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. 0of perdeuteriocyclohexane (a model for alkanes), per-

v Y ) &‘}‘
k] . )

ABSTRACT
4

. » S — )
o A general method for the evaluation of the

2

A S . " .
kinetics of the vapour phase photobromination of alkanes

\ ‘ &

and substituted alkanes was developed in' order to obtain
V4
R
rellable Vvalues for thc relatlve rates of abstraction by
bromlno atoms from these compourids , and to determine the

relative rates of transfer of the alkyl radicals w1th

L T

nation of a perdeuterated substrate was run in the presence\

b
of excess molecular bromine and“excess hydrogen bromide. \

From a study of the brominated and protiated products

’

formgd, the relative ratgs of abstraction and of transfer
“

“ bromine and with hydrogen bromlde. The vapour phase bromi=- -

were detdrmined. “The method was applied to the bromination -

-y ‘l

deuterio—i—chlorobutane (a model for electronegatively sub--

A

stituted alkanos) and perdeuterlo—l—bromobutane (a model
: L ¢ .

for bromoalkanés). The Kinetic data obtained from the

perdeuterated substrates was found to describe very well
tpe.bromination ofqthe natural, ‘pfotiated compounds;;show:

» R

“ing that dCUtOrlum klnetlc lsotope effects were not

1mportant in the relatlvc rates that were determbned

i3
v
¥

4

. Transfer with,hydfbgeh bromide occurs most

readily in the bSomination® of perdéuteriocy;lohexaﬁe,,asn

e
<
L

AT



expected, since polar effects deact1Vate this reactlon in
the bromlnatlon of electronegatlvely substltuted alkanes

This polar deactivation fallls off as the distance of the

g . ¢
radlcal centre involved from the substltuent 1ncreases in
- the bromination of perdeuterlb ffchlorobutane “\“\ ‘.
- N - \ ‘
- L. s

- - N
J . -
. k4

The relative rates of bromina¥®iornt of cyclohcxane ’

and perdeuterlocyclohexane, and the relatlve rates of

~

. abstraction of the dlfferent hydrogenStof 1- chlorobutane

-~

by bromine atoms were found to be the same 3n the vapour
phase reaction run with minimal 1nterference ﬁrom the’
reversal reactlon, and in llqu1d,9rom1ne folvent. ThlS
was taken as evidence that liquid bromine &an scavenge al]

radicals, caged 6r "free", and that SOlutlon and vapour

phase relative rates-of the same kinetic order may be

equated. At lower concentrations of molecular bromine,
»when the reversal reactlon was not 1mportant cage‘reversal
between the gemlnate radical- hydrbgen (or deuterlum) bromide
K. . pair was proposed to explaln the dlfferences between the -

»

vapour and solution phase results.

~ v

- In the iiquid\&hase bromlnatlons in- Freon 113,

p&

~ the reﬂatlve rates of transfer of the alkyl radicals With

bromlne and w;th hydrogen bromide. 1ncreased with increasing

> -

bromlne concentratlon This was attributed to reversal 1n

- solutlon w1th the new transfer species hydrogen trlbromlde.

vi
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The equilibriu%éifnstant of formation of this species was
- _
dq}erminéd by nmr sbectroscopy, and was consistent with the
kirfetics of the solution phase reactions.

.

’ , The bromination of l-bromobutane is complicéted}‘
by eliminqtioa of bromine atoms from the B-bromobutyl .

B radicals. In the vapour pﬁase, the l—bqtene thus formed %s

’5 l;iiiyérily brominated aliylically; In séiutibn, 1- o

butede adds bromine to produce 1,2-dibromobutane. The

. Lo # L
hydrogens B to the’bromine substituent in l-bromobutane are
abstracted abput five times faster than the y-hydrogens at

25°, an

e rate enhancement of the bromine substituent

on th¥§- ydrogens 1is éaléuléted as 10 over what would bg-

A

expectdd on the basis of the polar effects of the spbstitu-

ent. No ev;dence for an enhanced rate of abstraction of
) «

“the 8—h§drogens<of l-chlorobutane was obtained in the

sbromination of this compound. 27

) N . k4
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INTRODUCTTION

- I.1 Homolytic Hydrogeh'Atom Abstraction

AN !

) ‘ 2 . . *
* The abstraction of hydrogen atems is the most

”

v

common reaction that free radicals-undergo. The reaction .

) has been extensively studied, and two general effects hav
Y I‘.

been observed  that influence the reactions The strength'
of the bonds being made and belng broken and the polar

1nfluences on the tran51tlon state'of the abstractlon

.

on dlfferent molecules and on molecules that conta'

Q@

chemlcally dlfferent hydrogens. 1-12

In every radical process studied, the rates of
: _ ) _ q L
hydrogen atom abstraction from aliphatic alka es,increase - &

on gding‘from prﬁmary to secondary to tertlary C-H bonds

This ofder‘is independent of the nature of the attacking
radical and is most e&sily explalned as duevto the.
strengths of theVCfH bonds being broken.‘ Thus, tertlary . v
C-H bonds‘are the Qeakest, andrtertiary hydrogens are_.f“
absttacted at the fastest tates ihe rate .of attack on

‘ ( ;

a partlcdlar C-H bond is also found to ingrease as the
\\ﬁ oy, i




\

H-X bond strength increases (reactlon 1). For example,

halogen atoms abstract hydrogen from methane or ethane in
. ; RH + X- —* R- + HX (1)

. oy
e

the order F>Cl§Br, i.e. the ordek of the hydrogen halide

bond sErengths,5

3 1

- Two types of: polar effects have been observed

in free radical reactions. One of these, an inductive
4 ’

'effect, is illustrated in the chlorination of electro-
: | , .

negatively substituted butanes (Table 1). The relatlvely

-

electronegative chlorine atom prefers attack on hydrogens

"furthest removed from the electronegatlve group This

*

:effect has been rationalized by the assertion that in ther
transition state of the hydrogen abstraction reaction,
there is-electrostatic repulsion betdeen'the polar C-X'
bond of the butane and the H~C1l bond being‘formed This'
effect falls off rapidly with dlstance from the substétuent
and therefore attack on the Y- position is preferred over‘.

/
attack on the B-p051t10n.8

The second type of polar effect is a donor-
'y

acceptor type, and is exemplified. ih the bromlnatlon of
SubStltUted toluenes The free radlcal reactlons of
bromine w1th ring Subsiltvted toluenes have been correlated.
well with the Hamme tt equatlon (p=~l.36 at 80° in carbon

, + - . i
tetrachloride, correlation with o ).16 In the transition’

P s



Table 1 - :YC

Relative Reactivities in the Chlorination of

Selected Substitﬁted Butanesa .

A
Z

3
FP 0.9 1.7 3.7 7 1.0
c1P 0.8 2.1 3.7 1.0
“le"v » Foc® ,f%.OB ) 1.6 4.2 1.0
. cloc® 0.2 2.1, 3.9 1.0
’ j??\ cHy00cS 0.4 2.4 3.6 1.0
< 'éﬁ;cood -0 2.1 3.9 1.0
¢F3coda " 0.2 L 1.3 3.6 1.0

04

'aReactivity in the gas phase at 75° peréhydrogen atom rela-

tive to the primary § hydrogen.

¥ -

'bTaken from ref. 13,

'CTakeh from ref. 14, - °© ,

e

Run at 100°; ref. 15.

i)
’

Wt



state of these reactions, participation of resonance

/
structures of the type 2a must be important; in this
, 1Y ~ o~ ’
4 .
+ D T e \ -*__
[Ar H Br ]¢ v N &W{
2a > i‘

e |
structure, an electron is transferred from the'benz?llaﬁhm h
group to the bronine atom}. This type of stabili2§§gpn -
is also important in the abstraction of hydrogens from
carbon atoms carrying atoms with lone pairs of electrons,

e.g. in the‘chlorinatiOn o?kl—chlorobutane at the

a-position, structure 2b adds to the stabilization

+ - B -
[C1=C H c17)
R .

+

s 2b | | . :

iR}

of the transition state, 210

LA,

Y

: Other:effects, such_as solvent and steric
;;22 s,_do not generally greatly influence free-radibal_\
hydrogen abstractlon reactlons ' Thus, solvent effects =

AJare usually not 1mportant though large effects have

been reported for cHdorlnatlons in aftmatlc solvents,

o and smaller solvent effects are known for tert butoxy

e,

-

radlCals,'there are'usually only small_dlfferences

between results obtained in the gas phase and in ~

'solhtion.l7>18 Mayo‘haSOreviewed gas and liquid phase free C

radical reactions, and concludes that though solvation



o . ' L
effects may he lmportant, they are not very significant
. 4
for inert solvents, and tend to cancel out in cohpeting

reactions*of the.same kinetic order.19

2 ‘ 1

~

"Steric effects are also not very significant

’2

in hydrogen abstraction reactions: even though

" tertiary aiiphatic CéH bonds are the ones that are most
sterically hrndered,_they undergo hydrogen abstractfon
at the fasteSt;rates by all radicals. It has been1

.suggested, though; that- dlsplacement on carbon, rather .
than displacement on hydrogen, is rare due to a high " ¢
actlvatlon ene}gy requlrement caused by the sterlcally’“

‘ hlndered approach of 'a free radlcal to an atom that is

¥
coordlnated to two or more atoms or groups.6

¢

I.2 Free'Radical Bromination Reactions

' Hydrogeh abstractlon by bromlne atom’s21 22

— >

is qu1te unlque in free radlcal chemlstry The bromlne

atom is one of the most selectlve hydrogen abstractlng
& g A

‘spec1es known e;g. the prlmary secondary tertlaqy -

- . E R

22 o R

selecﬁmvrtles are 1: lOO 2000 This select1v1ty as!

<

due to the fact that hydrogen abstractlon by bromlne
”'for all but the weakest C- “H bonds is endothermlc .
Bromlne atoms are therefore very sen51t1we to small

_changes in. the energetlcs of the reactlons, and these -
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-

increased or decreased rates of reaction.

‘drawing effect of the aromatic ring,: since for the

v
small changes will be reflected inléignifiCantlyg

’ .

By the Hammond brineiple,23 the tran51tlon state'
for the endothermlc bromlnatlon reactions should, resemble
most closely the products "cbnsequently bromlnatlons are
1nfluenced strongly by donor- acceptor polar effects This
1s 1llustrated gy the large, negative Hammett P value for
the free radlcal bromlnatlon of toluenes, and by the"

contrasting behav1our of cyclohexane and ‘toeluene to -

bromlnatlon and chloplnatlon In chlorlnatlon, cyclohexane

Ly

reacts at a faster rate than toluene kc/kt = 2.8 (per H

atom, 809)24); this wasnattributed to. the electron with-

N

exothermic chlorination, there is no significant

. . s ,
contribution of the resonance stabilizati6r of the benzyl |

')

radical. However, for. the less electronegative and more

- » t
selective bromine atom, the situation is reversed; toluene

brominates much faster than cyclohexane (k /k = 250 (per
H atom, 80° )24 25), 51nce the extensive bond breaking in

L3

,the‘tranaitiqn state for bromination leads to increased

odd:eiectrbn density at the benzylic position and .

v

.Eonsiderable-resonance,stabilization due to the,phenyl'rimg‘

r -

Due to. thelr sen91t1v1ty to small changes 1n the

&

actlvatlon energy, bromlnatlon reactions are also

ffLQ'

PN I AT e
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influenced by effects other than bond strengths,and polax
effedts; these include reversihle hydrogen atom

abstraction cage effects, ‘Eomplex formation, elimination
. ¢ i
of groups or atoms that are f to the radlcal and anchimeric

(23

3551stance by groups of atoms in the abstractlon of
hydrogens 8 to the groeup. These effects have either been
’shown to occur or have been proposed for free radlcal
bromlnations, and are expected -to compllcate any

mechanlstlc scheme for these reactlons.

y » . L
I.2.1.. Reversible Hydrogen Abstraction

Y ; ~ N

L (

N The effect of.reversible-hydngen.atom
abstraction on ‘the kinetios and on the prodncts of the"
bromination of alkanes, aranes, and shbstltuted alkanes
and afanes has been a topic of consrderable concern. As
noted‘above, bromine atom attack on C-H bonds (reaction 3)
1s-generally endothermlc, the reversal reactlon w1th
hydrogen bromlde (reactlon 4) will therefore,'ln most
;cases, be exothermlc, and though transfer of bromlne to
the carbon oentered radlcal (reactlon 5) is always Lo
;exothermlc, the reversal reactlon may ;ompete with the
product formlng step -

- ' ’ - k , . o ’
c "RH + Br- —=» R- + HBr - o (3)

. R* 4+ BBr —Z» RH 4 Br- . ’ (4)



. | | [ -
-7 kg ,
Ry + Brz“ — RBr + Br-. ' (5)

In their classic work on the bromination of

26

methane, Kistiakowsky and Van Artsdalen showed thét‘

~ *

hydrogen bromide inhibited the reaction, and they
calculated that thé'methyl raﬁical transferred about

' sixteen times faster with bromine than with hydrogen 2 -
B ‘ L < ' . ]
bromide at 37°. No inhibition, however, was observed in

the bromination of’ bromomethane, implying that k3/k2 was

greétef than 100. Andersen, 21 Vaanrtsdalen,28~3O and

-

sullivan®l extended the studies 6£~the absolute rates of
* sbpominations with molecular bromine to othef gimple
"substrates in the vapour phase (Table 2). 1In-all the

compounds studied, reversaiwwith hidrogen bromide was

‘important; in some cases it bccured faster than t;ans’fer .

with bromine. . ‘ I ",\\\ | .
| o AN ,

v : B ,

- The trénsfer with hydrogen bromide in the
bromination of'chiorpform hégfalséfbéen demonstrated in'a
chemical way bXJcarfying out phé\vépour pﬁase reaction of
vdeuﬁeriochlofogérm‘with added hydrogen bromidet Ehe |

unbromihated chloroform-was found to have ‘incorporated a ;
‘ I : I N @ : ’ . ‘ N ‘l .
significant amount of protium. No incorporation was

. observed ih the chlorination reaction with added hydrogen

chloride, sinc§§phe reversal reaction in this case must _ TN
' ‘ 35 |

have an activation energy greater than 7.S_k¢al./mol. ,

?‘.
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" . Table 2 o .
. Q - ’ .
4 | ~ .

Relative Rates of Transfer of Selected Alkyl Radicals with

Bromine (k,) and with Hydrogen Bromide (kz) in the

3

N Vapour Phase

T i

b

S&bstrate Temperature - 'BDE® ' k3’/k2 . Ref.
' - ° OC:'A’ ’
CH, © 37 - 210 104.0 15.6 = 4.8. 26
CH_Br .50\~ 110 - 99® Large 26
3 /,. : ) ‘ . R
C,H 35 - 95 98.0 14 27 |
1 (CHy) JCH 40 ~ 85 91.0 2.8 - 0.6 28 - .
(CHy,) ,C " 107 - 151 99.3 0.8 - 0.2 29
3’74 ‘ N . i
CoHCH, « 90 - 133 g5 ’ 1.7 - 0.8 30
.cnc13‘;\ 147 - 169 95.7 25.6 - 23.3. 31 L

aBond dissociation eﬁengy; gaken_from ref. 32 and 33.
. . . | B ’ (2 . .
b v . ( . . . , ‘\ .
Some of these results!/have been critisized by Benson and’
38 e A

4 ;
Buss. . '

VI

“Taken from“ref. 28. a



Although the work on the determinatioh of the
absolute rates (Table 2) was carefully done and yielded

‘ ‘ |
acceptable values of the bond strengths, the results have

been suspect because the A factors of the observed

reactions were very high.3 Benson and BussB4 explained
the‘discrepancieston the grounds that an assuhption made
in interpreting the results was invalid for the more
reactive compounds. The‘necessary assumption was that
Steady state concentratioﬂs of bromine atoms were reached
in tlmes that were short compared with the lengths of the

reactlons Benson and Buss calculated that a steady state

was only attalned for hydrocarbons less reactive than

‘ethane. Although the magnitude of the relative rates

reported (Table 2) may therefore be in error,; the results

show that hydrogen bromlde reversal must be taken 1nto

- account .in any kinetic analy31s of bromination reactions.

Transfer with hydrogen bromide has also been

well. documented in the bromination of toluene and

«
o

substituted toluenes with a number of different brominating

reagents. In this reaction, the revv‘g? reaction is
1 £
endothermic (AH = 2.5 kcal./mol,'D(PhCHz—H) = 85 and

D(H-Bry = 87.5 kcal./mol32)_ ‘The deuterium kinetic

[

‘isotope effect for the bromination of toluene-a-d, with

1
bromine at 86°\Was réported by\Urry36 to be 3.3. a

reinvestigation by Wiberg and Slaughfﬁ7 however, showed

that under conditions of no hYdrogen‘bromide reversal

~

Ny .
N =

10.



(either u§1pg‘§—bromosuccinimide 6Ng§) as a brominating

agent, or swoeping.out the hydrogen bromide fo med in the

reaction with a nitrogen stream), “he isotope :¥fect was

4.6; Wfberg agtributed the difference to interfe;ence by
: ¢

thé reversal reaction in Urry's work.

/

i .

A siqilar'effect was reported by Pearson and

Martin on the magnitude of the Hammett p value for the
. . Do, W 16, .
bromination of substituted toluenes. This value was
determined by Kooyman, van, Helden and Biéke138 to be
' : o L+ : . .

-1.05 (80°, correlation with o ). By maintaining the
BrZ/HBr ratio large throughout the réaction, Pearson

and Martin obtained a value for p of -1.36 (80°,

-

‘correlation with 0+),l6 which is in excellent agreement
with the ) value.for NBS brominations of toluenes, —1.3916
and —1.4639 (80°, correlation with o+#, where’the hydrogen

bromide is scdﬁengéd very rapidly by reaction with the NBS..
) : .

o

One of the most dramatic effects of hydrogen
bromide reversal was recently reported in a étudy of the
v : L . | '
bromination reactions of bromotrichloromethane. These

reactions have. generally Qgen accepted to proceed by a

, f o
trichloreémethyl radical chain.”’®/#22:40,41 Tanner et al.

have now shown that this chain is dominant only in the
presence of a hydrogen bromide scavenger (powdered

potassium carbonate or ethylene oxide).42’43 In "normal"

N »
-

11.



)
bromotrichloromethane brominations, the major chain
carrier is the bromine atom (reactiions 6-8), and

extensive reversal with hydrogen bromide takes pPlace.

L g
L

RH + Br- —> R- + HBr o (6)
HBr + -CCly —> Br: + HCCL . C(7)
Re 4+ BrCOl3 —» RBr + -CCl3 - -{8)

Most of the kinetic dota reported for
bromination reactions has been obtained from competitive
réactions. Relative reactivit& data is much more easily
obtalned than 1is absolute rate data, and is not 1§?luenced
strongly by\fhe method of initiation or the mode of
termlnatlgn (self-termination or trace impurities). Also,

’

nc assumption needs to be made about the rate at whlch

steady’state concentrations are attained. ,However, the
relative reactivity method depends on the fact that in

competitive reactions of two substrates RaH and R _H with

b
a radical Y- (reactions'g, 10), the amount of reactjon

of each substrate can be determined from the amount of

stdrting material at the end of the reaction, or from the

i

X ka Y, A

RH+ Y == R -+ HY 5% R_Y (9)

= a a a

k k -
-a ay
) ky v,

R R + Y- -— R+ + HY —= R Y ' (10)

b K - b K b

12.
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13.
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]

amount of products formed from each reactant; The
e

relative react1v1ty may then be calculated. u51ng

equation 11. 6,11,22 ’ ‘i

: 1n([RaH1°/[RaH1f)/ln([Rbar°/[RbH1fi = k_/ky (11)

¢

Equation 11 can only be used when the

abstraction reactions are irreversible: when revetrsible

hydrogen atom abstraction takes place, equation 12

applies‘6’39’44 This equation. contains a time dependent

T S b

term, [HY]/[Y7], and consequently cannot be integrated. _ f

- dInlRHl/de ka (1 + kY1 /iy 1Y, 1) a2
d 1n(R H]/dt R (L k(B /1Y)

The majonuty of the relative rates of
\’f’

bromination in the literature was‘obtained using equation
11, assuming (explloltly or 1mpllcltly) that no reversal
took place,'ln most cases, however, no effqrts were made

//ﬁ 44,45 . $
to limit reversal or ascertain/its absence. - - Transfer i
with hydrogen bromide of radicals from different molecules, = §

i d ’ @ i
or of different radicals from the same molecule, will not

‘necessarily occur at the same rate, as is apparent from the
limited data in Table 2, and results obtalned in the
presence of hydrogen bromide should only be treated.as

_ A
apparent relative reactivities.




iy

P

[

A

v In comparing the rates of brom{nation of A

\

substituted and unsubstituted alkanes, the difference in
the rates of reversal should be more pronounced, since

the bromination of substituted alkanes is strongly

+

- influenced by polar effects. Thus, if one compares an

\iictronegatlvely substltuted alkane with the parent .
hydrocarbon, one would expect the substituted alkane to
react w1th a_bromine atom at a slower rate than the alkane,
since no strong polar effects are expected in the
transition state for abstraction ot hydrogen ffom aikanes.

However, by the priociple of micfoscopic reversibility, the

polar effects that influence the hydrogen abstractien from
: -

substituted alkanes must also be present in the_reverse

reaction with hydrogen bromide, and these will therefore.

decrease the reversal rate. The transfer with hydrogen

‘bromide would then be more facile with .the unsubstituted

alkyl radical. 1If this reactlon is 1mportant the

substltuted alkane may appear to"brominate at a faster
.

rate than the parent hydrocarbon.

»
@

" Tanner et al.:studied'thishefféct on the
relatlve rdtes of bromlnatlon of electronegatlvely

substltuted butanes, 2—methylbutanes, and cyclohexanes

“«under conditions of hydrogen bromlde reversal ("normalﬂ

brominations, i.e. a 1:1:1 molar mixgpre of bromine and

the two 'substrates) and conditions of limited reversal

14,

. e

< it BT -



N
(using either an excess of N~bromosuécinimide in

homogeneous“acetonitrile solution or a large excess of
44 '

i

. . /
ligquid bromine), Table 3. In most of the compounds /

etudied the negatively substltuted alkanes reacted faster
than the parent hydrocarbon Ln: normal" brominatlo?s

However, as the Br /HBr ratio was increased (Tablé/B),

the rates of bromlnatlon of the substituted alk nes

»relatlve to the alkanes dropped and when hyoyogén

}\"

bromide reversal -was not impS¥tant, most subétltuted

: alkanes bromlnated more slowly than thelr arent alkane.

.

[ S | i

!

| ERAE Y
,‘I.2.2 Cagé' E'ffectgx’: 2 /
The concept of a solvent cage was first
propostd by Frank and Rablnow1tch 46 and was extended

and elaborated“by Noyes 47-49

The gemlnate radlcal

pair is held ‘in close v1c1n1ty by a. cage of solvent
molecules for about 10 -10 second Slnce concentration

in the cage is about 10 M (bulk concentration), there will
be a go&g llkellhooc of a cage reaction if the reaction
rate s greater than lO7 mol 1~ /sec.l >0 The 1mportance;

of cage reactions hae been amply demonstrated in a number

of reactlons involving gemlnate radical palrs,51 but'little{

if any, work has been done to investigate their occurrance.

hY

in free radical substitution. reactions, where the geminate

pair is -a radical-molecule pair.

15,

B

P R
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!
Table 3 .
comparison of the Relative Rates of Broﬁinations Under
Reversible and Irreversible Hydrogen Aton’ Abstraction (40°)a
SubstratéS_- .i/‘ ﬁoééﬁ gé;io k_ ./k o
R H . R, H- 1777277772 -RlH R, H \
1-Bromobutane Cyélohexane : l;l:I' ‘3.7 + 0.3
| a 1:1:5 1.61 + 0.12
1:1:20 1.06 + 0.04
.l:l:lOO | 0.52 ¢ 0.01
1:1:n8s®  0.58 + 0.10
Chlorocyclo-, ‘Cyclohexaﬁe l:l:l_L 1.48 + 0.05
hexane o 1:1:20 0.68 * 0.02
1:1:100  0.36 + 0.03
oA ; e
7 | ~ 1:1:8Bs®  0.23 ¢ 0.02
.Bromocyclb—' . Chlorocyclo- “1iisl f 4.4~ 0.1
"hexane . héxane l1:1:5 ' 2.?‘ £°0.02
‘ l:l:NBSb 1.8+ 0.02
Bromocyélo- Tfané—4—tert— al;l{l ‘ 3. 3.23 + 0.01
 hexane . butylbromo-  1:1:30  2.56  0.02 «
»ﬂ | ‘;cyclohexahe" : l:l:NBSb .1.92 ¢ 0.05‘ | ;‘;
Cis-d-tert- o Brémocycio— S l:l:l 5.6 * 0.6 1
’ butyibromo— E hexane. | / _ 1:1;20 3.7 ¢ 0.4 :
cyclohexane = - 'i%v 1:1:30 _».518 iJQ.Z 5 o ?
- | ” 1:1:888° 2.1 % 0.5 RN
v i o . i
¢ e . »:continﬁed.:;.. ( -bfi
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" Table 3 (cont'd.)

éTaken from ref. 44,
bPhotoinitiated~reactions bf4RlH:R2H:NBS of 1:1:8 in aceto-

nitrile homogeneous solution, ‘

17
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L s
Haag and Heiba in 1965 suggested the ' T

possibility of a cade reaction between the 'alkyl radifcal

'\

and a molecule of bromine formed in immediate proximity

on abstrection with Bry (reactieh 13);52 This euggestion
. ] ., ) -

RH + Br3- —» (R + HB; + Br2) —» RBr + HBr + Br. (13) A,
was made to ekplain the retention of opticai aetiyity'in .
the bromination of some'optfcally active substiteted §

" alkanes. Caée reaction between the geminate radical- | é
hydrogen bromideApair'has elso been suggested to*compete
with diffusion erm.the cage.44’$3 ‘
The reactlon of a earbon~centered radical w1th
bromlne (reaction 5) has been generally accepted to have
zero or very small activation energy)~and has been - N

dccepted to be in the dlffu51on controlled range in -
.solutlen.21 22, 26 30,54 ;Thls assumption must be nearly_
edfrect since the reported'vapour phase vélues of Ea and

e . 3 . « . .
A.assigned to %hls process will place the solution reaction,

o e

within One or two orders of magnltude, in the dlffu51on 1
"controLled range. 22,34, 54 - Since hydrogen bromide reversa%_ o
.is competitive with tfansfer with‘bromiee,zs-%g’37'44
reaction 4AQ111‘3350 be close‘to the diffusionieontrblled

N

range.

In compfrihg‘the_reacti&ity/of'different C-H

'

’
s & - e e ';&*:s;- A
e AT R G RN .
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1

bonds,. lf the. rates of the- -cage reactlons are competltlve_
'w1th those of dlffus1on, and the rates of the cage
reactlons are different,

]

,the ratio of radlcals escaplng frOm the cage will be

cage fllterlng w1ll occur, ile.

dlfferent trom the kinetic distribution of radiCals‘formed

T

. on abstraction. For example, - for the competlt;ve reactlon

of. R H and Rb

and k b-are dlSSlmllar and’are competltlve with dlffu510n,

{
H w1th the radlcal Y hreactld’g 9- lO) 1f -3

\

kd and ké (reactloqs 14—15), the ratefof dlssappearance of
o k l | : kd ) ‘. .
RéH + Y:\:ﬁ% ~(Ra‘ + HY) —» R {-——>-prdduots_“jl4)
) \“ k-_a. . . | ,
Stk B S -
RbH'+ Y- :ig ,(Rbg + HY)‘7~Q§ §B¢—+e> produycts (15)
! . .-b ."/‘ . . - ) ‘ ‘~\

N
!

startlng materlals w1ll be given by express1on 16 1f there.

/

and by expre551on 17 when exfernal

’

1S no external reversal,

reversal takes place, where [HY] is the cage concentration
of HY (see Appendlx l)\55 : o S |
S dInlRg/de kG ()% kY -
d 1n([R H]/dt - ‘ﬁb(k‘_é[HY]c + ky)
d 1n[Ranyd£'= kakdkay(k_b[HY]q'+ ké).(k_b[HY] + Ky, [Br,])
d In[R_H]/dt 'gbkékby(kfa[ny]°.+ k) (k;q[HY] + K, [Br,])
: L S an

4 v

19.

.
.
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| »lhe»term'(k_b[HY] + kd)/(kfa[HY] + kd) is

related to the cage effect, and as long as the rate of

reversal is comparabletto that of diffusion, cage filtering

will influence the relative rate of reaction of-the two

<

reactants; This will be the case for reversal with
hydrogen bromlde, and therefore cage reactlons .may play an’

\

1mportant role in free radlcal bromination reactlons, and

further compllcate solutlon phase bromlnatlons . o ‘;

.

. l.2.3 Complek Formation

s . \
. L < . .
\ o !

Three types of complexing may“bccur_in:free

radical bromlnatlon8° self—complexing, or agglomeration,
P, .

. of, the bromine, complex1ng between bromine and substrates

.
L

or products, and complex1ng between bromlne and the solvent..

.
o

No self assoc1atlon of bromine molecules has

been reported in the llterature.?G‘ Thus, the p051tlon of

the absorptlon max1mum in the v151ble spectrum of bromlne

@

solutions 1n organlc solvents or of liquid bromlne is very
‘near to that of the fnaximum observed for gaseous bromlne 57

ThlS has been taken as ev1dence agalnst self aSSdClathD

. or assoc1atlon w1th the solvent ‘ However, Mulllken58 hasv

P

o suggested that the presence of a second band at: 290 my

found in aromatic solutlonS°1s due to the charge transfer
. IR . . . . )

- 2

20,



et

' «speci; :ffree radlcal bromlnatlons may be Br.,

spectrum of a 1:1 complex, analogous to the well
~established iodine complexes, although this band has

_been attributed to other effect's.59

Seme evidence is available- for “complexing

between bromine and other compounds. A number of:

‘polyhalldes are well known,60 including hydrogen

,trlbromlde,sl 62 whlch may be considered as a~complex

»

- beLween bromine and- hydrogen bromlde, one of the products

N

of any bromlnatlon reactlon CompleX1ng between alkyl

1od1des or bromldes and bromlne is also 1nd1Cated by the

.prohounced light absorption‘in the 300-350 my region.of

bokutlons of bromine in these alkyl halldes Keefef and

Y

‘fAndrews ettrlbuted thlS absorptlon to a 1: l complex, oo

although they noted that the complex1ng was rather weak
a 63 o

hhat of - 1od1ne w1th alkyl halldes

; Q. .
! : . . " .
R r
LN

‘Laag and Helba proposed ‘that the abstractlng

3 °}
'}kely 31nce bromlne is known to complex Wlth
i\bromlde‘and 1od1de.1ons,69 and on abstract;on

°

3

hae heﬂ{ done to 1nvestlgate the role of complex1ng 1n

»
i

'homolytlc bromlnatlons

A4

2 this

of hyfliben; Br’ forms HBr a knownlspeciéé o Little work

21.
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I1.2.4 Elimination of Fthe Substituent

A
-

<

Elimination of the substltuent in the bromlna—

-

tion of electronegatlvely substltuted alkanes has also
been reported, and this may further compllcate any study
of the mechanlsm . Thus, bromlnatlon of 1- fluoro 2—
methylbutane or 2- methyl 1- butyl acetate w1th molecular

bromlnefgave 1,2~ dlbromo 2~ methylbutane as the ma]or

53

product An acid catalyzed ellmlnat;on of fluorine

22.

from 1-fluoro-2-methyl- 2- -butyl radlcals or of acetic acid .

R _\\’?

from 2 -braomos 2~ ~methyl - -1-butyl acetate ‘has been- suggested .

to account for the results. This mechanlsm is supported

'by Tedder's report that the Vapour phase chlorlnatlon

~

(Table 1) or bromlnatlon of l~fluorobutanel3.and butyl

A

acetatel? glves no l,2—d1chloro or 1 2-dibromobutane
0
Also, wnen the. bromlnatlon of 2- methylbutyl acetate

was carrled out in the presence of a hydrogen.- bromlde

,scavenger (N~bromosucc1n1m1de) no l,2fd1bromide‘was
64",.- |

. L) . s
- . [N

]

detected

A

\ -

Ellmlnatlon of bromlne from B~ bromoalkyl

/

radlcals ,is a well known reactlon and occurs very

1,5,6, 22

',_readlly; it is respon51ble for the rapld 1so—

>

'merlzatlon of- alkenes by bromlne atoms | Cthrlnatlon

of bromocyclohexane glves 1, 2 dlchlorocyclohexane (5%),

vt . “ .
¥ . . . Lo~
. N *

-
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‘ addlng to elther ‘end- of the double bond a mlnlmum of.

23

. which probably arises frodi§jaddition " of chlorlne to

cyclohexene 65 Similarly, ellmlnatlon of bromlne was
reported in the chlorination of/l -bromobutane, in both
liquid66 and gas phase,13 where 1,2-dichlorobutane was
formed. Bruylants et al. bromlnated 1-bromobutane
labelled witN bromine-82 with molecular bromlne in

carbon tetrachToride to study the importance of

.. : : . N » . ®
elimination in solutlon.67 After >87% conversion of
the bromine, 3% of the total radioactivity wasapresent 3

in the inorganic products. Also, when the product
1, 2—dibromobutane was dehydrobromlnated 10% of the

Y

label was found at the 2- p051tlon : y‘

These results ‘may be analyzed further If
1t is assumed that the scrambling of the label in l 2wl
dlbromobutane was due to an - ellmlnatlon -readdition

mechanlsm 1nstead of the rearrangement mechanlsm proposed !

by the authors, llmltS may be placed on the amount of

B bromobutyl radlcals that ellmlnated a bromlne atom.

_\

~Since there were equal chances of the radloactlve bromlne

-

"

20% elimlnatlon 1s requ1red to.explain the'fegrrangement

To take into account the radloact1v1ty in the 1norgan1c
products as well the mlnlmum is ralsed to 23%

o - . . . . - . 1

"o

e
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The maximum amount of elimination may be
calculated by simulating the reaction where the Br-82
that was eliminated mixed completely 'with the bromine

68-74 Prior to any other reactions. From the data

pool
in the communication, the fraction of bromine atoms that
attacked.l—bromobutane at the 2-position was calculated

as 0.8. It was;assumed that this fraction was constant
throughout the reaction (an assumption that is most

likely not correct), and the bromination was simulated

in 1000 steps (see Appendix 2). When 37% of the |
B-bromobutyl radicals eliminated hﬁgmlne atoms, 10% of

the Rr- 82 in 1,2-dibromobutane was calculated to be at

the 2~position. At this fractlon of ellmlnatlon, it »
was calculated that 8% of the total radioactivity should

have been in the inorganic products The reported

amount (3%) is smaller than this. It is possible that

the reported flgure may be in error, since the method

ueed to determine the radloactlvlty in the organlc

compounq& u51ng a tandem glpc ionization chamber) appears

to be more reliable than that used for the 1norgaﬁic

1 products (trapping these at the head of the glpc column

on potassrum hexacyanoferrate II and then counting. the

solid) .

v

The bromlnatlon of a number of bromoalkanes

sﬁth bromlne 81 has been studled in these léboratorles to

v



determine the importance of eiimination from different
B-bromoalkyl radicals (Table 4). A direct substitution
mechanism predicts that the dibromides should contain
27.3% Br-79 and 72.7% Br-81. If olefin’'were formed
during the reaction, some enrichment. of the vicinal
dibromides in bromine-81 was expected.75’76 1l,2-Dibromo-
butane, 1,2- dlbromocyclohexane and cis- 1- E£§E§ 2- |
dibromo-4- tert -butylecyclohexane (see Table 4) were found .
to contaln approx1mately 27% Br-79, showihg that no
overall enrlchment had’ OCcurred. However, an analysis

0f the mass spectral inteneities of the molecular ion
peahs of these dibromides showed that these were not-

5; the tatio predicted by this mechanism. For twe\

bromine atoms with'isotOpic'ratios of Br—79 and Br-81

©f a, b and a', b', the ratio of .thé mass spectral peak

A”\.

~intensities may be ¢alculated from the expan51on of the
'expre551on \a + b) (a' + b ). A dlrect substltutlon
mechanlsm requ1res thatﬁghe dlbromldes contaln'the
original bromine atomA(Br 79: Br 81 = O 51:0. 49) and a
second bromine atom from: the molecular bromine (Br—79:
Br-81 = 0 04:0. 96), and therefore the 1nten51t1es of
Lhe parent peagks in the _mass spectrum should be in a
ratio of 1:25:24. ThlS was not the case for any of- the

dibromides stuaied, the dibromides th?izjore were, not

formed exclusively by direct substituti with the
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the original mole€ula broming pool, although, for the’
vicinal dibromides)\;h overall Br-79:Br-81 ratio was,

coincidentally, that predicted for direct substitution.

From the relative intensities of the mass
Spectral peaks, the isotopic ratio of the two bromine
atoms in the dibromides couldhbe calculated (see
Appenéix 3). The results are given in Table 4. It is
apparent that the ,Vicinal dibromides could not have

been formed exclusively by a dlrect substltutlon ! |

mechanlsm, 31nce none of these compounds contalned the

original bromine atom of the bromoalkane (Br-=79:Br-81 = _\‘
0.507:0.493). In all cases, the two bromine atoms ~_

were enrlched in bromlne 8l bromine from the molecular

bromlne pool had therefore been introduced 1nto the

. two positions of the v1c1nal dibromides.

These results indicated that) a scrambling

., mechanism was operatlng to 1ntroduce bromlne 81 into the

¢

v101nal dibromide. This was attrlbuted to an elimination-
readdition mechanism, whereby some of the 8 bromoalkyl

radlcals ellmlnated bromlne atoms to give alkene. These

bromlne atoms (1sotop1c ratlo 0 51: 0 49) mixed rapidly

with the bromlne pool (i.e. the molecular bromine and

hydrOgen bromlde in the reactlon mlxture)68 74 thereby
: : - . . ’ . . - /



introducing bromine-79 into this pool. The alkene then

-

4 . .
added bromine; the vicinal dibromide formed in this

way had therefore ioét the original bromine atom of the
starting bromoalkane.

-

AN

M

Due to this elimination, the molecular bromine
i .

pool was enriched in bromine-79 as the reaction progréssed..

This was sqbétantiated by the iSOtOpiC'%?tiO‘Of the
“hydrogen bromide formed in th& brominégfon of E£§;4'
tert-butylbromocyclohexane (Table 4). The Br—79:B£—81
ratio was 0.18:0.82, greatly different from that:of the
startingvmolecular bromine (0.04:0.96). “Similarly, 1,3-
dibromobufane, formed.in the bromination of lTbromobutaﬁe
(Table 4),ihad an exce$s»6f Br—79’over'thatﬁpredictediby 
direct substitution‘frbm the origina{ bromihe pool. 1In
‘the case of this product, the radical centre was two
atoms removed from thé S}omine substituent; and therefore
aglimination could not take plgée. Theée‘fesulﬁs Qere,
;ékée¢ted fr@m Fhe increased»Br-7§ content’of.tﬁe:brbmine
pool»as‘a result of elimination.from thé.B—bromoélkyl'

\
radicals-.
N - ' : .

Since 1, 3-dibromobutane must have been formed
by direct substitution from the bromineépool, it was

(SN

expected that this product would still contain the original

&

29,



A
bromine atom'of the stafting l-bromobutane. 'However,
_ﬁ;{hoth bromine atoms of this combound were enriched in
| bromine-81 (Teble 4) . This 1mp11ed that part of the
olefin that was formed added hydrogen bromlde rather
than bromine to give i- bromobutane enrlched in bromine-81.
This was then brominated to gi;e 1,3-dibromobutane |
enriched in bromihe-Bi at the l-position.'
The‘brominatiOn of 2-bromobutane with bromine-
81 has been studied>in,detail in these laboratories.64
. The stareing materéal and‘the p;oéucts were anlayzed
for the iéoﬁopic rzgio of the bromine after the reéction;
2-bromobutane had ‘a Br-79:Br-8l ratio of'0.492:0.508,
showing that ia had incorporated Br-81. during the
reaction. This.was attributed to addition of hydrogen
'bfomide_to 2ebu£ene'formed,by elimination of bromine atoms
nfrom the 3—b;omo;2~bu£ylvradicals. The.hydrogen bromide
;>was found tO“he highly ehriched/in bromine—79 (Br-79:
B;—Bl,& O 172:0. 828), substantlatlng thlS conclusion.
The vi01nal dlbromldes (TEEQT ‘and dl-2, 3 d:bromobutane)
were enrlched in bromlne 81 (0 223 0.777 and 0. 216:0. 784
;respectlvely)L while 242—dlbromobutane was enrlched in )
bromine+7§ (0. 295-6 705). l 2- leromobutane was also_:zr

formed in- thls reactlon, and it was hlghly enrlched in

" Br- 81 (0.125:0. 875), showing that most of thls preoduct .

30.



! »
was formed by addition of bromine to l-butene. ‘.

‘The fracfion of vicinal dibromide that was
forqedgby addition.of bromine to the aikene could be
calegieted fd: l—bromobﬁtane and 2—bromobutane‘(see
Appendfx 3). For’L-bromobutane, e.g., the 1,2-dibromo— - f}
butane fhat was_formea'by direct Subetitutidn must have
had the same Br—79;$r—81.content as tﬁe-1,3—dibromo—
. butane. The l,2—dibromobutane‘fofmed by addition of - “
brom}ne to-l—bﬁtene'ﬁadiboth bromine atoms coming from
the bromine pool; these wefe assumed to be the'same.
'as the'second bromine atom in 1,3-dibromobutane (i.e.
Br-79:Br-81 = 0.18:0.82, Table 4). From the final
-Bf—79:Br—Bi contenf of the’vicinal dibromide (0.26:0. 74) or
t;e fraction of 1,2-dibromobutane thathwas formed fromf' |
olefin, and cqnseéﬁently the fracfien 6f\84bromobe£yl
‘radicals fhafleliminated bromiﬁe atoms, was calculated f ’*‘
’to'be70;45.‘ Thié result fé in”gdpd;agfeement wifh the
'reenélysie of Bruylant's bremination of‘lfbfomebutaﬂe
-labellea‘Wfth Br—82, where itRWas célculeted that.befween_
23~37%" of the B- bromobutyl radlcals ellmlnated bromlne

3

atomsg prlor ‘to any further reactlon.e'

' Though elimination of bromine atoms in the

bromlnatlon of bromoalkanes should not effect the relatlve’

rates of abstractlon of the dlfferent hydrogen atoms from ‘

£



s v

these substrates, if hydrogen bromide rev%rsal is impor-
tant, the(two_effects together may influegte theyproduct
distribntion-obtained in the reactio;s, It has been
suggested thatvthe initialiy fo}med radicals nnq§r—

go rapid reversal with hydrogen hromide; when the
radieal formed is B to the bromine’substituent; it has -
the additional possibility of elimination of a bfomine
atom to give olefin. The olefin would add bromire
rapidly tdb give vicinal'dibromide: The net ‘result of

these reactions would be an 1ncrease of the v1cfnal

‘dlbromlde over the other dlbromldes.78

I.2.5 Anchimeric Assistance

A'further complication arises in the .
bromination of bromoalklanes andvof'chloroalkanes, Bromo-
alkanes are khown to give abnotmally.latge amounts of
"Vicinal dibremides in free radical bromination'with
molecular bronine; e.g. bromination of-bromocyclo— |
pentane or bromocyclohexane gives more than 90% 1, 2-
dlbromocycloalkane 66 These results are eontrary to-
‘what is expected on the basis of. bolar effects (cf

Table l), and anchlmerlc assistance by the broémine
substltuent in. the abstractlon of the" B- hydrogens has
vbeen proposed to ratlonallze_theSe anomalous re- Lo

sults,§6’79_8l

7.

)altHough this-explanation has been .

32.



questioned relcently.d.é'53'75"'78”82—85 Anchimeric

assistance -has also been proposed in the’brominatton

of some chloroalkanes,79 86, 87 although the evﬁdehce,is

. . - 7
.1ess exten51ve than for bromoalkanes. .The guestion of
"anchimeric assistance will be discussed in the section

° . —_

on lfbromobutane. : < o L

1.3 Scope of this Thesis .- S

S~ .

'For any understanding of-the'detailsﬁof the"

mechanlsm of solutlon phase bromlnatlon reactlons,'lt

“

is necessary to know the: relatlve importance: of the

/
'effects dellneated 1n sectlon I, 2 In order ta 51mp11fy

'the mechanlsm of bromlnatlon, a study~of the vapour

~ -

'Zh,phase bromlhation of, three model COmpounds was under—

taken. By ca?rylng out the reactlon in the gas phase,"

(4]

/compllcatlons due to cage effects are’ removed and.

complex1ng between bromlne and bromlne (e g Br3 ) ot

the substrates or products would be unlmpor%pnt due to.

C . o v

v

the low concentratlons normally used in gas phase

reactlons The vapour phase reactlons should thus‘be
! L

malniy affected bX hydrogen bromlde reversal by polar

»

effects and by . ellmlnatlon when thls can take placetAQ

®y

By. comparison of the results 1n the vapour phase¢w1th

. : . N

-. those obtalned An solutlon,hthe 1mportance and\nmgnrtude

® B

of cage and complex1ng effects could then be determlned
o , p L T I

',4r
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A generalimethoé for the evaluation of the
kinerics of the gas phase photobromination of alkanes
and substituted alkanes was developed, and the method
was applied to the bromination of cyclohexane, l-chloro-

"butane and l-bromobutane and their perdeuterated

Nza

analogues. The bromination of cyclohexane, whioh was
‘used as a model alkaneﬂ is only lnfluenced by reversible
’hydrogen atom abstractlon, 51ncé the cyclohexyl radlcal
" is not polar, and B- elrm{ﬁatJon cannot occur. The'

/ _
relative rates of bzomlnatlon cf cyclohexane and per—

// v

e deuterlocycthExane under condltlons of negligible

SURPRpS o —-/.—,..f

reversal were also determlned, so that by;comparlson with
the analogous result in golution, the magnitude of the

. cage effectéon,tﬁe bromination of cyclohexane could be
: ‘ & T ,

determiﬁed.(
1-Chlorobutane was_etudied'to investigate

quantitatively the effect of anfelectron withdraWing

substituent on the rate of reversal relative to that of

-product formation. Since'l—chlorobutane contains

7/

diiferent C-H bonds,‘the;relative rates‘of‘abstraction

v
of- these hydrogens were also determlned to 1nvestlgate

the polar effect along the molecule and establlsh the
.
1mportance of anchlmerlc a551stance in the abstractlon

of the B—hydrogens. Ellmlnatlon ‘was not ant1c1pated to

be 1mportant 1n thlS reactlon, since B- chloroalkyl

34.
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_fbrdm;ne~from the B~bromobutyl radicals -

h c assistance could be expected to compli-




RESULTS AND DISCUSSTION

II.1 Method for Determlnlng Relatlve Rates of Bromlnatlon
w~ :

.fAUnder "notmalﬂ bromination conditipns, reversal
"of an alkyl radical with hydrogen bromidejregenerates\ |
starting materiai; and theregore the gqggéégl’reaetioncan
:only be deteeted.kinetdcally or by'its ster ochemicai |
‘consequendesh(e d racemlzatlon of startlng materlal if‘

this were’ optlcally actlve53).“In the work on the absolute

e
—

rates of bromination of 51mple alkanes, the rate of

wtransfer of. the alkyl radlcals w1th hydrogen bromlde was

determlned from a comparlson of. the rate of bromlne

,consumptlon in reactlons w1th and wlthout added hydrogen

‘bromlde.zG %1

 The reversal reaction may beistudied;di;ectly by

. carrying out the bhotobfomination@of‘perdeutErated:

substrates in the presence of excess&hydrogen bromlde

(reactlons 18~ 21) Under these condltlons, the ratio’ of

.

\ R+ + DBE o N (18)

" RD +°Br —»R-

'R+ + HBr ——]»?RH-+ Br v . (20)

N . N . =
o 36. . ' s ' .;',
AN S -~ . . ’ . .
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R- + Br — RBr + Br- ) (21)

the rage of transfer of the alﬁyl radical with bromine and
with’hydfqgen bromide 1is independent of the concentration
of the alkyl radical. When the reaction‘is stopped at %ow
'convereion of the perdeuterated substrate, where multiple
exchanée (D for D or H for H)_is not important, the con-
 centration ef déu}erium bromide wiIl~Le Very,shall“
compared to thaéidf.hyarogen bromide; coupled with the
unfavdﬁrable isotope‘effeet forvreaction'l9, this makes
'revefsal'wifn,deuterium bromide uncompetitive withereversaa
With.nydregen brdmide! and therefore reactien'lg may be
.neglected; o
The rate of;fo;ﬁation of‘nreminated product,
ﬁBp,vrelative to the rate\of fdrma;ion of'pnetiatéd
;béUbstiate, RHL is given.by'equation 22. This expressipn}v

under.the conditions described above *(high concentrations

a{rBrisat _ %3 [Br‘zv]. (22)
d [RH]) /dt k_ll [HBr] '
- ( -
: ST 4
- of bromine-and hydrogeén bromide, and low cénversion of the

'substfate; wher -he concentratiOns of £he'transfervagents,

do not change Si.. nlflcantly durlﬁ?“the reactlon),,ﬁt;y be

'mantegrated and rearranged to glve express1on 23. -

M
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k2 [RBr] [HBr] (23)

R k. (RM)T o (RT) [Br,)

© The brominationsfof the perdeuterated

-

- substrates were therefore run to low conver31on The
amount of bromlnated product was determined by glpc, while

the amount of protiated substrate formed was determined by

a1
-a comparlson of the protium content after the reactlon with

)

that’ (residual protium) in the starting perdeuterated
N

substrate (mass and/or nuclear magnetic resonance

spectroscopy) .

Py

When a substrate has a number of p051tlonally

different deuterlums (e.g. 1- chlorobutane d .this method

9)

will give the ratlo of transfer with bromine and with hydro-

;«.

gen bromlde “for each position of the molecule, sihce the

amount/of product.and\protium incorpd%ption at each position -

can be easily determined. For the comparison of any two'
positions in the same molecule (Scheme 1), the gatlo of
the rates of formation of. products from these p051t10ns

v

{e.q. the a=- and Y-po&itions, see Scheme 1, reactions 25

and 26) is g;veniby expression 24. Slnce the concentratlons

“ Ay, . " :
d[{R"Br]/dt kl(k 5/k6 + [Br2]/[HBr]) (24).

= - N ’ . /“-"*-—\..

—=
d([R Br]/dt ki(k—l/kZ * [Br,l/(HBr}) \

[-X]
#

L o

Vm

38.
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of bromine and hydrogen bromide do not change
significantly during the reaction, equation 24 may be
integrated} substituting for'k_lfHBrl/kz[Brz] from.
_equation 23, and fork_S[HBr]/k6IBr2] from a similar
expression for the y- positionpAthe ihtegrated form of
expression 24 reduces to 29, which can ea51ly be evaluated

to glve the value of the relative rates of abstraction of

ky [R®Br] + [r%f - [R*H] °
. - . (29)
kg '[RYBr] + [R'H)Y - [RYH]C : '

the a- and y-hydrogens. Similar expressions may be
Y ' ‘ | ‘ -
written to g}ve the relative rates of abstraction of the

- and Y-hydrogens, and the 6- and y-hydrogens.

Tﬁe values of the relative rates obtained by
‘this method are those fer the perdeuterated,substrate:
to apély'these'to the non-deuterated compound, it must be
assumed that analogous ratios of rate constants for the

compounds are the same, equation 30. For the“ratios of

<

G

D, D - (30)
k./k. = ki/kj

the transfer rates with bromine and with_hydfogen bromide,
e.qg. k./k ) (Scheme 1), this assumpt,ion implies that the
secondary deuterium klnetieklsotope effects are the same

for the two‘?nqpsfer reactldhs * This is not unreasonable, -

. o
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since both reactions are exothermic, and secondary .

isotope effects are usually small.37'88’89 For the ratias

—

of the rates of abstraction, e.g. kl/k5 (Scheme 1),

equation 30 assumes that primary and secondary 1sotope
effects in the abstraction of deuterium are the eame at
all positiene in the molecule, This assumption may not
hold,.espeeially for the a-position, where the C-H bond

strength may be affected by the substituent.

Fortunately, the relatiye rates of abstraction

may be 1ndependently determined by ca rylng out the vapour
phase bromlnatlon of the protiated su&-mrate under

v

conditions where the Brz/HBr ratio is alWays much larger

; .
than unity, so that reaction 4 cannot compete with reaction
5 (pages 7,8).. This may be done by carrying out the

reaction to very low percent conversion of the bromine, or by

.using a large excess of bromin%. Under these conditions the

/ . .

relative rate of abstraction of, e.g., the o- and y-

hydrogens,(Scheme 1) is given by equation 31.22> The results
LI [R®Br] (31
k5 [R'Br]

obtained by ‘this method may then be compared with those- -

obtalned from the kinetics of the perdeuterated substrate L
4(9

~t&7check the valldltf of equatlon 30.
3

K]
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products that are formed at dlfferent stages of the

f\\ 42,
A secand test for the validity of‘the relétire
rates obtained end for theAmeohanism of brominetion
proposed ih Scheme 1 is also available. In the bromination.
of a protrated substrate with a deficiency.Of bromine ahd\\
no initially added hydrogeh’bromide'%"normal" brominationi,\ 
equatioh724;giyes the ratio of the rates of formation of ¢
two of the products. Since the ratlo [Br ]/[HBr] is a
monotonlc function of tlme, u51ng the substltutlon

[Br 1/ [HBr]=x, the rate of formatlon of any product may be

expressed in terms of x (equatlon 32), and equatlon 24 may

~

a8 o

d[RBrj/dt = (d[RBr]/dx) (dx/dt) (32)
‘be rewritten as‘equation 33. Simiiar expressions can be
N |
d[R Br}/dx _ kl(k-S/kG + x) o a/y - k
> = - = f : (33) «
d[R Brl/dx k5(k-l/k2 + Xx)
¥

written. for the .ratio of any two products. Expression 33

« .
cannot be integrated for "normal" brominations, but by

o o _ ¥,
making use of the relative rates obtained from .the g

<

brominatiogh of the perdeuterated substrate, it may be

- evaluated for/any value of x.

The ratiO~fa/Y»(equetion 33) may elso be

determined experlmentally By - determlnlng the amount of <

®

o

S
&



bromination of the prqotiated substrate under normal
bromination conditions (i.e. at different values of x),
‘plqts of the concentration of each product aga%nst X may

be constructed, and from the slope, the value gf d [RBr)/dx
may be determined for any value of x. The ratio §f the
experimentally determined, slopes, (d[RiBr]/dx)/(d[RiiBr]/dx),

may then be compare&'with the value calculated from

.equation 33; the fit -- or lack of one -- between the hwo
S T

values will give an estimate of the reliability of the

kinetic data obtained and their applicability to "normal"

bromination reactions.

1

I1.2 CyElohexane

The photobromination of cyclohexane has been .

90~93

studied by a number of workers.? The reactiop has a

-

quantum yield of about 2 at room temperature,.and] 12~-37

at 100°, and is strongly’inhibited by oxygen.93 The C-H
. : ’ 1S

‘bond dissdciation energy for cyclohexane is repofted as
9‘4.9'kcal./mol,;94 ahd-thgfefore the abgtraction'of HYdroge%'
by brominé a@émsnfroﬁ cycléhekane will be 7.4 k él./mol
féndothéfhic (the H-Br boﬁd diSsociétion'énérgy is 87.5

kcal./mo’l32

). The reversal reaction with hydrogen promide
wiil,therefbre be 7.4 kcal./mol exothermin and is expected:

‘to compete well with transfer with. bromine.



Ay

The relative fate of transfer of cyclohexyl

radicals with bromine (k2)'and with hydrogen bromide (k_y)

-

‘was determined by running the photobromination of

perdeuteriocyclohexane with excess bromine and excess
hydrogen bromide in the vapour phase. As already noted,

under . these condltlons, this reaction will not be

RN

-~ complicated by any other effects.

II.g.l eDetermination of kz/k;l

Perdeuterlocyclohexane (99 4 atom % D), bromine

- and hydrogen bromide were placed in a degassed reactlon

vessel (5 or 22 1), see Table 5. The reactlon vessel was
all Pyrex glaSs, and was isolated from the vacuum line by

a high-vacuum teflon "Rotaflo" stopcock. After

equilibration in the absence of light, the reaction mixture

g

was photolyzed with incandescent light at ambient

temperature until the perdeuteriocyclohexane had reacted
to between;2—l§%. The contents of the vessel were
collected in the dark, and the re51dual bromine and
hydrogen bromlde were destroyed w1th aqueous sodlum , -

blsulphlte- An allquot of a Freon 113 solutlon of an

1nternal standard o dlchlorobenzene, was added the

organlc materlal was extracted w1th Freon 113 drled and

analyzed by glpclfor startlng materlal and products The

(
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“Table 5 .

»

[

Photobromination of Perdeuterlocyclohexane with Excess

Bromine and Excess Hydrogen Bromide in the Vapour Phase
N

Pl

L

/———————-Concentration M,
a . a- a

5

x‘lO -—————*—\

b

1 2 3 4 5
Reactants®
[c6(pH)12] 22.4 25.5 +  25.2 109 110
(Br,]° 35.6 38.8 ° 37.7 155 176
- [HBr]®° 150 283 ' 36.2 160 157
© N ‘ . U
[C6D11H] 1.41 1.46 1.58 6.87 6.92
Productsc |
[Cq (DH) | 5] 17.3 22.8  23.4 105 “\98.6
. §
-[CgD)  H) 8.00 6.01 2.11 . 7.73 9.59
{cgDy, Br] 2.94 1.50 1.48 2.32 7.60
[C¢D, 4Br,] 1.54 0.26  0.00 0.00 0.88
Temperature  24.0° 28.0°  20.0° 20.2°  22.2°
% Reaction® = 18.9 7.2 5.9 2.1 7.9
ky/k_; 2.7 2.88  2.72 2.80.°  2.89

dRun in 22 1 reaction bulb.

bRun in 5 1 réaction bulb.

[C (pﬁ) 2] refers to the concentratlon of perdeuterlo—

cyclohexane

_ continued....



Table 5 (cont'd.) >

dSUm.of 1,2- and‘l,lrdier%?perdeuteriocyclohexane.

©Based on perdeuteriocyclohexane.

fCalédiéted using equation 23. The amount of brominated

product was taken as the sum of .the mono- and di~bromina-

| _ -
tion products. The average values of [Br2] and [HBr]-

during the reactions were used; this correction was only

'significant when the conversion was greater than 10%

(i.e. reaction 1),

46.
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material balance onlthe recovered organic material was
always between 96 and 99%. The unbromlnated perdeuter:%—
cyclohexane was collected by preparatlve glpc and its
protium content.was compared, using mass and nuclear
magnetic resonance spectroscopy, to that before,reaction.

hY

The 1solated reaction mixture showed no
detectable products other than perdeuterlocyclohexane and
its mono- and di- bromlnatlon products (see Table S) The
brominatlon_products had the same glpcaretention times as
bromocyclohexane, EEEEE‘l 2- dlbromocyclohe;ane, and l 1-
dlbromocyclohexane The mass spectral cracklng patterns

" of .these products, 1solated by preparative glpc, were
1dent1cal w1th those of the authentic undeuterated

compounds,vwhen the m/e values were corrected for the

‘ presence of deuterium instead of protium.

Control experiments were performed on known
mixtures of cyclohexane, bromocyclohexane, trans 1, P 2%t
~d1bromocyclohexane, bromine and hydrogen bromlde Ac

mlxture correspondlng to the flnal product comp051t10n

obtalned in reactlon l Table 5 was placed ;n the vapour

&

phase'(22 1 reactlon Vessel) equ111brated 1n the absence

~©of light for 1 hour, relsolated ~and sub]ected to the

analytical"procedure. The materlal bald#nce)on carbon was.

98. 8% whlle that based on the bromlnated compounds was

47.



the experlmental limits quoteq.

For the calculatlon of k /k -1 (equation>23),
the amount of bromlnatlon product, RBr, had to be
determlned. Slnee the dibrominated material_must have N
arisen, regardless of mechanism, fron the mondbromlnated

substitution products the extent of monobromination was

Products. This assumption mustbindeed be correct, eincer
reactlons yleldlng dibromides: (reactions 1, 2,"aﬁaf§;f“
;Table 5) and reactions not yleldlng dlbromldee (reactlons
3 and 4, Table 5) gave the same average relative rate

constant, within eXperimental error. : _ _<14\

'

‘and bromocyclohexage The relatlve rate of bromlnatlon

of bromocyclohexane and" cyclohexanecls known to depend on
the concentratlon of hydrogen bromlde Ain the reactlon mlx;»
ture (see Table 3), bromocyclohexane reactlng faster than
;cyclohexane in the presence of hydrogen bromld‘ 44
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@

=t
e While this must be part of the reason for the

variable amounts of dibromocyclohexanes’formed, it does
" not account for the difference in the amounts of dibromédes
;dn reaction 5 and 4 or 3 (Table's), It is possible that
an ionic (dark) reaction was occuring in some instances
‘between«brom0cyclohexane‘and brom;ne'and hydrogen promide44
in‘the condenseg phase, i.e. when the material was in the
;liquid phase prior to isolation. This is supported by the
‘éslight increase in the r‘ﬁip of l,2—dibromocyciohexane to

. bromocyclohexane in the control reaction described above.

fAs discussed previousiy, the production of“dibrominated

K

v

products, 1rrespect1ve of the mechanlsm, w1ll not affect

g the reiatlve rate data reported. - ' c:Jﬁ
N
x et

~.

The relative rates of transfer of perdeuterio-

cyclohexyl radicals with bromine and with hydrogen bromide
were calculated u51ng equatlon 23; the averagé value was

/ -
2.81+0.06, and no dependence on the [Br ]/[HBr] ratio

(from 1:0.9 to 1: 7) was detected. The temperature at

/)
- the dlfflculty in controlllng the temperature of the.
: L .

flarge vessels used for the\\eactloni/was worrysome.

e,
e

.However, our rates are relatlve rates, whlch Should both

\‘ \""v’.,”‘ e e .

increase w1th 1ncrea51ng temperature, and the average of

[N

5f1ve determlnatlons did not dev;ate by more than +2% over

the 8° temperature range used It seems therefore

49.



: C
Justified to assume that the value of the relative rates

of transfer in these reactions is insensitive to
temperature over this sﬁall temperature range.
The ‘results show thatl26% of the perdeuteriojl
cyclohexyl radicals transfer with hydrogen bromide when
the concentrations of hydrogen hromide and bromine are
equal. The ratio kz/k—l is expected to be the same for
perdeuteriocyclohexyl radicals and cyclohexyl radicals
(see page 40), in the bromination of cyclohexane under
"normal” bromination - condltlons .Where the Brz/HBr ratio

is less' than unlty at more than 50% conver81o of the

bromine, a significant amount of the radicals illqthere—

fore regenerate starting material,

1T1.2.2 ' Comparison of Vapour and Liquid- Phase Values
. of kZ/k—l | ’ . }
The value of'k'/k 1 Was' determined in Freon 13

:V*solutlon in these 1aborator1es in. a study parallel to thlS

one.gg Unllke the vapour phase result k /k was fouﬁd to

be variable and dependent on the relatlve concentratlons
of bromlne and hydrogen bromlde (Table 6); k /k avarled
from l 13 (JBr ]/[HBr]'— 0.7) to 0. 31 ([Br ]/(HBr] = 25),

and ‘was always smaller than the vapour phase value. The

r
2

w
‘

50.
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Table 6

A

Relative Rates of Transfer for Perdeuteriocyclohexane in

s ; ; N 0oya,b
Freon 113 Solution (30.0\+ 0.1°)
’ N R )
v - . B .
~ o ~ o . 1 6. . S C
[L6D12]; [Br,] .[HBr] | [Br,]/[HBr] kz/k_l
2.05 5.21  ©3.77 1.4 0.84
1.30 - 1.46  2.14 , 0.7 7 1.13
2.11 5.40 3.87 1.4 0.78
2.32 22.9 3.22 . 7.1, 0.36
i.46 58.9 2.37 : 25 - 0.31-
. ’ ° . ! . ‘

aTaken from ref. 95,
b . 2
All concentrations M x 107.

CCalculatda from equation 23.

k22



reversal reaction is thus more important in solution than
.in the vapour'phase,:and rt doﬁindtes the solution phase
reaction (up to 76% of the radicals reuersing with hydrogen
bromide) when the bromine concentration is huch larger

than the hydrogen bromide concentration (see ﬂable‘6).
AR

The dlfference between th%>vapour phase and
n,\ e .
liquid phase results and the variability of the ratio

k2/k_l in solution were intriguing. These may be due to
'solvent effects on the relative rates of transfer of

perdeuteriecyclohexyl radicals in solutibn, these effects

being more pronounced as the solvent polarity was increased

by the increasing amounts of molecular "bromine. This is

-

‘not likely,* however, since no solvent effects have ‘been

reported for brominations with molecular bromine. 6,18,21,22

Further, even if.there were any, they are exeected to

cancel out in the ratio-k /k -1 since both transfer reactions
are blmo-lecular.19 The tran31tion state for these”reactibns
shduldinet show muchﬁdifference in polarity eitﬁer, since

both reactions are .exothermic and perdeuteriocyclohexyl

radicals themselves have no appreciable dipole moment.

-

w

A possible'major difference between reactions
run-in the vapour and in the 1iquid- phases could be the

occurance of cage reactions’ in the .latter phase. However,

)
. o

perdeuteriobromocyciohexane_and protiated‘perdeuterio—

e
E

52,

,



53.
\\

cyclohexane were;bGQ% formed from‘”freg" perdeuterio-
cyclohéxyi radicals, unless cage scavenging (by bromine
and/or hydrogen bromide) was taking place. Since the
concentratién‘of hYdrOgen bromide wés kept nearly constant
in the iiquid éhase reactions (Table 6),,c§;e scavénging,
if important, should have been most pronounced in the
reactions having the highest bromine concentrations. Cage
scavenging»by bromine wpuld fesult in an appa?éntly
increasedﬁ§alue of thé réte constant k2, and consequently

would increase the calculated value of the ratio k2/k-1’

rather than decrease it, as was actually observed. .

If it is aésumed thaf the" relative rates of
- fransfe; with bromine and with hydrogen bromide in the
~ vapour and liguid phase are the same, the lower value of
the rat;o in solutidbn implies that transfer with a séecies
other than hydrogen bromide was océurring at a faster
rate than‘transfer with hydrogen bromide to produce
.protiated perdeuteriocyclohexane. The alternative
eXplanation -- that the bromine concentratién in éblution
was actually lowér than thought -- was not considered -
1ike1y,;since it would require an unprecedented self-com-

AN 56 «

*\\>plexihgvofAbromine, with a very large equilibrium éonétant,

s An-attractive proposal té explain why

e

perdeuteriocyclohexyl radicals reverse more 1in solution

w“
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’ \ ‘ | /~
» - . ' .

than in the gas phase is that the transfef‘agent in

solution is a complex of hydrogen bromide ‘and ‘molecular
I AR

bromine (reaction 34}, énd that the rate\C6ﬁstant for this

“process, k', reaction 35, 1is larger than that for transfer

1

HBr + Br2 — HBr3 (34)

k L] . .
C6Dli- + HBJ;3 -——lb CGDllH +'Br2 + Br- . (35)

with hydrogen bromide. Complexes of the type HX3 are well

established for bromine,6;’62 97,98

chlorine96 and iodinea
the gquilibrium constant for tﬁe formatibn,og the iodin%
complex has been reported to be between 25 - 400 1/mol

- (ccl

4’
by c8oling solutions of bromine in Hydrobromic acid.‘62

} 1f equations 34 and 35 are included in the
' ! v 4 . .
mechanism used to derive the relative rates of appearance

of products (RBr and RH) in sqiution, expréssion 22

-becomes equatibn 36. Integration of 36 and reérrangement, ‘

gives 37. This expression may be evaluated to .give the

-

“dirBriyat . Kp([Br,1° - [HBrj) o
. = = - o—_ - /.;., - — } (36)
- -d[RH])/dt k'¥([HB?} '7’[HBr§]) + k-lFHBr3]‘
) : FRBr]'w»kfl ; ~’ 4 ‘“TBE?L?i— [HBr3} - ..fi' k37)
,A[Rg] ky  [HBr]° - [HBr,] +‘[HBr3}kLl45_i

/ o o -

25°),97 and solid hydrogen-tribromide was isolated . -

54‘
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ratio kll/k~l' the relative rate of transfer ogr\

.

perdeuteriocyciohexyl radicals~with hydrogen gribromide
and hydrogen bromide, using the vapour phase vaiue for ’
kz/k_l if the concentratlon of hydrogen tribromide was
known. A study of Freon 113 solutions of bromine and
hydrogen bronide ‘was. therefore undertaken.
/

Solutions of hydrogen bromide in Freon 113
with and Qithout added molecular bromine were studied by
uv and ir spectroscopy: no bromine induced shift could
be observed in the ir speétrum of’h?drogen bromide,land
. hydrogen bromide produced no shift ip the position of the
- bromine absorption in the visible speotrum. The solutions
were therefore studied by nuolear’ﬁagnetic,resonance
spectroscopy. | |

B

11.2.3 NMR Method for Determining Compléx Formation

Association between two molecules (e g. reactlon

, -

34) can be readily studled by nmr spectroscopy in two '
limltlng cases. 1In the.case~of‘slow,exchange of the

[N

proton between the twa molecules, separate 51gnals will be
'observed for HBr and’ HBr3, and thelr Loncentratlon may
be evaluated 1ndependently When rapid exchange takes

place, only a. 51ngle, populatlon weighted average shleldlng

w111 be observed ‘the pOSlthn of ‘which, 6; is given by.
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)
‘equation 38, where n, and n, are the mole fractions of .
o

6 = & n, + &.n (38)

of HBr and HBr, respectively, and 8, and 8, are the
) ¢

positions of the signals of the proton in HBr and HBr 99

3
To observe both associatedsand unassociatead states_in'anl
equilibrium of the form of equation 34, the lifetime of
each state must be longer -than the reciprocal of the

difference in chemical shift,(expressed in rrequency units)

between HBr and HBr For a typical dlfference of 500 Hz,

3
lifetimes greater than 10 -3 second w%uld be requ1red to
observe separate 51gnais for the two spec1es‘ K% the
llfetlmes become shorter, the 1ncreased exchange rate
results in a broadenlng of the separate signals whlch
coalesce into the 51ngle peak glven by equatlon 38 when
. the llfetlme reaches the value'vQ/ZﬂA IWhere A is the

bseparatlon of the two’ s1gnals in Hz in the absence of
R 100 - ‘ B ‘
exchange § l : '

~
4

11.2.4 * NMR Study of Freon\lfJ Squtiohs_of,HBr and Br2_’ '

The hydrogen bromlde proton was found to absorb
at 35Q#_ + 0 4 Hz above ‘TMS .in. Freon ll3 at 32, 8°/ and at

.355;4 0.8 at 23°¢ (100 MHz proton ‘nmr spectrum) hThe

soJublllty of hydrogen bromlde in Freon 113 1s unfortunately

103

rather low, and therefore the p051tlon of absorpt{on ]

- .
. “‘» .
N . - oA o R ‘ [
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‘magnitude 6f which depended on the bromine concentration .

added bromine, the bromine induced shift of qpe‘shielding

57.

-

could only be studiéd over a small-rangé;of concentrations »
(Table 7). No concentrétion dependence was evident:

this appears to negate the Qccurrance'of self~asé§éiation

of hydrogen bromide in Freon 113, in agreemént with the
report of Martin éﬁd'Fujiwaré that no self-association

of hydrogen bromide takes place in dichloromethane or in

l,'l,2,2-tetrachloroethané'.102

A pronounced'témperature dependence of the

/’ B

shielding of the hydrogen bromide proton was observed

(Table 8). The data gave a straight line plot (Figure 1),
and shows a temperature dependence of 0.194 Hz/°C

(equation 39) This depéndence is‘intermediate between the

-

5= 0.194T + 350.1 (r = 0.999) = (39)

101

valué'repofted in the gas phaée.(O;OlB Hz/°C)” "~ and inb

dichlorgmethéne solution (0.447 Hz/°C);1QZ,

v

Solutions of'ﬁydroggn bromidé in-Freon 113 with

.addgd'moléﬁéiar bromine showed a downfield shift,.the'i

9

(Table 9), in aggréemen§,with the idea of a complex  3’|~

- formation betweenvthé two,j“The;shift was 27.8 Hz when the

At . -
|

-~ solution was 3 M in bromine. TolaSCertain that_the shift

.

Was,due”to complex‘formation} and'hbt‘a‘solvent shift due to

S

$

Cow : . ) R -

B T
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f
oy [ e
o -
ancehtration Dependence of the Hydrogen Bromide Pthon
Absorption in Freon 1132
(HBr], M 6P, 32.8° 6P, 23.0°
o ) | .
0.0205 357.0 - :
; 0.0509 357.0 ~357.3. i
0.0681 355.9 354.5
0.0764 355.7 355.4
© 0.0814 356.5 354.7 f
0.0925 " 355.3 355.1 ' -
0.0955° 356.1 B
0.0963 356.0 :
£ 0.0981 | | 356.4 ﬂé
“0.1510% 357.7 '?i
o T T , |
?aTMs,;hternal”sihndard; all spectra run on a Varian HA 100 R |
'SpecthmetérQ‘ ' G | | | . "5
bﬁéported'én,Hzrupfield‘ffom'TMé; the averagé.véiﬁe was ;= | _3
356.2 + 0.4 Hz at 32.8° and 355.4 0.8 Hz at 23.0°. Ty
‘FTgefsolutionwwasiO.;fM in‘cyciohekane.' | \,'Vi
| | o A .‘cohﬁinuéd;;:i;,v ;é



* . Table 7 (cont'd.)

dThere’ported concentration is calculated‘from the amount

of hydrogen bromide added probably not all the hydrogen

- bromide was in SOluthn, since -the solublllty of hydrogen

-»bromlde in Freon 113 at 30° 1s‘~0 1 M Thls value was not

-

used 1in the calculatlon of the average value of the

absorption quoted in footnote b.

59.



E " Table 8 3
/ =2 c s
Temperature Dependence of the Hydrogen Brohide
Proton Absorption?
< 1 !

Témperatﬁre, °Cc Gb _ /\

) o ffﬂwﬁf“
30.5 : : 356.0° 7
Y. 2500 L 354.7 ’
“ 2000 ° 354.0
15.0 - 353,00
10.0 - . 352.3 ' .
e ' o " ’ , ’ _ .
0.0 B .+ +350.5 ;J ~ '
1000 - -/ . 348.2
-20.0 a 346.2 g

- T

Fa
- ?If"‘

. -30.0° | . 34401

O 102 m hydrogen bromlde in Freon 113, l% in TMS

EaseR Lt AP A,

b | |
Measured on a. Varlan HA 100 spectrometer, Hz:upfleld from

™S, R
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Fig. 1. Temperatufe Dependence of the Hydrogen Bromide NMR
Absorptibn (100 MHz, Freon 113, TMS'internal reference).
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~‘of 2,2- dlmethylpfOpane In Preon 113 was, studled (Table 10).
Aksmall downfield Shlft was observed up to O 5 Hz 1n 3 M
bromine’ solution. The results in Table 9 ~gave a straight.

line plot (equatlon 40) Since the shift was within the

$=793.2 - 0.174(Br,] (r = 0.998) “49)

experimental error in the position of the hydrogen bromide

absorption, any "solvent".shift could heaneglected. //
_ . ?/
Figure 2 shows the effect of added bro ine on / '
. o
the shielding of the hydrogen bromide proton in Freon 113

at 32.8 : 0.2° and 23.0 + 0.2°. The curvk is smooth and
approaches an asymptotic value as the bromine concentration
increases, as expected for the formatlon of a complex

between hydrogen bromide and bigplne (equatlon 41)

K = [HBr31/([Br2]° - [HBrg)) ((HBr]® - [(HBrj)) « J(41)

¢
The value of the‘quﬁlibrium constant K could not
be determlned direéctly since the cancentratlon of "free"
bromlne in the solutlons was not known.lnltlallj Two
methods weﬁ;gused to get. the value’of K. In the flfst

2P

~metjod, > the maxlmum,shlft observed (27.8 Hz) was assdmed;

to be’'that hydfogen tribromide; using this value'forlﬁé
in equation 38, a set 0f values for the equilibrium. constant

were determined (equation 34). 'FrOm the average of . these
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° , Table 10

Bromine Induced shift of the Shielding

\

of 2;2—Dimethlproganea

AY
¢ . : b \ )
[CcH L1 M (Br,) s
010795 0.00: 93.2
0.0781 . 0.1188 . - .93.2 )
0.0779 3 1.088 ' 93.0 ]
0.0781 2.936 92.7

& 7

%In Freén 113 at 32.8°. 100 MHz spectra

sz downﬁaeld from TMS (1nternal standard)
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values, the amount of hydrogen tribromide ‘in the solution
with the maximum shift was calculated, and this used to

give a new value for 62. The new value of was used to

calculate a new set of values for K, and the process was

fepéated until a constant‘éverage value of K'was,dgtained
(see Table 9). This method gave én average Qalqe of ‘K of
2.8 ;50.3, and the poéition Of'the_hydrégen tribromide
shieldiﬁg_@as 324.9 H% above TMS at‘32.8f; the corresponding

values at 23° were 2.8 + 0.3, and 325.4 Hz above TMS.

\
w7

In the second méthod, the Bernesi-Hildebrand-
Scott (BHS) equation (equation 42) was used“to calculate the

shielding of the complex and the value of thé equilibrium

constaht;104'105. /In. the BHS equation, 1s.:the shift of

. [Br,] (Br,] 1 ¢ -
‘ 2 = 2 + : . (42)
A A KA
o) o

the obsefved‘ébsorption of a solﬁtion containing bromine and
hydrogen bromide from that of hydrogén b?qﬁide, Ao = GHBrV
_GHBr3' Aga;n, an Eteratiyevprdcedure was USea. Iniﬁially
ﬁhe total bromipe concentratioﬁ, [Br2]° (Table.9), was used
to approxima;e thevCOnCentration of the free b:omine, [Brz],
and-the value of Ac, determined from}a least Eguares fit to
the BHS equation, can be U§ed to aryive'at‘é bgt;er eétimate

v

of~[Br2], since‘[Brz] is\given by gquatlon 43.. These

68.
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. . . :." g .
. [Bt21‘= [Br,l° - (A/Aé)[HBFI? _'m.(43)

. / : :
values of [Br2] can be used for a second BHS analysis,

yielding better values of A , and so on to self consistency.
The BHS ehalysisegave a‘value for K of 3.0 ¢+ 0.2, and the
hydrogen tribromide shielding was 325.5 Hz above TMS at

32.8°, whilevat 23° K = 2.8 + 0.3 and‘the‘hydrogen

~triqgomideishielding was 325.5 Hz above TMS.

1

: , « !
These results show that complex formation takes.

Vplace between bromine and hydrogen bromide in FfeonﬁllB

T

solution. However, ihherent in the nmr method for the

calculatlon of the max1mum shlft by elther method is 3“

the assumptlon that the chemlcal Shlft of complexes\of

: -/
higher order in bromlne than HBr 4 (eguatlon 44) have

\‘.\
— \ ’ ' Br? .~ Br .
HBrj + Br,— HBr, — HBr, .—= etc. : (44) -

approximately the sameschemical shift as H§r3, since it has
been proposed that in aqueous,solution'cémplexes of the type

61,62

HBr, and HBr. are formed at highv[Br 1/ [HBr] ratios.

5 ° e
This seems to be a valid assumptlon 51nce when  the vaIue of-
) - 'Fv'
K was computed (by the first method) by 1terat1ve'treatment

of the data, using only the solutiOns"whose (Br, 1/ [HBr]

ratio was less ‘than five (see Table 9), the calculated value

of K at 32 8° was 2.8 * 0. 3, and the shleldlng of hydrogen



V‘HBr

8

! N

. p | '

tribromide was 324.0 Hz above TMS, in v@ry. good agreement

with the values determined using all thé data in Table 9.

C o s O
—

e

~N

II1.2.5 Transfer with Hydrogen Tribromide .in Solution

E
Using the value of the equilibrium constant

determlned by nmr, the concentratlons of hydrogen trlbromlde

in the 11qu1d phase photobrominatlons of perdeuterlocyclo-

—

hexane with excess bromine and excess hydrogen bromide

(Table 6) could be determined. Assuming that the rate of

/

transfer of perdeuterlocyclohexyl radlcals w1th bromlne
relatlve to that of transfer w1th hydrogen byomlde,

k2/k 1 was not 51gn1f1cantly effected by solvent effects,

/

equatlon 37 was used to determine thi/va;ue of the relatlve
/

"rdte of transfer of these radicals w th hydrogen trlbromlde

e 9

and w1th hydrogen bromlde, k' /k fhe average value of
this ratio was ‘found to be. 21.8 + 6/ 7; }h{s calculatlon

1 .
further assumed that at hlgh ratros of/bromlne to hydrogen

{ ¢

bromlde, the rates of transfer w1t

/
QOmplexes‘of the type v

37 HBrS, HBr7 are quite slm'“ar %1f highey/complexes are |
important): S . g/(/ =
v , Y i ,

alue/for k' /k i (equatlon 45) the

/"

/1

relatlve rate of,transfé; of/perdeuterlocyclohexyl radLCals

70.
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T,
.

' - "V‘p‘ ' \ .
kp/kly = kp/k )P/ 0 k) s

-as 0.13 *+ 0.04, i.e. reversal‘with hydrogén tribromide ’

is favOured over t:ansfer Qlth bromine hy.a factor of 8;:
This accounts for the_variability'bf“the:valhe of k /k 1- .
in solution calculated from expre551on 23, _51nce 1ncreasrng
“the bromlne concentration necessarlly increases the

'concentratlon of hydrogen trlbrom;de'and makes reversal~

~
~

more important. ' . P R -

These results show that reversal in liquid phase

bromlnatlon reactlons will be even more important than
. 1 .

expected

and w1ll always occur‘@o larger extents. than in

the vapour phase, where the low concentratlons normallkil.ﬁ

used make complex fOrmatlon unlmportant It would therefore \

'appear that the loger ratlo of k /k in solution compared vt

to the vapour phase value is fundamental to bromlnatlons

. - - .
! - ‘ . . LI

— ;

in solutlon; T

v, ‘ o L .
v ' H o \g’ . '
II. 2 6 Cage Egkect in the Bromlnatlon of chlohexane and o

%
#erdeuterlocyclohexane“

[’ N : . , \» ;
) e s B .

o

A

i
/
2

Under the condltlons used for the bromlnatlon of

. ‘)l’o .

pérdeuterlocyclohexane, the presence of a cage reactlon
/
éould not be detect 51nce in solutlon, the ratlo of

l

| / /“ : ":: ‘ h ) 5. i
I . ] / - N
~ o : : : [«




eyclohex?l radicals. One way cage return may be studied
is in compegitive brominatiens (inter- or intra-
melecular)[ where cage filtering will produce a chenge
in the relative'reactivities.in solution compared . to the
vapour bhase (cf.'section I.2.2). A study of the relative &
rates. of bromlnatlon of cycloheraﬁe'and:of perdeurerio-'
cyclohexane was therefore undertaken

'UnderecoﬁaitiSns were no external reversal takes
place, if cage reversal, is important,‘two mechanisms can
-be formulated for the gas and liquid phése brominations, - -
Sehemes 2 and 3 respectively. The rate of‘disappearence

of?byclohexane.relative'tQ that of perdeuteriocyclohexane
from Scheme 2 is given by equation 46, which may be

d[CGle]/dt ) k [C 12]

,‘;‘i‘lcaplzl/dt o k'l[ceDlz']

B ’ . . . /
. v . . . . ) ]
K

integrated to glve the ratlo k /k (equation 47). For Ehe
.‘ k.H/kD = In(IC Hy,1°/[C.H 1)/ 1n{ [C D. ] /[c D ])'.(47)"
5 S R 7612 12 12 Y612 .
. . . . . ]

solutlon case, Scheme 3 the correspondlng two equatlons are‘*

48 and 53 where [HBr] and . [DBr]¢ are. the cage Concen_ N

tratlons of hydrogen and deuterlum bromlde respectlvely.

S d[csﬂi’z-]/dtﬁ;i k (k UDBrl )
- D B C ‘ :
Ky 1“”3] R

D
kg
dl[c,D. . ]/dt xH
o6 12007 d



Scheme 2

g ) o . |
. : . L » . ,
H R : {
: k k _
.. ) |
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Scheme 3




H D, sol o
(k /k )77 TIn(ICeH) 5] /ICeH 51

In([CeD),1°/1€¢D) 1) -
(53)
k? kP L [Br]€ + kg)
H
kl(k_l[HBr] + k)

t

Since the rate of diffusion may -be aésumed~te be

propottionai to the inverse square root of the molecular

weight,106 kg and kg

53 may be rewritten as equation 54. This equation predicts

it
i 13

<

H' c H , : o
: (kZ, [HBr]™ + k.) . S
el o 221 a1 (54

(2, [0Br1 + k Ky (x /kD)SOl

x

-0y

that the rate of bromlnatlon of cyclohexane relatlve to

that of perdeuteriocyclohexane in solutlon in the absence

/

‘of external reversal w1ll be smaLler than the relatlve rate?

in the vapour phase, ‘since k1 - is blgger.than k 21 ‘Also,
1f there are, negllglbl&;SOlVent effects on the relative

,rates of abstractlon, the‘bage effect CD deflned as .

' ( [HBr]. + k )/«k [DBr] o+ k )q may be determlned from a_\

[

.comparlson of the vapour and llquld phase results

Dk

(equdtlon 54);)>‘, . . T k__,

g5 7 ST

.1 . . . : LI
s o = _ . v

._’ ';'

The relatlve rate of bromlnatlon of cyclohexane,’

1‘to that of perdeuterlocyclohexane was determlned in’ the

,,v/ . . - . ) '

are vefy nearly the same, and equation’

74,

'f~nl'



’

/\,
T~

\vapour phase using a. sufficiently high concentration of

»

‘bromine so that reversal of the radicals formed would not

compete w1th transfer w1th bromlne The reactants and

?_'Freon 112 (1nternal standard) ‘were introduced into a 51

9

'reactlbn bulb ,equlllbrlat%d in the dark, -and then

excess bromlne destroyed and’the organic material“extractedf

photolyzed untll at least 12% of the perdeuteriocyclohexane

'had reacted. The contents of the bulb were collected, the

. oo

. w:th Freon ll3 the solutlon diﬁed and then analyzed by

1

glpc to determlne the amount of reaction of each substrate

-(Table ll). Mass spectral analy31s of the unbromlnated

" ThlS value ‘is much gerfthgn th

substrates beforé and after the reactlon conflrmed the
absence of -reversal (Table 12).4 Since abstraction of
deuterium from perdeuterlocyclohexane 1nvolves contrlbutlons
trom both a and B @econdary deuterium 1sotope effects, the .
1ntermolecular 1sotope effect (k /k cannot be determlned
and although these effects are small, 37,88,89 the values
obtalned .are, reported as k /k and not kH/kDf(Tablejll).

' ‘ : o s

5 A
E T .-
. % L o

: - ,'1,5," 4 f,
. +The relatlve rate of bromlnatlon was calculated

from equatlon 47, and was found to he '5. 4 t‘O.l, and theif

rat‘o was 1ndependent of the concentratlon of bromine used

'1sotope effect of 2 4 -

£ ‘# PAS '§ }'
eported by Urry'for gycldhexane dl Wthh was

-obtalne fln solutron and probably under rever51ble i
36‘ The Value k /kRD was also s;udled in these

. . ‘. - “;‘,_'1..

. T Y

75.



S Table 11

“ £

Competitive Photobromination of Cyclohexane and

-

Perdeuteriocyclohexane in the Vapour Phase®
Reaction Concentration, M x 10_*——————-\ b
0 o ° Ko/ K
# Jlcgh 10 10Dy ,1° (Br,]® [CeH ol [CeDy I\ "RHTTRD
\ 5.25 . 5.10  41.1 0.560 ‘' 3.30  5.14 -
2 5.25 5.10 . 4l.1 1.35  3.98  5.48
3 .25 5.10 + .41.1 1.20 . 3.88  5.40°
4. - 5.25  5.10  80.8  2.26 4.3¢  5.54
5 5,25 5,10 . 81.3  0.985. ~ 3,73 5.35 ..

. El

i

A1l reactlons,we;e run in a 5 1 reactlon vessel at 21°.

3

?Calculated using equatiOn'47; the average wgs 387*/6//////

W N \
i

Fog
/ Y

’\? c i\:, .
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. Table 12
& T ' :
Isotopié Composition of the Parent Ions from
5 ‘Cyclohexane and Perdeuteriocyclohexane
f Be%ore and After Bromination?
o
Reaction /——M+ 3 ' ’ j;+ 3
- - y B _ / B ' ———\
#0 Ty 4y 459 9 dé djp=d3. dy &y d
> : v, o : .
" | ‘ 94.0 6.0 0.0 0.0 0.0 0.0 0.0 100.0:
. ° , | 10
. . [
*i . 93.7 6.0 0.3 0.0 § 0.0 0.0 0.7 100.0
93,7 6.3 0.0 0.0 0,0 0.0 0.0 100.0
U . 93.8 6.0 0.2 0.0 0.0 0,0 0.0 100.0
T2 94.0 5.8 0.2 0.0 . 0.0 0.0 0.0 100.0
. 4 93.9 6.1 0.0 o0.0f 0.0 0.0 0.0 100.0
N - . ’ o ’ .

aRun on an AEI MS9 mass spectrometér at 10-12 ev; values

réported are corrected for C13 natural abundance.

v
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"to 7.7 M, it was’ ant1c1pated tha ~the observed value‘?f

78.

laboratories in Freon 113 solution under various.

conditions (Table 13).55 The ratio was found to depend on

e
the concentration of bromine used. Under "normal"v
bromination conditions (first two reactions in Table 13),
ko./k_ was 3.1 (21°}/ Mass spectroscopy showed that

RH/ “RD " / -
extensive reversal has occurred, and therefore this;low
result was due to both external and internal reversal.

¢ ’ As the c0ncentratlon of bromlne was 1ncreased

that the ratlo of bromine to hydrogen bromide increased, the

»

-amount of externad scrambling Was,reduqedf and above 0.07 M

bromine,-when the.ratio [Br 1/ [HBr] was-always greater than
15, external reversal was eklmlnated (Table 13),_and S
kRH/kRD was found to be 4 3 i 0.1. The dlfference between'

5.4, the vapéur phase result, and 4.3 whs attrlbuted to cage
'1 . - PR 3

reversal. From equation 54, the cage effect C is found to

be 0.80, show1ng that cage fllterlng of . the cyclohexyl' .
®

radicals takes place to a hlgher extent than that for
K2 Y
perdeuterlocyclohexyl radicals, as expected.
(O ' , ‘ : o . \ S

L

When the conCentratlon of bromlne was 1ncreasedx

‘\

kRH/kRD would 1ncrease due to cage scavenglng of the d

‘radlcals by the hlgh concentratlon of molecular bromlne

- T N
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Table 13

Competitive Photobromiﬁatioh ofACyélohexane and
Perdeuteriocyclohexane in Freon 113a'b
] nrk .?;".J’ ’ )
[CeHy,1° (€D ,1° [Br,]° ® External * x_ /k_ 9  avewage
612 6°12 2 RH “RD rag
' Reversal® : k,../k
C . "R’ “RD
732 V726 652 . Observede. 3.10 ' , :
T | f 3.12 + 0.02
732 726 © 652 ‘Observed® '3.13 )¢ .
4.96 5.04 133.6 Observedl 3.65 . L
4.75 4.83 68.6° E None 4.73 oA
| C e e g }f}.sz £ 0.21
4.75% 4.83 . 68.6 None 4.31 7 C
5.61 5.71 103 —— 4,36 )« . ¥
- _ » E 4.21 + 0.16
5.61- 5.71 103 - 4.05 Co
. . : . , . LR
4.91 4.99 149 : " None S 4.19 ) _ <.
L S K ( . o e d4.34 2 0;14 .
,4.91 4.99 - 149 None 4 484 ,
4.79 4.87. - 1030 . ° - 415 ) . O N
‘ . T _ ; 4.14 + 0.02
4.79 .4.87 1030 " None  4.12 '
23.2. 22.8. -« 3630, -
" 23.2 22.8 3630
23.2 .~ 22.8 - 17710
©23.2 . 22.8 7710
.23.2-  "22.8 7710
| continued.....
o
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Table 13 (cont'd.)

\ L)
0 0 . d )
[C6H12] [C6D12] [Brz] ExternalC kRH/kRD Average
) - Reversal' - e kRH/kRD
23.2 22.8 7710+ - 4.79 )
A . . .
23.2 22.8 7710 y s 4.86
’ . ‘. B
23.2 22.8 10200 L 5.059
23.2 22.8 10200 - 5.499 ,
“ ‘ 5.34 ¢ 0.25
23.2 22.8 Y 10200 -- 5.697
g
23.2 22/® 10200 - 5.11
180 © 190 18300 .. - 5.079
180 190 © 18300 “None ., 5.72°
| | - o 5.33 + 0.20
186 190 18200 » oL -- 5.307
186 190 18200 | . == .« 5.239

dTaken from ref. 55. All reactions weréifun at 21°.

b . 3 0 4
Concentrations M x 107. g o AN
. o .

~

CReactions with blank entries were not Checked;by mass
spectrometry. -
\dCalculatéd from Equation_47.k

eApproximately 10% incorporation obsefbed.
prproximately O¢3% incorporation observed. te

J9Run in liguid bromine solvent.



In their study of the competitive rates of bromination of
alkanes and substituted alkanes, Tanner 95_31744 found that
the rate 0f bromination of electronegatively substituted
alkanes decreased relative to that of the parent alkanee as

the bromine concentration increased, see Table 3. This was

-~ .

attributed to the supression of both internal and external
\ .

*
reversal with hydrogen bromide at the high bromine concen-

trations.
¢ .

-

As the concentration offbromine in the solution

A

competitive brominations was ihcreased further, k /k
increased, showing that not only was external reversal
eliminated, but scavenging from the cage becomes observable.

Whenh 1iquid bromine was used for the brominations.
([Br2] > 10 M), cage return was essentially stopped dnd the
. : ) /"

value for the observed kRH/kRD Wwas found to be the same as

in the vapour phase (5.4 * 0.1 in the vapour phase, and
. .

5.3 + 0.2 in liquid bromine).

>

In the classic studies by Hammond on the effect

of cage recombination on the yield of "free™" radicals

obtained from the decomposition of azo—bis-iso—butyronitrile

-

(AIBN)' it was found that molecular bromlne could act as an

effectlve scavenger of radicals free of the solvent cage

-

It was further reported that when the AIBN decomposition was

carried out in, liquid bromine, cage recombination was
¢ , T

‘Completely eliminated by scavenging of the radicals from
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107
the solvent cace.

‘ The coincidence of the kRH/kRD‘Value in liquid
broﬁine with that in the vapour phase gives strong evidence .
to the mechanisms proposed‘in Schemes 2 and 3, and makes it
improbagac that the effect is a solvent effect. Though it
secems unlikely that there are no solvént effects on\the
‘individual rates on chaﬁqing the solvent from the idnert

2 3
Freon 113 to thokvery‘polar bromine, 1t 1s reasonable that
the effects will be the same on k? and k?r
will cancel out in the ratio kRH/kRD'

&

and consequently

The mechanisms proposed ini Schemes 2 and 3 may

be used to rationalize the preViouély puzzling anomaly

pointed out by Timmons.108 The intramolecular primary

deuterium isotope effect for .the photobromination of

toluene—u—dl has been carefully studied.in the solutio'n37

and vapour phase.108‘ Both groups were careful to exclude
observable reve;sal,feagtion (i.e. reactions in solution
corresponding to reactions of rédicals free of the éolvent
cage). The solution phase isotope effect was found to be

4.59 *+ 0.03 (CCl 77°),;, while the value obtained in the

4[
vapour phase was calculated (equation 55) to be 8.2 at 77°.

ky/kp = (1.08 + 0.25)exp (1430 ¢ 110)/RT (55)



B3
The difference is probably due to cage filtering in
solution, and the calculaFed cage effect (equation 54) for

L}

the bromination of’toluene-x»-dl is 0.56. Cage filtering

‘would be expected to be mof@‘important for the®near
. ' ‘ ‘ N ®
thermoneutral transfer reactions of the more stable, more ».

selective benzyl radicals, than for the exothermic, less

selective transfer of cyclohexyl radicals with hydrogen
1

. 3
bromide. :
It is relevant to note that in the study of Epe
solution aqd gas phase isotope effect for the chlorination
of deuteratqd.toluene,'where reversal 1s energetically

unfavourable (Ea*18 kcal/mol), Walling and Miller found

that the value of kH/kD was independent of phase.?5

I1.3 lfChlorobutane

The bromination of perdeuterio-l-chlorobutane
?'was'investigated'to determine the effect of the élepggo—
negative substituént on the molecule as a whole ahd in
particﬁiar on the different positions of thelmolecule:

‘ . ' . o
The reaction of l-chlorobutane with molecular bromine in the

L3

vapour phase at 100° was reported by Kharasch,:Zimmt and’

Nudenberg to give three products: I—bromo—l—chlor?butane

-

(23%), 2-bromo¥l—chlorobutane {23%), and 3—bromo;l—chioro—

butane (46%).109



L LY L 4
. . 6'— 14
Very similar results’ were obtained gerredricks‘
1 . . .- B
and Tedder, 3 who carried out the reaction 1n a fast-flow

reactor at 146°. The 1iqd%d phase-reaction :also gave very

e

similar ggsults (neat l—chlofobdfane, 60°(>1—bromo—1¥q510ro~w

butane, 23%, 2-bromo-2-chlorobitane, 25% and 3-bremo-1- )

66

) . 4‘ ,‘ . o L
chlorobutane, 52%). These results are expected on the

basis of polar effects on the .transition state for h?dqueh
abstraction at’ the different positions along the molecule.

}

No 1,2-dibromobutane has been Rsported in these brominations,

A . 0 .
showing that -2-chlorobutyl radicals do not eliminate i
@ : . © .
' : . . Lo ‘
‘chlorine atoms to give aikeﬁe under these co~ditions. \
€ All these {Fsults were obtained under "normal'

- . . .
bromination comditions, and the product distribution was

probably influenced by reversal. A study of th¢ kineﬁics‘

"of the vapour phase photobromination of perdeuterio-l-

chlorobutane was therefore undertaken to determine the
. | | ' | 3
- relative rates of transfer of the isomeric chlorobutyl

radicals With bromine and with hydrogen bromide (Scheme 1,

o

X=Cl). If it is assumed that the rate of tranefer with
! bromine is the'same:for the different chlorébutyl radicals,

" a comparison of the relative rates of transfer with bromine %
T ! : T -

and'with‘hyd;dgen bromide would giye an eStimate 6f.th¢'

”»

i polar'effe@tgof.thelcblorine substitugnf‘on the transfer

reaction withyhydrogen bromide at the different positions

“of the molécqle. ‘This assumption is not unreasonable since },~

. A3 R
"o B 5 - . ) - ' ’
o ) -
. #2 ’ g . o . v A
¢ . . . - .

[¢]



‘polar interactions should be negligible for Exansfer cf a

polar molecule. with a non~pélqr~bromine molecule.
' "

t

1I1.3.1 Kinetics of Bromination of Perdeuterio—i—ehloro{

- F -
butane - o . \ . o N o .

The Qépbuf pﬁfse photobromfbation‘of perdeutenio-
1—chlorobutane~withlexcess.bremide and excess hydroden
bromide in‘a 22°1 reaction ves§e1 was eerried out ueing the
me thod descrlbed for perdeuterlocyclohexane Glpc .analysis
of thg reactlon ﬁlx%%re after 1solatlon from the excess
bromine and‘hydroge/ bromide §50we§ only the presence-of 1-,
2- and 3—bromo;l—qé?oroperdeuteriobutané'end the

unbrominated étef@ing material (Table 14). The products

were identified/by comparison of their glpc retention ti
‘ L3

‘with those of Authentic protiated materjals. No 1,2-di-

bromOperdeut?;iobutane was'detected in any of the reactions.

The materldL balance on reoovered organlc material was

"~

between 91/Snd 986

,/

/) A synthetf&gmixture, whose composition corres--
. Y .
~ponded to the mixture Of products and reactants.obtained in

react%ph 2 (Table 14), with the addition of 4-bromo-1-

chlorpbutdne (7.95 x 107% M) and a $:2.7 mixture of

-

l,2—dibromq—3—chlorob0tane~and 2,3—dibrqmo—1-ch}orobutane

.

(3.42 x 107° M), was introduced, in the absence of light,

- 85,
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into the reaction vessel %nd subjected to the same
isolathion and analysis procedure. The yield of recoyered~

organic material was 94%; the yiqu of bromiﬁated chlorides
" ) :
. . Q . )
/ - .
was greater than 97% for all fo%r monobrominaggﬁ materials,

]

and for the trihaf?de was greater than 99%. The rétio of

i

all proaucts was the fBme within theslimits of the g¢glpc

F 4

-~

analysis (*2%)._ "«
14

w . 4
- . Can

?
. - t
The unbrominated substrate was collected hy
N _ _
preparative glpc and the amount of 1ncor©orated protium at
1

each position was determlned from a comparlson of the H

100 MHz spectrum of the reSidual protium in the (Merck,

Ssharp and Dohme 98.4 atom % D) starting material and the

©

2 spectrum f the recovered. perdeuterio-l-chlorobutane (see

- R S

Fig. 3 and\4). The total amount of protlum was determined

'by mésslspectrOmetry for reactions 2 and 3 (Table 14), the

amount at each position being obtained from the ratio of the
”nmr signals of the different hydrogens. The nmg method,

using 1, l—diphenylethene as standard, was uged to determine

- the’ amount of protlum in each p051tlon for the starting

material and bhe recovered unbromlnated substrate for

reaction 1¢ {see experimental sectlon);

The relatibe'rates of transfer with bromine and
- 3 1 .

with hydroden bromide for perdeuterib-l—chlordbutyl radicals

was, calculated as 11.9 '+ 0.2; therefore, in "normal“

- A

89,
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brominatlons at 50% conversion.of bromine, where the [

concentratlons of.bromlne and hydrogen bromide bre ‘equal,

a

anly 7 @% of the radlcals transfer with hydrogen bromlde

1

The smaller percentage that reverse compared to that of

' perdeuterlocyclohexyl radlcals !26%) is due presumably to
L 4

“*the deactivation of the mol@ ule\py the chlorlne substltuent
in the transfer with hydrdgen bromlde, and by the’ prlnplple
of mlcroscoplc revers;blllty, in the abstraction of :

deuterium from perdeutﬁﬂlo 1- chlorobutane by bromlne atoms
v o ‘
/ .
N

The relative rates of transfer of ‘the- isomerc
perdeuterio—l—chlorobutyl radicals’with'brominevand with -
¢ \
hydrogen bromide were determined using equatlon 23
- ’ ~

(Table 14}, The’ ratlo k8/k_7 (Scheme 1) could not be

calculated directly for the 6é-position, since 4-bromp-1-

chloroperdeuteriobutane was not detected‘in the three

" reactions. Since controls showed that a concentratiorp of

\

1.6 x 10—8 M of 4-bromo-l-chlorobutane would have been

detected by glpc under the analytical conditidns~used,
;kg/k_ was calculated assumlng that the concentratio

this isomer was less than 10 -8 . M- (Table 14).

The relative rates of t;ansfer of the

4

perdeuterlo 1-chlorobutyl radicals with bromlne and with -

hydrogen bromide fall off rapadﬁy with the dlstance from the .

substltuent from 66 for the a- p051t10n to less than 0.% for




v

/

" as the distance from the electronegative substituent -

the d-position. This change 1in relative rates may be

rationalized on the basis of a polar deactivation to

\

transfer with hydrogen bromide, the deactivation falling off

increases. Transfer with molecular bromine, however, is

little influenced by polar effects. B

The rates of deuterium abstraction relative to
the rate of abstraction of the y—deuterium,Acalculatéd

using equation 29 (Table 14), were also found to foliow the

order predicted for\the reaction of a selective radIC@l

whose reactivity 1s strongly 1nfluenced by the péiar effect
L)

of the substituent, i.e. a-H, 0.34, < B-H, 0.49, < y-H, '1.00Q,

A3

> the primaryEB—H, 0.04. ’The"reactivity of the a-hydrogens
is higher than Qne would expect on ﬁ?e basis of polar '
effects, since this position sgffers!the largeaﬁ inductive
deactivation, as shown by_ﬁhe vé;y large kz/\}‘c_l ratio of 6§f
The higher rgéctiyity/ﬁ&ét be due to the lower C-D bond

. " - ) : ./
strquth,{dﬁélto electron withdrawal by the Fhlorine

o . \ .
substituent) and to the stablization of the radical formed

by resénance with the chlorine atom (structure 2b}, page 4).

»

The“relatiﬁé rates of .abstraction from

*

perdeuterio—l—chlori?ptaqe and from l-chlorobutane in the

gas phase were alsoidetermined by stoppiﬁ% the bromifiation

with no initially added hydrogen bromide at very low

93.

. \‘\



\ &

conversion. Under these condi&ions, the concentration of
hydrogen or deuterium bromide was very small compared to
that of bromine, and therefore reversal was not expected

to be impoitant. The ratio of brominated chlorides should
then reflect the rates of abstraction of the different
hydrogens (or deuteriums) in the molecule; The resﬁlts are
given in Table 15; théy are in very good agreement w}th

each other and with those calculated from the da;a of Table
14. ~ The coincidencé betwegn the 'values for l-chlorobutane
and 1ts perdeutérated ahalog shows that deutefiﬁﬁ kinetic+is-
otope effects are not important in the relative rates of ab;

Lt .
straction, and substantiates the assumption in equation 30. -
i T
I1.3.7 Bromination of 1-Chlorobutane under "Normal"
B F

Y _
Conditions it the Vapour Phase

-~

A second test of the kinetic data obtainéd from
perdeuterio—l—chlorobuta;e'and éor the proposed mechanism
(Schemé 1) was carried out. The bromination of a 9.?:1 |
molar mixture af l-chlorobutane and molecular bromine
("normal" bromiéatioﬁ) was run in the vapour phase and
stdpped at éifferent stages of conversion. This particuigp
ratio of reactants wés chosén since preliminary gxpériﬁents 
showed that at completeééonbersioh of thégpromine, no

dibromochlorobutanes were formed. The.products were

“ .isolated and analyzed by glpc (Table 16). From the results,
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LY

plots of the concentration of l-bromo-l-chlorebutane
(RGBr), 2-bromo-l-chlorobutane (RBBr) and 3-bromo-l-chloro-
butane (RYBr) against [Brz]/[HBr], (x), were constructed.

The experimental values obtained from the "normal™

o

brominations were fitted manually and by a least squares

method to an exponential function (equation 56), and the

£ de PX 4 gemdbX o (56)

)

RlBr = ae—bx + ce_2bx

!

,ratios of the slopes obtained by grapﬁiéal’differeﬁtiation
f:om these s¥ynthesized curves gave the observed values d£
the functions (d[RaBr]/dx)/(d[RYBr]/dx) (ngure 5) and

(d[R?Br]/dx)/(d[RYBr]de) (Figure 6) for any\yvalue of x.

-
4

)

The values of these functions at any value of x
. Cn
were also calculated using the relative rate data obtained

for\pérdeuterio—l—chlorobutane (Table 14), from two’
equation's of the type of eyuation 33. A compariéon of the

calculated and the experimentally obtained values of these
functions is given in' figures 5 and 6.
“ ) - -
The error limits shown in these figures for the

calculated values pf fa/~Y and fB/Y(equation 33) were -

N -

obtained using the maximum and minimum values reported for
the relative rates™of transfer and abstraction (Table 14).
: N '

il L - . _ ,
When the erfbr limits were included for the experimental
|~ data (+ 2%, glpc_errqufx%ed to determine the observed
; ) . ' cdl o . ) . /

: . —
i ' > ) / .

s
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-~
-

and fB/Y, the observed and calculated

a/y

valuesﬁoi»f
functions were found tobbe~ooincident~within the
expefimentpl limits.

1 The coincidence of the calculated valoes of fa/y
end fB/Y with those of the e;perimentally determined
velues demonstrates that the relative rate data obtained for .

-~

perdeuterio-l-chlorobutane describe adequately the kinetic

.

‘ behaviour, of the enormal" bromination of l-chlorobutane in

the vapghr phase, and shows that the assumption proposed in

I

equation 30 must'hold.

Figures 5 and 6 demonstrate the different rela-
tive ratés of transfer with bromine and with‘hydrogen

bromide of the isomeric chlorobutyl radicals. After 40%
conversion of the bromine, o} when x < 1.5, the rate of

. | j ‘ , -
formation of l—bromo—l—chlorobutane and 2—bromo—l-chloro—

L

butane increases rapldly relative to the rate of formatlon
of 3- bromo 1- chlorobutane This is expected, since due to
polar effects, the y—chlorobutyl rédicals ére expected to-

reverse with hydrogen bromlne at ‘the fastest rate. Conse-

\of the hydrogen bromide builds

L S~
up, reversal with it starts affecting the distribution of

quently, as the concentratlon

products. observed. - T . 3
: £ .
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The photobromlnatlon of perdeuterio=]- chLoro— .
$0 -

butane with excess bromine and with added hydrogen bromide

AN .

r :
in Freon 113 solution at 23° was studied in these

1]

laboratories.llOA On the basis of the reéultsggaiained

11.3.3 Yomparison of Liquid and Vapour Phase Results ! o
, : E

W

F S

from perdeuteriocyclohexene, the liquid pHaée reaction
should be complicated not only‘by reversal of the radicals
with hydrogen bromide, but also by cage fllterlng and by
-transfer of the radicals w1thrhydrogen tribromide. 1If
these effects were not important in the liquid phase
photobromination of perdeuterio—l—chlorobntane, the

mechanlsm in Scﬁeme 1 would apply to the reaction, and' the

~:y
N
N

relative rates &f transfer of the radicals with bromine and

with hydrogengbromide, and- the relative. rates of

~
e

abstraction of deuterium could be calculated from equations/:ﬁ
~f5% and 29'respectively."The results obpained assuming -

this mechanism are given‘in'Table 17,‘where theyAare
_compared with.the vépour phase resuits.

.

£

’ . If solvent effects on thése relative rates are
negligible, the liquid and vapour phase results should be
the same. ‘This is evidently.not the case. The relatlve

.

rates of Q{ansfer w1th bromine and w1th hydrogen brom;de

[y

were lower in solutlon than in the vapour phase (as had

been found w1th peiﬁsuterlocyclohexane), whlle the relatlve
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tates of abstraction were higher in solutlon than in the
_vapour phase. These results’ 1nd1cated that transfer with -
hydrogen tribrom1de\and cage effecte were not unimpottantf
“for tﬁe bromihation of an eﬁectronegatively substituted

alkane. - ..
. ) ,

/.

/

,/

A detailed mechanistic écheme for the photo-

S
bromination of perdeuterio—l—chlorobdtane is given ﬂn

Scheme 4. The relatlve rates of appearance of any/two
/

bromlnated products, e.g. R Br and RYBr can be ekpressed”
¢ /

as equation 57 (see Apbehdix 1). This equation was derived
A =n N N

a[R"Br}/dt , ,

— = : N

dIR'Br]/at F ~ .

. D , :

kik, (k_  [DBr]€ + Kq) (K_g[HBr] + k' [HBr ) + k (Br,]) .
; ,

kgky (k2 [DBr]€ + kq) (_y [HBE] + k! [HBr_ ] + ky 1B, 1)

aesuhing,steady state concentrationS‘of both "free" andg

v

caged radlcals and assumlng that the rate of dlffu51on,.kd,
was the same for the 1some}1c perdeuterio- l chlorobutyl g

radlcals., Equatlon 57 may be integrated under conditions -

where the concentrations of bromlne and hydrogen bromide do

~.’\

i

not change significantly. )

Y

The relative rates of transfer o6f the "freeﬁ’%

radicals may be evaluated by a .study of the relttive,rates

Y R
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of product formation (RiH'and RiBr) for each‘position of
(Jthe<starting material. The expression for the a-position
is‘%he same as that for perdeuteigocyclohexyl radicals -
.(equatlon 36); those for the 8- and y-radicals are given

’.

by equations 58 and 59. These expressions may be integrated

a(rfsri/at Uk, (IBr,1° - [HBr.)) o
. 37 (58)
a(r%H] /at k_y ((HBX)®. = [HBr 1) + k!, (HBr,]
d[R"Br]/dt- . ko (IBry]° - [HBr,])
e .3 (59)
Y [e] —_ | ' ‘
d{R 'H] /dt k_g ([HBr] (HBr.]) + k!g(HBr,]

>

when the concentrations of bromine, hydrogen bromide and

hydrogen tribromide do not change significantly.
&

T

Using the value of the equilibrium constant for

thecformatiOn of hydrogen tribromide at 23° obtained by

-~

nfr (section II.2.4), the value of [HBr ] could be
t

determined, and thence, by substltutlng into equatloﬁ_llx9 T

and the 1ntegrated forms of eguatlonq 58 and 59 the vapour
phase values of the relatlve rates of transfer with bromine

and with hydrogen bromlge, the ratio of transfer of the

C
different perdeuterlo 1- chlorobutyl radicals-with hydrogen

trlbromlde and with hydrogen bromlde could be calculated
The computed.values for these ratios of rate constants were

k-l/k 1 = 56.5 * 1.8 (a- radlcals) _3/k_3‘= 12.5 # 0.5

(B—radicals), kLS/k-S = 27.2 ¢+ 1.8 (y-radicals). The Value

oy

106.
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of this ratio for the y-radicals is the same as that for
© perdeuteriocyclohexyi radicals, within experimental error
,€§A“ (kli/k_i = 22 t‘?, secﬁion f1.2f3). This was not
ﬁ' ‘surprising since of all the isomeric perdeuteriochlorobutyl
: _ : :
Egn . radicals, the‘y—radica]s should be most similar to the

f perdeuteriocyclohexyl radicals.
Vs =3
2-.‘»:':, . i \\

‘By a combination of the integrated forms of, e.qg.

equations 36 and 57, expression 60 may be obtained (see

Appendix 1) that will allow an experimental evaluation of

0D C - ' Y Y
kP Br1® + k) k, (4RVH] + [RYBr])
o= 17, a’ _ 1 (60)

Yool B v k) kg (0R%H] + [R%H)

5 it
cage filtering,_ci. ' The cage effect.may be. determined
'from/;he'résults of the bromination of perdeuterio—l—chloro—
bﬁééne if one invokes the assumption proposed by'Mayo19
that there will be negligible solvent effects en'ﬁﬁe
relative rates of abstracéion and transfefrof_competing
free radical reactions of the same kinetic‘prder in inert
solvents. By combining the vapqgr;tiéﬁziéuid phase résults;
8

c® = 0.72 + 0.05, Co-= 0292 ¢ 0.07, C! = 1.00, C0 = 1.0 + 0.5.
Y i Y Y

— ’/7

/ /'/

- e
T o -

™~ ",~/"i The cége effects should follow the same trend as
that observed for the relative rates of tréﬁsfer with

bromine and with hydrogen bromide. /As the radical center
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involved was further removed from the electron withdrawing
chlorine substituent, the polar deactivation deceased. The
cage effect is a competition wit® diffusion between two
" radicals for deuterium bromide, and since from the above
reasoning k?l < k?B < k?s < kD_7, the %agg effect, C%, should
increasé from C” to C(S Thys‘trend‘if actualiy followed
Y Y
from q$ to C:f)however C$ was the same as Cl (i.O + 0.5
vs 1.0). The calculateduvalue for the ratio of the tranéfer-
rates of the 6-rédicais with bromine’and with hydrogen
bromide (; 0231) was the smallest one of the four isomeric
e
radicals (;ee Table'l4). This indicates that if the rate
of transfer of these'rad%;als‘with molecular bromine is nbt
much influenced”byjpolar\effects, fhe d~radicals shoﬁld
reverse with hydrogen brémide at the.fastest rate. It is
probable that C$ is largé§ than C:, but the data is not
accurate enough to’ reflect this. It must be noted that
perdeutqrio-4—bromojl—bhlorobutane waé not detected-in

these brominations either in Freon 113 or in the vapour

phase; the rate data for the §-position was therefore

“calculated from the amount of protium incorporated at
this position only.-
g
1 ”‘
The liquid phase phdtobromination of l-chloro-
butane was also studied, using conditions where, on the

L4
basis of the results from the relative rates of bromination

af cyclohexane and perdeuteriocyclohexane, there was no
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| )
external and internal reversal (111 M bromine) and no
external reversal (~0.6 M bromine, and ensuring
[B;Z]/[HBr] >> 1J, Table 18. ,The reactions wifé run to
low percent conyersion of l-chlorobutane; theiuQreacted

1

bromine was destroyed with aqueous sodium bisulphite, and"
N . /)\y

the products analyzed by glpc. Only l-bremo-, é=bfomq4;’
a?f/i:EEQQQ:J-chlorbbutégé were' detectedl and a‘contrél

_—reaction shpowed that these products were stable in the
absence ofnlight‘in 12 M bromine solution under the
reaction conditions.

Iy
\jThé relative rates of abstraction from l-chloro-

butane in liquid bromine were }ound to be . in remarkable
agreement ‘with the relative rates of abépréction-from
perdguterio—l—éhlorobutane in the vapour phase énd the
relative rates of abstraction from l-chlorobutane in the
vapour phase brominétion run to.lpw percentége reaction
(see Table 19).‘“ghis“coincidence was not surprisfgg: at
the very high concehtratioﬁ of brOminé uééd, the'bfomine‘
shouid scavenge ‘all ﬁhe radicals formed,;éaged Or»"fréef;
The agreement betwéén these results‘giVes'furthgr suppbrt

. ! A : )
~t0 the assumption that -any solvent effects on the relative

rates of abstraction are not important.

When™ the bromine concentrationVWas\lowef (Q.6 M),

where cage Scavenging shbuld not be important, and Where'."
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. . J . ‘
external reversal was négligiblé ([Br2]/[HBr] > 20), the
isomer distribution at lqw convergﬁon of l-chlorobutane was
different from that obtéined in liquid bfomiqe. This was‘
expectéd, since under these conditions,\cage filtering

distorts the relative concentrations of "free" radicals,
( s

relative to the concentrations formed on abstraction.
s

Under the conditions of the latter reactions;

\

i.e. when there was internal reversal but no external

reversal, the expression for the cage effect (the counter-
part of equation 60 for normal l-chlorobutane) becomes

equa%ion 61. Using the value for ki/kj obEained-from the

H c ) A :] ] o
(k_:[HBr]  + k) k.[R’Br] '
i . d _ 1 (61)

j - H c 1
(k_j[HBr] f kd) kj[R Br]

brominationslat high bromine concentrations, and the value
for iRiBf]/[RjBr] fromrthe réactions with 0.6 M bromine, the
cage effect waszévaiuated from equation 61 (Table 19). The
agreement Eetween the cage effect calculatéd for
‘perdeuterio-l-chilorobutane (by a combinatidn of vapour an§ 
liquid phase results) and for the natural protiated
substrate (using liéuid\phase'resulté only) supports the

Dvass'umptj,ons'made' and gives éﬁnfideﬁce-in the reliability of

p . “ .

the relative rates obtaineéd in .these bromination reactions.
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II.4 1-Bromobutane

A

\ L

The bromination of 1-bromoHutane has had an
eventful pistory and has been the subject of a large number
-of investigations. ‘The reaction gives unique-product

? -
distributions both in the liquid and in the vapour phase,
.though most studies have been concernegiwith thelsolution

- . 4

phase reaction, and have tended to neglect the results

obtained in the gas phase.

The reaction appears to have been first‘studied’
in 1956 by'Kharasch in his systematic studies of. the vapour

phase photobromlnatlon of 51mple bromo- and chloro—

alkanes.109 Four products were detected when the reaction

was run at 100° using a 2.8:1 mol ratio of l-bromobutane to

bromine: l,2edibromooutane~(30%), 1,3-dibromobutane (13%):'
an‘unidentified tribromide (30%) -and 1,2,3, 4-tetrabromobutane
(10%). The large yleld of polybromldes 1s surpr1s1ng, as
well. as the,ratlo ofs4l,2- to- 1,3jd1bromobutane (2.3:1),

» 51nceepolar effects should’ﬁirect attackwpreferentiaily to
the 3ioosition (cf. Table 1) _ These anomalies-Went mainly
unnotlced in the llterature |

3 In 1960 ’Teddef‘and Fredricks attempted to study

L

‘the reactlon “in the vapour phase using a flow system at 78° /
and l46°; the reactlon ‘'was reported to be strongly lnhlblééd

by some product of the reactlon.‘ A large_portlon

2



.of the hromine failed to react and the sides of the

-vessel became coated with a brown film. This was

3
i

attributed to the formation of olefinic material by loss.\\\

of bromine from the B-bromobutyl radical (reaction 62).13

n

//“\V//\\Br _— //“\<§9,+ Br - (

: \ (,.,‘ m /\HP |

A few years later, Thaler studi€d the liquid

ferd
N

phase'reactions.66 Thaler noted that solution phase

-

brominations of hromoalkanes gave abnormally large-

- . ‘

amounts of vicinal dibromide; thus, the reaction of a 5:1

" mol ratio of 1- bromobutane and bromlne at 60° with no

solvent gave <1,1- dlbromobutane (O 9%;_)‘r 1,2-dibromobutane

(84.6%) and 1, 3- dfbromobutane (14. 6%& This unexpected
S

result (cf. Table 1} ‘was found to be common with a large

number of bromlnatlons~of/bromoalkanes, and. Thaler proposed

P

_anchimeric assistance by/the bromine substituent in the

/ P
s

transition sta%e for abstraction of the B—hydrogen, giving
: ; ;

a bridged bromine intérmediate, which is trapped by bromine

to glve the v1c1na1/d1brom1de to explain the results Since

'bromlnatlon reactlons are usually endothermlc and have a

;/  high actlvatlon energy, the reactlons should be very

2
sen51t1ve to any process that lowers the éctlvatlon energy;

/
/

.the stablllty/glven to the transltlon state for the

: ,// “ g ;
abstraction of the gB-hydrogen and to -the intermediate by
delocalization of the unpaired electrén would increase the

S

.vv/’/ ‘ . C . "’/ /

116.

4



possible isomers.

117.

]
rate of attack at that position, thereby enhancing the

formation of the vicinal dibromide relative to the other

AN

3

The concept of anchimeric assistance in the

bromination of bromoalkanes was generally accepted in the

literature. Skell extended the ev1dence o1 thls -proposal:

this has been amply discussed elsewhere,79 81 and will not

be reviewed here. However, recently the concept has been

questioned.44'52'53r75r78,82785

‘anner et al. studied the'b:ominetioﬁ of l-bromo-

butane with moleculét bromine and reported that the

diStribution of products was a function of the percentage

)

reaction (Table 20). ’8 At low converSiOn, the'distribution

of dlbromldes wWas- 51mllar to that found ‘in the bromlnatlon
o R

and chlorlnatlon of other electronegatlvely substltuted S~
.0 Lo ) o
butanesA(cf; Table l); as the reactlon progresSed,,the
unt of: I,Zfaibromobutahedincreasea until at complete’

consumption of bromine, it ﬁade up 88% ofhéII”the«products.

"It was suggested that ths change 1n isomer dlstrlbutlon was

due to equ111brat10n of the 1n1t1ally formed radlcals w1th

‘hydrogen bromlde and:to elimination of bromlne atoms from

the B—bromobutyl radicals (See‘pages'3l—32)‘

4

¢ An attempt was made to minimize the effect of
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hydrogen bromide on the product d%stribufign by carrying
out the bromination of 1l-bromobutane with E—bpomo—v
succinimide. By utili}ing the préviogsly established
chain mechanism for bromination with NBS (reactions 63—65),
was anticipated that the hydrogen bromide concentration
could be kept low enough to severely limit thé reverse

N 78
reaction.

RH -+ Br- —» R- + HBr (63)
0 0 -~
NBr + HBr —» NH + Br, ’ (64)
. 0 ’ 0
R- + Br, —™ RBr ; Br- . (65)

This attempt was most successful when the
reaction was carried out in homogeneous acetonitrile

L

solution: at low conversion of the NBS, the product
distribution was'sigilaf tO'thaklobtained with molecular
brominé at low conversion'(Tabfe 20). However', the product
distributioh Qa; found to.ch%nge with peréentage réaction‘ig
the bromination:with NBS as well, and at complete regétioﬁ,  o
l,2-dibromobutane made’up 85% of the products;. This was
attributed to reversal with hydro§5ﬁ43romidé;w5eh the NBS

) a ' o .
concentratiopn was low. These results were strong evidence

against the possibility of anchimeric assistance in the
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brominations of bromoalkanes.

Independent support for these results came from
a reinvestigation of the vapour phase bromination of
]-bromobutane with molecular promine in a static system.
Tedder gg_gl.‘foundr in agreement with the above results,
a change in the product distribution as the reaction
progressed (Table 20). The ratio of 1,2—/1,3—dibromobutane
ohanged from 0.28 after 10 minutes reaotion time to 2.20
after 120 minutes. Addition of %ydrogen promide was found
to drastically change the productudlstrlbutlon, so that,
after lp minutes reaction time, the ratio of },2— to 1, 3-

dibromobutane was 7.7.

. The effect of hydrogen bromide on“€H€”E¥EHIHZEiom
.of electronegatively substituted alkanes (e.g.. , \
1- bromobutane) has been rationalized in the fol}owing
manner. During the initial stages of the reactlon,‘the
versal reaction would be unlmportant because of the low -
concentratlon of hydrogen bromide, and hence | the transfer
of the bromoalkyl radicals with molecular bromlhe would
eflect the kinetically determined dlStrlbutlon of isomeric
“rédicals | As the reaction proceeds, equilibration of the
radicals w1th hydrogen promide could occur. It was,

g;, reasoned that if polar effects determlned the k1net1c

distribution of radioal abstraction, then, by the same



token, the reverse reaction with hydrogén bromide should
be subject to the same polar effects (miéroscopic
reversibility). Therefore, the B-radicals are not only
formed more slowly but likewise revgrsé more slowly and
the l,2—dibromideAis formed since fhe non-polar bromine
molecule is not subject to these polar effecté.
Elimination from thé B~bromoalkyl radicals would further
enhance the formation of the vicinal dibromides
(pages 31i325.78

Recently, two com@unications have appeared
gquestioning the previously reported result that in the
bromination of l-bromobutane with molecu{ar bromine, at
less than 20% conversion, the ratio of 1,2- to 1,3-

111, 112

dibromobutane was less than wnity. Both groups

“

noted a chaﬁ@é in the product distribution with percentage
reaction, although the effecdt was nowhere near as great as
previously reporfed; 'in both communications, the ratio of

g
1,2- to 1,3-dibromobutane was greater than 1 at all stages

of the reaction. Likewise, it was reported from this

- laboratory that the previbus observation that this ratio

was less than unity . at low percentage reaction could not- be

repeated.,44

[

The results obtai#éd\in the NBS bromination of

l-bromobutane in acetonitrile have been confirmed in this

122,



-

laboratorylo3 and independently by Traynham et a1. 11t

Skell and Sheallz'113 however reported that the photo-
bromination of l-bromobutane With NBS in dich ﬁromethane
.with a tgéce of bromine gave a product distrJiution

that was different from that ébtained in the reaction
with NBS in acetonitrile, and similar to that obtéined

with molecular bromine as brominating agent.

The mechanism of NBS brominations of

/

toluehe816’39’4l and\ of alkenes115 has been shown to

proceed through a bromine atom chain. However, it was -
, .

possible that in the endothermic bromihations of alkanes
and substituted alkanes, the NBS bromination was going

) .

through a succinimidyl radicals chain(reactions 66-67),
S

as suggested recently by Trayn_-ham.-lll’l114 This pessi-

bility has been investigated in these laboratories.

The qompetitive photobromination of a number of alkanes

" and substituted alkanes with NBS in acetonitrile was .

: | N. + RE —= | NH + Re | (66) \
v ~ : e : g o ,
. . O - o . /”
. | 0 , o
NBr + Re = EiN. + RBr’ IR LY

0 o)
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"studied in detail. It was found thatvin these reactions;
the substitutedialkanee reacted at-a slower rate than

. the parent aikane (see Table 33. When the brominations
were run using other bromoamides (tetramethyl-N-bromo-
succiffimide, l-bromo—B,S,S—trimethylﬁydantoin and 1, 3-
dibromo-5,5-dimethylhydantoin) ‘in acetonitrile, the
‘felative rates of b;oﬁi ion revsimilar to those
obtained with‘NBS.. FurESZii;;:% when the photobromlna—s
thﬂS were run }h llquld bromine (TabLe 3), the relative
rates were very sim{igr to those obtained using NBS in.
-acetonitrile. The NBS rates in acetonitrile were also
found an'to change when these rates were run with some
initially added mbieeular bromine’(RlH:R H;NBS:Br2 =

2
1:1:8:0.4Y.44 These results were taken as strong

Il

,evidehee'that the alkylinic brominations‘bf NBS in
acetoij}rile proceeded through a bromiqg/atom chain.*
: 1/1 :
Anchlmerlc a551stance is a rate acceleratlfn
‘which is due to the part1c1patlon of a nelghbourlng atom

or group Wlth non-bonded electrons A fundamental

questlon ih pafklclpatlon by the bromlne substitutent 'in

* This interpretation has recently been questloned by
Traynham and Lee.ll4 rhese authors pointed out that theé.
relative rates that were most/ precisely reported showed a
“three-fold range for the brozénatlng agents used, which
was outside the reported unc rtainty of the data. They
- claym that the data actually suggest rather strongly that
different hydrogen abstracting radlcals were involved in
these reactions. . -

-

N
A
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the abstraﬁtion of the,B-hydrogens by bromine atoms is
therefore the kinetic consequences. A detailed study

of the gas phase photobromination of l-bromobutane

was therefore Qndertaken:' Tedder's rgsults had indicated
that the bromination of l-bromobutane in a static system
in the gas phase gave the same product_distributions

as the disputed liquid phase reaction (cf. Table 20).

It was therefore expected Fhat an understénding of this
vapour phasefbrominatién would lead to an éxplanation

of the conflicting liquid phagse results.

In a preliminary reinvestigation of the vapoun

phase bromination of l-bromobutane undé; "normal" bromina-
tion conditions (BuBr:Br2 = 5:1),° Tanner and Aghartlo3
detected five products at complete consumption of brominei/

1,1-, 1,2- and 1,3-dibromobutane, l,2ﬁ2—.and 1,2,3-tri- //
S ‘ . y
bromobutane in a ratio of 0.14:2.36:1.00:0.21:3.43; howf

ever, no material balance could be obtained for the bYomine

consumed,ﬂimplying that other bromination products were

present. ' - ' 5

vl,2,3—Tribr§mobutane could have been/formed /
" from bfoﬁination'of éithefyl,Z— or l,;édibromobutane

(or of boﬁh): this was unlikely howévggi gince ﬁhén'the
dibromide;fhave fo react with bromine muéh fagter than |

J-bromobutane. . Also, if this were the case, one would

~l . \

- expect comparable amounts of tribromide in the liquid //

125,
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phaée reaction, unless the raées>of bromination were
s?rOngly phasa dependent. A study of the~products of
the photobromlnatlon of these dlbromldes in solution and

/1n the gas phase showed that though both compounds gave

J
/

/ 1,2,3—tribromohutane, it was a minor prodUct (<6%) in.
both brofn-ihationslo3 (see Appendix 4). |
; ,
A possible mechanism for the formatiqQn of
1,2,3- trlbromobutaneﬁln the vapour phase bromination of
Lfbromobutane is ‘given in Scheme 5. 1In this,scheme,
. the B-bromobutyl radicals are either traﬁped by hromihe A
- or hydrogen bromide or eiiminate hromine atoms to:give
Alnbp£ene. The alkene may then edd’bromine to.form'l,23
dihfomohutane or be allylically brominated to give a ’
mixture of 1-bromo-2-butene and 3-bromo-l-butene, which,
., on addition of bromine, would'g;ye l,2,3—tribromobu£ahe,
lf The allylic bromides may also be‘ally110311Yebr0minat9dA ] //
| and then_addtbrbmine to give tetrabromiae.‘.i,2,3,4- ; /A
Tetrabfomobutane was detected by Kharash et al. in the /-
vagourﬁphase photobromination of l—bromobhtane,109 and, '//
since fhe complétlon of thls work, 1n these laboratorleS/
The 1dent%f1catlon of the tetrabrom;de and, its 1nclu519h

as a meaction produpt constituted a material balance/for

the reactants used and the products_forméd_(see Aph7édix

4). s _ , “ - o /’
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Scheme 5 }
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" There ie.ample precedent fo£ eliminatjon from
B—bromoalkyl radicals (see section I.2.4). Als ; ie is
well known that allyllc bromides are formed in /high ylelds
in the bromlnatlon of alkenes when the bromlne concentra-
tion 1is kept low- this is<Qther all, the reason for
allylic bromlnatlon by N bromOSucc1n1m1de,/where the {3
NBS serves as a source of a low, steady sﬁate concentra-

/ ;
tion of‘bromlne.\116 Molecular bromine ;tself w1ll

brominate‘alkenes allylically; e.g. Sixma‘and Rienl,ll7

and McGrath and Tedder,118 independently showed that
in the liquid phase photobromination of cycloﬁeXene,

" 3~bromocyclohexene was formed in 84% yield when the

/
,

 bromine was introduced into the solution slowly in a

stream of nitrogen.

To determine the importance of elimination in
the vapour phase brominatioﬁ of l-bromobutane, the
feaction.with,bromine‘highly enriched in bromine-81 was

‘studied. The vapour phase_reactions of l-butene with

bremine and of l—bromb—Z—butepeAand 3—bromoﬁl—buteﬁe‘with,l

bromine were. also studied to establish if the ‘mechanism

N

proposed in Scheme 5 was reasonable. e
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II.4.1 Vvapour Phase Brominationgof 1-Bromobutane with
“ ) L : T
Bromine Enriched in Bromine-81 \ ' ’

¥

Two breakseals containing l-bromobutane (2.25 x
1072 nol) and bromine (96.04% Br-8l, 3.963 Br-79, 3.75 x
10—4 mol) respectively were attached to a 5 1 reactlon

vessel and this was degassed The two reactants weare
introduced into the reaction.bulb and‘photolyzed till
-all the bromine colour was discharged.- The contents of
the bulb weie isolated and the uhreacted l*bromobutane,
1,2- dlbromobutane, 1,3- dlbromobuféne and 1,2, 3- trl-
bromobutane were Collected by preparative glpc and |
analyzed by mass spectroscopy (Table 21) The parent
peaks were scanned at least flve times at 70 and 15 ev. . . /’
The ratig-of the parent peaks was 1nsehs1t1ve to rhe
ionlzaticn voltage‘
l 2,3~ Trlbromobutane dld not give a parent- -

‘peak under any condltlons _ The‘peak with the hlghestf/
m/e value was the P- Br peak | An attempt Qas made'EG/
obtaln .a parent peak u51ng chemlcal ionization wrtH“
.ammonla or methane. Thls was also unsuccessful/and no
results on thlS 1mportant trlbromlde were obtalued from‘
"this reaction. o - S - s

\ . ‘ ) /

y
S } . 1

- 1-Bromobutane was found t6 have the same
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"isotopic ratio of bromine as before reaction (i.e.
Br-79:Br?81 = 0;507:0;493){Athis showed that if elimina-
tlon to 1- -butene were Laklnd place, readdition of
hydrogen bromlde to the alkene was not detecdtable. This
result.is not suprising, however, in lieu of the large
.amount of l,2,3,4-tetrahromide that is formed, since
only 10% of the starting bromide was converted.to
hromination product and any change that did take place
would be hiéhly attenuated by the unreected starting
materlal. grom the relative peak inteﬁSities of the
parent peake of the dibromides, the average
Br-79:Br-81 ratio for the two molecules could be. : \
determined (see Appendix 3), as well as the 1sotop1c
ratio of each bromine atom in these dibromides (see d
Table 21). -Due to the smallf51ze of the first peak
m/e 214, the errors in these calculated values were

qulte large. " ‘

o

5 ~For a direct suhetltutlon mechanlsm the
dlbromldes should both contaln 27.3% Br-79 and 72.7%
Br-81, while the mass spectral peak 1nten31t1es should
4 be'in a ratlo of.l:25:24 (see section 1.2.4). The
-dlfference between the 1sotop1c content and the mas7 -

'spectral peak 1nten51t1es of the dlbromldes from that . - -

of dlrect SUbStltutlon showed that the two dlbromldes
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- X3 ‘
were not formed, at least’'in part, by the same

mechanism.

formation of 1,3-dibromobutane, since

 ér was two atoms removed from the

; N .

F N aqima . . e

Ptuent, nolelimination was possible. ~There-

s dibromide contained more Br-79 than”

by direct substitution from the original

f=- 1 o

, the bromine pool leading to this substitu-
fauct must have been enriched in this isotope

during ’ie reaction. This is most readily explained

.- ) . ‘. . ."\’ »
ess involving the elimination of bromine atoms

lg-bromobutyl radicals formed by abstraction
of the E:hydrogens of l-bromobutane. The.eliminated

bromine (Br-79:Br-81 = 0.506:0.494) mixed

k. the bromine poong_74 to increase its

rapidlylg

-~ Br-79 Q;_“ént 1,3-Dibromobutane, férmed by transfer

of the y-radical with the bromlne pool, would then

'contaln the original bromlne atom (Br-79:Br-81 =
0.506:0.496) and a second bromine atom.richer in Br—79
than that predicted by direct substltutlon with the

original bromine pool. The 1sotop1c ratlo of the two

bromine atoms in this dlbromlde substantigggg#ih;5~—r’~”"””“fﬁad
;canplusionv(seefTéBie'21) One atom (Br-79:Br-81 = :
R . - /,//
7

0.49:0.51 + 0.02) was within experimental error of the
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original bromine atom in l-bromobutane. The second
‘bromihe atom, i.e.~the one at the 3-position, must

have come from the "average" bromine pool. The

/

Br-79:Br-81 ratio-of ngiz?ragevbromine pool must

AT N
b1 ;

therefore have been the saﬁe as this‘é?om, viz. 0.15: |

0.85 + 0.02

LS

1,2-Dibromobutane could have conceivably been’

formed by three distinguishable rbcesseS: by direct
" TR e .
1 %Yadicals, by addition -

subsgitution from the g-bromobuty
of bfomine to l—buteﬁe, or by a combination of both
these paths.* In the first case, it would be expected
to have the same isotopic composition as l,3—dibromo-‘
butane, which hadvto pe formed by direct éubstitutioni
Tﬁ}s is clearly Hot tﬁe case. - In the second instance,
addition of b;qmine to i—butené would introduc¢e identical
bromine atoms into the th bositions of this product.
JThis'éannot~have‘beeh goiné‘on exclpsively, since the“

two bromine atoms wefe diffe£ent. i,?ADibromobuténe

’mus\_t have thé.r'efo're ‘be.én ,forrhed-‘by bottih"pathways.‘ The 3“
brdmine-atoﬁ ip the 2;p9§ition ;ﬁ&ﬁhi; produc£ mugt have o

' . ) A

* A fourth process is also poséible: tﬁisﬂwould involve

" addition of hydrogen bromide to l-butene tg give l-bromo-
biutane (not containing the original bromine atom) which

would then be brominated to give 1,2-dibromobutane. This -
path cannot be important since the recovered l-bromobutane
“after reaction was not detectably enriched in bromine-81;
 “furthermore, bromination- of l-butene in the vapour phase with
with added hydrogen bromide gaver only traces of l-bromo- -
butane (see section II.4.3). - o



i

come from the bromine pool, immaterial of the mechanism
of formation of this compound. * This bromine atom
should therefore have the same 1sotopic ratio as the
bromine atom in the 3—position of 1,3-dibromobutane, if
the rwo-dibromides were "formed at a constant rate
relative to each other. This jatom must be the one hav1ng
the Br-79:Br-81 ratlo of 0:11:0.89 * 0.03 (see Table 21).
~'Although the 1sotopic composition of this atém was within
experlmental error of the second bromine atom in l 3-
_dlbromdbutane the small dlfference may imply that |
‘addition to l-butené takes place to larger extents ‘at .the
early stages of the reactlon, when the bromine pool was

a

not substantlally diluted with bromine-79.

.These results were consistent with ellmlna—
_tloh of bromlne atoms from the 8 bromobutyl radlcals to
give l-butene, and at least part,of the élkene added
bromine to give l,2—dibromobutane{containing,hromine
~enriched in Br-81 in both the l— and 2-positions of the
molecule. The average fractlon of l 2- dlbromobutane
that was formed from 1- butene could be calculated 1f

i

it was assumed that the'rate of_formati%p of this

YUOE

*  An exceptlon to thlS wou&gﬂpe al, 2~m1g§§tlon ofﬁbromlne,
t

since" this would introduce original bromine ~atom of 1-
bromobutane into the 2- -position. Such a migrataen is not

expected to be lmportant, as it 1nvolves the foMpation of a

Primary radical from a secondary one. This process how-

ever, if it does occur does not change the 1sotop1c content

of the 1,2- dlbromobutane formed.
o .

134.
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dibroﬁide was constant relative to the rate of forma-
‘tion of 1,3-dibromobutane. This fraction was found to be
1 .
0.59 (see Appendix 3), sKowing that on average, more than

half of the vicinal dibromide was formed by addition of bro-

mine to l-butene. This fraction 1is largerfthan the corres-
pohding fraction in solution ét 40° (section I.2.4).

This is reasonable, since elimination in the vapour phase
should occur to larger exténts than in solution, since

“the lower concentrations that are normally used in the

gas phase reactions make the lifetime of the radicals- ~
longer. Elimination of bromine atoms from the B~bromo ¥

-

butyl radicals is a unimolecular reaction, while transfer

reactions are necessarily bimolecular: the extent of
reaction 62 should therefore depend strongly on the

concentration of the transfer agents.

1I.4.2 Bromination of l-Bromobutane in the Vapour Phase

[
¥

The.bromination of l—bfomqbutane'with bromine
under "normal" bromination conditions was studied at
different percentage reaction to detefﬁiné if the product

' . ) ] .

| oo , . o
distribution /varied with the extent of the reaction.

The reactiopé_were‘run”in a b l_réaction'buyb, and after
”photblysis) the contents of the bglb wére’colq;cted,van
'  internal‘standard';dded; and‘theb;esiduil bromi"ne(>
cbnégntfatioﬁ determined by iodometric titratfén.' fhe

organic  compounds were extracted in dicﬁléromethane, and

4 .
: P . ’
- ~ “ ’
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analyzed by-glpc. Five products were detected (Table 22),
1,1-, 1,2- and 1,3-dibromobutane, 1,2,2- and 1,2,3-tribromo-
butane. No tetrabromide was detcctéd.in these reac£i0ns:
1,2,3;4—te£rabromobutane is a solid and is insoluble’in
dichloromethane and Freon 113. It was- also not eluted
.from the glpc columns that Qere used to analygs the products
of these bromination reactions. Recently (see Appendix-4)'
it has been shown that the tetfabromide is formed in these
reactions at ambient temperéturgéj It is_probable that it
was not detected in. the reactions listed in Table 22. "The
results in this table afe‘therefore listed as‘thé'percent—
age of the products detected. Control experiments showed

that recovery from the reaction vessel of all these products

was always »>97%. ‘ -

At low conversioh of the brOmine, the major

'product detected was l,2—dibromobutane;:as the reaction
proéressed, however, the amount of this produét’décreaséd
steadily, while the ahount oftl,2,3-tribromobutane_(and
presumably.l,2,3,4-tetrabrpﬁide) increased. Thesearesults
. Were consistent with the proposal that l;2—dibromobutane
and iﬁZ,B;tribromobutane (and l,2,3,4—tet§§ mide) were
,%ormed from the same intermediéte,.which Was tr oped as
&iﬁromide to a large«extent‘When the Bromine & centration
was h}gh, and which gave inlfeasing amoﬁhts'of polybromide

5 -

as the bromine was consumed. ‘ o

A
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/’J
Table 22
Photobromination of l1-Bromobutane (2.6 x 10_4_M) with

Molecular Bromine (5.0 x 10 ° M) to Different Percent

Conversion in the Vapour Phase at 23°

% r————Products,a‘relative ratios ’ Ny
k1 1,2 - 1,3 1,2,2 1,2,3

Conversion 2,

s 1.2  sg. 15.1 0.0  25.6
12, 2.4 52.6  15.4 0.0  29.7
&0 2.1 47.3  17.4 1.2 32.0
100 2.0 32,7 14.2 - 2.9 18.3

aReported as percentage of the sum of the products. that

were detected. ‘ v ” -



"

Ai.;/ ’/

It appeared likely that if thé initial btomine
concentration were high enough, and thie coheentratiqn
did not change significantly during yﬁe reactibn,vmosth
of the intermediate would be ‘trapped as dibromide.
ﬁhen l-bromobutane (8.20 x'iO—5 M) was alloeed to react
with molecular bromine (1.46'; 10_4 M)'ih-the vapour
phase to 6% conversion of 1fbromobutane, 1,2, 3itribroﬁo—

butane made up only 3% of the total products‘(Table éB

/

/

reaction 1), and the ma]or prz?ﬁct waﬁ 1,2- dlbromobutane

Increasing the bromine caﬁcen ratlon further did nét’

significantly change the amount of l,2,3rtrlbr0mobhtanefef

; ’/ J
// , , . / i

formed (Table 23, reaction 2)/.

Thus the presenfe of large aﬁounts‘éf ‘f,ff
' "/ I3

transfer reagent elimin ed most of . the trlbromlde

(

bromlnatlon at the hlgh bromlne concentratﬁéns uséd

’ . /, .
The former is moye_probabley/elnce‘bromination £ 1-.- .

,In,any cgase, the formatlon of 1, 2 3— rlbro obutane in
the gas phase under normal” broml ation condltlons 1s
due to the Iow concentratlons that are normally used '

~in the gas phase reactlons

138,

/



139.

Table 23

Photobromination of l-Bromobutane Under‘Special

Conditionsa

: : — A R .

Rg/&ction : $ ~ Products, % ——

) 7/ ° o : b // ; ) ’
# [C,H. Br] [Br Conversion, ;,l 1,2 1,3 1,2,3 '

|/ 49 T,
' L, e,d . ' ' y
1 0.82 1.46 6 2.1 79.1 16.00 2.9
ofd gl4s 471 14/ 1.7 79.6 17.0 0 1.7
39.9 314 0 11.5 Y6 1.7-81.9 13.1 3.3
4h 2.78 0.66 00 " 0.4 34.4 23.2 42,0
4

aConcentrations M, x 10
b. . /o ‘ '
-"Percent, conversion baeedeon l-bromobutane, except for
reaction'4,'where'it is based on bromine.

Products were 1denu/f1ed by collectlon and comparlng

‘thelr nmr and mass/spectra with those of the authentlc
¥

/
materlals. ﬂ =

d he lfﬁ 3, 4- tetrabromobutane is omitted from the materlal ,

Abalance and p{esumably it is formed in amounts approx1mately
/
equal to th t of 1,2,3- trlbromobutane (see Appendix 4).

Gas phase{ 12 1 reactlon bulb 22°;;

o Y
fGas ph?se, 5.1 reactlon bulb, 24°.

L3

.gGas pﬁase, 12 l°reactlon bulb 23?', This reaction~was
/
4.82/x 1073 M in hydrogen bromide.

hF;;/eon-ll3, 31, 26° thls reactlon glves a 97 7% materlal

balance based |on bromlne.‘“

/ . ’ . .
/ . .
,’ . .
: .y - : J
/ . ' o
! .
* i . t -
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aN

On the basis of thisgargument, the gas phase
distribution of.products should be obtained in solution
if low enough concentrations of moleculaﬁ’bromlne were
used A Freon 113 bromlnatlon was run (Table 23, |
reaction 4) using the saﬁe concentrations as in the

vapour phase reactionS/(cf. Table 22). The solution was

photolyzed till all the bromine colour was discharged

a known amount of twb internal standards was added and
the solution was‘wéshed with aqueous sodium blsulphlte
solution and drled. It was carefully concentrated by

distillation on a splnnlng band column and then analyzed
by glpc. / /

/ ,

A C

/ ! : /

/o L

/The ratio of the two internal standards (chloro- .
/ . .

/ . . .

/o ! . : -
benzene and o-dichlorobenzene) was the same before and

/ . : ’ TR

after the distillation, showing that no los% of the

lower boiling products took place during the‘distillation.
ppnly/four products were detect dl and their relative
yiefds’were very similar:to ose obtained in the vapour
phase reaction under‘ normai" bromlnatlon condltlons-' In

contrast to the usual llq ka phase bromlnatlons, the

' major product was l 2 3- rlbromobutane (42%), as expected

from the reactlon of b mine with l—butene under these

'condltlons, i.e. ally ic bromlnatlon rather than addltlon._
In the solutlon pha e reactlon no allyllc bromlnatlon of

the bromobutenes skems to have taken place 51nce a materlal

\
7
/

;e
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balance was obtained (i.e., no l,2,3,4—tetrabromobutane was

formed) :

3

In'view of these results, Tedder's recent

report on the reaction of 1~bromobutane with bromine‘ Al

in a static system in the gas phase is surpr121ng ‘In

his orlglnal study, using a flow system, no 1, 2/d1bromo—

butane was detected, and a brown film, probably due to '/
polybronides, formed on the sufface of the reaction //
vessel.l3 In his reinvestigation_of the reaction in a | /
static system.(see‘Table 20); no polybromides were. A‘//

reportedLgZ- In this case, after photolysis, the reacti7h

mixture was passed thgough a "Carbosorb" (soda lime) ,
/
column to separate the unreacted bromlne and hydroge

bromide from the organlc materials. The ratio of 1V, 2-

“tofl,B—dibromobutane that was reported at high coﬁf‘
o )
version of bromine (2.2, 100°) is the same as that

109

reported by Kharasch et al. (2.2, 100°) ~and that

found in this study (2,3, 23°, cf. Table 22--,/last

reaction) . at complete conversion of the broﬁine;j It

| N / |
is possiple:that the polybromides that weﬁe‘formed in

. Tedder"s reaction were trapped in the Caébosorh column

[y

and therefore could not be detected in/ the subsequent

-/

glpc analyses .Q o o /
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anism proposed in Scheme 5 for the formatlon of 1,2,3-tri-
bromobutane and 1,2, 3,4- tetrabromobutane in the .gas phase,
In solution, in the presence of a high concentratiOn_Of

bromine the l-butene that is formed by elimination of bro-

Cgfm}ne atoms from the B-bromobutyl radﬁcals adds bromine

]

(ionically and/or free radically) to give 1,2-dibromo-
butane.exclusively: When the'concentration cf bromine

is low, either in the gas phase or ih solution, the
butene is brominated allyiically and the allylic bromides

add bromine to give l,2,3,4-tetrabromobutane‘and/or 1,2,3-

_tribromobutane On the ba51s of the bromlnatlon Wlth Br 81

in the vapour phase, however, part of the butene adds bro-

1

mlne, even in the gas phase. e

I1.4.3° Bromination of 1-Butene in the Vapour Phase
5 - :

A study of the vapour phase photobrohination_

of l-butehe was undertaken to obtain--more evidence

for the mechanlsm proposed in Scheme 5 (page 127)

“From the proposed mechanlsm,,the rate of formatlon

of substltutlon products relatlve to the rate of '_ .

formatlon of addltlon Product from l-butene is glven
L

‘by equatlon 68, where k =k +'k (Scheme 5).

t] - Tty .

-d(substitution)/dt  k,[A-] el .
- . — = i ‘ ) (i 8) .
d(Addition)/dt k4 [R*] : _ :

iy



>

Assumlng a steady state concentration of 2-bromobutyl (R-)
and allylic (2-) radicals,; this expression may be re-

written to eliminate thesc species (equation 69), where

. o »
d(SubS'tltutlon)/dﬁf:. kokg(k_ + X, [Br,]) 69)
d(Addi?ion)/dE k4ka(k_s[HBr] +.kt[Br2]) |

.+ k_, . The rate of substitution felative
2 i .
-of addition is therefore indepaogdent of the

alkgne concentration, but dependent on the bromine and

hyfirogen bromide concentrations.

The brémination of~lfbut¢ne‘with molecular.
bromine was rﬁn in tﬁg vapouf phésevunder different
éonditions (Table 24). Only fguf products’wefe'detected
when the reaction was run with an exéeés of l-butene:
I:bromobutdne, 1—bromo~2—butene, 3—bfomo—l—butene énd
1,2-dibromébutane.' The products were identified by
comparing their glpc rétentign timcstith ﬁhoseiof
Aauthéntic matcrials.  They.were also cpllocted by pre-

parative glpc and the mass and nmr spectra were

 identical With'those of the authentic compounds (see
Ve =y

/
/s

~

f éection IiI.lZ). Only a tgace of l-bromobutane was
detected infh;l,the reactions (<0.4%); it is not included

amony the productsain5Table 24.'

2-Butene, was nevér_detected in-thgse reactions.

143,
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" In order to optimize the conditions for its formation,

l-butene was brominated iﬁ the presence-of equimolar
amounts of bromine and hydrogen bromide (reaction 11,
Table 24). No 2-butene was formed in this reaction
either..2—Butenq should be the major product from
reaction of th; allYlic radical with hydrogen bromide,
and the large excess of l-butene in Fhis reaction should

ensure that any 2-butene that is,formed would not be

completely brominated. The absence of this isomer in

these reactions indicates that reversal with hydrogen

bromide does not compete effectively with transfer

-
v

with bromine, and therefore equation 69 may be simplified
to equation 70, which predicts that rate of allylic

; )
substitution relative to thé rate of addition to l-butene

should increase as the bromine concentration is decreased.

¢

d(Substitution)/dt k k
o i . = _S(l + -a

—————————— ) - (70)
d(Addltlon)/dt ka k4[Br2]

A large yield of the two allylic bromides was

alwaYs formed in .the vapour phase photobromination of
l-butene, together witHlvariable amounts of 1,2-dibromo-
butane. The yield of the addition product was found td

depend on the conceptration of molecular bromine (cf.,

- e.g., reactions 1 énd 2, Table 24), as éxpected, on the

time the two reactants were left to eQuilibrate.in the



\

absence of light pfior to the photolysis- (cf. reactions

1, 5 and 6, Table'24),-apd on the size of the reactiod;

[N

bulb (cf. reactions 4, 8 and 9, Table 24). The last two

observations indi d _that the dibromide was probably
formed at least in part by an iontc additian of bromine

‘to l-butene on the surface of the reaction vessel. When

very low concentrations of bromine were used in a 22_1
reaction.bulb, 1—butené gave up tq 97.5% yield of the
two éllylic bromides,vand the amount of l,é—dibromo—
butane'did‘notYipcrease significantly‘by inpreasing the
equilibratién time (cf; reactions 8 and 9, Table 24).
The large yield of allylic bromides is.prbbably due to

\

the reversibility of the addition reaction, i.e..k_a in

equation 70.

1,2,3-Tribromobutane was not detected in the ‘-

brominations of l-butene with a deficiency of molecular

i

bromine: the alkene was therefore brominated allylically

<

- much faster than the allylic bromides added\B}omine to

.

give tribromide. Since in the bromination of 1-bromo-

butane allylic bromideé_were not detected, the allylic #

bromides must have added bromine faster than l-bromo-

butane brominated. - To -substantiate this proposal, a
. BN N

mixture of l;bromo—Z—butene and 3—bromo—l*bﬁ§ene (6.7 x
; ,

1077 M) and l-bromobutane (6.2 x 107> M) was allowed to

5

react with promine (5.70 x 10 ° M) in the vapour phase.

A}
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dhirec proaucts werc cotected by oglpe, 1,25 and 1, 3=

dibromobut ane and ](2,j~tribr0mebﬁtane.~ Assumino Ythat the
dibrom%des were formed from the b;ominat@on.of l—bremo—
bulane, the rclative rate of brominatiosn of the allylic
bromides to that of l-bromobutane was calculeted to be 53
(sec section 1I11.13). Since tetrabremide was undoubtedly
formed iﬁﬂthis reaction, and was not detected in the analy-
sis, this rclative rate must be taken as a minimum. (Sihee

the'completion of this work the 17233,4—tetrabromobutane has

beeh detected in this reaction).

g :
t f Since the major products (polybrominated butanes)

in the COWDCLIthO bromination must have been formed from the

allyllc bromides, this experiment showed that the allylic
bromides did in fact give 1,2,3rtrlbromobutane and 1,2,3,4-
tetrabromobutane on reaction with bromine in the vapour

phase at ambleﬂt iemperature. In a scparate experiment

to test thds, the bromlnatlon of l-butene (3.60 x 1016 M)

K

with excess bromine (é:6 % 10_5 M) in the vapdur phase
was studied. The mixture was p%otolyzeo for flve
seconds,rand then ‘a large excess of Egluene (5. 3 X lO M)
was introduccd +and the system 1rrad1ated tlll all the-
promine-had reacted. The products were cé}lected and
analyzed by glpc. Only thrce,products were detected,

benzy] bromide (95.8% based on bromlne\ l,2-dibromo—

putanc (0.4%) and 1,2, 3- trlbromobutano (3.5%). This



.

N

result cave tuarthor proof that 1,2,3-tribromobutane was

formed from l-butene in the bromination of l-bromobutane.

1;2,3,4—Tetrabromobutane was not obsecrved in
these’ blomlnatlons Or £hose of l—bfénobutane (section
/
11.4.2). It may have beCh‘{?rmed and not detected. The

wQrk-up of‘thc reaction m;XfﬁreS 1ncluded drying over

\

mégnesiﬁm sulphate'of the addition of solid sodium hydfogeni
carbonate to the frozeﬁ mixture; Since this tetrabromide

is -a solid, it.might have beeh lbét in these steps. Its
forﬁapion in these reactiopsﬁ however, should‘nét cffect
aﬂy.of the argumenté presehted here; it would only indicate

that- thQ allylic bromides may “be bromlnatlng ‘allylically as

well as addlng bromlne to glVe 1,2,3~-tribromobutane.
— v

< )

I1.4.4 Kinectic Study of theLBromi%ation of Perdeutcrio-

1 . /
l-bromobutanec i1n the Vapour:Phase

The reaction of the g-bromobutyl:radicals

other than transfer with bromine and with hydrogen

—~

bromide in the vapour phase leads partly to 1,2,3-
tribromobutane through the formation of»lQbutene. The

extent of this reaction may therefore be monitored by

r
’

the' amount of 1,2,3-tribromobutane produced in the
brominatian ‘of l-bromobutane in the vapour phase. Since
when thisgreaction was carried cut in the' presence of

excese molecular bromine and excess hydrogen bromide in



NP2 —_——
P

: A = - : : '
the vapour rvhase, <4w of this tribromide was formed
(see reaction 3, Tabhle 23), it was anticipated thot- the
the bromination of DPFQ(UL(YIO I-bromophutane under
these conditions would be only mlnlmally corplicated
& ‘

by elimination from the peruautcrio—@—bromobutyl

. . . l ' ; —
radicals. The relative rates of abstraction from

perdeuterio-1- blomobutdng by broumine atoms and the

‘. D

relative rates of trdnsfer of the 1somerii perdeuterlo-
bxomobutyl radicals with bromine and with hydrogen

‘bromide could be determined using the same method as

was used for pcrdcuterio—l—chlorobutane'(section I1.3.1).

\
& - T/
Under thesc conditions (excess bromine and

excess hydrogen bromide, 12 or 22 1 reaction vessels,

see Table 25), six products were detected other than

unreacted starting material when the recovered reaction

[

mixture was dnélyzed by glpc: 1;1-, l,2fh5nd 1,3-
dibromobutane—dB, 1,2,2-} 1,3,3- and 1,2,3-tribromo-

butane—d7. These products were identified by com-

parison of their glpc retention times with those of fhei

authentic, non-deuterated materials on two columns,

They were éollécted by preparative glpc and their mass

épectra were found to be identical with those of the
protlatod compounds when they were corrected for the

A . . N
pPresence of deuterium instecad of protium, L

Tho yleld of 1 2,3~ trlbromobdfane d7‘was

1

AR
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.
Table 25 ‘ . ,
/Photobromination ofPerdeutefdo;;*Bromobu%éggﬁ\<\
wlth E%cess Bromine and ExcesébHydIOgen
Bromide in the Vaéourpphase'“

r——;—f Conce;;rat;on M;bx lOi;—j;:\
Eeéctantsc _ =
[RD(H)]° 23.36 44.58 16.40 15.56
[Br,]° 83.83 144.13 83.35 83.89
[HBr]® - 364.8 596.0 865.5 842. 6
[R¥H]® 1.51 2.88 lj06 1.01
RPH]e 0.26  0.50 0.18 . 0.18
[RYH]}® 0.48 0.92 0.34 0.32
(ROH]e '1.88 3.59 1.32, 1.25
Pfoducts
[RD (H) ] 16.03 38,32 14.76 11.33
[R%H] 1.54 2.92 1.07 1.03
[RPH] 0.72 0.96 0.28 0.66
[RYH) 1.01 1.58 0.42 0.70
R3] 1.91 361 . 1.33 1.26
[R®Br] .1 0.15 0.02 _T0.05
(R®Br] 5.25 5.98 . 0.50 2.33
[RVBr] 0.78 &  0.97 0.05 0.24
(R%Br)9 0.00. 0.00 0.00 0.00
1,2, 34Tribromide® 0.14 0.09 0.00 0.06
Other 0.14 0.15 0.00 5?9@\\

n continued _ :



7
f

Table 25 J{cont'd.)

bRun in 22 1 reaction vessel.

1@ 2° 3b 4b Average
— Relative Rate
Constantsg
h ] _

} kBrz/kHBr 26.2 26.6 29.6 30.2 28.2:1.8
ky/k 16.4 15.5  17.0  25.1  18.5:3.3
ky/%_3 © 52.3  55.9  51.9  51.1  52.8:1.6
ke/k_g 6.40  6.08 6.49 6.34  6.33:0.14

ok /K 0.11  0.12 0.20 . 0.11 0.13:0.03
ky/Ke 4.57 4.10 4.62 4.71 4.50:0.20
ko/kg 0.01 0.01 0.05 0.01 0.02:0.01
Temperature 24° 26° .24° 25° -
Arun in 12 1 reaction vessel.
o ¥

C[RD(H) ) refers to the concentration of perdeuterio-1l-

 bromobutane, and [RlHJ is the average concentration of

protium at poéition 1.
) o e
dNot detected by glpc.

€1,2,3-Tribromobutane.

152.

fl,2,25Tribromobﬁtaq§ (~95¢%) and l 3, 3-tribromobutane (~5%)°

9see Scheme 1. Calculated u51ng equatlons 23 or 29»

h
Relative rate oﬁ,transfer of perdeuterlobromobutyl radlcals

with bromine and with hydrogen brom;de.



from a compériéon of the H

Alwove lesse than 20 of all the bromiuation profacts.
Therefore only about 2-4% (corrected tor undcetocted 1,23, 4-
G
- tetrabromobutane) elimination was taking place, since only

negligible amounts of *1,2,3-tripromobutane come from the

bromination of other produc@s\(see Appendix 4).. Only traces -

o

. of 1,3,3-tribromobutane-d., were detected; this compound is’

7

the major brominationvproduct of l;3—dibromobutane-d8 (sece
%pbendix ﬁ). The material balance in these brominations,
based on pgrdouterio—l-bromobutane, was always greater'than
91%. Control experiments on the récoyery/and isolation

\ .
procedures, using mixtures of l—bromobd£ane, 1,2-, 1,3j and'
l,4-dibromobutanec, 1,2-3-tribromobutanc, molecular brohine
.andﬂhydrogcn'brqmide (see scction IILﬁé), showed tha£ the
yield Qf the recovered dibromides was greater thangéé%; and -
that gf the tribromide was greater.than 97%.

The unbfominatcd pcrdeuterio—l—brombbutane‘

was collected by preparative glpc and the amount of /

4

AN

protium incorporatiéon at each position was determined /

1 100 MHz gpectrhm of the y

/

residual protium in the starting materiqlgand the
spectrum of -the recovered perdgu;erio—I—bromobutane‘/

(Table 25),'using'l,l—diphényiethene,és_internal‘spandard

EN

(éeé Fig. 7 and'8).;

. | E B e s
i B \ ' £ /_//
. o I N e _

‘ - The relative rates of transfer of:the bromo-

‘ '
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butyl radicals with bromine and with‘hydrogen bromide
were determined uefhg equation 23; they wére found ‘
A ]
to be independent~of the ratio of bromine to hydrogen
bromide and of the volume of the reaction vessel
(Table 25). The relative/rate of transfer fet the
bromobutyl radicals with bromine and with hydrogen
bromide was calculated, as 28.2 ¢ 1.4; Thus.only<3.4%
of the radicals formed reverse with hydrogen proﬁide
when the concentrations of bromine and hydrogen bromide

.

are equal. 1l-Bromobutane is therefore more deactivated
‘towards  reversal than l-chlorobutane is, where 7.5% of
the radicals formed reversed with hydrogen bromide

under these conditions (section II.3.1).

The relative rates of transfer for the

isomeric bromobutyl radicals were 18.5 + 3.3, 52.8 . 1.

and 6.33 £ 0.14 for the a-, B~ and y—radica}s,respectiyely.

The relative rate of transfer with.biomine and with

hydrdgen bromide for the §-position could not be calcu-

, . ) . o
lated, as. no perdeuterio-1,4-dibromobutane wasudetGCted.

Assumlng that a‘concentratlon of 10 -8 M of thlS compound

would have been detected by glpc, 8/k ’Scheme 1,

X = Br) must be less than 0.2. The rates of deuterlum

abstractlon from perdeuterlo 1- bromobutane, relatlve to

PN

the rate of abstractlon of the Y-deuterlum obtalned

¢
using equatlon 29,Lwere(0;13 + 0.03, 4.50 + 0.20 and

i

156.
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0.02 ¢+ 0.01 for the‘d4) B- and §-positions respectively.

| b

The B-position is clearly unique in the

-

molecule. The relative rates of transfer.with bromine
and with hydrogen bromide for the Y- and é§-radicals

are very similar to those for the analogous radlcals
from perdeuterio- 1- chlorobutane (cf Table 14); the bnes
for®the perdeuterlochlorobutyl radicals are Sllghtly

larqer, as expected from the greater polar effect

of the chlorlne substltuent (this assumes that the

rate oi transfer with molecular bromlne is the same

’

for analogous chloro- and bromoperdeuterlobutyl radicals).

The a-radical in perdeuterio-1- ~chlorobutane is much more

. deactlvated towards reversal than that radical from

13

perdeuterlo 1- bromobutane. This is afso expected sinoe
the a-pos1tlon is the Position that suffers the largest
inductive polar deactlvatlng effect. The relative rate
of abstractlon of the a—deuterlum relative to the -
deuterlum is larger for perdeuterio- 1- chlorobutane
(kl/k = 0, 34) than for its bromo- -Counterpart (kl/k =
0.13); probably, this reflects the weaker C-D bond in
the former q@~pound and the greater stablllzatlon of the

a

radical in the. trans1t10n state by chlorine (structure

2b, page 4)

P

The g-position of-perdeuterio-l—bromobutane.is

l-’ ' . ° ‘A“ " ~ . ’

157.
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‘unique towards reversal and abstraction. The rate of
‘transfer with bromine relative ﬁo that<with hydrogen
bromide of the g-bromobityl radicals (k,/k_; = 53) is
more than three times bigger than that for the more -
deactivated, B-chlorobutyl radicals (ky/k_3 = 16) . The
relative rate of transfer is, in fact, quite similar

to that for.the.a—chlqrébutyl radiéals. These results‘
in@icate that the C-D bonds g to the bromine‘substituent‘
are weaker Fpah expected. The weaker bond strength is
also indiéated by the réla?i&e rate of abstraction of

;he Bé'and,y—deuteriums, k3/k5 = 4.5. Assuming that

the polar effects for.a chiorine and a bromine substituent
are roughly the same on the y{position, then the

deutérium B to the bromine substituent is abstracted

~ 9'timés faster than that B to the chlorine substituent.

I1.4.5 Bromination of l-Bromobutane in the Vapour Phase ‘

- The relative rates of hydrogen abstraction
lfrpm_i—bromdbutane may be obtained from the bromination
of this compound under conditions where reversal and.
‘elimination wére ﬂegligible, e.q. in thé reaction yith
eXcesﬁ bromine run -te low.convefsion of l-bromobutane

(reactions 1 and@ 2, Table 23).

- | ‘?jg ' : o | ‘, S
.‘ s . )'. | ﬁ, - .:;;\»\j:)



Table 26

- Comparison of the Relative Rates of Abstraction from

1-Bromobutane by Bromine Atoms in the Vapour Phase

b

Method? ;o ‘ b -
© kl/ks k3/k5
< P
Kinetic data from _ ' ) .
io-1= : 0.13 . 4.50
Perdeuterio-l-bromobutane (Table 25) :
Bromination of l-bromobutane,
0.6:1.0, 6% conversion (reaction 1l,. Table 23) 0.13 5.13
Bromination of l-bromobutane, ,
0.10 4.78

70.01:1.0h 14% conversion (reaction 2, Table 23)

159.

~

~ @Rratio given is that of l—bromobutane:brbmine.

bThe average of the results for l-bromobutane (last twc

entries of the table) is 0.12 + 0.02 for k /K, and 4.95 &

0.18 for k3/k5,
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by
Theie fésults aré given in Table 26+, where
.. they are cOmpaéed to:£he résuifs obtained from
perdeuterio-l—brompbuténe. The rates of abstracﬁion
éf the ai and B—hydrogens relative to the rate of
Abstraction of the y-hydrogens Qere 0:12 + 0.02 and
495 + 0.18 respectively.
Both these results aré‘&n’reasonable agreement
/41th those obtalned from the kinetic study of perdeuterlo—
l-bromobutane, and indicate that degterlum isotope effects

o]

are unimportapt in these relative rates of abstraction.
14 R

These results-compare very well with'thé
result obtained by Traynham'foy the bromination of 1-
bromoputane in liquid bromine at 60°. On the basis
of the resulﬂétobﬁainea from cyclohexane and l-chloro-
butane, the relative rates of abstraction in liqqid

t

bromine should not be complicatedoby cage, complex of
solveng‘;ffects, and shouldwbe.the same as in the gas é%
phase in the absence of’reversai, Tranggﬁ ggports

that the ratio of 1,2- to 1,3~ dlbromobutane was 5.1, 114
whlch is the same as found in the bromlnatlon-of l-
bromobutane in the gas phase with excess bromine

(Tablé 23), and-very-close to‘the result ‘obtained from

perdeuterio-l-bromobutane.



O

Since the mechanism€b§bpo;éd in Scheme 1

(X:r Br) was not applicable to the vapour phase

bromination of l-bromobutane under "normal" bromination
conditions because of the eliminatidn of bromine atoms
from the Bg-bromobutyl radicals, a test for the kinetic

data simjlar to the one‘applied for the bromination of

utane (section II.3.2) could not be performed.

In'tead; l-bromobutane was brominated with excess
;bro ine and excess hydrogén*bromide in the vapour phase.
The products were isolated, and the ratio of the -
produ%ts relative to 1,3-dibromobutane determinéd by
glpc. (Table 27). l,2,3—Tribrom§butane made‘up <3% éf
ail the products in these reactions, indicating that?
there was only minimal complication from the el%@inqtion

reaction under these conditions.

The ratio of‘the rates of formation of any.
“two products is given by equation 24 (section‘II.l).
Under the conditions of- these brominations’(i.el when
the bromine and hydrogen,b;omide concentrations do not

. change significantly during'the reaction), this\equation

" may-be integrated (equatioh 71). Eqda;ibn 71 may beA

used to predict tHe ratiolof i,l— t- 1,3-dibromobutane,

[R%Br] Y _s/kg * [Br,]/[HBr] K

ERYBi] kg\k_/k, + [Br,)/[HBr]

©

Coa

N

(71)
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and similar e€xpression can be,derived for the 1,2- ‘to
1, 3-dibromobutane ratio. The calculated ratios were
computed using the relative rate data obtained from
perdeuterio-l-bromobutane (Table 25), and are compared
to the observed ratios in Table 27.

The error limits in the calculated ratios were

obtained using the maximum and minimum values of the
relative rates reported in Table 25, ile the errors

in the observed ratios are glpc errors (* ?3%). The

ealculated]and observed values coincide fgr all the
‘flve reactlons of Table 27; this coindidence shows that
the relat;ve rate data obtained for perdeuterlo 1- bromo-
butane déscribes well the bromination of l-bromobutane,

and again shows that the assumﬁfion made in equation 30

(section II.l) was valid. . -

@

11.4.6 Comparison of Liquid and Vapdur Phase Results
< "

)
t

The bromlnat;on of perdeuterlo 1- bromobutane

in Freon ' Jl3 solutlon w1th excess bromlne and excess

hydrogenbbromlde has also been studled in- these labora-

tories. 119 The mechanlsm proposed in Scheme 4 for the

'bromlnétlon of 1- chlorobutane in solution should’ be

+

appllcable to the bromlnatlon of 1~ bromobutane and
,/
“,/perdeuterlo l-bromobutane at the a=, y—, and 6—p051tions



/

Ny

4

in the liquid phase, since the radicals derived from
these positions cannot form olefih. However, a mbdified
mechanism must be considered for bromnination at the 2-

position (Scheme 6).

In this mechanism, abstraction of deuterium

. from the 2-position 1eads to a caged B-broéobutyl
radical—deuterium_bromide pair. The p-bromobutyl radiéal
radical may reverse with the caged deuterium bromide, or

—t
it may diffuse out of the cage. The "free" B-bromo-

butyl radical may be trapped with brbmiqg, hydrogeni
bromide or hydrogen tribromidg, This radical may also
e;iminate a bromine atom'to form l-butene, which may

add bromine ionically to give 1,2-dibromobutane or-éga a
bromine atom to give back é—bromobutyl radicals. On the
basis of £he results from the liquid phase brominatiop of
l—bromobutaneAwith‘bromine—8l_(section I!2.4)i a sub-
stantial aﬁbunt of elimination takes place 1in solution.

These results indicated that the elimination reaction

was competitive with transfer with molecular bromine.

Since the latter reaction is competitive with diffusion
(section I.2.2),‘then,elimination of brpmine atoms from_
the caged‘BFbromobutyl radiqals may also be'qompetitive
with diffusion frém the cage (S§ﬁeme‘6).. Readdition iﬁ‘
the cage can also cothivablyvbe éampéﬁitive with

diffusion. In the bromination of.optiCally active 2-

165.
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bromobutane, the racemization in the“2'3;dibromobutane
,/

that was formed was greater than that predlcted from the
large amount of ellmlnatlon readdltlon thaﬁ was detected

by bromination w1th bromine-8l. It was postulated that'

- this may be due to a 1,2- bromlnexmlgratlon in the

-3-bromo-2-butyl radicals or due to a cage elimination-

s . 6
readditon mechanism. 4

A L
o © This mechanlsm proved too compllcated to be

/

analyzed klnetlcally, 51nce the rate constants k k;a
e

nd ki could not be determined readily, and the incursion

<.
%

of a second cage, that incoﬁporating l-butene, a bromine

atom and deuterium bromide, makes the comparison of the

‘rates of abstraction impossible in solution-. As a result,

‘ne values for'the relative rates at this positon could

be obtained.

For the a- and y—radlcals, the . relative rate
I ‘ .

of transfer with hydrogen trlbromlde and with hydrogen
bromide in -solutlon could be calculated if it were assumed

3

that there yere no. solvent effectS¢on the relative rate

1‘/_}

of transfer of these radlcals with bromlne and W1th

-’hydrogen bromlde (cf. sectlon II.3.3). The cage effects

tor ‘these two p051tlons could also be calculated in the .
same way as used for perdeuterio—l-chlorobutane (section

I1.3.3). .The results. are given in Table 28.

. N

. . B
- . ¢

167.
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‘ﬂ,/’ K ‘ ~ Table 28

hotobro,lnatlon af Perdeuterlo 1< bromobutane with /, S

~Excess Bromlne and Excess . Hydroggn Bromlnde in Freon 113

.,’

4" .”” ) . * ‘ .
[Concentraﬁion M, x 105—\ ;o ;/
1 2 3 - /Average

Reéctantsbf o . _ - : f /

IRD(H)]° 750 - 490 344
e ! .
[Br,}° - 3730 4900 463
N 2 . 2 / : K !
[HBrl° 7500 7400 10300 v o
' L.C s - ' '
Products
A[R%H] © . | © o 2.78 1.12 1.00-
. | I R |
MRPH) - 11.3¢ 529 ;zs.ox\v%\k
AMRYH) | . 7.25 . s5.04  4.36
' o ) . R g”
pR®E) 7 183 o - 0.6l
[R%Br] 3/75  0.795 '_0.37%
[R 8Br] . 129 85.4 . 40.4 - ‘
[RYBr] - 12.0 " 6.96 ° 0.765. ° L
[R Br) @ o ©0.00 0.00, ., 0.00
- .7 . \3“ v )

Relatlve gates ‘T

k' 1/k.y - $ 59.6 132 ., 72.3 ° 8829
. i Cooer

XK' /K o . 8.4 - 16.0. 26.1  17.0:6.1

Cage Effect

c® .~ "0.38 0.8l - 0.48 0.61%0.24
Y e Y ( 28 .
Y - @ . . ¥ * . ) . " ) )
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Table 28 (cont'd.) §

“%raken from ref. 119; all reactions were run at 30.0 * 0.1°.

b[RD(H)]° refers t9 the initial concentration of perdeu-

.

" terio-l-bromobutane. . T . o*

"
/

cA[RiH] is the increase in protium content at position i.
dyot detected sy glpc. |

€relative rates of transfer with hydrogen t:ibroﬁide and
with’hyd;ogen bromide for the o= (kil/k_l)'and y—radicals

(k! /K _g)

N .
.. . 3 N
. “ .
& . : . X .
' * i '
s
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1

In the calculatlons of the relative rates of
transfer Wlth hydrogen trlbromlde and hydrogen bromide,
Band. those of the cage effect, 1t was assumed that any
temperature effects on the relatlve rates were not
/1mportant over the 5° teméerature range between the -
'vapour and solutlon phasé reactions (25° vs 30° ). The
relatlve rate of transéer of the Y-perdeuterlobromobutyl
radlcals w1th hydrogéh trlbromlde and with hydrogen
bromldev(l7 * 6) was very close to the analogous‘rate
‘ratlo for the y—pe%deuterlochlorobutyl radicals (27 t 2)
and for the perdéuterlocyclbhexyl fadlcals (22 + 7),

/

as expected Slhce«these radlcai7 should be very similar.

/

The analogous/relatlve rate for/the a—perdeuteriobromo-
butyl radlczls was quite. errat{i

thls probably reflects
the largeue rors involved 'in measurlng the’ small (<2%)

amount of perdeg.Frlo 1,1- bromobutane formed in these
N

- reactlons and the equally/émall amount of protlum 1n-

d porated at thlS p051t{on. x
w : | A ‘ o

The cage effect C‘Y was Calculated as

_0,6 + 0.2, 1nd1cat1nq that .cage fllterlng of the y- .

perdeuterlobromobutyl radlcals was more . 1mportant than f
for the deactlvated a= perdeuterlobromobutyl radlcalS

Thls is not unreasonable, 51nce 1f one- assumes that

o .p'.

transfer w1th bromlne of these two radlcals 1s not much

7

i 1nfluenced by polar effects, the vapouraphase results‘



s .

indicate that k?l_< k?s, and therefore cage reversal

of the g-radicals will be less important than that fer

"the y-radicals.

II.5 Enhanced Rate of Abstraction in the Bromination

of 1-Chlorobutane and l-Bromobutane.

o

"The results obtained for the vapour phase
N
bromination of l-bromobutane (Table 26) and perdeuterio-

,4L—bromobutane (Talbe 25) indicate that the rate of

7

abstraction of the B-hydrogens or deuteriums is

.. A .
* enhanced, ‘and this enhancement overcomes: the polar

t " l 3
deactivation at the B-position. ' L

-8 p

The rate of abstraction of the B—deuterium
relative to the y—deuterium from.perdeuterio—l—chloro—

butane was determlnes to be 0 49 (Table 14) the

correspondlng rate for the protlated compound rs the

same {Table 15) .- Thﬁ polar effect thus still regulates N

the rate of abstractlon of the B- hydrogen or deuterlum\-

It is %nlikely that there is any:rate enhancement in
i

Athe rate of abstractlon of th@s hydrogen by bromlne

.

: atoms 51nce the rate oﬁ attack on the gB- hydrogens of

-l chlorobutane relatlve to that on the Y- hydrogens is.

very 51m11ar to that reported for other, less selectlve.

' hydrogenﬁabstractlng agents; For example, chlorlnatlon

p .
N i

S , . S e

- . . : . ‘' n a X
. . . , - . . et L.

171.
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of 1- chlorobutane with dlfferent reagents gives the

follow1ng results for k3/k5 (Scheme 4): 0.52 (Clé,

o ® oy 13 oy 13
gas phase, 35°), 0.56 (Clz, gas phase, 78°),

0.48 (Clz,.liquid phase,‘35°Y,66 0.47'(502C12, liquid

120 121

. 0.453(tert-BuOC1, liguid phase, 40°),
— , .

phase, 70°),

0.37 (ClZO,‘liquid phase, 40° ),12
123

0.34 (PhICl,, liquid,

phase, 40°),. Furthermore, the relative rath® of

. . . e
abstraction of these two hydrogens by bromine atoms

is similar to the relative rate of abstraction of sthe

B- and y-hydrogens from other electronegatively sub-.
stituted butanes by bromine atoms and by other hydrogen
abstracting species (seé'e.gl Table 1). :

- . i ) -

For the bromlnatlon of 1~ bromobutane, an

estlmate of. the p@lar effect at the g-position is re- ' e

2 -

'qulred to determlne the magnltude of the enhancement."

If it is assumed that the polar effect is the same -
L

for a- chlqune and:a bromine substltuent (probably a'

. 7 '
chlorlne substltuent exerts a larger polar effecE - -

" cf. Tables 14 and 25), then the rate enhancement Qf alﬁ

B~ bromlne substltuent may ‘be. calculated as 4. 5/0 49

9.2.

\

,II¢6 Mechanlstl Conc;u;ionsi‘ : SRR e

54
b

"1 s . . I-‘ . o . . - - . .
RS . . . . : . .

o g . - L h : Y ., . ¥
i . . . .

‘o

" The photobromination of cyclohexane and 1- . -
©a R s ) EET ..
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<
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chlorobutane and their‘peraeuterated analogues . is
well described by a mecﬂanism involving reversible

hydrogen (or deuterium) igom abstraction. The

reversal reaction is most\important in the bromiha-
|

tion of cyclohexane, as e eoteﬁ, since polar . effects

deactivate this reaction in the bromination of

electronegatively substituted alkanes. This polar

\

- | . x
deactivation falls off as the distance‘'of the radical

centre involved from the substituent increases in :

the bromination of perdeuter;o-iﬁchlorobutane P
, _ G €.

i

e

The coincidence between the relative rates.
94 D .

O . . : .
of bromination of cyclohexane' and perdeuteriocyclo-

hexane, and the relative rates of “abstraction of the

e L

T

different'hydrogens of l-chlorobutane by bromine "
atoms, in the vapour phase reacgtion run with minimal
interferehce from the reversal reaction, and the "

results obtained in liquid bromlne solvent 1nd1cates

that liquid bromine can scavenge all radicals, caged

.or "free", and .that solution and vapouq phasefrelative

rates'of the same. kinetic ‘order may be equated. Cage

~reversal‘between the éeminate‘alkylvradicals—hydrogen

(or deuterlum) bromlde palr 1s proposed to account

<

for the dlfferences between the vapour phase results"

and the solutlon phase resglts at Jlower bromlne con-

1



Sl

Solution phase promigation reactions are
also complicated by reversal witﬁ—the transfer species
hydrogen tribromide. Transfét with this complex
specles, is much faster than transfer with hydrogen
bromide; conéequently, reversible hydrogen abstraction
1s more iméortant in solution than in the vapour
phése.

The bromination of l-bromobutane ié com-
piicated by elimination of bromine atoms from the

Y .

g-bromobutyl radicalé. " In the vapour phase, the 1-

‘butene thus formed i’s bromgpated in the allyli¢ position

~primarily. In solutidn;’howeVer, all of the l-butene

formed adds bromine (ionically and/og free radically) to

~give 1,2—Qibfomobutane.

4

3

The rate of abstraction of the hydrogens
(or deuteriums). B to the bromine substituent in 1-

b}bmobutane and its perdeuterated analoque is
accelerated by a factor of about 10 over what,would‘

. e P
be expected on the basis of polar ef fects only. 1If
this acceleration is attributed to imerit'; .

aSSistance by the bromine‘substituent it wodld lead

to a brldged bromlne radlcal, and recent esr124,

125

CIDNP and optlcal act1v1ty64 results show that

i,

B bromo tert butyl R- bromoethyl and 3- bromo 2= butyl '

Ve

A

174,
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radicals are not bridged. "The rate enhancement may
be due to a hyperconjugativezﬁnteraction between the
bromine substituent and the radical centre, which

Igtabilizes the g-bromobutyl radical, and therefore

?r , Br-
C-*(:<——> C=°¢C -~

. : v . -
weakens the bond strength of the C-H bonds, as has been
previously suggested as an alternative explanation

for the seemingly enhanced stab:llty of 8 bromoalh}d

radicals. 78,126 ) ) ‘\\ ) <

. ) \?4
' T n, AN

Whatever the origin ofvtheﬁeffect, hydragens

B to the bromine substituent are abstracted more;rea&ily

!

than any other hydrogens of l bromobutane - Since in

NBS bromlnatlons of 1- bromobutane at low conversion of

]

the NBS the major product is 1,37dibromobutane,78 it is

IMkely that under these conditions‘the abstracting

fspec1es Are not bromlne atoms but less selectlve rad-'
1cals probably succ1n1m1dy1/rad1cals or carbon

centered radicals derived from stcission of “succini-

vmidyl radicals (equation.73). However, at hlgher o

¥

conver51ons of NBS the producé distribution changes

(72)

S _~__N=C=0 o |
° > ./EI/ p e } _(’7'3)

175.

~t



ca

-mine colour, "' the intensity of whlch intrease

. a nitrogen o*\carbon centered radlcal cha%n at the

i

o

176.

to one very similar to that obtained in the bromlnatlon -

‘w1th molecular bromJne,78 and the relative rates of

LY

brohihation of alkanes and substituted alkanes44 are

the same as with molecular bromine in the absence of
. , : _ ‘ _ "
reversal. It appears likely that at high conversion

of NBS, the chain carriers are hromihe atoms. The

-

reason for the change 1n mechanlsm may be due to the

o

build-up Qf a SufflCl%Pt concent;atlon of molecular
& ‘

bromine through adventitious coupllng of bromlne o : .

atoms “to make thlS chain domlnant It 1is known that

as the NBS bromlnatlons of alkanes and substltuted

. alkanes proceed, the solutions quickly develop a bro- |

78,127

as the reattlon proceeds.
a e #

lt is p0551ble that other NBS bromlnatlons,

e.g. benzylic and allyl;c bromlnetlons, proceéd,through ,
i :'g» ! Y Fr

early stages of the reactlon, while at thher con- '

ver51On, the reactlon goes through a bromlne atom
[
1

chaln, Though 1n benzylic and allyllc bromlnatlons,

there are no reports of the reactlons developlng a

.

bromlne colour, it is pertlhent to note that the

work done to eStabllSh the bromine at?f wufln Jin thesex

brominationsl6:39,115,128 1nvolved reTHPLve" vates, .

¥ . : - . ’ G




were the reactions were ' carried out to high (or

complete) conversion af the NBS.*
“ }
ki ¢
v : 2 o ,
1I.7 General Method for Determining the Relative Rates

of iransfgr with Bromine 5hd hlth Hydrogen ‘Bromide in

13

the Vapour Phase

N

et W A 2

The mcthH presented in this thesis to -
dete}mihe the relative rates of* tyansfer with bromine "
| . 3 R |
and with hydrogen bromide is notﬁalgeneral one, since

~

1t 1s restricted to perdeuterated substrates. Only
a very small‘number of these is available commercially,

and labogyatory synthesecs would generally be tedious.

In this section, a general method for the determination

of these relative rates using protiated compounds 1s

presented. The method is best déscribed by an example.
» - )
Suppose the relative rate of transfer of

benzyl radicals with bromine and with hydrogen bromide

A cautionary note fust be. 1ncludeé<\751nce the completlon
of this work a large amount of-1,2,3,4~-tetrabromobutane has
been found as prodtict in the bromination ‘reactions of 1-
bromobutane run at low concentrations' ofi bromine. During
the initial stages of the NBS reaction where the concentra-
tions of molecular bromine are also, prgsumably, low, un-
detected tetrabromide could also be formed. The ultimate
conversion of the f-radicals formgd in these brominations
into tetrabromidelcould account for the change 1in product

3

*

ratios observed ing the progress of the reaction, with-
out having to invoke the presence of a new chain carrylng
species, T

’ . a

S~
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1s required. A vapour phase competitive bromination

Uf-h@lucno and Cycloﬂoxinc 15 run under two condxkfuns:
\ 4

(1) uflng a large excess of bromine; and (ii) using

~a/fdrgc excess of bromine and of hydrogen bromlde.

-

[}
In the first case, reversal with hydrogen
A
bromide wi1ll nS% be 1mportant 1f the rveaction is run
to low cenversion of the bromine. Under these cop-

ditions, reactions 74-77 must be Considep@dfk The ratio
i

~
- kf L
Cgly, + Br T—=CgHy, 4 HBr v (74)
| LS . ,
C6Hilvf Br2 —~—a-C6HllBr + Br- ' (75)
kS -
PhCH + Br- —~£,-phCHé + HBr e .
T ke
PhCHj + Br, —= Ph¢l,Br + Br: | (77)

-

of the rate of disappearance of toluene to that of cyclo-

hexane 1is given by equation 78; this may be integrated .
d[PhCH,]/dt kt[PhCH ]
.3 _ 1 3 (78)
\ C . '
/dt : kl[C6H12]

FICélel

and rearrdnged‘to give the relative rates of abstraction

of hydrogen from tOluene ahd from ¢yclohexane (equation 79).
. T v

o

>

. - f - )

K ;n([PhCHBJf/[phCHBJ ) o
C ) o

k) Inicghyp) T/ (eghy,)°)
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‘When the reaction 1s run 1n the presence of

excess hydrogey bromide reactions 80-81 must also be
t
. Lk—l
PhCHz- + HBr ——» PhCH3 + Br- (80)
; ] | 3,
. k_l ‘
-+ } —_ N + .
C6“11 iBr > L6“12 Br (81)
considered. The relatlve rate of disappearance of

substrates (or of appearanceof products) is given by

cquation 82. ‘Assuminq a steady state concentration of
. Co.
d[PhCH,)/dt  kU(PhCH,] (Br-] - k. [PhCH:] [HBr]
3 1 3 -1 2 (82)
C . C . - A
JIBr+] - k2, IC H] ] [HBr]

k7 [C_H

diCehy l/dt - Kk [CeH),

A}

benzyl and cyclohexyl radicals this eguation may be

rewrlitten to remove these radical concentrations (83).

t
d [PhCH ]/dt//gti[PhCH3]{ l/k ) [HBr] + [Br g

‘d(C6 i ,]/dt £$i6j12 {\ 1/k ) [HBr] + [Bk

Under the conditions of‘the experiment, thls expression -

(83)

may be integrated (equation 84). By using the previously

n([phcn3]f/(phcu3]°) k§ (kcl/kg)[HBr] + [Br,] L
— = —= [— (84) ™~
([C6H}{Tf/[c6nlz]°2 ki (kEl/kg)[HBr] + [Brz] '

. t, c : c, C
detérmined valpe of (kl/kl), a#d the_va}ue of kZ/k—k for
perdeuteriocyclohexane reported in this work (Téble 5),

equation 84 may be used to give the value of k;/ktl‘for
tdluene. -
T L - ”



Thus by comparing the.relative rates of bro-
a . .
mination of two substratesvwith excéss‘bromine with and

- e A .
without excess hydrogen bromide 1n the gas phase, the

VN .
relative rate o% transfer with bromine and with hydrogen

bromide may be determined) o ' N

180,
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III;l Materials
V4 . ‘: i e

l-Bromobutane, and l-chlorobutane were

Y

commercially available chemicals. They were purified -

by\washing with concentrated sulphuric acid and with

‘wadter, drying over anhydrous sodium sulphate, and

. . N _ . 1
fractionally dis_tilled.ji Glpc showed them to Be.>99\9%
pure. Cyg¢lohexane and toluene (Phillips 66, research

grade, %99.9%) waﬁe used witholt further purification.

< ; , -

S - ’ Y
"

«All perdeu;enatéd compounds were obfained
"ﬁrom.Merck, wsharp & Dohme Co. of Canada Limited. Per-
déuterioc?cldhexage and perdeuterio-l-bromobutane
wgre'purified by two preparative glpc Colléctfons

{6 m x 5 mm 10% Carbowax 20 M on Chromosorb P AW, glaés

¢

Column, 50°); perdeutefio~l—chlorobutane‘was used as

.

supplied. Glpc analysis’ of the deuterated’ compounds
prior to use showed them to be more than 99. 5% pure.

 Mass spectraloanaly51s (AEI MS9, 12 ev) showed them

*

; 6D12)‘ 98.4 (C4D9Cl) and 98.3
(¢, D, Br) ptom ¢ deuterium,. il 100 MHz nuclear magnetic

» . 5

to\contain‘99.4 {C

2

: ;l;f
.
~

C S 1 S

'



”rosonance spectroscopy (Varidn HA100) showed a single
. : . ) . ) 'al € .
signal for perdeuteriocyclohexane. (-, 9759), and

/

1

four singlets for perdeuterio-l-chlorfbutane (¢, 9.12,

Y

8.59, 8.32, 6a58; see F?gs.‘B and 4) and for perdeuterio-

i

I-bromobutgne «(:, 9’11, 8.60, 8.24, 6.67, see Figs. 7 -
~and g) due tg'tﬁe resitiual protium iﬁ the coﬁbohnds..
* AT
Bromocy;lbhcxane, Eééﬂg—l,Z—dibrompcyclé_
hexane,vl,2-dibromobqtane, I,3—dibromobu¥ane, l,4—V
dibromobutane, 4;Brom6—l;chlorébutane, chlorobenzene

N

and\g—dichlorobenzene were commercially available

chemicals, and were puri®ied by preparativé glpe
collection._‘l,l—Dibromdbutane was ;repared by Dr. Y.
Kosugi in these laboratéries by the Hungdicker reaction
on 2—bfém0pentanoib acid. It gave small parent peak

at m/e'214; 216,‘218 (ratio 1:2:19, and~it§ nmr spectrum
wastcoﬁsistent with”it; structure: CCl4, TMS 1internal
standard, Mt 9.01 (t, J = 6.9 Hz, 3H); T 8.40 (sextqt;
J = 6.9 Hz, 2H), 1 7.61 (q, J = 7 Hz, 2H) and 1 4.28

(t, Jv¥‘6.9 Hz, 1H). 1,2,2¥Tribrqmobutahe and 1, 3, 3-
&riBromobuﬁane bﬁre prepared by Dr R. J.‘ﬁrhartﬁ(siﬁ.
‘Appendix(4f. '

A mixture of l-bromp-, 2-bromo- and 3-bromo-

‘l-chlorobqtane was obtained from the brepaiatfve glpa



“

coJleé%Uon (3 m x S mm 108, 'UcoN 50 LBSSOX on Chromosorb

P AW, dlass column - 110°) of the products of the

-11quid phase- photobromlnqtlon of 1- chlorobutane w1th

‘authentic materials prepared by pr. g, E. Rowe.

molecular bromlne 66 They were identjfied by coméarison

of their g{pc retention times with those of the fa
129 -

\ . :
] . . *

A m%gture of 2,3-d15r@mo—l~chlorobutane and
.- N R

1,2-dibromo~3-chlor05utane was prepared by the addition

of a carbon tetrachloride solution of bromine to

commercial Crotyl chloride (Aldrich teshnical grade,

| | Y

containinlg 20% 3;ch1qro~l—butene; glpc showed tﬁg

A

preoence of these two compgunds. in a rath 3:1) 1in

carbon tetrachlorlde at O° The crude product was
25

e

purified by distillation, bp“V8—79° (8.7 mm), n=> 1.5385.
. /\lr - .

D
The nmr spectrum (C614) showéd two doﬁblets'(T, 8.13,

J = 6.3 Hz; 1, 8.19, J\§;6.6 Hz- 3H) jn the ratlo of
2.7:1 and two sets of multiplets centered at T, 6.02

(2H) anq\:, 5.59 (2H). The mlxture did not give a ’

parent peak in the mass spectrum (70 ev), but gave peaks

at m/e 173, 171 (base peak), 169 (P-Br, ratio 3:4:1),

217,7215,- 213 (p-C1, very small), 135, 133 (ratio 1:1)

*

and 91, 89 (ratio 3:l). “ The two compounds were %ot
separated by glpc (3 m x 5 mm lO% UCON 50 LBSSOX) but

& .
the glpc showed the mixture to be >99 9% pure.

\
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| ‘ /*\‘ | ‘ y : (
’ : Aﬁ&{, Calc. for C, H.Br ,Cl: ¢, fg:ip; H

47
2.82. Found, C, 18.93; g{ 2.85.
‘ ) ' ? \ .
N B - . .
¢ &“2,3-T§iﬁromobuta9e_was(prepared in a

similar way by addition.of bromine tp‘comme}cial crotyl

. 4 . N o . ’
bromide*. . The reaction mixture was washed with 10%
, c

agueous "sodium bisulphite and with water, dried

.(Na7504) and'distilied. .1t was obtained aé a colour-
) - 20 .. 130

less liquid, bp 110 (l6.6'mm), ny . 5684 (1lit. Z

bp 97°-(10 mm) , xﬁgo 1. 5680) The nmr spectrum showed :

-

[}

the methyl protons as two doublets (r,'S‘lS, J = Q/B
Hz; 1, 8.20; J = 6.7 Hz;- 3H) and the other protons as

a complex pattern at t, 6.4-5.2 (4H).

I:Bbtene (Phillips research grade,” 99.9%) was
degassed in a vacuum line and distilleo priior to use.
1»Bromo—2—putehe and 3jpt$mo—}—butene werd obtained
by preparéﬁ've glpc ooilection (6 m X.5 10% Carbowa#)
from oommegiigl:technicai grade crotyl brg ideJ Both
compounds gave parent peaks in the $as spectrum at

m/e 134, 136 (ratio l:l); the nmr speotrum of l-bromo¥ve
2- butene@ﬂb€}4, TMS internal standard) was consistent .

with its structure; it showed an apparent doublet at

T 8.26 (J = 6.5 Hz, 3H), and two multlplets at T 5.85-6.2}

and v 3\8—4,7, each integrating for two hydrogens. The

184.
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v e

. nmr spectrum of 3-bromo-l-butene was more complex, it

showed a doublet at 1 8.23 (J - 6. 4 Hz, 3H) and ‘a multiplet

,at 1 3.5-5.7 1ntegrat1ng for four hydrogens

fee . . -
- r

' 1,1-Diph®nylethene (Aldrich) was distilled

20 ., 131.

prior to use, bp 136.5-137.0° (9 mm), no” 1:6088 (lit.

bp 139 (11 mm),

’ LFreon 113 (Matheson) and Freonq 112 (PCR) were

dlStllled from phosphorus pentoxide through a 30 cm

Vlgreux column bp 45.5° and 88.0° (700 mm) respectluely.

P . ‘
For. the equlllbrlum constant measure ents, Freon 113 )

[
was washed with_water‘(lx), 1 M hydrochloric’ acid (2x)
1 M sodium hydroxide solution (3x) and water (3x),

i < o
refluxed over anhydrous calcium chloride overnMght,

distilled hrough a 60 cm -teflon spinning band column,

-and flnally distilled from phosphorus pentoxide, th@

£
middle cut being collected.

‘ Molecular bromiue {(McArthur Chem#gei Co.&\‘;
reagent grade) was washed with concentrated sulphuric

-———.\ . - . - . - \‘ Y
acid and freshly dlstll;ed from phpsphorus pentoxide,’

bp 57.3? (700 mm);_ Bromlne 81 was obtained from Isotope

,Development Centre, Oak Rldge Natupnal Laboratory,.

s

4

L4
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186.
? : ' , N
t'was distilled by trap to trap distillation prior to

P _ . .
use. ‘ ' 4 ' 2 - v

! .
N— p A ~
- .

~

finally distilled.

' A , "
o Hydrogen: bromide (Matheson) was throduced
1nto a vacuum system through molecular sieves 4a or

anhydrous calciunm chloride, frozen in liquid nitrogen,
and the noncondensible gases pumped- of ftuntil the

) ‘ ~ ¥
preSfure was Less, than 0.1),. The solid’ hydrogen bromide

was sublimed twice at ~98°. (methanol slush bath) and

2

1I1.2  Gas Liquid Partition’Chromatography (glpc)y a : '
S“J}: R r ‘

For‘gipé analxses] four'instrpments’we:e used:
a Carlo Erba Fractovap Model GV, a varian Aerograph
Model 1520 and Model 90P, and a Hewlett Packafd HP 401
chrOmatogreph. The first three lnstruments wg&e

equipped with a thermal conductivity detector, the g
) ¥
\ N 4

HP 401 had a flame 1onlzat10n detector Glass columns

were used thrdughout; the columns are specified in the -

individugl experiments. All cqmpoundsletudied were

stable on the column used.

{: . ) - J
Analyses were carried out at least in trlpllcate

Peak areas Jere calculated by disc or electrOnlc inte-

5
grators, or by multlplylng the peak Height by the width

|
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L

N

!

(carefull¥>weighed into a pyrex breakseal, and this y

1

at" \half height.132 galibmatéifcnuvg§ were constructed
to convert the area ratios of the compounds relainVe
Lo the internal stamndard 1nfppmo] ratio. 132 When ~

quoted, the experlmental uncertainties are average
' A 1
A S

deviationms from the mean value obtained from different

reactions. Retentlon time comparison and peak enhance—

”

L

lment (spiking) refer to the addition of authentic

material to a portioﬁ of the sample and reanalysis by

glpc.

P
1IX.3 Physical Constants

) | All boiling points reported are uncogrected;

.

Refractive indices were measured on a Bausch and Lomb
o ’

refractometer.

”-

. A e
\ - e - ¥
v}}}.4' General Procedure for the Determination ~f the

'Relative Rates of the Perdeuterated Substrates in the

‘ -

Vapour Phase

-
-

‘ : >
\ ) About 0.5 g perdeuterated compound (RD) was

!
was degassed by the freeze thaw method Ahree times agd/

fJnally sealed. Bromine was sfﬁi Y wedighed,

degassed and sealed in a Separate ?feakseal, Hydrogen

&

/
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“thirty dinutes “and then the bulb was photolyzed (one

- .

. | 188.

o .

-

[ LS [}

bromide was measured by pressure in a known volume at

N
a known temperature bn a vacuum line, distille® into a

breakseal, and the breakseal was sealed.f The three
: -
' ‘

breakseals were attached. to the reaction bulb (5, 12

. ‘ - . " : . . - ’ .
or 22 1), and the system was evacuated to less than
, , o

0.1u. The bnlb_was ieblated’from the vacunm line by
means of a teflon "Rotaflo" stopcock, and the break-
seals were broken'in the absence of li%ht (in the order
RD, hgkfogen bromlde, and bromine, with twenty minute
intervals between each breakseal) The mixture of the

/
three reactants was allowed to equilibrate for about ,

«

100 W 1ncandescent lamp) The contents of the bulb 4

- attached to the bulb. The tube was opened, an-internal

_excess bromine and hydrogen bromide were destroyed

o)

were condensed in the absence of ligﬁt into a tube

standérd added ‘(o-dichlorobenzene for perdeuterjo-
. < )
cyclohexane and for perdeuterio-l—chlorbbutEne, and -

chlorobenzene for perdeuterio-l-bromobutane), and the

-

with cold (0°) aqueous sodium bisulphite (10%). The

ofganic substrates were extracted-with Freon 113 (about ﬁ
. & ’ ‘ ) H
25’%1), the Fredn solution washed with cold water and

dried (MgSO It was analyzed by glpc*jZ m % 5 mm lO%

4) -
UFON 50 LB550X on Chromosorp P AW, glass ovlumn) ;for Oy,
. ) - ‘.“'}7 oY
Nty
startlng material and products. The solutien was con-

1l
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3 N L B
: 3 l
\ ® [y - . - ’\./ . .
qutrated on.a 60 cm teflon splnnlng band column tQ B
: 3
1 .
about 4 ml, and the unreacted starting materlal ' o ;(/
) collected and~recollected'by preparatlve glpc (6 m XJ . ’
+ { L
s 5 mm 10% Carbowax 20 M, 50 ., s
. ]

-

T e RN

The  control experlments thaﬁ were performed

e hepk the recovery and 1solatlon of the startlng
% N

material and productsAwere done as descfébed above,i
except fhat‘a breakseal containing the products was
also attached to the‘reactioh'vessel. The products
were ihtroduc$d into the féaction bulb with the other
z . L JRN
three sgbstrates,'aﬁd the mixture was allowed to ;tand
in the absence‘of light for at least one hour. * The
contents were then coilecte& and isolated and anéiyzed
as obove. The results are given iﬁ Tabie 29. |

v . \ A
I11.4.1 Determination of Residual Protium in the e

Perdeuterated Substrates

\.

i. Using Mass Spédtroﬁetryf,

»

WbTbe perdeuterated, substrate was aﬁalyzed on

4

‘an AEI MS9 spectrometer ét'about 12 ev, using slow

magnetlc scanning to ellmanﬁte peak clipping by the

galvanometers. Two samples‘of RD were scanned five

Q

? o : {

iiies on the molecular ion region, and from thelaVerage
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Table 29 -

Control Reactions on the Recovery and

Isolation Procedures?

- '\ . , -
: Initial Recovered

Compound Molb Molb 3¢
) A. for Cyclohexane Brominations
Cyclohexane ' 61l.6 602.4 98.5
Bromocyclohexane : 65.62 64h81> "98.8
,Iiggg—l,Z—dibromocyclohexane 3.835 3.883 ldﬁ.3
Bromine ' . 784.4 - | -
Hygrogch BTom%ge . 3903 - :\
| \ B. For 1-Chlorobutane %fomi%atiops‘
1-Chlorobutane . 553.0 513.7 92.9
« 1-Bromo-1-chlorobutane o 8.425 8.224 97.7
2—§fom04§zch%orobutane i 10.05 ” 9.739 96.9
3-Bromo-1-chlorobutane ) 17.48 17.03 ', 97.4
54—Bromo-l—chlprobutané > 4.422 +* 4.211 ' 95,5 )
Trihalided 755 70719 102.2- .
Bromine ‘ A 946.6 ( - -
Hydrogen ngmidb . o 7484 \_ - -
| C. For l-Bromobutane Brd%inations
l-Broﬁobuﬁane 328.4 - 3bl.8- . -91.9
1,2-DiBromobutane ‘ 41.26 40.52 98.2
l,BjDibromobutahetj ) 5.928 5.779 97.5
,1,4-Dibromobutane : 7.180 7.110 99.6

continued. ... .



191.

. \'J -

Table 29 (HBnt'd.)

{

% Inttial » Recoverd
. b b c
Compound Mol - Mol 3
1,2,3-Tribromobutane 6.071 5.899 . 97.2
ﬂ;ominé : 2011 - -
, o .
Hydrogen Bromide 16290 - ~ .-

ALl controls were run using a 22 1 reaction vessel.

bNumber of mols used at start and 6bserved by glbc at end ////A/
2f run, x‘lO_. 

C,..
Percent recovered to initial mols.

dMixture of 1,2-dibromo-3-chlorobutane and 2,3-dibromo-1-
. []

chlorobutane.

f aal ’ ‘(.r
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heights of the peaks, the fraction of protium in the
sample was' determined by the method of Biemann.133

This gave the total amount of protium in RD.“tEor
R Lo ) w
. . o
perdeuterio-l-chlorobutane the amQunt of protium at

each position of the molecule was then determined

- ’

from the rétio of the signals of the difﬂgfenf protons
. 1 -
1n the ]00 MHz H™ spectrum. ) )

- -

In a typical run, the peak helghts of the

N

reCOVered perdeuterlocyclohexane from reactlon 2
N

(Table 5) are'given in Table 30. A1l the peaks were
sharp and unsplit. The peak heights were corrected

for the C13 contribution; this was calculated initially
from the }dEQB’of‘the 97/96 peaks. An 1terative

treatmentjwas?ugeﬁ until a constant value of the ct3

correctior and of the peak heights was obtained;,these

values are givgﬁéin Table 30. The percentage protlum\\

‘in the sample was then calculated from equation 85,

A

oo 95 4 2(94) + 3(93) . | _
R = 595 v 97793 X 100 (85)

where 95 is the helght of the mass spectral peak at
m/e 95, etc. §\The amount of protiated perdeuterlo—

cyclohexane was then calculated ‘as shown in ‘footnote b

’

of Table “14. g
) ' <4
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Table 30

Determination of Protium Content of Perdeuteriocyclo-

hexane by Mass Spectroscopy‘a

Peak Height, Corrected

m/e Peak Assignment ! mm? Peak Height®
13, . '

97 CsC 7Dy, / 6.8 % 0.1 6.8

96 cgDy,, c.clp u 100.0 + 0.1 98. 3

95 CgDyqH, C.CT7D) 25.5 ¢ o.\\ 25.2

94 CgDy oMy C5C13D9H3 4.2 * 0.2 4.2

93 CeDgH 0.5 £ 0.0 0.5

92 . C6D8H4 ‘ not obsefved .-

a . " .
Perdeuteriocyclohexane recovered from rcaction 2, Tabde 5

analyzed on an AEI MS9 at 10 ev.

=)

bAverage value of two samples, each sample being scanned
e .

five times, relative to peak at m/e 96, arbitrarily set as .
100.

’ n
CCorrected for the C13

cohtributions&in-peaks at m/e 96,‘95,
and 94; the correction was initially set as 6.8%, the 97/96

ratio.

4



A

The total amount of protium incorporated into

perdeuterio-l-chlorobutane was determined as follows.

1f Ao is the percentage of C4D C13S, BO the percentage‘

35 - 35 .
of C4D8HC1 and CO the percentage of C4D7H2C1 in

the sample before reaction, and if’the fractional amount
of incorporation of protium during the reaction is X,
then the amountslof.theée three spécies after reaction;

A, B and C, may be calculated as shown below. It was

Before Reaction/ Afeer Reaction
N \ \.4//
L, A (1-X) A (L -X) =A
- (@] X . -
d B (1-X) - A X+ B (1l -X) =8B
.78 + o ‘\\\\\\5\\‘ °- o0
d7 CO = 0 - . BOX = C

assumed that the amount of Cor the d7 species, was
negligible before reaction. This is not unreasonable,

since the sample contained- less than 2. atom % Hl. From

©

this analysié, the ratio of d8/d9 after reaction, B/A,
may be expressed as in equation 86. If the values of

Ao, B, A and B are known, this equation may be used
.. .

B AX+B (1-Xx)
I o - . (86)
A A -3\

to solve for X, thexfractional émouqt_of protium that

was incorporat®d during the reaction. The values of Ao)'

v

194,
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By n‘and B were determined by a method developed by .
Dr. H. Takiguchi of this laboratory (see Appendix 5).

-~

The calculated fractional Incorporation by ma§§

spectroscopy using. this method always was in very

good egreement with that calculated by nmr (see below).

y o

: $
ii. Using Nuclear Magnetic Resonance Spectroscopy

Accurately prepared solutlons of " RD and 1,1~
dlphenylethene in Freon 113 were analyzed by nmr-
spectroscopy u51ng a Varian HR\lOO spectrometer. Two "
spectra were run (normal ‘and deUterlum decoupled) w1th
the phenyl protons as lock and reference. A small
amount of TMS was added, and two more spectra, normal =
and deuterium decoupled, were‘run, witn TMS as.'lock
"and reference (see Figs. 3, 4, 7, 8);. Each spectrum ;o
was inregrated at least‘five times, and“the average
valnes for the.integrated areas were again. averaged

for the four spectra. Both decoupled and undecoupled
spectra gave the same integration values, w1rh1h SV
experimental error; showing the absence of any,experf-
mentally impontant Overhauser effects. From the;
relative areas of the 51gnal/s from RD and the oleflnlc_.
protons of l l1-diphenylethene (1, 4.63), thevamonnt of

protium in each position of RD could be determined."

| ‘.". . ‘ }‘7 . (



In a typical run, a solution qontainind 1.075 )
x 1073 moles perdeuterio—l—b;oﬁobutane recovered from
reaction 4 (Table 25) and 1.709 x 10”° moles 1,1-
diphenylethene was analyzed by nmr (Table 31). The
concentration of RiH for each positioh was determined
as shown in footnote ¢ of Table 14. )

’

111.5 Determination of the Equilibrium Constant

A

Solutions of bremine in Freon ll3 (1% in TMS).
were prepared and aliquots were titrated 1odometr1cally
with thlosulphate Qne mll;lllter aliquots were,
quantitatively t:ansferredninte 4 mm‘I.D. nmr tubes
which were fitted with a grounduglass joint. The tubes
were attached to aAvacuum line, frozen in liquid
nitrogeu and degassed to less tﬂan 2u. A premeasured
amount of hydrogen bromlde was distilled into the tubes
and the tubes were sealed The tubes were shakegq and
allowed to equilibrate'at probe temperaeure, 32.8 + 0.2°
or~"23.0. + 0.2°, and the nmf'spectrum obtained.  Only
one signal was obserued inéﬁhe spectra. All line |
positions were measured in Hertz relative to TMS by »
countlnq the dlfference between the lock and sweep

occillator frequenc1es u51ng a Varian HA 100 spectrohmeter.

Reproduc1b111ty of tHe measurement was better than

<
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Determination of Protium Content in Each Position

Table 31

of‘Perdeuterio—l—Bromobut

\

ane by NMR Spectroscopya

"

. \
grotoh

$,C=CH,

f/\\”g\\Br

H

recovered from reaction 4,

- (0.00308 g, 1.7087 x 10°°

. Y
-aPerdeuteﬂiofl-bromobutane (0.15752 g, 1

Table.25

ol
Moles
Area X lO5 3 Protiumd [Rlli]e
1.000 3.417 - -
\
2.027:0.044 6.926 6.44 1.03
1.47720.016 5.047 4.69 .0.66
1.539+0.055 5.259 4,89 0.70
. A 4
2.534+0.109 8.659 8.05 1.26
;3
0751 x 10 mol)

and 1,%®-diphenylethene

mol) in 0.3 ml Freon 113 analyzed

on a Varlan HA 100 spectrometer at amblent temperature.

L

bAverage of twenty 1ntegratlons from four spectra (see

text), relative to the olefinic protons of

ethene.

)

4

-

l,l—diphenyl—

“Obtained by multlplylng the area relatlve to the olefinic

protons by 3.417 x 10 5«

dDefined as moles Hl

in a position relative to the total

continued...,.
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J Table 31 (cont'd.)

»

A N

number of moles of perdeuterio-l-bromobutane expressed
a5 percentage.

£ 5 ‘
eConcentration (M x 107) of perdeutetio~l—broqobutane

protiated at position i3 calculated from theggguatibn in

footnote b, Table 14.

198.
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t

0.2 Hz. To checkﬁfhe brOmiﬁe soivent shift,b2,2e
dimethylpropane (Phillips\66, researbh gfade, 99.9%)-
was substltuted for the hydrogen brOmlde, and the -’
tubes were protected from llght by wrapplng with

aluminum foil.

- 7N

- . R y

The results are given in Tables 74 8, 2 and

10. The value of the equllibrium constant was determined

as described in the text (section 1I1.2.4). : ’

W

I11.6 Relative Rates of Bromination of Cyclohexane and

\Perdeuterioqyelohexane in the Vapour Phase

Aliquoes (0.20 ml) of a solution of cyclo-
hexane (1.312 M), perdeuterjocyclohexane (1.275 M),
Freon 112 (1.402 M, internal standard) and bromine
ClO.Zé M)dwerelplaced in Pyrex breakseals, and these
were degassed once by the freeze-thaw me thod and sealed.
The breakseals were attached to a 51 reactlon bulb;

in reactlons 4 and 5 (Table 11) a second*breakseai

LS Ny

4
containing a known amount of bromine was_alse attached

. SR
to the reaction wessel.. The bulb was dedassed to less
A . l . , e B e -
than 0.1y, isolated frgm the vacuum line by a teflon
"Rotaflo" stopcoek, and thetsubstra%és introduced’into'

the vessel in the dark. They were allowed to equilibrate



200.

for thirty\ﬁinutes, when the bulb‘waS‘irradiated (one i
100 W incandescen’«lamp)‘for.sufficient time to

ensure at;least'12% reaction of cyclohexane-dlz. The
‘contents of the buLQ were condensed, and the excess

bromine destroyed with ice-cold lO%'aqueoue sodium.
bisulphite. One milliliter Freon 113 was added, and

the Freon solution washed once with water and'dried_,
(MgSO4), The reaction mixtute was then analyzed by

glpc on a 7.5ym X 6 mm glass column packed with 7.5%

- UCON 50 LB 550% on.Chromosorp P AW, 80-100 mesh. %
Controls on the;recovery from the reaction bulh and

on - the wcrk—g@ showed that >98% of the substrates : '
and internal standard could be recovered, and that i
the ratlos C D 2/Freon 112, C6H12/Frébn 112 and

H12/C6D]2 did not change within experimental error ’

(+.1.8%). The results are given in Table 11.

The unbromlnated cyclohexane and perdeuterlo—
cyclohexane.were collected together by preparatlve
glpc (3 m x 5 mm 103 UEON 50 LB 550X, 5090 The'mixture
was analyzed by mass spectrometry (AEI M89 12 ev)p
and the amount of protlum in perdeuterlocyclohexane and
the amount of deuterium in cyclohexare was calculated
by the method of Blemann ]33. The.results are given in - -

Table 12‘
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washed once w1th water, drled (MgSO ) and ana

3 ' ’ ~ 201,

III.7 Photobrominations of 1-Chlorobutane with Molecular .

)

Bromine

Aliquots (0.500 ml) of a solution of 1-

chlorobutane (7.447 g, 8.045 x 1072 .mol) and bromine

-

(17315 g, 8.226 x 10 7 mol) were transferred into

each of twelve breakseals. Each breakseal was in turn ‘r

affached to a 5 1 reaction vessel and this was degassed.

-The vessel was isolaéed by a teflon "Rotaflo" stopcock
[} ; N

frpm the vacuum line, and the contents of the breakseai

introduced into it. After equilibration in the absence

' : \
*of light (30 minutes), the reaction bulb was irradiated

(one 100 W incandegcent lamp) for the appropriétew

time and then the contents were condensed into a tube

_attached to the bulb. To the isolated mixture was

\‘,
added " 20 ﬁl 5% aqueous potassium iodide solution and an

aliguot of a Freon 113 Eblution containing a known
amount of g-dichlorobenzene\(internal standard). The”

mixture was tltrated 1odometr1cally for bromlne and .

for hydrogen bromlde 134- The organlc layer was separated,

B

\ %yzed by |

glpc (2 m x.5 mm lO% UCON. 50 LB 550X). Only l-bromo-,
2-bromo-, and 3-bromo—l-Chlorobutane were detected;

the material balance (based on bromine) was ilways

greater than 98.%%. .The results are listed

e . ~

n Table 16.
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For the computation of the ratids fOL/Y and

fB/Y, the ékperimental values obtained at time t for

the concentrations of each of the three bromtnated
ch]orldes were plotted as a ‘function of the ratio

[Br 1/ 1 HBr] (x) at tlme t. The expetlmental chrves

were fitted by a least Squares program to theqs&pohetial
functioh given in.expression 56; the data wae divided
into two sectiogs and the curves fitted in parts. The
first flve points had a standa;d dev1atlon of lese

than 3 x 10 -3 mol/l, the last five p01nts had a
standard deviation less than 6 x 10 3>mol/l. The slopes
of the experimental curves, obtained by differentiation
of the ahpropriate equation 56: were elso obtained

from the manually pletted chrves The agreeﬁent between
“the slopes obtalned by the two methoéf\were w1th1nmthe
expected. range that would be due to expérlmental error

in the determination of the concentratlon of the

blomochlorobutanes

The solution phase reactionb of Table 18 were.

run in Freon 113. An aliquot of Freon 113 solutions

of l-chlorohutane, bromine and Freon 112 (internal
'rstandard) were placed in Pyrex tubes whlch had\a ground
glass jogpt attached The tubes were degassed three

times by the freeze*thaw methodvahd sealed. The vap T

¢
)
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space above the solution was less than 0.3 ml. The

Q
tubes were placed in a water !ath thermostatted at 21°,

equilibrated for ten minutes in the absence of light,
»

armd then photolyzed (one 100, W incandescent lamp) till

about 1-10% of the l-chlorobutane had brominated. The

tubes were opened, the excess bromlne destroyed in the

ugﬁef\mEEfer, and the solutions analyzed by glpc

(3m x 5 mm 10% UCON 50 LB 550X). No dibrominated
chlorobutanesdwere detected; the relative amounts of
l-bromo-1-chlorobutane and 2~bromO—l—cElorobutane,to

d-bromo-1l-chlorobutane observed are given in Table 18.

\

/."j.
A dbntrol_experiment was performed to check
the.stability of the. products in 12 M bromine solution.

A solution contélnlng l1-bromo-1-chlorobutane (1. 07 X

3

10"3 M), z bromo-1- chlorobutane (1.26 x 10 -3 M), 3-\1

. o _- =3
bromo-l-chlorobutane (2.20 x 10 3

butane (5.54 x 107" M), bromine (12 M) and Freon 112
(internal‘standard 1.63 x lO ~2 ‘M) in Freon 113 was

¢
left in the absence<of light under the same condltlons
l

as the phot01n1t1ate§ reactlons Aliquots were period~

b R

'dqueous SOdlum blsulphlte solution (10%), the orgaffic

solution dried (MgSO4),and analyzed by glpc. The ratio

of .the brominated chlorides to Freon 112 was found to.

\

M), 4-bromo-l-chloro-.

.

v
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remain unchanged over the same period of time as the
photoinitiated reactions were run, showing that the

products were stable under these conditions.

111.8  Vapour Phase Bromination of 1-Bromobutane with

ggomine—Bl

Two breakseals containing l-bromobutane
(2.25 x 1077 mol) and bromine (96.04% Br-8l, 3.96% Br-79,
3.75 x 10-'4 mol) gesp%ctively were attached to a 5 1

|

reaction Qessel and this was degassed to <1p. The two
reactahts\were introduced into the reaction bulb,
allowed to equilibrate in the absence of light for
15 min., and then the.bulb was 1rrad1ated till all the
bromine colour was Q%SCharged. The contents of the
bulb were collected and the unreacted l-bromobutane,
l,Z—dibromobutane, 1,3-dibromobutane and 1,2, 3-tri-
bromobutane were collected by preparatiQe glpc (2 m x
5 mm 10% DEGS on Diatoport, élass column), ana analyzed
by mass spectrometry on an AEI MS9 Sspectrometer at 15
and 70 ev. The relative intensitigs of the parent peaks
were independent of the ionizatiﬁ'p?bltage w1th1n

e,- r
experimental error. The results are given in Table 21.

‘\,/-/ ° ) -
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JI1.9 Photobromination of 1-Bromobutane ihXEhe Vapour

~

Phase- under "Normal" Bromination Conditions

Into a 5_1 bulb tﬂ%t had been‘evacuated to
less thén lu, were distilled approximaﬁely ¥.3 x lO~3
Qg] l—bromobutaée and 2.5 x lO—4 mol b}omine. The
bulb was$ degassed againyfand sea%ﬁS\ The subsérates
were allowpd to vapourize and equilibrate in the dark
for thirt? minutes, Snd then tﬁe bulb was irradiated
with a 40 W incahéescent lamp.” After the photolysis,
the contents were condegsed, and the condensed
mixture was added\to 70 ml water containing 2 g
potassium iodide, and thg[éoldtion titrated iodometri- - ~
cally for b;pmine and.hYd;oéen b(omide. One milliliger
éf chlorobenzene solution (internal standard) was '

added, and the organic solution washed with water and

dried (MgSO It was then anqﬂyzed by glpe (4 m x

4).
5 mrg 15% DIDP on Chromosorp W AW, glass column) The
Iesults are shown -in Table 22; products were identified

by peak enhancement with authentic materials.

I11.10 Photobrominatioh” of l-Bromobutane with Excess

Bromine. o .
These .reactions were run as described in the

2



3
general procedure for the perdedterated substrates.
The amounts of substrates usfd and products observed

(using 3 m x 5 mm 5% Carbowax 20 M on Chromosorp P AW,

glass column, énd 2 mx 5 mm 10% DEGS on biatOport S,

glass coluﬁ;) are given in Tables 23 and 27. The
material balance {on l-bromobutane) was always greater
' ' 3 “

* than 96%.

111.11° Liguid Phase Bromination Using Gas Phase

.

n

Concentrations

N Three litres Freon 113 were pladéz in a
three#&ecked flask equipped with a gas bubblef,
thermometer and double surface cpndenser, the butlet
of which was protected by a calcium éhloride drying
%ube. The flask was placed in a water bath, -and the

" Freon was flushed with dry argon for 70 minutes, during
which time it wagpalsa stirred magnetically. 1In
subdued light, 4 ml of a Freon 113 solution of l-bromo-
butane (0.209°M) and 2 ml of a Freon 113 solution of

- bromine (0.0988 M) were added. <The solution was stirfred
in the dafk for‘lofminutes, and then i£ was irradjated

“{fwb 200 w incandescenﬁ‘lamps) for 5 hours. The
temperatureiduring the photolysis was 25-28°. Gne'

’ mi%liliter of a Freon 113 solution of chlorobenzene and

206.
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1
3

g—dichlorobenzene (internal étandards) was added, and
the solution was washed with 100 ml aqueous . sodium
bisulphite (8%) and with water (150 ml). It was
dried (MgSO4) and then carefully«concentréted,by
«distillation of the Ffeon on a 60 ém’teflon spinnipg

band column to- about 7 ml. The concentrated solution

was analyzed by glpc (2 m x 5 mm 10% DEGS on Diatoport

S). The results are given in Table 23; the ratio of
chlorobenzene to g—dichlorogenzene was the same, within
experimenﬁal error, after the distillation as in the
origiﬁal,solutibn. The products were identified by spiking
with authentic ﬁaterials. The material balande bésed on

bromine was.97.7%

IIT.12 Vapour Phase Bromination of 1-Butene

Y

1-Butene was measured in a vacuum line, and

distilled into a breakseal sealed. Bromine was weighed

in a small tube, the tube dropped into .a breakseal,

and this was degassed once and sealed. The breakseals ’

R

were attached to the reacti?& veltsel (S{ 12 or 22 1) .,*

and after this was evacuated to less than 0.3y the bromine

1

was introduced into the bulb and allowed to equilibrate

for at least ten minutes. The l-butene breakseal was

.

then. broken: in the reactidns were the reactants were

not allowed to equilibrate, the irradiation .of the
—

¢ K3
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a
bulb was started before the butene breakseal was broken.
Tge bromine colour was discharged instantaneously
(<5 sec.). The contents of the bulb were collected,
an internal standard (chlorobenzene) and some solid
sodium bicarbonate added,hand the sdlution analyzed
by glpc (3 m x 3 mm 5% Carbowax 20 M on Chromgsorp P AW,
qlassicolumn). Four products were detected, other than
unreacted'l—butene; these were identified by spiking
Iwith'authentic materials as l-bromobutane, 3-bromo-
l-butene, l-bromo-2-butene .and l,2-dibromobutane. The
reaction mixture was also wnalyzed on a 3 m x 5 mm 20%
Silicon 0il 200 on Chromosorp W at 23° to check if any
2-butene was formed. The products were col&ected by
preparative glpc (3 m x 5 mm 10% Carbowax 20 M TPA on
‘Chromosorp P AW, glass column). lfoomobutane.waé
collected as a mixture with BJbromo—l—butene. The
nmr and mass spectra of these’ﬁroducts were iden§ical
with those of the authent}c%ﬁaterials. A control «

mixture of l-bromobutane and 3-bromo-1-butene §howed

that l-bromobutane could easily be detected by nmrf

¢
and mass spectroscopy.

-

III.13 Competitive Bromination of the Allylic Bromides

and_l-Bromobutane in the vapour Phase

RN

. . .
An aliquot (0.2 ml) of a Freon 113 sclution of



l—bromobdtane (1.542 M) and a mixture of l-bromo-2-
butene and 3;bromo—l—bu£éne (1.691 M) was placed. in

a bgeakseal, which was then degassed and sealed.

Into a second brgakseal was weighed 0.0456 g (2.85 x
10-4 mol) bromine, and it was degassed and sealed. The .
breakseals were attached to a 5 1 reaction bulb énd

this was degassed. After the allylic bromides and
]

J-bromobutane had beeg_allowed'to equilibrate in the

/.
S

bulb, the bromine breakseal was broken and the bulb
was irradiated at the same time (pne 60 W incand95cent
lamp) . The bromine colour was discharged in less than
5 sec. After the contents of the bulb wefeépollected,
-an éliquot of a chlorebenzene solutiop>in-Freon 113
(internal standard) and some solid sodium bicarbonate
were’added, and the.solutioh analyied for starting
méterials (6 m x 3 m 5% UCON ?OLAR on Chromosorp W)
. and for p}odﬁcté-(G m X 3 mm 5% DEGS on Chromoéqrp W) .
Glpc.showed that the solution contained 3.040 + 0.050 x
10;2 mol l-bromobutane,’5.186 + 0.078 x 10™* mol allylic
bromides, 3.05 % 0.01 x 10_6 mol i,2—dibromobutane,

1.48 + 0.01 x 10°°

mol 1,3—dibromobutané and 2.737 *
0.003 x 107 mol-1,2,3-tribromobutane. The products
»were identified by comparison of their retention times

with that of authentic méterials, and by spikinpg.

)ASince Both_l—bromobutane and the allylic bromides

¢ -

\
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~can give 1,2,3-tribromobutane on bromination, the amount‘
of this preduct forted from l-bromobutane was calculated
as follows. The initial ratio‘gf l;bromobupaﬁe (RBr)

to ellylic bromides (ABr) was i.0966. If the amount ‘
of tribromide formed from l-bromobutane was x,vthe \
initial ratio of RBr:ABr may be expressed as in equation

K4 .
87, where it is assumed- that the dibromides arise from
\

. ’
- /

4

(RBr)° (kBT ¢ (1,2) + (1,3) + (x)

= ' (87)

(ABr) ° @Bt v (1,2,3) - (0)

bromination of I'-bromobutane. The value of x was foﬁnd
to‘be 6.13 x 1078 mol; the rate of bromination of the

allylic bromides (ka)égelative to that of l-bromobutane
N .

4 {k,) was then calculated ;kii? equation 88,

ko '(RBr)f+(1,2)+(1;3)+kx) (aBr) f (1,2, 3)—(x)
—_— ln - ln ) (88)
kb ’ (RBr)° -+ (ABr)° '

I11.14 Photobromination of 1-Butene with Excess Bromine .

Three breakseals, containing l-butene (7.927 X

210,

107 mol), bromine (1.891 x 107 nol) and toluene (Phillips

research grade, 1.16 x 10 % mol) respectlvely, were
attached to 3 22 1 reacﬂlon bulb, which was degassed and
isolated from the vacuum llne The bromlne was 1ntroduced

into the bulb and allowed to equlllbrate for 15 mln.,c

-

.



.

the‘bulb was irradiated (one lOO\W incandescéht-lamp)
and the alkene was introduced int% the reaction vessel.
After 5 sec., the toluene breaksééﬁ was broken and
the system irradiated for a further 30 min. The
contents of the bulb were collected, an aliquot of a
Freon 113 solution of chlorobenzene and some soiid
sodium bicarbonate added, and.the solution wasuanalyzed
by glpc (2 m x 5 mm 10% UCON 50 LB 550%) . Only three
products were detected, 1,2—dibromobutane (6.5 x 107

3 mol) and 1,2, 3-

mol), benzyl bromide (1.812 x 10~
‘tribromobutane (6.62 x 107> mol). The material balance

on bromine was 99, 79,

211.
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APPENDIX 1

e T \

o

The Cage Effect in the Photobromination of Pe&deuterlo-

1- Halobutanes with Excess Bromine

=¥
and Excess Hydrogen Bromide

The solﬁﬁion phase bromination of alkanes and
substituted alkanes differs from the vapour phase .
reaction (Scheme 1) in that cage filterin§ is, présent
and reversal with hyd ogen tribromide is important.

.The proposed mechanism for the gromination of perdeuterio-
l-chlorobutane in solution is given\in Scheme 4. Thé
rate/g¥:formation of perdeuterio—l—broﬁo—l—éhlordbutane
(RuBr) is given by equatlon 89, while that of perdeuterlo-
1-protio-l-chlorobutane (R%H) is given by equatlon 90.

The ratio of the rates of formation of R%Br and R% is

given'by éxpression 91, which under the reaction

d[R%Br]/dt =!k-[R°][Br2] - (89)
"d[R%H]/dt = [R ] [HBr] + k'l[R ][HBr3] | (90)
d[R%H])/dt , [HBr] + k! [HBr3] ‘
'd[RaBri/dt B e tor | | \l ~(%;)
| ‘ 2552 :

¢
conditions, i.e. when the concentrations of bromlne and

hydrogen bromide (and , consequently hydrogen trlbromlde) do

~

i > 220.
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- not change significantly, may be integrated (equatioﬁ

~ .

92). Adding 1 to each éyde of this expreSsion\and\
rearrangement-gives equation 93,
'[Rgnlf—[R“H]° k_y [HBrl+k! '[HBr,]

‘ = — ‘ (92)
° [R%Br} k, [Br,]

[R%H] T [R%H] o+ [R%Br ] ; k—l[HBrf+k11rh§r31+k7i§r2l~~ (93)
(R%r] ‘ k, [Bry)

\

—

The ratio of the rates of formation of
perdeuterio—l—bromo—l—chlorobutane and peréeuterio+3—
bromo=t-chlorobutane (RYBr) is given by equation 94.

-d[R%Brl/dt k. [R-%]
- 2 ‘ (93)
\ d[RYBr)/dt ke [R-7] ) .

\

. To solve this equation% one has to substitute for the
: concentratlon of the radicals on the right hand side.

ThlS may easily be done by assumlng a’ steady state con—

centration of the caged -radicals, [Rfa] (equation 95),

3nd for the "free" radicals, [R.-%) (equation 96) .

‘ d@R-“]C/dt;o=‘zq

d[r-%)/dt=0= s

ka[Rﬁjéikﬁ;TR-Q}IHBr]fkll[R-a][HBr3]—32[R'a](Br2], (96)

éolving for {R-a]c from equation 95 (Equation 97), (where

RBT (Br- ]-kP 1R DBEI -k [R-9)C (g5

221.
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,[DBr}C 1s the cage concentration of deuterium bromide),
“and substituﬁing this v&lue of [R%)° into equatien 96

and Solving,for\[R-g] gives equation 98. A similar

rd

[R- ]S = ki[RD][Br‘]/(k?l[DBr]C + ky) (97)
IR-%] = kk, [RD] [Br-]/
(k2 [DBr] € + kq) (k_y [HBr} + k', [HBr,] + k2[3r2]) (98)
'expreesion may be derived for (R*Y].. Substltutlng

equatlon 98 and the corresponding expres51on for [R-")

into equation-94 gives expre551on 99, which assumes that

the rate of dlffu31on of the isomeric radlcals is the
same. Under the conditions descrlbeq above, this ' \
expression may be integrated (equation 100). The
integration further assumes that the concentfation of
dehterfum bromide in the sol&ent cage does not changé

- during the reaction.

d[(rR%Br]/dt Ny

a&[RYBr]/dt
K1k,

D C 1
k5k6 k_l[DBr] + k./ k_l{HBr] + k_

D C ‘ ) '
5[DBr],l+ k k_S[HBr] + k_SIHB;3]

[HBr

+ k [BfZ]
> (99)
+ kz[Brzl

1 HHBrs)
fR“Br]

N

D [ C ] ; R
klk2 k_SEDBr] + k. k_S[HBr] + k_SIHBr3] + k6[Br2]

o}

(100)

kok W2 [DBr] + k \k_j [HBr] + k!  [HBr

0,
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Combining equation 100 with equation 93 and
A similar one for the Y-position simplifiéé equation

100 to expression 101.

D c Ya1Eo g Yygre RY
a kZp IDBr]™ + ko) k) fIRTH]® [R'H]® + [RYBr]

a ks [R“g]f - [R"™H]° + (R%Br]

(101)
k2 [pBr]® + k

i



APPENDTIZX 2 )

Simulation of the Bromination of l—Brdmebugahe—Br—82

with Molecular Bromine

The reaction of l—btomobutane labelled with
Br-82 with molecular hromine reported by Bruylant
gt_glf%7 was simulated as shown in SCheme 7. Only the
formation of three prodhcts was co;sidered, l;é—
dibromobhtahe{-1,3?dibromobdtane (representing all tke
.non-vicinal dibremiaes) ahd hydrogen bromige; The
reactton was, 51mulated stepw15e - In each step, Y moles
of Br- attack the molecule, and" of these a fractlon f
abstracts the g- hydrogens (Reversal with hydrogen
bromlde was assumed to have no effect on these figﬁres,'

see below. ); A fractlon of the g~ bromobutyl radlcals

.e, eliminates bromlne atoms to glve 1- butene, which

\

then adds bromine to formxl,Z—dlbromobutane. The amountv

. r -
, iy
of each product formed is gfven in the scheme.

The prOgram assuntes that the values of t and

N

e are constant w1th percentage reaction. ! The value

for f was calculated as 0.8 from th- data in the
67

= .

communication. The value for e was varied érom 0 to 1,

H

224, - -
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a3

(e-1) 34
19

(e-1) 3
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i.e. the amount of elimination from\FhelB—bromobutyl
radiéals was changea from 0% £2 100%. The reaction
was simulated to 87% convergon of the bromine; this
figureAwés also determined from the published resulté.
The reaction was Qimulated in .100Q° steps, i,e.\phe
value of y was.set{at 0.00087. Simglation uéing~
a larger}numbef of steps, e;g.'l0,000, was found to

0 » ) . ,
- give the same results within the accuracy of the re-

Nad

.portedAdata.

" In eachcstepfkfhe Br-82 that was eliminated
~ was _mixed with the brominé;pool prior to any'further
reactioﬁ, and the ratio of;radioactive to "dead":
bromigp in the pool determ;ﬁ§d. ‘The ‘radiocactivity in
each of the products formed in this step was then
_ célculé%edband thezresults%accdmpléted. The program

is listed on the next page.
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IMPLICIT REAL*8 (A-H, 0-Z)
K=870

E=0,0D0

ALKYL=1.91D0

WRITE(6,801) :

801 FORMAT('OCON.',6X,'ELIM', 10X, "IN',

x8x,'1,2-D1',7X, "OTHER',7X, '2-P0S",6X, '1-POS")
DO 2 1=1,101 ‘ |

AMT=0.,0D0

ALK=ALKYL

POOL=2.0D0,

Y=DFLOAT(K)/1000000.0D0

RAT10=0.0D0

'ANON12=0.0D0

NS12=0.0D0

ELIM12=0.000

P0S2=0.0D0

P0S1=0.0D0

F=0.80D0

YFESY+F*E

D0 1 J=1,1000 -

RAT10=(YFE+AMT)/ (POOL+YFE)
ANON12=Y#(1.0D0~F)*(1.0D0+RATI0)+ANON12
DS12=Y#*F*(1,0D0-E)#*(1.0D0+RATI0)+DS12
ELIM12=2.0D0#*YFE+RATIO+ELIM12
POS2=Y+*F+RATIO+P0OS2
POS1=Y*F#*(1.0D0+E*RATI0-E)+P0S1

ALK=ALK-Y"
' POOL=POOL-Y

)

1  AMT=RA¥10%*POOL

KK=K/10
. TOTAL=ALKYL-ALK
P12=100.0D0*(DS12+ELIM12)/TOTAL
°  P13=100.0D0*ANON12/TOTAL. .
- “PINORG=100.0D0*RATIO*POOL/TOTAL
PER2=100.0D0*P0S2/ (POS1+P0S2)
PER1=100.0D0*P0S1/(P0OS1+P0S2)
EE=100.0D0+E
WRITE(6,910)KK,EE, PINORG, P12, P13, PER2, PER]
910 FORMAT(' ' 13,F13.8,F11.1,5F12.1)
2 <E=E+0,01D0
CONTINUE. - :
STOP | . '
END . | /

227.



A PPENDTIZX 3

Mass Spectral Analysis of the Dibromides Formed

in the Bromination with Bromine-81

I N .
A dibromide whose bromine atoms have isotopic

ratios of bromine-79 : bromine-8l1 of a : brand a' : b’
gives three peaks in the molecular ion region of the
P :

&

méss spectrum. Thé intengity of these molecular ions

wili be in the ratio aa' : (ab' + a'b) : bb'.77 The
Br-79 : Br-gl ratio for the molecule may be easily
determined from the_dbservéd peak heighté. Let the
first ﬁ%@k height be p (= aa'), that of the sécond be

g (2 ab" + a'b) énd thét of thebﬁhirdkbgff\(§>bb'). .The

fraction of Br-79 in the two bromine atoms willfbéﬁ\

given by eéuation 102.

v

0.5(? a + a' ) - O.SaSg;a+ b') + 0.5a'(a +_b)

+ b a' ¥ b + b)(a' + b'")

S _ 0.5aa' + 0.5ab' + 0.5aa"'" + .0.5a'b
ﬁ . - ~ aa' + a'b + ab' + bb'

aa' + 0.5(ab' + a'b)
~aa' + (a'b + ab'") + bb"

- - 228,
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The isotopic ratio of each of the two bromine

i-;so”be determined; The intensities of the
ird peaks relative to the first are -

Btions 103 and 104jspectively. Multiplying

ab' + a'b

'
e - (103
G A ' . u
m=Z- 2 | (104)

’ . \ . ‘4 \

lon 103 by b/a and substifuting for (bb'/aa') from

lon 105, ‘Multiplying by b'/a' instead of by b/a

) - <9>2-n?-+m:o , ' (105)
a a o _
L same expression as 105 with b'/a' instead of
e:r-Sl/Br—79 ratio of the. two bromine atomskis
thererore given by the two roots of;thie quadratic\
_equation. | |
Thus for .the vapour phase photobromlnatlon of
1- bromobutane w1th bromlne 81, 1,2-dibromobutane gave
"three peaks in the molecular ion reglon in the ratio
1 : 10 + 16 (m/e 214, Zlé! 218 respectlvely, see Table
T % 21). The 1sotop1c ratro of the two bromlne atoms can

therefore be calculated as in expres51on“106, and since



Br-81 _ 10 : V10% - 4 x’16 _
Br-79 / 2

S

a+b=a'"+b'" =1 (by definition), a = 0.33, b = 0.67,"

At

a' = 0.11 and b' = 0.89.
To determine the amount of 1,2-dibromobutane

'that'was formeg by addition o§¢259@ine to l—butene,

1t was assumed that‘the_rate of formation of 1,2-dibromo-
butané was éonstant relétive to that of 1,3-dibromo-
butane. Consequenfly, the 1,2-dibromobutane that was
formed by direét éubstiﬁutiOn had the same Br—79/Br—8k
ratio as 1, 3-dibromobutane (viz 0.32:0.68,vTable 21),
while the 1,2—dibfomobutape formed from thq(alkehe had
the same average isdtopic gétio as the broﬁine in the
3-position of l,3—dibromobuténe (viz 0.15:0.85, Table
‘21), If the fraction 05 1,2~di§romobutané formed fiom
olefin was e, the final B;—7§‘coﬁt§ntobf this dibromide
(0.22; Table 21) is givén.by equation 10%, whence e =

)
d

0.59. ‘ ; W&
N
W\

\

0.32(1 - e) + 0.15 = 0.22 3 (107)
— Ay H
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! )

Photobromination of l1-Bromobutane in the Gas ?hase‘

This reaction was studied by Dr. R. J. Arhart

in these laboratories.
T

An aliquot (0.2 ml) of a‘l.58 M bromine
solution in l—bromobuténe was placed in a 5 1 reaqtiOn
bplg, which‘wéslthen degassed and sealed. The’reagtants
were allowed to vapourize in the absence of light and -
\ghey Qere irradiated till éll the bromine colour was .
v'discharged. The products were collected and analyzed
by glpc (10 m x 5 mm and 6 m x 5 mm 10% DEGS on 'Diatoport

\
S glass columns). Five products were detected. The

first three were identified as 1,1-, 1,2- and Ifgtg;g?bqgr
butane by cdmparison of theif retention times With thOse
of aﬁthentic’métérials. The last two products were
collected by preparatlve glpc (2 m xg mm 10% ﬁébs on
Dlatoport S, glass column, lﬁi;ﬁ and 1degflf1ed as {w
1, 2,2- and 1,2,3- trlbromobutane by compafison of their
mass; 1r and nmr spectra with those of the aéi%entlc
materials.. The produgt dlstrlbutlon that was ob%ained
(l;l:i,2:1;3:1,2,2:;,2,3 = 0.14:2.36;1;00:0.21:3.43) was
AV

231.
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\\cbnfirmed independently by this writer,

N

« -
-

Preparation of 1,2,2-, 1,2,3- and 1,3, 3-Tribromobutane

¢ This work was carried out by Dr. R. J. Arhart -

in these laboratories.

1,2,3-Tribromobutane was prepared aé described
in sectlon III.1, and it had the same spectral data as

XEpurted there. e
A | 3
1,2,2-Tr1brompbutane was collected by prepara-
tive glpc (2 m x 5 mm 10% DEGS on Diatoport S, 160°)

from the products'of"the liquid‘phase photobromination

o~

of l,2—dibromobutane; -Its mass spectrum showed»the
.parent peaks at m/e 292, 294, 256,'298 (ratio 1:3:3:1)
and very infense P-Br peéks at m/e 213, 215, 217 (ratio
- };2:1). Its nmr spectrum (CC14,ATMS extérnal standard)
‘showed three sets of absorption péaks, in aécordance
with its structure- T 8.80 (t, J = 6 5 Hz, 3H), T 7.51

(g, J = 7 Hz, 2H) and 1 5.75 (s, 3H) .

o
)

'?'

1, 3 3- Trlbromobutane was presumed to be the

' ma)or product from the vapour phase bromination of = .

l,3—?1bromobutane. It was shown.that this compound was .

[-X]
g 2o
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not 1,2,2- or 1,2,3-tribromobutane by comparing its

glpc retention time (2 m x 5 mm 10% DEGS) to that of
N\

these compounds. Its mass spectrum showed the parent

peaks at m/e 292, 294, 296, 298 in a ratio of 1:3:3:1,

as expected for a tribrqmide.

Photobromination of 1,2- and 1, 3-Dibromobutanes

/ﬂx

These-reactions were studied by Dr. R. J.

;s

Arhart in these laboratories.

An aliquot sample (-~ 0.05 ml) of a 0.8 M
bromine solution in thé dibromide was placed in a 5.1
reaction bulb. After degassing, the sybstrates were
allowed to vapourize and they were irradiated till all
the-bromine colour was destroyed. The prodﬁcts were
collected and analyzed by glpc (2 m x 5 mm 10% DEGS on
Diatoport S, 140°). 1,2-Dibromobutane géve two
products, 1,2,2-tribromobutane (94%) and 1,2,3-tribromo-
butane (6%), while l,3-dib;omobﬁtane gave three products
in a ratio of’3.8:18.4:l.0‘(in order of their elufion
times). The product with the highest reteﬁtion;tiﬁé;f” J

that made up 4% of the three products, was l,2,3—£ribromo—

butane, identified by spiking with the authentic material.’
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Brominations with Bromine-81 in the Liguid Phase

These reactions (see Table 4) dere run with- .
out any solvent, using 5:1 molar‘mixtures of substrate:
Jbromine-81. The‘reactions were run 1in sealed, degassed
Pygex ampules, and Qere 1rrad1ated at- 80° till all the
bromlne colour was discharged. After reactlon, the
products were collected by pPreparative glpc (dibromo-
butanes and trans-1,2-dibromocyclohexane on'é 3m x 5 mm

10% DEGS on Chromosorp W, metal coluin and cis-l-trans-

2-dibromo¥4—tert—butylcyclohexane on a 3 mx 5 mm 15%
DIDP on Chromosorp W AW, glass column) and then submitted
to mass .spectral analysis to determine the ratio of

~

the intensities.of the parent peaks (seé Table 4). 1In

the bromination bf cis—4-tert—butylbromdcyclohexane{

which was prepared asvreported44, with bromine-81, the '
hydrogen bromide that was formed was distilied by trap J
to trap distillation inﬁb a solution of cyclohexene in
diethyl ether. The ether solution was shakeh’bvernight_
at room témperature, and the bromocycloheXaﬁe formed was
qulected by‘preparative glpc (6 m x 5 mm 10% Carbowax
‘on Chromosorp P AW, glass column) and analyzed by masé
fépectrOscopy. The major‘produ{} from this bromination

reaction,.cis—l—trans—2—dibromo—4-tert—butylcyélohexane,

was identified by comparison of«its spectral data with
{ ! . ° >

™
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that of the authentic material prepared by the addition

of bromine to 4-tert-butylcyclohekene (bp 78° (1.3 mm),

n2° 1.5250; 1i¢.135 pp 680 (0.3 mm) |, 25

D 1.5247),

The nmr spectrum (CCl4, TMS 1internal standard, Varian
HA100) showed the characterlstlc equatorial hydrogens

at 1 5.35 (base width 23 cps) Its lr spectrum agreed
with that reported;136 additional very small absorptions

at 807 and 703 cm Y indicated small amounts of the

diequatorial isomer.

Reinvestigation of the Vapour Phase' Photobromination of

-

I-Bromobutane ‘ ,

. This work was carried -out by Mr. T~ C. S. Ruo in

these laboratorles sinee the completion of this the51s

-
.

(N

/

~ The bromination of 1-bromobutane (30.29 x_lO_4

y

o —with olecular bromine (61.00 x lo_svmol) at ambleut
. temperaturj\;;;\ru;\;;\g\l2\{' eaction bulb. It was

ﬁ photolyzed until all the bromlne colour

S dlscharged

N
and the products were collected in a llquld nltrogen
\trap Eleven products were obtalned l-bromo-2- butene'”
(1.1%), 1,1-dibromobutane (l.8%), 1, 2~ dlbromobutane
(34.4%), 1, 3-dibromobutane (13 0%), 1,2 2—vr1bromobutane

(1. 3%), l +44dibromo-2- butene (l 6%), 1,2,3 trlbromobutane
\ :

(27.4%), dl- -1, 2 3,4~ tetrabromobutane (6. 0%/ and meso--

e/’

!



-

1,2,3,4-tetrabromobutane {11.2%). yThe'compounds are listed
in their order of elution from the glpc column used (6' x
1/4" 10% Carbowax 20 M TPA glass column). 1,2,3, 4—Tetra—
bromobutane was obtdlned as a solld and quantltated

by welghlng the major portion of the solid and adding

its weight to ‘the small amount that was eluted from the
glpc column. It was isolated and 1dentfﬁ$ed by compar-'
ison of 1ts mass, nmr and ir spectra with those of therv
authentic material. Two’other unidentified:compounds

were also detected- one was eluted from the glpc column
after 1,2- dlbromobutane (<0 9%) and the other one was .
eluted after 1;3- dlbro%obutane (<1 4%) The material |

- balance based on bromlne consumed waS'lOOWl% wheh tie‘

two unldentlfled compounds (2. 3%) were assumed to be

unsaturated dibromides. ThlS value agreed with the

' welght of the recovered material collected (98.4%).

o

o
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. ) APPENDTIZX 5

Determination of the Rﬁgtium Content of Perdeuterio-

1-chlorobutane by Mass Spectrometry

\_1’ f/ |
//The mass spectrum of perdeuterio-l-chlorobutane

shews a ﬁumber of peaks in the parent peak  region. The
peak/af m/e 101 (PlOl) may be assigned to the following

‘ilons (equation 108). 1f A is the percentage of C4D9Cl35

35,+

PlOl = (C4D9Cl ) .f

(T, b c13’) + (c,c3p ne13%y* o {c, D8 c135)+ (108)
4 8 47772 ‘ :

L o 35

in the sample, B the percentage og C4D8HCl + C the

percentége ofAC4D7H2Cl 5, m the natural lSOtOplC ratio of

]

37/Cl35, X the C13 contr;butlon and y the fr@ction of

species that lose a deuterium atom, * equation 108 may be

1\ .
rewritten as equation 109, A similar analysis of the
B = A+ Amy + Bx ¢ Cm = A(L + my + 2x + Sy (109)
X 101 Y - A WA

peak at m/e 100 (Py40! giVes'equatién 110.
.. N / - . . N .

- : . .
Slnce y was small (0. 148 determlned from the mass
spectrum of 1- chlorobutane under the same condltlons),
loss of a hydrogen atom 1nstead of a deuterium atom was

neglected

237.
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— A-—- - | C
PlOO = B 4+ Bmy + Cx = B(1 + my + Em) (110)

The ratio of these two peaks will therefore

be given by equatlon 111, Wthh may' be rearranged to

. q
give the ratio B/A (equation 112), the ratio of the
: B C ]
PlOl Afl + my + Kx + Xm . _
—_— = I , (111)
+ =
P100 B 1 my + BX
B C

B P00 L+ my + 2+ om

- = = —_~—e—————?T-—— (112)

A

4D8HC1 /C4D9Ci35 species. ‘Equation 112 was solved
for B/A in two ways. '

In the first method, the values:of m and x
| were obtained from the literature; 7 the value for y was
_ determlned from ‘the mass spectrum of the natural
protlated material run under the same condltlons as
Aperdeuterlo -1- chlorobutane, assumlng that there was no
isotope effect on .the loss of a hydrogen or a déuterium‘
atom in the ‘mass spectrometer The ratlo C/A was,
approx1mated by the ratio of the peaks at m/e 99 and'.
101 whlle C/B was approximated by the ratio of the peaks
at m/e 99 and 100 in the spectrum of perdeuterle

chlorobutane. Equatlon Ll2 may then be rewrltten as

~equation 113, which .may be solved for the, rath B/A

¥
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B P 1 + my + —x + EEELﬁn
100 A P ‘
_ 101
— = - 5 o ~ (113)
99 7 '
b4

100

A P101 1 + my +

v
In the second method, since X, y &nd c were

Sy C C -
sma¥l! the terms my, g* and sm would be even smaller,
_ 4

and hence may be neglected. ‘Equatidn 112 then feduces

to equation 114, which may'bé'solved for B/A. The ratio

B P .
— 100 (1 + §x> - (114)

B/A calculated from equatlonq 113 and 114 was the same

within. the llmlts of the accuracy of the mass spectral

data.
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