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CHAPTER I
INTRODUCTION
The reactions of thiolsulfinates,

(RS(O)SR), are well

known and have been under study since early in this
century.

The reactions of thiolseleninates, the compounds

where a selenium atom replaces the dicoordinate sulfur,
however, have only recently come under study.

The first

compound of this type, t-butyl benzenethiolseleninate
(PhSe(O)SBu-t), was reported in 1978 by Kice and Lee. 1
Selenium has recently become the object of a great
deal of interest in several fields of science.

Investi-

gation is being carried out in the disciplines of chemistry, biology, nutrition, toxicology, and cancer
research.
Many organoselenium compounds have shown considerable
value in synthetic organic chemistry.

Various selenoxide

compounds have been used in the conversion of ketones to
enones via a syn elimination pathway,
pathway is seen in the synthesis of
aldehydes and esters.

3

2
~'

and this same
fo-unsaturated

The appropriate CX-phenylseleno

carbonyl compound is oxidized to the corresponding selenoxide, which then undergoes the syn elimination.

1

Certain

2

compounds which are sensitiv£ to polymerization or to
nucleophilic attack, such as acrylophenone, can rnore
€:t"-:.sily be produced by using
compounds. 4

r;-,ethod~.

which utilize seleniur.t

Other works have demonstrated that epoxides

may be converted to allylic alcohols using selenoxide
co~pounds

under much milder conditions than those

encountered when doing the conversion using the
~.
correspona1ng
su lf ur ox1. d es. 5

Reich 6 has introduced functionally substituted
selenides onto olefins and acetylenes by

reactio~

Kith

benezeneselenenyl trifluoroacetate (Equation 1):

a

~OH

(1)
SePh

Sharpless and Lauer 7 produced allylic ethers and acetates
using phenylselenyl bromide and phenylselenyl acetate
(Equation

0

t

2):

PhSeX

~~SePh

~-'X

Sharpless and Young

8

SePh
ROB)

( 2)

((
'OR

have converted primary aryl selenides

to olefins using para- and ortho-substituted selenoxides

3

\ol.'i th pr irnary a lky J bromides, wi ttl improvements in yield
over the reaction using non-substituted selenides
t i

(Equa-

o;. 3 and 4) :
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Warpehoski, Chabaud, and Sharpless 9 have explained the
movement of double bonds in the selenium dioxide oxidation
of five- and six-membered endocyclic olefins by a dissociation-recombination pathway, shown in Figure 1.

This

pathway is found to be favored over the competing [2,3]
sigmatropic rearrangement for these smaller size rings,

v.ri th the sigma tropic pathwa:y· being preferred for larger
rings.

Liotta, Saindana, and Brothers

10

performed [1,3]

sigmatropic rearrangements of the phenylseleno group of an
CX-phenylselenyl ketone, giving easy access to
~·,

J3•

unsaturated ketones (Equation 5).

4
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FIGURE 1.

Dissociation-recombination pathway for the
9
Seo oxidation of endocyclic olefins.
2
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Another important area of interest involving selenium
is in the determination of the physiological effects of
selenium and its compounds.

A great deal of investigation

has been made on the role and effect of selenium in the
diet, with major emphasis centered on the selenoenzyme,
glutathione peroxidase.

11

The levels and methods of

retention and excretion of selenium in test animals
been studied.

1 ')

~

have

Hens were fed diets with varying amounts of

selenium to determine the effect on them and on their
C

• ],
13
h lCr, S.

The link between selenium and decreased concen-

trations of other essential trace elements has been
. d . 14
exam1ne

Addition of selenium to the diet has shown to

.
. .
15
h ave some ant1cancer act1v1ty.

Experiments en the role

of dietary selenium in the toxicity of such compounds
Paraquat have been performed

16

~s

and some protection against

toxicity was found in areas with increased dietary selenium levels.
The dual nature of selenium involvement with cancer
is illustrated by the work of Ankerst and Sjoegren,

17

who

discovered that selenium shows inhibition of 1,2-dimethylhydrazine-induced large bowel carcinogenesis, while

6

facilitating carcinogenesis ln the small intestine, and
greatly facilitating induction of breast fibroadenoma by
adenovirus type 9, all in the same strain of rats.
Thiolsulfinates, the sulfur analogs of thiolseleninates, have been extensively examined.
.
prepare d b o tl1 b y synt h esls

sources.

19

18

They have been

.
.
f rom natura 1
an d b y lsolatlon

A great many methods of preparation have been

reported, including procedures where sulfenyl precursors
are h y d ro 1 yze d ,

20

21
-·
lf'd
an d oxl"d a t"lon o f Olsu
l es.

Thiolsulfinates have shown biological activity, both
antibacterial and antifungal ability having been
observed. 19

Reduction of the heat resistance of bacterial

spores 22 has been demonstrated.

Their reactivity toward

thiols, 23 one of the more important biologically active
functionalities, is reported

24

to be linked to antitumor

activity.
Kice and Rogers

25

have done considerable work with

the attack of nucleophiles upon thiolsulfinates.

They

showed that, while nucleophilic attack can occur at either
.......

/S=O), or the sulfenyl sulfur,

the sulfinyl sulfur,
(-S-), with OH

attack on the sulfinyl group was faster

than attack on the sulfenyl group (Equation 6 and 7):
k

s

PhSOH + PhSO-~ PhSO

(6)

so

PhS

( 7)

0

OH

+ Ph~SPh
k

7
Experimental work of a different sort by Oae

26

has

confirmed that there is strong preference for nucleophilic
attack on the sulfinyl sulfur.
The reaction of thiols with thiolsulfinates was
likewise investigated by Kice and Rogers 23 with the
following mechanism being proposed (Equation 8 and 9):
rate

0

+

PhS

PhS-SPh
"

PhSSPh

+

PhSSPh

+

PhSO-

(8 )

determining
PhSH

Ph SO

PhSOH

In this case it was found that PhS

(9)

attack on the sulfenyl

sulfur was at least 5.5 times faster than the attack on
the sulfinyl sulfur.
Kice and Liu

27

have pointed out that these differ-

ences in the preferred site of attack of different nucleophiles on PhSS(O)Ph can be rationalized by Pearson and
Songstad's Hard and Soft Acid and Base Theory.

28

Accord-

ing to this theory, hard nucleophiles, such as OH-, will
tend to react to some advantage with the harder of the two
electrophilic centers in the thiolsulfinate, i.e., the
(~=0)

group.

Those nucleophiles that are much softer,

such as PhS , react faster with the softer electrophilic
center in the thiolsulfinate molecule represented by the
sulfenyl sulfur.
The background work leading to the first reported
thiolseleninate, t-butyl benzenethiolseleninate, began in

8

1955 with work by Rheinbo1dt and Giesbrecht,
thiols with aryl seleninic acids.

29

who reacted

From their experiments,

they believed that the stoichiometry of the reaction was
that shown in Equation 10:
2 ArSe0

2

+ 6 RSII

H

----~

ArSeSeAr + 3 RSSR + 4 H 0
2

(10)

These same authors also reduced variously substituted aryl
seleninic acids with hydrazine sulfates

30

(Equation 11):
(11)

This type of reaction yields the corresponding aryl
selenenic acid.
authors

31

Other reductions carried out by the same

involved reducing aryl seleninic acids with

phosphorous acid and hypophosphorous acid (Equation 12 and
13) .
----------)~

+

( 12)

+

(13)

ArSeOH

+
Kice and Lee

ArSeOH

1

used thiols to reduce benzeneseleninic

acid, and found a different stoichiometry than that
reported by Rheinboldt and Giesbrecht.

29

Using both

1-butanethiol (n-BuSH) and 2-methyl-2-propanethiol
(t-BuSH) and reacting benzeneseleninic acid in the presence of excess thiol, they found the stoichiometry to be
that in Equation 14:

9

PhSeSR + RSSR + 2 H 0
2

(14)

The selenenyl sulfide (PhSeSBu-t) was isolated from the
reaction of t-BuSH with the seleninic acid and its identity was proven by comparison with an actual sample of the
compound.

Selenenyl sulfides have been shown by Bergson

and Nordstrom

37

to disproportionate in the manner shown in

Equation 15:
2 PhSeSR

PhSeSePh

+

RSSR

(15)

However, under the conditions used by Kice and Lee, 1 this
reaction was extremely slow when compared to the reaction
occurring in Equation 14.
Operating under conditions where the thiol was
present in large stoichiometric excess over the seleninic
acid, Kice and Lee followed the kinetics of Equation 14 in
60% dioxane by ultra-violet spectrophotometry over a wide
pH range, from 0.22 to 10.0, using a series of buffered
solutions.

The reaction of t-BuSH with benzeneseleninic

acid was found to be definitely biphasic over the entire
pH range used.

The initial stage showed an increase in

the absorbance in the 260-290 nm range, with a spec1es
being formed which had an absorbance maximum at 265 nm.
During the second stage of the reaction, this maximum
slowly disappeared and there was no evidence of any
species having an absorbance maximum at 265 nm.

The final

10

solution had the spectrum expected for the compound
PhSeSBu-t.
When 1-butanethiol was reacted in excess with benzeneseleninic acid, the results were considerably different.

Over most of the pH range there was no detectable

build up of any intermediate having an absorption maximum
at 265 nm.

Only in a very narrow pH range was an inter-

mediate with such a maximum detected.
Examination of the products of the reaction between
approximately equimolar amounts of t-BuSH and PhSeo H
2
allowed Kice and Lee to demonstrate that the 265 nmabsorbing intermediate was t-butyl benzenethiolseleninate.
This was done by reacting a slight excess of t-BuSH with
PhSe0 H in 60% dioxane, and once the absorbance at 265 nm
2
had maximized, freezing the reaction mixture at -78°C in a
mixture of dry ice and acetone.

The solvent and remaining

thiol were removed by lyophilization.
then analyzed by NMR in acetone-d

6

The residue was

at -20°C.

The resulting spectrum showed a multiplet at S 7.5
to

~

8.0, due to an aromatic ring structure, a sharp

singlet at

~

1.63, corresponding to the protons of the

tert-butyl group, and a singlet at f3.7 due to the presence of a small amount of residual water.

Upon warming

to 20°C and standing for one hour, the spectrum changed
significantly.

The aromatic multiplet shifted to $7.2

to 7.8, which corresponds to the signals one finds for the

11
ring protons in PhSeSBu-t and PhScSePh.

The sharp singlet

at$1.63 vanished and a new singlet atS'1.32 was seen.
This singlet matches what is found for the t-butyl protons
in the compounds, PhSeSBu-t and t-BuSSBu-t.

In fact, the

spectrum matches what one gets from a solution of the
above three compounds plus a small amount of water.

All

other possible identities for the intermediate were ruled
out by analysis.
With the intermediate identified as PhSe(O)SBu-t,
Kice and Lee

1

gave the following two-phase mechanism for

the reaction of thiols with benzeneseleninic acid
(Equation 16 and 17):
k

PhSe(O)SR

+

a

PhSe(O)SR + H 0
2
PhSeSR

RSH

+ RSSR

(16)
( 17)

Fort-BuSH, at all pH's ka))kb' allowing for the build up
of PhSe(O)SBu-t.

For n-BuSH, only over a narrow pH range

is ka ) kb; at all other pH • s ka ( kb, so that there is no
detectable build up of any of the corresponding intermediate PhSe(O)SBu-n, under those conditions.
The reason for the much slower kb for the t-butyl
reaction is the steric hindrance provided by the tertbutyl group to attack of the thiol on the dicoordinate
sulfur of PhSe(O)SBu-t.

Because kb((ka when R

= t-butyl,

this allows the thiolseleninate to build up to a high

12

concentration, and under appropriate conditions (see
above)

it can then be isolated.

With PhSe(O)SBu-n, the

n-butyl group provides little or no steric hindrance to
the attack of n-BuSH on the dicoordinate sulfur of the
thiolseleninate.

As a result, when R

=

n-Bu, kb is much

larger than when R = t-Bu, and since under most conditions
with n-Bu, kb is greater than ka, there is no build up of
the thiolseleninate as a intermediate during the course of
the reaction.
The decomposition behavior noticed by Kice and Lee
while determining the structure of the intermediate is
most interesting.

The very easy decomposition at room

temperature in anhydrous acetone of PhSe(O)SBu-t to
PhSeSBu-t, t-BuSSBu-t, and PhSeSePh was completely unexpected.

It was particularly surprising since other

4
experiments showed that in aqueous dioxane (10- M) solutions of PhSe(O)SBu-t were quite stable at room temperature; yet, as already noted, at room temperature in
relatively concentrated solution in acetone-d 6 , it decomposed quite readily upon standing to the mixture of
products listed above.
Another important question
oxygen in the final products.

rai~ed

was the fate of the

None of the organic com-

pounds detected as products of the decomposition contained
oxygen, even though each thiolseleninate molecule has one
atom of oxygen.

Kice and Lee postulated that the oxygen

13
might be being liberated as

o 2 , since Woodbridge 33 had

demonstrated that evolution of molecular oxygen occurred
during thermal decomposition of dodecaneseleninic acid.
Kice and Lee

1

suggested the following tentative

mechanism for the decomposition of the thiolseleninates
with the evolution of molecular oxygen (Equations 18, 19,
2 0, 21, and 2 2) .
PhSe(O)SR
2 PhSeO·

PhSeO·
)

[PhSe-0-0-SePh]

>

+

2 PhSe· +

RS·

( 18)

02

(19)

PhSe· + RS·

PhSeSR

( 2 0)

2 PhSe·

PhSeSePh

( 21)

2 RS·

RSSR

(22)

The present work involves a study of the decomposition of the thiolseleninate, t-butyl benzenthiolseleninate, 1n order to determine the actual mechanism of the
decomposition reaction, and to determine the fate of the
oxygen in the decomposition.
The results of these experiments are reported in
Chapter III, and an attempt to interpret these results and
to draw conclusions from them is presented in Chapter IV.

CHAPTER II
METHODS AND PROCEDURES
Purification of Solvents and Materials

The benzeneseleninic acid used initially was comrnercial (Aldrich) material.

In later work, this PhSe0 H was
2

recrystallized twice from hot H o, and the white plates,
2
34
mp. 122°-l23°C (lit.
value 124°-l25°C), were stored in a
desiccator until used.
PhSeSePh
Diphenyl diselenide (Aldrich) was recrystallized
twice from methanol or hexane.
62°-63°C (lit.

34

The yellow needles, mp.

value 63°-64°C), were stored tightly

capped until used.
PhSe(O)OSe(O)Ph
Commercial benzeneseleninic anhydride (Aldrich) was
dried over P

o

2 5

under vacuum to remove H2 o.

The dried

white powder, mp. 163°-l67°C (manufacturer's value
170°-l73°C), was stored over P
cator until used.

14

o

2 5

in an airtight desic-

15
2-Methyl-2-Propanethiol
2-Methyl-2-propancthiol (Aldrich) was fractionally
distilled with the pure thiol stored under nitrogen.
Water
All water used 1n the experiments was double distilled.
1, 4 Dioxane
1, 4 Dioxane was purified by the procedure described
by Gordon and Ford.

35

A mixture of water (300 ml),

concentrated hydrochloric acid (40 ml), and dioxane
(3 liters) was refluxed under an atmosphere of nitrogen
for 12 hours.

The solution was then cooled to room

temperature and KOH pellets added until no more dissolved
and a separate layer formed.
and dried over more KOH.

The upper layer was decanted

The dried dioxane (upper layer)

was refluxed overnight over sodium metal until the metal
was bright.

The purified dioxane was then distilled from

the sodium and stored frozen at -20°C to prevent the
formation of peroxides.

The dioxane was then thawed as

needed and diluted with doubly distilled water to give 60%
dioxane V/V immediately before use.
Other Solvents
Acetone, hexane, and chloroform (Fisher) were carefully distilled from an all glass apparatus immediately
prior to use.

16
Deuterated Solvents
The acetone-d

6

(Aldrich), used was 99.5 atom % D and

contained 1% V/V TMS.

The D o (Aldrich), and the CDC1
2
3

(Aldrich) used were both 99.8 aton % D.

The CD CN
3

(Stohler Isotope Chemicals) used was 99 atom % D.
Preparation of tert-Butyl Benzenethiolseleninate
This compound was prepared by the procedure outlined
.
b y K1ce
an d Lee. 1

2-Methyl-2-propanethiol (0.26 g. 2.8

mmole) was mixed with 20 ml of 60% dioxane in a 50 ml
round bottom flask.

To this was added benzeneseleninic

acid (0.38 g. 2.0 mmole) in 5 ml of 60% dioxane.

The

solution was stirred at room temperature until the concentration of the thiolseleninate reached its maximum value
of about 0.02% w/v.

The concentration of the PhSe(O)SBu-t

was monitored by withdrawing a 0.010 ml aliquot of the
reaction mixture, adding it to 3.5 ml of 60% dioxane in a
1 em quartz spectophotometer cell, and then measuring the
absorbance of the solution at 265 nm.

After 30-40

minutes, when the concentration of PhSe(O)SBu-t had
reached its maximum, the solution was frozen at -78°C and
stored in dry ice until lyophilizied.
In most cases, the reaction mixture was divided into
two or three portions prior to freezing to allow for more
rapid solvent removal during the lyophilization.

Initial

studies used 8 or 9 ml of the reaction mixture in each of

17
three flasks.

In later work, for experiments where lower

concentrations of the thiolscleninate were going to be
employed, only 2 or 3 ml portions were used.
During the initial stages of the lyophilization, the
evaporation of the solvent was sufficient to keep the
material in the flask at a low enough temperature to
prevent any thermal decomposition of the thiolseleninate.
As the amount of solvent remaining decreased, evaporation
of the solvent became insufficient to prevent any thermal
decomposition, and the flask had be cooled externally
using a carbon tetrachloride and liquid nitrogen slush
bath at a temperature of -23°C.
When lyophilization was completed, the flask was
removed from the apparatus and stored at dry ice temperature until used.

Under these conditions, the thiol-

seleninate was stable indefinitely.
Preparation of Solutions Containing PhSeOSePh
Oxidation of PhSeSePh
Diphenyl diselenide (0.1561 g. 0.5 mmole) was
dissolved in 1.0 ml of anhydrous CDC1 3 .

To this was

added, dropwise, a solution of m-chloroperoxybenzoic acid
(0.0863 g. 0.5 mmole)

in 1.0 ml of CDC1 .
3

Once addition

was complete, the reaction was stirred 5 to 10 minutes at
room temperature, then filtered and used immediately.
Attempts to carry out this reaction at
solubility problems with the peracid.

ooc

failed due to

18
Reactions of PhSe(O)OSe(O)Ph
with PhSeSePh
Benzenese1eninic anhydride (0.018 g. 0.050 mmole) was
dissolved in 2.0 ml of anhydrous

co 3cN

in a 10 ml round

bottom flask to wltich was fitted a reflux condenser topped
by a drying tube.

To this solution was added PhSeSePh

(0.0312 g. 0.10 rnrnole) and the resulting mixture was
refluxed gently overnight (16-18 hours).

This allowed

establishment of the equilibrium shown in Equation 23:
PhSe(O)OSe(O)Ph + 2 PhSeSePh

3 PhSeOSePh

(23)

As long as water was excluded, the solution was stable for
several days at room temperature.
NMR Study of the Decomposition of PhSe(O)SBu-t
The methyl protons of the t-butyl group of
PhSe(O)SBu-t give rise to a sharp singlet in the NMR
at &'1.63.

In the products of the decomposition of the

thiolseleninate these same protons appear as a singlet
at S1.32.
These two peaks were integrated over time using TMS
as an internal standard.
the

t

The ratio of the integration of

1.63 singlet to the integration of the TMS signal

was plotted against time to show the rate of decomposition
of the thiolseleninate.

19
The ratio of integrated intensity of the signal at

b' 1.63 to that of the siqnal at

S

1.32, taken immediately

upon placement of the sample in the NMR probe, served as a
check on the degree of purity of the PhSe(O)SBu-t.

Any

decomposition would be seen as a decrease in the magnitude
of this ratio.

With careful handling during preparation

and solvent removal, an initial value as high as 25 to 29
for the integration ratio of~ 1.63 over~ 1.32 could be
obtained, showing that essentially no decomposition of the
thiolseleninate occurred during workup.
Acetone-d

6

at -20°C was added to lyophilized

PhSe(O)SBu-t and the solution allowed to warm at ambient
conditions for one minute.

The initial concentration

varied with the particular experiment involved.

Initial

studies used 0.66 to 1.0 mmole of the thiolseleninate in
2.0 to 3.0 ml of acetone-d .
6

Later, experiments used 0.40

mmole of PhSe(O)SBu-t in 2.0 ml of acetone-d .
6

These

solutions were used as stock solutions for further
dilutions.
The effect of concentration upon rate was studied
using two dilutions of the stock solution.

First a 1:3

dilution of the PhSe(O)SBu-t containing stock solution was
made by mixing 0.5 ml of the stock solution with 1.5 ml of
acetone-d

6

containing 1% TMS.

This was placed in a 5 mm

NMR tube and spectra and integration values were recorded
over time until the peak at b 1.63 had disappeared.

Next,

20
a 1:1 dilution of the stock solution with acetone-d 6
containing 1% TMS was carried out in the same manner.
This gave a solution having an initial PhSe(O)SBu-t
concentration twice as large as that for the solution
which was obtained by the 1:3 dilution.
The spectra and integrations were taken on a Varian
model XL-100-15 100 MHz NMR spectrometer fitted with a
variable temperature controller which maintained the probe
temperature within ±1°C of the set temperature.
experiments were carried out at 22°C ± l°C.

The

The exact

temperature was determined using a Varian reference sample
containing methanol.

The shift in hertz of the two groups

of peaks was compared to a graph of shift in hertz plotted
against temperature and from this the probe temperature
was determined.
Initial NMR studies were performed us1ng PhSe(O)SBu-t
made from commercial PhSe0 H that had not been recrystal2
lized.

Samples of thiolseleninate prepared from this acid

all showed the decomposition behavior at 22°C previously
noted by Kice and Lee.

1

In later experiments, higher pur-

ity PhSe0 H that had been subjected to careful recrys2
tallization was used. When this acid was used to prepare
the thiolseleninate, no decomposition of the thiolseleninate was observed though the same period of time had been
sufficient for the complete decomposition of the
thiolseleninate made from the less pure samples of

21

PhSe0 2 H.

This led to postulation that some contaminant

present in the PhSe(O)SBu-t made from the less pure
PhSe0 2 H was responsible for the facile decomposition of
t~e thiolseleninate rather than any thermal instability of

the PhSe(O)SBu-t itself at room temperature.
Subsequent efforts were then focused on attempting to
identify what contaminant might be present in the sample
of PhSe(O)SBu-t prepared from the less pure seleninic acid
that could induce the rapid decomposition of PhSe(O)SBu-t
at room temperature.

All subsequent runs were carried out

using only PhSe(O)SBu-t prepared from highly purified

NMR Decomposition Study with PhSeOSePh
Added to PhSe(O)SBu-t
The effect of PhSeOSePh upon the rate of decomposition of PhSe(O}SBu-t was studied by addition of solutions
containing this anhydride to thiolseleninate stock
solutions.
To 0.5 ml of thiolseleninate stock solution was added
0.5 ml of a solution containing PhSeOSePh, produced by one
of the two methods given previously.

This solution was

placed in a 5 mm NMR tube and the spectra and integration
of the sample taken over time at 22°C ± l°C.
the integrations of the

S

The ratio of

1.63 signal to that of the TMS

signal was plotted against time and the rate of the
decomposition determined.
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To insure that decomposition seen was due only to the
added solution, a control sample containing 0.5 ml of
stock solution was analyzed under the same conditions
without any added PhSeOSePh solution.

The ratio of the

Sl.63 to S 1.32 integration in the control sample taken
at the start and

aft~r

tl1e complete decomposition of the

thiolseleninate in the first sample (containing the
PhSeOSePh) would be different if any decomposition were
occurring in the stock solution itself.

No change was

observed in any of the experiments performed.
Additional experiments were carried out to demonstrate that neither of the organoselenium reagents
(PhSeSePh and PhSe(O)OSe(O)Ph) used to prepare the
PhSeOSePh solutions would themselves induce the decomposition of the thiolseleninate under these conditions.
Runs with Added PhSeSePh
To 0.5 ml of a stock solution of PhSe(O)SBu-t in
acetone-d

was added 1 to 5 mg. of PhSeSePh. The solution
6
was placed in a 5 mm NMR tube and spectra and integrations
were recorded over time with TMS as an internal standard.
The ratio of the$ 1.63 to
against time.

S

1.32 integrations was plotted

There was no change in this ratio even over

twice the length of time that would have been sufficient
for decomposition of the thiolseleninate had PhSeSePh been
the compound responsible for inducing the decomposition of
the thiolseleninate.

23
Runs with Added PhSe(O)OSe(O)Ph
Benzeneseleninic anhydride (0.019 g. 0.025 mmole) was
dissolved in 1.0 ml of anhydrous
was stirred for 30 minutes.

co 3 cN and the solution

0.5 ml of this solution was

then added to 0.5 ml of thiolseleninate stock solution and
the mixture placed in a 5 mm NMR tube.

Spectra and

integrations were recorded over time and the ratio of the

cS' l. 63 to $' 1. 32 was plotted against time.

No change in

this ratio was seen in any of the experiments performed,
even over longer periods of time than had been required
for the normal decomposition of the thiolseleninate with
added PhSeOSePh.
Treatment of PhSeOSePh with o 2o
A solution containing PhSeOSePh was prepared from
benzeneseleninic anhydride and diphenyl diselenide in the
manner given previously.

To this was added 80 to 100 mg.

of o o and the solution refluxed overnight (16 to 18
2
hours).
This caused the two anhydrides present to be
converted to the corresponding acid forms.

PhSeOSePh was

converted to benzeneseleninic acid, PhSeOD, and
PhSe(O)OSe(O)Ph was converted to PhSeo 2 o.
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NMR Studies with Added PhSeOSePh
Treated with o o
2
A 0.5 ml portion of a solution of PhSeOSePh, which
had been treated with

0~0

in the manner described above,

~

was added to 0.5 ml of thiolseleninate stock solution.
This mixture was placed in a 5 mm NMR tube and spectra and
integrations recorded over time.

S

grations of the

The ratio of the inte-

1.63 peak to the

S

1.32 peak was plotted

against time, and no change in this ratio was seen in any
of the experiments performed.
Decomposition Studies with Residue
from the Recrystallization of
Benzeneseleninic Acid
A small amount of bright yellow solid could be
isolated from the mother liquids remaining after the
recrystallization of the impure PhSe0 H.
2

TLC and melting

point behavior suggested that this material was somewhat
impure PhSeSePh.
To a 0.5 ml portion of thiolseleninate stock solution
was added l to 5 mg. of the yellow residue crystals described above.

The mixture was placed in a 5 mm NMR tube

and spectra and integrations recorded over time.
ratio of the integrations of the

S

peaks was plotted against time.

The ratio showed a

1.63 to the

S

The
1.32

decrease with time comparable to that observed in the
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studies using thiolseleninate prepared from unrecrystallized PhSe0 H.
2

A

control sample of the thiolseleninate

stock solution without any added residue showed no detectable decomposition over the same period.
petermination of Possible Oxygen Evolution
During the Decomposition of tcrt-Butyl
Benzenethiolseleninate
A sample of t-butyl benzenethiolseleninate was
prepared as outlined previously using unpurified PhSe0 H.
2
A sample of 10 ml of this solution was transferred to
another flask, frozen in a dry ice and acetone bath, and
lyophilized.

When lyophilization was complete, the

residue was dissolved in 3.0 ml of acetone-d

6

with 0.5 ml

of this solution withdrawn and stored in dry ice.
The remaining 2.5 ml of solution, in a special flask,
was frozen in liquid nitrogen and then degassed under high
vacuum.

Once degassing was complete, the flask was flame

sealed and removed from the vacuum system.

The flask was

then slightly pressurized with dry nitrogen gas to insure
a positive pressure inside the flask with respect to the
external atmospheric pressure.

The flask was then allowed

to stand at room temperature for several hours to allow
the thiolseleninate to completely decompose.
A sample of the gases in the flask was withdrawn with
a gas-tight syringe and injected into a gas chromatograph
fitted with columns for determination of atmospheric
gases.

The sample passed through two columns in series.
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The first, eight feet long, was packed with molecular
sieves.

The second was six feet long and packed with

porapak N.

The presence of oxygen would be shown as a

peak on the chromatogram along with the nitrogen used to
pressurize the flask.
system was 0.58 torr of

The lower detection limit for this

o2 .

No evolved oxygen was

detected.
The 0.5 ml of solution which had been stored in dry
ice was transferred to a 5 mm NMR tube.

Spectra and

integrations were recorded over time to insure that the
thiolseleninate decomposition behaved as had been seen in
previous experiments using PhSe(O)SBu-t which had been
prepared from the impure benzeneseleninic acid.
Study of the Products of the Decomposition
of tert-Butyl Benzenethiolseleninate
A sample of PhSe(O)SBu-t was prepared as outlined
earlier using commercial PhSe0 H and freshly distilled
2
thiol.

The solvent was removed by lyophilization and the

remaining white powder (PhSe(O)SBu-t) dissolved in acetone.

The solution was allowed to stand several hours at

room temperature to insure complete decomposition.

After

standing, a sample was removed and analyzed by NMR to test
the degree of decomposition.

There was no detectable

thiolseleninate as evidenced by an absence of any peak at
Sl.63, showing complete decomposition.
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The acetone was then removed by rotary evaporation
and the sample dissolved in a small amount of chloroform.
The resulting solution was transferred to a separatory
funnel.

The flask which had been used during the decom-

position was rinsed several times with additional small
portions of chloroform and these rinses also added to the
separatory funnel.
An extraction was then performed using successive
small portions of dilute aqueous Na co .
2 3
kept.

Both layers were

The chloroform was removed from the organic layer

by rotary evaporation and the remaining material weighed.
It was then dissolved in approximately 1.0 ml of acetone
and added to a Sio

2

chromatography column.

The material

was eluted with freshly distilled hexane, all fractions
were kept.

Progress was carefully monitored by thin layer

chromatography.

TLC was important in that t-BuSSBu-t, the

first compound eluted, was a colorless liquid.

The second

fraction, PhSeSePh, came out closely behind the disulfide
and a low rate of elution was required to achieve adequate
separation of the two compounds.

The final fraction,

PhSeSR, eluted very slowly and some disproportionation
occurred during the elution.
Each fraction was weighed after the hexane was
removed by rotary evaporation.

TLC was also carried out

and this showed the disproportionation occurring in the
PhSeSR.
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The aqueous layer was acidified with sulfuric acid
and the volume was reduced to about 30 ml.
tion of PhSeo u occurred upon standing.
2

Crystalliza-

An analysis of

the melting point of the first crystals formed confirmed
that the material was PhSe0 H, however, a yield of the
2
benzeneseleninic acid could not be determined due to
probable coprecipitation of Na so , evidenced by a melting
2 4
point greater than 250°C for crystals collected later in
the recrystallization.

CHAPTER III
RESULTS
Thermal Decomposition Study of PhSe(O)SBu-t
.
K1ce
an d Lee 1 observed that t-butyl benzenethiolsel-

eninate was formed as an intermediate in the reaction of
benzeneseleninic acid with 2-methyl-2-propanethiol.

This

intermediate was found to be quite stable in 60% aqueous
dioxane, but decomposed readily at room temperature in
acetone to give t-BuSSBu-t, PhSeSBu-t, and PhSeSePh.

Kice

and Lee found that the protons in the t-butyl group of the
thiolseleninate give rise to a sharp singlet in the NMR at
S1.63.

As the thiolseleninate decomposes, this peak

decreases in strength and a new singlet appears at

~

1.32

due to the t-butyl protons in two of the products,
PhSeSBu-t and t-BuSSBu-t.

This behavior of the NMR

spectrum suggested that the kinetics of the decomposition
of the thiolseleninate could be followed by plotting the
integrated intensity of the ; 1.63 singlet against time.
Initial Experiments Using PhSe(O)SBu-t
Synthesized from Commercial PhSe0 H
2
Samples of PhSe(O)SBu-t were prepared in the manner
outlined by Kice and Lee
cial PhSe0 H.
2

1

from unrecrystallized, commer-

The thiolseleninate was dissolved 1n
29
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acetone-d 6 and this solution used as a stock solution for
further dilutions.
A sample of thiolseleninate was prepared by diluting
the stock solution to give a concentration of 0.167 M.
This was analyzed by NMR with spectra and integrals
recorded over time at a constant temperature of 22°C.
Next, the same procedure was carried out with a 0.0833 M
solution of the thiolseleninate.
The full spectrum of the sample was recorded initially in each experiment.

This allowed detection of any

residual solvent, either dioxane or water, that might
interfere with the decomposition.

Although trace levels

were usually present, they were always low enough to have
no effect on the rate of the decomposition.

After this

initial full scan, only the region between S 2.0 and 0.0
was recorded.

Spectra and integrations were recorded for

this range until the singlet at ~ 1.63 had disappeared
completely.
In order that any decomposition occurring prior to
the actual NMR analysis could be accounted for, the
integrated intensities of the

S

1.63 and

S

1.32 peaks were

measured as soon as possible after inserting the sample
into the NMR instrument.

The initial ratio of the t 1.63

peak to that of the $ 1.32 is indicative of whether any
decomposition has occurred prior to the start of the
experiment.

A high value for the ratio means little or no

31
decomposition has occurred during synthesis and sample
preporation.
TMS was used throughout the NMR experiments as an
internal standard.

The ratio of the integrated intensity

of the ~ 1.63 singlet to the intensity of the TMS signal
was used in determining the rate of decomposition of the
thiolseleninate.

In this way any fluctuation in the

integrated intensity occurring due to instrument variance
would be accounted for and removed as a source of error.
The rate of decomposition was determined by plotting
the log of the ratio of the integrated intensity of the

S 1.63 singlet over the integrated intensity of the TMS
peak against time in minutes.

Typical plots of the

decomposition of the thiolseleninate, both for the 0.167 M
and the 0.083 M solutions, are shown in Figure 2.

The

rate for the more concentrated thiolseleninate solution
was normally higher than that of the more dilute
[PhSe(O)SBu-t]
two.

0

solution, though not always by a factor of

The 0.167 M solution also tended to show a much

faster downward curvature in the latter portion of the
plot than was seen in the 0.0833 M solution.
Behavior of PhSe(O)SBu-t Synthesized from
Recrystallized Benzeneseleninic Acid
When carefully recrystallized PhSe0 H was used to
2
prepare the thiolseleninate by the procedure described
previously, a much different result was seen.

Although

32

2

1

•

0

•

int

1 TMS

•

0

I
~~

•
0

·frJ

•

·~

.6

0

•
.4

.3

•
.2

0

30

60

90

120

150

t in minutes

FIGURE 2.

Decomposition of thiolseleninate from
commercial PhSe0 H. Circles represent
2
0.1667 M thiolseleninate, filled circles
represent 0.0833 M thiolseleninate.
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the sample was handled in the same manner as experiments
using the commercial seleninic acid, no breakdown of the
thiolseleninate occurred even during two or three times
the period required previously for the complete decomposition of the thiolseleninate.

Figure 3 shows the lack of

any decomposition compared to that seen with a sample
using

con~ercial

PhSe0 2 H to prepare the thiolseleninate.

Decomposition only occurred after standing overnight (12
to 16 hours) at room temperature.

Using different batches

of recrystallized PhSe0 2 H to synthesize the thiolseleninate yielded identical results, i.e., no discernible
decomposition.
Further experiments were performed using more than
one batch of commercial PhSe0 H to synthesize the thiol2
seleninate.

In each of these experiments decomposition

occurred consistent with that seen in the initial studies.
A comparison of the initial complete NMR spectra for
thiolseleninate sample prepared from both commercial and
recrystallized PhSeo H showed no discernible difference.
2
These results suggested that something present in the
commercial PhSe0 H was responsible for causing the thiol2
scleninate to decompose.

The majority of the remainder to

this chapter will be devoted to establishing the identity
of this compound.
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decomposition for comparison. Circles
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2
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Experiments to Identify the Substance
Inducing PhSe(O)SBu-t Decomposition
Some of the solid residue from the mother liquid
remaining atter recrystallization of the commercial
PhSe0 H was collected and dried.
2
somewhat impure PhSeSePh.

This was found to be

No other compound could be

isolated by any of the separation methods used, but
melting point measurements indicated the presence of a
small amount of contamination.
A small amount of carefully recrystallized PhSeSePh
was prepared and added to a sample of stable thiolseleninate prepared

fr~m

recrystallized PhSe0 2 H.

This was

analyzed by NMR in the previously outlined manner, with no
detectable decomposition occurring during twice the
previous normal period of time required for complete
decomposition of the thiolseleninate.

When a small amount

of the residue material was added to this sample, decemposition did occur in a manner consistent with that seen
in the initial work.

These results are shown 1n Figure 4.

A small amount of this residue was also added to a sample
of thiolseleninate which had no added PhSeSePh.

In this

sample, decomposition was also observed consistent to that
seen with the initial studies.
A small amount of purified PhSe(O)OSe(O)Ph was added
to a sample of thiolseleninate prepared from recrystallized benzeneseleninic acid and the mixture analyzed by
Nt-lR in the manner outlined previously.

No decomposition
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Behavior of thiolseleninate with added
PhSeSePh. Circles represent thiolseleninate with added PhSeSePh.
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represent thiolseleninate with added
residue.
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was detected over the experimental period, but decomposition did occur in an identical sample to which only a
small amount of the residue material had been added.
These results are comparable to those seen in Figure 4.
A somewhat different result was seen when PhSeSePh
was mixed with PhSe(O)OSe(O)Ph and this mixture added to a
stable sample of thiolseleninate.

NMR analysis showed

decomposition occurring comparable to that seen earlier
\vi th the thiolseleninate prepared from corrunercial PhSe0 H,
2
though at a slightly higher rate. This is shown in Figure
5, along with the data from a control sample of the same
thiolseleninate without any added material.
Such a mixture should contain an equilibrium amount
of PhSeOSePh, benzeneselenenic anhydride, formed from
PhSeSePh and PhSe(O)OSe(O)Ph in the manner shown 1n
Equation 24: 36
0II

0I I

PhSe-0-SePh + 2 PhSeSePh

3 PhSeOSePh

(24)

This makes PhSeOSePh a likely candidate for the agent
inducing the decomposition of the thiolseleninate.
Another method was then used to generate the
PhSeOSePh.

Diphenyl diselenide was oxidized with exactly

. ac1'd . 36
one molar equivalent of m-chloroperoxy b enzo1c
After the reaction, the mixture was added to a sample of
the stable thiolseleninate and analyzed by NMR.
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Behavior of thiolseleninate with added
PhSeOSePh.

Circles represent thiol-

seleninate with added PhSeOSePh by
reaction of benzeneseleninic anhydride
with PhSeSePh.

Half filled circles

represent thiolseleninate from oxidation
of PhSeSePh.
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control sample.
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Decomposition of the thiolseleninate occurred in the
manner seen with the thiolseleninate prepared from the
commercial PhSe0 2 H.
Figure 5.

The results are also shown in

In order to confirm that PhSeOSePh was the compound
responsible for the initiation of decomposition of the
thiolseleninate, and that PhSeOH was not involved in the
initiation process, the reaction using PhSe(O)OSe(O)Ph and
PhSeSePh to generate the PhSeOSePh was repeated.

However,

this time, o 2o was added to the final solution before it
The addition of o o
2
will cause the two anhydrides present to be converted to
was mixed with the thiolseleninate.

the corresponding acids, PhSe(O)OSe(O)Ph to PhSeo o and
2
PhSeOSePh to PhSeOD. Sufficient o o was added to insure
2
complete hydrolysis of the anhydrides and the final
mixture was allowed to stand overnight before being added
to the thiolseleninate in order to allow the hydrolysis to
proceed to completion.
The NMR spectra for these samples of stable thiolseleninate mixed with the "D 0-treated" PhSeOSePh solution
2
gave no indication of there being any decomposition
occurring in the sample.

Control samples were also

analyzed to insure that the behavior of the thiolseleninate was consistent with that observed in all the previous
experiments where the stable thiolseleninate was used.
Since an equilibrium amount of the PhSeOD should have been
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present it was assumed that benzeneselenenic acid was not
responsible for the initiation of the decomposition of the
thiolseleninate.

This also served to confirm that

PhSeOSePh was the initiator of the decomposition of the
t-butyl benzenethiolseleninate.
Determination of Oxygen During
Thiolseleninate Decomposition
Commercial benzeneseleninic acid was used to prepare
a sample of t-butyl benzenethiolseleninate.

The solvent

was removed by lyophilization and the residue dissolved in
a small amount of acetone-d .
6

A small portion of this

solution was removed and stored in dry ice for later use.
The remainder of the solution was frozen in liquid
nitrogen and then degassed under high vacuum.

The sample

was then pressurized with dry nitrogen to a slight positive pressure.

This was to prevent any atmospheric

contamination when samples of the gases present in the
flask were withdrawn.
The flask and its contents were then allowed to stand
for several hours at room temperature to insure that
maximum decomposition was achieved.

Samples of the gases

were withdrawn using a gas-tight syringe and injected into
a gas chromatograph fitted with a special column for the
determination of atmospheric gases.
Results of this analysis were compared to those which
were obtained from a control sample containing only
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acetone-d 6 , and which had also been frozen, then degassed
and pressurized with
the thiolseleninate.

nitrog~n.

The control lacked only

The chromatograms from both the

sample and the control were identical, showing that no
oxygen was being evolved during the decomposition of the
thiolseleninate.
The portion of the sample which had been stored in
dry ice was analyzed by NMR to insure that the decomposition behavior of the thiolseleninate sample was consistent
with that observed in earlier experiments using
PhSe(O)SBu-t prepared from "commercial" PhSe0 H. The
2
thiolseleninate decomposition occurred at a rate comparable to that seen in the previous work using samples of the
thiolseleninate prepared from commercial PhSe0 H.
2
Study of the Products of the Decomposition
of tert-Butyl Benzenethiolseleninate
A sample of PhSe(O)SBu-t was prepared as outlined
previously us1ng unpurified PhSe0 H and the solvent
2
removed by lyophilization.

The thiolseleninate was

dissolved in acetone and allowed to stand at room temperature for several hours until NMR analysis of a portion of
the solution showed decomposition was complete.

The

acetone was then removed by rotary evaporation and the
products weighed.

The weight of the material remaining

after decomposition and solvent removal was 0.4966 g.
This was dissolved in chloroform and extracted several
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times with dilute aqueous Na co .
2 3

The organic layer was

evaporated under vacuum to remove the chloroform and the
residue weighed.

There was found to be 0.3724 g. of mate-

rial remaining in the flask.

This would mean that approx-

imately 0.1242 g. of material should have been transferred
to the aqueous layer.
The material from the organic layer was dissolved in
a small amount of acetone and added to a chromatography
column and eluted slowly with hexane.
Three different compounds were isolated from the
organic layer.

The first compound eluting from the column

was found to be t-BuSSBu-t, of which, 0.1630 g.
mmole) were collected.

(0.915

Eluting second was PhSeSePh, very

close behind the disulfide, so that a very slow elution
rate was needed to achieve complete separation; 0.1695 g.
(0.543 mmole) of the diselenide were collected.

The third

and final compound eluting from the column after
considerably longer was PhSeSBu-t; 0.0126 g.
mmole) were collected.

(0.051

Some disproportionation of this

compound was shown to be taking place, as evidenced by TLC
analysis showing all three compounds present, with the
disulfide and diselenide spots increasing in intensity and
the PhSeSBu-t decreasing as time passed.
The volume of the aqueous phase was reduced by
evaporation and the solution acidified.

Crystallization

of benzeneseleninic acid occurred upon standing (mp 124°-
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125°C).

A total yield of the acid could not be obtained

because some precipitation of Na
crystals of the acid.

2

so 4

contaminated the

Based on the weight of sample found

immediately after decomposition and the weight of material
found in the organic layer there should have been
approximately 0.1242 g. of PhSe(O)OSe(O)Ph (0.35 mmole)
which was transferred to the aqueous sodium carbonate
layer and hydrolyzed to PhSe0 2 H

yi~lding

0.7 mmole.

Originally 2.0 mmole of PhSe0 H was used to prepare
2
the PhSe(O)SBu-t.

Of the 2.0 mmole of the PhSe groups,

1.85 mmole are accounted for in the products isolated.

Of

the 2.8 mmole of the thiol used originally, 1.8 mmole were
recovered.

CHAPTER IV
DISCUSSION
Earlier work by Kice and Lee 1 suggested that t-butyl
benzenethiolseleninate,

(PhSe(O)SBu-t), although stable 1n

dilute solutions in aqueous dioxane, decomposed rapidly at
room temperature when dissolved in anhydrous acetone.
This had led to the belief that the thiolseleninate itself
was quite unstable thermally in aprotic solvents.
In the present work, reexamination of this system has
shown that samples of the thiolseleninate prepared from
very carefully purified benzeneseleninic acid are actually
quite stable in acetone solution at room temperature.

The

instability of the thiolseleninate noted by Kice and Lee

1

is actually due to the presence of small amounts of an
impurity in samples of PhSe(O)SBu-t prepared from less
purified benzeneseleninic acid.

This impurity induces the

decomposition of the thiolseleninate.
Several lines of evidence suggest that the impurity
responsible for inducing the decomposition of the thiolseleninate is benzeneselenenic anhydride, PhSeOSePh.
Thus, although the addition singly of either PhSeSePh or
PhSe(O)OSe(O)Ph to solutions of PhSe(O)SBu-t in acetone
does not lead to initiation of the decomposition of the
44

45
thiolseleninate, addition of both compounds together does.
36
It is known
that the diselenide and the seleninic
anhydride react to form a small amount of the selenenic
anhydride in an equilibrium process (Equation 25):
0II

0II

2 PhSeSePh + PhSeOSePh

3 PhSeOSePh

(25)

The facile decomposition of the thiolseleninate could also
be induced by adding to the acetone solution of
PhSe(O)SBu-t an aliquot of a solution prepared by oxidizing diphenyl diselenide with one molar equivalent of
m-chloroperoxybenzoic acid.

Oxidation of PhSeSePh in this

.
k nown 37 to l ead to a solution conta1ning
.
manner 1s
benze-

neselenenic anhydride (Equation 26).
0 0
2
PhSeSePh + ArC0 H----:? PhSeOSePh ~ /3 PhSeSePh + l /3 PhSeaSePh
3

(26)

Another experiment indicated that it is only the
selenenic anhydride and not the selenenic acid, PhSeOH,
that is capable of inducing the decomposition of the
thiolseleninate.

In this experiment water was added to a

solution of PhSeSePh and PhSe(O)OSe(O)Ph to hydrolyze both
PhSeOSePh and PhSe(O)OSe(O)Ph to the corresponding acids
prior to the addition to an acetone solution of the
thiolseleninate.

In this case, in contrast to the situa-

tion when a solution containing the selenenic anhydride

46

was added, rapid decomposition of the thiolseleninate was
not observed.
While it thus appears that benzeneselenenic anhydride
1s the species that needs to be present for there to be a
rapid induced decomposition of PhSe(O)SBu-t, it is not
exactly clear by what mechanism this induced decomposition
takes place.

A careful examination of the products of the

induced decomposition revealed the following facts:

(a)

besides t-butyl disulfide, diphenyl diselenide, and phenyl
t-butyl selenylsulfide (PhSeSBu-t) , a significant amount
of benzeneseleninic anhydride is formed;
what Kice and Lee

1

(b) contrary to

had thought, there is no detectable

oxygen evolved in the decomposition.
Given these various experimental observations two
mechanisms can be tentatively suggested as possible
pathways for the induced decomposition of PhSe(O)SBu-t.
The first mechanism is initiated by the dissociation
of the selenenic anhydride into a pair of free radicals:
PhSe·

PhSeOSePh

+ PhSeO·

(27a)

These free radicals the react individually with thiolseleninate:

Q
PhSe· + PbSeSR

9.

fh

--4>)

PhSeO· + PhSeSR

--~)

[PhSeOSeSR]

9.

--~>

PhSeffiePh + RS·

PhSeffiePh + RS ·

(27b)

(27c)
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The first of these reactions produces more of the selenenic anhydride plus a thiyl (RS•) radical.

The

second

reaction produces a mixed selenenic-seleninic anhydride
(PhSeOSe(O)Ph).

This could react with the thiolseleninate

in the following manner:

9.
<?.
\?~
\{Q
PhSeSR + PhSeOSePh ~ [PhSe-S-SePh] ~ PhSeSR + PhSeOSePh
+
forming the selenenyl sulfide,
seleninic anhydride.

(27d)

(PhSeSR), and benzene-

Reaction of the RS· with the thiol-

seleninate would be expected to proceed in the following
manner:

RS•

0II

+ PhSeSR

-----4)

PhSeO•

+ RSSR

(27e)

The PhSeO· radical formed in Equation 27d can then continue the chain decomposition by reacting with the thiolseleninate in the manner shown in Equation 27c.
These reactions combine to give the following overall
reaction:
0

"
3 PhSeSR

0

----~)

0

" "
RSSR + PhSeSR + PhSeOSePh

(28a)

The selenenyl sulfide, PhSeSR, is assumed to undergo
.
.
.
32 on s t an d.1ng:
considerable d1sproport1onat1on

2 PhSeSR

PhSeSePh + RSSR

( 15)
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so that the overall stoichiometry for the reaction
approaches that shown in Equation 28b.
011

0II 0II
3 RSSR + PhSeSePh + 2 PhSeOSePh

6 PhSeSR

(28b)

There is, however, no definite evidence at the
present time that this reaction takes place by a freeradical pathway.

For that reason it seems desirable to

point out that a second possible mechanism can be suggested for the reaction that does not involve free radical
intermediates.
In this mechanism it is assumed that the selenenic
anhydride reacts with seleninic anhydride in the manner
shown in Equation 29a to give a reactive intermediate,
+
PhSeOSe(Ph)OSePh,
that then reacts with the thiol-

seleninate as shown in Equation 29b.

This reaction is

followed by Equation 29c:
0Jl

0II

PhSeOSePh + PhSeOSePh

+
~--~ PhSeO~eOSePh

Ph
+

0II

PhSeSR + PhSeOSeOSePh
I
Ph
0II

+

PhSe-~-SePh

R

0II

+

--~7 PhSe-~-SePh

+ PhSe0 2

+ PhSe0 2
0II

+ PhSe-OSePh

(29a)

(29b)

R

0II 0II
PhSeOSePh + PhSeSR

(29c)

It is also assumed that the mixed anhydride, PhSeOSe(O)Ph,
reacts with the thiolseleninate in the manner previously
shown (Equation 27d), i.e.,
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R

R

0

R

0

0

PhSeSR + PhSeOSePh---? [PhSe-S-SePh] ~ PhSeSR + PhSeOSePh
+

(27d)

The overall stoichiometry of the sequence of reactions
shown in Equations 29a-c and 27d is:

g

0

PhSeOSePh + 2 PhgeSR

------~

g

PhSeOSePh + 2 PhSeSR

(30)

Disproporationation of the selenyl sulfide gives diphenyl
disel~nide

and t-butyl disulfide:

2 PhSeSR

PhSeSePh + RSSR

(15)

Reaction of some of the diselenide with some of the
seleninic anhydride from Equation 30 can regenerate the
selenenic anhydride needed to initiate the decomposition
reaction sequence:
PhSe(O)OSe(O)Ph + 2 PhSeSePh

~<---

(23)

3 PhSeOSePh

This gives the same overall stoichiometry as the free
radical mechanism outlined earlier, i.e.,

g

6 PhSeSR

----~>

0II

0II

(28b)

3 RSSR + PhSeSePh + 2 PhSeOSePh

It is possible that there may be some involvement of
the acetone solvent in taking up some of the oxygen as the
experimental stoichiometry does not exactly match that
which is derived from the two mechanisms given.

This
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would involve the acetone being oxidized to some more
highly oxidized compound.

However, no experimental proof

of the existence of such compounds was seen.
The above mechanisms account for the auto-catalytic
nature of the decomposition seen in the rate plots.

In

each of these schemes more of the compounds involved in
the initiation of the decomposition are formed during the
decomposition allowing for the acceleration of the decomposition rate.
The present research has clarified several important
aspects of the chemistry of PhSe(O)SBu-t.

It has been

shown that this compound itself is not thermally particularly unstable, as had originally been thought.

Rapid

decomposition only occurs when some benzeneselenenic
anhydride is present in the sample as an impurity.

When

prepared from high enough purity benzeneseleninic acid and
t-butyl mercaptan, t-butyl benzeneseleninate is much more
stable than had been reported earlier.
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