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Figure 5. TH and 13C NMR spectra for cyclic product 1.
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Figure 7. TH and 13C NMR spectra for cyclic product 3.
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Figure 10. TH and 13C NMR spectra for cyclic product 8.
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Figure 23. TH and 13C NMR spectra for cyclic product 19.
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Figure 24. TH and 13C NMR spectra for cyclic product 20.
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Figure 25. TH and 19C NMR spectra for cyclic product 21.
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Figure 26. TH and 13C NMR spectra for cyclic product 22.
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rigure 30. Nucleophiic ring-opening of azindine-containing cyclic peplides.
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CYCLIC AMINO ACID MOLECULES AND
METHODS OF PREPARING THE SAMEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 13/257,1359, filed Nov. 21, 2011, pending,
which 1s a U.S. National Stage filing of International Appli-
cation Serial No. PCT/CA2010/000408, filed Mar. 16, 2010,

which claims priority to U.S. Provisional Application Ser.
No. 61/160,571, filed Mar. 16, 2009, each of which 1s
incorporated herein by reference 1n their entirety.

FIELD

The present 1invention relates to cyclic amino acid mol-
ecules and methods of preparing the same, and 1n particular
the macrocyclization of amino acids or linear peptides upon
reaction with amphoteric amino aldehydes and 1socyanides.

BACKGROUND

Peptides play vital roles by mediating a wide range of
biological processes, acting as hormones, antibiotics, and
signaling molecules. Due to the highly specific interaction
with their biological targets, peptides have been widely used
in medicine. However, the enormous therapeutic potential of
peptides 1s not always easy to realize due to their low
bioavailability. This shortcoming 1s a consequence of the
degradation of peptides by endo- and exopeptididases,
which results in poor 1n vivo stability of peptides. Compared
to their linear counterparts, cyclic peptides are more resistant
to degradation. There are two main reasons for this stability.
Firstly, exopeptidases cannot cleave the cyclic peptide at 1ts
(non-existent) ends. Secondly, cyclic peptides, especially
those with a small-to-medium ring size, are protected
against endopeptidases because the constrained cyclic pep-
tide backbone prevents the adaptation of the required
extended conformation during proteolysis. In addition, the
reduced charge and intramolecular hydrogen bonding within
cyclic peptides facilitate passive membrane permeability,
which contributes to their enhanced bioavailability. Most
significantly, conformational constraints imposed on the
amino acid sequence by the cyclic topology maximize
enthalpic interactions between cyclic peptides and their
biochemical targets while ensuring favourable entropy of
binding.

There has been enormous interest in both naturally occur-
ring and synthetic cyclic peptides as scaflfolds that pre-
organize an amino acid sequence into a rigid conformation.’
Amongst the vast number of known cyclic peptides, rigid
small-to-medium sized rings have been of particular interest.
Various cyclolactamization and non-peptidic cyclization
methods” have been developed.

The macrocyclization of linear precursors 1s afllicted by
several thermodynamic and kinetic challenges that arise
from the conformational preferences of linear peptides. The
chain/ring conformational equilibrium 1s the central obstacle
facing synthesis of cyclic molecules from acyclic precur-
sors. Short linear peptides can easily adopt a circular con-
formation, which 1s driven by 1on pairing between the N-
and C-termini (Scheme 1, A).> Despite the unfavorable
entropy, these circular conformations are thermodynami-
cally favoured due to the enthalpy garnered through elec-
trostatic and other polar interactions. As shown 1n Scheme 1,
conventional activation reagents tend to remove the zwitte-
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rionic character of the peptide, rendering it incapable of
forming 10n pairs. Consequently, without enthalpic contri-
bution from electrostatics and other polar interactions, the
activated peptide adopts a random linear conformation
(Scheme 1, B). In order for macrocyclization to occur, the
activated peptide must adopt a pre-cyclization conformation
(C) prior to forming the desired cyclic molecule (D). High
dilution, on the order of 10™* or greater, is essential to
limiting the formation of by-products arising from cyclodi-
merization,* cyclotrimerization, and polymerization.”
Unfortunately, dilution brings about long reaction times,
which in turn provoke background processes such as
epimerization. Amongst the most challenging cyclizations
are those attempted on linear peptides containing less than
seven residues.®’

Scheme 1. A commeon peptide macrocyclization strategy.

Act

ion pair

Act

Another common challenge 1n exploring macrocyclic
chemistry space has to do with late-stage modification. This
1s a historic challenge for macrocyclic compound libraries
built 1n the biotechnology and pharmaceutical companies.
Their typical cyclization techniques (ring-closing metath-
es1s, Huisgen cycloaddition) do not naturally lend them-
selves to further elaboration. Functional group handles must
be built 1n prior to cyclization to achieve this goal.

SUMMARY OF THE INVENTION

In one aspect, there 1s provided a process to produce a
cyclic amino acid molecule comprising reacting an amino
acid molecule, having an amino terminus and a carboxyl

terminus, with an 1socyanide and a compound having for-
mula (Ia) and/or (Ib):
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wherein:

n=0 or 1, and R,, R,, R, R, and R are independently
selected from H; lower alkyl; alkenyl; heterocycle;
cyckoalkyl; esters of the formula —C(O)OR* wherein
R* 1s selected from alkyl and aryl; amides of the
formula —C(O)NR**R*** wheremn R** and R*** are
independently selected from alkyl and aryl; —CH,C
(O)R, wherein R 1s selected from —OH, lower alkyl,
aryl, -lower alkyl-aryl, or —NR_R,, where R _ and R,
are independently selected from H, lower alkyl, aryl or
-lower alkyl-aryl; —C(O)R_, wheremn R 1s selected
from lower alkyl, aryl or -lower alkyl-aryl; or -lower
alkyl-OR ,, wherein R , 1s a suitable protecting group or
OH group; all of which are optionally substituted at one
or more substitutable positions with one or more suit-
able substituents; and

the aldehyde component thereof may optionally be 1n 1ts
bisulfate adduct form;

and the amino acid molecule 1s an amino acid, a linear
peptide or a salt of the foregoing, provided that if the
amino acid molecule 1s a linear peptide, the compound
comprises an aziridine chiral center proximal to the
aldehyde with matching stereochemaistry to the carbon
atom proximal to the amino terminus of the peptide.

In another aspect, there 1s provided a cyclic amino acid

molecule prepared using the process described herein.

In another aspect, there 1s provided a cyclic amino acid
molecule of formula (II):

amino acid molecule

wherein,

n=0 or 1, and R,, R,, R;5, R, and R, are independently
selected from H; lower alkyl; aryl; heteroaryl; alkenyl;

heterocycle; esters of the formula —C(O)OR* wherein

R* 15 selected from alkyl and aryl; amides of the

formula —C(O)NR**R***_ wheremn R** and R*** are
independently selected from alkyl and aryl; —CH,C
(O)R, wherein R 1s selected from —OH, lower alkyl,
aryl, -loweralkyl-aryl, or —NR _R,, where R _ and R,
are independently selected from H, lower alkyl, aryl or
-loweralkyl-aryl, —C(O)R_, wherein R_ 1s selected
from lower alkyl, aryl or -lower alkyl-aryl; or -lower
alkyl-OR ,, wherein R | 1s a suitable protecting group or
OH group; all of which are optionally substituted at one
or more substitutable positions with one or more suit-
able substituents,

bonds [a] and [b] are syn to each other;

R' 1s an amino acid side chain of the amino terminus
amino acid;

R" 1s an optionally substituted amide;

and the amino acid molecule 1s an amino acid or a linear
peptide, wherein N' 1s the nitrogen at the amino termi-
nus end of the amino acid molecule and C' 1s the carbon
at the carboxy terminus end of the amino acid mol-
ecule, and provided that 11 the amino acid molecule 1s
a linear peptide, bonds [a] and [c] are anti to each other.
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In another aspect, there 1s provided use of a compound for
cyclizing an amino acid molecule, wherein the compound

has the formula (Ia)/(Ib):

(la)

comprises an a-stereocenter at the carbon atom proximal
to the aldehyde group with matching stereochemistry to
the carbon atom proximal to the amino terminus of the
amino acid molecule; and

n=0 or 1, and R,, R,, R;, R, and R, are independently
selected from H; lower alkyl; aryl; heteroaryl; alkenyl;

heterocycle; esters of the formula —C(O)OR* wherein

R* 15 selected from alkyl and aryl, amides of the

formula —C(O)NR**R*** wherein R** and R*** are
independently selected from alkyl and aryl; —CH,C
(O)R, wherein R 1s selected from —OH, lower alkyl,
aryl, -loweralkyl-aryl, or —NR _R,, where R and R,
are independently selected from H, lower alkyl, aryl or
-loweralkyl-aryl, —C(O)R_, wheremn R_ 1s selected
from lower alkyl, aryl or -loweralkyl-aryl; or -lower
alkyl-OR ,, wherein R, 1s a suitable protecting group;
all of which are optionally substituted at one or more
substitutable positions with one or more suitable sub-
stituents;

and the amino acid molecule 1s an amino acid, a linear
peptide or a salt of the foregoing, provided that if the
amino acid molecule 1s a linear peptide, the compound
comprises an aziridine chiral center proximal to the
aldehyde with matching stereochemistry to the carbon
atom proximal to the amino terminus of the peptide.

BRIEF DESCRIPTION OF THE FIGURES

Embodiments of the invention may best be understood by
referring to the following description and accompanying
drawings. In the description and drawings, like numerals
refer to like structures or processes. In the drawings:

FIG. 1 is a 'H NMR comparison of crude reaction
mixtures using 1somers of leucine.

FIG. 2 1s a scheme depicting a mismatched reaction
leading to aminal products.

FIG. 3 1s a matched reaction leading to a cyclic product.

FIG. 4 shows the chemical structures of the cyclic prod-
ucts synthesized by Methods 1-3.

FIG. 5 is the '"H and '°C NMR spectra for cyclic product
1.

FIG. 6 is the 'H and ">C NMR spectra for cyclic product
2

FIG. 7 is the 'H and ">C NMR spectra for cyclic product
3.

FIG. 8 is the '"H and "°C NMR spectra for cyclic product
4.

FIG. 9 is the '"H and "*C NMR spectra for cyclic product
3.

FIG. 10 is the 'H and '°C NMR spectra for cyclic product
6.
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FIG. 11 is the "H and "C NMR spectra for cyclic product

7.

FIG.
8.

FIG.

FIG.
10.

FIG.
11.

FIG.
12.

FIG.
13.

FIG.
14.

FIG.
15.

FIG. 20 is the "H, COSY, and "°C NMR spectra for cyclic
product 16.

FIG. 21 is the 'H and '*C NMR spectra for cyclic product
17.

FI1G. 22 is the '"H and °C NMR spectra for cyclic product
18.

FIG. 23 is the 'H and '>C NMR spectra for cyclic product
19.

FIG. 24 is the 'H and '>C NMR spectra for cyclic product
20.

FIG. 25 is the "H and °C NMR spectra for cyclic product
21.

FIG. 26 is the '"H and COSY NMR spectra for cyclic
product 22.

FIG. 27 is the '"H NMR spectrum for cyclic product 23.

FIG. 28 depicts a crude LC-MS(ESI) analysis of HATU-
mediated cyclization of Pro-Gly-Gly-Gly at 0.2M.

FIG. 29 depicts a crude LC-MS(ESI) analysis of 1socya-
nide/amino aldehyde-mediated cyclization of Pro-Gly-Gly-
Gly at 0.2M.

FI1G. 30 shows the nucleophilic ring-openming of aziridine-
containing cyclic peptides.

FIG. 31 depicts the pK ’s of thiols and ammonium ions
and ApK of 1on pairs.

FIG. 32 depicts a crude LC-MS(ESI) analysis for a
reaction mixture of thiol opened product.

12 is the '"H and '°C NMR spectra for cyclic product

13 is the '"H NMR spectrum for cyclic product 9
14. is the 'H and C NMR spectra for cyclic product

15 is the 'H and '°C NMR spectra for cyclic product
16 is the 'H and '°C NMR spectra for cyclic product
17 is the 'H and '°C NMR spectra for cyclic product
18 is the 'H and ">C NMR spectra for cyclic product

19 is the 'H and "C NMR spectra for cyclic product

DETAILED DESCRIPTION

There 1s described herein a one-step process that provides
cyclic peptides 1n high yields and selectivities while evading
the problems typically encountered during traditional cycl-
1zation reactions. The late stage diversification of macrocy-
clic molecules can now be achieved 1n a seamless fashion.
The products of the macrocyclization are equipped with
specific modification sites, which enable late-stage structural
modification of cyclic peptides. The post cyclization diver-
sification has been a historic challenge for macrocycle
libraries 1 both biotechnology and pharmaceutical imndus-
tries. The present macrocyclization approach solves this
problem, among others.

There 1s demonstrated herein a use for a class of stable
amphoteric amino aldehydes that contain synthetically use-
ful unprotected aziridine and aldehyde groups.® Amphoteric
amino aldehydes are coaxed into undergoing a reversible
reaction with the amine and carboxyl ends of the peptide.
The resulting electrophilic intermediate rapidly reacts with
the nucleophilic aziridine portion due to the high effective
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6

molarity. As a result, the unfavorable chain/ring equilibrium

ticient

1s shifted using the Le Chatelier principle, securing ¢
conversion to cyclic products. In another aspect, the cycl-
1zation tolerates aliphatic, acidic, and basic amino acid side

chain residues. In particular, peptides, including those con-
taining both acidic and basic residues, are found to be within
the scope of this process, delivering a single diastereomeric
product 1n each case. Trifluoroethanol (“TFE”), known for
its capacity to stabilize peptide secondary structure and
promote polar interactions,” is the preferred reaction
medium. The Ugi four-component condensation, a well-
known reaction involving carboxylic acids, amines, alde-
hydes, and isocyanides'”, is the preferred means of gener-
ating, Zwitterionic macrocyclization pPrecursors.
Mechanistically, the Ugi reaction 1s known to proceed
through a series of reversible transformations that tend
towards the thermodynamic driving force of amide bond
formation. When an a.-amino acid, aldehyde, and 1socyanide
are used as starting materials, the reaction traverses a
zwitterionic iminium 1on intermediate, which upon attack by
the 1socyanide produces an electrophilic mixed anhydnde.
Subsequent reaction with methanol gives a linear peptide
ester as a mixture of diastereoisomers.'’ This reaction has
been attempted i1n the synthesis of cyclic peptides from
linear peptides and conventional (monofunctional) alde-
hydes. However, low vyields are accompanied by lack of
diastereoselectivity and dominant cyclodimerization prod-
ucts. ">

In one aspect, there 1s provided a process to produce a
cyclic amino acid molecule comprising reacting an amino
acid molecule, having an amino terminus and a carboxyl

terminus, with an 1socyanide and a compound having for-
mula (Ia) and/or (Ib):

wherein:

n=0 or 1, and R,, R,, R;, R, and R, are independently
selected from H; lower alkyl; alkenyl; heterocycle;
cyckoalkyl; esters of the formula —C(O)OR* wherein
R* 1s selected from alkyl and aryl; amides of the
formula —C(O)NR**R***_ wherein R** and R*** are
independently selected tfrom alkyl and aryl, —CH,C
(O)R, wherein R 1s selected from —OH, lower alkyl,
aryl, -lower alkyl-aryl, or —NR _R,, where R_ and R,
are mdependently selected from H, lower alkyl, aryl
or -lower alkyl-aryl; —C(O)R _, wherein R . 1s selected
from lower alkyl, aryl or -lower alkyl-aryl; or -lower
alkyl-OR ,, wherein R , 1s a suitable protecting group or
OH group; all of which are optionally substituted at one
or more substitutable positions with one or more suit-
able substituents; and

the aldehyde component thereol may optionally be in 1ts
bisulfite adduct form;
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and the amino acid molecule 1s an amino acid, a linear
peptide or a salt of the foregoing, provided that 1f the
amino acid molecule 1s a linear peptide, the compound
comprises an aziridine chiral center proximal to the
aldehyde with matching stereochemaistry to the carbon
atom proximal to the amino terminus of the peptide.

Preferably, 11 the amino acid molecule 1s an amino acid
then the amino terminus 1S a primary amino group or a
secondary amino group but wherein the amino acid mol-
ecule 1s a peptide, then the amino terminus 1s a secondary
amino group.

In one embodiment, any one of R,-R. 1s H. Preferably,
n=0 and R, and R, 1s H or R;-R; 1s H.

In a particular embodiment R, 1s CH,OTBDMS or
CH., Pr.

In one embodiment, the amino acid molecule 1s a linear
peptide. Preferably, the amino terminus amino acid of the

linear peptide 1s selected from the group consisting of
proline and an amino acid with an amino group substituted

with NHBn, NHCH,CH,SO,Ph or NHCH,CH,CN.

In another embodiment, the amino acid molecule 1s a D or
L. amino acid selected from the group consisting of alanine,
arginine, asparagine, aspartic acid, cysteine, glutamic acid,
glutamine, glycine, histidine, 1soleucine, leucine, lysine,
methionine, phenylalanine, proline, selenocysteine, serine,
tyrosine, threonine, tryptophan and valine.

The amino acid molecule may be an alpha-amino acid,
beta-amino acid or gamma-amino acid.

In one embodiment the 1socyamide 1s selected from the
group consisting of: (S)-(-)-a-Methylbenzyl 1socyamde;
1,1,3,3-Tetramethylbutyl 1socyamide; 1-Pentyl 1socyamide;
2,6-Dimethylphenyl 1socyanide; 2-Morpholinoethyl 1socya-
nide; 2-Naphthyl 1socyanmide; 2-Pentyl 1isocyanide;
4-Methoxyphenyl 1socyanide; Benzyl 1socyanide; Cutyl 1s0-
cyanide; Cyclohexyl i1socyanide; Isopropyl i1socyanide;
p-Toluenesulionylmethyl isocyanide; Phenyl 1socyanide
dichlonde; tert-Butyl isocyanmide; (Trimethylsilyl)methyl
1socyanide; 1H-Benzotriazol-1-ylmethyl  i1socyanide;
2-Chloro-6-methylphenyl 1socyamde; Di-tert-butyl 2-1so-
cyanosuccinate; tert-Butyl 2-1socyano-3-methylbutyrate;
tert-Butyl 2-1socyano-3-phenylpropionate; tert-Butyl 2-1s0-
cyanopropionate; and tert-Butyl 3-1socyanopropionate, pret-
erably, tert-Butyl 1socyanide.

In some embodiments, the process 1s conducted 1n a
non-nucleophilic reaction medium, preferably trifluoroetha-
nol or HFIP mixed with water.

In one embodiment, 1f the amino acid molecule 1s an
amino acid, the process 1s conducted 1n water.

In some embodiments, the process further comprises
conjugating a fluorescent tag to the cyclic amino acid
molecule by nucleophilic ring-opening of the aziridine moi-

ety.
In some embodiments, the peptide 1s between 2 and 30
amino acids in length.

In another aspect, there 1s provided a cyclic amino acid
molecule prepared using the process described herein.

One would understand that cyclization, 1n some cases,
may require and would include protecting certain peptide or

amino acid side chains in manner known to a person skilled
in the art.

In another aspect, there 1s provided a cyclic amino acid
molecule of formula (II):
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amuno acid molecule

wherein,

n=0 or 1, and R, R,, R;, R, and R are independently

selected from H; lower alkyl; aryl; heteroaryl; alkenyl;
heterocycle; esters of the formula —C(O)OR* wherein
R* 15 selected from alkyl and aryl, amides of the
formula —C(O)NR**R*** wherein R** and R*** are
independently selected trom alkyl and aryl; —CH,C
(O)R, wherein R 1s selected from —OH, lower alkyl,
aryl, -loweralkyl-aryl, or NR_R,, where R_and R, are
independently selected from H, lower alkyl, aryl
or -loweralkyl-aryl; —C(O)R _, wherein R . 1s selected
from lower alkyl, aryl or -lower alkyl-aryl; or -lower
alkyl-OR ,, wherein R , 1s a suitable protecting group or
OH group; all of which are optionally substituted at one
or more substitutable positions with one or more suit-
able substituents,

bonds [a] and [b] are syn to each other;

R' 1s an amino acid side chain of the amino terminus
amino acid;
R" 1s an optionally substituted amide;

and the amino acid molecule 1s an amino acid or a linear
peptide, wherein N' 1s the nitrogen at the amino termi-
nus end of the amino acid molecule and C' 1s the carbon
at the carboxy terminus end of the amino acid mol-
ecule, and provided that if the amino acid molecule 1s
a linear peptide, bonds [a] and [c] are anti to each other.

Preferably, 1f the amino acid molecule 1s an amino acid
then the amino terminus 1s a primary amino group or a
secondary amino group but wherein the amino acid mol-
ecule 1s a linear peptide, then the amino terminus i1s a
secondary amino group.

In one embodiment, any one of R,-R. 1s H. Preterably,
n=0 and R, and R; 1s H or R;-R; 1s H.

In a particular embodiment R, 1s CH,OIBDMS or
CH, Pr.

In one embodiment, the amino acid molecule 1s a linear
peptide. Preferably, the amino terminus amino acid of the
linear peptide 1s selected from the group consisting of
proline and an amino acid with an amino group substituted

with NHBn, NHCH,CH,SO,Ph or NHCH,CH,CN.

In another embodiment, the amino acid molecule 1s a D or
L. amino acid selected from the group consisting of: alanine,
arginine, asparagine, aspartic acid, cysteine, glutamic acid,
glutamine, glycine, histidine, 1soleucine, leucine, lysine,
methionine, phenylalanine, proline, selenocysteine, serine,
tyrosine, threonine, tryptophan and valine.

The amino acid molecule may be an alpha-amino acid,
beta-amino acid or gamma-amino acid.

In one embodiment R" 1s tert-Butyl amide.

In another aspect, there 1s provided use of a compound for
cyclizing an amino acid molecule, wherein the compound

has the formula (Ia)/(Ib):
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(la)

comprises an a.-stereocenter at the carbon atom proximal
to the aldehyde group with matching stereochemaistry to
the carbon atom proximal to the amino terminus of the
amino acid molecule; and

n=0 or 1, and R, R,, R;, R, and R; are independently
selected from H; lower alkyl; aryl; heteroaryl; alkenyl;
heterocycle; esters of the formula —C(O)OR* wherein

R* 15 selected from alkyl and aryl; amides of the
formula —C(O)NR**R***_ wheremn R** and R*** are
independently selected from alkyl and aryl; —CH,C
(O)R, wherein R 1s selected from —OH, lower alkyl,
aryl, -loweralkyl-aryl, or —NR _R,, where R _ and R,
are independently selected from H, lower alkyl, aryl or
-loweralkyl-aryl; —C(O)R_, wherein R_. 1s selected
from lower alkyl, aryl or -loweralkyl-aryl; or -lower
alkyl-OR ,, wherein R, 1s a suitable protecting group;
all of which are optionally substituted at one or more
substitutable positions with one or more suitable sub-
stituents:

and the amino acid molecule 1s an amino acid, a linear

peptide or a salt of the foregoing, provided that 1f the
amino acid molecule 1s a linear peptide, the compound
comprises an aziridine chiral center proximal to the
aldehyde with matching stereochemistry to the carbon
atom proximal to the amino terminus of the peptide.

As used herein, the term “amino acid molecule 1s meant
to mclude single amino acids and also peptides.

As used herein, the term “amino acid” refers to molecules
containing an amine group, a carboxylic acid group and a
side chain that varies. Amino acid 1s meant to include not
only the twenty amino acids commonly found in proteins but
also non-standard amino acids and unnatural amino acid
derivatives known to those of skill in the art, and therefore
includes, but 1s not limited to, alpha, beta and gamma amino
acids. Peptides are polymers of at least two amino acids and
may include standard, non-standard, and unnatural amino
acids.

The term “suitable substituent™ as used in the context of
the present invention 1s meant to iclude independently H;
hydroxyl; cyano; alkyl, such as lower alkyl, such as methyl,
cthyl, propyl, n-butyl, t-butyl, hexyl and the like; alkoxy,
such as lower alkoxy such as methoxy, ethoxy, and the like;
arvloxy, such as phenoxy and the like; vinyl; alkenyl, such
as hexenyl and the like; alkynyl; formyl; haloalkyl, such as
lower haloalkyl which includes CF;, CCl; and the like;

halide; aryl, such as phenyl and napthyl; heteroaryl, such as
thienyl and furanyl and the like; amide such as C(O)NR R,
where R and R, are independently selected from lower
alkyl, aryl or benzyl, and the like; acyl, such as C(O)—
C.H., and the like; ester such as —C(O)OCH, the like;
cthers and thioethers, such as O-Bn and the like; thioalkoxy;
phosphino; and NR_R,, where R and R, are independently
selected from lower alkyl, aryl or benzyl, and the like. It 1s
to be understood that a suitable substituent as used in the
context of the present invention 1s meant to denote a
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substituent that does not interfere with the formation of the
desired product by the processes of the present invention.

As used 1n the context of the present invention, the term
“lower alkyl” as used herein either alone or in combination
with another substituent means acyclic, straight or branched
chain alkyl substituent containing from one to six carbons
and 1ncludes for example, methyl, ethyl, 1-methylethyl,
1 -methylpropyl, 2-methylpropyl, and the like. A similar use
of the term 1s to be understood for “lower alkoxy”, “lower
thioalkyl”, “lower alkenyl” and the like in respect of the
number of carbon atoms. For example, “lower alkoxy™ as
used herein includes methoxy, ethoxy, t-butoxy.

The term “alkyl” encompasses lower alkyl, and also
includes alkyl groups having more than six carbon atoms,
such as, for example, acyclic, straight or branched chain
alkyl substituents having seven to ten carbon atoms.

The term “aryl” as used herein, either alone or in com-
bination with another substituent, means an aromatic mono-
cyclic system or an aromatic polycyclic system. For
example, the term “ary]l” includes a phenyl or a napthyl ring,
and may also include larger aromatic polycyclic systems,
such as fluorescent (eg. anthracene) or radioactive labels and
their derivatives.

The term “heteroaryl” as used herein, either alone or 1n
combination with another substituent means a 5, 6, or
7-membered unsaturated heterocycle containing from one to
4 heteroatoms selected from mitrogen, oxygen, and sulphur
and which form an aromatic system. The term “heteroaryl”
also mcludes a polycyclic aromatic system comprising a 3,
6, or 7-membered unsaturated heterocycle contaiming from
one to 4 heteroatoms selected from nitrogen, oxygen, and
sulphur.

The term “cycloalkyl” as used herein, either alone or 1n
combination with another substituent, means a cycloalkyl
substituent that includes for example, but 1s not limited to,
cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl and cyclo-
heptyl.

The term “cycloalkyl-alkyl-” as used herein means an
alkyl radical to which a cycloalkyl radical 1s directly linked;
and 1includes, but 1s not limited to, cyclopropylmethyl,
cyclobutylmethyl, cyclopentylmethyl, 1-cyclopentylethyl,
2-cyclopentylethyl, cyclohexylmethyl, 1-cyclohexylethy
and 2-cyclohexylethyl. A similar use of the “alkyl” or “lower
alkyl” terms 1s to be understood for aryl-alkyl-, aryl-lower-
alkyl- (eg. benzyl), -lower alkyl-alkenyl (eg. allyl), het-
croaryl-alkyl-, and the like as used herein. For example, the
term “aryl-alkyl-” means an alkyl radical, to which an aryl
1s bonded. Examples of aryl-alkyl- include, but are not
limited to, benzyl (phenylmethyl), 1-phenylethyl, 2-pheny-
lethyl and phenylpropyl.

As used herein, the term “heterocycle”, etther alone or 1n
combination with another radical, means a monovalent
radical derived by removal of a hydrogen from a three- to
seven-membered saturated or unsaturated (including aro-
matic) heterocycle containing from one to four heteroatoms
selected from nitrogen, oxygen and sulfur. Examples of such
heterocycles include, but are not limited to, aziridine, epox-
ide, azetidine, pyrrolidine, tetrahydrofuran, thiazolidine,
pyrrole, thiophene, hydantoin, diazepine, imidazole, 1s0x-
azole, thiazole, tetrazole, piperidine, piperazine, homopip-
eridine, homo-piperazine, 1,4-dioxane, 4-morpholine,
4-thiomorpholine, pyridine, pyridine-N-oxide or pyrimi-
dine, and the like.

The term “alkenyl”, as used herein, either alone or in
combination with another radical, 1s intended to mean an
unsaturated, acyclic straight chain radical containing two or
more carbon atoms, at least two of which are bonded to each
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other by a double bond. Examples of such radicals include,
but are not limited to, ethenyl (vinyl), 1-propenyl, 2-prope-
nyl, and 1-butenyl.

The term “alkynyl”, as used herein 1s intended to mean an
unsaturated, acyclic straight chain radical containing two or
more carbon atoms, at least two of which are bonded to each
other by a triple bond. Examples of such radicals include,
but are not limited to, ethynyl, 1-propynyl, 2-propynyl, and
1-butynyl.

The term “‘alkoxy” as used herein, either alone or in
combination with another radical, means the radical —O
(C,_,)alkyl wherein alkyl 1s as defined above containing 1 or
more carbon atoms, and includes for example methoxy,
cthoxy, propoxy, 1-methylethoxy, butoxy and 1,1-dimethy-
lethoxy. Where n 1s 1 to 6, the term “lower alkoxy” applies,
as noted above, whereas the term “‘alkoxy” encompasses
“lower alkoxy” as well as alkoxy groups where n 1s greater
than 6 (for example, n=7 to 10). The term “aryloxy” as used
herein alone or 1n combination with another radical means
1 1s defined as noted above.

A peptide 1s a polymer of two or more amino acids.
The following examples are 1llustrative of various aspects

of the invention, and do not limit the broad aspects of the
invention as disclosed herein.

EXAMPLES
Example 1

Materials and Methods

Anhydrous toluene and dimethylformamide (DMF) were
purchased and used as received. Tetrahydrofuran (THF) was
distilled from sodium benzophenone ketyl under argon. All
other solvents including TFE (2,2,2-trifluoroethanol) and
HFIP  (1,1,1,3,3,3-hexafluoro-2-1sopropanol) were of
reagent grade quality. Melting points were obtained on a
MelTemp melting-point apparatus and are uncorrected.

Method 1: amino acid/peptide cyclization reaction was
conducted using the following method. In a screw-cap vial
equipped with a magnetic stirring bar was added peptide (0.2
mmol) and 1 ml of TFE and stirred until a homogeneous
solution has been obtained. Aziridine aldehyde dimer (0.1
mmol) and 1socyanide (0.2 mmol) were then added sequen-
tially and the resulting mixture was stirred for the time
specified 1n Table 1. Reactions were monitored by electro-
spray 1onization mass spectrometry (“ESI-MS™) at 60 eV
and/or thin layer chromatography (““I'LC”") analysis. After
completion of the reaction, 1 ml of water and 1 ml of Et,O
were added and the mixture was shaken vigorously and then
cooled on 1ce. The resulting precipitate was filtered and
washed with hexanes and cold Et,O (1 ml) to afford the
cyclic peptide. For products that are water soluble or do not
precipitate, the reaction mixture was concentrated under
reduced pressure and then triturated with Et,O and hexanes
(0.2 ml) to afford the cyclic peptide product.

Method 2: amino acid/peptide cyclization reaction was
conducted using HFIP in place of TFE (Method 2). In a
screw-cap vial equipped with a magnetic stirring bar was
added peptide (0.2 mmol) and 1 ml of HFIP and stirred until
homogeneous solution has been obtained. Aziridine alde-
hyde dimer (0.1 mmol) and 1socyanide (0.2 mmol) were then
added sequentially and the resulting mixture was stirred for
the time specified 1n Table 1. Reactions were monitored by
ESI-MS at 60 ¢V and/or TLC analysis. After completion of

the reaction, the mixture was concentrated under reduced
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pressure and then triturated with Et,O and hexanes (0.2 ml)
to afford the cyclic peptide product.

Method 3: amino acid/peptide cyclization reaction was
carried out using HFIP and water. In a screw-cap vial
equipped with a magnetic stirring bar was added peptide (0.2
mmol) and 1 ml of HFIP and 47 microliters of H,O and
stirred until homogeneous. Aziridine aldehyde dimer (0.1
mmol) and 1socyanide (0.2 mmol) were then added sequen-
tially and the resulting mixture was stirred for the time
specified 1 Table 1. Reactions were monitored by ESI-MS
at 60 eV and/or TLC analysis. After completion of the
reaction, the mixture was concentrated under reduced pres-
sure and then triturated with Et,O and hexanes to atlord the

cyclic peptide product.

Note: In reactions involving either cysteine or peptides
containing thiol residues, the solvent was degassed with
argon for two hours prior to reaction. The reaction was
thereafter carried out under an atmosphere of argon.

Some of the cyclic products that may be synthesized from

cach ol Methods 1-3 are summarized 1n Table 3 and depicted
in FIG. 4

TABLE 3
Methods used for amino acid/peptide cyclization reactions.
Method Cyclic Products
1 1,2.3.4, 7,9, 11, 12, 15, 16, 17, 18,
19, 20, 21, 22
, 5, 8,10, 13, 14
3 6
The relative stereochemistry of each cyclic product listed
in Table 3 was established by correlating the methine region

of each '"H NMR spectrum with that of piperazinone 1.

Chromatography: Flash column chromatography was car-
ried out using Silicycle 230-400 mesh silica gel. Thin-layer
chromatography (TLC) was performed on Macherey Nagel
pre-coated glass backed TLC plates (SIL G/UV234, 0.25
mm) and visualized using a UV lamp (254 nm) and 10dine
stain.

Nuclear magnetic resonance spectra: 'H and '°C NMR
spectra were recorded on Varian Mercury 400 or 500 MHz
spectrometers. '"H NMR spectra were referenced to TMS (0
ppm) and '°C NMR spectra were referenced to CDCI3
(77.23 ppm). Peak multiplicities are designated by the
following abbreviations: s, singlet; bs, broad singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; ds, doublet of
singlets; dd, doublet of doublets; ddd, doublet of doublet of
doublets; bt, broad triplet; td, triplet of doublets; tdd, triplet
of doublets of doublets.

Mass Spectroscopy: High-resolution mass spectra were
obtained on a VG 70-250S (double focusing) mass spec-
trometer at 70 €V or on an ABI/Sciex (Qstar mass spectrom-
cter with ESI source, MS/MS and accurate mass capabilities.

Low resolution mass spectra (ESI) were obtained at 60 eV,
70 eV and 100 eV.

Synthetic routes toward aziridine aldehyde dimers: All
dimeric amino aldehydes used 1n this study were prepared

according to the synthetic route outlined 1n Supplementary
FIGS. 1 and 2.
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Results

Diverse piperazinones were produced 1n a one-step pro-
cess (Table 1).

TABLE 1

The scope of piperazinone synthesis

(L-amino acid-derived product 1s shown).

NH
Rl M@' +

(dimer)
2
R v
J\ ‘Bu—N=C
-
TFE
H>N COOH . 0.2 M
>20:1 dr
O
2
“\\R
N b )
R]
NH
H
‘Bu
e
0% N
H
Entry* R! Amino Acid Time Product”
1 CH,OTBDMS L-Phe 1 (92)
2 CH,OTBDMS D-Phe 1.5 2 (90)
3 CH,OTBDMS [-Ala 1.5 3 (82)
4 CH,OTBDMS L-Pro 4 (98)
5 CH,'Pr D-Arg 5 (83)
6  CH,'Pr L-Lys HCI® 6 (76)
7 CH,OTBDMS L-Gly 7 (80)
8¢  CH,'Pr L-Asp 3 8 (76)
¢ CH,OTBDMS L-Cys 2 9 (82)
10  CH,OTBDMS L-His 1 10 (88)
11 CH,OTBDMS L-Ser 3 11 (77)

“Unless specified otherwise, reactions were performed at room temperature using 0.2
mmol

of 1socyamde and amuno acid, and 0.1 mmol of amuno aldehyde dimer in TEE (0.2 M).
204 isolated yield.

“‘HFIP/H>O (20:1) was used as solvent (0.2 M),

“HFIP was used as solvent (0.2 M).

“Cyclization occurs at the more acidic o-carboxylic acid.
/TFE was degassed prior to use.

$Lysine side chain amine is protonated.

The step that shifts the ring/chain equilibrium 1s transan-
nular collapse of the nucleophilic NH aziridine onto the
clectrophilic mixed anhydride generated when an ampho-
teric amino aldehyde 1s subjected to the Ugi reaction con-
dition (Scheme 2). The reaction takes place under stoichio-
metric conditions and delivers cyclic peptide product. High
dilution, a critical condition normally required in order to
achieve high yields 1n cyclic peptide synthesis, 1s not nec-

essary.
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Scheme 2. A. Macrocyclization with a monofunctional aldehyde;
B. macrocyclization mediated by an amphoteric amino aldehyde.

R
I K
N ‘/H
@ )‘l\ +N‘///_é' +IN
linear R H_ IBu/ ) -
peptide ~ ByNC O R
OZ( \
S O
Rﬂ'
o }\(i} )%R” O,
R \ O
C7N
‘Bu
R N \.rﬂ'ff!RH
O
O NH'Bu
-poor yield

-mixture of diastereomers

linear IBu
peptide ‘BuNC O R!
O _
FAST
o
R -
r,#!
Rﬂ'
% X 0O
IBU/ \[r‘p N
O H
-high yield

-one diastereomer

The normally challenging medium-sized rings can be

made with great facility and in good yields within several
hours (Table 2).
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TABLE 2

Representative scope of linear peptide macrocyclization.

NH

(dimer)
O
HO
=unl]] RH I N o
peptide Bu—N=C -
TFE
R i, 0.2 M
NHR >20:1 dr
peptide
TBDMSO
H
O
‘Bu
(4 h, 83%)

13

(2 h, 81%)°

16
TABLE 2-continued

Representative scope of linear peptide macrocyclization.

5
NH
" /<'/\O .
(dimer)
10
O
HO
- |||IR” 4
1> - ‘Bu—N=C
peptide —
TFE
R it, 0.2 M
NHR >20:1 dr
20
TILLEEE
40
‘Bu
45
(2 h, 73%)°
O ] O 15
. Y
/4 HN -“‘““
AL N
N N
55 O IBU
H
O
TBDMSO

60 (6 h, 84%)

65
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TABL.

4 2-continued

18

TABLE 2-continued
Representative scope of linear peptide macrocyclization. Representative scope of linear peptide macrocyclization.
T 5 /<I'\TH/\
R/<'/\O + R 0 +
(dimer) (dimer)
10
O O
HO HO
R o R# .
N - ITH 1 e N ——
peptide ‘Bu—N=C 3 peptide Bu—N=C
TFE R TFE
Ri it, 0.2 M : it, 0.2 M
NHR >20:1 dr NHR >20:1 dr
=ntid
peptide 20 St
HN
Ph
\\i\t“

TBDMSO

(8 h, 84%)
45
(4 h, 84%)
/\S/ 19
50 =
H 17
N BocHN
55 O'Bu
N NH
e O ? O W
O
H
O N NH 60
/NH TBDMSO
‘Bu
0
(2.5 h, 82%) ‘5

(9 h, 77%)
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TABLE 2-continued

Representative scope of linear peptide macrocyclization.

TBDMSO

(6 h, 81%)

TBDMNO

(6 h, 88%)
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TABLE 2-continued

Representative scope of linear peptide macrocvelization.

(8 h, 76%)

“Unless specified otherwise, reactions were performed at room temperature using 0.2
mmol
of 1socyamide and amino acid, and 0.1 mmol of amino aldehyde dimer in TEE (0.2 M).

PTsolated vield.
“Diastereoselectivity of =20:1 was confirmed by 'H NMR analysis of each crude reaction
mixture. The relative stereochemustry was established by correlating the methine region of

each 'H NMR spectrum with that of piperazinone 1 (see X-ray crystal structure of 1).
HFIP was used as solvent (0.2 M).

"H and °C NMR spectra for the cyclic products of Table
3 are shown 1n FIGS. 5-27.

A one-step process for making versatile cyclic peptides
with high stereo- and chemoselectivity for linear peptides,
1socyanides, and amphoteric amino aldehydes 1s provided.
The Ugi reaction 1s run with an amphoteric amino aldehyde
in place of a monofunctional aldehyde. When L-phenyl
alanine was reacted with tert-butyl 1socyanide, and an aziri-
dine aldehyde, a cyclic piperazinone was obtained 1n 92%
yield i approximately one hour (Table 1, Entry 1). The
relative stereochemistry of 1 was established using X-ray
analysis. A range of amino acids were subjected to this
reaction and in all cases the corresponding piperazinone
products were obtained as single diastereoisomers without
formation of linear peptides (FIG. 1).

The existence of epimeric products were nvestigated

through the use of 'H NMR (DMSO-d, or CDC]l,) analysis
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of crude reaction mixtures. In all of the reactions studied,
there were no detectable signals corresponding to the
epimer. As such, the resulting crude cyclic peptides were
obtained 1n >20:1 selectivity.

The eflect of medium-sized peptide chain length on the
reaction outcome was studied (Table 2). The challenging
medium-sized rings are readily prepared; the reaction times
are less than 10 hours, proceeding with high yields and
diastereoselectivities. The preferred work-up procedure
involves product precipitation from diethyl ether and
hexanes. The cyclic peptides require no further purification
by HPLC. In addition, racemization was not detected
throughout the course of the reaction or during product
1solation. The lack of epimerization 1s further evidenced by
high stereoselectivity; azindine aldehydes with S stereocen-
ters next to the carbonyl group undergo macrocyclization
with the peptides that contain an L-amino acid residue at the
N-terminus. The “mismatched” reaction with the D-amino
acid-terminated peptide 1s unproductive, leading to the for-
mation of stable aminals.

It has been determined that the a-stereocenter of the
N-terminal amino acid, 1n this case proline, should match the
a.-stereocenter of the aziridine aldehyde in order for cycl-
1zation to occur, with respect to peptides. In a mismatched
reaction, the only product formed 1s the corresponding
aminal (FIG. 2). Even after an extended reaction time and
additional equivalents of 1socyanide, cyclic peptide forma-
tion was not observed. This restriction 1s not present for
cyclization of single amino acids.

When the opposite enantiomer of amino aldehyde was
used 1n the same reaction, the proline and the amino alde-
hyde both had S-configuration at their a-stereocenters. This
matched case readily underwent peptide cyclization to yield
the corresponding cyclic product 1n high vield (FIG. 3).

This stereoselectivity process 1s significant in the context
of possible epimerization at the N-terminus. Since matched
stereochemistry 1s required for the cyclization to occur, the
resulting cyclic peptides will necessarily contain matching,
stereocenters. Furthermore, the fact that no cyclic peptide
formation was observed in mismatched reactions suggests
that no epimerization, which would result 1n matched sub-
strates, occurs under our macro conditions.

Consistent yields 1n this chemistry are likely obtained due
to the mechanism that governs cyclization. It 1s at this point
that a departure from the Ugi reaction with monofunctional
aldehydes becomes apparent. When monofunctional alde-
hydes are used 1n the reaction with 1socyanides and peptides,
low diastereoselectivities are observed. More importantly,
the undesired cyclodimerization occurs during the cycliza-
tion of linear peptides containing less than six residues; the
cyclization of tripeptides yields only the cyclodimers.™> This
low selectivity 1s due to a slow transannular attack of the
amine onto the mixed anhydride (Scheme 2, A), thus allow-
ing the intermolecular process to be kinetically competitive.
By adding an amphoteric amino aldehyde to the cyclization
reaction mixture containing a secondary amine-terminated
peptide, the slow transannular attack 1s being replaced with
a fast attack by the nucleophilic aziridine, which 1s posi-
tioned exocyclic to the mixed anhydride (Scheme 2, B). This
provides an unencumbered trajectory of attack. Since TFE 1s
a non-nucleophilic solvent, premature solvolysis of the
mixed anhydride 1s not observed. The reaction mechamism
ensures that the C-terminus 1s activated only upon formation
of the intermediate cyclic mixed anhydride, which is then
attacked by the exocyclic aziridine. This not only secures
selectivity for the intramolecular macrocyclization, but also
avoilds prolonged C-terminus activation and potential
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epimerization. Accordingly, high dilution, a critical condi-
tion normally required in order to achieve high yields in
conventional cyclic peptide synthesis, is not necessary.’
Furthermore, no oligomeric or polymeric by-products were
detected 1n the subject experiments. A side-by side compari-
son of the subject reaction with the traditional lactamization
of a linear tetrapeptide, widely used 1n the synthesis of cyclic
peptides, was conducted. The amino aldehyde mediated
macrocyclization delivered rapid, selective, and eflicient
formation of the cyclic peptide. In contrast, only trace
amount of the cyclic peptide was detected among myriad
structures formed 1n the course of the lactamization. The
undesired cyclodimerization® has dominated this process,
which 1s a testament to sluggish kinetics of the conventional
intramolecular process. Peptide macrocyclization reactions
are normally performed under extremely dilution. Typical
protocols necessitate molar concentrations of 10~* M. This
large dilution increases the selectivity for intramolecular
cyclizations, thereby limiting undesired cyclodimerization
and trimerization.

Characterization of the relative stereochemistry of each
cyclic product listed 1n Table 3 1s set out below.

(3S,5R,6R.7S)-3-benzyl-N-tert-butyl-7-((tert-bu-
tyldimethylsilyloxy)methyl)-2-oxo0-1,4-diazabicyclo
[4.1.0]heptane-3-carboxamide (1)

'"H NMR (CDCl,, 400 MHz) &: 7.36-7.18 (m, 5H), 6.75
(bs, 1H), 3.86 (dd, J=11.6 Hz, 4.8 Hz, 1H), 3.74 (dd, J=11.2
Hz, 4.8 Hz, 1H), 3.34 (bs, 1H), 3.47 (dd, J=3.6 Hz, 1.2 Hz,
1H), 3.25 (dd, J=14.4 Hz, 3.2 Hz, 1H), 3.10 (m, 1H), 2.52
(dd, J=14.4 Hz, 10.4 Hz, 1H), 2.40 (m, 1H), 1.80 (bs, 1H),
1.02 (s, 9H), 0.90 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H) ppm. °C
NMR (CDCl;, 100 MHz) o: 184.8, 169.0, 138.5, 129.7,
128.9, 127.0, 63.9, 57.5, 53.6, 50.7, 44.6, 39.0, 35.5, 28.5,
26.1, 18.6, =5.0 ppm. HRMS (ESI) [MH]™ calcd. 446.2833.
found 446.2831.

(3R,5R,6R,7S5)-3-benzyl-N-tert-butyl-7-((tert-bu-
tyldimethylsilyloxy)methyl)-2-oxo0-1,4-diazabicyclo
[4.1.0]heptane-3-carboxamide (2)

'H NMR (CDCl,, 400 MHz) §: 7.35-7.20 (m, 5H), 6.32
(bs, 1H), 3.86 (m, 1H), 3.73 (dd, J=11.5 Hz, 4.2 Hz, 1H),
3.86 (bs, 1H), 3.73 (dd, J=11.5 Hz, 4.2 Hz, 1H), 3.25 (dd,
J=14.4 Hz, 3.2 Hz, 1H), 3.10 (m, 1H), 2.52 (dd, J=14.4 Hz,
10.4 Hz, 1H), 2.40 (m, 1H), 1.80 (bs, 1H), 1.31 (s, 9H), 0.90
(s, 9H), 0.10 (s, 3H), 0.08 (s, 3H) ppm. >*C NMR (CDClL,,
75 MHz) &: 184.0, 169.1, 136.2, 129.2, 129.1, 127.3, 63.0,
59.5, 51.4, 49.6, 42.2, 38.7, 36.0, 28.8, 26.1, 18.7, 5.1 ppm.
MS (ESI) [MH][* calcd. 446.3. found 446.3.

(3S,5R,6R,7S)—N-tert-butyl-7-((tert-butyldimethyl-
silyloxy)methyl)-3-methyl-2-ox0-1,4-diazabicyclo
[4.1.0]heptane-5-carboxamide (3)

'H NMR (CDCls, 400 MHz) &: 7.42 (s, NH), 3.88 (dd,
J=11.2 Hz, 4.8 Hz, 1H), 3.70 (dd, J=11.2 Hz, 5.2 Hz, 1H),
3.55 (d, J=0.8 Hz, 1H), 3.46 (dd, J=3.6 Hz, 1.6 Hz, 1H), 3.07
(m, 1H), 2.36 (td, J=4.8 Hz, 3.6 Hz, 1H), 1.8 (bs, NH), 1.39
(s, 9H), 1.23 (d, J=6.8 Hz, 3H), 0.90 (s, 9H), 0.09 (s, 3H),
0.08 (s, 3H) ppm. “*C NMR (CDCl,, 100 MHz) &: 185.5,
169.3, 63.9, 53.8, 51.2, 51.0, 44.5, 39.3, 28.9, 26.1, 16.6.
15.0, 5.0 ppm. HRMS (ESI) [MH]* caled. 370.2520. found
370.2520.
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(1S,3aS,8R,8aS)—N-tert-butyl-1-((tert-butyldimeth-
ylsilyloxy )methyl)-3-oxooctahydroazirino[1,2-a]
pyrrolo[1,2-d]pyrazine-8-carboxamide (4)

'"H NMR (CDCl,, 400 MHz) &: 6.17 (s, 1H), 3.76 (dd,
J=11.6 Hz, 4.4 Hz, 1H), 3.67 (dd, J=11.6 Hz, 4.8 Hz, 1H),
3.70 (d, J=6.2 Hz, 1H), 3.12 (dt, J=4.8 Hz, 9.2 Hz, 1H), 2.97
(dd, J=6.4 Hz, 3.6 Hz, 1H), 2.93-2.89 (m, 1H), 2.60 (q, J=4.4
Hz, 1H), 2.25-2.05 (m, 2H), 1.90-1.75 (m, 3H), 1.70-1.51
(m, 1H), 1.48 (s, 9H), 0.85 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H)
ppm. “C NMR (CDCl,, 100 MHz) §: 183.0, 168.6, 65.0,
63.4,63.2,54.6,51.3,43.4,41.0,29.0,26.1,22.2,22.0, 18.9,
-5.1 ppm. HRMS (ESI) [MH]* calcd. 396.2676. found
396.2656.

(3R,5S,6S,7S)—N-tert-butyl-3-(3-guanidinopropyl )-
7-1sobutyl-2-0x0-1,4 diazabicyclo[4.1.0]heptane-5-
carboxamide (5)

"H NMR (D0, 400 MHz) 8: 3.59 (t, J=5.6 Hz, 1H), 3.46
(m, 1H), 3.13 (m, 1H), 2.94 (m, 1H), 3.37 (m, 1H), 1.78-1.44
(m, 8H), 1.22 (s, 9H), 0.83 (d, J=2.8 Hz, 3H), 0.81 (d, J=2.8
Hz, 3H) ppm. “H NMR (D,O, 400 MHz) 8: 186.7, 172.0,
156.9, 54.9, 54.5, 54.0, 44.5, 42.8, 28.77, 27.9, 26.5, 25.7,
25.0, 24.1, 22.2, 21.5 ppm. MS (ESI) [MH]" calcd. 367.3.
found 367.2. and 184.1 for [M+2H]**/2.

(3S,55,6S5,75)-3-(4-aminobutyl)-N-tert-butyl-7-
1sobutyl-2-oxo0-1,4-diazabicyclo[4.1.0]heptane-5-
carboxamide (6)

NMR (D,O with 10% v/v CD,COOD, 400 MHz) 9: 5.14
(ddd, J=9.6 Hz, 4.4 Hz, 2.4 Hz, 1H), 4.12 (d, J=2.4 Hz, 1H),
3.07 (dd, J=7.6 Hz, 4.4 Hz, 1H), 2.85 (t, JI=7.6 Hz, 2H),
1.82-1.46 (m, 10H), 1.32 (s, 9H), 0.83 (d, J=6.8 Hz, 3H),
0.81 (d, J=6.8 Hz, 3H) ppm. °C NMR (D,O with 10% v/v
CD,COOD, 100 MHz) o: 178.0, 173.8, 97.2, 58.6, 54.5,
53.0,40.6,39.3,29.3,27.8,27.6,27.2,26.8,24.6,22.2,21.9,
20.8 ppm. MS (ESI) calcd. 339.3. found 339.2 and 170.1 for
[M+2H]**/2.

(5R,6R,75)—N-tert-butyl-7-((tert-butyldimethylsily-
loxy)methyl)-2-ox0-1,4-di1azabicyclo[4.1.0]heptane-
S-carboxamide (7)

'H NMR (400 MHz, CDCL,) &: 6.98 (s, 1H), 3.87 (dd,
J=11.5, 4.5 Hz, 1H), 3.78 (dd, I=11.5, 4.5 Hz, 1H), 3.34-3.24
(m, 2H), 3.13 (d, J=4.6 Hz, 1H), 2.40 (td, J=4.5, 3.4 Hz, 1H),
2.17-1.96 (m, 1H), 1.43-1.36 (m, 9H), 0.94-0.86 (m, 9H),
0.13-0.05 (m, 6H). *C NMR (101 MHz, CDCl,) &: 183.93,
168.37, 77.48, 77.16, 76.84, 63.02, 55.81, 51.25, 48.72,
45.27, 39.64, 28.87, 26.06, 18.55, 0.15, =5.09, -5.12.

2-((3S,5R,6R,7R)-5-(tert-butylcarbamoyl )-7-1sobu-
tyl-2-ox0-1,4-diazabicyclo[4.1.0]heptan-3-yl)acetic
acid (8)

'H{ NMR (400 MHz, CD,0D) §: 4.69-4.58 (m, 1H), 3.92
(d, J=2.0 Hz, 1H), 3.76 (dd, J=9.8, 3.6 Hz, 1H), 3.66 (dd.,
J=7.8, 4.0 Hz, 1H), 2.90 (dd, I=17.5, 3.6 Hz, 1H), 2.81 (dd,
J=16.7, 4.0 Hz, 1H), 2.69-2.53 (m, 2H), 1.36-1.32 (m, 9H),
0.98 (dt, J=8.5, 4.2 Hz, 6H). '3C NMR (101 MHz, CD,OD)
5 188.21, 172.40, 158.66, 158.62, 56.05, 55.25, 55.23.
51.95, 44.17, 43.55, 43.35, 42.55, 4239, 42.16, 41.98,
20.85, 28.90, 28.85, 28.10, 27.37, 27.16, 26.85, 26.51,
23.19, 22.63, 21.05.
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(3R,5R,6R,75)—N-(tert-butyl)-7-(((tert-butyldim-
cthylsilyl)oxy)methyl)-3-(mercaptomethyl)-2-oxo-1,
4-chazabicyclo[4.1.0]heptane-3-carboxamide (9)

Note: proper spectroscopic characterization of this com-
pound 1s diflicult as spectra are characterized by extremely

broad peaks. This 1s attributed to inherent instability of 9 due
to the presence of nucleophilic thiol and 1ts susceptibility to
oxidation and aziridine ring-opening.

'H NMR (CDCl,, 400 MHz) &: 3.47 (s, 1H), 3.41 (d.,
J=6.5 Hz, 1H), 4.35-2.42 (m, 7H), 1.70-1.42 (bs, 10H), 0.90
(s, 9H), 0.10 (s, 3H), 0.08 (s, 3H) ppm. MS (ESI) [MH]"
calcd. 402.6. found 402.2.

(3S,5R,6R,7S)-3-((1H-1midazol-4-yl )methyl)-N-
(tert-butyl)-7-(((tert-butyldimethylsilyl)oxy)methyl)-
2-0x0-1,4-d1azabicyclo[4.1.0]heptane-S-carboxam-
ide (10)

"HNMR (CDCl,, 400 MHz) 8: 7.56 (s, 1H), 7.25 (s, 1H),
6.87 (s, 1H), 6.22 (s, 1H), 4.46 (m, 1H), 3.72 (dd, J=11.2 Hz,
4.8 Hz, 1H), 3.60 (m, 1H), 3.44 (dd, J=3.6 Hz, 1.5 Hz, 1H),
3.27 (dd, J=14.1 Hz, 3.1 Hz, 1H), 2.99 (dd, J=14.7 Hz, 4.2
Hz, 1H), 2.80 (dd, J=13.2 Hz, 8.1 Hz, 1H), 2.40 (m, 1H),
2.05 (bs, 1H), 1.36 (s, 9H), 0.87 (s, 9H), 0.07 (s, 3H), 0.05
(s, 3H) ppm. °C NMR (CDCl,, 100 MHz) §: 185.4, 171 .4,
169.5, 168.6, 135.1, 64.3, 62.7, 60.6, 54.7, 51.2, 44.5, 39.3,
28.9, 26.0, 18.4, -5.3 ppm. MS (ESI) [MH]™ calcd. 436.6.
found 436.2.

(3S,5R,6R,7S)—N-(tert-butyl)-7-(((tert-butyldimeth-
ylsilyl)oxy)methyl)-3-(hydroxymethyl)-2-ox0-1,4-
diazabicyclo[4.1.0]heptane-5-carboxamide (11)

"H NMR (CDCl,, 400 MHz) &: 6.80 (bs, 1H), 6.15 (bs,
1H), 4.02 (d, J=11.6 Hz, 1H), 3.85 (dd, J=13.3 Hz, 6.7 Hz,
1H), 3.76 (dd, J=14.2 Hz, 3.0 Hz, 1H), 3.68 (bs, 1H), 3.53
(d, J=5.0 Hz, 1H), 3.45 (dd, J=3.5 Hz, 2.4 Hz, 1H), 3.13 (m,
1H), 2.55 (m, 1H), 2.42 (m, 1H), 1.39 (s, 9H), 0.90 (s, 9H),
0.10 (s, 3H), 0.08 (s, 3H) ppm. °C NMR (CDCl,, 100 MHz)
0: 185.3,168.9, 63.5, 61.4,55.8,53.9, 51.2,44.9, 39.6, 28.9,
26.1, 18.6, =5.1 ppm. MS (ESI) [MH]™ calcd. 386.6. found
386.2.

(15,45,6aS5,11R,11 aS)—N-tert-butyl-1-((tert-bu-

tyldimethylsilyloxy)methyl)-4-1sobutyl-3,6-dioxo-

decahydro-1H-azirino[1,2-a]pyrrolo[1,2-d][1,4,7]
triazonine-11-carboxamide (12)

'H NMR (CD,0D, 400 MHz) 8: 4.47 (m, 1H), 4.14 (dd,
J=8.4 Hz, 6 Hz, 1H), 4.07-3.99 (m, 2H), 3.84 (dd, J=12 Hz,
3.2 Hz, 1H), 3.32 (d, J=5.6 Hz, 1H), 3.26-3.15 (m, 2H),
2.42-2.30 (m, 2H), 1.92-1.78 (m, 3H), 1.74 (q, J=6.8 Hz,
2H), 1.59 (sept, J=6.8 Hz, 1H), 1.22 (s, 9H), 0.90 (d, J=6.8
Hz, 3H), 0.87 (d, J=6.4 Hz, 3H), 0.84 (s, 9H), 0.06 (s, 3H),
0.03 (s, 3H) ppm. "°C NMR (CD,OD, 100 MHz) §: 174.1,
164.1, 157.4, 86.5, 62.4, 60.7, 60.6, 57.7, 54.2, 52.1, 50.2,
39.6, 29.0, 25.8, 25.2, 25.1, 22.1, 21.0, 20.5, 17.9, -6.5 ppm.
MS (ESI) calcd. 509.3. found 509.3.

(1S5,45,6aR,11S,11aR }—N-tert-butyl-4-(3-guanidi-
nopropyl)-1-1sobutyl-3,6-dioxodecahydro-1H-
azirino[1,2-a]pyrrolo[1,2-d][1,4,7]triazonine-11 -
carboxamide (13)

'H NMR (CD,0D, 400 MHz) §: 4.26 (t, J=5.6 Hz, 1H),
4.18 (dd, J=8.8 Hz, 2.4 Hz, 1H), 3.58 (dd, J=8.8 Hz, 5.2 Hz,
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1H), 3.28-3.24 (m, 2H), 3.00 (d, J=5.6 Hz, 1H), 2.70 (dd, 13C NMR (100 MHz, CD,0D) §: 176.18, 171.23, 168.97,
J=10.4 Hz, 6.4 Hz, 1H), 2.32-2.18 (m, 2H), 1.98-1.52 (m,  165.90, 159.24, 86.37, 65.77, 63.49, 61.48, 59.76, 55.41,
11H), 1.28 (s, 9H), 1.01 (d, J=6.4 Hz, 3H), 0.96 (d, ]=6.4 Hz,  51.43, 47.38, 45.65, 45.23, 44.59, 44.43, 44.19, 43.41,
3H) ppm. ">°C NMR (CD,OD, 100 MHz) §: 178.0, 160.8,  42.46, 29.85, 29.43, 28.97, 28.58, 28.46, 27.72, 27.13,
159.1, 157.4, 86.9, 64.3, 63.5, 60.2, 54.5, 53.7, 51.0, 42.6, 5 26.74, 25.68, 23.84, 23.68, 23.14, 23.06, 22.16, 21.62.
41.4, 29.4, 28.8, 26.1, 24.9, 24.5, 22.7, 21.3, 20.4 ppm.

MS(ESI) [MH]* caled. 464.3. found 464.3 and 232.6 for tert-butyl 2-415,45,75,138,15a5,20R,20aS))-20-(tert-
IM+2H]?*/2. butylcarbamoyl)-1-(((tert butyldimethylsilyl)oxy)
methyl)-4-methyl-3,6,9,12,15-pentaoxo-13-(3-(3-((2,
2-((18,4S,6aR,11S,11aR)-11-(tert-butylcarbamoyl)- 10 2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)
1-1sobutyl-3,6-dioxodecahydro-1H-azirino[1,2-a] sulfonyl)guanidino)propyl)icosahydroazirino[ 1,2-a]
pyrrolo[1,2-d]|[1,4,7]triazonin-4-yl)acetic acid (14) pyrrolo[1,2-d][1,4,7,10,13,16]

hexaazacyclooctadecin-7-yl)acetate (18)

'H NMR (CD,0D, 400 MHz) d: 4.46 (t, J=9.2 Hz, 1H), | | ) )
434 (dd, 1-8.4 Hz, 2.0 Hz, 1H), 3.81 (dd, ]-8.4 Hz, 5.6 Hz, H NMR (400 MHz, CDCl,) o:7.84 (d, =9.7 Hz, 2H).
1), 338330 (m. 1H). 3.02 (dd. J-17 Hz, 2.4 Hz, 10, 7-58 (@d,J=18.1,9.1 Hz, 2H), 7.07 (s, 1H), 6.41 (s, 2H), 5.68
i ; (s, 1H), 4.85 (dq, 1-13.7, 6.8 Hz, 1H), 4.70-4.58 (m, 1H),
285-273 (m, 1H), 257 (dd, =172 Hz, 8.4 Hz 11, B8 s Bk o o o o . 1142
2.45-232 (m, 2H), 2.05-1.62 (m, 7H), 1.58-1.48 (m, 2H), =2 \q, =64 Bz, AH), 4.1 /=407, 1H), 3. ) I 12

)- 5 7.5 Hz, 2H), 3.74 (s, 1H), 3.69-3.57 (m. 1H), 3.56-3.42 (m,
1.27 (s, 9H), 1.01 (d, J=6.4 Hz, 3H), 0.98 (d, I76.4 Hz. 3H) 50 511y 3 45.3 13 (m, 411), 2.96 (s, 21), 2.93 (d, =2.3 Hz, 1),

ppm. MS (ESI) [MH]" caled. 423.3. found 423.2. 2.89-2.76 (m, 4H), 2.66-2.53 (m, 7H), 2.42-2.15 (m, 2H),
2.10 (s, 3H), 2.07-1.98 (m, 1H), 1.87-1.55 (m, 8H), 1.46 (s,
(15,45,9a3,14R,14a5) 6H), 1.44 (s, 9H), 1.34 (s, 9H), 0.87 (s, 9H), 0.09 (s, 3H),

N-tert-butyl-1-((tert-bu-

tyldimethylsilylo:.(y)methyl)-4-isobutyl-3,6,9-tri0x0- 0.05 (s, 3H). *C NMR (101 MHz, CDCL,) &: 187.07,
tetradecahydroazmno[1.52-a]pyrr010[1,,2-‘(1][1,437,,10] 2> 176.14, 174.46, 171.46, 171.04, 169.11, 166.93, 158.77,
tetraazacyclododecine-14-carboxamide (15) 156.39, 138.63, 133.66, 132.55, 124.65, 117.55, 105.24,

1 86.49, 82.64, 63.92, 63.84, 60.81, 57.07, 51.69, 51.31,
H NMR (CD;0D, 400 MHz) 6: 4.55 (ddd, J=38 Hz, 3.2 50.37, 49.56, 45.47. 43.51, 40.43, 37.55, 35.99, 30.28,

Hz, 1.6 Hz, 1H), 4.32 (dd, J=10.4 Hz, 4 Hz, 1H), 4.21 (dd, 20.17, 28.83, 28.22. 26.11, 24.61, 19.49, 18.71, 18.19,
J=14 Hz, 6 Hz, 1H), 4.15-4.05 (m, 3H), 3.91 (dd, J=12 Hz, 30 17.31, 12.69, -5.11, -5.44. MS (ESI) [MH]* calcd. 1104.6.
3.2 Hz, 1H), 3.41 Hz (dd, J=6 Hz, 1H), 3.36-3.28 (m, 1H), found 1104.6.

2.50-2.30 (m, 2H), 2.00-1.50 (m, 7H), 1.31 (s, 9H), 0.98-

092 (m, 6H), 0.92 (s, 9H), 0.13 (s, 3H), 0.11 (s, 3H) tert-butyl (4-((15,4S,7S,105,135,15aS,20R,20aS)-
ppm. °C NMR (CD,OD, 100 MHz) 8: 178.3, 166.4, 165.1, 13-((R)-1-(tert-butoxy )ethyl)-20-(tert-butylcarbam-
157.6, 86.7, 62.7, 61.0, 60.1, 54.2, 53.7, 52.6, 50.5, 44.0, 33 oyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-4-
41.6, 28.9, 25.6, 25.2, 25.1, 25.1, 22.6, 20.7, 20.5, 17.9, methyl-10-(2-(methylthio)ethyl)-3,6,9,12,15-
-6.5, =6.5 ppm. MS (ESI) [MH]" calcd. 566.4. found 566 .4. pentaoxoicosahydroazirino[1,2-a]pyrrolo[1,2d][ 1,4,
7,10,13,16]hexaazacyclooctadecin-7-yl)butyl)
(1R,1aS,2R,6aS,12S,18S)-18-benzyl-N-tert-butyl-1, carbamate (19)
12-dusobutyl-7,10,13,16,19-pentaoxoicosahy- 40
droazirino[1,2-a]pyrrolo[1,2-d][1,4,7,10,13,16] '"H NMR (400 MHz, CDCl,) &: 7.83 (d, J=8.1 Hz, 1H),
hexaazacyclooctadecine-2-carboxamide (16) 7.77 (s, 1H), 7.50 (d, J=21.3 Hz, 1H), 7.35 (m, 2H), 7.08 (dd.,

I=15.7, 7.5 Hz, 1H), 6.90 (s, 1H), 6.82 (s, 1H), 4.98 (d,
"H NMR (CDCl,, 500 MHz) §: 7.82 (bs, NH), 7.40-7.20 I1=27.6 Hz, 1H), 4.84-4.67 (m, 1H), 4.60 (s, 1H), 4.40-4.30
(m, 5SH), 7.18 (bs, NH), 7.05 (bs, NH), 6.81 (bs, 2 NH), 4.64 45 (m, 1H), 4.16-3.93 (m, 4H), 3.82 (s, 2H), 3.77-3.69 (m, 3H),
(q, J=6.8 Hz, 1H), 4.13 (dd, J=16 Hz, 7.6 Hz, 1H), 4.10-3.90 3.67 (d, J=6.3 Hz, 1H), 3.45-3.28 (m, 2H), 3.27-2.99 (m,
(m, 2H), 3.57 (dd, J=16 Hz, 4.8 Hz, 1H), 3.50-3.39 (m, 2H), 6H), 3.00-2.86 (m, 2H), 2.84 (s, 1H), 2.78-2.55 (m, 3H),
3.26 (dd, J=14 Hz, 5.6 Hz, 1H), 3.12 (dd, J=14 Hz, 7.2 Hz, 2.45-2.19 (m, 5H), 2.12 (s, 4H), 2.06-1.97 (m, 3H), 1.89 (d.,
1H), 3.12-3.08 (m, 1H), 3.00-2.92 (m, 2H), 2.63 (t, J=3.6 J:4.7 Hz, 7H), 1.71-1.55 (m, 3H), 1.54-1.39 (m, 21H), 1.36
Hz, 1H), 2.28-2.18 (m, 1H), 1.90-1.70 (m, 2H), 1.37-1.25 50 (s, 13H), 1.31-1.26 (m, 12H), 1.06 (t, J=10.5 Hz, 4H),
(m, 9H), 1.10-0.88 (m, 12H) ppm. '°C NMR (CDCl,, 125 0.93-0.82 (m, 14H), 0.06 (s, 3H), 0.05 (s, 3H). °C NMR
MHz) o: 181.4, 176.1, 175.77, 172.1, 170.1, 169.2, 136.4, (101 MHz, CDCl,) o: 182.99, 175.20, 171.94, 170.75,
130.1, 128.7, 126.8, 56 2,63.0,43.2, 42.5, 40 2, 38.6,37.9, 170.37, 168.93, 156.44, 77.43, 75.69, 66.32, 64.35, 63.93,
31.2, 300 290.8, 29.5,28.8, 28.7, 27.2, 25. 1 24.9, 24.3, 23 .3, 61.77, 57.52, 56.58, 54.28, 42.68,, 40.37, 31.21, 30.95,,
23.1, 22.8, 2277, 22.6, 22.4, 22.3, 21.9, MS (ESI) [MH]+ 55 30.08, 29.88, 29.36, 28.85, 28.66, 26.01, 24.92, 24.16,
calcd. 682.4. found 682 .4. 18.91, 18.48, 17.89, 15.48, -5.25, =5.29. MS (ESI) [MH]"
calcd. 983.6. found 983.6.

1 2-tetraoxohexadecahydro-1H-azirino[1,2-a]pyrrolo (1S,75,108,15aS,20R,20aS)-10-((1 H-1midazol-5-y1)
[1,2-d][1,4,7,10,13]pentaazacyclopentadecine-17- 60 methyl)-7-(4-(tert-butoxy )benzyl)-N-(tert-butyl)-1-
carboxamide (17) (((tert-butyldimethylsilyl)oxy)methyl)-3,6,9,12,15-
pentaoxoicosahydroazirino[1,2-aJpyrrolo[1,2-d][1,4,
'"H NMR (400 MHz, CDCL,) §: 4.57-4.44 (m, 1H), 7,10,13,16]hexaazacyclooctadecine-20-carboxamide
4.32-3.770 (m, 10H), 3.38 (d, J=5.4 Hz, 1H), 3.28 (s, 1H), (20)
3.14 (dd, J=11.2, 5.6 Hz, 1H), 2.52-2.41 (m, 1H), 2.37 (d, 65
J=6.9 Hz, 1H), 2.15-1.65 (m, 8H), 1.64-1.48 (m, 2H), 'H NMR (400 MHz, CDCl,) &: 9.92 (s, 1H), 7.49 (d,

1.42-1.23 (m, 8H), 1.00 (dt, J=21.4, 7.4 Hz, 6H). J=4.8 Hz, 2H), 7.39-7.27 (m, 11H), 7.17-7.02 (m, 11H), 6.78
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(d, J=8.4 Hz, 2H), 6.69 (s, 1H), 4.48 (p, J=6.9 Hz, 1H),
4.42-4.18 (m, 2H), 4.06-3.99 (m, 1H), 3.91 (dd, J=11.4, 3.8
Hz, 1H), 3.78 (dd, J=11.3, 4.4 Hz, 1H), 3.61 (dd, J=9.8, 4.8
Hz, 1H), 3.48-3.37 (m, 1H), 3.32-2.99 (m, 8H), 2.83 (dd,
I1=6.8, 3.4 Hz, 1H), 2.41-1.95 (m, 2H), 1.91-1.72 (m, 2H),
1.61 (s, 12H), 1.41 (s, 10H), 1.35-1.24 (m, 20H), 0.72 (s,
1H), 0.07 (s, 3H), 0.05 (s, 311). °C NMR (101 MHz,
CDCl,) o: 184.31, 175.20, 172.61, 170.67, 169.47, 168.12,
154.53, 142.31, 138.19, 136.81, 131.91, 129.97, 129.85,
128.43, 128.37, 120.09, 77.43, 63.49, 62.17, 61.55, 57.84,
54.97, 52.19, 51.15, 48.67, 43.36, 42.53, 41.75, 36.36,
31.84, 30.99, 29.92, 29.88, 29.44, 29.05, 28.67, 26.07,
24.49, 19.80, 18.56, =5.19. MS (ESI) [MH]" calcd. 866.5.
found 866.5.

(1S.,4S,75,135,15a8,20R,20aS)-13-benzyl-N-(tert-
butyl)-1-(((tert-butyldimethylsilyl) oxy)methyl)-4-
methyl-3,6,9,12,15-pentaoxo-"7-(2-0x0-2-(trity-
lamino)ethyl) icosahydroazirino[1,2-aJpyrrolo[1,2-d]
[1,4,7,10,13,16]hexaazacyclooctadecine-20-
carboxamide (21)

'H NMR (400 MHz, CDCL,) &: 7.94 (t, J=9.8 Hz, 2H),
7.73 (d, J=8.7 Hz, 1H), 7.51 (t, J=6.7 Hz, 1H), 7.34-7.11 (m,
23H), 6.79 (s, 1H), 4.92-4.72 (m, 2H), 4.59 (dd, J=16.3, 8.6
Hz, 1H), 4.25 (d, J=11.5 Hz, 1H), 4.01 (d, J=10.7 Hz, 1H),
3.82 (dd, J=14.2, 7.6 Hz, 1H), 3.73 (s, 1H), 3.59-3.51 (m,
2H), 3.48-3.24 (m, 3H), 3.09 (dd, J=13.8, 8.9 Hz, 1H),
2.96-2.68 (m, 6H), 2.59 (dd, J=15.8, 3.6 Hz, 1H), 2.45-2.08
(m, 2H), 2.07-1.96 (m, 1H), 1.62 (s, 5H), 1.52-1.17 (m,
18H), 0.94 (s, 9H), 0.15 (s, 3H), 0.13 (s, 3H). *C NMR (101
MHz, CDCL,) &: 184.06, 175.64, 173.93, 171.01, 170.49,
169.15, 167.20, 144.28, 136.98, 129.61, 128.81, 128.49.
128.30, 127.48, 126.75, 77.55, 77.23, 76.91, 71.17, 63.63,
60.72, 57.12, 52.96, 51.54, 50.58, 49.71, 49.27, 4535,
44.53, 37.27, 36.80, 33.93, 30.22, 29.24, 26.24, 2432,
18.78, 17.89, 0.22, -5.11, -5.34. MS (ESI) [MH]* calcd.
1027.5. found 1027.6.

(4S5,108,15a8,20R,20aS)-4-benzyl-N-(tert-butyl)-10-

1sobutyl-3,6,9,12,15-pentaoxoicosahydroazirino[1,2-

alpyrrolo[1,2-d][1,4,7,10,13,16]hexaazacyclooctade-
cine-20-carboxamide (22)

'"H NMR (CDCl,, 400 MHz) &: 8.33 (bs, 1H), 8.17 (d,
J=9.1 Hz, 1H), 8.03 (d, J=7.4 Hz, 1H), 7.54 (s, 1H), 7.21 (m,
SH), 6.04 (bs, 1H), 5.08 (bs, 1H), 4.58 (m, 1H), 3.87 (dd,
J=8.1 Hz, 5.0 Hz, 1H), 3.80 (bs, 1H), 2.48 (dd, J=3.6 Hz, 1.8
Hz, 2H), 2.16 (m, 2H), 1.62-1.57 (m, 7H), 1.48 (m, 2H), 1.42
(m, 2H), 1.35 (m, 2H), 1.20 (m, 9H), 1.07 (m, 2H), 0.81 (m,
6H) ppm. MS (ESI) [MH]" calcd. 626.8. found 626.3 and
313.7 for [M+2H]**/2.

7-mmc conjugated 22 (23)

Cyclic peptide 22 was reacted as a crude material to yield
conjugated peptide 23. (see page 39)'H NMR (300 MHz,
DMSQO) 6 8.95 (s, 1H), 8.68 (d, J=8.2 Hz, 1H), 8.32 (1, ]=6.3
Hz, 1H), 7.68 (d, J=8.4 Hz, 1H), 7.51 (d, 1=9.4 Hz, 1H),
7.42-7.08 (m, SH), 6.46 (s, 1H), 6.31 (s, 1H), 4.47-4.15 (m,
3H), 3.73 (dd, J=20.5, 14.1 Hz, 3H), 3.45-3.33 (m, 2H), 3.17
(dd, J=20.9, 13.0 Hz, 2H), 2.98-2.64 (m, 4H), 2.40 (s, 2H),
2.22-2.10 (m, 1H), 1.91 (ddd, J=22.9, 13.4, 6.6 Hz, 2H),
1.79-1.40 (m, SH), 1.30-1.15 (m, 9H), 0.93-0.74 (m, 6H).
MS (ESI) [MH]™ calcd. 818.4. found 818.3.
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HATU-Mediated Cyclization
Advantageously, the cyclization reaction can be run at

least at 0.002M concentration of the starting amino acid/
peptide. Preferably the concentration is run between 0.002M
to 0.2M.

In another embodiment the process 1s run at a concentra-
tion of at least 0.1M of the starting amino acid/peptide. In
another embodiment the process 1s run at a concentration of
around 0.2M of the starting amino acid/peptide.

Traditionally, prior macrocyclizations cannot be per-
formed at such high concentrations. This was demonstrated
using a direct comparison with HATU process which fails in
that the major products observed are derived from oligomer-
ization and polymerization.

O-(7-Azabenzotriazol-1-y1)-N,N,N' N'-tetramethyluro-
nium hexafluorophosphate (“HATU”)-mediated cyclization
of Pro-Gly-Gly-Gly was compared with the amino aldehyde/
1socyanide cyclization method at 0.2 M. Upon completion,
crude reaction mixtures were analyzed using liquid chroma-
tography electrospray 1onization mass spectrometry (“LC-
MS(ESI)”) to assess the level of selectivity for the desired
cyclic peptide.

Mass spectrometry (“MS”)-analysis of the HATU reac-
tion revealed that cyclodimerization predominated at 0.2M
(FIG. 28). The major peaks at m/z=>537.2 and 559.2 corre-
spond to the cyclodimer product, and 1ts sodium chelate,
respectively, while only trace amounts of the desired cyclic
peptide was detected at m/z=269. The cyclotrimer
(m/z=805) was also detected. The crude reaction mixture
also contained several other unidentified byproducts.

Results from the MS peak analysis found 6 components.
Component 1: Peak at Scan 27.4. Top 1ons are 635 566 923
Component 2: Peak at Scan 28.4. Top 1ons are 982 744 714
Component 3: Peak at Scan 29.9. Top 1ons are 235 848 338
Component 4: Peak at Scan 30.9. Top 1ons are 539 827 560
Component 5: Peak at Scan 31.9. Top 1ons are 752 931
Component 6: Peak at Scan 32.7. Top 1ons are 5377 295 446

The crude LC-MS(ESI) analysis for the 1socyanide/amino
aldehyde mediated cyclization revealed a high level of
selectivity for the desired cyclic peptide (m/z=479) at 0.2M
(FI1G. 29). No trace peaks were detected for either dimer or
trimer byproduct. Only characteristic fragmentation peaks
and residual Pro-Gly-Gly-Gly remained in the reaction
mixture.

Results from the MS peak analysis found 2 components.
Component 1: Peak at Scan 29.7. Top 1ons are 287 212 383
(Pro-Gly-Gly-Gly)

Component 2: Peak at Scan 30.9. Top 1ons are 479 396 240
(cyclic peptide)

Example 2
Methods and Materials

Method A: rning-opening of aziridine-containing cyclic
peptide 1s conducted using an aromatic thiol as the nucleo-
phile (Method A). In a screw-cap vial equipped with a
magnetic stirring bar was added aziridine-containing cyclic
peptide (0.06 mmol) and aromatic thiol (0.066 mmol) were
added to 0.2 ml of degassed CHCI,. NEt; (0.06 mmol) was
then added to the solution and the reaction was stirred at
room temperature for 3-4 hours. The reaction was then
diluted with CH,Cl,, and washed twice with saturated
aqueous NH,C1 (3 ml) followed by one wash with brine (3
ml). The organic layer was subsequently dried over Na,SO,,
filtered, and concentrated under reduced pressure. The crude
ring-opened products were of high purity, but analytically
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pure samples were obtained following purification by tlash
column chromatography (5% MeOH 1n EtOAc).

Method B: ring-opening of aziridine-contaiming cyclic
peptide 1s carried out using an aliphatic thiol or imide as the
nucleophile (Method B). In a screw-cap vial equipped with
a magnetic stirring bar was added azinidine-containing
cyclic peptide (0.06 mmol) and aliphatic thiol or imide
(0.066 mmol) to 0.2 ml of degassed CHCIl,. DBU (0.06
mmol) was then added to the solution and the reaction was
stirred at room temperature for 3-4 hours. The reaction was
then diluted with CH,Cl,, and washed twice with saturated
aqueous NH,C1 (3 ml) followed by one wash with brine (3
ml). The organic layer was subsequently dried over Na,SO,,
filtered, and concentrated under reduced pressure. The crude
ring-opened products were of high purity, but analytically
pure samples were obtained following purification by tlash
column chromatography (3% MeOH 1n EtOAc).

Results

Side chains including, but not limited to, fluorescent
substituents have been appended to the products of macro-
cyclization (Scheme 3).
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acid side chains, both natural and unnatural, can be 1nstalled
by similar ring-opening protocols, opening doors for con-
formational optimization of cyclic peptides at a late stage of
synthesis. Other nucleophiles such as aliphatic thiols, acids,
secondary amines such as morpholine, and imides worked
equally well during ring-opening.

In another aspect, cyclic peptides equipped with aziridine
rings are subjected to ring-opening (FIG. 30). In the course
of this process, a side-chain of interest can be appended to
the cyclic peptide scatlold at a late stage of synthesis. The
ring-opening reactions were carried out using an appropriate
base/nucleophile system that was selected on the basis of
pK . The preferred reactions involved the employment of a
base/nucleophile pair satistying ApK _=pK [NR3H+]-pK
[Nucleophile]=-1 (FIG. 31).

These data suggest that strong 1on pairing (ApK >1)
between the base and nucleophile may result 1n decreased
reactivity. The optimized conditions for ring-opening were
found to proceed cleanly to afford the modified cyclic

peptides 1 high punity following extractive work-up (FIG.
32).

Scheme 3. Late-stage, site-specific attachment of fluorescent tags to a cyclic peptide.

J@d

NEt;

CHClj, rt, 0.3M
T7%

DBU

CHCl;, 1t, 0.3M
78%

The incorporation of an activated aziridine ring 1nto the
framework of a cyclic peptide provides a useful point for
conjugation to various side-chains via nucleophilic ring-
opening, a well developed methodology that has been dem-
onstrated using nucleophilic biomolecules ranging from
carbohydrates to biotin and farnesyl derivatives.'* As an
example, cyclic peptide conjugation strategy can be dem-
onstrated through the nucleophilic ring-opening of an aziri-
dine moiety with the widely used fluorescent tag 7-mer-
capto-4-methyl-coumarin (7-mmc) (Scheme 3). In another
aspect, a late-stage synthesis of a thioester residue by
ring-opening of the cyclic peptide with commercially avail-
able thiobenzoic acid can also be used. The reaction pro-
ceeded smoothly, delivering the ring opened product in 98%

yield. The late-stage incorporation of the thioester function-
ality avoids steps typically required for its protection from
both oxidation and electrophilic reagents. Many other amino

50

55

Ph O
S

\ul‘
O
N

_. N
i

O

NH

O
~uan |l
NH>

O

Ttss

23
O

w/

HN

g A
we T

ffl;

O
Example 3
X-ray analysis of cyclic product 1 was conducted.
Results
O
TBDMSO R
N STy
NH
H
‘Bu
O N/
H



Identification code
Empirical formula

Formula weight

Temperature
Wavelength

Crystal system

Space group
Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coeflicient
F(000)
Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections

Completeness to theta = 23.05°

Absorption correction

Max. and min. transmission

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R imndices [I > 2 sigma(l)]

R indices (all data)

Largest diff. peak and hole

31
TABLE 4

Crystal data and structure refinement for kO7227.

k07227
C24H38N3038Si
445.67
150(2) K
0.71073 A
Monoclinic
P21
a=14.590(2) A a = 90°.

b=12.32602) A B =94.718(7)".

c=15.088(2) A y=90°.
2704.2(7) A?
4
1.097 Mg/m?
0.115 mm™!
068
0.32 x 0.10 x 0.08 mm”
2.62 to 23.05°.
15 <=h<=15,-13 <=k <= 12,
~15 <=1<=16
10115
3828 [R(int) = 0.1359]
95.9%
Semi-empirical from equivalents
1.000 and 0.770

Full-matrix least-squares on F?

3828/1/559
1.044
R1 = 0.0982, wR2 = 0.2560

R1 =0.1715, wR2 = 0.3055

TABLE 5

0.492 and -0.316 e - A~

Atomic coordinates (x10%) and equivalent isotropic displacement

parameters (AZ x 10°) for k07227. U(eq) is defined as
one third of the trace of the orthogonalized UY tensor.

Si(1A)
O(1A)
O(2A)
O(3A)
O(4A)
N(1A)
N(2A)
C(1A)
C(2A)
C(3A)
C(4A)
C(5A)
C(6A)
C(7A)
C(RA)
C(OA)

C(11A)
C(12A)
C(13A)
C(14A)
C(15A)
C(16A)
C(17A)
C(18A)
C(19A)
C(20A)
C(21A)
C(22A)
C(23A)
C(24A)
Si(1B)

O(1B)

O(2B)

O(3B)

O(4B)

X

Y

Z

7245(3)
3310(7)
4778(6)
4070(7)
6881(6)
5222(7)
2735(8)

4577(10)

3624(9)
3884(8)
4916(9)

4768(4)
4696(12)
4429(8)
3807(11)
4731(9)
4298(9)
3545(12)
4187(12)
3854(14)
4758(14)
4610(11)

5474(9)

6464(1
7044(1
6568(1
R501(1
R607(1
9045(1
RR46(1
3590(1
2268(1
2819(1
2093(1
1325(1

0)
0)
2)
2)
3)
3)
4)
0)
0)
3)
1)

2)

2957(9)

2151("
2204
1548(°
725(°
525(°

0)
3)
7)
9)
3)

1270(°

2)

5392(
5591(

2)
5)

3423(°

8)

5820(20)
5097(14)
6160(30)
4350(30)
5210(20)

3973(
2780(
1767(

7)
6)
8)

3415(

6)

2540(20)

3707(
3006(

5)
8)

1877(

9)

1230(20)
1640(30)

2770(30)
3480(20)

R396(3)
6317(8)
4729(7)
R551(7)
7332(6)
6198(7)
7673(8)
5473(9)
5700(9)
7161(9)
7073(9)
6570(9)

6823(1
R820(1
9009(1
R489(1
R022(1
R043(1
0454(1
7871(1
R263(1
R419(1
9107(1

7748(;

0)
2)
3)
4)
9)
7)
5)
1)
0)
3)
0)

2)

4897(9

5091(°
5232(°
5361(°
5502(°
5385(°

0)
2)
4)
6)
3)

5217(

1)

R204(3)
6478(7)
4724(6)
R659(6)
7241(6)

2344(4)
2195(11)
1912(7)
1106(10)
2259(8)

2871(3)
6755(7)
5174(6)
6205(7)
3360(6)

Ufeq)

68(1)
04(4)
62(3)
R2(3)
64(3)
53(3)
74(4)
56(4)
61(4)
61(4)
57(4)
55(4)
72(5)
118(8)
105(6)
R6(6)
150(11)
169(14)
133(9)
76(5)
74(5)
103(6)
R6(5)
110(7)
66(4)
77(5)
90(5)
112(7)
128(9)
116(9)
101(7)
68(1)
R6(3)
53(2)
75(3)
66(3)
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TABLE 5-continued

Atomic coordinates (x10%) and equivalent isotropic displacement

parameters (A% x 10°) for k07227. U(eq) is defined as
one third of the trace of the orthogonalized UY tensor.

Y

1815(8)
963(11)
1740(12)
1389(12)
2232(14)
2098(12)

2897(1
3147(1

96%(1
3466(1
2620(1
3777(1
1807(1
2536(1
1332(1

163(1
~842(1

4)
4)
0)
9)
4)
4)
9)
9)
5)
3)
7)

564(

7)

0(20)

1225(°
526(

3)
5)

~610(°

4)

~1260(20)
~940(20)

X

N(1B) 6249(7)

N(2B) 7RR4(8)

C(1B) 5494(10)
C(2B) 5816(9)

C(3B) 7344(9)

C(4B) 7165(9)

C(5B) 6589(10)
C(6B) 6790(11)
C(7B) R766(12)
C(8B) R926(11)
C(9B) 7893(10)
C(10B)  7510(13)
C(11B)  7165(14)
C(12B)  8748(12)
C(13B)  8015(10)
C(14B)  8453(10)
C(15B)  8439(13)
C(16B)  9438(11)
C(17B)  8040(11)
C(18B)  5021(9

C(19B)  5242(8)

C(20B)  5337(10)
C(21B)  5477(11)
C(22B)  5524(12)
C(23B)  5439(11)
C(24B)  5292(10)

130(30)
R78(19)

TABLE 6

z

4890(7)
7449(9)
5431(9)
6398(9)
6288(8)
5256(9)

4693(1
3790(1
3042(1
3390(1
1666(1
1548(1
1279(1

7445(1
R135(1
R825(1

1143(11
6630(11
7952(1°

1)
1)
3)
1)
0)
1)
2)
1)
)
1)
5)
3)
1)

6976(9)

7787(1

7633(1
R343(1
9202(1
9374(1

0)
1)
3)
8)
3)

R643(11)

Bond lengths [A] and angles [°] for k07227.

Si(1A)—O(4A)
Si(1A)—C(7A)
Si(1A)—C(9A)
Si(1A)—C(8A)
O(1A)—C(3A)
O(1A)—C(2A)
O(2A)—C(1A)
O(3A)—C(13A)
O(4A)—C(6A)
N(1A)—C(1A)
N(1A)—C(4A)
N(1A)—C(5A)
N(2A)—C(13A)
N(2A)—C(14A)
C(1A)—C(2A)
C(2A)—C(18A)
C(3A)—C(13A)
C(3A)—C(4A)
C(4A)—C(5A)
C(5A)—C(6A)
C(OA)—C(11A)
C(OA)—C(10A)
C(OA)—C(12A)
C(14A)—C(15A)
C(14A)—C(16A)
C(14A)—C(17A)
C(18A)—C(19A)
C(19A)—C(20A)
C(19A)—C(24A)
C(20A)—C(21A)
C(21A)—C(22A)
C(22A)—C(23A)
C(23A)—C(24A)
Si(1B)—O(4B)
Si(1B)—C(9B)
Si(1B)—C(8B)
Si(1B)—C(7B)
O(1B)—C(2B)
O(1B)—C(3B)
O(2B)—C(1B)

1.649(10)
1.81(2)
1.871(18)
1.91(2)

1.468(1
1.491(1
1.221(1
1.211¢
1.418
1.390(1
1.479(1
1.494(18)
1.36(2)
1.50(2)
1.52(2)

7)
8)
5)

17)
(1

8)
7)
0)

1.502(19)
1.53(2)
1.533(18)
1.507(19)
1.48(2)
1.42(3)
1.50(3)
1.51(3)
1.49(3)
1.53(2)
1.55(2)
1.51(2)
1.42(3)
1.44(2)
1.38(3)
1.34(3)
1.44(4)
1.44(3)
1.643(9)
1.868(16)

1.871(
1.893(
1.457(
1.496(;

1.177(

9)
8)
8)
6)

5)

Uleq)

48(3)
69(3)
55(4)
53(3)
59(4)
60(4)
70(4)
74(5)
97(6)
98(6)
71(5)
R5(5)
103(6)
100(6)
69(4)
66(4)
111(7)
97(6)
103(7)
61(4)
65(5)
65(4)
101(7)
105(7)
100(7)
R6(6)
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TABLE 6-continued TABLE 6-continued

Bond lengths [A] and angles [°] for k07227. Bond lengths [A] and angles [°] for k07227.

O(3B)—C(13B) 1.214(16) O(4B)—Si(1B)>—C(9B) 107.5(6)

O(4B)—C(6B) 1.457(18) 5 O(4B)—Si(1B)—C(8B) 109.4(7)

N(1B)—C(1B) 1.428(17) C(9B)—Si(1B)—C(8B) 110.9(8)

N(1B)—C(4B) 1.446(17) O(4B)—Si(1B)—C(7B) 105.0(7)

N(1B)—C(5B) 1.461(19) C(9B)—Si(1B)—C(7B) 111.3(9)

N(2B)—C(13B) 1.344(19) C(8B)—Si(1B)—C(7B) 112.5(9)

N(2B)—C(14B) 1.461(19) C(2B)—O(1B)—C(3B) 114.0(11)
C(1B)—C(2B) 1.56(2) 10 C(6B)—O(4B)—Si(1B) 125.9(10)
C(2B)—C(18B) 1.522(18) C(1B)—N(1B)—C(4B) 122.0(11)
C(3B)—C(13B) 1.54(2) C(1B)—N(1B)—C(5B) 117.7(11)
C(3B)—C{4B) 1.567(18) C(4B)—N(1B)—C(5B) 62.6(9)

C(4B)—C(5B) 1.51(2) C(13B)—N(2B)—C(14B) 126.0(13)
C(5B)—C(6B) 1.45(2) O(2B)—C(1B)—N(1B) 124.1(13)
C(9B)—C(12B) 1.53(2) 15 O(2B)—C(1B)—C(2B) 124.4(12)
C(9B)—C(10B) 1.54(2) N(1B)—C(1B)—C(2B) 111.4(11)
C(9B)>—C(11B) 1.54(2) O(1B)—C(2B)—C(18B) 113.1(11)
C(14B)—C(15B) 1.45(3) O(1B)—C(2B)—C(1B) 107.3(11)
C(14B)—C(17B) 1.51(2) C(18B)—C(2B)—C(1B) 112.9(11)
C(14B)—C(16B) 1.52(2) O(1B)—C(3B)—C(13B) 111.0(12)
C(18B)—C(19B) 1.51(2) O(1B)—C(3B)—C(4B) 112.7(10)
C(19B)—C(24B) 1.36(2) 20 C(13B)—C(3B)—C(4B) 107.8(12)
C(19B)—C(20B) 1.43(2) N(1B)—C(4B)—C(5B) 59.2(8)

C(20B)—C(21B) 1.34(2) N(1B)—C(4B)—C(3B) 118.6(10)
C(21B)—C(22B) 1.35(3) C(5B)—C(4B)—C(3B) 122.0(13)
C(3B)—C(24B) 44 C(6B)—C(SB)—C(4B) 21405)
O(4A)—Si(1A)—C(7A) 105.7(8) 25 N(1B)—C(5B)—C(4B) 58.2(9)

O(4A)—Si(1A)—C(9A) 108.3(7) C(5B)—C(6B)—O(4B) 113.1(13)
C(7A)—Si(1A)—C(9A) 111.0(9) C(12B)—C(9B)—C(10B) 107.8(14)
O(4A)—Si(1A)—C(8A) 110.6(8) C(12B)—C(9B)—C(11B) 109.0(15)
C(7A)—Si(1A)—C(8A) 110.1(10) C(10B)—C(9B)—C(11B) 109.1(14)
C(9A)—Si(1A)—C(8A) 111.0(9) C(12B)—C(9B)—Si(1B) 110.2(11)
C(3A)—O(1A)—C(2A) 113.3(11) 30 C(10B)—C(9B)—Si(1B) 109.8(12)
C(6A)—O(4A)—Si(1A) 126.6(10) C(11B)—C(9B)—Si(1B) 110.8(12)
C(1A)—N(1A)—C(4A) 119.6(10) O(3B)—C(13B)—N(2B) 125.6(15)
C(1A)—N(1A)—C(5A) 121.0(11) O(3B)—C(13B)—C(3B) 119.1(14)
C(4A)—N(1A)—C(5A) 60.9(8) N(2B)—C(13B)—C(3B) 114.7(13)
C(13A)—NQ2A}—C(14A) 124.4(13) C(15B)—C(14B)—N(2B) 108.6(13)
O(2A)—C(1A)—N(1A) 120.1(13) 15 C(15B)—C(14B)—C(17B) 110.9(16)
O(2A)—C(1A)—C(2A) 124.6(12) N(2B)—C(14B)—C(17B) 107.0(13)
N(1A)}—C(1A)—C(2A) 115.0(11) C(15B)—C(14B)—C(16B 110.2(15
O(1A)—C(2A)—C(18A) 112.0(12) NE:zB))—C(LLB))—C(l( 6B)) 11.3&33
8((f~§i)—cé%ﬁ)—_c&ﬁ) Ogggf)) C(17B)—C(14B)—C(16B) 108.9(15)

LOA)— 1125 C(19B)—C(18B)—C(2B) 114.7(11)
O(1A)—C(3A)—C(13A) 113.7(13) 40 C(24B)—C(19B)—C(20B) 118.0(16)
g(;ﬁ_cgﬁ_fg‘ﬁ . ;-‘;(j ? C(24B)—C(19B)—C(18B) 125.4(18)

N((': A) )_C(L(L A))_C(S( A)) ) 60.0&)) C(20B)—C(19B)—C(18B) 116.5(14)
N(LA)—C(4A)—C(3A) 118.7(11) C(21B)—C(20B)—C(19B) 117.9(18)
C(5A)—C(4A)—C(3A) 122.9(12) gggg:gg;g:ggig fgg
C(6A)—C(5A)—N(1A 116.8(12 1
CEﬁA%—CESAi—CEﬁLA)) j~22-1Ej~2§ 45 C(22B)—C(23B)—C(24B) 119(2)
N(1A)—C(5A)—C(4A) 59.1(8) C(19B)—C(24B)—C(23B) 121(2)
O(4A)—C(6A)—C(5A) 112.4(12)

C(11A)—C(9A)—C(10A) 105(2)

C(11A)—C(9A)—C(12A) 111.3(18)

C(10A)—C(9A)—C(12A) 109(2) TABI E 7

C(11A)—C(9A)—Si(1A) 113.9(16) 50

C(10A)—C(9A)—Si(1A) 107.0(12) Anisotropic displacement parameters (A% x 10%) for k07227.
C(12A)—COA)—SI(1A) 109.9(13) The anisotropic displacement factor exponent takes the
OBA)—C(13A)—N(2A) 125.1(16) form: —2n°[h? a**U't + . ..+ 2 h k a* b* U]
O(3A)—C(13A)—C(3A) 121.6(14)

NCA)I—C(13A)—C(3A) 113.2(14) it 1722 1733 1723 1713 1712
C(15A)—C(14A)—N(2A) 110.8(13) 55

C(15A)—C(14A)—C(16A) 114.8(16) Si(1A) 59(2)  75(3) 67(3) ~5(2) ~2(2) ~7(2)
NEZA)—C(14A)—C(16A) 106.7(15) O(1A)  67(6) 116(10) 101(8)  -29(8) 23(6) ~1(7)
C(LSA)—C(14A)—C(17A) 111.4(17) O(2A)  66(6) 55(6) 64(7)  -6(5) 11(5) 0(5)
NQ2A)—C(14A)—C(17A) 104.4(13) O(3A 61(6) 118(10)  66(7 14(7 R(5 ~7(6
C(16A)—C(14A)—C(17A) 108.1(14) OE4A§ 558 64%6)) 76%6% 5%63 ;18 —38
C(2A)—C(18A)—C(19A) 112.2(12) N(1A) S47y  SA(T) SMT)  -6(6) 19(6) 1(6)
C(20A)—C(19A)—C(24A) 120.2(19) VUNRA)Y  S1(7) 99(11)  74®)  17(8)  12(6) 6(7)
C(20A)—C(19A)—C(18A) 118.9(16) C(1A) 77(10)  49(9)  40(8) 1(7) ~2(7) 3(7)
C(24A)—C(19A)—C(18A) 121(2) C(2A)  60(9)  70(10) 52(8)  -9(R) 3(7) 6(8)
C21A)—C(20A)—C(19A) 119(2) C(3A)  44(7)  70(10) 70(9)  -7(9) 5(6) 7(7)
C(22A)—C(21A)—C(20A) 122(3) C(4A)  61(8)  46(9)  65(9) 9(7) 7(7) 0(7)
C(21A)—C(22A)—C(23A) 122(3) C(5A) 51(8)  48(9)  64(9) 4(7) A(7) 4(7)
C(22A)—C(23A)—C(24A) 118(2) 63 C(6A) 62(10)  86(13)  69(10)  20(10) 18(8) -7(9)
C(23A)—C(24A)—C(19A) 118(2) C(7A)  170(20) 110(17) 71(12) 20(12)  =25(12) -17(16)
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TABLE 7-continued
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Anisotropic displacement parameters (A% x 10°) for k07227.
The anisotropic displacement factor exponent takes the

form: —272[h? a*?U + . ..+ 2 hk a* b* U!?]

Uil 1722 733 23 i3 2
C(RA) 83(12) 124(18) 109(14) -12(13) 23(10) 3(12)
C(9A) 69(10)  39(11) 130(16)  44(11) 17(11) 11(9)
C(10A) 47(11) 180(30) 220(30)  30(20) —-10(13) -16(14)
C(11A) 61(13) 300(50) 140(20) -60(20) -2(13) 13(19)
C(12A) 101(14) 170(20) 122(17)  57(17) -40(13) -18(15)
C(13A) 49(9) 122(15) 39(9) -5(10) 12(8) -2(10)
C(14A) 58(9) 101(14) 64(10)  15(9) 17(7) -2(9)
C(15A) 95(14) 103(16) 113(15)  37(13) 27(11) 15(12)
C(16A) 85(11) 105(15) o6%(11) -=-27(10) 17(8) —-17(10)
C(17A) 82(12) 150(20) 95(13) 10(14) 15(10) -60(13)
C(18A) 63(9) 86(12) S51(¥) 3(8) &(7) -16(9)
C(19A) 59(10) 122(18) 49(9) 5(10) -2(7) 2(10)
C(20A) 97(13) 92(15) 85(12) 4(11) 31(10) -19(12)
C(21A) 118(18) 121(19) 100(15) 8(13) 21(13) -48(16)
C(22A) 95(19) 190(30) 102(17)  11(19) 0(13) -26(19)
C(23A) 50(11) 210(30) 86(14) 9(17) 1(9) 1(16)
C(24A) 63(12) 170(20) 68(11) =-7(13) —~7(8) 0(13)
S1(1B) 60(3) 75(3) 70(3) 8(3) 13(2) 2(2)
O(1B) 71(7) 106(9) 83(7) 14(7) 14(5) 3(7)
O(2B) 51(6) 44(5) 65(6) -3(5) 3(4) 3(4)
O(3B) 52(6) 99(9) 75(7) 4(6) 9(5) 9(6)
O(4B) 69(6) 60(6) 71(6) 11(6) 24(5) 5(5)
N(1B) 60(7) 36(6) 49(6) -1(5) 6(5) 13(5)
N(2B) 50(7) 75(9) 84(9) 10(¥) 13(6) 3(7)
C(1B) 57(10)  48(9) 61(9) -17(7) 6(7) -4(7)
C(2B) 45(8) 50(9) 65(9) -11(7) 4(6) 0(7)
C(3B) 51(8) 72(10)  54(8) -1(8) 3(6) 5(8)
C(4B) 47(8) 62(10)  73(9) 25(8) 17(7) &(7)
C(5B) 59(9) 65(11) 86(12) 6(9) 8(8) -9(8)
C(6B) 82(11) 66(11) 77(11)  15(9) 21(8) 17(9)
C(7B) 84(12) 87(14) 123(15) 34(12) 28(10) 36(11)
C(8B) 64(10) 147(19) 84(12) -19(13) 10(8) -22(11)
C(9B) 56(9) 78(13) 82(11)  10(9) 14(8) -12(8)
C(10B) 113(13) 64(11) 77(11)  23(10) 11(9) -7(10)
C(11B) 121(16) 104(16) 84(12) -14(12) 11(11) -22(13)
C(12B) 97(13) 117(17) 89(12)  32(13) 36(10) 13(12)
C(13B) 48(9) 85(12) 75(11) -3(10) 18(8) -9(8)
C(14B) 66(10) 50(10) 81(11) 11(9) 3(8) 0(8)
C(15B) 8R(13) 88(17) 152(19)  37(15) -11(12) 29(11)
C(16B) 62(10) 112(17) 116(15)  14(13) -1(10) -1(10)
C(17B) 8O(11) 150(20) 74(11)  35(13) 12(9) 23(12)
C(18B) 48(8) 73(11)  61(9 -5(8) 7(6) 6(7)
C(19B) 34(7) 105(15) 56(10)  14(10) 8(6) —-16(8)
C(20B) 67(10) 64(11) 64(10) 11(9) 3(7) 1(8)
C(21B) 76(12) 150(20) 74(13)  14(16) 6(10) -11(12)
C(22B) 67(12) 120(20) 120(20)  35(17) 13(11) -20(13)
C(23B) 60(11) 180(30) 64(12) 9(16) 10(8) -26(14)
C(24B) 59(10) 138(17) 63(11) -3(12) 14(8) -8(10)
TABLE 8
Hydrogen coordinates (x10%) and isotropic displacement
parameters (A% x 10°) for k07227.
X y Z U (eq)
H(2A) 2439 3731 7164 89
H(2AB) 3677 3148 6028 73
H(3AA) 3805 5507 7399 73
H(4AA) 5261 4254 7594 69
H(5AA) 5126 6016 6284 66
H(6AA) 6788 5688 6277 86
H(6AB) 6530 6272 7171 86
H(7AA) 7391 2890 8499 177
H(7AB) 6386 3254 8734 177
H(7AC) 7246 3395 94355 177
H(8AA) 5915 5621 8958 157
H(ZAB) 6644 6535 8745 157
H(8AC) 6797 5834 9638 157
H(10A) 9261 6348 8041 225
H(10B) 8274 6725 8319 225
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TABLE 8-continued

Hydrogen coordinates (x10%) and isotropic displacement
parameters (A x 10?) for k07227.

X y Z U (eq)
H(10C) 8356 6093 7402 225
H(11A) 9691 4578 8109 254
H(11B) 3832 4327 7410 254
H(11C) 3989 3625 8301 254
H(12A) 9506 5375 9499 199
H(12B) R742 4534 9768 199
H(12C) 8516 5804 9723 199
H(15A) 3407 1942 8750 154
H(15B) 2933 1440 7847 154
H(15C) 2478 1254 8764 154
H(16A) 2680 3561 9449 128
H(16B) 1699 2986 9469 128
H(16C) 1788 4103 8942 128
H(17A) 1421 2134 7206 166
H(17B) 1014 3229 7588 166
H(17C) 944 2115 8123 166
H(18A) 3279 3371 4415 30
H(18B) 2729 4426 4688 30
H(20A) 2894 1576 5238 108
H(21A) 1622 461 5349 135
H(22A) 261 1165 5684 154
H(23A) ~81 3040 5417 140
H(24A) 1185 4248 5190 122
H(2B) 7412 1227 7705 33
H(2BB) 6146 681 6365 64
H(3BA) 7647 2950 6413 71
H(4BA) 7677 1752 4955 72
H(5BA) 6321 3505 5026 34
H(6BA) 7190 3796 3799 39
H(6BB) 6209 3326 3435 39
H(7BA) 3930 851 3678 146
H(7BB) 9322 938 2721 146
H(7BC) 8336 402 2817 146
H(8BA) 8613 4161 3276 147
H(8BB) 9522 3478 3134 147
H(8BC) 9023 3346 4033 147
H(10D) 7339 3913 916 127
H(10E) 7981 4300 1769 127
H(10F) 6967 3855 1883 127
H(11D) 7007 1971 649 154
H(11E) 6613 1863 1604 154
H(11F) 7412 1069 1336 154
H(12D) 8576 2679 512 149
H(12E) 9009 1805 1211 149
H(12F) 9206 3070 1372 149
H(15D) 8712 ~718 6882 166
H(15E) 7802 ~1087 7323 166
H(15F) 8792 ~1398 7788 166
H(16D) 9719 649 7571 146
H(16E) 9792 36 8509 146
H(16F) 9437 1264 8442 146
H(17D) 7413 ~280 8715 154
H(17E) 8026 694 9140 154
H(17F) 8414 ~521 9189 154
H(18C) 4814 1945 7173 73
H(18D) 4502 892 6609 73
H(20B) 5304 ~894 7046 78
H(21B) 5548 ~2016 8234 121
H(22B) 5615 ~1446 9672 126
H(23B) 5475 386 9970 120
H(24B) 5229 1630 8761 104

Although preferred embodiments of the mvention have
been described herein, it will be understood by those skilled
in the art that variations may be made thereto without
departing from the spirit of the invention or the scope of the
appended claims. All references mentioned herein are incor-
porated by reference in their entirety.
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The mnvention claimed 1s:
1. A cyclic compound of formula (I1I)

linear molecule

\
N N’
~ a =
i) RH
R\ R g
R

wherein
n=0or 1, and R1, R2, R3, R4 and R5 are independently

selected from H; lower alkyl; aryl; heteroaryl; alk-

enyl; heterocycle; cyckoalkyl; esters of the formula
C(O)OR* wherein R* 1s selected from alkyl and

aryl;, amides of the formula C(O)NR**R¥*%*%
wherein R** and R*** are independently selected
from alkyl and aryl; —CH,C(O)R, wherein R 1s
selected from —OH, lower alkyl, arvyl, -lower alkyl-
aryl, or —NR R,, where R and R, are indepen-
dently selected from H, lower alkyl, aryl or -lower
alkyl-aryl; —C(O)R_, wherein R 1s selected from
lower alkyl, aryl or -lower alkyl-aryl; or -lower
alkyl-OR ,, wherein R , 15 a suitable protecting group
or OH group;

bonds [a] and [b] are syn or antito each other;
R' 1s an amino acid side chain of the amino terminus

amino acid:

R" 1s an optionally substituted amide; and
R® is a nucleophilic moiety of a compound having the

formula R°—H, wherein R°—H is selected from the
group consisting of 7-mercapto-4-methyl-coumarin,
thiobenzoic acid, thioacetic acid, biotin, aromatic
thiols, aliphatic thiols; and 1s capable of nucleophilic
opening of the aziridine ring of a compound of

formula (I1I)

linear molecule

o7 R’
N N’
[2]
R3 R;j] R4H Rs R”
R

to form the compound of formula (III);
and the linear molecule 1s an amino acid, a linear

peptide comprising 2-9 amino acids, or a salt of the
amino acid or the linear peptide, wherein N' 1s the
nitrogen at the amino terminus end of the linear
molecule and C' 1s the carbon at the carboxy termi-
nus end of the linear molecule, and provided that 1f
the linear molecule 1s a linear peptide, bonds [a] and
[c] are anti—to each other.

2. The cyclic compound of claim 1, wherein R® is a
fluorescent moiety.
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3. The cyclic compound of claim 1, wherein any one of
R,-R5 1s H.

4. The cyclic compound of claim 1, wheremn n=0 and
R,-R; are H.

5. The cyclic compound of claim 3, wherein n=0 and R,
and R, are H.

6. The cyclic compound of claim 1, wherein R, 1s
CH,OTBDMS or CH,Pr.

7. The cyclic compound of claim 1 wherein the linear
molecule 1s a peptide.

8. The cyclic compound of claim 1, wherein the amino
terminus amino acid of the peptide 1s selected from the
group consisting of proline and an amino acid with an amino
group substituted with NHCH,, NHBn, NHCH,CH,SO,Ph
or NHCH,CH,CN.

9. The cyclic compound of claim 1, wherein the linear
molecule 1s a D- or L-amino acid selected from the group
consisting of: alanine, arginmine, asparagine, aspartic acid,
cysteine, glutamic acid, glutamine, glycine, histidine, 1so-
leucine, leucine, lysine, methionine, phenylalanine, proline,
selenocysteine, serine, tyrosine, threonine, tryptophan and
valine.

10. The cyclic compound of claim 1, wherein the linear
molecule 1s an alpha-amino acid.

11. The cyclic compound of claim 1, wherein the linear
molecule 1s a beta-amino acid.

12. The cyclic compound of claim 1, wherein the linear
molecule 1s a gamma-amino acid.
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13. The cyclic compound of claim 1, wherein R" 1s
tert-Butyl amide.

14. The cyclic compound of claim 1, wherein the linear
peptide consists of 2 amino acids.

15. The cyclic compound of claim 1, wherein the linear
peptide consists of 3 amino acids.

16. The cyclic compound of claim 1, wherein the linear
peptide consists of 4 amino acids.

17. The cyclic compound of claim 1, wherein the linear
peptide consists of 5 amino acids.

18. The cyclic compound of claim 1, wherein the linear
peptide consists of 6 amino acids.

19. The cyclic compound of claim 1, wherein the linear
peptide consists of 7 amino acids.

20. The cyclic compound of claim 1, wherein the linear
peptide consists of 8 amino acids.

21. The cyclic compound of claim 1, wherein the linear
peptide consists of 9 amino acids.

22. The cyclic compound of claim 1, wherein the nucleo-
philic moiety 1s bonded to XH, wherein X 1s S.

23. The cyclic compound of claim 1, wherein R6-H 1s
7-mercapto-4-methyl-coumarin or thiobenzoic acid.

24. The cyclic compound of claim 1, wherein 11 the amino
acid molecule 1s an amino acid then the amino terminus 1s
a primary amino group or a secondary amino group but
wherein the amino acid molecule 1s a linear peptide, then the
amino terminus 1s a secondary amino group.
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