optionally adsorbed
onto carbon) in the presence of hydrogen gas. Examples
include chromium oxides, such as the Jones reagent, and
palladium on carbon in the presence of hydrogen gas.

The term “enantiomerically enriched” refers to mixtures
that have one enantiomer present to a greater extent than
another. In one embodiment, the term “enantiomerically
enriched” refers to a mixture having at least about 50% enan-
tiomeric excess (“ee”). In other embodiments, enantiomeri-
cally enriched can refer to a mixture having at least about 75%
ee; at least about 80%; at least about 85%; at least about 90%;
at least about 92%; at least about 95%; or at least about 98%.
In another embodiment, the term “enantiomerically
enriched” refers to a mixture having at least about 99% ee.
The term “enantiomerically enriched” includes enantiomeri-
cally pure mixtures, which are mixtures that are substantially
free of the species of the opposite optical activity or one
enantiomer is present in very low quantities, for example,
about 0.01%, about 0.001% or about 0.0001%.
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Specific values listed below for radicals, substituents, and
ranges, are for illustration only; they do not exclude other
defined values or other values within defined ranges for the
radicals and substituents.

The term “alky]” refers to a branched or unbranched carbon
chain having, for example, about 1-20 carbon atoms, and
often 1-12, 1-10, 1-8, 1-6, or 1-4 carbons. Examples include,
but are not limited to, methyl, ethyl, 1-propyl, 2-propyl, 1-bu-
tyl, 2-methyl-1-propyl, 2-butyl, 2-methyl-2-propyl (t-butyl),
1-pentyl, 2-pentyl, 3-pentyl, 2-methyl-2-butyl, 3-methyl-2-
butyl, 3-methyl-1-butyl, 2-methyl-1-butyl, 1-hexyl, 2-hexyl,
3-hexyl, 2-methyl-2-pentyl, 3-methyl-2-pentyl, 4-methyl-2-
pentyl, 3-methyl-3-pentyl, 2-methyl-3-pentyl, 2,3-dimethyl-
2-butyl, 3,3-dimethyl-2-butyl, hexyl, octyl, decyl, dodecyl,
and the like. The alkyl can be unsubstituted or substituted.
The alkyl can also be optionally partially or fully unsaturated
in certain embodiments. As such, the recitation of an alkyl
group optionally includes both alkenyl and alkynyl groups.
The alkyl can be a monovalent hydrocarbon radical, as
described and exemplified above, or it can be a divalent
hydrocarbon radical (i.e., an alkylene). In some embodi-
ments, certain alkyl groups can be excluded from a definition.
For example, in some embodiments, methyl, ethyl, propyl,
butyl, or a combination thereof, can be excluded from a
specific definition of alkyl in an embodiment.

The term “cycloalky]” refers to cyclic alkyl groups of, for
example, 3 to about 12, 3 to about 10, 3 to about 8, about 4 to
about 8, or 5-6, carbon atoms having a single cyclic ring or
multiple condensed rings. Cycloalkyl groups include, by way
of example, single ring structures such as cyclopropyl,
cyclobutyl, cyclopentyl, cyclooctyl, and the like, or multiple
ring structures such as adamantyl, and the like. The
cycloalkyl can be unsubstituted or substituted. The cycloalkyl
group can be monovalent or divalent, and can be optionally
substituted as described for alkyl groups. The cycloalkyl
group can optionally include one or more cites of unsatura-
tion, for example, the cycloalkyl group can include one or
more carbon-carbon double bonds, such as, for example,
1-cyclopent-1-enyl, 1-cyclopent-2-enyl, 1-cyclopent-3-enyl,
cyclohexyl, 1-cyclohex-1-enyl, 1-cyclohex-2-enyl, 1-cyclo-
hex-3-enyl, and the like.

As used herein, “aryl” refers to an aromatic hydrocarbon
group derived from the removal of one hydrogen atom from a
single carbon atom of a parent aromatic ring system. The
radical attachment site can be at a saturated or unsaturated
carbon atom of the parent ring system. The aryl group can
have from 6 to about 20 carbon atoms. The aryl group can
have a single ring (e.g., phenyl) or multiple condensed (fused)
rings, wherein at least one ring is aromatic (e.g., naphthyl,
dihydrophenanthrenyl, fluorenyl, or anthryl). Typical aryl
groups include, but are not limited to, radicals derived from
benzene, naphthalene, anthracene, biphenyl, and the like. The
aryl can be unsubstituted or optionally substituted, as
described for alkyl groups.

The term “heteroaryl” refers to a monocyclic, bicyclic, or
tricyclic ring system containing one, two, or three aromatic
rings and containing at least one nitrogen, oxygen, or sulfur
atom in an aromatic ring, and that can be unsubstituted or
substituted, for example, with one or more, and in particular
one to three, substituents, as described in the definition of
“substituted”. Typical heteroaryl groups contain 2-20 carbon
atoms in addition to the one or more heteroatoms. Examples
of heteroaryl groups include, but are not limited to, 2H-pyr-
rolyl, 3H-indolyl, 4H-quinolizinyl, acridinyl, benzo[b]thie-
nyl, benzothiazolyl, p-carbolinyl, carbazolyl, chromenyl,
cinnolinyl, dibenzo[b,d]furanyl, furazanyl, furyl, imidazolyl,
imidizolyl, indazolyl, indolisinyl, indolyl, isobenzofuranyl,
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isoindolyl, isoquinolyl, isothiazolyl, isoxazolyl, naphthyridi-
nyl, oxazolyl, perimidinyl, phenanthridinyl, phenanthrolinyl,
phenarsazinyl, phenazinyl, phenothiazinyl, phenoxathiinyl,
phenoxazinyl, phthalazinyl, pteridinyl, purinyl, pyranyl,
pyrazinyl, pyrazolyl, pyridazinyl, pyridyl, pyrimidinyl, pyri-
midinyl, pyrrolyl, quinazolinyl, quinolyl, quinoxalinyl, thia-
diazolyl, thianthrenyl, thiazolyl, thienyl, triazolyl, tetrazolyl,
and xanthenyl. In one embodiment the term “heteroaryl”
denotes a monocyclic aromatic ring containing five or six ring
atoms containing carbon and 1, 2, 3, or 4 heteroatoms inde-
pendently selected from non-peroxide oxygen, sulfur, and
N(Z) wherein Z is absent or is H, O, alkyl, aryl, or—(C,-Cy)
alkylaryl. In some embodiments, heteroaryl denotes an ortho-
fused bicyclic heterocycle of about eight to ten ring atoms
derived therefrom, particularly a benz-derivative or one
derived by fusing a propylene, trimethylene, or tetramethyl-
ene diradical thereto.

The term “heterocycle” refers to a saturated or partially
unsaturated ring system, containing at least one heteroatom
selected from the group oxygen, nitrogen, silicon, and sulfur,
and optionally substituted with one or more groups as defined
for the term “substituted”. A heterocycle can be a monocyclic,
bicyclic, or tricyclic group. A heterocycle group also can
contain an oxo group (—O) or a thioxo (—S) group attached
to the ring. Non-limiting examples of heterocycle groups
include 1,3-dihydrobenzofuran, 1,3-dioxolane, 1,4-dioxane,
1,4-dithiane, 2H-pyran, 2-pyrazoline, 4H-pyran, chromanyl,
imidazolidinyl, imidazolinyl, indolinyl, isochromanyl, isoin-
dolinyl, morpholinyl, piperazinyl, piperidinyl, pyrazolidinyl,
pyrazolinyl, pyrrolidine, pyrroline, quinuclidine, tetrahydro-
furanyl, and thiomorpholine, where the point of attachment
can be at any atom accessible by known synthetic methods.

Theterm “substituted” indicates that one or more hydrogen
atoms on the group indicated in the expression using “substi-
tuted” is replaced with a “substituent”. The number referred
to by ‘one or more’ can be apparent from the moiety one
which the substituents reside. For example, one or more can
refer to, e.g., 1,2, 3, 4, 5, or 6; in some embodiments 1, 2, or
3;and in other embodiments 1 or 2. The substituent can be one
of'a selection of indicated groups, or it can be a suitable group
known to those of skill in the art, provided that the substituted
atom’s normal valency is not exceeded, and that the substi-
tution results in a stable compound. Suitable substituent
groups include, e.g., alkyl, alkenyl, alkynyl, alkoxy, halo,
haloalkyl, hydroxy, hydroxyalkyl, aryl, aroyl, (aryl)alkyl
(e.g., benzyl or phenylethyl), heteroaryl, heterocycle,
cycloalkyl, alkanoyl, alkoxycarbonyl, amino, alkylamino,
dialkylamino, trifluoromethyl, trifluoromethoxy, triftuorom-
ethylthio, difluoromethyl, acylamino, nitro, carboxy, car-
boxyalkyl, keto, thioxo, alkylthio, alkylsulfinyl, alkylsulfo-
nyl, arylsulfinyl, arylsulfonyl, heteroarylsulfinyl,
heteroarylsulfonyl, heterocyclesulfinyl, heterocyclesulfonyl,
phosphate, sulfate, hydroxyl amine, hydroxyl(alkyl)amine,
and cyano. Additionally, suitable substituent groups can be,
eg.,—X,—R, —07, —OR, —SR, —S7, —NR,, —NR;,,
—NR, —CX,, —CN, —OCN, —SCN, —N—C—0,
—NCS, —NO, —NO,, —N,, —N;, —NC(—=O)R,
—C(—=0)R, —C(—0O)NRR, —S(—0),07, —S(—0),0H,
—S(=0),R, —OS(—0),0R, —S(—0),NR, —S(—O)R,
—OP(—0)O,RR, —P(=0)O,RR, —P(=0)(0),,
—P(=0)(OH),, —C(—=O0)R, —C(=0)X, —C(S)R,
—C(O)OR, —C(0)O™, —C(S)OR, —C(O)SR, —C(S)SR,
—C(O)NRR, —C(S)NRR, or —C(NR)NRR, where each X
is independently a halogen (“halo”): F, Cl, Br, or I; and each
R is independently H, alkyl, aryl, (aryl)alkyl (e.g., benzyl),
heteroaryl, (heteroaryl)alkyl, heterocycle, heterocycle
(alkyl), or a protecting group. As would be readily understood
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by one skilled in the art, when a substituent is keto (—O) or
thioxo (=S), or the like, then two hydrogen atoms on the
substituted atom are replaced. In some embodiments, one or
more of the substituents above are excluded from the group of
potential values for substituents on the substituted group.

As to any of the above groups, which contain one or more
substituents, it is understood, of course, that such groups do
not contain any substitution or substitution patterns that are
sterically impractical and/or are synthetically non-feasible. It
will be appreciated that the compounds of the invention con-
tain asymmetrically substituted carbon atoms, and may be
isolated in optically active or racemic forms. It is well known
in the art how to prepare optically active forms, such as by
resolution of racemic forms or by synthesis from optically
active starting materials. All chiral, diastereomeric, racemic
forms and all geometric isomeric forms of a structure are part
of this invention.

Reference to any of the compounds of the invention also
refers to their salt or solvate, for example, hydrate. Examples
of salts of the compounds can include salts derived from an
appropriate base, such as an alkali metal (for example,
sodium or potassium), an alkaline earth (for example, cal-
cium or magnesium), ammonium or NX,,* (wherein X is, e.g.,
C,-C, alkyl). Salts of a hydrogen group or an amino group
include salts of organic carboxylic acids such as acetic,
behenic, benzoic, lactic, fumaric, tartaric, maleic, malonic,
malic, isethionic, lactobionic and succinic acids; organic sul-
fonic acids, such as methanesulfonic, ethanesulfonic, benze-
nesulfonic and p-toluenesulfonic acids; and inorganic acids,
such as hydrochloric, sulfuric, phosphoric and sulfamic acids.
Salts of a compound of a hydroxy group (e.g., of a carboxylic
acid) include the anion of the compound in combination with
a suitable cation such as Na* or NX,* (where each X is
independently selected from H or a C,-C, alkyl group).

The term “amino acid” refers to a natural amino acid resi-
due (e.g. Ala, Arg, Asn, Asp, Cys, Glu, Gln, Gly, His, Hyl,
Hyp, lle, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, or Val) in
D or L form, as well as unnatural amino acid (e.g. phospho-
serine; phosphothreonine; phosphotyrosine; hydroxyproline;
gamma-carboxyglutamate; hippuric acid; octahydroindole-
2-carboxylic acid; statine; 1,2,3,4,-tetrahydroisoquinoline-3-
carboxylic acid; penicillamine; ornithine; citruline; c.-me-
thyl-alanine; para-benzoylphenylalanine; phenylglycine;
propargylglycine; sarcosine; or tert-butylglycine) residue
having one or more open valences. The term also includes
[-amino acids and y-amino acids. The term also comprises
natural and unnatural amino acids bearing amino protecting
groups (e.g. acetyl, acyl, trifluoroacetyl, or benzyloxycarbo-
nyl), as well as natural and unnatural amino acids protected at
carboxy with protecting groups (e.g. as a (C,-Cy)alkyl, phe-
nyl or benzyl ester, or amide). Other suitable amino and
carboxy protecting groups are known to those skilled in the
art (see for example, T. W. Greene, Protecting Groups In
Organic Synthesis; Wiley: New York, Third Edition, 1999,
and references cited therein; D. Voet, Biochemistry, Wiley:
New York, 1990; L. Stryer, Biochemistry, (3rd Ed.), W.H.
Freeman and Co.: New York, 1975; J. March, Advanced
Organic Chemistry, Reactions, Mechanisms and Structure,
(2nd Ed.), McGraw Hill: New York, 1977; F. Carey and R.
Sundberg, Advanced Organic Chemistry, Part B: Reactions
and Synthesis, (2nd Ed.), Plenum: New York, 1977; and ref-
erences cited therein).

The term “peptide” refers to any two or more amino acids
linked by an amide (peptide) bond. The amino acid residues
of the peptide can be a-amino acid residues, [-amino acid
residues, and/or y-amino acid residues. A “homogeneous
peptide” refers to a peptide that includes only one type (e.g.,
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a-, -, or y-residues) of amino acid. A “heterogeneous pep-
tide” refers to a peptide that includes two or more of an
a-amino acid residue, a f-amino acid residue, and a y-amino
acid residue. Examples of heterogeneous peptides include,
for example, a/P-peptides, P/y-peptides, a/y-peptides, and
a/B/y-peptides, wherein the amino acid residues can be in any
order. The term peptide includes dipeptides and chains of
amino acids that include three or more residues. As such, the
term peptide includes the term oligopeptide and polyamino
acid.

The term “protecting group” refers to a group that, when
bound to a hydroxyl, nitrogen, or other heteroatom, prevents
undesired reactions from occurring at this group and which
can be removed by conventional chemical or enzymatic steps
to reestablish the ‘unprotected’ hydroxyl, nitrogen, or other
heteroatom group. The particular removable group employed
is often interchangeable with other groups in various syn-
thetic routes. Certain removable protecting groups include
conventional substituents such as, for example, allyl, benzyl,
acetyl, chloroacetyl, thiobenzyl, benzylidine, phenacyl,
methyl methoxy, silyl ethers (e.g., trimethylsilyl (TMS), t-bu-
tyl-diphenylsilyl (TBDPS), or t-butyldimethylsilyl (TBS))
and any other group that can be introduced chemically onto a
hydroxyl functionality and later selectively removed either by
chemical or enzymatic methods in mild conditions compat-
ible with the nature of the product.

A large number of protecting groups and corresponding
chemical cleavage reactions are described in Protective
Groups in Organic Synthesis, Theodora W. Greene (John
Wiley & Sons, Inc., New York, 1991, ISBN 0-471-62301-6)
(“Greene”, which is incorporated herein by reference).
Greene describes many nitrogen protecting groups, for
example, amide-forming groups. In particular, see Chapter 1,
Protecting Groups: An Overview, pages 1-20, Chapter 2,
Hydroxyl Protecting Groups, pages 21-94, Chapter 4, Car-
boxyl Protecting Groups, pages 118-154, and Chapter 5, Car-
bonyl Protecting Groups, pages 155-184. For additional
information on protecting groups, see also Kocienski, Philip
J.; Protecting Groups (Georg Thieme Verlag Stuttgart, New
York, 1994), which is incorporated herein by reference. Some
specific protecting groups that can be employed in conjunc-
tion with the methods of the invention are discussed below.

Typical nitrogen protecting groups described in Greene
(pages 14-118) include benzyl ethers, silyl ethers, esters
including sulfonic acid esters, carbonates, sulfates, and sul-
fonates. For example, suitable nitrogen protecting groups
include substituted methyl ethers; substituted ethyl ethers;
p-chlorophenyl, p-methoxyphenyl, 2,4-dinitrophenyl, ben-
zyl; substituted benzyl ethers (p-methoxybenzyl, 3.4-
dimethoxybenzyl, o-nitrobenzyl, p-nitrobenzyl, p-haloben-
zyl, 2,6-dichlorobenzyl, p-cyanobenzyl, p-phenylbenzyl, 2-
and 4-picolyl, diphenylmethyl, 5-dibenzosuberyl, triphenyl-
methyl, p-methoxyphenyl-diphenylmethyl, di(p-methox-
yphenyl)phenylmethyl, tri(p-methoxyphenyl)methyl, 1,3-
benzodithiolan-2-yl, benzisothiazolyl S,S-dioxido); silyl
ethers (silyloxy groups) (trimethylsilyl, triethylsilyl, triiso-
propylsilyl, dimethylisopropylsilyl, diethylisopropylsilyl,
dimethylthexylsilyl, t-butyldimethylsilyl, t-butyldiphenylsi-
lyl, tribenzylsilyl, tri-p-xylylsilyl, triphenylsilyl, diphenylm-
ethylsilyl, t-butylmethoxy-phenylsilyl); esters (formate, ben-
zoylformate, acetate, choroacetate, dichloroacetate,
trichloroacetate, trifluoroacetate, methoxyacetate, triphenyl-
methoxyacetate, phenoxyacetate, p-chlorophenoxyacetate,
3-phenylpropionate, 4-oxopentanoate (levulinate), pivaloate,
adamantoate, crotonate, 4-methoxycrotonate, benzoate,
p-phenylbenzoate, 2,4,6-trimethylbenzoate(mesitoate)); car-
bonates (methyl, 9-fluorenylmethyl, ethyl, 2,2,2-trichloroet-
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hyl, 2-(trimethylsilyl)ethyl, 2-(phenylsulfonyl)ethyl,
2-(triphenylphosphonio)ethyl, isobutyl, vinyl, allyl, p-nitro-
phenyl, benzyl, p-methoxybenzyl, 3.,4-dimethoxybenzyl,
o-nitrobenzyl, p-nitrobenzyl, S-benzyl thiocarbonate,
4-ethoxy-1-naphthyl, methyl dithiocarbonate); groups with
assisted cleavage (2-iodobenzoate, 4-azidobutyrate, 4-nitro-
4-methylpentanoate, o-(dibromomethyl)benzoate, 2-formyl-
benzenesulfonate, 2-(methylthiomethoxy)ethyl carbonate,
4-(methylthiomethoxy)butyrate, miscellaneous esters (2,6-
dichloro-4-methylphenoxyacetate, 2,6-dichloro-4-(1,1,3,3
tetramethylbutyl)phenoxyacetate, 2,4-bis(1,1-dimethylpro-
pyDphenoxyacetate, chlorodiphenylacetate, isobutyrate,
monosuccinate, (E)-2-methyl-2-butenoate (tigloate),
o-(methoxycarbonyl)benzoate, p-poly-benzoate, a-naph-
thoate, nitrate, alkyl N,N,N',N'-tetramethyl-phosphorodiami-
date, n-phenylcarbamate, borate, 2,4-dinitrophenyl-
sulfenate); or sulfonates (methanesulfonate(mesylate),
benzenesulfonate, benzylsulfonate, tosylate, or triflate).

The protecting groups used for the amino acids described
herein can be nitrogen protecting groups or carboxylic acid
protecting groups, €.g., amino-terminus protecting groups or
carboxy-terminus protecting groups, respectively. The terms
“amino-terminus protecting group” and “carboxy-terminus
protecting group” are synonymous with such terms as “N-ter-
minal capping group” and “C-terminal capping group,”
respectively. A variety of suitable protecting and capping
groups, in addition to those described above, are known in the
art. Various types of amino- and carboxy-protecting groups
that can be used with the amino acids discussed herein are
described by, for example, U.S. Pat. No. 5,221,736 (Coolidge
et al.); U.S. Pat. No. 5,256,549 (Urdea et al.); U.S. Pat. No.
5,049,656 (Lewis et al.); and U.S. Pat. No. 5,521,184 (Zim-
merman).

In certain embodiments, the amino acids and peptides
described herein can be modified at their N- and/or C-termi-
nus by various end-capping methodologies known in the art.
For example, acetylation of the N-terminus can be accom-
plished by reacting the final peptide with acetic anhydride, in
some instances before cleavage from a resin. The C terminus
may be modified by standard methods through the choice of
resin linker, such as by using a benzyl hydrylamine (carboxa-
mide) or hydroxybenzyl linker (carboxylic acid). Additional
N-terminus modifications include, but are not limited to, pro-
tecting groups such as Boc or Cbz, and also acyl groups,
including but not limited to, propanoyl, butanoyl, pentanoyl,
nonanoic acid, or pentadecanoic acid. Additional C-terminus
modifications include, but are not limited to, N-alkyl or
N-aryl or N,N-dialkyl or N,N-diaryl amides and esters.
Compounds and Methods of the Invention

The invention provides compounds and methods for pre-
paring various useful compounds, for example, compounds
of Formulas I-III, V-VI, and IX-X. Certain specific com-
pounds of the invention include, but are not limited to, (S)-2-
((18,2S)-2-nitrocyclohexyl)butan-1-ol; (S)-2-((1S,25)-2-ni-
trocyclohexyl)propan-1-ol; (S)-2-((18,28)-2-
nitrocyclohexyl)pentan-1-ol;  (S)-3-methyl-2-((1S,2S5)-2-
nitrocyclohexyl)butan-1-ol; (S)-2-((18,28)-2-
nitrocyclohexyl)hexan-1-ol; (S)-2-((18,28)-2-
nitrocyclohexyl)octan-1-ol; (S)-2-cyclohexyl-2-((1S,2S5)-2-
nitrocyclohexyl)ethanol; (S)-2-((1S,2S)-2-nitrocyclohexyl)-
4-phenylbutan-1-ol; (8)-2-((18,28)-2-nitrocyclohexyl)
butanoic acid; (S)-2-((18,28)-2-(tert-butoxycarbonylamino)
cyclohexyl)butanoic acid; (S)-2-((1S,2R)-2-nitrocyclohexyl)
butan-1-ol; (S)-2-((1S,2R)-2-nitrocyclohexyl)butanoic acid;
(8)-2-((18,2R)-2-(tert-butoxycarbonyl)cyclohexyl )butanoic
acid; their enantiomers; their various diasteriomers; and vari-
ous derivatives thereof, for example, compounds of Formulas
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1-X, and compounds described in the Examples below. Com-
pounds that possess a chiral carbon can be prepared as either
the (R)- or (S)-enantiomer, at any position that can be con-
trolled by a chiral catalyst, by use of chiral starting materials,
and/or by chiral purification techniques. The derivatives
include, for example, compounds where an alkyl or aryl
group is substituted, where an amine and/or acid moiety is
protected, and/or where one or more (e.g., one to about eight)
amino acids are covalently linked to an amino or carboxy
moiety of an aforementioned compound.

The methods of the invention include preparing cyclically
constrained a-substituted-y-nitro-aldehyde compounds, and
derivatives thereof, such as derivatives where the nitro group
is reduced to an amine, and/or the aldehyde group is reduced
to an alcohol or, in one or two steps, oxidized to a carboxylic
acid. Cyclic compounds containing a 1-nitroethylene moiety
within the ring, and an aldehyde that has an a-hydrogen atom,
can be combined in the presence of an organic solvent, a
proline derivative, and optionally a carboxylic acid under
suitable reaction conditions to provide the a-substituted-y-
nitro-aldehyde.

Accordingly, various embodiment the invention provide
compounds of the Formulas described herein, and methods
for preparing them. As would be readily recognized by one
skilled in the art, in any of the formulas when one of A*-AS is
carbon, its remaining valences are filled by hydrogen atoms,
unless the variable is substituted by one or two substituents, as
recited above. Likewise, when one of A*-AS is nitrogen, the
nitrogen atom can be substituted by one of the substituents
recited above, or by a nitrogen protecting group. Additionally,
while in some embodiments one or two of A*-AS are nitrogen,
each of A*>-A° may be carbon in other embodiments as speci-
fied by the definition that each of A*>-A® may be carbon.

In one embodiment, A® is carbon. In another embodiment,
A? is nitrogen.

In one embodiment, A* is carbon. In another embodiment,
A% is nitrogen.

In one embodiment, A° is carbon. In another embodiment,
A’ is nitrogen.

In one embodiment, A® is carbon. In another embodiment,
A® is nitrogen. In another embodiment, A° is a direct bond,
connecting A® to the carbon that is attached to Y or NO.,.

In one embodiment, R' can be hydrogen. In another
embodiment, R* can be alkyl, for example, (C,-Cy)alkyl,
optionally substituted. In another embodiment, R' can be an
optionally substituted cycloalkyl, aryl, heteroaryl, or hetero-
cycle. The substituents can include one to five alkyl, alkoxy,
halo, hydroxy, aryl, (aryl)alkyl, heteroaryl, heterocycle,
cycloalkyl, alkanoyl, alkoxycarbonyl, amino, alkylamino,
dialkylamino, acylamino, nitro, trifluoromethyl, trifluo-
romethoxy, carboxy, carboxyalkyl, keto, arylsulfonyl, cyano,
or azide groups. In any emobodiment, the hydroxy, amino,
alkylamino and/or carboxy groups of R* may be optionally
protected. Hydroxy, amino, alkylamino and carboxy groups
are preferably protected during the Michael reaction used to
prepare such compounds, but can be removed after the
Michael reaction to provide other compounds of the inven-
tion.

A specific value for R? is H. Another specific value for R?
is OH.

The group R? is an amino acid side chain, for example, the
side chain of Ala, Arg, Asn, Asp, Cys, Glu, Gln, Gly, His, Hyl,
Hyp, lle, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, or Val, as
would be readily understood by one of skill in the art. The
amino acid side chains can be optionally protected, for
example, with oxygen, nitrogen, or sulfur protecting groups.
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In one embodiment, P can be H. In another embodiment, P
is methyl. In another embodiment, P is acetyl. In another
embodiment, P is a carboxylic acid protecting group, for
example, as described by Green. In another embodiment, P
(or —OP) is an amino acid, for example, Ala, Arg, Asn, Asp,
Cys, Glu, Gln, Gly, His, Hyl, Hyp, Ile, Leu, Lys, Met, Phe,
Pro, Ser, Thr, Trp, Tyr, or Val, bonded to the carbonyl moiety
of formula, thereby forming an amide bond.

In one embodiment, Y can be nitro. In another embodi-
ment, Y is amino (—NH,). In another embodiment, Y is
protected amino, such as, —NHBoc —NHAc, —NHBn,
—NHFmoc, or —NHCbz. In another embodiment, Y is a
nitrogen bonded to an amino acid, for example, the carbonyl
moiety of Ala, Arg, Asn, Asp, Cys, Glu, Gln, Gly, His, Hyl,
Hyp, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tip, Tyr, or Val,
thereby forming an amide bond.

In yet another embodiment, the invention provides a
method for preparing a compound described above wherein
R? is H. The method can include contacting a cyclic com-
pound of 5 or 6 ring atoms that includes a nitroethylene
moiety (i.e., a—CH—C(NO,)— group) within the ring and
that optionally includes one or two nitrogen atoms in the ring,
wherein the carbon atoms in the ring are optionally substi-
tuted and the optional nitrogen atom or atoms in the ring are
optionally substituted by a nitrogen protecting group; and an
aldehyde that has at least one a-hydrogen; in the presence of
an organic solvent, and a proline derivative, for a period of
time sufficient to provide an a-substituted-y-nitro-aldehyde.

In an additional embodiment, the invention provides a
method for preparing an a-substituted-y-amino acid that
includes a ring moiety attached to the carbons § and y to the
carboxylic acid moiety of the a-substituted-y-amino acid, and
the ring includes 5 or 6 carbon atoms, wherein one or two of
the ring carbon atoms are optionally replaced with one or two
nitrogen atoms, wherein the nitrogen atom or atoms in the
ring are optionally substituted by a nitrogen protecting group,
the method comprising contacting a cyclic compound of 5 or
6 ring atoms that includes a nitroethylene moiety within the
ring and that optionally includes one or two nitrogen atoms in
the ring, wherein the nitrogen atom or atoms in the ring are
optionally substituted by a nitrogen protecting group; and an
aldehyde that has at least one a-hydrogen, in the presence of
an organic solvent and a proline derivative; for a period of
time sufficient to provide an a-substituted-y-nitro-aldehyde
that includes a ring moiety attached to the carbons f§ and y to
the aldehyde.

The method can further include reducing the aldehyde of
the a-substituted-y-nitro-aldehyde to an alcohol; oxidizing
the alcohol to a carboxylic acid to provide an a-substituted-
y-nitro-acid; and/or reducing the nitro moiety of the a-sub-
stituted-y-nitro-acid to an amine, to provide an a.-substituted-
y-amino acid that includes a ring moiety attached to the
carbons [ and y to the carboxylic acid moiety of the a-sub-
stituted-y-amino acid.

The method can also include protecting the amine group of
the a-substituted-y-amino acid with a nitrogen protecting
group, for example, a Boc group, an acetyl group, a benzyl
group, an Fmoc group, or a Cbz group.

In an additional embodiment, the invention provides a
method for preparing an amide compound that includes an
a-substituted-y-amino acid. The a-substituted-y-amino acid
can include a ring moiety attached to the carbons [ and y to the
carboxylic acid moiety of the a-substituted-y-amino acid.
The a-substituted-y-amino acid can be coupled to a variety of
amino acids, such as an a-amino acid, a f-amino acid, or a
y-amino acid.
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The method includes contacting a cyclic compound of 5 or
6 ring atoms that includes a nitroethylene moiety within the
ring and that optionally includes one or two nitrogen atoms in
the ring, wherein the nitrogen atom or atoms in the ring are
optionally substituted by a nitrogen protecting group; and an
aldehyde that has at least one a.-hydrogen; in the presence of
an organic solvent and a proline derivative, for a period of
time sufficient to provide an a-substituted-y-nitro-aldehyde
that includes a ring moiety attached to the carbons f§ and v to
the aldehyde. The method can also include reducing the alde-
hyde of the a-substituted-y-nitro-aldehyde to an alcohol; oxi-
dizing the alcohol to a carboxylic acid to provide an a-sub-
stituted-y-nitro-acid; and/or forming a peptide bond with the
carboxylic acid and the nitrogen moiety of an a-amino acid,
a P-amino acid, or a y-amino acid. The a-amino acid, a
[-amino acid, or ay-amino acid can have a protected carboxy-
lic acid group. The method can also include reducing the nitro
moiety of the a-substituted-y-nitro-acid to an amine, to pro-
vide an amide compound. In one embodiment, the method
further includes protecting the amine group of the c-substi-
tuted-y-amino acid with a nitrogen protecting group.

In another embodiment, the invention provides a method
for preparing a a-substituted-y-nitro-aldehyde that includes a
ring moiety attached to the carbons 3 and y to the carboxylic
acid moiety of the a-substituted-y-amino acid. The method
can include contacting a cyclic compound of 5 or 6 ring atoms
that includes a nitroethylene moiety within the ring and that
optionally includes one or two nitrogen atoms in the ring,
wherein the nitrogen atom or atoms in the ring are optionally
substituted by a nitrogen protecting group; and an aldehyde
that has an a.-methylene group; in the presence of an organic
solvent, an (S)- or (R)-diphenylprolinol trialkyl silyl ether, for
a period of time sufficient to provide the a-substituted-y-
nitro-aldehyde, wherein the a-substituted-y-nitro-aldehyde
that includes a ring moiety attached to the carbons f§ and v to
the carboxylic acid moiety of the a-substituted-y-amino acid
is prepared in at least about 90% enantiomeric purity.

As would be recognized by one skilled in the art, the ring
moieties of the starting materials or products that include one
or two nitrogen atoms can be, for example, piperidine, pip-
erazine, hexahydropyrimidine, pyrrolidine, pyrazolidine, or
imidazolidine ring systems. Each carbon and/or nitrogen
atom of the ring system can be substituted as recited herein.
Many of these compounds are commercially available from
Sigma-Aldrich (St. Louis Mo.) or they can be readily pre-
pared from such compounds using standard synthetic trans-
formations known to those of skill in the art.

By using a chiral pyrrolidine catalyst, the compounds
described above can be prepared in an enantiomerically
enriched form. The compounds can be prepared in high ee, for
example, as determined by NMR analysis, optionally of a
derivative, such as a Mosher ester, or by one of the techniques
described in the Examples. The compound can be prepared
such thatithas an enantiomeric purity of, for example, greater
than about 75%, greater than about 80%, greater than about
90%, greater than about 95%, greater than about 97%, greater
than about 98%, or greater than about 99%. In various
embodiments, the enantiomeric purity may be characterized
with respect to the carbon attached to R*. In other embodi-
ments, the enantiomeric purity may be characterized with
respect to the entire molecule.

The cyclic compound of 5 or 6 ring atoms that includes a
nitroethylene moiety can be contacted with an aldehyde that
has an a-methylene group, or with an aldehyde that has an
a-methine group.

The proline derivative can be a chiral pyrrolidine com-
pound or catalyst. The chiral pyrrolidine catalyst can be an
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(S)- or (R)-diphenylprolinol trialkyl silyl ether, for example,
(S)-diphenylprolinol trimethyl silyl ether, or (R)-diphenyl-
prolinol trimethyl silyl ether.

Depending on the substrates and catalyst employed, the
catalyst can be present in varying amounts. Typically a higher
catalyst loading is required in the absence of an acid co-
catalyst. The method can use about 1-50 mol % of the chiral
pyrrolidine catalyst, with respect to the molar amount of the
cyclic nitroethylene-containing compound. For example, the
chiral pyrrolidine catalyst can be present in about 1-30 mol %,
about 1-5 mol %, about 5-30 mol %, or about 10-25 mol %,
with respect to the molar amount of the cyclic nitroethylene-
containing compound. The proline derivative can also be
present, for example, in about 0.5 mol %, about 1 mol %,
about 2 mol %, about 5 mol %, about 10 mol %, about 20 mol
%, or about 50 mol %, with respect to the molar amount of the
cyclic nitroethylene-containing compound.

In any embodiment, the contacting can be carried out in the
presence of a carboxylic acid, such as acetic acid, trifluoro-
acetic acid, benzoic acid, or a nitrobenzoic acid, such as o-,
m-, or p-nitrobenzoic acid. The acid can be present in any
suitable and effective amount. Accordingly, the carboxylic
acid can be present in the reaction in about 1-200 mol % with
respect to the molar amount of the cyclic nitroethylene-con-
taining compound. For example, the carboxylic acid can be
present in about 5-30 mol %, about 5-20 mol %, about 5-15
mol %, or about 10 mol %, with respect to the molar amount
of the cyclic nitroethylene-containing compound. Typically,
about 2-100 mol %, or about 5-20 mol % of the cocatalyst is
used. Standard amounts include multiples of 5 mol % ranging
from 5-100 mol %, with respect to the molar amount of
nitroethylene.

The molar amount of the aldehyde can be greater than the
molar amount of the cyclic nitroethylene-containing com-
pound. For example, the cyclic nitroethylene-containing
compound and the aldehyde can be present in about a 1:1.05
molar ratio, about a 1:1.1 molar ratio, about a 1:2 molar ratio,
about a 1:3 molarratio, abouta 1:5 molar ratio, orabouta 1:10
molar ratio.

Any suitably effective solvent can be used. The organic
solvent can be a suitable organic solvent such as hexanes,
DMSO, DMF, DMA, isopropanol, methylene chloride, chlo-
roform, or an aryl solvent, such as benzene, toluene, or
xylenes. In one embodiment, the aryl solvent is benzene or
toluene. In another embodiment, the solvent is methylene
chloride or chloroform. In some instances, an acid can be used
as the solvent. For example, the solvent can be a carboxylic
acid, such as acetic acid, which can also act as a co-catalyst.
When an acid is used as the solvent, other solvents may be
optional and not required.

The reaction can typically be run atabout 0° C., or 3° C., or
up to about room temperature (~23° C.). Under some circum-
stances, it may be desirable to run the reaction at a low
temperature, for example, at less than about 0° C., or about
-30° C. to about 0° C. Under other circumstances, it may be
desirable to heat the reaction to above room temperature, for
example, to about 30° C., about 40° C., about 50° C., or to
about the reflux temperature of the solvent used in the reac-
tion. Increased reaction temperatures can increase the reac-
tion rate or total conversion of the starting materials to the
product.

Favorable yields were obtained in numerous trials of the
Michael addition reactions. In one embodiment, the yield of
the Michael adduct compound is greater than about 50%. In
another embodiment, the yield of the Michael adduct com-
pound is greater than about 55%, greater than about 60%,
greater than about 70%, greater than about 75%, greater than

20

25

30

35

40

45

50

55

60

65

22

about 80%, greater than about 85%, or greater than about
90%. In some embodiments, aldol products are atforded in
less than about 20% yield, in less than about 15% yield, in less
than about 10% yield, or in less than about 5% yield.

As would be readily recognized by one skilled in the art, the
methods can include reducing an aldehyde moiety of a prod-
uct compound an alcohol. The reducing can include the use of
a hydride, for example, a borohydride reagent, such as a
sodium borohydride, or a lithium hydride reagent, such as
lithium aluminum hydride. The method can also include oxi-
dizing the alcohol to a carboxylic acid. The oxidizing can
include the use of a chromium reagent, such as the Jones
reagent. Additionally, the method can include reducing the
nitro moiety of a product compound to an amine. The reduc-
ing can include the use of hydrogen gas and a transition metal
reagent. The oxidizing and reducing steps can be carried out
in any practical order, as recognized by one skilled in the art.
Organocatalyzed Michael Addition Reactions

New synthetic approaches to y-amino acids and derivatives
thereof are provided herein. The y-amino acids can include a
cycloalkyl or heterocyclic constraint on the C,-C, bond and a
variable side chain at C_. For example, the y-amino acids,
their precursors, and/or their derivatives, can include a ring,
such as a cyclohexyl or piperidinyl constraint, on the Cy-C,
bond, as well as a variable side chain at C . All three stereo-
centers of the y-amino acid skeleton are generated from
achiral precursors in a single process with high diastereo- and
enantioselectivity. When the cyclic moiety includes a stereo-
center, additional diastereomers and enantiomers result.
These new types of y-amino acid residues support helix for-
mation by an a/y-peptide backbone.

The methods disclosed herein include a pyrrolidine-cata-
lyzed Michael addition of'an aldehyde to a 1-nitrocycloalkene
or a l-nitroheterocycloalkene. The 1-nitrocycloalkene can be
a 5-8 membered ring, optionally with one or more substitu-
ents on the ring, as illustrated in Scheme 1. The ring can also
be a 1-nitro unsaturated ring with one or two nitrogen atoms
in the ring, optionally with one or more substituents on the
ring.

Scheme 1.
05N I}
Michael
Reaction
+
R,
R
O,N CHO —  BocHN COOH
B
* * * *

R, Ry

where R can be hydrogen, alkyl, cycloalkyl, aryl, heteroaryl,
or heterocycle, each of which can be optionally substituted;
R¥ can be alkyl, cycloalkyl, aryl, heteroaryl, or heterocycle,
each of which can be optionally substituted; and n is 0 to
about 10; wherein the 1-nitrocycloalkene is a 5, or 6 mem-
bered ring.

Chiral pyrrolidines have been shown to catalyze the
Michael addition of aldehydes to nitroalkenes with high ste-
reoselectivity. Most precedents involve $-aryl nitroalkenes,
such as B-nitrostyrene, which lead to y**-amino acids. The
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Michael addition of aldehydes to nitroethylene provides
access to y>-amino acids has also been reported (Chi et al., J.
Am. Chem. Soc. 2008, 130, 5608).

Scheme 2 shows the pyrrolidine-catalyzed Michael addi-
tion of an aldehyde to 1-nitrocyclohexene. In Schemes 1 and
2, the Michael adduct can be further modified to conforma-
tionally constrained y-amino acids by a series of facile oxi-
dation/reduction reactions, optionally with the addition of
protecting groups, such as Boc or benzyl groups.

Scheme 2.
O,N 1)
Michael
Reaction
+ H—
R
R R
O,N CHO —  BocHN COOH
* * * *

Wennemers and coworkers concurrently devised an effec-
tive tripeptide catalyst for nitroethylene additions (J. Am.
Chem. Soc. 2008, 130, 5610). In complementary work, List
and coworkers, and Hayashi and coworkers, found that (S)-A
catalyzes highly enantioselective Michael additions of acetal-
dehyde to f-substituted nitroalkenes, which provides
v*-amino acids (dngew. Chem., Int. Ed. 2008, 47, 4719 and
Angew. Chem., Int. Ed. 2008, 47, 4722, respectively). Several
pyrrolidine catalysts and acidic co-catalysts were analyzed to
facilitate the Michael reaction. Herein is described the results
of an analysis of pyrrolidine (S)-A along with acidic co-
catalyst B, which proved to be highly suitable in terms of
efficiency and enantioselectivity for preparation of the
desired products.

R)-A
Z S Ph
NT
H OTMS
Ph
B
O,N COOH

Attention was drawn to 1-nitrocyclohexene as a Michael
acceptor because the adducts can be easily converted to novel
cyclically constrained y-amino acid residues. Reaction of
n-butanal and 1-nitrocyclohexene (2:1 molar ratio) in the
presence of 20 mol % A in toluene provided only 25% of the
Michael adduct after 24 hours, and th