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The kinetics of reactions between various nucleophiles and tri-

thionate ion ( O3SSSO3 ) have been studied spectrophotometrically in

50 wt % methanol-water to determine quantitative reactivity toward

divalent sulfur.

The reaction of thiophenoxide with trithionate was studied in

the presence of S03 2- and excess trithionate.
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The reaction is first order with respect to each reactant with a sec-
2 1 1and -order rate constant k2 = 1.60(±. 09) x 10 M sec at

= 0. 075 m and 20. 4°.
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When sulfite was removed from the reaction by addition of formalde-

hyde, the rate law remained the same, but the stoichiometry and the

second-order rate constant changed.

2C
6

H
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+ S30 2-
C6H5SSC6H5 + S203 2-

+ S03 2-

k
2

= 3.4( ±0. 3) 2 1 110 M sec at II = 0. 075 m and 20.4°

The reaction of triphenylphosphine with trithionate

H2O -I-(C
6 5 3P +S

3
0

6

2- C H ) PS + S032- + S042_ + 2H+

was found to be first order with respect to each reactant with a sec.-

ond-order rate constant k
2

= 6. 1(±. 3) x 10 3M
1M sec at

= 0. 075 m and t = 20.4 °.

-d[(C6H5)3P]idt = k2[S306211(C6H5)3P1

The activation parameters for k
2

are .,Ht = 6. 9(*0.4) kcal /mole

and ,6,S* = -45(±2) eu.

The reaction of cyanide with trithionate in basic solution

CN + S3062- + 20H SCN + SO3 2-
+ SO4

2-
+ H2O

also is first order in trithionate and cyanide.



-d[CNi/dt = k2[CNi[S3062-]

k
2

= 5. 0(±. 5) x 10 4
M

1sec1

at p. = 0. 15 m and 20. 4°.

The reaction of thioethoxide with trithionate

2C
2

H
5S

+ S 062- C
2

H
5

SSC
2
H5 + S2032_ + S032-

showed first-order behavior in both reactants with a second-order

rate constant k
2

= 0. 85(*. 04) M lsec 1 at p. = 0. 075 m and 20.4°.

-d[C2H5S-1/d.t = k2[C2 si[s3062-]

The activation parameters obtained for k
2

were

H* = 6. 3(±. 3) kcal/mole and AS* = -36(±2) eu.

The mechanism proposed for each reaction involves a rate-

determining nucleophilic attack on the bridging sulfur in the trithio-

nate anion,

Nun + S/SO3
\SO

3

INu-__g_--S0
3

SO3

n- 2
NuSSO

3
11.- + S032-

followed by various fast steps depending on the particular reaction.

A quantitative reactivity series toward divalent sulfur can be formu-

lated since all reactions involve S
N2

displacements at one site. The



thiophilicity series includes two nucleophiles whose exchange reaction

with trithionate had been studied earlier by Fava and co-workers.

C2H5S > C6H5S > (C
6
H 5)3P > CN > 0 2->

S
2-

The relative order of nucleophiles shows that both basicity and

polarizability are factors in determining their reactivity toward di-

valent sulfur.
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KINETICS AND MECHANISMS OF DISPLACEMENT
REACTIONS INVOLVING TRITHIONATE ION

INTRODUCTION

Nucleophilicity

A "nucleophile" is defined as a reagent which has a tendency to

form a new covalent bond by sharing its electron pair (9, 34, 58). This

is very similar to the definition of a Lewis base, and the two should

not be confused. The term basicity is used in a thermodynamic sense,

while the term nucleophilicity pertains to kinetic behavior. Swain and

Scott proposed that nucleophilic reactivity be used for rate phenomena,

and basicity, for equilibria in order to avoid this confusion (58).

A general reaction which represents nucleophilic displacement

is

(1) Nu + S-X [Nu--- S - - -X] Nu-S + X

where Nu is the incoming nucleophile, S-X is the substrate, and

X is the leaving group. The two main factors determining this

nucleophilic behavior are basicity and polarizability.

A direct correlation between nucleophilic reactivity and basicity

has been found in cases where, for a given group of nucleophiles con-

taining the same nucleophilic atom, the structural features in the

vicinity of the site of attack are similar. For example, Smith reports



2

the general base catalyzed hydrolysis of the chloroacetate ion in which

the rate-determining-step involves the displacement of chloride by

various nucleophilic reagents (57).

(2) CICH
2
0G- + Nu NuCH2COO + Cl

For 32 nucleophiles the rates of reaction increased from

k
2

= 3. 0 x 108 to 1. 04 x 103Mlsec1 while the basicity in-

creased from log Kb = -1. 74 to 15. 14. However, there are many

cases where rates of nucleophilic reactions are much faster than

basicities would predict. For instance, even in Smith's work the high

reactivity of 5032 - and 52032 - could not be explained by basicity

alone. These seem to involve primarily polarizable nucleophiles.

For example, Pearson and co-workers have looked kinetically at the

attack on Pt(py)2C12 by a large number of nucleophiles (53).

k
2

(3) Pt(py)2C12 + Nu Pt(py)2NuCl + Cl

(4)
- -Pt(py)2C1Nu + Nu fast

Pt(PY)
2

Nu
2

+ Cl

They found that the more polarizable nucleophiles were extremely re-

active, and in no way could reactivities be correlated with basicity.

The term "polarizable" is not completely understood, but it has

been stated by Edwards and Pearson to result from "the existence of
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low-lying excited states which, when mixed with the ground state,

produce polarity" (16). In other words, the polarizable nucleophiles

are those which have empty orbitals available which are low in energy.

These orbitals can be used in the transition state either by electrons

on the nucleophile or substrate. Some examples of polarizable nucle-

ophiles used in Pearson's work include alkyl and aryl phosphines,

arsines, and alkyl and aryl mercaptides.

Other factors involved in determining nucleophilicity, such as

the alpha-effect, solvent effects, and steric hindrance, have been

adequately reviewed in several recent publications (8, 29, 32, 58).

Bunnett, in his review article, has listed 17 factors contributing to

nucleophilicity. However, basicity and polarizability are of greatest

importance here.

Several attempts have been made to set up a normal scale of

reactivity. Swain and Scott suggested that the order of relative reac-

tivities for S NZ reactions of various nucleophiles toward GH
3
Br as a

substrate could be used to predict reactivities toward other similar

substrates (58). The following equation expressed the correlation

(5) log (k/ko) = sn

where ko is the rate constant for reaction with H2O, k is the rate

constant for reaction with any nucleophile, s is a substrate con-

stant defined as 1. 00 for CH
3
Br, and n is the nucleophilic constant.
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Using CH
3
Br as a standard substrate, n is determined for various

nucleophiles, and then s can be determined for other substrates

using the same nucleophiles. This linear free energy relationship

requires that a single parameter n represent the sum of all the

nucleophilic factors and, thereby, implies that the nucleophiles stand

in a single order toward all substrates. In order for this equation to

be useful, a different standard must be used corresponding to sub-

strates of like nature.

The Edwards equations partially eliminate the limitations of

the Swain and Scott relationship (15). His first equation uses variable

amounts of two independent properties of the nucleophile--the ability

to be oxidized (electrode potential) and its thermodynamic affinity for

a proton (basicity).

(6) log k/k0 = aEn + PH

Here (k /k ) is the rate relative to water, E is the standard

electrode potential relative to water (E° + 2. 60), and H is a func-

tion of basicity (pKa + 1.74)-1/ of the nucleophile. The coefficients

a and p are determined experimentally for each substrate.

Edwards' second equation uses basicity and polarizability to correlate

nucleophilic character.

1/1.74 is the correction term for the pKa of H30+
(log [H2O] = log 55. 5 = 1. 74).
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(7) log kik() = alP P'H

P is defined as the log (R
n
/RH0) with R representing the

2

molar refractivity. The coefficients a' and p, are substrate

constants determined experimentally. The latter equation seems to

be a better correlation, although it does not take into account steric

and alpha-effects. As yet there has been no success in making a cor-

relation of nucleophilic reactivity over a large range of nucleophiles

and substrates.

Nucleophilic Displacement on Di-Coordinated Sulfur

There have been a number of reviews which have extensively

surveyed the literature on sulfur-sulfur bond scission (12, 22, 52).

From a mechanistic point of view, the most recent treatment of nucle-

ophilic substitution at sulfur is reported by Fava and Ciuffarin (17).

Reactions involving heterolytic cleavage of the sulfur-sulfur bond

have been found to be second order, S
N2-type displacements as de-

termined by kinetic studies.

The reaction of triphenylphosphine with elemental sulfur, pro-

ducing triphenylphosphine sulfide, is a good example of the affinity of

nucleophiles for divalent sulfur (6). The displacement reaction is

first order in both triphenylphosphine and S8. The rate-determining-

step has been interpreted to be the chain-opening attack of triphenyl-

phosphine on S8, followed by continued oxidation of the open sulfur



chain.

(8) s/SSN
- VSS \

(C
6
H 5)3P : +

S
I \ .- (C

6
H5)3173F SSN

SS)SS/

6

(9) (C
6

H5)3P + (C
6
H

5
)
3
PSSSSSSSS-- (C

6
H

5
)
3

PSSSSSSS-4(C
6

H
5

)
3
PS, etc.

+
(10) (C

6
H 5)3P + (C

6
H

5
)
3

PSS 2(C
6

H5)3PS

This is also similar to the proposed mechanism for the cyanide-sulfur

reaction (5). Bartlett and co-workers also studied the action of cya-

nide and triphenylphosphine on thiosulfate. The second order rate

constants demonstrated that triphenylphosphine was a better nucelo-

phile than cyanide toward S203 2
. However, a quantitative compari-

son is not possible from their work, since the reactions were run in

different solvents.

Foss has done much of the pioneering work in nucleophilic sub-

stitution at divalent sulfur (22). Studies of the scission of sulfur-

sulfur bonds in the higher polythionates (S4062-, S5062-, S6062-)

showed that the sequence of attack by nucleophiles was at the most

electrophilic site in the sulfur chain (24).

Since sulfur is such a good site for nucleophilic attack, there

has been much interest in determining relative nucleophilicities

(thiophilicities) toward divalent sulfur (16, 23, 51, 52, 54). As early as
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1947, Foss recognized the importance of oxidation potentials in ar-

ranging sulfur anions in a thiophilic order (23). The more positive

the oxidation potential (E° for 2XS- XSSX + 2e) is, the better

the thiophile, as has been expressed in the Edwards equation for cor-

relation of nucleophilic reactivity. He was able to correctly predict

several reactions from his list of oxidation potentials. The most

comprehensive list of relative thiophilicities was reported by Parker

and Kharasch (52). They reported a list of 25 nucleophiles from vari-

ous publications. A list reported in a later publication is

RS > R3P > C
6

H
5S > CN > SO 32_ > OH > S2032-

> SC(NH2)2 > SCN > Br > C1 (Reference 51).

However, the use of equilibrium data and non-uniform conditions

make the series of qualitative significance only. A revised version of

the series is reported by Pryor (54).

(C
2

H50)3P > R, HS , C
2

H
5S > C6H5S > (C

6
H5)3P, CN-

2_
> SO3 > 2, 3-(NO

2
)
3

C
6

H
3S

> N3

> SCN, C
6

H
5

NH2

The relative ordering changes slightly from author to author as new

data is gathered (51, 52, 54). Since the order of these nucleophiles is



rough, there is a need for further quantitative kinetic data for thio-

philicity toward divalent sulfur.

Kice and Large reported the relative nucleophilicity for some

common nucleophiles at the lower end of the thiophilicity series to-

ward sulfenyl sulfur (39). They studied kinetically the nucleophile-

and acid-catalyzed racemization of optically active phenyl benzene-

thiosulfinate in aqueous dioxane.

( 1 ) (+)C
6

H
5

SSC
6

H
5

(±)C
6

H
5

SSC H
5

0 0

8

The reaction represents nucleophilic substitution assisted by an elec-

trophile (in this case H ) for which they concluded that the rate-deter-

mining-step involved the nucleophilic attack on sulfenyl sulfur.

Ka
(12) (+)C H SSC H + H (+)C H SSC H

6 5 II 6 5 6 5 y 6 5

0 OH

(13) Nu- + (+)C H SSC H rate C H SNu + C H SOH
6 5 o 6 5 determining 6 5 6 5

OH

(14) C
6

H
5

SNu + C
6

H
5
SOH H+ + Nu- + (±)C H SSC

6 5 II 6
H

5

0 (racemization)

This means that the kinetic data for the relative reactivity of the var-

ious nucleophilic catalysts is also a quantitative measure of reactivity

in a substitution reaction at divalent sulfur. Their results showed



I > SCN- >> Br >> Cr. It was concluded that highly polarizable,

weakly basic nucleophiles (such as I- and SCN-) are much more reac-

tive, relative to the chloride, in substitution involving attack on sul-

fenyl sulfur than on sulfinyl sulfur (38, 39).

Another group of substrates which might be suitable for a large

number of nucleophilic displacement reactions is that of the poly-

thionates. It is well known that the polythionates in general are sus-

ceptible to scission of sulfur-sulfur bonds by nucleophilic reagents as

already discussed (24). However, very little quantitative kinetic work

has been done. The simplest polythionate with a bridging sulfur which

would undergo such a reaction is trithionate ( 0
3
S-S-S0

3
). Since

there is only one bridging sulfur present, the chance for side reac-

tions taking place is low, and the analysis of products is easier.

Our object was to study displacement reactions at trithionate in

order to determine relative reactivities of nucleophiles toward diva-

lent sulfur. The factors determining the nucleophilic behavior toward

divalent sulfur were hoped to be evident from the order of thiophiles.

Previous Kinetic Studies Involving Nucleophilic
Displacement on Trithionate

Only three kinetic studies of nucleophilic displacement on

trithionate have been reported to date in the literature. One of these

is the isotopic exchange between sulfite and trithionate, which was
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included in a list of other sulfite exchanges with alkyl thiosulfates by

Fava and Pajaro (32). The kinetics of the isotopic displacement of

sulfite from trithionate show that the reaction is first order with re-

spect to both reagents.

/SO3
*S03

(15) *503
2-

+ S S + SO 32-
N

SO3
\ -

R = k[S0
3

2-
1[S 3062_1

k= 3.5 x 10-4M-lsec-1 at = O. 104 M and t= 25°

The reaction is considered to be an S
N

2-type displacement at the

bridging sulfur. The activation parameters listed are

0 I-1* = 9. 50 kcal/mole and AS* = -43 eu.

Another kinetic study reported by Fava and Pajaro is the iso-

topic exchange of thiosulfate and trithionate (34).

SO3
2 S4c 2- - -(16) 03S-S-S0

3
+ *S-S0

3
+ SO3 03S-'S-S03

03S

+ S-S0
3

2-

This exchange reaction is first order with respect to both trithionate

and thiosulfate ions and is also designated as a nucleophilic displace-

ment at the bridging sulfur.
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R = k[S
2
0

3

2_
][S 3062

k = 6. 59 x 10 5
M

1sec1 at µ = O. 186 M and t = 20°

Davis and co-workers looked at the cyanide-trithionate reaction

kinetically (13).

(17) CN + S3062- + H20 SCN + S032- + S042- + 2H+

The reaction was first order with respect to cyanide and trithionate

with a second-order rate constant k
2

= 2. 65 x 101M1 sec 1 at

t = 20. 9° and 11 = 0. 102 M. In comparing several reactions involv-

ing the scission of sulfur-sulfur bonds they found that the activation

energy could be correlated with the length of the bond being broken- -

the longer the bond, the lower the activation energy observed. How-

ever, it seems from other work by Foss and Fava that the leaving

group is also important in determining which bond is broken when a

series of sulfur-sulfur bonds are present (52). In the case of tetra-

thionate, which contains two different sulfur-sulfur bond distances,

the shorter bond is broken more easily. Thiosulfate, a much better

leaving group (less basic) than sulfite, is displaced by the nucleo-

phile.
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EXPERIMENTAL

Reagents

Potassium trithionate was prepared by the reaction of sulfur

dioxide, sodium thiosulfate (B&A reagent), and sodium hydrogen sul-

fite (Mallinckrodt reagent), in the presence of sodium arsenite

(Merck reagent) without modification as outlined by Palmer (50).

As02-
(18) Na2S2O3 + 2S0

2
+ 2NaHSO

3
> 2Na25306 + H2O

Potassium trithionate was salted out with a saturated solution of

potassium acetate (B&A reagent) and recrystallized from 50% ethanol-

water. The salt was stored in a vacuum desiccator under reduced

pressure (25 torr) over phosphorus pentoxide.

Two different methods were used to analyze the potassium tri-

thionate. Cerium oxidation of trithionate in the presence of per-

chloric acid was the most recent method found (10). However, the

precision (±2%) was not satisfactory, so the method was discarded for

the more conventional iodate oxidation described by Palmer (50). No

modification was necessary.

(19) S3062- + 2103 + 4C1 350 42- + 2IC12

This experimental method gave an average trithionate analysis of
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98.7 (±1)% for freshly recrystallized samples. The second method

employed was the decomposition of potassium trithionate by heating

with a Fisher burner to constant weight, as reported by Palmer (50).

(20) 02 + K2S306 ---> K2SO4 + 2S0
2

The salt was found to be 99. 4% pure by this method.

Since sulfite reacts with tetrathionate and all higher polythio-

nates to produce trithionate and thiosulfate, a sample of trithionate

was treated with potassium sulfite in order to remove any impurity

due to higher polythionates.

(21) S4062- + S032_ S3062_ + S2032-

The trithionate was washed free of any excess sulfite and thiosulfate

with 50 wt % ethanol-water. Several samples of treated trithionate

were compared to samples not treated, and it was found by iodate oxi-

dation that no difference in purity could be detected. As long as

freshly recrystallized samples of trithionate were used, there was no

need for the sulfite treatment.

Potassium tetrathionate was prepared by the oxidation of potas-

sium thiosulfate (B&A reagent) with I2 (B&A reagent-resublimed) us-

ing the method of Martin and Metz (46). The product was recrystal-

lized in 50% ethanol-water and stored in a vacuum desiccator over
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P2O5.

(22) 2K
25203 + 12 K 25406 + 2KI

Cerium (IV) oxidation showed that the tetrathionate was 98 (±2)% pure

(10).

The buffer salts used were all Baker and Adamson reagent,

which included potassium carbonate, potassium bicarbonate, sodium

metasilicate, potassium hydrogen phosphate, potassium dihydrogen

phosphate and sodium tetraborate. The salts used to make proper

ionic strengths were potassium nitrate (B&A. reagent), potassium

perchlorate (B&A reagent), and sodium perchlorate (Fisher purified).

The sodium perchlorate had to be recrystallized further. All salts

were dried at 110° and stored in a vacuum desiccator over P2O5.

Practical grade thiophenol was obtained from Aldrich Chemical

Co. and redistilled twice in an inert atmosphere with a pre-purified

nitrogen bleed to give a reduced pressure of approximately 50 torr.

The distillate was stored under nitrogen in the absence of light.

Matheson, Coleman, and Bell purified triphenylphosphine was re-

crystallized twice from 50% methanol-water. It was stored over

P2O5 in a vacuum desiccator in the absence of light. Reagent grade

B &A potassium cyanide was not further purified, but was kept in a

desiccator over P2O5.

Matheson, Coleman, and Bell practical grade ethanethiol was
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purified by double distillation through a 12" Vigreaux column, taking

only the middle cut of the distillate. After a period of three to four

days the purity of the ethanethiol decreased even though light, heat,

and air exposure were kept at a minimum. A decrease in the molar

absorption coefficient at 260 mil indicated the need for redistillation.

The purity of ethanethiol was measured by a simple iodine oxi-

dation procedure in which the mercaptan was oxidized quantitatively

to diethyldisulfide at pH = 7 (55).

(23) 2C
2

H
5
SH + 12 C2H

5
SSC

2
H5 + 2H+ + 21-

The iodine solutions were standardized in the normal manner against ar-

senic trioxide (B&A reagent) at a starch endpoint (56). Due to the volatility

of ethanethiol (b. p. 35°), the following experimental procedure was

only good to within 2%. A 50.0 wt % methanol-water solution was

boiled and flushed with pre-purified nitrogen as it was cooled to room

temperature. A small volume of solvent was weighed into a glass-

stoppered Erlenmeyer flask, ethanethiol added, and the flask re-

weighed. The solution was immediately titrated with standardized

iodine to a starch endpoint. The purity was 97-100% of the theoretical

value.

Several samples of ethanethiol were analyzed by gas-liquid

chromatography. A 20% Reoplex 400 on Chromosorb W (30-60 mesh)
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column was used on the Hewlett-Packard Series 700 Lab Chromato-

graph with a Sargent Recorder-Model SR. The run was programmed

from 20° -170°C at 10° /minute. The practical grade ethanethiol,

analyzed as received, had two impurities (-1%), one of which was

probably the diethydisulfide oxidation product. Upon one distillation,

however, these ?eaks were reduced to 0. 1 % All ethanethiol used for

kinetic experiments was doubly distilled and stored under nitrogen in

the absence of light.

Other miscellaneous chemicals listed are B&A reagent unless

otherwise noted: anhydrous ethyl ether, formaldehyde, potassium

acid phthalate, potassium iodide, potassium thiocyanate, sodium

oxalate, sodium sulfite, potassium phosphate (Baker reagent) and

potassium sulfite (Matheson, Coleman, and Bell purified).

Solvent

Since the project involved the attack of many different nucleo-

philic reagents on trithionate, a solvent had to be chosen in which

both nucleophiles and trithionate were soluble. A 50. 0 wt % methanol-

water mixture (E = 57.9 at 20°C) seemed to be the most suitable

(1). However, the concentration ranges of reactants were sometimes

limited because of the high concentrations of buffer salts needed

which would cause the trithionate to precipitate.

B&A reagent absolute methanol was used with distilled water in
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making the 50. 0 wt solvent. No further purification of the methanol

was needed. Since the amount of solvent necessary in the reactions

was large, the solvent components could not be weighed out. Instead,

taking into account the specific gravities involved, the solvent mixture

was orepared volumetrically by addition of methanol to water.

Kinetic Method and Temperature Control

The kinetics of all reactions were followed with a Beckman

Model DU spectrophotometer equipped with a deuterium lamp source

and a thermostated cell holder. All absorption readings were taken

manually. The temperature control of the DU cell holder was main-

tained by two water-cooled plates. The water for the inner plate was

pumped directly from a constant temperature bath, and the water for

the outer plate was supplied from the cooling source of the constant

temperature bath. The bath consisted of a styrofoam ice chest in

which copper cooling coils, heater, thermoregulator, and pump were

situated. The bath temperature could be maintained to ±. 03°C for

several hours. The ambient temperature had a small effect on the

cell compartment temperature, but the variation did not exceed

±0. 1°C at any time during the year.

Temperature Calibration

The temperature inside the cell holder of the DU was determined
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by using a calibrated thermistor. The thermistor calibration in-

volved a Wheatstone bridge circuit using one arm for the thermistor

and the opposite armfor two, ten-turn precision resistors equipped

with 1, 000-division dials for coarse and fine balancing of the bridge.

A 1 1/2 volt battery supplied the necessary energizing voltage. A

third, ten-turn potentiometer provided a way of regulating this voltage

and, therefore, provided a sensitivity adjustment. One end of the

bridge was connected to a G-14 Varian recorders while the other was

connected to the thermistor.

The thermistor was protected by placing it in a glass vial which

contained a cushion of tissue paper. In order to keep any moisture

from entering, the thermistor assembly was placed in two plastic

bags before submerging in the water bath. A thermoregulator was

set at a temperature in the region desired to calibrate. Then the bath

and thermistor were allowed to come to temperature equilibrium for

four to six hours. The 50% transmittance line on the recorder chart

paper was taken as the zero point for balancing the Wheatstone bridge.

Readings were recorded off the bridge as the temperature was read

from a standardized thermometer in the water bath. The process was

repeated for a series of increasing temperatures so as to obtain a

calibration graph (thermobridge readings versus temperature) in the

temperature region desired. Graphs were obtained in the 10°, 20°,

25° and 30°C region. By placing the thermistor assembly in the DU
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cell holder and allowing it to come to temperature equilibrium (4

hours), a bridge reading was obtained and converted to temperature

from the calibration curve. There was a slight difference in tempera-

ture depending on which lamp source was being used on the DU. All

temperatures specified were obtained with the deuterium lamp in

operation (. 02 ° -. 05°C higher than the tungsten lamp temperatures).

The main source of error was in reading the standard thermometer

(±. 03°C), rather than in the thermobridge readings (±. 01°C).

Thiophenoxide-Trithionate Reaction

Buffer System

Oae reported that the pKa mediumof thiophenol in aqueous mediu

is 7. 47 (48). A pKa value of 8. 65 in methanol was reported by Hudson

and Klopman (31). In order to convert thiophenol to its anion form, a

basic buffer was needed which would not also cause hydrolysis of the

trithionate. Phosphate, borate, and carbonate buffers were studied.

The absorption coefficient of thiophenoxide gradually increased

as the pH of the buffer increased, corresponding to C6H5SH C6H5S

There was no further change in the absorption coefficient

(E
260

= 1 . 30 x 104) on increasing the pH above that of a 1 :I mole-

ratio carbonate-bicarbonate buffer (conversion to anion form corn-

plete). The hydrolysis of trithionate was negligible at this pH over



20

the reaction time.

Air Oxidation

Air oxidation of thiophenol and thiophenoxide solutions has been

reviewed by Ostwald and Wallace (49). During the preliminary kinetic

studies, it was noticed that the air oxidation of thiophenoxide was

comparable in rate to the trithionate-thiophenoxide reaction. To

eliminate the oxygen reaction, the solvent mixtures were boiled and

flushed with pre-purified nitrogen while cooling. However, air oxi-

dation was still substantial if the phosphate buffer system was used.

When the same thiophenoxide solution was used with three different

buffers, it was found that the phosphate buffer (lowest in pH) had the

highest air oxidation rate, the borate system next, and the carbonate

system no appreciable oxidation in one hour. As long as the carbon-

ate solutions were treated as described above for the removal of oxy-

gen, the kinetics of the system could be studied with no effect from

the oxygen reaction for a period equivalent to the kinetic run. All

reported data refer to the carbonate buffer system.

Kinetic Experiment

The thiophenoxide-trithionate reaction was followed by the de-

crease in absorbance at 260 mp. (C6H5S , E260 1.30 x 104;

C6H5SSO3 , 6260
= 1.50 x 103). A pseudo-order kinetic study was
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made keeping the potassium trithionate in 100-fold excess over thio-

phenoxide. The upper limit of the concentration range of trithionate

was set by the solubility of the Potassium trithionate, whereas the

lower limit was set by the concentration needed in excess over thio-

phenoxide in order to treat the data in a pseudo-order manner.

The procedure involved the weighing of potassium trithionate

into a volumetric flask along with potassium sulfite, so that

[SO3
2-

]o = 0. 10[S306
2-

]o. The buffer salts were also weighed into

the same flask in a 1: 1 mole ratio of potassium carbonate to potas-

sium hydrogen carbonate. The ionic strength was set at 0. 075 or

0. 15 by increasing or decreasing the amount of buffer present, making

sure that the capacity was adequate and the ratio constant. The salts

were dissolved in water first and, then, enough methanol was added to

bring the solvent to the right composition. The solution was allowed

to come to reaction temperature in a thermostated water bath. The

thiophenol solution was prepared by successive dilutions in oxygen-

free solvent and also allowed to come to reaction temperature. The

reaction was initiated by pipeting equal volumes of reactants into a

flask, stirring, and transferring to 1 cm DU cell. A thiophenoxide

blank containing the buffer salts and sulfite was run along with the

reaction to determine the amount of air oxidation during the time of

the kinetic runs. No appreciable change in thiophenoxide absorption

was observed as long as precautions against air oxidation were taken
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as mentioned in the section on oxygen removal.

Stoichiometry

The stoichiometry expected for the thiophenoxide-trithionate

reaction

(24) 2C
6

H
5S

+ S3062- C
6
H

5
SSC

6
H5 + S032- +

S2032

was reported earlier by Footner and Smiles (21). Concentrations of

reactants were increased to [C6H5S = 4.0 x 102M and

2-]
o

= 2.7 x 10-2M in the presence of [S032- = 4. 37 x 10-3[S
3
0

6
M.

The reaction was allowed to proceed to completion, after which the

reducing products were titrated with standardized iodine. In two in-

dependent runs the equivalents of iodine were 75-80% of the theoreti-

cal yield for S2032- and SO
3

2
. The methanol was removed by rotary

evaporation during which white crystals of diphenyldisulfide formed

(m. p. 61°) in the aqueous layer. The diphenyldisulfide product re-

covered was approximately an 80% theoretical yield. An explanation

for the non-quantitative results (the reaction of sulfite with diphenyl-

disulfide) will be discussed later. It was also noticed that the di-

phenyldisulfide partially redissolved after removal of the methanol

from one run in which the reducing products (presumably S032- and

S2032-) had not been titrated. The diphenyldisulfide is not soluble in

water, so it had to be forming a water soluble anion. This made it
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necessary to study the stoichiometry of the reaction under our kinetic

conditions of excess trithionate in the presence of sulfite. With con-

2- -2 -3
centrations of [S306 ]0= 1. 14 x 10 M, [C

6
H 5S

]0 = 6. 0 x 10 M,

and [S03
2- = 0. 10 [S306

2-
]o, the reaction was allowed to proceed

to completion, after which methanol was removed by rotary evapora-

tion. No solid diphenyldisulfide precipitated from the aqueous solu-

tion, and no phenyl absorption at 260 m.t was observed in the ether

layer after extracting the aqueous solution three times. The phenyl

sulfur product remained in the aqueous layer, suggesting it was a

water-soluble anion. The suspected product was the S-phenylthiosul-

fate ion (C6H5SSO3 ) commonly known as the phenyl Bunte salt. There

was no way of analytically determining the amount of Bunte salt pre-

sent, since the concentrations had to be low (10-3M).

recent work has shown that
E 260 -7"

1500M1
-1

However, some

for C6 H 55503-

(2). The absorbance observed at t = 00 for the reaction agrees with

this absorption coefficient for C6H5SSO3 within 2 1/2%, but does not

agree with that of diphenyldisulfide (E260
5, 000).

If, indeed, the phenyl Bunte salt were produced, there would be

a corresponding molar production of thiosulfate.

(25) C
6
H

5S
+ S306

2-
C

6
H

5
SSO

3
+ S203

2-

Titration of the reducing products in this experiment with standardized
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iodine showed that for every 1. 96 x 10
3 moles of thiophenoxide re-

acted, the equivalent of 2. 08 x 103 moles of thiosulfate was produced.

No other sulfur anion that is conceivable in this reaction would react

with iodine in a 2:1 mole ratio.

(26) 252032 + 12 S406
2-

+ 21-

Trithionate reacts very slowly with iodine and would not interfere with

the titration. Although thiophenoxide would interfere, complete reac-

tion was assumed in excess trithionate (55). C
6
H55503 did not react

with iodine either, since the production of diphenyldisulfide would be

observed.

(27) 2H20 + 12 + 2C6H5SS03 C
6
H

5
SSC

6
H5 + 25042- + 21_ +4H+

Other kinetic studies have been reported in which C
6
H55 has been

titrated by iodine in the presence of the phenyl Bunte salt (2). Also,

if iodine had reacted with C6H5SSO3 , more iodine would have been

consumed.

Several kinetic runs were made in which formaldehyde was

added to remove any sulfite produced in the reaction. An

2 2

experimen-

-2
tal run with [C

6
H

5S o
= 1 x 10M, [5306 ]o = 2 x 10 M and

[HCHO]o = 3 x 10 2M, yielded diphenyldisulfide as a product rather

than the phenyl Bunte salt -50-60% C6H5SSC6H5 recovered, m.p. = 61 °;



25

theor. m. p. 61°C (42)]. It was isolated by removing the methanol by

rotary evaporation and filtering the crystalline substance formed in

the aqueous solution. Control runs were made wi'h trithionate and

thiophenoxide in the presence of formaldehyde. There was no absorb-

ance change in the trithionate blank. However, after 5, 000 seconds,

the thiophenoxide-formaldehyde control run began to decrease slightly

in absorption, possibly corresponding to an interaction such as

0-
(28) C6H5S + CH2O H

2 6
H5

The kinetic runs were essentially completed before the blank de-

creased significantly in absorbance.

The stoichiometry of thiophenoxide-trithionate is summarized

with the differentiating conditions given.

(29) 53062 - f C
6H 5S C

6H 55503 + S203

2_
a) [S306 lo in 2-100 fold excess

b) [SO3
2- ] = 0.10 [53062- ]o

2-

over [C6H5S

(30) 53062 _ + 2C
6

H
5S

C
6
H

5
SSC

6
H

5
+ (S0

3

2
) +

52032_

a) [S3062 ]o in 2-100 fold excess over [C6H5S ]o

b) [HCHO] = 0. 04 M
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Intermediate

An important intermediate proposed in the thiophenoxide-

trithionate reaction is C
6

H
5

SSSO
3

. In order to confirm the mechan-

ism proposed, it would be advantageous to isolate this intermediate

and study its reaction with sulfite and thiophenoxide. One reaction

which might produce the proposed intermediate (C6H5SSSO3 ) is the

attack of thiophenoxide on tetrathionate.

2- - 2_
(31) C

6
H

5S
+ S406 -- C

6
H

5
SSSO

3
+ S203

No matter which electrophilic sulfur the thiophenoxide attacks, the

product of the first step will be the same. Several experiments in

which [C6H5S ]o = 5.8 x 105M and [54062 ]o = 1. 20 x 1 03M

were carried out in bicarbonate-carbonate buffers. Slow addition of

thiophenoxide to an excess of tetrathionate should favor the production

of the intermediate. A 65% yield of diphenyldisulfide was formed

along with a yellow oil (possibly the trisulfide) coming out of the

aqueous layer after the methanol had been removed. An anion ex-

change column (3/4 x 16 ", Dowex 1-X8, 50 -100 mesh) was used to

separate any phenyl sulfur anion that might be in the aqueous layer

after removal of the diphenyldisulfide and yellow oil by ether extrac-

tion. 6M NaBr was found to be the best reagent for removing the

sodium salt of p-toluenesulfonic acid from this column. Since the
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terminal group is the same for the proposed intermediate, portions of

increasingly concentrated solutions of NaBr (1-6M) were used as

eluant. No evidence of a phenyl absorption band was seen. Evident-

ly the sulphenyl thiosulfate could not be isolated due to its own sus-

ceptibility to nucleophilic attack by the thiophenoxide.

(32) C
6

H
5S

+ C
6

H
5

SSSO
3

C
6
H

5
SSC

6
H5 + S203

Triphenylphosphine-Trithionate Reaction

Buffer System

2-

Since acid is produced in the reaction of triphenylphosphine and

trithionate, a buffer system was required. The mono-dibasic phos-

phate buffer was found quite adequate at lower concentrations. How-

ever, at higher concentrations the phosphates caused precipitation of

trithionate. To eliminate this problem a 1:1 mole ratio of carbonate-

bicarbonate buffer was used. The hydroxide concentration was suf-

ficiently high to cause decomposition of the trithionate over long per-

iods of time (3-4 days). Since the reaction time was relatively short,

no decomposition took place during the kinetic run, as was observed by

running a blank of buffer and trithionate along with the reaction.

Kinetic Experiment

The reaction of triphenylphosphine and trithionate in 50 wt %
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methanol-water was followed spectrophotometrically at 260 mp.. It

was studied in a typical pseudo-order manner, looking at the conver-

sion of triphenylphosphine to triphenylphosphine sulfide with trithion-

ate in at least a hundred fold excess. Since acid was produced during

the reaction, a 1:1 mole ratio bicarbonate-carbonate buffer system

was used to keep the pH constant. The concentration ranges were

limited for the same reasons as the thiophenoxide-trithionate reac-

tion.

The experimental procedure involved first the weighing of potas-

sium trithionate and buffer salts in a 25 ml volumetric flask. The

salts were dissolved in water, and methanol was added to make up the

proper solvent mixture. The triphenylphosphine was weighed and

added to a 500 ml volumetric flask. It was dissolved in methanol,

adding water to make up the final solvent mixture. Both solutions

were brought to the temperature desired by using a calibrated water

bath which was set to within a tenth of a degree of the cell holder

temperature. The ionic strength was maintained at . 075 m or 0.15 m

by increasing or decreasing the amount of buffer present keeping the

mole ratio constant. Ten ml of each reactant was pipetted into a

50 ml glass-stoppered Erlenmeyer flask, mixed vigorously and

transferred to a silica DU cell. The reaction was followed for ap-

proximately two half-lives.

It has been reported that (C6H5)3P is substantially stable in
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air (41). As a precaution a triphenylphosphine blank was run with

each experiment to check that no air oxidation took place. Since the

molar absorption coefficients were quite different between triphenyl-
-1 -1

phosphine (c 260 = 11,000 M cm ) and its oxide

(c
260 = 1' 260 M

1cm 1), there would have been a large change (37).

Also a kinetic run was made where oxygen was removed from the sol-

vents (described in previous section). The rate constants obtained

were the same as when no precautions were taken.

Stoichiometry

The reaction which was assumed to be taking place between tri-

phenylphosphine and trithionate involved the formation of either

(C
6
H 5)3PS or (C

6
H

5
)
3

P+ SSO
3

.

(33) H0 +(C 6115 P+S3 602-
2-

SO42S032 (C
6

H
5

)
3

PS + SO4 + 2H+

-
(34) (C

6
H 5)3P + S3062- -- S032- (C

6
H 5)3P SSO

3

Several independent runs were made in order to determine pro-

ducts. In a typical experiment the concentration of reactants were

[S3062]0 = 1.7 x 10-2 M and [(C6H5)3P]0 = 3.0 x 10 3 M along

with the buffer salt (2 x 102 M[HCO3] and [CO3
2-

]). Reducing

agents in the final mixture of products were titrated with standard-

ized iodine. The only reactant which would interfere with the
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titration was (C6H5)3P, but it was assumed that complete reaction

had occurred since trithionate was always in excess (6). Trithionate

itself reacts with iodine very slowly (several days). Over the time

it takes for the titration procedure (3-5 minutes), there was essen-

tially no reaction. For every mole of triphenylphosphine reacted,

one mole of sulfite was produced (±2%). The other possible reducing

agent, thiosulfate, would have given a 2:1 mole ratio of sulfur anion

to iodine.

(35) 252032_ + 12 54062_ +
2I-

The organic sulfur product, either (C6H5)3P or

(C6H5)3PS, was isolated by removing most of the methanol from the

solvent. White crystals were formed during the removal of methanol.

They were collected, washed with dilute solutions of methanol in

water, and recrystallized. The literature value for the melting point

of (C
6

H 5)3PS is 157. 5° (41) Three independent samples of the pro-

duct melted at 157-158°. An it spectrum was taken of the product

dissolved in carbon disulfide. There was a characteristic absorption

at 645 cm 1 for P=5, whereas there were no peaks in the 1250-

1300 cm 1 region characteristic of P=0. The spectrum was iden-

tical to that found for (C
6

H5)3PS in the literature (11). (Anal. Calcu-

lated for (C
6

H 5)3PS: C, 73.4; H, 5. 1; S, 10.0. Found: C, 73. 1;
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H, 4. 9; S, 8. 0. )2/ A 93% yield of (C
6

H 5)3PS was obtained by weight

(Found 0. 0238 g; calculated 0. 0257 g).

The amount of acid produced in the reaction was difficult to ob-

tain quantitatively due to the high buffer concentration (10-2 M) corn-

pared to the low concentration of acid produced (2 x 10-5 M). The

results showed between one and two moles of acid being formed for

every mole of triphenylphosphine consumed. The error in the deter-

mination is large, since the result is the small difference between two

large numbers.

Cyanide-Trithionate Reaction

Kinetic Experiment

The reaction of trithionate and cyanide in 50 wt % methanol-

water was followed spectrophotometrically at 270 mil. The following

absorption coefficients were obtained in 50 wt % methanol-water:
2- -1 -1 -1 -1

S306 , 6270
13. 9 M cm ; CN , E 270

= 1 4 M cm ;

SCN , £270 = 0.85 M 1cm-1; S032' E270
1 10. 9 M cm . A buffer

system was needed which would reduce the hydrolysis of cyanide as

well as neutralize the acid formed in the reaction. The only buffer

2 /The sulfur analysis was made on a separate sample sent to
the Schwarzkopf Microanalytical Laboratory, New York. The pro-
duct may not have been dried before treatment, so no significance is
placed on the low value. All other experimental evidence indicates
that (C

6
H5)3PS was present.
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which was basic enough and yet sufficiently soluble in the solvent for

varying the ionic strength was a bicarbonate-carbonate system. Even

then, the buffer capacity was low due to the low ionic strength which

had to be maintained = 0.15 m) in order to compare rates with

other reactions. The production of acid made it necessary to use

initial rates, although a few kinetic plots were straight for two half-

lives.

The kinetic experiment involved the weighing of potassium tri-

thionate into a volumetric flask. The salt was dissolved in triply

distilled water and the appropriate amount of methanol added to bring

it to solvent composition. The solution was placed in a controlled

temperature (20.4°C) bath. Potassium cyanide was weighed out di-

rectly into a volumetric flask along with the buffer salts. To facili-

tate dissolving, water was added first, then methanol. The flask was

allowed to come to reaction temperature, after which both solutions

were pipetted in equal amounts into the reaction flask, stirred, and

transferred to a DU cell. The reaction was followed for one-two

half-lives taking absorbance readings mechanically for several days.

The cyanide-trithionate reaction was not studied in detail due

to the long half-life (-30 hours) of the reaction, the decomposition of

trithionate in presence of base over long periods of time, and the low

buffer capacity needed in order to reach an ionic strength of 0.15 m
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Sto ichiometry

The stoichiometry of the cyanide-trithionate reaction

2- 2- 2-
(36) CN + S306 + H2O S03 + SO4 + SCN + 2H

was reported by Davis and co-workers (24). The hydrogen ion is

formed in basic solution, so the net result is the consumption of base.

(37) CN + 53062 - + 20H S032- + S042- + SCN + H2O

Thioethoxide- Trithionate Reaction

0
2

Removal

Oxidation of mercaptans in alkaline solution has been studied

extensively by Xan et al. (61). It was reported that the shorter chain

aliphatic mercaptans were the easiest to oxidize. In order to prevent

air oxidation during the kinetic experiments, two methods of remov-

ing oxygen from the solvent were used. The simpler method involved

boiling the solvent and flushing with pre-purified nitrogen using a

fritted glass gas dispersion tube while the solvent was cooled to de-

sired temperature. The other method involved a vacuum line tech-

nique using a degassing chamber (5) diagrammed in Figure 1. Two ml

of trithionate solution was pipetted into compartment A; two ml
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B

Teflon stopcock

Photo volt 1 cm cell

Figure 1. Degassing chamber used on vacuum line.
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thioethoxide solution was pipetted into compartment B. After freez-

ing the solutions at -131° (n-pentane-liquid nitrogen slush), the cham-

ber was evacuated by opening the stopcock to the vacuum line. For

five to ten minutes the cell was evacuated, after which it was isolated

from the pump. Pre-purified nitrogen was allowed into the chamber

(740 torr) before it was brought to room temperature. This proce-

dure was repeated twice before the reaction was initiated by tipping

the chamber and letting the two solutions combine while shaking down

into the DU silica cell attached on the side arm. The cell was de-

tached and capped with a Teflon plug and placed in the DU cell holder.

It was found that this method of removing the oxygen produced no bet-

ter results than the boil-flush-cool method due to the exposure times

to the atmosphere when pipetting the reactants into their respective

compartments. Therefore, the first method was used in most of the

runs.

Buffer System

There seems to be disagreement in the literature concerning the

value of the pKa of ethanethiol. Values reported in aqueous medium

are 10. 0, 10. 61, 10.9 and 10.6 (27, 36, 43, 62). Maurin and Paris re-

port 12. 0 for the pK
a

in an ethanol-water solvent (47), Therefore,

in order to convert ethanethiol to its anion, a highly basic buffer was

needed.
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From the three buffers considered (phosphate, carbonate, and

silicate) only the silicate was sufficiently basic for complete conver-

sion. However, due to low solubility of the salt in 50. 0 wt %

methanol-water, it could not be used in the kinetic experiments. In-

stead, 0. 0667 M and 0.133 M sodium hydroxide solutions prepared

from standardized concentrates (CO2 free) were used. At these con-

centrations the ethanethiol was in the anion form as determined from

450 M cm-1 -1
)the limiting molar absorption coefficient (E

260
at

high pH. No solubility problems occurred when the ionic strength was

increased from p. = 0. 075 m to p. = 0. 15 m as was the case with

the silicate buffer system.

Stability of Trithionate in Basic Solution

Potassium trithionate solutions are known to be unstable when

base is present for long periods of time (3). A solution of 0.1 M

(38) dilute alkali: 53062 - + 20H 52032 _ + SO4
2-

+ H2O

(39) conc. alkali: 253062- + 60H S2032- + 45032_ + 3H 20

sodium hydroxide and potassium trithionate showed no change in ab-

sorption at 260 mp. over a time interval equal to ten half-lives of the

kinetic run. Large deviations in absorption occurred after three

hours. The decomposition products in base solution do have quite
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high absorption coefficients, so one would expect to see an appreci-

able change if decomposition were taking place during the time of the

kinetic experiment.

Kinetic Experiment

The reaction of thioethoxide-trithionate was studied spectro-
1 -1

photometrically at 260 mil (C2H5SSC2H5,
E260 398 1\4 ) A

decrease in absorbance was observed which arose primarily from

C2H5S going to C2H5SSC2H5. The change is even greater than sug-

gested by the molar absorbances, since two C2H5S react to give one

C2 H
5

SSC
2
H5. Similar concentrations of trithionate and thioethoxide

were used being sure that there was always a slight stoichiometric

excess of trithionate. Otherwise, any thioethoxide left after reaction

could be air oxidized, easily resulting in varying infinity (A00) read-

ings. The high end of the concentration range was limited due to the

short half-life of the reaction, and the low end, due to the decreasing

absorption change at low concentrations of thioethoxide.

A typical kinetic experiment involved, first, the removal of

oxygen from the solvents , after which potassium trithionate was

weighed in a volumetric flask and dissolved in water with enough

methanol added to make up the 50. 0 wt % methanol-water solvent.

The solution was allowed to come to reaction temperature in a con-

trolled temperature water bath. Then, a volumetric flask with a
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small amount of solvent containing the hydroxide required for that

run was weighed and ethanethiol added. The flask was reweighed to

determine the concentration of thioethoxide. Due to the volatility of

the solvent, the weighings had to be corrected for the weight loss of

solvent by evaporation between weighings. The initial thioethoxide

concentration was reliable to within three percent. The solution was

then diluted to the mark and allowed to come to reaction temperature.

Appropriate amounts of trithionate and thioethoxide were pipetted into

a reaction flask kept at the cell block temperature of the DU. The

solution, after thorough mixing, was transferred to the silica DU cell

kept in the the rmostated cell holder. Absorption readings were taken

manually for approximately two half-lives. A blank containing the

same concentrations of thioethoxide in the basic solvent was always

run along with the reaction in order to determine if any appreciable

air oxidation was taking place during the reaction, or if the ethanethiol

was impure.

Stoichiometry

Normal oxidation of thioethoxide gives diethyldisulfide as a pro-

duct (61). It was suspected that the reaction of trithionate and thio-

ethoxide would take place as shown in Equation 40.

(40) S3062- + 2C
2

H
5S

C
2

H
5
SSC

2
H5 + S032- + S2032-
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The same conditions as in the kinetic study were used except for

higher concentrations of reactants in order to be able to detect the

products quantitatively.

A typical experiment had initial concentrations of
2-] -2 -2

o
1.5 x 1 0 M, [C2H5 Si

o
= 2.4 6 x 10[S30

6
M and

[0-] = 1. 0 x 10-111 M. The oxidizable products of the reaction were

titrated with standardized iodine after the reaction mixture had been

neutralized with HC1. 1. 50 (±. 04) moles of iodine were used for

every two moles of thioethoxide reacted, which corresponded to one

mole of sulfite and thiosulfate being produced.

(41)

(42)

H2O + 12 + SO3
2-

1
2 12 + S203

2-

5042 - + 21

1
2 S406 2- + I

+ 2H+

A known sample of the suspected organic sulfur product,

diethyldisulfide, was prepared by the reaction of iodine with ethan-

ethiol (55). The number of moles (6.16 x 104) of disulfide prepared

corresponded to the theoretical number of moles produced in the

trithionate-thioethoxide reaction. The two samples were treated

exactly in parallel (including volumes of solutions). The organic sul-

fur product in the trithionate-thioethoxide reaction was obtained by

ether extraction after the methanol had been partially removed under

reduced pressure (-25 torr) by rotary evaporation. The two samples
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were compared by using a Hewlett-Packard Series 700 Lab gas-liquid

chromatograph with a Sargent Recorder-Model SR. A 10% SE-30

Chromosorb W (water washed) column was used with dimensions of

l /4°' O. D. x 6'. Each sample was run under exactly the same condi-

tions.

Injection port temperature 180° C

Detector temperature 225° C

Oven temperature 35-200°C Programmed for
10° C /min

Helium flow rate 30 ml /min

Chart speed 1/2"/min

The known diethyldisulfide sample as well as the unknown had a re-

tention time of 9.3 minutes with the same peak shape. No other peaks

were observed except for the large solvent peak due to ether. There

was no convenient way of obtaining an exact quantitative result of the

disulfide produced. Comparing the area under the peaks showed

qualitatively that the reaction yield of diethyldisulfide was within 95%

of theoretical.
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RESULTS

Thiophenoxide-Trithionate Reaction

Preliminary Kinetic Studies

The reaction of thiophenoxide and trithionate was studied in a

typical pseudo-order manner. The initial concentration of trithionate

was kept in an 85-240 fold excess over thiophenoxide, so that the con-

centration of trithionate did not change more than 1% during the reac-

tion. The expression for this is

(43) -d[C6H5Si/dt = kobs[c H55
]n

where n represents the reaction order with respect to thiophen-

oxide and kobs, the observed pseudo-order rate constant.

It was assumed that the reaction was first order in thiophen-

oxide, so that the integrated first-order expression becomes

[C
6
H

5
S

(44) ln [C6 H5Sio

where [C6 H5S- ] is the concentration at time = t and [C6H5Sio

is the concentration at t = 0. Plotting In (A-A.0) versus time

showed similar plots to that illustrated in Figure 2. Deviation

slightly from first order toward second order is noticeable. Only the
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initial portion of the curve is linear with a pseudo-first-order rate
-4 -I

constant, kobs = -(2. 303)(slope) = 3.4 x 10 sec . If one assumes

that the trithionate dependence is also first order, the second-order

rate constant is 3.3(±.2) x 102Mlsec1(k2=kobsg 2 -Jo).o)-

Varying higher initial rates were observed if the trithionate samples

were older than 8 weeks due to the presence of a small amount of

higher polythionates which react faster with thiophenoxide. (See

"Rate Law in the Presence of Added Sulfite. ") Although the log plots

are curved, still the initial second-order rate constant is significant

and will be discussed later in the section on "Specific Mechanisms- -

Thiophenoxide. "

There was no correlation whatever with a second-order treat-

ment.

Rate Law in the Presence of Added Sulfite

Curvature in the pseudo-first-order plots could be explained by

impurity of higher polythionates, two or more pathways to products

which would involve more than one kinetic term in the rate law, or

maybe even denominator terms in the rate expression. If one as-

sumes that the initial attack of thiophenoxide on trithionate is first

order in each component, one would get the following reaction:



SO/ 3
(45) C

6
H

5S
+ S C6 H5SS -

+ SO3
\SO

3
SO3

2_
(5)
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This step could be reversible with the sulfite attacking the phenyl

sulfenyl thiosulfate intermediate. If this were the case, addition of

sulfite would certainly decrease the observed rate. Also sulfite is

known to oxidize all higher polythionates to trithionate quantitatively

in basic medium (23). This would eliminate any possible tetrathio-

nate being present initially in the trithionate.

Potassium sulfite was added in the range of (0.50-7.10)x 10-4M

to the kinetic run, keeping the concentrations of trithionate and thio-

phenoxide the same and adjusting the concentration of buffer present

to keep the ionic strength at 0. 075 m. Typical plots of the first-

order dependence on thiophenoxide are shown in Figure 3. No devia-

tion in first-order kinetics is observed over two half-lives of the re-

action. However, when the concentration of sulfite was less than

2. 5 x 104 M, the plots again became curved. The sulfite concentra-

tion was arbitrarily set at 10% of the trithionate concentration, thus,

always above 2.5 x 104M. In order to determine the order with re-

spect to trithionate, its concentrations were varied in the range

(0. 498-1. 40) x 103M. The kinetic data are summarized in Table 1.

The same second-order rate constant 1. 60(±.09) x 102Mlsec1 was

obtained at various trithionate concentrations showing the first-order



1. 00

0.80

0. 60

0. 50

0. 40

S

0. 30

0. 20

45

Curve A

[S306 2-
]
o

= 4. 98 x 10-3M

[C
6
H 5S-]o = 5. 85 x 10-5M

[S03
2- 4

] = 5. 18 x 10 M
,
[CO3

2- ] = 1. 30 x 10-2 M = [HCO3]

Curve B

[S306 ]
o

= 1. 04 x 10 M

[C
6
H 5S-]o = 5.85 x 10 5M

[SO3
2- ] = 1. 12 x 10-3M

_2

[CO3
2- ] = 8. 8 x 10-3M = [HCO 3-]

1200

Curve C

[S
3
0

6
2-

]
o

2= 1. 40 x 10 M

[C6H
5
S]

o
= 5. 85 x 105M

[SO3
2- ] = 1. 74 x 10 -3M

[CO3
2-]

= 5. 6 x 10 3M = [HCO 3-]

I I I 1

2400 3600 4800 6000
Time, sec
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Table 1. Kinetic data for the second-order reaction of trithionate and thiophenoxide at
II. = 0. 075 m and 20.4° with sulfite present.

10
5

[C
6
H

5
Si, M 10

3
[S 3062 ], M 10

3[S0
3

2
], M 10

2k2, M 1sec-1

5. 85 0 498 O. 518 1. 66
5. 85 0 501 O. 518 I. 69
5. 85 0 500 0. 543 1. 60

5. 85 1 05 0. 500 1. 59

5. 85 1 05 1. 12 1. 60
5. 85 1 05 1. 12 1. 63

5. 85 1 05 4. 06 1. 62
5. 85 1 05 5. 00 1. 56
5. 85 1 04 7. 10 1.58

5. 85 1.40 1.40 1. 63

5. 85 1.40 1. 57 1. 51

5. 85 1. 40 1. 74 1.51
at ii. = 0. 15 m

5. 85 1. 05 1. 56 2. 71

5. 85 O. 500 0. 594 2. 79

for p. = . 075 m k
2

= 1. 60(±. 09) x 102M1 sec1.

for H. = 0. 15 m k
2

= 2. 75(±. 04) x 102M1 sec1.

4
ON
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dependence of trithionate in the rate law. No deviation in the second-

order-rate constant was observed on changing the sulfite concentra-

tion. Therefore, sulfite is not involved in the rate-determining-step,

and the rate law becomes

(46) Rate = k2[C6H5S-][S3062]

k
2

= 1. 60(±.09) x 10
2

M
1sec1 at p. = 0. 075 m and 20. 4 °.

The role of sulfite in the trithionate-thiophenoxide reaction will be

discussed further in the discussion section entitled "Specific

Mechanisms--Thiophenoxide. "

In order to determine what effect a small amount of tetrathio-

nate would have if present initially in the trithionate, a kinetic run
-4was made with an initial 1% (10 M) portion of tetrathionate added.

There was no change within experimental error of the second-order

rate constant (1.59 x 10 Z 1 1M sec ) from that without tetrathionate

being added. The reaction of tetrathionate and thiophenoxide was

studied independently (t
112

= 100 sec at 104M [S4062 ]o). Since

the tetrathionate reaction is fast compared to the trithionate reaction,

the pseudo-first-order plots would have been curved if any tetrathio-

nate had been initially present in the trithionate-thiophenoxide reac-

tion. In other words, the reaction conditions allowed enough time for

sulfite to oxidize higher polythionates present to trithionate, even as
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much as 1% impurities.

Since the )resence of sulfite seemed to be important in order to

obtain linear first-order plots, maybe the removal of sulfite from the

system would affect the kinetics also.

Effect of Added Formaldehyde

Sulfite can be removed from the reaction so that it is not avail-

able for oxidation-reduction by having formaldehyde present (25, 50).

(47) HCO3 + CH2O + S032- HOCH
2

SO3 + C032-

Blanks were run of formaldehyde with trithionate, and formaldehyde

with thiophenoxide. No change in absorbance was observed at 250 mil,

so it was concluded that no reaction occurred. The concentrations of

trithionate (1. 05 x 10-2M) and thiophenoxide (5. 85 x 10 5M)

were kept similar to those in the runs involving added sulfite. The

form-ldehyde concentration was approximately 0. 04 M. The

carbonate-bicarbonate buffer salts were used to adjust the ionic

strength to 0. 075 m.

A pseudo-first-order plot of the thioohenoxide dependence was

linear for two half-lives with k
2

= 3. 4(. 3) x 102M1 sec 1 at

20. 4°. The rate obtained here is the same as the initial rate ob-

served for the kinetic studies without excess sulfite and is twice the
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rate of the runs with added sulfite.

A kinetic experiment involving the addition of thiosulfate
2-

([S306 ]0 = 1.05 x 10-2M, [C6H5S10 = 5.85 x 10-5M,

2-[S203 ] = 1.34 x 10-3) showed no appreciable effect on the initial

rate constant, k
2

= 4(±.5) x 10 -2M-1 sec -1 at 1.1. = 0. 075 m and

t = 20.4 °.

Temperature Effect

In order to obtain activation parameters, kinetic runs were

made at 10.4°, 20.4°, and 29.8°. The temperature dependence of

the second-order rate constant is summarized in Table 2. The errors

listed in the second-order rate constant are the experimental devia-

tions found in the kinetic study. Since the deviations represent an

error of 4-7%, approximately 20 runs were made. At the higher

temperatures the deviations increased, likely due to the increased

hydrolysis of trithionate (44). When making the 29. 8° run, daily

recrystallized samples of trithionate were used in order to cut down

on any possible initial impurity.

H.# and aS* were calculated from data in Table 2 using

Equation 48 from transition-state theory.

(48) ln(k
2
/T)= ln(k

b
/11)- H /RT + AS /11

Figure 4 shows the temperature dependence of the second-order rate



Table 2. Temperature dependence of the thiophenoxide-trithionate reaction. 11 = 0. 075 m,

[C
6
H 5S] = 5. 85 x 10-5M

Temperature (°C) o2fs3062-1, M 10
3fso

321, M 10
2k2, Mlsec-1

10. 39

20.36

1. 05
1. 05
1. 05
0. 503

1. 05

1. 12
1. 14
1. 18
0. 582

7. 10

Ave

. 92
. 91
. 91
. 95

0. 92

1. 58

(±. 04)

1.05 4.06 1.62
0. 498 5. 18 1. 66
0. 501 5. 18 1. 69
1.40 1.40 1. 63
1.40 1. 57 1. 51

Ave 1. 60 ±. 09)

29. 78 1. 05 1.47 2. 87
1. 00 1. 00 2. 86
1. 00 0. 988 2. 84
1. 00 1. 51 2. 78
1.40 1. 60 2. 69
1. 50 1. 51 2. 66
0. 501 5. 31 3 01

Ave 2. 80 (±. 20)
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constant. The error limits on the graph are the experimental devia-

tions in the rate constants.

AH* = 9. 4(±0. 3) kcal/mole

AS* = -35(±2) eu

The deviations reported for AH and AS were deter-

mined by taking maximum and minimum slopes between error limits

of the second-order rate constants in the In k2 /T versus 1 /T plot.

Triphenylphosphine-Trithionate Reaction

Pseudo-Order Kinetic Studies

Potassium trithionate concentrations were kept 90-360 times

larger than the triphenylphosphine concentration so that the reaction

could be studied in a pseudo-order manner. Thus, the concentration

of trithionate changed less than 1% during the reaction. The expres-

sion for the disappearance of triphenylphosphine then is

(49) -d[(C6H5)313]/dt = kobs[(C6H5)3P]n

where kobs is the pseudo-order rate constant and n is the order

with respect to triphenylphosphine with the trithionate dependence

contained in the kobs value.

Since the reaction was assumed to be first order in
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triphenylphosphine, the data treatment was similar to that of the

thiophenoxide-trithionate reaction. The integrated rate expression

[(C6H5)3P]
(50) In - k t[(C

6
H

5
)
3 obs

can be converted to absorbance readings.

(A-Aco)
(51) In -kobst

o
(A-A

00)

Plots of ln(A-A00) versus time are linear indicating the first-order

dependence of triphenylphosphine as shown from two representative

runs in Figure 5.-3/

The concentrations of trithionate were varied from

5. 0 x 103 1. 90 x 10-2M in order to determine the order with re-

spect to trithionate. The kinetic data are summarized in Table 3 at

0. 075 and 0. 15 ionic strength. The values of kobs were propor-

tional to [S3062-
j
o

indicating first order in trithionate. The rate law

is

(52) R = k
2

[C
6

H
5

)
3
P][53062]

3/Preliminary kinetic studies showed initial curvature in the
first-order plots. This was corrected by recrystallization of the
trithionate. All data reported were taken from linear first-order
plots.
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with k
2

= 6. 1 (±. 3) x 10-3M-lsec-1 at p. = 0. 075 and 20. 4°.

The errors given are the maximum experimental deviations from the

average rate constant.

Table 3. Kinetic data for the second-order reaction of tri-
ohenylphosphine and trithionate at p. = 0.075 m and
20. 4°.

10
5

CR C6 H ) P], M 10
2

[5306 M 10
3 k2, M 1 sec -1

5. 30 1. 90 6. 13

5. 30 1. 50 5. 98
5. 30 1. 50 5. 95

5. 30 1. 05 5. 99
5. 37 1. 05 6. 03

5. 30 O. 513 6. 05
5. 37 0. 502 6. 36

p. = 0. 15
5. 37 0. 500 7. 12
5. 37 1. 05 7. 13

k
2

= 6. 1(*. 3) x 10 3
M

1sec1 at p. = 0.075 and 20..4o
C.

k
2

= 7. 1(f. 1) x 10 3 1 1M sec at H. = 0.15 and 20.4°C.

In order to make sure that sulfite did not affect the kinetics of

the reaction, a small amount (10-3M) was introduced in a kinetic run.

There was no change in the rate law or the second-order rate con-

stant (k
2

= 6. 0 x 10-3M-1 sec-1). A blank run of sulfite with tri-

phenylphosohine showed no change in absorbance for 12, 000 seconds

(1-2 half-lives), so the re would be no interference with the kinetic

experiment. Formaldehyde (0.04M) was also introduced into a

kinetic run in order to remove the sulfite produced. No change in the



second-order rate constant (k
2

= 6. 2 x 10-3M-1 sec-1) was ob-

served. As listed in Table 3, the second-order rate constant in-
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creased from 6. 1 x 10-3 to 7.1 x 10 3
M

-1sec1. The effect of

ionic strength on ion-dipole reactions can be given qualitatively from

considerations of the interactions of the ion atmosphere with the

dipole moment of the reactant molecule in the free state and in the

complex (7). Since the reaction involves the attack of the negative

end of a polar molecule on a negative ion, the result should be a

greater stabilization of the activated complex by the ion atmosphere

as compared to the free dipole, and thus, an increase of rate with in-

creasing ionic strength. This is only a qualitative correlation since

changes in the solvation energy of the displaced solvent molecule and

the attached solute molecule are not taken into account.

Temperature Effect

A summary of kinetic runs at three temperatures is given in

Table 4. Deviations in the second-order rate constant (1-5%) are

the smallest of any of the reactions studied. The expression from

transition-state theory giving the relationship between the rate con-

stant, temperature, and activation parameters (AH and AS ),

has already been discussed.

(48) In k 2/T = In kb /h AH /RT + AS $ /R



Table 4. Temperature dependence of the triphenylphosphine-trithionate reaction.
(11 = 0. 075 -i-n)

Temperature (°C) 10
2[83062-

], M 10
5
[(C

6
H 5)3P], M 10

3 1k2, M sec -1

10. 39 O. 512 5. 37 3. 94
1.05 5. 37 3. 97
1. 50 5. 37 3.81
1. 90 5. 37 3. 77

Ave 3. 87 (±. 10)

20. 35 O. 513 5. 30 6. 05
0. 502 5. 37 6. 36
1. 05 5. 30 5. 99
1. 05 3. 37 6.03
1. 50 5. 30 5. 98
1. 50 5. 30 5. 95
L 90 5. 30 6. 13

Ave 6. 07 (th. 29)

29. 78 O. 513 5. 42 9. 05
1. 05 5. 42 9. 18
1. 50 5. 37 9. 12
1. 90 5. 37 8. 92

Ave 9. 07 (±. 15)
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A plot of log k2/T versus 1/T is shown in Figure 6 where the

slope is equal to -.61-1*/2. 303 R.

= 6. 9(±0. 4) kcal/mole

AS = -45(±2) eu

The error limits in the activation parameters were determined by

taking maximum and minimum slopes through the largest discrepan-

cies in the second-order rate constants.

Cyanide - Trithionate Reaction

Previous work on the cyanide-trithionate reaction has been

discussed in the introduction (13).

(53) CN + S3062- + 20H SO3
2-

+ S042- + SCN + H2O

In order to compare the reactivity of cyanide under the same condi-

tions with the other nucleophiles, it was necessary to study the kinet-

ics of the reaction in a 50 wt % methanol-water solvent.

Molar absorption coefficients at 270 mµ are less than 1 for
2-

S032-, CN , SO4 , SCN, and 14 for S3062- in 50 wt % methanol-

water. Thus, the change in absorbance observed is the decrease in

trithionate concentration. The maximum concentration of trithionate

that could be used was 2 x 102M due to solubility limitations.
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The reaction has been reported to be first order in cyanide and

first order in trithionate (13).

(54) -d[CN]/dt = k2[CN][S3062-]

where k
2

is the second-order rate constant. When the initial con-

2-
centrations of cyanide and trithionate are equal ([CN-]

o
= [S

3
0

6 ]
),

the integrated rate expression in terms of [CN] is

1 1

(55) = k t[CN ] [CN-]o 2

A plot of Ao - Acc /A - Aco should be linear with a slope equal to

k2 [CI\T]0 (26).

The initial second-order constant was 5. 0(±. 5) x 104M- Isec1

at p. = 0. 15 m and 20. 4° when [CN 2-
10 = [S306 ] = 2.0 x 102 M.

The initial rate was used for reasons discussed in the experimental

section.

If the initial concentrations of the reactants are unequal, then

the second-order integrated form is

1
[CN-]0[S306 2

]

(56) 2- , I\ri
ln 2- = k

2
t

[S306 10-LCo [5306 ]o[CN-]

Plots of ln [S306 2-
] /[CI\T] should be linear with a slope equal to

k2 ([S3062 ]0 - [CN]0). Figure 7 shows the linear second-order plot
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Figure 7.

12 24 36

Time, (10 -3 sec

48 60

Second-order plot for the cyanide-trithionate
reaction in 50 wt methanol-water at p. = 0.15 m
and 20.4°
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for approximately one half-life with a second-order rate constant (k 2)

equal to 5. 1(±. 5) x 10-4Mlsec1. Kinetic runs at higher ionic

strengths showed linearity to approximately 70% completion support-

ing the second-order assumption.

The reaction was repeated in water to compare the second-

order rate constant with previously published results (13). A linear

second-order plot of A
o

- A00/ A - A versus time is shown in
oo

Figure 8. The rate constant is 4. 5(±. 3) x 10
-3M-1 sec -1 at

= 0. 16 m and 20.4 °.

Table 5 lists the kinetic data for the cyanide-trithionate reac-

tion at several ionic strengths and solvents. Although there is a

rather large uncertainty in k
2

values, the reaction is apparently

much slower than claimed by Davis.

There seems to be good agreement between the runs made in

50 wt % methanol-water taking into account the temperature and ionic

strength differences.

Thioethoxide-Trithionate Reaction

Kinetic Studies

The reaction of thioethoxide and trithionate was suspected to be

first order in each component as was the case for the previous reac-

tions. Similar concentrations of each reactant had to be used due to
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Table 5. Kinetic data of the second-order reaction of cyanide and trithionate.
(CO3

2- : HCO3 buffer)
2, 2, 2,

j,10 1S306 J, M 10 LCN , M 11 t( ° C) Solvent 10
4

k
2,

M
1 sec -1

1) 2. 00 2. 00 0. 150 20. 36 50 wt % 5. 0 (±. 5)
Me0H-H20

2) 2. 00 1.49 0. 150 20. 36 50 wt % 5. 1
Me0H-H20

3) 2. 00 2. 00 0. 174 20.36 50 wt % 6. 6
Me0H-H20

4) 1. 00 1. 00 0. 150 29. 78 50 wt % 7. 6
Me0H-H20

5) 2. 00 2. 00 0. 160 20. 36 H2O 45 (±3)
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the change in absorbance of reactants to products at the wavelength

used (260 mil). Other factors involved in the limitation of the concen-

tration range were discussed in the experimental section.

The integrated rate expression for a reaction with a stoichio-

metry of

(57) 2C
2

H
5S

+ S306
2-

C
2

H
5

SSC
2
H5 + SO32 + S203

2_

and a rate law

(58) R = k
2

[S
3
0

6

2_
][C

2
H5S ]

is

1
[C2H5S-]0[5306

2-

(59) In k t
2[5306

2- ]o-[C2H5S]
0

[S306
2- ]o[c 2H 5S-]

2

as derived by Benson (7). A plot of In [S3062-] /IC
2

H
5
S-] versus

time should be linear with a slope equal to (2[5306
2-10-4C2H5S10) k2.

The concentration of [C
2

H
5
Si at time t is equal to

[C2H5S]o(A-A
co

/A
o

-A
co

) where A is the absorbance at time t,

A
o

is the initial absorbance and Au) is the absorbance at comple-

tion of the reaction. A
o

is determined by extrapolation to t = 0

of a plot of A versus t. From the stoichiometry the trithionate

concentration at time t can be calculated from the thioethoxide

concentration at time t.

2-
Linear plots of log [S306 ] /[C21-15S versus time in Figure 9 and
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Figure 9. Second-order plot for the thioethoxide-trithionate
reaction atµ = 0.15 m and 20.4° (Curve A).
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Figure 10. Second-order plot for the thioethoxide-trithionate
reaction at p. = 0.15 m and 20.4 (Curve B).
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10 are typical examples of kinetic data which show the first-order

behavior of trithionate and thioethoxide.

(60) R = k
2

[S306
2

]LC 2
H

5
Si

k
2

= 0.85(±. 04) M lsec 1 at 11 = 0. 075 and 20.4 °.

The kinetic data are summarized in Table 6 at 0. 075 m and 0. 15 m

ionic strength. Varying both the initial thioethoxide and trithionate

concentrations does not change the second-order rate constant within

experimental error. The errors reported in the rate constants are

the maximum experimental deviations found.

Table 6. Kinetic data for the second-order reaction of
thioethoxide and trithionate atµ = 0. 075 m and
20.4° with [01-11 = 6. 67 x 10-4 M.

3 ,
10 IC2H5S1, M 103 [S3

6

2-
], M k2, M

1sec-1

0. 667 1. 01 0. 84
0. 785 0. 495 0. 85
0. 763 0. 997 O. 80
1. 27 1. 01 O. 86
1. 32 1. 01 0. 84
1. 46 1. 02 0. 89
1. 52 1. 02 0.86

--1= 1
at p. = O. 15 [OH 1. 33 x 10 M

O. 700 0. 965 1. 55

1. 52 1. 02 1.41
1. 54 1. 01 1.46

1 1
k

2
= 0. 85(1. 04) Ni sec = O. 075 m

k
2

= 1.47(±. 07) M
1sec1 at II = 0. 15 m.
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In order to see if there were any effect due to different base

concentrations, an experimental kinetic run was made at the same

ionic strength (0. 15), but at half the hydroxide concentration

(0. 0667 M). At this base concentration the ethanethiol was still in the

anion form determined from the limiting absorption coefficient (-450).

Potassium nitrate was used to adjust the ionic strength.

The second-order rate constant at the lower hydroxide concen-

tration (0. 0667 M) is 1. 50 M -1 sec 1 compared to 1.47 M-lsec 1 at

[OH-] = 0. 133 M. There seems to be no catalytic base effect.

Temperature Effect

Activation parameters were obtained by studying temperature

dependence of the second-order rate constant. The reaction was run

at four temperatures- -10. 4°, 20.4 °, 25. 2°, and 29. 8°. Table 7

lists the kinetic data at these different temperatures. A plot of

In k 2/T versus 1/T should be linear with a slope of -.6E1*/R as

has been discussed earlier. Figure 11 shows this temperature de-

pendence plot along with the deviations in log k2/T values. The

visual fit of the points is shaded towards the higher temperature runs

due to the higher degree of precision found in those rate constants. The

activation parameters found are
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L.1-1* = 6. 3(±. 3) kcal /mole

= -36(±2) eu

The errors in activation parameters are found by taking the minimum

and maximum slopes through the deviations in the second-order rate

constant.

Table 7. Temperature dependence of the thioethoxide-trithionate
reaction. µ = 0. 15 m

Temp.
( °C)

r
10

3
[C 2H 5S], M 103[S3062

1
M k2, M sec -1

10. 4 1. 53 1. 01 0. 945
1. 52 1. 04 0. 973
1. 51 1. 09 1. 02
0. 785 1. 02 1. 04
O. 775 1. 00 1. 00

Ave 1. 00 ± . 05

20. 4 O. 700 0. 965 1. 55
1. 52 1. 02 1.41
1. 54 1. 01 1. 46

Ave 1.48 ± . 07

25. 2 1. 47 0. 980 1. 72
1. 42 1. 02 1. 72
0. 774 0. 983 1. 75

Ave 1.73 ±. 03

29. 8 1.40 0. 993 2. 19
1. 42 0. 993 2. 12
0. 774 0. 998 2. 20

Ave 2. 17 ± . 05
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Figure 11. Temperature dependence plot of the second-order rate
constant for the thioethoxide-trithionate reaction.
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DISCUSSION

General Mechanism

The general rate law obtained in all of the trithionate reactions

is first order in both trithionate and the nucleophile (Nuri-).

(61) R = k 2[5306
2-

][Nu
n

The rate-determining-step in each case is proposed to be a nucleo-

philic attack on the bridging sulfur in trithionate according to an S N2-

type reaction.

.. _n-2

/S03- 2-
(62) Nun- + S\ [Nu---S---S03 - NuSSO 3n- + SO3

SO3
SO3

The S-S-S bond angle is 103° 10', so that the bridging sulfur is open

for attack by an incoming nucleophile (63). Attack at the end sulfur

is not likely since the more electrophilic site is on the bridging sul-

fur (18, 24). There has been other work published which shows that

a nucleophile will attack the sulfur farthest from the negative site in

high polythionates (17). The stepwise degradation of hexathionate by

au de is an example.

1 2 3 3 2 1 1 2 3 3 2 1

(63) 0
3
S-S-S-S-S-S0

3
+ CN 0

3
S-S-S-S-CN + S -SO3
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1 2 3 3 1 2 3
(64) O3S- S- S -S -CN + CN 0

3
S-S-S-CN + SCN

1 2 3 1 2

(65) 0
3
S-S-S-CN + CN 0

3
S-S-CN + SCN

1 2 1 2
2-(66) 0

3
S-S- CN + CN SO4 + SCN

No examples were found in the literature where there was

preferential attack at a sulfonate sulfur rather than sulfenyl sulfur.

Also, in the cases of triphenylphosphine and cyanide it would be very

difficult to rationalize the nature of products observed if end-attack

were occurring.

In our study of nucleophilic attack on trithionate, there are sev-

eral pathways by which the intermediate is taken to products follow-

ing the slow bimolecular reaction. These will be discussed in the

next section under each specific mechanism.

Specific Mechanisms

Thiophenoxide

The mechanism of the thiophenoxide-trithionate reaction must

be consistent with three results which are reviewed briefly.

(i) Stoichiometry

S032_
C6H5S + S306 2-

C
6H5

SSO
3

+ S203 2-
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C
6

H
5S

+ S3062- HCHO>
C

6
H

5
SSC

6H5
+ S2032- + (SO3

2-
)

(ii) Rate law with added sulfite present

R = k 2[5306
2-

][C
6
H

5
Si

k
2

= 1. 60(±. 09) x 102M-lsec1

(iii) Rate law with added formaldehyde present

R = k
2
[S306

2-
][C

6
H 5S ]

k
2

= 3.4(±. 3) x 10 2
M

1sec1

Initial rates from curved pseudo-first-order plots

k
2

= 3. 3(±. 2) x 10 2
M

1sec1

A mechanism which fits these observations involves the attack of

thiophenoxide on the bridging sulfur in trithionate giving sulfite and

the G6H5SSSO3 intermediate. Two different pathways to two differ-

ent products follow the rate-determining-step (k1). The equilibrium

in the first step lies far to the right.

/S03- k
1

(67) C
6
H 5S

S C
6
H

5
S-S \ -

+ 5032_\
SO3 -1 SO3
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Pathway A

(68) C
6

H 5S\
SSO

Pathway B

2- k2
+ SO ----> C H SSO

3
+ S203 2-

-
k

3
(69) C

6H 5S\ + C6H5S C6H5SSC6H5 + S2032_
SSO

3

In the presence of excess sulfite and trithionate the reaction is found

to be the first order in thiophenoxide and trithionate with S-phenyl

thiosulfate (Bunte salt) and thiosulfate as products (Pathway A). Sul-

fite is not involved in the rate-determining-step. If one writes the

rate expression in terms of the appearance of the Bunte salt

(70) d[C6H5SS031/dt = k2[C6H5SSS031[S032]

and applies the steady-state approximation to C6H5SSSO3 , the rate

expression becomes

,kik,[S
3

062-
RC

6
H

5
Si

(71) drC H SS031/dt k-l+kz

It is probable that k_i < k2 since sulfite would attack the farthest

.i;u1:1;/- from the sulfonate group on the intermediate (C6H5SSSO3 ).

It k <<k2, then
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,
(72) d[C

6 5
SSO

3
1/dt = k 1[S306

2_
]I.0 6

H
5
Si

which is the observed rate law.

Addition of formaldehyde will eliminate the possibility of the in-

termediate reacting by pathway A since the sulfite is removed. In

the presence of formaldehyde and excess trithionate, the reaction is

first order in each reactant with diphenyldisulfide, sulfite, and thio-

sulfate as products. The formaldehyde is not involved in the rate-

determining-step. If one writes the rate expression in terms of the

appearance of diphenyldisulfide

(73) d[C6H5SSC61-10/dt = k3[C6H5SSS03][C6H5S]

and applies the steady-state approximation to the intermediate, the

expression becomes

k
1
k [S3062-

][C
6

H
5
Si2

(74) d[C H SSC6H5] /dt -
k -1 [SO3

2-
+k

3
[C

6
H

5S
]

The kl[S0
3

2
] term is probably much smaller than the

k
3

[C
6
H

5
Si term since formaldehyde removes the effective concen-

I ration of sulfite. Also, thiophenoxide is a much better nucleophile

than sulfite. If the k
1

term were the larger, there would be sec-
2-

ond-order dependence on [C6 H 5S-]. If k-11.503 <<k 3[C6 H
5
Si,



then

(75) d[C
6

H
5

SSC
6
H 5] /dt = k 1[S

3
0

6
2- ][C

6H 5S]

77

which is the observed rate law.

It is important to note that the second-order rate constant, when

formaldehyde is present, is twice that when sulfite is present. This

is consistent with the fact that one thiophenoxide is used up for every

rate-determining-step in pathway A, while two thiophenoxides are used

up in pathway B. This would show up as a factor of two in the second-

order rate constant as is observed.

When neither formaldehyde nor sulfite is present, the initial

second-order rate constant (3.3 x 10 -2
M

-1sec-1) is the same as

that when formaldehyde is initially present. Looking at the mechan-

ism proposed, the reaction takes place, at first, by pathway B since no

5032- is initially present. As the reaction proceeds, the sulfite builds

up and pathway A is competing with B, resulting in an apparent de-

crease in the reaction rate as seen in the curvature of the pseudo-first-

order plots. The curvature is due to the difference in absorption

coefficients (C H
5

SSO
3

E 260 5
1, 500; C6H5SSC6H..., 6260

5, 000)

of the two products as well as the change in rate of disappearance of

thiophenoxide from pathway B to A. This would explain why the

initial second-order rate constant is the same as that when formalde-

hyde is present.
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The formation of thiosulfate and diphenyldisulfide in pathway B

could be a reversible step. The molar absorption coefficients at 260

mil were known for all the species involved except for the (C6H5SSSO3 )

intermediate. Its absorption coefficient was assumed to be compar-

able to C6H5SSO3 . Two experimental runs were made with

[C6H5 SSC
6
H 5]o= 1.19 x 10-4M and [S2032 ]o = 2.38 x 102M in a

bicarbonate-carbonate buffer. No absorbance change was observed for

4, 000 seconds. Also, the addition of thiosulfate in the original kinet-

ic experiment did not decrease the rate, as would be the case if path-

way B were reversible.

The equilibrium in the reaction of diphenyldisulfide with sulfite

has been reported by Distler (14) to lie far to the right in the pre-

sence of excess sulfite.

2- k4
(76) C H SSC

6
H5 + SO3 C

6
H

5
SSO

3
+ C

6
H

5S

Two independent kinetic runs showed that k
4

= 5 . 2(±. 3 ) M-
I sec 1

at 20.4°. The concentrations used were

[C,H
5

SSC
6

H 5 o = 5. 99 x 10-5M and [S0321 = 2. 84 x 10-4M in a

bicarbonate-carbonate buffer. Thus, k4
is 300 times greater than

k1. That means even if any of the reaction did go by pathway B in

the presence of excess sulfite, the diphenyldisulfide product would

be converted immediately to the Bunte salt, leaving a thiophenoxide

ion for further reaction with trithionate.
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/S03- kl 2-
(77) C

6H5S
+ S

-
C

6H
SSSO

3
+ SO

SO3

B A

C
6
H

5
SSC

6
H5 + S203

2-
C

6
H 55503 + S203

2-

excess SO3 2-

k
4

(rapid)

The intermediate (C
6

H
5
SSO 3-) proposed in this reaction has

been reported previously by Foss (23). He claims that the RSSSO3

is a stable ion giving a green aqueous solution, but there is no con-

vincing experimental evidence. We were unable to prepare the in-

termediate as discussed in the experimental section.

Triphenylphosphine

A mechanism for the triphenylphosphine-trithionate reaction is

proposed knowing the experimental rate law

(78) d[(C6H5)3P] /dt = k[S 306
2_

][( C
6
H5)3 P]

and the stoichiometry.

(79) (C
6

H
5)3

P + 53062_ + H2O (C
6
H 5)3PS + S032_ + SO4

2-
+ 2H+
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The initial attack of triphenylphosphine on the bridging sulfur in tri-

thionate results in the production of the neutral intermediate, S-

triphenylphosphine thiosulfate, and sulfite in the rate-determining-

step.

SO

\
kl 2-

(80) (C6H5)3P + S/ 3
(C 6H5)3PSSO3

+ SO3
SO3

Hydrolysis of the intermediate takes it to products in a fast step.

(81) H2O + (C
6

H
5

)
3
bsso

3

2
(C

6
H

5
)
3

PS + SO4
2-

+ 2H+

If the bimolecular rate-determining-step were reversible, one would

obtain

k
I
k

2
[S306 2-

][(C
6
H5)313]

(82) d[(C6H5)3PS] /dt 2-
k

1
[SO3 ] +k

2

by setting up a steady-state approximation for the intermediate

(C
6
H

5
)
3

l'SSO
3

in the rate expression

(83) d[(C6H5)3PS] /dt = k2[(C6H5)31=1"SS031

If the k- 1[S03
2- term were comparable in value with k

2,
an

increase in the sulfite concentration would cause a decrease in the

pseudo-first-order rate constant. A high concentration of sulfite in
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the kinetic run does not affect the second-order rate constant, nor

does the removal of sulfite by the presence of formaldehyde. The re-
2-

versible step, then, is negligible. Since k-1 [SO3 <<k2' the rate

expression becomes

(84) d[(C6H5)3PS] /dt = k
1

[S
3
0

6

2_
][( C

6
H5)313]

which is observed experimentally.

End attack of the triphenylphosphine on trithionate would have

given thiosulfate as a product in the rate-determining-step.

However, no thiosulfate was produced.

Cyanide

The cyanide-trithionate reaction was studied by Davis and co-

workers in aqueous solvent (k
2

= 3. 2 x 10 1 1M sec 1 at t = 20.9°--

extrapolated value to p. = 0. 15) (13). In order to compare relative

rates of nucleophiles, the reaction was repeated in 50 wt % methanol-

water. A second-order rate constant of 5. 0(±. 5) x 10 4Mlsec 1

at p. = 0. 15m and t = 20.4° was obtained. This is a factor of

650 in changing solvents from 50 wt % methanol-water to water.
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It does not seem reasonable that the change should be this much.

The dependence of the rate constant on the dielectric constant (E)

of the solvent

(86) Ink = In k' dkrr

2
Z AZBe

where k' is the specific rate constant in a medium of infinite dielec-

tric constant and Z is the charge on the reactants. Assuming that

the In k' term is the same for both water and 50 wt % methanol-

water and that the change in In k is dependent only on the change

in E, one can set k'Me0H-H20 k'H20. Equation 86 becomes

Z Z 2 e Z
2 2

CN- S306 CN-
Z S3062- e

odkT = 1nkMe0H-H
20+ EMe0H-H2OdkT

2

(87) In kH20

Z
CN-

Z
S306

2 e2k
H

2
0

1 1 )
(88) Ink dkT

Me OH -H2O Me0H-H20 H2O

The dielectric constant of a 50 wt % methanol-water solvent is 57.9
0

at (1). Taking the sulfur- sulfur bond distance (2. 15 A) of tri-

thionate as a reasonable distance (d) of approach by a nucleophile,

atio of

(89) log
Me0H-H20

H2O
k

= 1.06.



For twice that distance (4. 30 A)

(90) log
Me0H-H20

kH20
= 0. 53.

83

This is a factor of 3-10 times faster in water than 50 wt % methanol-

water. Even though this is only a qualitative value, it is still far

from a factor of 650. It was noticed that some of the ionic strengths

reported in Davis' paper were incorrect, which could account for

part of the discrepancy.

A single kinetic run was made in water. The second-order plot

of A - A /Ao - A versus time is shown in Figure 8 with a second-

order rate constant equal to 4. 5(±. 5) x 103Mlsec 1 at µ = 0.16 m

and t = 20.4°. The uncertainty is large due to the slow rate of re-

action. However, the ratio of H2O /k ik from our results

seems to be in the predicted range (3-10 times faster). The following

mechanism was proposed for the reaction:

k
(91) CN

/SO3
+ S --1

>
2- + 03SSCN\SO3

(92) O3SSCN + 20H H2O + SO4
2_

+ SCN

The first step in the mechanism is the rate-determining-attack
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of cyanide on the bridging sulfur in trithionate to form sulfite and an

intermediate ( 0
3
SSCN). The fast step involves hydrolysis of the in-

termediate in base solution.

Thioethoxide

The stoichiometry found for the trithionate-thioethoxide reac-

tion is

-
(93) 2C

2
H

5S
+ S306

2
C

2
H

5
SSC

2
H5 + S032- +

S2032

with a rate expression

(94) d[C2H5SSC2H5] /dt = k[C2H5S ][S3062-]

From these two experimental results, a mechanism is proposed which

involves the attack of thioethoxide on the bridging sulfur in trithionate

in a rate-determining-step as has been the case in all of the other re-

actions.

(95)
SO kl

C2 H 5S- + S/ 3
> C2H5SSSO3 + S032_\

SO3

(96) C2 H
5

SSSO
3

+ C 2H5S
2

C
2H5

SSC
2H5

+ S2032-

The intermediate (C
2

H
5
SSSO 3-) which is formed with sulfite is
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attacked by another thioethoxide at the sulfur farthest from the formal

negative charge in a fast step to give the products. It is interesting

to note that no diethyltrisulfide was found as a product,which means

that the thioethoxide must have attacked the intermediate preferen-

tially farthest from the SO3- to give the diethyldisulfide product.

The intermediate has the same general form as that suggested by

Foss (23). However, no direct experimental evidence is available

for confirmation of its existence.

The only other possible mechanism which would give the cor-

rect rate law and stoichiometry would involve end attack of the tri-

thionate by thioethoxide in the rate-determining-step, giving the Bunte

salt plus thiosulfate.

S-S03- r. d. s(97) C
2
H

5S
+ 03S/ > C

2
H

5
SSO

3
+ S2032-

Attack at the bridging sulfur is preferable since it is only reasonable

that a nucleophile will seek out the most electrophilic site on the sub-

strate. This would definitely be the bridging sulfur due to the formal

negative charges spread over the end sulfite groups. The system is

analogous to that of pathway B in the thiophenoxide-trithionate reac-

tion.
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Nucleophilic Displacement by Sulfite and Thiosulfate
on Trithionate

The sulfite -trithionate exchange reaction, which has been dis-

cussed in the introduction, involves the same type of mechanism as

has been proposed for the reactions studied in this project, i. e. , the

nucleophilic attack on the bridging sulfur in trithionate (20). In

order to compare the reactivity of sulfite with the other nucleophiles,

the value of the second-order rate constant must be estimated under

our conditions. Fava reports k
2

= 3. 5 x 10-4M-lsec-1 at

p. = 0. 104 M and 25° in water with LI-I* = 9. 5 kcal/mole and

LS = -43 eu. By interpolation from his plot of log k 2/T versus

1/T, the rate constant is 2. 6 x 10-4M-lsec-1 at 20. 4°. No

correction is applied to the small difference in ionic strength.

The most significant correction to be made is for the change of

solvent from water to 50 wt methanol-water. The solvent effect

can be estimated using the relationship already discussed in the

Results section under the "Cyanide-Trithionate Reaction. "

2
Z

A
Z e

B
(86) In k = In k' -

EdA-BkT

where k' is the specific rate constant in a medium of infinite dielec-

tric constant (26). By the same arguments as presented in the Dis-

cussion section under the "Cyanide" reaction, the equation becomes
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kH20 2

1 1 ZAZBe
(98) In kMe0H-H20 Me OH -H20 H2O)

d
A- B

kT

The range of the distance of approach (dAB) is taken as 2. 15-

4. 30 A, the lower value being the S-S bond distance in trithionate (63).
kH20

The value of log is 2. 13 for d = 2.15 and 1. 07 for
. Me0H-H20

d = 4. 30 A. This is a factor of 12-135 times faster in water than

50 wt % methanol-water. This would place the second-order rate

constant of the sulfite-trithionate exchange in the range

2 x 105 - 3 x 10 6M 1sec1 at our conditions.

The thiosulfate-trithionate exchange reaction also has been dis-

cussed in the introduction (19, 25). The second-order rate constant

is 6. 6 x 10 5Mlsec 1 at p. = 0. 816 M and t = 20.4° in aqueous

solvent. The thiosulfate exchange is not just a simple exchange which

would require end attack on the trithionate. Instead, the attack is at

the bridging sulfur producing tetrathionate in a slow step, followed by

the attack of sulfite at either of the divalent sulfur atoms in tetra-

thionate in a fast step as shown in Equation 16 of the Introduction.

Since the rate-determining-step is the initial attack on the bridge sul-

fur, the second-order rate constant can be compared with those of the

other thiophilic reactions.
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Relative Reactivities of Nucleophiles

A quantitative reactivity series can be formulated from the sec-

ond-order rate constants determined under the same kinetic condi-

tions, as long as each mechanism contains the same type of rate-

determining-step. There is reasonable evidence that this require-

ment is met, as discussed in the section on mechanisms. Table 8

lists the order of reactivity along with the second-order rate con-

stants and the activation parameters.

Table 8. Nucleophilic reactivity toward trithionate. µ
t = 20.4°

= 0. 15 m,

1
Nucleophile 10

2
k

2
1,M sec Ali (kcal/mole) AS (eu)

C2H5S 74a 6. 3(±. 3) -36(±2)

C6H5S 2. 75 9. 4(±. 3) -35(±2)

(C
6
H 5)3P

O. 712 6. 9(±. 4) -45(±2)

CN 0.05 9. 8(±. 4)d -28(t2)d

SO3
2- (. 002 0003) b 9. 5 -43e

52032- (<. 0003)c

a Obtained by multiplying k
2
(obs) by 1 /2.

b Estimated k
2

in methanol-water, from Ref. (20).

c Estimated k
2

in methanol-water, from Ref. (19).

d Calculated from data in Ref. (13).

e Ref. (20).



The ordering of the first four nucleophiles

C
2
H

5S
> C

6
H

5S
> (C

6 °3
2-H ) P > CN > S > S203

2-
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is obvious from the second-order rate constants listed. However,

the value 74 reported for C2H5S in Table 8 is one-half the observed

k2 value. This adjustment is necessitated by the fact that in the

mechanism for the reaction of thioethoxide and trithionate, one mole-

cule of thioethoxide is used up in every rate-determining-step (r. d. s.)

along with another molecule in a fast step following the r. d. s. In

the other reactions only one molecule of nucleophile is used up for

every rate-determining-step. Subsequently, the thioethoxide reac-

tion appears to be going twice as fast as it should when comparing it

to the other nucleophilic reactions. Dividing the thioethoxide second-

order rate constant by two gives the true thiophilic reactivity

(k 2' = O. 74). This, however, does not change the relative ordering of

the nucleophiles.

The sulfite and thiosulfate-trithionate exchange reactions are

included in the series because their second-order rate constants can

be adjusted qualitatively to fit our kinetic conditions. The second-

order rate constant estimated in 50 wt % methanol-water for the sul-

fite exchange discussed in the previous section is between

2. 0 x 10-5 - 3. 0 x 10 -6
M

-1sec-1. This is 25-160 times lower than
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the second-order rate of cyanide with trithionate. Even before taking

into account the change in solvents from water to 50 wt % methanol-
-4 -1 -1water, the second-order rate constant for sulfite (2.6x 10 M sec )

-4 -1 -1is less than that of cyanide (5. 0 x 10 M sec ). Therefore, the

reactivity of sulfite toward trithionate is definitely less than that of

cyanide.

The thiosulfate-trithionate exchange reaction can be compared

with the sulfite exchange work directly, since both were done in wa-

ter. At 20. 4° and p. = 0. 104 M the second-order rate constant for

the sulfite exchange is 2. 6 x 1 0
4M- lsec- I. The thiosulfate ex-

change has a second-order rate constant equal to 6.6x 105M1 sec1

at H. = 0. 816 M and t = 20. 4°. The thiosulfate exchange would

even be slower if the ionic strength were lowered to that of the sul-

fite reaction. Accordingly, the reactivity of thiosulfate is less than

that of sulfite toward trithionate.

Factors Determining Nucleophilicity Toward Trithionate

Nucleophilic reactivity has been the topic of a paper recently

published by Pearson, Sobel, and Songstad, in which they compared

the reactivity of a large number of nucleophiles toward two widely

differing substrates --Pt(II) in Pt(py)2C12 and sp 3 carbon in CH3I (53).

It was evident that proton basicity of the nucleophiles had a greater

effect on rates with methyl iodide than with the platinum complex,
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while polarizability was a much larger factor with platinum (II).

Table 9 shows the second-order rate constants for a few of the nucle-

ophilic reactions studied by Pearson compared to those from our

work on trithionate. The difference in solvents involves mainly a

change in dielectric constant, and since the substrates studied by

Pearson are neutral species, there should not be a change in the

order of the nucelophiles in going from methanol to 50 wt % methanol-

water solvent. There may, however, be some change in the second-

order rate constants.

An examination of the role played by basicity requires the pKa

values in water as listed under each nucleophile in Table 10. The

nucleophiles are listed in order of their reactivity toward trithionate.

Using the known or calculated pKa
values in methanol-water would

not improve the correlation much. The series shows the strongest

base at the front of the list with decreasing basicity going across the

table (two exceptions).

In comparing the Pt(II) site in Pt(py)2C12 to the carbon in

methyl iodide, Pearson shows that proton basicity has a greater ef-

fect on the rates of attack at carbon than at Pt(II). This is not sur-

prising since the Pt(II) is a softer4/ electrophilic center, and one

4/A soft acid, according to the hard-soft acid-base theory, is
generally large in size, low in positive charge, and contains unshared
pairs of electrons (p or d electrons) in their valence shell. This
leads to high polarizability and low electronegativity.



Table 9. Second-order rate constants for nucleophilic reactions involving methyl iodide,
Pt(II), and trithionate.

10
3k2'M -IsecI

Nucleophile s

C2H5S C6H5S (C
6

H 5)3P CN SO
3

2- 52032_

I-CH I-
33

trans- Pt(py)2C12d/

2- e/5306
a/

740

1, 070

6, 000

27.5

1. 3

249, 000

7. 12

0. 65

4, 000

0. 5

44.5

250

02- b/. 003

9,

<.

114

000

c/
003

a Comparative second-order rate constant.
b Estimated in methanol-water from Ref. (70).
c Estimated in methanol-water from Ref. (19).
d Solvent-methanol, 25°.
e Solvent-methanol- wate r, 20.4 ° .

Table 10. A comparison of basicity and nucleophilic reactivity.

C
2

H
5S

> C6H5S > (C
6H 5)3P > CN > S032- > 5z 0_

3

2-

10.6 (62) 7. 47 (48) 9. 3 (3) 7. 26 (16) 1. 9 (16)
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would expect the more polarizable nucleophiles to be more reactive.

Looking at Table 10, this, indeed, seems to be the case with triphenyl-

phosphine being much more reactive than the thiophenoxide or cyanide

ion. However, the intrinsic reactivity of (C
6
H5)3P at carbon and sul-

fur may be masked by steric effects not operative for Pt(II). Proton

basicity seems to be much less important for Pt(II).

The order of reactivity toward trithionate follows more closely

that toward methyl iodide than Pt(II) when looking at all of the kinetic

data reported by Pearson. In other words, both polarizability and

basicity are contributing factors for a good nucleophile toward tri-

thionate. The more polarizable species C
2
H 5S, C

6
H 5S, and

(C6H5)3P are at the top of the list; yet in comparing C2H5S with

C
6
H5S, basicity is a factor also. This would be expected in looking

at the nature of the substrate. With the more electronegative oxygens

leaving a partial positive charge on the sulfonate sulfurs, an induced

partial positive charge occurs at the bridging sulfur.

6+ 6+

03S-S-S0
3

This would make the strength of the incoming base a factor. Also,

divalent sulfur with its two lone pairs of electrons and low-lying

vacant d orbitals is considered to be a soft center. Therefore, the

most polarizable nucleophiles are the most reactive. The low-lying,
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unfilled d orbitals on the nucleophile are supposed to assist nucle-

ophilic attack in two ways according to Edwards and Pearson (16).

When a nucleophile having unshared outer shell p-electrons (C
2H 5S-,

C
6
H 5S) attacks an electrophilic center with non-bonding p-electrons

(S
3
0

6

2-
), the Pauli exclusion repulsion between p-electrons operates.

However, when there are low-lying d orbitals on the nucleophile,

these empty orbitals can be used to accommodate some of the p-

electrons in the transition state. Also, there is the possibility of

overlap of the empty d-orbitals of the nucleophile with a filled p-

orbital on the sulfur in trithionate creating a it bond in which the

nucleophile accepts an electron pair from sulfur even as it donates

electrons to the sulfur during o bonding.

Another factor used to explain relative nucleophilicities is the

oxidation potential which has already been discussed regarding Foss'

work and the Edwards equation. The En values (Eo + 2. 60)

determined for the Edwards equation are listed with the relative re-

activity of the nucleophiles in Table 11 (53). The correlation seems

to fit all of the cases where Eo values are available. The larger

the positive oxidation potential, the more reactive are the nucleo-

philes.

Table 11. A comparison of Edwards En values and nucle-
ophilic reactivity.

C2H5S C6H5S (C
6
H 5)3P CN S032_ S203

2. 9 2. 79 2. 57 2. 52
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As mentioned earlier, the reactivity of triphenylphosphine to-

ward sulfenyl sulfur may be greater than it appears toward trithionate

for steric reasons. The size of the triphenylphosphine molecule with

the bulky phenyl groups probably limits the pathway of approach to

the bridging sulfur on trithionate. An analogous situation was studied

by Fava in which sulfenyl sulfur in Bunte salts (RSSO3 ) is subject

to steric effects in the transition state, just as is carbon (18). In the

exchange reaction

(99) RSSO
3

+ *S032- .7-=R-S-
*

SO3 + S032-

the rate decreases with an increase in size of R,

R Me Et i-Pr t-Bu

Relative rates 100 50 0. 7 0. 0006

just as in the attack at sp 3 carbon (18). So with the bulky triphenyl-

phosphine it is not unlikely that there will be steric strain in the

transition state involving trithionate. The low activation entropy also

substantiates this statement.

Thiosulfate and sulfite seem to be out of order with the rest of

the nucleophiles in comparing the rates of reaction with methyl iodide

and trithionate. However, if one considers the charge on trithionate,

it would be expected that the rate of attack by sulfite or thiosulfate on

trithionate would be much slower than that toward the neutral methyl
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iodide substrate as seen in Table 9. Again, their intrinsic thiophilic-

i ty may be partially masked by this charge effect.

Solvation seems to be important when comparing highly polar-

izable molecules, e. g. , (C6H5)3P, with the more basic nucleophiles

such as CN (30). It would take less energy for a neutral, non-polar

nucleophile to break out of the solvent cage to attack an electrophilic

site than a highly basic ion in the methanol-water solvent.

From a consideration of the available evidence, we feel that

nucleophilicity toward divalent sulfur in trithionate is determined by

both basicity and polarizability. However, it appears that polariza-

bility and basicity are not sufficient in themselves for describing

thiophilicity.
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