J. CHEM. SOC. PERKIN TRANS. 11 1989

925

Kinetic and Equilibrium Studies of the Reactions of Some Thiolate lons with
Trinitro-aromatic Compounds: Intrinsic Reactivities

Michael R. Crampton* and J. Andrew Stevens

Department of Chemistry, Durham University, Durham, DH1 3LE

Kinetic and equilibrium data are reported for the formation of 1:1 and 1:2 adducts from 1,3,5-
trinitrobenzene (TNB) and 2,4,6-trinitrotoluene with thiolate ions derived from mercaptoacetate,
mercaptosuccinate, and glutathione. The results are used to determine intrinsic reactivities for the
thiolate ions in adduct-forming reactions at the nitro-activated aromatic ring. The values for the three
thiolate ions are all ca. 5 x 10* and are considerably higher than comparable values, calculated from
literature data, for the sulphite ion (300) and the hydroxide ion (10).

The results for the glutathione anion show that results reported previously for reaction with TNB
refer to formation of the 1:2 adduct rather than 1:1 adduct formation.

The reactions of aromatic nitro-compounds with thiol-groups
in biologically active compounds are of interest both as a means
for the chemical modification of proteins ! and as a primary step
in the inhibition of leukocyte metabolism.? The excretion of
halogenated aromatic nitro-compounds. is likely to involve
reaction with glutathione in the mammalian liver;* and it has
been shown recently # that 1,3,5-trinitrobenzene (TNB) inhibits
the action of glutathione S-transferase. The initial step in these
reactions is thought to be c-adduct formation® by thiolate
attack at an aromatic ring.

Values of equilibrium constants have been reported for the
formation of g-adducts by reaction at unsubstituted positions of
the TNB ring of ethanethiolate ions and substituted thio-
phenoxide ions (Scheme 1).°~° However there is only a single
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report in the literature of rate measurements for this type of
reaction. Thus Gan 3 found values of k, 2.9 x 10° dm® mol! s
and k_, 102 s7! for reaction with the glutathione anion in water.
We are currently interested in measuring intrinsic reactivities,
in the Marcus sense, of nucleophiles for the trinitro-activated
aromatic ring and in comparing values with those for proton
transfer reactions.!® Results have been reported!! for some
carbon and oxygen bases in methanol solvent. Here we present
data for some sulphur bases, the anions derived from
mercaptoacetic acid, mercaptosuccinic acid, and glutathione.

Results and Discussion

Kinetic and equilibrium measurements were made for the
reactions of thiolate ions with TNB and with 2,4,6-trinitro-
toluene (TNT). For reasons of solubility measurements were
usually made in a solvent consisting of water—dioxane (90:10,
v/v). However the reaction of TNB with glutathione was studied
in water—dioxane (99:1, v/v) to allow direct comparison with
previous measurements.> The thiolate anions were generated
from the parent acids by reaction with sodium hydroxide,
sufficient base being added to ionise the carboxylic acid

functions as well as the thiol group. A slight excess, ca. 0.005 mol
dm™3, of base was used to ensure complete ionisation of the
thiols. The equilibrium constant for direct reaction of TNB with
hydroxide * in water has the value 3 dm?® mol™' so that negligible
interference from this reaction was observed. The ionic strength
of the solutions was maintained at 7 = 0.25 mol dm™ with
sodium chloride.

Our results indicate the reversible formation of 1:1 and 1:2
adducts as shown in Scheme 2. Slower irreversible reactions
were also present but were not identified. All measurements
were made with [RS™] > [TNB] and [TNT] and it was found
that formation of the 1:1 adducts, (1), was considerably faster
than formation of the 1:2 adducts, (2). Under these conditions
the rate expressions relevant to the two processes are given in
equations (1) and (2).

kfas‘ = kl[RS—] + k—l (1)
k,K,[RS™]?

kslow = k~2 + . l[ ]_ (2)
1 + K,[RS7]

Reactions with TNB—The visible spectra, measured on a
recording spectrophotometer, of TNB in the presence of very
low concentrations of thiolate ions show bands at 470 nm and
550 nm (shoulder). Measurements on related systems have
shown 3-8 that these bands are attributable to the 1:1 adducts
(1). With increasing concentration of thiolate ions a band at 500
nm, attributed to the 1:2 adducts (2), grows at the expense of
these bands. Formation of the 1:1 adducts was in all cases too
fast to measure on the stopped—flow timescale, reaction being
complete within the mixing time of the apparatus. However
temperature-jump measurements could be used to monitor
this process. Equilibration of the 1:1 and 1:2 adducts fell
conveniently in the timescale for stopped—flow evaluation.

Rate data for the reaction with mercaptoacetate ions are
given in Table 1. A linear plot according to equation (1) gave
values for k, 1.4 x 10° dm> mol' s™! and k_, 5 500 s}, leading
to K, (=k,/k_,) 250 dm® mol!. The best fit of the data for kg,
to equation (2) gave values for k, 3 300 dm® mol-! s™!, k_, 8 57!
and K; 220 dm® mol™. It was also possible to independently
determine values for K, and K, using the absorbance values
determined by stopped—flow spectrophotometry at completion
of the fast and slow reactions respectively. The data, available as
supplementary information, lead to values for K; 240 dm® mol™!
and K, 500 dm® mol! in good agreement with those obtained
from the kinetic data.
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Table 1. Rate data for the reaction of TNB with mercaptoacetate ions in
water—dioxane (90: 10, v/v) at 25 °C and with I = 0.25 mol dm™3. 160}
103[Mercaptoacetate] k&, /st kbou/s Kare 130
1.0 6900 8 8
20 8 100 11 10 120
30 9 700 — -
4.0 11 000 16 14
6.0 2 19 10
8.0 26 25 T
10 31 31 w 100
12 37 36 e
o
¢ Measured by T—jump spectrophotometry at 470 nm. ® Measured 3‘7’ 90
by stopped—flow spectrophotometry at S00 nm as a colour-forming
reaction. ¢ Calculated from equation (2) using k, 3 300 dm? mol! 57!, 80
k_, 8 s7! and K, 220 dm3 mol™!.
70
Table 2. Rate data for the reaction of TNB with mercaptosuccinate ions
in water—dioxane (90: 10, v/v) at 25 °C and with / = 0.25 mol dm™. 60
103[Mercaptosuccinate] k. /s kBow/s™ Kt 50 - 1 1 )
30 34000 0-005 0-010 0:015 0-020
8.0 34 33 [Glutathione] / mol dm™>
9.0 41 000 . . . . . .
12 34 34 Figure 1. Variation with concentration of. gluta%hlone anion of vglues of
15 49 000 kgow for the 1:2 adduct forming reaction with TNB. Experimental
20 52 000 35 35 points are marked ( x ); the full line is calculated from equation (2) with
30 67 000 k, 17000 dm® mol™! s, k_, 53s7!, and K, 15dm> mol™".
36 74 000
40 39 39 constants of 28 dm® mol™' * and 42 dm® mol™'.* Our results
gg 33 253; show that even at very low concentrations of glutathione (103

¢ Measured by T—jump spectrophotometry at 470 nm. ® Measured by
stopped-flow spectrophotometry at 500 nm. ¢ Calculated from equation
(2) with k, 250 dm® mol! 57!, k_, 33 57!, and K, 33 dm® mol~'.

The rate data for reaction with mercaptosuccinate ions are
given in Table 2 and lead to values for k, 1.2 x 10% dm® mol™*
st k., 3 x 10*s71, k, 250 dm® mol™! s7! and k_, 33 s7!. The
absorbance values lead to X, 33 dm?® mol™! and K, 9 dm* mol™!
and are available as supplementary data [sup. no. 56756 (5pp)]*

There have been two previous studies of the reaction of TNB
with the thiolate ion of glutathione.>* These have assumed that
only a 1:1 interaction is involved with reported equilibrium

* For details of the Supplementary publications scheme see ‘Instruc-
tions for Authors’ (1989) in the January issue.

mol dm™3) both 1:1 and 1:2 adducts are present. The visible
spectra show bands at 470 nm typical of the 1:1 adduct and at
500 nm typical of the 1:2 adduct.>~8 Absorbance values, given
as supplementary data, lead to values of K, 15 + 5 dm* mol™*
and K, 300 + 100 dm® mol!. Formation of the 1:1 adduct is
too fast to measure on the stopped—flow timescale. Data for
formation of the 1:2 adduct are shown in Figure 1 and these fit
equation (2) well with k, 17 000 dm?® mol* s, k_, 53s™! and K,
15 dm? mol . Combination of k, and k_, gives K, 320 dm?
mol!. These measurements refer to / = 0.25 mol dm™>. Gan has
previously reported rate measurements at lower (uncontrolled)
ionic strength. He used increases in absorbance at 500 nm to
obtain values of k,, in the range 100-130 s™'. Allowing for
differences in ionic strength, which will be important for
reactions of multi-charged species, these values are close to
those observed by us for 1:2 adduct formation but were
erroneously attributed to formation of the 1:1 adduct. In fact
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Figure 2. Visible spectra of TNT (6 x 10~ mol dm~) and mercapto-
acetate ions (5 x 107> mol dm~3) measured by stopped-flow spectro-
photometry; A, at completion of rapid reaction (corresponds to 1:1
adduct); and B, at completion of slow reaction (corresponds to a
mixture of 1:1 and 1:2 adducts). Spectra have been normalised to 1 cm
pathlength cells.

Table 3. Rate data for reaction of TNT with mercaptoacetate ions in
water—dioxane (90: 10, v/v) at 25 °C and with 7 = 0.25 mol dm™>.

[Mercaptoacetate] k& /10* s kb, /57! kS a1e
0.01 28+1 29
0.02 28 30
0.03 33 33
0.04 5+1
0.05 40 42
0.07 S3 56
0.08 S5+1
0.09 76 73
0.10 84 83

4 Measured by T—jump at 460 nm. ® Measured by stopped-flow as a
colour forming reaction at 430 nm. ¢ Calculated from equation (2) with
k; 5500 dm?® mol! s™!, k_, 28 57!, and K, 1.1 dm3 mol'.

Table 4. Rate data for reaction of TNT with mercaptosuccinate ions in
water—dioxane (90:10, v/v) at 25 °C.

[Mercaptosuccinate] kfowls™ ki
0.1 170 + 20 170
0.2 180 180
0.3 210 210
04 260 240
0.5 330 280

4 Measured by stopped—flow as a colour-forming process at 430 nm or
as a fading reaction at 600 nm. *Calculated from equation (2) with &,
3500dm3 mol!s, k_, 1605, and K, 0.15 dm® mol".

measurement of the rate of 1: 1 adduct formation requires the T—
jump method. We measured values of k¢, (1.3 + 0.2) x 10°s™!
and (1.5 + 0.2) x 10° s! with concentrations of giutathione
anion 0.01 mol dm~3 and 0.012 mol dm3 respectively. Using the
known value of 15 dm® mol™! for K, we obtain values for k,
(1.8 + 0.6) x 10°dm> mol! s™! and k_, (1.2 + 0.2) x 10°s7!.
The precision is relatively low because of the small conversion of
TNB to its adduct in these solutions.

The rates of equilibration of TNB with both the 1:1 and 1:2
adducts with ethyl 2-mercaptoacetate were too fast for measure-
ment with the stopped—flow method at 25 °C. Our results here
are limited to values of K, 19 dm?® mol™! and K, 20 dm? mol™!
at /= 0.1 mol dm™. Data are in Table 10 (available as
supplementary information).
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Reactions with TNT—U.v.-visible measurements indicated
qualitative similarities with the corresponding reactions of
thiolate ions with TNB. At sufficiently low thiolate concentra-
tions species with A,,,, 460 nm, 550 (shoulder), characteristic of
1:1 adducts are formed, while at higher concentrations 1:2
adducts with A, 430 nm were produced. Spectra obtained by
stopped—flow spectrophotometry with mercaptoacetate ions are
shown in Figure 2. The spectrum at completion of the fast
reaction corresponds to the 1:1 adduct while that at completion
of the slower reaction represents a mixture of 1:1 and 1:2
adducts. In the case of TNT isomeric attack involving adduct
formation at the unsubstituted or the methyl-substituted ring-
positions is possible. N.m.r. measurements were not possible
here because of solubility problems. However the 1:1 adducts
formed from TNT by attack of sulphite, cyanide, hydride,
acetonate, and dialkyl hydrogen phosphite ions all involve®
reaction at an unsubstituted position so we formulate the 1:1
adduct with thiolate ions as (1; X = Me). Similarly the 1:2
adduct !? with sulphite, A,,,,,. 420 nm, has been shown to involve
attack at two unsubstituted ring-positions so that we expect the
1:2 thiolate adduct to have structure (2; X = Me). In accord
with the high affinity of thiolate ions for carbon relative to their
affinity for protons® we found no evidence for formation of
trinitrobenzyl anions (A, 370, 514, 620 nm) by abstraction of
a side chain proton. Interference in the reactions by hydroxide
ion was minimised by maintaining [free OH™] < 0.005 mol
dm™.

The absorbances at completion of the rapid 1:1 adduct
forming reaction with mercaptoacetate ions were measured at
450 nm using stopped—flow spectrophotometry. We assumed a
value for € of 1.7 x 10* dm? mol™! ¢cm™! typical of 1:1 adducts
and calculated a value for K, of 1.1 dm® mol™'. Rate data are in
Table 3. Relatively low conversion to 1:1 adduct was achieved
so that the values of k¢, approximate to k_,, giving a value for
ky(=K,k_,)of 5.5 x 10* dm?® mol™* s'. The values of kg, give
a good fit with equation (2) with k, 5500 dm® mol™' 57!, k_,
285!, and K, 1.1 dm? mol!.

Equilibrium constants for reaction of TNT with mercapto-
succinate were low, necessitating the use of high concentrations
of thiolate ions and it was not possible to keep the ionic strength
constant at 0.25 mol dm™3. The initial absorbances at 470 nm
relating to 1:1 adduct formation yielded a value for K, of 0.15
dm?® mol™';and a valuefork_, of 6 x 10*s™! was obtained by T—
jump methods. Combination of these values gives k; 7.5 x 10°
dm?3 mol! s!. Rate data for the formation of the 1:2 adduct in
Table 4 accord with equation (2) with k, 3 500 dm® mol™' 57!
and k_, 160s7!.

Measurements with glutathione were restricted to 1:1 adduct
formation. Initial absorbances gave a value for K, of 0.12 dm?
mol™!. T-Jump measurements gave k_, 4 x 10* s™' leading to
k, (=K,k_;) 5000 dm* mol? s,

Comparisons—Data are summarised in Table 5 and are
compared with pK, values for the thiols in water. Values of K,
for 1:1 adduct formation with TNB decrease in the order
mercaptoacetate > mercaptosuccinate > ethyl  2-mercapto-
acetate > glutathione and show (in terms of log K, values) a
much smaller spread than the pK, values. The correlation
between the two quantities is poor although the higher basicity
of mercaptoacetate relative to its ethyl derivative is reflected in
the K, values. However mercaptosuccinate shows lower affinity
for TNB than expected from its pK, value and the chain
branching at the carbon atom o to the thiolate ion may be
responsible. This chain branching will resuit ® in unfavourabie
steric interactions in the adduct (1) and it is probabie that
electrostatic repulsion will be present involving the two
carboxylate groups and the negative charge delocalised in the
nitro groups in the adduct. These factors are also likely to be
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Table 5. Comparison of kinetic and equilibrium data for reactions at 25 °C with 7 = 0.25 mol dm~3, medium water—dioxane.

k,/dm? Medium
Thiol Substrate k;/dm3® mol-'s! k_,/s! K,/dm? mol! mol™! 57! k_,/s'  K,/dm3 mol' pK? composition (v/v)

Ethyl 2-mercaptoacetate TNB 19 20 79 90:10
Mercaptoacetate TNB 1.4 x 108 5 500 250 3 300 8 400 10.7¢ 90:10
Mercaptosuccinate TNB 1.2 x 10 3 x 10* 33 250 33 8 11.1¢4 90:10
Glutathione TNB 1.8 x 10° 1.2 x 10° 15 1.7 x 10* 53 320 8.7¢ 99:1

Mercaptoacetate TNT 55 x 104 5 x 10* 1.1 5500 28 200 10.7¢ 90:10
Mercaptosuccinate TNT 7 500 6 x 10* 0.15 3500 160 22 11.14 90:10
Glutathione TNT 5000 4 x 10* 0.12 8.7¢ 99:1

? Values in water. ® Ref. 13. ¢ Ref. 14. 4 Ref. 15. ¢ Ref. 16.

Table 6. Intrinsic rate constants for reaction at an unsubstituted
position of trinitro-activated aromatic rings.

Nucleophile ko Medium
Glutathione 6 x 10* Water—dioxane (99:1, v/v)
Mercaptoacetate 5.6 x 10 Water—dioxane (90:10, v/v)
Mercaptosuccinate 5 x 10* Water—dioxane (90: 10, v/v)
Sulphite 300 Water
Hydroxide 10 Water

present in the 1:2 adduct with mercaptosuccinate which has the
lowest value for K, of the thiols studied.

Values of K, for reaction with TNT are lower than those for
reaction with TNB by factors between 125 (glutathione) and
227 (mercaptoacetate). The polar effect of the methyl group in
TNT will be an important factor in reducing adduct stability.
However the disruption in planarity of the nitro-groups in TNT
by the methyl group will reduce their ability to delocalise
negative charge and will also be important.!” In the 1:2 adducts
the rings are necessarily non-planar so that steric effects are less
important and the values of K, for reactions with TNT are
similar to those for the corresponding reactions of TNB.

Comparisons of nucleophilic reactivity are usefully dis-
cussed 12! in terms of intrinsic rate constants, k,, which may be
obtained by extrapolation of log k versus log K plots to K = 1
(AG® = 0). Using the data for 1: 1 adduct formation for reaction
of each thiolate ion with TNB and TNT we obtained the values
of k, shown in Table 6. These refer to reaction at an
unsubstituted position of the nitro-activated ring. (The plots of
log k£, and of log k_, versus log K, are given as Figure 3 in the
supplementary data.) From literature values we also obtained
intrinsic rate constants for reaction of the sulphite ion ' and the
hydroxide ion!® at unsubstituted ring-positions of trinitro-
activated aromatics (Figures 4 and 5 in the supplementary data).

The results in Table 6 show that the intrinsic reactivities of the
three thiolate ions studied are closely similar and are con-
siderably higher than that of the sulphite ion, which in turn is
higher than that of the hydroxide ion. Factors thought to be
important in determining intrinsic reactivity are the electronic-
structural reorganisation accompanying reaction and the
solvent reorganisation during reaction.!® The more reorganis-
ation required the lower the intrinsic rate. In the three thiolate
ions for which we have information, all of which contain
carboxylic groups, there is unlikely to be extensive delocalisation
of the negative charge away from the sulphur atom, so that
electronic re-organisation will be minimal. There is also
evidence '° that thiolate ions are poorly solvated, relative to
alkoxide ions, by hydrogen-bonding solvents. Thus there will be
little need for desolvation of the sulphur centre during reaction.
However in the sulphite ion the negative charges will largely
reside on oxygen atoms so that adduct formation, which
involves reaction through the sulphur atom,>® will require

electronic reorganisation with associated changes in solvation.
The hydroxide ion will be very strongly solvated in water and its
low intrinsic reactivity probably reflects the need for desol-
vation during bond formation at the aromatic ring,

Experimental

1,3,5-Trinitrobenzene was a recrystallised commercial specimen.
2,4,6-Trinitrotoluene was recrystallised from material supplied
by Ministry of Defence, Waltham Abbey. The thiols were the
purest grade commercially available. The distilled water was
boiled to remove carbon dioxide and subsequently protected
from the atmosphere.

U.v.—visible spectra were measured with a Beckman Lambda
3 instrument. A Hi-Tech SF3L stopped—flow spectrophotometer
was used to measure rate coefficients. This instrument was also
used to determine the spectral shapes of species present after
short reaction times. This involved measuring absorbances at
individual wavelengths and building up spectra point-by-point.
Temperature—jump measurements were made with an instru-
ment supplied by Hartley Measurements Ltd. consisting of a
delay line energy-storage system with a square heating pulse. T—-
Jumps of 5 °C were obtained in a cell with a heated volume of
0.5 cm?®,

All kinetic measurements were made under first-order con-
ditions with the concentration of nucleophile in large excess of
that of the nitro-compound. Reported rate coefficients are the
mean of at least five separate determinations and are precise to
+ 5% stopped—flow or + 10% T—jump. For stopped—flow work
a solution of the nitro-compound was contained in one syringe
and a solution of the thiolate ion, generated from thiol and
sodium hydroxide, in the second syringe. However for reactions
involving glutathione, which is known to oxidise in alkaline
solution, one syringe contained nitro-compound and glutat-
hione and the other the sodium hydroxide solution.
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