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ABSTRACT 

Rates and equilibria were measured for the reaction of methyl 

arenesulfonates with arenesulfonates in sulfolane. The iden¬ 

tity rates for a series of arenesulfonates were measured at a 

variety of temperatures; a Hammett Ç) was 

obtained. A Hammett p of 22>9 was obtained for 

nonidentity equilibria. Arrhenius plots are inconclusive due 

to large error limits. The transition state for the identity 

reaction lies near the area predicted by Albery and Kreevoy. 

Using the identity rates and measured mixed case equilibrium 

constants, a test of the Marcus equation with and without the 

quadratic term was conducted. The test suggests that the 

Marcus equation is a decent predictive tool for the rate of 

methyl transfers in solution. The Marcus equation was used to 

estimate an identity rate for methyl triflate. 
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INTRODUCTION 

The simplest organic analogy and logical extension of 

proton transfers lies in the study of methyl group transfers. 

A considerable body of work on this topic has been published 

recently, including studies of rates and equilibria,2-10 

isotope effects**-^ and theoretical studies.14-20 This 

thesis is concerned principally with an experimental test 

demonstrating that the ubiquitous Marcus theory21 can be 

applied to methyl group transfers. Other topics that will be 

addressed are an addition to Lewis's equilibrium scale? of 

substituted methyl arenesulfonates and a guess of an iden¬ 

tity rate for a methyl trifluoromethanesulfonate (methyl 

triflate). 

There have been many equations developed over the past 

100 years to explain and show a correlation between the 

rates and equilibria of organic reactions. One of the first 

equations suggested was by Brdnsted and Pedersen in 1924 for 

proton transfers.22-23 Some of the better known attempts to 

explain kinetic barriers to reactions have been the Marcus 

equation, the BEBO equation and the LEPS (London-Eyring- 

Polanyi-Sato) method.24 

The Marcus relation, first proposed by Marcus in the 
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late 1950's25 for electron transfers, has been used to des¬ 

cribe many different types of transfer reactions21 including 

proton and methyl group transfers. A full treatment using the 

Marcus relationship on methyl group transfers first arose in 

theoretical calculations by Albery and Kreevoy.*4 

The Marcus relationship has been modified many times. 

Pellerite and Brauman& give it as, 

AG-* = + & + i&G- 
I MG- 

(V ~ — A & I 
àâG- 8A& t 

where o(. is a measure of the location of the transition state 

along the reaction coordinate, AG* is the barrier at the 

overall free energy change AG , and G is the intrinsic 

barrier to the reaction <a pure kinetic term where AG= 0). 

For the purpose of methyl group transfers it appears 

the best equation is that of Albery and Kreevoy.3-4 The equa¬ 

tion used in this thesis assumes the work terms for the 

reactants and products are the same. The equation, with this 

modification, appears below: 
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fl) A G> = è (A<4 + AGy*) + iAG* 
+ (A G-Y 

3fAG-^ + AG^-2.K/r) 

= àAG* 

where, 

A G* xx end AG*yy are the free energies of activation for 

the symmetrical reactions. 

AG* xy is the free energy of activation for the cross 

reaction. 

ÛG® is the standard free energy change for the reaction. 

wr is the free energy required to bring the reactants 

together. 

^ is a symmetry parameter for the transition state. 

It is the equation of Albery and Kreevoy, as modified below, 

that will be tested in this thesis. The equation will be 

tested both with and without the quadratic term (term 



containing the work term for the reactants) 

The equation of Albery and Kreevoy14 can be rearranged 

and factored to derive an equation in terms of the rate 

constants, remembering that,26 

AG? = -RT In K. 
«1 

- RT In k 
( kT/h') 

the following is derived. 

|o3 kxvj 
= Z 

(2) 

( lo<j kyf + (oj k yy ) + loj 

 (I05 Keg )  
2Ho3 k« + l°g - 2^) 
t * The quantity 1/2< ÛG xx + AG yy> in Albery and 

Kreevoy's equation14 is called an intrinsic barrier since it 

is a term involving only the identity exchange rates, which 

occur without any thermodynamic driving force.15 Near iden¬ 

tity where K, the equilibrium constant, is approximately 1 

1/2) it may be possible to ignore the higher order (quad¬ 

ratic) term since in this instance it gives a negligible 

contribution. In this thesis, in some instances, the quad¬ 

ratic term will be ignored. This will greatly simplify anal¬ 

ysis if the cases chosen to test the Marcus equation are 

close to the intrinsic barrier. 
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Pellerite and Brauman,& in a RRKM analysis of the cen¬ 

tral barrier heights in the double-minimum potential surfaces 

for Sn2 gas phase methyl transfer reactions, have shown an 

intrinsic barrier to exist and have demonstrated methyl group 

transfers in the gas phase will, at least in some instances, 

follow the Marcus equation. They experimentally measured some 

gas phase intrinsic barrier heights for methyl halides and 

alkoxides that were then used in the Marcus equation. Their 

results suggest that the poor leaving group ability exhibited 

by alkoxides and fluoride in solution phase displacements is 

an inherent property of the compounds rather than purely a 

solvation phenomenon. Shaik,15 using a theoretical valence 

bond approach, predicted similar reactivity patterns as those 

observed above. 

In an attempt to unify many diverse relationships for 

the calculation of intrinsic barrier heights, Murdoch24 has 

proposed a simple relationship that seems to work very well 

at predicting barrier heights for a many transfer reactions; 

AE£"d£(l-3JHAE(l*3,) 

where AEac is the overall energy change for the reaction AB ♦ 

C * A + BC, the functions gi and g2 are odd and even func¬ 

tions of Û& (or another specified parameter) and govern the 

relative contributions of the kinetic term, AEo <1 - g2>, and 



the thermodynamic term, 1/2 e(l + gj.) to the overall barrier 

* *• i 
height and Eo ~ 1/2 < AE AA AETCC > * the average iden¬ 

tity barrier. All these relationships that Murdoch reviewed, 

most being modifications of the Marcus relation, point to the 

versatility of the Marcus equation in predicting the kinetics 

of reactions. 

* » » * * 

The role of the solvent is important in order to under¬ 

stand the rates of reactions in solution.21 The application 

of the Marcus relation to reactions in solution may be a 

powerful predictive tool. The Marcus relation has been app¬ 

lied in solution to most group transfers including proton and 

methyl group transfers.21 Albery mentions the Brdnsted cat¬ 

alysis law as a special case of the Marcus relationship in 

solution.21 in the same review, he demonstrates a consider¬ 

able part of the intrinsic barrier for methyl transfers in 

water involves solvation. This is consistent with the obser¬ 

vations made by Pellerite and Brauman& since the potential 

surface for a reaction in solution contains a real barrier in 

contrast with the double minimum potential surface in the gas 

phase. 

The Marcus equation has been applied to the study of 



methyl group transfers in sulfolane.5»21 Lewis and co¬ 

workers have obtained a large amount of data in sulfolane.1“7 

Albery,21 by analyzing Lewis's5 results using the methods of 

Albery and Kreevoy,!^ constructed a small table of AG^ XX 

One interesting observation is that the 0 compounds. x=di- 

* 
methylether or triflate, clump together with aAG Xx value of 

about 78 kJ mol_l and the S compounds, x=diphenylsulfide, 

methyl 3,4-dichloro-phenylsulfide, methyl p-chlorophenyl- 
+. 

sulfide or methyl phenylsulfide, have a AGXX value of 

about 116 kJ mol“l. The oxygen compound values in sulfolane 

are just above one half the corresponding parameter, AGXX, in 

water.21 The measurements in this thesis will be done in 

sulfolane to allow comparison to earlier studies which were 

done in sulfolane. 

When conducting a severe test to determine the applic¬ 

ability of the Marcus relationship, the key question is 

* 
whether one can find a set of AGXX Ce.g. k xx) for the 

degenerate or identity reaction, 

X + MeX ç=i MeX + X 

that when combined describe the kinetics of the cross 

reaction. 

We have chosen to test the Marcus equation with arene- 

sulfonates in sulfolane. and thus attempt to predict the 
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kinetics for the near identity reaction, 

where X and Y represent para or meta substituted arene- 

sulfonates. This is a very narrow picture when considering 

the whole field of methylating agents available. This study 

involves no change in charges between the reactants and the 

products. This is a different case from Arnett's recent 

study of the Menschutkin reaction between substituted 

pyridines and alkylating agents.^ in his study, the charge 

development from neutral reactants to a charged product 

caused a considerable change in potential energy between the 

transition state and the products or reactants which, in 

turn, created solvent dynamics (i.e. entropy) problems that 

led to the inapplicability of the Hammond postulate27 as a 

predictive tool.13 

A whole body of work has been devoted to the study of 

the reaction of arenesulfonates with methylating agents and 

solvents.28-35 Robertson reported a series of solvolysis 

rates of methyl benzenesulfonates in water,29-31 deuterium 
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oxide,30*31 dioxane-water, methanol and methanol-water 

mixtures.28 

Kevill has undertaken studies to correlate rates for 

the reaction of strong methylating agents with substituted 

arenesulfonates.32-35 Kevill32 found a Hammet p value of 

about -1.1 for the reaction of a series of tetra-n-butyl- 

ammonium arenesulfonates with methyl triflate in acetonitrile 

at 25 degrees C. He further found reactions of the silver 

arenesulfonate salts with methyl iodide at 25 degrees C in 

acetonitrile gave an identical p . In a later study, 

Kevill reports a Ç) value of about -1.1 for the reaction 

of trimethyloxonium ions with arenesulfonates in acetonitrile 

at -23.4 degrees.33 On comparing the trimethyloxonium ion 

results to the studies of methyl triflate with arenesul¬ 

fonates, 32 Kevill found evidence indicating selectivity is 

independent of the charge type of the leaving group.33 From 

this he suggests there is a definite breakdown of the react¬ 

ivity-selectivity principle. Unfortunately the range of com¬ 

pounds' studied in this thesis is not great enough to look for 

a breakdown of the reactivity-selectivity principle. 

Recently, Kevill has shown that for the reaction of 

methyl perchlorate with tetra-n-butylammonium arenesulfonate 

salts in acetonitrile at 0.3 degrees C, a Hammett p of 

-1.1 is also observed.34 However, when silver ion is sub¬ 

stituted for the tetra-n-butylammonium ion the second order 



10 

rate constants become concentration dependent and fall off 

with increasing salt concentrations leading Kevill to con¬ 

clude that the free ions are the reactive species. 

Kevill's results33 are not particularly surprising 

especially when compared to Lewis's^ work where dimethyl 

sulfate, which is about 4500 times less reactive than methyl 

triflate, retains approximately the same relative reactivity 

through a series of nucleophiles ranging from m-nitro-N,N- 

dimethylaniline to thiophenoxide ion (a range of about 10®). 

Kevill found that the trimethyloxonium ion is only about 5 to 

12 times more reactive that methyl triflate towards arene- 

sulfonates.35 

All these results are of considerable interest, but 

each represents the reaction of a methylating agent of vastly 

different character than the nucleophile.32-34 The cases 

examined in this thesis are near and at the identity value; 

the kinetics and equilibria of methyl arenesulfonates with 

similar and the same substituted arenesulfonate ions were 

measured. Measurement of the identity rates in sulfolane 

along with the mixed case rates and equilibria of the more 

reactive species in sulfolane will ultimately allow a very 

general and severe test of the applicability of the Marcus 

equation to methyl transfers. If the Marcus equation, with¬ 

out the quadratic term, fails to hold in this test near the 

identity values, then it is almost useless to extrapolate 
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this equation further from Identity unless a different form 

of the Marcus equation is used. The inclusion of the quad¬ 

ratic term to allow for a considerable degree of curvature 

may be necessary.14#36 

However, Kevill's32 data may allow a prediction of an 

identity rate for methyl triflate. The identity rate for 

arenesulfonates will be measured; then from Kevill's data the 

rates of reaction of methyl triflate with arenesulfonates can 

be obtained. A rough equilibrium constant can be estimated 

from earlier work by Lewis.6*7 if the Marcus equation works, 

then it might be applied to give the identity rate for methyl 

triflate. Lewis and co-workers^ estimated a log k ü for 

methyl triflate at -1.18 (base 10 logarithm). Kevill's data 

unfortunately cannot be used in a similar manner to estimate 

log kii for trimethyl oxonium ion, and compare it to Lewis's^ 

estimated value of log (base 10) k ü -0.76, since Lewis 

gives no equilibrium values. 

* * • • * 

In a recent paper Lewis, Smith and Christie measured 

the rates between various ortho substituted methyl benzene- 

sulfonates and benzenesulfonate in sulfolane.7 Although the 

Hammett equation could not be applied, a six point (four 
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substitutents) plot of log kj.j vs. log Kj.j was constructed, 

and by assuming steric influences are in the same direction 

and proportioned between the transition state and the 

product, a linear plot was constructed. Extrapolation of this 

line back to Küsl gives a value of ku of about 2 x 10"5 fl-1 

sec'l at 35 degrees C. This number will be measured 

experimentally in this thesis and can help confirm Lewis's 

assumptions. 

In this study linear free energy relationships (i.e. 

Hammett plots3?) will be used to help determine the nature 

and location of the transition state for the identity re¬ 

action. Hammett pvalues will also be used in the mixed 

case kinetics to check the identity p value, and to help 

understand the mixed case transition state. 

****** 

Albery and Kreevoyl^ deduced the following equation 

from the general Marcus equation, 

<3> Pxy = x Pxt( +ifyy + 

where, as in the Swain-Scott equation,21 kinetic and 

thermodynamic contributions make up the gradient. Although 

©O is probably greater than 1/2, Albery and Kreevoyi^ 
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simplified equation (3) by assuming c<. 2 1/2. Thus, by 

concerning ourselves with substitution by a nucleophile of 

the same leaving group < p^xx - 0), gives following 

equation. 

<4) 

Then, using Robertson's28 solvolysis data taken from a re¬ 

view by Jaffe,37 a value of p xy of about 1.3 for the 

solvolysis (in aqueous methanol and dioxane) of methyl 

benzenesulfonates was calculated. Coupling this px^ with 

the solvolysis rates of adamantyl arenesulfonates,3Ô the 

thermodynamic parameter for the solvolysis reaction can be 

determined. This is how Albery and Kreevoy calculated a 

value for ^ xy , the thermodynamic component for equation 

(4) of about 1.8. Thus, a value of Pyy of ~0.8 is ob¬ 

tained for the identity reactions of methyl arenesulfonates 

in aqueous ethanol or dioxane. In this thesis this p 

value will be determined experimentally and a comparison 

made. It may be necessary to take into account the change of 

solvent. 

Albery and Kreevoyl4* suggest p^ yy will allow one to 

determine the location and the tightness or looseness of the 
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Figure 1. Jencks-More O'Ferrall diagram .of the location 

of the transition state for the identity reaction of methyl 

arenesulfonates. 

BOND ORDER OF Y (ArS03 ) 

T 
-c.' 

a measure of the tightness of the 
transition state. 

ï(VVl) equals \ at identity. 
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transition state. They suggest the transition state will lie 

in the dark shaded area on the Jencks-More 0'Ferrall39 

diagram which appears as figure 1. The transition must lie on 

the = 1/2 line where c*£ J is defined as one half 

the difference between the bond order for compound x and the 

bond order for compound y plus a half. Their transition state 

is estimated to be looser than the * 1 line (where 

bond order is preserved throughout). This work will measure 

a value of Pyy anc* aH°w a more precise determination of 

the location of the transition state. 

Lewis's recent work? also includes a scale similar to 

that of Jackman,40 who measured equilibrium values of the 

reaction of weak nucleophiles with incipient methyl cations. 

For example, on Lewis's scale methyl iodide is found to be 

less potent that methyl o-nitrobenzenesulfonate. In this 

thesis other arenesulfonate equilibria will be measured; the 

measured values may be inserted on Lewis's Jackman-like 

scale. 

In the same paper, Lewis noted the synthesis of an 

interesting new methylating agent, methyl 2,4,6-trinitro- 

benzenesulfonate, which was also compared to methyl triflate. 
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This compound reacts with sulfolane at ambient temperatures 

and is not well behaved except In thionyl chloride. 

Although the methylating agents used in the present studies 

are not predicted to be as powerful as methyl trinitrobenz- 

enesulfonate, one must watch out for the méthylation of 

sulfolane, hydrolysis of the methyl esters and other nasty 

side reactions. 
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METHODS AND RESULTS: 

In order to measure an identity rate constant it is 

necessary to introduce a label of some sort on one reactant. 

For example, NMR methods can be used with the appropriate 

deuterium or nitrogen labels. 4-methyl or 4-cyano 

arenesulfonates can be made from toluene <d3> or from nit- 

rogen-15 labeled benzonitrile. These labeled compounds can be 

mixed with unlabeled methyl arenesulfonate and the reaction 

followed by proton or nitrogen-15 NMR. Another possible 

method would be to label each of the reactants with a chiral 

center of opposite optical rotation, and follow the reaction 

with a polarimeter. For example, <+) and C-) forms of para- 

(1-fluroethyl)benzenesulfonate might be made. If the < + ) 

enantiomer is the ester, after separation of the salts from 

the ester, the change in optical rotation may be used to 

determine the extent of reaction. 

One good method of introducing a label on a compound is 

via radioactive isotopes. By labeling one of the reactants 

with sulfur-35, the progress of the reaction can be easily 

followed by simply isolating one of the products and placing 

it in a scintillation counter. This method was used by Lewis 

to measure the identity rate between thiophenoxide and thio- 

anisole.4 
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The at.rat.egy for synthesis of the starting materials 

must be based around the two most economical and readily 

available sources of sulfur-35, elemental sulfur in toluene 

and sulfuric acid. Recently, other low priced sulfur-35 

labeled reagents such as carbon disulfide and thiourea have 

become commercially available,41 but this was not known when 

the present work was started. 

With one notable exception, the benzenesulfonate salts 

were radioactively labeled. In each case, the desired subs¬ 

tituted benzene was sulfonated with radioactive fuming sul¬ 

furic acid. The resulting syrup was treated with potassium 

hydroxide and separated from the inorganic potassium salts by 

extraction into ethanol in a Soxhlet. The products were 

further purified by fractional crystallization. 

Despite repeated attempts, the synthesis of labeled 

potassium benzenesulfonate could not be accomplished in 

reasonable yield and purity due to serious problems with 

disulfonation and sulfone formation. Therefore, commercially 

available benzene sulfonic acid was converted into the pot¬ 

assium salt and a labeled methyl ester used. 

The radioactive ester was prepared from labeled thio- 

phenol. The thiophenol was made by a co-worker, Thomas 

Douglas, by the treatment of phenylmagnesium bromide with 

elemental sulfur in toluene followed by an aqueous acid 

workup. Thiophenol was converted to benzenesulfonyl chloride 
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by chlorination in water at 0 degrees C using a method pio¬ 

neered by Irwin Douglass and Treat Johnson at Yale.43 The 

sulfonyl chloride was converted into the methyl ester using a 

the method employed by Lewis, Christie and Smith.7 The ester 

was purified by column chromatography. 

The other unlabeled methyl esters were also prepared by 

the method of Lewis and co-workers.7 Purification was accom¬ 

plished by fractional distillation or sublimation. 

A number of other syntheses were attempted to prepare 

various substituted benzenesulfonates. The synthesis of para- 

cyanobenzenesulfonate was attempted via a Sandmeyer reaction 

of diazotized sulfanilic acid using cuprous cyanide.43 Nume¬ 

rous attempts were made to oxidize sulfanilic acid with 

MCPBA, hydrogen peroxide in acetic acid, or hydrogen peroxide 

in acetic anhydride to make p-nitrobenzenesulfonic acid. The 

desired products were not isolated from the reaction mix¬ 

tures. 

The kinetics for the identity reaction (» = label): 

(m.p. 30 degrees C). Constant temperature was maintained with 
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a water bath and measured with National Bureau of Standards 

calibrated thermometers. 

In each case a fairly dilute (ca. 0.01 M) sulfolane 

solution of the salt was prepared. An excess of 18-crown-6 

was used in each case to increase the solubility of the 

potassium salt. Water, a principle contaminant, was elim¬ 

inated from the system by using calcium hydride in the 

sulfolane solutions and by drying the sulfolane. 

To the salt solution was added a known quantity of the 

methyl ester (usually in large excess) either neat or dis¬ 

solved in sulfolane. Aliquots were taken at various time 

intervals during the first two half lives of the reaction. 

The esters were separated from the salts and sulfolane by 

partitioning in an ether and water mixture followed by 

multiple washings of each layer. The isolated esters were 

dissolved in a dioxane counting solution and the mixture 

placed in the scintillation counter. 

The resulting count rates were fitted to a first order 

plot. The slope, determined by least squares, was corrected 

to second order using the sum of the initial salt and ester 

concentrations. The rate constants are presented in table 1. 

The identity reaction is a second order process. By 

labeling each of the reagents (salt and ester) and observing 
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Table 1. Identity rate constants for substituted arenesul- 
fonates in sulfolane at various temperatures. Temperatures 
are to within 0.25 degrees of actual value. The Hammett sigma 
values reported are those of Jaffé (ref. 37) the sigma value 
for the 3,4-dichloro case is the sum of the para and meta 
sigma values. Full experimental details (concentrations, 
etc.) appear in table Ô. All the rate constants are in units 
of M(-l) sec(-l) x 10E4. See note 1 regarding error limits. 

Substituent 

Temperature 

p-OMe p-Me p-H p-Cl 3,4-diCl 

35 degrees 0.162 0.20 - - - 

45 degrees 0.463 0.60 0.66 1.0 1.55 

55 degrees 1.2 1.54 1.4 
1.7 

2.6 4.89 

65 degrees - - 4.9 7.4 11.05 

Hammett sigma -0.27 -0.17 0.00 0.23 0.60 

Note l.The Hammett rho values are 0.59+0.10 at 45 degrees and 
0.63+0.10 at 55 degrees. A systematic error analysis 
indicates an error of about + 5* for the rate constants (e.g. 
11.05+0.39 for the 3,4-dichloro case a 65 degrees). Error in 
the rho values was determined graphically (see text.) 
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a linear first, order reaction when a large excess of one 

reagent is used, one can conclude the reaction is second 

order. Further verification is that all similar reactions 

are second order.8'14 

One problem that may complicate the kinetics is the 

presence of ion pairing in solution. However, in a sulfolane 

solution of arenesulfonate salts ion pairing is not seen if 

the correct anion and cation are chosen. This assumes similar 

solvent behavior towards ions between sulfolane and either 

acetonitrile or propylene carbonate. 

Kevill32>34 has reported a considerable degree of ion 

pairing for silver arenesulfonates in acetonitrile as eviden¬ 

ced by salt effects in the reaction with methyl triflate or 

methyl perchlorate. However, if the tetra-n-butyl ammonium 

arenesulfonate salt is used, the rates are independent of 

salt concentration for the reaction with methyl triflate or 

methyl perchlorate. The arenesulfonate salts studied here are 

more similar to the tetra-n-butyl ammonium salts than the 

silver salts; the salt effects one might expect may be 

similar to those for the tetra-n-butyl ammonium salts. 

In this thesis the self-exchange rates were measured 

for lô-crown-6 <18C6) potassium arenesulfonates in sulfolane. 

A literature search failed to turn up any ion pairing studies 

with these salts. However, similar salts and solvents have 

been studied 
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First one must consider whether all the potassium ions 

are complexed with 18C6. The answer is yes. Kolthoff and 

Chantooni44 report the log of the complexation constant of 

18C6 with potassium cation as 5.7 in acetonitrile and 6.3 in 

propylene carbonate. Takeda, Yano, Ishibashi and Isozumi^S 

report the log of the formation constant in propylene carbon¬ 

ate as 6.2. Finally, Hopkins and Normands report the log of 

the formation constant to be greater than 5 in acetonitrile. 

All of these numbers were measured by conductivity. Sulfo¬ 

lane solution of potassium 1SC6 complex will probably behave 

in a similar manner since the dielectric constant for sulfo¬ 

lane <D=42.0) is very close to that of acetonitrile 

<D=38.0>.4,7 Based on these formation constants, at 0.01 M 

with an excess of 18-crown-6, one might conclude all the 

potassium is complexed with 18-crown-6. 

The question now is whether there is a considerable 

degree of ion pairing between 18C6 potassium and the arene- 

sulfonate anion. Popovych and Tomkins^S claim that in 

3-methylsulfolane at 25 degrees C for a variety of electro¬ 

lytes, only sodium and potassium thiocyanate are distinctly 

associated. It appears that for the electrolyte in their 

table most similar to the potassium 18C6 arenesulfonates, 

tri-iso-amyl butyl ammonium tetra-phenyl borate, there is no 

association. Their calculations are interesting but are not 

that similar to the compounds studied here. 
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For the 18C6 potassium complex in solution with either 

fluoride or acetate ions there are primarily free ions in 

acetonitrile solution.49 Liotta, Grisdale and Hopkins49 

report that conductance studies have shown that these so¬ 

lutions contain so called “naked" anions. This result appears 

to be confirmed by Hopkins and Normands who report that 

conductance studies at 25 degrees C using different salt 

concentrations (iodide salts) with fixed crown ether concen¬ 

tration indicate complete dissociation of the ions when crown 

ethers are present in acetonitrile solutions. And most 

importantly, Liotta claims potassium 18C6 tosylate exists as 

a free ions in acetonitrile solution at 30 degrees C.50 

The foregoing data suggests that ion pairing is a 

negligible phenomena in sulfolane solutions for 1SC6 pot¬ 

assium arenesulfonates. 

» « « * 

A full systematic propagation of' errors treatment was 

conducted for one kinetic run (3,4-dichloro identity reaction 

at 65 degrees C>. This gave a rate constant of 1.10+.04 x 

10*3 sec“l. This calculated error limit might be con¬ 

sidered low in view of the discrepancy between the rate 

constants measured for the unsubstituted case at 55 degrees 

where the observed values differed by 17 per cent <1.4 x 10~4 
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and 1.7 x 10*"4 M~1 sec~l were the measured rate constants). 

However, the rate constants for the unsubstituted case at 55 

degrees were the first two rates measured out of a total of 

nineteen kinetic runs. As might be expected, the frequency of 

certain errors that may have caused the large discrepancy in 

early kinetic runs decreased as the workup procedure was 

repeated. These decreasing random errors may have contributed 

to an error of about +5* in the rate constant. Coupling this 

factor which allows for unknown random errors with the +5% 

error range determined by the propagation of errors treat¬ 

ment, one determines a conservative estimate of the total 

error range of about + 10?«. 

Hammett plots of the identity rate constants are 

presented as figures 2 and 3 for 45 and 55 degrees C respect¬ 

ively. The Hammett p value was found to be 0.6+0.1 by a 

least squares slope of the line in either figure. Error 

limits were determined by the method described in a book by 

Shoemaker and co-authors.51 

Mixed case ©gui1ibria: 

To measure the rates and equilibria between substituted 

arenesulfonates a variety of methods can be used. Proton NMR, 

carbon-13 NMR, gas chromatography, and solid probe mass spec¬ 

troscopy were unsucessful in achieving reproducible sépara- 
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Figure 2 . Hammett plot for the reaction of various substit¬ 

uted methyl benzenesulphonates with the corresponding potassium 
o 

benzenesulphonate at 45 C.in sulfolane. 
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Hammett Sigma 

Figure 3 . Hammett plot for the reaction of various substituted 

methyl benzenesulphonates with the corresponding potassium benzene 

sulphonate salt in sulfolane at 55.0 C. 
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tion of the esters. 

Another method of determining the mixed case rates is 

using radioactive labels. This method was employed to deter¬ 

mine the • rates and equilibria between 3,4-dichlorobenzene- 

sulfonate and substituted methyl benzenesulfonates. The pro¬ 

cedure and workup were the same as those employed in the 

identity rate measurements. 

In the case measured by the radioisotope method, a 

large excess of ester was used to force pseudo-first order 

conditions. The forward rate constant is easily determined 

by an equation found in Frost and Pearson's book.52 The 

equilibrium constant is determined from the initial and final 

counts along with the initial concentrations for the salt and 

ester. Attempts were made to work up this data by the Runge- 

Kutta iterative method.53 

The results of the mixed case equilibrium for the 3,4- 

dichloro salt measurements are presented in table 2. Hammett 

plots of the 3,4-dichloro anion mixed-case forward reaction, 

reverse reaction and equilibrium are attached as figures 4, 5 

and 6 respectively. The Hammett value for the 

equilibrium is 2.94^0.14, for the forward reaction is 

1.84^0.14 and for the reverse reaction is -1.10^0.14. Errors 

were determined by the methods described in a book by 

Shoemaker and co-authors.51 
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Table 2. Mixed case equilibria and kinetics for the reaction 
of potassium 3,4-dichlorobenzenesulfonate with substituted 
methyl benzenesulfonates at 55 degrees C in sulfolane. The 
identity rate constant at 55 degrees is included in the 
table. Complete experimental details (concentrations, etc.) 
appear in table 9. In each case c<_ equals 0.53. Rate 
constants are in units of M"* sec'l. 

Substituent Keq kfx 105 kr x 103 

p-OMe 

p-Me 

p-H 

p-Cl 

3,4-diCl 

0.00308 

0.00514 

0.0147 

0.0880 

1.00 

2.94+0.14 

1.16 

2.03 

3.51 

9.98 

48.9 

1.84+0.14 

3.76 

3.94 

2.39 

1.13 

0.489 

-1.10+0.14 Hammett rho 
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Hammett Sigma 

Figure 4 . Hammett plot for the forward rate constant in the 

reaction of potassium 3,4-dichlorobenzenesulphonate with various 

substituted methyl benzenesulphonates.in sulfolane at 55° C. 
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Hammett Sigma 

Figure 5 . Hammett plot for the reverse rate constant in the 

reaction of potassium 3,4-dichlorobenzenesulphonate with^various 

substituted methyl benzenesulphonates in sulfolane at 55 C.^ 
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Hammett Sigma 

Figure 6 . Hammett plot of the equilibrium between potassium 

3,4-dichlorobenzenesulphonate and various substituted methyl 
o 

benzenesulphonates in sulfolane at 55.0 C. 
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A second series of rates and equilibria was measured 

for the reaction of potassium tosylate with substituted 

methyl benzenesulfonates. In this case, the activity of the 

tosylate salt was so low that the error introduced in count¬ 

ing was large enough to cause considerable error in the 

equilibrium and rate constants. This data is presented in 

table 3. Although not usable for precise calculations, this 

data shows some of the general trends in the mixed case 

equilibria and rates. 

The other method employed to measure equilibrium con¬ 

stants was high performance liquid chromatography CHPLC). 

Mixtures of the ester and a salt solution were placed in 

glass ampules, sealed and placed in a constant temperature 

bath to equilibrate. After at least 6 half lives the ampules 

were opened and the contents separated in basically the same 

manner as the identity kinetics. The resulting ester mix¬ 

tures were dissolved in HPLC grade acetonitrile and chromato¬ 

graphed on a reverse phase column using acetonitrile/water 

mixtures as the solvent system. 

The HPLC traces were not numerically integrated. 

Rather, peak heights were used to determine the relative area 

under the curve. The peak heights of the experimental mix¬ 

tures were compared to methyl ester mixtures of known compo¬ 

sition. The results of the first series of equilibria 
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Table 3. Mixed case equilibria and rates for the reaction of 
potassium tosylate with substituted methyl benzenesulfonates 
at 55 degrees C in sulfolane. Note: the errors are substan¬ 
tial in the rates and especially the equilibria due to the 
salt being of low activity and concentration. This table is 
included not as reproducible data but simply to show trends 
discussed in the text. Full experimental details (concentra¬ 
tions, etc.) appear in table 9. Rate constants are in units 
of sec-*. 

Substituent Keq kf x 105 kr x 104 

p-OMe 0.0959 9.11 9.5 

p-Me <identity) 1.00 15.4 1.54 

p-H (2 runs) 0.0588 
0.0843 

28.9 
26.2 

49.7 
31.0 

p-Cl 0.208 7.13 3.42 

3,4-diCll 194 48.9 0.203 

1. From kinetics and equilibria for the 3,4-dichloro salt 
with methyl tosylate. 
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measurements turned out to be a disappointment due to prob¬ 

lems with experimental design; the equilibrium lay much in 

the favor of one of the esters. The results of the second 

series of equilibria measurements are presented in table 4 

and a Hammett plot appears as figure 7. This series gave 

satisfactory results, but the technique may need further 

refinement. 

General: 

In all rate and equilibrium measurements, calcium 

hydride was employed to minimize the chance of hydrolysis of 

the methyl esters. A control experiment demonstrated that 

calcium hydride does not react with methyl benzenesulfonate. 

Further control experiments indicated that the methyl 

esters do not thermally decompose significantly at 120 de¬ 

grees in sulfolane over a 24 hour period. Although sulfolane 

is known to react with methyl triflate,^ in the proton NMR no 

evidence of a reaction between methyl benzenesulfonate and 

sulfolane was seen. 

In cases where the purity of the esters or salts could 

not be readily checked by instrumental methods, assays were 

performed. The esters were assayed by refluxing a known 

amount of the ester in aqueous base followed by titration 

with a standard acid solution. The salts were analyzed by 
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Table 4. Equilibria for the reaction of methyl arenesulf- 
onates with potassium (18-crown-6) tosylate in sulfolane at 
55 degrees C as measured by HPLC. Full experimental details 
(concentrations, etc.)appear in table 9. 

substituent Keq log Keq 

P-H 32.25 1.508 
P-H 41.68 1.620 

p-OMe 0.287 -.573 
p-OMe 0.577 -.238 

p-Me (definition) 1.000 0.000 

3,4-diCll 194. 2.28 

Calculated quantities: 

slope of Hammett plot - +3.02±0.7 (least squares) 

Note 1. Measured using radioactively labeled 3,4-dichloro 
salt and unlabeled methyl tosylate. Counting instead of HPLC 
was used to measure this equilibrium constant. 
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Hammett Sigma 

Figure 7 Hammett plot for the equilibrium between potassium 

tosylate and methyl arenesulfonates at 55 degrees in sulfolane. 

These points were measured by HPLC. 
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passage through an acidified ion exchange column followed by 

titration of the resulting aqueous acid solution with a 

standard base solution. 

An experiment was run to determine if the workup method 

used in the radioisotope studies was quantitative. The re¬ 

sults show 88+12* recovery. Although 88+12* is not a conclu¬ 

sive results, multiple workups of the same ester/salt mixture 

followed by scintillation counting have demonstrated that the 

workup method is reproducible to approximately +1.5 per cent. 
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DISCUSSION AND CONCLUSIONS: 

Using Hammett G~" values from Jaffe's^7 re¬ 

view, a value of the Hammett p equal to 0.6+0.1 at both 

45 and 55 degrees C is calculated from the measured identity 

rate constants. The Hammett plots appear, without error 

limit lines, as figures 2 and 3. A p of 0.6 suggests a 

transition state looking like: 

Albery and Kreevoyl^ suggest a linear transition state. There 

was no temperature dependence observed over the limited tem¬ 

perature range studied. 

Albery and Kreevoyl^ estimated a value of p for the 

identity reaction of methyl arenesulfonates of '"0.8. Their 

rough value was calculated with water or water-alcohol 

mixtures as the solvent, while the experimental p of ~0.6 

was measured in sulfolane. Considering experimental error and 

the solvent difference, it is quite conceivable that the 

Ç value calculated by Albery and Kreevoy is correct. If 

this is the case. the agreement between observed and 
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calculated p '4, suggests that the use of the Marcus 

equation for methyl group transfers may be a good predictive 

tool. 

Albery and Kreevoy!^ have estimated a location for the 

transition state of the identity reaction of methyl 

arenesulfonates on a Jencks-More O'Ferrall diagram. Their 

estimate was based on a p. of 0.8. As can been seen in 

figure 1, the measured p of 0.6 lies on the ofj - 1/2 

line a little bit closer to ^yy = 0 than where Albery 

and Kreevoy predicted. This may simply be due to the change 

in solvent or it might suggest that the actual transition 

state is slightly tighter than originally anticipated. 

» » * « * 

Plots of In k vs. 1/T were constructed to determine 

activation energies and Arrhenius A factors, and to allow 

extrapolation of the data to lower temperatures. The results 

of these plots and extrapolations along the least squares 

line appear as table 5. The errors for the activation ener¬ 

gies and A factors were estimated by the graphical methods 

described in the book by Shoemaker and co-authors.51 The 

error rectangles were constructed assuming an error in the 

reciprocal of the measured temperature of less than +1.5 x 

10*6 degree-^ and an error in the measured rate constants of 

+ 1095. 
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Table 5. Calculated Arrhenius plot data for identity and 
near identity reactions of arenesulfonates in sulfolane. 
Estimated rate constants and activation energies are from the 
Arrhenius plot of identity reactions in sulfolane or as 
otherwise noted. The units for k are MA-1 secA-l. 

RATES! 
Substiutuent (35 degrees C k (25 degrees C 

x 10E5) x 10E5) 

p-OMe 1.6 (measured) 0.54 

p-Me 2.0 (measured) 0.65 

p-H 2.08 0.66 

p-Cl 3.34 1.04 

3,4diCl 4.61 2.10 

2-nitrol 90. 

2,3-diCl1 63. 

Note 1. This "‘near*’ identity data is from reference 7, and is 
based on the kinetics of the listed compounds in deuterated 
sulfolane with potassium benzenesulfonate at various tempera¬ 
tures as measured by proton NMR. 

ACTIVATION ENERGIES and ARRHENIUS A FACTORS! 

substituent Ea(kcal/mole) ln(A> (A=Arrhenius A 
factor) 

p-OMe 20.1+2.3 21.9+3.6 

p-Me 20.6+3.4 22.8i5.4 

p-H 21.1+2.4 23.7+4.4 

p-Cl 21.1i3.3 24.4+5.2 

3,4-diCl 20.8+1.2 24.0+3.7 

2-nitro2 20.4 

2,3-diCl2 22.0 

Note 2. see note 1, above 
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Due to the large error limita (greater than +17* in 

every case) for the activation energy values, one cannot make 

any conclusions about the variation of activation energy with 

substituent. To within experimental error all the activation 

energies may be equal. A slight trend is noted in the 

variation in the logarithm of the Arrhenius A factor with 

substituent; the logarithm of the A factor appears to 

decrease as more electron donating substituents are placed on 

the benzene ring. However, this observation is not 

conclusive since the error in the A factor is substantial. 

Table 5 also contains some near identity activation energies 

measured by Lewis, Smith and Christie.7 The activation 

energies in the mixed substituent cases studied by Lewis are 

close, if not equal, to the values measured herein. Before 

valid conclusions can be drawn more precise activation 

energies must be measured. 

A sample plot of In k vs. 1/T for the identity 

reactions of unsubstituted methyl benzenesulfonate appears as 

figure Ô. From this crude plot, the identity rate at 35 

degrees C has been extrapolated. This should correspond to 

the identity rate predicted by Lewis.7 The extrapolated rate 

constant of 2.1 x 10“5 sec"l is the same as the predicted 

value of 2 x 10"5 M~1 sec"l to within experimental error. 

This tends to lend credence to Lewis's assumptions. 

• * * • • 
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Figure 8 . Arrhenius plot, for the identity reaction of methyl 

benzenesulfonate and potassium benzenesulfonate in sulfolane. 
o 

Plot includes a point extrapolated to 35 C for comparison with a 

calculated identity rate. 
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Using the Marcus equation without the quadratic term, 

experimentally measured equilibrium constants, and the 

measured identity rate constants, rates for the reaction of 

methyl arenesulfonates with potassium 3,4-dichlorobenzene- 

sulfonate in sulfolane at 55 degrees can be predicted. The 

mixed case rates were also measured experimentally. A compa¬ 

rison of the calculated and experimental rates appears in 

table 6. The rates agree to within 1% in some cases and 

differ by as much as 15* in other cases. A Hammett plot of 

the calculated forward rate constants appears as figure 9. 

The slope of this plot is, to within experimental error, the 

same ( p 21*84) as that of the Hammett plot of the obser¬ 

ved forward rates (figure 4). 

A plot of the relative contribution of each term in the 

Marcus equation appears as figure 10. This plot indicates 

that the major contribution to the change in rate is from the 

equilibrium constant. 

Using the method of Albery and Kreevoy,*4 the work 

term, wr, was estimated for sulfolane as 1.5 kcal/mole. In 

order to calculate the work term, it is assumed that for the 

association of the nucleophile and substrate, the association 

constant, K, has a value of 10.5 M~l. This value arises from 

the statistical chance of a nucleophile replacing a solvent 

molecule (i.e. S + MeX = = ^ (K> CSMeXJ). Albery and 

Kreevoy calculated the work term for water as ~2.4 kcal/mole. 
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Table 6. A comparison of the rate constants predicted by the 
Marcus equation (both with and without the quadratic term) 
and those measured experimentally for the reaction between 
the 3,4-dlchlorobenzenesulfonate salt and methyl arenesulfo- 
nates In sulfolane at 55.0 degrees C. The work term used In 
the quadratic calculations was 1.53 kcal/mole. All rates are 
In units of MA-1 sec^-l. 

substituent observed rate calculated rate calculated rate 
(without quadratic)(with quadratic) 

x 105 x IQS x 105 

p-OMe 1.16 1.34 1.10 

p-Me 2.03 1.97 1.67 

p-H 3.51 3.351 3.02 

p-Cl 9.98 10.5 10.2 

3,4-diCl 48.9 48.9 48.9 

substituent quadratic term 
(from eqn.2 in text) 

p-OMe -.1985 

p-Me -.1609 

p-H -.103 

p-Cl -.033 

1. Calculated using the 
values. 

average of 2 reported identity 
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Hammett Sigma 

Figure 9. Hammett plot of calculated rate constants for the 

reaction of potassium 3,4-dichlorobenzenesulphonate with substituted 
o 

methyl benzenesulphonates in sulfolane at 55 C. The rate constants 

were calculated from the Marcus equation as modified by^lbery and 

Kreevoy. 
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Figure. 10 A comparison of the relative contributions of each 

term in the Marcus equation used to calculate rate constants for 

the reaction of potassium 3,4-dichlorobenzenesulfonate with 

methyl arenesulfonates• 
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When the sulfolane work term is placed in the 

quadratic term of the Marcus equation, and the work term for 

the reactants and products is assumed to be the same, the 

full Marcus equation can be used to predict rates. 

Predictions which include the use of the quadratic term 

appear in table 6. Also included in table 6 is a listing of 

the values of the quadratic term. 

The results in table 6 suggest that the Marcus equation 

with or without the quadratic term is a decent predictor of 

rates in solution. The calculated values vary from the 

experimental by as much as 15% without the quadratic term and 

up to 33% when the quadratic term is used. These variations 

might be explained in three ways. One explanation is that the 

identity rates have error limits of about ^10%. Another 

possible explanation is that the errors in the measured 

forward rate constants and especially the measured 

equilibrium constants are in the same range or greater than 

those of the identity rate constants, * 10%. As the data for 

the mixed case reaction of methyl arenesulfonates with 

potassium toslylate demonstrates, errors in counting (low 

counts) will affect the accuracy of the equilibrium constants 

more than the rate constants. The data in table 3 indicates 

rate data may be usable (a trend is noted if the p-Cl point 

is ignored), while the equilibrium data is not usable at 

all. Figure 10 clearly demonstrates that most of the 
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variation in observed rate constants comes from the 

equilibrium term which, as stated above, is probably the less 

accurate term. Finally, when the quadratic term is employed, 

there may be a sizable error introduced if the work term is 

different than the estimated value. 

The Marcus equation without the quadratic can now be 

applied to estimate an identity rate for methyl triflate. 

Kevill32 has published rate data for the reaction of methyl 

triflate with tetra-n-butylammonium arenesulfonates in aceto¬ 

nitrile. He measured rates at -25, 0 and 25 degrees C. Using 

the Arrhenius equation, the rate for the reaction of methyl 

triflate with benzenesulfonate at 35 degrees C can be 

estimated as approximately 1.34 M“! sec-!. if the solvent is 

ignored (the work term for acetonitrile is small; it can be 

estimated by the method of Albery and Kreevoyl4 as 1.7 

kcal/mole), an equilibrium constant of about 1.8Ô x 104 for 

the reaction of methyl triflate with potassium benzene- 

sulfonate is estimated from four equilibrium constants: 

dimethyl sulfate with iodide (Ks420), methyl ortho-nitrobenz- 

enesulfonate with iodide (K^IOOO), methyl triflate with 

methyl sulfate ion (K=130> and benzenesulfonate with methyl 

o-nitrobenzenesulfonate <K=344>.6*7 

Kevill's rate data can be plugged into the Marcus 

equation (eqn. 2) along with the identity rate for 

benzenesulfonate and the calculated equilibrium constant. The 
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calculated values for log (base 10) kXx for methyl triflate 

Is +0.33, which compares to Lewis's^ value of -1.18. Lewis's 

calculated value may be suspect since it is calculated using 

the Marcus equation without the quadratic term from one 

extrapolated identity value. But, the value measured here is 

probably worse since the equilibrium constants used were very 

crude. To wit, one equilibrium constant is given only to an 

order of magnitude and another is suspect due to unreliable 

chemical technique. 

Hammett plots were constructed for the mixed case rates 

and equilibria. Figures 4, 5 and 6 show the forward, reverse 

and equilibrium Hammett plots for the reaction of the 3,4-di- 

chloro salt with methyl arenesulfonates. Hammett p 

values are +1.84^0.14 for the forward rate, -1.10+0.14 for 

the reverse rate and +2.94+0.14 for the equilibrium. The fact 

that all the errors are +0.14 is a coincidence. Subtraction 

of the absolute value of the reverse pr ‘ from the forward 

pç should give, p^ , for the identity reaction. To 

within experimental error, the calculated difference, 

0.7+.14, is the same as the experimentally measured ^vy ' 

0.6+0.1. This is a comforting observation since it helps 

confirm the location of the transition state for the identity 

reaction. 

One very interesting observation is that the pr of 

-1.1 is the same as that noted by Kevill32-34 for the 
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reaction of areneaulfonatea with methyl triflate, methyl 

perchlorate and even trimethyl oxonium ion. Thia indicates an 

identical response to changes in the reactivity of the 

attacking areneaulfonate ion. 

methyl areneaulfonatea measured by HPLC is 3.02+0.7. The 

error was estimated by the same graphical methods as used 

above.51 The large error is due to bugs in the HPLC 

measurements that have not been fully ironed out. The 

with a variety of methyl arenesulfonates. 

The Hammett plots indicate methyl 3,4-dichlorobenzene- 

sulfonate is a better methylating agent than the other methyl 

arenesulfonates studied. 

The equilibrium between the 3,4-dichloro salt and 

methyl benzenesulfonate allows a rough estimate of the lo¬ 

cation of methyl 3,4-dichlorobenzenesulfonate on Lewis's? 

equilibrium scale. By interpolating the equilibrium constant 

for the reaction of methyl ortho-nitrobenzenesulfonate with 

potassium benzenesulfonate to 55 degrees a comparison can be 

made between the o-nitro and 3,4-dichloro equilibrium con¬ 

stants. The o-nitro compound has an equilibrium constant 3.7 

times that, of the 3,4-dichloro compound at 55 degrees. 

Tha for the equilibria between tosylate and 

is close to calculated for the 3,4-dichloro salts 

*••*»*« 
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Equilibria were measured at. 55 and 65 degrees C for the 

reaction of potassium 3,4-dichlorobenzenesulfonate with 

methyl tosylate in sulfolane. These two measurements, which 

appear in table 7, allow a crude calculation of &H and AS 

dH has been calculated as about -3.6 kcal/mole and AS as about 

-21 kcal mole-^degree-!. These values are slightly greater 

than those measured by Lewis? for the reaction of ortho 

substituted benzenesulfonates with potassium benzene- 

sulfonate . 
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Table 7. Equilibrium constants and calculated thermodynamic 
quantities for the reaction of potassium 3,4-dichlorobenzene- 
sulfonate with methyl tosylate in sulfolane. 

Temperature Keq In Keq 
(degrees C) 

65 .00442 -5.42 
55 .00514 -5.26 

From this the following are calculated: 

= -21.3 cal./mole-deg. 
= -3.57 kcal/mole. 
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EXPERIMENTAL: 

General Methods. Unless otherwise stated all materials were 

obtained from commercial suppliers and used without further 

purification. Toluene was distilled from calcium hydride.54 

Methanol was dried by shaking with calcium hydride and 

filtering the dry methanol. Methanol was stored over 

molecular sieves. Sulfolane, tetrahydrothiophene 1,1-dioxide 

(Phillips), was distilled twice from sodium hydroxide 

pellets (b.p. 144 degrees C, 1.0 torr, m.p. 30 degrees C) and 

once from calcium hydride.2 Sulfolane was stored over calcium 

hydride under argon in a dessicator. In all cases, the 

sulfolane was used within two and one half weeks after 

distillation. Water used in the workup of kinetic points was 

distilled and stored in plastic bottles. 

Unless otherwise noted, all proton and carbon-13 NMR 

spectra were run in deuterochloroform with a TMS internal 

standard. Proton NMR were generally run at 90 MHz on a 

Varian EM-390 spectrometer. Some proton and all carbon NMR 

spectra were run at 90 MHz and 62.89 MHz respectively using a 

JEOL FX-90Q Fourier transform spectrometer. Melting points 

were obtained on a Fisher-Johns melting point apparatus and 

were uncorrected. Radioactive samples were counted in a di- 

oxane cocktail using New England Nuclear's Omnifluor iS7% 
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<14.7 gm.) PPO (2,5-diphenyloxazole) and 3% (0.3 gm.> Bis- 

MSB dissolved in 0.5 gallon of dioxane]. The dioxane used was 

Kodak scintillation grade. Unless otherwise noted, all 

samples were counted in a Beckman scintillation counter set 

for at most 1.5 percent error (often the error was set at 0.7 

percent). The samples were counted on the carbon-14 channel 

with a gain of 300. 

All temperatures taken during the kinetic runs were 

measured with National Bureau of Standards standard ther¬ 

mometers and were corrected; a check of the ice point was 

made. Temperature was regulated using a variety of water 

baths including a Neslab RTE-3 and a Tamson constant tempera¬ 

ture bath. Boiling points and melting points of solvents 

and compounds were uncorrected. 

Identity Kinetics. 

Sulfolane solutions (approximately 0.01 M, see table Ô 

for exact concentrations) were prepared by placing 18-crown-6 

followed by the desired potassium arenesulfonate in a tared 

volumetric flask. About 1.5 equivalents of lô-crown-6 were 

used to help increase the sulfonate concentration. Warm 

sulfolane was added by syringe to just below the mark. After 

allowing the flask and contents to cool to room temperature 

<22-25 degrees C) sulfolane was added to the mark. A few 
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Table 8. Measured data for identity kinetics between arene- 
sulfonates in sulfolane. Temperatures are good to within 
♦ 0.25 degrees. All concentrations are in moles per liter. 
Specie designations are as follows: 18-crown-6 ether=18-C-6, 
unsubstituted » H, para-chloro = Cl, para-methoxy = MeO, 
para-methyl (tosyl) = Me and 3,4-dichloro = 34C1. k(obs) 
refers to the observed first order rate constant (units of 
secA(-l). k(2) are the second order rate constants (units of 
M"' (-l)aecA(-1) The run number is an internal designation 
having no significance. "*M refers to the compound with the 
radioactive label. 

Run Specie Temp. Salt Cone. Ester Cone. k(obs) k(2) 

(degrees C) ( x IQS)(x 104) 

1 (run discarded, k(obs) plot Is nonlinear> 
2 H 55 0.0957 0.0699* 2.32 1.4 
3 H 55 0.0957 0.0699» 2.89 1.7 
4 H 45 0.0971 0.0702* 11.1 0.663 
5 Cl 45 0.0278» 0.0909 1.20 1.01 
6 Cl 55 0.0278* 0.0909 3.08 2.59 
7 Cl 65 0.0232» 0.0907 8.39 7.4 
8 H 65 0.0922 0.119* 8.03 4.91 
9 (run discarded, k(oba) plot is hyperbolic> 
10 Me 55 0.0272* 0.596 9.626 1.54 
11 Me 45 0.0154* 0.591 3.61 0.595 
12 Me 35 0.0124» 0.590 1.198 0.198 
13 (run skipped, superstitious reasons) 
14 OMe 55 0.00503* 0.576 6.939 1.19 
15 OMe 45 0.00503* 0.585 2.712 0.46 
16 OMe 35 0.00611* 0.5796 0.931 0.158 
17 34C1 55 0.00507* 0.0750 3.92 4.89 

0.00507» 0.0750 3.43 4.29 
18 34C1 65 0.00447* 0.0542 6.48 11.05 
19 34C1 45 0.00413* 0.0750 1.23 1.55 

Run 18-C-6 Cone. Run 18-C -6 Cone. 

1 M/A 11 0.0245 
2 0.0946 12 0.0132 
3 0.0946 13 N/A 
4 0.0970 14 0.0121 
5 0.0356 15 0.0121 
6 0.0356 16 0.00977 
7 0.0312 17 0.00705 
8 0.109 0.00705 
9 N/A 18 0.00933 
10 0.0382 19 0.00938 
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milligrams of calcium hydride were added to scavenge water in 

solution, and the flask was stoppered. The potassium salts 

did not dissolve even after shaking for half an hour. 

Therefore, a small magnetic stir bar was placed in the flask. 

The flask was placed on a magnetic stirrer in a dessicator 

overnight; after 12 hours the salt was usually all dissolved. 

Into a clean oven-dried 25 mL volumetric flask was 

pipetted 10.0 mL of a solution of substituted 

benzenesulfonate salt and ld-crown-6 of known concentration. 

Following the addition of the salt solution, the flask was 

weighed. A known volume of the substituted methyl 

benzenesulfonate (either neat or dissolved in sulfolane) was 

pipetted into the flask. The flask was reweighed. Two or 

three bits of calcium hydride were added, and the contents of 

the flask were mixed thoroughly. A 1.0 mL aliquot was 

immediately removed; this was the t0 point. The tQ point was 

worked up as described below. The flask was stoppered with a 

Teflon stopper and further protected with paraffin film. 

Immediately thereafter, the flask was,immersed in a water 

bath at the desired temperature. 

Each data point was taken by removing the flask from the 

water and pipetting out 1.0 mL of the contents. In almost 

every point of every kinetic run the 1.0 mL TD pipets did not 

drain cleanly. However, it appeared that the error was 

consistent (see the last paragraph of the Control Sub- 
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section), and consequently no correction was made for 

drainage error. As with the t0 point, the aliquot was worked 

up as described below. The infinity point was taken six to 

seven half lives after the initial point. 

The aliquots were partitioned between 20 ml of distilled 

water and 5 mL of ether. The tip of the pipet was rinsed 

with ether to ensure that the last drop was collected. After 

separation, the water layer was washed with ether three times 

(3 x 6 mL). The combined ether layers were washed three 

times with distilled water (3x6 mL). The combined ether 

layers were placed in a 50 mL round bottom flask. The 

separatory funnel was rinsed with ether; this ether was 

added to the flask. The ether was removed by rotary 

evaporation. Before the flask was removed from the rotary 

evaporator, the neck of the rotary evaporator was washed down 

with dioxane counting solution. Furthermore, the ground 

glass external area of the rotary evaporator was rinsed with 

dioxane counting solution. The contents of the flask and the 

rinse solution were placed in a 15 ml scintillation vial. 

The flask was rinsed twice with counting solution. 

Time was measured by using either a VWR digital stop¬ 

watch or a Tissot Seastar Automatic wristwatch. 

Samples were counted as described above. Background 

correction was not necessary, since in order to obtain the 

counts for the formation of ester, the measured counts at a 
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given time t, a, were subtracted from the measured infinity 

counts, ai. 

. The data was then plotted with time on the abcissa 

and ln< a - ai ) on the ordinate. The slope of this linear 

plot was determined by the method of least squares. The slope 

is k0ba« A sample plot, figure 11, is attached. Since, in 

all instances the reactions are pseudo first order the 

following equation is used: 

kobs 

k2 

[S03-3 ♦ [MeXl 

[ S03-1 is the concentration of the sulfonate ion. 

[MeX] is the methyl arenesulfonate concentration. 

k2 is the second order rate constant. 

Mixed case kinetigsj. 

A number of methods were investigated to achieve quan¬ 

titative or reproducible separation of methyl arenesulfonate 

esters to measure mixed case kinetics and equilibria. For 

example, it should be possible to look at the methyl peaks in 

the proton or carbon-13 NMR and by integrating these peaks 
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Figure 11 . Sample first order kinetic plot for the reaction 

between methyl 3,4-dichlorobenzenesulphonate and potassium 
o 

3,4-dichlorobenzenesulphonate in sulfolane at 65 C. a^ is the 
counts at infinity; a is the counts at the measured time, t. 
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determine an equilibrium constant. This turned out not to be 

the case. 

A mixture of salts and esters was prepared in sulfolane 

and placed in the proton NMR. The methoxy peak falls at 3.72 

ppm, the same chemical shift as lô-crown-6 used to permit 

more concentrated sulfolane solutions. If the ester mixtures 

were separated from the salt and dissolved in 

deuterochloroform, the proton and carbon-13 NMR chemical 

shifts of the methoxy groups could only be barely resolved 

from one another at 90 MHz. Integration of the two methoxy 

peaks was impossible due to similar chemical shift. 

Separation of the peaks was also hindered by low 

concentration. Due to the unavailability of a high field 

instrument to help separate these peaks, this method was 

abandoned. 

Two other separation methods were attempted 

unsuccessfully. Sulfonate esters did not show up in the gas 

chromatograph with a flame ionization detector. When placed 

in a gas chromatograph equipped with a thermal conductivity 

detector, a known mixture of esters was separable, but 

appears to decompose on the column as evidenced by broadening 

and trailing of the peaks. Placement of about 100 nanoliters 

of ester mixtures into the mass spectrometer on a solid probe 

yields irreproducible data due to, perhaps, fractional 

distillation of the esters on the probe. 
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Equlibria and kinetics of the reactions of different 

arenesulfonates near equilibrium were successfully measured 

in two ways. 

The first method was to mix a sulfolane solution of 

the radioactively labeled salt and 18-crown-6 with either a 

sulfolane solution of the methyl ester or a neat sample of 

the methyl ester. A large excess of ester was always used so 

the kinetics were pseudo first order. This helped simplify 

the calculations. Aliquots were taken at various time 

intervals during the first two half lives and worked up 

immediately. An initial reading of the salt concentration 

was obtained by counting 1.0 mL of the salt solution. It was 

not necessary to correct for quenching since it was 

demonstrated that sulfolane only quenchs to about one or two 

percent. 

Using the initial and equilibrium counts values 

(corrected for background), the ratio of the labeled salt to 

the labeled ester in the final equilibrium mixture can be 

determined. This information along with the initial salt and 

ester concentration, permits calculation of the 

concentrations of all species at equilibrium, and 

consequently the equilibrium constant was obtained. The raw 

data for all the mixed case experiments is presented in table 

9. 

The forward rate was determined from an equation in a 
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Table 9. Raw data for mixed case kinetics and equilibria. All 
runs were performed in sulfolane under calcium hydride at 
55.0 degrees C unless otherwise noted. All concentrations are 
in moles/liter. Substituent abbreviations are as follows: p- 
OMe=para-methoxy, p-Me=para-methyl (tosyl), p-H= unsubsti¬ 
tuted, p-Cl=para-chloro. 

Radioisotope Method: 
3^4;diçhlgrobenzenesulfonate with: 

INITIAL CONCENTRATIONS 
Substituent salt 18-crown- -6 ester ratio(ester/salt) 

p-OMe 0.00722 0.0116 0.5689 0.6273 
p-Me 0.00395 0.00945 0.6010 1.3551 
p-H 0.00722 0.0116 0.6772 2.0391 
p-Cl 0.00335 0.00800 0.1746 5.357 

p-Mel 0.00659 0.00916 0.0612 0.2505 

tosylate with: 

p-OMe 0.00500 0.0160 0.5778 11.9306 
p-H 0.00500 0.0160 0.6773 8.8104 
p-H(again) 0.00508 0.0158 0.4318 7.971 
p-Cl 0.00508 0.0158 0.2334 10.325 

HPLC Kinetics:2 - 
tosylate with : ratio(ester/MeOTs) run# 

p-H 0.0170 0.0220 0.0136 11.63 37 
p-H 0.0170 0.0220 0.0138 13.47 38 
p-OMe 0.0170 0.0220 0.01178 0.684 39 
p-OMe 0.0170 0.0220 0.01158 1.067 40 

Known ester mixtures m m ratio(peaks 260nm) ratio(moles) 
p-0Me/p-Me 2.486 0.4578 
p-H/p-Me 0.9234 1.786 

Retention times: (60/40 acetonitrile/water at 0.5 to 1.0 
mL/minute, premixed, pumped at ca. 5.7 kpsi through an Ultra¬ 
sphere 0DS column with a chart speed of 12 cm/hr) 

methyl benzenesulfonate 6 minutes 
methyl tosylate 8 minutes 
methyl p-methoxybenzenesulfonate 7 minutes 

1. Equilibria only at 65 degrees C 
2. Equilibria only. 
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book by Frost and Pearson.52 The reaction was first order in 

the forward direction and second order in the reverse 

direction. The equation is. 

A 0 Ae A A0 A e 

In k t 

<A - Aft ) AQ A0 ' At. 

where A0 is the initial concentration of A in the reaction A 

= B+C, A© is the concentration at equilibrium and A is the 

concentration at any time, t. k is the forward rate 

constant. Substitution of counts per minute (adjusted for 

background) for the values of A affords the opportunity to 

use this equation. The slope of a plot of all the terms in A 

vs. time was determined by the method of least squares. A 

sample plot is given as figure 12. One note of caution is in 

order regarding figure 12: this plot was of one of the least 

reliable runs due to the low activity of the salt. 

The Runge-Kutta iterative calculation method was 

attempted to help calculate the second order rate constants. 

A FORTRAN computer program was written by Dr. Donald Hamp and 

modified to fit the current rate equations.53 Due to a small 

(6) number of data points, and programming bugs, this method 

was abandoned. 
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Figure 12 . Pseudo first order plot for the reaction of methyl 

benzenesulphonate with potassium 4-methylbenzenesulphonate in 
o 

sulfolane at 55.0 C. The quantity A is the factor reported by 

Frost and Pearson used in a first order plot of a reaction first 

order in the forward direction and second order in the reverse 

reaction. 
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The second method used High Performance Liquid 

Chromatography C HPLC ) to determine the equilibrium 

constants. In a small dry volumetric flask was pipetted 5.0 

mL of the arenesulfonate ion in sulfolane and 18-crown-6. To 

this flask, which had now been weighed, was added a 

calculated volume of the desired methyl ester. The volume 

calculation was done in order to give approximately a l:l 

ratio between the two esters on the HPLC. The flask was 

reweighed, and the contents mixed well. Then, the contents of 

the volumetric flask were pipetted into a 10 mL ampule to 

which was added calcium hydride bits. The ampule was sealed 

at room temperature and pressure. 

The ampule was placed in a 55.0 degrees C water bath and 

heated for at least 5 half lives. In cases where the 

concentrations were less than 0.01 M, the ampules were heated 

for up to 14 days to ensure complete reaction. The ampule 

was then removed and immediately opened. The contents were 

placed in a small vial and a 2.0 mL aliquot was taken. This 

aliquot was worked up in the same manner as in the identity 

kinetic runs. The resulting mixture of water, esters and 

possibly other impurities was dissolved in 3.0 mL of HPLC 

grade acetonitrile (Baker). This solution was placed on TLC 

and eluted with acetonitrile to try to find more than one UV 

active compound. In every case nothing but a spot for the two 
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esters was found. A pre-column was used on the HPLC to catch 

any unanticipated impurities. 

The acetonitrile solutions» along with acetonitrile 

solutions of known ester mixes» were injected (20 microliters 

at a time) into a Beckman model 320 HPLC and eluted with a 

mixture of 40% water in acetonitrile. An Ultrasphere ODS 

reverse phase column (5 micron particle size» 4 mm by 23 cm) 

was used. Pressures greater than 6 kpsi were frequently 

encountered which caused one of the pumps to shut off; there 

may be an inconsistancy in the solvent composition on a few 

of the traces. This problem was solved by reducing the flow 

rate to 0.5 mL/minute from 1.0 mL/minute. 

Peak heights were used to estimate the composition of 

the mixtures. Full details» including retention times» 

appear in table 9. 

Synthesis 

Potassium benzenesulfonate. 76 gm. technical grade benzene- 

sulfonic acid was dissolved in 450 mL of water. 25% aqueous 

potassium hydroxide solution was added until red litmus turns 

blue. Most of the water was evaporated on a hot plate. The 

white solid was recrystallized twice from ethanol. 

Numerous attempts were made to synthesize potassium 

benzenesulfonate with the radioactive label. Unfortunately, 
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all attempts met with, at beat, diamal success. The major 

problems encountered were disulfonation (which can be avoided 

by using 1 equivalent of sulfuric acid) and sulfone for¬ 

mation. Sulfone formation can be minimized by using the 

procedure of Rueggeburg^S and co-workers who added a trace of 

glacial acetic acid to inhibit sulfone formation. However, a 

major problem of this method was the separation of the de¬ 

sired salt from potassium acetate. After attempting some 

other literature preparations,56»57 each of which resulted in 

yields of less than 5 percent based on sulfur, this method 

was discarded in favor of labeling the ester. 

Methyl benzenesulfonate. This was the procedure as given by 

Lewis, Smith and Christie.7 3.6 gm of sodium metal was 

washed with low boiling petroleum ether and then dissolved in 

60 mL of dry methanol. This solution was added dropwise at 

-40 degrees C to a solution of 20.3 mL (1 eq) labeled benzene 

sulfonyl chloride dissolved in 40 mL dry toluene over a 10 

minute period. The resulting cloudy solution was allowed to 

warm gently over a 3 hour period. The reaction mixture was 

filtered twice using filter aid on a medium fritted glass 

filter. The filter aid was washed generously with dry tol¬ 

uene. Toluene was removed by rotary evaporation and the 

resulting oil was distilled (bp 122 degrees, 2.2 torr) resul¬ 

ting in a 72î« yield. 
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The product was further purified by column chro¬ 

matography. Crude product was loaded on a silica gel column 

and was eluted with ether/hexane while gradually increasing 

the polarity. The column was monitored by thin layer 

chromatography. Proton NMR shows 3.72 ppm <s,3H>, 7-8 ppm <m, 

5H). Specific activity of the clear liquid was 0.384 mCi/mM. 

Benzene suifgny1 chloride. Labeled benzene sulfonyl 

chloride was prepared by the method of Douglass and 

Johnson42 from labeled thiophenol. Thiophenol was prepared 

by Tom Douglas at Rice University by treatment of phenyl 

magnesium bromide with elemental sulfur in toluene followed 

by an aqueous acid workup and distillation. The activity of 

the sulfonyl chloride was about 0.7 mCi/mM. 

Methyl 4-çhlgrobenzenesulfonate. Methyl 4-chlorobenzene- 

sulfonate was prepared in the same manner as methyl benzene- 

sulfonate from 4-chlorobenzenesulfonyl chloride. However, 

since the desired product was a solid a modified procedure 

was performed after evaporation of the toluene. The yellow 

oil was placed under vacuum for a few hours. The resulting 

solid suspension was partitioned over water and ether. Sodium 

chloride was added to break up the resulting emulsion. The 

aqueous portion was washed twice with ether. The combined 

ether layers were dried over anhydrous magnesium sulfate and 
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gravity filtered. The ether was removed by rotary evapora¬ 

tion. The resulting thick yellow oil was sublimed resulting 

in a white crystalline solid <mp 43 degrees C>. NMR 3.72 ppm 

<s, 3H), 7.5 ppm <AB quartet,J= 10 Hz, 4H>. Assay indicates a 

purity of 97.6%. 

Potassium 4-ghlorgbenzenesulfgnate. The procedure of Mayer^S 

was used with modifications. 14.1 mL (1 eq) chlorobenzene, 

10.8 mL Cl eq) 20?s fuming sulfur-35 labeled sulfuric acid and 

15 drops of glacial acetic acid (to inhibit sulfone for¬ 

mation) were placed in a 200 mL 3 neck round bottom flask 

equipped with a condenser protected with a calcium chloride 

drying tube, 14/20 size mechanical stirrer and a thermometer. 

The flask was gently heated with stirring to 55 degrees C for 

2 hours. The reaction mixture was then poured into a beaker 

of ice and neutralized with 50fc aqueous potassium hydroxide. 

The resulting solids were filtered on a large coarse fritted 

glass filter and dried overnight in an oven at 130 degrees C. 

The mother liquor was evaporated from 200 mL to about 40 mL, 

and after cooling the resulting solids were filtered off and 

oven dried. 

The combined solids were crushed to a fine powder with 

a mortar and pestle and extracted over a period of days into 

ethanol in a big Soxhlet. After cooling slowly to about 3 

degrees C, the extracted solids were collected on a Buchner 
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funnel and oven dried. An overall yield of about 30* of 

flaky white crystals (mp greater than 300 degrees, NMR (D2O, 

DSS internal standard) 7-8 ppm (AB quartet. JAB=9 HZ) was 

obtained. The product can be further purified by 

recrystallization from ethanol. Specific activity was 1.72 

mCi/mM (during kinetic run 5). 

The purity of the salt was checked by passing the solid 

through an Amberlite 120(H) acidified ion exchange column 

and titrating the resulting acid solution with 0.200 M 

aqueous sodium hydroxide. Bromthymol blue was used as the 

titration indicator. This assay indicated a purity of 97.4*. 

Methyl 4-methylbenzenesulfonate (methyl tosylate).. Methyl 

tosylate was purchased from Aldrich and distilled (bp obser¬ 

ved was 142 degrees C, 3.5 torr). No assay was run; purity 

was checked by proton NMR (spectra run with peaks pegged off 

scale to look for slight impurities). Proton NMR shows 2.34 

ppm (s), 3.66 ppm (s), 7.1-7.7 ppm (AB quartet, J=9Hz>. 

Potassium 4-methylbenzenesulfonate. This compound was pre¬ 

pared in a similar manner to potassium 4-chlorobenzenesul- 

fonate except the labeled fuming sulfuric acid was stirred 

with toluene at 40 degrees C. The resulting white crystals 

contain a mixture of the ortho and para isomers. Recryst- 
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allization twice from methanol affords crystals of sufficient 

purity that no ortho isomer can be detected in the proton NMR 

even at increased amplitude. NMR CD2O» DSS internal standard) 

2.20 ppm Cs, para isomer), 2.51 ppm (s, ortho isomer), 7-8 

ppm CAB quartet, J=9 Hz). Specific activity was 4.00 mCi/mM 

(as measured during kinetic run 10). 

Methyl 4-methoxybenzenesulfonate. This ester was prepared in 

the same manner as the previous esters. The observed boiling 

point was 164 degrees C at 2.6 torr. Only one peak was obser¬ 

ved in the HPLC (Ultrashpere ODS column, 40/60 water/aceto¬ 

nitrile, UV detector set at 285 nm.). NMR 3.65 ppm (s, 3H), 

3.85 ppm <s, 3H), 6.8-7.9 ppm CAB quartet, J=9 Hz, 4H). 

Potassium 4-methoxybenzenesulfgnate. The procedure for syn¬ 

thesis of the acid was a slight modification of the prior 

art.59»60 This compound was prepared by addition of 8.9 mL 

Cl eq) of labeled fuming sulfuric acid dropwise to 16 mL of 

anisole Cl eq) at -2 degrees C. The workup and apparatus 

were the same as in prior sulfonations. Overall yield after 

recrystallization from methanol was 16 % C5.1 gm made). 

Proton NMR CD2O, DSS internal standard) shows 3.75 ppm Cs, 

3H, para isomer), 3.82 ppm Cs, 3H, ortho isomer, 7-8 ppm CAB 

quartet, 4 H, J=10 Hz). Specific activity was 7.02 mCi/mM Cas 

measured during kinetic run 15). 
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Methyl 3x4-diçhlorobenzenesulfonate. This new compound was 

prepared, in a similar manner to other methyl benzenesul- 

fonate esters, by treatment of 3,4-dichlorobenzenesulfonyl 

chloride with sodium methoxide in toluene. The product was 

purified by sublimation. Mp 47-48 degrees C. Mass spectra, 

molecular ion calculated mass 239.9414, observed mass 

239.9414, major fragments m/e 78, 145, 74; Proton NMR 

(CDCI3, TMS internal standard) 3.77 ppm (s, 3H) 7.4 - 8.0 

ppm (ABC spectra, 3 H). 

A second method for preparation of this ester was the 

treatment of potassium 3,4-dichlorobenzene-sulfonate with an 

excess of methyl trifluoromethanesulfonate (methyl triflate) 

in diethyl ether at room temperature under argon for one 

hour. After evaporation of the ether, the resulting white 

crystalline solid was sublimed giving the desired ester in 

low yield. 

Potassium 3x4-dichlorgbenzenesulfonate. The procedure used 

was that of Beilstein6* with some slight modifications. The 

side reaction to form the 2,3-dichloro isomer was not favor¬ 

able.62 Instead of using sealed tubes as Beilstein did, the 

reaction mixture was heated with stirring in a dry atmosphere 

at 200 degrees C for 2 hours. The workup was identical to 

that in previous sulfonations. The crystals isolated in the 
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Soxhlet extractor were recrystallized from ethanol. Proton 

NMR of the resulting white crystalline solid (D2O, DSS 

internal standard) was identical to that of a true sample of 

the compound prepared by the base catalyzed hydrolysis of 

3,4-dichlorobenzene sulfonyl chloride followed by extraction 

into ethanol. The proton NMR shows a characteristic 

multiplet between 7 and 8 ppm. Specific activity of the salt 

was 4.37 mCi/mM (as measured during kinetic run 18). 

Sulfuric acid. Radioactive labeled fuming sulfuric acid was 

prepared by mixing approximately 3 millicuries of labeled 

sulfuric acid (Amersham, 99X) with 10 mL of 24X fuming sul¬ 

furic acid. There was a rapid equilibrium between the dis¬ 

solved sulfur trioxide and sulfuric acid allowing the prep¬ 

aration an excellent labeled sulfonation reagent. 

Attempted (.unsuccessful), synthesis: 

lnçyanobenzenesulfgniç açid. A vague procedure outlined by 

Pietrzyk and Belisle4^ was followed. Sulfanilic acid was 

treated with nitrous acid at zero degrees C to give the 

corresponding diazonium salt. This salt was then treated 

with an aqueous slurry of cuprous cyanide. After filtration 
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to remove the excess cuprous cyanide and evaporation of water 

a black tar remained. NMR analysis of this solid gave no 

trace of protons. Treatment of this solid with methyl tri- 

flate gave no reaction; almost all the methyl triflate was 

recovered. 

4-nitrobenzenesulfgnic acid. A procedure of Holman and 

Bayer^S was modified to hopefully give the desired product. 

2.4 gm of sulfanilic acid was stirred for 5 days in a flask 

containing 23 mL 30* hydrogen peroxide and 52mL glacial 

acetic acid behind a safety shield. The flask was protected 

with a calcium chloride drying tube. The water and hydrogen 

peroxide were removed by distillation leaving a brown re¬ 

sidue. IR analysis (KBr pellet) shows some evidence of nitro, 

nitroso and unreacted sulfanilic acid. After repeated 

attempts of this procedure (including the use of acetic 

anhydride to generate 90& hydrogen peroxide in situ), it was 

abandoned since it did not give a reasonable yield of pure 

product. Oxidation with meta-chloroperbenzoic acid (MCPBA) 

according to the procedure of Robinson^4 gave unsuitable 

results as evidenced by IR spectra (no band was noted at 

1372 or 1350 cm*!). 

Sulfanilic acid. Sulfanilic acid was easily prepared by the 

procedure outlined by Vogel^5 in his sophomore laboratory 
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textbook. The yield was good; it waa greater than 30H based 

on sulfur. Sulfanilic acid was the major precursor to the 

desired compounds. 

Contrgl Experiments: 

The major side reaction in the kinetics was the 

hydrolysis of the methyl esters or the reaction of the methyl 

esters with impurities or other compounds in the reaction 

vessel. Many precautions were taken to avoid these sort of 

problems. 

Water was kept out the system in two ways. First, as 

already noted, the sulfolane and the potassium salts were 

distilled or dried to ensure anhydrous conditions. In each 

reaction flask was placed a few bits of calcium hydride to 

scavenge excess water. 

A control experiment was run to see if calcium hydride 

reacts with either methyl benzenesulfonate or with potassium 

benzenesulfonate (and 18-crown-6> in sulfolane. In an NMR 

tube was placed a little calcium hydride and a sulfolane 

solution of the compound being tested. A proton NMR spectrum 

was taken. The sealed NMR tube was placed in a 120 degree C 

oven for 45 hours. The NMR spectra was run again and compared 

to the one taken before placing the tube in the oven. There 

was negligible change in the spectra (chemical shift, new 

peaks, intensity) noted over the interim. 
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To ensure -the methyl esters do not thermally decompose 

another proton NMR experiment was conducted. 100 micro liters 

of methyl benzenesulfonate was placed in an NMR tube with 2 

mL of freshly distilled sulfolane. The tube was placed in a 

piece of pipe in a 120 degree C oven. A proton NMR spectrum 

was taken at intervals over a 24 hour period. There was no 

change in the spectra (when superimposed no change was seen) 

during this period. 

In some cases it was not possible to check the purity of 

the methyl esters or the sulfonate salts by NMR spectra or 

other instrumental methods. In these cases assays were 

performed to ensure sufficient purity for kinetics. 

The methyl esters# of known density# were assayed by 

taking 25 micro liters and dissolving this in aqueous sodium 

hydroxide. This mixture was refluxed for 1.5 hours. After 

cooling# the solution was titrated with aqueous hydrochloric 

acid using methyl red as an indicator. For example# 25 

microliters of methyl benzenesulfonate was refluxed in 15.0 

mL 0.0200 M sodium hydroxide. Titration with 0.01 M 

hydrochloric acid was performed until a slight pink color 

was observed. The purity of the sample was 95.3». 

The potassium salts were assayed by passing the salt 

through an Amberlite 120(H) ion exchange column that has been 

treated with strong acid and then washed with distilled water 
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until Hydrion indicator paper turned neutral (pH=6>. The 

resulting solution of the sulfonic acid was titrated with 

sodium hydroxide using bromthymol blue as the indicator. For 

example, when 0.4ôôâ gm. of potassium 4-chloro- 

benzenesulfonate was passed through the Amberlite column 

10.35 mL of 0.200 Molar aqueous sodium hydroxide was 

necessary to cause bromthymol blue to change from 

yellow/clear to a very slight blue. This corresponds to a 

molecular weight of 236.1 as compared to a calculated value 

of 230.5 (purity of 97.62fc). 

To double check for water in the reaction mixture, the 

final mixture after the solutions had been allowed to 

equilibrate was placed in the proton NMR. No trace of water 

was seen. The methoxy to aromatic integrations cannot be 

checked since, the chemical shift of the methyl group (3.72 

ppm> was very close to that of 18-crown-6 (3.75 ppm) in 

sulfolane. 

Is the workup used Quantitative? 

A control experiment to determine if the workup method 

used is quantitative was conducted. In a small flask, 34 mg. 

of potassium bezenesulfonate was dissolved in IS mL 

sulfolane. To this solution was added 100 microliters of 

methyl benzenesulfonate. The usual workup was mL sulfolane. 

To this solution was added 100 microliters of methyl 

benzenesulfonate. The usual workup was conducted (see 
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above). 100 microlitera of toluene were added aa an internal 

standard. A proton NMR spectrum was run in 

deuterochloroform obtained. This spectrum was compared to the 

proton NMR in deuterochloroform of a mixture of 100 

microlitera each of methyl benzenesulfonate and toluene. The 

integrations indicate 87 percent error with an error of 18 

percent (determined by a statistical propagation of errors 

treatment). The large error can be attributed to the error in 

measuring the integration (counting little squares was 

estimated to be only good to about 10?«) . 

As further proof that the workup method is reproducible 

(but not necessarily quantitative), a series of workups were 

conducted using the labeled products from a kinetic run after 

at least 5 half lives. The resulting isolated esters were 

placed in the scintillation counter. Counts (in counts per 

minute) for four separate runs were 1916, 1979, 1955 and 

1923. Since the error in counting is approximately 0.7 per 

cent, these results indicate that the method employed was 

good to ♦ 1.55<. 
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