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ANIONS: BASICITIES AND FRAGMENTATION 

REACTIONS~ 

JACOB D. SMITHa, RICHARD A. J. O'HAIRa***t and TODD D. 
 WILLIAMS^ 

"Department of Chemistry, Kansas State University, Manhattan, KS 66506-3701; bMass 
Spectrometry Laboratory. University of Kansas, Lawrence. KS 66045 

(Received 17 April 1996: Revised 13 June 1996: In final form 13 June 1996) 

The gas phase relative acidities of 15 sulfonic acids, RSO,H, have been determine via Cooks' kinetic 
method. The following acidity scale was established (starting with the weakest acid): methane 
sulfonic acid < ethane sulfonic acid < methoxy sulfonic acid < sulfuric acid < m-aminobenzene 
sulfonic acid - p-aminobenzene sulfonic acids < p-toluene sulfonic acid < benzene sulfonic acid < 
o-aminobenzene sulfonic acid < 5-sulfosalicylic acid < o-nitrobenzene sulfonic acid < cysteic acid 
< m-aminobenzene sulfonic acid < p-nitrobenzene sulfonic acid < triflic acid. In addition the gas 
phase fragmentation reactions of the conjugate bases. the sulfonate anions RSO,-, have been studied 
using MSMS techniques. A general loss of R, resulting in the formation of the radical anion SO, - 
is observed in all cases. Other fragmentation pathways are discussed in detail. 

Keywords: Gas Phase Acidities; Sulfonic Acids; Cooks' Kinetic Method; Sulfonate Anions; Tandem 
Mass Spectrometry; Collision Induced Dissociation 

INTRODUCTION 

Sulfonic acids and their derivatives play an important role in chemistry.' For 
example the conjugate bases, the sulfonates, are used as anionic surfactants 
while triflates, mesylates and tosylates all make use of the excellent leaving 
group RSO,-. Our interest in sulfonic acids is twofold: (i) which of the sulfonic 
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50 J. D. SMITH et al. 

acids are super acids (i.e. stronger acids than sulfuric acid) in the gas p h a ~ e ? ~ . ~  
and (ii) what are the gas phase fragmentation reactions of sulfonate anions 
(RSO,-) under tandem mass spectrometric (MSNS)   condition^?^-' 

The first question can be addressed via a number of experimental techniques 
which indirectly measure the gas phase aciditiy of a sulfonic acid (defined in eq. 1). 

The types of techniques available include: 

(a) Bracketing methods using a selected ion flow tube (SIFT), which involves 
examining the occurrence or non occurrence of proton transfer reactions (eq. 
2 and eq. 3) using a series of reference compounds (AH) of known gas phase 
acidity; 

A- + RS0,H + AH + RSO; (2) 

RSO; + AH - RS0,H + A- (3) 

(b) Equilibrium techniques using a Fourier transform ion cyclotron resonance 
(R-ICR) mass spectrometer, in which an equilibrium constant is determined 
for proton transfer involving an acid (AH) of known gas phase acidity (eq. 4); 

(4) 
K, 

A- + RSO,H- AH + RSO, 

(c) Cooks’ kinetic method. This involves studying the competing fragmentation 
reactions of a series of mass selected dimer cluster ions 
[RSO,-. . .H+.  ..-O,SR’]-. The relative abundance (I) of each of the prod- 
uct sulfonate anions RS03- (eq. 5) and R’S0,- (eq. 6) observed correlates 
with the relative acidities of RS0,H and R’S0,H via eq. 7.8 

The second question can be addressed by examining the collision induced 
dissociation (CID) reactions of the sulfonate anions via standard tandem mass 
spectrometric (MSNS)   technique^.^ Part of our interest in these M S N S  studies 
is to evaluate their analytical use in determining the structure of sulfonate an- 
ions. Thus we have chosen a range of sulfonic acids including aliphatic, alkoxy, 
aromatic as well as cysteic acid, as a model of fully oxidized cysteine residues 
in peptides and proteins. Previous studies have shown that a common fragmen- 
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SULFONATE ANIONS 51 

tation reaction of sulfonate anions (RS03-) occurs via homolytic bond cleavage 
with the general loss of the substituent R and the formation of the radical anion 
of SO;- (eq. 8). 

RESULTS AND DISCUSSION 

All experiments were performed on a VG Autospec-Q instrument (see experi- 
mental section for details). The sulfonate anions that were studied are shown in 
scheme 1. 

0 

R-S-0 
I1 - 
II 
0 

Species R = 
(1) HO 
(2) M e 0  
(3) Me 
(4) Et 
(5 )  CF3 

0 

01-0 

0 
x'- 

X =  (14) 
H 
4-Me 
t N H 2  
3-NH2 

2-NO2 
3 4 0 2  

4-NH2 

NH2 

(a) Relative Gas Phase Acidities of Sulfonic Acids 

The relative gas phase acidities of the 15 sulfonic acids (Scheme 1) were deter- 
mined in a series of MSMS experiments on the mixed dimer cluster ions 
[RS03- ... H+ ...- 03SR']-, which were formed via FABMS. A typical MIKE 
spectrum is shown in figure 1 for the dimer cluster ion formed from methane 
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FIGURE 1 
formed via FAB. 

Unimolecular MIKE spectrum of the dimer ion [CH,SO,-.. .H+...-03SCH,CH,]- 
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SULFONATE ANIONS 53 

sulfonic acid and ethane sulfonic acid. The ion CH,CH,SO,- ( d z  109) is more 
abundant than CH3S03- ( d z  93,  indicating that CH,CH,SO,H is a stronger 
acid than CH3S03H. The results of the related experiments are listed in Table I. 

Based upon these experimental results, the following acidity scale is proposed 
(starting with the weakest acid): methane sulfonic acid < ethane sulfonic acid < 
methoxy sulfonic acid < sulfuric acid < m-aminobenzene sulfonic acid = 
p-aminobenzene sulfonic acids < p-toluene sulfonic acid < benzene sulfonic 
acid < o-aminobenzene sulfonic acid < 5-sulfosalicyclic acid < o-nitrobenzene 
sulfonic acid < cysteic acid < m-aminobenzene sulfonic acid < p-nitrobenzene 
sulfonic acid < triflic acid. This acidity ranking is similar to those of the analo- 
gous carboxylic acids except for the p-toluene and benzene sulfonic acids which 
show a reverse order.g 

It is interesting to note that an ortho substituent can either increase or decrease 
the acidity relative to the meta and para isomers. Thus while o-aminobenzene 
sulfonic acid is a stronger acid than m- and p-aminobenzene sulfonic acids, 
o-nitrobenzene sulfonic acid is a weaker acid than m- and p-nitrobenzene sul- 
fonic acids. A possible explaination is shown in scheme 2. In the first case, a 
hydrogen donor in the ortho position can help stabilize the sulfonate anion (i.e. 
product) via intramolecular hydrogen bonding, thereby increasing the acidity 

TABLE I MIKE spectra of the sulfonate anion dimer cluster ions. [RSO,-. . .H+ . . . -O,SR']- 

R =  R' = [RSO,-]a [R'SO,-Ib 

Et 
Me0 
HO 
m-NH,Ph 
p-NH,Ph 
p-CH,Ph 
Ph 
Ph 
Ph 
O-NHZPh 
1 -CO,H-4-OH-5-SO,HC,H, 
o-NO,Ph 
CO,CH(NH,)CH, 
CO,CH(NH,)CH, 
m-N0,Ph 
P-NOZPh 
CF3 
CF, 

Me 
Et 
Me0 
HO 
HO 
HO 

m-NH,Ph 

Ph 

P-NHlPh 

p-CH,Ph 

O-NHZPh 
1 -CO,H-4-OH-5-SO,HC,H, 
1 -CO?H-4-OH-5-S03HC,H, 
o-N0,Ph 
CO,CH(NH,)CH, 
CO,CH(NH,)CH, 
m-N0,Ph 
p-NO,Ph 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

54.7 
<5 
15.9 
24.6 
22.0 
5.3 
37.1 
48.3 
57.8 
16.8 
<5 

52.2 
21.8 
11.4 
69.8 
12.6 
6.1 
10.2 

[RSO,-] represents the relatlve peak intensity of RS0 , -  in the MIKE spectrum, [R'SO,-] represents the 
relative peak intensity of R'S0,- in the MIKE spectrum 
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54 J. D. SMITH et al. 

relative to the meta and para isomers. In the second case, a hydrogen acceptor in 
the ortho position can help stabilize the sulfonic acid (i.e. reactant) via intramo- 
lecular hydrogen bonding, thereby decreasing the acidity relative to the meta and 
para isomers. Similar observations have been made for the gas phase acidities of 
substitued benzoic acids and have been rationalized in terms of a number of 
effects including intramolecular hydrogen bonding and steric inhibition of reso- 
n a n ~ e . ~  

(b) CID Fragmentation Reactions of Sulfonate Anions 

The CID fragmentation reactions (Ar gas, 70% parent beam attenuation) of the 
sulfonate anions 1-16 were studied in a series of FAB MSMS experiments. The 
resultant MIKE! spectra of the anions 1-15 are listed in Table 11, while that of 16 
(2,2-[*H2] cysteic acid) is shown in figure 2. 

All sulfonate anions examined in this study fragment via the loss of the 
substituent R with concomitant formation of SO,.- (eq. 8). In addition, all of the 
non aromatic sulfonate anions also fragment via homolytic bond cleavage of the 
adjacent bond as shown in eq. 9. This latter cleavage varies from being a major 
pathway for deprotonated sulfuric acid to being a minor pathway for the ethane 

FIGURE 2 CID MIKE spectrum of deprotonated 2,2-[2H,] cysteic acid formed via FAB. 
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SULFONATE ANIONS 55  

TABLE 11 CA/MS/MS spectra of the sulfonate anions, RS0,- 

[M - H I -  CA/MIKE Spectra [m /z  (abundance)] 
Ion, m/z 

(I), 97 96 (100); 80 (46); 64 (*); 48 (*) 
(2), 1 1 1  97 (18); 96 (99); 80 (100) 
(3), 95 94 (52); 80 (100); 64 ( I )  
(4), 109 107 (22); 94 (2); 91 ( I ) ;  80 (100); 64 (*) 
(5). 149 130 (6); 99 (35); 83 (12); 80 (100); 69 (6); 64 ( I ) ;  19 (4) 
(6),  157 141 (3); 93 (100); 80 (92); 64 (2) 
(7), 171 156 (38); 107 (100); 80 (74); 64 (2) 
(8). 172 156 (10); 144 (16); 108 (100); 80 (94); 64 (2) 
(9), 172 156 (36); 144 (32); 124 (10); 108 (100); 80 (92); 64 (3) 
(lo), 172 156 (45); 144 (13); 124 (10); 108 (91); 80 (100); 64 (3) 
(11). 202 186 (16); 172 (11); 156 (100): 144 (3); 138 (4); 122 ( I ) ;  I08 (3); 91 (3); 80 (14); 64 ( I ) ;  46 (2) 
(12). 202 186 (21); 172 (33); 156 (100); 144 (6); 138 (9); 122 ( I ) ;  108 (2); 91 (*); 80 (13); 64 (*); 46 (*) 
(13), 202 I86 (18); 172 (18); 156 (100); 144 (3); 138 (26); 122 (3); 108 (11); 91 ( I ) ;  80 (13); 64 ( I ) ;  46 (1) 
(14). 217 199 (100); 171 (8); 153 (*); 143 (2); 137 (11); 119 (*); 109 ( I ) ;  93 (*); 80 (2); 64 (*). 
(151, 168 151 (100); 124 (2); 122 (12); 94 (3); 86 ( 5 ) ;  80 (24); 71 ( 5 ) ;  64 (*); 17 (*). 

*abundance of ion is less than 1% of the base peak. 

sulfonate anion and deprotonated cysteic acid. The methyl sulfate anion also 
fragments via loss of :CH, (eq. lo), which is directly related to one of the 
fragmentation channels for phosphonate anions." 

CH,OSO; + CH,: + HOSO; (10) 

The triflate anion undergoes an additional series of reactions, which can be best 
rationalized by invoking a mechanism in which an ion-molecule complex 
[CF,-(SO,)] (A) initially forms." Fragmentation of this complex results in the 
formation of the products shown in eq. 11, while fluoride ion transfer results in 
the formation of a new ion-molecule complex [FSO,-(:CF,)] (B). The products 
of eqs. 12-14 all result from the subsequent reactions of the second complex 
(B). 

The deprotonated aromatic sulfonic acids undergo several different fragmen- 
tation pathways, including loss of SO, via a rearrangement reaction. Possible 
mechanisms for this type of rearrangement reaction have been previously dis- 
cussed by Binkley et al.7d In addition, all of the nitro sulfonate anions undergo 
loss of NO. Indeed anions derived from many nitroaromatic compounds undergo 
similar losses of NO, which are also thought to proceed via rearrangement 
reactions. 
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56 J.  D. SMITH er al. 

I Case #1: H Donor in Ortho Position I 

I Stabilized Relative to 
Meta and Para Isomers 

I Case #2: H Acceptor in Ortho Position 1 

I Stabilized Relative to 
Meta and Para Isomers 

SCHEME 2 

With the exception of deprotonated 5-sulfosalicyclic acid, all of the substi- 
tuted aromatic sulfonate anions (where the substituent is either NH,, CH,, or 
NO,) undergo a general loss of the substituent (NH,, CH,, or NO,) to form a 
distonic radical anion C,H,SO;- (e.g. eq. 15). The related distonic radical 
anion C6H,SO;- has been formed via an ion-molecule reaction (eq. 16).13 
These ions belong to a general class of ions which have recently been called 
“charged phenyl radical~”.’~ 
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SULFONATE ANIONS 57 

[(CF2:) FSO, ] + CFi + SO3 (13) 

CF20 + FSO; (14) 

(X = NH2 and NOz) 

Deprotonated 2,2-[2H2] cysteic acid undergoes several fragmentation reactions, 
including those described for other sulfonate anions (eqs. 8 and 9). Possible 
mechanism for the fragmentation reactions which are unique to deprotonated 
2,2-[’H,] cysteic acid are shown in scheme 3. Pathways (a) and (b) (Scheme 3) 
proceed via intramolecular displacement reactions involving the SO,- group. In 
contrast, pathway (c )  involves initial intramolecular proton transfer to form the 
enolate anion which subsequently undergoes fragmentation. The loss of H,S 
from deprotonated cysteine may proceed via a related me~hanism.’~ Note that 
for pathways (b) and (c) ,  the nature of the neutral(s) lost are unknown since our 
experiments do not analyze and detect the neutral fragments. Thus the neutral(s) 
lost via pathway (b) could either be formic acid or H,O and CO. 

EXPERIMENTAL SECTION 

All experiments were performed on a VG Autospec-Q instrument of ElBE2qQ 
geometry (where E = electric sector, B = magnetic sector, q = RF only qua- 
drupole and Q = quadrupole). Dimer clusters with the general formula of 
[RS03- ... H+ ...- O,SR’]- were formed from a 1 :  1 mixture of the sulfonic 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
4
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



58 I. D. SMITH et al. 

SCHEME 3 

acids via fast atom bombardment (FAB, cesium ion gun operating at 25 kV, 
glycerol matrix), mass selected using E1B and the metastable fragments were 
then analyzed using unimolecular MIKES by scanning E2. Using the same range 
of sulfonic acids, the fragmentation patterns of the monomer sulfonate anions 

’ (RS0,-) were investigated via FABMSMS techniques. Sulfonate anions, 
RSO,-, were formed from the corresponding sulfonic acid via FAB (cesium ion 
gun operating at 25 kV, glycerol matrix). CA/MIKES was performed using CID 
(Ar gas) with attenuation of the parent RS0,- ion beam by 70%. 

All reagents were commercially available and were used without further pu- 
rification. All other compounds were synthesized via known literature proce- 
dures.16 For example, 2,2-[2H,] cysteic acid was formed via oxidation of 2,2- 
[*H2] cysteine (Cambridge Isotope Laboratories, 98% D). 16a 
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