
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

7:
48

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
H-bond coopera
Yusuf Hamied Department of Chemistry, U

Cambridge CB2 1EW, UK. E-mail: herchelsm

† Electronic supplementary information (
synthetic procedures, full characterizati
UV/Vis absorption titration data, and det
parameters. See https://doi.org/10.1039/d2

‡ These authors contributed equally.

Cite this: Chem. Sci., 2022, 13, 11863

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 1st August 2022
Accepted 19th September 2022

DOI: 10.1039/d2sc04271a

rsc.li/chemical-science

© 2022 The Author(s). Published by
tivity: polarisation effects on
secondary amides†

Daniil O. Soloviev, ‡ Fergal E. Hanna, ‡ Maria Cristina Misuraca
and Christopher A. Hunter *

Formation of a H-bondwith an amide carbonyl oxygen atom increases the strength of subsequent H-bonds

formed by the amide NH, due to polarisation of the bond. The magnitude of this effect has been quantified

by measuring association constants for the formation of 1 : 1 complexes of 2-hydroxylbenzamides with tri-

n-butyl phosphine oxide. In 2-hydroxybenzamides, there is an intramolecular H-bond between the phenol

OH group and the carbonyl oxygen atom. Comparison of the association constants measured for

compounds with and without the 2-hydroxy group allows direct quantification of the effect of the

intramolecular H-bond on the H-bond donor properties of the amide NH group. Substituents were used

to modulate the strength of the intramolecular and intermolecular H-bonds. The presence of an

intramolecular H-bond increases the strength of the intermolecular H-bond by more than one order of

magnitude in n-octane solution. The increase in the H-bond donor parameter used to describe the

amide NH group is directly proportional to the H-bond donor parameter of the phenol OH group that

makes the intramolecular H-bond. These polarisation effects will lead to substantial cooperativity in

complex systems that feature networks of non-covalent interactions, and the measurements described

here provide a quantitative basis for understanding such phenomena.
Introduction

Non-covalent interactions govern a wide range of different
processes in chemistry, biology and materials science. As our
understanding of the fundamental nature of these interactions
has developed, new supramolecular approaches have emerged
to exploit these interactions in catalysis, drug design and smart
materials. To a rst approximation, the strength of a non-
covalent interaction can be estimated based on the properties
of the isolated molecules.1 However, for some functional
groups, polar interactions like H-bonding can signicantly
change the molecular charge distribution, leading to coopera-
tive effects. For example, cooperativity has been detected in the
supramolecular polymerisation of secondary amides. N-Methyl
acetamide forms chains where each molecule forms two inter-
molecular H-bonds, acting as both a donor through the NH
group and an acceptor through the carbonyl oxygen atom
(Fig. 1a).2–4 The enthalpy and free energy changes associated
with formation of the rst H-bond between two molecules of N-
niversity of Cambridge, Lenseld Road,
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methyl acetamide are both less favourable than subsequent
interactions leading to the polymer.

Computational analysis at various levels of theory suggests
that the reason for this observation is that the rst H-bond
polarises the amide towards the more polar zwitterionic reso-
nance form shown in Fig. 1b, so that the NH group becomes
a better H-bond donor and the carbonyl oxygen atom becomes
a better H-bond acceptor.5–13 Spectroscopic analysis of gas phase
complexes conrms these predictions.14 These effects are likely
to have important implications for understanding the proper-
ties of a wide range of different systems, because chains of H-
bonded amides are a common motif in protein structure and
polyamide materials.
Fig. 1 (a) Supramolecular polymerisation of secondary amides. (b)
Neutral and zwitterionic amide resonance structures.
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Fig. 2 (a) X-ray crystal structure showing the intramolecular phenol-
amide H-bond when X ¼ H and R ¼ Me (CSD ref code KUSVUP). (b)
Interaction of a H-bonded amide with a phosphine oxide. (c) Refer-
ence interaction of a non-H-bonded amide with a phosphine oxide. X
is a substituent that modulates the H-bond donor properties of the
phenol, and R is a solubilising group.

Fig. 3 Chemical structures of compounds 1–12.

Table 1 1H NMR chemical shifts (ppm) measured in CDCl3 solution at
298 K

X

d(NH) d(OH)

Y ¼ OH Y ¼ H Y ¼ OH 4-X-phenola

H 6.24 6.06 12.38 5.10
Me 6.24 6.06 12.16 4.79
OMe 6.19 6.11 11.80 4.82
CF3 6.31 6.12 12.85 5.60
NO2 6.43 6.19 13.45 6.20

a Ref. 18 and 19.
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Although the theoretical basis for H-bond cooperativity due
to polarisation is well-established, experimental studies of the
magnitude of the effects on non-covalent interactions in solu-
tion are limited. Spectroscopic and crystallographic studies
show that formation of a H-bond to an amide group increases
the length of the C–O bond and decreases the length of the C–N
bond consistent with an increase in the population of the more
polar structure shown in Fig. 2b.15,16 Measurements of inter-
molecular association constants indicate that this polarisation
can lead to an increase in stability of an order of magni-
tude.2–4,15–17 However, a systematic investigation of the rela-
tionship between the properties of the polarising interaction
and the change in H-bond properties of secondary amides has
not been carried out. Here we describe an experiment to
quantify these effects. We show that a H-bond formed with the
carbonyl oxygen of an amide group signicantly increases the
stability of a H-bond formed with the amide NH. Themagnitude
of this polarisation effect is directly proportional to the polarity
of the group that makes the interaction with the carbonyl
oxygen. The experiments provide quantitative data that can be
used to benchmark the development of computational treat-
ments of non-covalent interactions in complex systems, where
cooperative effects may play a signicant role.

Approach

The approach is illustrated in Fig. 2. A search of the Cambridge
Structural Database (CSD) showed that 2-hydroxybenzamides
have an intramolecular H-bond between the hydroxyl group and
the carbonyl oxygen of the amide group (Fig. 2a). Fig. 2b and c
illustrate an experiment that can be used to measure the effect
of this interaction on the H-bond donor properties of the amide.
In Fig. 2b, the association constant (K) measures the intermo-
lecular H-bonding interaction of the amide with a phosphine
oxide. Fig. 2c shows the corresponding equilibrium for the
11864 | Chem. Sci., 2022, 13, 11863–11868
interaction of a phosphine oxide with a reference amide which
does not have an intramolecular H-bond (K′). The effect of the
intramolecular H-bond on the H-bond donor properties of the
amide NH group can be quantied by measuring the ratio of the
two association constants (K/K′). The X substituent provides
a handle that can be used to tune the H-bond donor properties
of the phenol OH group, in order to investigate whether there is
a relationship between the strengths of the intramolecular and
intermolecular H-bonds.
Results
Intramolecular H-bonding interactions

The compounds shown in Fig. 3 were synthesised from the
corresponding carboxylic acids in one step using racemic 2-
ethylhexylamine (see ESI†). The use of a racemic branched alkyl
chain ensures good solubility in non-polar solvents. In order to
establish that the intramolecular H-bonding interactions
observed in the CSD persist in solution, 1H NMR spectra were
recorded in CDCl3. Table 1 compares the chemical shi of the
signal due to the OH proton in compounds 1–5 with the
chemical shi of the signal due to the OH proton in the corre-
sponding para-substituted phenols (4-X-phenol in Table 1).18,19

In all cases, the presence of the amide group leads to an
increase of about 7 ppm in chemical shi compared with the
simple phenol, which indicates that the OH proton is involved
in an intramolecular H-bond in compounds 1–5.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Intramolecular H-bond in compound 11. (b) Cross peak
observed in the NOESY spectrum of compound 5 in deuterochloro-
form at 298 K.
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It is also possible that the amide NH proton could make an
intramolecular H-bond with the phenol oxygen atom. However,
the chemical shi of the signal due to the amide NH proton in
compounds 1–5 is very similar to the chemical shi in the
compounds 6–10, which do not have the phenol OH group (Y ¼
H in Table 1). In compound 11, the Y hydroxyl group is replaced
by a methoxy group, and the chemical shi of the signal due to
the amide NH proton in this compound is 7.87 ppm. The large
increase in chemical shi compared with the values in Table 1
indicates that there is an intramolecular H-bond between the
amide NH proton and the methoxy oxygen atom in compound
11 (Fig. 4a) and conrms that this interaction is not present in
compounds 1–5.

In summary, the chemical shi data in Table 1 indicate that
in solution compounds 1-5 maintain the conformation shown
in Fig. 2a: the amide carbonyl oxygen is H-bonded to the phenol
OH, and the amide NH does not make an intramolecular
interaction. NOE experiments carried out on compound 5
support this conclusion: an NOE was observed between the
amide NH and ortho CH proton (Fig. 4b, see ESI†).
Intermolecular H-bonding interactions
1H NMR titrations were carried out to establish the mode of
interaction with a phosphine oxide in n-octane solution. Addi-
tion of tri-n-butyl phosphine oxide to compound 1 led to a large
increase in the chemical shi of the signal due to the amide NH
proton. The titration data t well to a 1 : 1 binding isotherm (see
ESI†), and the limiting complexation-induced changes in
chemical shi for the 1 : 1 complex are shown in Fig. 5. The
corresponding data for titration of tri-n-butyl phosphine oxide
into compound 6 are shown for comparison. In both cases,
there is an increase of over 3 ppm in the chemical shi of the
signal due to the amide NH proton, which is indicative of
formation of a H-bond at this site. The second largest change in
chemical shi was observed for the CH proton ortho to the
amide group, which indicates close proximity to the phosphine
Fig. 5 Limiting complexation-induced changes in 1H NMR chemical
shift (ppm) for formation of 1 : 1 complexes with tri-n-butyl phosphine
oxide in n-octane at 298 K.

© 2022 The Author(s). Published by the Royal Society of Chemistry
oxide oxygen atom in the complex. The change in chemical shi
for the signal due to the phenol OH proton is signicantly
smaller. These results indicate that the phenol does not
compete with the amide-phosphine oxide H-bond and that the
phenol-amide H-bond remains intact in the 1 : 1 complex as
shown in Fig. 2b. The intramolecular NOE illustrated in Fig. 4b
is also observed for compound 5 recorded in the presence of an
excess of tri-n-butyl phosphine oxide, which conrms that there
is no change in conformation on binding (see ESI†).

Association constants for the interaction of compounds 1–10
with tri-n-butyl phosphine oxide were measured using UV/Vis
absorption titrations in n-octane. Dilution experiments indi-
cated that there is no self-association of the amides in n-octane
at the concentrations used for titrations. A red-shi was
observed in the wavelength of the absorption maximum on
addition of the phosphine oxide, and the titration data t well to
a 1 : 1 binding isotherm in all cases (Fig. 6, see ESI†). The results
are summarised in Table 2. Comparison of the association
constants for compounds 1–5 with the corresponding values for
compounds 6–10 shows that the presence of the phenol OH
group leads to an increase in binding affinity. The ratios of
association constants for compounds with the same X substit-
uent (K/K′) are all much greater than one, which suggests that
the intramolecular H-bond has a signicant effect on the
strength of the intermolecular H-bond between the amide NH
and the phosphine oxide.
Fig. 6 (a) UV/Vis absorption spectra for titration of tri-n-butyl phos-
phine oxide (guest) into 10 in n-octane at 298 K. The initial spectrum is
shown in black, and the final spectrum in red. (b) Changes in absor-
bance at 271 and 237 nm are shown as points, and the lines are the best
fit to a 1 : 1 binding isotherm.

Chem. Sci., 2022, 13, 11863–11868 | 11865
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Table 2 Association constants (M−1) for formation of 1 : 1 complexes
with tri-n-butyl phosphine oxide in n-octane at 298 Ka

X K(Y ¼ OH) K′(Y ¼ H) K/K′

H 940 � 140 202 � 17 4.7
Me 650 � 140 120 � 20 5.4
OMe 1800 � 300 220 � 140 8.2
CF3 8790 � 60 1030 � 50 8.5
NO2 46 000 � 8000 3840 � 90 12.0

a Average values from at least 3 experiments with errors at the 95%
condence limit.

Fig. 7 Relationship between the association constants for formation
of 1 : 1 complexes with tri-n-butyl phosphine oxide in n-octane at 298
K (log K) and the Hammett parameter sm for substituent X.
Compounds 1–5 are shown in blue (Y ¼ OH), and the equation of the
line is y¼ 2.35x + 2.97. Compounds 6–10 are shown in orange (Y¼H),
and the equation of the line is y ¼ 1.89x + 2.21.
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In addition to the through space H-bonding interaction, the
phenol oxygen atom is also directly conjugated to the amide
group, and through bond effects could be responsible for the
observed change in the H-bond donor properties of the amide
NH. In order to obtain insight into the magnitude of this effect,
titrations were carried out using compounds 11 and 12. No
binding could be detected for compound 11, because the
intramolecular H-bond shown in Fig. 4a competes effectively
with intermolecular interactions. Although the methoxy group
is para to the amide in compound 12, the electronic effect on
the amide group should be qualitatively similar to an ortho
substituent. The association constant for the 12$phosphine
oxide complex is 170� 70 M−1 in n-octane, which is very similar
to the value measured for the unsubstituted parent compound 6
(202 � 17 M−1). In other words, through bond polarisation is
unlikely to be the cause of the large changes in association
constant associated with the presence of phenol OH group.
Table 3 H-bond donor parameters (a)

X Y ¼ Ha Y ¼ OHa 4-X-phenolb

H 3.1 3.5 3.7
Me 3.0 3.4 3.8
OMe 3.1 3.6 3.7
CF3 3.5 4.0 4.3
NO2 3.8 4.4 4.7

a Calculated using eqn (1) with b¼ 10.7, as ¼ 1.2 and bs ¼ 0.6. b Ref. 23.
Discussion

The X substituent has a large effect on the H-bond donor
properties of the amide group. For compounds 6–10, which do
not have the phenol OH group (Y ¼ H in Table 2), the associa-
tion constants span an order of magnitude. The X substituent is
meta to the amide group, and the association constants for both
series of compounds (Y ¼ H and OH) correlate well with the
Hammett substituent constant, sm (Fig. 7).20 For the Y ¼ H
series, the slope of the line of best t (i.e. the Hammett r value)
is +1.9, but for the Y ¼ OH series, the slope is +2.4. This result
indicates that the X substituent exerts an inuence on the H-
bonding properties of the amide by two different mecha-
nisms. There is direct through bond polarisation of the amide
group, which contributes +1.9 to the r value, and through space
polarisation mediated by the H-bonding interaction with the
phenol OH group, which increases the r value. The positive r

value indicates that electron-withdrawing substituents increase
the H-bond donor ability of the amide NH group. Electron-
withdrawing groups also increase the polarity of the phenol
OH, so the increased r value for Y¼OH suggests that increasing
the strength of the intramolecular H-bond leads to an increase
in the polarity of the amide NH group and an increase in the
strength of the intermolecular H-bond.

The H-bonding properties of a functional group can be
quantied using the parameter a for H-bond donors or b for H-
bond acceptors. If the corresponding solvent parameters, as and
11866 | Chem. Sci., 2022, 13, 11863–11868
bs, are known, then the association constant for formation of
a H-bonded complex between two solutes (K) can be estimated
using eqn (1).1

DG�/kJ mol−1 ¼ −RT ln K ¼ −(a − as)(b − bs) + 6 (1)

The value of b for a phosphine oxide21 and the H-bond
parameters for alkane solvents22 have been experimentally
determined, so the association constants in Table 2 can be used
in eqn (1) to determine the H-bond donor parameter a for
compounds 1–10. Table 3 shows that the phenol OH group
leads to a signicant increase in the H-bond donor parameter of
the amide NH group in compounds 1–5. The H-bond donor
parameters for the corresponding para-substituted phenols (4-
X-phenol) are also listed in Table 3.23 Fig. 8 compares the
increase in the value of ameasured for the amide NH group due
to the presence of the intramolecular H-bond (Da(amide) ¼ a(Y
¼ OH) − a(Y ¼ H)), with the value of a measured for the cor-
responding para-substituted phenol (a(phenol)). There is
a clear correlation, which indicates that through space polar-
isation mediated by the intramolecular H-bond increases the
polarity of the amide NH group in proportion to the polarity of
the phenol OH group.

It is also possible to estimate H-bond donor parameters from
the maximum in the molecular electrostatic potential calcu-
lated on the van der Waals surface using density functional
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Relationship between the H-bond donor properties of 4-X-
phenols, a(phenol), and the change in H-bond donor properties of the
amide group in compounds 1–5 due to the intramolecular H-bond,
Da(amide). The best fit line is y ¼ 0.20x − 0.34.

Fig. 9 Comparison of calculated and experimental values of a for
compounds 1–10. The line is y ¼ x.
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theory for isolated molecules in the gas phase (see ESI†).24 Fig. 9
compares calculated values of a for compounds 1–10 with the
experimental values in Table 3. Although the calculated values
are underestimated by about 0.2, there is a good correlation
between the calculated and experimental values (R2 ¼ 0.98).
This result suggests that ab initio calculations could provide
a good description of substituent effects on both through bond
polarisation and through space polarisation due to the intra-
molecular H-bonding interactions in compounds 1–5. The
underestimate in the calculated value of a is similar for
compounds with and without intramolecular H-bonds, which
suggests that the discrepancy is an intrinsic property of the
benzamide group. The complexation-induced changes in the
chemical shi shown in Fig. 5 suggest that there is a CH/O H-
bond between the phosphine oxide oxygen and the CH group
ortho to the amide, and this secondary interaction would sta-
bilise the complex in n-octane, increasing the experimentally
measured value of a.
Conclusions

The systems describe here allow direct measurement of the
effects of polarisation on the H-bond donor properties of
© 2022 The Author(s). Published by the Royal Society of Chemistry
secondary amides. In 2-hydroxylbenzamides, there is an intra-
molecular H-bond between the phenol OH and the amide
carbonyl oxygen in the solid state, in chloroform solution and in
n-octane solution. This H-bond is maintained when the amide
NH group makes an intermolecular H-bond with a phosphine
oxide. Comparison of the association constant measured for the
phosphine oxide complex with the value measured for the cor-
responding benzamide, which lacks the phenol OH group, can
be used to quantify the polarisation effect due to the intra-
molecular H-bond. Substituents attached to the aromatic ring
modulate the polarity of the amide NH group, due polarisation
via the bonding framework. These substituents also change the
polarity of the phenol OH group, which modulates the through
space polarisation of the amide NH group due to the intra-
molecular H-bond. Although it is difficult to completely sepa-
rate the effects of through bond and through space polarisation
on the amide, the experiments described here allow estimates
of the relative magnitudes of the two effects. There is a direct
correspondence between substituent effects on the H-bond
donor properties of the phenol OH group and the concomi-
tant effect of through space polarisation on the H-bond donor
parameter of the amide group. In other words, the strength of
the intramolecular H-bond directly modulates the strength of
the intermolecular H-bond made by the amide group. This
result suggests that there may be simple relationships that
allow the prediction of polarisation effects on different func-
tional groups and further studies are underway in our labora-
tory to investigate this phenomenon.
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