Supplementary Information (SI) for ChemComm.
This journal is © The Royal Society of Chemistry 2025

Stereochemical matching determines both helix type and
handedness in a/y-peptides with a cyclic-constrained y-
amino acid

Dayi Liu, Ali T. Mansour, Ogaritte Yazbeck, Daoud Naoufal, Sylvie Robin, Eric Gloaguen,
Valérie Brenner, Michel Mons* and David J. Aitken*

SUPPORTING INFORMATION

Table of Contents

1. Theoretical Chemistry....ccccciieiiieeiiiiiiiiciricrcrreereeecrnerenereneeresesensernsesensnes S2
00 1 1= Vo T o] Lo oY APPSR S2
1.2 Understanding configurational effects on the helix stabilities in chiral o/y-peptides................. S3
3 T | Y =Tl e oo o Y TP S10

1.3.1 Focusing on the CO StretCh regioN........ccccuviiiiiiiiie it S10
1.3.2 Assignment of the experimental solution phase IR absorption spectra........cccccceverviveennnn. S12

PR3V 11 1T (RPN S15
2.1 Materials and iNStrUMENTAtION .....c.uiiiiiiiiiie ettt sbe e sbe e et e e sabeesaeees S15
2.2 SYNETNESIS Of PEPLIAES .eeeiiiiiiiie et e e e e s s e e e s ae e e e s aeeeeenaneeas S17

2.2.1 General procedures for SYNTNESIS. .....ccuviii it S17
2.2.2 Synthesis of diPePLIdES. ......uviiiiiiiie e e e st e e e sab e e e s earreee s S18
2.2.3 Synthesis Of tetrapePLides. ...uii i uiiiii i e e s saraeee s S22
2.2.4 Synthesis Of NEXAPEPLIAES. ...eiiicciiii et e et e e e et e e e e e b e e e e e eananea s S26
2.3 Copies Of THaNd 13C NIMIR SPECLIA ...ccccvveeiieeeiieeeciieeeitreeeiteeeeteeestreeesabeeestaeesbaeesaseeesssasesnresenseeas S32

3. Solution state spectroscopic studies.......cccceeveeirieniirieeiirieecirieiereeceeennnen. S44
0 1 ] o=t o - OO PPPPPPPUPNt S44
3.2 NMR titration @XPerimeENntS...c.cciiiiiiiiiiiieiiiiiiiiiie s s s s s s s s e s s s e e seeeeeeeeeaeeeaseesesesesesessnenens S46
3.3 ROESY NIMR @XPEIIMENTS «.eiiiiiiiteeieeeee ettt e e e e e e sttt e e e e e s e s s sasbeeeeeeeeeesssaansnrereeaeeeseenns $49
3.4 CircUlar DICRIOISIM . .o ittt s st e e e st e e e s s bbe e e e seabaee e s ssabeaeeesabeeas S54

B S 0= (=] =] ol =L S S56



1. Theoretical chemistry

1.1 Methodology

A theoretical analysis of the relative stability of the 12 and 12/10 helical types with either left (L) or
right (R) handedness was undertaken on six N-Boc capped o/y-peptides (where Boc = tert-
butoxycarbonyl): two tetrapeptides with a C-terminus benzylamide cap (1A, 3A), two hexapeptides
with a C-terminus benzyl ester cap (2E, 4E) and two hexapeptides with a C-terminus benzylamide cap
(2A, 4A). A complete analysis of the landscape was first undertaken on the 2A and 4A hexapeptides
and then extended to the shorter compounds, through a selection of helical structures based on the
low energy structures of each backbone type found in the 2A and 4A compounds. Geometry
optimizations were carried using the TurboMole package,*! at the B97-D3 level of theoryS? using the
Becke-Johnson damping and the three-body term options (B97-D3(BJ)-abc), with a def2-TZVPPD basis
set.53 > The resolution-of-identity (RI) approximation®> and the auxiliary associated basis**® were also
used. A m3 default grid size and a convergence threshold of 10~ a.u. on the norm of the Cartesian
gradient were used. Starting geometries were taken from the initial study by Hofmann and coworkers
describing o/y-peptide helices.® Due to the size of the molecules studied, numerical harmonic
frequencies were calculated at a more modest level of theory (RI-B97-D3(BJ)/def2-TZVP) on structures
optimized at the same level of theory, since previous tests carried out on dipeptides provided
frequencies similar to those obtained at the higher level. These calculations were made using the
numforce module with the central option and a step length of 0.02 a.u., which allowed us to determine
Gibbs enthalpies.

Structures, energetics in solution were carried out using the Conductor-like Screening Model
approximation (COSMO), implemented in the Turbomole Package, where the solute molecule forms
a cavity within the dielectric continuum of permittivity &€ that represents the solvent. Structure
optimizations were carried out at the same level of theory than in the gas phase and in presence of
the solvent (RI-B97-D3(BJ)-abc/def2-TZVPPD + COSMO). For chloroform, € was taken as 4.81. For the
same reason as mentioned above, numerical harmonic vibrational frequencies were also obtained at
the more modest RI-B97-D3(BJ)/def2-TZVP +COSMO level of theory, on structures optimized at the
same level. For comparison with solution spectra this level of theory was tested on the 12 helical form
of a related hexapeptide, well-characterized in chloroform, namely a capped octamer of trans-2-
aminocyclobutane carboxylic acid (ACBC):%!! it gave a satisfactory full vibrational frequency set (Figure
S1-1), within a reasonable calculation time, providing that harmonic frequencies were scaled according
to a region-dependent scaling procedure described in detail previously,s!? with, for the amide A, | and
Il regions, scaling factors of 0.978, 1.008 and 1.004 respectively for the RI-B97-D3(BJ)/def2-TZVP +
COSMO level of theory. The same values were

- thus applied to the present harmonic
E calculations on the a/y-peptides.
E Ll Ll | ‘ | ‘ ‘ Figure S1-1. Experimental solution spectrum

T e 1650”:{ WZS‘;nurggfr (Cn:ﬁ(;o (black lines) of the Boc-(ACBC)s-OMe molecule
- (a capped ACBC octamer) in the amide | and Il
§ (top panel) and amide A (lower panel) regions,
§ used to calibrate the scaled theoretical spectra
g (red sticks), using region-dependent scaling
& | factors.
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1.2 Understanding configurational effects on the helix stabilities in chiral o/y-
peptides

In order to rationalize the dependence of the conformational landscape upon the Ala residue
configuration in the chiral o/y-peptides studied, a series of quantum chemistry investigations was
carried out, starting from gas phase structure and energetics in a first step, eventually completed by
solvation effects. In particular, the role of the R or S configuration of the Ala residue was investigated
in the gas phase by comparing the structures of (R,R,R) and (R,R,S) hexapeptides 2A and 4A with the
related hexapeptide 5 in which alanine residues are replaced by glycine and with the unsubstituted

backbone hexapeptide 6 that corresponds to the
o Hofmann model system (see Figure S1-2).
tBuoj‘,éH H\)‘%
6 ~Y NHMe
0 S 3 Figure S1-2. Structures of compounds examined in
t H H © the Ala-dependence theoretical analysis.
5 BUOTQN\H/\H’N\)%NHBn Hexapeptides 2A and 4A are those used in the
0 0] 3

experimental studies. In compound 5, each Ala
H H 0 residue of 2A/4A is replaced by Gly. In compound 6,
‘BUOTQNﬁ/\n/Ni’R/I%NHBn the cyclobutane ring constraint is removed and the

2A 1 4A o} O 3 Bn cap is replaced by a simpler Me cap.

In compound 6, the 6 backbone dihedral of the y residue in 12/10 and 12 helices is + 33° and £ 53°
respectively,® the latter being slightly less stable by 16 kJ/mol in the gas phase (present calculations
of the electronic energy at the RI-B97-D3(BJ)-abc/def2-TZVPPD level of theory). A condition to preserve
the helical structures when substituting the backbone, e.g., when going from 6 to 5, is that the
constraints introduced into the backbone by the cyclic residue are not too different from these
reference values. In compound 5, the cyclobutane ring imposes a 0 dihedral of ca. £ 30°,5%3 but is
nevertheless accommodated within the helices at the price of a distortion of the nominal helical
backbone (Table S1-2), significantly larger in 12 helices, which qualitatively explains their lower stability
(Table S1-1, Figure S1-3, top center panel) compared to the 12/10 species.

The presence of the (R,R)->*CB-GABA residues in compound 5 causes a degeneracy lifting between the
left- and right-handed conformations of each of the helices compared to the unsubstituted o/y-
peptide 6 (see Figure S2-3, top center panel, blue arrows). As a matter of fact, R-12/10 helices, the
most stable forms, are slightly favored relative to L-12/10, while the R-12 helices are strongly
disfavored over L-12 forms. This latter feature correlates nicely with the presence of steric clashes
(Table S1-1) involving consecutive y-residues in the R-12 helix, as evidenced by the pictorial comparison
of the two helical handednesses (Figure S1-4). In contrast, in the 12/10 helix, similar backbones are
found, suggesting that the more modest difference in stability between L and R relies more on the
backbone energetics, e.g., particular handedness-specific hyperconjugation effects.
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Figure S1-3: Relative energetics (RI-B97-D3(BJ)-abc/def2-TZVPPD electronic energies) of the (R,R,R)
and (R,R,S) configurations of the hexapeptides 2A and 4A, in the gas phase (upper panel) and in a
chloroform solution (lower panel), as obtained by quantum chemistry calculations at the B97-
D3/def2-TZVPPD + COSMO model level of theory. In the upper panel, compounds 2A and 4A (left
and right, resp.) are compared to compound 5 (center), where the Ala is substituted by an achiral
Gly residue (see Figure S1-2). The blue arrows (center) indicate the degeneracy lift between the L
and R forms for each helical type of compound 5, which is induced by the (R,R) chirality of the y-
residue. Dotted lines illustrate the relative variations in stability induced by the Ala residue. Strong
variations, indicated by red dots, are all accompanied by steric clashes (see below). For the sake of
comparison, the diastereoisomeric compounds 2A and 4A share the same energy reference, which
is also that taken for compound 5. Same labelling as in Figure 3 of the main text.
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Table S1-1. Relevant energetic data calculated for the L-12, R-12, L-12/10 and R-12/10 helical types of selected conformations of peptides 1A, 2A, 2E, 3A, 4A and
4E (all energies in kJ/mol). Electronic energies were first obtained in the gas phase at the RI-B97-D3(BJ)abc/def2-TZVPPD level of theory and in a chloroform
solution using the COSMO polarizable model. Gibbs energies at 300 K were obtained for the lower conformations from a ZPE and thermal corrections calculated
at the RI-B97-D3(BJ)/def2-TZVP level of theory and the COSMO model. Conformations are labelled according to the orientation of the Bn group (g+/g-), the
presence of an interaction of this group with the cyclobutane of last y-residue (CB), and the eventual replacement of a C10 H-bond by a C7 bond at the C-terminus
(C7). The H-bonding network is also given from the H-bonding status of each NH group along the peptide backbone. For the hexapeptide amides 2A and 4A, the
energetic stabilization due to solvation is also given together with the corresponding dipole moments (in Debye).

compound]2A (R,R.S) 4A RRR)
helix type L-12 R-12 L-12110 R-1210 L-12 R-12 L-12/10 R-12/10
g+ (Bn) g g-(Bn) g+ g+ g-(CBCT)  g+(Bn) g g+(Bn) E- g-(Bn) g+ g-(CB.CT) g+ g+(Bn) g
Gas Phase Eelec (TZVPPD) (a) I 48.9 62.7 98.4 90.6 743 54.7 0 6.7 27.3 28.0 120 127.6 18.4 30.1 42.9 50.6'
Chloroform Eelec (TZVPPD) (b) 233 40.6 724 82.9 78.9 61.8 3.6 6.6 0 14.6 95.1 105.1 29.2 34.6 46.1 525
Solution Delta G (300K) (c) 21.7 38.1 75.1 82.9 76.1 62 2.8 2.5 0 6.4 94.6 101.0 27.3 26.5 56.5 51.7
Delta G (300K) (d) 19.2 355 727 80.5 73.6 59.6 0.3 I]I 0 6.4 94.6 101.0 273 26.5 56.5 51.7
Eelec (solution) - Eelec (gas) -87.6 -84.1 -88.0 -68.7 -57.5 -54.8 -58.5 -62.2 -85.4 -75.5 -86.9 -84.5 -51.4 -57.6 -58.8 -60.1
dipole PG (De) 244 24,5 23.1 25.2 4.3 3.2 4.2 4.3 24.6 224 24,7 23.7 4.0 3.5 3.0 3.2
dipole solution (De) 298 30.2 304 30.3 5.5 7.7 25 5.5 297 30.1 30.2 29.6 4.2 4.3 4.2 4.6
compound] 2E (R.R.S) 4E (RRR)
helix type L-12 R-12 L-12110 R-1210 L-12 R-12 L-12/10 R-12/10
g+ (Bn) g-(Bn) gt g+(Bn) g g+(Bn) E g+ g-(GB,CT) gt g+(Bn) g
Gas Phase Eelec (TZVPPD) (a) | 67.5 75.4 110.6 67.6 0 3.0 46.7 65.5 132.1 30.5 27.7 47.6 13.6]
Chloroform Eelec (TZVPFPD) (b) 37.1 45.7 0 0.0 18.6 34.1 31.4 28.2 41.2 42.9
Solution Delta G (300K) (c) 38.3 45.1 18.5 0 224 26.2 40.4 30.3 49.6 51.9
Delta G (300K) (d) 38.3 45.1 18.5 of 0 38 20.9 10.9 27.2 295
Compound 1A (R,R.S) JA (R.R.R)
helix type L-12 R-12 L-12110 R-12110 L-12 R-12 L-12/10 R-12/10
g+ (Bn) 5 g-(Bn) g-(CB.GT)  g+(Bn) g g+(Bn) = g-(en) g-(CB.CT) g+ g+(Bn) g
Gas Phase Eelec (TZVPPD) (a) | 28.6 41.9 61.7 283 0 6.5 13.6 14.4 75.7 8.7 21.2 25.3 32.8)
Chloroform Eelec (TZVPPD) (b) 171 30.7 50.2 39.2 7.3 10.8 0 15.3 66.6 222 28.2 34.0 38.7
Solution Delta G (300K) (c) 229 28.8 60.2 53.6 16.3 135 0 12.7 76.6 31.0 31.0 49.1 446
Delta G (300K) (d) 9.4 15.3 46.8 40.2 2.8 of 0 12.7 76.6 31.0 31.0 49.1 44.6
a) Eelec (RI-B-97-D3(BJ)-abc/def2-TZVPPD) level)
b) Eelec sol (RI-B-97-D3(BJ)-abc/def2-TZVPPD) + COSMO level)

(n]

(=5

Delta G ( Eelec sol (RI-B-97-D3(BJ)-abc/def2-TZVPPD) + COSMO level) + Chem pot (RI-B-97-D3(BJ)/def2-TZVP) + COSMOQ level)
Energy scale origins specific to each enantiomeric compound



Table S1-2. Comparison of the helical structures in o/y-hexapeptides (compounds 2A, 4A and 5) with the
canonical gas phase structures as defined by Hofmann and co-workers.>® For each compound, the
backbone structure of each helical type studied is characterized by the average values (in degrees) of the
four (o, 6, ¢, v) and two (¢, v) backbone dihedrals (same terminology as Fig. 1 in manuscript) for the y and a
residues respectively, given for one of the most stable conformers of the corresponding helix (indicated by
the g+/g- label). The distortion of the helix relative to the canonical structures® is estimated from the
signed difference between the dihedral values (8) ; data are then synthesized, separately for each residue
type (y and a), by the root-mean square value < § > of the & values of the corresponding residue. 5 values
corresponding to differences larger than 15 are indicated by a pink background. Distortions < § > greater
than their counterparts in other compounds are indicated in yellow and demonstrate the effect of a steric
shift (cf. red dots in Fig S1-2).

Hofmann 2A 4A 5
helices this work this work this work
gas phase gas phase gas phase gas phase
HF/6-31G* RI-B-97-D3(BJ,abc)/def2-TZVPPD RI-B-97-D3(BJ,abc)/def2-TZVPPD RI-B-97-D3(BJ,abc)/def2-TZVPPD
R-12/10 R-12/10 g+ R-12/10 g+ R-12/10 g-
dihedrals average ) <6> dihedrals average S <6> dihedrals average ) <d>
65 [0} 79 14 Y [0} 76 11 Y [0} 76 11 Y
33 0 14 -19 15 0 16 -17 14 0 14 -19 13
48 ¢ 56 8 C 55 7 ¢ 54 6
-130 v -116 14 v -112 18 v -116 14
-67 [0} -64 3 o 10} -56 11 o [0} -66 1 o
148 \ 142 -6 5 \J 137 -11 11 \ 150 2 2
L-12/10 L-12/10 g- L-12/10 g- L-12/10 g+
dihedrals average 3 <46> dihedrals average ) <6> dihedrals average 3 <46>
-65 [0) -63 2 % 1) -66 -1 Y [0) -65 0 %
-33 0 -14 19 11 0 -14 19 13 0 -13 20 13
-48 C -50 -2 ¢ -64 -16 4 -64 -16
130 \} 118 -12 \4 123 -7 \T} 122 -8
67 [0} 62 -5 o [0} 67 0 o [0} 68 1 o
-148 \ -119 29 21 \ -149 -1 1 \ -152 -4 3
L-12 L-12 g+ L-12 g+ L-12 g+
dihedrals average S <d> dihedrals average 5 <6> dihedrals average ) <d>
123 0] 110 -13 Y 0] 106 -17 Y 0] 106 -17 Y
-53 0 -27 26 18 0 -28 25 19 0 -29 24 19
-63 ¢ -81 -18 ¢ -84 il c -85 £22
124 v 111 -13 v 113 -11 v 115 9
72 [0} 58 -14 o 0} 65 -7 o [0} 69 -3 o
28 v 42 14 14 v 35 7 7 " 31 3 3
R-12 R-12 g+ R-12 R-12 g+
dihedrals average 3 <46> dihedrals average ) <6> dihedrals average d <46>
-123 ¢ -102 21 y ¢ -106 17 y ¢ -104 19 y
53 0 29 -24 17 0 28 -25 15 0 28 -25 16
63 C 72 9 ¢ 68 5 C 72 9
-124 v -121 3 v -124 0 v -122 2
0
-72 [0} -74 -2 o [} -74 -2 o [} -79 -7 o
-28 \ -22 6 5 \ -17 11 8 \ -14 14 11
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12/10
helices

12
helices

Figure S1-4. Variations in the helical structures due to the presence of the (R,R)->*CB-GABA
residue in compound 5, compared to compound 6, as illustrated for 12/10 and 12 helices
(upper and lower panels, respectively). For the sake of comparison of helices of 5 with
different handedness (L or R, shown in yellow and red respectively), mirror images of the
right-handed helices were superimposed with the left-handed helices; the corresponding L-
handed helix of compound 6 is also given in white. Relevant distances are given in A. The
12/10 helix does not show any significant difference in backbone distortions compared to
6, in contrast to the 12 helix where, in addition to distortions, the R form exhibits short y-y
distances compared to the L form, demonstrating the effects of a steric clash.

At this level, one can assess the implication of the configuration of the Ala residue in the
evolution of the conformational landscape. The comparison of the four helical forms of (R,R,R)
and (R,R,S) structures of compounds 2A and 4A (Figure S1-2, top lateral panels) with that of 5
(Figure S1-2, top central panel) provides immediate evidence for the presence of steric clashes
involving the Ala methyl group, depending upon the Ala configuration. Indeed, further
structural analysis (Figure S1-5) demonstrates that for each helical type considered, one of the
2A or 4A compound exhibits a backbone geometry close to that of its 5 counterpart, whereas
the other appears distorted, specifically on the Ala residue. More precisely, this gas phase
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R-12/10
helices

L-12/10
helices

L-12
helices

Figure S1-5. Backbone variations in the helical structures due to the presence of R- or S-Ala
residues in compound 2A and 4A respectively, compared to compound 5, as illustrated for
R-12/10 (top panel), L-12/10 (central panel) and L-12 helices (lower panel). For the sake of
comparison, backbones have been superimposed. Helices of compounds 2A and 4A (R,R,S
and R,R,R series, respectively) are drawn in green and brown respectively, while those of in
compound 5 (R,R) appear in blue. Backbone distortions are especially visible on the Ala
residues. The configurations giving rise to these distortions (and thus to destabilization) are
found to depend upon the chirality of the helix considered: the R,R,S configuration (in green)
in L-helices, and the R,R,R (in brown) in R-12/10 helices.
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analysis enables us to rationalize the fact that the R-12/10 helix, which is the most stable form
in5and 2A (R,R,S), undergoes a significant destabilization in 4A (R,R,R), leaving an open (R,R,S)
gas phase landscape where R-12/10, L-12 and L-12/10 are competing in the gas phase (Figure
S1-3). In contrast the L-12 and L-12/10 helices undergo a destabilization in the (R,R,S) species,
leaving the R-12/10 species rather unchallenged.

The role of solvation was revealed as being of paramount importance in the competition
between helical forms. As already remarked by Hofmann and coworkers,*® the 12 and 12/10
helices exhibit very different dipole moments due to their specific type of H-bonding
networks: 12 helices exhibit two parallel daisy chains of H-bonds oriented in the same
direction, thus leading to a macro-dipole (typically 30 Debye), whereas 12/10 helices have two
anti-parallel chains of H-bonds, which endows them with much more modest dipole moments
(ca. 5 D). This has a prominent differential effect (see Table S1-1) on the solvation process,
which can amount up to 30 klJ/mol in hexapeptides. Consequently, the L-12 helix becomes the
prominent species for (R,R,R) series peptides in solution. In the (R,R,S) series, however, the
solvation effect is not sufficient to fully compensate the steric clashes which destabilize the L-
12 helix and the R-12/10 form remains the most stable form, by typically 20 kJ/mol. It is
noteworthy that, despite this dramatic effect on energetics, solvation barely changes the
structure of the helices.

Regarding the effect of the orientation of the benzyl group (Bn) relative to the backbone, the
free Bn conformations of the 12 helices tend to be less stable at the energetic level due to the
self-solvation of the benzyl group, which minimizes the penalty induced by solvation of a
hydrophobic moiety. Finally, when thermal corrections are taken into account (AG’s at 300 K,
see Table S1-1), this difference is reduced due to a differential entropic effect. In passing, it
can be noted that in the case of L-12/10 helices, the Bn-CB interaction at the C-terminus
causes an elongation of the first C10 H-bond of the helix that tends to facilitate the formation
of a C7 bond originating from the last NH group.
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1.3 IR Spectroscopy

1.3.1 Focusing on the CO stretch region.

As expected from general IR spectroscopy considerations, the CO stretch region (amide 1) of
peptides is exquisitely sensitive to the relative orientation of the CO groups within the
peptides, due to the overwhelming effect of the vibrational coupling occurring between them,
but is relatively insensitive to the H-bonding network. In contrast, the NH stretch region
(amide A) is controlled by the strength of the H-bonds. Regarding the potential of these two
regions in terms of diagnosis of the helical type present in the peptides studied experimentally
in this work using IR spectroscopy, the CO stretch region appears as the most promising to
distinguish the very different geometrical CO orientations of the 12 and 12/10 helices.

This is revealed by the synthesis figures (Figure S1-6), where the signatures of the amide | and
Il regions are plotted separately for the most stable forms of the 12 and 12/10 helix types for
peptides 1A, 2E, 2A, 3A, 4E and 4A. A close examination shows that the 1650-1680 cm~ region
(blue zone) comprises a vast majority of the most intense CO stretch bands of all the L-12
species encountered. In contrast, the 1620-1650 cm™ region (pink zone) is where the most
intense CO stretch bands of the 12/10 helices are found. Despite their proximity, these two
zones enable a differential diagnosis of the presence of these two helical types since the 12
helix does not exhibit any feature in the pink zone and the 12/10 type presents only weak
bands in the blue zone. This diagnosis can be cross-checked from the NH bending region
(amide 1), where a narrow zone (1490-1515 cm™, in blue) exhibits significant amide Il bands
for the 12 helices but is devoid of any strong absorption signature for 12/10 helices.

As can be anticipated for (nearly) mirror image helices, L- and R-12/10 helix types give rise to
similar patterns, which precludes distinguishing between them by experimental IR
spectroscopy.
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Figure S1-6: Theoretical amide | and Il stick spectra of selected low energy conformations of
12 helices (left panel) and 12/10 helices (right panel) in peptides 1A, 2E, 2A, 3A, 4E and 4A.
The dark colored zones indicate spectral features specific to each helix type (blue for 12 and
pink for 12/10), whereas light colors illustrate the absence of strong transitions of the

alternative type.
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1.3.2 Assignment of the experimental solution phase IR absorption spectra.

Experimental data were acquires as indicated in Section S3.1. The experimental absorption
spectra in the amide | and Il regions are shown in Figure S1-7, together with the theoretical
spectra of the lower energy helical conformation for each peptide analyzed: 1A, 2E, 2A, 3A,
4E and 4A.
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Figure S1-7. Experimental absorption spectra in the amide | and Il regions (black traces)
compared with the lower energy helical conformations of each (R,R,S) (left panel) and
(R,R,R) (right panel) peptide studied. The theoretical spectra of L-12, R-12/10 and L-12/10
helices are shown as colored sticks (blue, red and magenta, respectively). The colored (blue
and pink) zones are specific to the 12 and 12/10 helical backbones respectively (see Figure
$1-6).

The amide | feature of the (R,R,R) peptides around 1660 cm™ fits the main absorption bands
calculated for the lower energy L-12 conformations (Figure S1-7, right panel, blue zone). The
same observation holds for the weaker amide Il feature at 1505 cm™ (at least for compounds
3A and 4E; the poor solubility of 4A yielded a poor-quality IR spectrum, precluding a precise
analysis). Combined with the low experimental absorption level in the pink zone that is specific
to the 12 species, the IR spectrum of the (R,R,R) species can be assigned confidently to a major
L-12 helical conformation.
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In contrast, the maximum of the amide | feature of the (R,R,S) peptides around 1640 cm™ fits
the main absorption bands calculated for the lower energy R-12/10 conformations (Figure S1-
7, left panel, pink zone). A detailed inspection, however, shows that for the tetrapeptide 1A,
this band is broader than in the hexapeptides 2E and 2A and is located at the interface
between the blue and pink zones, suggesting a mixture between L-12 and R-12/10 helices for
1A. This contention is corroborated by a significant absorption in the amide Il blue zone
around 1505 cm™, specific to the 12 helix backbone. The decrease of this absorption in 2E and
2A, concomitant with the increase in another amide Il band at 1540 cm™?, suggests that the
population of the 12 helix diminishes in the hexapeptides leaving the R-12/10 helix as the
major conformation. These interpretations are in line with the relative energetics of the 12
and 12/10 backbones illustrated in Figure S1-2 and Table S1-1.

These assignments are supported by the amide A region spectral data (Figure S1-8). A fair
match is obtained for the (R,R,R) peptides 3A, 4E and 4A, between the broad amide A
absorption and the calculated L-12 backbone frequencies (Figure S1-8, right panel). For the
(R,R,S) peptides 1A, 2E and 2A, the maximum of the experimental band is red-shifted
compared to the (R,R,R) species and this red-shift seems to increase with the peptide size.
This observation suggests that the R-12/10 backbone absorption is red-shifted compared to
that of the L-12, in qualitative agreement with the calculated bands for 12-10 helices (Figure
S1-8, left panel). However, this red-shift seems to be overestimated, by typically 50 cm™,
which might indicate weaknesses in the description of the H-bonding of the 12-10 type at the
level of theory used.
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Figure S1-8. Experimental absorption spectra in the amide A region (black traces) compared
with the lower energy helical conformations of each (R,R,S) (left panel) and (R,R,R) (right
panel) compound studied. The theoretical spectra of L-12, R- and L-12-10 helices are shown
as colored sticks (blue, red and magenta, respectively). The colored blue region is more
specific to the 12 helical backbone.
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2. Synthesis
2.1 Materials and instrumentation

Melting points (Mp) were measured in open capillary tubes on a Bichi B-540
apparatus and are uncorrected. Routine *H and 13C NMR spectra were recorded on
Bruker spectrometers operating at 600/400/360/300 MHz (for 'H) or at
100/90/75 MHz (for 3C). For 'H NMR spectra, chemical shifts (&) are reported in parts
per million (ppm) with reference to residual protonated solvent (6 =7.26 ppm for
CHCl3; 6 =8.71, 7.58, 7.21 ppm for pyridine; 6 = 2.50 ppm for DMSO). H signals are
designated as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad),
or bs (broad singlet); coupling constants (J) are reported in hertz (Hz). For 13C NMR
spectra, chemical shifts (6) are reported in parts per million (ppm) with reference to
the deuterated solvent (6 = 77.16 ppm for CDCls; 6 = 150.35, 135.91, 123.87 ppm for
pyridine-ds; 6 = 39.51 ppm for DMSO-dg). Routine infrared (IR) spectra were recorded
neat for solid samples on a Fourier-transform Perkin Elmer Spectrum Two instrument
equipped with an ATR diamond accessory; maximum absorbances (v) are given in
cm~L. High-resolution mass spectra (HRMS; [ESI(+)]) were recorded on a Bruker
MicroTOF-Q spectrometer equipped with an electrospray ionization source in positive

mode. Optical rotations were measured on a Specord 205 instrument (Analytik-Jena)

T
using a 10 cm quartz cell; values for [O‘]D were obtained with the D-line of sodium at
the indicated temperature T, using solutions of concentration (c) in units of g-100

mL1.

Flash chromatography was performed on silica gel columns (40-63 um) purchased
from Macherey-Nagel. Fractions were analyzed using TLC plates that were visualized
by fluorescence at 254 nm then revealed using a ninhydrin solution (14 mM in EtOH)
or a KMnQ, solution (7.5% in water). Retention factors (R,) are given for such TLC

analysis.

Preparative HPLC was performed on an Agilent 1260 Infinity HPLC apparatus equipped
with a VL G1311C quaternary pump with an online degasser, an ALS G1329B semi-
preparative autosampler, a G1315D column oven, a DAD VL G1315D diode array
detector and an AS G1364C collector, piloted using ChemStation OpenLab CPL version
C.01.04 software. Hexane and ethanol were HPLC grade. The mobile phase was
filtered through a 0.45 um PTFE membrane, while injected solutions were filtered
through a 0.22 um PTFE membrane. Separations were performed using a lux cellulose-
1 column by Phenomenex® (250 mm x 10 mm; particle size 5 pm) and a mobile phase
flowrate of 5 mL/min. The mobile phase and the column were thermostated at 30 + 2

°C. Detection was performed at 210 nm.
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2-((1R,2R)-2-((tert-Butoxycarbonyl)amino)cyclobutyl)acetic acid [abbreviated as Boc-
(R,R)->*CB-GABA-OH] | was obtained according to the published procedure.s3 All
other reagents and solvents were standard grade for synthesis. For use in synthetic
procedures, CH,Cl, was passed through a column of alumina, DMF was distilled from

CaH, under reduced pressure.

S16



2.2 Synthesis of peptides

2.2.1 General procedures for synthesis.
Procedure A for removal of a Boc group.

In an argon-flushed flask, Boc-X'-OBn/NHBn (1 eq.) was dissolved in CH,Cl, (5 mL/mmol) then
TFA (30 eq.) was added and the mixture was stirred at room temperature for 1 h. CH,Cl, was
removed under reduced pressure, then TFA was removed by co-evaporation with CHCl;
several times and the resulting residue was held under vacuum for 2 h. The salt TFA-H-X!-
OBn/NHBn was digested with CH,Cl, (5 mL/mmol) under argon and DIPEA (6 eq., viz. sufficient
quantity to reach pH 9) was added. The resulting solution of the free amine H-X*-OBn/NHBn

was used directly in a subsequent coupling reaction.
Procedure B for removal of a benzyl ester group.

To a solution of Boc-X2-0Bn (1 eq.) in CH,Cl,/EtOAc (4/1; 33 mL/mmol) was added Pd-C (125
mg/mmol). The suspension was degassed then stirred under H, at atmospheric pressure for 4
h. The mixture was filtered through a celite pad, and the celite pad was washed through with
small portions of EtOAc. The filtrate was concentrated under reduced pressure to afford Boc-

X2-OH that was used directly in a subsequent coupling reaction.
Procedure C for coupling reactions.

Synthesis of dipeptides: To a solution of Boc-X2-OH (1 eq.) in CH,Cl,/DMF (4/1; 10 mL/mmol)
in an argon-flushed flask were added DIPEA (2 eq.) then HATU (1.05 eq.). The mixture was
stirred for 10 min at room temperature during which time the color changed from light to dark
brown. A solution of H-X!-OBn/NHBn (1 eq.) was added and the reaction mixture was stirred

at room temperature for 24 h.

Synthesis of tetrapeptides and hexapeptides: To a solution of Boc-X2-OH (1 eq.) in CH,Cl,/DMF
(3/1; 10 mL/mmol) in an argon-flushed flask were added in succession DIPEA (2 eq.), then a
solution of H-X!-OBn/NHBn (1 eq.), then HATU (1.05 eq.). The resulting mixture was stirred at

room temperature for 24 h.

Reaction work-up and isolation of all peptides: After the reaction time, most of the solvent
was removed under reduced pressure and the remaining DMF was removed by co-
evaporation with heptane several times. The residue was dissolved in CH,Cl, (100 mL/mmol)
and the solution was washed successively with saturated aqueous sodium bicarbonate (20
mL/mmol), brine (20 mL/mmol), 1 M HCI (20 mL/mmol) and brine (20 mL/mmol). The solution
was then dried over sodium sulfate, filtered and concentrated under reduced pressure.
Purification was carried out either by flash chromatography or by preparative HPLC to afford
Boc-X2-X!- OBn/NHBn.

Procedure D for preparation of benzylamides.

To a solution of Boc-X2-OH (1 eq.) in CH,Cl, or CH,Cl,/DMF (10 mL/mmol) in an argon-flushed

flask were added in succession benzylamine (1.02 eq.), then DIPEA (3 eq.), then HATU (1.05
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eqg.). The mixture was stirred at room temperature for 48 h. Most of the solvent was removed
under reduced pressure and the remaining DMF was removed by co-evaporation with
heptane several times. The residue was dissolved in CH,Cl, (100 mL/mmol) and the solution
was washed successively with saturated aqueous sodium bicarbonate (20 mL/mmol), brine
(20 mL/mmol), 1 M HCI (20 mL/mmol) and brine (20 mL/mmol). The solution was then dried
over sodium sulfate, filtered and concentrated under reduced pressure. Purification was
carried out by flash chromatography to afford Boc-X2-NHBn.

2.2.2 Synthesis of dipeptides.
(R,R,S) series
o]
BocHN HATU, DIPEA
OH  CH,Cl,/DMF (4/1)
r.t., 10 min
H,, Pd-C (10%)

o
H
| rt., 24 h BocHN N
o SN o
91% o H CH,CI/EtOAC (4/1)

rt.,4h
BocHN  OBn  TFA, CH,CI, v
o DIPEA, r.t, 1h

(0] H (0]

H benzylamine
BocHNmN\)kNHBn‘ HATU. DIPEA BocHNmN\)kOH<_

= CH20|2, rt,48h
Vi 46% over two steps \/

Benzyl (2-((1R,2R)-2-((tert-butoxycarbonyl)amino)cyclobutyl)acetyl)-(S)-alaninate (IV).

According to the general procedure A, Boc-(S)-Ala-OBn 1l (243 mg, 0.87 mmol, 1 eq.) in CH,Cl,
(4 mL) and TFA (2 mL, 26.1 mmol, 30 eq.) gave TFA-H-(S)-Ala-OBn. Digestion of this salt in
CH,Cl, (4 mL) and DIPEA (0.91 mL, 5.22 mmol, 6 eq.) gave a solution of H-(S)-Ala-OBn.

According to the general procedure C, a solution of Boc-(R,R)->*CB-GABA-OH | (200 mg, 0.87
mmol, 1 eq.) in CH,Cl,/DMF (4/1; 8 mL) was treated with DIPEA (303 uL, 1.74 mmol, 2 eq.) and
HATU (347 mg, 0.91 mmol, 1.05 eq.). After stirring for 10 min, the above-described H-(S)-Ala-
OBn solution was added. After the reaction time, flash chromatography (PE/EtOAc = 3/2) gave
Boc-(R,R)->*GABA-(S)-Ala-OBn IV as a white solid (309 mg, 91%).

4 1" O
H H
N 9 15 17

2.0 5 8 10 N 12 16
1 \n/ 7 14°0 18
A ul
v
Rs=0.31 (PE/EtOAC = 3/2)
Mp =157-158 °C

1H NMR (360 MHz, CDCls, 300 K) & 7.40-7.27 (m, 5H, HA"), 6.40 (bs, 1H, NH), 5.37 (bs, 1H,
NH4), 5.17 (dd, J = 20.0, 12.2 Hz, 2H, H'), 4.61 (p, J = 7.2 Hz, 1H, H1?), 4.31-4.12 (m, 1H, H%),
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2.90-2.77 (m, 1H, H®), 2.46 (dd, J = 14.6, 7.6 Hz, 1H, H%), 2.36-2.28 (m, 1H, H®), 2.27 (dd, J =
14.6, 7.6 Hz, 1H, H%), 2.03-1.90 (m, 1H, H®), 1.90-1.78 (m, 1H, H’), 1.65-1.51 (m, 1H, H’), 1.41
(s, 9H, HY), 1.40 (d, J = 6.2 Hz, 3H, H*3).

13C NMR (90 MHz, CDCls;, 300 K) 6 173.08 (C4), 172.12 (C9), 155.64 (C3), 135.44 (C?¢), 128.71,

128.53, 128.23 (C'7-18.19), 79.40 (C?), 67.22 (C*°), 48.24 (C*?), 47.42 (C°), 37.56 (C8), 36.50 (C°),
28.49 (C), 27.65 (C®), 21.59 (C7), 18.40 (C®3).

IR (neat) v 3358, 3271, 2978, 2931, 1720, 1710, 1652, 1553, 1535, 1497 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C,;H3oN,NaOs]*: 413.2047, found: 413.2035.

21
[a]'p - +36.3 (c. 0.60 in CHCI;).

tert-Butyl ((1R,2R)-2-(2-(((S)-1-(benzylamino)-1-oxopropan-2-yl)Jamino)-2-oxoethyl)
cyclobutyl)carbamate (VI).

According to the general procedure B, Boc-(R,R)->*CB-GABA-(S)-Ala-OBn 1E (422 mg, 1.08
mmol, 1 eq.), Pd-C (135 mg) and CH,Cl,/EtOAc (4/1, 36 mL) were employed to afford Boc-(R,R)-
34CB-GABA-(S)-Ala-OH V as a white solid.

According to the general procedure D, a solution of the above-described sample of V in CH,Cl,
(10 mL) was reacted with benzylamine (120 uL, 1.1 mmol, 1.02 eq.), DIPEA (564 uL, 3.24 mmol,
3 eq.) and HATU (431 mg, 1.1 mmol, 1.05 eq.). Flash chromatography (EtOAc/PE = 3/1)
afforded Boc-(R,R)-3*CB-GABA-(S)-Ala-NHBn VI as a white solid (194 mg, 46%).

4 "m0
o H 9 H . 6 1
2 3 5 8 © 1a 19
Pl
O ¢&—7 O a5 20
Vi

R; = 0.48 (EtOAc/PE = 3/1)
Mp =194-195 °C

1H NMR (600 MHz, CDCls, 300 K) & 7.42-7.12 (m, 5H, H”"), 6.81 (bs, 1H, NHS), 6.52 (d, J = 7.4
Hz, 1H, NH1), 5.23 (d, J = 7.2 Hz, 1H, NH%), 4.51 (p, J = 7.2 Hz, 1H, H2), 4.41 (d, J = 5.8 Hz, 2H,
H16), 4.30-4.11 (m, 1H, H5), 2.92-2.69 (m, 1H, H?), 2.44 (dd, J = 14.6, 7.6 Hz, 1H, H?), 2.37-2.27
(m, 1H, H8), 2.23 (dd, J = 14.6, 7.6 Hz, 1H, H), 2.03-1.88 (m, 1H, H7), 1.88-1.78 (m, 1H, HS),
1.62-1.48 (m, 1H, H7), 1.42 (s, 9H, H1), 1.39 (d, J = 7.0 Hz, 3H, H13).

13C NMR (90 MHz, CDCls, 300 K) & 173.14 (C4), 172.87 (C1°), 155.89 (C?), 137.87 (CY7), 128.53,
127.42, 127.30 (C'8 19.20), 79.33 (C?), 48.66 (C12), 46.87 (C°), 43.24 (C$), 37.51 (C?), 35.95 (C°),
28.23 (C1), 27.08 (C5), 20.92 (C7), 17.92 (C3).

IR (neat) v 3325, 3311, 2957, 2937, 2865, 1757, 1735, 1682, 1639, 1528 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C,;H3:N3NaO,]*: 412.2207, found: 412.2189.
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22
[a]'p'= +13.4 (c. 0.50 in CHCI,).

(R,R,R) series

o)
BocHN HATU, DIPEA
OH  CH,CI,/DMF (4/1)

r.t., 10 min H o
I rt,24h  BocHN N Hy, Pd-C (10%)
93% m \‘)kOBn CH,CI,/EtOAC (4/1)
BocHN OBn TFA, CH,Cl, VI rt,4h
o>  DIPEA Tt 1h
]
H Q benzylamine H o
BocHNmNj)LNHBn  HATU, DIPEA BocHNmN\‘)kOH
0] CH.Cly, rt., 48 h o]
IX 46% over two steps VIl

Benzyl (2-((1R,2R)-2-((tert-butoxycarbonyl)amino)cyclobutyl)acetyl)-(R)-alaninate (VII).

According to the general procedure A, Boc-(R)-Ala-OBn Il (243 mg, 0.87 mmol, 1 eq.) in CH,Cl,
(4 mL) and TFA (2 mL, 26.1 mmol, 30 eq.) gave TFA-H-(R)-Ala-OBn. Digestion of this salt in
CH,CI, (4 mL) and DIPEA (0.91 mL, 5.22 mmol, 6 eq.) gave a solution of H-(R)-Ala-OBn.

According to the general procedure C, a solution of Boc-(R,R)->*CB-GABA-OH I (200 mg, 0.87
mmol, 1 eq.) in CH,Cl,/DMF (4/1; 8 mL) was treated with DIPEA (303 pL, 1.74 mmol, 2 eq.) and
HATU (347 mg, 0.91 mmol, 1.05 eq.). After stirring for 10 min, the above-described H-(R)-Ala-
OBn solution was added. After the reaction time, flash chromatography (PE/EtOAc = 3/2) gave
Boc-(R,R)->*GABA-(R)-Ala-OBn VII as a white solid (316 mg, 93%).

4 "m0
O H 9 H 12 15 16 17
2 3 5 8 * 1a 18
SO
O ¢&—7 O s 19
Vil

Rs=0.31 (PE/EtOAc = 3/2)
Mp =145-146 °C

1H NMR (360 MHz, CDCls, 300 K) & 7.43-7.27 (m, 5H, HA7), 6.41 (bs, 1H, NH), 5.25 (bs, 1H,
NH?), 5.18 (dd, J = 18.8, 12.2 Hz, 2H, H'5), 4.61 (p, J = 7.2 Hz, 1H, H12), 4.41-4.02 (m, 1H, H5),
2.99-2.64 (m, 1H, H8), 2.46 (dd, J = 14.6, 7.6 Hz, 1H, H°), 2.37-2.28 (m, 1H, H¢), 2.26 (dd, J =
14.6, 7.6 Hz, 1H, H9), 2.04-1.90 (m, 1H, H7), 1.90-1.77 (m, 1H, H6), 1.65-1.53 (m, 1H, H7), 1.42
(s, 9H, HY), 1.40 (d, J = 6.2 Hz, 3H, H3).

13C NMR (90 MHz, CDCls, 300 K) & 173.02 (C), 172.09 (C°), 155.73 (C3), 135.48 (C16), 128.74,
128.55, 128.30 (C17-18 19), 79.50 (C2), 67.24 (C5), 48.26 (C12), 47.66 (C5), 37.50 (C?), 36.64 (C?),
28.50 (CY), 27.60 (C?), 21.93 (C7), 18.32 (CB3).

IR (neat) v 3338, 3312, 2990, 2956, 1734, 1708, 1675, 1638, 1545, 1514 cm™.
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HRMS [ESI(+)] m/z [M+Na]* calculated for [C,;H30N,NaOs]*: 413.2047, found: 413.2032.

20
[a]'D'= +49.7 (c. 0.58 in CHCI,).

tert-Butyl ((1R,2R)-2-(2-(((R)-1-(benzylamino)-1-oxopropan-2-yl)Jamino)-2-oxoethyl)
cyclobutyl)carbamate (IX).
According to the general procedure B, Boc-(R,R)-3>*CB-GABA-(R)-Ala-OBn VII (422 mg, 1.08

mmol, 1 eq.), Pd-C ( 135 mg) and CH,Cl,/EtOAc (4/1, 36 mL) were employed to afford Boc-
(R,R)->*GABA-(R)-Ala-OH VIII as a white solid.

According to the general procedure D, a solution of the above-described sample in CH,Cl, (10
mL) was reacted with benzylamine (120 pL, 1.1 mmol, 1.02 eq.), DIPEA (564 L, 3.24 mmol, 3
eq.) and HATU (431 mg, 1.1 mmol, 1.05 eq.). Flash chromatography (EtOAc/PE = 3/1) afforded
Boc-(R,R)-3*CB-GABA-(R)-Ala-NHBn IX as a white solid (194 mg, 46%).

4 11 0
o H 9 H . P
2 3 5 8 L 14 19
SO
O &7 O 5 5 20
IX

Rs=0.36 (EtOAc/PE = 3/1)
Mp =166-167 °C

H NMR (600 MHz, CDCl5, 300 K) & 7.34-7.19 (m, 5H, HA"), 6.86 (bs, 1H, NH5), 6.50 (d, J = 7.4
Hz, 1H, NH), 5.14 (d, J = 7.2 Hz, 1H, NH?), 4.48 (p, J = 7.2 Hz, 1H, H'?), 4.45-4.36 (m, 2H, H16),
4.12 (p, J = 7.2 Hz, 1H, H%), 2.93-2.62 (m, 1H, H8), 2.39 (dd, J = 14.6, 7.6 Hz, 1H, HY), 2.31-2.24
(m, 1H, H8), 2.24-2.16 (m, 1H, H), 2.02-1.85 (m, 1H, H7), 1.82-1.73 (m, 1H, H8), 1.63-1.51 (m,
1H, H7), 1.42 (s, 9H, HY), 1.38 (d, J = 7.0 Hz, 3H, H13).

13C NMR (90 MHz, CDCls, 300 K) 6 173.18 (C14), 172.82 (C1°), 156.03 (C3), 137.87 (CY7), 128.51,
127.43, 127.28 (C1819.20), 79.36 (C2), 48.77 (C12), 47.11 (C5), 43.21 (C'6), 37.43 (C8), 35.96 (C?),
28.19 (CY), 26.91 (C?), 21.18 (C7), 17.89 (CB3).

IR (neat) v 3331, 2976, 2959, 2935, 2859, 1737, 1681, 1659, 1637, 1530 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C,;H3:N3NaO,]*: 412.2207, found: 412.2191.

20
[a]'p'- 1+56.8 (c. 0.52 in CHCI,).
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2.2.3 Synthesis of tetrapeptides.

(R,R,S) series

0]
H
BocHN N HATU, DIPEA
0C m \)'LOH - -
5 i CH,Cl,/DMF (3/1)

i 0 o)
r.t., 10 min H
v rt,24h BocHNmN\)LN\‘,D‘_Q)LN/HrOBn
3 Y
0 68% o) z H H o)
H
BocHN NQ&OB“ TFA, CH,Cl, 1E | Hp, Pd-C (10%)
m : DIPEA, rt, 1h CH,CI/EtOAC (4/1)
° rt,4h
v
0] 0] benzylamine
¢ % 0 ° [ 9
H
BocHNmN\AN\\- .,,*N%{NHBn HATU, DIPEA o NQK D )k Jﬁ(OH
6 ¢ H Hol CHoCly, .t 48 h m 7N N
o - o]
1A 88% over two steps X

Benzyl (2-((1R,2R)-2-((S)-2-(2-((1R,2R)-2-((tert-butoxycarbonyl)amino)cyclobutyl)
acetamido)propanamido)cyclobutyl)acetyl)-(S)-alaninate (1E).

According to the general procedure A, Boc-(R,R)-3>*CB-GABA-(S)-Ala-OBn IV (117 mg, 0.3
mmol, 1 eq.) in CH,Cl, (2 mL) and TFA (689 uL, 9 mmol, 30 eq.) gave TFA-H-(R,R)-3*CB-GABA-
(5)-Ala-OBn. Digestion of this salt in CH,Cl, (2 mL) and DIPEA (314 pL, 1.8 mmol, 6 eq.) gave a
solution of H-(R,R)-3*CB-GABA-(S)-Ala-OBn.

According to the general procedure C, a solution of Boc-(R,R)->*CB-ABA-(S)-Ala-OH V (90 mg,
0.3 mmol, 1 eq.) in CH,Cl,/DMF (3/1, 3 mL) was treated with DIPEA (105 uL, 0.6 mmol, 2 eq.),
then the above-described H,N-(R,R)-3>*CB-GABA-(S)-Ala-OBn solution, then HATU (122 mg,
0.32 mmol, 1.05 eq.). After the reaction time, flash chromatography (CH,Cl,/MeOH = gradient
from 100/1 to 100/4) gave Boc-[(R,R)-3>*CB-GABA-(S)-Ala],-OBn 1E as a white solid (116 mg,
68%).

4 11 o 17 18 o 24 30
Ho o H L] I
2 O\ﬁ/N 5 g 10 N2 TSNS 19 BN R 25 _0 £ 29
1 E H 20 H 26 28
O ¢&—7 O 5 5 2 O
1E

R;=0.31 (CH,Cl,/MeOH = 100/4)
Mp =198-199 °C
1H NMR (360 MHz, CDCls, 300 K) 6 8.00 (d, J = 5.8 Hz, 1H, NH?2), 7.85 (d, J = 8.4 Hz, 1H, H1),

7.57-7.26 (m, 5H, H™), 6.86 (d, J = 6.0 Hz, 1H, H11), 5.67 (d, J = 6.8 Hz, 1H, H4), 5.19 (dd, J = 23.0,
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12.4 Hz, 2H, H?), 4.64 (p, J = 7.4 Hz, 1H, H?3), 4.58-4.42 (m, 1H, H'6), 4.36-4.04 (m, 2H, H> 12),
2.95-2.74 (m, 2H, H'%8), 2.48 (dd, J = 14.0, 7.8 Hz, 1H, H?), 2.40-2.09 (m, 6H, H20 69 20,17, 18)
2.08-1.90 (m, 3H, H1%.18.7), 1.90-1.78 (m, 1H, H°), 1.65-1.51 (m, 1H, H7), 1.50-1.39 (m, 12H, H?*
1),1.35 (d, J = 7.2 Hz, 3H, HB).

13C NMR (90 MHz, CDCl3, 300 K) & 175.50 (C25), 173.43 (C1°), 173.23 (C%), 172.67 (C14), 155.64
(C3), 135.37 (C¥7), 128.75, 128.56, 128.18 (C?% 2%.30), 79.43 (C?), 67.49 (C2), 49.66 (C1?), 48.28
(C23), 47.41 (C5), 46.90 (C16), 37.98 (C8), 37.86 (C9), 36.53 (C?), 35.34 (C), 28.55 (CY), 27.67
(C8), 26.78 (CY7), 21.41 (C7), 19.92 (C'8), 17.69 (C*3), 17.07 (C?).

IR (neat) v 3325, 3315, 2983, 2943, 2868, 1731, 1682, 1649, 1638, 1537 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C3oH44N4sNaO-]*: 595.3102, found: 595.3078.

23
[a]'p'- +83.9 (. 0.53 in CHCI,).

tert-Butyl ((1R,2R)-2-(2-(((S)-1-(((1R,2R)-2-(2-(((S)-1-(benzylamino)-1-oxopropan-2-yl)amino)-
2-oxoethyl)cyclobutyl)amino)-1-oxopropan-2-yl)amino)-2-oxoethyl) cyclobutyl)carbamate
(1A).

According to the general Procedure B, Boc-[(R,R)-3>*CB-GABA-(S)-Ala],-OBn 1E (80 mg, 0.14
mmol, 1 eq.), Pd-C (18 mg) and CH,Cl,/EtOAc (4/1, 5 mL) were employed to afford Boc-[(R,R)-
34CB-GABA-(S)-Ala],-OH X as a white solid.

According to the general procedure D, Boc-[(R,R)->*CB-GABA-(S)-Ala],-OH X (0.14 mmol, 1 eq.)
in CH,Cl, (2 mL) was reacted with benzylamine (16 uL, 0.14 mmol, 1.02 eq.), DIPEA (73 uL, 0.42
mmol, 3 eq.) and HATU (56 mg, 0.15 mmol, 1.05 eq.). Flash chromatography (CH,Cl,/MeOH =
gradient from 100/1 to 100/4) afforded Boc-[(R,R)-3>*CB-GABA-(S)-Ala],-NHBn 1A as a white
solid (70 mg, 88%).

4
o N H J\W
2 3 5 8 10 L2 AN 16 19 21 2
Py

(0]
1A

R; = 0.35 (CH,Cl,/MeOH = 100/5)
Mp =222-223 °C

1H NMR (400 MHz, pyridine-ds, 300 K) § 9.51 (t, J = 5.8 Hz, 1H, NH), 9.17 (d, J = 7.4 Hz, 1H,
NH22), 9.10 (d, J = 6.8 Hz, 1H, NH), 9.07 (d, J = 7.8 Hz, 1H, NH5), 7.80 (d, J = 7.2 Hz, 1H, NH?),
7.54-7.46 (m, 2H, H), 7.32 (t, J = 7.6 Hz, 2H, H~7), 7.28-7.23 (m, 1H, H*), 5.02 (p, J = 7.2 Hz,
1H, H?3), 4.94-4.89 (m, 1H, H'2), 4.86-4.81 (m, 1H, H'6), 4.71 (d, J = 5.8 Hz, 2H, H?"), 4.67-4.53
(m, 1H, HS), 3.29-3.14 (m, 1H, H8), 3.14-3.03 (m, 1H, H'°), 2.86 (dd, J = 14.2, 6.2 Hz, 1H, H°),
2.76-2.57 (m, 3H, H% 20.20), 2.37-2.15 (m, 4H, H1&17.17.6,2.17-2.04 (m, 1H, HS), 2.04-1.79 (m
3H, H7.18.7), 1.64 (d, J = 7.2 Hz, 3H, H?), 1.49 (d, J = 6.2 Hz, 3H, H13), 1.48 (s, 9H, HY).
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13C NMR (100 MHz, pyridine-ds, 300 K) 6 175.36 (C%), 173.82 (C19), 173.51 (C?), 173.51 (C),
156.45 (C3), 140.28 (C?8), 129.22, 128.21, 127.68 (C?*30.31), 78.53 (C?), 50.44 (C*?), 50.22 (C*),
48.20 (C®), 47.67 (C®), 43.85 (C%), 39.15 (C?®), 39.15 (C*°), 36.75 (C°), 36.23 (C*°), 28.90 (C1),
27.61 (C®), 27.13 (CY), 22.11 (C7), 21.19 (C*®), 18.70 (C?*), 18.50 (C™3).

IR (neat) v 3325, 3300, 3062, 2976, 2932, 1680, 1658, 1639, 1532 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C3oHssNsNaOg]*: 594.3262, found: 594.3241.

26
[a]p'- +68.4 (c. 0.28 in CH,Cl,/MeOH =1/1)

(R,R,R) series

BocHN ])L __HATU,DIPEA
m CH,Cl,/DMF (3/1)

Vi rt. 10 mn | rt,24h _ BocHN \‘)L D )L /YOBn
T w m
Ho§ 3E | H,, Pd-C (10%)
BocHNmNj)k o TFA CH:Cl ! ,j pecl o
5 DIPEA, rt, 1h 2Clo/EtOAG (4/1)

rt,4h
Vil

benzylamine
H

(0] (0] H
BocHNm 1)& NWNHBn < PHATUDIPEA H N“'D"")LNWOH
o CHoCly, rt,, 48 h m N N
XI

59% over two steps 0

Benzyl (2-((1R,2R)-2-((R)-2-(2-((1R,2R)-2-((tert-butoxycarbonyl)amino)cyclobutyl)
acetamido)propanamido)cyclobutyl)acetyl)-(R)-alaninate (3E).

According to the general procedure A, Boc-(R,R)-3>*CB-GABA-(R)-Ala-OBn VII (117 mg, 0.3
mmol, 1 eq.) in CH,Cl, (2 mL) and TFA (689 uL, 9 mmol, 30 eq.) gave TFA-H-(R,R)->*CB-GABA-
(R)-Ala-OBn. Digestion of this salt in CH,Cl, (2 mL) and DIPEA (314 uL, 1.8 mmol, 6 eq.) gave a
solution of H-(R,R)-3*CB-GABA-(R)-Ala-OBn.

According to the general procedure C, a solution of Boc-(R,R)->*CB-GABA-(R)-Ala-OH VIII (90
mg, 0.3 mmol, 1 eq.) in CH,Cl,/DMF (3/1, 3 mL) was treated with DIPEA (105 pL, 0.6 mmol, 2
eq.), then the above-described H-(R,R)-3>*CB-GABA-(R)-Ala-OBn solution, then HATU (122 mg,
0.32 mmol, 1.05 eq.). After the reaction time, flash chromatography (CH,Cl,/MeOH = gradient
from 100/1 to 100/4) gave Boc-[(R,R)->*CB-GABA-(R)-Ala],-OBn 3E as a white solid (125 mg,
73%).

30
2O 5 8 1oN1214 ‘15 Te 25 \/©
Y j)LN “rr

R;=0.31 (CH,Cl,/MeOH = 100/4)
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Mp =209-210 °C

'H NMR (360 MHz, CDCl;, 300 K) 6 7.67 (d, J = 6.8 Hz, 1H, NH*®), 7.48-7.27 (m, 5H, H*"), 6.85
(d,J=7.6 Hz, 1H, H??), 6.41 (d, J = 6.8 Hz, 1H, H!!), 5.31 (d, J = 7.0 Hz, 1H, H*), 5.18 (dd, J = 21.6,
12.4 Hz, 2H, H?®), 4.59 (p, J = 7.2 Hz, 1H, H?3), 4.50-4.32 (m, 2H, H®12), 4.32-4.10 (m, 1H, H°),
3.11-2.70 (m, 2H, H*8), 2.61-2.40 (m, 2H, H?% %), 2.40-2.16 (m, 4H, H> & 17.20) 2.14-1.90 (m
3H, H7-17:18) 1.84-1.75 (m, 1H, H®), 1.73-1.51 (m, 2H, H"-8), 1.49-1.37 (m, 12H, H¥ 24), 1.35 (d,
J=7.0Hz, 3H, H3).

13C NMR (90 MHz, CDCl5, 300 K) & 173.27 (C?5), 172.58 (C%1), 172.51 (C9), 172.25 (C4), 155.80
(C3), 135.53 (C?7), 128.75, 128.55, 128.29 (C?8 2%.39), 79.56 (C?), 67.28 (C2), 49.50 (C'?), 48.42
(C23), 47.89 (C5), 46.92 (C16), 37.47 (C8), 37.36 (C9), 36.99 (C°), 36.82 (C?), 28.53 (C1), 27.42
(C8), 27.17 (CY7), 22.27 (C7-18), 18.69 (C3), 17.97 (C*).

IR (neat) v 3328, 3310, 2982, 2942, 2868, 1728, 1682, 1638, 1537, 1499 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C30H44N4sNaO-]*: 595.3102, found: 595.3093.

[ ]20 [ ]22
Alp=+47.8 (c. 0.55 in CHCl5); 1%/ D= +156.5 (c. 0.23 in MeOH).

tert-Butyl ((1R,2R)-2-(2-(((R)-1-(((1R,2R)-2-(2-(((R)-1-(benzylamino)-1-oxopropan-2-
yl)Jamino)-2-oxoethyl)cyclobutyl)amino)-1-oxopropan-2-yl)amino)-2-oxoethyl)
cyclobutyl)carbamate (3A).

According to the general procedure B, Boc-[(R,R)-3>*CB-GABA-(R)-Ala],-OBn 3E (80 mg, 0.14
mmol, 1 eq.), Pd-C (18 mg) and CH,Cl,/EtOAc (4/1, 5 mL) were employed to afford Boc-[(R,R)-
34CB-GABA-(R)-Ala],-OH Xl as a white solid.

According to the general procedure D, Boc-[(R,R)-3>*CB-GABA-(R)-Ala],-OH XI (0.14 mmol, 1
eq.) in CH,Cl, (2 mL) was reacted with benzylamine (16 pL, 0.14 mmol, 1.02 eq.), DIPEA (73 uL,
0.42 mmol, 3 eqg.) and HATU (56 mg, 0.15 mmol, 1.05 eq.). Flash chromatography
(CH,Cl,/MeOH = gradient from 100/1 to 100/4) afforded Boc-[(R,R)-3>*CB-GABA-(R)-Ala],-
NHBn 3A as a white solid (47 mg, 59%).

21‘ 2 31
WP
Osta 10N12 1619)211\ 2325N 30
2/ \D/\H/ 14 N N 528 %
22 (0]
3A

R =0.35 (CH,Cl,/MeOH = 100/5)
Mp = 214-215°C

1H NMR (400 MHz, pyridine-ds, 300 K) & 9.15 (s, 1H, NH?), 8.96 (d, J = 5.8 Hz, 1H, NH??), 8.85
(d, J = 5.4 Hz, 1H, NH), 8.81 (d, J = 7.6 Hz, 1H, NH'S), 8.10 (d, J = 7.0 Hz, 1H, NH?), 7.56-7.46
(m, 2H, HA"), 7.33 (t, J = 7.4 Hz, 2H, HA"), 7.28-7.24 (m, 1H, H*"), 5.06-5.02 (m, 1H, H?3), 4.82 (dd,
J=14.8, 6.2 Hz, 1H, HY), 4.78-4.61 (m, 3H, H2%.16.12), 4.59-4.43 (m, 1H, H°), 3.45-3.11 (m, 2H,

He 19), 2.99-2.73 (m, 2H, H% 20), 2.68-2.42 (m, 2H, H% 20), 2.37-2.24 (m, 1H, HS), 2.24-2.14 (m,
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1H, HY), 2.14-2.01 (m, 2H, H":¢), 2.00-1.81 (m, 4H, H”-18187), 1,66 (d, J = 7.2 Hz, 3H, H*), 1.47
(d,J=7.2 Hz, 3H, H13), 1.46 (s, 9H, H1).

13C NMR (100 MHz, pyridine-ds, 300 K) 6 174.10 (C%), 173.94 (C4), 173.93 (C'9), 173.24 (C?%),
156.93 (C3), 140.93 (C?8), 129.21, 128.36, 127.60 (C?*3%31), 78.90 (C?), 51.28 (C*?), 50.94 (C*),
49.26 (C®), 47.90 (C®), 43.72 (C%), 38.76 (C?), 38.70 (C*?), 37.49 (C°), 36.94 (C*°), 28.96 (C1),
27.15 (C®), 26.69 (CY), 23.79 (C7), 23.60 (C'#), 19.08 (C?%), 18.95 (C™).

IR (neat) v 3325, 3297, 3064, 2977, 2937, 1714, 1680, 1660, 1639, 1528 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C3oHssNsNaOg]*: 594.3262, found: 594.3239.

24
[@]D = 4+54.0 (c. 0.26 in CH,Cl,/MeOH = 1/1)

2.2.4 Synthesis of hexapeptides.

(R,R,S) series

0] o o
BocHNmH\l)kOH BOCHNWH%N“'D""}LN%OBn
o ° o = H H o

\' 1E
HATU, DIPEA TFA, CH,Cl,
CH,CI,/DMF (3/1) DIPEA, r.t., 1h
r.t.,, 10 min

rt.,24h
55%

o 0 i
H ¥ N
BocHNmN%N\\,D.,,/AN%(NWN%OBH
5 : H H o o] :
2E

Benzyl (2-((1R,2R)-2-((S)-2-(2-((1R,2R)-2-((S)-2-(2-((1R,2R)-2-((tert-butoxycarbonyl)
amino)cyclobutyl)acetamido)propanamido)cyclobutyl)acetamido)propanamido)cyclobutyl)a
cetyl)-(S)-alaninate (2E).

According to the general procedure A, Boc-[(R,R)->*CB-GABA-(S)-Ala],-OBn 1E (132 mg, 0.23
mmol, 1 eq.) in CH,Cl, (5 mL) and TFA (528 pL, 6.9 mmol, 30 eq.) gave TFA-H-[(R,R)-3*CB-GABA-
(5)-Ala],-OBn. Digestion of this salt in CH,Cl, (5 mL) and DIPEA (240 pL, 1.38 mmol, 6 eq.) gave
a solution of H-[(R,R)-3>*CB-GABA-(S)-Ala],-OBn.

According to the general procedure C, a solution of Boc-(R,R)-3>*CB-GABA-(S)-Ala-OH V (69 mg,
0.23 mmol, 1 eq.) in CH,Cl,/DMF (3/1, 3 mL) was treated with DIPEA (80 pL, 0.46 mmol, 2 eq.),
then the above-described H-[(R,R)-3*CB-GABA-(S)-Ala],-OBn solution, then HATU (92 mg, 0.24
mmol, 1.05 eq.). After the reaction time, flash chromatography (CH,Cl,/MeOH = gradient from
100/1 to 100/4) gave Boc-[(R,R)-3>*CB-GABA-(S)-Alal;-OBn 2E as a white solid (95 mg, 55%).
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4 1 0 7__18 o % |2_6| 3H3 O
H H 31 37 39
EZ/O\F]/N\E[:T/Q\H/N 2 N\\.L;L,UALN/Z%‘S/NWN%O 38 0
: 2 !
1 O 7 O 1‘? l2-2| (0] s 2 O o »
2E

R; = 0.43 (CH,Cl,/MeOH = 100/6)
Mp =245-246 °C

1H NMR (400 MHz, pyridine-ds, 310 K) 6 9.13 (d, J = 7.2 Hz, 1H, H%?), 9.06 (d, J = 7.0 Hz, 1H,
H33),9.02 (d, J = 6.8 Hz, 1H, H'?), 8.96 (d, / = 7.6 Hz, 1H, H*>), 8.80 (d, / = 7.6 Hz, 1H, H?®), 7.69
(s, 1H, H*), 7.49-7.26 (m, 5H, H”"), 5.29 (dd, J = 25.6, 12.6 Hz, 2H, H%7), 4.95-4.86 (m, 1H, H34),
4.89-4.80 (m, 3H, H®:12.27) 4.72-4.67 (m, 1H, H?3), 4.65-4.52 (m, 1H, H>), 3.31-2.98 (m, 3H, H®
30,19) ' 2.87-2.55 (m, 6H, H%31.20), 2.35-2.04 (m, 7H, H'"-18.28,6) 2, 04-1.81 (m, 5H, H?*18"7), 1,56
(d,J=7.2Hz, 3H, H?*), 1.52 (d, J = 7.2 Hz, 3H, H®3), 1.49 (s, 9H, HY), 1.47 (d, J = 7.2 Hz, 3H, H%*).

13C NMR (100 MHz, pyridine-ds, 300 K) & [174.98, 174.77, 173.98, 173.98, 173.49, 173.46 (C1°
14,21,25,32, 36)] 156.46 (C3), 136.91 (C¥), [129.30, 128.91, 128.79 (C3% %0 41)], 78.56 (C?), 67.38
(C¥7), [50.55, 50.43, 49.26, 48.27, 47.75, 47.75 (C>12.16.23,27,34) | [40.07, 39.15, 38.96 (C% 1930)],
[36.74, 36.18, 36.08 (C%20.31)], 28.92 (CY), [27.61, 26.99, 26.96 (C& 17.28)], [22.16, 21.77, 21.07
(C7.18,29)], [18.44, 18.30, 17.62 (C1324.39)].

IR (neat) v 3282, 3064, 2976, 2953, 2937, 1736, 1680, 1634, 1525 cm.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C3oHsgNgNaOg]*: 777.4157, found: 777.4127.

26
[@]D'= +106.5 (c. 0.26 in CH,Cl,/MeOH = 1/1).

O (e} (0]
BocHNWH\l)kOH BOCHNWH\)LN‘“D"")LN%(NHBn
o ° o : H H o

\'% 1A
HATU, DIPEA TFA, CH,Cl,
CH,CI,/DMF (3/1) DIPEA, r.t., 1h
r.t., 10 min

rt,24h
48%

0 o i
H H N
BocHNmN\l)kN“.D-.,,AN/H(N\I:‘/\”/N\:)kNHBn
o = " Hoo o
2A

tert-Butyl ((1R,2R)-2-(2-(((S)-1-(((1R,2R)-2-(2-(((S)-1-(((1R,2R)-2-(2-(((S)-1-(benzyl amino)-1-
oxopropan-2-yl)Jamino)-2-oxoethyl)cyclobutyl)amino)-1-oxopropan-2-yl)Jamino)-2-
oxoethyl)cyclobutyl)amino)-1-oxopropan-2-yl)Jamino)-2-oxoethyl)cyclobutyl)carbamate
(2A).
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According to the general procedure A, Boc-[(R,R)->*CB-GABA-(S)-Ala],-NHBn 1A (51 mg, 0.09
mmol, 1 eq.) in CH,Cl, (5 mL) and TFA (207 pL, 2.7 mmol, 30 eq.) gave TFA-H-[(R,R)-3*CB-GABA-
(5)-Ala],-NHBnN. Digestion of this salt in CH,Cl, (5 mL), and DIPEA (94 pL, 0.54 mmol, 6 eq.) gave
a solution of H-[(R,R)-3>*CB-GABA-(S)-Ala],-NHBn.

According to the general procedure C, a solution of Boc-(R,R)-3*CB-GABA-(S)-Ala-OH V (27 mg,
0.09 mmol, 1 eq.) in CH,Cl,/DMF (3/1, 2 mL) was treated with DIPEA (31 uL, 0.18 mmol, 2 eq.),
then the above-described H-[(R,R)-3*CB-GABA-(S)-Ala],-NHBn solution, then HATU (38 mg, 0.1
mmol, 1.05 eq.). After the reaction time, preparative HPLC (hexane/EtOH = 40/60; product
elution at 6.7 min) gave Boc-[(R,R)->*CB-GABA-(S)-Ala];-NHBn 2A as a white solid (32 mg,
48%).

4 1"

o 17 18 0 24 2 i—3| o
H H H 31
}O%NWN%N“’QW”%N%NWN%N SEPRN .
1 : H ® H : H
o 7 0O 5 2z 0 s 2 O % 37
2A

6 42

Rs=0.51 (CH,Cl,/MeOH = 100/6)
Mp =255-257 °C

1H NMR (400 MHz, pyridine-ds, 330 K) 6 9.30 (s, 1H, H3"), 9.13 (d, J = 7.8 Hz, 1H, H?), 9.08 (d,
J=6.2 Hz, 1H, H??), 8.96 (d, J = 7.4 Hz, 1H, H*), 8.89 (d, J = 7.8 Hz, 1H, H'5), 8.83 (d, J = 6.6 Hz,
1H, H11), 7.49 (d, J = 7.6 Hz, 2H, H~), 7.41 (s, 1H, H), 7.33 (t, J = 7.6 Hz, 2H, H*), 7.28-7.24 (m,
1H, HA"), 5.01-4.91 (m, 1H, H34), 4.91-4.75 (m, 4H, H?316.12.27) 4.73-4.66 (m, 2H, H3*), 4.52-4.51
(m, 1H, H%), 3.23-3.12 (m, 1H, H¥), 3.12-2.99 (m, 2H, H319), 2.83 (dd, J = 14.2, 6.4 Hz, 1H, H°),
2.77-2.60 (m, 4H, H31.20.9237) 2 55 (dd, J = 14.2, 6.2 Hz, 1H, H2Y), 2.46-2.17 (m, 7H, H?% 17.17"6,
18,29,28) 2 17-2.05 (m, 1H, H¥), 2.05-1.91 (m, 3H, H?% 18"7), 1.91-1.80 (m, 1H, H”), 1.61 (d, J =
7.4 Hz, 3H, H3), 1.59 (d, J = 7.0 Hz, 3H, H?%), 1.52 (d, J = 7.6 Hz, 3H, H13), 1.50 (s, 9H, H1).

13C NMR (100 MHz, pyridine-ds, 300 K) & 175.71 (C3%), [174.65, 174.15, 173.81, 173.29 (C10.2L
25,32)], 173.09 (C14), 156.04 (C3), 139.72 (C*), [128.84, 127.78, 127.30 (C* 41 4?)], 78.13 (C?),
50.35 (C12), 50.35 (C34), 49.99 (C?3), 47.87 (C%), 47.58 (C16), 47.36 (C?7), 43.52 (C3¥), 38.83 (C& 1%
30),36.25 (C9), 35.45 (C%), 35.31 (C3Y), 28.51 (CY), 27.21 (CF), 26.46 (CY7), 26.46 (C), 21.73 (C7),
20.30 (C8), 20.11 (C%9), 18.09 (C2*), 17.95 (C3), 17.70 (CB).

IR (neat) v 3286, 3061, 2979, 2935, 2869, 1737, 1711, 1680, 1638, 1531 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C3oHsoN;NaOg]*: 776.4317, found: 776.4279.

26
[@]D'= +108.0 (c. 0.26 in CH,Cl,/MeOH = 1/1).
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(R,R,R) series

(0] (0] O B
H H H
BocHN N BocHN N \D )L : OBn
oH ST N TNY
o) o H H 0
Vil 3
HATU, DIPEA TFA, CH,Cl,
CH,CI,/DMF (3/1) DIPEA, rt, 1h
r.t., 10 min

rt.,24h
60%
(0]

(SN H H O
BocHN H\‘)LN\"[I-’”)LNYN N\‘)kan

Benzyl (2-((1R,2R)-2-((R)-2-(2-((1R,2R)-2-((R)-2-(2-((1R,2R)-2-((tert-butoxycarbonyl)
amino)cyclobutyl)acetamido)propanamido)cyclobutyl)acetamido)propanamido)cyclobutyl)a
cetyl)-(R)-alaninate (4E).

According to the general procedure A, Boc-[(R,R)->*CB-GABA-(R)-Ala],-OBn 3E (132 mg, 0.23
mmol, 1 eq.) in CH,Cl, (5 mL) and TFA (528 pL, 6.9 mmol, 30 eq.) gave TFA-H-[(R,R)-3>*CB-GABA-
(R)-Ala],-OBn. Digestion of this salt in CH,Cl, (5 mL), and DIPEA (240 pL, 1.38 mmol, 6 eq.) gave
a solution of H-[(R,R)-*>*CB-GABA-(R)-Ala],-OBn.

According to the general procedure C, a solution of Boc-(R,R)->*CB-GABA-(R)-Ala-OH VIII (69
mg, 0.23 mmol, 1 eq.) in CH,Cl,/DMF (3/1, 3 mL) was treated with DIPEA (80 pL, 0.46 mmol, 2
eq.), then the above-described H-[(R,R)->*CB-GABA-(R)-Ala],-OBn solution, then HATU (92 mg,
0.24 mmol, 1.05 eq.). After the reaction time, preparative HPLC (hexane/EtOH = 65/35;
product elution at 14.6 min) gave Boc-[(R,R)-3*CB-GABA-(R)-Ala];-OBn 4E as a white solid (104
mg, 60%).

WN%N 16 19° 21 N S WN\‘)J\ /\(j

R;= 0.43 (CH,Cl,/MeOH = 100/6)
Mp =233-234 °C
H NMR (600 MHz, DMSO-ds, 350 K) & 8.34 (d, J = 7.2 Hz, 1H), 8.07 (d, J = 7.8 Hz, 1H), 8.03 (d,
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J=7.2 Hz, 1H), 7.98 (d, J = 7.8 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.53-7.20 (m, 5H), 7.06 (d, J =
8.4 Hz, 1H), 5.10 (dd, J = 15.0, 12.3 Hz, 2H), 4.37-4.26 (m, 3H), 4.25-4.18 (m, 2H), 4.11-4.00 (m,
1H), 2.72-2.63 (m, 3H), 2.25-2.17 (m, 4H), 2.12-1.99 (m, 8H), 1.84-1.72 (m, 3H), 1.56-1.47 (m,
3H), 1.37 (s, 9H), 1.28 (d, J = 7.2 Hz, 3H), 1.19 (d, J = 2.4 Hz, 3H), 1.18 (d, J = 2.4 Hz, 3H).

13C NMR (150 MHz, DMSO-d¢, 350 K) & [171.48, 171.43, 171.39, 171.19, 171.13, 170.89 (C*
14,21,25,32,36)] 154,50 (C3), 135.76 (C38), [127.97, 127.53, 127.24 (C3 %0 41)], 77.24 (C?), 65.43
(C¥7), [47.94, 47.92, 47.33 (C12 23.349)], [46.67, 45.24, 45.06 (C> 16 27)], [37.00, 36.91, 36.85 (C®
19,30)] [34.98, 34.98, 34.73 (C22°:31)], 27.92 (CY), [25.78, 25.53, 25.53 (C17:28)], [21.06, 20.79,
20.58 (C7-1829)], [18.17, 16.56, 15.85 (C13:2435)].

IR (neat) v 3320, 3297, 2988, 2958, 2926, 2853, 1738, 1679, 1661, 1641, 1554, 1531 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [C3oHsgNgNaOgl*: 777.4157, found: 777.4141.

25
[@]D- 436.5 (c. 0.25 in CH,Cl,/MeOH = 1/1).

0 0 o =
H H D 3
BocHN N - .
m %OH BocHNmNj)LH\ ,/)LH/}(NHBn
o o] o]
3A

Vil
HATU, DIPEA TFA, CH,Cl,
CH,CI,/DMF (3/1) DIPEA, r.t., 1h
r.t., 10 min

rt.,24h
61%
(o}

o - O
H = H H
BOCHNWN%NWDMANYNWN%NHM
H H
o) o) o)
4A

tert-Butyl ((1R,2R)-2-(2-(((R)-1-(((1R,2R)-2-(2-(((R)-1-(((1R,2R)-2-(2-(((R)-1-(benzyl amino)-1-
oxopropan-2-yl)Jamino)-2-oxoethyl)cyclobutyl)amino)-1-oxopropan-2-yl)Jamino)-2-
oxoethyl)cyclobutyl)amino)-1-oxopropan-2-yl)Jamino)-2-oxoethyl)cyclobutyl)carbamate
(aA).

According to the general procedure A, Boc-[(R,R)->*CB-GABA-(R)-Ala],-NHBn 3A (51 mg, 0.09
mmol, 1 eq.) in CH,Cl, (5 mL) and TFA (207 pL, 2.7 mmol, 30 eq.) gave TFA-H-[(R,R)-3*CB-GABA-
(R)-Alal,-NHBn. Digestion of this salt in CH,Cl, (5 mL), and DIPEA (94 pL, 0.54 mmol, 6 eq.) gave
a solution of H-[(R,R)-3>*CB-GABA-(R)-Ala],-NHBn.

According to the general procedure C, a solution of Boc-(R,R)->*CB-GABA-(R)-Ala-OH VIII (27
mg, 0.09 mmol, 1 eq.) in CH,Cl,/DMF (3/1, 2 mL) was treated with DIPEA (31 pL, 0.18 mmol, 2
eq.), then the above-described H-[(R,R)-3*CB-GABA-(R)-Ala],-NHBn solution, then HATU (38
mg, 0.1 mmol, 1.05 eq.). After the reaction time, preparative HPLC (hexane/EtOH = 40/60;
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product elution at 10.5 min) gave Boc-[(R,R)-3>*CB-GABA-(R)-Ala];-NHBn 4A as a white solid
(41 mg, 61%).

WN%N 16 19, 21 NGB\E/NWN\I/‘L X :

R;=0.51 (CH,Cl,/MeOH = 100/6)
Mp =245-246 °C

H NMR (400 MHz, DMSO-ds, 350 K) & 8.08 (d, J = 5.2 Hz, 1H), 7.86 (d, J = 7.6 Hz, 1H), 7.83 (d,
J=7.8Hz, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.69 (d, J = 7.2 Hz, 2H), 7.38-7.11 (m, 5H), 6.74 (s, 1H),
4.34-4.22 (m, 7H), 4.11-4.03 (m, 1H), 2.81-2.70 (m, 3H), 2.29-2.19 (m, 6H), 2.18-2.08 (m, 3H),
2.02-1.94 (m, 3H), 1.90-1.77 (m, 3H), 1.62-1.52 (m, 3H), 1.39 (s, 9H), 1.28-1.21 (m, 9H).

13C NMR (100 MHz, DMSO-ds, 350 K) 6 [172.00, 171.57, 171.57, 171.24, 171.09, 171.01 (C'*
14,21,25,32,36)] 154.54 (C3), 139.13 (C*9), [127.79, 126.70, 126.27 (C**41.42)], 77.27 (C?), [48.15,
48.15, 48.06 (C'>23.34)], [46.68, 45.37, 45.32 (C>1627)], 41.79 (C38), [37.02, 36.85, 36.85 (C& 1%
30)], [35.05, 35.02, 35.01 (C* 20 31)], 27.93 (C?), [25.79, 25.45, 25.43 (C® 17. 28)], [21.20, 21.16,
20.61 (C"1829)], [18.13, 18.06, 17.81 (C'324.35)].

IR (neat) v 3320, 3297, 2988, 2958, 2926, 2853, 1738, 1679, 1661, 1641, 1554, 1531 cm™.

HRMS [ESI(+)] m/z [M+Na]* calculated for [CsgHs9N,NaOg]*: 776.4317, found: 777.4283.

26
[@]D= 4+7.1 (c. 0.12 in CH,Cl,/MeOH = 1/1).
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2.3 Copies of *Hand 3C NMR spectra
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Compound VI (in CDCls)
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Compound VII (in CDCls)
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Compound IX (in CDCl3)
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Tetrapeptide ester 1E (in CDCls)

ZT
.
e
Iz
o
Iz
=o
o)

239559
ABORIN N LM
e —

NN~

mc_.r

€e'¢C
S¥'e
Lre
v8'e
Y44
€y
1A 4
e 4
97
oy
9y
rL'S
8l'G
X4
4]
99°G
89°G
G8'9
189
£€e'.
el
Ge'L
Ge'L
ae )

e AR

FAXVA
ASA
8€L
¥8'L
98°L
00'8
108

TR Teem————

20'c
€0'L
860

€0l

17884

1oL

[ €0l

0.0

0.5

1.0

1.5

80 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0

8.5

1 (ppm)

EV'6L—

81'8ZL~,
95'821
G1'82l
leseL”

Y9651 —

\.w.Nh_./
mw.mtw
g mt\
05'GLL

80

50 150 130 120

160

170

10

20

30

40

50

70

100 90

110

140

180

1 (ppm)

S36



Tetrapeptide amide 1A (in pyridine-ds)

8L
8L
05’1
€9l
59l
06t
e6't
6’1l
G6'L

961
16')
Lze
A4
vee
8C'¢C
6CC
G9'C
99'¢C
19T
89'C
89'C
69¢C
LLe
LLe
€8'¢C
G8'C
WLy
oLy
4504
8
98
88'¥
68’1
L6'v
00
20's
v0's
€cL
Sc'L
0g'L
|28l

|

ke

(4]

X

6V’ L
05,
LS'L
S
206
806

|

#

806
oL's
al'é
8l'é
056
15’6

Ny

v

7

T

I oo

€60
60'%

F S6¢

060
980

= G8'0

040
s0¢
61
or'l
00l

S0k
60C
8lL¢C
180

o'l
00k
¥0'L
160

50 45 40 35 30 25 20 15 10 05 0.

1 (ppm)

0 85 80 75 70 65 60 55 B ‘

9.0

9.5

10 05 00

0581
E.w;k
6L°LZ

lzzl
£LLZ

A
06827
€296
6198~
gLee”
g8 er—
191y
0z 8rf
7205

¥°0G

€6'8L—

=t

89 Lcl
PN.wNFW
¢g'6el

8Covl—

SroGL—

LSELIN
ZeeLl
9e'GLL

50 150 130 120

160

170

100 90

110

140

180

1 (ppm)

S37



Hexapeptide ester 2E (in pyridine-ds)
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Hexapeptide amide 2A (in pyridine-ds)
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Tetrapeptide ester 3E (in CDCls)
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Tetrapeptide amide 3A (in pyridine-ds)
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Hexapeptide ester 4E (in DMSO-d)
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Hexapeptide amide 4A (in DMSO-dj)
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3. Solution state spectroscopic studies

3.1 IR spectra

Solution state infrared spectra of peptides were recorded at 295 K on a Fourier-transform
Perkin Elmer Spectrum Two spectrometer, using 1-3 mM solutions in analytical grade CHCl;
held in Omni-cell Specac 1 mm path-length NaCl plates. The absorbance bands in the amide

A, I and Il regions are shown in Figure S3.1.
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Figure S3.1. Solution state IR absorption spectra of peptides 1A/E to 4A/E; left panels show
the amide | and Il regions, right panels show amide A regions; upper panels are (R,R,S) series

peptides, lower panels are (R,R,R) series peptides.
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To verify the absence of intermolecular interactions in the conformational behavior and IR
spectroscopic signatures, a dilution experiment was carried out on a representative example
from each series: tetrapeptide amide 1A for the (R,R,S) series and tetrapeptide amide 3A for
the (R,R,R) series. No concentration effects were in evidence in the IR spectra of these
compounds recorded for 2 mM and 0.4 mM solutions in analytical grade CHCl;, suggesting
that any folding preferences were due to intramolecular interactions.

The absorbance bands in the amide A, | and Il regions are shown in Figure S3.2.
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Figure S3.2. Solution state IR absorption spectra of (R,R,S) peptide 1A (above) and (R,R,R)
peptide 3A (below) at 2 mM and 0.4 mM concentrations (red and black curves, respectively);
left panels show the amide | and Il regions, right panels show amide A regions.

545



3.2 NMR titration experiments

A DMSO-d; titration experiment was conducted on a representative peptide from each series:
tetrapeptide amide 1A for the (R,R,S) series and tetrapeptide amide 3A for the (R,R,R) series.
Starting sample solutions were prepared at a concentration of 2 mM in CDCl; (400 uL).
Successive aliquots of DMSO-dg (6 x 2 pL, 2 x 4 uL, 2 x 10 pL) were added to the NMR tube;
after each addition the sample was agitated rapidly then the 'H NMR spectrum re-recorded.
All spectra were recorded at 300 K.

In the (R,R,S) series, a 12/10 helical conformation of compound 1A would implicate a
hydrogen-bonded status for carbamate proton NH* and amide protons NHY and NHZ,
whereas amide protons NH!! and NH?® would be free and solvent exposed. Titration with
DMSO-ds induced a low-to-negligible shift for the former three signals (A6 = 0.26, 0.02 and
0.00 ppm, respectively). In contrast a significant downfield shift was observed for the latter
two signals (A = 0.46 and 0.76 ppm, respectively). These data are in full agreement with a
12/10 helical conformation for compound 1A (Figure S3.3).

In the (R,R,R) series, a 12 helical conformation of compound 3A would implicate a hydrogen-
bonded status for amide protons NH'>, NH?2 and NH?¢, whereas carbamate proton NH* and
amide proton NH! would be free and solvent exposed. Titration with DMSO-ds induced a
negligible shift for the former three signals (A6 = 0.06, —0.12 and 0.10 ppm, respectively). In
contrast a significant downfield shift was observed for the latter two signals (A6 = 0.83 and
0.91 ppm, respectively). These data are in full agreement with a 12 helical conformation for
compound 3A (Figure S3.4).

The helical assignments are supported by the chemical shift data observed in CDCl; solution.
Whatever the helical pattern, free amide NH signals (6.72, 6.88 ppm for 1A; 5.91 ppm for 3A)
appear upfield compared to H-bonded amide NH signals (8.17, 7.86 ppm for 1A; 7.74, 7.74,
7.28 ppm for 3A). Similarly, the free carbamate NH signal (4.99 ppm) for 3A appears upfield
compared to the H-bonded carbamate NH signal (5.74 ppm) of 1A.
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Compound 1A (R,R,S) showing the hydrogen bonding system of a 12/10 helix

DMSO-d; (%, v/v)

0 0.5 1 15 2 2.5 3 4 5 7.5 10 AS
SNH4 | 574 575 577 578 581 58 585 58 593 598 6.00| 026
SNH11 | 672 677 6.82 687 694 697 7.00 7.05 711 7.16 7.18 | 0.46
SNH15 | 817 817 8.17 8.17 817 817 817 817 817 815 815 | 0.02
SNH22 | 7.86 7.87 787 7.87 787 7.87 787 7.87 787 7.87 7.86 | 0.0
SNH26 | 6.88 697 7.07 714 725 729 734 743 751 7.60 7.64 | 0.76
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Figure $S3.3. 'H NMR DMSO-d; titration experiment on compound 1A.



Compound 3A (R,R,R) showing the hydrogen bonding system of a 12 helix

DMSO-d; (%, v/v)

0 05 1 15 2 25 3 4 5 75 10 AS
SNH4 | 499 522 531 538 544 548 555 562 567 576 582 | 083
SNH11 | 591 617 625 633 640 645 653 661 665 676 6.82 | 091
SNH15 | 774 777 779 779 779 7.80 7.81 7.81 7.82 7.82 7.80 | 0.06
SNH22 | 774 774 773 772 772 771 768 767 7.67 7.64 762 | —0.12
SNH26 | 7.28 734 736 736 738 738 739 739 739 739 738 | 0.10
8
0_.—.—.—.—.—._. o— 4
73 —e———t——0——0—0— —c-
7
€ ——
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265
w
6 ¢
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5 ¢
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Figure S3.4. 'H NMR DMSO-d; titration experiment on compound 3A.
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3.3 ROESY NMR experiments

ROESY spectra of (R,R,S) series peptides 1E, 1A, 2E and 2A peptides were recorded on a Bruker
400 MHz spectrometer. Solutions were prepared in pyridine-ds at a concentration of 5 mM.
The pulse sequence was roesyadjsphpr. The experiments were performed by collecting 2048
points in f2 and 256 points in f1.

All four peptides showed non-local correlations that were indicative of the presence of 12/10
helical conformations, according to literature precedents.s4517

These correlations are: CaH(i—2)—HNa(i), NyH(i—2) —HNa(i) and CyH(i—2)—HNay(/).
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Tetrapeptide amide 1A
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3.4 Circular Dichroism

The far-UV electronic circular dichroism (ECD) spectra were recorded for 0.25 uM or 0.125 uM
solutions in analytical grade MeOH in 1 mm sample cells at 298 K. The mean residue molar
ellipticity [@] (deg-cm?2-dmol-?) was calculated according to the equation below, wherein 6obs
= observed ellipticity (mdeg); ¢ = concentration (mol-L™%); n = number of residues; I/ = cell path
length (cm).

Bobs
10 X ¢ Xxn X1

[6] =

The ECD spectra are shown in Figure S3.5. The (R,R,S) peptide series shows a fairly regular set
of curves, with some heterogeneity for ester 1E, but better homology for 1A, 2E and 2A,
featuring a single positive Cotton effect centered around 205 nm. The (R,R,R) peptide series
is considerably more disparate, showing a positive Cotton effect that varied from 195 to 205
nm and, in some cases but not all, a negative effect at around 220 nm. There is no coherence
in the strength of the Cotton effects with increasing hydrogen bonding options and no
regularity in the ratio of the positive/negative Cotton effects.

There are only limited reports in the literature of ECD spectra of o/y-peptides and precious
few correlations between the signs of the Cotton effects and the helix handedness. We concur
with the caution that has been advocated regarding the interpretation of ECD spectra of
folded peptides and the limits of the technique in the evaluation of secondary structure.58-521

Methanolic ECD spectra of o/y-peptides that adopt 12/10 helix structures feature a single
Cotton effect centered around 205 nm.3'% 57 A positive Cotton effect is considered to be
indicative of a right-handed 12/10 helix, on the basis of an examination of the backbone
dihedral angles obtained from a restrained molecular dynamics study.'* The regularity of the
ECD spectra of the (R,R,S) peptide series, showing a positive Cotton effect centered at around
205 nm, suggests that the right-handed 12/10 helix observed for these compounds in
chloroform solution may also prevail in the more polar solvent methanol.

Methanolic ECD spectra of a/y-peptides that adopt 12 helix structures show a first Cotton
effect centered at around 220 nm and a second Cotton effect, stronger and with the opposite
sign, at around 195 nm.518 522525 While some superficial similarities appear, the lack of
heterogeneity in the ECD spectra for the (R,R,R) peptide series in methanol precludes
confident assignment of any predominant folding pattern for these compounds in this polar
solvent.
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Figure S3.5. ECD spectra (0.125-0.25 mM in MeOH) of (R,R,S) series peptides 1E, 1A, 2E and
2A (left) and of (R,R,R) series peptides 3E, 3A, 4E and 4A (right).
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