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In this work, two novel amino-substituted derivatives of saccharin, N-(1,1-dioxo-1,2-benzisothiazol-3-
yl)-N-methyl amine (MBAD) and N-(1,1-dioxo-1,2-benzisothiazol-3-yl)-N,N-dimethyl amine (DMBAD),
were synthesized and characterized, and their molecular structure and vibrational properties were inves-
tigated by matrix-isolation FTIR spectroscopy and theoretical calculations undertaken using different lev-
els of approximation. The calculations predicted the existence of two conformers of MBAD. The lowest
energy form was predicted to be considerably more stable than the second conformer (DE > ca.
20 kJ mol�1) and was the sole form contributing to the infrared spectrum of the compound isolated in
solid xenon. Both conformers have planar amine moieties. In the case of DMBAD, only one doubly-degen-
erated-by-symmetry conformer exists, with the amine nitrogen atom considerably pyramidalized. The
effect of the electron-withdrawing saccharyl ring on the C–N bond lengths is discussed. The different
structural preferences around the amine nitrogen atom in the two molecules were explained in terms
of repulsive interactions involving the additional methyl group of DMBAD. Observed structural features
are correlated with the reactivity exhibited by the two compounds towards nucleophiles. The experimen-
tally obtained spectra of the matrix-isolated monomers of MBAD and DMBAD were fully assigned by
comparison with the corresponding calculated spectra.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Saccharin (1,2-benzisothiazol-3(2H)-one-1,1-dioxide) is a
commonly known substance as it is the oldest artificial sweetener
and has been the subject of many studies. More recently, several
saccharyl derivatives have also been attracting an increased
attention, as they show herbicidal, antimicrobial and antifungal
activities [1].

Benzisothiazoles are also important in synthesis. Due to the
powerful electron-withdrawing properties of the saccharyl system,
benzisothiazolyl ethers have been successfully used as intermedi-
ate compounds for reductive cleavage of C–O bonds in phenols,
benzyl- and naphthyl alcohols, catalysed by transition metals,
using hydrogen donors [2–4]. The saccharyl system, together with
the oxygen from the original phenol or alcohol, represents an effi-
cient nucleofuge in heterogeneous catalytic transfer hydrogenoly-
ll rights reserved.
sis [2–4] or cross-coupling with organometallic reagents [5]. The
electron-withdrawing abilities of the benzisothiazolyl system are
also in keeping with the easy thermally induced sigmatropic isom-
erisation of 3-allyloxy- and 3-alkoxy-derivatives of benzisothiazole
to the corresponding N-allyl or N-alkyl isomers [6–10].

In recent studies on this family of compounds, we investigated
the structure and spectroscopic properties of simple alkyloxy- and
allyloxy-derivatives [specifically, 3-(methoxy)-1,2-benzisothiazole
1,1-dioxide and 3-(allyloxy)-1,2-benzisothiazole 1,1-dioxide] and
the mechanisms involved in their thermal rearrangement to the
corresponding N-alkyl or N-allyl isomers [9–14]. In those studies,
the interpretation of the experimental data strongly relied on
quantum chemical theoretical calculations, which had to be first
duly calibrated in order to consider the specificities of the molecu-
lar systems under analysis. One important result obtained from
those studies was the conclusion that high-order polarization func-
tions must be present in the basis sets used in the calculations for
an appropriate description of the >SO2 (or S@O) moiety [8]. In
particular, the use of the DFT/B3LYP method with the
6-311++G(3df,3pd) basis set was shown to be appropriate to
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attain reliable structural and spectroscopic results at moderate
computational effort when compared to other theoretical ap-
proaches suggested before [15–17].

In the present investigation we focused on two amino-substi-
tuted benzisothiazoles: N-(1,1-dioxo-1,2-benzisothiazol-3-yl)-N-
methyl amine (N-methyl-1,2-benzisothiazol-3-amine 1,1-dioxide;
MBAD) and N-(1,1-dioxo-1,2-benzisothiazol-3-yl)-N,N-dimethyl
amine (N,N-dimethyl-1,2-benzisothiazol-3-amine 1,1-dioxide;
DMBAD). From a structural point of view, C–N bonds in amines
have received much less attention than C–O bonds in ethers and
alcohols [18]. In fact, due to the difference in electronegativity be-
tween nitrogen and oxygen, cleavage of a C–N bond in aliphatic or
aromatic amines, through hydrogenolysis or reaction with a nucle-
ophile, is much more difficult than cleavage of a C–O bond in the
corresponding ethers or alcohols [19]. The saccharyl derivatives
of methyl amine and dimethylamine, MBAD and DMBAD, were iso-
lated in solid xenon and their conformational preferences and
vibrational properties studied by infrared spectroscopy. Interpreta-
tion of the experimental data received support from quantum
chemical calculations. Structural analysis has shown that the di-
methyl-compound has a pyramidal amino nitrogen group whereas
the mono-substituted compound has a planar nitrogen amino
group; i.e., the C(ring)–N bond is considerably stronger in the
mono-substituted compound than in the di-substituted one. These
structural differences between the two saccharyl amines result in
their different reactivity towards nucleophilic displacement by
phenoxide anion.
Fig. 1. Conformers of MBAD and DMBAD with atom numbering scheme. For MBAD th
symmetry; only one of the structures is shown in the picture, the second one being the
2. Experimental and computational methods

MBAD and DMBAD were synthesized from reaction of
pseudosaccharyl chloride (3-chloro-1,1-dioxo-1,2-benzisothiazole)
with methylamine or dimethylamine, respectively:

2.1. N-(1,1-Dioxo-1,2-benzisothiazol-3-yl)-N-methyl amine (MBAD)

A solution of the methylamine (5 mmol) in THF (5 mL) was
added to a stirring solution of pseudosaccharyl chloride (5 mmol)
in THF (10 mL). The final mixture was stirred at room temperature
for 6 h, then it was made alkaline (aq. NaOH). An excess of ice-
water was added, and the formed precipitate filtered and recrystal-
lised to give the required amine as colourless crystals (76% yield;
m.p. 306–308 �C). 1H NMR (400 MHz, CD3OD): d 3.13 (3H, s,
–CH3), 3.30 (s, N–H), 7.77–7.81 (2H, m, Ar-H), 7.93–7.95 (1H, d,
Ar-H) MS (EI), m/z 197 [M+H]+.

2.2. N-(1,1-Dioxo-1,2-benzisothiazol-3-yl)-N,N-dimethyl amine
(DMBAD)

A solution of the dimethylamine (5 mmol) in THF (5 mL) was
added to a stirring solution of pseudosaccharyl chloride (5 mmol)
in THF (10 mL). The final mixture was stirred at 40 �C for 8 h, then
it was made alkaline (aq. NaOH). An excess of ice-water was added,
and the formed precipitate filtered and recrystallised to give the
required amine as colourless crystals (69% yield; m.p. 301–
e most stable conformer is form A. DMBAD conformer is doubly-degenerated by
mirror image of that.



Table 1
Zero-point corrected energies (absolute energies: E�/hartree; relative energies: DE�/kJ mol�1) for MBAD conformers calculated at different levels of theory.

Method E�/hartree DE�/kJ mol�1

Conformer A Conformer B (B–A)

HF/3-21G �958.2408090 �958.2319900 23.2
HF/3-21G(d) �958.5180230 �958.5101410 20.7
HF/6-31G(d) �963.4914230 �963.4829540 22.2
HF/6-311++G(d,p) �963.6502360 �963.6410550 24.1
MP2/3-21G �959.4924960 �959.4834040 23.9
MP2/3-21G(d) �959.8122460 �959.8046250 20.0
MP2/6-311++G(d,p) �965.6596330 �965.6509790 22.7
B3LYP/3-21G �962.3617720 �962.3531470 22.6
B3LYP/3-21G(d) �962.6115320 �962.6042050 19.2
B3LYP/6-31G(d) �967.5817510 �967.5744400 19.2
B3LYP/6-311++G(d,p) �967.7660880 �967.7576650 22.1
B3LYP/6-311++G(3df,3pd) �967.8631650 �967.8552750 20.7
SVWN/6-311++G(d,p) �963.6894140 �963.6823560 18.6
SVWN/6-311++G(3df,3pd) �963.7906950 �963.7838590 18.0
BHandHLYP/6-311++G(d,p) �967.3985990 �967.3900560 22.4
BHandHLYP/6-311++G(3df,3pd) �967.5046910 �967.4965880 21.3
B3PW91/6-311++G(d,p) �967.4937770 �967.4853760 22.1
B3PW91/6-311++G(3df,3pd) �967.5908690 �967.5829590 20.8
B3P86/6-311++G(d,p) �969.6099830 �969.6017830 21.5
B3P86/6-311++G(3df,3pd) �969.7077850 �969.7000940 20.2

1 Calculations were performed at the following levels of theory: HF/3-21G, HF/3-
1G(d), HF/6-31G(d), HF/6-311++G(d,p), MP2/3-21G, MP2/3-21G(d), MP2/6-
11++G(d,p), B3LYP/3-21G, B3LYP/3-21G(d), B3LYP/6-31G(d), B3LYP/6-311++G(d,p),
3LYP/6-311++G(3df,3pd), SVWN/6-311++G(d,p), SVWN/6-311++G(3df,3pd),
HandHLYP/6-311++G(d,p), BHandHLYP/6-311++G(3df,3pd), B3PW91/6-
11++G(d,p), B3PW91/6-311++G(3df,3pd), B3P86/6-311++G(d,p), B3P86/6-
11++G(3df,3pd). The results obtained at the different levels of theory depicted no
bstantial differences regarding the optimized geometries.
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303 �C). 1H NMR (400 MHz, CD3OD): d 2.80 (6H, s, –CH3), 7.77–7.81
(2H, m, Ar-H), 7.93–7.95 (1H, d, Ar-H) MS (EI), m/z 211 [M+H]+.

2.3. Reaction of N-(1,1-dioxo-1,2-benzisothiazol-3-yl)-N-methyl
amine (MBAD) with phenoxide

Sodium hydride (95%; 0.012 g; 0.5 mmol) was added to a solution
of phenol (0.028 g; 0.3 mmol) in dry THF (2 ml) under anhydrous
conditions. The mixture was stirred vigorously at room temperature,
until effervescence had ceased (30 min). N-(1,1-Dioxo-1,2-ben-
zisothiazol-3-yl)-N-methyl amine (MBAD) (0.05 g; 0.3 mmol) in
dry THF (8 mL) was then added, and the final reaction mixture was
stirred at room temperature. The progress of the reaction was cont-
roled by TLC, using toluene/acetone (5:3) as eluent. After 4 h the
presence of a reaction product, identified as 3-phenoxy-1,2-benziso-
thiazole 1,1-dioxide was detected, but most of the starting material
was still present. The mixture was kept stirring for another 18 h,
but no change in the extent of conversion was observed.

The reaction was repeated, but increasing the reaction temper-
ature to 40 �C. Under these conditions, the extent of conversion
had only slightly increased, after 20 h.

2.4. Reaction of N-(1,1-dioxo-1,2-benzisothiazol-3-yl)-N,N-dimethyl
amine (DMBAD) with phenoxide

The reaction conditions described above for MBAD were applied
to DMBAD. The reaction mixture was stirred at room temperature
for 20 h. TLC analysis demonstrated that, after this period, all start-
ing material had been converted into 3-phenoxy-1,2-benzisothiaz-
ole 1,1-dioxide. Extraction with ethyl acetate, evaporation to
dryness under reduced pressure, then recrystallisation of the solid
residue from ethyl acetate/DCM gave colourless crystals m.p. 102–
103 �C. 1H NMR (400 MHz, CD3OD): dH (CDCl3): d 7.31–7.42 (3H,
3t), 7.43–7.47 (1H, d), 7.48–7.51 (1H, d), 7.78–7.85 (2H, m),
7.90–8.10 (2H, m); MS (EI, m/z) 260 (M+).

2.5. Matrix-isolation FTIR spectroscopy

Matrices were prepared by co-deposition, onto the cooled CsI sub-
strate of the cryostat, of the matrix gas (xenon 99.995%, obtained
from Air Liquide) and vapors of the compound under study produced
by evaporation in a specially designed temperature variable mini-
oven assembled inside the cryostat. The temperature of the mini-
oven used for evaporation of the compounds was 448 K and the
gas flow rates and deposition times were ca. 200 mbar h�1 and
�1 h, respectively, in all experiments. Though with this set up the
matrix concentration cannot be measured precisely, from spectra
absolute intensities we estimate it was, in all experiments, about
1:800 to 1:1000 (S:M). All low temperature experiments were done
on the basis of an APD Cryogenics close-cycle helium refrigeration
system with a DE-202A expander. The temperature of the CsI sub-
strate during deposition was 20 K. The IR spectra were collected, with
0.5 cm�1 spectral resolution, on a Mattson (Infinity 60AR Series) Fou-
rier Transform infrared spectrometer, equipped with a deuterated
triglycine sulphate (DTGS) detector and a Ge/KBr beamsplitter.

2.6. Computational details

Calculations were performed at several levels of approximation
using the Gaussian03 suite of programs and the default algorithms
it implements [20]. In some cases, the Geometry Direct Inversion of
the Invariant Subspace (GDIIS) method [21,22] was used for geome-
try optimization. Potential energy profiles for internal rotation were
calculated performing relaxed scans on the potential energy surface
of the molecule along the relevant coordinates. Vibrational frequen-
cies were calculated at each level of theory used and the nature of the
stationary points resulting from optimization determined by inspec-
tion of the corresponding calculated Hessian matrix.

Characterization of the vibrational modes was made in terms of
natural internal coordinates [23] using the Gar2ped [24] program.

3. Results and discussion

3.1. Molecular structures and energies

MBAD has two internal rotation axes, defined around the C9–
N20 and N20–C16 bonds, which in principle can give rise to confor-
mational isomers. According to the calculations,1 two conformers
2
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were found on the potential energy surface of the molecule, both
conformers belonging to the Cs symmetry point group and exhibiting
a planar amine group, with one of the methyl hydrogens eclipsing
the amine hydrogen atom (Fig. 1). In the most stable conformer
(A), the methyl group is oriented towards the nitrogen atom of the
heterocycle (N8@C9–N20–C16: 0�), while in the less stable conformer
(B) it is oriented towards the phenyl ring (N8@C9–N20–C16: 180�).
The calculated structural parameters for conformer A, obtained at
the DFT(B3P86)/6-311++G(3df,3pd) level of theory are provided in
Table S1 (Supplementary material).

The calculations predicted conformer A to be ca. 20 kJ mol�1

more stable than conformer B (Table 1). The greater stability of
conformer A can be ascribed essentially to the more favorable
interactions of the methyl and NH groups of the amine substituent
occurring in this conformer with the N(8) and H(10) atoms, respec-
tively (see Fig. 1). Note that in conformer B the planarity of the
amine moiety can still be retained in spite of the repulsive interac-
tion between the methyl group and H(10), because the C(2)–C(9)–
N(20) and C(9)–N(20)–C(16) angles can increase considerably at
expenses of approaching the amine hydrogen to N(8). As described
below, the situation is completely different for DMBAD, where the
amine hydrogen is replaced by a more voluminous methyl group.

The potential energy profile for interconversion between the
two MBAD conformers is presented in Fig. 2A. The energy barrier
for this process is very large (ca. 90 kJ mol�1 above the conforma-
tional ground state), in agreement with the expected considerable
partial double bond character of the C(9)–N(20) bond, which is also
reflected in the planarity assumed by the amine group in both min-
ima. On the other hand, in the transition state the amine group is
considerably pyramidalized (C–N(–H)–C dihedral: 148.3�), indicat-
ing a strong reduction of delocalization and of the double bond
character of the C(9)–N(20) bond, with the consequent increase
of the energy of the molecule.

The presence in the DMBAD molecule of the additional methyl
group leads to a completely different picture. In this case, the con-
formation equivalent to the minimum energy structures in MBAD
is destabilized due to the repulsive interaction between one of the
methyl groups and H(10), which cannot be minimized by opening
of the C(2)–C(9)–N(20) and C(9)–N(20)–C(21) angles as in con-
former B of MBAD because in DMBAD this would lead to unfavor-
able interactions between the second methyl group and N(8) (see
Fig. 1). Hence, the amine group is forced to become pyramidal to
minimize CH3. . .H(10) repulsions. Indeed, the potential energy
surface of DMBAD exhibits two symmetry equivalent minima,
corresponding to structures where the dimethylamine group is
non-planar (C–N(–C)–C dihedral: 167.3�), with one of the methyl
groups nearly in the syn periplanar position relatively to N(8) and
the second methyl group out of the plane of the rings [C(21)–
N(20)–C(9)–C(2) dihedral: 20.2�]. The calculated structural
parameters for the sole doubly-degenerated-by-symmetry con-
former of DMBAD, obtained at the DFT(B3P86)/6–
311++G(3df,3pd) level of theory, are provided in Table S2 (Supple-
mentary material).

The potential energy profile for internal rotation around the
C(9)–N(20) bond of DMBAD is given in Fig. 2B. All structures ob-
tained after optimization but the transition states were of C1 sym-
metry, with a pyramidalized amino group. The transition states are
of Cs symmetry and correspond to the conformations where the
lone electron pair of N(20) (defined as localized in a plane bisecting
the N(8)@C(9)–N(20)–C(16) and N(8)@C(9)–N(20)–C(21) planes)
stays in the molecular plane. When N(8)@C(9)–N(20)-Lp is 180�,
the energy barrier for internal rotation is of ca. 50 kJ mol�1,
whereas when N(8)@C(9)–N(20)-Lp is 0� the barrier is consider-
ably higher (ca. 70 kJ mol�1), since for this geometry the pairs of
electrons of N(20) and N(8) are face-to-face and the two methyl
groups in close contact to H(10).
It is important to note once again that the main structural
implications of the presence of the second methyl substituent at
the amino group (in DMBAD) in relation to the mono-substituted
compound (MBAD) are triggered by CH3. . .H(10) repulsions, which
lead to amine pyramidalization and reduction of the double bond
character of the C(9)–N(20) bond. Accordingly, the C(9)–N(20)
bond length in DMBAD is predicted by the calculations to be
0.9 pm longer than in MBAD (134.3 vs. 133.4 pm; see Tables S1
and S2). This effect extends into the N(8)–C(9) bond, which is pre-
dicted to be 0.6 pm longer in DMBAD than in MBAD (130.2 vs.
129.6 pm), and also into the C(16)–N(20) bond, with predicted
bond lengths of 145.1 and 144.5 pm, for DMBAD and MBAD,
respectively.

The values predicted for bond lengths C(9)–N(20) and C(16)–
N(20) in both benzisothiazolyl derivatives correspond to bond or-
ders greater than unity. The powerful electron-withdrawing effect
of the saccharyl ring results in an increase in electronegativity on
the amino nitrogen N(20), which is strongly conjugated with the
saccharyl system. These theoretical results are in keeping with
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those obtained from solid state analysis by X-ray crystallography
performed on N-(1,1-dioxo-1,2-benzisothiazol-3-yl)-N-ethyla-
mine [25]. For this compound, the corresponding C(alkyl)–N and
C(saccharyl)–N bond lengths are 146.0 and 132.0 pm, respectively.
The structure of saccharyl derivatives of aniline has also been
studied by X-ray crystallography, and the structural data corre-
lated with the reactivity of the compounds towards catalytic
transfer hydrogenolysis [25]. Results have shown that, in sharp
contrast with aryl saccharyl ethers, saccharyl anilines are mostly
inert to catalytic transfer hydrogenolysis. Surprisingly, when bis-
saccharyl anilines were subjected to hydrogenation or hydride
reduction, C(saccharyl)–N cleavage was observed. Thus, unlike for
saccharyl ethers, where reductive cleavage occurs selectively, un-
der mild conditions, on the weaker C–O bond, saccharyl anilines
are inert in similar reaction conditions. However, with disaccha-
ryl anilines, ipso replacement is observed on the saccharyl carbon,
leading to cleavage of the stronger C-O bond, if harder reaction
conditions are used [25].

In the present work a comparative study of the reactivity of
MBAD and DMBAD towards nucleophilic substitution was carried
out. Both compounds were reacted, using similar reaction condi-
tions, with phenoxide anion, generated through reaction of sodium
hydride with phenol, in anhydrous conditions. Results have shown
that nucleophilic displacement occurs much more easily with
DMBAD than with the less hindered MBAD. These results are in
agreement with the relative values calculated for the C(9)–N(20)
bond lengths and bond strengths for both compounds. Since in
MBAD the C(9)–N(20) bond is stronger than in DMBAD, nucleo-
philic displacement at C(9) is easier to achieve in DMBAD than in
MBAD (nucleophilic susceptibility at C(9) is stronger in DMBAD
than in MBAD). In addition, considering that phenoxide is a consid-
erably bulky nucleophile, it could be expected that nucleophilic ap-
proach would be easier on the planar MBAD. Though the
mechanistic nature of this ipso replacement has not been investi-
gated, considering the bulkiness of the nucleophile and the struc-
tures of both substrates, a unimolecular mechanism seems to be
operating.

3.2. Infrared spectra

Fig. 3 depicts the infrared spectra of MBAD isolated in a Xe ma-
trix at 20 K and calculated infrared spectra obtained at different



Table 2
Observed wavenumbers (and qualitative intensities) for MBAD in Xe matrix and calculated infrared spectra, obtained at the B3P86/6-311++G(3df,3pd) level of approximation, for
the experimentally relevant conformer of the molecule (conformer A).

Approximate descriptiona Calculatedb B3P86/6-311++G(3df,3pd) Xenon matrixc (20 K)

m/cm�1 I/km mol�1 m/cm�1 I (qualitative)

dSO2 525 17.8 531 m
cSO2, s6R 531 20.0 539 m
d5R, dC–C–C6R, 593 66.4 603 S
dC–C–C6R , dSO2 615 38.8 620/623 S/m
s6R, cNY, dN–C–N 657 15.9 664/666 m/m
dC–C–C6R, mC–S 697 12.8 703 m
s6R 737 29.5 744 m
dC–C–C6R 759 50.3 771 w
dN–C–N, s6R 771 17.1 775 S
cC–H6R 867 0.0 909 vw
mN-S, dN–C–N 906 87.1 917 S
cC–H6R 947 0.4 943 vw
cC–H6R 986 0.0 n.obs.
mN–CM, dC–C–C6R 1010 1.8 n.obs.
mC–C6R 1027 2.5 1025 w
dC–C–C6R, mN–CM, mC–S 1054 5.1 1064 w
cC–H6R 1122 0.2 n.obs.
dC–C–C6R ,mC–C6R 1129 2.6 1137 vw
cCH3 1153 1.9 1154 vw
cCH3 1164 20.0 1168 m
dC–C–C6R, mC–C6R 1173 6.2 1173 m
mSO2 s 1186 328.9 1176/1184 m/VS
dC–H6R 1266 5.6 1271 w
dNH, mC–C5R 1312 42.7 1307 w/m
dC–H6R 1349 3.8 1337 vw
mSO2 as 1356 213.8 1341/1343 S/VS
dCH3 s 1417 29.4 1416 m
dCH3 as 1435 11.9 1437 m
dC–H6R, mC@C6R 1450 0.8 n.obs. w
dC–H6R, mC@C6R 1460 17.2 1461 w
dCH3 as 1471 7.0 1467 vw/w
mC–N, dN–H 1533 92.7 1527 w
mC@C6R, mC@N5R 1594 214.9 1584/1588 S
mC@C6R 1611 2.8 1604/1611 vw/vw
mC@N5R 1640 269.8 1627/1631 VS/S

a m, bond stretching; d, bending; c, rocking; s, torsion; s, symmetric; as, anti-symmetric; subscripts 6R, 5R and M designate the six- and the five-membered rings and the
methyl group, respectively.

b Wavenumbers were scaled by 0.9763.
c S, strong; VS, very strong; m, medium; w, weak; vw, very weak; sh, shoulder; n. obs., non observed; n.a., non-analyzed.
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levels of approximation for the experimentally relevant conformer
(form A). As expected, the overall agreement between theoretical
and observed spectra is generally improved by increasing the num-
ber of polarization functions [e.g., from B3LYP/6–311++G(d,p) to
B3LYP/6–311++G(3df,3pd); panel A in the figure], this being partic-
ularly evident for vibrational modes of the SO2 group, such as the
mSO2 anti-symmetric and symmetric stretching modes (respec-
tively, m1 and m2 in Fig. 3), but also for C@C stretching modes,
around 1600 cm�1. Indeed, as mentioned in Section 1, the B3LYP
functional used with the 6-311++G(3df,3pd) basis set could in fact
be expected to yield a good reproduction of the experimental spec-
trum. Nevertheless, in spite of the good performance of the B3LYP
functional, the B3P86/6-311++G(3df,3pd) and B3PW91/6-
311++G(3df,3pd) calculations were found to be those giving the
best overall agreement with the experiment (panel B in Fig. 3), thus
appearing as good alternatives to B3LYP/6-311++G(3df,3pd) for
calculation of vibrational data on saccharin derivatives (and other
molecules containing the SO2 group). For MBAD, actually both
B3P86 and B3PW91 give indeed very similar results, the maximal
percentage error for the wavenumbers of the bands in the finger-
print region (these taken into account in Table 2) being 0.18%
and 0.23%, respectively. The average percentage error for these
wavenumbers is 0.02% and 0.01%, respectively. On the other hand,
B3LYP with the same basis set (all the time we talk about 6-
311++G(3df,3pd)) gives considerably less good results, the maxi-
mal percentage error being 1.49% and the average percentage error
0.16%, i.e., one order of magnitude bigger than those obtained with
both the B3P86 and B3PW91 functionals.

Taking into account the excellent reproduction of the experi-
mental spectra by these calculations, the assignment of the ob-
served bands for the matrix isolated molecule of MBAD was
considerably simplified. The proposed assignments are provided
in Table 2. Note that doublets of bands were assigned to most of
the vibrations predicted to give rise to intense infrared bands sites
(e.g., mSO2 as.: 1176/1184 cm�1; mSO2 as.: 1341/1343 cm�1). This
observation points to the existence of two main matrix sites for
MBAD in xenon matrix. Annealing experiments revealed no spec-
tral changes which could be ascribed to other phenomena than
aggregation, which started to be important above ca. 40 K.

The infrared spectrum of DMBAD isolated in xenon matrix
is shown in Fig. 4, together with calculated spectra for this
compound. Like for MBAD, the correspondence between the
B3P86/6-311++G(3df,3pd) theoretically predicted spectrum and
the experiment is very good and strongly supports the theoretical
predictions regarding the structure of the stable conformation of
this molecule. In particular, in consonance with the structural re-
sults, the frequency of the stronger C(9)–N(20) bond in MBAD
(1527 cm�1) is considerably larger than that observed for DMBAD
(1432 cm�1). The complete assignments for DMBAD are given in
Table 3. As for MBAD, matrix site splitting was also observed in
case of DMBAD, with at least three main matrix sites appearing
to be significantly populated.
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4. Conclusion

The novel amino-substituted derivatives of saccharin, N-
methyl-1,2-benzisothiazol-3-amine 1,1-dioxide (MBAD) and N,N-
dimethyl-1,2-benzisothiazol-3-amine 1,1-dioxide (DMBAD) were
synthesized and characterized both structurally and vibrationally
with the aid of matrix isolation spectroscopy and quantum chem-
ical calculations. Among an extensive set of methods/basis set
combinations tested, DFT(B3P86)/6-311++G(3df,3pd) and
DFT(B3PW91)/6-311++G(3df,3pd) calculations emerged as the best
ones to study these aminobenzisothiazol systems, where the pres-
ence of the hypervalent sulphur atom imposes special care in
choosing the level of theory to be applied. In particular, the
B3P86 and B3PW91 functionals were found to perform somewhat
better than the B3LYP functional (with the same basis set).

MBAD was shown to have two conformers: the most stable and
sole form significantly populated in gas phase at room tempera-
ture, conformer A (N8@C9–N20–H21: 180�), and conformer B
(N8@C9–N20–H21: 0�), ca. 20 kJ mol�1 higher in energy than the
conformational ground state. This result was interpreted taking
into account the more favorable interactions between the methyl-
amino group and the benzisothiazol moiety [in particular N(8) and



Table 3
Observed wavenumbers (and qualitative intensities) for DMBAD in Xe matrix and calculated infrared spectra, obtained at the B3P86/6-311++G(3df,3pd) level of approximation.

Approximate descriptiona Calculatedb B3P86/6-311++G(3df,3pd) Xenonc (20 K)

m (cm�1) I (km mol�1) m (cm�1) I (qualitative)

dC–N–CM, d5R 516 2.4 n.obs.
dSO2, dC–C–C6R; d5R 528 23.1 532/535 w/m
s6R 534 17.0 539 m
d5R, cCO2 577 56.6 588 S
dC–C–C6R, d5R 619 29.1 623/628/630 w/m/m
s6R, d5R 660 21.2 664/666 m/m
dC–C–C6R, mC–S 697 3.7 703 w
dC–C–C6R, s6R 741 24.1 746 m
cC–H6R, s6R 748 27.7 757 m
dN–C–N, cC–H6R, s6R 773 17.5 775 w
mN-S, mN–CM 847 133.2 847/850/853 S/S/S
cC–H6R 874 0.5 872 vw
mN-S, mN–CM, dN–C–N 949 18.3 952/953 m/m
cC–H6R 952 0.4 n.obs.
cC–H6R 988 0.0 n.obs.
mC–C6R 1032 5.7 n.obs.
dC–C–C6R 1040 16.8 1056 m
cCH3, mN–CM 1058 15.2 1065/1069 m/m
cCH3 1097 5.4 n.obs.
cCH3, mC–C6R 1106 5.6 1112 w
cCH3 1125 6.5 1133 m
dC–H6R, mC–C6R 1134 5.8 1139 m
dC–H6R 1160 4.3 1161 m
mSO2 s 1181 384.8 1165/1170/1174/1181 m/S/VS/VS
mC–C6R, mN–CM 1214 32.6 1215 m
dC–H6R 1263 18.3 1265 w
mC–C5R 1279 29.7 1282 w
dC–H6R 1342 6.9 1315/1321 m/m
mSO2 as 1347 209.2 1332/1337/1355 VS/VS/w
dCH3 s 1403 19.2 1409 m
dCH3 s 1411 61.4 1418 m
mC–N 1432 30.7 1432 m
dC–H6R 1441 10.9 1439 w
dCH3 as 1448 16.0 1454 m
dC–H6R 1457 20.1 1457 m
dCH3 as 1463 3.1 1463 m
dCH3 as 1466 1.8 n.obs.
dCH3 as 1482 30.1 1480 w
mC@N; mC@C6R 1580 270.1 1573 VS
mC@C6R 1607 60.9 1598 S
mC@N5R, mC@C6R 1618 202.2 1608 VS

a m, bond stretching; d, bending; c, rocking; s, torsion; s, symmetric; as, anti-symmetric; subscripts 6R, 5R and M designate the six- and the five-membered rings and the
methyl group, respectively.

b Wavenumbers were scaled by 0.9763.
c S, strong; VS, very strong; m, medium; w, weak; vw, very weak; sh, shoulder; n. obs., non observed; n.a., non-analyzed.
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H(10)] in conformer A than in conformer B. In both MBAD con-
formers, the amino group is predicted to be non-pyramidalized,
the C(9)–N(20) bond being appreciably shorter than the equivalent
bond in DMBAD, where the amino group is pyramidal. Along the
pathway for conformational interconversion in MBAD, the amino
group was also predicted to be pyramidalized, in particular at the
transition state, which has an energy of �90 kJ mol�1 higher than
conformer A. This high energy barrier reinforces the conclusion
that the C(9)–N(20) bond in MBAD has a substantial partial double
bound character.

The different structural preferences about the amine nitrogen
atom in the two molecules were explained in terms of repulsive
interactions involving the additional methyl group of DMBAD [spe-
cifically, CH3. . .H(10) repulsions]. The differences in geometry and
bond lengths are in agreement with results obtained concerning
the relative reactivity of both compounds towards nucleophilic sub-
stitution at C(9), with DMBAD being much more reactive than MBAD.

The matrix isolated spectra obtained for both compounds could
be predicted very accurately by the B3P86/6-311++G(3df,3pd) cal-
culations performed on their corresponding most stable conforma-
tions. This fact allowed easy full spectral assignment to be done for
both compounds and appears as a strong additional support to the
characterization of the structures theoretically predicted for the
two molecules investigated.
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