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Thiourea dioxide, (NH2)2CSO2 (TDO), is known to decompose in alkaline media to yield the strong
reducing agent sulfoxylate, SO2H−, with interesting applications in (bio)catalysis. The electronic structure
of TDO has been debated recently, with two different descriptions put forth based on crystal structures and
electronic structure calculations, all gravitating around the unusually long C−S bond in TDO: a zwitterionic
structure and a carbene one. Here, computational methods (density functional and Hartree–Fock) are used to
reconcile the two descriptions. The geometrical parameters as well as the molecular orbitals and population
analyses are all consistent with TDO being an adduct of SO2 with the carbene (NH2)2C. The reactivity of
TDO towards tautomerization, sulfoxylate formation and dioxygen liberation is also examined; all of the
data points toward its tautomer, formamidine sulfinic acid (FSA), being the stable tautomer in solution,
with TDO stabilized by supramolecular interactions in the solid state.

Keywords: thiourea dioxide; sulfoxylate; DFT; formamidine sulfinic acid; tautomer

1. Introduction

Thiourea-S,S-dioxide, (NH2)2CSO2 (TDO), is a readily available stable water-soluble molecule,
first prepared in 1910 by Barnett (1). There have been numerous commercial applications of its
reducing property (and implicitly antioxidant, anticorrosive or bleaching), especially in the textile
industry (2), bleaching of mechanical pulp (3), paper and leather-processing industries (4). TDO
decomposes in alkaline conditions (with a pKa ∼9.5) generating sulfoxylate, a strong reducing
agent, whose oxidation in turn yields dithionite, a common reducing agent in biochemistry (4, 5).
Paradoxically, besides liberating the strong reducing agents sulfoxylate and dithionite, TDO can
also generate molecular oxygen, either at reflux in anhydrous acetonitrile (6) or in water in a
narrow range of pH (7). A tautomeric form of TDO, formamidine sulfinic acid (FSA), is also
known but has not been characterized structurally.
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We have recently demonstrated that TDO offers a new route towards carbon monoxide adducts
of heme proteins, by the reduction in carbon dioxide (5). Evidence for TDO-based production
of ‘super-reduced’ iron in myoglobin also exists (5). Catalytic properties of heme model com-
plexes and related species in the presence of sulfoxylate have been demonstrated (4, 8–11).
Furthermore, this strong reducing agent leads to formal oxidation states of Fe(0) and Fe(I) in
iron-tetrasulfophthalocyanines in aqueous media (11).

Several X-ray diffraction structures of TDO are known (12, 13); together with molecular
mechanics, ab initio and density functional theory (DFT), these data have been interpreted as
evidence for a zwitterionic structure, (H4N2C)+(SO2)

−, with a remarkably long C−S bond, all
consistent with the facile cleavage undergone in water at basic pH as outlined above. On the other
hand, Denk et al. (14) characterized TDO as being the adduct of a carbene with sulfur dioxide,
based on geometrical and energetical parameters derived from DFT.

Here computational chemistry calculation (DFT and Hartree–Fock) results are reported in
order to elucidate the structure of TDO (zwitterionic vs. carbenoid), the nature of the unusually
long C−S bond, the TDO–FSA tautomerism, the mechanism of sulfoxylate liberation and the
mechanism of dioxygen liberation from TDO.

2. Results and discussion

2.1. Structure of TDO

Figure 1 shows optimized geometries for TDO, methanethiol (featuring a well-defined σ C−S
bond), and thioformaldehyde (featuring a well-defined C−S double bond). A comparison of
C−S bond lengths and electron densities reveals the C−S bond in TDO to be significantly
longer/weaker than a normal C−S single bond.

Table 1 shows NBO partial atomic charges on TDO. It can be seen that there is only a small
charge separation between the two moieties of TDO (C(NH2)2and SO2); therefore, TDO does
not appear to be well described by a zwitterionic structure. Moreover, when the C−S distance is
increased to 4.1Å (i.e. some 0.5Å beyond the sum of the van der Waals radii of the two atoms),
the small charge separation vanishes, instead of the increase expected of a zwitterionic structure.
Consistent with this non-zwitterionic character, the TDO LUMO, shown in Figure 2, indicates a
‘hole’ on the TDO carbon, i.e. a formally empty 2p orbital corresponding to a singlet carbenoid
structure.

Figure 1. Optimized structure of TDO and two reference systems, methanethiol and thioformaldehyde. Corresponding
bond lengths, computed with different methods/functionals, are shown below each structure in angstroms. The transparent
surfaces represent electron density, IsoVal = 0.12.
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Table 1. NBO partial atomic charges on the TDO equilibrium
structure and on the structure with TDO C−S distance of 4.1Å.

Atom TDO Sum C−S at 4.1Å Sum

S 1.52 −0.47 1.56 −0.03
Oa −0.98 −0.79
C 0.31 +0.47 0.19 +0.03
Nb −0.81 −0.86
Hc 0.44 0.39

Notes: aSame charge on both oxygen atoms. bSame charge on both nitrogen
atoms. cAverage charges of four hydrogen atoms.

2.2. Structure of FSA

Figure 3 shows the optimized structure of the FSA tautomer of TDO. The FSA C−S distance,
at 1.89Å, is 0.1Å shorter than in TDO but still longer by 0.04Å than a C−S single bond (cf.
Figure 1).

The charge distribution of FSA (Table 2) differs fundamentally from that of TDO: the SO2H
moiety is now the positive ‘pole’ and the CN2H3 the negative one. This change in polarity is at
odds with a zwitterionic character within FSA that would include a nascent sulfoxylate anion and
is also consistent with the shorter C−S bond in FSA compared with TDO.

2.3. TDO–FSA tautomerization

A potential curve for intramolecular TDO−FSA tautomerization is shown in Figure 4. Clearly,
the activation costs for tautomerization are very small starting either from FSA (∼6 kcal/mol) or
from TDO (∼3.5 kcal/mol). At least in vacuum, FSA appears to be the more stable tautomer.

Figure 2. TDO LUMO.

Figure 3. Optimized structure of FSA. Transparent surface represents the electron density, IsoVal = 0.12.
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Table 2. Mulliken partial atomic charges on
FSA and on the two moieties, SO2H and CN2H3.

Atom Charge Sum

S 1.48 +0.15
Oa −0.92
H1 0.52
C 0.26 −0.15
N1 −0.78
N2 −0.86
H2 0.39
H3 0.44
H4 0.42

Note: Labels are shown in Figure 3.

On the other hand, the potential curve for an intermolecular tautomerization is shown in Figure 5;
an essentially all-planar ‘head-to-tail’ conformation (cf. Figure 5) was found to yield the lowest-
energy pathway.

An alternative conformation to that seen in Figure 5, with the two TDO molecules on top
of each other in a head to tail position, with four NH−O hydrogen bonds instead of the two
hydrogen bonds shown in Figure 5, is preferred by 7.6 kcal/mol (structure shown in Figure 6).
However, in this case, the hydrogen bonds are longer (∼1.9Å) compared with the conformation in
Figure 5 (∼1.6Å); furthermore, consistent with this longer NH−O distance, proton migration and
isomerization to FSA appear to entail a slightly larger energetical cost (∼9 kcal/mol (cf. Figure 6)
compared with the 5 kcal/mol of Figure 5).

It is worth noting that the supramolecular arrangements shown in Figures 5 and 6 lead to
stabilization of the TDO tautomer with respect to the FSA, in contrast to the situation seen
in Figure 4 for isolated molecules in vacuo. This observation is consistent with the fact that
crystallization has so far yielded only the TDO tautomer and never the FSA (12–14), while also
suggesting that in dilute solutions and in the absence of strongly interacting hydrogen-bonding
partners the FSA tautomer may also play an important role. The solvation energy (in water, Cosmo
model) of TDO, FSA and the energy barrier for intra- and intermolecular tautomerization were
computed also, and yielded results qualitatively similar to Figures 4–6, with the intramolecular
pathway slightly favored but with all three barriers not higher than ∼10 kcal/mol. These values

Figure 4. Potential curve for TDO−FSA intramolecular tautomerization in vacuum. One O−H distance was varied as
shown, with all others parameters freely optimized.
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Figure 5. Potential curve for TDO−FSA intermolecular tautomerization in vacuum; two molecules of TDO/FSA were
placed side by side in a head-to-tail position. One of the O−H distances was varied as shown, with all others parameters
freely optimized.

Figure 6. Potential curve for TDO−FSA intermolecular tautomerization in vacuum when two molecules of TDO/FSA
were placed on the top of the other in a head-to-tail position. One of the O−H distances was varied as shown, with all
other parameters freely optimized.

are extremely small and suggest that tautomerization would proceed at rates difficult to measure
experimentally, by both intra- and intermolecular mechanisms.

Figure 7 shows HOMO for TDO and FSA. The relative stabilities of TDO and FSA are likely
explained by the stabilizing effect of the intramolecular hydrogen bonds, which in FSA include
a distinctly stronger interaction (1.84Å in FSA vs. 2.2Å in TDO). A dative bond between the
2p orbital of the carbon atom (donor) and the sulfur atom (acceptor), as expected for a singlet
carbene-like structure, can also be seen in these HOMOs.

2.4. C−S bond cleavage in TDO

C−S bond cleavage in TDO and FSA was examined in order to understand the mechanism of
sulfoxylate generation: nominally, simple heterolytic cleavage of this bond would lead to an
SO2 moiety assignable as sulfoxylate. Figure 8 shows that when the C−S distance in TDO is
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Figure 7. HOMO for TDO and FSA.

increased up to 4.3Å (over 0.5Å longer than the sum of sulfur + carbon van der Waals radii), a
local minimum can be reached. However, the barrier for reverting this structure back to the starting
TDO is negligible, which suggests that the C−S bond does not cleave by simply increasing the
distance between these two atoms and that therefore this is not a viable mechanism for sulfoxylate
formation.

Elongation of the C−S bond in FSA (Figure 9) yields similar results to the TDO C−S bond
elongation discussed above. This is because at a C−S distance of approximately 2.4Å, marked
with a triangle in Figure 9, the oxygen-bound proton moves spontaneously to the nitrogen, so that
FSA tautomerizes to TDO. From this point onwards, we enter the TDO potential energy surface
covered by Figure 8, and again no feasible mechanism can be seen for sulfoxylate formation.

The effect of solvation on C−S bond cleavage in TDO was examined by placing 1 and then 10
molecules of water, without applying any constraints over them, in the vicinity of TDO (explicit
solvation). No stabilization was observed at large C−S distances, corresponding to a state where
the C−S bond is cleaved (data not shown).

The possibility of sulfoxylate formation as the result of a water molecule attacking the TDO
carbon was also examined (cf. Figure 10); this reaction appears feasible energetically, even if the
C−S bond does not break yet. However, to our knowledge, there is no experimental evidence for
the Figure 10 reaction taking place, nor has the product been characterized. In fact, Figure 11
shows that this product would readily decompose to yield sulfoxylic acid. However, it is known
experimentally that TDO is relatively stable in water and that its decomposition to sulfoxylate

Figure 8. Evolution of the potential energy with the elongation of the C−S bond and rotation of the SO2 moiety with
O atoms toward the N-bound H atoms from TDO.
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Figure 9. Evolution of the potential energy with the elongation of the C−S bond in FSA. At a C−S distance of 2.4Å,
FSA tautomerizes to TDO, represented by a triangle on the plot.

Figure 10. Potential curve for the attack of a water molecule over the carbon of TDO. The oxygen (water)−carbon
(TDO) distance was varied as shown, while all other parameters were freely optimized.

proceeds only under basic medium with a pKa of ∼9; on the contrary, according to Figures 10
and 11, TDO decomposition to sulfoxylate should not have a significant pH dependence.

Figure 12 resolves the apparent conflict between the experimental and theoretical results of
Figures 10 and 11: it is shown that the attack of a water molecule onto the carbon atom in the
FSA tautomer of TDO is not energetically feasible: although a local minimum can be reached
with a C (thiourea)−O (water) distance of ∼1.6Å, the barrier for returning to FSA and water is
very small. Correlating with Figure 4 data, according to which FSA is more stable than TDO,
these data led us to interpret that indeed the tautomer predominating in water at neutral and acidic
medium is FSA rather than TDO. According to Figures 10–12, FSA should be water-stable but
TDO less so.

As TDO generates sulfoxylate only in alkaline medium, cleavage of the C−S bond by elongating
it in the presence of a hydroxide group was also examined (cf. Figure 13). The OH− group was
first placed at a distance of 3.5Å from the carbon of TDO (further than the sum of van der
Waals radii of oxygen and carbon). The OH group approaches spontaneously TDO in the initial
point, before starting the elongation of the C−S bond, initial state in Figure 11. Elongating the
C−S bond, with the −OH bound to the carbon, the C−S bond cleaves; the potential curve is

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



34 Z. Kis et al.

Figure 11. Decomposition of the putative TDO−water adduct produced in Figure 10, to yield sulfoxylic acid. The
sulfur−carbon distance was varied as shown, while all other parameters were freely optimized.

Figure 12. Potential energy surface for nucleophilic attack of a water molecule onto the carbon atom in FSA. The
oxygen (water)−carbon (FSA) distance was varied as shown, while all other parameters were freely optimized.

represented by the black dots in Figure 11. This cleavage also occurs in the presence of a water
molecule (gray squares) without any noticeable influence of the water molecule. However, this
kind of C−S bond cleavage in TDO does not agree with experimental observations where a
pKa ∼9.5 was determined. Moreover, the activation energy for the process (∼13 kcal/mol) is too
low considering the experimentally observed TDO decomposition rate (4, 5). These results can
again be interpreted, as was done above, to indicate that in water the TDO tautomer does not
exist.

Elongation of C−S bond in nitrogen-deprotonated TDO (or oxygen-deprotonated FSA) was
also considered, as it would fit with a scenario where the experimentally observed pKa is assigned
to TDO/FSA. As in the case of C−S bond elongation in neutral TDO and FSA, their deprotonated
counterpart showed the energy increasing monotonously with the C−S distance and with no stable
local minimum identifiable in the elongated structures (data not shown).
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Figure 13. Variation of the energy with the elongation of the C−S bond in TDO after a −OH group binds to the carbon
in the presence and absence of a water molecule. The carbon−sulfur bond distance was varied as shown, while all other
parameters were freely optimized.

Attack of the carbon atom in deprotonated TDO/FSA by water was also examined (cf.
Figure 14). C−S bond cleavage occurs concerted with this attack, also concerted with transfer
of a water proton to the sulfur-bound oxygen consistent with charge separation. Thus, the final
product in this reaction scheme is indeed sulfoxylate, in good agreement with experiment.

The process shown in Figure 14 is not favorable thermodynamically. However, Figure 15 shows
that subsequent isomerization of the nitrogen-containing moiety is in fact exothermic and can drive
reaction in Figure 14 forward. The final point of the reaction path shown in Figure 4 shows a
nitrogen−sulfur distance of 4.14Å and a net charge on the SO2H moiety, computed from NBO
partial atomic charges, of −0.97, consistent with deprotonated sulfoxylate; the remaining organic
part was urea, as indicated in Figure 15.

Based on these results, the following mechanism scheme is proposed for generation of sul-
foxylate from TDO (cf. Figure 16). The first step includes deprotonation of TDO/FSA, followed

Figure 14. Potential curve for the attack of water to the carbon of deprotonated TDO/FSA. The oxygen (water)−carbon
(FSA) distance was varied as shown, while all other parameters were freely optimized.
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Figure 15. Potential curve for isomerization of carbamidic acid to urea. The distance between the oxygen-bound proton
and the NH nitrogen was varied as shown, while all other parameters were maintained constant.

Figure 16. Proposed mechanism for sulfoxylate decomposition. ‘A’ is a generic electron acceptor.
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by attack of water onto the carbon atom in a rate-limiting step during which carbon−sulfur bond
cleavage also occurs, in concerted manner. Thus, two compounds are obtained from which one is
the sulfoxylate, the other being readily isomerized to urea. Sulfoxylate will eventually be oxidized
to dithionite.

Alternative mechanisms for sulfoxylate generation were also taken into consideration (not
shown); among others, −OH attack on the nitrogen or sulfur atoms in deprotonated TDO or water
attack on the carbon of FSA deprotonated at the N was found to be unfeasible.

2.5. Dioxygen liberation from TDO

Paradoxically, besides liberating the extremely strong reducing agent sulfoxylate, TDO/FSA can,
under certain conditions, also liberate dioxygen (6). Figure 17 shows that this process is indeed
feasible. In line with the results shown in previous sections, this solution-phase property of TDO
is easier explainable as due to the FSA tautomer, whose potential energy surface ion the critical
regions (O−O distance between 1.3 and 1.7Å) lies ∼100 kcal/mol below that of TDO. The
significant difference in reactivity between the two tautomers is traceable to the oxygen-bound

Figure 17. (a) Potential energy surface for dioxygen formation via O−O bond formation in TDO and its tautomer FSA
(black and gray traces, respectively). The oxygen−oxygen distance was varied as shown, while all other parameters were
freely optimized. (b) Reaction pathways for the two traces in (a): a local minimum featuring a hyproperoxide attached
to the sulfur is identifiable as an intermediate on the FSA pathway, while no intermediate is identifiable on the TDO
pathway.
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proton in FSA, which allows partial stabilization of a peroxide S−O−O−H intermediate at an
O−O distance of ∼1.5Å in FSA.

In conclusion, the electronic structure of TDO and FSA was reconsidered in order to eluci-
date a TDO zwitterionic vs. carbenoid structure. Our data (molecular orbital analysis, charge
distribution, C−S bond elongation) indicate that TDO has a carbenoid structure, in line with
the interpretation proposed by Denk et al. (14). Intermolecular and intramolecular tautomeriza-
tion mechanisms were both found feasible for interconversion of TDO to FSA. Mechanisms for
TDO/FSA decomposition to yield sulfoxylate or dioxygen were also identified. All of the data
points towards FSA being the dominant tautomer in aqueous solution, while TDO is stabilized
by supramolecular interactions in solid state.

3. Experimental

Geometries were optimized using the B3LYP functional and the 6-31G** basis set as implemented
in the Spartan software package (15–17). For the SCF calculations, a fine grid was used, and the
convergence criteria were set to 10−6 (for the root-mean square of electron density) and 10−8

(energy), respectively. For geometry optimization, convergence criteria were set to 0.0005 a.u.
(maximum gradient criterion) and 0.0003 (maximum displacement criterion). For selected models,
similar results (not shown) were obtained within the Gaussian ’98 package (18) at BP86/6-
31G** and B3LYP/6-31G** levels. In cases where charge or spin separation was suspected, the
unrestricted formalism was applied, but the results did not differ from those obtained with the
restricted formalism. Frequencies were computed for stationary points to verify that they are true
minima. NBO partial atomic charges are listed in tables.

The choice of the B3LYP functional is based on its widespread use, which would allow a
more straightforward correlation of our results with those obtained by other groups on other
systems. For the types of systems examined here, Siegbahn and co-workers and Noodleman
and co-workers estimated errors as high as a few kcal/mol (19–25). One main alternative to
the B3LYP employed here would be the non-hybrid BP86 functional; although the usefulness
of BP86 in inorganic and bio-inorganic studies is documented (25–31), a hybrid functional was
deemed to be a better choice since charge separation is sought in some of the reaction pathways
examined here, and non-hybrid functionals do tend to underestimate such phenomena (25, 30).
It may be argued that various newer functionals, which have not yet been applied extensively in
bio-inorganic or bio-organic chemistry, may provide better results on structures or on energies (32,
33). However, as stated above, the use of such functionals would limit the possibilities of directly
correlating our results with those obtained on other systems, by other groups. The possibility
to establish trends, more than to compute single accurate values, is in our opinion the main
strength of computational inorganic chemistry (25); such trends are difficult to establish unless
any given computational approach gains widespread use. Nevertheless, as it is always important
not to blindly trust ‘mainstream’ approaches, the performance of our model chemistry, B3LYP/6-
31G**, was tested against a few other models, as shown in Table 3, looking at other functionals

Table 3. Performance of a few computational approaches on a
test model (FSA–TDO tautomerization, as shown in Figure 4).

From FSA From TDO

G-B3lyp/6-31G∗∗ 2.8 1.8
G-B3LYP/6-31+G∗∗ 2.6 2.6
G-B1B95/6-31G∗∗ 3.1 2.1
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as well as at a larger basis set. The results are in line with data already known: changing the
functional can indeed alter the results by 1–2 kcal/mol, while changing the basis set has an even
smaller effect.
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