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Abstract

Functionalized proline residues have diverse applications. Herein we describe a practical
approach, proline editing, for the synthesis of peptides with stereospecifically modified proline
residues. Peptides are synthesized by standard solid-phase-peptide-synthesis to incorporate Fmoc-
Hydroxyproline (4R-Hyp). In an automated manner, the Hyp hydroxyl is protected and the
remainder of the peptide synthesized. After peptide synthesis, the Hyp protecting group is
orthogonally removed and Hyp selectively modified to generate substituted proline amino acids,
with the peptide main chain functioning to “protect” the proline amino and carboxyl groups. In a
model tetrapeptide (Ac-TYPN-NH;), 4 R-Hyp was stereospecifically converted to 122 different 4-
substituted prolyl amino acids, with 4R or 4.5 stereochemistry, via Mitsunobu, oxidation,
reduction, acylation, and substitution reactions. 4-Substituted prolines synthesized via proline
editing include incorporated structured amino acid mimetics (Cys, Asp/Glu, Phe, Lys, Arg, pSer/
pThr), recognition motifs (biotin, RGD), electron-withdrawing groups to induce stereoelectronic
effects (fluoro, nitrobenzoate), handles for heteronuclear NMR (!°F:fluoro; pentafluorophenyl or
perfluoro-zert-butyl ether; 4,4-difluoro; 77SePh) and other spectroscopies (fluorescence, IR:
cyanophenyl ether), leaving groups (sulfonate, halide, NHS, bromoacetate), and other reactive
handles (amine, thiol, thioester, ketone, hydroxylamine, maleimide, acrylate, azide, alkene,
alkyne, aryl halide, tetrazine, 1,2-aminothiol). Proline editing provides access to these proline
derivatives with no solution phase synthesis. All peptides were analyzed by NMR to identify
stereoelectronic and steric effects on conformation. Proline derivatives were synthesized to permit
bioorthogonal conjugation reactions, including azide-alkyne, tetrazinetrans-cyclooctene, oxime,
reductive amination, native chemical ligation, Suzuki, Sonogashira, cross-metathesis, and Diels-
Alder reactions. These proline derivatives allowed three parallel bioorthogonal reactions to be
conducted in one solution.
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Introduction

Protein activity, defined broadly, results from the geometrically controlled three-
dimensional arrangement of a series of functional groups. In folded proteins, protein activity
relies on secondary structure formation, the hydrophobic effect, and other non-covalent
interactions to organize functional groups in a manner that allows specific recognition of
substrates and binding partners and catalysis. Because functions are effected through
specific structures, there has been broad interest in developing ways to stabilize protein
structures. In addition, nature is limited by the genetically encoded amino acids, combined
with post-translational modifications, plus metals and organic co-factors that bind these
amino acids. Enhanced activity and novel functions may be incorporated into proteins by
expanding beyond the array of natural amino acids, for example by introducing
conformationally restrained amino acids, novel non-native functionalities, or amino acids
with an enhanced hydrophobic effect.!

The field of protein design and engineering aims to achieve the functions of proteins in
novel structures and/or the development of novel functions in proteins. The goals include
achieving protein function within smaller structures, developing new structural topologies,
de novo catalytic activity, and the development of hyperstable proteins. The use of
conformationally restricted amino acids has had particular application in achieving enhanced
protein stability and in stabilizing protein recognition epitopes within small peptides,
especially in medicinal chemistry applications of peptides.>

Proline residues are unique among the canonical amino acids, due to the conformational
restraint of backbone cyclization and the presence of a tertiary amide bond.* These structural
characteristics limit the available conformations for proline residues, with the ¢ torsion
angle restricted to —65° + 25°. The conformational restriction and absence of a hydrogen
bond donor results in proline being preferentially observed in certain structural contexts,
including secondary structure termination, loops, turns, and polyproline helices (PPII).
Proline residues are also preferentially employed in biomolecular recognition based on their
distinction from other canonical amino acids, the hydrophobicity of the pyrrolidine ring, and
the possibility of favorable aromatic-proline interactions.

Proline has two key conformational equilibria: endo versus exo ring pucker, and trans versus
cis amide bond (Figure 1).# Proline ring pucker correlates with protein ¢ and  main chain
conformation, with an exo ring pucker favoring more compact conformations (PPII, ag) and
an endo ring pucker favoring more extended conformations.® Trans versus cis amide bond
conformation defines the w torsion angle, with the cis conformation strongly preferring the
endo ring pucker. Thus, control of proline ring pucker permits control of all protein
backbone torsion angles (¢, ¥, ).’

The most abundant human protein, collagen, exhibits obligatory hydroxylation of proline at
certain positions (Yaa of the XaaYaaGly collagen repeat, consensus sequence ProHypGly)

to 4R-hydroxyproline (Hyp).® Proline hydroxylation results in a substantial enhancement of
the stability of collagen, via the induction of a stereoelectronic effect.® This stereoelectronic
effect is manifested in a preferred gauche relationship of the 4-hydroxyl substituent and the
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carbon-amide bond (Figure 2, Figure 3, Figure 4). The sterically disfavored gauche
conformation is preferred due to favorable hyperconjugative interactions from overlap of
electron-rich oy orbitals and electron-deficient 0*¢_x orbitals (X = amide or hydroxyl in
Hyp).!0 This favorable gauche interaction leads to a preference for 4R-Hyp to adopt the exo
ring pucker. Analogously, the non-native 4.5-hydroxyproline (hyp) diastereomer leads to a
preference for the endo ring pucker. The strength of this interaction depends on how
electron-withdrawing the 4-substitutent is, with a more electron-withdrawing group leading
to a greater stereoelectronic effect and a greater conformational preference for the sterically
disfavored conformation. Thus, the incorporation of 4 R-fluoroproline (Flp) in place of Hyp
in collagen mimetic peptides leads to enhanced collagen triple helix stability due to the more
electron-withdrawing nature of fluorine versus hydroxyl, and thus a greater preference for
the exo conformation required at the Yaa position of collagen. In contrast, incorporation of
non-electron-withdrawing 4 R-methyl substituent, with a steric preference for an anti
conformation, or an electron-withdrawing 4 .S-fluoro (flp) substituent, leads to a bias toward
the endo ring pucker. The endo ring pucker is destabilizing at the Yaa position of collagen
but stabilizing at the Xaa position, which is typically a Pro residue with an endo ring pucker
and a more extended conformation.!!

The stereospecific effect of proline 4-substitution on ring pucker is also manifested in amide
cis-trans isomerism (@ torsion angle). The exo ring pucker stabilizes the trans amide bond,
whereas an endo ring pucker is strongly favored in a cis amide bond. In proteins, proline
amide conformation at specific residues is conserved evolutionarily.!2 Moreover, proper
amide conformation is necessary for protein function. Cis-trans isomerism is often a rate-
determining step in protein folding, with prolyl isomerases critical enzymes for rapid folding
of proteins and for prevention of protein misfolding.!? In addition, there are a growing
number of examples of proteins with two alternating functions, one of which is mediated by
having a prolyl cis amide and another with a trans amide.'* Slow or incorrect prolyl cis-trans
isomerism has also been implicated pathologically in protein misfolding. For example,
overexpression of the prolyl isomerase Pinl slows tau misfolding and neurofibrillary tangle
formation in cellular models of Alzheimer's disease.!” Strategies to stabilize cis or trans
amide bonds thus can directly impact protein structure, stability, and function.

In addition to the stereoelectronic (gauche) effect on controlling ring pucker, and thus
protein main chain conformation, conformations in peptides containing proline residues are
affected by a favorable n—7* interaction between adjacent carbonyls (Figure 3).9P- 16 In the
n—7* interaction, which is also observed in non-proline residues, !¢ there is orbital overlap
between a lone pair (n) on the carbonyl oxygen of the 7 residue with the 7* orbital of the
carbonyl at the carbon of the /+1 residue, with a near-ideal Biirgi-Dunitz trajectory
internuclear angle. This n—7* interaction is strongest with an exo ring pucker on the proline
residue, and fundamentally impacts the conformational preferences of proline residues, thus
connecting proline ring pucker with protein secondary structure.

The ability to control protein structure through the incorporation of stereodefined substituted
proline residues, either by favoring particular conformations or through enhanced
hydrophobic effect, is an emerging strategy to increase protein stability and/or activity.
Proline derivatives have been incorporated into collagen mimetics and other advanced
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materials, in neurotransmitter receptor proteins, in enzymes, in synthetic polyproline
scaffolds, and in globular proteins, in addition to many peptides with diverse

applications.” 14d- 162, 17 Certain proline derivatives (particularly fluoroprolines) have been
incorporated into expressed proteins, either site-specifically through amber suppression/
orthogonal aminoacyl tRNA synthetases or by global incorporation at all proline amino
acids in proline auxotrophic bacterial strains.!4d: 17¢. 171 j. 170, 18 1y every case, protein
stability, activity, and/or function is dependent on both the identity and the stereochemistry
of the substitution, allowing modulation of function in a manner that is predictable based on
the known conformational preferences of proline derivatives.

The presence of proline in critical biological recognition and structural motifs has inspired
the synthesis of a wide range of proline derivatives.!? Interest in the synthesis of modified
proline residues has also risen due to the reemergence and substantial advances in proline-
catalyzed organic reactions.2” There is an extensive history of development of novel proline
derivatives, particularly for applications in medicinal chemistry, which has been the stimulus
for the synthesis of most proline derivatives.>®: 19- 21 Proline derivatives have also been
significantly applied to the field of collagen mimetics, where multiple copies of proline
derivatives are incorporated in the collagen triple helix, allowing modulation of stability of
synthetic collagens.%-11-17a-f.h.p-q

A range of creative strategies has been developed for the synthesis of proline derivatives,
both based on cyclization strategies and based on modification reactions on the
commercially available and inexpensive Hyp. The structural effects of proline modification
have been extensively measured and categorized based on a combination of steric effects
and stereoelectronic effects. In addition to synthetic proline derivatives, it has also been
observed that hydroxyproline may be natively phosphorylated (observed in rat crystallin
protein and in diatom biosilica) and glycosylated (observed in plant cell walls).22 Moreover,
within bacteria, fungi, sponges, algae, and higher plants, an even wider range of proline
analogues has been identified, in compounds with antibiotic, antifungal, and other
activities, 192 19¢

While a significant number of proline derivatives have been synthesized, the application of
these novel proline amino acids is restricted by the substantial solution phase synthetic effort
to make each derivative as an Fmoc or Boc amino acid suitable for solid phase peptide
synthesis, with typically 5-7 steps required per amino acid, including protection and
deprotection strategies for the amine and carboxylic acids. For the preparation of a series of
peptides, each with a different modified proline amino acid, for example to test structure-
activity relationships, there is the requirement to synthesize each protected amino acid in
solution, then incorporate each into a peptide, repeating all amide coupling steps N-terminal
to the site of modification. While there has been an increase in the commercial availability
of proline derivatives in recent years, highlighting the interest in their applications, these
amino acids are generally quite expensive, other than the naturally derived 4R-Hyp.23

We recently communicated an approach, termed proline editing, to address the synthetic
challenges of preparing peptides with proline derivatives.2* In proline editing, the
commercially available and inexpensive amino acid Fmoc-4 R-Hyp is incorporated in a
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peptide and orthogonally protected in an automated manner. After the peptide synthesis is
completed, the hydroxyproline trityl protecting group is removed and the hydroxyl group
selectively modified in an otherwise fully protected peptide on solid phase. This approach
was applied in a model peptide, Ac-TYPN-NH,, and was used to synthesize 4 R- and 4.5-
fluoro, hydroxyl, and O-nitrobenzoate proline-containing peptides, as well as the 4-
oxoproline and 4,4-difluoroproline derivatives. That work was subsequently applied to
incorporate proline derivatives in a more complex peptide, Andersen's trp cage miniprotein,
and used to modulate the stability of the trp cage in a manner that was predictable based on
stabilization or destabilization of the observed exo ring pucker at residue 12 of the trp
cage.!”" This strategy fundamentally employs the peptide main chain as a “protecting
group,” abrogating the need to protect the amine and carboxylic acid functional groups. It is
also a fundamentally diversity-oriented strategy, since a single fully synthesized peptide can
be converted into a series of peptides exhibiting diverse functional groups and/or structural
effects. Herein we provide a full description of the proline editing approach, considerably
expanding the scope of the proline derivatives that may be incorporated into a peptide by the
method and broadly examining the effects of incorporated proline derivatives on structure
and in applications.

Design of the model peptide

2425 that was chosen to

Proline editing was examined within a model tetrapeptide contex
contain a central tyrosine-proline sequence (residues /1 and /+2) that promotes cis amide
bonds via a favorable interaction between the aromatic and proline rings (Figure

5).5a.b,5d. e, 5h, 26 The ; (Thr) and 43 (Asn) residues were selected to further promote cis
amide bond formation.2>-26- 26¢. 27 This context permits the ready examination of the
structural effects of proline modification by "H NMR. The parent peptide Ac-TYPN-NH,
exhibits a Kians/cis = 2.7 in aqueous solution at room temperature, with all amide protons
resolved and 3J,N values measurable to allow identification of the effects of proline
modification on peptide main chain conformation. This model peptide has also been applied
to examine aromatic effects on peptide structure, replacing tyrosine with electon-rich and
electron-deficient aromatic amino acids as well as control peptides containing Ala and
cyclyhexylalanine (Cha).o" 24. 28 In this context, it was observed that aromatic electronics
correlated with cis-trans isomerism (Kians/cis), With electron-rich aromatics favoring cis
amide bond via a CH/m interaction between the aromatic ring and the prolyl ring, while
electron-deficient aromatics, as well as Cha and Ala, relatively favored a trans amide bond
due to the absence of a favorable CH/m interaction. By combining electronic and
stereoelectronic effects, it was demonstrated that peptides containing aromatic-proline
sequences could be designed to strongly promote cis (Ac-TWfIpN-NH», Ki;ang/cis = 0.65) or
trans (Ac-T(4-NO;,-Phe)HypN-NHj, Kians/cis = 20.1) amide bonds. In the current work, a
series of peptides was synthesized via proline editing to examine the effects of proline
substitution on cis-trans isomerism, via a combination of stereoelectronic and steric effects
on proline conformation and thus consequently on peptide main chain conformation.
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Synthesis of protected Hyp peptides

The central concept of proline editing is to incorporate a Hyp residue within a peptide and to
subsequently modify the Hyp using stereospecific reactions at the y-hydroxyl. Hyp is
commercially available as an Fmoc amino acid either with a free hydroxyl group or
protected as the #butyl ether. Since #butyl is a common protecting group in Fmoc solid
phase peptide synthesis, and is not readily removed selectively on solid phase, proline
editing was accomplished via coupling of the unprotected Fmoc-Hyp-OH via standard solid
phase peptide synthesis (Scheme 1). The Hyp hydroxyl group was then trityl-Protected using
trityl chloride in an automated manner, via programming as a double coupling with trityl
chloride (and optionally imidazole) in place of an amino acid in the second coupling
position. The trityl-Protected peptide was then subjected to standard solid phase peptide
synthesis to complete the synthesis of the peptide, which proceeded cleanly. The
effectiveness of this approach was demonstrated both within the model peptide and within
the trp cage miniprotein.!”" 24 282 After peptide synthesis was completed, the trityl group
could be selectively removed with 2% TFA and subjected to reaction chemistry on the free
hydroxyl.

In order to potentially allow the incorporation of multiple different proline derivatives
within a peptide, we also examined alternative and orthogonal protecting group strategies for
the Hyp hydroxyl.2? Using an analogous approach, we were able to readily protect the Hyp
as a silyl (TBS) ether using TBSCI with subsequent deprotection with TBAF on solid phase
(Scheme 2). We also were able to protect the hydroxyl as an Alloc carbonate, although this
method required elevated temperature and was not conducted as part of an automated
synthetic procedure (Scheme 3). In addition, we also found that direct acylation of the Hyp
hydroxyl after coupling proceeded readily as an alternative, using the orthogonally
removable (NaN3/MeOH)30 nitrobenzoate ester or via acylation and alkylation to generate
the bromoacetyl and subsequently azidoacetyl derivatives (Scheme 4). The direct acylation
of Hyp approach was also applied in the synthesis of some modified trp cage miniproteins

via proline editing.!”*

Selective and stereospecific modification of Hyp residues in peptides on solid phase

After peptide synthesis and Hyp deprotection, the free Hyp-containing peptide could
potentially be subjected to a series of modification reactions to control stereochemistry, to
promote specific structures, and to introduce novel functional groups into peptides (Scheme
5). The reactions examined include the generation of sulfonates and other leaving groups for
substitution reactions; Mitsunobu and related stereospecific inversion reactions; acylation;
and oxidation. Because we sought to synthesize peptides containing any given functional
group with defined stereochemistry at the 4-position, we examined the conduct of these
reactions on either the 4R (trans relative stereochemistry, indicated with upper case in 3-
letter codes and red lettering) or 4.5 (cis relative stereochemistry, indicated with lower case
and blue lettering) hydroxyprolines. The coupled 4 R-Hyp (1) was readily converted on solid
phase to 4S5-hyp (4) via Mitsunobu reaction with 4-nitrobenzoic acid and subsequent
selective removal of the nitrobenzoate with NaN3 in MeOH (Scheme 6, Figure 6), providing
access to both 2.5-hydroxyproline diastereomers (Hyp (4R) and hyp (4.5)) on solid phase.3?
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Synthesis of hydoxyproline sulfonates and Sy2 reactions

Fluorination

We examined the conversion of hydroxyproline-containing peptides to incorporate sulfonate
leaving groups, for modification on solid phase or in solution (Scheme

7).19a. 21b, 21e. 21j. k. 31 Hydroxyproline residues were readily converted to include leaving
groups including mesylates, tosylates, para-nosylates, and ortho-nosylates. These derivatives
were stable to standard TFA cleavage conditions and isolable as the sulfonates (see below
for structural analysis of the sulfonates and all derivatives). Attempts to synthesize the more
reactive triflates and tresylates for solid phase SN2 reactions did not succeed and resulted in
formation of multiple side products (data not shown).

The application of sulfonates for the synthesis of diverse 4-substituted prolines via SN2
reactions was examined with a series of nucleophiles (Scheme 8), including thiolate, azide,
and iodide. These reactions were applied to generate the respective 4-substituted prolines,
including the highly versatile 4-azidoprolines (4R (18) and 4.5 (21)) with good

conversion. 170 P- 21£. 32 1 addition, the azidoproline-containing peptides were converted to
the ionizable aminoprolines (19, 22) and guanidinoprolines (20, 23) via reduction of the
azide to the amine and guanylation.2!l- 3133 In general, the proline mesylates (5, 6) and
para-nosylates (9, 10) were similarly effective for SN2 reactions on solid phase (see HPLC
chromatograms in the Supporting Information), whereas the tosylates (7, 8) were less
effective, resulting in poorer conversion and/or more side products.2-

Synthesis of 4.S-substituted prolines via SN2 reaction involved a straightforward 2-step
protocol of conversion of Hyp to a sulfonate followed by Sn2 reaction on the sulfonate
(Scheme 7 and Scheme 8). In contrast, synthesis of 4 R-substituted prolines via Sn2
chemistry as described above involved Mitsunobu inversion with nitrobenzoic acid, azide-
mediated release of the nitrobenzoate ester, sulfonylation to generate a leaving group, and
then SN2 reaction. While these 4-step sequences proceeded with high conversion in several
cases, a shorter protocol to access 4 R-subsituted prolines via Sy2 chemistry would be
preferable. Alcohols can be converted to halide leaving groups with inversion via
Mitsunobu-like reactions with appropriate halide sources. Therefore, as proof of principle,
we investigated the synthesis of the 4 R-thiophenyl proline-containing peptide (16) via direct
conversion of Hyp to 4.5-bromoproline (25), followed by SN2 reaction with the
thiophenolate (Scheme 9).314: 34 Both reactions proceeded with good overall conversion,
providing simpler two-step access to 4 R-substituted prolines via SN2 reaction.

reactions

Fluoroprolines have been the most broadly employed 4-substituted proline derivatives after
hydroxyproline, due to the strong stereoelectronic effect induced stereospecifically by
fluorine substitution, which results in strong structural preferences (Figure

2).1.m, 9, 16a, 17a-f, 17h-m, 35 {Jsing the appropriate hydroxyprolines, both the 4R (Flp, 27) and
4. (flp, 26) fluoroproline-containing peptides were synthesized using conditions analogous
to those developed for the solution phase synthesis of these amino acids (Scheme 10).3¢ The
flp-containing peptide is readily accessible directly in one step from Hyp (Figure 6a, entry
3). While the Flp peptide requires a three-step peptide modification from Hyp, including two
stereoinversions, it nonetheless proceeds with good conversion (Figure 6a, entry 5).
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Comparison of the NMR of the Flp-containing peptide synthesized via proline editing and
the peptide synthesized using commercially available ($265/1 g) Fmoc-Flp-OH revealed
identical NMR spectra, confirming that these reactions proceeded stereospecifically and
without alpha-epimerization (see the Supporting Information for details).

Mitsunobu reactions

Mitsunobu reactions are among the most broadly employed reactions for the modification of
alcohols, occurring with stereospecific inversion of stereochemistry.3” Mitsunobu reactions
require a relatively acidic proton (pK, < 11) on the nucleophile, and thus were examined
with carboxylic acids, phenols, thiophenols, selenophenol, phthalimide,
hydroxyphthalimide, and thiolacetic acid (Scheme 11). Mitsunobu conditions were applied
for the solid phase modification of both 4 R- and 4.5-hydroxyproline-containing peptides to
generate a series of esters, ethers, and thioethers.

Mitsunobu reactions of phenol derivatives to yield aryl prolyl ethers proceeded readily,
including with the modestly sterically hindered 2,6-dimethylphenol and with the electron-
deficient pentafluorophenol (Scheme 11, 29-38).216- 21i. 38 Other aryl prolyl ethers
synthesized included cyanophenyl, which could be used as a spectroscopic probe (IR or
fluorescence, see below), and aryl halides (I, Br) for palladium-mediated cross-coupling
reactions. These phenyl ethers could also be employed to tune the recognition properties of
proline-containing peptides.2!b- 21i- 38 While all other Mitsunobu reactions herein were
conducted with DIAD, the Mitsunobu reactions with iodophenol and bromophenol both
proceeded to higher conversion using the more reactive ADDP than they did with DIAD.

Thiophenol and selenophenol are larger chalcogen analogues of phenol. In addition to longer
C-S and C-Se bonds and larger electron clouds, and thus greater sterics than oxygen, the
thiophenyl and selenophenyl ethers are subject to modification by oxidation, and thus their
properties tunable by oxidation. Mitsunobu reactions on solid phase with Hyp and hyp
proceeded readily for 4-nitrothiophenol and selenophenol (derived from in situ reduction of
diphenyl diselenide with sodium borohydride) (Scheme 11, 39-42).31 In contrast,
Mitsunobu reaction with thiophenol only proceeded to high conversion for hyp, to generate
the 4R phenyl thioether (16). The 4.5 phenyl thioether (17) was instead synthesized by Sn2
reaction (Scheme 8), which was also alternatively used to synthesize the 4R phenyl thioether
(Scheme 8 and Scheme 9).21P

4-Thioproline (4-mercaptoproline, Mpc (4 R)/mpc (4.5)) has recently been employed to
prepare collagen mimetics that are readily modified by alkylation, oxidation, or pH-
dependent structural switching.3? 4 R-thioproline has also been demonstrated to be highly
effective in native chemical ligation reactions at proline.*? Given the range of structural,
redox, nucleophilic, and metal-binding properties of cysteines and the emerging role of
cysteine oxidation (disulfide, glutathionylation, sulfenic acid, sulfinic acid, S-nitrosylation)
in intracellular post-translational modifications, 4-thioproline could potentially have broad
applications if there were increased accessibility.21&: 28b-41 4_Thijoproline-containing
peptides were readily synthesized via Mitsunobu reaction with thiolacetic acid, to generate
the thioesters (43, 45), followed by deesterification to generate the free thiols (44, 46),
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which was conducted on solid phase and can also be effected in solution after TFA
21g, 28b

cleavage.
Mitsunobu reactions in general proceed poorly with amines. However, amines can be
prepared via Mitsunobu reaction with phthalimide, followed by hydrazine deprotection. In
addition, Mitsunobu reactions with phthalimide-protected hydroxylamines allow the
introduction of aminoxy substitutents into molecules, with the possibility after hydrazine
deprotection of a functional group capable of rapid chemoselective oxime formation.*? The
phthalimide and hydroxyphthalimide Mitsunobu reactions proceeded readily on solid phase
on both Hyp- and hyp- containing peptides to generate the desired products (Scheme 11, 47,
48, 49, 51).21P The hydroxyphthalimides were also deprotected on solid phase with
hydrazine to generate after TFA cleavage the aminoxy peptides (50, 52). Notably, a previous
synthesis of the protected Fmoc 4 R-aminoxyproline required 9 steps of solution phase
synthesis.*2b

Halides are excellent leaving groups for substitution chemistry and also allow modulation of
steric and stereoelectronic effects as a function of halogen size and electronegativity. The
4.5-chloro, -bromo, and -iodo prolines (Scheme 11, 53, 25, 24) were all synthesized cleanly
under Mitsunobu conditions and were stable to TFA cleavage and under aqueous conditions
(Scheme 11).19a. 322, 33b.43 4 ¢ Bromoproline was employed directly on solid phase for the
SN2 reaction with thiophenol (Scheme 9, see above).31d- 342 4§ Todoproline was generated
more cleanly under Mitsunobu conditions than by SN2 reaction with sodium iodide and 4 R-
hydroxyproline nosylate (above, Scheme 8).

Of particular interest was the application of the Mitsunobu reaction with perfluoro-zer#-
butanol (pK, 5) to incorporate a perfluoro-fer+-butyl ether with either stereochemistry (55,
56).** ter-Butyl groups have broad applications in medicinal chemistry and catalysis due to
their sterics, hydrophobicity, and symmetry, which permits target binding with a reduced
cost in conformational entropy. fert-Butyl groups have similar advantages in amino acids
and peptides, with fert-leucine observed in pharmaceuticals and catalysts due to a strong
conformational bias and steric effect.*> A perfluoro-tert-butyl group would be expected to
have enhanced steric and hydrophobic effects over a fer-butyl group, while also introducing
nine equivalent fluorines that would provide a strong singlet signal in !°F NMR, suggesting
its possible use as a functional probe. 1€ 1. m. 44b. 46 Mitsunobu reactions of perfluoro-tert-
butanol proceeded with good conversion on solid phase to generate both 4 R- and 4.5-
perfluoro-zer-butylhydroxyproline ethers (55, 56) within peptides (Scheme 11). These
reactions were more synthetically demanding than other Mitsunobu reactions, and proceeded
substantially more effectively on lower loading resin (0.3-0.4 mmol/g) than on standard or
higher loading resin (0.6-0.9 mmol/g). Other reactions that benefited from lower loading
resin are specifically indicated as such in the Supporting Information.

Acylation reactions and reactions on acylates

Acylation of alcohols is a facile reaction that, combined with the large number of available
carboxylic acids, could provide ready access to a wide range of substituted proline
derivatives, including those that might induce significant stereoelectronic effects (due to the
electron-withdrawing effects of the substituent) and those incorporated for the functional or
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recognition properties of the conjugated substituent. Hydroxyproline-containing peptides
were readily acylated on solid phase using DIC/DMAP, providing access to peptides
containing diverse functional groups. (Scheme 12). Acylation could be conducted on both
Hyp and hyp peptides; alternatively, the formation of the 4.5 esters of hyp can be more
directly conducted by Mitsunobu reaction on Hyp with the relevant carboxylic acids
(Scheme 9).

Acylation was applied to incorporate a broad range of functionalities, including modified
proline residues with enhanced hydrophobic effect, proteinogenic side chain functional
groups, reactive groups, and affinity ligands (Scheme 12). Hydrophobic groups added to
proline include benzoates, acetates, and pivaloylate, which differ in hydrophobicity and in
alkyl versus aryl functionality, and which could be used to optimize target binding (3,
57-61).*7 Acylation was particularly effective for the incorporation of polar amino acid side
chain functional groups. Functionalities added include ammonium (lysine mimetics (62, 63),
via B-alanine), guanidinium (arginine mimetics (64, 65), via the guanidino acid33¢: 33k 48 of
[-alanine), and carboxylates (aspartic/glutamic acid mimetics (66-70), via maleic anhydride,
succinic anhydride, or glutaric anhydride).2!¢- 49 In addition, amino acids or peptides could
be directly incorporated at the site of the hydroxyproline. This approach, via a 3-alanine
linker, allowed the incorporation of a cysteine residue (1,2 aminothiol functionality (73)),
for native chemical ligation, and of an RGD peptide (72), for cell surface recognition.!h- 50
Acylation also permitted the incorporation of other reactive functional groups for subsequent
further modification. Functionalities thus introduced via acylation reactions included a-
bromo acetates (74, 75) for SN2 reactions, biotin (76, 77) for affinity recognition, maleimide
(78) for Michael reaction with thiols or for Diels-Alder reactions, alkyne (79) for Huisgen
[3+2] cycloaddition, NHS ester (80) for reaction with amine nucleophiles, acrylate (81) for
polymerization, and tetrazine (82) for tetrazine-trans-cyclooctene ligation.’! These reactions
were all conducted on solid phase, and the peptides containing reactive functionalities
isolated in good yield after standard TFA cleavage/deprotection (typically using
TFA/TIS/H,0 and avoiding thiol additives such as ethanedithiol that could react with these
functional groups, particularly maleimide, fumarate, alkyne, and NHS esters). The acrylate
ester was particularly sensitive to reaction and cleavage/deprotection conditions, requiring
oxygen and hydroquinone as inhibitors of polymerization; even under these conditions the
acrylate exhibited evidence of polymerization and substantially lower overall desired
product formation than other reactions, though the peptide was still isolable and
characterized by NMR.

SN2 reactions are among the most versatile in their capability to stereospecifically
incorporate a range of functional groups into molecules. The mesylate, tosylate, p-nosylate,
o-nosylate, iodo, bromo, chloro, and bromoactetyl-substituted prolines thus represent a
versatile range of derivatives for subsequent peptide modification. Bromoacetates exhibit
enhanced Sn2 reactivity due to the adjacent carbonyl. In addition, substitution at the primary
carbon is faster and provides a spacer element between the proline and potential conjugates.
As proof of principle for the application of the hydroxyproline bromoacetate as an
alternative site of modification, we examined a series of SN2 reactions on this peptide on
solid phase (Scheme 13). These reactions proceeded to high conversion with azide, alkyne,
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primary amine, aniline, and thiol nucleophiles (83-90). These reactions proceeded under
milder conditions than those on proline 4-sulfonates (Scheme 8), with all reactions
proceeding at room temperature, in contrast to elevated temperature and/or the presence of a
crown ether in reactions on the corresponding proline-4-sulfonates. In addition, some
nucleophiles that did not react cleanly or at all on the proline 4-sulfonates (phenyl acetylene,
allyl mercaptan) proceeded with high conversion on the bromoacetates. The azide and allyl
thioether acetates also subsequently reacted more rapidly in bioorthogonal ligation reactions
than the equivalent derivatives directly substituted on proline (see below), presumably due
to reduced steric hindrance. In sum, these data indicate that hydroxyproline bromoacetates
are an effective alternative site for modification of proline residues with nucleophiles.

Oxidation reactions

Alcohols may be oxidized under a variety of conditions to the corresponding carbonyls.
Following established solution conditions for oxidation of protected hydroxyprolines,36¢ the
Hyp-containing peptide was readily oxidized to 4-oxoproline (91) (Scheme 14).312 4-
Oxoproline contains an interesting ketone electrophilic handle that is not normally present in
proteins. Notably, ketone-containing acetophenone and benzophenone derivatives of
phenylalanine have been exploited as electrophiles in ligation reactions in proteins.>2
Oxidation reactions could also modulate the structure of 4-substituted proline derivatives,
through either steric or stereoelectronic effects. The proline thiophenyl ethers could be
selectively oxidized to either the sulfoxide or sulfone derivatives (Scheme 14, 92-95)21b
The sulfoxides were obtained as an inseparable mixture of diastereomeric sulfoxides. The

4 R-diastereomeric sulfoxides (92) were produced in an approximately 1:1 ratio and had
apparently similar effects on cis/trans isomerism, though the NMR spectra exhibited distinct
resonances in the amide region for the sulfoxide diastereomeric species. In contrast, the 4.5
substituted thioether appeared to produce one sulfoxide diastereomer preferentially over the
other (93), presumably due to the greater steric restraints present in the 4.5 diastereomer
(Figure 3). Notably, the 4.5-selenophenyl ether could be oxidized to generate the 3,4-
dehydroproline (96) elimination product,3!® which modulates the proline ring and main

chain conformations and introduces an internal alkene to the peptide.!92 33

Phosphorylation is a major intracellular post-translational modification of proteins.>*

Phosphorylation of proteins can lead to protein-protein interactions, or alternatively or
additionally may lead to protein structural changes, particularly within natively disordered
regions of proteins. !5 43¢ 55 The TYPN peptide model system provides a context for
potentially understanding the inherent stereoelectronic effects of phosphorylation, to provide
a basis for understanding structural effects of protein phosphorylation. In addition, recent
work has found that proteins may be phosphorylated and glycosylated on hydroxyproline
residues, suggesting a richer range of post-translational modifications accessible in this
residue.?? In order to address these questions, both 4R and 4.5 diastereomers of
hydroxyproline were modified to the phosphorylated and to the diethylphosphate triester
forms (Scheme 14, 97-100). Notably, phosphorylation ionization state changes as a function
of pH, and therefore the structure of peptides with phosphorylated hydroxyproline could
change as a function of pH.
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Subjection of the 4-oxoproline-containing peptide to the fluorinating reagent DAST
generated the 4,4-difluoroproline-containing peptide (101) (Scheme 15).17b-21d.36c 4 4_
Difluoroproline is a noteworthy amino acid because it is conformationally similar to Pro,
exhibiting a mixture of exo and endo ring puckers, while reducing the activation barrier for
cistrans isomerism.!7¢ Thus, given that cis-trans isomerism is commonly a rate-determining
step in protein folding, peptides or proteins containing 4,4-difluoroproline could exhibit
enhanced rates of protein folding. 4,4-Difluoroproline also could be exploited for a
potentially enhanced hydrophobic effect in proteins without significantly changing the
inherent conformational preferences of the protein. !¢ 1. ™ 4 4-Difluoroproline also
introduces two 19F atoms as potential NMR probes of protein folding and function (see
below). Notably, 4,4-difluoroproline has been incorporated in expressed proteins in proline
auxotrophs, although the °F NMR spectra of these proteins have not been reported.17¢: 18b

Ketones are otherwise exploitable as chemical handles in peptides. Peptide cleavage/
deprotection of the 4-oxoproline-containing peptide in the presence of the typical thiol
scavenger ethanedithiol resulted in isolation in high yield of the 4,4-dithiolane-containing
peptide (102) (Scheme 16).215-21d Notably, the proline 4,4-dithiolane amino acid is part of
the ACE inhibitor drug Spirapril.21¢ This reaction could also potentially be exploited to
conjugate other thiols into 4-oxoproline-containing peptides. Alternatively, the 4-
oxoproline-containing peptide (91) was cleanly obtained using TIS and water as scavengers.

Ketones are readily converted to amines using reductive amination. Reductive amination
was accomplished on the 4-oxoproline-containing peptide on solid phase using isobutyl
amine and sodium triacetoxyborohydride (Scheme 16), generating the substituted 4-
aminoproline as a mixture of diastereomers (104, 105), with the 4R diastereomer the major
diastereomer (9:1 4R:4.5). The stereochemistry of the major and minor diastereomers
obtained by reductive amination was confirmed by the stereospecific synthesis of both
diastereomers via SN2 reactions. Alternatively, 4-aminoproline could react with an aldehyde
on the solid phase to generate a substituted 4-aminoproline (103). Reductive amination
provides a handle to incorporate both amines and the functional groups associated with the

amine.

Organometallic reactions on solid phase

The derivatives described above include a range of chemical handles capable of application
in organometallic reactions, including azides, alkenes, alkynes, and aryl halides. We initially
examined the exploitation of these groups for peptide modification on solid phase (Scheme
17). The 4.5-hydroxyproline bromophenyl ether was subjected to standard conditions for the
Suzuki reaction, resulting in facile generation of the cross-coupled product (106) of reaction
with the boronic acid of p-anisole. Similarly, the 4.5-hydroxyproline iodophenyl ether
readily underwent a Sonogashira reaction with phenyl acetylene on solid phase to generate
the disubstituted alkyne (107). The azidoproline-containing peptides also reacted on solid
phase with phenyl acetylene to form either the 4- or 5-substituted triazoles (108, 109, 112,
113), depending on the use of copper or ruthenium catalyst.1¢: 56 The azidoproline peptides
also readily underwent copper-mediated azide-alkyne coupling with 1-ocytne (110, 111).
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These approaches may be useful for solid phase diversification of peptide ligands in

medicinal chemistry and other applications.3®

Solution phase and bioorthogonal modification of peptides using proline derivatives

Unnatural amino acids containing unique functional groups can introduce reactivity not
present within canonical amino acids.>’ Aryl halides, azides, alkynes, alkenes, 1,2-
aminothiols, maleimides, tetrazines, and hydroxylamines incorporated via proline editing
thus provide a diverse and complementary toolkit for the site-specific modification of
peptides and proteins within defined structural contexts. In order to examine the possible
application of these 4-substituted proline residues in bioorthogonal ligations, these
derivatives were subjected to established solution reaction conditions.

Organometallic reactions provide unique selectivity in modification at distinct functional
groups. In particular, palladium-mediated cross-coupling reactions have achieved
preeminent status due to high chemoselectivity under highly diverse reaction conditions.
Peptides containing proline iodophenyl and bromophenyl ethers were examined under
conditions developed by Davis and Lin for aqueous Suzuki and Sonogashira cross-coupling
reactions (Scheme 18).58 These palladium-catalyzed reactions proceeded rapidly (30-45
minutes reaction at 37 °C) and cleanly to generate products (106, 107) with high conversion
in mild, neutral aqueous conditions. Suzuki-Miyaura reactions proceeded effectively with
both the aryl bromide and the aryl iodide under these conditions, as did the palladium-
catalyzed Sonogashira reaction with the aryl iodide, using the alternative dimethylamino
ligand.

As expected, both the 4-azidoproline and the 4-azidoacetate of hydroxyproline reacted
readily with the model alkyne phenyl acetylene in the [3+2] Huisgen azide-alkyne coupling
under copper-mediated conditions (109, 114).170-P. 32¢. 59 I general, the azidoacetate
reacted more rapidly than the azidoproline, likely due to reduced steric restriction, though
both were effective in azide-alkyne coupling reactions.

Alkenes provide an alternative, orthogonal handle for chemical reactivity. Allylic groups
substituted with chalcogens provide enhanced reactivity in cross-metathesis reactions, with
reactivity Se > S > 0.90 The allyl thioether acetate of hydroxyproline reacted rapidly (30
minutes, 37 °C) in cross-metathesis with allyl alcohol in water (115), in a manner similar to
reactions previously described with S-allyl cysteine, O-allyl tyrosine, and S-allyl-
thiophenylalanine,28b- 60

Bioorthogonal reactions that do not require a metal catalyst have particular value in
intracellular and extracellular labeling and in situations where removal of metal catalysts
would be problematic.5”- ©! Four types of reactions were examined for peptide modification
at proline under metal-free conditions: native chemical ligation reaction via 1,2-aminothiol
(116), Diels-Alder reaction via maleimide (117), inverse electron demand tetrazine-trans-
cyclooctene cycloaddition via conjugated tetrazine (118) (Scheme 19), and oxime reactions
(Scheme 20) via 4-aminoxyproline (119-122) or via 4-oxoproline (123).42. 51a-d, 62 A )
model reactions proceeded cleanly in high conversion. The oxime reaction with 4-
oxoproline proceeded more slowly and required aniline as a nucleophilic catalyst to achieve
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high conversion (123).422 The fastest reactions in this group were tetrazine-trans-
cyclooctene ligations (118) and oxime reactions between aldehydes and 4.S-aminoxyproline
(119-122). The 4 S-aminoxyproline reactions proceeded without added nucleophilic catalyst
and allowed the rapid incorporation of diverse functional substituents, including 4-fluoro-
benzaldehyde (122), which has been synthesized in one step in 8F-labeled form and
subsequently incorporated via oxime chemistry in RGD peptides, hormone peptides, the
hormone protein leptin, and a ligand of the CXCR4 chemokine receptor for application

in 18F-positron emission tomography (PET).%3

The range of functionalities incorporated in 4-substituted prolines provides the possibility of
performing multiple bioorthogonal ligations in parallel, with potential future applications of
incorporating multiple modifications within a single protein.®2b- %4 As proof of principle,
peptides containing tetrazine, hydroxylamine, and maleimide functionalities were incubated
in a single solution with the reactive partners trans-cyclooctene, isovaleraldehyde, and
cyclopentadiene. These reactive functionalities ligated selectively and rapidly (30 minutes)
in aqueous solution in good yield with their reactive partners in the presence of the
alternative reactive groups. Notably, all of these reactions are metal-free. These data suggest
that substituted prolines could be broadly applied as sites of multiple selective ligations
within peptides and proteins. In this context, it is noteworthy that proline residues commonly
occur in loops and turns and in natively disordered sequences, and are thus often at or near
the surface or proteins. % 63

Structural analysis of the stereospecific effects of proline substitution in model peptides

Stereospecific substitutions on proline residues can significantly impact peptide and protein
conformation (Figures 2, 3, 4). 4R-Hydroxylation (Hyp) of collagen at the Yaa position is
obligatory for collagen stability and function, and 4 R-fluorination (Flp) provides enhanced
stability in collagen model peptides. In contrast, 4.5-hydroxylation (hyp) or 4.5-fluorination
(flp) at the same position dramatically destabilizes collagen model peptides, due to the
stereoelectronic preference for an endo ring pucker in these derivatives.3- 172, 17d-, 17h The
magnitude of stereoelectronic effects on conformation allows modulation of the stability of
collagen and other proline-containing proteins. However, stereoelectronic effects can be
counteracted by steric effects. For example, 4.5-methyl proline may substitute effectively at
the Yaa position of collagen model peptides because this substitution leads to a steric
preference for an anti relationship between the methyl substituent and the amide about the
Cy-C§ bond, and thus a preference for an exo ring pucker (Figure 2).73- 11- 66 Thus, the
interplay between steric and stereoelectronic effects provides alternative approaches to tune
proline side chain and main chain conformation.

The derivatives described above represent a continuum of proline substitutions, representing
both steric and stereoelectronic effects modulated by substitution, with both relative
stereochemistries. Numerous proline derivatives have been analyzed for their
conformational effects as the methyl esters of acetylated amino
acids.3-9:11.17a-¢,0.39.43.47.66.70 Many of these substituted prolines have also been examined
in collagen model peptides, where multiple copies of the proline derivative are incorporated
in the collagen triple helix (3-30 proline substitutions, depending on single site (host-guest)
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modification (three copies via one copy in each strand of the triple helix) or global
substitution at the Xaa or Yaa site in collagen model peptides ((ProHypGly),, n = 7-10) (3 x
n = 21-30 substituted prolines)). The Ac-TYPN-NH, peptide is an intermediate structural
context, in which substitutions can impact the conformation of adjacent amino acids without
impacting tertiary structure, and thus complements the limiting cases of isolated amino acids
(Ac-Prox-OMe) and the tertiary structure of a collagen triple helix (e.g. (ProProxGly);_1g or
(ProxProGly)7.19, where Prox = 4-substituted proline). These peptides were analyzed by
NMR spectroscopy (Figure 7, Table 1, Table 2, Table 3, and Supporting Information) to
provide a readout of stereoelectronic versus steric effects for proline substituents, revealing
additional context on the conformational effects of substitution for established proline
derivatives and new data on the conformational effects of proline substitution for a wide
range of previously unsynthesized or unstudied proline derivatives.

In addition to providing data on the conformational effects of proline substitution, the NMR
spectroscopy also confirms that the reactions proceeded stereospecifically, as expected. As
noted above, one method used to confirm that sequences of multiple reactions proceeded
stereospecifically was the conversion of Ac-TYHypN-NH; to Ac-TYhypN-NH,
(stereospecific Mitsunobu inversion) and the subsequent modification of the hyp-containing
peptide with DAST on solid phase to generate Flp (Scheme 6, Scheme 10). The NMR
spectrum of the peptide containing Flp synthesized via proline editing was identical to that
of the peptide containing Flp synthesized using commercial Fmoc-Flp-OH, confirming that
the two sequential stereospecific inversions had proceeded with expected stereochemistry
and more generally indicating that all peptides derived from both Hyp and hyp were
originating from the expected stereochemistry.

In general, the NMR spectra of peptides with the same stereochemistry and similar
electronics were relatively comparable in global appearance, while peptides with the same
substituent but opposite stereochemistry were divergent in appearance, indicating that the
main effects of modification were determined by the stereochemistry and electronics of the
4-substitutent (Figure 7 and Supporting Information). However, one potential alternative
side reaction of proline modification chemistry is epimerization at the alpha carbon. Thus, in
addition to the 25,4R (Hyp) and 25,4.S (hyp) hydroxyproline derivatives, the peptides with
2RA4S (p-hyp) and 2R.4R (o-hyp) hydroxyprolines were synthesized and analyzed by NMR
spectroscopy, in order to identify the NMR signatures of peptides with alpha epimerization.
These peptides were synthesized via coupling of Fmoc-o-hyp-OH and Fmoc-»-hyp-OH,
which were prepared by solution phase synthesis using controlled epimerization of Hyp,
subsequent modification by standard solution phase synthetic methods, and full
characterization of the amino acids.!72- 7 Comparison of the Ac-TY ProxN-NH; peptides
containing all four hydroxyproline stereoisomers indicates distinct NMR spectral signatures
for all four stereoisomers (Figure 8). In particular, the NMR signatures of peptides with 2R
stereochemistry (o-hyp (125) and o-hyp (126)) are easily distinguished from those containing
2S stereochemistry, as would be expected based on the substantial literature describing the
large conformational effects of replacement of .- with - amino acids in peptides. For proline
these conformational effects are particularly significant because of the obligatory switch of
proline from the left side of the Ramachandran plot to the right side of the Ramachandran
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plot. Interestingly, the peptide containing n-hyp exhibited expected cis-trans isomerism
about the Tyr-o-hyp bond, whereas the peptide containing no-hyp exhibited no evidence of cis
amide bond, with the peptides exhibiting very different NMR spectra from each other. Given
the number of peptides employing p-Pro-Gly, o-Pro-.-Pro, and other o-Pro sequences in turns
and in cyclic peptides, these data suggest substantial potential applications in the use of
stereoelectronic effects to control conformation in heterochiral peptides. k- 2h- 3d. 201, j. 68
Global analysis of the peptides allows the comparison of the effects of proline substitution
on cis-trans isomerism in Ac-TY ProxN-NH, peptides as a function of the stereochemistry
and the nature of the substituent (Figure 7, Table 1, Table 2, Table 3). Three key parameters
were examined initially: K.,/ 1s the equilibrium constant of trans to cis prolyl amide bond
(Figure 1); the free energy of proline modification on cis-trans isomerism relative to proline
(AAGians/cis = AGrans/cis (peptide) — AGyans/cis (Pro)); and the effect of proline modification
on the backbone conformation at Tyr in the cis conformation (3J,y = coupling constant
between HN and H,,, which can be correlated to ¢ via a parametrized Karplus relationship,
with smaller values indicating more compact conformations).®® We also noted specific
changes in Thr Hy-methyl and Asn HN chemical shifts in peptides as a function of proline
substituent electronics and stereochemistry, indicating that proline 4-substitution changed
the conformation of the entire peptide, and that the effects of proline modification should be
considered within a broader structural context than cis-trans isomerism.’?

In total, 109 different 4-substituted prolines were analyzed by NMR within this peptide
context (Figure 7, Table 1, Table 2, Table 3, and Supporting Information). For 41
substituents, data were collected on both the 4 R- and the 4.5-substituted variants of the
functional group, and the free energy difference of conformational effects of the
stereoisomeric substitutions on cistrans isomerism calculated (Table 2). Comparison of the
NMR data of the peptides revealed three general trends. First, for electron-withdrawing 4-
substitutents, the Ac-TY ProxN-NH, model peptide context provides a basis for the
comparison of stereoelectronic versus steric effects. Based on these data, benzoates,
substituted acetates, and fluorine had the largest stereoelectronic effects, with aryl ethers,
hydroxyl, azide, and sulfonates displaying relatively smaller overall effects on cis-trans
isomerism. Second, increasing the size of the atom connected to the proline resulted in
reduction or elimination of the stereoelectronic effect as a function of steric size and/or
reduced electronegativity, suggesting that steric effects were becoming dominant in
determining conformation. Third, the effects of a substitution on conformation could be
modulated by changes in protonation state, oxidation, or other chemical reactions (e.g.
cycloaddition, oxime formation, or cross-coupling reaction).

Protonated-aminoxy, phthalimide-protected aminoxy, isobutylaminoacetoxy, benzoates, and
fluoro were the most potent substitutions to change peptide conformation. In all of these
cases, either a highly electron-withdrawing atom is directly connected to the proline ring, or
an electron-withdrawing atom bound to additional electron-withdrawing atoms (e.g.
nitrogen, carbonyl) was attached to the ring, enhancing the stabilization that could be
provided by hyperconjugation (Figure 2) and thus enhancing the conformational bias
induced by the substituent. Lesser effects were observed with hydroxyl, aryl ethers,
sulfonates, and azide, with the effects of azide modification similar to those of hydroxyl.
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These differences could be due to reduced inherent stereoelectronic effect, and/or due to
steric interaction of these functional groups with the adjacent peptide backbone or side
chains leading to an increased preference for the less sterically congested anti conformation,
effects that would not be observed within acetylated amino acid methyl esters lacking this
extended context.

Effects of proline substitution within the Ac-TY ProxN-NH, context could also potentially
be influenced by interaction of the proline substituent with the tyrosine aromatic ring. This
prospective interaction is more likely with the 4 R substituent, which is on the same face of
proline as that with which tyrosine interacts via the proline Ha in an aromatic-proline
interaction (Figure 5). Therefore, in order to more thoroughly quantify stereoelectronic
effects of peptides, for a representative subset of substitutions the Ac-TA ProxXN-NH,
peptides (127-149) were also synthesized and analyzed by NMR (Table 4, Table 5, and
Supporting Information).®”? These peptides lack a tyrosine ring that can interact with the
proline. In general, proline editing reactions on Ac-TA ProxN-NH, peptides proceeded more
readily (shorter reaction times, lower temperatures, and/or higher conversions) than those on
Ac-TY ProxN-NH; peptides, presumably due to aromatic-proline interactions suppressing
proline accessibility, suggesting that Ac-TY ProxN-NH, peptides, with sterically demanding
groups both N-terminal (TyrOMBu) and C-terminal (Asn(Trt)) to proline, are an appropriate
test of the generality of proline editing.

The data on Ac-TA ProxN-NH; peptides broadly corroborated that of Ac-TY ProxXN-NH,
peptides. The order of stereoelectronic effects F >benzoates > OH ~ N3 >sulfonates was
observed in both series. Benzoates exhibited lower overall effects on cis-trans isomerism in
Ac-TA ProxN-NH; peptides than they did in Ac-TY ProxN-NH, peptides, although in 4.5
peptides the effects of benzoates were still greater than those of fluorine in Ac-TA ProxN-
NH; peptides. Interestingly, even in Ac-TA ProxN-NH; peptides, which lack the possibility
of an aromatic-proline interaction, the 3/, of Alag less than 5 Hz in 4.S-substituted
prolines indicated significant conformational restriction in the main chain (¢ torsion angle)
at alanine, consistent with type VIal f-turn formation. These data suggest that, within the
context of a cis amide bond, an endo ring pucker more effectively promotes type VIal -
turns than an exo ring pucker does. Similarly, Asn,,¢ also exhibited a chemical shift that
was dependent on the stereochemistry and electronics of substitution (more downfield for
electron-withdrawing 4 R substitutents, more upfield for electron-withdrawing 4.5
substitutents), as it did in Ac-TY ProxN-NH, peptides, suggesting that these backbone
effects were inherent to proline conformational restriction via 4-substitution.

The effects of sterics on switching proline conformational preferences were readily observed
when the atom directly attached to the proline ring was substituted with larger atoms or was
multiply substituted (Figure 7c). The 4.5-N-phthalimide-substituted proline exhibited a
strong preference for trans amide bond, despite the electronic effect of two carbonyls bound
to the nitrogen. The trisubstituted nitrogen is apparently highly sterically demanding, leading
to a conformational preference for trans amide bond despite the electron-withdrawing nature
of the phthalimide. Similarly, replacement of an oxygen in an aryl ether with sulfur
neutralized the conformational preferences of both 4R and 4.5 substitution, and substitution
with selenium reversed the conformational preferences, with the 4.5-selenophenyl ether
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exhibiting a higher population of trans amide bond than the 4 R-selenophenyl ether.
Likewise, for mercaptoproline, the 4.5 configuration had a greater preference for trans amide
bond than the 4R configuration, both in thiol and thiolate protonation states (Figure 7d,
Table 3), as has been seen previously.3? In addition, the 4.S-iodoproline had a higher
Ki1ang/cis than the bromo, chloro, or fluoro derivatives, consistent with reduced
stereoelectronic and increased steric effects for the iodide compared to the smaller halides.

Oxidation of the thiophenyl ether also resulted in an increase in sterically directed
conformational effects (Figure 7d). For the thiophenyl ether, the 4.5 and 4 R configurations
exhibited similar Kians/cis- Oxidation of the thioether to the sulfoxide led to similar
conformational preferences, despite the presence of an additional electron-withdrawing
oxygen and increased positive charge on sulfur that would be expected to enhance a
stereoelectronic effect. Further oxidation to the sulfone led to a clear sterically dependent
preference of 4.5 for trans conformation and 4R for cis conformation relative to proline,
despite the even greater electron-withdrawing effects of the sulfone.28P

Two ionizable proline derivatives exhibited particularly noteworthy pH-dependent
conformational preferences. First, 4-aminoproline exhibited non-standard conformational
preferences when protonated, with the 4.9 substitution having a greater trans preference than
the 4 R substitution, despite an ammonium having a stronger stereoelectronic effect than an
amine.339- 33f These effects of anomalously high trans amide bond stabilization from an
endo-favoring residue have been previously described for protonated 4.5-aminoproline in
both acetylated amino acid methyl esters and in polyproline helices.33" 70 This effect has
been described as due to hydrogen bonding between the ammonium and the proline
backbone carbonyl (here, the carbonyl conjugated to the Asn amide) for the protonated 4.5
aminoproline, an interaction not possible for the 4 R-aminoproline. Indeed, the chemical shift
of Asny,ns is highly aberrant for protonated 4.5-aminoproline, consistent with a hydrogen
bond between the ammonium and the carbonyl, with § = 8.93 ppm for protonated 4.5
aminoproline compared to & = 8.08 ppm for hyp, & = 8.18 for flp, and 6 = 7.91 for 4.5-
azidoproline, typical values for electron-withdrawing 4 .S-substituents (Table 1, Table 3
Figure 6¢). Interestingly, although the acetamide of 4-aminoproline also showed evidence of
this intramolecular hydrogen bonding in the acetylated amino acid methyl esters, in our
work herein the 4.5-guanidinium-substituted proline did not exhibit this same effect, despite
similarly favorable geometry and electrostatics.

Protein phosphorylation is an important post-translational modification whose structural
effects are not well understood. Bielska and Zondlo observed that serine/threonine
phosphorylation of peptides from the tau proline-rich domain induced a conformational
change to polyproline helix, but the structural basis for this conformational change was not
described.*3&- 1 Phosphorylation could introduce conformational restriction on proline
through steric effects, stereoelectronic effects, or through attractive or repulsive interactions
with the peptide backbone. The TY ProxN and TA ProxN peptide contexts could be used to
better understand the nature of the effects of phosphorylation on protein structure.
Comparison of the phosphorylated hydroxyproline peptides with the non-phosphorylated
hydroxyproline peptides suggested that phosphorylation indeed may induce a
stereoelectronic effect, with a greater effect in the monoanionic form than the dianionic
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form. These data are consistent with the idea that phosphorylation leads to conformational
restriction through a combination of stereoelectronic effects and either repulsive or attractive
backbone interactions, as the largest structural effects of phosphorylation are in the dianionic
form. Interestingly, the neutral diethylphosphate exhibited a modestly reduced apparent
stereoelectronic effect compared to the monoanionic or dianionic phosphates or to
hydroxyproline, indicating that the diethyl phosphate is a more sterically demanding
substituent.

Beyond these initial parameters on cis-trans isomerism, coupling constants, and amide
proton chemical shift, the conformational preferences for a subset of peptides were
evaluated more thoroughly with additional information provided by TOCSY data. Analysis
of proline side chain chemical shifts revealed apparent signatures for proline ring pucker that
are consistent with the effects on Kiang/cis described above. For example, substitutions with
larger Kirans/cis than Pro also had a larger A8 of the diastereotopic proline beta protons,
whether the effect was due to an electron-withdrawing 4 R substitutent or to a sterically
demanding 4.5 substituent. In contrast, the opposing modifications that led to smaller
Kirans/cis than Pro (45-electron-withdrawing, 4 R-sterically demanding) had smaller AS of the
diastereotopic beta protons. These trends were observed in both 7YProxN and TAProxN
peptides. A similar dichotomy was observed in the AS of the diastereotopic proline gamma
protons, with 45-electron-withdrawing and 4 R-sterically demanding substituents (lower
Kyans/eis) €xhibiting a larger AS of the diastereotopic gamma protons, while the opposite
substitutions (higher Kj,;,¢cis) displayed a smaller AS. Additional trends consistent with
conformational preferences were observed in the N-terminal acetyl protons and the Thr
methyl protons. Changes in ring pucker are also supported by changes in coupling patterns
of HP and Hy protons (see the Supporting Information for details). In total, the NMR data
indicate that the effects of proline substitution are translated over the structure of the entire
peptide as a function of the stereochemistry, stereoelectronic effects, and sterics of the 4-
substituent.

To further examine the effects of proline substitution on peptide structure, a series of
peptides containing 4R-, 45- and 4,4-disubstituted prolines was examined by circular
dichroism (Figure 9). The circular dichroism signatures of the peptides will predominantly
represent the conformation of peptides with the major trans amide bond, particularly for
peptides with residues with a strong preference for an exo ring pucker (4R stereochemistry).
The CD data were consistent with NMR data indicating that proline substitution modulates
peptide main chain conformation as a function of both stereochemistry and electronics of
substitution. In particular, proline 4R and 45 substitution led to conformational effects that
were divergent in opposite directions from proline and with the stereoelectronic effects of
azidoproline more modest in a peptide context than those of hydroxyproline, fluoroproline,
or acetylated hydroxyproline.

Interestingly, 4,4-disubstitutued prolines, whose Kj..s/cis Values were similar to proline
herein and previously in acetylated amino acid methyl esters, exhibited CD spectra in
peptides that were substantially different from each other and/or proline.!7? ¢ 4,4-
Difluoroproline (101) in a peptide exhibited a CD spectrum similar to proline (Figures 9a
and 9g), suggestive of its potential application at the site of proline with minimal
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thermodynamic effect on structure. In contrast, peptides containing 4-oxoproline (91)
(Figure 9f) and proline-4,4-dithiolane (102) (Figure 9h) exhibited CD spectra that were
substantially different from those of proline, as was also seen in their NMR spectra (Figure
7b). The 4,4-dithiolane in particular exhibited both unique NMR and CD spectra that were
distinct from those of any other peptide examined in this study, and that in particular were
very different from that of 4-oxoproline, presumably due to the greater steric demand of the
4.4-dithiolane. These data suggest that potentially distinct conformational effects may be
induced with disubstituted prolines in peptides.

Proline derivatives as handles for IR, fluorescence, and 19F and 77Se NMR spectroscopy

Proline editing is capable of incorporating a range of functional groups into peptides,
including derivatives that can serve as spectroscopic probes. The cyanophenyl ether
derivative synthesized above includes an aryl nitrile, which could potentially be employed as
a probe for either infrared or fluorescence spectroscopy, as has been described for 4-
cyanophenylalanine.”! Analysis of the IR spectrum (Figure 10) of the peptide Ac-TAP(4.5-
OPhCN)N-NH,(145) in H,O revealed a strong IR absorbance at 2233 cm™!, a
spectroscopically quiet region in the IR of proteins, with resultant high signal to noise.
These data suggest that cyanophenyl hydroxyprolines may be useful infrared probes via site-
specific incorporation at a proline residue.

Due to extended conjugation of the nitrile, cyanophenyl ethers also exhibit strong
fluorescence. In order to understand the relationship of peptide structure to fluorescence, the
fluorescence spectra of the peptides Ac-TYP(4 R-OPhCN)N-NH,(35), Ac-TYP(4.5-
OPhCN)N-NH»(36), and Ac-TAP(45-OPhCN)N-NH,(145) were examined (Figure 11 and
Supporting Information) and compared to the control peptide Ac-TYPN-NH,. The
fluorescence excitation and emission spectra of cyanophenylhydroxyproline-containing
peptides reveal a strong absorbance with a broad excitation maximum Ap,x = 262 nm and
fluorescence emission at A,y = 295 nm. Comparison of the data of tyrosine- versus alanine-
containing peptides indicates evidence of fluorescence resonance energy transfer or
quenching between cyanophenylhydroxyproline and tyrosine: the tyrosine-containing
peptides exhibited both substantially reduced fluorescence compared to the alanine-
containing peptide and stereochemistry-dependent fluorescence intensities. Comparing Ac-
TAP(45-OPhCN)N-NH; and Ac-TYPN-NH,, cyanophenyl hydroxyproline had 7.5-fold
greater fluorescence intensity than tyrosine with excitation at 265 nm. Based on its
fluorescence emission wavelength, cyanophenyl hydroxyprolines are expected to be
appropriate FRET donors for tryptophan, as has been described for cyanophenylalanine.”?
Proline editing was employed to incorporate a range of substitutions into peptides. Among
these modifications were derivatives that incorporate spin-1/2 nuclei that could be used as
NMR probes, specifically probes that might be exploited site-specifically without
background from natural sources.”3 I°F NMR spectra were collected for fluorinated proline
peptides (Figure 12), including those containing flp (26), Flp (27), 4,4-difluoroproline (101,
134), pentafluorophenyl ethers (33, 34), and perfluoro-zert-butyl ethers (55, 56). 1F NMR
spectra are characterized in general by excellent chemical shift dispersion, a feature which
was observed in fluorinated peptides, with an overall chemical shift range of over 100 ppm
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in the fluorinated peptides: & from —70 ppm (perfluoro-tertbutyl ethers) to —178 ppm
(fluoroprolines), with difluoroprolines (~ —100 ppm) and aryl fluorines (~ —160 ppm)
intermediate (Table 6). The 'F NMR spectra corroborated the Kirans/cis Values observed
by 'H NMR. The perfluoro-fert-butyl hydroxyproline peptides were noteworthy for the
fluorine signal existing as a sharp singlet, with 9 equivalent fluorines, suggesting potential
applications as a magnetic resonance probe with high signal to noise.4b- 46

Interestingly, in the 4,4-difluoroproline-containing peptides (Figure 12cd), the diastereotopic
fluorines exhibited almost identical chemical shifts when in the trans conformation,
appearing as a pseudo-singlet for Ac-TYP(4,4-F»)N-NH, (101, Figure 12¢) due to AS < /g
and exhibiting strong second order effects due to similar chemical shifts (AS ~ Z/gg) in Ac-
TAP(4,4-F»)N-NH, (134, Figure 12d). In contrast, the diastereotopic fluorines exhibited
substantial chemical shift dispersion (AS = 8-10 ppm) and 2Jgf (= 252 Hz) coupling of the
geminal fluorines in the cis conformation. This amide conformation-dependent chemical
shift dispersion was also observed in Ac-TAP(4,4-F;)N-NH,, indicating that the dispersion
was not due to interaction with the tyrosine aromatic ring but was an inherent effect
dependent on amide trans versus cis conformation. These results suggest that 4,4-
difluoroproline could potentially be a useful magnetic probe of prolyl amide cis-trans
isomerism, which is difficult to easily identify within proteins.”* Notably, 4,4-
difluoroproline may be incorporated in expressed proteins in proline auxotrophic bacteria,
although curiously no °F NMR spectrum has been reported for these proteins.!7¢- 180
Selenium is a redox-sensitive trace element present in proteins as selenocysteine and
selenomethionine.”> 77Se NMR has emerged as a useful spectroscopic probe due to the rare
nature of selenium in proteins, its ready substitution for sulfur, and its large chemical shift
dispersion that is highly sensitive to oxidation state. These properties result in information-
rich NMR spectra with good signal to noise due to the absence of background 7’Se signals,
despite only 7.6% natural abundance of 7’Se and a relatively low gyromagnetic ratio.’® To
examine the possible application of selenoproline analogues as NMR probes, the 7’Se NMR
spectrum of the selenophenyl proline peptide Ac-TYP(4R-SePh)N-NH;(41) was collected
(Figure 13). The proton-decoupled data exhibit a sharp singlet at 299.9 ppm, compared to a
chemical shift of 462.8 ppm for the reference compound PhSeSePh, consistent with large
chemical shift dispersion in 7Se NMR that makes it useful for probing oxidation and
biological interactions.

Discussion

We have described a practical approach to the synthesis of peptides with proline residues
stereospecifically modified at the 4-position with diverse functionalities and structural
preferences. Proline editing involves the incorporation of the inexpensive amino acid
Fmoc-4 R-Hydroxyproline by standard solid phase synthesis, protection 7n sifu in an
automated manner on solid phase, and subsequent synthesis of the rest of the peptide. The
fully synthesized peptide is then selectively deprotected at the hydroxyproline, and the
hydroxyproline selectively and stereospecifically modified via reactions including
Mitsunobu, sulfonylation, SN2, acylation, and oxidation. The critical difference between
solid phase modification via proline editing and solution phase reactions is the elimination
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of the cumbersome need for protecting group chemistry and manipulation on the amine and
carboxylic acid functional groups, with the peptide main chain serving as the “protecting
group.” In addition, because the modification reactions are performed on solid phase, the
reactions are conducted with excess reagents that are washed away after each synthetic step,
without the usual need in solution synthesis for the separation, isolation, and purification
after each reaction step. In proline editing, the only purification step is standard HPLC
purification required after any peptide synthesis. This practical aspect allows the rapid
conduct of multistep synthetic sequences compared to similar sequences by solution phase
chemistry. Moreover, typically solution syntheses of modified prolines are conducted on the
more stable Boc- or Cbz-protected amines, then converted to Fmoc protection for solid
phase peptide synthesis. Combining the practical advantages of solid phase synthesis with
the lack of protection/deprotection/reprotection steps involving the amine and carboxylic
acid, proline editing synthetic sequences are both fewer steps and more easily conducted
than the sequences to prepare the equivalent Fmoc amino acids.

Proline editing provides access to a wide range of 4-substituted prolines with diverse
substitution and control of stereochemistry, with both 4R and 4.5 substitution demonstrated
for most proline derivatives. In total, peptides with 123 different 4-substituted proline amino
acids were synthesized, of which 56 were novel amino acids never previously described, and
many more were amino acids synthesized and used only once or just a small number of
times. In contrast to proline editing, synthesis of each proline amino acid as an Fmoc amino
acid for application in peptide synthesis would involve 5-9 steps of solution phase synthesis
per amino acid, and would also involve the repetitive solid phase synthesis of each peptide
with a different proline amino acid separately. In contrast, proline editing is both practical,
with no solution phase synthesis, and diversity oriented, with a single fully synthesized
peptide capable of being modified to generate a series of peptides with divergent proline
substituents. Notably, the approach is general for several classes of reactions, and thus could
be used to incorporate a broad range of additional functionalities not described in this work.

Functionalities incorporated include electrophiles (sulfonates, halides, ketone, maleimide,
NHS ester, bromoacetate), nucleophiles (amine, thiol, aminoxy, 1,2-aminothiol),
bioorthogonal functionalities (azide, alkyne, alkene, aryl halides, tetrazine), entities for
polymerization in biomaterials (acrylate), affinity groups (biotin, RGD), fluorescence and IR
spectroscopic probes (aryl nitrile, azide), NMR probes (’’Se, 1F), hydrophobic groups, and
native amino acid functional groups. Moreover, the reactive functional groups could be
modified on solid phase and in neutral aqueous solution to further diversify the peptides,
using reactions including azidealkyne coupling, Sonogashira and Suzuki-Miyaura cross-
couplings, Diels-Alder reaction, Grubbs olefin cross-metathesis, native chemical ligation,
reductive amination, tetrazine-transcyclooctene ligation, oxime formation, and reductive
amination. Combining these reactions with a wide array of available reactive partners
provides substantial opportunities for even broader functionalization of peptides containing
these amino acids (e.g. rapid solution incorporation of furan, alkene, and fluorine functional
groups demonstrated in oxime reactions in solution). Most notably, the range of functional
groups incorporated in 4-substituted prolines included several different derivatives whose
reactivities were orthogonal to one another, and thus which were capable of selective
reaction in the presence of other functional groups capable of alternative selective reaction.
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This work suggests the possibility of modifying a peptide with multiple functional groups
capable of independent modification, and thus the possibility of multiple functionalizations
of a single peptide in aqueous solution. As proof of principle of this concept, three parallel
bioorthogonal reactions were conducted in aqueous solution using three peptides containing
different functional groups in the presence of three different reactive small molecules, with
rapid (30 minutes) and selective modification of all three peptides observed with excellent
conversion.

4-Substitution of proline residues induces side chain conformational preferences that bias
peptide and protein main chain conformation, in a manner dependent on the stereochemistry
of the substitution and on the sterics versus electronics of the substitution. Specifically,
proline 4 R-substitution with electron-withdrawing groups or 4.S-substitution with sterically
demanding groups leads to a preference for the proline exo ring pucker, which leads to a
stronger preference for trans amide bond and for more compact @, ¢ torsion angles (ag,
PPID). In contrast, proline 4.5-substitution with electron-withdrawing groups or 4 R-
substitution with sterically demanding groups leads to a preference for the proline endo ring
pucker, which leads to a greater relative preference for a cis amide bond or for more
extended ¢, wtorsion angles. Due to these strong conformational biases, a variety of 4-
substituted prolines have been broadly used to control peptide and protein structure,
particularly within collagen mimetics but also in medicinal chemistry, biomaterials, and
globular proteins. Proline editing was employed to incorporate 4-substituted prolines with
divergent steric and electronic properties of substitution, and thus with a wide range of
conformational properties. The effects of 4-susbstitution were quantified for 109 proline
derivatives within a peptide context, which differs in context from simple acetylated amino
acid methyl esters, which lack adjacent amino acids whose conformations could affect or be
affected by the proline derivatives, and from the tertiary structure of collagen triple helices.
NMR analysis of these proline derivatives revealed a continuum of conformational effects
for the 4-substituted prolines described herein, and most notably indicated that the effects of
proline modification were propagated beyond the proline amino acid to the entire
tetrapeptide, with structural differences observed in all amino acids in the Ac-TY ProxN-
NH; peptides that were a function of stereochemistry, sterics, and electronics of substitution.
This work specifically allowed quantification of the structural effects of a wide range of
proline 4-substitutents, including a majority that have not been previously examined, with
1.3 kcal/mol tunability in the free energy of cis-trans isomerism observed (9-fold change in
Kirans/cis) in the proline derivatives studied and in general distinct structures observed for the
4R- versus 4 .S-substituted diastereomers of the peptides in all cases.

Among the derivatives synthesized were modified proline residues that contain amino acid
functional groups and could function as structurally constrained mimics of the encoded
amino acids Cys, Asp, Glu, Phe, Lys, Arg, Ser, and Thr, as well as the post-translationally
modified amino acids phosphoserine and phosphothreonine (Figure

14),21b. 21e, 211, 31d, 33b. ¢. 77 Conformationally constrained amino acids and amino acid
mimetics have a long history in medicinal chemistry to identify ligand binding
conformations and to optimize ligands for high selectivity for targets, and have been also
applied in protein and materials design to tune protein stability and function. The canonical
amino acids have multiple available conformations, considering both ¢,  space and y space,
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which is important to their plasticity to adopt different structures. In contrast, specific target
binding usually involves the conformational entropy cost of adopting defined conformations.
Limiting the available main chain and side chain conformations via conformationally
restricted amino acid mimetics provides the possibility of tailored, structurally defined
functions. This is particularly true given the greater flexibility of non-proline amino acids
and the ability of proline-substituted amino acids to adopt most of the major protein
secondary structure conformations, including a-helix and PPII via exo-favoring residues or
more extended conformations via endo-favoring residues. Conformations where the main
chain amide is a hydrogen bond donor are obviously not accessible via these proline-based
amino acid mimetics, although this limitation is less significant in view of the critical role of
loops and turns in the conformations of bound ligands, particularly those bound to GPCRs
and other receptors.®8d, 78 Indeed, much of the original work to synthesize novel 4-
substituted proline amino acids was conducted to increase ligand binding to GPCRs, integrin
receptors, enzymes, and other proteins. Optimization of ) space in particular has proven
fruitful in controlling ligand conformation and binding, due to the coupling of side chain
conformation to main chain conformation.32¢ Therefore, numerous examples have been
developed of conformationally restricted versions of the canonical amino acids, including a
substantial number of proline-derived amino acid mimetics, and these amino acid mimetics
have proven highly valuable in diverse applications, particularly in medicinal

chemistry 2 21b. 21d-g. 211, j. 211, 31c. d. 33b-k. 48b. ¢, 77.79 The 4 R- and 4.S-substitituted proline
amino acid derivatives described herein provide the ability to broadly functionalize proline
beyond the minimal natural proline modifications, and to easily incorporate proteinogenic
functional groups within structured contexts.

The key limitations of proline editing are the dependence on 4-substitution (due to the
availability of commercial amino acid) and the dependence for direct modification of the
proline ring on reactivity at an unactivated secondary carbon. Thus, while numerous Sn2
and Mitsunobu reactions were achieved successfully, several nucleophiles exhibited no
significant product formation, including most significantly carbon nucleophiles (cyanide,
alkyne, malonate) that were unreactive with sulfonates on solid phase. These functionalities
potentially could be incorporated via the more activated bromoacetate electrophile, as was
done using phenyl acetylene as a nucleophile in an SN2 reaction, and was done under milder
conditions for sodium azide, thiophenol, and isobutylamine as SN2 nucleophiles. However,
the ester linkage thus employed, while highly general, could be limiting for some
applications, most notably situations in which the peptide would be exposed to esterases.
The amide linkage with 4-aminoproline, demonstrated with the biotin derivative, could
potentially be an alternative in these cases. Furthermore, while all of these reactions were
conducted on functionally rich and relatively sterically hindered peptides (Ac-TY ProxIN-
NHj,, containing protected alcohol, phenol, and side chain (trityl-)amide functional groups
and an aromatic-proline interaction that is persistent in organic solvents; and, in some cases,
on the trp cage), obviously some reactions (most notably oxidation reactions) will be
incompatible with certain functional groups (Met, Cys, and potentially Trp) in peptides.
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Conclusion

The work herein describes proline editing, a general and highly practical approach to the
synthesis of peptides modified at the 4-position of proline to incorporate a broad range of
functional groups to control peptide structure, reactivity, and function. Potential applications
of these functional groups were demonstrated in rapid, high yielding, and orthogonal
modifications of peptides on solid phase and in neutral aqueous solution. Proline editing was
also applied to broadly interrogate the effects of 4R- and 4.5-substitutions on peptide
structure within a peptide context. We expect this work to have broad applications in new
approaches to synthesize structured functional peptides, to understand steric and
stereoelectronic effects on peptide and protein structure, and to incorporate novel
functionalities into peptides and proteins.
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azp
Boc
15-C-5
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angiotensin converting enzyme
azodicarboxylic acid dipiperidide
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right-handed a-helix conformation
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Figure 1.
Proline conformational equilibria. (a) Cis-trans isomerism of the prolyl amide bond. In

proteins, 95% of prolyl amide bonds are trans, 5% are cis. The trans and cis amide bond are
in slow exchange on the NMR timescale, so the relative populations (Kirans/cis = [peptide
with trans amide bond]/[peptide with cis amide bond]) are determined via quantification of
their distinct NMR resonances. (b) Exo and endo ring puckers of proline. Exo and endo ring
puckers are in rapid equilibrium. (c) Definition of main chain torsion angles in proline.
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Figure 2.

Stereoelectronic effects in 4-substituted prolines lead to a preference in the Cy-CS bond for
a gauche relationship between the amide and electron-withdrawing 4-substituents. (a) In 4 R-
fluoroproline (Flp) and 4.S-fluoroproline (flp), two major hyperconjugative interactions
stabilize the gauche conformation: orbital overlap between the electron-rich C-Hg bond (o)
and the electron-deficient C-F bond (c*) (left), and orbital overlap between the electron-rich
C-H, bond and the electron-deficient C-N bond (middle). When N and F are anti, neither
stabilizing interaction is possible (right). Additional hyperconjugative stabilization is
provided by an anti arrangement between a beta proton and the fluorine when Flp is exo or
when flp is endo. (b) Manifestation of gauche effects on ring pucker. With electron-
withdrawing substituents, a gauche conformation with 4 R-substitution leads to a strong
preference for exo ring pucker, while a gauche conformation with 4.S-substitution leads to a
strong preference for endo ring pucker. The exo/endo preference thus depends on both the
stereochemistry of the substitution and how electron-withdrawing the substituent is. For
sterically demanding and/or non-electron-withdrawing substituents, the reverse preferences
will be observed due to a steric preference for anti over gauche conformation. Newman
projections are simplified to show idealized torsion angles.
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Figure 3.

Effects of proline ring pucker on main chain ¢, 9, and @ torsion angles. (a) 4-Substituted

\

-ulll

proline residues can bias proline ring pucker by stereoelectronic effects or by steric effects.
(b) An n—7* interaction between the carbonyl lone pair (n) of residue 7 and the 7* orbital of
the carbonyl on the subsequent residue (7+1) provides local organization of the protein main
chain, including stabilization of the trans amide bond and the ag and PPII conformations.
This interaction is preferential with the Cy-exo ring pucker of proline and is only possible
with a trans amide bond.
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Figure 4.
Most-studied 4-substituted proline derivatives, three letter codes, and their conformational

preferences. Red color and upper case 3-letter code indicates trans relative stereochemistry
(4R substitution) of the 4-substituent and the carbonyl. Blue color and lower case 3-letter
code indicates cis relative stereochemistry (4.5) of the 4-substitutent and the carbonyl. Green
color indicates 4,4-disubstituted prolines. EWG = electron-withdrawing group. Non-
electron-withdrawing or sterically demanding substituents have opposite conformational
preferences: 4 R-substituted methylproline (X = CH3) and 4 R-mercaptoproline (X = SH)
favor Cy-endo ring pucker, while 4.5-substituted-methylproline and 4.5-mercaptoproline

favor Cy-exoring pucker.’® 11.39
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Figure 5.
Aromatic-proline CH/m interactions between H, (partially positive due to adjacent electron-

withdrawing groups) and the negatively charged aromatic 7 face leads to an increased
preference for cis amide bond in aromatic-proline sequences such as the model peptide
sequence Ac-TYPN-NH,.
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Page 39

Representative crude HPLC chromatograms of proline editing reactions on solid phase,

including inversion of hydroxyproline stereochemistry, sulfonylation, SN2, Mitsunobu,

acylation, oxidation, and solid phase organometallic reactions. HPLC chromatograms for the
synthesis of all peptides are in the Supporting Information (Part 2). (a) Representative
reaction products from Hyp (1), including oxidation (entry 2 (91)), DAST reaction (entries 3
(26) and 5 (27) (via hyp)), Mitsunobu reaction (entries 4 (52), 7 (56)), sulfonation (entry 6
(5)), 3-step sequences via Mitsunobu reaction on hyp (entries 8 (43), 9 (16), 10 (41)),
acylation plus SN2 (entry 11 (83)), acylation (entries 12 (64), 13 (79)), and phosphorylation
(entry 14 (97)). Entry 5 (Flp) includes flp as a minor impurity in the chromatogram due to
incomplete Mitsunobu reaction to form the hyp starting material for the DAST reaction. (b)
Synthesis of 4.5-acetoxy allylthioether (90) from Hyp (1) via Mitsunobu inversion to the hyp
nitrobenzoate (2), azidemediated deesterification to hyp (4), acetylation to the bromoacetate
(75), and SN2 reaction with allyl mercaptan. (c) Synthesis of the 45-azide-alkyne
cycloaddition product (109) from Hyp (1) via mesylation (5), SN2 reaction with sodium
azide (21), and copper-mediated Huisgen cycloaddition. (d) Synthesis of the 4.5-Sonogashira
product (107) from Hyp (1) via Mitsunobu reaction with 4-iodophenol (37) and Pd-mediated
cross-coupling with phenylacetylene.
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Figure 7.
Representative 'H NMR spectra (5 mM phosphate (pH 4 unless an ionizable proton is

present), 25 mM NaCl, 90% H,0/10% D,0) of Ac-TYP(4-substituted)N-NH, peptides with
4-substituted prolines, with species with trans and cis amide bonds and Kiyane/cis indicated.
The largest differences between 4 R- versus 4.5-substituted peptides are observed in Kirang/cis»
the 8 of Tyrgjs and Asnyans, and the 3/, of Tyrg. These effects are modulated as a function
of the nature of the substituent with the 4R or 4.5 series. (a) Stereoelectronic effects of 4-
substituents. (b) Disubstituted prolines. The NMR spectrum of 4-oxo-proline also includes
the hydrate, which is in equilibrium with the ketone (Khydrate/ketone = 0.15).67° (c) Steric
effects of 4-substituted prolines and the interplay of steric versus stereoelectronic effects in
chalcogen-substituted prolines. (d) Steric effects versus stereoelectronic effects as a result of
sulfur oxidation. NMR spectra for all peptides are in the Supporting Information (part 1:
amide regions of the NMR spectra for all peptides; part 3: full NMR spectra for all
peptides).
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Figure 8.
'H NMR spectra (amide region) of the four 4-hydroxyproline Ac-TY-4-hydroxyproline-N-

NH, diastereomers. (a) 2.5,4 R-hydroxyproline (frans-hydroxyproline, Hyp) (1) (red). (b) 2.,
4 .S-hydroxyproline (cis-hydroxyproline, hyp) (4) (blue); (c) 2R,4.5-hydroxyproline (v-frans-
hydroxyproline, o-hyp) (125) (magenta); (d) 2R,4 R-hydroxyproline (o-cis-hydroxyproline, o-
hyp) (126) (cyan). Full NMR spectra and TOCSY-derived amide resonance assignments are
in the Supporting Information.
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Figure 9.
CD spectra of TYXN peptides indicating the effect of proline substitutions on modulating

peptide conformation. (a) Ac-TYPN-NH,; (b) Ac-TYHypN-NH,(1) (red circles) and Ac-
TYhypN-NH,(4) (blue squares); (c) Ac-TYFIpN-NH,(27) (red circles) and Ac-TYflpN-
NH,(26) (blue squares); (d) Ac-TYP(4R-azido)N-NH,(18) (red circles) and Ac-TYP(45-
azido)N-NH,(21) (blue squares); (e) Ac-TYP(4R-OAc)N-NH,(58) (red circles) and Ac-
TYP(45-OAc)N-NH,(59) (blue squares); (f) Ac-TYP(4-0x0)N-NH,(91); (g) Ac-TYP(4,4-
F»)N-NH,(101) and (h) Ac-TYP(4,4-dithiolane)N-NH,(102). CD data were collected in
water with 25 mM KF and 20 mM phosphate pH 7.0. CD data were background corrected
but were not smoothed. CD spectra with error bars are shown in the Supporting Information.
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FTIR spectrum of Ac-TAP(4S-OPhCN)N-NH,(145) in H,O (v=2233 cm!). The full FTIR
spectrum is in the Supporting Information.
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Figure 11.

Fluorescence of peptides in 5 mM HEPES buffer pH 7.5 with 100 mM NaCl and 2 mM
MgCl,. Data were collected with band widths of 3 nm. (a) Fluorescence excitation spectrum
of Ac-TAP(45-OPhCN)N-NH,(145) with detection of emission at 300 nm. (b) Fluorescence
emission spectra of Ac-TAP(45-OPhCN)N-NH, (blue circles) and Ac-TYPN-NH; (green
squares) (50 uM peptide) with excitation at 265 nm. (c) Fluorescence emission spectra of
Ac-TAP(45-OPhCN)N-NH, (blue circles) and Ac-TYP(4S-OPhCN)N-NH;(36) (magenta
triangles) with excitation at 265 nm, showing the effect of tyrosine in quenching
fluorescence. (d) Fluorescence emission spectra of Ac-TYP(4R-OPhCN)N-NH,(35) (red
circles), Ac-TYP(45-OPhCN)N-NH»(36) (magenta triangles), and Ac-TYPN-NH, (green
squares). The fluorescence emission spectra of these peptides, with excitation at 265 nm and

at 280 nm, with error bars, are in the Supporting Information.
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Figure 12.
19F NMR spectra of peptides in 5 mM phosphate buffer pH 4 with 25 mM NaCl in 90%

H,0/10% D,0 at 23 °C. The data were collected with 'H decoupling. (a) Ac-TYFIpN-
NH»(27); (b) Ac-TYflpN-NH5(26); (c) Ac-TYP(4,4-F>)N-NH;(101); (d) Ac-TAP(4,4-F,)N-
NH,(134); (e) Ac-TYP(4R-O-CgF5)N-NH(33); (f) Ac-TYP(4.5-O-C¢F5)N-NH»(34); ()
Ac-TYP(4R-OC(CF3)3)N-NH,(55); (h) Ac-TYP(45-OC(CF3)3)N-NH;(56).
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Figure 13.
77Se NMR spectrum of Ac-TYP(4R-SePh)N-NH,(41) (2 mM) (8 = 299.9 ppm) at 23 °C in

D,0. The data were collected with 'H decoupling. The full spectrum is in the Supporting
Information.
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Figure 14.
Structured amino acid mimetics. Peptides with all functionalities herein were synthesized

with both 4R (shown) and 4.5 stereochemistries. NMR data indicating the structural
differences between 4R and 4.5 substitution are in Table 1 and the Supporting Information.
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Fmoc-Hyp-OH HO trityl choride,  TrC,
HBTU - imidazole E
DIFEA/DMF 0 DIPEA/DMF
- - -

aba
(Fmoc)NH-Rink—<()———=

O,

a:c,a‘d.a.e‘ q}_‘{o
g

Scheme 1.

CH,Cl,

O
N H N H
Frmoc [’?‘S”J_N_O Fmoc ”7‘5“’—”‘0
p L

2% TFA

5% TES e

TFA, H,0, TIS U\{O
— -
N
gv RE
1

Protected Peptide on Resin

Proline editing general approach: automated synthesis of the peptide Ac-TYHypN-NH,(1)

via trityl hydroxyl protection.?

4 (a) 20% piperidine/DMF; (b) Fmoc-Asn(Trt)-OH, HBTU, DIPEA/DMF; (c) Fmoc-

Tyr(OMBu)-OH, HBTU, DIPEA/DMF; (d) Fmoc-Thr(OMBu)-OH, HBTU, DIPEA/DMF; (e)
10% Ac,O/pyridine. RNV = Ac-Thr(OBu)-Tyr(OmBu)-, R” = -Asn(Trt)-NHRink-Resin. RN
= Ac-Thr-Tyr-, RC = -Asn-NH,. For all peptides in all schemes, the prime designation (e.g.

1/, RNV, RY) indicates the protected peptide on solid phase, whereas the absence of a prime

designation indicates free peptide in solution.
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1

Protected Peptide on Resin

Proline editing alternative approach: automated synthesis of the peptide Ac-TYHypN-

NH,(1) via TBS hydroxyl protection.?

4 (a) 20% piperidine/DMF; (b) Fmoc-Asn(Trt)-OH, HBTU, DIPEA/DMF; (c) Fmoc-

Tyr(OBu)-OH, HBTU, DIPEA/DMF; (d) Fmoc-Thr(O/Bu)-OH, HBTU, DIPEA/DMF; ()
10% Ac,O/pyridine. RN = Ac-Thr(OBu)-Tyr(OBu)-, R” = -Asn(Trt)-NHRink-Resin. RN

= Ac-Thr-Tyr-, RC = -Asn-NH,.
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Scheme 3.
Proline editing alternative approach: synthesis of the peptide Ac-TYP(4R-O-Alloc)N-

NH,(15) via Alloc protection and direct acylation. The Alloc group was stable to TFA
cleavage/deprotection. ¢

4 (a) 20% piperidine/DMF; (b) Fmoc-Asn(Trt)-OH, HBTU, DIPEA/DMF; (c) Fmoc-
Tyr(OMBu)-OH, HBTU, DIPEA/DMF; (d) Fmoc-Thr(OMBu)-OH, HBTU, DIPEA/DMF; (e)
10% Ac,O/pyridine. RN = Ac-Thr(OBu)-Tyr(OBu)-, R = -Asn(Trt)-NHRink-Resin. RN
= Ac-Thr-Tyr-, RC = -Asn-NH,

b Reaction was performed in a glass vial manually.
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Scheme 4.
Proline editing alternative approach: direct modification immediately after coupling of

Fmoc-Hyp-OH. Synthesis of the peptides Ac-TYP(4R-OBzNO,)N-NH»(3) (top) and Ac-
TYP(4 R-azidoacetate)N-NH,(83) via direct acylation.?

4 (a) 20% piperidine/DMF; (b) Fmoc-Asn(Trt)-OH, HBTU, DIPEA/DMF; (c) Fmoc-
Tyr(OMBu)-OH, HBTU, DIPEA/DMF; (d) Fmoc-Thr(OMBu)-OH, HBTU, DIPEA/DMF; (e)
10% Ac,O/pyridine. RN = Ac-Thr(OBu)-Tyr(OBu)-, R” = -Asn(Trt)-NHRink-Resin. RN
= Ac-Thr-Tyr-, RC = -Asn-NH,

b Reaction was performed manually in a disposable fritted tube.
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Page 52

“Q Q)  Q

/ Acylation

Mitsunobu Reactions
and Related
Stereospecific
Inversions

HO,

Ry Dy — w

HCO RN F| g RN

\JL

Y, “°o

Acylation

Proline editing to introduce functional groups with defined stereochemistry into peptides

synthesized with commercially available and inexpensive Fmoc-Hyp-OH.?
4G = leaving group. RV = Ac-Thr(OBu)-Tyr(OBu)-, R = - Asn(Trt)-NHRink-Resin.
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HO,
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I
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4

Mitsunobu inversion on solid phase to convert Hyp (4R) (1) to hyp (4.5) (4'). The
nitrobenzoate may be deprotected selectively on solid phase with NaN3/MeOH?? or non-

selectively with LiOH or K,CO3/MeOH.?

aRN = Ac-Thr(OBu)-Tyr(OBu)-, R = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

= -Asn-NHo.
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Scheme 7.
Sulfonylation reactions on solid phase. Sulfonates were subsequently modified on solid

phase (Scheme 8) or were subjected to TFA cleavage/deprotection and purified and
analyzed in aqueous solution.?

aRN = Ac-Thr(OMBu)-Tyr(OBu)-, R” = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC
= -Asn-NHo.
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Scheme 8.

Solid phase Sn2 reactions on sulfonates and subsequent reactions on SN2 products.?
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aRN = Ac-Thr(O Bu)-Tyr(O Bu)-, RC = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

-Asn- NH,.
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Scheme 9.

Alternative solid phase synthesis of 4 R-substituted proline via an SN2 reaction on 4.5

bromoproline.?

aRN = Ac-Thr(OBu)-Tyr(OBu)-, R = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

= - Asn-NH,.
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Scheme 10.

Solid phase fluorination of Hyp and hyp to generate flp and Flp. #
aRN = Ac-Thr(OBu)-Tyr(OMBu)-, R® = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC
=- Asn-NHj.
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Scheme 11.
Mitsunobu reactions on solid phase.?

aRN = Ac-Thr(OBu)-Tyr(OBu)-, R” = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC
= - Asn-NH,.
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Scheme 12.
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Acylation reactions on solid phase. ¢
aRN = Ac-Thr(OBu)-Tyr(OBu)-, R = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

=- Asn-NHj.
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Scheme 13.

Substitution reactions on 4 R- or 4.5-hydroxyproline bromoacetate on solid phase. ¢
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aRN = Ac-Thr(OBu)-Tyr(OmBu)-, R” = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

=-Asn-NHj.
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Scheme 14.
Oxidation reactions on 4-substituted prolines in TYXN peptides.?

aRN = Ac-Thr(OBu)-Tyr(OBu)-, RY = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC
= - Asn-NH,.
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Scheme 15.

Synthesis of disubstituted prolines.?

aRN = Ac-Thr(OBu)-Tyr(OBu)-, R” = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

=- Asn-NHj.
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Scheme 16.

Reductive amination on 4 R-aminoproline and 4-oxoproline. The stereochemistry of the

oxoproline reductive amination products, suggested by 'H NMR spectra to indicate 4R

(major) versus 4.5 (minor) stereochemistry, was confirmed by SN2 reactions of isobutyl

amine on the respective nosylates. 4
aRN = Ac-Thr(OBu)-Tyr(OBu)-, RY = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

=- Asn-NHj.
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Scheme 17.
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Organometallic reactions on solid phase. Peptides were subjected to TFA cleavage/

deprotection, purified, and characterized. Chromatograms for the multistep synthesis of 107

are in Figure 6d. Chromatograms for the multistep synthesis of 109 are in Figure 6¢?
aRN = Ac-Thr(OBu)-Tyr(OBu)-, RY = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC

=-Asn-NH,.
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Scheme 18.
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Organometallic reactions on peptides in aqueous solution. Bottom: HPLC chromatograms of
reactions. For each, top panel: starting material used for that reaction, bottom panel: crude
HPLC of reaction products. 4

aRN = Ac-Thr(OBu)-Tyr(OBu)-, R’ = -Asn(Trt)-NHRink-Resin. RN = Ac-Thr-Tyr-, RC
=- Asn-NHj.
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product based on the presence a new amide proton in the NMR spectrum. See the
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Bioorthogonal ligation reactions in aqueous solution. Bottom: HPLC chromatograms of
reactions. For each, top panel: starting material used for that reaction, bottom panel: crude
HPLC of reaction products. For 116 the amide product was distinguished from the thioester

Supporting Information for details. Compound 117 could be the Diels-Alder endo and/or
exo diastereomeric products (Diels-Alder stereochemistry not determined). Compound 118
results from isomerization of an initial 1,3-diene product.Sla RN = Ac-Thr-Tyr-, RC = _Asn-



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wduasnuel Joyny vd-HIN

Pandey et al.

HaND,
N
'f\ /"‘-..é'o
N 1
e RS
52 (45-ONH;)

HaNE,

av o RS
52 (45-ONH)

)

2_‘\ o
O
gN  RE
52 (45-0NH;)

HZNG,
{ A®
N 1
EYT
52 (45-ONH)

: \

\NMO
1

gy RE

91 {4-ono)

Scheme 20.

\) e
¥ -
100 mM phosphate pH 7.5

250 mM NaCl
37 ", 10 min

O/‘*\T/ﬁ"*o

St

B —————
100 mM phasphate pH 7.5

250 mM NaCl
37.°C, 10 min

e
100 mM phosphate pH 7.5
250 mh NaCl
37 °C. 10 min

— ,O
-
100 mM phosphate pH 7.5
250 M NaCl
a7 °C_ 10 min

e ONH

e
50 mhd sphate pH 7.5
250 mM NaCl

250 mM andding
a7°C.2h

_< Q‘N—O ”
\ =
O
gN  RE
= 119
o S0
n| -
\ o N
s
g RE
120

RM RE
\ 122
e
J)
N'L"( <
g RO

123

Page 68

52
Y e 19
- -
id g a0 ol el &0
52
| — !
u M 120
oz A
10 20 30 50 50
52
] Tnitrobenzaldehyde ___‘[hl‘__,ﬂ‘
, S S— -
i0 20 30 0 50 0

— ~—uﬁ¥}m;m:m.—

L Ul/:z
% L\
i 70 7] 3 il ]
01
I N oedy aniline
A s, J . | LT
] i) A T 1] B0
time, min

Oxime reactions in aqueous solution. Right: HPLC chromatograms of reactions. For each,

top panel: starting material used for that reaction, bottom panel: crude HPLC of reaction

products. The reaction with oxoproline to synthesize 123 generates two products that were

indistinguishable by NMR and mass spectrometry, presumably the Fand Zoximes. RN =

Ac-Thr-Tyr-, RC = -Asn-NHp.
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Scheme 21.

Three parallel bioorthogonal reactions in one solution.? ©

250 tM 50, 50 uM 78, and 10 M 82 in 5 mM phophate pH 7.5 with 25 mM NaCl at 37 °C
in the presence of 50 mM each 3-methylbutyraldehyde and trans-cyclooctene and 40 mM
cyclopentadiene. HPLC, top: starting material peptides; bottom: crude HPLC chromatogram
after 30 minutes. All products were confirmed by isolation, mass spectrometry, and
comparison to authentic material synthesized independently.

bRN = Ac-Thr-Tyr-, R€ = -Asn-NHj.
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Table 2

Overall functional group effects on cis-trans isomerism in Ac-TYXN-NH, peptides. AAG = AGi;ans/cis(4R
stereoisomer) — AGipans/cis(4S stereoisomer), with negative AG consistent with the magnitude of

stereoelectronic effects and positive AG indicating steric effects dominating over stereoelectronic effects. By
definition, for Pro (4R =45=H), AAG= 0.00.

Ac-TYP(4-X)N-NH, X = AAG(4r4s)
keal mol!
ONH;* -1.13
isobutylaminoacetoxy -0.93
B-Alanyl ester -0.92
F -0.91
OBzNO, -0.90
OC(O)CH,Br -0.88
OBzCF; -0.87
hydroxyphthalimide -0.81
OAc -0.76
O-pivaloyl -0.76
OC(O)CH,N; -0.74
0-(2,6-(CH3),Ph) -0.71
OC(CF3)3 -0.71
succinyl ester -0.68
allylthioetheracetoxy -0.64
OPO;H -0.60
OMs -0.60
OC¢Fs -0.56
OPh -0.50
maleinyl ester -0.49
fB-Ala-guanidinyl ester -0.45
OPO;Et, -0.44
OH -0.43
azido -0.41
OPhCN -0.41
OMst -0.39
ONs -0.33
guanidinyl -0.31
5’-Ph-(1H-1,2,3-triazol-1-yl) -0.28
OTs -0.17
S(O)Ph -0.06
4’-Ph-(1H-1,2,3-triazol-1-yl) -0.04
SPh 0.04
SPhNO, 0.06
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AC-TYP(4-X)N-NH2 X= AAG(4R_4S)
kcal mol !
SAc 0.06

4-hexyl-(1H-1,2,3-triazol-1-yl) 0.15

SH
SePh
SO,Ph
phthalimide
*NH3

0.17
0.18
0.22
0.33
0.33
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Table 5

Page 85

Overall functional group effects on cis-trans isomerism in Ac-TAXN-NH, peptides. AAG = AGi;ans/cis(4R

stereoisomer) — AGipans/cis(4S stereoisomer), with negative AG consistent with the magnitude of

stereoelectronic effects and positive indicating steric effects dominating over stereoelectronic effects. By
definition, for Pro (4R =45 = H), AAG= 0.00.

Ac-TAP(4-X)N-NH; X =

AAG(4R 45
kcal mol!

OBzNO,
OBzCF;
OMs
OH
azido
ONs
OPO;H~
OTs
OPO;Et,

-0.87
-0.82
-0.65
059
-0.56
-0.54
053
045
039
-0.38
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Table 6

Page 86

19F NMR chemical shifts. Chemical shifts are listed in order from upfield to downfield based on § in the trans

conformation. n.d. = not determined due to spectral overlap.

Peptide Stransy PPM Multiplicity (J, Hz) 8cisy PPM Multiplicity (J, Hz)
Ac-TYFIpN-NH; (27) -177.1 s -177.9 s
Ac-TYfIpN-NH, (26) -1732 s -1735 s
ACTYRIAR-QTFN-N, (m) (33) -163.2 dd (24, 24) -163.6 dd (20, 20)
ACTYP{4R-OCF IN-NH; (0) (33) -161.9 t(24) —162.1 t (20)
ATYPIROCIFINNH: (o) (83) -156.5 d(24) -156.1 d (20)
ACTYP(SOCFIN-Nim) (34) -163.4 dd (24, 24) -163.6 dd (24, 24)
ACTYP(45-0C:FN-NH(c) (34) ~162.4 t24) ~162.9 t (24)
Ac-TYP(45-0CFN-NH:(o) (34) -156.3 d (24) -156.3 n.d.
ACTYP(: 4-FN-NH (101) -100.6 s -103.2,-103.9 d(252)
-94.8, -95.4 d (252)
Ac-TAP(4 4-FN-NH2(130)  —100.8, -101.4 d (248) -104.7,-105.3 d (252)
-99.7, -100.3 d (248) -94.3,-94.9 d (252)
AC-TYP{ROCICE ), )N-NH; (55) 707 N ~70.8 s
Ac-TYP(45-OC(GFs):IN-NH; (56) ~70.0 s 707 s
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