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LITERATURE SURVEY

The mechanism of the photochemical substitution reaction
of hydrocarbons with moleculsar chlorine (heresfter it is
called photochlorination) is well esteblished (1), although
the términation steps depend somewhet upon the reaction condi-
tions.

01, 2% 201

RH + C1-—— R. + HC1 -

R* + Clp——RC1 + C1°
Hydrogen abstraction by the chlorine atom 1s the slowest step
of the photochlorination reaction. A primary deuterium-
isotope effect has been observed in this step (£). Competi-
tive photochlorination provides 2 simple method for determin-
ing the relative rates of this step. Since the absolute rate
constants for reaction between chlorine atoms and the hydrogen
molecule have been measured over a wide range of temperature
(3), absolute rate constants for chlorine atom attack on
simple hydrocarbons znd 2lkyl chlorides are available (4).

In processes involving long kinetie chains, such as the
photochlorination reaction, the composition of the product is
determined by the relative raetes of atteck of chlorine atoms
on the different carbon-hydrogen bonds. The first extensive
work on this point, i.e., the relation between structure and
reactivity, was done by H. B. Hass et 21. (5). They corrected

many erroneous data on the bolling points of alkyl chlorides



end drew the following important rules:

1) Carbon skeleton rearrangements do not occur during
either photochemical or thermal chlorination if
pyrolysis temperatures ere avoided.

2) The hydrogen stoms 2re always substituted a2t retes
which 2re in the order primary < secondary << tertiary.

3) At increasing temperatures there is increasingly close
approach to relstive rates of 1:1:1.

4) Liquid phase chlorination reletive rztes are compar-
able to those obtained at much higher temperatures in
vapor phese.

5) Moisture, carbon surface, and light do not affect
appreciably these ratlos. |

In the second rule the sequence in reactivities is in the
" order of stabilities of the elkyl radical produced. On this
basis, one might expect that alkyl chlorides would undergo
free radical chlorination preferentielly at the Ol positions,
since the following resonance-stabilized radical should be
obtained.
. . O 0

-6-61: ~—s -G-01:
However, this 1s not the case. Since chlorine atom is an
electron-deficient species, carbon-hydrogen bonds of high
electron density are preferehtially attacked by chlorine
atoms. This tendency was expressed by H. C. Brown as follows

(6a): "The attack occurs preferentially at carbon-hydrogen



bonds remote from the chlorine substituent.' Many data with
chlorine gas and sulfuryl chloride are avallable on this
point (6). Sulfuryl.chloride 1s often a more selective re-
egent than molecular chlorinelbecause of the existence of
equilibrium
80 + Cl-=—= 50201-

and attack by SO0,Cl- upon carbon-hydrogen bonds should be
taken into account (7). Effects of other electron—withdraw;ng
substituents were lnvestigated by other workers and the re-
sults summarized by C. Walling (8). Here again the results
show that the inductlve effect of substituents zre very impor-
tant in free radical chlorinations where chlorine gas or
sulfuryl chloride is used as chlorination reagent. H. C.
Brown and A. B. Ash (6a) observed the following order of
influence 1n directive effects: CgHg~> CHz-> H-> ClCH5->
CH3C05 > C1oCH-> C1351-> HO,0- > 0150—.> C10C-> Clg=>
ClgZ > F3C-> Fs=. |

An iﬁteresting sequence of increesing stability of raedi-
calé was observed based on 1,2-chlorine stom migration in free
radical addition of hydrogen bromide to polyhaloalkenes (2):

RCH, < R CH < Rzl < RCHCL < Ry€C1 < RECI,

wnere R 1s the polyhalosaslkyl radical. Although the conditions
are not strictly comparable, the relative reactivity of
carbon-hydrogen bonds in RCHz, RCHoCl and RCHCl, and the order

of stabllity of the rsdicals produced by chlorine atom attack



on those compounds are completely reverse.
The above mentioned phenomens can be explsined in terms

of the transition state of the reaction (10).

X+ + RH — [R:H'X = R"‘HX:” «— R'H:X] —R- + HX
- 1 II 111

In terms of the Hemmond postulete (11), when X* is very
reactive, the transition state will resemble the resctent
tut when the reectivity of X+ 1is low, the transition state
resembles the products of the reaction end the stability of
the products cecomes more lmportent. In the case of photoQ
chlorination the cerbon-hydrogen bond 1s only pertielly broxen
in the transition state (12). The trsnsition state 1s best
represented by structures I and II when I resembles the
reactants. The reletive reectivities of sucstituted toluenes
toward cnlorine atoms sre proportionel to tae g;gggf constant* )
of the substituent as would be expected for structure II.
It would sppeer that the importence of structure II would
depend upon botn the extent of bond bresking, the electron
affinity of X+ and the avallzsbility of electrons 2t the
carbon-hydrOgén bond veing sttacked.

Since the contribution of structure II to the transition

state 1s important, this resonance-poler effect should con-

*Roger Williamson. Department of Chemistry, Iowas Stete
University of Science and Technology, Ames, Iowa. Relstive
reactivities of substituted toluenes towards chlorine etoms.
Private communicetion to Dr. Glen A. Russell, Depertment of
Chemistry, Iowa State University of Science end Technology,
Ames, Iowa. 1960.



tribute to the composition of the chlorination product. How-
ever, 1t seems to be difficult to seperate this resonance-
inductive effect from a polar-inductive effect in the photo-
chlorination reesction.

An example of & primery steric effect in hydrogen
abstraction by free radica2ls was observed in the photochlori-
netion of 2,3,4,5,6-pentechloroethylbenzene (13). The result
together with results of photobrominetion (14) were surmerized
by £. L. Eliel (15). Photochlorinstion of 2,3,4,5,8-penta-
chloroethylbenzene at 75°C. geve 2 ratio of B-chloride to
0 -chloride of 1.6 while et 180°C. the retio wes 4.6. Photo-
bromination of the pentachloroethylbenzene geve exclusively
the Q-bromide. In spite of the fact thrt bromine hes en
electron effinity feirly close to chlorine end bond-bresking
of the trensition stete in hydrogen 2kstraction step by
bromine 2tom would be considersble (10t), the inductive effect
of the chlorine substituents end the resonence inhibition in
ingipient redicals by ortho substituents s postulsted by L.
Szwerc et g2l. (16) eppear to te not large enough to prevent
the Q aﬁtack. The discrepancy between the pB-chloride to O -
chloride ratio of 0.74 which was observed in hydrogen ebstrac-

tion of ethylbenzene by frse chlorine etons ¢t 40°C.™ and the

#*H. D. McBride. Depertment of Chemistry, Iowe Stete Uni-
versity of Science and Technology, Ames, Iowe. Relative reszc-
tivity of ethylbenzene toward chlorine #toms. Privete commu-
nicetion to Dr. Glen A. Russell, Depertment of Chemistry, Iowe
Stete University of Science and Technology, Ames, Iowa. 1260.



B to O retio of 1.3 observed at 7500- for pentechloroﬁenzene
cen be largely escribed to the screening of the O -hydrogen
atoms by ortho chlorine substituents. At higher tempereture
where the product retio depends to a greester extent on the
frequency factor the proportion of B atteck is enhsnced (15).
The above mentioned example 1s one of & few examples of the
priwery steric effect in free radicei sucstitution resctions.

Secondary steric effects in free redicel substitution
reections cre more frequent. The followlng seguence of rela-
tive reactivities of cerbon-hydrogen bonds of cyclopentene,
cyclohexane, cycloheptene and cyclooctezne towerd free chlorine
atoms were observed in photochlorinstion (102): 2.8:2.7:3.0:
4.3. In 12M cerbon disulfide solution the resctivity retios
were £3:20:40:70. This order is in egreement with the pre-
diction by H. C. Brown et 21. on the basis of I strain (17-18)
and with the order of thermolysis of azo-bis-nitriles (19).
Low reeactivity of cyclopropane wes observed in photochlorine-
tion (20) 28 well as in the reaction with methyl radicels
(21l). No appfeciable B strain effects wére observed in the‘
photochlorination of branched hydrocarbons (7) when sttacked
by free chlorine atoms, whereas steric accelerstion seems to
occur in the thermolysis of trans-szo-bis-nitriles (22). This
difference can be ascribed to the difference of the trsnsition
states, 1.e., the emount of bond breaking.

The effect of hyperconjugetion in photochiorinations was



emphasized by J. k. Tedder et a2l. (61, 8j, 6k). They compared
the reectivity of primery hydrogens of cumene and tertisry-
cutylbenzene (10e) and concluded the reactivity retio of 1.4
to be due to hyperconjugetion. The lower reectivity of pri-
mary hydrogen of tertiery-butylbenzene than thet of cumene
.was recently confirmed in this lsboratory (102, 23). However,
a little lower resctivity of primsry hydrogen of ethy}benque
then that of cuwmene weas obgerved in this laborgtory.* The
same trend was otserved when tertisryv-butyl hypochlorite was
used as a chlorineting reasgent by Welling et 21. (25). There-
fore, it is doubtful if the low reectivity of tertisry-butyl-
benzene should te ascribed to lacs of hyperconjugetionf Fur-
ther, hyperconjugation'of the type

CgHy - C -CHz

s

could also contribute to stetilize ﬁhe ircipient redicel. The
absolute rate constant of primary hydrogen of propaene, 1iso-
butane and neopentene in photochlorinstions et 40°C. celeu-
lated from the work of J. H. Knox et sl. (4c) ere 3.4 x 10°,

9

5.5 x 107 and 3.5 x 10° 1/mole sec. respectively. In this

*H. D. KcBride. Department of Chemistry, Iows Stete Uni-
versity of Science and Technology, Ames, Iowa. Relative resc-
tivity of ethylbenzene toward chlorine atoms. Private commu-
nication to Dr. Glen A. Russell, Depertment of Chemistry,

Iowa State University of Science and Technology, Ames, Iowa.
1960. -



case only small differences are observed snd the trend is not
consistent. Photochlorinationg of halocycloslkenes in this
study are of interest from the point of view that most of the
derived elkyl radicels have the seme number of hyperconjuga-
tive resonance structures.

The influence of a substituent in the attsck of molecular
chlorine upon hydrocarbon radicals hes been studied only by
F. S. Fredericks and J. M. Tedder (6})). 1In order to study
this point the_present work concerning the chlorination of
helocycloalkanes waé underteaken.

It has generally bteen assumed that polarity of solvents
has 1little effect upon course and rste of free redical reac-
tions (&, 25). The absence of solvent effects on the over-alll
rate of polymerization of styrene (26), 2nd the copolymer
structure in vinyl copolymerizestion (27) was observed. The
conclusion that the rate of decomposltion of verious 2z0 com-
pounds is independent of the solvent (28) was drewn by some
wogkers, while Leffler et al. (22) observed 2 smell veristion
in rate with change in solvent with relatively large but com-
pensating chenges in the entropy end enthalpy of activation.
waever, these latter effects have been questioned, and they
appear to be more & consequence of experimentel error than
actual phenomenea, since the entropy and enthalpy of active-
tion calculated can not be independently measured (30).

Recently Dr. D. G. Hendry (23) in this laboratory studied
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the effect of solvents in the autoxidation of cumene. He
found a correlation between log(rate-Ri/2) + 2 and (D-1)/
(2D+1), where Ry is the rete of initiation 2nd D is the
dielectric constant of the solvent. This correlation is
besed on the theory of Leidler end Eyring (31) who obtained
the expression
| In k' = 1n kg - (UAz/aAS * UB?’/aBs - Uﬁ*/aﬁ*).

(D - 1)/(2D + 1}xT + (P + Pg - Pyu)xl
for effect of solvents on the rate of chemicel reactions,
where k' is the rzte constan® in solution, ké 1s the r=te
constant in dilute gas phase:. The second term in the right
hend side of the equation regresents the electrostetic effect
and the third term represent: the non-electrostatic effect.
Since the rete of reaction of initiator radicals with oxygen

molecules 1s ‘

Rate = -a(0g)/at = kR, 7/ 2[rH)/(25,) /2 + By /2
the quantity [rate - Ry/2) 12 proportionel to ky if Ry, (rH]
end k4 ere constant. In this expression kp‘is the rste con-
stant of attack on the hydrocerbon by peroxy radicsals and ks
1s the rate constant of the termination step.

Dr. Hendry explained the discrepancy betweén his work
and the previous works as follows:

1. In both vinyl copolymerization (1Og) and hydrocerbon

oxidation, there would be contributions from the

structure R * H 7 X to the transition state.
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In. the formé; case, the natufe of the transition
state 1s such thet the lines of force between the
charged portions of the transition stste do not
radiate apprecisbly into the solvent (27). |

In the latter cese, there are veriations of solvent
effect due to structure of hydrocerbons; the restios
of the rate in nitromethane to that in chlorobenzene
are cumene 1l.26, bicyclo-(2,2,1)-heptadiene 1.28,
cyclohexene 1.21 end cycloheptatriene £.03.

In the former csse, the 2toms between which the
electron transfer occurs would be well shielded from
solvent by slkyl and aryl grouﬁs. The effect of the
alkyl group shielding is reminiscent of the effect of
alkyl substitution on thé second ionization constant
(Ko) of carboxylic acid (32). For example in the
case of malonic acid, Ki/Ko is 734 while this ratio
is 121,000 for diethylmalonic acid (33). Consistent
with the above is the lack of solvent effect in the
copolymerization of vinyl compbunds enc the small
solvent effect observed in the oxidetion of cumene
and bicyclo—(z,z,l)-heptane (see 3 above).

Other factors which contribute to prevent e solvent
effect in the copolymerization are the greater
degree of charge distribution by resonance and

experimentél uncertainties in the velues of the
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relative reactivity of monomers towards radicsal.
These values are seldom accurate to within + 10%.
The most striking solvent effect on a free radical reac-

tion was observed in competitive rhotochlorination of hydro-
carbons (2b, 10a, 20, 34). For example, the relative reactiv-
ities of the tertiery and primary hydrogen atoms of 2,3-
dimethylbutene towerd the chlorine atom at 5500. incresse
from 3.5:1 in an sliphetic solvent to 32:1 in 8N benzene (2b).
It was proven that this increase in reactivity of chlorine
atom 1s due to complexing with the aromatic ring of the sol-
vent since there is 2 qusntitstive relationship between the
magnitude of the solvent effect and besicity of the solvent
as determined‘by the equilibrium constant for the interaction
with h;Arogen chloride (35). Certain non-eromstic solvents
such as ter?iarx-butyl alcohol, dioxane, n-butyl ether,
dimethylformamide, thionyl chloride, sulfur monochloride,
cerbon dilsulfide and verious alkyl iodides 2lso show 2 solvent
effect in the photochlorinetion of Zz,3-dimethylbutene. Some
of the above might alsp undergo acid-basse interactions with
chlorine stoms a2t the most electron rich site similer to the
pl-complex observed for arometic solvents. Other solvents
such as carbon disulfide, alkyl iodides could involve either
charge-transfer complexes or complexes with expanded valence
shells. Iodobenzene is a more efficient solvent than cen be

expected from its basiclity snd 1t is belleved to be due to
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formation of intermedliate radical involving expansion of the
valence shell of iodine (2b).

A rule for inductive effects and resonance effects in
complexing solvents has been stated as follows: relative
reactivities that are determined mainly by the avallebility
of electrons in the carbon-hydrogen bond are not partlicularly
sensitive to solvent effect while relative reactivities that
are determined maihly by the stablilities of the inciplent
free radlcals are very sensitive to changes in solvent (10a).
Toward the chlorine atom the relative reactivitles of the

“primary hydrogen atoms of tetramethylsilane end trimethyl-
chlorosilane, where the incipient radicals are expected to
have the same amounts of resonance stabllization but the
carbon-hydrogen bonds have widely different reactivities duge
to inductive effect, in the absence of e complexing solvent,
and in the presence of 4M tertiary-butylbenzene or 12M carbon
disulfide were'6.5, 6.9 and 4.8 respectively. It appeers
that there was 1little effect of solvent. Similar situations
were observed when the reactivities ;f the primary hydrogen
of tertiary-butyl chloride and the primary hydrogen of 2,3-
dimethylbutane, the primary hydrogen of acetonitrile and the
primary hydrogen of 2,3-dimethylbutane, and the primery
hydrogen of tertiary-butylbenzene and the primary hydrogen of
2,3-dimethylbutane are compeared (102). The lerge solvent

effect noted in the chlorination of 2,3-dimethylbutane which
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was previously mentioned is very likely due to the resonance
stabilization of the incipient alkyl radicals. In the photo-
chlorination of l-chlorobutane in the egbsence or presence of
complexing solvents (20a), the following relative reactivities
of the carbon-hydrogen bonds were observed:
CHg~CHyg-CHo~CHy-C1 | in eliphstic solvent at 0°C.
1.0 3.1 1.35 0.30

CHz-CHy~CHo-CHp=C1 in 11.1M benzene at 0°C.

1.0 8.1 2.4 0.5
The ratlos of 2- to l-attack changed from 4.5 to 4.8 and the
ratios of 3- to 2-attack changed from 2.3 to 3.3 (2n increase
of 45 per cent) while the ratios of 3- to 4-attack increased
from 3.1 to 8.1 (an increase of 160 per cent). The relative
- reactivity at the 5— and 4-positions is determined meinly by
differences in bond dissoclation energies while the relative
react%vities at the 1-, 2- and 3-positions =re determined
mainly by the inductive effect of the chlorine substituent
(10c). Here a2gain the above mentioned rule is consistent
with the results; An increase in the selectivity of the
chlorine atom in the presence of complexing solvents should
be due to an lncresse in the importance of resonance structure
III (see pege 4) (lba) or due to loss of energy by complex
formation (21). These two interpretations lead to the same
conclusion when viewed in terms of the Hammond postulate (11).

The tertiary-butoxy radical eppears to be complexed by
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aromatic solvents in the same manner. However, the effects
go far reported have not been very large (24, 37).

Recently C. Wélling end A. Padwa reported a striking
change of course in the reaction of the alkoxy radical derived
from the hypochlorite of benzyldimethylcerbinol and hydro-
carbons in the absence and presence of certain olefins (38).

The formation of & pl-complex from e radical and an
aromatic nucleus and the relation between & pl- end a glgma-
complex has been discussed (2b, 39). It eppeers that high
- electron affinity and a sufficlently high potential energy
berrier between pl- and slgma-complex are the most importent
conditions required to form 2 stable pi-complex.

Other free radical resctions have been reviewed in con-
nection with changes 1n either the course or the rete of the
reactions (Zb). However, few definite conclusions could be

dreawn beceuse of the incompleteness of the data.
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GENERAL INTRODUCTION

Part I of this thesis presents a2 study of the chlorins-
tion, principslly by chlorine and light, of chloro =nd bromo-
cyclopentane and chlorocycloﬁexene. This work wes underteken
to further establish the polesr effect of a helogen substituent
upon directing the position of atteck of 2 chlorine ~tom in
the substitution resction.

Cl Cl

+ Cle r¥ — ol (7-isomers)

This model system was chosen beceuse in the 3- 2ré 4-positions
the resulting 2lkyl redicels have the same number of hyper-
conjugated structures. Since attack at the 2-, 3- or 4-
position eventually leeds to 2 mixture of cils and giggg
isomers this model system provided zn opportunity to observe
the stereochemlistry of the reection of moleculesr chlorine

end other chlorinating agents with tﬁe chlorocyclohexyl
radicel. Chloro and tromocyclopentene were studied since

in these molecules the conformetional problems present in
cyclohexane derivatives cre sbsent. It was hoped that 2
comparison of the results in the cyclopentezne end cyclohexene
series would 2dd significently to our understending of the
importance of conformetional problems both in the attack of

a redicel on- a carbon-hydrogen bond and in the reasction of an

alkyl redicel with & hslogen molecule.
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Part II concerns itself with a2 study of directive effects
in the chlorination of eralkyl hydrocarbons. Here, because
of the ability of aromatic rings to complex chlorine atoms
(2b, 102, 20, 34), the selectivity of the free chlorine atom
in hydrOgenlatom ebstraction reactions cen be epproached only
indirectly. Since only intermoleculer resctions of complexed
‘chlorine etoms have been reported in the literature, I thought
it of considerable interest to investigate the photochlorina-
tion of butyltenzene 1n & verlety of solvents. Here intra-
moleculer reactions of the coumplexed chlorine 2tom and the

8lkyl side-chain can be reasonably formuleated to give

CHQ'//CE?

Cl-

preferred attack at the F , & or w -positions. No evidence

was found for such an intramoleculer process.
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PART I. CHLORINATION OF HALOCYCLOALXANES
Introduction

Chlorocyclopentane, bromocyclopentane end chlorocyclo-
hexene were employed as helocyclozlkenes in this study.
Chlorocyclopentene was subjected to the most extensive inves-
tigetion. This compound was photochlorineted in verious sol-
vents and wes chlorinsted with severasl chlorineting reegents
in cerbon tetrecnloride solution. The otaer two compounds.
were photochlorineted in carbon tetrachloride. To obtein
relative reectivities of tnose three compounds to their
perent cycloelkenes, the compounds vere photochlorinsted
competitively in the presence of ¢ reference cycloelkrne.

If two hydrocerbons R,H end RZH ere photochlorinsted competi-
tively with rete constent kl end kg'reSpectively,
. K
RiH+ Cl'— Ry + HOL

.
piS

RgH + Cl —~ Rg* + HC1

- :E‘%'E,‘Hl = ¥ [Rya] 2]
i[—?%-H—] = kp[RpH] [Cl’]

The rete of consumption of hydrocesrbons is expressed oy the
above differentiel eguations. . By dividing the first expres-

sion by the second, one obtains the following expression.
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a (R4H)
“BH)  kqdt
a(RoH) ~ Epdt

“RoH)

Upon integration, the ratio of the two rate constants is

obtained by the equation

R-H
]_Qg_!_l'_jg
R Y

R.H k
log E_E_lg <

(RaH s

where [ ), represents the initial concentrstion end [ Jg
represents the final concentration.

It had been previously proven taest the products of a
photochlorination reaction ere a true messure of the initial
site of attack by the chlorine stom (2). If geometric isomers
are formed upon photochlorination,. the retio of the isomers
would be controlled by the step |

R. + Clg —= RC1l + C1-

Ih this study the dihalocycloalksnes found in the chlori-

nation product were anelyzed bty gas liquid chromatogrephy.
The chlorination mixture wes chromatographed 2lone, and then
with an authentic dihalogenocycloalksne. 'The enlsrged peak
in the chromatogram was thus identified. In the case of '
chlorination of chlorocyclopentene and of bromocyclopentane,
five isomeric dihalocyclopentanes are possible. In the case

of chlorination of chlorocyclohexane, seven isomeric dichloro-



cyclohexanes sre -possible. Authentic samples of =211 the
dichloropentanes and hexanes were prepared.

The analysis dependé on the assumption thet the thermal
conductivity of isomeric dihelogenocycloalkanes cre 1denticel.
This assumption was checked with 1,l-dichlorocyclopentane and
trans-1,2-dichlorocyclopentane which were svailsble in e high
state_of purity. The correction fector, the rstio (mole of
trans-1,z-dichlorocyclopentene/mole of 1,l-dichlorocyclo-
pentane) to (area of trans-1,%-dichlorocyclopentesne/asrea of
1,1l-dichlorocyclopentane), wes 1.022. It sppears that this
figure is unity within experimental error. Thus, the rela-
tive reactivity of cearbon-hydrogen bonds in easch position of
the halocycloalkeane were obtained. The combination of this
figure and the reactivity of the whole molecule relative to a
reference cycloalkane, leads to reactivity of & cerbon-
hydrogen bond et the certain position of 2 halocycloalksne
relative to 2 cerbon-hydrogen bord of the reference cyclo-
alkane:.

Relative reactivity pef hydrogen = relative reasctivity

as the whole molecule x relative reactivity in the

no

molecule (expressed as per cent) x ==
1

where nj; 1s the number of hydrogen at the certain position

of a2 halocycloalkane and np 1s the number of hydrogen of the

reference cycloalkane.
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Some 1,2-halogen migretions are reported in the litere-
ture (9, 40).' However, even if such e migretion occurs, there
would be no complication in the messurement of the relastive
reactivities, since for the helocycloalkenes a2 radicel formed
after 1,2-halogen migration 1s identicel with the unrearrsenged
radical. Further discussion of this point will te given

later.

Synthesis and Identificetion of
Unreported Dihalocycloalkanes

Among the dihelocycloelkanes which have been investigated
extensively 1in the past ere the dihalocyclohexanes. Of the
seven lsomeric dichlorocyclohexanes, 2ll1l except l,S-dichloro—
cyclohexanes are reporﬁed in the litersture. The reection of
1,3-cyclohexanediols and concentrested hydrochloric acid has
teen reported to give 1,4-dichlorocyclohexanes as the msin
products (41). A few unsuccessful attempts were made to pre-
psre the 1,3-dichlorides from the 1,3-diols, the deteils of
which are given in the experimentsl peart.

R. Cornubert et 21. (42) and k. S. Kharasch et 21. (43)
independently obtained trens-1,3-dibromocyclohexene by addi-
tion of hydrogen bromide to.3-bromocyclohexene. In the latter
work the same compound was obtained under both "peroxidic!
and "antioxidant" conditions. The assignment of trans con-
figuration, however, does not seem to bte certein tecause there

has been considerable confusion on the products of resction
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of 1,3-cyclohexanediols and 1,4—cyclohexanediols with hydrogen
bromide. A good review on this subject is provided in refer-
ence (4z2).

The reactién of 3-chlorocyclohexene and hydrogen chloride
was thus attempted. Anhydrous ferric chloride or gellium
'(iII) chloride woas 2dded rs the crtalyst. Wnen the resction
product of 3-chlorocyclohexene znéd hydrogen chloride was
chrometogrephed, the two major perls in the chromeatogrem

Cl

_ HG1 o
t-BuOCl FeCl3 or GeCls Dichlorocyclohexenes

did not correspond to any of the reported dichlorocyclohexenes
but had retention times identicel ﬁith the third peek end the
fifth peek in the chrometogrem of the photochlorinetion
product of chlorocyclohexane. Three other pes:s were observed
in the chrometogrem due té ggggg—l,Z-dichlofocyclohexene,
Q;g-l,4-dichlorocyclohexane end Egggg—l,é—dlchlorocyclo-
hexane. The latter two compounds mey result from the presence
of 4-cnlorocyclohexene as ¢ by-product in the reaction of
cyclohexene and tertiery-butyl hypochlorite.

The compound which corresponds to the third.peek in the
chrometogrem of the photochlorinetion product will be celled
"eompound A" ané the compound whlch corresponds to the fifth
peak will be called '"compound B" tempor?;ily. The 1solstion
'of these compounds by preparative ges-liquid chromstogrerhy

is described in the experimental section. The n.m.r. spectra

f
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of those two compounds ere shown in Fig. 1. The itrens-1,3-
configuration has been assigned to compouhd A a2nd the cis-
1,3-configuration has been agsigned to compound B besed on
the followlng argument.

1. In the trans compound, the chlorine substituents
should be in (le,32) or (lz,3e). Since both conformetions

must be equivelent, there would te an equilibrium:
L’

CI/;QZZ%::jizik — 6 5 4

3 3o 'CNI

" If the rete of the interchesnge 1s repld enough compered with
the frequency of the spectrometer, the chemicasl shift of the
methylene protons attached to the 2 2nd & cerbon atoms should
te equal and spin-spin coupling between these protons would
not occur. The protons attached to carbon atoms 4 end 6 are
neerly equal and spin-spin coupling would not be expected to
be important.

In the Q;g compound, the possible position of chlorine
substituents would be (le,3e) 2nd (le,3a). The (le,SE) con-
formation may be energetically much more fevoreble than the
(1a,3a) conformation becezuse of 1,3 interaction between the
chlorine substituents in the latter conformetion. In genersl
diequatorial conformetion is thaught to bte more stable than
diaxial conformation (44). However, it is reported that the
diaxiel conformation of trans-1,4-dichlorocyclohexane is more

stable tnan the diequatorial in carbon tetrechloride solution



Fig. la. Proton magnetic resonence spectrum of compound A
(trens-1,3-dichlorocyclohexene) et 680 kc./sec.
in cerbon tetrachloride

Fig. 1b. Proton magnetic resonance spectrum of compound B
(cig-1,3-dichlorocyclohexzne) =t 60 kc./sec. in
carbon tetrachloride
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(45).

Thus, if two methylene protons on the same carbon atom
experience different megnetic environment owing to the frozen
diequatorial conformation or the existence of equilibrium
where one conformation is favored over the other, those two
prétons can couple and the spectrum of c¢cis-1,3-dichlorocyclo-
hexane should be uore complicated than that of trens-1,3-
dichlorocyclohexane.

2. In the trans compound the two methylene protons in
fhe 2-position would form an A2X2 system with the two methine
protons on the 1 and 3 carbon etoms. Therefore, the triplet
observed at “7T = 7.8l in the spectrum of compound A is consis-
tent with the trans isomer.

3. The broad singlet at 7 = 8.15 in the spectrum of
Eompound & should be due to the other six methylene protons.
The tau value of cyclohexane protons is 8.56 (46).

4, The peak at 7 = 5.68 in the spectrum of compound A
should be due to the two methine protons. The tau velue of
a methine proton of chlorocyclohexane is 6.11 (46). The peak
content at -7 = 5.68 appears to be approximztely 2 triplet
of triplets with the coupling constant 5.3 c/s.

5. The peak at T = 6.30 in the spectrum of compound B
sppears to be due to the two methine protons of cis-1,3-
dichlorocyclohexeane, since it is at higher field by 0.62

p.p.m. than that of trans compound and exisl protons are known
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to be more shielded than equatorial protons (46). Theoretic-
ally 0.40 p.p.m. for the difference in tau values of the axial
and equatorial protons cen be expected (46). If the methine
protons of trans compound experience the average field of
equatoriel and saxlal and the methine protons of cils compound
are in exial positions, the difference of 0.20 p.p.m. could
be expected. Although the magnitude of the difference does
not agree, the difference is in the right direction.

6. The peaszs around T = 7.3 in the spectrum of compound
B would ve due to the two methylene protons between the
methine groups. The half in the higher field is overlapped by
peaks of other methylene protons. Those two protons ere
roughly an AB system and if this is the cese, the coupling
constant is 12.5 ¢/s. A similer situstion cen te found in
the spectrum of P -D-xylopyranose tetraacetate (47).

7. Area ratlos of peeks in the spectra cre consistent
with the above descriptions. |

It is 1interesting to compsere the n.m.r.'sﬁectra of 1,3-
dichlorocyclohexanes with other reported dichlorocyclohexenes.
The spectra of cls-1,4-dichlorocyclohexane end trans-1,4-
dichlorocyclohexane are shown in Fig. 2 end Fig. 3, respec-
tively. For the cis compound equilibrium (le,42) —— (1ls,4e)
can be expected and both conformations are equivalent. There-
fore, an gpproximete doublet due to the methylene protons zre

observed. For the trans compound the equilibrium



Fig. 2. Proton megnetic resonsnce spectrum of cis-1,4~dichloro-
cyclohexane at 60 lc./sec. in cerbon tetrachlorlde
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Fig. 3. Proton magnetic resonance spectrum of trens-1 ,4-
dichlorocyclohexsne at 80 kc./sec. in carbon
tetrachloride
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(le,4e) — (1a,42) in solutions was reported by k. Yozima and
T. Yoshino on the basis of its Remen spectre (45) es mentioned
before, and mole fresction of the dieguatoriel conformztion
calculated from energy difference given is 0.25 in cerbon
tetrachloride solution, presuwebly &t room temperature. No
explenztion was given why the diexiel conformation is more
stacle in solution. It was reported thet in vepor phase the
two conformations are present in ecucl emount or the besis of
electron diffresction, presumzbly at room temperature {48).
Only the (le,4e) conformetion was reported to exist in solid
state besed on x-rey (42) end Remen spectra (45). Since

the (le,42) conformetion is predominant, two met2ylene protons
on the ssauie carbon atom 2re not equivelent snd the n.a.r.
absorption ié complicated. The methine pesx of cis compound
occurs &t slightly higher field then thst of trens compound,

a fect which supports the predowinence of the diexlel con-
formetion in carbon tetrechloride solution.

The n.m.r. spectrs of gis-1,2-dichlorocyclohexene =nd
trans-1,2-dichlorocyclohexane are shown in Fig. 4 &nd Fig. 5,
respectively. For the trans compound equilibrium
(le,ze) — (1l2,22) in solutions was reported bty X. Xozime
et gl. on the basis of dipole moment end Ramen spectrz (50),
ard by E. Hevings et 2l. on the basis of dipole moment (51).
In the solid state only the (le,2e) conforwztion wes reported

to exist on the basis of Ramen spectrs (50). The mole



Fig. 4. Proton magnetic resonance spectrum of cis-1,2-
dichlorocyclohexane at 60 Mc./sec. in carbon
tetrachloride
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Fig. 6. Proton magnetic resonsnce spectrum of trens-1,4-
dichlorocyclohexsne a2t 60 lkc./sec. in carbon
tetrachloride
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fraction of dlequatorial conformation of trans-1,2-dichloro-
cyclohexane in carbon tetrachloride was 0.50 (850) and 0.53
(61) presumebly et room tempersture. The spectrum of cis-
1,2-dichlorocyclohexane is complicated as well ss the spectrum
of the trans compound. This could be explesined by the fect

that the absorption by proton Hy becomes complex when the

X
|
-C -C-0C -
| | |
HA Hyg HX

différence of the chemlicel shift between protons Hp and Hg 1s
smaeller than the coupling constant between Hp end Hp even if
the coupling constant between Hy and Hy is zero (52) or nearly
zero (53). A slightly higher chemicel shift of the methine
proton of trans compound would support the above mentioned
equilibrium (le,2e) == (la,2a) with s preference for the
(le,2e) -conformation.

The ratios of dichlorocyclohexanes formed from the addi-
tion of hydrogen to 3-chlorocyclohexene are 5% trans-1,2-
dichlorocyclohexane, 46/% cis-1,3~-dichlorocyclohexene, 32%
trans-1,3-dichlorocyclohexane, 5% cis-1,4-dichlorocyclohexane,
and 11% trans-1,4-dichlorocyclohexane besed on znslysis by
gas liquid chromatography. The predominance of the e¢is-1,3-
dichloride over trans-l,3-dichloride is reasonsble becsuse

the system would be in equilibrium in the presence of the

catalyst.
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The order of elution of dichlorohexanes with 2 2.2 m.
poiyphenyl ether column (20%) in series with é 1.5 m.
diisodecyl phthalate column (10%) is 1,l-dichlorocyclohexane,
<(§g§g§—l,E—dichlorocyclohexane,<i trans-1,3-dichlorocyclo-
hexane, < trens-1,4-dichlorocyclohexane, < cis-1,3-dichloro-
cyclohexane,<:.glg—l,4-dichlorooyclbhexene,<: ¢is-1,2-di-
chlorocycloheXxane.

Of the dichlorécyclopentanes, cis-1,z~-dichlorocyclo-
pentane and the two geometric isomers of 1,3-dichlorocyclo-
pentene have not been reported in the literature. Since the-
reactions of alcohols with thionyl chloride in the presence
of pyridine is known to be accompanied with inversion of con-
figuration (54), the dichloride formed from trens-i-chloro-
cyclopentanol end thionyl chloride in the presence of »yridine
is undoubtedly cis-1,2-dichlorocyclopentane. A similer pro-
cedure was used to synthesize cis-1,z-dichlorocyclohexane from
trans-2-chlorocyclohexanol (55).

The compounds which correspond to the third end fourth
peaks of the dichlorides were separsted from the photochlori-
natlon product of chlorocyclopentane by vecuum distillation
with 2 Todd column. The n.m.r. spectrum of the former is

shown in Fig. 6 and thet of the letter is shown in Fig. 7.




Fig. 6. Proton megnetic resonence spectrum of treng-1,3-
dichlorocyclopentane a2t 60 lc./sec. in cerbon
tetrachloride
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Flg. 7. Proton megnetic resonance spectrum of ¢is-1,3-
dichlorocylopentane a2t 60 ic./sec. in cerbon
tetrechloride



34b




35

The former compound (Fig. 6) was assigned the trans-1,3 con-
figuration and the letter compound (Fig. 7) was assigned ﬁhe
cis-1,3 configuration besed on the following argument.

‘1. Tne third end fourth peaks of the chrometogrem of
the chlorination product do not correspond to.the known 1,1-
dichlorocyclopentane, ggggg—l,E—dichlorocyclopentane or cis-
1,z-dichlorocyclopentane which correspond to the first, the
second, and to the fifth peak, respectively. Dichloride
peaxs can be eesily distinguished from higher chlorineted
product since these polychloride peeks beceme larger when
compared with dichloride pesks when & larger ratio of chlorine
to chlorocyclopentane was used.
_ Ze Those two compounds which correspond to the third
and fourth peaks were synthesized in the following way from

cyclopentadiene.
Cl

O 7= @ @ o (Y
4) Hg0q

Discussion of the above synthesis will be presented leter.

C1

3. Mlethylene protons between the two chlorine substi-
tuents in trans-1,3-dichlorocyclopentene ere magnetically
equally shielded since both protons are cis to one chlorine
substituent and trans to the other. Therefore, a triplet was
observed at ‘7 = 2.57 in Fig. 6.

liethylene protons between the two chlorine substituents
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in cis-1,3-dichlorocyclopentane are not equivalent. There-
fore acomplex pattern can be expected. Becsuse of the lerge
coupling constant between these two methylene protons,
absorption cen be expected to be brosad.

4., In the cis compound Hp and Hg will be weakly coupled
and in the trens compound ﬁA.and Hp will be strongly coupled.
Therefore, more separation between absorptions due to the
high-field methylene protons (on atoms 4 and 5) are expected
in the spectrum of the trans compound than in thet of the cis
compound.

5. Reaction of the ditosylate of c¢cis-1,3-cyclopentane-
diol with lithium chloride in absolute ethanol gave mainly
elimination products &s shown by high acidity of the reaction
mixture. However, the liquid separated from the reaction
mixture, as described in the experimentel pert, contained es
the predominant dicaloride the compound which corresponds to
the fourth peak in the chromatogram of the dichlorides formed
by photochlorination of chlorocyclopentane. The ditosylate
used is surely the cis compound because K. A. Saegebsrth (56)
synthesized a Q—nitrobenyl;deneacetal from the perent 1,3-
cyclopentanediol, although there hes been some confusion gbout
the conflguretions of the 1,3-cyclopentanediols (57).

6. The higher beiling point end refractive index of the
cis compound than the trans compound agree with the von Auwers-

Skita rule (58).
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Returning to the reactions described in pesge 8, the first
step wes originally described by S. Winstein et al. (59) and
modified so that no separate diborane generstor was used and
no tedious chromatOgraphic}separation needed. The yield
tesed on the sodium borohydride used was lower then the
original method, the yield based on the cyclopentadiene used
was about the same (13%).

To synthesize 4-chlorocyclopentene, the reaction of
3-cyclopenten-l-ol with concentrated hydrochloric acid was
attempted. As soon as hydrochloric ecid wses added to 3-cyclo-
penten-1-0l a purple color was developed. The color graduelly
furned trown and 24 hours later the solution tecame completely
dark brown. A purple color also develops when snhydrous
aluminum chloride 1s added to 4-chlorocyclopentene. Wheg
concentreted sulfurlc acid weas added to 3-cyclopenten-i-ol,
the mixture turned tlack immediestely. The ultraviolet gpec-

- trum of the mixture of 3-cyclopenten-l-o0l and concentrated
hydrochloric a2cid in methenol has 2 large shoulder due to
3-cyclopenten-l1-ol and smell absorption mexima at 255 and
305 mu supposedly due to reaction products. A possible
interpretation of those phenomens is that carbonium ion I

was formed tut the equlilibrium is unfavoreble. The cyclo-

CH

+HC1
Q el 01‘+H20

I
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hexenyl cerbonium lon reported by G. A. Oleh end W. S.
Tolgyesi (60) hes ultraviolet mexime 2t 307 m M4 ( € 234),
242 ( €1350) and 250 (shoulder € 1248). N. C. Deno et 2l.
reported that allylic cetions have & strong ultraviolet
absorption in the range between 310 end 335 m u (612) end
that tricyclopropylmethyl cation hes en ultreviolet ebsorp-
tion at 270 m u ( € 22,000) (61b).

Reaction of 5-cyclopenten-l-ol with thionyl chloride
in the presence of pyridine merely vielded resinous meteriel
and reection of the slcohol with phosphorous pentzchloride
was successful. Similar observetions were reported by W. S.
Rapson and R. Robinson for 1—methy1-lkz-cyclopentenyl-l—
carbinol (62). The n.u.r. spectrum of the product obtained
by the—reaction of 3-cyclopenten-l-ol with phosphorous penta-
chloride is shown in Fig, 8 and the spectrum is consistent
with the structure 4-chlorocyclopentene. The complex ebsorp-
tion around T = 7 mey be due_to four methylene protons.
Absorption at T = 5.54 seems to be & triplet of triplets and
due to the methine proton. The singlet a2t T = 4.30 may te
due to two olefinic protons. Since the two protons should
be equivalent, no coupling occurs between them. However, it
is interesting that no splitting by the zdjacent methylene
protons.was Observed.

The addition of hydrogen chloride to 4-chlorocyclopentene

gave a 50:50 mixture of 1,3-dichlorocyclopentanes while



Fig. 8. Proton megnetic resonance spectrum of 4-chlorocyclo-
pentene at 60 lc./sec. in carbon tetrachloride
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reaction of hydrogen bromide with the chloride geve 417
cls-l-bromo-3~chlorocyclopentane and 52% trens-l-bromo-3-
chlorocyclopentane under the seme conditions. Although the
latter recction can not be seild to proceed through only an
ionic mechenlism, the reaction occurred in & tube from which
air wes evacuated and which was ellowed to stend in e dsrk
place at 0°c. |

The bromochlorocyclopentenes have not teen reported in
the litersture. 1,1-Bromochlorocyclopenrtene, cis-l-tromo-3-
chlorocyclopentene and trans-l-bromo-3-chlorocyclopentene
were synthesized in e manner similar to that employed for the
cyclohexane analogs (62). Pure l-bromo-l-chlorocyclopentane
'could not be isolrted because of its instability during dis-
tillation. However, it seems to be steble in gas-liquid
chromatOgraphy, since in the chromatogran of mixture of 1-
bromo-l-chlorocyclopentane and trens-l-bromo-2-chlorocyclo-
pentene only two pesks were otserved, neither of which corre-
sponds tc l-chlorocyclopentene, the decomposition product
formed during distilletion.

Radical addition of hydrogen bromide to o §oub1e bond 1is
known to proceed by trans addition (63, 64). Therefore, the
produect of the reaction of l-chlorocyclopentene and hydrogen
bromide in the presence of ultraviolet illuminetion should
give cis-l-bromo-2-chlorocyclopentane.

1t appears that N-bromosuccinimide and hydrogen chloride
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react to give bromine-chloride in a manner similer to N-bromo-
acetamide and hydrogen chloride (65). Another example of Qhe
similar benavior of N-bromosuceinimide snd N-bromoecetamide

is the observation that both compounds in weter resct with
olefins to give bromohydrins (66). Therefore, resction of
cyclopentene with N-brocosuccinimide and hydrogen chloride
presumably gave trans-l-bromo-gZ-chlorocyclopentene.

Assignment of configurations of the l-bromo-3-chloro-
cyclopentaenes was mede by the seme menner ss for the 1,3-
dichlorocyclopentanes, except for eargument no. 5, on the
besis that in n.m.r. spectroscopy chlorine and tromine sub-
stltuent shield protons very similerly (46). The n.m.r.
spectre of the bromochlorocyclopentenes ere shown in Fig.
©-1%Z, which show & similarity to the corresponding dichlorides.

The ratios of retention times of the corresponding
dichlorocyclopentanes and bromochlorocyclopentanes were the
same, when a dl-Z-ethylhexylsebacate column 1s used for ga2s-
liquid chrometography. The ratios of retentioﬁ time,

l-bromo-l-chlorocyclopentane - trzns-l-bromo-2-chloro-

1l,1-dichlorocyclopentene trans-1,2-dichlorocyclo-
cyclopentane = ete. = 1.55
pentene T

The order of elutlion is 1,l1-dihelocyclopentene < trans-1,2-
dihalocyclopentane < trans-1,3-dihszlocyclopentane < cis-1,2-

dihalocyclopentane.



Fig. 2. Proton magnetic resonesnce spectrum of cis-l-bromo-3-
chlorocyclopentane at 60 kc./sec. in carbon
tetrachloride
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Fig. 10. Proton magnetic resonance spec’crum of ftrens-1-
bromo-3-chlorocyclopentane et 60 lc./sec. in
carbon tetrechloride



42b

J
J




Fig. lla. Proton magnetic resonance spectrum of cis-1,2-
dichlorocyclopentene st 60 Mec./sec. in carbon
tetrachloride

Fig. 11tv. Proton magnetic resonance spectrum of c¢cis-1-
bromo-2-chlorocyclopentene a2t 80 ke./sec. in
carbon tetrachloride
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Fig. lza. Proton magnetic resonence spectrum of trans-1,2-
dichlorocyclopentane at 60 ic./sec. in carbon
tetrechloride

Fig. 1l<b. Proton megnetic resonance spectrum of frens-1-
bromo-2-chlorocyclopentane 2t 60 Mc./sec. in
cerbon tetrachloride
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Results and Discussion

Photochlorination of halocyecloalkanes

Solutions of chlorocyclopentane in cecrbon tetrechloride
were photochlorineted to different extents to zscertain the -~ .
dependence of the distribution of dichlorocyclopentenes on
the ratio of resctants. The results, based on enalycis by
gel.c., ere lieted in Tecle 1. Veristions sre so small thet
they are probebly within experimentel uncerteinty. It seems
likely thet the relative reactivities of the dichlorocyclo-
pentanes toward chlorination ere similer and thet polychlori-
rnation does not preferentially destroy oie of the first
formed dichlorides.

To find out if there 1s eny solvent effect, 1 moler solu-
tions of chlorocyclopehtene in acetonitrile, nitrobenzene,
benzene, and carbon dlsulfide solutions were photochlorinsted.
The results are listed in Tetle 2.

Acetonitrile and nitrobenzene were chosen 2s solvents
which have high dielectric constants. Dielectric constants
of those solvents measured 2t low frequency sre 36.7 gnd 34.8
at 25°C. (87). Dielectric constents of the other solvents
used sre between 2 end 3. BEenzene end crrbon disulfide were
chosen because of their known ebility to complex with chlorine
atoms (2b). Nitrobenzene hes little complexing ebility with

chlorine stoms tecause of its low basicity (Zb, 23).



Table 1. Photochlorination of 1l chlorocyclopentezne in carbon tetrachloride

solution at 40°C.

Dichlorocxplqpentanesa

% chlorination 1,1 clg-1,2 trans-1,2 cis-1,3 trensg-1,3
A
15 4.5 --b 31.5 25.6 38.4
27 4,7 0.5 31.3 25.6 37.2
47 4.5 0.5 30.% 25.8 38.2
50 4.4 0.5 30.6 256.0 38.4

Percent of dichlorides.

bNo peak wss detected, probebly due to

low concentration of the compound.

oy



Table 2. Photochlorination of 1M chlorocyclopentene 1n verious solvents at 4000.

Products of Products of

Product of 2-attack (% 3-attack (%)
Solvent l-attack (%) cis Trans Total cis ‘trang Totel
Carbon'tetrachloridea 4.6 0.5 31.2 31.7 256.6 38.1 63.7
Acetonitrile® 3.1 1.3 28.1  29.4 30.8  36.7  67.5
Nitrobenzene 4.4 1.2 26.9 28.1 30.7 36.7 87.4
" Benzene® 5.8 0.8  27.4  z8.2 27.3  38.7  66.0
Carbon disulfide® 9.4 1.0 28.6 £9.6 25.2 35.7 80.2

8Aversge of the first three lines of Teble 1 assuming 0.5% cis-1,2-dichloro-
cyclopentane was formed in 15 mole per cent chlorinstion.

Phverage of two experiments.

©1.15 ¥ CgHgCL.

L¥
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More attsck on the l-position bty complexed chlorine stoms
was observed (Tatle 2, tenzene and carbon disulfide solvents)
possibly due to resonence stabilization of incipient radicals.

O D
—~G—gl:

~ €1

The selectivity of complexed chlorine atoms is known to be
more sensitive to such resonance effects then the free chlor-
ine atoms (£3). Only small variations were observed in the
ratio of 2-attack to 3-attack (see Tsble 3). Thus, s men-
tioned 1n the introduction, the rule,

Relative reactivities thet sre determined meinly

by the svailability of electrons in the rarbon-

hydrogen bond ere rnot perticularly sensisive to

solvent effects while reactivities that are deter-

mined mainly by the stabilities of the irncipient

free redicals ere very sensitive to chenges 1n

solvent. (10a) ' '
epplies to the photochlorinetion of chlorocyclopentene. The
increese of reactivity et the l-position wes two-fold in going
from carbon tetrachloride to 14M certon dlsulfide. However,
the 1lncrease of reactivity of a secondary carbon-hydrogen
bond ‘relative to a2 primary cerbon-hydrogen tond of butsne 1is
four-fold at 34°C. (1), when the solvent is chenged from an
aliphatic solvent to 1ll.1M carbon disulfide. Stability of
an R2601 radical 1is comparable to 2 tertiary-elxyl redical
since the bond dissocietion energy of chloroform is 90 kcel./
mole and that of the tertisry carbon-hydrogen bond of iso-
butane is 89 kcal./mole (68). According to the series given

by A. N. Nesmeyanov et al. (8), en 32CC1 radicel is more



Table 3. Solvent effects in

photochlorinstion of chlorocyclopentanea

Solvent

Carbon tetrachloride (8.7M)
Acetonitrile (17N)
Nitrobenzene (8.6M)

Benzene (10M)

Carbon disulfide (14k)

cls/trans
1-Attack/3-Attack  2-Attack/3-Atteck At 3-position
0.072 0.50 0.87
0.046 0.44 » 0.84
0.065 . 0.42 0.84
0.088 0.43 0.71
0.15 0.49 0.71

8Calculated from Table Z.

Table 4. Photochlorinat%on of 1M chlorocyclohexane in ca2rbon tetrachloride
C

solutlion at 40 .

Products of
g-attack ()

Products of Products of
3-attack (4) 4-attack (%)

Product of

cls

L -Ci8 ===
l-attack (%) cis trans Total cis ¢trens Total trens c¢is trans Total trans

3.7 1.3 22.0 23.3 20.2 24.9 45.1 0.81 12.7 16.2 27.9 0.84

6%
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stable than a tertiary-elkyl rsdicel. Strasin in the ring
system (I strain) could explain, et leest partially, the above
discrepancy (17-18).

trans-Substitution 1s mofe fevoreble then cis-substitu-
tion toth et 2- end 3-position presumebly because of 2 steric
or electronic effect of the chlorine substituent.

Variation of the c¢cis/trang ratio et the 3-position is
small as the solvent is changed. However, in solvents of high
dielectric constant the gis/trens ratios sre lerger. It is
hard to say definitely that a solvent effect due to e differ-
ence of dielectric constent exists. This solvent effect, if
any, can be explained by an argument advanced by Dr. D. G.
Hendry (23). The electric charge on structure II may interact.

R+ C1-C1 =— R’Y C¢1-C1° ~— RC1 + C1-
I II . III

with the dipole coused by the chlorine substituent and make
trans sﬁbstitution more favorable in solvents of low dielectric
constant. Because of the small amounts of cis-1,Z-dichloro-
c&clopentane formed it 1s probably not feir to discuss the
cig-trang ratio for attack at the 2-position. However, ogain
the highest ratios (more g;g) were found in the solvents of
highest dlelectric constant.

The results of the photochlorinstion of chlorocyclohexane
are listed in Table 4. Again, trens compounds cre more
favored than the corresponding cis compounds, even though

cis-1,3-dlichlorocyclohexane is thought to be more stable



ol

than trans-1,3-dichlorocyclohexene. The n.m.r. spectra of
chlorocyclohexane in carbon disulfide has shown that 77% of
the chloririe substituents cre in the equatorial position ot
~104° to 25°G. (68). In the intermediste rsdicals formed from
chlorocyclohexane by attack of chlorine atoms, there is no
reason to suspect thet equatorial conformations asre more pre-
ferred than in chlorocyclohexane itself. Therefore, axiel
conformations (i.e. chlorine in the axial position) of the
intermediate radical should be tvaken into eccount. If planer
sp2 geometry of the radiceal site is assumed, the predominence
of trens-1,2-dichlorocyclohexane over cis-1,2-dichlorocyclo-
hexane can te eXplained by steric or electronic interactions
between a chlorine substituent and a chlorire molecule. If

5 geometry of the rediel site is assumed, equal

tetrahedral sp
ease of approach by & chlorine molecule from either side of
an equatorial substituent could be anticipasted. The cls to
trans ratio of the 1,z-dichlorocyclohexanes seems larger than
that of the 1,2-dichlorocyclopentanes. However, the low con-
dentrations of the eis compounds in the photochlorination
mixtures and the incomplete resolution of c¢is-1,2-dichloro-
cyclohexane peak from ¢is-1,4~dichlorocyclohexane peak in the
chromatogram must be taken into account. The similar magni-
tude of the cis-trans ratio for 2-attack, as well as 3-attack,

in chlorocyclopentene and chlorocyclohexane suggests that the

cls-trans ratios observed in the cyclohexane series are not
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determired meinly by conformetionel effects.

It seems likely thet the stereochemistry of the resction
of the Z-chlorocyclohexyl and E—chlo:ocyclOpentyl redicels
with molecular chlorine core closely related to the frans
addition of hydrogen bromide to cyclohexene derivetives (63,
64b). A bromine-bridged intermediste rsdicel, e concerted-
mechenism and a mechanism involving the atteckx by 2 bromine
atom frowm only the axial directlion followed by e rapid hydrogen
ebstraction from hydrogen bromide vie the leest hirndered route
heave been proposed.

If the chlorine sutstituent of the 3-chlorocyclohexyl
radicel 1s in equatoriel position, & chlorine molecule may
approech ecsier from the side so thet the cls compound would
be predominant to about the same extent os the tresns compouhd
predominates from the 4-chlorocyclohexyl resdicsl, since it
appears that the free energy difference of the ﬁroducts re-
flects itself in the corresponding trensition states (702).

R. J. Gritter and R. J. Altert (70b) recently vreported thet

raedicals generated from elther cis- or trans-3-tertisry-butyl-

cyclohexanol, where the tertiary-butyl group is essumed to be
in equatorial position, rescts with l-octene to give l-octyl-
3~tertiary-butyleyclohexanol where 64-67% of the hydroxyl groups

(cis to_trans ratio is 0.48-0.57) are in axial positions. For

the reaction of 3-chlorocyclohexyl radical with & chlorine

molecule the transition state would resemktle the product less
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than that of the above reaction since the zctivation energy of
- the second chain propagation step of photochlorination is sup-
posed to ve very low. If the chlorine substituent of the 3-
chlorocyclohexyl redicel is in axial position, it would arrear
to be much easier to'approach fron the side opposite to the
substituent. Interaction between the substituent end the in-
coming chlorine molecule would be larger then in the cese of
chlorocyclopentanyl radicel. The similarity of the cils-trans
ratios for 3-attack on chlorocyclopentane end chlorocyclo-
hexane suggests the lack of appreciable conformetionel stebil-
1ty of cyclohexyl radicels and the greater stabllity of "trensg"
transition states for reaction o0f the redicel with moleculer
chlorine, both in the cyclopentyl and cyclohexyl systems.

In 4-chlorocyclohexyl radicals there mey be 1little direct
influence of the substituent on the products since the trens
product 1s probatly favored over the cis product thermo-
dynamicelly.

R. J. Gritter znd R. J. Alvert (70b) reported thet redi-

cals genereted from elther cis- or trezns-4-tertiery-butyl-
cyclohexanol react with l-octene to give l-octyl-4-tertisry-
buﬁylcyclohexanol where the 52-62% hydroxyl groups (cis to
trans retio 0.61-0.69) are in exigl positions. The retio of

cls to trans compounds in the Hunsdiecker resction of silver

salts of cis- and trans-4-tertisry-butylcyclohexsnecerboxylic

acid with tromine in cerbon tetrachloride gave a c¢cis- to
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trang-bromide ratio of 0.54" (70a) while the decomposition of

the diacyl peroxides of cis- and trans-4-tertisry-butylcyeclo-

hexanecarboxyllc acid in tetrabromoethane gave a ratio of cls
to transg bromide of 0.82-0.92 (70c). It is peculiar that the
decomposition of dimethyl-(4-tertiary-butyleyclohexyl)-
carbinyl aypochlorites in carbon tetrechloride gave a retio

of cis- to trang-4-tertiary-butylcyclohexyl chlorides (70d)

of 2:1. However, in each case, a2 common intermediste radical
or mixture of radicals appesrs to be produced from elther the

cls or trans starting compound.

Photochlorination of 1M solutions of brdmocyclopentane
~in carbon tétrachloride at 40°C. gave poor reproducibility.
In addition, a peak of trans-1,2-dichlorocyclopentane, 1.8 to
O times as large as the pezk of l-bromo-l-chlorocyclopentane,
was found in the chromatogram of the chlorination products.
Photochlorination at 0°c. gave 2 smaller peak ror trans-1,2-
dichlorocyclopentane,'%he peak now belng only 3.4 times es
large as the peak of l-bromo-l-chlorocyclopentane. When more
dilute chlorine gas was added over a longer period of time,
the amount of trans-1,2-dichlorocyclopentane formed became
smaller. Those observations can be explained by the addition

of chlorine to cyclopentene as shown below:
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k c1
<:i:7 r xCly  — <::zr + (x-1)C1,
Tc1

Rate = kA[Clalx [cyclopentene]

O roe 2o (7™ ron
: Cl

Rate = (ks/KE)[Clg][pyclopentene][Br-]

The brown color observed during the course of these photo-

chlorinations and the retardation of the rate were presumably
due to broﬁine formed in the above manner.

P. S. Fredericks and J. M. Tedder (61) found 1,2-dichloro-
butane in the chlorinetion of l-bromobutzne. They elso ob-
gserved a strong inhibition by bromine on the rete of the
reaction. F. F. Rust and W. E. Vaughan (6h) found that above
200°C. the yleld of vicinal dichlorides from the chlorination
of chloroalkeanes decreases raplidly with en increase in temper-
ature, whereas, the yield of other dichlorides changes‘but
slightly. A. B. Ash and H. C. Brown (6b) suggested thet this
"vicinal effect! is due to the instability of the intermediate
- radicals -CH201-éH— et high temperatures.

When the photochlorination of bromocyclopentane was per-
formed at -30°C. the ratios of the Eromochlorocyclopentanes
were reproducible and the size of the chromatogram peak due

to trans-1,2-dichlorocyclopentene was only about one half of
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that of l~bromo-l-chlorocyclopentene. The result of this
photochlorination of bromocyclopentene is listed in Table &
together with the result of a photochlorination of chlorocyclo-
pentane at -30°¢.

The higher reactivity at the 2-position of bromocyclo-
pentane relative to the Z-position of chlorocyclopentane will
be dlscussed later when competitive chlorinations are dis-
cussed. The cis to trans ratios of l-bromo-S-chlorocycloé
pentane and of 1,3-dichlorocyclopentane are the same within
experimental error. The covalent radius of e bromine atom is
14% larger than that of a chlorine atom, which is 38% larger
than that of a fluorine ztom (71). Therefore, a greater
steric effect might have been expected for the bromine substi-
tuent. P. S. Fredericks and J. l. Tedder have repofted that |
18/% wore of the erythro éompound was obtained in the chlorina-
tion of 2~chlorobutane than in the chlorination of 2-fluoro-
butane.

Hydrogen abstraction in the photochlorination of 6hloro—
cyclopentane at -SOOC. seems 2 little more selective than in
the reaction at 40°C., as C. Walling and M. F. Mayahi (20=2)
observed for the photéchlorination of l-chlorobutane.

Competitive photochlorinations were performed for mix-
tures of halocycloalkenes and reference cycloalkanes whose
reactivities relative to the parent cycloalkanes were known.

These reectivities of the whole molecules and relative resasc-



Table 5. Photochlorination of 1} bromocyclopentane and 1} chlorocyclopentsane

in carbon tetrechloride solution at -30°C.

Products of Products of 3-attack (%)

Product of 2-attack (%) cis

Substrate l-attack (%) cls trans Total cis ftrens Total trans
Bromocyclopentane - 43,3 43.3 23.2 30.1 53.3 0.77
Chlorocyclopentane --2  28.7 28.7 29.5 37.6 67.1 0.79

8No peak was observed.

4G
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tivities of the various carbon-hydrogen tonds within the halo-
cycloalkanes allows one to calculate the reactivity of a
given carbon-hydrogen bond in a halocycloalkane relative to
the perent cycloélkane, as described in the introduction. The
results are listed in Table 6. The experimental uncertainty
of the results of the competitive photochlorinations at 4000.
are about + 10% while the experimental uncertainty of the
reactivity of bromocyclopentane relative to cyclopenteane at
-30°¢. mey ve + 20%. However, experimental uncertainty of
the reactivity of chlorocyclopentene relative to bromocyclo-
pentane at -30°C. may be less, possibly + 5%, owing to the
similar reactivities end the high boiling points of compounds
being chlorinated.

Because of strong polar effects of the halogen substi-
tuents the attack by a chlorine stom occurs preferentially
at carbon-hydrogen bonds remote from the substituent (62).
Table 6 shows theat the 3-positions of the chlorocycloaslkenes
are deactivated by the chlorine substituent as evidenced by
both the competitive chlorinations of chiorocyclopentane
with cyclopentene and by the photochlorination of chlorocyclo-
hexane where the hydrogen at the 3-position is 0.8l times as
reactive as that of the 4-position. In the gbove comparison
the 3-chlorocyclohexnyl and fhe 4-chlorocyclohexyl radical
have the same numker of hyperconjugative resonsnce structures.

The carbon-hydrogen bonds at the l-positions of chlorocyclo-



Table 6. Relative reactivities of carbon hydrogen bond towsrd chlorine otoms®

1- 2~ 3— 4-
Chlorocycloalkane Reference hydrocarbon Posltion Posltion Position Position
Chlorocyclopentaneb (1M) OCyclohexane (0.16K) . © 0.21 0.37 0.75 -
Chlorocyclopentane® (1M) Cyclohexane (0.17M) 0.19 0.31 0.75 —
.Chlorocyclohexaneb (1M) Cycloheptane (0.52M) 0.26 0.42 0.81 1.0
Bromocyclopentaned (1) Cyclopentane (0.21K) 0.17 0.54 0.66 -

Chlorocyclopentane? (1M) Bromocyclopentane (1M) 0.18° 0.32% 0.73°

@Assumed that the relative reactivities of a cearbon-hydrogen bond of the parent
cycloalkenes ere 1l.0. However, the reactivity of 2 cerbon-hydrogen bond of cyclo-

pentane relative to that of cyclohexane is 1.04 (10a) which may be unity within
experimental error.

bIn cerbon tetrachloride solution at 4OOC.
CIn nitrobenzene solution st 40°C.
dIn carbon tetracnloride solution ot -3000.

€In chlorocyclopentane, 3-position of bromocyclopentane essumed to have a
reactivity of 0.66.
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alkenes are less reactive than those at the Z2-positions which
ere less reactive than the hydrogen 2t the 3-position. P. S.
Fredericxs and J. L. Tedder have reported that in competitive
chlorinetion the 3-position of l-chlorobutene has the szame
reectivity &s the secondery hydrogen'of n-butere within the
experimentel error (6¢). However, in the next paper in the
series they report that competitive chlorinetion of l-chloro-
butene snd Z2-chlorobutane shows thet the primery hydrogen of
the letter compound is 0.8 times es resctive =2s the prigery
hydrogen of the former compound (6d). P. S. Fredericks end
J. n. Tedder a2lso have reported thst in the vepor phese chlori-
netions of g-helobutanes (fluoride end chloride at 35°C. and
78°C.) the 2-position is the most resctive site (6k). How-
ever, 1f the possible experimental errors they have shown
ere taien into account, the reactivities of the cerbon-
hydrogen bond 2t the Z2-position of Z-chlorobtutene is the same
as thet of the 3-position within the experimentel error.
Apperently poler effects are‘much less important in the vapor
phase since in the chlorinetion of l-chlorobtutzne in the vepor
phase at 35°C. the reactivity of the carbon-hydrogen bond ot
the l-position relative to that of the 4-position is 0.7 (6i)
while in liquid phase 2t 34°C. tae corresponding re=tio is 0.3
(21).

About the seame reactivities were ovserved 2t 2 given posi-

tion {1, £ or 3) in chlorocyclopentene end chlorocyclohexene.
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Since the hydrogen 2t the l-position of chlorocyclohexene is
predominantly in the axial position (69), =ase of attack on
equatorial and axial hydrogens of .the cyclohexane ring would
appeer to be about the same. Otherwise, different resctivity
sequences might have been expected for cyclopentane and cyclo-
hexane deriveatives. |

The result of the competitive photochlorinstions of
tromocyclopentane with cyclopentane or chlorccyclopentane
shows & higher reectivity for the Z-position of Ttromocyclo-
pentane than for chlorocyclopéntane. For the tromire sutsti-
tuent, the magnitude of polar-inductive effect may be neerly
the same as that for the chlorine suvstituent, since calcu-
lated sigmg values, which can be thaight of 2s a true measure
of polar-inductive effect, zre 0.47 for the chlorine substi-
tuent and 0.45 for the bromine substituent (72). Therefore,
the above observation may not be due to a different magnitude
of the polar-inductive effect of the sutstituent. A posgsible
explanation is stabilization of the intermediete radical by
participation of the bromine substituent.

Br

o N
¢t * N\

—¢—T¢—
P. 5. Skell et al. reported that they found l-bromo-2-
chloropropane but did not find Z-bromo-l-chloropropesne in
the product of the reaction of Z2-bromopropane with tertiary-
butyl hypochloride at -78°C. (73). Similerly I found that in



the photochlorination of 2-bromopropane at -SOOC., l-bromo-
2-chloropropene is formed. No 2-bromo-l-chloropropane and
only a trace of 1l,2-dichloropropane was found. P. I. Abell
and L. H. Piette reportgd thet the e.s.r. spectra of the bro-
mine atom edducts of alkenes and alkynes 2t 77°%. ave best
interpreted by assuming e symmetricel or bridged structure
(74). As they pointed out, the bridged structure does not
imply e fixed or static structure, but the bridge can be
looked upon as resulting from a resonating structure in which
the bromine stom oscillates tetween carbons 2t a frequency
greater or equal to the magnitude of the spectrometer fre-
quency. The above observetions together with the fact that
only a trace of cis-l-bromo-g-chlorocyclopentene was formed
ugy support the participation of the bromine substituent in
the photochlorination of bromocyclopentane. Since in the
chlorination with moleculer chlorine no drastic change of
reactivity by resonence stabilization of intermediste radicals
(10) can be expected, the small enhancement of reactivity at
the Z-position of bromocyclopentene appears to be of the
correct order of magnitude for such en effect. Originally
the bromine bridged radical was proposed as an interpretation
of the trans addition of hydrogen bromide by a free radical
mechanism (63, 64b, 75). Phenyl group participation in the
peroxide-catalyzed decarbonylation of 5-phenylpentanal and
5-methyl-5-phenylhexanal was also reported by 5. Winstein et



63

al. (77). They found tetrelin as a product in the former
case and 2-methyl-5-phenylpentane and O, X -dimethyltetralin
in the latter case. However, the difficulty 1ls thet examples
of tromine with an expanded valence shell are known (fpr
example, BrFSIand Brsﬁ), but in these, the bromine is bound
only to halogen atoms and not to carbon etoms (76). Recently
D. E. Applequist and N. D. VWerner (78) reported that the
Hunsdiecker reaction of silver salt of (+)-trens-1,z-cyclo-
nexanedicarboxylic acid with bromine gives (-)-trans-1,2-
dibromocyclohexane. The mechanism of the reaction proposed
by them involves 2-bromocyclohexyl radicels but excludes the
presence of & fixed bridged structure of the intermedlate
redicals.

The reactivities at the 1- end the 3-positions of all
the halocycloalkanes investigated is within the experimental
error, if both errors in the competlitive chlorinstions and
the chlorinations for determining the isomer distributions
are taken into account.

Chlorination of chlorocyclopentane with

sulfuryl chloride, trichloromethanesulfonyl
chloride and tertiary-butyl hypochlorite

Equations 1-4 represent a general formulation for chain
propagation in competitive free radical reesctions.

RyH + X+ — Ry + HX (1)

R2H + X+ — Rz' + HX (2)
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Ry* + XY — RjY + X (3)
Ro* + XY —= RoY + X- (4)
In the sbove general formulation i1f steps 3 and ¢ are
faster than steps 1 and 2, the reactivities of R;H and REH
control the products. However, if steps 1 and 2 are fester
than steps 3 and 4, the reactivities of Ry* end Ry will have
an effect upon the products of the reaction.
The mechenism of chlorinestion with sulfuryl chloride and

lignht is commonly accepted as follows (7):

hv
30201 —_— SOZCl- + Cl-

RH + S0oCl- — R- + HC1 + SOg
R + 502012 — RC1l + 50201'

Higher selectivity of sulfuryl chloride than molecular chlor-
ine (7) has been explained by the equilibrium of the chloro-
sulfonyl radical with sulfur dioxide and‘the chlorine atom.
It was.suggested that this equilibrium can be replaced by the
equilibrium

50,C1° + Ar —= S0p + Ap—Cl-
in aromatic solvents (72), where moleculsr chlorine and
sulfuryl chloride show similar selectivities.

It appears likely that the hydrogen abstractions by

chlorosulfonyl radicals and by chlofine atoms sre the slower

steps 1n chlorinations since the order of the reactivities of
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carbon-hydrogen bonds of hydrocarbons is primary <, secondary<
tertiary (2b, 7). -
. The mechanlsm of chlorination with tertiary-tutyl hypo-
chlorite (25) and light may be as follows:
£-Bu0Cl ~2¥e £-Bud+ + O1-
t-Bu0: + RH — t-BuOH + R*
R* + $-Bu0Cl —— RC1 + t-BuO-
If R is benzyl, AH for the hydrogen sbstraction step and AH
for the attack on tertiasry-butyl hypochlorite b; & benzyl
radical have been estimeted to be -26.5 and -24 kcsel./mole
respectively (25). An estimsted activation energy of the
former step is 2 + 2 kecal./mole and the chain length was
calculated to be at least lO4 (26). The order of the reac-
tivities of carbon-hydrogen bords of hydrocerbons is also
primary < secondary < tertiary. Therefore, chlorination with
tertiary-butyl hypochlorite is similar to chloringtion with
‘molecular chlorine although selectivities of the former reagent
are somewhat greater. ”
Chlorination with trichloromethanesulfonyl chloride (80)
hes been reported to te somewhat different from the other
chlorinating reagents described sbove. According to . S.

Huyser and B. Giddings (80a), the mechenism of the chlorina-

tion may be as follows:
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hv
013c50201 — 015c- + soz + C1-

C13C: (or Cl-) + RH —= HCClz (or HC1l) + R°
R + ClSCSOBCl — RC1 + C130502{
C13CS0p+ + RH — C150502H + R*
0150302H ——-“HCCIS + 302

Competitive chlorinations of cyclohexane and toluene
with trimethanesulfonyl chloride and competitive brominetion
of these compounds with bromotrichloromethene (£€0a) elimin-
ated the possibility that the trichloromethyl redical was the
hydrogen abstracting species in the reaction involving tri-
chloromethanesulfonyl chloride. They revorted that trichloro-
methanesulfonyl chloride recacts with ethylbenzene to give only
0-chloroethylbenzene. Thus, this reagent 1s more selective
than molecular chlorine and sulfuryl chloride. It wes glso

found that cyclohexene is more reactive than toluene toward

this reegent. This indicestes that the trichloromethanesulfonyl

radicals are electron deficient speclies like chlorine atoms
and tertiary-butoxy radicals. However, 1t was reported that
toluene 1s mare reactive than cumene toward this reagent!
This fact has been explained as being due to the fact that
cumyl radicals have less ability than benzyl radicals to
abstract chlorine atoms from trichloromethanesulfonyl chlor-
ide. They also reported thet the chain length of the chiori—
nation with this reagent is very short (for cyclohexane 6.4,

for cumene 0.83).
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The results of the photochemical chlorinations of chloro-
cyclopentane with the above mentioned chlorinating reagents
are shown in Table 7. A distinct fezture of the reaction of
tertiary-butyl hypochlorite is thet the cerbon-hydrogen bond
at the l-position 1ls the most resctive towerd this reegent, if
the statistical factor is teken into account. Preferentiel
attack at the 3-position over the Z-position by the radicals
cenereted ffom those reagents shows that these radiceasls are
electron deflcient specles as hes been pointed out previously
(25, 722). The ratios of 2-attack to 3-etteck cannot be sald
to te 2 true meesure of the electron deficlency of those redil-
cals (10c), but must to some extent reflect this electron defi-
ciency. The retios for moleculer chlorine, sulfuryl chloride
and trichloromethanesulfonyl chloride ere similer. The rstios
of l-attack to 3-attack shows the order of importence of
resonance staeblilization ir the treonsition states of molecular
chlorine (C1-) < sulfuryl chloride (C1l* plus SO05C1l-) < tri-
chloromethanesulfonyl chloride (CC1zSOp-) provided the sensi-
| tivities towerd polar effects ere about the sesme. The Eé;-
tiary-butoxy radical seems to be less electron deficient then
the other species. This cen be expleined es the tertiary-
butyl group is en electron donating group. When the relative
reactivities of l1-chlorobutene in the chloriretion with
.molecular chlorine (£0a) end with tertisry-butyl-hypochlorite

(25) are compared, 1t is observed thet the restios of 3~ and



Table 7.

Chlorination of 1M chlorocyclopentane in carbon tetrechloride solution

Product Products of

Products of

of 2-attack (%) 3-attack (%)
l-attack cis 1-Attack 2-Attack

Reagent (%) cls trans Total <cis trans Totel trans 3-Attack 3-Attack
Molecular

chlorine® 4,6 0.5 31l.2 31.7 25.7 38.1 63.7 0.67 0.072 0.50
Sulfuryl b

chloride

(0.35M) 6.4 1.4 31.6 33.0 1l4.2 46.4 60.6 0.31 0.11 0.54
Trichloro-

methanesulfonyl

chlorideb

{0.35M) 14.3 2.1 29.2 31.3 11.4 42.6 54.0 0.27 0.26 0.58
Tertiary-Butyl

hypochlorite® a

(0.35M) 25.0 --" 33.6 33.6 2.3 3z.2 41.5 0.29 0.€0 0.81

8Taken from Table 2.
Pat 79.5° + 0.5°C.
cat 40.0° + 0.1°C.

dNo peak wes observed.

89
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CHg-CH,-CHg-CH,501 Chlorinetion with moleculer

1.0 2.79 1.28 0.36 chlorire &t 34°C.
CHz-CHg-CHo-CHoCL Chlorination with tertiary-butyl
1.0 4.12 1.87 1.92 hypochlorite at 400¢C.

2-atteck 2re cg. 0.45 in both re=ctions. It should be noted
that E. S. Huyser and B. Giddings (802) reported that tri-
chlorome@hanesulfonyl chloride chlorination of ethylbenzene
geve no B-chloride ot 78°-80°C. (802) whereas C. Walling and
B. B. Jecknow reported thet the tertiery-butyl-hypochlorite
chlorination of ethylvenzene g-ve 8% of the g-chloride ot
40°C. It should 2lso be noted (see p. 68) that toluene is
more reactive then cumene toward trichloromethanesulfonyl
chloride (80a). Therefore, the lower percentage of the 1,1-
dichlorocyclopentane in the trichloromethsnesulfonyl chloride
chlorination then in the tertisry-butyl-hypochlorite chlori-
nation could ve attributed to low regctivity of l-chlorocyclo-
pentyl redicals toward trichloromethenesulfonyl chloride as
well as to a dlfference of electron deficiency of the tertiary-
butoxy and t@f trichloromethenesulfonyl redicels. A chein
lengtn of 1.3 was celculeted for the chlorinetion of chloro-
cyclopentane by trichloromethanesulfonyl chloride by assuming
that all the termination of chains occurred by coupliné of

trichloromethyl redicels.
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Experimental

Apparatus and procedure

The epperatus used for photochlorinetion of helocyclo-
alkenes 1s shown schematically in Fig. 13. The carrier gas
(pre-purified nitrogen) was introduced into the system through
a drying tube contalning glass beads costed with phosphorus
pentoxide. By the manipuletion of the three-way stopcock B‘
the carrier gas could be directed either directly to the 500
wl. mixing bulk E or through liquid chlorine reservoir D and
then to the mixing bulb. From the bulb the gas was intro-
duced into the resction flask through s gas inlet glass tube
with a fine tip which neesrly reached the btottom of the flask.
The gas leaving the reaction flesk pessed through a2 condenser
containing ice~-water or 2 Dry Ice-acetone mixture, end e geas
trap containing e 107 sodium hydroxide solution. The reasction
flask was mounted in a 40°C. constant temperature water bath
or acetone bath whose tempersture was maintasined at -30° +
1%. by edding pieces of Dry Ice from time to time. In the
former case a 200 watt unfrosted tungsten lightbulk wes
immersed in the water beth approximetely 3 cm. from the flask.
In the latter case the flask wss 1illumiriested by the lightbulb
outside of the bsth. The distance from bulb to flask was
also approximetely 3 cm. As the cerrier gas, Matheson grade

pre-purlfied nitrogen was used. Before the reaction was
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Fig., 13. Photochlorination apparatus

A:
B:

drying tube

Teflon three-way stopcock

¢ glass tube with a tapered joint and a Teflon

stopcock

liquid chlorine resorvoir

: .500 ml, mixing bulb

spherical joints

reaction flask with a tapered joint,
approximately 30 ml

: condenser
: spherical joints
J:

gas trap

: Pyrex glass tube

: Tygon (polyvinyl chloride plastic)
tubing
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starfed, chlorine gas was condensed in the llquid chlorine
reservolr by using a Dry Ice-ascetone bath. Meterisl to be
chlorinated was placed in the flask snd degessed ty the nitro-
gen by-passing the reservoir. Then the stopcocks B end C

were adjusted in order to sllow the nitrbgen to pass over the
liquid chlorine storasge tube. The ny Ice-acetone bath wes
taeken awgy from the lliquld chlorine reservoir end the desired
amount of chlorine wes sllowed to vaporize. The awmount of
vliquid chlorine Vaporiied wes measured by celibration of the
reservolr. After evaporetion of the desired smount ofvliquid
chlorine the stopcocks were adjusted so the nitrogen by-passed
the reservoir. The nitrogen flow rate was sufficiently low

so that the temperature of the reactlon mixture did not
deviate from that of the surrounding beth. After the 2ddi-
tion was completed, the reaction mixturé was degessed by the
passage of nitrogen to remove the hydrogen chlbride formed.

In the case of competitive photochlorinations where 2 volatile
cycloalkane, e.g. cyclopentane and cyclohexane, were used, the
top of C was dlrectly connected to F with e glass tubing end
chlorine was vaporized very slowly with low flow rfte of nitro-
gen so that the amount of nitrogen gas passed through the
resctlon mixturé was a minimum. Degassing =fter the reection
) ﬁas not performed in such cases. When tertiary-butyl hypo-
chlorite was used es the chlorinating reagent, the same

epparatus was used and the nitrogen flow passed through the
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reaction mixture in order to stir the mixture during the two
hour resction period and to sweep out the hydrogen chloride
formed. In the cese of sulfuryl chloride chlorination the
resction mixture was pleced in s Pyrex gless flask similer
to one used in photochlorination fitted with 2 weter cooled
reflux condenser. The reaction mixture was illumineted by e
200 watt unfrosted tungsten lightbulb mounted spproximetely
5 em. from the flask, and wes hected by a ges fleme so thet
gentle bolling of the resction mixture occurred during the
three hour reazction period. The tempereture of the reection
mixture was measured with en Anschutz thermometer hanging by
a pletinum wire from the top of the condenser. In the cease
of trichloromethenesulfonyl chloride chlorinetion 2 quertz
reaction flesk was used. The resction mixture was 1llumin-
ated with 2 General Electric UA-Z2 leamp during the five hour
reaction period. Otherwlse tahe reasction apparstus was the

same as used for the sulfuryl chloride chlorination.

Analytical procedure

Isomeric dihglo—hydrocarbons formed in the chlorination
reactions were analyzed by ges liquid chromatography in an
instrument using a hot wire thermal conductivity gesuge.
Analysis of chlorination mixtures of chlorocyclopentene end
bromocyclopentane were made using 2 2 m. Perkin-Elmer B

colunn (reportedly di-z-ethylhexylsebacate) et 14000. The
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only exceptions were the snalyses of trichloromethanesulfenyl
chloride chlorination mixtures end sulfuryl chloride chlori-
nagtion mixtures of chlorocyélopentene. In those cases g 300
foot Perkin-Elmer R Golsy column (reportedly polypropylene
glycol) was used et 7500. Anelyses of chlorinetion mixtures
of chlorocyclohexane were made by 2 combination of 2 2.2 m.
polyphenyl ether column (20% on 80/100 mesh Chromosorb W)

end o 1.5 m. diisodecyl phthelate column (10% on 80/100 mesh
Chromosorbt W) at 150°C. for dichlorides other then 1,1-
dichlorocyclohexane and cis-1,2-dichlorocyclohexene. For
anelysis of 1,l-dichlorocyclohexane tne 2 m. Perkin-Elmer B
column wes used at 15000. end for anelysis of cis-1,2-di-
chlorocyclohexene two 1.8 m. polyphenyl ether columns (10% on
80/100 mesh Chromosorb W) were used =t 15000. Determinetion
of the relative reactivity of chlorocyclopentsne vs. cyclo-
hexane 1in czrbon tetrachloride by competitive photochlorina-
tion was made by measuring the disapﬁearance of the two resc-
tants (hereafter reletive reactivities of halocycloszlkanes
were determined by messuring disgpperrance of resctants unless
otherwise mentioned). A 1 m.‘p,ﬁ'-oxydipropionitrile column
(20% on 80/100 mesh firebrick) wss used et 90°C. end bromo-
benzene was edded as the internel stenderd in this case.
Determination of the relztlve reectivity of chlorocyclopen-
tane vs. cyclohexane in nitrobenzene was maede by using the

2 m. Perkin-Elmer B column 2t 140°C. utilizing the solvent
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gs an internsl stenderd. In this cese both diseppesrance of
chlorocyclopentane eand cyclohexane, and appeerence of chloro-
cyclohexane were measured. The velues of the relative reac-
tivity from both measurements sgreed with 12#% difference.
In the former cese chlorocyclopentene was decomposed in the
injector of g.l.c. and formed cyclopentene probasbly due to
hydrogen chloride remaining in the reactlon mixture. The
necessary cofrection was made. Determinetion of the rela-
tive reactivity of chlorocyclohexsne vs. cycloheptane wes
made by using the £ m. Perkin-Elmer B column at 140%C. with
| chlorobenzene as the internal stsnderd. Both determinetions
of the relstive reactivities of bromocyclopentene vs. cyclo-
pentane and chlorocyclopentane was mede b& using 8 1 m. poly-
propylene glycol column (20% on 80/100 mesh Chromosort W) at
87°C. with bromobenzene as the internsl stenderd. Quslite-
tive anelysis of photochlorination products of isopropyl

bromide and n-propyl bromide were performed by using the 300

foot Perkin-Elmer R Golay column 2t 5000.

Reagents

Sulfuryl chloride (Eezstmen Kodsk Co. practicel grede).
was distilled through a Vigreux column prior to chlorination.
Trichloromethanesulfonyl chloride (Eastmen Kodak Co. prectical
grade) was used without further purification. tertisry-Butyl
hypochlorite 1s described later in the synthesis of 3-chloro-
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.hexene. Chlorocyclopentane (Matheson, Coleman and Bell) wsas
used without further purification: Its purity was indiceted
to be 99.5% by g.l.c. Chlorocyclopentane (Eastmen Kodak Co.)
was used without further purificetion. Its purity wes shown
to be 99.8% by g.l.c. Bromocyclopentsne (Chemlcal Inter-
mediatesland Reseerch Laboretories, Inc.) was rectified in @
Todd column packed with gless helices at 50 mm. Hg and hed &
purity of 99.5% when analyzed by g.l.c. Phillips 99 mole per
cent minimum purity cyclopentane wes washed with fumine sul-
furic ecid 2nd water, dried snd rectified in 30 cm. Daufton
column. Its purity was indicated to be 92.9% by g.l.c..
Spectrograde Eastmen Kodek cyclohexene was used. The cyclo-
heptane wash was purified by Professor Russell who rectified
material from Medlson Laboretories in 2 twenty plate helices-
packed column and showed its purity to bé ©S5.9%. IsoﬁrOpyl
bromide snd n-propyl tromide (both from Matheson, Colemen and
Bell) were used without further purificetion. Cerbon tetre-
chloride from Fisher Scientific Co. or Mellinckrodt was passed
through silica gel ana stored over Moleculer Sieves (Linde
Co.). Nitrobenzene from Matheson, Colemsr and Bell was dis-
tilled thrqugh a Vigreux column end the center frection passed
through silica gel and stored over Moleculer Sieves. Aceto-
nitrile (Matheson, Coleman and Bell), carbon disulfide
(Mellinckrodt) and tenzene (Mzllinckrodt, thiophene free)

were passed through silica gel before use. Chlorobenzene |
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(atheson, Coleman and Bell) and bromobenzene (Eastman Yodak)
were used without further purificetion as internzl standards

for g.l.c. measurements.

Synthesis of dinelocycloelkanes

1,1-Dichlorocyclopentane The method described by E.

A. Breude 2nd ¥W. F. Forbes (81) was followed to synthesize
this compound. From 170 g. of cyclopentanone snd 400 g. of
phosphorous pentachloride, &4 g. of l-chlorocyclopentene,
b.p. 102°-106°C./740 wm., end 66 g. of 1,l-dichlorocyclo-
pentane, b.p. 1520-14000./740 mm., were obteined after e
rapid distilletlion through = 30 .cm. Daufton column. The
total yield was 502 tesed on cyclopentsnons used. After e
distillation through e Todd column pecked with gless helices,
pure 1,l-dichlorocyclopentene, b.p. 141°-141.2°C./74€ mm.,
nel - 1.4709 was obteined.

cis-1,2-Dichlorocyclopentene Thle compound has not

been reported in the literszture. It was prepared in 2 sinml-
lar manner to the reported preperetion (58) of cis-1,2-di-
chlorocyclohexane. Irans-2-Chlorocyclopentenol, b.p. 83°-
84.500-/18 mi., was prepared by the method of H. B. Donsghece
and C. A. Vanderwerf (82). The chlorohydrin (15 g.) wes mixed
with 29 ge. of freshly distllled pyridine in = dropping funnel.
This mixture was dropped slowly onto 42.g. of thionyl chloride

contained in a 500 nml. three-necked flask fltted with a
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stirrer, thermometer and condenser, and mainteined at 70°-
80°¢C. Stirring and hesting wes continued for two hours efter
addition was complete. Excess thionyl chloride was destroyed
by dropwise addition of 65 ml. of ice water zrd the orgenic
layer separeted and washed with 6 ml. of 10% sodium cerbonete
solution. The product was then steam distilled, dried over
calcium chloride end fractionated ot @ pressure of 20 mm.

The yield of a fraction bolling at 71°-74°C. wes 1.4 g. or
8%. This fraction consists of ca. 75.. of cis-1,2-dichloro-
cyclopentgne end ca. 25% of trans-1,2-dichlorocyclopentene

&

based on g.l.c. analysls. Purificetion by g.l.c. gave 27

oy

pure cis~l,2-dichlorocyclopentane, n§5 = 1.4822.

trans-1,2-Dichlorocyclopentane This compound was

prepared according to the method of H. L. Goering end F. H.
ucCarron (83). The fraction boiling st 50.0°-50.5°C. 2t s
pressure of 20 mm. had the same refrective index es given in
the above reference, n%s = 1.4781.

cis-1,3-Dichlorocyclopentane A. This compound hes

not been mentioned in the litereture. Attempted synthesis of
this compound along with its geometric isomer, trang-1,3-
dichlorocyclopentane, by reactions of cis-1,3-cyclopentenediol
with concentrated hydrochloric acid end with thionyl chloride
in the presence of pyridine gave poor results. In the former
case 10 g. of the diol and 40 ml. of concentrated hydrochloric

acid were heated in a sealed Cszrius tube a2t IOOOC. for 12



79

hours. Black amorphous meterizl wes the only product. In
‘the latter cese & mixture of 10 g. of the diol end 46 g. of
freshly distilled pyridine were added dropwise to 67 g. of
thionyl chloride plesced in & three-necked 250 ml. fles-. The
reaction conditions were simller to those employed in the
synthesls of cis-1,2-dichlorocyclopentene. The resction mix-
ture turned black and conteined e lot of bleck resinous mate-
riel. The mixture was directly steem distilled end 1 g. of
.01l wes obtained. It wes estatlishzd thet the oil consisted
of 9% Qggﬁg-l,Z—dichlorocyclopentene, 52% trens-1,3-dichloro-
cyclopentene and 39% cis-1,3-dichlorocyclopentene by g.l.c.
enalysis.

B. A solution of cis-1,3-cyclopenterediol-ditoluere-p-
sulphonate (5 g.) and lithium chloride (21 g.) in =bsolute
ethanol (20 ml.) was refluxed for 8 hours, then neutralized
with alcoholic potessium hydroxide solutior, éoncentreted
under vacuum, diluted with weter, extracted with ether, 2nd
dried over enhydrous sodium sulfete. After eveporetion of the
ether 2 heesvy liquid end crystalline solid remeined. The
liquid portion wes separeted, dissclved in ether, end ena-
lyzed by g.i.o. The predominent peek in the chromstogrem,
presumekly due to cis-1,3-dichlorocyclopentane, had the same
retention time as the fourth pesk of the dichlorocyclopentenes
prepared ©ty photochlorinetion of chlorocyclopentzne. No

attempt to isolate pure cis-1,3-dichlorocyclopentane was made
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because of the low concentretion of the substence in the
‘reaction product.

C. 1l.z g. of 4-chlorocyclopentene end 4 nil. of Skelly A
were placed in e Corius tube. The tube was cooled with liquid
nitrogen and cornected to & vecuur line from which 1.8 g. of
anhydrous hydrogen chloride wes condensed into the tube.
After the tube was sealed it wes kept in lce for 3 weeks.
Ther the tube was Opened, the contents were taen up with
ether, washed with 10; sodium cerbonste solution znd weter,
end dried over celcium chloride. In the ¢.l.c. spectrum of
this solution there were two peawxs, presumebly due to ¢cis—
and trens-1,3-dichlorocyclopentane, other than the pesis due
to the solvent and the starting meterial. Mo attempt wes
mede to isolate the pure 1,3-dichlorocyclopentenes.

D. A solution of chlorocyclopentene (150 g.) in 2 50:50
mixture of cerbon tetrachloride and benzene (507 ml.) wes
placed in e 1 1. three—ﬂecﬁed flask fitted with 2 fritted
glass inlet, célcium chléride drying tube end thermometer.
The flask wes lunersed in e -4000. Dry Ice-ascetone bath. A
200 watt incendescent laugr was hung ebove the flssk so thet
its content could be irradiested. Chlorine ges diluted with
nitrogen was passed through the solution and the reesction was
stopped when 40 g. of chlorine wass added. The thermometer
reglstered -10°¢C. during the reaction. After the solution

- was degessed by passing nitrogén and most of the solvent was
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distilled out by a simple distillation head, the isomeric
dichlorocyclopentanes were separated by a Todd column packed
with glass helices at a pressure of 70 mm. N.m.r. spectrum
of fraction b.p. 102.600./70 mm. was determined and proved
to te cis-1,3-dichlorocyclopentane. Purity df this frection
was determined by g.l.c.: cis-1,3-dichlorocyclopentene 96.4%,
trans-1,3-dichlorocyclopentane 0.5%, ¢is-1,2-dichlorocyclo-
pentane 3.1% n§° = 1.4864, nS° - 1.4839.
nggg-l,3-Dichloroéyclopentane This compound hes not
been reported in the literature. It was synthesized slong
with cisg-1,3-dichlorocyclopentane es described in B. and C.
above. This compound waes isolated in nesrly 100% purity from
the photochlorination product of chlorocyclopentene as
described in D. above. N.m.r. spectrum confirmed its struc-
ture. B.p. 82.2°C./70 mm., n5° = 1.4822, nZ5 - 1.4800.

cis-1,3-Cyclopentanediol A mixture of cig-3,4- and

cis-3,5-cyclopentenediol (84) was kindly supplied by Professor
DePuy. cis-3,4-Cyclopentanediol, the lower boiling component,
was removed by fractionsl distillation at 68.50—71.500./1 mm .
with a spinning band column. The residue was distilled
through a 30 em. Daufton column at 97.50—100.500./1 mn. The
unsaturated diol (10 ml.) in ¢5% ethanol (100 ml.) was hydro-
genated catalyticelly (85) in the presence of platinum oxide
catalyst. Hydrogenation was repezsted ten times. After dis-

- tillation through the 30 cm. Daufton column gg. 70 ml. of s
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substance b.p. 1230—12700./10 mm. was obtained. It 1s solid
at room tewperature. It was derivatized to give 2 bis-p-
nitrobenzoate m.p. 182.5°~183.0°C. end o bis-p-toluene-
sulfornate m.p. 90.00—02.500. The melting points of the
derivatives egree with those in references (55, 57, éé, 85)
for derivetives of cis-1,3-cyclopentenediol.

4-Chlorocyclopenterne This compound hes not been re-

ported in the literasture. A solution of 3-cyclopentene-l-ol
(29.4 g.) and Skelly A& (85 wl.) wes 2dded dropwise to & mix-
ture of phosphorous pentschloride (32 g.) end Skelly A (85
ml.) pleced in a 1 1. three-necked flask fitted with a
stirrer and thermometer. The temperature was Zept ot ~10°-
0°C. during the addition. Stirring wes continued for ten
hours efter eddition wes complete. The tempersture wes
gradually raised to room tewperature durlng the additionel
stirring. The mixture was poured over ice, and the orgenic
layer seperated, washed with 107 sodium cerbonste solution
and weter, and dried over celcium chloride. After most of
the solvent was distflled under 2tmospheric pressure the
residue wes fra&tionated 2t reduced pressure using 2 smz2ll
Vigreux column. The yield of chloride boiling et 39°C./

60 mm. was 2.8 g. or 7.c%. The n.m.r. spectrum of the mate-
rial confirmed the structure. Reesctions of 4-cyclopentenol
with concentrated hydrochloric acid under reflux =2nd with

thionyl chloride in the presence of pyridine et 40°-50°C.
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did not give the corresponding chloride.

3-Cyclopenten~-1-0l The method of synthesis described

by E. L. Albred, J. Sonnenberg ard S. Winstein (52) wes
modified in the light of the erticle by H. C. Brown and B. C.
Subba Rao (86) mainly cecause of hazardous nature of diborane.
Cyclopentediene was prepared by the method of R. B. Noffett
(87). A solution of cyclopentadiene (190 g.) and sodium
borohydride (&3 g.) in 700 ml. of diglyme wes placed in a

€ 1. three-necked flask fitted with a dropping funnel in which 2
solution of boron triflouride etherate (126 g.) in diglyme
(150 ml.) was placed. The flask was cooled in an ice beth

and the solution of boron trifluoride etherste was added
dropwise. Stirring and cooling was continued for one hour
after addition was complete. During this period & slow stream
of nitrogen was passed through the flask. The contents of

the flask were allowed to stand for a second hour. A reflux
condenser was then substituted for the nitrogen outlet.

Water (120 ml.), and then 34 sodium hydroxide (240 ml.) were
added to the flaék for hydrolysis. Hydrogen perioxide (240
ml. of 30%) was added so that slow reflux occurred. After

the temperature of the solution dropped to room tempersture,
the upper organic layer was sepersted. Practically no dicyclo-
pentadieng remgined in the lower water-diglyme lsyer efter
three extractions with 50 ml. portions of ether. Then the

water-diglyme layer was extracted continuously with ether
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(800 ml.) until no volume decresse of the water-diglyme layer
occurred. The ether extract was dried over anhydrous sodium
sulfate, distilled with 30 cm. Dzufton column, end the frec-
tion bolling at 700—78.500./37 mm. wes collected snd refrac-
tioneted in a Todd column packed with lonel helices. The |
fraction boiling et 67°-67.2°C./36 am. (£4.3 g.) showed n§® =
1.4678; the frection boiling et 67.2°-62.0°C./36 mm. (5.1
g+), ngl = 1.4652; The tofal yield besed on the sodium boro-
hydride used wes 20

1-Brouwo-l-chlorocyclopentane Synthesie of l-bromo-1-

chlorocyclohexane was reported by E. Havinge et gl. (51) end
H. L. Goering end L. L. Sims (63). Ffor the present synthesis
& method similer to Goering end Sims' methods A =2nd C wes
adopted.

A. l—Chlorocyclopentene.(lo g.) was dissolved in 200 ml.
of snhydrous ether in & 500 ml. flesk equipped with & con-
denser end a fritted gless ges inlet. The flesk was cooled
in &n ice beth and anhydrous hydrogen bromide was passed
through the solution for about two hours. The resction mix-
ture was washed with water and dried over snhydrous sodium
sulfete. Rapid distillation with 2 simple distilletion heed
at a pressure of 20 mm. gave ce&. 2 ml. 0oil. It wes shown to
be ca. a 50:50 mixture of l-chlorocyclopentene end l-tromo-1l-
chlorocyclopentere by g.l.c. The sescornd distillation gave e
fraction b.p.~52°-57°c./20 mi. which contained ca. 607 desired

¢
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compound.
B. Two Carius tubes, eech containing 8.1 g. of l-chloro-
cyclopentene were frozen in liquid nitrogen, and connected to
a vacuum line. Hydrogen bromide (78 g.) was added to each
tube. The tuves were sealed and allowed to stend at room
temperaturé'for three days. The tubes were opened end thelr
contents combired. The reaction mixture wes washed with water
and dried over calcium chloride. Repid distilletion with s
simple distillation head at a pressure of 41 mm. gave a
fraction boiling at 750—7900., 17.4 g. It was shown to be
83% l-bromo-l-chlorocyclopentane and 13% l-chlorocyclopentene
by ge.l.c. A further distillation of this fraction using =
30 cm. Daufton column feiled to give e frection containing
ma e than 80% l-bromo-l-chlorocyclopentane.

trans-1-Bromo-Z-chlorocyclopentane The method of

reference (63) for trans-l-bromo-2-chlorocyclohexane was
followed. A solution of 60 g. of cyclopentene in 400 ml. of
chloroform was prepared in a 1 1. three-necked flask fitted
with fritted glass gas inlet and celcium chloride drying tube.
A slurry of 165 g. of N-tromosuccinimlde (recrystallized from )
water) in 200 ml. chloroform wes added in portions as anhy-
drous hydrogen chloride was passed through the solution. The
N-bromosuccinimide stayed in the bottom of the flask and its
product succinlimide floated on the surfece of the solution.

Therefore, progress of the reaction could be eesily ascer-
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tained. During the reaction the flask was cooled with en ice-
water bath. After the reaction the solution wes filtered,
washed with 10% sodium carboneste and weter, and dried over
calcium carbonate. A rapid distillation with e simple column
at & pressure of 13 mm. gave 93 g. of materiel, b.p. 620—060
C./13 mm. The second distillation using the 30 cm. Daufton
colunn gave a total of 78 g. of aistillete, b.p. 55.4°-67
C./12 mm. The yleld was 4657 bassed on N-bromosuccinimide used.
Further distillation using & .Todd column packed with gless
helices at a pressure of 38 mm. geve a fraction bolling at
78.0°C., 050 = 1.51£3, n§° = 1.5100.

cig-1-Bromo-2-~chlorocyclopentene The method of prep-

aration for cis-l-bromo-Z-chlorocyclohexane given in refer-
ence (63) wes followed. For this resction e flat bottom flask
with three female stasnderd teper joints was used. To the
center Joint e quartz tube mercury vapor lamp surrounded with
cooling water jacket was fitted. A frittered gless ges inlet
long enough to reesch the bottom of the flesk snd 2 celcium
chloride drying tube were fitted to the other joints. A
solutién of l-chlorocyclopentene (4%2.1 g.) in pentane (1500
ml.) was placed in the flask cooled in en ice bath. The soiu—
tion was stirred with a magnetic stirrer during the one hour
reaction. The resctlion mixture wes washed with weter three
times, once with 10% sodium cerbonste solution end once egain

with water, and dried over celcium chloride. A rzpid dis-
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tillation with 2 simple distillation column =t & pressure oOf
4 nm. geve ca. 45 zl. of distillete, b.p. 50°-66°C. Further
distilletion using the 30 cm. Daufton coluun gave four frec-
tions (overall b.p. renge 63.2°-65.0°C., 66.3 g. or 75%

yield). The second frection (17.4 g.) hed o b.p. 63.2°C./4

mi. ns° = 1.5227 while the third fraction (34.3 g.) hed e

bupo 65.90-643500 -/4 i . ngo = 1.5227-

cis- and treans-l-Bromo-3-chlorocyclopentane A, 3-

Chlorocyclopentene wos preprred by the method of Moffet (87).
Hydrogen bromide (.8 g.) wes condensed from a vecuum line

on a solution of 3-chlorocyclopentene (8.2 g.), n-hexene

(50 ml.) end cyclohexene hydroperoxide (0.2 g.), which wes
2indly given by Dr. D. G. Hendry, in e Cerius tube frozen
with liquid nitrogen. Another tube was prepered which con-
tained venzoyl peroxide (0.6 g.) instesd of cyclohexene
hydroperoxide. The tubes were sllowed to stand =t room
teuwperature for ten deys. The solution turned bleck end
considerzstle solid wes observed st the end of this period.

The reacfion products were mixed with dimethyleniline in order
to remove unreacted 3-chlorocyclopentene, washed with 6N
sulfuric scid and three times, with satureted sodium ecid car-
bonate once snd with weter three times, then dried over cel-
cium chloride. No g.l.c. pee: waé found whichvcorresponded

to the peaks observed in the ges-liquid chrometogram of the

chlorination product of bromocyclopentane. Similer resctions
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of 3-chlorocyclopentsne with hydrogen bromide without solvent
in the presence of anhydrous ferric chloride cestealyst or in
the absence of the csastealyst et ~70°%C. failed to give eny
crowochlorocyclopenteane.

B. A solution of 4-chlorocyclopentene (1.1 ¢.) =nd
Skelly A (6 wl.) wes similerly treated with hydrogen bromide
es mentlioned under the preperation of c¢cis-1,3-dichlorocyclo-
pentene CO. Upon erelysis of the recction nroduct by ¢.l.c.
two peeks, presumably due to cis- end trzns-l-trome-3-chloro-
cyclopentene, were otserved in ecédition to the solvent pesik.

C. A solution (50C wl.) of crorocyclopentene (157 g.)
in carbon tetrachloride wes photochlorin-~ted with éhlorine
(43 g.) as descriced in the prepsretion of g¢is-1-dichloro-3-
cyclopentane D. The resction product wes distilled using o
Todd column 2t 2 pressure of 18.5 mu. Precticelly pure trens-

1l-brono-3-chloreccyclopentene, n%o = 1.5147, end 21.7. pure

cis-1l-bromo-3~chlorocyclopentene, conteminsted by 1.9%
trang-l-tromo~3~chlorocyclopentere end 2 totel of 6.4% of
cis-l-bromo-z~chlorocyclopentene endé or uninown compound.:
The boiling points were octscured teceuse of slow reflux. The
n.m.r. spectre of the acove fraction support the assignments

of structure.

1-Chlorocyclopentene This compounc was obteined along

witnh 1,l1-dichlorocyclopentene 2s mentioned szbove. 1In cese

only l-chlorocyclopentene 1s needed 1,l-dichlorocyclopentene
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can be converted to l-chlorocyclopenténe gy tre?ting with
quinoline (88). A mixture of l,l—diéhlorccyclopentene (32
g.) and quinoline (46 g.) wes distilled through 2 short
Vigreux column. After being weshed with 1:1 sulfuric ecid
and water, and dried over calcium chloride 15 g. of l-chloro-
cyclopentene was obtained, 63% yield, b.p. 102°-106°C . /740
ulii |

1,1-Dichlorocyclohexene The method in reference (55)

was followed to synthesize this compound. A fraction 66.8°-
o)

67.8 C./20 mm. was found by g.l.c. to be 93.2% pure 1,1-di-

chlorocyclohexane, n%o = 1.4812.

trans-1,2-Dichlorocyclohexene The method 1in refer-

ence (55) was followed to synthesize this compound. A frec-
tion, b.p. 80.00—81.000./20 mi., was 97.1% pure trans-1,2-
dichlorocyclohexane, nﬁo = 1.4908.

g%gfl,2-Dichlorocyclohéxane Agein the method in

reference (55) was followed to synthesize this compound.
trans-2-Chlorocyclohexanol was prepered by the method of
Newman and Venderwerf (8S), and 2 fraction of the chlorohydrin,
b.p. 80.0°-86.5°C./15 mm., nS° - 1.4849, wes obtained. This
fraction was used es the sterting materizl for preparing cis-
1,2-dichlorocyclopentane and meterial, b.p. 115.00—116.300./

nE° = 1.4930, nf0 = 1.4951, was obtained. By g.l.c.

50 mm.,
this fraction was found to be 87% pure.

cis- and trans-1,3-Dichlorocyclohexane Both compounds
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were unreported in the literature.

A. An attempted synthesis of these compounds wes per-
formed by adding 1,3-cyclohexanediol (K and X Laboretories,
Inc., cis and trans mixture, 8.3 g.) and freshly dlstilled
pyridine (33 g.) into thionyl chloride (50 g.) placed in 2
200 ml. three-necked flask fitted with 2 thermometer, stirrer,
condenser and dropping funnel, and maintained et 450C.
Stirring and heating was continued for six hours after the
addition wae complete. The reaction mixture was added to ice
weter, then steam distilled. Only.a few drops of oil were
obtained.

B. A solution of 1,3-cyclohexanediol (& g.) in 2 50:50
mixture (120 ml.) of Skelly A and chloroform wes added to e
mixture of phosphorous pentechloride (28 g.) 2nd Skelly A
(30 ml.) placed in a 200 ml. three-necked flask fitted with
a dropping funnel, stirrer and thermometer, end maintained
at -10°--5°¢. Stirring and cooling was continued for twelve
hours after addition wes complete. The reaction mixture was
poured into ice and the orgénic layer was sepersted, weshed
with 10% sodium carbonate and water, and dried over calcium
chloride. It was shown thet the solution contained mainly
trans-1,2-dichlorocyclonexane and & little of cis- and trans-
1,3-dichlorocyclohexane.

C. To 3-chlorocyclohexene (6.2 g.) pleced in o Carius

fube~and frozen with liQuid nitrogen was added anhydrous
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ferric chloride (0.15 g.). The tube was connected to a vacuum
line and hydrOgen chloride (3.4 g.) was introduced into the
tube. The tube was sealed and kept at ca. ~10°C. for ten
days. The reaction mixture was taken up with hexane, washed
with water and dried over calcium chloride. It wes shown by
g.l.c. that the dichlorocyclohexenes were present to the ex-
tent of 6/ trens-1,2-dichlorocyclohexane, 32% trans-1,3-di- -
chlorocyclohexane, 11/ trans-1,4-dichlorocyclohexene, 46%
cis-1,3-dichlorocyclohéxane end 5% cis-1,4~-dichlorocyclo-
hexane. The same experiment was performed for snother mixture
except anhydrous gellium (III) chloride (€0) was used instead
of ferric chloride. The yileld end retic of dichlorides in
the latter case were not significently different from those

in the former cese judged vy chromatograms. The solutions
from both tubes were combined and distilled using the 30 cm.
Dauftonlcolumn at a pressure of 37 mm. A mixture of dichloro-
cyclohexanes, b.p. 950—105°C-, was obtained in 2% yield. Most
of the trans-1,4-dichlorocyclohexane was removed bj freezing
the mixture with Dry Ice-acetone mixture. The two isomers

of 1,3-dichlorocyclohexene were then isolated by using g.l.c.
with 1.5 m. diisodecyl phelete (10%) column gnd 2 m. polyphenyl
ether (20/%) column.

cis- and trans-1,4-Dichlorocyclohexene Although some

references (91, 22, ©3) describe a process for the synthesis

of cis-1,4-dichlorocyclohexane vie trans-4-chlorocyclohexanol,
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a simpler method is evallable to obtein toth isomers (51, 84).

1,4-Cyclonexanediol (X 2nd X Leborstories, Inc., cis end trans

mixture, 20 g.) end concentrsted hydrochloric ecid (86 ml.)
in a sesled Carius tube was hested 2t IOOOC- for ceven hours.
An upper leyer of oll graduelly eppeered durirng the reaction.
This leyer wos seperated, =dded to ether, weshed, end dried
over anhydrous sodium sulfete. After the ether wes evaporated
the 0il wes cooled greduslly to -20°C. by using 2n ice-hydro-
chloric 2cid freezing mixture. Crystels grown during this
period were seperated by filtration. Thus crude trens-1,4-

- dichlorocyclohexane (3.0 g.) wee obtained. Upon recrystalli-
zetion frow ethanol pure msteriel (1.3 g.), m.p. 102.0°-
102.8°C., wes obtsined. The filtrete wes distilled usinp
the Todd column packed with gleoss helices et 2 pressure of
17 mu. A fraction, b.p. 20.5°-21.5°C./17 mn., ns° = 1.4947,
was shown to ke 237 pure cis-4-dichlorocyclohexane by g.l.c.

- 3-Chlorocyclohexene A synthesis of this compound was

described in reference (25). tertisry-Butyl hypochlorite
was prepared by the method of H. k. Teeter end T. ¥W. Bell
(¢6). To o mixture of oyclohexéne (466 ml.) end benzoyl
peroxide (2 g.) tertisry-butyl hypochlorite (76.4 g.) wes
added dropwise so that gehtle refluxing occurred. After
addition wes comblete the mixture wes refluxed er additionel
fifteen minutes. Excess cyclohexene was distilled end the

residue was fractionated usirg a 30 cm. Daufton column =t 2
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pressure of 84 mm. 3-Chlorocyclohexene (27.3 g.), b.p. '700-
81°C./84 mm., nE® = 1.4882, in 38% yield wes obtained.
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PART II. CHLORINATION OF ARAIKYI HYDROCARBONS
Introduction

Greater selectivities of chlorine a2toms complexed with
aromatic rings compared with those of free chlorine atoms have
been reported (2b, 10a, 202, 34). Photochlorination of butyl-

benzene was performed in order to ascertaln 1if there is any

preferred intramoleculsr attack at the ﬁ-—, & - or w-posi-
tion. CH, //st
CHB CH5
c1-

The reactivities of the O carbon-hydrogen bonds of a
series of phenyl substituted toluenes, i.e. toluene, diphenyl-
methane end triphenylmethene, together with those of phenyl-
cyclopentane and phenylcyclohexane relative to the cerbon-
hydrogen bond of cyclohexane were messured et several concen-
trations of the aromatic rings and the curves were extrapolated
to Infinite dilution to obtain the relative rezctivities
toward free chlorine atoms. The per cent chlorination was
not allowed to exceed 10% fbr these competitive photochlori-
nations. The relative reactivities of the 0 carbon-hydrogen
bonds and & carbon-hydrogen bond of cyclohexane, kya /kqv, |
were'calculated from the expression

kg . 12 [0l -Chloroaralkyl hydrocarbon] [Cyclohexane)
Koy n{Chlorocyclohexanej {Aralkyl hydrocarbon ]




where n represents the number of (X hydrogen etoms of the
aralkyl hydrocarbon. In cases where the ratio of the hydro-
carbons changed significantly during chlorination relative
reactivities were calculated from the integrated expression

given on page 18.
Identification of Chlorobutylbenzenes

The details of the»sYntheses of o, ﬁ, ¥ and w -
chlorobutylbenzene are described in the experimental part.
The n.m.r. spectra of chlorobutylbenzenes znd hydroxybutyl-
benzenes, except for w -chlorobutylbenzene and the correspond-
ing elcohol, are shown in Fig. 14-12. The spectrum of 2
chloride and that of the corresponding slcohol resemble ezsch
other. It can be concluded thet the chlorides are uharranged
products of the alcohols. The n.m.r. spectrum of & -propyl-
benzyl alcohol (Fig. 14) and that of o ~chlorobutylbenzene
(Fig. 15) show the cherscteristic triplets due to benzylic
protons 2t 7 = 5.6 and 5.3 respectively. .The protons st
the g, ¢ and w -positlons compose AzBoCo systems and the
absorptions due to those protons show compliceted patterns.
The n.m.r. spectrum of l-phenyl-Z-butanol and thst of
P-chlorobutyltenzene are shown in Fig. 16 end Fig. 17
respectively. Absorptions at ~ = 6-7 are due to the
p-protons}of those compounds and are approximately a triplet

of triplets. Absorption at « = 7-7.5 is due to the benzylic



Fig. 14. Proton megnetic resonance spectrum of O -propylbenzyl
alcohol 2t 60 kec./sec. in carbon tetrachloride
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Fig. 15. Proton magnetic resonance spectrum of O -chloro-
butylbenzene &t 60 kc./sec. in cerbon tetrachloride
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Fig. 16. Proton magnetic resonsnce spectrum of l-phenyl-g2-
butanol #t 60 kc./sec. in cerbon tetrachloride
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Fig. 17. Proton magnetic resonance spectrum of pg-chloro-
cyclopentane at 60 kc./sec. in carkton tetrachloride
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Fig. 18. Proton magnetic resonance spectrum of 4-phenyl-2-
butanol at 60 kc./sec. in carbon tetrechloride
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Fig. 19. Proton magnetic resonance spectrum of ¥ -chloro-
butylbenzene at 60 lic./sec. in carbon tetrechloride
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protons. Small pesks at ~ = 7.2-7.5 in Fig. 17 seem to be
due to the presence of the alcohol as an impurity in the
chloride. Compliceted absorptions at 7 = 8-9.5 ere due to
the ethyl groups. The hydroxyl proton absorption sppezred

at 7 =8 in Fig. 16. It eppears that the magnetic field
experienced by the}d ,‘p and ¥ -protons in these molecules
ere affected by the presence of an gsymmetric center. 1In
Fig. 18 end Fig. 19 the n.m.r. spectrum of 4-phenyl-2-butesnol
and that of ¥ -chlorobutylbenzene are shown. Absorption et
T = 6-6,5 1s due to the -protons end seems to be triplet
of qualtets. In Fig. 17 the hydroxylic proton a2bsorption
overlapped with them. Absorptions 2t = 7-8.5 2re due to
the o and Ie—protons. The doublets a8t 7= 8.9 in Fig. 18
and 7= 8.6 1n Fig. 12 are the absorptions of methyl protons.
The small doublet at 7 = 8.9 in Fig. 1¢ 1s due to the un-
reacted alcohol 1n‘the chloride.

Results and Discussion

Photochlorination of butylbenzene

The relative reactivities of the carbon-hydrogen bond et
each position of the butyl group of butylbenzene 2re presented
in Table 8 as a function of benzene ring concentration. The
same dszta found in Table 8 a2re presented in Fig. 20 snd Fig.
21. In these figures aromatic concentration is obtained by

adding the concentrations of butylbenzene and of benzene.



Table 8. Photochlorination of butylbenzene at 40°¢.

a Mliole chloro-deriveatives ko  kKp  kKp Xg kg
MMole Conc. Solvent glpha beta gemms oneg2 Ko Ko Ko kp kp
4.2 6.28 none 2.56 1.35 1.6° 0.277 13.0 7.31 .15 1.920 1.25
44,9 2.99 CCl4b z.25 1.26 1.60 0.401 8.45 4.72 5.22 1.81 1.27
19.9 0.9¢ CCly 1.24 1.11 1.48 0.441 6.61 3.78 5.04 1.756 1.33"
1.8 0.9¢ benzene® £.84 1.4: 1.76 0.210 20.3 10.1 12.6 2.056 1l.24
0 0 CC1l, extreporated 5.8 2.8 3.8 1.7 1.4

8yole/l at 40°C.

' bCCl4 = carbon tetraschloride.

C2.x3 Mole/1 .

¢oT
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2L

Relative reectivity

1 2 3 4 5 6 7 8 9 10 11

- Concentration of aromatic

Fig. 20, Effect of concentration of aromatic rings on the
relative reactivity of carbon-hydrogen bonds of
butylbenzene relative to thée w-position at 40°C,

O : ka.-/kw‘
© : kp/kw
o : kr./kw
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This 1s an approximation since butylbenzene would be expected
to be more besic then benzene.

Relative reactlvities of cerbon-hydrogen bonds toward
intermoleculer attack are functions of the concentretion of the
eronetic hydarocerbon. For example ot 40°C. the relative
reactivity of a tertiery and s primary hydrogen =2tom of 2,3-
dimethyl-butane toward the chlorine atom 1is 3.9 if the alkane
is used 2s 1ts own solvent. When the solvent is 4.0k benzene,
the reletive reesctivity is 17.0. When the solution conteins
8.0N benzene, the relative resctivity increases to 40 (2b).
The relative reactivities of cerbon-hydrogen tonds toward
intreamolecular attack would be expected not to be affected
by & change in the concentration of eromatic rings. If e
preferred intramoleculer attack occurs gt some position on
the alkyi chalrn, the relative reactivity of this hydrogen atom
should be hilgher than normelly expected 2t low a2romatic ring
concentration and the curve as 2 function of erometic concen-
tration should have some peculiesrities since ss the concen-
tretion pf eromatic hydrocarbon is increesed the chlorinstion
should pass from a process involving 2 free chlorine atom
and/or intremoleculsr a2ttack to one irvolving meinly inter-
molecular attack. The curves in Fig. 16 seem reasonable if
no intramoleculer attack is assumed.

ASolvent effects due to complexing solvent (intermolecu-

lar) are observed and the steeper curve of kg /kw 1 without
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doubt due to the greater stzbility of the X ~propylbenzyl
radicel. The relrtive reectivity of the omegz hydrogen atoms
can be taken as e standerd since no effect of the phenyl group
should ©te present et this position unless 2 preferred intra-
moleculsr zttack had occurred. The velue of kp /kw 38t
infinite dilution is 3.8. The reletive reesctivities of the
secondary hydrogen atoms end the primery hydrogen otoms of
n-pentane towerd the free chlorine atom heve been reported

to e 3.7 at 25°C. (102). Extrepoleted values at infinite
dilution (Fig. 20) are eccompeanied with relatively lerge
uncertainties compered with velues determined directly by
experiments. The uncertainties of the extrspolsted values

in Fig. 20 mey be as high a&s + 1.0. Thus, the vslue of 3.8
is ressonsble, i1f 1little or no inductive effect of the phenyl
group et the gemme- and omege-positions is essumed.

The value of ky /kw et infinite dilution is 5.6. This
velue 1s higher then the reectivity of the alphe hydrogen
atom of ethylbenzene reletive to the primery hycrogen estom
of E,S-dimethylbutane,* 3.5, end 1s reminiscent of the reac-
tivities of the alphs hydrogen stoms of inden and tetralin

relative to the primary hydrogen atom of Z,3-dimethylbutene

¥H. D. McBride. Depertment of Chemistry, Iowe State
University of Science and Technology, Ames, Iowa. Reletive
reactivity of ethylbenzene towerd chlorine stoms. Private
communication to Dr. Glen A. Russell, Depsartment of Chem-
lstry, Iowa State University of Science and Technology, Ames,
Iowa. 1960.
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(23), 6.1 end 5.8 respectively. The reletive resctivity of
the alphe hydrogen atom of butylbenzene will be discussed
later in connection with the velue of ko /kp at infinite
dilution. Turning to Fig. 21, the value of kyp /g is 1.4
ané rather independent of solvent. This velue cen te escribed
to the inductive effect of the phenyl group on the hydrogen
atoms ét the betg-position or to the fact that the gemma-
radicel can be stebilized by 5 hyperconjugetive structures but
the beta-redical by only 4. When the curve of ky /kp (Fig.
21l) 1s compered with the corresponding curves for inden end
tetralin (23), solvent effects sre epperent only for the
cyclic eralkyl compouﬁds. A possible explanation 1s thet the
resonance stebilizetion of the incipient a2lkyl redicel is
more 1mporteé¥ in higher sromatic concentrations (1.e., when
the attecking chlorine stom is complexed). Therefore, the
formation of the ® -propylbenzyl redical, in which there 1s
steric lnhikition of resonence from the interaction between
the ortho hydrogen atoms and the hydrogen stoms end the ethyl
group on the beta cerbon atom, is not perticulerly favored by
complexing solvents wherees for glpha-radicels from indsan

end tetrslin there is no such interaction and the formetion
of these radicals 1s favored by complexing solvents (18).
However, 1t appesrs thet such interection is not 1mpoftant
when the attacking species is the free chlorine stom (23).

- This also best explains negetive solvent effects in the photo-
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chlorinations of phenylcyclohexane and phenylcyclopentane.
The value of kg /kp 2t infinite dilution is 1.7. This is
not significently higher then the estimeted velue of the
corresponding velues for inden end tetralin, l.2 end 1.10
respectively (23), if the uncertainties sccompanied with
extrapoletion ere tazken into account. However, e difference
between butylbenzene and indan or tetrélin 1s thoat in the
cese of the lastter compounds the Q& hydrogen stom is ectivetéd
by the ortho methylene substituent. It has been reported
thet in tne series of n-pentene, n-hexene and n-heptesne the
reletive reactivities observed for the whole molecule in-
creases 2s the chain lengthens to 2 grester extent than would
be expected from the values celculeted from the reletive
reactivities of the primery and the secondery hydrogen ctoms
vof n-pentane (e7). uoreover, the seconcery hydrogen ctom of
butane is more resctive than that of propere (2d).

in cornclusion, it appeers thet no evidence for o pre-
ferred intrazmolecular ettack &t any position of the 2lkyl
cheain of butyltenzene was found.

Competitive chlorination of arelkyl
hydrocarbons with cyclohexane

Cyclohexane was chosen as the reference hydrocerbon
because of 1its physical propertiecs and Tbecause its reactivity
is known reletive to many other aliphatic hydrocarbons. The

date for competitive chlorinetions with cyclohexane 2s 2
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function of the sromatic concentration sre in Table 2. These
data =sre shown graphically in Fig. 2z end Fig. 23.

The results of the competitive chlorination of toluene
and cyclohexane 1n nitrotenzene solution egrees well with the
previous deta in reference (10a). The low reactivity of
toluene at higher aromstic concentrztions suggests com-
pensating effects. Complexing 2 chlorine stom with 2n aro-
metic molecule should decresse the importance of RTH-C1™ as
& contributing structure to the transition stste end increase
the importance of structures such as R-H-Cl. Table 10 lists
the relstive reactivities of toluene, dlphenylmethene end
triphenylmethane toward verious redicels together with the
relative reactivities of ethyltenzene and cumene. The chlor-
ine atom is the most réactive species. The tertiarx~bﬁtoxy
radicel end the phenyl redicel show similasr selectivities
toward hydrogen ctoms of aliphestic h&drocarbons. For example,
the reletive reactivities of the secondsry hydrogen =stom end
the primery hydrogenstion of n-butane zre 1:7.2 and the rele-
tive rezctivities of the tertizry hydrogen =2tom end the pri-
mary hydrogen 2tom of z,3-~dimetnylbutane ere 1:44 towzrd the
tertiary-butoxy redicael (25). Corresponding rstios towerd
the phenyl radical sre 1:2.5:47 (98). However, electron
affinity of the tertiary-butoxy rasdiczl is greeter then for
the phenyl radical. Thus, the hydrogen =ztom of triphenyl-

methane 1s nore reective toward the phenyl redicel than toward
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Teble 2. Competitive photochlorinat%on of cyclohexzne and
aralkyl hydrocsrbons a2t 40 C.

. Chlorination

Araliyl Conc. products, mmole
hydro- Cyclo- saralkyl Chloro- Alpha-

carbon hexane hydro- Added b cyclo- chloro

(mole) (mole) carbon® solvent® hexane sralkyl kg /kCy"

Toluene
0 - 0 NB or CY  extrapolsted 0.5%
0.0150 0.00734  1.00 NB 0.87¢  0.213 0.45
0.0150 0.00188  1.00 NB 0.381  0.407 0.4
0.0297 0.01467 .00 NB 1.077  0.211 0.35
0.0299  0.00360  1.99 B 0.525  0.447 0.38
0.0443  0.0054¢  3.00 VB 0.782  0.613 0.35
Diphenylmethane
0 . 0 NB or CY  extrepoleted 1.89
0.0076  0.0075  0.50 NB 0.652  0.270 1.57
0.0151 0.014¢  1.01 NB 1.40 0.283 1.15
0.0146  0.0142  0.94 NB 1.59 0.332 1.20
0.014¢  0.112 0.99  none 5.57 0.08% 1.44
0.0151 0.0146 1.0l NB 1.8 0.654 1.84
0.0225 0.0226  1.50 NB 1.09 0.301 1.64
0.0325 0.0323  2.17 NB 1.1z 0.£75 1.42
0.0323 0.0858  %.15  none 3.42 0.326 1.50
0.0547 0.0514  3.64  none  2.08 0.80% 2.15
Triphenylmethene

0 - 0 NB extrepolated 3,74
0.0075  0.00750  0.50 NB 0.631  0.246 4.54
0.0150 0.0376  1.00 NB 2.612  0.3%0 4.48
5.28

0.0225 0.0zz4 1.50 NB . 0.827 0.418

8y0le/1. ot 40°C.
bNB = hitrobenzene, CY = cyclohexane.
CPer hydrogen etom.

dFrom Fig. 22.



112

Table 9. (Continued)

Chlorinetion

Arelkyl Conc. products, mmole
hydro- Cyclo- eralkyl Chloro- Alpha-

cerbon hexane hydro-  Added eyclo- chloro

(mole) (mole) csrbon solvent hexene erelkyl ko /kgy

Phenylcyclohexane
0 —- 0 NB extrapolsted 3.6°
0.0177 0,0185 1.18 NB 0.837 0.214 3.1%
0.0178 0,0185 1.18 NB 0.586 0.189 3.31
0.0353 0.0361 2.35 NB 1.40¢ 0.348 2.29
0.0353 0,036l £.35 NB 1.135 0.283 2.84
0.0522 0.0836  3.48 none 1.0:% 0.211 2.50

Phenylcyclopenteane
0 - 0 NB extrepoleted 4.7%
0.0150 0.0182 1.00 NB 0.600 0.210 4.21
0.0182 0.0189 1.26 NB 0.4¢8 0.160 3.81
0.0372 0.0378 %.08 NB 0.635 0.164 - 3.08
0.0372¢ 0.03756 2.%52 NB 0.888 0.227 3,03

€From Fig. 23.

the ggrtiaﬁg—butoxy redical elthough the difference in the
, reactivitiés of the tertiary hydrogen sztom of cumene towerd
both redicals is small. In the cese of the chlorine stom,
the reactivities of the secondesry hydrogen ctoms of ethyl-
benzene snd diphenylmethzne ere probebly identicsl within
experimentel uncertalnty whereas the rezctivity of the
tertiary hydrogen &tom of triphenylmethene 1s higher then
that of cumene by 307 which is lerger then the experimental

uncerteinty . One might heve expected that the tertiary
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Table 10. Relative reactivities of some arslkyl hydrocsrbons
toward verious radicels

€1+ 0Clz+® Br-®  ®-(98)  t-Buo-(25)
Hydrocarbon 405¢. 2098, 40°. 80°C. 40°C.
Toluene 1.0° 1.0° 1.0° 1.0° 1.0°
Ethylbenzene £.5° 50 16 4.42 3.18
Cumene 5.5 260 36 g.78 6.84
Diphenylmethene 2.0 50 10 7.55 " 470
Triphenylmethane 7.2 00 18 38.7 .60

-@Results of Lr. C. DeBoer.
bAssumed.
CResults of dMr. H. D. keBride.

QReference 3.

hydrogen stom of cumene would be more resctive then that of
triphenylmethane since the chlorine atom is 2 highly electron
deficient species. However, it seems likely thet the rela- _._
tive effects of substitution of methyl end phenyl groups is
also a function of the resctivity of the radical. For
example, the relative reactivities of the secondary hydrogen
atom of ethylbenzene and the tertiery hydrogen a2tom of cumene
towerd the trichloromethyl radical are 1:5.2. The corre-
sponding retio toward the bromine atom is 1l:2.2. The rele-
tive reactivities of the secondary'hydrogen etom of ethyl-

benzene and diphenylmethane are 1:1 whereas the corresponding
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ratio towerd the bromine atom is 1.6:1. If these ratios
vere controlled only by the electron‘affinities of the
attacking specles, one might think thet the difference of
reactivity ratios of thé'secondary hydrogen atom of diphenyl-
methene snd the tertiery hydrogen atom of triphenylmethane
toward the trichloromethyl radicel snd toward the btromine
atom would be more pronounced. The observed ratios 2sre 1:4.0
and 1:1.8 respectively. (Compare with 1:5.2 end 1:2.2 shown
above.) Therefore, 1£ seems likely thet the effect due to
high reactivity can cancel the effect due tc high electron
affinity. This would suggest a weekness in assigning stetis-
ticai fzctors based on the number of hydrogen stoms in com-
puting relative reactivities. Although there is some veri-
ation of the effect of substitution of the methyl and the
phenyl group &s discussed above, towerd the chlorine stom

the effects of the activation of the hydrogen etom by the
wethyl group and by the phenyl group ere neerly equiveaslent.
This is ascribed to the high reactivity and the high electron.
affinity of the chlorine s2tom. The change of the slope of
lines in Fig. 22 from toluene to triphenylmethane is en
indication of the change of the bond dissoclation energy of
the azlpha-hydrogen atoms of these compounds. In Fig. 23 the
lines for phenylcyclohexane and phenylecyclopentene have nega-
tive slopes. The corresponding line for cumene (23) has 5

nearly zero slope which cculd not be expected'from the lower
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bond dissociation energy of cumene compzared with cyclohexane.
A possitle explanetion is thet steric inhibition of resonance
from the interaction of the ortho hydrogen astoms and the beta
hydrogen atoms of the incipient alpha redicels derived from
those compounds (16) at high aromatic concentration. In the
case of phenylcyclohexere znd phenylcyclopentarne, there 1is no
free rotetion of the carbon-cerbon bond of the cycloalkene
ring. Therefore, the stronger interaction can be expected for
phenyleyclohexane end phenylcyclopentane then for cumene.
However, 1t eppears theat such intereaction is not importent
when the attecking species is the free chlorine atom (23).
| The higher reectivities of the tertlery hydrogen atom of
phenylcyclohexene (3.6 if the resctivity of e hydrogen stom
of cyclohexane is agsumed 1.0) and phenyleyclopentzne (4.7)
than thet of cumene (%.92), could te explsined by lsrger elec-
troh doneting 2bility of the cyclohexene ring and the cyclo-
pentane ring then two methyl groups to the zlpha carbon-
hydrogen bond zs discussed during the comparison of the rele-
tive reactivity of the glphs hydrogen rtoms of ethylbenzene
end butylbenzene. However, the sscondary hydrcgen stoms of
n-pentane are more reactive thzsn those of cyclohexene #nd
cyclopentene taw ard free chlorine stom (102) (I strein).

The photochlorination of 1.50k fluorene 2nd 1.4%W
cyclohexane in nitrobenzene solution was slso performed. No

peak due to chlorocyclohexane was found in the chromatogram
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of the chlorination products. This might imply that a very
fost ionic substitution into the aromatic ring had occurred.
This result indicetes that the reactivity of the alpha hydro-
gen atom of fluorene relative to & hydrogen atom of cyclo-
hexane must be gréater then 16. The solubllity of fl@orene
in cyclohexane is only 0.67 mole/l. et 40°C. The result of

a photochlorination of 0.285M fluorene in cyclohexane solution
indiceted a reletive reactivity of 3.0. The letter velue is
more ressoneble. However, st lower concentretion of esralkyl
hydrocarbon analysis of the alpha chloride is accompsnied
with larger experimentsl uncertainty. Further investigetion

of the photochlorination of fluorene wes gbesndoned.
Experimental

Apparatus and procedure

The same photocalorination epperatus and procedure

described in Pert I was used.

. Analytical procedure

For. the analyses of chlorobutylbenzenes (except for o -
chlorobutylbenzene), a Perkin-Elmer lModel 154D Vapor Fracto—t
meter with a 300 foot 1/8" internal dismeter Golay column
packed with polypropylene glycol wes used ot 128°C. Nitro-
benzene was used a8 the 1lnternal stendard. The isomeric g,

' and w-chlorobutylbenzenes were synthesized snd the pesks
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due to the separate isomers identified. The thermoconductiv-
ities of these 1lsomers have been agsumed to be identicel.

The retention times increased with increasing separation of
the phenyl end the chlorine substituents. In the injector

of the chromatograph, & glass covered heeting element wes
installed in order to prevent decomposition of the chlorides.
However, (@ -chlorobutylbenzene still decomposed to give an
extra peeck, presumably due to ‘ﬁ-ethylstyrene, end the extent
of decomposition was'not reproducibtle. For the snalysis of

A -chlorobutylbenzene selective hydrolysis of sliquots of the
chlorinetion product in 80 ethanol solution with stirring
(heterogeneous) at 60°C. was employed. The hydrolysis was’
followed by directly titreting with O0.1N sodium hydroxide the
hydrogen chloride.liberated. The hydrolysls wes complete in
24 hours as evidenced by the constancy of the sodium hydroxide
titer. Under the same conditions the other isomeric chloro-
butylbenzenes are not hydrolyzed. The hydrolyzed product was
titrated potentiometricelly with 0.05N silver nitrate after
the sodium hydroxide titer became constant. Blank correctiogs
were applied.

The alpha-chlorides formed in the competitive photo-
chlorinations of diphenylmethane, triphenylmethane, fluorene,
phenylcyclopentane and phenylcyclohexane with cyclohexane were
determined by selectively hydrolyzing aliquots of the resction

mixture in 807 ethanol et room temperature. The titration



120

procedure was the same as described for « -chlorobutylbenzene.
The chlorocyclohexane was determined by g.l.c. as described
in Part I with the 2 w. Perkin-Elmer B column (reportedly
difzfethylhexylsebacate) at 110°C. Toluene was used as the
internal standard. Excellent sgreement was found when the
Rauscher method (99) for the determination of totel chlorine
was employed and the difference between totel chlorine end
easlly hydrolyzed chlorine was assumed to be chlorocyclo-

hexane.

Reagents

Aldrich butylbenzene (puriss grade), Phillips toluene
(99.9 mole % minimum purity) and Ezstman XKodak diphenylmethene,
triphenylmethane, and phenylcyclohexane were employed. Egst- ‘'
man-Kodek fluorene was recrystallized from absolute ethanol,
m.p- 115.50-114.400- Phenylcyclopentene was prepared from
bromocyclopentane (100 g.) end benzene (595 ml.) in the
presence of anhydrous aluminum bromide (11 g.). The genersl
method for the Friedel-Crafts reaction described in references
- (100) and (101) was followed. Phenyleyclopentene, b.v.
£16.0%-216.5°C., nf° = 1.5288, was obteined in 50% yield.

. Both Eastman-Kodzk cyclohexane (spectrograde) and Phillips
cyclohexane (9¢ mole % minimum purity) were used. The nitro-

benzene, carbon tetrschloride and benzene ﬁsed were described

previously in Part I.
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Synthesls of chlorobutylbenzenes

o -Chlorobutylbenzene The synthesis of this compound

from the reaction of 0 -propylbenzyl alcohol with thionyl
chloride is reported (102). W -Propylbenzyl alcohol (45 g.)
wes pleced in a 100 ml. three-nected flask fitted with e
frittered glass ges inlet tube snd a calcium chloride drying
tube. As anhydrous hydrogen chloride was passed into the
alcohol, heat wes evolved and 2 water layer separeted in the
bottom of the flask. Cooling by an lce-water bath was applied
when necessary. The addition of anhydrous hydrogen chloride
was continued until the amount of the water layer becesme con-
stant. After the water layer was removed the organic layer
was dried with anhydrous megnesium sulfete overnight. Hydro-
gen chloride was removed by evacuation of the flesk contein-
ing the chloride. After distillation through a simple Claisen
head at a pressure of 1 mm., 41 g. (81% yield) of the product
was obtained, b.p. 600—6100./1 mm. , n§o = 1.5164. An anslysis
of this product by hydrolysis, as described esarlier in this

section, indicated that the chloride wes 97% pure.

| ‘p-Chlorobutylbenzene This compound has not been
reported in the literature. A mixture of l-phenyl-2-butanol
(22 g.) and pyridine (23.8 ml.) was added dropwise to thionyl
chloride (22.4 ml.) placed in a 250 ml. three-necked flssk
fitted with = dropping funnel, stirrer and thermometer.

During the addition the temperature was kept et 00-500.
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Stirring was continued for £4 hours efter additioh was com-
plete. The mixture was poured over ice, transferred to 2
separatory funnel, ether (20 ml.) added, end the organic layer
separeated, washed with water six tines end dried over anhy-
drous magnesium sulfate. This meterial was distilled at a
pressure of 1 mm. by using & 30 cm. Daﬁfton column and e
fraction 63.2°-64°C. (4.5 g., 18/ yleld) was collected. By
g-l.c. analysis this product wes shown to be composed of 91%
of the desired chloride 2nd 2% of unreacted l-phenyl-2-
butenol. A higher yield might be eipected for this reaction
and the similar reaction for the preparation of the ¥ -chloro-
butylbenzene if the temperature were increased since some
unreacted alcohol was recovered. However, too high 2 tempera-
ture will result in the formation of olefins.

¥-Chlorobutylbenzene J. von Braun 2nd L. Neumen

(103) syqthesized this compound by decomposition of the
benzamide of ¥-aminobutylbenzene. Leter ¥W. Schlenk and E.
Bergman (104) attempted to synthesize this com:ound by the
réaction of 4-phenyl-Z-butanol with thionyl chloride. They
reported that the chloride was decomposed during the distills-~
tion &t a pressure of 16 mm.

4-Phenyl-2-butanol (40 g.) wes reacted with thionyl
chloride (40.4 ml.) in the presence of pyridine (43 g.) in @
similer mesnner to the procedure described for pg-chlorobutyl-

benzene. The fraction, b.p. 610—6400-/1 mn., n%o = 1.5131,
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wes found to be composed of 96% of the chloride =nd 4% of
4-phenyl-2-butanol by g.l.c. snalysis. The yield wes 10.1 g.
(23%) .

w -Chlorobutylbenzene This compound wes synthesized

by the method described by J. von Braun (105). N-Benzoyl-4-
phenyl-l-butylamine wes prepsred from 4-phenyl-l-vutylamine
(80 g. Aldrich Chem. Co.) 2né benzoyl chloride (54 g.) by the
Schotten Bauman reectlon. After the recrystallizetion from
95,; ethenol, the amide, m.p. 830-83.500., was obtsined in 70%
yield. The benzemide (60 g.) end phosphorous pentschloride
(50 g.) were pleced in a 250 ml. distilling flesk and

heated to 150°C. to distill out phosphoryl chloride. Then
the tempersture was raised from 18000. tb ZSOOC. to distill
the mixture of tenzonitrile and w-chlorobutylbenzerne. For
the separation of the benzonitrile vacuum distillation
through 2 30 cm. Daufton column was employed, instead of the
hydrolysls in concentrated hydrochloric scid at 160°C. used
by J. von Braun. A fraction (12 g.), b.p. 118.5°C./14 mm.,
n25 = 1.5167, was obtained. It was found to be 1007 pure by
gel.c. analysis.

oL -Propylbenzyl alcohol This compound wss prepared

from n-propyl bromide (242 g.) and benzaldehyde (182 g.) by
the Grignard reaction. The crude product was obteined in 80%
yleld. After the distillstion through 2 Todd column packed
with Monel helices, a fraction, b.p. 1100—11300./10 L.,
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n%o = 1.5137, was obtained.

l-Phenyl-2-butanol This compound hes not been report- -

ed in the litersture. An attempted synthesis wes made by fol-
lowing the method described for l-phenyl-Z-propanol in refer-
ence (106). The reaction gave a very poor yileld probably due
to the self condensation of phernylaceteldehyde and purifica-
tionlby recrystallization of the half-ester of phthalic acid.
(107) was required. Thus, the alcohol was prepered from
1-phenyl-2-butenone (100 g., ¥ end X Laborestories) by reduc-
tion with lithium aluminum hydride (7.7 g.) by following the
general method described in reference (108). After distilla-
tion through a Todd column packed with konel helices, a frac-
tion, b.y. 74°-75°C./1 me., n§0 = 1.5161, wes obtsined in
74%‘yielq.

4-Phenyl-2-butanol This compound was prepesred from

benzalacetone (250 g., Matheson, Coleman end Bell) by hydro-
genation in the presence of copper-chromium oxide catelyst
under 2000 p.s.i. at 150°-175°C. (109). The crude product
gave a positive test with 2,4-dinitrophenylhydrazine. By the
distillation through a Tddd column packed with lonel helices,
a fraction (100 g.) which was negative to 2,4-dinitrophenyl-

hydrazine, b.p. 124°C./14 mm. , n%o = 1.5172, wes obtained.
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SUMMARY

A study of the chlorinetion, prineipally by chlorine end
light, of chloro end btromocyclopentsne and chlorocyclohexane
was performed. Dihelocycloelkanes in the chlorinestion
products were analyzed by ges liquid chromatogrephy. Authen-
tic samples of all the dikhelocycloelkenes were synthesized.
The tendency for the attack of the chlorine a2tom to occur
preferentielly et cerbon-hydrogen bonds remote from the
halogen substituent has teen observed. It appeers thet the
inductive effect of the chlorine substituent is negligitle
for a hydro.en etom in the 4-position. The higher resctivity
of the hydrogern ztoms £t the Z-position of bromocyclopentene,
ca. twice 2s high es thoseﬁof chlorocyclopentene, i1s remin-
iscent of perticipation of the bromine sucstituent which wes
first suggested by H. L. Goering et al. (63, 84b, 75) for
stereéspecifio addition of hydrogen bromlde to olefins through
free radicel mechanism.

Significent stereochemistry has been observed in the
resction of halocycloelkyl redicasls with moleculer chlorine.
Similer stereochemistry for the reaction of chlorocyclopentyl
and chlorocyclohexyl radicals with molecular chlorine could
be interpreted es being due to the lack of apprecisble con-
formetionel stebllity of cyclohexyl radicals end the grester
stability of "trans" transition states for the resction both

in the cyclopentyl and cyclohexyl systems.
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A study of directive effects in the chlorirnation of
aralkyl hydrocerbons wes also undertaken. A possitle pre-
ferred attack at the g8, ¥, or w-position of butylbenzene
by intramolecular reactions of the complexed chlorine hes
been investigated. DNo evidence wes fcund for such en intre-

molecular process.

Cl-
The chlorinaticn of toluene, diphenylmethshe snd tri-
phenylmethere has shown thet the substitution of 2 methyl or
a phenyl group for 2 hydrogen ctom produces essentielly the

seme change in the resctivity of remeining zlphe hydrogen

atoms towerd & chlorine atom.
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