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The substituent effect in heterocyclic compounds is a critical concept in chemistry, influencing the
properties and reactivity of these molecules. In simple systems, like benzene derivatives, it is well-
understood. However, in heterocycles with multiple substituents and fused rings—important nature’'s
building blocks—the situation becomes complex and hard to comprehend. In this work, quantum-
chemical calculations (at the DSD-PBEP86-D3BJ/def2-TZVPP level of theory), including substituent effect
descriptors and the electron density of delocalized bonds decomposition scheme, were performed on
derivatives of cytosine, isocytosine, guanine, isoguanine, thioguanine, hypoxanthine and 5-aza-7-

Received 29th September 2025, deazaguanine in different tautomeric forms, allowing the determination and quantitative comparison of

Accepted 10th February 2026 the strength of different interactions between substituents and heteroatomic fragments in each studied
DOI: 10.1039/d5cp03761a molecule. The comparisons allowed formulating several rules that help understand and predict

the strength, and the resonance/inductive nature of the substituent effect in complex N-heterocyclic
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Introduction

N-heterocycles, molecules containing at least one nitrogen
atom in their ring structures, constitute a significant and
important class of organic compounds. Due to their unique
chemical and biological properties, these compounds have a
wide range of applications in pharmaceuticals, agrochemicals,
synthetic organic chemistry and materials science.™ For
instance, they constitute 82% of FDA-approved pharmaceuti-
cals between 2013 and 2023,° and over 50% of all approved
small-molecule drugs are N-heterocycles.” Many include sub-
stituents or heteroatoms, among the most popular are F, S, Cl,
and CN.® Currently, machine learning models are increasingly
used to predict and optimize the reactivity, selectivity, and
bioactivity of N-heterocycles.® These models use different
descriptors and computational techniques to achieve high
accuracy and interpretability, although challenges related to
data quality and experimental design remain.’ For this pur-
pose, a deep understanding and qualitative description of the
substituent effect (SE) is extremely helpful. The SE is a funda-
mental concept in organic chemistry. Its understanding allows
for the targeted modification of molecular properties such as
reactivity, optical properties, intermolecular motif formation,
ligand binding, biological activity, and many others."®™"* The
most commonly used characteristics of the substituents are the
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o constants derived by Hammett, which provide quantitative
information on the electron-withdrawing (EW) or electron-
donating (ED) properties of the substituents.’*'*> The classical
approach to the substituent effect includes a series of X-R-Y
derivatives, in which one can distinguish: (i) the reaction site
(fixed group) Y, (ii) the set of changing substituents X and (iii)
the transmitting moiety (spacer) R."®"” The effect of X on Y is a
usually studied aspect. For this purpose, the Hammett equation
is used: P(X) = p-o(X) + constant, where p, called the reaction
constant, describes the sensitivity of the property P to the
substituent effect, characterized by ¢(X), under given condi-
tions (e.g. solvation, temperature). However, the substituent (X)
properties differ when R and/or Y is changed. In the Hammett
model, this is represented by the constants ¢,,, 6, for meta and
para relationships between X and Y, and by ¢*, ¢~ for positively
and negatively charged Y, respectively. It follows that the
properties of the substituent X depend on Y and R—the so-
called reverse substituent effect."®'® It should be emphasized
that the substituent constants were obtained from dissociation
constants of substituted benzene derivatives (i.e. benzoic acids,
phenols, and anilines). In other systems, they are used only
by analogy. Particularly, in complex heterocycles, where we
encounter the lone electron pairs of heteroatoms conjugated
with the rest of the n-bond system, the situation differs signifi-
cantly from that in the model benzene derivatives. In such
systems, the quantum-chemical descriptors allow studying the
effect of substituents X on each of the exocyclic group. In this
study, we use the cSAR (charge of the substituent active
region)*>*! parameter, which quantifies charge accumulation

Phys. Chem. Chem. Phys.


https://orcid.org/0000-0002-1554-281X
https://orcid.org/0000-0002-7034-6985
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp03761a&domain=pdf&date_stamp=2026-02-22
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03761a
https://pubs.rsc.org/en/journals/journal/CP

Open Access Article. Published on 11 February 2026. Downloaded on 2/25/2026 3:21:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a) slope - substituent effect
strength of X on NH,

(]
CN cSAR(NH,)
electron-donation
of NH2 increases

+0.18

+0.20

NO,e

y=-0.421x +0.131

) G C8-H3H,7H

n-electron densny
isosurface=0.015

Fray

View Article Online

PCCP

ED,

BDFy <0
localized
electrons

EDDB densnty parntlonlng

2 =
R2=0.95 BDFy; >0
delocalized
o Dﬂ«\' it % o H EDDB, EDLB, BDF, electrons
A 2 n-electron denslty -+ electrondenslty n-Bond delocallzanon funcnon
Cl of delocalized bonds oflocalized bonds isosurface=+/-0.0
X 5/4 3 F gH isosurface=0.015 isosurface=0.015
NH
——_— 012 o OH C) Gcs-cnsH,7H G C8-H3H,7H BBDFr >0
A ® NH delocalization
0 2 upon CN substitution
-0.25 -0.20 -0.15 -0.10 -0.05 0 +0.05 +0.10 +0. 15
electron-withdrawal of X cSAR(X) electron-donation of X CN
ABDFy; < 0 localization

|sosurface +/ 0.015

Fig. 1

upon substitution

n
|sosurface +/ 0.015 isosurface =+/-0.005

Introduction of computational methods used in this study: (a) determination of the substituent effect strength with cSAR(X) vs. cSAR(Y)

correlations (in the presented case, Y = NH,); (b) definition of nt-bond delocalization function (BDF,), BDF, is the difference between delocalized and
localized n-electron densities from the EDDB (electron density of delocalized bonds) density partitioning method; and (c) definition of ABDF,, it is a
difference between BDF, functions for substituted and unsubstituted molecules, it isolates changes in delocalization resulting from substitution.

on donating (positive partial charge) and withdrawing (negative
partial charge) substituents. Moreover, the cSAR can be used
to describe the properties of both the reaction site and the
substituents, so the slope of the linear equation cSAR(Y) vs.
cSAR(X) characterizes the strength of the substituent effect, as
shown in Fig. 1a. To determine the m-electronic structure of
heterocycles and visualize resonance interactions associated
with the substituent effect, we use a recent n-resonance analysis
function defined within electron density of delocalized bonds
(EDDB) formalism®*'—the n-bond delocalization function
(BDF,), explained in Fig. 1b.>

Research objects are the derivatives of nucleic acid bases
and their analogues: guanine (G), isoguanine (iG), thioguanine
(tG), hypoxanthine (Hx), 5-aza-7-deazaguanine (adG), cytosine
(Ct), isocytosine (iCt) and 6-aminopyridin-2-one (6AP) in their
most stable tautomeric forms, which are presented in
Scheme S1 and discussed further in the manuscript; the study
includes a wide range of substituents (X = NO,, CN, Br, Cl, F, H,
SH, OH, and NH,) with properties ranging from electron-
withdrawing to electron-donating, attached at the C8 position
of purine bases and C5 or C6 positions of pyrimidine bases. The
naming scheme includes the acronym for the heterocycle type,
substituent position (omitted for purine bases, only C8-X
included) and the tautomeric hydrogen positions (according
to the atom numbering repeated in each figure). The goal is to
characterize how small, incremental changes in a N-heterocycle
structure influence the strength of the substituent effect and
identify the structural features responsible for the differences
between the systems.

Results and discussion

The substituent effect is transmitted by induction, which acts
in the o-cloud and resonance, acting in the n-cloud. The
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strength of the inductive effect depends on the groups involved
and the distance between them.'®'” Therefore, between hetero-
cycles substituted at the same position, we can expect similar
strength of the inductive effect, but, comparing C5-X, C6-X and
C8-X substitutions the differences in the inductive effect will
play a role. On the other hand, the n-cloud is often completely
reorganized when changing the tautomeric form. This reorga-
nization changes positions of double bonds and lone pairs and
can drastically influence the resonance effect, by disrupting
existing conjugation paths between the groups or by opening
new possibilities for conjugation.

Resonance interactions within N-heterocycles

First, let us introduce different resonance interactions between
X, heteroatoms and exocyclic groups which we expect in
complex N-heterocycles (Fig. 2). Attaching the substituent intro-
duces additional zwitterionic resonance structures (Fig. 2) into
the superposition of resonance forms. These zwitterionic forms
are typically high in energy, thus their contribution to the
wavefunction should be slight. Nevertheless, the greater their
contribution, the stronger the resonance substituent effect is
expected. As shown in Fig. 2, the electron withdrawing group
(EWG) can accept charge from the exocyclic donating group, or
from the endocyclic N(H). Electron-donating groups donate
their charge onto exocyclic C—O0 groups or endocylic N atoms.

Simple representations with resonance structures are corro-
borated by wavefunction analysis: ABDF,, results and n-electron
populations from natural population analysis (NPA). ABDF,
shows that substitution increases the delocalized character of
n-electrons along the conjugated pathway connecting the sub-
stituent and the interacting group. m-NPA results show an
increase or a decrease in m-electron populations at interacting
atoms upon substitution, compatible with what the resonance
structures show.

This journal is © the Owner Societies 2026
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Fig. 2 Four types of charge-transfer resonance interactions involving electron donating and withdrawing substituents. Curved arrows indicate the
direction in which negative charge is transferred; ortho, meta and para indicate the relative position of fragments necessary for the resonance interaction
to occur. The red or blue shaded circle under heteroatom/group indicates that it is conjugated with withdrawing (red) or donating (blue) substituent X, i.e.
it can transfer charge onto the substituent becoming positively (red) or negatively (blue) charged, as shown by resonance structures. Charge transfer
associated with the presented resonance structures is confirmed by the changes in n-electron populations from NPA analysis and by visualization of
isosurfaces (isovalue = +0.005) of ABDF,, (Fig. 1c). ABDF, changes in the n-electronic structure upon attaching the X group—localization (ABDF, < 0,

yellow) and delocalization (ABDF, > 0, turquoise).

How structural changes influence the substituent effect

Fig. 3a—c shows that changing the tautomeric form can strongly
alter the SE. When tautomerization disrupts conjugation
between X and the NH, group in the ortho or para relationship,
the SE decreases by ~60%, accompanied by reduced charge
accumulation at the electron-withdrawing CN substituent. This
conjugation in the 3H tautomer and its lack in 1H might
contribute to the relative stabilization of the 3H form (relative
Gibbs energies of 3H in kcal mol ™ %: +3.6 for NO,, +4.8 for CN vs.
+6.0-12.1 for non n-withdrawing X groups, Table S1).

In studied derivatives of purine bases, the SE is transmitted
across two fused rings. In Hx, G and tG systems, breaking
conjugation between X and OH/SH, for example by changing
tautomer from 9H (Fig. 3d) to 7H (Fig. 3e), reduces the SE by
about 10%. In G and tG, the same tautomeric change addition-
ally creates the conjugation between X and NH,—in non-
conjugated 9H the SE between these groups is weaker by
27%. This exemplifies how m-electronic structure reorganiza-
tion during tautomerization affects the interactions between
the functional groups.

Fig. 3d illustrates how adding an NH, group in the second
ring (transition from Hx 9H,C6-OH to G 9H,C6-OH) strength-
ens the electron-withdrawing effect of X = CN but weakens the
electron-donating effect of X = NH, as represented by the
CSAR(X) values. These changes are much more pronounced in
the 9H tautomer (Fig. 3d) than in 7H (Fig. 3e), because only in
9H is the X — C2-NH, pathway conjugated, which is also
reflected in the SE strength (—0.177 in G 9H,C6-OH vs. —0.241

This journal is © the Owner Societies 2026

in G 7H,C6-OH). This confirms the presence of long-distance
resonance interactions between C8-X and C2-NH,. Disrupting
this interaction weakens the SE, as illustrated by transitions tG
1H,7H — tG 1H,9H (Fig. 3h) and G 1H,7H — G 1H,9H (Fig. 3f).
The latter transition also breaks the C8-X — C6=—O conjuga-
tion but creates the C8-X — C2-NH, one. Both effects are
reflected in the SE strength—C8-X — C6—O is stronger in G
1H,7H (—0.187 vs. —0.168), while C8-X — C2-NH, is stronger
in G 1H,9H (—0.209 vs. —0.140).

The properties of the C8-X groups change accordingly—
electron-withdrawing C8-CN accumulates more negative charge
in G 1H,9H while electron-donating C8-NH, more positive
charge in G 1H,7H. Notably, C8-X — C6=—0 and C8-X — C2-
NH, resonance effects operate despite a complicated conjuga-
tion pathway between the groups, which in both cases passes
through the central C4-C5 bond.

If positions of the NH, and =—O groups are swapped
(G 1H,9H - iG 1H,9H transition in Fig. 3f), the SE of C8-X
on C6-NH, is enhanced by 50%, compared to C2-NH, in G
1H,9H. Accordingly, the distance between X and C=O in this
transition increases, and the SE of X on C—O0 weakens (from
—0.168 in C6—0 to —0.129 in C2—0O0, Fig. 3f). These differences
are caused by weakening of both inductive and resonance
effects with distance.

Resonance substituent effect visualized with ABDF,,

Bond delocalization function (BDF,, Fig. 1b) is a recently
introduced approach which allows visualizing the regions of
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Substituent effect strength on NH2, C=0, C=5 groups in complex N-heterocycles
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Fig. 3 Properties (cSAR(X) values in boxes) of X = CN (red), Cl (green), NH (blue) and how they change due to small structural changes noted above the
black curved arrows. Intensity of box shading is proportional to the strength of withdrawal or donation of electrons by X. Green and blue curved arrows
represent the strength of the substituent effect of X substituent series on exocyclic groups (Y): =0O/OH(=S/SH) and NH,/NH, which was evaluated from
the slopes of corresponding cSAR(Y) vs. cSAR(X) linear correlations (X = NO,, CN, Br, CL, F, H, SH, OH, and NH,), as illustrated in Fig. 1a. Acronyms: guanine
(G), isoguanine (iG), thioguanine (tG), hypoxanthine (Hx), 5-aza-7-deazaguanine (adG), cytosine (Ct), isocytosine (iCt) and 6-aminopyridin-2-one (6AP).
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Fig. 4 Selected structural changes from Fig. 3 analyzed in terms of the n-electronic structure. BDF, visualization represents the n-electronic structure of
unsubstituted system, while ABDF, shows how it is changed due to CN or NH, substitution. Detailed explanation of BDF,, and ABDF,, is presented in Fig. 1.

n-electron localization and delocalization, based on the first-
principles EDDB electron density partitioning scheme.>® The
BDF, maps in Fig. 4 illustrate the m-electronic structure of
unsubstituted heterocycles, while the ABDF, maps illustrate
the changes in BDF, due to the substituent effect—changes in
the m-electronic structure associated with the introduction of
charge-transfer resonance structures involving X substituents.

In Fig. 4a, ABDF, reveals the strong resonance interaction
between C5-X and C4-NH, in the Ct C5-X 3H tautomer—there
is a large increase in NH, lone pair delocalization upon X = CN
substitution. Contrarily, in the Ct C5-X 1H tautomer, C5-X —
C4-NH, conjugation is absent. In that case, the CN substituent
instead interacts via resonance with the endocyclic N1(H) atom,
increasing the delocalization along the X — N1(H) conjugation
pathway, while leaving the C4-NH, lone pair unaffected.

In iCt C5-X 3H (Fig. 4b), ABDF, reveals a large increase in
delocalization along the para conjugated C5-X — C2-NH,
upon X = CN substitution. In contrast, in iCt C5-X 1H this

This journal is © the Owner Societies 2026

conjugation is disrupted, and the ABDF, map shows no
increase in delocalization between C5-CN and C2-NH, groups.
This explains the changes in the relative SE strength between
1H and 3H (Fig. 4b) in terms of resonance interactions—the
positions of double bonds and lone pairs forbid the charge
transfer between the groups in the n-cloud, making the SE over
two times weaker. Notably, ABDF, allows us to identify when
resonance interactions occur, visualize the conjugation path-
ways involved, and rationalize the observed differences in
terms of resonance structures.

Fig. 4c shows a comparison of the SE in the G 9H,C6-OH
and G 7H,C6-OH tautomers. In G 9H, ABDF,, reveals increased
delocalization along two conjugated pathways, C8-X — C6-OH
and C8-X — C2-NH,, upon X = CN. This is accompanied by an
increase in the SE strength, ~7% for OH, and a larger, ~36%
for NH,.

Interestingly, ABDF, reveals that in 7H and 9H tautomers
the changes in delocalization (a uniform increase) occur mainly

Phys. Chem. Chem. Phys.
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in the five-membered ring, meaning that the CN group is highly
engaged in resonance interactions with the five-membered ring
m-system.

In Fig. 4d and e, ABDF, shows that C8-NH, — C6=—O
conjugation in Hx/G 1H,7H tautomers slightly increases the
delocalization along the pathway which passes through the
central C4-C5 bond. In contrast, in 1H,9H tautomers, in which
these two groups are nonconjugated, the same bond is loca-
lized upon NH, substitution.

In iG 1H,9H (Fig. 4e), ABDF;, indicates that X = CN substitu-
tion increases delocalization of the C6-NH, lone pair and two
bonds along the conjugation pathway: N7-C8 and C5-N7. In G
1H,9H, ABDF, for X = CN uncovers a long range C8-X — C2-
NH, conjugation which increases delocalization throughout
the conjugation pathway and C2-NH, lone pair. In conclusion,
using ABDF,; we can see the resonance interactions appearing
within the m-electron wavefunction, which nicely corroborates
the analysis results of the changes in the SE strength.

Identifying resonance forms in heterocycles with BDFr

In turn, BDF, allows determining the dominant resonance
forms in the m-electronic structure; apart from the examples
presented in Fig. 4, and the BDF, maps for all studied hetero-
cycles are shown in Fig. S1-S8. BDF, shows that the n-electronic
structure is determined mostly by the tautomeric form.

In guanine (and its thio-, iso- forms and hypoxanthine), the
tautomers with one N(H) in the five-membered ring and one or
two in the six-membered ring are best described as having
delocalized m-sextet in the five-membered ring, and localized
bonds or lone pairs in the six-membered ring.

In tautomers without N(H) in the six-membered ring
(C2/C6-OH/SH) the m-electronic structure is dominated by a
delocalized m-sextet in the six-membered ring, but there is also
some delocalization within the five-membered ring. EDDBp(1)
populations of cyclically delocalized electrons are between 1.9
and 3.0e for six-membered rings, and 0.9 and 1.6e for five-
membered rings; for comparison, benzene has 5.4e and
pyrimidine has 5.2e. This indicates that both structures, with
the n-sextet in the six- and five-membered rings, contribute to
the wavefunction, but the six-membered one dominates.
Importantly, when electrons organize to form a cyclically delo-
calized m-sextet in one ring, then, from the resonance struc-
tures, the electrons in the second ring must localize at bonds
and lone pairs.

Interestingly, the electron-withdrawing substituents in the
C8 position increase the effectiveness of the five-membered
ring delocalization in all cases. This is most likely associated
with the X — N(H) resonance interaction (the lone pair at N(H)
is donated onto n-withdrawing X, Fig. 2), which has a conjuga-
tion path around the five-membered ring circumference. The
interaction increases the delocalization of the bonds and the
N(H) lone pair in the five-membered ring, significantly improving
the cyclic delocalization. In contrast, the n-electron-donating
groups disrupt it; e.g in G 3H,7H, EDDBy(n) populations for
the five-membered ring are 2.39e for X = CN, 1.89e for X = H and
1.30e for X = OH (Fig. S3).
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This interaction can also be noticed in ABDF, maps in
Fig. 4c and e—in all maps for X = CN the delocalization in the
five-membered ring uniformly increases due to substitution.
However, strengthening delocalization in one ring weakens it in
the other, due to the aforementioned competition between
n-sextets in five- and six-membered rings. Consequently,
EDDBp(nt) values for the two rings correlate linearly with
C8-substituent properties (cSAR(X)), but with opposite slopes
(Fig. S9)—an increase in the electron-withdrawing strength of
the substituent increases the five-membered ring cyclic deloca-
lization but decreases the six-membered one. So, the electron-
withdrawing substituents in the five-membered ring of purine
bases shift the relative contribution of resonance forms towards
the one with delocalized mn-sextet in the five-membered ring
(Fig. S9). In 5-aza-7-deazaguanine, all tautomers are character-
ized by very weak cyclic delocalization in both rings and highly
olefinic bonds (Fig. S7).

Cytosine (and isocytosine) tautomers with one or two N(H) in
the ring have highly localized olefinic bonds—just one reso-
nance form drawn in, e.g. Fig. 1b represents the m-electronic
structure well. The tautomers without endocyclic N(H) groups,
i.e. C2/C4-OH, have moderately delocalized m-sextet in the ring,
and the EDDBy(n) is between 1.9 and 2.9e (for comparison, in
pyrimidine EDDBp(n) = 5.2¢).>® This illustrates the disruptive
effect of multi-substitution on the ring aromaticity.

Here, we would like to turn attention to the BDF, maps for
unsubstituted systems (X = H). (Iso)cytosines in Fig. 4a and b
are nonaromatic—the n-electrons are mostly localized at bonds
and lone pairs. However, for the guanine tautomers with N(H)
in the five-membered ring and the OH group, i.e. the G 7H and
9H,C6-OH tautomers, the BDF, map shows a very efficient
delocalization within the six-membered ring—it is aromatic.
This means that Kekulé resonance structures responsible for
the aromaticity of this ring dominate the ground state electro-
nic structure; these Kekulé resonance structures also force the
electrons in the five-membered ring to localize. The low-energy
aromatic resonance structures are resistant to perturbation by
the high-energy zwitterionic structures associated with the
SE—the resonance SE in the aromatic ring should be weaker.

Comparing the substituent effect in cytosine and guanine
analogues

Fig. 5 and 6 show the substituent effect strength and the
properties of CN, Cl and NH, groups in all studied heterocycles.
In summary, the strongest SE of X on the NH, group occurs in
C, iC and 6AP C5-X ortho or para conjugated systems (Fig. 5,
Table S2). In guanine derivatives (Fig. 6) the SE is weaker, but
two isoguanine derivatives with effective C8-X — C6-NH,
conjugation between stand out: iG 1H,3H (a = —0.444) and iG
1H,9H (a = —0.311). This is because the C6-NH, group in iG is
closer to C8-X than the C2-NH, group in G, tG, adG (Fig. 6).
In contrast, in iG 9H,C2-OH, there is a noticeably weaker SE
(a=—0.246) than in iG 1H,3H and iG 1H,9H, despite all having
C8-X — C6-NH, conjugation. This exemplifies how competi-
tion from six-membered ring aromatic resonance structures
(present in iG 9H,C2-OH, not present in iG 1H,3H and iG
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03761a

Open Access Article. Published on 11 February 2026. Downloaded on 2/25/2026 3:21:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper

Ct C5-X 1H g() CtC5-X3H A CtC5-X g Ct C5-X 1H,3H, 6AP C5-X 1 q% 6AP C5-X 3’\9

/0.‘\,/\ NH, 0 N

> o :
4 /; NH, cz-o%?} /-L NH, C4-NH /Qg“’ H y /-» NH, C2-OH O /-\ NH,
X 8
X 5| X8 X T X ] \@ X 57 INH X\d
2 2
6 1/& 4
XN 0 N XN
\o'\\_, © \K"/_K/° . N, > o ) OH
<o~ = "5

<)
oI

8

o, 0, 3
35 9 25 )
0139 -0013  0.067 [=01d540 -0.018 0.059 -0.142 -0018 0.082 -0.131 -0.009  0.088 [=01560 -0.018 0.057 [-0149" -0.021 0.087
CtC6-X 1H NH CtCe-X3H ctcex Ct C6-X 1H,3H, iCtCS-X1H Q% iCt C5-X 3H 9
9 : Qo _» NH: c2oH ) > NH: canH AY . NH .0 o
oY oY o oY o Y
S )
SN ‘ Z SNH 4 Z SN NH X X
| C | | (] (T
X o X X OH X (¢]
H H o NH, o NH
i N LI PN 223> ’
0. . 20. 0
-0.108 -0.017 [0:120 -0.108 -0.113 [=0.037 10127 -0.105 -0.014 | 0:105 -0136 -0.029 0.087 -0147 -0028 0.102
iCt C5-X iCt C5-X 1H,3H, ict C6- ict C6- ict C6- ict C6-
s 0&‘@ oy iCt C6-X 1H iCt C6-X 3H iCt C6-X iCt C6-X 1H,3H,
A

) N .o y 9 . OH 0 O .0
OH /Q'»/\ 2 ';O’ i ’Qr ca 020:3’ C2-NH Q’.‘?’
o / P
X X 7 N NH N NH
@N’ | N/E /@\ X | &N X | NH | N/K
X NH, 2 2 X NH
N N NH N N
) NH Q 5
N ’ B QV

\0\—/ g
N s 2155—"
-0142 -0.026 0.09 -0136 -0.014 0.079 -0.108 -0.018  0.093 -0.112 [=0.035 [T0d247] -0.113 [=0.037 [10:422" -0.103 -0.013 [10:413

Fig. 5 Properties (cSAR(X) values in boxes) of X = CN (red), Cl (green), and NH, (blue) substituents in all studied tautomers of C5 and C6-substituted
cytosine (Ct), isocytosine (iCt) and 6-aminopyridin-2-one (6AP). Intensity of box shading is proportional to the strength of withdrawal or donation of
electrons by X. Green and blue curved arrows represent the strength of the substituent effect of X substituent series on exocyclic groups (Y):
=O/OH(=S/SH) and NH,/NH, evaluated from the slopes of corresponding cSAR(Y) vs. cSAR(X) linear correlations, as illustrated in Fig. la.

@
g
o
3

N §
Hx 1H,9H 4 Hx 3H,7H 9 Hx 7H, 4 HXx9H,  OH 2.
H SCH OH'N OF\I‘% C6-OH N«
N Z Z
N '>7 HN g; N gﬁ
/
N
H

| | X X X S X
)— | | ) |
H H
-0.115 -0.021 0102 -0.118 -0.023 0.088 -0.118 -0.018 | 0107 -0.111  -0.020 |0.108 -0.113  -0.020 | 0.101
G 1H,7H R4 G 1H,9H R4 G 3H,7H ~o G7H, ~o G9H, ~ G 1H,3H,7H, o
o . 28> Ow ON C6-0H OHN ceon M o'l,pq ann o § Y
N N NZ N Z
HN : HN \ N N N\ HN
| N/ X )\ | >7X /k | />_ g N | N/ )': N | 3 | >N
N >
HN 8O HN \M@ HN \_/\'5 HN \% HN \Mx HN M
¥ ¥ .l 3 » 3 3
-0.120 -0.023  0.100 -0.127 -0.026 0.080 -0.125 -0.021 | 0.104 -0.118  -0.023 | 0.105 -0.125 -0025 0.088 -0.123 -0018 | 0.108
G 1H,7H ~0, 1G 1H,9H R G 3H,7H ~ G 7H, o, G 9H, ~ tG 1H,3H,7H, ~
s 4—% $ 0‘3&7 s 225 e cesH M 204 cesH GH o'?eq CNH *‘qusl
H
N 7z
HN HN N\ N N\ HN
)\ | A | : 2 | A )\ | % X
HN Q) HN %)
e e s ¥ ~H_ 8
-0.121 -0.021 [J0415" -0.127 -0024 0088 -0127 -0019 10415 -0.118  -0.021 0411 -0.125 -0.024 0.9 -0.125 -0017 | 0.120
iG 1H,3H ) iG 1H,9H o iG 3H,7H ~ iG 7H, ~0 iG 9H, ~ iG 1H,3H,7H, D
N, S NH; %, NH, ; K C2-0H NHT_N'Q% caon N S C2-NH N"—NO\{%\
N
HN Y HN-YY = N7 N7 HN
N—x N—x | X | X [ >—x | />_ X
Vi S /
¢ M ¢ \/_MQ © \H_/\p HO\%\ HO\% o H & v
%
,0} Q- - /0.\, /Ql} /Q~\‘
-0.127 -0.024  0.099 -0.124 -0.018 [[0/416 -0.118 -0.022 | 0.104 -0.125 -0.024 0.090 -0.124 -0.020 | 0103
adG 3H R adG 9H R4 adG R4 adG 1H,9H, ~o
or\JOS 0/\1?1 C6-OH /ﬂw C2-NH °W
N N NZ HN
m X m X )\N/T\/Bi X )\N/‘\\ X
~ F N Z
N N N
HN_ N o HN + 4 HZNM HN N
oY oM o o
-0.125 [0.035 0.089 -0.127 [=0.034 0.087 -0.126 -0.016 0.077 -0.124 [=0.034 0.09 -0.124 -0014 0.082
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1H,9H) lowers the contribution of C8-X — C6-NH, charge
transfer resonance structures. The resonance SE is better
transmitted across non-aromatic rings (iG 1H,3H, iG 1H,9H)
than the aromatic ones (iG 9H,C2-OH), which has been
reported numerous times in the literature, e.g. by comparisons
between the SE strength in benzene vs. cyclohexadiene®® or
polyene vs. acene,”” among others.”® This trend can also be
noticed by comparing 6AP C5-X 1H vs. 6AP C5-X C2-OH and Ct
C5-X 3H vs. Ct C5-X C2-OH (Fig. 5).

The substituent effect of X on the C=O group is the
strongest in Ct, iCt and 6AP derivatives, moderate in Hx and
G derivatives and very weak in adG and iG (Fig. 6, Table S3). The
SE on the OH group is the strongest in 6AP C5-X and Ct C5-X
(both have n-conjugated X and OH in the para relation). In Hx
9H,C6-OH and 7H,C6-OH, the substituent effect is stronger
than in analogous G tautomers, which indicates that adding
another functional group (C2-NH, in G) weakens the overall
effect of X on C6-OH. The weakest SE is present in iG and adG
derivatives, due to the distance (iG) or altered ring topology
(adG). Generally, in adG derivatives, the SE is weak on both
-NH,/—=NH and =—O/-OH, owing to the altered ring topology
which forbids m-conjugation between substituents—in these
systems m-withdrawing groups are confined to a short-range
interaction with the N5(H) group, while n-donating groups are
not conjugated with any heteroatoms.

In general, =S groups are more sensitive to substituent
effects than —O; comparing analogous tG and G systems
reveals that SE on =S is stronger than on =0 (compare the
numbers near the green arrows for tG and G in Fig. 6). The
reason behind it is that =S is a stronger electron-withdrawing
group than =0, as evidenced by cSAR(=S) and cSAR(=O)
(Table S4), as well as the cSAR(X) (for X = NH,) values (Fig. 6)
for tG and G systems. The latter indicates that more electrons
are donated by X = NH, onto =S than =—O. The electron-
withdrawing strength of =S is associated with strong reso-
nance interactions, as evidenced by BDF, maps, which show
much better delocalization of the C=S bond compared to C=0
(Fig. S3 and S5).

On the other hand, OH groups are always more electron-
donating than SH in their C6-OH/SH forms (Table S4), but SH
groups are sensitive to substituent effects. This can be noticed
when comparing SE strengths in tG C6-SH and G C6-OH

(Fig. 6).
Substituent effect on tautomer stability

Finally, the substituent effect is able to shift tautomeric
preferences (calculated Gibbs energies, AG, are collected in
Table S1): (i) in Ct C5-X, the C2-OH form becomes slightly
more stable than 1H for X = Br, Cl, and 1H, 3H, C4-NH for
X = OH, NHy,; (ii) in Ct C6-X, C2-OH becomes more stable than
1H for all groups except X = Hj (iii) in iCt C5-X, 3H becomes
more stable than C4-OH for X = F, SH, OH, NH,; (iv) in G C8-X,
1H,7H becomes slightly more stable than 1H,9H for X = F, SH,
OH, NH,; (v) in Hx C8-X, 1H,9H becomes slightly more stable
than 1H,7H for X = NO,, CN; (vi) in tG C8-X, 1H,7H becomes
slightly more stable than 9H,C6-SH for X = NH,; (vii) in iG
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C8-X, 1H,3H becomes slightly more stable than 9H,C2-OH for
X = NH,, F; and (viii) in adG C8-X, the 1H form becomes more
stable than 9H for X = NO,, CN, Br, Cl, F, OH, NH,. In most
cases, two tautomers have similar Gibbs energies, with differ-
ences <1 kcal mol™", which indicates that they may coexist in
equilibrium. However, it should be remembered that solvation,
which was not included in our study, may influence relative
tautomeric stabilities.>*™*

Computational details

Geometries were optimized at the DSD-PBEP86-D3BJ (2013
parametrization)** level with the def2-TZVPP basis set®* in the
Orca 6.0 program.>**> Following the optimizations, vibrational
frequency calculations were performed to confirm the geome-
tries correspond to the minima on the potential energy surface.
Atomic charges were calculated using the Hirshfeld method.*®
The properties of exocyclic groups were evaluated using the
cSAR method,””*” defined as a sum of atomic charges at
substituent atoms and the ipso carbon atom to which the
substituent is connected: cSAR(X) = g(X) + g(Cjps)- The cSAR
values were corrected for the influence of endocyclic N atoms
on the substituted carbon atom, the effect on electron density,
which is not associated with the SE. The correction was
performed in a way that from every cSAR(X) and cSAR(NH,/
NH) value, the cSAR(H) value for the reference system was
subtracted (the same molecule, but the H atom replaces the X
or NH,/NH group). Substituent effect strength of X on NH,/
=NH and =—O/OH/=S/SH groups was evaluated from linear
correlations between the properties of X, ¢SAR(X), and the
properties of the other group, e.g. ¢SAR(NH,); the slope (a) of
correlation (cSAR(NH,) = a-cSAR(X) + b) represents the substi-
tuent effect strength of X on NH, in the given system, as
illustrated in Fig. 1a. Natural bond orbital (NBO) calculations
were performed using the NBO 7.0 program.>® Electron density
of delocalized bonds (EDDB) calculations were performed in
the RunEDDB program,>* calculations on .cube files with EDDB
grid data to generate bond delocalization function (BDF,)*’
maps were done using the Multiwfn program.®® BDF;, is defined
as BDF, = EDDB,-EDLB,, where EDDB, and EDLB, are the
densities of delocalized and localized electron densities
(Fig. 1b) from EDDB density partitioning.?**°™*?

Conclusions

In conclusion, the strength of the substituent effect (SE)
depends on: (i) the distance between the groups, which mod-
ulates both inductive and resonance contributions, (ii) the
presence or absence of a m-conjugated path, required for reso-
nance transmission, (iii) the effectiveness of resonance charge
transfer along this path, which can be lower if other, highly-
contributing resonance structures (e.g. aromatic ones) interfere
with charge-transfer structures, and (iv) interference from other
substituents. These principles, summarized in Fig. 7 using
adenine as an example, allow qualitative prediction of whether
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6-mem. non-aromatic ring

Ad 7H

® non-conjugated

G 9H,C6-OH
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Fig. 7 Factors influencing the substituent effect transmission, illustrated using adenine (Ad) and guanine (G) tautomers. The SE strengths for Ad were
calculated as slopes of cSAR(NH,) vs. cSAR(X) correlations (X = NO,, CN, CHO, Cl, F, H, Me, OMe, OH, and NH,), data taken from ref. 32. The yellow
numbers in the rings are the EDDBp(n) populations of cyclically delocalized electrons, representing aromaticity of rings. Isosurfaces of BDF, (+0.015,
green, delocalization of electrons dominates, —0.015, brown, localization dominates) are superimposed onto chemical structures.

the SE at a given site will be strong or weak in any N-heterocycle.
The conjugation (or its lack) and its effectiveness depend on the
positions of the double bonds and lone pairs, determined by the
tautomeric form and heterocycle topology. The substituents
interact with exocyclic groups, but also with endocyclic N atoms,
which influences the amount of charge transferred onto (with-
drawing) or from (donating) substituents. The m-electronic
structure is critical for the SE strength and transmission when
comparing heterocycles with the same distance between inter-
acting groups. The bond delocalization function (BDF,) allows
explaining the differences in the SE strength between hetero-
cycles by providing a deep insight into changes in (de)localiza-
tion within n-electron cloud upon substitution (especially the
differential BDF,, ABDF,). In many cases, ABDF; allows visua-
lizing the resonance interaction pathways, which makes it a
powerful complement to traditional analysis of resonance struc-
tures. The extensive data on the substituent effect strength
obtained in this study could be valuable for the training of
Machine Learning models of the SE, while the four basic
substituent effect rules should assist in rationalizing and pre-
dicting the SE strength in diverse heterocycles.
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