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ABSTRACT: Most known applications of saccharin and saccharyl derivatives and
their potential for new uses rely on the thermal and photochemical stability of the
saccharyl system. Here, we show that saccharin undergoes structural rearrangement
when subjected to a narrow-band ultraviolet irradiation. Monomeric saccharin was
isolated in low-temperature argon matrices and its photochemistry was characterized
by means of infrared spectroscopy and DFT calculations. Among several DFT
methods used, the O3LYP/6-311++G(3df,3pd) level gave the best match with the
experimental spectra. Irradiation of matrix-isolated saccharin, with a narrow-band
source (290 nm), generates a so far unknown isomer that we call iso-saccharin. The
structures of the conjugate bases of saccharin and iso-saccharin were also computed
theoretically. Their free energies and dipole moments suggest that both anions may be

pubs.acs.org/joc

O NH
] hv
= e
3 NH  290nm 0
c© //S\\ N, =
El 0 O observed o O %
5 o
§ predicted b
& o
2
c
gl
c
©

relevant in systems where saccharin participates, as is the case of the recently proposed saccharin-based ionic liquids.

B INTRODUCTION Scheme 1
1,2-Benzisothiazol-3(2H)-one-1,1-dioxide (saccharin) and its 0 0
derivatives have been extensively studied over the years, and in hv NR
addition to their importance in the food industry," they also S/N_R T :
find applications in the agricultural,” medical,” and pharma- 8% 4o
ceutical areas.* In organic and bioorganic synthesis, saccharin
and saccharyl derivatives are known as cheap and versatile R =H, Me, Et [13] J'Soz
starting materials for the preparation of related heterocycles
. B s = n-Bu, CH,CH=CH,[13]

and as useful synthetic intermediates.” Moreover, both 2 2 o
saccharin and saccharinate act as ligands in coordination =n-Pr[13,14] R
chemistry®” and have recently been considered for the - CH.CH.SiMe. 115 .
formulation of amide-based ionic liquids.*~'' Most known = CHCHSIMe, [19]
applications of saccharin and saccharyl derivatives and their

Scheme 2

potential for new uses rely on the thermal and photochemical
stability of the saccharyl system.

Regarding the photochemistry of benzisothiazoles, a
literature search reveals that the information available is
restricted to photolysis in solution. Earlg},f works on the
photochemistry of N-propylsaccharin'®'> indicated that
photolysis leads to cleavage of the S—N bond, ultimately
resulting in formation of benzamide through extrusion of SO,
(Scheme 1). Later, Dopp reported the photochemistry of 3,3-
disubstituted 2,3-dihydro-1,2-benzisothiazole 1,1-dioxides in
methanol and acetonitrile. Three reaction pathways were
observed: in two cases, an initial S—N homolysis was suggested
(Scheme 2) to be vital for these processes, and in the third, a
formal oxygen shift from S to N, generating cyclic N-
hydroxysulfinamides (sulfine hydroxamic acids), was pro-
posed.14 Recently, Yoon, Mariano, and co-workers studied
the photochemistry of N-[(trimethylsilyl)alkyl]saccharins in
solution, reporting that, upon excitation, these compounds are
involved in competitive silyl group transfer, homolysis of the
S—N bond (Scheme 1), and H-abstraction processes, the
relative contribution of each pathway depending on the
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reaction conditions.'> Thus, the photochemistry of saccharyl
derivatives in solution appears to be determined by the
structure of the saccharyl ring, the nature of the substituents,
and the reaction media. However, to the best of our knowledge,
no information regarding the photochemistry of monomeric
saccharin or its anion (conjugate base) is available.

In the present work, we report the photoisomerization of
saccharin isolated in solid argon and discuss possible
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implications of this reaction, namely those related to structural
features of the conjugate bases that could be possibly formed
from both isomers.

B RESULTS AND DISCUSSION

Choice of the Model Chemistry. A fragment of the
experimental infrared (IR) spectrum of matrix-isolated
saccharin is shown in Figure 1, along with several calculated
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Figure 1. Fragment of the experimental infrared spectrum of saccharin
isolated in an argon matrix at 15 K (bottom) compared with several
simulated infrared spectra of saccharin in the region of the vSO,
vibrations. The 6-311++G(3df,3pd) basis set was used with all the
functionals. Theoretical wavenumbers are not scaled. v,: SO, as; v,:
mixed SO, s + 0CH modes.

spectra for this molecule. Previous combined experimental and
theoretical studies on saccharin derivatives showed that, due to
the SO, moiety, the predicted vibrational frequencies and
infrared intensities are very sensitive to the theoretical approach
employed. It was found that the use of cost-effective density
functional theory requires basis sets including extensive
polarization and diffuse functions to provide the most suitable
approach 1n attamlng reliable structural and spectroscopic
predictions.'®"” Taking into consideration some reviews on the
general performance of DFT functionals,'® we carried out
optimization of the structure followed by calculations of the
vibrational spectrum of saccharin using the VSXC, O3LYP,
X3LYP, and TPSSh functionals together with several basis sets.
The widely used B3LYP functional was also included as a
reference.

The prediction of the vibrational spectrum of saccharin is
especially difficult due to the presence in this molecule of both
the SO, moiety and the aromatic ring. The antisymmetric (as)
and symmetric (s) stretching (v/) vibrations of the SO, group in
inorganic molecules and in neat SO, 1solated in cryo, enic
matrices occur around 1400 and 1200 cm™, respectively."” On
the other hand, in aromatic molecules, the CH in-plane
bending (5) vibrations fall within the 1200—1100 cm™" range.20
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In saccharin, SO, s and four CH vibrations occur at similar
frequencies. The precise theoretical frequencies of these
vibrations and their mixing pattern in the v, range (see Figure
1) are very sensitive to the calculated equilibrium geometry.
Figure 2 shows the calculated values obtained at different
levels of approximation in this study for selected geometrical
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Figure 2. Selected geometrical parameters (bond lengths in pm and
bond angles in degrees) calculated with the O3LYP (red), VSXC
(green), TPSSh (blue), and B3LYP (black) functionals and different

basis sets. Experimental data from ref 21.

parameters, compared with experimental values obtained from
X-ray diffraction studies.”' The experimental geometries refer
to the crystal structure, where saccharin forms centrosymmetric
dimers stabilized by two C=O--H—N intermolecular hydro-
gen bonds. In this way, the HNC=O moiety of saccharin
crystal becomes more distorted comparing to a monomer in
vacuum, while the geometry of the SO, fragment is less affected
by crystal packing forces. Even though the calculations refer to
isolated molecules in vacuo, the comparison with X-ray
structures still appears very instructive. For example, the
presence of a considerable number of polarization functions in
the basis set for the accurate reproduction of bond lengths and
angles where hypervalent sulfur atoms are involved is shown to
be very important. It is also evident that the 6-311+
+G(3df,3pd) Pople-type basis set outperforms (in particular,
for bond lengths) the more demanding Dunning-type aug-cc-
pVTZ and aug-cc-pVQZ basis sets for this particular system,
whichever functional was used (see Figure 2).

The quality of different DFT functionals combined with the
6-311++G(3df,3pd) basis set was then evaluated regarding their
ability to predict vibrational data. A set of well-defined bands in
the infrared spectrum of matrix-isolated saccharin (see Figure
3) was chosen, and the experimental frequencies were
compared with their calculated counterparts (see Table 1).
The best overall agreement was obtained for the O3LYP

functional, with a mean unsigned error (MUE) of 8.55 cm™,
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Figure 3. Experimental spectrum of monomeric saccharin isolated in
argon at 15 K.

Table 1. Experimental and Theoretical Frequencies in the
Infrared Spectrum of Saccharin Used in the Calculation of
the Mean Unsigned Errors (MUE)

calculated/cm™

Ar (15 K)*  VSXC TPSSh X3LYP O3LYP B3LYP
17658 17748 1784.7 1808.2 1801.7 1801.0
14715 1479.4 14912 1499.1 1483.5 1495.8
14633  1468.1 1482.9 14912 1473.1 1487.8
13684 13726 1370.8 1376.4 1378.4 1370.5
1239.1 12379 1254.4 1259.8 1254.7 1255.7
11327 11316 1146.9 11524 1145.9 1149.9
11167 11181 1127.9 1137.5 1133.2 1134.2

868.4 8232 851.3 860.6 860.9 855.8
786.1 785.4 794.9 805.5 791.7 803.0
770.4 762.1 768.7 778.7 767.2 776.3
751.6 749.7 753.6 767.7 752.0 764.7
703.2 693.5 700.3 712.1 702.7 709.8
674.5 669.6 669.2 685.6 671.8 681.4
608.7 600.2 608.5 619.5 613.0 617.6
592.4 569.4 581.0 592.9 587.3 590.6
533.1 521.3 526.4 539.0 528.8 537.0
524.4 514.1 520.6 5283 522.9 526.6
509.3 494.9 501.3 511.0 503.3 509.0
MUE/cm™! 9.33 9.39 14.54 8.55 12.05

“The experimentally observed band due to the NH stretching
vibration of saccharin appears at 3445.8 cm™'. This band was not
used in the estimation of MUEs.

closely followed by the VSXC and TPSSh functionals, with
MUEs of 9.33 and 9.39 cm™, respectively. The B3LYP
functional shows a MUE of 12.05 cm™, while the largest
deviation from the experiment was found for X3LYP (14.54
cm™'). After consideration of all the different functionals and
basis sets, the O3LYP/6-311++G(3df,3pd) level of theory arose
as the best approach to be used in the vibrational character-
ization of new structures that might be generated from
saccharin in the photochemical experiments. Also, along with
the best overall agreement for the calculated frequencies, the
O3LYP/6-311++G(3df,3pd) method reproduces the infrared
intensities of the vibrational modes fairly well.

Narrow-Band UV-Induced Photochemistry of Matrix-
Isolated Saccharin: First Observation of Iso-saccharin. In
the present study, matrix-isolated saccharin was irradiated with
narrow-band UV light provided by an optical parametric
oscillator. Preliminary selection of the wavelength for the
applied UV light was guided by the absorption spectrum of
saccharin in ethanol.”” The series of UV irradiations of matrix-
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isolated saccharin in the present study started at 4 = 300 nm
and continued at shorter wavelengths. After each irradiation,
the reaction was monitored by analysis of the IR spectrum. The
first phototransformations were observed for 4 = 295 nm, and
the effect became more pronounced when irradiation was
performed at 290 nm. Upon these irradiations, the bands due to
saccharin decreased in intensity, whereas a new set of bands at
1718.1, 1398.7, 1218.6, 9734, 858.6, 800.5, 768.6, 607.2, and
5532 cm™' emerged in the spectrum (Figure 4a). The IR
spectrum of the photoproduct consists of sharp absorption
bands, as narrow as the bands in the initial IR spectrum, which
suggests occurrence of a photoisomerization.
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Figure 4. Difference infrared spectrum, obtained by subtraction of the
spectrum recorded after the matrix deposition (negative bands) from
the spectrum recorded after UV (1 = 290 nm; 78 min) irradiation
(positive bands) of matrix-isolated saccharin (a), compared with the
theoretical one obtained by subtraction of the simulated spectrum of
saccharin from iso-saccharin (b). Theoretical wavenumbers were
scaled by a factor of 0.992 obtained by least-squares linear fitting. In
the simulation, the calculated intensities of iso-saccharin were scaled

by 0.7.

Heterocyclic molecules bearing the HNC=O0 moiety, which
is also present in saccharin, have been found to frequently
undergo oxo-hydroxy photoisomerization.”> On the other hand,
as stated above,'* other conceptually possible isomerizations in
saccharin may result from an oxygen atom shift from SO, to
form N-hydroxysulfinamide or from homolysis of the S—N
bond. The structures of these putative photoproducts were
optimized in the present study and their vibrational spectra
subsequently calculated at the O3LYP/6-311++G(3df,3pd)

level of theory. These geometries and calculated spectra are
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available in the Supporting Information (Scheme S1). After
comparing the experimental difference IR spectrum (Figure 4a)
with the simulated difference spectra built from saccharin and
item-by-item examination of putative products, it could
doubtlessly be concluded that the photoproduct bands indicate
the formation of 3-imino-3H-2,1-benzoxathiole-1,1-dioxide
(figure 4b), which we designate for brevity as “iso-saccharin”.

It can be estimated that about 70% of the consumed reactant
has been converted to iso-saccharin (see Figure 4), while the
remaining consumed material undergoes photofragmentation.
Observation, in the spectrum of the irradiated matrix, of
characteristic absorption bands due to an O=C=N moiety
around 2260-2240 cm™' (see Figure S2, Supporting
Information) suggests isocyanic acid or its derivatives as
possible fragmentation photoproducts of saccharin. It is
known that the antisymmetric O=C==N stretching vibration
falls in this spectral range and the corresponding infrared
intensity is huge (800—1100 km mol ). 2%

It is also interesting to comment on the nature of the
electronic states involved in the excitation of saccharin at 290
nm. In the experimental spectrum,”” a very weak oscillator
strength can be observed around 290 nm, suggesting that this
low intensity absorption is associated with an nz* transition.
Time-dependent DFT (TD-DFT) calculations performed at
the O3LYP/6-311++G(3df,3pd) level show that the first
(vertical) excited singlet state of saccharin has a very low
oscillator strength (f = 0.0000; at this level it does not have any
significant digits in the standard Gaussian output) and is
located at 293.62 nm, in excellent agreement with the onset of
the photochemistry observed in this work. Moreover, natural
bond orbital (NBO) calculations show that the HOMO and the
LUMO of saccharin correspond to the lone-pair n orbital and
the 7* orbital of the carbonyl group, respectively (see Figure
S3, Supporting Information). Thus, all the experimental and
theoretical data indicate that the observed isomerization is
originated by the nz™* excitation of the carbonyl moiety.

The proposed mechanism for the observed unprecedented
photoisomerization of the saccharyl system involves photo-
induced homolysis of the S—N bond, producing a delocalized
biradicaloid in the amide moiety that, upon rotation around the
exocyclic C—C bond, affords the iso-saccharin product through
ring closure (Scheme 3). A similar biradicaloid rearrangement

Scheme 3. Photoisomerization Reaction Observed for

Saccharin
0 o
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O NH
hv
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was recently proposed to take place in the photochemical
conversion of diketene into cyclobutane-1,3-dione,** also
occurring in argon matrices upon an nz* excitation of the
reactant.

Structures of the Saccharinate and Iso-saccharinate
Anions: Relevance to the Photochemistry of Saccharin.
It is recognized that the saccharinate conjugate base, obtained
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by deprotonation of the NH moiety in saccharin, is a very
versatile and polyfunctional ligand in coordination chemistry.”
Here, we calculated the structures of the conjugate bases that
result from deprotonation of both isomers, saccharin and iso-
saccharin. Their optimized geometries are given in the
Supporting Information. The saccharinate anion resembles
very much its precursor, saccharin, and is a stable minimum in
the calculations. On the contrary, deprotonation of the NH
group in iso-saccharin induces barrierless cleavage of the CO
bond, the resulting anion consisting of the cyano- and SO,
groups linked to the aromatic ring at vicinal positions (formally
2-cyanobenzene sulfonate; Chart 1). To the best of our
knowledge, 2-cyanobenzene sulfonate was never considered as
a photoproduct of saccharyl derivatives nor has it been
described in the literature.

Chart 1. Structures of Saccharinate and Iso-saccharinate
Anions (Conjugate Bases)

(0] //N
Ol ot

Jo do
saccharinate iso-saccharinate

Interestingly, on moving from the neutral to anionic species,
the iso-saccharinate becomes strongly stabilized compared to
the saccharinate. The relative free energy of iso-saccharin (at
room temperature) decreases from 50.8 (neutral) to 7.3
(anion) kJ mol™ only, calculated for monomers in vacuum.
Taking into account that calculated net dipole moments of
saccharinate and iso-saccharinate are 8.04 and 9.35 D,
respectively, one could expect that the more polar iso-
saccharinate will be further stabilized in polar environments,*’
such as ionic liquids.*”"" An exhaustive search of the online
molecule databases did not retrieve any record for the iso-
saccharin or its conjugate base; neither could we find any
reference to these structures in the literature.

B CONCLUSIONS

In this study, we have shown that saccharin undergoes
structural rearrangement when subjected to narrow-band
ultraviolet (A = 290 nm) irradiation. The observed photo-
isomerization begins with an nz* excitation of the carbonyl
moiety of the saccharyl system and involves the homolysis of
the S—N bond, generating a delocalized biradicaloid, which
subsequently undergoes internal rotation and after ring closure
produces the rearranged product. This photoisomerization of
saccharin to iso-saccharin, never reported before, may have
implications in the uses of saccharin, in particular when
deprotonation is facilitated. In those cases, the present study
shows that the iso-saccharinate anion (conjugate base) shall be
promptly converted into 2-cyanobenzene sulfonate in a
barrierless process. These changes in structure of the
components shall imply important alterations in the properties
of the saccharin- or saccharinate-based materials, in particular,
the recently proposed saccharin-based ionic liquids.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Samples were prepared by heating saccharin in a miniature glass oven
placed inside the vacuum chamber of a cryostat and then depositing
the saccharin vapors with a large excess of argon onto a CsI window

dx.doi.org/10.1021/j0o400191p | J. Org. Chem. 2013, 78, 3271-3275



The Journal of Organic Chemistry

cooled to 15 K. Narrow-band (fwhm ~0.2 cm™) UV irradiation was
provided by the frequency-doubled signal beam of a Quanta-Ray
MOPO-SL optical parametric oscillator, pumped with a pulsed
Nd:YAG laser (repetition rate 10 Hz, pulse energy ~3 m]).
Commercial saccharin (99%, Aldrich) and argon (N60, Air Liquide)
were used.

All calculations were performed with the Gaussian 09 program
package, and functionals and basis sets were applied as defined in
Gaussian.”® The equilibrium geometries reported here were optimized
within the C, symmetry point group, where applicable. The harmonic
vibrational frequencies were then calculated at the optimized
geometry. The nature of the obtained stationary points as true
minima on the potential energy surface was confirmed through the
analysis of the corresponding Hessian matrix.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1, showing the 1900—600 cm™! region (an extension of
Figure 1 to the whole fingerprint region); Figure S2, an
extended version of Figure 4 showing the complete mid-IR
region; Figure S3 showing the calculated frontier natural bond
orbitals of saccharin; Scheme S1, showing structures of
saccharin, iso-saccharin, and other isomeric forms considered
in the analysis of the vibrational spectrum of the observed
photoproduct; Tables S1 and S2, showing structures of anions
derived from saccharin and iso-saccharin, optimized at the
O3LYP/6-311++G(3df,3pd) level of theory, with Cartesian
coordinates and APT charges. This material is available free of
charge via the Internet at http://pubs.acs.org.
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