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major structural effect would be that of variable electron donating
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selective t-butoxy radical.
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HYDROGEN ATOM ABSTRACTION
FROM SATURATED CYCLIC ETHERS

AND SULFIDES

INTRODUCTION

The effect of ring size on reactivity of cyclic compounds has been

extensively studied. Brown in 1950 called this effect I-strain and

defined it as "that change in internal strain of a ring compound which

results from a change in the coordination number or preferred bond

angle of a ring atom involved in the reaction".
1

There are many

sources of I-strain. Among these, distortion of bond angle, torsional

strain, and non-bonded interactions are referred to as the main

sources.
1-8 Although convenient as a means of cataloging effects, it

is only the achievement of a minimal total strain which is important.

Four and five membered rings exist in bent forms. While this increases

angle strain, total energy is lessened by a corresponding decrease in

torsional strain.
2

Six membered rings preferentially adopt chair con-

formations as a result of torsional interactions. Seven membered rings

distort from planarity to relieve angle strain but cannot adopt a con-

formation devoid of torsional strain and non-bonded interactions. The

ground state strain energies for cyclobutane, cyclopentane, cyclohex-

ane, and cycloheptane are reported to be 26.5, 6.2, 0.0, and 6.2 kcal

mol
-1

.

3

The effects of ring strain on rates of radical formation is the

present topic of interest. For comparison, the effects of ring size on

the rates of formation of other trigonal reaction intermediates will be



2

examined first. Only rings of four to seven members will be discussed.

The larger rings react at similar rates and ring strain is attributed

to similar non-bonded interactions.

It has been shown that rates of cycloalkyl carbonium ion formation

follow Brown's theory of I-strain.
4-8 Several reactions leading to the

formation of secondary and tertiary cations have been investigated.

Both the leaving groups and substitiuents at the reaction site have

been varied. This is shown in equation 1.

R
.0/ SOH

0
(CH ) \ --R + X

2 n-1 x
(CH

2
) n-1 C

R= H X= p-toluenesulfonate n= 4-17 (ref.

R = CH
3

X = Cl n = 4-17 (ref.

R= CH3,C6H5 X= p-nitrobenzoate n = 4-8 (ref.

R = C
6
H
5

X = C1 n = 4-6 (ref.

(1)

6)

5)

8)

7)

Little rate dependence on these factors has been observed. Thus, for

example, the effects of ring size on the relative rates of solvolyses

of 1-chloro-l-methylcycloalkanes and 1- phenyl- 1- cycloalkyl p-nitroben-

zoates are very similar. The general trend in relative reactivity in

each series is as follows. The formation of an sp
2
hybridized carbon

atom in the four member ring increases the bond angle distortion which,

in turn, increases the I-strain thus decreasing the rate. In the five

and seven membered rings, formation of the carbonium ion reduces
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eclipsing of the substituents which decreases I-strain and increases

the rate. Six membered rings exist in the chair conformation with all

substituents staggered. Introduction of an sp
2
hybridized carbon atom

now causes eclipsing of the substituents which increases the I-strain.

This is graphically illustrated in Figure 1.

It is interesting that the relative reactivity of the unsubsti-

tuted cyclobutyl compound is greater than its 1-substituted counter-

parts. It was found that the formation of the secondary carbonium ion

in the acetolysis of cyclobutyl p-toluenesulfonate is accompanied by

extensive rearrangement. Anchizueric assistance is possible thus lower-

ing the activation energy and increasing the rate.
9

To further investigate the theory of I-strain in carbonium ion

formation, the solvolyses of substituted 1-aryl -1-cycloalkyl compounds

have been studied.
7,8

This is shown in equation 2.

(

X= Cl

X = p-nitrobenzoate

SOH

Y = p-CH3S, p-CH3, H, p -Cl, p-CF3

n = 4-6 (ref. 7)

Y = p-CH30, p-CH3, H, p-CF , 3,5-(CF3)2

n = 4-8 (ref. 8)
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Figure 1. The effects of ring size on the relative rates of solvoly-

ses of 1-chloro-l-methylcycloalkanes
5
-At-, cycloalkyl p-

toluenesulfonates
6.

-411010-, 1-chloro-l-phenylcycloalkanes
7 -Am

1-methyl-l-cycloalkyl p-nitrobenzoates
8

411:1-, and 1-phenyl-

1-cycloalkyl p-nitrobenzoates
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The Gassman-Fentiman approach uses the Hammett equation (usually util-

ising sigma-plus constants) to evaluate the electron deficiency of the

developing carbonium ion.
10 The greater the electron deficiency at the

transition state, the greater the demand on the aromatic ring for

electronic stabilization and the larger the magnitude of the rho value.

Brown has referred to this as the "tool, of increasing electron

d and".
11 The rho values for these systems are given in Table 1.

Table 1. The rho values for the solvolyses of 1-ary1-1-chloro-

cycloalkanes
7

and 1-aryl -1-cycloalkyl p-nitrobenzoates.
8

rho values

ring size

1-aryl-
1-chlorocycloalkanes

1-aryl-1-cycloalkyl
p-nitrobenzoates

4 -4.48 -4.91

5 -4.10 -3.83

6 -4.65 -4.60

7 -3.87

the solvolyses of 1-aryl -1-cycloalkyl p-nitrobenzoates the absolute

magnitudes of rho vary as a function of ring size in the general order:

4 > 6 > 7 5
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This study shows that the effects of I-strain can be detected by corre-

sponding changes in rho values. Figure 2 illustrates the correlation

of rho values with the relative rates of solvolyses of the parent 1-

phenyl-l-cycloalkyl p-nitrobenzoates. This variation can be explained

using the Hammond postulate.
12 For the four and six membered ring com-

pounds the I-strain is increased as the reaction proceeds. The transi-

tion state will occur further along on the reaction coordinate and the

cation will be further developed. For the five and seven membered ring

compounds the opposite is the case.

The effects of ring size on the formation of carbanions has also

been studied. Streitwieser measured the kinetic acidity of cyclo-

alkanes by tritium incorporation.
13 Equations 3 and 4 show the reac-

tions involved.

cesium cyclohexylamide> CH
) n-1 C-11 (3)

(Th
cyclohexylamine-N-tCH > (CH2)n_1 (4)

n = 4-8 (ref. 13)
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Figure 2. The relative rates of solvolyses of l-phenyl-l-cycloalkyl

p-nitrobenzoates correlated with the corresponding rho

values. (correlation factor = 0.993)
8



8

Carbanions are known to possess pyramidal structures and little

rehybridization appears to take place during the reaction. The impor-

tant factor in determining relative rates is the amount of s-character

in the carbon-hydrogen bond being broken. Figure 3 illustrates the

relationship between ring size and reaction rates. In a study of

kinetic acidity by Close and Larrabee,
14

the
13
C coupling constants,

which appear to be valid measures of s-character in the carbon-hydrogen

bonds of hydrocarbons, correlate well with the log of reaction rates.

The correlation of J(1
3C-H) and the kinetic acidity of cycloalkanes can

be seen in Figure 4. The linear correlation indicates that the amount

of s-character in the carbon-hydrogen bonds is the dominant factor in

cycloalkane acidity.
13

The common, reported methods of generating radicals include the

decomposition of azo and peroxy compounds, the addition of radicals to

multiple bonds, and the abstraction of atoms. These methods can be

used to evaluate the effects of ring strain on radical formation. It

is important, when looking at the data for radical formation, to keep

Hammond's postulate in mind. For a strongly exothermic reaction there

is very little radical character in the transition state. Therefore,

ring strain associated with rehybridization is of little importance.

The effects of ring strain on the rates of decomposition of 1-

substituted azocycloalkanes have been studied.
15,16,17 They are

illustrated in equation 5. The rates of decomposition of cis azo

compounds are complicated by steric interaction among groups. The

decomposition rates of these compounds may not be a good measure of
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Log
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rate
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0
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4 5 6 7

ring size

Figure 3. The effects of ring size on the kinetic acidity of cyclo-

alkanes as measured by tritium exchange rates with cesium

cyclohexylamide-N-t.13
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Figure 4. The correlation of the kinetic acidity of cycloalkanes with

the corresponding .r(
13

C-H). (correlation coefficient =

0.999)
13



( H ) C
NN=t1.,c

R = CN

R = CH3

R = C6H5

+ 2 (CH ) n-1

n = 4-10 (ref. 15)

n = 4-8 (ref. 16)

n = 4-17 (ref. 17)

CR

1.1

(5)

ring strain.
l8

The effect of ring size on the relative rates of decom-

position of trans azo compounds closely resembles that for carbonium

ion formation. These results are given in Table 2. Figure 5 illus-

trates the effect of ring size on the relative rates of decomposition

of trans azo compounds. The resemblance to carbonium ion formation

indicates an endothermic reaction with a transition state late enough

along the reaction coordinate to feel ring strain effects. Evidence

suggests that in some cases azo compounds can reversibly form a radical

pair. This may occur before final generation of a second cycloalkyl

radical and thus magnify ring strain effects as seen from relative rate

data.
19

Cycloalkyl radicals can also be generated by the decomposition of

peroxy compounds. Equation 6 illustrates the decomposition of tert-
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Table 2. The effects of ring size on the relative rates of cyclo-

alkyl radical formation.

reaction and temperature

rel. rate for ring size

4 5 6

Thermal decomposition of 1-methyl-

azocycloalkanes at 200° C.
16

5.74

x10
3

2.75 (1) 42.8

Thermal decomposition of 1-phenyl-,

azocycloalkanes at 60° C.
17

2.70

x10
2

70.5 (1) 190

Thermal decomposition of azobis- 2.75 11.5 (1) 194

(cycloalkanecarbonitriles) at x10
2

80° C.
15

Thermal decomposition of t-butyl

cycloalkanecarboxylic per-

esters at 110° C
.20

0.233 0.468 (1) 2.27

Thermal decomposition of t-butyl

cycloalkanecarboxylic per-

esters at 102.6° C.
22

Thermal decomposition of t-butyl

0.240

0.119

0.439

0.334

(1)

(1)

2.51

1.68

1 -me thylcycloalkanecarboxylic

peresters at 80° C.

Thermal decomposition of t-butyl 0.191 0.80 (1) 1.45

1-phenylcycloalkanecarboxylic

peresters at 60° C.
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Table 2. Continued.

rel. rate for ring size

reaction and temperature 4 5 6 7

Thermal decomposition, of t-butyl 0.197 0.900 (1)

1-phenylcycloalkanecarboxylie

peresters at 52.3° C.
22

Addition of methyl radical to

cycloalkenes at 65° C.
28

6.4 (1) 4.7

Hydrogen atom abstraction from

cycloalkanes by bromine atom

at 247° C.
33

0.222 1.86 (1) 3.75

Hydrogen atom abstraction from

cycloalkanes by methyl radical

at 247° C.
35

0.63 1.22 (1) 1.31

Bromine atom abstraction from 1.31 1.63 (1) 2.13

bromocycloalkanes by phenyl

radicalat 60° C.
39
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rate

14

4 5

ring size

6 7

Figure 5. The effects of ring size on the relative rates of decompo-

sition of 1-phenyl azocycloalkanes17-00r, 1-methyl azocyclo-

alkanes
16

-11110-, and azobis(cycloalkanecarbonitriles)
15

-Ar-.



butyl cycloalkanecarboxylic peresters.
17,20,22

'COO -OC (CH )

0>

R = H n = 4-12 (ref. 20)

n = 3-7 (ref. 22)

R = CH3 n = 4-12 (ref. 20)

R = C6H5 n = 3-7 (ref. 17)

2) n-1
C H

15

+ CO2 + 0C(CH 3)3 (6)

The effects of ring size on the relative rates of decomposition of

peresters is presented in Table 2 and illustrated in Figure 6. Figure

6 shows little resemblance to the effects of ring size on the relative

rates of carbonium ion formation or azo decomposition. It was found in

the perester case that the relative rates decrease roughly as the

electronegativity, measured by J(
13

C-H), increases. The explanation

of the linear correlation is that in the transition state, very little

carbon-carbon bond cleavage has occured and little radical character is

developed at a ring carbon. Thus, instead of ring strain effects being

important, polar effects seem to predominantly influence the decomposi-

tion rates.
21 Peresters are known to decompose by two different mech-

anisms, stepwise or concerted. From solvent viscosity and deuterium

isotope effects it appears the four membered ring perester decomposes



Log
relative
rate

16

4 5

ring size

6 7

Figure 6. The effects of ring size on the relative rates of decompo-

sition of t-butyl cycloalkanecarboxylic peresters22 t-

butyl 1-methylcycloalkanecarboxylic peresters20 -0-, and t-

butyl 1-phenylcycloalkanecarboxylic peresters
17
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primarily by a stepwise mechanism and the others, five, six, and seven,

primarily by a concerted mechanism.
22

This complicates interpretation

of these results.

Very few studies involving the kinetics of cycloalkyl radicals

generated via an addition reaction have been carried out. This is

partly due to complication of allylic substitution and addition

occurring simultaneously.
23-27 Huyser measured the relative amount of

addition to a double bond with respect to allylic hydrogen abstraction

by trichloromethyl radical.
27 This is illustrated in equation 7.

(CH2)11-3 IH + CC1
3

\H

n = 5-7 (ref. 27)

addition

abstraction

(CH2 ) iCH
CCC13
H
1

(7)

Cc H

(CH
2

)
n-3 #

CH + HCC1
C
"H

3

The ratio of addition to abstraction for cyclopentene is 5.4, cyclohexene

is 1.2, and cycloheptene is 5.5. The smaller value for cyclohexene is

explained as arising from ring strain.
27

The rehybridization taking

place in an addition reaction is different than that in carbonium ion

formation. For carbonium ions, sp
3 hybridization is changed to sp

2
.

The cycloalkenes have two sp
2 hybridized carbons, upon reaction one is

converted to p
3

. In one study involving the addition of methyl radical



to cycloalkenes, however, cyclohexene was found to react slower than

both cyclopentane and cycloheptene.
28

This suggests that ring size

influences the rates of radical addition reactions. The results are

presented in Table 2.

The most frequently cited method of cycloalkyl-radical formation

is by the abstraction of hydrogen atom from cycloalkanes. Equation 8

illustrates the hydrogen abstraction reaction.

+ ,
,
A( H ) 1/4.. > (CH ) CH + XH (8)\H

18

In considering the effects of ring size on reaction rates, it is

important to use a "selective" radical. The more selective the

abstracting radical is, the greater will be the radical character at

the ring atom in the transition state. From the relative rates of

abstraction of primary, secondary, and tertiary hydrogen, it can be

seen that bromine atom and the trichloromethyl radical are very selec-

tive. This is presented in Table 3. The same selectivity can be seen

in the relative rates of hydrogen atom abstraction from cyclopentane

and cyclohexane given in Table 4. It should also be mentioned that

selectivity can be increased by complexation of the attacking radical.

Thus the relative reactivity ratio of 1.0 found between cyclopentane

and cyclohexane in reaction with "free" chlorine atom increases to c.a.

1.1 in cumene and 1.2 in carbon disulfide.
34
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Table 3. Selectivity of various radicals as seen from the relative

32
rates of hydrogen abstraction from alkanes. (per hydrogen)

type of hydrogen

radical phase temp. primary secondary tertiary

Cl G 25 1 4.6 6

Br G 98 1 250 6300

CF
3

G 182 1 7.8 24

CC1
3

G 190 1 80 2300

CH
3

G 182 1 8 27

t-BuO L 40 1 10 44

C
6
H
5

L 60 1 9.3 44

Cl L 40 1 3.7 4.7

CH
3

L 110 1 4.3 46

Table 4. Selectivity of radicals as seen from the relative rates of

hydrogen abstraction from cyclohexane and cyclopentane.

CH3 C6H5 CC1
3

Cl Br t-BuO

compound 110° 60° 80° 40° 247° 40°

cyclopentane 1.2 1.2 1.6 1.0 1.9 0.92

cyclohexane (1) (1) (1) (1) (1) (1)

reference 32 26 31 34 33 24
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The effects of ring size on the relative rates of hydrogen

abstraction from cycloalkanes resembles that of azo decomposition and

carbonium ion formation. In a similiar study, bromine atom abstraction

from bromocycloalkanes by phenyl radicals showed the same ring size to

relative rate relationship.
39 The similiarity of these reactions is in

agreement with Brown's theory of I-strain. Radicals prefer sp
2

hybridization. Ring strain attributed to the rehybridization of a ring

atom, then, must be a factor influencing reaction rates. The magnitude

of ring strain effects in these reactions vary with selectivity of the

abstracting radical. The relationship between ring size and relative

rates of atom abstraction with varying selectivity are given in Table 2

and illustrated in Figure 7.
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4 5

ring size

6 7

Figure 7. The effects of ring size on the relative rates of abstrac-

tion of hydrogen atom from cycloalkanes by bromine atom
33

-0- and by methyl radical
35

-A -; abstraction of bromine

atom from bromocycloalkanes by phenyl radical
39

-0-.
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DISCUSSION OF PROBLEM

In the introduction, reference has been made to the effects of

ring size on the relative rates of cycloalkyl radical formation. It

was shown that in hydrogen atom abstraction, I-strain influences the

rates of reaction. An examination of the rates of hydrogen atom

abstraction from saturated heterocyclic compounds, specifically cyclic

ethers and sulfides, would be of interest.

Hydrogen atom abstraction from acyclic ethers and sulfides occur

almost exclusively at the alpha-carbon. This is due to stabilization

of the incipient radical by the adjacent oxygen or sulfur atom.
40

Experimental results from the decomposition of azo compounds and

copolymerization of monomers also show the greater stability of

radicals adjacent to these heteroatoms. Quantitatively, a sulfur atom

is found to stabilize radicals by a greater amount than an oxygen atom.

The results for hydrogen abstraction
41

and azo decompositon4 2 are

presented respectively in Tables 5 and 6. These results are consistent

with those from EPR studies.21'43 The latter show a greater amount of

spin density from the unpaired electron of the carbon radical delocal-

ized to an adjacent sulfur atom than to an oxygen atom. Both heteroatoms

have a greater ability to delocalize radicals than the carbon of a

methyl group. The relative spin densities of various alpha substituted

carbon radicals are given in Table 7.

Kinetic studies of hydrogen atom abstraction from cyclic ethers

have been performed. Walling irradiated t-butyl hypochlorite to form

the t-butoxy radical which abstracted hydrogen from cyclic ethers.
44
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Table 5. Relative rates of hydrogen atom abstraction by

phenyl radical at 600 C. (atom abstracted is

underlined; per hydrogen)
41

compound rel. rate

CH
3
-CH

3
0.11

CH
3
CH

2
CH

3
(1)

(CH
3
)
3
CH 5.2

CH
3
OCH

3
0.5

(CH
3
GH
2

)
2
0 3.7

[(cH3)2qq]20 9.9

tetrahydrofuran (alpha-H) 3.4

1,4-dioxane (alpha-H) 1.3

CH
3
5cE3 1.9

(CH
3
CH
2

)
2
S 6.0

[(CH3)2CH]2S 12

tetrahydrothiophene (alpha-H) 7.2

tetrahydrothiopyran (alpha-H) 4.2

1,4-oxethiane (alpha-H) 2.2



24

Table 6. The relative rates of decomposition of

X-C(CH3)2N=NC(CH3)2-X at 150° C.

rel. rate

n-C
3
H
7

(1)

C
2
H
5
OCH

2
0.13

C
2
H
5
0 3.7

C
2
H
5
SCH

2
2.4

C
2
H
5
S 175

Table 7. Relative spin density in the alpha-
.

carbon atom of CH
3
C(X)- by various sub-

stituents as determined by EPR.

X

relative
spin density

100

93

83

81

77

74



This is illustrated in equations 9 and 10.

t-BuO-C1 light > t-BuO- + .C1

25

(9)

t-BuO + (CH 2) C t-BuOH + (CH 2) C H (10)
/// H

0 0

n = 4-6 (ref. 44)

The relative rates of hydrogen abstraction decrease as the electron

availability on oxygen, as measured by basicity, decreases. The basic-

ity with respect to ring size is:
45

4 > 5 > 6

The relationship between ring size and relative rates is illustrated in

Figure 8. However, the relative rate of hydrogen atom abstraction from

diethyl ether is greater than that of tetrahydropyran but less than

that for tetrahydrofuran. This is consistent with the theory of I-

strain. The relative rate of the five membered ring increased because

I-strain is relieved and decreased in the six membered ring where I-

strain is increased.

Also included in this study was 1,4-dioxane. It was found to be

one third as reactive as tetrahydropyran. The t-butoxy radical

prefers to attack a position of high electron availability. In

dioxane the hydrogen are both alpha to one oxygen and beta to another.
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Figure 8. The effects of ring size on the relative rates of hydro-

gen abstraction from cyclic ethers by t-butoxy radical.
44

Table 8. The relative rates of hydrogen atom abstraction

from ethers by t-butoxy radical at 00 C. (per H)
44

ether rel. rate

diethyl ether 1.51

oxetane 3.10

tetrahydrofuran 2.13

tetrahydropyran (1)

1,4-dioxane 0.31
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The beta oxygen, by inductively withdrawing electrons, decreases

the electron availability at the reaction site, therefore, decreasing

the rate. Table 8 contains Walling's results.

It should be noted that the radical reactions of t-butyl hypo-

chlorite might be more complex than is shown in equations 9 and 10.

Walling has shown that chlorine atom can also potentially function as

hydrogen abstracting agents unless trapped by reactive alkenes.
46

Fortunately this complication does not seem to be important in the

formation of non-benzylic radicals.

The rates of hydrogen atom abstraction from cyclic ethers by t-

butoxy radical, generated from t-butyl peroxide, were determined rela-

tive to the disproportionation of the t-butoxy radical. 47 This is illus-

trated in equations 11, 12, and 13.

(CH
3

)

3
COOC (CH3)3 > 2 (CH )

3
C

(CH3)3 C0 + RH

(CH3)3 CO k
2

(CH3)3 COH + R (12)

(CH )2 C=0 + CH
3

(13)

From these equations we get the expression for ki/k , shown in

equation 14.

[ ROH ]

( acetone ] R-H ]
(14)
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The relative rates of abstraction were found to vary with ring size in

the order:

5 > 6 >> 4

Oxetane, the four membered cyclic ether, was found to be similar to

benzene in reactivity. Walling has found that solvent can effect the

t-butoxy radical cleavage.
48

Therefore, using t-butyl alcohol-acetone

ratios may not be a viable method of measuring relative rates of

hydrogen abstraction.

The rates of hydrogen atom abstraction from cyclic ethers by the

t-butoxy radical, generated from t-butyl peroxide, have been shown to

be controlled by stereoelectronic factors.
49 That is, the orientation

of the bond being broken with the lone pairs of electrons on the oxygen

is important in determining reactivity. Ingold found faster rates of

abstraction from those carbon-hydrogen bonds adjacent to oxygen which

have a small dihedral angle (30°) with respect to the p-type orbital on

the oxygen. If the angle is large (90°), abstraction is much slower.

Both tetrahydrofuran and tetrahydropyran have a small dihedral angle.

Hydrogen atom abstraction at -60° C from tetrahydrofuran occurred nine

times faster than from tetrahydropyran. The greater reactivity of the

five membered ring must be due to relief of ring strain. The rate of

hydrogen abstraction from 1,3,5-trioxane is ten times faster than that

from tetrahydropyran. The carbon-hydrogen bond being broken has two

alpha oxygen with small dihedral angles which accelerate the rate.

The inductive effect of the gamma oxygen is probably too small to
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affect the reaction.

The rates of photochemical oxidation of acyclic and cyclic ethers

were determined at 15° C.
50 The ethers were saturated with oxygen and

irradiated with ultraviolet light. The reaction involves formation of

an alpha peroxide which further decomposes under the reaction condi-

tions. Rates of oxygen uptake correlate with the bacisity of the

acyclic and cyclic ethers. For the cyclic ethers the rates with

respect to ring size are in the order:

4 > 5 > 6

This correlation suggests that electron availability influences

reaction rates.

Russell has studied polar effects in hydrogen atom abstraction by

phenyl radicals at 60° C
.41 Studied were a large variety of compounds

including the ethers and sulfides presented in Table 5. The relative

rates of hydrogen abstraction from tetrahydrofuran and tetrahydrothio-

phene show that abstraction is faster alpha to a sulfur atom. The

relative rates of abstraction from 1,4-dioxane and 1,4-oxethiane show

the same trend. Comparing the rates of abstraction from tetrahydrothio-

pyran and 1,4-oxethiane shows that the oxygen beta to the reaction site

decreased the reaction rate. The decreased rate is due to the beta

oxygen inductively withdrawing electrons.

Any hydrogen atom abstraction by a more selective radical should

lead to a magnification of ring strain effects. This is a result of a

greater amount of radical character being developed at the reaction
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site in the transition state. It would be valuable, therefore, to

reinvestigate hydrogen atom abstraction from these heterocycles to

determine the relative importance of ring strain and ground state

(electron availability and stereoelectronic) effects. The trichloro-

methyl radical, for example, is much more selective than the t-butoxy

radical but still electrophilic. It can be generated from bromotri-

chloromethane by irradiation with ultraviolet light or by the thermal

decomposition of radical initiators. Common radical initiators are

peroxy and azo compounds. Generation of the trichloromethyl radical

is illustrated in equation 15 for photoinitiation and equations 16 and

17 for thermal initiation using azo compounds.

BrCC1
3

> Br- + CC1
3

(15)

RN=NR > 2 R + N2 (16)

R + BrCC1
3

> RBr + -CC1
3

(17)

Once formed, the trichloromethyl radical can function as a hydrogen

abstracting agent. A chain reaction can be established which ulti-

mately leads to effective bromination of hydrocarbons.
51

This is

illustrated in equations 18 and 19.

CC1
3
+ R-H > HCC1

3
+ R-

R + BrCC1
3

> RBr + -CC1
3

(18)

(19)
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Although the previous mechanism has been long accepted, Tanner believes

that in the photochemical initiated process another mechanism is involved.

In this mechanism bromine atom will be the principal abstracting species.
52

This mechanism is given in equations 20, 21, and 22.
53

Br + R-H R + H-Br

R-Br + CC1
3

HCC13 + Br

(20)

(21)

(22)

R + BrCC1
3

H-Br + CC1

>

3
>

It was also suggested that the reversibility of equation 20 magnifies

the effects of structure change on the relative rate data. Formation

of trichloromethyl radical by radical initiators does not lead to gener-

ation of free bromine atoms in the reaction mixture. Such a system should

be free of any complications arising from hydrogen atom abstraction by

bromine atom. This has been supported by hydrogen abstraction in

which the trichloromethyl radical was generated by benzoyl peroxide

decomposition.
38, 54,55

It was mentioned earlier that the t-butoxy radical prefers to

attack a position of high electron availability. This is due to the

electophilic character of the radical. The trichloromethyl radical is

also an electrophilic radical. The hydrogen abstraction from substi-

tuted toluenes was found to have rho values of -1.24 and -1.46, to be

best correlated with sigma plus constants.
52a,56 This can be explained

by polarization of the transition state. The resonance description of

the transition state is comprised of the following forms illustrated in
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9 . e
R:H -X R H:X E--> R H :X

I II III

Figure 9. Resonance forms of the-transition state for hydrogen atom

abstraction by an electrophilic radical.

Figure 9. When the abstracting radical is extremely reactive, the

major contributing form to the transition state will be canonical

structure I. As R is varied, the stability of structure I will depend

on the electron density at the reaction site. If the abstracting

radical is more selective, still being electrophilic, the major con-

tributing forms to the transition state will be structures II and III.

The activation energy of the reaction, then, can be lowered by R groups

that stabilize the positive charge.
57

As shown, cyclic compounds of four to seven members reflect the

importance of ring strain on reaction rates. Compounds with hetero-

atoms beta to the reaction site, inductively, decrease the electron

availability. As observed in 1,4-dioxane, decreasing electron avail-

ability decreases the reaction rate.
44 Such compounds should show the

importance of electron availability, a ground state effect, on reaction

rates. Stereoelectronic effects, also ground state, can be determined

by comparing the reaction rates of 1,3,5-trioxane and tetrahydropyran.

Ingold found that 1,3,5-trioxane, which has two oxygen alpha to the

reaction site, reacted ten times faster than tetrahydropyran, which has

only one such oxygen.
49

It is also of concern to observe whether the
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aforementioned differences in reactivity between acyclic ethers and

sulfides extends to their cyclic counterparts. The study of compounds

containing both these heteroatams should be particularly informative.

Those compounds to be investigated are shown in Figure 10.

0
oxetane

0

tetrahydrofuran

tetrahydropyran

oxepane

1,4-dioxane

0

1,3,5-trioxane
0 0

thietane

S

tetrahydrothiophene

tetrahydrothiopyran

thiepane

1,4-dithiane

1,4-oxethiane

Figure 10. Cyclic ethers and sulfides investigated in present study.
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RESULTS AND DISCUSSION

Reagents

All compounds used in this study are commercially available except

for thiepane. This material was prepared from anhydrous sodium sulfide

and 1,6-dibromohexane following the procedure of Muller.
58

The synthe-

sis is done in high dilution to favor intramolecular cyclization.

Anhydrous sodium sulfide was freshly prepared from sodium metal and

hydrogen sulfide. It was then combined with 1,6-dibromohexane in a

two-fold excess. Equations 23, 24, 25, and 26 illustrate the reactions

involved.

Na + CH
3
CH

2
OH NaOCH

2
CH

3
+ H

2

NaOCH
2
CH

3
+ H S

NaSH + NaOCH CH .ora.).

NaSH + HOCH
2
CH

3

Na S + HOCH CH
2 3 2 2 3

Na
2
S + Br-(CH

2
)

6
-Br 0+ 2 NaBr

(23)

(24)

(25)

(26)

Details on preparation and purification of compounds are found in the

experimental section.

Generation of Trichloromethyl Radical

The generation of trichloromethyl radical from bromotrichloro-

methane was discussed earlier (equations 15, 16, and 17). Tanner has

claimed that in photoinitiation, the reaction of bromine atom to ab-

stract hydrogen is the principal chain propagating step as shown in the

sequence of equations 20, 21, and 22. The reversibility of equation 20
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can magnify the effects of structure change on relative rates of

abstraction. It was necessary to ascertain if under our reaction con-

ditions potential hydrogen atom abstraction by bromine atom magnifies

relative rates. The rates of hydrogen atom abstraction from oxetane

relative to p-xylene were determined using abstracting agents generated

from bromotrichloromethane either photochemically or by the thermal

decomposition of AIBN (azobisisobutyronitrile). Oxetane was used

because it is the most basic ether and may also undergo photochemical

decomposition.
59

The relative rates of abstraction were found to be

2.10 + 0.07 and 1.90 + 0.08 respectively. This near equivalence, within

experimental error, would seem to indicate that different abstracting

species were not involved, even though no bromine atoms or hydrogen

bromide would be present in the AIBN induced reaction. This study also

supports Kulevsky's finding that oxetane does not undergo photochemical

decomposition.
50

Relative Rates of Hydrogen Atom Abstraction from Cyclic Ethers by

Trichloromethyl Radical

The rates of hydrogen atom abstraction from cyclic ethers were

measured relative to abstraction of the benzylic hydrogen of p-xylene.

Solutions of the cyclic ether, p-xylene, and internal standard (bromo-

benzene or chlorobenzene) were prepared in bromotrichloromethane

solvent in approximate molar ratio of 1:1:1:10. The solution was

divided among several ampoules and after being degassed by several

freeze-thaw cycles, sealed under a reduced pressure of nitrogen. At

least one ampoule was reserved for analysis as the unreacted starting
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materials. The remaining ampoules were placed horizontally just below

the surface of an oil bath maintained at 70.0 + 0.5° C. They were

then irradiated with a GE sunlamp placed 20 cm from the surface of the

oil. Reaction times varied from two to nine hours which corresponds to

between four and ninty-seven percent reaction of the starting materials.

Gas-liquid chromatography was used to determine the amount of reaction

as measured by the disappearance of the starting compounds relative to

the internal standard.

Before the rate of disappearance of starting materials can be

equated to the rate of hydrogen atom abstraction, it is necessary to

make sure that disappearance of starting materials is due to hydrogen

atom abstraction alone. The reaction of trichloromethyl radical with

methyl substituted benzenes is known to involve only the abstraction of

benzylic hydrogen.
56 EPR studies have shown that in the reactions o

electrophilic radicals, usually t-butoxy radical, with cyclic ethers

the only product is the heterocyclic radical formed from alpha hydrogen

atom abstraction.
49

'

60 This is also supported by Walling's study in

which the products of t-butyl hypochlorite chlorination were the alpha

chlorocyclic ethers. Although beta scisson has been reported for alpha

oxy radicals, when a "good" chain transfer agent is present, t-butyl

hypochlorite for example, only the alpha halogenated products are

formed.
44 Ring opening does not apparently compete with this process.

The by-product of hydrogen atom abstraction by trichloromethyl

radical is chloroform. This could be separated from the solvent during

analysis and the amounts produced could be determined. The amount of
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chloroform produced relative to consumed starting materials was usually

in slight excess (0-13%). The excess arises from hydrogen abstraction

from the initially formed products as the reaction progresses. The

brominated cyclic ethers are very unstable and decompose during chro-

matographic analysis. The NMR of the reaction mixtures, however,

showed the presence of new signals at 2-3 ppm, 4.5 ppm, and 6.5 ppm.

The signal at 4.5 ppm corresponds to the benzylic hydrogen after bromi-

nation of p-xylene. The other signals correspond to the products from

bromination of the cyclic ethers.

The rates of hydrogen atom abstraction from cyclic ethers of four

to seven members relative to p-xylene are presented in Table 9.

Table 9. The relative rates of hydrogen atom abstraction from cyclic

ethers using trichloromethyl radical generated photochemi-

cally at 70° C.

cyclic ether
number
of runs

rate relative
to p-xylene

rel. rate
(per H)

oxetane

tetrahydrofuran

tetrahydropyran

oxepane

1,4-dioxane

1,3,5-trioxane

6

6

14

7

5

6

2.10 + 0.07_

4.50 + 0.14

0.116 + 0.008

2.64 + 0.18

0.062 + 0.007

0.326 + 0.089_

18.1

38.8

(1)

22.8

0.267

1.87



38

The relationship of ring size to relative rates of hydrogen atom

abstraction is illustrated in Figure 11. The effects of ring size on

relative rates of reaction show similarities to that for carbonium ion

formation and the endothermic formation of cycloalkyl radicals. In the

latter case ring strain arising from rehybridization at a ring atom

influenced the rates. The similarities suggests that ring strain is

also a factor influencing the rates of hydrogen atom abstraction from

cyclic ethers. In the study of hydrogen abstraction from cyclic ethers

by t-butoxy radical, a reactive radical, ring strain effects were found

to be unimportant. The transition state here was occurring early along

the reaction coordinate and therefore, resembled the reactants. It was

found that ground state factors influenced reactivity. The trichloro-

methyl radical is much more selective. The transition state is now

occurring later and more radical character is developed. Ring strain

arising from rehybridization of the ring atom is greater and thus

influences reaction rates.

In cycloalkyl radical formation, cyclobutane reacted slower than

cyclohexane. This has been explained as due to a larger change in ring

strain for the four membered ring. From Table 9 it can be seen that

oxetane reacts faster than tetrahydropyran. This does not mean that in

cyclic ethers the change in ring strain is greater for the six membered

ring but instead, that other factors may also influence reactivity. It

was shown earlier that the electron availability of oxygen, measured by

bacisity, influenced reaction rates. Oxetane, the most basic cyclic

ether, reacted at the fastest rate with the electrophilic t-butoxy
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Figure 11. The effects of ring size on the relative rates of

hydrogen atom abstraction from cyclic ethers by

trichloromethyl radical.
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radical. The trichloromethyl radical is also electrophilic. It was

pointed out earlier that in hydrogen atom abstraction by electro-

philic radicals, the transition state can be represented as a hybrid

of three contributing resonance forms.

0 .
R: H X d(---> R H: X 4---> R H :X

I II III

With reactive abstracting radicals, like t-butoxy radical, the major

contributor is canonical structure I. Its stability depends on the

electron density at the reaction site. For a more selective radical,

trichloromethyl radical for example, the major contributors will be

structures II and III. With cyclic ethers an additional important

resonance form can be drawn for structure III which involves the

electrons at oxygen.

. e 9 -

-0 -' :X E-4 -0=C H :X

III
I I

IIIa

The abstraction of hydrogen by trichloromethyl radical can also be

influenced by the availability of electrons at oxygen. So while ring

strain might decrease the rate of hydrogen abstraction from oxetane,

the greater amount of electron availability compensates for this in

determining the reaction rate.

The relative rates of hydrogen atom abstraction from 1,4-dioxane

and 1,3,5-trioxane are included in Table 9. Their reactivity should

be helpful in determining the importance of ground state effects in
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hydrogen abstraction with trichioromethyl radical. The relative rate

of hydrogen atom abstraction from tetrahydropyran was found to be four

times greater than from 1,4-dioxane. Inductively an oxygen is electron

withdrawing. The beta oxygen has inductively decreased the electron

density at the reaction site. Therefore, the transition state for

hydrogen abstraction by an electrophilic radical is less stable for

1,4-dioxane and the activation energy increased. This decreases the

reaction rate. Again, it appears that electron availability at the

reaction site influences reaction rates.

In his study of hydrogen atom abstraction from cyclic ethers by

t-butoxy radical, Ingold found that stereoelectronic factors influenced

reactivity. Hydrogen atom abstraction was faster when the dihedral

angle between the carbon-hydrogen bond and the p-type orbital on the

adjacent oxygen was small (300). This criterion is met for all cyclic

ethers shown in Table 9.

Special structural considerations should be encountered in the case

of 1,3,5-trioxane. The lessened reactivity of six membered ring systems

(relative to rings of five and seven members) has in part been attrib-

uted to increases in torsional interactions. Such potential interac-

tions are completely absent in the present system where oxygens are

located between all pairs of methylene groups. This difference will be

particularly important when a radical-like transition state is found.

In reactions with the trichioromethyl radical, 1,3,5-trioxane is nearly

twice as reactive as tetrahydropyran per reactive hydrogen. This sup-

ports the aforementioned view. Interestingly, Ingold found a corre-
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sponding relative reactivity of greater than ten when the t-butoxy

radical is the hydrogen abstracting species. This greater rate enhance-

ment is in keeping with the multiplicative factors associated with

ground state stereoelectronic control. The lack of a corresponding

acceleration in the present case argues against the importance of

stereoelectronic effects when relatively late transition states are

involved in a hydrogen abstraction process.

Relative Rates of Hydrogen Atom Abstraction from Cyclic Sulfides by

Trichloromethyl Radical

The rates of hydrogen atom abstraction from cyclic sulfides were

measured relative to abstraction of the benzylic hydrogen of p-xylene or

durene (1,2,4,5-tetramethylbenzene). As the cyclic sulfides react

faster than the corresponding cyclic ethers, a more reactive compound,

durene, was used in most cases as the reference. The same procedure was

followed as with the cyclic ethers except for the avoidance of ultra-

violet irradiation. The solutions of cyclic sulfides turned very dark

after just a short irradiation time (one hour). Further irradiation

(twenty-four hours) produced only a small increase in reaction. It was

thus decided to initiate reactions by the thermal decomposition of AIBN.

To the prepared solution, AIBN was added in an approximate molar ratio

of 0.2. The sealed ampoules were then placed in the oil bath for five

to twenty-four hours which corresponded to between five and ninty-nine

percent reaction of starting materials. Gas-liquid chromatography was

used to determine the amounts of reaction.
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The reaction of t-butoxy radical with cyclic sulfides has been

studied using EPR spectroscopy.
62,63 In all cases except thietane,

which will be discussed below, the reaction involves only hydrogen atom

abstraction from the position alpha to the sulfur atom to form the

corresponding heterocyclic radical. Similar results were also found by

Russell in the reaction of phenyl radical with tetrahydrothiophene and

tetrahydrothiopyran.
41

In radical reactions of cyclic sulfides it is necessary to consider

the possibility of bimolecular homolytic substitution (SH2) occurring at

the sulfur atom.
64 Sulfur, being a row MI element, can accommodate more

than eight valence electrons. A radical can directly attack the sulfur

atom to expand the octet with subsequent departure of a different radi-,

cal. This is illustrated in equation 27.

R + R` -S-R' --> R'-S-R1 ----> R-S-R' + R' (27)

IR

The reaction occurs most readily when the departing radical initially

formed only a weak bond to sulfur or can leave as a reasonably stable

species. For example, 3-chlorobenzyl radical attacks dibenzyl sulfide

to give benzyl, 3-chlorobenzyl sulfide in addition to the expected

bibenzyls.
65 In the case of cyclic sulfides this reaction has been

observed for thietane only. The reaction of t-butoxy radical, gener-

ated from di-t-butyl peroxide, with thietane involves an initial attack

by the t-butoxy radical at the sulfur atom. This is followed by the

opening of the four membered ring. This reaction is illustrated in



equation 28.

1 + t -BuO -->

[

S
I

t-BuO

--> t-BuO-S- (CP ) CH -'3 2 2

44

(28)

The strain energy in thietane (19.7 kcal) is ten times greater than in

tetrahydrothiophene (2.0 kcal). The ring-opening of thietane, but not

tetrahydrothiophene can be attributed to the relief of ring strain.
63

If the trichloromethyl radical abstracts a hydrogen atom, chloro-

form is produced. As discussed earlier an excess is usually encoun-

tered. For the cyclic sulfides, exclusive of thietane, a large excess

of chloroform was produced (20-70%) relative to the case of the cyclic

ethers. This is consistent with the EPR studies which show that only

hydrogen abstraction occurs for the cyclic sulfides with more than four

members. The greater excess of chloroform, relative to the corre-

sponding ethers, is expected in view of the greater reactivity of the

sulfides and the greater number of benzylic hydrogen for durene.

The reaction of thietane with trichloromethyl radical, by compari-

son, produced only twenty-four percent of the chloroform expected as

measured by the disappearance of both starting materials. Since part of

the chloroform produced arises from hydrogen atom abstraction from the

reference compound, the amount of chloroform produced relative to the

disappearance of thietane was measured without durene present. The

amount of chloroform produced was only fifteen percent of that expected

for hydrogen atom abstraction. This suggests that at least eighty-five
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percent of thietane which reacted with the trichloromethyl radical did

so via an S
H
2 attack at the sulfur atom followed by ring opening.

The products from hydrogen atom abstraction of cyclic sulf ides,

except for thietane, were intractable solids. The NMR spectrum of the

reaction mixture from thietane showed the presence of a triplet at 3.47

and 3.27 ppm and a quintet at 2.25 ppm. This is consistent with the

gamma brominated sulfide expected for the SH2 reaction.

Since the products of the reaction of trichloromethyl radical with

the remaining cyclic sulfides were undetermined, it was necessary to

explore the question of whether other, possibly non radical, reactions

were leading to disappearance of starting materials. Tetrahydrothio-

phene was considered as a typical cyclic sulfide. Mixtures of this

material, chlorobenzene (internal standard), and bromotrichloromethane

were prepared in relative concentrations of 1:1:10. The solution was

treated as a normal kinetic run except that no radical initiator or

ultraviolet light was used. The sealed ampoules were kept at 70.0 + 0.5°

C for seventy-two hours and then analysed by gas-liquid chromatography.

The amount of tetrahydrothiophene reacted was 0.2 + 0.8%, zero within

experimental error.

The rates of disappearance of cyclic sulfides of four to seven

members relative to durene are presented in Table 10. As discussed

earlier, the rate of disappearance of cyclic sulfides of five to seven

members corresponds to the rate of hydrogen atom abstraction. The

effects of ring size on the relative rates of hydrogen atom abstraction

from cyclic sulfides are illustrated in Figure 12. It has been shown



Table 10. The rates of disappearance of cyclic sulfides relative to

durene using trichloromethyl radical generated by the

thermal decomposition of AIBN at 70° C.

cyclic sulfide
number
of runs

thiepane 7

tetrahydrothiophene 6

tetrahydrothiopyran 7

thiepane 7

1,4-dithiane 6

a
per hydrogen

b
corrected from p-xylene using k

rate relative
to durene

rel. rate of
hydrogen
abstraction

10.0

3.74

1.25

1.13

0.239

+ 1.2_

+ 0.74

+ 0.06

+ 0.003

+ 0.031b

3.00

(1)

0.904

0.096

/k,
urendurene

= 0.375 + 0.004

46
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Figure 12. The effects of ring size on the relative rates of

hydrogen atom abstraction from cyclic sulfides by

trichloromethyl radical.
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that when ring strain is important, the six membered ring reacts slower

than the five or seven membered systems. For these sulfides, however,

tetrahydrothiopyran and thiepane react at similar rates. Hydrogen atom

abstraction is three times faster from tetrahydrothiophene than from

tetrahydrothiopyran- In the corresponding ethers, however, hydrogen ab-

straction was thirty-nine times faster from tetrahydrofuran than from

tetrahydropyran. This suggests that ring strain has little effect on the

reactivity of cyclic sulfides. Comparing the rates of hydrogen atom

abstraction from corresponding cyclic ethers and sulfides, it can be

seen that reaction occurs faster alpha to a sulfur atom. This is con-

sistent with the results obtained from acyclic ethers and sulfides. The

largest difference in reactivity between cyclic ether and a sulfide is

between tetrahydropyran and tetrahydrothiopyran. Hydrogen abstraction

was twenty-nine times faster from the latter system. According to the

Hammond postulate the more exothermic the reaction, the more the tran-

sition state resembles the reactants. The transition state for hydrogen

atom abstraction from cyclic sulfides is occurring earlier along the

reaction coordinate and less radical character is developed. Ring

strain, which is caused by rehybridization, is then less important for

cyclic sulfides than for cyclic ethers. The rates of hydrogen atom

abstraction from cyclic sulfides actually decrease as ring size in-

creases. The same trend was found for reactions in which ground state

electron donating ability of the heteroatom and not ring strain is

important in determining reaction rates.

The rate of hydrogen atom abstraction from 1,4-dithiane is also
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found in Table 10. An oxygen beta to the reaction site is known to

decrease reaction rates by inductively withdrawing electrons. Comparing

the rates of hydrogen atom abstraction from tetrahydrothiopyran and 1,4-

dithiane, it can be seen that a sulfur atom beta to the reaction site

also decreases reactivity by inductively withdrawing electrons. The

electron density at the reaction site, as previously discussed, influ-

ences the rate of hydrogen abstraction by trichloromethyl radical.

Also included in this study of hydrogen atom abstraction by tr-

chloromethyl radical was 1,4-oxethiane. As expected, EPR spectroscopy

has shown that hydrogen atom abstraction using t-butoxy radical occurs

only alpha to the sulfur atom. The rate of hydrogen atom abstraction

using trichloromethyl radical from 1,4-oxethiane relative to p-xylene was

found to be 0.803 + 0.044. The relative rate is similar to that found

for 1,4-dithiane and greater than that found for 1,4-dioxane. This

suggests abstraction occurs alpha to the sulfur atom using trichloro-

methyl radical also. Hydrogen abstraction from tetrahydrothiopyran was

four times faster than from 1,4-oxethiane. The oxygen beta to the reac-

tion site, then, has decreased the reaction rate. This is consistent

with results for 1,4-dioxane and 1,4-dithiane where electron density at

the reaction site has been decreased by the inductive effect of a beta

heteroatom.
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EXPERIMENTAL

Melting points were taken in unsealed capillary tubes with a Mel-

Temp melting point apparatus. Boiling and melting points are uncor-

rected. NMR spectra were taken on a Varian A-60 or a Varian HA-100

instrument using TMS as a reference. IR spectra were taken on a

Perkin-Elmer 727 B as a film between sodium chloride discs. Gas-liquid

chromatography analyses were performed with a Varian 202-B gas chroma-

tograph equipped with linear temperature programming and a Sargent

recorder with disc integration. A 14' x 1/4" column of five percent

SE-30 on chromosorb W and a 12' x 1/4" column of eight percent FFAP on

chromosorb W were used at temperatures of 80-300° C. The gas chromato-

graph was equipped with thermal conductivity detectors and helium was

used as the carrier gas.

Reagents

Spectrophotometric grade bromotrichloromethane (Aldrich) was used

without further purification. GLC showed a trace (less than 0.1%) of a

single impurity having the same retention time as carbontetrachloride.

Commercial durene (1,2,4,5-tetramethylbenzene, Matheson, Coleman,

and Bell) m.p. 79-80° C, AIBN (azobisisobutyronitrile, Aldrich), 1,4-

dithiane (Aldrich) m.p. 107-109° C, and chloroform (Mallinckrodt) were

used without further purification. GLC showed no detectable impurities

in these samples.

Purification of p-xylene. Commercial p-xylene (Matheson, Coleman,

and Bell) was distilled twice. The middle fractions boiling at 139° C

were collected. GLC showed no detectable impurities.
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Purification of chlorobenzene. Commercial chlorobenzene (Matheson,

Coleman, and Bell) was distilled twice. The middle fractions boiling at

132° C were collected. GLC showed no detectable impurities.

Purification of bromobenzene. Commercial bromobenzene (Matheson,

Coleman, and Bell) was distilled twice. The middle fractions boiling at

156° C were collected. GLC showed no detectable impurities.

Purification of oxetane. Commercial oxetane (Aldrich) was distil-

led. The fraction boiling at 49° C was collected. GLC showed no

detectable impurities.

Purification of tetrahydrofuran. Commercial tetrahydrofuran

(Matheson, Coleman, and Bell) was distilled from lithium aluminum hy-

dride. The fraction boiling at 64° C was collected. GLC showed no

detectable impurities.

Purification of tetrahydropyran. Commercial tetrahydropyran

(Aldrich) was distilled from lithium aluminum hydride. The fraction

boiling at 89° C was collected. GLC showed no detectable impurities.

Purification of oxepane. Commercial oxepane (Aldrich) was distil-

led from lithium aluminum hydride. The middle fraction boiling at 122°

C was collected. GLC showed no detectable impurities.

Purification of 1,4-dioxane. Commercial 1,4-dioxane (Mallinckrodt)

was distilled from lithium aluminum hydride. The fraction boiling at

102° C was collected. GLC showed no detectable impurities.

Purification of 1,3,5-trioxane. Commercial 1,3,5-trioxane (Aldrich)

was sublimed under reduced pressure, m.p. 61° C. GLC showed no detecta-

ble impurities.
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Purification of thietane. Commercial thietane (Aldrich) was

distilled. The fraction boiling at 94° C was collected. GLC showed

the presence of a single unknown impurity comprising of no more than

one percent of the mixture.

Purification of tetrahydrothiophene. Commercial tetrahydrothio-

phene (Aldrich) was distilled twice. The middle fractions boiling at

112° C were collected. GLC showed no detectable impurities.

Purification of tetrahydrothiopyran. Commercial tetrahydrothio-

pyran (Aldrich) was distilled. The fraction boiling at 142° C was

collected. GLC showed no detectable impurities.

Purification of 1,4-oxethiane. Commercial 1,4-oxethiane was dis-

tilled twice. The middle fractions boiling at 150° C were collected.

GLC showed no detectable impurities.

Preparation of thiepane. Thiepane was prepared from 1,6-dibromo-

hexane (Aldrich) and anhydrous sodium sulfide following the procedure of

Muller.
58 Anhydrous sodium sulfide was freshly prepared from 4.6 g of

sodium metal and hydrogen sulfide. The sodium was reacted with 500 mL

absolute ethanol. The solution was divided in half and hydrogen sulfide

bubbled through half of the solution. The two halves were combined to

form anhydrous sodium sulfide. To 1 L of ref luxing absolute ethanol 10

mL portions of 1,6-dibromohexane, 24.4 g in 500 mL absolute ethanol and

the previously described anhydrous sodium sulfide solution were added

over a period of six days. The solution turned blue upon addition, but

faded after a few seconds. The reaction mixture was distilled to vir-

tual dryness. The product is reported to codistill with ethanol. To the
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distillate, aquious mercuric chloride was added and a thiepane mercuric

chloride complex precipitated as a fine white solid. The solid was

filtered and washed with water. It was decomposed with aquious sodium

hydroxide and steam distilled. Thiepane was extracted from the distil-

late with diethyl ether, dried over anhydrous magnesium sulfate, and

distilled, b.p. 170° C (lit.58 173-4° C). The yield after distillation

was twenty-six percent. The IR spectrum matched that of the litera-

ture.
58 The NMR spectrum showed a multiplet at 1.78 ppm, eight hydrogen

and a triplet at 2.62 ppm, four hydrogen. NMR and GLC showed no de-

tectable impurities.

Kinetic Studies

Procedure for kinetic runs. Solution of the cyclic ether or sul-

fide, reference (p-xylene or durene), and internal standard (bromoben-

zene or chlorobenzene) were prepared in bromotrichloromethane solvent in

approximate molar ratio of 1:1:1:10. For kinetic runs using thermal

initiation, AIBN was added in an approximate molar ratio of 0.2. The

solution was divided among several ampoules and then frozen in an ace-

tone-dry ice slurry. The ampoules were evacuated at 0.5-1.0 mm and

flushed with nitrogen during three intermediate thawings. They were

then sealed under a vacuum and at least one reserved for analysis as

the unreacted starting materials. The remaining ampoules were placed

horizontally just below the surface of an oil bath maintained at 70.0 +

0.5° C. Kinetic runs initiated photochemically were then irradiated

with a GE 275-W sunlamp placed 20 cm from the surface of the oil.
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Reaction times varied from two to twenty-four hours which corresponds

to between four and ninty-nine percent reaction of the starting mate-

rials. After completion of the reaction, the ampoules were cooled and

opened. The disappearance of the cyclic ether. or sulfide and reference

were measured relative to the nonreactive internal standard via gas-

liquid chromatography. Table 11 in the appendix gives the specific GLC

conditions used. The amount of chloroform produced was determined using

equation 29. Internal standard is represented by I. S. and the correc-

tion factors were determined from solutions of known. concentrations.

Tables 12 and 13 in the appendix contain the data and correction factors

used.

(area under HCC1 peak)
mmol HCC1

3
=

3 - X (mmol I. S.)
(area under I. S. peak)

X (correction factor) (29)

Determination of relative rates. The relative rate constants of

disappearance were obtained using the usual competitive procedure shown

in equation 30.

Log(X0/Xf)
(k
X
/k

R
)
dis

=
Log(Ro/Rf)

(30)

The relative rate constant for the disappearance of the cyclic ether or

sulfide to reference is (kx/k-)
dis

. X and R
o
are the number of mmol

originally present of the heterocycle and reference respectively, and



X
f

and R
f
are the corresponding terms for the final number of mmol

present. The above ratios were obtained directly from gas-liquid

chromatographic analysis using the relationship shown in equation 31.

X /X
f

=

area under
area under I.

X peak
S. peak initial

[area under
area under I

X peak
. S. peak] final
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(31)

Internal standard is represented by I. S. See Tables 14 to 30 in the

appendix for detailed data of these competitive reactions.

Since the cyclic sulfides were much more reactive than the cyclic

ethers, it was necessary to use both p-xylene and durene as references.

The rates obtained relative to p-xylene can be converted to durene

using equation 32.

(k
X
/kdurene

= (kX/kp-xylene
/k ) (32)-(kp-xylene durene
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Table 11. Conditions for gas-liquid chromatography used in determining

the relative rates of hydrogen atom abstraction.

compound columna temp. program

oxepane FFAP 85° no

tetrahydrofuran FFAP 90° no

tetrahydropyran SE-30 85° no

oxepane SE-30 100° no

1,4-dioxane SE-30 90° no

1,3,5-trioxane SE-30 85° no

thietane SE-30 85° yes

tetrahydrothiophene SE-30 90° yes

tetrahydrothiopyran SE-30 125° yes

thiepane FFAP 125° no

1,4-dithiane SE-30 120° yes

1,4-oxethiane FFAP 105° no

a SE-30 is a 14' X 1/4" column of 5% SE-30 on chromosorb W.

FFAP is a 12' X 1/4" column of 8% FFAP on chromosorb W.

b Initial temperature is given if programming was used.

Programmed at 40°/min., started 1 1/2 min. after injection.
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Table 12. The correction factor used in calculating the amount of

chloroform produced using chlorobenzene as the internal

standard.

run

area under C
6
H
5
C1 peak mmol HCC1 correction

factorarea under HCC1
3
peak mmol C

6
H
5
CI

1 2.138 0.4960 1.060

2 2.165 0.4960 1.074

3 2.223 0.4960 1.102

4 2.272 0.4960 1.127

5 1.225 0.9033 1.107

6 1.217 0.9033 1.099

7 1.244 0.9033 1.123

8 1.253 0.9033 1.132

average correction factor = 1.103 + 0.019
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Table 13. The correction factor used in calculating the amount of

chloroform produced using bromobenzene as the internal

standard.

run

area under C
6
H
5
Br peak mmol HCC1

3
correction

factorarea under HCC1
3
peak mmol C

6
H
5
Br

1 2.009 0.5605 1.126

2 2.043 0.5605 1.145

3 1.977 0.5605 1.108

4 2.030 0.5605 1.138

5 1.012 1.120 1.134

6 1.031 1.120 1.154

7 1.004 1.120 1.125

8 1.031 1.120 1.154

average correction factor = 1.136 + 0.012
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Table 14. Relative rates of disappearance of oxetane to p-xylene;

photochemical initiation.

conditions: 8 1/2 hours at 70.0 + 0.5° C

mmol BrCC1
3

: 48.08

mmol C
6
H
5
C1: 5.521

HCC1
3
produced: 0 + 5% excess

a

mmol mmol mmol oxetane

run compound initial final reacted % rxn.
k
p-xylene

1
b

oxetane 6.322 5.028 1.304 20.62

p-xylene 5.453 4.867 0.5863 10.75

2c oxetane
p-xylene

6.322 4.498
5.453 4.590

1.824
0.8632

28.85
15.83

3 oxetane 6.322 3.622 2.700 42.72

p-xylene 5.453 4.220 1.233 22.60

4 oxetane 6.322 3.976 2.346 38.80

p-xylene 5.453 4.452 1.001 20.49

5 oxetane 6.322 3.904 2.418 38.24

p-xylene 5.453 4.395 1.058 19.41

6 oxetane 6.322 3.601 2.721 43.05

p-xylene 5.453 4.197 1.256 23.04

average
koxetane

'p-xylene
- 2.103 + 0.071

2.030

1.975

2.091

2.142

2.233

2.149

a calculated using a GLC response factor of 1.00 for oxetane

b
3 hours reaction

c
5 1/2 hours reaction
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Table 15. Relative rates of disappearance of oxetane to p-xylene;

thermal initiation.

conditions: 19 1/2 hours at 70.0 + 0.5° C

mmol BrCC1
3

: 47.17

mmol C
6
H
5
C1: 5.721

mmol AIBN: 0.9981

HCC1
3
produced: 4 + 8% excess

a

mmol mmol mmol
k
oxetane

run compound initial final reacted % rxn.
k
p-xylene

1 oxetane 5.747 2.345 3.402 59.21

p-xylene 4.876 3.074 1.802 36.95

2 oxetane
p-xylene

5.747 2.197 3.550 61.78

4.876 2.989 1.888 38.71

3 oxetane 5.747 2.292 3.455 60.12

p-xylene 4.876 3.058 1.818 37.29

4 oxetane
p-xylene

5.747 2.492 3.255 56.63

4.876 3.085 1.792 36.74

5 oxetane 5.747 2.391 3.356 58.39

p-xylene 4.876 3.000 1.876 38.48

6 oxetane 5.747 2.378 3.370 58.63

p-xylene 4.876 3.020 1.856 38.07

average

k
oxetane

- 1.903 + 0.075
kp-xylene

1.945

2.017

1.973

1.826

1.811

1.846

a calculated using a GLC response factor of 1.00 for oxetane
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Table 16. Relative rates of disappearance of tetrahydrofuran to p-

xylene; photochemical initiation.

conditions: 4 hours at 70.0 + 0.5° C

mmol BrCC13: 51.30

mmol C
6
H
5
C1: 5.035

HCC1
3

produced: 9 + 3% excess tetrahydrofuran = THF

mmol mmol mmol kTHF

run compound initial final reacted % rxn.
k
p-xylene

1 THF 6.093 0.1933 5.900 96.83

p-xylene 5.188 2.489 2.699 52.02

2 THF
p-xylene

6.093
5.188

0.2886
2.665

5.804 95.26

2.523 48.63

3 THF 6.093 0.3809 5.712 93.75

p-xylene 5.188 2.784 2.404 46.34

4 THF
p-xylene

5 THF
p-xylene

6.093
5.188

6.093
5.188

0.3260
2.576

0.1964
2.394

5.767 94.65

2.612 50.35

5.897 96.78
2.794 53.85

6 THF 6.093 0.2535 5.839 95.84

p-xylene 5.188 2.606 2.582 49.76

average
kTHF = 4.495 + 0.137
p-xylene

4.698

4.579

4.453

4.181

4.442

4.618
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Table 17. Relative rates of disappearance of tetrahydropyran to p-

xylene; photochemical initiation.

conditions: 5 hours at 70.0 + 0.5° C

mmol BrCC13: 49.19

mmol C
6
H
5
Cl: 5.497

HCC1
3
produced: 13 + 5% excess tetrahydropyran = THP

mmol mmol mmol kiln)

run compound initial final reacted % rxn. Icp-xylene

1
a

THP
p-xylene

2a THP
p-xylene

5.035 4.742
4.957 2.740

5.035 4.757
4.957 2.945

0.2927
2.217

0.2776
2.012

5.813
44.73

5.514
40.60

3 THP 5.035 4.501 0.5336 10.60

p-xylene 4.957 1.969 2.988 60.29

4 THP
p-xylene

5 THP
p-xylene

5.035 4.716 0.3191 6.338

4.957 2.603 2.354 47.49

5.035 4.561
4.957 2.169

0.4744
2.788

9.422
56.24

6 THP 5.035 4.497 0.5383 10.69

p-xylene 4.957 2.216 2.741 55.30

7 THP 5.035 4.590 0.4451 8.841

p-xylene 4.957 2.224 2.733 55.13

knip
average

k
p-xylene

- 0.116 + 0.010

0.101

0.109

0.121

0.102

0.120

0.140

0.116

a
3 hours reaction
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Table 18. Relative rates of disappearance of tetrahydropyran to p-

xylene; photochemical initiation.

conditions: 4 hours at 70.0 + 0.5° C

mmol BrCC13: 48.66

mmol C
6
H
5
C1: 5.295

HCC1
3
produced: 11 + 3% excess tetrahydropyran = THP

mmol mmol mmol kTBP

run compound initial final reacted % rxn. p-xylene

1 THP 5.253 4.795 0.4584 8.727

p-xylene 5.205 2.319 2.886 55.45

2 THP
p-xylene

3 THP
p-xylene

5.253 4.964
5.205 3.245

0.2891
1.960

5.504
37.66

5.253 4.855 0.3976 7.569

5.205 2.508 2.697 51.81

4 THP 5.253 4.721 0.5320 10.13

p-xylene 5.205 2.214 2.991 57.46

5 THP
p-xylene

6 THP
p-xylene

5.253 4.830 0.4235 8.063

5.205 2.437 2.768 53.18

5.253 4.886
5.205 2.877

0.3666
2.328

6.979
44.73

THP 5.253 4.797 0.4558 8.677

p-xylene 5.205 2.402 2.803 53.86

average
kT

- 0.117 + 0.005
p-xylene

0.113

0.120

0.108

0.125

0.111

0.122

0.117
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Table 19. Relative rates of disappearance of oxepane to p-xylene;

photochemical initiation.

conditions: 2 1/2 hours at 70.0 + 0.5° C

mmol BrCC13: 46.79

mmol C
6
H5Br: 5.252

HCC1
3
produced: 10 + 4% excess

mmol mmol mmol
k
oxepane

run compound initial final reacted % rxn.
k
p-xylene

1 oxepane 5.018 2.055 2.963 59.04

p-xylene 5.019 3.709 1.130 26.11

2 oxepane 5.018 2.095 2.923 58.25

p-xylene 5.019 3.541 1.478 29.46

3 oxepane 5.018 1.790 3.228 64.33

p-xylene 5.019 3.474 1.545 30.78

4 oxepane 5.018 2.194 2.824 56.27

p-xylene 5.019 3.690 1.329 26.47

5 oxepane 5.018 2.562 2.456 48.94

p-xylene 5.019 3.799 1.220 24.31

6 oxepane 5.018 1.940 3.078 61.34

p-xylene 5.019 3.369 1.650 32.87

7 oxepane 5.018 1.829 3.189 63.54

p-xylene 5.019 3.472 1.547 30.82

k
average

oxepane
= 2.640 + 0.177

'p-xylene

2.950

2.503

2.802

2.690

2.413

2.384

2.739



Table 20. Relative rates of disappearance of 1,4-dioxane to p-xylene;

photochemical initiation.

conditions: 4 hours at 70.0 + 0.5° C

mmol BrCC13: 48.61

mmol C
6
H
5
C1: 4.971

HCC1
3

produced: 13 + 47. excess

mmol mmol mmol kdioxane

run compound initial final reacted % rxn.
k
p-xylene

1 dioxane 4.877 4.469 0.4084 8.375

p-xylene 4.851 1.208 3.643 75.10

dioxane 4.877 4.452 0.4250 8.715

p-xylene 4.851 1.074 3.777 78.55

3 dioxane 4.877 4.203 0.6740 13.82

p-xylene 4.851 0.4188 4.432 91.37

4 dioxane 4.877 4.330 0.5474 11.23

p-xylene 4.851 1.033 3.818 78.70

5 dioxane 4.877 4.417 0.4598 9.428

p-xylene 4.851 0.6130 4.238 87.36

average
L%.

1,

dioxane
- 0.062 + 0.007

p -xylene

0.063

0.059

0.061

0.077

0.048

69



Table 21. Relative rates of disappearance of 1,3,5- trioxane to p-

xylene; photochemical initiation.

conditions: 4 hours at 70.0 + 0.5° C

mmol BrCC1
3

: 46.78

mmol C
6
H
5
C1: 5.103

HCC1
3
produced: 13 + 11% excess

mmol mmol mmol
k
trioxane

run compound initial final reacted % rxn. p-xylene

1
a

trioxane 4.406 4.219 0.1867 4.237

p-xylene 4.803 4.186 0.6168 12.84

trioxane 4.406 3.783 0.6233 14.14

p-xylene 4.803 2.427 2.376 49.48

3 trioxane 4.406 1.425 2.981 67.67

p-xylene 4.803 0.3444 4.459 92.83

4 trioxane 4.406 1.166 3.240 73.54

p-xylene 4.803 0.3187 4.484 93.36

5 trioxane 4.406 3.027 1.379 31.30

p-xylene 4.803 1.030 3.773 78.56

6 trioxane 4.406 2.953 1.453 32.99

p-xylene 4.803 1.017 3.786 78.82

trioxane
k

average - 0.326 + 0.089
p-xylene

0.315

0.223

0.428

0.490

0.244

0.258

70

a
2 hours reaction
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Table 22. Relative rates of disappearance of thietane to durene;

thermal initiation.

conditions: 5 hours at 70.0 + 0.5° C

mmol BrCC1
3

: 46.94

mmol C
6
H
5
Br: 4.927

mmol AIBN: 1.072

HCC1
3
produced: 24 + 3% of expected

mmol mmol mmol
k
thietane

run compound initial final reacted % rxn.
k
durene

1 thietane 5.658 0.0573 5.601 98.99

durene 4.692 2.979 1.713 36.51

2 thietane 5.658 0.0766 5.581 98.65

durene 4.692 2.946 1.746 37.22

3 thietane 5.658 0.0814 5.577 98.56

durene 4.692 2.824 1.868 39.82

4 thietane 5.658 0.0582 5.600 98.97

durene 4.692 3.144 1.548 32.99

5 thietane 5.685 0.0698 5.588 98.77

durene 4.692 2.770 1.922 40.96

6 thietane 5.658 0.0379 5.620 99.33

durene 4.692 3.022 1.670 35.60

7 thietane
durene

5.658
4.692

0.0330
2.997

thietane
k

average - 10.04 + 1.20
durene

5.625 99.42
1.695 36.12

10.11

9.240

8.354

11.43

8.342

11.38

11.48
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Table 23. Relative rates of disappearance of tetrahydrothiophene to

durene; thermal initiation.

conditions: 21 1/2 hours at 70.0 + 0.5° C

mmol BrCC13: 46.89

mmol C
6
H
5
Br: 4.917

mmol AIBN: 1.684

HCC1
3

produced: 72 + 20% excess tetrahydrothiophene = THT

mmol mmol mmol kTHT

run compound initial final reacted % rxn.
k
durene

1 THT 5.055 4.256 0.7985 15.80

durene 4.859 4.818 0.0410 4.777

2 THT 5.055 4.149 0.9062 17.93

durene 4.859 4.813 0.0463 5.386

3 THT 5.055 4.109 0.9464 18.72

durene 4.859 4.811 0.0478 5.567

4 THT 5.055 4.320 0.7345 14.53

durene 4.859 4.837 0.0223 2.596

5 THT 5.055 4.245 0.8100 16.02

durene 4.859 4.817 0.0421 4.901

6 THT 5.055 4.352 0.7032 13.91

durene 4.859 4.804 0.0546 6.355

kTHT
average

durene
= 3.737 + 0.744

3.512

3.568

3.619

5.969

3.475

2.281
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Table 24. Relative rates of disappearance of tetrahydrothiopyran to

durene; thermal initiation.

conditions: 22 1/2 hours at 70.0 + 0.5° C

mmol BrCC13: 47.29

mmol C
6
H
5
Br: 4.840

mmol AIBN: 1.720

HCC1
3
produced: 25 + 3% excess tetrahydrothiopyran.=THTP

mmol mmol mmol kTHTP

run compound initial final reacted % rxn.
k
durene

1 THTP
durene

4.970 4.104 0.8663 17.43

5.440 4.638 0.8021 14.74

2 THTP 4.970 4.017 0.9534 19.18

durene 5.440 4.583 0.8570 15.75

3 THTP 4.970 3.933 1.037 20.87

durene 5.440 4.526 0.9142 16.81

4 THTP 4.970 4.034 0.9356 18.83

durene 5.440 4.704 0.7357 13.52

5 THTP 4.970 4.085 0.8853 17.81

durene 5.440 4.602 0.8380 15.40

6 THTP 4.970 4.067 0.9026 18.16

durene 5.440 4.570 0.8700 15.99

7 THTP 4.970 4.076 0.8937 17.98

durene 5.440 4.642 0.7981 14.67

THTPk
average - 1.246 + 0.062-k

durene

1.201

1.243

1.272

1.435

1.173

1.150

1.250
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Table 25. Relative rates of disappearance of thiepane to durene;

thermal initiation.

conditions: 24 hours at 70.0 + 0.5° C

mmol BrCC13: 47.41

mmol C
6
H
5
C1: 5.100

mmol AIBN: 1.636

mmol mmol mmol
k
thiepane

run compound initial final reacted % rxn.
k
durene

1 thiepane 4.980 3.328 1.652 33.18

durene 4.823 3.385 1.438 29.81

2 thiepane 4.980 3.373 1.607 32.27

durene 4.823 3.415 1.408 29.20

3 thiepane 4.980 3.387 1.593 32.00

durene 4.823 3.428 1.395 28.93

4 thiepane 4.980 3.443 1.537 30.86

durene 4.823 3.484 1.339 27.77

5 thiepane 4.980 3.388 1.592 31.98

durene 4.823 3.428 1.395 28.93

6 thiepane 4.980 3.404 1.576 31.64

durene 4.823 3.443 1.380 28.61

7 thiepane 4.980 3.339 1.641 32.96

durene 4.823 3.388 1.435 29.74

k
thiepane - 1.131 + 0.003average -
durene

1.139

1.128

1.129

1.134

1.128

1.129

1.133
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Table 26. Relative rates of disappearance of 1,4-dithiane to p-

xylene; thermal initiation.

conditions: 21 1/2 hours at 70.0 + 0.5° C

mmol BrCC1
3

: 47.27

mmol C
6
H
5
Br: 5.075

mmol AIBN: 1.054

HCC1
3

produced: 20 + 12% excess

mmol mmol mmol
k
dithiane

run compound initial final reacted % rxn.
k
p-xylene

1 dithiane 4.706 4.371 0.3353 7.126

p-xylene 4.876 4.394 0.4815 9.875

2 dithiane 4.706 4.376 0.3300 7.011

p-xylene 4.876 4.418 0.4581 9.396

3 dithiane 4.706 4.322 0.3841 8.161

p-xylene 4.876 4.310 0.5657 11.60

4 dithiane 4.706 4.333 0.3732 7.931

p-xylene 4.876 4.287 0.5891 12.08

5 dithiane 4.706 4.316 0.3896 8.278

p-xylene 4.876 4.212 0.6638 13.61

6 dithiane 4.706 4.512 0.1937 4.115

p-xylene 4.876 4.445 0.4311 8.842

average
k
dithiane

- 0.637 + 0.077

p-xylene

0.711

0.737

0.690

0.642

0.590

0.454
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Table 27. Relative rates of disappearance of 1,4-oxethiane to p-

xylene; thermal initiation.

conditions: 24 hours at 70.0 + 0.5° C

mmol BrCC1
3

: 47.09

mmol C
6 5

C1: 5.056

mmol AIBN: 1.472

mmol mmol mmol
k
oxethiane

run compound initial final reacted % rxn.
k
p-xylene

1 oxethiane 4.837 3.537 1.300 26.88

p-xylene 4.952 3.337 1.615 32.61

2 oxethiane 4.837 3.596 1.241 25.66

p-xylene 4.952 3.414 1.538 31.05

3 oxethiane 4.837 3.680 1.157 23.92

p-xylene 4.952 3.609 1.343 27.12

4 oxethiane 4.837 3.563 1.274 26.33

p-xylene 4.952 3.409 1.543 31.16

5 oxethiane 4.837 3.780 1.057 21.86

p-xylene 4.952 3.456 1.496 30.21

oxethiane 4.837 3.413 1.424 29.42

p-xylene 4.952 3.301 1.651 33.34

k
oxethiane

average
k

0.803 + 0.044
p-xylene

0.793

0.797

0.864

0.818

0.686

0.859
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Table 28. Relative rates of disappearance of durene to p-xylene;

thermal initiation.

conditions: 24 hours at 70.0 + 0.5° C

mmol BrCC13: 46.89

mmol C
6
H
5
Br: 5.299

mmol AIBN: 0.6747

HCC1
3

produced: 14 + 1% excess

mmol mmol mmol
k
durene

run compound initial final reacted % rxn.
k
p-xylene

la durene 4.918 2.426 2.492 50.68

p-xylene 4.935 3.781 1.154 23.39

2 durene 4.918 1.789 3.129 63.63

p-xylene 4.935 3.379 1.556 31.53

2.652

2.671

3 durene 4.918 1.719 3.199 65.05

p-xylene 4.935 3.336 1.599 32.41
2.684

4 durene 4.918 1.741 3.177 64.61

p-xylene 4.935 3.320 1.615 32.72

durene 4.918 1.732 3.186 64.79

p-xylene 4.935 3.345 1.590 32.21

6 durene 4.918 1.760 3.158 64.22

p-xylene 4.935 3.343 1.592 32.26

7 durene
p-xylene

4.918 1.758 3.160 64.25

4.935 3.377

average
k
du

r
ene

- 2.666 + 0.025-
p-xylene

1.558 31.57

2.621

2.685

2.638

2.712

a15 hours reaction
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Table 29. The disappearance of tetrahydrothiophene by non radical

reactions in bromotrichloromethane solvent.

conditions: 72 hours at 70.0 + 0.5° C

mmol BrCC1
3

: 23.55

mmol C6H5C1: 2.432

run

initial mmol

tetrahydrothiophene

final mmol

tetrahydrothiophene % rxn.

1 2.505 2.533 -1.090

2 2.505 2.530 -0.0980

3 2.505 2.482 0.9258

4 2.505 2.478 1.094

average reaction = 0.208 + 0.802%
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Table 30. The relative amount of chloroform produced in the photo-

chemically initiated reaction of thietane.

mmol BrCC1
3

: 25.22

mmol C
6
H
5
C1: 5.030

hours
initial final mmol
mmol mmol oxetane
oxetane oxetane reacted % rxn. HCCL

3
rxn.

a

mmol % of

1 5.392 4.092 1.300 24.11 0.1950 15.00

5.392 2.439 2.953 54.76 0.4703 15.93

3 5.392 1.777 3.615 67.05 0.5754 15.92

4 5.392 1.015 4.377 81.17 0.7169 16.38

average % of rxn.a = 15.81 + 0.40

a Chloroform produced as percent of total reaction.


