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LITERATURE SURVEY

Walling reviews the literature up to 1957 on free-radical

reactions in his book, Free Radicals in Solution, and quite

recently an excellent review of solvent effects in free-
radical reactions has been published oy Huyser in Advance in

Free-Radical Chemistry (1, 2). The photochlorination of

hydrocarbons is the most extensively studied reaction witna
respect to solvent effects.
The photochlorination reaction has the following free-

radical chain mechanism:

Cl,—>2C1- (1)
Cls + RH—>R- + HC1 (2)
R 4+ Cl,—>RC1 + C1-  (3)

A primary deuterium isotope effect nas been observed for the
abstraction reaction (eq. 2), (3). Neither carbon skeleton
rearrangements nor hydrogen migrations occur in the alkyl
radicals during photochlofinations, and thus the site of the
chlorine in the alkyl chloride produced (eg. 3) is the site of
abstraction of the hydrogen atom by the chlorine atom (eg. 2),
{32, 4). The reactivities of the various carbon-hydrogen
bonds toward abstraction by a chlorine atom can, therefore,

be measured by a quantitative comparison of the amounts of thre

various alkyl chlorides produced. All possible products are



always formed (4). However, under the conditions employed in
this present study, aromatic hydrogens are not attacked. A
solvent effect in the photochlorination reaction will manifest
itself by a change in the composition of the alkyl chlorides
produced.

The possibility of a solvent effect in the photochlori-
nation reaction was first suggested by Russell and Brown in
1954, and evidence of a solvent effect in the chlorination of
2,3-dimethylbutane was first reported in 1957 vy G. A, HRussell
(5, 6). A more complete study of the solvent effect in the
chlorination of 2,3-dimethylbutane was reported in 1958 (7).
It was shown that aromatic solvents greatly increased the
selectivity of the chlorine atom. Russell demonstrated that
there was no preferential scavenging of an intermediate zalkyl
radical by the aromatic solvent by establishing that the
hydrogen chloride and alkyl chloride were formed in a 1l:1
molar ratio. He also provided evidence that the solvent
effect observed actually involved the hydrogen atom abstrac-
tion reaction by a study of the deuterium isotope effect voth
in the absence (isotope effect, 1.3) and presence (isotope
effect, 1.8) of a complexing solvent. This result also
indicated a greater degree of bond breaking in tg? transition
state in complexing solvent.

Only aromatic solvents and some solvents which contain a
hetero-atom such as sulfur have an aporeciable effect on the

relative reactivities of the tertiary, secondary, and primary



carbon-hydrogen bonds toward a chlorine atom. There is a very
good correlation between the effect of an aromatic solvent on
the relative reactivities and the electron density of the
aromatic nucleus. Thus there is a good linear correlation
between the‘relative reactivities and voth the log of the
relative basicities of the solvent and the Hammett o (meta)
constants for the substituent on the benzene nucleus. These
facts suggest an equilibrium between the chlorine atom and a
r-conplex of the chlorine atom and an aromatic nucleus,

(eq. 4). Russell estimated that at 25°C in 8 M benzene at

least 91%. and probably more, of the chlorine atoms involved

Cle + @f@ —>C1- (4)

Cls + S=C=S&=——=8=C(Cl)-S- (5)

in hydrogen abstraction are complexed with the aromatic
solvent (7). It has been postulated that in the case of
carbon disulfide as a solvent the chlorine atom forms a siéma
complex wnich is the principle chlorinating agent (eq. 5),
(2).

The hydrogen abstracting speéies in sulphuryl chloride
chlorinations, which are more selective than molecular

chlorine, is tahought to be the chlorosulphonyl radical
S0,C1 + RH——>80, + HCL + R+ (6)

(eq. 6), (5). Evidence suvporting the existence of the



chlorosulphonyl radical nas been provided by Kharasch and
Zavist (8). Russell demonstrated that the +S02Cl radical is
less stable than the aromatic rt-complexed chlorine atom and
that the equilibriuﬁ of the chlorosulphonyl radical and an
aromatic compound lies in the direction of the r~complexed

chlorine atom (eg. 7), (9). In 8 M benzene k3°/kr° for the

reaction at 25°C of 2,3-dimethylbutane with 802012 is 53 and

with 012 is 49 as compared to a relative reactivity of 12 for
neat 2,3-dimethylbutane with SO Cl, and 4.2 for neat 2,3-
dimethylbutane with Cl,.

Walling and Mayahi reported in 1559 that cyclopropane
could complex chlorine atoms (10). However, in 1962 it was
subsequently reported that the results which lead to this
conclusion could not be repeated and that the presence or
absence of cyclopropane had no effect on the pnotochlorination
of 2,3-dimethyloutane or n-butane (11). They did observe that
chlorine in its attack on cyclopropane apparently effected a
- radical displacement on carbon to produce 1, 3-dichloropropane
while attack of chlorine on cyclobutane produced no ring
opening products. Since the strain energy of the cycloﬁutane
is almost as large as cyclopropane, this indicated that there

mignt be some type of interaction of the chlorine atom witn

cyclopropane (1l). Perhaps an interaction similar to that of



chlorine with an olefin is occurring and is like the chlorine-
olefin complex collapsing to an addition product {(addition
across the sigma bond of cyclopropane).

Walling and Wagner recently reported the detailed study
of the effect of solvent on chlorinations with t-butyl hypo-
cnlorite (12). Here the hydrogen abstracting species is

thought to be the t-butoxy radical (eq. 8). They found 2

(CHB)BC-O' + BH ——>(CH,) ,C~0H + & (8)
3)30-o-c1————%>301 + (CHg)5C-0°  (9)
B’(CHB)Zc—o-————4>(CH3)ZC=0 + R (10)

Re + (CH

smaller effect of solvent than in the case of chlorinations
with molecular chlorine with both aromatic and non-azromatic
polar solvents having an effect on the relative reactivity.
The greatest effect of solvent was on the deccmposition
reaction (eq. 10), (12, 13). This work is extensively
discussed by Fuyser (2).

In the crlorination of alkyl side chains on aromatic
hydrocarbons, tne relative reactivity, kQ/%G’ tovard Wiree"
chlorine atoms can e determined only by diluting the aromszstic
hydrocarpon with a non-complexing solvent and extrapolating
the relative reactivity to zero aromatic concentration. When
This measurement was made, it was found that the phenyl grour
activates the a-hydrogen atoms to about the same extent as =z
methyl group (14). This is most probably due to a2 small

extent of boand-breaking in the transition state which would



not permit the resonance interaction of the prenyl ring to
contritute very much to the stability of the transition state.
Russell and Brown have estimated from the competitive
chlorination of toluene and cyclonexane tnat the extent of
bond breaking in the transition state is approximately 10
vercent (5). Another factor which probably detracts from the
activation of the o-hydrogens is the inductive electron-
withdrawing properties of tne phenyl ring.

In chlorination reactions where there is not a great
amount of bond-breaking in the transition state (ca. 10%) the
effect of an electron-withdrawing vpolar group 1s tTo decrease
the reactivity of the a-aydrogens and the hydrogens on
adjacent carbon atoms (1, 5, 15). In radical feactions where
there 1s more bond-breaking, such as brominatioans, the effect
of the electron-withdrawing group is to decreace the
activation energy for attack of the G-hydrogen due to a
weakening of the carbon-hydrogen bond (l5g). This nas been
discussed in terms of the following transition states (16,

17, 18):

Xe + RO

SEiE X—>T ux: T e—>2

I II ITI

]

according to the Hammond postulate when X is very reactive,
the transition state will resemble the reactants (structure
L), and when X* is less reactive, the transition state will

resemble products (structure III), (19). A complexing solvent



stabilizes the chlorine atom and thus should make the
transition state for nydrogen abstraction more like structure
II. <This should increase the importance of -resonance
stabilization of the transition state and at the same tine
might increase the polar effect for aydrogens two or more
carbon atoms away due to the increasing polar nature of tne
transition state.

Complexing the chlorine atom hras little effect on the
relative reactivities of hydrogen atoms near a polar group .
altnough it has a considerable effect on the relative
reactivities of hydrogen atoms in the same molecule wnich are
sufficiently far away (10, 17, 20, 21). Some representative

data is given below:

CHB - CLZ - CH2 - CHzcl
Relative 1.0 2.6 1,2 0.3 Cl- in aliphatic solvent
Reactivity 1.0 3.7 1.7 0.45 Cl- in 7.5 I benzene

1.0 8.1 2.4 0.5 Cle in 11.1 M carbton

disulfide

Bussell has evaluated the above data and drawn tne following
conclusion (17): "Relative reactivities that are determined
mainly by the availability of electrons in the carton-nydrogen
tond are not particularly sensitive to solvent effects while
relative reactivities that are determined mainly by the
stabilities of the incipient free radicals are very sensitive

to changes in solvent."



Tedder et al. have recently published results whicnh
demonstrate that close comparison between gas phase chlqrina-
tions and liquid phase studies are not justified (22, 157).
Their results indicate that tne volar effect in the chlorina-
tion of heptanoyl fluoride does not extend beyond two carbon
atoms in the gas pnase but in the liguid phase it extends at
least five carbon atoms.,” For chlorinations in toth the gas
and licuid pnase it has bLeen generally concluded that the
differences in reactivity of the wvarious carbon-hydrogen bonds
in a molecule containing an electron-withdrawing group are
mainly due to differences in activation energy (15, 16,

21, 23).

Fredricks and Tedder have pointed out the importance of
nyperconjugative stabilization on the reactivities of tne
various carbon-nydrogen bonds and also have noted a stereo-
chemical preference for the attack of chlorine on the
2-chlorobutyi radiczal to yileld erythro-2,3-dichlorobutane
(152, 15b, 15c). This result has been explained as a
vreference for the chlorine molecule to approacn trne alkyl
radical from the side opposite to the chlorine already in the
'molecule. This of course assumes that the radical is mainly

in the conformation given below:

Te ci-C1



A similar explanation has_beén advanced by Russell and
Ito to explain their results in the chlorination of chloro-
cyclopentane (24)., They found that the cis/trans ratio could
be influenced by polar solvents such as nitrobenzene or
acetonitrile but was relatively unaifected by comdlexin
solvents such as benzene or carbon disulfide. They concluded
that in the case of chlorocyclopentane the preponderance of
trans product was probably due to an unfavoravle interaction

of parallel dipoles in the transition state leading to cis

8_ - , -
Cl %) —Cl--Cl Cl + 5+-\ H
: 2 H b1§-01
cis transition state trans transition state

products. This kind of explanation does not give a clear
prediction in the case of the chlorination of chlorocyclo-
nexane wnich is more complicated due to the flexibility of
the six-membered ring. The data of Russell and Ito on the
chlorination of chlorocyclonexane in carbon tetrachloride at
L0° C are compared in Table 1 with the results of Little,
Chang, and Zurawic wnich were presented by Huyser (2). Since
the results of Little et 2l. were a personal communication

to Huyser in 1955, no experimental details are available.
However, the results certainly are different from the chloro-

cyclopentane results of Russell and Ito, where complexing
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Table 1, Effect of solvent on ciq;trans ratios in the
photochlorination (at 40 C) of substituted

cyclohexane
Relative reactivity Cis/trans ratio
Substrate Solvent
1 2 3 L 2 3 b
Chlorocyclohexane® CCl,  0.36 0.44 0.79 1.0 0.086 0.80 0.89
Cyclohexane
carboxylic acidP CCl,  0.3% 0.43 0.83 1.0 0.91 0.65 1.4k
CrHé 0.21 0.29 0.65 1.0 0.91 0.96 1.37
c3, 0.46 0.28 0.86 1.0 0.83 0.36 1.72
Methyleyclohexane
carboxylateD CCl;,  0.47 0.60 1.01 1.0 0.79 0.74 1.21
CgHg 0.34 0.38 0.97 1.0 1.00 0.91 1.30
Céz 0.57 0.44 1,05 1.0 0.97 0.71 0.80

2Russell and Ito (24)

PLittle, Chang, and Zurawic (2)

solvents rad no effect on the cis/trans ratios, and point out

the need for further work on the cyclohexane system.
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INTRODUCTION

Several workers have deduced that the reactivity of the
tertiary carbon-hydrogen bonds in 2, 2,4-trimethylpentane and
2,4-dimethylpentare must be abnormally low from rate and
product studies (25). However, only in the case of 2,2,4-
trimethylpentane has anyone directly measured the reactivity
of the tertiary hydrogen atoms (25f). The series of methyl-
pentanes--2, 4-dimethylpentane, 2,2,4-trimethylpentane, and
2,2,4,4-tetramethylpentane--were, therefore, chlorinated in
several solvents to obtain direct evidence on this point and
to observe the effect of solvent on the reactivity of the
tertiary aydrogens. B

Since 2,5-dimethylhexane has approximately "normal!
reactivity, it was used in the study of the effect of
temperature on the rates of attack of chlorine in several
complexing solvents on carbon-hydrogen bonds. This study wes
undertaken in order to check the hypotnesis that complexing
solvents stabilize the chlorine atoms and, taereby, make them
more selective by increasing the difference in the energy of
activation for attack on the various types of carbon-hydrogen
btonds. Isobutyronitrile, propionitrile, toluene and
ce-cnlorotoluene were chlorinated over a temperature range to
obtain data on the energies of activation for attack of
chlorine in complexing and non-complexing solvents on compounds

conﬁaining a polar group., Finally, adamantane was chlorinated
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in carbon tetrachloride, & M benzene, and 12 M carbon
disulfide to see if the tertiary hydrogens were as reactive as
or more reactive than "normal" toward avstraction by chlorine
atoms.

The wvarious mixtures of alkyl chlorides were analyzed
by gas~-liquid partition chromatography (glpc) and identified
by synthesis of aﬁthentic samples or collection of sufficient
material by preparative glpc for subsequent identification by
spectral methods. The extent of chlorination was limited to
10 mole percent or less in order to exclude polychlorination.
It has been demonstrated that the products of a photochlori-
nation are a true measure of the initial site of attack by
chlorine atoms (3a, 4).

The methylpentanes and 2, 5~dimethylhexane wexre also
pnotochlorinated competitively in the presence of cyélohexane.
The relative rates of attack on the two hydrocarvons were

calculated by means of the eguation

ERlH]f

log —

R L L
k R.H]

2 log —2_f

R,

wnere [ ]i represents the initial conceatration and.[ ]¢ the
final concentration. BEy use of the following expression

the reactivity of the primary hydrogens (X) relative to
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cyclohexane may be calculated:

o [+

3
1 (12) = (#) (X) + = (#s) (X) + = (#t) (X).

»

et

c

The kl/kC is the rate of attack on a hydrocarbon relative to
cyclohexane; #p, #s, and #t are the number of primary,
secondery, and tertiary hydrogen atoms in the molecule; and
2°/f° and 3°/If> are the relative reactivities of the hydrogens
within the molecule, |

The purpose of these calculations is to demonstrate the
validity of the comparison of relative reactivities within one
molecule witn those of another. If the primary hydrogens of
two molecules have the same reactivities relative to a
standard, tnen the comparison of 3°/1 or 2°/1 ratic- will

be valid.
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RESULTS AND DISCUSSION

Pnotochlorination of lMetanylpentanes

Solutions of 2,4-dimethylpentane, 2,2,4-trimethylpentane
and 2,2,4,4_tetramethyloentane were chlorinated to the extent
of ca. 5%, and the conmposition of the monochlorides formed
were analyzed by gas-liguid pvertition chromatography (glpc).
These results are summarized in Table 2. The glpc peaXxs were
identified by comparison of the relative retention times of
authentic samples of the primary and tertiary chloropentanes.
The peak remaining was then assumed to be the secondary
crloride. The only exception was the assignment of the
monochlorides of 2,2,4,4-tetramethylpentane. In this case
the veaX due to the primary chloride was assigned on the basis
of: (1) the order in which the peaks came off the column--
in all other instances the.order was tertiary then secoandary
and finally vrimary and (2) the relative size of the two peaks
vroduced from chlorination of a carbon tetrachloride solution.
Since there are nine primary hydrozens to one secondary
hydrogen and normal kzo/kfais ca. 2.6, the peak due to the

orirary chloride snould pe at least three tTimes larger than

ct

ne pealt due To the secondary chloride. An indication that

1

[

S

is assignunent is correct is provided by the fair agreement

»

o7 these results with those of Backhurst who chlorinated

2,2,4,4-tetramethylpentane in the gas phase and revorted 20%

of the secondary chloride foxmed (26).
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Tatle 2. Comvosition of monochlorides formed in the
LY - s s - J_ o
chlorination of methylpentanes at 40°C

Solvent Cnlorides (% of total monochlorides)
Primary Secondary Tertiary

2,4-Dimethylvoentane

ccy,® 55.1 22.9 22.0
55.5 23.0 21.5
54.3 23.2 22.5
Average 55.0 23.0 22.0
b M CgHS 33.5 30.2 36.3
33.4 30.6 36.0
33.1 30.9 36.0
Average 33.3 30.5 35.1
b

12 M CS, 10.5 35.8 53.7
11.1 35.2 53.7

12.3 356.5 51.
9.6 35.0 55.4
Average 10.8 35.6 53.6

2,2, 4-Trimethylventane

cC1,2 70.6 24,6 L.8
4 70.6 2k, 6 L, 8

70.2 24 4 5.4

70.1 2L, 4 5.5

67 .4 26.0 6.6

67.4 26.0 6.6

Average 69 .4 25.0 5.6

chlorination.

2
YCa. 2 mole % chlorination.



Table 2 (continued).

Solvent Chlorides (% of +total monochlorides)
Primary Secondary Tertiary

4 oM C,Héa 50.5 39.7 9.8
© Lg.5 0.9 9.6

51.1 © k0.1 8.8

Average 50.4 L0.2 9.4

12 ¥ CS,° 19.3 59.8 20.9
20.7 57.1 22.2

20.8 55.08 23.4

22.6 5105 25'9

22.1 53.0 2.9

Average 21.0 55.5 23.5

2,2,4, 4-Tetramethyloentane

cc14a 81.8 18.2
’ §2.6 17.4

81.1 18.9

Average 81.8 18.2

I csﬁ,a 52.5 47 .6
°© 52.0 48.0

51.5 48,5

Averaze 52.0 48,0

Competitive chlorinations with cyclohexane were performed

in carboan tetrachloride, vpenzene, and carbon disulfide
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solutions. The relative reactivities of cyclohexane and the
methylventanes, summarized in Table 3, are based on the rates

of disaprearance of the two hydrocarbons as measured by glpc.

Tabvle 3. Competitive photochlorination of methylpentanes witna
cyclohexane at 40°C

a

Solvent Pentane, M Cyclohexane, ‘ Loentane
Initial Final . _Initial Final Xovelonexane
2, L4_Dimethvlventane

CC14 0.970 0.825 1.0056 0.804 0.72

: 0.970 0.811 1,006  0.792 0.74

1.00 0.874 1.00 0.334 0.74

1.00 0.825 1.00 0.771 0.74

1.00 - 0.816 1.00 0.757 0.73

1.00 0.827 1.00 0.779 0.76

b M CgHg 2.30  1.96 2.78 2,16 0.67

2.30 2.16 2.7 2.50 0.69

-2.30 2.18 2.7k 2.52 0.64

2.30 2.14 2.74% 2.49 0.75

12 ¥ CS, 1.00 0.909 1.008 0.860 0.61

1.00 0.91% 1.008 0.868 0.59

1.00 0.856 1.00 0.791 0.5

1.00 0.860 1.00 0.789 0.64

) 1.00 0.840 1.00 0.755 0.62

2Calculated by the expression,

[pentane] .
log =

pentane [pentane] i

k

il

[cyclohexane] .

k 3,
cyclonexane loz
[cyclohezane] i
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Tavle 3 (continued).

a
pentane

£+

Solvent Pentane, M Cyclohexane, U

s L S Tr $ 3 Y
Initial Final Initial Final kcyclohexane

2,2, 4-Trimethviventane

CCl,, 1.00 0.865 1.07 0.899 0.83
1.00 0.860 1.07 0.881 0.77
1.00 0.862 1.07 0.875 0.73
1.10 0.919 1.12 0.887 0.78
b M CgHg 1.62 0.959 3.41 1.54 0.66
1.62 0.830 3.41 1.43 0.70
12 I CS, 1.00 0.796 1.00 0.922 0.32
1.00 0.820  1.00 0.936 0.43
1.00 0.734 1.00 0.895 0.35%
1.00 0.850 1.00 0.937 0.40
2,2, 4, LoTetremethylnentane
CCly, 0.452  0.L09 0.45% 0.387 0.63
0.452 0.381 0.4586 0.344 0.61
L M Cyig 0.608 0.565 0.608 0.4h7L 0.29
0.608 0.518 0.608 0.362 0.31

The "normzl" relative reactivity of a primary alkyl

. hydrogen atom relative to a cyclohexane hydrozgen atom at Lo° ¢
is 0.35-0.45 in aliphatic solvents. This relative reactivity
for the "normal" hydrocarbon, 2,3-dimethylovutane, decreases
to 0.20 in 4 M tenzene and to ca. 0.05 in 12 M carbon

disulfide (7, 17). That the primary hydrogen atoms of
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2,4-dimethyl- and 2,2,4-trimethylpentane have normal
reactivities is apparent from an inspectioan of the data of

Tatle 4. It is, therefore, permissitle to discuss the

Table 4, Reactivities of primary hydrogen §toms relative to
a cyclohexane hydrogen atom at 40 C

Solvent
. Loy 12 i
Hydrocarbon 0014 CgHg CS,
ERormalh ~ 0.35-0.45 0.20 0.05
2,4-Dimethyloventane O.41 0.23 0.067
2,2, 4-Trimethylpentane 0.44 0.27 0.064
2,2,4, 4-Tetramethylpentane 0.34 0.11  ——=--

reactlivities of secondary and tertiary hydrozen atoms relative
to primary nydrogen atoms within the methylventanes and to
compare these reactivities with "normal' reactivities. At
40°C in an aliphatic ligquid phase a “normal® tertiary to
primary relative reactivity is ca. & (7, 17). This value
increases to 16 in 4 I benzere and to ~200 in 12 M carbon
disulfide. Table 5 demonstrates that the secondary hydrogen
atoms in 2,4-dimetnylpentane and 2,2,4-trimethylpentane are
guite normal but that the tertiary nydrogen atoms rave an
unusually low reactivity, vparticularly in the solvents that

complex chlorine atoms. In 2,2,4-trimethylpentane the
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Table 5. Relative reactivities of nydrogen atonms

Solvent
LW 12 ®
Hydrocarbon CCly CéHé CS,

Secondary to Primary

"Normall 2-3 5-6 20-25

2,4-Dimethylpentane 2.5 0,1 5.5 = 0.1 20 £ 1

2,2, 4-Trimethylpentane 2.7 £ 0.1 6.0 £ 0,1 20 £ 2
Tertiary to Primary

"Normall 3.5-4,2 16-20 200-225

2,4-Dimethyloentane 2.4 % 0.1 6.5 = 0.1 30 £ 1

2,2, 4-Trimethylpentane 1.2+ 0.2 2.8 £ 0.1 17 £ 2

tertiary hydrogen atom is somewhat less than 30% as reactive
as expected in carbon tetrachloride sélution. Toward the
chlorine atom complexed in 4 I benzene solution, the tertiary
hydrogen is about 15% as reactive as exvected while toward
the chlorine atom in 12 I carbon disulfide solution the
reactivity is less than 10% of the expected value. This
resultc is explicable in terms of the preferred conformation
expected for 2,4-dimethylpentane (I) and 2,2,4%-trimethyl-~
ventane (II)Aon the basis of elementary consideration of
nonébnded interactions. Although nontonded interactions would'
be relieved by attack of chlorine atoms at the secondary or

tertiary hydrogen atoms to give a planar radical, it is
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apparent that the free-radical site is not sufficiently

developed in the transition state for this effect to te

N Cg \/ Cx

t CH
33\ o3 s 3
C“B ey g 100 3 32& X
n ;

I II

important. The molecular geometry leaves the methylene group
open to attack by the chlorine atom or a complexed chlorine
atom. The methine hydrogens cannot be easily attacked,
particularly if the chlorine atom must approach along the
axis of the carbon-hydrogen bond. The increased importance of
| this effect when the chlorine atom is complexed with benzene
or carboan disulfide may be due to the lowered reactivity of
the chlorine atom (requiring closer approacn to the carbon-
hydrogen tond) or to the increased bulk of the complex.

Fuller and Hickinbottom attempted to demonstrate the
effect of steric bulk in the chlorination of 2,2,4-trimethyl-
pentane (257). They used various N-alkyl-N-chlorosulphon-
amides and initiated the reaction at 85°C witn benzoyl
peroxide. Kowever, their results indicated that in each case
the only chlorinating agent was the chlorine atom and with
eacn N-alkyl-N-chlorosulphonamide they observed trae sanme

relative reactivity, 1:3.3:2.5.
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They also photochlorinated 2,3,4-trimethylpentan

molecular chlorine at 20°C (27). They observed that the
interior methine carbon-hydrogen ovond at position three rad a
nigher relative reactivity (k3°/k1? = 4,2) than the methine
carvon-hydrogen btonds at the two and four positions (k3°/kjo =
2.4). These results of Fuller and Hickinvottom are in perfect
agreement with the resultis preseanted in this thesis. The
conformation of 2,3,4-trimethylpentane snould be similar to
structure I with a methylene hydrogen replaced by a methyl
group. This would »predict that the methine carboan-hydrogen
bond at the three position should be essentially normal, whica
it is, and that the methine carbon-hydrogen bonds at the two
and four positions should be less reactive than rormal, which
they are,

For 2,2,4,4-tetrametnylpentane we might expect a

vreferred conformation, III., In III the methylene group is

2
< 47
CH \ cH
i ]
REAN =3
C;.LBC==\.
/\
B i n-_’v /:-‘r
Cl‘i3 u;;.3 \/-..3
IIT

not varticularly nindered and a normal reactivity is observed.

/%

N .. 1s 0.68 in carbon tetra-
cyclohexane-~-i

The value of k. -
sec-H

chloride ané 0.91 in 4 M benzene. In carcon tetrachloride
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the primary hydrogens are about as reactive as normal primary

nydrogen atoms (kbrim-E/kcyclohexane—H = 0.34), ocut in &4 ¥
venzene this value is 0.11 instead of the exvected 0.2. This
sugzests nindrance to methyl attack in III due to The crowding
of three methyl groups at the back of the molecule.

Insertion of a second methylene group betweea Tne
tertiary or quaternary centers reduded tne crowding at the
pack of these molecules and normal reactivity of methine

hydrogen atoms is observed in 2, 5-dimethylnexane and

2,2,5-trimethylhexane in carbon tetrachloride solutions (25e).

Chlorination of 2, 5-Dimethylhexane
Solutions of 2,5-dimethylhexane in 12 I carbon disulfide,

5 M fluorobvenzene, and several concentraticns of Ttenzene were

®
0]
0]
(W]
ct

chlorinated to the extent of 10 mole percent or 1
] 3 I3 N °© M, = - ~
temperatures ranging from - °C to 60°C. The composition ol
the monocnlorides formed were analyzed oy glvc and are
presented in Table 6. The glpc peaks were identified by

Y -

comparison of tne retention times of authentic samples of tThe
tertiary canloride and a nixture oi the tertiary and secondary
cnloricdes. Tne vprimary chloride was collected by preparative
pc and identified by p.m.r.
Competitive chlorinations of 2, 5~-dimetnylhnexane and
cyclohexane were verformed in carbon tetrachloride, 6 ¥
fluorovenzene, 6 M benzene, and 12 M carton disuliide. These

results are presented in Table 7. The reactivity of tre
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Tatle 7 Comvetitive chlorination of 2, 5-dinmetnylhexane with
cyclohexane

2, 5-Dimethyl-

I

hexane, I Cyclohexane, ¥ —2,5-~-dimethylherane
Solvent Initial Final Initial Final ¥,yclonezane

CCl,, 1,108 0.707 1.093 0.63¢ 0.82
1.108 0.731 1.093 0.651 0.83

1.025 0.736 1.111 0.738 0.52

1.025 0.750 1.111 0.731 0.30

1.025 0.567 1.111 0.558 0.84

1.025 0.685 1,111 0,680 0.82

6 M CoHEgF 1.620 1.337 1.510 1,144 0.70
1,620 1.4k02 1.520 1.235 0.73

1.620 1.205 1.510 1.050 0.83

i.612 1.330 1.518 1.157 0.72

1.612 1.360 1.518 1.195 0.74

1,612 1.330 1.518 1,170 0.75

1.612 1.253 1.518 1.110 0.82

6 ¥ Cglg 1.620 1.40L4 1.730 1.4086 0.70
1.620 1.373 1.730 1.399° 0.77

1.620 1.348 1.730 1.34%9 0.74

1.620° 1.289 1.730 1.292 0.78

1.620 1.385 1.730 1.400 0.74

1.620 1.3%96 1.730 1.424 0.77

12 K Cs, 0.781 0.575 i.269 0.879 0.84
0.781 0.480 1.269 0.5683 0.79

0.781 0.525 1.269 0.777 0.82

0.781 0.454 1.269 0.725 0.93

primary hydrogens of 2,5-dimethylhnexane comvared to cyclohexane
hydrogens, data in Table 8§, were calculated by comdining tie
data in Tables 6 and 7 as discussed previously. It is

apparent from Table & that the primary hydrozens have normal
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Table 8., Reactivities of vrimary hydrogen atoms relative to
a cyclohexane hydrogen atom at 40°C

Solvent 2, 5-Dimetnylhexane "Hormal¥
CCl), 0.33 0.35
6 M CgHF 0.17 ——
6 M CgHZ 0.15 0.20 (4 ¥ CgHg)
12 M CSp 0.068 0.05

reactivity, and the relative reactivities of the hydrogens in
2, 5-dimethylhexane can, therefore, be compared with previous
data.

It was exvected on the basis of the overall reactivity
of 2,5-dimethylhexane toward paenyl radicals in carbon

tet hloride solutlon that the tertiary hydrogens would zrave

normal reactivity (25e). However, this appears to be true

only in non-complexing solvents. In Tarle 9 are comvpared the

on of 40°C of texrtiary to primary ratio
-dimethylbutane and 2, 5-dimethylhexane

Table 9, Compari
of

D
Wh
;mm

Solvent 2,3-Dimethylbutane 2,5-Dimetnylhexane
Neat 3.9 3.65
L M Cglg 17.0 9.0
8 M Cgig 40.0 22.0
12 M C5p 200 k6.0
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30/1? relative reactivities at 40°C of 2, 5-dimethylnexane
and 2,3-dimethylbutane. In aromatic solvents the tertiary
hydrogens of 2, 5-dimethylhexane are only ca. 50% as reactive
and in carbon disulfide only ca. 25% as reactive as normal.
The possible consequences of this apparent steric hindrance
in complexing solvents will Tte discussed later.

The effect of sclvent on aydrogen abnstraction by cnlorine
has teen ratioﬁalized in terms of ground and transition state
solvation as well as in terms of repulsion curves between the
chlorine atom and the carbon-hydrogen bonds (12, 21). A
possible schmatic energy diagram is snhown in Figure 1., The
comvlexed chlorine atom is shown as statilized relative to
the "free!" chlorine atom, and the activation energy for
hydrogen abstraction is furtner increased by the effects of
solvent on the transition state, i.e., greater amount of bond
breaXking, and finally, the difference in activation enerzy
hetween abstraction of a primary and terfiary hydrogen is
increased.

The data presented in Table 10 in terms of relative

-

reactivities were calculated from the data in Tavle 6 and
plotted against 1/T in Figures 2 and 3. From tnese Arrnenius
plots, the difference in the energy of activation for

avstraction of a tertiary or secondary hydrogen from that of

a primary hydrogen, (ED'Et) or (ED-ES) can te calculated.
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7 RCH,-~H--Cl- (complexed)

(complexed)

-~ BCHp—H*+-Cl-

RoC=-H--Cl+ (complexed)
RBC-‘H' ’ hd 01 *

Cl-

Cl- (complexed)

!

figure 1.

N
Reaction Coordinate d

Schematic diagram of changes with solvent in
activation energy for hydrogen abstraction bty
chlorine atoms
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Taktle 10. ZRelative reactivities of hydrogen atoms in
2,5-dimethylhexane
o o emperatuge R o
Solvent 60°C Lo"C o°cC -19°C =35 ¢C
Secondary to Primar
Neat 2.60 2.65 * 2,75 % 2.80 £ 2,77 %
0.0 0.05 0.07 0.0& 0.09
L M Cglig 3.54 3.91 = L,60 % ———— ————
0.2 0.03 0.10
& M C6H5F L, 62 L,80 £ 5.61 = 6,46+ 7,04 %
0.13 0.20 0.10 0.18 0.26
6 M CgEg L, ks 5.19 % 6.65 ¥  —a-- _—
0.2L 0.20 0.30
8 I CygHg 6.01 = 6.80 % 9.55 £  —aa- _——
0.34 0.25 0.31
12 ¥ CS, _———— 11.7 = 16 = 1 —— ———
0.8 (10°C)
Tertiary to Primary
Neat 5 3.65 % 3.85 £ 4,07 + L, 34 %
0.09 0.10 .13 0.04 0.21
L u C6H6 7.69 9.00 =% 13.5 = -—— ———
0.4 0.05 0.4
6 M CgH.F .75 11.1 = 16.5 = 22,4 % 26.8 %
- 0. 0.5 0.3 0.5 1.6
5 M C5h6 1.6 14,0 %= 24,2 * ——— ————
0. 0.6 1.0
8 M Cgxig 7.7 22,0 = LOo,1 = ———— —_——
1. 1.0 1.1
12 I €3, -——— L& =3 75 % 5 —ees ——
(ro"¢)




Figure 2. Arrhenius plot of 2°/l° relative reactivities of
hydrogen atoms in 2, 5-dimethylhexane

A. Neat

B. 4 M CgHg i
C. 6 M CyHF

D. 6 M C6H6

E. 8 M CgH,

F, 12 M C3,
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Figure 3. Arrhenius plot of 3'/1° relative reactivities of
hydrogen atoms in 2, 5-dimethylhexane

A, Neat

B. 4 M 06H6
C. 6 M 06H5F
D. 6 M C.Hg
E, 8 M CgHg
F, 12 M Cs

2
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These results are presented in Tatle 11 along with the

.

entropy terms, log At/Ap and log AS/Ap. The trends in (Ep-Et)

Table 11, Activation parameters calculated from Figures 2
and 3
Solvent B -B. 10 ﬁz B,-Eg Lon Ag
(Xcall) &5 (Xcall) © Ay
Neat 0.33 * 0.13 +#0.32 * 0.09 0.01 £ 0.0X +0.42 + 0,01
06%6 ) 1.69 * 0,26 -0.22 £ 0.17 0.80 ¥ 0.25 +0.03 * 0.16
LM
CéﬁEF ) 1.73 # 0.20 -0.16 = 0.13 0.70 = 0.10 +0.20 * 0.09
6 X
C 2.24 £ 0,30 -0.41 % 0.15 1.09 ¥ 0.30 =-0.06 ¥ 0.22

624 ) 2.45 £ 0,25 -0.37 £ 0.16 1.37 % 0.22 -0.12 t 0.17
g M .
CS, ~3.2 ———— ~2 ————

(12 )

and (E_-E_) are presented schematically in Figure 4. It is

apvarent that the observed effectis are consistant with the

colvent on chlorine atom abstraction of hydrogen. The energy
of activation for attack on a primary hydrogen increases in
conplexing solvents more rapidly than that on a secondary or

tertiary hydrogen which results in the observed increase in
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Figure 4. Schematic diagram of the trend in energy of
activation with increasing complexing power
of the solvent in the chlorination of
2,5-dimethylhexane
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the selectivity of the chlorine atom. That the ergy of
activation for hydrogen abstraction increases in complexing
solvents was indicated gqualitatively by the slower rave of
reaction of aromatic solutions. Solutions with aromatic
solvents, especially & I benzene, teanded to btecome yellow with
unreacted chlorine if the chlorine was admitted too rapidly.
Neat 2,5-dimethylhexane did not become yellow colored even at
the fastest rate of addition of chlorine,

It would have been expected on the vasis of the previous
arguzents that (Es‘Et) should also have increased with the
complexing ability of the solvent. However, this was not
observed, and instead (Es“Et) was an almost coastant 1 Xcal.
in aromatic soivents. This is possibly due to the steric

hindrance for attack on the tertiary snydrogens in complexin
(&) -

18]

solvents which would increase the activation en ergy.  Since
the secondary hydrogens, 1f they are at all, are nuch less
sterically hindered, tnis steric nindrance should decrease
the difference tetween Zg and Et This appareatly fortuil-
tously results in the ca. 1 Xcal. constant difference in

Eg and Ef in aromatic solvents.

Log A /4, and log A /&, for carbon disulfide solutions

1B

were not calculated because of the greater uncertainty in

o

these results. Chlorinations of carbon disuliide solutions

2 . o - Y ~
could not te carried out below 10 C because of the apparent

k)
(1

insolubility of 2, 5-dimethylhexane at lower temperatures.
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trend in tne difference in the entropy of activation as log

.
o

AL/A_ or log ﬁS/Ap follows in an inverse Tashion the trend 1
(E,-2:) and (Ep-Es). Often, though not always, the change in
the enthralpy of activation is paraileled by a corresponding
change in the entropy of activation with changes in solvent

or some otner variable in a2 reaction or a series of reactions.
When the plot of AH# versus Ag7 or Z, versus log A is linear
and the ranges in tne enthalpies and entropies of activation
are large compared to the experimental error, this is evidence

that an isokinetic temperature, [, exists (28). At the

.
"'-/’AS”‘+A

isokxinetic temperature changes in solvents would have no or
little effect on the rate of reaction. This is observed in
the case of t-butyl hypochlorite chlorinations where the
isokinetic temperature is in tne range of the temperatures
studied (12). Although the range in log A in the chlorination
of 2,5-dimethylhexane is not very large compared to the

uncertainty, an isokxinetic plot (Figure 5) gives a straight

line, and thus this reaction appears to follow the isokinetic

-

relation., The isokinetic temperature calculated from

Ky
ane

¢

o s s O .,
slope of this plot is ca. 800 X.

Walling has recently suggested that the data for the

cl

chlorination of 2,3-dimethylbutane in 4 ¥ chlorobenzene is no

3

ct
()

n

Hy

consistant with a simple charge-transfer interpretation o

solvent effect (12). Ee tased his suggestion on (Ep-Et) and
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gsure 5. Isokinetic relationship in the effect of solvents
S 0 . o 4~ 0 N . o . . s -
on 3°/1° and 2°/1° ratios in the cnlorination of
2, 5~dimethylnexane
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. (&}
A-/Ay calculated from three points which have only a 30 C

ange (7). It seems likely because of the small
temperature range that a possible error in one of
points could easily lead to an erroneous value of (Ep-gt) and
loz Lt/AD An isokinetic plot is shown in Figure 6 for the
chlorination of 2,3-dimetaylbutane in four solvents. In
particular the data on the chlorinations in & M chlorovenzen
does not seém to fit. Althouzh the data is insufficient to
establish an isokinetic relationship, 1if the chlorination of
2,5-dimethylhexane exniblits such a relationsnip, Then the
chlorination of 2,3-dimethyltutane provably also does.

ic pl

ct

sokine

[

Leffler nas discussed the interpretation of
and suggests that deviation of a point from an established

isokinetic plot indicates that that reaction has a different
mechanism or a significantly different transition state (28).

This is not likely in this case, and it probably indicates

of activaticn in & M chlorobenzene are not accurate.

4n attempt was made to use bromobenzene and chlorobenzene
as solvents in the present studies, but they proved unsatis-~
factory. Chlorobenzene hes an identical retention time &s

2,5-dimetnyli-2-chiorohexane on 211l of the gipc columns tried,

and tromobpenzene was attacked by chlorine producing crloro-

FJI

“enzene, This latter reaction nas veen studied ty Miller an

v R

Walling, and Walling and Viagner have reported that
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chlorobenzene was produced in t-butyl hypochlorite chlori-

nations in bromobenzene (12, 29).

&

ct of Solvent on tne Photochlorination
T Compounds Containing a Polar Groud

53]

The chlorine atom is a very electrophilic soecies. or
this reason in molecules containing a polar group it prefer-
entially attacks electron rich carboan-hydrogen ronds. ALl of

the data in the literature can be correlated by & considera-

"

tion of the electrophilic nature of the chlorine aton and tne
inductive electrcn withdrawing powers of the various polar
groups (7). Complexing solvents hnave very little effect on
the reactivity of carvon-hydrogen bonds near z polar group.

This has been demonstrated by the chlorination of various

k3
(o}
}_J
)
3

ralo alkanes and compounds contzining sundry otherx
groups (7, 10, 15, ‘24, 30). One would expect trat the
corplexed chlorine atoxr would te less electropirilic than a
"free! chlorine atom and should, therefore, be less subject to
a polar effect. Perhaps because of the increased amount of

tond-oreaking and thus a traansition state more iike

The decreased electropnilic neture of tne complexed chlorine

V)
ct
o

om is balanced by the increase in the polar character of

|_I-

the transition state. Whether or not this explanation is

correct, the result is that the reactivity of the carrton-
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nhydrogen tond near the polar group, dut not  to the polar
zgroup, are not affected by comvlexing solvents. Complexing
solvents do affect tne reactivity of g-nydrozgens, The
possibility of resonance stablilization of tre incipient
radical  to a polar group has been demonstrated by both
Russell and Tedder (7, 15, 24), FEowever, the effect is not
large cue to the small extend of Ttond brezking in The tTransi-
tion state. ZIZussell and Ito have recently published sone
results on the chlorination of chlorocyclorexane waich

"

illustrate bvoth effects. The reactivity of the g-hydrogen
of chlorocyclonexane compared to cyclohexane iacreased Irom
0.20:1.0 in carbon tetrachloride to 0.446:1.,0 in carbon

Gisulfide, while the relative reesctivity of the,@-hydrogens,
0

0.36:1.0, did not change with solvent (2&).

Photochlorination of oprovpionitrilie and ischutyronitrilie

Both provpionitrile and isobutyronitrile were chlorinated
to the extend of 10 mole vercent or less, neat and in & ¥
benzene over a range of temveratures., Propvioznitrile was
also chlorinated in 12 ¥ carbon disulfide. The identity of

tne gloc peaks was confirmed by a comparison of the retention
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Table 13. Composition of monochlorides formed in the
chlorination of isobutyronitrile

Temperature Chlorides (/% of total Relative Rezctivity
(°c) monochlorides) x
ol
Neat?
60 30.1 69.9 2.67 £ 0.07
31.0 69.0
31.1 68.9
%) 27 .4 72.6 2,40 £ 0,14
30.2 69.8
28.7 71.3
27.7 72.3
20 27.0 73.0 2.26 = 0.04
27 .1 72.9
27.7 72.3
0 22.4 77.6 1.74 £ 0.02
22.8 772

8 ¥ BenzeneP

60 51,9 LB8,1 6.58 £ 0.12
52.1 L7.9
5209 Lﬁ"?ol

L0 56.8 43,2 7.56 £ 0,30
54,8 Lg,2

20 58.0 L2.0 8.56 £ 0.27
59.56 Lo, 4

82 -Z_ = -1.13; log A /A = +1.

. B o 3 og ’\q/ B 1.17

En-Ey = +1.28; log & /A, = =0.02
o °8 *o/’p
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other compounds (15, 24). The reactivity of the (-nhyirogen
changes only to a small extent with solvent. ;Ae‘8~ﬁ* rosen
aton is nore reactive by a Tactor of ca., 2 in neat »propnio-
nitrile, and the o~ andlg-hydrogens are approxiretely equally
reactive in 12 ! carbon disulfide. The data on the nnoto-

chlorination of isobutyronitrile, on The other hand, dprovides
f

resonance stabilization oan thne reactivity of the carbton-

hydrogen bond o to a polar grouv. 4~ttack on the ﬂﬁhydrogen
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byt
)
Q
o
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m
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ct

ig Tavored oy an energy of activatioan of ca.

obutyronitrile, but in 8 ¥ tenzene attack on the g-hydrogen

i.h
0}
e
0]
cl
vy
o
-ty
*.l
H
0
ck
6]
rd
i
J
I._J
o
l_h
[
<
o

is favored by ca. 1 Xcal. Th
literature where A3, for attack on two different carion-

hydrogen bonds has reversed withh solvents. These Trends in
energy of activaction are illustreted in

assunption has been made that The primary h
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nitrile and isobutyronitrile have approximately egual
reactivity in oxder to put both results in one figure, That
this is a reasonable assumption is demonstrated ty the
similarity of the reactivities of the primery hydrogens of
various compounds gilven earlier iz this thesis. The illus-

tration as drawn indicates that tThe eanergy of aciivation For
attack cn a secondary hydrogen O ©O a cyano group is less than
trhat on a tertiary hydrogen ¢ TO a2 cyano group. <Lnese are the

ctual average values observed and would seem to discredit the

W)

vrevious assumption since this weuld not be the expected orxder,
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However, the uncexrtainty in these results is sufficlent thet

nese two energies of activation are approximately egual and

cf

thelr relative order then could easily be tane reverse of trhat

b

snhown. The increase in reasctiviity of the g-hydrogens in
comolexing solvent is most probarly due to the greater extent
of Ttond breaking in the tTransition state in complexing
solvents which would incresse the impnortance of resonance in

By -

the stavilization of the transition state:

—

ONoo=v e 2N om0
c~43> = c:—zq> MR
>

The inductive and hyverconjugative contritutions of the
metayl group undoubtably are also inportant. This is
illustrated by the greater increase in selectivity of iso-
butyronitrile (factor of 3.2) compared with propionitrile
(factor of 1.2) on going from neat to 8 ¥ benzene solution.

A very interesting feature of the chlorination of
isovutyronitrile is the control exerted by the difference in

1

the eatropy of activation. 4&lthough attack on the‘ﬁ-carbon-

)
t

nydrogen is favored ty ca. 1 Xcal. in neat isobutyronitrile,
the g-carton-hydrogen tond is 2.4 times as reactive at 40 C
due to a log Aq/%g of ca. 1.2, wWnhen the chlorination was

carried out in 8 ¥ benzene the relative reactivity, ?q/l

W

i

*\

ecreased oy a factor of tu*ee due to the energy of activation

now ravoring attack on the g-carton-hydrogen tond by ca.

1 ¥cel, Log Ad/ﬁ? in 8 li benzene is approximately zero.



It has been assuned by current theories that differences

n activation enexrgy are the vrinciple reason for tThe

}..l.

ifferent reactivities of various carton-hydrozen tonds toward

o

halogen atoms (23). These present results point out that
activation can be important and should not be
neglected in any consideration of the reactivities of carbon-

hydrogen otonds. EIEntropy also has a noticesble effect on the

competitive photochlorination of toluene and q-chlorotoiuene.

rotochlorination of toluene aad o-cnhlorotoluene

Solutions of o~chlorotoluene and toluene in carion

chk

etrachloride (2.2 ¥ total arormatic concentration) and 7.3 ¥
chlorobenzene (9.5 M total aromatic concentration)
competitively chlorinated at 60°C, 40°C, and 20°C. Tne
relative reactivit ies were calculated by measuriag the

ented in Tarle

)]

disappearance of the two reactants and axre pre

-

14, The Arrhenius plots are illustrated in Figure 10.

E¢ ;,Cq—ﬁ¢cg3 increased from ca. O Kcal. to ca. 2 XKeal. in

z 3

.5 ¥ aromatic solution while ti
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o
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o
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L4cw /iﬁcr 1, at 407 C actually decreased 30% from 10,3 to

[}
4

5.9. Once again the importance of entropy is emphasized.

it was thought at first that the comparison of toluene

< -

and Q~-chlorotoluene would te like a coaparison oFf methane and
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Competitive photochlorination ci c~chiorotoiuene
with toluene

N

~Chloro- . k.

%-Cnloro~ PR us “toluene
Ttoluene, i roituene, L %

Initial Final Initial Final “d-chlorotoluene

Carhon Tetrachlorile

2,055 1.307 0.101 0.0L4g 10.0
2.050 1.951 0.101 0.061 10.9
2.048 1.964 0.101 0.064 10.9
Averaze 10.6 * 0.3
2.040 1,642 0.103 0.063 i0.3
2.056 1,917 0.101 0.050 10.3
Lverage 10.3
2.03%6 1.967 0.106 0.074& 10.3
2,052, 1.881 0.206 0.042 11.1

Average 10.7 £ 0.4

7.3 ¥ Chlorobpenzene

2.037 l.§?6 0.0995 0.0617 5.8
2.033 1.075 0.0995 0.0500 5.1
Average £.0 £ 0.2
2.034 1.915 0.0995 0.0672 5.6
2.033 1.916 0.10435 0.06%92 7.1
Average 6.9 £ 0.3
2.049 1,846 0.10&45 0.0353 10.0
2.048 1.0383 0.10%45 0.0357 gL

Average .2 * 0,8
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arrhenius plot of the competitive
vnotochlorination of toluene and g-chlorotoluene
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on is that the »¥

ecual oprortunity to interact in the tTransition state.

solvents do not activeate the series-~tcocluene, ethylbenZene,
and cumene--in a coastant manaer, The explsnation was of
that possible steric anindrance decreased the activation in
cumene and ethylbenzene compared to toluene (14)., It is
egoparent From trne figure below that the developing radical
center which is becoming sp? forces the Cl into the plane of

the tenzene ring and thus causes some interaction witn tThn

()

cl
}_h
-1
¢t

ring nydrogzens wnlch might cause the radicel center to

slightly out of the vplane of tre benzene ring. The net

efrTect would te a less effective interaction of the prenyl

ring and the radicel center. ©Since the resonance interaction

co exing solvents might be expected to increase Eﬁc: Cl—

= --QV_
Z4ou.. LEven though E n:: ~q=Zs~-. GOes increase in X
“ﬁc;ij ¢l ;5&.“.;93_ Q)C;__A Y o 1 703
calox

senzene, tne relative reactivity, A¢Cuj/ “gCE,CL

cecreases ty 305,
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A possible rationalization for this entropy effect is

as follows: ©Solvation Dy chlorobenzene in the ground and

transition state of o~chlorotoluene should be similar cdue to

-t
o
W\
()

the divole already present in the molecule. Solvation o
tcluene by chlorobenzene, rowever, should ve more ordered in
tne transition state than in the ground state due to the polar

nature of the transition state in complexing solvent an

AR
ot
'y
o

relatively little dipole in the grouand state. This wou

O+ - VN
S - 51 @ =T

/

\‘\«

result in & greater increase in entropy upon zoing from the
ground to transition state for toluene and Tor g-chlorotoluene
in 7.3 H chlorobenzene where the resonance interaction is
important.

These results demonstrate that relative reactivities
alone are not always sufficient for an understanding of what

is occurring in the transition state of free radical

s

s

»

halogenatio

Photochlorination of Adamantane

£pplequist and Xaplan hrave periformed a ser

'J-

of

153

e

H

exvperiments designed to measure tT! elative stapnility of

alxyl radicals., Their resulits indicate that trne tertiary

adenmantane radical is more stable than the tert-butyl

Lan Y

radical (31). They suggested that the extra stabilization o
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the adamantyl radical relative to t-butyl might te Just
inductive or pernaps a special type of delocalization., 4
special deloczalization by overlap in the interior of tne
adamantane molecule of a » ordbital and the backside of the
b3 tertiary orbitals has been postulated by several workers
to exvlain botkh the v.m.r. spectra of adarantyl ion and the
fine structure in the e.s.r. spectrumn of The adazantane
radical anion (32). However, the latier result has teen

disproven by . T. Jones, who deronstrated that an identical

spectrum could be obtained Trom the tenzene radical

©

s

-
-

(33). Eenzene is a common impurity in adamantane which

is difficult to comvpletely remove., Jones showed that the

amount of benzene Iimpurity present in adamantane is
sufficient to have produced tne observed svectruz.

On tre basis of these results adamantene was investigated
to determine if the tertiary hydrogens were unusually reactive
toward chlorine atoms. It was hoped that if there were any
extra statilization of the incipient terxrtiary radical compared
to a norral tertiary radicel it would menifest itself,

especially in complexing solvents, by increased reactTtivity.

viliiems have demonstrated that the selectivity of

n

Trhe tertiary hydrogens compared ©o the secondary nydrogens of
adamantane are affected by solvent (34). Unfortunately tney
cid not give the concentration of tne complexing solvents

Taat they used, and the results in carton tetrachloride were

complicated by volychlorination.
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tetracnloride, & I benzene, and 12 M carton disu
extent of 10 mole perceant or less., The composition of the
monochlorides formed were analyzed vy glpc and are nresented

in Tatle 15, The two chloroadamantanes were colliected bty

on of mornochlorides formed in the

Tanle 135, Compositi i
ation of adamantane at 40°C

chlorin

Solvent Chlorides (% total elative Rca0uﬂv1ty
monochlo *ldeQ) ) 39/2"
Tertiary Secondary
clly, L3,6 55,4 2.20 * 0.16
L2.7 57.3
4202 5?.?
39.8 60.2
L M Cyig . 7.0 3.32 = 0.05
7.2
£.5

nuiln
W oW
o
e

12 ¥ CS, £2.2 37.8 L,E7 + 0.07
61.9 38.1
61.4 38.6
£2.0 38.0

vrevarative gloc and icdentified by v.m.r. The Tirst peak was
assigned to l-chlorosdamantane on tThe tasis of tie Tol

.m.r. specitrun: two broad sinzleTts at 1.78 and 2.18 with

'

e relative area of 2:3. The sescond pesk was thexn assigned to

2-crloroacdanantane on tnhe basis of the following d.m.r.
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spectrum: & complex hash from 1.38 to 2.3 with a relative
arez of 14 and & complex multislet from 4.08 to 4.2§ with a

relative area of one. Adamantane was 2lso chliorinated

competitively with cyclonhexane., Tnese results are in

Taeble 16, Competitive onotochlorination of adamentane witn
cyclonexane

Solvent Adamantane, A Cyclohexane, "aﬂﬁﬂeuvsne
Initia Final Initial E_r 1 s .

nitial Fin iti 2 cyclohexan
cCl,, 0.447 0.316 0.534 0.3856 1.07
~ 0.447 0.3L5 0.534L 0.417 1.04
0.447 0.328 0.534 0.416 i.25

LAverage 1.12 *£ 0,08
L ¥ CgEg 0.448  0.2456 1.131  0.695 2,35
0,445 0.310 i.131 0.972 2.L0
0.Lk45 0.34% 1.131 i.009 1,68

Lveraze 2.21 £ 0.3
12 £ C8, o.l;ffg 0.33E5 _:,::J 1.755 b bk
0.445 0.3;30 }.§99 1,703 Z2.55
0.4L5 0.35L45 1,869 1.74z2 3.00
0.4lLs 0.3175 1.869 1.742 4,94

(‘<~
b
(&)

Lyvers

3. 74

m
2
®
\0

i

T

Tnhe data in Tadles 135 and 16 were conbined to produce

faczle 17. It is clear from the data in Takle 17, wnich
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wvdrozens of adamantane to cyclonexane and "normal! 37/2
ratios, that tre tertiary hydrogens have comvletely normal

irozen atoms of
ne

Qo no ~0 A - e ~O
Solvent 2 -~Adamantane 2 ~aCamantans 3 wigrmalt

Cjclo exane Cyclonexan et
ccly, 0.65 * 0,07 1.43 £ 0,27 1.5-2.0
v H Cglg 1.08 % 0,27 3.52 % 0.§3 3.0-i£.0
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Thne secondary hydrogens &ls0 nave normal reactivities
except in carbon tetrachloride solutions where they avdear to

ntly less reactive than normal, It is interesting to

ne axial or ecuatorial hydrogens of cyclohexane are twice &s
reactive Toward chliorine atoms as tihe other and trhat tre

secondary =nydrozens of adamantane resemble the less reactive
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Apparatus and Procedure

The appvaratus used for the chlorination of methylpentanes
has been described by Ito (35). The modified apparatus used
for the temperature studies of the chlorination of 2,5~di-
methylnexane is shown scnematically in Figure 11, IZefore
the reaction was started, chlorine gas was condensed in the
liguid chlorine reservoir by use of a dry ice-acetone tati.
Then the material to be chlorinated was placed in the jJjacketed
reaction flask under an ice water or dry ice and carbon
tetrachiloride condenser and degassed with pre-purified
nitrogen, which was introduced into the system through a
drying tube containing glass beads coated with pnosprorous
ventoxide., The jacketed reaction flask was connected bty Tygon
tubing to a IHazake circulator and temperature regulator whicha
maintained the various temperatures from 0°C to 80°C within
+ 0.05°C. Lower temperatures were obtained by passing a
coolant liguid, ethanol, througnh a copper coil immersed in dry
ice-carbon tetrachloride bath (-19°C) or 2 dry ice-chloro-
benzene bath (-35°C). After the solution had been dezassed
and the correct temperature obtained, the dry ice-acetone ratn
was lowered and a measured amount of chlorine was allowed t©o
vaporize and pass through a capillary tip near the Ttottom of

the reaction flask. The reaction was illuminested with a2 200

watt unfrosted tungstem lightbulb vlaced approximately 4 cm.
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Photocrlorination apnaratus

£: drying tube
Z: calibrated glass tube with taversd joint

lass €
and Teflon stopcock

Q
o

Ly lce-zacetone bath

T: spnericel joints

o: jacketed reaction Tlask with a tavered
Join<T

&t thernometer

()

condenser

I: spherical joints
I: zas trap (105 XO0H)
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from the reaction
solution was dezassed To remove the hydrogen cnloride which
wasS subsecuently trapped in a 10% vpotascium hydroxide

gsolution.

Analytical Procedure

el

chroratograony in an ianstrument using & hot wire therzmal
conductivity gauge. Chrloropentanes and chlordohexanes wer

- - ) O - ] 2 £ N
enzlyzed at 50 C using a 100 =, x 1/16 in. i.d. covper Golay

{J

Py

column coated with volyprovplyene glycol., The - andlg-
chloroisobutyronitriles as well as the ¢~ and [J-cnloxopronio-

itriles were analyzed on a 1 n. decyl pthalate column with

¥
.

A O~ . . .
the temperature programmed from 70 C to 150°C. Tre 1l- and 2-

chlorozadana es were analyzed at 160°C on a 5 ft, SFS6
column., The isomeric haslides were assumed to rave eguel

Trhe conditions for the analysis of tnhe competitive

chlorinations are given in Taple 18, 4l1l1 of the competitive

chriorinations sucnh s 2, 5-dinmethylhexzne versus cyclohexane



Table 18, Conditions fox
chlorinations
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the analysi

2,4-Diretnylnentane
vs. cyclLonexane

2,2,4-Trimetyloentane
vs. cyclonexane

E,@-_e mam
o=

, v thylpentane
vs, cyclohexan

e
rene
2, 5=-Jinethylhexane

vs. cyclohexane

Toluens
vs. O~chlorotoluene

Agdamantane
VvS. cyclonexane
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nemicel Co.), and benzene (J. T. Eaker Chezmicel Coc.), were

The 3-chloropropionitrile was obtained Trom Zastran Crzanic.

Synthesis of znaloalkanes

with hydrogen peroxide and sodiuvm nydride »ro

crude 2lconol was dissolved in dry ether and a sliznt excess
oY thionyl chloride was added, Lne nixture wes stirred foxr

-

several rours and then refluxed on a2 stean bHath Foir one hour.

kP - ~ 3 - -~ A . - 1T O g PR B P
“z2.Ter was added to destroy excess trnionyl chiorice, and tTnen
B —~e - - - ~ S =S o -~ ] - Y,
cne ether layexr was sevarated snd driecd. Tne resuliliag crf



This compound was vrepared vy the adlitlon of hycdrozen
chloride mas at 0°C to neat 2,4, L4-trimethyl-l-veatene. The

rezction was essentially quaatitative according ©o analyesis

trethvyl-l-chicrogentens
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nlo»rcrhevane

Addition of hydrogen chloricde to 2, 5-~Cimethryi-2-hexanol
from K & X ILgtoratories at 0 C vroduced the chloroihexane in
greater than 93% yield. The »v.m.r. spectrum (which consisted

of & doublet at 0.95§ with a relative area of six and a

gleven) Was consistant with Sre
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had an identical glpc retention time as the Tirst peall o

hzlohexenes viepared by photochloriration of 2, 5-dimethyli~

2,5-Dimethyl-3-chliorchexane
Several attempis were zade without success To nalke pure
Z2,5-dimethyl-3-chlorohexane Trox 2,5-~cinethyl-3-hexznol

vurcrased from X & X Labecratories., Thionyl cahnlcocride andé tre
nest alcohol, the zlconol in etrer, o0x the alcokol in

xture of two compounds. Since The glpce

|-

pyridine produced a m
retention times of The Two comdponents of the mixture were
identical with the first two peaks from the chnlorination ©

irst peak was identified as cdue

y

Z,5-dimetnylhexane and the
to 2,5-cinethyl- 2-c lorornexane, tne second compoanent and the

secornd glvc peak were vresuratly 2, 5~-dimetnyl-3-cnlorohnexane.
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identified Ty 2 v.n.r. svectrum as 2, S5~-dimetryi-i~crlorolexane.
Tne n.m.r. spectrun ccnsisted of a doutlet at 3.48 and 2 nash



2nd not a2 more complex multinlet, the compound was identiliec

as the l-chloro- gnd rnot the Z-cnlorohexane,

[-Cnloroisorutyronitrile

spectrum, a doublet at 3.838 with relative sres two, a sextet
at 3.058 with relative area one, and & doublet at 2,408 with

~elative area three, was consistant witn the structure of

Spinning Ttaad distillation of the mixture resulting fron

in 9% vure og-chloroisoutyronitrile, b.». 114-1157°C,
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CHMARY

The series of methylventanes--2,4-dimethyloentane,
2,2,h-trimethylpentane, and 2,2,4,b-tetramethylpentane--were
chlorinated in carbon tetrachloride, 4 ¥ benzene, and 12
carbon disulfide solutions. The composition of the mono-
chlorides formed were determined by gas-liguld partition
chromatogravhy (glve). The reactivity of the tertiary
caroon-nydrogen tonds was abnormally low especizally in
comvplexing solvents., This was interpreted as bveing due to
steric hindrance. The increased importance of the steric
nindrance when the cnlorine atom is complexed with benzene ox
carcon disulfide was attributed to either the lowered
reactivity of the chlorine atom (requiring closer approach to
the carbon-hydrogen bond) or to the inecreased bulk of the
comvlex.

Temverature studies on the reactivity of the variocus
carbon-nydrogen vonds in 2, 5-dimethylhexane were carried out
in several solvents. 1t was found that tnere was a larger
spread 1an The energies of activation for attack by a calorine
atom on tane various kinds of carbon-hydrogen bonds in thne
solvents in wnich the chlorinations were more selective.
These results are consistant with the formation of a complex
between the chlorine atom and an aromatic ring which results
in 2 less reactive and, thereby, a more selective chlorine

atom as previously postulated by G. 4. Hussell (8, 7).
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Propionitrile and isobutyronitrile were chlorinated over
a temperature range, neat and in & M benzene. When chlori-
nated neat, the ﬁLcarbon-hydrogen bond had a lower energy of
activation for attack by 2 chlorine atom than the o~carbon-
hydrogen bond due to the polar effect of the electron-
withdrawing cyano group. In the case of propionitrile in & H
benzene the difference in energy of activatlion was decreased
but still favored attack on the ﬁLcarbon-hydrogen bond.
However, in the case of isobutyronitrile changing from no
solvent to a 8 M benzene solution effected a reversal in AF,
and the energy of activation favored attack on the d-carbon-
hydrogen bond by ca. 1 Xecal. These results were attributed
to increased bond breaking in the transition state in S H
benzene, which increased the importance of the resonance
contribution of the cyano group on the incipient radical and
thus lowered the energy of activation. Zven though the energy
of activation in neat isobutyronitrile favored attack on the
ﬂlcarbon-hydrogen bond by ca. 1 Kcal., the co~carbon-hydrogen
bond was preferentially attacked by a factor of ca., 2.5.

The possible importance of entropy of activation was
again emphasized by the results of the competitive chlorina-:
tion of o-chlorotoluene and toluene, Toluene carbon-hydrogen
bonds were more reactive than the a~chlorotoluene carbton-
hydrogen bonds by a factor of ca. 10 in ~2 M aromatic

solutions, while in ~9 M aromatic solution they were more



reactive by oanly & factor of ca. 7 despiie the fact that Lz
cransed from ca., 0 lcal., to ca. 2 Xecel. in favor or zattack on
tcluene.

finglly, adanantane was chlorinated in c2rIon Tetra-
crhloride, &% & venzene, and 12 H carton disulfide to detexmine
if the tertiary carbon-nydrogen boxnds were unusually reactive
towards cnlorine atoms The carbon-hydrogen vonds oOF
adamentane had normal reactivities.
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