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ABSTRACT: Symmetry-adapted perturbation theory (SAPT) and func-
tional-group SAPT (F-SAPT) are applied to examine differences in
interaction energies of diastereoisomeric complexes of two chiral molecules
of natural origin: (S/R)-carvone with (−)-menthol. The study is extended by
including derivatives of menthol with its hydroxy group exchanged by another
functional group, thus examining the substituent effect of the interaction and
the interaction differences between diastereoisomers. The partitioning of the
interaction energy into functional-group components allows one to explain
this phenomenon by the mutual cancellation of attractive and repulsive
interactions between functional groups. In some cases, one can identify
dominant chiral interactions between groups of atoms of carvone and
menthol derivatives, while in many other instances, no major interaction can
be distinguished and the net chiral difference results from subtle near
cancellation of several smaller terms. Our results indicate that the F-SAPT method can be faithfully utilized for such analyses.

■ INTRODUCTION

Theoretical prediction of interactions between chiral com-
pounds is still a poorly explored area within the theory of
intermolecular forces. In spite of the existence of modern and
mature quantum-chemical techniques such as symmetry-
adapted perturbation theory (SAPT)1−3 and its functional-
group partitioning (F-SAPT),4−6 their use for the description of
the interactions within complexes composed of chiral molecules
is scarce. Recently, we have tested the applicability of these
methods on an example of the interaction of three popular chiral
drugs: ibuprofen, norepinephrine, and baclofen with building
blocks of chiral phases for chromatography: phenethylamine
and proline.7 We also examined the dimers of chlorophyllide and
its artificial diastereoisomer with perturbational techniques in ref
8. About the same time, Hemmati and Patkowski applied the
same methods for the interaction of propylene oxide
complexes.9 Out of the tested methods, the F-SAPT proved to
be the most useful in determining which functional groups are
responsible for modulation of the strength of the interaction
between chiral molecules. Here, in order to further advance our
experience, we decided to study the applicability of F-SAPT for a
description of similar noncovalent complexes. As the test case,
we selected the (S/R)-carvone−(−)-menthol pair and its
variants in which the menthol hydroxy group is exchanged for
another functional group, such as cyano, nitro, halogen, methyl,
amino, and so forth. Some of these derivatives can be found in
nature, and the synthesis of others was reported in the
literature.10 Such a selection of the model enabled us to examine

how minor changes in the structure of the chiral molecule
influence its interaction with the chiral partner.
Carvone and menthol constitute one of the main ingredients

of essential oils fromMentha species,11 widely used in food and
pharmaceutical industries mostly for their smell: (−)-menthol
has a spearmint-like smell and (S)-(+)-carvone has a caraway-
like smell, while the (R)-(−)-carvone again has a minty smell.
Both serve as popular model molecules of active, natural
products, for instance, in studies of interactions with
bioreceptors,12,13 in the formation of conjugates with nano-
particles,14 in drug-delivery systems,15 or in odor sensing.16

Being cheap, abundant, and easily available, menthol is widely
used in synthetic chemistry, in particular, in asymmetric
synthesisfor extensive reviews, see, for example, refs.10,17,18

For instance, it was employed as an initiator in an atom transfer
radical polymerization of styrene.19 Similarly, carvone can also
serve as a substrate for polymer chemistry.18,20 (R)-Carvone has
recently been used to obtain new chiral isoxazoles and pyrazoles
having a monoterpenic skeleton, which were further tested for
cytotoxicity against human HT-1080, MCF-7, and A-549 cancer
cells.21 (S)-Carvone was employed in stereoselective total
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synthesis of (−)-daphenylline, an alkaloid present in plants of
the Daphniphyllum genus, used in Chinese medicine for their
curative properties.22

Both molecules were subjected to theoretical studies whose
aim was mainly to explore the conformational landscape of these
naturally occurring species. The conformational studies were
carried out both by theoretical methods, mostly Hartree−Fock
(HF) and Density Functional Theory (DFT), and compared
with the results of experimental vibrational and vibrational
circular dichroism spectroscopies.23−26 Carvone was addition-
ally studied by means of gas electron diffraction supported by
theoretical calculations within MP2/6-31G** and
DFT:B3LYP/6-31G** methods.27

Furthermore, optical rotatory dispersion and circular
dichroism of six isomers of (S)-(+)-carvone were studied in
17 different solvents and compared with results from
calculations for the gas phase with DFT:B3LYP/6-311G(d,p),
MP2/6-31(d), CC2, and CCSDmethods.28 (S)-Carvone served
also as one of the test molecules to compute axial birefringence
induced by a magnetic field on the DFT:B3LYP/aug-cc-pVDZ
level.29,30 Because of its applicability in synthetic chemistry, the
reactivity of (R)-carvone toward peracetic acid in epoxidation
and Baeyer−Villiger reactions was explored by employing
DFT:B3LYP/6-311G(d,p).31

The studies on carvone and/or menthol interactions are so far
limited. An interesting study of the chiral recognition of carvone
comes fromNandi,12 who studied chiral sensing of (R)- and (S)-
carvone with dipalmitoylphosphatidylcholine. The system was
selected as an in vitro model of chiral recognition of the odorant
by lipids.32 The interaction was studied by the examination of
the effective pair potential which is a relatively simple yet
effective tool to study the orientation dependence of the
intermolecular interactions between chiral species.33

The interest in the reactivity of both menthol and carvone and
their derivatives results not only from their availability but also
from the fact that they bear chiral centers in relatively simple
chemical structures. This drove our curiosity to study these
molecules as well. In particular, we would like to explore to
which extent the F-SAPT can qualitatively and quantitatively
predict the strength of the interactions within chiral complexes
formed by molecules differing by minor changes in their
substituents.

■ METHODOLOGY
The structures of the complexes under study have been found
using a multistep geometry optimization procedure. First, the
optimal geometries of carvone and menthol were obtained by
performingDFT optimizations starting from structures resulting
from the systematic conformer generator.34 In the second step,
these geometries were used as starting points for the geometry
optimization of the carvone−menthol or carvone−menthol
derivative complexes, where the AutoDock Vina35 was used to
generate starting points for the final DFT optimization. From
the resulting minima, the lowest ones were selected for further
analysis with SAPT and F-SAPT. The B97-D functional36 and
the aug-cc-pVTZ basis set37 were utilized for the DFT part of
geometry optimizations. The resolution-of-identity procedure,
also known as density fitting (DF),38 was used to approximate
two-electron repulsion integrals (ERIs), with the corresponding
default auxiliary basis sets.39 This part of calculations was
performed with the TURBOMOLE software package.40

The most important quantity for assessing the strength of the
intermolecular interactions is the interaction energy, defined as a

difference between the electronic energy of the complex AB (a
dimer) and the sum of energies of the constituent molecules A
and B (monomers)

E E E E(AB) (AB) ( (A) (B))int = − + (1)

where geometries of the monomers are fixed, that is, they are the
same in the monomers and the dimer. The interaction energy is
a function of relative orientations of the molecules A and B, but
in this study, we will focus on the interaction energy calculated at
the minimum found from the geometry optimizations of the
dimer. The interaction energy for these minimum structures was
calculated with SAPT with monomers described at the DFT
level41,42 and with the ERIs treated with DF approximation.43

The PBE0 functional44,45 with the Grüning asymptotic
correction (AC)46 was used for the DFT description of the
monomers. Vertical ionization potentials (IPs) and the highest
occupied molecular orbital (HOMO) energies, needed for the
calculation of the AC, were obtained with the PBE0 functional as
well. The PBE0AC functional has been found to be among the
top performers for various SAPT(DFT) approaches, when
compared to the benchmark SAPT(CCSD) method, that is,
SAPT with the monomers described on the level of coupled
cluster theory truncated after double excitations.47 The large
aug-cc-pVQZ basis set was used37 for the IPs, while the PBE0
energies of the HOMOs were obtained in the same basis as used
in SAPT(DFT). Additionally, the second-order dispersion
energy, known to be notoriously difficult to saturate by
increasing basis sets, was evaluated by the complete-basis-set
(CBS) extrapolation procedure for the correlation energy48

using the results for aug-cc-pVTZ and aug-cc-pVQZ basis sets in
the extrapolation formula. This part of calculations was
performed with the Molpro package.49,50

The SAPT interaction energy is obtained as a sum of the
following components

E E E E E E

E E

(AB)int
SAPT

elst
(1)

ind
(2)

disp
(2)

exch
(1)

exch ind
(2)

exch disp
(2)

HFδ

= + + + +

+ +

‐

‐ (2)

The first six terms of the right-hand side of eq 2 have a clear
physical interpretation,51 and the so-called delta HF (δEHF)
term estimates selected higher-order contributions.52 For the
unsubstituted case, we also performed an additional analysis of
SAPT contributions with monomers described on various
Møller−Plesset (MP) levels.53−58 The latter computations were
performed with the Psi4 code59 in the aug-cc-pVDZ basis set.
The F-SAPT method enables an approximate partitioning of

the energy contributions from eq 2. Because the partitioning of
the SAPT energy into the intergroup interaction is needed on
the semiquantitative level only, we adopted the recipe from ref 5
and utilized the SAPT(HF) and the jun-cc-pVDZ60 basis in the
F-SAPT computations. Because of these differences, the total F-
SAPT energies cannot be directly compared to the SAPT-
(DFT)/CBS results.
In order to facilitate the comparisons between both

diastereoisomers, we introduce the difference energy ΔEchir
(also called the chirodiastaltic energy61), which is defined as

E E R

E S

(( ) carvone ( ) menthol)

(( ) carvone ( ) menthol)
chirΔ = ‐ − − ‐

− ‐ − − ‐ (3)

for two carvone−menthol complexes and analogously for
complexes with derivatives of menthol. Note that this definition
is employed for total interaction energies and the partitioned
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ones.We are also introducing a shorthand description of the (S)-
carvone−(−)-menthol and (R)-carvone−(−)-menthol com-
plexes and denoting them as S or R complexes, respectively.
Moreover, the (−)-menthol and its derivatives are denoted here
as X-menthol, where X stands for the −OH group in pristine
menthol or the corresponding derivative group.

■ RESULTS AND DISCUSSION
Comparison of Various SAPT Levels for Carvone−

Menthol Interaction. As already mentioned in the Method-
ology section, the investigation of the stability differences
between diastereoisomers formed by the derivative of menthol
and (S/R)-carvone molecules is performed with the SAPT-
(DFT) method using the asymptotically corrected PBE0
functional (PBE0AC). Although this functional has been already
tested in several publications against, for example, CCSD(T) or
SAPT(CCSD) benchmarks,47 it is nonetheless interesting to
compare its performance in the present case with respect to
other models. To this end, we not only calculated SAPT
contributions at the SAPT(HF) level (which is also frequently
denoted as SAPT0 and which serves as the base for the F-SAPT
model)

E E E E E E

E

int
SAPT(HF)

elst
(10)

exch
(10)

ind,resp
(20)

exch ind,resp
(20)

disp
(20)

exch disp
(20)

HF
(2)δ

= + + + +

+ +

‐

‐ (4)

but also beyond this model to show the importance of the
intramonomer electron correlation for energy components in
SAPT where monomers are described on various levels of the
MP theory, according to the methodology developed by
Moszynśki et al.62−66

E E E E E E

E E E

t

t

int
SAPT2

int
SAPT(HF)

elst,resp
(12)

exch
(11)

exch
(12)

ind
(22)

exch ind
(22)

disp
(21)

disp
(22)

= + + + +

+ + +

+

‐ (5)

and including the third order of the intermolecular interaction

E E E E E

E E E E

int
SAPT2 3

int
SAPT2

elst,resp
(13)

disp
(30)

exch ind
(30)

ind,resp
(30)

exch disp
(30)

ind disp
(30)

exch ind disp
(30)

HF
(2)

HF
(3)δ δ

= + + +

+ + + +

− +

+ +
‐

‐ ‐ ‐ ‐

(6)

The computations of these corrections were performed in a
somewhat smaller aug-cc-pVDZ basis set because of high

computational costs of some of them. Table 1 shows SAPT
components for the SAPT(DFT) with the PBE0AC functional,
SAPT(HF), and SAPT2+ methods, abbreviated as (DFT),
(HF), and (MP), respectively, in this table, followed by
differences between the energy components obtained by
SAPT(DFT) and SAPT2+ and, finally, the chiral discrimination
for individual SAPT components, as reproduced by all three
variants of SAPT methods. For the SAPT(MP) method, the
electrostatic term is reproduced up to the third order in terms of
the intramonomer fluctuation operator W, the first-order
exchange, second-order induction and exchange induction,
and second-order dispersion, to the second W order, while the
small exchange-dispersion term is kept on the SAPT(HF) level.
The values of individual corrections listed in eqs 4−6 are
additionally listed in Table S1 in the Supporting Information.
First of all, the comparison of SAPT(HF) and two remaining

models shows that the lack of intramonomer electron
correlation introduces errors of the order of 10 kJ/mol in the
total interaction energies and Eexch

(1) components and of about 5
kJ/mol for induction and exchange-induction terms. Strangely
enough, the discrepancies for the dispersion energy are much
smaller, while it is known that dispersion is a purely electron-
correlation component of the interaction energy. However, a
more detailed analysis of the correlation corrections to
dispersion reveals that this small discrepancy results from a
near cancellation of two terms, which are formally of a different
order in terms of the intramonomer fluctuation operator: the
Edisp
(21) terms are positive and large (10 and 13 kJ/mol for S and R

diastereoisomers, respectively), while the Edisp
(22) is negative and

equal to −12 and −14 kJ/mol, respectively (see Table S1).
Compared to large differences between SAPT(HF) and

SAPT(MP), the SAPT(DFT) and SAPT(MP) components are
quite close to each other. The highest relative differences occur
for both second-order exchange terms, which can be anticipated,
because the exchange-dispersion term within SAPT(MP) is
calculated without any intramonomer correlation included,
while the second-order exchange-induction intramonomer
correlation contribution tEexch‑ind

(22) is estimated from the ratio of

tEind
(22)/Eind,resp

(20) . It has been already noted in ref 67 that this ratio
gives poor estimates of the intramonomer correlation in many
cases in comparison to the benchmark SAPT(CCSD) results. In
terms of absolute differences between SAPT(DFT) and
SAPT2+, it is the dispersion, the second-order exchange
induction, and the first-order exchange components which

Table 1. Components of the SAPT/aug-cc-pVDZ Interaction Energya for Carvone−OH-Menthol Complexesb Calculated with
Various SAPT Modelsc

method

(DFT) (HF) (MP) (DFT)−(MP) (DFT) (HF) (MP)

parameter

component α β α β α β α β chiral discrimination

Eelst
(1) −43.3 −41.3 −43.8 −40.8 −42.5 −40.8 −0.8 −0.4 2.0 3.0 1.7

Eexch
(1) 70.1 76.7 60.8 68.1 72.8 79.9 −2.6 −3.2 6.6 7.3 7.1

Eind
(2) −27.9 −28.1 −23.0 −23.5 −27.2 −27.5 −0.7 −0.6 −0.2 −0.5 −0.3

Eexch‑ind
(2) 21.1 22.6 14.9 16.8 17.6 19.7 3.5 2.9 1.5 1.9 2.0

Edisp
(2) −58.1 −68.2 −60.3 −72.1 −62.4 −73.6 4.3 5.4 −10.1 −11.8 −11.2

Eexch‑disp
(2) 7.5 8.9 6.4 7.8 6.4 7.8 1.2 1.2 1.4 1.4 1.4

δEHF −6.6 −6.3 −6.6 −6.3 −6.6 −6.3 0.0 0.0 0.2 0.2 0.2
Eint
TOT −37.0 −35.7 −51.6 −50.1 −41.8 −40.9 4.8 5.2 1.3 1.5 0.9

aEnergies are given in kJ/mol. bα and β stand for (S)-carvone−OH-menthol and (R)-carvone−OH-menthol, respectively. c(X) stands for
SAPT(X).
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show the largest discrepancies. However, the differences in total
interaction energies are smaller because these discrepancies
partially cancel each other.
Finally, because the main goal of the present study is the

examination of the chiral discrimination between two
diastereoisomers, it is interesting to see whether all three
SAPT models give theΔEchir values of the same sign and similar
magnitude for all SAPT components. The last three columns of
Table 1 show that this is indeed the case. In particular, the
largest, the near-zero, and the smallest ΔEchir’s are faithfully
reproduced (see the values for Eexch

(1) , Eind
(2), and Edisp

(2) , respectively),
in spite of the fact that the intramonomer correlation plays the
important role in the first two terms. Therefore, the most
primitive SAPT(HF) model, utilized within F-SAPT partition-
ing, seems to be a safe choice for a difference analysis of the
interaction energy components for diastereoisomers involving
(S)- or (R)-carvone and menthol derivatives. It should be noted
that the |ΔEchir| for the third-order polarization and exchange
SAPT components do not exceed 3 kJ/mol and are of the
opposite sign for the component and its exchange counterpart,
so altogether they do not play any significant role in chiral
discrimination.
Performance of SAPT(DFT) Interaction Energies. The

lowest energy conformers for diastereoisomeric complexes are
drawn in Figure 1. Additionally, the Cartesian coordinates for
these complexes are listed in the Supporting Information.
The SAPT(DFT) interaction energies and their decom-

position, according to eq 2, are presented in Table 2. As noted in
the Methodology section, the basis set dependence of the
dispersion contribution known from many previous studies68

requires the usage of the CBS estimation for this term, while
other SAPT components are already well saturated in the aug-
cc-pVQZ basis; therefore, no CBS procedure is necessary for
these energies (see Tables S2−S5 in the Supporting
Information).
All studied complexes have quite high absolute values of

interaction energy, which depend on the substituent type. The
strongest attraction occurs for the complexes of carvone with
COOH-menthol and the weakest occurs for with CH3-menthol,
while the unsubstituted OH-menthol case represents the second
strongest attraction among all studied systems. The attraction of
the carvone−COOH-menthol complexes result not only from
the electrostatics, dispersion, and net induction (Eind

(2) + Eexch‑ind
(2) )

but also from larger contribution of δEHF. The replacement of
the−OH group by its heavier analogue (−SH) leads to a further
weakening of the interaction. The examination of the SAPT
components shows that this weakening results from the decrease
in absolute values of the electrostatics and induction terms, while
the dispersion contribution remains less affected by the
substituent change. This finding can be explained by the
assumption that this interaction is dominated by the H-bond,
which becomes weaker for sulfur replacing oxygen. Starting from
the −SH substituent, the interaction energies of the remaining
cases are in a range differing by at most 5 kJ/mol. Unexpectedly,
the halogen series (−F,−Cl, or−Br substituents) does not show
large differentiation of the interaction energy either.
The flattening of the interaction energies means that also the

chiral differences are small. For the case with the strongest
attraction (carvone−COOH-menthol), the ΔEchir amounts to
only 2 kJ/mol, while the two largest absolute values of ΔEchir
occur for the carvone−CN-menthol and carvone−NO2-
menthol complexes (−4.8 and −4.6 kJ/mol, respectively).
This chiral differentiation is still almost four times larger than

that for the original carvone−OH-menthol complex (1.2 kJ/
mol). Therefore, the functionalization of the menthol can, in
principle, lead to a better chiral recognition, although these
differences are still quite small for all studied cases.
Note that although for almost all complexes, the constituent

molecules are polar, the total first-order contribution is always

Figure 1. Optimized structures of the complexes under study.
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strongly repulsive, and the major attractive contribution is the
second-order dispersion. The differences between dispersion
terms are, however, much smaller than differences between
electrostatics and first-order exchange contribution; therefore,
the latter terms contribute the most to the interaction energy
differences between complexes with various derivatives of
menthol.
Partitioning of the Interaction Energy with F-SAPT.

For the purpose of F-SAPT partitioning, both monomers are
divided into several parts of various chemical characters (see
Figure 2, in which all the chiral carbons are additionally marked

with asterisks). For the carvonemolecule, we first distinguish the
ring (which is composed of all atoms forming the cyclohexene
ring with the exception of the carbon atom forming the carbonyl
group). In some cases, it will be useful to further divide this ring
into the part containing the double bond and the remaining
chain of three C atoms. The remaining groups of carvone are the
carbonyl group itself (−CO), the short −CH3 moiety, in the
following denoted as MeC, and a longer aliphatic group (−C
CH2CH3), denoted here as LC. The only chiral center of

carvone is the carbon atom to which the LC group is attached.
Therefore, according to the three-point rule, the interactions
involving LC or the ring can be considered as potentially chirally
discriminating.
For the menthol molecule, we distinguish the cyclohexane

ring, the −OH group (which is replaced by other functional
groups in the further part of the study), the short −CH3 moiety,
denoted as MeM, and a longer aliphatic group (−CHCH3CH3),
denoted here as LM. There are three chiral centers in the
menthol molecule. These are the carbon atoms from the
menthol ring to which cyclohexane substituents (MeM, −OH,
and LM) are attached. As a consequence, chiral discrimination
might result from the interactions of all fragments of menthol.
The F-SAPT energy terms (electrostatics, induction, etc.)

partitioned into components attributed to pairwise interactions
of atomic groups belonging to the carvone and modified
menthol molecules are presented in a graphical form in the
Supporting Information. In the following sections, we will
discuss the most important interaction types between these
groups, that is, those which contribute the most to the total
interaction energy or to the chiral discrimination. The
importance of the F-SAPT contributions resulting from the
interaction between these functional groups is schematically
depicted in Figure 3.

Carvone−Menthol Complexes. We begin our discussion
with the “parent” complex interaction of (S)- or (R)-carvone
with an unsubstituted menthol molecule. The inspection of the
geometry patterns of the lowest conformers for these two
diastereoisomers allows us to distinguish structural motifs which
are present in the majority of studied complexes, that is, (i)
hydrogen bonds (possibly also nonstandard ones), (ii) ring−
ring interactions, and (iii) interactions between side aliphatic
groups (MeC···MeM, LC···LM, MeC···LM, and LC···MeM).
Both carvone−menthol complexes are formed in such a way

that a H-bond between −CO and −OH groups is developed.

Table 2. Components of the SAPT Interaction Energy for the Complexes under Study in the CBS Limita,b,c

complex Eelst
(1) Eexch

(1) Eind
(2) Eexch‑ind

(2) Edisp
(2) Eexch‑disp

(2) δEHF Eint
SAPT δEchir

(S)-carvone−OH-menthol −43.3 70.1 −27.9 21.1 −59.8 7.7 −6.6 −38.6 1.2
(R)-carvone−OH-menthol −41.3 76.6 −28.1 22.5 −70.0 9.1 −6.3 −37.4
(S)-carvone−SH-menthol −29.1 65.0 −20.9 17.4 −67.4 8.2 −5.3 −32.1 3.5
(R)-carvone−SH-menthol −26.8 66.1 −19.5 15.8 −66.7 8.0 −5.6 −28.7
(S)-carvone−NH2-menthol −27.3 62.5 −19.4 16.3 −66.5 8.0 −4.3 −30.7 2.6
(R)-carvone−NH2-menthol −27.6 68.1 −22.3 19.1 −69.3 8.7 −4.8 −28.1
(S)-carvone−COOH-menthol −63.2 102.6 −41.9 29.0 −78.1 10.3 −11.1 −52.5 2.0
(R)-carvone−COOH-menthol −61.8 101.3 −41.6 30.1 −78.8 10.7 −10.4 −50.5
(S)-carvone−CHO-menthol −20.2 54.8 −15.3 12.1 −63.6 6.8 −3.6 −28.9 2.8
(R)-carvone−CHO-menthol −17.6 50.3 −14.5 12.1 −59.5 6.5 −3.3 −26.1
(S)-carvone−NO2-menthol −19.4 53.7 −15.0 11.7 −63.2 6.6 −3.6 −29.2 −4.6
(R)-carvone−NO2-menthol −29.4 60.2 −18.8 14.4 −62.0 7.1 −5.2 −33.7
(S)-carvone−F-menthol −23.2 53.1 −17.5 14.2 −57.8 6.7 −4.0 −28.5 1.0
(R)-carvone−F-menthol −22.5 55.8 −17.0 14.1 −61.2 7.1 −3.6 −27.5
(S)-carvone−Cl-menthol −19.9 53.7 −14.1 11.7 −60.3 6.5 −3.8 −26.1 −3.6
(R)-carvone−Cl-menthol −21.7 54.2 −16.6 14.0 −62.9 7.0 −3.8 −29.7
(S)-carvone−Br-menthol −25.6 60.3 −24.0 21.1 −67.2 8.1 −4.3 −31.6 −0.5
(R)-carvone−Br-menthol −24.8 59.5 −21.0 18.1 −67.6 8.0 −4.3 −32.1
(S)-carvone−CN-menthol −20.6 55.8 −15.2 11.8 −63.6 6.8 −3.6 −28.6 −4.8
(R)-carvone−CN-menthol −23.7 54.9 −16.4 12.6 −63.7 6.9 −4.0 −33.4
(S)-carvone−CH3-menthol −17.4 52.7 −13.0 11.1 −62.4 6.7 −3.3 −25.6 0.9
(R)-carvone−CH3-menthol −16.2 51.1 −13.1 11.3 −61.1 6.6 −3.4 −24.8

aEnergies are given in kJ/mol. bThe last column shows the energy differences for the second and first diastereoisomers, as defined in eq 3.
cExtrapolation from the aug-cc-pVTZ and aug-cc-pVQZ basis sets.

Figure 2. Partition of the considered monomers used in the F-SAPT
analysis.
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The importance of this bond for the total interaction can be seen
from the corresponding graphs (see Figure 3i,ii) and from values
of the total F-SAPT interaction energies between these two
groups, which are equal to −32 and −25 kJ/mol for (S)-
carvone−OH-menthol and (R)-carvone−OH-menthol, respec-
tively. The partitioning of these energies into SAPT components
shows features of the typical H-bond, that is, a low electrostatic
energy which is only partially damped by exchange interaction,
accompanied with a net induction contribution, which is,
however, of a secondary importance. The geometric features of
the O···H−Omoiety are also characteristic for the H-bond. First
of all, the intermolecular O···Hdistance is equal to 2.00 and 2.13
Å for the S and R cases, respectively, which confirms a stronger
attractive contribution from F-SAPT for the former case. The
O−Hbonds in the hydroxyl groups are elongated in comparison
to the isolated menthol, and the increase in bond length is again
larger for the S case, in agreement with the stronger character of
the H-bond in this complex (the corresponding lengths denote
0.967, 0.970, and 0.973 Å for isolated menthol and menthol in R
and S complexes, respectively). The O···H−O angle differs from
an optimal value of 180° by 19 and 17°, respectively, for the (S)-
carvone−OH-menthol and (R)-carvone−OH-menthol cases.
The reason why the O···H−O angle is smaller than 180° is the
fact that the rest of menthol moiety would be then farther apart
from carvone, thus making the attractive van der Waals
interaction between other fragments smaller. For instance, the
bending of the H-bond makes it possible to increase the
dispersion contribution in the interaction of the carvone ring
with LM or the menthol ring. The dispersion contribution is the
lowest for the ring−ring interaction for the (R)-carvone−OH-
menthol complex, where it amounts to as much as −18 kJ/mol.
It does not count as one of the strongest interactions only
because of the large first-order repulsive exchange term, which
almost cancels the attractive dispersion contribution. Another
example of large attractive contributions is the mainly
electrostatic interaction between the carboxyl group and LM,
which is especially pronounced for the (S)-carvone−OH-
menthol case (−11 kJ/mol). As can be seen from the graphs,
there are several secondary interactions which should be
considered in order to obtain the full interaction pattern of
carvone with menthol. For the (S)-carvone−OH-menthol case,
the absolute value of the interaction energy is above 4 kJ/mol for
the following interactions: three attractive interactions, that is,
between the CO group and LM, LC, and LM, and between both
rings, and the repulsive interaction between the carvone ring and
the −OH group. From these interactions, only the first one
(−CO with LM) is above the 4 kJ/mol threshold for the (R)-
carvone−OH-menthol complex. However, there are other
secondary attractive contributions in the latter case, resulting
from the interaction of the carvone ring with LM, LC, or MeC
with the menthol ring.

Figure 3. Interaction graphs for the complexes under study. Carvone
and the derivative of menthol (depicted as black vertical lines) each are

Figure 3. continued

divided into four fragments, as described in the main text, and are
abbreviated as RC (ring), CO (carboxylic group), LC (long side-
group), and MeC (methyl) for carvone and RM (ring), SubM (OH or
substituent), LM (long side-group), andMeM (methyl) for menthol or
the derivative of menthol. The red and blue lines depict attractive and
repulsive contributions from the F-SAPT study, respectively, while the
line thickness is proportional to the absolute value of the interaction
energy. The rightmost figure shows differences in F-SAPT energies
between the R and S diastereoisomers.
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Because the total ΔEchir for the complex of carvone with
menthol is very small (ca. 1 kJ/mol) in spite of a significant
ΔEchir value for the O−H···OC interaction (+8 kJ/mol), it is
interesting to also examine the interaction energy differences
between the R and S diastereoisomers (see Figure 3iii). The
graph shows that the dominance of the H-bond, seen for graphs
(depicting total interaction energies for the S and R isomers),
disappears in the ΔEchir graph. Apart from the H-bond
contribution, one can point to several more interaction energy
differences of similar weight and of opposite signs. A qualitative
analysis of the main (i.e., thick) interaction lines for the carvone
group gives one negative and two positive contributions for the
CO group, one positive and two negative contributions for the
ring, and one positive and one negative contribution for LC, thus
suggesting the approximate cancellation of positive and negative
ΔEchir terms. The explicit addition of these terms shows that
indeed the net contribution of the−CO group to the totalΔEchir
is positive, of the carvone ring is negative, and of LC is close to
zero, which leaves us with an insignificant total ΔEchir = 1 kJ/
mol. Therefore, the chiral discrimination of the (S)-carvone−
OH-menthol and (R)-carvone−OH-menthol complexes is
hardly possible in spite of the presence of several interactions
which individually are chirally discriminating. Accidentally, a
quantitative agreement between SAPT(DFT)/CBS interaction
energy differences and F-SAPT (i.e., SAPT0/jun-cc-pVDZ)
interaction energies is observed for the menthol−carvone pair of
complexes.
By exchanging the −OH group of menthol for other popular

functional groups, 22 complexes were generated, which will be
reviewed below. The complexes are discussed starting from
those possessing the typical H-bond and followed by the
remaining cases.
Carvone−SH-Menthol Complexes. Let us first discuss the

analogue of menthol, in which the−OHgroup is replaced by the
heavier −SH one (see Figure 3iv−vi), resulting in 5-methyl-2-
(propan-2-yl)cyclohexane-1-thiol or menthylmercaptan. Men-
thylmercaptan turns out to have a flavor of a grapefruit.69 For
notation consistency, we will denote menthylmercaptan as SH-
menthol in the rest of this paper.
Similarly, as for the complexes formed by menthol, the

quantitative agreement between total SAPT interaction energy
differences (ΔEchir) and the F-SAPT interaction energies is
detected: the chiral discrimination of SH-menthol is about three
times larger than that found for menthol and amounts to about
3.5 kJ/mol, according to SAPT(DFT) (see Table 2), with the
(S)-carvone−SH-menthol more stable than (R)-carvone−SH-
menthol. For the (S)-carvone−SH-menthol complex, stabiliza-
tion comes predominantly from the interaction of the −SH and
−CO groups, as can be expected in view of the H-bond creation.
However, this interaction is weaker than that in the
unsubstituted menthol, so other interactions between functional
groups play a more important role in this case. The second most
important interaction occurs between the carvone ring and the
LM group. For the (R)-carvone−SH-menthol complex, the
SH···OC interaction is even weaker, and it is of the same
importance as the −SH group attraction to the carvone ring.
There are more interacting pairs which are energetically quite
close to the weakened H-bond, such as −CO with the menthyl
ring and the carvone ring or LCwith−SH; therefore, one cannot
name a clear leader in this case. Another interesting feature is a
comparably strong dispersion interaction between the rings for
the (R)-carvone−SH-menthol case, which is however com-

pletely canceled by the valence repulsion (exchange), so the net
ring−ring interaction is weakly repulsive.
Surprisingly, geometrical parameters suggest a stronger H-

bond for the (R)-carvone−SH-menthol derivative (the O···H
bond length is equal to 2.29 Å, and the S−H···O angle is 176.5°,
which should be compared with the values 2.35 Å and 160°,
respectively, for the second diastereoisomer). As noted above,
the opposite situation is encountered according to the F-SAPT
analysisthe S−H···OC interaction energies are equal to
−17 and −6 kJ/mol for the S and R cases, respectively. All
components of this energy are similar to one another in both
complexes except for electrostatics, which is more attractive by
−10 kJ/mol for (S)-carvone−SH-menthol. The analysis of the
interaction of unperturbed charges could lead us to a plausible
explanation of this peculiar phenomenon. First of all, one should
emphasize that F-SAPT interaction energy envelops also the
interaction with the carbon atom from the carboxyl group
(unfortunately, the limitations of the F-SAPT procedure do not
allow us to extract just single oxygen atom as a fragment);
therefore, this atommay in some cases suppress the attractive H-
bond. In the present case, the S···C distance is about 0.28 Å
longer in the (R)-carvone−SH-menthol case, so the attraction of
the carbon and sulfur atoms, bearing a partial positive and
negative charge, respectively, is stronger for the (S)-carvone−
SH-menthol diastereoisomer. Apparently, the weight of the O···
H−S and C···H−S interactions results in the higher attraction of
the whole carboxyl group for the (S)-carvone−OH-menthol in
spite of the more frustrated and longer H-bond.
Because tthe−SH and−OH groups have similar properties, it

will be illustrative to compare interaction properties for both
pairs of diastereoisomers. From comparison of geometries of
both S- and R-type complexes, one can see that many pairs of
groups are in a similar position to each other for thementhol and
SH-menthol complex. The comparison of the SAPT compo-
nents for these pairs reveals that the induction and dispersion
components are, in many cases, very similar for carvone−
menthol and carvone−SH-menthol complexes. On the other
hand, only a subset of these pairs shows no significant difference
for the case of the electrostatic contribution, which can be
explained by the known larger anisotropy of the latter term. It
means that a small disturbance in relative positions of the groups
may result in a different electrostatic term, while other
contributions are not so sensitive to this geometry factor.
Among pairs which have practically the same interaction
energies and all the components, one can name the carvone
ring, LC orMeC interacting withMeM for the (S)-carvone case,
and−CO, LC, orMeC interacting with LM for the (R)-carvone.
In other cases, such as, for example, LC or−CO interacting with
LM (the S case) or with MeM (the R case), the SAPT
components are similar with the exception of the electrostatic
term, which can differ by 2.4 up to 13 kJ/mol between the R and
S cases, depending on the interacting pair.

Carvone−NH2-Menthol Complexes. For the complex of
carvone with NH2-menthol (menthyl amine), one expects the
main stabilization from the H-bond formed between the amino
group of the menthol derivative and the −CO group of carvone.
Indeed, in both complexes, one observes the H-bond between
these two groups, but it is surprisingly weak, as can be judged
from both the geometry parameters and the F-SAPT interaction
energy. For the (S)-carvone−NH2-menthol and (R)-carvone−
NH2-menthol cases, the O···H distances are equal to 2.47 and
2.42 Å, respectively, and the N−H···O angles are equal to 157
and 155°, respectively, while the F-SAPT interaction energy
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between the −CO and amino groups equal −8 and −6 kJ/mol,
respectively. It should be noted that the absolute values of these
energies are four times smaller than those for the (S)-carvone−
OH-menthol and (R)-carvone−OH-menthol complexes. The
graphs (see Figure 3vii,viii) show that there are three more
attractive interactions of a similar magnitude for the present
case, in a sharp contrast to the −OH and −SH substituents.
These additional interactions occur between the −CO or LC
group and the menthol ring and between the carvone ring and
the LM group. It is interesting to see that among all interaction
components, the most important contribution is the dispersion
between both rings (−22 and −20 kJ/mol for S and R
complexes, respectively). However, this attractive component is
almost completely canceled by the first-order exchange
contribution, which is why the total ring−ring interaction is
small (−1 kJ/mol for both cases).
Overall, the chiral discrimination for both diastereoisomers is

relatively small and equals 2.6 kJ/mol, according to both
SAPT(DFT) and F-SAPT. The absolute values of all ΔEchir
contributions are small (see Figure 3ix), and one cannot
distinguish any particular components, which contribute to
chiral discrimination.
Carvone−COOH-Menthol Complexes. The next pair of

complexes under study are diastereoisomers between (S)- or
(R)-carvone and (1S,2R,5S)-2-isopropyl-5-methylcyclohexane-
carboxylic acid (denoted here as COOH-menthol). Two graphs
corresponding to these complexes (see Figure 3x,xi) are
dominated by the strong attraction between the −CO and
−COOH groups, which according to the F-SAPT partitioning
amounts to −57 and −56 kJ/mol for (S)-carvone−COOH-
menthol and (R)-carvone−COOH-menthol, respectively. This
attractive contribution results from the H-bond developed
between the oxygen of the carbonyl group from carvone and
−OH from the carboxylic group of the menthol derivative. Also,
the geometry features confirm the existence of the strong H-
bond: the O···H distance is quite short as for the intermolecular
bonding (1.83 and 1.89 Å for the S and R cases, respectively). In
the case of (S)-carvone−COOH-menthol, theO···H−Oangle is
close to an optimal value of 180° (177°), while for the (R)-
carvone−COOH-menthol complex, it is 10° smaller. The more
detailed examination of SAPT components of these interaction
energies reveals a typical pattern for the H-bond, that is, very low
electrostatic interaction (−61 and −57 kJ/mol for the S and R
cases, respectively) only partially damped by the first-order
exchange contributions and significant net induction interaction
(−16 and −14 kJ/mol, respectively). The second strongest
contribution comes from the interaction of LC with the ring of
thementhol derivative; however, it is much weaker (−10 and−7
kJ/mol for the S and R complexes, respectively). Although the
difference of the interaction energies between the −CO and
−COOH groups corresponds to the totalΔEchir (both are equal
to 1 kJ/mol), this similarity is accidental. The inspection of the
graphs depicting ΔEchir’s for the F-SAPT partitioning (see
Figure 3xii) reveals that there exist more pronounced differences
in interactions between two groups, such as the ring−ring
interaction (ΔEchir = −4 kJ/mol) or −CO interacting with the
menthol derivative ring (ΔEchir = +4 kJ/mol) and several others.
However, many of these differences are of the opposite sign, and
they cancel each other to a large extent, leaving a small total
ΔEchir value.
Carvone−CHO-Menthol Complexes. In the complexes of

carvone with CHO-menthol and the remaining complexes
under study, there is no typical H-bond, which, in all previous

cases, played the major role in the effective binding of both
molecules. The lack of this strong “anchoring” contact point of
the monomers can result in a different relative orientation of
carvone and the derivative of menthol, as compared to the H-
bonded complexes discussed above. This happens also for the
case of carvone−CHO-menthol diastereoisomers, where both
carbonyl groups are situated roughly on the opposite sides of the
complex. The analysis of F-SAPT graphs (see Figure 3xiii,xiv)
shows two equally important interactions: between the ring of
carvone and the −CHO group and between the −CO from
carvone and the ring of the menthol derivative. The first of these
two interactions has an interaction energy of −12 kJ/mol for
both diastereoisomers, while the second has interaction energies
of −12 and −11 kJ/mol for (S)-carvone−CHO-menthol and
(R)-carvone−CHO-menthol cases, respectively. Although the
first interaction energy is identical for the S andR complexes, it is
composed of a different mix of components. In both complexes,
the electrostatics plays the most important attractive role (−8
and −9 kJ/mol, respectively), but because of the larger
separation of the −CHO group and the carvone ring for the R
case, there is almost no exchange contribution, while for the S
complex, it does affect the interaction to some extent (2 kJ/
mol). On the other hand, the smaller distance results in a higher
dispersion contributions (−5 vs −2 kJ/mol for the S and R
cases), so altogether, the total interaction energy is the same in
both cases. The nature of the second most important interaction
is more typical for closer-lying groups: the interaction energy is
composed of three contributions of a similar weight (attractive
electrostatics and dispersion and repulsive exchange). The most
important chirally discriminating interactions come from the
−CHO group. One is the attractive interaction with −CO (−6
kJ/mol) of the pure electrostatic character for the (S)-carvone−
CHO-menthol, while it is equal to 0 kJ/mol for (R)-carvone−
CHO-menthol. This is in line with the observed geometry of
both systems because (i) both groups are polar and far apart
from each other and (ii) the distance between groups (measured
as distance between their oxygen atoms) is larger in the second
case (7.12 Å vs 5.24 Å). The second most important chirally
discriminating interaction between MeC and −CHO is also of a
similar type, that is, the contribution for the R case is close to
zero, while for the S case, it is different from zero (4 kJ/mol).
Because these interactions contribute to the total ΔEchir with
opposite signs, the resulting value ofΔEchir is much smaller than
the +6 kJ/mol value for the CO···CHO interaction. It should be
noted that for both pairs, only one group is attached to the chiral
center.
Finally, one should once again emphasize how misleading it

could be looking for the strongest interactions if the goal is to
identify the chiral-discriminating interactions. The carvone−
CHO-menthol presents the excellent example to make such a
distinction (see Figure 3xv) because the total chiral discrim-
ination of 4 kJ/mol does not result from the two strongest
interactions but from much weaker secondary interactions.
Summarizing, the replacement of the hydroxy group by the

aldehyde group in menthol leads to the increase in chiral
discrimination, which can be directly related to the interactions
with the newly introduced functional group.

Carvone−NO2-Menthol Complexes. Similarly, as in the
previous case, the relative orientation of monomers in the
carvone−NO2-menthol complexes is not determined by the
attraction of the carbonyl group and the substituent. Quite on
the opposite, the distance between the oxygen from the −CO
group and the closest atom of the nitro groups is equal to 4.99 Å
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(N−O distance) and 5.30 Å (O−O distance) for the S and R
cases, respectively. In both carvone−NO2-menthol complexes,
the major stabilization (of −19 and −22 kJ/mol for the S and R
complexes, respectively) results from the interaction between
MeM and the −CO group, which is predominantly of the
electrostatic character (see Figure 3xvi,xvii). This fact is
surprising, given a nonpolar character of the methyl group.
Apparently, this group becomes polarized by the neighbor polar
−CO group. The next most important interactions differ for the
S and R cases. Although in the former case, it is the interaction of
the carvone ring with the nitro group and the ring−ring
interactions which contribute themost to the attraction between
bothmolecules, for the latter case, only the ring−ring interaction
is of similar importance, whereas the ring−NO2 interaction is
very small. A more detailed analysis reveals that the character of
this interaction is different in both cases: although for the S case,
the exchange contribution is small and does not attenuate a low
electrostatic contribution (of −12 kJ/mol), for the R case, the
electrostatic is small and repulsive and the exchange term cancels
the large attraction coming from the dispersion component.
Additionally, one can find two significant repulsive contributions
to the total interaction energy, resulting from the interaction of
−CO with the menthol ring and the menthol ring with MeC. It
should be noted that the second from these interactions is of
electrostatic character, which agrees with the postulate that the
−CH3 group has been polarized (see the analysis of the major
stabilizing interaction).
The analysis of the chirally discriminating contributions (see

Figure 3xviii) shows several unique features for the complexes
with the NO2−menthol. First of all, there are three ΔEchir terms
of a large absolute value between 17 and 7 kJ/mol, all resulting
from the interaction with the substituent (NO2). However, if
only the first of these terms is taken into account, a wrong sign of
the total ΔEchir will be predicted. Similarly, the addition of the
second and third most important terms does not heal the
situationactually, these three contributions sum to 0 kJ/mol,
that is, not chiral discrimination. Only after the remaining
contributions are included, the correct sign and order of
magnitude of the ΔEchir is recovered, among which one should
mention the LC group and the menthol ring. Summarizing, the
large ΔEchir for this case shows that similarly to the CHO-
menthol diastereoisomers, the elimination of the hydroxy group
by a larger polar group can lead to the increased chiral
discrimination.
Carvone−X-Menthol (Where X = F, Cl, and Br)

Complexes. Next, three diastereoisomeric pairs are those
resulting from the substitution of the−OH group in menthol by
a halogen atom. The replacement of the hydrogen donor group
by fluorine, chlorine, or bromine changes the dimer structure
completely in comparison to complexes with the proper H-
bond. In particular, the −CO group of carvone and chlorine or
bromium atoms are placed on opposite sides of complexes,
similarly to the CN-menthol and CHO-menthol cases. The
oxygen−halogen distances are much longer than the O−O
distance in the carvone−menthol complex: in the former case,
the distances are longer than 5 Å (and even than 6 Å for one
case), which should be compared with the 3 Å for the latter case.
The fluorine-substituted case shows different relative orienta-
tions of the monomers in comparison to complexes with heavier
halogen-menthol, but also in this case, the F−O distance
amounts to about 4.5 Å (4.41 and 4.65 Å for the S or R case,
respectively). (It should be parenthetically noted that the
carvone−F-menthol conformers with geometries very similar to

the heavier analogues represent local minima which are a couple
of kJ/mol higher than the presented ones, and we have chosen to
take into account the lowest energetically minima in our
discussion.) The geometries of the complexes with two heavy
halogens are especially similar for the pair (R)-carvone−Cl-
menthol and (R)-carvone−Br-menthol, while another pair (S)-
carvone−Cl-menthol and (S)-carvone−Br-menthol is a more
different one from another.
Similarly to other cases where the highly polar −OH group

serving as a hydrogen donor is absent and substituted by another
group, no dominant group−group interaction can be identified,
which is clearly seen from the graphs presented in Figure 3xix−
xxvii. Quite the contrary, the total interaction energy is
composed of several contributions of a comparable importance.
For instance, for the fluorine case, two interactions contribute
15−25% to the total interaction energy, while for heavier
analogues, there is between three and five such contributions.
The S and R diastereoisomers of the carvone−F-menthol

complex differ in relative orientation of molecules, so it is quite
surprising that these two species have virtually the same
interaction energies and very small total |ΔEchir|. An analysis of
graphs reveals that the carboxylic group of carvone plays an
important role in the attractive part of the interaction energy in
both cases; however, the F-menthol counterpart is different for
the S and R complexes: it is the fluorine atom in the former case
and the menthol ring in the latter. For the interaction between
the −CO group and the menthol ring, the major difference
between the S and R diastereoisomers is due to electrostatic and
first-order exchange components which are known to be the
most anisotropic, while induction and dispersion are quite
similar to one another. Such a behavior is common for cases
where interacting groups are in a similar distance from each
other but differ in relative orientations. For the (S)-carvone−F-
menthol, one can find a large attractive contribution between the
−CO group and the fluorine atom, which has a purely
electrostatic character and is equal to −10 kJ/mol. In contrast,
the interaction for the (R)-carvone−F-menthol case is also
purely electrostatic, but three times less attractive (−3.3 kJ/
mol). Another important interaction is developed between the
carvone ring and the LM group. Among three interaction pairs,
those involving −CO show large differences between diaster-
eoisomers (7 and −5 kJ/mol for −CO interacting with the
fluorine atom and menthol ring, respectively). However, the
inspection of the ΔEchir graph shows that there are more
significant differences in interactions between the S and R cases.
For instance, the energy difference between the fluorine atom
and the carvone ring amounts to −6 kJ/mol, which is due to the
attractive electrostatic contribution for the (R)-carvone−F-
menthol complex and virtually no interaction for the (S)-
carvone−F-menthol one. A long-range dominant electrostatic
contribution suggests a strong polarization of the fluorine atom
in this case. A similar effect occurs for other halogen complexes
with the exception of (S)-carvone−Cl-menthol. Therefore, the
chiral discrimination in this case is close to zero because of the
presence of the ΔEchir terms of opposite signs and their
accidental cancelation.
The most significant interaction for complexes with heavier

halogen occurs between both rings for three out of four cases
(with the exception of (S)-carvone−Br-menthol). Because of a
large difference in the ring−ring interaction in complexes with
bromine, this attraction contributes the most to the total ΔEchir
value (by −6 kJ/mol). For the (S)-carvone−Br-menthol case,
the two most important interactions happen between the −CO
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group and either the bromine atom or the menthol ring. The
attraction within the latter pair is weaker by +4 kJ/mol for the R
case, which indicates a partial cancellation of the ring−ring
contribution to ΔEchir. Similarly to the fluorine case, the
interactions between the carboxylic group and −Cl or −Br are
predominantly of electrostatic nature, which again indicates that
the electron density of the halogen should be significantly
polarized by the nearby groups. The strength of these
interactions is similar to each other (between −7 and −8 kJ/
mol) for both bromine-containing complexes and for (R)-
carvone−Cl-menthol. For the remaining case, (S)-carvone−Cl-
menthol, the Cl−O distance is 1.3 Å longer than that for for
another diastereoisomer, and the partitioning shows virtually no
interaction between the carboxylic group and the chlorine atom.
This means that the ΔEchir term between −Cl and −CO
amounts to −7 kJ/mol and is one of the largest among group−
group interactions. As already noted, it is not possible to identify
a clearly dominant contribution for all these cases. Additionally,
similarly to the complexes with F-menthol, a small total chiral
discrimination for the bromine-containing complexes results
from the accidental cancellation of otherwise large terms. For
the interaction with the carvone ring, there are four different
terms of a similar absolute value (4−5 kJ/mol), two with the plus
and two with the minus sign, while for the−CO group, there are
two such terms of opposite sign (with the menthol ring and the
MeM group). It is also interesting to examine how differences in
the placement of the electron-rich bromium atom influence the
interaction strength and character of the interaction with the
various types of carbon atoms of the carvone ring. In the (S)-
carvone−Br-menthol complex, bromium is located above the
carvone ring with the closest distance to the sp2 carbon equal to
3.60 Å, resembling the orientation encountered for the
nucleophilic substitution to the nearby double CC bond. F-
SAPT indicates that the energy of the interaction between −Br
and the −CCH group (containing the abovementioned double
bond) amounts to as much as −11 kJ/mol, out of which −7 kJ/
mol is due to dispersion. A large contribution of dispersion can
be expected for the electron-rich atom such as bromine. In the
(R)-carvone−Br-menthol complex, bromium adapts a less
favorable position, pointing at the saturated carbon from the
ring (the distance equals 3.76 Å). The Br−C(sp2) distance is
similar (3.74 Å), but nonetheless, the Br···CCH interaction
energy for the latter case is less attractive and equal to−8 kJ/mol
with dispersion contributing to a half of this value.
The chlorine-menthol shows one of the largest ΔEchir for the

total interaction energy (−6 kJ/mol for F-SAPT and −3.6 kJ/
mol for SAPT(DFT)); therefore, it is interesting to summarize
here which groups contribute the most to this difference. F-
SAPT partitioning shows that there are several binding
interactions of a similar importance, from which the interaction
between the menthol ring and the whole ring of carvone gives
the major contribution (−13 and −12 kJ/mol for (S)-carvone−
Cl-menthol and (R)-carvone−Cl-menthol, respectively). This
interaction is largely of a dispersion character, especially for the
latter case. Other important attractive contributions are the
interactions of the chlorine atom with the double CC bond
and between methyl groups which are mostly electrostatic.
However, none of these interactions contributes significantly to
the chiral discrimination in these diastereoisomers. A more
detailed analysis reveals that the most important in this aspect is
the interaction of the carboxyl group of carvone and the chlorine
atom. This electrostatic interaction is very weak for the (S)-
carvone−Cl-menthol case (−1 kJ/mol only), while for the (R)-

carvone−Cl-menthol complex, it amounts to as much as −8 kJ/
mol. This difference can be explained by a larger separation of
−Cl and −CO in the former case and a somewhat different
orientation of the Cl−C and C−O bonds.
Finally, in view of a similar orientation of the R-carvone and

the derivative of menthol for chlorine and bromine substituents,
one is tempted to investigate the transferability of a partitioning
of total interaction energies between pairs, as well as their SAPT
components. Ideally, if the same orientation of carvone and the
menthol derivative is preserved and the only change consists in
changing the substituent, one would expect that only pairs in
which the substituent takes part should be modified, while other
pairs should exercise the same attraction and repulsion in both
cases. A comparison of the partitioned contributions of F-SAPT
for these two cases reveals that indeed differences between the
energy components are very small for the terms where the
substituent is not involved. For the vast majority of these
components, the differences are less or equal to 0.1 kJ/mol. For
electrostatic and dispersion interactions, the only differences
above 1 kJ/mol are due to the interactions with chlorine or
bromine, and for the first-order exchange, the two largest ones
are also due to the pairs containing−Cl or−Br, while differences
in induction contributions are smaller than 0.1 kJ/mol for all the
cases. On the other hand, a similar comparison of the (S)-
carvone−Cl-menthol and (S)-carvone−Br-menthol complexes
reveals much larger differences between components of the
interaction energies because of a different orientation of S-
carvone and the derivative of menthol for almost all 16
interaction pairs.

Carvone−CN-Menthol Complexes. The next interesting
derivative of menthol is the (1R,2S,5R)-2-isopropyl-5-methyl-
cyclohexanecarbonitrile, denoted in the following as CN-
menthol. The carvone−CN-menthol complexes show the
highest chiral discrimination among the studied complexes,
with the (R)-carvone−CN-menthol diastereoisomer being 4.8
kJ/mol more stable than the (S)-carvone−CN-menthol one,
according to the saturated SAPT(DFT) results (see Table 2). As
in many cases where the proper H-bonds cannot be formed, the
substituent (carbonitrile) group is placed away from the −CO
group of carvone. The distance between the closest atoms of
these two groups is equal to 4.41 and 4.63 Å for the S and R
complexes, respectively (in both cases, it is the distance between
carbon atoms). The examination of the interaction graphs of the
(S)-carvone−CN-menthol and (R)-carvone−CN-menthol (see
Figure 3xxviii−xxx) reveals quite different distribution of
attractive and repulsive components of the total interaction
energy, leading to several large components of |ΔEchir|. Only for
the former case, one can find a clearly dominating interaction,
that is, the attraction between the carvone ring and the
carbonitrile group. This interaction is quite strong (−20 kJ/
mol) and has a predominantly electrostatic character, which is
surprising because out of two interacting groups, only the
carbonitrile one is polar. For the second diastereoisomer, the
respective interaction energy is more than two times weakerit
amounts to−9 kJ/mol only. Therefore, already the first analyzed
pair of functional groups gives a significant contribution to chiral
discrimination. The second such pair is MeM and the carboxyl
groups. This interaction is very weak (1 kJ/mol) for the (R)-
carvone−CN-menthol complex and strongly attractive for the
(S)-carvone−CN-menthol case (−14 kJ/mol), where it is also
purely electrostatic. Therefore, this interaction is not only strong
but also highly chirally discriminating, with the ΔEchir = +15 kJ/
mol. Surprisingly, from these two groups, only the MeM one is
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attached to the chiral center, while the −CO group is separated
from the chiral center by two bonds. It should be also noted that
the sign of ΔEchir for these two groups is opposite to the total
ΔEchir. From the remaining two interaction pairs, the CO···CN
one is again predominantly electrostatic and attractive for one
complex (this time, the (R)-carvone−CN-menthol one, with the
energy equal to −10 kJ/mol) and almost zero for the second
one. Therefore, the ΔEchir value for this pair is equal to −9 kJ/
mol. It should be noted that this time, the sign of this energy
difference corresponds to the sign of the total difference from the
table, and again only one group (−CN) is attached to the chiral
center in spite of the large |ΔEchir|. The last strongly attractive
interaction occurs between the menthol ring and the saturated
part of the carvone ring (−9 and −8 kJ/mol).
The sum of the ΔEchir terms from these interactions gives the

wrong sign; therefore, again one should examine other group
pairs. When the interaction energy differences are examined
directly, one can find, apart from the CO···MeM and CO···CN,
several other pairs with large absolute values of ΔEchir. Among
them, there is another pair involving the −CO group, the
interaction with the menthol ring, with the ΔEchir = −8 kJ/mol.
The character of this interaction is of a mixed character with a
significant dispersion component, which for the (S)-carvone−
CN-menthol case is overcompensated by the strongly repulsive
electrostatics. The carbonitrile group contributes to the
remaining three significant difference energies: two attractive
ones with MeC and LC (both −9 kJ/mol) and one repulsive
with the saturated part of the carvone ring (+9 kJ/mol). One
should note that this time, the latter two pairs either contain the
chiral center or are attached to it for both groups.
Summarizing, for the carvone−CN-menthol complexes, we

have identified six chirally discriminating pairs, two with positive
and four with negative ΔEchir, giving altogether the strongest
chiral discrimination for the whole test set of the derivatives of
menthol.
Carvone−CH3-Menthol Complexes. The substitution of

the hydroxyl group with −CH3 deprives the menthol from the
only polar group, which takes part in a creation of the strong H-
bond for the original carvone−menthol complexes. Never-
theless, the geometry optimization reveals that the lowest
conformer for both S and R cases have the new methyl group
placed close to the carboxyl group of carvone. Even the distance
between the ring atom to which the substituent (−CH3 or
−OH) is attached and the carbon from the−CO group is similar
for the substituted and unsubstituted cases (3.98 or 3.99 Å and
3.74 or 3.92 Å for the S and R complexes, respectively).
However, the similarities between both cases end here. Other
parts of CH3-menthol are oriented quite differently in
comparison to the carvone−menthol complexes, starting from
the ring orientations.
Given the lack of the polar groups in both monomers, it is

difficult to predict a priori the most important interactions
between groups of these molecules. The examination of the
interaction graphs (see Figure 3xxxi−xxxiii) reveals that there
are six attractive contributions of a similar importance, which
result from the interactions of the carvone ring or the menthol
ring and the remaining (nonring) groups and one repulsive
contribution between both rings. Interestingly, the latter
contribution is composed of low dispersion interaction (−24
and −25 kJ/mol for the S and R cases, respectively), which is
however damped with excess by the first-order exchange and
small repulsive electrostatic contribution. The strongest
attraction occurs between the carboxyl group and the menthol

ring (−12 and −16 kJ/mol for (S)-carvone−CH3-menthol and
(R)-carvone−CH3-menthol, respectively). At the same time,
this interaction is among threemost chiral discriminating ones in
the present case. The interaction of the LC group and the
menthol ring is of similar importance (−11 and−8 kJ/mol) and
is also chiral-discriminating (ΔEchir = +3 kJ/mol). The attraction
between the carvone ring and the substituent (−CH3) is also
quite strong (−8 and −9 kJ/mol for the S and R complexes,
respectively). Surprisingly, the partitioning of this energy into
SAPT components shows the dominant contribution of
electrostatics and the negligible first-order exchange. The lack
of the exchange suggests a large distance between interacting
fragments, which is confirmed by the geometry analysis, so the
long-range electrostatics suggest a priori deformation of
monomer densities in the regions of the carvone ring and the
methyl group, which is large enough to allow for significant
electrostatic contribution. Finally, the interaction of the −CH3
group of carvone and the ring of menthol adds about−7 kJ/mol
to the overall attraction, but in this case, there is no difference in
interaction strength for both complexes.
Untypically, for the present case, themajority of the important

interaction pairs also contribute significantly to the total ΔEchir.
The only group pair not listed so far is the substituent methyl
group, which is electrostatically repelled by the carboxyl group
for the (R)-carvone−CH3-menthol case (+6 kJ/mol). The same
interaction for the second diastereoisomer is much smaller so
that theΔEchir for this pair amounts to 5 kJ/mol and is the largest
among all group−group interactions. As in many previous cases,
the absolute value of the total ΔEchir is much smaller than the
absolute values for individual group−group interactions.

■ CONCLUSIONS
In the present work, we studied the possibility of chiral
discrimination of diastereoisomeric complexes composed of
(S)- or (R)-carvone with (−)-menthol and its derivatives and
tested to what extent the F-SAPT method can be applied to
examine differences in interaction energies of these complexes
(the so-called chirodiastaltic energy). In order to examine the
substituent effect in detail, we have chosen to modify the
menthol molecule by exchanging one group only (the hydroxy
group) for the other functional group of varying character. At
first, we examined differences in SAPT(DFT) interaction
energies at the CBS limit for optimal structures for
diastereoisomeric complexes containing (S)- or (R)-carvone
and the same derivative of (−)-menthol, which turn out to be of
the order of a few kJ/mol, with substituents increasing or
decreasing this difference. The highest chirodiastaltic energy has
been found for the −CN and −NO2 substituents. On the other
hand, the highest absolute value of the total interaction energy
has been detected for the carvone−COOH-menthol complex,
while the least attractive interaction occurs between carvone and
CH3-menthol, which also has the lowest value of chiral
discrimination. These and other examples show that the large
absolute value of the interaction energy and the value of
chirodistaltic energy are not correlated with each other. The
partition into SAPT components gives not enough information
to answer the question which functional groups are the most
important for the total interaction and for differences between
diastereoisomers, but our studies show that this gap can be to a
large extent filled with the F-SAPT method, for which the
SAPT(HF) interaction energies and their components are
partitioned into contributions belonging to the interaction of
two functional groups. With this method, one can not only
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detect H-bonds, which are characterized by a large contribution
of electrostatics and net induction in the interaction energy
between two groups, but also other interaction types, such as
dispersion-dominated ring−ring interactions and so forth.
In this study, we have shown that also more subtle interaction

dif ferences are reproduced by the F-SAPT analysis of the
interaction of diastereoisomeric complexes. It turns out that the
overall small chirodiastaltic energies result from two different
mechanisms: either differences in energies between R or S
complexes are small for all interacting functional groups or
individual differences are large in absolute magnitude for some
pairs, but of opposite sign, resulting in a near cancellation of the
total chiral effect. The first situation occurs for the −NH2,
−COOH, and −CH3 substituents (individual difference
contributions of at most a couple of kJ/mol), while the second
one is especially pronounced (i.e., some individual contributions
of 8 kJ/mol and higher) for −NO2, −CN, and −SH cases. The
latter cases correspond to three out of four cases with the highest
total |ΔEchir|, but still, this value is disappointingly small in
comparison to individual differences for group−group inter-
actions, which amount to 17 kJ/mol (carvone ring with−NO2).
For instance, for the carvone−CN-menthol complex, one
identifies six important interactions between functional groups.
However, another aspect of our work was to verify the validity

of the three-point rule, which states that the chiral differentiation
of molecules is possible when there are at least three different
intermolecular interactions between the interacting molecules
(hydrogen-bond interactions, van der Waals bonds, dipole−
dipole and charge-transfer types, and sterical repulsion) and if at
least one of them is stereochemically dependent, that is, it
depends on the chiral center of a given enantiomer. The
examination of the obtained results shows that the identification
of such interactions is often not sufficient for an effective chiral
discrimination because of the cancellation of strong attractive
and repulsive components. It also happens that the strongest
chirally discriminating interactions belong to a pair of functional
groups, which are not directly attached to a chiral center. This
fact and the near cancellation of some contributions can be
partially explained by the flexibility of the studied systems, which
contain saturated bonds, and can adapt their geometries to a
changing environment, significantly diminishing the effect of the
chirally discriminating interaction. Therefore, the results for
more rigid molecules would probably show a higher chiral
discrimination. In the other case, one can say that the F-SAPT
model has successfully passed one of the most difficult tests for a
biologically important case, which is the carvone and menthol
interaction.
Another application of F-SAPT is a demonstration of a

transferability of interactions between functional groups, which
remain the same in two pairs of diastereoisomeric complexes,
provided that their relative positions in a new complex do not
change considerably. In fact, for such situations (see e.g.,
halogen cases), the pair interactions remain quite similar to each
other.
Summarizing, the F-SAPT model4,5 proves to be a useful

device for a detailed examination of intermolecular interactions,
even for subtle interaction effects introduced by chirality. It gives
us semiquantitative results which outperform the usually applied
empirical rules, such as the three-point rule, which can be easily
interpreted and compared, especially if graph visualization, as
proposed in this study, is employed for this purpose.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.0c06266.

Figures of B97-D3/aug-cc-pVTZ optimized structures for
the complexes under study; components of the SAPT-
(DFT)/aug-cc-pVDZ interaction energy for the com-
plexes under study; components of the SAPT(DFT)/aug-
cc-pVTZ interaction energy for the complexes under
study; components of the SAPT(DFT)/aug-cc-pVQZ
interaction energy for the complexes under study;
components of the SAPT(DFT)/CBS interaction energy
for the complexes under study; and interaction-strength
graphs for complexes under studyComponents of the
SAPT(MP)/aug-cc-pVDZ, SAPT(DFT)/aug-cc-pVnZ
(n=D,T,Q), and SAPT(DFT)/CBS for the carvone -
menthol complexes; figures of the B97-D3/aug-cc-pVTZ
optimised structures for the complexes under study; and
interaction-strength graphs for the complexes under study
(PDF)
Cartesian coordinates of the complexes under study
(XYZ)

■ AUTHOR INFORMATION
Corresponding Author

Tatiana Korona − Faculty of Chemistry, University of Warsaw,
02-093 Warsaw, Poland; orcid.org/0000-0001-7169-3412;
Email: tania@chem.uw.edu.pl

Authors
Michał Chojecki − Faculty of Chemistry, University of Warsaw,
02-093 Warsaw, Poland; orcid.org/0000-0002-4590-5845

Dorota Rutkowska-Zbik− Jerzy Haber Institute of Catalysis and
Surface Chemistry, Polish Academy of Sciences, 30-239 Cracow,
Poland; orcid.org/0000-0001-9323-1710

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.0c06266

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The support from the National Science Centre of Poland
through grant 2015/19/B/ST4/01812 is gratefully acknowl-
edged. This research was supported in part by PL-Grid
Infrastructure.

■ REFERENCES
(1) Jeziorski, B.; Moszynski, R.; Szalewicz, K. Perturbation Theory
Approach to Intermolecular Potential Energy Surfaces of van der Waals
Complexes. Chem. Rev. 1994, 94, 1887−1930.
(2) Szalewicz, K. Symmetry-Adapted Perturbation Theory of
Intermolecular Forces. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012,
2, 254−272.
(3) Patkowski, K. Recent Developments in Symmetry-Adapted
Perturbation Theory. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2020,
10, No. e1452.
(4) Parrish, R. M.; Sherrill, C. D. Spatial Assignment of Symmetry
Adapted Perturbation Theory Interaction Energy Components: the
Atomic SAPT Partition. J. Chem. Phys. 2014, 141, 044115.
(5) Parrish, R. M.; Parker, T. M.; Sherrill, C. D. Chemical Assignment
of Symmetry-Adapted Perturbation Theory Interaction Energy

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c06266
J. Phys. Chem. A 2020, 124, 7735−7748

7746

https://pubs.acs.org/doi/10.1021/acs.jpca.0c06266?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c06266/suppl_file/jp0c06266_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c06266/suppl_file/jp0c06266_si_002.xyz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatiana+Korona"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7169-3412
mailto:tania@chem.uw.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Micha%C5%82+Chojecki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4590-5845
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dorota+Rutkowska-Zbik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9323-1710
https://pubs.acs.org/doi/10.1021/acs.jpca.0c06266?ref=pdf
https://dx.doi.org/10.1021/cr00031a008
https://dx.doi.org/10.1021/cr00031a008
https://dx.doi.org/10.1021/cr00031a008
https://dx.doi.org/10.1002/wcms.86
https://dx.doi.org/10.1002/wcms.86
https://dx.doi.org/10.1002/wcms.1452
https://dx.doi.org/10.1002/wcms.1452
https://dx.doi.org/10.1063/1.4889855
https://dx.doi.org/10.1063/1.4889855
https://dx.doi.org/10.1063/1.4889855
https://dx.doi.org/10.1021/ct500724p
https://dx.doi.org/10.1021/ct500724p
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c06266?ref=pdf


Components: The Functional-Group SAPT Partition. J. Chem. Theory
Comput. 2014, 10, 4417−4431.
(6) Parrish, R. M.; Sitkoff, D. F.; Cheney, D. L.; Sherrill, C. D. The
Surprising Importance of Peptide Bond Contacts in Drug-Protein
Interactions. Chem.Eur. J. 2017, 23, 7887−7890.
(7) Chojecki, M.; Rutkowska-Zbik, D.; Korona, T. On the
Applicability of Functional-Group Symmetry-Adapted Perturbation
Theory and Other Partitioning Models for Chiral Recognition - the
Case of Popular Drug Molecules Interacting with Chiral Phases. Phys.
Chem. Chem. Phys. 2019, 21, 22491−22510.
(8) Chojecki, M.; Rutkowska-Zbik, D.; Korona, T. Dimerization
Behavior of Methyl Chlorophyllide a as the Model of Chlorophyll a in
the Presence of Water Molecules - Theoretical Study. J. Chem. Inf.
Model. 2019, 59, 2123−2140.
(9) Hemmati, R.; Patkowski, K. Chiral Self Recognition: Interactions
in Propylene Oxide Complexes. J. Phys. Chem. A 2019, 123, 8607−
8618.
(10) Oertling, H.; Reckziegel, A.; Surburg, H.; Bertram, H.-J.
Applications of Menthol in Synthetic Chemistry. Chem. Rev. 2007,
107, 2136−2164.
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initio Study of Magnetochiral Birefringence. J. Chem. Phys. 2002, 117,
6417−6428.
(30) Jansík, B.; Rizzo, A.; Frediani, L.; Ruud, K.; Coriani, S. Combined
Density Functional/Polarizable Continuum Model Study of Magneto-
chiral Birefringence: Can Theory and Experiment be Brought to
Agreement? J. Chem. Phys. 2006, 125, 234105.
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M.; Celani, P.; Györffy, W.; Kats, D.; Korona, T.; Lindh, R.; et al.
MOLPRO, version 2015.1, a package of ab initio programs, 2015; see
http://www.molpro.net.
(50) Werner, H.-J.; Knowles, P. J.; Manby, F. R.; Black, J. A.; Doll, K.;
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