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Comparison of the structural properties of
compounds containing the XSSX moiety

(X = H, Me, R, Cl, Br, F, OR)
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Quebec, Canada, H3A 2K6

(Received 24 February 2004; In final form 4 April 2004)

A comparison of the structural parameters of a wide variety of compounds
containing the S−S bond is summarized.

1. Introduction
The S−S single bond is a ubiquitous unit in structural biology, being essential for the activity
in a diversity of proteins, of which insulin, oxytocin and vasopressin [1, 2], ribonuclease A,
phospholipase A2 and immunoglobins are illustrative [3]. One reason why Nature uses the
S−S bond in conferring structural rigidity is the high bond energy of this functionality, which
at ca. 63 kcal mol−1 is the third strongest homonuclear single bond [4]. Nevertheless, it is
considered a weak bond compared with other bonds that normally break in chemical reactions.
Apart from serving to tailor the three-dimensional structure of proteins, disulfide bonds appear
in rubber vulcanization [5], drugs [6] such as Antabuse (TETD) [7], molecules used in marine
organisms [8, 9], and as aqueous gelators [10].

To best understand and provide a context for the conformational analysis and theoretical
calculations highlighted in this review, a detailed investigation of the geometries of related
disulfides, HSSH, ClSSCl, BrSSBr, FSSF and dialkoxy disulfides is presented. Geometries for
all these compounds are defined according to figure 1.

The origin of the S−S barrier to rotation will also be explored as well as a comparison
of experimental and theoretical work to determine the minimum level of theory needed to
accurately describe these systems.

2. HSSH system
The geometry of dihydrogen disulfide HSSH (1a) as well as its isotopic derivatives has been
determined by electron diffraction [11] and microwave spectroscopy [12–20]. Often with the
geometry given by microwave spectroscopy (MW), the parameters are recalculated from the
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292 E. Zysman-Colman and D. N. Harpp

Figure 1. Structural parameters for XSSX systems. Bond lengths are defined as r(S−S) and r(S−X), bond and
dihedral angles are defined as θ (S−S−X) and τ (S−S) respectively.

same data set and then re-reported. Disulfane (1a) has an analogous structure to that of HOOH
(2a). Selected experimental structural parameters are highlighted in table 1.

Initial work [12, 13] underestimated both the r(S−H) bond length and θ (H−S−S) bond
angle. This is most likely because the authors based their microwave geometries on flawed
electron diffraction [11] data that served as a reference for the θ (H−S−S) bond angle. In
general, the location of hydrogen atoms in the presence of heavier atoms is problematic by
diffraction techniques. Given that bond lengths derived from rotational constants are correlated
to the bond angle, an inappropriate determination of the latter parameter will thus affect the
two former; torsional angles are weakly correlated with other structural parameters and remain
consistent throughout. The average bond angle of 95.8◦ is slightly larger than that of H2S
(92.2◦) [22] but is substantially smaller than that for alkyl or halogenated disulfides (vide
infra). The small bulk of the hydrogen atoms and the subsequent decrease in H−H and S−S
repulsions may explain this smaller bond angle.

Theoretical modeling of this system proves quite accurate, even with smaller basis sets, as
summarized in table 2; the inclusion of polarization functions on heavy atoms is essential for
determining accurate parameters [23, 24]. It has also been suggested that addition of correla-
tion corrections is required to obtain good structural parameters for the analogous H2O2 (2a)
system [25, 26] though this does not seem to be the case here. The bond order for the S−S
bond was calculated [27] to be 0.95, an indication of the single bond character of this parent
compound; thus the covalent radius of sulfur can now be derived as 2.055/2 = 1.03Å, where
we have used the most recent MW [21] S−S bond length.

Bonding in X−S−S−X systems is characterized by a gauche conformation about the S−S
bond. The bonds formed are almost entirely p in character. Thus there exists a non-bonding

Table 1. Experimentally derived parameters for 1a.

r(S−S) (Å) r(S−H) (Å) θ (H−S−S) (◦) τ (H−S−S−H) (◦) Method Ref.

2.055 ± 0.001 1.327 ± 0.003 92.00 ± 0.50 90.60 ± 0.10 MW 12
2.055 ± 0.001 1.327 ± 0.003 91.30 ± 0.05 90.60 ± 0.05 MW 13
2.058 ± 0.003 1.345 ± 0.003 98.10 ± 0.30 90.80 ± 0.30 MW 20
2.0611 ± 0.0001 1.3410 ± 0.0003 97.42 ± 0.04 90.75 ± 0.05 MW 19
2.055 98.10 89.60 MW 21
2.056 1.342 97.90 90.30 MW 18

2.057 ± 0.002 1.336 ± 0.009 95.80 ± 3.23 90.44 ± 0.45 Average
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Structural properties of XSSX compounds 293

Table 2. Calculated structural parameters for 1a.

r(S−S) (Å) r(S−H) (Å) θ (H−S−S) (◦) τ (H−S−S−H) (◦) Method Ref.

2.081 1.356 98.3 91.7 SCF/DZ + P 28
2.063 1.336 98.9 90.3 SCF/3-21G∗ 29
1.958 1.327 99.1 88.1 ab initio STO-3G∗ 30
2.067 1.331 98.2 89.7 SCF-CI/DZ + P 31
2.066 1.327 98.6 89.9 MP2/4-31G∗ 32
2.066 1.328 99.0 90.0 HF-SCF/6-31G∗ 27
2.063 1.327 99.1 89.8 HF/6-31G∗ 33
2.070 1.333 98.7 90.5 MP2/6-31G∗∗ 34
2.082 1.336 98.1 90.4 MP2/6-311G∗∗ 35
2.092 1.333 97.5 90.8 MP2/6-311G(2d,2p) 34
2.092 1.333 97.5 91.2 MP2/6-311G++(2d,2p) 34
2.064 1.338 97.8 91.0 MP2/6-311G++(2df,2p) 34
2.067 1.343 98.0 90.7 CCSD(T)/cc-pVQZ 36

2.064 1.334 98.4 90.3 Average [37]
0.034 0.008 0.6 0.9 Error

electron pair that resides in a perpendicular 3p orbital on each sulfur atom (figure 2). The size
of these orbitals leads to a partial overlap of these MOs. The lone pair-lone pair repulsion
inherently caused by the formed π - and π∗-MOs results in a destabilization (and subsequent
lengthening) of the S−S bond that is maximized when τ = 0 and 180◦; this destabilization is
diminished when τ = 90◦ and τ = −90◦ due to the orthogonality of the two 3 p orbitals. The
splitting of AOs to form MOs is asymmetric [38] [illustrated in figure 3(a)].

As a corollary to this MO argument, when H2S2 (or any other XSSX system) is in the gauche
conformation there is a maximum stabilizing overlap that occurs with each of the lone pair
3p orbitals to that of the adjacent S−H (or S−X as the case may be) σ ∗ MO (figure 3b). The
above MO description is indicative of a hyperconjugative mechanism. Mulliken [39] population
analyses show that the largest S−S overlap population does occur at this (ca. 90◦) dihedral

Figure 2. 3p orbital orientation in the ground and cis and trans transition states.
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294 E. Zysman-Colman and D. N. Harpp

Figure 3. (a) Splitting of adjacent S-3pπ -orbitals. (b) Splitting of S-3pπ -orbital with that of an adjacent S−X anti-
bonding orbital. The magnitude of the splitting in each case depends on the dihedral angle τ and on the origin of X.

angle, thus indicating that the total energy of the compound is lowest [40]. For these reasons,
the observed dihedral angle in 1a is ca. 90◦ which represents an energy minimum for the
compound. Thus there are two energetically degenerate conformations of 1a that are antipodal
in the S−S unit. While the XSSX systems are inherently chiral, they remain optically inactive
and unresolvable if the substituent X is achiral and the magnitude of the S−S rotational barrier
is sufficiently low.

The geometries of the cis and trans transition state structures in figure 2 indicate distortions
from the ground state geometry. The calculated r(S−S) is ca. 0.04–0.05 Å longer and the
θ (S−S−H) is 1◦ and 4◦ smaller respectively while r(S−H) remains essentially unchanged [31].
Such changes are not unusual and similar results have been observed in sulfur homocycles
wherein τ = ca. 0◦ [41].

The barrier to rotation about the S−S bond of course also depends on the dihedral angle due
to the same molecular orbital considerations (vide supra). Although there is much variation
in the measured and calculated barriers (table 3), the cis barrier (via path b in figure 2) is
consistently higher than that of the trans barrier (via path a in figure 2). Some of this variation
may be caused by the use of inaccurate structural parameters as well as the assumption that
rotation is rigid (that is all other bond angles are constrained as the energies are calculated during
the rotational profile about the S−S bond). Others did not optimize transition state geometries
prior to obtaining single point energies. In general, ab initio calculations can reproduce many
rotational barriers at the HF level given the use of a large enough basis set [42]; the lack thereof
is evident in the barriers calculated by Laitinen (geometry optimization using the same method
was also poor) [43]. Inclusion of electron correlation did not change the barrier heights [19, 31].
Notably, full optimization of the energy surface using appropriately large basis sets is standard
in modern theoretical work for rotational barriers. Thus the HF predictions of Samdal [33] and
co-workers (last entry of table 3) should be viewed as the most accurate.

The increased height of the cis barrier is most probably due to a relatively decreased stabi-
lizing hyperconjugative σS−H → σ ∗

S−H
interaction (similar to that found in ethane [46–49])

as compared with the trans transition state [50]. The slightly lower calculated trans barrier as
compared with the measured barriers (which as a matter of course are in fact measurements
of the trans barrier) is due to geometry relaxation [45]. The barrier height is also a function
of the van der Waals radii and the electronegativities of the respective atoms about the X−X
bond (in this case S−S). This is illustrated in table 4 wherein moving from a first row element
to one in the second row may lead to a decreased barrier but this effect can be compensated by
moving from left to right across the periodic table.

A more important comparison is that between HO−OH (2a) and HS−SH (1a). The barriers
for 2a are shown in table 5.
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Table 3. Measured and calculated barriers to rotation about the S−S bond in 1a.

Measured Calculated (kcal mol−1)

(kcal mol−1) cis trans �a (kcal mol−1) Method Ref.b

6.9 – Far IR 14
c – Millimeter wave 12

9.3 6.0 3.3 SCFd 44
1.5 0.9 0.6 EH 40
6.4 3.5 2.9 STO-3G 30

12.5 10.8 1.7 STO-3G∗ 30
9.0 5.2 3.8 HF-SCFe 45
8.7 6.1 2.6 SCF/3-21G∗ 29
7.6 5.1 2.5 SCF/ZPE 31
7.5 5.0 2.5 CI-SD/ZPE 31

22.5 4.1 18.4 MINI-1 43
26.4 14.3 12.1 MINI-1∗ 43

7.7 5.1 2.6 SCFd 19
7.8 5.0 2.8 MP2//SCF 19

8.2 – IR 21
8.1 5.8 2.3 MW 18
8.4 – HF/STO-3G(M3∗) 27
8.5 6.1 2.5 HF/6-31G∗ 33

aDifference between cis and trans barriers. bReferences are in chronological order. cNo value determined but authors
quote almost equal barriers. dIncluded the use of a double ζ basis set augmented by polarization functions. eIncluded
the use of an extended polarized basis set.

Table 4. Barriers to rotation about C−X bonds where X = C, Si, N, P, O, S.

Barrier a Barrier a Barrier a

Compd (kcal mol−1) Compd (kcal mol−1) Compd (kcal mol−1)

CH3−CH3 2.93 CH3−NH2 1.98 CH3−OH 1.07
CH3−SiH3 1.66 CH3−PH2 1.96 CH3−SH 1.27

� = −1.27 � = −0.02 � = 0.20

aFrom ref. [51].

Table 5. Calculated barrier to rotation for HOOH (2a).

Calculated (kcal mol−1)

cis trans �a (kcal mol−1) Method Ref.b

10.9 0.6 10.3 SCF 52
7.3 1.1 6.2 MW 18
9.1 0.9 8.2 HF/6-31G∗ 33

aDifference between cis and trans barriers. bReferences are in chronological order.

A comparison of barrier heights clearly shows that for all cases, except those values reported
by Boyd [40], HSSH has the higher trans barrier (by ca. 6 kcal mol−1); the cis barrier for both
compounds is of a comparable energy. Given that 2a has a similar geometry (τ = ca.115◦) to
that of 1a, the increased trans barrier must be due to an increased lone pair-lone pair repulsion
afforded by the larger, more diffuse 3p orbitals of adjoining sulfurs as compared with the
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296 E. Zysman-Colman and D. N. Harpp

2p orbitals of adjoining oxygens. This results in a 2-fold torsional barrier [53] component
for 1a (the MP2 [19] two-fold component is 3.21 kcal mol−1) that is ca. double that of the
experimentally [54] determined one in 2a (1.81 kcal mol−1). Counteracting this two-fold
torsional term is the fact that in H2S2 (1a) there are decreased dipole-dipole and atom–atom
interactions and decreased polarity in the S−H bond as compared with the O−H bond [19].

The calculated dipole moments of the transition state and ground state geometries of 1a are
shown in table 6. The indicated difference in gas-phase dipole moments between the trans tran-
sition state and the ground state suggests that the barrier to rotation may be solvent dependent.

Table 6. Calculated dipole moments for 1a.

Calculated dipole moment (D)a

cis trans equilibriumb

1.82 0.00 1.36

aFrom ref. [45]. bCalculated for the ground state geom-
etry – Expt [55] = 1.17 D.

Here, there has been an extensive overview of the geometry and torsional barrier for 1a.
Analysis in the following systems is undertaken to help provide a comparison to the HSSH
(1a) system.

3. MeSSMe system
The structure of dimethyl disulfide (3a) resembles that of 1a. The structural parameters, both
experimental and theoretical, are outlined in table 7.

Table 7. Experimental and theoretical structural parameters for 3a.

r(S−S) (Å) r(S−C) (Å) θ (C−S−S) (◦) τ (C−S−S−C) (◦) Method Ref.a

2.038 1.810 102.8 84.7 MWb 56
2.022 ± 0.003 1.806 ± 0.002 104.1 ± 0.3 83.9 ± 0.9 ED 57
2.029 ± 0.003 1.816 ± 0.003 103.2 ± 0.2 85.0 ± 4.0 ED 58

2.030 ± 0.008 1.811 ± 0.005 103.4 ± 0.7 84.5 ± 0.6 Average [37]

1.842 c 103.2 85.0 CNDO/2 59
2.030 1.818 103.7 83.2 MM1 60
2.064 1.809 100.0 90.6 ab initio STO-3G 30
1.950 1.803 102.9 87.4 ab initio STO-3G∗ 30
2.050 1.823 102.3 88.4 SCF/3-21G∗ 29
2.054 1.812 102.1 85.1 MP2/6-31G∗∗ 34
2.072 1.819 101.5 84.7 MP2/6-311G(2d,2p) 34
2.064 1.807 100.8 83.7 MP2/6-311G∗∗ 35
2.016 ± 0.080 1.813 ± 0.007 102.1 ± 1.2 86.0 ± 2.6 Average [37]

aReferences chronologically ordered per section. bNo errors reported. cNot determined.

All calculations accurately predict the r(S−C) bond length as well as the bond and τ(S−S)

angles. Most calculations seem to overestimate the experimental r(S−S) by as much as 2%
from the average experimental value. This is especially true when electron correlation is added
(last three entries). The addition of polarization functions to the STO-3G basis set severely
underestimates the r(S−S) bond length. Semi-empirical methods also underestimate r(S−S)
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Structural properties of XSSX compounds 297

though molecular mechanics methods accurately predict the geometry of 3a. As with 1a,
r(S−S) is a true single bond and compares favorably with rhombohedral-S6 (r(S−S)[61] =
2.057Å) and orthorhombic-S8 (r(S−S)[62] = 2.037Å).

The main structural difference between 3a and 1a is in the bond angle, which is ca. 7◦ wider
in 3a; whereas r(S−S) is ca. 1% shorter. The widening of the bond angle is ostensibly due to
increased Me−Sβ repulsive interactions. The intramolecular r(C−S) of ca. 3.0 Å is less than
of the sum of the respective van der Waals radii of the constituent atoms (3.4 Å).

Experimental and calculated barriers to rotation for 3a are reported in table 8.

Table 8. Measured and calculated barriers to rotation about the S−S bond for 3a.

Measured Calculated (kcal mol−1)

(kcal mol−1) cis trans �a Method Ref.b

9.5c Raman 63
6.8 Calorimetric datad 64
7.3 IR 65
10e Raman 66

2.9 1.3 1.6 PCILO 67
45.9 14.5 31.4 ZDO-SCF 68

7.0 2.2 4.8 EH 40
17.7 10.8 6.9 CNDO/2 59
10.6 7 3.6 MM1 60
18.0 4.4 13.6 STO-3G (rigid rotor) 30
21.1 12.7 8.4 STO-3G∗ (rigid rotor) 30

7.5 2.9 4.6 SCF/3-21G 29
12.0 5.7 6.3 SCF/3-21G∗ 29
11.4 5.7 5.7 HF/6-31G∗f 15
11.3 5.5 5.8 HF/6-31G∗f,g 69
11.4 6.3 5.1 MP4/6-311G∗∗g 69
11.6 6.1 5.5 MP2/6-31G∗h 70

aDifference between cis and trans barriers. bReferences are in chronological order. cCaution: assumed symmetrical
barrier shape and neglected effects of coupling between S−S rotation and vibrational degrees of freedom in MeSSMe.
dEstimated from calculated and observed entropy and heat capacity. eApproximate value reported. f Based on
HF/6-31G∗ optimized geometry. gCalculations reported do not include ZPVE correction. hBased on MP2/6-31G∗
optimized geometry.

The best experimental estimates suggest a barrier of ca. 7 kcal mol−1. With 3a, rotation
is expected to proceed through a trans transition state. Ab initio calculated results seem to
converge with larger basis sets (last three entries); however, these seem to underestimate
the trans barrier by ca. 1 kcal mol−1. Deconvolution of the torsional potential function [71]
indicates that the two-fold term (V2) predominates [69, 72]. Of those reported in the literature,
only barriers derived fromAllinger’s MM1 force field [60] suitably reproduce the experimental
results. Evidently, as with 1a, the addition of polarization functions is essential in barrier
determination (contrast last five entries). It is also evident that electron correlation increases
the trans barrier slightly (contrast last four entries). The calculated and experimental barriers
for 3a are comparable with those of 1a (table 3).

The barrier for MeSSH 4 was calculated by Ha at the SCF/3-21G∗ [29], reporting cis and
trans barriers of 8.9 and 5.9 kcal mol−1 respectively. Comparing this result to that obtained for
3a and 1a suggests that the inclusion of methyl groups increases only the cis barrier and that
the trans barrier is defined solely through an electronic interaction (that is the methyl group is
not sufficiently bulky to affect this barrier – vide infra for examples).
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298 E. Zysman-Colman and D. N. Harpp

4. Other disulfides with the C−S−S−C moiety
In general, organic disulfides have a similar geometry to that of MeSSMe (3a) [73–75]. Table 9
gives the geometries of a representative set of disulfides. Unlike 3a, the next smallest disulfide,
EtSSEt (entry 1), is predicted to show a 1% increase in r(S−C); other parameters remaining
essentially the same. In fact, this small increase in r(S−C) is true with most dialkyl disulfides
(where Cα is sp3 hybridized) and is likely due to the increased steric demands of larger R
groups (cf. table 9).

One of the shortest registered r(S−S)s for a disulfide is 1.999Å for tetraethylthiuram
disulfide (TETD) (entry 6). Even for this molecule, there is only a 1.5% decrease in bond
length from that of 3a; recently the S−S linkage of a double helical cyclic peptide (Adm-
Cyst)3 was reported [76]; however, the extremely short r(S−S) = 1.858 Å warrants caution
[77]. The corresponding longest reported r(S−S) is 2.110 Å (entry 12). This longer bond (ca.
3.5% longer than in 3a) is almost certainly due to the bulky tris(trimethylsilyl) methyl groups,
as is its highly unusual τ (S−S) of 180◦. Interestingly, whereas entry 12 compensates for the
bulky R group through a long S−S bond, Tr-SS-Tr (entry 13) does so with the longest reported
r(S−C) of 1.931 Å.

Dicubyl disulfide (entry 7) has an unusually small τ (S−S) for disulfides bearing a tertiary
carbon [τav(S−S) = 112.4◦ from entries 5, 8, 13, 26]. This has been attributed to the strained
nature of the cubyl geometry wherein the τ (C−S)s are distorted. This enables a minimization of
steric interactions between the β-carbon and the S−S moiety. The accompanying short r(S−C)
is ca. 5% smaller than the average bond length for a disulfide with a tertiary-substituted carbon.
This is a structural manifestation of the high s-character of the Ccubyl moiety. This can be seen
by comparing r(S−C) for this case with those of disulfides containing an sp2 carbon attached
to the S−S functionality (entries 11, 14–22). In fact, except for the τ (S−S) dihedral angle,
the other structural parameters for these cases are unresponsive to substitution changes about
the benzene ring that alter the electronics of the respective systems (entry 11 does have an
unusually small bond angle). Entry 11 also has one of the smallest τ (S−S) and both angle
deformations from the ideal are most probably caused by the lack of conformational flexibility
afforded by the biphenyl system. Entry 23 also has a massively distorted torsional angle and
S−S bond length, but entries 11 and 23 are exceptional cases. It is unclear why entries 16-18
and 25 have unusually small τ (S−S) (ca. 12% smaller than in 3a) but this may be in part
related to the extensive intermolecular hydrogen bonding observed in the solid state (entries
16 and 25).

In general, deviations to smaller angles from an idealized τ(S−S) of ca. 90 ◦ are accom-
panied by a corresponding increase in r(S−S). For instance, introduction of the S−S moiety
into a ring as in 1,2-dithiolane [100] 5 or in natural products bearing the piperazinedione core
such as the sporidesmins [101] 6 greatly enhances the lone pair-lone pair repulsion, thereby
leading to an increased r(S−S).

Few studies have been carried out on the barrier to rotation about disulfides bearing larger
substituents. The results for some disulfides are shown in table 10.
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Table 9. Structural parameters of some dialkyl and diaryl disulfides.

Entry Disulfide r(S−S) (Å) r(S−C) (Å) θ (C−S−S) (◦) τ (C−S−S−C) (◦) Method Ref.

1 Et-SS-Et 2.038 1.832 103.7 90.0 CNDO/2 78
2 nPr-SS-nPr 2.051 1.830 102.9 −89.3 HF/6-31G∗ 35
3 Allyl-SS-Allyl 2.052 1.834 103.3 −86.9 HF/6-31G∗ 35
4 Allyl-SS-nPr 2.066 1.807 84.0 HF/6-31G∗ 35
5 di-t-butyl disulfide 2.029 1.847 106.2 113.8 MM1 79
6 TETD 1.999 1.820 ± 0.030 103.5 ± 0.3 90.0 X-Ray 80
7 Cubyl-SS-Cubyl 2.044 ± 0.001 1.771 ± 0.002 104.6 ± 0.1 −86.5 ± 0.1 X-Ray 81
8 DAD 2.048 ± 0.007 1.840 ± 0.020 107.3 ± 0.6 110.5 ± 0.9 X-Ray 82
9 DAD 2.029 1.845 106.2 113.8 MM1 83

10 Bn-SS-Bn 2.020 103.3 92.0 X-Ray 84
11 2,2′-Biphenyl disulfide 2.050 ± 0.003 1.750 ± 0.010 98.3 ± 0.2 69.0 X-Ray 85
12 (Me3Si)3C−SS−C(SiMe3)3 2.110 ± 0.010 1.844 ± 0.002 105.7 ± 0.1 180.0 X-Ray 86
13 Tr-SS-Tr 2.012 ± 0.001 1.931 ± 0.030 110.9 ± 0.1 110.3 X-Ray 86
14 Ph-SS-Ph 2.023 ± 0.001 1.788 ± 0.003 105.9 ± 0.1 90 X-Ray 87
15 2,2′-Dinitrophenyl disulfide 2.045 ± 0.004 1.797 ± 0.009 104.4 ± 0.3 85.1 X-Ray 88
16 3,3′-Dicarboxy-4′4′ dinitrophenyl disulfide 2.023 ± 0.002 1.779 ± 0.005 105.5 ± 0.2 76.0 X-Ray 89
17 4,4′-Dinitrophenyl disulfide 2.019 ± 0.005 1.767 ± 0.010 106.2 ± 0.3 72.0 X-Ray 90
18 Dipentafluorophenyl disulfide 2.059 ± 0.004 1.770 ± 0.007 101.3 ± 0.3 76.5 X-Ray 91
19 2,2′-Diaminophenyl disulfide 2.060 ± 0.003 1.760 ± 0.007 103.3 ± 0.3 90.5 X-Ray 92
20 Di-2-pyrimidyl disulfide dehydrate 2.016 ± 0.001 1.781 ± 0.002 104.7 ± 0.1 82.5 X-Ray 93
21 Di-2-pyridyl disulfide 2.016 ± 0.002 1.785 ± 0.002 105.7 ± 0.1 87.1 X-Ray 87
22 3,3′-Dihydroxydi-2-pyridyl disulfide 2.018 ± 0.001 1.785 ± 0.002 104.8 ± 0.7 93.2 X-Ray 94
23 5-[1-(2′-Deoxy-α-D-ribofuranosyl)uracilyl] disulfide 2.108 ± 0.003 1.756 ± 0.007 102.0 ± 0.2 50.0 X-Ray 95
24 4-[1-(α-D-Ribofuranyl)uracilyl] disulfide 2.022 ± 0.004 1.790 ± 0.020 104.0 ± 0.4 87.0 X-Ray 96
25 5-(1-Methyluracil) disulfide 2.074 ± 0.003 1.750 ± 0.010 100.7 ± 0.3 78.0 X-Ray 97
26 D-Penicillamine disulfide 2.049 1.866 105.5 115.0 X-Ray 98
27 L-Cysteine hexagonal 2.032 ± 0.004 1.820 ± 0.012 114.5 ± 0.3 106.0 ± 1.0 X-Ray 99
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Table 10. Calculated and measured barriers to rotation for some disulfides.

Calculated (kcal mol−1)

Entry Disulfide Measured (kcal mol−1) cis trans �a(kcal mol−1) Method Ref.

1 Diethyl disulfide 19.5 5.1 14.4 STO-3G 30
2 Diethyl disulfide 12.2 7 5.2 MM1 102
3 t-Butyl methyl disulfide 17.2 6.6 10.6 MM1 102
4 t-Butyl ethyl disulfide 17.7 6.6 11.1 MM1 102
5 t-Butyl i-propyl disulfide 19.6 6.7 12.9 MM1 102
6 Di-t-butyl disulfide 28.8 5 23.8 MM1 102
7 Di-t-butyl disulfide 6 B3LYP/6-31G∗b 81
8 Dicubyl disulfide 5.2 B3LYP/6-31G*b 81
9 DAD (di-tert-adamantyl disulfide) 29.7 5.3 24.4 MM1 83

10 Benzyl trichloromethyl disulfide 9.4c DNMR 103
11 Benzyl trifluoromethyl disulfide 8.3c DNMR 103
12 Benzyl t-butyl disulfide 7.8c DNMR 103
13 Benzyl trityl disulfide 8.8c DNMR 103
14 L-Cysteine 23.1 6 17.1 STO-3G 30
15 Diphenyl disulfide 7.5 6.8 0.7 MP2/3-21G*d 104
16 bis(1,3,5-tri-i-Pr-Phenyl) disulfide 16.2 DNMR 105

aDifference between cis and trans barriers. bGeometry optimized at B3LYP/6-31G∗. c�G‡ = ±0.3 kcal mol−1. dGeometry optimized at MP2/3-21G∗.
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Structural properties of XSSX compounds 301

The highest barrier reported, and one of the more interesting results, is that of bis(1,3,5-tri-
i-Pr-phenyl) disulfide (entry 16). Kessler and Rundel [105] determined, by low-temperature
DNMR, a barrier of 16.2 kcal mol−1, ca. 9 kcal mol−1 greater than that of 3. This situation,
compared with entry 15, represents an extreme case of steric interactions influencing barrier
height. According to the authors, the torsional barriers of less sterically demanding derivatives
displayed only C−S bond hindrance.

Although Fraser [103] originally attributed the observed barriers for entries 10–13 to rota-
tion via a cis transition state, a conclusion diametrically opposed to the literature, his barrier
measurements, coupled with others (cf. table 10), clearly indicate that the barrier height does
increase with increasing steric bulk [104, 106]. Interestingly, barrier measurements for entry 10
over three solvents (vinyl chloride, CS2 and toluene) differed little. The authors also reported
that barrier height was influenced by the inductive effects of the substituents attached to the
S−S bond (cf. entries 10 and 11, table 10).

Gas-phase calculations for the barrier of dicubyl disulfide (entry 8) indicate a Sn → σ ∗
C–C

interaction leading to a stabilization of the trans transition state and thus, counter-intuitively,
to a small decrease in the S−S barrier. In general, gas-phase calculations faithfully reproduced
the expected lower trans barrier of ca. 6.5 kcal mol−1.

It is therefore possible to influence torsional barriers both stereo-electronically as well as
sterically (vide infra).

5. Disulfides bearing a halogen next to the S−S bond
Electronegative atoms immediately attached to an S−S bond substantially influence the struc-
tural properties of the moiety. The geometries of FSSF (7a), BrSSBr (8a) and ClSSCl (9a) are
shown in table 11.

The electron diffraction structures of 7a–9a (entries 1, 7 and 18) show a characteris-
tic decrease in r(S−S), and increases in both the bond and torsional angles for increasing
electronegativity of the X substituent. However, this is not the whole story as (CF3)2S2

has a normal r(S−S) [118] of ca. 2.03 Å even though the inductive effect of the trifluo-
romethyl group amounts to an electronegativity of 3.7 [119]; similarly, R2NSSNR2 has an
rX−ray(S−S) = 2.021 Å for R = CH3SO2 [120]. Cárdenas-Jirón [27] calculated the S−S bond
orders for S2Cl2 (9a) and S2F2 (7a) to be 1.09 and 1.36, respectively, indicating a substantial
degree of double bond character in the latter. Given such a short reported S−S bond for 7a,
it is entirely reasonable that this bond would possess a large degree of double bond character.
All three sulfur monohalides possess C2 symmetry, as with 1a.

Notably, early electron diffraction work on S2Cl2 9a contained larger errors with poorly
defined structures (these were included for completeness) and entries 7 or 9 should be used as
the optimal geometry; the ED data has uncertainties related to electron correlation while the
MW data has uncertainties related to zero-point vibrations. Kniep and co-workers [108] are the
only ones to report crystal structures of S2Cl2 (9a) (1.943 Å) and S2Br2 (8a) (1.970 Å). Their
reported structure for 9a is intermediate between that of the ED and MW data (cf. table 11).
Interestingly, their r(S−S) for 8a is much closer to that of 9a and is shorter by ca. 0.03 Å than
that determined by Hirota [107].

In general, electron correlation is required to accurately predict the geometric parameters of
these dihalodisulfanes. For instance, entry 12 overestimates r(S−S) while entry 14 approaches
the experimental geometry with an r(S−S) < 2 Å. Das and Whittenburg [121] have published
a high level theoretical study on 9a. They report that the inclusion of diffuse and d- and f-type
polarization functions was necessary to shorten the S−S bond (though they had little effect on
increasing the accuracy of the predictions of bond and dihedral angles) and that their inclusion
was additive; the MP2 method shows the best agreement among theoretical models [the best
basis sets for this method were that of the 6-311+G(2df) and 6-311+G(3df)].
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302 E. Zysman-Colman and D. N. Harpp

Table 11. Experimental and theoretical structural parameters for dihalodisulfanes.

Entry X r(S−S) (Å) θ (X−S−S) (◦) τ (X−S−S−X) (◦) Method Ref.a

1 Br 1.980 ± 0.040 105.0 ± 3.0 83.5 ± 11.0 ED 107
2 Br 1.948 ± 0.002 109.2 ± 0.1 83.9 ± 0.1 X-ray 108

3 Br 1.964 ± 0.02 107.1 ± 2.9 83.7 ± 0.3 Average [37]

4 Cl 2.040 ± 0.050 105.0 ± 5.0 90.0 ED 109
5 Cl 2.050 ± 0.030 103.0 ± 2.0 ED 110
6 Cl 1.970 ± 0.030 107.0 ± 2.5 82.5 ± 12.0 ED 107
7 Cl 1.931 ± 0.005 108.2 ± 0.3 84.8 ± 1.3 ED 111
8 Cl 111.0 85.0 CNDO/2 112
9 Cl 1.950 ± 0.001 107.7 ± 0.1 85.2 ± 0.1 MW 113

10 Cl 1.943 ± 0.001 107.1 ± 0.0 84.8 ± 0.1 X-ray 108
11 Cl 2.005 105.9 94.8 HF-SCF/6-31G∗ 27
12 Cl 2.004 105.9 85.1 HF/6-31G∗ 33
13 Cl 1.979 107.5 85.8 MP2/6-311G∗∗ 34
14 Cl 1.976 107.5 85.7 MP2/6-311G(2d,2p) 34

15 Cl 1.985 ± 0.040 106.9 ± 2.0 86.4 ± 3.5 Average [37]

16 F 1.888 ± 0.010 108.3 ± 0.5 87.9 ± 1.5 MW 114
17 F 110.0 89.0 CNDO/2 112
18 F 1.890 ± 0.002 108.3 ± 0.2 87.7 ± 0.4 ED 115
19 F 1.953 104.2 92.7 HF-SCF/6-31G∗ 27
20 F 1.953 104.3 88.7 HF/6-31G∗ 33
21 F 1.953 104.3 88.6 HF/6-31G∗ 116
22 F 1.923 106.6 88.9 MP2/6-311G∗∗ 34
23 F 1.921 108.3 88.6 MP2/6-311G(2d,2p) 34
24 F 1.894 110.4 88.1 Xα/DZP 34
25 F 1.952 106.6 88.9 MP2/6-31G∗ 117
26 F 1.944 105.6 88.9 QCISD/6-31G∗ 117
27 F 1.910 110.5 89.3 SVWN/6-31G∗ 117
28 F 1.937 110.6 89.4 BP86/6-31G∗ 117
29 F 1.942 108.4 89.1 B3LYP/6-31G∗ 117

30 F 1.928 ± 0.025 107.6 ± 2.4 89.0 ± 1.2 Average [37]

aReferences are ordered chronologically per section.

For FSSF (7a), even with the addition of electron correlation and the inclusion of larger
basis sets as in entry 23, there still is no convergence in the geometry; r(S−S) is overesti-
mated by ca. 2%. In fact, DFT methods [117, 122] (entries 24 and 27) provide much more
accurate predictive methods. As can be seen, modeling these electronically related systems to
the dialkoxy disulfides (vide infra) is non-trivial.

To date, the barriers to rotation of halosulfanes have not been experimentally determined.
Some workers have calculated their barriers and the results are shown in table 12.

The addition of one halogen atom increases the cis barrier by ca. 3–5 kcal mol−1 over that of
1a. The effect is multiplicative when two halogens are attached, with an increase of ca. 10–17
kcal mol−1 depending on the nature of the halogen. Barrier calculations performed using the
HF method should be taken with a degree of caution as this method is poor when it comes
to predicting barrier height (vide supra). Nevertheless, the calculations do indicate that the
S−S barrier is sensitive to the nature of the attached substituents; the sensitivity and barrier
magnitudes here are much greater than those of the XOOX analogs [33].
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Structural properties of XSSX compounds 303

Table 12. Calculated barriers to rotation for some halodisulfane and dihalodisulfanes.

Calculated (kcal mol−1)

Compd cis trans �a (kcal mol−1) Method Ref

HSSCl 10 10.7 HF/6-31+G∗ 27

ClSSCl 9a 17.0 HF/6-31+G∗ 27
17.1 11.9 5.2 HF/6-31G∗ 33
20.2 15.4 4.8 MP2/6-311+G(3df) 121

HSSF 11 12.8 HF/6-31+G∗ 27

FSSF 7a 25.3 HF/6-31+G∗ 27
24.2 18.9 5.2 HF/6-31G∗ 33

aDifference between cis and trans barriers.

The high barrier calculated for FSSF (7a) coupled with the short r(S−S) has been attributed
to two hyperconjugative interactions between the 3p lone pairs of each sulfur which are partially
delocalized into the adjacent σ ∗

S−F antibonding orbitals. This delocalization is maximized given
a gauche conformation. MO overlap is maximized as the energy of the σ ∗ orbital is lowered,
so we would expect that the more electronegative the atom the higher the barrier (figure 3b).
This interaction exists in HSSH (1a), ClSSCl (9a), HOOH (2a) as well as FOOF (12) and has
previously been discussed [123, 124].

6. Dialkoxy disulfides
Highly chalcogenated dialkoxy disulfides (ROSSOR) possess many structural features that are
similar to those observed for FSSF (7a). Even with vastly different substituents, all dialkoxy
disulfides possess many structurally similar features as outlined in table 13.

Although Steudel and co-workers [125] originally used the HF/6-311G∗∗ method to model
the geometry of HOSSOH (13a), we [131] have subsequently shown that this method is inad-
equate for accurately modeling this class of compounds. Rather, MP2 perturbation theory or
DFT methods such as SVWN, B3PW91 or B3P86 with a sufficiently large basis set (minimum 2
d-type polarization functions included in the basis set) were required to converge the geometry.

As with all other XSSX systems, the preferred conformation of dialkoxy disulfides is one
that allows for the maximum orbital overlap between each sulfur lone pair and its adjacent

Table 13. Experimental and theoretical structural parameters for acyclic dialkoxy disulfides.

r rav θav τ

Entry R (S−S) (O−S) (O−S−S) (O−S−S−O) Method Ref.a

1 H 2.013 1.647 105.1 85.7 HF/ 125
6-311G∗∗

2 Me 1.972 ± 0.001 1.658 ± 0.004 108.2 ± 0.1 81.5 ± 0.1 X-Ray 126
3 Me 1.960 ± 0.003 1.653 ± 0.003 108.2 ± 0.3 91 ± 4 ED 127
4 p-NO2-Bn 1.958 ± 0.001 1.653 ± 0.003 107.7 ± 0.1 85.5 ± 0.1 X-Ray 128
5 p-Cl-Bn 1.932 ± 0.003 1.644 ± 0.009 108.9 ± 0.3 76.8 ± 0.5 X-Ray 129
6 4-I-cubyl- 1.970 ± 0.003 1.645 ± 0.006 107.8 ± 0.3 87.6 ± 0.3 X-Ray 130

methyl

aReferences ordered chronologically.

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



304 E. Zysman-Colman and D. N. Harpp

S−O antibonding orbital. The presence of the oxygen atom substantially lowers the energy
of the antibonding orbital, resulting in an S−S bond with significant double bond character.
This is a manifestation of a generalized anomeric effect, which substantially increases the S−S
rotational barrier to ca. 19 kcal mol−1 [128, 132, 133].

7. Isomerization of S−S bond to a branched species
An important feature of the work reviewed here revolves around the stability and mechanism of
isomerization of divalent disulfide isomer 14a to thiosulfoxide-like isomer 14b (scheme 1). The
S−S bond in 14b may either be considered as having double bond [134] character or containing
a single semipolar [135] bond depending on the electronegativity of the substituent X. The
double bond character in 14a is also influenced by the inductive nature of X (vide supra).

SCHEME 1

8. General commentary on X−S−S−X/X2S=S systems
The concept of the existence of branch-bonded S−S species has generated considerable debate
and investigation [136]. Foss first popularized the notion that branch-bonded sulfur molecules
of the form 14b bonded via S3d−Sp orbital interactions and that these were only stabilized
when the branched sulfur was attached to an electronegative group [136, 137]. The following
sections overview related isomerization reactions involving sulfur, and the respective stabilities
of each isomer are highlighted.

9. R−S−S−R/R2S=S systems
To date [138], no organic polysulfide 14b has been isolated in the solid or liquid phase that
contains a branched, thiosulfoxide arrangement (R2S=S, R = alkyl or H). The concept of
hypervalent sulfur species was first introduced by Foss [137] although reports of the existence of
thiosulfoxides date from the early 20th century, most specifically dealing with the distillation of
Levinstein H (mustard gas) [139]. The controversy surrounding the existence of thiosulfoxides
both as reactive intermediates and as stable entities has not abated.

Recently [140] it has been shown via tandem mass spectrometry that, in the gas phase,
thiosulfoxides are stable entities both as radical cations as well as neutral species (R2S=S,
R=H, CH3, C2H5). Steudel provided evidence by IR (bands ca. 670 cm−1) more than 30 years
ago that branched-sulfur arrangements (−S−S(=S)−S−) could exist in sulfur homocycles at
below −150 ◦C [141, 142]. Calculations at the MP2/6-31G∗ level of theory now demonstrate
that although the unbranched disulfide connectivity is more stable, that of the thiosulfoxide
represents a local minimum [35]. Another study showed that although HSSH is the global
minimum by ca. 38 kcal mol−1 in the isomerization of HSSH (1a) ⇔ H2S=S(1b), nevertheless
(1b) was also found as a true local minimum on the potential energy surface [19]. Schleyer and
co-workers [143], in a comprehensive theoretical study, showed that the energy stabilization for
XSSX (14a; X=H 1a, CH3 3a) with respect to the branched isomer is large (averaging 33 and
19 kcal mol−1 respectively for 1a and 3a) and proportional to the S−S bond length. Bonding of
hypervalent and non-hypervalent species of this type are similar and do not involve any special
S-3d orbitals according to natural population analysis. The hypervalent-like structure of 14b is
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Structural properties of XSSX compounds 305

better characterized as a polarized σ -bond (the terminal sulfur being negatively charged) with
its strength depending on the electrostatic interactions and the origin of the X group [116].

Steudel and co-workers showed, via ab initio calculations, that thiosulfoxides 14b (R=H,
CH3) should be both kinetically and thermally stable at low temperatures. However, they
determined that the unimolecular isomerization barrier to the more stable disulfides (MeSSMe
is calculated to be ca. 20 kcal mol−1 more stable than Me2S=S whereas HSSH 1a is calculated
to be ca. 34 kcal mol−1 more stable than H2S=S, 1b) would be energetically unfavorable
(ca. 81 and 52 kcal mol−1 respectively for Me and H for an X2S2 system) and that at low
temperature they should exist as discrete entities [35]. These studies corroborate previous
theoretical [112, 116] and experimental [12, 58, 112, 144–146] studies. A corollary to this is
that at lower temperatures (<100 ◦C) thiosulfoxides cannot be invoked as intermediates in
interconversion reactions involving polysulfides.

Notably, Steudel [147] recently probed the formation of sulfuranes 15 as possible hyperva-
lent intermediates in the interconversion of sulfur allotropes and of chain-like polysulfides at
moderate temperatures and found these species to be too energetically disfavored; the forma-
tion of thiosulfoxides as intermediates at similar temperatures had previously been investigated
and also found to be energetically disfavored [32]. It was therefore concluded that such reac-
tions proceed through a radical dissociation mechanism at higher temperatures and are initiated
at more moderate temperatures by either trace nucleophile impurities in solution or by polar
groups present on the reaction vessel which themselves may serve as catalysts.

Prior to the mass spectrometry study by Gerbaux [140] and co-workers, the existence of thio-
sulfoxides had only been inferred. It has been proposed that thiosulfoxides are intermediates in
the eventual deoxygenation of sulfoxides with thiophosphoryl bromide (PSBr3) [148] or phos-
phorus pentasulfide (P4S10) [149–151] (scheme 2a-probably proceeding in a similar manner
to the oxaphosphetane formed during the Wittig reaction), as well as in the sulfurization then
isomerization of allylic sulfoxides (via a [2,3]-sigmatropic shift) to the corresponding disul-
fide using B2S3 (scheme 2b) [152–154]. Thiosulfoxide intermediates have also been posited
in the formation of sulfides from the reaction of sulfilimines (R2S=N−X; X=H, Tos) or sulfur
ylids with P4S10 in work by Oae [155, 156] and Still [157]. Phosphorus pentasulfide (P4S10) in
particular has been synthetically useful. Illustrative examples include its use, in the presence
of pyridine, to deoxygenate penicillin (16) and cephalosporin (17) sulfoxides [158] as well as
allenyl sulfoxides [159].

The existence of an undetectably small equilibrium between allylic disulfides and their thio-
sulfoxide isomers was proposed by Mislow and co-workers [160] over 30 years ago to account
for the formation of allyl disulfides from the reaction of allyl sulfides with sulfur (scheme 3a) or
the sigmatropic rearrangement of allyl disulfides (scheme 3b) [161]. Desulfurization of allyl
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306 E. Zysman-Colman and D. N. Harpp

SCHEME 2 Generation of thiosulfoxides as intermediates.

disulfides with Ph3P below 100 ◦C was also proposed to proceed via a thiosulfoxide inter-
mediate [162]; saturated disulfides did not desulfurize under these conditions [163]. Others
have also implied the formation of thiosulfoxides although they too were unable to detect
them [151, 164]. Steudel [35] has calculated that even though MeSSAllyl is more stable than
MeAllylS=S, by ca. 20 kcal mol−1, its isomerization only requires ca. 26 kcal mol−1, much
less than that calculated for saturated disulfides (vide supra).

SCHEME 3 Thiosulfoxides as intermediates in isomerization reactions.

Thiosulfoxides have been proposed as intermediates in photolytic [165] (scheme 4a) and
thermolytic [134, 166] (scheme 4b) desulfurization reactions.

SCHEME 4 Thiosulfoxides as intermediates in thermal and photochemical reactions.
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Structural properties of XSSX compounds 307

Thiosulfoxides have also been postulated as intermediates in the efficient reduction of sul-
foxides with TFAA−H2S (>90%, 5 min) [167] or hexamethyldisilathiane [168], [(Me)3Si]2S,
to the corresponding sulfide; in the latter case, the increased strength of the Si−O over the Si−S
bond (ca. 106 and 70 kcal mol−1, respectively) provides the driving force for the reaction.

An explanation of the work to date suggests that the heats of formation of thiosulfoxides
and branched sulfur species in the interconversion of sulfur homocycles [169] lie as little as
ca. 10 kcal mol−1 above the unbranched disulfides [134, 170].

Little work has been done on the isomerization of higher order polysulfides to their respective
branch-bonded isomers. Barnard and co-workers [171] have proposed a branch-bonded trisul-
fide as an intermediate in the thermal racemization of bis(1,3-dimethylbut-2-enyl) trisulfide.
Safe and Taylor [172] were proponents of an equilibrium between branched and unbranched
trisulfides as an explanation of the conversion of disulfides into trisulfides by reaction with
H2S2 (1). Recently, the ground-state energy difference between H2S6 and (HSS)2S=S has been
calculated at a high level of theory [G3X-(MP2)] to be only ca. 13 kcal mol−1 at 0 K [173].
However, to date no evidence exists for branched isomers of polysulfides (n > 2).

Branch-bonded X2S=S structures have been detected and are considered stable entities
when X is electronegative; the physical properties of these compounds (where X = F, O, Cl,
Br) is covered in the following sections.

10. F-S–S-F/F2S=S system
As will be seen, isomer 14a (with C2 symmetry) is the most common. In some special cases, the
thiosulfoxide isomer 14b (with Cs symmetry) has also been detected. Historically, the first iso-
lation and identification (via IR, MW and MS) of each of the valence-bond isomers in scheme 1
was that of the sulfur monofluoride (S2F2) system. Kuczkowski’s [114, 174, 175] seminal work
has since been experimentally [115, 176–184] and theoretically [28, 34, 112, 115–117] con-
firmed by others. The unbranched isomer FSSF (7a) was initially regarded [179] as the less
stable isomer as it was reported to isomerize to the branch-bonded F2S2 (7b) at temperatures
above −100 ◦C [176, 178, 179]. To complicate the analysis, Seel and Budenz postulated that
7b in the gas phase is transformed into the complex [FSSF, F2S2](g) upon cooling the sam-
ple to −80 ◦C [176]. This would seem to indicate that, at lower temperatures, 7a is the most
stable isomer. These two observations would seem to be initially at odds, yet nevertheless
demonstrate that the isomers 7a and 7b are of comparable ground-state energies. The physical
properties of 7a and 7b are outlined in Table 14.

Table 14. Physical properties of sulfur monofluoride 7.

Compda Connectivity Mp (◦C) Bp (◦C)

7a F−S−S−F −133b 15b

7b F2S=S −164.6c −10.6c

aEach isomer is a colorless gas at room temperature. bFrom ref. [178].
cFrom ref. [183].

Brown and Pez [178] were the first to investigate the isomerization of 7a to 7b. They noted
that Lewis acids such as HF or BF3 catalyzed the conversion of liquid 7a into 7b and postulated
a possible mechanism (scheme 5).

SCHEME 5

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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Under the same conditions, 7b decomposes into S8 and SF4; thiothionyl fluoride (7b) is
a stable gas up to at least 400 ◦C in the absence of a Lewis acid. Their preliminary kinetics
measurements indicated that the Lewis acid promoted isomerization was first order and that 7b
was the more stable isomer at room temperature (21.8 ± 0.3 ◦C) [178]; 7a had a t1/2 = 4.7 h.
They did, however, determine that 7a was the more stable isomer at −50 ◦C over CsF, in
general agreement with Seel’s observation [176]. CsF seems to stabilize 7a relative to 7b.
Lösking [185] reported that the 7b is more stable by 2.7 ± 0.4 kcal mol−1.

Cao [184, 186] and co-workers have reported the PES spectra of 7a and 7b as well as
the isomerization between the two. They determined that 7a is the more stable isomer above
−80 ◦C and determined that the kinetics of isomerization of 7b to 7a are first order (k296K =
3.8 ± 0.4 × 10−5s−1) with an activation barrier EA for the forward direction of 5.8 kcal mol−1.
This observed reversal of stability as compared with that of the literature should be viewed
with caution.

Several groups have probed the isomerization of sulfur monofluoride 7 computationally.
Solouki and Bock [112] investigated the isomerization in scheme 1 by semi-empirical methods
(CNDO/2). They determined that as the electronegativity of X increases, the thiosulfoxide
isomer 14b becomes more stabilized. Solouki and Bock proposed that there exists a substantial
isomerization barrier between 7a and 7b of 23–46 kcal mol−1 [187].

More recently, Bickelhaupt and co-workers [34] explored the relative energies of 7a and 7b
and related systems. They corroborated the earlier work [112] that stated that the ground-state
energy difference between 14a and 14b decreases as the electronegativity of X increases. They
determined that the energy difference for 7a and 7b was small and dependent on the level of ab
initio theory used. For instance, at QCISD(T)/6-31G∗∗//MP2/6-31G∗∗ 7b is the more stable
by 0.3 kcal mol−1 whereas at QCISD(T)/6-31+G∗∗//MP2/6-31G∗∗ 7a is the more stable by
3 kcal mol−1. Such a range in energies is due to the polarized nature of 7b wherein both the
terminal sulfur and the fluorines acquire a substantial negative charge. Diffuse and polarization
functions were thus required to accurately describe such compounds although these had a net
neutralizing effect on the overall energy difference (total stabilization effect is 1.7 kcal mol−1

for 7a). This confirmed the early ab initio work of Marsden [115] and co-workers, though at
the time Marsden believed that 7b was the more stable isomer and had difficulty rectifying this
with his theoretical results (this apparent conflict can be explained vide infra). Jursic [122] has
published a comprehensive DFT study wherein geometries converged (B3P86 was the best
method) but energies predicted the wrong isomer 7a as the more stable; he conjectured that
using the MP2 method would yield better energies. The relative ground state energies for S2X2

systems are summarized in table 15.
In investigating the mechanism for the rearrangement between 7a and 7b, Bickelhaupt

and co-workers [34] confirmed the earlier barrier calculations assuming that the isomerization
proceeds via a 1,2-F shift in a unimolecular mechanism (40.7–51.5 kcal mol−1 depending on
level of theory, ZPE correction included). The addition of electron correlation and diffuse
functions reduced this barrier substantially yet the barrier still remains high. DFT (NL BP86)
energies [117] of the same barrier are corroborative.

Such calculated barriers are disconnected from the experimental observations of an equilib-
rium between the two isomers at low temperatures (−100 ◦C) [176, 179]. This inconsistency
implies that the pathway is not unimolecular (as had been originally proposed by Bock and
Solouki, involving a 1,2-F shift via a three-membered ring transition state – TS 2) and the
authors [34] have suggested a bimolecular mechanism with possible transition states as outlined
in scheme 6 (TS 1).

Careful attention must be taken when interpreting theoretical energies as these are usu-
ally calculated without any consideration of temperature. Torrent and co-workers [117] have
calculated the respective energies of 7a and 7b with ZPVE and thermal corrections and deter-
mined that, at room temperature, 7b is the more stable isomer whereas at low temperatures 7a
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Table 15. Relative energies of S2X2 (14b) with respect to XSSX (14a) isomers [34].

QCISD(T)/6-31G∗∗//MP2/6-31G∗∗ QCISD(T)/6-31+G∗∗//MP2/6-31G∗∗

XSSX S2X2 XSSX S2X2

X ENa (Hartrees) (Hartrees) �b(kcal mol−1) (Hartrees) (Hartrees) �b(kcal mol−1) ��c(kcal mol−1)

F 4.1 −994.46225 −994.46273 −0.3 −994.50082 −994.49610 3.0 3.3
−1714.51823 −1714.49275 −1714.50400

Cl 2.8 16.0 −1714.52799 15.1 −0.9
H 2.5 −796.47540 −796.42237 33.3 −796.47907 −796.42663 32.9 −0.4
Me 2.2 −874.82574 −874.79478 19.4 −874.83390 −874.80481 18.3 −1.2

aAllred-Rochow electronegativities, ref. [188]. bEnergy difference between two isomeric forms; a‘−’ sign signifies that S2X2 is more stable. cEnergy difference relative to the inclusion of
diffuse functions.
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SCHEME 6 Possible bimolecular transition states in the isomerization of 7.

is the more stable isomer. The low temperature activation parameters agree well with earlier
work reported by Marsden [115] and Bickelhaupt [34] as well as that observed experimen-
tally (though Marsden did not acknowledge the thermal dependence on the relative stability
of isomers 7a and 7b).

To summarize, disulfane 7a appears to be the more stable isomer at low temperatures (ca.
−100 ◦C) whereas branch-bonded 7b is the more stable isomer at higher temperatures (−80 to
400 ◦C). To date, no plausible mechanism for this isomerization has been proposed based on
experimental findings though the calculated 1,2-F shift reported by some possesses a barrier
that is too large to account for the observed low temperature isomerization.

11. Cl-S–S–Cl/Cl2S=S and Br-S–S–Br/Br2S=S systems
Relative to S2F2, much less work exists in the literature on the relative stabilities of isomeric
forms of sulfur monochloride (9a) and sulfur monobromide (8a) despite the considerable
utility of 9a as a reagent in organic chemistry. Though thiothionyl chloride (9b) has been sug-
gested as a minor equilibrium contributor by some [189–191], the ED [107, 109–111], Raman
[192–196], IR [194], PES [197], dipole moment [198], quasi-elastic neutron scattering [199]
and MW [113] studies all suggest that S2Cl2 exits in one isomeric form as 9a. Chadwick and
co-workers [200] and Feuerhahn and Vahl [201] both reported the presence of low concentra-
tions of 9b, once 9a deposited in argon matrices at low temperature (8–20 K) had been UV
photolyzed. These last two reports should be taken as artifacts of the observation technique.

Bock and Solouki [112] calculated that the most stable isomer was that of the unbranched 9a
and that the interconversion barrier was only ca. 3.5 kcal mol−1 based on the CNDO/2 hyperen-
ergy surface. However, Das [202] at a high level of theory (QCISD/6-311+G(3df)//QCISD/

6-311G(3d)) determined the barrier at 0 K to be ca. 51 kcal mol−1; the latter case presumes a uni-
molecular mechanism involving a 1,2-Cl shift with a 3-membered ring transition state, similar
to that reported for the S2F2 system (vide supra). Similar to the S2F2 system, Bickelhaupt [34]
calculated the relative ground state energies of 9a and 9b.At the QCISD(T)/6-31G∗∗//MP2/6-
31G∗∗ level 9a is more stable by ca. 16.0 kcal mol−1, while adding diffuse functions in
QCISD(T)/6-31+G∗∗//MP2/6-31G∗∗ destabilized 9a slightly relative to 9b (15.1 kcal mol−1).
In general, the addition of diffuse functions destabilized the XSSX isomer but not signifi-
cantly so. A higher barrier than that calculated by Bock would be expected given the lack of
experimental evidence for the existence of the branched structure.

The little work carried out on the isomerization of S2Br2 8 suggests that it too exists in its
unbranched form [107, 194, 196, 199] though, as with S2Cl2, Feuerhahn and Vahl [201] claim
to have observed thiothionyl bromide (8b).

12. Commentary on the RO–S–S–OR/(RO)2S=S System (R = H, R′)
Steudel and co-workers have investigated the isomerization between dialkoxy disulfides
(ROSSOR) and thionosulfites (ROS(S)OR). The transient preparation of dihydroxy disulfide
HOSSOH (13a), the unbranched form of thiosulfurous acid, has been reported [203, 204];
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although no information about its physical properties exist it has been observed in the EI mass
spectrometry of parent ROSSOR compounds (R = alkyl), which are themselves known to
exist [126, 130, 132, 205–209].

There are at least 11 isomeric structures of HOSSOH (13) and their geometries and energies
have been calculated. The four lowest energy isomers are shown in table 16 [125].

Table 16. Calculated [125] relative energies (kcal mol−1) of the four most stable isomers of HOSSOH (13).

HO−S−S−OH

O
‖

HO−S−SH

S
‖

HO−S−OH

O
‖

H−S−SH
‖
O

13a 13b 13c 13d

MP4/6-31G∗//HF/6-31G∗ 0 3.2 3.9 23.5

The relative energy differences of the first three structures (13a–c) are small as compared
with the fourth, 13d. When the energies of these three structures are further refined using
larger basis sets (MP2/6-311G∗∗//HF/6-311G∗∗ + ZPVE), their relative energy differences
decrease (13a = 0, 13b = −0.3, 13c = 3.2 kcal mol−1); 13b has not been experimentally
detected. The related tetrasulfide HSSSSH (18a) is 33.0 kcal mol−1 more stable than its branch-
bonded analog (HS)2S=S 18b [115], whereas the branch-bonded S2F2 (7b) is the more stable
isomer in that system (vide supra) [210]. Thus, the inclusion of electronegative atoms such as
oxygen stabilizes the branch bonded form 13b over the unbranched 13a.

Acyclic esters of dihydroxy disulfide can be easily prepared. There exists four structurally
resolved acyclic dialkoxy disulfides ROSSOR (R = Me [126, 127, 209], p-NO2-Bn [133, 207],
p-Cl-Bn [129], 4-iodocubylmethyl [130]). Thionosulfites containing a 5-membered ring core
can also be prepared [211–213]. Recently, we probed the origin of the isomeric stability
in this class of compounds and concluded, from a combined theoretical and experimental
study, that dialkoxy disulfides are the more stable isomeric forms when the compounds
possess a sufficiently large (8 atoms or larger) chalcogenated ring. Below this threshold,
thionosulfites appear more stable. Moreover, the energy difference between the two isomeric
forms is proportional to the number of atoms in the heterocyclic ring. The decrease in stability
of dialkoxy disulfides relative to thionosulfites appears to be due to the presence of their
significantly distorted O−S−S−O dihedral angle that would be necessary to accommodate
the ring [208].
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