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ABSTRACT: Increasing precision of contemporary computa-
tional methods makes spectroscopies such as vibrational
(VCD) and electronic (ECD) circular dichroism attractive
for determination of absolute configurations (AC) of organic
compounds. This is, however, difficult for polar, flexible
molecules with multiple chiral centers. Typically, a combina-
tion of several methods provides the best picture of molecular
behavior. As a test case, all possible stereoisomers with known
AC (RS, SR, SS, and RR) of the cyclic dipeptide cyclo(Arg-
Trp) (CAT) were synthesized, and the performances of the ECD, infrared (IR), VCD, Raman, Raman optical activity (ROA),
and nuclear magnetic resonance (NMR) techniques for AC determination were investigated. The spectra were interpreted with
the aid of density functional theory (DFT) calculations. Folded geometries stabilized by van der Waals and electrostatic
interactions between the diketopiperazine (DKP) ring and the indole group are predicted to be preferred for CAT, with more
pronounced folding due to Arg-Trp stacking in the case of SS/RR-CAT. The RS/SR isomers prefer a twist-boat puckering of the
DKP ring, which is relatively independent of the orientation of the side chains. Calculated conformer-averaged VCD and ECD
spectra explain most of the experimentally observed bands and allow for AC determination of the tryptophan side-chain, whereas
the stereochemical configuration of the arginine side-chain is visible only in VCD. NMR studies provide characteristic long-range
2J(C,H) and 3J(C,H) coupling constants, and nuclear Overhauser effect (NOE) correlations, which in combination with either
ECD or VCD also allow for complete AC determination of CAT.

■ INTRODUCTION

Cyclic dipeptides are an important class of biomolecules with
multifunctional groups. Since the crystal structure of 2,5-
Diketopiperazines (DKPs) was first observed by R. B. Corey in
1938,1 DKP derivatives have attracted significant attention
because of their potential use in many pharmacological
applications, for example, as antibacterial,2,3 antitumor,4,5

anticancer,6 and antiviral7 agents. Other important biological
activities associated with DKPs are in the alteration of
cardiovascular and blood-clotting functions,8 and their affinities
to a variety of receptors.9−12 Several DKP derivatives are found
to be of interest as effective chitinase inhibitors by structurally
mimicking a reaction intermediate,13 as well as being ideal
compounds for the rational design of new drugs.14

The molecular recognition and thermodynamic properties of
DKP derivatives are expected to be useful for understanding
protein folding.15,16 For example, the absolute configuration
(AC) of the compounds determines their supramolecular

structure. Different enantiomeric forms create different macro-
molecular self-assemblies, e.g., due to differences in intra- and
intermolecular hydrogen bonding.17 Investigations of the
conformational and electronic properties of DKPs are thus
valuable also for an understanding of their biological activity.
Computer-aided investigations provide insight into the link

between the energetic, structural, and spectroscopic properties
of molecules.18−24 A recent review by Cohen et al.25

summarizes some of the successes and challenges of density
functional theory (DFT) in this area. For example, to obtain
reliable results, one has to overcome the inability of some
functionals to describe the attractive long-range van der Waals
interactions, which are essential for molecular folding. A very
efficient method to address this shortcoming of DFT has been
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the empirical dispersion correction introduced by Grimme,
lately further extended over the entire periodic table and
different bonding situations.26−28 This “DFT-D” approach
provides results with an accuracy comparable to that of some
correlated wave function methods, such as MP2.29−31

Low-resolution conformationally oriented spectroscopies are
essential tools to monitor molecules in solutions. Several
spectroscopic studies of cyclic dipeptides have been presented
in the past, using for instance infrared absorption (IR) and
Raman,32−36 nuclear magnetic resonance (NMR),37−42 vibra-
tional circular dichroism (VCD) and Raman optical activity
(ROA),29 ultraviolet (UV) absorption,43,44 and electronic
circular dichroism (ECD).44−46

Vibrational optical activity (VOA) is particularly useful for
AC determinations. VCD47,48 and ROA23,49−52 techniques are
based on the differential infrared absorption and Raman
scattering of the left- and right-circularly polarized light,
respectively. VOA usually exploits the vibrational transitions
within the electronic ground state. It is rather sensitive to the
mutual orientation of distinct groups in the molecule, thus
providing valuable three-dimensional structural information for
determination of the absolute configuration. VCD and ROA
have been widely applied to determine the ACs of chiral
structures of small molecules,40,53−55 as well as to structural
studies of proteins,20,56,57 viruses,58,59 and drugs.60,61 The two
techniques have also been successfully used for the
determination of the ACs of chiral molecules with multiple
stereocenters,29,40,61−63 although cases have been reported in
which, e.g., VCD has failed to resolve the configuration of all
stereocenters.64

Electronic-excitations based optical rotation65,66 (OR) and
electronic circular dichroism66,67 (ECD) are also often
employed in AC assignments. The availability of reasonably
fast and accurate time-dependent DFT (TD-DFT) methods
boosted the reliability of these approaches.65,68,69 Ordinary
ORD or ECD spectra, however, exhibit a limited number of
features,67 making comparison to theory difficult due to the
challenges in obtaining reliable theoretical ORD and ECD data.
These techniques are also very sensitive to solvent and
temperature variations.70,71

NMR spectroscopy can also be applied in the determination
of stereochemistry as many NMR-derived parameters are
tightly bound to the conformation. These range from the
traditional chemical shifts, homo- and heteronuclear coupling
constants and NOE-derived distance restraints to more recently
explored residual dipolar couplings (RDCs) and residual
chemical shift anisotropy (RCSA) of partially aligned molecules
in liquid crystalline media or stretch gels developed for small
organic molecules.72−75 As conventional NMR is blind to
chirality, NMR AC determinations have been limited to
product analysis after chemical derivatization with a chiral
agent or analysis of a complex with chiral solvents or chiral
metal complexes.76 At least theoretically, AC can be determined
from RDCs measured in nonracemic chiral liquid crystalline
solvents or gel polymers.77,78 These methods, however, depend
on accurate predictions of the diastereomorphous conforma-
tions formed upon interactions with the chiral environment, or
possibly on the analysis of a series of closely related
compounds, an approach that does not seem feasible with
available technologies so far. The reliability and validity of some
AC determinations in chiral alignment media have been
questioned very recently.79

In this work, we investigate how the known AC of
protonated cyclo(Arg-Trp) (CAT) is reflected in the IR/
VCD, Raman/ROA, ECD, and NMR parameters of its different
stereoisomers, and how the spectral and conformational
properties of CAT can be retrieved from computations. The
CAT molecule has two stereocenters (C1 and C4, Figure 1),

resulting in four stereoisomers (RS, SR, SS, and RR, where e.g.,
RS = 1R,4S). The computational study shows that the
conformer stability for the different isomers is strongly
dependent on the description of nonbonded interactions, e.g.,
the dispersion forces between aliphatic and aromatic parts
(“C−H···π”) and hydrogen bonds. The arginine side chain of
CAT has a high degree of flexibility, requiring optimization of
different conformers and averaging of theoretical spectra to
obtain reliable results. The experimental and theoretical VCD,
Raman, ECD, and NMR parameters provide useful information
about the stereochemical and conformational properties of
CAT. A full AC assignment of CAT is possible with VCD only,
or with a combination of ECD and NMR methods.

■ RESULTS AND DISCUSSION
Structural Analysis. The four stereoisomers of CAT (RS,

SR, SS, and RR) were optimized at the B3LYP-D/6-31++G**/
IEFPCM(methanol) level of theory. Because the RS and SR as
well as SS and RR isomers are mirror images of each other, only
the RS- and SS-CAT conformers are presented in Figures 2 and
3, respectively.
In the RS-CAT conformers, the arginine and tryptophan side

chains are located “above” and “below” the DKP ring,
respectively. The inclusion of empirical dispersion corrections
in the geometry optimizations leads to formation of CαH···π
intramolecular interactions between the DKP ring and the
indole group, resulting in folded conformations, as also found
in an earlier study of similar cyclic dipeptides.80 As can be seen
from Table 1 (and Figure 2), the folded structures a1−a4 are
stabilized by CαH···π and NH···O intramolecular interactions
with distances of 2.446−2.572 and 1.753−1.789 Å, respectively;
the a5 conformer results from CαH···π and Cδ and C



∼0.5 kcal/mol lower in energy than corresponding conformers
with the indole ring and guanidinium pointing to the same side
(conformers a2 and a4, Figure 2). The folding of the arginine
side chain relative to the DKP ring affects the relative energies
more significantly; conformers where the arginine chain folds
upward (a1 and a2, with N−Cα−Cβ−Cγ angle of ∼−64°) are
by ∼1 kcal/mol lower in energy than conformers where the

arginine folds sideways (a3 and a4 with N−Cα−Cβ−Cγ angle of
155°). Structures with a boat-up DKP conformation are less
stable (<2%). The zero-point vibrational energy (ZPVE)
influences the relative stability and thus has to be taken into
account when the Boltzmann populations are determined
(Table 1).
If geometry optimizations of RS-CAT are performed without

dispersion corrections, three extended conformers are favored,
where the indole ring in the tryptophan side chain is far away
from the DKP ring (Supporting Information, Figure S1). In the
spectral analysis, however, these conformations provide poor
agreement with experiment (vide infra).
Also for SS/RR-CAT geometries, B3LYP-D predicts that

folded conformers are preferred over extended ones. The six
most stable SS conformers (Figure 3), their relative energies,
Boltzmann weights, and selected hydrogen-bonded parameters
are listed in Table 2. In SS/RR-CAT, the arginine and
tryptophan side chains are located on the same side of the DKP
ring, giving rise to even more extended Cβ/δH···π, NH···π and
NH···O interactions than for RS-CAT (Figure 2). As for the RS
isomer, ZPVE contributions lead to changes in the conformer
ordering. The lowest-energy conformer (b1) of SS-CAT has a
Boltzmann weight of 65%; its folded structure is stabilized by a
CδH···π interaction and an NH···O hydrogen bond. The
second-most stable conformer (b2) is stabilized by intra-
molecular CβH···π and NH···O interactions, and has a relative
energy of 0.84 kcal/mol with a population of 16%. The other
four conformers account for 19% of the population only. As for
the similar CATM compound,29 nonbonding interactions
between the side chains thus play a major role in the structural
stabilization of CAT.
The DKP ring conformation is important for supramolecular

architecture and molecular recognitions.17,81 We analyzed its
geometry by means of the ring-puckering coordinates (Q, θ,
and P2) based on the Haasnoot’s truncated Fourier formal-
ism.82 A six-membered ring can exist in a variety of
conformations, e.g., planar (P), boat (B), twist-boat (T),
chair (C), half-chair (H), envelope (E), and screw-boat (S). All
of these conformations can be represented by the endocyclic
torsion angles ϕj (j = 0 − 5, Figure 1a). The calculated ring-
puckering coordinates for RS- and SS-CAT are listed in Tables
1 and 2, respectively. As can be seen from Table 1, the DKP

Figure 2. Optimized structures of the five most stable RS conformers of protonated CAT, obtained at the B3LYP-D/6-31++G**/
IEFPCM(methanol) level of theory. Each conformer is shown as a front and side view, relative energies include zero-point vibrational correction.

Figure 3. Optimized structures of the six most stable SS conformers of
protonated CAT, obtained at the B3LYP-D/6-31++G**/IEFPCM-
(methanol) level of theory.
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ring of RS-CAT has θ close to 90° with deviations up to 7°; the
P2 values are in the range 224−229°. The conformation of the
DKP ring in RS- and SR-CAT is assigned to a twist-boat (T)
conformation, “down” for RS and “up” for SR. This
conformation is almost independent of the orientations of the
indole group and arginine side chains.
For SS-CAT, the conformational variations are larger than for

RS-CAT (Table 2). For example, the b2−b5 structures adopt a
twist-boat-down conformation; however, the b3 structure is
almost planar (P), the puckering amplitude being about 6°. The
b1 and b6 structures have the same chair (C) conformation and
very small amplitudes, less than 12°. This again shows a weak

correlation between the DKP ring conformation and
orientation of the side chains.

IR Absorption and VCD Spectra. To determine a reliable
computational protocol, we tested the dependence of the
averaged IR and VCD spectra on the inclusion of the solvent
and dispersion corrections through comparison with measured
experimental data for RS-CAT (Figure 4). Three levels of
theory (B3LYP-D/6-31++G**(gas phase), B3LYP/6-31+
+G**/IEFPCM(methanol), and B3LYP-D/6-31++G**/
IEFPCM(methanol), with relative energies and Boltzmann
weights listed in Table S1 of Supporting Information) were
employed for optimizations and subsequent IR/VCD calcu-

Table 1. Relative Energies (ΔE, kcal/mol), Boltzmann Weights (BW, 298 K), the Cα/δH···π Distancesa (dCH···π, Å), the NH···O
Distances (r1, Å), and Pseudorotational Parameters (Q, θ, and P2, deg) of Stable RS-CAT Conformers (B3LYP-D/6-31++G**/
IEFPCM(methanol))

pseudorotational parameters

conformer ΔE ΔE0b BWc dC−H···π r1 Q θ P2 shapee

a1 0.00 0.00 0.61 2.572 1.789 33 88 229 T
a2 0.49 0.66 0.20 2.558 1.785 33 93 224 T
a3 0.83 1.07 0.10 2.528 1.769 35 92 228 T
a4 0.95 1.52 0.05 2.499 1.753 36 97 225 T
a5 0.55 1.64 0.04 2.446/2.614d 36 91 224 T

adCH···π is the distance between H and the center of the five- (or six)-membered ring of the indole group. bΔE0 includes zero-point vibrational energy
(ZPVE). cBWs were calculated on the basis of the ΔE0. dThe 2.614 Å is the Cδ−H···π distance of the a5 conformer. eT = twist-boat.

Table 2. Calculated Energies and Geometry Parameters (Definitions in Table 1 and Figure 3) of Stable SS-CAT Conformers

pseudorotational parameters

conformer ΔE ΔE0 BW dC−H···π dN−H···π r1 r2 Q θ P2 shape

b1 0.00 0.00 0.65 2.399 1.834 11 33 152 C → P
b2 1.27 0.84 0.16 2.351 1.747 22 96 232 T
b3 0.75 1.13 0.10 2.350 1.883 2.573 6 82 193 T → P
b4 1.42 1.73 0.03 2.560/2.525 1.775 23 91 232 T
b5 1.19 1.83 0.03 2.399 1.782 22 86 233 T
b6 0.77 1.87 0.03 2.397 2.284 1.865 10 14 159 C → P

Figure 4. IR (left) and VCD (right) calculated and experimental spectra of RS-CAT (CD3OD solution): (a) B3LYP-D/6-31++G** (gas phase); (b)
B3LYP/6-31++G**/IEFPCM(methanol); (c) B3LYP-D/6-31++G**/IEFPCM(methanol); (d) experiment.
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lations (Figure 4). The importance of solvent corrections is
apparent by comparison of the calculations in the gas phase,
and with the implicit IEFPCM solvent model (Figure 4, panels
a and c). Similarly, DFT-D leads to better results than plain
DFT (Figure 4, panels b vs c). In particular, the VCD results
show that inclusion of dispersion significantly improves
agreement with experiment. The hybrid DFT-D functional
with the IEFPCM solvent model thus appears to be an effective
method for VCD calculations of CAT, in agreement with
previous studies.29,83

The calculated DFT-D IR and VCD spectra of RS- and SS-
CAT are compared to experiment in Figure 5. Vibrational
wavenumbers and assignments of the main theoretical and
experimental peaks are compiled in Table 3. The averaged
theoretical IR spectra are in a good agreement with the main
peaks of the corresponding experiment for both CAT isomers.
The IR subspectra of the different conformers show minor
differences, mainly in the peak intensities. Note that the
experimental IR peak around 1205 cm−1 is assumed to originate
from the trifluoroacetic acid (TFA) counterion of CAT.
The experimental VCD spectra show reliable results in the

region 1500−1240 cm−1. Due to the limited amount of sample,
it was not possible to obtain the carbonyl stretching region

(around 1670 cm−1), which, however, is expected to provide
less information about molecular structure than the lower-
frequency region. The computed subspectra of the different
conformers show that the simulated VCD features are more
dependent on the conformational state than IR. The main
peaks in the averaged theoretical VCD spectra are (+) 1256,
(+) 1298, (−) 1337, (−) 1364, (+) 1387, and (+) 1484 cm−1

for RS-CAT (Figure 5, top right, panel 2), and (−) 1232, (−)
1299, (+) 1353, (−) 1367, (+) 1391, and (−) 1492 for SS-CAT
(Figure 5, bottom right, panel 2).
The calculated positive VCD peak at 1298 cm−1 for RS-CAT

corresponds mainly to C−H bending vibrations of the arginine
and matches the experimental band at 1299 cm−1. Likewise, for
SS-CAT, the computed negative peak at 1299 cm−1 matches
the experimental peak at 1291 cm−1. This band can be
employed to assign the configuration at C1 of CAT (+ for R, −
for S); however, the experimental peak in the SS-CAT
spectrum is not very strong. The calculated 1337 cm−1 VCD
band for RS-CAT (1334 cm−1 in the IR spectrum) corresponds
to the observed peak at 1337 cm−1 and is also dominated by
C−H bending vibrations. Similarly, for SS-CAT, the strong
positive VCD band at 1353 cm−1 corresponds to the
experimental 1350 cm−1 peak. The calculated positive peaks

Figure 5. Calculated (B3LYP-D/6-31++G**/IEFPCM(methanol), top and middle panels, corrected for deuterium exchange) and experimental (in
CD3OD, bottom) IR (left) and VCD (right) spectra of RS- and SS-CAT stereoisomers.
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at 1387 (for RS-CAT) and 1391 (for SS-CAT) cm−1 come
mainly from the contribution of C−H bending in the
tryptophan part. This band is characteristic for the chiral
center at C4 (+ for S, − for R).
Overall, the theoretical modeling explains the relation

between AC and the spectral response reasonably well,
although accurate reproduction of all VCD features clearly
still remains challenging. Nevertheless, the two VCD bands at
1298/1299 and 1387/1391 cm−1 can serve as characteristic
peaks for the C1 and C4 chiral centers of CAT, allowing for a
full AC determination.
Raman and ROA Spectra. The calculated and exper-

imental DFT-D Raman spectra of RS- and SS-CAT stereo-
isomers in methanol show similar Raman intensity profiles
(Figure 6, Table 3). However, attempts to measure the Raman
optical activity (ROA) of CAT led to very noisy spectra (Figure
S2, Supporting Information), not only due to the instability of
tryptophan-containing samples in the laser beam but also due
to the low ROA/Raman circular intensity difference (CID)
ratios of most vibrational transitions (except those below 200
cm−1). A comparison of the experimental ROA to computation
thus provides very limited information. For example, the
computation reproduces the main experimental ROA features
around 100−200 cm−1 (Figure S2, Supporting Information).
These are, however, similar in RS and SS compounds.
On the other hand, calculated Raman intensities can be

related to experiment within the entire range of frequencies.
The CC stretching vibrations in the tryptophan side-chain
dominate the strong bands computed at 1582 cm−1 for both
isomers (experimentally 1547 and 1549 cm−1 for RS-CAT and

SS-CAT, respectively). The Raman band simulated at 1386
cm−1 (experimentally 1363 cm−1) corresponds mainly to C−H
bending. These bands are also visible in the theoretical IR
spectra (Figure 5).
The vibrational spectra around 1200 cm−1 are very similar to

those of the cyclo(Arg-Tyr(OMe)) (CATM) analogue of
CAT,29 whereas the bands simulated at 1022/1023 and 764/
767 cm−1 are specific for the indole group in CAT.84 The weak
Raman bands calculated at 672/681 and 562/570 cm−1 involve
NH out-of-plane deviations in the DKP ring. The Raman bands
in the low-wavenumber region (around 160 and 200 cm−1),
traditionally considered difficult to simulate and measure, are
also reproduced in the simulations. They mainly originate from
NH2 out-of-plane wagging.
The Raman spectra can even provide tentative information

about the configuration of CAT. Some small frequency shifts
measured for the RS and SS isomers seem to be reproduced in
the theoretical spectra. For example, the experimental bands at
672, 925, and 1195 cm−1 in the Raman spectrum of RS-CAT
move to 679, 931, and 1203 cm−1 for SS-CAT (Figure 6). This
shift is reproduced by the calculation as 672, 937, and 1195
(RS-CAT) → 681, 940, and 1206 cm−1 (SS-CAT). This
information could tentatively be used to distinguish between
diastereomers of CAT.

ECD Spectra. To test the applicability of ECD for AC
determination, and to assess the reliability of theoretical ECD
spectra, we performed TD-DFT computations with three
different functionals (B971, B3LYP, and CAM-B3LYP, all in
combination with the IEFPCM solvent model) employing the
dispersion-corrected CAT geometries and compared the results
to experiment (Figure 7).
The B971 and B3LYP functionals slightly overestimate the

wavelength of the main negative band (at 215 nm in

Table 3. Selected Vibrational Bands and Experimental and
Calculated Positions (cm−1)

exp
B3LYP/6-31+
+G**/IEEPCM

RS/SR SS/RR RS/SR SS/RR assignmenta

Raman
1547 1549 1582 1582 ν CC (Trp)
1436 1436 1455 1456 ν CC, ν CN (Trp), δ CH, δ

NH (Trp)
1363 1363 1386 1389 δ CH
1241 1244 1245 1246 δ CH, δ NH (DKP ring and Trp)
1195 1203 1195 1206 δ CH, Arg deformation
1011 1013 1022 1023 ν CC (Trp)
925 931 937 940 CH2 wagging
877 876 882 880 ν CC (Trp, ring deformation)
837 838 837 838 CH (Trp) out-of-plane deviation
758 758 764 767 ν CC (Trp, breathing mode)
672 679 672 681 NH (DKP ring) out-of-plane

deviation, DKP ring deformation
541 543 562 570 NH (DKP ring) out-of-plane

deviation, Trp ring deformation
202 202 210 202 NH2 Arg out-of-plane wagging
160 162 166 155 NH2 Arg and NH (DKP ring) out-

of-plane wagging
IRb

1604 ∼1595c 1591 1595 ν CC (Trp)
1455 1457 1447 1463 ν C−N (DKP, “amide III”)
1385 1385 1388 1391 δ CH
1334 1334 1348 1354 δ CH, ν CN (DKP)
1299d 1291d 1298 1299 δ CH, ν CN (DKP)

aTypical modes; abbreviations: ν, stretching; δ, bending. bExper-
imental and computed averaged peaks. cShoulder. dVCD band.

Figure 6. Calculated (B3LYP-D/6-31++G**/IEFPCM/methanol,
panel 1 and 3 from the top) and experimental (panel 2 and 4)
Raman spectra of RS and SS CAT stereoisomers. In experiment, bands
close to an asterisk (*) may be affected by the methanol solvent. The
negative signal at 1040−1044 cm−1 is an artifact due to the baseline
subtraction.
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experiment) of RS-CAT, by 6 and 7 nm, respectively, whereas
CAM-B3LYP underestimates it by 7 nm (Figure 7). CAM-
B3LYP also reproduces the weak experimental peak at 233 nm
(theoretically 231 nm). For wavelengths larger than ∼250 nm,
the B971 and B3LYP functionals give false maxima at 279 and
283 nm. Similarly, for SS-CAT, the CAM-B3LYP functional
generates the smallest mean deviation of 8 nm when compared
to the main experimental peaks. Overall, CAM-B3LYP gives the
best results in this case. A good performance of this functional
was also observed in previous studies.85−88 Note that the
Coulomb-attenuating method (CAM)89 used therein ensures
that charge-transfer states are properly treated, which appears
important for CAT. The strong negative CAM-B3LYP ECD
peak at 208 nm originates from a HOMO−1 → LUMO+2
transition (traditionally described as π → π* amide transition)
involving contributions from the indole and DKP rings,
whereas the relatively weak positive peak at 231 nm originates
mainly from a HOMO → LUMO+2 (π → σ* amide)
transition, involving the indole ring, protonated guanidine
group, and from a small contribution of HOMO → LUMO (π
→ π*) on the indole ring.
The HOMO and LUMO orbitals of the a1 conformer of RS-

CAT plotted in Figure 8 also illustrate the different behavior of
the B3LYP and CAM-B3LYP functionals. B3LYP predicts that
both the HOMO and LUMO are located on the indole ring of
the tryptophan side chain, whereas the CAM-B3LYP HOMO is
located on the indole ring and the LUMO is on the protonated
guanidine group. This may explain the false signal around 283
nm obtained by B3LYP.
The influence of the geometry on the ECD spectrum is

investigated in Figure 9a (panel 1) by comparing calculations
on the dispersion-corrected (B3LYP-D) and the dispersion-free
(B3LYP) RS-CAT geometries. Whereas the B3LYP-D geo-
metries provide good agreement with experiment, ECD
calculations on the uncorrected B3LYP geometries provide a
different spectral shape, with a wide positive band at 253 nm

(originating from a HOMO → LUMO+1 (π → π*) transition,
occurring predominantly on the indole ring). A similar behavior
was observed for SS-CAT, where we show the CAM-B3LYP//
B3LYP-D results only (Figure 9a, panel 3). The calculated
negative peak at 201 nm (originating from a HOMO−1 →
LUMO+1 (π → π*) transition associated with the indole ring)
can be assigned to the experimental peak at 212 nm. The weak
positive experimental peak at 230 nm is also well reproduced by
the CAM-B3LYP calculation. The strong negative experimental
peaks at 215 nm for RS-CAT and 212 nm for SS-CAT can be
used to assign the chiral center at C4 as S. The chiral center at
C1 is silent and a full assignment of the absolute configuration
of CAT on basis of ECD is therefore not possible.

Figure 7. Comparison of the calculated (TD-B971/6-31++G**/IEFPCM(methanol), TD-B3LYP/6-31++G**/IEFPCM(methanol), and TD-
CAM-B3LYP/6-31++G**/IEFPCM(methanol), panes 1−3, respectively) and experimental ECD spectra (in methanol, panel 4) for RS- (left) and
SS-CAT (right) stereoisomers.

Figure 8. Calculated HOMO and LUMO orbitals of the a1 conformer
of the RS-CAT stereoisomer using B3LYP and CAM-B3LYP
functionals (isodensity surface 0.02 e/au3).
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To better understand the link between the ECD signal and
the dipeptide structure, we substituted the side chains of CAT
with hydrogen atoms, forming cyclo(Gly-Gly) (cGG). The
calculated ECD spectra of cGG are shown in Figure 9b. Clearly,
the amide electronic system primarily contributes to the bands
at 215 and 213 nm for the RS and SS stereoisomers,
respectively. For CAT, the positions of the “amide” bands at
215 and 213 nm are labeled with a pink line in Figure 9a. The
strong negative bands of the amide ECD in cGG originate from

the twist-boat (T) DKP ring conformation; close-to-planar
forms give rather weak ECD signals. By comparing the CAT
and cGG spectra, we can speculate that in RS-CAT, the amide
signal appears weakened by a coupling to the side chain,
whereas it is strengthened in SS-CAT.
To document the role of the peptide side chains on the ECD

signal, we compared the CAT spectra to that of CATM; a
previously studied analogue (Figure S3, Supporting Informa-
tion).29 In CATM, the tryptophan is replaced by a methylated

Figure 9. (a) Calculated (TD-CAM-B3LYP//B3LYP-D/6-31++G**/IEFPCM(methanol), panels 1 and 3) and experimental (in methanol, panels 2
and 4) ECD spectra for the RS- and SS-CAT stereoisomers. In panel 1 (left), the TD-CAM-B3LYP//B3LYP RS ECD spectrum (blue line) is also
shown. Pink lines indicate the “amide” bands. (b) ECD spectra of cyclo(Gly-Gly) calculated at the same theoretical level.

Table 4. 1H NMR Assignments for CATa

SS-CAT RS-CAT

no.b experiment δH (mult, J in Hz) theory δH Ec δH experiment δH (mult, J in Hz) theory δH Ec δH

1 3.68 (ddd, J = 7.7, 5.2, 1.5) 3.98 0.30 2.77 (m) 1.17 −1.60
2 8.01d (d, J = 2.3) 5.04 −2.97 7.92d (s) 4.45 −3.47
4 4.31 (ddd, J = 4.8, 3.7, 1.3) 4.42 0.11 4.23 (ddd, J = 4.8, 4.0, 1.1) 4.11 −0.12
5 8.10d (d, J = 2.4) 5.95 −2.15 8.11d (d, J = 2.3) 5.89 −2.22
7′ 0.49e (m) 1.18 0.69 1.44 (m) 1.25 −0.19
7″ 0.87e (m) 0.82 −0.05 1.67 (m) 1.23 −0.44
8′/8″ 0.79 (m) −0.03 −0.82 1.44 (m) 1.32 −0.12
9′/9″ 2.62 (td, J = 7.0, 2.0) 2.46 −0.16 3.04 (t, J = 6.9) 2.81 −0.23
10 7.21d (t, J = 5.7) 6.14 −1.07 7.44d (t, J = 5.8) 8.28 0.84
12′ 3.14e (dd, J = 14.7, 4.6) 3.17 0.03 3.15 (ddd, J = 14.7, 4.5, 0.7) 3.08 −0.07
12″ 3.49e (dd, J = 14.8, 3.6) 4.46 0.97 3.47 (ddd, J = 14.7, 3.9, 0.7) 3.70 0.23
14 7.08 (s) 7.28 0.20 7.06 (s) 7.16 0.09
15 10.86d (d, J = 2.3) 8.11 −2.75 10.91d (m) 8.17 −2.74
18 7.63 (dd, J = 8.0, 1.0) 7.88 0.25 7.60 dt, J = 8.0, 1.0) 8.02 0.42
19 7.01 (ddd, J = 8.0, 7.0, 1.0) 7.43 0.42 7.00 (ddd, J = 8.0, 7.0, 1.0) 7.38 0.38
20 7.09 (ddd, J = 8.0, 7.0, 1.1) 7.37 0.28 7.08 (ddd, J = 8.2, 7.0, 1.2) 7.46 0.38
21 7.34 (d, J = 8.1) 7.63 0.29 7.33 (dt, J = 8.1, 0.9) 7.65 0.32
AAEf 0.35 0.35

aMeasured at 600 MHz in methanol-d4 (DMSO-d6 for acidic protons), bSee Figure 1 for atom labeling, cE = Error. dCorrelations only seen in
DMSO-d6.

eThe individual hydrogen assignments for 7′/7″ and 12′/12″ were based on the ROESY crosspeak volumes to the nearest N−H proton
on the DKP ring in DMSO-d6.

fAverage absolute error, not including acidic protons on N2, N5, N10, and N15.
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(−OMe) tyrosine. Both the RS-CATM and RS-CAT stereo-
isomers have a negative ECD peak at 208/218 nm (Figure S3,
Supporting Information), but otherwise the spectra are quite
different, reflecting the sensitivity of ECD to structural changes.
The SS-CAT and SS-CATM spectra also exhibit very different
features. Thus although the glycine model (Figure 9b) suggest a
limited locality of CD, the side-chain influence in CAT/CATM
highlights the known difficulty in deriving reliable empirical
rules for AC determination based on ECD studies of
structurally related compounds.
NMR Analysis. Experimental and theoretical NMR 1H and

13C chemical shifts, J(C,H) coupling constants and 1H,1H NOE
correlations were also analyzed with respect to the stereo-
chemical assignment of CAT. The measurements were
performed in CD3OD and in DMSO-d6; the computations
were done with dispersion-corrected geometries for SS- and RS-
CAT, and conformers were averaged on the basis of the
Boltzmann populations.
The 1H chemical shifts are sensitive to conformational

changes and neighboring nuclei as well as solvent effects. This
makes each proton chemical shift a sensitive probe for its
environment, but at the same time accurate calculations
become challenging. The experimental 1H chemical shifts for
RS and SS-CAT in CD3OD are given in Table 4 (acidic protons
were determined in DMSO-d6, as they are invisible in CD3OD
due to exchange with deuterium). Qualitative inspection of the
proton chemical shifts reveals a strong upfield shift of the
arginine side chain resonances in the SS/RR pair compared to
the RS/SR pair. This is characteristic for protons being shielded
by a stacking interaction with an aromatic ring moiety, such as
the indole ring of CAT. The experimental 1H shifts show
generally good agreement with computed values, except for
acidic protons (Table 4). The individual hydrogen assignments
for the pairs 7′/7″ and 12′/12″ were based on the ROESY
cross peak volumes to the nearest N−H proton on the DKP
ring in DMSO-d6. For both proton pairs, the individual
distances C−HX···H−N (where X = 7′ and 7″ or 12′ and 12″)
predicted by the dominant RS- and SS-CAT DFT structures
differed by more than 1.1 Å from each other and the cross peak
volumes all were sufficiently different to allow explicit
assignment of the geminal protons. The average absolute
error (AAE) of the theoretical 1H values obtained in methanol
(not including acidic protons obtained in DMSO) is low, 0.35
ppm for both SS- and RS-CAT (Table 4).
The recorded 1H chemical shifts that show the largest

differences between the diastereomers are observed for H1, H7′,
H7″, H8′/8″, and H9′/9″. The experimental and theoretical ΔδRS‑SS
values for these are (experiment; theory) H1(−0.91; −2.81),
H7′ (0.95; 0.07), H7″ (0.80; 0.41), H8′/8″ (1.35; 0.66), H9′/9″
(0.42; 0.35). Thus, although the sign of ΔδRS‑SS is reproduced
correctly for all of these shieldings, the computed values are
considerably overestimated for H1, and somewhat under-
estimated for H7′ and H8′/8″.
The theoretical 13C shifts also reasonably well agree with

experiment, with AAEs of 5.30 for SS-CAT and 7.05 for RS-
CAT (Table 5). The largest errors are observed for the C(
O) carbons (C3 and C6), possibly due to the lack of explicit
hydrogen bonding from solvent molecules to the carboxyl
group and/or the neighboring NH group in the calculations. In
the experimental 13C spectra, C1, C7, C13, C17, and C18
exhibited the most substantial differences between the
diastereomers. The ΔδRS‑SS values for these are (experiment;
theory) C1 (2.34; 1.60), C7 (3.94; 3.50), C13 (2.11; 0.48), C17

(2.05; 0.71), and C18 (1.96; −0.56). The sign is thus
reproduced for most cases, together with the magnitude for
the major difference at C7. However, the theory also predicts a
large ΔδRS‑SS for C3 (6.05), not supported by experiment
(0.05). Overall, the ΔδRS‑SS values are small compared to the
absolute values of the carbon shifts, which is not surprising as
13C nuclei are relatively electron rich and their chemical shifts
are therefore dominated by the chemical bonds formed with
neighboring nuclei.
For selected C,H pairs in CAT, in particular those involving

the chiral centers, experimental and theoretical long-range
J(C,H) coupling constants were obtained in CD3OD, as shown
in Table 6 (see also Supporting Information Figure S4). The
sign of the experimental constants is not known. The
theoretical J’s are positive for 3J(C,H) and negative for
2J(C,H) values. AAEs for the six evaluated coupling constants
are 1.07 Hz for SS-CAT and 0.94 Hz for RS-CAT. The error of
the experimental CH couplings is estimated to be 0.4−0.5 Hz.
Only differences between the theory and experiment exceeding
one Hertz therefore indicate limitations in the computational
method.
Four of the six experimental J’s show differences of more

than 1 Hz between the two diastereomers; the absolute
experimental and theoretical ΔJRS‑SS values for these are
[experiment; theory] 3J(C3,H1) [2.15;1.54], 3J(C3,H12″)
[1.58;0.05], 2J(C6,H1) [1.44;1.86], and 3J(C6,H4) [1.87;3.71].
The magnitudes of the differences are thus reproduced
reasonably well, except for 3J(C3,H12″). SS-CAT has larger
experimental J’s than RS-CAT for 3J(C3,H1),

3J(C3,H12′),
3J(C3,H12″), and

2J(C6,H1), whereas the J’s for RS-CAT are
larger for J’s involving H4,

2J(C3,H4) and
3J(C6,H4). In all cases,

theory correctly predicts the diastereomer with the larger J.
Thus, if two unknown CAT isomers are compared, the relative
J(C,H) coupling constants provide assignment of the
enantiomeric pair (SS/RR or RS/SR). In combination with,
e.g., ECD, providing the absolute configuration for the C4
center, this would yield full AC assignment.

Table 5. 13C NMR Assignments for CATa

SS-CAT RS-CAT

no.b
experiment

δC
theory
δC

Ec

ΔδC
experiment

δC
theory
δC Ec ΔδC

1 55.17 61.65 6.48 52.83 60.05 7.22
3 169.87 175.11 5.24 169.93 181.15 11.22
4 57.49 64.40 6.91 56.24 64.55 8.31
6 169.48 177.79 8.31 168.86 179.14 10.28
7 32.06 33.91 1.85 28.12 30.41 2.29
8 24.53 25.16 0.63 22.86 26.28 3.42
9 41.72 45.42 3.70 40.52 44.93 4.41
11 158.44 159.74 1.30 157.10 160.00 2.90
12 30.48 34.92 4.44 29.69 35.62 5.93
13 109.66 117.07 7.41 107.55 116.59 9.04
14 126.07 132.34 6.27 124.66 133.16 8.50
16 137.80 143.17 5.37 136.48 143.74 7.26
17 129.38 135.88 6.50 127.33 135.16 7.83
18 120.28 126.08 5.80 118.32 126.64 8.32
19 120.22 127.33 7.11 118.75 126.55 7.80
20 122.54 129.55 7.01 121.14 129.31 8.17
21 112.18 118.03 5.85 110.74 117.72 6.98
AAEd 5.30 7.05

aMeasured at 151 MHz in CD3OD,
bSee Figure 1 for atom labeling,

cE = error. dAverage absolute error.
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Assignment of the relative configuration of a single unknown
CAT isomer on basis of the J(C,H) coupling constants appears
more challenging. The experimental J’s for SS-CAT yield an
AAE of 1.94 Hz with the theoretical J’s for RS-CAT, compared
to an AAE of 1.07 Hz obtained with the SS-CAT theoretical J’s
(Table 6). This would correctly identify SS-CAT as belonging
to the SS/RR enantiomeric pair. However, the experimental J’s
for RS-CAT yield an AAE of 0.91 Hz with the theoretical J’s for
SS-CAT, which is essentially the same as with the RS-CAT
theoretical results (AAE = 0.94 Hz). Therefore, assignment of
RS-CAT to a given enantiomeric pair on the basis of the J
coupling constants alone would not be possible.
The ROESY spectra used for assignment of the CAT isomers

in DMSO-d6 are shown in Figure 10. The corresponding
NOESY spectra with mixing times between 200 and 800 ms
were used for cross peak integration and all numerical
treatment, as ROESY is prone to artifacts. NOE cross peaks
can be observed between protons that spend a significant
amount of time close to each other in space. The underlying
effect is a direct magnetic dipole−dipole cross-relaxation
between the spins during the mixing delay in the pulse

sequence, referred to as the mixing time, Tm. The efficiency of
the cross relaxation has an inverse r6 dependence on the
interproton distance, a relation that can be used to estimate the
distances, rij, between all protons in a molecule closer to each
other than approximately 5 Å, using the cross peak volumes
compared to a known distance in the molecule. The qualitative
1H chemical shift observations suggesting Arg-Trp stacking in
the case of the SS/RR pair but not in the RS/SR pair is
confirmed by through-space ROE correlations between the two
moieties in the former but not in the latter (Figure 10). The
difference in Arg-Trp stacking is also supported by the
preferred DFT conformers of CAT (Figures 2 and 3). Using
the neighboring protons on the rigid indole ring as a reference
distance of 2.49 Å, all interproton distances from the SS/RR
data set were translated to distances using eq 1.

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟r r

a
aij

ij
ref

ref

1/6

(1)

where a is proportional to the cross peak volume and r is the
interproton distance. The data set from the SS/RR pair was

Table 6. J(C,H) Coupling Constants (Hz) in CD3OD for CAT

SS-CAT RS-CAT

J(C,H)a experimentb theory AEc experiment theory error
3J(C3,H1) |3.41| 1.82 1.59 |1.25| 0.28 0.97
2J(C3,H4) |7.49| −5.93 1.56 |7.53| −6.67 0.86
3J(C3,H12′) |7.41| 7.36 0.05 |7.18| 7.35 0.17
3J(C3,H12″) |2.38| 1.31 1.07 |0.8| 1.26 0.46
2J(C6,H1) |7.85| −6.3 1.55 |6.41| −4.44 1.97
3J(C6,H4) |3.71| 3.09 0.62 |5.58| 6.80 1.22

AAEd 1.07 0.94
aSee Figure 1 for atom labeling. bSign could not be determined. cAbsolute error. dAverage absolute error.

Figure 10. ROESY (300 ms spinlock duration) spectra of (a) the RS/SR and (b) the SS/RR enantiomer pairs in DMSO-d6. Key long-range through
space correlations are displayed below the respective spectra (c and d), qualitatively classified as strong (solid lines), medium (dashed lines), or weak
(dotted lines). Most significantly, a set of additional cross peaks between the aromatic tryptophan and the aliphatic arginine resonances are present in
the SS/RR enantiomer pair but not the RS/SR pair (dashed box).
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used for numerical treatment of the distances because the
qualitatively more folded isomer gives rise to a larger number of
detectable contacts. This removes the need to use the absence
of a signal as a negative proof, which could in principle happen
for more reasons than just being further than 5 Å apart. The
extracted distances were compared to the same distances
extracted from the three most populated conformations of each
enantiomer pair. The calculated Boltzmann distributions were
applied as weights and back-calculated volumes were used to
average the contribution from each conformer before trans-
lating them back to yield distances that are compensated for
time averaging of the volumes according to the weighted
conformational ensemble.
The recalculated “averaged” distances are found to correlate

better to the experimentally derived distances than any of the
individual structures in the ensemble does by themselves
(Figure S5 in the Supporting Information). For clarity, only
interproton distances sensitive to the conformation were
selected for distinguishing between the diastereomers.
Comparison of the experimentally derived distances from the
SS/RR data set and the time-averaged theoretical distances
reveals a clear correlation for the SS ensemble (R2 = 0.81),
whereas there is no correlation in the RS ensemble (R2 = 0.01,
Figure 11). The corresponding correlations usimenta97.1(thent6.8(lnal)-676(set27526.8(of)]TJ
0-62496955 TD
[(ett8(ptoann)-366.6(distances)-386.1(from)6748.4(the)]TJ
/F13 1 Tf40228653 0 TD
(SS/RR)Tj
/F8 1 T45251266 0 TD
6(pa,es)-386.3.e.,es)-448.veaoed)-368
[(cluondine)]TJ
5.080261 -1.0998 TD
8(ptoaces)4282.5ithes)4395.limilated ”



Raman/ROA Spectra. All samples were dissolved in
methanol (HPLC grade) to a concentration of 0.152 M (52
mg/mL) and filled into a quartz cell (3 mm × 3 mm,
containing ∼40 μL). Raman and ROA spectra were measured
at IOCB in Prague with the Biotools ChiralRAMAN-2X
instrument, equipped with an Opus diode-pumped solid-state
laser operating at 532 nm. This spectrometer employs
backscattering geometry and SCP strategy based on the design
by Hug.91 The laser power was set to 80 mW (which
corresponded to ∼40.5 mW reaching the sample), in case of SR
the power was 50 mW (at the sample ∼26.4 mW). The samples
underwent a partial degradation during the measurements,
probably because of the unstable tryptophan residue absorbing
close to the laser wavelength. Total acquisition times were 8−
32 h. The spectrum of methanol was subtracted from the
measured Raman spectra and a baseline correction was made.
Note that regions affected by methanol bands (∼1017−1055
and ∼1435−1500 cm−1) are not reliable, and the ROA signal is
mostly weak and exhibits a low signal-to-noise ratio.
The VCD, ECD, and ROA spectra were further refined using

the fact that enantiomeric pairs give opposite signals.
NMR Experiments. All NMR experiments were recorded on

an Agilent (Varian) iNova spectrometer equipped with a
cryogenically enhanced inverse HCN probe, operating at
599.934 MHz for 1H and 150.879 MHz for 13C. All
experiments were repeated in both CD3OD and DMSO-d6 at
298 K, using the residual solvent signal as reference.
Assignment of the spectra were recorded using standard pulse
sequences in the Chempack 4 package for VnmrJ2.2D, typically
gradient-enhanced versions of COSY, ROESY, 13C-HSQC, and
13C-HMBC. The Crisis2 versions of the heteronuclear
experiments were used. Through-space NOE correlations
were integrated from a series of 2D NOESY spectra at mixing
times 200, 300, 500, and 800 ms using Mnova v8.0.0-10524.
The volumes were then translated to interproton distances with
the two-proton approximation, using the tryptophan ring
protons as a reference distance of 2.49 Å. The corresponding
distances from the DFT-minimized structures were measured
directly in the three most populated structures of each
diastereomer and then averaged by back-calculating their
corresponding contribution to the observed cross peak (aij),
using the same reference distance and volume as when
translating the experimental volumes above. The 800 ms
NOESY data were used in the distance calculations. Even
though there is limited spin-diffusion taking place at that mixing
time, the benefits of higher signal-to-noise ratio of the cross
peaks resulting in less integration artifacts makes this preferable
over using shorter mixing times (see Figure S6 in the
Supporting Information for build-up curves). Long range
J(C,H) coupling constants were first calculated from 200 ms
constant time HMBC spectra with evolution delays corre-
sponding to between 3 and 20 Hz, modified from the standard
adiabatic version of the HMBC pulse sequence by fitting the
signal intensity buildup to a sin function.92 Selected couplings
of interest were then reassessed using the recently published
double-band selective selEXSIDE pulse sequence using J-
scaling factors of 15, 25 and 40×, resulting in digital J
resolutions of 0.15−0.39 Hz in the f1 dimension for every
coupling.93 Homonuclear coupling constants were extracted
from 1D traces of high-resolution ECOSY, and one-bond
heteronuclear couplings were extracted from the adiabatic
version of coupled 13C-gHSQC.

Conformational Analysis of Protonated CAT. Five
torsion angles (χ1−5, Figure 1a) on the side chain were selected
and considered for each stereoisomer; torsion angles χ1−4 were
systematically varied with 120° angular increments (e.g., −60,
+60 and +180°) and χ5 was determined by the two orientations
of the indole group (the phenyl part on the “left” and “right” of
the five-membered ring, respectively). Additionally, on the basis
of our previous computations on a similar molecule,29 boat-
down and -up DKP conformations (Figure 1b) were
considered for the different stereoisomers in the starting
search. Using the MCM program,94 a total of 34 × 2 × 4 = 648
structures was generated.
All computations were carried out with the Gaussian 09

package.95 The B3LYP96,97 functional and the 6-31++G** basis
set were used for geometry optimizations. In addition, the
CAM-B3LYP85−88 and B97198 functionals were also tested for
the reliability of functionals in ECD calculations. Dispersion-
corrected26,27 DFT (DFT-D) was used (S6 = 1.00). A previous
study29 confirmed that these methods are very efficient for the
modeling of cyclopeptide properties. Optimizations were
performed with the IEFPCM model,99−101 which is well suited
for studying charged species.102 For probing the DKP ring-
puckering conformation, the phase and amplitude of the
pseudorotation (Q, θ, and P2) proposed by Haasnoot82 with a
truncated Fourier formalism were employed.

IR Absorption, VCD, Raman, ROA, ECD, and NMR
Computations. The IR, VCD, Raman, and ROA spectra of
the stereoisomers of CAT were calculated at the B3LYP-D/6-
31++G**/IEFPCM(methanol) level of theory. For consistency
with the experimental conditions arising from the use of
CD3OD as a solvent (measured for IR and VCD), the
calculated IR and VCD signals were adjusted for H−D
exchange of the acidic hydrogens (NH, NH2). The back-
scattered Raman and ROA dynamic polarizabilities were
generated with an excitation frequency of 532 nm. The
Lorentzian band shape with full width at half-maximum of 10
cm−1 (at 298 K) was employed to generate the spectral
profiles.83,103 The oscillator strengths and rotational strengths
of electronic excitations of all conformers were computed using
the TD-DFT method104−110 at the TD-CAM-B3LYP/6-31+
+G**/IEFPCM(methanol) level of theory; the rotational
strengths were calculated using the velocity representations.
Theoretical ECD spectrum of each stable conformer was
simulated by using GaussSum 2.2 software111 (σ = 0.67), where
σ refers to the width of the band at 1/e height for the Gaussian
curves used to convolute the spectrum. Theoretical NMR
parameters (chemical shifts and J(C,H)) coupling constants
were computed at the B3LYP/6-31++G**/IEFPCM-
(methanol) level of theory on the basis of the dispersion-
corrected geometries. All theoretical spectra and NMR
parameters were generated by averaging over the conformers
using Boltzmann statistics at a temperature of 298 K.
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