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Abstract.

The rates of oxidation of three Organic sulphides viz. methyl phenyl

sulphide, (P), p-methoxyphenyl methyl sulphide (M) and methyl p-nitrophenyl

sulphide (N). have been obtained in ethanol using MoO-(acac)- as

catalyst and Bu OOH as the oxidizing agent.

A Hammett plot gave a rho value of -2.1 and the activation energies

for the oxidation of P, M and N were estimated to be 63.60, 40.12 and 197.46

Kj mol respectively.

The effect of organic sulphide on the oxidation of another sulphide

was also ascertained. Positive and negative deviations were observed from

the expected slope.
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INTRODUCTION.

HETEROLYTIC REACTIONS OF PEROXIDES.

Hydroperoxides are chemicals which contain the group 0-OH attached

to C, Si, Ge, Sn, or S. Commonly encountered compounds of this group are

those in which the 0-OH group is joined to a carbon e.g. R-O-OH or

R- (CO) -0-OH where R is an alkyl group. Presently there are various reviews

(1-10) and books dealing exclusively or partially with peroxides(ll-17)

.

Free radical reactions are common in peroxide reactions but

nevertheless, some of its reactions proceed through polar mechanisms. Swern

(18) spearheaded work on non-radical reactions of peroxides. Reviews on this

had been done by Swern (19) Edwards (1) and Bunton (20). The study of the

electrophilic behaviour of peroxides in reactions with electron pair donors

has been done by Boeseken and Swern (21).

Peroxides react with a variety of substrates such as sulphides,

sulphoxides, amines, hydroxylamines , olefins, phosphines, and phosphites.

Edwards (1) put forward a model and general characteristics of these

substrates with peroxides.

N: + R-O-OR" ^==:* N:-(OR)-0-R" --- N-"'"OR +" OR"

The following postulates can be put forward on the basis of the model.

a). Reactions should follow a second order rate law (first order in

peroxide and in nucleophile)

.

b). Reaction rate should be related to the basicity of the leaving group,

R"0".

-1-
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c). Definite orientation of reactants in Transition State should result in

a negative value of change in entropy.

d). Because of lone pair of electrons on the oxygen atom, the rate should
^o ijrtacR by nucieophlie. L

be sensitive to acid catalysis.

It will suffice to mention here that all the substrates previously

mentioned are rapidly oxidized by peroxides. Smooth oxidations by
Ti

hydroperoxides require the use of catalyst.

CATALYSIS IN HYDROPEROXIDES REACTIONS.

The catalytic activity of the transition metal acetylacetonates

^ +3 „+3 „^2+ ^ ^ +2 ^3+ „ 2+ „ 2+
'

Cr , V , VO , MoO , Co , Cu , Mn ,

„ 3+ „ 3+ „,2+ „.^ 2+ ,2+ ^4+ ^ ^ ^Mn , Fe , Ni , TiO , Zn , Zr . had been

investigated in the epoxidation of 2,4,4-trimethyl-l-pentene with

tert-butylhydroperoxide(22). Results showed that Cr , MoO ,

2+ 3+
VO , V compounds gave good yields of the epoxide, other metals

gave either little or no epoxide at all due to decomposition of the
Gerie- rmAkin hich cat*

tert-butylhydroperoxide. The effectiveness of 30 transition metal complexes

in the epoxidation of 2-methyl-2pentene was studied by Sheng and

Zajacek(23). Mo(CO)- and MoO (acac) were found to be most

effective catalysts. Sheldon (24) has shown that Mo(CO) , W(CO)^ and

MoO- (acac)- are the best homogenous catalysts and TiO. on

SiO- the best heterogenous catalyst in epoxidation of cyclohexene with
lo lytic decc

tert-butylhydroperoxide

.

The role of the catalyst in the epoxidation reaction was explained by

two factors.
KO-OH

-2-
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The first is the Lewis acidity of the catalysts which withdraws electrons

from the peroxidic oxygen of the hydroperoxide, making it more susceptible

to attack by nucleophile. Lewis acidity of metal complexes increases with

increasing oxidation state of the metal. In agreement with this theory,

catalytically active species were found to be Mo , W , V and

Ti .

The second factor is the oxidation potential of the catalyst, i.e.

its tendency to gain or lose electrons. The metals which are strong oxidants

will cause decomposition of the hydroperoxide, and weaker ones will behave

as catalysts. The higher activity of Mo compared with Cr is

easily explained on the basis of these two factors. Both are good Lewis

acids, but Cr is also a strong oxidant making it a poor catalyst.

METAL-CATALYZED REACTIONS OF HYDROPEROXIDES.

Generally speaking metals which catalyzed reactions of hydroperoxides

can be divided in two main groups. The first group, which facilitate

hemolysis of the 0-0 bond by having close lying oxidation states comprise of

Co, Mn, Fe, and Cu. The second group facilitating hetero lysis of the 0-0

bond includes Mo, V and W.

HOMOLYTIC MECHANISM IN METAL CATALYSIS.

Hemolytic decomposition of hydroperoxides by metal ions can be

divided into 3 groups.

1. REDUCTIVE CLEAVAGE.

RO-OH + M^"*" ---» RO- + ho" + M^"*""*"

-3-
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2. OXIDATIVE CLEAVAGE.

RO-OH + M^"*" --- ROO + h"*" + M*^""^

3. CATALYTIC REDOX CLEAVAGE.

RO-OH + M^"*" ----> RO. + M^"*""*" + oh"

RO-OH + M^"*" ---4 ROO. + M^"''' + h"*"

The most effective auto-oxidation catalysts are Co and Mn.

HETEROLYTIC MECHANISM IN METAL CATALYSIS.

Heterolytic cleavage of hydroperoxides catalyzed by metal ions such

as Mo , V , Cr and W were studied for a wide range of

organic substrates. The active oxidizing agent is the complex of the

hydroperoxide with the catalyst in its highest oxidation state . This means

that complexes such as Mo(CO),, Mo , W(CO),, W
o o

+4
VO(acac)-, V are oxidized by hydroperoxide to their highest

oxidation states +6 for Mo and W and +5 for vanadium and these species form

complexes with hydroperoxide (23).

ACTIVATION OF CATALYSTS.

The oxidation of Mo to Mo by ethyl benzene hydroperoxide

was observed by electron spin resonance (ESR) studies (25). ESR signals of

+5
molybdenum resinate , Mo in ethyl benzene decreased with the addition

of ethyl benzene hydroperoxide. This observed change was due to a redox

process.

-4-
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Similar studies were done with VO(acac) (26). The UV-Vlslble

spectrum of VO(acac). In ethanol gave maxima at 775 and 580nm. These

were attributed to d-d transition of this complex.

Addition of excess tert-butylhydroperoxlde to VO(acac)- solution caused

these maxima to disappear. This pointed to the fact that the single electron

responsible for the d-d transition had been removed In the oxidation process

by the tert-butylhydroperoxlde. Similarly, the ESR spectrum of VO(acac).

in ethanol showed 8 resonance lines which disappeared after addition of

excess tert-butylhydroperoxlde. The half life of the V species was

estimated

to be 20s.

COMPLEXATION OF CATALYSTS.

Hydroperoxlde-Metal complex formation was extensively studied for

+2 +2
MoO- , VO acetylacetonate and molybdenum(dioxo-bls

1,2-cycIohexanediolate) by Svitych (27,28) and Sklbida (29) in their NMR

work. The complexatlon caused the NMR signals of the proton in the 0-OH

group of the tert-butylhydroperoxlde to be shifted and broadened.

METAL ION-CATALYZED EPOXIDATION OF OLEFINS.

The synthetic usefulness of hydroperoxlde-Mo or V combinations, with

particular reference to oxidation of alkenes and alkynes has been reviewed

by Sharpless and Verhoeven (30). The kinetic and mechanistic aspects have

been adequately discussed by Hiatt (31) and by Sheng and Zajacek (32).
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The kinetic of epoxidation of 1- and 2-octene and 2-methyl-l-pentene in the

presence of Mo(CO) (32,33) and for cyclohexene with VO(acac)- (34)

were studied. Similarly the substitution effects in aromatic systems were

investigated by Howe and Hiatt (35).

The effects of catalysts, solvent, temperature, olefin structure,

hydroperoxide structure, oxygen, 2-octene with p-nitrocumene, cumene, and

tert-butylhydroperoxide in the presence of Mo (CO), were investigated by

Sheng and Zajacek (32,33). They showed that Mo compounds including oxides,

sulphides, halides, heteropolymolybdic acids, salts of heteropolymolybdic

acids, esters of heteropolymolybdic acids and molybdenum compounds are

superior catalysts in those reactions.

Non-polar solvents such as benzene and methylcyclohexane are more

effective solvents than polar solvents such as ethyl alcohol and tert-butyl

alcohol. Low effectiveness of the polar solvent comes from competitive

reaction between the solvent and hydroperoxide for the molybdenum catalyst.

Also the reaction rate increases with increase in the number of alkyl

substituents on the double bond in question. The substitution of an electron

withdrawing group in the para position of cumene hydroperoxide increased the

rate of reaction. Presence of oxygen showed no noticeable effect on the

rate, but the life span of the catalyst was reduced. Under CO atmosphere,

the reaction rate is retarded due to the need to change at least one ligand

with hydroperoxide. Stereospecificity of the reaction was also uncovered.
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Pure cis and trans-2-butene oxidation gave exclusively the corresponding

cis and trans epoxide respectively. The data obtained by Sheng and Zajacek

indicate that epoxidation reaction proceeds according to the rate law

RATE = k_[t-BuO-OH] [Olefin] [Mo(CO),].
J D

Howe and Hiatt (35) also found this rate law to apply to the

epoxidation of styrene with tert-butylhydroperoxide and molybdenum

naphthanate. Epoxidation of cyclohexene by tert-butyl hydroperoxide in the

presence of vanadium acetylacetonate gave first order dependence on

cyclohexane and catalyst in the concentration range [0.00875M - 1.795M] and

[0,00006M - 0.0012M] respectively, but dependence on hydroperoxide

concentration was found to be analogous to Michaelis - Menton equation for

enzyme catalysis by Gould et_ al^ (34). The rate of epoxidation was reduced

by tert-butyl alcohol which was a reaction product. In contrast to

molybdenum catalyzed oxidation, vanadium catalyzed oxidation showed a rapid

catalyst deactivation. Sheng e_t al (37) have reported that the

epoxidation of 1,4-hexadiene with tert-butylhydroperoxide in the presence of

Mo(CO)^ gave predominantly the internal epoxide. When the pure cis and

trans-l,4-hexadiene were reacted separately, the ratio of internal epoxide

was 11:1 for the cis isomer and 6:1 for the trans.

KINETIC AND MECHANISTIC STUDIES OF THE EPOXIDATION.

Kinetic and mechanistic studies of the epoxidation of cyclohexene and

cyclooctene with tert-butylhydroperoxide were reported in a work by

E.S.Gould et al (36).
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Their kinetic observations were consistent with the formation of

V -Hydroperoxide complex in the vanadium catalyzed systems. In

molybdenum catalyzed systems the formatio of molybdenum-hydroperoxide-olefin

complexes are also consistent with the kinetic data. Association constants

for the molybdenum complexes were also found to be k., _, =6.22M~
no-01

^lo-HP
= ^^'^

' ^Mo-HP-01
= 0-29M^ Although MoO^Cacac)^

had a reaction rate of 100 times faster than the previously mentioned

vanadium complexes, the kinetics of the molybdenum-catalyzed systems was

found to be complicated.

The effect of the nature of the ligand on the catalytic activity of

Mo complexes was elucidated by Sheldon(38). The final epoxidation

rates of cyclohexene with tert-butylhydroperoxide in the presence of

Mo(CO)^, MoO^Cacac)^, MoO (propane-l,2-diol), MoO

(trans-cyclohexane-l,2-diol) , MoO (cis-cyclohexane-l,2-diol)

are similar after different initial rates. The data pointed to the fact that

the same catalytic species was formed after an initial period. MoO

(trans-cyclohexane-l,2-diol) complex (36) was isolated from the

Mo(CO), and MoO^Cacac). catalyzed epoxidation of cyclohexene

with tert-butylhydroperoxide(39). This complex was also obtained from the

reaction of MoO-(acac)- with epoxycyclohexane and

tert-butylhydroperoxide in benzene in methylcyclohexane.
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The hydroperoxide decomposition and epoxldation reaction became

competitive when equimolar quantities of olefin and hydroperoxide were

employed.

Substitution effects were studied in Mo(naph) catalyzed epoxidation

of styrene with tert-butylhydroperoxide by Hiatt(35). The kinetics of the

reaction showed that the reaction is first order in hydroperoxide in the

range of 0.1-0.4 M, 1.5 in catalyst at lower concentrations 0-0.00002 g atom

of Mo per kilogram and 0.5 at higher concentrations 0.2- 0.55 g atom of Mo

per kilogram), but first order in catalyst when benzene was employed as the

solvent. m-Cl, p-Cl, m-Br, p-Br, m-NO- and p-methyl substituted styrene

were used in the epoxidation and second order rate constants were

determined. The bi-product alcohol did not inhibit the reaction rate , but

catalyst deactivation was observed.
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Sapunov et al (40) in agreement with Gould £t al (36), had shown

the formation of Mo-Olefin, Mo-hydroperoxide, and Mo-Olefin-hydroperoxide

complexes when molybdenum caproate was used as catalyst for their kinetic

studies.

Sapunov et_ al (41) also studied solvent effects. He realized that

solvents which have good capabilities for complex formation inhibited the

reaction quite markedly. In THF and tert-butyl acetate, the reaction does

not proceed. High dielectric constant solvents such as nitrobenzene,

dichloroethane lower the reaction rate.

MECHANISM OF THE EPOXIDATION OF OLEFINS IN THE PRESENCE OF

VANADIUM CATALYST (34)

f +m • +5

Catalyst activation , Rapid, irreversible(34)

.

X t-Bu

-*5 - •r:..A.

y

--^ + HP v===^ y 6 Complex Formation
^

! ^ I 1

^1 H

^C ^ n + RR"C==CRR' » RR'C- CRR" + )r-—~0^^1
I

» H Heterolysis, rate determining step.
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RR'C

t ,t-Bu , t-Bu

/\ \^ [ / \ ;/ I

: CRR" + y 6 —> RR'C crr" + v 6 h
^1 /'

/ /

,
t-Bu t-Bu

I / /

Exchange, rapid & reversible H
/",

1/ i' '

y H + t-BuOOH ^===:i /f + t-BuOH Ligand

•+5

t-Bu t-BuOH

•
--J/ t-BuOH

,

,y 6 r===^ J^---(t-BuOH),

Inhibition, reversible. ' H I
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MECHANISM OF MOLYBDENUM CATALYZED EPOXIDATION OF OLEFINS

Mo HP Mo Catalyst activation

t-Bu

Mo"^^ + HP ====» Mo"*"^ [*]

1

H

1 t-Bu

* + RR'C===CRR" ==*--;^o(+5) Complex formation,

RR»C=±CRR", H [&]

H

t-Bu a*

I

/
I

/ \
Mo 0^-^ + RR'C C+ RR'C===CRR" --Mo 6^-^ + RR'C CRR"
/I

/ '

' Heterolysis

6vi* .0 H

+ --410—6^- + RR'C CRR" [#]

/ I

t-Bu

. ,..A... . k-..^ .... „.„,„,L" + Ifo— H
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EPOXIDATION OF ALLYL ALCOHOLS IN THE PRESENCE OF METAL ION.

Sheng and Zajacek (37) used Mo(CO), and VO(acac). as
o 2

catalyst in their studies of epoxidation of various allyl alcohols with

tert-butylhydroperoxide. In contrast to olefinic compounds, VO(acac)«

gave a higher yield of epoxide than did Mo(CO), in their reactions with
o

allyl alcohols. As mentioned earlier on, the co-product alcohol forms

complexes with vanadium better than molybdenum; therefore the higher

activity of vanadium catalyst in the epoxidation of allyl alcohol was

explained by the formation of vanadium-allyl alcohol complex.

Farberov et_ al^ (42) had shown that the allyl alcohol-vanadium

complex caused self inhibition, and the rate decreased when the

concentration of co-product alcohol increased.

Sharpless e_t al^ (43) studied the stereoselectivity of the

metal catalyzed epoxidation of olefinic alcohols. The results of the

epoxidation of geraniol, linalool, 4B-hydroxy-cholesterol and

3-cyclohexene-l-ol with tert-butylhydroperoxide in the presence of either

Mo(CO) or VO(acac) catalyst showed that the epoxidations are

selective and yield only one of the possible isomeric epoxy alcohols (see

fig. next page).
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The epoxidations of 3-cyclohexene-l-ol and 2-cyclohexene-l-ol

showed that horaoallyl alcohols reacted faster than allyl alcohols in the

Mo(CO), catalyzed system, whereas the epoxidation of allyl alcohols is

much faster in the VO(acac)- catalyzed system. The different

stereoselectivity of the epoxidation of allyl alcohols in the Mo(CO)-
o

catalyzed systems, whereas the epoxidation of allyl alcohols is much faster

in the VO(acac)„ catalyzed system. The different stereoselectivity of

the epoxidations of acyclic allyl alcohols with tert-butylhydroperoxide in

the presence of VO(acac)_ and Mo (CO), complexes, and with

m-chloroperbenzoic acid were also observed (44,46). It was found that the

selectivity of the epoxidation is dependent on the structure of the allyl

alcohol and the oxidizing reagent. Much work has been done on the

epoxidation of allyl alcohols, homoallyl alcohols and bis-homoallyl

alcohols; the results are in a reviewed article by Sharpless e_t al^ (45).

MECHANISM OF THE EPOXIDATION OF ALLYL ALCOHOLS.

Sheng ^t^ al^ (37) put forward a mechanism (see next page) which

+4 +5
says that after conversion of V to V , the

+5
tert-butylhydroperoxide-V complex forms first; then this complex

complexes further with allyl alcohol (or vice versa) before the bond is

epoxidized. This ternary complex is more stable than the

hydroperoxide-vanadium complex.
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MECHANISM OF THE EPOXIDATION OF ALLYL ALCOHOLS

t^s ;

-.1-^
-^ T

t-BuOOH --^ t-BuOH ^^—-O

• • t-Bu

OH

t-Bu CH.=«*=CH

^^-—6 OH + CH =CHCH OH Vv=- t-Bu— —OH XH
\ I

> /

» ROH + di^—-t
,+n

2 -HCH^OH + V cat.
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The geometry of the complex also makes the epoxidation favourable, hence if

the geometry of the complex is altered by insertion of additional carbon

atom(s) between the double bond and the hydroxy 1 group, a poor yield of

epoxide was obtained.

The reaction of 1 ,5-hexadien-3-ol gave l,2-epoxide-3-hydroxy-5-hexene as a

major product and 5-hexene-2-ol gave a poor yield of the epoxide (37).

H C=CH-CH(0H)-CH-CH=CH2^ ^'^^
\

^2 —-^-CH(OH)-CH -CH=CH

l,5-hexendiene-3-ol. 80%

+

/\
H C=CH-CH(OH)-CH -CH CH

20%

CH-=CH-CH- V-HP , CH^--CH-CH, 83%
2 j 2 > 2

I

2

H-0 H-0

A detailed mechanism (see next page) was suggested by Sharpless

+5
(45). After the formation of V alkoxide complex, the

vanadium-tert-butylhydroperoxide and allyl alcohol complex forms. The slow

step was thought to be the oxygen transfer step.
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' The epoxidation process involving the attack of olefins on peroxide

reagents will be subjected to fairly rigid stereoelectronic requirements.

J
The displacement on the peroxide bond occurs from the back side and along

the axis of the bond being broken.

METAL CATALYZED OXIDATION OF PHOSPHINES, ARSINES, & STIBENES.

Metal catalyzed oxidation of triphenylphosphines with tert-

4 5
butylhydroperoxide gave reaction rates 10 -10 times faster than

p. the acid catalyzed reaction (47).

The kinetic data indicate that the oxidation reaction proceeds

according to the rate law below,

Rate = [Ph^M] [HP] [k^+k^cat] (49.)

The oxidation of triphenylarsine and stilbene also follow the same

aerate law (48). Uncatalyzed reaction proceed together. The catalytic effect

Qj-of Mo(naph) and MoO. (acac). were found to be the same. Molybdenum

«;„ catalysts gave reaction rates 10 times faster than the vanadium catalysts.

The mechanism of the reaction is similar to that suggested for olefins.

METAL CATALYZED OXIDATION OF AMINES & ANILINES.

Oxidation of aniline was carried out with tert-butylhydroperoxide

in the presence of various catalysts such as Mo(CO), ,Mo(naph.),

VO(acac)-, V(naph.), W(CO), ,Co(acac)-and Co(naph.).

\<VO(acac)_ was found to be the most active catalyst. VO(acac)-

catalyzed oxidation of aniline with tert-butylhydroperoxide gave

nitrobenzene.
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No reaction occurred in the absence of catalyst. Product analysis showed no

traces of intermediates such as phenylhydroxylaraine. Nitrobenzene was

obtained even though the formation of 1 mole of nitrobenzene requires 3

moles of hydroperoxide. Mo(CO) showed an induction period of about 10

minutes, during which the catalyst became the active species.

Competitive kinetic studies were done on substituted anilines and

their order of activity was found to be as follows in decreasing order

p-CH m-CH aniline, p-Cl, p-Br, m-Cl, m-Br. By using appropriate <r'

and (T values versus log.[k/k"], good correlations were obtained in both

cases with = - 1.42 and - 1.97. These results indicate an

electron deficient transition state. Within the range 0.4-2.1M, aniline was

found to be first order in the rate determining step but due to

auto-inhibition of tert-butylhydroperoxide and catalyst degradation, the

order of reaction with respect to catalyst and hydroperoxide could not be

assessed. The mechanism of aniline oxidation is the same as the epoxidation

mechanism.

A series of tertiary amines were oxidized with different

hydroperoxides in the presence of Mo(CO). and VO(acac)^ (50). In the
o 2

Mo(CO)^ system containing pyridine and tert-butylhydroperoxide, the

reaction rate was retarded by pyridine-N-oxide after an initial period, due

to complexation of pyridine-N-oxide with molybdenum.
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A white solid consisting of molybdenum: pyridine-N-oxide: carbon monoxide in

the ratio 1:2:4 precipitated from the reaction medium. VO(acac) does

not catalyze the pyridine oxidation due to strong complexation of vanadium

with pyridine-N-oxide.

The difference in reactivity between amines and olefins is due to

availability of unshared electron pair on the nitrogen atom.

OXIDATION OF ORGANIC SULPHIDES BY PEROXY ACIDS, HYDROGEN PEROXIDE,

& HYDROPEROXIDE.

Reactions of organic sulphides with either hydrogen peroxide or

hydroperoxide normally give the sulphoxides whereas peracids readily produce

sulphones. The rate of the oxidation of sulphide to sulphoxide and

sulphoxide to sulphone differ greatly. For example peracetic acid in acetic

acid oxidizes diphenyl sulphide to the sulphoxide thousand times faster than

the sulphoxide to sulphone (51). In contrast to the first stage of

oxidation, there is little quantitative information about the second stage of

oxidation. Presumably the same mechanism is operative.

OXIDATION BY PEROXY ACIDS.

Overberger and Cummins (52) examined the oxidation of

p,p*-dichlorobenzyl sulphide by peroxybenzoic acid and para substituted

peroxybenzoic acid in toluene and 2-propanol at -20 to -65 C.

The reaction was found to be first order in peroxy acid and first

order in sulphide, with no apparent catalysis from the resulting benzoic

acid.
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The reactions were characterized by low enthalpies of activation

(5-llkcal/mol) and large negative entropies of activation(-19 to -34 eu.).

Electron withdrawing substituents on the peroxy acid increased the rate, a

Hammett plot gave = +0.91, The authors suggested that the reaction

occured by a nucleophilic attack of a cyclic hydrogen bonded form of the

peroxy acid by sulphide.

The oxidation proceeded faster in toluene than in 2-propanol

with lower energies and entropies of activation. Rate studies by Modena ^t^

al (53-55) with peroxybenzoic acid in a variety of solvents (chloroform,

dichloromethane, carbon tetrachloride, benzene, nitrobenzene,

dimethylformamide, dioxane, tert-butyl alcohol, 2-propanol, ethanol,

methanol, 2,2,2- trifluoro ethanol) demonstrated a rate increase with a

change of solvent character from basic to non-basic solvents. There appears

to be a general correlation of the rates with the capacity of peroxy acids

to exist in either a chelate form (A) or an open chain, solvated

configuration (B).

Q-Q ^^-^ ^^
-21-
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The possibility of catalysis by strong acids seems to have been

little explored. However, Modena and Todesco (53) did mentioned that the

presence of trifluoroacetic acid as a catalyst accelerated the reaction of

diaryl sulphides with peroxybenzoic acid.

OXIDATION BY HYDROGEN PEROXIDE & HYDROPEROXIDE.

The first mechanistic studies were done by Bateman et al(56-60)

using both saturated and unsaturated sulphides with

tert-butylhydroperoxides. Curci and Edwards recently studied the reaction of

solvent HX
hydrogen peroxide with thioxane. In hydroxylic solvents, the reaction is

first order in hydrogen peroxide or hydroperoxide and sulphide. Free radical

inhibitors had no effect on the kinetics but it was sensitive to acid

catalysis. The stoichiometry is 1:1 as in equation below.

R—S—R + R"0—0—H > R"—OH + R,^'^^*

Two mechanisms are put forward to explain the above

observations. The first (eq.4) consists of a one step interaction of

sulphide with hydroperoxide solvent complex. The second (eq.5-7), involves

an acid - base reaction between the peroxide and solvent producing

[R-0-0-H-] as the active oxidant.

--2 • •• ? + 0=SR2 + H.ROpO r^tSK^ -> R—9 + 0=SR^ + H-X (4).

X

RO^H + H-X ^===i R-0"'"-0-H + X" (5).
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ROO'^'h^ + R2 > R-O-H + R^S'^'-OH (6).

R^SO H + X ^ ^2^''^ "^ ^"^ (7)

Both mechanisms require catalytic effect of a solvent, which

varies according to the acidity or added acid which assumes the role of

solvent HX.

TABLE 1*.
1

OXIDATION OF CYCLOHEXYLMETHYL SULPHIDE BY HYDROPEROXIDE.



.(^] --"^a^K -i i.-u-A! 4(:-- //: -- ,:m

(X"! X-H -r 0=--8^;. 4 ' ('Z^Fi

.XH ^^^^vJoe

// SJfi/.T

:0-JYV,cy::\<:JDyD .i\c~ouf:--j

!

f-^.
r,

se- c.4=.r ci r G..::i ps-

xe-

er.-u-



TABLE 2*.

HYDROGEN PEROXIDE OXIDATION OF THIOXANE AND RELATED CASES.

H* S*SOLVENT
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It is also more acidic, and hence less basic towards protonation by

solvent. Stronger acidity should facilitate the reaction if the first

mechanism is correct, whereas weaker basicity should disfavour the

equilibrium of reaction 5. The large negative entropy changes (tables 1&2)

have been cited as favouring the cyclic first mechanism. However, the second

mechanism, involving unstable ions and requiring solvation could very well

have negative entropies of activation. Oxidation of sulphides is enhanced by

electron donating groups and lowered by electron withdrawing substituents

(62). The reaction is quite complicated in non-hydroxylic solvents (59), In

the general case, the role of the solvent HX is played by a second molecule

of hydroperoxide, and kinetically the reaction becomes second order with

respect to hydroperoxide.

R-O.-O^Os-R ^ RO-H + RS=0 + H-O-OR

H/O—OFOR

It is viewed as a bimolecular interaction of the sulphide with dimeric

hydroperoxide. The dimer is the dominant component in the neat hydroperoxide

solution as has been mentioned by Hughes and Bateman (59) in their I.R.

studies. In the absence of alternative hydrogen bonding substances such as

alcohols, the weakly basic product sulphoxide bonds to the hydroperoxide

which retards the reaction rate. Similarly other organic bases retard the

reaction.

Fractional orders (0.4-0.7) in sulphide concentration have been

observed in some solvents and also oxygen catalyses the reaction as well.

Addition of an acid stronger than the hydroperoxide changes the order from 2

-25-





to 1. Generally it is best to stay away from non-hydroxylic solvents.

METAL CATALYZED OXIDATION OF ORGANIC SULPHIDES.

Kinetic and mechanistic studies of metal-catalyzed oxidation of

organic sulphides with hydroperoxide were reported by Modena et al (26,

63-70) and Koseoglu,S.S (71).

MoO-(acac)« and VO(acac). were employed as catalysts in

the oxidation of di-n-butyl sulphide (26, 63). Kinetic data accumulated

point to a reaction order of one for hydroperoxide, sulphide and catalyst

within the range of 0.0001-0.002 M for VO(acac) and 0-0.00001 M for

MoO (acac) . A general equation describing the kinetics of sulphide

oxidation is.

Rate = k2[HP]'°[S]'' + k3[Cat. ]P[HP]'^[S]'^

+k, [Cat.]^[HP]^.
dec

In systems which employs large excess of sulphide, and the ratio of

hydroperoxide concentration to catalyst is greater than 8, the uncatalyzed

oxidation is much lower and insignificant. Also the decomposition of

hydroperoxide cannot compete with the oxidation reaction hence the rate

equation becomes;

Rate = k, [Cat.] [S] [HP], or Rate = k ^ [S][HP].
J obs

where k , = k_[Cat.].
obs 3

'' Freshly prepared catalyst solution is required in the oxidation

reaction, because the rate constants were found to be 2-207o lower when

excess sulphide was added to solutions containing small amount of decomposed

hydroperoxide. The MoO-(acac)- is about 80 times better catalyst

than VO(acac)-.
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A Hammett plot was obtained from the VO(acac)_ catalyzed

oxidation of p-methyl, H , CI, NO substituted methyl phenyl sulphide

with hydrogen peroxide. A rather low rho value (- 0.5) was obtained compared

to the acid catalyzed reaction of arylmethyl sulphides with the oxidizing

agent; rho = -1.13 (72). However, the sign of the rho value was as expected.

The effect of different alcohols (methanol, ethanol, and 2-propanol

was studied in the MoO-(acac)- catalyzed oxidation of di-n-butyl

sulphide with tert-butylhydroperoxide (68). The third order rate constants

for 2-propanol, ethanol and methanol were found to be 320, 160, and 6

-2 -1
mol s respectively. The reactivity of these systems gave opposite

results to those expected on the basis of alcohol acidity. In the

uncatalyzed oxidation, the rate constants which are opposite to the rate

constants of catalytic oxidation are 1, 1.4, and 4 for 2-propanol, ethanol

and methanol respectively. Acetylacetone showed retardation of reaction

similar to that of CO in the Mo(CO), catalyzed reaction when
o

MoO-(acac) was employed as catalyst. The reaction in ethanol is 100

times faster than the uncatalyzed, and the addition of 0.002M of

acetylacetone suppresed the reaction to four times as fast as the

uncatalyzed system. Modena (68) showed that MoO-(acac)- was in

equilibrium with the solvent alcohol before peroxide containing

catalytically active species formed. NMR studies were consistent with the

equilibration.
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CH, CH, CH, OZ

:H-| Mo j CH. + 2Z0H ^===i cC ' ^

CH-(r O-CH

/ /
CH^ CH.

+ acaH (IX)

k^ Z0^.,,^ OZ

(IX) + 2 ZOH ^=====:^ ^Mo + acacH

II

k_2 ZO

The Importance of llgand displacement was shown for catalytic

activity of the complex. Metal ions with tightly held ligands such as

MoO.(dien) and Na[Mo EDTA] are poor catalysts whereas those

with loosely held ligands such as MoO. (acac) and

MoO.quinolin-8-ol are good catalysts in the epoxidation of cyclohexene

by tert-butylhydroperoxide (73).

Modena e_t al had shown that VO(OR). or preferably

VO(OR)_OOR are the catalytically active species which form as shown by

the equation below by exchange of ligand in the VO(acac)^ catalyzed

systems.

2V0(acac) + t-BuOOH + 6R0H --- 2V0(0R) + AacacH +

t-BuOH + H^O (66).
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VO(OR)^ + t-BuOOH c===^ VO(OR) -OOB^u + ROH. (67).

Spectroscopic and potentiometric experiments showed that

acetylacetone was completely removed from the co-ordination sphere of the

metal, and in alcoholic mediums fast ligand exchange of the V species

occurs. NHR study of ligand exchange of V alkoxides is consistent with

the above results (74).

The rates of oxidation of di-n-butyl sulphide with

tert-butylhydroperoxide, catalyzed by MoO_(acac)- in pure benzene

and benzene-ROH mixtures (R = methyl, ethyl, isopropyl, or tert-butyl.) were

determined by Modena e_t aj^ (69). Addition of small amounts up to a

moderate concentration increased the rate to a maximum; and then decreased

with increasing alcohol concentration. The degree of reaction rate

depression was found to be dependent on the type of alcohol. The effect of

the alcohols tested was in the following order.

Methanol > Ethanol > i-prOH > Tert-butyl alcohol.

This was due to :

1). The capability of alcohols to displace original ligands (acac).

2). Involvement in the transition state.

3). Competitive complexation of alcohols with hydroperoxides.

In contrast to Modena e_t al , Koseoglu (71) has shown that

sulphide plays an important role in the oxidation of sulphide to sulphoxide.

The oxidation of diphenyl sulphide with tert-butylhydroperoxide in the

presence of Mo(CO), gave diphenyl sulphoxide and diphenyl sulphone. The
o

rate equation was given as.
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Rate = k2[S][Cat][HP] + k^' [HP] [SO] [Cat]

.

-2 -1
The third order rate constants were found to be 17.2 M s and 1.55

-2 o
M per sec. in ethanol at 35 C for the oxidation of diphenyl

sulphide and diphenyl sulphoxide respectively. Diphenyl sulphoxide under the

same conditions did not react. Seemingly large amounts of the diphenyl

sulphide is required for the oxidation of diphenyl sulphoxide. Use of

-2 -1
VO(acac)_ as catalyst gave a rate constant of 2.35 M s
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MECHANISM OF THE METAL CATALYZED SULPHIDE OXIDATION.

Sulphide oxidation occurs generally by the nucleophilic attack of the

sulphide at the 0--0 bond of the hydroperoxide-metal [v"*"^ or m"*"^]

ion complex (26).

—it«i -4 --m"--^- Catalyst activation (fast)

j,n+'
->M-- - + t-BuOOH

" 1

===s==i

'-1

t-Bu

1

(X)

--A^— - + Eton ==,==^ ---A

Et

(XI).

X + R^S
K

'
' H

t-Bu

^ /
\

// EtOH N\t-BuOH

{XI) \ ex)
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The aim of this projcet is mainly concerned with the kinetic studies

of the effect of organic sulphide on the oxidation of other sulphides. The

compounds of interest are methyl phenyl sulphide (P), p-methoxyphenyl methyl

sulphide (M) and methyl p-nitrophenyl sulphide (N). The reaction is carried

out in absolute ethanol using MoO-(acac)- as catalyst and t-butyl

hydroperoxide as the oxidizing agent. The effect was studied by performing

competitive kinetics on a mixture of two different sulphides.
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EXPERIMENTAL.

APPARATUS

:

Infra-red spectra were recorded on a Perkin Elmer 710B grating

infra-red spectrometer. 'H Nuclear Magnectic Resonance were obtained on a

Bruker WP-80 CW N.M.R. spectrometer with TMS as internal standard and

CDCI as solvent. GC MS were obtained on an AEI MS-30 double beam mass

spectrometer which is interfaced to a Pye Gas Chromatograh. For UV analysis,

Varian DMS 100 UV-Visible spectrophotometer with a micro processor and an

Epson plotter were used. GC. analyses were performed on an F&M 700

Laboratory Gas Chromatograph with a thermal conductivity detector.

REAGENTS

:

The commercially available reagents which were used in this work are

listed in the table below. They were used without any purification except

MoO (acac) and ethanol.

PURIFICATION OF MoO (acac) .

MoO (acac) was recrystallized by dissolving the commercial

product in warm acetylacetone. Ligroin was then added, the protecting

material was then filtered off and pure yellow MoO. (acac).

precipitated on standing in nitrogen atmosphere. The crystals were filtered

off, washed with ligroin, dried and kept under nitrogen atmosphere.
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PURIFICATION OF ABSOLUTE ETHANOL:

Absolute ethanol was refluxed with MgO and distilled. The ethanol

was again refluxed with EDTA, distilled and kept over 4A molecular

sieves.

CHEMICAL

REAGENTS PURCHASED AND USED.

SOURCE PURITY

THIOANISOLE

p-CHLORONITROBENZENE

4 - ( METHYLMERCAPTO ) PHENOL

t-BUTYLHYDROPEROXIDE

MoO^Cacac)

ABSOLUTE ETHANOL

METHYL IODIDE

POTASSIUM IODIDE

SODIUM SULPHIDE NANOHYDRATE

GLACIAL ACETIC ACID

SODIUM METAPERIODATE

ISOPROPANOL

ALFA PRODUCTS 997.

ALDRICH CHEMICAL COMPANY 997,

II II II _

LUCIDOL 907,

K & K

COMMERCIAL

ALDRICH CHEMICAL COMPANY 997.

B. D. H. CHEMICALS 99.57.

ANALAR

B.D.H. CHEMICALS 99.57.

BAKER ANALYZED REAGENT 100.07.

COMMERCIAL

SYNTHESIS OF COMMERCIALLY UNAVAILABLE REAGENTS

1). PREPARATION OF METHYL p-NITROPHENYL SULPHIDE:

The method of C.C.Price e_t al (76) was employed to prepare the

corresponding thiol. An alcoholic solution of sodium disulphide nanohydrate

which was prepared from 175. 3g (1 mole) of the substance and 23. 4g (0.73

moles) of sulphur in 957. ethanol was poured into a boiling
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solution of p-nitrochlorobenzene (157 .Sg) in 250ml of 957. ethanol over a

period of 20 mins. A solution of NaOH containing 40g of the solid in 50ml of

distilled water was prepared. About 100ml of 957. ethanol was added to the

NaOH solution and the whole mixture was poured into the boiling solution

over a period of 30 mins. The entire mixture was boiled under reflux for an

hour, then cooled and poured into IKg. of crushed ice and 1,500ml of

distilled water. The precipitate was filtered off and the filtrate was

acidified with cone. HCl until all the p-nitrothiophenol precipitated out.

The yellow precipitate was filtered off and washed with 500ml of distilled

water. This was then dissolved in 150ml of 957o ethanol to which 40g (1 mole)

of NaOH in 1,500ml of water was added. The solution was filtered again and

the p-nitrothiophenol was re-precipitated with cone. HCl. The

p-nitrothiophenol was dried in a dessicator containing PoO-* The

yield was about 437o. Melting point was 76-78.5 C,

The process of raethylation of the thiophenol was done following

the method of C.M.Suter et^ £l (75). 47g (O.SOmoles) of p-nitrothiophenol

and 50g (excess) of methyl iodide were added to the solution of sodium

ethylate prepared by dissolving 12g (0.52 moles) of Na in 225ml of absolute

ethanol, and the mixture refluxed for 2.5 hours. The ethanol was removed by

distillation, and the reaction mixture poured into water. The crude product

was extracted with ether and dried using anhydrous sodium sulphate. The

ether was evaporated on a steam bath. 33g (707o) yield of the pure methyl

p-nitrophenyl sulphide was obtained after three recrystallizations from

methanol.
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The methyl p-nitrophenyl sulphide was further Identified by 'H NMR.

The 'H NMR spectrum of the compound showed signals at delta =2.5 (3H,

singlet), 7.1-8.2 (4H, multlplet). Melting point was 78-80°C

PREPARATION OF p-METHOXYPHENYL METHYL SULPHIDE

This compound was prepared by methylatlon of

4-(methylmercapto)phenol by methyl Iodide In sodium ethylate solution. The

same procedure as before(75) was used.

75.13g (0.54 moles) of 4-(methylmercapto)phenol, 77g (excess) of

methyl Iodide and a solution of sodium ethylate 13g (0.595 moles) of the

sodium In 300ml of absolute ethanol were used. 35g (42. 5X) of

p-methoxyphenyl methyl sulphide were obtained. The identity and purity of

the compound were established by 'H NMR and GC, MS analyses. The 'H NMR

spectrum showed peaks at delta s:2.3 (3Hy singlet), 3.6 (3H, singlet), and

6.6-7.4 (4H, multlplet).

PREPARATION OF METHYL PHENYL SULPHOXIDE.

Methyl phenyl sulphoxide preparation was done following C.R.Johnson's

(78) method. 3g. (0.024 moles) of methyl phenyl sulphide was added to the

solution of sodium metaperlodate in water. Approximately 100ml of methanol

was added to dissolve the sulphide. The system was stirred and kept in an

ice bath for a day. The precipitated sodium iodate was removed by filtration

and the filtrate extracted with chloroform. The extract was dried over

anhydrous sodium sulphate, and the solvent was removed using a rotary

evaporator. The pure sulphoxide was distilled under reduced pressure. 2g. of

methyl phenyl sulphoxide was obtained. The 'H NMR spectrum showed signals at

delta = 2.7 (3H, singlet) and 7.4-7.8 (5H, multlplet).
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KINETIC STUDIES; OXIDATION OF ORGANIC SULPHIDES BY HYDROPEROXIDE.

Koseoglu, S.S. (71) found that pre-mixing and pre-equilibration of

solutions gave reproducible results, therefore the same procedure was

followed.

The catalyst, MoO (acac) , was dissolved in absolute ethanol

in a 25ml volumetric flask and 4-5ml of the catalyst solution was added to

the appropriate sulphide in 250ral round bottomed flask. The solution of

tert-butylhydroperoxide was prepared in a liter volumetric flask using

absolute ethanol. Both solutions were then equilibrated for at least two

hours at reaction temperature. Reactions were carried out under nitrogen

atmosphere. 2ml aliquots were taken at different time periods and the

disappearance of t-BuOOH was estimated by iodometric method. It will suffice

to mention here that in the case of methyl p-nitrophenyl sulphide the

hydroperoxide was not pre-equilibrated because of extensive expansion of

the solution at the temperature of studies.

TITRATION: Standard sodium thiosulphate was titrated against iodine which

was produced from the oxidation of iodide ion by tert-butylhydroperoxide

Eq.(l) to give iodide ion Eq.(2).

t-BuO-OH + 2I'"'" + 2H'^ —> I + t-BuOH +H2O. (1).

h ^ ^Va"' -^Ve'^^^r^ (2)
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The titration flask contained 20:80 glacial acetic acid: 2-propanol

mixture with excess potassium iodide. 2ml of the reaction mixture was

pipetted into this and refluxed for about 3 mins. and then titrated. It is

appropriate to mention here that in the case of methyl p-nitrophenyl

sulphide, water and starch indicator were added half-way during the

titration.

GAS CHROMATOGRAPHIC ANALYSIS.

PREPARATION OF COLUMNS:

lOOg of Chromosorb P 80/100 mesh were weighed and a solution

prepared by dissolving 20g of Carbowax 20M in 200ml chloroform was poured

onto evaporating dish to dry. The dried mixture was packed into firstly 0.25

inch X 6 feet copper column and secondly into a teflon column.

An F & M gas chromatograph with a thermocouple detector was

used. Helium was the carrier gas. A 5-10 micro liter sample was injected.

The GC conditions were,

a). Oven temperature = 180 C , Detector temp. = 350 C.

Injection port temp. = 250 C Helium flow = 75ml min

Although good separations were obtained for absolute ethanol,

methyl phenyl sulphide and its sulphoxide analogue, no peaks were observed

for methyl p-nitrophenyl sulphide and its sulphoxide derivative. This might

be due to the low concentrations of the substrates used, the

nitro-derivatives being very insoluble in absolute ethanol.
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COMPETITIVE KINETICS.

In this kind of kinetics two different organic sulphides were

oxidized simultaneously in the same medium, to determine (if any) the effect

of one on the other. The two sulphides of interest were dissolved in

absolute ethanol and a known concentration of the catalyst was added and the

whole system was equilibrated at the reaction temperature for about two

hours. At the end of this time a known volume of a standard t-butyl

hydroperoxide solution was added and the timer was started simultaneously.

At known time intervals 2ml aliquots were pipetted and the amount of

hydroperoxide consumed was estimated. A plot of Ln F versus time was carried

out and the observed slope was compared with the expected.

The equation used for the evaluation of competitive kinetic data is

given as

Ln F = R t

where F = [CL (k, [A],+ k^ [B], + [f(k^-kj - k> ] ([CL-[C])

(k, [A],+ kjBU [C]

R= k,[A]^+ k^[B]^+ [C]Jf (k^- k,) - kj

f = k> [A]o

kjB]^+kjAl^

See appendix for definition of terms,
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ULTRA VIOLET SPECTRAL ANALYSIS.

The results from the kinetic studies seem to point to the fact

that the presence of the nitro-derivative suppresses the over-all rate of

oxidation. It was therefore decided to see whether the nitro group has any

effect on the catalyst. The UV spectra of the sulphides alone and the

sulphides in the presence of the catalyst (pre-equilibrated) were noted.
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RESULTS

Oxidations were carried out on three organic sulphides, methyl

phenyl sulphide, p-methoxyphenyl methyl sulphide and methyl p-nitrophenyl

sulphide, each singly at three temperatures, and then in pairwise mixtures,

also at three different temperatures. For each circumstance, no fewer than

six and seldom less than nine or ten runs were performed. The results are

summerized in the following two tables, with more detailed information given

in the subsequent tables and graphs.

For individual sulphides, the summary reports mean third order rate

constants, ( Rate = k [Mo] [RSR*] [ROOH] ) together with standard

deviations expressed as a percentage of the mean value, where

Variance = ( k - k' )^/(N-l)

.5
Standard deviation = (variance/N)

*

Since 957o confidence limits may be expressed as + 2 standard

deviations, it will be noted that in most cases 957o confidence is within +

27o of the mean k. value or less, and in no case is it greater than + 4%.

The summary table for mixtures compares observed and "expected"

slopes for the data treated as if the two sulphides reacted independently,

(appendix, page 108 ). Standard deviations and confidence limits for the

observed slopes may be calculated in the usual way. Error in the "expected"

slope, R, for sulphides

R = k A + k^B + C [f(k^-k )-k^]ao bo oba b

f = k A / (k A - k^B ).
a o a o bo
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A and B with individual rate constants k and k, is not a simple
a b

function of the errors inherent in k and k, , but rather depends on
a b

relative magnitudes of the several constants. Calculations with sample

numbers show two types of behaviour. In the M + P mixtures , where A is
o

approximately equal to B , k is approximately equal to k and

C is small, a 1% increase in both k and k, results in a 27.
o a b

increase in the calculated value of R. If k is increased by 27. and
a

k is decreased by 27.. there is no change in R. In this case, then, the

effect is linear and confidence limits in k and k, can be directly
a b '

applied to R.

PI jj.
In mixtures of M + N or P + N, however, where the concentration of

N, ( B ), is limited by solubility and k^ is small relative to
o b

k , only errors in k are reflected in R. Increase or decrease in
a a

k by a factor of 10 change the value of R by less than 17.. This is as

it should be, of course, since the nitro compound, by itself, does not react

appreciably at the temperatures where the mixtures were carried out. Given

complete independence of reaction, it should be only an inert diluent.

It is then clear that while the differences between observed and

"expected" slopes may appear numerically small, they are statistically

significant. If one were to assume a "worst case", with standard deviation

of 1% in both rate constants and observed slopes, there is only one of the

nine comparisons that would fail a 97.57. level of confidence test.
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SUMMARY OF THIRD ORDER RATE CONSTANTS FOR INDIVIDUAL SULPHIDES.

-2
k- M , (Number of Runs), (Standard Deviation in 7.).

o 1
T C P M H

21 588. (10) (1.17.) 1290 (10) (0.77.) 27.3

29 1200. (10) (0 87.) 2280 (10) (0.67.) 72.8

38 2770. (10) (0.87.) 2970 (10) (1.67.) 206.

1 extrapolated from measurements at 60 C [(2050 M min (6)

( 1.97.)], 65°C [3470 m"^ min"^ (6) (0.17.)] and 70°C [ 5310

m'^ min"^ (6) (-)]
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SUMMARY OF COMPETITIVE KINETICS.

T°C

expected slope

observed slope (number of runs) (Standard deviation in 7,).

M + P

22

28

38

0.0210

0.0368

0.0622

0.0268 (10) (0.77o)

0.0400 (6) (0.67.)

0.0835 (9) (1.17.)

M + N

21

29

38

0.0117

0.0212

0.0299

0.0048 (6) (1.9%)

0.0151 (10) (0.97.)

0.0260 (10) (0.87.)

P + N

21

29

39

0.0002

0.0131

0.0298

-0.00104 (10) (1.57.)

0.0090 (9) (1.07.)

0.0197 (10) (1.87.).
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DATA ON METHYL PHENYL SULPHIDE.

TEMP. 21°C

[S] = 0.5113, [HP] = 0.0645, [S^O^" ] = 0.0500

Run No. [MoO^(acac)2]xlO k(obs) k M/min k^xlOO M/min

0.0064 578.16 1.43

0.0064 578.16 1.44

0.0064 614.70 1.50

0.0068 604.55 1.52

0.0063 560.10 1.41

0.0063 560.10 1.41

0.0068 598.63 1.52

0.0068 598.63 1.52

0.0068 598.63 1.52

MEAN k^ value = 1. 48x10 "^M""'"min""'".

MEAN k^ value = 587.96 M'^min"''",

STANDARD DEVIATION OF k = 6.6
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METHYL PHENYL SULPHIDE, TEMP. 29°C

Run No. [MoO (acac) JxlO k(obs) k-xlO^M'/min k^xlOM'/min

11
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METHYL PHENYL SULPHIDE, TEMP. 38°C

Run No. [Mo02(acac)2]xlO k(obs) k xlO M/min. k^xlO M"/min,

21 2.44 0.0301 2.76 6.74

22 2.44 0.0311 2.85 6.96

23 2.32 0.0291 2.80 6.51

24 2.32 0.0290 2.80 6.49

25 2.32 0.0300 2.89 6.71

26 2.44 0.0295 2.71 6.60

27 2.44 0.0306 2.81 6.85

28 2.44 0.0298 2.74 6.67

29 2.44 0.0291 2.68 6.51

30 2.44 0.0292 2.68 6.54

MEAN VALUE OF k = 6.66xl0"^ m""*" min""'".

MEAN VALUE OF k = 2.77x10^ m"^ min""*"

standard deviation of k. = 0.022 x 10
3
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ARRHENIUS PLOT FOR METHYL PHENYL SULPHIDE,

T(K).
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p-METHOXYPHENYL METHYL SULPHIDE, TEMP. 21°C.

[S] = 0.4442, [HP] = 0.0645, tS^O^"] =0.0500

Run No. [ CATALYST ]xlO^ k(obs) k xld*M7min. k^xlO^M%in,

31
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p-METHOXYPHENYL METHYL SULPHIDE, TEMP. 29 C

[S] = 0.5922 [HP] = 0.0645, [S2O3 ] = 0.0500

Run No. [CATALYST. ]xl0 k(obs) k xlO M/min. k^xlO M/min

41
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p-METHOXYPHENYL METHYL SULPHIDE, TEMP. 38°C.

[S] = 0.5922, [HP] = 0.0645, [S2O3"] = 0.0500

Run No. [ CATALYST ]xlO k(obs) k xlO^/min k^xlO*'M/min

51
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ARRHENIUS PLOT FOR p-METHOXYPHENYL METHYL SULPHIDE,

T (K). IT (k"^ ). ^3x10""^ Lnk^

294 0.0034 1.29 7.16

302 0.0033 2.28 7.73

311 0.0032 3.01 8.01

Ea = 40.12 KJ mol""''
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METHYL p-NITROPHENYL SULPHIDE, TEMP. 60°C

[S] =0.0343 [HP] = 0.0122 ^^9^"^ " 0.018

Run No [CATALYST]xlO k(obs.) k-xlO M/min k^xlo'*'M%in

61 1.95 0.0009 2.085 4.07

62 1.95 0.0009 2.085 4.07

63 1.95 0.0009 2.085 4.07

64 1.95 0.0008 1.855 3.62

65 1.95 0.0009 2.085 4.07

66 1.95 0.0009 2.085 4.07

MEAN VALUES : k^CM""*- min""'".) = 3.99xlO"^

k^(M"^ min"-'-.) = 2.05x10"^

3
Standard deviation of k = 0.038 xlO
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METHYL p-NITROPHENYL SULPHIDE, TEMP. 65°C.

[Si = 0.0343 [HP] = 0.0122 [S O/^l = 0.0180

Run No [ CATALYST]xlO^ k(obs. ) k xio" M/min k^xio'^lmin
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METHYL p-NTROPHENYL SULPHIDE, TEMP. 70°C .

[S] = 0.0285 [HP] = 0.0204 [S2O3 ] = 0.0180

i-v
Run No. [catalystJxlO k(obs.) kxlO M/min k^xlO M/min

9

67 3.25 0.0014 5.31

68 "

69

70 3.25 ••

71

72 "

MEAN VALUE : k^CM"""- min"-'- ) = 1.73xl0"-'"

k^ (m"^ min'^ ) = 5.31x10^

1.73
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ARRHENIUS PLOT FOR p-NITRO DERIVATIVE.

T (K)

333

338

343

1 T (K'-^
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COMPETITIVE KINETICS.

[C]o = 0.0645

lyl methyl su





Uf
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o.Ho

10 ao lo «fo So U
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p-Methoxyphenyl methyl sulphide + methyl phenyl sulphide

[C]o = 0.0645 [A]o = 0.4442 [B] = 0.5113

Temp. =28+0. 5°C

2Run No. Observed Slope xlO

11 4.05

12 4.07

13 3.99

14 3.91

15 3.99

16 4.00

Calc. or expected slope = 0.0368 , [Catalyst] = 3.44 xlO
-5

Mean of observed values = 0.0400 , Standard deviation = 6.0 x lO"

957o confidence limit = (4.00 + 0.06) xio"^

[A] , [B] and [C] have the same meaning as before,coo
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p-Methoxphenyl methyl sulphide + methyl phenyl sulphide
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p-Methoxyphenyl methyl sulphide + methyl p-Nitrophenyl sulphide

TEMP. 21 +0.5°C

[C]o = 0.0645 [A]o = 0.4442 [B]o = 0.0171

3
Run No. Observed Slope xlO

27 4.90

28 4.40

29 4.90

33 4.90

34 4.90

35 4.90

Expected or calc. value = 0.0117,

_5
[Catalyst] = 2.44 xlO

Mean of observed slope = 0.0049,

-4
Standard deviation =3.2 xlO

95% confidence limit = 4.9xl0" + 0.0004

[B] = Initial cone, of methyl p-nitrophenyl sulphide,
o

[A] and [C] have the same meaning as before,
o o
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TEMP. 29°C.

p -Methoxyphenyl methyl sulphide + methyl p-Nitrophenyl sulphide,

[C]o = 0.0645 [A]o = 0.4442 [B]o = 0.0171

2Run No. Observed Slope xlO

37 1.46

38 1.49

39 1.48

40 1.46

41 1.49

42 1.52

43 1.54

44 1.49

45 1.57

46 1.59

Expected or calc. value = 0.0212,

[Catalyst] = 2.44xl0"^

Mean of observed slopes = 0.0151,

957. confidence limit = 0.0151 + 0.0003

[B] = Initial cone, of methyl p-nitrophenyl sulphide.

[A] and [C] have the same meaning as before,
o o
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TEMP. 38°C

p-Methoxymethylphenyl sulphide + p-Nitromethylphenyl sulphide

[C]o = 0.0645 [A]o = 0.4442 [B]o = 0.0171

Run No.
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xn the following data

[A] = Initial cone, of methyl phenyl sulphide.

[B] = " " " methyl p-nitrophenyl sulphide.
o

[C] = " " " t-butyl hydroperoxide.

Methyl p-nltrophenyl sulphide + Methyl phenyl sulphide
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methyl p-Nitrophenyl sulphide + Methyl phenyl sulphide,





X'tiO

-88-





Ko"; &fi V*»i ^ >»& '\xtv>.»..

Uf.

uoo

O'SO

o-2o

6.IO

? vv\. '\e.cy.f. 'XVc.

vo ^o lo HO so to no

-89-





methyl p-Nitrophenyl sulphide + Methyl phenyl sulphide
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DISCUSSION.

The rate constants for the oxidation of three different organic

sulphides namely methyl phenyl sulphide -(P), p-methoxyphenyl methyl

sulphide -(M) and methyl p-nitrophenyl sulphide (N) with tert-butyl

hydroperoxide in the presence of MoO-(acac)- as catalyst have been

obtained in absolute ethanol at 21, 29 and 38**C for P and M. The

kinetics of N were accomplished at 60, 65 and 70 C. The third order rate

-2 -1
constants for methyl phenyl sulphide are 587.96 M min , 1.20 x

3-2-1 3 -2 -1
10 M min and 2.71 x 10 M min respectively

for the three temperatures. The catalyst concentration range was 2.32-2.54 x

10 M giving means for the second order rate constants in the

-2 -1 -1
neighbourhood of 1.48 x 10 M min . The standard deviations

-4
for the k^ values for the three temperatures are 5 x 10 ,7.3

xio"^ and 1.59 x lO"^.

The observed third order rate constants for the oxidation of

3
p-methoxyphenyl methyl sulphide to sulphoxide were 1.29 xlO , 2.28 x

3 3-2-1
10 and 3.01 xlO M min while the second order rate

constants were 3.17 x lO"^, 5.58 x lO'^ and 7.25 x lO" m'

min' with increasing temperatures. The standard deviation for the

k 's were 2.14 x lO"^, 1.3 x lO"^ and 3.7 x lO""^ in the

order of increasing temperatures. The results show that electron donating

groups increase the reaction rate while electron withdrawing groups retard

or suppress the reaction rate.
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The effect of temperature increase on the rate seems to be more pronouced

for methyl phenyl sulphide than p-methoxy derivative. A Hammett plot was

carried out for the three compounds and a rho value of -2.11 was obtained.

The sign of the rho value is in agreement with the effect of the

substituents on the kinetics. However, the small rho value (-2.11) compared

to -1.13 quoted by Modena e_t al (72) for the acid catalyzed oxidation of

aryl methyl sulphides might be due to difference in catalyst used. The

activation energies for the oxidation of the various compounds are 63.60,

40.12 and 197.46 KJ mol""'".

The oxidation of methyl p-nitrophenyl sulphide in ethanol presented

some difficulties. The first was the colour it imparted to the reaction

medium. The colour of the compound is golden yellow if crystallized from

methanol. The original titration mixture consisted of iodine in a mixture of

of glacial acetic acid : 2-propanol which is also yellow. It was therefore

not easy to get sharp end points, however, this problem was overcome by use

of starch indicator half way during the titration.

The second difficulty was with the solubility of the compound in

absolute ethanol. It is so insoluble that only dilute solutions were used in

the kinetics.

Reasonably good rate constants, however, were obtained as shown by

the standard deviations of k. and k- both were of the order of

10-^
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The effect of organic sulphide on the oxidation of another sulphide

was also studied. An equation was established for the competitive kinetics

based on the assumption that there Is no Interaction between the sulphides.

The data from the competitive reactions were compared with the expected

values calculated on the assumption of no Interaction.

It came out that a combination of p-methoxy derivative (M) and the

unsubstituted methyl phenyl sulphide (P) gave a higher rate and thus

predicted a positive interaction. All the mixtures of M + P showed rate

Increase but there is a considerable spread in the percentage Increase viz.

from 97o through 28 to 347o than expected. A combination of the nltro

derivative with either (P) or (M) showed suppressed rate. The p-nltro

derivative suppressed the rate by as much as 587o. The extent of rate

suppression, however, decreased with Increase in temperature, e.g. the

observed rate suppression at 29 and 38 C were 29 and 77o of the expected.

This could be attributed to the fact that the nltro group Interacts with the

catalyst through its oxygen ends whereas the others interact through the

sulphur atom. This was shown by the different shifts in the UV spectra. The

UV spectra of nltro-derlvatlve and catalyst showed band shifts to the lower

energy range, whereas the others Interacting through the sulphur end showed

band shifts to higher energy region.
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Presumably the oxygen ends are acting as bi-dentate ligand. If

Interaction is strong enough to displace the original ligand,

acetylacetonate then there is the possibility of the activation process of

Mo from +5 to +6 to be inhibited. This could explain in part the suppressing

effect of the nitro -derivative.
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INTERACTION OF THE CATALYST WITH P AND N.
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CONCLUSION.

It is apparent from the results obtained that the oxidation of

organic sulphides are affected by the presence of a second organic sulphide.

The results show that p-nitromethylphenyl sulphide suppress the rate,

presumably because of its strong interaction with the catalyst. The extent of

interaction may be estimated by taking the E.S.R. of the catalyst in the

presence of the compound. The increase in oxidation rate when methylphenyl

sulphide was added to p -me thoxymethy 1phenyl sulphide could not be easily

explained on the basis of interaction. Even though the interaction of the

catalyst with methylphenyl sulphide is opposite to that observed for the

nitro derivative.

The various activation energies of the oxidation of the compounds

used, and the sign of the slope in the Hammet plot confirm the fact that

electron donating groups increase the rate of oxidation whereas electron

withdrawing groups retard the rate.

For unambiguous conclusion on the effect of organic sulphides in

the metal catalyzed oxidation of other organic sulphides, the extent of

interaction of the compounds with various metal catalysts needs to be

further investigated.
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KINETICS OF METHYL PHENYL SULPHIDE.

Reaction mixture consists of ;

1). 5ml of catalyst solution [MoO-(acac) ] in absolute ethanol with

concentrations ranging from 1-3 x 10 M.

2). 5ml of hydroperoxide solution of approximately 0.3147M

3). 1ml of methyl phenyl sulphide with density 1.585 g ml

4). 14ml of absolute ethanol.

Total volume of solution was 25ml.

2ml aliquots were pippeted and titrated with standard sodium

thiosulphate solution of strength 0.0500M.

1ml of PhSMe is equivalent to 0.012742 moles. Hence its concentration

is 0.5113M.

Estimation of [HP].

2.5ml of the approx. 0.3147M solution was made up to 25ml with absolute

ethanol. 2ml of the resulting solution was estimated using the standard

thiosulphate solution.

Average titre value = 2.58ml.

2S.0-^ + t-BuOOH + H"*" -•>S,0^%t-Bu0H+H^0.
2 3 4 6 2

2.58ml is equivalent to 2.58 x 0.00005 moles of sodium thiosulphate.

Equivalent moles of HP = 2.58 x 0.000025 moles.

Therefore [HP] = 0.3225 M. Initial cone, of [HP]' = 0.0645 M

112





KINETIC EQUATION FOR THE REACTION.

-d/dt[HP] = k2[Cat][S][HP].

= K^LSlLHP], where k^ = k^[Cat].

Let [S] = b [HP] = a and x = amount of HP used at time t.

Then dx/dt = k2[a-x] [b-x] . or dx [a-x] [b-x] =K ^t.

Integrating this within the limits 0-x after separation into partial

fractions gave Ln[b-x]/ [a-x] - Ln[b/a] = [b-a] k t.

A plot of Ln [S]/[HP] against t should yield a straight line with

slope [b-a] k. = k ,
£. obs

SAMPLE DATA & CALCULATION.
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Let vv represent the volume of thiosulphate used, then the equivalent

-3
moles of HP in 2ml is given by w x 0.025 x 10

[HP]" at time t = vv x 0.0125 = [a-x] and x = [HP]' -[HP]"

TIME(min) [a-x]xlO^ [HP] ' -[HP]"xlO^ [b-x]xl0^1n[b-x]/[a-x]

10.15



boc.u ''

'.• f>{r;Lfiov erf.i :irio(f.^io

^0.0 X vv - J aniid itB "["ii
.;

e£(,''. -^AiJ^i^

e^c.r ^

\TJ..J



o w
o ^

N3

N)

O

W

O

O
oo

o
oo

o
oo

10

TO

o
-i

r*-

o

<
Oi
»~<

c
l»

a

^o^oc»JM j^ Jh jfe

oooooo o
oooooo o

oooooo o
oooooo o

rjbjroNJWW NJ

Ji^OOWO*» -«^



R. L. CRAIN INC.





/ I I ( (

R. L. GRAIN INC.



at 3— <
O 91

10

II

oo

NJ

tn

w
N3

K>

o

M

o

M
lO

oo

o
oo

o
o
to

o

o

<
91

c
ID

«n

O.



n ( (((((.(.(.(( ( (

R. U CRAIN INC.





n ( ((((((.(( ( ( (

R. I_ CRAIN INC.





~r: ( ((((((((((((
R. U CRAIN INC.



oo

N5

^J

oo

N3O
oo

o
oo

o

<
I—"

c
ID

it*

QJ

OL

rj ^^3wo A j!» j^

>o oow ^o ui tfl

oooo ooo
F!?92 bob

oooo ooo
oooo ooo

ro hj row ^o ^J ^J



r" ((((((({((({( (

R. L. CRAIN INC.

: » i ; i



•— <
O Oi

at

ii

~

o N)

o ^o en

hJ

hO

O

hj

^o

o

bj

tn

N)

•-•

V
ID

Oo

o
oo

o
oo

4^o
oo

o
oo

00o
oo

oo
oo

<

c
ID

«n

01
3

^J^}uiw js ^ jy

cnoohoco o w sj II <(-*>000000 II <

ooooo o o
ooooooo II rr

oooo oo o
oooooo o

QJ



C (((((((((( ( ( (

R. L- CRAIN INC.



- <
O 01

II

M
oo
00

NJ

bJ

O

N3

hO

CJ1o

^o

M.
9

Oo

IxJo
oo

o
oo

oo

o
oo

ooo
oo

oo
oo

<
•—

c
10

in

o.

^J^ot»iMJ^ j^ jk^

oooouioo Ol

oooooo o
oooooo o

oooooo o
oooooo o

l^J^J^O^o^sJ^o hj

^MOCJIOM Jk



~C (({((((( ( ( ( ( ( (

R. l_ GRAIN INC.





~C {(({((( i i (({{ i

R. U GRAIN INC.



•-«•



c (((((<((((((( (

R. L. GRAIN INC.





i:. ( ( (

. Z-
'.-» n.

1
-«• l-'

!'

'i,-- 0- .4.

(((((((<(
R. I- GRAIN INC.





r: ((((((((((((( (

R. I_ GRAIN INC.





<::(<(<<<((<<((((
R. l_ GRAIN INC.





i i i i i i {{{{{{{ i

R. I_ GRAIN INC.





C" i * 1 i ( < ( ( t i ( ( < <

R. I_ GRAIN INC.





di)-^

t i i i i i i i i i i { i i i

R. L. GRAIN INC



Vt 3
•— <
O 01
"0 t-'

II

O KJ

o o
•-* 00

NJ

CO

hO

o

w

en

oo

O
oo

O
oo

o
oo

o
oo

o
oo

o
oo

"0

rr
Oj

<
Oi

c

01

a.

ooONjcnuiwo It <

oooooooo
ooooooOo liar

ooooooo o
oooooooo

01 o
3 9
TJ T)
•— o
to c

3
zj a.
Q

o
o

or

M rJ ho hsJ NJ hJW ro
I ^
I 3
I <
I 01
I >-« Ol

9
TJ

O fO

tr*-

c
o -J

01
tn

m
1/1

CO

o

en

131



~C { { { i i i i i <((((<
' ! :-,i f

C' i
<;•!•

R. L. GRAIN INC.





{ i \ i i i i { { { { { i i

R. L. GRAIN INC.



in 3
•- <
O OJ
TO »-
to

II

o ^J

o b
Ui
•o

hj

KJ

Si

W

K3

00

O

oo

oo

o
oo

o
oo

o
oo

UIo
oo

o
oo

o
oo

o

<
Oi

c
<a
VI

cu

3a



r: ( ( ( t ( ( ( ( t 1 ( ( (

R. L. GRAIN INC.



»>••



(!?, ( ( ( <<<<<(<( { ( i

R. L. GRAIN INC.



o
O

hO

bj

Mo

hj

O

bJ

W

w
00

M
>0

M

oo

o

m
o

o
oo

oo

O
OO

oo

<

c
ID

01
3

cnoosj^vi W0100UIW o

oooooooooo o
oooooooooo o

oooooooooo o
oooooooooo o

www w N3M ^o^J ^o rj hj

o
oo

or
ID

0*

n
o
9
O
c
Ol

II X



f! (((<((<(<((<( (

R. I- CRAIN INC.



hJ

Oo

KJ

hO

o

Oo

O
oo

<
OU

c
ID
«t

«i
3
Ol

>c»-*oju!oo»-'0»ocn»-* COocnocoooo»-*cnooi

oooooooooo o
oooooooooo o

oooooooooo o
oooooooooo o

wWW wwhorjhjroM ^J

•-*'sicjicsjfc.>Ovoi>o^ ^o



r: ( ( ( i ({{{{({{(
R. U GRAIN INC



m 3
»- <
O QJ
TO I—

!i

O hv3

w

M

hO

01

cn

oo

oo

C/1

oo

o
oo

<
QJ
»-«

c
10

in

01
3
o.

hOWWW4k

ooo^wco^^3^JOco^^ en

0000000000 o
0000000000

o

-•-M hO Ki ^J M c>4 -fe js. ui a«

0000000000

o

oooooooooo o
UltnU)J^J^-t»WWM*-*0

wWW ww ^^J^o^o^^;^o w

owjk^hjcflocowo^ ^J

II <
II <

II ar
II ct-

II >:

11 I--

II 3
II <
II cu
it I-*

3r
Oj

O
oo

or
«
OJ

O

>-*

w

a

lU

o

n
OJ

m
tn

n
o
9
T)

o
c
3
o.

»
-»

n>
<*
c
->

ID

W
CO

W

00
oo

o
CK

en

M
00o

wo
oo

KJ
W

oo

w

t-0

4>O
OO

W Ul

oo

w o
oo

o

Ul
Ul

oo

137

I



C^ i < ( < < ( < i i i i { { i

R. l_ CRAIN INC.





("^ ^ < i (((<(((((( (

R. L. CHAIN INC





r: {{{{{({{{ i i i

R. l_ GRAIN INC



1_



?:(((((((<((((((
R- L. CRAIN INC.



•- <
O QJ

ii

O K3

O

M

M

^J

KJ

hO

CO

oo

00

M

en

en

oo

oo

tn

oo

O
Oo

is)

oo

o
oo

Oo

oo

en

oo

eno
oo

en
en

oo

<
01

c

Ql

a

Ot-'t— ^-*l-*^J^OC»JC»J^ J;*

^o«-*we;!0o»-'0»oen»-* oo
tnenoencooo«-*eno en

oooooooooo o
ooooooooooo
i-^»-*hjN)N}C«4e>j'^ j^en o*

oooooooooo o
oooooooooo

o

enenenen j^^ wo4rj»-^ o

Uic*4e>iMUi^J^o^o^o^J ^o

o«4^ui^ooo&^en j^bj »—
envjenojo^o^oo^ovj t-o



(!:<(((((((((((<(
R. l_ GRAIN INC.



# # t



^: {{{{({ i i i i {{{ i

R. U GRAIN INC.



# # » #

O Ql

II
"~

O NJ

O v*

M

hO

O

hJ

U1

N)

KJ

00O

M

N3

hO^

o

tn

oo

en

o
oo

o
oo

UI

oo

ID

O
-t
r*-

O

<

C

o.

b N3 4k O- y)W^ »- en J- CO
ootncnco^oo<5 com en

bbbobbbo ooo
»-*wwMm woj-^ ^ tna»

oiuicnJ^- . OJW W I

W WWWM MMW ''>2 •''JM



€"
( t i ( ( ( < \ ( ( ( ( ( (

R. L. GRAIN INC.



<
ID

-J
U)
ID



f^ ^ i ( ( ( ( i ( ( ( ( ( i (

R. 1_ GRAIN INC.



in 3
»- <
o Hi
v I—

II

o w
o b

bj

w

hj

-o

N)

CD

t-J

o
U1

o
oo

o
oo

o
oo

o
oo

00

o
oo

CDo
oo

c

<
Ol
I—

>

c
ns
«i

Ol

Ol

0
zr
oj

I-* >-. f'O W hJWW Jh.

b o<>oooob

-J ooooooo
ci ooooooo

N)w wM rJ ^J ho

11 <
II <

" zr

» X

QJ O
a 9
TJ TO
1-. o
nt c
3 ex
o

o
OloO I-

or 3
m o

o

ID

9

O.
ID

•I

O
u

hj

145



{ { { { { i { { i i i { i i

R. U GRAIN INC.





T: i i i i i i i i i i i i { i

. ! ;o '.i^-< >

R. l_ CRAIN INC.



»-• <
O 01
TO I-
ID

11

Is)

hJ

00

N3

O

^J

M

•-•

9



(!<<<(<<<<((<(((
R. 1_ GRAIN INC.



O Oi

II

C/1

hj

hj

bO

hJ

w

O
oo

o
oo

oo

Ulo
oo

o
oo

o
oo

t— ^J hJW Uiw

.

^<5 »-* Jk CD r-j &» Woocnoocjio

ooooooo
oooooooM w w -e* -is w yi

ooooooo
ooooooo
Ji. Js WW hJW •-'

M ISJ hOM N3MW
00 ^ O^ Jswwo

li <
II <

II zr
II r^

II X

H »-
II 3
II <
11 QJ
11 »-<

o
enoo

or

o
4s

Js

o.
ID

«l

o
Ul

n
o
s
o
c
3
o.

c*
ID

9
TJ

3 -J

O ID

r«-

c
O -1
-* ID

n
QJ

(n
ID

m

148



€<(<<<<((<((<((
R. t- GRAIN INC.



hj

ho

w
04
J^

hO

NJ

CO

hj

o

w

^^3

oo

o
oo

04o
oo

o
oo

o
oo

o
oo

o
oo

00o
oo

c
Qi

c
(D

Oi

O.

•-^•— ^^J^o^o uiw
c^co^JJ*oo^J^ w
vicn ococn tno o

oooooooo
oooooooo
^^3 rJ ww J» 4^ en en

oooooooo
oooooooo

w rowM ^o ^J M w
•^ CO 'Nj CJl^ 04 hJ O
Cfl 0» O CO CK J^ N3 >0

II <
II <

TJ

or
01

o
oo

!i
^



j; i { i i i i { { { { i { i {

R. L. GRAIN INC.





€:<<<<<<<<<<((<(
R. L. CRAIN INC





C i ^ ^ ^ < 4 t c i ( ( ( < (

R. U GRAIN INC.

.J W' u



U1 3
»- <
O Oi
•v -
ID

11

O K)

b b

NJ

iO

hJ

00

bj

CO

w

en

oo

o
oo

o
oo

oo

o
oo

o
oo

o
oo

00o
oo

<

c

^
o.

&»00»-*A^CX5rOvifj
"^CONJCOUIUIO o

oooooooo
ooooooo b

ooooooo

o

ooooooo

b

•b» j^ J^ ui c»: ^J bJ »^

NJ ro hjro how t-0 fo

H X

3

TO 3
On I—

^

m
D
o

o
oo

cr 3
ID O
<* •»

01

o— -<>

n
QJO tfl

ID^ in

t-0

a.
ID

01

n
o
9
•V

o
c
3
Ol

ID

9
-»

ID

c

hj

o

u

152



F t ^ < i t < t < i 4 ( < < (

R. L. GRAIN INC.



V* 3
t— <
o tu

ID _
i:

O J

hO

K3

W

K3

00

w
sjo

w

N3

oo

O
oo

o
oo

4lko
oo

oo

o
oo

o
oo

00o
oo

<

c

OJ

3
a.

Pppoooo o

Ppooooo o

•^COOooO-J^W S3

ii <
II <

II or
11 «r*-

II >;

zr
OJ

o
oo

or
ID

in o
QJ O
9 5
t) -v
H- O
ID C
3 O.
o

- 3:

o

o
OJo in

• ID^ Vt

bj

ID

9
T>
-J
ID

c

bj

it Oj

II
>- ex

ID

•I

o

m

00

153



C^ < I I i <<<(<<(<< <

R. L_ GRAIN INC.



!><•



'^ {{{{{{ i i { i i {{ (

R. L. GRAIN INC.





E < i < ( < \ < i ( ( ( ( ( (

R. 1_ GRAIN INC.



W 3
t- <
O tu

II

O •'J

to tfl

hJ

hO

hj

O

4^

W
Oo

oo

t— k-* I-* hj reww w cfl

OOlOUlCflOOWO II

ooooooooo
OOOOOOOOO II

ooooooooo
ooooooooo
cncn^^c>i&4Mboo

3-

o
enoo

or
ID

O
O
9
t)

O
c
Ol

oo

o
oo

oo

O
oo

4^o

WMW M hOM rj hj M
JkJs^JO>0^0^ OIM II Oj
J!»»-*0 WO^OO^Ul ii 1—

U1

o

CA



e" i i 1 i < < t 1 ( ( < < < (

R. U GRAIN INC.



tf\



e: ( i < ^ <(((((<(< (

R. (- GRAIN INC.





c (<< 1 i <<<<((<< (

R. U GRAIN INC.





f^ (<((((((((<(( (

R. L. GRAIN INC.



» t f



f < < I < I < < I < < ( ( < (

R. I_ CRAIN INC.





E i i <!<<<<<<((
R. L. CRAIN INC.



Wl



C i i i i ( i i { y < i { { {

R. I- CRAIN INC.



o
o CO

w

w

b,3

Oo

o
oo

o
oo

01

Oo

1 -J



fr i i i i i i { { { i i i i (
R. I_ GRAIN INC.



!-•



c I < < < ( < I < < < < ( < (

o

R. l_ GRAIN INC.



Vi



r i < < ^ (((<((
R. L. GRAIN INC.



I— <
O Oi

I!

O M
O W^ CK
o

N)

hJ

OO

oo

Ul

oo

<

c
ID

V>

Qj

oooooooooo o
oooooooooo o

oooooooooo o
oooooooooo o

j^ j^M MMM 04 Ki ^0 hj ^^3



r { i i i i i i i i i i i i i

R. U GRAIN INC





i: i i i i i i i i i i { i i i

R. L. GRAIN INC.





C^ (<<(<<<<<<( \ 1 i

R. L. CRAIN INC.



o
m



€;(<<<<<<<<(<<<(
R. L. CRAIN INC.

', '.' --' o



01
3

1^ <

TJ '~'

•0 _
II

o
t-0

hJ

in

t-'i

04

hj

o

M

N3

M

XJ\

Oo

oo

Ul

oo

o
oo

oo

KMo
oo

oo

o
oo

C/i

oo

o
oo

U1
en

oo

<
I—

•

c
ID

01

O.

oo •-*»-*»-*»--• bJ bJ row 4k

O-O^OOWSiOWNOO-Jk
ooocncntn«-*coooo

ooooooooooo
ooooooooooo

ooooooooooo
ooooooooooo
cko^oiuich-^-uwckimi-*

4k Jk C*4 UlW Ul Cxi bJ rJ hOM
MKJVJ^JkhJO^'vlC/IUi



€: i i i i i i i i i i ( ( { (

R. 1- GRAIN INC



*- <
O OJ

(0

II

o

hJ

m
oo

oo

oo

<

c
ID

Q)

000«-*«-*«-*»-»MrjW Jk

OCJIOOObJOCK J^O O

oooooooooo o
oooooooooo o

oooooooooo o
oooooooooo o

J^J^OJMUiMUMhJbJ ^J

Vi >C XJ vj i-»O 4^ CO W .^ CK



€"(<((<(( \ <((( <

R. 1_ GRAIN INC.





(^' (( 1 (((<<<<(( ( <

R. U CRAIN INC.





p^ ( ( ( I ( ( ( ( ( ( { { ( (

i/i . :
—i

„-i. ^.. rij !':i 5

R. I_ GRAIN INC.



»-••



f: ((((<(<<((<< <

i .1 V.-; •':.'
;

R. L. GRAIN INC.



•-' <
O OJ
TO I—

•

m
ii

o >-*

ooo
o

•o

oo
oo

o
oo

oo
oo

o
oo

oo
oo

eno
oo

o

<
I—

>

c
v\

>-*i— ^o^J^J nj

oc >o »-* M J!» Ol li <
woiuicnooi II <

ooooo o
OOOOOO 1! 3"

OOOOO o
Ooooo oOOOOOO II X

hO ^J »-*>-* -' O

II t—
II o
II <
II 01
II >-

or
9t

o
o
00o

or

Qi

o

o.
ID

•I

o
o

O
o
9
V
o
c
3
O.

— Z

ID

o
-b

O
01
Ut
)D
in

D

c

o

175



({{{{{{({{(({{(
R. I- GRAIN INC



M-



(((((((((((<(
R. I_ GRAIN INC.





f; (((<<(<( 1 (((< (

R. U CHAIN INC.



J;*
^

O OJ

II "~

o bO COo
CO

C»J

w

oo
oo

U1o
oo

oo
oo

o
b

C»Joo
bo

C*J

ino
oo

o

<
•—

•

c
*n

01

D
O.

•-* ^- K3M KJW
CO NO ^ WCmCJI
Cfl 00 MO tnO

OOOOOo
bbobob

OOOOOo
ooooobOOOOOo

^O 4^ O-i^UioO

zr

00O

n
o
9
t>

O
c
D

II >;

ii ^
11 3
II <
Ii 01

o

Ol
ID

•l

b

'- 2

ID

9
TO

3 -1

O ID

C«-

C
o ->
-« ID

n
Oii

<n
)D

o

178



(<(<<<<(<((<(<
R. I- GRAIN l?SIC.



in zf
•- <
O Oi
"0 t—
10

II

b bO COo

o

oo
oo

o
oo

oo
oo

o
oo

oo
b

o
oo

<
Qi

c
«a
<n

«i
zt
o.

»-*•— horjNJ ro

CD >0 •— ^0W Cfl II <O hjO Ul Cfl O II <

ooooo O
OOOOOO II 3"

ooooo o
ooobo oOoooo o

WW hJ t— •-* O

11 »->

II 3
II <
II 01
II I—

"0

rr

o
b
00o

2" =5
ID O
Qi

O
•* -«

n
91O V)
n>o v»M

C*4

o.
ID

n
o
9
T)

O
C
O.

ID

B
•V
-i
ID

C^
C

o

o
b

179



(((<(<<(((((((
R. L. GRAIN INC.





(<<((< f (<< c (( <
R. I_ CRAIN INC.



M-



Eiiiiiiiiiiiiii
R. L. GRAIN INC.



»- <
O Ql

ID

II

"~

W
&»

o

«
ID

OO
oo

o
oo

Is)oo
oo

o
oo

oo
bo

o

<

c
ID

0)

o.

•-*•-* t-» N) rJ

>J CO >0 W Ul M <
owcjio en II <

oooo o
OOOO O II or
>-*»-* »-i^ •-* I— II r»"

ooo o o
oooo ooooo o

www «-* o
OvO Ov -sj >J

I! X

II •—
II 3
II <
11 Ql
II »-

TJ
or

o
o
00o

or

QJ

o

C*4

Ol
ID

Ql

o
b
ww

n
o
3
TJ

O
c
3
O.

ID

9
T)

-i
ID
Ct-

C
-J
ID

182



C c < f < < < < I ^ < < < < (
R. I_ GRAIN l^gc.



in 3
>- <
O QJ

TJ I—
(0

II

Oo o

C/l

oo
oo

eno
oo

oo
oo

eno
oo

oo
oo

<
•—

•

c
ID

«n

O.

»-»-* hJ hJ rJ

O-CCOM J^ u <cnoo^ CO II <

oooo o
OOOO O II 3"

OOOO o
oooo oOOOO o

WW^J^-* o
oo»-*-te'Cn ^

II X

I o
I <
I cu

0
or

o
o
COo

or
ID
<*
9i

o
C*J

a.
to

o
o
ho
hj

o

o

ID

VI

n
o
s
TJ

o
c
a.

ID

9
1>
-i
ID

c

in

183



{ i i i i { { { i { i i i (

R. U CRAIN INC.



f- <
o 01
TO *—
ID

il

O -•

o oO 00

m

4^

IS3

oo
oo

o
oo

N3Oo
oo

o
bo

MOo
oo

o

<
OJ

c
ID

in

Qi

O.

-»«-*(-* hJ ^o

O' cc tn ^J Ul ti <
hj tn ui "Nj o II <

oooo o
OO o O O II or
l-i •-* I-* •-* l-» II c*-

oooo o
oooo ooo I— o o !i >;

UlhJ Jk^i-* o
NO^ hj en CO

or
Oi

o
b
00o

or
<D

I 3
I <
t QJ

o

>D

«l

o
b

cn

rj

O
9
tJ

O
c
a

ID

•
-1

ID

t*-

C
-1

ID

Ul

184



r: << t f << t <<<<<< (

R. I_ GRAIN INC.



m 3
•- <
O 01
TO •—
ID

il

oo
Ul

m

Oo
oo

o
oo

Oo
oo

t/lo
oo

Oo
bo

o

<

c
ID

tn

01

»— •-* hJ N) rJ

o COo bO CII II <
CJ10 01 VJ W II <

oooo o
OOOO O II 3r
i-* t-i !-». »-* »-* 11 r»-

OOOO O
oooo oOOOO o

WW hj ^^ o
CO »—M Ul 00

II X

II ^-
II 3
II <
II 01
II H-

•9

or
QJ

o
o
COo

or
(D

O
04

Ol

Of

o
b

^J

U!

O
O
9
T)

O
c
3
Ol

• Z

ID

B
T5

Ul

185



le. i i i i i i i i i i i i i i

R. U CRAIN INC.





C (<(< i i ((((<<< (

R. 1- GRAIN INC



!-•



riiiiiiiiiiiiii



oo

04

O
oo

4feo
oo

o
oo

<
on

c
m
w»

<u
3
a.

UOJC*JC>J Jk Jk

O •-* ui <;^ Cfl

OOOOO o
ooooo o

OOOOO o
ooooo o
-'t-'OOO o

ooooo o



T:{{{i{{{{iiii{i
R. l_ GRAIN INC.



»— <
O OJ
"0 I—
(D

il

oo

o

CC

o

o
oo

oo

o
oo

COo
oo

oo
oo

o
oo

o

<
01

c«

01
3
a.

hJOJMM.
>ohjo^>c»otn
coo»-*o»-*o

oooooo
oooooo

oooooo
oooooo
»-*»—ooo o

oooooo

II <
II <

II or
II <*

II X

I »-»

I 3
I <
t 01
I *-'

OJ in

zr "0

Qj «-•

ID

3
O

O
o
»-*

COO Jk.

n
o
9
T>

O
c
3

or 3
(D O
c*- ••

01

O
•»• -«

n
01O 01
IDO VI

en

Ol
ID

o

o
o

190



r", ^ i i < i i { i { { { { { (

R. U GRAIN INC.



oo

CO

o

o
oo

o
oo

o
oo

00o
oo

<

c

01

o.

M OJ UlM^ Jk

WOOoOO !l<

OOOoO o

OOOoO o••»•»OOOoO o

OOOoO o

zr
QJ

o
o
00o

or
(0

I 3
I <
i Cii

o
00

Ol
ID

t>

n
o
B
•V

o
c
o.

ID

9
-»

ID
<*
c

o

o
o

4^

oo
oo

o

00

o
oo

191



(!"(((((((( ( ( ( ( ( (

R. L. GRAIN INC.





E << i <<« 1 <<<(<< <

R. L- GRAIN INC.



o o
o w

00

O
oo

oo

o
oo

COo
oo

oo
oo

o
oo

o

<

c
ID

91
o
a.

WUiWUi^ ^
OhJW->OhO W li <00CJ100 O !l <

ooooo o

ooooo o
ooooo o
^-^i-*000 o

o
o
9
o
c
Ol

o
o
00O t—
•• r*-

ID

9
TJ

3 -»

O <D
ft- • r^
OJ C

O -»
•* -ts fl)

O
OJ
\n
(D

cr
rD

oM
00 O

OOOOO o I 3
I <
I 01

o.
ID

o
o

193



\ t ,
< < t 4 < 4 f < f 4 t f < 4

R. L. GRAIN INC



o o

o

en

oo

^̂

t
00

o

Ul

o

Is)o
o
CO

oo

o
oo

U1

oo

<

c
IS

in

3
o.

T9 1)
»- o
ID C

o

M



f! «

R. l_ GRAIN INC.



o
OI

oo

o
—

J^
©»

CO
4^

00

N)

Y

Oo

w
oo

o
oo

oo

04o
oo

Ul

oo

4^o
oo

Ul

oo

Ulo
oo

Ul
Ul

oo

IB

o
-s

O

<
I—

'

c
(0

ft

91

v>



IS f

:»•!

R. L. GRAIN INC.



i-t



i i

-I I

o

R. I- GRAIN INC.

:* I



t—



«S I

O ! .'

ru i

rr

GRAIN INC.



I-*



i: (

O I

1

O I

i i

o

R. L. CRAIN INC.



M

O

>0

>0o

o
CD

W
oo

oo

U1

oo

o
oo

N3
in

oo

o
oo

oo

<

c

OU

Ol

QJ O
« »
TO T>
I- O
ID C

3
3 a
o

3:

"73

3"
CO
r-o
"Dm

»- ii

o
c

K)



GRAIN INC.

I

•n. i

-•: 1

e 1

at 1

C- 1



M

CJl

Oo

O

>0

00
CO

w

00

oo

U1

oo

o
oo

oo

o
oo

U1

oo

ID
TO

o
-»
<•

o

<

c
(D

CU

3a

ffi



R. L. GRAIN INC

O I



"H to 3
zr r~ <
ID O 01

n m
01 —
»- II

o
c
01 o o

oo

N)

00

U1

00

K>

o
00

9
ro

Wl

OO

oo

U1

oo

o
oo

oo

o
oo

CA

Oo

ill

O
-1
<*•

o

<
01

C
ID

<n

Ql
3

«» o
Ql O
V »
"U TJ
i- O
ID C

a
o a.
o

o

o
Oi
in
ID

ID
<^
C

00



?: ( ( <

!
-I '

ifcl ! S»

{ { i { { { i { {

iO 1 'H

O if'

i '0

10

o
.0

R. L. GRAIN INC.



•H CO a
ar r- <
ID o «J

TJ I-
o m
91 ~
*- li

n
c

o o
o
00

< Jk

»-
c
ID

o

Ul

oo

o

Cfl

00

O

hO

00

W

oo

Ul

oo

o
oo

en

oo

o
oo

Ul

oo

ID
"0

o
-J
<*

o

<
I—

I

c
ID

«J

Ol

ti



e < ( <

t «:;^

~1
o

o
C' 1 *

R. U GRAIN INC.



ID

en
r-o
TJm

^- ii

r>

c
01

ID

o o
O N)

< 4k
01 —
I—
c
ID

NJ^

U\

oo

o

Ul

hj

CO

w

00

oo

U1

oo

o
oo

en

oo

o
oo

en

oo

o

<
01
I-'

c
ID

m
01
3a

01 o
m m
•0 19
»>< o
ID C

D
o

•• 3t

3



!:<(<<<<<<<<(<<<
R. I- GRAIN INC.

s i

fri 1

1

XI O C i





(!'] i i { { { i i i < ( ( (

R. L. GRAIN INC.

:
1

! w-l I O i (

=::'
i I--

i c> c i



ID

CO O
r- <O 01

m
•- 11

o
c

ID

O.

o o
b ^
00 00
C*4

SI

o

b

w

N>

sj
00

V
ID

UI

Oo

oo

XJ\

oo

o
oo

OO

o
oo

oo

TO

o
-Jc
o

<

c
ID

<U

a.

tft



c; t < t I < 4 I ( < ( < < < <

-I I

at i

: 3 ,->'

O (1

R. I_ GRAIN INC.



•H CO 3
3r r- <
>0 O Oi

n m
01 —
*- il

n
cwoo
IDa o

00

o

o

t-0

O

NJ

hO

00

Ul

oo

oo

UI

oo

o
oo

oo

o
oo

oo

o

<

c
ID

V)

QJ

o.

»- o
ID C

•• a:



fT I i <<((((<(((

I !'.J i •:

1 O : <:

O i M

R. 1- GRAIN INC.





C ^ ^ < t < 4 < < i i ( < < (

-H 1

St i

I

R. U GRAIN INC.





r 1 i i ( < ( i < < < ( < < <

O 1

O !

o o

R. U GRAIN INC.

f i



» » t » 1



r: t 4 t ( < <

o

(<(<((
"1
O

o t
•;

!
<':

O i

oo CI

R. I_ GRAIN INC.



00

t-0

N3

O



\ \ \ { i { i ( ( « < < <

1

o i

> "1

R. 1- GRAIN INC.



o

CO

o

Io
o
en



r. ( t ( 1 ( ( ( ( i

-1 1 •-



Y « 1 >



i: i i i { i i i i i i i i { i

en (• '-( T
n O t

R. U CRAIN INC.

i i



V t 1 1 1 » 1 t » >



C ( < I < < < 4 i < < i < < i

c n.i

CT
o

R. L. GRAIN INC.

I I





€ i i i i i i i i i

55 !

I n-

< < < <

R. L. GRAIN INC.





€, { i i ^ i i ^ i i ^ ^ < i i

; a*

R. L. GRAIN INC

4 4 4 1





IK c < I « i i i i

Cf i

-'. ''>

O 1 -'J

< K i i
R. l_ GRAIN INC.





r t

10 d

'-::;' = rj

O I

i i 4 4 4 4 4 4 4 4 4 < ( 4





r. ( ((((((((
10 o .r. O {

1

'u ;
<:;'

c
(i

ifi o

s -I ; ^



> )



r;
R. L. GRAIN INC.

-f i ; ai

o



-H



C i i { i ( ( i i i i

> -I

.0 O
I 1 +-« rr

!

O i

-~i O

( ( < (

R. I_ CRAIN INa

( ( ( i ( M



) > >



r, { i i

O t Si

<(<(<((<<<

I O i o

o

i .
-i .i I

R. L. GRAIN INC.



Io
o

Io

Io
o
Si



liiiiiiiiiiiiii

o

j in

S S

ri o

I I < I < « ( (





( { {{{{{{ { { { {

r t

h 0"m

I I ' I

i/1 .





r:

( -J T

cn



) )



(<<<(<<<<<(<<<

> 1

.
<':

* -n -t -





u> f

-»~?
I C

o
CI

o

O I o

o

o
i C

o

o
t/1

O i
'-I

1-1 IO i

I <>

i <'v

1 o
i '0

i »
! O

rn

ii



^ 1

•H



r i { i i i i i i i ( i { { i

;.vl

O ; <:

I
-



1



r < 4 < < < i < i i < < < < <

w 1 p:

O



^



c: I ^ (((<<((<((< (

£ri I -i T
T "c:

CI

I '>

i i



1



f]((((((<< ( ( ( ( (

15
f.

13 •-!

!

-f^
i

^ I

S i

(71 i

i o .:> 1-!

I



) 1



r i <<((<< 1 ( ( ( < (

f >
1 U.i

ri i 'I c"

tv t-

o



^



c: I < < t I I < I < ( < ( < <
R. I- CRAIN fNC.





f (<<(<(((<(<<( <

r* i..'

1 rj-

i

O '• U--



:> ) )



r: i ««<«<(«<(<<(

J •..!

O





o

-rt





r « I f I

(J. c
o

R. I- GRAIN INC.

9 9














