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DNA base pairs: the effect of the aromatic ring on
the strength of the Watson—Crick hydrogen
bonding¥
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The aromatic ring in DNA bases affects the Watson—Crick binding strength. Our quantum-chemical ana-
lyses, which compare the hydrogen bonding between the DNA bases and unsaturated analogs lacking the
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aromatic ring, reveal that this arises not from n-resonance assistance but from the electron-withdrawing
(purines) or electron-donating (pyrimidines) effect of the heteroatom-containing ring on the frontier
atoms. This electron redistribution modulates the electrostatics, steric Pauli repulsion, and c-orbital inter-
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Introduction

The DNA duplex is composed of two helical strands held
together by the complementary hydrogen bonding between
purine- and pyrimidine-derived nucleobases." These canonical
(i.e., Watson-Crick) base pairs arise from the specific hydrogen
bonding between guanine (G) and cytosine (C), and adenine
(A) and thymine (T) [see Fig. 1]. The hydrogen bonds result
from the interaction between the frontier atoms: a partially
positive 5 N-H hydrogen-bond donor group on one nucleo-
base and a partially negative 6~ hydrogen-bond acceptor group
(N or O) on the complementary base. Hydrogen bonds are,
however, not only a pure or essentially electrostatic phenom-
enon but also contain a charge-transfer component of the
same order of magnitude.” This arises from the donor-accep-
tor orbital interaction between the c-lone pair of the hydrogen-
bond acceptor and the antibonding oxg* orbital of the hydro-
gen-bond donor. The stabilizing c-orbital interactions are in
fact essential to overcome the destabilizing steric Pauli repul-
sion associated with hydrogen-bond formation (see ref. 2a for
an overview of all relevant interaction components of hydrogen
bonding).
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By having three intermolecular hydrogen bonds, the con-
sensus is that the GC pair is more stable than the AT pair, with
only two hydrogen bonds. However, simply counting the
number of hydrogen bonds of a base pair does not necessarily
provide insight into its stability. For example, Popelier and
Joubert showed that the electrostatic interactions between
distant atoms also contribute to DNA base-pair stability.> We
have recently challenged the concept of explaining base-pair
stability by the frontier atoms further, by showing that the
binding strength of the GC base pair can be systematically
tuned through variation of the position of the heteroatoms on
the backside of the bases while keeping the frontier atoms
(and their charges) unchanged.* We showed that varying the
position of the heteroatom-containing groups on the backside
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Fig. 1 Structure of the hydrogen-bonded Watson—Crick DNA base
pairs guanine—cytosine (GC) and adenine—thymine (AT) with a sche-
matic representation of n-electron delocalization (blue arrows) leading
to favorable polarization of the bases.
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of the guanine or cytosine bases (N and NH, respectively)
induces a change in the charge accumulation of the individual
molecules. This affects the intermolecular binding strength
through the electrostatic as well as the c-orbital interactions.
This is a manifestation of two effects: (i) electrostatic inter-
actions are not only between the frontier atoms but also
between distant atoms and (ii) molecular orbitals are deloca-
lized over the nucleobases and their energies are therefore
influenced by electronic charge changes in non-frontier parts.

The importance of considering the molecular charge
accumulation rather than the charge and position of the
hydrogen-bond frontier atoms was also highlighted in our pre-
vious work where we showed that the relative stabilities of mul-
tiple hydrogen-bonded dimers with the same number but
different ordering of hydrogen-bond donor and acceptor
groups can be explained from measuring the charge accumu-
lation in the monomers.>®

Moreover, the DNA bases are aromatic, meaning that they
satisfy the Hiickel criteria of being planar and having cyclic
delocalization of 4n + 2 & electrons.” So, in the DNA bases, not
only the nature and position of the (hetero)atoms but also the
delocalization of the m-electrons can affect the molecular
charge distribution in the hydrogen-bonded monomers and
thereby the stability of the base pair. This phenomenon, first
proposed by Gilli et al. in 1989,%" is called resonance-assisted
hydrogen bonding (RAHB) and allows for favorable
n-polarization of the hydrogen-bond acceptor and donor
groups, which become more §~ and &, respectively (schemati-
cally shown in Fig. 1), leading to an overall enforcement of the
hydrogen-bond strength.® The nature of the hydrogen bonds
and the role of n-resonance assistance in the DNA base pairs
GC and AT were studied by us in detail,?”° which revealed that
the polarization in the z-electronic system indeed provides an
additional stabilizing term to the hydrogen-bond interaction.
This is, however, one order of magnitude smaller than the ¢
donor-acceptor orbital interactions (vide supra). Furthermore,
it was found that there is no substantial synergistic reinforce-
ment between the n-polarization and c-orbital interactions and
thus take place independently from each other. However, the
aromatic ring and the associated n-electron delocalization are
still often considered key factors in the relative binding
strengths of the DNA base pairs and other aromatic multiple
hydrogen-bonded systems.'**?

As our recent work demonstrated the relevance of non-fron-
tier atom modifications on the molecular charge accumulation
and thereby DNA base-pair stability,” this inspired us to inves-
tigate the effect of the aromatic ring in the DNA bases on the
strength of the Watson-Crick hydrogen bonding in more
detail. To this end, the energetic components contributing to
the overall binding strength of the Watson—-Crick pairs GC and
AT, compared to truncated analogs that lack the rear part of
the aromatic ring, were investigated using dispersion-corrected
density functional theory (DFT) calculations at the ZORA'-
BLYP'*-D3(BJ)"*/TZ2P'*"” level. Our quantum-chemical ana-
lyses reveal that the binding strength of the Watson-Crick
pairs is indeed influenced by the aromatic ring structure.
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However, we show that this effect is not due to m-resonance
assistance, offering new insights into the structure and
bonding of multiple hydrogen-bonding motifs for the design
of innovative (bio)supramolecular building blocks.
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Fig. 2 Schematic structure of the purine nucleobases guanine (G) and
adenine (A) and the pyrimidine nucleobases cytosine (C) and thymine (T)
and their truncated, unsaturated analogs (G', A’, C', and T', respectively)
studied in this work to examine the effect of the aromatic ring on the
Watson-Crick hydrogen bonding. The non-aromatic analogs were
obtained by removal of distant atoms (highlighted in blue) and termin-
ation of dissociated bonds by hydrogen atoms while keeping the frontier
atoms unaffected.'®
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Fig. 3 Hydrogen-bonded (a) guanine (G)—cytosine (C) and (b) adenine
(A)—thymine (T) base pairs derived from the DNA bases G, C, A, and T
and their non-aromatic analogs G’, C’, A’, and T' with equilibrium hydro-
gen-bond [O---(H)N or N---(H)N] distances (in A) and hydrogen-bond
interaction energies AE; (in kcal mol ™ below the demarcated areas).
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Results and discussion

To investigate the effect of the aromatic ring on the Watson-
Crick base pairing, we analyzed the complementary hydrogen
bonding of the nucleobases G-C and A-T, along with their
truncated, non-aromatic isosteres (G/, C', A’, and T’) using gas
phase dispersion-corrected density functional theory (DFT)
calculations at the ZORA">-BLYP'*-D3(B])"*/TZ2P® level using
the Amsterdam Density Functional (ADF, version 2023.1)"
program as implemented in the Amsterdam Modeling Suite
(AMS) [see ESI Method S1 for the full computational detailst].
The truncated analogs were obtained by breaking the
aromatic ring structure through removal of distant atoms
and termination of dissociated bonds by hydrogen atoms
while keeping the frontier atoms unchanged (see Fig. 2).'®
Since the canonical base pairs GC and AT adopt planar
minimum-energy structures, all eight complementary base-
pair combinations [i.e., GC, G'C, GC', G'C/, AT, A'T, AT’, and
A'T'] were optimized using C; symmetry for a consistent
comparison.

The equilibrium hydrogen-bond distances and interaction
energies (AEiy) of the four GC-derived and four AT-derived
base pairs are presented in Fig. 3a and b, respectively. Note
that the interaction energy dictates the trend in the relative
hydrogen-bond energies and is therefore regarded herein (see
the hydrogen-bond energy decomposition in ESI Data S1:
Table S1 and ESI Method S2 for details about this decompo-
sitiont). Our results reveal that breaking the aromatic ring in
the pyrimidine bases (C and T) has little impact on AE;,, (left
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to right in Fig. 3a and b). However, the removal of the aromatic
ring in the purine bases G and A does affect the interaction
energy AEj, (going from top to bottom in Fig. 3a and b).
Remarkably, the effect for G and A is opposite: while AEj,.
destabilizes from G — G/, it stabilizes from A — A’. This means
that the aromatic ring stabilizes the Watson-Crick hydrogen
bonding of G but destabilizes that of A.

To understand this differential sensitivity towards the aro-
matic ring structure, AE;, was partitioned into four physically
meaningful terms using a quantitative energy decomposition
analysis (EDA).’® This EDA decomposes the total interaction
energy AEj, into (i) the classical electrostatic interactions
(AVeisear) between the unperturbed charge clouds of the two
bases, (ii) the steric Pauli repulsion (AEp,y);) arising from the
repulsion between overlapping closed-shell orbitals on the
interacting bases, (iii) the orbital interaction (AE,;) which
accounts for charge transfer (i.e., donor-acceptor interactions;
covalency) in the c-electronic system (AES;) and polarization of
the n-electronic system (AE%), and (iv) the dispersion energy
(AEg;sp) [see eqn (1)].

AEint = AVelstat + AEPauli + AEqi + AEdisp (1)

Since the hydrogen-bond distances vary across the opti-
mized base pairs (see Fig. 3), we performed the EDA at com-
parable hydrogen-bond distances (see ESI Data S1: Table S1 for
the EDA at equilibrium distancest). This approach dis-
tinguishes inherently more stabilizing interaction terms from
those enhanced by shorter distances.
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Fig. 4 Decomposition of the hydrogen-bond interaction energy AEi, (in kcal mol™) [AEin = AVetat + AEpaui + AEo; + (AEgisp)] for (a) GC (solid
magenta lines) and GC' (dashed magenta lines) as a function of the middle hydrogen-bond distance ry)..n (in A, step size of 0.01 A) and (b) for AT
(solid green lines) and AT’ (dashed green lines) as a function of the lower hydrogen-bond distance ry...qyn (in A, step size of 0.01 A).
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The EDA calculations were conducted using PyFrag 2019°
software, analyzing the GC-derived base pairs as a function of
the middle hydrogen-bond distance, ryu)..n, and the AT-
derived base pairs as a function of the lower hydrogen-bond
distance, ry...a~- In both cases, the two bases, in the geometry
of the optimized base pair, approach each other as frozen
blocks (see ESI Method S2 for detailst). The EDA results,
plotted in Fig. 4 and 6 (see the numerical data in ESI Data
S2t), are discussed in the following sections. Notably, the dis-
persion energy (AEgis,) contributes only a minor stabilizing
component to the total interaction energy and remains largely
unchanged for the nucleobase analogs (see ESI Data S27).
Therefore, it is not further discussed in the following sections.
Pyrimidines
We first examine why the aromatic ring has little effect on the
base-pair interaction strength for the pyrimidines (Fig. 3). The
EDA results as a function of the hydrogen-bond distance are
presented in Fig. 4a and b for the cytosine and thymine
analogs, respectively. Along the entire hydrogen-bond distance
range, the interaction energy (AE;,) remains largely
unchanged when going from C — C' or T — T'. The energy
decomposition reveals that while the individual energy terms
do vary, their effects counterbalance: both the destabilizing
Pauli repulsion (AEp,,;) and stabilizing electrostatic inter-
action (AVsat) decrease, along with a smaller reduction in sta-
bilizing o-orbital interactions, resulting in a nearly constant
total interaction energy AE;,. The changes in the interaction
terms stem from changes in the molecular charge distribution
within the individual pyrimidine bases upon removal of the
aromatic ring, including a polar (non-frontier) NH group. This
electron-donating NH group increases the electronic density
on the front side of the pyrimidines. So, removing it upon
going from C — C’ and from T — T’ causes the frontier region
to become less negatively charged. This effect is evident from
the Voronoi deformation density (VDD)*' charges and the
molecular electrostatic potential surfaces shown in Fig. 5 (see
ESI Method S3 for details about the VDD method and ESI Data
S3: Fig. S2 for the complete VDD charge analysist).

The reduction of the electronic density on the front side
upon removal of the heteroatom-containing aromatic ring
makes AEp,,;; less destabilizing because there is less overlap
region between the filled orbitals that construct the electronic
density at the hydrogen-bonding sites. Simultaneously, the
less negative front side weakens the electrostatic attraction
with the net positively charged front side of the purines (see
Fig. 7). This effect is also reflected by the hydrogen-bond
donor and acceptor groups: upon removal of the aromatic
ring, the N-H donor groups become more positive, while the
acceptor groups (O and N) become less negative (Fig. 5a and
b). As a result, for each pyrimidine, electrostatic interactions
are enhanced for the NH donor group but weakened for the
acceptor groups, leading to an overall destabilization of
AVeisear- The change in charge accumulation around the fron-
tier atoms also influences the orbital energies (see ESI Data S3:
Fig. $31) and thereby the ¢ donor-acceptor interactions.* ® The
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increased positive charge around the NH donors stabilizes the
unoccupied orbitals (opumos) involved in the hydrogen
bonding, making them better electron acceptors. On the other
hand, the reduced negative charge around the O and N accep-
tors stabilizes their lone-pair orbitals (6xomos), making them
weaker electron donors. This only has a net destabilizing effect
on the o donor-acceptor interactions for C — C’, as the GC
pair involves three ¢ donor-acceptor interactions (two from
weakened hydrogen-bond acceptors and one from an
enhanced hydrogen-bond donor). In contrast, the AT pair
forms only two hydrogen bonds (from one enhanced donor
and one weakened acceptor upon T — T'), so the stabilizing
and destabilizing effects largely counterbalance, leading to
minimal variation in AEg;when going from T — T'.

Compared to the c-orbital interactions, the w-orbital inter-
actions (AEg;) provide only a minor stabilizing contribution
and, strikingly, remain unchanged in the non-aromatic pyrimi-
dine analogs (Fig. 4). This means that the n-polarization and
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Fig. 5 Voronoi deformation density (VDD) atomic charges Q (left, in
milli-electrons) [sums of charges are indicated by the demarcated areas]
and molecular electrostatic potential surfaces (right, at 0.01 a.u.) from
—0.1 (red) to +0.1 (blue) a.u. of the isolated (a) cytosine (C and C’) and (b)
thymine (T and T') isosteres in the geometry within the base pair with
the canonical complementary base, that is, G and A, respectively. Atom
color code of the ball-and-stick structures: H = white; C = grey; N =
blue; O = red.
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n-resonance assistance to the hydrogen bonding is unaffected
upon reduction of the number of n-electrons and disruption of
the aromatic ring of the pyrimidine bases. Instead, the aro-
matic ring, including the electron-donating NH group,
increases the electronic density around the frontier atoms of
the pyrimidine bases. This leads to more stabilizing electro-
static interactions (and to a lesser extent, enhanced covalency),
while also increasing the steric Pauli repulsion upon base
pairing. These opposing effects effectively cancel each other
out, resulting in no net effect of the aromatic ring on the
Watson-Crick pairing strength.

Purines

Next, we examine why the aromatic ring does affect the base-
pair interaction strength for the purine nucleobases (Fig. 3).
The EDA results as a function of the hydrogen-bond distance
are presented in Fig. 6a and b for the guanine and adenine
analogs, respectively. This analysis reveals an opposing trend
along the entire hydrogen-bond distance range: AE;, destabi-
lizes from G — G’ but stabilizes from A — A'. This means that
the aromatic ring stabilizes the Watson-Crick hydrogen
bonding for guanine but destabilizes it for adenine.

The energy decomposition analysis shows that for G - G/,
the destabilization in AEj;, is mainly due to weaker electro-
static interactions (AVesae) and, to a lesser extent, weaker o-
orbital interactions (AEg;). Unlike the pyrimidines, this desta-
bilization is only partially offset by the slightly reduced Pauli
repulsion (AEp,,;) for the truncated guanine analog (G'),
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leading to an overall decrease in stabilizing interaction energy
AE;,.. On the other hand, for adenine (A — A’), the trend
reverses: AFj,, becomes more stabilizing due to stronger
electrostatic interactions (AVsear) and slightly more stabilizing
c-orbital interactions (AEY;). Again, this stabilization is only
partially offset by the increased Pauli repulsion as one goes
from A — A'.

As for the pyrimidines, the m-orbital interactions (AEg;)
provide only a minor stabilizing contribution and remain
largely unchanged in the non-aromatic analogs. This indicates
again that n-polarization and n-resonance effects on the hydro-
gen bonding are unaffected by the reduction of n-electrons
and disruption of the aromatic ring in the purine bases.

To understand the opposing effects of the aromatic ring on
hydrogen bonding of the two purine bases, we analyzed how
its removal, including the heteroatoms, alters the molecular
charge distribution of the individual purine molecules (see
Fig. 7).

In contrast to the pyrimidines, where the electron-donating
NH group increases the electronic density at the hydrogen-
bonding sites, the non-frontier electron-withdrawing nitrogen
atoms in the purine five- and six-membered rings cause a net
reduction of the electronic density on the frontier region. As
shown by the VDD charges and molecular electrostatic poten-
tial surfaces in Fig. 7, the front sides of both guanine (G - G')
and adenine (A — A') become less positively charged, indicat-
ing an increase in electronic density upon removal of the
heteroatom-containing aromatic ring.
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Fig. 6 Decomposition of the hydrogen-bond interaction energy AEin (in kcal mol™) [AEin = AVetat + AEpaui + AEo; + (AEgisp)] for (a) GC (magenta
lines) and G'C (blue lines) as a function of the middle hydrogen-bond distance ry)...n (in A, step size of 0.01 A) and (b) for AT (green lines) and A'T

(orange lines) as a function of the lower hydrogen-bond distance ry....q)n
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Fig. 7 Voronoi deformation density (VDD) atomic charges Q (left, in
milli-electrons) [sums of charges are indicated by the demarcated areas]
and molecular electrostatic potential surfaces (right, at 0.01 a.u.) from
—0.1 (red) to +0.1 (blue) a.u. of the isolated (a) guanine (G and G’) and (b)
adenine (A and A’) isosteres in the geometry within the base pair with
the canonical complementary base, that is, C and T, respectively. Atom
color code of the ball-and-stick structures: H = white; C = grey; N =
blue; O = red.

This change in molecular charge distribution also affects
the charge of the hydrogen-bonding groups (Fig. 7), thereby
altering the electrostatic interactions (AVjgw) upon hydrogen
bonding. The increased frontier electronic density upon going
from G — G' and A — A’ is reflected in the charge of the hydro-
gen-bond donor and acceptor groups near the nitrogen atom
in the six-membered ring (Fig. 7). For guanine, the removal of
the aromatic ring causes both N-H donors to become less
positively charged (i.e., weaker hydrogen-bond donors), while
for adenine, the N acceptor becomes more negative (ie., a
stronger hydrogen-bond acceptor).

For the carbonyl O hydrogen-bond acceptor group in
guanine and the NH, hydrogen-bond donor group in adenine,
the effect is more complex. The reason for this is that, unlike
pyrimidines, purines have an additional five-membered ring
with another nitrogen atom that creates a more negative
region around the adjacent, but not directly connected, hydro-
gen-bonding group (that is, the carbonyl O acceptor in G and
the NH, donor in A). Therefore, removing the five-membered

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

ring causes the region around the carbonyl oxygen of guanine
to become less negative (Fig. 7a), a weaker hydrogen-bond
acceptor, and the NH, group in adenine to become slightly
more positive (Fig. 7b), and thus a better hydrogen-bond donor.
As for the pyrimidines, the change in charge accumulation
around the frontier atoms not only influences AV, but also
the energies of the orbitals involved in the ¢ donor-acceptor
interactions (see ESI Data S3: Fig. S4t) and thereby AEg;.

Thus, the overall effect of the aromatic ring structure on the
charge of the hydrogen-bonding groups is opposite for
guanine and adenine due to their different ordering of hydro-
gen-bond donor and acceptor groups. For G, the heteroatom-
containing ring causes both NH hydrogen-bond donor groups
to become more positive and the O hydrogen-bond acceptor
more negative, which stabilizes the electrostatic interactions
(AVesear) and, to a lesser extent, the c-orbital interactions
(AEg;) upon hydrogen bonding with C. In contrast, for A, the
nitrogen atom-containing ring reduces the positivity of the
NH, hydrogen-bond donor group and the negativity of the N
hydrogen-bond acceptor, destabilizing both AV, and AEg;
upon hydrogen bonding with T. So, the aromatic ring has a
stabilizing effect on the Watson-Crick hydrogen bonding of
guanine, while it has a destabilizing effect on that of adenine.
Strikingly, this influence is not due to a change in n-resonance
assistance (which remains unchanged) but caused by modu-
lation of the electronic density at the frontier atoms driven by
the non-frontier electron-withdrawing nitrogen atoms in the
purine ring.

Conclusions

The aromatic ring in DNA bases affects the Watson-Crick
binding strength. This, however, does not arise from
n-resonance assistance but from the electron-withdrawing
(purines) or electron-donating (pyrimidines) effect of the
heteroatom-containing ring on the hydrogen-bond frontier
atoms, as follows from the quantum-chemical analysis of DNA
base pairs with and without the aromatic ring. The electronic
density redistribution caused by the heteroatom-containing
ring modulates the hydrogen-bond strength through electro-
statics, Pauli repulsion, and ¢ donor-acceptor interactions.

For pyrimidines [cytosine (C) and thymine (T)], the six-
membered aromatic ring, containing an electron-donating NH
group, increases the electron density at the frontier atoms.
This amplifies the steric Pauli repulsion but also strengthens
the electrostatic stabilization upon hydrogen bonding, result-
ing in no net effect of the aromatic ring on the total Watson—
Crick binding strength.

On the other hand, purines [guanine (G) and adenine (A)]
contain electron-withdrawing nitrogen atoms in their aromatic
ring structure, which reduces the net electronic density at the
frontier atoms. This redistribution mainly affects the electro-
static interactions upon hydrogen bonding, with a smaller
effect on the o donor-acceptor interactions and Pauli repul-
sion. Due to differences in the type and number of hydrogen-
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bonding groups of the two purine bases, this effect is stabiliz-
ing for guanine but destabilizing for adenine. Thus, the aro-
matic ring enhances the Watson-Crick hydrogen bonding for
guanine but weakens it for adenine.

Strikingly, we show that removing the aromatic ring and
thereby reducing the number of n-electrons does not affect the
n-polarization or m-resonance assistance in the Watson-Crick
hydrogen bonding. These findings provide new insights into
the structure and bonding of multiple hydrogen-bonding
motifs for the design of (bio)supramolecular building blocks.

Conflicts of interest

There are no conflicts to declare.

Data availability

Additional computational results that support the findings in
this work, full computational details, and the Cartesian coordi-
nates and energies of the reported molecules and hydrogen-
bonded pairs have been included as part of the ESI,{ which
cites additional references [ref. 22-26].

Acknowledgements

The authors thank the Dutch Research Council (NWO), MCIN
Spain (Ministerio de Ciencia, Innovacién y Universidades)
(grant PID2023-147424NB-1009), and Generalitat de Catalunya
(grant 2021SGR00623) for financial support. This work was
carried out on the Dutch national e-infrastructure with the
support of SURF Cooperative (using grant no. EINF-12129) and
VU ADA.

References

1 (@) J. M. Berg, J. L. Tymoczko and L. Stryer, in Biochemistry,
W. H. Freeman and Company, New York, 5th edn, 2002;
(b) G. A. Jeffrey and W. Saenger, in Hydrogen-bonding in
Biological Structures, Springer, Berlin, 1991.

2 (@) S. C. C. van der Lubbe and C. Fonseca Guerra, Chem. —
Asian J., 2019, 14, 2760; (b) C. Fonseca Guerra,
F. M. Bickelhaupt, J. G. Snijders and E. ]J. Baerends,
Chem. - Eur. J., 1999, 5, 3581; (c) C. Nieuwland and
C. Fonseca Guerra, Chem. — Eur. J., 2022, 28, €202200755;
(d) L. de Azevedo Santos, T. C. Ramalho, T. A. Hamlin and
F. M. Bickelhaupt, Chem. - Eur. J., 2022, 29, €202203791;
(e) F. Weinhold and R. A. Klein, Angew. Chem., Int. Ed.,
2014, 53, 11214, (Angew. Chem., 2014, 126, 11396);
(f) S. J. Grabowski, Chem. Rev., 2011, 111, 2597;
(2) C. Nieuwland, S. Lekanne Deprez, C. de Vries and
C. Fonseca Guerra, Chem. — Eur. J., 2023, 29, €202300850;
(h) S. C. C. van der Lubbe and C. Fonseca Guerra, Chem. -
Eur. J., 2017, 23, 10249; (i) C. Nieuwland, T. A. Hamlin,

9978 | Org. Biomol. Chem., 2025, 23, 9972-9979

10

11
12

13

14

15

16

17

18

View Article Online

Organic & Biomolecular Chemistry

C. Fonseca Guerra, G. Barone and F. M. Bickelhaupt,
ChemistryOpen, 2022, 11, €202100231.

P. L. A. Popelier and L. Joubert, J. Am. Chem. Soc., 2002,
124, 8725.

C. Nieuwland, D. Almacellas, M. M. Veldhuizen, L. de
Azevedo Santos, ]J. Poater and C. Fonseca Guerra, Phys.
Chem. Chem. Phys., 2024, 26, 11306.

S. C. C. van der Lubbe, F. Zaccaria, X. Sun and C. Fonseca
Guerra, J. Am. Chem. Soc., 2019, 141, 4878.

S. C. C. van der Lubbe, A. Haim, T. van Heesch and
C. Fonseca Guerra, J. Phys. Chem. A, 2020, 124, 9451.

A. D. McNaught and A. Wilkinson, Hiickel (4n + 2) rule in
IUPAC Compendium of Chemical Terminology, International
Union of Pure and Applied Chemistry, 5th edn, 2025. Online
version 5.0.0, 2025. DOI: 10.1351/goldbook.H02867.

(@) G. Gilli, F. Belluci, V. Ferretti and V. Bertolasi, J. Am.
Chem. Soc., 1989, 111, 1023; (b) J. F. Beck and Y. Mo,
J. Comput. Chem., 2007, 28, 455; (c) P. Sanz, O. Mo,
M. Yanez and J. Elguero, J. Phys. Chem. A, 2007, 111, 3585.
L. Guillaumes, S. Simon and C. Fonseca Guerra,
ChemistryOpen, 2015, 4, 318.

Y. Zhang, C.-H. Wu and J. I. Wu, Org. Biomol. Chem., 2019,
17, 1881.

X. Lin, W. Wu and Y. Mo, J. Org. Chem., 2019, 84, 14805.

(a) T. Kakeshpour, J. P. Bailey, M. R. Jenner, D. E. Howell,
R. J. Staples, D. Holmes, J. I. Wu and J. E. Jackson, Angew.
Chem., Int. Ed., 2017, 56, 9842, (Angew. Chem., 2017, 129,
9974); (b) T. Kakeshpour, J. I. Wu and J. E. Jackson, J. Am.
Chem. Soc., 2016, 138, 3427; (c) J. I. Wu, J. E. Jackson and
P.v. R. Schleyer, J. Am. Chem. Soc., 2014, 136, 13526.

E. van Lenthe, A. Ehlers and E. J. Baerends, J. Chem. Phys.,
1999, 110, 8943.

(a) A. D. Becke, Phys. Rev. A, 1988, 38, 3098; (b) C. Lee,
W. Yang and R. G. Parr, Phys. Rev. B: Condens. Matter Mater.
Phys., 1988, 37, 785; (¢) Q. Wu and W. Yang, J. Chem. Phys.,
2002, 116, 515.

(@) S. Grimme, J. Comput. Chem., 2004, 25, 1463;
(b) S. Grimme, J. Comput. Chem., 2006, 27, 1787;
(¢) S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem.
Phys., 2010, 132, 154104; (d) S. Grimme, S. Ehrlich and
L. Goerigk, J. Comput. Chem., 2011, 32, 1456.

E. van Lenthe and E. J. Baerends, J. Comput. Chem., 2003,
24, 1142.

(@) G. te Velde, F. M. Bickelhaupt, E. J. Baerends,
C. Fonseca Guerra, S. J. A. van Gisbergen, J. G. Snijders and
T. Ziegler, J. Comput. Chem., 2001, 22, 931; (b) C. Fonseca
Guerra, J. G. Snijders, G. te Velde and E. ]J. Baerends, Theor.
Chem. Acc., 1998, 99, 391; (c) ADF 2023.1, SCM, Theoretical
Chemistry, Vrije Universiteit Amsterdam, Amsterdam, The
Netherlands, https:/www.scm.com; (d) AMS 2023.1, SCM,
Theoretical Chemistry, Vrije Universiteit Amsterdam,
Amsterdam, The Netherlands, https:/www.scm.com.

See ESI Data S17 for the isomers of G’ and A’ (i.e., G'isomer
and A'isomer) With the terminating N-H bond pointing the
other way, which results in relatively less stable hydrogen-
bonded base pairs than G’ and A'.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1351/goldbook.H02867
https://www.scm.com
https://www.scm.com
https://www.scm.com
https://www.scm.com
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob00819k

Open Access Article. Published on 26 July 2025. Downloaded on 12/6/2025 11:28:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

19 (a) F. M. Bickelhaupt and E. J. Baerends, in Reviews in
Computational Chemistry, ed. K. B. Lipkowitz and
D. B. Boyd, Wiley-VCH, New York, 2000, vol. 15, pp. 1-86;
(b) T. A. Hamlin, P. Vermeeren, C. Fonseca Guerra and
F. M. Bickelhaupt, in Complementary Bonding Analysis, ed.
S. Grabowsky, De Gruyter, Berlin, 2021, vol. 8, pp. 199-212.

20 (@) X. Sun, T. M. Soini, J. Poater, T. A. Hamlin and
F. M. Bickelhaupt, J. Comput. Chem., 2019, 40, 2227;
() X. Sun, T. Soini, L. P. Wolters, W.-]. van Zeist,
C. Fonseca Guerra, T. A. Hamlin and F. M. Bickelhaupt,
PyFrag 2019, Vrije Universiteit, Amsterdam, 2019.

21 (a) C. Nieuwland, P. Vermeeren, F. M. Bickelhaupt and
C. Fonseca Guerra, J. Comput. Chem., 2023, 44, 2108;
(b) C. Fonseca Guerra, ]J. W. Handgraaf, E. J. Baerends and
F. M. Bickelhaupt, J. Comput. Chem., 2004, 25, 189;
(c) O. A. Stasyuk, H. Szatylowicz, T. M. Krygowski and
C. Fonseca Guerra, Phys. Chem. Chem. Phys., 2016, 18,
11624.

22 (a) P. Vermeeren, L. P. Wolters, G. Paragi and C. Fonseca
Guerra, ChemPlusChem, 2021, 86, 812; (b) C. Fonseca

This journal is © The Royal Society of Chemistry 2025

23

24

25

26

View Article Online

Paper

Guerra, T. van der Wijst, J. Poater, M. Swart and
F. M. Bickelhaupt, Theor. Chem. Acc., 2010, 125, 245.

(@) M. Franchini, P. H. T. Philipsen, E. van Lenthe and
L. Visscher, J. Chem. Theory Comput., 2014, 10, 1994;
(b) A. D. Becke, J. Chem. Phys., 1998, 88, 2547;
(¢) M. Franchini, P. H. T. Philipsen and L. Visscher,
J. Comput. Chem., 2013, 34, 1819.

(@) S. K. Wolff, Int. J. Quantum Chem., 2005, 104, 645;
(b) A. Bérces, R. M. Dickson, L. Fan, H. Jacobsen,
D. P. Swerhone and T. Ziegler, Comput. Phys. Commun.,
1997, 100, 247; (c) H. Jacobsen, A. Bérces, D. P. Swerhone
and T. Ziegler, Comput. Phys. Commun., 1997, 100, 263.

C. Y. Legault, CYLview20, Universit¢ de Sherbrooke,
Sherbrooke, Quebec, Canada, 2020, https:/www.cylview.org.
(@) P. Vermeeren, S. C. C. van der Lubbe, C. Fonseca
Guerra, F. M. Bickelhaupt and T. A. Hamlin, Nat. Protoc.,
2020, 15, 649; (b) F. M. Bickelhaupt and K. N. Houk, Angew.
Chem., Int. Ed., 2017, 56, 10070, (Angew. Chem., 2017, 129,
10204); (¢) P. Vermeeren, T. A. Hamlin and
F. M. Bickelhaupt, Chem. Commun., 2021, 57, 5880.

Org. Biomol. Chem., 2025, 23, 9972-9979 | 9979


https://www.cylview.org
https://www.cylview.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob00819k

	Button 1: 


