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Abstract

Aromatic S-nitrosothiols (RSNOs) are of significant interest as potential donors of nitric oxide and related
biologically active molecules. Here, we address a number of poorly understood properties of these species via a
detailed density functional theory and the natural bond orbital (NBO) investigation of the parent PhSNO
molecule. We find that the characteristic perpendicular orientation of the ~SNO group relative to the phenyl ring
is determined by a combination of the steric factors and the donor—acceptor interactions including, in particular,
a cascading orbital interaction involving electron delocalization from the oxygen lone pair to the o-antibonding
S—N orbital and then to the m*-aromatic orbitals, an unusual negative hyperconjugation/conjugation long-range
delocalization pattern. These interactions, which are also responsible for the relative weakness of the S—N bond
in PhSNO and the modulation of —-SNO group properties in substituted aromatic RSNOs, can be interpreted as a
resonance stabilization of the ionic resonance component RS/NO* of the RSNO electronic structure by the
aromatic ring, similar to the resonance stabilization of PhS™ anion. These insights into the chemistry and
structure—property relationships in aromatic RSNOs can provide an important theoretical foundation for rational
design of new RSNOs for biomedical applications.

Introduction

S-Nitrosothiols or thionitrites (RSNOs) have recently emerged as major players in the nitric oxide regulated
biochemical processes.(1-4) Endogenous cysteine-based RSNOs not only act as a pool for NO storage and
transport: in fact, tightly regulated S-nitrosation of select cysteine residues in proteins is also one of the major
mechanisms involved in the biological function of nitric oxide.(3, 5-7) Cellular and extracellular RSNOs can be
efficient NO or NO* donors via homolysis and trans-S-nitrosation reactions, respectively; they also may give rise
to other biologically active nitrogen species such as nitroxyl(8-11) HNO/NO™ or thionitrous acid HSNO, itself the
smallest, inorganic RSNO.(12-14)

Currently, there is a significant interest in therapeutic applications of naturally occurring (e.g., S-
nitrosoglutathione) or synthetic RSNOs.(11, 15-21) By modifying the chemical nature of the substituent R, RSNOs
can be potentially fine-tuned to efficiently release NO, act as specific trans-S-nitrosation reagents, or, possibly,
as biologically compatible HNO/NO™ donors. To this end, a fundamental chemical understanding of RSNO
structure, stability, and chemical properties is essential.



Due to its unusual electronic structure, the -SNO group lends itself to unprecedented modulation either by the
environment or substituent effects. The hallmark of RSNOs is the unusually elongated (~1.8 A) and weak S—-N
bond with bond dissociation energy, BDE, ~30 kcal/mol.(22-26) At the same time, RSNOs exist in either cis or
trans conformations indicative of partial double-bond character of the S—N linkage.(27, 28) The S—N bond
properties in RSNOs can be significantly modified by interactions with Lewis acids that either stabilize or further
destabilize it, depending which atom of the -SNO group the Lewis acid coordinates to.(29-33) Moreover, RSNOs
demonstrate a dual-mode reactivity toward nucleophiles that can attack the -SNO group either at N or S
atoms.(33, 34) These interesting and often contradictory properties of RSNOs stem from the complex and
unique electronic structure of the ~SNO group that can be reconciled using an elegant resonance representation
(Chart 1).(35)

This resonance description features, in addition to the traditional Lewis structure with single S—N bond, S, two
additional structures, a zwitterionic structure D and a no-bond ionic structure I. The contribution of these

two antagonistic resonance structures,(36) i.e., structures that imply opposite bonding patterns and formal
charges, rationalizes the contradictory properties of the S—N bond and their modulation by a Lewis acid
coordination,(33, 35, 36) as well as the dual-mode reactivity of RSNOs.(34, 37) Indeed, structure D accounts for
the cis—trans isomerism and the S atom directed reactions with nucleophiles, while structure I explains the
elongated, weak S—N bond and N-directed reactions with nucleophiles. The complexity of the RSNO electronic
structure highlighted by this description also correlates with the modest multireference character of the -SNO
group.(38, 39)
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Chart 1. Resonance Representation of RSNO Electronic Structure
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RSNO interactions with charged and neutral Lewis acids and bases or external electric fields can dramatically
shift the D vs I balance and thus modulate the RSNO properties and reactivity.(34) This way, the S—N bond length
and dissociation energy can be tuned within a wide range, 1.6-2.2 A and 28-40 kcal/mol, respectively, and
various RSNO reactions can be catalyzed or inhibited.(34-37) Modulation of the -SNO group stability and
reactivity by charged residues in proteins may form a basis for enzymatic control of RSNO reactions in

vivo.(36) One may expect that similar modulation can be achieved by modification of the electron-
donating/withdrawing properties of the substituent R that should also affect the D vs I balance, which opens
many avenues for rational design of RSNOs with desired chemical and biological properties. In this respect,
aromatic RSNOs (ArSNOs) can provide a flexible template for creation of a wide range of novel RSNOs with
desired stability and chemical reactivity.

Several ArSNOs have been reported in the literature, including the parent S-nitrosothiophenol PhSNO;(40-

46) they are generally less stable than aliphatic RSNOs, with half-lives less than 1 h at room

temperature,(46) although ArSNOs with bulky substituents have been reported to be more stable.(43-45) A
weak substituent effect has been observed with electron-donating substituents in para position having slightly
longer half-lives.(46) A computational study by Marazzi et al. reported a significant substituent effect on the
energy of ArSNO photoexcitation leading to homolytic S—N bond cleavage.(47) Substituents in the para position
were found to affect energies of the }(n, t*) and Y(r, t*) transitions of the -SNO group; the latter transition is
more sensitive to the substituent nature and decreases proportionally to the electron-withdrawing nature of the



para substituent. Conversely, the 1(n, t*) excitation energy increases proportionally with the electron-
withdrawing power of the para substituent.

Figure 1. Experimental X-ray structure of an aromatic RSNO stabilized by bulky substituents at ortho positions
reported by Goto et al.(43) Both possible positions of the disodered NO group are shown, along with the
corresponding C—C-S—N dihedral angle values.

This modulation of the -SNO group properties in ArSNOs is rather surprising, as there is no apparent -
conjugation between the aromatic ring and the —-SNO group. Indeed, all ArSNO geometries reported by Marazzi
et al. have the -SNO group noncoplanar with the aromatic ring. In cis-PhSNO, the -SNO group is almost
perpendicular with the aromatic ring, with the C—C—S—N dihedral angle ~90°, while for other cis-ArSNOs this
angle is reported to vary from 90° to 70°. The trans-ArSNOs tend to have even more tilted -SNO group with C-
C-S—N dihedral in the 85°-50° range. Similar noncoplanar geometries with the -SNO group tilted toward the
aromatic ring have been observed in experimental X-ray structures of cis-ArSNOs with bulky substituents

at ortho-positions (Figure 1).(43, 44) In contrast to ArSNOs, mt-conjugation between the -SNO group and the C=C
double bond seems to be present in vinyl-subsitituted RSNO, CH,=CH-SNO, predicted to have a planar
geometry.(47)

At the moment, there is no satisfactory explanation for these interesting properties of ArSNOs. The factors that
determine the instability of ArSNOs, noncoplanar orientation of the -SNO group, and the origins of the
variability in its tilt relative to the aromatic ring are not clear. Moreover, the pronounced effect of para
substituents in the absence of the SNO-phenyl ring mt-conjugation is especially intriguing. Further progress with
the rational design of ArSNOs, and RSNOs in general, is not possible without understanding these fundamental
issues. Therefore, in this contribution we use electronic structure calculations and the natural bond

orbital(48) (NBO) analysis to examine the electronic factors that determine the structure and stability of ArSNOs
on the example of the parent PhSNO molecule compared with the well-studied aliphatic methyl-substituted
RSNO, MeSNO.

Computational Details

All calculations have been performed using density functional theory (DFT) with a Perdew—Burke—Ernzerhof
hybrid functional(49, 50) (PBEOQ), as implemented in the Gaussian 09 program package,(51) and the diffuse-
augmented polarization-consistent aug-pc-1 basis set by Jensen.(52-54) We have shown previously(25, 36) that
the PBEO functional provides a reliable description of the RSNO properties. Unless specified otherwise, the DFT
calculations employed a pruned integration grid with 99 radial shells and 590 points per shell (“UltraFine” grid as
defined in Gaussian 09). Geometry optimizations were performed in redundant internal coordinates(55) with
“very tight” optimization criteria (i.e., 15 x 107® and 10 x 107® au for maximum and RMS force, respectively, 60 x
107% and 40 x 107® au for maximum and RMS displacement). Relaxed potential energy surface (PES) scans were
performed by scanning along the specified dihedral angles. The conformational profiles along the C-S bond in
PhSNO have been obtained by scanning along one of the C—C-S—-N angles; however, due to a slight



pyramidalization of the C=S carbon atom this dihedral angle does not provide an unambiguous measure of the
-SNO group relative to the phenyl ring. Therefore, the resulting profiles have been plotted against an interplane
angle ¢ measured as an angle between the SNO and CCC planes, where the central carbon is bonded to the
sulfur of the -SNO group. Natural bond orbital (NBO) family analyses(48) were performed with the latest version
of NBO 6.0 code,(56) unless specified otherwise. Orbital interaction energies were estimated using second-order
perturbation theory, and the steric repulsion energies were estimated using natural steric analysis.(48, 57)

Results and Discussion

PhSNO vs MeSNO: Stability, Geometry, and Potential Energy Surfaces

The S—N bond in PhSNO is less stable relative to MeSNO, with calculated bond dissociation energy (BDE) 26.3
kcal/mol vs 31.7 kcal/mol in MeSNO (both in cis conformations, Figure 2A), in agreement with the experimental
observations that ArSNOs are generally less stable compared to alkyl-substituted RSNOs.(23, 45, 46, 58) Both
molecules have similar conformational profiles for the —-NO group rotation along the S—N bond, with the cis
conformer lower in energy by ~1 kcal/mol in both cases (Figure 3A). The transition structures of cis—trans
isomerization TS have similar geometries, although the isomerization barrier is ~3 kcal/mol lower for PhSNO,
11.1 vs 14.3 kcal/mol (10.5 and 13.9 kcal/mol including ZPE). Independent of the —NO group rotation, the S—N
bond length in PASNO is ~0.06 A longer than in MeSNO, although the N-O bond is slightly shorter by ~0.01 A
(Figure 2A). In both cases, the S—N bond is highly elongated (~0.14 A) at the top of the cis—trans isomerization
barrier TSc: (C-S—N—O angle ~85-87°), and in the case of PhSNO it becomes >2 A, well above the typical single S—
N bond length (~1.6-1.7 A).(59)

)

cis-MeSNO cis-PhSNO

trans-PhSMNO

trans-TSy,
Figure 2. Calculated equilibrium structures of cis and trans conformers and the cis—trans isomerization transition
structures TS, for MeSNO and PhSNO (A). Coplanar structures of the two PhSNO conformers that correspond to
transion structures for the rotation along the C-S bond, TS (B).



For both cis- and trans-PhSNO, the Cs symmetric structures with the angle between ¢ the C—S—N and C—C—C
planes (Figure 4) exactly at 90° appear as local minima points on the PES, without imaginary vibrational
frequencies. However, geometry optimizations of trans-PhSNO without symmetry constraints using standard or
“UltraFine” (as defined in Gaussian 09) DFT integration grids arrive at slightly bent structures with ¢ = 81°-86°
essentially isoenergetic (<0.02 kcal/mol) with the Cs structure. At the same time, calculations using more
accurate grid settings (“SuperFine” in Gaussian 09 rev. D) yield perpendicular geometry with ¢ = 90°.
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Figure 3. Relaxed potential energy profiles for rotation around the C—S—N—O dihedral angle in MeSNO and
PhSNO (A) and the corresponding evolution of the S—N bond length (B).

The extreme flatness of the trans-PhSNO PES is further evident from the relaxed PES scan (Figure 4) that shows
the energy change of <0.1 kcal/mol within +30° around the perpendicular structure. The cis-PhSNO PES is less
flat around the minimum at ¢ = 90°; the energy gradually increases as the -SNO group twists toward the
coplanar structure that corresponds to a first-order saddle point/transition structure TSy (Figure 2B) with
associated 5.3 kcal/mol energetic barrier (4.8 kcal/mol with ZPE correction), which is ~50% lower in the case of
the trans conformer, 2.6 kcal/mol (2.2 kcal/mol with ZPE). Both cis and trans coplanar structures TSy have
unequal and highly distorted C—C-S angles, ~115° and ~125° (Figure 2B), compared to symmetric perpendicular
structures with ~120 °C-C-S angles.
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Figure 4. Relaxed potential energy profile for the -SNO group rotation along the C—S bond in terms of an angle
between the C—S—N and C-C—C planes, ¢, which is used instead of the C—C-S—N dihedral angle due to a slight

pyramidalization at the C-S carbon atom.

The -SNO group tilting angle ¢ strongly affects the S—N and C-S bond lengths in PhSNO. The S—N bond is longest
for the minimum energy structures with ¢ = 90° and shortest for the coplanar structures TSy with ¢ = 0° (Figure
S1A in the Supporting Information). Similarly to the energy profiles (Figure 4), the S—N bond length profiles are



relatively flat around the minimum energy structures, ¢ = 90° £ 30°. The C-S bond initially shortens as the -SNO
group tilts toward coplanarity with the aromatic ring, up to ¢ = 90° + (30°-40°), and then quickly lengthens and
reaches its maximum length for the coplanar structure, Figure S1B in the Supporting Information. Thus, the S—N
bond length and, likely, its strength anticorrelates with the overall energetic stability of PhSNO. On the other
hand, there is a correlation between the C-S bond length and the overall stability of PhSNO. This pronounced
dependence of PhSNO energy and geometry on the relative orientation of the -SNO group and the aromatic ring
suggests that there is a strong interaction between the two moieties. As we demonstrate below, this interaction
arises from a complex combination of electronic effects including steric/Pauli repulsion between filled orbitals
and conjugative donor—acceptor/charge-transfer delocalization of electron density from filled donor orbitals to
formally unoccupied acceptor orbitals of the —=SNO group and the phenyl ring.

PhSNO vs MeSNO: Conjugative and Steric Effects within the -SNO Group

The conjugative donor—acceptor orbital interactions that determine the unusual properties of the -SNO group
have been extensively studied on the example of MeSNO using the NBO approach.(35, 36, 60) The two major
orbital interactions shown in Figure S2A in the Supporting Information, the m-conjugation between the lone pair
of sulfur ns and the antibonding rino” orbital, ns = mno”, and the negative hyperconjugation between the lone
pair of oxygen no and the antibonding osy” orbital, no = osy’, determine the rotational barrier along the S—N
bond and the elongation/weakness of that bond, respectively. These two orbital interactions are also the
electronic basis of the antagonistic RSNO resonance structures D and I, respectively (Chart 1).

Conjugative interactions that require overlap between an occupied orbital with an unoccupied antibonding
orbital also mean that the donor orbital should overlap with the corresponding bonding orbital, thus resulting in
Pauli/steric repulsion. In MeSNO, the energetic effect of these ns)(rino repulsions (using the notation from ref 61)
evaluated with the natural steric analysis(57) are relatively large, ~6 and ~30 kcal/mol, respectively (Figure S2B
in the Supporting Information). The estimates of the stabilizing ns > mno” and no > osy” donor—acceptor
interactions obtained with the second-order perturbation theory, AE;? = 25 and 52-58 kcal/mol, respectively,
are clearly stronger than the corresponding steric repulsions (Figure S2, A and B in the Supporting Information).
Although the donor—acceptor delocalization energies AE;!? and the steric repulsion energies AE;™ are evaluated
using different sets of orbitals, NBO and NLMO, respectively, and therefore may not be directly compatible, the
overall stabilization effect due to the donor—acceptor interactions is clearly evident.
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Figure 5. Dominant stabilizing donor—acceptor orbital interactions (A) and destabilizing steric repulsions (B)
in cis- and trans-PhSNO shown using isosurface representations of the preorthogonal natural bond orbitals
(PNBOs, A) and preorthogonal natural localized molecular orbitals (PNLMOs, B). Note that although the
respective energetic effects estimated with the second-order perturbation theory, AE;{?, and natural steric
analysis, AE;™ are given as positive numbers, they have opposite energetic effects on the stability of the
molecule.



The donor—acceptor stabilizations and steric repulsions within the ~SNO group in PhSNO (Figure 5) are
qualitatively identical to MeSNO (Figure S2 in the Supporting Information). However, the negative
hyperconjugation no = osy’ is stronger in PhSNO (by 10-20 kcal/mol), whereas the m-conjugation ns = mvo” is
weaker (by 4-7 kcal/mol), which correlates with longer and weaker S—N bond in PhSNO, as well as with lower
cis—trans isomerization barrier (Figure 3A). Similarly, the steric repulsions ns)(rino and no)(osn are slightly weaker
and stronger, respectively. However, the origin of the increased ionic character of the S—N bond (represented by
the resonance structure I, Chart 1) signified by the increased no - osny” negative hyperconjugation and
decreased ns - Tno” conjugation can be understood only by examining the electronic interactions between the
—-SNO group and the aromatic 1t system.

SNO-Aromatic Ring Steric Repulsion

The general shape of the PhSNO PES with respect to the -SNO group rotation relative to the aromatic ring
(Figure 4) can be quantitatively rationalized by Pauli/steric repulsions between the two moieties (Figure 6). The
maxima that determine the noncoplanar geometry of cis- and trans-PhSNO arise from the steric clash between
the —=SNO group and the adjacent C—H bonds, which results in contorted geometries with distorted C—C-S
angles, ~115° and ~125° (Figure 2B), that minimize the steric repulsions at the price of the energetic cost
associated with the distortion. The residual steric -SNO)(C—H repulsions calculated with the natural steric
analysis thus account only in part for the barrier height corresponding to the coplanar structure. In cis-PhSNO
(Figure 4) the no)(ocn repulsion between the two lone pairs of oxygen, predominantly of s and p character,
respectively, and the oy orbital has the overall energy of 5.2 kcal/mol (Figure 6A). The steric clash is less
pronounced in trans-PhSNO, with weaker ny)(ocn repulsion between the nitrogen lone pair and the ocy orbital,
3.5 kcal/mol, Figure 6A, which correlates with ~2.5 kcal/mol lower barrier for the rotation along the C-S bond in
this conformer (Figure 4). Both no)(ocn and nn)(ocH repulsions quickly disappear as the —SNO group rotates out of
coplanarity with the phenyl ring.

However, the steric repulsions alone do not seem to be able to rationalize the PhSNO preference toward the
perpendicular SNO—aromatic ring arrangement. Indeed, the minimum-energy perpendicular structures also
result in several steric repulsions between the occupied orbitals of the —=SNO and phenyl moieties, including
relatively strong (~6.5-8 kcal/mol) interactions arising from the overlap of the S—N bond with the aromatic m-
system, osn)(Tice, which are in antiphase to weaker osn)(occ repulsions in the coplanar structures (~4 kcal/mol).
For the trans conformer, the perpendicular structure also leads to repulsion between the nitrogen lone

pair ny and the m-system, nn)(mcc, (~2 kcal/mol). Furthermore, a bulky p-type lone pair of sulfur ns overlaps with
the C—H bonds, resulting in ~3 kcal/mol ns)(ocn steric repulsion. Although the repulsions between the

same ns lone pair and the C—C o- and rt-bonds, ns)(occ and ns)(mcc, are significantly stronger, they are equal in
strength and in antiphase to each other, resulting in a nearly constant net steric repulsion ~10 kcal/mol that
should not affect the PhSNO conformational profile (Figure 4).

Overall, the steric considerations alone seem to suggest that PhSNO should adopt a bent minimum energy
strucure that avoids both strong —-SNO)(C—H steric clashes of the coplanar structures as well as weaker steric
repulsions observed for the perpendicular structures. Therefore, there should be some stabilizing electronic
factors that prefer perpendicular orientation of the -SNO group toward the aromatic ring.

SNO-Aromatic Ring Donor—Acceptor Orbital Interactions

NBO analysis of the stabilizing donor—acceptor orbital interactions between the -SNO and the phenyl group
shows a number of interactions that mirror most of the steric repulsions discussed above. However, as the
stabilizing energetic effect of donor—acceptor orbital interactions depends not only on the overlap between the
interacting orbitals but also on the energy difference between them, there are some important differences



between the orbital interaction energy profiles (Figure 7) and the corresponding steric repulsion energy profiles
(Figure 6).
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Figure 6. Major steric repulsions between the -SNO group and the phenyl ring in cis-PhSNO (A) and trans-PhSNO
(B) corresponding to the coplanar TSy (¢ = 0°, left) and minimum energy perpendicular (¢ = 90°, right)
structures, and the evolution of their energies with respect to the -SNO group rotation along the C-S bond.

While the sulfur p-type lone pair ns repulsions with occupied occ and micc orbitals (in perpendicular and coplanar
structures, respectively) are virtually equivalent in energy, the stabilizing effect of the ns > mc” interaction in
the coplanar structure is much stronger compared to the ns - occ” interaction in the perpendicular structure,
~19 vs 10-11 kcal/mol, respectively. In the perpendicular structure, the osn)(mcc repulsion is mirrored by
simultaneous mcc’ > osy and osy = Tiee” stabilizing interactions, 4-5 and 7-8 kcal/mol, respectively. Similarly, in
the coplanar structure, the osy)(occ repulsion is mirrored by a weak osy > occ” delocalization, ~2 kcal/mol.

The no)(acu, nn)(ocen, Ns)(ocn, and ny)(mcc steric repulsions do not have appreciably strong stabilizing conjugative
equivalents.

The interplay of the destabilizing steric and stabilizing conjugative interactions between the -SNO and phenyl
moieties that involve the osn/osn’, ns, Tiee/Tiec’, and 6cc/occ” orbitals can, in principle, account for the flatness of
the trans-PhSNO conformational profile around the prerpendicular structure, ¢ = 0°-60°. Another contribution
to the PES flatness in this region could come from the ns > ncc” delocalization that has an early onset, around ¢
= 80°, and quickly rises in energy as the -SNO group moves toward coplanarity with the phenyl ring, thereby
compensating the decreasing stabilization energy due to the ns - mcc” and Ttec = osn’/0sn = Tiec” interactions.
The latter pair of donor—acceptor interactions between the S—N bond and the aromatic n-system also may be
able to account for the phenyl ring influence on the -SNO group properties and their modulation by the
substituents in aromatic RSNOs. However, it is not clear if these interactions are strong enough to confer rather
significant destabilization of the S—N bond in PhASNO compared to MeSNO. Also, the conformational profiles of
steric repulsions and donor—acceptor interactions (Figures 6 and 7) are very similar for cis- and trans-PhSNO
which is inconsistent with the significant differences between the two energy profiles around the perpendicular
geometry, ¢ = 90°-60° (Figure 4).
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Figure 7. Major donor—acceptor interactions between the -SNO group and the phenyl ring orbitals in cis-PhSNO
(A) and trans-PhSNO (B) corresponding to the coplanar TS, (¢ = 0°, left) and minimum energy perpendicular (¢ =
90°, right) strucutures, and the evolution of their energies with respect to the -SNO group rotation along the C-

S bond (center).

These consideratons lead us to look for other possible factors involved in the intricate SNO-phenyl ring
electronic communication. While the standard second-order perturbation theory analysis of the donor—acceptor
interactions performed with recent versions of the NBO code (versions 5.9 and 6.0) does not reveal any
additional interactions between the -SNO and phenyl moieties, the list of principal delocalizations generated by
NBO 5.9 suggests, surprisingly, that the formally unoccupied antibonding osy* orbital acts as a donor in a
delocalization interaction with an adjacent m-antibonding orbital of the phenyl ring, mec”.(62)

Although somewhat unexpected, the existence of osy" = iec” delocalization is in line with the electronic
structure of the —~SNO group, whose osy* orbital has a significant population (~0.2 and ~0.24 e” in MeSNO and
PhSNO, respectively) due to the strong no - osn” negative hyperconjugation (Figures 6A and 7A). Given the
population and favorable alignment of the osy” orbital relative to the aromatic m-system in PhSNO with
perpendicular -SNO group orientation (Figure 8), the secondary osy' = Tec’ delocalization is not entirely
surprising. This suggest that the energetic contribution of the osy” = mcc” interaction may play a significant role
in determining the PhSNO PES and thus requires proper quantification.

* 7 *

Osn Tec

Figure 8. Donor—acceptor delocalization of electron density from the osy” orbital to a mec” orbital of the aromatic
ring in cis- (A) and trans-PhSNO (B).

However, reliable estimation of the energetic effect of the osy” > mec” interaction is not straightforward
methodologically. For instance, the second-order perturbation theory interaction energies AE;? are not
meaningful in this case, because they are calculated assuming nondegenerate orbital energies for the donor (i)
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and acceptor (j) orbitals: AEL.]- = —q; ﬁ where g;is the donor orbital occupancy, Fj is the Fock matrix element,
Jji

and Agj; is the difference between the acceptor and donor orbital energies, € and €. As the osy” and 1iec” are very
close in energy (Agji < 0.01 hartree) the second-order perturbation theory would give highly unphysical
interaction energy estimates (>80 kcal/mol).

Another approach to estimate the energetic effect of conjugative interactions in NBO is a quasi-variational
deletion approach, when the donor—acceptor interaction of interest is deleted by removing the corresponding
elements of the NBO Fock matrix, recalculating the density matrix and the corresponding electronic energy
which is then compared to the full electronic energy of the molecule. The deletion technique suggests that the
Osn' = Tee interaction exists in both PASNO conformers (Figure 7), although its energetic effect is relatively
small, AE(SDEL) = 3.5-3.8 kcal/mol. However, the AE(SDEL) values are also suspect, as the deletion technique
may not be reliable when applied to the DFT densities.(48) It is recommended to confirm the AE(SDEL) values
obtained with DFT by comparing them with the Hartree—Fock (HF) calculations. Unfortunately, the HF method
provides an erroneous description of the basic -SNO group properties(38) and thus is not useful in the case of
PhSNO. This prompted us to look for another approach to characterize the osy” = mec” interaction using NBO
methods.

Characterization of Secondary Donor—Acceptor Interactions Using an Alternative Lewis

Structure

To understand the chemical importance of the somewhat unconventional osy" = Tiec” interaction in PhSNO
(Figure 8), we need to turn back to the basic resonance description of the —=SNO group in terms of the
conventional structure S and two antagonistic structures D and I (Chart 1). The latter structure represents the
strong negative hyperconjugation no = osy” (Figures 6A and 7A): when brought to completion, this interaction
would result in breaking of the S—N o-bond and formation of a second N-O nt-bond, mnoz, and a second p-type
lone pair at the sulfur atom, ns,. Thus, although the osy” = miec” interactions cannot be reliably characterized
using the default natural Lewis structure equivalent to the main resonance structure S, this secondary
conjugation can be conveniently analyzed in terms of an alternative Lewis structure corresponding to the
resonance structure /. This can be done using the SCHOOSE option of the NBO program that expresses the
electronic structure of a molecule in terms of a user-specified Lewis structure; the resulting NBO description
corresponds to the same electron density, albeit expressed in terms of different orbital sets. For instance, the S—
N bond does not formally exist in the alternative SCHOOSE-I representation but appears, instead, as an
extremlely strong ns, > Tino;” delocalization.
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Chart 2. Secondary Conjugation in the Natural Lewis Structure versus Alternative SCHOOSE-/ Lewis Structure

In the SCHOOSE-/ representation, the population of the ns; lone pair corresponds to the sulfur atom portion of
both osy and osy” orbital populations in the default natural Lewis structure S. Thus, both conventional osy >
e hyperconjugation (Figure 7) and unconventional secondary osy” = Tiec” conjugation (Figure 8) are
represented as a single ns; > mcc delocalization in SCHOOSE-I (Chart 2). The ns; - mec” stabilization energies
estimated peturbatively for the two PhSNO conformers (~20 kcal/mol, Figure 9, A and B) are comparable to a
similar, but expectedly stronger, conjugation in thiophenolate anion PhS™ (~35 kcal/mol, Figure 9C).
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Figure 9. Donor—acceptor interaction between the ns; orbital to one of the ncc” orbitals of the aromatic ring in

SCHOOSE-I representations of cis- (A) and trans-PhSNO (B), along with analogous conjugation in PhS™ (C).

The second-order ns, - Ticc’ energies are at the maximum for the minimum-energy PhSNO structures with
perpendicular SNO-phenyl ring arrangement (¢ = 0°, Figure 10). Thus, the secondary ns; = mec’/osn” >

N’ donor—acceptor interaction appears to be an important factor that counteracts the destabilizing steric
repulsions and thus stabilizes the perpendicular PhSNO geomries (Figure 6). Furthermore, the ns; >

Tiec’ interaction energy is smaller and has a flatter profile around ¢ = 90° for trans-PhSNO vs cis-PhSNO which is
consistent with lower stability of the trans conformer and its flat conformational profile (Figure 4). This, in turn,
correlates with weaker no = osy” negative hyperconjugation in trans- vs cis-PhSNO (Figure 5A), the primary
donor—acceptor interaction that populates the osy* orbital. Of course, the conformational profiles of PASNO are
determined by a complex interplay of a multitude of electronic and steric factors and so cannot be rationalized
in their entirety in terms of just a few donor—acceptor and steric interactions. However, the long-range
delocalization of the electron density from the oxygen lone pair no to g-antibonding S—N orbital and then to the
phenyl ring m-system appears to be an important factor determining the properties of PhSNO, as well as ArSNOs
in general.
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Figure 10. Evolution of the ns; - mec” interaction energies in the two PhSNO conformers with respect to the

-SNO group rotation along the C=S bond, evaluated with second-order perturbation theory in SCHOOSE-
I representation.
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Chart 3. Basic and Extended Types of Delocalization with Examples

Cascading Negative Hyperconjugation/Conjugation and Its Role in ArSNO Chemistry

To formally characterize the cascading donor—acceptor interaction tying together the aromatic nt-system and the
-SNO group, we first revisit the general classification of the common donor—acceptor/conjugative orbital
interactions (Chart 3). Interaction between m-orbitals and/or p-type lone pairs, m > nt*, n > n*, etc,, is referred
to as conjugation or simple conjugation.(63, 64) Hyperconjugation refers to c > n* or 6 = n delocalization from
filled o-orbitals into m*-orbitals or empty p-orbitals, whereas delocalization from filled mt-orbitals or p-type lone
pairs to o*-orbitals is referred to as negative hyperconjugation.

Consecutive and cooperative donor—acceptor interactions between multiple m-orbitals are common in
chemistry; e.g., they give rise to strongly coupled extended aromatic or polyene nt-systems able to provide a
medium for long-range charge and energy transfer.(65) On the other hand, extended/cascading donor—acceptor
interactions involving orbitals other than m-type are much less common. Two- and three-stage delocalizations
involving o-orbitals have been discussed(63, 64) for carbocations—silicon- or tin-containing carbocations in
particular.(66, 67) While double and triple hyperconjugations involving consecutive o = n interactions,

where n is an empty p-orbital, (Chart 3) have been observed in several cases, (63, 66-68) a mixed case of
hyperconjugation/conjugation, i.e., primary o = n* donation (1°) followed by secondary m = n* conjugation
(2°), has been hypothesized but not observed in real molecules.(63) Thus, extending the classification by
Lambert and Ciro,(63) the cascading no = osy” (primary, 1°)/ns2 > e’ (secondary, 2°) donor—acceptor
interaction in PhSNO can be characterized as negative hyperconjugation/conjugation, which we will henceforth
abbreviate as no/nm (Chart 4).

Chart 4

negative hyperconjugation/conjugation: %
s



Resonance representation (Chart 4) immediately reveals the chemical consequences of the cascading no/nn
interaction in PhSNO: the secondary ns, = miec” interaction delocalizes the formal negative charge on the sulfur
atom in the ionic structure I (Chart 1), thus increasing its overall contribution into the -SNO group electronic
structure. This stabilization is identical in nature to the resonance stabilization of thiophenolate anion:
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These considerations naturally explain significantly weaker S—N bond in aromatic RSNOs, as well as the influence
of the subsitituents in the aromatic ring on the properties of the ~SNO group and the S—N bond in particular.
Electron-withdrawing groups at para and ortho positions should further stabilize the ionic component /, and so
result in longer and weaker S—N bond. On the other hand, electron-donating substituents at these positions
would decrease the ionic contribution and thus shorten and stabilize the S—N bond.
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Figure 11. Subtituent effect on the S—N bond length in aromatic RSNOs.
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Although a systematic investigation of the substituent effects in ArSNOs will be reported elsewhere, we show
here two examples confirming this prediction (Figure 11): placing strongly electron-withdrawing —CN groups at
ortho and para positions results in significant elongation of the S—N bond compared to unsubstituted PhSNO (by
0.073 A). On the other hand, electron-donating ~OH substituents at the same positions lead to the S—N bond
shortening (by 0.017 A). These predictions also offer a reinterpretation of the limited experimental data
available. The relative stability of ArSNOs with bulky substituents reported in the literature (Figure 1) have been
rationalized solely in terms of a steric protection of the -SNO group.(43-45) However, it is now clear that
destabilization of the ionic resonance component of the —-SNO structure due to weakly electron-donating groups
at ortho-positions is another important factor responsible for the thermal stability of these ArSNOs. These
examples illustrate that the electronic interaction between the aromatic n-system and the c-orbitals of the
-SNO bond, primarily in the form of the secondary ns; > nicc” donation, is the key to understanding the
substituent effects in ArSNOs.

Summary

A detailed electronic structure analysis of the parent aromatic S-nitrosothiol PhSNO reported here shows that
many of the puzzling ArSNO properties can be related to a cascading negative

hyperconjugation/conjugation no/nm interaction that involves electron delocalization from the oxygen lone pair
to the o-antibonding S—N orbital and then to the n*-aromatic orbitals. To the best of our knowledge, this is the
first reported example of this unusual extended delocalization pattern.

The no/nm interaction, which can be interpreted as a stabilization of the —SNO group ionic resonance
structure I by the aromatic ring, leads to weakening of the S—N bond, which correlates with lower thermal



stability of ArSNOs vs aliphatic RSNOs. The electronic communication between the phenyl ring and the -SNO
group provided by the nog/nm interaction explains the surprising substituent modulation of the S—N bond
properties in ArSNOs.

The cascading nog/nm interaction is also one of the important factors determining the perpendicular orientation
of the -SNO group with respect to the aromatic plane. However, our analysis suggests that the conformational
profile for the -SNO group rotation is governed by a complex interplay of steric repulsions, donor—acceptor
delocalizations, and geometry distortions. While cis-PhSNO has a clear preference for perpendicular SNO-phenyl
ring orientation, in trans-PhSNO the —-SNO tilt angle would be evenly distributed within 60° (90° + 30°, Figure 4)
at finite temperatures. At the same time, the experimental(43, 44) and computational(47) results from the
literature suggest that substituted ArSNOs can have a titled -SNO group orientation both in cis and trans
conformers. Further studies will be required to discern the combination of factors determining the variation of
the —=SNO group tilt in ArSNOs.

The present results lay a solid conceptual groundwork for further investigation of the substituted aromatic
RSNOs and design of novel RSNO-based NO, NO*, and HNO/NO™ donors. Also, this work once again illustrates
that the antagonistic resonance description of the -SNO group (Chart 1) provides a powerful paradigm to
understand and predict chemistry of RSNOs, including their structure, stability, reactivity, and the biological
control of their reactions.
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