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ABSTRACT

The role of singlet oxygen potentially mediating increased conformational flexibility of a
disulfide was investigated. Density functional theory calculations indicate that the singlet
oxygenation of 1,2-dimethyldisulfane produces a peroxy intermediate. This intermediate adopts a
structure with a longer S—S bond distance and a more planar torsional angle 6 (C-S—S-C)
compared to the non-oxygenated 1,2-dimethyldisulfane. The lengthened S—S bond enables a facile
rotation about the torsional angle in the semicircle region 0° < 0 < 210°, that is ~5 kcal/mol lower
in energy than the disulfane. The peroxy intermediate bears no—cs-s and no—>c*s_s interactions
that stabilize the S—O bond but destabilize the S—S bond, which contrasts with stabilizing ns—>c*s-
s hyperconjugative effects in the disulfane S-S bond. Subsequent departure of O: from the
disulfane peroxy intermediate is reminiscent of peroxy intermediates which also expel O, yet
facilitate cis-trans isomerizations of stilbenes, hexadienes, cyanines, and carotenes. “Non-
oxidative” 'O2 interactions with a variety of bond types are currently underappreciated. We hope

to raise awareness of how these interactions can help elucidate the origins of molecular twisting.

INTRODUCTION

The ability of photogenerated reactive oxygen intermediates to facilitate rotation of alkene
and polyene bonds via peroxy intermediates has been the subject of a couple dozen studies (Figure
1) (1). In these studies, trans-cis isomerizations were shown to be triggered by visible light and

the reversible addition of Oz, with oxygen evolution and partial generation of the compound’s
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isomer via peroxy intermediates. We classify the formation of zwitterionic peroxy or diradical
peroxy intermediates into three types: type I sensitized oxidation (oxygen radicals and radical ions)
or type II sensitized oxidation ('Oz2) reactions, or by substrate excitation in the presence of Oz (2-

4).

[Figure 1 here]

This paper will focus mainly on peroxy intermediates from 'O2-based reactions. A 2021
study described a 'O2-based truncation reaction of heptamethine cyanine 1 to pentamethine
cyanine 2; this reaction was thought to involve a zwitterionic peroxy intermediate with extended
resonance of the positive charge formed from the attack of 'Oz on the C1' (Figure 2A) (5-7). DFT
results implicated a zwitterionic peroxy intermediate, which readily twisted about a former C=C
bond into a U-shaped structure on its way to two-carbon truncation to the pentamethine cyanine 2
(5). A 2000 study described a !02-based isomerization of trans-4-propenylanisole 3 to cis-4, also
thought to involve a zwitterionic peroxy intermediate (Figure 2B) (8). Furthermore, a phosphite
trap suppressed the trans-3 to cis-4 isomerization, consistent with trapping of a peroxy
intermediate. Other 'Oz reactions have led to cis-trans isomerizations of hexadienes (9,10),
stilbenes (11), B-carotene and lycopene (12,13), also likely through peroxy intermediates.
Relatedly, peroxy intermediates arise in various photooxidation and regular oxidation reactions.
These intermediates include R2C*OO™ carbonyl oxide, RN"OO™ nitrosooxide, Ra2NN'(=0)00~
nitrooxide, R2Si*OO~ silanone oxide, R2STOO™ persulfoxide, and R2Te" OO pertelluroxide (14-
25). Peroxy intermediates have been implicated in lowering the energy barrier for cis-

trans 1somerization of alkene and polyene CC bonds (1). The motivation for our study is to explore
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the possibility of this phenomenon occurring in disulfides. Here, we specifically address the effect

of a non-oxidative 'Oz reaction on disulfide S-S torsional rotation.

[Figure 2 here]

A new twist on disulfide S-S bond rotation facilitated by 'O:. To elucidate '02’s influence
on disulfide torsional rotation, we used DFT to analyze an intermediate from the reaction of 1,2-
dimethyldisulfane 5 with 'Oz, as a biomimetic model. Our hypothesis is that 'Oz will add to a
disulfide, forming a zwitterionic peroxy intermediate, thereby inducing conformational relaxation
of the S-S bond, with departure as 'Oz or *02 in a non-oxidative path. To test our hypothesis, we
sought to use the above-mentioned DFT calculations to predict energy profiles, focusing on
MeSS*(-OO )Me  peroxythiosulfinate  ester  (peroxy-1,2-dimethyl-1A*-disulfane,  6).
Hyperconjugative interactions in S—S serve to increase the energy of rotation in disulfane 5,
accounting for the perpendicular arrangement as shown in Figure 3. We hypothesize that the effect
will be less pronounced in 6 due to competitive hyperconjugative interactions in S—O. The
importance of hyperconjugative interactions in 5§ and 6 is found theoretically. Persulfoxide
(R2STO0"), S-hydroperoxysulfonium ylide [RS(~OOH)=CHR], and dioxathiirane (cyclic R2SOz2)
structures have been found to be minima in previous theoretical studies of the reaction of sulfides
with '02 (26-28). DFT calculations with M06-2X can accurately reproduce the torsional barriers
for simple disulfide S-S bonds, which are often 8-10 kcal/mol (29-32). However, reports of
torsional barriers for peroxy disulfide S—S bonds are absent in the literature (33-35). Potential
competitive charge-transfer interactions of 'O2 with disulfides (36) should not be overlooked, and

will also be considered.
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[Figure 3 here]

THEORETICAL SECTION

Density functional theoretical (DFT) calculations were carried out with Gaussian-16 (37)
using recommended protocols (38,39). Structures were optimized with M06-2X/6-31+G(d,p) in
the gas phase. Solvent effects were not anticipated to produce significant differences, and thus they
were not calculated. The unrestricted M06-2X/6-31+G(d,p) energy of 202 was calculated to be -
150.259899 Hartrees, in which the experimental singlet-triplet energy value of 22.5 kcal/mol was
added to this calculated value of 2. The stationary points on the potential energy surface (PES)
were analyzed by harmonic vibrational frequency calculations. IRC calculations were carried out
to verify the transition structures found from the M06-2X/6-31+G(d,p) calculations. The M06-
2X/6-31+G(d,p) calculations are reasonably accurate for the predictions of dialkyldisulfane
geometries and rotational energetics, based on comparisons with MP2 and CCSD(T) calculations
(Table S1, Supporting Information). In our M06-2X calculations, basis set extension was examined
with 6-311+G(d,p). We assessed dispersion corrections with B3LYP-D/6-31+G(d,p) and
wB97XD/6-31+G(d,p) calculations. Coupled cluster calculations were carried out for comparison
of M06-2X/6-31+G(d,p) results with single point CCSD(T)/6-31+G(d,p). DLPNO-CCSD(T)/6-
31+G(d,p) calculations were also carried out using the ORCA program (version 4.0) (40). The
conformational analysis in Figure 4 consists of M06-2X/6-31+G(d,p) optimized stationary points
that where verified by vibrational analysis where minima had no imaginary frequencies and
maxima had one imaginary frequency; the maxima were also analyzed by intrinsic reaction
coordinate (IRC) calculations. The conformational analysis in Figure 4 consists of M06-2X/6-

31+G(d,p) constrained optimizations, in which rotational energy profiles of 6 were followed in
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10° increments with torsional constraints in torsional angle 6 (C1-S1-S2—C2) and the torsional
angle ¢ (S2-S1-01-02) (keyword: opt=ModRedundant). For the M06-2X calculations, an
ultrafine grid with criteria for tight convergence were used (keywords: SCF=Tight
int=grid=ultrafine). Molecular orbital interactions were examined with natural bonding orbital
(NBO) calculations to quantify the attractive through-space interactions using NBO 7.0 (41,42)
(keyword: E2PERT=0.1). The potential problem of spin contamination for 6 was examined using
the T1 diagnostic of Lee and Taylor (43). Finally, DFT calculations are known to reproduce
experimental disulfide and sulfur-oxygen intermediate structural features based on comparison to
experimental structures (44-49). DFT methods such as M06-2X also perform well with sulfur-

sulfur long pair interactions and in computing 'Oz reactions leading to peroxy species (5,50).

RESULTS AND DISCUSSION

Computed geometries of dimethyldisulfane 5 and peroxythiosulfinate ester 6 are discussed
first. Conformational analyses of 2D and 3D computed energy plots are then described. An
explanation of our approach to T1 diagnostics and NBO calculations will be followed by
mechanistic considerations, and finally our thoughts on broader implications of the study.

Dimethyldisulfane 5 and peroxythiosulfinate ester 6. The calculated geometries of 5§ and 6
(which arises from the reaction of 5§ with !0z2) are shown in Figure 4. Figure 4 shows the calculated
bond distance S1-S2, bond angle C1-S1-S2, and torsional angle 6 (C1-S1-S2—-C2) for 5. In 5, the
computed C1-S1 bond length is 1.820 A, the S1-S2 bond length is 2.061 A, the C1-S1-S2 bond
angle is 101.9°, and 6 is 84.7°, which is similar to the reported microwave structure of

diethyldisulfane: S1-S2 bond length of 2.027 A, the C1-S1-S2 bond angle of 102.8°, and 0 of
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84.5° (41). In 6, the C1-S1 bond length is 1.802 A, the S1-S2 bond length is 2.077 A, the C2-S2
bond length is 1.824 A, the S1-O1 bond length is 1.589 A, the O1-02 bond length is 1.436 A, the
C1-S1-S2 bond angle is 102.9°, and 0 is 41.5°. Comparing 6 to 5, there is a bond distance increase
of 0.016 A (S1-S2), a bond angle increase of 1.0° (C1-S1-S2), and a torsional angle decrease of
43.2° 8 (C1-S1-S2-C2). How this leads to a more facile rotation about the C—S—S—C torsional

angles in 5 and 6, is explored next.

[Figure 4 here]

Two-dimensional computed energy plot for rotation about the C—S—S—C torsional angles
in 5 and 6. Figure 5 shows the computed rotational energy profiles about the torsional angle 6 (C1-
S1-S2—-C2) for S and 6, both exhibiting a left-hand twisting motion. Sa and Sc are isoenergetic
conformers with torsional angles 0 gauche at 84.7° and 275.3°, respectively. The trans conformer
5b (180°, 7.5 kcal/mol) and cis conformer 5d (0°/360°, 10.5 kcal/mol) are transition states. For 6,
the torsional angle 0 is flatter; that is, in 6a there are two internal H-bonds at 41.5° (between O2
and flanking C—H), and a single internal H-bond 142.4° in 6¢ (between O2 and only the nearby C—
H group). Note that we have colored the inner oxygen (O1) red and the outer oxygen (O2) magenta
to make them easier to differentiate in Figure 4. Rotamer 6a is more stable than 6c by 0.3 kcal/mol.
Transition states are found at 6b (102.3°, 2.4 kcal/mol) and 6d (322.0°, 9.2 kcal/mol). Comparing
these results to computations using the basis set 6-31+G(3df,2p), the difference in precision was
acceptable, varying 0.3-1.6 kcal/mol for Sa-d and 0-0.9 kcal/mol for 6a-d (Table S2, Supporting
Information). The conformations for S appear to exhibit larger eclipsing energies with higher TS

values compared to 6. Specifically, the extent of eclipsing interactions is lower by ~5 kcal/mol for
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6 in the torsional angle 6 semi-circle range from 0 to ~210°, that is ~5 kcal/mol lower in energy
than the disulfane. In this 6 semi-circle range, based on the Eyring equation the half-life for the
rotation of S—S in 6 is only 3 ps, which is nearly 30,000-fold more rapid compared to the rotation
of S-S in 6 (80,000 ps). Moreover, we find an energy decrease of 5.1 and 1.3 kcal/mol for the two
maxima required to rotate 360° in 6 compared to 5 (Figure 4A and 4B). As it is important to ensure
the quality of these computed results, we examined the 5.1 and 1.3 kcal/mol energy decrease values
in the first and second maxima, both by extending the basis set and by testing for dispersion
corrections.

We find that an extended basis set and accounting for dispersion corrections produced only
minor differences. Comparing M06-2X/6-31+G(d,p) results with the extended basis set to 6-
311+G(d,p) reduced TS energies by 0.3-2.0 kcal/mol for 5§ and 1.7-3.9 kcal/mol for 6. Comparing
M06-2X/6-31+G(d,p) results with dispersion-corrected B3LYP-D/6-31+G(d,p) reduced TS
energies by 0.3-1.7 kcal/mol for 5 and 2.7 kcal/mol for 6 (6 = 102.3°) or increased it by 2.7
kcal/mol for 6 at (6 = 322°). Comparing M06-2X/6-31+G(d,p) results with dispersion-corrected
wB97XD/6-31+G(d,p) reduced TS energies by 0.1-1.6 kcal/mol for 5 and 2.0-2.5 kcal/mol for 6.
Thus, the errors appear to be constant for the basis set extension and dispersion corrections
calculated. Additional conformational searches for 6 were desired, including about torsional angles

0 (C1-S1-S2—-C2) and ¢ (S2-S1-01-02), as is described next.

[Figure 5 here]

Three-dimensional computed energy plot for rotations about the C—S-S—C and S—S—-0-O

torsional angles in 6. To further investigate the conformational energetics of 6, the S-S—-O-O
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torsional angles were analyzed in relation to maxima and minima about the C—S—S—C dihedral
angle. Figure 6 shows the 360° rotation about these two torsional angles. As in the 2D plot (Figure
4), the inner oxygen (O1) of the 3D plot (Figure 6) is shown in red and the outer oxygen (O2) is
shown in a magenta to help visually monitor the O1-O2 movement. Conformer 6a can convert to
6u via rotamers 6e, 6i, 6m, and 6q as seen in the magenta line trace about the torsional angle ¢
(S2-S1-01-02). Rotations about the torsional angle 0 are markedly lower that about the torsional
angle ¢, which is attributed to internal H-bond interactions of the outer oxygen atom (O2) with the
methyl H,—C1 and Hg—C2. Conformers do not exist as minima when related by rotation about the
torsion angle ¢ in an “out” position. Interestingly, most conformers exist as “open” zwitterionic
peroxy intermediates in the computed energy plot, except for thio-dioxathiirane that is formed in
6i, 6j, 6k, and 6l upon rotation of the outer oxygen (O2) around the S2-O1, followed by ring
closure. Note that these thio-dioxathiirane rotamers 6i, 6j, 6k, and 6l feature the lowest energies
in the 3D plot (cf. Figure 6 with Figure S1), in which their formation also enhance rotation about
0 compared to dimethyldisulfane S itself. The “open” zwitterionic peroxy intermediate 6a appears
to be weakly bound with a long S—O bond. Therefore, we estimated the 'O2 dissociation in release
of '02 from 6a occurs on a flat portion of the reaction surface. Extension of the S—O bond length
of 6a in increments of 0.1 A over 14 points, while monitoring the M06-2X/6-31+G(d,p) revealed
the computed 'O: dissociation barrier to be ~9 kcal/mol (endothermic by 6 kcal/mol). Extending
the S-O bond lengths of thio-dioxathiirane 6i suggest a slightly larger, but still small 'Oz
dissociation barrier of ~15 kcal/mol. This suggests the possibility that zwitterionic peroxy
intermediates and thio-dioxathiiranes are weakly bound, potentially playing a role in subsequent
oxygen departure. The transition state was neither sought nor traced by IRC. Nonetheless, the scan

shows a low barrier for the dissociation of 'Oz, which would also provide for intersystem crossing
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in the release as 0z (physical quenching). The scanned surface of 6 is similar to the previous
Me2STO0™ persulfoxide study (26), which attributed the free energy surface barrier mainly to
entropy; this was a determination validated by experimental results (51). The singlet-triplet energy
gap of Oz is 22.5 kcal/mol. This will enable an exothermic reaction (~16 kcal/mol) in the
dissociation of 02 from 6. However, this was not modeled further due to higher errors in this area
of the reaction surface, as well as multiconfigurational computation challenges. Note that lower
temperatures and nucleophilic solvents can potentially stabilize and retard the back reaction of 6
to 5 plus O2. Analogous to persulfoxides, peroxythiosulfinate ester 6 is a peroxy intermediate.
Thus, it is potentially susceptible to spin contamination in M06-2X/6-31+G(d,p) calculations,

which was evaluated next.

[Figure 6 here]

T diagnostics and NBO calculations. The potential for spin contamination was examined
for M06-2X/6-31+G(d,p) optimized structure 6 using T1 diagnostics. For 6, the T1 value was
0.018 using [CCSD(T,T1Diag,Full)/6-31+G(d,p)] and 0.019 using DLPNO-CCSD(T)/aug-cc-
pVTZ/C. These results suggest an acceptable level of spin contamination that is not a significant
issue for the reaction system, where T1 values that are greater than 0.02 for closed-shell systems
or greater than 0.03 for open-shell systems point to unacceptable non-dynamical correlation or
multiconfigurational character effects. Our DFT calculations support the idea that the outer oxygen
is weakly bound to the disulfide, and participates in donor-acceptor interactions with the flanking

methyl groups.

10
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Results of NBO calculations show attractive through-space interactions of the outer oxygen
atom (0O2) lone pair electrons (/p) with the o* orbitals of H,—C1 and Hp—C2 (Figure 7). These
interactions were quantified to give 4.1 and 3.5 kcal/mol stabilization, respectively. This net in
energetics of 7.6 kcal/mol indicates the favorability for the "in" position, in which the O1-02 bond
bisects the C1-S1-S2 bond angle. Notice in 6 that O1-O2 bisecting the C1-S1-S2 bond angle,
induces a distorted tetrahedral geometry, where the C1-H:--O2 bond distance is 2.224 A and the
C2-H---02 bond distance is 2.313 A. Previous reports (26-28) also show that the persulfoxide also

favors an "in" position with its O—O bond bisecting two alkyl groups.

[Figure 7 here]

Mechanistic considerations. Peroxy intermediate 6 is formed upon reaction of 'Oz with
disulfane 5. Based on DFT studies, we find that (i) this intermediate rotates about S—S, concurrent
with an activation barrier reduction. Though this decrease in energy that we propose is significant,
it is smaller in magnitude compared to that found in C=C rotation in alkenes and polyenes alluded
to in the Introduction. (ii) The 2D and 3D plots show that a stable conformer of 6 is with attached
oxygen positioned “in,” where rotation about 0 is more facile than about ¢. This bias towards
“in” is understood to be a result of C—H:--O interactions of the outer oxygen atom with the
flanking methyl groups. (iii) Dispersion corrections led to similar torsional rotation energies
for 5 and 6. Thus, the M06-2X/6-31+G(d,p) results are reasonable for the predicted energy of
rotation about a disulfide S-S. (iv) Stepwise extension of the S—O bond length of 6 leads to a
predicted 'Oz dissociation of ~9 kcal/mol (endothermic by ~6 kcal/mol). Our computations predict
that energies lie on the side of 6 instead of the reactants 5 and 'Oz, which is consistent with

persulfoxides that are sufficiently long lived to be trapped bimolecularly and play a role in

11
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converting 'Oz to 302 (52-54). Unlike some acene endoperoxides (55-62), 102 “on-off” is likely
accompanied by substantial physical quenching to Oz in regeneration of the disulfane. Indeed,
charge-transfer quenching of 'O2 with disulfides can involve an exciplex MeSS(---'02)Me that
physically quenches 'Oz to 302 due to sulfur’s low-lying d-orbitals (36). While the exciplex may
be in equilibrium with the covalently bound MeSS"(—-OO )Me 6 species, it is the latter that is
invoked in facilitating the S—S rotation.

Origin and broader implications. Disulfane S bears two lone-pair (/p) electron interactions
N NS(axial)—>0*s_s and ns(equatorial—>0*s_s for a pronounced negative hyperconjugation in reducing
repulsion among lone pairs. This is an anomeric effect (63), favoring a skew conformation in 5 (0
= 84.7°). One pair of sulfur electrons from 5 can donate into the empty g orbital of 'Oz to account
for the formation of peroxythiosulfinate ester 6. Comparing 6 with 5, there are several important
differences: 6 shows an elimination of one of the hyperconjugative interactions, with addition of
stabilizing no+os_s and modestly destabilizing no-cs_s+oc*s_s and no-6*s_s interactions. Together,
these aspects account for an increase and weakening of the S—S bond length in 6, in which the
methyl (Me), methylsulfane (—SMe), and O2 groups are attached at a sulfonium ion-like S-atom.
Implications for singlet oxygen’s role as a non-oxidative facilitator of S—S bond rotation in other
systems, including relaxation of protein disulfide rigidity, are quite plausible. Just as fascinating
to us is the possibility that torsional flexibility could offer anti-photooxidant activity by converting
excited-state 'Oz to ground-state 302 by means of a conformational energy-releasing process.
Intriguingly, this process has been seen in azobenzene (70). Finally, it should be noted that other

reagents, such as protons, should be explored as candidates that might also facilitate rotations of

S-S bonds.
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CONCLUSION

Our computed study of a peroxy intermediate 6 arising in a 'Oz reaction with
dimethyldisulfane 5 was directly inspired by reports of peroxy intermediates from 'Oz facilitating
trans-cis isomerizations of alkene and polyene bonds (1). The current work adds crucial insight to
the basis of the lower torsional barrier of the peroxy intermediate 6 relative to disulfane 5. Further
studies could include peroxythiosulfinate ester decomposition to 'Oz or *02 to assess the non-
oxidative path relative to S—S bond cleavage, oxidation, and biological cross-linking reactions (64-
69). Further studies will also explore the possibility that torsional flexibility correlates to
antioxidant activity in converting excited-state 'Oz to *Oz through a physical quenching process.
Also, future work could examine disulfide peroxy intermediates formed by a type I process,
featuring oxygen radicals and radical ions (as opposed to exclusive type II 'Oz mediation), since a

type I process is feasible for alkenes and polyenes seen in Figure 1 (1).

Supporting Information
Supporting Information is available, which includes descriptions of energies and geometries of

stationary points.
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FIGURE CAPTIONS

Figure 1. Mechanistic pathways for Oz2-dependent photoisomerization. Ground-state sensitizer
(senso) is photoexcited to reach its triplet state, where reactions can proceed by oxygen radicals
and radical ions (type I) or singlet oxygen ('Oz, type II), or by direct excitation of the substrate in
the presence of O2. Alkene and polyene compounds can form oxidized products, but also traces of

isomerized products presumably by zwitterionic or diradical peroxy intermediates.

Figure 2. Zwitterionic peroxy intermediates presumably responsible for rotation and trans-cis

isomerization reactions in paths A and B.

Figure 3. Hyperconjugative interactions that leads to delocalizations in dimethyldisulfane 5 and

peroxythiosulfinate ester 6.

Figure 4. M06-2X/6-31+G(d,p) computed dimethyldisulfane 5 and peroxythiosulfinate ester 6.
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Figure 5. M06-2X/6-31+G(d,p) computed rotational energy profiles of dimethyldisulfane 5 (left)
and peroxythiosulfinate ester 6 (right). Conformers C—S—S—C are related by rotation about the
torsion angle 0 in a counterclockwise movement about the C1-S1 bond relative to the S2—C2 bond.

In 6, the inner oxygen atom is red and the outer oxygen atom is a magenta color.

Figure 6. Three-dimensional computed energy plot for the 360° rotation about the dihedral angles
0 (C1-S1-S2—C2) and ¢ (S2-S1-0O1-02). The torsional angles 6 (C1-S1-S2—-C2) and ¢ (S2-S1-
01-02) were followed in 10° constrained increments each for the 360° rotation in a 36 x 36 grid.
Conformers of C1-S1-S2—C2 are related by rotation about the torsion angle 6 in a
counterclockwise movement about the C1-S1 bond relative to the S2—-C2 bond. Conformers of
S2—-S1-01-02 are related by rotation about the torsion angle ¢ in a counterclockwise movement

about the S1-S2 bond relative to the O1-02 bond. Values shown are 6 and ¢ (°) and AE (kcal/mol).

Figure 7. A Natural Bond Orbital (NBO) analysis of the outer oxygen atom lone pair electrons

with the o* antibonding orbitals of H-C groups in peroxythiosulfinate ester 6.
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Figure 1. Mechanistic pathways for O2-dependent photoisomerization. Ground-state sensitizer

(senso) is photoexcited to reach its triplet state, where reactions can proceed by oxygen radicals

and radical ions (type I) or singlet oxygen ('O2, type II), or by direct excitation of the substrate in

the presence of O2. Alkene and polyene compounds can form oxidized products, but also traces

of isomerized products presumably by zwitterionic or diradical peroxy intermediates.
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630

631

632

633

634

635

counterclockwise movement about the C1-S1 bond relative to the S2—-C2 bond. Conformers of
S2—-S1-01-02 are related by rotation about the torsion angle ¢ in a counterclockwise movement

about the S1-S2 bond relative to the O1-0O2 bond. Values shown are ¢ (°) and AE (kcal/mol).

Ip1 + Ip2 + Ip3
e,

Donor  Acceptor E (kcal/mol)

02 = o*nect = 4.1

021p —> G*Hg.cz = 35

Figure 7. A Natural Bond Orbital (NBO) analysis of the outer oxygen atom lone pair electrons

with the o* antibonding orbitals of H-C groups in peroxythiosulfinate ester 6.
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