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2-Allyl-1,2-benzisothiazol-3(2H)-one 1,1-dioxide (ABIOD) has been studied by matrix-isolation infrared
spectroscopy and quantum chemical calculations. A conformational search on the B3LYP/6-
311++G(3df,3pd) potential energy surface of the molecule demonstrated the existence of three conform-
ers, Sk, Sk0 and C, with similar energies, differing in the orientation of the allyl group. The calculations pre-
dicted the Sk form as the most stable in the gaseous phase, whereas the Sk0 and C conformers have
calculated relative energies of ca. 0.6 and 0.8–3.0 kJ mol�1, respectively (depending on the level of the-
ory). In agreement with the relatively large (>6 kJ mol�1) calculated barriers for conformational intercon-
version, the three conformers could be efficiently trapped in an argon matrix at 10 K, the experimental
infrared spectrum of the as-deposited matrix fitting well the simulated spectrum built from the calcu-
lated spectra for individual conformers scaled by their predicted populations at the temperature of the
vapour of the compound prior to matrix deposition. Upon annealing the matrix at 24 K, however, both
Sk and Sk0 conformers were found to convert to the more polar C conformer, indicating that this latter
form becomes the most stable ABIOD conformer in the argon matrix.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Benzisothiazoles, also known as pseudosaccharins, are often vi-
tal structural units of biologically active systems. Their uses as her-
bicides, antibiotic agents and phospholipase inhibitors in the
treatment of hepatic diseases have already been described [1–4].
Among benzisothiazoles, benzisothiazolones (2-alkyl-1,2-ben-
zisothiazol-3(2H)-one 1,1-dioxides) and their derivatives have
shown different functions, all of them related with their capacity
to bind proteins. In this regard, they have been shown to bind
the outer membrane of Pseudomonas aeruginosa and increase its
resistance to antibiotics [5]. Other benzisothiazolones inhibit hu-
man leukocyte elastase (a serine protease) [6,7]. The synthesis of
benzisothiazolone 1,1-dioxide-based serine protease inhibitors
has been demonstrated to be efficient when carried out in solid-
phase [8]. In addition, it has also been shown that some ben-
zisothiazolone derivatives selectively block binding of the estrogen
receptor in breast cancer. Therefore, these compounds are being
ll rights reserved.
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currently used in antiestrogen therapy for breast cancer [9]. More
recently, a new class of substituted 2-benzisothiazolones has been
proven to exhibit antiviral activity against retroviruses (e.g., HIV
virus) [10].

Benzisothiazolyl ethers derived from phenols, benzyl and naph-
thyl alcohols are easily obtained from reaction of the correspond-
ing hydroxylic compound with 3-(chloro)-1,2-benzisothiazole
1,2-dioxide. The benzisothiazolyl system, together with oxygen
from the original alcohol, represents an efficient nucleofuge in het-
erogeneous transfer hydrogenolysis catalyzed by transition metals
[11–13] or, in the case of aryloxybenzisothiazoles, cross-coupling
with organometalic reagents [14]. Much of the reactivity of these
ethers can be ascribed to changes in bond lengths about the central
CAR–O–CA ether bonds (AR = heteroaromatic ring and A = alkyl or
aryl group), caused by the powerful electron-withdrawing effect
of the pseudosaccharyl ring systems. Therefore, the originally
strong CA–O bond in the hydroxylic compound becomes weak,
and the bond between the oxygen and the carbon of the heteroar-
omatic ring (CAR–O) becomes very strong [15]. In allyl- and alkyl-
pseudosaccharyl ethers, the net result of the electronic changes is
also important, in that it provides a molecular structure that lies
close to a transition state structure, in which the originally strong
CA–O bond in the ether becomes easily cleavable to give the ther-
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mally isomerised N-allyl or N-alkyl isomers, 2-allyl- or 2-alkyl-1,2-
benzisothiazol-3(2H)-one 1,1-dioxides (benzisothiazolones),
respectively, through Claisen- or Chapman-like rearrangements
[16–19].

In spite of their important role in chemical and biological sci-
ences and medicine, to the best of our knowledge neither struc-
tural nor vibrational studies have been carried out on these
compounds hitherto. For this reason, in the present study 2-allyl-
Table 1
Relative energies, including zero point vibrational contributions, and predicted gas phase p
1,1-dioxidea

Conformer DFT(B3LYP)/6-311++G(d,p) DFT(B3LYP)/6-3

DE ZPE Population (%)b DE ZPE

Sk 0.0 (�2796275.625)c 46.6 0.0 (�2796544
Sk0 0.55 38.1 0.68
C 3.06 15.2 2.61

a Energies in kJ mol�1; conformers are depicted in Fig. 1.
b According to Boltzmann distribution at 56 �C (temperature of deposition).
c Total energies with zero point vibrational energy contribution.
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Fig. 1. Conformers of 2-allyl-1,2-benzisothiazol-3(2H)-one 1,1-dioxide (ABIOD)
with chosen atom numbering scheme.
1,2-benzisothiazol-3(2H)-one 1,1-dioxide (ABIOD) was structurally
investigated, with the aim of achieving a deeper understanding of
both its electronic structure and conformational preferences. Ma-
trix-isolation infrared spectroscopy and quantum chemical calcu-
lations have been selected as methods of study. The molecules of
ABIOD have then been isolated in their monomeric form in argon
matrices, characterized structurally, and their vibrational signa-
tures determined. Annealing of the matrices led to promotion of
conformational isomerisation reactions, which enabled us to get
insight on the intramolecular dynamics of the compound. The
interpretation of the experimental results is supported by exten-
sive MP2 and DFT calculations, using basis sets that include high-
order polarization functions.

2. Materials and methods

2.1. Infrared spectroscopy

2-Allyl-1,2-benzisothiazol-3(2H)-one 1,1-dioxide (ABIOD)
[melting point: 87–89 �C] was obtained from the corresponding
O-allyl isomer, 3-propenyloxy-1,2-benzisothiazole 1,1-dioxide, by
heating a neat sample. 3-Propenyloxy-1,2-benzisothiazole 1,1-
dioxide was obtained through reaction of the allylic alcohol
prop-2-en-1-ol, with 3-chloro-1,2-benzisothiazole 1,1-dioxide,
using a synthetic methodology described elsewhere [16].

In the matrix-isolation experiments, a glass vacuum system and
standard manometric procedures were used to deposit the matrix
gas (argon, N60, obtained from Air Liquide). Matrices were pre-
pared by co-deposition, onto the cooled CsI substrate of the cryo-
stat, of the matrix gas (argon), and the compound placed in a
specially designed temperature variable mini-oven assembled in-
side the cryostat. The temperature of the mini-oven used to evapo-
rate ABIOD was 56 �C. The IR spectra were collected, with 0.5 cm�1

spectral resolution, on a Mattson (Infinity 60AR Series) Fourier
Transform infrared spectrometer, equipped with a deuterated tri-
glycine sulphate (DTGS) detector and a Ge/KBr beamsplitter.

All experiments were done on the basis of an APD Cryogenics
close-cycle helium refrigeration system with a DE-202A expander.
The temperature of deposition was 10 K. Necessary modifications
of the sample compartment of the spectrometer were made in or-
der to accommodate the cryostat head and allow efficient purging
of the instrument by a stream of dry air to remove water and CO2

vapors. After depositing the compound, annealing experiments
were performed up to a temperature of 35 K.

2.2. Computational methodology

The quantum chemical calculations were performed with
Gaussian 03 (Revision C.02) [20], at the DFT and MP2 levels of the-
ory with different basis sets [6-31++G(d,p), 6-311++G(d,p), 6-
311++G(3df,3pd)]. The DFT calculations were carried out with the
three-parameter density functional abbreviated as B3LYP, which
includes Becke’s gradient exchange correction [21] and the Lee,
Yang and Parr correlation functional [22].
opulations at 56 �C for the various conformers of 2-allyl-1,2-benzisothiazol-3(2H)-one

11++G(3df,3pd) MP2/6-31++G(d,p)

Population (%)b DE ZPE Population (%)b

.810)c 46.2 0.0 (�2789400.806)c 39.3
36.0 0.64 31.1
17.8 0.78 29.6
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Structures were optimized using the Geometry Direct Inversion
of the Invariant Subspace (GDIIS) method [23,24]. Vibrational fre-
quencies were calculated at the same levels of theory and the nat-
ure of the stationary points on the potential energy surface
resulting from optimization was determined by inspection of the
corresponding calculated Hessian matrix. The optimized structures
of all conformers were confirmed to correspond to true minimum
energy conformations on the PES. Normal coordinate analyses
were undertaken in the internal coordinates space as described
by Schachtschneider [25], using the program BALGA [26], and the
optimized geometries and harmonic force constants resulting from
the DFT(B3LYP)/6-311++G(3df,3pd) calculations. Potential energy
profiles for internal rotation were calculated performing a relaxed
scan on the PES along the relevant reaction coordinates, and the
transition state structures for conformational interconversion ob-
tained using the Synchronous Transit-Guided Quasi-Newton
(STQN) method [27,28].

3. Results and discussion

3.1. Geometries and energies

The molecule of ABIOD (Fig. 1) can be considered as being com-
posed of two fragments: the heterocyclic ring, which bears a car-
bonyl substituent at the position 3 (C9, in consonance with the
adopted atom numbering scheme; see Fig. 1), and the conforma-
tionally flexible allyl substituent bound to the nitrogen atom of
the heterocycle. The allyl substituent has a priori two conforma-
tionally relevant internal rotation axes, defined by the C9N8C17C20

and N8C17C20@C22 dihedral angles. However, because of sterical
hindrance, in the minimum energy conformations the C9N8C17C20

axis was shown to assume always a conformation nearly perpen-
dicular to the ring plane. Therefore, in practical terms, only the
N8C17C20@C22 dihedral angle defines the conformational states of
the molecule.

A conformational search on the ABIOD potential energy surface
yielded three different conformers, differing in the N8C17C20@C22

dihedral angle (see Fig. 1). The structural parameters of these con-
formers, obtained at the different levels of theory used as study, are
provided as Supplementary Material (Table S1).

Following the general trend exhibited by heteroallyl com-
pounds, as discussed in detail by Kobychev et al. [29], the two skew
conformers (Sk and Sk0) were predicted to be more stable than the
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Fig. 2. DFT(B3LYP)/6-311++G(d,p) calculated potential energy profile for internal
rotation around the C17–C20 bond.
cis (C) form. The most stable conformer was found to be Sk, with
the zero point corrected relative energies of the Sk0 and C conform-
ers being ca. 0.6 kJ mol�1 and in the range 0.8–3.1 kJ mol�1

(depending on the level of theory used), respectively (Table 1). This
last value can be compared with the available DEcis-skew values for
3-hydroxyprop-1-ene, 3-methoxyprop-1-ene, formoxime allyl
ether, 3-dimethylaminoprop-1-ene and 3-(allyloxy)-1,2-benziso-
thiazole 1,1-dioxide, that are molecules exhibiting the X–
CH2CH@CH2 moiety (X = O or N), analogous to the conformational-
ly relevant fragment in ABIOD, which range from 0.4 to
4.0 kJ mol�1 [29,30].

The potential energy profile corresponding to the rotation
around the N8C17C20@C22 dihedral angle, which shows the path-
ways for interconversion between the three conformers of ABIOD
is depicted in Fig. 2. As shown in this figure, the lowest energy bar-
rier is associated with the C ? Sk0 isomerization (6.0 kJ mol�1),
whereas the C ? Sk and Sk0 ? Sk isomerization barriers were cal-
culated to be 7.9 and 7.4 kJ mol�1, respectively.

3.2. Infrared spectrum of the as-deposited matrix isolated ABIOD

As shown in the previous section, the conformers of ABIOD have
relatively close energies. The estimated populations for these con-
formers, based on the calculated relative energies obtained at the
different levels of theory used in this study, are given in Table 1
for the temperature of sublimation of the compound in the ma-
trix-isolation experiments (56 �C). In consonance with these data,
all three conformers should have significant populations in the
gas phase prior to deposition. On the other hand, the calculated en-
ergy barriers for conformational conversion from higher to lower
energy forms are all in the range of values that may allow for some
conformational cooling to take place during matrix deposition or
500600700800900100011001200130014001500160017001800
Wavenumber/ cm-1

Argon matrix

500600700800900100011001200130014001500160017001800
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Fig. 3. Infrared spectra (1850–450 cm�1 region) of ABIOD trapped in an argon
matrix obtained immediately after deposition at 10 K (bottom), and simulated
spectra obtained by summing the calculated spectra for Sk, Sk0 and C conformers at
the B3LYP/6-311++G(3df,3pd) level of theory, scaled by their estimated Boltzmann
populations.
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Fig. 4. Difference spectrum (ABIOD in argon matrix annealed at 24 K minus as-deposited matrix; selected regions) (bottom) and calculated spectra for the three conformers
(top). Bands ascribable to conformer C increase upon annealing and point up in the difference spectrum, while those due to both Sk and Sk0 conformers lose intensity, pointing
down in the difference spectrum. These results indicate that the most polar C conformer is stabilized in the matrix (compared to gas phase), becoming the most stable form
under these experimental conditions.
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upon annealing of the matrix to higher temperatures. Conforma-
tional cooling during the deposition of the matrix is quite often ob-
served in matrix-isolation experiments for molecules having
conformers separated by low energy barriers (lower than a few
kJ mol�1) and have been discussed in detail in some of our previous
studies [31–35].

The spectrum of the as-deposited matrix of ABIOD in argon is
shown in Fig. 3. As discussed below, the detailed analysis of the ob-
served spectrum doubtlessly shows that the three ABIOD conform-
ers are present in this matrix. The simulated IR spectrum shown in
Fig. 3 (upper panel) was built by adding the calculated individual
spectra of the three conformers [calculated at the DFT(B3LYP)/6-
311++G(3df,3pd) level of theory] scaled by the corresponding esti-
mated populations in the gas phase at the sublimation tempera-
ture. As shown in the figure, the simulated spectrum reproduces
well the observed spectrum of the as-deposited matrix.

In spite of the general good agreement between the experimen-
tal spectrum and the simulated one, identification of spectral fea-
tures originated in a single conformer is not easy, since the
predicted spectra of the three conformers of ABIOD do not differ
extensively. Indeed, from the 66 vibrational modes of ABIOD, 35
are due to vibrations of the rings, which are not significantly af-
fected by the changes of conformation in the allyl fragment. In
addition, only some of the modes localized in this latter group or
in the SO2 and C@O substituents of the benzisothiazol ring (which
are located in the proximity of the allyl group and can be expected
to feel the effects of the changes in the conformation of this group)
were predicted to be sensitive enough to conformational changes.
Among those, the relatively intense carbonyl and SO2 symmetric
stretching bands (around 1750 and 1200 cm�1, respectively) as
well as a group of bands in the low frequency spectral range
(500–800 cm�1) could be used successfully to check for the pres-
ence of the three conformers in the matrix during the annealing
experiments (Fig. 4).

Annealing of the matrix at 24 K resulted in changes in the rela-
tive intensities of bands. Fig. 4 shows some relevant spectral re-
gions where these changes are more easily observed. Table 2
presents the full spectrum assignment, which relies in both the
comparison of the observed spectrum with the calculated spectra
of the conformers and the results of the annealing experiments
(complete calculated spectra and results of normal coordinate
analysis are provided in Tables S2–S5 as Suplementary Informa-
tion). It is clear that annealing of the matrix promotes conversion
of both Sk and Sk0 conformers into the C form, resulting in upward
pointing bands in the difference spectrum shown in Fig. 4 belong-
ing to this conformer. This result can only be explained considering
that the C form becomes the most stable ABIOD conformer in the
matrix. This stabilization of the C form compared with Sk and Sk0

conformers in the matrix, in going from the gas phase to the matrix
conditions, results with all probability from its slightly higher
polarity, though a more favourable packing may also contribute
to this phenomenon. It is interesting to note that a somewhat sim-
ilar effect has been previously observed for 3-(allyloxy)-1,2-benz-
isothiazole 1,1-dioxide [30].

It is also worth noticing that the temperature at which the con-
formational conversion starts being efficient (24 K) is, according to
the Barnes’ relationship [36], consistent with conversion energy
barriers of ca. 6 kJ mol�1. This value is similar to predicted energy
barriers for the gas phase, indicating that, in spite of the change in
the potential energy surface due to interaction with the matrix
(which includes the change of order of the relative stabilities of
the conformers), the barriers for conformational isomerisation
did not change appreciably upon going from the gas phase to the
matrix environment.

An independent check for the relative stability of the con-
formers in the gaseous phase was also made in the present
study by examining in deeper detail the carbonyl stretching re-
gion. In this spectral region, two main features are observed:
the intense band at ca. 1750 cm�1, which as shown in Fig. 4 con-
tains contributions from the three conformers, and a small band
at 1765 cm�1. This latter band belongs, with all probability, to
the Skew conformers, since it decreases upon annealing of the
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matrix, and can be ascribed to the mN–S + cC–H11 combination
tone, whose fundamentals are observed at 1016 and 752 cm�1,
respectively (Table 2). Fig. 5 shows the result of deconvolution
of the 1750 cm�1 band as observed in the as-deposited matrix
spectrum. As clearly shown in this figure, the band comprehends
three components, which are ascribable to the three ABIOD con-
formers. The percent contribution of the three components to
the observed feature, weighted by the relative calculated car-
bonyl stretching intensities for the conformers are 45.3%, 31.1%
and 23.6%, for Sk, Sk0 and C conformers. These percentages fit
Table 2
Assignment of the observed spectrum of 2-allyl-1,2-benzisothiazol-3(2H)-one 1,1-dioxide

Approximate descriptionb Calculated B3LYP/6-311++(3df,3pd)

Sk Sk0

m(@CH2)as 3221.5 3222.3
m(C–H ring 1) 3210.0 3210.0
m(C–H ring 2) 3206.8 3206.9
m(C–H ring 3) 3195.6 3195.3
m(C–H ring 4) 3182.8 3182.4
mCH 3160.0 3153.9
m(@CH2)s 3135.8 3135.5
m(CH2)as 3108.9 3097.8
m(CH2)s 3048.3 3051.2
mC@O 1780.6 1777.1
mC@C 1709.5 1710.1
m(C–C ring 4) 1632.7 1632.8
m(C–C ring 2) 1627.8 1628.0
m(C–C ring 6) 1496.2 1496.3
m(C–C ring 5) 1488.8 1488.9
dCH2 1476.3 1473.8
d(@CH2) 1461.8 1461.7
wCH2 1383.1 1383.1
mSO2 as 1361.2 1366.5
m(C–C ring 3) 1358.4 1359.3
twCH2 1341.4 1340.1
d(@CH) 1327.5 1326.0
d(C–H ring 1) 1309.1 1306.5
mC–N 1279.0 1276.3
d(C–H ring 4) 1205.5 1204.2
mSO2s 1198.0 1198.8
d(C–H ring 3) 1184.5 1184.5
w(@CH2) 1174.9 1171.6
d(C–H ring 2) 1143.9 1144.2
d(ring 1) 1071.4 1071.7
mN–S
cCH2 1045.5
m(C–C ring 1) 1043.6 1040.1
cC–H 1039.5 1023.4
cC–H12 1022.6 1023.1
cN–S 1021.2
cC–H10 988.7 989.7
mN–C 980.5
c(@CH2) 977.5 970.9
mN–C 966.1
mC–C 934.1 917.2
cC–H13 907.1 907.8
dC@O 862.0
cCH2 856.0
cC@O 803.9 804.4
cC–H11 767.9 768.5
d(ring 2) 759.1 760.0
d(ring 3) 711.8 709.7
s(C–C ring 1) 688.5 688.9
sC@C 672.4 665.3
dC–C@C
cSO2 602.7 604.0
dSO2 586.0 583.7
sC@C
wSO2 542.3 543.2
d(T–ring 2) 511.7 514.8
mN–S 499.7
dC@O 491.7

a The full calculated spectra for the ABIOD conformers, with full potential energy dist
b See Table S2 (Supporting Information) for definition of coordinates; m, bond stretch

asymmetric; n. obs., not observed.
very well the relative abundances of the conformers predicted
by the calculations in the gas phase at the temperature (56 �C)
of the vapour immediately before deposition of the matrix
(average values: 44%, 35% and 21%, respectively; see Table 1),
thus confirming the theoretical predictions regarding the relative
stability of the conformers in the gas phase and, in particular,
proving that the Sk conformer is the most stable form in this
phase. These results also reinforce the idea that, under the
experimental conditions used, no significant conformational
cooling took place during deposition of the matrix.
in argon matrixa

Observed argon matrix (10 K) (m/cm�1)

C

3234.2
)

3209
3210.0
3206.9
3195.6
3182.7
3139.8

)
3031

3153.4
3074.2

)
2934

3036.2
1783.6 1750 (C); 1748 (Sk) ; 1744 (Sk0)
1716.9 1686
1633.0 1572
1627.9 1568
1496.8 1469
1488.8 1463/1461
1470.0 1437
1453.3 1434 (Sk, Sk0); 1431 (C)
1402.8 1371 (Sk, Sk0); n.obs. (C)
1364.4 1366 (Sk0 , C) 1361 (Sk)
1359.4 1357
1344.1 1348
1328.4 1332
1312.0 1321 (C); 1317 (Sk); 1314 (Sk0)
1282.7 1266 (C); 1261/1253/1239 (Sk, Sk0)
1207.1 1208/1203
1197.6 1198 (Sk0); 1192 (Sk); 1186 (C)
1185.3 1175
1097.7 1161 (Sk, Sk0); 1155 (C)
1146.1 1129
1074.3 1092
1064.5

)
1029 (C)

1037
1041.1
1022.7 1033
1023.7

)
1016

989.3 1006
978.6 993
962.9 988 (Sk0); 969 (Sk, C)

958
904.2 935/933 (Sk, Sk0); 928/919 (C)
907.3

)
906

868/861 (Sk,Sk0); 851/848 (C)
864.2
805.2 785
769.2

)
756/749 (C); 752/746 (?) (Sk, Sk0)

755.6
705.5 710 (Sk); 704 (Sk0); 698 (C)
691.6 678 (C); 673 (Sk, Sk0)

656
653.9 n. obs.
594.4 602 (Sk0); 599 (Sk); 593/591 (C)
583.2 587 (Sk); 582 (Sk0 , C)
552.9 542
539.3 536 (Sk, Sk0); 530 (C)

512
496

509.6 509 (C); 496 (Sk)

ribution results, are provided in Tables S3–S5 as Supporting Information.
ing; d, bending; c rocking; s torsion; tw, twisting; w, wagging; s, symmetric; as,
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Fig. 5. Deconvolution of the mC@O band of the infrared spectrum of ABIOD in the
as-deposited argon matrix. The relative conformational populations predicted
based on the analysis of the data shown in this figure are in agreement with those
obtained from the theoretical energy calculations (see text). The points correspond
to the experimental data; the tick solid line to the fitted curve, whose components
have maxima at 1744, 1748 and 1750 cm�1.
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4. Conclusions

In this work, ABIOD has been for the first time isolated in an ar-
gon matrix. In consonance with high level DFT(B3LYP)/6-
311++G(3df,3pd) calculations, the matrix-isolation spectroscopic
data reveal the presence in the as-deposited matrix of the three
different ABIOD conformers that were theoretically predicted to
have similar energies in the gaseous phase: Sk, Sk0 and C. According
to the calculations, the Sk form is the most stable conformer in the
gaseous phase, whereas the Sk0 and C conformers have calculated
relative energies of ca. 0.6 and 0.8–3.0 kJ mol�1, respectively
(depending on the level of theory). These results are in consonance
with the fact that the experimental infrared spectrum of the as-
deposited matrix fits well the simulated spectrum built from the
calculated spectra of the individual conformers scaled by their pre-
dicted populations at the temperature of the vapour of the com-
pound prior to matrix deposition.

On the other hand, annealing of the matrix at 24 K was found to
lead to conversion of both Sk and Sk0 conformers to the more polar
C form, revealing that this conformer becomes the most stable one
in the matrix.
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