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ABSTRACT: The single-conformation spectroscopy of two mod-
el v-peptides has been studied under jet-cooled conditions in the
gas phase. The methyl-capped triamides, Ac-y*-hPhe-y*-hAla-
NHMe and Ac-y*-hAla-y*-hPhe-NHMe, were probed by reso-
nant two-photon ionization (R2PI) and resonant ion-dip infrared
(RIDIR) spectroscopies. Four conformers of Ac-y’>-hPhe-y*-
hAla-NHMe and three of Ac-y*-hAla-y*-hPhe-NHMe were ob-
served and spectroscopically interrogated. On the basis of com-

parison with the predictions of density functional theory

Ac-y*-hPhe-y*-hAla-NHMe
C7/C7/C14

calculations employing a dispersion-corrected functional (wB97X-D/6-311++G(d,p)), all seven conformers have been assigned
to particular conformational families. The preference for formation of nine-membered rings (C9) observed in a previous study
[James, W. H,, III et al,, J. Am. Chem. Soc. 2009, 131, 14243] of the smaller analog, Ac-y*-hPhe-NHMe, carries over to these
triamides, with four of the seven conformers forming C9/C9 sequential double-ring structures, and one conformer a C9/C14
bifurcated double ring. The remaining two conformers form C7/C7/C14 H-bonded cycles involving all three amide NH groups,
unprecedented in other peptides and peptidomimetics. The amide groups in these structures form a H-bonded triangle with the two
trimethylene bridges forming loops above and below the molecule’s midsection. The structure is a natural extension of amide
stacking, with the two terminal amides blocked from forming the amide tristack by formation of the C14 H-bond. Pair interaction
energy decomposition analysis based on the fragment molecular orbital method (FMO-PIEDA) is used to determine the
nonbonded contributions to the stabilization of these conformers. Natural bond orbital (NBO) analysis identifies amide stacking
with a pair of n — 77" interactions between the nitrogen lone pairs and 77* orbitals on the carbonyl of the opposing amide groups.

I. INTRODUCTION

Synthetic foldamers that contain amide groups in the back-
bone have preferred secondary structures that often extend
beyond those found in proteins, which are polyamide com-
posed entirely of a-amino acid residues. Principal among such
peptide mimics are -peptides and y-peptides, which differ from
a-peptides by incorporating one and two additional carbon
atoms, respectively, between the backbone amide groups.1 The
majority of previous studies have focused attention on 3-peptides
and mixed a/f-peptides,” * with a variety of constrained and
unconstrained substituents incorporated into the [-peptide
subunits.

y-Peptides offer further substituent versatility and added
flexibility because of the three-carbon bridge between amide
groups, relative to a-peptides (one carbon) or f3-peptides (two
carbons). Recent progress in the synthesis of y-amino acids®
is leading to increased effort to understand the folding prefer-
ences of y-peptides.>' '~ '® Though much of this work is aimed at
understanding these preferences in the condensed phase, there is
a role for studies on small y-peptide oligomers under isolated
conditions, where the inherent preferences can be probed in the
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absence of solvent effects.'® Such studies provide a natural point
of connection with those testing the ability of molecular
mechanics force fields or ab initio methods to properly capture
the subtle balance of H-bonding, dispersive forces, and steric
strain that lead to the observed conformations.** ¢

In a recent series of papers, we have explored the conforma-
tional preferences and unique spectral signatures of model
phenylalanine-containing diamide and triamide [3-peptide and
o./f-peptide foldamers using single-conformation IR and UV
spectroscopy of the jet-cooled molecules.'”””** These studies
uncovered a rich array of conformational family types, including
single rings varying in size from C5 to C11, sequential double
rings (e.g., C8/C7.,), and bifurcated double rings (e.g,, C5/C8).
The “Cn” labeling scheme identifies the number of atoms “n” in
the ring closed by an intramolecular NH- - -O=C H-bond.
Diastereomer-specific effects were also explored,®® as were the
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Figure 1. Chemical structures of (a) Ac-y*-hPhe-NHMe, (c) Ac-y*-hPhe-y*-hAla-NHMe, and (d) Ac-y*-hAla-y*-hPhe-NHMe. (b) Definition of the

four dihedral angles present in the y-peptides.

effects of incorporation of a rigidified residue containing a cyclo-
pentane ring (ACPC) into the 3-peptide framework.>

Recently, such studies were extended to include a small,
capped y-peptide diamide, Ac-y*-hPhe-NHMe (Figure 1a).'”
Here, the presence of a three-carbon spacer provides two
additional dihedral angles (6, &) for conformational change
beyond the Ramachandran angles (¢, 1) present in a-peptides,
as shown in Figure 1b. Under supersonic expansion cooling, this
molecule spreads its population over three conformational
isomers: two C9 conformers (A(C9(a))) and (B(C9(g—)))
and an unusual amide-stacked conformation (C(S(a))). The anti
(a), and two gauche positions (g+, g—) refer to the position of the
aromatic ring relative to the o carbon. It was a surprising result that
a conformation without an intramolecular H-bond could compete
with H-bonded conformations for population in the gas phase.
This structure was stabilized by a combination of electrostatic and
dispersive interactions associated with an antiparallel arrangement
of the two amide groups, stacking the amide planes on top of one
another much as occurs between stacked aromatic rings.

The presence of an amide stacked conformer in Ac-y*-hPhe-
NHMe thus afforded the opportunity to characterize this attrac-
tive interaction between amide groups, which is likely to be
present to some degree in a wide range of other circumstances in
which amide groups are brought into close proximity with one
another, such as in Asn-Asn and Asn-Gln amide stacks in
amyloid-like fibrils.> Single-conformation studies were critical
to the detection and characterization of amide stacking, enabled
by a combination of expansion cooling to trap the population in
the zero-point levels of the observed conformers and double-
resonance laser spectroscopy to record IR and UV spectra of each
conformation free from interference from one another.

That amide stacking is truly competitive with H-bonding was
established by mass-resolved infrared population transfer
(IRPT) spectra,'® which determined the abundances of the three
conformers of Ac-y>-hPhe-NHMe. The amide stacked confor-
mer was shown to comprise 21 + 1% of the population,
approximately half that of the C9 conformers (38 £ 1%, 42 &+
2%). An independent determination under slightly different
expansion conditions using both IRPT and its alternative, infra-
red ion-gain (IRIG) spectroscopy, obtained percentages of 17 +
1% (IRPT) and 13 £ 5% (IRIG) for the amide stacked
conformer (S(a)).**

To better understand how amide stacking could compete with
H-bonding, a detailed analysis of the nonbonded contributions

to the stabilization of the stacked and C9 conformers was carried
out using the systematic fragmentation method employing an
effective fragment potential (SEM/EFP).*® This analysis showed
that the total nonbonded contributions to stabilization in the
amide stacked conformer were about two-thirds as large as that in
the C9 H-bonded conformer, with both electrostatic and disper-
sion forces contributing significantly. In addition, the lack of
steric strain in the three-carbon 7y-peptide spacer unit produced
a turn that brought adjacent amide groups into near-perfect
register with one another.

The present work builds naturally upon this previous study by
extending single-conformation spectroscopy to larger y-pep-
tides. Here we probe how the nearest neighbor preferences
present in Ac-y*-hPhe-NHMe develop in the ca};ped triamides
Ac-y*-hPhe-y*-hAla-NHMe and Ac-y*-hAla-y*-hPhe-NHMe
(Figure 1lc,d). The two molecules differ in the ordering of
homoalanine and homophenylalanine side chains, serving as
direct analogs of the S-peptides Ac-3*-hPhe-3>-hAla-NHMe
and Ac-8>-hAla-3*-hPhe-NHMe studied previously by similar
methods.””*® We were particularly interested to see whether
there is a role for amide stacking in the triamides, or whether the
additional possibilities for interamide H-bonds would lead
instead only to multiple H-bonded rings. Alternatively, the
flexibility of the y-peptide backbone might lead to structures
not yet anticipated, much as occurred in forming amide stacked
structures in the diamides.

As we shall see, a total of seven conformers are observed for
the two molecules, four of which are assigned as C9/C9
sequential double rings, an extension of the nearest-neighbor
preference for C9 rings in the diamide. A fifth structure also
makes use of the C9 ring in forming a C9/C14 bifurcated double
ring. The remaining two conformers (one for each molecule)
show unusual IR spectra that reflect formation of a C7/C7/C14
H-bonded cycle, a H-bonding architecture unprecedented in the
other triamides studied to date.*”>***73¢ Our analysis focuses
on understanding the nature and strength of the intramolecular
interactions present in this compact, tightly folded structure
containing two opposed propylene segment turns and three
amide—amide H-bonds.

To complement our experimental studies, we provide an
assessment of nonbonded interactions by using pair interaction
energy decomposition analysis based on the fragment molecular
orbital method (FMO-PIEDA).*” This scheme provides a way to
characterize relative strengths of nonbonded energy components
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(electrostatics, polarization, dispersion, exchange-repulsion, and
charge transfer) both to the total stability of the conformers and
between different parts of the molecule. The factors elucidated
include the energetic contributions of individual H-bonds and
cooperativity effects. We shall use FMO-PIEDA analysis to gain a
deeper understanding of the relative stabilities of the observed
conformers, and how they develop in extending the y-peptide
chain from the diamide analog Ac-y*-hPhe-NHMe. As we shall
see, FMO-PIEDA analysis predicts that a combination of three
weaker (more distorted) H-bonds in the C7/C7/C14 H-bonded
cycles results in stronger noncovalent interactions than a sum of
two stronger H-bonds in C9/C9 sequential double rings. The
results also provide a means of understanding the destabilizing
effects present in the C9/C14 bifurcated double ring, and the
absence of a purely amide stacked structure.

Finally, recent work by Raines and co-workers has highlighted
the stabilizing role played by C=0O- - - C=0 interactions between
amide groups, ascribed via natural bond orbital (NBO) analysis to
an n—* interaction in which the lone pair orbitals on the oxygen
of one C=0 group overlaps with the 77° orbital of another amide
C=0 group.”>*® We carry out an NBO analysis on the C7/C7/
C14 triamides and compare it to the corresponding calculations on
the amide stacked conformer of Ac-y*-hPhe-NHMe. The results
point to the stabilizing effect of another type of n—s* interaction in
all three, here between the same lone pair orbitals on the amide
nitrogen atoms and the 7% orbital on the opposing C=O groups.

Il. METHODS

A. Experimental Methods. The synthesis of Ac-y*-hPhe-y*-
hAla-NHMe and Ac-y*-hAla-y*-hPhe-NHMe was carried out at
the University of Wisconsin—Madison on the basis of metho-
dology previously reported for synthesis of y*-amino acids and
their derivatives.” Details on the synthetic route to these tria-
mides are provided in the Supporting Information.

The experimental methods used to carry out the spectroscogic
measurements have been described in detail elsewhere.>”*
Briefly, solid samples of the two y-peptides were wrapped in
glass wool and placed in a glass insert in an effort to reduce
thermal decomposition, then inserted into a stainless steel
sample holder and heated to approximately 220 °C to increase
the sample vapor pressure. The sample holder was located
directly behind a pulsed valve (Parker General Valve, Series 9),
fitted with a 400 um diameter nozzle orifice, also heated to this
temperature. For the spectroscopic measurements the sample
was entrained in a carrier gas of pure neon with a backing
pressure of 1.5 bar and expanded into vacuum. The sample
molecules were collisionally cooled through collisions with the
carrier gas and skimmed prior to entering the ionization region of
a time-of-flight-mass-spectrometer (TOF). Low total gas flow
rates (2—4 (bar+cm®)/min) were utilized to minimize inter-
ference of the gas pulse with the conical skimmer.

Resonant two-photon ionization (R2PI) spectroscopy was used
to record the electronic spectra of the isolated y-peptide molecules
in the Sy—S; origin region of the phenylalanine chromophore. The
molecules were excited and subsequently ionized with the fre-
quency doubled output of a Nd:YAG pumped tunable dye laser.
Typical ultraviolet laser powers used were 0.1—0.5 m]J/pulse. The
ultraviolet light traversed the ionization region of the TOF as a
collimated beam of approximately 1 mm diameter. The resultant
ions were detected by a microchannel plate detector (Jordan TOF,
2.5 cm) fixed atop a one meter long flight tube.

Conformation-specific infrared spectra were recorded using
the double resonance method of resonant ion-dip infrared
(RIDIR) spectroscopy.”'~* Tunable infrared radiation in the
amide NH stretch spectral region, 3200—3500 cm™ !, was
obtained using a seeded, Nd:YAG pumped infrared parametric
converter (LaserVision). Infrared laser powers in the amide NH
stretch region were 3—S5 mJ/pulse.

To carry out the RIDIR experiments, the IR (10 Hz) beam
counter-propagated the molecular beam, while the UV probe
(20 Hz) laser crossed the molecular beam in the ionization
region of the TOF-MS.'? By selection of a delay between IR and
UV laser pulses of ~20 us, the molecules interrogated by the UV
laser were excited as they pass through the skimmer. In this way,
all molecules entering the ion source region were exposed to the
IR radiation, producing large depletions and removing the need
for spatial overlap of the IR and UV beams. With the UV laser
wavelength fixed on a particular transition due to a single
conformer, the difference in ion signal produced by successive
UV laser pulses (one with and one without the IR laser present)
was monitored while the IR laser was tuned through the amide
NH stretch spectral region. When the IR laser was resonant with
a vibrational transition arising from the same ground state as that
being probed by the UV laser, depletion in the ion signal was
observed. The IR spectrum was recorded by monitoring the output
of a gated integrator (Stanford Research Systems) operating in
active baseline subtraction mode. The RIDIR absorptions are thus
recorded as fractional depletions of the jon signal.

B. Computational Methods. To identify the low-lying mini-
ma of Ac-y>-hPhe-y*-hAla-NHMe and Ac-y*-hAla-y*-hPhe-
NHMe, searches of conformational space were carried out using
molecular mechanics force fields (Amber** and MMFFs*)
within the MACROMODEL (Schrodinger) suite.** Approxi-
mately 200 structures were found for both molecules per search
within 50 kJ/mol of the global minimum. All structures within
the first 25 kJ/mol (~200 in total per molecule) were used
as input structures for full geometry optimizations at the DFT
B3LYP/6-31+G(d) level of theory"”* using Gaussian 09 (Rev.
A.02).* The resultant B3LYP-optimized structures were screened
using a 20 kJ/mol energy filter. The remaining conformers (~50)
were submitted for full geometry optimization using the M05-2X
dispersion-corrected functional (M05-2X/6-311++G(d,p)) level
of theory.**~>* Harmonic vibrational frequencies and infrared
intensities were also calculated at this level of theory.

The calculated spectra were compared with the single-con-
formation IR spectra. Those structures having both low energy
and small standard deviations in wavenumber positions with one
of the experimental infrared spectra were submitted to additional
DFT calculations at the MO06-2X/6-311++G(d,p)**** and
®B97X-D/6-311++G(d,p)*>° levels of theory. The MO06-2X
calculations employ a newer dispersion parametrized functional
developed by the Truhlar group,**** whereas @B97X-D is a
dispersion corrected version of the B97 density functional
developed by Head-Gordon and co-workers®® to include asymp-
totically correct long-range and dispersive interactions.

For the current work, final assignments were made at the DFT
wB97X-D/6-311++G(d,p) level of theory. Excluding the initial
B3LYP optimizations, all DFT calculations employed the key-
words scf=tight and int(grid=ultrafine). In arriving at final
assignments for the observed conformers, primary consideration
was given to the goodness of fit of the calculated NH stretch IR
spectra with experiment. This leads to firm assignment to a
conformational family, and in most cases a specific structure. Free
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energy calculations for each conformer were calculated at the
pre-expansion temperature (493 K) to provide a prediction of
the population of each conformer prior to jet-cooling.

As an additional point of comparison between experiment and
theory, single-point TDDFT calculations®**” were carried out at the
MO05-2X, M06-2X, and wB97X-D levels of theory to provide
predictions for the relative wavelengths of the So—S; electronic
transitions of the conformers, with the @B97X-D/6-311++G(d,p)
calculations reported in the text. These calculations play, at best, a
confirmatory role.

Pair interaction energy decomposition analysis based on the
fragment molecular orbital method (FMO-PIEDA) was per-
formed to characterize the nonbonded interactions in the
triamides. FMO®**® is a fragmentation technique in which a
molecule is divided into fragments and the electron density of
each fragment is optimized in a Coulomb bath of the other
fragments. Separation of a molecule into fragments makes it
possible to evaluate the interaction energies between fragments
leading to an energy decomposition analysis. In the present work,
the latter is realized using the PIEDA approach. The MP2/6-
31G* level of theory®® was employed in FMO calculations. A
choice of this relatively small basis set is justified by the best
agreement of the MP2 total relative energies of conformers with
the @B97X-D/6-311++G(d,p) results, with discrepancies not
exceeding 3 kJ/mol. Additionally, larger basis sets are known to
result in instabilities in FMO and energy decomposition analysis
due to increasing charge transfer effects.®”*>

To evaluate noncovalent interactions, we split the triamides
into three fragments at the > C—N bonds, e.g, CH;—CO—
NH-—, —C(CH,—C¢H;s)—CO—NH—, and —C(CH;3)—CO—
NH—CHj; for Ac-y*-hPhe-y*hAla-NHMe, and capped these
fragments with hydrogens. FMO-PIEDA calculations were per-
formed for the resulting trimers held in configurations corre-
sponding to the seven assigned triamide conformers. For
noncovalent systems, FMO-PIEDA analysis is almost exactly
analogous to the Kitaura—Morokuma energy decomposition
scheme,” apart from small differences in charge transfer and
exchange components due to three-body and higher-order terms,
with dispersion interactions included through the MP2 correla-
tion energy. The FMO-PIEDA analysis })erformed in this work
can be compared with the SEM/EFP®*®* energy decomposition
employed for Ac-y>-hPhe-NHMe in our previous study."” In
SEM/EFP, the amides were fragmented into smaller groups
(=CO—NH—-, —CH,—, CH3—) and capped with hydrogens.
The noncovalent interactions between different groups were
evaluated using the effective fragment potential method. *+65 The
FMO-PIEDA scheme used in the current work employs larger
fragments (CH;—CO—NH— and —CH(CH,—C4H;)—CO—
NH—CHj3;). We have found that the use of larger fragments
ensures better preservation of partial charges and polarization of
the original gamma-peptides and creates fewer artifacts.

Finally, natural bond orbital (NBO) analysis®® was carried out on
the structures obtained by the wB97X-D calculations to view the
interactions present in the assigned conformational isomers from
this vantage point, for comparison with the correspondin§ analysis
of amide—amide interactions by Raines and co-workers.>>*

Ill. RESULTS

A. R2PI and RIDIR Spectra. Figure 2a presents the R2PI
spectrum of Ac-y”-hPhe-y*-hAla-NHMe in the Sy—S, region of
the phenylalanine side chain (37400—37750 cm™'). The
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Figure 2. Resonant two-photon ionization spectra in the So—S; origin
region of (a) Ac-y*-hPhe-y*-hAla-NHMe and (b) Ac-y*-hAla-y*-hPhe-
NHMe. The progression marked in tie lines belongs to conformer A.
Scans over a wider wavelength range showed no additional transitions
over the 37250—37750 cm ™' region.

spectrum shows four dominant transitions between 37 500 and
37600 cm ™', and several weaker transitions spread throughout
the spectral region. As we shall soon see, the labeled transitions
arise from unique conformational isomers, appearing at 37 535
(A), 37511 (B), 37542 (C), and 37600 cm™ ' (D). The spectra
are in the same wavelength region as in Ac-y*-hPhe-NHMe
(Table 1), where the two C9 conformers had Sy—S; origin
transitions at 37484 and 37585 cm ™', and the stacked con-
formation at 37471 cm™ . Furthermore, each conformer of Ac-
y*-hPhe-y*-hAla-NHMe shows only weak low-frequency vibro-
nic activity, suggesting only weak interactions of the aromatic
ring in these conformers with the y-peptide backbone.

In notable contrast, the vast majority of the vibronic structure
present in the R2PI spectrum of Ac-y*-hAla-y*-hPhe-NHMe
(Figure 2b) is due to a single conformer, labeled A (37 404 cm V),
which exhibits a long and intense Franck—Condon progression
in a mode with a9 cm ™ vibrational frequency. Two other transi-
tions with sizable intensity, B (37464 cm™ ') and C (37396 cm™ ")
have much weaker low-frequency vibronic activity. All three
transitions are shifted to lower wavenumber than any found in
Ac-y*hPhe-NHMe or Ac-y*-hPhe-y*hAla-NHMe, reflecting
possible differences, perhaps substantial ones, in the environment
about the phenyl ring.

To gain further insight into the conformational preferences of
Ac-y*hPhe-y*-hAla-NHMe and Ac-y*-hAla-y*-hPhe-NHMe,
single-conformation infrared spectra of each of the labeled
transitions in Figure 2 were recorded in the amide NH spectral
region (3300—3500 cm™'). The spectra for the four conformers
of Ac-y*-hPhe-y*-hAla-NHMe (Figure 3A—D) each show three
NH stretch transitions due to the three amide NH groups in the
triamides. It is immediately evident from the spectra that there
are two distinct conformational families present in Ac-y*-hPhe-
)/Z-hAla-NHMe. The spectra of conformers A, B, and D show a
close similarity, whereas that of conformer C is unique. The spectra
of conformers A, B, and D have two broadened, intense transi-
tions below 3350 cm™ ' due to H-bonded NH groups and a sharp
single transition near 3480 em~ " ascribable to a free amide NH
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Table 1. Spectroscopic Data Recorded and Conformational Assignments for Ac-y>-hPhe-NHMe, Ac-y*>-hPhe-y*-hAla-NHMe,
and Ac-y*-hAla-y*-hPhe-NHMe

conformer H-bond family specific structure expt So—S; (em ™) expt amide NH stretches (cm™')*
Ac-y*hPhe-NHMe

A C9 C9(a) 37584 3372 3481

B C9 C9(g-) 37484 3357 3474

C Amide Stacked S(a) 37471 3469 3480
Ac-y*hPhe-y*hAla-NHMe

A C9/C9 C9/C9(a) 37535 3331 3339 3482

B C9/C9 C9/C9(g-) 37511 3313 3327 3477

C C7/C7/Cl4 C7/C7/Cl4(g-) 37542 3341 3391 3397

D C9/C9 C9/C9(g+) 37600 3324 3336 3482
Ac-y*-hAla-y*-hPhe-NHMe

A C9/C9 C9/C9(a) 37404 3302 3313 3480

B C9/C14 C9/C14(a) 37464 3394 3436 3482

C C7/C7/Cl4 C7/C7/Cl4(g-) 37396 3349 3393 3399

“The 3417 cm transition in conformer A and 3412/3420 cm transitions in conformer B of Ac-y*-hAla-y>-hPhe-NHMe are Fermi resonances from

amide I overtones.

‘ °° free

|cs |09
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& AN er07
D w'\
Cc9
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T
3300 3350 3400 3450 3500

Wavenumber (cm)

Figure 3. Resonant ion-dip infrared spectra of the resolved conformers
of Ac-y*-hPhe-y*-hAla-NHMe in the amide NH stretch spectral region
(black traces) and wB97X-D/6-311++G(d,p) scaled (0.9466) harmonic
vibrational frequencies and infrared intensities (red traces, as sticks).

(Table 1). The location of the H-bonded transitions in conformers
A, B, and D is near that of the single-ring C9 H-bonds of Ac-y*
hPhe-NHMe,'® which were found at 3357 and 3372 cm ™. On this
basis, the three conformers A, B, and D are tentatively assigned as
C9/C9 sequential double ring structures.

The infrared spectrum of conformer C is striking in that all three
of its NH stretch fundamentals are shifted below 3400 cm ™" and
are broadened, providing strong evidence that all three NH groups
are involved in H-bonds. The triad of peaks is composed of a single
band at 3341 cm™ ', and a closely spaced doublet at 3391 and
3397 cm™ . This is an unprecedented result, in that there is no
previous example in other capped triamides studied to date (-, a/
p-, and [-peptides) in which three intramolecular H-bonds are
formed. This is a testimony again to the unusual flexibility of the -
peptides the same characteristic that produced amide stacking in
the diamide analog Ac-y”>-hPhe-NHMe."

13787
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Figure 4. Resonant ion-dip infrared spectra of the resolved conformers
of Ac-y*-hAla-y*-hPhe-NHMe in the amide NH stretch spectral region
(black traces) and @B97X-D/6-311++G(d,p) scaled (0.9466) harmonic
vibrational frequencies and infrared intensities (red traces, as sticks).
The two stick spectra beneath experimental spectrum B represent the
two best-fit C9/C14(a) calculated spectra.

The corresponding IR spectra of the three conformers of Ac-
y*-hAla-y>-hPhe-NHMe are shown in Figure 4A—C. Of the
three, only that of conformer Ac-y*-hAla-y*-hPhe-NHMe (C)
bears an immediate resemblance to one already observed in
Ac-y*-hPhe-y*-hAla-NHMe, in that case Ac-y*-hPhe-y*-hAla-
NHMe (C), possessing three amide—amide H-bonds. The unique
aspects of the spectra of conformers A and B (Figure 4A, B) make
assignment difficult without the assistance of calculations (as taken
up in the next section). However, certain aspects are worth noting
immediately.

The spectrum of conformer A has a sharp transition at
3480 cm ™ ', which is clearly assigned to a free amide NH stretch.
The peak at 3302 cm ™' is unusually broad and has a shoulder at
3312 cm ™, suggesting the presence of two bands in this region.
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Figure 5. Optimized structures for (a) the C9/C9(a) structure assigned
to conformer A and (b) C9/C9(g+) assigned to conformer D of Ac-y*
hPhe-y*-hAla-NHMe. The structures for conformation B of Ac-y*-
hPhe-y*hAla-NHMe and conformation A of Ac-y*-hAla-y*-hPhe-
NHMe differ from that in (a) in the position of the aromatic ring. See
text for further discussion.

The weak, broadened transition appearing at 3418 cm™ ' could
be a weakly bound NH (e.g, an NH- - -7), but this would
constitute a fourth transition if the band near 3300 cm ™' is
indeed a doublet. Alternatively, the band at 3418 cm™ ' could be
an amide I (primarily C=0 stretch) overtone (2 x 1709 cm ).

The spectrum of conformer B has three strong transitions at
3394, 3436, and 3482 cm ™ ' that are almost certainly due to the
three amide NH stretch fundamentals. Weak transitions at 3412
and 3420 cm ™" are either combination bands or amide I over-
tones. The lowest frequency band is clearly involved in an
intramolecular H-bond, whereas the band at 3436 cm™' may
reflect the presence of a weak H-bond with another amide group
or the phenyl ring.

B. Comparison with Calculations. As stated in the Experi-
mental Methods (section ILA), structural optimizations and
vibrational frequency calculations for the low-lying conformers
of Ac-y*-hPhe-y*-hAla-NHMe and Ac-y*-hAla-y*-hPhe-NHMe
were carried out using DFT MO05-2X, M06-2X, and wB97x-D
functionals with a 6-311++G(d,p) basis set. For the remainder of
this paper we will focus our attention on the results of the
wB97X-D calculations; however, M05-2X and M06-2X calcula-
tions with the same basis set lead to identical assignments. The
results (relative energies, scaled vibrational frequencies, infrared
intensities, and single-point electronic excitation energies) for
the conformations of interest using these density functionals can
be found in the Sugporting Information.

1. Ac-y?-hPhe-y?-hAla-NHMe. The four conformers of Ac-y*-
hPhe-y*-hAla-NHMe have been divided into two families by
inspection of the single-conformation infrared spectra. The tenta-
tive assignment of conformers A, B, and D as C9/C9 sequential
double rings is confirmed and strengthened by the calculations,
which predict the presence of several C9/C9 sequential double
ring structures among the lowest energy structures.

The stick diagrams immediately below the experimental spectra
show the calculated vibrational frequencies (scaled by 0.9466) and
infrared intensities at the wB97X-D/6-311++G(dp) level of
theory for the C9/C9 structures that best reproduce the experi-
mental spectra of conformers A, B, and D. The match between
experiment and theory, in terms of both frequencies and relative
intensities, is quite good. The C9/C9 double rings characteristi-
cally have two C9 NH stretch fundamentals close in frequency,
with relative intensities dictated by the degree of coupling
between them.

Two of the three C9/C9 structures of Ac-y*-hPhe-y*-hAla-
NHMe (A and D) share identical C9/C9 backbones (shown in
Figure 5a), differing only in the position of the phenylalanine side
chain, anti, or gauche+ (abbreviated as a, g+).">”*° One of the
two C9 rings in conformer D has a different set of dihedral angles
(C9b, Table 3). Their relative zero-point corrected energies and
free energies calculated at the pre-expansion nozzle temperature
(493 K) are listed in Table 2. The C9/C9(g—) structure assigned
to B is calculated to be the global minimum, whereas that
assigned to A (C9/C9(a)) is only 1.6 kJ/mol above it. This
energy ordering is retained when free energies are considered
(Table 2). The structure assigned to conformer D (C9/C9(g+))
is 8.3 kJ/mol above B in internal energy but drops to within 2 kJ/
mol of the global minimum in relative free energy, presumably
due to differences in its vibrational frequencies associated with
incorporation of the C9b ring and the g— phenyl ring position.

Because the structure responsible for the infrared spectrum of
conformer C must possess three amide—amide H-bonds, the
search of conformational space quickly reduced to members of a
single conformational family, labeled as C7/C7/C14, with all
other potential triply H-bonded structural motifs sterically for-
bidden. The calculated infrared spectrum shown in Figure 3C is
that of the lowest energy C7/C7/C14 conformer, C7/C7/C14-
(g—), with a relative energy (free energy) of 1.5 (1.9) kJ/mol.
This structure (shown in Figure 6a) is a H-bonded cycle in which
all three amide groups act simultaneously as donor and acceptor
via sequential C7 rings closed by a C14 cycle between terminal
groups. Whereas the calculated spectrum has the right pattern,
the vibrational frequencies obtained using the scale factor that
matched so well for the C9/C9 structures (0.9466) predict
frequencies that are systematically too high by ~30 cm™'. We
will return to consider this structure and its challenge for theory
in the Discussion but merely note here that all levels of theory
suffered from the same deficiency, with the results of @B97x-D
calculations closest to experiment.

2. Ac-y’-hAla-y?-hPhe-NHMe. The stick spectra in Figure 4
are those predicted by calculation as best matches with experi-
ment for the three conformers of Ac-y*-hAla-y*-hPhe-NHMe.
As anticipated on the basis of its similarity to Ac-y’>-hPhe-y*-
hAla-NHMe (C), Ac-y*-hAla-y*-hPhe-NHMe (C) is also a C7/
C7/C14 H-bonded cycle with peptide backbone structure
identical to that in Ac-y*-hPhe-y*-hAla-NHMe (C) (Figure 6b),
with all three NH groups involved in H-bonds. There are two
C7/C7/C14 conformers that are potential candidates: C7/C7/
C14(g—) with a calculated relative energy only 0.3 kJ/mol above
the global minimum and C7/C7/C14(a), for which E,; = 0.6 kJ/
mol. The calculated free energies for these two structures are
4.3 and 1.1 kJ/mol, respectively. The calculated IR spectrum
(Figure 4C) for the (g—) conformer is a somewhat better match
with experiment, and without strong energetic preferences
between the two, we tentatively assign the observed conformer

on that basis as C7/C7/C14(g—).
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Table 2. Calculated Data at the DFT ®B97X-D/6-311++G(d,p) Level of Theory

conformer  H-bond family structure AE (kJ/mol)  AG*® (kJ/mol)  TDDFT So—S; (cm-1)* calc amide NH stretches (cm ™ ')®
Ac-y*-hPhe-y*-hAla-NHMe

A C9/C9 C9/C9(a) 1.59 0.52 37535 3322 3333 3486

B €9/C9 €9/C9(g-) 0.00 0.00 37440 3308 3326 3482

C C7/C7/Cl4  C7/C7/Cl4(g-) 149 1.94 37443 3373 3422 3426

D C9/C9 C9/C9(g+) 8.31 2.20 37248 3324 333S 3500
Ac-y*hAla-y*-hPhe-NHMe

A C9/C9 C9/C9(a) 3.24 0.71 37404 3315 3326 3485

B C9/C14 C9/C14(a) 1375 0.00 37501 3394 3411 3479

C C7/C7/Cl4 C7/C7/Cl4(g-) 0.32 4.28 37393 3356 3425 3429

“Scaled 0.8562 for Ac-y*-hPhe-y*hAla-NHMe and 0.8563 for Ac-y*-hAla-y*hPhe-NHMe single point TDDFT wB97X-D/6-311++G(d,p). " Scaled

0.9466 wB97X-D/6-311++G(d,p).

a) Ac-y?-hPhe-y>-hAla-NHMe

Figure 6. C7/C7/C14(g-) structures assigned to conformer C of (a) Ac-y*-hPhe-y*-hAla-NHMe and (b) Ac-y*-hAla-y*>-hPhe-NHMe. The chemical
structures in each show the C14 and two C7 H-bonds. The structures viewed from the top have most of the H-atoms removed for clarity.

As already discussed in section IILA, the IR spectrum of
conformer A (Figure 4A) could not be assigned with certainty
on the basis of its pattern alone. After careful searches of possibi-
lities, the spectrum is assigned as a C9/C9 double-ring structure
(C9/C9(a), Figure Sb) with a relative energy of 3.2 kJ/mol. The
calculated spectrum faithfully reproduces the close-lying pair of
H-bonded NH stretch bands near 3300 cm ™' characteristic of the
C9/C9 double-ring, which are only partially resolved in the
experimental spectrum, appearing at 3331 and 3339 am

This assignment associates the transition at 3418 cm™ ' with
overtones/combination bands of amide I vibrations. Without experi-
mental spectra in the amide I region, a firm assignment is not
possible; however, this band is in the right region on the basis of the
frequencies of the C9 and free amide C=O stretch fundamentals in
Ac-y*-hPhe-NHMe (1693 and 1710 cm ™', respectively).

The ultraviolet spectrum provides confirming evidence for this
assignment. Recall that this conformer has a long Franck—
Condon progression involving an unusually low-frequency vibra-
tional mode (9 cm™ ). Of the possible structures, C9/C9(a) has a
calculated lowest-frequency vibration of 14 cm™ ', whereas other
conformers are above 20 cm™'. Furthermore, the form of this
vibration, included in the Supporting Information, shows substan-
tial motion of the entire N-terminal portion of the y-peptide chain
relative to the phenylalanine side chain, with the y* carbon in close
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proximity to the ring (3.6 A). We propose that 77—* excitation of
the phenyl ring produces a geometry change along this normal
mode, producing the long Franck—Condon progression.

The unique IR spectrum of Ac-y*-hAla-y*-hPhe-NHMe (B)
(Figure 4B) is best fit as a C9/Cl4 bifurcated double ring
structure, with two possibilities shown (Figure 7). The match
between experiment and theory is not of the same quality as in
other conformers; however, this may be a consequence of the
bifurcated structure in which two NH groups H-bond to the
same C=O0 group. A major consequence of this type of interac-
tion is the much smaller shift of both NH fundamentals, with the
calculations also predicting strong coupling between them. The
calculations do not seem to capture either the frequency shift or
the interamide coupling with quantitative accuracy in this case.
As with conformer A, the weak transitions near 3415 cm ™" are
tentatively assigned to amide I overtones, although a minor
contribution from a fourth conformer cannot be ruled out
entirely. The calculations predict conformer B as the global free
energy minimum, due to the larger number of low frequency
vibrations associated with the C9/C14 structure (Table 3) that
lower its free energy relative to the other conformers.

3. So—S; Electronic Frequency Shifts. The single-conforma-
tion IR spectra have provided firm assignments to conforma-
tional families for all seven observed conformers of the two
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molecules. The R2PI spectra also provide the wavenumber
positions of the So—S; electronic origins, which can also be
compared with calculation. Such a comparison not only tests
the calculations but also can provide a final point of distinction
between alternative assignments to particular structures with-
in a given conformational family. On the basis of the size of the
molecules, full excited state optimizations were not carried
out. Instead, single-point TDDFT vertical excitation energies
at the DFT wB97X-D/6-311++G(d,p) level of theory were
calculated. In all but one case (Ac-y*-hAla-y*-hPhe-NHMe

Figure 7. Two possible C9/C14 bifurcated double ring structures for
conformer B of Ac-y*-hAla-y>-hPhe-NHMe: (a) C9/C14(a) and (b)
C9/C14(a)’.

(A)), the experimental R2PI spectra have Sy—S; origins
that are dominated by the electronic origins, making the
comparison of experiment with vertical excitation energies
reasonable.

Table 2 summarizes the calculated vertical excitation energies
for the So—S; excitations of the conformers. A single scale factor
(0.8562) was established by choosing it so as to match the
experimental So—S, origin (37 535 cm™ ') and calculated vertical
excitation energies for conformer A of Ac-y’-hPhe-y*-hAla-
NHMe (43840 cm™'). The calculations capture the observed
shift to the red by about 130 cm ™" of the electronic origins
of Ac-y*-hAla-y*>-hPhe-NHMe relative to Ac-y*-hPhe-y*-hAla-
NHMe. Furthermore, they also faithfully reproduce the relative
positions of the Sy—S, origins of the three conformers of Ac-y*-
hAla-y*>-hPhe-NHMe. In fact, the vertical TDDFT results pro-
vide evidence that Ac-y*-hAla-y*-hPhe-NHMe (B) is C9/
C14(a) rather than C9/C14(g—) on the basis of the calculated
shifts for the two structures. A similar preference for the assign-
ment of Ac-y*-hAla-y*-hPhe-NHMe (C) as C7/C7/C14(g—)
over C7/C7/C14(a) can be made on the basis of the TDDFT
results (Table 2).

The comparison of experimental and calculated electronic
frequency shifts in Ac-y*-hPhe-y*-hAla-NHMe is less satisfac-
tory, however. In particular, whereas the relative positions of
conformers A and B are reproduced by calculation, the calculated
electronic frequency shifts for C and D are in the opposite
direction (red shift of —92 and —287 cm ™ ") relative to experi-
ment (+7 and +65 cm ™~ '). The assigned structure for conformer
D (Figure Sb) has a close interaction of a backbone CH, group
with the phenyl ring. On the basis of frequency shifts in other
phenyl derivatives, one would anticipate a small red shift on this
basis. A possible explanation for the discrepancy is that the
calculations overestimate the magnitude of this interaction.
Alternatively, the R2PI spectrum does contain weak transitions
further to the red (Figure 1a), one of which could be the actual

Table 3. Calculated Peptide Backbone Dihedral Angles at the DFT @B97X-D/6-311++G(d,p) Level of Theory for
Ac-y*-hPhe-NHMe, Ac-y*-hPhe-y*-hAla-NHMe, and Ac-y*-hAla-y*-hPhe-NHMe*

peptide backbone dihedral angles (¢, 0, G, )

Ac-y*hPhe-NHMe

(+99, —70, —73, +105)
(+98, —67, —78, +99)
(=102, +55, —76, +136)
(+71, +61, —62, —66)
(=176, —63, +92, +136)

Ac-y*-hPhe-y*-hAla-NHMe

(+98, —70, —72, +100)
(+97, —68, —76, +96)
(—158, +75, —61, +139)
(+72, —157, +53, +26)

(+96, —68, —75, +95)
(+96, —67, —75, +94)
(+81, +73, —52, —90)
(+98 —63, —78, +90)

Ac-y*hAla-y*-hPhe-NHMe

conformer specific structure

A C9(a)

B C9(g—)

C S(a)

*¢ S'(a)

* C7(a)

A C9/C9(a)

B C9/C9(g—)

C C7/C7/Cl4(g—)

D C9b/C(g+)
C9/C9(a)

B° C9/Cl14(a)
C9/C14(a)

C C7/C7/Cl4(g—)

* S(a)'/S(a)

* S/S(a)

(+98, —69, —72, +100)
(+99, —71, —74, +102)
(=69, +162, —58, —31)
(+85, +60, —66, —78)
(=72, —58, +65, +67)
(=101, +57, =77, +141)

(+99,-66, —75, +95)
(—159, —61, —55, +113)
(=78, —63, —74, +108)
(—148, +55, —80, +156)
(—104, +55, —76, +140)
(=101, +64, —84, +141)

“ Definitions of the dihedral angles (¢, 6, {, 1) are given in Figure 1. ” Not observed experimentally “ Two possible structures for conformer B.
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So—S; origin of conformer D. Further experimental and theore-
tical work is needed to resolve this issue.

IV. DISCUSSION

A. Conformatlonal Preferences of y*-Peptide Triamides
Compared to Ac-y*>-hPhe-NHMe. One of the primary motiva-
tions of the present study was to determine and understand how
the conformational preferences present in the smallest y-peptide,
Ac-y*>-hPhe-NHMe, develop as the peptide backbone is ex-
tended. Here we have taken the first logical step 1n studylng
the triamides Ac-y*hPhe-y*hAla-NHMe and Ac-y*-hAla-y*-
hPhe-NHMe. To facilitate a quantitative comparison between
the structures, Table 3 compares the (¢, 6, §, ¥) dihedral angles
of the observed structures, extracted from the calculations, on the
basis of the assignments just made.

1. C9-Containing Structures. In Ac-y*-hPhe-NHMe, two of
the three observed conformers were C9 single-ring structures in
which the two amide groups bind together to form a nine-
membered intramolecular H-bonded ring.'” This dominant
nearest-neighbor structural motif was present in five of the seven
conformers detected in Ac-y*-hPhe-y*-hAla-NHMe and Ac- y -
hAla-y>-hPhe-NHMe. Four of these structures (Ac-y*-hPhe-y*-
hAla-NHMe (A,B,D) and Ac-y*-hAla-y*-hPhe-NHMe (A)) are
C9/C9 sequential double rings, and one (Ac-y*-hAla-y*-hPhe-
NHMe (B)) is a C9/C14 bifurcated double ring. With but one
exception, the dihedral angles present in the C9 rings (¢ = +99°,
6 =—70°C=—73°1 =+105°) were the same as those found in
Ac-y*-hPhe-NHMe, differing by at most a few degrees (Table 3).
In this ring, the two amide planes approach one another at an
angle of ~40°, and an_ H---0 drstance of only 1.90 A We call
this ring C9a. In Ac-y —hPhe -y*-hAla-NHMe (D), the assigned
structure, shown in Figure 5b), has one C9 ring (C9b, N-terminal
C=0 to interior N—H) with dihedral angles +72°, —157°,
+53°,and +26° (Table 3). In this case, the C9 ring is more nearly
flat, with the two amide groups close to coplanar (~15°) with an
H- - - O distance of 1.97 A.

One of the notable aspects of the IR spectra of small peptides is
the insights they provide to cooperative effects in H-bonds.
Sequential double rings form by having the interior amide group
involved in both H-bonded rings, with the NH group serving as
H-bond donor in one and the C=O0 as acceptor in another. The
NH stretch IR spectra of the C9/C9 sequential double rings
(Figure 3A,B,D and Figure 4A) have NH stretch fundamentals
due to the two H- bonded NH groups appearing near 3300 cm ™,
approximately 30 cm™ ' lower in frequency than in the C9 single
ring structures found in Ac-y’>-hPhe-NHMe.'” This indicates a
strengthening of the H-bonds in the double ring, which is
reflected structurally in a slight shortening of the NH---O
distance from 1.95 A to 1.88—1.92 A in the C9/C9 structures.
In addition, the two NH stretch modes in the C9/C9 double
rings are coupled to one another, appearing as symmetric and
antisymmetric combinations, leading to an asymmetry in the two
IR intensities reflecting a partial cancellation of dipole derivatives
in one case, and enhancement in the other.

It is informative to compare the dihedral angles present in the
C9/C9 conformers observed in this work with those present in
the repeatlng units calculated by Baldauf et al. for y-peptide
hexamers.”' The C9a ring that is pervasive in the conformers we
observe is predicted by calculation to be the repeating unit of a
low energy helix (H') at the HF/6-31G* level of theory. The
COb ring, on the other hand, possesses dihedral angles similar to

those of the H" helix, although there is some deviation in the
final two angles. This deviation is likely the result of additional
H-bonding interactions present in the hexamers that are absent
in the triamides studied here. Thus, the strong preference for
formation of C9a and Co% rlngs observed in Ac-y*-hPhe-y*
hAla-NHMe and Ac-y*-hAla-y*-hPhe-NHMe is predicted to be
retained in the secondary structures formed by larger y-peptide
oligomers.

The C9/C14 bifurcated double ring structure assigned to Ac-
y*-hAla-y*>-hPhe-NHMe (B) reflects a competition for electron
density among the two NH groups H-bonding to the same C=0
group, which in turn weakens both interactions. A similar
conclusion was reached by Yang et al. in their study of three-
center HXH H-bonds.”” As already noted, this shifts the NH
stretch fundamentals to much higher fre?uency, with NH stretch
fundamentals at 3394 and 3436 cm ', some 60—130 cm '
higher in frequency than the C9/C9 fundamentals. The calcu-
lated structures also reflect a weakening of the H-bonds, with a
C9NH- - - O distance of 2.06 A, ~0.15 A longer than in the C9/
C9 sequential double rings.

2. C7/C7/C14 H-Bonded Cycles. The identification and char-
acterization of two conformers assigned as C7/C7/ C14
H- bonded cycles (Ac-y*-hAla-y*-hPhe-NHMe (C) and Ac-y’-
hPhe-y*-hAla-NHMe (C)) is arguably the most interesting
result of the present study. These C7/C7/C14 cycles are
first examples of a triamide cycle in which all three amide
groups are involved in H-bonds both as donors and as
acceptors in a triangular structure. Interestingly, this struc-
ture incorporates two C7 H-bonded rrngs, despite the fact
that no such structure was observed in Ac-y>-hPhe-NHMe."
Formation of a triply H-bonded cycle is made possible by the
flexibility and separation between amide groups inherent to
the y-peptide backbone; no analogous structure is known
among a-peptides.

Parts a and b of Figures 6 present two different views of the
optimized structures calculated for the two C7/C7/C14 cycles,
Ac-y*-hPhe-y*hAla-NHMe (C) and Ac-y*hAla-y*-hPhe-
NHMe (C), respectively. These are fascinating structures, with
the amide groups forming H-bonded cycles around the mol-
ecule’s “waist”, with the three-carbon segments forming loops
that project above and below the polar amide groups. In one view
in Figure 6 the alkyl and aromatic hydrogens have been removed
to better expose the H-bonding cycle. Both structures have one
loop above the waist and one below, with the two structures
differing in which loop is above and which below, as viewed from
N-terminus to C-terminus. This changes the orientation of the
amide groups with respect to one another.

Two sides of the triangle formed by the three amide groups are
connected by weak, highly bent C7 H-bonds between the two
terminal amide groups and the interior amide. A C14 H-bond
closes the cycle, joining the two terminal amide groups. The
calculated NH- - -O H-bond lengths for the C7 H-bonds are
both ~2.15 A, with acute angles of approach of the involved
amide planes. The dihedral angles (Table 3) for the two C7 rings
differ in that one forms a chair (with +, +, —, — dihedrals) and the
other a boat conformation (with —, +, —, + dihedrals) between
the y° carbon and the NH---O=C groups. This is to be
contrasted with the y-C7 single-ring structures, in which the
two amide groups are nearly in-plane with one another, with an
NH- - - O distance of 1.90 A. Thus, the two C7 rings are far from
optimal but are uniquely capable of also forming a third C14
H-bond that closes the cycle.
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Figure 8. RIDIR spectrum of the conformer C of (a) Ac-y*-hAla-y*-hPhe-NHMe C7/C7/ Cl14(g-) and (b) conformer C of Ac-y*-hPhe-y*-hAla-
NHMe C7/C7/C14(g-) compared to the predictions at the (b, g) DFT B3LYP/6-31+G(d) (scaled 0.9600), (c, h) M05-2X/6-311++G(d,p) (scaled
0.9417), (d, i) M06-2X/6-311++G(d,p) (scaled 0.9489), and (e, j) @B97X-D/6-311++G(d,p) (scaled 0.9466) levels of theory.

In contrast, the C14 H-bond is much shorter (2.00 A), with an
NH orientation pointing much more directly to the carbonyl
oxygen. The spectroscopic result is a triad of NH stretch
fundamentals composed of two higher-frequency, nearly degen-
erate fundamentals due to the C7 H-bonds and a single C14 NH
stretch shifted down in frequency by an additional 50 cm ™ '; the
predicted pattern matches observation, although the calculated
shifts are systematically too small.

The highly folded structures of these C7/C7/C14 cycles, with
their y-peptide reverse turns, bear some resemblance to the
amide-stacked structure that was observed in Ac-y*-hPhe-
NHMe. In fact, close inspection of the triamide cycles in Figure 6
reveals that the two terminal amide groups are both in an
antiparallel orientation with respect to the interior amide group,
much as they would be in amide stacking. However, in forming a
C14 H-bond with one another, the two terminal amides are
prevented from engaging in full antiparallel amide stacking with
the central amide by each other’s presence. Instead, they
participate in two C7 H-bonds with the central amide group,
held in positions that are likely still stabilized to some degree by
amide stacking.

Table 3 compares the dihedral angles of the y-peptide back-
bones of the two assigned C7/C7/C14 structures with those of
the stacked conformer of Ac-y>-hPhe-NHMe. The (6, §)
dihedral angles for the interior — C-terminal reverse turn of
Ac-y*-hAla-y*-hPhe-NHMe (C) and the N-term — interior turn
of Ac-y*-hPhe-y*-hAla-NHMe are similar to those present in the
amide-stacked conformation, but the H-bonds hinder full col-
lapse into the antiparallel arrangement, leading to differences of
about 45—55° in ¢ as it opens up to form the C14 H-bond.

It is interesting to note that the calculated dihedral angles
present in the C7/C7/C14 structures are not among those
reported for the repeating units of the y-peptide hexamers of
Baldauf et al.>' The fact that structures such as this were not
characterized in the previous computational study argues for the
importance of experimental studies capable of uncovering and
characterizing unanticipated structures. Furthermore, new struc-
tural motifs such as the C7/C7/C14 cycle and amide-stacking
can serve as testing grounds for those developing new density
functionals****> or molecular mechanics force fields,®® !
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where multiple intramolecular interactions (electrostatics, dis-
persion, charge transfer, Pauli repulsion) must be accurately
computed.

To drive this point home, Figure 8 compares the exgerimental
RIDIR spectrum of the C7/C7/C14 structures of Ac-y —hPhe—yz—
hAla-NHMe and Ac-y*hAla-y*-hPhe-NHMe with the results of
harmonic frequency calculations and IR intensities from B3LYP/6-
31+G(d), MO05-2X/6-311++G(d,p), M06-2X/6-311++G(d,p),
and wB97x-D/6-311++G(d,p) calculations. Scale factors (included
in the figure caption) are chosen so as to bring the free amide
NH stretch present in C9/C9 or C9/Cl14 structures into
agreement with experiment. The B3LYP calculations represent a
standard level of theory often used with success in cases where
electrostatic interactions (e.g., H-bonding) dominate.””>%72~7*
However, the B3LYP calculations fail to even qualitatively capture
the positions or intensity patterns present in the C7/C7/C14
cycles, with its complex balance of electrostatic and dispersive
interactions. The dispersion-corrected MO05-2X,%°75% M06-2X,
and wB97x-D** functionals perform markedly better, with the
latter level of theory showing the closest correspondence with
experiment, both in frequency and in intensity pattern. Never-
theless, no level of theory captures the full range of intramole-
cular interactions, leading to calculated frequencies too high by
~25—50 cm™ . These changes in vibrational frequency reflect
differences in the optimized structures at the three levels of
theory, as summarized in Table 4. Note that the M05-2X, M06-
2X, and wB97x-D calculations predict much smaller NH- - -O
H-bond distances than those of B3LYP, and drop the energy of
the C7/C7/C14 structure to within a couple of kJ/mol of the
global minimum C9/C9 sequential double ring (Table 2). This
implies an important role for dispersive interactions in stabilizing
the C7/C7/C14 H-bonded cycle, and highlights these confor-
mers as especially good targets for those developing state-of-
the-art theoretical methods aimed at improving dispersion
corrections.

3. Amide Tristacks. Once the similar dihedral angles between
the C7/C7/C14 cycle and amide stacked structures are recog-
nized, it is natural to speculate on the possibility of forming a “tri-
stacked” structure in which the second reverse turn brings the
final amide group on the other side of the interior amide, where
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Table 4. Energies Relative to the C9/C9(a) Global Minimum and Hydrogen Bond Distances Calculated by the Four Different
Density Functionals Employed in This Paper for the C7/C7/C14(g-) Structures of Ac-y*>-hPhe-y*-hAla-NHMe and

Ac-y*-hAla-y*>-hPhe-NHMe

level of theory relative energy (kJ/mol) C7 rm...0)" C7 .- .o)b Cl4 r(...0)

Ac-y*-hPhe-y*-hAla-NHMe (C) C7/C7/C14(g-)

B3LYP/6-31+G(d) 14.06 2.329 2.198 2.173

MO5-2X/6-311++G(d,p) 291 2.166 2.166 2.057

MO6-2X/6-311++G(d,p) 2.63 2.161 2178 2023

a)B97X-D/6-311++G(d,p) 1.49 2.158 2.136 2.008
Ac-y*-hAla-y*-hPhe-NHMe (C) C7/C7/C14(g-)

B3LYP/6-31+G(d) 12.07 2.209 2.450 2.058

MO05-2X/6-311++G(d,p) 0.90 2152 2232 2,027

MO06-2X/6-311++G(d,p) 001 2.147 2,209 2,020

wB97X-D/6-311++G(d;p) 032 2123 2,259 1.993

“Values for the C7 composed of the amide amide H-bond enclosed by the interior C=0 and N-terminal NH group. ” Values for the C7 composed of the
amide amide H-bond enclosed by the C-terminal C=0 and interior NH group.

a) S(a)

b) Tristack(a)

Figure 9. (a) Ac-y*-hPhe-NHMe amide stacked structure S(a). (b) Ac-y*-hAla-y*hPhe-NHMe amide tristacked structure $'/S(a), which is not

observed experimentally. See text for further discussion.

the N-terminal and C-terminal amide groups approach the
interior amide group from opposite sides. We have searched
for and located two tristacked structures of Ac-y*-hAla-y*-hPhe-
NHMe (both with the phenyl ring in the anti position) with
relative energies of 23.2 and 27.9 kJ/mol above the C9/C9(a)
global minimum, significantly greater than the 1.42 kJ/mol
difference between S(a) and C9(g—) in Ac-y*-hPhe-NHMe.
Figure 9 presents a side-on view of the lowest-energy tristacked
structure of Ac-y*-hAla-y*-hPhe-NHMe (Figure 9b) predicted
by theory, comparing it with the amide-stacked Ac-y*-hPhe-
NHMe structure S(a) (Figure 9a).

The dihedral angles present in these two tristacked structures
(labeled S'/S and S/S) are included in Table 3. Note first the
close similarity in dihedral angles between C7/C7/C14 and S'/S,
with the change in sign between the first set of C7 and S’
dihedrals reflecting the opposite direction of the turn in forming
the cycle relative to the tristack.

Second, whereas the two sets of dihedrals in the two layers of
stacking are the same in S/S(a), in S'/S(a) they are not. These
dihedral angles differ by whether the 9 carbon forms a boat or
chair conformation with the NH/C=O groups closest to it
much as in the different C7 rings of the C7/C7/C14 cycle. We
label the tristack structure containing these two stacking types as
§'/S(a) tristack in acknowledgment of that fact. It is worth noting
that an S'(a) stack can be formed in Ac-y*hPhe-NHMe

(Table 3), but it is less stable than S(a) by 16.7 kJ/mol due to
an unfavorable interaction of the C-terminal amide C=0O group
with the aromatic ring. When the phenyl ring is removed, Sand §’
stacks differ by 6.3 kJ/mol, with S lower than S'.

The other triamide stack is an S/S(a) structure, which is
destabilized by ~S kJ/mol relative to S'/S(a) by an unfavorable
steric interaction of the alanine side chain in the y*-position with
the C-terminal amide group, which disrupts stacking. Removing
this steric interaction by moving the position of methyl substitu-
tion to the y* or y* carbon or by changing the chirality of the y*
carbon may prove a worthwhile design strategy for stabilizing
high-order stacked structures in future work.

B. FMO/PIEDA Analysis. In our previous studies of Ac-y*-
hPhe-NHMe,'® quantitative predictions for the various contri-
butions to the intramolecular interactions present in the H-
bonded and amide stacked structures were obtained by employing
the systematic fragmentation/effective fragmentation potential
method (SFM/EFP).

Fragment molecular orbital (FMO) with pair interaction
energy decomposition analysis (PIEDA)*” is a method that
provides an alternative scheme to SEM/EFP for cutting a large
molecule into fragments and then breaking the total energy into
nonbonded and through-bond contributions. Figure 10 com-
pares SEM/EFP and FMO-PIEDA noncovalent interactions in
the diamide Ac-y*-hPhe-NHMe. The total noncovalent energies

13793 dx.doi.org/10.1021/jp205527e |J. Phys. Chem. A 2011, 115, 13783-13798


http://pubs.acs.org/action/showImage?doi=10.1021/jp205527e&iName=master.img-009.jpg&w=380&h=134

The Journal of Physical Chemistry A

SFM/EFP FMO-PIEDA

60.00 60,00

40,00 40.00
© 2000 © 2000
£ E
- -
2 000 | 3 0w
g g
S 2000 S -2000

.40.00 | -40.00

-60.00 - : ; ; - -60.00 0 : ;

ELEC EX-REP POL cT DISP TOTAL ELEC EX-REP POL T DISP TOTAL

mAC9(a) -36.63 | 2524 | -655 | -338 | -10.61 | -31.93 mACS(a) | -37.60 | 48.20 | 546 | -12.42 | -19.04 | -26.32
mBC9(g) -38.29 | 2732 | -7.12 | -363 | -10.82 | -32.54 mBCY(e) -43.90 | 5425 | 612 | -1416 @ -21.02 | -30.94
mC5(a) -31.58 36.11 -1.94 -4.81 -18.06 -20.28 mC5(a) -30.18 51.12 -3.14 -10.37 -25.76 -18.32

Figure 10. Comparison of SEM/EFP and EMO-PIEDA noncovalent energies for Ac-y>-hPhe-NHMe. All energies in kJ/mol.

Table 5. Nonbonded Interactions (kJ/mol) in Ac-y*-hPhe-y*-hAla-NHMe and Ac-y*-hAla-y”>-hPhe-NHMe Triamides by

FMO-PIEDA

Ac-y*-hPhe-y*hAla-NHMe

Ac-y*-hAla-y*-hPhe-NHMe

A B C D A B C D*

nonbonded contributions C9/C9(a) C9/C9(g-) C7/C7/Cl4(g-) C9/C9(g+) C9/C9(a) C9/C9(a) C7/C7/Cl4(g-) S(a)
electrostatics —86.6 —91.4 —95.5 —86.5 —90.4 —65.1 —103.0 56.8
exchange repulsion 1119 116.4 114.9 102.6 114.9 929 1284 99.7
elec + ex-rep 25.2 249 19.5 16.0 24.5 27.8 254 43.0
charge transfer —30.8 -319 —36.0 —34.5 —32.2 —254 —40.4 21.6
polarization —12.9 —13.4 —18.5 —11.4 —13.2 —9.5 —16.3 —6.5
dispersion —39.0 —40.1 —46.9 —464 —39.6 —39.9 —54.6 —49.5
total nonbonded energy —57.4 —60.4 —78.8 —76.3 —60.5 —47.0 —85.8 —34.6
relative nonbonded energy 28.4 25.4 7.0 9.5 254 38.9 0.0 S1.2
total relative energy” 6.5 8.0 10.1 13.9 3.5 14.4 0.0 26.6
relative through-bond energy” —21.9 174 3.1 44 —218 —24.5 0.0 —24.6

“ MP2/6-31G* relative electronic energies (without ZPE correction) at the @B97X-D/6-311++G(d,p) optimized geometries. ® Difference between total
relative and relative nonbonded energies ascribable to through bond contributions to the relative stabilities. “ Not observed experimentally.

in both methods are split into electrostatic, exchange—repulsion,
polarization, charge transfer, and dispersion terms. Although the
absolute values of the energy terms are somewhat different in the
two schemes, mainly due to differences in the way in which the
diamide was cut into noncovalent fragments (see Computational
Methods for details), general trends are preserved. In particular,
both SEM/EFP and FMO-PIEDA predict that the stacked
conformer C S(a) has weaker electrostatic and stronger disper-
sion interactions, and smaller total noncovalent energy than A
and B conformers with C9 H-bonded cycles. Weaker noncova-
lent interactions in the stacked conformer are partly compen-
sated by a decreased through-bond strain, as discussed in the
previous study.'”

Table § summarizes the nonbonded contributions to the
assigned conformer structures of Ac-y*-hPhe-y*-hAla-NHMe
and Ac-y*-hAla-y*-hPhe-NHMe triamides, calculated with
FMO-PIEDA. The triamides are represented by three uncon-
nected fragments each containing an amide group. The fragmen-
tation for Ac-y*-hPhe-y*-hAla-NHMe and Ac-y*-hAla-y*-hPhe-
NHMe is shown in the Supporting Information. Decomposition
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of the total noncovalent interactions into pairwise components is
shown in Figure 11. It is worth noting that a part of the
polarization energy and mixed polarization-dispersion term
cannot be decomposed into pairwise interactions. These desta-
bilizing many-body contributions are not shown in Figure 11 but
are included into the total polarization and dispersion energies in
Table 5. For comparison, energy decompositions of the three
conformers of Ac-y*-hPhe-NHMe diamide are also shown.
Three structures with C9/C9 double rings, Ac-y*-hPhe-y*-
hAla-NHMe (A, B) and Ac-y*-hAla-y*-hPhe-NHMe (A), have
very similar patterns of nonbonded interactions. The distinguish-
ing characteristic of these conformers is the presence of two
strong H-bonds, each of which is dominated by the electrostatic
term. Exchange—repulsion energy cancels the electrostatics, but
a sum of dispersion, charge transfer, and polarization make these
structures bound by ~57—60 kJ/mol, about twice as big as the total
noncovalent interactions in H-bonded dipeptides. A small additional
stabilizing contribution in these structures (8—12 kJ/mol) origi-
nates from the interaction of a pair of fragments (fragments 1 and 3,
see Figure 11) that are not involved in H-bonding with each other.
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Figure 11. Pairwise noncovalent energies by FMO-PIEDA for Ac-y*-hPhe-y>-hAla-NHMe, Ac-y*-hAla-y>-hPhe-NHMe, and Ac-y*-hPhe-NHMe
conformers. For triamide conformers, interactions between fragments 1—2, 1—3, and 2—3 (from left to right) are shown.

The Ac-y*-hPhe-y*-hAla-NHMe (D) conformer also possesses two
C9/C9 H-bonds but is additionally stabilized by dispersive interac-
tions of the phenyl ring with the amide chain (Figure Sb). As a result,
the total noncovalent energy in Ac-y*-hPhe-y*-hAla-NHMe(D) is
~12 kJ/mol more attractive than that in the other C9/C9
conformers.

In agreement with spectroscopic observations, the bifurcated
structure Ac-y”-hAla-y*-hPhe-NHMe (B) with C9/C14 H-bond-
ing pattern has two weak H-bonds. However, smaller electrostatic
attraction in these longer H-bonds (Table S and Figure 11) is
compensated by smaller exchange—repulsion. Nevertheless, the
longer H-bonds result in smaller charge transfer and polarization
components, leading to an overall weaker noncovalent interaction
in the C9/C14 conformer. Equally important, as is revealed in
Figure 11, this structure exhibits an anticooperative destabilizing
interaction between the two donor fragments involved in the
bifurcated H-bonds (fragments 2 and 3).

The C7/C7/C14 structures Ac—yz—hPhe—yz—hAla—NHMe (©)
and Ac-y*-hAla-y*-hPhe-NHMe (C) contain three amide —amide
H-bonds. This leads to attractive nonbonded interactions among
all three fragments, as is obvious from the stick diagrams in
Figure 11. These more distorted H-bonds are slightly weaker than
the H-bonds in the C9 cycles, but the presence of three of them
leads to stronger total noncovalent interactions than in the C9/C9
double-ring structures. In fact, this trend holds for each of the
components of the total nonbonded energy individually. As a result
of this cooperative behavior, the C7/C7/C14 conformers have the
lowest noncovalent energies of any of the observed conformers
(—85.8 and —78.8 kJ/mol, respectively).

It is worth considering the S'/S(a) tristacked structure found
by the calculations, to understand why it is higher in energy and

not observed experimentally. Comparison of the contributions to
the nonbonded interactions in the tristacked conformer with the
amide-stacked structure in Ac-y*-hPhe-NHMe shows that each
of the two stacking interactions (1—2 and 2—3) in Ac-y*-hAla-
y*-hPhe-NHMe is nearlg identical in energy composition to the
single stack S(a) in Ac-y“-hPhe-NHMe (Figure 11). As shown in
Table S, compared to the case of conformers with H-bonds,
dispersion forces make up a larger percentage of the noncovalent
interactions in the tristacked conformer, whereas electrostatics,
polarization, and charge transfer are significantly weaker. This is
in agreement with the character of the noncovalent interactions
observed in the stacked diamide (Figure 10).

However, the total noncovalent energy in the stacked triamide
(—34.6 kJ/mol) is much less attractive than that in most of the
H-bonded conformers (—47.0 to —85.8 kJ/mol). This is because
the tristacked structure lacks any cooperative effects; i.e., the total
noncovalent energy is just a sum of energies of two pairs of
stacked dimers, with the interaction between fragments 1 and 3
near zero. The C9/C9 sequential double rings also are primarily
stabilized by nearest-neighbor interactions (1—2 and 2—3);
however, the 1—3 interactions are additionally stabilizing by
~8—12 kJ/mol. Thus, in contrast to the diamide, cooperativity
starts to play an important role in stabilization of the triamides
and may increase still further in importance in larger y-peptides.

The above analysis provides a qualitative picture of non-
bonded interactions in the y-triamides. However, structures with
favorable nonbonded interactions may experience increased
through-bond strain and as a result be higher in energy than
the less-strained structures. To estimate the through-bond strain,
the total relative energies of the conformers was compared with
their nonbonded energies. The obtained energy difference
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provides a measure of the relative through-bond strain of the
conformers. For consistency with FMO results (obtained at the
MP2/6-31G* level of theory), the MP2/6-31G* level of theory
was used in calculating the total energies as well. As mentioned
previously, the differences between MP2/6-31G* and wB97X-
D/6-311++G(d,p) relative electronic energies do not exceed
3.2 kJ/mol.

As shown in Table 5, the C7/C7/C14 structures are destabi-
lized by a through-bond strain with respect to the C9/C9 double-
ring structures. This is understandable because a formation of C7
rings necessarily results in a more strained backbone. Among
C9/C9 structures, Ac-y*-hPhe-y*-hAla-NHMe (D) has the
highest strain energy that counteracts its favorable dispersive
interactions. The C9/14 bifurcated conformer and the tristacked
conformer have similarly low through-bond ene 2gles However,
compared to the two lowest C9/C9 structures, Ac-y*-hPhe-y*-hAla-
NHMe (AB), the tristacked structure has no additional through-
bond stabilization, unlike the diamide, where there was a significant
lowering of the steric strain in the amide stacked versus C9 structures.

C. Natural Bond Orbital (NBO) Analysis. Raines and co-
workers®**? have recently proposed a potentially important role
for stabilizing n — 7* interactions between amide groups in
polypeptides and proteins, using natural bond orbital (NBO)
analysis.®®”* In that work, the focus was on interactions between
two C=O0 groups, in which a nonbonded oxygen lone pair of one
C=0 donates to the 77* orbital on an adjacent C=0O group. It is
worth briefly considering amide stacking in terms of an NBO
analysis to compare with this work. In contrast to the FMO-
PIEDA calculations just considered in section IV.B, the NBO
analysis focuses attention on charge transfer contributions arising
from orbital overlap between interacting amide groups.

An NBO analysis was carried out on the optimized structures
of Ac-y*-hPhe-NHMe, Ac-y*-hPhe-y*-hAla-NHMe, and Ac-y*-
hAla-y*-hPhe-NHMe at the ®B97X-D/6-311++G(d,p) level of
theory. Here we focus attention on the amide-stacked structures
and the C7/C7/C14 cycles, where a close approach of amide
groups at oblique angles gives rise to n — ¥ interactions
between them. However, unlike the C=0 - - - C=0 interactions
noted by Raines et al,*** the n — 7* interactions between
stacked amide group in our molecules occur between the amide
nitrogen lone pair of one amide and the 7* orbital on the C=0
group of the other ( Supporting Information). The amide-stacked
structure of Ac-y*-hPhe-NHMe contains two such n — z*
interactions. To assess the strength of these interactions, we
use the second-order perturbation energy (E(;)) calculated for
the interaction between each nitrogen lone pair and the corre-
sponding antlbondmg (BD*(2)) orbital of a C=0O group.

In Ac-y’-hPhe-NHMe, the strength of the amide-stacked
n — 7* interactions are 5.89 and 297 kJ/mol. The stronger
interaction takes place between N-terminal nitrogen and the C-term-
inal C=0 group, which is calculated to be closer in proximity (2.93 A)
than in the other N+ - - C=0 pair (3.12 A). Both the distances
and interaction energies are in ranges similar to those found for
the C=0- - - C=0 interactions by Raines and co-workers.>**’

In the C7/ C7/C14 structures of Ac-y*-hPhe-y*-hAla-NHMe
and Ac-y*-hAla-y*-hPhe-NHMe, we noted previously that adjacent
amide groups are in a “frustrated” amide stacking configuration, in
which both terminal amide groups fold back toward an amide
stacking configuration but are kept from doing so by formation of a
C14 H-bond between them. Despite this, the distances between the
interior mtrogen atom and the C terminal C=0 group of Ac-y*-
hPhe-y*hAla-NHMe and Ac-y*-hAla-y*hPhe-NHMe are 2.93

and 3.01 A, respectively. On the basis of these distances, and with
extrapolation from results mentioned in the preceding paragraph,
one may anticipate interaction energies in these cases of ~6 kJ/mol.
However, the energies found here are about half that size (3.0 and
3.8 kJ/mol). These lower-than-expected energies are hypothesized
to be a consequence of the amide group participating in both amide-
stacking and C7 H-bonding, and therefore not in an optimal
geometry for the n — 77* interaction.

Thus, from the vantage point of NBO analysis, amide stacking
interactions involve a distinctive type of n — ¥ interaction
between the C=O and NH groups facilitated by the close
approach of the two amide groups in an antiparallel stacked
arrangement. It would be interesting to see the extent to which
this interaction might be present in naturally occurring proteins
or other types of synthetic foldamers.

V. CONCLUSIONS

The conformational preferences present in the y-peptide
triamides studied here may be seen as natural extensions of
those found in a-, 8-, and a/f-peptide analogs. In each case, the
conformations observed can be categorized broadly in terms of
three structural types: sequential double H-bonded rings, bifur-
cated double H-bonded rings, and single H-bonded rings. In the
a-peptides Ac-Phe-Ala-NH, and Ac-Ala-Phe-NH,, studied in
detail by Mons and co-workers,**”*>”® conformer population was
distributed over C5/C7 bifurcated double ring, C7/C7 sequen-
tial double ring, and C10 single ring H-bonded families. In the B3-
peptides Ac-3*-hPhe-3>-hAla-NHMe and Ac-$3*-hAla-3>-hPhe-
NHMe, studied by our group,””** C6/C6 and C8/C8 sequential
double rings and C10 single rings were observed. In the hetero-
geneous a/f-peptide foldamers Ac-Phe-$3*-hAla-NHMe and Ac-
ﬁ3 hAla-Phe-NHMe sequential double rings (C8/C7 or C6/
CS), single r1ngs (Cll) and bifurcated double rings (CS/C8)
were observed.”

In the y”-peptides that are the subject of the present work,
C9/C9 sequential double rings and C9/C14 bifurcated double
rings were both observed. The C9/C9 sequential rings domi-
nated the conformer population, pairing together two strong
H-bonds between adjacent amide groups. The C9/C14 bifur-
cated double ring structure is in many ways a modified single-ring
C14 structure in which the large single ring is further stabilized by
formation of a second H-bond from the interior amide group
with the N-terminal C=0 group, made possible by the flexibility
of the y-peptide backbone.

Despite similarities to their smaller a-, 8-, and a/f-peptide
analogs, the y-peptides have shown themselves to be capable of
new structural possibilities enabled by the larger separation and
increased flexibility of the three-carbon connector between
amide groups. In fact, a primary motivation for the present study
was to determine whether the new structural motif of amide
stacking19 uncovered in the diamide Ac-y*-hPhe-NHMe would
show itself in some way in the conformational preferences of the
triamide y-peptides. Although no tristacked structure was ob-
served experimentally, the C7/C7/C14 H-bonded cycle makes
use of the y-peptide backbone structure to collapse in on itself in
forming a H-bonded cycle involving all three amide groups, the
first of its kind in natural peptides or synthetic foldamers. The
comparison of the experimental results with theory has provided
a basis for the conformational preferences and also uncovered
deficiencies in the ability even of dispersion-corrected functionals
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to fully account for the delicate balance of intramolecular
interactions present in these cycles.

Theoretical developments such as SFM/ EFP,3*%*%5 FMO-
PIEDA,*® NBO,*® and AIMS”””® analysis all purport to capture
key intramolecular interactions at play in molecules such as this.
Single-conformation studies such as those presented here pro-
vide a rich and incisive testing ground for these theories and
others. Here we have taken a first step in this direction in carrying
out FMO-PIEDA and NBO calculations, which provide comple-
mentary views.

Given the structural surprises found in the y-peptides studied
to date (amide stacking and triamide H-bonded cycle), it seems
important to follow this structural development to larger -
peptide foldamers. Studying larger oligomers as neutral species
will require laser desorption to bring these molecules into the gas
phase. The possibility of studying even larger foldamers as ions,
using the techniques pioneered by Rizzo and co-workers,” is
another avenue worth pursuing vigorously.
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