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Abstract: Trimeric acylphloroglucinols (T-ACPLs) are a subclass of the large class of acylphloroglucin-
ols—derivatives of 1,3,5-trihydroxybenzene containing an R–C=O group. T-ACPL molecules contain
three acylphloroglucinol moieties linked by methylene bridges. Many of them are present in natural
sources and exhibit biological activities, often better than the corresponding activities of monomeric
acylphloroglucinols. All the stable conformers of T-ACPLs contain seven intramolecular hydrogen
bonds, which constitute the dominant stabilising factors. A total of 38 different T-ACPLs, including
both naturally occurring and model molecules, have been calculated at the HF and DFT/B3LYP levels.
The DFT/B3LYP calculations were carried out both without and with Grimme’s dispersion correction,
to highlight the dispersion (and, therefore, also electron correlation) effects for these molecules. The
roles of dispersion are evaluated considering the effects of Grimme’s correction on the estimation of
the conformers’ energies, the description of the characteristics of the individual hydrogen bonds, the
conformers’ geometries and other molecular properties. Overall, the results offer a comprehensive
overview of the conformational preferences of T-ACPL molecules, their intramolecular hydrogen
bond patterns, and the correlation effects on their properties.

Keywords: acylphloroglucinols; effects of electron correlation on molecular properties; electron
correlation; Grimme’s dispersion correction; intramolecular hydrogen bonding; stacking interactions;
trimeric acylphloroglucinols

1. Introduction

Acylphloroglucinols (ACPLs, Figure 1, [1]) are a broad class of compounds, struc-
turally derived from phloroglucinol (1,3,5-trihydroxybenzene), and characterised by the
presence of at least one R–C=O group (acyl group), where R is more often an alkyl chain.
Many ACPLs are of natural origin and show a variety of biological activities, including
antibacterial, antiviral, anticancer, antimalarial, antifungal, antioxidant, and antidepres-
sant [1]. They have attracted interest for their pharmaceutical potentialities, spanning a
broad range, from earlier considerations of their possible roles as lead compounds in the
design of drugs against neurodegenerative diseases [2] to more recent investigations of
their potentialities against SARS-CoV-2 [3].

Biologically active molecules of natural origin are particularly interesting for drug
development because their activity is already proved, including their ability to reach the
relevant biological target within the organism and interact with it. The biological activities
of substances depend on the properties of their molecules and may depend on the finest
details of these properties [4]. This makes accurate computational studies of biologically
active molecules particularly important for subsequent steps of drug design. The present
work pertains to a systematic computational study of ACPLs, investigating a number
of aspects: the main factors stabilising the molecules of monomeric ACPLs (M-ACPLs)
in vacuo [5–8] and in solution (e.g., [9,10]); the molecular properties of dimeric ACPLs
(D-ACPLs, whose molecules contain two ACPL monomers) as a subclass of ACPLs [11];
and the molecular properties of a number of ACPLs with specific activities or specific
structural features.

Computation 2021, 9, 121. https://doi.org/10.3390/computation9110121 https://www.mdpi.com/journal/computation

https://www.mdpi.com/journal/computation
https://www.mdpi.com
https://doi.org/10.3390/computation9110121
https://doi.org/10.3390/computation9110121
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/computation9110121
https://www.mdpi.com/journal/computation
https://www.mdpi.com/article/10.3390/computation9110121?type=check_update&version=1


Computation 2021, 9, 121 2 of 22Computation 2021, 9, x FOR PEER REVIEW 2 of 22 
 

 

 
Figure 1. General structure of monomeric acylphloroglucinols and atom-numbering utilised for 
each monomer. R is the alkyl chain of the R−C=O group of the given molecule; R^ and R* denote 
possible substituents in meta to the R−C=O group. In trimeric acylphloroglucinols (Figure 2), the R^ 
of the first monomer, the R* of the third monomer, and both R^ and R* of the inner monomer, are 
replaced by methylene bridges. The first atom of R^ is given the number 9, the first atom of R* is 
given the number 11, the first atom of R (after C7) is given the number 13, and the second atom of 
R (if present) is given the number 19. 

These studies clearly highlighted features related to the acylphloroglucinol unit and, 
therefore, appearing in all ACPL molecules (besides specific features associated with func-
tions that may be present in the R* or R^ substituents). The general features comprise the 
dominant role of the intramolecular hydrogen bond (IHB) between the sp2 O of the acyl 
group and a neighbouring phenol OH (termed ‘first IHB’) [5–7,10,11], and the non-negli-
gible influence of the orientation of the phenol OHs [6,7,12] and of the weaker C−H⋅⋅⋅O 
IHBs [8]. 

ACPLs in which two or more ACPL monomers are joined by methylene bridges (MB) 
often exhibit enhanced biological activity with respect to M-ACPLs [1], motivating the 
interest for specific studies. The study of D-ACPLs [11] highlighted the important role of 
the hydrogen bonds between monomers (IMHBs, ‘intermonomer hydrogen bonds’) on 
either side of the MB, turning them into the second stabilising factor for ACPLs consisting 
of more than one unit. 

The present work focuses on trimeric ACPLs (T-ACPLs, Figure 2). It considers natu-
rally occurring and model molecular structures selected in such a way as to provide ade-
quate representativeness of the most common structural features of these compounds, 
such as the nature of R, R^, and R* and the replacement of one or more phenol OH by 
OCH3 groups or by keto O. The model structures have been added to highlight the effects 
of features like the presence of R^ and R* different from H on a given skeleton structure; 
knowing these effects can be useful both for better understanding of naturally occurring 
molecules and for better predictions of the properties of derivatives in the process of being 
designed. 

An additional factor influencing the conformational preferences of T-ACPLs is the 
possibility of two different mutual orientations of the planes of the benzene rings of the 
three monomers, with all the other features being identical. This doubles the number of 
possible conformers with respect to an analysis based on the geometries of individual 
monomers and the associated IHBs (only one mutual orientation of the two planes is pos-
sible for each IMHB pair in the case of D-ACPLs). 

Both the previous studies of ACPLs and the current one devote particular attention 
to IHBs. Hydrogen bonds (H-bonds) are often the strongest non-covalent interaction 
(NCI) between molecules or within a molecule. They play crucial roles in determining the 
geometries of biomolecules such as proteins and DNA. They may play important roles in 
determining site-reactivity of biologically active molecules (e.g., [13]), as well as in pro-
cesses like molecular recognition and the binding of active molecules to their biological 
targets [14–17] and references in [17]. Therefore, it is particularly important to study IHBs 

Figure 1. General structure of monomeric acylphloroglucinols and atom-numbering utilised for each
monomer. R is the alkyl chain of the R–C=O group of the given molecule; Rˆ and R* denote possible
substituents in meta to the R–C=O group. In trimeric acylphloroglucinols (Figure 2), the Rˆ of the
first monomer, the R* of the third monomer, and both Rˆ and R* of the inner monomer, are replaced
by methylene bridges. The first atom of Rˆ is given the number 9, the first atom of R* is given the
number 11, the first atom of R (after C7) is given the number 13, and the second atom of R (if present)
is given the number 19.
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when studying biologically active molecules, above all when these molecules might be 
taken into consideration for drug design [18]. 
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Figure 2. General structure of trimeric acylphloroglucinols and atom numbering utilised in this work. The same atom 
numbering is utilised for corresponding atoms in each monomer and reflects the numbering shown in Figure 1. R is the 
alkyl chain of the R−C=O group of the given molecule; R^ and R* denote possible substituents in meta to the R−C=O group. 
The numbers of the atoms of the second monomer (inner monomer) are primed and the numbers of those of the third 
monomer are double-primed. 

Many molecular properties are used as quantum chemical descriptors for the inves-
tigation of quantitative structure–activity relationships (QSAR), whose predictive reliabil-
ity depends on the accuracy of the descriptors-evaluation. The accuracy proved greater 
when electron-correlation is incorporated in the quantum chemical calculation, and elec-
tron-correlation-based QSARs prove satisfactorily predictive [19]. 

Electron correlation influences many aspects of molecular systems. In particular, dis-
persion interactions arise from correlation effects [20–22]. These interactions can be ex-
pected to be significant in T-ACPLs because of the presence of IHBs with different 
strengths, and the presence of three benzene rings whose planes may be at different angles 
in different conformers. 

While dispersion interactions may not significantly influence strong H-bonds, their 
influence increases for moderate H-bonds and even more for weaker ones [22]. The first 
IHB in T-ACPLs (with an sp2 O as acceptor and closing a 6-member ring comprising two 
double bonds) is moderate-to-strong [6], whereas the IMHBs are significantly weaker; 
therefore, the inclusion of dispersion interactions can be expected to improve the descrip-
tion of the IHBs in T-ACPLs. Furthermore, a number of C−H⋅⋅⋅O IHBs are present in T-
ACPLs; since they are weaker than O−H⋅⋅⋅O IHBs, their description is expected to be con-
siderably sensitive to the inclusion of dispersion interactions. 

Stacking interactions between aromatic rings are present in various biomolecules and 
contribute significantly to their conformational preferences and energetics [23]. They are 
dispersive in nature and, therefore, they can be taken into account only by computational 
methods including the consideration of dispersion interactions. The investigation of their 
effects is relevant for the study of molecules containing two or more benzene rings. 

The obtained results highlight the importance of the IHB patterns in determining 
conformational preferences, and the preference for specific combinations of monomers’ 
geometries: the only populated conformers of T-ACPLs are those in which each constitut-
ing monomer is in one of the lowest energy conformations identified for M-ACPLs (a sim-
ilar result had been obtained for D-ACPLs [11]). Electron correlation influences the con-
formers’ energies, their geometries, the characteristics of the IHBs, and the dipole mo-
ments; the influence is often more significant for half-bowl-shaped conformers, likely in 
relation to the mutual orientations of the planes of the three benzene rings. 

Figure 2. General structure of trimeric acylphloroglucinols and atom numbering utilised in this work. The same atom
numbering is utilised for corresponding atoms in each monomer and reflects the numbering shown in Figure 1. R is the
alkyl chain of the R–C=O group of the given molecule; Rˆ and R* denote possible substituents in meta to the R–C=O group.
The numbers of the atoms of the second monomer (inner monomer) are primed and the numbers of those of the third
monomer are double-primed.

These studies clearly highlighted features related to the acylphloroglucinol unit and,
therefore, appearing in all ACPL molecules (besides specific features associated with
functions that may be present in the R* or Rˆ substituents). The general features comprise
the dominant role of the intramolecular hydrogen bond (IHB) between the sp2 O of the
acyl group and a neighbouring phenol OH (termed ‘first IHB’) [5–7,10,11], and the non-
negligible influence of the orientation of the phenol OHs [6,7,12] and of the weaker C–H···O
IHBs [8].

ACPLs in which two or more ACPL monomers are joined by methylene bridges (MB)
often exhibit enhanced biological activity with respect to M-ACPLs [1], motivating the
interest for specific studies. The study of D-ACPLs [11] highlighted the important role of
the hydrogen bonds between monomers (IMHBs, ‘intermonomer hydrogen bonds’) on
either side of the MB, turning them into the second stabilising factor for ACPLs consisting
of more than one unit.

The present work focuses on trimeric ACPLs (T-ACPLs, Figure 2). It considers nat-
urally occurring and model molecular structures selected in such a way as to provide
adequate representativeness of the most common structural features of these compounds,
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such as the nature of R, Rˆ, and R* and the replacement of one or more phenol OH by
OCH3 groups or by keto O. The model structures have been added to highlight the effects
of features like the presence of Rˆ and R* different from H on a given skeleton structure;
knowing these effects can be useful both for better understanding of naturally occurring
molecules and for better predictions of the properties of derivatives in the process of
being designed.

An additional factor influencing the conformational preferences of T-ACPLs is the
possibility of two different mutual orientations of the planes of the benzene rings of the
three monomers, with all the other features being identical. This doubles the number of
possible conformers with respect to an analysis based on the geometries of individual
monomers and the associated IHBs (only one mutual orientation of the two planes is
possible for each IMHB pair in the case of D-ACPLs).

Both the previous studies of ACPLs and the current one devote particular attention
to IHBs. Hydrogen bonds (H-bonds) are often the strongest non-covalent interaction
(NCI) between molecules or within a molecule. They play crucial roles in determining
the geometries of biomolecules such as proteins and DNA. They may play important
roles in determining site-reactivity of biologically active molecules (e.g., [13]), as well as in
processes like molecular recognition and the binding of active molecules to their biological
targets [14–17] and references in [17]. Therefore, it is particularly important to study IHBs
when studying biologically active molecules, above all when these molecules might be
taken into consideration for drug design [18].

Many molecular properties are used as quantum chemical descriptors for the investi-
gation of quantitative structure–activity relationships (QSAR), whose predictive reliability
depends on the accuracy of the descriptors-evaluation. The accuracy proved greater when
electron-correlation is incorporated in the quantum chemical calculation, and electron-
correlation-based QSARs prove satisfactorily predictive [19].

Electron correlation influences many aspects of molecular systems. In particular,
dispersion interactions arise from correlation effects [20–22]. These interactions can be
expected to be significant in T-ACPLs because of the presence of IHBs with different
strengths, and the presence of three benzene rings whose planes may be at different angles
in different conformers.

While dispersion interactions may not significantly influence strong H-bonds, their
influence increases for moderate H-bonds and even more for weaker ones [22]. The first IHB
in T-ACPLs (with an sp2 O as acceptor and closing a 6-member ring comprising two double
bonds) is moderate-to-strong [6], whereas the IMHBs are significantly weaker; therefore,
the inclusion of dispersion interactions can be expected to improve the description of
the IHBs in T-ACPLs. Furthermore, a number of C–H···O IHBs are present in T-ACPLs;
since they are weaker than O–H···O IHBs, their description is expected to be considerably
sensitive to the inclusion of dispersion interactions.

Stacking interactions between aromatic rings are present in various biomolecules and
contribute significantly to their conformational preferences and energetics [23]. They are
dispersive in nature and, therefore, they can be taken into account only by computational
methods including the consideration of dispersion interactions. The investigation of their
effects is relevant for the study of molecules containing two or more benzene rings.

The obtained results highlight the importance of the IHB patterns in determining
conformational preferences, and the preference for specific combinations of monomers’
geometries: the only populated conformers of T-ACPLs are those in which each constituting
monomer is in one of the lowest energy conformations identified for M-ACPLs (a similar
result had been obtained for D-ACPLs [11]). Electron correlation influences the conformers’
energies, their geometries, the characteristics of the IHBs, and the dipole moments; the
influence is often more significant for half-bowl-shaped conformers, likely in relation to
the mutual orientations of the planes of the three benzene rings.
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2. Computational Details

Any investigation of molecular properties requires a prior conformational study,
which defines the objects of further investigations. Therefore, a thorough conformational
study was performed on the selected T-ACPL molecules, and its results are part of the new
information generated by this work.

All the calculations were performed in vacuo, with fully relaxed geometry. An initial
set of calculations was performed at the HF/6-31G(d,p) level to enable viable comparisons
with the analogous results of M-ACPLs [7]. As noted in [5–7], this is the cheapest method
capable of providing realistic information about trends across a large family of related
compounds, as the errors due to the limitations of the level can be expected to be similar,
leading to reasonable trends (also thanks to error cancellation [5]); furthermore, it proved
capable of providing realistic information specifically for ACPLs; it is therefore also rel-
evant to assess its performance for multi-unit ACPLs, in view of its possible use for fast
preliminary screenings of large numbers of non-small or multi-unit ACPL molecules. A
second calculation set utilised the HF/6-31+G(d,p) level to check the effect of the presence
of diffuse functions in the basis set for the IHB description with the HF method [24–26].

A third calculation set utilised the DFT/B3LYP/6-31+G(d,p) level, to check the effect
of the partial consideration of correlation effects in Density Functional Theory (DFT)
calculations. The B3LYP functional [27–29] and the 6-31+G(d,p) basis set had been used
also for M-ACPLs [7] and D-ACPLs [11], as a convenient compromise between results
accuracy and computational costs, also in view of the non-small size of many ACPL
molecules and of the frequent possibility of a high number of conformers. Their use here
was meant to enable meaningful comparisons between the conformational preferences of
T-ACPLs and those of M-ACPLs, and between characteristics pertaining to T-ACPLs and
those pertaining, or not pertaining, to D-ACPLs.

Given the importance of dispersion effects both for the description of H-bonds [22,30]
and for the description of molecules containing aromatic rings, above all when geometries
recalling bowl-like shapes [31] are possible (as is the case of half-bowl-shaped T-ACPL
conformers), a second set of calculations was performed at the DFT/B3LYP/6-31+G(d,p)
level, with the inclusion of a D3-type Grimme’s correction for dispersion [32–42]. The
B3LYP-D3 option has already been proved among the best to provide reasonably accurate
molecular geometries [40]. This option was here preferred both because the uncorrected
B3LYP/6-31+G(d,p) results are necessary for comparisons with all the other results obtained
in the overall study of ACPLs and because the comparison between the results obtained
with and without the correction provides quantitative information on the effects of the
incorporation of correlation effects; this information, in turn, enables comparison of the
effects according to the characteristics of the individual molecules and their conformers.

The size of the T-ACPLs molecules made MP2 (second-order Møller-Plesset pertur-
bation theory) calculations largely unaffordable. MP2/6-31+G(d,p) calculations were
attempted but proved too costly to be practicable (most of the attempted ones had not
reached convergence after calculating for more than two months on a 24-processor cluster).
MP2/6-31G(d,p) calculations were performed on the lowest energy conformers of selected
comparatively-smaller T-ACPL molecules and managed to converge within 2–3 weeks;
their results are used as an additional comparison possibility.

IR vibrational frequencies (harmonic approximation) were calculated at all the utilised
calculation levels, except MP2. No imaginary frequency was encountered, confirming that
the identified stationary points correspond to minima on the potential energy surfaces
of these molecules. Frequency calculations also provide the ZPE (zero-point energy)
corrections, thus enabling the evaluation of ZPE-corrected relative energies and of corrected
relative free energies.

All the calculations were performed with Gaussian-16 [43]. Visualisation of molecular
structures utilised GaussView [44] and Chem3D [45]; the visualisation of bond vibrations
utilised Gabedit [46].
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For the sake of conciseness, the calculation methods are denoted with the following
acronyms in the rest of the text: HF for HF/6-31G(d,p), HF+ for HF/6-31+G(d,p), DFT
for DFT/B3LYP/6-31+G(d,p), DFT-D3 for DFT/B3LYP/6-31+G(d,p) with the Grimme’s
correction, MP2 for MP2/6-31G(d,p) and MP2+ for MP2/6-31+G(d,p).

Figures showing the conformers of all the calculated T-ACPLs molecules, tables
reporting computational results in detail, and tables and graphs carrying out relevant types
of comparisons, are included in the Electronic Supporting Information (ESI); they may be
cited in the text, and their numbers are preceded by an uppercase S to easily identify them
as pertaining to the ESI. Their numbering follows a logic pertaining to the organisation of
the ESI and may not be related to the sequence in which they are mentioned in the text.

3. Results
3.1. Selection and Concise Naming of Calculated T-ACPL Molecules

Only T-ACPL molecules in which all the monomers have ACPL moieties were consid-
ered. The calculated molecules are denoted with acronyms specifying their characteristics;
this follows a practice introduced since the beginning of the study of ACPLs [6–11] in
the same project and aimed at enabling conciseness and facilitating comparisons through
many related molecules. Each acronym starts with an uppercase T (for trimeric) followed
by a number that refers to the combination of R chains in the three monomers, as detailed
in Table 1. Additional uppercase letters denote substituents in the outer monomers: M
for CH3, ET for OCH3, and KT for a keto O replacing a phenol OH; each of these letters
is followed by the number/s of the C atom/s of the benzene ring/s to which the given
substituent is attached. For instance, T7 denotes a T-ACPL in which R = R′ = CH2CH2CH3
and R′′ = CH3; T7-ET6,2′′ denotes a T-ACP with the same R, R′, and R′′, and with OCH3
groups replacing the OHs at C6 and C2′′; T7-KT6′′-M5,3′′,3′′ denotes a T-ACPL with the
same R, R′, and R′′, and with a keto O replacing the OH at C6′′ and two CH3 groups at
C3′′; and so on.

Table 1. Symbols (T followed by a number) utilised to denote the different combinations of acyl
groups in the calculated trimeric acylphloroglucinols. The same symbol is used in the acronyms
denoting different molecules having the same combination of acyl groups.

Symbol R, R′ and R′′

T1 R = R′ = R′′ = CH3

T2 R = R′′ = CH3, R′ = CH2CH2CH3

T3 R = R′′ = CH3, R′ = CH(CH3)CH2CH3

T4 R = CH2CH3, R′ = CH2CH2CH3, R′′ = CH3

T5 R = R′′ = CH2CH3, R′ = CH2CH2CH3

T6 R = R′′ = CH2CH2CH3, R′ = CH3

T7 R = R′ = CH2CH2CH3, R′′ = CH3

T8 R = R′ = CH2CH2CH3, R′′ = CH2CH3

T9 R = R′ = R′′ = CH2CH2CH3

T10 R = R′ = R′′ = CH(CH3)2

T11 R = CH(CH3)2, R′ = CH(CH3)CH2CH3, R′′ = CH3

T12 R = CH2CH2CH2CH3, R′ = R′′ = CH2CH2CH3

T13 R = CH(CH3)CH2CH3, R′ = R′′= CH2CH2CH3

T14 R = CH(CH3)CH2CH3, R′ = R′′= CH(CH3)2

The atom-numbering selected in this work is shown in Figure 2. It attempts to maintain
the numbering of M-ACPLs (Figure 1) for individual monomers utilised in all the previous
works on ACPLs within the same project (e.g., [5–11,31]); the use of consistent atom
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numbering is meant to facilitate comparisons of molecules and their descriptions across
different works. In the case of T-ACPLs, the numbers of the atoms of the inner (second)
monomer are primed and the numbers of the atoms of the third monomer are double-
primed. When the R chains of the outer monomers have different sizes, the monomer
with the longer R is chosen as the first monomer and appears on the left-hand side of the
images representing the given molecule and its conformers. Although this convention is
basically arbitrary, it is necessary for comparison purposes, to ensure that, for instance,
corresponding IHBs are selected for comparisons of their characteristics (in the following
text, ‘IHB’ is used both for the first IHB and comprehensively for all the IHBs, and ‘IMHB’
is used when it is important to specify that the given IHB is an intermonomer IHB or that
only intermonomer IHBs are being considered).

The selection of molecules to be calculated aimed at representing the features most
commonly appearing among T-ACPLs of natural origin, and comprises the simplest model
structure (T1, with three identical monomers having R = CH3, that is, the simplest R 6= H),
several of the naturally occurring T-ACPLs reported in [1], and other model structures
related to some of the selected natural T-ACPLs and meant to provide indications about the
effects of certain substitutions. In terms of their structural features, the selection comprises:
molecules in which no OH is replaced by other functions; molecules in which one or more
phenol OHs are replaced by OCH3 groups; and molecules in which the OH at C2, or at
C6′′, or at both C2 and C6′′ (i.e., OHs ortho to the acyl groups) are replaced by keto O. The
selected molecules are listed in Table 2; the naturally occurring ones are also listed in Table
S1, with information on their common names, their natural sources and—where known—
also their medicinal properties [1,47–67]. Table S2 provides the molecular formulas of all
the calculated molecules. Some of them are structural isomers, but this does not affect the
interest in studying them individually, because structural isomers are different substances
with different properties, including different biological activities.

Table 2. List of the calculated trimeric acylphloroglucinols. The molecules are denoted using
acronyms. The meaning of the initial components of the acronyms (indicating the nature of the R
chains of the three monomeric units) is explained in Table 1. Substituents on the outer rings are
denoted by uppercase letters followed by the number of the C atoms to which a given substituent is
attached; M denotes a methyl group, ET an OCH3 group, and KT a keto O. The atom numbering is
shown in Figure 2.

Acronyms Denoting the Calculated Trimeric Acylphloroglucinols

T1 T8-KT2-M5,5,3′′ T10

T2-KT2,6′′-M5,5,3′′,3′′ T8-KT6′′-M5,3′′,3′′ T10-ET6,2′′

T3-ET6,2′′ T8-KT2,6′′-M5,5,3′′,3′′ T10-M5,3′′-ET6,2′′

T3-M5,3′′-ET6,2′′ T9 T10-M5,3′′-ET6,2′′,6′′

T4-KT2,6′′-M5,5,3′′,3′′ T9-M5,5′ T10-KT2,6′′-M5,5,3′′,3′′

T5-KT6′′-M3′′,3′′-ET4 T9-ET6,2′′ T11-ET6,2′′

T5-KT2,6′′-M5,5,3′′,3′′ T9-M5,3′′-ET6,2′′ T11-M5,3′′-ET6,2′′

T6-M5,3′′-ET6,4′′ T9-M5,3′′-ET6,4′′ T12-KT2-M5,5,3′′

T7 T9-KT6′′-M5,3′′,3′′ T12-KT6′′-M5,3′′,3′′

T7-ET6,2′′ T9-KT6′′-M3′′,3′′-ET4 T13-ET6,2′′

T7-M5,3′′-ET6,2′′ T9-KT6′′-M5,3′′,3′′-ET6 T13-M5,3′′-ET6,2′′

T7-KT6′′-M5,3′′,3′′ T9-KT2,6′′-M5,5,3′′,3′′ T14-ET6,2′′

T7-KT2,6′′-M5,5,3′′,3′′ T14-M5,3′′-ET6,2′′

It may also be noted that the way in which acronyms are constructed provides imme-
diate indications about interesting comparisons. For instance, T7 is a T-ACPL in which
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no OHs are replaced by other functions; the comparison between T7-ET6,2′′ and T7 high-
lights the effects of the replacement of O12–H17 and O8′′–H15′′ by ether functions (atom
numbers shown in Figure 2); the comparison of T7-M5,3′′-ET6,2′′ with T7 highlights the
effects of the replacement of the same two OHs by ether functions and the simultaneous
presence of methyls in the remaining available positions (C5 and C3′′); the comparison
of T7-KT6′′-M5,3′′,3′′ with T7 highlights the effects of the replacement of O12′′–H17′′ by
a keto O; the comparison of T7-KT2,6′′-M5,5,3′′,3′′ with T7 highlights the effects of the
replacement of the inward-positioned ortho OH on each outer monomer by keto O, and its
comparison with T7-KT6′′-M5,3′′,3′′ highlights the effects-difference of the replacement
of one or two of these ortho OHs. In a similar way, one may also choose a specific ef-
fect and select all the molecules’ pairs that can highlight that effect. For instance, if one
wishes to consider the effect of the presence or absence of methyls at C5 and C3′′, one
can identify the following pairs from Table 2: T3-ET6,2′′ and T3-M5,3′′-ET6,2′′; T7-ET6,2′′

and T7-M5,3′′-ET6,2′′; T9 and T9-M5,5′; T9-ET6,2′′ and T9-M5,3′′-ET6,2′′; T10-ET6,2′′ and
T10-M5,3′′-ET6,2′′; T11-ET6,2′′ and T11-M5,3′′-ET6,2′′; T13-ET6,2′′ and T13-M5,3′′-ET6,2′′;
T14-ET6,2′′ and T14-M5,3′′-ET6,2′′.

3.2. Conformers’ Geometries and Their Concise Naming

For ACPLs with more than two monomeric units, the investigation of conformational
preferences requires attention to three major aspects: the geometry of the individual
monomers; the combination of the orientations of the individual monomers; and the
combination of the orientations of the two MBs.

The same symbols introduced in previous works on M-ACPLs [5–7], and summarised
in Figure 3, are utilised in the current analysis to denote the conformer-type of individual
monomers; the adaptations of their meaning to the presence of the MBs are explained in
the caption of Figure 3 and illustrated in Figure 4. The conformer types are identified on
the basis of the position of the first IHB and the orientation of the OHs not engaged in the
first IHB. With reference to the atom-numbering in Figures 1 and 2, if the first IHB is of the
H15···O14 type, the conformer is d and if it is of the H17···O14 type, the conformer is s.
A d-type conformer is r if H16 is oriented towards the side of the first IHB and w if it is
oriented to the other side; an s-type conformer is w if H16 is oriented towards the side of
the first IHB and r if it is oriented to the other side.
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bridge for the first monomer and R* denotes the methylene bridge for the third monomer; both R^ 
and R* denote methylene bridges for the central monomer. In terms of conformer-types of individ-
ual monomers, the letter d informs that the first IHB is of the H15⋅⋅⋅O14 type (atom numbering in 
Figure 2) and the letter s that it is of the H17⋅⋅⋅O14 type. A d-type conformer is r if H16 is oriented 
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Figure 3. Symbols utilised to denote relevant geometry features of each monomeric acylphlorogluci-
nol unit. In the above images, R is the alkyl chain of the R–C=O group, Rˆ denotes the methylene
bridge for the first monomer and R* denotes the methylene bridge for the third monomer; both Rˆ
and R* denote methylene bridges for the central monomer. In terms of conformer-types of individual
monomers, the letter d informs that the first IHB is of the H15···O14 type (atom numbering in Figure 2)
and the letter s that it is of the H17···O14 type. A d-type conformer is r if H16 is oriented towards
the side of the first IHB and w if it is oriented to the other side; an s-type conformer is w if H16 is
oriented towards the side of the first IHB and r if it is oriented to the other side. The letter u informs
that the OH ortho to the acyl group and not engaged in the first IHB is oriented toward R.
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Figure 4. Monomers’ conformer types and mutual orientations of the methylene bridges, illustrated through the lowest
energy conformers of structure T1. Space-filling models are included to better highlight the nature of the geometries and
the intramolecular hydrogen bonds (both the first IHB of each monomer and the intermonomer hydrogen bonds). The
geometries of individual conformers are identified starting from the left and proceeding to the right. T1-1 and T1-2 have
outstretched geometries. The geometry of the first (outer-left) monomer is d-r (H15···O14 first IHB) and the geometry
of the second monomer is s-w (H17′···O14′ first IHB) in both conformers; the geometry of the third monomer is s-w in
T1-1 (H17′′···O14′′ first IHB) and d-r in T1-2 (H15′′···O14′′ first IHB). The orientations identified by the acyl groups of the
monomers (from left to right) are up—up—down in T1-1 and T1-1-y, and up—up—up in T1-2. T1-1 and T1-1-y differ by the
mutual orientations of the two methylene bridges: opposite orientation in T1-1, resulting in an outstretched shape, and
same orientations in T1-1-y, resulting in a half-bowl shape.

The mutual orientations of the monomers are more easily identified with reference to
their acyl groups. The convention here chosen for both the images and the analysis selects
an ‘up’ orientation (orientation for which the acyl group is ‘at the top’ with respect to the
image of the ring) for the first monomer; the other monomers are seen as oriented ‘up’
if their acyl groups are on the same side and ‘down’ if the acyl groups are on the other
side. Three major combinations of the orientations of individual monomers are possible
(Figure 5): two consecutive monomers having the same orientation and the other one
having different orientation (e.g., up—down—down); alternating orientations (e.g., up—
down—up); and all the three conformers having the same orientation (e.g., up—up—up).

The mutual orientations of the concave side of the C-C-C angles of the two MBs (the C3–
C9–C5′ and C3′–C9′–C5′′ angles) determine whether the overall geometry is outstretched
(opposite orientations) or close to a half-bowl shape (same orientations). This feature is
illustrated in Figures 4 and 5. The ‘half-bowl shape’ term is actually rigorous only for
the cases in which all the monomers are oriented in the same way, resulting in a clearly
identifiable broader upper rim and smaller lower rim of the half-bowl [68,69]; however, the
use of the term is here extended to all the geometries in which the C-C-C angles of the two
MBs have the same orientation, to avoid unnecessary terms-use complications.

In line with the practice of using acronyms providing concise descriptions, T-ACPL
conformers are denoted by acronyms summarising their characteristics. The characteristics
are specified by a system of numbers and letters. Different combinations of the geometry-
types of the constituting monomers and of the mutual orientations of their R–C=O groups
are identified by different numbers, which are based on the most frequent recurrence of
the given combination in the increasing relative energy sequences of the conformers of the
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various molecules. Since a conformer from a given input maintains the same geometry
with all the calculation methods utilised (although the values of the geometry parameters
may somewhat differ), the same number is apt for the identification of the given conformer
in the results of all the methods; thanks to this, the tables reporting calculation results need
only one column for the identification of the conformer, and the other columns contain the
corresponding values from the four calculation methods.

Computation 2021, 9, x FOR PEER REVIEW 9 of 22 
 

 

groups are identified by different numbers, which are based on the most frequent recur-
rence of the given combination in the increasing relative energy sequences of the conform-
ers of the various molecules. Since a conformer from a given input maintains the same 
geometry with all the calculation methods utilised (although the values of the geometry 
parameters may somewhat differ), the same number is apt for the identification of the 
given conformer in the results of all the methods; thanks to this, the tables reporting cal-
culation results need only one column for the identification of the conformer, and the 
other columns contain the corresponding values from the four calculation methods. 

 
Figure 5. Effect of the monomers’ mutual orientation on the conformer geometry. In T1-1, two consecutive monomers are 
oriented in the same way (up—down—down orientation). In T1-2, the orientations of the monomers are alternate (up—
down—up orientation). In T1-3, the monomers are oriented in the same way (up—up—up orientation). Space-filling mod-
els are used to better highlight the mutual orientations of the planes of the three benzene rings. 

Previous studies [5–7] had shown that M-ACPL conformers without the first IHB 
have high relative energy (thus being totally unpopulated) both in vacuo and in solution, 
including water solution; the same proved true for D-ACPLs [11]. Therefore, only con-
formers in which the first IHB is present in each monomer were considered for the calcu-
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patterns have been taken into account in the initial study of model structure T1. Combi-
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Figure 5. Effect of the monomers’ mutual orientation on the conformer geometry. In T1-1, two consecutive monomers
are oriented in the same way (up—down—down orientation). In T1-2, the orientations of the monomers are alternate
(up—down—up orientation). In T1-3, the monomers are oriented in the same way (up—up—up orientation). Space-filling
models are used to better highlight the mutual orientations of the planes of the three benzene rings.

Previous studies [5–7] had shown that M-ACPL conformers without the first IHB
have high relative energy (thus being totally unpopulated) both in vacuo and in solution,
including water solution; the same proved true for D-ACPLs [11]. Therefore, only conform-
ers in which the first IHB is present in each monomer were considered for the calculated
T-ACPLs. All their possible viable combinations of monomer-orientations and IHB patterns
have been taken into account in the initial study of model structure T1. Combinations
were considered viable if the orientations of the groups at C2, C4, C4′′, and C6′′ enable the
formation of IMHBs on either side of the MBs, because both the study of D-ACPLs [11] and
explorative preliminary calculations on T-ACPLs showed that the absence of one or more
IMHBs causes an energy increase that makes the given conformer totally unpopulated.
Both conformers (outstretched and half-bowl shaped) were calculated for each combination
of monomer-orientations and IHB pattern; they are denoted with the same number, adding
a y for the half-bowl-shaped one (Figures 4 and 5).
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Table S3 lists the viable combinations for the calculated T-ACPLs. The number of viable
combinations is greater when no phenol OH is replaced by other functions (Table S3a);
they are shown in Figure S1, with the specification of the conformers’ characteristics.
The replacement of one or more phenol OH by other functions may restrict the range of
possibilities for the formation of IMHBs and exclude some geometries for the individual
monomers; the remaining viable combinations are listed in Table S3b–g. The replacement of
the OH at C6 or C2′′ by OCH3 respectively excludes the s-conformers and d-conformers for
the given monomer, and all the combinations involving these conformers; the replacement
at C4/C4′′ excludes the combinations in which O10–H16 or O10′′–H16′′ would have been
a donor in an IMHB.

The replacement of OHs by OCH3 groups may increase the number of possible
half-bowl conformers for the same combination of monomers geometries and IMHBs (i.e.,
conformers denoted by the same number) when substituents at C5 and C3′′ are also present.
When such substituents are not present, the OCH3 groups orient themselves in such a way
that the C atoms of the methyl groups are approximately co-planar to the benzene ring [7].
When the substituents are present, the methyls of the ether groups become perpendicular
to the plane. Three cases become possible for half-bowl conformers: the two methyls
are oriented towards the outer part of the bowl (these conformers are denoted simply by
the letter y); one of the methyls is oriented towards the internal side of the bowl and the
other towards the external one (denoted as y-in-out); or both methyls are oriented towards
the internal side of the bowl (denoted as y-in-in). The last case usually corresponds to
significantly higher energy when the OCH3 groups are at C4 and C4′′, because then the
methyls ‘crowd’ in the lower (and narrower) rim of the bowl (Figure 6).
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Figure 6. Illustration of the ‘crowding’ of methyl groups in the lower rim of the half-bowl-shaped
conformers of trimeric acylphloroglucinols in which the OHs at C4 and C4′′ are replaced by OCH3

groups and methyl groups are present at C5 and C3′′. The figure shows the 1-y-in-in conformer of
T9-M5,3′′-ET6,4′′.

The OHs at C2 and C6′′ (O8–H15 and O12′′–H17′′) are the inward OHs ortho to the
acyl group in the outer monomers, i.e., the ortho OHs which can engage in IMHBs with a
neighbouring monomer. The replacement of O8–H15 by a keto O excludes the d-conformers
for the first monomer, and the replacement of O12′′–H17′′ excludes the s-conformers for
the third monomer; the monomer combinations in which the replaced group is a donor in
an IMHB are also excluded. The replacement also enables some combinations that are not
present in T-ACPLs in which no OH has been replaced. For this reason, the conformers’
numbering for T-ACPLs with one inward ortho OH replaced by a keto O is independent; it
is listed in Table S3e and illustrated in Figure S5. When the OHs at both C2 and C6′′ are
replaced by keto O, only one conformers-pair is possible for the given molecule (Figure S6).
In all the cases in which only one conformers-pair is possible for a given molecule, it is
numbered as 1.

Initial explorations also considered exchanging the conformer types of the outer
monomers when R 6= R′′ (when R = R′′, the exchange would yield the same conformer seen
from another perspective). The energy difference was very small in the HF results, became
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marginal or disappeared in the HF+ results, and completely disappeared in the DFT results.
Therefore, conformers resulting from such reversals were not included in the calculations
with the dispersion correction, and they are not included in the tables reporting values.
Figure S3 illustrates this exchange for a T-ACPL in which the OHs at C6 and C2′′ are both
replaced by OCH3 groups.

3.3. Conformers’ Geometry Preferences and Energetics
3.3.1. General Features

A preliminary study of T1 calculated all the viable conformers (considering all the
possible combinations of orientations of the monomers and of the various OHs, and the
consequent IHB patterns) and enabled the selection of the conformers to be calculated
for the other molecules, excluding conformers with very high energy to avoid excessive
growth in the total number of calculated conformers. Although only conformers with
sufficiently low relative energy (lower than 3.5 kcal/mol, as a cautious criterion) may be
involved in the biological activity of a molecule, several conformers with higher relative
energies were also calculated because their comparison with the lower energy ones is
useful for the evaluation of a variety of effects; furthermore, since the biological activity is
exerted in a medium, they will also serve for future calculations in suitable solvents, as
some of them might have sufficiently low relative energy in a certain solvent (more likely,
in water) to be potentially involved in the activity [70].

Table S4 reports the relative energies of the conformers of all the calculated T-ACPLs,
in the results of the four calculation methods utilised for all the molecules (HF, HF+, DFT,
and DFT-D3); Table S4a groups the molecules according to their acyl groups and Table S4b
according to their other substituents. The geometries of the calculated conformers are
shown in Figure S2 for the T-ACPLs in which no OH is replaced by other functions, in
Figure S4 for the T-ACPLs in which one or more OH groups are replaced by OCH3 groups
and no other substitutions occur, and in Figure S6 for the T-ACPLs in which one or two
OHs are replaced by keto O.

The results indicate that, in the lower energy conformers, each constituting monomer
is in one of the lowest-energy conformations identified for M-ACPLs (d-r or s-w, [7]); a
similar result had been obtained for D-ACPLs [11].

Table S5 considers the energy differences between corresponding conformers with
outstretched or half-bowl-shaped geometry. The two geometries mostly have very close
energies for the lowest energy pairs, while the difference may become significant for higher
energy pairs. The difference is often greater in the DFT-D3 results, and the cases in which the
half-bowl-shaped conformer has lower energy than the outstretched one are more frequent.

The frequency calculations provide the energies corrected for ZPE (sum of electronic
and zero-point energies), the ZPE corrections, and the corrected free energies (sum of
electronic and thermal free energies). Table S8 compares the relative energies not corrected
for ZPE, those corrected for ZPE and the relative free energies for the two sets of HF results
(HF/6-31G(d,p) and HF/6-31+G(d,p)), and Table S9 compares them for the two sets of
DFT/B3LYP/6-31+G(d,p) results (without and with the Grimme’s correction). The trends
appear largely similar, although some non-marginal reversals of the increasing-energy
sequence can be noted. Table S10 reports the ZPE corrections in the results of the four
methods. The correction is considerably greater in the HF results than in the DFT results;
this may relate to the underestimation of the strength of H-bonds by HF, resulting in a
smaller decrease in the vibrational frequencies of the OHs engaged in IHBs with respect
to the free ones and, consequently, in an estimation of the vibrational energy partially
neglecting the effects of the presence of the IHBs.

3.3.2. Effects of Grimme’s Correction on Geometries and Energetics

As expected, Grimme’s dispersion correction has a lowering effect on the estimation
of the conformers’ energies, because of the largely attractive nature of intramolecular
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dispersion interactions. Table 3 provides the ranges of this lowering, Table S6 reports the
lowerings for individual conformers, and Figure S7 visualises the trends through diagrams.

Table 3. Ranges of the lowering effect of Grimme’s correction on the estimation of the energy of
the conformers of the calculated trimeric acylphloroglucinols. The lowering is evaluated as the
magnitude of the difference «energy in the DFT/B3LYP/6-31+G(d,p)/D-3 result minus energy in the
DFT/B3LYP/6-31+G(d,p) result». When only one conformers-pair is present for a given molecule,
the value for each conformer is reported, and the two values are separated by a comma.

Molecule
Energy Difference Range (kcal/mol)

Outstretched Geometry Half-Bowl Geometry

T1 47.89–48.09 48.24–50.33

T2-KT2,6′′-M5,5,3′′,3′′ 65.49 66.05

T3-ET6,2′′ 59.73 60.37

T3-M5,3′′-ET6,2′′ 66.95 67.31

T4-KT2,6′′-M5,5,3′′,3′′ 67.50 68.06

T5-KT2,6′′-M5,5,3′′,3′′ 69.51 70.21

T5-KT6′′-M3′′,3′′-ET4 65.22 65.76

T6-M5,3′′-ET6,4′′ 67.43 67.77–69.54

T7 55.68–55.81 55.96–57.45

T7-ET6,2′′ 59.93 60.23

T7-M5,3′′-ET6,2′′ 67.15 67.62

T7-KT6′′-M5,3′′,3′′ 64.83–65.05 65.27–67.48

T7-KT2,6′′-M5,5,3′′,3′′ 69.36 69.89

T8-KT6′′-M5,3′′,3′′ 66.84–67.08 67.33–70.52

T8-KT2-M5,5,3′′ 66.89–68.27 67.29–71.20

T8-KT2,6′′-M5,5,3′′,3′′ 71.38 72.09

T9 59.49–59.67 59.77–62.44

T9-M5,3′′ 64.21–64.38 64.61–67.28

T9-ET6,2′′ 63.80 64.12

T9-M5,3′′-ET6,2′′ 71.10 71.57

T9-M5,3′′-ET6,4′′ 71.31 71.64–73.42

T9-KT6′′-M5,3′′,3′′ 68.70–68.95 69.15–71.83

T9-KT6′′-M3′′,3′′-ET4 68.91 69.45

T9-KT6′′-M5,3′′,3′′-ET6 72.16 72.65

T9-KT2,6′′-M5,5,3′′,3′′ 73.24 74.59

T10 62.98–63.42 63.25–65.07

T10-ET6,2′′ 67.54 67.81

T10-M5,3′′-ET6,2′′ 74.62 75.10

T10-M5,3′′-ET6,2′′,6′′ 79.16 79.41

T10-KT2,6′′-M5,5,3′′,3′′ 78.13 77.30

T11-ET6,2′′ 64.65 64.98

T11-M5,3′′-ET6,2′′ 71.59 72.64

T12-KT2-M5,5,3′′ 70.46–70.71 70.95–75.27

T12-KT6′′-M5,3′′,3′′ 70.46–70.73 70.94–74.29

T13-ET6,2′′ 67.23 67.56

T13-M5,3′′-ET6,2′′ 74.86 75.35

T14-ET6,2′′ 70.11 70.21

T14-M5,3′′-ET6,2′′ 77.13 77.31–77.66
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The lowering depends on the nature of the molecule, being generally greater for
larger molecules (molecules with a greater number of electrons). However, it also depends
significantly on the details of the molecular structure. Diagram (e) in Figure S7 utilises the
smallest values of the energy-lowering for each molecular formula and highlights a general
increase for larger molecules. However, the increase is not monotone. Table S7 shows the
ranges of the lowering effect by grouping the molecules according to their formulas, thus
highlighting the differences related to the individuality of different molecules with the
same molecular formula (structural isomers), including the fact that some values may be
similar for molecules differing only by two C atoms; this accounts for the discrepancies
from a monotone trend revealed by diagram (e) in Figure S7.

The lowering effect of the Grimme’s correction is also slightly greater for half-bowl-
shaped conformers (Figures 4 and 5) than for the corresponding outstretched ones, which
results in the bowl-shaped conformer having lower energy than the outstretched one
considerably more frequently than in the results without dispersion correction. This is likely
related to the greater presence of stacking interactions between the benzene rings in the
half-bowl-shaped geometries, as the rings of the outer monomers partially ‘face each other’;
it also appears that the up—down—up orientation of the monomers favours this effect.

The ranges of the lowering effect (Table 3) are narrower for conformers with out-
stretched geometry and broader for conformers with half-bowl geometries; this is also
likely related to the greater presence of stacking effects in the latter, and to these effects
being significantly different for different conformers.

The diagrams in Figure S7 choose different energy scales to better visualise the dif-
ference of the effect for the two types of conformers (comparison of the energy scales
highlights the different ranges for different molecular sizes). The diagrams of the (a) series
(molecules with no OHs replaced by other functions) highlight basically constant trends
for corresponding conformers across molecules. The diagrams of the (b) series (molecules
with an inward ortho OH replaced by a keto O in one of the outer monomers) highlight
analogous patterns for the first five conformer pairs, whereas differences appear for the
higher energy conformers. The (c) diagram considers the molecules with the inward ortho
OH replaced by a keto O in each of the outer monomers; it highlights close behaviours
for the two conformers of each molecule, as well as considerable effect-increase with the
size of the molecule. Similarly, the (d) diagram (grouping the molecules in which the OH
groups at C6 and at C2′′ are replaced by OCH3 ether groups) highlights close behaviours
for the two conformers of each molecule and considerable effect-increase with the size
of the molecule. Since the molecules considered in diagram (d) constitute seven pairs of
corresponding molecules without and with methyl groups at C5 and C3′′, the diagram
also highlights the increase related to the presence of the two methyls with respect to the
corresponding molecules without them.

The ZPE correction in the DFT-D3 results is always greater than in the DFT results,
with the difference varying between 0.4 and 1.5 kcal/mol. Figure S8 visualises the trends
of the ZPE correction for the DFT and DFT-D3 results, using a layout analogous to that of
Figure S7. The diagrams use different scales on the vertical axis because of the different
ranges of the ZPE correction for molecules of different sizes. The diagrams of the (a) series
(molecules with no OHs replaced by other functions) highlight similar and basically regular
trends, despite the large differences in the magnitude of the ZPE correction for different
molecules; the value of the half-bowl-shaped conformer is always slightly greater than
the value of the corresponding outstretched conformer, and the DFT-D3 values are always
greater than the DFT values. The diagrams of the (b) series (molecules with an inward
ortho OH replaced by a keto O) highlight some discrepancies with respect to the trend-
regularity of series (a), although the discrepancy-magnitudes are small. The (c) diagram
considers the molecules with the inward ortho OH replaced by a keto O in each of the outer
monomers and the (d) diagram considers molecules in which the OH groups at C6 and C2′′

are replaced by OCH3 groups. Both diagrams highlight the considerable increase of the
ZPE correction as the size of the molecule increases. Since the molecules in which the OH
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groups at C6 and C2′′ are replaced by OCH3 groups constitute seven pairs of molecules
differing only by the absence or presence of methyl groups at C5 and C3′′, the (d) diagram
also highlights the basically regular increase in the ZPE correction determined by the
presence of the two methyls, with respect to the corresponding molecule in which they are
not present. The (e) diagram utilises the smallest values for each molecular formula and
highlights a general increase as the size of the molecule increases. The increase appears to
be practically monotone (the steeper slope between the first two values being determined
by the fact that the formulas identified by the numbers 1 and 2 differ by four C atoms,
whereas in all the other cases a formula has only two additional C atoms with respect to
the previous one). The closeness of the values for molecules with the same formulas is
also highlighted by Table S11, showing the ranges of the ZPE correction for the DFT and
DFT-D3 results and grouping the molecules in terms of their molecular formulas.

Intramolecular dispersion interactions are mostly attractive; therefore, the dispersion
correction yields geometries in which atoms ‘come closer’ where possible [40]. As far
as ACPLs are concerned, the phenomenon had already been noted for cavity-containing
structures [31]. In the case of T-ACPLs, it is more evident for half-bowl-shaped conformers,
because of the greater effect of dispersion in relation to the mutual orientations of the
planes of the benzene rings; Figure 7 illustrates it for T9-2-y.
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Figure 7. Illustration of the geometry changes in terms of ‘coming closer’ of atoms, resulting from the addition of dispersion
correction. The T9-2y conformer is selected as example. Distances referred to the upper rim and not depending on the
flexibility of the R and R′′ chains can be considered as realistic indicators of the phenomenon; for instance, the distances
C1—-C1′′, C13—-C13′′, O8—-O12′′ and O12—-O8′′ respectively have the lengths (Å) 7.477, 7.029, 4.233 and 10.865 in the
DFT results and 6.373, 5.487, 3.791 and 9.187 in the DFT-D3 results.

3.4. Characteristics of the Intramolecular Hydrogen Bonds (IHBs)
3.4.1. General Features of the IHBs in Trimeric Acylphloroglucinols

The calculated conformers have seven IHBs: a ‘first IHB’ in each monomer and four
IMHBs. The IMHBs depend on the orientations of the OH groups that can form them, i.e.,
those at C2, C4, C2′, C4′, C6′, C4′′, and C6′′. Which OHs are available to act as a donor or
acceptor depends on the mutual orientations of the monomers and on the orientations of
the OHs. Figure 8 shows one possibility for each of the three mutual orientations of the
monomers; the other patterns can be easily identified from Figure S1.
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Figure 8. Intramolecular hydrogen bonds (IHBs) in trimeric acylphloroglucinols. The first IHBs
of individual monomers are denoted by blue dashed segments and the hydrogen bonds between
monomers by purple dashed segments. The three lowest energy conformers of T1 (all with the
O8–H15···O14 first IHB in the first monomer) are utilised to illustrate the three different combinations
of monomers’ orientations and some of the resulting possible IHB and IHB-cooperativity patterns.

An interesting aspect appearing in various manners in all the conformers is the
presence of consecutive IHBs, which are likely cooperative. For instance, in the up—down—
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down model in Figure 8, the H15····O14, H16′····O8 and H16′′····O10′ are cooperative in
the upper rim, while the lower rim has two pairs of cooperative IHBs: the H16····O12′

and H17′····O14′ pair and the H15′····O12′′ and H17′′····O14′′ pair (although the distinc-
tion between upper and lower rim is clearly identifiable only for half-bowl conformers,
it can be extended to the corresponding outstretched conformers, thanks to the conven-
tion adopted for the images and their analysis). In the up—down—up model in Figure 8,
H15····O14, H16′····O8 and H17′′····O10′ are cooperative in the upper rim, and H16····O12′

and H17′····O14′ are cooperative in the lower rim. In the up—up—up model in Figure 8,
there are two pairs of cooperative IHBs in the upper rim (the H15····O14, H17′····O8
pair and the H15′····O14′, H17′′····O8′ pair) and one pair in the lower rim (H16····O10′,
H16′····O10′′). H-bond cooperativity is important, because it often entails mutual strength-
ening of the H-bonds, and because it can confer specific properties to the molecule [71–76].

It is not easy to evaluate the energy of IHBs, because the removal of an IHB causes
major changes in the molecule’s geometry and, therefore, the energy change accompanying
the removal cannot be ascribed only to the loss of the IHB. The strengths of IHBs can be
compared on the basis of quantities that are intrinsic to the IHB itself, such as its bond
length or the lowering in the IR vibrational frequency of the donor that it causes (these
quantities are also traditionally utilised in the classification of H-bonds strengths; the
comparison of the length with the sum of the van der Waals radii of the H atom and the
acceptor atom provides the major criterion to identify H-bonds [77]). Table S12 reports
the lengths of all the IHBs present in the calculated conformers, comparing the results
of all the calculation methods utilised. The length is shorter for the first IHBs, which are
the strongest IHBs present. It can be recalled that the first IHB has an sp2 O as acceptor
and closes a 6-member ring containing two double bonds, which is known to stabilise an
H-bond (resonance-assisted H-bond, [78–81]).

An IMHB closes an eight-member ring (which is inherently less favourable than a
six-member ring) and is not resonance assisted because there is no alternation of double
and single bonds in the ring. IMHBs with an sp2 O as acceptor are present in the conformers
of T-ACPL molecules in which one or both inward ortho OHs of the outer monomers are
replaced by keto O atoms; the length of these IMHBs is intermediate between that of
the first IHB and that of the IMHBs whose acceptor is an sp3 O, although often closer to
the latter. IMHBs whose acceptor is an sp3 O are the weakest O–H···O IHBs present in
these molecules.

On the basis of the bond lengths, it can be inferred that, while the first IHBs in T-ACPLs
are on the bordering-on-strong end of the moderate H-bond range [5–7], the IMHBs can
still be qualified as moderate, but in an intermediate or weaker part of the range.

The trends in the length of the first IHBs are fully consistent with the findings for
M-ACPLs [5,6]. The first IHB is shorter when it forms on the same side of a substituent in
meta to the acyl chain, leading to considerably greater length for IHBs forming on the outer
side of the molecule (H17····O14 and H15′′····O14′′), above all when there is no substituent
at C5 or C3′′, and to shortest length for the first IHB of the central monomer. The first IHB is
also longer when the other ortho OH of the same monomer is oriented towards the R chain.

The lengths of the same IHBs in the outstretched and half-bowl geometries are
mostly close.

The length differences between the HF and HF+ results are mostly marginal. HF
and DFT results show the same considerable difference as for the cases of M-ACPLs [5,6]
and D-ACPLs [11], with the HF results underestimating the strength of IHBs (resulting in
longer length) and DFT results overestimating it (resulting in shorter length). Comparisons
with available experimental results for M-ACPLs had shown that the HF and DFT results
often determine an interval within which the actual IHB length lies. The length patterns
shown in Table S10 suggest that this is likely the case also for T-ACPLs.
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3.4.2. Effects of Grimme’s Correction on the Characteristics of the IHBs

As already mentioned, dispersion components influence H-bonds, and the influence
is greater for H-bonds that are not in the strong range. It is therefore expected that the
inclusion of the D3 Grimme’s correction influences the estimation of the characteristics of
the IHBs in T-ACPLs. Table S13 highlights this effect by considering the changes brought
by the D3 correction in the estimation of the IHB lengths obtained from DFT/B3LYP/6-
31+G(d,p) calculations. The changes show a frequent slight increase in the length of the
first IHB and a frequent slight decrease in the length of the IMHBs. The changes may be
similar for the outstretched and half-bowl conformers of the same pair; in a number of
cases, however, they have greater magnitude for the half-bowl conformers, which would
be consistent with the presence of greater dispersion contributions in these conformers.
Figure S9 visualises the comparisons of the lengths of corresponding IHBs obtained with
and without Grimme’s correction, in terms of selected comparison criteria. The diagrams
comparing the same IHB across different conformers of T1 ((a) series of diagrams) highlight
a length increase for the first IHB and more frequent decreases (with few exceptions), for
the two IMHBs considered. The diagrams comparing the lengths of the IHBs in the lowest
energy conformers (1 and 1-y) across different molecules ((b) series of diagrams) confirm a
length increase for the first IHBs, with no exceptions, and a length decrease for the IMHBs,
with few exceptions.

The C–H····O H-bonds have since long been recognised as true H-bonds [77,82,83]. A
considerable number of them are present in the conformers of T-ACPLs and play roles sim-
ilar to those identified for M-ACPLs—contributing additional stabilisation and influencing
the orientation of alkyl groups towards one that enables their formation [8]. Their number
in T-ACPLs depends on the presence and nature of the substituents. In order to discuss
them, it is necessary to introduce numbering criteria for H atoms in the substituents; it is
opted to number these H atoms with the same number of the C atom to which they are
attached, distinguishing the ones attached to the same C atom, or to equivalent C atoms,
with lowercase subscripts (a, b, c). Figure S10 shows the C–H····O IHBs present in the only
possible conformer of T4-KT2,6′′-M5,5,3′′,3′′, selecting the outstretched geometry: the R
and R′ chains have four H atoms that can act as donors (H13a, H13b, H19a, H19b, H13a

′,
H13b

′, H19a
′, H19b

′) because the chains orient themselves in such a way that even the H
atoms attached to C19 can form C–H····O IHBs with lengths shorter than the sum of the
van der Waals radii of H and C; the R′′ chain, being a methyl, has only three H atoms,
and it engages all of them in C–H····O IHBs. The two methyls at C5 (with both C atoms
numbered as C11) and the two methyls at C3′′ ((with both C atoms numbered as C9′′) also
engage all their H atoms in C–H····O IHBs. All this results in the simultaneous presence of
twenty C–H····O IHBs in the conformer.

Table S14 reports the length of the C–H····O IHBs in the lowest energy conformers-
pair of representative T-ACPL molecules, comparing the DFT and DFT-D3 results. The
inclusion of Grimme’s correction influences the length significantly, as expected for weaker
IHBs. Given the total number of molecules and conformers considered, and the number of
C–H····O IHBs that may present in each conformer, a more complete study of these IHBs
will be part of a separate work.

3.5. Other Computable Molecular Properties

Other computable molecular properties may prove significant descriptors for QSAR
or QSPR (quantitative structure-properties relationships) analyses. Two such properties
are considered in detail in the current study: the HOMO-LUMO energy difference and the
dipole moment.

Table S15 reports the HOMO-LUMO energy difference for the calculated conformers
in the results of the four calculation methods utilised. The known discrepancy between
HF and DFT results is obviously present. The inclusion of Grimme’s correction does not
appear to have any significant influence on the estimation of the HOMO-LUMO gap.
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Table S16 reports the dipole moments of the calculated conformers. Since the values
often differ significantly for the outstretched and bowl-shaped conformers of the same pair,
Table S17 reports the differences between conformers of the same pair; the differences are
greater for molecules in which one or more OHs are replaced by ether groups and no other
substituent is present; they are slightly smaller for molecules in which no OH is replaced
by other groups; and smallest for molecules in which one or two inward ortho OHs are
replaced by keto O. Since the values in Table S16 show that the inclusion of Grimme’s
correction has a significant influence on the estimation of the dipole moment, Table S18
lists its effects. In most cases, the effect is significantly greater for the half-bowl-shaped
conformers than for the corresponding outstretched conformers. The effect is greater for
molecules in which one or two OHs are replaced by ether groups, followed by molecules in
which no OH is replaced by other groups, and is smallest for molecules in which O8–H15
and O12′′–H17′′ are both replaced by keto O.

3.6. Indications from a Limited Number of MP2 Results

As mentioned in Section 2, MP2 calculations proved mostly unaffordable for T-ACPL
molecules. Table S19 reports the results that have been obtained.

The half-bowl-shaped conformer has lower relative energy than the outstretched
one in all the cases, which can be ascribed to correlation effects along the previously
outlined explanations.

The length of the IHBs is intermediate between the HF values and the DFT values.
Since MP2 results are often considered the best benchmarks for H-bond parameters, this
supports the inference that the HF and DFT length-values for a given IHB define an interval
within which the actual value lies.

4. Discussion and Conclusions

The total number of molecules and conformers calculated in the current study, the use
of four calculations methods, and the representativeness of the main features of naturally oc-
curring T-ACPLs ensured by the molecules’ selection, enable a number of realistic inferences.

The lowest energy conformers are those in which each monomer has one of the lowest-
energy conformations identified for M-ACPLs. The behaviour of the first IHB of each
monomer shows patterns similar to those identified for M-ACPLs (including the energy
increase accompanying its removal from one of the outer monomers, verified through
calculation of a few randomly selected cases). The IMHBs play important roles in making
the overall molecule ‘tightly knit’. Numerous C–H····O IHBs are present simultaneously,
indicating a significant role for their cumulative stabilising effect.

The set of DFT/B3LYP-D3 results highlights the influence of dispersion interactions
on conformational preferences, conformers’ energies, overall geometry aspects (such as the
‘coming closer’ of atoms when possible), characteristics of the IHBs, and dipole moments,
and the dependence of these effects on the size and nature of the molecules.

It is interesting to note that the lowering of the energy of individual conformers related
to the inclusion of the dispersion correction (Table 3 and Table S6) is comparable with
the energy lowering observed for trimeric bowls built from ACPLs [31], which ranges
from 46.5 kcal/mol when all the R are methyl groups to 76.2 kcal/mol when all the R
are isopropyl groups. The close similarity of these values suggests that the dispersion
effects are related more to the presence of the various IHBs and of three benzene rings
tightly ‘knit’ to each other by the methylene bridges and the IMHBs than to the fact that
the structure in the bowls closes around a cavity, bringing the aromatic rings to ‘face each
other’ more extensively.

The observed effects of the inclusion of Grimme’s dispersion correction indicate that
it is important to consider electron correlation when evaluating molecular descriptors to be
used in QSAR or analogous investigations. The estimation of the dipole moment, which
is a relevant descriptor for various classes of molecules [4], is considerably influenced by
the inclusion of dispersion. The only descriptor that does not appear to be significantly
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influenced is the HOMO-LUMO energy gap, but this may be related also to the specificities
of the DFT evaluation of the gap; a confirmation of the influence-marginality could come
from a study adding the Grimme’s correction to the HF calculations, whose estimation of
the gap is substantially different (confirmations are generally more realistic if methods of
different nature are used).

The results obtained for T-ACPLs confirm the modelling validity of the M-ACPLs
results for the prediction of the behaviour of individual monomers in multi-unit ACPLs.
This also suggests that the results obtained for the calculated T-ACPLs can serve as models
for other T-ACPL molecules. Furthermore, they indicate that the inclusion of dispersion
interactions in the calculation of biologically active molecules containing closely linked
benzene rings and several simultaneous IHBs is important to provide more accurate
descriptors and a better understanding of the molecular characteristics. Therefore, it will
be included also in a planned study of T-ACPLs in a solution—a study that is essential for
biologically active molecules because the biological activity is exerted in a medium within
a living organism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/computation9110121/s1, Figure S1: Viable geometries of trimeric acylphloroglucinols in
which no phenol OH is replaced by other functions; Figure S2: Geometries of the conformers of the
calculated trimeric acylphloroglucinols in which no OH is replaced by a different function; Figure S3:
Illustration of the outcome of the reversal of the conformer-types of the two outer monomers in
trimeric acylphloroglucinols; Figure S4: Geometries of the conformers of the calculated trimeric
acylphloroglucinols in which one or more OH groups are replaced by OCH3 groups, and no other
substitutions occur; Figure S5: Viable geometries of trimeric acylphloroglucinols in which an inward
OH ortho to the acyl group is replaced by a keto O; Figure S6: Geometries and relative energies
of the conformers of the calculated trimeric acylphloroglucinols in which one or two inward OHs
ortho to the acyl group are replaced by keto O; Figure S7: Visualisation of relevant trends of the
lowering effect of Grimme’s correction on the estimation of the energy of the conformers of the
calculated trimeric acylphloroglucinols; Figure S8: Visualisation of relevant trends of the effect of
Grimme’s correction on the estimation of the ZPE correction for the conformers of selected trimeric
acylphloroglucinols; Figure S9: Comparisons of the lengths of corresponding intramolecular hydro-
gen bonds (IHBs) in the DFT/B3LYP/6-31+G(d,p) results without and with the Grimme’s correction,
for selected trimeric acylphloroglucinol molecules; Figure S10: C–H····O intramolecular hydrogen
bonds in trimeric acylphloroglucinols; Table S1: Common names, natural occurrence and medicinal
properties of the naturally occurring trimeric acylphloroglucinols considered in this study; Table S2:
Molecular formulas of the calculated trimeric acylphloroglucinols; Table S3: Viable combinations
of monomers’ conformer types in trimeric acylphloroglucinols; Table S4: Relative energies of the
calculated conformers of trimeric acylphloroglucinols; Table S5: Energy difference between corre-
sponding conformers with outstretched and half-bowl-shaped geometries, in calculated trimeric
acylphloroglucinols; Table S6: Lowering effect of Grimme’s correction on the estimation of the energy
of the conformers of the calculated trimeric acylphloroglucinols; Table S7: Ranges of the lowering
effect of Grimme’s correction on the estimation of the energy of the conformers of the calculated
trimeric acylphloroglucinols, grouping the molecules according to their formulas; Table S8: Relative
energies non-corrected (∆E, kcal/mol) and corrected for ZPE (∆Ecorr, kcal/mol) and relative free en-
ergies (sum of electronic and thermal free energies, ∆G, kcal/mol) in the HF results of representative
conformers of the calculated trimeric acylphloroglucinols; Table S9: Relative energies non-corrected
(∆E, kcal/mol) and corrected for ZPE (∆Ecorr, kcal/mol) and relative free energies (sum of electronic
and thermal free energies, ∆G, kcal/mol) in the DFT results (without and with dispersion correction)
of representative conformers of the calculated trimeric acylphloroglucinols; Table S10: ZPE correction
for representative conformers of the calculated trimeric acylphloroglucinols; Table S11: Ranges of
the ZPE correction for the conformers of the calculated trimeric acylphloroglucinols, grouping the
molecules according to their formulas; Table S12: Bond lengths of the intramolecular hydrogen bonds
in the calculated trimeric acylphloroglucinols; Table S13: Effect of the inclusion of Grimme’s disper-
sion correction on the estimation of the length of the intramolecular hydrogen bonds in the calculated
trimeric acylphloroglucinols; Table S14: Bond lengths of the C–H····O intramolecular hydrogen bonds
in selected trimeric acylphloroglucinols; Table S15: HOMO-LUMO energy difference of selected
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calculated conformers of trimeric acylphloroglucinols; Table S16: Dipole moment of the calculated
conformers of trimeric acylphloroglucinols; Table S17: Dipole moment estimation difference between
corresponding conformers with outstretched and half-bowl-shaped geometries, in the calculated
trimeric acylphloroglucinols; Table S18: Effect of the inclusion of the Grimme’s correction on the
estimation of the dipole moment of the conformers of the calculated trimeric acylphloroglucinols;
Table S19: Information from the obtained MP2 results for trimeric acylphloroglucinols.
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