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ABSTRACT: The conformations, equilibrium structures, hydrogen bonds, and non-covalent
interactions involved in the mechanisms of tautomerization, condensations, and C-sulfenylation and
O-sulfenylation of 2,4-pentanedione by sulfur hydride hydroxide (hydrogen thioperoxide,
oxadisulfane, H—SOH) have been studied using BD(T), CCSD(T), and QCISD(T) with
the cc-pVTZ basis set and using B3LYP, B3PW91, CAM-B3LYP, PBEIPBE, PBEhIPBE,
LC-wPBE, M06-2X, and wB97XD with the 6-311+G(d,p) basis set. All levels of theory predict
the sulfenyl (H—SOH) tautomer of hydrogen thioperoxide to be lower in energy than the sulfinyl
(H,S=O0) tautomer. Four reasonable mechanisms were considered for the tautomerization of the
sulfenyl tautomer of hydrogen thioperoxide to the sulfinyl tautomer: a cyclic three-membered water-
free transition state (TS, CCSD(T) activation energy barrier E* = 65.1 kcal/mol), a cyclic five-
membered transition state with one water molecule (TSH,O, E¥ = 31.1 kcal/mol), a cyclic seven-
membered transition state with two water molecules (TS2H,0, E¥ = 14.5 kcal/mol), and a cyclic
nine-membered transition state with three water molecules (TS3H,O, E¥ = 5.6 kcal/mol). The
mechanisms involve hydrogen-bonded reactant complexes and hydrogen-bonded product complexes.

The CCSD(T)-predicted energy barriers for the condensation of hydrogen thioperoxide to form thiosulfinic acid through
transition states with zero, one, and two waters are E¥ = 42.0, 18.3, and 0 kcal/mol, respectively. Mixed condensation reactions are
predicted to afford organosulfur products and compounds containing sulfur—selenium bonds. Hydrogen thioperoxide is predicted
to add to 2,4-pentanedione to form C-sulfenylated (sulfide, thioether) and O-sulfenylated (sulfenate ester) products. Similar
mechanistic trends and reaction pathways are observed in the tautomerism, condensations, and C-sulfenylation and O-
sulfenylation reactions of hydrogen thioperoxide. The water molecules set up proton relay networks (bridges) that reduce ring
strain, generate favorable conformations for reactivity, lower energy barriers, and increase the numbers of stabilizing hydrogen

bonds and nonbonding interactions.

B INTRODUCTION o ot
The unstable inorganic compound sulfur hydride hydroxide y-S é‘H
(hydrogen thioperoxide, oxadisulfane, H—SOH, 1) (Figure 1) is 1 fi-s-cis|T
the simplest oxoacid of sulfur. The 1-s-cis and 1-s-trans structures

in Figure 1 are transition states for the enantiomeric inter-

conversion of 1. Ultraviolet and laser photolysis of hydrogen of o
sulfide and ozone in an argon matrix afforded 1. The oxidation 5 g

of hydrogen sulfide by atomic oxygen generated from the H H H
photolysis of ozone in an argon matrix was reported to give a [t1-s-trans]t  1a

mixture of 1 and its sulfinyl tautomer H,S=0 (1a).> Ozone also
reacts with hydrogen sulfide to yield 1 and other products.*~°
Hydrogen thioperoxide has been synthesized in the gas phase
by pyrolysis of di-tert-butyl sulfoxide (t-Bu,S=0).”® Ozone,
hydrogen sulfide, and low-molecular-weight compounds of
H, S, and O play important roles in atmospheric chemistry and
combustion chemistry. Hydrogen thioperoxide may help
scientists to understand how similar molecules are formed in
the interstellar medium and how pollutants form in the
atmosphere of Earth (source of radicals associated with the
atmospheric oxidation of sulfides that leads to the production
of acid rain and atmospheric haze and to the depletion
of ozone).

-4 ACS Publications  ©2015 American Chemical Society
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Figure 1. Sulfenyl (1) and sulfinyl (la) tautomers of hydrogen
thioperoxide.

Although the structural and spectral properties of hydrogen
thioperoxide have been extensively studied, relatively little is
known about its chemistry. Hydrogen thioperoxide (1) and
sulfenic acids (R—SOH) exist as sulfenyl (H—SOH, 1) and sulfinyl
(H,S=O0, C, 1a) tautomers (eq 1).”~'* Although there are a few
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exceptions, generally the sulfenyl tautomer is more stable than the
corresponding sulfinyl tautomer. Analogous to sulfenic acids,
hydrogen thioperoxide is expected to have electrophilic and
nucleophilic character, to undergo condensation reactions (cyclo-
dehydration, dehydrative cyclocondensation, self-condensation),"!
and to react with 1,3-dicarbonyl compounds.'*~" In this study, the
mechanisms of the tautomerization of 1 (eq 1), its condensation to
form the parent thiosulfinic acid (sulfinothioic acid, 2) (eq 2),"*"

1

S MH @
o HOS
1 2

2 St

its condensation with other sulfenic acids to form organosulfur
compounds (eq 3), its condensation with selenenic acids 4 to

o
1" 1" I 1
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form products 5 containing sulfur—selenium bonds (eq 4),”°~*

and its C-sulfenylation and O-sulfenylation of 2,4-pentanedione
(acetylacetone, Figure 2, eq S) have been investigated in order

o O OH O O HO
/U\/U\ X - Z
6 7 7

Figure 2. Diketo (6) and enolone (7) tautomers of 2,4-pentanedione.

_S.
O O HSOH  HSOH O O
M 7 M\ (5)
S‘H
C-sulfenylation O-sulfenylation

to enable a fuller understanding of and deeper insight into
the chemistry of the sulfenyl and sulfinyl functional groups in 1
and in sulfenic acids. There are only a few procedures for
preparing a diverse range of products with S—Se bonds, and
compounds containing S—Se bonds have been implicated in
biological processes.”~>* The mechanisms of C-sulfenylation
and O-sulfenylation of 1,3-dicarbonyl compounds are also of
importance in the detection of protein sulfenic acids (protein—
SOH).12717

2,4-Pentanedione exists as a dynamic equilibrium mixture of
tautomers, including the diketo tautomer (6) and the dominant
enolone tautomer, (3Z)-4-hydroxy-3-penten-2-one (ketoenol,
7) (Figure 2).*~* Although the reactions of sulfenic acids with
1,3-dicarbonyl compounds are generally written as resulting in
sulfenylation at carbon to form the thioether (sulfide) products,
sulfenylation at oxygen to form the sulfenate ester products
through the 7-conjugated enolone system (eq S) or through
different mechanisms is also reasonable.'>"* In part because of the
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transient existence of 1 and sulfenic acids, there is a paucity of
fundamental experimental studies of the mechanisms and
products of their reactions with chemoselective 1,3-dicarbonyl
reagents and with other functional groups. Because of the high
reactivity of 1 and sulfenic acids, computational quantum
chemistry is an excellent tool to investigate their pro-
perties and structures and the mechanisms of their tautomerism,
condensation reactions,"" and C-sulfenylation and O-sulfenylation
of 1,3-dicarbonyl compounds.'*~"”

B COMPUTATIONAL AND THEORETICAL METHODS

Calculations were carried out with the Gaussian 03*° and
Spartan®' computational programs. Initial searches for the
lowest-energy conformers and rotamers were performed
using the MMFF force field and a Monte Carlo algorithm.>!
The lowest-energy conformers and rotamers were reoptimized
at several high levels of modern electronic structure theory.
Several levels of theory were employed because at some levels
different conformers are isoenergetic and the lowest-
energy conformer at a given level of theory does not uniformly
translate into the lowest-energy conformer at another level.
No constraints were imposed on the structures in the equili-
brium geometry calculations and transition state structure
optimizations.

Equilibrium geometry and frequency calculations were carried
out using the density functionals B3LYP,** B3PW91,37%
PBE1PBE,” " PBEhIPBE,”*" M06-2X,***” LC-wPBE,*
CAM-B3LYP,*" and @X97XD* with the triple-¢ 6-311+G(d,p)
basis set. Single-point energy calculations were carried out
on geometry-optimized low-molecular-weight structures using
coupled cluster theory including the singles and doubles with
perturbative triples excitations method [CCSD(T)],** the
quadratic configuration interaction singles, doubles, and triples
method [QCISD(T)],* and the Brueckner doubles method
with triples contributions added [BD(T)]* in conjunction with
the correlation-consistent polarized valence cc-pVTZ basis set.*”
The relative energies (AE) and activation energy barriers (E¥)
include the electronic energies plus the zero-point vibrational
energies (ZPVEs). The values of E*, AE, and thermodynamic
parameters®® were computed relative to the energies of
the separated reactants, which were set as the reference at
0.0 kcal/mol. The standard enthalpies and Gibbs free energies
of reaction at 298.15 K (A,H® and A,G°, respectively) were
calculated as follows:

Z (Eelec + Hcorr) -

products

ArI_IQ Z (Eelec + Hcorr)

reactants

ArGO Z (Eelec + Gcorr) -

Z (Eelec + Gcorr)

products reactants

Vibrational frequency analyses were also carried out in order
to assess the nature of the stationary points and to obtain
the ZPVEs. The characteristics of local minima and transition
states were verified by establishing that the former did not have
an imaginary frequency and that the latter had one imaginary
frequency. The vibrational frequencies in the text are not
scaled.*®* Intrinsic reaction coordinate (IRC) calculations in
the forward and reverse directions were used to unambiguously
connect transition state structures to their respective reactants,
reactant complexes, product complexes, and products.*® The
charge distributions were analyzed using natural population
analysis (NPA, natural bond order).”!
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Bond angles and dihedral angles () are given in degrees,
bond lengths and nonbonded distances in angstroms (A), total
energies in atomic units (au), and values of AE, E* AH°,
and A,G° in kcal/mol. Entropies are given in entropy units
(cal mol™ K™, eu), atomic charges in electrons, dipole moments
(i) in debyes (D), relative infrared intensities in km mol™", and
vibrational frequencies in wavenumbers (cm™). In the structures
shown in the figures, the values of the bond angles are placed near
the second atom in the respective angles.

B RESULTS AND DISCUSSION

There has been considerable interest and progress in the develop-
ment of affordable and reliable quantum-chemical methods for
computing accurate structures, dispersion (van der Waals) effects,
hydrogen-bonding interactions, and long-distance nonbonding
interactions.”>~>> Both diffuse and polarization functions are
needed for the determination of accurate structures and relative
energies of systems containing multiple hydrogen bonds and
multiple nonbonding interactions. New quantum-chemical
methods are currently being developed, and it is not always an
easy task to select the appropriate levels of theory that will give
the most accurate results in terms of barrier heights, hydrogen
bonding, non-covalent interactions, structural features, transition
state properties, and vibrational frequencies. In order to obtain
accurate information concerning the optimum levels of theory for
consistently predicting electronic structures, non-covalent interac-
tions, and relative energies, ei3g7ht density functionals (BS»LYP,32
B3PW91,>*~* PBEIPBE,*’ PBEhIPBE, > M06-2X,***
LC-wPBE,* CAM-B3LYP,*' and a)B97XD42) were used in this
study. It is important to consider a range of modern electronic
structure methods in order to compare the computed results and
to show the consistency of the predicted trends.

Each model was selected on the basis of its unique computing
advantages and strengths. Hybrid density functionals combine
accuracy with computational speed and ease of use to give
reliable predictions and calculation results. B3LYP is the most
widely used density functional, and the meta-hybrid generalized
gradient approximation functional M06-2X is known for
considering weak non-covalent interactions and for predicting

accurate activation barriers. LC-wPBE is a long-range-corrected
functional, CAM-B3LYP is the long-range-corrected version of
B3LYP using the Coulomb attenuating method, and @B97XD
includes empirical dispersion and long-range corrections. Although
CCSD(T) calculations become computationally more expensive as
the size of the system increases, they are known to predict excellent
energy results. In this study, BD(T) and QCISD(T) predict relative
energy values that are very close to or the same as CCSD(T).

Electronic and Molecular Structures. Strong hydrogen
bonds are described very accurately by most standard density
functionals. Hydrogen-bonding interactions, electrostatic inter-
actions, and nonbonded interactions at the B3LYP/6-311+G(d,p)
level are shown in the figures. Hydrogen-bonding interactions and
nonbonding covalent interactions are responsible for conforma-
tions and geometries. Directionality, ie., the donor—proton—
acceptor bond angle, which is determined by the direction of the
acceptor electron pair, is used to approximate the relative strength
of intermolecular hydrogen bonds. The strongest intermolecular
hydrogen bonds are those that are close to linear, with O—H---O
bond angles near 180°.°%’

The nature of bonding in hypervalent molecules has been a
topic of considerable discussion.”®~”® The computed S—O bond
length is strongly dependent on the level of theory, and density
functional theory (DFT) models often calculate longer S—O
bond lengths than CCSD(T). CCSD(T)/cc-pCVQZ predicts
the S—O and S—H bonds in 1 (cf. Figure 3) to be 1.662 and
1.347 A, respectively.”® It is generally agreed that the dihedral
angle in tautomer 1 (r = H—S—O—H, anticlinal) is approxi-
mately 91°. Several CCSD(T) calculations predict that the
short S—O bond (1.4749 A) in tautomer la weakens the S—H
bonds. Although the S—O bonds in sulfoxides and other sulfinyl
derivatives are often written as S=O, they have also been
described as ylides with highly polarized $*—O~ ¢ bonds.>**’
The sulfinyl tautomer 1a of hydrogen thioperoxide is predicted
to be a trigonal-pyramidal structure with either a highly polar
sulfur—oxygen single bond or a double bond involving d orbitals.
The sulfur—oxygen bonds in sulfoxides and sulfones also have
been described as double bonds with ionic character.®® It has also
been suggested that the sulfur—oxygen bond is strongly polarized

97.9 (
X 0.965
s —@

. ) . 1089 (. V1089
@ —/1.702" 107.4 H\) TN
1.356 87.11.392
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Figure 3. B3LYP-optimized structures of hydrogen thioperoxide tautomers 1 and 1a, transition states 1-s-cis, 1-s-trans, and TS, methanesulfenic acid

tautomers 8 and 8a, and propanone (9).

3502

DOI: 10.1021/acs jpca.5b00779
J. Phys. Chem. A 2015, 119, 3500-3517


http://dx.doi.org/10.1021/acs.jpca.5b00779

The Journal of Physical Chemistry A

toward oxygen and that the oxygen lone pairs provide pr—dz
back-bonding to create short, strong S—O bonds.®! In addition, it
has been suggested that d back-bonding does not participate and
that the S—O bond is a partially ionic 6 bond with partial 7
bonding through strong n — ¢* negative hyperconjugation.®>
The S=O0 and S—O bond lengths in sulfuric acid are 1.422 and
1.574 A, respectively. The structures of the transition state for the
tautomerism of 1 to 1a (TS), the tautomers of methanesulfenic
acid (8 and 8a), and propanone (acetone, 9) are included for
comparison in Figure 3.1t can be seen in Figure 3 that the sulfur—
oxygen bond lengths in 1a, 8a, and 9 are similar and that the
H—S—H bond angle in 1a is smaller than the H—S—C angle in 8a
and the C—S—C angle in 9. The sum of the angles about the
sulfur atom in 1a (304.9°) is smaller than those in 8a (307.7°)
and 9 (310.1°).

Although the conformations of 2,4-pentanedione 6
(Figures 2 and 4) have been extensively studied computationally,

t = C1-C2-C3-C4 = -89.6°

t=01-C2-C3-C4 = 88.8°

t=01-C2-C4-02 = 140.2°
6

1.003 1485

t=C1-C2-C3-C4 = -179.9°
t=01-C2-C3-C4 = 0.0°
t=01-C2-C4-02 = 0.0°

7

Figure 4. Atom numbering in the B3LYP-optimized diketo (6) and
enolone (7) tautomers of 2,4-pentanedione.

experimentally, spectroscopically, and theoretically, there
are conflicting reports concerning the ratios, relative energies,
and structures of the tautomers due to interpretations of
experimental data and to the levels of theory used.** *’
The C,, structure for enolone 7 has been proposed as either a
local minimum or a transition state between the C, conformers.
The C,, conformation of 7 has a symmetrical O---H--O
hydrogen bond, whereas an unsymmetrical O—H---O hydrogen
bond is predicted for the C, conformer of 7 (Figure 4). The
B3LYP-predicted O--O distance in 7 (Figure 4) is similar to
the values reported from electron diffraction (2.592 A** and
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2.512 A*7) and X-ray crystallography (2.535 A*® and 2.547 A*®)
studies.

The tautomeric ratio of 6 and 7 in solution is dependent on
the experimental conditions and a variety of different factors
including concentration, presence of other species, solvent, and
temperature. In agreement with previous reports, all levels of
theory used in this study predict that the diketo tautomer 6 and
the enolone tautomer 7 are the two lowest-energy tautomers of
2,4-pentanedione (Figure 4) and that 7 is lower in energy than 6
(Table 1). The enolone 7 is stabilized by a strong intramolecular

Table 1. Relative Energies (AE) of the Respective Tautomers
of Hydrogen Thioperoxide (1) and 2,4-Pentanedione (6) and
Energy Barriers (E¥) for the Interconversion of the
Enantiomers of 1

AE E¥
level® 1a® 6° 1-s-cis? 1-s-trans®

B3LYP

AH® 25.0 5.0 56 29

AG° 253 43 5.8 3.1

A,S° -11 22 -0.7 —0.7
B3LYP 252 47 5.8 3.1
B3PW91 242 5.6 6.0 32
PBEIPBE 24.6 5.7 6.1 32
PBEh1PBE 24.7 5.7 6.1 32
MO06-2X 29.0 36 5.8 32
LC-wPBE 27.5 2.6 6.0 33
CAM-B3LYP 272 4.6 5.8 3.1
®B97XD 25.9 2.6 6.0 33
BD(T)'® 23.8 4.0 6.4 44
CCSD(TY® 23.8 39 6.4 44
QCISD(T)® 23.5 3.8 6.4 4.4

“6-311+G(d,p) basis set. "AE = E,, — E,. “AE = E; — E,. “E¥ =
Epsus — By °E¥ = By yune — E1.7cc-pVTZ basis set. $B3LYP-optimized
structure.

hydrogen bond that results from 7 delocalization (a resonance-
assisted hydrogen bond). The 7z conjugation in 7 leads to longer
C=O0 bonds and shorter C—C bonds (Figure 4). The O1-H
bond in 7 is in the molecular plane, as predicted by the
dihedral angle (z = H-O1—C2—C3) of 0°. Table 1 shows the
dependence on and effects of the level of theory in computing
the relative energies of the tautomers of hydrogen thioperoxide
(1 and 1a) and 2,4-pentanedione (6 and 7). There is better
agreement among the density functionals and the single-point
energy calculations in predicting the energy difference between
tautomers 1 and 1a than that between tautomers 6 and 7. With
a few exceptions, the density functionals predict larger values
of the relative energy difference between tautomers 6 and 7 than
the three single-point energy calculations BD(T), CCSD(T),
and QCISD(T).

The equilibrium geometries of 1, 1a, and the transition states
1-s-cis (z = H-S—O—H = 0°) and 1-s-trans (t = H-S—0O—H =
180°) for the interconversion of the enantiomers of 1 are
shown in Figure 3. BD(T), CCSD(T), and QCISD(T) predict
the energy (rotational) barrier (E¥) for the interconversion
of 1 via transition state 1-s-cis to be 6.4 kcal/mol (Table 1),
which is in agreement with the literature reports of
6.2 kcal/mol (aug-cc-PVTZ/MP2)"'"7 and 6.3 kcal/mol
(CCSD(T)/cc-pCVQZ).”*7>7* BD(T), CCSD(T), and
QCISD(T) predict the energy (rotational) barrier for the
interconversion of 1 via 1-s-trans to be 4.4 kcal/mol (Table 1),

DOI: 10.1021/acs jpca.5b00779
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which is in agreement with the reported values of 4.5 kcal/mol
(aug-cc-PVTZ/MP2)"' ™7 and 4.2 kcal/mol (CCSD(T)/
cc-pCVQZ).”*">7* Similarly, the s-trans transition states for
the respective interconversions in HOOH and HSSH are also
lower in energy than the corresponding s-cis transition states.”*

Tautomerism. The structure of the cyclic three-membered
water-free transition state TS for the endothermic intramolecular
tautomerization of the sulfenyl tautomer of hydrogen thioper-
oxide 1 to the sulfinyl tautomer 1a is shown in Figure 3. On the
path to transition state TS, the sulfur—oxygen bond in 1 becomes
shorter, the positive charge on the migrating hydrogen (H,) on
oxygen in 1 (0.471) decreases to 0.321, the negative charge
on oxygen (—0.808) increases to —0.860, the positive charge on
sulfur increases from 0.250 to 0.453, and the positive charge
on the sulfur hydrogen (H;) remains unchanged at 0.087.
The decrease in charge on H, suggests that electron density is
delocalized among the H,, O, and S atoms in transition state TS.
The charges on H,, Hy, S, and O in the ground state of the sulfinyl
tautomer la are 0.031, 0.031, 0.851, and —0.914, respectively.
CCSD(T) predicts an energy barrier of 64.8 kcal/mol for the
tautomerism of 1 to 1a (Table 2).%7>7% It is seen in Table 2 that

Table 2. Energy Barriers and Relative Energies in the
Tautomerism of Hydrogen Thioperoxide (1) via Water-Free
Transition State TS and via Water-Assisted Transition State
TSH,O

via TS® via TSH,0¢

level® Ef AE° EFS AES AE,"
B3LYP 61.8 -5.1 313 —6.4 188
B3PW91 61.0 —4.7 29.1 -5.6 185
PBEIPBE 61.8 -59 27.8 -72 17.4
PBEh1PBE 61.8 —-6.0 27.9 -73 173
M06-2X 66.4 —64 322 -87 20.3
LC-wPBE 65.9 —-54 32.1 -73 20.1
CAM-B3LYP 65.0 —-62 314 8.1 19.1
®@B97XD 64.2 —6.1 32.1 —7.4 185
BD(T)" 65.8 -7.8 314 —9.0 14.9
CCsSD(T)Y 64.8 -7.8 311 -89 14.8
QCISD(T)" 65.1 -7.8 311 -89 14.6

96-311+G(d,p) basis set. "See Figure 3 for the structures. “See Figure 5

for the structures. “Ef = Erg — E,. °AE, = E 11,0 reactant complex —

(E, + El—lzo)-fEjF = Eqgn,0 — (E; + EHZO)' SAE, = Eiano product complex ~
Py :

(Ela + EHZO)' AE} = Ela---HZO product complex (El + EH;O)' lCC-PVTZ

basis set. ’B3LYP-optimized structure.

B3LYP, B3PW91, PBEIPBE, and PBEh1PBE predict a lower
energy barrier for the tautomerism of 1 to la than the other
models.

The CCSD(T)-predicted large energy barrier for the
tautomerism of 1 through water-free transition state TS suggests
that other pathways may be more probable. Tautomers of
hydrogen thioperoxide 1 and sulfenic acids form hydrogen-
bonded complexes with water, and it is known that the
participation of water molecules in transition state structures
can lower energy barriers."”>~"*””7® In view of the ability of water
to mediate the long-range transfer of a proton via hydrogen-
bonded networks (bridges), tautomerism mechanisms incorpo-
rating one, two, or three explicit water molecules were also
investigated. The first step in each mechanism involving explicit
water molecules is the formation of the reactant complex.
Figure S shows the reactant complexes, transition states, and
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product complexes predicted for the mechanisms involving
the participation of one, two, and three water molecules in the
tautomerization of hydrogen thioperoxide 1 (eq 1).

Incorporating one water molecule into the tautomerism
mechanism (TSH,0) lowers the energy barrier E¥ from 64.8 to
31.1 keal/mol (Figures S and 6 and Table 2). It can be seen in
Figures S and 6 that 1 forms a hydrogen-bonded reactant
complex that is lower in energy than the separated reactants. The
reactant complex rearranges to a cyclic five-membered water-
assisted transition state TSH, O that leads to a cyclic five-membered
product complex that is higher in energy than the separated
reactants and lower in energy than the separated products.
A comparison of the sulfur--H—OH distances in the reactant
complexes in Figure S shows that increasing the number of water
molecules brings the migrating hydrogen that is being relayed via
the water molecule(s) closer to the migration terminus at sulfur.
It can also be seen in Figure 5 that the structures containing three
water molecules have the strongest hydrogen bonds.

It can be seen in Table 3 that the inclusion of two water
molecules into the mechanism (TS2H,0) lowers the energy
barrier from 31.1 to 14.5 kcal/mol, whereas the incorporation of
three water molecules in the mechanism (TS3H,0) lowers the
energy barrier to 5.6 kcal/mol and predicts the product complex
to be lower in energy than the separated reactants and separated
products. In the mechanisms involving water molecules, the
reactant complexes and product complexes are better stabilized
than the respective separated reactants and separated products.
A comparison of the data in Tables 2 and 3 shows that increasing
the number of water molecules increases the energy difference
between the reactant complex and the separated reactants,
increases the energy difference between the product complex and
the separated products, and lower the energy difference between
the product complex and the separated reactants. Table 3 shows
that the energy of the 1a---2H, O product complex is closer to the
energy of the separated reactants whereas the 1a---3H,0 product
complex is lower in energy that the separated reactants. Water
molecules lower the activation energy barrier for tautomerization
but do not change the relative energy difference between the
respective tautomers.

Increasing the number of water molecules in the mechanism
increases the number of hydrogen-bonding interactions that
contribute to the stabilization of the structures. There are
stronger hydrogen bonds in the three-water structures than in the
one-water and two-water structures (Figure 5). The entropic
effects were estimated at the BALYP/6-311+G(d,p) level relative
to the sum of the entropies of the separated reactants as a
reference point (0 eu). The entropy difference between 1 and
transition state TS is less than 1 eu. The inclusion of one, two,
and three water molecules in the water bridges in the transition
state structures increases the entropy by 45.1 eu per each
additional water molecule. These estimates may be high because
this approach neglects the hydrogen bonding in the reactants
(cf. the reactant complexes). The incorporation of explicit
water molecules helps to relieve strain, stabilize charges, form
conformations that are favorable for reactivity, and set up proton
relay networks to facilitate proton transfer from the oxygen in 1
to sulfur in tautomer la via water molecules in a Grotthuss-
type mechanism.'?>™'*7878 I the transition state structures, the
water molecules act as both proton acceptors and proton donors.

Condensation. Two molecules of 1 interact to form a
hydrogen-bonded reactant complex 1---1 that is lower in energy
than the separated reactants (Figure 7 and Table 4). It can be
seen that there is excellent agreement among the levels of theory
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in predicting the energy difference between the reactants 1 and
the reactant complex. The 1---1 reactant complex rearranges to
a cyclic five-membered transition state structure TS1 that leads
to the cyclic 2---H,O product complex, which is lower in energy
than the separated reactants and lower in energy than the
separated products. Figure 7 shows the electrostatic interactions
between oxygen and sulfur and between oxygen and the sulfinyl
hydrogen in these structures. CCSD(T) predicts the energy
barrier for condensation in the absence of water to be E¥ =
42.0 kcal/mol (Table 4). M06-2X, CAM-B3LYP, and ®B97XD
predict an energy barrier close to that of BD(T), CCSD(T),
and QCISD(T), whereas B3LYP, B3PW91, PBEIPBE, and
PBEhIPBE predict a lower energy barrier than the other
functionals. The sulfur—oxygen bond in the product, sulfino-
thioic acid (2), is shorter than those in 1a, 8a, and 9 (Figure 3)
and in the 2---H,O product complex, which suggests there is
more double-bond character in the sulfur—oxygen bond in 2 than
in 1a, 8a, 9, and the 2---H,0 product complex.

Incorporation of a water molecule into the mechanism for
the condensation of 1 to 2 (TS1H,0) lowers the CCSD(T)-
predicted energy barrier E¥ from 42.0 to 18.3 kcal/mol

3505

(Table 4 and Figure 7). Figure 8 and Table SI 1 in the
Supporting Information (SI) show that incorporation of two
water molecules into the mechanism (TS12H,0) lowers the
energy barrier to ~0 kcal/mol. The addition of the second water
molecule removes the energy barrier and catalyzes the
condensation reaction.”” At the B3LYP/ 6-311+G(d,p) level,
the entropy of transition state TS1 is approximately 38.3 eu lower
than that of the reactants (two molecules of 1), and the inclusion
of one and two water molecules in the water bridges in the
transition state structures decreases the entropy by 45.1 eu per
water molecule. The decrease in entropy is consistent with a
cycloaddition reaction mechanism. As seen in the tautomerism
mechanisms above, the condensation mechanisms with water
molecules involve reactant complexes and product complexes
that are better stabilized than the respective separated reactants
and separated products. A comparison of the data in Table 4 and
Table SI 1 shows that increasing the number of water molecules
increases the energy differences between the reactant complexes
and the separated reactants, between the product complexes and
the separated reactants, and between the product complexes and
the separated products.'>~ #7575
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The cyclic water-free transition state TS1 is more strained than
the transition states containing water molecules. In addition,
stronger hydrogen bonds are observed in the transition state
structures containing water molecules, and strong hydrogen bonds
also help to stabilize the water-containing product complexes
(Figure 7). In the water-free 1---1 reactant complex (Figure 7) the
sulfur atoms are far apart, whereas in the 1---1---H,O reactant
complex the water molecule is strongly hydrogen-bonded to
two molecules of 1 in a conformation that brings the two sulfur
atoms closer together to form transition state TS1H,O for cyclo-
condensation. Figure 7 shows that the 1---1---2H,O reactant
complex is in a favorable conformation to initiate partial S---S bond
formation in transition state TS12H,0.

Sulfur hydride hydroxide 1 is predicted to undergo condensa-
tion with selenium hydride hydroxide (10) to afford the isomeric
products selenothiosulfinate (11) and thioseleninate (11a)

(Figure 9). BD(T), CCSD(T), and QCISD(T) predict 11 to
be 5.3, 5.3, and 5.1 kcal/mol, respectively, lower in energy
than 1la. Similarly, 1 is predicted to undergo condensation
with methanesulfenic acid (8) to give methanesulfinothioic acid
(12)'®" and hydro(methanethiolato)oxosulfur (12a) (eq 3,
Figure 10). BD(T), CCSD(T), and QCISD(T) predict 12 to be
5.3 kcal/mol lower in energy than 12a. The trends observed for
the condensation of 1 through water-free transition state TS1
are also observed for the condensations of 1 with 10 and 8
through water-free transition states TS2 and TS3, respectively
(Tables SI 2 and SI 3 in the Supporting Information).
Examples of condensations of different sulfenic acids to form
isomergggtéhiosulﬁnates are found in the chemistry of garlic and
onion. ™’

C-Sulfenylation and O-Sulfenylation. Hydrogen thioper-
oxide 1 interacts with enolone 7 to give the C-1---7 reactant
complex, which lies lower in energy than the isolated reactants
and rearranges to the cyclic nearly symmetrical hydrogen-
bonded transition state structure TS4 (C,-symmetric; Figure 11).
It can be seen that in transition state TS4 the carbonyl groups
adopt a cis geometry involving the nascent water molecule bridge
that has a hydrogen bond with O2. There is a favorable electro-
static interaction between O2 and S in TS4 that also contributes
to its stabilization. The respective O1—H and H—03 distances in
TS4 suggest that the proton has been extensively transferred
from O1 to O3 of the sulfenyl group of 1. The breaking of the
O1—-H bond starts the nucleophilic attack of C3 in 7 at the
electrophilic sulfur of hydrogen thioperoxide 1. Simultaneously,
the C2—O1 distance becomes shorter as the carbonyl group
forms and the C2—C3 bond distance becomes longer as the
hybridization of C3 changes from sp® to sp®. At the same time, the
O1 proton interacts with O3 of the sulfenyl group in 1 to convert
OH into the better leaving group water. As the O1 proton—03
bond and the C3—S bond are forming, the S—O3 bond is
breaking. The point group, the same negative NPA charges on
C1 and CS, the equal C2—01 and C4—02 bond distances, and
the shorter C2—C3 and C3—C4 bond distances in TS4 are
consistent with z-electron delocalization in the conjugated
system (cf. Figures 4 and 11). TS4 affords the 13---H,O product
complex, whose energy is lower than that of the separated

Table 3. Energy Barriers and Relative Energies in the Tautomerism of 1 via Water-Assisted Transition States TS2H,0 and

TS3H,0
via TS2H,0° via TS3H,0°

level® AE,¢ EFd AE,* AE{/ AEE ERh AE{’ AE/
B3LYP 124 14.9 -163 8.9 —-20.1 6.1 —24.8 0.3
B3PW91 -11.5 132 —149 92 —-18.6 48 -23.0 11
PBEIPBE —14.4 10.4 —18.1 6.6 —22.8 0.5 —275 -29
PBEh1PBE —14.7 103 —18.4 62 —232 0.4 -28.0 -33
M06-2X -14.8 137 -196 9.4 —22.8 39 —-28.0 1.0
LC-wPBE —124 157 -17.3 10.1 —20.1 69 259 LS
CAM-B3LYP -146 133 —19.4 7.8 —234 3.1 292 —-2.0
®B97XD -143 14.6 -186 73 —22.7 53 —27.7 -18
BD(T)** -19.0 14.5 —20.8 3.1 —28.7 5.5 -309 -7.0
ccsp(T)~! —-19.0 14.5 —20.7 3.0 —28.7 5.6 —-30.8 -7.0
QCISD(T)*! -19.1 143 —20.7 2.8 —28.8 5.3 -30.8 -73

96-311+G(d,p) basis set. “See Figure S for the structures. “AE; = E;_ 14,0 reactant complex — (E1 + 2Ep0)- 9EF = Ergno — (Er + Eynyp)- “AE, =
h
Ela--—ZHzO product complex — (Ela + Z’EHzO)'fAEE) = Ela—--ZHzO product complex (El + 2’EHZO)' gAE4 = El---SHZO reactant complex (El + 3EHZO)' E; = ETSSHZO -
i j k VT . 1 s
(El + 3EH7_O)' AES = Ela---3H20 product complex — (Ela + 3EHZO)' ]AEé = Ela---3HZO product complex — (El + 3EHZO)' ccp Z basis set. B3LYP-0PtlmIZGd

structure.
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molecules.

reactants 1 and 7 and close to the sum of the energies of the
thioether (sulfide) product, 3-mercapto-2,4-pentanedione (13),
and one water molecule (Table 5). Two conformations (13a
and 13aa) of (3Z)-4-hydroxy-3-mercapto-3-penten-2-one,
the tautomer of product 13, are also shown in Figure 11. IRC
calculations unambiguously connect TS4 to the C-1---7 reactant
complex and the 13---H,O product complex.

On going from reactants 1 + 7 through the C-1---7 reactant
complex to TS4, the positive charge at C2 in 7 has increased from
0.462 to 0.510, the negative charge at C3 has decreased from
—0.463 to —0.459, and the positive charge at C4 has decreased
from 0.525 to 0.510 (Table SI-4 in the Supporting Information).
It can also be seen in Table SI-4 that the positive charge at Sin 1
has decreased from 0.250 to 0.139 and the positive charge on the
sulfanyl hydrogen (S—H) has increased from 0.087 to 0.102 in
TS4, while the negative charge at O3 in 1 has decreased from
—0.808 to —0.774 in TS4. The C3—S—03 bond angle in TS4
is 71.7°. The transition state structure TS4 is similar to those

3507

predicted for the C-sulfenylation of S§,5-dimethyl-1,3-cyclo-
hexanedione (dimedone) by cysteine sulfenic acid (Cys—SOH)"?
and the C-sulfenylation of 1,3-cyclohexanedione by methanesul-
fenic acid (8)."*

Enolones are neutral soft nucleophiles that favor conjugate
attack. Conjugate addition involving exchange of the nucleo-
philic centers C3 and O2 in 7 could lead to O-sulfenylation
at O2. Although other plausible mechanisms are possible,
a reasonable mechanism for the O-sulfenylation of enolone 7
by hydrogen thioperoxide 1 may be similar to that for
C-sulfenylation and involve conjugate addition of 1 to O2 in
7 (Figures 11 and 12).'*" Figure 12 shows that the
O-sulfenylation of 7 by 1 involves a structurally different reactant
complex than that predicted for C-sulfenylation (cf. Figures 11
and 12). The interaction of 1 and enolone 7 gives the O-1---7
reactant complex, which lies lower in energy than the separated
reactants (Table S) and rearranges to the cyclic transition state
structure TSS (Figure 12). IRC calculations unambiguously

DOI: 10.1021/acs jpca.5b00779
J. Phys. Chem. A 2015, 119, 3500—3517


http://dx.doi.org/10.1021/acs.jpca.5b00779

The Journal of Physical Chemistry A

Table 4. Energy Barriers and Relative Energies in the Condensation of Hydrogen Thioperoxide (1) via Water-Free Transition

State TS1 and via Water-Assisted Transition State TS1H,O

via TS1” via TS1H,0”

level® AE,* EFd AE,° AE{ AES® AES" EF’ AE/ AE* AE,
B3LYP 5.1 344 7.1 —-158 -9.9 -118 14.6 -15.3 -252 -9.9
B3PW91 —4.5 344 —6.6 -17.1 119 -10.7 13.1 —139 —259 —-119
PBEIPBE -59 34.5 —-8.6 —-19.0 —-11.8 -13.8 102 -17.6 —294 —-11.8
PBEh1PBE —6.0 343 —-8.8 -19.0 -116 -14.0 10.0 —-18.1 -29.6 -116
MO06-2X —6.7 414 -10.6 —154 -S54 —14.8 13.7 -20.8 -262 -S54
LC-wPBE -5.3 472 -8.7 —134 -5.6 —12.1 20.7 -17.5 -23.1 -5.6
CAM-B3LYP —6.1 41.1 -9.3 —14.0 -5.8 —-14.0 16.3 -19.2 —25.0 -5.8
®@B97XD —6.0 41.1 -89 -16.7 —-8.7 —-14.1 17.4 -188 -27.5 -8.7
BD(T)™" —6.7 4.7 -10.7 -199 -10.6 —164 183 -21.1 -316 -10.6
CCSD(T)™" -6.7 42.0 -10.7 -19.9 -10.6 —16.4 18.3 -21.0 -31.6 -10.6
QCISD(T)™" —6.7 40.8 -10.7 -203 -11.0 —-164 17.8 -21.0 -320 -11.0

“6-311+G(d,p) basis set. bSee Figure 7 for the structures. “AE; = Ey__ eqctant complex —

d
2E,. E:lt = Erg — 2E;. eAEZ = EZ———HZO product complex — (EZ +

h .
EHIO)'fAE3 = E2—--H20 product complex 2E,. gAE4 = (El + EHIO) — 2E,. AES = E1---1---HZO reactant complex (2E1 + EHZO)' IE:Zt = ETSIHZO - (2E1 + EH;_O)'
. k 1 .

JAEG = EZ---ZHZO product complex — (EZ + 2’EHZO)' AE7 = EZ---ZH;O product complex — (2E1 + EHZO)' AES = (Ez + 2'EHZO) - (2E1 + EHZO)' mCC'PVTZ basis set.

"B3LYP-optimized structure.
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Figure 8. Reaction coordinate for the condensation of hydrogen
thioperoxide (1) assisted by two explicit water molecules.

connect TSS to the O-1---7 reactant complex and to the 14---H,O
product complex. Figure 12 also shows the O-sulfenylation
product, sulfenate ester (3Z)-4-mercaptooxy-3-penten-2-one
(14), and its tautomer, substituted s-cis-1,3-pentadiene 14a.

In contrast to C-sulfenylation, in O-sulfenylation the negative
charge at O3 in 1 has increased from —0.808 to —0.912 on
going to transition state TSS (Table SI-S in the Supporting
Information). In TSS the negative charge on O2 has decreased
from —0.646 in 7 to —0.615, the positive charge at C2 in 7 has
increased from 0.462 to 0.525, and the positive charge at C4 has
increased from 0.525 to 0.538. It can also be seen in Table SI-S
that the positive charge at S in 1 has increased from 0.250 to
0.259 and the positive charge on the sulfanyl hydrogen (S—H)
has increased from 0.087 to 1.111 in TSS. The O2—S—03 bond
angle in TSS is 152.7°. The transition state structure TSS is

similar to that predicted for the water-free O-sulfenylation of
1,3-cyclohexanedione by cysteine sulfenic acid.'”

The data in Table S show that the C-sulfenylation reaction is
exothermic, that the O-sulfenylation reaction is endothermic,
and that the predicted energy barrier for O-sulfenylation is lower
than that for C-sulfenylation, as is expected for the formation of
a kinetic product. There is better agreement among the levels of
theory in predicting the energy barrier for O-sulfenylation than
for C-sulfenylation. The relative energies of the C-sulfenylation
and O-sulfenylation products and their respective tautomers
are given in Table 6. All levels of theory predict sulfide 13
(the thermodynamic product) to be lower in energy than the
corresponding isomeric kinetic product 14, with B3LYP
predicting the smallest energy difference between the two
products and LC-wPBE predicting the largest energy difference.
The B3LYP-predicted vibrational frequencies of 6 and 7, the
products 13 and 14, and their respective tautomers 13a/13aa
and 14a are given in Table 7.

As in the predicted condensation and tautomerism mecha-
nisms described above, it was expected that the incorporation
of explicit water molecules into the C-sulfenylation and
O-sulfenylation mechanisms would relieve strain, stabilize
charges, lower energy barriers, and set up proton relay networks
of water molecules to facilitate proton transfer from O1 in enolone
7 to O3 in 1 through a Grotthuss-type mechanism,'>~'*78%*
The reactants 1, 7, and water lead to the C-1---7---H,O reactant
complex for C-sulfenylation (Figure 13) and the O-1--7---H,O
reactant complex for O-sulfenylation (Figure 14). The C-1---7---
H,O reactant complex is close in energy to the separated reactants,
and the O-1---7---H,O reactant complex is higher in energy than
the separated reactants (Table 8). These reactant complexes afford
the respective cyclic transition state structures TS4H,O for the
C-sulfenylation and TSSH,O for the O-sulfenylation of enolone
7 by hydrogen thioperoxide 1. The energy barrier E¥ for
C-sulfenylation in the presence of one explicit water molecule is
higher than that for O-sulfenylation in the presence of one water
molecule (Table 8). The 13---2H,0 product complex is lower in
energy than the separated reactants and the separated products,
while the 14---2H,O product complex is higher in energy than
the separated reactants but lower in energy than the separated
products. IRC calculations connect TS4H,O to the C-1---7---H,0

3508 DOI: 10.1021/acs.jpca.5b00779
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Table S. Comparison of the Relative Energies and Energy Barriers in the C-Sulfenylation and O-Sulfenylation of Enolone 7 by
Hydrogen Thioperoxide (1) via Their Respective Water-Free Transition States TS4 and TSS

C-sulfenylation via TS4" O-sulfenylation via TSS*

level® AE# Ef° AE; AEE AE/ AE{ i AE® AE AES"
B3LYP —6.6 46.3 -16.7 0.3 -17.0 -2.5 329 8.7 —4.3 13.0
B3PW91 —6.0 471 —16.8 1.6 —184 -1.9 32.5 10.4 -3.6 14.0
PBE1PBE =74 46.3 -19.7 0.1 —-19.8 -3.6 30.8 8.8 —4.9 13.7
PBEh1PBE =7.5 46.0 —-19.8 0.0 —-19.8 =37 30.6 8.4 =5.0 13.5
Mo06-2X —8.3 483 —24.6 -2.0 —22.6 —4.5 31.2 5.3 —5.8 11.0
LC-wPBE —6.6 554 —22.5 0.3 —22.7 -2.6 359 9.2 —44 13.7
CAM-B3LYP =77 50.9 —188 -0.7 —18.1 -3.6 33.7 7.8 =53 13.1
wB97XD =79 489 -23.5 -0.8 —22.6 —3.7 33.6 7.1 =52 123

96-311+G(d,p) basis set. “See Figure 11 for the structures. “See Figure 12 for the structures. “AE, = EC 17 reactant complex — (E1 + E7). °Ef = Ergy —
(E, + Ey). fAEz = E 31,0 product complex — (Ey + E;). *AE; = Ey3.p0 product complex (Ei3 + Emyo)- AE4 = (E;3 + Eyo) — (E; + Ey). "AEg =
E0.1-7 reactant complex — (E, +E,).”Ef = Ergs — (Ey + E;). kAEs = E14- 1,0 product complex — (E, + E;). AE7 = E14H,0 product complex — (Ers + Enyo)- "AEg =
(Epq + EHZO) — (E; + Ey).

reactant complex and the 13---2H,0 product complex and also C-sulfenylation transition state TS4H,0, and in the O-sulfenylation
connect TSSH,0 to the O-1---7---H, O reactant complex and the transition state TSSH,O. In transition state TS4H,O (Figure 13)
14---2H,0 product complex. As shown by the data in Table 8, the explicit water molecule (H,0-1), which is hydrogen-bonded
all levels of theory predict that the presence of one water to Ol and O2, is accepting a proton from O1 while it is
molecule in each mechanism significantly lowers the energy transferring one of its protons to O3 to assist in the formation of
barriers for C-sulfenylation (from 46.3 to ~28.6 kcal/mol) and the water molecule. At the same time, the S—O3 bond is breaking
O-sulfenylation (from 32.9 to ~22.0 kcal/mol). It can also be seen and the S—C3 bond is forming. The transfer of the O1 proton to

in Table 8 that there good agreement among the different levels H,O-1 increases the electron density at C3, which enhances its
of theory for predicting the energy barrier for C-sulfenylation nucleophilicity. Table SI-6 in the Supporting Information shows
and better agreement for predicting the energy barrier for the increase in negative charge at C3 in going from the ground
O-sulfenylation. state 7 to TS4H,O. The positive charge on sulfur decreases as it
Figures 13 and 14 show the respective hydrogen-bonding undergoes nucleophilic attack by C3. The hydrogen bonding in
and nonbonding patterns in the reaction complexes, in the TS4H,O is similar to that in the water-free transition state TS4
3510 DOI: 10.1021/acs.jpca.5b00779
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Figure 12. B3LYP-optimized structures of the O-1---7 reactant complex, the water-free transition state TSS, the 14---H,O product complex, product 14,
and its tautomer 14a for the O-sulfenylation of enolone 7 with hydrogen thioperoxide (1).

Table 6. Relative Energies of the Products and Tautomers for
C-Sulfenylation (13, 13a, 13aa) and O-Sulfenylation (14, 14a)

level® AE? AE,° AE,? AE,*
B3LYP 104 12.1 14.9 30.0
B3PW91 10.2 12.1 15.3 323
PBE1PBE 10.2 12.1 15.1 33.5
PBEh1PBE 10.1 12.1 15.2 333
MO06-2X 11.2 12.6 12.1 33.6
LC-wPBE 13.7 15.2 16.3 36.4
CAM-B3LYP 114 12.9 15.1 313
wB97XD 12.6 14.0 15.8 34.9

6-311+G(d,p) basis set. "AE, = E,;, — Ey3. °AE, = Ej5., — Eps
By — Eyg. “AE, = Eyy — Ey3.

IAE, =

(Figure 11). The C3—S—03 bond angle in TS4H, 0 is larger than
that in the water-free transition state TS4, and the S---O3, S---C3,
and O1---H distances in TS4H,O are shorter than those in TS4.

The changes in geometry and nonbonding interactions in
going from the O-1---7---H,O reactant complex to transition
state TSSH,O are shown in Figure 14. The bond distances in
TSSH,O are consistent with s-electron delocalization through
atoms O1—C2—C3—C4—02 and the change in the nucleophilic
center from C3 to O2. It can be seen in Table SI-6 in the
Supporting Information that the negative charge at C3 in
TS4H,0 is larger in than that in TSSH,O and that the positive
charge on sulfur is larger in TSSH,O than in TS4H,0. The O1--
C2 distance becomes shorter, and the C2---C3 and O2---C4
distances become longer; the 02—S—03 bond angle in TSSH,0
is almost linear (176.2°). The transfer of the O1 proton is greater
in the C-sulfenylation transition state TS4H,O than in the
O-sulfenylation transition state TSSH,O.

The inclusion of two water molecules in the reaction
mechanisms leads to the reaction complexes and transition
states for C-sulfenylation and O-sulfenylation shown in

Table 7. Infrared Stretching Frequencies of 2,4-Pentanedione (6), (3Z)-4-Hydroxy-3-penten-2-one (7), 3-Mercapto-2,4-
pentanedione (13), (3Z)-4-Hydroxy—£-mercapto-3-penten-2-one (13a, 13aa), (3Z)-4-Mercaptooxy-3-penten-2-one (14), and the

s-cis-1,3-Pentadiene Derivative 14a®

C=C-C=0,, C=C-C=0, C=0,,

6° 1764 (407)
7¢ 1676 (378)
13¢ 1765 (336)
13a 1700 (115) 1655 (281)

13aa 1715 (144) 1662 (227)

14 1713 (237) 1610 (386)

14a 1712 (126) 1649 (63)

C=0, Cc-0 S—H O-H
1794 (23)
1637 (283)7 3067 (354)
1794 (26) 2655 (10)
1259 (40) 2638 (35) 3834 (99)
1249 (55) 2696 (1) 3834 (95)
2508 (142)
2620 (4) 3824 (42)

“Calculated at the B3LYP/6-311+G(d,p) level. “Relative intensities are given in parentheses. “See also refs 19 and 20. 4Coupled with the O-H

bending vibration. “C—S at 835 (3).
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Figure 13. B3LYP-optimized structures of the reactant complex,
the transition state TS4H,O, and the product complex in the
C-sulfenylation of enolone 7 by hydrogen thioperoxide (1) assisted
by one explicit water molecule.

Figures 15 and 16, respectively. The presence of two water
molecules in the mechanisms further lowers the energy barriers
to C-sulfenylation and to O-sulfenylation, and the energy
barrier for O-sulfenylation is higher than that for C-sulfenylation
(Table 9). Incorporation of three water molecules into the
C-sulfenylation mechanism for 1 and 7 does not significantly
change the energy barrier relative to the mechanism involving
two water molecules (Figure 17 in the Supporting Information;
cf. Table 9 and Table SI 7 in the Supporting Information). The
reaction is predicted to be endothermic (nearly thermoneutral),
with the C-1---7---3H,0 reactant complex higher in energy than
the separated reactants. Incorporation of three water molecules

3512
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Figure 14. B3LYP-optimized structures of the reactant complex,
the transition state TSSH,O, and the product complex in the
O-sulfenylation of enolone 7 by hydrogen thioperoxide (1) assisted
by one explicit water molecule.

in the O-sulfenylation mechanism for 1 and 7 increases in the
energy barrier relative to the mechanism involving two water
molecules, and the O-1---7---3H, 0O reactant complex is higher in
energy than the separated reactants (Figure 18 in the Supporting
Information; cf. Table 9 and Table SI 7 in the Supporting
Information).

At the B3LYP/6-311+G(d,p) level, the decrease in entropy
in going from the respective reactants to the transition
state structures for the C-sulfenylation and O-sulfenylation of
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Figure 15. B3LYP-optimized structures of the reactant complex,
the transition state TS42H,0, and the product complex in the
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by two explicit waters.

2/4-pentanedione (6) through its enol tautomer 7 by hydrogen
thioperoxide 1 are similar. In C-sulfenylation, the decrease in
entropy in going from the reactants to the water-free transition
state is 39.7 eu, and successive additions of the first, second, and
third water molecules to the transition state add 20.7, 16.0, and
15.3 eu, respectively. Similarly, in O-sulfenylation the decrease in
entropy for the water-free transition state relative to the reactants
is 40.8 eu, and successive additions of the first, second, and third
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Figure 16. B3LYP-optimized structures of the reactant complex,
the transition state TS52H,O, and the product complex in the
O-sulfenylation of enolone 7 by hydrogen thioperoxide (1) assisted
by two explicit water molecules.

water molecules to the transition state add 20.7, 16.4, and
15.3 eu, respectively.

B CONCLUSIONS

The mechanisms of the tautomerization, condensations, and
C-sulfenylation and O-sulfenylation of 2,4-pentanedione by
sulfur hydride hydroxide (hydrogen thioperoxide, oxadisulfane)
have been studied using 11 different levels of theory. Similar
mechanistic trends and reaction pathways are observed among
the mechanisms of the three reactions.
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Table 8. Relative Thermodynamic Parameters, Relative Energies, and Energy Barriers in the C-Sulfenylation and O-Sulfenylation
of Enolone 7 by Hydrogen Thioperoxide (1) via Their Respective Water-Assisted Transition States TS4H,0 and TSSH,0

C-sulfenylation via TS4H,0"

O-sulfenylation via TSSH,0°

level® AE,“? EFe AES AE$
B3LYP 0.3 28.6 —22.1 -103
B3PW91 2.0 27.7 —22.1 -85
PBE1PBE 02 242 —-25.5 117
PBEhIPBE —04 24.7 —25.7 —12.0
M06-2X -37 227 —289 —12.8
LC-wPBE -18 303 —27.3 —~10.0
CAM-B3LYP 1.1 29.4 —246 —12.7
®B97XD —26 28.1 —29.4 —-12.9

AE" AE{ E¥/ AE” AE, AE™
119 10.1 22.0 73 -10.9 182
—-13.6 124 224 9.5 —92 187
—-13.8 10.0 20.5 73 124 19.7
—-13.7 9.7 20.1 6.8 -127 196
-16.1 4.8 20.1 3.0 —14.5 17.5
-17.3 2.8 26.8 8.8 -103 19.1
-11.9 8.9 22.5 6.5 129 19.3
-16.5 0.1 23.6 59 -125 184

96-311+G(d,p) basis set. “See Figure 13 for the structures. “See Figure 14 for the structures. “AE, = EC1710,0 reactant complex — (E1 + E7 + Ep0).

°Ef = Ersamo — (Ey + E; + EH20)~fAE2 = Ej30m,
ZEHZO) — (B, +E + EHzo)- 'AE; = Eo.17n,

O product complex

O reactant complex

— (B +E + EHZO)' 2AE,; = Eizom,
j k
—(E,+E + EHZO)' ’E% = Erssm0 — (B, +E, + EHZO)' AEg = Ej4.om,0 product complex

h
— (B3 + ZEH20)~ AE, = (Ej; +

O product complex

1
(E, + E; + EHZO)' AE; = Eyy om0 product complex (Eyq + 2EHZO)' "AEg = (Ejq + ZEHZO) —(E, +E, + EHZO)'

Table 9. Relative Thermodynamic Parameters, Relative Energies, and Energy Barriers in the C-Sulfenylation and O-Sulfenylation
of Enolone 7 by Hydrogen Thioperoxide (1) via Their Respective Two-Water Transition States TS42H,0 and TS52H,0

C-sulfenylation via TS42H,0"

O-sulfenylation via TS52H,0°

level® AE,“? Efe AES AE#
B3LYP 5.5 14.8 -213 —17.2
B3PW91 —49 12.9 —21.5 —14.8
PBE1PBE —65 10.0 —247 -19.3
PBEh1PBE —-66 9.8 —24.7 -19.7
M06-2X -83 79 —27.5 —20.4
LC-wPBE -55 163 263 -16.7
CAM-B3LYP -6.5 152 —233 —20.6
®B97XD 74 12.7 —280 —20.1

AE" AE{’ E¥ AE* AE} AES™"
—4.1 5.5 18.0 5.8 —-20.1 259
—6.7 7.6 17.9 7.8 -17.9 25.6
—54 S4 159 5.8 223 28.1
—-5.0 15.8 159 54 229 283
-7.1 1.6 159 2.9 -236 26.5
-9.5 6.5 22.3 7.6 —-19.2 269
—27 4.7 182 54 —23.1 28.6
-78 3.5 20.0 48 —224 27.1

?6-311+G(d,p) basis set. bSee Figure 15 for the structures. “See Figure 16 for the structures. 9AE, = Ec17-2H,0 reactant complex — (E, + E; + 2Ep ).
EEf = Erssn,0 — (E; + E; + ZEHZO)'fAEZ =E3.30,0 product complex (E, + E; + ZEHZO)' SAE; = Ei3 31,0 product complex (E13 + 3EH20)- hAE4 = (E13 +
3EH10) — (B + E; + ZEHZO)' iAEs = E(.1.-7-2H,0 reactant complex ~ (B, + E; + ZEHZO)']'E:*: = Ergsom,0 — (E, + E; + ZEHZO)' kAEé = E4 31,0 product complex
(E, + E, + 2EHZO)' ZAE7 = Ei4-31,0 product complex (E14 + 3EH20)- "AEg = (E14 + 3EH20) — (B + E; + 2EHZO)'

The tautomerism of the more stable sulfenyl tautomer of
hydrogen thioperoxide to its less stable sulfinyl tautomer in the gas
phase involves the transfer of a hydrogen from oxygen to sulfur
through a cyclic three-center transition state (TS, CCSD(T)
activation energy barrier E¥ = 65.1 keal/mol). Incorporation of
one water molecule (TSH,O, E¥ = 31.1 kcal/mol), two water
molecules (TS2H,0, E¥ = 14.5 kcal/mol), or three water
molecules (TS3H,0, E¥ = 5.6 kcal/mol) into the mechanism
lowers the activation energy barrier. The explicit water molecules
set up proton relay networks that reduce ring strain, generate
favorable conformations for reactivity, lower energy barriers,
and increase the numbers of stabilizing hydrogen bonds and
nonbonding interactions. The tautomerism mechanisms with
water molecules involve hydrogen-bonding- and nonbonding-
stabilized reactant complexes and product complexes.

The CCDS(T)-predicted energy barriers for the condensation
of hydrogen thioperoxide to form thiosulfinic acid (sulfinothioic
acid) through water-free, one-water, and two-water transition
states are E¥ = 42.0, 18.3, and ~0 kcal/mol, respectively.
Hydrogen thioperoxide is predicted to undergo condensation
with selenium hydride hydroxide to afford isomeric products
containing sulfur—selenium bonds. Hydrogen thioperoxide is also
predicted to undergo condensation with methanesulfenic acid
to give methanesulfinothioic acid and hydro(methanethiolato)-
oxosulfur.

3514

Hydrogen thioperoxide is predicted to add to the lower-energy
tautomer (enolone, ketoenol) of 2,4-pentanedione to form
C-sulfenylated (sulfide, thioether, TS4, E* = 463 keal/ mol) and
O-sulfenylated (TSS, sulfenate ester, Ef = 32.9 kcal/mol)
products. In the water-free mechanisms, the reactions occur

through two independent paths involving different reactant
complexes that are lower in energy than the separated reactants.
In the mechanism through the water-free transition state, the
sulfide is the thermodynamic product and the sulfenate ester is
the kinetic product. The energy barriers for C-sulfenylation (E* =
28.6 kcal/mol) and O-sulfenylation (E¥ = 22.0 kcal/mol)
are lower and the energy barrier for C-sulfenylation is predicted
to be higher than that for O-sulfenylation when one explicit
water molecule in included in the mechanisms. Incorporation
of two explicit water molecules in the mechanisms lowers the E*
for C-sulfenylation to 14.8 kcal/mol and E* for O-sulfenylation
to 18.0 kcal/mol. Inclusion of three explicit water molecules
in the mechanisms does not significantly change energy
barrier for C-sulfenylation but increases the energy barrier
for O-sulfenylation, making it larger than the predicted
C-sulfenylation energy barrier. Thus, incorporation of two
water molecules in the mechanisms appears to the best model for
each reaction.
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