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The fragmentation of protonated molecules (MH ) in mass spectrometry usually results in even-electron
product ions, but the MH™ ions of sulfonamides are different as they often produce dominant radical
cations of the constituent amines. For a series of benzenesulfonamides of anilines that bear various
substituents, we found that the sulfonamides are preferentially protonated at the nitrogen, which is
different from the carboxylic amides. Upon N-protonation, the S—N bond dissociates spontaneously to
produce an intermediate [sulfonyl cation/aniline] complex. Within the ion—neutral complex, charge
transfer between the two partners occurs in the gas phase to give rise to the ionized anilines. A substantial
energy barrier was found to govern the reaction, which is consistent with the outer-sphere electron
transfer mechanism. This energy barrier prevents the charge transfer when a strong electron-withdrawing
substituent is attached to the aniline moiety. In contrast, when the aniline bears an electron-donating
group, charge transfer is still more favorable than the dissociation of the intermediate ion—neutral
complex, in spite of the existence of the energy barrier, and therefore dominates. A correlation was

observed between the intensities of the ionized anilines and the ionization energies of these anilines.

Introduction

Electrospray ionization (EST) mass spectrometry, which is
convenient for structural determination for organic chemists,
produces protonated molecules (MH™) that are even-electron
ions. This differs from the legacy electron ionization (EI)
where the odd-electron molecular ions (M"*) are generated.
Fragmentation of the M** ions in EI can be triggered by
either the formal positive charge or the unpaired electron and
is usually governed by the Stevenson’s rule,' which states
that the fragment that has lower ionization energy (IE)

(1) (a) Bursey, M. M.; Wolfe, E. S. Org. Mass Spectrom. 1968, 1, 543-550.
(b) Harrison, A. G. J. Mass Spectrom. 1999, 34, 577-589. (c) Gross, M. L.;
Giblin, D. In The Encyclopedia of Mass spectrometry; Gross, M. L., Caprioli,
R. M., Eds.; Elsevier, Amsterdam, The Netherlands, 2005; Vol. 4, pp 59—64.
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retains the positive charge. The reactions of the MH™ ions
formed in ESI, on the other hand, are directed by the formal
charge® and do not often produce odd-electron fragment
ions. However, when a reaction of the MH™ ions does give
rise to an odd-electron product ion especially when this
reaction is overwhelming, it is not only interesting but also
necessary to investigate the underlying mechanism.

In the pharmaceutical industry, the number of new chemi-
cal structures discovered is increasing exponentially. Com-
pounds containing an oxidized sulfur such as sulfones or

(2) Wysocki, V. H.; Tsaprailis, G.; Smith, L. L.; Breci, L. A. J. Mass
Spectrom. 2000, 35, 1399-1406.

(3) (a) Mohler, M. L.; He, Y.; Wu, Z.; Hwang, D. J.; Miller, D. D.
Med. Res. Rev. 2009, 29, 125-195. (b) Silvestri, R. Med. Res. Rev. 2009, 29,
295-338. (c) Holloway, M. K.; Hunt, P.; McGaughey, G. B. Drug Dev. Res.
2009, 70, 70-93.
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FIGURE 1. CID mass spectrum of the MH™ ion (/2 248) of benzenesulfonyl p-methylaniline. The m2/z 107 ion is identified as the M ion of

the aniline.

sulfonamides play a significant role in developing therapeu-
tics for diabetes and Alzheimer’s disease as well as bacterial
infections.® In the ESI mass spectrometry of these compounds,
significant odd-electron ions of the constituent amines are
often observed.* For example, benzenesulfonyl methylani-
line is a simple sulfonamide, and the collision-induced dissoci-
ation (CID) mass spectrum of its MH ™ presented in Figure 1
shows a dominant ion at m/z 107. This ion is identified as the
M™* ion of methylaniline; however, the reaction mechanism
for its formation is unknown.

Fragmentation of organic ions in the gas phase may involve
rearrangements to a variety of intermediates. An interesting
and important intermediate is the nonconventional ion—neutral
complex,® which is formed in the unimolecular fragmentation
of ions but similar in terms of chemical properties to the
intermediates found in bimolecular reactions such as the Sn2
nucleophilic displacement.” In the past decades, considerable
experimental and theoretical calculation studies have demon-
strated that ion—neutral complexes are ubiquitous inter-
mediates in gas-phase unimolecular reactions.

In an ion—neutral complex, the nascent discrete ionic and
neutral fragments formed upon cleavage of one or multiple
bonds are held together to a certain distance by electrostatic

(4) (a) Fitch, W. L.; He, L.; Tu, Y.-P.; Alexandrova, L. Rapid Commun.
Mass Spectrom. 2007, 21, 1661-1668. (b) Xu, G.; Huang, T.; Zhang, J.;
Huang, J. K.; Carlson, T.; Miao, S. Rapid Commun. Mass Spectrom. 2010,
24,321-327.

(5) The MS? spectrum of this ion (248" — 107" —) shows all major fragmen-
tations observed in the electron impact (EI) mass spectrum of p-methylaniline.

(6) (a) Morton, T. H. Tetrahedron 1982, 38, 3195-3243. (b) McAdoo,
D. J. Mass Spectrom. Rev. 1988, 7, 363-393. (c) Bowen, R. D. Acc. Chem.
Res. 1991, 24, 364-371. (d) Morton, T. H. Org. Mass Spectrom. 1992, 27,
353-368. (e) Longevialle, P. Mass Spectrom. Rev. 1992, 11, 157-192.
(f) McAdoo, D. J.; Morton, T. H. Acc. Chem. Res. 1993, 26, 295-302.

(7) (a) Olmstead, W. N.; Brauman, J. 1. J. Am. Chem. Soc. 1977, 99, 4219~
4228. (b) Brauman, J. 1. J. Mass Spectrom. 1995, 30, 1649—1651.

(8) (a) Tortajada, J.; Berthomieu, D.; Morizur, J. P.; Audier, H. E. J. Am.
Chem. Soc. 1992, 114, 10874-10880. (b) Chalk, A.J.; Radom, L. J. Am. Chem.
Soc. 1998, 120, 8430-8437. (c) Kuck, D. Int. J. Mass Spectrom. 2002, 213, 101—
144. (d) van Beelen, E. S. E.; Molenaar-Langeveld, T. A.; Ingemann, S. J. Am.
Soc. Mass Spectrom. 2003, 14, 1166-1176. (e) Matthias, C.; Cartoni, A.; Kuck,
D. Int. J. Mass Spectrom. 2006, 255/256, 195-212. (f) Hudson, C. E.; McAdoo,
D.J. J. Am. Soc. Mass Spectrom. 2007, 18, 270-278. (g) Julian, R. R.; Ly, T;
Finaldi, A. M.; Morton, T. H. Int. J. Mass Spectrom. 2007, 265, 302-307.

(9) (a) Blanchette, M. C.; Holmes, J. L.; Hop, C. E.; Lossing, F. P.;
Postma, R.; Ruttink, P. J. A.; Terlouw, J. K. J. Am. Chem. Soc. 1986, 108,
7589-7594. (b) Szulejko, J. E.; Fischer, J. J.; McMahon, T. B.; Wronka, J. Inz.
J. Mass Spectrom. Ion Processes 1988, 83, 147-161. (c) McMahon, T. B.;
Heinis, T.; Nicol, G.; Hovey, J. K.; Kebarle, P. J. Am. Chem. Soc. 1988, 110,
7591-7598. (d) Nguyen, V.; Audier, H. E.; Milliet, A.; Mourgues, P. Rapid
Commun. Mass Spectrom. 1995, 9, 1185-1188. (e) Chamot-Rooke, J.;
Amekraz, B.; Tortajada, J.; Mourgues, P.; Audier, H. E. J. Mass Spectrom.
1997, 32, 779-780. (f) Tu, Y.-P.; Holmes, J. L. J. Am. Soc. Mass Spectrom.
1999, 10, 386-392. (g) Tu, Y.-P.; Holmes, J. L. J. Chem. Soc., Perkin Trans. 2
2001, 1378-1382.

interactions. During its appreciable lifetime, various chemi-
cal reactions may take place either in the ionic fragment
alone or between the two partners prior to the final separa-
tion. The most common reaction is the transfer of a proton®
or a small alkyl carbocation’ from the charged to the neutral
species, and in these reactions the proton affinity (PA)'° or
carbocation affinity'' of the relevant neutral species dictates
inter alia formation of the final product ions. The ion—neutral
complex also mediates isomerization, which is another major
reaction that takes place en route to the products. In the
fragmentation of ionized ethylene glycol,'? it was found that
the reaction proceeds to an ion—neutral complex where the
neutral species catalyzed the isomerization of the ionic
partner. This has stimulated an intensive interest'? in under-
standing the role of the neutral species in this type of reac-
tions. Isomerization may also involve electrophilic aromatic
substitution within an ion—neutral complex. For some ben-
zyl-containing molecules, it was found'* that the benzyl
cation formed upon initial bond cleavage can attack another
aromatic moiety of the molecule to enable the subsequent
elimination.

The reaction of the MH ™ ions of sulfonamides exemplified
in Figure 1 that leads to the formation of the M™* ions of the
constituent amines is unlike any of those known reactions.
We hypothesized that the reaction should undergo cleavage
of the SO,—N bond followed by charge transfer** between
the two newly formed fragments. To prove this mechanism
we decided to synthesize and characterize a series of simple

(10) Hunter, E. P. L.; Lias, S. G. J. Phys. Chem. Ref. Data 1998, 27,
413-656.

(11) (a) McMahon, T. B.; Heinis, T.; Nicol, G.; Hovey, J. K.; Kebarle, P.
J. Am. Chem. Soc. 1988, 110, 7591-7598. (b) Maksic, Z. B.; Eckert-Maksic,
M.; Knezevic, A. J. Phys. Chem. A 1998, 102, 2981-2987. (c) Wei, Y.; Sastry,
G. N.; Zipse, H. J. Am. Chem. Soc. 2008, 130, 3473-3477.

(12) (a) Audier, H. E.; Milliet, A.; Leblanc, D.; Morton, T. H. J. Am.
Chem. Soc. 1992, 114,2020-2027. (b) Ruttink, P.J. A.; Burgers, P. Org. Mass
Spectrom. 1993, 28, 1087-1097.

(13) (a) Trikoupis, M. A.; Terlouw, J. K.; Burgers, P. C. J. Am. Chem. Soc.
1998, 7120, 12131-12132. (b) Mourgues, P.; Chamot-Rooke, J.; van der Rest, G.;
Nedev, H.; Audier, H. E.; McMahon, T. B. Int. J. Mass Spectrom. 2001, 210/
211, 429-446. (c) Trikoupis, M. A.; Burgers, P. C.; Ruttink, P. J. A.; Terlouw,
J. K. Int. J. Mass Spectrom. 2002, 217, 97-108. (d) Chiavarino, B.; Crestoni,
M. E.; Fornarini, S. Eur. J. Mass Spectrom. 2004, 10, 881-888. (¢) Berruyer-
Penaud, F.; Bouchoux, G.; Payen, O.; Sablier, M. J. Mass Spectrom. 2004, 39,
613-620. (f) Szmigielski, R.; Danikiewicz, W. J. Mass Spectrom. 2004, 39, 781—
790. (g) Jobst, K. J.; Ruttink, P.J. A.; Terlouw, J. K. Int. J. Mass Spectrom. 2008,
269, 165-176. (h) Flammang, R.; Dechamps, N.; Gerbaux, P.; Nam, P. C.;
Nguyen, M. T. Int. J. Mass Spectrom. 2008, 275, 110-116. (i) George, M.;
Sebastian, V. S.; Reddy, P. N.; Srinivas, R.; Giblin, D.; Gross, M. L. J. Am. Soc.
Mass Spectrom. 2009, 20, 805-818.

(14) (a) Edelson-Averbukh, M.; Mandelbaum, A. J. Mass Spectrom.
2003, 38, 1169-1177. (b) Bialecki, J.; Ruzicka, J.; Attygalle, A. B. J. Mass
Spectrom. 2006, 41, 1195-1204.
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TABLE 1.  Major Product Ions in the CID Mass Spectra of the MH " Ions of Sulfonamides R'C¢H,SO,—NHC¢H 4R
compd R’ R MH" (m/z)  RC¢H4NH,"™  R/C¢H4SO," other ions
1 H H 234 93 (100) * 141 (0.1) 109 (12.2) 108 (8.4)
2 H p-CH; 248 107 (100) 141 (0.3) 188(9.8)  122(5.6) 106 (14.6)
3 H m-CH; 248 107 (100) 141 (0.01) 188 (4.8)  123(64)  122(22.5)  106(3.0)
4 H »-NH, 249 108 (43.3) 141 (0.06) 123(2.2)  107(100) 80 (3.5)
5 H m-NH, 249 108 (100) 141 (0.05) 185(4.6)  124(3.4)  123(12.3)  107(9.0)  80(6.2)
6 H 0-NH, 249 108 (100) 141 (0.002) 107 (4.0)
7 H p-F 252 111 (100) 141 (0.1) 192(10.3)  127(1.3)  126(43)  110(4.9)
8 H »-Cl 268 127 (100) 141 (0.2) 208 (11.5)  143(1.0)  142(3.3) 126 (4.2)
9 H m-Cl 268 127 (100) 141 (13.2) 208 (3.9) 143 (44.3) 142 (35.6)
10 H 0-Cl 268 127 (100) 141 (1.7) 143 (8.7) 142 (3.6)
11 H »-NO, 279 138 (0.3) 141 (3.0) 262 (100)  122(2.4)
12 CH; H 248 93 (100) 155(16.9) 109 (29.9) 108 (8.8) 107 (8.9)
13 CH, p-CH; 262 107 (100) 155 (0.3) 188 (40.9)  123(1.4)  122(7.3)  106(30.0)
14 CH, p-NH, 263 108 (32.0) 155 (0.2) 123 (14.3) 107 (100) 80 (4.3)
15 CH; pCl 282 127 (100) 155 (17.8) 208 (43.6)  144(2.6)  143(17)  142(84)  126(8.2)
16 CH, p-NO, 293 138 (0.1) 155 (13.0) 276 (100)
“m/z (rel intensity, %).
sulfonamides from the anilines whose IE values can be varied TABLE 2. Calculated Relative Energies of Various Species of

in the range of 7.0—8.5 eV by introducing different substi-
tuents. If their fragmentation reactions follow the charge
transfer mechanism, then the intensities of the M™* ions of
the anilines should correlate with their IE values. In this
paper we report the results from the characterization of these
sulfonamides by mass spectrometry in conjunction with
auxiliary theoretical calculations.

Results and Discussion

The structures of the sulfonamides studied are given in
Table 1 along with the CID mass spectra of their MH ™ ions.
In general, the mass spectra of these compounds are very
similar to that shown in Figure 1 for the p-methylaniline sul-
fonamide. The M**ions of the constituent anilines are found
as the base peak in the spectra in most cases. Another interes-
ting reaction'” involving transfer of an oxygen atom is also
observed (not pursued here). The C¢HsSO,™ ion of m/z 141
from compounds 1—11 and the CH;C4H,SO» " ion of m/z
155 from compounds 12—16 are important (although less
than 1% of the base peak in many cases) because they represent
a complementary reaction channel and are used as a reference
in our data analysis. The accurate masses of these ions for a
representative compound given in Table S1 in the Supporting
Information are consistent with the assigned structures.

Sites of Protonation. In contrast to the extensive studies on
protonation of the carboxylic amides, studies on the sulfo-
namides are very limited. It was only shown by NMR that
the sulfonamides were preferably protonated at the nitrogen
in solutions.'® In the case of CH3SO,NH,, theoretical calcu-
lations'® indicated that N-protonation was marginally more
favorable by only 3 kcal/mol.

To quantitatively describe the energy requirements for the
fragmentation reactions of the MH™ ions of sulfonamides
that we prepared (Table 1), theoretical calculations were
performed with the Density Functional Theory (DFT) at the
B3LYP/6-31G(d) level. We first focused on protonation of
the sulfonamides at the oxygen and nitrogen sites leading to

(15) Wang, H. Y.; Zhang, X.; Guo, Y. L.; Dong, X. C.; Tang, Q. H.; Lu,
L. Rapid Commun. Mass Spectrom. 2005, 19, 1696-1702.

(16) (a) Laughlin, R. G. J. Am. Chem. Soc. 1967, 89, 4268-4271.
(b) Menger, F. M.; Mandell, L. J. Am. Chem. Soc. 1967, 89, 4424-4426.
(c) Bagno, A.; Scorrano, G. J. Phys. Chem. 1996, 100, 1536—1544 and
1545—1553. (d) Bagno, A.; Bujnicki, B.; Bertrand, S.; Comuzzi, C.; Dorigo, F.;
Janvier, P.; Scorrano, G. Chem.—Eur. J. 1999, 5, 523-536.
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CsHsSO,—NHCgH4R (kcal/mol)

compd R MHI1 TS1 MH2 MH3
1 H 11.5 31.7 0 4.6
4 p-NH, 20.7 27.5 7.8 0
11 p-NO, 10.7 31.8 0 6.5

two different MH™" ions, MH1 and MH2, respectively. As the
data in Table 2 show, from the unsubstituted sulfonamide (1)
to those bearing either a strong electron-releasing group
(4, R = p-NH,) or a strong electron-withdrawing group (11,
R = p-NO), the energy of MH1 is consistently higher than
that of MH2 by 10—12 kcal/mol, and there is a high energy
barrier (TS1) to the interconversion between MH1 and MH2.
This indicates that protonation at the nitrogen is more favo-
rable, in agreement with the previous findings'® but on the
side opposite to the carboxylic amides where the carbonyl
oxygen is the preferred site for protonation.'’

Protonation at other sites especially the NH, and NO,
groups in such substituted molecules may be competitive.
The nitro group is known to be favorable in protonation'®
and should be responsible for the dominant loss of OH from
the MH™" ions of compounds 11 and 16 (Table 1). However,
cleavage of the sulfonamide bond from MHI1 that is also
present in the total ion population requires that a proton be
transferred from oxygen to nitrogen to give rise to MH2 in
spite of the existence of a high energy barrier.

Ton—Neutral Complexes. When protonation occurs at the
nitrogen of the sulfonamides to form the MH2 ion, what we
found interesting during theoretical calculations is that once
the external proton is attached to the nitrogen, the SO,—N
bond appears to dissociate spontaneously, and the two resul-
ting fragments are still held together electrostatically as a
stable [sulfonyl cation/aniline] complex. We believe that it is
within this ion—neutral complex intermediate that an elec-
tron is transferred from the neutral aniline to the sulfonyl
cation although the electron transfer mechanism (see more
details below) could be complicated. We also found that
upon electron transfer, the resulting M ion of aniline and

(17) (a) Lin, H. Y.; Ridge, D. P.; Uggerud, E.; Vulpius, T. J. Am. Chem.
Soc. 1994, 116, 2996-3004. (b) Day, V. W.; Hossain, M. A.; Kang, S. O.;
Powell, D.; Lushington, G.; Bowman-James, K. J. Am. Chem. Soc. 2007,
129, 8692-8693. (¢c) Wu, R.; McMahon, T. B. J. Am. Chem. Soc. 2007, 129,
11312-11313.

(18) Tu, Y.-P.; Lu, K.; Liu, S.-Y. Org. Mass Spectrom. 1995, 9, 609-614.
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FIGURE 2. Relative systemic energies of M, MH1, and MH2 of
compound 1 as a function of the S—N distance.

the intact neutral sulfonyl radical also form a stable ion—
neutral complex, MH3, which is only 4.6 and 6.5 kcal/mol
higher in energy than MH2 for compounds 1 and 11, res-
pectively, but 7.8 kcal/mol lower in energy than MH?2 for
compound 4 (Table 2).

The structural determination of MH2 is critical in under-
standing the mechanism of electron transfer. We have com-
pared the calculated properties of the neutral molecule (M),
the O-protonated species (MH1), and the two ion—neutral
complexes, MH2 and MH3, using compound 1 as a tool mole-
cule. First, a noticeable difference is observed in the S—N
bond length. It is 1.70 Ai in M, which is in good agreement
with a typical leue (1.65 A) reported elsewhere for aliphatic
sulfonamides.'® Protonation at the oxygen does not stretch
the S—N bond but slightly shortens it to 1.63 AinMHLI, indi-
cating shifting of the lone pair of electrons on the nitrogen
to sulfur. However, the length of this bond is increased to
2.05Ain MH2and 3.94 A in MH3, appreciably longer than a
covalent S—N bond.'” In addition, the systemic energies
were also calculated as a function of the S—N distance over a
width of approximately 1.2 A for these species. As partially
shown in Figure 2, the most stable structure of M resides in a
very narrow and steep energy well, and the energy is very
sensitive to both compressing and stretching of the S—N
bond. MH 1 is similar. However, for MH2, the energy is only
sensitive to compressing but quite tolerable for stretching.
Therefore, when the S—N bond is elongated by an additional
0.5 A from the minimum structures, the systemic energy rises
sharply by 28 kcal/mol for M and 20 kcal/mol for MHI, but
only slightly by 8 kcal/mol for MH2 and marginally by 3 kcal/
mol for MH3 (curve not shown). This is also consistent with the
calculated bond orders. The S—N bond order is 0.76 and 0.80 in
M and MHI, respectively, close to that (0.85) for a simple
aliphatic sulfonamide,'”® but dropped to only 0.32 in MH2 and
to nearly zero in MH3. When a small amount of energy is pro-
vided to MH2, which can be achieved in collisional activation,
the S—N bond order rapidly decreases to almost zero.

In the ground states of all these protonated species, many
vibrational movements of one ring relative to another are found
at low frequencies (Table S3 in the Supporting Information).

(19) (a) Baxter, N. J.; Rigoreau, L. J. M.; Laws, A. P.; Page, M. 1. J. Am.
Chem. Soc. 2000, 122, 3375-3385. (b) Bharatam, P. V.; Senthilkumar, P.
Tetrahedron 2004, 60, 4801-4805. (c) Golding, J. J.; MacFarlane, D. R.;
Spiccia, L.; Forsyth, M.; Skelton, B. W.; White, A. H. Chem. Commun. 1998,
1593-1594.
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FIGURE 3. Optimized structures of (a) the MH2 ion formed upon
protonation at the nitrogen of N-phenyl benzenesulfonamide and
(b) the MH3 ion after charge transfer between the two partners.

For both M and MH1, the S—N distance remains unchanged
in all these low-frequency vibrations. However, there are
several movements of MH2 (11.9, 185.1, 219.9, 343.0, and
368.8 cm™ ') and MH3 (19.8, 36.6, 58.7, and 119.0 cm™ ') in
which the two aromatic rings are shifting or clapping with
randomly changing S—N distances. This is in agreement with
the fact that the S—N bond is intact in M and MHI but
ruptured in MH2 and MH3.

It is also worth comparing the fine geometric structures of
MH?2 and MH3 with an isolated phenylsulfonyl or aniline
species in an appropriate charge state. As shown in Figure 3
or Table 3, in the MH2 complex, the phenyl ring and the SO,
group of the phenylsulfonyl moiety is nearly coplanar asin a
detached phenylsulfonyl cation, and the lengths of the two
S—O bonds (1.45 A) are similar to those in an isolated
phenylsulfonyl cation (1.44 A) but shorter than in the neutral
phenylsulfonyl radical (1.49 A) A positively charged sulfur
draws electrons from the oxygens and thereby shortens the
S—O bonds. The aniline moiety of MH2 shows a pyramidal
nitrogen, and its N—C bond length of 1.45 A is close to that
of a standalone neutral aniline (1.40 A)19C but significantly
longer than 1.34 A in the radical cation of aniline (Table 3).
In the neutral aniline, the lone pair of electrons on the pyr-
amidal nitrogen'”® is not effectively delocalized to the phenyl
ring, whereas in the aniline radical cation the nitrogen is
coplanar with the aromatic ring. Therefore, it is the geometry
of the amino group that makes the N—C bond of aniline
longer in the neutral molecule but shorter in the cation.

After the electron transfer, in MH3, the phenylsulfonyl
moiety becomes neutral in which the two S—O bonds are 1.49
or 1.51 A long, consistent with 1.50 A in a solitary phenyl-
sulfonyl radical, while the aniline moiety shows a completely
planar nitrogen with the N—C bond shortened to 1.334 A,
close to 1.336 A in a desolate aniline radical cation (Table 3).
These parameters of the fine geometries of MH2 and MH3
are auxiliary but supportive attributes describing the two
species as ion—neutral complexes.

The N-protonation of sulfonamides and the ensuing clea-
vage of the S—N bond is similar to that of the carboxylic amides.
Earlier theoretical calculation studies have demonstrated
that N-protonation of the amides decreases the C(O)—N
bond order®® and increases the bond length®' although to a
much lesser extent than the sulfonamides we just described,
yet it is widely accepted that an intermediate ion—neutral
complex is formed upon cleavage of the amide bond.'”
Therefore, it is reasonable to establish the similarity that

(20) McCormack, A. L.; Somogyi, A.; Dongre, A. R.; Wysocki, V. H.
Anal. Chem. 1993, 65, 2859-2872.

(21) Cho, S. J.; Cui, C.; Lee, J. Y.; Park, J. K.; Suh, S. B.; Park, J.; Kim,
B. H.; Kim, K. S. J. Org. Chem. 1997, 62, 4068—4071.
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TABLE 3. Bond Distances (;&) and Angles (deg) of Relevant Species Involved in the Reactions of Compound 1
10 Ha
20 H3
M MHI1 MH2 MH3 TS1 CeHsSO,™ C¢HsSO,* C¢HsNH, " C¢HsNH,

R(S—N) 1.703 1.626 2.052 3.935 1.931
R(S—01) 1.462 1.624 1.454 1.505 1.544 1.443 1.490
R(S—02) 1.463 1.450 1.451 1.492 1.456 1.443 1.490
R(O1—H4) 0.982 2.678 1.802 1.227
R(N—H3) 1.017 1.022 1.025 1.016 1.027 1.016 1.013
R(N—H4) 3.424 1.027 1.035 1.382 1.016 1.013
R(N-C) 1.424 1.455 1.448 1.334 1.426 1.336 1.400
Z£(01-S-02) 122.66 112.57 125.27 118.46 121.07 127.42 122.10
Z(01—H4—N) 47.06 78.95 174.14 123.83
Z(H3—N—H4) 103.87 107.31 116.74 115.96 116.57 111.05
SCHEME 1

+ M

o TS1 0 2

§—u —> §+ H,N —> s + H,N

(0] (0] o

R
MH1 R MH2 R a

TS2 l Charge Transfer

9 w
O iD= OF
(o] (0]
R
MH3

both the amides and sulfonamides dissociate heterolytically
upon protonation at the nitrogen leading to an intermediate
[acyl cation/amine] or [sulfonyl cation/amine] complex. The
nitrogen in both amides and sulfonamides is the site for
dissociative protonation®* that causes fragmentation.

Charge Transfer Reaction. As described in Scheme 1, upon
fragmentation of the sulfonamide bond, dissociation of the
MH2 complex gives rise to the sulfonyl cation, but formation
of the complementary aniline radical cation is hypothesized to
involve a charge transfer process. To tackle this new mechanism,
we first calculated the energy requirements for the two reactions,
and then explored experimentally the relationship between the
product ion intensities and the IE values of anilines.

The charge transfer involves transfer of an electron from
the aniline to the sulfonyl group, which could follow either
the inner-sphere or the outer-sphere mechanism,”® depend-
ing on how the two reactants (as in a bimolecular reaction)
approach each other. An inner-sphere electron transfer is char-
acterized by its barrierless feature and the reaction is driven
by the difference of the total energies between the products
and the reactants. In contrast, the outer-sphere reaction is
marked with a transition state of high energy barrier.*?

With merely the energies of the products for a reaction
shown in Scheme 1, it is difficult to create a potential energy
profile because it is unclear about the transition state, TS2, if it

(22) (a) Tu, Y.-P. J. Org. Chem. 2006, 71, 5482-5488. (b) Hu, N.; Tu,
Y.-P.; Liu, Y.; Jiang, K.; Pan, Y. J. Org. Chem. 2008, 73, 3369-3376. (c) Tu,
Y.-P.; Huang, Y.; Atsriku, C.; You, Y.; Cunniff, J. Rapid Commun. Mass
Spectrom. 2009, 23, 1970-1976.

(23) Rosokha, S. V.; Kochi, J. K. Acc. Chem. Res. 2008, 41, 641-653.
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does exist. For example, our calculations indicate that charge
transfer to form ion b is more favorable than dissociation of
MH2 to formion a by 17.6 kcal/mol for sulfonamide 1 (R = H)
and by 42 kcal/mol for compound 4 (R = p-NH,). This is
consistent in a general sense with the IE of the anilines and
with the observed intensities of the two product ions
(Table 1). However, for compound 4, even though the energy
threshold for the formation of the sulfonyl cation is 42 kcal/
mol higher than that for charge transfer, the sulfonyl cation
is still detectable in the time window in the mass spectro-
metric experiment. Does this imply that there is actually an
energy barrier” to the charge transfer, which would narrow
the gap in energy requirements for the two channels to much
less than 42 kcal/mol? We went on to examine a third com-
pound, sulfonamide 11 (R = p-NO,) in a search for the energy
barrier.

It is interesting that for compound 11 the two reaction
channels shown in Scheme 1 are almost isoenergetic, with the
formation of the aniline cation (ion b, m/z 138) demanding
only 0.7 kcal/mol more than that for the competing reaction
(iona,m/z 141). However, what we observed in mass spectro-
metry was that the intensity of the ion m2/z 138 was only 10%
of that of the ion m/z 141 (Table 1). This observation reveals
a compelling evidence that there must exist a substantial energy
barrier to the charge transfer process. As illustratively shown
in Figure 4, in the potential energy profile for the charge
transfer step, the transition state (TS2), which is estimated to

(24) (a) Tu, Y.-P.; Holmes, J. L. J. Am. Chem. Soc. 2000, 122, 3695-3700.
(b) Tu, Y.-P.; Holmes, J. L. J. Am. Chem. Soc. 2000, 122, 5597-5602.
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FIGURE 4. Potential energy diagram for the charge transfer involved in the fragmentation of compound 11. Relative energies (kcal/mol) are
calculated by using DFT at the B3LYP/6-31G(d) level of theory. The transition state (TS2) is approximately placed based on the com-
petitiveness of the two product ions (m/z 138 and 141) observed in the mass spectrum, which is depicted at the center of the diagram.

be 10 kcal/mol above the threshold for ion a, governs the
reaction and is accountable for the low intensity of ion b.
Therefore, given the fact that MH2 is determined to be an
ion—neutral complex and now the existence of a significant
activation energy, we believe that the charge transfer follows
the outer-sphere mechanism initiated from MH2 upon pro-
tonation of the sulfonamide nitrogen.

Compared with the dissociation of MH2, charge transfer
through TS2 is unfavorable energetically for compound 11.
The existence of TS2 should also make this reaction unfa-
vorable entropically, and this could be probed by examining
the CID mass spectra at various collision energies. Unfortu-
nately loss of OH from the nitro-protonated'® species of 11 is
dominant, making observation of the interested reactions
difficult at higher collision energies. So compound 14 was
used instead for this purpose. The breakdown graph showing
only the two interesting product ions in Figure 5 reveals that
as the collision energy (and therefore the internal energy)
increases, the intensity of the sulfonyl cation increases whereas
that of the aniline cation decreases. Simple bond cleavage
(toion a, m/z 155) is favorable entropically at higher energies
over a reaction that requires reorientation to the transition state
to allow the subsequent electron transfer (to ion b, m/z 108).

Apparently a significant amount of work is still required to
gain more insight into the energetics and the structures of the
transition states in this case as well as in other electron trans-
fer reactions. Nonetheless, we were interested to see whether
a correlation could be established between the intensities of
the M " ions of the constituent anilines and the ionization
energi6525 of these anilines. Qualitatively, a lower IE results
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FIGURE 5. Dependency of the formation of the sulfonyl cation
(m/z 155) and the aniline cation (m/z 108) of compound 14 on the
collision energy. Intensities corrected for the secondary fragmenta-
tion of the aniline ion.

in a higher intensity of the M ' ion; as the IE of the sub-
stituted aniline increases, the aniline becomes harder to ionize,
and the dissociation of the complex leading to the R'CsH4SO,™
ions becomes more noticeable. For example, in the cases of
sulfonamides 4 and 11, the IE values of the constituent
anilines p-RC¢H4NH, are 7.6 and 8.6 eV for R = NH, and
NO,, respectively, and the observed intensity ratios>® of the
M** ions of the anilines over the common sulfonyl cation
(m/z 141) decreased significantly from R = NH, to R = NO,.

To further evaluate the influence of IE on the fragmen-
tation reactions of protonated sulfonamides, the relative
intensities of the aniline cations in the CID mass spectra of

(25) http://webbook.nist.gov/chemistry/. Whenever possible, the evalu-
ated values or values from the same laboratory were used.

(26) Intensities of the M™** ions of anilines are corrected for the secondary
loss of hydrogen.
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FIGURE 6. Correlation of In[(aniline™)/(sulfonyl )] with the ioni-
zation energies of the constituent anilines for toluenesulfonamides
12—16.

sulfonamides 1—11 (Table 1) are plotted against the IE values
of the constituent anilines. The relationship between IE and the
M " ion intensity qualitatively described above holds true as
expected (curve not shown). However, the data points are
rather scattered, with only an R> = 0.58 for the regression.
There are a couple of major causes for this low performance.
First, the IE values of the anilines are not as precisely deter-
mined as other properties. Just for the unsubstituted aniline
alone, there are more than 30 values ranging from 7.48 to
8.35 ¢V in the literature.? Additionally, as seen in Table 1,
the common sulfonyl cation that is used as the com-
parator is detected at very low levels; for most of these com-
pounds, it is below 1% of the aniline cation, which is almost
always the base peak (except 11). For example, the intensity
ratio of 1077/1417" for compound 3 is 1 x 10%, and that of
108%/141" for compound 6 is even higher, reaching 5 x 10*.
This requires a considerably wide dynamic range for the
mass spectrometer to accurately measure these two comple-
mentary ions. To improve the experimental accuracy, com-
pounds 12—16 were prepared and characterized in the same
fashion. The toluenesulfonyl cation, which is more stable
than the benzenesulfonyl cation, is observed at increased
intensities (Table 1). As a result, the correlation of the aniline
ion intensity with the IE for those compounds is much
improved as shown in Figure 6 with an R* = 0.90. None-
theless, these efforts have demonstrated that formation of
the ionized anilines observed in the fragmentation of sulfo-
namides depends on how easy the constituent anilines are to
ionize, as the charge transfer is a major step in the fragmen-
tation reaction.

Conclusions

In the fragmentation of protonated sulfonamides, R'C¢Hy-
SO,NHC¢H4R, the dominant product ions observed are the
ionized anilines, RCqH4NH, ™. Theoretical calculations showed
that the sulfonamides are preferentially protonated at the
nitrogen, but this protonation causes the S—N bond to dis-
sociate spontaneously, resulting in an intermediate [sulfonyl
cation/aniline] complex. The subsequent reaction is the charge
transfer between the two partners within the complex, which
is found to involve a substantial activation energy associated
with the outer-sphere mechanism. This energy barrier does
prevent charge transfer in sulfonamides that bear an electron-
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attracting substituent on the aniline. However, when an
electron-donating group is attached to the aniline, charge
transfer is still more favorable than the dissociation of the
intermediate ion—neutral complex.

Experimental Section

All compounds used in this study were synthesized in our
laboratory following procedures described elsewhere.?” The
structures were confirmed using '"H NMR, '3C NMR, IR and
mass spectrometry after purification of the crude products. The
compounds were redissolved in methanol containing 1% acetic
acid at a concentration of approximately 1 ug/mL. The solutions
were infused into the ion source for analysis with a syringe pump
at a flow rate of 3 uL/min.

Mass spectral data were obtained from an ion trap mass spec-
trometer operated in the positive ion mode with an electrospray
ionization (ESI) ion source and the software package provided by
the vendor. The capillary voltage was set at —4000 V, and ion source
temperature at 250 °C. Nitrogen was used as the nebulizing gas at a
pressure of 15 psi and as the drying gas at a flow rate of 5 L/min. The
CID mass spectra were obtained using helium as the collision gas at
a collision energy achieved by a voltage of 0.7 V. Accurate mass was
measured on an FT-ICR mass spectrometer with an ESI ion source.
The capillary voltage was set at —4300 V, and the source tempera-
ture at 350 °C. Nitrogen was used as the nebulizing and drying gases,
and argon as the collision gas.

Theoretical calculations were carried out by the DFT method
with a 6-31G(d) basis set in the Gaussian 03 program.”® The
candidate structures of the reactants, products, and transition
states were optimized by calculating the force constants. No sym-
metry constrains were imposed in the optimizations. The reaction
pathways were traced forward and backward by the intrinsic
reaction coordinates (IRC) method. All optimized structures were
subjected to vibrational frequency analysis for zero-point energy
(ZPE) correction. The energies discussed are the sum of electronic
and thermal energies of the optimized structures.
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