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Kinetic Studies of the Sulfonation of 2-terz-Butylphenol with

Chlorosulfonic Acid
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The sulfonation of 2-tert-butylphenol with chloro-
sulfonic acid in dichloromethane at —30°C has
been studied. A total of 13 acids have been identified
in the reaction mixture. They are derivatives of
phenol, 2-tert-butylphenol, 4-tert-butylphenol and
2,4-di-tert-butylphenol. First-order rate constants
have been obtained for most of the reactions and a
two-phase reaction mechanism is discussed with
respect to direct sulfonation, sulfate ester rearrange-
ment and ipso sulfonation.

In ion pair extraction, sulfonic acids represent a
most important source of anions. In a previous
paper ! it was reported that arylsulfonic acids with
an ortho hydroxy group are readily extracted into
an organic layer as ion pairs with different amines.
We have also established principles for the estima-
tion of extraction constants for different combina-
tions of acids, amines and solvents. This has enabled
us to separate sulfonic acids even from very com-
plicated mixtures. HPLC methods using ion pair
technique for the quantitative analysis of such
mixtures have also been developed.? These have
been used.to investigate the kinetics of the sulfona-
tion of some simple phenols. The very complicated
reaction which occurs in the sulfonation of 2-tert-
butylphenol, Scheme 1, has been a challenge to test
the possibility of this analytical method more
comprehensively. The numerical integration method
suggested by Wideqvist 3> will furthermore enable
us to investigate the kinetics of as many as possible
of the reactions involved. Such an investigation
should be a powerful tool to reveal the mechanism
of the sulfonation of phenols.
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RESULTS AND DISCUSSION

In the sulfonation of 2-tert-butylphenol it has
been possible to identify the 13 acids which are
formed in yields > ~0.1 % and also to follow their
concentrations analytically. The sulfonation has
been made with about 1 mol equivalent of chlorosul-
fonic acid and hence the products are sulfonic acids
and not sulfonyl chlorides. The isolated acids are
derivatives of 4 different phenols; phenol, 2-tert-
butylphenol, 4-tert-butylphenol and 2,4-di-tert-
butylpheno!. The sum of the concentrations of these
acids at different times is given in Table 1. The errors
involved in the measurements are those expected in
analytical HPLC which means a relative standard
deviation of about 1-2 9 for the major com-
ponents of the mixture and somewhat higher for
the minor ones. The total yield is very high and
slowly increases with time up to 99 %. A plot of the
total yield against time indicates that this increase
is about 0.1 mmol/l h™!. This is probably due to
slow formation of the acids from the small quanti-
ties of unreacted phenols present (cf. Ref. 5, Table
la). The predominant phenol present from the
beginning of the kinetic measurements onwards is
4-tert-butylphenol. The sulfonation of this phenol
seems to be uncomplicated, giving predominantly
the acids H and I. It is therefore assumed that the
increase in total yield observed is due to a slow
formation of H or I. This is denoted as I'y in Table 8
and Hy in Table 9.

The course of the sulfonation of 2-tert-butyl-
phenol can be divided into two different phases.
During the first rapid phase we have a fast attack
on the phenolic hydroxy group together with
migrations, eliminations and redistributions of the
tert-butyl group with the formation of the aryl
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Scheme 1. R =tert-butyl.

hydrogen sulfates A, F, H and K (Scheme 1). At the
same time there are also some ring sulfonations
forming the sulfonic acids B, C, I, G, L and M.

During the second phase, which can be followed
kinetically, the aryl hydrogen sulfates are converted
by first-order reactions to hydroxyarylsulfonic
acids.> During these conversions of the esters, the
tert-butyl group in a position ortho to the ester
group is partially eliminated or moved to the para
position. Some sulfonations also occur with the
formation of the arylsulfonic acid hydrogen sulfates
D and J and the hydroxy aryldisulfonic acid E.
In the case of D there also appears to be two phases.
During the first phase which lasts for less than 1 h
there is a fairly rapid increase in D. This is then
followed by a second phase during which the con-
centration of D is decreased at a first-order rate. The
same behaviour is also seen to a lesser extent with
K and J.

A data set like that in Table 1 does not per se
contain sufficient data to evaluate rate constants
for the different rate-determining reactions involved.
If we, however, have additional information about
the behaviour of analogous compounds in less
complicated systems, the situation is considerably

improved. In the present case we have good informa-
tion, from related reactions, about the steps by
which most of the compounds are formed. We have,
e.g., shown that an aryl hydrogen sulfate such as F
should be converted to a sulfonic acid G by a first-
order process.®* We can, therefore, use the data in
Table 1 to test the hypothesis that G is formed from
F by such a process. If the data are in agreement
with this interpretation the concentrations of F and
G thus explained can be subtracted from the original
data set and the new data set obtained can be used
to test another hypothesis etc. In such a procedure
it is inevitable that the reduced data set is not as
certain as the first one and that the results become
less conclusive the deeper we “dig”. The situation
is improved by the fact that we have the possibility
of “digging” from several different points. In the
present case it has been possible to calculate first-
order rate constants for most of the reactions given
as arrows in Scheme 1. The fact that a self con-
sistent set of reaction rate constants can be obtained
for this complex reaction scheme is a good indica-
tion that it may be correct in most details.

For the reactions H to I and F to G separate
measurements might have been possible. The value
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Table 1. HPLC measurements from the sulfonation of 2-tert-butylphenol with chlorosulfonic acid.

Time/h
0.25
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of such experiments as an additional proof seems,
however, to be low compared with the extra work
involved since we can expect that medium effects
will obscure the results.

The 24-di-tert-butylphenol system

This system which is the easiest to resolve con-
tains two compounds F and G. From Table 2 we
can see that the decrease in the concentration of F
is first order in F with the rate constant ky=0.0866
h~!. The formation of G is first order in F with the
rate constant kp=0.0498 h~!. F is therefore also
converted to another product, probably through
loss of a 2-tert-butyl group. The 4-tert-butyl group
is not removed as demonstrated in a separate ex-
periment. The product formed is probably H or I.
The rate for this process is first order in F with the
constant 0.0368 h~!. It will be discussed in connec-
tion with the 4-tert-butylphenol system.

The 2-tert-butylphenol system

The concentration of A is decreased by a reaction,
first order in A, with a velocity constant k,=0.240
h~! (Table 3). The sum of the concentrations of
B+ C+D+E increases at a rate, first order in A,
with a constant k 4. c,=0.156 h~* (Table 4). There-
fore, first-order reactions with a total constant of
0.084 remain giving products belonging to the
phenol and 4-tert-butylphenol system. It seems
reasonable to assume that the proportion going to
each of these systems is equal to the proportion at
which each system is formed in the rapid initial
step, viz. 1:2 (Table 1). It will also be seen that this
is a stoichiometric demand. We thus have a reaction,
first order in A4, with a constant k,;=00272 h™!
leading to the phenol system and one with a constant
ky=0.0568 h~! leading to the 4-tert-butylphenol
system.

The concentration of C decreases somewhat at
the beginning. This corresponds in time and magni-
tude to a rapid increase in the concentration of D.
It therefore seems logical to assume that D is formed
from C. From 1 h onwards the concentration of D
is decreasing at a rate, first order in D, with the
constant kp,=0.0562 h~! (Table 3). The logical
reaction product of D is E. This rate is not sufficient
to explain the increase in concentration of E with
time. If the portion of E coming from D is named
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Table 2. Kinetic studies within the 2,4-di-tert-butylphenol system.”

t
Time/h F/mM { Fdt/mMh F_, /mM G/mM Geoe/mM I pear/mMM
0.25
0.25 332 0 329 1.70 1.69 0
0.5 3.18 1.54 3.16 1.76 1.76 0.06
1.0 3.15 312 3.02 1.84 1.84 0.11
15 292 4.64 2.89 1.77 1.92 0.17
20 2.76 6.05 277 202 1.99 0.22
30 2.56 871 254 2.18 212 0.32
50 2.18 13.44 213 228 2.36 0.49
70 1.57 17.16 1.81 275 2.54 0.63
120 1.22 24.10 121 283 2.89 0.89
250 043 3395 0.36 334 338 1.25
Reaction Rate const./h™? Standard Intercept/mM Standard
deviation/h ! error of
estimate/mM
Decomposition
of F kp =0.0866 0.0032 329 0.105
Formation of
G from F kpg=0.0498 0.0030 1.69 0.10
Formation of
I from F kg =0.0368

t 1 t
“Fose=329—kp | Fdt: Gye=169+kpg | Fdt; Ipue=kpy | Fdt; ky=kp—kg.
0.25

0.25 0.25

Table 3. Kinetic studies within the 2-tert-butylphenol system.”

t t
Timeh  A/mM { Adt/mMh A,/mM  D/mM { Ddt/mMh D /mM  Ep,/mM
0.25 0.25

0.25 18.5 0 183 1.57 0 - 0

05 16.8 441 17.2 3.07 0.55 - 0.04

1.0 154 1245 153 375 2.25 3.64 0.13

1.5 137 19.72 135 372 4.12 353 0.23

20 11.7 26.06 120 352 593 343 033

30 9.5 36.62 9.5 i 924 325 0.52

50 6.2 5209 5.8 290 1525 291 0.86

70 331 61.30 3.56 2.31 20.44 2,62 1.15
120 1.03 71.06 1.22 1.89 3090 2.03 1.74
250 - 76.24 - 1.15 50.26 094 2.82
Reaction Rate const,/h~! Standard Intercept/mM Standard

deviation/h ~* error of
estimate/mM

Decomposition
of A k, =0.240 0.0034 18.25 0.287
Decomposition
of D kp =0.0562 0.0045 3.77 0.196

t t 1
“ Aoe=1825+k, | Adt; Doye=37T+kp [ DAt; Epue=kp | Ddr.
0.25 0.25 0.25
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Table 4. Kinetic studies within the 2-tert-butylphenol system.”
t
Time | Adt B+C+D+E (B+C+D+E),, Ep, C+D C+D,. B+E B+E,
/h 0.25 /mM /mM /mM  /mM /mM /mM /mM
/mMh

0.25 0 212 214 0 99 9.7 114 11.7

0.5 441 223 221 0.04 10.2 10.1 12.1 12.0

10 1245 232 234 0.13 10.7 10.7 12.6 12.7

L5 1972 248 24.5 0.23 114 11.2 135 133

20  26.06 25.6 25.5 0.33 11.9 11.6 13.6 13.8

30  36.62 27.1 27.1 0.52 119 12.3 152 14.8

50 5209 289 29.5 0.86 125 133 16.4 16.3

70 61.30 309 31.0 1.15 133 13.8 17.6 171
120  71.06 329 325 1.74 143 14.1 18.6 18.4
250 76.24 333 333 2.82 143 144 19.1 19.9
Reation Rate const./h ™! Standard Intercept/mM Standard

deviation/h ™! error of
estimate/mM
Formation of
Band C from A ka+cy=0.156 0.0038 214 0.315
Formation of
Cfrom A ko =0.0858 0.0059 9.72 0.495
Formation of
Bfrom A k5=0.0706 0.0048 11.69 0.402
t t
*(B+C+D+E)y=214+k 4p+c) | Adt; Epg obtained from Table 3; (C+D)uc=9.72+k,c | Adt—Ep:
0.25

t
(B+E)e=117+k,p | Adt+Ep.
0.25

E, the sum of the concentrations of C+ D + Ej, will
represent the total concentrations of products
coming from the reaction 4 to C. We can see that
the increase in this sum is first order in 4 with the
constant k,.=0.0858 h~! (Table 4). By analogy we
can conclude that the rest of E comes from B
probably via a rapidly decomposing ester. The sum
of the concentrations of B+E—E, should thus
represent the total concentrations of products
coming from the reaction A4 to B. The increase in this
sum is first order in A with the constant k ,5=0.0706
h™*. Asexpected k 5+ k4 is equal to kg ¢, This,
together with the good agreement between found and
calculated values in Table 4, indicates that this part
of the reaction scheme is correct. The rate constants
for the reactions B to E and C to D cannot be
calculated since the reactions are sulfonations and
the rate expressions will therefore contain the con-
centration of a sulfonating agent which is unknown.

Acta Chem. Scand. B 34 (1980) No. 7

0.25

The phenol system

As mentioned above a compound belonging to
this system is formed from A with a rate constant
k,=00272 h~! (Table 5). Several mechanistic
models for this can be discussed. The first is that L
is formed directly from A. This might be by an
ipso* attack or by some other mechanism. The
quantity of L formed in this way is not sufficient to
explain the increase of [L] with time. L must,
therefore, also be formed from K. In Table 5 this
possibility is tested. From the difference between
the found rate constants kx=0.0267 h™! for the
disappearance of K and kg,=0.0142 h™! for the
formation of M from K, we can calculate the rate
constant kg, for the formation of L from K to be
0.0125 h~!. The found and calculated concentra-

* Sulfodealkylation and alkyl rearrangement are
known from the sulfonation of tert-butyl substituted
benzenes.®
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Table 5. Kinetic studies within the phenol system. Reaction path 4 to L and K to L+ M.*

t
Time/h K/mM { Kdt/mMh K, /mM M/mM M, /mM L/mM L y./mM
0.25
025 155 0 - 0.36 0.22 0.58 0.25
0.5 16.0 39 - 0.33 0.27 0.68 0.42
1.0 169 12.2 16.9 0.36 0.39 0.82 0.74
1.5 16.6 20.5 16.6 0.45 0.51 1.04 1.04
20 164 28.8 16.4 0.55 0.62 1.23 1.32
30 153 446 159 0.78 0.85 1.56 1.80
5.0 15.7 75.6 15.2 1.27 1.29 223 2.61
7.0 144 105.7 144 1.75 1.72 3.15 323
120 129 1739 12.5 2.70 2.69 437 435
250 8.6 311.8 8.8 4.66 4.65 6.3 6.2
Reaction Rate const./h ™! Standard Intercept/mM Standard
deviation/h ™! error of
estimate/mM
Decomposition
of K kx =0.0267 0.0015 17.2 0.401
Formation of
M from K kg = 0.0142 0.0002 0.22 0.071
Formation of
L from K kg, =0.0125 0.25
Formation of
L from A k4 =0.0272

t t t
*Keue=172—kg | Kdt; Ly =025+kg, | Kdt+ky [ Adt.

0.25 0.25

tions for the three components K, L and M agree
very well apart from the two first values for K since
K is formed in some unknown way at the start of
the second slow phase.

The second model is that L and M are formed
from K which is to some extent formed from A with
the rate constant k,x=0.0272 h™!. This contribu-

t
tion is called K, and is equal to k,x | Adt. If the
0.25
concentrations of K—K, and L are then plotted

t
against | Kdr we obtain kg=0.0296 h~' and

0.25
k. =0.0189 h™!, respectively, (Table 6). The fit be-
tween found and calculated concentrations for the
three components K, L and M is not as good as in
the previous example. Furthermore, the difference
between kg + kg, =00331 and the found kg is
rather high which also is an indication against this
mechanism.

A third model might be a conversion of A
directly to L and M. The only difference between

0.25

this model and model 1 is the ortho/para ratio. We
have made calculations with a ratio of 1:1 which is
rather common under the present conditions.?* In
Table 7 we can see that the agreement between
found and calculated concentrations is almost as
good as in model 1.

Finally there might be a model where 4 gives
phenol and a sulfonating agent which is in equilib-
rium with K. From the mechanism given in a
previous paper> this mechanism is kinetically
almost equivalent to that in which A4 is converted
to K. None of the discussed mechanisms can explain
the slight increase in K at the beginning. A further
discussion of the three mechanistic models will be
given below.

The 4-tert-butylphenol system

As mentioned previously this system has a con-
tribution from both 4 and F. The slight increase

Acta Chem. Scand. B 34 (1980) No. 7



Sulfonation of 2-tert-Butylphenol 473

Table 6. Kinetic studies within the phenol system. Reaction path A to K to L+ M.*

t
Time/h K/mM j' Kdt/mMh K ,,/mM K, /mM L/mM L ,,./mM
0.25
0.25 15.5 0 0 - 0.58 0.72
0.5 16.0 39 0.12 - 0.68 0.80
1.0 16.9 12.2 0.34 16.3 0.82 095
15 16.6 20.5 0.53 16.2 1.04 1.11
20 16.4 288 0.71 16.2 1.23 1.27
3.0 15.3 44.6 099 16.0 1.56 1.57
50 15.7 75.6 1.41 15.5 2.23 2.15
7.0 14.4 105.7 1.66 149 3.15 2.72
120 129 1739 193 13.1 4.37 40
250 8.6 311.8 207 9.2 6.3 6.6
Reaction Rate const./h~! Standard Intercept/mM Standard
deviation/h ™! error of
estimate/mM
Decomposition
of K kx =0.0296 0.0019 16.3 0.509
Formation
of L from K kg, = 0.0189 0.0008 0.72: 0.248
Formation
of M from K kg = 0.0142 0.0002 022 0.071

t 1 t
Koo =kar | Adt; Koe=163+K,—kx | Kdt: Lyo=0.72+kg, | Kdt.
0.25 0.25 0.25

Table 7. Kinetic studies within the phenol system. Reaction path Kto L+ M and Ato L+ N*

t
Time J. Kdt LAcalc L—- LAcalc LKcalc Lcalc L M Acalc M-M Acalc M Kcalc M calc M
/h 0.25 h /mM  /mM /mM  /mM /mM /mM  /mM /mM  /mM  /mM

/mM
0.25 0 0 0.58 0.50 0.50 058 0 0.36 —-001 -001 036
0.5 39 0.06 0.62 0.56 0.62 0.68 0.06 0.27 0.03 009 033
10 122 017 0.65 0.69 0.86 082 0.17 0.19 0.12 029 0.36
1.5 205 027 0.77 0.81 1.08 1.04 027 0.18 0.21 048 045
20 288 036 0.87 0.94 1.30 123 036 0.19 0.30 0.66 0.55
30 446 050 1.06 1.19 1.69 1.56 0.50 0.28 047 097 0.78
50 756 071 1.52 1.67 238 223 071 0.56 0.81 .52 1.27
70 1057 0.83 232 213 296 315 083 0.97 1.14 197 1.75
120 1739 097 3.40 3.19 416 437 097 1.73 1.88 285 270
250 3118 104 52 532 6.4 63 104 3.62 3.38 442 460
Reaction Rate const./h™! Standard Intercept/mM Standard
deviation/h ™! error of
estimate/mM
Formation of
L from K kg = 0.0155 0.0005 0.50 0.133
Formation of
M from K ks = 0.0109 0.0008 -0.01 0.235

t t t
a LAcnlc = EA_L I Adf: LKcalc = 050 + kKL j Kdt: Lcalc = LKcalc + LAcalc; MAclIc = ﬂ ! Adt: MKcalc == 001 +
2 0.25 0.25 2 0.25

\ .
+kepy | Kdt: Mege=Mgeqic+ M 4oqc; k 4y, is obtained from Table 5 and distributed to an ortho:para ratio of 1:1.
0.25
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Table 8. Kinetic studies within the 4-tert-butylphenol system. Reaction path H, A, F and X to I which is

partially converted to J.*
t
T'me/h I Hdt H/mM Hcalc IXcalc IHcalc IAcnlc IFcalc I+J (I + J)calc
0.25 /mM /mM /mM /mM /mM /mM /mM
/mMh

0.25 0 30.6 30.6 0 0 0 0 37 34
0.5 7.6 30.5 30.5 0.05 0.09 0.25 0.06 42 39
10 2238 30.1 303 0.1 0.27 0.70 0.11 45 4.6
1.5 379 304 30.2 0.15 045 111 0.17 5.1 53
20 529 29.5 30.0 0.2 0.63 1.47 0.22 5.4 59
30 82.6 30.0 29.6 0.3 0.98 2.06 0.32 6.7 7.1
50 1419 293 289 0.5 1.69 293 0.49 8.2 9.0
7.0 199.2 280 28.2 0.7 2.37 345 0.63 11.0 10.6

120 3354 26.5 26.6 1.2 399 40 0.89 13.7 135

250 655.3 22.8 228 2.5 7.8 429 1.25 19.6 19.2

Reaction Rate const./h ™! Standard Intercept/mM Standard

deviation/h ! error of
estimate/mM

Decomposition

of H ky =0.0119 0.0005 30.6 0.296

Formation of

I from H kg =0.0119

Formation of

I from A kg =0.0568

Formation of

I from F kg =0.0368

t
“H,e=30.6—ky | Hdt: Iy, is obtained from the increase in sulfonated products (0.1 mmol/l h™'): Iye.=

0.25

t t
kg | Hdt: Lgqe=ka [ Adt:Ipqe=Kpg [ Fdt:(I+J)ge=34"+ I yeqre+ Tncatc + L acate + I rearc: ® Obtained from least

0.25 0.25 0.25
square adaptation to found values.

in total yield observed with time is also probably
due to the formation of a compound X belonging to
this system. The assumption that X is a compound
in this system is not critical to the discussions for
the following reasons: Firstly, it is relatively small
compared to the quantities coming from A.
Secondly, if X is assumed instead to be a compound
belonging to the 2-tert-butyl system, the total
quantity of this system will be higher by the amount
X and the contribution of A to the other systems
will increase by the same amount X, etc. with
almost the same net result as if X contributed
directly to the 4-tert-butyl system.

By analogy with the phenol system two different
mechanisms for the conversion of H will be con-
sidered.

The first model is that X, 4 and F form I directly
and that this compound is also formed from H. J is
formed from I by a sulfonating agent. The kinetics
of the last process is unknown so the sum of I+J is
used in the calculations. The results are given in
Table 8. The found and calculated concentrations
agree very well and there are no systematic devia-
tions.

The second mechanism is that X, 4 and F give H
which then reacts to I and J. In this way we obtain
ky=0.0241 h™! (Table 9). The agreement between
found and calculated concentrations is not as good
with this model as with model 1. There are also
systematic deviations which indicate that the model
is incorrect.

Acta Chem. Scand. B 34 (1980) No. 7
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Table 9. Kinetic studies within the 4-tert-butylphenol system. Reaction path A. F and X to H to I which is

partially converted to J.*

t
Time/h { Hdt/mMhH ,. Hpae Hyene H-H,—Hp—Hyx H/mM H, I1+J (T4 Deaie
0.25 /mM  /mM  /mM /mM /mM  /mM  /mM

0.25 0 0 0 0 30.6 30.6 29.5 37 44

0.5 7.6 0.25 0.06 005 301 305 29.7 4.2 45

1.0 228 0.70 0.11 010 29.2 30.1 29.8 4.5 50

15 379 1.11 0.17 0.15 290 30.4 29.9 5.1 5.3

20 529 1.47 0.22 020 276 29.5 30.1 54 5.7

30 826 2.06 0.32 030 273 30.0 30.2 6.7 6.4

50 1419 293 0.49 050 254 29.3 299 8.2 79

70 1992 3.45 0.63 070 232 28.0 29.5 11.2 9.3
120 3354 4.0 0.89 120 204 26.5 275 13.7 12.7
250 655.3 43 125 250 148 22.8 21.7 19.6 20.6
Reaction Rate const./h ! Standard Intercept/mM Standard

deviation/h ™! error of
estimate/mM

Decomposition
of H ky =0.0241 0.0016 29.5 0.963
Formation
of I from H kyr = 0.0248 0.0014 44 0.864

‘ HAfalc = IAcalc in Table 8: I.II"x:alt;‘= ’Fcalc in Table 8 HXcalc = IXcalc in Table 8 Hnalc =29.5 + HAc:k: + HFcalc + HXcalc -

ky | Hdt; (I+J)e=84+kg | Hdr.

0.25 0.25

Further comparisons of the
different reaction models

In Scheme 1 we have suggested the reaction path
for all identified products and in Table 10 we have
also given the rate constants for their formation.
We will now try to utilize these constants in a
further discussion of the three reaction models.

The introduction of a tert-butyl group in the 4-
position results in a slight decrease in the rate
constant for the ortho rearrangement of a phenol
ester. This can be seen from a comparison of the
rate constants for the reaction F to G with that for
the reaction 4 to B. We might therefore expect that
the introduction of the same group into K should
also give a reduction in the rate constant for the
analogous reaction K to L. A comparison of the rate
constants for the reaction K to L and H to I
obtained with the different reaction models in-
dicates that a decrease in the constants are observed
in models 1 and 3 whereas an increase is observed
in model 2. This is thus an additional reason to ex-
clude model 2 from the discussion. Among the
reactions concerning A, we want to discuss the loss
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Table 10. Comparison of the rate constants obtained
in the three reaction models.

Rate Model Model Model
constant/h™! 1 2 3

ky 0.240 0.240 0.240
DY 0.156 0.156 0.156
K5 0.0706 0.0706 0.0706
K 0.0858 0.0858 0.0858
Ko _ 0.0563 -
Kok - 00272 -
K 0.0568 - 0.0568
Ky 0.0272 - 0.0136
Koy _ - 0.0136
kp 0.0562 0.0562 0.0562
kp 0.0866 0.0866 0.0866
krg 0.0498 0.0498 0.0498
ke - 0.0368 -
Kyy 0.0368 _ 0.0368
ky 0.0119 0.0241 0.0119
Keir 0.0119 0.0248 0.0119
kg 0.0267 0.0296 0.0267
kgL 0.0125 0.0189 0.0155
ki 0.0142 0.0142 0.0109
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of the alkyl group R and the introduction of SO;H.
These reactions may take place in two fundamentally
different ways. In the first R is lost in one step and
the SO;H group is introduced in a second. In the
other the SO;H group is introduced and R is
removed in a single concerted step. The inter-
mediate in the first case is K or phenol In a
previous paper we have demonstrated that these
two are in equilibrium.’ Kinetically this is equivalent
to a conversion of 4 to K which then gives L and
M. As mentioned above we have excluded this
possibility (model 2).

There thus remains the hypothesis where R is lost
at the same time as SO;H is introduced. Since the
reaction is first order the most plausible mechanism
is an ipso attack on the alkyl carrying carbon by the
SO;H group of the ester with a consequent loss of R.
This explanation is also supported by the findings
in our previous work 5 where an analogous direct
rearrangement of a phenol ester to sulfonic acids

has a high ortho/para ratio.According to this we
should have the formation of L from A as suggested
in model 1.

On these grounds, however, we cannot exclude
other mechanisms such as an attack in the 4-position
with the loss of R in the 2-position or by an ipso
attack in the 2-position with the loss of R and a
simultaneous transport of the SO;H group to the
4-position resulting in the formation of M from A
as suggested in model 3. This type of reaction
seems in our opinion less probable, mainly because
of the high ortho/para ratio for the intramolecular
rearrangement of the phenol ester mentioned above.

A suggested mechanism for the reac-
tion of chlorosulfonic acid with 2-
tert-butylphenol

We will now use this picture to describe what we
think happens when chlorosulfonic acid is added
to 2-tert-butylphenol at a low temperature. Chloro-
sulfonic acid is a very strong acid which like other
strong acids is capable of rearranging 2-tert-butyl-
phenol to 4-tert-butylphenol.” At the same time
some redistribution of the tert-butyl group occurs
so that phenol and 2,4-di-tert-butylphenol are also
obtained. Chlorosulfonic acid can also react with
phenols giving aryl hydrogen sulfates and hydroxy-
arylsulfonic acids. With a phenol without bulky
substituents in the ortho position the dominating

reaction is the formation of the aryl hydrogen
sulfate. This is the case with phenol and 4-tert-
butylphenol and over 90 9% of these phenols are
present as esters at the beginning of the second
phase of the reaction. In the 2-tert-butyl substituted
phenols the ester formation is hindered by the bulky
group and ring sulfonation becomes an important
side reaction. For the two phenols of this type
present in the reaction mixture the 6-sulfonic acids
are obtained in about half the quantity of the ester.
If the 4-position is free, substitution also occurs
there to about the same extent as in the 6-position.
This ortho/para ratio of the direct sulfonation of
the appropriate phenol would be expected for a
reaction in such a concentrated solution as the
present one.’

From the low initial yield of 2-hydroxybenzene-
sulfonic acid we can conclude that a sulfodealkyla-
tion does not occur to a substantial extent during
the first rapid phase of the reaction. In the same
step protodealkylation occurs to a considerable
extent in good agreement with results found by
Ris and Cerfontain.®

The slow second phase is in many respects
different from the first rapid one. The concentration
of phenols is very low and the tert-butyl group
migration is different in the two phases. In the slow
second phase it occurs to a much lesser extent and
the total concentration of di-tert-butyl compounds
decreases whereas these compounds are formed in
the first rapid step. These facts are in agreement
with the kinetic findings and indicate that phenols
are not involved in the rert-butyl migrations which
occur in the second slow step. A possible mechanism
is that the ester A is rearranged with an ipso attack
on the carbon atom carrying the 2-tert-butyl group.
This group is either eliminated to give L from A,
and I from F, or migrates to the 4-position with
the formation of I from A. As mentioned previously,
we can assume that such an ipso rearrangement
should be first order in ester which is in good
agreement with the experimental finding.

CALCULATIONS

The method of calculating velocity constants
with the numerical integration method? for a
complicated system is illustrated by the supposed
reaction model 2 given in Scheme 2.
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Scheme 2.

All reactions are assumed to be first order and all
concentrations can be followed. For the rate of
formation of K we have eqn. 1.

d[K)/dt =k 4 A] = (ke + krar) (K] M

Written in integral form this gives eqn. 2.
t t
[K1-[K,]=kux [[A]dt—(kgp+ k) [[K]dt  (2)
V] o

The integrals are readily obtained by numerical
integration, preferably by the method given in the
previous paper.® Eqn. 2 is thus a linear equation
of the “dependent” variable K —K, and the two
“independent” variables are the integrals. In
principle it is possible to calculate both k,x and
(kg +kg) together with K, directly from this
equation by means of the method of least squares.
The simultaneous determinations of two constants
and K, are, however, much less precise than the
determination of one single constant and K,
especially if the two “independent” variables are
highly correlated. In the present case we have
obtained the numerical values of k,x from other
measurements involving 4. We can now calculate

t
kx f[A]dt at all times ¢. Denoting this [K ] and
o

kg1 + kg =kx we obtain eqn. 3.
t

[K]-[K]=[K.]—kg [Kdt &)
0

In this we have a linear equation of the “dependent”
variable [K] —[K,] and the “independent” vari-

t
able ([K]dr. From this kg and K, are readily

V]
calculated by means of the method of least squares.
The determinations of kg; and kg, are readily
performed from the integrated rate eqns. 4 and 5.

M—M =k j[K]dt @
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t

L—L,=kg; | [K]dt )]
0

If the assumptions about the reaction path are
correct the experimental values for [K], [L] and
[M] should fit the equations above without signifi-
cant systematic deviations. The rate constant kg for
the disappearance of K should also be equal to the
sum kg; + ks of the rate constants for all products
formed from K.

The rate constants were calculated using the
method of least squares minimizing the “errors” of
the concentrations. The standard deviation of the
velocity constant and the standard error of estimate
given should only be interpreted as a measure of
fit to the curve and not as a measure of the “errors”
in the constants since there may also be other
errors involved.

EXPERIMENTAL

The phenols used in the sulfonation reactions
were purified by distillation. The purity was found
to be better than 99 % in GLC analysis on a 3 9,
OV 17 column. The chlorosulfonic acid was purified
by distillation under reduced pressure and the
dichloromethane was dried over molecular sieves.
The methods for the HPLC analysis are briefly
described in Ref. 2a and will be published in detail. >
In addition to the published method a mobile phase
with three different mixtures of methanol and water
viz. 55:45, 35:65 and 10:90, respectively, was used
in this case. The reference compounds 4—M in
these measurements were tested for water content
by the Karl Fischer method and the absence of
sulfate and chloride ions was established by precip-
itation tests with BaCl, and AgNO,.

NMR measurements. The structures were estab-
lished by 'H and !3C NMR analysis using a Varian
CFT 20 instrument at 79.54 MHz for 'H and 20
MHz for the 3C measurements. D,0O was used as
solvent and 3-trimethylsilyltetradeuteriopropionate
and dioxane, respectivelg', as internal standards.
The assignments in the !3C spectra were based on
comparisons with calculated shift values,® together
with the fact that carbon atoms carrying a
substituent give peaks with strongly reduced in-
tensities. The found and calculated values coincided
and had a standard deviation of 1.60 ppm. The
chemical shift factors for the —OSO7 group are
given in Ref. 2a. NMR data are given in Tables 11
and 12.

Sulfonation of 2-tert-butylphenol with chloro-
sulfonic acid. A 250 ml three-necked flask was dried
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Table 11. 'H NMR data of compounds 4 — M.

Compound Chemical shift. &

A 7.65—7.17 (4 H. m). 1.39 (9 H. s).

B 7.59—-7.42 (2 H. m). 6.94 (1 H. dd. J. 7.7 and 0.2 Hz). 1.39 (9 H. s).

C 7.73(1 H.d. J 23 Hz). 7.53 (1 H. dd. J 8.3 and 2.4 Hz). 6.91 (1H. d. J 8.3 Hz). 1.39
(9 H.5s).

D 7.84 (1 H. m). 7.67 (2 H. m). 1.42 (9 H. s).

E 796 (1 H.d. J 2.3 Hz). 7.85(1 H. d. J 2.3 Hz). 1.42 (1 H. s).

F 7.51 (1 H. d. J 2.5 Hz). 7.44—7.29 (2 H. m). 1.31 (9 H. s). 1.17 (9 H. s).

G 7.60—7.51 (2 H. m). 1.38 (9 H. s). 1.27 (9 H. s).

H 752(2H.d. J9Hz).724(2H.d. J9.1). 1.30 (9 H. s).

1 7.72(1H.d. J2.5).7.53(1 H.dd. J 8.6 and 2.5). 6.95 (1 H.d. J 8.4). 1.29 (9 H. 5).

J 791 (1 H. m). 7.64 (2 H. m). 1.32 (9 H. m).

K 7.39 (5 H. m).

L 7.49—6.85 (4 H. m).

M 7.70 2 H. d. J 89). 696 (2 H. d. J 8.9).

Table 12. 13C NMR data of compounds 4 — M®.

Compound Chemical shift. §
C-1 C-2 C-3 C-4 C-5 C-6 C-a C-CH,4
A 150.8 141.0 (127.8) (125.5) (127.6) 120.2 35.2 30.7
B 128.3 152.7 139.2 1312 120.3 125.8 354 29.7
C 134.5 (125.2) 137.6 158.2 117.1 (125.4) 349 29.4
D 153.6 1422 (125.3) 1394 (125.6) 120.5 351 299
E 1282 155.5 140.5 1282 134.1 1234 356 29.3
352 31.8
F (147.9) 140.4 1246 (149.5) 124.6 120.2 349 306
35.6 312
G 127.6 150.3 139.0 . 128.4 1433 122.0 346 296
H (149.5) 121.6 1272 (150.0) 127.2 121.6 34.5 313
I 1275 151.0 1175 1312 144.1 124.6 341 311
J 146.8 1334 1259 1489 130.3 1204 346 31.1
K 151.8 122.1 1304 1269 1304 122.1
L 1283 1535 1171 134.1 120.8 128.3
M 135.2 1283 116.2 159.0 116.2 128.3

“ Similar values in parentheses may be interchanged.

at 120 °C overnight and then filled with argon whilst
cooling. Then 16.5 g (0.11 mol) of 2-tert-butylphenol
was added. dissolved in 83.5 ml dried dichloro-
methane and cooled below — 35 °C during magnetic
stirring. Next. 14.2 g (0.121 mot) of chlorosulfonic
acid. dissolved in 10 ml dried dichloromethane in
a dropping funnel. was added at such a rate that
the temperature never exceeded —35°C. After

about 10 min when the addition was completed.
the reaction flask was placed in a cryostat at —30 °C.
The volume of the mixture at this temperature was
determined to be 110 ml in a separate experiment.
As soon as the mixture had reached — 30 °C (after
about 5 min) a 10 ml sample was taken out with a
cooled pipette and immediately poured into an ice-
cooled solution of 19 m! 1 M KOH and 15 ml!

Acta Chem. Scand. B 34 (1980) No. 7



water. The pH was adjusted to 6.5 within less than
1 min. The organic layer was separated and the
aqueous layer extracted with 2 x 25 ml dichloro-
methane. The combined organic layers were washed
with a 5 ml portion of water to compensate for
incomplete separation The combined aqueous
layers were adjusted to pH 7, diluted to 100 ml in a
volumetric flask and kept in a refrigerator overnight
until HPLC analysis was performed. Nine other
10 ml samples were taken out at different times
and treated in the same way (Table 1).

The organic layers were analyzed by GLC and
found to contain phenol, 2-tert-butylphenol, 4-tert-
butylphenol and 2,4-di-tert-butylphenol. The total
amount of phenols in each sample varied between
2.1 and 6.3 mg (about 0.1 —0.4 per cent of the total
quantity taken). The main product was 4-tert-
butylphenol but the deviation in the measured con-
centrations was too large to make it possible to
draw any conclusions about the variations in con-
centration for each phenol.

Sulfonation of 2,4-di-tert-butylphenol with chloro-
sulfonic acid. 2,4-Di-tert-butylphenol, 10.3 g (0.05
mol) was sulfonated with 6.3 g (0.054 mol) chloro-
sulfonic acid in a procedure similar to that of 2-tert-
butylphenol. After 2 h at —30 °C the temperature
was allowed to rise to room temperature over 4 h
A sample of the reaction mixture was worked up
according to the method described and analyzed
by HPLC. The main products were sulfonic acid I,
49 %, and G, 42 9. Products such as C and M, which
could have been formed by a loss of the 4-tert-
butyl group and sulfonation at the same position,
were formed in amounts of less than 0.2 %

Preparation of the reference compounds B, C, 1

and E. The appropriate tert-butylphenol, 15 g (0.1
mol) was dissolved in 100 ml dichloromethane and
added dropwise during magnetic stirring at —20°C.
The mixture was allowed to stand for about 2 h
while the temperature rose to room temperature.
Fifty ml of ice-water was then added with magnetic,
stirring and the organic layer was separated. Next
the sulfonic acid with an ortho-hydroxy group was
extracted from the acid water layer as an ion pair
with an appropriate aminium ion. The choice of
amine and solvent was made in accordance with the
principles given in Ref 1. In this case N,N-
dimethylaniline and dichloromethane were used.
A 0.5 M solution of potassium hydroxide was added
to the organic layer until pH 6.5 was reached. The
organic layer was separated and the aqueous layer
was washed twice with dichloromethane in order to
extract the liberated amine. The aqueous layer was
then evaporated under reduced pressure and the
residue was crystallized from methanol or ethanol
until no sulfate or chloride ions could be detected.
The yield of I was 82 9. The yield of B was con-
siderably lower because of several side reactions.
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The sulfonic acid with a para-hydroxy group and
the disulfonic acid E were left in the primary acid
water layer. These acids were extracted with di-
chloromethane in the form of ion pairs with tri-
propylamine. The organic layer was neutralized to
pH 9.2 with 0.5 potassium hydroxide solution and
the work-up procedure was analogous to I. C and
E were separated by recrystallization from ethanol.

Preparation of the compounds L and M. These
substances were prepared by the same procedure
as above. The work-up procedure for M was, how-
ever, performed in a different way. After the ortho-
sulfonic acid Lhad been extracted as an ion pair, the
acid water layer contained mainly M. This acid was
too hydrophilic to be separated from the sulfuric
acid by extraction as an ion pair using conventional
methods and therefore the water layer was neu-
tralized and evaporated to dryness. The crystalline
mixture was then treated with methanol in a soxhlet
extractor in order to separate the sulfonate from the
inorganic salts. After recrystallizations from a
methanol-water mixture a pure sample of M was
obtained.

Preparation of compound G. The synthesis of this
compound was performed according to Ref. 9.

Preparation of the sulfuric acid esters A, F, H and
K. A general procedure is given in Ref. 10.

Preparation of the sulfuric acid esters J and D.
The potassium salt of sulfonic acid C or I, 29 g
(11 mmol) was dissolved in 40 ml dry pyridine.
Chlorosulfonic acid, 1.4 g (13 mmol) was added
dropwise during magnetic stirring and the tempera-
ture was kept at about 5 °C during the addition and
then raised to to 55 °C for 4 h. The reaction mixture
was then cooled and poured into 30 ml 1 M potas-
sium hydroxide. The pH was adjusted to 7.5 and
the pyridine was extracted with four 50 ml portions
of tetrachloromethane. The remaining water layer
was evaporated to dryness and treated four times
with 15 ml boiling methanol. Ethanol was then
added and the organic salts were filtered off. Cooling
and crystallization yielded 1.9 g ester.
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