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Introduction

HSOH (1), the elusive link between hydrogen peroxide
(HOOH)[1] and disulfane (HSSH),[2] is alternatively named

oxadisulfane or sulfenic acid, and is the first member of the
series of oxygen-containing sulfur acids H2SOn (n = 1–4).[3]

It has previously been obtained by low-pressure flash ther-
molysis of di-tert-butyl sulfoxide, tBu2SO (2) according to
Equation (1), and is characterized in the gas phase by mass
spectrometry and its rotational spectra.[4]

[2H/S/O] species are widely considered to play a crucial
role in the atmospheric[5] and combustion chemistry of
sulfur.[6] Despite numerous experimental[7] and theoretical
investigations[8] that explore the reactions of hydrogen sul-
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fide (H2S) with oxygen atoms, simple [2H/S/O] species still
remained poorly characterized. First experimental evidence
for the existence of 1 came from an IR spectroscopic investi-
gation of the reaction of oxygen atoms with matrix-isolated
hydrogen sulfide in solid argon.[9] More recently, gaseous 1
and H2OS (4, dihydrogen thiooxonium ylide) have been
generated from H2S/N2O and CS2/H2O mixtures, respective-
ly, in neutralization–reionization mass spectrometric experi-
ments.[10]

Persistent efforts made to synthesize sulfenyl halides
(HSX, X = F,[11] Cl, Br[12]) and their parent acid 1[4] in the
last three decades have shown that flash pyrolysis of 2
[Eq. (1)] is obviously the first suitable route to provide suffi-
cient quantities of one of these highly reactive species in the
gas phase and is essential for a thorough structural and
chemical characterization. Low-pressure flash pyrolysis of
tert-butyl-alkyl sulfoxides [tBu(R)SO] has been investigated
by several groups in the past.[13] It was shown that pyrolysis
of tBu(R)SO yields transient alkylsulfenic acids RSOH (R
= Me, iPr, and, tBu (3))[14] However, in these earlier studies,
1 has not been detected in the pyrolysis products of any of
the investigated sulfoxides.
The reported synthesis of HSOH (1) by flash thermolysis

of 2 has been assumed to proceed in two steps, and there is
no doubt that the intermediate tBuSOH (3) is formed as a
primary pyrolysis product.[4,14] The direct formation of 1 by
thermal elimination of 2-methylpropene from 3 [Eq. (1)] re-
quires a comparatively strained four-membered transition
state, although elimination of 2-methylpropene from 3
through a competing five-membered transition state cannot
be ruled out. This route would not lead directly to HSOH,
but would produce transient H2OS (4) [Eq. (2)] instead.
Compound 4 has been found experimentally to be a viable
molecule in the gas phase[10] and is predicted by quantum
chemical calculations to be higher in energy than the un-
branched isomer HSOH by 166 kJmol�1.[8b] At pyrolytic
temperatures it might decompose rapidly into H2O and
sulfur atoms.

Davies et al.[14b] claimed that transient tert-butylsulfenic
acid could, in principle, exist in two tautomeric forms: the
O-protonated sulfenic acid 3 and its S-protonated isomer,
tert-butyl hydrogen sulfoxide, tBu(H)SO (3a). From the IR
absorption spectra of products obtained by flash pyrolysis of
2, deposited on a NaCl window at �196 8C, they inferred
that some transient S-protonated tautomer 3a was formed,
whereas 3 clearly represented the favored product.
tBu(H)SO (3a) appears to be properly suited to furnish 1

by elimination of 2-methylpropene through a less-strained

five-membered cyclic transition state [Eq. (3)], hence 3a
may appear to be the crucial intermediate furnishing 1 by
flash pyrolysis of 2.

Thus, the principal objectives of the present study are:
i) to explore the decomposition pathways of the starting
compound 2 and those of the potential HSOH precursors
tBuSOH (3) and tBu(H)SO (3a) experimentally by mass
spectrometry as well as gas-phase and matrix FT-IR spec-
troscopy, and computationally at the density-functional
theory (DFT) as well as second-order Møller-Plesset (MP2)
levels of theory, and ii) to identify highly reactive 1 for the
first time in its gas-phase IR spectrum.

Results and Discussion

Quantum chemical calculations

Formation of HSOH (1): The formation of 1 by pyrolysis of
2 is studied quantum chemically by determining the equilib-
rium and transition-state geometries of the species and inter-
mediates involved. The calculations have been carried out
with i) second-order Møller–Plesset perturbation theory
(MP2)[15] and ii) density-functional theory (DFT),[16] employ-
ing the B3LYP hybrid functional.[17] The simultaneous use of
two conceptionally different quantum chemical approaches
turns out to be advantageous because it allows a check of
the reliability of the computational results.
Calculations were initially performed at both DFT and

MP2 level with a 6-311G* basis set[18] with a polarized va-
lence triple-zeta quality. In a second step, improved energies
were obtained at the MP2 level (within the resolution-of-
identity (RI) MP2 approximation[19] with the MP2/6-311G*
optimized geometries) using a larger doubly-polarized va-
lence quadruple-zeta set (QZVPP[20]). As usual, all comput-
ed stationary points were characterized by evaluating the
corresponding harmonic force fields. Furthermore, to ensure
that the computed transition states properly connect educts
and products, intrinsic reaction coordinate (IRC)[21] calcula-
tions were performed for all reaction steps under consider-
ation. The computed harmonic frequencies are used to de-
termine zero-point vibrational energy corrections to the re-
action energies and to convert the energies to enthalpies
and free enthalpies. Temperature corrections were evaluated
with the standard harmonic-oscillator rigid-rotator approxi-
mation.
Figure 1 gives an overview over the computed structures

within the proposed reaction schemes. Computed free en-
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thalpies of reaction and activation barriers for the actual ex-
perimental conditions (723 K for the initial step in the pyrol-
ysis reaction, and 1473 K for the second step, each at 10 Pa)
are given in Figures 2–4, and the free enthalpy surface is
shown in Figure 5.

Comparison of the MP2 and DFT results reveals differen-
ces of �80 kJmol�1 for the initial fragmentation of 2 and
�40 kJmol�1 for the fragmentation of tBuSOH (3). Because
these deviations are comparatively large, the implemented
methods (DFT-B3LYP/6-311G*, MP2/6-311G* and RI-MP2/
QZVPP) have been calibrated for the energy difference be-
tween HSOH and H2SO with reliable coupled-cluster data
obtained at the CCSD(T)/cc-pCVQZ level. As only the RI-
MP2/QZVPP numbers are in satisfactory agreement with
these high-level results (�72 kJmol�1 CCSD(T)/cc-pCVQZ,
�70 kJmol�1 RI-MP2/QZVPP, �116 kJmol�1 MP2/6-311G*,
�106 kJmol�1 DFT B3LYP/6-311G*) we will discuss only
the RI-MP2/QZVPP data in the following (the correspond-
ing DFT/6-311G* and MP2/6-311G* results can be obtained
from the authors). Furthermore, it should be emphasized
that our intent is not so much to yield highly accurate pre-
dictions for the reaction energies and enthalpies, but rather
to shed light on the preferred reaction mechanisms so that
even less accurate results obtained at a lower computational
level are adequate for this purpose.
Figure 2 reveals that elimination of 2-methylpropene is

endergonic for all processes at 0 K. At 773 K (Figure 3),
both initial fragmentation steps are found to be exergonic
with a significant preference (based on DG and DG�) for
the formation of tBuSOH (3, Figure 3). However, the iso-
merization of 3 to tBu(H)SO (3a) is endergonic at this tem-
perature and, in particular, has a high activation barrier of
219 kJmol�1. According to the computational results, it is
thus unlikely that 3a is formed in the fragmentation of 2 at
773 K. Whereas RI-MP2 results at this temperature indicate
that the elimination of a second 2-methylpropene from 3 to

form H2OS (4) is endergonic (DG = 90 kJmol�1), the reac-
tion to 1 is exergonic (DG = �80 kJmol�1). Both fragmen-
tations show high enthalpies of activation (DG�(1) =

205 kJmol�1; DG�(4) = 254 kJmol�1). These comparatively
large barriers impede a second 2-methylpropene abstraction
to form 1 at that temperature. These findings are consistent
with experimental results, as neither 4 nor 1 are found
under these conditions.

The free enthalpy surface shown in Figure 5 reveals that
the fragmentation of the primary pyrolysis product tBuSOH
(3) leading to either 1 or 4 is possible (for numerical values,
see Figure 4) and that it is probable that both processes take
place simultaneously at 1473 K. Compound 4 can then rear-
range to 1 (DG� = 43 kJmol�1) or decompose to H2O and
S(1D) (DG = �176 kJmol�1; sulfur calculated with UMP2
in its 3P state and corrected by experimental S(3P) to S(1D)
value of 110 kJmol�1;[22] DG� values cannot be estimated
easily).
Overall, it can be concluded that our computational re-

sults are in satisfactory agreement with the experimental

Figure 1. Computed equilibrium and transition state (TS) structures
(MP2/6-311G*) for possible reaction steps in the formation of HSOH
(1). Transition states are denoted in brackets.

Figure 2. Possible reaction paths for the formation of HSOH (1); reaction
energies DE0 [kJmol

�1] and activation barriers E 0
a at 0 K [kJmol

�1] at the
RI-MP2/QZVPP level.

Figure 3. Reaction free enthalpies DG and free enthalpies of activation
DG� [kJmol�1] at 773 K and 10 Pa for the first fragmentation of tBu2SO
(2) and the isomerization of tBuSOH (3) at the RI-MP2/QZVPP level.
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findings, namely, that at the lower temperature (773 K) only
one molecule of 2-methylpropene is eliminated from
tBu2SO (2), while fragmentation of a second 2-methylpro-
pene proceeds solely at higher temperatures. Furthermore,
the computational data indicate that 3a probably plays a
negligible role in the thermolysis of 2, in contrast to previ-
ous postulations.[14b]

IR spectroscopic identification of HSOH (1): To assist in the
IR spectroscopic identification of 1, the equilibrium geome-
try as well as the corresponding vibrational frequencies of 1
were computed with a high-level treatment of electron cor-
relation, namely, coupled-cluster (CC) theory. Calculations
were performed at the CC singles and doubles (CCSD)
level augmented by a perturbative treatment of triple excita-
tions (CCSD(T)[29]) by means of analytical second derivative
techniques[24] together with DunningSs correlation-consistent

polarized valence-zeta sets, (cc-pVTZ[25] and cc-pVQZ).[25]

Additional calculations were carried out at the B3LYP level
with the 6-311+G(2d,p)[18,26] basis sets.
Whereas in the CC calculations, anharmonic contributions

to the vibrational frequencies of the fundamentals were ex-
plicitly computed by means of a perturbation-theory ap-
proach[28] based on cubic and semidiagonal quartic force
fields (computed at the CCSD(T)/cc-pVTZ level), the DFT
harmonic frequencies were adjusted for anharmonic effects
by means of a scaling factor of 0.9614, as advocated in
ref. [28]. To verify the DFT results, calculations with the
larger 6-311+G(2d,p) basis sets were performed in addition
to 6-311G* calculations.
The results obtained for the vibrational frequencies of 1

are listed in Table 1. There is good agreement between the
results obtained with the different methods and, in particu-
lar, the differences between the CCSD(T)/cc-pVTZ and

CCSD(T)/cc-pVQZ results are
comparatively small, indicating
that remaining basis-set effects
are more or less negligible. An-
harmonic corrections to the vi-
brational frequencies amount to
as much as 200 cm�1 for the O–
H and S–H stretching frequen-
cies, while for the other (low-
frequency) modes the effects of
less than 10 cm�1 are signifi-
cantly smaller and less essen-
tial. Interestingly, scaling of the
DFT results largely recovers the
anharmonic contributions and
leads to a good agreement with
the more theoretically sound
CC data.

Mass spectrometric analysis of
flash pyrolysis products

Electron impact ionization (EI)
mass spectra of tBu2SO (2) measured at room temperature
and those of the pyrolysis products obtained at a pyrolytic
temperature of 1100 8C have already been discussed in the
preceding paper.[4] Figure 6 displays an extended view of the
thermal evolution of selected pyrolysis products monitored
by mass spectrometry. Obviously, 2 decomposes rapidly
above 200 8C, indicated by a decrease of the intensity of its
[M]+ C signal at m/z 162. As expected for the thermal elimi-
nation of 2-methylpropene (m/z 56) from 2 [Eq. (1)], the
drop in intensity of the signal at m/z 162 is mirrored by a
rise in intensity of the signal at m/z 56. However, the [M]+ C
ions of the two primary pyrolysis products, [C4H8]

+ C at m/z
56 and [C4H10SO]

+ C at m/z 106, cannot be distinguished
from analogous fragment ions of [tBu2SO]

+ C. On the other
hand, above 500 8C, a very low intensity of the [M]+ C peak
at m/z 162 indicates nearly quantitative decomposition of 2
and thus the comparatively high intensity at m/z 106 can

Figure 4. Possible reaction paths for the formation of HSOH (1); reaction
free enthalpies DG and free enthalpies of activation DG� [kJmol�1] at
1473 K and 10 Pa at the RI-MP2/QZVPP level.

Figure 5. Free enthalpy surface at 1473 K and 10 Pa (RI-MP2 results). For notation and structures see
Figure 1, iBu = 2-methylpropene.
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only be explained by direct ionization of the primary pyroly-
sis product tBuSOH (3).
The mass spectrometric instrumentation does not allow

differentiation between 3 and its constitutional isomer
tBu(H)SO (3a). Nevertheless, at 500 8C, the formation of 3a
can be ruled out on the basis of the corresponding thermo-
dynamic data (Figure 3) and the IR spectra of the matrix-
isolated pyrolysis products obtained at that temperature
(see below).
However, since intermediate formation of (3a) by elimi-

nation of 2-methylpropene form 2 cannot be excluded at
higher pyrolytic temperatures, we carried out two-step py-
rolysis experiments at 500 8C (nearly quantitative decompo-
sition of 2 into 2-methylpropene and 3) followed by pyroly-
sis of the primary products at 1150 8C. We observed that the
mass spectra of this two-step pyrolysis and of a single-step
pyrolysis at 1150 8C do not show any significant differences.
Hence, the final pyrolysis products obtained at 1150 8C are
assumed to evolve solely from the primary product 3.
As can be concluded from the mass spectra (Figure 6),

the decomposition of 2 is quite selective up to 500 8C be-
cause 3 and isobutene represent the only pyrolysis products
(the intensity of the peak at m/z 18 corresponds to the back-
ground water signal). In contrast, pyrolysis of the primary
product 3, which starts above 500 8C, is less selective be-

cause, in addition to 2-methylpropene and small amounts of
HSOH (1), several supplementary products emerge. Accord-
ing to Figure 6, these are S2O, SO2 (and/or S2), H2O (indi-
cated by the increased intensity of the signal at m/z 18), and
possibly HSSOH. The formation of the latter molecule is
presumed because the peak at m/z 82 is always slightly
higher than that expected for the isotopomer S34SO. Addi-
tionally, as previously reported[4] , H2 and H2S are also pres-
ent in the pyrolysis products. However, because we do not
detect H2S in the IR spectra of the present study we cannot
exclude that its mass spectroscopic detection originates from
hydrogenation of sulfur in the ion source. We assume that
the formation of HSSOH, S2O, and some of the H2O mole-
cules can be traced back to the well-known condensation re-
action of 3[13,14] [Eq. (4)] and the subsequent decomposition
of the condensation product according to Equation (5).

Previous investigations[14a] have shown that the pyrolysis
of tBuS(O)StBu (5) furnished 2-methylpropene as well as
S2O and short-lived HSSOH (6) [Eq. (5)]. Thus, the conden-
sation reaction [Eq. (4)] most probably competes with the
desired formation of 1 [Eq. (1)], and yields the pyrolysis
products H2O, S2O, HSSOH, and H2. Previous studies

[29]

prove that S2O decomposes to sulfur and SO2. This decom-
position reaction is the source of the SO2 formed in our ex-
periments.
Based on the proposed formation of 1 by thermal elimina-

tion of 2-methylpropene from 3, one expects an increasing
amount of [HSOH]+ C (m/z 50) as the signal associated with
[tBuSOH]+ C (m/z 106) decreases on heating beyond 700 8C
(Figure 6). Instead of this, the signal at m/z 50 slowly grows
as the pyrolytic temperature is raised from 200 to 600 8C
and slightly decreases on further heating up to 800 8C.

Table 1. Calculated and experimental matrix IR and gas-phase IR vibrational wavenumbers of HSOH (1).[a]

B3LYP/6-311+G(2d,p) CCSD(T)/cc-pVQZ[c] CCSD(T)/cc-pVTZ Gas phase Ar matrix
scaled harmonic[b] harmonic anharmonic anharmonic this work this work ref. [9]

n(OH) 3647.1 (84) 3847.7 (92) 3657.2 3646.5 3625.6 3608.3(43) 3606.0[d](26)
n(SH) 2504.1 (14) 2647.9 (22) 2536.9 2533.3 2538 2550.1 (8)
d(SOH) 1151.8 (43) 1221.9 (54) 1188.1 1183.5 1175.7(53) 1177 (56)
d(OSH) 971.8 (2) 1027.8 (3) 1004.6 1006.6
n(SO) 706.3 (64) 776.9 (65) 756.7 764.4 762.5(103) 763 (100)
t(HOSH) 457.9(100) 486.9(100) 451.7 448.1 445.3 (54) 444.8 (44)

[a] Relative intensities in parentheses. [b] Scaling factor of 0.9614 was used, see ref. [28]. [c] Anharmonic corrections taken from CCSD(T)/cc-pVTZ cal-
culation. [d] Band was attributed to HOOH in ref. [9] and has now been reassigned to the O–H stretch of 1.

Figure 6. Thermal evolution of the pyrolysis products of tBu2SO (2) in
the temperature range between 25 and 1150 8C monitored by mass spec-
trometry (quadrupole RGA, EI 20 eV, enclosed ion source, 0.1 Pa).
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Above 800 up to 1150 8C, the intensity rises significantly. In
the low temperature range from 200 to 600 8C, it appears
that secondary fragmentation of the molecular ion
[tBuSOH]+ C (m/z 106) [Eq. (6)] contributes to the signal at
m/z 50, whereas the large increase of the signal intensity
above 800 8C indicates the ionization of molecular 1, which
prevails at higher temperatures.

Even at 1150 8C, when the concentration of 3 is very low,
the [HSOH]+ C signal (m/z 50) remains weaker than the
[M]+ signal of S2O. As has been suggested before,

[4] this can
most probably be explained by condensation and subse-
quent decomposition reactions of 1, which, by analogy with
Equations (4) and (5), produce S2O and thus contribute to
the large increase of the signal at m/z 80 observed at tem-
peratures above 700 8C.

Investigation of matrix-isolated pyrolysis products

The matrix-isolation experiments were carried out to obtain
further information on the mechanism of the pyrolysis reac-
tion. Gaseous 2, diluted by a stream of argon (�1:1000), is
forced through a heated pipe with a corundum (Al2O3)
nozzle prior to deposition on the matrix support at �15 K.
Higher temperatures were needed for the pyrolytic process
owing to the much shorter contact times in the hot zone
than those employed in the mass spectrometric study. The
pyrolysis temperatures were not measured directly, but were
adjusted according to the progress of the decomposition re-
action monitored by IR spectroscopy. The spectrum of the
primary products, obtained after 2 had almost completely
decomposed, is displayed in the upper traces of Figure 7
[a) 400–1800 cm�1, b) 2500–3900 cm�1], and the spectrum of
the final pyrolysis products (complete decomposition of
tBuSOH (3)) is shown in the lower traces.

IR spectrum of primary pyrolysis products : Part of the IR
bands shown in Figure 7 occurs in both the upper and the
lower traces. According to reference spectra recorded on au-
thentic matrix-isolated samples of 2-methylpropene and
water, almost all of them are associated with these two mol-
ecules. Some of the bands belonging to water are indicated
in Figure 7. They show a noticeable increase in intensity at
elevated pyrolysis temperatures and a decrease at lower
temperatures. Thus, in agreement with the mass spectromet-
ric study, the formation of water by the pyrolysis reaction is
confirmed. The complexity of the IR spectra recorded on
matrix-isolated water is attributed to i) rotational fine split-
ting (water monomers),[30a,b] ii) bands associated with the

dimer and multimers of H2O,
[30c] and iii) fundamental bands

of matrix-isolated complexes of water with other species.[30d]

IR absorptions of the bands found in the upper traces
(primary products) but not in the lower traces of Figure 7
are collected in Table 2 and are compared to vibrational
wavenumbers of 3 calculated at the B3LYP/6-311+G(2d,p)
level of theory. The agreement between the experimental
frequencies and those calculated for 3 is conclusive. For
comparison, selected band positions obtained from our gas-
phase experiments (see below) have been included in
Table 2. In addition to the characteristic bands, associated
with the tBu moiety, the gas-phase spectrum of 3[14a] , record-
ed from 400 to 4000 cm�1, reveals four strong bands at 3609
(n(OH)), 758 (n(SO)), 1155 (d(HOS)), and 418 cm�1 (d-
(OSC)/t(HOSC)). Close to these gas-phase values, at least
three bands occurred in the IR matrix spectrum that are at-
tributed to site splitting of matrix-isolated 3 species. Thus,
almost all transitions observed in the upper traces of
Figure 7, except those from water and 2-methylpropene, can
be attributed to transient 3 and are assigned accordingly.
Apparently, 3 is formed selectively by flash pyrolysis of 2 ac-

Figure 7. Argon-matrix IR spectra over the spectral regions a) 400–
1800 cm�1 and b) 2500–3900 cm�1 of the deposit obtained by low-pressure
pyrolysis of tBu2SO (2) at two different pyrolytic temperatures. Upper
trace: after complete decomposition of 2. Lower trace: at higher temper-
atures. Bands arising in both spectra are attributed to the byproducts
water and 2-methylpropene, as indicated. Absorptions of tBuSOH (3,
upper traces) and HSOH (1, lower traces) are labeled.
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cording to Equation (1), and the predicted thermodynamic
data are presented in Figure 3.
Sulfenic acids (RSOH) encumbered with comparatively

bulky substituents, R = tBu[14b] and 1,3,6-trimethylluma-
zine,[31] have been claimed to exist in two tautomeric forms,
O- and S-protonated, similar to 3 and 3a. The existence of
the S-protonated isomers (R(H)SO), in the solid state at
least, have solely been inferred from the presence of weak
IR bands observed at 2600 and 2500 cm�1, respectively,
which have erroneously been assigned to S–H stretching
fundamentals. Contrary to these assignments, the IR spec-
trum of tBu(H)SO (3a), calculated at the B3LYP/6-311+G-
(2d,p) level, reveals prominent spectral features at ñ = 2253
and 1012 cm�1 (scaling factor = 0.9614)[28] that are associat-
ed with strong S–H and S–O stretching vibrations, respec-
tively, apart from much weaker fundamentals of the tBu

moiety. Obviously, the S–H
stretch of 3a is predicted to be
strong and to appear at an ex-
ceptionally low frequency.
However, an anomalously low
frequency for elemental hydro-
gen stretching vibrations with
adjacent oxo substituents has
some precedents in the PH and
NH stretching fundamentals of
HPO[32] and HNO.[33]

A search for spectral features
originating from 3a in the
matrix spectra of the primary
pyrolysis products (upper traces
of Figure 7) remains fruitless.
Close to the predicted S–H
stretching frequency of 3a
(2253 cm�1), two weak lines ap-
peared in the matrix spectra at
ñ = 2290 cm�1, that correspond
to a weak band in the gas-phase
spectrum centered at
2292.5 cm�1. However, these
features are assigned to the first
overtone of the strong HOS de-
formation of 3 located at
1155 cm�1. The strong d(HOS)
fundamentals that are conspicu-
ous in the gas-phase IR spectra
of various sulfenic acids
(RSOH, R = Me, iPr, tBu,[14a]

and vinyl[34]) at �1155 cm�1 are
always found to be accompa-
nied by their first overtone. The
latter band displays an analo-
gous dependence of its wave-
number on the nature of the
substituent R, as observed for
the fundamental band.[34b] The
absence of any detectable S–H

fundamental bands from 3a in the experimental spectra is at
variance with the previous work of Davies et al.,[14b] but
fully consistent with the predicted, much higher transition-
state energy separating 3a from 2 compared to that leading
to the observed primary pyrolysis product 3 (Figure 5).

IR spectrum of the final pyrolysis products : In the matrix
IR spectra of the pyrolysis products obtained at the highest
temperatures (lower traces of Figure 7), at least five new ab-
sorptions at ñ = 444.8, 762.5, 1175.7, 2550.1, and
3608.3 cm�1 appeared that are assigned to 1. This assignment
is based on the following findings:

1) The relative intensities of the five absorptions remain
constant within experimental error at different pyrolysis
temperatures. Owing to their uniform thermal behavior,

Table 2. Matrix- and gas-phase band positions and calculated vibrational wavenumbers in the 400–4000 cm�1

spectral range of tBuSOH (3) obtained by pyrolysis of tBu2SO (2).

Ar matrix[a] Gas phase[a] B3LYP/6-311+G(2d,p) Assignment[d]

scaled by 0.9614[b,c]

3593.3 (m)
3588 (s) 3609 (s) 3645.4 (68) n(OH)

3006.3 (m)
2988.2 (19)

2975 (s, sh) 2978.7 (23)
2972.1 (s) 2972[e] (s) 2972.3 (16)
2968 (s, sh) 2967[e] (s) 2966 (37)

nas (CH3)

2963.1 (3)
2950 (m) 2955[e] (m, sh) 2955.6 (13)
2902.6 (m) 2908.2 (30)
2899.2 (m) 2880[e] (m, br) 2903 (29)

ns (CH3)

2870.8 (m) 2898.6 (22)
2293.6 (w)
2289 (w) 2292.5 (w) 2Td(HOS)

1482.7 (w, sh)
1477.6 (m) 1471[e] (m, br) 1460 (10) das (CH3)
1467.6 (m)

1460.8[e] (m, sh) 1443.9 (9)
1455.1 (m) 1440.6 (9) das (CH3)

1431.9 (1)

1387 (w) 1371.4 (1)
1365.2 (s) 1368[e] (m) 1345.6 (11) ds (CH3)

1362.2 (m, sh) 1361 (m, sh) 1343.4 (10)

1217 (w, br) 1217 (w) 1194 (2)
1202.5 (w, br) 1188.5 (3) 1(CH3)
1180.2 (m) 1181 (m) 1151.6 (34)

1174.2 (m)
1159.6 (s)
1156.3 (s) 1155 (s) 1125.7 (42) d(HOS)
1154 (s)
1064 (w)
769.3 (s)
767.3 (sh)
761.1 (s) 758 (vs) 702.4 (79) n(SO)
755 (s)

420 (3) d(CC3)
410.4 (s) 418 (m) 402.6 (49) t(HOSC)/d(OSC)

409 (m, sh)

[a] Relative intensities: weak (w), medium (m), strong (s), very strong (vs), shoulder (sh), broad (br). [b] Rel-
ative intensities (1–79) in parentheses. [c] Scaling, see ref. [28]. [d] Vibrational modes: deformation (d),
stretching (n), rocking (1), and torsion (t). [e] Bands contributed by 2-methylpropene may interfere with those
contributed by the tBu moiety of 3.
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these bands are attributed to one single molecular spe-
cies.

2) The four strongest absorptions under consideration have
previously been observed by Smardzewski and Lin,[9]

who explored the reaction between ground-state oxygen
atoms O (3P) and matrix-isolated hydrogen sulfide, H2S.
However, the present results as well as the quantum
chemical calculations do not support the original assign-
ment of a band at ñ = 3425 cm�1 to the O–H stretch of
1. More consistent and in better agreement with the the-
oretical results (n(calculated O–H stretch) =

3646.5 cm�1, Table 1) is the assignment of this mode to
the band at 3608.3 cm�1, which was also detected
(3606.0 cm�1) by Smardzewski and Lin.[9] The weak band
at 3425 cm�1 (erroneously assigned to HSOH in refer-
ence [9]) is also present in our spectrum (Figure 7); how-
ever, it does not experience the thermal behavior of the
bands attributed to 1. Thus, the present work verifies the
first detection of 1 by Smardzewski and Lin,[9] but cor-
rects their assignment of the O–H stretching vibration.

3) Both the experimental wavenumbers of 1 and the rela-
tive intensities are in good agreement with those predict-
ed by quantum chemical calculations (Table 1).

4) Finally, the assigned fundamentals of 1 are comparable
to the four strongest transitions observed for the HOSC
moiety of 3 (Table 2). Furthermore, in agreement with
the mass relations of F, OH, and Cl, the S–O stretch of 1
at 763 cm�1 is observed at slightly higher wavelengths
than the O–Cl stretching frequency of Ar-matrix-isolated
HOCl (728 cm�1),[35] but at lower wavelengths than the
S–F stretch of the closely related molecule HSF
(787 cm�1).[11c]

Reliable references confirming the position of the S–H
stretch of 1 at 2550 cm�1 are difficult to find owing to the
low intensity of this vibration and to the lack of synthetic
routes to closely related molecules, such as sulfenyl halides
(HSX, X = F,[11] Cl, Br[12]). Fortunately, in the spectral
region predicted for this fundamental band, only the
2550 cm�1 band exhibits the expected thermal behavior. The
assignment of the remaining unobserved absorption of 1,
the HSO bend, is impeded by its low intensity (for intensity
predictions, see Table 1).
The experiments carried out at different temperatures re-

vealed a comparatively high thermal stability of HSOH.
Thermal decomposition of 1, indicated by a decrease of its
bands compared with selected absorptions of 2-methylpro-
pene, is only observed at the highest temperatures em-
ployed. Nevertheless, no additional features emerge from
the decomposition of 1. Thus, at elevated temperatures, 1
appears to decompose into H2O and sulfur atoms rather
than SO and molecular hydrogen. A weak absorption found
at 1138.5 cm�1 (lower trace in Figure 7a) may be associated
with the absorption band of SO isolated in solid Ar previ-
ously reported to appear at 1136.9 cm�1.[36] However, this
absorption remains almost constant in intensity as the lines
attributed to 1 decreased on heating beyond 1200 8C. This

thermal behavior does not agree with a possible assignment
to an SO band. Thus, the formation of SO in the pyrolysis
reaction of 2 can be excluded.

IR spectra of gaseous pyrolysis products

The matrix-isolation experiments described above suggest a
promising simple thermal decomposition of 3 to produce 1
and H2O simultaneously along with 2-methylpropene by
competing unimolecular routes. In contrast to this, the mass
spectrometric analysis of gaseous pyrolysis products (vide
supra) revealed a much more complex thermal behavior of
3.
In order to verify our mass spectrometric results and to

unambiguously ascertain the existence and the relative
amount of HSOH (1) in the gas phase, we recorded rota-
tionally resolved gas-phase FT-IR spectra of the pyrolysis
products of 2 in a flow system equipped with a White-type
long-path absorption cell. The total path length was adjusted
to 40 m. IR spectra have been measured within several spec-
tral regions from 360 to 4000 cm�1 and at different pyrolytic
temperatures ranging from 500 to 1150 8C.
Gas-phase spectra of the primary pyrolysis products were

recorded with a resolution of 1 cm�1 in the 600 to 4000 cm�1

region at a pyrolytic temperature of 700 8C, when the pre-
cursor 2 has almost completely been decomposed. Owing to
the low pressure (2.5 Pa) and the comparatively low pyrolyt-
ic temperature (700 8C) employed in these experiments, in-
termolecular reactions were suppressed and the gas-phase
IR spectrum of the intermediate 3 together with that of the
byproduct 2-methylpropene[37] was obtained. The bands as-
signed to gaseous 3 are summarized in Table 2.
The analysis of IR spectra of pyrolysis products obtained

at 1150 8C confirmed our mass spectroscopic results. The
main products of the low-pressure pyrolysis of 2 are in fact
H2O, S2O,

[38] SO2,
[39] and 2-methylpropene.[37] In addition to

these, traces of several hydrocarbons, produced by thermal
decomposition of 2-methylpropene (CH4,

[40] 1,2-propadiene
(C3H4),

[41] propyne (C3H4),
[42] and ethyne (C2H2)

[43]) were
also identified in the final gaseous pyrolysis products by
comparison with reference spectra. Apart from H2O and 2-
methylpropene, these molecules were not obtained in the
matrix isolation experiments because they are not formed
by unimolecular decomposition pathways.
Owing to a comparatively large amount of supplementary

pyrolysis products formed at 1150 8C as well as the low
abundance of transient HSOH (1) in the gaseous pyrolysis
products, the assignment of spectral features from (1) in the
600 to 1400 cm�1 region turned out to be difficult. At least
the three fundamental bands of 1, expected in this spectral
region (Table 1), were found to interfere strongly with
bands of several supplementary pyrolysis products (i.e.,
S2O

[38] and accompanying hydrocarbons[37,43]).
The difficulties arising in the 400–1400 cm�1 spectral

range have been obviated by recording IR spectra in the re-
gions of the characteristic O–H and S–H stretching funda-
mentals of 1. Figures 8 and 9 illustrate the spectral regions
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at �3600 and �2550 cm�1, respectively, recorded with an
effective resolution of 0.011 cm�1. Although it is located in a
region where strong transitions of gaseous water occur, the
O–H stretching band of 1, centered at 3626 cm�1, is clearly
visible in Figure 8. A full analysis of the rotational structure
of these IR bands will be reported elsewhere. Nevertheless,
for the unequivocal gas-phase IR detection of 1 it is possible
to obtain a sufficient amount of information from the enve-
lope of the two stretching fundamentals shown in Figures 8
and 9.

Gas-phase IR bands of HSOH (1): The HSOH molecule is
an asymmetric rotor with a much larger rotational constant
A (6.7403 cm�1) than B (0.5097 cm�1) and C (0.4950 cm�1).[4]

From the nearly right-angular structure of the HSOH mole-
cule,[4] it can be ascertained that both the O–H and S–H vi-
brations should exhibit some characteristics of perpendicular
bands because the dipole moment associated with these two

fundamentals changes along directions perpendicular to the
principal axis a that almost coincides with the S�O bond
vector. Indeed, these two stretching vibrations strongly re-
semble a perpendicular band of a slightly asymmetric pro-
late rotor (k = (2B�A�C)/(A�C) = �0.995, Figures 8 and
9). The wings of these bands are dominated by r,pQK branch-
es separated approximately by Dñffi(2A�B�C)ffi12.5 cm�1.
r,pQKa branches in the high and low wavenumber wings of

the O–H stretch are denoted in Figure 8 up to Ka’’ = 5 (DK
= ++1) and 7 (DK = �1), respectively. Fitting the observed
r,pQKa branch wavenumbers for Ka’’ = 3 to 6 to Equa-
tion (7)[44] furnishes an approximate value for the difference
between the ground state rotational constants
(2A’’�B’’�C’’) of 12.47�0.04 cm�1, which is in perfect
agreement with the value reported from a previous micro-
wave spectroscopic investigation (12.4758 cm�1)[4] and is a
simple but conclusive proof of the correct assignment of the
observed vibrational band.

ð2A00�B00�C00Þ ffi
rQK�1�pQKþ1

2Ka
ð7Þ

Because the HSOH molecule does not possess a symme-
try axis or a symmetry plane, the change in the dipole
moment accompanying the O–H stretch has components
along at least two principal axes, resulting in a a/c hybrid
band with both a parallel and a perpendicular component.
Parallel (a type) band transitions are most easily detected
near the band center, where some weak qQ branches are

spread out to lower wavenum-
bers (Figure 8), indicating a
negative sign of the difference
of the respective vibration–ro-
tation constants (aA�aB),
where aA = A’’�A’ and aB =

B’’�B’.
The S–H stretch of 1 is found

slightly above the (n1+n3) com-
bination band of the byproduct
SO2, centered at 2500.0 cm�1

(Figure 9). Although the S–H
stretch is by far the weakest
fundamental detected in the
matrix spectra, some regularly
spaced, strong features spread
out from the band centre at
2538 cm�1 to higher wavenum-
bers, which were tentatively as-
signed to rQKa branches of the
perpendicular component of

the S–H stretch (denoted in Figure 9 up to KDK = 5). Un-
fortunately, the low wavenumber wing of this band is buried
under the (n1+n3) combination band of SO2. The corre-
sponding pQKa branches, denoted in Figure 9 up to KDK =

�7, are, however, discernible at on the expanded scale of
the experimental spectra. Again, the assignment of this vi-
brational band may be proved by fitting the observed r,pQKa

Figure 8. Survey IR spectrum of the O–H stretch of HSOH (1) (centered
at ñ = 3625.6 cm�1) obtained by low-pressure pyrolysis of tBu2SO (2); ef-
fective resolution 0.011 cm�1. pQ7 to

rQ5 branches of the c-type band and
some a-type qQKa branches at the band center are indicated. Major ab-
sorptions are attributed to the byproduct H2O.

Figure 9. Survey IR spectrum of the S–H stretch of HSOH (1) (centered at 2538 cm�1) and the (n1+n3) combi-
nation band of the byproduct SO2 (centered at 2500 cm

�1) obtained by low-pressure pyrolysis of tBu2SO (2);
effective resolution 0.011 cm�1. pQ7 to

rQ5 branches of the b-type band and some a-type
qQKa branches are indi-

cated.
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branch wavenumbers to Equation (7), where Ka’’ = 3–6, to
furnish the approximate value (2A’’�B’’�C’’)ffi12.46�
0.05 cm�1.
The perpendicular band associated with the S–H stretch

of 1 reveals an a/b hybrid band rather than an a/c hybrid.
Thus, the dipole moment accompanying this vibration
changes along both the intermediate and the smallest iner-
tial axes, as one would expect from the nearly right-angular
structure of the HSOH molecule. The effect of asymmetry
on type b bands is to produce a depletion of intensity near
the band centre (a band gap). Hence the comparatively
strong central rQ0 and

pQ1 branches are degraded away from
the central gap. The qQK branches of the parallel component
of this hybrid band are easily discernible in Figure 9 near
the band center. They spread out to lower wavenumbers.

Thermochemistry of tBuSOH (3) and HSOH (1)

The low abundance of thermally stable 1 in the final ther-
molysis products of the pyrolysis reaction compared to large
amounts of H2O is an intriguing result from our spectro-
scopic investigations. Matrix-isolation experiments have pro-
vided compelling evidence that both 1 and H2O are furnish-
ed by the pyrolysis reaction of 3 through competing unimo-
lecular decomposition pathways [Eq. (8)]. Indeed, our com-
putational study of the thermal decomposition routes of 3
renders the formation of 1 and H2OS (4) possible (Figures 4,
5). Compound 4 is assumed to decompose rapidly into
either H2O and S(

1D) or 1 at pyrolytic temperatures. On the
other hand, 1 may rearrange into 4, which subsequently de-
composes to water and elemental sulfur.

In order to generate H2O by unimolecular decomposition
reactions from 3, reactive sulfur atoms should also be re-
leased. It should be mentioned that 4 is predicted[8b] to be
thermodynamically unstable with respect to H2O + S(3P),
but this dissociation is spin forbidden, and may be slow com-
pared to the discussed decomposition into H2O + S(1D)
[Eq. (8)]). Although formation of sulfur atoms has not been
observed spectroscopically, their presence in the pyrolysis
products is indicated by the mass spectra of the final pyroly-
sis products. The strongest signals attributed to sulfur-con-
taining species in these spectra are attributed to the molecu-
lar ions [S]+ C (m/z 32) and [H2S]+ C (m/z 34).

In general, two different unimolecular thermal decompo-
sition routes of 1 may be considered [Eq. (9)]. Both routes
are initiated by hydrogen migration, generating either H2OS
(4) or H2SO (4a). However, only the first route, yielding
H2O and sulfur as final products, has been established by
matrix isolation experiments, while the second route leading
to H2 and SO [Eq. (10)] is excluded, since the latter mole-
cule has not been observed in the matrix-isolated products.

Our experimental results are also in good agreement with
a recent computational study at the QCISD(T)/6-311+G-
(3df,2p) level of theory.[8b] According to these calculations, 1
is predicted to be more stable at 0 K than its isomers 4 and
4a by 166 and 73 kJmol�1, respectively, and separated from
them by activation barriers of 205 and 241 kJmol�1, respec-
tively. Thus, the relatively high thermal stability with respect
to gas-phase unimolecular decomposition observed for 1
may be attributed to a high kinetic barrier to hydrogen mi-
gration, although, at this level of theory, isomerization to 4
is clearly favored.
In addition to unimolecular decomposition routes of both

3 and 1, several competing intermolecular processes releas-
ing S2O have been established by mass spectrometry and
gas-phase IR spectroscopy. Among these are condensation
reactions of 3 [Eq. (4)] and 1. The intermediate 5 formed in
the pyrolysis zone will deliver S2O and HSSOH (6)
[Eq. (5)].
Furthermore, excited singlet sulfur atoms, generated

along with H2O by unimolecular processes, may also react
with 3 to yield transient tert-butylthiosulfoxylic acid, tBuS-
SOH (7) [Eq. (10)], which is thermodynamically more
stable than the branched isomer tBuS(O)SH that bears a
sulfoxide group.[14a] It has recently been shown to be an in-
termediate of the flash pyrolysis of tBuS(O)StBu (5), and
has been characterized by its gas-phase IR spectrum.[14a]

Thus, several intermolecular reactions are competing in
the pyrolysis zone to yield S2O and HSSOH (6) in experi-
ments carried out at higher pressures without a carrier gas.
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Conclusions

Elusive sulfenic acid, HSOH (1), has been synthesized by
low-pressure pyrolysis of tBu2SO (2) according to Equa-
tion (1), and conclusively characterized by both matrix-IR
and gas-phase IR spectroscopy. To the best of our knowl-
edge, the parent sulfenic acid 1 is hitherto the first member
of any sulfenyl derivative containing a reactive S–H moiety
that has unequivocally been characterized by its gas-phase
IR spectrum.
The mechanism of formation of 1 by flash pyrolysis of 2

has been studied by quantum chemical calculations, and dif-
ferent pyrolysis experiments monitored by mass spectrome-
try as well as by matrix and gas-phase IR spectroscopy. In
agreement with theoretical and experimental results, 1 ap-
pears to be formed through several successive unimolecular
steps via the primary decomposition product tBuSOH (3).
Contrary to previous reports,[14b] but in agreement with the
results of our quantum chemical calculations, no evidence
has been found for the formation of the elusive S-protonat-
ed isomer tBu(H)SO (3a). The intermediate 3 may decom-
pose by two competing intramolecular reactions according
to Equation (8) forming 1 or its energetically least stable
isomer H2OS (4). The latter may either reversibly rearrange
into 1 or decompose into H2O and most probably S(1D).
The reversible rearrangement between 1 and 4 also opens a
unimolecular decomposition channel for 1.
Higher pressures and prolonged residence times in the py-

rolysis zone allow competitive bimolecular decomposition
routes of 3 leading to HSSOH (6) and S2O as the major
products.

Experimental Section

Quantum chemical calculations : Quantum chemical calculations have
been performed with the following program packages; ACESII[45] (Cou-
pled-cluster calculations), TURBO-
MOLE[46] (DFT and RI-MP2 calcula-
tions), as well as GAUSSIAN03[47]

and GAUSSIAN98[48] (DFT and MP2
calculations).

Di-tert-butylsulfoxide, tBu2SO (2): The
starting compound 2 was prepared by
selective oxidation of di-tert-butyl sul-
fide with a mixture of H2O2 and sele-
nium dioxide as described by Drabo-
wicz and Mikolajczyk.[49]

Mass spectra : The starting compound,
2, was stored at its own vapor pressure
at ambient temperature in a 50 mL
glass flask. As shown in Figure 10, this
storage flask was connected to the py-
rolysis tube (quartz glass, inner diame-
ter 12 mm, length 200 mm) via an inlet
valve. The pyrolysis tube was heated
by an oven with a thermocouple tem-
perature controller (Heraeus). The
products were fed from the pyrolysis
tube into a vacuum cell composed of
Pyrex tubes (inner diameter 0.1 m,

volume: 0.027 m3), which were evacuated by a turbomolecular pump
equipped with cold traps and a rotary vane pump as a roughing pump.
The measurements were carried out under flow conditions (500–900 mg 2
per h) at a pressure of 0.1 Pa, which was adjusted by means of the inlet
valve and the outlet valve connecting the cell to the vacuum system.
Under these conditions (the mean residence time of a molecule in the
cell was estimated to be �1 s), the large volume of the cell did not have
a negative influence on the fraction of HSOH (1) in the pyrolysis prod-
ucts.

The mass spectra have been recorded with a residual gas analyzer system
(LM70, Leda-Mass Ltd.) consisting of an enclosed electron-ionization
ion source, a quadrupole analyzer 300D and a channel-plate detector.
The mass spectrometer was connected to the cell by a gate valve and an
aperture plate (hole diameter 300 mm) that controlled the gas inlet. At
the operating pressure of 0.1 Pa in the cell, the pressure inside the mass
spectrometer was 0.0005 Pa.

Matrix isolation : tBu2SO (2) was placed into a small U trap that was
mounted in front of the matrix support (a metal mirror) and cooled to
0 8C. A stream of argon gas was passed over the sample in the U trap,
and the resulting mixtures of gaseous 2 and argon (�1:1000), were
forced through a pipe with a corundum (Al2O3) nozzle (1 mm i.d.), that
was heated over a length of �10 mm with a platinum wire (0.25 mm
o.d.), prior to deposition on the matrix support at �15 K. Details of the
matrix apparatus have been described elsewhere.[50]

Matrix IR spectra of the deposits were recorded on a Bruker IFS66vFT
instrument in the reflectance mode with a transfer optic. The interferom-
eter was equipped with a globar source, a KBr beam splitter, and a
DTGS detector; 64 scans with an apodized resolution of 0.5 cm�1 were
collected for each spectrum over the 400–4000 cm�1 region. A total of
16 matrices with different pyrolytic temperatures were prepared and in-
vestigated. IR spectra of the deposits prepared from gaseous mixtures of
2-methylpropene and argon (1:1000) and H2O/Ar mixtures with varying
amounts of water were also recorded and used as reference spectra.

Gas-phase IR spectra : The quartz tube oven used in the gas-phase ex-
periments was attached to a spherical (o.d. 30 cm) multipath cell with a
total path length adjusted to 40 m. This cell was equipped with KBr win-
dows and argon-flushed mirrors (f = 50 cm) in a White-type setup. It
was connected to the internal detector chamber of a Bruker 120HRFT
spectrometer by changing the f number of the internal spectrometer
beam from 6 (as provided by the Bruker optics) to 20 by mean of trans-
fer optics placed in the sample chamber of the spectrometer. The mirrors
of the White cell were flushed with argon introduced at a pressure adjust-
ed to 20 Pa, while the cell was evacuated by a two-stage rotary pump
(65 m3h�1) and a liquid-nitrogen cold trap placed at right angles to the

Figure 10. Low-pressure flash pyrolysis set-up with mass spectrometer.
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gas inlet. The progress of the thermolysis was simultaneously monitored
by IR spectroscopy and mass spectrometry with the above-mentioned
mass spectrometer. The mass spectrometer was attached between the
multipath cell and the pump system, and separated from the line by a
hole-shaped skimmer (0.5 mm i.d.) mounted in front of the ion source to
prevent the pressure exceeding the operating pressure in the quadrupole
analyzer.

Gas-phase IR spectra were recorded on pyrolysed mixtures of gaseous 2
in Ar. Gaseous Ar was passed over 2 placed in a Schlenk tube that was
attached to the quartz tube oven. The sample was slowly heated from 60
to 80 8C. The total pressure in the multipath cell was adjusted to �90 Pa
and the thermolysis was carried out at 1200 8C. Data points were collect-
ed at a rate of 40 kHz over four spectral regions: 380–825 cm�1, 600–
1400 cm�1, 2000–2900 cm�1, and 1800–3850 cm�1.

The Bruker 120HR interferometer was equipped with a 100 W tungsten
halogen source and an InSb detector for the region >1800 cm�1. In the
1800–3900 cm�1 range (O–H stretch and S–H stretch), a KBr beam split-
ter was employed and a total of 46 scans were co-added at a resolution of
0.011 cm�1. The S–H stretch of HSOH was studied with a CaF2 beam
splitter and an optical wide-band pass filter to eliminate radiation outside
the spectral region from 2000–2900 cm�1. A total of 20 scans with an in-
strumental resolution of 0.011 cm�1 were collected.

For the 600–1400 cm�1 range, the interferometer was equipped with a
globar source, a KBr beam splitter, and a MCT600 detector. An optical
filter was used to eliminate radiation >1400 cm�1 and 25 scans were col-
lected at a resolution adjusted to 0.016 cm�1. Measurements in the 380–
825 cm�1 range were carried out with a globar source, a liquid-He-cooled
Cu/Ge detector and a 3.5 mm Mylar beam splitter.
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