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Abstract approved:

Two solvent systems, namely, pure H2O and DMSO-H20 mixed

solvents were used to characterize the electrophilic substrate,

hydroxylamine-O-sulfonic acid. Kinetics studies in H2O involve the

reactions of proton-basic nucleophiles, Nu, with the trivalent nitrogen

center in H2NOS03. The general rate law found was identical to that

reported by Blanchet for reactions involving H2NOS03- with polarizable

nucleophiles.

-d[H2NOS03-] /dt = k 2NOSO
3
1[Nu]

The rate law is [011-] independent even in highly alkaline solutions,

pH 12-13.

The results of both studies are listed in the following table:
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aValues taken from: P. F. Blanchet, Ph. D. thesis, Oregon
State University, Corvallis, Oregon.

An S
N2 mechanism is proposed for all systems:

Nuz + H2NOSO3 [Nu.. N...OSO, z -1]* NuNH
2

z+1 + 5042
H H

Reactivity of the nucleophile correlates most closely to its

polarizability, with proton basicity of the nucleophile being relatively

unimportant. Thus, the trivalent nitrogen center in H2NOSO3 shows

medium soft character.

The general rate law found for the SN2 reaction of H2NOSO3

in H2O has been found to hold for DMSO-H 20 solvents (Nu =, I,

(C6H5)3P). The reaction of H3NOSO3 with I- was found to conform to

a similar rate law in these solvents:

cl[H3NOSO3] /dt = k -1[H NOS03]



Parallel rate constant behavior over the entire solvent range for the

reactions of I with H2 NOSO 3- and H3NOSO3 establish that H3 NOSO
3

is indeed a zwitterion. Rate constants for all reactions decreased

significantly with increasing DMSO mole fraction. This rate constant

dependence has been interpreted in terms of poor solvation of the

SO 4
2- leaving group by DMSO-rich solvents.

When added H+ is present in 0.96 mole fraction DMSO a [H+]

dependent rate law has been observed for the reaction of H3NOSO3

with I. The data conform to simultaneous S
N2

attack by I and S
N1

dissociation of the postulated species H
3NOSO 3H+. This has also been

explained in terms of leaving group effects.

H+ + H
3
NOS°

3
-.1&-F1

3NOSO 3H 3
N2+ + HSO 4
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CHARACTERIZATION OF A TRIVALENT-NITROGEN CENTER.
NUCLEOPHILIC SUBSTITUTION ON HYDROXYLAMINE-0-

SULFONIC ACID IN DIMETHYL SULFOXIDE-WATER
SOLVENTS.

I. INTRODUCTION

Nucleophilic Reactivity

Derivations using transition-state theory show that the rate con-

stant of a reaction is solely dependent on the free energy requirement,

AG*, for the reactants and their environments to come together and

form the transition state (1). The AG* for a bimolecular nucleophilic

displacement reaction, Equation (1), can be thought of as the sum of

the free energies required for each of the following, Firstly, for a

reaction in solution, the reactants must diffuse through the solution

toward one-another and, as they come together, the solvation spheres

around both the nucleophile, Nu, and the substrate, S-X, must

rearrange so that Nu is free to attack S-X. Secondly, Nu donates a

pair of electrons to the electrophilic atom in S-X, changing the

electronic structure of both while forming a bond. At the same time

the S-X bond is simultaneously being weakened, as X, the leaving

group, is departing. Lastly, the solvent cage around the joining

reactants must further reorganize so the transition state receives

maximum solvation from its environment.



Nu + S -X [Nu . . . S , X]+ Nu- 5 + X (1)

2

There is great difficulty in obtaining absolute values for the free

energy required for any one of the above steps, since the steps are not

entirely independent processes. However, the relative importance of

one step may be shown by carrying out a series of experiments in

which varying conditions affect that one step more than the others. In

this way a more precise understanding may be enjoyed as to which of

the above free energy considerations are most important in determin-

ing G+.

For a substrate undergoing SN2 attack, AG* is going to vary

from nucleophile to nucleophile. Edwards and Pearson (2, 3) have

recognized that in many cases, when a particular substrate reacts with

a series of nucleophiles, the order of reactivity is largely dependent

on proton basicity and/or polarizability of the nucleophile. Further-

more, the relative importance of these two factors changes from sub-

strate to substrate. Pearson has elaborated on this (4) and from a

review of many kinetic studies and equilibrium data, has drawn a

relatively simple conclusion. He states that nucleophiles exhibiting

high proton basicity and low polarizability, termed hard bases, will

most readily attack substrate centers which have a high charge density

and low polarizability. Because these substrate centers resemble the

proton, Pearson refers to them as hard acid centers. On the other



3

hand, bases which have low proton basicities and are polarizable are

termed soft bases. They prefer to attack substrate centers which have

low charge densities and are also polarizable, termed soft acid cen-

ters. Thus, the character of a substrate center can be defined in

terms of Pearson's Hard-Soft-Acid-Base (HSAB) scale by comparing

the rate constants for the reaction of the substrate with a series of

nucleophiles.

From the wealth of kinetic data involving nucleophilic attack on

sp 3 carbon, peroxide oxygen and Pt II, Pearson and coworkers (2, 5,6)

have found it quite easy to define the position of these centers on an

HSAB scale. They have also made an attempt to place trivalent

nitrogen (2), but the data are rather scarce. From a few preparative

studies involving acid centers of the form H2N-X, where X is Cl or

S042, they concluded that nitrogen was most likely a medium soft

center, its ease of attack dependent on both basicity and polarizability,

with polarizability being more important. Kinetic studies by Ward (7)

using the substrate difluoramine, HNF2, have resulted in a proposed

S
N2 mechanism involving direct nitrogen attack. From the series of

nucleophiles studied, this trivalent-nitrogen center showed medium-

soft character as suggested by Pearson.

At this point, a word of caution should be exercised concerning

the HSAB concept. It must be recognized that the concept was derived

from empirical rather than theoretical means, and is thus, at most, a
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handy tool. Although correct predictions can be made in many cases

using the HSAB concept, it has been pointed out by Drago (8) that the

HSAB concept classifies a nucleophile as either hard, soft, or some-

where in between without providing a means for using intrinsic base

strength. Thus, there is no provision to accommodate a nucleophile

which is both hard and soft at the same time. Good examples of such

nucleophiles are ethanethiolate, which is very polarizable as well as

being a good proton base, or triethylamine, which has been reported

by Drago (8) to have a very strong tendency to form covalent bonds as

well as being a very good proton base. This inadequacy of the HSAB

concept stems from the fact that the measure of hardness is really a

ratio of the tendency to undergo electrostatic bond formation divided

by the tendency to undergo covalent bond formation. Drago recognized

that the magnitudes of these two quantities may cancel when a ratio is

taken.

Hydroxylamine-O-sulfonic Acid

Hydroxylarnine-0-sulfonic acid, shown below, was first isolated

by Sommer and Temp lin in 1914 (9). It has served as a reagent in

+ +1 9 -
H-IV-0-5-0

H 0

organic and inorganic synthesis as well as a compound of theoretical
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interest (10-13).

Hydroxylamine-O-sulfonic acid, H3NOSO3, is a moderately

strong acid in H2O, reported ionization constants of 0.033 at 45°C (14)

and 0.017 at 55-85°C (15), and it has been shown that aqueous solutions

of pH one or less contain mainly the molecular form (14). Whether

the proton fixes itself to the nitrogen, to one of the terminal oxygens

on the sulfonate end of the molecule, or is in some type of equilibrium

between the two sites in solution has been in question for some time

(16-18). X-ray diffraction studies by Baenziger and his colleagues (19)

have shown that the proton most likely resides on the nitrogen atom in

crystalline H3NOSO3, producing a zwitterionic-crystal form. Similar

conclusions were derived using it (18) and nmr (20) techniques. Of

course, the site of protonation in solution may be different from that

of the solid and may very well depend on the solvent used. Acid-base

properties of H
3

NOSO
3

have not been extensively studied in solvents

other than pure H2O.

Reviews of the reactions undergone by trivalent-nitrogen compounds

of the type H2N-X, where X is Cl or 504 2
, show nitrogen containing

products (21). For instance, when tertiary amines react with these

compounds, Equation (2), the sole product is a 1, 1, 1- trisubstituted

hydrazinium salt (13).

H2N -X + R 3N R
3

N-NH -1-+X (2)
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Tertiary phosphines have been shown to give the aminophosphonium

ion, R
3
PNH

2
(11), while many aromatic thiolates give the corres-

ponding sulfenamides, Ar-S-NH2 (22). Nitrogen attack by I on

H3NOSO3 has been proposed by Smith et al. (16). Krueger et al. (23)

have also proposed nitrogen attack for a series of nucleophiles with

H NOSO
3

Several intermediates or products possessing Nu-NH
2

bonds were isolated (24). Thus it appears that the nitrogen center is

the active site in these molecules.

DMSO -H2O Solvents

DMSO -H2O solvents were chosen as reaction media for some

reactions of H
3

NOSO
3

and H
2
NOSO

3
in an attempt to understand in

more detail the actual reaction mechanism. In order to interpret the

meaning of the results collected there must be a good understanding of

how the nature of the medium depends on solvent composition. For

this reason, a brief review of this solvent system will be given.

General Solvation

Pure DMSO is an aprotic, dipolar solvent with dielectric constant

of 48.9 at 20°C (25). In an extensive review Parker (26) has pointed

out the changes in chemical potential for anionic species upon being

transferred from hydroxylic solvents of comparable dielectric constant

to DMSO. The most dramatic changes are for anions which possess



t-high charge densities and large proton affinities (e. g. , CH30 , SO4 ,

OH). He assigns this increase in chemical potential to the inability

of DMSO to hydrogen bond to these bases and thus any negative charge

on the anion is not spread into the solvation sphere. For example ,

Kolthoff has shown HSO4 to be strongly hydrogen bonded to DMSO

while SO4 shows only negligible solvation in DMSO. On the other

hand, large polarizable anions are solvated very well by polarizable

solvents, like DMSO, due to dispersion forces (e. g. , 13 ).

From solubility data Parker concluded that polarizable non-

electrolytes (e. g. , ethylene and CH
3
I) experience a greater degree of

solvation from dipolar aprotic DMSO than from H2O or methanol.

Again he assigns this behavior to dispersion forces between DMSO and

the polarizable solute. As expected, nonelectrolytes which are

hydrogen-bond acceptors show greater solubility in hydroxylic solvents.

DMSO solvates closed-shell cations, like Na or (CH 3)3S+, very

much better than water or methanol. Parker attributes this to the

interaction of the electron-rich oxygen atom in DMSO with the cation.

Cations which donate hydrogen bonds are very compatible in DMSO and

experience great stabilization when transferred from methanol. Large

polarizable cations also experience greater solvation in DMSO than in

H2O or methanol.

In general, solvent mixtures of DMSO with H2O or methanol show

solvating powers toward both ionic and neutral solutes which are



intermediate to those of the pure components. Smooth curves are

obtained when such quantities as rate constants or solubility of certain

solutes are plotted as a function of solvent composition (26). Such

behavior requires only limited selective solvation from either com-

ponent making up the solvent.

To support the idea of limited selective solvation in DMSO-H20

solvents Stengle et al. (27) have done some work on the immediate

solvation sphere surrounding the halide ions as a function of solvent

composition. Using nmr, they measured the relative chemical shifts

of these ion in the solvent compositions of interest. The chemical

shift was taken to be a measure of the immediate environment and thus

the solvation of the ions. Analysis of the data showed no evidence of

selective solvation from either DMSO or H 0 over the entire range
2

of solvent composition for the halide ions. Since chloride ion was

reported by Parker to experience a much greater solvation in erotic

dipolar solvents than in DMSO, and Stengle has reported no evidence of

selective solvation of chloride by H2O in DMSO-H 20 solvents, then one

might expect that selective solvation for most basic species in DMSO-

H 0 solvents is at most, limited.

Effect on Reaction Rates

The effect of DMSO -H2O solvent composition on reaction rate has

been studied for many reactions. Wolford (28) measured the proton
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donating ability of acidic DMSO-H20 solvents by observing their

tendency to protonate m-nitroaniline. He found that, upon going from

aqueous solution to higher DMSO content, the proton basicity of the

bulk solvent first increased and proceeded through a broad minimum

between 0.35 and 0.50 mole fraction DMSO. It then decreased steadily

with increasing DMSO content. The pKa of m-nitroanalinium varied

from 2.2 in aqueous medium, to 0.6 at the minimum and then to 1.5 in

pure DMSO. Reactions requiring a proton transfer (29) or protonation

(30) before or as the rate-determining step have also been studied in

DMSO-H20 solvents and not suprisingly, their rate constant profiles

as a function of solvent composition closely parallels the behavior

reported by Wolford.

Reactions independent of the solvent's proton-donating power

have quite different rate profiles from those mentioned above. Cram

et al. (31) have measured the rate of proton abstraction from

saturated-carbon centers by strong bases. In one study, ethoxide was

used as the base and DMSO-methanol mixtures as the solvents. The

reaction was found to be some 109 times faster in pure DMSO than in

pure methanol. The explanation given for this rate increase is that

DMSO solvates the transition state much better than methanol, but

cannot solvate the methoxide ion nearly as well. Thus, the activation

energy is lessened both by increasing the ground-state activity of

ethoxide and lowering the energy of the transition state by specific
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solvation.

Soon after Cram's report, Stewart and O'Donnell (32) showed

that the basicity of tetramethylammonium hydroxide in DMSO-H20

increased rapidly with increasing DMSO content. In fact, the increase

in basicity reported by Stewart and O'Donnell can be shown to closely

parallel the increase in rate for the proton abstraction reaction studied

by Cram, This suggests that of the two energy considerations pointed

out by Cram, the increase in the ground-state chemical potential of

the ethoxide ion is most likely the one of greatest importance. In

support of this, Parker has cited rate-constant profiles as a function

of solvent DMSO content for hard anionic nucleophiles participating in

S
N2

attack. Rate constants generally increase dramatically with

increasing DMSO content. This not only supports the explanation

offered by Cram, but also suggests that the solvation of the nucleophile

is the predominant energy consideration when comparing rates con-

stant for an S
N2

reaction involving the attack of a substrate by a hard

nucleophile in different DMSO-H
2
0 solvents.

When the attacking nucleophile is other than a hard anion, then,

other energy considerations may predominate when solvent composi-

tion is changed. Parker (26) has shown that in many cases much can

be learned about the transition state of an S
N2

reaction when the

reaction is studied in various solvents. He points out that in an SN2

reaction the transition state can either be tight or loose.
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S+ 5- A+ A-
[Nu . . .S . . . X]* [Nu

tight loose

S-X = neutral substrate

Nu = neutral nucleophile

1 > >> 6 >0

One can see that in a loose transition state, there is considerable

charge separation and that the leaving group is product-like in char-

acter.

For an SN2 reaction in which the leaving group is a hard anionic

species, (e. g., SO4 2- ), we should be able to find out just how loose

the transition state is if the reaction of this substrate with a polariz-

able nucelophile is studied in different DMSO -H2O solvents If the

transition state is very loose, then the rate constant for this reaction

should diminish significantly with increasing DMSO content, This

decrease would be the result of the inability of DMSO-rich solvents to

solvate the product-like transition state as well as H20-rich solvents.

On the other hand, if the transition state for this reaction is tight,

then much smaller changes in the rate constant would be observed for

the entire range of solvent composition.
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Statement of Problem

Trivalent nitrogen has not been well characterized as to its

position on Pearson's HSAB scale. Using hydroxylamine-O-sulfonate,

with its trivalent-nitrogen center as the model, work in our laboratory

by Blanchet (24) has revealed its reactivity with a series of soft

nucelophilies. Listed below are his results which show decreased

nucleophilicity toward hydroxylamine-0-sulfonate with decreasing

softness of the nucleophile:

- - - - u
(C

6
H 5)3P - (NH

2
)
2

C=S S203 2-
> I >> Br Cl OH N

-1 -1
2.0 1.63 0.550 0.069 (not measured) k2' M sec

In order to gain a complete description of this acid center the follow-

ing study has included a test of its reactivity with hard nucleophiles.

Furthermore, information on the mechanism of reaction, the site of

protonation in hydroxylamine-O-sulfonic acid in solution, and the

importance of solvation in the transition state was sought by studying

the reaction of hydroxylamine-0-sulfonic acid and hydroxylamine-0-

sulfonate ion with iodide and triphenylphosphine in mixed DMSO-H20

solvents.
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II. EXPERIMENTAL

Reagents

Hydroxylamine-O-sulfonic Acid

Hydroxylamine-O-sulfonic acid was prepared by the method of

Sommer (9) with slight modification. A slight excess of iron-free

chlorosulfonic acid (0. 11 mole) was added slowly to 0.10 mole 99+%

hydroxylamine sulfate (both Matheson, Coleman) and Bell reagents)

which had been previously oven dried for at least two hours at 110°C.

Vigorous stirring was applied during and for one-half hour after the

addition. At this point the reaction mixture, which was a smooth

white paste, was heated to 100° C for five minutes to drive off all

hydrochloric acid formed during the reaction. After cooling in an ice

bath for five minutes, the product was washed at least five times with

250 ml portions of anhydrous ether (Mallinckrodt Anhydrous Ether) to

rid it of all acid species. After washing, the product was collected

and dried in vacuo over phosphorus pentoxide. In all steps contact

with moist air should be minimized.

Hydroxylamine-O-sulfonic acid prepared in this manner was

96-99% pure and stable for three to six months when kept over phos-

phorus pentoxide at room temperature. Purity analysis consisted of

weighing a sample of H3NOSO3, dissolving it in acid solution, adding
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excess potassium iodide, and titrating the liberted iodine with

standard thiosulfate solution. One-half molar sulfuric acid, 1M acetic

acid, or a buffer solution comprised of acetic acid and potassium

acetate, 1M in each, all worked equally well for acidification pur-

poses. As an example, 0.0239 g H3NOSO3 was weighed into a 50 ml

Erlenmeyer flask, and 15 ml 0. 05M H2504 added. This was followed

immediately by 2 grams KI and let stand for 2 minutes. It took

4. 098 ml of 0. 101M thiosulfate to obtain a colorless end point. The

purity is then:

[(4. 098 x 10-3 1)(56.5 gieq)(0.101 eq /1) /(0. 0239 g)]100% = 97.0%

Nucleophiles

A variety of nucleophiles was used in the course of this study.

Tr iphenylphosphine (Matheson, Coleman, and Bell) was recrystallized

twice from octane or cyclohexane. The triphenylphosphine was dis-

solved in the warm solvent (70-80°C), filtered hot, and left several

hours to crystallize at room temperature. Just before the crystals

were to be collected the crystallizing dish and contents were chilled in

an ice bath. The crystals were then collected with the aid of suction

and washed with a few small portions of cold methanol. The product

(m. p. 81.0°C) was ground to a fine powder and dried in vacuo over

phosphorus pentoxide.
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Other nucleophiles available as solids included potassium

iodide, potassium bromide, potassium chloride, potassium phosphate

(all Baker Analyzed Reagents), hydroxylamine hydrochloride and

hydrazine dihydrochloride (both Mallinckrodt Reagents). Further

purification of these solid reagents was unnecessary. The only

preparation involved was a thorough grinding and drying at 110° C for

at least two hours.

Eastman yellow label ethanethiol was distilled once using a

nitrogen bleed. The middle fraction was taken and stored in the

refrigerator. Triethylamine (Matheson, Coleman, and Bell) was used

without further purification. Titration with standard perchloric acid

to a methyl orange endpoint showed a purity of 99. 5%.

Acids and Bases

Perchloric acid (Mallinckrodt 70%) was used exclusively when

added acid was called for in preparing a kinetic run. Standard solu-

tions of perchloric acid were prepared by first diluting the reagent and

then titrating this diluted solution with standard sodium hydroxide.

Other acids employed for analyses, synthesis or miscellaneous uses

were all reagent grade.

An assortment of bases was used to neutralize H
3

NOSO
3

in H2O

and in DMSO -H2O solvents. All were reagent grade and were used

without further purification. Potassium t-butoxide was obtained from
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Alfa Inorganics, sodium carbonate from Mallinckrodt, sodium

methoxide and triethylamine from Matheson, Coleman, and Bell, and

potassium acetate from Baker and Adamson.

Solvents

Two solvents were used in the preparation of kinetic runs during

the course of this study, namely, water and DMSO. Water was always

doubly distilled. If it was required to be oxygen-free, then the second

distillation was carried out under nitrogen with nitrogen purging once

more just before it was used. This was done with the aid of a gas

dispersion tube.

DMSO (Van Waters and Rogers) was also distilled twice under

nitrogen. A 40 cm distillation column packed with glass helices was

used. The distillation proceeded nicely at a reduced pressure of

10 Torr and 83° C. Only the middle fraction was collected, the rest

being discarded. DMSO treated in this way had a water content of

0. 08% by weight (Karl-Fischer). After distillation, the solvent was

stored in a glass-stoppered bottle in the dark.

Reaction Conditions

Water Solvent

The preparation of runs in water solvent was quite similar for all
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nucleophiles. In all cases, except those involving hydroxylamine and

hydroxide, the ionic strength was kept at 0. 100M. Potassium perchlo-

rate was used as the supporting electrolyte.

All studies, in which water was used as the solvent, involved

H
2
NOSO

3
as the only electrophile. This was achieved by keeping the

medium basic with a buffer solution or excess base. H2NOSO3

decomposes in basic solution, but only very slowly when the hydroxide

concentration is kept below 0. 10M (e. g. , a solution 0. 0245M in

H2NOSO3 and 0. 0723M in OH showed 13% decomposition in 20 hours).

Thus, 0. 10M was set as the upper limit for hydroxide concentration

for all studies other than those involving hydroxide attack. For slow

reactions, hydroxide concentrations of 0. OlOM and lower were main-

tained.

In general, two solutions were prepared. One contained

H
3
NOSO

3
and potassium perchlorate and the other contained the base

or buffer solution, the nucleophile, and potassium perchlorate. Both

solutions were equilibrated to pre-reaction temperature in a water

bath; then, aliquots were taken and delivered to a glass stoppered

reaction flask. (For more information on the actual handling see:

Sample Handling During Kinetic Runs.)

DMSO-H 0 Mixed Solvent

The first step in doing mixed-solvent reactions was to make up
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the bulk solvent. A volume -ratio table (volume DMSO /volume H2O

was prepared which gave the correct volume ratios for the solvent

mixtures of interest. Knowing the total volume required for each run,

the bulk solvent was prepared in approximately a 10% excess. The

actual mixing was done by slowly adding water to the DMSO while

vigorously mixing.

For solvent compositions consisting of low water content and

high perchloric acid concentrations, the actual percent by weight of

water contained in the perchloric acid was taken into account in calcu-

lating the final mole fraction of water. Much care was exercised when

adding fairly concentrated (one to six molar) solutions of perchloric

acid to DMSO, for much heat is evolved and there is always the pos

sibility of an explosion. Therefore, the acid was added dropwise to

the ice-cooled solvent.

Once the solvent was prepared the procedure for each run was

much the same as the runs using water only as the solvent. When

using bases which were particularly insoluble in DMSO-H20 solvents

(e. g. , sodium methoxide or sodium hydroxide), the base was added

directly to the flask containing H3NOS03. With stirring, neutraliza-

tion took place producing the hydroxylamine-O-sulfonate ion. In runs

involving the reaction of H2NOS03- with iodide, a little less than a

stoichiometric amount of base was used. This insured the stability

of the triiodide produced.
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General Chromophoric Species: and (C6 H5)3P
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Chromophoric species which were not air sensitive and reacted

at a reasonable rate were handled in the following manner. The

reactant solutions were equilibrated for at least 15 minutes in a water

bath which was thermostated at the reaction temperature (±1°C). The

exact pre-run temperature was dependent on the room temperature

and the amount of handling outside the thermostated compartment.

Reaction solutions were prepared by pipetting predetermined volumes

of the required reactant solutions into a glass stoppered flask, the

flask stoppered and shaken, and a sample poured directly from the

reaction flask into a clean, dry silica cuvette which had been pre-

viously thermostated in the reaction compartment of the spectropho-

tometer.

Air Sensitive and Fast Reacting Chromophoric Species: C H
5S

Alternative methods of handling were developed for samples

which were sensitive to air or reacted rapidly. Ethanethiolate ion

involves both of these problems. Firstly, it is very oxygen sensitive,

even in solutions which have been scrupulously purged with nitrogen.

Any air contact results in oxidation of the thiolate anion to the disul-

fide (33). Secondly, ethanthiolate ion is an excellent nucleophile
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toward H
2
NOSO

3 '
resulting in a fast reaction. Thus, mixing and

handling had to be kept at a minimum in order to observe as much of

the reaction as possible without side reactions.

Both problems were solved nicely by employing an 0.25 ml Ideal

Syringe with hypodermic needle. A check on the amount of liquid

delivered by the syringe, using gravimetric methods, showed a cor -

respondence of syringe markings to actual volume delivered of

99.5 ± 0.5%. The procedure is quite simple and very reproducible,

plus it extends the capability of the Cary 16 Spectrophotometer to fol-

low reactions with half-lives down to 15 seconds.

A reaction solution containing all components except the

ethanethiol was prepared. Exactly 3.00 ml of this reaction solution

was pipetted into a cuvette and the cuvette and contents were then

thermostated in the sample compartment of the spectrophotometer for

at least 20 minutes. Just prior to the time the reaction was to be car-

ried out, the ethanethiol solution was prepared. The preparation con-

sisted of delivering water or sodium hydroxide solution into a volu-

metric flask containing a small magnetic stir bar, wiping the neck of

the flask dry, and carefully weighing it. The ethanethiol was then

added using a measuring pipet calibrated to 0.01 ml, with 0.1 ml

capacity. After addition, the glass stopper was replaced, the flask

shaken and then stirred rapidly for 3-4 minutes. At this time the glass

stopper was merely loosened to relieve the vacuum created in the
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flask and the flask reweighed to determine the mass of ethanethiol

delivered. A solution of either water or sodium hydroxide works

equally well in attaining a constant mass. However, although volatility

of the thiol can be a problem, water was preferred because oxidation

was kept at a minimum.

The recently prepared ethanethiol sample was drawn into the

syringe and injected into the solution contained in the cuvette by plac-

ing the needle under the surface of the liquid and depressing the

plunger with a good deal of force. The turbulence created by the

injected thiol sample, (total volume injected was usually 0.200 ml)

caused appreciable mixing, but for guaranteed homogeniety of solution

the cuvette should be inverted a few times. For very fast reactionb,

half-lives of one minute or less, the thiol sample was merely injected

with full force. Time was not taken to replace the ground stopper in

the cuvette, for blank runs showed only negligible oxidation due to

oxygen absorption in a period of five minutes. To cancel any error

caused by improper mixing in these faster runs, several identical

trials were carried out using the same stock solutions. The average

rate constant was taken to be the correct rate constant upon proper

mixing. Results are surprisingly good, as seen by the agreement of

k
2

over a wide range of H
2

NOSO
3

concentration, although reactions

with half-lives of 15 seconds or less are subject to additional error

due to the limited chart speed of the recorder.
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Non-Chromophoric Species: (C2145)3N, OH, NH2OH

For reactions involving non-chromophoric species the reactant

solutions were first immersed in a water bath at reaction temperature

for at least 15 minutes. The reactant solutions were then delivered

directly to a large reaction flask also immersed in the water bath.

The reaction flask was then stoppered and shaken to insure proper

mixing. To determine the progress of the reaction, samples were

withdrawn periodically and delivered to a flask containing excess acid

(0. 1 N sulfuric or acetic acid quenched the reaction effectively), fol-

lowed by about 2 grams of iodate-free sodium iodide. The iodide

reacted rapidly with any H
3

NOSO
3

remaining in solution. The liber-

ated iodine was then titrated with standard potassium thiosulfate solu-

tion.

Instrumentation and Temperature Control

Kinetic Runs Involving Chromophoric Species

For all kinetic runs involving either the production or consump-

tion of an ultraviolet or visible light chromophore, a Cary Model 16K

Spectrophotometer was used. This instrument was equipped with a

kinetic-accessory system which handles one to five samples auto-

matically. The automation comes from the use of three separate



23

components supplied by Cary Instruments specifically for this purpose.

These are: 1) Cary Model 1629 Programmer, 2) Cary Model 16054

Multi-zero, Multi-range Accessory and 3) Cary 16053 Strip Chart

Recorder. These components work in conjunction with the spectro-

photometer to automatically sample any chosen cuvettes for a desired

time and at desired time intervals. All information is recorded on

chart paper.

The temperature of the cell compartment was controlled by a

Haake thermostatic water circulator. This controlled the sample

compartment temperature to a maximum temperature deviation of

±0. 1 °C throughout the year. The exact temperature inside the sample

compartment was determined using a calibrated thermistor and

Wheatstone bridge. Thermistor readings were also taken at the higher

and lower temperatures used for determining activation parameters.

Kinetic Runs Involving Non-Chromophoric Species

Kinetic runs involving reactants and products which could not be

detected by the spectrophotometer, were carried out in a large glass-

stoppered flask which was immersed to the neck in a thermostated

water bath. The temperature of this bath could be maintained at

20.0 ± 0.2°C during the course of the year. These reactions were

usually very slow and temperature deviations tended to cancel during

the reaction period.
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Kinetic Data Handling

Pseudo-First-Order Kinetics

Reactions in which the concentrations of the reactants in excess

were at least 50-fold greater than the limiting agent were handled as

pseudo-first-order systems Data were taken in the form of

absorbance (A) of the reaction solution as a function of time. The data

were analyzed using the computer program *KINDAT (34) which

processed the data in terms of ln(A
t -A co) and time. The program

adjusts A within ±10% of the experimental value, to give a best
oo

straight-line fit for the data entered. The slope of the line is calcu-

lated using the least squares method.

Initial Rate Studies

When reaction rates were very low, the method of initial rates

was used. This is a differential method and highly accurate, assum-

ing one has precise values for the starting concentrations of all reac-

tants and for the molar extinction coefficients, (at the wavelength

chosen for the study) of all species being consumed or produced during

the first few percent of the reaction. Reactions studied in this way

were limited to less than the first 3% of reaction. Plots of absorbance

vs time were linear, the slopes being taken directly from the chart

paper. The complete rate law was then determined by doing a series
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of initial rate studies while varying the initial concentrations of the

reactants.

Second-Order Kinetics

When neither of the above methods could be used to determine

the rate constant of a reaction, the only alternative was to employ

second-order kinetics. Corrections for simultaneous depletion as a

function of stoichiometry was taken into consideration using Equation

(3) for the general reaction A + nB Products.

(1 /b -na ) ln[a (b -nx) /b (a -x)] = kt (3)0 o o o o o

Here a and b are the concentrations of A and B at time
0 0

zero and x is the amount of A consumed. A computer program

was written by Pierre F. Blanchet (24) to deal with data for such runs.

After plotting the data points, a least squares analysis was carried

out using the computer program *SIMLIN to determine the best slope

to fit the data.

Conductivity Measurements

Conductivity work was carried out in 0.90 and 1.00 mole fraction

DMSO to determine the extent of ionization of H3N°S° 3 in these sol-

vents. A conductivity bridge (Model RC-16B2, Industrial Instruments,
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Inc. ) was used at 1000 Hertz. Conductivity measurements were car-

ried out in a small glass vessel fitted with a ground glass cover.

A standard H
3

NOSO
3

solution was prepared in the solvent of

interest and 5.00 ml delivered to the conductivity vessel. A standard

triethylamine solution was prepared and used to Citrate the H3NOSO3

solution. Conductivity readings were taken during the course of the

titration. All measurements were corrected for any dilution effect.
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III. RESULTS OF REACTIONS UTILIZING H2O AS THE SOLVENT

Triethylamine and Hydroxylamine-0-sulfonate Reaction

A brief study was made of the reaction involving triethylamine

with H
2

NOSO
3

Reaction products of this and analogous reactions

involving other amine nucleophiles have been characterized by Gosl

and Meuwsen (13) and by Sisler et al. (35). The principal product

reported (>85% yield when done on a preparative scale), was the

substituted hydrazinium salt. For example:

H
5)3N

+ H
2

NOSO (C H NNH
++

SO4
2-

3 2 3 2
(4)

This suggests a simple bimolecular displacement reaction with sulfate

acting as the leaving group.

Kinetic Study

All runs were carried out under second-order conditions. The

rate expression for this reaction was taken to be first-order in both

reactants,

-d[H 2NOSO
3

1 idt = k
2
[H

2 2
NOSO

3 1[(C H
5

)
3

NJ

This gives the integrated rate equation:

(5)
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[H2NOS03-]0-[(C2H )N]o In [(C2H5)3N][H2NOS0310

[(C
2

H5 )31\T] o[H2NOS03]
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(6)

where [H2NOS0310 and [(C2H5)3N]o are the initial reactant con-

centrations and [H
2

NOSO 3] and [(C
2
H ) 3N] are the concentrations of

the reactants at any time

Since (C
2

H5)3N is a strong base in water, some will hydrolyze

to form the triethylammonium ion:

(C
2

H 5)3N + H2O (C
2

H
5

)
3

NH+ + OH (7)

To obtain the correct value for [(C
2

H
5

)
3

N] under any given set of

conditions, a hydrolysis calculation must be carried out. Certainly,

conditions are continuously varying during a kinetic run. Thus, for

each point considered during a kinetic run, a hydrolysis calculation

was performed to determine the correct value for the free amine con-

centration.

The reliability of the above method is largely dependent on the

value used for the hydrolysis constant for Equation (7). The value

chosen was derived from work done by Fyfe (36). His reported values

were in the form of acid dissociation constants for triethylarnmonium

ion at different ionic strengths. The hydrolysis constant for Equation

(7) is easily obtained from the knowledge of the acid dissociation con-

stant of (C
2

H
5

)
3

NH+ and the dissociation constant of H2O,
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Kh = Kw/Ka

where Kh is the hydrolysis constant, K is the dissociation con-

stant of water (taken to be 1.00 x 10-14), and K is the acid dis-a

sociation reported by Fyfe (taken to be 1.00 x 10-11,

ionic strength = 0. 10M, 20°C), showing Kh = 1.00 10-3.

In Table 1 a typical run is reported along with the processed

data. A plot of this data is shown in Figure 1. A list of the results

collected for the reaction of (C
2

H5)3N with H2NOSO3 is given in

Table 2.

The results show that the rate constants are independent of pH,

and [(C2H5)3NH+]0. The unreactivity of (C2H5)3NH+ is further sup-

ported by complete quenching of the reaction in acid medium. In one

run (C
2

H5)3N was the limiting agent while in the other runs it was in

excess. This also had no effect on the rate constant.

Ethanethiolate and Hydroxylamine-0-sulfonate Reaction

Values ranging from 10 to 11 have been reported for the pKa of

ethanethiol in aqueous medium (37, 38). Assuming the value to be

11.0, then to have at least 98% of the ethanethiol in its anionic form,

a pH of 12.7 must be maintained. Thus, a minimum pH of 12.7 was

maintained using NaOH for each kinetic run in this study.



Table 1. Data for a typical second-order kinetic run of H2NOS03- with (C2H5)3N in water solvent
at 20.0° C and 0. 100M ionic strength.

Vol.

t K
2
S203

(sec) ml

[H
2

NOSO 4H2NOSO [R3N],r [R3NH
+] [R3N] [H2NOS03-]

x 102, M x 102, M x 102, M x 103, M x 102, M
[R 3N]

0 7.51a 1.91 b0.00 3.57c 5.6 3.01 0.635
210 6.57 1.66 0.25 3.32 5.4 2.78 0.598
290 6.45 1.63 0.28 3.29 5.4 2.75 0.592
450 5.87 1.48 0.43 3.14 5.2 2.62 0.565
850 4.69 1.18 0.73 2.84 4.9 2.35 0.502

1275 3.92 0.988 0.92 2.65 4.7 2.18 0.453
1725 3.49 0.880 1.03 2.54 4.6 2.08 0.423
2105 2.84 0.716 1.19 2.38 4.4 1.94 0.369
2904 2.10 0.529 1.38 2.19 4.3 1.76 0.301
3650 1.81 0.455 1.45 2.12 4.2 1.70 0.268
4500 1.29 0.325 1.58 1.99 4.0 1.59 0.205
5335 1.03 0.259 1.65 1.92 4.0 1.52 0.170

R = (C
2
H5).

a5.00 ml aliquot samples were taken for analysis and titrated with 2.52 x 10-2M K2S203.
b

A[H
2
NOSO 3-] = the concentration of hydroxylamine -0 sulfonate reacted.

c[R
3
N] T

= the concentrations of free triethylamine triethylammonium ion.



Table 2. Kinetic data for the reaction of triethylamine and hydroxylarnine-0-
sulfonate in water at 20.0°C and 0. 100M ionic strength.

1[H2NOS031 [R3N]0 a [R
3
NH

+
Jo [OH ]o x 102,

x 102, M x 102, M x 102, M 3
x 103, M M -1 sec -1

1.70 3.58 0.31 11.9 2.14
1.78 0.66 2.02 0.33 2.32
1.91 3.01 0.56 0.56 2.18

Ave. 2.21 ± 0.07

aR = (C2H5).
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Figure 1. Second-order kinetic data from Table 1, for the reaction
of (C2H5)3N with H2NOS03- in water solvent at 20.0°C
and 0. 100M ionic strength. (Size of data point represents
an error of + 0.05 ml in titer.)



33

Ultraviolet Spectrum of Ethanethiolate in Water

The uv spectrum of C
2
H 5S- has not been reported in aqueous

solution. This is most likely due to the problems of handling and

oxidation of the thiolate in water. These problems were alleviated if

solutions were handled as described in Sample Handling. Once the

sample had been injected into the solution contained in the cuvette, it

was imperative that the spectrum be obtained immediately. At con-

centrations of 5 x 10 -4 M, the absorbance maximum, 237.5 nm,

decreased about 1% every 200 seconds for the first 2,000 seconds.

Figure 2 shows the uv spectrum of C2H5S in basic aqueous

solution. The spectrum was determined from two independent C2H5S

samples at concentrations of 4.52 x 10-4 M and 3.20 x 10 -4 M. The

spectra were identical when adjusted for concentration differences.

The value of the molar absorption coefficient at 237.5 nm is

5,340 cm -1
M

-1
.

Kinetic Study

Preliminary investigation showed that C2H5S is a much better

nucleophile than (C2H5)3N toward H2NOSO3 and produces a product

which is unstable in the presence of excess C
2

H
5
S. Therefore, the

study was confined to conditions in which C2H5S was the limiting

agent.
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[C2H5S-] = 2.30 x 104M
[C2H5SSC2H5]...1-1

5
SSC

2
H

5
= 2.34 x 10- M

Product of [C2H5S-]

= 1.41 x 10 M and
[H2NOS03-] = 4.6 x 10-3M
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Figure 2. The uv spectra of C2H5S , C2H5SSC2H5 and the product for
the reaction between C

2
H

5S
and H NOSO

3
at 20.3°C.

All solutions are 0. 10M in NaOH.
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The reaction was followed at 237.5 nm in all cases. The product

of the reaction does not absorb appreciably in this region; thus, a

decrease in absorbance was noted as the reaction proceeded. Some of

the slower reactions were carried out under second-order conditions

and the data handled assuming the reaction proceeds according to

Equation (8).

H
2

NOSO
3

+ C2H5S -* Products (8)

The more rapid reactions were carried out under pseudo-first-order

conditions and showed first-order consumption of C2H5S when the

data were plotted. Figures 3 and 4 show typical plots of these two

cases.

Table 3 summarizes the results. Each group of reported rate

constants represents a set of runs prepared from common stock solu-

tions. Analysis of rate constants in any one group will give an idea of

the reliability of the method. Data sets IV and V are groups of three

identical runs, prepared from common stock solutions, with no more

than 200 seconds between runs. In all cases [C2H5S ]o was obtained

from a knowledge of Ao' gained by extrapolating a plot of

log(A-Aco) vs time to t = 0, for the first 15% of the reaction. For

freshly prepared thiol solutions, values of [C2H5S ]o obtained from

the extrapolation method agree within 1% of the values calculated using

the mass of C H
5
SH.



x10

U

U)

z

60

40

20

10

[C
2

H
5
Sio = 1.17 x 10-5M

[H
2NOSO 3-]o 6.45 x 10-5M

[OH ]
0

= 4.69 x 102M

200 400 600
Time, sec

800

36

Figure 3. Second-order plot for the reaction of C2H5S with
H

2
NOSO3

at 20.3°C and 0. 100M ionic strength, (Size of
data point reflects an error in Am of *0.01 absorbance.)
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s
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H
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Figure 4 Pseudo-first-order plot for the reaction of C2H5S with
H

2
NOSO3- at 20.3°C and 0.100M ionic strength.
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Table 3. Kinetic data for the reaction of C2H5S with H NOSO
3

in

water at 20.3°C and 0. 100M ionic strength.

105[C
2

H
5

S -]
o

,M 10
4

[H
2
NOSO ],M 10 2[OH]o,M k2 M

1sec-1

1.14 2.42 9.37 32.6
1.22 1.21 9.37 32.1
1.24 1.21 4.69 31.4
1.25 1.21 4.69 32.9
1.48 2.42 9.37 31.5

Ave. 32.1 ± 0.5
II 1.17 0.645 4.69 32.6

1.37 0.645 4.69 35.6
1.53 1.29 4.69 32.3
1.85 1.29 4.69 32.6

Ave. 33.3 ± 1.2
III 0.91 0.695 4.69 29.3

0.93 1.39 4.69 34.8
0.94 1.39 4.69 31.3
0.97 0.695 4.69 31.7

Ave. 31.8 ± 1 5

IV 1.6 7.51 5.12 29.6
1.6 7.51 5.12 29.6
1.6 7.51 5.12 31.0

Ave. 30.1 ± 0 6
V 1.6 16. 9 5.69 34.1

1.6 16.9 5.69 30.2
1.6 16.9 5.69 31.8

Ave. 32.0 ± 1.3

k
2

= 32 ± 1 M -1 sec 1

ave

Rate Law

From the data in Table 3 it can be seen that, within experimental

error, the rate constant for the reaction is independent of [OH -].
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Handling the data as if the rate law conformed to the equation

-d[C2H5S] /dt = k2[C2H5S][H2NOS03] (9)

produced a non-varying rate constant, k2. This shows that indeed the

rate law is first order in both reactants.

Stoichiometry

Confirmation of the stoichiometry was limited to dilute solutions,

since experiments showed concentrated solutions of the reactants

underwent further reaction. At concentrations of

[C2H5S ]o [H
2

NOSO
3

]0 = 0. 000888M it was shown that a fast

reaction proceeded in which all the C2H5S was consumed. When the

concentration of C2H5S was twice that of H
2

NOSO
3

[C
2

H
5S

-] = 2[H
2

NOSO
3

] = 0. 00178M, it was found that a fast reac-

tion proceeded until exactly one-half the [C
2

H
5
S-] was consumed and

then a much slower reaction was apparent. Further evidence of the

1:1 stoichiometry is shown in the reproducibility of the second-order

rate constant over a wide concentration range for H2NOSO3 .

Product Identification

If one visualizes a bimolecular displacement reaction with

C
2

H
5S

attacking H2NOSO3 at its nitrogen center and sulfate acting as
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a leaving group, then ethylsulfenamide is produced as shown in Equa-

tion (10).

2--
C 2H 5S + H

2
NOSO

3
C 2H SNH

2
+ SO4 (10)

Aromatic sulfenamides are well-known compounds and have been

studied extensively (22). Primary aliphatic sUlfenamides, on the other

hand, have not been isolated. Very little information is to be found in

the literature concerning them. The reason for this is that they are so

elusive and decompose readily to the disulfide upon attempted isola-

tion (39,40).

Several attempts were made to isolate pure ethylsulfenamide as

a reaction product, but all attempts failed. Whenever the product was

being concentrated, whether by solvent extraction, fractional distilla-

tion or solvent evaporation, it further reacted to form diethyldisulfide,

which was identified by ir, uv and nmr spectra as well as refractive

index.

Since the uv spectrum had not been previously reported for

diethyldisulfide in basic aqueous media a sample was prepared by

iodine oxidation of ethanethiolate followed by isolation of the product.

This was then dissolved in the basic media and the spectrum taken,

which has been included in Figure Z. It is clear that the spectrum of

the reaction products is different from that of the disulfide.
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Many aromatic sulfenamides have been prepared using the

appropriate aromatic thiolate species and chloramine (22). Chlora-

mine and H
2
NOSO

3
are chemically analogous and it was thought that

some light might be shed on the problem of product identification if an

aromatic sulfenamide could be prepared using H
2

NOSO
3

in place of

chloramine. This was done with 2-mercaptopyridine utilizing the

method of Robinson and Hurley (41). The product isolated was indeed

2-sulfenamidopyridine as identified by its melting point, m. p. 78-

79°C, (reported m. p. 79-80°C). The product is definitely not

2,21-dipyridyldisulfide, m. p. 51-52° C (40). Thus, it seems most

likely that the reaction of C2H5S and H2NOSO3 involves the forma-

tion of ethylsulfenamide, although the actual product has not been

isolated.

Hydroxylamine and Hydroxylamine-0-sulfonate Reaction

Several studies, both preparative and kinetic, have been carried

out concerning this reaction (42, 43). A reaction scheme has been

proposed by Schmitz (42), part of which is shown in the following:

NH2OH + H2NOSO3 HONH -NH2 + S042- + H+ (11)

HONH -NH2 NH=NH + H2O

Due to its instability, diimine has not been isolated as a reaction

(12)
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product. Schmitz (42) and Durkheimer (43) report cis addition of

hydrogen to an olefin when the olefin is present during the reaction of

H
2
NOH with H

2
NOSO

3
. They attribute this to the generation of the

presumably excellent reducing agent diimine. Similar olefin reduc-

tions have been reported using diimine generated from other reac-

tions (44, 45).

Kinetic Study

In the following study it was found that reproducible kinetic data

could only be obtained when a scavenging agent for diimine was pre-

sent (see Discussion). Fumarate was chosen for this purpose because

it has been shown to be one of the most active olefins to react with

diimine (44). Concentrations > 0. 05M in fumarate gave reproducible

kinetics. For some unknown reason a boric acid-borate buffer had a

similar effect.

Highly basic solutions, pH > 12, and buffered solutions not con-

taining a scavenging agent for diimide showed unpredictable rate

behavior. The rate constants for these reactions were usually a great

deal larger than the rate constants derived from the scavenged sys-

tems. Significant rate increases as a function of time were observed

for some of the unscavenged systems.

Reaction solutions containing fumarate as the scavenger were

buffered between pH 9-11 using boric acid-borate or
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carbonate-bicarbonate buffers. No pH dependence was apparent in

this region although our studies showed the reaction to be completely

quenched when H
2
NOH is protonated in acid solution. All reactions

were followed for one or more half-lives.

Rate Law

The rate law was assumed to have the form:

-d[H2NOS03- ] /dt = k [
2

NOSO
3

][H2NOH] (13)

The data showed conformity to the above equation through the extent

of reaction examined, 1.5 half-lives, when either reagent was in

excess. The rate constants are listed in Table 4. Values of k
2

show

unusually large average deviation from the mean and at present this

cannot be remedied through adjusting experimental conditions.

Hydroxide and Hydroxylamine-0-sulfonate Reaction

Kinetic Study

In order to determine the stability of HZNOSO3 in basic media

and the relative reactivity of OH toward H2NOSO3 , a series of reac-

tions was carried out in which OH was the agent in excess. Assuming

direct attack by OH on the nitrogen atom of H
2

NOSO
3

we have:
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Table 4. Kinetic data for the reaction of H
2
NOH with H NOSO

3
in

H2O solvent at 20.0°C. a

2
W10 LH

2
NOo,M 2r10 LH NOS031o,M

2
Ionic

Strength 103 k , M -1sec-1

2.50 5.00 0.100 1,4b

2.50 5.00 0.525 1.8

2.50 5.00 0.525 1.5

2.50 5.00 0.525 1.1

2.50 4.87 0.525 1.3

4.06 4.06 3.52 1.5c

5.00 2.50 0.525 1.7

7.50 2,50 0.275 1.7

10.0 1.09 0.740 0.7

Ave. 1.4 ± 0.3
aAll runs were scavenged of diimide using 0. 050M fumarate except
where noted.

Boric acid-borate buffer. No fumarate added.b

c0. 50M fumarate was used as the scavenger.
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OH + H NOSO

3
H

2
NOH + SO4
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(14)

The production of H
2
NOH will again lead to diimine formation, thus

requiring the presence of a scavenger.

Two sets of runs were carried out differing only in that one con-

tained 0. 050M fumarate while the other contained 0. 050M succinate.

The idea behind adding fumarate was to have it act as a scavenging

agent for any diimine produced during the course of the reaction.

Succinate, containing no double bond, would not act as a scavenger but

would have the same medium effects as fumarate. Thus, kinetic

results with and without fumarate could then be compared. (See

Discussion for a further description of the reactions involved. )

Stoichionnetry

The stoichiometry of the decomposition of H2NOS03 has been

reported by Sommer (46):

3H
2
N0S03 + 30H N2 + NH3 + 3S0 42- + 3H 20 (15)

The presence of fumarate or succinate should not change the 1:1

stoichiometry, although, as seen in the Discussion, it may affect the

over-all rate of reaction. All the data collected under second-order

conditions were processed using the above stoichiometry.
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Rate Law

The rate law was assumed to have the general form of all other

reactions involving nucleophilic attack on H
2

NOSO
3

in aqueous solu-

tion (i. e. , first order in each reactant).

-d[1-12NOS03] /dt = k [OH1[H2NOS03 (16)

Table 5 lists the kinetic results for this study. The first-order

dependence of the rate law on [H2NOS031 is substantiated in Figure 5

by noting the adherence of the data to pseudo-first-order kinetics

through three half-lives. The first-order dependence of the rate law

on [OH1 is confirmed by noting the reproducibility of k2 over the

range of [OH1 studied.

Table 5 Kinetic data for the reaction of OH with H2NOSO3
in H2O solvent, at 20.0°C and 1. 10M ionic
strength. a

[OH ]o, 05 k2, M-1sec-1

0.156 7.6
0.339 7.0
0.521 6. 9 [fumarate] = 0. 0500M
0.885 7.7

Ave. 7.3 t 0.4
0.158 8.4
0.340 8.3
0.523 8.0 [succinate] = 0.0500M
0.887 8.3

Ave. 8.3 ± 0.2
aTri all runs [H2NOSO3 = 0' 0212 M.
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[H
2NOSO 3-]o 2.12 x 102M

[OH ]a
= 0. 885M

[fumarate]o = 5.00 x 10-2M

6000 12000 18000
Time, sec

24000

Figure 5. Pseudo-first-order plot for the reaction of OH with
H2NOS03- in H2O solvent, at 20.0°C and 1. 10M ionic
strength.
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IV. RESULTS OF REACTIONS UTILIZING DMSO-H 20
MIXTURES AS THE SOLVENT

Iodide and Hydroxylamine-O-sulfonic Acid Reaction

Kinetic Study

Since the reaction of iodide with H
3
NOSO

3
was found to be very

sluggish in DMSO -H2O solvents containing more than 0.30 mole frac-

tion DMSO, initial rate studies were done. Triiodide shows a maxi-

mum in its uv-visible absorption spectrum at 365 nm in DMSO-H20

solvents containing >0.30 mole fraction DMSO, with the molar extinc-

tion coefficient,
E 365 being 15,800 cm -1

M
.1. Furthermore, the

value of E365 for triiodide is very nearly constant over this range of

solvent composition. Thus, it was natural to select 365 nm as the

wavelength for this study.

As shown in Figure 6, the plot of absorbance versus time is

linear, and remains so for the first 3% of the reaction. To obtain a

reliable slope, the first 0.5% of the reaction was ignored. This

allowed any reducing species, which were present in trace quantities,

to react with the triiodide formed and insured a stable reaction tem-

perature.

DMSO oxidizes iodide in acidic solution (47), and corrections for

this extra triiodide production were made when needed. This was done

by preparing a blank run which contained all components of the reaction
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Figure 6. Plots of absorbance versus time for the initial rate studies
of with H2NOS03- and H3NOSO3 in 0.70 mole fraction
DMSO at 20.3°C and 0.100M ionic strength.
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solution except H3NOSO3. The slope obtained for this blank run was

then subtracted from the slope obtained from the reaction solution. If

a slope correction was needed for a hydrogen-ion concentration differ-

ent from that of the blank run, a value was obtained using the rate law

reported by Krueger (47), Equation (17), and the rate constant calcu-

lated from the blank run.

d[I3] /dt = k[I] + 2 (17)

The corrections were never more than 10% of the total slope.

An extensive study was carried out at 0.70 mole-fraction DMSO.

First, an investigation was made of the hydrogen-ion concentration

required to maintain H3NOSO3 in its undissociated form. Since

HZNOSO3 reacts more rapidly with iodide than does H3NOSO3, a

study of kobs (defined by Equation 18) as a function of hydrogen-ion

concentration was carried out. The minimum value of kobs that did

not vary with further increases in hydrogen-ion concentration was

taken to be k
HOS , the true rate constant for the reaction of molecular

H3NOSO3 with I. Table 6 lists the results of this study.

The same procedure was used to determine kHOS
for other sol-

vent compositions. All that was required was to increase the

hydrogen-ion concentration to the point where kobs reached a minimum

value. This was done in 0.50, 0.70, 0.90, and 1.00 mole-fraction
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DMSO. The results are reported in Table 7. Note that in 0.90 and

1.00 mole fraction DMSO, very little or no perchloric acid was

required to maintain k
HOS

at a minimum. In fact, added acid

increased the rate of production of triiodide. Because of this

increased rate, the value reported for k
HOS

in 0.90 and 1.00 mole

fraction DMSO is the value obtained by estimating, from conductance

data, the fraction of H
3

NOSO
3

ionized when no acid has been added and

carrying out the calculation:

kobs = (kOS )(a) + (k
HOS

)(1-a) (18)

In Equation (18) k
OS

and k
HOS

are the respective rate constants for

the reaction of H
2

NOSO
3

and H3NOSO3 with iodide, a is the fraction

of dissociation of H
3
NOSO

3
in the solvent chosen for the reaction, and

kobs is the observed rate constant. Values of k
OS

were obtained from

Table 11.

Table 6. Kinetic data for the reaction of I- with H3NOS03 showing the
[H+] dependence of the rate constant. Reactions were car-
ried out in 0.70 mole fraction DMSO, at 20.3°C and 0.100M
ionic strength.a

10 H )0, M 103[H NOSO
3

-1
o
, M 104 kobs, M sec -1

0.00 4.85 3.00
1.83 4.85 2.79
3.66 4.85 2.60
5.50 4.85 2.60
7.33 4.85 2.56

16.7 0.989 2.52
33.3 0.989 2.51
50.0 0.989 2.53

a[I-] = 0. O100M for all runs.



Table 7. Kinetic data for the reaction of I with H3NOSO3 in various DMSO-H20 mole fractions at
20. 3° C and 0. 100M ionic strength.

Mole Fraction
DMSO 103[I ]o, r

M 10
3

LH
3

NOSO
3

]
o

, M 10
3
[FIC10

4
Jo, M 104 kHOS' M

-lsec -1

1.00 0.665
0.665
1.29
1.29
2.62

3.50
35.0
3.50
3.50
5.40

--
--
__

--
--

1.16
1.24
1.25
1.28
1.30

Ave. 1.25 ± 0.04
0.900 2.85 6.80 -- 1.45

4.28 10.2 1.45
10.0 1.97 4.26 1.52

Ave. 1.47 ± 0.03
0.700 10.0 0.989 16.7 2.52

10.0 0.989 33.3 2.51
10.0 0.989 50.0 2.53
10.0 4.85 7.33 2.56
44.8 0.922 11.0 2.44

Ave. 2.52 ± 0.04
0.500 1.33 1.86 55.5 4.7

2.00 2.79 33.3 5.7
2.20 0.980 100 5.5

Ave. 5.4± 0.4
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Rate Law

The rate law was established by doing a series of initial rate

studies while varying the initial concentrations of the reactants. The

rate constant, k
HOS

, for the reaction was calculated by assuming the

rate law to be of the same form as that reported for this reaction in

water (16).

d[131 /dt = kHos[r][1-13NOS03] (19)

Since the value of k
HOS

for a given solvent composition did not vary

upon changing the initial concentrations of the reactants, Equation (19)

must be the correct rate law. This is most clearly seen in 0.70 and

1.00 mole-fraction DMSO. The assumption that the form of the rate

law did not change with solvent composition was a sound one.

Conductivity Measurements of H3NOSO3 in 0.90 and 1.00 Mole
Fraction DMSO

Because rate studies in 0.90 and 1. 00 mole fraction DMSO

showed that H
3

NOSO
3

needed no added acid to achieve a minimum

kobs value, it was thought that H3NOSO3 had only a small tendency to

dissociate in these solvents. In order to confirm this, the specific

conductance of dilute solutions of H
3
NOSO

3
were measured in the

solvents of interests. The change in specific conductance of these

solutions as a function of added base was also measured. The
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concentrations of H
3
NOSO

3
were close to those used for the kinetic

runs in the corresponding solvents.

Figure 7 shows plots of the specific conductance of the solution,

corrected for any dilution effect and conductivity of the solvent versus

the mole ratio (C2H5)3N to H3NOSO3. The neutralization reaction

proceeds according to Equation (20),

(C
2
H 5)3N + H

3
NOSO

3
(C

2
H

5
)
3

NH+ + H
2

NOSO
3

(20)

The equivalence conductance for triethylammonium hydroxyl-

amine-O-sulfonate in 1.00 mole-fraction DMSO was calculated to be

34.6 ohm-1 cm2mole-1 and 32.8 ohm-1 cm2mole-1 in 0. 90 mole-

fraction DMSO, at concentrations of 1,30 x 10-3M and 22°C. These val-

ues agree quite closely to the values reported by Sears et al. (48) for

salts of univalent ions under similar conditions of concentration and

solvent composition. Sears reported values of 35,4 ohm1 cm2mole -1

for n-octyltrimethylammonium iodide, at a concentration of

1.03 x 10-3M, in 1.00 mole-fraction DMSO at 25°C, and

32.3 ohm -1cm 2mole-1 for n-octyltrimethylammonium nitrate at a

concentration of 8.98 x 10-4M, in 1.00 mole fraction DMSO at 25°C.

From Equation (20) one expects the large increase in conduc-

tivity seen in Figure 7, but this increase may be explained in another

way. If hydrogen ion has a much lower ionic mobility than (C2H5)3NH
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A: [H3NOSO3]

B: [H3NOSO3] =

1.38 x 10-3M,
1. 00 mole fraction
DMSO

B

1,34 x 103M,
0.90 mole fraction
DMS0

0.2 0.4 0.6 0.8 1. 0 1,2
moles (C21-15)3N/moles H3NOSO3

Figure 7. Plots of specific conductance as a function of base-to-acid
mole ratio. All readings have been corrected for any
dilution effect.
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in these solvents, then even if H
3
NOSO

3
were highly dissociated, a

large increase in the specific conductivity would be expected as

triethylamine is added. To determine if this was the case, a standard

solution of perchloric acid was titrated with triethylamine in the con-

ductivity cell. The reation, Equation (21), showed only a minor con-

ductivity change (-4%) upon full neutralization in both 1.00 and 0.90

mole-fraction DMSO solvents.

(C
2

H 5)3N + H+ (C
2

H
5

)
3

NH+

This shows that H+ and (C
2

H
5

)
3

NH+ have very similar ionic mobilities

in these solvents. Therefore, we are correct in assuming that the

increase in the specific conductance of the solutions shown in Figure 7

is due to the reaction shown in Equation (20).

Inspection of Figure 7 shows that the plotted lines do not inter-

sect the origin of the graph. This is due to ionic impurities in the

H3NOSO3. These impurities add a constant to every point taken; thus,

the position of the intercept is shifted up from the origin. Since the

first conductance measurement, when no base has been added, is above

the intercept, H3NOSO3 is slightly dissociated in these solvents. An

estimate of the fraction dissociation of H
3
NOSO

3
can be calculated

from the position of this first reading in relation to the point at which

the extrapolated line crosses the specific conductance axis.



57

To calculate the degree of dissociation of H
3

NOSO 3,
from the

data collected, one must remember that H+ and (C
2

H
5

)
3

NH+ have been

shown to have very similar ionic mobilities in these solvents. This

means that the equivalent conductances of H+ and (C H
5

)
3
NH+ salts of

the same anion should also be very similar. Furthermore, if we set

the equivalent conductances of H H
2

NOSO
3

and (Cz H )53NH H
2

NOSO
3

equal to one another, then we have a measurement of the specific

conductivity caused by the slight dissociation of H3NOSO3 (Figure 7A:
-7 1 -1

[55 --28] x 10 ohm cm ) and a measurement of the specific

conductivity of the solution if H
3
NOSO

3
were completely dissociated,

-7 -1 -I(Figure 7A: [479 - 28]x 10 ohm cm ). The fraction

dissociation, a, is just the ratio of these two values. For the data

obtained from Figure 7a the calculation is:

a = (55 - 28)/(479 -2a) := 0,056

The fraction dissociation of H
3
NOSO

3
in 0.90 mole fraction DMSO as

calculated from Figure 7 is a = 0.075. The values of a obtained

in this way are subject to an error of 0-50% depending on how much of

the ionic impurity was a hydroxylamine-O-sulfonate salt or a strong

acid species. Neither would be produced in these solvents from the

expected impurity H3NOH+
HSO4 . It is the author's feeling that,

based on analyses (neutral equivalent and purity) of H3NOS03, the a

values are reliable to within ±15%. This contributes an error of 3% in
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k
HOS

for 0.90 and 1.00 mole fraction DMSO. A 50% error in

would contribute at most a 10% error in kHOS

Bromide and Chloride Catalysis

Addition of bromide and chloride to a solution of triiodide in

DMSO changes the absorbance of the solution. After correction for

this absorbance change, there was no significant rate increase for the

reaction of iodide with H
3

NOSO
3

in 0.70, 0.90, or 1.00 mole fraction

DMSO. The potential catalysts were present in concentrations equal

to that of iodide.

The Reaction of Iodide with Hydroxylamine-O-sulfonic Acid
in 0.96 Mole Fraction DMSO Containing Added Hydrogen Ion

When perchloric acid was added to reaction solutions of iodide

and H
3

NOSO
3

in 0.90 and 1.00 mole fraction DMSO, it was apparent

that the reaction rate increased. This prompted a study in 0.96 mole

fraction DMSO to determine the rate law. It was found that the rate

constant for the reactions was highly dependent on H2O content of the

solvent, so each series of runs was carried out using a common sol-

vent. In this way the variation of the H2O content for any one set of

runs was minimized. Studies were made in which the concentration of

H3NOSO3, I or H was varied with the concentrations of the other

reactants being held constant.
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[H Dependence

The problem of DMSO oxidation of iodide, at a given hydrogen-

ion concentration, is more pronounced with increasing DMSO content

(47). Furthermore, this problem was magnified due to the necessity

of working with high acidities. In order to keep the slope correction

for the production of triiodide at a reasonable value, conditions were

chosen in which the iodide concentration was kept lower and the

H
3
NOSO

3
concentration was kept higher than those in the normal

kinetic runs described previously. The largest slope correction was

23% of the total slope at hydrogen-ion concentration 0. 0925M.

Table 8 shows values of kobs for the production of triiodide after

slope corrections have been made. The value for ko s is the rate con-

stant calculated assuming a rate law of

d[I3]/dt = kobs[H3NOSO ][r] (22)

Figure 8 shows a plot of kobs versus hydrogen-ion concentration. The

linearity of the plot confirms that the increased rate has a first-order

dependence on hydrogen-ion concentration. The non-zero intercept

corresponds to kHOS in 0.96 mole fraction DMSO. ko s is thus defined

by Equation (23).

ko
s

= kHOS + kHOSH[H (23)
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Table 8. Kinetic data for the reaction of I with H3NOSO3 establishing
the [H+] dependence of the rate law. Reactions were carried
out in 0.96 mole fraction DMSO, at 20,3°C and 0. 100M ionic
strength. a

102[HC10
4 ] o, M -

104 kobs, M 1 sec 1 -1
103

kHOSH'
M

-2 sec

0.925
1.85
2.78
3.70

1.74
2.28
3.04
3.82

8.65
7.24
7.55
7.78

4.62 [I- ] = 0.00150M 4.43 7.55
5.55 5.16 7.60
6.48 5.89 7.64
7.40 6.71 7.80
8.32 7.61 8.02
9.25 8.60 8.28

Ave. 7.77 ± 0.30

0.925 1.74 8.65
1.85 2.44 8,11
2.78 3.05 7.59
3.70 3.82 7.78
4.62
5.55 0

= 0.00135M 4.50
5.35

7.71
7.95

6.48 6.15 8.04
7.40 6.87 8.01
8.32 8.10 8.61
9.25 8.60 8.28

Ave. 8.07 ± 0.27

a[H3NOS03]o = 0. 00601M for all runs.
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Figure 8. A plot of kobs as a function of hydrogen-ion concentration
for the reaction of I" with H3NOSO3 in 0.96 mole fraction
DMSO, at 20.3°C and 0. 100M ionic strength. All data
from Table 8.
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The value for k
HOS

obtained from the intercept is Q.94 x10-4 M-isec1,

and is in good agreement with the value gotten from Table 7 consider-

ing the estimations made in obtaining k
HOS

in the previous study. The

slope of the line in Figure 8 is the rate constant defined by
HOSH'

the hydrogen-ion-dependent term in Equation (24).

rDi
3 NOSO 3] (24)d[I

3
lidt = k

HOS
__[r][1-13NOS03][H+] kHOS[

A slope determination shows k
HOSH

equal to 0.00790 M -2 sec -1
.

Values for k
HOSH

have also been calculated for the individual data

points using the equation,

= (k )4H]kHOSH obs -k
HOS

These values are listed in Table 8.

[H3NOSO3] Dependence

(25)

A series of runs was carried out in which [1 Jo and [11
+

]o

were held constant and the [1-1
3

NOSO
3

]
o

varied. The [1-i ]o was

0. 0463M which insured that at least 70% of the 13 produced from the

reaction of I with H
3

NOSO
3

was due to the hydrogen-ion-dependent

mechanism. The [Il
o

was held at 0. 00150M to keep the corrections

due to DMSO oxidation of I- low. The corrections for the solvent

oxidation of I ranged from 45%, at lowest [H3NOSO3]o, to 8%, at
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highest [H3NOS03]0. Table 9 shows kHOSH calculated according to

Equation (25). The agreement of k
HOSH

over this 10-fold concentra-

tion range establishes first order dependence of the rate law on

[H
3 NOSO 3]. The values of k

HOSH
listed in Table 9 are slightly dif-

ferent from those in Table 8 due to small differences in the H2O con-

tent of the bulk solvents.

Table 9. Kinetic data for the reaction of I- with
H3NOSO3 establishing the [H3NOSO3]
dependence of the rate law. Reactions were
carried out in 0.96 mole fraction DMSO, at
20.3°C and 0. 100M ionic strength. a

10
3

[H
3

NOSO , M
3

-1
103

kHOSH'
x.-2

sec

1.25 6.63
3.75 6.48
6.25 6.46
8.75 6.44

12.5 6.54
Ave, 6.51 ± 0.06

= 0. 0463M and [I- ] = 0. 00150M for all runs.

[I] Dependence

A series of runs was carried out in 0.96 mole fraction DMSO in

which [H-E]o = 0. 0463M and [H3NOS03]0 = 0. 0125M. The [11 varied

over a 133-fold concentration range. The rate constants were calcu-

lated according to Equation (25). Note that the rate constants vary

over the entire range of [r], although kHOSH values calculated for



higher [I] show a slower rate of decrease. Thus the hydrogen-

dependent term of Equation (24) does not hold for the [11 and the

values calculated in this section are dependent on the iodidek
HOSH

concentration used for that set of runs.

Table 10. Kinetic data for the reaction of 1- with
H3NOSO3 showing the dependence of
kHOSH Reactions were carried out in
0.96 mole fraction DMSO, at 20.3°C and
0. 100M ionic strength. a

o [Co , 103 k
HOSH,

M
-2 sec -1

0.300 11.6
0.400 11.4
0.500 10.5
1.00 9.56
2.00 7.75
3.00 6.70
4.00 6.05
5.00 5.67

10.0 4.28
20.0 3.35
30.0 3.17
40.0 3 07

a[H 1-]0 = 0. 0463M and [FI NOS03] = 0. 0125M for all
runs. °

Iodide and Hydroxylamine-0-sulfonate Reaction

Kinetic Study

This reaction, Equation (26), was also very sluggish, and

-
H NOSO

3
+ 31 + 2H+ 13 + NH3 + HSO4

64

(26)
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again, initial rate studies were carried out as described for the reac-

tion of iodide with H3NOSO3. A plot of absorbance versus time is

shown in Figure 6.

It is important that no more than 97% of the H
3

NOSO
3

used for

these runs be neutralized, for a slightly acidic medium is required

for triiodide to be stable. The H
3
NOSO

3
acts as a proton donor for the

basic species formed during the course of the reaction (OH , NH3 and

SO4
2-

), thus, preventing them from reacting with water to form

hydroxide. Hydroxide rapidly reacts with triiodide forming iodate and

iodide. Table 11 shows the rate constant, kos, obtained for the

reaction of iodide with H NOSO 3- in various DMSO-H20 solvents. The

rate constant is independent of the base used for neutralization.

Rate Law

The rate law of this reaction has been well established in

aqueous solution (23). Since the rate law did not change for the reac-

tion of iodide with H3NOSO3 going from H2O to DMSO-H20 solvents, it

was not expected to change for this reaction. An inspection of the

data in 0. 90 mole fraction DMSO shows that indeed, the rate law does

stay the same, and is expressed in Equation (27).

d[I31/dt = kos[H2NOS03-][r] (27)



Table 11. Kinetic data for the reaction of H2NOSO3 with I
at 20.3°C and 0. 100M ionic strength.

in various DMSO -H20 mole fractions

Mole Fraction
DMSO 03[I ]0, M 103 [H.

2
NOSO

3
, M Base Used 104 k08, M

-1 sec -1

1.00 2.58 10.2 a 4.58
6. 80 1.43 a 5.40

10.2 1.93 a 5.31
10.2 1.93 b 5.39

Ave. 5.2± 0.3
0.90 0.570 6.80 a 4.37

2.45 3.57 d 5.47
2.45 7.14 d 5.70
2.65 5.35 d 4.57
2.65 5.35 d 4.53
2.85 6.80 a 5.24
4.28 1.02 a 4.27

Ave. 4.9 ± 0.5
0.70 10.0 0.965 c 6.28

10.0 1.33 c 6.40
10.0 1.39 c 6.40

Ave. 6.4± 0.1
0.50 2.20 9. 75 a 12.9

3.00 2.79 c 15.2
Ave. 14.1 ± 1.2

0.30 2.00 0.930 c 62.8
2.02 0.402 c 65.5
2.02 2.01 c 70.9

Ave. 66 ± 3
a Tr iethylamine. bPotassium t-butoxide. cSodium hydroxide. dPotassium acetate. o.a
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The main reason for the magnitude of the deviation in each set of runs

arises from the experimental difficulties of precise neutralization of

H
3

NOSO
3

as described above.

Triphenylphosphine and Hydroxylamine-0-sulfonate Reaction

Both sodium methoxide and potassium acetate were used to

neutralize H
3

NOSO
3

in this study. Although they worked equally well,

potassium acetate was preferred for its convenience and solubility in

DMSO-H20 solvents. The initial concentration of base used ranged

from 101% to 200% of the concentration of H3NOSO3. The magnitude

of the excess had no effect on the kinetic results.

Spectral Considerations

Like the other reactions in DMSO-H 20 solvents, the reaction of

(C
6

H 5)3P and H2NOSO3 was slow enough to utilize the method of

initial rates. In order for this method to be accurate it was necessary

to recognize all chromophoric species and their molar extinction

coefficients at the wavelength chosen for this study.

It was determined that the reaction proceeded as shown in Equa-

tion (28) (see Product Identification).

(C
6

H 5)3P + H
2

NOSO
3

(C
6

H
5

)
3

PNH 2+ + S042- (28)
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(C
6

H 5)3P and (C
6
H

5
)

3
PNH 2+ are the only species which absorb in the

uv region and the shapes of their spectra and Xmax change very little

upon varying the solvent composition in the DMSO-H20 solvent system.

However, their molar extinction coefficient do change appreciably.

Therefore, careful measurements of Ex for (C6H5)3P and

(C
6

H
5

)
3
PNH 2+ were made in each of the solvents. Due to the large

differences in the E
x

values the wavelengths chosen for this study

were 263 nm and 290 nm Table 12 gives the value of Ex in different

DMSO-H20 solvents and Figure 9 shows the uv spectrum of

(C
6

H
5

)
3
PNH 2+ in 0.70 mole fraction DMSO.

Table 12. Molar extinction coefficients, of of (C6H5)3P and

(C
6

H
5

)
3
PNH

2
C10 4 in various DMSO -H2O solvents.

Measurements were made at 20.3°C and 0. 100M ionic
strength.

Species X., nm
Mole Fraction

DMSO
^

1V1
1-

E C111

(C
6

H5)3P

(C
6
H5)3 PNH 2+

290. 0
290.0
263.0
290.0
290.0
290. 0

290. 0
290.0
263.0
267.0
290. 0

1.00
0.90
0.70
0.70
0.50
0.30

O. 90
0.70
0.70
0.70
0.30

4, 770
4,770

11,500
4, 780
4,570
4, 010

< 23
< 23

2, 540
3, 100

< 23



1.2 [(C H )
3

PNH
2
+C1041 = 3.66 x 104M

Figure 9.

260 270 2$0 290
Wavelength, nm

300

69

_
The uv spectra of (C6H03PNH2 +C104 in 0.70 mole frac-
tion DMSO at 20.3°C.
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Rate Law

Table 13 lists the results for the reaction of (C 6
H 5)3P and

H
2
NOSO

3
in various DMSO-H 20 solvents. In 0.70 mole fraction

DMSO, k
2

values were shown to be independent of the wavelength used

for the study. Also, in two of the runs, the reactions were allowed to

proceed to completion and the data processed using the integrated rate

expres sion. The k
2

calculated from the integrated rate expression

agreed quite well with the k
2

values calculated from initial rate studies.

The rate law was established in 0.70 mole fraction DMSO. A

pseudo-first-order plot, Figure 10, shows that the reaction is first-

order in (C
6

H 5)3P. The series of initial rate studies clearly shows

that k
2

does not change with varying initial H NOSO3
concentration

when Equation (29) is used as the rate law.

- d[(C6H ) P]idt = k2[(C6H5)3P][H2NOS03] (29)

This rate law is identical to the one reported for the same reaction in

50 wt % methanol-water (23), and thus the form of Equation (29) was

taken to be independent of solvent composition.

Figure 11 shows the raw data for a typical initial-rate study.

Note that the absorbance data is being recorded using a 10-fold signal

amplification for absorbances greater than 1.0 absorbance unit. These

conditions cause maximum pen fluctuation and thus the best straight

line average must be taken.
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Table 13. Kinetic data for the reaction of (C
6

H
5

)
3
P with H

2
NOSO

3
in

various DMSO mole fractions at 20.3° C and 0. 100M ionic
strength.

Mole
Fraction

DMSO
10

4
[(C

6
H

5
)

3
P]o,M 10

3
[1-1

2
NOSO

3
13'M 10

3 k2, M -1 sec -1

1.00 1.83 13.7 2.08
2.44 10.2 2.28
2.70 10.3 1.69

Ave. 2.02±0.22

0.90 2.46 10.0 2.36
2.62 10.0 2.51
2.62 10,0 2.36

Ave. 2.41+0.07

0.70 1.26 9. 70 5.42b

1.26 8.70 6.10a
'
b

2.53 1.99 5.90
2.53 9.70 5.80

Ave. 5.82±0.20

0.50 2.42 1.02 27.8
2.90 9. 75 27.4

Ave. 27.6 ± 0.20

0.30 2.37 2.01 238a
2.37 . 402 238.
2.42 . 203 206.

Ave. 227 ± 14

aPseudo-first-order kinetics.
b 263 nm was used to follow the reaction, all others used 290 nm.
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Figure 10. Pseudo-first-order plot for the reaction of (C6H5)3P with
H2NOSO3 in 0.70 mole fraction DMSO, at 20.3°C and
0. 100M ionic strength.
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[(C6H5)3P]o = 2.53 x 10-4M

[H2NOSO3lo = 9.70 x 103M
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Figure 11. Absorbance versus time for an initial-rate study of
(C6H5)3P with H2NOS03- in 0.70 mole fraction DMSO at
20.3°C and 0. 100M ionic strength.
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Product Identification

Krueger et al. (23) have reported the production of (C6H5)3PNH2+

when this reaction was studied in 50 wt % methanol-water. Although

they isolated the product as the hydrogen sulfate salt, it was found that

the perchlorate salt could be obtained in a state of higher purity. It

crystallized nicely when the product solution was diluted with H2O and

added dropwise to an aqueous NaC104 solution. This worked equally

well for reaction media of DMSO-H 20 or methanol-H 20. The product

separates as small white crystals which were collected and washed

with a cold aqueous solution of sodium perchlorate. The crystals

were again collected and dissolved in one volume of methanol. To the

methanol solution, three volumes of aqueous 0. 1M sodium perchlorate

were added. Again, small white crystals formed and were collected.

Finally, the crystals were washed several times with diethyl ether and

dried in vacuo over phosphorus pentoxide. This produces in good yield

a product which is free of triphenylphosphine oxide and (C6H5)3P. The

melting point was 177-179°C, reported 172-175°C (49). Elemental

analysis was performed by Galbraith Laboratories, Knoxville,

Tennessee. Anal. Calcd for (C
6H

) PNH
2

C104 H, 4.50; N, 3.57.

Found: H, 4.55; N, 3.60,

A sample of the above products showed an identical spectrum to

that of the reaction products when a kinetic run was allowed to proceed
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to completion (0.70 mole fraction DMSO). The Ernax's for the two

samples agreed within 2%.

Temperature Studies

To determine the activation parameters for this reaction in 0.69

mole fraction DMSO, two independent runs were carried out for each

of the temperatures 10.2°C, 20.3°C, and 29.7°C. The rate constants

for these runs are listed in Table 14.

Table 14. Temperature dependence of the rate constant, k2,
for the reaction of triphenylphosphine with
1-12NOS03- in 0.69 mole fraction DMSO, 0. 100M
ionic strength and [H2NOS0310 = 1.04 x 10-3.

Temperature (°C) 10
4

[(C 6H )
3

ID]o, M 103k2, 'sec -1sec -1

10.2 1.20 3.40
10.2 1.49 3.41

20.3 1.20 6.57
20.3 1.49 6,65

29.7 1.20 12.5
29.7 1.49 13.1

From transition state theory Equation (30) has been derived.

In k
2

= in k/h /11T + (30)

Thus, if one plots log k2 /T versus 1/T for the data in Table 10,

Alit can be gotten from the slope and AS+ from the intercept of the
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line. Figure 12 shows a plot of the data; the actual calculation was

done utilizing *SIMLIN, a computer program for simple correlation

and regression. The calculations show AH* 11.09 ± 0.25 Kcal/mole

and AS* = -30.74 ± 0.87 eu.
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bz 0.3
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3.30 3.40 3.50
103(1/T), °K -1

3.60

Figure 12. Determination of activation parameters from the tem-
perature dependence of the rate constant, k2, for the
reaction of (C6H5)3P with 1-121\10S03- in 0.69 mole
fraction DMSO and 0. 100M ionic strength. Data taken
from Table 14.
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V. DISCUSSION

Basic Nucleophiles in H2O Solvent

General Mechanism

Recently, work in our laboratory (23) has resulted in a proposed

general mechanism for the reaction of H
2
NOSO 3- with a series of soft

nucleophiles. The present work extends that same mechanism, Equa-

tion (31), over the series of hard nucleophiles studied.

Nu + H2N0503 --0503z -1]* NuNH
2
z+1 +S042-

H H (31)

This mechanism is supported by the general rate law, expressed in

Equation (32), found for both soft and hard nucleophiles. Support for

nitrogen attack is gained by noting that products have been identified

which contain the Nu-NH
2

bond.

Rate = k[H NO503][Nuz] (32)

Two alternative mechanisms involving nitrogen attack can be

proposed for the reaction of H N0503 with hard nucleophiles in basic

media, but they can be discredited quite easily. Firstly there is a

dissociative mechanism shown below.

H NOSO
2

NH2+ + SO4
2- (33)
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The protonated imidogen, NH
2

+' could then react with the nucleophile

NH2+ + Nu
z

NuNH 2z+1 (34)

_
Further consideration shows that NH2 may react with OH, either by

nucelophilic attack or by simple neutralization. Certainly if Equation

(33) was the correct mechanism the kinetics would deviate from the

simple rate law reported over the pH range studied.

NH2 + OH - NH2OH

NH2 + OH = NH + H2O

(35)

(36)

Furthermore, NH2+ and NH are excellent reducing agents as well as

potential radical like species when in the triplet state (50, 51). These

would readily attack a reagent like fumarate, but when fumarate is

present in an alkaline solution of H
2

NOSO
3

a decrease in the decom-

position rate of H
2
NOSO 3- is noted. This is certainly contrary to

what is expected if Equation (33) were the correct mechanism.

The second alternative mechanism is shown in Equations (37-

39).

2-
H

2
NOSO

3
+ OH 4- 2: HNOSO 3

+ H2O (37)

2- z rds 2-
HNOSO

3
+ Nu NuNHz + SO 4 (38)

NuNHz + H2O NuNH
2

z+1
+ OH (39)



80

This mechanism requires the rate law to be [OH-] dependent, a condi-

tion which was found to be untrue for all reactions studied.

The Specific Mechanism for the Triethylamine and Hydroxylamine-
0-sulfonate Reaction

A review of the results will show the rate law for this reaction

to be of the form of the general rate law:

Rate = k [(C2H5)3N][H NOS03 (40)

k
2

0.022M -1sec-1 (T =20.0°C, µ = 0. 100M)

The second-order rate constant is independent of pH and the concen-

tration of triethylammonium ion present. An S 2 mechanism is pro-

posed:

(R 3)N + H2NOSO3 [(R,,J )N... N... OSO 3]t
H H

(R) 3
NNH

2
+ SO42 R = (C

2
H

5
)

(41)

The 1,1,1-triethyl-hydrazinium sulfate salt has been isolated from

this reaction in good yield (13). Other hydrazinium salts have also

been prepared from H
2

NOSO
3

and the corresponding amine by Geyer

and coworkers (52, 53). Such nitrogen containing products clearly

support the proposed nitrogen attack, while the rate law, showing

first-order dependence on both nucleophile and substrate, supports



the proposed 5
N2

mechanism.

The Specific Mechanism for the Ethanethiolate and Hydroxylamine-,
0-sulfonate Reaction

The rate law reported,

Rate = k
2

[C
2
H

5
S][1-1

2
NOSO

3

k
2

= 32M-1sec-1 (T = 20.3°C, p.= 0. 100M)

and the stoichiometry of the reaction again support a proposed 5N2

mechanism, Equation (43),

C2H5S + H2NOSO
3
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(42)

2
H 5S. OS03

2- t
C 2H SNH

2
+SO4

-

H H
(43)

Although ethylsulfenamide could not be isolated, spectral evi-

dence points to a 1:1 stoichiometry for this reaction under the condi-

tions chosen for the study. Furthermore, the stable sulfenamide,

2-sulfenamidopyridine, was isolated from the reaction of 2-mercapto-

pyridine with H
2
NOS03- in basic solution. Attack of a mercaptide on

the nitrogen center of H2NOS03 would be the most direct way to form

this product. A similar mechanism has been proposed by Sisler (40)

for the reaction of mercaptans and mercaptides with chloramine,

H
2NC1. He has postulated that the sulfenamide is the first product

formed followed by further reaction to form the disulfide in acid



82

solution. Thus, there is little doubt that ethylsulfenamide is the

product for the initial attack of C H S on H2NOSO3 .

The Specific Mechanism for the Reaction of Hydroxylamine and
Hydroxylamine -0 - sulfonate

The rate of reaction of H
2
NOH with H

2
NOSO 3- has been shown

to be independent of [0119] in the pH range studied. The rate law is:

d[H2NOSO3 idt = k [ NOH][H2NOS03 ] (44)

k = 1.4 x 10-3M-1sec-1 (T 20.0°C, 11=0.53M)

The k
2

value found agrees with that reported by Durckheimer (43),

k
2

= 1.4 x 10-3M
-1sec-1 at 25°C and [OH ]

o
= 1 x 10 8 M, and derived

from the data published by Schmitz (42), k2 = 0,63M 1 sec -1 at 20°C

and [OH ]
o

= 0. 2M. Both studies were very brief, and made no men-

tion of the necessity for using a scavenging agent, although both

references report diimine production as evidenced by the reduction of

olefins.

It is believed that the proposal by Schmitz (42) of attack of

H
2
NOH on H

2
NOSO

3
is sound and represents the first step in a logical

reaction scheme. The rate law supports such an S N2
mechanism:



H
H2NOH + H2NOSO3 os03-

H-0 H H

HONH-NH
2

--4" HN=NH + H2O
2
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HONH
2

-NH2 + SO4-2

HONH-NH
z

+ H+ (45)

Diimine is a very reactive molecule, and, in the absence of an

oxidizing agent, will react with itself. Hunig, Muller and Thier have

identified both a disproportionation reaction and a base catalyzed

decomposition (54,55).

The disproportionation reaction is a hydrogenation reaction,

much the same as the reduction of an olefin. In this reaction one

molecule of diimine reduces the double bond of another diimine

molecule.

N,.H N'H H

II + +
NCH NCH N

H
,N

(46)

This reaction proceeds quantitatively in low alkaline medium, and has

been shown to be suppressed in the presence of olefins (44). The

degree of suppression is dependent on the specific olefin and its con-

centration,

The decomposition reaction is clearly base catalyzed and pro-

ceeds quantitatively in highly basic media (44). The following

mechanism has been proposed:



HN=NH + B:- BH + HN=N-

HN=N N=N + H

H + BH H2+
2

84

(47)

Because this study was done in low alkaline medium, diimine

should undergo disproportionation exclusively and thus produce

hydrazine. As shown by Schmitz (42), hydrazine reacts further with

H NOSO
3

H
2
N-NH

2
+ H2NOSO3 HN=NH + NH4+ + SO42 (48)

A brief study in our laboratory showed H2N-NH2 to be at least twice

as reactive toward H2NOSO3 as H2NOH. One can now begin to see

the potential complexities of the rate behavior for the reaction of

H
2
NOH with H

2
NOSO

3
when diimine is not scavenged during the

reaction.

As mentioned earlier, fumarate was used as a scavenging agent

for diimine.

HN=NH + 00C -CH=CH- C00 N2 + 00C -CH -CH
2
-000

(trans) (49)

If all the diimine is being scavenged, then the rate of H2NOSO3- con-

sumption is coincident with the rate of attack of H2NOH on H2NOSO3 .

In the absence of a scavenging agent the rate of H
2
NOSO 3- consumption
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will be dependent on the rate constants for reactions (46) and (48) and

the absolute as well as the relative concentrations of H 2
NOH and

H2 NOS03.

The Specific Mechanism for the Reaction of Hydroxide with
Hydroxylamine -0 s ulfonat e

The base decomposition reactions of H2NOSO3 and H2
NC1 have

been subjected to many studies over the years. Two schools of thought

have developed from the controversy. Raschig (56) and Appel and

Buchner (57,58) propose a mechanism which results in the formation

of imidogen, NH, as an intermediate:

H
2
N-X + OH NH-X +H20

(50)
HN -X zrb- NH + X-

This intermediate then goes on to react with itself or other species

which might be present.

2NH HN=NH
(51)

Nu + NH Nu-NH

Audrieth (15, 59) has also expressed confidence in the above mechan-

ism, but he states that the reactive species may be chloramide,

NHC1.

Schmitz et al. (42), Anbar and Yagil (60,61), le Noble (62),
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Sisler (63), Bodenstein (64) and McCoy (65) support an S 2 mechanism.

H
2
N-X + OH ~ H

2
NOH + X (52)

Subsequent reactions to form diimine results from the reaction of

H
2
NOH with H

2
N-X as seen in the previous section.

The work of Anbar and Yagil (60) suggests that the reaction of

OH with H
2
NC1 proceeds by an S 2 attack of OH on the nitrogen

atom. The study covered the pH range 12-15 and no evidence for the

hydroxide decomposition by way of the imidogen mechanism was

found. Hydroxylamine was indicated to be the product of the primary

step. Further studies by Anbar and Yagil (61) show that the rate laws

for the attack of ammonia or substituted amines on H2NC1 do show

[OH-] dependence for solutions with pH > 14. Added chloride does not

suppress the reaction. They propose that their kinetic data do not

support imidogen formation, but rather the formation of chloramide,

HNC1. This may react vigorously with other nucleophiles, but it

does not account for any significant decomposition of H
2

NC1 by OH .

Since H2NC1 and H2NOS03 are chemically similar, H2NOS03

would be expected to exhibit the same type of behavior in basic solution

as described above. Therefore, as suggested by Audrieth (59), there

might very well be a pH range in which HNOSO32 formation is

appreciable, but since its analogue, HNC1-, is not reactive toward
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hydroxide, it is expected that HNOSO
3

2- will also be unreactive toward

hydroxide.

below:

The rate law found in the present study for this reaction is shown

d[H2NOS03-] /dt = k [OH][HaNOSO ] (53)

k
2

= 7.3 x 10 -5 1M sec -1 (scavenged)

k
2

= 8.3 x 10 -1 -1sec (unscavenged)

T = 20.0°C, µ = 1. 10M)

Although the rate law supports all three mechanisms it is believed

that the above discussion and the similarity of all previous mechanisms

requires a proposed SN2 displacement by hydroxide:

OH + H
2NOSO 3- ~ [HO ...N OSO

3

2- ]* H2NOH + SO4
2-

(54)
Ff

The value of k
2

obtained in the present study agrees quite well

with that calculated from the data published by Audrieth (15)
-5 -1 -1

(k 2
= 3.2 x 10 M sec at 23° C, 0. 2.2M ionic strength and

[OH ]o = 0. 12M) and that published by Schmitz (42)

(k
2

= 6.7 x 10-5 M -1 sec -1 at 20°C, 0.50M ionic strength and

[OH ]o = 2.50 x 10-2M). The value of k
2

was shown to be very

dependent on ionic strength of the medium. One run at 20° C,



[OH ]
0

= 0.10 and ionic
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strength 0. 28M showed k2 = 2.0 x 10 5 1M sec 1

(scavenged) and k2 = 3.0 x 10-5 M -1 sec -1 (unscavenged).

The difference in k
2

for the scavenged and unscavenged sets of

data confirms the observation (see previous section) that the decom-

position of H
2
NOSO 3- is faster in the presence of NH=NH. The

unscavenged runs are more predictable for this system than the

H
2
NOH + H

2
NOSO

3
system because the [HN=NH] is lower. Since the

rate law for the disproportionation reaction, Equation (46), is pre-

sumably second order with respect to HN=NH then the lower the

[HN=NH] the slower the production of H2N-NH2. This would diminish

the loss of H2NOS03 due to its reaction with H2N-NH2.

The following shows a reaction scheme proposed by Schmitz (42)

for the reaction of OH with H
2

NOSO
3

H
2

NOSO
3

+ OH H2NOH + S042-

H2NOSO3 + H2NOH HN=NH + H2O + H+ + SO4

2HN=NH N2 + H2 N-NH2

2-
H

2
NOSO

3
+ H

2
N-NH

2
HN=NH + NH4+ 4- SO4

(55)

(56)

(57)

(58)

Presumably, such a reaction scheme would allow for a H2NOH build

up until the rate of H2NOH formation equalled the rate of H2NOH con-

sumption. A steady state approximation can be made for the



hydroxylamine concentration, [H2NOH]ss, by setting the rates of

Equations (55) and (56) equal to one another:

k OH[OH -][H2 NOS03] = kH2NOH [H2NOH]ss H NOS03-]

[H2N0H]ss /[0H -] = kOH

89

(59)

where k
OH

and k
H2NOH are the rate constants for reactions (55) and

(56) respectively. The numerical value for kH2NOH was shown to be

1.4 x 103M-1sec-1 and, noting that 2 moles of H2NOSO3 are con-

sumed for every mole of OH which attacks during a scavenged run,

k
OH will equal exactly one-half the k

2
value reported for the reaction

of OH- + H
2

NOSO
3

(7.3 x 10-5M-1sec1/2 = 3.7 x 10-5M-1sec-1).

The ratio (k
OH /k1-1zNOH = 2.6 x 10-2) shows the

[H
2
NOH]ss = 2.2 x 10-2M for the largest hydroxide-ion concentration,

[OH ]o = 0.89M and [H2NOH]ss = 4.1 x 10-3M for the lowest

hydroxide-ion concentration [OH ]
0

= 0. 16M. It is obvious that the

steady state approximation is not too good for this system, for the

[H2NOH] ss is equal to 20-90% of [H2NOS03]o. Thus, the steady state

will not be attained, and reactions (56) and (58) will not consume

stoichiometric amounts of H NOSO 3- based on the amount of H NOH

formed.

Note that the over-all reaction for scavenged runs, Equations
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(56) and (57), shows 2 moles of H
2
NOSO

3
consumed for every primary

attack of OH-. The over -all reaction for unscavenged runs, Equations

(56)-(58), shows 3 moles of H
2

NOSO
3

consumed for every primary

attack of OH. Because reactions (56) and (58) are not extremely fast

compared to reaction (55), the 2:3 mole ratio for the consumption of

H2NOSO3 will not be entirely realized unless [H2NOSO3 ]o is very

large. As shown above, [H
2
NOS°

3
]o was kept fairly small for both

scavenged and unscavenged runs, so, the ratio k
2

(scavenged) /k
2

(unscavenged), should be somewhere between 1.00 and 0.67, as was

found: k2 (scavenged) /k2 (unscavenged) = 0.88. Because of this kOH'

the rate constant for the primary attack of OH- on H2NOSO3 shown

in Equation (55), is taken to be 4 x 10 -5
M -1sec-1.

Conclusions About H NOSO in H2O Solvent

Characterization of H2NOSO3 Reactivity

As mentioned in the Statement of Problem, Blanchet (24) pro-

posed that the most important factor in determining the reactivity of a

nucleophile toward H2NOSO3 was its polarizability. Furthermore, it

was concluded that the proton basicity of the nucleophile was not a

significant factor in determining its reactivity. Now that the range of

nucleophiles has been expanded to include hard as well as soft

nucleophiles, the relative importance of these two factors is more
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easily seen.

Table 15 shows that increased polarizability of the nucleophile

does indeed lead to an increased reactivity toward H2NOS03. Proton

basicity, on the other hand, is shown to have only a slight influence on

the reactivity of the nucleophile. Certainly, the reactivity of the

nucleophile is not diminished by a greater proton basicity, rather this

is brought about by a lack of polarizability.

Table 15. Nucleophiles and corresponding rate constants
for the reaction Nu + H

2
NOSO

3
in H2O at 20°C

and 0. 100M ionic strength.

Nucleophile k2, M 1 sec - 1

C2H5S- 32

(C
6

H 5)3P 2.0a
'
b

(NH2)2 C=S 1. 6

S2032- 0.55b

069b

(C2H5)3N 0.022

H2NOH 0.0014

OH- 0.00004c

aKinetics performed in 50 wt % methanol-H20.
bTaken from (24).
c

= 1.00M.

Ethanethiolate is a good example of a nucleophile that possesses

a good deal of polarizability and proton basicity. It would be incorrect

to classify this nucleophile either as hard or as soft. Rather, it is

both. It is expected that the soft character of C2H5S is predominant
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in determining its relative reactivity toward H2NOSO3 , but good

proton basicity may be the reason for C S being a little more reac-

tive than other soft nucleophiles.

It has been pointed out by Drago (8) that (C2-15)3N possesses a

great deal of covalent-bond-forming character. Again, this must be

the predominant factor in determining its reactivity toward H2NOS03 .

Amine nucleophiles which exhibit lower covalent-bond-strength

(e. g. , NH3) are expected to react much slower.

Looseness of the Transition State

A rough idea of looseness in the transition state for the reaction

Nu + H
2
NOSO

3
can be gotten by comparing the magnitude of the rate

constant range for the above reactions with the rate constant ranges for

reactions of other substrates with these same nucleophiles. For

example, Pearson et al. (6) have shown that for the two soft sub-

strates trans-[Pt(py)2C12] and CH3I, greater distinguishability of the

nucleophile (greater range for k2) is exhibited by trans-[Pt(py)2C12],

(see Table 16). This greater sensitivity to incoming nucleophiles

could very well be due to the fact that trans-[Pt(py)2C12], like other

Pt (II) square-planar complexes, shows very little bond breaking in

the transition state, a five coordinate intermediate being formed (66).

CH
3
I on the other hand, shows a good deal of bond breakage in the

transition state. Thus, if free-energy contributions from
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leaving-group considerations are only minor, then, the relative mag-

nitudes of AG+ for the different reactions of a single substrate will

show greater dependence on nucleophile-substrate bond formation.

Table 16. Nucleophiles and corresponding relative second-order rate
constants (k tiNOH) for S

N2
reactions.

2

Nucleophile

k
Nu

/1cH
NOH

H2NOSO3 [Pt(py)2C12]a [CH3I]a

(C
6

H 5)3P 1400 86,000 2. 6

(NH2)2 C.S 1100 2,100 4.8

S2032- 390 3,100 230

I- 49 37 6.8

(C
2H 5)3N 16 Very slow 1.2

H
2

NOH 1.0 1.0 1.0

aAll values in methanol solvent and taken from (6).

Comparison shows H2NOSO3 to exhibit a sensitivity to incom-

ing nucleophiles which is intermediate to those of CH3I and

[Pt(py)2C12], Thus, some bond breaking in the transition state is

expected, but may be limited by the charge separation developed in

the transition state.

8+ (1+5)- t
[Nu ... N OSO

3
1-1

0 < S < 1
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General Mechanism for Nucleophilic Attack on H2NOS03-
and H

3
NOSO

3 in DMSO-H 20 Solvents

It has been shown that the reaction of I with H3NOSO3 and

H2NOS03, and the reaction of (C6H5)3P with 1-1 NOS03- in DMSO-H20

solvents conform to the general rate law:

Rate = 2[Nu][S -X] (60)

Nu = I- or (C
6

H 5)3P

S-X = H
3

NOSO
3

or H2NOSO3

2 mechanisms are proposed:

+ 2-I °3+ H3NOSO3 ...N OSO
3

H
3

NI + SO
4

1!1

_ fast
H

3
NI + 2I NH3 + 13

I + H NOSO
3 [I ./N +0S0

3
2 H2NI SO4

H

_ + fast
H

2
NI + 2I + H NH3 + I3-

(C
6

H 5)3P + H
2
NOSO

3
[(C H ) P OSO

6 5 3 3

(C 6H
5

)
3

PNH 2+ + SO4
2-

(61)

(62)

(63)
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Identical mechanisms have been proposed for I + H
3

NOSO
3

or

H2NOS03 in aqueous solution (23), and for (C6H5)3P + H2NOS03 in

50 wt% methanol-H20 (23),

Certainly the form of the rate law supports the proposed

mechanism. One would expect to see other than first-order depend-

ence on the nucleophile concentration if an S
N1

mechanism were

operating. Furthermore, the large negative value of LS* (-30.7 e.u. )

for the reaction of (C6H5)3P with H2NOS0 is expected for an SN2

reaction. Isolation of (C
6

H
5

)
3

PNH
2

+C10
4

confirms nitrogen attack

by (C6H5)3P.

Site of Protonation for H
3

NOSO
3

in DNISO-H 20 Solvents

The parallel rate behavior of H3NOSO3 and H2NOS03 with I,

Figure (13), indicates that a common energy consideration is respon-

sible for the decreases in k
HOS

and k05. In other words, protonation

of H
2
N0S03 does not really help or hinder the attack of I on the

nitrogen center in this solvent system.

The H NOSO
3

anion has two possible sites which can accept a

proton, namely the nitrogen atom, or one of the sulfonate oxygen

atoms. The first alternative would give the zwitterionic species.

+H 9
H - - 0 - - 0

H 0
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3. 0

0.2 0.4 0.6 0.8
Mole fraction DMSO

1.0

Figure 13. The dependence of the second-order rate constants, kos
and kHOS, on DMSO mole fraction. All data from Tables
7 and 11,
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Here, protonation of the nitrogen restricts the lone pair while only

slightly increasing its hydrogen bonding capabilities to either H2O or

DMSO. Sulfate remains a very poor leaving group in DMSO, and the

dependence of k
HOS on DMSO mole fraction should remain the same as

that seen for k
OS (see Solvation of Transition State).

In the second alternative

0
"N\- 0 -S - OH

H H 0

the nitrogen center remains almost identical to that of H
2
NOSO

3

while the leaving group becomes a hydrogen sulfate moiety. This

leaving group would be able to hydrogen bond very readily to H2O

and/or DMSO (67), and k
HOS should show a very different dependence

on solvent composition than k05. In fact, if HSO 4 were the leaving

group, then rate constant dependence on solvent composition may be

more closely related to the changes in solvation of the reactants than

of the transition state. This would mean that for the reaction of iodide

with hydroxylamine-O-sulfonic acid one might expect an increase in

kilos with increasing DMSO mole fraction (see Nucleophile Solvation).

The above consideration of Figure 13 shows fairly conclusively

that the acidic proton on hydroxylamine-O-sulfonic acid resides on the

nitrogen atom, producing a zwitterionic species in all DMSO-H20

solvents. This conclusion is further supported by the data for the
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reaction of I with H NOSO
3

in the presence of added [H+] (0. 96 mole

fraction DMSO).

Explanation of the Rate Constant Dependence on DMSO -H2O
Solvent Composition

Figures 13 and 14 show similar rate constant dependence on

solvent composition. In the following discussion it will be shown that

the decreased value of these rate constants can be attributed to

decreased solvation of the sulfate leaving group in the transition state

as the DMSO content of the solvent increases.

General Consideration

A review of the results will show that the rate constants for the

above reactions decrease significantly with increasing DMSO mole

fraction. Figure 13 shows the dependence of log kHOS and log kos

on solvent composition. Figure 14 shows the dependence of k
2

for the

(C
6

H 5)3P + H
2

NOSO
3

reaction. Notice that all the curves show simi-

lar behavior.

The decrease in rate constant is due to an increase in the free

energy of activation, AG*. This increase in ls,C; cannot be attributed

to a change in mechanism, for it was shown previously that all reac-

tions proceeded by the same S 2 mechanism over the entire solvent

range. Thus, we must look for specific free energy effects brought
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0.2 0.4 0. 6 0.8
Mole fraction DMSO

1.0

Figure 14. The dependence of the second-order rate constant, for the
reaction of (C6F15)3P with H2NOS03- on DMSO mole frac-
tion. All data from Table 13.
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about by changes in solvent composition which will explain the data.

The most obvious effects brought about by a change in solvent

composition are those dealing with solvation. It has been pointed out

in the Introduction that the relative solvation of the reactants and

transition state, upon transferring a reaction from a hydroxylic-

dipolar solvent to aprotic-dipolar solvent, may have a drastic effect

on the rate of reaction. In order to qualitatively predict the nature of

this effect, the relative solvation of the reactants and transition state

must be compared in the two solvents.

Solvation of the Nucleophiles

Iodide has been shown by Parker (26) to experience an increase

in chemical potential when transferred from H2O to DMSO-H20 sol-

vents. This increase becomes larger with greater DMSO content.

Keeping all other free energy considerations constant, the increase in

chemical potential experienced by iodide would act to decrease AG*,

resulting in an increased k2. Because k
2

decreases with increasing

DMSO content, this cannot be the major free-energy consideration

upon changing solvent composition.

Although data is not available for (C6H5)3P, Parker (26) has

shown that large, polarizable molecules experience a much greater

solvation in DMSO than in H2O. For example, data for
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9
(CH

3
)

3
C-O-C-CH

2
CH

3
show increased solvation for this large organic

molecule with increasing DMSO content. Certainly the same can be

said for (C
6
H 5)3P when its very low solubility in H2O is compared to

its high solubility in DMSO. This greater solvation will bring about a

decrease in k
2 with increasing DMSO content, but it must be cautioned

that the increased solvation of (C
6

H5)3P most likely does not account

for the entire decrease in k2. Rather, the similarity of Figures 13

and 14 suggests that a factor common to all three systems appears to

be the dominant energy factor.

Solvation of the Substrates

Although H3NOSO3 and H2NOSO3 are of different charge-type,

it is expected that these compounds should experience very similar

solvation from any chosen DMSO-H
20 solvent. The negative charge of

H2NOSO3 will be distributed over the oxygen atoms at the sulfonate

end and thus not concentrated in any one part of the anion. H
3

NOSO
3

will have a similar distribution of negative charge because it is a

zwitterion in this solvent system (see Site of Protonation for H3NOSO
3

in DMSO-H 20 Solvents). Thus, the sulfonate ends of these species

should appear quite similar to the solvent.

The nitrogen end of these species will hydrogen bond to DMSO

and to H2O readily. Similar hydrogen bonding would be experienced

by short-chain primary amines or sulfamic acid, H3NSO3; both show
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excellent solubility in H2O and DMSO. The positive charge on the

nitrogen of the molecular species should increase hydrogen bonding to

the solvent although, the uncharged H,N-moiety of the anion would

also be rigorously hydrogen bonded to its solvation sphere.

Changes in solvation due to increasing the DMSO content are

best understood by separately analyzing the two ends of the substrate.

The sulfonate end will have a tendency to accept hydrogen bonds.

Water will solvate this end much better than DMSO. At the other end,

the H2N- of H
3

N
+-moiety

will donate hydrogen bonds to both H2O and

DMSO, with the stronger hydrogen bonding being to DMSO (see Intro-

duction). Thus, the sulfonate end will be experiencing less solvation,

and the nitrogen end will be experiencing a greater solvation with

increasing DMSO content. These two off-setting considerations will

only impart a small dependence of chemical potential on solvent

composition for either substrate.

Solvation of the Transition State

From the work in H2O it has been shown that there is at least

some degree of looseness in the transition state. In a loose transition

state the bond to the leaving group is being broken before significant

nucleophile-substrate bond formation takes place:

5+ (1+5)-
[I ... >1\k, . . OSO

H H
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In the extreme case, complete dissociation takes place before the

nucleophile attacks, which is characteristic of an S
N1

mechanism.

Again, analysis will show no drastic change in solvation energy

for I and NH
2

upon being transferred from H2O to DMSO. On the

other hand, the sulfate moiety should experience much better solvation

in H2O 0 than DMSO. H2O can hydrogen bond to this divalent anion

and distribute its charge into the solvation sphere. DMSO can solvate

the SO4
2- leaving group only through its partially positive sulfur atom,

which is stearically hindered by two methyl groups. This is further

supported by comparing .6H$ values for the reaction of (C
6

H
5

)
3
p with

H2NOS03 in methanol-H20 50 wt % (7.4 Kcal/mole) solvent and 0.70

mole fraction DMSO (11.1 Kcal/mole). Such an increase would be

expected for decreased solvation. ,8.S values are very close, -31 and

32 e. u. respectively.

A lack of solvation in the transition state will increase the

chemical potential of the transition state, and thus increase .6.0*.

This ultimately results in a decrease in the rate constant with increas-

ing DMSO content, and is the major free energy consideration when

1 2-The lack of solvation of SO4 by DMSO in comparison to H2O
can be seen by comparing the solubility of Na2SO4 at 20° C in H2O,
1-5M depending on crystal form, and in DMSO, 3 x 10-5M (67).
Keeping in mind that Parker has shown Na+ to experience greater
solvation in DMSO than in H20, then the insolubility of Na2SO4 in
DMSO can be attributed to the lack of solvation of 5042- by DMSO.
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interpreting rate constant dependence on DMSO mole fraction for the

above reactions.

An Explanation of the [H ]-Dependent Mechanism for the
Reaction of Iodide and Hydroxylamine-O-sulfonic

Acid in 0. 96 Mole Fraction DMSO

It has been shown that k
HOSH is a rate constant for a rate law

which shows first-order dependence on [H+] and [H3NOS03], but other

than first-order dependence on [I -]. In order to explain the [r]

dependence a logical mechanism is proposed, and the conformity of

the data to the proposed mechanism is shown.

Proposed Reaction Scheme

The proposed reaction scheme consists of simultaneous S 1

and S
N2

reactions.

Scheme I

ki
H

3
NOSO

3
+ H+ --42'H

3NOSO 3H' H
3

2+

k
3 I k2

+ HSO
4

NH
3

I+ + HSO
4 NH3I+

DMSO
ks

NH

21 +H fast+ -
21 +

+
H fast

ii0
CH 3

--CH + H+

13 + NH4+ I3 + NH4+
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Since the [H +] and [H3NOS03] concentrations did not change during

these initial-rate studies, then the [H3NOSO3H+] is also a constant for

all runs. Applying the steady state approximation for the highly reac-

tive species NH3 2+ one arrives at the following rate law for the pro-

duction of 13 .

or

d[I31

dt
3

NOS° 3H
][

k
s +k 2[I ]

+ k NOSO
3

H
+]

]

d[I 1 K k k [H+
][1-1 NOSO ][r]

3 eq 1 2 +

dt = + Keq k 3[H ][H
3

NOSO
3

][I

ks+k 2[11

(64)

(65)

Thus k
HOSH

is an [I1-dependent variable, and is defined by the fol-

lowing:

Keqkl k
2

k
HOSH k+k [r]

+ K
eq

k,
s 2

(66)

A plot of k
HOSH

versus 1 /[r] extrapolated to infinite iodide will give

a value for Kecik3. Figure 15 shows such a plot, and gives a value of

2.30 x 10-3M-2sec-1 for Keqk3.

Rearranging Equation (66) another useful expression can be

arrived at:

K k k
[11 , 1 eq 1 2 ks

k2 kHOSHeqk3 k2
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12

10

2

100 200 300 400 500

1 /[r], M-1

Figure 15. A plot of kHOSH versus 1 /[IT] extrapolated to [11 = co.
All data from Table 10.



107

Thus a plot of 1 /(kHOSH -K eqk 3) versus [Il should yield a straight

line if Scheme I is correct. Such a plot is shown in Figure 16.

Protonation of the sulfonate end of H
2

NOSO
3

will transform a

very poor leaving group in DMSO, 5042-, to the very good leaving

group, HSO4 . Thus, H
3
NOSO 3H+ should be much more reactive

than H
3

NOSO
3

in DMSO. Such is the case, and, as seen in Scheme I,

the HSO
4

leaving group becomes so good in DMSO that it can dissoci-

ate from NH32+ in an 5N1 reaction.

It must be pointed out that the dissociative mechanism is not

only a function of increased solvation of the leaving group. Protona-

tion of the sulfonate end of H
3

NOSO
3

decreases the intrinsic basicity

as well as the charge of the leaving group. This will diminish charge

separation in the transition state and favor dissociation.

5+
Nu, N

H
,OSO,

(l +5)+

(1+5)1-
H (1+6)

[Nu . , .

k.H

.. 050
3

Nu
H ST

,OSO3Fj
H H

The transition states above show decreasing separation of charge

H
3
NOSO

3
>H

2
NOSO

3
H3NOSO3H+. Remembering solvation effects

one would expect the order of reactivity to be
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I= ± 2.0% error in kHOSH

4.0 8.0 12

10
3

[1 ], M

16 20

Figure 16. A plot of 1 /(kHosH-Keqk3) versus [r] showing conformity
of data to Scheme I. All data from Table 10.
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H
3
NOSO 3H+ >>H NOSO

3
>H

3
NOSO 3' which is observed, and may be

the reason for the anomalous result that H3NOSO3, with higher posi-

tive charge on the electrophilic center and the lone pair of electrons

restricted, is less reactive than H2NOSO3 toward an anionic species

like I.
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