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Sulfonation studies were conducted on a series of monoi- 
somerically pure di- and trialkylbenzenes in order to 
determine the regioselectivity of sulfonation and how 
the selectivity varies with structural changes. Sulfur 
trioxide, because of its commercial significance, was 
investigated as the primary sulfonating agent. Lewis 
base adducts of sulfur trioxide and other sulfonating 
agents were also investigated for comparison. The stud- 
ies demonstrated, in a quantitative manner, the ten- 
dency of the sulfonation to occur para to alkyl substi- 
tuents.  In one class of the alkylbenzenes investigated, 
1,3,4-alkyl dimethylbenzene, the sulfonation which oc- 
curred at the position para to the 3-methyl group ranged 
in selectivity from 87-99%, even though this position, 
which is ortho to the larger alkyl group, was much less 
favorable from steric considerations than the position 
ortho to the 4-methyl group. The determination of the 
position of sulfonation by a combination of nuclear 
magnetic resonance and high pressure liquid chroma- 
tographic techniques is discussed. 

Recently, considerable research effort has been di- 
rected toward the use of synthetically tailored alkyl 
aryl sulfonates as surfactants for micellar/polymer en- 
hanced oil recovery (EOR) processes (1-10). Structural 
changes in these sulfonates can substantially affect 
their phase behavior properties, which determine their 
micellar process performance. It is known that  the 
structure of the hydrocarbon lipophile has a large in- 
fluence on the optimum conditions of surfactancy for 
EOR applications. However the significant effect of 
the sulfonate position on the aromatic ring has been 
only recently unequivocally established during a phase 
behavior study (11). In order to better understand how 
the alkylbenzene sulfonate structure affects the ability 
of the surfactant to recover residual oil, numerous model 
compounds with monoisomeric hydrocarbon moieties 
have been prepared and evaluated for their relative 
effectiveness as surfactants. 

In this paper, the selectivity of sulfonate attach- 
ment on the benzene ring during sulfonation using a 
series of monoisomeric di- and trialkylbenzenes is re- 
ported. The structures of the di- and trialkylbenzenes 
investigated in this study are depicted in Appendix 1. 
The distributions of sulfonate isomers, which are ob- 
tained by the sulfonation of these monoisomeric al- 
kylbenzenes under varying conditions, are described. 
Most of the sulfonations were performed using sulfur 
trioxide because of its commercial utility. However, 
for comparative purposes, other sulfonating agents were 
also examined. 

EXPERIMENTAL PROCEDURES 
The general procedure for the synthesis of di- and trial- 
kylbenzenes was reported previously (12). Spectroscopi- 
cally pure hydrocarbons were obtained by distillation 
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using a 10 plate fractionating column. A combination 
of gas chromatography, mass spectrometry and car- 
bon nuclear magnetic resonance {13C NMR) showed the 
purified hydrocarbons to be of high purity {99% or 
greater) and having monoisomeric structures. 

The following procedure represents a typical sul- 
fonation of an alkylbenzene. A three-neck, 25-ml, round- 
bottom flask equipped with a magnetic stirring bar, 
reflux condenser with argon inlet valve, thermometer 
and addition funnel is charged with 4 ml of 1,2- 
dichloroethane, 4-(4-ethylphenyl)undecane {lAg, 4.2 
mmol} and cooled to -20~ Sulfur trioxide {0.4g, 5.0 
mmol) in 4 ml of 1,2-dichloroethane, is added to this 
over a 10 min period, and the reaction mixture allowed 
to stir an additional 50 min at -20~ The reaction 
mixture is quenched with 2 ml of water and the pH 
adjusted to 10 with 40% aqueous sodium hydroxide. 
The solvent is removed by rotoevaporation and the 
water removed by repeated treatments with isopropanol 
and rotoevaporation. The recovered solids were dis- 
solved in chloroform, filtered through a 0.5 micron 
filter and the chloroform removed by rotoevaporation 
followed by high vacuum to give 1.4 grams of solids. 
One gram of the solids was purified by silica gel chro- 
matography for NMR analysis. Ten grams of silica gel 
was packed in a slurry of chloroform, and the solids 
were dissolved in chloroform and loaded onto the col- 
umn. Neutrals were eluted off the column first with 
chloroform. The sulfonate was removed with a 1:1 mix- 
ture by volume of chloroform and ethanol. After the 
solvent was removed by rotoevaporation, the recov- 
ered sulfonate was dried under high vacuum to give 0.8 
gram of solids. The distributions of the sulfonate iso- 
mers by HPLC analyses before and after silica gel 
chromatography matched within 1% for each sample. 

The determination of sulfonate isomer distribu- 
tions was accomplished by comparing the 13C NMR 
spectra of the parent alkylbenzenes with the corre- 
spending sulfonate mixture obtained after sulfonation, 
and also by the HPLC analysis of these sulfonates (131. 
The detailed rationale used for determining the sul- 
fonate isomer distributions is given in Appendix 2. 
Proton-decoupled 13C Fourier-transform magnetic reso- 
nance spectra were taken at 28~ with a varian 200XL 
spectrometer using the deuterium resonance of solvent 
deuterochloroform as a lock signal. Proton nuclear mag- 
netic resonance spectra were obtained with the same 
ins t rument .  Chemical shif ts  are reported in ppm 
downfield from TMS (6 scale}. 

The high pressure liquid chromatograph procedure 
utilized a reverse phase, Hypersil 5 micron octadecylsi- 
lane column {200 • 4.6 mm) typically with a 69% 
acetonitrile: 31% water mobile phase containing 0.01M 
tetrabutyl  ammonium chloride ion pairing reagents. 
Our procedure carefully adjusts the percent acetoni- 
trile for each surfactant. This is important to achieve 
separation of most sulfonate isomers. A Hewlett 
Packard 1084B instrument with a UV detector was 
used at 225 nm. 
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RESULTS AND DISCUSSION 

Sulfonation of Dialkylbenzenes. As examples of dial- 
kylbenzenes, monoisomeric methylphenyl, ethylphenyl 
and isopropylphenyl undecanes were sulfonated with 
sulfur trioxide in 1,2-dichloroethane solvent. For the 
para substituted dialkylbenzene derivatives there are 
only two possible sulfonate isomers that can be formed. 
The isomer containing the sulfonate ortho to the long 
alkyl chain is designated as the 2-sulfonate, while the 
isomer with the sulfonate ortho to the short alkyl group 
is designated as the 3-sulfonate (Scheme 1). 

The sulfonate isomer distributions obtained in a 
series of para substi tuted undecyl ethylbenzene de- 
rivatives with variable points of at tachment of the 
aryl along the undecyl chain are shown in Table 1. The 
amount of the 3-sulfonate isomer increases from 52 to 
90% as the position of the aryl group on the long alkyl 
chain changes from the terminal C1 to midchain C6 
position. As the aryl group becomes attached closer 
to the midpoint of the chain, the effective steric hin- 
drance increases for the positions ortho to the long 
chain, resulting in the enrichment of the 3-sulfonate 
isomers. Table 1 also indicates that the greatest change 
in sulfonate isomer distribution occurs as the aryl at- 
tachment changes from C1 to C2 (52% vs 82% 3- 
sulfonate) followed by a more gradual increase as the 
ring attachment approaches midchain. The sulfonate 
isomer distribution produced was also found to be rela- 
tively insensitive to the reaction temperature over a 
100~ range. A comparison is shown in Table 1 for the 
sulfonation of 4-(4-ethylphenyl) undecane at - 2 0  and 
83~ 

The effect of the steric interaction due to the size 
of the short alkyl group on the benzene ring is shown 
in Table 2. Sulfonations of 4-(4-methylphenyl) unde- 
cane and 4-[4-(2-propyl)phenyl] undecane were performed 
at - 20~  and the results compared to the previously 
discussed 4-(4-ethylphenyl) undecane. As the short al- 
kyl group is changed from methyl, to ethyl, to isopro- 
pyl the formation of the 3-sulfonate isomer becomes 
less favorable and decreases from 92 to 66%. Although 
the results are qualitatively expected based on the 
relative sizes of the short alkyl groups, the isopropyl 
derivative gives much less of the 3-sulfonate isomer 
than would be expected just based on the increased 
carbon number. This result must also be due to in- 
creased steric hindrance by the midchain attachment 
of the propyl group. 

The sulfonate isomer distribution of meta and ortho 
substituted dialkyl benzenes are potentially more com- 
plex than the para substituted analogues since they 
each possess four chemically nonequivalent possible 
sulfonation sites. Experimentally, however, only two 

sulfonate isomers of each were actually observed from 
the sulfonation of 4-(3-ethylphenyl) undecane (meta sub- 
stituted analogue} and 4-(2-ethylphenyl) undecane (ortho 
substituted analogue). For the sulfonation of the meta 
dialkylbenzene analogue, 4-(3-ethylphenyl) undecane, 
the 4- and 6-sulfonate isomers were formed in 90 and 
10% selectivities, respectively, as the only two sul- 
fouates. The sulfonation occurs solely at the positions 
c '~o to the ethyl and undecyl groups in a ratio similar 
t .  ~nat observed for the para undecylethylbenzene ana- 
logue. In this case, however, each of these positions 
are also para to an alkyl group, and therefore electroni- 
cally favored sites (Scheme 2). 

For steric reasons, sulfonation did not occur be- 
tween the two alkyl groups at position 2. Furthermore, 
position 5 is electronically unfavorable because it is 
meta to both alkyl groups. 

For the sulfonation of the ortho dialkylbenzene 
analogue, 4-(2-ethylphenyl) undecane, the HPLC of the 
reaction mixture showed only two sulfonate isomers 
and the 13C NMR showed no evidence for sulfonation 
ortho to either alkyl group (Scheme 3). Sulfonation 
occurs solely at the two electronically favored posi- 
tions which are para to the alkyl groups to give the 
4-and 5-sulfonate isomers. Even though the positions 
sulfonated above are once removed from the alkyl 
groups, some steric influence, due to the size of the 
closest alkyl groups, results in 60 and 40% selectivi- 
ties. 

Sulfonation of trialkylbenzenes. As examples of 
trialkylbenzenes, the sulfonations of monoisomeric al- 
kyl ortho, meta and para xylenes were investigated. 
The sulfonate isomer distributions for the sulfonation 
at - 20~  of a series of undecyl ortho-xylene isomers 
with 1,3,4 ring substitution are shown in Table 3. Of 
the three possible sulfonate isomers per molecule, only 
two, the 2- and 3-sulfonates, were observed. Appar- 
ently, the ring position ortho to two alkyl groups is the 
most sterically unfavorable for sulfonation. The 13C 
NMR data indicate that sulfonation of 1,3,4-substi- 
tuted ortho-xylenes occurs predominantly ortho to the 
more sterically demanding long chain alkyl group. This 
is in contrast to the dialkylbenzenes, where sulfona- 
tion occurred predominantly near the least sterically 
hindering alkyl group, as expected. 

Thus, for 1-(3,4-dimethylphenyl) undecane, sulfona- 
tion occurs almost exclusively at position 2, while even 
for the most sterically demanding midchain attached 
[2-(3,4-dimethylphenyl) undecane] the 2-sulfonate is still 
formed in a surprising 89% selectivity. It is proposed 
that these results are due to the fact that the 2 position 
on the ring, even though sterically unfavorable (Scheme 
4), is the only sulfonation site which is para to an alkyl 
group and is, therefore, electronically favored for sul- 

R 

2-sulfonate 

n•H23 
nffi 1.4.6 

R~'CH~.CzHs.2"C3H~ 
SO~Na 

R 

3-sulfonate 

Scheme 1 
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TABLE 1 TABLE 2 

Isomer Distributions of Para-Alkylethylbenzene Sulfonates 

R Reaction Temp (~  3-Sulfonate a (%) 

1-CllH23 --20 52 
2"C12H25 --20 82 
4-C]1H23 -20  87 
4-CllH23 83 90 
6-CHH23 -20  88 
aGeneral structure of 3-sulfonate -- 

R 

C2H5 
SO,Na 

Isomer Distributions for Para-Undecylalkylbenzene Sulfonates 

R 3-Sulfonate a (%) 

CH 3 92 
C2H 5 87 
2-C3H 7 66 

aGeneral structure of 2-sulfonate = 

R 

4".CzlHz, 4"C:~H,3 4-ClzH,3 - 

~ C z H  s NIO'$ ~ C a H  ' ~ C21"1. N|O,$ . ~  H~'2H  ̀
SO,Na SO,Na 

4-$ulfonate 6-$ulfoniue 4-sulfonate 5-mlfonate 
(90%) ( 10%} (60%) (40%) 

Scheme 2 

ClIH23 
~ S O , N a  CzlH" 

CH, T CH3J~SOINa 
CH, CH, 

2-sulfonate 3-sulfonate 

Scheme 4 

fonation. Table 3 fur ther  shows the insensi t ivi ty of 
these results  to t empera ture  since the sulfonation of 
the 6-undecyl derivat ive at  83~ gives a lmost  identical 
isomer distr ibutions as the sulfonation performed at  
- 2 0  ~ A comparison of the sulfonate isomer distribu- 
tions obtained f rom the sulfonation of the previously 
d iscussed 4-(4-methylphenyl)  undecane and 4-(3,4- 
dimethylphenyl)  undecane, 92% the 3-sulfonate vs 90% 
the 2-suIfonate, shows the magni tude  of the para  di- 
recting effect of an alkyl subs t i tuent  (Scheme 5). 

The s t ructures  of the corresponding alkylbenzenes 
before sulfonat ion are ve ry  similar  except  t h a t  the 
ortho-xylene derivat ive contains an additional methyl  
g roup  which directs  the sulfonat ion to the posi t ion 
ortho to the 4-undecyl group. 

The para  directing influence of an alkyl group on 
sulfonation selectivity was also observed for undecyl 
me ta  and para-xylene derivatives.  The sulfonation of 
4-(2,4-dimethylphenyl) undecane and 4-(2,5-dimeth- 
ylphenyl) undecane, gave 99% selectivites to the respec- 
t ive sulfonate isomers shown in Scheme 6 with the 
sulfonate para  to an alkyl group. 

In cont ras t  to the ortho-xylene derivat ives where 
the site para  to the 3-methyl group was more sterically 
hindered, and therefore less favorable for sulfonation, 

Scheme 3 

TABLE 3 

Isomer Distributions for Undecyl  Ortho-Xylene Sulfonates 

R Temp ( ~  2-Sulfonate a (%) 

I-CIIH23 --20 99 
2-C12H25 --20 92 
4-CIIH23 --20 89 
6-C11H2~ -20 89 
6-CllH23 83 87 
aGeneral structure of 2-sulfonate = R 

CH3" ~ SO3Nm 

CH 3 

the 5-position para  to the 2-methyl group in the meta-  
xylene derivat ive is also sterically the mos t  favored 
sulfonation site. On the other hand, the site which is 
para  to the long alkyl chain in the para-xylene deriva- 
t ive is s ter ical ly similar  to the  a l te rna t ive  posi t ion 
ortho to the 2~ group. 

In the sulfonation of another  meta-tr ialkylbenzene 
derivative, 4-(3,5-dimethylphenyl) undecane, where each 
of the three sites available for sulfonation are not only 
para  to an alkyl group but  are also ortho to two alkyl 
groups, the sulfonation occurs to give 98% selectivity 
to the sulfonate isomer shown in Scheme 7. Thus, in 
this case, where electronic influences are similar, steric 
effects determine the sulfonate isomer distribution. 

Sulfonations of 2-(3,4-dimethylphenyl) dodecane with 
various sulfonating agents and solvents. Since of all 
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4"CL~H2~ 4"C~zH2 J ~ SO3N8 CH 3 - , ~  4-Cz tH2 ~ 

~ S O i N a  CH 3- "~ ~t~ SO3Na 
CH3 CH~ CH3 

3-sulfonate 2-sul/'onste 

(92 % ) 

Scheme 5 

(90%) 

SO3Na 

Scheme 7 

the alkylated benzenes which were investigated,  the 
1,3,4 r ing s u b s t i t u t e d  or tho-xylene der iva t ives  are 
unique in tha t  the electronically mos t  favored sulfona- 
tion position is also sterically less favorable. The sul- 
fonatien of 2-(3,4-dimethylphenyl) dodecane was inves- 
t igated fur ther  to determine if the para  directing influ- 
ence of the alkyl groups was as predominant  using 
different sulfonating agents  and conditions. 

Table 4 summarizes  these results. The reaction of 
the neat  hydrocarbon with sulfur trioxide vapor  di- 
luted with argon gave a similar 2-sulfonate isomer dis- 
t r ibution as reactions conducted in the solvents 1,2- 
dichloroethane or liquid sulfur dioxide (90-93%). Sul- 
fur trioxide adducts  with weakly complexing donors, 
SO3-dioxane and SO3-phosphate gave  results  similar 
to uncomplexed  SO3. Sulfur t r ioxide adduc t s  with 
s t rongly complexing donors, such as SO3-pyridine or 
SO~-dimethylformamide were inactive as sulfonating 
agents  up to 100~ The results  from the sulfur triox- 
ide complexes sugges t  tha t  sulfur trioxide dissociates 
from the donor before sulfonation can occur {14). If  
sulfonation were occurring while the SO3 and adduct  
were still in the associated, 

SO~ - -Donor  ~- SO 3 + Donor 

form, less sulfonation might  be expected to occur ortho 
to the long chain because of the greater  steric bulk of 
the complexed sulfonating agent. The results  in Table 
4 do not show a decrease in selectivity for the sterically 
hindered para  position of 2-(3,4-dimethylphenyl) dode- 
cane for the sulfonations using SO~ adducts.  

Arene + SO, -* Arene SO~H 

Sulfonations were also conducted using different sul- 
fonat ing agents.  The reaction of 2-(3,4-dimethylphenyl) 
dodecane in excess sulfuric acid for 1 hr at 100~ gave 
85% selectivity to the 2-sulfonate, which represents  
significantly less para  selectivity than  when sulfur tri- 

4-CzzHa3 
C H 3 " ~  

y " CH 3 
SO~Na 

meta-xylene sulfonate 
5-sulfonate isomer 

(99%) 

Scheme 6 

TABLE 4 

Sulfonation of 2-(3,4-Dimethylphenyl)Dodecane 

para-xylene sulfonate 
4-sulfonate isomer 

(99%) 

Reagent/Solvent % 2-Sulfonate a Temp (~ 
SO~ vapor b 90 50 
SO3/C2HaC12 c 92 - 20 
SO3/SO2 a 93 - 20 
SO3-dioxane/C2H4C12 d 94 22 
(SO3)2-dioxane/C2 H4C12 d 94 83 
(S03)3-(EtO)3P=O/C2H4C12 d 93 22 
SO3-pyridine/C2H4C12 a no reaction 100 
S03-DMF/C2H4C12a no reaction 100 
H2SO4 d 85 100 
SO3/H2SO4 d 78 22 
SO3/H2SO4 a 74 100 
C1S03H/C2H 4CI2 c 95 83 
a2-Sulfonate = 

CH 3 

2CIjH,s 
. , ~  SO~Na 

CH~ 

bso 3 (1.1 equiv.) is bubbled through the neat hydrocarbon at the 
reaction temperature using argon as a carrier gas. 

cSO 3 (1.1 equiv.) in C2H4C12 is added to the hydrocarbon in 
C2H4C12 at the reaction temperature. 
dThe hydrocarbon is added neat to sulfonating agent at the 

reaction temperature. 

oxide was used, Longer reaction times, however, de- 
creased the amount  of the 2-sulfonate with a corre- 
sponding increase in the 3-sulfonate, thus indicating 
tha t  an isomerization is occurring after the initial sul- 
fonation. After  6 hr, only 54% of the 2-sulfonate iso- 
mer remains. This isomer distr ibution does not change 
significantly on further  heating. The dependence of the 
formation of the 2-sulfonate isomer with t ime under  
these conditions is shown in Figure 1. The isomeriza- 
tion may  be occurring via a mechanism of protonation,  
desulfonation, and resulfonation shown in Scheme 8 
to give more of the thermodynamical ly  favored isomer 
(15). 

When this molecule was sulfonated with 1.1 equiva- 
lents of sulfur trioxide in sulfuric acid as the solvent 
at 22~ 74% of the 2-sulfonate was formed. Under the 
same conditions, bu t  at 100~ a similar 78% sulfonate 
isomer distribution was obtained, indicating tha t  sul- 
furic acid has a greater  effect on the sulfonate selec- 
t ivi ty  than  does temperature .  

Chlorosulfonic acid was also used as a sulfonating 
agent  at  - 2 0 ~  and gave sulfonate isomer distribu- 
tions similar to sulfur trioxide, al though because of its 
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O 

30 

FIG. I. The S u l f o n a t i o n  of  2-(3,4-Dimethylphenyl)  dodecane With 
H2SO 4 at 100~ v s  Time. 

s t ructure  it proceeds through a more complex mecha- 
nism (16}. 

From this invest igat ion of the sulfonation of di- 
and tr ialkylbenzenes with sulfur trioxide, the follow- 
ing trends were observed. In a molecule in which all 

sites available for sulfonation are ortho to alkyl groups, 
sulfonation is favored at  the least  hindered sites. How- 
ever, when sites both  ortho and para  to alkyl groups 
are avai lable  for sulfonation,  sulfonat ion is favored 
para  in preference over ortho even when the para  site 
is sterically less favorable. On the other hand, sulfona- 
tion does not occur at  sites ortho to two alkyl groups 
if less hindered ortho or para  sites are available. I f  all 
of the sites on the benzene molecule are ortho to two 
alkyl groups then sulfonation will occur with the mos t  
favored site determined by  steric effects. Sulfonation 
does not occur at a site which is only me ta  to alkyl 
g roups  if o ther  posi t ions  are avai lable  for sulfona- 
tion. 

The effect of t empera ture  between - 2 0  and 83~ 
and the presence of weak Lewis bases have only minor 
effects on sulfonate isomer distributions. For  the sul- 
fonation of 1,3,4 r ing subs t i tu ted  xylenes, the presence 
of s t rong Bronsted  acids causes some isomerization of 
the electronically favored  m o s t  hindered p roduc t  to 
the thermodynamical ly  favored least  hindred product.  

The knowledge of these facts  allows a quali tat ive 
prediction of the sulfonate isomer distr ibution if the 
s t ructure  of the alkylbenzenes are known. This could 
be especially useful in the sulfonation of commercial  
blends of di- and trialkylbenzes. In some cases, such 
as with alkylated para- or meta-xylenes,  the sulfona- 
tion is predetermined due to the s t ructure  of the hydro- 
carbon to give a lmost  exclusively one sulfonate iso- 
mer. 

2"CLaH~s 2"CzjHII .~ . , ~  ~ j H |  :s#N#s 2"C'z'H:~ 
~ S O , N  H" ~ + S O , + N ' ~  ~ 

CX, T CX 01, T.." SO,H 
C'Nj CH! C'NI I CHj 

APPENDIX i. 

Scheme 8 

I'CzlH23 4-CzzH23 

C2H~ C2H~ 

I -(4-ethylphenyl) undecane 
I -C I I PEB 

4-(4-ethylphenyl) undecanr 
4-C I I PEB 

6-CllH2~ 4"CzIH2~ 

CzH~ 

6-(4-ethylphenvl) undec~me 4-(2-ethylphenyl) undecane 
6-CI IPEB 4-CI lOEB 

JAOCS, Vol. 67, no. 2 (February 1990) 



SULFONATION OF MONOISOMERIC DI- AND T R I A L K Y L B E N Z E N E S  

2-C~aHas 

C2Hs 

4-(J-ethvlphenyl) undecane 
4-C I I MEB 

2-(4-ethylphenyl) dodecane 
2-C 12PEB 
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4-C~H2~ 4"C~H23 

2-C~H~ CH~ 

4-(4-(2-propyl)phenyl) undecane 4-(4.methylphenyl) undecane 
4-CI IPIPB 4-CI IPMB 

I'ClzH23 4"CtlH21 

CH~ CH~ 

I -( 3.4.dimelhylphenyl) undecane 
I-CI IOX 

4-(3.4-dimelhylphenyl ) undecane 
4-CI IOX 

6"CllHz3 2"CtzHzs 

CH3 CH3 

6-~ 3.4-dimelhylphenyl) undecane 
6-CI IOX 

2 -( 3,4-dimelhylphenyl) dodecane 
2-C 120 X 

4"C1zH2j 

~ CH~ 

CH~ 

4-(2.5-dimethylphenyl) undecane 
4-CI IPX 

4-C,~H:3 

CH 3 CH~ 

4-( 3.3-dimethylphenyl) undecane 
4-C! IMX-I,3,5 

4-C~1H23 
. CH~ 

CHj 

4-(2.4-dimethylphenyl) undecane 
4-CI IMX-I.2.4 
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APPENDIX 2. 

Determination of sulfonate isomer distributions. Fig- 
ure 2 shows the proton decoupled ~3C NMR spectra 
which were used to determine the sulfonate isomer 
distribution for a mixture of sodium 4-(4-ethylphenyl) 
undecane sulfonates. In these spectra the lines at 77.6, 
76.9 and 76.3 ppm are due to the carbon atom of deu- 
terated chloroform (CDC13) split into three lines by 
dueterium coupling. The peaks to the left of CDC13 are 
resonances due to the carbons of the aromatic ring 
while the peaks to the right are due to the aliphatic 
carbon atoms of the alkyl groups. Sulfonation of the 
parent hydrocarbon causes significant chemical shift 
changes in the aromatic region of the ~3C NMR spec- 
trum, however, these changes were not systematic 
enough so as to be correlatable to the position of sul- 
fonation. Previously, other investigators have reported 
that ~H and ~3C NMR chemical shifts of the aromatic 

region are useful for determining the position of sul- 
fonation in monoalkylbenzenes {17). For the sulfona- 
tion of the di- and trialkylbenzenes discussed in the 
present report, the changes that occurred in the ali- 
phatic region of the ~3C NMR spectrum were used as 
the basis for determining the sulfonate isomer distri- 
butions. 

For this example, and every other sulfonate spec- 
t rum that  was examined, the additional resonances 
present in the aliphatic carbon region of the sulfonate 
spectrum were used to deduce the sulfonate isomer 
distributions. The new resonances with the largest chemi- 
cal shift differences were assigned to the aliphatic car- 
bon atoms which were alpha to the aromatic ring (ben- 
zylic) and ortho to the sulfonate group. Chemical shift 
differences as large as 6 ppm were observed for the 
benzylic carbon of the long alkyl chain, 3 ppm for the 
benzylic carbon in ethyl groups and approximately 1 
ppm for the benzylic methyl groups. The resonances 

C-H C H2CH ~ 

CDCI~ 

I I I I 
160  120 80 40 

FIG. 2a. 13C NMR Spectrum of 4-(4-Ethylphenyl) Undecane. 

I 
160 120 

C_DQ~ 

JlJ 

8O 

C-H 

I 
40 

FIG. 2b. 13C NMR Spectrum of Sodium 444 Ethylphenyl) Undecane Sulfonate. 
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TABLE 5 

t3C NMR Chemical Shifts 2 For Di- and Triatkyibenzenes and Their Corresponding Suifonates 
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Long chain Short chain 

Compound b R CHR ~H2R CH2CH 3 CH 3 Other aliphatic carbons Aromatic carbons 

1-CllPEB 35.6 28.4 14.1,15.6,22.7,29.4,29.6,29.7, 
31.6,32.0 

l-C11PEBS 35.3,32.4 28.1,25.3 14.1,15.3,22.6,29.1,29.3,29.6, 
30.2,30.9,31.4,31.9 

4-CllPEB 45.5 28.5 

4-C11PEBS 45.2,39.2 28.0,25.4 

6-C11PEB 45.7 28.5 

6-CllPEBS 45.5,36.7 28.5,25.4 

4-C11OEB 39.5 25.9 

4-CllOEBS 39.2 25.9 

4-C11MEB 45.8 29.0 

4-CllMEBS 45.5,38.7 28.9,25.8 

2-C12PEB 39.5 28.4 

2-C12PEBS 39.4,34.5 28.0,25.3 

4-C11PIPB 45.3 33.6 

4-C11PIPBS 45.3,39.6 33.4,32.0 

4-CllPMB 45.4 

4-CllPMBS 45.2 

1-CllOX 

1-CllOXS 32.0 

4-CllOX 45.4 

4-CllOXS 45.4,39.6 

6-CllOX 45.6 

6-C11OXS 45.4,39.7 

2-C12OX 39.5 

2-C12OXS 39.4,34.3 

35.6 

21.0 

19.8 

19.7,19.3 

19.4,18.5 

19.9,19.3 

19.7,18.7, 
16.0 

19.9,19.3 

19.6,18.7, 
15.9 

19.9,19.3 

20.4,18.7, 
19.6,15.8 

14.1,14.2,15.5,20.8,22.7,27.8, 
28.5,29.9,32.0,37.1,39.4 

14.1,14.4,14.8,15.2,20.4,20.6, 
22.4,27.6,29.0,29.2,29.8,31.9, 
36.5,36.7,38.7 

14.1,15.5,22.6,27.4,32.1,37.0 

14.0,14.8,15.2,17.9,22.4,26.8, 
27.2,31.8,32.0,32.4,36.5 

14.1,14.5,15.8,20.9,22.7,27.8, 
29.3,30.1,32.0,37.2,39.3 

14.0,14.1,14.3,15.4,15.5,20.7, 
22.6,27.8,29.3,29.7,30.0,31.9, 
36.9,38.4,38.9 

14.1,14.2,15.7,20.8,22.7,27.7, 
29.3,29.8,31.9,37.0,39.3 

14.1,14.2,14.5,20.6,22.7,27.6, 
29.2,29.8,32.0,36.7 

14.1,15.5,22.3,22.7,27.8,29.4, 
29.6,29.7,31.9,38.5 

14.1,14.8,15.2,21.9,22.7,25.3, 
27.5,27.7,29.3,29.5,29.6,29.7, 
29.8,30.2,31.9,38.0,38.2 

14.1,14.2,20.7,22.6,27.7,29.2, 
29.7,31.9,36.9,39.2 

14.0,14.4,20.3,20.6,22.5,22.6, 
23.7,23.9,27.1,27.7,28.9,29.0 
29.2,29.8,30.3,31.9,36.6,38.8, 
39.2 

14.1,14.2,20.7,21.0,22.7,27.7, 
29.3,29.8,31.9,37.0,39.3 

14.1,20.5,22.6,27.6,29.2,29.8, 
31.9,36.5,38.7 

14.1,22.7,29.4,29.5,29.6,29.7, 
31.8,32.0 

14.1,22.7,27.7,29.5,29.7,29.8, 
29.9,30.6 

14.1,14.2,20.8,22.7,27.7,29.3, 
29.8,31.9,37.0,39.3 

14.1,14.5,20.4,22.9,27.1,28.0, 
28.2,28.8,30.2,32.0,36.8,39.2 

14.1,22.6,27.4,32.0,37.0 

14.0,20.5,22.3,22.4,22.5, 
22.7,26.8,27.2,32.0,32.4, 
36.4,36.5,36.6 

14.1,22.4,22.7,27.8,29.4, 
29.6,29.7,29.8,31.9,38.5 

14.1,22.0,22.6,27.6,29.5, 
29.6,29.7,29.9,30.0,31.9, 
34.3,38.0 

127.7,128.3,140.1,140.3 

126.9,127.3,129.2,129.6,130.0, 
130.4,138.1,139.3,139.7,140.9, 
141.0,141.1 

127.5,127.6,143.4,143.6 

127.0,127.2,129.3,129.8,139.3, 
140.5,140.7,141.5,142.5,143.8 

127.5,127.6,141.3,143.6 

127.0,127.2,129.21129.7,139.6, 
140.7,142.6,143.8 

125.4,125.8,126.0,128.4,142.1, 
144.3 

123.7,124.1,125.7,126.5,128.3, 
139.5,140.5,142.1,144.4,144.8, 
147.3 
124.9,125.1,127.3,128.0,143.9, 
146.4 

124.2,128.0,128.6,138.2,142.2, 
149.1 

126.9,127.7,141.4,145.2 

126.3,126.8,126.9,129.2,129.4, 
130.2,139.8,140.2,140.4,140.9, 
143.9,145.1 

126.1,127.4,143.7,145.9 

126.0,126.4,126.8,127.1,128.0, 
129.7,140.2,141.5,142.6,143.4, 
144.8,145.2 

127.5,128.8,135.0,143.3 

126.9,129.6,131.3,133.6,140.8 
143.9 

125.7A 29.5,129.8,133.5,136.2, 
140.2 

128.8,131.0,133.0,137.9,138.1, 
138.2 

125.0,129.0,129.4,133.6,136.0, 
143.9 

125.5,128.3,129.7,131.5,133.0, 
137.5,138.8,141.0,142.6,143.0 

124.9,129.0,129.4,133.6,136.0, 
143.9 

124.9,128.3,128.7,131.5,132.0, 
133.1,137.6,138.8,138.9,141.0, 
142.5,143.5 

124.3,128.4,129.5,133.7,136.2, 
145.6 

124.0,128.0,128.4,130.6,132.0, 
133.0,133.1,138.7,139.0,143.8, 
144.0 

iContinued) 
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TABLE 5 (Continued} 

R.A. GREY AND A.F. CHAN 

Long chain Short chain 

Compound b R CHR C H 2 R  CH2CH 3 CH 3 Other aliphatic carbons Aromatic carbons 

4-CllPX 39.8 21.2,19.5 

4-CllPXS 39.5 20.0,18.9 

4-C11MX-1,3,5 45.8 21.4 

4-C11MXS-1,3,5 45.3 23.7 

4-CllMX-1,2,4 39.5 20.9,19.9 

4-CllMXS-1,2,4 39.6 20.9,19.9, 
19.5,19.6 

14.1,14.4,20.7,22.7,27.6, 
29.3,29.9,31.9,36.9,39.2 
14.1,14.3,20.6,22.4,27.4, 
29.3,32.0,36.7,38.8 
14.1,14.2,20.9,22.7,27.8, 
29.4,29.9,32.0,37.1,39.4 
14.0,14.1,20.6,22.6,27.6, 
29.2,29.7,31.9,36.7,39.0 
14.0,14.1,20.7,22.7,27.6, 
29.3,30.0,31.9,36.9,39.3 
14.0,14.1,20.5,22.6,27.6, 
29.3,29.8,31.8,36.9,38.9 

125.9,126.4,129.8,132.9,135.2, 
144.6 

128.6,129.3,133.0,133.6,137.8, 
147.3 
125.5,127.4,137.4,144.3 

129.4,137.1,138.1,147.7 

125.6,126.8,130.8,134.3,135.8, 
141.7 

124.8,132.8,133.2,138.9,139.1, 
141.9 

/Measured in ppm downfield from TMS (6). Deuterated chloroform was used as a lock signal with a triplet located at 77.6, 77.0, 76.4 
bppm. 
See Appendix 1 for the structures of the alkylbenzenes corresponding to the shorthand notation. The letter S denotes the 
corresponding sulfonate derivatives. 

4-CzzHz3 4"Cz zHz~;O3Na 

CzH, CzHs 

3-sul[onate isomer 2-s-lfonate isomer 

(87%) (13%) 
Scheme 9 

CH 3 

4-CzzHz3 
CH s~'~'~. . ~ S O s N  a 4-CssHz3 ~ CH3 4"C**Hn 

CH3 "/~ ~C SO3Na 
S03Na CH 3 CH 3 

Scheme 10 

of the benzylic carbons in alkyl groups which are me ta  
to the sulfonate have significantly smaller chemical 
shift  differences of 0.3 p p m  or less. 

In the hydrocarbon spect rum in Figure 2a the reso- 
nances  at  45.5 and 28.5 p p m  are a t t r i bu ted  to the 
benzylic carbons of the undecyl and ethyl  groups, re- 
spectively. In the sulfonate spec t rum in Figure 2b, the 
resonances at  39.2 and 25.4 ppm, which were not  pre- 
sent in the hydrocarbon spectrum, are assigned to the 
isomers with sulfonate groups ortho to the undecyl 
and ethyl  groups,  respectively. Therefore, in this ex- 
ample, the pair of resonances at  45.2 and 25.4 p p m  are 
a t t r ibuted  to the major  3-sulfonate isomers and the 
pair  of resonance at 39.2 and 28.0 p p m  represent  the 
minor 2-sulfonate isomers. In tegra t ion  of these lines 
gives the relative amount  of the sulfonate isomers, as 
can be seen in Scheme 9. 

In  every case the reasoning used to determine the 
sulfonate isomer distr ibution was based on the assump- 
tion tha t  compared to the corresponding unsulfonated 
alkylbenzene, the relatively large shifts of the benzylic 
carbon in the alkyl groups are due to their ortho orien- 

tat ion to the large sulfonate group. Table 5 summa- 
rizes the 13C NMR data  for the alkylbenzene sulfonates 
and their hydrocarbon precursors discussed in this pa- 
per. 

As additional confirmation tha t  the correlation be- 
tween the 13C NMR chemical shifts  and the ortho ori- 
entat ion of the sulfonate and alkyl groups is valid, 1H 
NMR spectra  were used to confirm s t ructures  when- 
ever  single sul fonate  i somers  were formed.  For  the 
three xylene sulfonates shown in Scheme 10, the aro- 
mat ic  protons  did not  show measurable  coupling con- 
s tants ,  consis tent  with their para  orientation. Any other 
sulfonate isomer would have given larger coupling con- 
s tan t s  of 3-6 Hz consis tent  with me ta  or ortho orienta- 
t ions of the protons.  

The sulfonate  i somer  of the above or tho-xylene 
der ivat ive,  bu t  with the sulfonate  or tho  to the 4- 
methyl  group (thus giving the protons on the ring a 
me ta  orientation), gave a coupling cons tant  of 3 Hz for 
the meta  protons in the zH NMR. 

Since the accuracy of the N M R  method for deter- 
mining the sulfonate isomer distr ibution is only accu- 
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ra te  to wi th in  approx ima te ly  +_ 5%, the H P L C  method  
was used  to quan t i fy  the  resul ts .  The H P L C  and  N M R  
m e t h o d s  were in close a g r e e m e n t  in  eve ry  case.  I n  
addit ion,  the H P L C  method  was more accura te  in de- 
t e r m i n i n g  minor  a m o u n t s  of su l fonate  isomers.  
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