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ABSTRACT: The ability of Raman optical activity (ROA) and
vibrational circular dichroism (VCD) experiments to determine
the absolute configuration of chiral molecules with multiple
stereogenic centers was explored for four diastereoisomers of a
conformationally flexible cyclic dipeptide, cyclo(Arg−Tyr-
(OMe)). The reliability of the interpretation depended on the
correct description of the molecular conformation, which was
found to be strongly affected by intramolecular interactions. In
particular, when dispersion corrections were included in the density
functional theory calculations, the simulated spectra matched the
experimental observations well. Experimental and theoretical ROA and VCD spectra were well correlated for all the absolute
configurations (RS, SR, SS, and RR) of protonated cyclo(Arg−Tyr(OMe)). These spectroscopies thus appear useful not only for
reliable determination of the absolute configuration and conformation but also in revealing the role of hydrogen bonds and C−H···π
interactions in the structure stabilization, which can potentially be used when designing enzyme inhibitors and supramolecular
architectures.

■ INTRODUCTION
Cyclic dipeptides, also known as 2,5-diketopiperazines (DKPs),
have attracted considerable interest recently.1 The characteristic
heterocyclic ring system of the DKPs can be identified in a
variety of biologically active natural products.1 DKPs are also
byproducts of beverage and food processing2 as well as being
intermediates in protein hydrolysis and in oligopeptide for-
mation.3−6 Among the biological activities reported for DKPs
are alteration of the cardiovascular and blood clotting systems,7

and binding affinity to a variety of receptors including opioid,8

GABAoid,9 5-HT1A10 and oxytocin,11 and calcium channels.8

In addition, DPK derivatives may have antitumor,12 anti-
bacterial,13,14 antifungal,12 and antiviral15 effects. They have also
been used in protein folding studies.16,17 The chirality of the
cyclic dipeptides determines the supramolecular structures of
these compounds and their abilities to engage in molecular
recognition arising from their self-assembled hydrogen-bonded
structures.18,19

DKPs are the smallest cyclic peptides possible and represent
an excellent polypeptide mimic with controlled substituent
stereochemistry. Furthermore, the DKP ring contains both
hydrogen bonding donor and acceptor moieties and is more

conformationally rigid than linear dipeptides. The cyclic nature of
the DKP system also makes it more resistant toward enzymatic
proteolysis. DKPs are thus considered ideal privileged structures
for the rational discovery and design of new drugs.20

Although density functional theory (DFT) has been widely
employed in chemistry and material and biological sciences,
most implementations fail to provide a proper description of
London dispersion forces.21−23 Higher-level correlated quan-
tum chemistry methods (e.g., MP2 or CCSD(T)) are better at
describing the many-body forces that govern dispersion
interactions. However, their computational cost is usually too
high to allow applications of these methods to large molecules
of biological interest. Instead, in order to obtain an improved
description of dispersion interactions employing DFT,
Grimme24,25 proposed an empirical −f(R)C6/R

6 correction to
DFT functionals. Such an approach is usually referred to as
DFT-D. It provides a better description of weak interactions
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than uncorrected DFT and has a significantly lower computa-
tional cost than correlated wave function calculations.26−29

Vibrational optical activity, including Raman optical activity
(ROA)30−34 and vibrational circular dichroism (VCD),35,36 are
chiroptical spectroscopic techniques especially sensitive to
molecular conformations and structural variations. They exploit
differential scattering (ROA) or absorption (VCD) of right-
and left-circularly polarized incident light by chiral molecules.
Both techniques have been successfully applied to determine
the structure and absolute configuration (AC) of a wide range
of molecules ranging from small isolated molecules37−39 to
oligopeptides,40−42 proteins,43−45 viruses,44,46 and drugs.47,48

The vibrational spectra contain many bands sensitive to
particular structural features. ROA and VCD are established
techniques for determining the AC of molecules with multiple
stereocenters;48−51 however, these methods have rarely studied
all stereoisomers of a compound, and sometimes the VCD
technique also fails to resolve all stereocenters.52 One of the
main goals of this work is to test the reliability of ROA and VCD
to discriminate the AC of all stereoisomers both experimentally
and theoretically, using a well-defined set of diastereoisomers of a
model cyclic dipeptide.
Spectroscopic methods have been applied to cyclic di-

peptides extensively, such as IR and Raman,53−58 NMR,59−62

CD,62−65 and UV photoelectron spectroscopy.65−67 Although
these techniques provide valuable information about molecular
and electronic structure, they usually cannot discriminate
between diastereoisomers. In the present study, the configura-
tional and conformational analysis of protonated cyclo(Arg−
Tyr(OMe)) (CATM, Figure 1) was based on the polarized
ROA and VCD spectroscopies. The two chiral centers (marked
with asterisks in Figure 1) give rise to four stereoisomers: RS,
SR, SS, and RR, where, e.g., RS = 1R,4S. CATM plays an
important role in the antinociceptive activity,68 and the side
chains have a function in the proposed inhibition mecha-
nism.69,70 The compound is small enough to allow for accurate
computations, but its bulky and polar side chain can interfere
with the AC determination.
The compound was also chosen in view of our previous

problems in assigning the configuration of all stereocenters of
two marine compounds (Synoxazolidinone A and C),71 which
are similar in size and conformational flexibility to CATM.
CATM is a simpler system that can be studied more exhaustively
by quantum chemical calculations; in particular, it allows us to

see whether ROA and VCD can discriminate between all
individual stereoisomers and to single out the role of dispersion
forces and conformations. Our results suggest that DFT-D
(but not mere DFT) is able to provide sufficiently accurate data
for relative conformer populations and puckering of the six-
membered ring and that this is essential for the interpretation of
the experimental spectra.

■ MATERIALS AND METHODS
Experiments. The protonated CATM samples were

synthesized at the University of Tromsø following standard
procedures. The Raman and ROA spectra were measured at the
Institute of Organic Chemistry and Biochemistry (Prague) with
the Biotools μ-ChiralRAMAN-2X instrument at room temper-
ature, equipped with an Opus diode-pumped solid-state laser
operating at 532 nm. This spectrometer employs backscattering
geometry and SCP setup as designed by W. Hug.72 The
samples were dissolved in deionized water to a concentration of
0.2 M and filled into a quartz microcell with an optical path of
3 mm and a volume of ∼40 μL. The output laser power was
300 mW, (130 mW at the sample). Fluorescence coming from
impurities was quenched by leaving the sample in the laser
beam for a few hours before the measurement. Total acqui-
sition time was about 21 h for each sample. Solvent signal was
subtracted from the Raman spectra, and minor baseline
corrections were made. The ROA spectra of RS and SR as
well as SS and RR CATM provide nearly opposite ROA sign
patterns. Occasional deviations can be explained by noise and
instrumental artifacts. The baseline was corrected, and ROA
spectra are presented as the differential ROA spectra of two
appropriate diastereoisomers.
The IR and VCD spectra were measured at the Institute of

Chemical Technology (Prague) with an IFS66/S FTIR spectro-
meter equipped with PMA 37 VCD/IRRAS VCD module
(Bruker, Germany) using 4 cm−1 resolution. Each spectrum was
accumulated for 3−7 h. The samples were dissolved in CD3OD
to a concentration of 0.1 M. The solutions were placed in CaF2
cells with a 50 μm path length. The spectra were corrected for a
baseline obtained as the solvent spectrum measured at the same
conditions.

Conformational Search and Optimizations. The
protonated CATM structure has four stereoisomers: RS, SR,
SS, and RR. For every isomer, 35 × 4 × 3 = 2916 conformers
were generated using the MCM program73 by varying five

Figure 1. Structure of protonated CATM and (a) the definition of main torsion angles and the atom labeling of the DKP ring; (b) two possible
conformations of the DKP ring are boat-up and boat-down forms, in which R1 and R2 represent the hydrogen or arginine side chain, while R3 and R4
represent the hydrogen or tyrosine(OMe) side chain, respectively.
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torsion angles on the side chain (120° increments), OMe
position (up, down, in plane left, or in plane right), and three
conformations of the DKP ring (planar, boat, or chair). How-
ever, the number of conformers could be reduced based on a
cyclo(Ala−Ala) potential energy surface (PES) and selected
main torsion angles. Two cyclo(Ala−Ala) torsion angles defined
in Figure S1 of the Supporting Information were constrained
between −50 and 50° in 10° increments, which resulted in 121
geometries. These were minimized by energy minimization while
relaxing all other coordinates. This analysis indicated that only
two DKP ring conformations (boat-up and boat-down, Figure S1,
Supporting Information) are possible. Likewise, three torsion
angles (χ1−3, Figure 1) on the side chain are regarded as the
main torsion angles of the derivatives in which the χ1 and χ2
involving the α carbon were varied as −60, 60, and 180°; χ3 is
only determined from two OMe positions (in plane left and in
plane right), while the remaining atomic coordinates are
allowed to fully relax. In summary, a total of 32 × 2 × 2 × 4 =
144 structures in four stereoisomers were left for structural
optimization.
For the six-membered DKP ring, we used the ring-puckering

coordinates (Q, θ, and P2) derived from the endocyclic torsion
angles, proposed by Haasnoot with the truncated Fourier (TF)
formalism74 based on an earlier report by Cremer and Pople
(CP).75 The endocyclic torsion angles (ϕj, j = 0, 1, ..., 5, defined
in Figure 1a) in the six-membered ring can be described by the
truncated Fourier series:

ϕ = Φ + π + Φ πP j jcos( 4 /6) cos( )j 2 2 3 (1)

where the puckering parameters (Φ2, P2, and Φ3) may be
replaced by a spherical polar set (Q, θ, and P2) as

74

= Φ + ΦQ 2
2

3
2

(2)

and

θ = Φ Φarctan( / )2 3 (3)

where the Q term is the total puckering amplitude with
0 ≤ θ ≤ π.
The hybrid B3LYP functional76,77 with dispersion correc-

tions24,25 (B3LYP-D) and the 6-31++G** basis set as
implemented in the Gaussian program78 were used to fully
optimize the selected structures. We used the IEFPCM
model79−81 for describing the solvent effects since it can properly
treat solvation energies of charged species.82 The puckering of the
DKP ring was analyzed with respect to the phase and amplitude of
the pseudorotation.74 For all PES minima, harmonic vibrational
frequency calculations were carried out to verify that the optimized
geometries correspond to equilibrium structures and not to
transition states.
IR, VCD, Raman, and ROA Spectra Generation. On the

basis of the B3LYP-D/6-31++G**/IEFPCM(H2O) optimized
structures, IR, VCD, Raman, and ROA intensities were
computed using the Gaussian09 (B.01) software package at
the same level of theory as the optimization. For VCD, the
acidic hydrogens (NH, NH2) were replaced by deuteria in
order to match the experimental environment of CD3OD. An
excitation frequency of 532 nm was used to generate the back-
scattered Raman and ROA dynamic polarizabilities. All spectral
profiles were produced by a convolution with a Lorentzian
function and Boltzmann temperature correction,83,84 with the
full width at half-maximum of 10 cm−1 at 298 K. For every
diastereoisomer, conformer subspectra were averaged using

Boltzmann statistics (298 K) with corrections for the zero-point
vibrational energy (ZPVE).

■ RESULTS AND DISCUSSION
Influence of Dispersion Correction. To illustrate the

importance of the involvement of the dispersion forces in the
calculation, we compare optimized b1 structures (see Figure 2

and Figure S2 of the Supporting Information), as obtained by
the B3LYP, B3LYP-D, and MP2 methods (6-31++G**/
IEFPCM(H2O)). As can be seen in Figure S2 (Supporting
Information), the B3LYP-D geometry is in good agreement
with the reference MP2 geometry, but the pure B3LYP method
provides a different structure even for the same conformer due
to the lack of dispersion.
Calculated relative conformer energies for the RS isomer are

listed in Table S1 (Supporting Information) for 21 conformers.
When no dispersion corrections are added, there are many low-
energy conformations in which the DKP ring exists in the boat-
up, boat-down, and planar forms. With the dispersion cor-
rection included, only six conformers are significantly populated
at the experimental temperature. These conformations
constitute a set of three pairs (e.g., b1 vs b2) with two OMe
positions (in plane left and in plane right, see Figure 2), and the
DKP ring favors the boat-down conformation. A closer look
reveals that these conformers are stabilized by a Cα−H···π

Figure 2. Optimized structures of the six most stable conformers of
protonated RS-CATM, obtained at the B3LYP-D/6-31++G**/
IEFPCM(H2O) level of theory. Boltzmann weights calculated from
their relative energies with ZPVE correction (see Table 1) are
indicated. Note that all conformers are stabilized by the C−H···π
(phenyl) interaction.
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Table 1. Relative Energies (ΔE, kcal/mol), Boltzmann Weights (BW, 298.15 K), Cα−H···π Distancea (dC−H···π, Å), and
Pseudorotational Parameters (Q, θ, and P2, deg) of Stable RS Conformers with Dispersion Correction for Protonated CATM,
Obtained at B3LYP-D/6-31++G**/IEFPCM(H2O) Level of Theory

pseudorotational parameters

conformer ΔE ΔE0
b BWc dC−H···π Q θ P2 shape

b1 0.04 0.00 0.35 2.465 31.67 84.42 229.88 T
b2 0.00 0.04 0.32 2.434 32.44 84.84 229.29 T
b3 0.60 0.65 0.12 2.384 33.57 87.75 228.70 T
b4 0.62 0.69 0.11 2.364 33.80 88.55 227.75 T
b5 0.93 1.13 0.05 2.291 36.32 86.35 46.61 T
b6 1.07 1.14 0.05 2.360 34.57 88.85 47.27 T

adC−H···π is the distance between H and the center of the phenyl ring. bΔE0 includes zero-point vibrational energy (ZPVE).
cBW were calculated on

the basis of the ΔE0 with dispersion energy.

Figure 3. Calculated and experimental Raman (IR + IL), ROA (IR − IL), IR (A), and VCD (ΔA) spectra for the RS stereoisomer of protonated
CATM. The calculated spectra were obtained using the B3LYP functional (with and without disp. correction) and 6-31++G**/IEFPCM level of
theory. The average is based on the Boltzmann statistics in Table 1. Lorentzian band with the full width at half-maximum of 10 cm−1 was used.
Calculated Raman and ROA intensities were multiplied by a factor to match experiment.
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interaction. To some extent, the π-group acts as a hydrogen bond
acceptor, while the C−H group acts as a hydrogen bond donor.85

Relative energies, Boltzmann weights, and selected geometry para-
meters of these conformers are collected in Table 1, simulated
Raman, ROA, IR, and VCD spectra are displayed in Figure 3. The
pure B3LYP functional fails to reproduce the experimental ROA
and VCD spectra. However, spectra obtained by B3LYP-D are in
good agreement with experiment.
Geometry and Stability of DKP Diastereoisomers.

Optimized geometries of the most stable conformers as
computed at the B3LYP-D/6-31++G**/IEFPCM(H2O) level
of theory are shown in Figure 2 (for RS) and Figure 4 (SS).

In RS (and its mirror image, SR, which is not shown), because
of an intramolecular interaction between the aromatic ring of
the tyrosine residue and the DKP ring, a folded conformation is
favored over the other structures, which is consistent with an
earlier conformational study of cyclic dipeptides.86 There are

three pairs of conformers (b1 vs b2, b3 vs b4, and b5 vs b6)
differing in the OMe position. As can be seen from Table 1, the
relative stability of these conformers changes marginally upon
inclusion of the zero-point vibrational energy (ZPVE). The
energetic ordering is also almost unaffected by the OMe
positions, e.g., the b1 and b2 structures have almost identical
Boltzmann weights, 35% and 32%, respectively. For b3−6, the
arginine side chain adopts an equatorial conformation with
respect to the DKP ring. The folded structures are stabilized by
Cα−H···π (phenyl) intramolecular interactions, which leads to
a rather short separation of the arginine and tyrosine side
chains of 2.291−2.465 Å (see Table 1).
The SS molecule adopts only four stable conformations

(Figure 4). From the relative conformer energies (Table 2), we
see that unlike for RS, the energetic ordering is changed by the
inclusion of ZPVE corrections. The orientation of the pro-
tonated arginine chain relative to the OMe groups also signi-
ficantly influences the total electronic energy. For instance, d1
and d4 only differ in the relative orientation, but exhibit a large
relative energy difference (0.62 kcal/mol), resulting in
Boltzmann populations of 35% and 12%, respectively. The
most stable SS(RR) conformer is the folded d1. For all stable
structures of SS and RR, the arginine and tyrosine(OMe) side
chains are located on the same side of the DKP ring. Structures
d1 and d4 can be characterized by their N−H···O, C−H···O,
and Cβ−H···π interactions; the d2 and d3 conformers are
mainly stabilized by N−H···O hydrogen bonds in the pro-
tonated guanidine group.
Thus, the AC is intertwined with molecular conformational

properties. The orientation of the side chain plays a crucial role
especially in the stability of the SS and RR DKP derivatives. The
hydrogen bonds and C−H···π interactions are significant
factors in determining the structures of these compounds.

Conformation of the Dipeptide Ring. The conformation
may be viewed as boat (B), twist-boat (T), chair (C), half-chair
(H), envelop (E), or screw-boat (S). Computed coordinate
values for RS and SS are listed in Tables 1 and 2, respectively. It
is seen from Table 1 that the θ values are close to 90°, with
deviations up to 5.6°, while the P2 values are almost 50° or π +
50°, with deviations smaller than 3.4°. Thus, the most preferred
conformation of the DKP ring in RS and SR is the twist-boat
(T), down for RS and up for SR.
For SS/RR, the DKP rings have different conformations. The

d1 and d4 structures adopt pure boat-down and twist-boat-
down, respectively; the d2 and d3 structures are similar but
with rather small puckering amplitudes (only 4.06° and 7.44°,
respectively, see Table 2), i.e., d2 and d3 tend to be nearly
planar (P). For RS and SR, the twist-boat (T) conformation is
preferred, independent of the orientation of the tyrosine(OMe)

Figure 4. Four most stable SS conformers of protonated CATM,
obtained at the B3LYP-D/6-31++G**/IEFPCM(H2O) level of
theory. Structures d1 and d4 differ by the opposite orientation
between the protonated guanidine group and OMe positions, and they
are stabilized by the N−H···O, C−H···O, and C−H···π intramolecular
interactions; d2 and d3 are mainly stabilized by N−H···O hydrogen
bonds. The Boltzmann weights were calculated from their relative
energies with ZPVE correction (see Table 2).

Table 2. Relative Energies (ΔE, kcal/mol), Boltzmann Weights (BW, 298.15 K), Cβ−H···π Distancea (dC−H···π, Å),
Intramolecular Hydrogen Bonds (r1−4, Å, see Figure 4), and Pseudorotational Parameters (Q, θ, and P2, deg) of Stable SS
Conformers with Dispersion Correction for Protonated CATM, Obtained at B3LYP-D/6-31++G**/IEFPCM(H2O) Level of
Theory

pseudorotational parameters

conformer ΔE ΔE0b BWc dC−H···π r1 r2 r3 r4 Q θ P2 shape

d1 0.00 0.00 0.35 2.314 1.889 2.422 17.97 87.88 33.51 B
d2 0.79 0.07 0.31 1.998 2.473 2.383 2.506 4.06 81.34 178.88 T → P
d3 0.69 0.26 0.22 2.037 2.478 2.395 2.521 7.44 89.12 90.89 B → P
d4 0.49 0.62 0.12 2.287 1.887 2.420 23.93 83.13 60.03 T

adC−H···π is the distance between H and the center of the phenyl ring. bΔE0 includes zero-point vibrational energy (ZPVE). cBW were calculated on
the basis of the ΔE0 with dispersion energy.
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and arginine side chains. For SS and RR, however, there is an
obvious correlation between the DKP ring and the positions of
the two side chains, which is due to the fact that the latter both
are located on the same side of the DKP ring.

Vibrational Optical Activity Spectra. The calculated
Raman and ROA spectra of the four stereoisomers (RS, SR, SS,
and RR) of protonated CATM determined at the B3LYP-D/
6-31++G**/IEFPCM(H2O) level of theory are shown in

Figure 5. Calculated (B3LYP-D/6-31++G**/IEFPCM(H2O), top and middle pannels) and experimental (in aqueous solution, bottom) Raman
(IR + IL) and ROA (IR − IL) spectra of RS and SR protonated CATM stereoisomers. Average spectra were generated using Boltzmann statistics.

Figure 6. Calculated and experimental spectra of the SS and RR isomers; the layout is analogous to that in Figure 5.
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Figures 5 and 6, respectively, together with the experimental
spectra. The averaged theoretical spectra were generated from
the Boltzmann weights listed in Tables 1 and 2. For each
stereoisomer, the calculated ROA subspectra of the most
stable conformers show a strong conformational dependence.
The flexibility of the side chains affects the spectral
bands significantly, except for the orientations of the methoxy
group.
The calculated ROA spectra are in good agreement with

experiment. Vibrational wavenumbers and assignments for the
most distinct ROA peaks are summarized in Table 3. The
computed ROA bands at 642 and 646 cm−1 (experimentally at
639 and 640 cm−1) are assigned to the N−H out-of-plane
bending in the dipeptide DKP ring, and C−C−C deformation
of the phenyl ring. The signal at 1186−1223 cm−1 mainly
originates from the two chiral centers (the C1 and C4 atoms,
Figure 1), and the positive (+) or negative (−) ROA can be
used to determine the R or S chirality. For example, in the
average ROA spectrum, the peak at 1194 (or 1213) cm−1 is
characteristic of 4R (+) and 4S (−) forms, whereas the peak at
1221 (or 1223) cm−1 is characteristic of the 1R (−) and 1S (+)
forms. For the RS isomer, therefore, there are two negative
peaks, in which the first negative peak is mainly dominated by
Cα−Cβ stretching and Cα−H bending of the 4S part, combined
with its strong CH2 twisting vibration; and the second negative
peak arises from the involvement of strong CH2 twisting and
Cα−H bending vibrations of the 1R part. Similarly, in the
1319−1373 cm−1 region, there are also some characteristic peaks
that can be used to identify the R or S form; especially for SS
and RR, there are two opposite couplets, (−+) for SS and (+−)

for RR, with the contributions from Cα−H bending, N−H in-
plane bending, and CH2 twisting vibrations of 1S or 1R and
Cα−H bending and CβH2 wagging of 4S or 4R.
A shoulder at 1716 (or 1714) cm−1 is characteristic of the

amide I band, which arises from the carbonyl CO stretching.
Because of the band broadening originating from hydrogen
bonding (which is only described implicitly by the employed
solvent model), the calculated intensity is much larger than
in the experiment. The amide II band is found in the 1442−
1465 cm−1 region; its relative intensity is experimentally
strong, but rather underestimated theoretically. The ROA sign
patterns in the 1186−1223 and 1319−1373 cm−1 regions are
therefore more important for determining the AC than the
amide bands.
For comparison with IR and VCD experiments, we use

spectra calculated in aqueous solution, as for ROA. This saves
computational time since the two polar solvent environments
(water and methanol) modeled with IEFPCM provide nearly
the same conformer populations and vibrational properties
(Supporting Information, Table S2 and Figure S3). As can be
seen from Figures 7 and 8, the calculated VCD spectra re-
produce most of the experimentally observed peaks. The
averaged spectrum is dominated by the two most populated
conformers (e.g., b1 and b2, etc.) because of their large
Boltzmann weights (35% and 32% for b1 and b2, respectively).
As for ROA, several VCD bands can serve as fingerprints for

the C1 and C4 chiral centers. They include a shoulder at ∼1277
(or 1270) cm−1 (+ for 1R, − for 1S), a sharp peak at ∼1345
(or 1360) cm−1 (− for 1R, + for 1S), and a weak peak at
∼1368 cm−1 (− for 4R, + for 4S). For RS and SR; however, an

Table 3. Observed and Calculated Vibrational Wavenumbers (cm−1) and Assignments of Most Distinct ROA Bands of
Protonated CATMa

observed calculated ROA patterns

RS/SR SS/RR RS/SR SS/RR RS SR SS RR assignment

1716s 1714s − + − + ν CO(amide I)
1550−1700 δ NH2, β C−H, ν C−C(Phe)
1517m 1468vs 1519vw 1493vw − + + − δ CH2, αs CH3

1465m 1442s 1462w 1451vw + − − + ring β N−H, ν C−N(amide II), and ν C−C(Phe)
1351m 1366vw 1387w 1388w − + − + ring β N−H, α Cα−H, t CH2

1336vs 1347vs 1365vs 1373vs + − + − α Cα−H, ω CβH2, β C−H(Phe)
1330vs 1352vs − + α Cα−H, t CH2, ring β N−H

1319m 1331w − + α Cα−H, t CH2, ring β N−H
1204vs 1215vs 1221vs 1223vs − + + − t CβH2, α Cα−H
1186vs 1200vs 1194vs 1213vs − + − + t CβH2, ν Cα−Cβ, α Cα−H
1088m 1033m 1088s 1052m + − + − ν C−N, t CH2

1047w 1003w 1028vw 1011m − + − + t CH2, ρ CH2, α Cα−H
998w 994w + − ν C−C, ν C−N, ρ NH2

980vw 970w − + ν C−C, ν C−N, ρ NH2

931m 936m 934w 936w + − + − ν Cα−Cβ, ρ CH2, γas C−H(Phe)
325w 333w 333vw 337vw + − + − γ C−H(Phe), ρ CH2, α N−C−Cα

810m/s 813w/s 819vw 817m − + − + Phe breathing, α N−C−Cα

728w 694w 758vw 678w − + − + ν C−C, α C−C−C, γs C−H(Phe)
640s 639m 646m 642m − + − + ring γ N−H, β C−C−C(Phe)
621w 624m 623vw 626m + − + − ring γ N−H, ρ NH2

568m 573w 519s 502vw + − + − ring γ N−H
497m 489vs 472m 481s − + − + ring γ N−H
406w 412w 401m 403vw − + − + skeletal breathing, β CO, γ N−H
376s 373s 373m 368m + − + − ρ CH2, γ C(Phe)−O

332m 338m + − τ CH3, γ C(Phe)−O, ring ρ N−H
aAbbreviations: ν, stretching; ω, wagging; δ, scissoring; t, twisting; ρ, rocking; α, bending; αs, symmetric bending; β, in-plane bending; γ, out-of-plane
bending; τ, torsion. Relative intensity: very weak (vw), weak (w), medium (m), strong (s).
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experimental VCD peak at ∼1368 cm−1 is not observed, due
to the overlap with the solvent (CD3OD) signal. In the
calculated SS or RR spectra, there is a broad peak located
around 1360 cm−1 because the 1S (+, ∼1345 cm−1) and

4S (+, ∼1368 cm−1) or 1R (−, ∼1345 cm−1) and 4R
(−, ∼1368 cm−1) signals overlap.
Taking the RS isomer as an example, the weak positive band

located at 1277 cm−1 is assigned to Cα−H bending and CH2

Figure 8. Calculated and experimental IR and VCD spectra of the SS and RR stereoisomers (see also Figure 7).

Figure 7. Calculated and experimental (in CD3OD, bottom) IR and VCD spectra of RS and SR protonated CATM.
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wagging vibrations of the 1R part; the sharp negative peak at
1345 cm−1 has contributions from Cα−H bending and CH2

twisting vibrations of 1R; and the weak positive peak at
1368 cm−1 is dominated mainly by Cα−H bending and CβH2

wagging of the 4S part; in addition, in the 1442−1493 cm−1

region, strong CH2 scissoring of 1R (or 4S) and N−H in-plane
bending vibrations dominate the VCD bands, and they should
therefore not be viewed as characteristic peaks to identify the
two chiral forms. We note that all the calculated VCD bands
have somewhat larger frequencies in comparison to the
experimental spectra because of the anharmonic effects and
explicit hydrogen bonding interactions not included in the
IEFPCM model.
Nevertheless, the present study demonstrates that both ROA

and VCD can be used to determine the absolute configuration
of conformationally flexible molecules with two chiral centers.
Obviously, as the precision of the simulation and experiment
increases, AC resolutions of more than two chiral center
systems should be possible in the future. To ameliorate the
reliability of the mixed experimental/theoretical approach for
structure determination of chiral molecules, one needs to
consider many aspects. In the case of CATM, in particular, the
conformer equilibrium had to be properly treated. Of the two
vibrational chiroptical spectroscopies, ROA is perhaps more
useful for our molecule than VCD, as it comprises a larger
wavenumber region and is more sensitive to the configuration
at both stereogenic centers.

■ CONCLUSIONS

We have investigated the ability of a combined theoretical and
experimental approach to vibrational chiroptical spectroscopy
(ROA and VCD) to determine the absolute configuration of
conformationally flexible molecules with two chiral centers,
using the cyclic dipeptide CATM as a test case. Both the
experimental and the theoretical spectra for all stereoisomers of
CATM were reported. The B3LYP-D dispersion-corrected
approach was imperative for accurate modeling of the conformer
equilibria. The resulting calculated spectra were in good agreement
with the experimental data. Thus, the ROA and VCD techniques
are able to resolve the absolute configuration of flexible molecules
with two chiral centers. The orientation of the side chains played a
key role in the stability of the conformations, in particular, for the
SS and RR stereoisomers. Both the polar hydrogen bonding and
the nonpolar C−H···π and dispersion interactions are significant
factors for the stability and structure of the conformers. The RS
and SR isomers adopt the twist-boat (T) DKP conformation with
the twist-boat-down for RS and twist-boat-up for SR, relatively
independently of the orientation of the arginine and tyrosine-
(OMe) side chains. For SS and RR, however, there is a strong
correlation between the DKP ring geometry and the two side-
chain geometries. The ROA sign patterns in the regions 1186−
1223 and 1319−1373 cm−1 are the most important characteristic
of the CATM stereoisomers.
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