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Nuclear magnetic resonance (NMR) and quantum mechanical (QM) studies have been carried out for proline
(Pro) containing peptides: N-acetyl-L-proline (AcProOH) and N-acetyl-4-hydroxy-L-proline (AcHypOH).
Preliminary results of variable temperature NMR measurements for Gly-Pro-Gly-Gly (GPGG), Val-Ala-Pro-
Gly (VAPG), and Ala-Pro-Gly-Trp amide acetate salt (APGW) are also reported. The effect of solvent (D2O,
DMSO-d6 and CD3CN) on the pyrrolidine ring conformation and cis/trans-rotamerisation along the amide
bond preceding Pro was investigated by temperature dependent NMR followed by detailed transition state
(TS) searches for both conformational equilibria using QM methods. The results revealed the energetic
characteristics of the TS, which were in satisfactory agreement with NMR, and the corresponding TS
geometries, which are not available from experiment. The most remarkable feature of the cis/trans-
rotamerisation is that the amide nitrogen in AcProOH and AcHypOH adopts a tetrahedral geometry in the
TS. Various HF, DFT, and MP2 calculations together with implicit solvation modeling were employed in
order to identify the most suitable QM protocols for reliable predictions of the geometry and the relative
energies of the conformations of Pro and Hyp containing peptides in aqueous solution. Solution NMR results
were used for the verification of the reliability of the QM predictions. The results indicate that the MP2
calculations combined with implicit solvation models are reasonably accurate in reproducing NMR measured
populations of four different conformations of either AcProOH or AcHypOH in different solvents, whereas
HF and DFT B3LYP calculations were significantly less accurate.

1. Introduction
Proline (Pro) is one of 20 natural amino acids with a

distinctive cyclic side chain. Its specific conformational behavior
is known to affect the denatured state of proteins by increasing
the energy difference between the denatured and the native
states.1 There is no amide hydrogen in proline and the usual
N-H · · ·O type hydrogen bonds are not possible for Pro
residues. In terms of other structural and functional aspects,
proline can act as a structural disruptor in the middle of regular
secondary structures such as R helices and � sheets. In
transmembrane proteins, Pro residues are located in the middle
of transmembrane helices and are highly conserved.2 In water-
soluble proteins, Pro residues in the center of R-helices can cause
a kink of g20° of the long helix axis.3

Proline is one of the main building blocks in collagen, which
is the main protein of connective tissue in mammals, consisting
about 25% of the whole body protein content. Collagen consists
of three peptide chains forming a triple-helix, with each chain
consisting of about 1000 amino acid residues. Formation of the
triple helix conformation requires the presence of a repeated
-Gly-X-Y- sequence, the most common sequence being -Gly-
Pro-Hyp- (Hyp ) 4-hydroxy-L-proline), though other amino acid
residues may also occur as X or Y. It is known that the five
membered rings of Pro and Hyp stabilize the collagen triple
helical structure.4

Compared with other natural amino acid residues, the peptide
bond preceding Pro residues shows a higher tendency for the
formation of the cis-rotamer (10-30% compared with 0.1% for
other amino acid residues, Figure 1).5 An important structural

aspect of proline containing peptides is therefore the ratio and
relative stability of cis- and trans-rotamers along the peptide
bond preceding prolines.6,7 In collagen, for example, all peptide
bonds, including those of Pro and Hyp, are expected to be in
the trans-conformation, and it is believed that high trans-to-cis
ratios ensure higher stability of the triple helical structures. The
trans-to-cis ratios have been used for the explanation of the
stability of triple helical structures.8-10

Although proline is a relatively simple molecule, up to 20
different conformations are still possible for the pyrrolidine ring,
which are separated by small energy barriers, thus making their
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Figure 1. Four typical conformations of N-acetyl-L-proline.
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identification rather difficult.11 An experimental approach most
suitable for the solution state studies is NMR spectroscopy. The
measurement of 3JHH couplings of the cyclic ring provides means
for distinguishing various possible endo- or exo-conformations
of the cyclic ring.12,13 Variable temperature NMR can be used
for estimating energy characteristics of the cis/trans-rotameri-
sation process. At the same time, the ring inversion process of
the pyrrolidine ring is fast in the NMR time scale and only an
averaged conformational behavior can be extracted from the
dynamically averaged NMR parameters. In addition, the proline
protons show strong coupling effects in 1H NMR spectra
requiring full line shape analysis.13 Furthermore, a mixture of
both cis- and trans-rotamers are observed in the same 1H
spectrum leading to further complication of the NMR spectra.
While these problems can be addressed, a more fundamental
problem with NMR is that on interpreting the measured averaged
parameters there can be various possible models which equally
well fit the observed data. Besides, while energy barriers can
be measured from the variable temperature NMR measurements,
establishing the structure of the transition state (TS) is beyond
its capabilities. Quantum mechanical (QM) and molecular
dynamics simulations (MD) are expected to be useful in this
regard,13-29 and herein we explore a combined NMR/QM
approach for conformational studies of N-acetyl-L-proline
(AcProOH) and N-acetyl-4-hydroxy-L-proline (AcHypOH).

2. Experimental Section

NMR Measurements and Calculations. AcProOH, AcHy-
pOH, Gly-Pro-Gly-Gly (GPGG), Val-Ala-Pro-Gly (VAPG), and
Ala-Pro-Gly-Trp amide acetate salt (APGW) were purchased
from Sigma-Aldrich and were used without further purification.
Solution 1H NMR spectra were recorded on Bruker NMR
spectrometers AVANCE400, AVANCE500, and AVANCE600
equipped with a Bruker 5 mm cryoprobe (600 MHz) or room
temperature probes (400 and 500 MHz). Data acquisition and
processing were performed using standard Bruker TopSpin
(version 2.1) software. 1H and 13C chemical shifts in D2O were
calibrated using sodium 3-(trimethylsilyl)propionate (TSP, 1H
0 ppm) and dioxane (1H 3.75 ppm, 13C 67.19 ppm). The
populations of trans- and cis-rotamers (in %) were measured
by integration of 1H NMR spectra. The standard deviation of
such measurements was found to be better than 1%. For
example, from the integrations of 45 1H spectra measured for
AcProOH in D2O at 298 K at three different 1H frequencies
(400, 500, and 600 MHz) the standard deviation was estimated
as 0.44%. The populations of Cγ-exo and Cγ-endo conformers
for each of the rotamers were determined by the analysis of the
measured vicinal spin-spin couplings using simulated anneal-
ing, as described previously,13 with the estimated least-squares
fitting errors included in Table 1. High temperature NMR
measurements were calibrated using ethylene glycol. The
coalescence temperatures were measured using intervals of 1°
around the coalescence point and at least 10 min were waited
between experiments to allow the system to achieve the
equilibrium at each temperature.

Iterative full line shape analyses were carried out using
gNMR.30 Least-squares fittings of the vicinal 3J-couplings were
carried out using a Fortran program based on an approach
described previously,12,13 but using a simulated annealing
algorithm,31 and Karplus-type equations as described by Haas-
noot et al.32 (listed as 8B, 8C, and 8D in ref 32).

Computational Details. All quantum mechanical calculations
were carried out using Gaussian 03.33 Geometry optimisations
were done using mainly HF/6-31+G(d), MP2/6-31+G(d), and

MP2/cc-pVDZ levels of theory; however, other levels were also
tested (see Results and Discussion). Water solvent effects were
introduced in the quantum mechanical calculations using the
reaction field methods IEFPCM34 and CPCM35 models, as
implemented in Gaussian 03. Additional frequency calculations
were also undertaken in order to verify that the optimized
geometries correspond to true minima or transition states by
checking whether no or one imaginary frequency was encoun-
tered. These calculations were also used for computations of
enthalpies and Gibbs free energies at 298 K and 1 atm, as well
as at coalescence temperatures at 1 atm for better comparison
of the NMR and QM results.

Conformational Notation. We use the original conforma-
tional notation proposed by Haasnoot et al. for L-prolines.12 In
particular, E and T letters are used to denote envelope and twist
conformations, with a superscript (subscript) indicating a proline
ring atom above (below) the ring (see Table 1 of ref 12). The
downward orientation of the CO2 group is used as a reference
view and the exo- and endo-orientations of the ring carbons
are defined relative to CO2 (Figure 1). The definition of endo-
and exocyclic torsional angles is shown in Figure 2.

For the ring conformational equilibrium in either cis- or trans-
rotamer, a two-site exchange model between Cγ-endo and Cγ-
exo conformations was assumed based on the previous NMR
and MD results.13 The populations of these ring conformations
in each rotamer are denoted as xendo and xexo (xendo + xexo )
1).12,13

The pseudorotation phase angle, P, which identifies a given
conformation on the pseudorotation circle,11 and the pseudoro-
tation amplitude �m, which is the maximum value attained by
�1-�5.12 The calculations of P and �m were done using equations
by Westhof-Sundaralingam:36

TABLE 1: Conformational Characteristics Obtained from
the Simulated Annealing Fittings of 3J-Couplings at 298 Ka

compound rotamer solvent Pendo/Pexo(°) �m(°) xendo rms (Hz)

AcProOH trans CD3CN 184/20 41.9 0.708 0.56
trans DMSO-d6 183/22 41.0 0.659 0.53
trans D2O 185/14 40.3 0.613 0.49
cis CD3CN 178/31 40.9 0.786 0.61
cis DMSO-d6 179/33 40.8 0.784 0.56
cis D2O 180/23 40.1 0.795 0.55

AcHypOH trans CD3CN 209/13 43.4 0.286 0.31
trans DMSO-d6 210/12 43.2 0.251 0.33
trans D2O 203/13 41.6 0.103 0.39
cis CD3CN 195/20 41.7 0.296 0.36
cis DMSO-d6 192/19 41.5 0.322 0.36
cis D2O 188/22 40.9 0.198 0.42

GPGG trans D2O 189/11 41.0 0.543 0.49
cis D2O 181/24 41.1 0.799 0.66

VAPG trans D2O 187/14 41.0 0.523 0.47
cis D2O 177/20 42.1 0.826 0.59

a The value of �m is assumed to be the same in both endo- and
exo-conformations. The estimated least-squares fitting errors were
(1.0° for P, (0.3° for �m, and (0.003 for xendo.

Figure 2. Atom labeling and definition of endocyclic (left) and
exocyclic (right) torsional angles for AcProOH. The angles F and �
are defined as N-CR

i-1-CR-Cδ and CR
i-1-Oi-1-Cδ-CR, respectively.
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where

Note that 180° is added to the calculated P value if �2 < 0.

3. Results and Discussion

NMR Analysis. Upon recording the NMR spectra of AcProOH
at room temperature, the presence of two rotamers can be
identified, with the cis-rotamer as the less populated form. When
in DMSO-d6, the population of trans-rotamer is 72%, while in
CD3CN it is slightly higher at 82%. In D2O, the population of
trans-rotamer is 79%, which corresponds to the free energy
difference (∆G) of 3.3 kJ mol-1 for the cis-rotamer relative to
the trans-rotamer. For AcProNHMe and AcProNH2 in D2O, the
population of trans-rotamer is 76% (∆G ) 2.9 kJ mol-1)37 and
75% (∆G ) 2.7 kJ mol-1).38 For AcProNHMe in DMSO-d6

the population of trans-rotamer is 65%, while in CD3CN it is
80%. From these results, the relative content of the trans-rotamer
in AcProOH is slightly higher than that of AcProNHMe in all
three solvents used.

The 1H spectra of the Pro fragment were characteristic of
strongly coupled spin systems and were analyzed numerically
using full line shape analysis. The measured NMR parameters
are included in Supporting Information (Table S1-S16). Con-
formational characteristics were determined by the analysis of
the measured vicinal spin-spin couplings using simulated
annealing, as described previously.13

The ring geometries of cis- and trans-AcProOH were found
to be essentially the same in CD3CN, DMSO-d6 and D2O (Table
1), while a significant change in the predicted geometry was
found for cis- and trans-AcHypOH in D2O compared with
AcHypOH in DMSO-d6 or CD3CN. As discussed below, the
NMR predicted values of P and �m (Table 1) were supported
by those calculated by the MP2, DFT, and HF methods in
aqueous solutions, with a better agreement observed for trans-
rotamer compared with cis-rotamer. From the comparison of
the pseudorotation parameters of the pyrrolidine ring in AcProOH,
GPGG, and VAPG in both cis- and trans-rotamers in D2O
(Table 1), the neighboring residues have no significant effect
on the geometry of the pyrrolidine ring. However, a decrease
of the population of the Cγ-endo conformer (xendo, Table 1) was
observed in trans-GPGG and trans-VAPG compared with trans-
AcProOH.

Relative Stability of cis- and trans-Rotamers. The rotameric
cis-to-trans ratio, which is equal to the equilibrium constant K,
was found to vary with temperature. By fitting ln(K) versus 1/T,
the enthalpy (∆H) and entropy (∆S) changes can be calculated
using

where pcis and ptrans are populations of cis- and trans-rotamers,
respectively, T is the temperature (in K), R is the universal gas
constant, and ∆G is the change in the standard Gibbs free
energy. Values for ∆H and ∆S obtained from the least-squares
fitting are shown in Table 2. In order to study the dependence
of the cis-to-trans ratio on the nature of the residue preceding
the Pro residue, we have included the thermodynamic charac-
teristics measured for Gly-Pro-Gly-Gly (GPGG) and Val-Ala-
Pro-Gly (VAPG), together with the ∆G value at 298 K (∆G(298
K)) for Ala-Pro-Gly-Trp amide acetate salt (APGW).

Although only a small number of peptides has been analyzed
so far, some interesting conclusions can be derived from the
results presented in Table 2: (i) The stability of the Hyp residue
toward the trans-to-cis rotamerisation is significantly higher than
that of Pro. (ii) Compared with DMSO-d6 and CD3CN, an
aqueous environment increases the enthalpic stability of Pro and
Hyp residues toward the trans-to-cis rotamerisation process. (iii)
For the Pro containing peptides AcProOH, GPGG, VAPG, and
APGW in D2O, the increase of the size of the residue preceding
the Pro residue leads to an increase of ∆H, while the change of
∆G is less well-defined.

In collagen, where each peptide chain consists of ap-
proximately 1000 amino acid residues, all peptide bonds are in
trans-conformation. From our preliminary results, it can be
speculated that the enthalpic stability of the Pro residues near
the N-termini of collagen chains toward the trans-to-cis rota-
merisation process may be less than those near the C-termini
or in the middle of the chain, and the thermal denaturation of
collagen may therefore prefer to start at its N-termini. Further
examples of Pro peptides with varying size of the peptide chain
are currently under investigation in order to verify this possibility.

Energy Barriers of cis/trans-Rotamerisation from NMR.
The coalescence temperature (Tc) measurements were under-
taken in order to determine the free energy of activation, which
are summarized in Table 3. The free energy barriers were
determined using the method described by Shanan-Atidi and
Bar-Eli.39 The results show a significant decrease of the ∆G‡

values (up to ca. 7%) on changing the solvent from D2O to
DMSO-d6, which can be attributed to hydrogen bonding of one
or more water molecules to the carbonyl oxygen of the acetyl
group. A similar explanation was provided for N-methylaceta-
mide based on ab initio results,40 according to which hydrogen
bonding of the carbonyl oxygen to water may increase the
barrier to cis/trans rotameric exchange by up to 8.8 kJ mol-1.
From the comparison of the data presented in Table 3 for
AcProOH, GPGG, and VAPG in D2O, a decrease of the ∆G‡

values is also observed on increasing the size of the residue
preceding the Pro residue. This observation is in agreement with
the previous findings for the amide bond rotation.41

Comparison of QM and NMR Results. We first compare
the results of geometry predictions by various QM methods and
basis set levels (Table 4). The differences in the geometries
predicted by HF, B3LYP, MP2, CCD, and CCSD are not
significant, although the ring puckering (reflected in the �m

value) is less pronounced in the case of the HF geometries. The
QM calculated geometries for the trans-conformers were in
satisfactory agreement with the NMR measurements, whereas
some significant differences were found for cis-conformers.
However, the accuracy of geometry predictions by NMR is

P ) tan-1(B
A) and �m ) (A2 + B2)1/2,

A ) 2
5 ∑

i)1

5

�i cos(4π
5
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i)1
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subject to systematic errors (e.g., from the parametrization of
the Karplus type relationships). From this point of view, the
differences of less than 10° in P values between NMR and QM
predictions can be considered as satisfactory.

While conventional HF and DFT methods are known to be
accurate in predicting molecular geometries, their performance
inpredictingenergeticcharacteristicsisusuallylesssatisfactory.42-46

We have therefore undertaken several sets of calculations in
order to identify the level of theory suitable for accurate
predictions of the relative stability of Pro and Hyp conformers.

In Table 5, we compare populations of conformers in AcProOH
and AcHypOH obtained by NMR, HF, DFT, and MP2 methods
in water using IEFPCM and CPCM solvation models. In Table
6, we compare the results of MP2 calculations in DMSO and
CH3CN solutions using IEFPCM and CPCM solvation models.
The geometries of all four conformers were optimized at the
shown levels of theory. The values of the sum of electronic
and thermal free energies from the subsequent frequency
calculations were used for calculating populations of conformers.
The rms values calculated over four values of conformer
populations were used as a measure of agreement between NMR
and QM levels of theory.

From the results presented in Table 5, HF and DFT methods
fail to satisfactorily predict populations of conformers in water,
whereas MP2 shows surprisingly good agreement with the
experimental results in different solvents (Tables 5 and 6). We
have also used “mixed” MP2 calculations where larger basis
sets (6-31++G(2d,2p) and aug-cc-pVDZ) were used at the
frequency calculations stage using optimized geometries from
MP2/6-31+G(d) and MP2/cc-pVDZ. However, as apparent from
the results for AcProOH and AcHypOH (Table 5), the perfor-
mance of these mixed level calculations is somewhat unpredict-

TABLE 2: Values of ∆H, ∆S, and ∆G(298 K) Measured from Variable Temperature 1H NMR Spectra for the cis/
trans-Rotameric Exchange

peptide substituent R preceding Pro(Hyp)-CO solvent ∆H (kJ mol-1) ∆S (J K-1 mol-1) ∆G(298 K) (kJ mol-1)

AcProOH -CH3 D2O 3.3 ( 0.1 0.2 ( 0.2 3.2 ( 0.1
AcProOH -CH3 DMSO-d6 2.9 ( 0.1 2.1 ( 0.3 2.3 ( 0.1
AcProOH -CH3 CD3CN -0.7 ( 0.1 -15.0 ( 0.2 3.8 ( 0.1
GPGG -Gly D2O 4.9 ( 0.3 1.2 ( 0.8 4.5 ( 0.3
VAPG -Ala-Val D2O 6.7 ( 0.6 7.2 ( 1.8 4.4 ( 0.6
APGW -Ala D2O - - 5.2 ( 0.2
AcHypOH CH3 D2O 4.4 ( 0.2 1.9 ( 0.5 3.8 ( 0.2
AcHypOH CH3 DMSO-d6 4.4 ( 0.2 5.2 ( 0.8 2.9 ( 0.2
AcHypOH CH3 CD3CN 1.9 ( 0.1 -9.3 ( 0.2 4.7 ( 0.1

TABLE 3: Free Energies of Activation for trans f cis
(∆Gtc

‡ ) and cis f trans (∆Gct
‡ ) Rotamerisations at the

Coalescence Temperatures Shown

peptide solvent Tc (K) ∆Gct
‡ (kJ mol-1) ∆Gtc

‡ (kJ mol-1)

AcProOH D2O 404 82.5 88.8
AcProOH DMSO-d6 388 78.3 80.5
GPGG D2O 380 79.9 84.5
GPGG DMSO-d6 357 72.5 75.3
VAPG D2O 372 76.6 80.5
VAPG DMSO-d6 342 70.4 74.3
AcHypOH D2O 402 84.7 88.3
AcHypOH DMSO-d6 380 79.6 82.1

TABLE 4: Pseudorotation Parameters P (°)/�m (°) of
AcProOH in the Gas Phase and in Water (IEFPCM)

method tn tx cn cx

NMR (in D2O) 185/40.3 14/40.3 180/40.1 23/40.1
CCSD/cc-pVDZ

(gas phase)
171/38.8 23/39.4 168/39.6 16/39.1

CCD/cc-pVDZ
(gas phase)

171/38.7 23/39.3 168/39.5 16/39.0

MP2/cc-pVTZ
(gas phase)

176/39.8 17/40.5 172/39.8 13/40.3

MP2/cc-pVDZ
(gas phase)

174/39.9 20/40.5 170/40.6 13/40.4

MP2/6-31+G(d)
(gas phase)

174/39.0 21/40.3 172/39.6 17/40.1

HF/6-31+G(d)
(gas phase)

174/36.1 21/37.3 171/37.0 20/37.4

CCSD/cc-pVDZ
(in water)

184/39.0 10/39.5 170/40.0 17/39.4

MP2/cc-pVDZ
(in water)

180/40.3 10/40.8 171/40.8 14/40.7

MP2/6-31+G(d)
(in water)

181/39.0 13/40.4 173/39.4 17/40.3

B3LYP/6-31G(d)
(in water)

179/37.1 11/37.8 172/37.5 17/37.5

B3LYP/6-31+G(d)
(in water)

181/36.0 12/37.7 173/36.9 17/37.6

HF/cc-pVDZ
(in water)

181/36.4 13/37.7 172/37.1 19/37.6

HF/6-31+G(d)
(in water)

180/36.5 13/37.8 172/37.1 19/37.7

HF/4-31G
(in water)

182/36.9 16/37.0 170/37.2 24/36.9

TABLE 5: Populations of Conformers (in %) in AcProOH
and AcHypOH in Water at 298 Ka

method cn cx tn tx rms(%)

Ac-Pro-OH
NMR 17 4 48 31
MP2/6-31++G(2d,2p)//MP2/6-31+G(d) 14 3 45 39 4
MP2/aug-cc-pVDZ//MP2/cc-pVDZ 18 9 42 31 4
MP2/6-31+G(d) 15 3 51 31 2
MP2/6-31+G(d) (CPCM) 12 3 59 26 6
MP2/cc-pVDZ 23 5 51 21 6
MP2/cc-pVDZ (CPCM) 23 5 51 21 6
HF/6-31+G(d) 6 2 64 28 10
HF/cc-pVDZ 9 2 66 23 10
HF/4-31G 8 1 73 17 15
B3LYP/6-31+G(d) 6 6 43 45 10
B3LYP/6-31G(d) 16 6 64 14 12
B3LYP/cc-pVDZ 19 7 46 28 3
Ac-Hyp-OH
NMR 3 14 9 74
MP2/6-31++G(2d,2p)//MP2/6-31+G(d) 1 12 6 81 4
MP2/aug-cc-pVDZ//MP2/cc-pVDZ 2 40 4 54 16
MP2/6-31+G(d) 1 10 6 83 5
MP2/6-31+G(d) (CPCM) 2 9 6 83 5
MP2/cc-pVDZ 5 15 14 66 5
MP2/cc-pVDZ (CPCM) 4 15 13 68 4
HF/6-31+G(d) 4 2 41 53 20
HF/cc-pVDZ 5 6 43 46 22
B3LYP/6-31+G(d) 12 26 7 55 12
B3LYP/6-31G(d) 8 9 28 54 14
B3LYP/cc-pVDZ 9 14 35 43 20

a Unless otherwise specified, the IEFPCM solvation model was
used.

cis/trans-Rotameric Interconversion in Prolines J. Phys. Chem. A, Vol. 113, No. 40, 2009 10861



able. Attempts were also made to optimize geometries at MP2/
6-31++G(2d,2p) and MP2/aug-cc-pVTZ levels; however, these
proved to be prohibitively expensive. Considering the overall
performance, we can conclude that the MP2 calculations
combined with either IEFPCM or CPCM solvation models are
reasonably accurate in reproducing NMR measured conforma-
tional characteristics of either AcProOH or AcHypOH, whereas
HF and DFT B3LYP calculations are significantly less accurate.
As the IEFPCM model performed slightly better than the CPCM
model for the MP2 calculations in water (Table 5), only the
IEFPCM model is used in the transition state searches in water
described below.

QM Analysis of the Pseudorotation of the Pyrrolidine
Ring. The calculated thermodynamic properties are summarized
in Table 7, where ∆E is defined as the difference in sum of
electronic and zero point (ZP) energies. Similarly, ∆H is equal
to the difference in the sum of electronic and thermal enthalpies,
whereas ∆G corresponds to the difference in the sum of
electronic and thermal free energies.

The ∆E‡ values are comparable to those determined for
AcProNHMe in water.22,23 However, in AcProOH, the Cγ-endo
conformer was established as the minimum energy conformer
in agreement with the NMR results (see below discussion),
whereas the Cγ-exo-conformer was reported as the preferred
conformation in AcProNHMe according to the B3LYP/6-
311++G(d,p)//HF/6-31+G(d) calculations in water using the
CPCM solvation model.22,23

From the MP2/6-31+G(d) calculations for AcHypOH, the
∆E‡, ∆H‡, and ∆G‡(298 K) values for the trans-TS relative to
the lowest energy tx conformer were 14.9, 12.8, and 17.9 kJ
mol-1 in water and 9.3, 6.9, and 13.0 kJ mol-1 in the gas phase
(Supporting Information, Table S17). These results suggest that
the pyrrolidine ring in AcHypOH is less flexible than in
AcProOH in aqueous environment.

The geometric characteristics of different conformers and
transition states are compared in Table 8. The improper dihedral
angle F(N-Ci-1-CR-Cδ) is introduced in order to reflect the
pyramidality of the N atom in Pro. Some significant differences
in the torsion angles for the tn and tx ground state conformations,

as well as for transition state (TS) at the MP2/cc-pVDZ level
and HF/6-31+G(d) levels, were found. As apparent from Table
8, in the ground state, the N atom of Pro is not exactly planar,
especially in the gas phase on using MP2 calculations. However,
this is not a specific feature characteristic for the Pro nitrogen.
For comparison, in the case of MP2/cc-pVDZ optimized
geometries of dimethylacetamide F equals 10.8° in the gas phase
and 7.0° in water (IEFPCM solvation model). Additional MP2/
aug-cc-pVTZ and CCSD/cc-pVDZ calculations of the tn
conformer of AcProOH in the gas phase also showed a slightly
out of plane N atom with F equal 9° and 10°, respectively.
Overall, the Pro ring and the Pro nitrogen geometries predicted
by MP2/cc-pVDZ and MP2/6-31+G(d) (Supporting Informa-
tion, Table S18) are less planar in both ground and transition
states than those by HF/6-31+G(d).

All of the transition states between Cγ-endo and Cγ-exo ring
conformations for AcProOH (Table 8) and AcHypOH (see
below) were found to have an NE geometry (Figure 3). A similar
NE (P ) 94°, �m ) 28.4°) transition state geometry was
previously reported for the ring flip process in the trans-rotamer
of AcProNHMe based on the B3LYP/6-311++G(d,p) calcula-
tions.20 The planarity of the N atom is significantly distorted in
the transition state with F ≈ 18°. However, the N-Ci-1 bond in
AcProOH was only slightly longer in the TS compared with
the ground states; for example, from MP2/cc-pVDZ calculations
in water, the N-Ci-1 bond lengths were 1.363 Å (in tn) and
1.371 Å (in TS(tn T tx)).

From the calculated maximum puckering angle �m, it is clear
that ∆G‡(298 K) (Table 7) is dependent on �m values in both
the ground and the transition states (Table 8). In particular,
at the MP2 level, �m is greater than that at the HF level in tn
and tx conformers. Correspondingly, the energy barrier for the
conformational ring interconversion is larger. The smaller value
of the ∆G‡(298 K) at the HF level may also be attributed to the
fact that the TS geometry by HF/6-31+G(d) is more flattened
than that by MP2/cc-pVDZ (Table 8).

QM Analysis of cis/trans Rotameric Interconversion.
Initially, synchronous transit-guided quasi-Newton (STQN)
method was used for the transition state searches.47 Here the
trans, cis, and an initial transition state structures were provided
as input data. The initial TS structure was built by the rotation
about the N-Ci-1 bond by 90°. Results obtained by this method
were not satisfactory, as the energy differences between the
values for the TS and those for the tn-conformer in water were
approximately 160 kJ mol-1 by HF/6-31+G(d) and approxi-
mately 130 kJ mol-1 by MP2/cc-pVDZ, which are significantly
higher than the experimentally measured value of approximately
88 kJ mol-1.

Subsequent HF and MP2 calculations were carried out in
which the amide bond rotamerisation was simulated in a
stepwise manner. As shown previously, the virtual angle �
(Figure 2) is better suited for describing the progress of the
rotamerisation process than ω′.16 The dihedral angle � was either
incremented or decremented in 10° steps in order to simulate
clockwise or anticlockwise rotation of the acetyl fragment. At
each step, the dihedral angle � was fixed with all of the
remaining degrees of freedom optimized using MP2 calculations.
A relaxed one-dimensional (1D) potential energy surface (PES)
scan was performed in this manner, and minimized energies at
each step were obtained (Figure 4).

This method provides the following ∆E‡ values for the trans-
to-cis rotameric conversion on anticlockwise rotation for Cγ-
endo and Cγ-exo conformers of AcProOH in water: ∆E‡ ) 87.6
kJ mol-1 and 86.5 kJ mol-1, respectively, at the MP2/6-31+G(d)

TABLE 6: Populations of Conformers (in %) in AcProOH
and AcHypOH in Different Solvents at 298 K Predicted by
NMR and MP2 Methods

method solvent cn cx tn tx rms (%)

Ac-Pro-OH
NMR DMSO-d6 22 6 48 24
MP2/6-31+G(d) (IEFPCM) DMSO 12 3 56 29 7
MP2/6-31+G(d) (CPCM) DMSO 13 4 55 29 6
MP2/cc-pVDZ (IEFPCM) DMSO 22 5 52 22 2
MP2/cc-pVDZ (CPCM) DMSO 22 5 51 22 2
NMR CD3CN 14 4 58 24
MP2/6-31+G(d) (IEFPCM) CH3CN 12 3 54 31 4
MP2/6-31+G(d) (CPCM) CH3CN 15 4 49 32 6
MP2/cc-pVDZ (IEFPCM) CH3CN 22 4 54 20 5
MP2/cc-pVDZ (CPCM) CH3CN 22 4 54 20 5
Ac-Hyp-OH
NMR DMSO-d6 4 9 22 65
MP2/6-31+G(d) (IEFPCM) DMSO 2 10 6 82 12
MP2/6-31+G(d) (CPCM) DMSO 2 9 7 82 11
MP2/cc-pVDZ (IEFPCM) DMSO 5 19 23 53 8
MP2/cc-pVDZ (CPCM) DMSO 5 15 18 62 4
NMR CD3CN 5 19 22 54
MP2/6-31+G(d) (IEFPCM) CH3CN 2 11 8 79 15
MP2/6-31+G(d) (CPCM) CH3CN 2 7 7 84 18
MP2/cc-pVDZ (IEFPCM) CH3CN 4 18 16 62 5
MP2/cc-pVDZ (CPCM) CH3CN 5 17 16 62 5
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level and 87.5 kJ mol-1 and 87.0 kJ mol-1, respectively, at the
MP2/cc-pVDZ level. We note that significantly lower values
in the wide range of 54.8-80.7 kJ mol-1 for the barriers to
rotation of the Ac-Pro peptide bond in AcProNHMe were
reported previously on the basis of the calculation at the HF/
6-31+G(d) level with the CPCM solvation model.19 In a
subsequent publication by the same group, the new value of
∆Gtc

‡ (298 K) ) 90.4 kJ mol-1 in water was reported on the
basis of the B3LYP/6-311++G(d,p)//CPCM HF/6-31+G(d)
calculations for the trans-to-cis rotameric conversion.22 No MP2
transition state searches were reported for AcProNHMe.

As apparent from the highest energy structures shown in
Figure 4, nitrogen adopts a tetrahedral geometry near the
transition state (P ) 255°, �m ) 48.5°, F)-37.3° for AcProOH
shown in Figure 4a and P ) -28°, �m ) 43.9°, F)-33.8° for
AcHypOH shown in Figure 4b). Interestingly, the anticlockwise
rotation starting from the tx conformation of AcProOH leads
to the highest energy structure with the endo-conformation of
the ring (Figure 4), similar to that found on the anticlockwise
rotation starting from the tn conformation. Consequently, both
cases lead to the final structure in the cn conformation, which

has a lower relative energy compared with the cx conformation
according to the NMR results (Table 1). No such ring transition
was found for the tn conformation of AcHypOH, presumably

TABLE 7: Energetic Characteristics (kJ mol-1) of the endo/exo TS for AcProOHa

HF/6-31+G(d) MP2/cc-pVDZ MP2/6-31+G(d)

Conformer ∆E‡ ∆H‡ ∆G‡(298 K) ∆E‡ ∆H‡ ∆G‡(298 K) ∆E‡ ∆H‡ ∆G‡(298 K)

TS(tnTtx) (H2O) 10.6 9.2 11.5 12.3 10.6 14.6 12.9 11.3 14.5
TS(tnTtx) (gas) 8.5 6.8 10.5 10.1 8.3 12.5 9.9 8.1 11.9
TS(cnTcx) (H2O) 10.2 8.7 11.5 11.5 9.6 14.1 12.3 10.6 14.4
TS(cnTcx) (gas) 9.5 7.8 11.3 10.5 8.5 14.1 10.8 8.9 14.0

a The TS energies are given with respect to the Cγ-endo conformer with the lowest energy.

TABLE 8: Torsion Angles (°) and Pseudorotation Parameters (°) for trans-AcProOH from QM Calculationsa

MP2/cc-pVDZ HF/6-31+G(d)

Conformer ω′ φ ψ �m P F ω′ φ ψ �m P F

tn (H2O) 178 -67 158 40 180 5 -178 -73 161 36 180 -1
tx (H2O) 180 -58 146 41 11 -1 -178 -63 154 38 13 -4
cn (H2O) -6 -72 171 41 171 6 2 -81 171 37 172 -2
cx (H2O) -2 -62 166 41 14 -1 -2 -65 167 38 19 -2
TS(tnTtx) (H2O) 170 -68 168 34 93 17 177 -73 164 25 92 7
TS(cnTcx) (H2O) -22 -67 -179 36 90 19 -10 -76 173 28 89 7
TS(tnTcn) (H2O) 116 -77 174 49 257 -39
TS(txTcn) (H2O) 116 -78 175 49 256 -39
tn (gas) 174 -63 155 40 173 10 178 -72 158 36 173 3
tx (gas) 176 -54 143 41 19 6 178 -62 152 37 21 1
cn (gas) -8 -70 169 41 169 8 1 -78 169 37 171 0
cx (gas) 1 -62 165 40 13 -2 -1 -64 167 37 20 -1
TS(tnTtx) (gas) 168 -65 165 36 92 20 173 -70 162 30 89 12
TS(cnTcx) (gas) -24 -65 179 37 90 21 -12 -73 171 30 88 10

a The improper dihedral angle F(N-Ci-1-CR-Cδ) is introduced in order to reflect the pyramidality of the N atom in Pro. The dihedral angle Ψ
is defined as HO-Ci-CR-N.

Figure 3. Geometries of the ground and transition state conformations
of AcProOH optimized at the MP2/cc-pVDZ level in water using the
IEFPCM solvation model.

Figure 4. Anticlockwise rotations starting from the tx conformations
of AcProOH (a) and AcHypOH (b) in water by MP2/6-31+G(d) using
the IEFPCM solvation model. The highest energy structures are also
shown. The change of the ring conformation from P ) -88°/�m )
49.1° at � ) 98.1° to P ) 268°/�m ) 49.2° at � ) 88.1° was observed
for AcProOH (a). No such transition was observed for AcHypOH.
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because of the higher free energy barrier for the endo/exo
transition in AcHypOH compared with that in AcProOH (17.9
and 14.5 kJ mol-1, respectively, at 298 K from MP2/6-31+G(d)
IEFPCM(H2O) calculations).

Having identified the structure near the TS, we then used the
structure with the highest energy from the torsional scans as
the third structure in the new set of STQN searches. Additional
frequency calculations were undertaken in order to confirm that
the optimized structure corresponds to the TS. The final TS
geometries for AcProOH are included in Table 8 and in
Supporting Information (Table S18). In a similar manner, we
have also located the transition states for AcHypOH, details of
which are included in Supporting Information (Table S19).

From the MP2/cc-pVDZ calculations in water, the angle F
reflecting the pyramidality of the N atom reaches a value of
-38.7°. For comparison, calculations at the same level in water
predict F ) 35.2° and the N-C bond length of 1.459 Å in
trimethylamine (34.5° and 1.456 Å, respectively, in the gas
phase), the N atom of which is expected to be pyramidal. The
N-Ci-1 bond in AcProOH was significantly longer in the TS
compared with that in the ground states; for example, from MP2/
cc-pVDZ calculations in water, the N-Ci-1 bond lengths were
1.363 Å (in tn) and 1.460 Å (in TS(tnT cn)). These MP2 results
are in agreement with those reported recently for AcProNHMe
in water by QM/MM MD simulations, in which HF/4-31G
level of theory was used for AcProNHMe.29

In Table 9, we compare the MP2 calculated energy barriers
for trans-to-cis rotameric conversion determined as a difference
in Gibbs free energies, which were calculated using frequency
calculations at 298 K. Additional high-temperature calculations
were also undertaken for better comparison with the NMR data.
The MP2/6-31+G(d) results for both AcProOH and AcHypOH
at the corresponding coalescence temperatures are in good
agreement with the experimentally determined values. As
discussed above, compared with HF and DFT methods, the
MP2/6-31+G(d) protocol combined with the IEFPCM solvation
model is also better suited for reproducing other conformational
characteristics in aqueous solutions than MP2/cc-pVDZ, such
as NMR measured populations and geometries of four different
conformations of either AcProOH or AcHypOH.

In conclusion, our results reveal that the ground and transition
states with the energetic characteristics in satisfactory agreement
with NMR can be obtained using the MP2/6-31+G(d) level of

theory combined with the IEFPCM solvation model. The most
remarkable feature of the cis/trans-rotamerisation is that the
amide nitrogen in AcProOH and AcHypOH adopts a tetrahedral
geometry in the transition state. We have also shown that the
MP2 calculations combined with implicit solvation models are
reasonably accurate in reproducing NMR measured populations
of four different conformations of either AcProOH or AcHypOH
in different solvents, whereas HF and DFT B3LYP calculations
were significantly less accurate. From the experimental NMR
measurements of various Pro containing peptides, the relative
stability of the cis- and trans-rotamers and the free energy of
activation for the cis/trans-rotamerisation showed a significant
dependence on the solvent properties and on the nature of the
substituent preceding the Pro residue.
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