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Microsolvation of Thiosulfuric Acid and Its Tautomeric Anions [HSSO3z]™ and [SSO,(OH)]|™
Studied by B3LYP-PCM and G3X(MP2) Calculations
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The interaction of thiosulfuric acid and its monoanion with up to three water molecules has been studied by
density functional and high-level ab initio calculations. More than 40 molecules and anions both as OH and
SH tautomers were investigated. The structures in the gas phase as well as in a polarizable continuum were
optimized at the B3LYP/6-31G(2df,p) level of theory, whereas G3X(MP2) single-point calculations were
applied to obtain enthalpies and Gibbs energies of the gaseous species. In the gas phase, all monoanions of
composition [H,S,,03] *nH,O (n = 0—3) are predicted to be most stable as SH tautomers [HSSOs] ™. The
enthalpies of hydration are —51 £ 5 kJ mol~! per water molecule. In a polarizable phase simulating the
dielectric properties of water the OH forms [SSO,(OH)]™ of the hydrated and unhydrated monoanions are
always most stable. Thiosulfuric acid and its mono- and dihydrates are most stable in the SH/OH form, both
in the gas phase and in the polarizable continuum. However, the trihydrate H,S,05+3H,0 prefers the OH/OH
form in the polarizable phase, whereas in the gas phase the SH/OH tautomer represents the lowest minimum
structure. The hydration enthalpy of the acid is slightly smaller than predicted for the monoanions. We predict
that both thiosulfuric acid and its monoanion exist as equilibrium mixtures of the corresponding tautomers in
aqueous solution. The acid decomposition of thiosulfate involves sulfur transfer reactions, but the formerly
accepted reaction between two monoanions producing sulfite and [HSSSO;]™ ions is endothermic and
endergonic both for the naked anions and their trihydrates. Therefore, we propose that the sulfur transfer
takes place between [HSSO;] ™ and H,S,05 producing [HSSSO;]~, SO,, and H,O. This reaction is exothermic
and exergonic both in the gas phase and in the polarizable phase. From [HSSSOs;] ™ the longer chain sulfane
monosulfonate ions [HS,SO;]™ are formed by a series of sulfur transfer reactions, and these ions eventually
split off homocyclic sulfur molecules S,. The initial decomposition reaction is hindered by SO, which reacts
with thiosulfate ions to the novel adduct [0,SSSO;3]*~ which seems to be also a key intermediate in the
synthesis of trithionate from thiosulfate and SO,. The implications of these results for the enzymatic thiosulfate
metabolism by sulfur bacteria are discussed. The adduct H,S+SOj;, an isomer of thiosulfuric acid, has been
studied in addition. Its conversion into H,S,03 is predicted to be exothermic, by —39.5 kJ mol .

are produced industrially on a fairly large scale.’ In both salts
the dianion [S,03]*” is of Cs, symmetry.'? The first and so far

Textbooks of inorganic chemistry mention at least 10 ternary
oxoacids of sulfur of composition H,S,0,, but only very few
of these compounds have been prepared as pure materials. These
are sulfuric acid H,SO4 and its peroxo derivatives H,SOs and
H,S,07.! Other species such as H,SO,? H,SO,,> H,SO3,* H,S,0,’
and H,S,0,° have been prepared in dilute gas phases or by low-
temperature matrix experiments and have been studied spec-
troscopically only. Still other S—O acids have never been
observed, and their possible existence has just been concluded
from well-known derivatives such as salts and esters. However,
practically all of these acids and their anions have been studied
by modern quantum-chemical calculations. Needless to say,
many of these compounds are of central importance in atmo-
spheric chemistry’ and in the environment® as well as in many
industrial processes.’ They also are key components of the global
biogeochemical sulfur cycle,'” and sulfur bacteria play a
significant role in this process.'®!!

Thiosulfuric acid H,S,0;5 is one of those molecules which
has never been observed directly although thiosulfates such as
Na,S,0; and [NH,4],S,05 have been known for a long time and
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only example of a hydrogen thiosulfate has been prepared in
1989.13 By reaction of [NH4],[S,0;] with concentrated H,SO,4
in methanol or methanol-d; at low temperatures the colorless
salt [NH4][HS,03] and its deuterium derivative [ND,][DS,05]
were obtained and characterized by Raman spectroscopy. These
salts as well as the free acid are unstable at 25 °C decomposing
to give elemental sulfur, sulfur dioxide, and polythionates as
major products:

H,S,0, — 4S; + SO, + H,0 (1)

2[NH,][HS,0,] — [NH,],S,0; + %S¢ + SO, + H,0
(2)

The decomposition of thiosulfates in acidic aqueous solution,
i.e., formally the decomposition of H,S,0s(aq), has been studied
several times. Although aqueous thiosulfates are stable at pH >
5, more acidic solutions rapidly decompose at 25 °C. It has
been suggested'> 13 that the simultaneous presence of [HS,03]~
and [S,03]*~ anions results in a series of sulfur transfer reactions

© 2009 American Chemical Society

Published on Web 08/17/2009



Microsolvation of Thiosulfuric Acid and Its Anions

to give hydrogen sulfite and polysulfane monosulfonate ions
according to eqs 3 and 4.

[HS,0,]” + [S,0,]"” + H' — [HS,0,]” + [SO,H]
3)

[HS,0,]” + [S,0,]° + H" —
[HS,0;]” + [SO,H]™ etc. (4)

In these reactions, the strong nucleophile [S,03]?>” is assumed
to attack the sulfane sulfur atom of the hydrogen thiosulfate
ion with replacement of the sulfonate unit. This chain-growth
mechanism is said to produce a complex mixture of sulfane
monosulfonate ions [HS,SO3]™. As soon as the sulfur chain of
these ions has reached a certain length homocyclic sulfur
molecules can be split off:

[HS,SO,]” — cyclo-S, + [SO,H]™ n>5 ()

By HPLC analysis, the homocycles Sq, S7, and Sg have been
detected in these reaction mixtures, and pure crystalline S¢ has
been prepared in this way.'>!® All the reactions shown above
are reversible, and the position of the equilibrium strongly
depends on the pH value of the solution. In additional side
reactions polythionate ions [03S—S,—SO0s]*~ with up to 19
sulfur atoms are formed proving the presence of long-chain
sulfane monosulfonates in the reaction mixture:

2[HS,S0;]” — H,S + [S,,,06° (6)

These polythionates have been separated by ion-pair chroma-
tography and detected by their UV absorption.!”

According to the above equations, the decomposition of acidic
thiosulfate solutions depends on the simultaneous presence of
thiosulfate and hydrogen thiosulfate ions and probably undis-
sociated thiosulfuric acid. This claim is in line with the
observation that highly acidic solutions of thiosulfates which
will contain the free acid but not the dianion decompose much
more slowly and can be stored at 0 °C for several hours without
any sign of decomposition.'® On the other hand, a reaction
between two anions as in eqs 3 and 4 seems rather unlikely for
electrostatic reasons.

Schmidt and co-workers reported the preparation of free
thiosulfuric acid under nonaqueous conditions at low temper-
atures.'” For this purpose Na,S,03 was reacted with anhydrous
HCI in an organic solvent:

NaS,0, + 2HCl — H,S,0; + 2NaCl )

Alternatively, H,S was condensed with chlorosulfuric acid
CISOsH:

H,S + CISO,H — H,$,0, + HCI (8)

Oily products were obtained in these reactions, which showed
a reactivity toward iodine and bases such as NH; as would be
expected for H,S,03. At ambient temperature the oily products
decomposed according to eq 1. Neither elemental analyses nor
spectra or experimental structure determinations of H,S,0; have
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been reported. Schmidt and co-workers also investigated the
reaction between SOz and H,S and observed that a colorless
solid adduct was formed at low temperatures, which on warming
reversibly dissociated into the components rather than isomer-
izing to H,S,0;:

H,S + SO, — H,S-SO0, ©)

The structure of this adduct is also unknown.

However, the structures of the free thiosulfuric acid molecule
and of its monoanions have been studied by high-level ab initio
calculations.?® According to these results, the SH tautomers of
both species are more stable than the OH forms and the anti
conformation of the acid is preferred over the syn isomer. The
relative enthalpies at 25 °C (kJ mol™!) calculated at the G2 level
of theory?® are shown in Figure 1.

The existence of the SH form of the hydrogen thiosulfate
anion was confirmed by the Raman spectra of the above-
mentioned ammonium salts [NH;][HS,O3] and [ND4][DS,05],
which exhibit lines both for the SH/SD stretching and SSH/
SSD bending vibrations.!* However, in aqueous solution the
connectivities of these anions and of the free acid may be
different due to strong hydrogen bonding with the surrounding
water molecules. For example, the well-known “hydrogen sulfite
anion” of composition [H,S,03;]” was predicted by quantum-
chemical calculations to be most stable as sulfonate ion [HSO3]™
containing an SH bond rather than as hydrogen sulfite ion
[SO,(OH)] ™ in the gas phase. However, several spectroscopic
investigations of acidic sulfite solutions have convincingly
demonstrated that the concentration ratio of these two anions
in water at 25 °C is close to 1:5 in favor of the OH tautomer.?!
This result has recently been confirmed by ab initio calculations
of the hydrates of these anions with up to eight water
molecules.?? Therefore, we have studied for the first time the
structures and energies of several hydrates of thiosulfuric acid
and of its tautomeric monoanions of composition [H,S,,05]™
by ab initio calculations both in the gas phase and in a
polarizable continuum using the PCM method developed by
Tomasi et al.?® It turned out that the most stable solution species
differ considerably from the energetically preferred gas phase
structures. Our procedures are analogous to the recent micro-
solvation studies of other small sulfur-containing species such
as SO, H,S,* [SO4*7, % HSOsF,**¢ HSO;CL** and
cysteine.*

II. Computational Methods

The structures and energies of the various molecules and ions
were examined according to the G3X(MP2) theory® using the
Gaussian 03%° program package. This composite method cor-
responds effectively to QCISD(T)/G3XL//B3LYP/6-31G(2df,p)
energy calculations together with zero-point vibrational and
isogyric corrections. The G3X(MP2) theory represents a modi-
fication of the G3(MP2)?’ theory with three important changes:
(1) B3LYP/6-31G(2df,p) geometry, (2) B3LYP/6-31G(2df,p)
zero-point energy, and (3) addition of a g polarization function
to the G3Large basis set for the second-row atoms at the
Hartree—Fock level. All three features are particularly important
for the proper description of sulfur-containing species as
examined in this work. In the light of the rather large basis set
no basis set superposition corrections were carried out. Harmonic
fundamental vibrations were calculated at the B3LYP/6-
31G(2df,p) level to characterize stationary points as equilibrium
structures, with all frequencies real. The wavenumbers given
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Figure 1. Tautomers of thiosulfuric acid and its monoanion with relative enthalpies calculated at the G2 level of theory (kJ mol™!, according to

ref 20b).

are unscaled, but for the calculation of the zero-point energy
and the entropy a scaling factor of 0.8929 was used. For all
investigated species, a charge density analysis was performed
by a natural population analysis (NPA) based on the B3LYP/
6-31G(2df,p) wave function.”® As far as gas phase species are
concerned, all relative energies and enthalpies reported in the
text correspond to the G3X(MP2) level, whereas all reported
structural parameters correspond to the B3LYP/6-31G(2df,p)
level. The lowest minimum structures were obtained from a
variety of starting geometries using the experience from related
calculations®>?* and designed to obtain a maximum of hydrogen
bonds with bond angles at the bridging H atoms as large as
possible. Thus, we are confident that we obtained the global
minimum structures. Absolute energies and enthalpies are listed
in Table Sla in the Supporting Information.

Some of the investigated complexes are characterized by large
dipole moments. Therefore, it was to be expected that the
thermodynamics of such species in the solid state and in polar
solvents will be different from that in the gas phase. To study
the influence of a polar environment, calculations according to
Tomasi’s polar continuum model (IEF-PCM)* as implemented
in Gaussian 03 were carried out at the B3LYP/6-31G(2df,p)
level. In this model, the solvent is represented by a continuous
dielectric, characterized by a given dielectric constant (¢). The
solute is assumed to be embedded in a cavity in the medium.
The size of the cavity is calculated from atomic radii of the
UFF force field for non-hydrogen atoms while the latter are
enclosed in the sphere of the heavy atom to which they are
linked (by default). The permanent dipole of the solute induces
a dipole moment in the medium, which in turn interacts with
the molecular dipole leading to stabilization. A dielectric
constant of 78.0 was used for the PCM calculations to represent
the aqueous phase. Except for the acid hydrates 9—12 a
geometry optimization was performed. Since this resulted in
structural changes the novel structures are indicated by a prime
(e.g., 5a and 5a”). However, if the PCM structure differs totally
from the gas phase geometries it will get its own label (e.g.,
6f). The thermodynamic functions H(PCM) and G(PCM) were
calculated for 7 = 298 K and p = 1.013 bar; these data are
given in Table S1b in the Supporting Information.

III. Results and Discussion

III.A. Reference Calculations. The hydrates of sulfuric acid
H,S0O,+nH,0 are related to the present work. These molecules
have been studied many times theoretically,*® and for the
monohydrate there is also an experimental structure determi-
nation by microwave spectroscopy’' as well as a crude estima-
tion of the Gibbs energy of formation from the two compo-
nents.>? Therefore, we have used H,SO,*H,0 as a reference
molecule to check whether the B3LYP/6-31G(2df,p) method
yields reliable structural information and whether the G3X(MP2)
single-point calculations give satisfying thermodynamic results.

Two conformational isomers of H,SO,+H,O have been
located on the potential energy surface (PES). These isomers
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142.7
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Figure 2. Structures of two conformational isomers of the gaseous
acid hydrate H,SO4*H,0 (1a,b), calculated at the B3LYP/6-31G(2df,p)
level of theory (bond lengths in pm); experimental microwave data
are given in italics with standard deviation in parentheses.

are of almost identical enthalpy and Gibbs energy and should
exist next to each other under equilibrium conditions. The more
stable isomer 1a is structurally identical to the species discovered
by microwave spectroscopy?! if the small differences are taken
into account which usually exist between equilibrium structures
obtained by quantum-chemical calculations and experimental
structures corresponding to the vibrational conditions at the
temperature of the experiment. In Figure 2 the structure of 1a
is shown together with some geometrical parameters obtained
by our calculation and by microwave spectroscopy. In addition,
the structure of the less stable isomer 1b is given which differs
thermodynamically from 1a by the very small relative energies
AH%gs = AG®°»s = 0.4 kJ mol '3 The main structural
difference between la and 1b is the location of the water
hydrogen atom not taking part in hydrogen bonding. In fact,
the structure of 1b can be generated from la by rotating the
water molecule around the axis of that O—H bond which takes
part in hydrogen bonding within the heterocycle
S—O—H:++O—H---0.** In both isomers this heterocycle is
rather flat with all torsion angles smaller than 18°. The atomic
coordinates of all species calculated in this work are given in
the Supporting Information.
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The formation of la from the gaseous components is
predicted to be exothermic as well as exergonic:

H,0 + H,S0, — H,S0,+H,0 (1a) (10)

AH°y s = —442kImol ™',  AG® = —4.5kJ mol™'

Although these data are in good agreement with the most
sophisticated previous calculations,**¢ the only experimental
value we are aware of for the reaction given in eq 10 is the
Gibbs energy of formation for 1a of —3.6 £ 1 kcal mol™! (=15
+ 4 kJ mol™"), derived from diffusion experiments of H,SO,
in an atmosphere of humidified nitrogen.*”> Since the latter
number is a somewhat crude estimate and taking our previous
reference calculations on the water trimer?? into account, we
conclude that the G3X(MP2) method provides reliable data of
the molecules treated in this work. Nevertheless, we studied
the species of eq 10 also with an additional diffuse function,
i.e., the structures were obtained at the B3LYP/6-314+G(2df,p)
level of theory and the energies then calculated at the G3X(MP2)
level. The thermodynamic results AH%gs = —45.9 kJ mol™!
and AG°3 = —6.0 kJ mol™! do not differ significantly from
the data obtained without the diffuse function, but the two
hydrogen-bond lengths of 1a were now predicted as 167.2 and
222.1 pm. These bond lengths deviate from the experimental
values (164.5 and 205 pm) much more than the distances
calculated without the diffuse function (164.2 and 206.4 pm).
Thus, our decision is justified to use the unmodified G3X(MP2)
method, based on B3LYP/6-31G(2df,p) geometry calculations,
for all data reported below.

More than 40 molecules of composition [H,S,,0;] *nH,0
and H,S,05+nH,0 with n = 0—3 have been calculated, both as
SH and OH tautomers. For reasons outlined in the Introduction,
we have also studied several tautomers of the related more
sulfur-rich anions [HSSSO;]™ and [SSSO,(OH)]". For each
group of species, we will first discuss the structures and relative
stabilities in the gas phase followed by the situation in the
polarizable phase simulating an aqueous solution. Enthalpies
and Gibbs energies both for the gas phase and the polarizable
continuum apply to 298 K and 1.013 bar, whereas the B3LYP-
PCM energy calculations (E.) refer to the potential energy
minimum. A complete listing of the absolute energies, enthal-
pies, Gibbs energies, and dipole moments of all investigated
molecules and ions is given in Tables Sla and S1b in the
Supporting Information, which also contains the atomic coor-
dinates of all calculated species. Throughout this work, we
consider O+++H hydrogen bonds as normal only if the OH
distance is smaller than 230 pm and S<++H bonds only if the
SH distance is smaller than 260 pm. Recently, the sulfur atom
of Me,S has been shown to be nearly equivalent thermodynami-
cally to the oxygen atom of Me,O as a hydrogen-bond acceptor
toward methanol,> whereas p-cresol interacts about twice as
strongly with H,O compared to H,S.3® Therefore, we expect
OH:-*S but also SH+*+O bonding to occur in some of the
investigated species.

IIL.LB. Anions of Composition [H,S,,03]" and [H,S,,,0s]
(n = 1-3). As outlined in the Introduction, the acid decomposi-
tion of thiosulfate ions is assumed to involve a series of sulfur
atom transfer reactions starting with the hydrogen thiosulfate
anion [HSSO3]™ from which the sulfur-rich derivative [HSS-
SOs]™ is formed together with hydrogen sulfite ions [HSOs] ™.
However, in aqueous solution all these ions may also exist as
the tautomers [SSOs;H]~, [SSSO;H]™, and [SO;H]". Further-
more, the decomposition of thiosulfate in acidic solution has
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Figure 3. Structures of two tautomers of the gaseous monoanions of
thiosulfuric acid [H,S,,05]" (3a,b) and of disulfane monosulfonic acid
[H,S;,05]" (4a,b), calculated at the B3LYP/6-31G(2df,p) level of theory.
The bond lengths given in italics apply to the polarizable phase
calculated by the PCM method resulting in a slightly differing geometry
(species 3a’,b” and 4a’,b’; all values in pm).

been reported to be slowed down by the presence of sulfur
dioxide. Most likely the nucleophiles [S,03]*>~ and [SSO;H]~
react with the Lewis acid SO, to give complex anions which
may be of connectivity [0,SSSO;]*", [0,SSSO;H]~, or
[HO,SSSOs] . These hypothetical species have not been studied
previously. Therefore, we have investigated all the above-
mentioned anions both in the gas phase and in a polarizable
continuum using the dielectric constant of water at 25 °C and
optimizing the geometry in both phases.

Structures and thermodynamic properties of the sulfonate ion
(2a) and the tautomeric hydrogen sulfite anion (2b) have been
published before;? here, we just redetermined the PCM energy
with geometry optimization.

IIL.B.1. Structures and Relative Stabilities in the Gas Phase.
The most stable structures of [HSSO3]™ (3a), [SSOsH]™ (3b),
[HSSSO;]™ (4a), and [SSSO;H]™ (4b) are shown in Figure 3.
As in the case of 2a and 2b, the SH isomer is always more
stable than its OH tautomer. The structure of 4a is analogous
to that of the isoelectronic peroxomonosulfate ion [HOOSOs] %
which is also more stable than its tautomer [OOSO;H]~.2%

The absolute enthalpy differences AH®g between these pairs
of tautomers are 21.9 kJ mol™! for 2a/2b, 21.3 kJ mol™' for
3a/3b, and 40.0 kJ mol ™! for 4a/4b (see Table 1).

As reported previously,?® the gas phase structures of 3a and
3b are both of C, symmetry. Only 3b shows signs of an
intramolecular hydrogen bond (OH---S). Inserting another sulfur
atom into the SS bond of 3a to produce the disulfane
monosulfonate ion [HSSSOs3]~ (4a) results in the loss of
symmetry. The distance between the hydrogen atom and the
oxygen atoms is now too large for any intramolecular O+++H
hydrogen bonding. However, in the tautomer [SSSOs;H] ™ (4b)
the Sieim***H distance of 210.4 pm indicates a normal hydrogen
bond with a bond angle at the H atom of 148.7° (Figure 3).
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TABLE 1: Negative Absolute Energies E, Enthalpies H, and Gibbs Energies G (all in hartree) of Various Tautomeric Anions of
Composition [S,,H,03]" and [S,,H,05]” (» = 1—3) Both in the Gas Phase and in a Polarizable Continuum (PCM, with

Geometry Optimization)*

species E. (B3LYP/6-31G(2df,p)) HC05 (G3X/MP2) G®93 (G3X/MP2) u (D)
[HSO;]™ (2a) 624.50447 623.87214 623.90308 2.16
(2a’) 624.60975 (PCM) 271
[SO;H]™ (2b) 624.49972 623.86378 623.89628 1.24
2b) 624.60712 (PCM) 2.33
[HSSO5]~ (3a) 1022.72614 1021.64757 1021.68363 1.55
(3a’) 1022.82225 (PCM) 3.66
[SSO:H]~ (3b) 102272118 1021.63944 1021.67577 2.13
3b) 1022.82324 (PCM) 4.30
[HSSSO;]~ (4a) 1420.93150 1419.41342 1419.45474 321
(4a’) 1421.02467 (PCM) 6.02
[SSSO;H]~ (4b) 1420.92269 1419.39971 1419.43919 1.32
@) 1421.01032 (PCM) 4.85
[0,SSSO;H]~ (5a) 1571.38134 1569.71599 1569.76209 2.79
(5a") 1571.46288 (PCM) 5.03
[HO,SSSO5]™ (5b) 1571.37741 1569.71318 1569.75791 2.90
(5b) 1571.46033 (PCM) 5.4
[0,S(H)SSO5]™ (5¢) 1571.34913 1569.69404 1569.73931 1.70
(5¢) 1571.43521 (PCM) 4.55

“Data of the lowest minimum structures are given in bold numbers. The dipole moments u calculated at the B3LYP/6-31G(2df,p) level both
for the gas phase and the polarizable continuum are given in Debye. The first dipole moment applies to the gas phase, the second to the

polarizable phase.
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Figure 4. Structures of three isomers of the gaseous anion [HS;05]™
(5a,b,c), calculated at the B3LYP/6-31G(2df,p) level of theory (bond
lengths in pm). The relative stabilities decrease in the order a > b
> c.

The NPA atomic charges of the two involved atoms are +0.50
for hydrogen and —0.64 for the terminal sulfur atom. This anion
(4b) formally contains a relatively flat heterocycle of connectiv-
ity SSSOH (torsion angles Tssso = 33.1°, Tssoy = —25.8°,
TSOH:+-S — 1100)

For the hypothetical anions of composition [S;0sH] ™ obtained
by addition of SO, to the terminal S atom of 3b three isomers
were located as minima on the PES. Their structures are given
in Figure 4. In this species, the most favorable location of the

proton is at the sulfonic acid part of the ion (5a), followed by
one of the sulfinic oxygen atoms (5b, relative enthalpy AH®s
= +7.4 kJ mol™!), whereas locating the proton at the three-
coordinate sulfur atom results in a much less stable tautomer
of relative enthalpy +57.6 kJ mol™! (5¢).

The structure of 5a may be interpreted as an adduct between
the Lewis acid SO, and the anion [SSO;H]™ (3b) held together
by a long SS bond of 261.2 pm and a rather short O++*HO
hydrogen bond of length 167.1 pm. The terminal sulfur atom
of 3b bears an atomic charge of —0.75 units (see below) making
this ion a strong nucleophile which attracts the positively
charged sulfur atom of SO, with formation of a dative but partly
ionic SS bond. The NPA atomic charge transfer to the SO, part
of the ion is —0.34 electrostatic units.

If the proton in the O-+++HO bridge of 5a switches its position
to OH+++O, the isomer Sb is formed, which is characterized by
two SS bonds of more normal length (220.8 and 221.4 pm)
and a very short hydrogen bond of length 152.0 pm. This ion
is clearly a structural relative of the well-known trithionate ion
[03S—S—S03]?>". On the other hand, if the hydrogen atom is
attached to the three-coordinate sulfur atom as in isomer Sc the
resulting SH+++O hydrogen bond is very weak as can be
concluded from its O---H distance of 227.5 pm.

Trithionate is usually prepared from thiosulfate by reaction
with SO, in aqueous solution.® First, a yellow color is observed
which is typical for certain species with more than one SS bond
and which may be due to ion Sa or its related dianion, which
then seems to undergo an intermolecular redox reaction forming
trithionate and elemental sulfur:

[SSO,I*~ + SO, — [0,SSSO,]*~ (11)

2[0,SSSO,]*” + SO, — 2[0,SSSO, 1" + S,  (12)

In other words, our calculations now indicate the possible nature
of the intermediate in this process.
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II1.B.2. Structures and Thermodynamics in the Polarizable
Phase. The reoptimization of the above gas phase structures in
the polarizable phase resulted in changes of some geometrical
parameters, especially in the case of 3b/3b” and 4b/4b’, and
the absolute and relative energies as well as of the dipole
moments changed accordingly (Table 1). In Figure 3, the
geometrical parameters of the ions predicted for the polariz-
able phase are given in italics. These data demonstrate that the
intramolecular OH++*S hydrogen bonds of 3b and 4b are
dissolved in the polarizable continuum. The torsion angle Tsson
= —0.9° of 3b changed to —61.8° in 3b’ since the hydrogen
atom prefers to be in one plane with one of the terminal oxygen
atoms in the polarizable phase. Similarly, the torsion angles
TSSSOH) — 33.1° and TSSOH — —25.8° of 4b Changed to 68.4°
and —85.8°, respectively, in 4b” resulting in a relatively close
O--+H contact of 251.0 pm.

Since the PCM calculations have been performed at the
B3LYP/6-31G(2df,p) level of theory, the relative energies can
only cautiously be compared to the gas phase data obtained at
the much higher G3X(MP2) level. Generally, the intramolecular
hydrogen bonds observed in the gas phase structures are often
missing in the polarizable phase and dipole moments are almost
always much higher than in the gas phase. Also, OH tautomers
are somewhat more stabilized than SH isomers compared to
the gas phase.

In the case of the tautomeric pairs of ions 2a/2b and 4a/4b
the PCM calculations predict the SH form (a) still to be more
stable than the OH isomer (b), by 6.9 kJ mol™! (2a’/2b’) and
by 37.7 kIl mol™! (4a’/4b’), respectively. However, in the case
of 3a” and 3b’, the latter is now more stable at the potential
energy minimum (AE, = 2.6 kJ mol™!; Table 1), but at 298 K
3a’ is more stable than 3b’, by AHs = 3.3 kJ mol~! (Supporting
Information Table S1b). We therefore conclude that at least the
tautomers 3a’/3b” exist next to each other in aqueous solution
as has been observed spectroscopically for the related sulfonate
and hydrogen sulfite ions [HSO;]~ (2a) and [SO;H]~ (2b).?!

Similar predictions can be made for the two isomers 5a and
5b of composition [S;0sH] ™. The species 5a is most stable both
in the gas phase and in the polarizable continuum (5a”), but the
tautomer 5b’ has a relative enthalpy AHyg of only +5.5 kJ
mol~! in the polarizable phase. Once more we predict that both
ions exist in comparable concentrations in aqueous solutions at
ambient conditions. In contrast, isomer 5¢” is much less stable
than 5a’, by AH,o3 = +70.6 kJ mol~!, and thus has no chance
to exist under equilibrium conditions.

II1.C. Monohydrates of the Tautomeric Anions [HSSO;]~
and [SSO,(OH)] ™. III.C.1. Structures and Thermodynamics
in the Gas Phase. For the monohydrates of composition
[H,S,,05] *H,O five minimum energy structures have been
identified on the PES (6a—e). The global minimum structure
6a is the monohydrate of [HSSOs3]™ (3a) with two normal and
one rather long hydrogen bond and an approximate C; sym-
metry; see Figure 5. This gas phase structure represents also
the global minimum at the B3LYP level but not in the
polarizable continuum (see below). There are two more
structures of connectivity [HSSOs3]™ <H,O with relative enthal-
pies of 0.7 kJ mol~! (6b) and 8.5 kJ mol~! (6¢; not shown)
containing also two hydrogen bonds each. The two most stable
monohydrates of the tautomer [SSO,(OH)]™ are by 17.9 kJ
mol ™! (6d) and 25.1 kJ mol~! (6e) less stable than 6a. The latter
two hydrates are characterized by two O+++H and one S++*H
hydrogen bond, but the S--+H distances are slightly larger than
250 pm. In other words, the terminal sulfur atoms are poor
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Figure 5. Structures of various isomers of the anionic hydrate
[H,S,,05] *H,O both in the gas phase (6a,b,d) and in the polarizable
phase (6f), calculated at the B3LYP/6-31G(2df,p) level of theory (bond
lengths in pm).

hydrogen-bond acceptors in these ions; see Figure 5 for the
structure of 6d which is of C; symmetry.

III.C.2. Structures and Thermodynamics in the Polarizable
Phase. Interestingly, the most stable monohydrate in the
polarizable phase has a structure different from all the above-
mentioned gas phase structures 6a—e. This species of C,
symmetry is therefore labeled as 6f and is shown in Figure 5;
it is a derivative of the OH tautomer of the hydrogen thiosulfate
anion and has just one but very short O<++H bond of length
163 pm. Interestingly, this structure resulted from the geometry
optimization of both 6b and 6d in the polarizable phase. The
most stable monohydrate of the SH tautomer obtained from the
gas phase geometry 6a is by AE, = 15.4 kJ mol~! and AHg
= 10.2 kJ mol~! less stable than 6f at the BALYP-PCM level.
This structure (6a’) has two hydrogen bonds of length 190.3
and 213.7 pm (not shown).

IIL.D. Dihydrates of the Tautomeric Anions [HSSOs]™ and
[SSO,(OH)] . IIL.D.1. Structures and Thermodynamics in the
Gas Phase. Eight isomers of composition [H,S,,05]™ +2H,0
(7a—h) have been studied. In these ions the two water molecules
can either be separate from each other or form a dimer which
is connected to the thiosulfate ion by H bonds. The most stable
structures 7a and 7b differ in enthalpy by just 0.6 kJ mol™;
both are shown in Figure 6. These species are derivatives of
the SH tautomer of the anion with five (7a) and four (7b)
hydrogen bonds, respectively. In both cases the water molecules
are separate. A third isomer (7¢; not shown) with an SH bond
and with the water molecules linked to each other is by 2.6 kJ
mol~! less stable than 7a followed by the most stable dihydrate
of the OH tautomer (7d), which also contains a water dimer
(Figure 6). At the B3LYP and B3LYP-PCM levels of theory
7d is the lowest minimum structure. In the gas phase this hydrate
is characterized by three short O«++H hydrogen bonds, one rather
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Figure 6. Structures of various isomers of the anionic dihydrate
[H,S,,05] *2H,0 both in the gas phase (7a,b,d) and in the polarizable
phase (7d"), calculated at the B3LYP/6-31G(2df,p) level of theory (bond
lengths in pm).

long S+++H bond, and one dangling H atom not involved in
any hydrogen bonding. The relative enthalpy of 7d compared
to 7a is 12.1 kJ mol ™.

The less stable dihydrates 7e—h can also be derived from
the OH tautomer of the anion. Their atomic coordinates are
given in the Supporting Information.

II1.D.2. Structures and Thermodynamics in the Polarizable
Phase. On geometry optimization using the PCM method the
dihydrate structure 7d was modified to 7d’ the geometry of
which is shown in Figure 6. These two species differ mainly in
the number of hydrogen bonds, which is lower in the polarizable
phase where two H atoms do not take part in hydrogen bonding.
The second most stable dihydrate under PCM conditions (7g)
is also an OH tautomer and is of relative energy AE. = 2.2 kJ
mol~!. The most stable SH tautomer (7¢’) is by AH,os = 16.9
kJ mol~! less stable than 7d’.

IILE. Trihydrates of the Tautomeric Anions [HSSO;]™
and [SSO,(OH)] . III.E.1. Structures and Thermodynamics
in the Gas Phase. Four trihydrates of the two tautomeric
hydrogen thiosulfate anions were studied, and once again the
SH form, [HSSO;]™ +3H,0 (8a), represents the lowest minimum
structure; see Figure 7. This hydrated anion is of approximate
C; symmetry with six OH++-O hydrogen bonds shorter than
220 pm and just one dangling H atom (SH) which is, however,
directed toward one of the water oxygen atoms (SH<:O
distance 234.1 pm). The most stable OH tautomer (8b) has also
six hydrogen bonds and is by 19.5 kJ mol™! less stable than
8a. However, at the B3LYP level 8b corresponds to the global
minimum structure. Whereas the water molecules are separate
in 8a, they form a trimer in 8b. It has repeatedly been reported
before that the water molecules tend to stick together in the
higher hydrates of sulfur-containing molecules.?>** The other
two trihydrate ions 8c and 8d (not shown) are also derivatives
of the OH tautomer of the anion and are by 19.8 and 22.8 kJ
mol !, respectively, less stable than 8a.

IILE.2. Structures and Thermodynamics in the Polarizable
Phase. On geometry optimization of 8b in the polarizable
continuum structure 8b” was obtained which is the most stable
trihydrate under these conditions. As in the structure of 8b, the
water molecules form a cluster which is connected to the sulfur
oxoanion by four hydrogen bonds, but there are three dangling
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Figure 7. Structures of two isomers of the anionic trihydrate
[H,S,,05]*3H,0 both in the gas phase (8a,b) and in the polarizable
phase (8b"), calculated at the B3LYP/6-31G(2df,p) level of theory (bond
lengths in pm).

H atoms compared to six hydrogen bonds and only one dangling
H in the gas phase structure 8b; see Figure 7. The most stable
SH tautomer of [H,S,,0;]™+3H,0 (8d’; not shown) is by AH,og
= 29.9 kJ mol™! less stable than 8b’.

IILF. Hydrates of the Isomeric Acids HS—SO,—OH and
HO—-SO(S)—OH. IIL.F.1. Structures and Thermodynamics
in the Gas Phase. As outlined above, the molecules of
thiosulfuric acid H,S,03; may exist as either SH/OH or OH/OH
tautomers; in addition, syn and anti conformers are possible
(Figure 1). Previous studies have shown that the anti conforma-
tion of HS—SO,—OH (9a) represents the global minimum
structure.”® According to the present results, the syn isomer
9b is by AH®03 = 2.9 kJ mol™' less stable, whereas the anti
form of HO—SO(S)—OH (9c) is by 33.6 kJ mol ™' less stable
than 9a. Attempts to optimize the syn form of the OH/OH
tautomer failed, and the anti isomer was obtained instead. The
question was then whether the hydration of these acids by up
to three water molecules would change the order of relative
stabilities. The data in Table 2 demonstrate that all gaseous
hydrates (H,,S,,0;)*nH,O (n = 1—3) are most stable as SH
tautomers. Thirteen isomers of these hydrates have been located
as minimum structures on the corresponding potential energy
surfaces, but here we will discuss only the structures of those
species which represent the lowest minima for n = 1—3. For
all other species the atomic coordinates and thermodynamic data
are given in the Supporting Information.
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TABLE 2: Negative Absolute Energies E, Enthalpies H, and Gibbs Energies G (all in hartree) of the Hydrates of Composition
(H,,S,,03)-nH,0 (n = 1—3), Both in the Gas Phase and in a Polarizable Continuum without Geometry Optimization (PCM*)*

species E. (B3LYP/6-31G(2df,p)) E°505 (G3X/MP2) HP05 (G3X/MP2) G®05 (G3X/MP2) u
H,S,0;-H,0 1099.69252 1098.50160 1098.49167 1098.53453 3.88
(anti) (10a) 1099.71248 PCM* 4.94
H,S,0;-H,0 1099.69144 1098.50085 1098.49089 1098.53396 3.64
(10b) (syn) 1099.71176 PCM#* 4.75
H,S,0;-H,0 1099.68348 1098.48867 1098.47886 1098.52143 2.25
(10¢) (anti) 1099.70716 PCM* 2.77
H,S,0;+2H,0 1176.14162 1174.85921 1174.84676 1174.89476 5.56
(syn) (11a) 1176.16224 PCM* 6.87
H,S,0;+2H,0 1176.13449 1174.85287 1174.83997 1174.88953 1.46
(anti) (11b) 1176.15414 PCM* 1.58
H,S,0;+2H,0 1176.13399 1174.84680 1174.83432 1174.88323 2.94
(anti) (11c) 1176.15674 PCM* 3.67
H,S,0;+3H,0 1252.58858 1251.21187 1251.19687 1251.25018 6.60
(syn) (12a) 1252.61070 PCM* 8.10
H,S,0;+3H,0 1252.58559 1251.21105 1251.19558 1251.25137 2.00
(anti) (12b) 1252.60860 PCM* 2.54
H,S,0;+3H,0 1252.58717 1251.20539 1251.19087 1251.24289 7.67
(12¢) (syn) 1252.61193 PCM* 9.44

“ Global minimum data are given in bold. The dipole moments u calculated at the B3LYP/6-31G(2df,p) level are given in Debye. The first
dipole moment applies to the gas phase, the second to the polarizable phase.

96.4 971

1 AS

1
164.31
1 N

1007 ., r

N\ 2143
N\

96.4

97,2? e
100.8

\

A\
205.3 «
\

134.8

44.6 2114
I 212.0! 144.9 84430
142.9
10a 10b
1557 _

r 102.3
142.9

—@- 1848

211.

1
\ 176.6
1

o 2356

1351

11a

11b

Figure 8. Structures of two isomers each of the gaseous acid hydrates H,S,05+H,O (10a,b) and H,S,0;+2H,0 (11a,b), calculated at the B3LYP/

6-31G(2df,p) level of theory (bond lengths in pm).

The most stable monohydrate (H,,S,,03)*H,0 is the anti
conformer 10a shown in Figure 8. However, the enthalpy of
the corresponding syn derivative 10b is only 2.0 kJ mol™!
larger. Two other isomers (not shown) follow with relative
enthalpies of 33.6 and 40.5 kJ mol™! (10¢,d). Isomer 10c is
the most stable monohydrate of the OH/OH form of the
acid.

The heterocyclic structure of 10a is analogous to that of
H,SO4+H,O (1b) shown in Figure 2. In 10a, there are two
OH -+ O hydrogen bonds of lengths 164.3 and 214.3 pm, similar
to those of 1b. The SH group is not involved in any hydrogen
bonding. This statement also holds for the syn conformer 10b
which is also shown in Figure 8.

Of the four investigated dihydrates H,S,05+2H,0 (11a—d)
the syn form 11a represents the lowest minimum followed by
the anti isomer 11b with a relative enthalpy of 17.8 kJ mol™".
Both molecules are SH tautomers and are characterized by four
hydrogen bonds; see Figure 8. The two most stable OH/OH
isomers 11¢ and 11d (not shown) are by 32.6 and 35.2 kJ mol ™},
respectively, less stable.

Five structures have been found for the composition
(H,,S,,03)+3H,0 (12a—e), and the two most stable structures
(12a,b) are again SH tautomers (Figure 9). The enthalpy
difference between the structure 12a (syn conformer) with six
hydrogen bonds and the anti isomer 12b with four H bonds is
only 3.4 kJ mol~!. The most stable trihydrate of the OH/OH
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tautomer of thiosulfuric acid has a relative enthalpy of 15.8 kJ
mol™! (12¢; Figure 9), whereas two other isomers (12d,e; not
shown) are by more than 19 kJ mol™! less stable (Table 2 and
Supporting Information Table S1a).

IIL.F.2. Thermodynamics in the Polarizable Phase. The
various isomers of H,S,0; (9) and its hydrates (10—12) have
been calculated by the PCM method starting from the gas phase
geometries. Although the free acid was treated as its anions
(with geometry optimization), the acid hydrates were calculated
without geometry reoptimization (symbolized in the tables by
PCM*). The interaction with the polarizable continuum results
in different energies and dipole moments. The relative energies
changed as follows: The anti-SH tautomer of the free acid (9a”)
still represents the global minimum with the syn-SH conformer
9b” by just 1.3 kJ mol™! less stable. For the mono- and
dihydrates the global minimum structures of the gas phase are
also the most stable isomers in the polarizable phase (10a’, 11a”).
However, in the case of the trihydrate the syn conformer of the
OH/OH tautomer (12¢”) is now the most stable structure with
the SH form 12a’ just 3.2 kJ mol™! less stable (AE,). From all
this it follows that thiosulfuric acid is expected to exist in
aqueous solution as a mixture of SH/OH (syn and anti
conformation) and OH/OH tautomers, whereas in the gas phase
the SH/OH isomer is definitely favored.

III.G. Atomic Charges. For a mechanistic interpretation of
the reactions discussed in the Introduction it is useful to know
the atomic charges of the key species [HSSOs]™ (3a), [SSO;H]™
(3b), [HSSOs]™ +3H,0 (8a), [SSO;H] ™ +3H,O (8b), H,S,0; (9a),
and (H,,S,,03)+3H,0 (12a—c) both in the gas phase and in the
polarizable phase. In particular, the charges on the various sulfur
atoms are important since the sulfur transfer reactions are
assumed to take place at these positions although it is unclear
which species are most likely to react with each other: anions
with anions or anions with neutral molecules such as undisso-
ciated thiosulfuric acid. The data in Table 3 show that a reaction
between two ions [HSSO;3]™ (3a) or between the tautomers
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[HSSO;]™ (3a) and [SSO;H]™ (3b) is unlikely since the sulfane
sulfur atom of 3a bears a considerable negative charge, which
in addition to the anionic charge produces a strong repulsion
for any incoming nucleophilic anion such as 3b. This also holds
for the hydrated anion [HSSO;]™ +3H,0 (8a), although to a lesser
degree. On the other hand, the terminal sulfur atoms of
[SSOsH]™ (3b) and [SSOs;H] +3H,0 (8b) are highly charged
making these species strong nucleophiles. Therefore, the most
reasonable reaction seems to be the attack of H,S,0; (12a,b)
by one of the anions just mentioned (3b or 8b) since the sulfane
sulfur atoms of 12a and 12b are only moderately charged (—0.24
to —0.29 electrostatic units).

The hydrogen bonds between the monoanions and the
surrounding water molecules result in a small transfer of electron
density from the anions to the water shell, and the remaining
anion charge in the gas phase structures of the tautomeric species
[HSSOs]™+3H,0 (8a) and [SSOs;H] ™ +3H,O (8b) is only —0.94
electrostatic units in both cases.

III.H. Thermodynamics of Hydration and of Sulfur
Transfer Reactions. II1.H.1. Energetics of Hydration. The
enthalpies of hydration of the tautomeric hydrogen thiosulfate
anions are of the order of —50 4= 5 kJ mol ™! per water molecule;
they decrease with increasing number of H,O molecules. Details
are given in Table 4 from which it can be seen that the OH
tautomer interacts more strongly with water molecules compared
to the SH isomer.

In the case of thiosulfuric acid the absolute enthalpies of
hydration are considerably smaller than those of the monoanions,
by ca. 10 kJ mol ™! or 20%, and they are about the same for the
syn and anti forms of the acids; see Table 5.

One of the purposes of this work was to determine the
energetic differences between the tautomers of hydrogen thio-
sulfate and of thiosulfuric acid in the gas phase, in a polarizable
phase, and in a hydrated state. For the anions the results are
shown in Table 6. In the polarizable phase the OH tautomers
are as more preferred as higher the degree of hydration, whereas
the SH forms clearly dominate in the gas phase.

For the tautomeric hydrates of thiosulfuric acid the energy
differences are given in Table 7. These data demonstrate that
the OH/OH isomer should be the preferred species in aqueous
solution since the Gibbs energy difference to the SH/OH
tautomer is getting smaller with increasing degree of hydration,
and in the polarizable phase the trihydrate 12¢” is already more
favorable than the SH/OH form (12a’).

II1L.H.2. Sulfur Transfer Reactions. Now we come back to
the question whether the initial reaction of the thiosulfate
decomposition in acidic media is a sulfur transfer between two
anions or between an anion and a neutral molecule. In the
following equations the thermodynamic data AH®yyg and AG®»0g
apply to the gas phase and AH,eg and AGyeg to the polarizable
continuum (PCM).

The mutual attack of two hydrogen thiosulfate anions 3a with
sulfur transfer is endothermic and endergonic and therefore
unlikely in the gas phase:

2[HSSO;] (3a) — [HSO,] (2a) + [HSSSO,] (4a)
(13)

AH°s = +252kImol™";  AG®,4 = +24.8 kJ mol ™'

In the polarizable phase, starting with the then more stable
tautomer 3b’, the reaction is also endothermic and endergonic
[AH»93(PCM) = +25.6 kI mol™!; AGas(PCM) = +22.7 kJ
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TABLE 3: Atomic Charges of Anions and Molecules from a Natural Population Analysis (NPA) in Electrostatic Units,
Calculated at the B3LYP/6-31G(2df,p) Level of Theory

species H(S) H(O) S(H) Slcrm Ssulfon O(H) Olcrm
[HSSOs]™ (3a) 0.13 —0.50 2.36 —1.00
[SSOsH]™ (3b) 0.50 —0.75 2.17 —0.96 —0.99
[HSSSOs]™ (4a)” 0.13 —0.21 2.34 —0.98
[HSSOs]™+3H,0 (8a) 0.16 —0.39 2.34 —1.01
[SSOs;H] ™ +3H,0 (8b) 0.51 —0.60 2.15 —0.96 —1.02
HSSO;H (9a) 0.17 0.53 —0.24 2.27 —0.90 —0.91
HSSOs;H-3H,0 (12a) 0.17 0.54 —0.25 2.30 —0.94 —950.03
HSSOs;H-3H,0 (12b) 0.20 0.54 —0.29 2.31 —0.95 —960.01
SSO,(OH),+3H,0 (12¢) 0.53 —0.38 2.10 —0.94 —0.99

“ Charge on central sulfur atom: —0.29.

TABLE 4: Enthalpies of Hydration of the Gaseous
Hydrogen Thiosulfate Anions (in kJ mol™'), Calculated at
the G3X(MP2) Level of Theory Based on B3LYP/
6-31G(2df,p) Geometries

anion AH® (total) AH°ys (per HO)
[HSSO3]™ -H,0 (6a) —51.4 —51.4
[SSO;H]™+H,0 (6d) —56.9¢ —56.9¢
[HSSOs]™ +2H,0 (7a) —-97.6 —48.8
[SSO;H]™ - 2H,0 (7d) —106.6 —53.3
[HSSO3]™+3H,0 (8a) —139.9 —46.6
[SSO;H]™ +3H,0 (8b) —141.7 —47.2

“With the larger basis set 6-314+G(2df,p) the reaction enthalpy
was calculated as —56.6 kJ mol !

TABLE 5: Enthalpies of Hydration of the Gaseous
Thiosulfuric Acid Tautomers (in kJ mol '), Calculated at the
G3X(MP2) Level of Theory

molecule AH®)s (total) AH®,95 (per HO)
HS—S0,—0H-H,0 (10a) —433 —43.3
SSO,(OH),*H,0 (10¢) —43.2 —43.2
HS—S0,—0H-2H,0 (11a) —83.5 —41.7
SSO,(OH),+2H,0 (11¢) —84.5 —42.2
HS—S0,—0H-3H,0 (12a) —=110.6 —36.9
SSO,(OH),*3H,0 (12¢) —1284 —42.8

mol~']. When the trihydrates of the reagents are used the
thermodynamics is unfavorable as well:

2[HSSO,]"+3H,0 (8a) — [HSO,] +3H,0 (14a) +
[HSSSO,] -3H,0 (13a) (14)

AH°s = +23.6kImol™'; AG®, = +16.0 kJ mol ™'

In the polarizable continuum, the analogous reaction of 8b’
to 14b’ plus 13a’ is calculated as strongly endothermic (AE,
= +88.3 kJ mol™!). The structure of 13a is characterized by
six or seven hydrogen bonds (the seemingly dangling H is
251.9 pm apart from the nearest oxygen atom) and a torsion
angle SSSH of 62.9°; see Figure 10. This structure was
derived from that of 8a by adding one sulfur atom and
keeping the number of hydrogen bonds at maximum. The
rather long and highly polar S—SO; bond of length 220.6
pm makes this ion a suitable candidate for transfer of the
HSS group to an incoming nucleophilic thiosulfate ion with
formation of [HSSSSO;]™ as another intermediate on the route
to S¢, S7, and Ss. In the polarizable continuum the anion
structure 13a’ is basically the same, but the number of H
bonds is reduced to four (three OH+++O and one SH+--O;
THSSS — 77.50, dss = 207.0 and 217.0 pm)

If the trihydrates of the two tautomeric hydrogen thiosulfate
anions attack each other the gas phase equilibrium is predicted
to be on the right side (AG°ys < 0), but the reaction is
endothermic both in the gas phase and in the polar phase:

[HSSO,] +3H,0 (8a) + [SSO;H] +3H,0 (8b) —
[HSO,] +3H,0 (14a) + [HSSSO,] +3H,0 (13a) (15)

AH s = +4.1kImol™";  AG® =
—17.0kImol™'; AE, = +52.2kJ mol ™'

In addition, taking the negative charge of the sulfane sulfur
atom of 8a into account (Table 3) this atom is not likely to
be attacked by the terminal sulfur atom of 8b (see the
discussion above).

In contrast, the sulfur transfer between hydrogen thiosulfate
and thiosulfuric acid is thermodynamically strongly favored
(AG®ys < 0) both for the unhydrated anions as well as for
the trihydrates, also if the less stable tautomers of the
hydrogen thiosulfate ion (3b or 8b) are used as starting
materials:

[HSSO,]” (3a) + H,S,0, (9a) —
[HSSSO,]” (4a) + SO,+H,0 (16)

AH®,5 = —48.5KI mol™';  AG®, = —97.1kJ mol ™'

[SSO,H]™ (3b) + H,S,0, (9a) —
[HSSSO,]” (4a) + SO,+H,0 (17)

AH®y55 = —69.8 kI mol™';  AG®,5 = —117.7 kJ mol ™'

AH,0q(PCM) = —20.0 kI mol™";  AG,q(PCM) =
—72.7kJ mol !

[HSSO,]™+3H,0 (8a) + H,S,0;-3H,0 (12a) —
[HSSSO,]™+3H,0 (13a) + SO,+4H,0 (18)

AH°y, = +73.8kImol™';  AG®, = —100.2 kJ mol ™'

If the interaction between SO, and the four water molecules
on the right sides of eqs 18 and 19 is taken into account to
give the hydrate SO,-4H,0?? these reactions are both
predicted to be exothermic, by AH®93 = —2.7 and —22.2 kJ
mol~!, respectively, and to be still exergonic, by AG°95 =
—26.0 and —59.0 kJ mol~!, respectively.
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TABLE 6: Thermodynamic Differences between the Most Stable Tautomeric Anions [HSSOs]™ -nH,0 and [SSO;H]™ -nH,0 in
the Gas Phase at the G3X(MP2) Level of Theory (AH®;s and AG®,95) and in the Polarizable Continuum at the B3LYP/

6-31G(2df,p) Level (PCM)*

n: 0 2 3
AHC 305 —21.3 (3a/b) —17.9 (6a/d) —12.1 (7a/d) —19.5 (8a/b)
AG®205 —20.6 (3a/b) —17.1 (6ale) —27.1 (Tble) —22.1 (8a/c)
AE.(PCM) —2.6 (3a’/b’) +15.4 (6a'/f) +21.3 (7¢'/d’) +35.8 (8d'/b)
AH»o5(PCM) —3.3 (3a'/b) +10.2 (6a’/f) +16.9 (7¢'/d’) +29.9 (8d'/b)
AG1os(PCM) —4.6 3a'/b) +15.3 (6a'/f) +15.4 (7¢'/d) +14.7 (8d'/b)

@Given is the energy difference between the most stable SH tautomer minus the most stable OH form (in kJ mol™!; negative values mean

that the SH isomer is more stable.

TABLE 7: Energy Differences between the Most Stable Tautomers of the Acids HSSO;H™ -nH,O and SSO(OH),™ nH,O in the
Gas Phase at 298 K (AH°;5 and AG°,3) and in the Polarizable Continuum (PCM)*

n: 0 2 3
AH 03 —33.6 (9a/c) —33.6(10a/c) —32.6 (11a/c) —15.8 (12a/c)
AG®08 —34.0 (9a/c) —34.4 (10a/c) —30.3 (11a/c) —22.3 (12b/c)
AE(PCM/PCM¥*) —10.6 (9a’/c’) —14.0 (10a’/c’) —13.6 (11a’/d’) +3.2 (12a’/c")
AHzgg(PCM) —15.1 (93’/(:’)
Angg(PCM) —16.2 (93’/(:’)

@ Given is the energy difference between the most stable SH tautomer minus the most stable OH form (in kJ mol™!; negative values mean

that the SH isomer is more stable).
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Figure 10. Structure of the gaseous trihydrate [HS;03]™ +3H,0 (13a),
calculated at the B3ALYP/6-31G(2df,p) level of theory (bond lengths in

pm). The NPA atomic charges of the sulfur atoms are as follows: S1,
+2.32; S2, —0.22; S3, —0.20.

[SSO,H] +3H,0 (8b) + H,S,0,+3H,0 (12a) —
[HSSSO,] +3H,0 (13a) + SO,+4H,0 (19)

AHCe = +543 kI mol ™', AG®, = —133.2 kI mol '

From the data given in the above equations we conclude that
the sulfur transfer reactions during the acid decomposition of
thiosulfate most likely take place between the two tautomeric
hydrogen thiosulfate anions on the one hand and neutral
thiosulfuric acid molecules on the other hand and not between
two anions; see Scheme 1. The principle of these reactions is
that the negatively charged terminal sulfur atoms attack the
sulfane sulfur atoms with nucleophilic displacement resulting
in the stepwise growth of a sulfur chain from which homocyclic
sulfur molecules (S¢, S7, and Sg) can eventually be split off.

This reaction mechanism can explain why the reaction is
fastest at pH values of between 1 and 4 when the two types of
species coexist in aqueous solution. This conclusion is also in
line with the discussion of the atomic charges above. The first
dissociation constant of thiosulfuric acid in water has been
reported as K; = 0.25 at 298 K* corresponding to a molar ratio
[SSO;H] /H,S,0; of 25 at pH = 2 and of 2.5 at pH = 1 in
dilute solution.

SCHEME 1
0
[ I
HO—ﬁ—OH H0—|S=O + S0, + H,0
S S
N NsH
HS—SO0;
It
HO—ﬁ—SH HSSSO; + SO, + H,0
0 S—SO;H™

As a side reaction we postulate the formation of adducts between
SO, and the various sulfane monosulfonate anions [HS,SOs]™ (n
> 0) by which the formation of elemental sulfur is suppressed in
favor of polythionate formation. The addition of SO to the gaseous
tautomeric hydrogen thiosulfate ions 3a and 3b with formation of
the monoanion of sulfane sulfinic sulfonic acid 5a is predicted as
strongly exothermic as well as exergonic:

[HSSO,]” (3a) + SO, — [0,SSSO.H]™ (5a)  (20)

for 3a:
AH0298 = _530 kJ molil; AGozgs == _5.3 kJ mOlil

for 3b:
AH%g = =743 kI mol™';  AG® = —25.9 kJ mol ™'

In the polarizable phase the most stable isomers of 3 and 5 are 3b’
and 5a’. Their reaction according to eq 20 is calculated as
exothermic, by AH,os(PCM) = —11.8 kJ mol ™!, but as endergonic,
by AGys(PCM) = +33.7 kJ mol~!. However, if the dianions
[S;05]*" and [S;0s]*>" are used in eq 20 the thermodynamics is
more favorable: AH,o3(PCM) = —41.8 kJ mol ' and AG,s(PCM)
= 42.6 kJ mol~". Thus, the equilibrium is expected to lie on the
right side at temperatures below 0 °C or in the presence of a large
excess of SO,.

The reaction shown in eq 20 or a similar process between
SO, and a thiol or thiolate anion may also be responsible for
the repeatedly observed inhibition of the thiosulfate oxidation
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TABLE 8: Comparison between the Raman Frequencies of
the Anion in the Salt [NH4][HS,0;] and the Two Hydrates
[HSSOs] -nH,0 (r = 2, 3; Values in cm™!) Calculated in the
Polarizable Phase with Geometry Optimization
(B3LYP-PCM)+?

[HSSOs]7+2H,O  [HSSOs]™ *3H,O

mode [NH,4][HS,05]“ (7a") (8a")
VsH 2486 2533 (+47) 2529 (+43)
s 873 886 (+13) 897 (4+25)
Vso 1219 1248 (+29) 1256 (+37)
Vso 1183 1216 (+33) 1192 (+9)
Vs0 1027 1023 (—4) 1017 (—10)
Vs 403 356 (—47) 358 (—45)

“See ref 13. ”The deviations of the calculated wavenumbers
(unscaled) from the experimental values are given in parentheses (v,
stretching; 0, bending mode).

catalyzed by the enzyme thiosulfate dehydrogenase by sulfite
ions, which at acidic pH values are in equilibrium with
molecular SO,? and which had already been suspected to
interact with the enzyme in some unspecified manner;* see the
discussion below.

IIL.I. Vibrational Spectra. Vibrational spectroscopy is a
powerful method to investigate sulfur oxoanions and the
corresponding acids in solution and in the solid state. The
published spectra may be compared to the calculated frequencies
to check the reliability of the calculations. Of all the species
investigated in this work only [SSO3]*~ and [HSSO;]~ have been
studied experimentally. The Raman spectrum of solid
[NH4][HS,05] and its deuterated derivative provided evidence
for the SH form of the anions.!* The exact structures of these
two salts are not known, but it can be expected that anions and
cations are strongly interconnected by hydrogen bonds as has
been reported for the related salt [NH,]»[S,0;3].'% Since the
stretching modes of polar bonds are strongly affected by
hydrogen bonds a perfect agreement of the frequencies calcu-
lated for [HSSO3]™ with the Raman spectrum of [NH,][HS,05]
cannot be expected. In Table 8, the most important modes of
this anion are compared to the frequencies calculated for the
di- and the trihydrate in the polarizable continuum for which
the best agreement was obtained. This agreement is fair with
the exception of the SS stretching mode which is strongly
coupled in the hydrates 7a” and 8a’.

II1.J. The Adduct of H,S with SO; as an Isomer of
H,S,0;. It has been reported that H,S and SO; at low
temperatures form a colorless adduct which does not isomer-
ize to thiosulfuric acid but decomposes to the components
on warming in a vacuum.'” The direct evidence for this
adduct formation and its composition, however, is rather
scarce. The only additional information is the infrared
spectrum of a matrix-isolated mixture of SO; and H,S with
absorption bands at 1377 and 1380 cm™! which have been
assigned to the asymmetric SO stretching vibration of the
adduct.*! This mode evidently is split into two components
by the reduced symmetry of the complex (C,) compared to
free SO; (Dj3j,). Therefore, we have studied the reaction
between the two components theoretically, and we predict
the following thermodynamic gas phase data:

H,S + SO, — H,S — SO, @1

AH°y s = —27.1kJmol™";  AG®,4 = +9.2 kI mol™

These results are in agreement with the observation that the adduct
is not stable at ambient temperatures. The structure shown in Figure
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Figure 11. Structure of the gaseous adduct H,S—SO;, calculated at
the B3LYP/6-31G(2df,p) level of theory (bond lengths in pm).

y(HSH) =92.7°
8(HSS) = 95.4°

11 is of C; symmetry. The extremely long dative SS bond of length
286.5 pm is in line with the small binding enthalpy. The SO; unit
is slightly pyramidal. All O++-H distances are larger than 326 pm
and do not indicate any attractive interaction. The calculated NPA
atomic charges of the two sulfur atoms in the adduct are +2.46
(SO3) and —0.27 (H,S), and the charge transfer from H,S to the
SO; unit is —0.10 electrostatic units. The oxygen atoms are
negatively (—0.85) and the hydrogen atoms positively charged
(+0.18). The weak bond between the two molecules may therefore
be considered as mainly electrostatic. The SO stretching vibrations
are predicted at 1060 (sym), 1389, and 1393 cm™'. The latter two
wavenumbers arising from the formerly degenerate asymmetric SO
stretching vibration of SOj are in very good agreement with the
observed infrared bands at 1377 and 1380 cm™! reported by Sass
and Ault.*! The harmonic wavenumbers of the normal modes of
the H,S unit are calculated as 1210 (bending), 2677 (sym stretch),
and 2694 cm™! (asym stretch), whereas the SS stretching vibration
is predicted at 110 cm™ (all unscaled). The conversion of H,S*SO;
into thiosulfuric acid 9a at 298 K is exothermic by —39.4 kJ mol ™!
and exergonic by —27.1 kJ mol ™! in the gas phase.

IV. Biochemical Implications

Thiosulfate ions are part of the biogeochemical sulfur cycle since
[S,0;3]*” ions are formed by enzymatic oxidation of sulfide and
elemental sulfur, by reaction of sulfite with either elemental sulfur,
polysulfanes, or polysulfides, and by hydrolysis of trithionate
anions. Therefore, thiosulfate together with sulfide ions (SH™) are
the most abundant reduced inorganic sulfur species in the environ-
ment. Certain sulfur bacteria utilize thiosulfate ions to gain energy
by oxidation* to either tetrathionate (with the enzymes thiosulfate
dehydrogenase,® tetrathionate synthase, or thiosulfate:quinone
oxidoreductase*®) according to eq 22

2[S,0,°” = [S,0,]" + 2¢~ (22)

or to sulfate using a multienzyme complex termed “Sox™**
according to eq 23:

[S,0,]°” + 5H,0 — 2[SO,]*” + 10H" + 8¢~  (23)

Another metabolic pathway is the reduction of thiosulfate (with
the help of a thiosulfate reductase), e.g., by glutathione (GSH),
which is turned into its persulfide® or, more accurately, the
disulfane GSSH; eq 24.

[S,0,]°” + GSH — [SO,]*” + GSSH (24)
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With the help of a thiosulfate sulfurtransferase the sulfane sulfur
atom of the anion may also be transferred to a thiophilic acceptor
molecule such as cyanide ions:

[S,0,]°" + [CN]™ — [SO,]*” + [SCN]™  (25)

Finally, the enzyme thiosulfate hydrolase catalyzes the cleavage
of the SS bond:*®

[S,0,]°” + H,0 — [SO,]*” + H,S (26)

All the mentioned enzymes may have a differing composition,
molecular size, and other properties in different organisms.

Equations 22—26 have been written in a form as is common
in the microbiological literature. The optimum pH values for
the enzymes mentioned are usually between 3.0 and 5.5, more
seldomly up to 7.8. However, in acidic solutions sulfite??> and
thiosulfate ions are expected to be present mainly as a
monoanions, and these are hydrated by water molecules as
shown above. For the interaction with the reaction center of
the particular enzymes the water of hydration must be stripped
off, at least partly. Within the pockets or channels of the enzyme
which connect the reaction center with the outside world the
anions are likely to interact with the polar parts of the amino
acids of the protein such as NH and CO groups. However, since
the hydrogen bonds between the S=O groups of the sulfur
oxoanions and the surrounding water molecules are stronger
than those between S=O and the NH bonds of the protein the
dehydration of the anions is predicted to be endothermic, even
inside a protein environment.

Here we want to discuss in more detail the interaction of
thiosulfate and sulfite with the sulfur-oxidizing multienzyme
complex “Sox” since the structure of this heme-containing
complex* and the mechanism of thiosulfate oxidation to
sulfate*? are known. “Sox” consists of four independent enzymes
responsible for the series of reactions described in eqs 27—30.
The reactive site of the oxidizing enzyme “SoxXA” is believed
to be a thiolate group of a cysteine residue to which the
thiosulfate anion is oxidatively coupled (R = alanyl):

[R — S]” + [SSOH] —
[R—S—S—S0, +H +2 (27

The electrons are taken up by the neighboring heme groups to
reduce Fe’" to Fe?". For reaction 27 a protonated thiosulfate
anion is more suitable than the dianion since the latter would
suffer a strong Coulomb repulsion by the thiolate anion. The
disulfane sulfonate resulting from eq 27 is then hydrolyzed by
another Sox enzyme at the weak and polar S—SO; bond:

[R—-—S—-S—-S0;] +H,0—

[R —S — S]” + [SO,” +2H" (28)
The formed disulfide [RSS]~, also termed as persulfide, is
known*’ to react with dioxygen to a Bunte salt or S-sulfonate

the hydrolysis of which regenerates the starting thiolate as shown
in eqs 29 and 30:

[R—S—S]" +%0,—[R-S~-S0] (29

Steudel and Steudel

[R —S — SO,]” + H,0 — [R — S|” + [SO,]* + 2H"
(30)

As mentioned above by eq 22, some sulfur bacteria produce
tetrathionate either exclusively or besides sulfate by oxidation
of thiosulfate. In this case, we assume that the initial reaction
is as shown in eq 27, but lacking an enzyme for hydrolysis of
the [RSSSO;] ™ ion this species may eventually be attacked at
the central sulfur atom by another thiosulfate ion as shown in
eq 31 which describes another nucleophilic displacement
reaction which are quite common in sulfur chemistry:

[R —S —S — SO, + [SSO;HI"” —
[S,04]°” +[R —SI” (3D

Since many thiosulfate dehydrogenases are most active at pH
values of between 3.0 and 4.0 the protonated thiosulfate ion is
expected to be the dominating reagent in this case also. The
attacked central sulfur atom of the [RSSSOs] ™ ion bears only a
small negative charge of —0.25 units in water (Table 3).

The key role of thiolate docking sites for the thiosulfate substrate
may be the reason why some of these enzymes are inhibited by
sulfite, disulfite, and dithionite ions.** In acidic solution these
oxoanions are in equilibrium with SO,, and this molecule has been
shown above to react exothermically with hydrogen thiosulfate ions
forming an adduct [0,SSSO;]*~ or [0,SSSO;H]™; see Figure 4
and eq 20. A detailed investigation of the corresponding reaction
of SO, with cysteine and the related thiolate and persulfide anions
is now underway in this laboratory.

V. Conclusions

We have shown that thiosulfate exists in acidic aqueous
solution most probably as equilibrium mixtures of the tautomeric
species [HSSO;]™ and [SSO;H]™ on the one hand and as the
acids HSSOs;H and HOS(S)O,H on the other hand. Their relative
stabilities are strongly influenced by the degree of hydration
and by a polarizable environment as simulated by Tomasi’s
PCM method. In the gas phase all species are most stable as
SH tautomers, whereas the relative stabilities in water are more
complex and dominated by hydrogen bonding. The well-known
decomposition reaction of aqueous thiosulfate on acidification
to give SO, and elemental sulfur is predicted to start with a
nucleophilic attack of the terminal S atom of either (a) the
monoanion [SSOsH]™ on the sulfane sulfur atom of HSSO;H
or (b) of SSO,(OH), on the sulfane sulfur atom of [HSSO;]™
producing sulfane monosulfonic acid [HS,SO;H] which is
expected to undergo a chain-growth reaction by a series of
similar S transfer reactions. These reactions are predicted to be
exothermic and exergonic in water. As soon as the chain length
n exceeds five sulfane sulfur atoms homocyclic sulfur molecules
such as S¢ can be split off while the remaining sulfite anion
decomposes to SO, and hydroxide ions. If the SO, is not allowed
to escape it inhibits the further decomposition by reaction with
the sulfane monosulfonate ions forming the novel species
[O,SSSOs;H]™ which is most likely the primary intermediate in
the customary synthesis of trithionate from thiosulfate and SO.,.
In this way it is now possible to explain the well-known
inhibition of thiolate-based enzymes by sulfite ions in the
biological metabolism of thiosulfate ions by sulfur bacteria.
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