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1H NMR titration experiments have been used to establish that minimal proline-based models show
enhanced binding selectivity towards phenol in CDCl3, relative to other similarly protected amino acid
residues. Cooperative binding effects appear to play a role, with sarcosine models affording binding
constants to phenol intermediate to those obtained from proline models and other amino acid models.
The mechanism for binding, based on DFT calculations and the application of Hunter’s molecular
recognition toolbox model, cannot be solely attributed to hydrogen bond strength, and appears to be
mediated through C–H-p bonds and the rotational freedom of the amide substrate.

Introduction

Phenolic compounds are extremely important components of
plants, and are consumed in the diet through a number of sources,
including in high levels in both tea and wine. These molecules
have received much publicity due to their antioxidant nature,
and the perceived health benefits that arise from this activity.1

However, free in solution, phenolics may interact adversely with
biomolecules because they are able to participate directly in
oxidative processes, as well as possessing one or more nucleophilic
sites in the reduced form and reactive electrophilic sites once
oxidised.2

In nature, animals are able to compensate for the destructive
properties of phenolics through the selective binding of these
tannic components to proteins.2,3 The phenolics are then able
to impart their antioxidant ability, whilst being protected from
reaction with the general cellular environment.4–8 This is achieved
in humans and other animals, when they are exposed to a tannin-
rich diet, through the excretion of two classes of salivary proteins,9

histidine-rich proteins (HRPs), which are present constitutively,
and proline-rich proteins (PRPs) that are present in increased levels
(up to 70% of the parotid salivary protein).3,10–12

The binding of proteins, particularly PRPs, to polyphenolics
has been extensively studied,13–39 since protein–tannin complexes
are key to the sensation of astringency.40–46 Specificity for binding
to the proline features of PRPs, which constitute approximately
35% of the protein content, was postulated by Hagerman and
Butler from the results of competitive assays.21 In this work, all
polypeptides that showed good affinity for proanthocyanidin also
contained high amounts of proline. It was noted that polyproline
and polysarcosine showed similar affinities for proanthocyanidin.
Small peptides were unable to compete satisfactorily in this assay,
highlighting the requirement for several additive or synergistic
interactions. Subsequent detailed 1H NMR studies have since
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confirmed that the main interaction of the phenolic rings of
tannins is primarily with the proline of PRPs.35–39

The study of minimal models provides a framework by which
to better understand residue-specific interactions and their con-
tribution to supramolecular assemblies. This can help, with the
aid of the studies already carried out on full protein–tannin
models, to establish firstly what are the underlying residue-specific
driving forces for interaction on an easily understood single-
molecule scale, and secondly where the gaps in understanding
are on going from intermolecular to supramolecular species.
In this context, this work examines a selection of N-acetylated
amino acid esters 1a–e and 2, as well as N-acetyl pyrrolidine
3, and their interaction with phenol 4 by 1H NMR titration
methods. The thermodynamics of the interaction of N-acetyl
proline methyl ester 2 and phenol 4 are examined in further detail.
These results have been complemented by calculations of the
structures of relevant amino derivatives 1–3, with determination
of their electrostatic potentials to elucidate key contributions
to the binding mechanism, discussed in the context of Hunter’s
molecular recognition toolbox model.47 This combination allows
separate contributors to the binding to start to be understood.

Experimental methods

Synthesis of compounds

The L-amino acid derivatives 1a–e and 2 were prepared from
the corresponding L-amino acids as previously described in
the literature,48–50 as was the N-acetyl pyrrolidine 3.51 Extended
experimental data is provided in the ESI.† Phenol 4 was purchased
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from Sigma-Aldrich, and used as received. The structures and
purity of all compounds were verified by NMR prior to use.

1H NMR titrations

1H NMR titrations were performed on a 500 MHz Bruker
Avance spectrometer with a 5 mm broad band observation (BBO)
gradient probe with calibration from the position of residual non-
deuterated solvent, cross referenced to trimethylsilane (TMS).
Each measurement was taken on at least three freshly prepared
samples for each concentration point. Solutions (10 ml) of the
compounds 1–4 were prepared at known concentrations in CDCl3.
For the direct titration, aliquots of 1.0 mol dm−3 of phenol 4 were
added to 45 ll each of 0.1 mol dm−3 of the amides 1–3, with
addition of extra CDCl3 to make up the total volume to 500 ll.
A 1H NMR spectrum was recorded after each aliquot addition
and the chemical shifts of the proton signals of the amides 1–
3 were monitored with each addition. The association constants
(Ka) and predicted change in chemical shift to produce saturation
of association (Ddpred) were derived by plotting non-linear titration
curves using the computer graphing program, Mac-Curve-FitTM.
The association constant, Ka, is obtained by application of eqn
(a)–(c), which allow the observed chemical shift values of any
given proton signal, dobs, to be fitted as a function of the initial
concentration of phenol 4. The association constant for each
experiment was evaluated as the weighted average on the observed
change in chemical shift for all signals monitored.

(a)

[H] = [H]i − [HG] (b)

(c)

Where du is the chemical shift of the unbound host and db is
the shift of the bound complex and [H]i and [G]i are the initial
concentrations of host and guest, respectively.

The stoichiometry of the association between the proline
derivative 2 and phenol 4 was ascertained by the continuous
variation method, otherwise known as Job plot analysis.52 1H
NMR spectra were obtained using a range of different ratios
of 2 and 4 and every proton signal of the proline derivative 2
was analysed for each rotamer. At the concentrations chosen to
perform the Job plot analysis (0.1 mol dm−3 to 1.0 mol dm−3), the
proton signals of the proline derivative 2 were generally easier to
resolve than when performing the 1H NMR titration experiments,
especially for the trans-rotamer.

Standard spectra were analysed at 20 ◦C, with probe tempera-
ture maintained by electronic heating and liquid nitrogen cooling.
In a similar fashion, all temperature dependent plots were cooled
or heated as required to the specific temperature with equilibration
of samples prior to measurement.

Table 1 Association constants of selected amides 1–3 with phenol 4 in
CDCl3 based on 1H NMR titration results

Compound Ka 1 (mol−1 dm3)

N-Ac-Gly-OMe 1a 2.4 ± 0.6
trans-N-Ac-Sar-OMe 1b 6.0 ± 2.7
cis-N-Ac-Sar-OMe 1b 6.9 ± 1.1
N-Ac-Ala-OMe 1c 2.4 ± 0.8
N-Ac-Phe-OMe 1d 2.2 ± 1.1
N-Ac-O-Bzl-Tyr-OMe 1e 2.7 ± 0.7
trans-N-Ac-Pro-OMe 2 18.5 ± 2.9
cis-N-Ac-Pro-OMe 2 28.0 ± 8.1
N-Ac-Pyr 3 14.0 ± 8.5

Electrostatic surface calculations

Density functional theory (DFT) calculations were performed
using the Spartan ‘02 programme.53,54 The minimum energies of
both rotamer conformations of 2 were obtained by an initial
conformer distribution calculation, at the B3LYP/6-31(d) level
of theory. The generated conformations were then optimised to
obtain equilibrium geometry structures. The equilibrium geome-
try structures of 1–4 were also calculated at B3LYP/6-31(d). All
structures were confirmed as minima by the absence of negative
frequencies. Electrostatic potential surfaces of molecules 1–4 were
generated also using Spartan ‘0253,54 at the B3LYP/6-31G(d) level.

Results and discussion
1H NMR titrations

NMR titrations provide one method to identify binding interac-
tions between species. For 1H NMR, the change in chemical shift
of protons of a molecule of interest can be monitored in response to
increasing quantities of a complexing agent, and usually indicate
a change in the chemical environment of species one initiated
by species two. From these changes in chemical shift, binding
constants, Ka, can be calculated. The Ka values obtained for the
amide derivatives 1–3 with phenol 4 are presented in Table 1.

The Ka values for the glycyl, alanyl, phenylalanyl and tyrosyl
derivatives 1a and 1c–e, respectively, indicate negligible binding
within experimental error. A slightly more significant binding is
observed for the sarcosine derivative 1b, with a predicted Ka of
around 6 mol−1 dm3. For the proline and pyrrolidine derivatives 2
and 3, the measured Ka increases to around 14 mol−1 dm3 in the
case of 3, 18 mol−1 dm3 for the trans-rotamer of 2 and 28 mol−1 dm3

for the cis-rotamer. Whilst these are small values compared with
typically reported binding constants, the trend and relative values
are reproducible for these systems.

Two rotamer conformations of the tertiary amides 1b and 2,
termed trans- and cis-rotamers (see e.g. Scheme 1), are observed
directly on the NMR time scale. This phenomenon is seen with
many tertiary amides.55–59 The trans-rotamer is more prevalent
than the cis-rotamer and the rotamer conformations of both
sarcosine 1b and proline 2 were estimated to be at approximately
a 4 : 1 ratio in a CDCl3 solution from analysis of the 1H NMR
integrals.

The two rotamer conformers of both sarcosine 1b and proline
2 were analysed separately by 1H NMR titration. The changes in
chemical shift of the a-protons of proline 2 (proton 1, Scheme 1),
with addition of phenol 4, are illustrated in Fig. 1. The a-proton
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Scheme 1 The two rotamer conformations of N-Ac-Pro-OMe 2. The
amide bond rotation equilibrium is observed directly on the NMR time
scale and both conformers are observed on a 1H NMR spectrum.

Fig. 1 A stack plot showing the a-proton signals of N-Ac-Pro-OMe 2
as a gradually increasing concentration of phenol 4 is added, shown in
mol dm−3 (M) to the left. The solutions were made up in CDCl3 solution,
and the concentration of 2 is 0.009 mol dm−3. When no phenol is present
the signals correspond to (from left to right): dH 4.49, doublet of doublets
(trans) a-CH; 4.38 ppm, doublet of doublets (cis) a-CH. Both a-proton
signals appear to change in chemical shift with addition of phenol.

signal was monitored due to the relatively large change in chemical
shift compared to the other signals, and also the ease of resolving
both rotamer conformation signals.

The association of the trans-rotamer of 2 to phenol 4 resulted in
one saturation point, but association to the cis-rotamer produced
two saturation points (Fig. 2). This suggests that a secondary
association occurs, unique to the cis-rotamer, with a quantifiable
Ka value. However, the Ka values obtained for the secondary
association are appreciably smaller than the initial association
with values around 7 ± 1 calculated.

With association of the proline derivative 2 to phenol 4, the
largest changes in chemical shift observed for the signals of the
trans-rotamer protons are those corresponding to the a-proton
and one specific NCH2 proton. Although it is not possible to
assign the facial locality of the protons, the larger change in
chemical shift of a specific NCH2 proton does suggest specific
facial association. The direction in chemical shift is also significant;
the down-field shift observed for the a-proton signal is presumably
due to deshielding by either an electron-withdrawing group, for
example the phenolic oxygen, or due to the ring current of the
aromatic ring. The up-field shift observed by the NCH2 proton

Fig. 2 (a) trans- and (b) cis-N-Ac-Pro-OMe 2 a-1H NMR titration
curves with addition of phenol 4. The curves indicate that the trans-rotamer
associates at a 1 : 1 ratio that results in a down-field change in chemical
shift of the a-proton, but the cis-rotamer appears to produce a secondary
association with 4, and an up-field shift is observed after the initial
down-field change in chemical shift.

signal is most probably due to shielding caused by the ring
current of the phenolic aromatic ring. The observed chemical
shift changes of the cis-rotamer proton signals are significantly
different. The initial association results in the chemical shift of the
protons moving down-field, apart from one of the ring protons,
although this observation is confounded by overlapping proton
signals. The secondary association causes the chemical shift of
most of the protons to move up-field, with the most significant
differences being observed for the ring protons. Although the
low concentration of the cis-rotamer makes the observations less
reliable, the results suggest that a very different mode of association
occurs than is seen for the trans-rotamer of 2.

The difference in association mechanism of the two rotamers is
further highlighted when continuous variation (Job plot) analysis
is carried out. This method allows the stoichiometry of binding
to be determined through variation in the concentration of
each analyte whilst maintaining a constant concentration of the
combined analytes. The resulting Job plots are presented in Fig. 3.

Fig. 3 indicates that for both rotamers of the proline derivative
2, the largest changes in shift are associated with the a-proton
in each case. For the trans-rotamer the maxima for the a-proton,
OCH3 protons and NAc protons are around 0.45 indicating that
the stoichiometry is likely to be 1 : 1, although this maximum
value could suggest that a second stoichiometry is possible.
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Fig. 3 Job plots monitoring the a-proton (�), the OCH3 protons
(�), the N-AcCH3 protons (♦), and the NCH2 protons (D and ×) of
trans-N-Ac-Pro-OMe (a), and cis-N-Ac-Pro-OMe (b) at different ratios of
phenol 4.

However, when monitoring the NCH2 proton signals, a maximum
of around 0.40 was obtained. This can be attributed due to errors
in measurement arising from signals corresponding to the cis-
rotamer overlapping with the trans-rotamer proton signals. The
maxima for the cis-rotamer is about 0.3 and indicates that a
different stoichiometry is prevalent, probably 2 : 1. However,
with such small changes in chemical shift for the cis-rotamer
association, the results become difficult to interpret.60

The association of both rotamers 2 with phenol 4 was examined
at different temperatures to extract thermodynamic information.
When the temperature of the system is decreased, the initial
association (Ka1) to both of the rotamers is strengthened (Table 2).
A secondary association (Ka2) to the trans-rotamer was also seen,

Fig. 4 (a) trans- and (b) cis-N-Ac-Pro-OMe 2 Ka1 values for the
association to phenol 4 vs. temperature. R2 = 0.96 (trans) and 0.92 (cis).

in a similar manner as observed with the cis-rotamer at room
temperature. As the temperature is increased, this secondary
association to the trans-rotamer disappears. Fig. 4 illustrates how
the Ka1 values correlate with temperature. A linear relationship fits
both sets of data relatively well, with R2 values of 0.96 and 0.92 for
the trans- and cis-rotamers respectively. The lower correlation of
the cis-rotamer association can be accounted for by larger errors
associated with the measurements than for the trans-rotamer. Both
correlations indicate that lower temperatures enhance the initial
association, as would be expected for a binding process and where
competitive interactions may occur.

The value of the change in enthalpy when association occurs
(DH) was calculated as −10.3 ± 3.9 kJ mol−1 for the trans-rotamer
using the van’t Hoff equation,61 from the gradient of a plot of lnKa

vs. 1/T. This value is consistent with a moderate hydrogen-bonding
interaction.62 d6-DMSO typically competes for hydrogen-bonding
sites47 and addition (0.1 M) to the system commensurately reduced
the Ka1 to a very low level, namely from 18.5 ± 2.9 to 0.43 ± 0.06
for the trans-rotamer and from 28.0 ± 8.1 to 0.93 ± 0.30 for the cis-
rotamer. This suggests that hydrogen bonding may be important
in maintaining the complex.

The DG values of the association of the trans-rotamer of N-Ac-
Pro-OMe 2 with phenol 4 were calculated from the experimental
Ka values at each temperature and the value of DH derived
above (Table 2). These values are all consistent, all being around
7 kJ mol−1, reflective of a process that is favoured at the
temperatures examined.
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Table 2 a-1H NMR titration results for trans- and cis-N-Ac-Pro-OMe 2—phenol 4 association at different temperatures with corresponding
thermodynamic data

Temperature/K Ka1/mol−1 dm3 Ka2/mol−1 dm3 DG/kJ mol−1 DH/kJ mol−1 DS/J K−1

trans-Rotamer 253 31.3 ± 4.9 5.3 ± 1.7 −7.2 ± 0.7
273 21.4 ± 3.6 6.8 ± 3.4 −7.0 ± 0.8
293 18.5 ± 2.9 — −7.1 ± 0.8 −10.3 ± 3.9 −10.8 ± 5.9
313 11.5 ± 4.0 — −6.4 ± 1.9

cis-Rotamer 253 39.2 ± 10.9 3.4 ± 1.4
273 31.9 ± 9.1 2.2 ± 4.5
293 28.0 ± 8.1 7.0 ± 1.4
313 11.1 ± 8.5 —

Electrostatic surface calculations

The calculated electrostatic surface properties of the molecules
allow the analysis of the most likely modes of association. Hunter
has recently postulated a simplified model for molecules whereby
interactions between two species in solution can be predicted
primarily by their electrostatic charges.47 Using this model, the
calculated electrostatic surface charges of the amide 2 and phenol
4 predict that the most likely interaction would be a hydrogen
bonding interaction between the Emax of phenol, namely the
phenolic hydrogen, and the Emin of the amide, viz the amide
carbonyl oxygen (Fig. 5). This observation is consistent with
previous literature on the binding of phenols with amides.63–66

Hydrogen-bond donor and acceptor constants (a and
b,67Table 3) were calculated for the molecules 1–4 and the solvents
chloroform and water from the corresponding Emax and Emin values.
The free energy of hydrogen-bonding interaction (DDGH-bond) can
be crudely predicted from these numbers.47 This gives a rough
estimation of the Ka if the hydrogen bonding interaction were
the overwhelming driving force for binding. Since the carbonyl of
the ester could also act as an alternative hydrogen-bonding site,
the Eester value is also presented, along with the corresponding
hydrogen bond acceptor constant, denoted e here. The values of
Eester are all significantly smaller than Emin, confirming that the
amide is the preferred binding site for the amino acid derivatives
investigated in this study. Calculating DDG and the corresponding
Ka for water (Table 4), indicates that hydrogen bonding is negligible
in aqueous solution, consistent with the assertion that hydrogen
bonding is not the main driving association between tannins and
proteins in solution.22 The same calculation for association in CCl4

affords Ka values highly consistent with the magnitude expected
for phenol–amide complexation, based on reported values in
the literature.65,66 This correlates with the evidence supporting
hydrogen bonding as the major interaction in this solvent.

The predicted Ka values for the derivatives 1a–e, 2 and 3
in CHCl3 are all significantly smaller than the measured Ka

values. Furthermore, the predicted binding order contrasts with
the trends seen for the measured Ka values for these species. To
rationalise the observed binding, an interaction of the phenol ring
with the hydrogen atoms of either the NCH3 of the sarcosine
1b or the NCH2 of the pyrrolidine derivatives 2 and 3 can be
proposed. Related CH–p interactions have been recognised in
peptides in the form of phenylalanine–proline interactions,68 and
may contribute enough of either an additive or synergistic effect to
improve the binding to a measurable level, relative to a derivative
with only a secondary amide. This would be consistent with

Fig. 5 Molecular electrostatic surfaces of: (a) trans-N-Ac-Pro-OMe 2,
and (b) phenol 4, plotted on a van der Waals′ surface calculated using
B3LYP/6-31G(d). Positive regions are shown in blue, negative regions
are shown in red, and neutral regions are shown in green. The locations
of the maximum electrostatic potential, Emax, the minimum electrostatic
potential, Emin, and the electrostatic potential of the aromatic ring (Ear) are
labelled.

already well-established work that points to the influence of a
strong ‘hydrophobic effect’ in the binding of larger tannins to
polypeptides,22 and particularly to a specific interaction with the
CH groups of the proline.37–39

A small increase in the DDG of binding, to account for CH–
p and related interactions, is able to account for the observed
binding constants satisfactorily. The higher binding observed for
the pyrrolidine derivatives 2 and 3, relative to the sarcosine 1b can
be rationalised through an increased number of possible CH–p
interactions.
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Table 3 Electrostatic surface charges for compounds 1–4 obtained at the B3LYP/6-31G(d) level with Spartan and derived a, b and e constants,47 with
calculated DDG for the hydrogen bond interaction and predicted and experimental Kas

Molecule Emin/kJ mol−1 Emax/kJ mol−1 Eester/kJ mol−1
DDGH-bond

h/
kJ mol−1

Predicted
Ka/mol−1 dm3

N-Ac-Gly-OMe 1a −211.9a 171.6 b −146.4 3.3 4.1 2.8 −5.7 0.74
trans-N-Ac-Sar-OMe 1b −209.5 a 123.6 c −146.4 2.4 2.0 2.8 −5.6 0.68
cis-N-Ac-Sar-OMe 1b −211.5 a 124.2 c −143.2 2.4 4.1 2.8 −5.7 0.72
N-Ac-Ala-OMe 1c −203.3 a 174.6 b −133.9 3.4 3.9 2.6 −5.4 0.56
N-Ac-Phe-OMe 1d −211.0 a 184.0 b −125.5 3.5 4.1 2.4 −5.6 0.71
N-Ac-O-Bzl-Tyr-OMe 1e −210.2 a 178.9 b −131.2 3.4 4.0 2.5 −5.6 0.70
trans-N-Ac-Pro-OMe 2 −209.0 a 100.1 d −158.9 1.9 4.0 3.1 −5.6 0.67
cis-N-Ac-Pro-OMe 2 −217.6 a 107.8 e −152.3 2.1 4.2 2.9 −5.9 0.88
N-Ac-Pyr 3 −219.2 a 86.6 d — 1.7 4.2 −5.9 0.92
Phenol 4 −133.4 f 258.0 g — 5.0 2.6 — −3.0 0.06
Chloroform −43.6 167.7 — 3.2 0.8 —
Water −189.1 216.0 — 4.2 3.6 —
Carbon tetrachloride −22.6 96.5 — 1.9 0.4 —

a Located over the amide carbonyl oxygen. b Located over the amide NH hydrogen. c Located on the CH2 hydrogens. d Located over the ring hydrogens.
e Located over the OMe protons. f Located over the OH oxygen. g Located over the OH hydrogen. h Calculated with chloroform as solvent at 298 K.

Table 4 Predicted DDG and association constants (Ka) of selected
molecules with phenol 4 in H2O and CCl4, based on the B3LYP/6-31G(d)
derived a and b values (Table 3)

Molecule
DDG
(H2O)

Ka

(H2O)
DDG
(CCl4)

Ka

(CCl4)

N-Ac-Gly-OMe 1a −0.4 0.01 −11.4 145.59
trans-N-Ac-Sar-OMe 1b −0.3 0.01 −11.2 127.02
cis-N-Ac-Sar-OMe 1b −0.4 0.01 −11.3 142.01
N-Ac-Ala-OMe 1c −0.2 0.00 −10.8 90.04
N-Ac-Phe-OMe 1d −0.3 0.01 −11.3 138.18
N-Ac-O-Bzl-Tyr-OMe 1e −0.3 0.01 −11.3 132.08
trans-N-Ac-Pro-OMe 2 −0.3 0.01 −11.2 123.50
cis-N-Ac-Pro-OMe 2 −0.5 0.01 −11.7 199.53
N-Ac-Pyr 3 −0.5 0.01 −11.8 218.15
Phenol 4 0.9 0.00 −6.6 1.82

The strength of these combined interactions is clearly mediated
by the orientation of the amide, as can be ascertained from the
differences seen between the cis and trans rotamers of the N-
acetylproline methyl ester 2. This is consistent with an underlying,
directing hydrogen-bonding interaction. An additional contribu-
tion of around 3.6 kJ mol−1 from CH–p interactions for each
rotamer is then sufficient to account for the observed Kas and
is entirely consistent with the expected energetic contribution
from this class of interaction. This estimation also adequately
accounts for the effect of hydrogen-bond disruption seen in d6-
DMSO, as, even if these interactions are fully retained, the
energetic contribution is insufficient to maintain a measurable
binding.

The same magnitude of binding might be expected for the N-
acetylpyrrolidine 3, and, in concert with the predicted hydrogen
bonding, a Ka slightly larger than that for the cis-N-acetylproline
methyl ester 2 might be anticipated. The discrepancy in the
experimental observation could be attributed to error within the
experimental measurements, but might also be attributed either
to differences in the degree of rotational freedom, or the electron
withdrawing nature of the carboxylic side chain. Clearly, more
detailed studies would be required to delineate these effects.

Conclusions
1H NMR titrations of minimal peptide-based models with phenol
4 have established that, in CHCl3 solution, there is a selective
binding of proline-based peptides, relative to other similarly
protected amino acid residues. This binding appears to be medi-
ated by interactions with the tertiary amide structure primarily,
with pyrrolidine-based structures 2 and 3 having the largest
interactions, followed by the less-substituted sarcosine derivative
1b and negligible binding for the secondary amide derivatives 1a
and 1c–e.

Binding to the trans-rotamer of N-acetylproline methyl ester 2
appears to be in a roughly 1 : 1 ratio at 298 K, whereas titration of
the cis-rotamer with phenol shows a secondary, smaller binding
with different overall stoichiometry of around 2 : 1. This secondary
association is also observed with the trans-rotamer 2 in cooled
solutions. Thermodynamic analysis indicates that the association
for both rotamers is an enthalpically favoured process. Interactions
with d6-DMSO indicate that hydrogen bonding is likely to be
important in the association mechanism.

Electrostatic calculations, based on Hunter’s molecular recogni-
tion toolbox methods, were used to help identify the contribution
of hydrogen bonding. These calculations confirm that the pre-
ferred electrostatic interaction is that between the amide carbonyl
and the phenolic hydroxyl, in line with previous studies on H-
bonding carried out in CCl4.63–66 The predicted Kas for CHCl3

as solvent illustrate that this hydrogen bond alone is insufficient
to account for the binding observed in the experimental system.
However, an additional, small contribution from proposed CH–p
interactions is sufficient to explain the experimental observations.
This is consistent with the work on full protein–tannin systems
that indicate in polar solvents that hydrogen bonding cannot
be the major driving force and that ‘hydrophobic’ interactions
direct binding,22,37–39 illustrating that these are reasonable models
for the larger systems and the utility of combining experimental
observations with theoretical calculations.

Whilst it is recognised that H-bonding is crucial to the overall
association, it cannot work as the only factor in mediating the
association. CH–p interactions offer a clear residue-level driving
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force for the preferential binding of phenolics to proline residues
in PRPs, but in our systems are also unlikely to be strong enough
to act alone. Thus the two interactions must work together, and
in doing so afford the selectivity observed in larger systems. An
additive combination of interactions is sufficient to account for the
binding in the reported systems. Further work is ongoing within
our group to more clearly delineate the particular contributions
of each interaction.
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