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. Introduction
A. Peptides

Peptides occur throughout nature in a wide range
of roles. They act as extracellular messengers—hor-
mones, neurotransmitters, and neuromodulators—
in plants and animals and thus influence such vital
functions as metabolism, immune defense, respira-
tion, and reproduction. They carry out intracellular
functions, for example the antioxidant and transport
tripeptide glutathione. Indeed, they are essential to
virtually every biochemical process. Peptides are also
implicated in the appearance or maintenance of
various diseases, for example the plaques associated
with Alzheimer’s disease.! Peptides find other struc-
tural applications, for example as the cross-links in
the peptidoglycan cell walls of bacteria; but the
structural domain is more properly the realm of
polypeptides and proteins. More esoteric roles for
peptides include mushroom toxins, components of
snake venoms, and antifreeze in fish.
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This broad spectrum of activity has attracted much
attention to peptides from bioorganic, medicinal, and
polymer chemists. Much of the effort of these scien-
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Figure 1. —Glyy(NHCO)Gly—.

tists has focused upon the manipulation of peptide
properties through peptide modification.

B. Scope

This review describes the development of a par-
ticular family of modified peptides, partially modified
retro-inverso (PMRI) peptides, and their place within
the wider realm of peptide modifications. The vari-
ous methods of PMRI peptide solution and solid-
phase synthesis are described, and all the applicable
methods of gem-diaminoalkyl and C-2-substituted
malonyl residue synthesis and coupling are com-
pared. Literature describing methodological ad-
vances is cited (as opposed to that applying previ-
ously developed methodology). Significant examples
of biologically active PMRI peptides are given. In the
final section generally applicable theoretical and
experimental conformational studies of PMRI pep-
tides are described.

C. Notes on Nomenclature

IUPAC nomenclature and symbolism for peptides
and peptide analogues is used throughout.? The vy
(Greek psi) notation for amide bond surrogates
indicates that the amide bond between the two
residues is replaced by the unit in brackets following
the vy, for example —Glyy(NHCO)GIly— represents a
glycylglycyl segment wherein the peptide bond is
reversed (Figure 1).

For PMRI peptides the g/m/r prefix system is also
used in the literature: gXaa symbolizes the gem-
diaminoalkyl analogue of the indicated amino acid
residue, mXaa symbolizes the malonyl residue cor-
responding to the indicated amino acid residue, and
rXaa symbolizes the reversed amino acid residue,
that is —COCHRNH- rather than the conventional
—NHCHRCO- direction. Thus, —gGly-mGly— cor-
responds to the structure shown in Figure 1. This
system of nomenclature is only used herein to refer
to PMRI peptides where the 3 notation is inap-
propriate, for example to refer to isolated residues.

The following terms are used in this review with
the given meaning.

e Backbone: a homomeric, homodetic peptide “back-
bone” has three repeating units, the amide nitrogen,
o-carbon, and amide carbonyl, see Figure 10a. R is
referred to as the side chain. The backbone dihedral
angles (¢i and v;), describe the conformation of the
backbone at residue i.> Furthermore, in this review
the corresponding dihedral angles of both gem-
diamino residues and malonyl residues are labeled
(¢,9), but in other literature the labels (¢,¢') and
(y,y") or (¢1,¢2) and (yw1,32) respectively, are used.

e Cycloretro-enantiomer: an isomer of a cyclic
compound in which the sequence is reversed and each
residue is inverted.

e End group modified retro-inverso isomer/pep-
tide: a retro-inverso isomer in which the peptide
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chain end groups are altered to better correspond
with those of the parent peptide.

e Modified peptide: a peptide with some of its
peptide functional groups replaced by other groups,
but which retains properties analogous to the original
peptide.

« Partially modified retro-inverso (PMRI) peptide:
an isomer of a linear peptide in which some of the
peptide bonds are reversed and the chirality of the
amino acids in the reversed section is inverted.

o Peptidomimetic: a molecule with some or all
peptide functional groups replaced by other groups,
yet which exhibits properties analogous to a peptide.

» Pseudopeptide: a peptide analogue with a back-
bone modification.

e Retro-inverso peptide: an isomer of a linear
peptide in which the direction of the amino acid
sequence is reversed and the chirality of each amino
acid is inverted.

e Retro-isomer: an isomer (of a peptide) in which
the direction of the amino acid sequence is reversed.

e Surrogate: an unnatural replacement for a
natural entity.

The terms cis and trans are used in this review to
describe the configuration of amide bonds in ac-
cordance with their general use in peptide and
protein chemistry, that is the amide bond depicted
in Figure 1 is described as being in the trans
configuration. Formally, the amide bond depicted in
Figure 1 would be described as the s-cis (or Z) form.

Il. Why Modify?

The desire to use peptides as pharmaceuticals is
the major incentive for modification. The pharma-
cological properties of most peptides preclude their
use as drugs. The mammalian body presents many
barriers to the entry of macromolecules and thus
peptides fall foul of poor absorption, because they do
not readily pass across biological membranes; there
is swift metabolism by proteolytic enzymes; and there
is rapid excretion through the liver and kidneys.4~%
These barriers result in peptides suffering from low
bioavailability and short biological half-lives. Speci-
ficity is also a problem: peptide receptors can be
widely distributed in an organism and their stimula-
tion results in a variety of desired and undesired
effects, especially when the peptide is conformation-
ally flexible and hence able to interact with alterna-
tive receptors.’

The aim of peptide modification is to determine the
structure—activity relationships of endogenous pep-
tides and to produce analogues that can overcome the
barriers and problems described above, while retain-
ing selected activity (i.e., specific receptor agonists).
Conversely, receptor antagonists and enzyme inhibi-
tors are also desirable targets attainable through
peptide modification.5>”® The realization of these
goals is aided by the simultaneous program of
discovery and development of peptidomimetics from
leads other than the endogenous peptides whose
action is of interest.

Various definitions of peptidomimetics or peptide
mimetics (the terms are used interchangeably) exist
in the literature.
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¢ Wiley and Rich: “Chemical structures designed
to convert the information contained in peptides into
small nonpeptide structures.™

e Giannis and Kolter: “A compound that, as a
ligand of a receptor, can imitate or block the biological
effect of a peptide at the receptor level.”

e Moore: “A molecule that mimics the biological
activity of a peptide but...no longer contains any
peptide bonds...”1°

e Morgan and Gainor: “Structures which serve as
appropriate substitutes for peptides in interactions
with receptors and enzymes.”?

e Gante: “[A] chemical ‘Trojan horse'... A sub-
stance having a secondary structure as well as other
structural features analogous to that of the original
peptide, which allows it to displace the original
peptide from receptors or enzymes. As a result the
effects of the original peptide are inhibited (antago-
nist, inhibitor) or duplicated (agonist).”

o Kemp: “Elements which mimic the structure of
natural peptide components.”*?

Olson et al. do not offer a formal definition, but
their comments are informative:

The term...'peptidomimetics’ [has been] utilized
...to describe compounds discovered through a
variety of research strategies. Indeed, even
compounds identified by random screening and
subsequently optimized through structural modi-
fication have been termed peptidomimetics if the
initial lead was found in an assay in which the
natural ligand is a peptide or protein. The field
of enzyme inhibitors uses peptide mimetics ter-
minology for the replacements of segments of
peptide-based substrates and inhibitors... The
broad use of the term ‘peptide mimetics’' is
unavoidable, but the advocates of rational design
do not favor its use to describe compounds found
by screening.’®
Veber recently coined the term “peptide limetic” (a
contraction of ligand mimetic) to distinguish between
rationally derived peptidomimetics and compounds
(discovered by screening) so divergent from peptides
“that specific connections are no longer recognizable”
but which exhibit activity in endogenous peptide
assays.'* This term finds sporadic use in the litera-
ture, with its own twists of definition.®

The rather broad definition of a peptidomimetic
conformed to here is given above (section I.C). Ac-
cordingly, a modified peptide may also be described
as a peptidomimetic, but a peptidomimetic is not
necessarily a modified peptide.

These definitions and comments bring to light the
importance of the screening of natural products (and
other compound collections) in the discovery and
development of peptidomimetics.>%1%15 Indeed the
recent ascendance of peptide libraries is founded
predominantly on their promise of leads for peptido-
mimetics,6~1° and attention is now directed upon the
development of peptidomimetic libraries, which offer
further molecular diversity.?°=2 Compounds un-
earthed by screening are particularly valuable in the
search for antagonistic peptidomimetics and enzyme
inhibitors.5911.15
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There are sources of peptidomimetics other than
screening and modification of an endogenous peptide.
A different approach is that of Dougall et al. in which
peptidomimetics are developed from the complimen-
tarity determining region of monoclonal antibodies
raised against receptors of interest.?® This antibody
approach and Kemp's distinct definition of peptido-
mimetics'? reveal motives for modification that are
less firmly in the medicinal chemistry camp: the
study of molecular recognition?® and investigations
into protein folding.?® (See also the studies of Dado
and Gellman on small molecules, for example section
VI.C.3.e.ii.)

lIl. The Range of Peptide Modifications and
Peptidomimetics

As might be expected from the variety of defini-
tions, the range of peptidomimetics is wide, and
different reviewers adopt different modes of clas-
sification. Thus peptidomimetics may be classified
according to origin,®' activity,”%193031 secondary
structure,3~38 topographical considerations,®® that
part of the endogenous peptide which is modified,>’
or which peptide torsion angles are constrained.3?
Modification can be made at any point in a peptide
and modifications can be applied in any combination:
4041 amino acids can be deleted, or added/replaced;*?
short-*3 or long-range cyclizations** may be applied;
backbone peptide bonds can be replaced with sur-
rogates;*'#® or the backbone may be replaced alto-
gether by a novel scaffold.”'> An overview of modi-
fications, and combinations thereof, used in the
development of therapeutic peptides, is provided by
Dutta, in his review of the design of peptide-based
drugs.*® Rational, general strategies for the use of
modifications are under development: both Hruby*'—4°
and Marshall®® have recently published their ap-
proaches for the use of modifications (with the
emphasis on conformationally constrained and chi-
meric, novel amino acids) to produce selective, bio-
logically active, peptide, and peptidomimetic ligands.

The subject of this review is a particular peptide
bond modification/peptidomimetic concept, therefore
an attempt to tidily classify the world of peptidomi-
metics is beyond its scope (the interested reader is
referred to the reviews already cited and the annual
Chemical Society specialist reports®), and further
discussion is restricted to peptide bond surrogates in
general, and the retro-inverso modification in par-
ticular.

IV. Peptide Bond Surrogates

Peptide bond surrogates are amide look-alikes used
to replace backbone peptide bonds. Generally these
surrogates are isosteric and/or isoelectronic with the
peptide bond and, indeed, are often referred to as
isosteres.>?> However, the isosteric and/or isoelec-
tronic character of the surrogates is not always
obvious, nor even necessary for biological activity.

Peptide bond surrogates are used to investigate the
role and function of backbone peptide bonds and to
modify the properties of the parent peptides. In his
peptide backbone modifications review,* Spatola
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raised these questions of interest (with particular
reference to peptide hormone analogues):

() Is there a functional role for the peptide bond
itself? Or does the backbone merely serve to orient
and align the essential side chain residues?

(2) To what extent are the alignment, bond lengths,
and stereochemistry of the peptide backbone critical
for the resulting biological function?

(3) How does the modification of the peptide
backbone affect the resistance (as measured by
biological half-lives) toward enzymatic degradation?

(4) To what extent are rigidity and flexibility of
peptides manifested in the backbone and can these
elements be exploited in designing more potent
peptide analogues, or conversely, peptide antago-
nists? What are the related consequences of intro-
ducing peptide backbone modifications in terms of
their altered electronic and stereochemical proper-
ties, hydrophilicity and hydrophobicity, and their
effects on adsorption, transport, and the ability to
penetrate the blood—brain barrier?

Partial answers to these questions emerge:

(1) Work on peptidomimetics in general suggests
that in the context of peptide hormone—receptor
binding, the peptide backbone largely serves to
position the essential side chains'>#' (hence the
advent of scaffold mimetics”*® and Hruby's topo-
graphical design approach*’“8). In contrast, with
protease inhibitors a nonscissile peptide bond sur-
rogate (especially one that can mimic the transition
state of amide bond hydrolysis) at the substrate
cleavage site is a key approach to activity,”84145 and
enzyme—substrate/inhibitor binding involves hydro-
gen bonding to the substrate/inhibitor backbone
peptide bonds.®

(2)/(4) Most peptide bond surrogates do not greatly
restrict global peptide conformation, but their differ-
ent influences on the conformational preference of
adjoining residues, and their capacity to form hydro-
gen bonded secondary structures, are much studied
and frequently important.

(3) Well-placed peptide bond surrogates do indeed
increase the biological half-lives of their parent pep-
tides: nearly all peptide bond surrogates, with the
notable exception of the ester and thioester sur-
rogates, are more stable to enzymatic hydrolysis than
the natural peptide bond.*%53

(4) Alterations of electronic properties introduced
by peptide bond surrogates can significantly affect
the transport properties of their parent peptides.>*5®

Thus the role of peptide bond surrogates is to
increase bioavailability and (often subtly) to influence
the conformation of the parent peptide, and, in the
case of protease inhibitors, to interact directly with
the target enzyme.

In addition, those peptide bond surrogates that
mimic the transition state of amide bond hydrolysis,
or conversely the aminolysis of an amino acid, find
use in haptens for the generation of catalytic
antibodies.®®~%8 Up until now, success in this field
has been largely restricted to the phosphorus-based
surrogates (see Table 1),5657 for example in haptens
used to raise antibodies that catalyze peptide bond
formation.>-61
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A few comparisons of peptide bond surrogates
appear in the literature. Spatola compared peptide
bond surrogates with respect to enzyme stability,
hydrophobicity, conformational influence, etc.*
Fauchere and Thurieau, to aid rational drug design,
reviewed the in vivo proteolytic degradation of en-
dogenous peptides and the stabilizing influence of
(backbone) modifications used in (potentially) thera-
peutically useful modified peptides.>® Aubry and co-
workers reviewed the influence of a selection of
peptide bond surrogates on the stability of g-turns,
as determined by experimental conformational stud-
ies on small model peptides.t?7%* Fincham et al.
compared 11 peptide bond surrogates by modeling
physiochemical properties (dimensions, volume, li-
pophilicity, and hydrogen-bonding capability) and
biologically in the specific context of two cholecysto-
kinin (CCK)-B ligands.®® Most of their analogues
displayed lower binding affinity than the parent
ligands, but no correlation with the modeled proper-
ties was determined, suggesting that factors such as
conformation are more important in this case. None-
theless the study constitutes progress toward rational
peptide bond surrogate selection.%®

Significant surrogates are presented in Table 1,
with leading references.

V. Retro-Inverso Peptides

The peptide bond provides the peptide backbone
with a “sense of direction”. Thus peptides and
proteins are inherently nonpalindromic. The conven-
tion for the construction of peptide names and
sequence representation proceeds from the amino
terminus (written on the left) to the carboxy terminus
(written on the right).?2 Therefore the direction of the
peptide bond is defined as that from the carbonyl
carbon atom to the adjoining nitrogen atom.

Hence it is possible to envisage the retro-isomer of
a peptide, that is an isomer in which the direction of
the amino acid sequence is reversed;® see Figure 2,
parts a and d, for a cyclic example, and 1 and 4
(Figure 3) for a linear example.

A. Cyclic Peptides

This concept of retro-isomers was recognized early
in the study of the biological activity of peptides and
was applied to cyclic peptides and cyclic depsipep-
tides. (For an overview of this early work see ref 66.)
Shemyakin, Ovchinnikov, and co-workers,”:68 and
later Wieland et al.,%® further recognized that reversal
of the residue sequence of the enantiomer of a cyclic
(depsi)peptide (or conversely, enantiomerization of
the retro-isomer) maintains topochemical compli-
mentarity between the parent cyclic (depsi)peptide
and its isomer.56 The resultant isomer is called a
cycloretro-enantiomer (or, for the isomer of an all-L-
cyclopeptide, a retro-all-o-cyclopeptide®) and is de-
fined as an isomer of a cyclic compound in which the
sequence is reversed and each residue is inverted®®
(Figure 2).

It is important to note that (1) the cycloretro-
enantiomer is not the same isomer as the enantiomer
of a cyclic compound, cf. Figure 2, parts c and b; and
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Table 1. Peptide Bond Surrogates

name symbol comments
N-substituted 1 (CONR) R = Me: site-selective N-methylation of peptides during SPS2
R = Me, NH; or OH: conformational implications®
ester (depsipeptide) Y(COy) implications for turn formation: conformational study®
ketomethylene ¥ (COCHy) synthetic methodology for the core units: R*COCH,CHR?CO;R?;

R?® = alkyl, heterocycle, or ZNHCHBN; R2 = H or alkyl; R® = H,
alkyl, Pro-OMe, or NHCHMeBnd

reduced or methyleneamino Y(CH2NH) SPS methodology using 2,4-dimethoxybenzyl protection®
thioamide ®(CSNH) compatibility with reverse turn: conformational study’
phosphinate (n = 1)/ phosphonate  y[PO,+1R(CH2).-n] R =H;n =1, 2: SPS methodologies for the incorporation of

(n = 2) (and their esters) Phey(PO,HCH,)Gly,9 Phey(PO3H)Gly," and Xaay(POsH)Leu'
phosphonamidate (and y(PO2RNH) R = Me or H: HIV—1 protease inhibitor

phosphonamidate ester)
retro w(NHCO) reviews®6.8586
alkene (trans) Y(E-CR=CH) synthetic methodology for Xaay(E-CH=CH)Yaa (R = H)* and

Alay(E-CR=CH) Xaa (R = H or Me)' via Sy2' attack of
organocuprates on alkenylaziridines
Y(E-CMe=CMe) B-hairpin promoter™

fluoroalkene Y(Z-CF=CH) assessment of binding of tripeptide inhibitors to thermolysin”
carba or dimethylene Y(CHCHy) synthesis, conformational study, and SAR of a substance P
NK-1 agonist®
thioether ¥(CH,S) review [including mention of sulfoxide variant, y(CH,SO)]P
hydroxyethylene Y[CH(OH)CHy,] synthetic methodology for the lactone derivative leading to
Xaay[CH(OH)CH_]Phe, from a-amino ketones®
dihydroxyethylene Y[CH(OH)CH(OH)] synthetic methodology for the lactone corresponding to
PG- Leuy[CH(OH)CH(OH)]Ala, from N-protected leucinal”
methyleneoxy ¥ (CH20) conformational implications®

synthesis and biological activity of substance P and Leu
enkephalinamide analoguest

tetrazole W(CNy) cis amide bond surrogate: synthesis and solution conformation
of an active, cyclic somatostatin analogue!

cyanomethyleneamino Y[CH(CN)NH] synthesis of a CCK-B anatagonist’

retrothioamide Y(NHCS) synthetic methodology for Xaay(NHCS)Yaa via endothionation
of Xaay(NHCO)Yaa, and subsequent elongation'®®

retroreduced PY(NHCHy) synthetic methodology for Ac-Phey(NHCO)Phey(NHCH,)-(R,S)-
Val-ORY

sulfonamido Y (SO2NH) synthesis of the glutathione disulfide analogue, [Glu(-y(SO2NH)Cys-
Gly)]2*

sulfinamido (n = 1)/sulfonamido (CHRSORNH) synthetic methodology for Glyy(CHRSO,NH)Xaa (R = Me or Bn)

n=2) and Yaay(CH,SO,NH)Zaa via o- and -substituted sulfinyl

chlorides respectively, and subsequent elongationy

retrosulfonamide Y(NHSO,) synthesis and crystal structure of Boc-Pro-Leuy(NHSO,)Gly-NH2?

a Miller, S. C.; Scanlan, T. 3. Am. Chem. Soc. 1997, 119, 2301—-2302. Yang, L.; Chiu, K. Tetrahedron Lett. 1997, 38, 7307—
7310. b Dupont, V.; Lecog, A.; Mangeot, J.-P.; Aubry, A.; Bousssard, G.; Marraud, M. J. Am. Chem. Soc. 1993, 115, 8898—8906.
¢ Gallo, E. A.; Gellman, S. H. J. Am. Chem. Soc. 1993, 115, 9774—9788. 4 Hoffman, R. V.; Kim, H.-O. Tetrahedron Lett. 1992, 33,
3579—3582. Hoffman, R. V.; Kim, H.-O. J. Org. Chem. 1995, 60, 5107—-5113. ¢ Sasaki, Y.; Abe, J. Chem. Pharm. Bull. 1997, 45,
13—-17. f Sherman, D. B.; Spatola, A. F. J. Am. Chem. Soc. 1990, 112, 433—441. 9 Campagne, J.-M.; Coste, J.; Guillou, L.; Heitz,
A.; Jouin, P. Tetrahedron Lett. 1993, 34, 4181—4184. " Campagne, J.-M.; Coste, J.; Jouin, P. Tetrahedron Lett. 1995, 36, 2079—
2082. ' Campbell, D. A.; Bermak, J. C. J. Am. Chem. Soc. 1994, 116, 6039—6040. i McLeod, D. A.; Brinkworth, R. I.; Ashley, J. A ;
Janda, K. D.; Wirsching, P. Bioorg. Med. Chem. Lett. 1991, 1, 653—658. ¥ Fujii, N.; Nakai, K.; Tamamura, H.; Otaka, A.; Mimura,
N.; Miwa, Y.; Taga, T.; Yamamoto, Y.; Ibuka, T. J. Chem. Soc., Perkin Trans. 1 1995, 1359—1371. ' Wipf, P.; Henninger, T. C. J.
Org. Chem. 1997, 62, 1586—1587. ™ Gardner, R. R.; Liang, G.-B.; Gellman, S. H. 3. Am. Chem. Soc. 1995, 117, 3280—3281. " Bartlett,
P. A.; Otake, A. J. Org. Chem. 1995, 60, 3107—3111. ° Lavielle, S.; Chassaing, G.; Brunissen, A.; Rodriguez, M.; Martinez, J.;
Convert, O.; Carruette, A.; Garret, C.; Petitet, F.; Saffroy, M.; Torrens, Y.; Beaujouan, J.-C.; Glowinski, J. Int. J. Pept. Protein
Res. 1993, 42, 270—277. P Spatola, A. F. Methods Neurosc. 1993, 13, 19—42. 9 Lagu, B. R.; Liotta, D. C. Tetrahedron Lett. 1994,
35, 547—550. " Rehders, F.; Hoppe, D. Synthesis 1992, 859—864. Rehders, F.; Hoppe, D. Synthesis 1992, 865—870. s Villeneuve,
G.; DiMaio, J.; Drouin, M.; Michel, A. G. J. Chem. Soc., Perkin Trans. 2 1994, 1631—1640. t Roubini, E.; Laufer, R.; Gilon, C;
Selinger, Z.; Roques, B. P.; Chorev, M. J. Med. Chem. 1991, 34, 2430—2438. “ Beusen, D. D.; Zabrocki, J.; Slomczynska, U.; Head,
R. D.; Kao, J. L.-F.; Marshall, G. R. Biopolymers 1995, 36, 181—200. ¥ Herrero, S.; Suarez-Gea, M. L.; Gonzalez-Muiiiz, R.; Garcia-
Lopez, M. T.; Herranz, R.; Ballaz, S.; Barber, A.; Fortufio, A.; Del Rio, J. Bioorg. Med. Chem. Lett. 1997, 7, 855—860. ¥ Retroreduced
pseudopeptides are intrinsically unstable unless the surrogate is preceded by a retro amide bond. Campbell, M. M.; Ross, B. C.;
Semple, G. Tetrahedron Lett. 1989, 30, 6749—6752. * Sulfonamido (and sulfinamido, ¢ (SONH)) pseudopeptides are intrinsically
unstable when preceded by —NHCHR— (i.e., when the surrogate is inserted in the peptide backbone), hence the advent of the
subsequent entries. Luisi, G.; Calcagni, A.; Pinnen, F. Tetrahedron Lett. 1993, 34, 2391—-2392. ¥ Moree, W. J.; van Gent, L. C,;
van der Marel, G. A.; Liskamp, R. M. J. Tetrahedron 1993, 49, 1133—1150. Moree, W. J.; van der Marel, G. A.; Liskamp, R. J. J.
Org. Chem. 1995, 60, 5157—5169. 2 Pagani Zecchini, G.; Paglialunga Paradisi, M.; Torrini, 1.; Lucente, G.; Gavuzzo, E.; Mazza,
F.; Pochetti, G. Tetrahedron Lett. 1991, 32, 6779—6782.

(2) there are (many) other cycloisomers of cyclic B. Linear Peptides
peptides. (See ref 66 for further discussion.)

Shemyakin, Ovchinnikov, and co-workers applied The extension of the retro-enantiomer concept to
this concept to [Gly® Gly!°lgramicidin S, the cyclo- linear peptides was hampered by their possession of
retro-enantiomer of which displayed undiminished end groups,% which are obviously absent in cyclic

antimicrobial activity.67:68.70 peptides. Thus reversion of sequence and enanti-
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Figure 2. cyclo(-Xaa-Yaa-Zaa-) and some of its cycloiso-
mers: (a) cyclo(-Xaa-Yaa-Zaa-); (b) the enantiomer, cyclo(-
D-Xaa-D-Yaa-D-Zaa-); (c) the cycloretro-enantiomer, cyclo(-
D-Zaa-D-Yaa-D-Xaa-); and (d) the retro-isomer, cyclo(-Zaa-
Yaa-Xaa-); where R! is the side chain of the amino acid
Xaa, etc.
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Figure 3. Xaa-Yaa-Zaa, 1; the enantiomer, p-Xaa-D-Yaa-
D-Zaa, 2; the retro-inverso peptide, b-Zaa-p-Yaa-p-Xaa, 3,
obtained from 2 by reversal of sequence, or from 4 by
enantiomerization; and the retro-isomer, Zaa-Yaa-Xaa, 4.

omerization of a linear peptide produces an isomer
topochemically complimentary to the parent peptide
along the chain length, but with noncomplimentary
end groups (Figure 3).56

The term retro-inverso peptides (or retro-inverso
pseudopeptides, the “pseudo” being tautologous in
this context) is used to describe the relationship
between peptides 1 and 3, (and that between 2 and
4) because 3 is obtained from 1 (and vice versa) by
reversal of the direction of the amino acid sequence
and inversion of each C* stereogenic center.’®¢ Note
that for threonine and isoleucine, which have C#
stereogenic centers, enantiomerization results in
topochemical noncomplimentarity with the parent
peptide at C%. This is often ignored in retro-inverso
studies, but may be overcome by incorporation of the
appropriate p-allo-amino acid, or by suitable choice
of synthetic method for gXaa residues (see section
VI.A.2.b). The term retro-inverso peptide is prefer-
able to retro-enantio peptide in this linear peptide
context, because the latter implies too much struc-
tural equivalence between the parent peptide, 1, and
the isomer, 3.6

Although Shemyakinin and co-workers synthesized
an effective retro-inverso pepsin inhibitor without
complimentary end groups, the noncomplimentarity
of end groups (termed the “end group problem”) was
recognized by the pioneers of the retro-inverso con-
cept as the probable cause of the inactivity of various
other retro-inverso peptide hormones.®6% However,
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Figure 5. Xaa-Yaa-Zaa, 1; and the end group modified

retro-inverso isomer, Xaay(NHCO)Yaay(NHCO)Zaa, 5.

the inactivity of those retro-inverso peptide hormones
containing proline, for example bradykinin, could
equally well be due to the lack of spatial coincidence
between the proline rings of, for example bradykinin
and retro-inverso bradykinin (see also Figure 4). This
topological difference was dubbed the “proline prob-
lem”, and arises because the proline side chain is
cyclized onto the proline backbone nitrogen, which
changes position with the carbonyl carbon in the
retro-inverso isomer.66:68.71

1. End Group Modification

These set backs prompted the development of end
group modifications, designed to improve complimen-
tarity between the parent peptide and its retro-
inverso isomer at the chain termini. Various modi-
fications were employed with differing degrees of
success (as judged by the retention of biological
activity by the end group modified retro-inverso
peptides).%668 Goissis et al. synthesized the first
biologically active end group modified retro-inverso
peptide hormones, two angiotensin analogues, which
demonstrated that the (C-2-substituted) malonyl (or
malonamyl) residue suggested by Rudinger’ was
suitable for carboxy terminal modification (Figure
4).73

Hayward and Morley first proposed (and incorpo-
rated) the gem-diaminoalkyl residue as an amino
terminus modification.”* They replaced a pyro-
glutamyl residue with a 5-oxo-2-pyrrolidinylamino
residue in a model pseudodipeptide, 56 (see Scheme
20),7* but did not follow up this work. As shown in
Figure 5, the incorporation of an amino terminal gem-
diaminoalkyl residue and a carboxy terminal (C-2-
substituted) malonyl residue results in good struc-
tural complimentarity between the parent peptide,
1, and its end group modified retro-inverso isomer,
5.
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Figure 6. (a) The parent peptide and its PMRI isomers, (b) five bonds reversed, (c) two bonds reversed, and (d) one bond
reversed. Parts b and ¢ are examples of structures that are more conveniently represented using the g/m/r system of

symbols, rather than the y system.

Chorev and Goodman took up the retro-inverso
concept and, through the general synthetic methodol-
ogy they established, are responsible for the wide-
spread adoption of the gem-diaminoalkyl residue as
an amino terminus modification.6.75.76

VI. Partially Modified Retro-Inverso Peptides: The
Retro Peptide Bond as a True Peptide Bond
Surrogate

gem-Diaminoalkyl and C-2-substituted malonyl
residues are not restricted to terminal incorpora-
tion: their incorporation within the peptide sequence
generates a new class of peptide isomers. Hayward
and Morley first introduced this concept,’ but it was
Chorev and Goodman who first implemented it and
who termed the resultant isomers partially modified
retro-inverso (PMRI) peptides.®® Such isomers con-
sist of the parent peptide sequence with two (or more)
internal residues replaced by gem-diaminoalkyl and
C-2-substituted malonyl residues, and with the in-
tervening amino acids having inverted configuration
and reversed sense of direction; that is an end group
modified retro-inverso sequence is incorporated within
a peptide sequence (Figure 6).567* (Note that an end
group modified retro-inverso isomer, such as that
depicted in Figure 5, is simply a special example of
a PMRI peptide with all the amide bonds reversed
and amino acids inverted. Therefore all subsequent
discussion of PMRI peptides also applies to this
special case). The application of the gem-diami-
noalkyl and C-2-substituted malonyl residues in this
context thus makes the retro peptide bond into a true
peptide bond surrogate, in that any one peptide bond
can be replaced (Figure 6d).

However, the PMRI peptide concept transcends
that of the peptide bond surrogate, for, unlike any
other peptide bond surrogate, a contiguous sequence
of retro peptide bonds remains completely peptidic
in character with the nonpeptidic gem-diamino and

Figure 7. [Asnl,aza-a’-homoTyr4 Val®langiotensin 11,7 cf.
Figure 4a.

malonyl residues being present only at each end of
the modified sequence (Figure 6, parts b and c).

At about the same time as the PMRI peptide
concept emerged, Ancans and co-workers developed
a related mode of peptide modification involving the
incorporation of “aza-a’-homoamino acids”.””’® The
net effect of this modification is to add an amino
group between C* and C' of an a-amino acid residue
thus generating a gem-diaminoalkyl residue and an
adjacent ureide linkage in the peptide backbone.?”79.80
Various angiotensin analogues incorporating aza-a'-
homoamino acids of natural and inverted configura-
tion have been synthesized, for example Figure
7_77779,81784

Chorev and Goodman exhaustively reviewed the
field of PMRI peptides in 19932 and further reviewed
developments in enantio-, retro-, and retro-inverso
peptides and proteins in 1995.8 Subsequent discus-
sion here is largely restricted to PMRI peptides,
taking pertinent examples from the literature, with
the focus on synthesis and conformation.

A. Synthetic Methodology

The principal concern of PMRI peptide synthesis
is the construction and coupling of the gem-diami-
noalkyl and C-2-substituted malonyl residues. As-
sembly of the remainder of the PMRI peptide chain
involves the protection and coupling of L- or p-o-
amino acids, which is the stuff of standard peptide
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chemistry.?”8 As with standard peptide chemistry
the methodology is readily divided into two catego-
ries: that carried out (1) in solution, and (2) on a solid
support (SPS); there being considerable common
ground between the two.

1. Solution-Phase Methodology

a. gem-Diaminoalkyl Derivatives. i. Rear-
rangements. Most of the pioneering syntheses of
gem-diaminoalkyl derivatives for PMRI peptides used
a rearrangement step to obtain the gem relationship
of the amino groups. Rearrangements remain the
methods used most commonly for this manipulation.
In theory, any of the rearrangements depicted in
Scheme 1 could be employed, but in practice only the

Scheme 1. Rearrangements Leading to
gem-Diamino Derivatives?
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a (i) Curtius: A. (ii) Hofmann: NaOBr. (iii) Schmidt: HNs. (iv)
Lossen: OH~. (v) Beckmann: PCls.

Curtius and Hofmann rearrangements (in various
forms) are utilized in this context.

During all these rearrangements the migrating
group retains its configuration; thus an L-a-amino
acid as starting material yields the topographically
complimentary gem-diaminoalkyl derivative.

The Curtius rearrangement was employed by Chor-
ev, Goodman, and co-workers in their first prepara-
tions of PMRI peptides.®6.7>7689 Their approach to the
gem-diaminoalkyl residues, 7 and 8, was based on
the Bergmann and Zervas stepwise degradation
method (“carbobenzoxy degradation”) for polypeptide
sequencing (Scheme 2).°° But, rather than degrade
the gem-diaminoalkyl derivatives, 7 and 8, to the
corresponding aldehydes, 9, for identification, Chor-
ev, Goodman, and co-workers utilized them in their
PMRI peptides.567689 As indicated in Scheme 2, they
applied this methodology to both protected peptides,
6a, leaving the gem-diaminoalkyl group attached to
the peptide chain (7a) and to N-protected amino
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Scheme 2. Carbobenzoxy Degradation Approach
to gem-Diaminoalkyl Derivatives
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acids, 6b, leading to isolated, protected gem-diami-
noalkyl derivatives (7b).66768% This latter synthesis
obviously requires an additional deprotection and
coupling step over the former, to assemble the PMRI
peptide.

Of course, this approach raises its own questions:
(1) how best to synthesize the required a-aminoacyl
azides, 6; (2) which are the best protecting groups
for the gem-diaminoalkyl derivatives, 7; (3) which is
the best coupling procedure to employ with the gem-
diaminoalkyl derivatives, 8; and (4) is it better to
synthesize free or peptide bound gem-diaminoalkyl
derivatives, that is 7 and 8 a vs b?

Chorev, Goodman, and co-workers performed lim-
ited comparative studies on the use of the Curtius
rearrangement, to begin to answer these ques-
tions.”%192  Since acyl azides have been heavily
utilized in peptide chemistry as acylating agents®"-%3
(which probably explains their immediate popularity
for PMRI peptide synthesis), a number of syntheses
of a-aminoacyl azides, 6, exist.f”:9 Chorev and
Goodman compared two methods of N-formylami-
noacyl azide, 13, preparation: nitrosylation of an
N-formylaminoacyl hydrazide, 12, and formation of
a mixed-anhydride, 11, followed by nucleophilic
displacement by sodium azide (Scheme 3).°* Curtius
rearrangement of the a-aminoacyl azides, 13, yielded
the isocyanates, 14, which were trapped with benzyl
or tert-butyl alcohol to yield the orthogonally pro-
tected gem-diaminoalkyl residues, 15, or reacted with
a carboxylic acid derivative to yield a PMRI peptidic
unit, 16, directly (the so-called “Goldschmidt and
Wick type reaction”, after the chemists who employed
a closely related procedure for peptide synthe-
sis94.95) 91

Chorev and Goodman concluded that the mixed-
anhydride procedure results in better yields of the
desired gem-diaminoalkyl derivatives, 15, than the
nitrosylation method.?® Moutevelis-Minakakis and
Photaki® used the tert-butyl nitrite nitrosylation
method (untested by Chorev and Goodman) and
obtained yields of orthogonally protected gem-diami-
noalkyl derivatives comparable with those of Chorev
and Goodman'’s nitrosyl chloride method®! (11—45%);
therefore, in this context, nitrosylation is generally
inferior to the mixed-anhydride method of a-aminoa-
cyl azide preparation.

The other popular method for the synthesis of
o-aminoacyl azides en route to PMRI peptides uses
the reagent diphenylphosphoryl azide (DPPA).97:%8
Reaction of DPPA with an N-protected o-amino acid
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Scheme 3. Chorev and Goodman’s Comparative
Curtius Rearrangements?
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(e.g., 17) or peptide yields the corresponding acyl
azide. Under the usual reaction conditions the acyl
azide undergoes the Curtius rearrangement to yield
the corresponding isocyanate (e.g., 18), which is
trapped with an appropriate alcohol (either in situ
or added subsequently) to furnish the desired gem-
diaminoalkyl derivative (e.g., 19) (Scheme 4).66:96.99

DPPA may be used quite generally for the synthe-
sis of gem-diaminoalkyl derivatives, without the need
for extraordinary side chain protection.’®® However,
a “one-pot” Goldschmidt and Wick type reaction is,
of course, not possible without ensuring complete
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consumption of the DPPA prior to addition of the
second carboxylic acid.

No direct comparison of the DPPA method with
other approaches to a-aminoacyl azide synthesis has
been undertaken, nor have variants of this reagent'®!
found widespread application in PMRI peptide syn-
thesis (but see refs 102 and 103).

The literature contains other classical and more
modern routes to acyl azides;!°*~107 these have been
but little used in PMRI peptide synthesis. The only
example of the use of TMS azide to synthesize an acyl
azide en route to a PMRI peptide is Fincham et al.’s
synthesis of CCK-B ligands.®® They synthesized
2-Adoc-Trp-Nj3 by reaction of the amino acid mixed-
anhydride and TMS azide. Curtius rearrangement
and trapping of the isocyanate with p-nitrobenzyl
alcohol/DABCO furnished racemic 2-Adoc-(R,S)-gTrp-
OBN(p-NOy) in 42% yield.%> They offered no explana-
tion for the racemization.

The criteria against which to judge protecting
groups for the gem-diaminoalkyl derivatives are, as
with any protecting groups, the efficacy of protection,
indicated by the prevention of decomposition and side
reactions (including racemization), and their ease of
incorporation and removal.

Chorev, Goodman, and MacDonald studied side
reactions during the synthesis of protected gem-
diaminoalkyl derivatives obtained by the Curtius
rearrangement of acetyl, Boc, or Z-protected pheny-
lalanyl azide, trapping the intermediate isocyanate
in situ with methanol or benzyl alcohol.%? They
obtained the desired gem-diaminoalkyl derivatives,
21, plus numerous byproducts, in a ratio that de-
pended upon the nature of the phenylalanyl azide
N-protecting group, and the nature and molar excess
of the alcohol.®? They rationalized the formation of
the byproducts as shown in Scheme 5; the yields are
shown in Table 2.

With regard to the choice of protecting group for
gem-diaminoalkyl derivatives, they concluded that
acetyl is better than Z, which is better than Boc, on
the basis of maximization of product yield and
concurrent minimization of the yield of byproducts.®?
They reasoned that acetyl protection resulted in
fewer byproducts than carbamate protection due to
a reduced tendency of isocyanate 20c to undergo the
heterolytic or displacement reactions.?? Although
acetyl is not a practical amino protecting group, they
argued that it is a suitable model for a peptide chain,
and therefore the results they obtained suggest that,
in answer to question 4 above, it is better to synthe-
size peptidyl gem-diaminoalkyl derivatives.®?> Loudon
and co-workers studied the hydrolysis of gem-diami-
noalkyl derivatives. Their results, which are sum-
marized in section VI.A.1.a.vi, support this assertion.

DeBons and Loudon and Moutevelis-Minakakis
and Photaki both obtained urea byproducts, corre-
sponding to 25, in their studies of gem-diaminoalkyl
derivative synthesis.?%192 Both argued that the water
required for urea formation is generated in situ by
the dehydration of tert-butyl alcohol by the interme-
diate isocyanate.®®192 This provides a basis to dis-
favor tert-butyl alcohol as an isocyanate trap. Chor-
ev, Goodman, and Willson counseled against Boc
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Scheme 5. Formation of Byproducts during the
Synthesis of Bis-Protected
1,1-Diamino-2-phenylethane, 212
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a2 The 1-amino-1-alkoxy-2-phenylethane byproduct 22 arises
from cyanate displacement by the alcohol, whereas the styrene
byproduct 23 arises by elimination of cyanate. Reaction of dis-
placed cyanate and alcohol produces protected ammonia 26 which
adds to the isocyanate 20 to yield the allophanate byproduct 24.
Traces of water present in the reaction mixture lead to the
formation of the urea byproduct 25.92 No racemization was
observed.

deprotection of gem-diaminoalkyl derivatives when
hydrogenation of a Z group is possible instead, but
offered no rationale.”® Campbell and co-workers
demonstrated that Boc and Z are equally effective
protecting groups during the Goldschmidt and Wick
type synthesis of PMRI dipeptides, but that subse-
guent Boc deprotection by conventional acid hydroly-
sis results in some decomposition.1%810°% So we may
conclude from these results that Z is generally to be
favored over Boc for the protection of gem-diami-
noalkyl compounds.

Fmoc and 2-nitrophenylsulfenyl are also acceptable
protecting groups for gem-diaminoalkyl compounds,
and provide additional, orthogonal dimensions;09-111
no comparison of these with the other protecting
groups discussed has been undertaken.

With regard to the coupling of gem-diaminoalkyl
derivatives to carboxylic acids (question 3 above), no
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Table 2. Yields and Conditions for Scheme 5
yield,%

alcohol, no.

isocyanate R? ofequivd 21 22 23 24 25

20a BnO MeOH, 20 49 9 6 5 1
MeOH, 2 65 nr nr 2 nr

20b Bu'O MeOH, 20 29 4 nr 12 nr
MeOH, 2 45 nr nr 4 nr
BnOH, 10 18 18 nr 20 nr
BnOH, 2 31 nr nr 18 nr

20c Me MeOH, 10 78 2 nr nr nr

a Chorev, Goodman, and MacDonald rationalized the in-
crease in the yield of byproducts on increasing the molar excess
of alcohol (a finding contrary to their original expectation) by
reasoning that increasing the alcohol content leads to an
increasingly polar reaction mixture (the solvent being toluene)
which relatively favors the heterolytic or displacement reac-
tions. A control experiment proved that the desired product,
21b (R? = Me), is stable under the reaction conditions.%?
b Isolated yields relative to starting N-protected phenylalanine.

comprehensive comparison of the vast array of avail-
able methods has been undertaken (in theory, any
peptide coupling procedure®”'1? is applicable). Due
to the danger of gem-diaminoalkyl derivative decom-
position (see section VI.A.l.a.vi), a rapid coupling
procedure is essential; however, most peptide-cou-
pling procedures currently in use meet this require-
ment. The method used almost exclusively by re-
searchers engaged in PMRI peptide synthesis is the
N-hydroxybenzotriazole (HOBt)- or N-hydroxysuc-
cinimide (HOSu)-catalyzed carbodiimide (usually
DCC) procedure. The BOP reagent has also been
successfully employed.'13-115 Although catalyzed car-
bodiimide mediated couplings give good results,
activated malonates have a lower coupling efficiency
than normal amino acids.’'® Thus yields tend to be
lower, and reaction times longer than those usually
employed for peptides. In addition, couplings to gem-
diaminoalkyl derivatives tend to be sluggish per se.!°
The reduced coupling efficiency of both modified
residues is presumably electronic in origin.''® There-
fore, a wise strategy for the assembly of a PMRI
peptide avoids fragment couplings (i.e., the coupling
of partial sequences, as opposed to individual resi-
dues) to gem-diaminoalkyl derivatives, if possible.'1°
For further discussion of considerations for malonyl
residue activation see section VI.A.1.b.i.

An important advantage of the Goldschmidt and
Wick type synthesis of PMRI peptides is that it
reduces the necessary number of couplings involving
gem-diamino residues (see Scheme 3). Chorev and
Goodman, in their aforementioned comparison of
Curtius rearrangements,® found that the yield of the
Goldschmidt and Wick type reaction varied with the
carboxylic acid employed (e.g., R3CO,H, Scheme 3).
N-Protected phenylalanine (1.5 equiv) gave a reduced
yield of the PMRI dipeptide (16a, 35%; 16b, 6%; from
10, Scheme 3), but malonic acid (3 equiv) gave an
increased yield of PMRI tripeptide Boc-Phe-Alay-
(NHCO)Gly (47% from Boc-Phe-Ala) (changes rela-
tive to the corresponding multistep deprotection and
coupling procedures: 16a, 66%; 16b, 22%; from 10;
and Boc-Phe-Alay(NHCO)Gly, 11% from Boc-Phe-
Ala).*t
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Scheme 6. Dimerization of IBTFA
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A Goldschmidt and Wick type reaction, monitored
by IR spectroscopy, using a malonate monoester, was
successfully used by Campbell and co-workers to
synthesize PMRI dipeptides, which are not readily
prepared by acylation of monoprotected gem-diami-
noalkyl compounds because of the tendency of mono-
protected gem-diaminoalkyl compounds to decompose
when the protecting group is a carbamate (see section
VI.A.1.a.vi but cf. section VI.A.2.b).198.109 However, a
variant of this procedure employing DPPA to gener-
ate the intermediate acyl azide provided a very poor
yield (<5%) of the desired PMRI dipeptide.1®

Thus the Curtius rearrangement, with suitable
precautions, provides ready access to gem-diami-
noalkyl compounds appropriate for PMRI peptide
synthesis and, in combination with the Goldschmidt
and Wick type reaction is a valuable method for the
direct synthesis of PMRI peptides.

The Hofmann rearrangement is extensively em-
ployed for the synthesis of PMRI peptides, using
exclusively the mild oxidant iodobenzene bis(trifluo-
roacetate) (IBTFA),117~119 gther conditions being too
harsh. IBTFA effects the Hofmann rearrangement
on primary amides, under acidic or neutral conditions
(giving an amine trifluoroacetate salt, 29, and carbon
dioxide), but does not affect secondary or tertiary
amides.’'® Therefore IBTFA may be employed to
synthesize monoprotected gem-diaminoalkyl deriva-
tives from N-protected a-amino acid primary amides
or peptidyl gem-diaminoalkyl derivatives from pep-
tidyl primary amides (which may be hydrolyzed for
C-terminal sequential degradation,’® cf. Scheme
2).110.118.121 However, monocarbamate-protected gem-
diaminoalkyl derivatives decompose under the reac-
tion conditions.''® Therefore, the requirement to
favor the synthesis of peptidyl gem-diaminoalkyl
derivatives encountered with the Curtius rearrange-
ment (in answer to question 4, above) is absolute in
the case of the IBTFA-mediated Hofmann rearrange-
ment, unless special protection is used (see section
VI.A.2.b).

The mechanism of the IBTFA-mediated Hofmann
rearrangement is complex. Boutin and Loudon per-
formed a mechanistic study (using hexanoamide as
substrate),!'® the results of which are in disagreement
with the earlier study of Swaminathan and Venkata-
subramanian of the mechanism of the reaction of the
similar reagent iodobenzene diacetate with aromatic
amides.'??> Boutin and Loudon demonstrated that
IBTFA forms a dimer, 27, under the reaction condi-
tions (water/acetonitrile (50:50)) (Scheme 6).119

It is not clear, however, whether the dimer, 27, or/
and the IBTFA monomer is the reactive species;
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Scheme 7. The Mechanism of the IBTFA-Mediated
Hofmann Rearrangement!1®
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Scheme 8. Direct Synthesis of a PMRI Dipeptide
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aR3 = peptide chain or OR*; R* = alkyl, Bn.

Scheme 7 shows the mechanism with the dimer, 27,
as the reactive species.’'® The rate-determining step
is the rearrangement of the amide—IBTFA dimer
complex, 28.11°

As this mechanism suggests, the reaction proceeds
with complete retention of configuration of the mi-
grating group.t812?

The considerations discussed above (question 3)
with respect to coupling procedures, also apply to the
IBTFA procedure, although no Goldschmidt and
Wick type reaction is known to use IBTFA because
the reaction conditions do not permit trapping, rather
than hydrolysis, of the intermediate isocyanate.
However, a conceptually analogous, direct synthesis
of a PMRI dipeptide unit, 31, is possible by the
reaction of IBTFA with a malonylaminoacyl amide,
30 (Scheme 8).85110

Special considerations are necessary for the syn-
thesis of GIn- or Asn-containing PMRI peptides using
IBTFA. The side chains of these amino acids contain
primary amides, which undergo the Hofmann rear-
rangement under the action of IBTFA.’?° Ddrr,
Goodman, and Jung circumvented this problem by
carrying out the IBTFA-mediated Hofmann rear-
rangement on a protected Glu residue, which was
subsequently converted to the required Gln by treat-
ment with ammonia (Scheme 9).122 Their approach
is generally applicable for the synthesis of PMRI
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Scheme 9. Synthesis of the PMRI Killer-Cell
Epitope of Influenza Nucleoprotein, 32123

COBn
o O
HeN N Thr(BuY-Arg(Mtr)-A
N r(But)-Arg(Mtr)- laLeu-VaI—@

HN

MIFHN" “NHI ) |IBTFA, DMF /H,0 (9:1), 3 h
(i} N-ethylmorpholine, DMF, 5 min
COBn

o O

H.NT N ~ Thr(But)-Arg(Mtr)-Ala-Leu-Va

HN

MtrHN™ “NH| (iij) elongation (Fmoc / DCC, HOB strategy)
(iv) deprotection and cleavage

COBn
O O

Thr-Tyr-m H Thr-Arg(Mtr)-Ala-Leu-Val

HN

A

MtrHN™ “NH

(v) NH; / MeOH, -15°C to 22°C, 100 h
(vi) deprotection

CONH,
o O

T'hr-Tyr-ﬁ N Thr-Arg-Ala-Leu-Val

H

H.N NH 32

= p-benzyloxybenzyl-
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peptides containing Asn and/or GIn, with appropriate
protecting group manipulation.

The problems associated with the synthesis of gAsn
are not confined to IBTFA. Cushman et al. were
unable to produce satisfactorily protected gAsn from
Z-Asn via the Curtius rearrangement using either the
mixed-anhydride or DPPA method of acyl azide
synthesis.!*3 They apportioned blame on the side
chain amide group of Asn, which they therefore
“protected” as a nitrile during synthesis (Scheme
10).113

The oxidation-sensitive amino acids, tyrosine, tryp-
tophan, and methionine also require special attention
if they are to be exposed to IBTFA. Their side chains
may be effectively protected with But, For, and as
Met(O), respectively.®511° IBTFA oxidizes cysteine to
cystine and cleaves or oxidizes the usual cysteine
protecting groups: no way around this problem
exists, other than strategic assembly.?
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Scheme 10. Synthesis of Boc-gAsn-Z, 33113
CONH; CN

BOCH CO, 3h, 63% COzH

(i) (a) NEt;, EtOCOCI, acetone, 0°C, 15m
(b) NaNs, H,0, 0°C, 30 m

(i) BnOH, CgH, reflux, 2.5 h, 27%

CN CONH,
/( Hx0,, Na,COj3, acetone, /(
BocN™ 'NZ —0.vt,2an 63% 2N N

33

Scheme 11. Acid-Catalyzed Deprotection of
MNP-Thr(But)-NH,, 34, during IBTFA Treatment'?®

X X

o
IBTFA 29
MNPN NPz == e N
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Scheme 12. Mannich Reaction Leading to
gem-Diaminoalkyl Compounds?

H
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R "NH, R? "H N\Nl Dean-Stark, 40-90%

Rz
0O R?
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N, D 35-100% ~ R N7 NH.
N
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2 In all cases small quantities of the benzotriazol-2-yl isomer of
the intermediate 36 were also produced.

No problems have been reported with any of the
other coded amino acid residues, except for one case
of tert-butyl ether cleavage and subsequent 2-oxazoli-
done, 35, formation with MNP-Thr(Bu')-NH,, 34
(Scheme 11).%%5

However, IBTFA does oxidatively degrade free
(unprotected) a-amino acids.'8

The IBTFA-mediated Hofmann rearrangement is
now the most frequently employed method of gem-
diaminoalkyl derivative synthesis, with the above-
mentioned provisos. It is certainly the method of
choice for the synthesis of peptidyl gem-diaminoalkyl
derivatives.

ii. The Mannich Reaction. Katritzky et al. syn-
thesized racemic, monoprotected gem-diaminoalkyl
compounds, 37, via the Mannich reaction of an
amide, aldehyde, and benzotriazole (Bt) to generate
the (isolated) intermediate adduct, 36, and subse-
guent reaction with ammonia (Scheme 12).1%6 Use
of N-protected a-amino acid amides as the amide
component gave peptidyl gem-diaminoalkyl deriva-
tives.'?6 This procedure suffers from the drawback



Partially Modified Retro-Inverso Peptides

Scheme 13. Preparation of a-Boc-amino-Z-glycine,
40a2

OH Nq
OMe _ DPPA, NEt,, THF, -20°C, )\rfOMe
Rﬂ)\n/ 3h, -5°C, 15, 80.90% ~ R'N
o o]
38 39
H
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(i) OH
w2y
0
40a

a (i) R! = Z, Lindlar cat., Hz, Boc,O, MeOH, room temperature,
5 h, 56%; R = Boc, (a) Pd/C Hz, MeOH, AcOH, room temperature,
2 h, (b) ZCl, NEts, DCM, 0 °C to room temperature, 15 h, 60%; (ii)
NaOH, H;0, dioxane, room temperature, 94%.

Scheme 14. Preparation of
o-Boc-amino-Z-glycylphenylalanine Methyl Ester
43127
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(a) SnCl,.2H,0, H,0, dioxane, BocHN |, O
0°Ctort,5h N
(b) KHCOy, Boc;O, OIN, 74% N Y OMe
O Bn
43

of producing both epimers (at the gem-diamino
carbon) of the product, 37. Diastereoselective gen-
eration of the intermediate, 36, was observed in some
cases when an amino acid amide was employed.
However, the ammonia displacement of Bt proceeded
with complete racemization, presumably via an Syl
mechanism. The peptidyl gem-diaminoalkyl com-
pounds, 37, were readily resolved during purification
to provide diastereomerically pure products.*?® This
method expands the range of easily accessible gem-
diaminoalkyl derivatives beyond those derived from
o-amino acids.

iii. Syntheses of Orthogonally Protected o-Ami-
noglycine, 40, by the Displacement of a-Heteroatoms.
Schmidt et al. have developed methodology for the
conversion of the protected a-hydroxyglycines, 38, to
the orthogonally protected o-aminoglycine, 40a, via
the corresponding a-azidoglycine derivatives, 39.127
DPPA or a Mitsunobu reaction with hydrazoic acid
introduced the o-azido group, the latter method being
favored for dipeptides, for example 41 (Schemes 13
and 14).127

The diastereomeric dipeptides, 42, were separable
by MPLC.*?"

Bock et al. synthesized an orthogonally protected
a-aminoglycine, 40a, from a-hydroxy-Z-glycine, 44.128
Amidoalkylation of 2-propanethiol and subsequent
mercuric ion mediated displacement of sulfur with
tert-butyl carbamate yielded racemic a-Boc-amino-
Z-glycine, 40a (Scheme 15).1?8 Standard protection,
deprotection and coupling steps facilitated elabora-
tion at either amino group.?8

Both Bock et al.’?® and Schmidt et al.’?” synthesized
their o-hydroxyglycine derivatives by the reaction of
glyoxylic acid, 45, and the appropriate carbamate, as
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NR'COR?
OH

O

Figure 8. The betidamino acid concept. For Fmoc-betid-
alanine (a-For-amino-Fmoc-glycine) R = R2 = H.

FmocN
H

Scheme 15. Synthesis of a-Boc-amino-Z-glycine,
40al%8

OH SPr
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Scheme 16. Synthesis of
a-Boc-amino-Fmoc-glycine, 40b*11a

O SspPr

H)S(OH PrSH, o N)\[rOH
R'OCONH
o) 2 H 9
45 46
H
NBoc
2,
RO’\CIIBOSNHz, FmocH)\H/OH
o
40b

aR! = But, R? = 9-fluorenylmethyl, or vice versa.

previously described by Zoller and Ben-Ishai?®® and
Losse and Strobel.13°

Qasmi et al. synthesized a-Boc-amino-Fmoc-gly-
cine, 40b, also via an a-thioglycine derivative. A
Mannich-type reaction of a carbamate, 2-propaneth-
iol, and glyoxylic acid hydrate, 45, furnished the
intermediate 46, which yielded racemic a-Boc-amino-
Fmoc-glycine, 40b, upon NBS-mediated displacement
of sulfur (Scheme 16).1' a-Boc-amino-Fmoc-glycine,
40b, was used to incorporate an a-amino-glycine
residue into an octapeptide using SPS.*1

Rivier and co-workers propose the use of a family
of a-aminoglycine derivatives as amino acid mim-
ics.®3t Their concept differs from partial retro-inverso
modification in that the peptide backbone is unmodi-
fied but the amino acid side chains feature an (N-
substituted) amide bond in place of the natural C#
(see Figure 8). Rivier and co-workers call their
modified monomers betidamino acids and synthe-
sized representative examples using a method similar
to that of Qasmi et al., described above.131132 Fyr-
thermore they calculated Ramachandran maps for a
series of betidamino acids and synthesized, by solid-
phase methods, betidamino acid containing gonado-
trophin-releasing hormone antagonists and soma-
tostatin analogues, which retained biological activ-
ity.l3l’133

Kohn et al. synthesized the racemic a-aminoglycine
derivative, 40c, from the corresponding o-bromogly-
cine derivative, 47,%** prepared using the protocol of
Kober and Steglich3® (Scheme 17).

No a-aminoglycine residues have been introduced
into PMRI peptides despite the availability of suit-
able derivatives by these routes.
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Scheme 17. Preparation of a-Acetylaminoglycine
Ethyl Ester, 40c134.135
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Scheme 18. Synthesis of a-Acetylaminoalanine
Derivatives!36-138a
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Scheme 19. Synthesis of
o-Phenylacetylaminoalanine Derivatives!391402
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iv. Via Oxazolones. Bergmann and Grafe synthe-
sized o,a-diacetaminopropionic acid, 48, by condens-
ing pyruvic acid and acetamide or acetonitrile.36
They converted a,a-diacetaminopropionic acid (48) to
the corresponding 5(4H)-oxazolone (azlactone) (49)
which yields o-amino-o-acetaminopropionic acid, 50,
and its peptide derivatives, 51, on treatment with
alcohols and a-amino acids respectively (Scheme
18).137.138

Romeo and co-workers synthesized similar a,a-
diaminopropionic acid derivatives, 53, via 2-benz-
ylidene-4-methyl-5(2H)-oxazolone, 52 (Scheme
19).139.140

gem-Diaminoalkyl compounds synthesized in this
fashion (which do not correspond to coded a-amino
acids) have not been utilized in PMRI peptides.

v. From Nitriles. Hayward and Morley’s synthesis
of the first gem-diaminoalkyl residue containing
peptide, 56, started from succinodinitrile, (54).7
They prepared 5-iminopyrrolidin-2-one (55) by cold
aqueous hydrolysis of the product from succinodini-
trile (54) and ammonia; iminoacylation and subse-
guent hydrogenation yielded a (separable) mixture
of the desired pseudodipeptide diastereomers, 56
(Scheme 20).74

Although theoretically general, no method based
on the reduction of acylamidines, such as 55, has
since found use in PMRI peptide synthesis.

Finally, although not generally applicable to the
synthesis of PMRI peptides, Puiggali and Mufioz-
Guerra’s synthesis of nylon 1,3 {i.e., [Glyy(NHCO)-
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Scheme 20. Synthesis of (R, S)-gGIp-rPhe-Boc 5674
NH
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N
Ph 56 Ph

_Boc-Phe, DCC,
HOBt DMF

Gly]n} (58) from malononitrile (57) and formaldehyde
using Magat's formic acid/sulfuric acid catalyzed
polymerization,'*! is worthy of note (Scheme 21).14?

Scheme 21. Synthesis of Nylon 1,3142

o o o
a~a. _H:S0, HCOH
HJ\H NS Gy H0 NN
H o H R
57 58

The literature contains other methods of gem-
diamino derivative synthesis, but the resultant de-
rivatives are unsuitable for incorporation into PMRI
peptides.

vi. Decomposition. Several research groups have
studied the decomposition of gem-diaminoalkyl moi-
eties.1*3144 However only Loudon and co-workers,
following on from their work on carboxy-terminal
peptide degradation, studied the mechanism of hy-
drolysis of monoprotected gem-diaminoalkyl com-
pounds of the variety encountered in PMRI pep-
tideS.lOS'lzo

Under basic conditions the mechanism of hydroly-
sis determined by Loudon and co-workers is as shown
in Scheme 22, and the observed rates of hydrolysis

Scheme 22. Hydrolysis of gem-Diaminoalky!l
Compounds under Basic Conditions?

0O Re o R?
R‘JLE\J\?\IR% R‘JLNH' * H’&ﬁﬂg
59
H,0 H,0
0 R
R‘J]\NHZ H/J*o + NHR%

aa: Rl'=Me, RZ=Pri, R3 = H. b: Rl = MeOCH>, R2 =Pri, R3
=H.c: Rl=BuU'O,R2=Pr,R3=H.d: Rl=Me, RZ=Pr,R3 =
Me_103

were in the order 59d > 59b > 59a, due to imine
stabilization in 59d and a better leaving group in 59b
than in 59a.1%3

Under acidic conditions the mechanism shown in
Scheme 23 operates, with a possible transition state
illustrated in Figure 9.1

The study of gem-diaminoalkyl compound 59c was
limited due to its instability: under acidic conditions,

o)H(ﬁ R?,
R 1 /U\"\?)'//Rz
H

Figure 9. Possible transition state.103
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Scheme 23. Hydrolysis of gem-Diaminoalkyl
Compounds under Acidic Conditions1%32a

+

O R? COH R?

L ST

RN NR%,H NR?,

R "NH,
aR! R2 RS as Scheme 22.

at 50 °C, it was hydrolyzed 9.2 times faster than
59a.1% This rate acceleration is due to the better
leaving group in 59c overcoming its lower basicity.1%3

These mechanisms suggest that gem-diaminoalkyl
compounds 59 with R? = H should be more stable
than those with R? = alkyl.1® The results enable an
estimate of 10—50 h for the biological half-life of
59a,1% and reiterate the advantage of synthesizing
peptidyl rather than monocarbamate-protected gem-
diaminoalkyl derivatives.'®® Loudon and co-workers
also measured the pK, of THgGly-Ac as 7.85 (26 °C),
a value in close accord with that predicted by
comparison with other amines.1%?

Overall the stability of monoacyl gem-diaminoalkyl
compounds is much the same at mildly acidic and
mildly basic pH, and is greater than one might
expect.’®® These mechanisms explain this stability:
under basic conditions the leaving group (an amide
anion) is poor, whereas under acidic conditions an
unfavorable equilibrium must be overcome.1%3

b. C-2-Substituted Malonyl Derivatives. i.
Specific Considerations for Malonyl Residue Activa-
tion. Considerations for the coupling and direct
incorporation of malonyl derivatives are discussed
above (section VI.A.l.a.i). As mentioned there, the
method used almost exclusively for malonyl residue
activation during PMRI peptide synthesis is the
HOBt- or HOSu-catalyzed carbodiimide procedure,
with BOP also proving useful.

The only standard peptide coupling procedure
found to be unsatisfactory for malonyl residues is the
carbonate mixed-anhydride method. Goodman and
co-workers discovered that the carbonate mixed-
anhydride coupling of monoethyl 2-benzylmalonate
(60) to ammonia, yielded only ethyl isobutyl 2-ben-
zylmalonate (62) and none of the expected amide, 61
(Scheme 24).110

The same side reaction was observed by Kametani
et al. while attempting to convert a malonate mo-
noester to the corresponding diazo ketone via a mixed
carbonic anhydride.’*® Indeed, Gutman and Boltan-
ski advocate such a procedure for the synthesis of
malonate esters.1#6147 The mechanism proposed by
Gutman and Boltanski for this reaction is depicted
in Scheme 25: after generation of the mixed-
anhydride, 63, deprotonation by base results in
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Scheme 24. A Failed Mixed-Anhydride Coupling1©
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Scheme 25. The Mechanism of Ester Formation
from Malonate/Carbonate Mixed Anhydrides46
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elimination of the monoalkyl carbonate, 65, and the
formation of a ketene, 64. These two products then
interact and the alkoxide residue of 65 is transferred
to the ketene, 64, affording the enolate, 66, and
carbon dioxide. Finally protonation yields the dialkyl
malonate, 67.146

There have been some reports of successful mixed-
anhydride couplings of malonyl residues and a-amino
acids or peptides. Carmona and Juliano synthesized
EtO-(R,S)-mTrp-p-Val-OMe via a “mixed-anhydride
procedure”; however scant details of the procedure
were divulged.’*® In particular it is unclear what
type of mixed-anhydride was employed.?”14® Mixed
anhydrides of malonic and carboxylic acids (e.g.,
acetic or pivalic acid) react with alcohols and amines
to produce the expected malonate esters and amides
in moderate to excellent yields.150151 Angelastro et
al. successfully coupled Mor-mVal and Val-Pro-Val-
C,Fs by activating the malonyl residue through
mixed-anhydride formation with isobutyl chlorofor-
mate.'®> They made no mention of the ester, Mor-
mVal-OBu', which might be expected in the light of
the results discussed above. The results of Carmona
and Juliano and Angelastro et al. notwithstanding,
it is prudent to avoid carbonate mixed-anhydride
procedures for the coupling of malonyl residues to
amino acids or gem-diamino residues.

The symmetrical anhydride procedure has not been
applied for the activation of malonyl residues during
PMRI peptide synthesis. Presumably this is due not
only to the waste of 1 equiv of the malonyl residue,
but also to the problems associated with the prepara-
tion of malonic anhydrides, that is efforts to form
them tend to result in ketenes (cf., Scheme 25).
Nevertheless, such ketene species could act as acy-
lating agents (e.g., carbon suboxide has been suc-
cessfully coupled with amines).151% Monomeric
malonic anhydride may be synthesized by ozonolysis
of diketene, whereas usual dehydration methods
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yield carbon suboxide.®® C-2-substituted, polymeric
malonic anhydrides may be synthesized via their
monochlorides.'®® The anhydride of monoethyl ma-
lonate, prepared using DCC, has been employed
(without isolation) for couplings outside the PMRI
peptide field, but the yields were only moderate.57:158

Some of the theoretical advantages of mixed-
anhydride couplings (i.e., easily removable byprod-
ucts) may be obtained by using reagents that are
carbonic acid derivatives wherein both leaving groups
are auxiliary nucleophiles: any side reaction analo-
gous to that depicted in Scheme 25 is then immaterial
for it merely generates an activated coupling species.
Such reagents are yet to find widespread use in PMRI
peptide synthesis (but see section VI.A.2.c). Never-
theless, carbonyldiimidazole has been used to couple
monoesters of malonic acid with amines (albeit in
poor yields),'>” and we have used the reagent N,N'-
disuccinimidyl carbonate, developed by Ogura et al.,
to prepare the HOSu active ester of a PMRI dipeptide
in good yield.109.159

In contrast to malonic anhydrides, monochlorides
of malonic acids are readily accessible by conven-
tional methods and couple to a-amino acids and
peptides with varying efficiency (e.g., see refs 152,
160, and 161). In common with malonic anhydrides
and a-amino acid chlorides, monochlorides of malonic
acids are seldom employed in (PMRI) peptide syn-
thesis, probably due to concerns about “overactiva-
tion”.8"

The only other previously unmentioned procedure
that has been used to couple a malonyl residue to an
a-amino acid employs DPPA as the coupling re-
agent.16?

ii. Alkylation and Partial Hydrolysis of Malonic
Acid Diesters. Here, and in the following sections, we
consider the preparation of C-2-substituted malonyl
derivatives appropriate for incorporation into PMRI
peptides. The derivatives required are substituted
at C-2 with an amino acid side chain and are
monoprotected, for example 69.

The classical method of alkylation and partial
hydrolysis of malonic acid diesters provides access
to many appropriate C-2-substituted malonyl deriva-
tives, for example those corresponding to Phe, Lys,
Trp, Leu, Ala, His and Met.®>19 Deprotonation of
malonic acid diesters with sodium ethoxide inhibits
dialkylation by most electrophiles (because the
monoalkyl derivative, for example 68, is less acidic
than ethanol).1®® Partial saponification of the result-
ant C-2-substituted diesters yields the corresponding
monoesters: for example Scheme 26.

iii. Alkylation and Hydrolysis of Cyanoacetates.
C-2-substituted malonamic acids, suitable only for
carboxy terminal incorporation, may be synthesized
by alkylation and hydrolysis of cyanoacetates; how-
ever, dialkylation is a more serious problem here, due
to the substrates’ increased acidity.'®® For example
Cushman et al. synthesized mMet-NH;, 70, for
incorporation into end group modified bombesin
C-terminal nonapeptide (Scheme 27).113 The product,
70, existed in equilibrium with both enol tautomers,
but this did not prevent subsequent peptide coupling
using standard methods.*3
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Scheme 26. Synthesis of (R,S)-mLys(Boc)-OEt, 69,
for Incorporation into PMRI Somatostatin, by
Alkylation of Diethyl Malonatel64
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Scheme 27. Synthesis of mMet-NH,, 70113
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Scheme 28. Synthesis of the Meldrum’s Acid
Derivative Corresponding to mLys(TFA), for
Incorporation into PMRI Tuftsin66
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o
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o

iv. From Meldrum’s Acid. Suitable side chains
may be introduced at C-5 of Meldrum’s acid (71) by
(1) reductive alkylation, or (2) a two-step process via
an alkylidene or a cyclopropyl derivative.124165

Knoevenagel reaction of Meldrum'’s acid, 71, with
aldehydes (or some ketones) and reduction (in situ
with borane—dimethylamine complex, borane—tri-
methylamine complex, or sodium cyanoborohydride;
subsequently with sodium borohydride) yields mono-
C-5-substituted Meldrum's acids, for example Scheme
28.115.166-168  gypsequent alcoholysis yields C-2-
substituted malonic acid monoesters.

Indeed, this alcoholysis is sufficiently convenient
that Chorev, Goodman, and co-workers prepared the
Meldrum’s acid derivative of 2-benzylmalonic acid
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Scheme 29. Synthesis of Monobenzyl 2-Benzyl
Malonate by Alcoholysis of the Corresponding
Meldrum’s Acid Derivativel®®
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Scheme 30. Synthesis of
HoN-D-rThr(But)-mLys(TFA), 79166
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(73) to obtain the corresponding malonic monoester,
75, by ring opening with benzyl alcohol (Scheme
29)_169

Alternatively, mono-C-5-substituted Meldrum’s ac-
ids may be ring opened with silylated amines.’®
Silylation prevents the amine acting as a base and
deprotonating the Meldrum'’s acid derivative, which
thus remains in the keto form appropriate for the
ring opening reaction.®® The reaction mechanism is
complex and probably involves a cyclic transition
state which utilizes a vacant silicon 3d-orbital 170172
Verdini and co-workers used this approach to ring
open Meldrum'’s acid derivatives with amino acids or
monoprotected gem-diaminoalkyl compounds which
they silylated, in the same pot, with O,N-bis(tri-
methylsilyl)acetamide (BSA).1?4166.172173 Thus they
prepared H;N-p-rThr(But)-mLys(TFA), 79, Scheme
30, which they subsequently incorporated into PMRI
tuftsin.®¢ The synthesis depicted in Scheme 30 was
a one-pot reaction and the intermediates, 77 and 78,
were not isolated or characterized.1% It is distinctly
possible that p-Thr(Bu')-NH,, 76, was bis-silylated
under the reaction conditions (i.e., as 77 but with a
second TMS group on the amide nitrogen).*%172 The
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Scheme 31. Synthesis of
MNP-Phey(NHCO)(R,S)-Tyr(Bu?t), 81, for Use in
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silylated intermediate 78 was hydrolyzed during
workup. Note that C# of —b-Thr— was not inverted
during this procedure.

Verdini and co-workers also used this method to
prepare the PMRI dipeptide MNP-Phey(NHCO)-
(R,S)-Tyr(But) (81, Scheme 31), having demonstrated
that trimethylsilylation does not adversely affect the
stability of MNP-gPhe-HCI, 80.1% Excess BSA was
used, and no base was necessary.'?4172174 Again, the
silylated species was not isolated or characterized.

Dal Pozzo and co-workers, in their synthesis of a
PMRI analogue, 83, of the growth factor Gly-His-Lys,
compared BSA-mediated amidative ring opening with
alcoholysis and subsequent coupling of the Meldrum’s
acid C-5 derivatives 82a and 82b, respectively
(Scheme 32).175 Both routes gave similar yields (31%
and 24%, respectively).1’®

Nucleophilic addition to Meldrum’s acid Knoev-
enagel products, 84, permits access to C-5 deriva-
tives, 85, suitable for elaboration as above (Scheme
33)_124,165

Alternatively a C-5 cyclopropyl derivative, 86, may
be prepared and similarly attacked with nucleophiles
(Scheme 34).165.176

v. Alkylation of PMRI Dipeptides. Campbell and
co-workers found that the yield of Goldschmidt and
Wick type reactions using C-2-substituted mono-
malonates was lower than when using C-2-unsub-
stituted monomalonates.'®® Thus they introduced the
desired side chains (i.e., the malonate C-2 substitu-
ents) by specific alkylation of the PMRI dipeptides
PG-Xaay(NHCO)GIly-OR?, 87 (for example Scheme
35).1%8 Note that this is a special case of the alkyla-
tion of malonic acid esters, discussed in section
VI.A.l.b.ii.

vi. Acylation of Carboxylates. Acylation of the
enolate of a tert-butyl carboxylate, 88, with an alkyl
or benzyl chloroformate, 89, yields an orthogonally
protected, C-2-substituted malonate, 90 (Scheme
36).8°

Similarly, monoesters of malonic acid, 92, may be
synthesized by the acylation of a carboxylic acid
enolate, 91, with a carbonate or (preferably) a chlo-
roformate (Scheme 37).178

Krapcho and co-workers obtained good yields of
C-2-disubstituted malonate monoesters but only mod-
erate yields of un- and monosubstituted malonate
monoesters using this method.'”® The lower yields



780 Chemical Reviews, 1998, Vol. 98, No. 2

Scheme 32. Alternative Routes to
Gly-Hisy(NHCO)(R,S)-Lys, 832
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a (i) Boc-Gly-gHis(Bom), BSA, DCM, reflux, 6 h, then 82a, room
temperature, O/N. (ii) TFA, room temperature, 20 m, 79%. (iii)
Thioanisole, TFA, TMSOTf, 0 °C, 30 min, 53%. (iv) PhOH, 110
°C, 2.5 h + 15 min under reduced pressure, 74%. (v) Boc-Gly-
gHis(Bom), DCC, HOBt, py, DCM, 0 °C, 5 min, room temperature,
3 h, 63%. (vi) NaOH, H,0, MeOH. (vii) Nal, TMSCI, MeCN, 80°C,
6 h, 51%.17°

Scheme 33. Synthesis of mXaa Precursors
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of un- and monosubstituted malonate monoesters are
caused by abstraction of the C-2 proton of the initially
formed monoester malonate salt by the carboxylic
acid enolate, 91.178

Conversely, Krapcho and co-workers and Reiffers
et al. synthesized monoesters of malonic acid, 92, in
good yield by the carboxylation of carboxylate ester
enolates with carbon dioxide.1’817® Again the yields
improve as C-2 substitution is increased, enolate self-
condensation being a major side reaction in less
substituted cases.'™®

Krapcho and co-workers have also synthesized
malonamic acids, 93, by the analogous reaction of a

Fletcher and Campbell

Scheme 34. Synthesis of mXaa Precursors via
Meldrum’s Acid C-5 Cyclopropyl Derivativel65176
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Scheme 35. Alkylation of PMRI Dipeptides
Containing —mGly— to Produce —mAla—108177.a
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apPG = Ac, Boc or Z; R! = amino acid side chain; and R2 = Et
or Ph.

Scheme 36. Synthesis of Bu'O-mXaa-OR?, 902
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aR! = suitable amino acid side chain, RZ = alkyl or benzyl.

Scheme 37. Synthesis of Monoesters of Malonic
Acids by a-Carbalkoxylations of Carboxylic
Acidsl8a
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Scheme 38. Synthesis of Malonamic Acids by
a-Amidation of Carboxylic Acids with

Isocyanates!80
i LNAP, TMEDA, THF Q
2 2 ] 1
R"U\OH ~75°C10 50°C, 1h -o&"‘
91
O O
R2NCOQ, -75°Ctor.t,
1-4 h, 60-80% R2HN MOH
R1
93

carboxylic acid enolate, 91, with an isocyante (Scheme
38).180 |In this case lithium naphthalenide, rather
than LDA, was the base of choice for carboxylic acid
enolate, 91, generation because its conjugate acid
(naphthalene) is insufficiently nucleophilic to un-
dergo side reactions with the isocyante (in contrast
to diisopropylamine).t80
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Scheme 39. Peptide C-Alkylation Facilitated by an
Aminomalonate Moiety18!
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Bossler et al. applied a carboxylation strategy to
introduce a malonyl moiety into a peptide in order
to facilitate specific C-alkylation (for example Scheme
39)_181

This method necessitated the synthesis of C-2
malonyl derivative 94, which does not, however,
correspond to a coded amino acid when viewed from
the PMRI peptide perspective. This approach il-
lustrates the simplicity of malonate alkylation (sec-
tions ii and v above).

vii. Protection of the Acidic C-2 Hydrogen of
Malonate Esters. An alkoxycarbonyl group,® an
allyl group,’® or an alkylidene group'® may be
employed as protection for the C-2 hydrogen of
malonates, the alkylidene group is also suitable for
cyanoacetates. Use of these protecting groups per-
mits the synthesis of classically challenging C-2-
substituted malonate esters (such as those with
halogen-containing side chains, which are useful
synthetic intermediates)'®2-184 and may facilitate
further development of the methods described in
sections VI.A.1l.b.ii, iii, and v. The deprotection
protocols are, for the alkoxycarbonyl group, mono-
decarboxylation using lithium diisopropylamide or
boron trichloride;*®? deallylation using (?-propene)-
titanium(l1)bis(isopropoxide), generated in situ from
isopropylmagnesium chloride or bromide and tita-
nium(1V) isopropoxide;8 and sequential ozonolysis
and alcohololysis for the alkylidene group.'# Given
that the C-2 hydrogen is implicated in the failure of
the mixed-anhydride coupling method for malonates
(see Scheme 25), it is possible that judicious employ-
ment of C-2 protection may increase the yields and
range of useful malonate couplings, for Gutman and
Boltanski demonstrated that disubstituted malonates
do not form esters on reaction with chloroformates.46

viii. Configurational Lability: C-2 Fluorinated
and Bis-alkylated Malonyl Derivatives. None of the
above syntheses of C-2-substituted malonyl deriva-
tives are stereoselective: all yield both epimers at
C-2. However, this lack of selectivity is not a serious
consideration because the C-2 malonyl position is
configurationally labile during synthesis.® C-2-
substituted malonamic acids are more configuration-
ally stable than C-2-substituted malonic acids; there-
fore, the configurational stability of malonyl residues
tends to increase upon their incorporation into PMRI
peptides; however, other factors such as the sur-
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Scheme 40. Preparation of 2-Me-mLys(Boc)-OBn,
95186

_Mel, K;CO,,
T TEBA

BnONa HO 0OBn

BocN 95
H

rounding amino acid sequence also influence the
configurational stability.'®* Many PMRI peptide
epimers (at the C-2 malonyl position) have been
separated by RPHPLC and the half-lives for the
epimerization measured.®®> The half-lives vary from
minutes to days, with cyclic PMRI peptides generally
displaying greater stability.®® Since the epimeriza-
tion occurs (with general acid—base catalysis) via a
coplanar enol structure, the extra stability of cyclic
PMRI peptides can be understood in terms of steric
hindrance (which blocks the deprotonation) and/or
conformational strain (which disfavors the coplanar
arrangement).85185 Because the epimers of PMRI
analogues of peptides often display significantly
different biological activities, and, indeed, only one
can exhibit full topochemical complimentarity with
the parent peptide, the assignment of configuration
is important. Several methods of configurational
assignment (which utilize RPHPLC retention times,
degradation, or NMR spectroscopy) have been devel-
oped.8> However, it must be borne in mind that,
particularly in the case of epimers with short half-
lives, separation and assignment may be futile, for
subsequent epimerization under assay conditions is
a possibility, leading to blurred bioactivity results.8®

Further derivatization of the C-2 malonyl position
overcomes the configurational lability.

Dal Pozzo and co-workers prepared a racemic
2-methyl-2-alkyl malonyl residue (Scheme 40).186.187
They incorporated the racemate into a PMRI growth
factor, analogous to 83, and separated the diastere-
omers by HPLC.'® The resultant PMRI growth
factor retained biological activity.186.187

Welch and co-workers replaced the labile malonyl
C-2 proton with fluorine, resulting in an optically
pure and configurationally stable 2-fluoro-2-benzyl
malonyl residue which was incorporated into a
(proposed) HIV-1 protease inhibitor 98.1% The syn-
thesis was somewhat tortuous (Scheme 41); this idea
has yet to be adopted by other researchers, but may
prove to be very useful since a wide range of 3-fluoro
pB-lactams, analogous to 97, are available by stereo-
selective alkylation or aldol reaction of 96.8°

2. Solid-Phase Methodology

Special considerations for SPS of PMRI peptides
essentially concern the compatibility of the usual
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Scheme 41. Synthesis of a PMRI Peptide Containing a Configurationally Stable Fluoromalonyl Residue
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solution-phase methodology with the solid support.
In this section significant examples of PMRI peptide
SPS are considered, which demonstrate the compat-
ibility (or otherwise) of the solution-phase methodol-
ogy with the resin-bound conditions, and which
introduce new or modified methodology into the SPS
arena.

a. IBTFA. Verdini and co-workers performed the
first PMRI peptide SPS*'°° and have been the major
contributors to the development of PMRI peptide
SPS. Their pioneering synthesis of the PMRI sub-
stance P analogue, 99, demonstrated the compat-
ibility of IBTFA with the solid support (Scheme 42)
(see also Scheme 9). Noteworthy points are as
follows: (1) The incorporation of malonyl-p-phenyl-
alanine amide (step ii) required an unusually long
reaction time and resulted in a ~20% loss of peptide,
probably due to Leu-Met diketopiperazine forma-
tion.!*® This is a symptom of the reduced coupling
efficiency of malonates, mentioned above (section
VI.A.l.a.i). (2) The direct, on resin, synthesis of the
PMRI dipeptide unit used IBTFA (step iii, Scheme
42, also see Scheme 8). (3) The final treatment with
N-methylmercaptoacetamide (MMA) was necessary
to reverse the effect of IBTFA on —Met—, that is to
reduce methionine sulfoxide back to —Met—.1%

Verdini and co-workers used a similar procedure
to synthesize the PMRI bradykinin potentiating
peptide analogue, Glp-Trp-Pro-Arg-Pro-Lysy(NHCO)-
(R,S)-Phe-Ala-Pro, which exhibited in vivo activity
and enhanced resistance toward cleavage by angio-
tensin converting enzyme (ACE) in vitro.’®® How-
ever, to avoid substantial Ala-Pro diketopiperazine
formation during malonyl coupling, the malonyl
residue was incorporated as Ala-(R,S)-mPhe-bp-Lys-
(Boc)-NH,.191

None of the other methods of gem-diaminoalkyl
compound synthesis, successful in solution, have been

Scheme 42. SPS of a PMRI Substance P
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tried on resin in SPS, presumably due to synthetic
complications.

b. The (2-Methyl-2-o-nitrophenoxy)propionyl
(MNP) Group. Although the treatment of a resin
bound malonyl-p-amino acid amide with IBTFA,
described above (section VI.A.2.a), is a useful method,
it suffers from the previously discussed residue
specific problems inherent to IBTFA (section
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Scheme 43. Synthesis of MNP-gXaa-HCI, 100124
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VI1.A.l.a.i), plus the rather high expense of b-amino
acids. Itis therefore desirable (and may be essential)
to avoid treatment of a growing, resin bound peptide
chain containing Asn, GIn, Met, Cys, Tyr or Trp, with
IBTFA if side reactions and/or extra synthetic ma-
nipulations are to be avoided. This objective is
readily achieved by incorporation of preformed PMRI
dipeptides, PG-Xaay(NHCO)Yaa (or the appropriate
gem-diaminoalkyl residue containing fragment for
the synthesis of PMRI peptides with a consecutive
sequence of reversed bonds). Therefore, suitably
protected PMRI dipeptides are required. Difficulties
in synthesizing carbamate-protected PMRI dipep-
tides are discussed above (section VI.A.l.a.i). Boc-
protected PMRI dipeptides are accessible!®® and
compatible with Merrifield SPS, but have not been
utilized. We have synthesized Fmoc-protected PMRI
dipeptides (from the corresponding Boc compounds)
and employed them in SPS with qualified success.0°

Verdini and co-workers found that mono-Fmoc-,
trifluoroacetyl-, or diphenylphosphinoyl-gem-diami-
noalkanes were insufficiently stable to be useful for
PMRI dipeptide synthesis.!** They therefore searched
for a new protecting group and discovered that the
MNP group is appropriate.

MNP-protected gem-diaminoalkanes may be syn-
thesized as shown in Scheme 43.

The resultant mono MNP-gem-diaminoalkanes are
stable for prolonged periods as their hydrochlorides,
100.>¢ When deprotonated they are sufficiently
stable to be acylated (DCC/HOBt) by monoesters of
(C-2-substituted) malonic acids, and saponified to
furnish the desired PMRI dipeptides.'?* Alterna-
tively, in situ trimethylsilylation with BSA facilitates
acylation by Meldrum’s acids, as described above
(section VI.A.1.b.iv, Scheme 31).

After incorporation of the MNP-PMRI dipeptide
into the resin-bound peptide, the MNP group is
removed by treatment with tin(l1) chloride in DMF,
conditions compatible with Atherton and Sheppard’s
SPS protocol (using either acid or base labile linkers),
leaving the resin-bound PMRI peptide, 102, ready for
further elaboration (Scheme 44).

As shown in Scheme 11, Verdini and co-workers
encountered a problem when they tried this approach
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Scheme 44. Deprotection of
MNP-Xaay(NHCO)Yaa-R3, 1011242
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a R3 = resin-bound peptide chain.

Scheme 45. Synthesis of MNP-gThr(But)-HCI, 105,
Avoiding 2-Oxazolidone Formation (cf. Scheme
11)125
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to MNP-gThr(BuY)-HCI (105). However, the desired
compound was obtained from the acyl azide, 103,
using thiophenol to trap the intermediate isocyanate,
104 (Scheme 45).125

This procedure has another advantage over the
IBTFA method in that the resultant —gThr— deriva-
tive, 105, is topochemically equivalent to —Thr—.
(When —gThr— is obtained from —b-Thr-NH; by the
action of IBTFA (cf. Scheme 30) then its C# stereo-
chemistry is nonequivalent.) The same topochemical
considerations favor this procedure for -glle-.8

Verdini and co-workers experienced a different
problem with MNP-glle— during the SPS of the
PMRI neurotensin(8—13) analogue Arg-Arg-Pro-Tyr-
lley(NHCO)(R,S)-Leu.®? Steric hindrance from the
Ile side chain caused incomplete MNP cleavage under
standard deprotection conditions and, consequently,
byproduct formation. A longer deprotection time
diminished the problem.1?

c. Anchorage. When preparing a PMRI peptide
with a carboxy terminal malonyl residue by SPS, it
is necessary to attach (“anchor”) the malonyl residue
to the solid support (via a linker). Therefore an ester
linkage (if the target pseudopeptide has a free car-
boxy terminus) between the malonyl residue and the
resin must be made. Under these conditions the
reduced coupling efficiency of malonates (see section
VI.A.l.a.i) poses a significant challenge: Verdini and
co-workers obtained yields of less than 15% when
anchoring MNP-lley(NHCO)(R,S)-Leu to the Kiesel-
guhr supported hydroxymethyl polyamide resin Pep-
syn KA (using DCC/HOBt or BOP, with or without
DMAP).1%2  Furthermore, model esterifications of
MNP-lley(NHCO)(R,S)-Leu with p-methoxybenzyl
alcohol also gave poor yields.'%? Their solution to this
problem was the in situ generation of the active
coupling reagent carbonyl bis(N-methylimidazolium)
dichloride (108) from triphosgene (106) and N-meth-
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Scheme 46. Anchoring MNP-lley(NHCO)(R,S)-Leu
Using Bis(N-methylimidazolium) Dichloridel92
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ylimidazole (107) which gave anchorage yields of 50—
70% (Scheme 46).192 Subsequent elongation (Fmoc
strategy) and cleavage—deprotection yielded the de-
sired, agonistic, PMRI neurotensin analogues.'®?

In our SPS of a PMRI peptide with a carboxy
terminal malonyl residue we used the PAL-PEG-PS
support, which anchors the (PMRI) peptide through
an amide bond and ultimately yields a (PMRI)
peptide amide.109.193

B. Biologically Active PMRI Peptides

Many biologically relevant PMRI (and end group
modified retro-inverso) peptides have been synthe-
sized and tested; most are hormone analogues, but
there are some examples of protease inhibitors and
sweeteners. Chorev and Goodman reviewed the
majority of these examples.®>8¢ In this section we
briefly cover the significant bioactive PMRI peptide
milestones, and recent, promising developments.

1. Enkephalin

Chorev, Goodman, and co-workers synthesized the
first highly bioactive PMRI peptides, the enkephalin
analogues: Tyr-p-Ala-Gly-Phey(NHCO)Leu-NH,, Tyr-
D-Ala-Gly-Phey(NHCO)Met-NH,, Tyr-p-Ala-Gly-gPhe-
p-rLeu-For, and Tyr-p-Ala-Gly-gPhe-b-rMet-For.8 All
four analogues displayed higher activity than Met-
enkephalin in an in vitro test, and prolonged duration
of action (in vitro and in vivo), presumably because
the modifications protect the PMRI peptides from
enzymatic degradation.®® The latter two analogues
were the more active of the four.8°

Further work on PMRI enkephalins has met with
more qualified success.®®

2. Protease Inhibition

By applying the retro-inverso concept to thiorphan
(109), Roques and co-workers achieved complete
differentiation of its inhibitory activity.'®* Thus,
whereas thiorphan (109) is a highly potent inhibitor
of both enkephalinase (K; = 3.5 nM) and a less potent
inhibitor of ACE (K; = 140 nM), “retro-thiorphan”
(110) inhibits enkephalinase with great selectivity (K;
= 6 NnM vs ICsy (against ACE) > 10 000 nM).1%4
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Retro-thiorphan (110) and thiorphan (109) simi-
larly affected analgesia (due to protection of endog-
enous enkephalins) in in vivo studies.’®® Crystal
structures of (S)-thiorphan (109) and (R)-retro-thior-
phan (110) bound to thermolysin (which shares many
active site residues with enkephalinase) show that
the two inhibitors utilize very similar interactions
with the enzyme (including the hydrogen bonding to
the amide linkage).1%

Roques and co-workers applied the same approach,
and further modifications to the zinc metallopepti-
dase inhibitor kelatorphan, to similar effect.196.197

Carmona and Juliano used the retro-inverso modi-
fication to investigate the differentiation of ACE
inhibition and potentiation of bradykinin responses
by small peptides. Bz-Phey(NHCO)GIly-Trp, for ex-
ample, competitively inhibited ACE (albeit with a
higher K; than its parent peptide) and did not
potentiate a contractile response to bradykinin, in
vitro.148

3. Sweeteners

As part of their ongoing investigation of the struc-
ture—taste relationship of peptides and peptidomi-
metics, Goodman and co-workers synthesized the
retro-inverso peptide sweeteners (based on the Asp-
p-Ala-NHR motif), 111 and 112, which are ~800
times sweeter then sucrose.1%-202

elps il

4, Gastrin Antagonism

Martinez and co-workers produced potent gastrin
antagonists by partial retro-inverso modification of
its carboxy terminal tetrapeptide, Trp-Met-Asp-Phe-
NH>.2%8 The analogue Boc-Trp-Leu-gAsp-CO(CHy,),-
Ph displayed in vivo gastrin antagonism (and no
agonism) with enhanced duration of action.?

5. CCK

Following on from their work on gastrin, Martinez
and co-workers applied the PMRI approach to CCK-7
and 8, (Asp-)Tyr(SOs3;7)-Met-Gly-Trp-Met-Asp-Phe-
NH,.** Roques and co-workers also synthesized
PMRI CCK-7 analogues.?** Both groups reversed the
Met?6—Gly?® bond (a major cleavage site), replaced
both Met?® and Met® with Nle, and used amino
terminal Boc protection (the latter two modifications
being precedented?®). All of these PMRI CCK-7 and
-8 analogues exhibited affinity to the CNS CCK
receptor, much lower affinity to the peripheral CCK
receptor, and low functional potency. Martinez and
co-workers’ analogue with highest affinity to the CNS
receptor, Boc-Asp-Tyr(SOs;)-Nley(NHCO)Gly-Trp-
Nle-Asp-Phe-NHo,, displayed lower affinity than Boc-
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[Nle?831]CCK-7,14 whereas Roques and co-workers’
analogue, Boc-Tyr(SO3;™)-Nley(NHCO)GIy-Trp-(N-
Me)Nle-Asp-Phe-NH,, displayed higher affinity and
high resistance to proteolysis.?**

6. Tuftsin

Tuftsin, Thr-Lys-Pro-Arg, is degraded in vivo,
principally between Thr and Lys, to produce tripep-
tides which inhibit its activity. Therefore Verdini
and co-workers synthesized the PMRI tuftsin, Thry-
(NHCO)Lys-Pro-Arg (part of their synthesis is shown
in Scheme 28).166 This PMRI tuftsin displayed
prolonged in vitro stability in human plasma (less
than 2% hydrolysis after 50 m cf. complete hydroly-
sis of tuftsin in less than 8 m).1%¢ It does, however,
suffer hydrolysis to H,N-mLys-Pro-Arg (cf. section
VI. A.1.a.vi).186 Tests in vitro and in vivo (including
oral administration) have demonstrated the higher
immunostimulatory activity of this PMRI tuftsin
compared with natural tuftsin.1%6206.207 The enhance-
ment of activity is thought to be due to the PMRI
tuftsin’s resistance to peptidases and the fact that
its hydrolysis product does not interfere with its
activity.166

FAB tandem mass spectrometry revealed that,
despite the stability described above, the PMRI
tuftsin is labile under FAB conditions with the most
abundant fragmentation processes involving the gem-
diamino group.2®® Indeed, it is generally the case for
PMRI peptides that ions formed by fragmentation in
the vicinity of the gem-diamino residue are particu-
larly abundant, which may be interpreted as indicat-
ing lower bond strengths in this region.?°°

7. RGD

Many peptides containing the Arg-Gly-Asp (RGD)
cell-binding sequence inhibit tumor metastatis. How-
ever the therapeutic exploitation of RGD peptides has
been complicated by their short half-lives in vivo, the
Arg-Gly linkage being easily degraded. Nishikawa
and co-workers tackled this problem using the partial
retro-inverso modification.'2210 They synthesized a
series of partially modified retro and PMRI RGD
peptides that exhibited antimetastatic effects in
animal models and displayed greatly enhanced sta-
bility toward enzymatic degradation in plasma.62.210
Their most potent antimetastatic pseudopeptide, the
partially modified retro peptide 114, showed a higher
inhibitory effect on tumor metastatis and invasion
than the control sequence RGDS, 113.162210 The
resistance to proteases displayed by rArg-mGly-Asp,
114, presumably increases its biological half-life and
therefore augments its antimetastatic and antiinva-
sive effects.162210 Fyrthermore, rArg-mGly-Asp (114)
showed lower inhibitory activity on platelet aggrega-
tion than RGDS (113) which thus constitutes in-
creased selectivity of antitumor action.162210

Chemical Reviews, 1998, Vol. 98, No. 2 785

o Lo OH
HgNJN/\n/N\_/lLN OH
L

AN
j COH

HN
HN)\NHQ 113
o) o)
H H
v Ny o
o o i
COH
HN
HN)\NHQ 114

8. The Renaissance of Retro-Inverso and End Group
Modified Retro-Inverso Peptides

Chorev and Goodman reviewed the recent resur-
gence of retro-inverso and end group modified retro-
inverso peptides in areas such as combinatorial
chemistry and immunology.8® In the latter applica-
tion, retro-inverso, end group modified retro-inverso
and (less so) PMRI peptides show great promise for
the development of vaccines, immunomodulators, and
immunodiagnostics.115211-215

9. Taking the Concept Beyond Pseudopeptides

We have seen how the PMRI peptide concept
developed from end group modified retro-inverso and
linear retro-inverso peptides, which in turn developed
from cyclic retro-inverso peptides. The PMRI peptide
concept constituted the arrival of the retro peptide
bond as a true peptide bond surrogate, which has
been widely applied in various biologically relevant
peptides. The retro concept has recently been applied
to amide bonds other than those in simple peptides,
that is in peptide nucleic acids (PNA)?16217 and
sugar—amino acid links.2%®

C. Conformational Implications of Partial
Retro-Inverso Modification

In this final section of the review conformational
studies of PMRI peptides are described. Many stud-
ies of specific PMRI peptides of biological interest
have been undertaken,8:8621° put here we consider
only model studies with general implications.

1. The Amide Bond lItself

The retro amide bond obviously scores highly in
similarity tests against the natural peptide bond,*-85220
indeed, with some protocols it scores perfectly, due
to symmetry.55> Furthermore, X-ray crystal struc-
tures of PMRI peptides show that retro peptide bond
lengths and angles are very similar to those of a
standard peptide bond, as would be expected (see ref
85 and those cited in Table 6).

Nevertheless, despite the close geometrical mim-
icry of a standard peptide bond by a retro peptide
bond, if a particular peptide bond is involved in a
functionally significant interaction (e.g., through
hydrogen bonding to other groups in the parent
peptide or a receptor), then its reversal will neces-
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sarily result in a change in the interaction and thus
alter the PMRI peptide’s secondary structure (see
section VI.C.3) and/or activity.86221.222 This is an
attribute shared by all peptide bond surrogates (as
mentioned in section 1V) and may, of course, be
applied to investigate the functional role of peptide
bonds_86,115,222

In terms of bond dimensions and permitting identi-
cal conformers to be adopted, it is perhaps surprising
that the trans-alkene surrogate [y(E-CH=CH)] mim-
ics the natural peptide bond better than does the
retro amide bond.*

2. The Retro-Inverso Residues

PMRI peptides contain, embedded within the par-
ent peptide sequence, a sequence of reversed and
inverted residues flanked by modified residues (un-
less the modified residues are consecutive; see Figure
6). The reversed and inverted residues exert a
conformational influence different to that of the
native residues they replace, as has long been rec-
ognized in the simpler case of cyclic retro-inverso
peptides.”>?21 Wermuth et al. have recently under-
taken an elegant, systematic, experimental, and
theoretical investigation of the conformational con-
sequences of retro-inverso modification for cyclo(-Arg-
Gly-Asp-p-Phe-Val-) (a selective, superactive ayfs
integrin inhibitor) and all the other cyclic pentapep-
tides of sequence Arg-Gly-Asp-Phe-Val containing
one p-amino acid.???> One of these cyclic retro-inverso
modified pentapeptides, cyclo(-p-Val-b-Phe-b-Asp-
Gly-Arg-), proved to be a more potent inhibitor than
the original sequence, despite existing in a somewhat
different conformation.???

The change in conformational influence occurs
because residue reversal swaps the bonds C*—C' (1.53
A) and C*—N (1.45 A) and swaps the torsion angles
(¢,) of the parent residue for (y,¢) of the p-amino
acid residue (see Figure 10).221.222

Swapping the bonds results in an imperfect mim-
icry of side-chain topology (even if the same backbone
torsion angles are maintained) as Freidinger and
Veber demonstrated in their theoretical study of
cyclo(-Ala-Ala-Gly-Gly-Ala-Gly-).??t The discrepancy
arises due to the interchange of bond lengths and
bond angles inherent to residue reversal.??! Never-
theless the best fit average C* and C’ deviations
Freidinger and Veber determined (0.39 and 0.20 A
respectively) still constitute quite good mimicry.?2%.222

The interchange of torsion angles, when combined
with residue inversion, maps (¢,y) of a parent residue
to (—y,—¢) on the Ramachandran map®22? of the
same residue (since a parent residue is replaced by
its (reversed) p-amino acid counterpart). The net
effect of this transposition on the residue’s Ram-
achandran map is a reflection at the diagonal be-
tween (—180°,180°) and (180°,—180°).?22 Such a

R R
"“N?J}”" “‘W&NH
(a) (o)

Figure 10. (a) the native L-amino acid residue, and (b)
its b-amino acid residue replacement.
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Table 3. Local Minima for a Native Residue

energy,
residue ref  minima® (¢,y),deg  kcal/mol®
Ac-Ala-NHMe 226 Cs# —86,84 0.0
aR —79,-34 34
C 70,—66 35
a'r —145,—-66 3.8
oL ~60,~40 8.4

2 The minima are described using the terms of the original
authors. ? Relative energies are included in Tables 3—5 for
comparison of different minimum energy conformations within
the same entry only, not between entries.

transformation in the Ramachandran map has pro-
found consequences for a peptide’s secondary struc-
ture because, other than for conformations near the
diagonal (e.g., the g-sheet and y-turns), the energies
of given conformations change dramatically.??1222
Thus if, for example, the parent peptide contains an
o-helix (right-handed) then reversal and inversion of
that part of the sequence would not be expected to
give rise to a right-handed oa-helix in the correspond-
ing (PM)RI peptide because that part of the Ram-
achandran map corresponding to a right-handed
o-helical conformation is now a high-energy region
and conversely, that part corresponding to a left-
handed o-helical conformation, a low-energy re-
gion.??2 Therefore an alternative conformation is
likely to be adopted (possibly but not necessarily a
left-handed a-helix, because the sequence is reversed
as well as inverted).?!1?22 Although the studies
described considered cyclic retro-inverso peptides, the
analysis also applies to the reversed and inverted
portions of linear PMRI peptides. However cyclic
retro-inverso peptides are poor models for linear
PMRI peptides. Thus further general investigations
of the extent of the topological equivalence between
linear peptides and their PMRI isomers is merited.

Consideration of the impact of residue reversal and
inversion on the secondary structure has prompted
much discussion recently.?11224225 Qverall, we may
conclude that the implications for conformational
mimicry of retro-inversion are minor if the residues
affected exist in conformations in the parent peptide
for which ¢ ~ —v [such as p-sheets (e.g., the cyclic
p-hairpin peptide designed to mimic the a-chain of
FceRl and its retro-inverso isomer present very
similar topochemical surfaces?'®) and y-turns].??1:222
Conversely the implications are profound for other
parent peptide conformations, most importantly the
a-helix.?11212221.222 |f the residues concerned are Gly,
however, then the consequences are less dire due to
the absence of C# and hence the symmetry of its
Ramachandran map.

3. The New Residues

As discussed in section VI, partial retro-inverso
modification generates two new residues, a gem-
diaminoalkyl residue and a C-2-substituted malonyl
residue. Their presence in a PMRI peptide exerts a
profound influence upon its conformation, especially
in their immediate vicinity.

Dauber-Osguthorpe et al. carried out a complete
search of the conformational space available to the
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Table 4. Local Minima for gem-Diaminoalkyl Residues?

entry residue ref minima (¢,v), deg energy, kcal/mol
1 Ac-gAla-Ac 226 extended —156,140 0.0
extended'’ —140,156 0.0
R —135,-60 51
oL 60,135 5.1
20 Ac-gGly-Ac 227 o and or +(80,80) 0.0
low-energy region +(60,—180) 1.4
low-energy region +(—180,60) 1.4
3b Ac-gAla-Ac 227 OR —80,—60 0.0
oL 60,80 0.0
extended —160,70 0.8
extended —70,160 0.8
4¢ Ac-gAla-CONHMe 79 o and or +(45,120) 0
fB-region —135,135 <1
5d Ac-gVal-CONHMe e —125,130 0
6f Ac-gAla-Ac 235 helical 53,83 0.0
helical —83,-54 0.0
semiextended 152,—79 2.2
144,—-80 3.6
—79,142 3.6
7 Ac-gGly-Ac 238 o and og +(67,67) 0.0
saddle point +(—113,113) 5.3
7a as entry 7 but including 238 oRr —83,—80 0.0
environmental effects
o 80,83 0.0

2 See notes on Table 3. ® Stern et al. performed empirical force-field calculations of the Ramachandran maps using both a rigid
geometry approximation and a flexible geometry. Only the latter results are reported in Tables 4 (entries 2 and 3) and 5 (entries
2 and 3). They also performed ab initio calculations on For-gGly-Ac and H,N-mGly-NHMe,??8 the results of which were similar
to those reported in Table 4 entry 2 and Table 5 entry 2, respectively. ¢ The calculated Ramachandran map was generally similar
to those of Stern et al. and Dauber-Osguthorpe et al., again differing only in the exact locations of the minima and their relative
stabilities: cf. entries 1 and 3. 9 Also included in this study were Ac-gGly-CONHMe, Ac-gAla-CONHMe, Ac-gAbu-CONHMEe, and
Ac-gTyr-CONHMe. The minimum energy conformations for Ac-gGly-CONHMe and Ac-gAla-CONHMe (cf. entry 4) were similar
to those determined by Stern et al. (entries 2 and 3). Chipens and co-workers have also calculated part of the Ramachandran
map for Ac-gVal-CONMe,,* which differs significantly from that of Ac-gval-CONHMe (entry 5). ¢ Balodis, J.; Vegners, R.;
Nikiforovich, G. V.; Cipens, G. Bioorg. Khim. 1978, 4, 481—488; Chem. Abstr. 1978, 89, 110306z. Mishnev, A. F.; Bleidelis, J.;
Ancans, J. E.; Cipens, G. I. J. Struct. Chem. (Engl. Transl.) 1982, 23, 252—256; Zh. Strukt. Khim. 1982, 23, 101-106. f The
results reported in entry 6 are those from Aleméan and Puiggali’'s molecular mechanics calculations using their newly parametrized
force field.

Table 5. Local Minima for Malonyl Residues®

entry residue ref minima (¢,y), deg energy, kcal/mol
1 MeHN-mAla-NHMe 226 OR —101,—67 0.0
oL 67,101 0.0
~C% —89,122 3.6
~C5 —122,89 3.6
~C7 63,—93 4.1
~C7 93,—-63 41
2 MeHN-mGly-NHMe 227 o, and og +(80,80) 0.0
~C® +(—120,40) b
~Cs* +(40,—120) b
3 MeHN-mAla-NHMe 227 OR —80,—60 0.0
o 60,80 0.0
~C% —160,70 b
~C®d —70,160 b
saddle point +(85,—85) 5.9
4 MeHN-mGly-NHMe 242,243 helical +(52,111) 0.0
helical +(111,52) 0.0
4a as entry 4 but hydrated 243 helical 68,80° 0.0
5 MeHN-b-mAla-NHMe 236 helical —55,—-113 0.0
helical 111,54 0.0
helical —101,-55 0.4
helical 53,100 0.4
24,—153 2.1
—142,23 21
39,—-165 2.2

a See notes on Tables 3 and 4. ° A minimum in the rigid geometry calculation only. ¢ The torsion angles were calculated by
hydrating MeHN-mGIly-NHMe in initial conformation (110°,53°) with four water molecules.

gem-diamino and malonyl residues derived by partial
retro-inverso modification of Ac-Ala-NHMe (i.e., Ac-
gAla-Ac and MeNH-mAla-NHMe) using a valence
force field method.??6 The resultant Ramachandran

maps (which were generally similar to the previous
results of Stern et al.,??”?28 differing only in the exact
locations of the minima and their relative stabili-
ties: see entries 1 to 3 in Tables 4 and 5) were
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Table 6. Backbone Torsion Angles from X-ray Crystal
Structures of gem-Diamino and Malonyl Residues

(¢.y), deg
entry residue gXaa mYaa ref
1 H;NCONHCH(CO;K)- 65,62 a
NHCONH,
2 hydantoin fromAla- 54,70 84,173 b
Alay(NHCO)Gly-OBn
3  Ac-gAla-Ac —160,80 c
4  Ac-gvVal-CONHMe —113,105 80
5 Ac-gPhe-CONHMe —111,93 d
6 Ac-gvVal-CONMe; —105,124 e
—121,90
7 Asp-gAla-CO-TMCP —100,105 202
8 Asp-p-gAla-CO-TMCP 104,-97 202
9 BU'CO-Alay(NHCO)Gly- —111,107 150,125 231
NHPri
10 Bu'CO-gVal-COBuUt —101,99 232
11 Z-gGly-CONMe; 95,79 f
12 Ac-gGly-Ac 93,77 241
91,80
13  H;N-mGly-NH; 111,140 g
—115,-138
14 PhHN-mGly-NHPh 109,153 h
15 PrHN-mGIly-NHPr 115,115 h
16 MeHN-mGly-Gly-NHMe 105,112 i
17  PrHN-rGly-mGly-Gly- 113,113 154
NHPr
18 MeHN-mAla-Ala-NMe, —104,107 i
19 MeHN-mVal-NHMe —110,110 233
20 H;NCOCHBrCONH; —111,111 j

a Ringertz, H. Acta Crystallogr., Sect. B: Struct. Sci. 1968,
24, 1686—1692. b Benedetti, E.; Pedone, E. M.; Kawahata, N.
H.; Goodman, M. Biopolymers 1995, 36, 659—667. ¢ Kola-
kowski, B. Acta Crystallogr., Sect. B: Struct. Sci. 1969, 25,
1669—1671. 4 Mishnev, A. F.; Bleidelis, Ya. Ya.; Antsans, Yu.
E.; Chipens, G. I. J. Struct. Chem. (Engl. Transl.) 1979, 20,
128-130; Zh. Strukt. Khim. 1979, 20, 154—157. ¢ Mishnev, A.
F.; Bleidelis, J.; Ancans, J. E.; Cipens, G. I. J. Struct. Chem.
(Engl. Transl.) 1982, 23, 252—256; Zh. Strukt. Khim. 1982,
23, 101—106. f Mishnev, A. F.; Bleidelis, J.; Ancans, Y.; Cipens,
G. Latv. PSR Zinat. Akad. Vestis, Khim. Ser. 1981, 494—498;
Chem. Abstr. 1981, 95, 195520m. 9 Chieh, P. C.; Subramanian,
E.; Trotter, J. J. Chem. Soc. A 1970, 179—184. h Tereshko, V.;
Navarro, E.; Puiggali, J.; Subirana, J. A. Macromolecules 1993,
26, 7024—7028. ' ElI Masdouri, L.; Aubry, A.; Gomez, E. J,;
Vitoux, B.; Marraud, M. J. Chim. Phys. Phys.—Chim. Biol.
1988, 85, 583—588. 1 Picone, R. F.; Rogers, M. T.; Neuman, M.
J. Chem. Phys. 1974, 61, 4808—4813.

compared with that of the parent residue.??® The
minima found by Dauber-Osguthorpe et al. are listed
in Tables 3—5, along with those found by other
researchers. For both PMRI residues the C; regions
were destabilized (C+#9, or the inverse y-turn, being
the lowest energy conformation of Ac-Ala-NHMe, see
Table 3), due to the proximity of atoms with like
charges.??® The gem-diamino residue had its mini-
mum energy in an extended conformation, and also
local minima in equivalent helical conformations
containing six-membered hydrogen-bonded rings (a
Cs arrangement) (Table 4, entry 1).226 The malonyl
residue had its minimum energy in equivalent helical
conformations (Cs arrangement) and low energy
regions corresponding to extended conformations
(Table 5, entry 1).2%6 The reported crystal structures
of appropriate gem-diaminoalkyl and malonyl resi-
dues (Table 6) are compatible with these results: of
the gem-diaminoalkyl residues, two are in helical
conformations (entries 1 and 2) and seven are in C*9/
extended conformations (entries 3—7, 9, and 10). Of
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the malonyl residues five (all —-mGly—) are in helical
conformations (entries 13—17) and three in the C;®%/
extended region (entries 18 to 20). For a brief survey
of model pseudopeptide crystal structures (including
most PMRI examples) see ref 220.

From these results were deduced the implications
of the incorporation of the modified residues into
secondary structures, on the basis of reasoning that
“a residue will be likely to be part of a secondary
structure element if the required conformation cor-
responds to a local minimum of the energy surface
of the isolated residue. Conversely, if a specific
conformation is very unstable for an isolated residue
it is not likely to be observed in this conformation.” 226
Interresidue interactions were also considered.?%®

a. P-Turns. Four residues are involved in a
p-turn, with a hydrogen bond between the carbonyl
of residue i and the NH of residue i + 3. The six
types of ideal g-turn (types I, Il, and 111, and their
mirror images) differ in the (¢,1) angles of residues
i +1andi—+ 23223229230 |f the first amide bond of a
B-turn is reversed, then so must be the third in order
to enable the i...i + 3 hydrogen bond to form.??6 The
compound modeled of this type [Acy(NHCO)Ala-
Alay(NHCO)NHMe] formed no stable f-turns be-
cause the gem-diaminoalkyl residue has a very high
energy in the conformations necessary for the i + 2
position.?26

Reversal of the second amide bond (model com-
pound Ac-Alay(NHCO)Ala-NHMe) resulted in a PMRI
peptide that could form a stable type Il S-turn,
although an extended conformation was more stable.??

These predictions are supported by experimental
studies. Solution-phase *H NMR and IR spectro-
scopic studies of BUtCO-Ala-Gly-NHPri and its three
PMRI analogues demonstrated that reversal of the
middle amide bond exerts little influence on the
propensity to form fS-turns, in stark contrast to
reversal of the other two amide bonds.62764231 How-
ever, the crystal structure of ButCO-Alay(NHCO)-
Gly-NHPr' was “quasi-extended” with no intra-
molecular (only intermolecular) hydrogen bonding,
whereas the parent peptide adopted a type Il
B-turn.5223L Intermolecular interactions in the crystal
are presumably responsible for this difference. Bu'-
CO-Pro-gGly-COBut similarly showed reduced g-turn
formation with respect to the parent peptide in a
solution-phase *H NMR and IR spectroscopic study.?

For a nine-membered hydrogen-bonded ring con-
formation specific to PMRI peptides that resembles
a native -turn see section VI.C.3.e.ii.

b. a-Helixes. An a-helix has a regular hydrogen
bond network between the carbonyl of residue i and
the NH of residue i + 4, with all dipoles aligned.3223.230
Reversal of one amide bond disrupts this hydrogen
bond network, and brings two NHs and two carbonyls
close together, considerably destabilizing the helix.?26
Reversing every third amide bond (model compound
Ac-[yy(NHCO)Alaz];y(NHCO)NHMe) produced a he-
lix with a complete hydrogen bond network similar
to an a-helix.??® But it was not as stable as a native
o-helix because the dipole alignment is less favorable
and the gem-diaminoalkyl residues are not in their
lowest energy conformation.??® No experimental
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studies applicable to such systems have been per-
formed.

c. f-Sheets. p-Sheets consist of parallel or anti-
parallel extended peptide chains hydrogen bonded to
each other.3223230 The smallest unit of a 3-sheet is
not one strand (i.e. one extended peptide chain) but
two hydrogen-bonded strands, since the hydrogen
bonds go from one strand to another.?3® Dauber-
Osguthorpe et al. used three strands to construct
model parallel and antiparallel s-sheets and calcu-
lated the energy of sheet formation with respect to
the isolated extended strands. In common with
o-helixes, indiscriminate amide bond reversal results
in disruption of the 5-sheet’s hydrogen-bond network
and hence destabilization. But by reversing every
second amide bond (model strands Ac-Alay(NHCO)-
Ala-Alay(NHCO)NHMe and Acy(NHCO)Ala-Alay-
(NHCO)Ala-NHMe) fully hydrogen bonded parallel
and antiparallel S-sheets were constructed.??® Unlike
natural s-sheets, these modified sheets have all their
carbonyls pointing one way, and all their NHs point-
ing the other, which is a similarly favorable arrange-
ment to that of a native a-helix and results in strong
interstrand attraction.??® Thus, stable parallel and
antiparallel g-sheets were formed, which each had a
significantly more favorable energy of formation than
the native g-sheets in Dauber-Osguthorpe et al.’s
study.??® Experimental studies applicable to these
PMRI peptide g-sheets are somewhat limited. El
Masdouri et al. described the model PMRI peptides
ButCO-gVal-COBut and MeNH-mVal-NHMe, in their
respective crystals, as “hydrogen bonded in such a
way as to form a parallel S-sheet structure.”?32233 But
the hydrogen-bonded structures in both these cases
are 12-membered rings, rather than the 10-mem-
bered rings found in Dauber-Osguthorpe et al.’s
model PMRI j-sheets, because the crystallized PMRI
peptides do not contain both gem-diamino and ma-
lonyl residues.

Gardner and Gellman have investigated the stabil-
ity of these 10-membered hydrogen-bonded rings
formed between gem-diamino and malonyl residues
(see section VI.C.3.e.ii). We also have attempted to
synthesize PMRI peptides containing the motif [Xaay-
(NHCO)Yaa], (n = 2) in order to study the confor-
mational behavior thereof.2® Nylon 1,3 contains this
structural motif but exists in a helical conformation:
(see section VI.C.3.e.i). The one other literature
example of a PMRI peptide containing this motif is
Argy(NHCO)(R,S)-Lys-Aspy(NHCO)(R,S)-Val-Tyr, a
biologically active PMRI analogue of the immuno-
modulatory peptide thymopentin.?®* However the
authors made no specific mention of its synthesis or
conformation, and we are therefore unable to deduce
anything from it concerning the stability PMRI
peptide -sheets.

d. The Influence of Side Chains. Inspection of
the modeling studies of both Stern et al. and Aleman
and co-workers (see Table 4, entries 2, 3, 6, and 7;
Table 5, entries 2—5; and section VI.C.3.e.i) permits
the conformational influence of side chains to be
deduced.

The Ramachandran maps calculated by Stern et
al. for the two model compounds MeNH-mXaa-NHMe
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(Xaa = Gly or Ala; see Table 5, entries 2 and 3), are
very similar,??” indicating that the presence of a side
chain little affects the conformational preference of
a malonyl residue. However, the region of the maps
corresponding to the fS-sheet conformation differs
somewhat between the studies of Stern et al.??” and
Dauber-Osguthorpe et al.??® In Stern et al.’s study,
especially for Xaa = Gly, the minima in this region
are very shallow and ill defined.??” It is therefore
difficult to deduce the effect of a side chain on the
conformational preferences of malonyl residues. The
available crystal structures suggest that the absence
of a side chain makes an extended conformation less
likely; those malonyl residues in extended conforma-
tions in the crystalline state all possess side chains
(Table 6, entries 18—20).

The Ramachandran maps calculated by Stern et
al. for the two model compounds Ac-gXaa-Ac, Xaa =
Gly or Ala, display differences; there are only minima
in the extended region for Xaa = Ala (Table 4, entry
2; cf. entry 3).22” Therefore the absence of a side
chain in a gem-diamino residue disfavors an extended
conformation with respect to a helical conformation.
The available crystal structures of gem-diaminoalkyl
residues support this view, for those without side
chains are in helical conformations (Table 6, entries
11 and 12) and the majority of those with side chains
are in more extended conformations (Table 6, entries
3-10).

e. Other Conformational Studies of PMRI
Peptides. Experimental and modeling studies have
been performed on various PMRI peptides of biologi-
cal significance,?>8621° put these, not being model
PMRI peptides, permit few further general conclu-
sions to be drawn.

However two other groups of studies are generally
applicable.

i. Aléman, Puiggali, and Co-workers: The Nylon
Perspective. As mentioned in section VI.A.1.a.v, nylon
1,3 is identical to [Glyy(NHCO)Gly], (58). Thus
there is interest in gem-diamino residues as compo-
nents of nylons 1,n; and malonyl residues as compo-
nents of nylons n,3. Aléman, Puiggali, and co-
workers have carried out many theoretical studies
on model compounds containing gem-diamino and
malonyl residues, using AM1 SCF-MO (i.e., quantum
mechanical) calculations (supported by ab initio
calculations); much of this work is summarized in
their recent publication, ref 235. In that study,
Aléman, Puiggali, and co-workers built upon their
earlier investigations of MeHN-mGIly-NHMe (Table
5, entry 4), MeHN-mAla-NHMe (Table 5, entry 5),
MeHN-mAib-NHMe,?%¢ and Ac-gGly-Ac (Table 4,
entry 7) to parametrize a force field suitable for use
with gem-diamino and malonyl residues. Their mo-
tive for this enterprise was the discrepancy between
their earlier results and the corresponding force field
calculations of Dauber-Osguthorpe et al.??® and Stern
et al.??” (discussed above).

Aléman, Puiggali, and co-workers attributed these
discrepancies to “deficiencies in the force field pa-
rameters, which give a poor description of the con-
formational properties of the excessive attractive
interactions, that is C=0O-+HN, or the excessive
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repulsive interactions, that is C=0|||O=C and
NHI|||HN".23%> But the AM1 method is not without
criticism: Dado and Gellman showed, by comparison
with their experimental studies (see section
VI.C.3.e.ii), that AM1 overestimates the strength of
intramolecular hydrogen bonds.?%”

The discrepancies reveal themselves in the com-
puted Ramachandran maps for gem-diamino and
malonyl residues; although there is overall similarity
between the different researchers’ maps, the minima
are in different positions and of different relative
energies (see Tables 4 and 5).

Specifically, the map of Aleman and Pérez for Ac-
gGly-Ac features only minima in the helical regions,
with merely a saddle point in the -sheet/extended
region (Table 4, entry 7). In the minimum-energy
helical conformation, Ac-gGly-Ac formed two in-
tramolecular six-membered, hydrogen-bonded rings?3®
(the helical conformations found by Dauber-Osguthor-
pe et al. and Stern et al. form one Cg ring; see section
VI.C.3, above). This conformation changed on inclu-
sion of environmental effects (modeled by the intro-
duction of ammonia and formaldehyde in order to
mimic intermolecular hydrogen bonding), but a heli-
cal conformation with the intramolecular hydrogen
bonds was maintained (Table 4, entry 7a).>3® These
results are supported by experimental studies in that
—gGly— in the crystalline state (Table 6, entries 11
and 12) and some nylons 1,n%%240 adopt similar
helical conformations; but no intramolecular hydro-
gen bonds were detected for Ac-gGly-Ac in solution
(see section VI.C.3.e.ii) or the solid state.?*!

Aleman and Pérez's maps for MeHN-mGly-NHMe?*
and MeHN-b-mAla-NHMe?*® resemble each other
and feature four minima in the helical region (dif-
ferent to Stern et al.’s helical conformations but
similar to those of Dauber Osguthorpe et al., and thus
similarly supported by crystal structures; see Table
5 and section VI.C.3, above). The map for MeHN-
mGly-NHMe contains no other minima (Table 5,
entry 4), but that for MeHN-b-mAla-NHMe has
additional local minima in more extended conforma-
tions (Table 5, entry 5). In the helical conformations
the molecules form a six-membered, hydrogen-
bonded ring (also found by Stern et al. and Dauber
Osguthorpe et al.; see section VI.C.3, above), and
detected experimentally by Gellman and co-workers
(see section VI.C.3.e.ii). Aleméan and Pérez found
that their predicted minimum energy conformation
of MeHN-mGIly-NHMe is changed by hydration, but
remains helical (Table 5, entry 4a).243

Aleman and Puiggali computed Ramachandran
maps for Ac-gAla-Ac and Ac-gAib-Ac using the AM1
method and found reasonable agreement between
them and the conformational preferences obtained
using their newly parametrized force field.?®> The
map for Ac-gAla-Ac is broadly similar to their map
for Ac-gGly-Ac, previously calculated (discussed above).
However, in addition to helical minimum energy
conformations, Ac-gAla-Ac was also found to possess
semi-extended minima (different from those found by
Dauber-Osguthorpe et al. and Stern et al. for Ac-
gAla-Ac, see Table 4, entries 1, 3, and 6 and section
VI1.C.3, above).?®> Aleman and Puiggali further used
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their force field to model nylons 1,3 and 1,5 and found
good correlation with the X-ray data,'4?24* that is a
3-fold helical structure with three hydrogen bond
directions and the dihedral angles of the gem-diamino
residues close to those found for the model com-
pounds; as opposed to the more commonly observed
nylon y-structure, which resembles a protein
[-sheet,239.240

Aleméan and co-workers have further studied the
PMRI peptides Ac-Glyy(NHCO)Gly-NHMe?*> and Ac-
Gly-Glyy(NHCO)Gly-NHMe,?*6 as nylon models, us-
ing AM1 and force field methods. Ac-Glyy(NHCO)-
Gly-NHMe was found to possess helical minima,
some resulting in Cg hydrogen-bonded rings involving
the —mGly?— residue carbonyls?*® (similar to those
found by Dauber-Osguthorpe et al., see section
VI.C.3, above). When applied to an infinite nylon 1,3
chain model, results consistent with previous models
of the crystal structure were obtained.?*®* Only the
application of an unfavorable symmetry constraint
produced minima in an extended/3-sheet conforma-
tion for Ac-Glyy(NHCO)Gly-NHMe.?*®> Ac-Gly-Glyy-
(NHCO)Gly-NHMe was computed to be rather flex-
ible, but with a strong tendency to fold and adopt
conformations featuring intramolecular hydrogen
bonds.?*¢ An infinite chain model produced two low-
energy conformations: an o-helix (as previously
described by Dauber-Osguthorpe et al. for the corre-
sponding alanine model sequence; (see section
VI1.C.3.b), and a 6-fold helix, stabilized by intra- and
intermolecular hydrogen bonds, respectively.?*6 A
model 3-sheet structure was of higher energy because
of unfavorably close intraresidue contacts between
C=0]||0=C and NH|||HN.2

Aleman has also studied the conformational impact
of the combination of the retro and dehydro modifica-
tions by computing the potential energy surface of
the retro-modified dehydroalanine dipeptide.?*

The conformational predictions of Aleman, Puig-
gali, and co-workers may be summarized as indicat-
ing that helical structures are always of lower energy
than extended or 3-sheet type structures for the gem-
diamino and malonyl residue containing model com-
pounds that they studied, irrespective of the nature
of the side chain. This contrasts with the predictions
of Dauber-Osguthorpe et al. (see section VI.C.3,
above).

ii. Gellman and Co-workers: Small Molecules.
Gellman and co-workers have conducted extensive
studies on the conformation-directing effects of non-
covalent interactions, in particular hydrogen bonds,
in small molecules in order to deduce their impact
on biopolymer folding. In the course of these studies
they have investigated some small molecules con-
taining a malonyl residue, which are of interest in
the PMRI peptide context.

Gellman and co-workers’ results from variable-
temperature (VT) IR and NMR spectroscopy (in
dichloromethane and acetonitrile) and X-ray crystal-
lography imply that the nine-membered hydrogen
bonded ring conformation, depicted in Figure 11, is
intrinsically favorable to the N-malonylglycine or
alanine unit.160.248-251
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Figure 11. The favored conformation of N-malonylglycine

(R? = H) or alanine (R2 = Me) derivatives. R! = H, Me, or
Et; R3 = Me, Bn, 1-adamantyl.
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Figure 12. Ten-membered ring hydrogen bonded dimers

of (a) blocked glycine and (b) Ac-gGly-Ac and MeNH-mGly-
NHMe.

Gellman and co-workers therefore asserted that
“the malonyl-N-methyl-amino acid subunit...repre-
sents a potential alternative to the natural dipeptide
subunit at residues i + 1 and i + 2 of a -turn”.24

Gellman and co-workers also demonstrated, using
VT IR and 'H NMR spectroscopy, that N,N,N’'-
trimethylmalonamide adopts a six-membered hydro-
gen-bonded ring conformation in dichloromethane
solution, and less so in acetonitrile.®®> A similar
hydrogen-bonded ring is found in the crystal struc-
tures of some malonamide derivatives.*® The detec-
tion of the hydrogen bond concurs with the predic-
tions of Stern et al., Dauber-Osguthorpe et al., and
Aleman and Pérez (cf. section VI.C.3, above).

Jorgensen and co-workers explained the variations
observed among association constants for a series of
triply hydrogen bonded complexes (pertinent to nu-
cleotide base-pairing) by considering the “secondary
interactions” among the hydrogen-bonded groups,
that is electrostatic interactions between donor and
acceptor atoms forced to approach each other due to
the formation of a primary hydrogen bond.?53:254
Moreover they went on to predict, in accordance with
Dauber-Osguthorpe et al., that secondary interac-
tions would lead to greater stability for the PMRI
dipeptide dimer depicted in Figure 12b, than for the
corresponding glycine dimer, Figure 12a, when the
hydrogen-bonding groups were constrained to be
planar.?53

Gardner and Gellman published an experimental
test (using IR spectroscopy in dichloromethane solu-
tion) of the latter prediction.?>>2% The model pseudo-
peptide for their study was Me,N-mGly-Proy(CO,)-
Gly-gGly-Ac (115), which should, according to Jor-
gensen and co-workers' prediction, fold in a -hairpin
type fashion more readily than the corresponding
parent depsipeptide, Ac-Gly-Proy(CO,)Gly-Gly-NMe,.
However, Gardner and Gellman found that their IR
spectroscopic data, while consistent with the two
state equilibrium depicted in Figure 13, yielded very
similar equilibrium constants for the parent and
PMRI depsipeptides (K =~ 0.6, in dichloro-
methane).255:256

Therefore secondary interactions do not increase
the g-folding propensity of 115 over that of its parent,
in this case, probably because intramolecular dipole—
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Figure 13. The two-state eqU|I|br|um found for Me;,N-

mGly-Proy(CO,)Gly-gGly-Ac, 115, (and Ac-Gly-Proy(CO,)-
Gly-Gly-NMe,, not shown).

dipole repulsions result in nonplanarity of the amide
groups,?552% g situation that cannot arise within the
rigid heterocyclic systems found in nucleotide bases.

In the course of their study, Gardner and Gellman
also demonstrated that Ac-gGly-Ac exhibits no in-
tramolecular hydrogen bonding in dichloromethane
solution.?®52%  This result accords with Dauber-
Osguthorpe et al.’s modeling study, which predicted
that a six-membered hydrogen bonded ring arrange-
ment of Ac-gAla-Ac is less stable than the extended
conformation; but it contrasts with the predictions
of Aleman and Pérez and Stern et al. that such an
arrangement is the minimum energy conformation
for Ac-gGly-Ac (section VI.C.3, above).

The theoretical and experimental studies described
in this section enable some estimation of the confor-
mational influence of partial retro-inverso modifica-
tion to be made. To clarify these influences and
better inform the design of PMRI peptides, further
model studies are needed.

VII. Concluding Remarks

We have charted the development of the retro-
inverso concept from the originating studies on cyclic
peptides to the present day, when sufficient synthetic
methodology exists to apply the partial retro-inverso
modification at will to virtually any peptide bond(s)
within a synthetically accessible peptide. A survey
of successful applications of the partial retro-inverso
modification to biologically active peptides has re-
vealed examples where it has resulted in increased
biological half-life, increased activity and enhanced
selectivity. Experimental and theoretical studies of
model PMRI peptides have exposed the changes in
conformational behavior that result from partial
retro-inverso modification of a peptide. Thus the
partial retro-inverso modification may continue to be
gainfully employed, guided by the accumulated wis-
dom of the literature’s examples and predictions.

VIIl. Abbreviations

Abu o-aminobutyric acid

ACE angiotensin converting enzyme

Adoc adamantyloxycarbonyl

Aib a-aminoisobutyric acid

AIBN azobisisobutyrylnitrile

AM1 Austin model 1

Bn benzyl

Boc tert-butoxycarbonyl

Bom benzyloxymethyl

BOP (1-benzotriazolyloxy)tris(dimethylamino)-
phosphonium hexafluorophosphate

BSA O,N-bis(trimethylsilyl)acetamide

Bt benzotriazole
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Bz benzoyl

cat catalyst

CCK cholecystokinin

CNS central nervous system
DABCO 1,4-diazabicyclo[2.2.2]octane
DCC dicyclohexylcarbodiimide
DCM dichloromethane

DEAD diethyl azodicarboxylate

DIBAL diisobutylaluminum hydride
DIPEA diisopropylethylamine
DMF N,N-dimethylformamide

DMAP 4-(dimethylamino)pyridine

DMSO dimethyl sulfoxide

DPPA diphenylphosphoryl azide

FAB fast-atom bombardment

Fmoc 9-fluorenylmethyloxycarbonyl

For formyl

Glp pyroglutamic acid

HIV human immunodeficiency virus

HOBt N-hydroxybenzotriazole

HOSu N-hydroxysuccinimide

HPLC high-performance liquid chromatography

IBTFA iodobenzene bis(trifluoroacetate)

1Cso median inhibitory concentration

imid imidazole

K; inhibition constant

LDA lithium diisopropylamide

LNAP lithium naphthalenide

MMA N-methylmercaptoacetamide

MNP (2-methyl-2-o-nitrophenoxy)propionyl

Mor Morpholine

MPLC medium-pressure liquid chromatography

Mtr 4-methoxy-2,3,6-trimethylbenzenesulfonyl

NBS N-bromosuccinimide

NK-1 neurokinin/substance P receptor 1

NMM N-methylmorpholine

NMR nuclear magnetic resonance

nr not reported

O/N overnight

OPcp pentachlorophenyl

PAL peptide amide linker: 5-[4-(aminomethyl)-
3,5-dimethoxyphenoxy]valeric acid

PEG poly(ethylene glycol)

PG protecting group

Pip piperidine

PMRI partially modified retro-inverso

PS polystyrene

py pyridine

Reflux heated under reflux

RPHPLC reverse-phase high-performance liquid chro-
matography

SAR structure activity relationship

SCF-MO self-consistent field molecular orbital

SPS solid-phase synthesis

TBAF tetrabutylammonium fluoride

TBDMS tert-butyldimethylsilyl

TEBA triethylbenzylammonium chloride

TFA trifluoroacetic acid or trifluoroacetyl

TFAA trifluoroacetic anhydride

THF tetrahydrofuran

TMCP 2,2,5,5-tetramethylcyclopentanyl

TMEDA N,N,N’,N’'-tetramethylethylenediamine

TMS trimethylsilyl

TMSOTf trimethylsilyl trifluoromethanesulfonate
tol toluene

Ts tosyl (p-toluenesulfonyl)

VT variable temperature

Xaa unspecified a-amino acid

Yaa unspecified a-amino acid

z benzyloxycarbonyl

Zaa unspecified a-amino acid
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