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Cooperativity in Hydrogen-Bonded Macrocycles Derived

from Nucleobases

Pascal Vermeeren,*® Célia Fonseca Guerra,

Introducing a rigid linear n-conjugated acetylene linker into a
supramolecular building block consisting of a hydrogen-bond
donor side and a hydrogen-bond acceptor side yields a
decrease in cooperativity in the resulting formed quartet. This
follows from our Kohn-Sham molecular orbital and Voronoi
deformation density analyses of hydrogen-bonded macrocycles
based on guanine and cytosine nucleobases. The acetylene
linker abstracts electron density from the hydrogen-bond

Introduction

Molecular recognition and self-assembly are employed in
supramolecular chemistry with the aim of developing innova-
tive materials departing from molecular building blocks that are
linked by non-covalent interactions." Notably, this field makes
use of motifs featuring robust and reversible hydrogen bonds.”
For instance, in biological systems, hydrogen bonding is utilized
to ensure the necessary reversibility in molecular associations.
The iconic DNA double helix exemplifies this, where hydrogen
bonds between Watson-Crick base pairs (adenine-thymine and
guanine-cytosine) dictate its structure.® Subsequently, it was
discovered that DNA can also adopt alternative hydrogen-
bonded configurations, such as guanine quadruplexes, whose
structure comprise layers of four guanine molecules bound
together by Hoogsteen-type hydrogen bonds.”
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acceptor and donor, making the hydrogen-bond acceptor more
negatively charged and the hydrogen-bond donor more
positively charged and hence suppressing the donor-acceptor
charge transfer interaction between the interacting fragments.
This, ultimately, hampers the cooperativity in the hydrogen-
bonded macrocycle. We envision that these findings could
open the door to new design principles for the development of
novel hydrogen-bond supramolecular macrocycles.

By means of a quantum chemical study, we have previously
demonstrated that the hydrogen bonds within guanine
quartets contain a substantial synergistic effect, primarily
attributed to the attractive orbital interactions.” This Hoogsteen
base pair comprises one guanine unit with two hydrogen-bond
acceptors binding to another guanine unit with two hydrogen-
bond donors. As a result, charge flows within the hydrogen
bonds caused by the donor-acceptor interaction between the
donating ¢ lone-pair-like orbitals on the oxygen and nitrogen
atoms of one guanine base, and the accepting ¢* orbital on the
N—H groups of another guanine base. Note that this electronic
mechanism demonstrates the important covalent character of
hydrogen bonds.®® Consequently, this induces charge separa-
tion within the dimer, making it better for subsequent hydro-
gen bonding compared to the original monomer. Later,
Gonzalez-Rodriguez et al. achieved the assembly of hydrogen-
bonded quartets through the synthesis of a ditopic monomer
based on guanosine and cytidine nucleosides at the termini
and linked by a linear and rigid n-conjugated p-diethynylben-
zene linker.” Recently, these authors have shown that these
quartets are able to stack and form tube-like nanostructures,
revealing their similarity with guanine quartets.”

Inspired by the work of Gonzalez-Rodriguez et al.,”! we have
recently designed a series of building blocks for self-assembled
hydrogen-bonded macrocycles with rigid linear m-conjugated
acetylene linkers connecting a hydrogen-bond acceptor to a
hydrogen-bond donor, with all three hydrogen-bonds pointing
in the same direction.” This acetylene linker plays an
unprecedented non-innocent role in the cooperativity of these
hydrogen-bonded macrocycles by abstracting electron density
from the hydrogen-bond acceptor and donor. As a result, the
hydrogen-bond acceptor becomes less negatively charged,
which hampers both the hydrogen bond strength and the
cooperativity in these hydrogen-bonded macrocycles. This
effect becomes more pronounced when the size of the
acetylene linker increases.

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Scheme 1. Schematic representation of quartet consisting of monomers with a hydrogen-bond acceptor side, pyrimidin-2(1H)-one (Py2one; red), and
hydrogen-bond donor side, 2-amino-3,4a-dihydro-4H-cyclopentald]pyrimidin-4-one (Py4one; blue) with a linear n-conjugated linker (Linker; green).

In the present work, we propose a series of new
supramolecular building blocks derived from the well-known
guanine-cytosine base pair (Scheme 1). We have designed a
series of monomers, referred to as Py2one-Linker-Py4one,
formed by a hydrogen-bond acceptor side, consisting of
pyrimidin-2(1H)-one (Py2one; red), and a hydrogen-bond donor
side, consisting of 2-amino-3,4a-dihydro-4H-
cyclopenta[d]pyrimidin-4-one (Py4one; blue), connected by a
rigid linear n-conjugated linker (Linker; green). As can be seen,
Py2one is derived from guanine, whereas Py4one is derived
from cytosine (the latter lacks the amino group thus the third
hydrogen bond as in guanine-cytosine pair cannot be formed).
When four identical monomers are combined, they can form
hydrogen-bonded quartets [Py2one-Linker-Py4one],, where
their two hydrogen bonds point in the same direction. As
earlier discussed,”'” we know that in such a macrocycle, the
hydrogen bonding can be strengthened by charge separation
in the c-electronic system through the covalent component in
the hydrogen bonds and hence demonstrate cooperativity.
Here, we want to investigate and understand the mechanism
behind the synergy in the ¢- and n-electronic systems of these
macrocycles. This quantum chemical study performed with the
Amsterdam Density Functional (ADF) program""” using ZORA-
BLYP-D3(BJ)/TZ2P"? is based on a quantitative Kohn-Sham
molecular orbital theory together with an energy decomposi-

tion analysis (EDA),"¥ complemented by a Voronoi deformation System AE AEcain AE;y, AEgm AE,,,
density (VDD) analysis™ of the charge distribution to monitor Py2one-Py4one _754 73 827  -750  _68
the electronic rearrangements and flow of the formed hydrogen Py2one-1-Pydone _745 72 _817 774 _43
bonds. The goal is to propose design principles for new Py2one-2-Pydone _758 70 _g28 —795 _33
supramolecular macrocycles.
Py2one-3-Py4one —76.5 6.9 —83.4 —80.6 —-238
Py2one-4-Py4one —76.7 6.7 —834 —81.0 —-24
Py2one-5-Py4one ~76.5 7.0 -83.5 -81.4 2.1
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Results and Discussion
Hydrogen-Bonded Quartets: Structure and Bond Strength

The equilibrium geometries of the [Py2one-Linker-Py4one],
quartets are enclosed in Figure 1, together with their hydrogen
bond lengths and total bonding energies (Table 1). We find that
introducing an acetylene linker hardly affects the hydrogen
bonding energy with respect to the parent macrocycle, from
—75.4 kcalmol™' for Py2one-Pydone to —74.5 kcalmol™ for
Py2one-1-Py4one. Elongating the linker to two, three and four
acetylene units makes the hydrogen bonds slightly stronger,
namely, —75.8 kcalmol™ for Py2one-2-Py4one,
—76.5 kcalmol™' for Py2one-3-Py4one and to —76.7 kcal mol™
for Py2one-4-Py4one. For Py2one-5-Py4one, then complex-
ation energy slightly decreases (i.e, becomes weaker) to
—76.5 kcalmol™'. These small changes in the hydrogen bond
strength are also observed in the hydrogen bond lengths within
the quartets (Figure 1). Where the outer hydrogen bond
becomes slightly longer upon increasing the linker size, the
opposite is observed for the inner hydrogen bond (denoted as

Table 1. Bonding and interaction energies (in kcal mol™") of the [Py2one-
Linker-Py4one], quartets with a different number of acetylene linkers.*"’

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] Total complexation energy,
i.e., hydrogen bond energy, is computed as: AE=AE,+AE,; and
synergy is computed as: Ay, = A —AEq.
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Figure 1. Geometries of [Py2one-Linker-Py4onel, quartets with a different number of acetylene linkers, including hydrogen bond lengths (in A) and bonding

energies (in brackets and kcalmol™'). Computed at ZORA-BLYP-D3(BJ)/TZ2P.

HB1 and HB2 in Figure 1, respectively), except for the two
longest linkers.

The activation strain model (ASM)">" is applied with the aim
to better understand the hydrogen bond strengths of the
quartets and shows that the interaction energy determines the
trend in the hydrogen bond strengths (Table 1). Thus, in line
with the hydrogen bond strength, the interaction energy

[15]
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between the monomers that constitute the quartet slightly
increases (i.e., becomes stronger) from one to three acetylene
units (from —81.7 to —83.5 kcalmol™' from Py2one-1-Py4one
to Py2one-5-Py4one). On the other hand, the strain energy
remains quite constant in all cases and originates from the N-H
bond stretch as a result of the formation of the hydrogen bonds
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between the interacting monomers, based on the fact that the
geometry of the monomer is hardly affected by complexation.

To pinpoint the cooperative effect in the hydrogen bonds
that constitute the [Py2one-Linker-Py4one], macrocycles, we
have calculated the synergy (AE,, Eq.4 in Computational
Details) for all studied systems by comparing the interaction
energy of the quartets with the sum of the pairwise interaction
(Table 1 and Figure 1). The negative AE,, value proves that all
hydrogen bonds between the Py2one-Py4one monomers in
the quartet are effectively more stabilizing than the hydrogen
bonds in the dimer. The largest synergy among the studied
quartets is found for the parent [Py2one-Py4onel,, i.e., this
system has the most negative AE,,. The synergy becomes
consistently smaller with the introduction of the acetylene
linker, i.e, from —6.8 to —4.3 to —3.3 to —2.8 to —24 to
—2.1 kcalmol™' from [Py2one-Py4one], to [Py2one-1-Py4onel,
to [Py2one-2-Py4onel, to [Py2one-3-Py4one], to [Py2one-4-
Py4one], to [Py2one-5-Py4onel,, respectively. Thus, this shows
that introducing an acetylene linker plays a role in the
cooperativity of the hydrogen bonds within these quartets,
whose reason will be discussed later. We want to emphasize
here that we have previously shown that this cooperative effect
persists under experimental conditions as it still exists in organic
solvents, such as chloroform.>*'%9!

Hydrogen-Bonded Dimers: Nature of Hydrogen Bonding

To understand the bonding mechanism behind the cooperative
hydrogen bonds of the studied quartets [Py2One-Linker-
Py4Onel,, we first focus on the dimers [Py20ne-Linker-
Py40One], (geometries taken from the quartet). By performing
the energy decomposition analysis (EDA), we show that AF;,
gradually increases from —19.1 kcalmol™' for [Py2one-Py4one],
to —20.4 kcalmol™ for [Py2one-5-Py4one], when an acetylene
linker is introduced (Table 2). This small increase of AE,, with
the linker is in line with the more stabilizing interaction energy
in the above-discussed quartets. This trend is due to the
strengthening of the stabilizing electrostatic interactions that
make the hydrogen bonds in the dimer stronger when the size
of the linker increases, namely, AV, increases from
—25.9 kcalmol™' for [Py2one-Py4onel, to —26.9 kcalmol™" for
[Py2one-3-Py4one],. However, AV, slightly decreases for

both [Py2one-4-Py4one], and [Py2one-5-Py4one],, as well as
AEp,., in agreement with their longer HB2 bond length
(Figure 1). The orbital and dispersion interactions, on the other
hand, remain almost constant or even point in opposite
directions and hence are not trend-determining.

Further insight can be gained by performing Voronoi
deformation density (VDD) analyses.' With the inclusion of the
acetylene linker, the hydrogen-bond acceptor Py2one becomes
positively charged, from —5 to +97 milli-electrons from
Py2one-Py4one to Py2one-5-Py4one, respectively (Figure 2). At
the same time, the hydrogen-bond donor Py4one becomes
even more positively charged from +5 to + 101 milli-electrons
from Py2one-Py4one to Py2one-5-Py4one, respectively. A
small increase of positive charge is also observed on the frontier
atoms involved in the two hydrogen bonds (Figure S1). This
means that the linker is accepting electronic density,"® which
should translate into less attractive electrostatic interaction
between hydrogen-donor and -acceptor moieties between the
monomers in the dimer when going from one to five acetylene
linkers. Nevertheless, this is not happening in practice (Table 2),
because upon increasing the size of the linker (i) the inner
hydrogen bond distance decreases and (ii) the monomer with a
linker contains more atoms. These two stabilizing effects eclipse
the previously discussed increased positive charge on the
termini of the monomers, making the AV,.. slightly more
stabilizing along the series of studied systems.

Additionally, by inspecting the studied macrocycles (Fig-
ure 1), one might expect an unconventional O--H—C hydrogen
bond between the monomers to be present in these systems.
However, this bond does not play a determinant role in the
interaction. The O--H—C hydrogen bond becomes shorter from
2.848 A to 2.683 A to 2.640 A to 2.630 A to 2.620 A and 2.622 A
from Py2one-Pyd4one to Py2one-1-Py4one to Py2one-2-
Pydone to Py2one-3-Py4one to Py2one-4-Py4one and to
Py2one-5-Py4one, respectively. By means of an EDA analysis in
which the unoccupied orbitals of the two hydrogen-bond
donors are removed and hence only the proposed O--H—C
hydrogen bond could engage in a donor-acceptor interaction,
we found that it is not a hydrogen bond with any covalent
component. Our analysis reveals that there is hardly any charge
transfer from Py4one to Py2one (only —5 — —7 milli-electrons,
Table S1).

[ab,c]

Table 2. Energy decomposition analysis of the hydrogen bond in the [Py2one-Linker-Py4onel, dimers with a different number of acetylene linkers (in kcal

mol ™)

AE AViistar AEpyi AE, AE, AE,; AE g,
Py2one-Py4one —19.1 —259 27.3 —13.3 —2.2 —15.5 -5.0
Py2one-1-Py4one —19.6 —26.4 27.5 —134 —-2.2 —15.6 —5.1
Py2one-2-Py4one —20.0 —26.8 27.6 —135 -22 —-15.7 —5.1
Py2one-3-Py4one —20.3 —26.9 27.6 —13.6 -23 —15.9 —5.1
Py2one-4-Py4one —20.3 —26.7 271 —134 -23 —15.7 —5.1
Py2one-5-Py4one —204 —26.3 26.5 —13.2 —-23 —155 —5.1

AVeistar + Apaui + AEo + AL gigp.

[a] Computed at ZORA-BLYP—D3(BJ)/TZ2P. [b] Geometries of dimers taken from the optimized quartets. [c] Interaction energy is decomposed as: AE,,=

Eur. J. Org. Chem. 2024, 27, 202301164 (4 of 10)

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIER.D 3(gedl|dde ay) Aq pausenob afe sejoie YO ‘SN JO s8N 10y Ariq1T 8UIUO A8]IAN UO (SUONIPUOD-PUE-SWS)W00 A8 | Ake.d||BulUo//:Sdny) SUONIPUOD pue swie 1 84} 88S *[7z02/TT/LT] uo AkiqiTeuljuo AIm ‘(-ouleAnde) aqnopesy Aq ¥9TTOEZ0Z 90B/Z00T 0T/I0p/wW0d A8 | Ake.d1puljuo'ado.ne-Ans wsyo//sdny woiy pepeojumod ‘6T ‘v40Z ‘0690660T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJOC > .
doi.org/10.1002/ejoc.202301164

European Journal of Organic Chemistry

Py2one-Pydone

Py2one-1-Pydone

Py2one-2-Py4one
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Figure 2. Voronoi deformation density (VDD) charges Q (in milli-electrons) for the Py2one-Linker-Py4one monomers in the geometry of the optimized
quartet, where the total VDD charge on the hydrogen-bond acceptor (Py2one; red), linker (Linker; green), and hydrogen-bond donor (Py4one; blue) are
given. Computed at ZORA-BLYP-D3(BJ)/TZ2P. Check Figure S1 for the charges of the frontier atoms.

Hydrogen-Bonded Quartets: Cooperativity

Next, we can proceed to analyze the origin of the synergy in
the [Py2one-Linker-Py4one], quartets by stepwise adding a
monomer to the system, i.e., M,=monomer+ monomer; M;=
dimer+monomer; and M,=trimer+monomer. As mentioned
above, all quartets show cooperativity (AE,,, <0), however, the
AE,,, becomes smaller when elongating the acetylene linker,
i.e, from —6.8 to —2.1 kcalmol™ from [Py2one-Py4one], to
[Py2one-5-Py4one],, respectively. By performing the energy
decomposition analysis, we find that the electrostatic and
orbital interactions are the two main contributors to the
synergy (Table 3). Both AV, and AE, become more stable
upon stepwise formation of the quartets. For instance, for
[Py2one-Py4onel,, AV, increases from —259 to —26.2 to
—53.6 kcalmol™" from M, to M; to M,, whereas AE,; increases
from —15.5 to —16.2 to —34.2 kcalmol™' from M, to M, to M,,
respectively. In line with AE,, both AV, and AE, become
weaker with a longer acetylene linker, i.e., AV, decreases

Eur. J. Org. Chem. 2024, 27, 202301164 (5 of 10)

from —3.0 to —0.8 kcalmol™ and AE,, decreases from —3.7 to
—1.3 kcalmol™' from [Py2one-Py4one], to [Py2one-5-Py4onel,.
Noteworthy, even though the oc-orbital interaction is the
strongest in the interaction energy of the hydrogen bonds,
both o- and m-orbital interactions contribute equally to the
synergy in these macrocycles and decrease similarly along the
studied systems.

The decisive role of both electrostatic and orbital inter-
actions in the synergy of these macrocycles originates from the
charge transfer between the occupied and unoccupied orbitals
of the interacting monomers, giving rise to the charge
separation in the systems. This charge separation decreases
with a longer acetylene linker. The charge transfer between the
monomers that constitute the quartet can be quantified by
means of the Voronoi deformation density (VDD) charge
analysis (Figure 3). Upon the stepwise formation of the quartet,
the o-donor-acceptor interactions between the hydrogen-bond
donor and hydrogen-bond acceptor lead to a charge transfer
between the interacting fragments. As a result, the charge flows

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 3. Energy decomposition analysis and synergy (in kcalmol™") of the stepwise formation of the [Py20ne-Linker-Py4One], quartets with a different
number of acetylene linkers.*”
—_— W b\
amn Namn/
M, M, M,
SyStem AEIM Ave\slat AEPauIl AEG AEn AEol AEdisp
Py2one-Py4one M, —19.2 —25.9 27.2 —133 —2.2 —15.5 -5.0
M, —20.3 —26.2 27.1 —13.7 —-25 —16.2 -5.0
M, —43.2 —53.6 54.6 —28.2 —6.0 —34.2 —-10.0
AE,, —6.8 —-3.0 —0.1 —-1.9 —-1.8 —3.7 0.0
Py2one-1-Py4one M, —19.6 —264 27.5 —-134 —-2.2 —15.6 —5.1
M, —20.2 —26.7 27.6 —13.6 —24 —16.0 —5.1
M, —42.0 —53.7 54.9 —27.7 —-53 —33.0 —10.2
AE,, —4.3 —-1.6 —0.1 -13 -1.3 —2.6 0.0
Py2one-2-Py4one M, —20.0 —26.8 27.6 —13.5 —2.2 —15.7 —5.1
M, —20.5 —26.9 27.6 —13.7 —24 —16.1 -5.1
M, —42.3 —54.3 553 —27.8 —-53 —33.1 —10.2
AE,, 33 -13 —0.1 —09 -1.0 -19 0.0
Py2one-3-Py4one M, —20.2 —26.9 27.7 —13.6 —-23 —15.9 —5.1
M, —20.7 —-27.0 27.5 —-13.7 —24 —16.1 —-5.1
M, —42.3 —544 553 —27.8 —5.2 —33.0 —-10.2
AEsy,, —2.8 —1.1 0.0 —0.8 —0.9 —1.7 0.0
Py2one-4-Py4one M, —-20.3 —-26.7 27.1 —134 —-23 —15.7 —5.1
M, —20.7 —26.7 27.0 —13.5 —24 —15.9 —5.1
M, —424 —53.9 54.2 —274 —-5.2 —325 —10.2
AE,, —24 —-0.9 —0.1 -0.7 -0.7 —-14 0.0
Py2one-5-Py4one M, —204 —26.3 26.5 —13.2 —23 —15.5 —5.1
M, —20.8 —26.4 26.4 —133 —24 —15.7 —5.1
M, —424 —53.2 529 —26.9 —5.1 —32.0 —10.1
AE,, —-2.1 —-0.8 0.0 —0.6 —-0.6 -1.3 0.0
[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] M, = monomer -+ monomer, M; =dimer + monomer, M, = trimer + monomer.

from one terminal monomer to the other terminal monomer
resulting in charge separation in the system, which systemati-
cally increases upon stepwise formation of the quartet. The
charge transfer between the fragments, however, reduces when
the acetylene linker is introduced, and elongated, due to the
electron acceptance capability of the linker. For instance, in
case of Py2one-Pydone, the charge of the hydrogen-bond
acceptor monomer increases from —178 to —188 milli-electrons
from M, to M;, whereas for Py2one-1-Py4one, the charge of
the hydrogen-bond acceptor is reduced to —169 and —173
milli-electrons from M, to M; (Figure 3). Thus, for these systems,
constructing the quartet is accompanied by less charge
separation.

As a consequence of the charge separation in the system,
the hydrogen-bond acceptor becomes more negatively charged

Eur. J. Org. Chem. 2024, 27, 202301164 (6 of 10)

(red rectangle in Figure 4) and the hydrogen-bond donor more
positively charged (blue rectangle in Figure 4) compared to
their respective monomers. This effect is most prominent when
the dimer M, is formed and only small for the trimer M;. For
instance, in the case of Py2one-Py4one, the hydrogen-bond
acceptor Py2one becomes more negatively charged from —5 to
—38 to —49 milli-electrons from M to M, and M,, respectively,
whereas the hydrogen-bond acceptor Py4one becomes more
positively charged from +5 to 455 to + 63 milli-electrons. The
introduction of the acetylene linker, again, causes a decrease in
this charge separation. Furthermore, in line with what we have
already pointed out above for the dimers (Table 2), the increase
of AV, With the longer acetylene linker is due to shorter
hydrogen bond distance in the quartet and together with
having more atoms this translates into slightly larger sum of the

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

8518017 SUOWILLIOD BAIER1D) 3|edl|dde 3y} Aq pausenob aJe ssjofe O '8N J0 s8N 104 A%eiq 1T 3UIIUO A8|IM UO (SUO R IPUOD-PLB-SULBYWI0D" A3 | 1M ARe g1 B JUO//SAIY) SUORIPUOD pue SWie | 83 89S *[202/TT/LT] uo Arigiauliuo AB|Im ‘(-oul eAnge ) agnopesy Aq ¥9TTOEZ0Z 20/200T OT/I0p/wod A8 |1m Areiqpuljuo-adoine-Ansiweyoy/sany woi papeojumod ‘6T ‘40z ‘0690660T



EurJOC

European Journal of Organic Chemistry

Research Article
doi.org/10.1002/ejoc.202301164

Chemistry
Europe

European Chemical
Societies Publishing

Py2one-Py4one

178

187

Py2one-1-Py4one

Py2one-3-Py4one

S

0

-168

168

12

> 169 ;

Figure 3. VDD charges Q (in milli-electrons) monomers upon stepwise formation of the [Py2one-Py4onel,, [Py2one-1-Py4one],, and [Py2one-3-Py4one],
quartets, computed at ZORA-BLYP-D3(BJ)/TZ2P. VDD data for [Py2one-4-Py4one], and [Py2one-5-Py4one], quartets is enclosed in Figure S2.

Py2one-Py4one

Ms3

Py2one-1-Py4one

Py2one-3-Py4one

Figure 4. VDD charges Q (in milli-electrons) of the terminal hydrogen-bond acceptor (Py2one; red) and hydrogen-bond donor (Py4one; blue) for fragments
upon stepwise formation of the [Py2one-Py4one],, [Py2one-1-Py4one],, and [Py2one-3-Py4one], quartets, computed at ZORA-BLYP-D3(BJ)/TZ2P. VDD data
for [Py2one-4-Py4one], and [Py2one-5-Py4one], quartets is enclosed in Figure S3.
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pairwise interactions (AE,,, in TableS2), from —99.5 to
—106.1 kcalmol™' from Py2one-Py4one to Py2one-3-Py4one,
and thus smaller synergy when the linker increases.

The charge transfer upon stepwise formation of the
[Py2one-Linker-Py4one], quartet also causes synergy in the o-
orbital interactions, which has been quantified by means of a
Kohn-Sham molecular orbital analysis. The accumulation of
charge on the terminal hydrogen bond acceptor (Py2one) and
hydrogen bond donor (Py4one) has a direct effect on the
orbital energies of the orbitals involved in the hydrogen bond
between the monomers. The increased negative charge on
Py2one destabilizes the c-HOMO orbitals (Table S3 and Fig-
ure S4), whereas the more positive charge on Py4one stabilizes
the o-LUMO orbitals. For example, in the case of [Py2one-
Py4one],, the orbital energies of oc-HOMOs are destabilized
from —5.95 and —6.26 eV in M to —5.37 and —5.78 eV in M;. On
the other hand, the o-LUMOs are stabilized from —1.37 and
—0.20 eV for M to —1.38 and —0.23 eV for M;. The 6-HOMO-
LUMO gap between the interacting fragments, therefore,
becomes smaller, leading to the observed enhanced c-orbital
interactions as shown in Table 3.

Furthermore, the m-orbital interactions are also affected by
the charge separation. The more negative charge on Py2one
not only destabilizes the o-HOMO orbitals and the more
positive charge on Py4one not only stabilizes the o-LUMO
orbitals, but also the n-HOMO and n-LUMO orbitals of the
monomers. Consequently, n-polarization is also enhanced due
to the reduction of the 1-HOMO-LUMO gap (Table S4). Note
that, as established by the reduced charge transfer, the effect
on the orbital energies becomes less pronounced when the
acetylene linker increases. This, ultimately, leads to less synergy
in both the o- and w-orbital interaction when the linker
becomes longer.

a) \

Py2one-Ph-Py4one

Hydrogen-Bonded Quartets: Expanding towards Phenyl
Linkers

In the final section of this manuscript, we aim to systematically
modify our above-studied model monomers to compare with
the monomer synthesized by Gonzélez-Rodriguez et al.” For
such an aim, we first introduce a phenyl linker (Py2one-Ph-
Py4one) and an acetylene-phenyl-acetylene linker (Py2one-1-
Ph-1-Py4one) between the hydrogen-bond donor and acceptor
units. Both new quartets result in a strengthening of the
hydrogen bonds, from —76.9 to —83.1 to —78.6 kcalmol™' from
[Py2one-Py4onel, to [Py2one-Ph-Py4one], to [Py2one-1-Ph-1-
Py4one],, respectively (Figure 5). Furthermore, they are also
stabilized by cooperativity, originating from more attractive
electrostatic and orbital interactions upon building the quartet
(Table S5). Nonetheless, the computed synergy for both systems
is smaller than for the parent system, namely, AE,, decreases
from —6.8kcalmol™' in [Py2one-Pyd4onel, to —2.8 and
—1.5 kcalmol™' for [Py2one-Ph-Py4one], and [Py2one-1-Ph-1-
Py4one],, respectively. This weakening of the cooperativity in
the case of [Py2one-Ph-Py4done], is a result of the electron-
donating capability of the phenyl linker, making both hydro-
gen-donor and -acceptor terminal groups negatively charged
(Figure S5), and thus hampering the cooperativity. At difference,
when two acetylene units are added next to the phenyl linker,
the electron-donating character of the phenyl linker is counter-
balanced, making the [Py2one-1-Ph-1-Py4one], quartet act
similar to the original acetylene linkers earlier discussed.

At last, we examine the hydrogen-bonded quartet synthe-
sized by Gonzilez-Rodriguez etal,”’ that consists of an
acetylene-phenyl-acetylene linker that connects a cytosine to a
guanine nucleobase (C-1-Ph-1-G). In contrast to our earlier
studied monomers, the cytosine-based terminus now has two

B e A

Py2one-1-Ph-1-Py4one

C-1-Ph-1-G

b)
-{}«g(—_cqf ﬁ {g—&»@f
Iq( fr( r(. I;(
ZX\(( g ,f;( | Y*r
a 7 /7
] \ 5 r .
fm L?,fo““d o f Beese oS
[Py2one-Ph-Py4one], [Py2one-1-Ph-1-Py4one], [c-1 Ph- -G,
AE -83.1 -78.6 -118.6
AE,,, -2.8 -1.5 -0.6

Figure 5. Geometries of a) monomers with phenyl linker (Py2one-Ph-Py4one), acetylene-phenyl-acetylene linker (Py2one-1-Ph-1-Py4one), as well as the
simplified monomer synthesized by Gonzélez-Rodriguez et al., constituted of cytosine and guanine nucleobases connected via an acetylene and phenyl linker
(C-1-Ph-1-G); and b) their respective quartets with hydrogen bonding energy and synergy (in kcal mol™"). Computed at ZORA-BLYP-D3(BJ)/TZ2P.
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hydrogen-bond acceptors and one hydrogen-bond donor,
whereas the guanine-based terminus has the opposite, namely,
one hydrogen-bond acceptor and two hydrogen-bond donors.
Resultingly, the cooperativity in the quartets constructed from
these monomers is significantly smaller than the cooperativity
in [Py2one-Py4one],, namely —0.6 kcalmol™ (Figure 5). This is
due to the fact that not all hydrogen bonds formed point in the
same direction, which is one of the basic rules to strengthen
cooperativity, as we have shown in our previous study on the
cooperativity of guanine and xanthine quartets.®*'*"

Conclusions

In this work, we have quantum chemically analyzed the
cooperativity in a series of hydrogen-bonded quartets con-
structed from building blocks that consist of a hydrogen-bond
donor side and a hydrogen-bond acceptor side connected with
linear, rigid m-conjugated linkers of different lengths. All macro-
cycles show a cooperative effect, its magnitude, however,
decreases, i.e, becomes less stabilizing, upon increasing the
size of the acetylene linker. This emerges from our dispersion-
corrected density functional theory (DFT-D) calculations based
on quantitative Kohn-Sham molecular orbital theory and energy
decomposition analyses.

The cooperativity in these macrocyclic structures arises from
the charge transfer from the occupied c-orbitals of the hydro-
gen-bond acceptors to the unoccupied c-orbitals of the hydro-
gen-bond donors, leading to an increased charge separation in
the system. This separation causes the hydrogen-bond acceptor
to become more negatively charged whereas the hydrogen-
bond donor becomes more positively charged. This charge
transfer is decreased when a longer acetylene linker is
introduced due to the linker’s ability to abstract electron density
from both the terminal hydrogen-bond donor and acceptor
groups.

Finally, the above conclusions are extended towards the
previously synthesized hydrogen-bonded macrocycles based on
guanosine and cytidine nucleosides,” with the aim to establish
design principles for the design of related strengthened
cooperative  macrocycles for different applications in
supramolecular chemistry.

Computational Details

The quartets and monomers have been optimized in planar
symmetry (C,). For the monomers optimizations without any
symmetry constraints (C;) have also been performed and were
verified to be true minima (zero imaginary frequencies). The
difference in energy between C; and C, optimizations for selected
monomers and quartets is only a few tenths of a kcal mol™', except
for Py2one-Ph-Py4one (Tables S6-5S9).

The hydrogen bond energy AE of the quartet is defined as [Eq. (1)]:

AE — Equartet - 4 Emonomer (1)

Eur. J. Org. Chem. 2024, 27, 202301164 (9 of 10)

where E ., is the energy of the optimized quartet in Cs symmetry,
and E,onomer 1S the energy of the C; optimized monomer. This AE
can be divided into two components by means of the activation
strain model (ASM)"™ [Eq. (2)]:

AE = AEstrain + AEinl (2)

In this formula, the strain energy AE,.,, is the amount of energy
required to deform the individual monomers from their equilibrium
structure to the geometry that they acquire in the quartet. The
interaction energy AE;, corresponds to the actual energy change
when the prepared monomers are combined to form the quartet.

The cooperativity in the hydrogen bonds (HBs) in the quartets is
quantified by comparing the interaction energy of the quartet
(AE;,) with the sum of the individual pairwise interactions for all
possible pairs of monomers (AE,,) in the quartet (Scheme 2),
defined as [Eq. (3)]:

AEsum =4 AEpair +2 AEdiag 3)

Here, AE,,, is the interaction between two neighboring monomers
(i.e., the interaction between two hydrogen-bonded monomers in
the geometry of the quartet) and AE,, is the interaction between
two mutually diagonally oriented monomers (i.e., the interaction
between two non-hydrogen bonded monomers in the geometry of
the quartet). The synergy occurring in the quartet is then defined
as the difference [Eq. (4)]:

AEsyn = AEint - AEsum (4)

Thus, a negative value of AE, corresponds to a stabilizing
cooperative effect, meaning that the quartet stability is reinforced
due to the occurrence of all hydrogen bonds simultaneously.

Supporting Information

The Supporting Information encloses an extended description
of the computational details; complementary EDA analyses on
some of the dimers, together with their ¢ and & orbital energies;
EDA data of systems [Py20ne-Phe-Py40One],, [Py20ne-1-Phe-1-
Py40Onel,, [C-1-Ph-1-G],; and Cartesian coordinates and elec-
tronic energies of all systems under analysis.

Scheme 2. Pair and diagonal interactions in the quartet.
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