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A VCD study on micro-solvation and self-
aggregation of N-acetyl tryptophan propylamide

Dilber Tan, Veronika Stoianova and Christian Merten *

The analysis of VCD spectra recorded in hydrogen bonding solvents often requires the explicit

consideration of solute–solvent interactions in the DFT-based spectral calculations. While such a micro-

solvation approach is straightforward for molecules with a single hydrogen bonding site, the possibility

of finding the solute in various solvation states further complicates the analysis for molecules with

several donor sites. Herein we analyse the VCD and IR spectra of the small peptide Ace-Trp-N(n-Pr),

which were recorded in chloroform-d1, acetonitrile-d3 and dimethylsulfoxide-d6, and aim to evaluate

how molecular dynamics simulations can support a micro-solvation approach by providing information

on the number of simultaneous solute–solvent interactions. The spectra recorded in DMSO-d6 and

ACN-d3 are well described in the micro-solvation scheme as a mixture of double- and triple-solvated

species, and the corresponding MD simulations are found to confirm the derived conformational

preferences. Unexpectedly, we found that the results of the analysis of the experimental spectra taken in

CDCl3 are not well reproduced by those computed for the monomeric species. In fact, unlike for

previously investigated peptides, dimerization has to be considered. The ratio of monomeric and dimeric

species could be derived from MD simulations, which also suggested that the most abundant species is

an open-chain dimer with indol–N–H� � �OQCacetyl interactions.

Introduction

Studying the effect of solute–solvent interactions is a particular
challenge in computational spectroscopy, and especially in
computational vibrational circular dichroism (VCD) spectro-
scopy.1–3 While strong solute–solvent interactions may lead to
conformational changes, and shifts in vibrational frequencies
and relative absorption intensities, hydrogen bonding inter-
actions have also been shown to influence the sign of VCD
bands.4 For this reason, when applying VCD spectroscopy for
the determination of absolute configurations,5–7 non- or weakly
interacting solvents are preferred over polar protic solvents, as
they are typically sufficiently treated using a continuum solva-
tion model.8,9 However, using VCD spectroscopy to characterize
complex molecules in a strongly interacting environment often
requires an explicit treatment of the interactions.10,11 While
there are methods to obtain VCD spectra directly from ab initio
molecular dynamics (MD) and other MD-based approaches,12–15

these routes are computationally demanding, especially as mole-
cular size increases. Typically, a micro-solvation approach is
applied,10 in which the effect of solute–solvent interactions
on conformational preferences and computed spectroscopic

properties is computed by placing explicit solvent molecules
near hydrogen bonding sites of the solute. While this approach
is usually sufficient for small molecules with a single or spatially
well-separated hydrogen bonding sites, solutes possessing
several hydrogen bonding sites also capable of forming intra-
molecular bonds are occasionally challenging to treat. For
peptides,16–19 for instance, it cannot simply be assumed that
all hydrogen bonding sites are permanently solvated. Instead, a
competition between intra- and intermolecular interactions
likely leads to a mixed solvation state with conformers being
solvated with different numbers of solvent molecules. In non-
polar or non-hydrogen bonding solvents, such solutes tend to
dimerize or aggregate to larger clusters. Likewise, accounting for
dimerization is an equally challenging task due to the drastically
increased conformational space and the need to balance con-
tributions of dimeric structures with one or more intermolecular
hydrogen bonds.

In the present study, we investigate the effect of solute–
solvent interactions and self-aggregation on the VCD and IR
spectra of Ace-Trp-N(n-Pr) (Chart 1). We address the problem of
potentially mixed solvation states by comparing the confor-
mational distributions of static, explicitly solvated structures
with results from MD simulations. Based on thorough analyses
of trajectories of Ace-Trp-N(n-Pr) in dimethyl sulfoxide (DMSO)
and acetonitrile (ACN), we demonstrate that such a combined
approach helps to ensure that the predicted conformational
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preferences are meaningful. Furthermore, we show that self-
aggregation of Ace-Trp-N(n-Pr) cannot be neglected in chloro-
form and how the analysis of an MD trajectory can aid the
selection of conformers for spectra predictions.

Experimental and computational
details
Synthesis of the target compounds

Enantiopure Ac-Trp-OH (1.00 g, 4.31 mmol) and HOBt�H2O
(0.58 g, 4.31 mmol) were dissolved in EtOAc (90 mL) and cooled
down to 0 1C. EDC�HCl (0.92 g, 4.73 mmol) was added, and the
mixture was stirred for 30 min. n-Propylamine (0.36 mL,
4.31 mmol) and TEA (0.6 mL, 4.31 mmol) were added, and
the mixture was stirred for 2 hours after warming to RT. Hexane
(20 mL) was added under heavy stirring and stored at +4 1C
overnight. The white precipitate was filtered off and washed
with EtOAc. The obtained organic layer was washed twice with
1 M HCl (2 � 20 mL), sat. NaHCO3 (3 � 15 mL) and brine, dried
over MgSO4, filtered, and evaporated to give the product Ace-
Trp-N(n-Pr) as a white powder. Yield: 25%. 1H NMR (300 MHz,
CDCl3): d = 8.16 (br s, 1H, indH1), 7.73 (d, J = 7.68 Hz, 1H,
indH4), 7.37 (d, J = 7.85 Hz, 1H, indH7), 7.17 (dddd, J = 19.72;
8.15; 7.07; 1.23 Hz, 2H, indH5, indH6), 7.05 (d, J = 2.40 Hz, 1H,
indH2), 6.38 (d, J = 7.66 Hz, 1H, AcNH), 5.58 (br s, 1H, n-PrNH),
4.68 (ddd, J = 8.71; 7.67; 5.22 Hz, 1H, CaH), 3.31 (ddd, J = 14.31;
5.23; 0.95 Hz, 1H, CbH0(H)), 3.11 (dd, J = 15.10; 8.41 Hz, 1H,
CbH(H0)),), 3.04 (tdd, J = 19.72; 10.36; 3,51 Hz, 2H, n-PrH1), 1.99
(s, 3H, AcH2), 1.26 (sexd, J = 36.79; 2.02 Hz, 2H, n-PrH2), 0.71
(t, J = 7.40 Hz, 3H, n-PrH3). 13C NMR (75 MHz, CDCl3): d =
171.32 (C(O)–Ca), 170.21 (AcC1), 136.34 (indC7a), 127.50
(indC4a), 123.15 (indC2), 122.43 (indC6), 119.92 (indC5), 119.03
(indC4), 111.37 (indC7), 111.07 (indC3), 54.25 (Ca), 41.34
(n-PrC1), 28.84 (Cb), 23.40 (n-PrC2), 22.55 (AcC2), 11.27 (n-PrC3).
HR-ESI-MS (ACN): found: 288.8; 320.0; 351.5 m/z calculated:
[M + H]+ = 288.2; [M + MeOH + H]+ = 320.2; [M + ACN + Na]+ =
351.2 m/z.

IR and VCD spectroscopy

The IR and VCD spectra were recorded on a Bruker Vertex 70
equipped with a PMA 50 unit for polarization-modulated mea-
surements. Samples were held in BaF2 cells with 50, 100, or
200 mm path length. Concentrations were adjusted so that no IR
bands of the sample were above 0.9 absorbance units and are
given in the corresponding captions. The IR spectra were
accumulated for 32 scans, while the VCD spectra were recorded

over a total measurement time of at least 4 hours each (16 000
scans). The spectral resolution was 4 cm�1. Background correc-
tion was carried out by subtraction of the solvent spectrum. The
spectra recorded for ACN-d3 and DMSO-d6 solutions are cut
below 1100 cm�1 due to strong solvent absorbance.

Computational details

If not otherwise mentioned, calculations were carried out for
(S)-Ace-Trp-NMe as a truncated model of the target compound.
The static conformational analysis was carried out by first
performing conformational searches using Spartan 1420 on
MMFF21 level followed by DFT-based geometry optimizations.
The so-obtained sets of conformers were complemented by
manually generating starting structures for potentially missing
conformers. All geometry optimizations and spectra calcula-
tions at the DFT-level were performed using Gaussian 09 Rev.
E.0122 at the B3LYP/6-311++G(2d,p) level of theory. Solvation
was accounted for implicitly in all calculations by using the
IEFPCM8,9,23 of the respective solvent. Additionally, in the case
of ACN-d3 and DMSO-d6, hydrogen bonding to the solvent was
considered as discussed in the text. Spectra were simulated by
assigning a uniform Lorentzian band shape of 8 cm�1 half-
width at half-height to the computed dipole and rotational
strength. To account for errors due to the harmonic approxi-
mation, the computed frequencies were uniformly scaled by a
factor s of 0.98. Note that previous studies17,18,24 showed that
the incorporation of correction terms for dispersive interac-
tions, such as B3LYP-GD3BJ25 does not lead to an improvement
of the spectra and, in fact, rather worsens the match with the
experimental data. Therefore, considering the large number of
structures that had to be computed to explicitly account for
multiple solute–solvent hydrogen bonds, the solute and the
solvents, we performed the calculations only at the already
established level. Further note that we use the zero-point
corrected energies (DEZPC) as a basis for the calculation of
Boltzmann weights, and comment on this choice over Gibbs
free energies (DG298K) in the main text.

The conformational dynamics in bulk solvents were addi-
tionally characterized by MD simulations using the Amber 22
software package.26 The amino acid force field parameters were
selected from the ff19SB force field27 and the solvents were
modelled with dedicated all-atom force field parameters for
ACN,28 DMSO,29 and CHCl3 (as implemented in the Amber
package). One solute molecule was placed in a solvent box
containing 267 molecules of ACN and 263 molecules of DMSO,
while two solutes were placed in 330 molecules of CHCl3. After
NVE, NVT, and NPT equilibration at 300 K, production runs
were started, and the total trajectory lengths were 130 ns for
DMSO, 300 ns for ACN, and 260 ns for CHCl3. In all simulations,
a step size of 2 fs was used.

Results and discussion

Compared to previously investigated peptides, the experimental
VCD and IR spectra of Ace-Trp-N(n-Pr) (Fig. 1) recorded in the

Chart 1 Structure of the investigated peptide Ace-Trp-N(n-Pr).
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three investigated solvents are remarkably similar. The VCD
spectra appear to differ mostly in band widths and relative
intensities. It is noteworthy that the amide I signature (1700–
1650 cm�1) becomes significantly sharper and more intense
with increasing polarity and hydrogen bonding capability of
the solvents. In the same order, the amide II and III regions
(1600–1500 and 1300–1200 cm�1) also become more defined.
Likewise, in the three IR spectra, changes in the shape of the
amide I and II bands can be noted. The most significant
sharpening of the amide I band appears in DMSO-d6. The
amide II band showed notably different band shapes with a
blue shift of the maximum in ACN-d3 and DMSO-d6. While the
similar shapes of the three VCD spectra may indicate only
minor changes to the conformational distribution, the changes
in the IR spectra highlight a clear solvent effect on vibrational
signatures.

Conformational analysis

As contributions of different conformations of the n-propyl
chain were considered to average out, the structure Ace-Trp-
N(n-Pr) was truncated to Ace-Trp-NMe, i.e., the n-propyl chain
was replaced with a methyl group for all calculations. Our
systematic conformational search on Ace-Trp-NMe explored
the peptide backbone angles (f/c angles; cf. Fig. 2) as well as
the rotation of the indole side chain (o1 = (C(QO)–Ca–CH2–Cq)
and o2 = (Ca–CH2–Cq–Cq)). The conformational space with
f o 0 was extensively sampled as structures in this range are
usually significantly preferred for S-amino acids. In total, we
obtained eight conformers for each of the b-, d- and g0-families
(cf. Fig. 2 for the common nomenclature, Table S1 for geome-
tries and energies). Despite several attempts, only one to two
conformers in the ppII region were obtained, depending on the
IEFPCM model. Further 18 conformers from outside the com-
mon regions or with f 4 0 were optimized as well, but as
expected, they were found to be much higher in energy (cf.
Table S2 and Fig. S1). The b(pp)-conformer with both side group

dihedral angles o1 and o2 in gauche (+) orientation was found as
the lowest energy structure of Ace-Trp-NMe (cf. Fig. 2). Within the
g0-family, the g0(tm)- is favoured over the g0(pp)-structure. In the
d-family, the preference depends on the IEFPCM with d(mm) being
favoured in chloroform while the polar solvents stabilize the d(tm)

conformer.

Ace-Trp-N(n-Pr) in DMSO

A continuum solvation model for DMSO alone would not be
sufficient to reproduce the experimental features,16–19 as
solute–solvent hydrogen bonds influence vibrational frequen-
cies and intensities. Following a micro-solvation approach,10

we thus recomputed the conformers of Ace-Trp-NMe in the
presence of one, two or three explicit solvent molecules. For
this purpose, we optimized structures with DMSO-d6 molecules
placed near the N–H hydrogen bonding donor sites of the
solute, i.e., we computed three one-fold, three two-fold, and
one three-fold solvated structures for each conformer. Notably,
solute–solvent clusters for some conformers could not be
optimized, and occasionally, starting structures also converged
towards similar solvated structures. When optimized structures
differed only in the relative spatial orientation of solvent
molecules, solely the lowest energy one was kept for further
consideration. For the discussion, 52 single, 31 double, and
13 triple solvated structures were considered. In parallel to the
static optimizations, a molecular dynamics simulation was
carried out at the ff19SB force field27 level for the Ace-Trp-
NMe and with an all-atom force field. From the analysis of a
132 ns MD trajectory, we obtained a free energy diagram (Fig. 3)
that showed the b-, ppII-, and d-/a-regions to be highly popu-
lated. Evaluation of the individual populations of the basins
yielded a conformational distribution of 29.9% b, 40.2% ppII

and 26.9 d (cf. Table 1).
It is noteworthy that there was no particularly high barrier

separating the b- and ppII-basins of the free energy diagram,
suggesting that solvation dynamics may easily shift conformers
between the two basins. In fact, when projecting the f/c-angles
of the explicitly DMSO-solvated structures onto the free energy
diagram obtained from the MD, the b- and ppII-conformers
spread over a wide range of f-angles (cf. Fig. 3, left), not
allowing for a strict classification into conformer families.
For this reason, they were subsequently treated as a com-
bined conformer family for the spectra analysis. Based on the

Fig. 1 Comparison of the experimental and computed VCD and IR
spectra of (S)-Ace-Trp-N(n-Pr) in CDCl3 (0.105 M, 100 mm), ACN-d3

(0.077 M, 200 mm), and DMSO-d6 (0.208 M, 50 mm).

Fig. 2 The lowest energy structures of the b-, g0-, and d-families obtained
within the IEFPCM of chloroform (non-polar hydrogens, except for the
one at the stereocenter, are omitted for clarity). The superscripts indicate
the side group conformation as (o1o2) with trans or positive/negative
gauche orientation. The conformer d(tm) is favoured over d(mm) in the
IEFPCMs of the polar solvents.
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computed conformer energies, the b/ppII-family and d/a-
conformers were populated about equally in the case of the
one- and two-fold solvated structures, contributing each with
B40–45% to the conformational distribution. A minor contri-
bution of B10% came from g0-conformers (cf. Table 1 and
Tables S3–S5). For the triple-solvated state, however, the con-
tributions of d-conformers dropped to below 4% and we could
not optimize any g0-geometries with three DMSO molecules.
It is a characteristic of d/a-conformers that the two amide N–H
groups are almost parallel. From the lowest energy two-fold
solvated structure dI� � �(DMSO-d6)2 (Fig. 3), it can be deduced
that these N–H cannot be easily solvated simultaneously by
bulky DMSO molecules. In fact, in several structures, a single
DMSO molecule was even found in a bifurcated hydrogen
bond to both N–H groups. Hence, triple solvation of the
d/a-structures is generally less favourable.

Comparison of the simulated VCD spectra of each solvation
state with the experimental data (Fig. 4) revealed that neither
one- nor two-fold solvation reproduced the amide I couplet.
Only for the triple solvated state, the amide I couplet was found
to match in sign. For the amide II region, however, the two-fold

solvated state provided the best match, while the amide III region
is again best resembled by the spectra of three-fold solvated
structures. A similar observation was made for the amide I and II
signatures in the IR spectra. Based on the computed spectral
signatures, we thus considered the possibility of a mixture of
solvation states. To simulate such a mixed state, we assumed a
1 : 1 mixture of two- and three-fold solvation (cf. Fig. 4), which
gave a much better match with the experiment than either of the
pure solvation states.

Based on the conformational preferences associated with
the pure states, the mixture state consisted of approximately
20% b/ppII-, 22% d-, and 7% g0� � �(DMSO-d6)2 as well as 48%
b-� � �(DMSO-d6)3. Assuming that each conformer may be pre-
sent in its fully solvated structure, we also simulated spectra
with contributions of 22% d- and 7% g0� � �(DMSO-d6)2 and 68%
b� � �(DMSO-d6)3 (cf. Fig. S2 for the underlying conformer family
spectra). The spectra of this distribution (not shown) appeared
only marginally different from that of the mixed state. Yet, it is
important to note that the contributions of each conformer
family are almost identical to the numbers derived from the
MD analysis (cf. Table 1).

In line with our studies on other small peptides,17–19 an
unambiguous decision on the preferred solvation state of each
conformer family could not be made within in the micro-
solvation approach. Therefore, we analysed the MD trajectory
with a focus on the solvation state of a conformer. More
specifically, for each snapshot, we determined the conformer
family and the number of solute–solvent hydrogen bonds (cf. SI
for details). Using a maximum SQO� � �H–N distance of 2.7 Å
and an angle of 41401 as geometric cut-off criteria for the

Fig. 3 Free energy diagram from MD simulations indicating the f/c-
angles of the computed one-, two-, and three-fold solvated conformers
in DMSO. b(tm)� � �(DMSO-d6)3 and d(tm)� � �(DMSO-d6)2 represent the lowest
energy double-solvated and triple-solvated structures.

Table 1 Comparison of the distributions over the solvation states
Ace-Trp-NMe�(DMSO)n predicted for implicitly (n = 0) and explicitly
solvated structures by DFT and extracted from an MD trajectory

Conf.

DFTa MDb

n = 0 n = 1 n = 2 n = 3 Mixc Totald n = 1 n = 2 n = 3

b 41.3 44.8 40.7 95.8 67.8 29.9 4.0 13.0 12.6
ppII 0.7 40.2 2.1 12.7 25.3
d 40.3 40.9 43.6 3.3 22.4 26.9 3.7 13.5 9.3
g0 16.7 13.1 13.8 8.5 3 0.5 1.7 0.8

a Missing percentage is associated with conformers outside the char-
acteristic regions of the Ramachandran plot. b Hydrogen bonding
criteria: distance (NH� � �O) r 2.7 Å and the angle (N–H� � �O) Z 1401.
c Equal mixture of double and triple solvated states. d Difference
between the total percentage and the sum over solvated states n = 1.3
is due to a few non-solvated structures.

Fig. 4 Comparison of the experimental and computed VCD and IR
spectra of (S)-Ace-Trp-N(n-Pr) in DMSO-d6 (0.208 M, 50 mm) with
computed spectra of the single, double and triple solvated structures, a
1 : 1 mixture of double and triple solvated state, and an MD-based con-
formational distribution.
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definition of a hydrogen bond (cf. SI for details on the defini-
tion of criteria), we found the double- and triple-solvated
structures to be about equally likely (cf. Table 1). Simulating
the VCD and IR spectrum of Ace-Trp-NMe by mixing the
conformer family spectra with the MD-based ratios of solvation
states, also resulted in only marginal changes compared to the
1 : 1 mixture spectrum (Fig. 4). Hence, in the case of the peptide
Ace-Trp-NMe in DMSO, the MD simulation cannot be used to
further refine the match between the computed and experi-
mental spectra, but they confirmed the general conformational
trends.

Ace-Trp-N(n-Pr) in ACN

For the simulation of the spectra recorded in ACN, we followed
a similar combined approach of micro-solvation and molecular
dynamics. As for DMSO, we computed explicitly solvated
conformers Ace-Trp-NMe� � �(ACN-d3)n. Focussing only on the
b/ppII-, d- and g0-conformers, we obtained 53 singly, 47 doubly,
and 14 triply solvated conformers (cf. Tables S6–S8). Interest-
ingly, in contrast to the structural preferences in DMSO, we
could optimize notably more ACN-solvated d-conformers.
Furthermore, the b/ppII- and d/a-conformations of Ace-Trp-
NMe� � �(ACN-d3)3 were much closer in energy, and both con-
former families were predicted to have comparable contribu-
tions (Table 2). Apparently, the stick-like structure of ACN
causes fewer steric solvent–solvent interactions and allows for
a better solvation of d-structures.

The simulated VCD and IR spectra of the single and double
ACN-solvated structures were very similar to those obtained for
DMSO (Fig. 5). The shift in the conformational preferences of
the triply solvated structures towards the d-conformers is
reflected in a decrease in the intensity of the amide I couplet,
which originates from b-structures, and an increase in the
amide II signature, that was found to be characteristic for the
d-structures. Hence, unlike for DMSO, the simulated spectra of
Ace-Trp-NMe� � �(ACN-d3)3 already matched quite well with the
experimentally observed band shapes. Nonetheless, as ACN is
typically considered a weaker hydrogen bonding acceptor than
DMSO, it appeared unlikely that solely triple-solvated structures

would be populated. Combining the double- and triple-solvated
spectra with equal contributions leads to slightly improved
relative intensities of the amide I and II regions, further
supporting the mixed state hypothesis.

The conformational preferences obtained from the analysis
of an MD trajectory of Ace-Trp-NMe in ACN28 agreed nicely with
the DFT-computed populations (Table 2, cf. Fig. S9 for free
energy diagram). It predicted about equal populations of the
b/ppII- and d/a-regions and minor contributions in the g0-range.
To account for the fact that hydrogen bonding of ACN is
typically more directional than for DMSO, our analysis of
solute–solvent interactions considered the N–H� � �C(RN) angle
as an additional geometric criterium together with the N–H� � �N
distance and angle. An ACN molecule was counted as hydrogen
bonded to Ace-Trp-NMe, when it was found closer than 2.7 Å
and with a spatial orientation characterized by an N–H� � �N
angle of 41301 (cf. SI for further details). Under these condi-
tions, the distribution was 32.9%, 45.8%, 18.9% and 2.4% for
the triple- to the non-solvated states, respectively. Visual inspec-
tion of the simulated VCD and IR spectra based on the under-
lying distribution of the conformer families (Table 2; cf. Fig. S3
for conformer family spectra) shows a minor improvement of
the relative intensities compared to the experimental band
shapes.

Ace-Trp-N(n-Pr) in chloroform

As chloroform can formally be considered a very weak hydrogen
bonding donor, it is typically treated as a non-interacting
solvent. As demonstrated also in previous studies on peptide
solvation,17–19 it was thus expected that it should be sufficient

Table 2 Comparison of the distributions over the solvation states Ace-
Trp-NMe� � �(ACN)n predicted for explicitly solvated structures by DFT and
extracted from an MD trajectory

Conf.

DFTa MDb

n = 0 n = 1 n = 2 n = 3 Mixc Totald n = 1 n = 2 n = 3

b 44.5 48.8 52.9 53.4 53.1 38.6 8.3 17.6 11.4
ppII 0.7 23.0 2.8 9.5 10.4
d 36.3 37.2 35.3 44.6 40.0 31.9 5.8 15.1 10.3
g0 17.3 12.6 9.6 4.9 6.5 1.8 3.5 1.0

a Missing percentages are associated with conformers outside the
characteristic regions of the Ramachandran plot. b Hydrogen bonding
criteria: distance (NH� � �N) r 2.7 Å, the angle (N–H� � �N) Z 1301 and
the angle (N–H� � �C) deviating by less than 301 from (N–H� � �N).
c Equal mixture of double and triple solvated states. d Difference
between the total percentage and the sum over solvated states n = 1.3
is due to a few non-solvated structures.

Fig. 5 Comparison of the experimental and computed VCD and IR
spectra of (S)-Ace-Trp-N(n-Pr) in ACN-d3 (0.077 M, 200 mm) with com-
puted spectra of the single, double and triple solvated structures, a 1 : 1
mixture of double and triple solvated state, and an MD-based conforma-
tional distribution.
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to treat the solvent environment implicitly with a continuum
solvation model. Accordingly, we simulated the VCD and IR
spectra of Ace-Trp-NMe based on implicitly solvated structures
(cf. Fig. 2, Table S1), with contributions of 55% b/ppII-, 29.5%
g0- and 14% d-conformers. However, the simulated spectra
presented a rather unsatisfactory match with the experimental
VCD signatures (Fig. 6). The amide I range was predicted with a
faint VCD signature, while the experiment clearly showed a
strong (�)-couplet.

Exploring the reason for this surprising mismatch, we noted
that the spectrum predicted based on DG298K gave a good
match with the experiment (Fig. S4). This resulted from a
change in conformational preferences between the conformer
families, mostly caused by the significant increase in the
population of the b(tp)-conformer. This b(tp)-structure had a
negligible contribution in the DEZPC-based conformational
distribution, and a closer examination revealed a low-
frequency vibrational mode (2.9 cm�1) to boost the entropic
contribution and to lower the Gibbs free energy of this con-
former. Applying entropy corrections30 or computing the
energies and spectra with a different basis set revealed that
this stabilization was only coincidental. It nonetheless raised
the question, whether the truncation of the propyl group may
have affected the conformational distribution. Thus, we
recomputed the spectra by considering the full propyl chain
and the various possible rotamers. The b-, g 0- and d-families of
conformers grew to 46, 30 and 33 structures, but the overall
conformational distribution did not change much: 51.1%
b/ppII-, 31.6% g0- and 17.3% d. For Ace-Trp-N(n-Pr), we
obtained essentially the same VCD and IR signatures as
Ace-Trp-NMe with a slightly more pronounced negative
features in the amide II region (cf. Fig. 6).

A shoulder to the solvent band at 2244 cm�1 indicated
hydrogen bonding interactions of the solute to chloroform-d1

(cf. Fig. S4). To examine whether interactions with chloroform
could induce any significant changes to the conformational
distribution or the VCD signatures, we explicitly considered
hydrogen bonding interactions with two molecules of chloro-
form, each interacting with one of the carbonyl groups
(CQO� � �D-CCl3). The influence on conformer weights was
again rather small (62% b/ppII, 14% d, 25.5% g0). Nonetheless,
the computed VCD spectrum showed at least an improvement
of the amide II region (Fig. 6).

Stronger intermolecular interactions than with chloroform
solvent molecules could be expected among Ace-Trp-NMe
molecules. In fact, the IR spectrum recorded in CDCl3 also
showed a broad band near 3305 cm�1, indicating a certain
degree of self-aggregation. Dimerization (and even higher
aggregation) of Ace-Trp-NMe may occur through a variety of
bonding patterns. Besides open chain dimers with a single
hydrogen bond, also parallel or anti-parallel b-sheet like struc-
tures with two hydrogen bonds are possible (Chart S2). Further-
more, symmetric dimer structures with two indole–NH� � �OQC
interactions are possible, which were even found to dominate
in the gas phase of Ace-Trp-OMe.31 This leads to a drastically
increased conformational space, and the determination of
conformer (family) populations becomes as complicated as
for different solvation states.

To explore whether a better match between experimental
and computed spectra could be achieved by considering dimer-
ization, we carried out an MD simulation for a simulation box
containing two molecules Ace-Trp-NMe immersed in 300 mole-
cules CHCl3, i.e., a ratio roughly matching the experimental
concentration of 0.1 M. To simplify the analysis of the MD
trajectory, we focused only on a distance measure (dCQO� � �H–N

o 3.0 Å) to identify hydrogen bonds. Ace-Trp-NMe was found in
a non-bound state in about 50% of time, in 34% of the
trajectory as an open-chain dimer (Ace-Trp-NMe)2 with a pre-
ference for a single indol–NH� � �OQCAcetyl interactions, and in
an anti-parallel b-sheet structure with two hydrogen bonds
between Trp-NH and Trp-CQO in B12% of the snapshots
(Fig. 7). The remaining percentage distributes over other
dimeric structures.

Accordingly, the spectra of open-chain and anti-parallel
dimeric structures were computed (Fig. S4). The MD simulation
predicted the b - b dimers as the most abundant open-chain

Fig. 6 Comparison of the experimental and computed VCD and IR
spectra of (S)-Ace-Trp-N(n-Pr) in CDCl3 (0.105 M, 100 mm).

Fig. 7 Structures of the lowest energy open-chain and anti-parallel dimer
of Ace-Trp-NMe.
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configuration (B74%; 18% b - g0, 8% b - d). When geometry
optimizations were started from structures with g0- or
d-conformations, the structures mostly reverted to open-chain
b - b dimers, b - d were much higher in energy and b - g0

could not be optimized. In line with the results from the MD
trajectory analysis, however, we found the six lowest energy
structures to be combinations of b(pp) and b(pm) conformers and
to feature indole–NH� � �OQCAcetyl interactions. Structures with
the anti-parallel hydrogen bonding pattern optimized towards
pairs of b/ppII-and g0-conformers, with the b(pp) - b(pp) dimer
being the lowest energy structure of this dimer family (cf. Fig. 7,
Table S10). The VCD and IR spectra were subsequently simu-
lated by mixing the spectra of monomeric Ace-Trp-NMe (50%),
the open-chain dimer (34%), and the anti-parallel dimer (12%).
The resulting spectra nicely resembled the amide I region, but
the amide II region was still lacking the negative component.
The negative band of the amide II is present in the spectrum
of the open-chain dimers but diminished by the positive
contribution from the monomer spectrum (Fig. S4). Certainly,
despite the comprehensive conformational sampling, impor-
tant conformers that could intensify the negative feature
may have been overlooked. We note, however, that combining
the dimer spectra with the spectra of the full structure Ace-
Trp-N(n-Pr) slightly better resembled the experimental spectra
(Fig. 6).32

Conclusions

We have presented the experimental VCD and IR spectra of Ace-
Trp-N(n-Pr) recorded in chloroform-d1, ACN-d3 and DMSO-d6.
Following a micro-solvation approach, we have shown that
double- and three-fold hydrogen-bonded solute–solvent clus-
ters with DMSO-d6 and ACN-d3 need to be considered to
reproduce the experimental data. We further demonstrated
how MD simulations can be used to refine the molecular
picture of solvation by extracting conformer family specific
solvation preferences. Although the computed spectra from
the qualitative micro-solvation analysis and the more in-
depth MD-based interpretation differed only marginally, the
presented methodological approach is promising for more
flexible solutes. In fact, instead of a full consideration of all
solvation states for all conformers, which may be too compu-
tationally expensive or time-consuming, it allows for a pre-
selection of structures to be computed.

Compared to previous studies,16–19 the observation that the
experimental spectra recorded in CDCl3 could not be repro-
duced based on a purely implicit solvation through a conti-
nuum solvation model was unexpected. Dimerization of the
solute had to be considered to obtain a good match with the
experiment, which demonstrated that an analysis of VCD
spectra can give detailed insights into the solution phase
structure of chiral solutes. The fact that neither amide I nor
amide II were correctly reproduced by the continuum solvation
model stressed that solutes cannot always be treated as isolated
molecules in weakly interacting solvents.
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