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Substituent Effects on Sulfur Phenolate Exchange Reactions:

Reactivity and Bonding Analysis
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and Han Zuilhof*[a bl

The Sulfur Phenolate Exchange reaction (SuPhenEx) provides
a fluorine-free alternative S(VI) exchange chemistry by substi-
tuting nitrophenolate as the leaving group instead of fluoride
(as in SuFEx reactions), offering a synthetically appealing and
environmentally friendly approach in click chemistry. Despite its
significance, the reaction mechanism and the underlying elec-
tronic interactions in the course of the reaction have yet to
be thoroughly explored at the molecular level. Here, we eluci-
date the electronic interactions of a series of SuPhenEx model
reactions between various para-substituted phenolates (p-R-Ph-
0O7) as nucleophiles and PhSO,-OPh-p-NO; as an electrophile, in

1. Introduction

“Click chemistry,” first coined by Sharpless et al, is a fruitful
approach to emulate nature’s preferred methods of synthe-
sis for the fabrication of complex molecules."?! This approach
has become an increasingly important toolbox for construct-
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both gas and solvent (acetonitrile) phases. As tools, we apply the
Activation Strain Model based on density functional theory. We
identified the HOMO-LUMO interaction as the key determinant
of reactivity in the gas phase, which shifts to include (HOMO-
1)-(LUMO + 1) contributions in the solvent phase, and showed
how these interactions can be tuned through the choice of the
substituent in the para-substituted phenolate nucleophiles. The
resulting insights, consistent across both phases, facilitate steer-
ing future experiments in these and related S(VI) substitution
reactions.

ing complex compounds and materials with high molecular
diversity and tailored functionalities.>>! Click reactions are
known for their modularity, broad applicability, stereospeci-
ficity, and atom economy, which enables high product yields.
Increasingly, such reactions are also shown to be amenable
to solvent-free, mechanochemical reaction conditions.®”) A
few well-established examples of click reactions include the
Cu(l)-catalyzed azide-alkyne cycloaddition (CuAAC),®! analogous
strain-promoted cycloadditions,™ inverse electron-demand
Diels-Alder reactions,™! thiol C—C bond additions and, more
recently, S(VI) exchange chemistries, such as the sulfur fluoride
exchange (SuFEx) and sulfur phenolate exchange (SuPhenEx)
reactions, which proceed via a bimolecular nucleophilic substi-
tution at an electrophilic sulfur center (S\2@S, see Scheme 1).["*!

SuFEx reactions have proven their biocompatibility, as
demonstrated by the use of thionyl tetrafluoride (SOF,)-derived
connective hubs for efficient bioconjugation to DNA and
proteins, while also showing promising applications in pro-
tein engineering, thus broadening the scope of bioorthogonal
chemistry,*" medicinal chemistry, and polymer chemistry.!'8-21

In this framework, our team developed the first enantiospe-
cific click reaction via the SuFEx reaction of chiral sulfonimi-
doyl! fluoride. Such asymmetric sulfur(VIl)-centered chemistries
have recently yielded significant attention, also given the rapid
increase in SUFEx platforms.[2+-20!

Furthermore, we expanded the scope of S(VI) exchange
chemistry by using phenols with electron-withdrawing
groups as leaving groups (such as p-NO,-phenolate), as this
strongly simplifies asymmetric syntheses (any of the two
S(VI) enantiomers can now be made from one starting S(VI)-
F or S(V-CI compound), and allowed the introduction of
the first dynamic covalent S(VI) click chemistry.?”! The so-
called SuPhenEx reaction is fluorine-free and can proceed

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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enantiospecifically and quantitatively within 30 min at room
temperature.!282°]

In addition, it has recently been shown to be superior over
SUFEx reactions in the synthesis of extended sequence-defined
sulfonimidate oligomers.2%" Previously, the reaction mecha-
nisms of the Si-free SuFEx and Ca(NTf,),-mediated SuFEx were
computationally predicted to follow either a concerted Sy2@S
process or an addition-elimination mechanism?>3"! with a short-
lived intermediate, albeit that the stability of the intermediate is
sometimes calculated within a kcal mol™" of the TS and thereby
lacks much experimental relevance for reactions at room tem-
perature in a solvent. Conversely, the SuPhenEx reactions with
phenolate anions across a broad range of substituents con-
sistently indicated an S\2@S pathway.””! In addition, recent
detailed temperature-dependent kinetic studies of multimodal
SuFEx and SuPhenEx click chemistries have highlighted the
importance of both activation enthalpy (AH*) and activation
entropy (AS¥) in governing the reactivity.*® The present com-
putational study evaluates both, and then focuses on developing
an understanding of the enthalpic barriers via energy decompo-
sition analysis, while acknowledging entropy as a secondary but
relevant factor for a more complete reactivity profile. In partic-
ular, the factors contributing to the high reaction rates, even at
small driving forces, are not fully understood, nor is it clear how
to enhance the reactivity of any S(VI) processes that would still
require external conditions, such as heating or light irradiation®!
to proceed, particularly in applications like S(VI) exchange-based
polymerization.!!

In the current paper, we therefore aim to provide detailed
insights into the enthalpic contributions to the activation bar-
rier by focusing in-depth on the electronics of these S(VI)
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as electrophile and a series of para-substituted phenolates as
nucleophiles, i.e, methoxy (p-OMe), methyl (p-Me), hydrogen
(p-H), fluorine (p-F), chlorine (p-Cl), trifluoromethyl (p-CF;), and
cyano (p-CN) (see Scheme 2). Specifically, we focus on three
aspects: 1) what is the reaction mechanism, and what are the
enthalpic effects of electronic substituents (electron-donating
or electron-withdrawing) on the reaction rates? 2) what are
the key electronic features contributing to the reactivity, as
investigated by energy decomposition analysis? and 3) how do
these observed factors compare in the gas and solvent phases
(acetonitrile)?

2. Methods

Density functional theory (DFT) calculations were performed
to obtain the activation barriers and reaction energies using
Gaussian16.1*] The long-range-corrected wB97XD functional,!*"]
including empirical dispersion combined with the triple-¢ 6-
3114-G(d,p) basis set,!***] was used in this study, as prior studies
demonstrated that this combination produced results closely
aligned with experimental results.”3! An SMD implicit sol-
vation method was used to simulate the solvent effects of
acetonitrile.*] A benchmark study was performed for three sol-
vation models to obtain a good tradeoff between reliability
and model complexity, i.e.,, a continuum solvent model without
Na* cation, a hybrid continuum-explicit solvent model, and a
continuum solvent model with Na* cation.

To better understand the reactivity’s underlying physical
origins, we used the Activation Strain Model (ASM)“*~#! in com-
bination with quantitative MO theory and a matching canonical
energy decomposition analysis (EDA) as implemented in the
Amsterdam Density Functional (ADF) program.[*®! For such anal-
yses of the electronic factors, we performed DFT computations
with a method rather similar to wB97XD/6-311+G(d,p) (which
is not available in ADF), namely wB97X/TZ2P, in both the gas
phase and the solvent phase (acetonitrile, using the SMD12 sol-
vation model), with the aim to explain the substituent effects
of a strong electron-donating substituent (p-OMe) and those of
a strong electron-withdrawing substituent (p-CN) on the barrier
energies. An activation strain analysis relates the relative total
energy of a molecular system during a chemical transformation
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to the sum of the energies required to distort the separate
reactants into the geometries that each of these has in the
transition state (AEg.n) — that is, we distort the geometries, of
the reactants, but keep them apart - plus the strength of the
mutual interactions of such distorted geometries (AE;.). Then,
the geometries along the reaction coordinate (§) are obtained
via an IRC calculation, and at each point, the strain and interac-
tion energy are obtained, see Eqn. (1). Here, PhSO,0(Ph-p-NO,)
(electrophile) is reactant A, and the phenolate (nucleophile) is
reactant B.

AE(%—) = AEstrain(%_) + AEint(s) (1)

In addition, the inter-fragment interaction AE;.(§) was fur-
ther analyzed along the reaction coordinate using quantitative
MO theory in conjunction with the canonical EDA method.!*%]
In this EDA, AE;, is decomposed into three physically meaning-
ful terms, as shown in Eqn. 2:

AEint(%‘) = AVelstat(g) + AEPauIi(";:) + AEOi(S) (2)

Herein, AVgqa is the classical electrostatic interaction
between the intrinsic charge distributions of the interacting
reactants, typically resulting in attraction. AEp,,; is the Pauli
repulsion that electrons experience, arising from the anti-
symmetrization of the reactants’ wavefunctions. This term
is proportional to the square of the overlap between occu-
pied orbitals on either reactant (more precisely, the overlap
between same-spin orbitals). It is responsible for any steric
repulsion. AE,; corresponds to the orbital interactions, including
donor-acceptor interactions such as covalent or charge-transfer
bonding mechanisms between occupied orbitals on one reac-
tant and unoccupied orbitals on the other. Additionally, AE,;
includes polarization effects, which involve mixing empty and
occupied orbitals on one reactant due to the presence of the
other reactant.

Each pair of an occupied orbital on one reactant and an
unoccupied orbital on the other reactant generates a stabiliz-
ing contribution to the overall orbital interactions AE,; that
is approximately proportional to the square of the overlap
between the interacting orbitals (S?) and inversely proportional
to the energy difference (A¢) between them:

AEy o< S?/Ag ®3)
Thus, significantly stabilizing orbital interactions AE,; arise in

situations with a significant overlap (large $?) and a small energy

gap Ace (large 1/A¢) between the involved orbitals.

3. Results and Discussion

The reaction mechanism study focused on the most plausible

mechanism proposed in the literature, which involves nucle-
ophilic substitution at the sulfur atom.*”! To investigate this
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Figure 1. Reaction energy profile with nucleophiles ranging from EDG to
EWG attacking PhSO,0Ph-NO, (electrophile), computed at
SMD-wB97XD/6-311+G(d,p).

mechanism and the associated electronic effects, we performed
DFT computations in both gas and solvent phases, with the
details of model construction, including the comparison of dif-
ferent solvent models, provided in the Supporting Information
(Figure S1, Table S1).21

The reaction complexes and transition states were opti-
mized for the SuPhenEx reaction using phenolates with different
substituents ranging from electron-donating groups (EDG) to
electron-withdrawing groups (EWG), i.e., p-OMe, p-Me, p-H to p-F,
p-Cl, p-CF3, and p-CN, with Hammett substituent constants (o)
ranging from —0.27 to 4-0.66.°"! The resulting reaction energet-
ics are presented in Figure 1. In all cases, only one transition
state could be located, just like in the case of the SuPhenEx reac-
tion with sulfonimidoyl derivatives,'””! meaning that all reactions
follow a typical Sy2 mechanism, with the nucleophile approach-
ing the electrophilic center from the backside (linear pathway).
This aligns with earlier quantum chemical studies on Sy2 reac-
tions at phosphorous(V) and other electrophilic centers, showing
that unimodal Sy2 reaction profiles arise in solution and/or if
substituents have sufficient steric demand.>2->%!

As the nucleophilicity decreases, the activation barriers
increase, with the p-OMe phenolate exhibiting the lowest AH¥
of 8.5 kcalmol™" and the cyano-phenolate (p-CN) showing the
highest AH* of 12.9 kcal mol™". The same trend is followed for the
reaction enthalpies where the reaction with the p-OMe- substi-
tuted phenolate is most feasible (AH = —17.9 kcal mol™"), going
up to -5.1 kcal mol™" for p-CN. The computed activation bar-
riers aligned well with experimental reactivity trends observed
at room temperature in previous studies: the p-OMe phenolate
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Scheme 3. Plausible reaction mechanisms: a) Linear one-step Sy2
mechanism, b) Side-on one-step Sy2 mechanism.

reacted in minutes, while the p-CN derivative took hours — both
reactions, in fact, yielded a quantitative conversion.!?®! While for
the gas phase, taking p-OMe and p-CN as extreme cases for EDG
and EWG, we found the same trend with p-OMe exhibiting a low
AH¥ of 6.2 kcal mol~" and the p-CN showing the highest AH* of
8.9 kcal mol~". But when comparing the gas phase and solvent
phase reactions, clearly the gas phase displays an overall lower
activation enthalpy barrier (Table S2). The inclusion of entropic
effects further refines our understanding of SuPhenEx reactiv-
ity. The computed activation entropic penalty (—TAS*) of 1.0 to
2.5 kcal/mol on the free energy barrier (AG* at 298.15 K) is consis-
tent with an increased ordering in the transition state (Table S3).
Compared to the computed AH* values of 8.5 - 12.9 kcal/mol,
this inclusion modestly raises AG* without significantly affect-
ing the overall ordering of substituent effects, and displays that
— within the limits of the theoretical models used here — the
enthalpic contribution is dominant.!®

We also considered another viable reaction pathway where
phenolate nucleophile attacks the PhSO,0Ph-NO, from the
front side (side-on pathway, Scheme 3). However, the AH* for
the p-H phenolate via this pathway is significantly higher at
25.7 kcal mol~!, compared to the 10.7 kcal mol~' for the back-
side attack (linear pathway). This difference arises from the steric
hindrance between the phenyl rings of the phenolate nucle-
ophile and the nitrophenolate leaving group, which obstructs
the reaction in the higher-energy side-on pathway, and because
of less favorable overlap between the lone-pair-type HOMO
of the nucleophile and the substrate S—O o* antibonding
acceptor orbital, as has been shown for various generic model
systems.>®*”1 For this reason, this side-on mechanism was disre-
garded.

Our results confirm that the p-NO,-Ph-O~ is a highly effi-
cient leaving group. The reaction enthalpies are more negative
than —5 kcal mol~!, even for nucleophiles with strongly electron-
withdrawing groups (EWGs), such as p-CF; and p-CN. This aligns
with the experimental observations that reactions using these
nucleophiles with EWGs can also provide a quantitative con-
version under mild conditions./”®! Furthermore, we observed a
linear correlation between the o, Hammett values and the cal-
culated ratios for the rate constant log(k,/ky) (Figure S4). This set
of reactions also holds good for a Bell-Evans-Polanyi (BEP) rela-
tionship, which states that the reaction energy is correlated with
the activation barriers (Figure S4). Therefore, when knowing the
experimental rates of a few substituents, o, or the overall reac-
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Figure 2. Activation strain analysis of p-OMe (green) and p-CN (red)
phenolate reacting with the PhSO,0(Ph-p-NO,) substrate, computed at the
SMD-wB97X/TZ2P level of theory: (a) gas phase, (b) solvent phase
(acetonitrile). Notes: Green vertical line = location TS of p-OMe; red vertical
line = location TS of p-CN. r(S-0)_Nu = distance between nucleophile and
sulfur atom.

tion enthalpy/free energy can be used as descriptors to predict
the activation barriers of other substituents, saving computing
time spent on transition state calculations.

Next, analyses based on the ASM and quantitative MO the-
ory were performed to better understand the intrinsic factors
influencing the reactivity of this set of SuPhenEx reactions, tak-
ing p-OMe and p-CN representative cases for EDG and EWG,
respectively. The activation strain diagram in Figure 2 illustrates
the differences between the p-OMe and p-CN substituents in
terms of AEgyain, AEw, and AEy, along the reaction coordi-
nate, defined by the S—Oucieophiey bond distance r(S...O)Nu,
in both gas phase (Figure 2a) and solvent phase (acetonitrile,
Figure 2b). In the gas phase, along the entire reaction coordi-
nate, p-OMe exhibits a more stabilizing nucleophile-substrate
interaction curve AE;,; than p-CN. The strain curves are nearly
identical for both p-OMe and p-CN. The similarity in the strain
curves results from the fact that the main contributor of strain in
the reactants is the breaking of the S—Oeaving group) PONd, Which
is indeed identical in both reactions. Thus, the acceleration of
the reaction for p-OMe compared to p-CN is due to the more
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favorable orbital interactions; we address the reason for this later
on. The fact that p-OMe has a lower barrier than p-CN nicely
agrees with previous experimental and computational reports
on the SuPhenEx reaction in sulfonimidoyl analogs.'?”! In the sol-
vent phase, we observe the same trends, although the overall
stabilization is enhanced in the solvent compared to the gas
phase

Note that the TS of the p-OMe at r(S-O)Nu = 2.26 A occurs
earlier along the reaction coordinate than that of the p-CN at
r(S-O)Nu = 2.03 A. This Hammond behavior is related to the
more stabilizing and, therefore, also slightly steeper AE;, curve
for p-OMe, which, for two essentially equal AEg.in curves, pulls
the maximum of AE(£) = AEgy.in(€) + AE(£) to an earlier point
along the reaction coordinate &.

Now, we return to why the interaction AE;; with the
PhSO,0Ph-NO, substrate is more stabilizing for the p-OMe than
the p-CN nucleophile. The energy decomposition analysis (EDA)
of AE;, along the reaction coordinate (Figure 3) shows that, in
the gas phase (Figure 3a), the orbital interactions AE,; are clearly
more favorable for the p-OMe than the p-CN reaction. In con-
trast, AVt and AEp,y; are very similar for both; the last one
being evident to organic chemists from another point of view:
the difference in steric interactions for these para-substituted
nucleophiles will be minimal. Therefore, the orbital interactions
determine the preference for the reaction with p-OMe over that
with p-CN.

In the solvent phase (acetonitrile, Figure 3b), the EDA reveals
a shift in the contributions to AE;... The orbital interactions AE,;
become less favorable for both p-OMe and p-CN compared to
the gas phase. However, AVg.: becomes significantly more sta-
bilizing in the solvent, dominating the interaction energy and
driving the more negative AE;,; for both nucleophiles, with p-
OMe still benefiting more than p-CN. The AEp,,; term remains
similar for both nucleophiles and is comparable to the gas phase.
An enlarged view (Figure 3c) of the solvent phase curves high-
lights that the AE, of p-OMe remains slightly more favorable
than that of p-CN, while the larger difference in AVt further
favors p-OMe. Compared to the sulfonimidoyl system reported
previously,?? which showed distortion-controlled reactivity due
to the presence of bulky phenyl groups @S, the current sulfonyl
substrate is both less sterically hindered and more electrophilic.
As a result, the variation in distortion energy along the IRC is
smaller, and reactivity is mainly governed by AE, in the gas
phase, and by a combination of AV, and AE,; in the solvent
phase. This reflects a shift from distortion control to interac-
tion control caused by the change in the nature of the sulfur
electrophile. These results underscore the role of solvent polar-
ity in modulating reactivity mechanisms, shifting emphasis from
orbital to electrostatic control in going from apolar to polar
solvents, particularly for polarizable electrophiles like sulfonyl
derivatives. This insight provides a conceptual basis for tuning
reaction barriers through solvent screening, offering a valuable
strategy for rational reaction design.

To get a more in-depth understanding of this orbital inter-
action effect, we performed a Kohn-Sham molecular orbital
(KS-MO) analysis of AE,; where the bond length of the bond
between (electrophile) S...O (nucleophile) is ~2.15 A (Figure 4),
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Figure 3. Energy decomposition analysis of p-OMe (green) and p-CN (red)
computed at SMD-wB97X/TZ2P: (a) gas phase, (b) solvent phase
(acetonitrile), and (c) enlarged view of solvent phase curves. Green vertical
line = location TS of p-OMe; red vertical line = location TS of p-CN.
r(S-O)Nu = distance between the nucleophile and the sulfur atom.

which is approximately a point in the middle between the TSs
of p-OMe (green) and p-CN (red). Additionally, calculations per-
formed at another point (~2.07 A) along the reaction coordinate
bear the same conclusions for the gas phase, demonstrating that
the results are consistent regardless of the position along the
reaction path (Figure S5).8!

To simplify the representation of the orbitals involved, only
the primary interactions between the frontier orbitals, includ-
ing (HOMO-1),, HOMOy,, LUMOg and (LUMO + T)gec in the
gas phase, are highlighted in Figure 4. Specifically, we show
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Figure 4. Orbital interaction diagram for HOMO-LUMO and HOMO-1-LUMO interaction in the SuPhenEx reactions with p-OMe-phenolate and
p-CN-phenolate with 1 upon formation of S. .O(Nu) bond at a distance of ~2.15 A computed at wB97X/TZ2P calculations in the gas phase and the energies
are in eV. Here LUMO and LUMO + 1 are of PhSO,X substrate, and HOMO and HOMO-1 are of the phenolates, i.e., p-OMe (green) and p-CN (red).

Table 1. Orbital overlap (S) and energy gap (Aeg) of p-OMe and p-CN
computed at wB97X/TZ2P in the gas phase. Here, LUMOg. is of PhSO,X
substrate, and HOMOy, and HOMO™"y, are of the phenolates (p-OMe and
p-CN).
Nucleophile Interactions S Ae (eV) S/ Ae
p-OMe HOMOy,-LUMOgjec 0.003 15 6.31E-02
HOMOp,-LUMO + 1gjec 0.006 22 4.36E-04
HOMO-1ny-LUMOgjec 0.010 28 1.08E-01
HOMO-1yy-LUMO + Tgec  0.016 34 2.57E-03
p-CN HOMOp,-LUMOgjec 0.025 3.0 5.79E-03
HOMOp,-LUMO + 1gjec 0.005 33 7.69E-05
HOMO-1ny-LUMOgjec 0.118 4.1 9.33E-05
HOMO-1yy-LUMO + Tgec  0.033 4.5 1.75E-03

that the HOMO of the nucleophile (HOMOy,), located at the
oxygen, interacts with the PhSO,0Ph-NO, orbital (LUMOg). KS-
MO analysis reveals that the HOMOy,-LUMOg. interaction is
stronger for nucleophiles with p-OMe substituents compared to
those with p-CN substituents (Figure 4). The strength of this
interaction is reflected in the orbital overlap (S), which is signif-
icantly larger for p-OMe (S = 0.059) than for p-CN (S = 0.025)
(Table 1). Additionally, the energy gap (Ag) between HOMOy,-
LUMOg is smaller for p-OMe (Ae = 1.5 eV) than for p-CN (Ae
= 2.9 eV), further favoring stronger interaction. Therefore, the
ratio S2/Ae reflects this, with values of 6.30E-02 for p-OMe and
6.00E-03 for p-CN, confirming the stronger HOMOy,-LUMOg
interaction for p-OMe. Although S(HOMO-1y,/LUMOg.) increases
from 0.105 for p-OMe to 0.118 for p-CN (a relative increase of
27%, favoring p-CN), the energy gap for these orbitals increases
more dramatically, from 2.8 eV (p-OMe) to 4.1 eV (p-CN), a 50%
relative increase that favors p-OMe. This larger gap difference
compared to the change in orbital overlap S is the key reason

Chem. Eur. J. 2025, 31, e02673 (6 of 9)

for the more stabilizing (HOMO-1)y,-LUMOg. interaction in p-
OMe systems. While the (LUMO + 1)gec is not particularly high
in energy, its interactions with the HOMO and HOMO-1 of the
nucleophile are much weaker than those involving the LUMO,
and thus do not significantly influence the reaction energetics.
Thus, both (HOMO-1)y,-LUMOge and HOMOy,-LUMOg. interac-
tions are more favorable for the p-OMe over the p-CN, adding
up to a more stabilizing AE,; for the p-OMe, a determining effect
that lowers its activation barrier.

In the solvent phase (acetonitrile, Figure 5), the KS-MO anal-
ysis at the same point (~2.15 R) shows that the (LUMO + 1)giec
becomes relevant, unlike in the gas phase, due to the solvent’s
stabilization of the orbitals of the nucleophile. The primary inter-
actions still involve HOMOy, and (HOMO-1)y, but now include
(LUMO + 1)gjec alongside LUMOg.. The HOMOy,~LUMOg. inter-
action weakens for both nucleophiles due to the larger energy
gap (Aeg), which increases to 6.39 eV for p-OMe and 7.15 eV for
p-CN, compared to 1.5 eV and 2.9 eV in the gas phase, respec-
tively. The orbital overlap S also decreases, with values of 0.026
for p-OMe and —0.007 for p-CN (Table 2), reflecting the reduced
interaction strength. Consequently, the ratio $%/Ae drops signif-
icantly to 1.04E-04 for p-OMe and 6.76E-06 for p-CN, confirming
the weaker HOMOy,-LUMOg, interaction in the solvent phase.
The (HOMO-1)y,—LUMOg interaction also weakens, with Aeg
increasing to 8.04 eV for p-OMe and 852 eV for p-CN, and S
values of —0.046 for p-OMe.

Comparing the gas and solvent phases, the gas phase shows
stronger HOMOy,-LUMOgec and (HOMO-1)yy—LUMOg. interac-
tions for p-OMe, driven by smaller energy gaps and larger
overlaps, leading to a more stabilizing AE,; and a lower barrier.
In the solvent phase, the increased Ae weakens these inter-
actions for both nucleophiles. Still, p-OMe maintains an overall
more stabilizing AE,; in most interactions, particularly HOMOy,—
LUMOgiec, HOMOy,—(LUMO + 1)giec, and (HOMO-1)yy,—LUMOg.,

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 5. Orbital interaction diagram for HOMO-LUMO and HOMO-1-LUMO interaction in the SuPhenEx reactions with p-OMe-phenolate and
p-CN-phenolate with 1 upon formation of S. .O(Nu) bond at a distance of ~2.15 A (wB97X/TZ2P calculations in solvent phase (acetonitrile); energies in eV).
Here LUMO and LUMO + 1 are of PhSO,X substrate, and HOMO and HOMO-1 are of the phenolates, i.e., p-OMe (green) and p-CN (red).

Table 2. Orbital overlap (S), and energy gap (Aeg) of p-OMe and p-
CN computed at wB97X/TZ2P in the solvent phase. Here, LUMOg, and
LUMO + Tgec are of PhSO,X substrate, and HOMOy, and HOMO™'y, are
of the phenolates (p-OMe and p-CN).

Nucleophile  Interactions S Ae (eV)  S*Ae

p-OMe HOMOyy-LUMOgrec 0026 64 1.04E-04
HOMON,-LUMO + Tgee ~ —0.050 6.8 372E-04
HOMO-Tyy-LUMOgrec 0046 80 2.63E-04
HOMO-T\,-LUMO + Tgec 0102 85 123E-03

p-CN HOMOp,-LUMOgiec —0007 72 6.76E-06
HOMOy,-LUMO + Tgiec 0024 78 7.69E-05
HOMO-Tyy-LUMOgrec 0028 85 933E-05
HOMO-1yy-LUMO + Tgee  —0126 911 175E-03

due to consistently smaller energy gaps and more favorable
$?/A¢e values, except for the (HOMO-T)y,—(LUMO + T)gec inter-
action, where p-CN gains an advantage. However, the solvent
phase’s enhanced electrostatic effects (Figure 3b—c) complement
the orbital interactions, a determining effect that lowers the
activation barrier of p-OMe.

Two key factors govern the nucleophilicity in these SuPhenEx
reactions: the HOMOy,-LUMOg,. gap (Aeg), which reflects the
stability of the HOMO,, relative to the LUMOg,, and the
orbital population. However, the impact of orbital population
differences on nucleophilicity is negligible in both gas and sol-
vent phases, and the primary determining factor remains the
HOMOy,-LUMOg. gap (Ag) in the gas phase, where p-OMe
exhibits a smaller gap (1.50 eV) compared to p-CN (2.90 eV).
In the solvent phase (acetonitrile), the HOMOy,—-LUMOg. gap
increases (6.39 eV for p-OMe, 7.15 eV for p-CN), but p-OMe

Chem. Eur. J. 2025, 31, €02673 (7 of 9)

still maintains a smaller gap, reinforcing its greater nucle-
ophilicity, with additional contributions from the (HOMO-1)y,—
(LUMO + 1)giec interaction. More details, including orbital pop-
ulation data, are provided in the Supporting Information (Table
S4-S5).

These findings align with the established principle that
electron-donating substituents like p-OMe push the occupied
orbitals to higher energy levels (HOMOy, at -6.39 eV in solvent).
In comparison, electron-withdrawing groups like p-CN lower
the energy of these orbitals (HOMOy, at -7.15 eV in solvent).
While the LUMO of the electrophile may also contribute to the
energy gap, in this case, its variation between p-OMe and p-CN
substituents is minimal, as the electrophile (PhSO,0OPh-NO,) is
identical in both reactions. Thus, the primary effect arises from
p-OMe and p-CN pushing their respective occupied orbitals up
and down in energy. These combined effects result in stronger
orbital interactions for p-OMe, which become more significant
as the electron-donating strength increases. This trend holds in
both gas and solvent phases but is amplified in the latter due to
the enhanced energy gap.

4. Conclusions

Sulfur Phenolate Exchange Reactions (SuPhenEx) proceed via a
single-step, linear Sy2@S mechanism. Detailed Activation Strain
and quantitative MO analyses reveal for model SuPhenEx reac-
tions of R-Ph-O~ + PhSO,0Ph-p-NO; (R = p-MeO or p-CN), con-
ducted in the gas phase and solvent phase (acetonitrile), that a
more electron-donating substituent makes the para-substituted
phenolate a better nucleophile by pushing its oxygen lone-
pair-type HOMO up in energy. This reduces the corresponding
HOMOy,-LUMOge. gap with the S-O o*-type LUMOg,. of the
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85U8017 SUOWILIOD SAES1D) 3|l dde aup Ag peuenob 8.2 s9fole YO 8sN JO S3|NJ Joj Akeuq1]8UUO AS|IM UO (SUO I PUOD-PUR-SWLBIALD" A8 1M Aleq U1 juo//:SANy) SUORIPUOD Pue SWLB | 38U} 89S *[5202/TT/0T] o ARiqiTauljuo A1 ‘11upeg ke yosessey puy AisieAlun usBuiusiep Aq £29205202 Weyd/z00T 0T/10p/Lod Ae | mAseiq1jputjuoadoune-Ansiweyd//sdny wo.y pepeojumoq ‘29 20z 'S92£T2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemEur] doi.org/10.1002/chem.202502673

PhSO,0Ph-p-NO, substrate in such Sy2@S substitutions, and
thus strengthens the HOMOy,-LUMOg,, orbital interactions. In
the gas phase, this effect directly stabilizes the nucleophile-
substrate interaction and lowers the enthalpic reaction bar-
rier. In contrast, in the solvent phase, the HOMOy,~LUMOge
gap increases due to the solvent’s stabilization of the nucle-
ophile’s HOMO, thereby weakening the orbital interactions, but
the enhanced electrostatic interactions, as shown by a more
stabilizing AV, further stabilize the nucleophile-substrate
interaction, maintaining p-OMe’s advantage as a stronger nucle-
ophile. Consequently, the height of the reaction barrier remains
lower for electron-donating substituents in both phases, with
the solvent amplifying the energy gap effect while adding a
cooperative electrostatic stabilization. This shows that both the
reaction barrier and the enthalpic factors that constitute this can
be tuned by choosing the appropriate solvent, which can help in
reaction condition optimization.

These insights provide a comprehensive view on the
enthalpic components of the reaction barrier, which can be
leveraged to design nucleophiles, substrates, and catalysts that
enhance and optimize the rate of the SuPhenEx reaction as
an effective, fluorine-free variant of S(VI) exchange chemistries.
While our analysis offers detailed insight into the enthalpic
driving forces, it will be useful for future work needed to assess
entropic and dynamic solvent contributions to S(VI) exchange
reactivity.
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