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In the present work, the hydrogen bond (HB) interactions between substituted syn and anti rotamers of methyl N-(2-
pyridyl) carbamate and acetic acid were investigated using quantum mechanical (QM) calculations. The rotamers have 
two typical active sites to form hydrogen bonds with acetic acid, such that four stable complexes are found on the 
potential energy surface. The complexes in which the oxygen atom of carbamate acts as proton acceptor are stabilized 
by EWSs and are destabilized by EDSs. The trend in the effects of substituents is reversed in the other two complexes, 
in which the nitrogen atom of ring is involved in the interaction. According to energy data, the substituent effects on the 
interaction energy can be expressed by Hammett constants. The natural resonance theory (NRT) model was used to 
investigate the charge distribution on the carbamate group and to discuss the interaction energies. The individual HB 
energies were estimated to evaluate their cooperative contributions on the interaction energies of the complexes. In 
addition, the localized molecular orbital energy decomposition analyses (LMO-EDA) demonstrate that the electrostatic 
interactions are the most important stabilizing components of interactions.  

Keywords: Carbamate; Hydrogen bond; Substituent effects; Localized molecular orbital energy decomposition 
analysis (LMO-EDA). 

INTRODUCTION 

The carbamate functionality is a common motif 
in biologically active natural products, functional 
materials and pharmaceuticals [1-7]. Structurally, 
the carbamate functionality is related to amide-ester 
hybrid properties, which generally represent 
excellent chemical and proteolytic stabilities. 
Carbamates are extensively used as a peptide bond 
successor in medicinal chemistry. This is mainly 
due to their chemical stability and capability to 
penetrate cell membranes. Another unique property 
of carbamates is their ability to modulate inter- and 
intramolecular interactions with the target enzymes 
or receptors. The carbamate functionality imposes a 
degree of conformational restriction owing to the 
delocalization of non-bonded electrons on nitrogen 
into the carboxyl group. Also, the carbamate 
functionality takes part in hydrogen bonding via the 
carboxyl group and the backbone NH. Hence, 
substitution on the O- and N-termini of a carbamate 
offers opportunities for modulation of biological 
features and improvement in stability and 
pharmacokinetic features [8].  

The carbamate moiety plays a significant role in 
medicinal chemistry, not only because it is found in 
drugs but also for its attendance to many prodrugs 
[9]. In recent years, carbamate derivatives have 
motivated a large number of theoretical and 

experimental studies due to their application in drug 
design and discovery [10-24]. 

In the present work, the HB interactions 
between the syn and anti rotamers of methyl N-(2-
pyridyl) carbamate (CA) and acetic acid (AA), as 
shown in Scheme 1, were evaluated by quantum 
chemical calculation. The selected carbamate can 
act as an important starting point for drug 
discovery, particularly in the design of enzyme 
inhibitors [8, 13]. In addition, acetic acid has been 
chosen as a model of carboxyalkyl side chains of 
proteins [25-27]. For example, it can be considered 
the simplest molecular model of aspartic and 
glutamic acid side chains involved in protein–DNA 
pairs [28]. These amino acids are known to play 
key roles in maintaining the spatial structure of 
various proteins [29]. The structural features of 
complexes and the effects of substituents on the 
characteristics of H-bond interactions were also 
especially considered.  
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Scheme 1. The syn and anti rotamers of secondary 
carbamates obtained by rotation about C (carbonyl)-N 
single bond. * To whom all correspondence should be sent:
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The individual O–H∙∙∙O, O-H∙∙∙N and N-H∙∙∙O 
HB energies were estimated to evaluate the 
cooperative contributions to the overall stabilization 
of the complexes. It is worthwhile noting that these 
kinds of hydrogen bonds play an important role in 
energetically stabilizing a ligand at the interface of 
an enzyme structure [30,31]. In addition, localized 
molecular orbital energy decomposition analyses 
(LMO-EDA) [32] were carried out to elucidate the 
strengths and properties of interactions in these 
hydrogen bonded systems. This information may be 
beneficial in further design of carbamate-based 
molecules as drugs or prodrugs. 

Computational details and methodology 

The geometry of the simulated complexes was 
optimized at the B3LYP/6-311++G(d,p) 
computational level using Gaussian 09 suite of 
programs [33]. The B3LYP/6-31++G(d,p) 
methodology was used to locate the stationary 
points along the potential energy surface because it 
is a cost-effective method and has widely been 
applied to H-bonded complexes as model systems 
[34-39]. The basis set superposition error (BSSE) 
was calculated by the counterpoise method of Boys 
and Bernardi [40]. Frequency calculations at the 
same level were performed to confirm that all 
structures are local minima on the potential energy 
surfaces, and to calculate the Gibbs free energies. 
In order to estimate the dependence of energy 
changes to method and basis set, the HB interaction 
energies were also calculated by single-point 
calculations using MP2 [41], M06-2X [42] and 
B3LYP-D3 [43] methods in conjunction with the 6-
311++G(d,p) and aug-cc-pVTZ [44] basis sets. The 
solvent effects were also considered in the self-
consistent reaction-field (SCRF) calculations using 
the polarizable continuum model (PCM) [45]. The 
atoms in molecules (AIM) [46] calculations were 
performed by the AIM2000 program [47]. The 
natural resonance theory (NRT) models [48,49] 
were used to analyze the molecular electron density in 
terms of resonance structures.  

Two methods were considered to estimate the 
individual HB energies (∆EHB) in the complexes. In 
the first method, the individual HB energies (∆EHBa ) 
were estimated using models structures that keep 
one HB at a time by rotating the acetic acid around 
the axis of that HB by approximately 90 degrees. 
The geometries of twisted structures (single H-
bonded, SHB) were optimized using two 
constraints indicated in Scheme 2, φ ≈ 90° and θ is 
equal to the angle value obtained upon full 
optimization of the double H-bonded (DHB) 
complexes. The cooperative part of H-bond 

interactions (∆Ecoop, tot) was obtained as the 
difference between the total binding energies of 
DHB complexes and the sum of the individual H 
bond energies of SHB structures (eq. 1) [3]: 

∆Ecoop, tot = ∆E – (∆EHB1a +∆EHB2a )       (1) 
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Scheme 2. HB interactions between the syn and anti 
rotamers of methyl N-(2-pyridyl) carbamate (CA) and 
acetic acid (AA), In the S1 series of complexes (CA1 
and CA2), the oxygen atom of carbamate acts as proton 
acceptor in the interaction between CA and AA, and in 
the S2 series of complexes (CA3 and CA4), the nitrogen 
atom of the ring is involved in the interaction. 

In the second one, the individual HB energies 
(∆EHB𝑏𝑏 ) were estimated using the electron densities 
(ρ) calculated using the AIM method at the H-bond 
critical points (HBCPs) on the basis of the 
following equation [51-53]. 

∆EHB,i
𝑏𝑏

 = 100ai (1- eρ𝑖𝑖)                             (2) 

where ρ𝑖𝑖 is the electronic charge density 
calculated at the related BCP and ai is a fitting 
parameter obtained by fitting the ∆ (=∆E – Σ∆EHB,i

𝑏𝑏 ) 
value to zero by the least-square method, where ∆E 
is the total binding energy corrected with the BSSE. 
The cooperative part of the total HB interaction 
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(∆Ecoop,tot) and the individual HB interactions 
(∆Ecoop, HBi) can be estimated through the following 
eqs.:  

∆Ecoop, tot = (∆EHB1𝑏𝑏  +∆EHB2𝑏𝑏 ) – (∆EHB1a +∆EHB2a )
=∆Ecoop, HB1 + ∆Ecoop, HB2         (3) 

∆Ecoop, HBi = ∆EHBi𝑏𝑏  - ∆EHBi𝑎𝑎   i= 1, 2         (4) 

The localized molecular orbital energy 
decomposition analyses (LMO-EDA) scheme [30], 
as implemented in the GAMESS software [54], was 
applied to examine the factors contributing to 
binding energies. LMO-EDA scheme offers to 
fragment the total binding energy (∆E) into 
electrostatic (∆Eele), exchange (∆Eex), repulsion 
(∆Erep), polarization (∆Epol) and dispersion (∆Edisp) 
components. 

∆E =∆Eele + ∆Eex + ∆Erep + ∆Epol + ∆Edisp           (5) 

Herein, the LMO-EDA scheme was also utilized 
for energy decomposition analysis in the SHB 
structures to obtain insight into the origin of the 
cooperative contributions. According to eqs. (1) 
and (5), ∆Ecoop, tot can be decomposed into the 
following terms: 

∆Ecoop, tot = ∆∆Eele + ∆∆Eexrep + ∆∆Epol + ∆∆Edisp          (6) 

The terms on the right side of eq. (6) are the 
electrostatic, exchange-repulsion, polarization, and 
dispersion contribution, respectively, which are 
defined by eqs. (7) – (10): 

∆∆Eele = ∆Eele – (∆EHB1ele +∆EHB2ele  )            (7) 

∆∆Epol = ∆Epol – (∆EHB1
pol +∆EHB2

pol  )            (8) 

∆∆Eexrep = ∆Eexrep – (∆EHB1
exrep+∆EHB2

exrep )     (9) 

∆∆Edis = ∆Edisp – (∆EHB1
disp+∆EHB2

disp )        (10) 

In eq. (9), the exchange and repulsion 
interactions are grouped as one exchange–repulsion 
term to describe the Pauli repulsion [55]. 

RESULTS AND DISCUSSION 

Geometrical parameters and interaction energies 

Quantum mechanical calculations were used to 
investigate the interaction between CA and AA. 
Considering the fact that CA can simultaneously act 
as both proton acceptor and proton donor, four 
cyclic double H-bonded complexes could be 
obtained on the potential energy surface which 
were named as CA1-CA4. Scheme 2 depicts the 
molecular structures of the complexes CA1-CA4. 
In the S1 series of complexes (CA1 and CA2) the 
oxygen atom of carbamate acts as proton acceptor 
in the interaction between CA and AA, whereas in 
the S2 series of complexes (CA3 and CA4), the 

nitrogen atom of the ring is involved in the 
interaction. Because the AIM, NRT, and LMO-
EDA results on both rotamers in each series are 
similar, the data of the complexes CA1 and CA3 
were employed to show the salient features of the 
interactions. The results obtained for the complexes 
CA2 and CA4 are summarized in 
the Supplementary Materials. 

The total binding energies (ΔE) of the 
complexes calculated using B3LYP, B3LYP-D3, 
M06-2X and MP2 methods in conjunction with the 
6-311++G (d,p) and aug-cc-pVTZ basis set on the 
structures optimized at B3LYP/6-311++G(d,p) 
level and corrected for BSSE are reported in Tables 
1 and S1. The BSSE correction decreases the 
binding energies by approximately 2 kcal mol-1. 
According to Tables 1 and S1, the trend in the ΔE 
values obtained at various levels is B3LYP-D3 > 
MP2 > M06-2X > B3LYP. As seen, the |ΔE| values 
calculated using the M06-2X, MP2 and B3LYP-D3 
methods with the 6-311++G(d,p) basis set are by 
1.93-2.85, 2.11-2.98 and 3.15-3.95 larger than those 
calculated at the B3LYP/6-311++G(d,p) level, 
respectively. So the binding energies significantly 
depend on the method. On the other hand, changing 
the basis set from 6-311++G(d,p) to aug-cc-pVTZ 
increases the |ΔE| values using all mentioned 
methods. The effect of method on the ΔE values is 
higher than that of the basis set. Although the ΔE 
values of complexes calculated with the B3LYP-
D3, MP2 and M06-2X methods are more negative 
than those calculated by the B3LYP method, 
similar trends are also observed at those levels of 
theory. Therefore, the results obtained at the 
B3LYP/6-311++G(d,p) level are used in the 
subsequent discussions.  

As can be seen in Tables 1 and S1, interaction 
between CAs and AA in the S2 series is stronger 
than that in the S1 series, where the trend in the 
relative stability is CA3 (12.21) > CA4 (10.96) > 
CA1 (10.61) > CA2 (6.03 kcal mol-1) and X=H. ΔE 
of the S1 series of complexes becomes smaller with 
the electron-withdrawing substituents (EWSs) and 
becomes larger in the presence of the electron-
donating substituents (EDSs). A reverse trend is 
observed for the S2 series of complexes. The 
highest and lowest values of ΔE calculated at the 
B3LYP/6- 311++G (d,p) computational level in the 
S1 series of complexes correspond to the NO2 and 
NHCH3 substituents, respectively, and in the S2 
series of complexes to the NHCH3 and NO2 
substituents, respectively. The stabilization free 
energies (ΔΔG) of complexes calculated at the 
B3LYP/6-311++G(d,p) computational level are 
also collected in Table 1. A look at the obtained 
free energy values indicates that the S2 series of 
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complexes are formed more easily as compared to 
the S1 series of complexes. The large binding 
energies and negative Gibbs free energy changes 
imply that the S2 series of complexes are very 
stable and thermodynamically favourable 
(spontaneous process) to form intermolecular 
hydrogen bonding. Considering the ΔE and ∆∆G 
values, the most and the least stable complexes, i.e. 
CA3 and CA2 in the presence of NHCH3 
substituent, respectively, have the most negative 
and the most positive value of ∆∆G (see Table 1). 

The results obtained using PCM method in the 
water solvent (ε =78.39) at the B3LYP/6-
311++G(d,p) computational level are gathered in 
Table S2. As can be seen, the binding energies of 
the complex CA2 suffer only a small reduction, 
from 0.5 to 1.5 kcal/mol. It decreases by 30−35% in 
the complexes CA1, CA3 and CA4, which is larger 
than that of complex CA2. The trend in the relative 
stability is CA3 (10.10) > CA4 (9.86) > CA1 (8.38) 
> CA2 (5.14 kcal mol-1) where X=H. This trend is
quite similar to that predicted at the same level in
the gas phase.

The substituent effects can be discussed using 
the resonance structures presented in Scheme 3. 

The NRT model was applied within the NBO 
methodology [56], where four resonance structures 
A, B, C and D, shown in Scheme 3, were explicitly 
taken into account. The NRT results and the most 
important bond lengths of CA are gathered in Table 
S3. The NRT results are also graphically illustrated 
in Fig. 1. As can be seen, the neutral resonance 
weighting of CA (A) is remarkably reduced in the 
presence of both EWSs and EDSs. The EWSs 
located at the ring decrease the populations of 
resonance structures B and increase the populations 
of resonance structures C and especially D with 
higher negative charges near to the substituents. A 
reverse behaviour is observed in the presence of 
EDSs. 

As shown in Fig. 1, the changes in the resonance 
weight of structure D, which is in a reliable 
correlation with the Hammett constants (σ), are 
almost twice larger than the changes in the two 
other ionic structures. Moreover, the changes in the 
resonance weight of structure D are in good 
correlation with the changes in the geometrical 
parameters of CA (see Fig. S1). Therefore, it is 
expected that the effects of substituents on the total 
interaction energy of complexes and the estimated 
individual HB energies should be in correlation 
with the changes in the resonance weight of 
structure D. In general, an increase in the resonance 
weight of structure D by EWSs is accompanied 

with an increase in the positive charge on the N3 
atom (see Scheme 3) and an increase in the 
tendency of the N-H group of CA for H-bonding 
with the O atom of AA (NH…O bond). 

Fig. 1. Changes in the resonance weights (RW %) 
calculated from natural resonance theory (NTR) for 
resonance structures shown in Scheme 3 in the presence 
of both EWSs and EDSs. �RW% = �RWX−RWH

RWH
� × 100� 

The tendency of C=O and –C-O-R groups of CA 
for H-bonding with the O-H group of AA is 
reduced with increasing the resonance weight of 
structure D (O…HO bond). Also, the EWSs in CA 
pull the lone pair of the nitrogen atom of pyridyl 
inside the ring and decrease its interaction with the 
H atom of AA (N…HO bond). According to this 
evidence, in the S1 series of complexes, the EWSs 
have a much greater effect on the NH…O hydrogen 
bond than the O…HO one (closer to NH…O bond); 
thereby increasing the stability of these complexes, 
while in the S2 series the N…HO bond is more 
affected than the NH…O bond and hence decreases 
its stability. The results are reversed for EDSs. 

In addition, the relationship between the ∆E 
values and Hammett constants (σ) were considered 
to explore the generality of substitution effects on 
the interactions [57]. The substituent effects can be 
attributed to the inductive and resonance effects 
that exclusively correlate to the values of σm and σp 

constants, respectively [58]. The linear correlation 
coefficients (R) between the ∆E values of the 
complexes and the σm and σp constants are equal to 
0.90 and 0.98, respectively. Herein, it would be 
more realistic to use σt (σt = (σp + σm)) [59] as a 
parameter to describe the interactions. There are 
good linear correlations between the ∆E values of 
complexes and σt as shown in Figs. 2 and S2. The 
higher correlation coefficients for the ∆E-σt pair 
(R=0.95) demonstrate that both inductive and 
resonance effects of substituents play vital roles in 
these intermolecular interactions.  
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Table 1. BSSE corrected binding energies (-∆E) and free energy differences (ΔΔG) of complexes calculated at the 
B3LYP/6-311++G (d,p) сcomputational level. All energy data are given in kcal mol-1. 
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Scheme 3. Some resonance structures of the syn rotamer of methyl N-(2-pyridyl) carbamate. 

AIM analysis 

The AIM analysis was carried out at the 
B3LYP/6-311++G (d,p) computational level to 
characterize the interactions. 

Fig. 2. Correlation between the change in the binding 
energies (ΔE %) and the Hammett constants σtot of 
substituents for the complexes CA1 and CA3.  

�∆E% = �
∆EX − ∆EH

∆EH
� × 100� 

The values of electronic charge density (ρ) 
calculated at the bond critical points (BCPs) are 
listed in Table S4. 

The topological properties of 𝜌𝜌 calculated at the 
intermolecular BCPs may be treated as the 
measures of HB strengths [60]. The ρ values at the 
NH∙∙∙O and O(N)∙∙∙HO hydrogen BCPs (HBCPs) 

vary from 0.0231 to 0.0291 au and 0.0314 to 
0.0560 au, respectively, which are within the ranges 
of hydrogen-bonded complexes values. It is well 
proven that the higher 𝜌𝜌 values imply the existence 
of stronger interactions. Hence, as presented in 
Table S3, the greatest ρBCP value of complex CA3 
is observed in the presence of NHCH3 substituent, 
which is in agreement with its highest interaction 
energy. Linear correlations are observed between 
∆E values and the sum of ρ values calculated at 
HBCPs (∑ 𝜌𝜌), as is illustrated in Figs. 3 and S3. 

Individual hydrogen bond energies and 
cooperativity 

A proper evaluation of individual HB energies 
(∆EHB) and the cooperative contributions (∆Ecoop) 
can be carried out by the characterization of mutual 
interplay of HBs in the CA∙∙∙AA complexes [61]. 
As mentioned above, two methods were considered 
to estimate the ∆EHB of complexes. The values 

estimated using both methods are gathered in 
Tables 2 and S5, and are also graphically illustrated 
in Figs. 4 and S4. 

As can be seen in Figs. 4a and S4 (a-c), a very 
good correlation is observed between values 
estimated using the two methods. The ∆EHB values 
obtained from both methods are completely in 
agreement with the nature of substituents and the 
role of atoms involved in the HBs. 

CA1 CA2 CA3 CA4 
NHCH3 10.03(0.57) 5.74(6.43) 13.30(-2.84) 11.92(-1.04) 
NH2 10.16(0.50) 5.79(4.77) 13.13(-1.62) 11.82(-0.86) 
OCH3 10.31(0.44) 5.93(4.21) 12.94(-1.36) 11.28(-0.54) 
OH 10.45(0.39) 5.98(3.98) 12.47(-1.23) 11.19(-0.16) 
H 10.61(0.39) 6.03(3.82) 12.21(-1.21) 10.96(-0.07) 
F 10.75(0.32) 6.28(3.77) 12.15(-1.13) 10.90(0.08) 
Cl 10.86(0.25) 6.30(3.79) 12.03(-0.86) 10.78(0.21) 
COH 11.03(0.13) 6.34(3.70) 11.57(-0.31) 10.62(0.34) 
CN 11.13(0.04) 6.40(3.69) 11.48(0.08) 10.43(0.42) 
NO2 11.21(0.00) 6.42(3.60) 11.37(0.19) 10.22(0.45) 

The data in parentheses correspond to the free energy differences (ΔG) of the complexes. 
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Fig. 3. Linear relationship between the sum of electron densities ∑ρ calculated at HBCPs and the binding energies 
(−ΔE in kcal mol-1) in the complexes CA1 and CA3. 

Fig. 4. (a) Correlation between the individual HB energies estimated using the SHB structures, ∆EHBa  and the ρ 
values of the DHB complexes, ∆EHBb  for HB2 interaction; (b) Correlation between the ∆EHB1b  and ∆EHB2b ; (c) 
Correlation between the cooperativity of total HB interaction (-∆Ecoop, tot) and the binding energy (−ΔE); (d) Correlation 
between ΔEcoop for HB2 interaction (–ΔEcoop, HB1) and the Hammett constants (σtot) in the complex CA3. The HB1 and 
HB2 correspond to the NH∙∙∙O and N…OH interactions, respectively. All energy data are given in kcal mol-1. 

The decrease in the electron donation (or 
increase in the electron acceptor) power of the 
substituent makes CA a stronger HB donor in 
NH∙∙∙O and rises the ∆EHB1 value, while making CA 
a weaker HB acceptor in O∙∙∙HO and N∙∙∙HO and 
reducing the ∆EHB2 value as shown in Figs. 4b and 
S4 (d-f). In all categories, the highest and lowest 
values of ∆EHB1 correspond to the strongest EWS 

(NO2) and EDS (NHCH3), respectively; a reverse 
trend is observed for the ∆EHB2 values.  

The sums of the magnitudes of interactions for 
the individual HBs are 3.84, 1.92, 5.24 and 4.42, 
kcal mol-1, less than the total interaction energy of 
the complexes CA1-CA4, respectively, where X=H 
(see Tables 1 and 2). Thus, according to eq. (1), the 
∆Ecoop, tot value is 36, 31, 42 and 40% of the total 



S. M. Chalanchi et al.: Theoretical insight to intermolecular hydrogen bond interactions between …

228 

interaction energy of the complexes CA1-CA4, 
respectively. The ∆Ecoop, tot tends to have more 
negative values as the electron-withdrawing power 
of the substituents increases in the S1 series of the 
complexes. An opposite trend is observed in the S2 
series of the complexes. A reliable relationship is 
observed between the total interaction energy of the 
complexes and the calculated cooperative energies 
as shown in Figs. 4c and S4 (g-i). As can be seen, 
the cooperative energies rise by the increase in the 
stability of complexes.  

In all cases, the individual HB energies 
estimated using the ρ values of the DHB 
complexes, ∆EHBb , are higher than those estimated 
using the SHB structures, ∆EHBa , in accordance with 
the positive cooperativity for both HBs. The trend 
in ∆Ecoop values estimated using eq. (4) is CA2 
(0.84) > CA1 (0.74) > CA3 (0.63) > CA4 (0.53) for 
∆EHB1, where the data in parentheses are the related 
values in kcal mol-1, which include 43, 19, 12 and 
11% of the ∆Ecoop, tot, respectively, where X=H (see 
Table 2). The order can be discussed by comparing 
∆EHB1 and ∆EHB2, and the related HB angles in each 
case. With respect to the weak HB2 interaction, 
HB1 has a better orientation and higher binding 
energy (∆EHBb ) in the complex CA2 as compared 
with that in other complexes. Therefore, according 
to eq. (4), this higher binding energy makes the 
cooperativity more effective for HB1 in the 
complex CA2. In all cases, the ∆Ecoop, HB1 values 
increase as the group changes from the strongest 
EDS to the strongest EWS. A reverse trend is 
observed for the ∆Ecoop-HB2 values. These 
correlations are shown using σ values in Figs. 4d 
and S4 (j-l).   

Energy decomposition analysis 

To understand the nature of interactions in terms 
of meaningful physical components, binding 
energies were decomposed using the localized 
molecular orbital energy decomposition analyses 
(LMO-EDA) scheme [62]. The LMO-EDA results 
are summarized in Tables 3 and S6-S9, and are also 
graphically illustrated in Figs. 5 and S5. As can be 
seen, the most important stabilizing component and 
driving force of the interactions between CAs and 
AA is ∆Eele, which approximately includes 41-44% 
of the total attraction terms; the trend in the 
magnitude of the terms is ∆Eele > ∆Epol >∆Eex> 
∆Edisp. The ∆Epol, ∆Eex and ∆Edisp values are 24, 23, 
and 9 % of the total interaction energy in the 
complexes CA1, CA3 and CA4; although the ∆Eex 
contribution for CA2 is not different from the rest, 
those of ∆Epol and ∆Edisp change to 19 and 14 %, 
respectively. 

As can be seen in Figs. 5 and S5, the electronic 
effect of substituents on the ∆Edisp value is lower 
than other terms. Closer examination of terms 
reveals that the change in ∆Eele is larger than the 
values of ∆Epol and ∆Eex. The ∆Eele value is mainly 
dependent on the charges of atoms that compose 
the interaction, which are directly affected by the 
electron donating or withdrawing nature of the 
substituents, whereas the covalent components 
(∆Epol and ∆Eex) depend on the overlapping of 
orbitals that are hardly affected by the nature of the 
substituents. The ∆Edisp value is slightly affected by 
the nature of the substituent; herein, the maximum 
change is 0.7 kcal mol-1 in the complex CA3. 
Finally, the effect of substituent on the repulsion 
contribution is between those of exchange and 
polarization. The LMO-EDA scheme can also be 
used to determine the contributions of terms in the 
cooperativity of DHB complexes. The contributions 
of terms in the cooperativity estimated by eqs. (7) – 
(10) as the difference between the LMO-EDA
terms in the DHB complexes and two SHB
structures, are listed in Tables 3 and S6-S9. As can
be seen, the electrostatic (∆∆Eele), polarization
(∆∆Epol) and repulsion interactions (∆∆Erep) make a
positive contribution to the total cooperativity of
the complexes, while the exchange (∆∆Eex) and
dispersion (∆∆Edisp) interactions make a negative
contribution to it. As mentioned above, the ∆∆Eex

and ∆∆Erep interactions are grouped as one
exchange–repulsion (∆∆Eexrep) term to describe the
Pauli repulsion [Error! Bookmark not defined.]. In
all cases, the ∆∆Eexrep term is the largest one among
all LMO-EDA terms while the ∆∆Eele term is the
second-large contribution. The large negative value
of ∆∆Eexrep shows that the Pauli repulsion referring
to the repulsive interactions between fragments is
remarkably reduced when two hydrogen bond
interactions operate simultaneously in DHB
complexes. The negative value of the ∆∆Eele term
shows that the electrostatic interaction energies
between fragments are enhanced when two
hydrogen bond interactions work in concert with
each other in DHB complexes.

The negative value of the ∆∆Epol term indicates 
that the orbitals in DHB complexes undergo a 
stronger change in their shapes in order to 
maximize the strength of hydrogen bonds. Finally, 
the positive value of the ∆∆Edisp term shows that the 
dispersion energies are decreased in the DHB 
complexes. In complex CA2, the contribution of 
∆∆Eexrep is larger than that of ∆Ecoop, tot (see Table 
3). It is due to the larger dispersion contribution in 
the formation of complex CA2. 
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The ∆∆EX values were estimated using Eqs. (7) – (10). DHB corresponds to the double H-bonded complexes and 
SHB1 and SHB2 correspond to the NH∙∙∙O and O (N) ∙∙∙H hydrogen bonds, respectively. 

Fig. 5. The changes in energy terms (ΔE %) obtained using the LMO-EDA scheme for the complexes CA1 and 
CA3. �∆E% = �∆EX−∆EH

∆EH
� × 100� 

The negative value of ∆∆Eexrep is almost 
cancelled out by the large positive value of the 
∆∆Edisp, resulting in the very small ∆Ecoop, tot value 
for complex CA2. 

CONCLUSIONS 

Four cyclic double H-bonded complexes 
between the syn and anti rotamers of CA and AA, 
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Table 2. The estimated values of individual hydrogen bond energies (-∆EHB in kcal mol-1) and the
cooperativity energy (-∆ECOOP in kcal mol-1) in the unsubstituted complexes (X=H). 

∆EHB1a ∆EHB2a  ∆EHB1b  ∆EHB2b  ∆ECOOP(H ∆ECOOP(H ∆ECOOP(T

CA1 1.43 5.39 2.22 8.39 0.79 3.00 3.79 

CA2 1.79 2.32 2.63 3.4 0.84 1.08 1.92 

CA3 0.82 6.15 1.43 10.78 0.62 4.63 5.24 

CA4 0.77 5.77 1.30 9.66 0.53 3.89 4.42 
HB1 and HB2 correspond to the NH∙∙∙O and O (N) ∙∙∙H hydrogen bonds, respectively; a and b correspond to 

the individual HB energies estimated using the SHB structures and estimated from the ρ values calculated at the 
HBCPs of DHB complexes, respectively. 

Table 3. The LMO-EDA results of unsubstituted complexes (X=H) calculated at the B3LYP/6-311++G(d,p) 
computational level (kcal mol-1). 

∆Eele ∆Eex ∆Epol ∆Edisp ∆Erep ∆E 
CA1 DHB -24.34 -12.66 -12.73 -5.78 42.99 -12.52

SHB2 -14.88 -8.17 -7.92 -3.62 27.85 -6.75
SHB1 -8.01 -4.56 -3.77 -2.85 16.55 -2.64
∆∆EX -1.45 0.07 -1.04 0.69 -1.41 -3.13

CA2 DHB -16.6 -8.93 -8.23 -5.17 31.56 -7.36
SHB2 -9.15 -5.46 -4.74 -3.32 19.78 -2.89
SHB1 -7.28 -3.79 -3.23 -2.61 14.06 -2.86
∆∆EX -0.17 0.32 -0.26 0.76 -2.28 -1.61

CA3 DHB -31.30 -17.99 -18.34 -6.76 59.40 -14.99
SHB2 -20.47 -12.99 -12.63 -4.63 42.76 -7.96
SHB1 -9.64 -5.78 -4.70 -3.24 20.52 -2.84
∆∆EX -1.19 0.79 -1.01 1.12 -3.88 -4.17

CA4 DHB -29.43 -17.27 -17.32 -6.63 57.12 -13.52
SHB2 -19.63 -12.54 -12.01 -4.59 41.4 -7.37
SHB1 -9.09 -5.53 -4.50 -3.17 19.67 -2.62
∆∆EX -0.71 0.80 -0.81 1.13 -3.95 -3.53
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named as CA1-CA4, were investigated on the 
potential energy surface. The complexes CA1 and 
CA2, in which the oxygen atom of CA acts as a 
proton acceptor, are stabilized by EWSs and are 
destabilized by EDSs. The behaviors of substituents 
are reversed in the complexes CA3 and CA4, in 
which the nitrogen atom of the ring is involved in 
the interaction. The energy data and geometrical 
parameters are in excellent correlations with the σ 
coefficients of substituents. Very good linear 
correlation is observed between the individual HB 
energies estimated using (a) the SHB structures and 
(b) the ρ values of the DHB complexes. The ∆EHB 

values obtained from both methods are completely
in agreement with the nature of substituents and the
role of atoms involved in the HBs. A positive
cooperativity is observed between HB1 and HB2
interactions in the DHB complexes. In addition, a
linear relationship is found between the total
cooperative energies and the total interaction
energy of complexes. The most stable complexes
are the ones showing the larger absolute values for
cooperativity. The LMO-EDA scheme shows that
the order of energy contribution in the stabilization
of complexes is ∆Eele > ∆Epol > ∆Eex > ∆Edisp, which
clearly shows that the interactions are all
electrostatic dominant. The LMO-EDA scheme
also shows that cooperativity is mainly caused by
∆∆Eexrep, which indicates that the Pauli repulsion is
remarkably reduced when two hydrogen bond
interactions operate simultaneously.
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