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In this paper we present the first investigations on an isolated linear depsipetide CyCO-Gly-Lac-NH-PhOMe
(cyclohexylcarbonyl-glycine-lactate-2-anisidine abbreviated as MOC) in a molecular beam experiment.
Depsipeptides are a special subclass of peptides which contain at least one ester bond replacing a peptide
bond. This leads to a different folding behavior and a different biological activity compared to a “normal”
peptide. In order to analyze the folding of an isolated depsipeptide on a molecular level a variety of combined
IR/UV methods including IR/IR/UV experiments are applied to MOC. Three different isomers are identified in

Received 11th March 2016, combination with DFT calculations using the hybrid functional B3LYP-D3 with a TZVP basis set. The most

Accepted 29th April 2016 stable structure shows a tweezer-like arrangement between the aromatic chromophore and the aliphatic
cyclohexyl ring. A characteristic feature of this structure is that it is stabilized by dispersion interactions

resulting from CH/z interactions. If dispersion is not taken into account this structural arrangement is no
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| Introduction

Depsipeptides are an important class of natural products
showing diverse biological activity. As a special subclass of
peptides they contain at least one ester bond replacing a
peptide bond" which gives rise to a different folding behavior
compared to an ordinary peptide and probably leads to a
different biological activity. Many of their linear representatives
have strong physiological effects on higher organisms: as a first
example dolastatin 15 is found to be a cytostatic anti-cancer
agent.” Moreover, linear depsipeptides are not only employed as
substructures in chiral dendrons, being widely used as model
compounds for natural macromolecules,® but also serve as Forster
resonance energy transfer (FRET) substrates,” representing
important biochemical tools e.g. in hepatitis C anti-viral
research.” Furthermore, a B-turn forming depsipeptide has
been used as a bridge in a porphyrin-quinone donor-acceptor
system showing an efficient electron transfer via the hydrogen
bond interface where the ester linkages allow the control of the
hydrogen-bonding pattern.® Besides the linear depsipeptides,
there is a large group of naturally occurring cyclic depsipeptides
including beauvericin and valinomycin, which are well-known for
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longer a minimum on the potential energy surface indicating the importance of dispersion interactions.

their antibiotic and insecticidal effects.”® For both valinomycin
and beauvericin their biological activity is attributed to their ability
to reversibly bind alkali metal ions and transport them across cell
membranes causing apoptosis.'® In order to explicitly understand
the physiological effects induced by these molecules on a molecular
level, knowledge on the structure of the isolated neutral molecules
is fundamental.

To the best of our knowledge, no spectroscopic investigations
on any depsipeptide in a molecular beam experiment have been
published so far. Thus we start here with a linear depsipeptide.
Fig. 1 shows the investigated molecule which will be referred to
as either cyclohexylcarbonyl-glycine-lactate-2-anisidine (CyCO-
Gly-Lac-NH-PhOMe) using the peptide nomenclature or [1-[(2-
methoxyphenyl)amino]-1-oxopropane-2-yl] 2-(cyclohexanecarbonyl-
amino)acetate (MOC) using the IUPAC nomenclature. It contains a
glycine residue (Gly) as well as a lactic acid residue (Lac) and

Lac- ' NH-PhOMe

CyCO-  Gly-

Fig. 1 Schematic illustration of the investigated linear depsipeptide MOC.
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therefore represents a depsipeptide whose structural investigation
should give basic insights into the preferred conformations of
isolated depsipeptides. Furthermore the system contains both
an aromatic phenyl ring and an aliphatic cyclohexyl ring. These
two groups offer the possibility to interact via CH/n dispersion
interactions.

With respect to investigations in the condensed phase Gallo
and Gellman'" investigated the folding of several depsipeptide
models for both B-turns and o-helical turns mediated by
hydrogen bonds using molecular mechanics calculations and
IR spectroscopy in CH,Cl, solution. The investigated samples
include Ac-1-Ala-Glyco-NHMe and Ac-1-Ala-Glyco-NMe,, the former
showing a B-turn and the latter exhibiting no significant hydrogen-
bonding in solution. Moreover, Boussard and coworkers'
published IR spectroscopic studies in CCl, solution at room
temperature along with theoretical investigations on small
depsipeptides. In that study, the molecule #-Bu-Gly-Lac-NH-
Me, being most similar to the herein investigated CyCO-Gly-
Lac-NH-PhOMe, shows more bands as expected which arise
from overlapping absorption bands in the amide A region
suggesting the existence of more than one conformer in
solution. Further investigations by Boussard et al."> on another
set of depsipeptides revealed that in the solid state only van-der-
Waals interactions exist between neighboring molecules and
consequently the solid state structure is nearly identical to that
in solution.

Quantum-mechanics and molecular-mechanics based calcula-
tions and simulations on oligodepsipeptides including alternating
Gly and Lac residues were published by Zhang and coworkers,"
concluding that the polyproline II (PPII)}helix leading to a right-
handed helical structure is the most stable configuration for the
Gly-Lac oligodepsipeptide. A theoretical study on the r-lactic acid
residue performed by Kang et al.'® revealed that the trans orienta-
tion of the ester bond is by far the preferred one and the cis
population is negligible.

In order to obtain structural information on a molecular
level the absence of solvent molecules is a basic premise. Due to
the flexible backbone of (depsi)peptides the existence of several
almost isoenergetic conformers can be expected, which moreover
requires isomer selective techniques. All these requirements can
be fulfilled by applying combined IR/UV laser spectroscopy in a
molecular beam experiment. These techniques have proven to
be useful for investigating ‘“normal” peptides and cyclopeptides,
cf e.g., ref. 16-35.

In this paper we publish the first investigation on a linear
depsipeptide in a molecular beam. In the chosen CyCO-Gly-Lac-
NH-PhOMe molecule the C- and N-termini of the glycine and lactate
units are protected by a cyclohexyl carbonyl and a 2-anisidine group
(see Fig. 1). The latter includes an aromatic chromophore which
allows the application of the TR/R2PI method** > (see also ref. 16-32,
34 and 35). Therefore, the structurally sensitive NH stretching
(amide A) and carbonyl stretching as well as NH bending
(amide I/IT) vibrations can serve as spectroscopic probes giving
direct structural information. In order to distinguish between
possible isomers with overlapping electronic resonances the
IR/IR/R2PI method®**™*" can be a useful tool.
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In order to assign structures, DFT calculations including
dispersion corrections were performed and compared with
the experimental IR spectra. Dispersion corrections are of
significant importance when using DFT calculations not only
to investigate folded structures of organic molecules in general,
as it was shown e.g. for the hydrated dimer of a coumarin
derivative®* and several peptides,”>**>* but also in particular
when CH/r interactions are involved. These interactions play
an important role in chemistry and biology, cf. e.g. ref. 54 and
are often underestimated. In recent years, several experimental
and theoretical investigations on the CH/n interactions have
been reported, c¢f e.g ref. 20, 50, 51 and 55-62 including
molecular beam measurements on peptides (cf ref. 20 and 55). In
previous investigations Ran and Wong® analyzed the cooperative
CH/n effects between the n face of benzene and the aliphatic CH
groups of cyclohexane using high-level ab initio calculations.
These results demonstrated that multiple CH/r interactions play
an important role in stabilizing the complex. If a deformation of
the backbone of the investigated depsipeptide occurs intra-
molecular CH/n interactions can be formed between aliphatic
CH groups of the CyCO unit and an aromatic n system of the
NH-PhOMe unit. Therefore this possible CH/r arrangement of
MOC is a further interesting feature to be investigated.

Il Experimental setup

The used experimental setup is described in detail elsewhere,'®**

so only a brief description is given here. All spectra were recorded in
a molecular beam apparatus consisting of a pulsed valve (General
Valve Iota One, 500 um orifice) for skimmed jet expansion and
a differentially pumped time-of-flight mass spectrometer. The
investigated sample, purchased from Ambinter, was heated to
120 °C for jet expansion and neon was used as a carrier gas
(1.8 bar).

For the IR/IR/R2PI technique three independent laser systems
(one UV and two IR laser systems) are required. The UV laser
radiation was generated by a frequency-doubled dye laser (Sirah,
Cobra Stretch). The two independent IR laser systems have
different setups. The first IR laser®® generates the IR light (here
3300-3750 cm ™ ') with a LiNbOj; crystal by difference frequency
mixing (DFM I) of the fundamental (1064 nm) of a seeded
Nd:YAG laser (Spectra-Physics, PRO-230) and the output of a
dye laser (Sirah, Precision Scan) being pumped by the second
harmonic (532 nm) of the same Nd:YAG laser. The obtained IR
radiation is amplified in a second LiNbOj; crystal by an optical
parametric amplification (OPA) process using the output of the
DFM I process and again the fundamental of the Nd:YAG laser.
The spectral region of CO stretching and NH bending vibrations
is covered with a further non-linear process (DFM II):*° signal
and idler radiation from the OPA process are mixed in an
AgGaSe, crystal to obtain IR light in the relevant region of
1380-1900 cm .

The second IR laser generates the IR light in the region of
3300-3750 cm ™" with a recently modified laser system: in a first
conversion stage IR light in the region of 5748-6099 cm ' is
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generated via the DFM I process in a LiNbO; crystal using the
fundamental (1064 nm) of a Nd:YAG laser (Innolas, Spitlight
1000) and the output of a dye laser (Sirah, Precision Scan) being
pumped by the second harmonic (532 nm) of the same Nd:YAG
laser. In a second conversion stage an OPA process via two KTA
(KTiOAsO,) crystals in series generates the amplified DFM I
radiation and the IR light in the region of 3300-3750 cm™"
using the DFM I output and again the fundamental of the
Nd:YAG laser.

In order to record the IR/R2PI spectra, the IR laser was fired
50 ns prior to the UV laser, whereas for the IR/IR/R2PI measure-
ments the frequency-fixed IR burn laser was fired 100 ns prior to
the UV laser. For the IRf.q/R2PI experiment the frequency-fixed
IR laser is fired 50 ns prior to the scanning UV laser.

[Il Calculations

Possible starting geometries for MOC were derived from molecular
dynamics calculations with the consistent force field (CFF) as
implemented in the Discovery studio.®® (For further details of this
procedure, c¢f. e.g. ref. 24, 29, 48 and 67.) All structural binding
motifs obtained from these calculations as well as geometries
obtained from further screening with respect to the @, ¥ and
angles are taken as starting geometries for DFT calculations. The
DFT calculations were performed with a combination of the two
programs Gaussian 09°® and Turbomole V6.6* by using the hybrid
functional B3LYP with a triple zeta basis set (TZVP) implemented in
Turbomole: geometry optimizations were done using the Berny
algorithm as implemented in Gaussian 09°® whereas energies and
gradients were taken from the Turbomole program.®® These
calculations were realized with the inclusion of Grimme D3
dispersion interactions.”® The relative energies including zero-
point corrections refer to the most stable isomer.

For the correction of the harmonically calculated vibrational
frequencies scaling factors were derived from reference calculations
with the well investigated peptide systems (AcPheNHMe), ,*
and (AcPheOMe), ,"*"” at the same level of theory (DFT/B3LYP-
D3/TZVP). The IR/R2PI spectra of different isomers of these
species are compared with the calculations leading to appropriate
scaling factors. According to these references amide A modes were
scaled by a factor of 0.9608 for free NH stretching vibrations, 0.9563
for the vibrations of hydrogen-bonded NH groups and carbonyl
stretching and NH bending vibrations were scaled by 0.9850.
The application of mode specific scaling factors is further
supported by Bouteiller et al.:"*’* they investigated the correc-
tion of the harmonically calculated vibrational frequencies with
different MP2 and DFT-(D) methods discussing local and mode
specific scaling factors for the interpretation of the IR spectra of
biomolecules.

Linear depsipeptides show a high flexibility with respect to
the backbone. Based on the Ramachandran plot””* different
backbone conformations (¢ and ¥) and the dihedral angle ()
describing the relative position of the NH group with respect to
the CyCO or NH-PhOMe group (cis or trans orientations) have to be
discussed. (For definitions of these dihedral angles, see Fig. 1.)

This journal is © the Owner Societies 2016
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Fig. 2 Selected conformers of MOC and their relative energies obtained
from DFT calculations (B3LYP-D3/TZVP). For further structures cf. Fig. S1
(ESIT).

G’D’YD
1718 cm™

Due to the DFT calculations of MOC 64 different conformers
have been found within a relative energy range of 4000 cm ™"
Six selected structures are presented in Fig. 2. Further conformers
are shown in the ESIt (see Fig. S1 and Table S2). The relative
stabilities of these six selected structures obtained at the DFT level
(B3LYP-D3/TZVP) and the corresponding dihedral angles based on
the Ramachandran plot @gyy, gy, Prac and V1o and w, and w, are
listed in Table 1. Important bond lengths and bond angles
calculated at the same level of theory are listed in Table 2.

The calculated structures of MOC obtained at the DFT/
B3LYP-D3/TZVP level show that folded conformers are signifi-
cantly more stable than stretched conformers which applies e.g.
to the structures opdp, YpOp and o;dp. A deformation of the
backbone can be energetically compensated for example by the
formation of stabilizing hydrogen bonds (see Table 2). How-
ever, in the case of the most stable conformer o0, a tweezer-
like shape without a hydrogen bond is formed. This structure is
stabilized by intramolecular CH/rn interactions involving the n
system of the PhOMe unit and three axial CH bonds of the
CyCO residue (cf Section IV).

For the structures ypdp and a;dp (54 and 701 cm ™' less
stable than apdp) the tweezer-like shape is more open than in
the most stable conformer. Therefore, the stabilization by CH/n
interactions is weaker. The isomers y.op and epyp are 1548 and
2329 cm ! less stable than the structure opdp. They exhibit a cis

Tablel Geometry parameters of selected structures of MOC (cf. Fig. 2) as
obtained from DFT calculations (B3LYP-D3/TZVP). The dihedral angles
(in degrees) gy, Pay. PLat and Vi, describing the backbone and the
dihedral angles w; and w, describing the amide bond (cis/trans) of the
linear depsipeptide are listed (cf. Fig. 1). Furthermore the relative energies
(in cm™?) are given

AE d’(}ly ’PGly Dra ¥iat 4 (&)
ApOp 0 64.4 10.7 1431 —55.6 —167.5 174.0
YpOp 54 94.6 —13.0 151.5 —22.8 —166.5 —-177.4
0.0p 701 —71.0 —8.0 159.3 —13.4 164.0 175.9
YLOD 1548 —79.3 26.7 84.8 18.4 —11.4 —-178.7
opYp 1718 87.4 46.1 81.6 —53.0 —169.6 167.5
€pYp 2329 67.2 146.7 914 —-63.3 22.5 171.6

Phys. Chem. Chem. Phys., 2016, 18, 15327-15336 | 15329
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Table 2 Geometry parameters obtained for six different structures of
MOC calculated at the DFT/B3LYP-D3/TZVP level of theory. The bond
lengths are given in A and the bond angles in degrees. (For further
geometry parameters cf. Table S1, ESI)

apdp Ypdp odp YLD 9pYp €p¥Yp
TN1-H1 1.007 1.008 1.007 1.012 1.007 1.012
'N2-H2 1.014 1.011 1.009 1.011 1.014 1.013
rci-o1 1.224 1.222 1.22 1.223 1.221 1.223
Fes-oa 1.204  1.203  1.202 1202  1.207  1.209
rcs-03 1.219 1.220 1.218 1.217 1.220 1.218
To4-Ca 1.457 1.456 1.450 1.452 1.466 1.469
202 — — — — 2.071  2.116
Ont-caca 1159 1159 1151 1159  112.8  112.4
O1-N1-C2 117.9 117.6 117.3 116.6 116.5 115.7
Ompnocs 1179  117.0 1156 1166  117.5  117.4
0ca-c3-04 112.1 112.5 111.3 111.6 112.1 111.5
0o1-c1-N1 120.9 121.8 121.1 120.0 121.5 119.5
Ooscso, 1251 1246  124.8  125.0 1254  124.9
0ca-0a-c3 118.5 117.6 119.5 117.9 123.5 118.6

orientation of the amide group of the glycine unit (see Table 1
, is about 0°). The stabilization of the basically less stable cis
isomers takes place due to dispersion interactions in yyop and
due to the formation of a hydrogen bond (2.116 A) in the epyp
structure. The structure opYp (1718 cm ™' less stable than apdp)
is stabilized by both the formation of a hydrogen bond (2.071 A)
and dispersion interactions arising from one CH/r interaction of
the equatorial CH group of the CyCO unit with the NH-PhOMe
residue. (Conformations with multiple CH/n interactions
are energetically more favored and CH/n interactions of the
equatorial CH groups are less stable than the interaction of the
axial CH groups.)®®

Furthermore the Gibbs free energies of the six selected
isomers are calculated for different temperatures (50, 100, 200
and 298 K), ¢f. Tables S8-S11 (ESIt). Due to the small energy
difference between the oapdp and ypdp structures the different
entropy contributions can change the order of energies at a
temperature of about 60 K. Nevertheless, these structures are
nearly isoenergetic (within temperatures of about 100 K) whereas
the hydrogen-bonded structures (like apyp) are still less stable
and the gain in entropy does not lead to a smaller energy
difference with respect to the most stable structures.

Calculations were also performed without the inclusion of
dispersion corrections at the same level of theory (B3LYP functional
as implemented in Turbomole/TZVP) using Gaussian 09.%
A selection of calculated structures without dispersion corrections
including the relative stabilities, corresponding dihedral angles
based on the Ramachandran plot and geometry parameters, are
shown in the ESIt (see Fig. S4 and Tables S6 and S7).

The calculated structures of MOC obtained at the DFT/
B3LYP/TZVP level show, in contrast to the calculated isomers
including dispersion interactions, that stretched conformers
are more stable than folded conformers. Interestingly, the opdp
structure (¢f Fig. 3a) is only observed if dispersion interactions are
taken into account (at least within a relative energy of 4000 cm™*
with respect to the most stable B8, structure). This isomer is
stabilized by forming intramolecular CH/r interactions between
the axial aliphatic CH groups of the CyCO unit and the aromatic

15330 | Phys. Chem. Chem. Phys., 2016, 18, 15327-15336
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BL5L

Fig. 3 Most stable conformers of MOC obtained from DFT calculations (a)
with dispersion corrections and (b) without dispersion corrections.

aD8D

n system of the NH-PhOMe unit. This stabilization is much
larger than other interactions, especially the tension of the
backbone (compared to arrangement Bpd; without dispersion
interactions) is compensated by the dispersion interactions.

Furthermore the most stable isomer Bd; resulting from
calculations at the DFT/B3LYP/TZVP level of theory is not observed if
dispersion interactions are taken into account (see Fig. 3b). The
structures Yp0p, %.0p, pYp and opYp can also be found as minimum
structures without including dispersion interactions (641, 1250,
2757 and 3446 cm ' less stable than the B8, isomer). These
isomers are less stable due to the loss of stabilization by
dispersion interactions.

IV Results and discussion

An one-color R2PI spectrum of MOC has been recorded in the
range of 31700-37590 cm ™, ¢f. Fig. 4a (expansion gas neon). In
the vicinity of the electronic origin(s) the spectrum consists of
three broadened prominent transitions at 34637, 35071 and
35149 cm . It is an interesting effect that no significant change
in the broadening is observed by using helium as expansion gas.
This is untypical, since usually a better cooling in neon reduces the
bandwidths. It should be mentioned that no hydrates of MOC are
observed and also fragmentation from hydrates can be excluded
(¢f results of the IR/R2PI spectra below, here no vibrational
transitions in the OH stretching region above 3600 cm™' are
observed). A possible explanation of the broadening may result
from the excited state lifetimes. Excited state lifetime measure-
ments performed by the method of time-correlated single-photon
counting (¢f ESIt) in CH,Cl, solution show a mono-exponential
lifetime decay. For MOC a lifetime of about 2 ns was obtained,
whereas e.g the well investigated protected amino acid
AcPheOMe'*"” shows an averaged lifetime of about 4 ns (with a
long lifetime component of about 12 ns). Although these results
are obtained from measurements in solution it can be concluded
that the excited sate lifetime of MOC is significantly lower than for
AcPheOMe. An indication of a similar behavior in the gas phase
might be that no excited state lifetime of MOC could be derived
from a two-color R2PI experiment with a time delay between the
two ns lasers. Thus in the case of a broadened R2PI spectrum
further strategies have to be chosen to figure out if electronic
transitions result from an overlap of different isomers. Here e.g.
IR/IR methods are ideal applications which are discussed below.
In order to derive detailed structural information from the
IR/R2PI spectra of MOC both the spectral region of the NH

This journal is © the Owner Societies 2016
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——R2PI 35071 ——R2P| )
——IR(3414cm'YR2PI —IR(3440cm™)/R2PI

35071 35071

35149 35149 35149

34637

34400 34800 35200
wavenumbers of UV-laser / cm”

32000 33000 34000 35000 36000 37000 38000

wavenumbers of UV-Laser / cm”

34400 34800 35200
wavenumbers of UV-laser / cm”

34400 34800 35200
wavenumbers of UV-laser / cm”

34400 34800 35200
wavenumbers of UV-laser / cm

Fig. 4 (a) R2PI spectrum of MOC in the range of 31700-37590 cm™?, (b—e) IRyeq/R2PI spectra of MOC by using different frequency-fixed burn laser
frequencies at (b) 3386, (c) 3408, (d) 3414 and (e) 3440 cm™ . The IR¢xea/R2P! spectra are given in red and the corresponding R2PI spectra are given in

J
3800

black.

a)

1698 4767
b)
c)
S50 3520
3414
1470 "> 1600 1704
1400 1500 1600 1700 1800 1900 ~ 3300 3400 3500 3600 3700
wavenumbers of IR-laser / cm”

Fig. 5 IR/R2PI spectra of MOC obtained via different resonances of the R2PI spectrum at (a) 34637, (b) 35071 and (c) 35149 cm™.

stretching vibrations from 3300 to 3750 cm ' as well as

the carbonyl stretching and NH bending modes from 1380 to
1900 cm~ " were measured for the different resonances of the
R2PI spectrum (see Fig. 5a—c).

The IR/R2PI spectrum in Fig. 5a has been recorded via the
first main resonance of the R2PI spectrum at 34 637 cm”. The
spectrum is clearly structured and two vibrations at 3408 and
3466 cm ' in the region of the NH stretching vibrations are
observed. All NH stretching vibrations are located above 3400 cm ™"
which indicates that no strong intramolecular hydrogen bonds are
formed. (Frequencies of strongly hydrogen-bonded NH groups are
usually located below 3400 cm ') Furthermore in the carbonyl
stretching and NH bending region several characteristic vibrations
appear (see below).

As mentioned above, in the R2PI spectrum the UV excitation
may not be isomer selective. In order to figure out if more
than one isomer corresponds to an IR spectrum and to retain
(if necessary) isomer selectivity, IR/IR/R2PI spectroscopy is
applied, ie. the excitation of one isomer with a frequency-
fixed IR burn laser has an effect on all IR transitions that
belong to the same isomer in the subsequently measured IR/
R2PI spectrum. (For more detailed information about the IR/IR/
R2PI spectroscopy see ref. 39-41).

In Fig. 6 the IR/IR/R2PI spectroscopy is applied for the first
main resonance of the R2PI spectrum at 34 637 cm™ " in order to
confirm that the two bands at 3408 and 3466 cm ' belong to

This journal is © the Owner Societies 2016

the same isomer. For this measurement the frequency-fixed IR
burn laser was set to the transition at 3408 cm '. The two
transitions at 3408 and 3466 cm™~ ' both show an almost complete
depletion in the IR/IR/R2PI spectrum compared to the IR/R2PI
spectrum. Therefore, these transitions definitely belong to one
isomer. Thus the electronic resonance at 34367 cm ' originates
from one single isomer and does not overlap with resonances of
other isomers.

A comparison between spectroscopic results obtained via
the excitation at 34637 cm™ ' and DFT calculations performed
for MOC is shown in Fig. 7. Indeed, among the different

3466
—— IRIR2PI 3408
—— IR(3408cm”")/IR/R2P
I 1 1 1 1 T L] 1
3300 3400 3500 3600

wavenumbers of IR-laser / cm”

Fig. 6 IR/IR/R2PI spectrum of MOC via the excitation at 34 637 cm~* by
using a frequency-fixed IR burn laser at 3408 cm™™. The IR/IR/R2PI
spectrum is given in red and the corresponding IR/R2PI spectrum is given
in black.
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possible calculated structures of MOC, the vibrational frequencies
calculated at the DFT/B3LYP-D3/TZVP level of the most stable
conformer apdp, are in good agreement with the experimentally
obtained frequencies. The experimentally observed vibration at
3408 cm ™! arises from the NH stretching vibration of the NH-
PhOMe unit. The IR/R2PI band at 3466 cm ™ * can be correlated
with the NH stretching mode of the glycine unit. In the range
from 1380-1900 cm ' the calculated frequencies of the opdp
conformer are also in very good agreement with the experi-
mental bands: the transition at 1767 cm ™" can be assigned to
the carbonyl stretching vibration of the glycine unit. The
broadened transition at 1698 cm ™" corresponds to two coupled
modes between NH bending and carbonyl stretching vibra-
tions. The transition at 1609 cm™* can be assigned to the NH
bending mode of the NH-PhOMe residue and a CH bending
transition of the aromatic ring. The position of the frequencies
is very well predicted by the calculations, but in contrast to all
other transitions in the spectral region from 1400 to 1800 cm ™" the
calculated sum of intensities of both transitions is significantly
lower than the experimentally observed one at 1609 cm ™. (This is
the same for all calculated structures.) This amplification may
result from a superposition with combination bands of out-of-
plane CH, CC bending and COC (ester) bending vibrations. The
experimentally obtained frequency at 1545 cm ™" can be correlated
with the NH bending vibration of the NH-PhOMe unit and the
vibration at 1495 cm ™" fits to the NH bending mode of the
glycine unit as well as a coupled vibration of the NH bending
vibrations of the two NH groups of MOC. The remaining

95 1767
1545 4609
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transitions in the IR/R2PI spectrum at 1470 and 1442 cm ™"
can be correlated with CH bending modes.

As pointed out in Section III, a very important result of the DFT
calculations is that the most stable structure apdp is not formed
by neglecting the (CH/r) dispersion interactions (cf. Fig. S4, ESIT).
By comparing the positions of IR transitions in the NH stretching
region of all structures discussed by including (¢f: Fig. 2 and Fig. 7)
or excluding (¢f: Fig. S4 and Table S6, ESIT) the dispersion only the
most stable arrangement (including dispersion) apdy, fits to the
experimental spectrum, i.e. the first electronic resonance at
34367 cm™ " exclusively refers to structure apdp. As mentioned
above there are more intense electronic transitions in the R2PI
spectrum. The corresponding IR/R2PI spectra (cf. Fig. 5b and c)
via the transitions at 35071 and 35149 cm™ " partly show similar
IR transitions and in both spectra the number of transitions is
larger than expected for one isomer in the region of the NH
stretching vibrations.

This indicates the presence of isomers with overlapping UV
transitions. In order to figure out overlapping electronic excita-
tion energies of different isomers a further strategy is the
application of IRgyqa/R2PI spectroscopy, i.e. the UV laser is
scanned and the frequency of the IR burn laser is fixed to a
vibrational band (¢f. Fig. 4b-e). As expected from the discussion
above the first UV transition in the IRfy.q/R2PI spectrum at
34637 cm ™' is well separated, i.e. a depletion effect on this
transition is observed if the IR burn laser is fixed at 3408 cm ™"
(Fig. 4c) and no effect is observed for the resonances at 3386 cm
(Fig. 4b) and 3440 cm™ " (Fig. 4e) (with respect to the transition at
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Fig. 7 Comparison between the experimental IR/R2PI spectrum of MOC via the R2PI resonance at 34 637 cm~! (upper trace) and calculated frequencies
obtained from DFT calculations (B3LYP-D3/TZVP) of selected isomers of MOC. (For a better illustration the calculated intensities in the amide A region

were tripled.)
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3414 cm™ ', see below). In contrast to this, the IRg.cq/R2PI spectra
show depletion effects at the electronic transition at 35071 cm™*
for all fixed IR frequencies at 3386, 3408, 3414 and 3440 cm ', ie.
different isomers seem to overlap at this electronic transition
including the most stable opdp arrangement with an IR transition
at 3408 cm ™ .

Further structural information should be obtained by the IR/
IR/R2PI spectroscopy with an UV excitation at 35071 cm™ " and
an IR burn laser fixed at 3440 cm ™" (¢f. Fig. 8a). This spectrum
indicates a second correlating transition observed at 3470 cm ™.
(1t should be mentioned that the effect observed at 3470 cm™ " is
small, since the transition at 3466 cm™ " referring to the apdp
isomer is in close vicinity.) Thus from the IR/IR/R2PI spectrum it
can be concluded that a further isomer could have transitions at
3440 and 3470 cm . Since the combination of transitions at
3408 and 3466 cm ' has already been assigned to the apdp
isomer a further pair of transitions at 3386 and 3520 cm ™"
remains in IR/R2PI spectrum via 35071 cm' (¢f. Fig. 5b). This
pair of transitions also appears in the IR/R2PI spectrum via

a)
3470
3440
— |R/R2PI|
—— IR(3440cm")/IR/IR2PI
I T T T 1
3300 3400 3500 3600
b)
348
3386\ 3440 3520
—— IRR2PI 3408
——IR(3386cm™")/IR/R2PI
L} T L} T 1
3300 3400 3500 3600

wavenumbers of IR-laser / cm™

Fig. 8 IR/IR/R2PI spectra of MOC (a) via the UV excitation wavenumber at
35071 cm~* by using a frequency-fixed IR burn laser at 3440 cm~* and (b)
via the excitation at 35149 cm™ by using a frequency-fixed IR burn laser at
3386 cm . The IR/IR/R2PI spectra are given in red and the corresponding
IR/R2PI spectra are given in black.

1853
1768 ' 1841
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35149 cm™ . In order to obtain more information an IR/IR/R2PI
spectrum is recorded via 35 149 cm™ " with the frequency-fixed IR
burn laser at 3386 cm ™" (¢f, Fig. 8b). This spectrum supports the
assumption that the transitions at 3386 and 3520 cm™ ' belong
to a third isomer. With respect to the remaining transition at
3414 cm™ " in the IR/R2PI spectrum via 35149 cm ™' it should be
remarked that it can be interpreted as an overlap of the transi-
tions at 3386, 3408 and 3440 cm ' (¢f. band contour analysis in
Fig. S5, ESIt). The IRgyeq/R2PI spectroscopy supports this sug-
gestion: by using an IR burn laser frequency at 3414 cm ' a
depletion on all UV transitions belonging to different isomers
can be obtained (see Fig. 4d).

According to this spectroscopic analysis two further isomers
of MOC (in addition to the most stable apdp, isomer) with IR
transitions at 3440/3470 cm™ " and 3386/3520 cm ™" are observed.

In order to achieve a structural assignment again the vibra-
tional frequencies of structures of MOC calculated at the DFT/
B3LYP-D3/TZVP level (as shown in Fig. 9) are compared with
the experimental results. It is obvious that the calculated
frequencies of the second most stable conformer ynhdp are in
very good agreement with the experimentally observed ones.
The experimentally obtained vibration at 3440 cm™" arises from
the NH stretching vibration of the NH-PhOMe unit; the transi-
tion at 3470 cm™' can be assigned to the NH stretching
vibration of the glycine unit. Additionally a good agreement
in the NH bending and carbonyl stretching regions is obtained
for the ypdp isomer with respect to the calculated and experi-
mental observed values. (For detailed assignment of all transi-
tions in this spectral region see Tables S3-S5, ESIT)

With respect to the remaining pair of vibrational transitions at
3386 and 3520 cm ™" in the NH stretching region, the observation of
a transition at 3386 cm ' seems to indicate a hydrogen-bonded
structure. In Fig. 10 the vibrational frequencies calculated at the
DFT/B3LYP-D3/TZVP level of a selected number of different possible
structures of MOC compared to the IR/R2PI spectrum via the
third transition of the R2PI spectrum at 35 149 cm ™' are shown.
Unfortunately hydrogen-bonded structures like apyp and epyp
are much less stable than the other arrangements. However the
apYp structure is the only one for which the calculated frequen-
cies qualitatively correspond to the experimentally obtained

3466,
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Fig. 9 Comparison between the experimental IR/R2PI spectrum of MOC via the R2PI resonance at 35071 cm ™ (upper trace) and calculated frequencies
obtained from DFT calculations (B3LYP-D3/TZVP) of the most stable isomers of MOC. For further isomers cf. Fig. S2 (ESIT). (For a better illustration the

calculated intensities in the amide A region were tripled.)
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bands in the IR/R2PI spectrum. The transition at 3520 cm ™ * can

be correlated with the NH stretching vibration of the glycine and
the experimentally obtained vibration at 3386 cm™" arises from
the NH group bound to the carbonyl functionality. Thus a very
tentative assignment to a hydrogen-bonded structure like the
apYp arrangement is suggested. In the range of the NH bending
and carbonyl stretching modes the calculated frequencies of
the apyp conformer are also in good agreement to the experi-
mentally observed transitions at 1442, 1470, 1495, 1538, 1609,
1704 and 1768 cm™ ' (¢f Fig. 5¢). As mentioned above the
transition at 1609 cm ! is not well predicted with respect to
its intensity. Again a superposition with combination bands of
out-of-plane CH, CC bending and COC (ester) bending vibra-
tions may be a reason for this deviation. It should further be
mentioned that in the spectral region of 1400 to 1800 cm ™' the
frequencies of all isomers differ only slightly from each other,
thus no characteristic assignments could be derived from these
bands. On the other hand a clear difference between the
discussed isomers apdp, Ypdp and opYp is observed in the spectral
region from 1800 to 1900 cm™". In the case of the most stable
arrangement (apdp) no vibrational transitions are observed
whereas the other two assigned isomers show characteristic
vibrational signatures at 1817, 1841 and 1853/1855 cm
(¢f: Fig. 5b and c).

In several former publications, e.g. see ref. 75-78, spectro-
scopically observed bands above 1800 cm™ " have already been
discussed. For benzene a band at 1808 cm ' was obtained.”
Further experiments with different ortho-substituted benzene
derivatives revealed vibrations in the region of 1810 to 1870 cm™*.””
All these bands were assigned to combination bands arising
from the out-of-plane CH deformation fundamentals (of the
aromatic ring). In contrast to the most stable isomer opdp, the
out-of-plane CH deformation fundamentals of the aromatic
ring in the two isomers ypdp and opyp are delocalized (cf
Fig. S7, ESIT). This difference might be the reason why intense
combination bands above 1800 cm ™" are observed in the IR/
R2PI spectrum via the transitions at 35071 and 35149 cm ™"
(see Fig. 5b and c) but not for the most stable isomer (opdp)

15334 | Phys. Chem. Chem. Phys., 2016, 18, 15327-15336

which is exclusively excited via the transition at 34637 cm™*

(see Fig. 5a).

Finally another interesting effect that appears in the IR/IR/
R2PI spectrum obtained via the UV excitation at 35149 cm™*
should be mentioned. In this spectrum not only a depletion of
the corresponding vibrational transitions at 3386 and 3520 cm ™
is observed it also exhibits further transitions at 3408, 3440 and
also at 3466/3470 cm ™' compared to the corresponding IR/R2PI
spectrum (c¢f. Fig. 8b, see also Fig. S6, ESIt). These transitions
correlate with the vibrational modes of isomers apdp and ypop.
After excitation with the first IR photon at 3386 cm™' the
excitation energy will be redistributed over a variety of (low
frequency) vibrations. As a consequence it could be feasible that
the vibrational frequencies of the high frequency NH stretching
frequencies are only slightly or almost not influenced. Thus it
may be a possible conclusion that after exciting an isomer with a
transition at 3386 cm ™, isomers apdp, and ypdp are formed due
to a rearrangement process, i.e. MOC could be an example of IR
induced rearrangement in the S, state (like the one described for
an intramolecular rearrangement in 3HC(H,O);,*' see also
results from IR/UV population transfer spectroscopy on peptides
(e.g. ref. 18, 79 and 80)).

V Conclusions

In this paper the first molecular beam investigations on a linear
depsipeptide (CyCO-Gly-Lac-NH-PhOMe) are presented. Structural
assignments are obtained by applying IR/UV combined spectro-
scopic techniques in combination with DFT (B3LYP/TZVP)
optimized isomers of MOC including dispersion interactions
(Grimme D3).

In the region of both the NH stretching vibrations (amide A) and
the carbonyl stretching as well as the NH bending vibrations (amide
I/IT), IR/R2PI experiments (with a scanned UV or IR laser) were
performed, showing only one electronic resonance which originates
from one single isomer and which does not overlap with resonances
of other isomers. Nevertheless, a detailed structural assignment

This journal is © the Owner Societies 2016
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for the IR/R2PI spectra with overlapping excitation energies was
possible by using the IR/IR/R2PI spectroscopy. Thus it could be
shown that three different isomers of MOC are observed in the
molecular beam experiment. Calculations without including
dispersion interactions predict a most stable structure which
contains completely separated aromatic and aliphatic rings. By
including dispersion interactions a folded tweezer-like struc-
ture turns out to be the most stable arrangement. This structure
is predicted if dispersion interactions are taken into account
due to the intramolecular CH/rn interactions between the axial
aliphatic CH groups of the CyCO unit and the aromatic =
system of the NH-PhOMe unit. By comparing experimentally
observed IR frequencies and theoretically predicted values
the folded tweezer-like structure is clearly assigned. Thus
MOC turns out to be an ideal model system to describe the
efficiency of dispersion interactions and the necessity to
include these interactions in theoretical predictions. In a handy
linguistic image this structural formation completely driven by
dispersion interaction may be denoted as a “gecko in the gas
phase”.
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