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INTRODUCTION

Although only a trace element, in recent vears sele-
nium has been shown to have very important physioloocical
effects.

Over the past decade, nutritional research has shown
that selenium is intimately involved, together with vita-
min E, in the prevention of a number of serious deficiency
diseases in various species of livestock and poultry.

Proof of the specific nutritional essentiality of selenium
was obtained by Thompson and Scottl, who showed that chicks
and Japanese quail receiving diets containing synthetic
amino acids and other purified ingredients extremely low in
selenium fail to grow, and suffer high mortality unless
their diet is supplemented with selenium. Addition of all
known nutrients, including high levels of vitamin E, failed
to prevent severe deficiency signs and death, whereas addi-
tion to the basal high-vitamin E diet of as little as 0.2
ppm of selenium (as sodium selenite) completely prevented
all deficiency signs and promoted a good rate of growth in
the chicks and quails. Various diseases have also been
reported2 as originating from a deficiency of selenium,
such as necrotic liver degeneration in rats, mices, rabbits,
and pigs; muscular dystrophies (myopathies) in lambs; "un-

thriftness" in cattle and sheep; poor hair development in



pigs and horses; and poor feather development in chickens;
exudative diathesis in chicks; and atrophy and fibrosis of
the pancreas in chicks. All these diseases can also be pre-

vented by supplementing a small quantity of selenium in the

diet.

Although selenium has now been shown to be required
entirely apart from its interaction with vitamin E, the
action of its prevention of deficiency diseases in animals
is very intimately connected with that of vitamin E.

Studies3

have indicated that vitamin E may be carried by a
seleno-lipoprotein fraction associated with serum y-globulin.
Thus one biological role of selenium appears to lie in a
selenium-containing compound which acts as a carrier of vi-
tamin E and which may function in the absorption, retention
and prevention of destruction of d-G-tocopherol, and perhaps
in its transfer across cell membranes, thereby enhancing its

biological activity in the blood and perhaps in the cells

throughout the body.

On the other hand, the ingestion of seleniferous plants
by livestock, with the consequent development of well-defined
disorders, blind staggers and alkali dieseases, has been a
problem to stockmen and farmers for centuried. These ambi-
dextrous effects of selenium have led to the investigation
of the role it plays in metabolism. Unfortunately, there is

still little known about it.
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However, in 1975, Ganther found that glutathione per-

oxidase isolated from erythrocytes and liver contains 4
gram atoms of selenium in a tetrameric complex of 84,000-
95,000 molecular weight. This discovery means that sele-
nium is an integral, stoichiometric component of a protein
in a living system. The experimental evidence supporting
the direct participation of selenium in the reaction comes
from X-ray photoelectron spectroscopic studies, which
suggest that oxygen is combined with the selenium in the
oxidized form, but not in the reduced enzyme. This supports
a general mechanism in which selenium undergoes a 2-electron
oxidation-reduction reaction, (Eg. 1).

+ROOH

-ROH

R—Se(O)nH«l:_2GSH > R—Se(O)n+lH (1)

-GSSG
-HOH

Based on this fact, and the kinetic studies of Flohe's
group®/®, a simple, tentative mechanism for glutathione
peroxidase involving a series of three bimolecular reactions

has been proposed by Ganther4; it is shown in Scheme 1I.

selenol selenenic acid seleninic aicd
@)
+RO0OH +RCOCH 1|
E~-SeH » E~-Se-0OH > E-Se-0H
—~ROH -ROH
+GSH 4 GSH +GS\ +GSH
-GSSH -HOH -GSSH ﬁ -HCH
E-Se~-SG E-Se-SG

Scheme I



The first step is oxidation of an active site selenol
(E-SeH) to a selenenic acid (E-Se-OH) by peroxide substrate.
In the second step, the selenenic acid reacts with the
first glutathione (GSH), forming the sulfoselenide (E-Se-SG)
and a molecule of water. In the final step, the sulfosele-
nide linkage is cleaved by a second molecule of glutathione,
similar to a sulfhydryl-disulfide interchange reaction,
releasing oxidized glutathione and restoring the enzyme to
the selenol form. Ganther has claimed that the sulfose-
lenide (R-S-Se-R) type of linkage is cleaved by thiols even
more readily than the disulfide linkage. However, other
workers7—lo have reported results that cast some doubt upon
whether or not this is necessarily true. An analogous set
of reactions can be written in which the selenium cycles
between the selenenic (E-SeOH) and the seleninic (E-SeOZH)
forms. It is possible that both types of mechanism could
operate, depending on the relative concentrations of oxi-

dizing and reducing substrates.

With these facts in mind, we can conclude that sele-
nium plays an important role in living systems. Given that
selenium is an important trace element in metabolism, how

does it get incorporated into animals and plants initially?

Most studies on the metabolic incorporation of sele-

nium have involved the use of inorganic selenium (i.e.



selenite and selenate). Although in vitro studies have

indicated that mammalian tissues are capable of reducing

selenite to the red allotrope of elemental seleniumll’l‘, there

is no evidence at present indicating that such a reduction

13

: : : 1:
occurs in vivo~~. Ganther has presented excellent evidence 4

showing that selenite combines with biologically important
sulfhydryl compounds such as cysteine, glutathione, and
coenzyme A to form "selenotrisulfide" derivatives (RS-Se-SR).
The combining ratio for the thiols and selenious acid was
found to be 4:1. The overall stoichiometry thus conforms

to the reaction proposed by Painter15 in 1941 (Eqg. 2):

4 RSH + H,Se0, ——— RSSeSR + RSSR + 3 HZO (2)

2 3

He has proposed that this reaction is probably how the
selenium in selenite gets incorporated into plants or ani-
mals in biological systems. The toxicity of selenite
might be due to its ability to catalyze the oxidation of
important sulfhydryl cofactors such as gluthione, coenzyme

A, etc., thus resulting in disturbances in intermediary

metabolism.

Ganther and Corcoran16 have presented spectral evi-
dence showing that reduced ribonuclease combines with sele-
nite, forming a selenotrisulfide type of product. Before

proteins can react with selenite to form selenotrisulfides,



the protein would necessarily have to exist as free sulf-
hydryls. At the completion of protein synthesis, the sulf-
hydryls of most proteins are largely converted to disulfide
groups. Indeed, it was found that reduced ribonuclease

and not the native protein reacted with selenite to form a
selenotrisulfide. Jenkins et. al.l’ reported that selenite

added to chick serum in vitro does not complex with the

protein. This observation led to the postulate that sele-
nium is incorporated into proteins during the final stages

of protein synthesis.

In a separate investigation Jenkins18 crop-incubated
one chick with Na27SSeO3 and another chick with a +%c-1a-
beled L-amino acid mixture. Serum proteins from both chicks
were then dialyzed for 17 hours at pH 11.5. Such alkaline
treatment brought about a release of one-third of the 755e
activity, but no such release was observed in the serum of

l4C-labeled amino acid mixture.

the chick administered the
This observation indicated that the release of selenium
from the protein was not the result of protein hydrolysis,
thus necating the possibility that peptide-bound seleno-
amino acids had been released. Furthermore, Jenkins was

unable to identify either selenocystine or selenomethionine

in the alkaline dialysate.

In this investigationl8 and a subsequent onet’ from



Jenkins laboratory it was postulated that the selenium was
bound to the protein through a selenotrisulfide type of
bond similar to that proposed by Painter. Jenkins18 then
postulated a series of equations (Scheme II) illustrating
how the protein-selenotrisulfide complex could dissociate
under alkaline conditions to reform selenite, thus accoun-
ting for the release of selenium from proteins under al-

kaline conditions.

2 PS-Se-SP + 2 OH ——— 2 PS + 2 PS~SeOH
2 PS-SeOH ——— PSH + PS-SeO2H + Se

- -2
PS-SeOoH + 2 OH — PSH + Se0O3 + H)O

- 2
2 PS-Se-SP + 6 OH —— 4 PS + Se + SeO + 3 H,O

3 2

- =2
2 PS-Se-SP + 4 OH —— 2 PS + Se + SeO3 + HZO

(P = protein moiety)
Scheme II

19 .
Recently, Ganther has found that the selenotrisul-
fide derivative of glutathione can be reduced to a seleno-
persulfide either by the excess glutathione (Eg. 3) or by

a glutathione reductase (Eq. 4).

GSSeSG + GSH ——— GSSeH + GSSG (3)

+ glutathione reductase
GSSeSG + TPNH + H »

N (4)
GSH + GSSeH + TPN



In either case, a TPNH-linked process requiring glu-
tathione reductase is ultimately involved in the reduction

of selenium in vivo to GSSeH. This labile, highly reac-

tive selenopersulfide derivative of glutathiohe probably
has a role in selenium metabolism and possibly in certain
biological functions of selenium. Ganther has proposed a
pathway (Scheme III) for the synthesis of dimethylselenide,
which is a detoxification product of selenite in animals,

in which GSSeH has a central role.

ox. state of Se

+4 HZSeO3 + 4 GSH
l(l)
+2 GSSeSG + GSSG + 3 H20
TPNH GSH
(excess)
glutathione \
reductase (2a) (2b)
PN GSSG
0 GSSeH :éélﬁ GSH + Se

l S-adenosyl-
methlonlne= CH3SeCH3

-2 ste

Scheme III

Reactions (1)-(3) in the diagram are established with rea-



sonable certainty. The further metabolism of selenium to
the -2 oxidation state, with ultimate methylation, though

the pathway has not been established, is known to occur.

In view of the great physiological importance of sele-
nium, obviously more detailed information regarding the
exact mechanism of the thiol-selenite reaction is vitally
important. However, up until the time that the present
work was begun there had been no mechanistic studies on
equation (1) and nothing was known about its mechanism.

This was the reason for the present study.

In preliminary work on thiol-selenite reaction in this
laboratory, Dr. Thomas W. S. Lee followed the reaction of
agqueous solution of selenious acid with l-butanethiol in 60%
dioxane. Study over a pH range from 0.9 to 10 showed that
the reaction took place in two distinct stages, a rapid
initial stage followed by a much slower second stage.

Kinetic study of the first stage by Lee showed that the re-

action has a first-order dependence on thiol concentration.
The pH-rate profile associated with the first stage showed
that the only process of kinetic importance was reaction of

l1-butanethiol with selenious acid.

In one part of the present study, the kinetic behavior
of the second stage of the reaction of l-butanethiol with
selenious acid was investigated in detail. 1In a second part

of the present study, the detailed kinetics and other beha-
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vior of both the first and second stages of the reaction of
2-methyl-2-propanethiol with selenious acid were étudied.
Comparison of the behavior of the two stages of the reaction
of this tertiary thiol with H,Se04 with the behavior exhi-
bited by the analogous stages of the reaction of the primary
thiol (n-BuSH) with H,Se05; has enabled one to draw a number
of further significant conclusions about the mechanism of

each of the stages of the thiol-selenite reaction.

Both the products of the n-BuSH-H,SeO, reaction and the

2 3

t-BuSH-H,Se0O., reaction have also been studied. It was found

- 2 3
that, besides the selenotrisulfide, RSSeSR, and the disul-
fide, RSSR, thiolsulfonates, RS(O)ZSR, n-butyl l-butanethiol-
sulfonate, and t-butyl 2-methyl-2-propanethiolsulfonate were
also formed. Although the thiolsulfonate is a very minor
product in the case of the n-butyl mercaptan reaction it is

a major product in the case of the reaction of t-BuSH with
selenite. The significance of this and other observations
regarding the products of the thiol-selenite reaction as

compared with those of the reaction of thiol with benzene-

seleninic acid are discussed.

It is known that a stable intermediate of structure
PhSe(0)SBu~t can be isolated by lyophilization in the re-
action between benzeneseleninic acid and 2-methyl-2-propane-

thiolzo. The same method was also applied to the reaction
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between selenious acid and 2-methyl-2-propanethiol to try

to isolate an intermediate at the end of the second stage of
the reaction. This attempt was never successful. Either
the intermediate is not very stable and readily reacts fur-
ther with more thiol molecules to form the final products or
else it decomposes during the stage of lyophilization.
However, this is consistent with the results found in the
product studies that indicate that the last stages of thiol-
selenite reaction proceeds via a different mechanism than

the reaction of a thiol with PhSe(O)Bu-E.

Combining all of the kinetic studies with the studies
of products and the search for an intermediate allows one to
determine the mechanism of reaction between thiol and sele-
nious acid with reasonable certainty. The present thesis
describes these studies in detail and what conclusions the

results lead to.



RESULTS

Both the mercaptans studied in this work, l-butanethiol,
n-BuSH, and 2-methyl-2-propanethiol, t-BuSH, and selenious
acid are transparent in ultravioclet region down to 230 nm.
This makes it easy to follow the reaction of either thiol
with selenite (Eg. 2) spectrophotometrically. When an aque-
ous solution of selenious acid was treated with l-butanethiol
in 60% dioxane (v/v), an absorption shoulder at 248-262 nm
appeared rapidly (Figure 1, Spectrum a). This absorption
then decreased slowly accompanied by a large increase in the
absorption at 230 nm and formation of a broad band ranging
from 260 nm out to 380 nm. There was an isobestic point at
248 nm. The final spectrum of the solution was found to be
very similar to that reported by Ganther14 for a selenotri-

sulfide, which in this case would be the n-butyl compound,

n-BuSSeSBu-n (Figure 1, Spectrum b).

Wwhen the same reaction was carried out in 0.13 M HClO4
in 60% dioxane, the rate of the initial reaction was extre-
mely fast and the shape of the absorption in the 248-262 nm
region was somewhat different (Figure 2, Spectrum a), but in
the slower second stage there was again a large increase in

absorbance at 230 nm and formation of a broad band at 260-

360 nm (Figure 2, Spectrum Db).

12
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The reaction was also carried out in 60% dioxane con-
taining various buffers. In formate buffer (pH = 6.5), how-
ever, in the initial stage a well-developed absorption maxi-
mum developed at 262 nm (Figure 3, Spectrum a). Then, within
hours, this peak decreased in absorbance with the appearance
of strong absorbance at 230 nm and a broad band at 260-360 nm

(Figure 3, Spectrum f).

The instaneous absorption around 262 nm presumably cor-
responds to the formation of the intermediate that is the
product of the first stage of the reaction of l-butanethiol
with selenious acid. The broad band ranging from 260 nm to
380 nm that develops during the second kinetic stage of the
reaction could either be due to the build-up of a second in-
termediate or to the formation of the final selenotrisulfide

product (Eg. 5).

k k
H SeO-——g Intermediate I——E»Intermediate II ———> RSSeSR (5)
27" "3RsH RSH 2RSH

With t-BuSH as the reacting thiol the rate of the se-
cond stage is at least 250 times slower than the rate of the
first stage at all pH's studied, so that one has essentially
complete conversion of selenious acid to the 262 nm interme-
diate before the conversicn of this intermediate to subse-
quent intermediates or final products becomes significant.
Thus, the kinetics of the two stages can be easily investi-

gated separately. Repetitive scanning of the spectrum shows
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that the best wavelength to use for study of the second
stage of the reaction is 310 nm, since the difference of
extinction coefficients between intermediate I and II (or
final products) is greatest at this point (Figure 3). The
kinetics of the first stage are best followed at 262 nm
where there is a distinct absorption peak. But two wave-
lengths other than 262 nm, 253 and 273 nm, have also been
used to follow the first stage, depending on which of them
provides the best isobestic point for intermediate I and the

later intermediates (or final products) in different buffers.

On the other hand, when the thiol is n-BuSH the situa-
tion is a little different. At most pH's (up to 6.5), the
rate of the first stage is still faster (at least 16 times)
than that of the second stage, so that the rates of the two
stages still can be easily measured independently. The
first stage is followed either at 262 nm or 248 nm, while
the second stage is followed at 310 nm. However, in acetate
buffers (pH = 7.4 and pH = 8.1) the rates of the two stages
are comparable. That is, intermediate I begins to react
further with another molecule of l-butanethiol to give inter-
mediate II before its formation from n-BuSH and selenious
acid is complete, thus preventing one from getting accurate
rates for the first stage by following the reaction at 262 nm.

Fortunately, 248 nm is still an isobestic point for interme-

diate I and later intermediates for reaction of n-BuSH with
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selenite in these puffers and accurate rates can thus be

measured at this wavelength.

Kinetics of the Second Stage of the Reaction of

l-Butanethiol with Selenijious Acid

The kinetics of the second stage of the reaction of
l-butanethiol, E—BuSH, with HZSeO3 were studied spectropho-
tometrically at 25°C in 60% dioxane under conditions where
the thiol was always present in large stoichiometric excess
over the selenious acid. The variation of rate with pH was
examined over a range extending from 0.6 M HC1l0, (pH = 0.2)
to an acetate buffer having a pH of 8.1 in 60% dioxane. The
rates for the second stage under all these conditions were
obtained by monitoring the change in optical density with
time at 310 nm. As noted in the preceding section the reac-
tion of the thiol with selenious acid is kinetically bipha-
sic, with the rate of the first stage being enough faster
than the rate of the second that one can measure the rates
of the second stage without interference from the first
stage. The variation of the rate with mercaptan concentra-
tion showed that this stage, conversion of intermediate I

to intermediate II (step k was first order in mercaptan.

)

The rate data for the second stage of the n-BuSH-H Seo3 re-

2

action at various pH's are collected in Table I.

Figure 4 shows the pH-rate profile for the second stage

of the g—BuSH—HZSeO3 reaction. The pH's of the various car-



.pH
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boxylate buffers in 60% dioxane were derived from the mea-
sured pH's for each buffer in water and previous measurements,
either in this laboratoryzl, or otherszz, of PK_ for each of
the carboxylic acids for transfer from water 60% dioxane as
solvent. The pH-rate profile is somewhat U-shaped. The

rate decreases rapidly with increasing pH from pH = 0.2 to

PH 23 1t then levels off within the range of pH = 2 to

4; after that it increases with increasing pH until
pPH = 6.5 where it begins to level off again. The signifi-

cance of the pH-rate profile will be discussed later.

Kinetics of the First Stage of the Reaction of

2-Methyl-2-propanethiol with Selenious Acid

The kinetic studies of the first stage cf the t-BuSH-
steo3 reaction were first carried out in formate buffer
(pH = 6.5) by following the absorbance increase with time at
262 nm. It was found that the absorbance change, A -A_
varied with the concentration of 2-methyl-2-propanethiol.
The absorbance change, Am-AO, first increased with increa-
sing concentration of 2-methyl-2-propanethiol, then leveled
off when the thiol concentration reached considerably higher
values (0.04 M). Furthermore, the kinetic studies showed
that the rate constant of the pseudo first order reaction,
k., was not just simply proportional to the concentration of

i
2-methyl-2-propanethiol. Rather it followed the relationship:

k; =k, + k,[t-BuSH] (6)
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when ki's were plotted vs. the concentrations of the thiol.

These constants ki' ko’ and ka are summarized in Table II.

Both the above facts indicate that the first stage of this

reaction is an equilibrium (Eqg. 7).

k
HySeO3 + t-BuSH =—="— Intermediate I (7)

0]

Since the second stage is proceeding much slower than the first
stage for this reaction, it is possible to estimate the equi-
libtium constant Keq by measuring the variation of absorbance
chance, A -A,, versus the concentration of 2-methyl-2~propane-
thiol. The eguilibrium constant estimated by this method
agrees reasonably well with the equilibrium constant Keq that

is estimated from the kinetic studies, by assuminag that Keq is

given by the ratio ka/ko.

The pH-rate profile for k, of the first stage of t-BuSH-
H28e03reaction is shown in Figure 6. This profile is essen-

tially similar to that for the first stage of n-BuSH-H,SeO,

reaction23 (Figure 5). The rate remains nearly constant in
_the region from pH = 0.2 up to pH = 4.5, then decreases

rapidly with increasing p from pH = 4.5 to pH = 7.4. This
suggests that the first stage of both reactions is proceed-

ing by the same mechanism, except their reaction rates are

different.



18

Kinetics of the Second Stage of the Reaction of

2-Methyl-2-propanethiol with Selenious Acid

As already noted, the second stage of t-BuSH-H,S5e0; reac-
tion is very slow,about 40 to 150 times slower than that for
_Q-BuSH-HZSeO3 reaction. In order to obtain measurable rate
constants, it is necessary to use high concentrations of 2-
methyl-2-propanethiol. Otherwise, the kinetic studies of this
part of work were carried out using the same conditions as for
the second stage of E—BuSH—HZSeO3 reaction. However, some of
the kinetic data were obtained by monitoring the reaction at
300 nm.instead of 310 nm in order to get a greater absorbance
change. Table III gives the rate data for the second stage
of t-BuSH-H,5€04 reaction at various pH's. It is seen that

the reaction rate of this stage, like the seccnd stage in

g—BuSH—HZSeO3 reaction is first order in mercaptan.

The pH-rate profile for the second stage of this reaction
is of the same general shape as that for the second stage of

n-BuSH-H,5e03 reaction and is shown in Figure 7.

Final Products of Thiol-Selenious Acid Reaction

The reaction of 2-methyl-2-propanethiol with selenious
acid was carried ocut in 60% dioxane at room temperature for
two hours. The solvent was then removed under reduced pres-
sure and the residue was washed with water. The mixture was
extracted with methylene chloride and dried over magnesium

sulfate. Removal of the methylene chloride under reduced
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pressure gave an oily yellow crude product. The crude pro-
duct was then distilled under vacuum, giving of product I.
The NMR spectrum of product I in deuteriochloroform has a
sharp peak at § 1.42 which corresponds to the protons of
t-butyl groups in di-t-butylselenotrisulfide. However, the
spectrum also has two small singlets at § 1.48 and 1.62.
Thin layer chromatography of procuct I on silica gel using
hexane as eluent shows one large spot and one tiny spct.
These indicated that there must be two fractions in product
I, one di-t-butylselenotrisulfide and one unknown. Product
I was chromatographed on a column of silica gel using hexane
as the eluent. After the first fraction was collected, the
eluent was gradually changed to ether to elute the second
fraction. Fraction I as separated by chromatography has

a clean singlet at 6§ 1.42 in its NMR spectrum. Its mass
spectrum shows a molecular ion at M = 258, and in line with
the fact that Se isotopes of atomic weight 76, 77, 78 and 82
are also present in significant natural abundance, the peak
at 258 (BOSe) is accompanied by less prominent peaks at

M = 254, 255, 256 and 260. The mass spectrum clearly indi-
cates that fraction I is di-t-butylselenotrisulfide. The
isolated yield of this compound from this particular experi-

ment was 0.57 mmele per mmole of selenious acid.

In a later experiment in which the crude product was

chromatographed directly rather than being distilled befcre
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chromatography, the first fraction eluted was fcund to con-

Sist a mixture of t-BuSSeSBu-t and t-BuSSBu-t From the

total weight of the fraction and the intensity of the NMR
signal at § 1.42 due to the selenotrisulfide, the yield of

the selenotrisulfide was calculated to be 0.78 mmole per

mmole of selenious acid.

The second fraction had an NMR spectrum that consisted
of two singlets of equal intensity at § 1.46 and § 1.62.
Its mass spectrum shows a molecular ion at M = 210. The
infrared spectrum of this fraction has two distinct strong
absorption bands at 1300 and 1100 cm—l indicating the pre-
sence of an —802 group. The protop-decoupled l3C NMR spec-
trum of the fraction shows that there are four different
types of carbon present in this compound. These give sing-
lets at 23.74 ppm, 31.52 ppm, 56.29 ppm and 68.02 ppm. The
singlets at 23.74 and 31.52 ppm are of much stronger inten-
sity than those at 56.29 and 68.02 ppm. The elemental ana-
lysis of the compound gives the following results: C: 45.96%,

H: 8.69%, S: 30.70%, which when taken together with the mass

spectrum indicates a molecular formula of C8Hl85202‘

The above evidence suggest that this fraction is t-butyl
2-methyl-2-propanethiolsulfonate, E—BuS(O)2SBu—;. The yield
of this thiolsulfonate from the experiment Jjust outlined was

0.11 mmole per mmole of selenious acid.
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However, in a later experiment in which the crude pro-
duct was chromatographed directly without a prior vacuum
distillation, the amount of E—BuS(O)ZSBu—E formed per mole
of H28e03 reacted was considerably larger, 0.162 mmole per

mmole of H.SeO..

2 3

An authentic sample of this thiolsulfonate was prepared
following the method given by Asakawa and coworkers24
However, the crude product obtained by this method was a mix-
ture and had to be chromatogfaphed on silica gel to get pure
t-butyl 2-methyl-2-propanethiolsulfonate. The compound ob~-
tained by this method has exactly the same infrared, NMR, and

mass spectrum as the second fraction isolated from product I.

In another experiment the crude product was examined
directly by NMR. There are four singlets seen: (1) those at
§ 1.62 and 1.46 due to E-BuS(O)ZSBqu; (2) one at § 1.42, due
to t-BuSSeSBu-t; and (3) one at § 1.32, due to t-BuSSBu-t.
From the ratio 2 x 61.62/(61.46+1.42 - 61.62) one can esti-
mate the molar ratio [t-BuSO,SBu-t]/[t-BuSSeSBu-t]l in the
product and from the ratio 61.32/(61.46+1.42 - 8, ¢5) one can
estimate the molar ratio [t-BuSSBu-t]/[t-BuSSeSBu-t] in the
isolated product mixture. These molar ratios are calculated
from from the NMR data to be: [t-BuS(0),SBu-t]/[t-BuSSeSBu-t]
= 0.3 and [E-BuSSBu—E]/[E—BuSSeSBu-E] = 0.23. The mole
ratio of thiolsulfonate to selenotrisulfide indicated by

this experiment may be a more accurate measurement of the
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relative yield of thiolsulfonate to selenotrisulfide than
that from either of the chromatography isolation experiments.
Because t-BuSSBu-t is considerably more volatile than either
of the other reaction products there is almost certainly
some loss of this product during the evaporation of solvent
and methylene chloride. Thus, the yield of 0.23 mole of di-
sulfide per mole of selenotrisulfide is undoubtedly signifi-
cantly lower than the actual yield of disulfide. This was
shown by another experiment in which a known amount of
t-BuSSBu~t was deliberately added at the start of the reac-
tion. It was found that only 0.60 mole of disulfide/mole
added initially was recovered at the end as judged by the
NMR analysis method. If one assumes that the same sort of
recovery is achieved for the disulfide formed in the reac-

tion, the actual yield of disulfide/mole of selenotrisulfide

is probably about 0.4 mole/mole selenotrisulfide.

The reaction of l-butanethiol with selenious acid shows
the same general behavior as the 2-methyl-2-propanethiol-
selenious acid reaction except the yield percentage of
n-butyl l-butanethiolsulfonate is much lower and the yield
of disulfide is much higher. Chromatography of the crude
product obtained by removing methylene chloride under re-
duced pressure gave fraction I, which is a mixture of
n-butyldisulfide and di—g—butylselenotrisulfide, and fraction

11, which is n-butyl l-butanethiolsulfonate.
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The NMR spectrum of fraction I indicated that the ratio
of n-BuSSBu-n to n-BuSSeSBu-n in the fraction as isolated
was 0.47:1.0. However, since disulfide is undoubtedly lost
during work-up due to its volatility being greater than that
of the other reaction products, the actual yield of n-BuSSBu-n
per mole of selenotrisulfide is undoubtedly significantly
larger than this. From the weight of fraction I and the per-
centage of it indicated by NMR to be selenotrisulfide, the
yield of selenotrisulfide is calculated to be 0.78 mmole per
mmole of selenious acid. From the weight of fraction II,
which is, of course, g—BuS(O)ZSBu—E, the yield of thiolsul-

fonate was estimated to be 0.04 mmole/mmole of selenious acid.

An authentic sample of n-butyl l-butanethiolsulfonate
was also prepared by the method mentioned before. It
has the same infrared and NMR spectrum as fraction II iso-

lated from the products of the g-BuSH—HZSeO3 reaction.

In view of the product studies of these reactions, we
wondered if perhaps some t-butyl 2-methyl-2-propanethiolsul-
fonate might have been formed as one of the final products
in the t-BuSH-PhSeO,H reaction studied earlier by Kice and
Lee20 and had been overlooked because of its small amount
in the product study they carried out on this reaction,
where they reported finding only PhSeSBu-t and t-BuSSBu-t

as products. It was important to find out whether or not
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any of this thiolsulfonate was being formed in t-BuSH-
PhSeOzH reaction because this would provide an indication as
to whether or not the reaction after the second stage of

the E-BuSH—HZSeO3 reaction proceeds by the same type mecha-
nism as the reaction after the first stage of the t-BuSH-

PhSeOzH reaction.

The final products of the t-BuSH-PhSeO,H reaction were

reexamined by carrying out the reaction usino exactly the
same procedure as in the previous workzo. The infrarad spec-
trum of the crude final products did not show any indication
of the strong absorption bands at 1310 and 1110 cm_l asso-
ciated with the SO2 group in the thiolsulfonate. Thin layer
chromatography of the final products on silica gel using
hexane showed only a single spot. However, when a very small
amount of authentic t-butyl 2-methyl-2-propanethiolsulfonate
was added to the final produdts and another thin layer chro-
matogram run, twWo spots were evident. This shows that no

significant amount of E-BuS(O)szu-E is produced as a pro-

duct in the reaction of t-BuSH with PhSeO,H.

Studies Aimed at Isolation of an Intermediate from the End

of the Second Stage of the t—BuSH-steO3 Reaction

The ultraviolet spectrum of the reaction following the
end of the second stage of the t-BuSH-H;SeO;3 reaction in 60%
dioxane has been examined. It has been found that an absorp-

tion peak shifts gradually from 262 nm to 275 nm in about
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4 hours with a simultaneous increase of a broad band ranging
from 285 nm to 370 nm. After that both absorbances still
increase but the rate is rather slow. After 11 hours, the
Spectrum remains essentially unchanged. In previous work2O
on the reaction between bezeneseleninic acid and t-butyl
mercaptan, the intermediate, PhSe(0)SBu-t was successfully
isolated by allowing one mole of t-BuSH to react with one
mole of PhSeOzH for a period of time long enocugh to maximize
formation of the intermediate and then freezing the reac-
tion mixture and removing the solvent and any excess mer-
captan by lyophilizaticon. Using this technique, attempts
were made to try to isolate the intermediate from the

end of the second stage of the reaction hetween t-BuSH and

selenite.

Reaction mixtures of 2-methyl-2-propanethiol (0.8 mmole)
and selenious acid (0.3 mmole) were allowed to react in 69%
dioxane for 8 hours and 16 hours, respectively, before
freezing the solution and carrying out the lyophilization.
The lyophilization flasks were kept at -25°C by a dry ice-
acetone bath throughout the entire lyophilization, in order
to prevent any thermal decomposition of the intermediate,
The residues remaining at the end of lyophilization were
stored at -80°C until use. However, even with these pre-

cautions, the attempts to isolate an intermediate failed.

The two residues gave the same NMR spectrum in deutero-
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acetone at -20°C as the crude final product from the reac-
tion of t-BuSH and selenious acid. The NMR spectrum con-
sists of a singlet at § 1.41 and two small peaks at ¢§ 1.43
and 1.59 respectively. Upon the solution being warmed from
-20°C to +20°C and kept at that temperature for one hour,
the spectrum underwent no change. This meant that the resi-

dues were rather stable and did not undergo other reactions.

Another experiment of trying to stop the reaction of
t-BuSH and selenious acid at the end of the first stage of

the reaction was run by allowing the reaction mixture to
react for 3 minutes, then following exactly the same freez-
ing and lyophilizing procedure. The residue in this case
had the same NMR spectrum as the previous two, which sug-
gests that during the stage of lyophilization the first in-

termediate must either undergo further reaction or else

revert back to thiol and selenious.



DISCUSSION

Sulfhydryl compounds react readily with selenite. A
number of years ago Painter15 suggested three possible

courses for this reaction:

0

1
2 RSH + H,Se04 » RS-Se-SR + 2 H,0 (8)
4 RSH + H,S5e0, > RS-Se-SR + RSSR + 3 H;30 (2)
4 RSH + H,Se04 + 2 RSSR + Se + 3 H,O0 (9)

In 1968, Ganther14 found that the combining ratio for
thiols and selenious acid was 4:1 by spectrophotometric ana-
lysis. Two selenotrisulfides, selenodicysteine and seleno-
dimercaptoethanol, were also isolated successfully and showed
the chromophore of -S-Se-S- group in the ultraviolet absorp-
tion spectra. These facts conformed to the reaction of Eg. 2
proposed by Painter, and the usual stoichiometry of the reac-

tion is now thought to be as shown in Eqg. 2.

In the present work the kinetics of the reaction of both
l-butanethiol (n-BuSH) and 2-methyl-2-propanethiol (E—BuSH)
with selenious acid have been examined in 60% dioxane over
the pH range 0.2-8.1. The formation of the selenotrisulfide

is kinetically biphasic, and under most conditions the rate

27
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of the first stage is much faster than the rate of the second.
The first stage of the reaction is first order in the stoi-
chiometric concentrations of both thiol and the selenious
acid. The intermediate (I) produced in the first stage of
the reaction is then consumed in a reaction that is first
order in itself and first order in thiol. This second stage
of the reaction cannot directly produce the selenotrisulfide
and so presumably it must lead to the formation of a second
intermediate (II) which then goes on to react with additional
thiol and eventually lead to the observed final products in
reactions that are not amenable to kinetic investigation,
presumably because consumption of II is rapid compared to its
rate of formation. Thus, without concern yet for the ioniza-
tion state of the various reactants in the different steps,
the kinetic situation for the RSH—H28e03 reaction can be re-

presented as:

H28e035%§+'InH(I)RiH+IIZRSg-RSSeSR + other products (10)
a b

Relative Magnitudes of ka and kb under Various Conditions

For the reaction of t-BuSH with selenious acid ka>>kb
through the pH range 0.2-8.1, but for n-BuSH, although

ka>>k at pH = 0.2-7.0, above pH = 7.8 kb>ka.

b

Several aspects of the behavior of the first stage of

t—BuSH—HZSeO3 reaction show that this reaction is actually
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an equilibrium, i.e.

t-BuSH + H,SeO O » T (11)

27 3%k

and not an irreversible process. If the reaction went to
completion, then A,~A s the total absorbance change for the
first stage of the reaction, should be independent of [t-BuSH] |
as long as the thiol is present in stoichiometric excess
over selenite. However one actually finds that AOO-AO for
the first stage, whether measured at 262 nm or 253 nm, in-
creases with increasing concentration of t-BuSH up to about

0.04 M.

[£-BuSH] |

The kinetic behavior of the first stage also indicates
it is an equilibrium. If the reaction were irreversible the
experimental first-order rate constant, ka’ would follow the
relationship ka = kO[RSH]. However, if the reaction is an
equilibrium, then ka will be equal to the sum of the rates
of the forward and the reverse reactions, i.e. ka = klo +
ké[RSH]. The kinetic behavior of the first stage of the rea-

ction of t-BuSH with selenite is indeed found to follow this

relationship:

w
I

. = k1, + k. [t-BusH] (12)

These results indicate that the first stage of the
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’g—BuSH—HZSeO3 reaction is an ecuilibrium:
kl

O
25e03‘k' < InH (13)

t-BuSH + H

o)

From the values of ké and klo it is possible to calcu-
late the equilibrium constant Keq = ké/klo for Egq. 13. This
is found to have a value of about 600 M_l in media of
PH = 1-4.5 and a value about half as large for solution of
PH 5.5. It seems likely that the first stage of the n-BuSH-

H,SeO, reaction is also reversible. However, in this case

2 3

the equilibrium constant is enough larger than that for the

t-BuSH-H,SeO, reaction that ké[RSH]>>klo for the conditions

2 3
used for the kinetic runs, i.e. n-BuSH = 0.001-0.003 M.

pH-Rate Profiles for the Forward Reaction of the First Stage

The pH-rate prdfiles of the n-BuSH-H Se0, reaction and

2
the _‘g__—BuSH—steO3 reaction, Fig. 5 and Fig. 6, have the same
general shape. The rate increases with decreasing pH from 7

down to 5. Below pH = 5 the rate levels off at a constant

value. The pKal of selenious acid in 60% dioxane can be eg-
timated to be 5.0. The pH-rate profiles in Figs. 5 & 6 are
what one would expect if the only reaction of kinetic impor-

tance throughout the entire pH range is that of RSH with

undissociated H28e03. The concentration of selenite present

as [steOB] varies with pH in the following manner:

[H.SeO,]={( :
2 3 Ka + 3+ Cselenlte (14)
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where CSelenite is the total concentration of selenite pre-

sent in the solution, Ka is the dissociation constant for

2Seo3 = HSeO, + H+, and a.+ 1s the hydrogen

the ionization, H
3 H

ion activity of the solution.

When a_.+>>K = .
q 3" [HZSeOB] Cselenite’ but once ap+<K,

[H28e03] = Cselenite(aH+/Ka)’ and the amount of selenite pre-

sent as H28e03 will decrease linearly with decreasing agt-
The fact that the rate of the first stage of the thiol-
selenite reactions decreases linearly with pH above pH = 5
means that the reaction of RSH with HSeog is never kineti-
cally important compared to reaction of RSH with steo3 at
any pH within the pH range studied. This is true even
though at the upper end of the pH range studied [H28e03]/
[HSeOE] has become as small as 107 °.
If the forward reaction of the first stage of the reac-

tion between a thiol and selenious acid has a general mecha-

nism of the type shown in Scheme IV:

k
H.SeO. + RSH © , InH
2°€Y3 (1)
Tk,
HSeO; + '
Scheme IV

one would expect to find the following dependence of rate on

- R .

A MNYY R SEER B
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kK = k H (15)

where Ka is the acid dissociation constant for H28e03 and 1is
assumed to be 1 x lO-'5 (pKa = 5) 1in 60% dioxane. Calculated
oH-rate profiles using this equation are shown in Figs. 5 & 6,

usinag the following ko values:

k
o
for n-BuSH 420
for t-BuSH 52

One sees that the experimental data for the rates of the
forward reaction of the first stagé are in both cases fitted
extremely well by the curves calculated from Eq. 15 using the
values of ko and Ka indicated. The mechanism shown in Scheme

IV does therefore correctly account for the observed pH-rate

profiles for ka'

pH-Rate Profile for the Second Stage of

the Thiol-Selenite Reaction

The y-shaped pH-rate profiles of the second stage of

n—BuSH-HZSeO3 and ;—BuSH—H?_SeO3 reactions, (Fig. 4 and Fig. 7)

remind one of the pH-rate profile that is observed for the
first stage of the reaction between thiols and PhSeO2H. The
mechanism for the first stage of the RSH—PhSeOZH reaction

has been shown to be as outlined in Scheme V20.

A MEFid ot i -
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K
+ 1 +
PhSeOZH + H ———————»»PhSeOZH2 (l6a)
K
a - +
PhSeO,H & *» PhseO, + H (16Db)
, OH
+ %n ! fast
RSH + PhSe0,H, —=» PhSe—§-R-—-§i§1 (17a)
o -
OH H H
K, ™ -Hy0
RSH + PhSeOzH > Ph-%e—SR —=» PhSeSR(17Db)
OH
. OH
- RS ! +Hﬂ
RS + PhSeOzH —~ > PhSe-S-R (17c)
- | fast
O-
K
RSH —— » RS™ + HT (18)
Scheme V

At low pH the dominant reaction kinetically is reaction
of RSH with the protonated form of the seleninic acid,
+ . : .
PhSeOZH , and the rate of the reaction increases as aH+ in-

creases. At intermediate vH's the most important reaction

is reaction of RSH with undissociated PhSeO,H. At higher

pH's the reaction of RS with PhSeOzH becomes the most im-

portant reaction. The mechanism in Scheme V leads to the

following predicted dependence of rate on pH:

2
kHKlaH+ + koa + + kRS—K

H

Ka + aH+

RSH (19)

An equation for kl of the form shown in Ea. 19 leads to the

type of U-shaped pH-rate profile that is found for the

reaction.

A NI FE r=-~
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The similarity in the shape of the pH-rate profiles for
the second stage of the thiol-selenite reaction with that
for the first stage of the thiol—PhSeOzH reaction suggests
that a mechanism for the second stage of the thiol-selenite
reaction having the general form shown in Scheme VI will ex-

plain the particular type of pH-rate profile observed.

K!
InH + HY —=2——» InH} (20a)
K3 -+
InH » ITn + H (20b)
‘7
k'
H fast -
RSH + InH, > - (21a)
-H
kl
RSH + InH ° > II (21Db)
kla— + T
- RS +H
RS + InH — (21c)
K
RsH —2H 5 ps” 4 gt (22)
Scheme VI

This mechanistic scheme will, of course, give the following

dependence of rate on pH for kb:

2
' K! ' + + k. .-K

kH K1 aH+ + ko ay RS
b K' + a,+
a H

RSH (23)

W
i\
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Different pathways for formation of intermediate II dominate
the kinetics in different pH region. Below pH = 2, it is re-
action of the undissociated thiol with the protonated inter-
mediate I, InH;. At these pH's aH+ >> Ké, and so in this pH
region kb = kﬁkiaH+, and the rate increases linearly with in-
creasing at, as is observed. By pH = 2, the rate of reaction
of RSH with InH; has become slow enouch, due to the decrease

. + . . . .
in [InHz] with a decrease in a_+, that reaction of RSH with

H
InH becomes the dominant reaction. This reaction, whose rate
is independent of pH in this pH region, is the dominant pro-
cess only over a narrow pH range (~2-4), because above pH = ¢
the fraction of RSH present as RS , although still very small,
becomes large enough so that reaction of RS with InH, kés—,
becomes the important route kinetically to II. 1In the pH re-
gion where the kés- term is the major contributor to kb’ kb
will be given by kb = kéS_KRSH/(Ké + aH+). This means that
in this region kb will increase with increasing pH (decrea-
sinag aH+) up to the point where Ké > ag*t. At that point, kb

will become independent of pH with a value equal to

' '
kRS KRSH/Ka°

In the mechanism in Scheme VI, é, ké and kés— should
of course be different depending on whether the thiol is
n-BuSH or t-BuSH. At the same time, it is likely that Ké for
the ionization of InH to In and H+ should have effectively

the same value for R = n-Bu as for R = t-Bu.
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The curves in Figs. 4 and 7 have been calculated from
Eg. 23 using a value of Ké =5 x 10_6 for each case and

values of the other constants as shown in the table below.

R 1 T
kgKq ko Krs KrsH
for n-BuSH 6 0.06 2.7 x 107°
for t-BuSH 0.15 0.0012 2.0 x 107°

As one can see, the calculated curves from Eg.23 fit the
actual experimental data very well in each case. Obviously
a mechanism of the general type shown in Scheme VI is indi-

cated for the second stage of the thiol-selenite reaction.

One most impost conclusion from this curve fitting is
that intermediate I, formed in the first stage from RSH
and H28e03, must be a species that posseses a readily ioniz-
able to proton, i.e. to fit the kinetics this species must
be able to ionize as InH= In + a'. Furthermore, the PK

of InH has to be 5.3 in order to get a proper fit of the

calculated curves from Eqg. 23 to the experimental results.

Since the pKj of H,SeO, in 60% dioxane is 5.0, this
suggests that InH must be a species of selenium acid that
might reasonably be expected to have a pKa very similar
to that for HOSe (O)OH. We also know, of course, that it is

formed in the first stage from one molecule of thiol and
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one of HZSeO3. For these reasons the structure for inter-

mediate I would seem almost certainly to be RS-SeOzH.

A species with the structure RS-SeOzH could be expected

to have a ija quite close to that for HOSeO.H. Since RS is

2
inductively somewhat less electron withdrawing than OH, it

might be expected to be a scmewhat weaker acid, and that is

also what is found.

When one compares the rate constant for the reaction
of n-BuSH with H25e03 with that for the reaction of the un-

dissociated thiol with PhSeO.H, it is found that the reac-

2
tion rate of the former is much greater than that of the

latter by a factor of more than 1000. One also finds that

the rate of reaction of the undisscciated thiol with

RS-SeO.H in the second stage of the g-BuSH—HZSeO3 reaction

2
is much slower than the rate of reaction of n-BuSH with
steOB' This is shown below:

x'=400 M~is-1

n-BuSH + HO-Se0,H Q - N-BuS-SeC,d + H,0 (24)
k_=0.25 mig™!
n-BuSH + Ph-SeO,H —>E—Bus-§FPh + H,0 (25)
0
k"=0.06 M ts”t
n-BuSH + n-BuS-Se0,H —> ~> n-BuS-SeSBu-n + H,0  (26)
C

The striking rate differences between the akcve r=actions
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leads one to ask this question: Why does selenious acid

(III) react so much faster than either benzeneseleninic acid

or n-BuSSeO,H with l-butanethiol?

HO-%F-OH Ph—ﬁ?—OH n-BuS-Se-0OH
— i
0] 0 )
ITT IV \Y4

The only difference between these three reactant species is
that a hydroxyl group is attached to the selenium atom in
species III instead of the phenyl group in species IV or the
n-BuS group in species V. Why should the presence of a hy-
droxyl group be able to accelerate the rate so much? Cer-
tainly it can not be due to its inductive effect since n-BuS-

SeOZH doesn't react at a much different rate than PhSeOZH.

The suggestion is that HOSeO,H reacts much faster than
IV or V because it can do something the other species can't,
namely, lose water to give a small amount of its dehydration
product, selenium dioxide, in equilibrium with it in the
agueous dioxane solution. If SeO is much more reactive to-

2

ward the thiol than HOSeOzH itself then one can see how sele-

nious acid can be much more reactive than IV or V toward

g-BuSH.

25,26

It has been shown that sulfurous acid, H2803, exists

in such a form that most of it is SO, + H,0, l.e. they
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are in equilibrium with each other following Eqg. 27:

sto3‘._. > 502 + H,O (27)

This fact suggests that even though H25e03 has been shown27

to be mpstly in the hydrated form. there could still be a
few percent of SeO2 at equilibrium. Thus it seems reason-
SeO, but

2 3
the small amount of Se0, in equilibrium with it. Addition

able to suggest that the reactive entity is not H

of the thiol to Se0, is apparently very rapid. This addition
generates a prgduct that has an ionizable proton with pKa=5.3
in 60% dioxane. This is almost the same as the PK of H,Se0y,
which is consistent with the structure RS-SeO2H for this
product. The following scheme shows reactions of selenium

-

dioxane and selenious acid with thiol and relationship

between them.

2 Repy
T ¢
+H_ O RS—SeOOH
AR
Y 1o
H_.SeO RSP K =5, 3
25€0, PRa™>e
vy
- +
PK_= RS-Se0, + H
+

Scheme VII

ATEMET BT 5
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As we»have already seen, the addition of the thiol 1s rever-

Sible. Therefore, the actual complete mechanism for the

first stage of the thiol-selenite reaction is presumably

as shown in Scheme VITII.

. k *
(@]
RSH + seosz kf; — RS-SeO,H (28)
+H,0 PK_=5.3
H,5e0, RS-Se0, + at

PK_=

HSeO; + gt

Scheme VIII

The rate ratio between n-BuSH and E—BuSH for the first
- 3 * *
stage of RSH HZSeO3 reaction, ko,g—BuSH/ko,E—BuSH’ has a
value about 8 throughout the entire pH range studied. When

one compares this ratio with that of the first stage of the

RSH-PhSeO,H reaction, where kE_BuSH/k‘E_BuSH = 5, one finds

that they are almost the same. This fact indicates both rea-

ctions involve the same type of reaction, i.e. the nucleo-

philic attack by sulfur on selenium. except that the rate of

the thiol-selenite reaction is accelerated by the presence

of a small amount of SeO, in equilibrium with H,Se0,.

2 3

= &

[4
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Although Scheme VI explains the particular shape of the
pH-rate profils for the second stage of the thiol-selenite
reaction quite satisfactorily, it does not tell us exactly
how the thiol attacks RSSeOZH; or RSSeO,H, or how RS at-
tacks RSSeOZH. For the purposes of discussion let us con-
sider for the moment only the reaction between RSSeO,H and
the undissociated thiol, RSH. There would seem to be three
possible ways in which RSH could attack RSSeOzH. All of
these lead to intermediates that can go on to yield the
correct final products, so that one can't very well dis-

tinguish which is correct on this basis. The three pos-

sible modes of attack of RSH on RSSeOZH are as follows:

(A) attack on sulfur:

RSH + RS—SeOzH » RSSR + HO-SeOH (29)

(B) attack on selenium:

RSH + RS-SeOZH "RS-?E-SR + HZO (30)

(C) attack on oxygen:

RSH + RS-SeOZH —» RSOH + RS-SeCH (31)

Reactions involving nucleophilic attack on the sulfur of a

£-BuS group are known to be much slower than the rate of

attack of the same nucleophile on an analogous n-BuS croup.

, 6
differences c 2 have reer
Rate di of gg—BuS/Eg-BuS of up t O0” have cesn

Co-

2. a9 R
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31
served~~. The f = ]
e fact that kB—BuS/kE-BuS 40 for the reaction

of RSH with RSSeOzH seems to be too small to be consistent

with the mechanism (A) where RSH attacks RSSeO.H on sulfur,

2
and would appear to rule out Eq. 29 as the mechanism. That

leaves us to decide between attack on selenium (Egq. 30) and

on oxygen (Eg. 31) as the probable mechanism for the reac-

tion of RSH with RSSeO.H.

2

The pH-rate profile for the second stage of the thiol-

H,5e0, reaction has similar shape to the one observed in the
f%rgt stage of RSH-PhSeOZH reaction, except that the plateau
of the former is somewhat lower than that of the latter.

As mentioned earlier, this type of pH-rate profile indicates
there are three different reactions that each dominate in

different pH regions. By assuming the dissociation constant

-14 ' _
RSH' has a value of 10 and Ka s of RS Se02H and

Ph-SeOZH are 10-5 and 6 x lO-8 in 60% dioxane, one can es-

timate kR

of RSH, K

S-'s, the reaction rates between thiolate ion with

RS-SeOzH and Ph-SeOzH. Since the magnitude of protonation
constants of both RS-SeOZH and PhSeOzH are not known, we
cannot make any reliable estimate of kH' the rate constant
of reaction between thiol and the protonated acid. A com-
parison of all rates of RSH-RSSeO,H reaction and RSH-PhSeO,H
reaction in these three different pH regions shows that they

are in relative the same order. The estimated rate constants

are summarized in the following table:
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K ;k k | S

Reaction 1™H o RS
PhSeO,H-n-BusH 10 0.25 9.2 x 10’
g—BuSSeOZH-B—BuSH 6 0.06 9.6 X lO7
PhSe0, H-t-BuSH 2.8  0.06 5.4 x 107
+t-BuSSe0, H-t~BuSH 0.15 0.0013 2.0 x 10°

This suggests that the reaction of thiol and RS-SeO2H might

have the same mechanism as the reaction of thiol and Ph—SeO2H,

i.e. attack of sulfur on selenium as found by Kice and Lee?®

in studies of that reaction.

Furthermore the rate ratio of n-BuSH and t-BuSH in RSH-

RSSeO,H reaction, kg—BuS/kt—BuS' ranging from 40-100, is

somewhat greater than that of the RSH-PhSeO

2H reaction, which

has a value of 5. This is because in the reaction of thiol

and PhSeO,H, the group neighboring the selenium is always

2

the same, i.e. a phenyl group, while in the reaction of
thiol and RS-SeO,H, the neighbor is n-BuS when the attacking
thiol is n-BuSH and t-BuS when the attacking thiol is t-BuSH.
Since a t-BuSH group should be more sterically hindering'to
attack on the selenium than the small n-BuSH group, one can

understand why attack of RSH on the selenium cf RS-SeO.H

2

should show a somewhat larger k_ /k rate ratio than

n-BuS’  t-BuS

for the attack of the two thiols on the selenium of PhSeOZH.

AR YIS ¢



44

On the other hand, if attack of RSH on RSSeozH were on OoOxXy-

gen there is no obvious reason why k shuold

g-BuS/kE—BuS
be larger than for attack of RSH on PhSe0O H since the oxy-
gen is far enough away from the RS group that the steric
size of R should have little effect on rate. Thus, it ap-
pears that the second step of the thiol—H28e03 reaction in-
volves attack of the thiol on the selenium atom of RSSeOzH

to give RSSe(O)SR.

The question we are left with at this point is how
RSSe(0O)SR reacts with thiol to get the final products,
RSSeSR and RSSR. There are two possible ways that one can

get the same products, they are shown below:

(A) attack on sulfur:

RS-Se-SR + RSH ———— RSSR + RS-SeOH (32)
I
0

RS-SeOH + RSH > RSSeSR  + H,0 (33)

(B) attack on oxygen:

RS-Se-SR + RSH — RSSeSR + RSOH (34)
i
o)

RSOH + RSH » RSSR  + H,0 (35)

19 . .
It has been found that RSSeH is not a stable species and

will undergo decomposition to give thiol and metallic sele-

Nl dAL I.-38
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nium. If reaction goes in the following way:

RS-SeOH + RSH — RSSeH + RSOH (36)

one would expect to get some metallic selenium in the final
products. However, this is not the case, the only selenium-

containing product is RSSeSR in the RSH-H,Se0, reaction.

In the reaction of t-BuSH and selenious acid, less
E-BuSSBu-t was found than predicted. Instead, guite a large
amount of t-butyl 2-methyl-2-propanethiolsulfonate,
;-BuS(O)szu-E, was found in the final products. It seems
that in order to form t-Bus(O),SBu-t, one must start with
t-BuSOH, i.e. attack of sulfur on oxygen seems to be more
likely. However in the t-BuSH-PhSeO,H reaction where we know
that PhSe(O)SBufE is formed as an intermediate, we could show

that no t-BuS(0),SBu-t is formed as a product. This indi-

cates that the attack of thiol on oxygen in E—BuSSe(O)SBu-E

is apparently much easier relative to the attack on sulfur than

in PhSe(0)SBu~t. This also explains why the intermediate II,
£-BuSSe(O)SBu-E, could not be isolated at the end of the

second stage by lyophilization.

Se0

In the n-BuSH-H reaction, the situation is differ-

2 3
ents the yield of Q—BuS(O)ZSBu-g is much lower than the yield
of t-BuS(0),SBu-t in the t-BuSH-H,Se0, reaction. Two expla-

nations seem possible: (1) n-BuSH also attacks on oxygen to

form n-BuSOH, but most n-BuSOH reacts with n-BuSH to give

SuAaNE
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n-BuSSBu-n. Only a small amount of it goes to the product

n-BusS (0) ,SBu-n because n-BuSOH, which is not as hindered

as t-BuSOH, 1is more likely to react with another molecule
of n-BuSH to form the disulfide. (2) Attack occurs mainly
on sulfur, and formation of g—BuS(O)ZSBu-g is due to a side
reaction. Unfortunately, there is no way to tell which of

these alternatives is more likely until further work is done.

Although we know from what has been mentioned above

that t-BuSOH once formed goes on to form t-BuS(O) ,SBu-t,

2
we don't know at this point exactly how this happens, because
there are several possible ways that one can get to the same

product. Three reasonable speculations are shown below:

i
- 0
—H,0 RS-Se-SR I |
(A) 2 RSOH ——-’Rﬁ-SR =Rls‘-SR + RSSeSR
o O o)
I
-Se-SR
(B) RSOH RS-Se > RSO,H + RSSeSR
dispr.

3 RSOZH ——> RSO,SR  + RSO3H

or RSO,H + RSSeSR——"RS-S|e—SR + RSC.

OH

o)
I
2 RSO* —™ RﬁOSR —_ R%—SR

o)

Rs—qé-SR — 3 RS-Se-OH + RS-
OH

RS-SeOH + RSH _______; RSSeSR + H,0

pH

«
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(C) RSOH + Rs-s“e-SR——> RSO+ + RS-Se-SR (44)
|
0 OH
Rs—§°e—SR ———> RS-SeOH + RS- (45)
OH

RS* + RS-Se-SR — RS-Se-SR — RSSeSR + RSO- (46)
|

O OSR

RSO (from eq. 44) + RSO" (from eq. 46) ——>» RSO, SR (47)

RS-SeOH + RSH ——3» RSSeSR + H..O (48)

2

Mechanism (A) seems the least likely possibility since it

has been observed28’29

» that the dehydration of t-BuSOH to
give t-BuS(0O)SBu~t is rather slow. It seems unlikely that
t-BuS(0)SBu-t would be formed rapidly enough for there

to be sufficient t-BuS(0O)SBu—-t present while there was still
enough t-BuSSe(0)SBu-t left in the solution. This leaves

us to decide whether mechanism (B) or (C) occurs under the
reaction conditions. However, in order to determine which
mechanism is more likely to happen, one needs to do some
more studies. These will require enough time that they can

not be done as part of the present work and must be left

for a future study.

Thus, from the kinetic and product studies conducted in
the present work, one can depict the mechanism of the
RSH—HZSeO3 reaction up to the end of the second stage with

reasonable certainty. The first stage involves a reversible

qmmuu
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reaction of selenium dioxide with thiol to form an inter-
mediate RS-SeO,H. The second stage of the reaction involves
the attack of thiol on the selenium of the intermediate,

RSSeO,H, formed in the previous stage, to give the second

intermediate, RSSe(O)SR.

Although further reactions of this intermediate with

n-BuSH and t-BuSH proceed to give different product mixtures,

one can almost definitely say that the further reaction in

the t-BuSH-H,SeO, reaction involves the attack of t-BuSH on

2
the oxygen of the intermediate. Not only the presence of
£-BuS(0),SBu-t in the final products of the t-BuSH-H,SeO,
reaction, but also the intermediate studies by lyophiliza-

tion, showed consistency with this proposed mechanism.

However, the mechanism of the formation of t-BuS(0),-
SBu-t from t-BuSOH is still unknown and thus provides a new

area of organoselenium chemistry to be explored.

- -
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EXPERIMENTAL SECTION

Purification of Materials

l,4-Dioxane was purified by the following procedure.
A mixture of 40 ml of concentrated hydrochloric acid, 3 liters
of dioxane and 300 ml of water was refluxed under nitrogen
for 12 hours. Potassium hydroxide pellets were then added
to the cooled solution until no more would dissolve and a
separate layer formed. The upper dioxane layer was decanted :r
and dried with fresh potassium hydroxide. The dried dioxane
was then refluxed over sodium overnight until the surface of 4
the metal remained bright. The pure dioxane was fractional- "
ly distilled (b.p. lOZOC) from sod;um and then frozen and "
stored at -20°C to prevent the formation of peroxides prior .
to use. ;
All water used in kinetic studies was doubly distilled.

Both thiols (Aldrich), l-butanethiol and 2-methyl-2-propane-

thiol, used in kinetic runs were fractionally distilled

prior to use.

Procedure for Kinetic Runs Using Conventional

Spectrophotometry

A stock solution of selenious acid was prepared by dis-
solving a carefully weighed amount of selenium dioxide (Alfa)
in a known volume of water. A stock solution of the appro-

priate thiol was prepared immediately prior to use by dis-

49
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solving a weighed amount of the thiol in a known volume of

Pure dioxane.

A stock solution of 3.5 ml of 60% dioxane containing the
proper amount of either perchloric acid or the appropriate
buffer was placed in a l-cm Spectrophotometer cell and ther-
mostated at 25°C in the cell compartment of a Cary Model 17
spectrophotometer for 20 minutes. The desired amount of
selenious acid was then added by a microsyringe. The reac-
tion was then initiated by adding via another microsyringe
the proper amount of the stock solution of the thiol. The
increase in absorbance at a certain wavelength was followed.
Pseudo first-order rate constants for each run was deter-

mined from the slope of plots of log(Aw—At) vs. time.

In the case of the second stage of either reaction of

n-BuSH or t-BuSH with selenious acid, the change of optical
density was monitored at 310 nm. Since the rate of this

stage is slow when compared with the first stage of the re-
action, it can be treated kinetically as an independent re-
action. For most of the runs involving the first stage of the
thiol-steO3 reaction, the absorbance change versus time was
féllowed at 262 nm. However, in the n-BuSH case at pH > 7,
the rate of the first stage becomes comparable to the rate

of the second stage and for these runs the absorbance change
versus time was followed at 248 nm, a wavelength where the

conversion of the intermediate from the first stage to the

{2
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final products shows an isobestic point.

Procedure for Kinetic Runs Using Stopped-Flow

Spectrophotometry

All solutions were freshly prepared immediately prior
to use. The procedure was as follows. A stock solution of
thiol (n-BuSH or t-BuSH) with a concentration of 0.004 4 (or
higher) in 60% dioxane containing the appropriate buffer was
prepared and placed in on of the reservoir syringes of a
Durrum-Gibson Model D-110 stopped flow spectrcrhotometer.

A stock solution of selenious acid (1.05 x 10”4 M) in 60%
dioxane was prepared and placed in the other reservoir
syringe. To start the reaction, the solutions were mixed
using the stopped flow device and the course of the reac-
tion was monitored at a certain wavelength on the storage
oscilloscope. For the case of _q-BuSH-steO3 reaction, the
reaction was monitored at either 262 nm or 243 nm. Both
gave consistent results. In the case of t-BuSH, the in-

crease in absorbance with time was follocwed at 253 nm or

273 nm.

Product Studies of the t-BuSH-H,SeO, Reaction

To 1.11 ¢ (10 mmoles) of selenium dioxicde in 50 ml of
602 dioxane was added dropwise with constant stirring 4.51 g
(50 mmoles) of t-BuSH. The reaction mixture was allowed to
stand for 2 hours at room temperature, and the solvent

(dioxane) was removed under reduced pressure. The solution
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was washed twice with 100 ml of water. This solution was
then extracted with two 50 ml pOrtions of methylene chlo-
ride. The methylene chloride extracts were dried over anhy-
drous magnesium sulfate. The magnesium sulfate was filtered
off, and the solvent was removed under reduced pressure.

The residue was distilled in vacuo (b.p. 59°C/0.3 mm) to

give 1.7 g of product I.

Product I was chromatoaraphed on a column of silica gel
using hexane, hexane-ether (3:1, 1:1, 1:2) and ether as
eluents. Elution with hexane gave 1.47 g of t-butylseleno-
trisulfide, IR: 2960, 1460, 1365, 1160 cm *. NMR (CDCl,):

§ 1.42(s). MS

cular ion peaks for the other selenium isotopes (765e, 77Se,

78Se, and 828e) at 254, 255, 256 and 260 provided a chara-

cteristic fingerprint showing the presence of an Se atom in

the molecule.

Elution with ether gave 0.23 g (fraction II). The
various spectral properties of the compound were as follows:

-1
IR: 2960, 1460, 1395. 1365, 1300, 1155, 1100,1020 cm .

13
"4 MR (CDC14): 6 1.46(s), 1.62(s). ~C NMR: § 23.47(s),

4
31.52(s), 56.29(s), 68.02(s). MS: m/e 210 (M ).

On the basis of the spectral data fraction II was

assigned the formula t-BuS(0)>SBu-t The correctness of

this assignment was confirmed by elemental analysis.

m/e 258 (M+ for 80Se). The presence of mole-

T
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Anal. calcd. for C8H180282: C, 45.70; H, 8.63; S, 30.45.

Found: C, 45.96; H, 8.69; S, 30.70.

When the crude products were chromatographed directly
on silica gel without an initial vacuum distillation, a
somewhat larger yield of both t-BuSSeSBu-t and E-BuS(O)ZSBu-E
was obtained. The initial fraction (Fraction I) could also
be shown to contain some t-BuSSBu-t as indicated by the pre-
sence of a singlet at § 1.32. Much of the disulfide formed
in the reaction was apparently lost during work-up due to its
greater volatility. From the weight of fraction I and the
relative intensity of the § 1.42 singlet in the NMR, the
yield of selenotrisulfide from this experiment was found to
be 0.78 mmole/mmole of selenious acid reacted. The yield of
responded to t-BuSSBu-t. This was proven by the occurrence

of an intensified peak when an authentic sample of t-BuSSBu-t

was added to the E-BuSH-HZSeO3

The NMR spectrum of the crude products obtained imme-

diately after removal of the methylene chloride under re-

duced pressure showed a singlet at § 1.32 besides singlets
at 6 1.42, 1.46 and 1.62. This singlet was less intense
relative to the singlet at § 1.42 (0.23:1) and corresponded
to t-BuSSBu-t. This was proven by the occurrence of an
intensified peak when an authentic sample of t-BuSSBu-t was
reaction.

added to the t-BuSH-H,SeO

2 3
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Product Studies of the n-BuSH-H,SeO; Reaction

l1-Butanethiol (4.51 g, 50 mmoles) was added dropwise
to a solution of 50 ml of 60% dioxane containing 1.11 g
(10 mmoles) of selenium dioxide. The reaction mixture was
allowed to stand for two hours at room temperature. The
same purification procedures used in the E-BuSH-HZSeO3 rea-
ction were then followed except that the vacuum distilla-
tion was omitted. After removing the methylene chloride
under reduced pressure there was 2.92 g of residue. Chro-
matography of this residue on silica gel gave 2.68 g of

fraction I and 0.08 g of fraction II. The NMR spectrum of

fraction I consisted of a triplet at § 0.82~1.06, a multiplet

at ¢ l.22~l.88, a triplet at § 2.62~2.80 and a triplet at
§ 2.90~3.05. Comparison of this spectrum with the NMR spec-
trum of an authentic sample of n-BuSSBu-n showed that the
triplet at § 2.62~2.80 is due to n-BuSSBu-n, and that the

triplet at § 2.90~3.05 is therefore due to n-BuSSeSBu-n.

From the ratio of the intensities of the two triplets, the
ratio of Q—BuSSBu-g/E-BuSSeSBu—E in fraction I can be deter-

mined. The ratio of n-BuSSBu-n to n-BuSSeSBu-n found in

this fraction was 0.47 : 1.

Spectral properties of fraction II were as follows:

-1
IR: 2960, 1460, 1415, 1390, 1330, 1230, 1130, 1100, 910 cm .

NMR (CDC13): § 0.84~1.1 (overlapped triplets, 6H); 3 1l.26~

2.08 (multiplet, 8H); § 3.06~3.42 (overlapped triplets, 4H).

-
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This information, combined with the results <ound in the
Product studies of the E-BuSH-steO3 reaction made it easy

to assign to this compound the structure n-BuS (0) ,SBu-n.

2
This was confirmed by a comparison of the spectral proper-
ties of fraction II with those of an authentic sample of

n-BuS (0) ,SBu~-n, the preparation of which is described in a

subsequent section of the Experimental Section.

Preparation of t-Butyl 2-Methyl-2-propanethiolsulfonate

To 10.0 g (56.2 mmoles) t-butyldisulfide (Aldrich) dis-

solved in 17 ml of acetic acid and kept at 0°C was added 7 ml

of 30% hydrogen peroxide. After 12 hours, this mixture was
extracted twice with 20 ml portions of chloroform. The
extracts were then washed with saturated sodium bicarbonate
solution and dried over magnesium sulfate. After the mag-
nesium sulfate was filtered off, the solvent was removed
under reduced pressure. The residue (7.67 g) had an NMR
spectrum that consisted of two singlets of equal inten-
sity at § 1.39 and 1.57. 1Its infrared spectrum was as
follows: 2960, 1460, 1395, 1370, 1220, 1165, 1020 cm .

Block30 has proven that this compound has the structure

t=-BusS(0)SBu-t

t-Butyl 2-methyl-2-propanethiolsulfinate (7.67 g) ob-
rained frocm the above oxidation was then dissolved in 1€ ml
of ac:tic acid and 4.5 ml of 30% hydrogen percxide was

added. The reaction mixture was allowed to stand cvernight
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with stirring. The solution was then extracted with 20 ml
portions of chloroform. The extracts were washed with sa-
turated sodium bicarbonate solution and dried over magnesium
sulfate. The magnesium sulfate was filtered off and the
solvent was removed under reduced pressure. Chromatography
of 1.74 g of the residue on silica gel using benzene as
eluent gave 0.73 g fraction I and 0.38 g fraction II.
Fraction I showed the following spectral properties: IR:
2960, 1460, 1395,1365, 1300, 1155, 1100, 1020 cm-l; NMR
(CDCl3): 6 1.42(s), 1.5(s); MS: m/e 242 (M7); and was as-

signed to the structure t-BuS(O)ZSSBqu.

Fraction II had the same infrared spectrum as E-BuS(O)z—

SSBu-t. However, its NMR and mass spectra were different:
NMR (CDCly): & 1.46(s), 1.62(s); MS: m/e 210 (M'). These
spectral properties are exactly the same as those of the

material considered to have the structure of t-BuS(O)szu-t

.that is formed as one of the products of the l:-BuSH—HZSeO3

reaction.

Preparation of n-Butyl l-Butanethiolsulfonate

To 10.0 g (56.2 mmoles) n-butyldisulfide (Aldrich) dis-
solved in 17 ml of acetic acid was added 7 ml of 30% hydrogen
peroxide. The mixture was kept at 40°C with constant stir-
ring for 12 hours. The product was oxidized by additional
30% hydrogen peroxide and the same procedures used in the
preparation of £-Bus(0O),SBu-t were then followed except for

the chrcomatography.

Ry
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The residue obtained from the very last stage after removal
of the solvent had the same spectral properties: IR: 2960,
1460, 1415, 1390, 1330, 1230, 1130, 1100, 910 cm *; NMR
(CDC1,): § 0.84~1.1 (overlapped triplets, 6H); & 1.26~2.08
(multiplet, 8H); § 3.06~3.42 (overlapped triplets, 4H); as
those of the material considered to have the structure of
n-BuS (0) ,SBu-n that is formed as a minor product in the

n-BuSH-H,SeO; reaction.

Attempted Isolation of the Intermediate from the End

of the Second Stage of the t-BuSH-H,Se0; Reaction

2-Methyl-2-propanethiol (0.0722 g, 0.8 mmole) was dis-
solved in pure dioxane to make a solution of total volume
of 2 ml. This solution was then added dropwise with stir-
ring to a solution of 0.0333 g (0.3 mmole) of selenium
dioxide dissolved in 8 ml of 60% dioxane. Based on the ob-
servation that the ultraviolet spectrum of the reaction
mixture was essentially unchanged after 11 hours, the solu-
tion was allowed to stand for 16 hours at room temperature.
The reaction mixture was then quickly frozen at -78°C using
dry ice-~acetone. The solvent was then removed by lyophili-
zation. To prevent any possible thermal decomposition of
of the intermediate, the lyophilization flask was cooled
externally at -25°C with an ice bath throughout the latter
stages of the lyophilization. The light yellow residue

remaining at the end of the lyophilization was kept at

',Ihb-h

- o

- % s S e WS e -



58
-80°C until use. The residue has a low-temperature NMR
spectrum (in acetone-ds) consistins a sinalet at § 1.41 and
two small peaks at § 1.43 and 1.59 respectively. When tae
solution was warmed up to 20°C and kept at this temperature

for one hour, the spectrum was essentially the same.

Experiments in which the reaction mixture was allowed
to stand for a shorter periods of time (either 8 hours, or
onlv 3 minutes) prior to being frozen and lyophilized were
also carried out. The residues at the end of these experi-
ments had the same NMR spectrum and showed the same behavior

after being warmed up to 20°cC.
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Captions for Figures

Figure 1. Ultraviolet absorbance spectra for reaction of

l-butanethiol (2.3 x lO_3 M) with selenious acid

-4 :
(1.0 x 10 M) in 60% dioxane. (a) . Scanned im-
mediately after initiating the reaction. (b).

Scanned 40 minutes after initiation.

Figure 2. Ultraviolet absorbance spectra for reaction of
l-butanethiol (2.3 x 10_3 M) with selenious acid
(1.0 x 10”% M) in 0.13 M HC10, in 60% dioxane.

(a) . Scanned immediately after initiating the re-

actign. (b). Scanned 10 minutes after initia-

tion.

Figure 3. Ultraviolet absorbance spectra for reaction of
l-butanethiol (2.3 x lO—3 M) with selenious acid
(1.0 x 10”4 M) in formate buffer (pH = 6.5) in
60% dioxane. (a). Scanned immediately after 1ini-

tiating the reaction. (b). Scanned 10 minutes
after initiation. (c). Scanned 20 minutes of
initiation. (d). Scanned 30 minutes after ini-
tiation. (e). Scanned 40 minutes after inition.

(£f). scanned 70 minutes after initiation.

Figure 4. pH-rate profile of the second stage of the reac-

. o_. .
tion of n-3uSH with selenious acid at 257C in



69

60% dioxane: @, rate constants, k for second

bl
stage of reaction (solid curve calculated from
eqg. 23 using Ké for InH = 5 x 10—6, kéKi = 6,

6

k! = 0.06, and KpgKpoy = 2-7 X 107 7).

Figure 5. pH-Rate profile for the first stage of the rea-
ction of n-BuSH with selenious acid at 25°C in
60% dioxane: @, rate constants, LI for first
stage of reaction (solid curve calculated from
5

eq. 15 using K, for H,Se0, = 1 x 10 ° and

kO = 420).

Figure 6. pH-Rate profile for the first stage of the rea-
ction of t-BuSH with selenious acid at 25°C in
60% dioxane: @, rate constants, ka, for first
stage of reaction (solid curve calculated from
eqg. 15 using Ka for H28e03 =1 x lO'_5 and

k = 52).
o

Figure 7. pH-Rate profile for the second stage of the rea-
ction of t-BuSH with selenious acid at 25°C in
60% dioxane: @, rate constants, kb’ for second

stage of reaction (solid curve calculated from

-6
eq. 23 using Ké for InH = 5 x 10 7, kﬁKi = 0.15,

-8

— LI, = . : .
ké = 0.0012, and kRS KRSH 2.0 x 10 7)
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in 60% Dioxane
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g0
In all cases freshly prepared 60% dioxane (v/v), doubly
distilled water and standard sodium hydroxide solution
(Fisher, 1 N) were used. The pH of aqueous solution were
determined using Radiometer Copenhagen PHM 62 standard pH
meter. Concentration of acid used, [HA], or pH of solutions

were calculated using the following equations:

PK = pH - loa[a]/[HA]

Preparation of Standard Perchloric Acid

l. Preparation of 6 N perchloric acid
Concentrated perchloric acid (Baker, 71% by wt.), 24 ml,
was pipetted into a 50 ml volumetric flask, and then filled

to the mark with doubly distilled water.

2. Preparation of 0.5 N perchloric acid.
Concentration perchloric acid (Baker, 71% by wt.), 4 ml,

was pipetted into a 100 ml volumetric flask, and then filled

to the mark with doubly distilled water.

3. Preparation of 0.1 N perchloric acid
The prepared 0.5 N perchloric acid, 20 ml, was pipetted
into a 100 ml volumetric flask, and then filled to the mark

with doubly distilled water.
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Preparation of Perchloric Acid in 60% Dioxane

The correct amount of the prepared standard perchloric
acid of the Proper concentration was pipetted into a appro-
Priate volumetric flask. A sufficient amount of pure dioxane
was added to make the solution contain 60% dioxane, and the

solution was then made up to the mark with 60% dioxane.

Preparation of Aqueous Buffers

The correct amount of the carboxylic acid was careful-
ly weighed into a volumetric flask. An appropriate amount
of sodium hydroxide solution was added so that the buffer
had the desired acid to salt ratio. The solution was then

made up to the mark with doubly distilled water.

Preparation of Buffers in 60% Dioxane

The correct amount of the proper aqueous buffer was
pipetted into an appropriate volumetric flask. A sufficient
amount of pure dioxane was added to make the solution contain
60% dioxane, and the solution was then made up to the mark

with 60% dioxane.



32

‘3T7es s3T pue proe jo junowe Ixodoad y3jrm psaedaad sem as3jjng

$09 O3 JI93PM WOIJ poailaJsuril uUaym pIdoe OTTAXOQaed ayl JO yoesa Jo Yy

JO uoTtjetaea 9yl sI +®yd  jo ‘__sisyzo Io
5%om sptoe omm

sjuswoansesw aYy3 WOIJ PIATISP

°8 9v "G
P-L 9LV
G°9 SC° v
6°G Go°¢
720" 8°¢C
6°V £°¢
Sy S6°1
/283 qss8’o
T°¢ mmm.o
8°¢C mmm.o

‘uotjernorTeo Aq psutejqo sem pd

T

T

—9uUeXOoTq %09 ut Hd ao3eM utr Hd 31es

.m .

e

ot

q
*JUDATOS e se SUEXOLp
Axojexodqel STyl urtr aIayito
AXoqied snotiea 103 s,Hd s
"0
€ 3
T 4+EN_00D"HO-HO0D ™ 1D
S5
€0
€1 +EN_OODH-HOOOH
°1
8°¢  ,BN_00DTO¢HD-HOODTOCHO
8€°0 ,©N_000¢ TOHO-HO0D® TOHD
GC°0
S°0
€ £
! +EN_000 " 4D5-4000 " dD
pPTOv d9jjudg

sxo3jjng 9jerAxoqae) ay3z jo yd

AT HTIdVYL



