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ABSTRACT 

The kinetics of the oxidation of alcohols and ethers by 

ruthenium tetroxide in aqueous perchloric acid solutions have 

been investigated. At low acidities (0.9 - 6.6 M HC104) the 

empirical rate law for the reaction is first order with respect 

to both ruthenium tetroxide and 2-propanol whereas at acidities 

varying from 8.5 to 10 M HC104 the reaction was found to be zero 

order with respect to ruthenium tetroxide and first order with 

respect to 2-propanol. In the low acidity region the rate of 

reaction was found to be inversely proportional to the acidity of 

the medium whereas at acidities higher than 8 M HC104 the rate of 

oxidation increased with increasing acidities. 

The oxidation of tetrahydrofuran was observed to be first 

order with respect to both ruthenium tetroxide and ether for 

acid concentrations lower than 3 M HC104. The observed rate of 

oxidation of tetrahydrofuran was 2 - 5 times greater than the rate 

of oxidation of 2-propanol under comparable conditions. 

At low acidities a kinetic isotope effect (kH/kr, = 4.6 ± 0.2 

for 2-propanol, kH/kvi = 1.5 ± 0.1 for tetrahydrofuran) was 

observed, indicating that in both cases the a-carbon-hydrogen bond 

was cleaved in the rate determining step. At 10.07 M HC104 no 

primary kinetic isotope effect was observed in the oxidation of 

2-propanol, suggesting that some other step had become rate 

determining. 



Substituent effects indicated the development of an electron-

deficient reaction center in the oxidation of alcohols at both 

high and low acidities. 

It was found that oxygen had no effect on the rate of 

reaction. 

Acetone was observed to be the only organic product in the 

oxidation of 2-propanol at low acidities. 

From a consideration of all the available evidence it was 

concluded that at low acidities the reaction proceeds via a rate 

determining hydride abstraction, whereas at high acidities the 

formation of carbonium ions is rate determining. 

Competitive experiments in carbon tetrachloride indicated 

that ruthenium tetroxide was non-selective in the oxidation of a 

set of four substituted benzyl alcohols. 

ii 
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1. INTRODUCTION 

The use of ruthenium tetroxide is of relatively recent 

origins; the first oxidations of organic compounds with this 

reagent were described by Djerassi in 1953 (1). He observed it 

to be a very vigorous reagent as is reflected in his description 

of its behaviour towards some common solvents, "A small amount of 

ruthenium tetroxide (ca. 10 mg.) was tested with the following 

solvents: anhydrous ether - small explosion, followed by yellow 

flame; benzene - vigorous explosion; pyridine - no explosion, 

only flame; carbon tetrachloride and chloroform - reddish-orange 

solution." 

Ruthenium and osmium are found in the same group of the 

periodic table, and it might be expected that the oxides of these 

metals would behave very similarly. Osmium tetroxide was 

developed first and has been used widely in organic chemistry, 

especially for the hydroxylation of olefins (2,3). However, it 

would appear that ruthenium tetroxide should have some practical 

advantages over osmium tetroxide in that it is less volatile, 

less toxic (although its vapour causes irritation when inhaled, 

it is not poisonous to the eyes (4) in contrast to this very 

serious danger with osmium tetroxide), less expensive (osmium is 

currently $225.00 per ounce whereas ruthenium is only $45.00 per 

ounce
a
) and more readily available. In addition ruthenium 

a 
Alfa Inorganics, Inc. 1970. 



tetroxide is a more powerful oxidising agent than osmium 

tetroxide as evidenced by the following two observations: 

(i) organic sulfides are stable towards 0s04, :ut they 

are oxidised to the corresponding sulfones by Ru04, 

(ii) olefins are converted dir3ctly into the corresponding 

carbonyl compounds without formation of isolable inter-

mediate ruthenate esters by 
Ru04' 

Osmium tetroxide 

converts olefins to cyclic osmate esters which may be 

cleaved to give the corresponding cis-glycols. 

Ruthenium tetroxide readily attacks a variety of functional 

groups as has been reported recently by Lee and Rylander (5,6). 

It is most easily prepared by shaking ruthenium dioxide with an 

excess of sodium periodate in water, followed by extraction of 

the tetroxide with carbon tetrachloride (7). Alternatively it 

can be generated in situ by shaking an aqueous solution of 

sodium periodate with a carbon tetrachloride solution containing 

the organic compound and catalytic amounts of ruthenium dioxide 

(8). Halogenated compounds (CC1
4' 

CHC1
3 

and CFC1
3
) are most 

commonly used as solvents.' Paraffins, ketones, esters and water 

may also be used, although the tetroxide reacts slowly with the 

oxygenated compounds. 

Oxidations with ruthenium tetroxide can be carried out 

either with stoichiometric quantities of the oxidising agent or 

with catalytic quantities if the reactions are conducted in the 

presence of an oxidising agent of sufficient strength to reoxidise 
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reduced ruthenium dioxide to the tetroxide. Ruthenium 

tetroxide has been prepared from ruthenium compounds of lower 

oxidation states in acid, neutral and alkaline media. Suitable 

oxidising agents in acidic media are bromates, permanganates, 

periodates, sodium bismuthate, chromic acid and lead tetraacetate 

whereas in alkaline media chlorine and metal hypochlorites have 

been used (9). Most generally sodium periodate has been used in 

organic syntheses to reoxidise the ruthenium dioxide to ruthenium 

tetroxide. 

Although ruthenium tetroxide is now being used rather widely 

in organic syntheses no studies into the mechanism of its reaction 

have yet been reported. In the past it has been observed, with 

other oxidants, that a knowledge of the reaction mechanism has 

often led to an increased ability to control the reaction by an 

intelligent variation in conditions and consequently to improve 

yields and obtain new products. (For two such examples see 

references 10 and 11.) Consequently we anticipated that a study 

into the mechanism of some ruthenium tetroxide oxidations might 

be both interesting and useful. The reductants which we choose 

to use were alcohols and ethers, the former because they were 

reported to undergo a simple conversion to the corresponding 

carbonyl compounds (12) and the latter because a rather unique 

change in functional group (from ethers to esters) is involved 

(12). 
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The remainder of this introductory section will thus be 

devoted to a discussion of the literature pertaining to the oxi-

dation of ethers and alcohols along with a few other interesting 

compounds, followed by a section dealing with some of the more 

important physical properties of ruthenium tetroxide. Since no 

comprehensive review is available elsewhere an attempt has been 

made to tabulate all of the reactions in which ruthenium 

tetroxide has been used as an organic oxidant. Undoubtedly some 

reactions have been inadvertently omitted, and the author would 

be pleased to learn of any such omissions. 

1.1. Oxidation of ethers by ruthenium tetroxide 

One of the most interesting reactions attributed to 

ruthenium tetroxide is the oxidation of aliphatic ethers to 

esters, or lactones in the case of cyclic ethers. For example, 

tetrahydrofuran (I) can be smoothly oxidised to y-butyrolactone 

(II) in nearly quantitative yield under mild conditions (12). 

I II 
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The oxygen of the ether linkage has apparently an activating 

effect on the adjacent methylene group. This effect is appar-

ently absent in the ester, as evidenced by the fact that y-

butyrolactone is resistent to further oxidation and attempts to 

prepare succinic anhydride (III) in this way were unsuccessful 

(13). 

L.00 //> )„,-ko
III 

In general a cyclic ether of the formula (IV) 

Crik 

0 CH
2 

IV 

wherein Alk is an unsubstituted or substituted methylene and n 

is an integer of 2-20 will be oxidised to the corresponding 

lactone of the formula (V) (14). Several examples of ethers 

oxidised in accordance with this reaction scheme are found in 

Table 1.1. 

This gentle oxidation of cyclic ethers to lactones 

appeared to offer a route (by oxidation of ethylene oxide) to a 



Table 1.1 

Oxidations of aliphatic ethers by ruthenium tetroxide 

Ether Product Yield % Conditions Ref. 

Tetrahydrofuran y-Butyrolactone 100 CC1
4'

0
o
C 12,13,14 

2,3 -Dimethyltetrahydrofuran 0,y -Dimethyl -butyrolactone 14 

2 -Methyltetrahydrofuran y -Methyl -y -butyrolactone 14 

3-Methyltetrahydrofuran a -Methyl -y-butyrolactone and 14 
0 -Methyl -y -butyrolactone 

2,3-Diethyltetrahydrofuran B,y-Diethyl-y-butyrolactone 14 

3-Hexyltetrahydrofuran a-Hexyl-y-butyrolactone and 14 
B-Hexyl-y-butyrolactone 

Ethylene oxide "Sticky precipitate" CC14,0°C 12 

n-Butyl ether n -Butyl n-butyrate 100 CC1
4 

12 

Diethyl ether No products identified 1 

Tetrahydropyran A -Valerolactone 14 

2-Methyltetrahydropyran A -Methyl-A -valerolactone 14 



(Table 1.1 continued) 

Ether Product Yield Z Conditions Ref. 

3-Ethyltetrahydropyran 

4-Butyltetrahydropyran 

2,3 -Diethyltetrahydropyran 

2,3,4 -Trimethyltetrahydropyran 

O 

HO 

a -Ethyl-A -valerolactone and 
y -Ethyl-A -valerolactone 

0-Butyl-A-valerolactone 

y,A-Diethyl-A-valerolactone 

0,y,A-Trimethyl-A-valerolactone 

42 CC1
4 

14 

14 

14 

14 

16 

40 and 30 Ru04/NaI04 15 
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hitherto unknown class of compounds - the a-lactones. 

Accor-lingly ethylene oxide (VI) was oxidised at 0°C -in carbon 

tetrachloride with ruthenium tetroxide in the hope of obtaining 

evidence for even a transitory existence of an a-lactone (VII) 

(12). However, a very sticky, thick precipitate formed resem-

bling a polyglycolide and no indication could be found that a 

lactone was present. 

H
2
C CH

2 
VI 

II H
2
C C=0 

VII 

As indicated by the conversion of (VIII) to (IX) bicyclo 

ethers can be oxidised with ruthenium tetroxide to the corre-

sponding lactones in 40% yield (15). 

H 
HO 

O

VIII IX 

30% 

The oxidation of the steroid (X) having an ether linkage in 

its structure has also been reported (16). 

0 CR2 OAC 

CHOAC 
eramo.••••••wogrmen4 

0 CH2 0Ae 

CHOAC 
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Although only two such oxidations have been reported it 

would appear that aliphatic ethers can be converted into the 

corresponding esters (6). Anhydrous ether reacted rather vio-

lently when used as a solvent and no products could be identified 

(1); however, a quantitative yield of n-butyl n-butyrate (XII) was 

obtained when n-butyl ether(XI) was treated with ruthenium tetrox-

ide (12). 

Ru04/CC1 04 0 
CH3(012)30(CH2)3CH3  0 > CH3(CH2)30C(CH2)2CH3 

10-15 

XII 

1.2. Oxidation of alcohols by ruthenium tetroxide 

Ruthenium tetroxide is a useful reagent for the oxidation 

of secondary alcohols (12). As indicated in Table 1.2 cyclo-

hexanol, menthol and 3 6-cholestanol (XIII) were all cleanly 

oxidised to their respective ketones (12,17). 

HO 

XIII 



Table 1.2 

Oxidations of alcohols by ruthenium tetroxide 

Alcohol Product Yield % Conditions Ref. 

1-Menthol 1-Menthone 96 CC1
4' 
'0oC 12 

-Cholestanol 3 -Cholestanone 49 •CC14, ° 0C 12 

Cyclohexanol Cyclohexanone 93 CC14,•13 C 12,17,31 

trans-1,2 -cyclohexanediol 1,2 -Cyclohexanedione 15 CC14, C 12 

1,2 -Cyclohexanediol Adipic acid 80-90 31 

Norborneol-d Norcamphor-d 60 CFC1
3 

28 

Benzhydrol Benzophenone 90 CC1
4
/NaI0

4 
18 

Ethyl 3 -hydroxycyclo - 
butanecarboxylate 

Ethyl 3 -ketocyclo - 
butanecarboxylate 

78 CC1
4
/NaI0

4 
17 

. 



(Table 1.2 continued) 

Alcohol Product Yield 2 Conditions Ref. 

HO 

CH 

I 3
H --C --OH 

HO 

CH 

I 3
C=O 

93 

91 

CC1
4 

CC1
4 

26 

26 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

H OH 

H 

CH
3
COO

H 0 

1 
H 

92 CC1
4 

26 

82 CC1
4
/NaI0

4 
26 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

CH
3
co9 

HO 

CH
3
COO 

O 

76 CC1
4
/NaI0

4 
26 

30 CH3 COOH 26 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

HO 

CH3COOH 26 
40°C 

80 CC1
4
/NaI0

4 
15 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

HO 

H 

76 CC1
4
/NaI0

4 
15 

87 CC1
4
/NaI0

4 
15 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

88 CC1
4
/NaI0

4 
15 

30 and 40 CC1
4
/NaI0

4 
15 

0—  CH
2 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

Benzyl alcohol Benzaldehyde 90 CC14,0°C 12,17 

1-Hexanol Caproic acid 10 CC14,0°C 12 

1-Heptanol Heptaldehyde 14 CC1
4
/Nal0

4 
17 

CH2
OH 

2 -Phenyl-l-propanol 2 -Phenylpropanal 

0 
CC14,0°C 12 

48 CC1
4'
NaI0

4 
17 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

COOH 

Ac0 Ac0 

COOH 

COOH 

68 Na0H/NaI0
4 

15 
* 

* 
60 Na0H/NaI04 15 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

030H 

0 

COON 

97 Na0H/NaI04 15 

88 Na0H/NaI0
4 

15 



(Table 1.2 continued) 

Alcohol Product Yield % Conditions Ref. 

COOH 

(:221:11? 

H
2
C 0 

COOH 
0 

COOH 

40 KOH/NaI0
4 

29 

KOH/NaI0
4 

30 

These lactones are included in this table since they are hydrolysed to the corresponding 
hydroxycarboxylates in this medium and the actual oxidation is the conversion of an 

alcohol to a ketoacid. 



-21 -

The oxidation of trans -1,2 -cyclohexanediol to 1,2 -cyclo - 

hexadione (XV) with ruthenium tetroxide was accomplished using 

water as a solvent (12). 

OH 

OH 
0 

XIV XV 

Benzhydrol (XVI) is converted into benzophenone (XVII) in 

almost quantitative yield and Beynon et al. used this reductant 

to verify the stoichiometry of the reaction (18). 

Ru0
4 
+ 2 

XVI 

H 

on 
RuO2 + 2 

XVII 

+ 2H
2
0 

Caputo noted the importance of oxidations by ruthenium 

tetroxide for the conversion of cyclobutanols to cyclobutanones 

(17). Ethyl 3-hydroxycyclobutanecarboxylate (XVIII) was con-

verted to ethyl 3-ketocyclobutanecarboxylate (XIX) in 78% yield. 
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HO 

0 
II 
C--0--C

2
H
5 

XVIII XIX 

--0--C
2
H
5 

Normally such oxidations at a 4-membered ring proceed in much 

lower yields. 

The successful oxidation of the hydroxylactone (XX) has 

been published very recently by Moriarty et al. (15,19). 

HO 

0 

XX 

Ru04/NaI04

Attempts to use fifteen other standard oxidising procedures 

failed to accomplish this conversion; in fact the virtual im-

possibility of effecting this transformation has been published 
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(20). The fact that the reaction proceeds smoothly with 

ruthenium tetroxide emphasizes the high potential of this reagent 

as an oxidant. Several related systems were also oxidised in 

yields varying from 76 to 88% (see Table 1.2). 

The use of ruthenium tetroxide as an oxidant for carbo-

hydrates was introduced by Overend and co-workers (7,21). 

Partially protected glycosides were found to be converted into 

glycopyranosiduloses in high yields. These workers observed that 

carbohydrates 0-substituted with methoxycarbinol, benzoy1, ben-

zylidene, isopropylidene and methylene groups could be converted 

into protected methyl glycopyranosiduloses in good yields (see 

Table 1.3). No significant selectivity in the oxidation of endo 

and exo hydroxyl groups was noted. 

An alternative preparation of glycpyranosiduloses has been 

achieved by the use of chromium trioxide in pyridine (22), but 

yields are generally better when ruthenium tetroxide is employed 

(7). For example, the oxidation of 5-0-benzoy1-1,2-isopropyl-

idene-a-D-xylofuranose (XXI) was not successful with chromium 

trioxide in either pyridine, acetone or acetic acid, nor with 

aluminium isopropoxide, potassium permanganate or lead tetra-

acetate in acetone. Chromium trioxide in t-butanol did give 

some product, but in very low yields. However, with ruthenium 

tetroxide the corresponding ketone, 5-0-benzoy1-1,2-0-isopropyl-

idene-a-D-erythro-pentos-3-ulose (XXII) was formed in 55% yield 

(23,24). 



Table 1.3 

Oxidations of carbohydrate derivatives by ruthenium tetroxide 

Substrate Product Yield % Ref. 

Methyl 3,4-0-isopropylidene-S-L-
arabinopyranoside 

Methyl 6 -deoxy -2,3 -0-isopropylidene-
a-L-mannopyranoside 

Methyl 6-deoxy-3,4-0-isopropylidene-
a-L-galactoside 

Methyl 4,6-0 -benzylidene-2 -deoxy -a-
D-arabino-hexopyranoside 

Methyl 4,6-0 -benzylidene-2 -deoxy -a - 
D-lyxo-hexopyranoside 

1,2:5,6-0-isopropylidene-a-D-
glucofuranose 

Methyl 4,6-0 -benzylidene -2 -0-p-tolyl-
sulfonyl -a-D -glucopyranoside 

Methyl 2,3-d1-0-benzoyl-a-L-
arabinopyranoside 

Methyl 3,4 -0-isopropylidene - 
erythro -pentopyranosidulose 

Methyl 6 -deoxy -2,3-0 -isopropylidene - 
a-L-lyxo-hexopyranosid -4 -ulose 

Methyl 6-deoxy-3,4-0-isopropylidene-
a-L-lyxo-hexopyranosidulose 

Methyl 4,6-0-benzylidene-2-deoxy-a-
D-erythro-hexopyranosid-3-ulose 

Methyl 4,6-0 -benzylidene -2 -deoxy -a-
D -threo-hexopyranosid -3-ulose 

1,2:5,6-0-isopropylidene-a-D-
ribo-hexofuranos-3-ulose 

Methyl 4,6 -0 -benzylidene -2 -0-p -tolyl-
sulfonyl-a-D-xylo -hexopyranosid -4 - 
ulose 

Methyl 2,3-di-0-benzoyl-a-L-threo-
pentopyranosid-4-ulose 

80 7,82 

7 

70 7 

35 7,18,84 

47-89 7,34,35 

80-95 7,23,24, 
25,35 

83 25 

93 25 



(Table 1.3 continued) 

Substrate Product Yield X Ref. 

1,3:2,5-Di-0-methylene-L-
rhamnitol 

6 -Deoxy -1,3:2,5 -di -0 -methylene -L-
glycero -D-erythro -4 -hexulose 

Quant. 32 

1,2:5,6-Di-0-isopropylidene-a-D-
glucofuranose 

1,2:5,6-Di-0-isopropylidene-a-D-ery- 
thro-D-glycero-hexos-3-ribofuranose 

85-90 21,32 

Methyl 3,4-0 -isopropylidene-0 -D-
arabinoside 

Methyl 3,4 -0 -isopropylidene 
erythro -pentos -2-ulopyranose 

80 32 

6-0-Benzoy1-1,2:4,5-di-0-
isopropylidene-dulcitol 

6-0-Benzoy1-1,2:4,5-di-0-isopropyli-
dene-threo-glycero-3-hexulose 

Quant. 32 

1,2 -0-Isopropylidene-L-threose D-Glycero-1,2-0-isopropylidene-
tetros-3-ulose 

70-75 83,32,86 

5 -0 -Benzoy1-1,2, -0-isopropylidene -a- 5-0-Benzoy1-1,2-0-lsopropylidene-a- 55 23,24,87 
D-xylofuranose D-erythro-pentos-3-ulose 

5-0-Benzoy1-1,2-0-isopropylidene-a-
D-xylofuranose 

6 -0-Benzoy1-3 -deoxy -1,2 -0 -isopropy-
lidene-3 -oxa-a-D-erythro -hexos -4 - 
ulose 

35 23,24,82 

1,2:5,6-Di-0-isopropylidene-a-D-
glucofuranose 

1,2:6,7-Di-0-isopropylidene-3-deoxy- 
3-oxa-a-D-ribo-heptos-4-ulose 

23,24,82



(Table 1.3 continued) 

Substrate Product 

Methyl 2,3,6-tri-O-benzoyl-a-D-
glucopyranoside 

Methyl 3,6-di-O-benzoy1-2-deoxy-a-D-
arabino-hexopyranoside 

Phenyl 3,6-di-O-benzoy1-2-deoxy-a-D-
lyxo-hexopyranoside 

Methyl 4,6-0-benzylidene-2-0-toluene-
p-sulfonyl-a-D-glucopyranoside 

Methyl 2-acetamido -4,6 -0-benzyli-
dene-2 -deoxy -a-D -glucoside 

Methyl 3,4,6-tri-O-benzoyl-a-D-
glucoside 

Methyl 2,3,6-tri-O-benzoyl-a-D-
galactopyranoside 

Methyl 2,3 -0 -isopropylidene-a -L-
rhamoside 

Methyl 2,3,6-tri-Obenzoyl-a-D-xylo-
hexopyranosid-4-ulose 

Methyl 3,6-di-0-benzoy1-2-deoxy-a-D- 
threo-hexosid-4-ulose 

Phenyl 3,6 -di-O-benzoy1-2 -deoxy -a -D- 
threo -hexosid-4 -ulose 

Methyl 4,6-0-benzylidene-2-0-toluene-
p-sulfonyi-a-D-ribo-hexopyranosid-3-
ulose 

Methyl 2 -acetamldo-4,6-0 -benzylidene - 
2 -deoxy -a -D-ribo -hexopyranosid-3 - 
ulose 

Methyl 3,4,6-tri-0-benzoyl-a-D-
arabino-hexopyranosidulose 

Methyl 2,3,6 -tri -0 -benzoyl -a -D-xylo - 
hexcpyranosid -4 -ulose 

Methyl 6 -deoxy -2,3 -0 -isopropylidene - 
a -L -glycero -D-erythro -hexos -4 -uloside 

Yield % Ref. 

79 36 

68 36 

48 36 

36 

58 36 

75 21,82 

81 36 

Quant. 32 



(Table 1.3 continued) 

Substrate Product Yield % Ref. 

1,6-Anhydro-3,4-0-isopropylidene-a-
D-galactopyranose 

Methyl 4,6 -0-benzylidene-2 -deoxy-a - 
D-ribo -hexopyranoside 

Methyl 4,6-0-benzylidene-3-deoxy-a-
D-arabino-hexopyranoside 

1,2:5,6-Di-0-isopropylidene-a-D-
gulo-furanose 

1,2:5,6-Di-O-isopropylidene-o-p-
altro-furanose 

1,2:5,6-Di-0-isopropylidene-8-D-
ido-furanose 

Benzyl 6-deoxy-2,3-0-isopropylidene-
a-L-mannopyranoside 

Methyl 2,3,6 -trideoxy -a -D -erythro - 
hexopyranoside 

1,6 -Anhydro-3,4 -0-isopropylidene -a-
D-xylo -hexopyranosid-4 -ulose 

Methyl 4,6 -0 -benzylidene -2 -deoxy -a-
D -erythro-hexopyranosid -3 -ulose 

Methyl 4,6-0 -benzylidene-3-deoxy-a - 
D -erythro -hexopyranosidulose 

1,2:5,6-Di-0-isopropylidene-a-D-
xylo-hexofuranos-3-ulose 

1,2:5,6-Di-0-isopropylidene-S-D-
arabino-hexofuranos-3-ulose 

1,2:5,6-Di-0-isopropylidene-8-D-
lyxo-hexofuranos-3-ulose 

high 33,37,92 

85,18 

80 82,88 

72 82,89 

67 82,89 

85 82,89 

Benzyl 6-deoxy-2,3-0-isopropylidene- 97 
a-L-lyxo-hexopyranosid-4-ulose 

Methyl 2,3,6-trideoxy-a-D-glycero-
hexopyranosid-4-ulose 

90 

82 91 
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R 0 

0
3 

ma
3 

R = C6
H
5
COOCH

2
-

XXI 

Ru04 

XXII 

CR
3 

It was later noted by Nutt et al. (24) that the oxidation of 

1,2:5,6-di-isopropylidene-a-D-glucofuranose in the presence of 

excess ruthenium tetroxide gave increasing amounts of an un-

expected product, 1,2-0-isopropylidene-6-0-benzoy1-3-oxa-a-D-

erythro-4-hexulopyranose (XXIII), which is apparently formed as 

the result of oxygen insertion. The product reported by 

Overend, 1,2:5,6-0-isopropylidene-a-D-ribo-hexofuranos-3-ulose 

(7), was found to be present after a few hours, but disappeared 

as the reaction proceeded. The problem of over-oxidation can 

however be minimized by use of catalytic amounts of Ru02 and the 

sparingly soluble potassium periodate instead of sodium periodate 

(25). 
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R= 

excess Ru0
4

48 hrs.

CH
3 

CH
3 

CH xo 
0----CH 

CR
3 

XXIII 

CH
3 

The reactions of carbohydrates with ruthenium tetroxide are 

summarised in Table 1.3. 

Nakata (27) found that steroidal secondary alcohols were 

readily oxidised to ketones in excellent yields. The reversible 

interconversion between ruthenium dioxide and ruthenium tetroxide 

made it possible to oxidise simple steroid alcohols to ketones 

with sodium periodate using a catalytic amount of Ru02. Other 

functional groups such as ketones and esters were not oxidised 

but unsaturated double bonds were found to be attacked by the 

reagent. 
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Thus, cholestane-38,66-diol 3-acetate (XXIV) was oxidised 

to cholestane-35 -o1-6 -one 3-acetate (XXV) in 92% yield. 

CH
3
C00 ' CH

3
COO 

OH 

XXIV XXV 

In a similar manner 5a-androstane-3a-o1-17-one, 5a-pregnane-38, 

208-diol, 5a-androstane-30-01-17-one and cholestane-38,5a,68-

triol 3-acetate were converted into their corresponding ketones 

in yields of respectively 93, 91, 82 and 76%. One of the disad-

vantages of this catalytic method is that the reaction must be 

carried out under heterogeneous conditions because sodium 

periodate does not dissolve very well in non-polar organic sol-

vents. By replacing the sodium periodate with lead tetraacetate 

it is possible to carry out the reaction in glacial acetic acid 

under homogeneous conditions. However, the oxidation rate is 

then slower and it is not unlikely that acetic acid is oxidised 

to peracetic acid which might give rise to complications. 

Recently Wolfe et al. (31) used sodium hypochlorite as an 

oxidant to obtain ruthenium tetroxide from ruthenium trichloride. 
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They claim that this reagent has several advantages over sodium 

periodate; (i) NaC10 is less expensive and has a lower molecular 

weight than NaI0
4' 

(ii) periodates produce voluminous precipi-

tates of NaI0
3' 

and (iii) periodate itself will attack certain 

functional groups. Using this new procedure several organic 

compounds were oxidised; for example, 1,2-cyclohexanediol gave 

adipic acid in 80-90% yield. Their results indicate that the 

reaction proceeds via the a-ketol and not via the diketone: 

glycol .4. a-ketol +,diacid 

Primary alcohols are oxidised to aldehydes and/or carboxylic 

acids (12,17,27). The recovered yields of these conversions are 

in general not very high because the aldehydes and acids are 

strongly adsorbed on the precipitated ruthenium dioxide. Thus 

1-hexanol was oxidised to caproic acid (12), 1-heptanol to n-

heptaldehyde (17) and 2-phenyl-l-propanol to 2-phenylpropanal 

(17) in yields of 10, 14 and 48% respectively. Benzyl alcohol 

in contrast gives benzaldehyde in exceptionally good yield, 90% 

(12). 

A slightly different procedure was employed to convert 

lactones such as (XXVI) into keto carboxylates (XXVII) (15); the 

lactone was first hydrolysed to the hydroxycarboxylate in basic 

solution and then ruthenium dioxide and sodium periodate were 

added. Depending on the structure of the lactone yields varying 

from 60 to 97% were obtained. 
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XXVI 

H 

OH 

88% 

XXVII 

1.3. Other oxidations by ruthenium tetroxide 

A number of functional groups in addition to alcohols and 

ethers react with ruthenium tetroxide (see Table1.4). Olefins 

are oxidised to aldehydes, ketones or esters (12), amides to 

imides (12), aldehydes to acids (12) and sulphides to sulphones 



Table 1.4 

Oxidations of organic compounds other than alcohols and ethers 

by ruthenium tetroxide 

Reactant Product Yield % Conditions Ref. 

(a) Carbon-carbon double bonds 

Heptaldehyde 12;95 various 12,13,27, 1 -Octene 
Formic acid 51 

1-Rexene Valerie acid 51 Na0H/Na0C1 49 

1-Dodecene Undecanoic acid 90 NaOH/NaOCl 49 

2-Dodecene Decanoic and acetic acid Na0H/Na0C1 49 

2-Tetradecene Dodecanoic and acetic acid Na0H/Na0C1 49 

3-Heptene Butyric and propionic acid 61 Na0H/Na0C1 49 
Ce(IV)/HC104 51 

6 

4-Hexadecene Dodecanoic and butyric acid Na0H/Na0C1 

2-Butene Acetaldehyde 60 1N HC10
4 

51 

5-Pentyl-5-decene Butyl pentyl ketone Na0H/Na0C1 49 

Butyric acid 



(Table 1.4 continued) 

Reactant Product Yield % Conditions Ref. 

1,5-Hexadiene Succinic acid Na0H/Na0C1 49 

2-Butyl-1-octene 5 -Undecanone 83 Na0H/Na0C1 49 

2-Ethyl-l-hexene Butyl ethyl ketone Na0H/NaOCl 49 

7,8-Diethyl-7-tetradecene Hexyl ethyl ketone Na0H/Na0C1 49 

Methyl oleate n-Nonaldehyde Ce(IV)/HC104 49 

2-t -Butyl -3,3 -dimethy1-1 - 
pentene 

No oxidation product CC1
4'
0
o
C 52 

Cyclohexene Adipaldehyde 10 CC14'0°C 12,13,27 

Adipic acid Ce(IV)/HC104 49,51 

Adipic acid 86-95 CH
2
Cl
2
/H
2
0 31 

Methyl cyclohexene 6-0xoheptanoic acid Na0H/Na0C1 49 

a-Pinene Pinic aldehyde Ce(IV)/HC104 51 

Phenanthrene 9,10 -Phenanthraquinone 28 001
4'
-5

13
C 1 

9,10 -Dihydrophenanthrene- 11 

9,10 -diol 



(Table 1.4 continued) 

Reactant Product Yield % Conditions Ref. 

3-Alkylidene-2'-grisenes Grisene-3-ones 

Isolated double bonds in steroids 

(b) Aromatic hydrocarbons 

Benzene 

5-30 CC14,5°C 42 

1 C0011 

COON acetone 39 

0 

acetone 39 

0 

Dicarbonyl compounds usually 
high 

various 38-48 

Immediate reaction but no 1 
products could be identified 



(Table 1.4 continued) 

Reactant Product Yield % Conditions Ref. 

2-Phenylbutane 

Dibenzyl 

Immediate reaction but no 
products could be identified 

1 

1 

Triphenylmethane It 1 

Tetralin 1 

a-Nitronaphtalene 

Azobenzene tt 

1 

1 

Phenylacetylene 1 

Tolan 1 

Pyridine 111 1 

Pyridine Ruthenium tetroxide bis-
pyridine 

CC1
4 

53 

Pyrene Pyrene -4,5 -quinone 11 acetone 8 
Pyrene -1,6 -quinone 2 
4 -Formyl-phenanthrene 1 
5-carboxylic acid lactol 



(Table 1.4 continued) 

Reactant Product Yield % Conditions Ref. 

An unidentified aldehyde 10 

3 -Phenylpropionic acid Succinic acid and 94 CH
2
C1
2
/H
2
0 31 

Benzoic acid 6 

1-Phenylcyclohexanol Cyclohexanone 72 CH
2
C1
2
/H
2
0 31 

1-Phenylcyclopentanol Cyclopentanone 68 CH
2
C1
2
/H
2
0 31 

cis -3 -Phenylcyclobutane 
carboxylic acid 

cis -1,3-Cyclobutane CC1
4
/NaI0

4 
17,50 

dicarboxylic acid 

cis -2 -Phenylcyclobutane cis-1,2-Cyclobutane CC1
4
/NaI0

4 
17,50 

carboxylic acid dicarboxylic acid 

Phenylcyclohexane Cyclohexane carboxylic acid 25 CC1
4
/NaI0

4 
17 

p-t - Butylphenol 

(c) Sulfides 

Pivalic acid 12 CC1
4
/NaI0

4 
17 

Diphenyl sulfide Diphenyl sulfone 42 CC1
4'

0
o
C 1 

Methyl .27tolylsulfide Methyl 27toly1 sulfone 31 CC1
4'

0
o
C 1 

Methyl benzyl sulfide Methyl benzyl sulfone 58 CC1
4,

0
o
C 1 



(Table 1.4 continued) 

Reactant Product Yield % Conditions Ref. 

Triphenylmethyl phenyl sulfide Triphenylcarbinol 33' CC1
4
,0
o
C 1 

(d) Aldehydes 

Benzaldehyde 

n-Heptaldehyde 

(e) Amides 

n-Hexyiheptamide 

Butyrolactam 

O SO2

tf 
Benzoic acid 

Heptanoic acid 

Heptoylhexoylamine 

Succinimide 

70 CC14,0°C 1 

33 -CC1
4'
0
o
C 12 

30 CC14,0°C 12 

58 CC14,0°C 12,13 

49 CC1
4'
0
o
C 12 



(Table 1.4 continued) 

Reactant Product Yield % Conditions Ref. 

(f) Amines 

Triamylamine 

Diethylamine 

Piperidine 

(g) Esters 

"Intractable products" 

Butyrolactone No reaction 

(h) Ketones 

Methyl cyclopropyl ketone No reaction 

CC1
4
,0
o
C 12 

CC1
4
,0
o
C 12 

CC1
4
,0
o
C 12 

CC1
4'
0°C 12 

CC1
4'
0
o
C 12 



(Table 1.4 continued) 

Reactant Product Yield % Conditions Ref. 

(i) Acetylenes 

OAc OAc OAc OAc 

(: f- 

CM-7-.7.0 C ----C 

H II 
0 0 

(J) Diketones 

1,2 -Cyclohexanedione 

CC1
4 

39 

Adipic acid and 28 CH
2
C1
2
/H
2
0 31 

Glutaric acid and 56 
Succinic acid 3 
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(1). Aromatic systems are also attacked (1,17,38). 

The cleavage of double bonds by this reagent, and more 

recently the attack of aromatic rings has found application in 

the steroid field (38-48). For example, the oxidation of testo-

sterone acetate (XXVIII) gave the corresponding keto acid (XXIX) 

in 80% yield (48). Osmium tetroxide was completely ineffective 

OAc 

XXVIII XXIX 

OH 

for this reaction while oxidations with chromic acid in acetic 

acid were erratic and highly temperature dependent. 

A thorough investigation of the oxidation of conjugated and 

cross-conjugated compounds in aqueous acetone by Piatak and Caspi 

(48) gave the expected results. For example (XXX) was converted 

to (XXXI). An exception was the oxidation of 38 -acetoxy -58 - 

pregnan-16 -en-20 -one (XXXII) where the diketone (XXXIII) rather 

than the expected diacid was formed (48). 

In many cases where cleavage of the double bond was in-

volved the oxidation with ruthenium tetroxide appeared to be 
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Ac0 

XIDC 

XXXII 

OAc 

CH 
I 3 

C=0 

HO 

HOOC 

XXXI 

OH 

0 0 

rcp:
C-C-CH

3 
COON 

XXXIII 

superior to ozonolysis (45). A different procedure using 

ruthenium tetroxide/sodium hypochlorite in aqueous alkaline 

solution has been patented by Keblys and Dubeck (49)-for the 

olefins. For example, they found that 2-butyl-l-octene (XXXIV) 

gave 5-undecanone in 83% yield (XXXV). 
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CR 2 == CI---(CH2 
5 
)---CH3 0==C--(CH2 5 ) CH3

I 4. 3 I 3
CH
3 

CH
3 

XXXIV XXXV 

Adipic acid was obtained similarly in 86-95% yield from 

cyclohexene (31). This is in contrast with the yield of 10% ob-

tained when the reaction was carried out in carbon tetrachloride 

with the stoichiometric quantity of ruthenium tetroxide (12). 

The ability of ruthenium tetroxide to oxidise aromatic 

rings (1) was further examined by Caputo and Fuchs (17) who 

found that phenylcyclohexane was converted to cyclohexanecar-

box:lic acid and 2-tert-butylphenol (XXXVI) to pivalic acid 

(XXXVII), but in low yields. Higher yields were obtained when 

OH 

CH3

CH3 C —000HH 

CH
3 

XXXVI XXXVII 
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aromatic compounds were oxidised using the RuC13/Na0C1 

procedure. Oxidation of 1 -phenylcyclohexanol afforded cyclo - 

hexanone in 72% yield and cyclopentanone was obtained in 68% 

yield from 1 -phenylcyclopentanol (31). 

The oxidations of cis-3- and cis- and trans -2 -phenylcyclo - 

butanecarboxylic acid to cis-1,3- and cis- and trans -1,2 -cyclo - 

butanedicarboxylic acid were used to establish the stereo-

chemistry of phenylcyclobutanecarboxylic acids (50). Steroids 

containing an aromatic ring have been oxidised using ruthenium 

tetroxide/sodium periodate (38). For example, estrone (XXXVIII) 

gave the corresponding diacid (XXXIX) after degradation of the 

aromatic ring. 

HO 

XXXVIII 

 ) HOOC 
HOOC 

XXXIX 

An additional application is the oxidation of acetylenes to 

the corresponding diketones (39). 
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OAc OAc OAc 

C 

0 

XL XLI 

C 

0 

OAc 

Aldehydes are oxidised rapidly to carboxylic acids. n-

Heptaldehyde,for example, gave heptanoic acid while benzaldehyde 

gave benzoic acid (12). The latter case provides an example of 

a functional group being oxidised preferentially to the aromatic 

nucleus. 

Amines are oxidised by ruthenium tetroxide but the products 

have not been identified (12). However, the product of the 

oxidation of n-hexylamine has an infrared spectrum indicating 

the presence of an aldehyde and a nitrile. 

Amides are oxidised to imides, for example y-butyrolactam 

(XLII) was converted in good yield to succinimide (XLIII) (12). 

Sul f ones are formed when sulfides are treated with 

ruthenium tetroxide (1). Although a sul f oxide is probably the 

intermediate none could be isolated in the oxidations of diphenyl 
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sulfide, methyl 27toly1 sulfide and methyl benzyl sulfide (XLIV). 

XLII XLIII 

0 

CH
2 

S CH
3 

---S---CH
3 

XLIV 

0 

58% 

Oxidation of the diketone, 1,2-cyclohexanedione, gave adipic 

acid (28%), glutaric acid (56%) and succinic acid (3%) (31). 
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1.4. Physical and chemical properties of Ru04 and its reduction 

products 

Ruthenium is the lightest member of the six transition ele-

ments which are known collectively as the platinum metals. The 

element was first separated and identified by Claus in 1844 (54). 

It has an abundance of about 10
-7
% of the earth's crust (56a) and 

is found mainly in Canada, South Africa and the USSR. 

1.4.1. Oxidation states of ruthenium 

Ruthenium is known to exist in ten different oxidation states 

(-2, 0, 1, 2, 3, 4, 5, 6, 7 and 8) (56b) with valencies of 3 and 4 

being the most prevalent .n complex aqueous 

line melts and Solutions valencies of 6 and 

highest oxidation state ruthenium exists as 

solutions. In alka-

7 occur, and in its 

the tetroxide (57). 

The most common lower oxidation state is 4 and reductions of 

Ru (VIII), Ru (VII) and Ru (VI) generally lead to this State. 

Since reactions in which a three or four electrons transfer in one 

step are unknown most reductions of Ru (VIII) will lead to Ru 

(VII) or Ru (VI) as intermediates. These compounds may effect 

further oxidations which in turn may give products different from 

those formed in the initial Ru (VIII) oxidation. 

Ruthenium in t e oxidation states 3 and 4 has the tendency 

to complex with many ions, often resulting in the presence of 

several different complexes in a given solution (58). Perchlorate 

ions do not form complexes with ruthenium ions (56c); however, 
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studies in perchloric acid indicate that ruthenium with formal 

oxidation states of 3.50 and 3.75 are present. These unusual 

oxidation states probably arise because of the presence of 

polymeric chains with some monomers in the +3 state and some in 

the +4 state (59). The existence of a polymeric species of Ru (IV) 

was demonstrated and a monomeric compound, Ru0
2+, was also found 

to be present (60). 

Ion exchange separation has allowed definite characterisation 

of F(H20)6]3+, tralC1(H2 0) and cis- and trans-FC12(H20)-4.14. 5 
2+ 

whose electronic spectra were recorded (61). 

Ruthenium in the oxidation states 6, 7 and 8 in aqueous 

solutions exists only as oxygenated ions or molecules as con-

trasted with the lower oxidation states which form, as previously 

mentioned, a variety of complex ions (62). 

Ruthenium tetroxide exists in a yellow and a brown form (58). 

The volatile and mildly poisonous tetroxide melts at 25°C, sublimes 

readily and has a boiling point of 100°C. It has a characteristic, 

penetrating, ozone-like odor and may explode on contact with 

oxidisable substances. Above 180°C Ru04 can explode giving Ru02

and 0
2 

and it is slowly decomposed by light. 

The tetroxide is moderately water-soluble (0.13'mole per 

liter at 25°C), but extremely soluble in carbon tetrachloride. It 

is quite soluble in sulphuric and perchloric acid solutions, 

giving golden-yellow solutions. An aqueous solution of Ru0
4 

can 

be obtained by extraction from carbon tetrachloride, the partition 
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between carbon tetrachloride and water being 60:1 (18). Ruthenium 

tetroxide is obtained when solutions containing ruthenium dioxide, 

ruthenium trichioride or ruthenium sulphate are treated with 

oxidising agents such as HI04, Mn04, Ce
4
4, Br03 , C12 or C10 

(9,56d). It should be stated, however, that only the hydrated 

form of ruthenium dioxide is readily oxidised. Attempts to use 

the non-hydrated form of RuO2 for the preparation of Ru04 
have 

usually been unsuccessful (18,32). 

When Ru04 is dissolved in alkali it initially forms a green 

solution of heptavalent perruthenate which further reduces to the 

orange ruthenate (56e). 

4Ru0
4 
+ 4Ru04  + 2H

2
0 4 0

2 

4Ru0
4 
+ 40H --) 4Ru0

4
2- 

+ 2H
2
0 + 0

2 

The rate of this reaction is strongly dependent on the concen-

tration of hydroxide ion, the purity of the chemicals, the 

cleanliness of the containers and the presence or absence of added 

catalysts (62). All the ruthenium species in the 6, 7 and 8 oxi-

dation states are reduced to Ru (III) by excess iodide ion (56f). 

The work of A.S. Wilson indicates that ruthenium tetroxide 

is also reduced by hydrogen peroxide in acidic aqueous solutions 

(55). However it was noted that the reaction is different in 1.1 

M HC10
4 

and in 1.0 M 
H2SO4 

solutions in two respects; (i) the 
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reaction is slower in aqueous sulphuric acid and (ii) the final 

product in 1.0 M 
H2SO4 

is Ru (III) whereas in 1.1 M HC10
4 
it is 

Ru (IV). From the data reported by Wilson it appears that in the 

latter case Ru (III) is also formed but slowly reoxidised by 

HC10
4 

to Ru (IV). 

Ruthenium dioxide is a dark-blue or black compound, in-

soluble in water and acids. It forms when ruthenium is heated in 

air and after reduction of the tetroxide in certain solvents. In 

contrast to the tetroxide it is not volatile. It is very easily 

reduced by heating in contact with hydrogen or other reducing 

agents (57). 

Ruthenium can be determined gravimetrically (63), calori-

metrically (63), spectrophotometrically (64) or by atomic ab-

sorption spectrophotometry (65). 

1.4.2. Spectra of ruthenium tetroxide and related species 

The three oxo compounds'of ruthenium, Ru04 , Ru0
4 

and Ru0
4
2-
' 

all absorb strongly in the visible region of the spectrum; the 

colors are yellow, green and orange respectively (62,66). Figure 

1.1 shows the visible and ultraviolet spectra of aqueous solutions 

of ruthenium tetroxide, ruthenate and perruthenate. The molar 

extinction coefficients corresponding to the absorption maxima at 

460, 385 and 310 nm are given in Table 1.5 (62). 

It has been pointed out that the two absorption bands in the 

ruthenium tetroxide spectrum are charge transfer bands (67). 
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Figure 1.1. Absorption spectra of Ru04(VIII), Ru04 (VII) and Ru04
2-
(VI) in aqueous solutions (62). 
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Table 1.5 

Molar extinction coefficients of Ru(VI), Ru(VII) and Ru(VIII). 

Oxidation 

state 460 nm 385 nm 310 nm 

6 1820 1030 

7 283 2275 2445 

8 930 2960 
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The fact that the spectrum of ruthenium tetroxide is iden-

tical in aqueous solutions, in carbon tetrachloride solutions and 

in the vapor phase (66) suggests that it exists in the same form 

under those conditions. 

The absorption spectra of Ru (III) and Ru (IV) are given in 

Figure 1.2 (59,60,64). The Ru (III) spectrum shows a maximum at 

290 nm with a molar extinction coefficient of approximately 1900, 

the Ru (IV) spectrum has a maximum at 480 nm with a molar ex-

tinction coefficient of 709 (60) and it has a shoulder at 300 nm. 

Infrared and Raman studies of ruthenium tetroxide show that 

tetrahedral molecular symmetry is present in the molecule 

(68-72). 
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Figure 1.2. Absorption spectra of Ru
III 

and Ru
IV 

in 1 M RC10
4 
(64). 



2. SCOPE OF THE WORK 

The importance of ruthenium tetroxide as an oxidising agent 

in organic syntheses has been illustrated in the previous 

section. Its usefulness has been especially exploited in the 

oxidation of carbohydrates and steroids where in several cases 

other oxidants such as chromium trioxide, permanganate, ozone 

and hypochlorite were found to be inferior to ruthenium 

tetroxide. 

Despite the apparent utility of this oxidant no kinetic 

or mechanism studies of its oxidations have been reported to 

date. Consequently we have undertaken such a study. 

In most of the syntheses reported in the literature carbon 

tetrachloride was used as the solvent, but the fact that one of 

the products, ruthenium dioxide, is insoluble in this medium 

prevented us from obtaining kinetic data under these conditions. 

It was however possible to compare the rate constants for oxi-

dations of substituted benzyl alcohols in carbon tetrachloride 

using a competitive method. 

A study of the reaction in aqueous perchloric acid was 

undertaken, since in this medium the reduced ruthenium product 

is soluble. A spectrophotometric method was used to determine 

the rate laws for the oxidation of alcohols and ethers in this 

medium. To achieve more evidence for a possible mechanism the 

effect of acidity changes was studied, kinetic isotope effects 
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were measured, the effect of substituents was investigated and 

the influence of temperature was determined. 

For the oxidation of 2-propanol it was found that the 

products in aqueous perchloric acid were the same as those 

reported to be formed in carbon tetrachloride. 



3. EXPERIMENTAL SECTION 

3.1. Reagents 

Ruthenium tetroxide. Ruthenium dioxide (0.5 g) (Engelhard 

Industries Inc. Lot 17-A) was added to an aqueous solution (25 

ml) of sodium periodate (2 g). The mixture was shaken until all 

of the insoluble black ruthenium dioxide had dissolved; if neces-

sary more sodium periodate was added. The bright yellow 

ruthenium tetroxide which formed was extracted into carbon tetra-

chloride. Since the colour of this solution was observed to 

darken after a few hours an aqueous solution of sodium periodate 

was added to stabilize any solutions which were not used immedi-

ately. 

2-Propanol-2-d. Following the procedure of Leo and West-

heimer (73) 2.5 g of dry acetone (0.43 mole) in 20 ml of an-

hydrous ether were added dropwise to a stirred solution of 0.58 g 

(0.014 mole) of lithium aluminium deuteride in 30 ml of anhydrous 

ether at room temperature. Stirring was continued for 12 hours 

and the complex which formed was decomposed with 20 ml of 10% 

sulphuric acid after 5 ml of water had been added to destroy any 

residual lithium aluminium deuteride. The heterogeneous reaction 

mixture was distilled at atmospheric pressure and the azeotrope 

of 2-propanol-2-d and water was collected at 80-90°C. Calcium 

oxide (0.2 g) was added to remove the water and the solution was 

purified with the aid of gas-liquid chromatography using a 15% 
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diethylene glycol on succinate column. The deuterium incor-

poration was verified by N.M.R. spectroscopy (see Figure 3.1). 

Other chemicals which were either used directly or after purifi-

cation are listed in Table 3.1. 

3.2. Kinetic methods 

If oxidations with ruthenium tetroxide are carried out in 

organic solvents a precipitate of ruthenium dioxide forms, thus 

making the use of spectrophotometric methods impossible. Several 

other possible methods of following the reaction were thus 

investigated as outlined below. 

3.2.1. Iodometric method 

When the oxidation was carried out in carbon tetrachloride 

a black precipitate of ruthenium dioxide formed and it was found 

to be impossible to withdraw representative samples from the 

heterogeneous reaction mixture. Alternatively the reaction 

mixture was made up by first adding 2.0 ml of Ru04
/CC1

4 
stock 

solution to 5.0 ml of purified carbon tetrachloride and 0.10 ml 

tetrahydrofuran to another 5.0 ml of the same solvent. Both 

solutions were then thermostated in a cooling bath at -20°C for 

20 minutes, after which a portion of the ruthenium tetroxide 

solution (0.50 ml) was transferred to a 2 ml stoppered test tube. 

To this solution was then added 0.50 ml of the tetrahydrofuran 

solution and a timer started simultaneously. The amount of 

ruthenium tetroxide remaining at any given time was determined by 
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Figure 3.1. NMR spectrum of 2-propanol-2-d. 



Table 3.1 

List of Reagents 

Reagent Supplier Purification method 

2 -Propanol 

1,1,1-Trifluoro -2 -propanol 

Tetrahydrofuran 

2 -Butanol 

Tetrahydrofuran-d8

Carbon tetrachloride 

Perchloric acid 

Sodium periodate 

Benzyl alcohol 

m-Chlorobenzyl alcohol 

p-Fluorobenzyl alcohol 

p-Methylbenzyl alcohol 

F 

P 

B 

MCB 

B 

BDH 

BDH 

A 

A 

S 

Lithium aluminium deuteride Al 

distilled (b.p. = 81.9-82.0°) 

GLC (column:diethylene glycol) 

GLC (column:diethylene glycol) 

GLC (column:diethylene glycol) 

GLC (column:diethylene glycol) 

vacuum distilled (b.p. = 96.0-96.2° at 15 mm) 

vacuum distilled (b.p. = 104.0-105.0° at 8 mm) 

vacuum distilled (b.p. = 83.0-84.0° at 9 mm) 

sublimed 



(Table 3.1 continued) 

Reagent Supplier Purification method 

Acetone-2-C-14 Mal 

F - Fisher Scientific Company 

B - J.T. Baker Company 

P - Pierce Chemical 

MCB - Matheson, Coleman & Bell 

M - Merck, Sharp & Dohme 

BDH - British Drug Houses 

A - Aldrich Chemical Company 

Al - Alfa Inorganics, Inc. 

Mal - Mallinckrodt Chemical Works 

S - From a previous study by U.A. Spitzer 
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pouring the contents of the test tube into an iodine flask which 

contained an excess of potassium iodide, 10 ml water and 5 ml 2 N 

H2SO4. The test tube was washed five times with 2 ml portions 

of .arbon tetrachloride, and the iodine titrated with 0.001 N 

No,
2
S
2
0
3' 

In an attempt to test the reliability of this method, solu-

tions of known concentrations of ruthenium tetroxide were pre-

pared and titrated. A plot of these concentrations against the 

required volume of 0.01 N Na2S203 gave a straight line (Figure 

3.2) indicating that the titration procedure was satisfactory, 

although a very accurate end point in solutions of low concen-

trations was impossible. Most of the experiments tended to in-

dicate that the reaction was first order with respect to 

ruthenium tetroxide as indicated by the straight lines obtained 

when log ptu043 was plotted against time (Figure 3.3). However 

the reproducibility from experiment to experiment was not satis-

factory. 

The fact that a careful drying of the test tubes under 

vacuum before use improved the reproducibility suggested that 

water had an influence on the rate of the reaction. Since water 

is also formed during the reaction an attempt was made to improve 

the conditions by addition of an inert drying agent (molecular 

sieves, type 4A) to the reaction mixture. However, despite these 

precautions, the reproducibility could not be improved to an 

acceptable level. 
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Figure 3.2. Calibration curve for the titration of Ru04 with 0.01 N Na2S203. 
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Figure 3.3. Pseudo first order plots for the oxidation of tetrahydrofuran by Ru04 in CC1
4
. 



-65 -

It should also be noted here that since ruthenium dioxide 

is insoluble in most common solvents it is very difficult to 

clean glass equipment which has been used for experiments where 

ruthenium dioxide is involved. The best results were obtained 

if immediately after use the equipment was soaked in a cleaning 

bath containing a solution of sodium periodate. 

3.2.2. N.M.R. Method 

The nmr spectra of tetrahydrofuran and y-butyrolactone were 

compared and it appeared that it would be possible to distinguish 

the m-protons in cetrahydrofuran from the protons in y-butyro-

lactone (see Figure 3.4). An nmr spectrum was also taken of 

tetrahydrofuran in carbon tetrachloride after the addition of a 

small quantity of ruthenium tetroxide solution. A black precipi-

tate formed immediately and although a broadening of the signals 

was observed there was still a reasonable resolution (see Figure 

3.5). Hence ruthenium dioxide is not paL:•magnetic and in 

principle this method could be used. 

However, the concentrations of reductant required for nmr 

measurements were so high that the reaction was too fast to be 

followed by this method. 

3.2.3. Gas-liquid chromatography 

Attempts to follow the rate of the reaction by monitoring 

the increase in product or decrease in reactant by use of gas-

liquid chromatography were also made. However this procedure 
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Figure 3.4. MR spectra of tetrahydrofuran and y-butyrolactone. 
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Figure 3.5. NMR spectrum of tetra!ydrofuran after addition of 

Ru04. 
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also suffered from the fact that it was impossible to withdraw 

representative samples from the heterogeneous reaction mixture. 

3.2.4. Competitive method 

It is sometimes possible to compare the rates of reactions 

of two compounds without actually measuring the rate of either 

one individually. If two reductants are added in excess to a 

limited amount of oxidant the relative rates of reaction can be 

estimated from an accurate product analysis (74). Since rates of 

oxidation of alcohols in carbon tetrachloride could not be fol-

lowed by methods it was decided to undertake a competitive 

study using a set of four substituted benzyl alcohols: 27fluoro-

benzyl alcohol, k-methylbenzyl alcohol, m-chlorobenzyl alcohol 

and benzyl alcohol. The nitrobenzyl alcohols and 27chlorobenzyl 

alcohol could not be used because they were not sufficiently 

soluble in carbon tetrachloride. p7Methoxybenzyl alcohol was not 

used because of a possible reaction involving oxidation of the 

methoxy group. 

If two reactants compete for the same starting material the 

kinetic treatment is straightforward provided that the competing 

reactions are of the same order (74). In our case if ruthenium 

tetroxide is added to a solution containing aoth benzyl alcohol 

and a substituted benzylalcohol (R1OH and R2OH), the following 

reactions will take place: 
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R1OH + Ru04 P1 + Ru02

kz
R
2
0H + Ru04 --> P2 + RuO2 

The rates of these reactions are then defined by equations 

(i) and (ii) assuming that the reaction is bimolecular. 

dt 

d [P 2]
dt 

k 1  [R1 0111 [RU041 

k 2  [R 2 01] [Ru0 4 ) (ii) 

Since both R
1
OH and R

2
0H are in large excess, the disappearance 

of ruthenium tetroxide is "pseudo first order." If equation (i) 

is divided by equation (ii) the following expression is obtained: 

d[P1] kit k OH] d 3 k OH] 
 .  1 1  1 1 1 
d[110 /dt k2 

L 
nt 0141 Ruo °r d pz3 TI E- 
2 J L 4 2 

279 

and since R1 OH and R2OH 

E12011 
or 1"(4; = t Ri l • 

(1) k [R1OH] 
are constant rh,21 

k2r

1 
i2-1rnri 

Or in words, if an equimolar mixture of 

benzyl alcohols is oxidised with ruthenium tetroxide the product 

ratio represents the ratio of the rate constants. 

It appeared that gas chromatography would be a suitable way 

to analyze for the reaction products. In order to find the best 

conditions, mixtures of the above mentioned alcohols and the 



- 70 - 

corresponding aldehydes were analyzed on a number of different 

columns. A diethylene glycol column gave the best results. These 

control experiments also showed that the retention time of IT-

Chlorobenzaldehyde was different from those of .the other benzalde-

hydes; therefore this compound was used as the reference. The 

experiments were carried out as described below. 

About one ml mrchlorobenzyl alcohol and one ml of the com-

peting alcohol were weighed accurately and added to five ml of 

carbon tetrachloride. Then two ml of a stock solution of 

ruthenium tetroxide in five ml carbon tetrachloride (2.7 x 10
4 

VD 

were added to the alcohol mixture. A black precipitate formed 

immediately and the reaction mixture became slightly warm. After 

two hours the heterogeneous mixture was centrifugated and a 10 pl 

sample was injected into a gas chromatograph (Hewlett and Packard 

Research Chromatograph #5750). 

The peak areas were determined using an electronic inte-

grator or by cutting out the peaks and weighing them. Both 

methods gave similar results, but the integration method was 

more convenient to use. A typical chromatogram is shown in 

Figure 3.6. 

Correction factors were determined using known mixtures of 

benzaldehydes. An example of the calculation method is given 

below for the case of m-chlorobenzyl alcohol and benzyl alcohol. 

Two aldehyde mixtures were made up, the first one containing 

135.9 mg m-chlorobenzaldehyde (0.966 mmol) and 143.8 mg 
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Figure 3.6. Chromatogram of the product mixture in the oxidation of rmethylbenzyl alcohol 

and m-chlorobenzyl alcohol. 
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benzaldehyde (1.36 mmol) giving a molar ratio of 

m-chlorobenzaldehyde = 0.71. The ratio of the peak areas was 
benzaldehyde 

m-chlorobenzaldehyde 
found to be - 0.77. Hence the correction benzaldehyde 

factor was 0.71/0.77 = 0.93. Mixture 2 contained 207.9 mg m-

chlorobenzaldehyde (1.48 mmol) and 143.8 mg benzaldehyde (1.36 

mmol) giving a molar ratio of 1.48/1.36 = 1.09. The ratio of 

the peak areas was found to be 1.2n. Hence the correction factor 

was 1.09/1.20 = 0.91. The average correction factor was thus 

0.93 + 0.91 
0.92. 

2 

Having determined this correction factor a reaction mixture 

containing 1.22 g m-ehlorobenzyl alcohol (0.0087 mol) and 1.054 

g benzyl alcohol (0.0099 mol) was prepared and oxidised with 

0.00135 moles of Ru0
4 
in 10 ml CC14. The molar ratio 

benzyl alcohol 
was thus 99/87 = 1.14. The ratio of the mr-chlorobenzyl alcohol 

peak areas PA]. (m-chlorobenzaldet.yde) and PA2 (benzaldehyde) was 

measured four times (four injections) with the results PA
1
/PA

2 
= 

1.03; 0.88; 1.01; 0.94. Hence the average PAl/PA2 = 0.96 + 0.05. 

The product ratio P1/P2 is then 0.96 x 0.92 = 0.88. Therefore 

k
1
/k
2 
= 0.88 x 1.14 = 1.00 + 0.05. For the other experiments 

similar calculations were carried out. 

3.2.5. Atomic absorption 

Atomic absorption was not found to be practical because the 

carbon tetrachloride solution put out the flame, and an aqueous 

solution of ruthenium tetroxide did not give an absorption. 
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3.2.6. Polarography 

It was impossible to use polarography because the ruthenium 

(VIII) wave was apparently superimposed on the mercury wave. 

3.2.7. Ultraviolet-visible spectroscopy 

Although ruthenium dioxide is relatively insoluble in water 

certain complexes could be expected to have a greater solubility. 

Consequently attempts were made to identify a complexing agent for 

the reduction product of ruthenium tetroxide that was soluble in 

water. Cyanide, oxalate and acetate complexes were tried, but 

found to be unsatisfactory because ruthenium tetroxide was slowly 

reduced in the presence of each of these ligands. Sulphuric and 

perchloric acid solutions proved to be more suitable; the oxidant 

was found to be relatively stable and its absorption spectrum obeyed 

the law of Lambert-Beer (Figure 3.7). Furthermore, no precipitate 

formed when ruthenium tetroxide was reduced by organic compounds 

under these conditions. Since perchloric acid is more convenient 

to work with, it was used as the solvent for kinetic studies. 

It has been reported that perchloric acid is a suitable 

oxidising agent for ruthenium dioxide (9) but its oxidising 

power depends very markedly on both concentration and temperature 

(75). The anhydrous acid reacts at room temperature very vigor-

ously whereas the dihydrate (73.6% by weight of acid) tends to be 

unreactive at that temperature, but becomes a powerful oxidant 

above 100°C (56g). However, it was readily apparent that 



Absorbance 

0.7 

0.5 

0..3 

0.4 0.6 
[110;J(relative) 

Figure 3.7. Law of Lambert-Beer for Ru04 in aqueous HC104. 
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perchloric acid did not oxidise ruthenium dioxide under the 

conditions of our experiments. Addition of 72% perchloric acid 

to ruthenium dioxide did not result in the formation of ruthenium 

tetroxide. 

Since a solution of ruthenium tetroxide has a very high 

oxidation potential it is difficult to prepare stable stock 

solutions. However, after many modifications the following pro-

cedure was found to be satisfactory. Periodically (every week) 

a solution of ruthenium tetroxide was made up as described in 

section 3.1. Ruthenium dioxide was treated with an excess of 

sodium periodate and carbon tetrachloride added. If the solution 

turned black after a few days some more sodium periodate was 

added. Just before an experiment the carbon tetrachloride layer 

was separated, washed with water and extracted with a perchioric 

acid solution of the desired molarity. The bast separation of 

the carbon tetrachloride and the perchioric acid layer was ob-

tained by centrifugation of the mixture. The upper layer was the 

aqueous solution if the acid strength was less than 11 M HC104. 

For higher acidities the upper layer was the carbon tetrachloride 

solution. The perchioric acid solution was then diluted to give 

a convenient absorption measured at either 386 or 310 nm using a 

Unlearn SP Series 2 spectrophotometer, perchioric acid being used 

as the reference. 

For a kinetic experiment 3.0 ml of the perchioric acid 

solution were pipetted into a cuvet which was placed in a 
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thermostated cuvet holder for about twenty minutes (usually at 

25.0°C). Then the desired quantity of substrate was added using 

a microsyringe. The timer was started immediately after the 

substrate had been added and the absorption - ls measured as a 

function of the time. The final solution hail a brown colour. 

Perchloric acid solutions were prepared by dilution of 

"Baker Analyzed Reagent" perChloric acid (72%). Acid concen-

trations were determined by titration with a standard sodium 

hydroxide solution. Some experiments were also carried out after 

adding a small amount of sodium periodate to stabilize the sol-

ution. 

Two different methods can be used for the analysis of 

kinetic data. The differential method deals with the actual 

rates of reactions as determined from the slopes of concentration 

versus time curves. When using this method two approaches may be 

employed (76). In one of them initial rates are measured at 

various initial concentrations. The negative of the initial 

slope of each of these then represents the initial rate. The 

logarithm of these initial rates plotted against the logarithm 

of the corresponding initial concentrations should give a straight 

line, the slope of which represents the order of the reaction. 

This procedure avoids possible complications due to interference 

by products. The second procedure involves considering a single 

run, and measuring slopes at various times. The order of the 

reaction is then obtained by plotting the logarithm of the slopes 
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against the logarithm of the corresponding reactant concen-

trations. The negative of the resulting slope gives the order 

of the reaction. 

The other method which is often employed involves using 

expressions relating the concentration of the reactants to the 

time for reactions of various orders, and fitting the appropriate 

expression to the experimental data. This method is known as the 

integration method (76). For example if the reaction is of the 

zeroth order, a plot of concentration versus time will give a 

straight line. For first and second order reactions straight 

lines will be obtained if the logarithm of the concentration or 

the inverse of the concentration respectively is plotted against 

time. 

Of these two procedures the differential method is con-

sidered to be the most reliable (76). 

In this investigation the differential method using initial 

rates was employed. If in the oxidation of 2-propanol by 

ruthenium tetroxide a high excess of 2-propanol was used 

( P-propanoij ttu0j 400) a smooth curve was obtained when 

the absorbance at either 386 or 310 nm was plotted against time. 

Typical plots are shown in Figures 3.8 and 3.9 (exp. 6, 27). 

Plots of log absorbance against time gave straight lines 

with high correlation coefficients, indicating a first order 

dependence (Figures 3.10 and 3.11). At a lower excess however 

( D-propanol / [hi.04] about approximate straight lines were 
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Figure 3.8. Rate plot for the oxidation of 2-propanol by Ru04 in 2.96 M HC10
4 
(exp. 6). 
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Figure 3.9. Rate plot for the oxidation of 2-propanol by Ru04 in 1.86 M HC104 (exp. 27). 
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Figure 3.10. Pseudo first order plot for the oxidation of 2-propanol by Ru04 in 2.96 M HC104

(exp. 6). 
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Figure 3.11. Pseudo first order plot for the oxidation of 2-propanol by Ru04 at 1.86 M HC104
(exp. 27). 
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obtained when the absorbance was plotted against time (see 

Figures 3.12 and 3.13, exp. 132, 235). At low acidities the 

slopes of these straight lines varied directly with the initial 

concentration of ruthenium tetroxide indicating that the reaction 

is first order in Ru04 (Figure 3.14, exp. 149-151). At high 

acidities the initial slopes were independent on the initial 

concentration of ruthenium tetroxide suggesting a zero order 

reaction (Figure 3.15, exp. 229-231). 

When the oxidation of tetrahydrofuran was studied the rate 

could only be followed accurately at one wavelength (310 nm), 

since the plots obtained when the absorbance at 386 nm was 

plotted against time showed an unusual curvature (see Figure 

3.16). The curves obtained when the absorbance at 310 nm was 

plotted against time, did, however, behave in a predictable way 

(Figure 3.17). Furthermore, in 8.47 M perchloric acid a product 

absorption band at 480 nm was observed to appear as the reaction 

progressed, at approximately the same rate as the band at 310 

nm disappeared. A plot of the absorbance at 480 nm against time 

is given in Figure 3.18. 

Typical data obtained during the oxidation of tetrahydro-

furan are plotted in Figures 3.19, 3.20 and 3.21. Tfie original 

data for all of the figures presented in this section are listed 

in Appendix B. 

Whenever appropriate the data were analysed by the method 

of least squares using an T.B.M. 360 computer; the corresponding 
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Figure 3.12. Rate plot for the oxidation of 2-propanol by Ru04 at 1.18 M HC104 (exp. 132). 
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Figure 3.13. Rate plot for the oxidation of 2-propanol by Ru04 at 9.95 M HC104 (exp. 235). 
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Figure 3.14. Rate plots for the 'oxidation of 2--propanol by Ru04 in 1.25 M MC104 (exp. 149-151). 
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Figure 3.15. Rate plots for the oxidation of 2-propanol by Ru04 at 9.95 M HC104 (exp. 229-231). 
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Figure 3.16. Plot of absorbance versus time for the oxidation of tetrahydrofuran by Ru04 in 
1.94 M HC10

4 
(exp. 254). 
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Figure 3.17. Rate plot for the oxidation of tes-.r.,..4ydrofuran by Ru04 in 1.94 M HC104 (exp. 256). 
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Figure 3.18. Plot of absorbance versus time for the oxidation of tetrahydrofuran by Ru04 in 

8.47 M HC10
4 
(exp. 261). 
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Figure 3.20. Rate plot for the oxidation of tetrahydrofuran by Ru04 in 2.89 M HC104 (exp. 320). 
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Figure 3.21. Rate plot for the oxidation of tetrahydrofuran by Ru04 in 6.00 M HC10
4
. 
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program is given in Appendix C. 

3.3. Product analysis 

The isotope dilution technique was used to determine the 

organic products of the oxidation of 2-propanol by ruthenium 

tetroxide (77,78). Acetone-2-C-14 with a total activity of 0.1 

Mc was diluted with 10 ml acetone. This active acetone (4.0 g 

or 0.069 mol) was reduced with 1.0 g (0.026 mol) lithium 

aluminium hydride following the procedure of Leo and Westheimer 

(73) and 3 ml of the product, 2-propanol-2-C-14, was purified 

via glc. Using a lambda pipet 200 pl of this active 2-propanol 

was added to 50 ml of a 4.5 x 10
3 
M solution of ruthenium 

tetroxide in 3 M perchloric acid at room temperature. After 

half an hour one ml of acetone was added to the brown coloured 

reaction mixture and allowed to equilibrate with the product. 

A solution of 2.5 g of 2,4-dinitrophenylhydrazine in 70 ml 3 M 

HC10
4 

was added and an orange precipitate formed immediately. 

The precipitate was filtered off and recrystallized from ethanol/ 

water to give a crystalline product with a melting point of 127-

128° (ref. (79): 128°). 

The activity of the 2,4-dinitrophenylhydrazone could not be 

determined using a liquid scintillation counter since the nitro 

groups present produced severe quenching. However the planchet 

method of analysis was found to be satisfactory. 
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For comparison purposes the 3,5-dinitrobenzoate derivative 

of the original radioac*Ive 2-propanol was prepared as follows. 

The radioactive 2-propanol was diluted 100 times with inactive 

2-propanol. A mixture of 0.5 ml of this diluted alcohol, 0.5 g 

of 3,5-dinitrobenzoyl chloride and 1 ml of pyridine was heated 

on a steam bath for 30 minutes. After cooling, 10 ml of a 5% 

solution of sodium bicarbonate was added to dissolve any car-

boxylic acid. The resulting precipitate was filtered off, 

washed with 5% sodium bicarbonate and water and recrystallized 

from ethanol/water. The melting point was 122-123° (ref. (79): 

122°). 

The activities of the derivative of 2-propanol (3,5-di-

nitrobenzoate) and the derivative of acetone (2,4-dinitrophenyl-

hydrazone) were then compared using a Beckman Lowbeta counter. 

For this purpose a planchet was made up from 1-2 mg of the active 

compound which was weighed accurately and deposited on a planchet 

of known weight. Two drops of counting fluid (collodium + 5% 

dimethyl formamide) were added. The wet surface was covered with 

a round piece of paper and evaporated to dryness under a 500 W 

light bulb. The total weight of the planchet was determined to 

obtain the total weight of the material on the planchet. This 

was necessary because a correction for 100% efficiency had to be 

made. The planchet was put into the Lowbeta counter and the 

activity measured. The background activity was also measured. 



where x = number of molecules of acetone 
produced in the reaction 

n = number of molecules of acetone added 

Al 
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The results obtained are summarized in Table 3.2. 

Two of the planchets which had similar sample densities and 

therefore similar correction factors were compared. By this 

means errors in the efficiency would be cancelled. The values 

for the counting efficiency were taken from the Ph.D. Thesis of 

A.E. Emery (80). The number of molecules of acetone, originally 

present in the reaction mixture can be calculated as follows: 

x Al 
x + n = A

2 

= specific activity of the 2-propanol 

A
2 
= specific activity of the acetone 

One ml of acetone was added to the reaction mixture; i.e. n = 

derivative in cpm/mmol 

derivative in cpm/mmol 

0.79/58 = 13.6 m mot. If this value along with the average 

values for Al (949 cpm/mmol) and A2 (3937 cpnimmol) are substi-

tuted into the equation x is calculated to be 0.58 + 0.02 milli-

moles; i.e. 0.58 millimoles of acetone were formed during the 

reaction. From the stoichiometric equation for this reaction 

2Ru0
4 
+ 5CH

3
CHOHCH

3 
+ 6H

+ 
2Ru

III 
+ 5CH

3
COCH

3 
+ 8H

2
0 

it can be seen that if all the ruthenium tetroxide reacted to 

form acetone it should be theoretically possible to obtain 5/2 

moles of product from each mole of Ru04. Hence from the 0.23 

millimoles of Ru0
4 

used in this experiment it should be possible 

to obtain a theoretical yield of 5/2 x 0.23 = 0.58 millimoles of 



Table 3.2 

Sample 
Sample desity Sample weight  Counts  Efficiency 

(mg/cm ) (mg) Min.Millimole (percent) 

3,5-dinitrobenzoate of 1.40 1.34 1014;842;992 70 
2-propanol-2-C-14 

rn
2,4-dinitrophenylhydrazone of 1.93 2.64 3500 60 
acetone 1.41 1.17 3900;3710;4200 70 

Corrected for the background activity 
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acetone if it was the only product. Since this value is iden-

tical with the yield obtained in the isotope dilution experiment 

it can safely be assumed that the main product is acetone. 

The nature of the ruthenium products obtained in the re-

actions was also considered briefly. When attempts were made 

to study the reaction in carbon tetrachloride solutions using 

the iodometric method of analysis it was found that the initial 

amount of ruthenium tetroxide required five times as much sodium 

thiosulphate solution as the final product mixture which con-

tained ruthenium dioxide (Table 3.3.). This is in agreement 

with the following reaction scheme and indicates that under 

these conditions Ru04 is reduced to Ru02. 

2RuVi
II 
+ 10I - + 2Ru

III 
+ 51 

2Ru
IV 

+ 21 - + 2Ru
III 

+ I 

2 

2 

The ruthenium products obtained in aqueous solutions were 

tentatively identified from spectral data. Absorption spectra 

were determined before and after the addition of an excess of 2-

propanol to a solution of Ru04 in aqueous perchloric acid (see 

Figure 3.22). Before the reaction absorption maxima occurred at 

310 and 385 nm which is in agreement with the spectra reported 

by Connick and Hurley (62) for Ru04. The molar extinction coef-

ficients are reported to be 930 and 2960 respectively. After the 

reaction was complete the product mixture would not oxidise 
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Figure 3.22. Absorption spectra before (A) and 3 hours after (B) addition of an 

excess of 2-propanol to a solution of Ru04 in 2.89 M HC104. 



Table 3.3 

Number of ml of 0.001 N 
Na2S203 

required 

a 
Initial concentration 

b 
Final concentration 

a/b 

9.28 1.72 0.186 

17.50 3.41 0.195 

17.78 4.21 0.237 

17.45 3.20 0.183 

17.40 3.82 0.220 

16.18 3.10 0.192 
a 

neutral aqueous solution 
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iodide ion and thus gave a zero thiosulfate titer suggesting 

that the final product is some form of ruthenium (III) (56). 

Also the ultraviolet spectrum of reaction products in 6.00 and 

2.89 M perchloric acid did not show any absorption band in the 

region of 480 nm where ruthenium (IV) would be expected to 

absorb (Figure 3.23). 

However, the reaction product obtained from the oxidation 

of tetrahydrofuran in 8.47 M perchloric acid by ruthenium 

tetroxide showed an absorption band at 480 nm, which could be 

attributed to ruthenium in the oxidation state (IV) (59). In 

2.89 M perchloric acid this band was also present but less 

pronounced than in the case of 8.47 M perchloric acid (Figure 

3.24). It might be that at higher perchloric acid concentrations 

Ru
(III) 

formed initially and was then slowly oxidised to Ru
(IV) 

by perchloric acid. This is a.:so consistent with the observation 

that the absorption band at 480 nm appears only after a short 

induction period (see Figure 3.18). 

3.4. Protonation of ruthenium tetroxide 

In general a protonated species has an absorption spectrum 

different from the corresponding unprotonated species. This 

phenomenon makes it possible to determine pK-values by measuring 

the extinction coefficient of an absorption band as a function of 

the acidity. An apparent pK-value can then be obtained from the 

inflection point of the resulting sigmoidal curve. 
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Figure 3.23. Absorption spectra before (A) and 3 hours after (B) addition of an 

of 2-propanol to a solution of Ru04 in 6.00 M HC104. 

excess 
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Figure 3.24. Absorption spectra before (A) and 2 hours after addition of an excess of 

tetrahydrofuran to a solution of Ru04 in 2.89 M HC104 (B) and in 8.47 M 

HC10
4 
(C). 
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In an attempt to estimate the pICBle of Ru04 the following 

experiments were carried out. One ml of a stock solution of 

ruthenium tetroxide in perchloric acid was pipetted into fifteen 

10 ml volumetric flasks. To stabilize the stock solution a 

small portion of sodium periodate was added (this was found not 

to influence the absorption spectrum). The volumetric flasks 

were cooled in ice and partly filled with different amounts of 

cold perchloric acid solutions. (The temperature was kept low to 

avoid evaporation of the volatile ruthenium tetroxide.) The 

flasks were immersed in a constant temperature bath while adding 

water to the 10 ml mark. The absorbance of these solutions 

were then measured at 386 nm. A ruthenium tetroxide solution in 

11 M perchloric acid was used as the reference since Ru04 is 

likely to be fully protonated in this very highly acidic medium, 

and errors are thus minimized (81). The observed change in ex-

tinction coefficient was, however, too small to give a repro-

ducible curve, although a change of about 4% was observed and 

indicated two apparent pK's at about -1.5 and -4.5. Spectra at 

different acidities are given in Figure 3.25. The plots of 

absorbance versus -H
o 

are given in. Figures 3.26 and 3.27. 
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Figure 3.25. Absorption spectra of Ru04 in perchloric acid solutions. 
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Figure 3.26. Plot of absorbance versus -Ho for perchloric acid solutions of Ru04. 



Absorbance 

0.04 

0.02 

Ili 

1•• 

lb 

t 

0.00 

NO 

IMI 

I 1 I I I 

2 
-H

4 6 

Figure 3.27. Plot of absorbance versus -Ho for perchioric acid solution of Ru04. 



4. RESULTS 

As described in Section 3 it is possible to follow the 

rates of oxidation of alcohols and ethers in aqueous perchloric 

acid solutions by use of spectrophotometric methods. The 

results obtained from these studies will be tabulated and 

examined briefly in this section, and an attempt will be made in 

Section 5 to propose a mechanism for these reactions consistent 

with all available evidence. A complete summary of all kinetic 

experiments is found in Appendix A. Only those experiments 

required to illustrate certain features of the reaction will be 

considered here. In all cases each experiment will be referred 

to by a single number which has been used consistently through-

out this project and appears in the original notes, on any 

computer print-outs etc., as well as in Appendix A and in the 

various tables. The oxidation of alcohols was studied more 

extensively and will be described first. 

4.1. The oxidation of alcohols in aqueous perchloric acid 

solutions 

The rate law for oxidation of alcohols by ruthenium 

tetroxide in aqueous perchloric acid solutions was investigated 

using 2-propanol as the reductant. The influence of substituents 

on the reaction rate was examined, kinetic isotope effects were 

measured, the heat and the entropy of activation were deb, 'Lined 
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and the effect of molecular oxygen on the rate of reaction was 

studied. 

Some experiments were also carried out using aqueous 

sulphuric instead of perchloric acid as the solvent. Attempts 

to study the reaction in the presence of sodium periodate or in 

buffered solutions were less successful. 

The results obtained from each of these experiments will be 

described in this section. 

4.1.1. Order of the reaction with respect to ruthenium 

tetroxide 

The rate of the reaction at a particular acidity can be 

expressed as in equation (4-1). 

-d [R1104] 

dt
  k2 [Ru04] [Alc] Y (4-1) 

Since the concentration of 2-propanol was always in large excess 

equation (4-1) can be restated as (4-2) and (4-3). 

-d Eitu0 

dt 

4] 

= kobs 
-1

[Ru04.1 

kobs 
k2 [Alc] Y

(4-2) 

(4-3) 

Since absorbances, not concentrations, were measured in this 

investigation it is convenient to express equation (4-2) in terms 
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of absorbances and extinction coefficients as in (4-4) or (4-5). 

-d(Abs x e) 
dt - kobs (Abs x e) (4-4) 

log 
-d(Abs) 
dt 

= x log(Abs) + (x-1) log e + log k
obs 

(4-5) 

Hence the order of the reaction with respect to ruthenium 

tetroxide can be determined from a plot of the logarithm of the 

initial slopes again" the logarithm of the initial absorbances. 

Ten such plots were prepared for acid concentrations varying 

from 0.41 to 6.62 M HC10
4. 

The data are presented in Table 4.1 

and typical plots are given in Figures 4.1-4.4. A summary of 

the results (presented in Table 4.2) indicates that below 6.62 M 

HC10
4 

the order of the reaction with respect to ruthenium 

tetroxide is unity. 

At acidities higher than 9 M HC104 the initial slope was 

not dependent on the initial concentration of ruthenium tetroxide 

(exp. 229-231), indicating that the reaction with respect to 

oxidant is zero. Further indications that the reaction is zeroth 

order under these conditions is demonstrated by experiments 21-23, 

33-36, and 55-81, where plots of absorbance against time give 

straight lines for more than two half lives (see Figure 4.5). 
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Table 4.1 

Data for calculation of the order with respect to Ru04 in the 

oxidation of 2-propanol. (Figures 4.1-4.4) 

Exp't 

no. 

Initial 

Absorbance 

Initial 

Slope 

x 104 1 + Iog(Absi)
(a) 

4 + log(Slope )b) 

149 0.935 4.02 0.971 0.604 

150 0.625 2.64 0.796 0.422 

151 0.462 1.90 0.665 0.279 

152 0.955 5.56 0.980 0.745 

153 0.675 3.87 0.829 0.588 

154 0.490 2.50 0.690 0.398 

179 0.925 4.73 0.966 0.675 

180 0.681 3.50 0.833 0.544 

181 0.507 2.56 0.705 0.408 

182 0.812 4.44 0.910 0.647 

183 0.482 2.47 0.683 0.393 

184 0.403 1.96 0.605 0.292 

185 0.982 3.69 0.992 0.567 

186 0.752 2.78 0.876 -0.444 

187 0.574 2.00 0.759 0.301 

191 0.788 6.43 0.897 0.808 

192 0.574 5.15 0.759 0.712 

193 0.453 3.50 0.656 0.544 



(Table 4.1 continued) 

Exp't 

no. 

Initial 

Absorbance 

Initial 

Slope 

x 10
4 

1 + log(Abs )
(a) 

4 + log(Slope )
(b) 

194 0.834 5.94 0.921 0.774 

195 0.621 4.22 0.793 0.625 

196 0.446 3.01 0.649 0.479 

200 0.854 3.92 0.932 0.593 

201 0.625 2.88 0.796 0.459 

202 0.495 2.10 0.695 0.322 

203 0.810 6.00 0.909 0.778 

204 0.600 5.12 0.778 0.709 

205 0.420 2.82 0.623 0.450 

217 0.785 16.50 0.895 1.218 

218 0.390 8.10 0.591 0.909 

219 0.218 4.50 0.339 0.653 

220 0.776 2.36 0.890 1.373

221 0.385 1.04 0.586 1.017 

222 0.216 0.55 0.335 0.730 

(a) Ab s = initial absorbance 

(b) 
Slope

i 
= initial slope 
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4 + log(slopei) 

4 + log(slopei) 

0.6 

0.2 

0.6 

0.2 

SIM 

[RC104] = 1.25 M 
Slope = 1.06 
Exp. 149-151 

N O 

0.6 1.0 
1 + log(Ahsi) 

NM 

NM 

Exp. 179-184 
OiC10/5 = 1.08 
Slope = 1.08 

0.6 1.0 
1 + log(Absi).

Figures 4.1 and 4.2. Calculation of the order with respect to Ru04
for the oxidation of 2-propanol. 
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4 + log(slopei) 

4 + log(slopei) 

0.8 

0.4 

1.2 

0.8 

IMP 

0 

O 
Exp. 203-205 
DC10-] = 6.62 M 
Slope

4 
= 1.16 

0.6 1.0 
1 + log(Absi) 

Exp. 217-219 

pC10-] = 3.22 
lope

4 
= 1.02 

0.4 0.8 
1 + log(Absi) 

Figures 4.3 and 4.4. Calculation of the order with respect to Ru0
4 for the oxidation of 2-propanol. 
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Table 4.2 

Calculation of the order with respect to Ru04 in the oxidation of 

2-propanol at acid concentration from 0.41 to 6.62 M HC104. 

Ex't [2-propanol][4C10j Correlation
(b) 

Statistical(b

no. M x 10
2 

(A) Order
(a) 

Coefficient Error 

149-151 1.29 1.25 1.06 1.00 0.01 

152-154 1.71 1.25 1.19 1.00 0.02 

179-184 1.71 1.08 1.08 1.00 0.01 

185-187 1.71 1.86 1.14 1.00 0.01 

191-193 1.71 0.41 1.07 0.97 0.04 

194-196 1.71 0.76 1.08 1.00 0.01 

200-202 1.71 1.50 1.13 1.00 0.02 

203-205 1.71 6.62 1.16 0.96 0.07 

217-219 2.12 3.22 1.02 1.00 0.01 

220-222 2.13 3.22 1.16 1.00 0.01 

(a) 
From the slope obtained by plotting log(Absorbance) against 

log(Initial slope) (Table 4.1). 

(b) 
See reference (94). 
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Figure 4.5. Rate plot for the oxidation of 2-propanol by Ru04 in 10.07 M HC104 (exp. 69). 
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4.1.2 Order of  the reaction with respect to 2-propanol 

In Section 4.1.1 it was demonstrated that the order with 

respect to ruthenium tetroxide is unity at low acidities and zero 

at high acidities. Making use of these facts equation (4-3) can 

be combined with (4-5) to give equations (4-6) and (4-7) for the 

reaction under conditions of "low" and "high" acidity respectively. 

log 
-d(Abs) 

dt 
= log(Abs) + log k

2 
+ y log [Alcl (4-6) 

-d(Abs) 
log = y log pi1C] + log k2/e dt (4-7) 

The order of the reaction with respect to alcohol, y, can 

then be determined from a plot of the logarithm of the initial 

slope divided by the initial absorbance against the logarithm of 

the concentration of alcohol at low acidities, or a plot of the 

logarithm of the initial slope against the logarithm of the concen-

tration of alcohol at high acidities. 

When this method of analysis was applied to four sets of 

results obtained at different acidities, ranging from 1.05 to 9.95 

M HC10
4 
it was clear that the order of the reaction with respect 

to alcohol is unity (see Table 4.4). The plots have been reproduced 

in Figures 4.6-4.9 and the corresponding data are given in Table 4.3. 

4.1.3. Dependence of reaction rate on acidity of the medium 

The results presented in Sections 4.1.1 and 4.1.2 indicate 

that the rate of the reaction is first order in oxidant and 

first order in reductant below 7.5 M HC104. However, the second 
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Figure 4.7. Calculation of the order with respect to 2-propanol. 
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Figure 4.8. Calculation of the order with respect to 2-propanol. 
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Table 4.3 

Data for Figures 4.6 - 4.9 

a. 1.0514 .HC104, Figure 4.6 

Slope
i
(a) 

Exp't Absi
3 

no. x 102) x 103 2 + log Eklcoholl 

Slope (a)
3 + log  

Abs
i 

85-87 21.2 4.05 1.326 1.608 

88-90 19.2 4.30 1.283 1.634 

91-93 17.1 3.50 1.233 1.544 

94-96 15.0 3.37 1.176 1.529 

97-99 12.9 2.71 1.111 1.433 

100-102 10.7 2.12 1.029 1.326 

103-105 8.62 1.89 0.936 1.277 

b. 1.25 M HC104; • Figure 4.7 

Exp't 

no. 

EAlcohol) 

of x 102) 

Slope
i
(a) 

3 + log [Alcohol] 

4 + log Slopei
(a) 

Abs 

x 104 Abs 

148,155 0.86 2.82 0.935 0.450 

149-151, 1.29 4.19 1.111 0.622 

158,159, 
162 

152-154, 1.71 5.54 1.233 0.744 
161,170 
178 

164,175 1.50 4.94 1.176 0.694 

163,174 1.92 5.94 1.283 0.774 

160,171, 2.13 6.49 1.328 0.812 

177 

165,173 2.34 7.23 1.369 0.859 

172,176 2.55 7.63 1.407 0.883 
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(Table 4.3 continued) 

c. 3.22 M HC10
4' 
• Figure 4.8 

Slope
i
(a) 

Exp't [Alcohol] Abs 
i4 

no. x 102) x 10 2 + log [Alcohol] 

4 + log  
(a) 

Slope 

Abs
i 

214,220- 2.13 2.86 0.328 0.456 
222 

215 3.17 4.25 0.501 0.628 

216 3.78 5.14 0.578 0.711 

212,223 4.32 5.64 0.636 0.754 

224 8.62 9.26 0.936 0.967 

211 10.7 11,6 1.029 1.065 

225 18.6 18.6 1.233 1.270 

213,217- 21.2 21.1 1.326 1.324 
219 

226 25.5 26.6 1.407 1.425 

227 33.8 35.5 1.529 1.550 

228 37.8 39.3 1.578 1.594 

d. 9.95M HC104; Figure 4.9 

Exp't [Alcohol] Slope (b)

no. (M x 102) x 10 2 + log [Alcohol 4 + log Slopei
(b) 

229-231 33.8 18.7 1.529 1.272 

232 27.8 16.3 1.444 1.212 

233 21.2 12.4 1.326 1.093 

234 15.0 9.35 1.176 0.971 

235 1.71 1.17 0.233 0.068 

236 2.55 1.36 0.407 0.134 

237 3.38 1.56 0.529 0.193 
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(Table 4.3 continued) 

d. 9.95M -HC104, Figure 4.9 

Exp't [Alcohol.] Slope (b)

no. (M x 102) x 104 log [Alcohol] 4 log Slopei(b)

238 2.16 1.53 0.335 0.185 

239,240 4.32 2.62 0.636 0.418 

241 8.62 5.32 0.936 0.726 

242 12.9 8.23 1.111 0.915 

243 17.1 10.77 1.233 1.033 

(a) 
Slope

i 
= average initial slope 

Abs
 

= initial absorbance 

(b) 
Slope = initial slope 
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Table 4.4 

Calculation of the order with respect to alcohol in the oxidation 

of 2-propanol. 

Exp't EffC104] 

no. (M) Order 

Statistical
(c) Correlation

(c) 

Error Coefficient 

88-105 1.05 1.05(a) 0.02 0.99 

148-178 1.25 0.91
(a) 0.01 1.00 

211-228 3.22 0.89(a) 0.02 1.00 

231-243 9.95 0.99
(b) 

0.05 0.99 

(a) 
From the slope obtained by plotting log (Slopei/Absi) against 

log [Alcohol] . (See Figure 4.6-4.8.) 

(b) From the slope obtained by plotting log(Slopei) against 

log [Alcohol] . (See Figure 4.9.) 

(c) See reference (94). 
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order rate constants were also found to be dependent on the 

acidity of the medium. As indicated by the data summarized in 

Table 4.5 the rate of reaction decreases as the acidity of the 

medium increases. This is rather surprising since the converse 

is observed for most other oxidant reactions involving the use 

of transition metal oxides. In Figure 4.10 log k2 has been 

plotted against the Hammett acidity function Ho, (95,96), and 

although a reasonably good straight line is obtained, the non-

integral value, -0.35, for the slope suggests that the explana-

tion for this inverse dependence on acidity may be complex. 

Under more highly acidic conditions (9 M HC104 or greater) 

where the reaction is zero order with respect to ruthenium 

tetroxide the rate of reaction increases with increasing acidity 

(Table 4.6). However, it is again found that a plot of log k2

against Ho gives a straight line with a nonintegral slope of 

0.68 (Figure 4.11). 

4.1.4. Empirical rate law 

From the results presented in the ?re-lious sections it can 

be concluded that the rate law for the oxidation of 2-propanol 

by ruthenium tetroxide in aqueous perchloric acid depends on the 

acidity of the medium. The order of the reaction with respect 

to 2-propanol is unity under all conditions and the order with 

respect to ruthenium tetroxide is also unity below 7 M 1N104, 

but becomes zero order at acid concentrations greater than 8.5 M 
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Table 4.5 

Dependence of k2 on acidity in the oxidation of 2-

propanol (Figure 4.10) 

Exp't no. 
-Ho(a) 

k x 10
2 

2-1 -1 
04 s ) 3 + log k2

30-32 0.27 1.58 1.20 

85-87 0.35 1.91 1.28 

82-84 0.35 1.97 1.29 

27-29 0.80 1.33 1.24 

10,11,40-42 1.30 0.89 0.95 

217-219 1.43 0.98 0.99 

24-26 1.70 0.66 0.82 

37-39 2.15 0.42 0.62 

12,13,43-45 2.80 0.28 0.45 

52-54 3.13 0.21 0.32 

15,16,49-51 3.25 0.18 0.25 

18-20 3.77 0.13 0.11 

(a) 
The H

o 
values as a function of the molarity of 

perchioric acid have been reported by Yates and 

Wai (97). 



Flo 

Figure 4.10. Acidity dependence for the oxidation of 2-propanol under conditions of low acidity. 
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Table 4.6 

Dependence of ki on acidity in the oxidation of.2-

propanol (Figure 4.11). 

Exp't no. -H
(a) 
0

6 
k
1 
x 10 

(
s-1) 6 + log kl

64-66 4.70 1.17 0.07 

73-75 4.95 1.76 0.25 

21-23 5.00 1.40 0.15 

79-81 5.16 2.30 0.36 

61-63 5.20 2.21 0.34 

76-78 5.41 3.56 0.55 

58-60 5.55 4.92 0.69 

33-35 5.82 6.58 0.82 

70-72 5.94 7.32 0.86 

55-57 5.98 8.40 0.92 

67-69 6.14 9.89 1.00 

(a) 
The H

o 
values as a function of the molarity of 

perchloric acid have been reported by Yates and 

Wai (97). 



tog k, slope =0.68 

-Ho 
Figure 4.11. Acidity dependence for the oxidation of 2-propanol under conditions ofhigh acidity. 
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HC104. Hence at lower acidities the rate law corresponds to 

equation (4-8) whereas at higher acidities it corresponds to 

equation (4-9). 

v as k
2 

[Ru04] [2-propanol] 

[2-propano]] v k1 

(4-8) 

(4-9) 

If these rate laws are valid the calculated rate constants 

should be the same for all experiments at the same acidity, 

regardless of the concentration of 2-propanol and ruthenium 

tetroxide. That this is so can be seen from the data in Table 

4.7 where average rate constants have been calculated for the 

reaction in 1.05 M, 1.25 M, 3.22 M and 9.95 M HC104. 

4.1.5. Isotope effects 

The oxidation of 2-propano1-2-d was carried out at three 

different acidities, 1.94 M, 8.47 M and 9.52 M HC104. The 

observed rates were then compared with those for the oxidations 

of 2-propanol to determine a kinetic isotope effect. The results 

are summarized in Table 4.8. 

At 1.94 M HC10
4 

a substantial kinetic primary isotope 

effect is observed (kH/kp = 4.6 ± 0.2), indicating that the C-H 

bond is broken in the rate determining step. However at 9.52 M 

HC10
4 

the isotope effect is unity (within experimental error), 

suggesting that cleavage of the C-H bond is not involved in the 
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Table 4.7 

Average rate constants for the oxidation of 2-propanol 

by ruthenium tetroxide at 25.00. 

DIC1013 k x 102 k1 x 106 Standard 
2 

Exp't no. (14) 

85-105 1.05 

148-178 1.25 

211-228 3.22 

229-243 9.95 

(s-1) -1 s-1 deviation 

2.10 

3.09 

1.17 

6.41 

0.22 

0.34 

0.17 

0.66 
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Table 4.8 

Isotope effects for the oxidation of CH
3
CROHCH

3 
in aqueous HC10

4 

Exp't no. R 

ipC10
4; 

(M) 

k
2 
x102 

(m-1s-1) 
k
1 
x106 

(s-1) 

268,276,277 H 1.94 1.55 ± 0.03 

266,267,275 D 1.94 0.34 ± 0.01 

271 H 8.47 0.73 ± 0.02 

269,270 D 8.47 0.39 ± 0.2 

274,278,279 H 9.52 4.2 ± 0.4 

272,278,279 D 9.52 3.2 ± 0.3 

iH/kD 

4.6 ± 0.2 

1.9 ± 0.1 

1.3 ± 0.3 
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rate determining step. At 8.47 M HC10
4 

an isotope effect of 

intermediate magnitude (kia/kp = 1.9 t 0.1) is measured, probably 

because of a contribution from two different mechanisms at this 

acidity. 

4.1.6. Substituent effects 

The rates of oxidation of 2-butanol and 1,1,1-trifluoro-2-

propanol by ruthenium tetroxide were determined and compared with 

those for 2-propanol to investigate the effect of substituents 

on the rate of the reaction. The resulting rate constants are 

presented in Table 4.9. 

At high acidity (10.01 M HC104) it was impossible to obtain 

a meaningful initial slope for 2-butanol and 1,1,1-trifluoro-2-

propanol, although it was evident that the oxidation of 2-

butanol was faster and that the oxidation of 1,1,1-trifluoro-2-

propanol was slower than the oxidation of 2-propanol. 

These results indicate that electron donating substituents 

increase the rate of the reaction, while electron withdrawing 

substituents decrease the rate of the reaction in the oxidation 

of secondary alcohols by ruthenium tetroxide. 

4.1.7. Temperature effects 

The second order rate constant
' 
k2, can be expressed in 

terms of the entropy and heat of activation as was first derived 

in 1935 (98). 
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Table 4.9 

Oxidation of RCHOHCH3 by Ru04 in 1.9.4 M RC104

at 25.00. 

Exp't

no. R 

[Alcohol] k2 x 102 

(M x 102) (4 is-1) 

246 Et 4.72 2.27 

247 Et 4.72 2.00 

245 Me 4.36 1.58 

248 Me 4.36 1.58 

244 CF3(a) 1.80 0.0484

249 3.59 CF3(a) 0.13 

(a) 
The decrease in absorbance with this 

alcohol did not give as smooth a curve 

as with the others; it had a discontinuity 

after about 40% of the reaction and also 

the final absorbance was higher than in 

the case of 2-propanol and 2-butanol. 



-135- 

k 
kT ASt/R-AHtiRT 

2 
= e 

h 

k = Boltzmann's constant (1.38 x 10
-16 erg/deg) 

h = Planck's constant (6.63 x 10
-27 

erg s) 

T = Absolute temperature (`'K) 

S = Entropy of activation (cal deg
-1 

mole
-1
) 

H = Heat of activation (cal mole
-1
) 

R = 1.986 cal deg
-1 

mole
-1 

Consequently 

ln(k2/T) 
k AS* AH 

= In R RT 

and a plot of In y2 1 
. - versus give a straight line with a 

AH* 
slope equal to -T. — and an intercept equal to In k AS*

Such a plot has been constructed in Figure 4.12 using data 

obtained for the oxidation of 2-propanol where the temperature 

was varied from 9.9 to 50°C. The original data for Figure 4.12 

are given in Table 4.10. The slope of the resulting straight 

line is -7.06 x 10
3 
°K and the intercept is 13.6. Consequently 

the values for the heat of activation and the entropy of acti-

vation were calculated to be AO= 14 Kcal mole-1 and AS* = -20.3 

cal deg
1 

mole
1 
(or e.u.). 

4.1.8. Influence of oxygen 

In order to investigate the possible influence of molecular 

oxygen on the rate of the oxidation of 2-propanol, an experiment 



ln(2 
) 

3.2 
1 
— x 10

3 

ARS.. 14 kcal mole-1

OS$. -20.3 e.u. 

3.4 3.6 

Figure 4.12. Thermodynamic parameters for the oxidation of 2-propanol by Ru04 in 2.89 M HC104
(exp. 412-426). 
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Table 4.10 

Determination of the thermodynamic parameters for the oxidation 

of 2-propanol by ruthenium tetroxide in 2.89 M HC104 (see Figure 

4.12). 

Exp't no. 

2 
Temperature k x 10 

1 3 -1 
(°C) 

(M
2-1 s -1) In irx 10 (deg ) 

41J-417 9.9 0.347 -11.31 3.53 

412-414 20 0.818 -10.48 3.41 

418-420 30 1.84 - 9.72 3.30 

421-423 40 4.09 - 8.94 3.19 

424-426 50 8.46 - 8.24 3.09 
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was carried out where one solution of ruthenium tetroxide was 

flushed with nitrogen and another solution was not (exp. 427 and 

428). The identical results obtained indicate that molecular 

oxygen does not have a major influence on the rate of the 

reaction. 

4.1.9. Experiments in sulphuric acid 

The nature of the mineral acid might have a significant 

bearing on the mechanism of the reaction. Therefore some 

experiments (316 and 317) were carried out using sulphuric 

instead of perchloric acid as the solvent. As Figure 4.13 shows, 

the shape of the resulting curve, when absorbance is plotted 

against time for oxidations in 2.20 M 
H2SO4' 

suggests that the 

reaction under these conditions has a rather long induction 

period. 

In addition a solution of Ru0
4 
in 9.95 M sulphuric acid was 

obsorved to give only a 5% change in absorption when 2-propanol 

was added. 

These results indicate that the oxidation of 2-propanol 

is more complex in sulphuric acid solutions and not very amenable 

to a kinetic study; hence no further work was done in this 

medium. 

4.1.10. Experiments in pH region 

In neutral aqueous solutions the reaction between 2-

propanol and ruthenium tetroxide cannot be followed because of 



1.0 

Absorbance 

0.8 

0.6 

Be 

Ile 

a 
10 

Time(min) 
20 30 

Figure 4.13. Plot of absorbance versus time for the oxidation of 2-propanol by Ru04 in 2.20 

M H2SO4 (exp. 316). 



- 140 - 

the formation of insoluble ruthenium dioxide. Some experiments 

were however carried out in solutions of low acidity where the 

reduction product is soluble. In experiments 304 to 309 the 

acid concentration was varied from 0.11 to 0.33 M HC104. There 

was a substantial difference in final absorption between the 

experiments at 0.11 M HC104 and at 0.26 and 0.33 M HC104 (see 

Table 4.11), which makes a comparison difficult. However, it 

would appear that the rate continues to increase with decreasing 

acidity even in the dilute region. 

An experiment was also carried out in a sulphate/bisulphate 

buffer which had a pH of 1.71. The changes in absorbance were 

however too small to give good kinetics (only a 20% change in 

absorbance was observed at both 386 nm and 310 nm). 

4.1.11. Influence of sodium periodate 

When used in synthetic experiments ruthenium tetroxide is 

often coupled with sodium periodate. Hence some experiments 

were carried out after periodate had been added to the solution. 

Using this procedure good kinetics would be obtained only if the 

reaction between the reduced ruthenium species and sodium 

periodate was either very fast or very slow compared with the 

oxidation of 2-propanol. Figure 4.14 shows however that the two 

reactions occur at about the same rate and that they interfere 

with each other. At a high concentration of sodtuo periodate 

the beginning of the curve is flat followed by a rapid decrease 
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Table 4.11 

Oxidation of CH3CROHCH3 by.Ru04 at 25.0°

[2-propanol] = 2.13 x 10-2 M 

Exp't no. (M) 

[acio4] k
(M-1x21) 

Final 

Absorbance 

304-306 0.11 9.38 0.400 

310-312 0.26 4.83 0.100 

307-309 0.33 4.57 0.100 



Absorbance 

0.4 

0.2 

1 

Exp. 142-144 

1 no NaI0
4 

2 Ewq - 0.021 M 

3 ElaW1 0.063 M 
4.1 

21 40 6,! 
Time(min) 

Figure 4.14. Influence of sodiumlriodate on the oxidation of 2-propanol by Ru04; [2-propanolj 
8.6 x 10-3 M; EC104 = 2.96 M. 
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and then a gradual increase in absorption. The same type of 

curve, but with a much shorter induction period, was obtained 

when a smaller concentration of sodium periodate was used. 

It appears that too many complexities are involved in this 

method to get a clear picture of the kinetics of the reaction. 

4.2. The oxidation of tetrahydrofuran in aqueous perchloric 

acid solutions 

A somewhat less extensive study was made of the oxidation 

of tetrahydrofuran by ruthenium tetroxide. Using procedures 

similar to those described in Section 4.1 for the oxidation of 

2-propanol, the rate law was determined and isotope effects were 

measured. Good results were obtained in solutions of low 

acidity (0.90-4.92 M HC104), but at high acidities it was found 

to be difficult to reproduce rate constants precisely. 

4.2.1. Order of the reaction with respect to ruthenium tetroxide 

At a particular acidity the rate of reaction can be expressed 

as in equation (4-10). 

-c*u0J 

at = k2 [u04] [THF] y 
(4-10) 

Under the conditions of these experiments where the concen-

tration of tetrahydrofuran was always greatly in excess of 

ruthenium tetroxide equation (4-10) can be rearranged in the 

form of (4-11) and (4-12). 
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-d Etu041 

dt kobs[itu°4] x

k
obs 

= k
2 
[Mi.] Y

(4-11) 

(4.42) 

Furthermore equation (4-11) can be restated in terms of 

absorbances and extinction coefficients as in (4-13) and (4-14). 

-d(Abs x e)
dt 

k 
obs 

(Abs x E) (4-13) 

log 
-d(Abs) 

dt 
= x log(Abs) + (x-1) log e + log k

obs 
(4-14) 

Hence the order of the reaction with respect to ruthenium 

tetroxide can be obtained from a plot of the logarithm of the 

initial slope against the logarithm of the initial absorbance. 

Six such plots were prepared for a variety of conditions 

at acid concentrations of less than 3 M HC104. The data are 

listed in Table 4.12 and the plots are reproduced in Figures 

4.15-4.20. Table 4.13 summarizes the results which lead to the 

conclusion that the order of the reaction with respect to 

ruthenium tetroxide is unity. 

4.2.2. Order of the reaction with respect to tetrahydrofuran 

In the previous section it was found that the order with 

respect to ruthenium tetroxide was unity. Hence the second 

term on the right of equation (4-14) becomes zero and (4-14) can 
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Table 4.12 

Data for calculation of the order with respect to Ru04 in the 

oxidation of tetrahydrofuran. (Figures 4.15-4.20) 

Exp't [RC10/3 Initial Initial 

no. (M) Absorbance Slope 1 + log(Abs)(a) 4 + 1og(Slopei)
(b) 

256 1.94 0.686 3.54 0.84 0.37 

257 1.94 1.114 3.80 1.05 0.58 

258 1.94 0.562 1.94 0.75 0.29 

259 1.94 0.349 1.24 0.54 0.090 

291 1.94 0.454 4.38 0.66 0.64 

292 1.94 0.711 7.82 0.85 0.89 

293 1.94 1.073 10.85 1.03 1.03 

294 1.94 0.587 5.44 0.77 0.74 

296 1.94 0.203 1.17 0.30 0.07 

297 1.94 0.512 3.77 0.71 0.57 

298 1.94 0.814 5.87 0.91 0.77 

299 1.94 0.742 5.58 0.87 0.74 

300 1.94 0.417 2.64 0.62 0.42 

301 1.94 0.608 3.93 0.78 0.59 

318 2.89 0.427 2.24 0.63 0.35 

319 2.89 0.638 3.33 0.80 0.52 

320 2.89 0.798 4.50 0.90 0.65 
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(Table 4.12 continued) 

Exp't DIC1013 Initial Initial 
no. (M) Absorbance Slope 1 + log(Abs )(a) 4 + log(Slopei)(b) 

321 2.89 0.337 2.75 0.53 
322 2.89 0.547 4.65 0.74 
323 2.89 0.865 7.54 0.94 

324 2.89 0.319 3.27 0.50 
325 2.89 0.471 4.82 0.67 
326 2.89 0.770 7.82 0.89 
327 2.89 0.522 5.25 0,72 

0.44 
0.67 
0.88 

0.51 
0.68 
0.89 
0.72 

(a) 
Initial absorbance 

(b) Initial slope 
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4 + log(slcpei) 

4 + log(slopei) 

Exp. 256-259 
0.6 

[HC10] = 1.94 M 
4 

Slope = 0.97 

0.2 

0.4 0.8 
1 + log(Absi) 

Exp. 291-294 

EIC10:1 = 1.94 M 4 
1.0 Slope = 1.08 

0.6 

0.4 0.8 
1 + log(Absi) 

Figures 4.15 and 4.16. Calculation of the order with respect to 
Ru0

4 
for the oxidation of tetrahydrofuran. 
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4 + log(slopei) 

4 + log(slopei) 

0.6 

0.2 

0.6 

3.2 

0.4 0.8 
1 + log(Absi) 

Exp. 296-301 

EIC10] = 1.94 M 
Slope = 1.15 

Exp. 318-320 

pg = 2.89 M 
4 

Slope = 1.10 

0.6 1.0 
1 + log(Absi) 

Figures 4.17 and 4.18. Calculation of the order with respect to 
Ru0

4 
for the oxidation of tetrahydrofuran. 
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0.8 

4 + log(slopei) 

4 + log(slopei) 

0.4 

0.8 

0.4 

Exp. 321-325 

EIC101 = 2.89 M 
Slope = 1.07 

0.6 1.0 
1 + log(Absi) 

Exp. 324-327 

EIC10] = 2.89 M 4 
Slope = 0.97 

0.6 1.0 
1 + log(Absi) 

Figures 4.19 and 4.20. Calculation of the order with respect to Ru0
4 

for the oxidation of tetrahydrofuran. 
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Table 4.13 

Calculation of the order with respect to ruthenium tetroxide in 

the oxidation of tetrahydrofuran. 

[Tu] [RC104] Statistical(b)

Expit no. x 10
2
) (M) Order(a) Error 

256-259 0.82 1.94 0.97 0.01 

291-294 1.64 1.94 1.08 0.03 

296-301 1.64 1.94 1.15 0.02 

318-320 2.05 2.89 1.10 0.02 

321-323 3.28 2.89 1.07 0.01 

324-327 4.10 2.89 0.97 0.01 

(a) 
From the slope obtained by plotting log(Absorbance) against 

log(Initial slope) (Table 4.12). 

(b) 
See reference (94). 
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be combined with (4-12) to give (4-15). 

log 
-d

d
(Abs) 

= log(Abs) + log k2 + y log [Mill (4-15) 
t 

The order of the reaction with respect to tetrahydrofuran 

can then be determined from the slopes of plots of the logarithm 

of the initial slope divided by the initial absorbance against 

the logarithm of the concentration of tetrahydrofuran. When 

such a plot was prepared using the data of experiments 328-332 

a straight line with slope of 0.95 was obtained (Figure 4.21), 

indicating that the reaction is first order with respect to 

tetrahydrofuran. The original data for Figure 4.21 are given 

in Table 4.14. 

4.2.3. Dependence of the reaction rate on the acidity of the 

medium 

Assuming that the acidity of the medium is represented by 

h
o 
(-log h

o 
is equal to the Hammett acidity function H

o 
(95,96)), 

the rate constant k
2 
in equation (4-10) may be dependent on this 

acidity function. Since the reaction is first order with 

respect to both ruthenium tetroxide and tetrahydrofuran the 

second order rate constants k
2 

can be calculated using equation 

(4-10) and the acidity dependence can therefore be determined 

from plots of log k2 against H
o
. Using this method of analysis 

it was found that in the lower acid region, from 0.90 to 2.89 



3 + log mL
clopei

...

1.4 

1.0 

0.6 

Exp. 328-332 ar

EIC101 = 2.89 M 4 
Slope = 0.95 

0.4 0.8 
2+ logErld 

Figure 4.21. Calculation of the order with respect to tetrahydrofuran. 
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Table 4.14 

Calculation of the order with respect to tetrahydrofuran in 2.89 

M HC104. 

Data for Figure 4.21 

Slopei(a) (a)
Exp't [THE] 2 + log[THFJ 3 + log 

Slope
i 

no. (M x 10
2
) 

Abs
i 

Abs
i 

x 10
3 

328 2.87 0.77 0.46 0.89 

329 2.05 0.58 0.31 0.76 

330 4.10 1.05 0.61 1.02 

331 6.15 1.60 0.79 1.20 

332 8.20 2.14 0.91 1.33 

(a) 
Slope = initial slope 

Abs = initial absorbance 
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M HC104, the rate of the reaction was inversely proportional to 

the acidity, the corresponding plot being a straight line with 

a slope of -0.22 (Figure 4.22, Table 4.15). 

Under highly acidic conditions (4.92 to 7.35 M HC104) the 

reaction appeared to be similar in many respects to the oxi-

dation of 2-propanol which has previously been described in 

Section 4.1. The rate of reaction was found to be independent 

of the concentrations of ruthenium tetroxide (as indicated by 

the data in Table 4.16), directly dependent on the concentration 

of tetrahydrofuran (Table 4.17) and subject to acid catalysis 

(Table 4.18, Figure 4.23). However, these results, although 

internally consistent suffered from a certain lack of reproduci-

bility. For example, some rate plots exhibited induction periods 

before the reaction started. This, it was found, could be over-

come by using freshly purified (glc) tetrahydrofuran and freshly 

prepared ruthenium tetroxide; however, each new set of reagents 

gave a different set of rate constants which were internally 

consistent, but which could not be duplicated with other 

solutions. Consequently the results reported in Tables 4.16, 

4.17 and 4.18 (which were all obtained with a particular set of 

reagents) can only be used as a rough indication of the gross 

features of the reaction; no significance can be attached to the 

numerical values of the rate constants. 
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O 

0.5 

- HO 

1.0 

Figure 4.22. Acidity dependence for the oxidation of tetrahydrofuran 

under conditions of low acidity. 
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Table 4.15 

Dependence of k2 on acidity in the oxidation of 

tetrahydrofuran. (Figure 4.22) 

Exp't 

no. 
-H 

(a) 
o 

x 
k2-1 1022-1 -1 
(M s ) 2 + log k2

382-384 1.25 3.19 0.50 

385-387 1.09 3.38 0.53 

388-390 0.82 4.01 0.60 

391-393 0.59 4.33 0.64 

394-396 0.25 5.38 0.73 

(a) 
The H

o 
values as a function of the molarity 

of perchloric acid have been reported by 

Yates and Wai (97). 
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Table 4.16 

Oxidation of THE by Ru04 in 6.00 M HC104; 

UCHIJ - 4.10 x 10-2 M; T 25.0°. 

Exp't no. 

Initial 

Absorbance 

Initial Slope 

(x 10
7
) 

k
2 

(s
-1 

x 10
5
) 

333 0.611 5.62 1.37 

334 0.605 5.64 1.38 

335 0.287 5.45 1.33 

336 0.764 5.92 1.44 

337 0.428 5.57 1.36 

338 0.278 4.80 1.17 
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Table 4.17 

Oxidation of THE by Ru04 in 6.00 M HC104 at 25.00. 

Exp't Initial Enna 
no. Absorbance (M x 102) 

343 0.572 2.87 

344 0.564 2.05 

345 0.568 4.10 

346 0.577 4.10 

347 0.586 2.05 

348 0.584 2.87 

349 0.370 2.87 

350 0.356 2.05 

351 0.348 4.10 

Initial Slope 

(x 107) 
1
k1 

(s x 105) 

5.51 1.93 

6.93 1.64 

7.36 1.80 

7.03 1.71 

3.28 1.60 

4.63 1.61 

5.64 1.97 

3.51 1.71 

6.62 1.61 
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Table 4.18 

Dependence of k
1 
on acidity in the oxidation of 

tetrahydrofuran. (Figure 4.23) 

-1
k1 

Exp't no. -Ho (s x 105) 6 + log kl

353-354 3.73 7.25 1.86 

355-360 3.28 3.80 1.58 

361-363 3.02 2.69 1.43 

364-366 2.85 1.84 1.27 

367-369 3.45 4.73 1.67 

379-381 2.27 0.96 0.98 



6 + log kl

1.8 

1.4 

1.0 

0 

Figure 4.23. Acidity dependence for the oxidation of tetrahydrofuran under conditions of 
high acidity. 
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It should be mentioned here that this problem did not persist 

for other rate constants reported in this thesis. The numerical 

value of other constants could be reproduced many times, often 

with a lapse of as much as one year between experiments. 

From 2.89 to 4.92 M perchloric acid no clear acidity 

dependence could be found. The second order rate constants 

were all approximately the same in this region (see exp. 370-

384). 

4.2.4. Empirical rate law 

From the previous section it can be concluded that the rate 

law for the oxidation of tetrahydrofuran by ruthenium tetroxide 

in the acidity region 0.90 to 2.89 M perchloric acid for a 

particular acidity is 

v = k2 [RuOj [TH1] (4-16) 

If this rate law is valid the calculated rate constant k
2 

should be the same for experiments at the same acidity, regard-

less of the concentration of tetrahydrofuran and ruthenium 

tetroxide. Experiments 318-332 were all carried out in 2.89 M 

perchloric acid and for this series the second order rate 

constants have been calculated and are presented in Table 4.19. 

The average k
2 
is 2.60 x 10

-2 
M
1 
s
-1 

with a standard deviation 

of 0.12 x 10
-2
, indicating the validity of the rate law. 
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Table 4.19 

Second order rate constants for the oxidation of tetrahydrofuran 

by ruthenium tetroxide in 2.89 M EC104 at 25.0°. 

Exp't 

no. 

Initial 

Absorbance 
[r6.] 
x 102) 

Initial Slope 

(x 104) 1s-12
x 10

2
) (M

318 0.427 2.05 2.24 2.56 

319 0.638 2.05 3.33 2.55 

320. 0.798 2,05 4,50 2.75 

321 0.337 3.28 2.75 2.48 

322 0.547 3.28 4.65 2.59 

323 0.865 3.28 7.54 2.68 

324 0.319 4.10 3.27 2.50 

325 0.471 4.10 4.82 2.50 

326 0.770 4.10 7.82 2.48 

327 0.522 4.10 5.25 2.45 

328 0.523 2.87 4.05 2.70 

329 0.510 2.05 3.02 2.89 

330 0.556 4.10 5.83 2.56 

331 0.550 6.15 8.77 2.59 

332 0.539 8.20 11.55 2.61 
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4.2.5. Isotope effects 

In order to measure a kinetic isotope effect tetrahydro-

furan-d
8 
was oxidised in 1.49 M perchloric acid (exp. 400-405). 

The results of these experiments are listed in Table 4.20. From 

these results it is apparent that a primary kinetic isotope 

effect (kH/k10 = 1.5 t 0.1) is obtained, thus indicating that 

cleavage of the C-H bond is involved in the rate determining 

step. At high acidities no reliable isotope effect could be 

determined because the experiments were not reproducible as 

mentioned in Section 4.2.3,. 

4.3. Consideration of errors 

The experimental errors which should be considered in this 

investigation can be estimated as follows: 

(i) Error in volume of solution a44ed to the cuvet. 

For every experiment three ml of the ruthenium 

tetroxide solution was pipetted into a cuvet. 

This transfer of solution was found to be accurate 

to ± 0.5%. 

(ii) Error because of temperature fluctuations. 

For all of these experiments the temperature was 

controlled to within 0.1°C, usually at 25.0 ± 0.1°C. 

From a knowledge of the activation energies the 

error in the rate constant caused by such 

fluctuations is calculated to be ± 0.9%. 
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Table 4.20 

Isotope effects for _a oxidation of tetrahydrofuran in 1.49 M 

HC104 at 25.0° [yetrahydrofuran] = 2.05 x 10-2 M; [Yetrahydro-

furan-d0 = 1.85 x 10
-2 

M. 

Exp't no. 

Initial 

Absorbance 

Initial Slope 

(x 10
4
) (M

-1
s
-12

x 10
2
) 

400 0.52 3.75 3.52 

401* 0.507 2.19 2.34 

402* 0.51 2.32 2.46 

403
* 

0.578 2.21 2.07 

404 0.559 3.91 3.41 

405 0.586 3.84 3.34 

Tetrahydrofuran-d
8 
(purified via gas chromatography) 
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(iii) Error in standardising the perchloric acid solutions. 

Using a conventional procedure it was possible to 

standardise HC10
4 
solutions to within ± 0.5%. 

(iv) Error in reading the spectrophotometer. 

A small error of ± 0.2% could be involved in this 

procedure. 

(v) Error in volume of reductant used. 

The use of microliter syringes with chaney adaptors 

permits one to repeatedly add a particular amount 

of liquid with high precision (± 0.2%). However 

it is mu'h more difficult to vary the syringe 

settings and maintain similar accuracy Once the 

error in setting the syringe is about ± 3%. 

(vi) Error in estimating the initial slope. 

The determination of the initial slope is subject 

to a rather high uncertainty which gives rise to 

an error of ± 3%. However this error varied from 

experiment to experiment probably because of the 

sensitivity of ruthenium tetroxide to trace amounts 

of impurities. In order to minimize this error 

the glass equipment was thoroughly cleaned in a 

sodium periodate solution and then in a dichromate/ 

sulphuric acid cleaning bath prior to each experiment. 

However any traces of impurities would influence the 

rate of reaction because of the vigor of the oxidant. 
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From a consideration of the above mentioned factors it can 

be seen that the error in any particular rate constant might be 

as high as ± 7.6%. The observed deviations were usually less 

than this, possibly because of compensating effects. 
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5. DISCUSSION 

From the results described in Section 4 it seems convenient 

to discuss the mechanism of the oxidations of alcohols and ethers 

by ruthenium tetroxide under two different headings beginning with 

the oxidation of 2-propanol and tetrahydrofuran at "low" acidities 

and then going on to the oxidation of 2-propanol at "high" 

acidities. 

5.1. Oxidation of 2-propanol and tetrahydrofuran by ruthenium 

tetroxide at low acidity 

Our results for 2-propanol have provided the following 

information on which possible mechanisms can be based: (i) the 

apparent rate law at a particular acidity is given by equation 

(5-1), (ii) the rate determining step involves cleavage of the 

-d [RuO4] 

dt 
- k2 [Ru04 [Alcohol] (5-1) . 

a-carbon-hydrogen bonds (iii) electron donating substituents 

increase the rate of reaction and electron withdrawing substi-

tuents decrease the rate of reaction, (iv) the rate of reaction 

is inversely proportional to acidity, (v) the enthalpy of acti-

vation is 14 kcal/mole and the entropy of activation is -20.3 e.u., 

(vi) alcohols and ethers are oxidised with approximately equal 

ease, (vii) acetone is the sole organic product obtained from 
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the reaction of 2-propanol and (vii) oxygen has no detectable 

influence on the rate of reaction. 

The most unexpected of these results is the observation 

that the rate of reaction decreases as the acidity increases. 

In this respect the reaction is rather unique and we have con-

sidered several possible explanations bearing in mind the fact 

that increasing the acid concentration of a solution has two 

effects, (i) it increases the hydrogen ion concentration and 

(ii) it decreases the water concentration. Either or both of 

these effects might have a bearing on the reaction rate. 

The most likely consequence of an increase in acidity would 

be to shift equilibrium (5-2) to the left. If the protonated alcohol 

+ 
OH OH 
1 2 K 

1 + 

H 

CH3 CH3 C---CH + H (5-2) 

H
 

3 

were unreactive the rate would be decreased as the solution 

becomes more acidic. A similar explanation for the inverse 

acidity dependence was given for the oxidation of ascorbic acid 

by osmium tetroxide (99). The ionisation of ascorbic acid gives 

the reactive ascorbate ion and increases in acidity shifted the 

equilibrium to the ascorbic acid side, resulting in a lower 

concentration of ascorbate ion. 
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The protonation of 2-propanol should be defined by an 

acidity function, % OH, which has been proposed by Lee and Cameron 

(100). Although such a function has not been firmly established 

it appears from the available evidence (100,101) that it is 

approximately equal to 0.25 H
to 

in both sulphuric and perchloric 

acid solutions, and thus the pKBH+ for equilibrium (5-2) which 

has been reported to be -5.16 in Ho units (101) would be 

approximately -1.3 in HR
OH 

units. 

The concentration of unprotonated alcohol can then be calcu-

lated in the following way: 

ROH 
K= 

[R0H+2

5t0Ia + ROH1 =Dm itotal 

k011.j 
1 
+ 

Cu4 hROH 
K

 [lig
total 

[OU 1 =  tof,g  K[kOlq 
total total _ 

1 + 
hROH

/K K + h
ROH 

Hence if the rate of oxidation of 2-propanol is very fast 

compared with its conjugate acid the rate law would be given by 

equation (5-3). 

-d [RuO kK [Ru0 [ROI] 

dt K + h
RoH 

(5-3) 
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Consequently log k2 has been plotted against log(K + hRoR) 

in Figure 5.1. (The data are given in Table 5.1.) If the rate 

retardation observed was solely a result of alcohol protonation 

the slope of this plot should be -1. The fact that the magnitude 

of the slope is much greater than this (-10) suggests that other 

factors are 

decrease in 

part of the 

contributing to the decrease in rate; i.e., the 

the activity of water may also be responsible for 

rate dininuation. This would be so if the complete 

rate law were of the form given in equation (5-4). 

-d Itz04,1 kK [Ru04] [ROH] 
au20

n 

dt K + hROH 
(5-4) 

If equation (5-4) is in fact an accurate description of the 

rate law for the reaction it should be possible 

order with respect to water activity, since the 

constants, k2, would be given in equation (5-5) 

can be derived. 

kK a 
k2 K + hROH 20

log k2 + log(K + ho d = n log aR20 + log(kK) 

to estimate n, the 

reported rate 

from which (5-6) 

(5-5) 

(5-6) 

If it is again assumed that H
ROH

 is approximately equal to 

0.25 Ho it follows t1,,x a plot of log k2 + log(K + hRod against 

logN o should be linear with a slope equal to n. (It should be 



-2.0 

log k2 

-2.4 

-2.6 

1.34 
10g(K hROH) 

1.42 

Figure 5.1. Acidity dependence for the oxidation of 2-propanol. 



Table 5.1 

Rate and acidity data for the oxidation of 2-propanol at low acidities. 

n -H 51moid ROH 
(a) 

(b)Exp't no. (M) (-0.25 Ho) hROH g+11 ROH log(K+hgOH) log k2 -log all 0 log [H20] 
2 

30-32 0,93 0.07 1.17 21.17 1.32 -1.80 0.015 1.72 

85-87 1,05 0.09 1.23 21.23 1.32 -1.72 0.019 1.72 

82-84 1.07 0.09 1.23 21.23 1.32 -1.71 0.020 1.72 

27-29 1.86 0.20 1.60 21.60 1.33 -1.88 0.041 1.71 

10,11,40-42 2.96 0.32 2.10 22.10 1.34 -2.05 0.080 1.68 

217-219 3.22 0.36 2.30 22.30 1.35 -2.01 0.095 1.68 

24-26 3.80 0.43 2.70 22.70 1.36 -2.18 0.122 1.67 

37-39 4.73 0.54 3.47 23.47 1.37 -2.38 0.188 1.65 

12,13,43-45 5.86 0.70 5.01 25.01 1.40 -2.55 0.310 1.62 

52-54 6.41 0.78 6.03 26.03 1.41 -2.68 0.396 1.61 

15,16,49-51 6.62 0.81 6.46 26.46 1.42 -2.75 0.426 1.60 

(a) 
The value for the equilibrium constant K is approximately 20 (101). 

(Li) The values for log aH 0 as a function of the molarity of perchloric acid have been re-
2 

ported by Bunnett (103). 
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noted here that Yates (102) has used a treatment similar to this 

in the analysis of the rates of hydrolysis of esters in aqueous 

acid media.) This plot has been reproduced in Figure 5.2 and 

although there is some scatter, possibly because the abscissa is 

the difference between two fairly large numbers, it is obvious 

that the slope of the best straight line is positive (approxi-

mately two). Consequently the empirical rate law for this 

reaction under conditions of "low" acidity can be approximated by 

equation (5-7). 

-d[ituOJ gicOluO) 54] 
4 

all20
2 

dt . K + hROH (5-7) 

This rate law indicates that the transition state of this 

reaction has a greater demand for salvation by water than do the 

reactants, thus suggesting that it may be quite polar. Further-

more it is not likely that Ru04 is highly solvated, as is indi-

cated by the fact that it exhibits the same spectl-al character-

istics in the vapor state, in carbon tetrachloride solutions and 

in aqueous acids (66), but it is known that reduced forms of 

ruthenium are highly solvated in water (61). Consequently it is 

not unlikely that a polar transition state containing ruthenium 

in one of the lower oxidation states would require additional 

salvation. 



log k2+ 
log K +hRot-i 

0.1 

slope =2.2 

0.3 

- log Ct 
H2O 
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Figure 5.2. Involvement of water in the oxidation of 2-propanol by Ru04. 
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The conclusion that water plays a major role in the rate 

determining step is further emphasised by the following additional 

observations. 

(i) Experiments where tetrahydrofuran was oxidised in carbon 

tetrachloride indicated that traces of water influenced 

the reaction rate very strongly (section 3.2.1). 

(ii) A plot of log k
2 

versus log[H21] gives a straight line 

with a slope of 8.8 for the oxidation of 2-propanol and 

with a slope of 5.9 for the oxidation of tetrahydrofuran. 

(See Figures 5.3 and 5.4; the data for the latter 

are given in Table 5.2.) Although a plot of log k2

against the concentration of water is not conventional 

it shows empirically that the transition state has a 

high demand for water. This is also indicated by a plot 

of log k2 against log au0 (see Figures 5.5 and 5.6). 
2

It should be noted here that Bunnett has previously suggested 

an analogous approach for acid catalysed reactions (103,104). 

He proposed that the role of water in a reaction mechanism could 

be determined by plotting log k Ho (or log k - log [14} against 

log aH 0. The slopes (w or w*) of the resulting plots are thought 
2 

to indicate the way in which water is involved in the rate 

determining steps. The use of w and w* as criteria of mechanism 

was based on a detailed study of results for many reactions. 

Wiberg (105) points out that "the value of w, based on activity 
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Figure 5.3, Dependence of k2 on the concentration of water in the oxidation of 2-propanol. 

1.7 
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-1.3 

log k2

-1.4 

-1.5 
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tog[HA 
1.72 

Figure 5.4. Dependence of k
2 
on the concentration of water in the 

oxidation of tetrahydrofuran. 



Table 5.2 

Rate and acidity data for the oxidation of tetrahydrofuran at low acidities. 

Exp't no. 

giC10J 

(M) -log ell o(a)
2 

[11
2

03 

382-384 2.89 0.076 48.7 

385-387 2.52 0.060 49.6 

388-390 1.94 0.042 50.9 

391-393 1.49 0.030 51.9 

394-396 0.90 0.016 53.3 

log 512O1 k
2 
x 10

2 
log k2

1.688 3.19 -1.50 

1.696 3.38 -1.47 

1.707 4.01 -1.40 

1.715 4.33 -1.36 

1.727 5.38 -1.27 

(a) 
The values for log aH 0 as a function of the molarity of perchloric acid have been reported 

2 
by Burnett (103). 
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0 

-0.6 -0.4 

log a -H2o 

-0.2 

Figure 5.5. Dependence of k on the activity of water in the 
oxidation of 2-propanol by Ru04. 



- 180 - 

CI 
me 
C)
0 

-1.3 

-1.4 

-1.5 

-0.7 -0.5 

log 0H20 
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Figure 5.6. Dependence of k
2 
on the activity of water in the 

oxidation of tetrahydrofuran by Ru04. 
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coefficient assumption, equals the hydration of the activated 

complex less that of the substrate on a scale set by the water 

balance in protonation of the indicator base." The principle 

difference between Bunnett's approach and ours is simply that he 

was dealing with acid catalysed reactions whereas in our case 

the reaction is subject to acid inhibition. 

The results obtained in the oxidation of tetrahydrofuran by 

ruthenium tetroxide are very similar to those obtained for 2-

propanol; (i) the apparent rate law at a particular acidity is 

given by equation (5-8), (ii) the rate determining step involves 

-d [RuO4I 

dt = k2 [RuOi;] [letrahydrofuraxi] (5-8) 

cleavage of the a-carbon-hydrogen bond, (iii) the rate of 

reaction is inversely proportional to acidity (Figure 4.22) and 

(iv) the rate of reaction is approximately the same as the rate 

of oxidation of 2-propanol. 

Unlike the case for 2-propanol it is not possible to apply 

a mathematical treatment to the acidity dependence for the 

oxidation of tetrahydrofuran since no acidity function is 

available for ethers. However the similarity of the results 

suggests that the rate retardation can also be explained by 

assuming that the protonated ether is unreactive compared with the 

unprotonated ether. 
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The similar results for alcohols ana ethers suggest that 

the mechanism of the oxidative attack on alcohols and ethers is 

the same. This excludes, for example, ester intermediates such 

as those involved in chromium(VI) oxidations; ethers cannot be 

esterified (106). Similarly a free radical mechanism is unlikely 

since oxygen had no effect in the rate of reaction. However, a 

hydride transfer mechanism, in which ruthenium tetroxide accepts 

the hydride ion is consistent with the results. Such a mechanism 

would be analogous to the hydride transfer mechanism proposed by 

Barter and Littler for the oxidations of alcohols and ethers by 

bromine, permanganate and mercury(II) (107). A vigorous oxidant 

such as Ru0
4 

should also be capable of hydride abstraction. 

All the results obtained in this investigation can be 

explained by a hydride transfer mechanism; (i) the hydride 

transfer is responsible for the primary kinetic isotope effect, 

(ii) a positive reaction center is developed during the rate 

determining step, which explains the substituent effects, (iii) 

the inverse acidity dependence is apparently due in part to the 

fact that the protonated species is more resistant towards loss 

of a hydride ion than the unprotonated species, (iv) the enthalpy 

of activation (14 kcal/mole) and the entropy of activation(-20.3 

e.u.) in the oxidation of 2-propanol by ruthenium tetroxide are 

similar to the values obtained for hydride transfer reactions such 

as the oxidation of ethers and alcohols by permanganate (107) and 
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the oxidation of 2-methoxyethanol by nitric acid (108). For 

example the reported values for the oxidation of cyclohexanol by 

KMn04 are AHS = 14.2 kcal/mole and ASI:= -23 e.u. (107). 

Hence we feel confident that a hydride transfer mechanism 

for the oxidations of ethers and alcohols by ruthenium tetroxide 

is correct. A reaction scheme for the proposed mechanism is given 

in Section 5.3. 

5.2. The oxidation of 2-propanol under highly acidic conditions 

The following resume of results provides information for 

establishment of a possible mechanism: (i) the apparent rate law 

is given by equation (5-9), (ii) the rate of reaction increases 

-d [Ru041 

dt = kl [2-p r op anoll (5-9) 

with increasing acidity of the medium, (iii) virtually no primary 

kinetic isotope effect is observed and (iv) electron donating 

substituents increase the rate of reaction while electron with-

drawing substituents decrease the rate of reaction. 

The fact that no primary isotope effect was observed indi-

cates that the a-carbon-hydrogen bond is not broken in the rate 

determining step. This result is also consistent with the fact 

that the concentration of ruthenium tetroxide does not appear in 

the rate law. Evidently the rate determining step involves a 

reaction of 2-propanol prior to the transfer of electrons to 

ruthenium tetroxide. The substituent effects indicate an electron 
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deficient reaction center, and thus suggest the probabili.y of a 

carbonium ion intermediate. 

The acidity of the medium can be represented by Ho, and a 

plot of log k
1 

versus this function gives a straight line but 

with a non-integral slope of 0.68 (see Figure 4.11 and Table 4.6). 

This is not a surprising result since Ho is defined for amines 

not alcohols. Since an approximately linear relation exists 

between H
o 

and the alcohol acidity function, HR0H , with 
RAH' 

H
ROH 

0.25 H
o 
(100,101) it follows that a plot of log against 

HROH 

will also be a straight line with a slope of 9011 - 2.72. 

As the concentration of perchloric acid increases there is 

an increase in the activity of hydrogen ions, but a decrease in 

the amount of water available for solvation. Hence compounds 

which form conjugate acids with a high demand for solvation 

undergo protonation in concentrated perchloric acid less readily 

than do those which require less hydration (96). In the present 

case the very high slope of the plot of log kl versus HRoR

suggests that the intermediate is one with a much lower demand for 

solvation than the protonated alcohols. This is also consistent 

with the intermediate being a carbonium ion since it appears that 

they are not as highly solvated as oxonium ions (109). 

If carbonium ions are involved it might be expected that the 

reaction rate would be dependent on the HR acidity function which 

is defined for the formation of triphenylcarbonium ions from 
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triphenylcarbinols (110). (The very rapid increase in this 

function with increasing acid concentrations is most probably a 

reflection of the low solvation of these ions by water.) Although 

no H
R 

acidity function is known in aqueous perchloric acid 

solutions, Rochester has estimated that it is approximately equal 

to twice H
o 
(96). Hence the slope of a plot of log k

1 
against 

68 
HR will be 0 0.34. This low slope is probably a consequence 

of the fact that the positive charge would be more highly 

localised for dimethylcarbonium ion, thus increasing its demand for 

solvation relative to the triphenylcarbonium ion. 

Hence the isotope effect, the rate law and the effect of 

acidity changes are all consistent with the rate determining step 

in this reaction being carbonium ion formation and therefore a 

reaction scheme involving the format 4,ta of such an intermediate 

appears to be a likely possibility. 

k
1 

ROH H 
k
-1 

k
2 

R+ H2O 

Ru0
4 

products 
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The rate of this reaction would be expressed by equation 

(5-10) and a steady state approximation for the reactive 

rate = k
2 

Db1014] [R+] (5-10) 

intermediate, e, gives the rate equation derived below. 

dtIA1 [11u0 ] [R+3 = 0 = ki IRO] ha -k-1[e] - k 
2 4 

rate - 
+ k2 CRu04.1 

k1 Et010 h 
R 

k_i + k2 [12u041 

k k_ [Ru0 [ROH] h 
1 2 4 R 

If k2DuO4])k_
1
 then rate = k1[R011 hR

This expression is similar to the experimentally observed 

rate law under the assumption that the deviation from HR is due 

to a different salvation requirement. 

This mechanism is also in accordance with the substituent 

effects, since electron donating substituents will increase k1 

with the converse being true for electron withdrawing substi-

tuents. 

The observed value of kaikp (1.3 t 0.3) indicates that there 

might be a small isotope effect; however on the basis of the 

proposed mechanism this could be attributed to a secondary isotope 
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effect. 

If the proposed carbonium ion mechanism is correct for the 

oxidation of 2-propanol by ruthenium tetroxide it may be assumed, 

under these conditions, that dimethylcarbonium ion would be in 

equilibrium with propene and it is to be expected that either of 

these products would very readily be attacked by ruthenium 

tetroxide. 

Although the results obtained for the oxidation of tetra-

hydrofuran under highly acidic conditions are less reliable it 

appears that a similar situation persists for this compound. 

Under highly acidic conditions the ether probably undergoes 

cleavage to give a carbonium ion or alkene which undergoes further 

reaction with ruthenium tetroxide. 

5.3. Summary of mechanisms 

The results which have been discussed in this section suggest 

a unified mechanism for the oxidation of alcohols and ethers. 

The reaction appears to involve a hydride transfer to the oxidant 

in the rate determining step under conditions of low acidity. 

Since the protonated alcohols and ethers would be less reactive 

towards hydride transfer and because the transition state 

apparently requires added solvation by water the rate of the 

reaction decreases as the acidity of the medium increases. How-

ever, under conditions of very high acidity carbonium ions (or 

alkenes), which are very readily attacked by ruthenium tetroxide, 
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begin to form and the reaction rate increases with the acidity of 

the solution. The rate determining step then becomes carbonium 

ion formation. 

These ideas have been incorporated into the following 

schemes. The reactions of the ruthenium species which take place 

after the rate determining step are purely speculative and are 

included only to indicate the stoichiometry of the reaction. 

Similarly the organic products of the reaction under highly acidic 

conditions have not been identified; in fact as will be discussed 

in Section 6 such a study should prove to be a valuable extension 

to this work. 
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5.3.1. Scheme for the mechanism of 2 -propanol oxidation by Ru04

under  conditions of low, acidity 
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5.3.2. Scheme for the mechanism of tetrahydrofuran oxidation 

by Ru04 under conditions of  low acidity 
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5.3.3. Scheme for the mechanism of 2 -propanol oxidation  by Ru04

under conditions of high acidity 
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5.4. The oxidation if substituted benzyl alcohols in carbon 

tetrachloride 

As described in Section 3.2.4. a set of four substituted 

benzyl alcohols was used to study oxidations of alcohols by 

ruthenium tetroxide in carbon tetrachloride. The results of 

these experiments are given in Table 5.3. It appears that the 

rate constants for 27methylbenzyl alcohol,'benzyl alcohol, 27 

fluorobenzyl alcohol and m-chlorobenzyl alcohol are approximately 

the same, indicating that ruthenium tetroxide is quite non-

selective in its reactions (111). This result is not unexpected 

since ruthenium tetroxide is a powerful oxidant and in general 

such oxidants show little selectivity between similar substrates. 
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Table 5.3 

Relative rate constants for the oxidation of substituted 

benzyl alcohols by ruthenium tetroxide in carbon tetra-

chloride solutions. 

Substituent k*/R
(a) 

rmethyl 1.15 ± 0.08 

H 1.00 ± 0.05 

-fluoro 0.94 ± 0.06 

m-chloro 1.00 

(a) 
k* is the rate constant for the oxidation 

of m-chlorobenzyl alcohol, as described 

in Section 3.2.4. 



6. SUGGESTIONS FOR FURTHER STUDY 

Although the oxidation of 2-propanol by ruthenium tetroxide 

has been studied quite extensively it leaves one important 

question unanswered: what are the products in the high acidity 

region? A product study at high acidities would show whether or 

not propene is an intermediate. This could easily be done using 

C
14 

labelled 2-propanol in a manner similar to the procedure 

described in Section 3.3. 

One of the reasons that the oxidation of alcohols and ethers 

could not be studied extensively in carbon tetrachloride solutions 

was that a precipitate of ruthenium dioxide formed in that medium, 

thus preventing the use of a spectrophotometric method to monitor 

the absorbance changes. However, dual-wavelength spectrophoto-

meters which permit absorption measurements in cloudy solutions 

are now available (112). Hence it should now be possible to extend 

this investigation to a study of the oxidation of alcohols and 

ethers in carbon tetrachloride solutions. 

To date the potential of ruthenium tetroxide as an oxidant 

has been mainly exploited in connection with the oxidation of 

carbohydrates and steroids. In the carbohydrate field the 

oxidant has usually been employed to convert hydroxy groups to the 

corresponding carbonyl groups, whereas in the steroid field the 

main use has been for the degradation of double bonds and 

aromatic rings. The latter procedure seems to be very 
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interesting and with the aid of the above mentioned dual-

wavelength spectrophotometer it should be possible to throw some 

light on the mechanism of this useful reaction. 

The reaction products from ruthenium tetroxide and amines 

have not been analysed as yet (12) and a product study coupled 

with a kinetic study might result in the discovery of some 

additional useful applications of ruthenium tetroxide as an 

oxidant. 

One of the proposed intermediates in the oxidation of 

alcohols and ethers by ruthenium tetroxide is Ru(VI), which is 

probably present in the form of ruthenate ion (Ru0
4
2
). Ruthenate 

can be obtained from ruthenium tetroxide by treating it with base, 

which results in a stable solution (58). A study of the oxidation 

of water soluble substrates by ruthenate in basic solutions would 

give an interesting extension to this work. 

It is apparent that the development of a method to determine 

the kinetics of oxidations by ruthenium tetroxide in carbon tetra-

chloride solutions using a dual-wavelength spectrophotometer is 

the key to a wide open field of study. 
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APPENDIX A 

Oxidation of alcohols by ruthenium tetroxide in aqueous perchloric 

acid solutions. Unless otherwise indicated the alcohol was 2-

propanol and the absorbance was measured at 386 nm. 

Initial
(b) 

Exp't Temp. [SC104] Initial(a) [Ale] Slope k x 102
2 

no. (°C) (M) Absorbance (M x 10
2
) ( x 10

4
) 

- 1
04 s

-I 
) 

1
(c) 

25 0.791 12.9 

2
(c) " 

0.780 25.5 
3(c) „ 

0.815 37.8 

4
(d) It 5.83 0.825 21.2 4.08 0.23 

5 it 5.83 0.395 42.4 4.07 0.24 

6(d) " 2.96 0.745 21.2 13.7 0.87 

7
(d) It 2.96 0.618 21.2 10.4 0.79 

8
(d) ti 5.86 0.741 21.2 3.58 0.24 

9
(d) it 5.86 0.710 21.2 3.63 0.24 

10 It 2.96 0.373 21.2 6.29 0.80 

11 It 2.96 0.344 21.2 6.50 0.89 

12 It 5.86 0.402 21.2 2.04 0.24 

13 it 5.86 0.392 21.2 2.11 0.25 

14 II 4.73 0.318 21.2 2.88 0.43 

15 It 6.62 0.423 21.2 1.69 0.19 

16 it 6.62 0.368 21.2 1.67 0.21 

17 It 4.73 0.290 21.2 2.07 0.34 

18 t• 7.47 0.487 21.2 1.38 0.13 

19 It 7.47 0.492 21.2 1.35 0.13 

20 it 7.47 0.477 21.2 1.28 0.13 

21 It 8.83 0.417 21.2 2.75 1.39(e) 

22 It 8.83 .424 21.2 2.53 1.28(e) 
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Exp't 

no. 

Temp. 

(°C) 

71C1041 

(M) 

Initial(a)

Absorbance 

[Alcg 

(M x 102) 

Initial(b
) 

Slope 

( x 104) 

k2 x 102
(M-1s-1) 

23 25 8.83 .410 21.2 3.03 1.54(8)

24 3.80 .296 21.2 4.22 0.67 

25 3.80 .286 21.2 4.00 0.66 

26 vt 3.80 .286 21.2 4.20 0.69 

27 It 1.86 .229 21.2 6.25 1.29 

28 II 1.86 .225 21.2 6.17 1.29 

29 it 1.86 .213 21.2 6.40 1.42 

30 it .93 .167 21.2 5.62 1.59 

31 vi .93 .173 21.2 5.83 1.59 

32 I, .93 .155 21.2 5.12 1.56 

33 iv 9.72 .241 21.2 13.1 6.64(a)

34 it 9.72 .238 21.2 13.6 6.90(e)

35 IT 9.72 .251 21.2 12.2 6.19(a)

37 11 4.73 .439 21.2 4.00 0.43 

38 II 4.73 .437 21.2 3.65 0.39 

39 I, 4.73 .441 21.2 3.17 0.34 

40 1, 2.96 .310 21.2 6.14 0.93 

41 vi 2.96 .321 21.2 6.04 0.89 

42 v, 2.96 .308 21.2 5.39 0.83 

43 t, 5.86 .344 21.2 2.16 0.30 

44 II 5.86 .343 21.2 2.43 0.33 

45 1, 5.86 .342 21.2 2.12 0.29 

46 II 4.73 .496 21.2 4.48 0.43 

47 11 4.73 .486 21.2 4.80 0.47 

48 II 4.73 .498 21.2 5.77 0.55 

49 11 6.62 .483 21.2 1.40 0.14 

50 ti 6.62 .465 21.2 1.79 0.18 
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Exp't Temp. [1.1C104 

no. 
(oc) 

(M) 

Initial
(b) 

Initial
(a) 

[Alcg Slope k
2 
x 102 

Absorbance (M x 102) ( x 104) (14-1s-1) 

51 25 6.62 .464 21.2 1.65 0.17 

52 it 6.41 .542 21.2 2.37 0.21 

53 II 6.41 .540 21.2 2.47 0.22 

54 it 6.41 .531 21.2 2.14 0.19 

55 il 9.90 .500 21.2 16.7 8.47(e)

57 ii 9.90 .498 21.2 16.4 8.32(e)

58 it 9.47 .467 21.2 8.95 4.54(e)

59 II 9.47 .473 21.2 10.1 5.12(e)

60 iv 9.47 .486 21.2 10.1 5.12(e)

61 ,, 9.09 .689 21.2 4.24 2.15(e)

62 It 9.09 .695 21.2 4.42 2.24(e)

63 It 9.09 .701 21.2 4.42 2.24(e)

64 ii 8.52 .646 21.2 2.30 1.17(6)

65 II 8.52 .650 21.2 2.29 1.16(e)

66 il 8.52 .646 21.2 2.32 1.18(e)

67 II 10.07 .794 21.2 18.2 9.23(e)

68 ,, 10.07 .794 21.2 19.9 10.09(6)

69 II 10.07 .807 21.2 20.2 10.25(e)

70 t, 9.84 .784 21.2 15.2 7.71(e)

71 II 9.84 .785 21.2 13.1 6.64(e)

72 II 9.84 .781 21.2 15.0 7.61(e)

73 II 8.81 .920 21.2 3.17_ 1.61(e)

74 ,1 8.81 .925 21.2 3.48 1.76(e)

75 It 8.81 .921 21.2 3.77 1.91(e)

76 It 9.31 .863 21.2 6.42 3.26(e)

77 II 9.31 .864 21.2 6.68 3.39(e)

78 II 9.31 .885 21.2 7.97 4.04'') 
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Exp't 

no. 

Temp. 
(oc)

[FIC104 

(M) 

Initial(a)

Absorbance 

[Aic] 
x 102) 

Initial
(b) 

Slope 

( x 10
4
) 

k x 10
2 

2-1 - 
(M s 1 ) 

79 25 9.03 ,760 21.2 4.38 2.22(e)

80 it 9.03 .773 21.2 4.72 2.39(e) 

81 9.03 .768 21.2 4.53 2.30(e)

82 tt 1.07 .390 21.2 15.6 1.89 

83 It 1.07 .395 21.2 17.1 2.04 

84 01 1.07 .384 21.2 16.1 1.98 

85 It 1.05 .362 21.2 13.6 1.77 

86 it 1.05 .367 21.2 16.0 2.06 

87 it 1.05 .355 21.2 14.3 1.90 

88 it 1.05 .370 19.2 18.2 2.56 

89 It 1.05 .372 19.2 15.7 2.20 

90 It 1.05 .365 19.2 13.7 1.96 

91 it 1.05 .365 17.1 13.8 2.21 

92 1.05 .368 17.1 11.4 1.81 

93 It 1.05 .361 17.1 13.1 2.12 

94 II 1.05 .357 15.0 12.2 2.28 

95 it 1.05 .363 15.0 12.2 2.24 

96 It 1.05 .368 15.0 12.2 2.21 

97 It 1.05 .352 12.9 9.90 2.18 

98 It 1.05 .353 12.9 10.5 2.30 

99 it 1.05 .350 12.9 8.20 1.82 

100 II 1.05 .352 10.7 6.90 1.83 

101 II 1.05 .355 10.7 8.50 2.24 

102 it 1.05 .348 10.7 7.00 1.88 

103 It 1.05 .352 8.62 6.80 2.24 

104 It 1.05 .345 8.62 7.40 2.49 

105 it 1.05 .350 8.62 5.60 1.86 



-207-

Initial(b) 
Exp't Temp. DIC104] Initial(a) Eklcg 
no. AbsorbanOe (°C) (4 x 102)

117 25 
118 It 

119 it 

125 it 

126 1, 

127 1, 

128 II 

129 II 

130 If 

131 Is 

132 1. 

133 It 

142 t. 

145 ti 

148 It 

149 ., 
150 iv
151 1, 

152 1, 

153 II 

154 If 

155 ,i 

156 If 

157 ,1 

158 ,, 
159 II 

160 II 

10.0 .800 
10.0 .805 
10.0 .810 
.93 .690 
.93 .675 
.93 .670 
.93 .660 
.93 .652 
1.18 .896 
1.18 .886 
1.18 .885 
1.18 .835 
2.96 .421 
2.96 .413 
1.25 .340 
1.25 .935 
1.25 .625 
1.25 .462 
1.25 .955 
1.25 .675 
1.25 .490 
1.25 .538 
1.25 .538 
1.25 .536 
1.25 .447 
1.25 .821 
1.25 .545 

.86 

.86 

.86 

.86 

.86 

.86 
1.71 
1.71 
1.71 
1.71 
.86 
.86 
.86 
.86 
.86 
1.29 
1.29 
1.29 
1.71 
1.71 
1.71 
.86 
1.29 
1.71 
1.29 
1.29 
2.13 

Slope 
( x 104) 41s-1) k2 x 102 

.925 

.978 
1.00 

11.6 (e) 
12.2 (e)
12.5 (e)

3.52 5.93 
3.49 6.01 
3.40 5.90 
5.21 4.62 
5.62 5.04 
5.97 3.90 
6.11 4.03 
4.54 5.97 
4.40 6.13 
.581 1.60 
.652 1.84 
.95 3.25 
4.02 3.33 
2.64 3.27 
1.90 3.19 
5.56 3.40 
3.87 3.35 
2.50 2.98 
1.53 3.31 
1.96 2.82 
2.47 2.69 
1.88 3.26 
3.51 3.31 
3.31 2.85 
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Exp't 

no.

Temp. 

(°C) (M) 

Initial(a)

Absorbance 

[Ale] 

(M x 10
2
) 

Initial
(b) 

Slope 

( x 10
4) 

k x 10
2 

2 
- - 

CM 
1 
s 
1) 

161 25 1.25 .553 1.71 2.86 3.02 

162 II 1.25 .556 1.29 2.29 3.19 

163 II 1.25 .522 1.92 2.85 2.84 

164 t, 1.25 .518 1.50 2.56 3.29 

165 it 1.25 .538 2.34 3.76 2.99 

166 It 1.25 .497 2.55 2.90 2.29 

167 II 1.25 .490 2.13 2.42 2.32 

168 If 1.25 .497 1.71 2.11 2.48 

170 II 1.25 .709 1.71 3.83 3.16 

171 it 1.25 .707 2.12 4.42 2.95 

172 It 1.25 .704 2.55 5.07 2.82 

173 it 1.25 .625 2.34 4.67 3.19 

174 It 1.25 .633 1.92 4.06 3.34 

175 II 1.25 .617 1.50 3.60 3.89 

176 II 1.25 1.153 2.55 9.32 3.17 

177 II 1.25 1.136 2.13 8.11 3.35 

178 it 1.25 1.153 1.71 6.92 3.51 

179 II 1.08 .925 1.71 4.73 2.99 

180 II 1.08 .681 1.71 3.50 3.01 

181 •1 1.08 .507 1.71 2.56 2.95 

182 ,, 1.08 .812 1.71 4.44 3.20 

183 1.08 .482 1.71 2.47 3.00 

184 it 1.08 .403 1.71 1.96 2.84 

185 It 1.86 .982 1.71 3.69 2.20 

186 It 1.86 .752 1.71 2.78 2.16 

187 II 1.86 .574 1.71 2.00 2.03 

188 It 3.80 .803 1.71 1.19 0.87 
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Exp't 

no. 

Temp. 

(°C) 

[HC10 

(N) 

Initial(a)

Absorbance 

[Alc] 

(M x 102) 

Initial
(b) 

Slope 

( x 104) 

k x 10
2 

2
-

(14 
is-1) 

189 25 3.80 .513 1.71 1.00 1.14 

190 vt 3.80 .473 1.71 .79 0.98 

191 II .41 .788 1.71 6.43 4.77 

192 It .41 .574 1.71 5.15 5.25 

193 il .41 .453 1.71 3.50 4.52 

194 ti .76 .834 1.71 5.94 4.17 

195 i• .76 .621 1.71 4.22 3.97 

196 II .76 .446 1.71 3.01 3.95 

197 11 .76 .758 1.71 6.15 4.74 

198 to .76 .754 2.13 6.89 4.29 

200 11 1.50 .854 1.71 3.92 2.68 

201 It 1.50 .625 1.71 2.88 2.69 

202 II 1.50 .415 1.71 2.10 2.48 

203 !, 6.62 .810 1.71 0.60 4.33 

204 IT 6.62 .600 1.71 0.51 4.97 

205 it 6.62 .420 1.71 0.28 3.90 

206 II 1.50 .953 2.13 6.37 3.14 

207 il 1.50 .938 2.13 3.32 1.66 

208 It 1.86 .919 2.13 5.08 2.60 

209 1, 1.86 .925 21.2 30.2 1.54 

210 II 1.86 .922 10.7 16.6 1.68 

211 it 3.22 .887 10.7 10.3 1.09 

212 II 3.22 .895 4.32 5.26 1.36 

213 it 3.22 .870 21.2 19.1 1.04 

214 I, 3.22 .850 2.13 2.70 1.49 

215 ,, 3.22 .824 3.17 3.50 1.34 

216 it 3.22 .836 3.78 4.30 1.36 
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Initial
(b) 

Exp't Temp. 5IC104] Initial(a) [Alcg Slope k2 
x 102 

o
(c)

no. (M) Absorbance (M x 10
2
) ( x 10

4 (M-1s-1) 

217 25 3.22 .785 21.2 16.5 0.99 

218 it 3.22 .390 21.2 8.10 0.98 

219 to 3.22 .218 21.2 4.50 0.97 

220 it 3.22 .776 2.13 2.36 1.43 

221 ti 3.22 .385 2.13 1.04 1.27 

222 II 3.22 .216 2.13 .545 1.18 

223 if 3.22 .850 4.32 4.58 1.25 

224 I, 3.22 .827 8.62 7.66 1.07 

225 iv 3.22 .850 17.1 15.8 1.09 

226 11 3.22 .850 25.5 22.6 1.04 

227 3.22 .840 33.8 19.8 1.05 

228 3.22 .840 37.8 33.0 1.04 

229 It 9.95 1..250 33.8 18.4 5.85(e)

230 II 9.95 .78 33.8 19.2 6.11(e) 

231 9.95 .462 33.8 18.6 5.92(e)

232 it 9.95 .473 27.8 16.3 6.30(e) 

233 It 9.95 .480 21.2 12.4 6.29(e) 

234 If 9.95 .467 15.0 9.35 6.70(e) 

235 is 9.95 .644 1.71 1.17 7.35(e) 

236 II 9.95 .655 2.55 1.36 5.73(e) 

237 If 9.95 .677 3.38 1.56 4.96(e) 

238 11 9.95 .874 2.16 1.53 7.62(e) 

239 il 9.95 .859 4.32 2.63 6.55(e) 

240 ti 9.95 .871 4.32 2.61 6.50(e) 

241 ti 9.95 .857 8.62 5.32 6.64(e) 
242 II 9.95 .858 12.9 8.23 6.86(e)

243 II 9.95 .860 17.1 10.77 6.77(e) 
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Exp't 

no. 

Temp. 

(°C) 

EaC104] 

(M) 

Initial
(a) 

Absorbance

[Alca 

(M x 102) 

Initial
(b) 

Slope 

( x 104) 

k2 x 102 

(M 13-1)

244(0 25 1.94 0.765 1.80 0.0666 0.0484 
245 1.94 0.766 4.36 5.27 1.58 
246(g) 1.94 0.754 4.72 8.09 2.27 
247(g) 1.94 0.429 4.72 4.05 2.00 
248 1.94 0.435 4.36 3.00 1.58 
249(f) 1.94 0.422 3.59 0.20 0.13 
250 10.01 0.721 4.36 5.05 12.5 (e)
251(g) 10.01 0.728 4.72 (curved) 
252(f) 10.01 0.726 3.59 0.0525 0.16(e)
253(E) ti 10.01 0.483 4.72 (curved) 
266

(h) 
1.94 0.355 4.32 0.523 0.341 

267
(h) 

1.94 0.350 4.32 0.512 0.339 
268 1.94 0.350 4.32 2.31 1.53 
269(h) " 8.47 0.492 4.32 0.162 0.40(e)
270

(h) 
8.47 0.493 4.32 0.150 0.3

7(e) 

271 ft 8.47 0.501 4.32 0.294 0.73(e)
272 (h) " 9.52 0.512 4.32 1.10 2.74(e)
273

(h) 
9.52 0.532 4.32 1.32 3.29(e)

274 9.52 0.511 4.32 1.38 3.43(e)
275(h) 1.94 0.372 4.32 0.548 0.341 
276 1.94 0.365 4.32 2.44 1.54 
277 1.94 0.368 4.32 2.52_ 1.58 
278 9.52 0.521 4.32 1.85 4.60(e)
279 9.52 0.527 4.32 1.78 4.43(e)
280

(h) 
9.52 0.522 4.32 1.42 3.53(e)

304
(d) 

0.11 0.715 2.13 14.1 9.25 
305

(d) 
0.11 0.705 2.13 14.1 9.38 
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Initial
(b) 

Exp't Temp. [11(11.0j Initial(a) [Ale] Slope k x 10
2 

2 
no. (°C) (M) Absorbance CA x 10

2
) ( x 10

4
) 

- 1
(M s

-1 
) 

306
(d) 

25 0.11 0.672 2.13 14.0 9.78 

307
(d) .. 0.33 0.645 2.13 6.10 4.44 

308
(d) Is 0.33 0.677 2.13 7.00 4.86 

309 II 0.33 0.205 2.13 1.93 4.41 

310
(d) II 0.26 0.567 2.13 5.73 4.75 

311
(d) II 0.26 0.568 2.13 5.76 4.76 

312
(d) 1. 0.26 0.561 2.13 5.96 4.99 

313
(d) 

314
(d) Experiments in buffered solutions 

315
(d) 

316
(d) 

Experiments in sulphuric acid 
317(d) 

412 20 2.89 0.499 3.38 1.37 0.81 

413 20 2.89 0.498 3.38 1.37 0.82 

414 20 2.89 0.492 3.38 1.37 0.83 

415 9.9 2.89 0.521 3.38 0.64 0.36 

416 9.9 2.89 0.512 3.38 0.593 0.34 

417 9.9 2.89 0.500 3.38 0.567 0.34 

418 30 2.89 0.473 3.38 2.87 1.79 

419 30 2.89 0.467 3.38 2.93 1.86 

420 30 2.89 0.458 3.38 2.90 1.87 

421 40 2.89 0.460 3.38 6.25 4.03 

422 40 2.89 0.452 3.38 6.26 4.09 

423 40 2.89 0.445 3.38 6.26 4.16 

424 50 2.89 0.429 3.38 12.3 8.47 

425 50 2.89 0.424 3.38 12.2 8.50 

426 50 2.89 0.422 3.38 12.0 8.42 
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Initial
(b) 

Exp't Temp. pla104 Initial(a) [Alc] Slope k2 x 10
2 

o
(c)

no. (M) Absorbance (M x 10
2
) ( x 10

4
) (M

-1
s
-1
) 

427 25 2.52 0.309 3.38 1.34 1.28 

428 25 2.52 0.307 3.38 1.36 1.31 

(a) 
The initial absorbance of Ru0

4 
was obtained by extrapolation 

of the plot of absorbance versus time to zero. 

(b) 
The initial slope was obtained from a plot of absorbance versus 
rirTnp 

(c) 

(d) 

Oxidation of ethanol in 50% H
2
SO
4' 

Absorbance was measured at 310 nm. 

(e) 
k
1 
( s

-1 
x 10

6
). 

( f ) 

( g ) 

(h) 

1,1,1-Trifluoro-2-propanol. 

2-Butanol. 

2-PrOpano1-2-d. 
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Oxidation of tetrahydrofuran by ruthenium tetroxide in aqueous 
perchloric acid solutions. The absorption was measured at 310 
nm. 

Initial(b) 
Exp't Temp. CHC104] initial(a) ECM] 
no. (°C) (M) Absorbance (M x 102) 

256 25 
257 II 

258 it 

259 ft 

281 ti 

282 li 
283 u 

287 it 

288 
289 II 

291 ,, 
292 it 

293 
294 It 

295 it 

296 It 

297 
298 It 

299 
300 II 

301 
318 eil 

319 II 

320 tt 

1.94 0.686 1.23 
1.94 1.114 .82 
1.94 0.562 .82 
1.94 0.349 .82 
.90 1.132 1.64 
.90 1,086 1,64 
.90 1.075 1.64 
2.89 0.944 1.64 
2.89 0.945 1.64 
2.89 0.904 1.64 
1.94 0.454 1.64 
1.94 0.711 1.64 
1.94 1.073 1.64 
1.94 0.587 1.64 
1.94 0.570 1.23 
1.94 0.203 1.64 
1.94 0.512 1.64 
1.94 0.814 1.64 
1.94 0.742 1.64 
1.94 0.417 1.64 
1.94 0.608 1.64 
2.89 0.427 2.05 
2.89 0.638 2.05 
2.89 0.798 2.05 

Slope k2 x 102 
( x 104) s-1) 

3.54 4.20 
3.80 4.16 
1.93 4.19 
1.24 4.33 
8.74 4.71 
8.73 4.90 
9.25 5.24 
7.40 4.78 
7.49 4.83 
7.52 5.08 
4.38 5.88 
7.82 6.70 
10.85 6.17 
5.44 5.65 
4.63 6.60 
1.18 3.54 
3.77 4.49 
5.87 4.39 
5.58 4.58 
2.64 3.86 
3.93 3.95 
2.24 2.56 
3.33 2.55 
4.50 2.75 
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Initial
(b) 

Initial(a)Exp't Temp. [THF] 
(°C) no. (M) Absorbance (14 x 10

2
) 

321 25 

322 II 

323 it 

324 II 

325 IT 

326 it 

327 It 

328 II 

329 lit 

330 I, 

331 It 

322 if 

333 it 

334 II 

335 ,,, 

336 II 

337 II 

338 vl 

340 VI 

341 II 

342 ii 

343 II 

344 il 

345 I, 

346 ,I 

347 It 

348 II 

2.89 0.337 3.28 

2.89 0.547 3.28 

2.89 0.865 3.28 

2.89 0.319 4.10 

2.89 0.471 4.10 

2.89 0.770 4.10 

2.89 0.522 4.10 

2.89 0.523 2.87 

2.89 0.510 2.05 

2.89 0.556 4.10 

2.89 0.550 6.15 

2.89 0.539 8.20 

6.00 0.611 4.10 

6.00 0.605 4.10 

6.00 0.287 4.10 

6.00 0.764 4.10 

6.00 0.428 4.10 

6.00 0.278 4.10 

6.93 0.615 2.87 

6.93 0.376 2.87 

6.93 0.235 2.87 

6.00 0.572 2.87 

6.00 0.564 2.05 

6.00 0.568 4.10 

6.00 0.577 4.10 

6.00 0.586 2.05 

6.00 0.584 2.87 

Slope k x 10
2 

2 
( x 10

4
)

(- 1 s-1 
) 

2.75 2.48 

4.65 2.59 

7.54 2.68 

3.27 2.50 

4.82 2.50 

7.82 2.48 

5.25 2.45 

4.05 2.70 

3.02 2.89 

5.83 2.56 

8.77 2.59 

11.55 2.61 

16.6 1.37
(c) 

16.7 1.38
(c) 

16.1 1.33(c)

17.5 1.44
(c) 

16.5 1.36
(c) 

14.2 1.17(c)

34.3 4.02
(c) 

34.1 4.02
(c) 

34.1 4.02(c)

16.3 1.93
(c) 

9.93 1.64
(c) 

21.8 1.80(c)

20.8 1.71
(c) 

9.7 1.60
(c) 

13.7 1.61(c) 
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Initial
(b) 

Exp't Temp. gicuj initial(a) 
no. (°C) (M) • Absorbance 

CTfiFJ 

(4 x 102) 

Slope k x 102 
2-1 -1 

( x 104) (4 s ) 

349 25 6.00 0.370 2.87 16.7 1.97(c)
350 6.00 0.356 2.05 10.4 1.71(c)

351 6.00 0.348 4.10 19.6 1.61(c)

352 ft 7.35 0.572 4.10 73.4 6.05(c)

353 7.35 0.62 2.05 44.4 7.30(c)

354 7.35 0.612 2.05 43.6 7.20(c)

355 It 6.66 0.676 2.05 23.4 3.85(c)

356 It 6.66 0.669 2.05 23.4 3.85(c)

357 6.66 0.678 2.05 25.4 4.19(c)

358 6.66 0.591 2.05 23.0 3.78(c)

359 It 6.66 0.592 2.05 22.6 3.72(c)

360 6.66 0.586 2.05 23.0 3.78(c)

361 6.30 0.595 2.05 16.4 2.70(c)

362 6.30 0.585 2.05 16.3 2.69(c)

363 ft 6.30 0.580 2.05 16.3 2.69(c)

364 6.00 0.570 2.05 10.7 1.76(c)

365 re 6.00 0.565 2.05 11.1 1.83(c)

366 6.00 0.565 2.05 11.2 1.84(c)

367 6.93 0.425 2.05 28.9 4.76(c)

368 6.93 0.425 2.05 28.7 4.73(c)

369 6.93 0.427 2.05 28.5 4.70(c)

370 3.42 0.450 2.05 2.93 3.17 

371 3.42 0.442 2.05 2.83 3.12 

372 3.42 0.436 2.05 2.91 3.25 

373 3.90 0.656 2.05 4.21 3.13 

374 3.90 0.655 2.05 4.27 3.18 

375 3.90 0.645 2.05 4.30 3.25 
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Initial
(b) 

. Exp't Temp. HC1041 Initial(a) ElliEj Slope k x 102
2 

no. (°C) (M) Absorbance (M x 102) 
4 

( x 10 ) (M 1s-1) 

376 25 

378 

379 

380 

381 to 

382 If 

383 

384 

385 

386 It 

387 

388 

389 

390 It 

391 

392 

393 

394 

395 

396 to 

397 

398 

399 

400 

401
(d) 11 

402
(d) 

403(d)

404 

4.44 0.586 2.05 3.89 3.24 

4.44 0.590 2.05 4.08 3.37 

4.92 0.693 2.05 5.83 0.96(c)

4.92 0.683 2.05 5.81 0.96(c)

4.92 0.666 2.05 5.56 0.92(c)

2.89 0.447 2.05 2.88 3.15 

2.89 0.446 2.05 2.93 3.20 

2.89 0.440 2.05 2.91 3.22 

2.52 0.590 2.05 4.10 3.39 

2.52 0.582 2.05 4.00 3.36 

2.52 0.584 2.05 4.07 3.39 

1.94 0.562 2.05 4.60 3.99 

1.94 0.569 2.05 4.63 3.97 

1.94 0.549 2.05 4.59 4.08 

1.49 0.580 2.05 5.12 4.31 

1.49 0.579 2.05 5.04 4.24 

1.49 0.572 2.05 5.20 4.43 

0.90 0.498 2.05 5.49 5.37 

0.90 0.500 2.05 5.52 5.38 

0.90 0.499 2.05 5.75 5.62 

0.33 0.589 2.05 17.4 14.4 

0.33 0.586 2.05 17.3 14.4 

0.33 0.590 2.05 17.4- 14.4 

1.49 0.520 2.05 3.75 3.52 

1.49 0.507 1.85 2.19 2.34 

1.49 0.510 1.85 2.32 2.46 

1.49 0.578 1.85 2.21 2.07 

1.49 0.559 2.05 3.91 3.41 
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Exp't Temp. HC1041 Initial(a)

no. (°C) (M) Absorbance 

405 25 1.49 0.561 

406
(d) 

1.49 0.731 

407(d) 1.49 0.452 

408(d) ft 1.49 0.278 

409
(d) 

6.93 0.518 

410
(d) 

6.93 0.514 

411
(d) 

6.93 0.520 

429 6.93 1.16 

430 

431 tl 

6.93 

1.49 

(curved) 

0.62 

Initial
(b) 

CTHFJ 
 

Slope 

(M x 102) 

2.05 

1.85 

1.85 

1.85 

1.85 

1.85 

1.85 

4.10 

4.10 

k x 10
2 

2-1 
( x 104) (M s-1 ) 

3.84 3.34 

3.60 2.66 

2.13 2.55 

1.25 2.44 

1.52 0.28(c) 

1.70 0.31
(c) 

1.81 0.33(c) 

8.33 0.69
(c) 

8.33 3.28 

(a) The initial absorbance was obtained by extrapolating a plot 
of absorbance versus time to zero. 

(b) The initial slope was obtained from a plot of absorbance 
versus time. 

(c) 
k
1 
(s

-1 
x 10

5
). 

(d) 
Tetrahydrofuran-d8. 



APPENDIX 

DATA FOR FIGURES 3.8, 3.10 

Experiment 6 

Time(min.) Absorbance Abs Absf
inal 

1 + log (Abs Abs
final

) 

0 0.743 0.518 0.714 
0.20 0.729 0.504 0.702 
0.46 0.705 0.480 0.681 
0.72 0.685 0.460 0.663 
0.94 0.668 0.443 0.646 
1.19 0.648 0.423 0.626 
1.41 0.630 0.405 0.607 
1.66 0.611 0.386 0.587 
1.96 0.590 0.365 0.562 
2.18 0.576 0.351 0.545 
2.44 0.558 0.333 0.522 
2.66 0.545 0.320 0.505 
2.87 0.531 0.306 0.486 
3.11 0.517 0.292 0.465 
3.31 0.504 0.279 0.446 
3.55 0.491 0.266 0.425 
3.75 0.481 0.256 0.408 
4.00 0.467 0.242 0.384 
4.25 0.455 0.230 0.362 
4.44 0.445 0.220 0.342 
4.67 0.433 0.208 0.318 
4.94 0.421 0.196 0.292 
5.18 0.410 0.185 0.267 
5.43 0.401 0.176 0.246 
5.65 0.391 0.166 0.220 
5.88 0.381 0.156 0.190 
6.09 0.373 0.148 0.170 
6.36 0.364 0.139 0.143 
6.60 0.356 0.131 0.117 
6.87 0.347 0.122 0.086 
7.09 0.340 0.115 0.061 
7.40 0.330 0.105 0.021 
7.78 0.320 0.095 -0.023 
8.20 0.310 0.085 -0.071 
8.70 0.300 0.075 -0.125 
9.23 0.290 0.065 -0.187 
10.00 0.280 0.055 -0.260 
14.00 0.269 0.044 -0.356 
final 0.225 0 
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DATA FOR FIGURES 3.9, 3.11 

Experiment 27 

Time(min.) Absorbance Abs - 
Absfinal 

1 + log Abs - Abs
fin

al) 

0 0.228 0.190 0.279 
0.20 0.207 0.169 0.228 
0.38 0.200 0.162 0.210 
0.62 0.190 0.152 0.182 
0.92 0.180 0.142 0.152 
1.23 0.170 0.132 0.121 
1.55 0.160 0.122 0.086 
1.88 0.150 0.112 0.049 
2.27 0.140 0.102 0.008 
2.64 0.130 0.092 -0.036 
3.10 0.120 0.082 -0.086 
3.60 0.110 0.072 -0.149 
4.15 0.100 0.062 -0.208 
4.77 0.090 0.052 -0.284 
5.51 0.080 0.042 -0.377 
6.48 0.070 0.032 -0.495 
7.67 0.060 0.022 -0.678 
final 0.038 0.00 
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DATA FOR FIGURE 3.12 

Enieriment 132 

Time(min.) • Absorbance Time(min.) Absorbance 

0 0.880 11.12 0.580 
0.31 0.875 11.85 0.560 
0.77 0.860 12.59 0.540 
1.52 0.840 13.31 0.520 
2.59 0.810 14.09 0.500 
2.96 0.800 14.87 0.480 
3.77 0.780 15.69 0.460 
4.52 0.760 16.55 0.440 
5.27 0.740 17.45 0.420 
6.04 0.720 18.36 0.400 
8.27 A•4 %rut4nv , 20.50 0.360 
9.02 0.640 58.00 0.244 
9.70 0.620 80.00 0.240 

10.41 0.600 
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DATA FOR FIGURE 3.13 

Experiment 235 

Time(min.) Absorbance Time(min.) Absorbance 

0 0.644 33.00 0.423 
0.40 0.640 34.50 0.415 
2.70 0.620 36.00 0.407 
4.20 0.610 37.50 0.398 
5.85 0.600 39.00 0.388 
8.00 0.587 40.50 0.379 
10.05 0.572 42.00 0.370 
12.10 0.559 43.50 0.361 
13.50 0.550 45.00 0.352 
15.00 0.540 46.50 0.345 
16.50 0.530 48.00 0.337 
18.00 0.519 49.50 0.329 
19.50 0.509 51.00 0.320 
21.00 0.500 52.50 0.312 
22.50 0.490 54.00 0.304 
24.00 0.481 55.50 0.297 
25.50 0.471 57.00 0.290 
27.00 0.462 58.50 0.282 
28.50 0.452 60.00 0.275 
30.00 0.442 62.00 0.265 
31.50 0.433 64.00 0.257 

final 0.209 
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DATA FOR FIGURE 3.14 

Experiment 149 Experiment 150 Experiment 151 

Time(min.) Absorbance Time(min.) Absorbance Time(min.) Absorbance 

0 0.930 0 0.625 0 0.460 
0.18 0.925 0.16 0.621 0.18 0.462 
0.50 0.920 0.41 0.614 0.42 0.458 
1.01 0.910 0.83 0.610 1.23 0.448 
1.84 0.893 1.40 0.602 1.74 0.442 
2.22 0.882 1.77 0.597 2.12 0.438 
2.78 0.870 2.23 0.590 2.81 0.430 
3.25 0.860 2.85 0.580 3.36 0.424 
3.63 0.850 3.53 0.570 3.96 0.417 
4.03 0.840 4.15 0.560 4.45 0.412 
4.35 0.830 4.80 0.550 5.00 0.406 
4.76 0.820 6.46 0.523 5.56 0.399 
5.11 0.810 8.73 0.484 6.14 0.392 
5.45 0.800 10.47 0.455 6.70 0.385 
7.43 0.741 11.60 0.436 7.30 0.378 
9.52 0.678 13.30 0.406 7.87 0.370 
13.00 0.565 14.20 0.390 8.76 0.360 
15.70 0.482 15.25 0.372 9.81 0.347 
17.32 0.437 16.30 0.354 10.90 0.333 
19.00 0.392 17.35 0.338 11.90 0.320 
20.21 0.362 18.40 0.322 13.00 0.308 
21.25 0.338 19.50 0.305 14.10 0.294 
22.30 0.316 20.56 0.289 15.12 0.283 
23.40 0.295 21.70 0.272 16.30 0.270 
24.40 0.276 22.95 0.257 17.50 0.259 
25.50 0.258 24.13 0.240 18.73 0.245 
26.60 0.241 25.35 0.227 20.00 0.233 
27.62 0.228 27.35 0.202 21.94 0.213 
28.80 0.213 29.00 0.185 23.60 0.199 
30.13 0.200 31.00 0.168 25.60 0.181 
31.30 0.189 33.00 0.152 27.50 0.168 
33.30 0.173 35.00 0.140 29.50 0.154 
35.00 0.166 37.00 0.128 30.50 0.147 
37.00 0.163 39.00 0.117 31.50 0.141 
39.00 0.162 110.00 0.093 33.60 0.128 

116.00 0.157 35.00 0.121 
105.00 0.068 
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DATA FOR FIGURE 3.15 

Experiment 229 Experiment 230 Experiment 231 

Time(min.) Absorbance Time(min.) Absorbance Time(min.) Absorbance 

0 1.270 0 0.798 0 0.468 
0.13 1.250 0.11 0.780 0.18 0.440 
0.50 1.200 0.37 0.740 0.32 0.420 
0.68 1.180 0.55 0.720 0.49 0.400 
0.86 1.160 0.73 0.700 0.66 0.380 
1.04 1.140 0.91 0.680 0.85 0.360 
1.22 1.120 1.07 0.660 1.04 0.340 
1.38 1.100 1.25 0.640 1.21 0.320 
1.55 1.080 1.42 0.620 1.38 0.300 
1.72 1.060 1.60 0.600 1.55 0.280 
1.89 1.040 1.76 0.580 1.72 0.260 
2.04 1.020 1.92 0.560 1.88 0.240 
2.20 1.000 2.09 0.540 2.05 0.220 
2.50 0.960 2.25 0.520 2.22 0.200 
2.80 0.920 2.40 0.500 2.46 0.180 
2.97 0,900 2.56 0.480 3.00 0.175 
3.10 0.880 2.72 0.460 final 0.167 
3.41 0.840 2.88 0.440 
3.55 0.820 3.03 0.420 
3.72 0.800 3.19 0.400 
3.86 0.780 3.34 0.380 
4.00 0.760 3.50 0.360 
4.15 0.740 3.67 0.340 
4.31 0.720 3.86 0.320 
4.46 0.700 4.05 0.315 
4.60 0.680 5.00 0.311 
4.76 0.660 final 0.300 
4.91 0.640 
5.06 0.620 
5.22 0.600 
5.37 0.580 
5.54 0.560 
5.70 0.540 
5.86 0.520 
6.04 0.500 
7.00 0.483 
final 0.462 
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DATA FOR FIGURE 3.16 

Experiment 254 

Time(min.) Absorbance Time(min.) Absorbance 

0 0.791 7.31 0.690 
0.40 0.770 8.20 0.700 
0.65 0.760 9.03 0.710 
0.82 0.750 10.30 0.720 
1.04 0.740 12.50 0.720 
1.30 0.730 22.40 0.684 
1.60 0.720 31.75 0.663 
1.87 0.710 42.00 0.648 
2.18 0.700 56.00 0.633 
2.55 0.690 64.00 0.630 
3.02 0.680 74.00 0.630 
3.75 0.670 100.00 0.623 
5.00 0.668 116.00 0.621 
6.50 0.680 

DATA FOR FIGURE 3.17 

Experiment 256 

Time(min.) Absorbance Time(min.) Absorbance 

0 0.686 8.63 0.530 
0.20 0.681 9.25 0.520 
0.73 0.670 9.94 0.510 
1.22 0.660 10.65 0.500 
1.70 0.650 11.33 0.490 
2.26 0.640 12.06 0.480 
2.78 0.630 16.12 0.430 
3.33 0.620 16.98 0.420 
3.88 0.610 18.00 0.410 
4.45 0.600 20.10 0.390 
5.03 0.590 21.41 0.380 
5.61 0.580 22.75 0.370 
6.13 0.570 26.60 0.346 
6.73 0.560 29.86 0.330 
7.31 0.550 44.00 0.318 
8.00 0.540 63.00 0.320 
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DATA FOR FIGURE 3.18 

Experiment 261 

Time(min.) Absorbance Time(min.) Absorbance 

0 0.027 12.58 0.160 
0.20 0.029 13.02 0.165 
1.00 0.030 13.44 0.170 
1.50 0.032 13.86 0.175 
2.00 0.034 14.30 0.180 
2.40 0.037 14.76 0.185 
2.73 0.040 15.20 0.190 
3.10 0.045 15.62 0.195 
3.45 0.050 16.06 0.200 
3.75 0.055 16.46 0.205 
4.09 0.060 16.89 0.210 
4.44 0.065 17.32 0.215 
4.81 0.070 17.75 0.220 
5.22 0.075 18.21 0.225 
5.65 0.080 18.64 0.230 
6.03 0.085 19.10 0.235 
6.49 0.090 19.55 0.240 
6.90 0.095 20.02 0.245 
7.38 0.100 20.45 0.250 
7.80 0.105 20.94 0.255 
8.23 0.110 21.37 0.260 
8.70 0.115 22.37 0.270 
9.11 0.120 23.35 0.280 
9.56 0.125 24.50 0.290 
10.02 0.130 25.72 0.300 
10.43 0.135 27.08 0.310 
10.82 0.140 28.60 0.320 
11.30 0.145 30.55 0.330 
11.74 0.150 50.00 0.360 
12.14 0.155 final 0.372 
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DATA FOR FIGURE 3.19 

Experiment 301 

Time(min.) Absorbance Time(min.) Absorbance 

0 0.608 5.27 0.460 
0.33 0.600 5.66 0.450 
0.52 0.595 6.04 0.440 
0.72 0.590 6.41 0.430 
0.93 0.585 6.90 0.420 
1.13 0.580 7.32 0.410 
1.32 0.575 7.75 0.400 
1.52 0.570 8.15 0.390 
1.72 0.565 8.66 0.380 
1.89 0.560 9.16 0.370 
2 0 . 5 A CCC 

V.JJJ 
n GC n
7.0., 

nen 
U.JOU 

2.21 0.550 10.17 0.350 
2.34 0.545 10.73 0.340 
2.52 0.540 11.25 0.330 
2.69 0.535 11.83 0.320 
2.84 0.530 12.44 0.310 
2.97 0.525 13.10 0.300 
3.14 0.520 13.85 0.290 
3.46 0.510 14.75 0.280 
3.82 0.500 16.50 0.270 
4.19 0.490 18.00 0.276 
4.53 0.480 180.00 0.434 
4.90 0.470 
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DATA FOR FIGURE 3.20 

Experiment 320 

Time(min.) Absorbance Time(min.) Absorbance 

0 0.798 4.75 0.650 
0.18 0.793 5.05 0.640 
0.33 0.790 5.38 0.630 
0.64 0.780 5.71 0.620 
1.00 0.770 6.04 0.610 
1.39 0.760 6.36 0.600 
1.73 0.750 7.80 0.560 
2.10 0.740 9.45 0.520 
2.52 0.730 11.18 0.480 
2.80 0.720 13.02 0.440 
N nn 
J.V7 0.710 15.14 0.400 
3.35 0.700 17.41 0.360 
3.62 0.690 21.55 0.300 
3.87 0.680 27.00 0.258 
4.20 0.670 50.00 0.270 
4.46 0.660 

DATA FOR FIGURE 3.21 

Experiment 336 

Time(min.) Absorbance Time(min.) Absorbance 

0 0.764 0.87 0.670 
0.14 0.750 0.98 0.660 
0.24 0.740 1.06 0.650 
0.34 0.730 1.15 0.640 
0.43 0.720 1.25 0.630 
0.52 0.710 1.35 0.620 
0.61 0.700 1.45 0.610 
0.70 0.690 1.55 0.600 
0.78 0.680 33.00 0.184 



APPENDIX C 

CALCULATEC  BEST FIT CURVE 
C MAX, 50 PCI NTS 
C DATA CARDS P CCNTRCL CARC SEQUENCE 
C DATA CARDS 
C COL.1-10 NOR* VALUE X R.J. 
C COL.11-20 VERT VALUE Y R.J. 
C COL. 80 BLANK 
C CONTROL CARDS • 
C COL.1-30 BLANK 
C COL.31-67 CCNPENTS CN DATA 
C COL. 8C =1 PRINT CCNOENTS ARC CALCULATE BEST LINE 
C COL. 80 =2 END CF JC8 NC CALCULAT ION PREFORMED 

INTEGER*2 I FT(50) 
DIMENSION DES (12 ) 
DIMENSION D( 50) ' XV (50)9X (50) 1Y (5011XX (50 ),YY (50) 
DEFINE FILE 4(26 /1607U91299) 
PAUSE °PUNT FLCT TAPE' 
IND=C 

1 DO 2 K=1150 
READ( 8 /100) X (K) tY(K) /DES INC 

ICC FCRMAT(2F10.0910X,12 A4 9'2 ) 
IND=I ND+1 
GO TO (2,3,20,2) ,I ND 

20 WRI TE ( 6 T 999) 
999 FORMA 1( '1END CF JCB VANDENENCI-ii ) 

PAUSE *RE MCVE PLCT TAPE' 
CALL EXIT 

2 CONTINUE 
3 L=K-1 

DO 21 K=1 L 
21 CONTINUE 

K=L+1 
41 N=K-1 

SX=0. 
SY=Co 
SXX=C• 
SYV=C• 
SM=Ce 
SO=C 
SE=0. 
DO 4 K=1 IN 
XX( K) =X( K) =X (K) 
VY( K) =Y( K)*Y ( K) 
XY( K ) =X( K)*Y K) 
SX=SX+ X( K) 
SY=SY+Y( K) 
SYY=SYY+YY( K) 
SXX=SXX+XX(K) 

4 ”Y=SXY+XY(K) 
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IF( N-2)5,5,6 
5 WRI TE (6,101) 

101 FORMAT( 'INCT ENCUGH PCINTS@) 
GO TC 1 

6 SN=N 
SL=SXY—SX*SY/SN 
SL=SL/(SXX—SX*SX/SN) 
B=( SY—SL#SX) /SN 
DO 7 K=1 I N 

D( K)=( SL*X(K)—Y(K)+B) 
D(K)=—D( K) 
SD=SD+D( K) 

7 SE=SE+D( K)*D(K) 
SE=( SE/( SN-2) )**0.5 
R=( SXY—SX*SY/SN) IHSXX—SX*SX/SN)*(SYY—SY*SY/SN) )**C.5 
YO1=51*X(1)+5 
YC2=SL*X( N)+B 
%RI TE( 6,107)DES 

1C7 FORMAT( '11,12 A4) 
hRITE(6,108) 

1C8 FORMAT( 'OBEST FIT ST.LINE LEAST SQUARES. ) 
VeRITE(69102)N 

102 FORMAT( 'ODATA NUMBER CF PCINTS I4) 
trikI TE(6 t1C4) 

104 FORMAT( '0 X 715X • 'Y' ,10X '0E10 ) 
DO 8 K=1 I N 

8 WRITE(61103) X(K),Y(K) te(K) 
103 FCRMAT( " 9 3F12.5) 

hRITE(6,105)SL ,BISEI SCfR 
105 FORMAT( 'OSLCPE =',F12.51° INTERCEPT =" F12.51 ' ST .ER. =',F 12.S, 

1 •' 5I DEV. =',F12.57° CCR.CCEF. =',F12.5) 
trRI TE(6 t106) X(1) 9YC1 IX (N),YC2 

IC6 FORMAWCX( 1) =',F12.5 YC(1) =',F12.5,/,' X(N) =I ,F12.50 YC(I 
1) 1F12.5) 

K=1 
GO TO(1C,11 ) 

10 DO 12 K=1 I N 
12 I P I( K) =19264 

NS=N 
IF (N-48)13,13114 

13 N=N+1 
X( N)=X(1) 
Y(N)=YC1 
I PT( N) =23616 
N=N+1 
X( N) =X( N-2) 
V( =VC2 
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IPT( N)=23616 
14 CALL PLCT( X IFY ,I FT ,N) 

N=NS 
11 AH=O. 

DO 17 K=I,N 
AT=ABS(D(K)) 
IF(AH-AT)16,17,17 

16 NS=K 
AH=AT 

17 CONTI NLE 
SE=10.0*SE 
IF(AH-SE) 1,18,18 

18 NS=NS+1 
DO 19 K=NSI N 
X( K-1)=X(K) 

19 Y( K-1)=Y(K) 
K=N 
GO TO 41 
END 

SUBROUTI NE PICT (X ,Y 112,K) 
INTEGER*2 G(100,3) ,IF(5) ,IZ(1) 
DIMENSION X(1) ,Y(1) ,AX (5) 
1001 SK=4 
DO 1 J2=1,3 
DO 1 J1=1,100 

1 G( J1 ,J2) =16448 
XL=X( 1) 
DO 2 J=I ,26 

2 ITE(ICDISK'J) ( (G(J1 ,J2) ,J1=1,100 ),J2=1/ 3) 
XS=X( 1) 
YL=Y(1) 
YS=Y( 1) 
DO IC J=1 ,K 
IF( XL-X( J) )3,4,4 

3 XL=X( J) 
4 IF( XS-XI J) )6,6,5 
5 XS=X( J) 
6 IF( YL-Y( J) )7,8,8 
7 YL=Y( J) 
8 IF( YS-Y( J1)10,10,9 
9 YS=Y( J) 
10 CONTI NUE 

GX=( XL-XS) /99. 
GY=( YL-YS) /77. 
DO 11 J=1 ,K 
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JX=( X( J1-XS) /GX+1.5 
J`i=t 1rL-Y( J) /GY+0.5 
I SEC =JY/3+1 
READ (IM SK , ISEC) ( (G ( J1 ,J2) , J1=1,100 ),J2=1, 3) 
IREC=JY-I SEC*3+4 
G( JX ,IREC) =11( J) 

11 WRITE( IODISK , ISEC) ((G(JI ,J2) ,J1=1, 100),J2=1, 3) 
IC T=-1 
D0112 J=2,5 

112 IP( J)=-14016 
IP( 1 ) =23616 
WRI TE (6 ,104) (I P(1 ) IF (2) g IP (3), IP (4 ),lP( 5 ),J=1, 20) 

1C4 FORMAT('1',17X,100A1)
C PLOT PCI NTS 

DO 13 JSP=1,26 
READ(IODISK , JSP) ((G(JI ,J2),J1=1,100),J2=1,3) 
DO 13 JRP=1 ,3 
kRITE(6,105) (G(J,JRP) ,J=1,100) 

105 FORMAT(' ',15X,'- ',100A1,' 
ICT=ICT+1 
JCT=ICT-( IC T/10) *10 
IF( JC7)13,15 ,13 

13 CONTI NLE 
GO TO 16 

15 AY=YL- GYMJSP-1)*3+JRP-11 
kRI TE ( 6,106) AY 

106 FORMAT( ,+ ' 412.6 ,105X Igo ) 
GO TO 13 

16 )IRITE(6,1C7) (IP(1) ,IP(2) ,IP(3), IP(41,1P(5),J=1, 20) 
1C7 FORMAT( IC , ,I7X ,100.A1 ) 

DO 17 J=1,5 
17 AX(J)=XS+GX*20.*(J-1) 

kRITE(6,108) (AX(J) ,J=1,5) 
1C8 FORMAT( , CI,11X 15 (G12.6 18X) ) 

RETURN 
END 


