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" The photochlorihatrbns ot “the n-butyl ‘grpentyl, and

un-héxyltr1methy1ammon1um chlbrides, u51ng molecular.

1y

*_chlorlne in- hexachloroacetone or . 15% CD3L02D/85% 32504, or

i M '

~ us1ng N-chlorodxmethylamlne 1n the ac1d solvent are’

descr1bed. The ammon um group exerted a strong polar

»

directing etteat upon the site of. subst1tut10n. This i

e “effect was tound to be ‘more pronounced in the more polar

'protxc solvent. The reagent, N-chlorodlmethylamlne,~

.

generated the d1methylamm1n1um radlcal,'whOSe react1on
\

‘showed a polar sen51t1v1ty toward hydrogen abstractlon

sxmllar to that of the chlor1ne atom, but exh1b1t1ng a

] - =

~

much greater select1v1ty. éomparlson of the isomer
d1str1but10ns obtalned from the self photochlor1nat10n
reactions of N- chloroﬁn_hexylmethylamlne and N—chlorotnf-
'pentylmethylamine in the acid solvent, with the'distribu;
“tion pattern obtained tor the‘ch\orinatlons of the
ammonium salts with NéchlorodimeiXYlamine, suygested that.

. the self chlorinations of the N- chloroamlnes proceed by

the 1ntramolecular hydroyen abstractiof mechanism

..

-~

suggested previously.
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< 13

The competitive N-bromosugpinimide (NBS )+ brominations

of cyblopentaﬁe»QE, cyclohexane, or neopentane vs. di-

chloromethane were shggn to proceed by a mechanism

dominated by either a %tomine atom chain, a succinimidyl

\

tédical (NS#) phain, or_ a mixea chain. The dominance of
~each of the majof chaiﬁ;carrying ptoéégses'depends upon
the solvents ﬁsed, to same Q¢gree ub&n the reactivity of
the substrate, and upon tﬁe additives‘(molecular bromine

or olefin) used to moderate'or-ehhance one or the other of

b

the chain processes.

A low value, ~0.05, of the relative rate of

-

, eaction/H, r, with neopenténe vs. dichloromethane was
-

termined tor the‘bromine atom Chain,jwhile a high value,

r Xls, was observed tor the éuccinihidyl-radical-chain.

1l

Interﬁediate values of r could .be obtained by carrying out

_the reactions to varying percentayes of reaction, since as

the reaction proceeded the importance of the bromine atom

-~ x
< R i
s

chain becomes more prominant. - -

"

'~ Accompanying the abstraction reaction of the
succinimidyl rad’fbal.i a ring openiny process occurs, which
led, by a chain sequence, to the production of Bg-bromo-

propionyl isocyanate (B~-BPIC). The amount ot ring opened

product could be controlled by the concentration ot

vi ('Q



-

brom1ne present in solut;on, 51nce the succ1n1m1dy1
radlcal teacts rapxdly w1th molecular brOmlne, prbventlng
its further reactlon, For the reactlons with neopentane
and dichloromethane the fractionel,amqunt/ngs;o ot -
abstractioh b&‘NS° could be détermined frem,tﬁe;observed'f‘
values. ‘since ring obened product was observed in all
reactions, theufrection of abstree;i%n/:ing openfng,“: é%)
xNS./lB-BPIC], couldvbe meaéured_anb.was found‘;ohbeva
constaﬁt regardless of'tﬁe value ef r obtained. ~ |
Add;tion ef.more‘reactive'sdbstrates, or olefinic
materials to the reaeﬁiqn mixtures eentaining NBS in
dichloromethane with added olefin (the reaction conditions.

previously reported) yielded heterogeneous mixtures of NES

-
.

and substrate. The reactions showed a constant ratid.of .

products, [BrCHCl,)/[R-BPIC], (contrary to a previous

report).
; S | }
The addition of benzene was found to serve as a

succinimidyl radical trap, allowing a competitive

abstraction between bromine -atoms and succinimiayl

radicals, and leading to a larger ratio ot products,
[BrCHC1l,)/[B-BPIC]). * Reactions run in solvent chloroform
were found gualitatively to behave the same as experiments

carried out in dichloromethane, contrary to a previous

report.

- -

Large yields of B-I1PIC were tound to be produced in .
A

vii : ,
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the reactions of N-iodosuccinimide with iodine in solyents: .

i

dichloromethane or chloroform. These reactions were

aséignedﬂ'tentatiiely, to the reactivity of compiﬁi///(// /
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INTRODUCTION o o

i.l Background'

The acid—catalyzed chlorination reactions of N-

haloamxnes have been studied extensively. Thé reactions

can be divided into two groups, those involving intra-

molecular hydrogen abstraction and those involving inter-

molecular hﬁ‘jogen abstraction. The intramoleculdq

analog of the halogenatlon, known as the Hofmann-Loffler-

Freytag reactlon,1 has been used- extenslvely in the syn- -,
theses of a variety ‘of nitrogen coﬂtalning heterocycglc
1-16

compounds. In the intramolecular reactions the N-

chloroamine undergoes an initiateo self chlorination
reaction and the oroéuct mixture is usually treatedlyith
base, without isolating the intermediate halide. Iﬁtfa—
molecular cyclization Yields.fivevor'six membered ring
heterocycLic products arising from nucleophilic sub-
§titutioo of the halogen by_;ho freé"amine; .The‘interf
molecular rooctionsuhave uﬁ.ﬁ N%chloroémines as reagents
to proouce a variety of selectivély palogenated compounds
which do not contain on‘amine functional group.

.+ The first example of the intramolecular reaction was -

“ . S
' . .

obsgfﬁ?d by Hofmann9'17iin:}885 during trgatmenf of N-

4

»
1

bii%Qiifiine 11) with hot sulfuric acid. 'A tertiary

A

L/’/ : |
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amine was formed and shown to be 8—conecéine;(2);1°

Ed

1.H,50,,140C
2.0H

A

2

Lvffler, Freytag and Kober18-20 extended the method to

several~other-examp1esw one of whxch included the

.~

synthe§is ofy nicotine (4) from the N-bromoaminge (3).19

e

The reéhlts of numerous other studies were reported

between 1910 and 1960 and these are wel/\dbcumented in a

review by wOlff.1
The flrst study of the mechanxsm of the reactlon was‘

reported by WawZOnek, Thelen ‘and Nelson in 1950.3 21

I'They found the reaction to be catalyzed by 1rrad1at1on.or

hydrogen perdxide-and on this basxs;pgppoééﬁ;g free

radical chain mechanism (see Scheme 1). &
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""C“r(CHz)rNﬂrﬁ ——Z(' afi-cn--(t:n,),.-;-n' he . . (4)
a"—-én‘—-(cu,),;-n‘q-a:+ R NHCI R— n-(cuz);-v'a—n + R,NH (5)
X : N '

o
Scheme I |

These workers also studied the reaction of N-chldro-4-
ethylpiperidine (5) in sulfuric acid under irradiation
with ultraviolet 1i§ht,2l The acid solutions were slowly

. neutralized and adjustéd to pH 9, after which the pH was

found to drop to 5. OQuinuclidine (6) was isolated from

o -
N H,80, - “OH . |
N . N3 _ N7
A\ , / \
H CI H H /
5 : 7 6

this solution. On the basis of the observed change in
pH, 4~(B—chloroethy1)—piperidiniuﬁ”éaTE (7) was proposed

to be an intermediate in the reaction, which is converted

. B . -~ ;‘. .(:.7». Badhe T . ) '
. to the free amine by base, -which then cyclizes to
quinuclidine.

~ corey and Hertler confirmed-these conclusions and



-

ol:extended ‘the understand1ng of the mechan1sm with thelr

»

'study in 1960 3 (-)-N—chloromethylamylam1ne-4-d-was
decomposed in sudfurxc ac1d at 95° and optlcally 1n~_?

. active, partlally deuterated, 1,2~ dlmequlpyrrolld1ne was
'fobta1ned in 43% y1e1d. Th1s was considered to be strongf;e

-evidence for a radical intermediate since a trxgonal

carbon center is required for racemization. - The deuter-

ium content of the l,2- d1methy1pyrrol1d1ne was measure

4~ d3—am1ne was also cycllzed, and, on the. ba51s of the
-.ratlo of dldeuterated product to trldeuterated product,
Qan %§otope effect of 2.6 was calculated. Ultraviolet
irradiation, sweeping w1th nltrogen, End add1t10n of -
ferroue 1on were all found to catalyze the 1ntramolecular
qycl;zaglon reactions. Wheq‘theﬂreaCtions were carried.
BRI - _ s
out in mixtures of acetic acid/sulfuric acid,;he rate of
reaction-was found to be dependent upon the coocentration
of sulfurlc ac1d, with no reaction occurrlng in glac1al
acet1c ac1d. o : |
° .
In 1965 Neale and Walsh Studled the efiect of the
concentratlon of sulfuric ac1d on the rate of reactlon,

as well as the effect of the purlty of the N-ghloro-

amfne, llght 1nten51ty, light wavelength, and nitrogen
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) sweep rate. 22 Incre331ng acxdlty was shown to lncrease
thHe yield of cyclxc product, but decreased the overall

reaction r

ET‘narcus and Walsh also studied ‘the
- use of_ilternative acids as media for the radical

promoted.cycli;ations}23 Trifluoroacetic acid, sulfuric
[ .
acid/nitromethane and sulfuric acid/acetonijfile were

_J found to' be acceptable alternative solvents /for 'the

reactlon. Gassman and Heckert at;empted to d951gn a’///

reactlon substrate which would prefer abstraction of\phf\

y hydrogen rather than the 6é- hydrogen.13 The abstraction

4

}of the 6 hydrogen ﬁ’d‘been proposed to’ bé favored because

\
_— : \
Qf the-;ntermedlacy of” a,s1x-membered transltlon state \

3

(8) and the preference for linear hydrogen ?bstractibn;

Y (of

6 .
¥ A "
B ) ‘

Y

14
I'4

Cyclization of 9, however, yielded.only thg*expected
produét of 6—if;traCtion 10, These observations.were
L .‘presented as evidence for the importangerdfgihe}angle of
A hydrogen abstracrioﬁ'torrhe rate[of~the reaction.
Abstraction of the 6-hydrogens ds sterically.lese

- favorable than y-hydrogen abétraction,due to the greater

¥
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d1stance from the n1trogen center (2 2 A for the 6 -H and

~,

1. 8 5 tor the Y—H), however, the abstract1on angle a7(see' &

11) for- the 6 H tran31t10n state (145°) is clbser to 1809

'Ehan the angle (a) tor the tfahsxtlon state leadiny to ot

y-H abstraction (120°), and the 6—subst1tut1on produét is

- -

formed, : _ n.~“; ;._‘ o o ,v;
™~

= .
\E During an investigyation of the am1natlon of various

ubstituted benzenes u51ng N- chloroam1nee M1n15¢1,.65111
and Cecere24 found that benzyl phlorxdes were produced as'
side products. They. 1n1t1ated a: serles ~of. 1nvest1gat1on§
of the. 1ntermolecular chlor1nat1o¥ and’ bromlnatlon of
various substltdted alkanes u51ng a varlety of 1n1t1ato$s

in 85% 825(74/l5£ CH3CO0,H. 22727 The reagents._ snewed’v«ary‘i

.;hlgh select1v1t1es and the reactlons using N chloroamlnes

They also found the selectivity observed was dependent’

1Y

upon the initiator used, with cuprous salts giviny the-
highest selectivity and‘ferrous\saits giwing the ‘lowest
selectivity. on the baSis of .the results, but contrary.

E

to the §dggested change inﬂeelectivity with changing in---

.

e v - : -



itiator, they proposed the following mechanism (Scheme

11): ~
+ ‘ + ) +e + -
(CH) NHCI + M ——— (CH,),NH + MClI (7)
“+ : +
R-H + (CH)NH —— R- + (CH;),NH, (8)
e + :
R- + (CH,),NHCI ——— (CH3),NH + R—CI (9)

Scheme 11
Minisci reported a high selectivity for hydrogen
abstraction at the second carbon of heptane (see
below).2’. The selectivity at this carbon is almost

CH;~CH5; CH; CHy CH; CH:-CH,
11 5§56 29 143 using Me,NCt in H SO,

<

dnghle that at carbon three. He proposed that Lhis high
Solectivity wae caused hy the steric bulkiness 6f(the di-
methylamminijum radical, and tﬁat *Ha secord carbon is the
lJeast hindered secondary carbren. Vo test this proposal

he ale investigated the reartione of N-chlarndjiisobutyl-
amine, a bulkier venaen', to see if its selectivity would

~hange (cer helow) He fonnd an e "o v eater gelgttiv§}y -

R . - . . [al X (&Y
CH; CH; CH:= CHy h: ,

13 &A1 27 Q IR using N chioro diisohuty!

®IMine n “—,Sna

usiny t' is repgent and thus concluded the cteric byl

et s ' kbe N =hlevcsmine ie .respopsible for the high

”
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selectivity at the second cagbOD.

Neale and Gross in 1967 studied the relative reac-

. t1Y1tleS of various r1ng substltuted toluenes toward
]

chlorination in 2MH2504/LH3C02H W1th N chloroplper—

1d1ne.28

The relatlve ‘reactivities showed a sat1sfactory
Hammett correlatlon (¢¥) p = ~1.36. The p value obtained
was much more negative than that for the chlorine atom

'_i 29 E ‘ . -
(p 2 -0.66“7), and. thus was proposed to be the p value

characteristic ot a piperidinium radical.

In 1969 Tanner and ‘Mosher 30 proposed that inter-

molecular hydrogen abstractions, éxec‘ted with metal ion
initiated N-chloroamines prbduced by ‘the procedure of
Coleman? (hereafter referred to as the synthéiic method),
did not occﬁr via an amminium radical, but-;ather-via a
chlorine ;tém éhain; They based this.conclusion on

several pieces of evidence. .The chlorination ot 1-

chloropropane (Footnote l)/yith molecular chlorine and

“ s Ay Ty o e

with vaqaous N-chloroamines. all . gave the ‘Same 1somer'i?l<;"'“

S, Q',dLstt utLgn ot pvoducts. %errous sultate, terrous~

chléglde, and cuprous chlorlde 1n1t1ated chlorlnatlono_

l The substrates chosen tor study yielded products that .
were stable to the, solvent Hp50,4/CH3CO,H. :



with the N-chloroamines all gave the same isomer
v r . . '

distribution of producgg (Sdentical to that obtained with

molecular chloriné), and the relative reactivities of

- various hydrocarbons versus cyclohexane, to N-chloro-

diethylamine and moleculér chlorine, were shown to be the
same., They poinﬁed out that the similar results with the
different initiators was to be expected, since Minisci's
mechanism did not involve the metal salts in the hydrogen
abstraction step. All of these results supported the
involvement of a chlorine atom chain for these experi-
ments. They propogéé‘tﬁai; fdr several substrates
previthlyfstudied,vthe differences 'in selectivities:

observed were shown to be due to instability of ‘the’

0

products in the solvents used.

Minisci, Gardini and Rertini3! responded with
o e e e : ) 8

additionai»results,obteinfd'usjhg.ijéhlbfdﬁdﬁabé,ryfv‘L

chlorohexane, methy lpentanoate gnd\métﬁyfhéptéhéaﬁe which

ihéy“ciéﬁmea to be séabie to the std;/bhétbiH“soiﬁeht;;f'
Reactians us{ng‘N—chlorq@%methylamine were found to give
higher selectivies‘thakvthOSe observed fér moleculary
chlorine, and.N—chlorodimethylamiﬁe and N-bromodimethyl-

amine were found to give the same selectivities. BRased

they reaffirmed theiv ordiginmal.cenclu-

BT PPN

on these results

. . -‘). .:.«' oL E S A' g+ o n - . . .
csion that an amminium radica)l was the Fhstracting species.

involved.



"varying..r sults. -Ferrous sulphate, cerous sulphate,

The apparent discrepancy in the results obtained by

these two groups was clarified<by Spanswick and Ingold in

'1970532 They found thé important factor was the purity

of the N-chloroamine. The N-chloroamines investigated
were purified by precipitation from ether as the hydro-
sulphate salt. The crystalline salt was washed with

ether, dried and dissolved in the solvent of choice: Re-

3

actions of N-chlorodimethylamine -and N-chloropiperidine,
purified in this manner, with l-chlorobutane in 4MH 550,/
CH3COpH gave isomer distributions clearly different from

.

those obtained with molecular chlorine (seegbelow).

C1~CH——— CH,—— CH;——CH, :
51 235 456 258 Ci,,hv, 4M H,80, /HOAC
48 . .106. .78.8 - 8 Me,NCI,4% AIBN,4MH,80, /HOAC
49 101 78.6 64  (CHINCI 4% aiBN 4MH,S0, /HOAC

e

'””itiators were used and found to give

. , , _ P
cerous chloride and cobaltous chloride weére all found to:

yield results which were closer to those obtained from
molecular chlorine. 1In all of these reactions the
distinct odor of molecular chlorine was noted and thus

was suggested-to bevgpq_gahse of the differing values

obtaihéd. " THis was proposed to be the cause behind the

variation in,values obtained by Minisci,2?

11
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They,f;fther showed that N-bromodimethylamine when'
'puriﬁgﬁé as described for the N-chloroamines gave |
sele/;ivities identical to N-chlorodimethylamine and
difgirent from those obtained using moleculag bromine

(see below). Based on these results they concluded that

CHCH; CH; CH; CH,

236 264 495 0.5 Br, 0, 4M H;80,/ HOAC
48 8.8 77.3 9.3  Me,NBr,10 % AIBN, 4 M H,80, / HOAc

caretul purification.ofOthe N-haloamine is important to
achieve ;h amminium radical chain. The synthetic methoad
Qas not considerea to préduce y:haloamines’of sufticient
purity to eliminate the partiéipation of a molecular
halogen chain. ' :

Spanswick and Ingold also investigated ;he kinetics-
of the intermolecular reaction and measur%g;several rate
constants.33 They measured the chain chlorination of
décanoic acid by N-chlorodimethylamine and N-chloro—v
piperidine in sulturic acid/aceticvacia at 30°. The -
induction period method did not work satistactorily. for
estimation of -the rate of chain initiation, since no
suitaﬁle;inhibitors bould be tound. Because ot .this
‘problem, the rate of chain initiation had to be estimated
trom the measured rates ot decomposition ot a,a;-azobis-

cyclohexylnitrile (ACHN) and a,a‘'-azpblsisobutyronitrile



A e,

(AIBN). The rotating Sector method waé u§edzto determipe_
the rate'cbnstahts of.proppéation‘and tefﬁini%ion; fﬂsihng‘:
the 1imits of the estimated rate ot initiation the rate
constant of termination was est1mated to be in the range

6 x*lO6 to 5 x 107 mM~lg- 1, and the rate constant tor ’

propagation was estimated to be ‘in the range 7 x 10¢ to

1 x 104 m~1s-2, o

The.overall reaction,rateslﬁere found tovbe propor-'

tional to the concentration ot'deCanoiq acid, the.squa:e .
. root of the rate of chaih initiation, and ihdépeﬁdent Qi

the'concentratfbn4ot N—chloroaminé. At any patticﬁlar

ACHN concentrat1on the rates were proportlonal to the

square root of the llght 1nten51ty, ‘which 1nd1cated the

chains are terminated by the blmolecular react;on ot:;wo

dicals. )These results were all found to be consistent

with the flechanism in'Scﬁéme iII; since however, they
could not dlstlngu1sh these rate constants from ones.
obtained for chlorine atoms, the establiShment ot the
~ldentity ot the abstractiny species, in the previous
rep‘ort,'32 was essential for their conclusions,

It was not possible for the authors to accurétely 
predict the nature ot the.termihatiﬂg radicals.: - Siﬁce
the amlno rad1caIs are 1n equxlibr1um-with the amm1n1um

T = LIS » Ve - -

radicals three p0551b1e term1nat1ons exlst-i'ammlnlum. ffV P

P : s_u .....

'jtfwath amm1n1um radlcal,.amxno w1th ammlnlum rad1cal._  f"  *jf“;

.- . e B N e - e g L S
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- o N\ , 2'(' . , ! R
+ 4+ HNt ———— inactive products (13)

_ /
~-w33g_ ggj,;;,,,.' Scheme iII

z/\z

TERMINATION: H

N

.qamlno with amino rad1cal. ‘Even though the concentratlon.
of amminium radicals. should favor the f1rst poss1b111ty,"
the rate constants for the second and third examples
would be expected to be much larger aue to the absence ot
charge repulsion. - .f |

Three reQiews ot the chemistry of nitrogen cation
radicals appeared in the early seventies. One, by |
Kovacic, Lowery and Field in 1970,34 reviews the re-
actions ot N-chloroamines and N-bromoamines'withi317

. references cited. The second, by Deno in 1972,35 reviews
thhe chemistry ot nitrogen cation radicals. The third,'by
Minisci in 1973,36 reviews novel synthetic‘applications )

\
ana deals malnly w1th the amlnatlon ot aromatlc com-

..,",_-

1.pounds, but contalns a sedtlonlon the intefmolecular«*d?ﬁV
,;_,',._' . . 'G' .. R o '. :
Do el halogenat1on o; saturated monotunct1onal alkanes. f

e PAPRESE
™M e L s e -~

-~ lo .

. ;ifj'7i' Denc.'bashbeln and wyckott37 publlshec th results”
Por e %

.t . : . R . . . et ol

L T

C PN N STt . \ '-..V Tt
’ PROPAGkTION. R NH-CI -——————bR—CI +- H/N+ . (11)

°t ‘a; Study ot - the chlorlnatlon ot Carboxy11c ac1ds ln-ﬁfiﬁe%”

14
INITtATION. Prodnctinn M R- Tt e (10)

Loan
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strongly acidic. media'with’molecularIChiorine.- Theyi

grepqrted h1gh yxelds of chlorlnatlon products resultlng

'

from abstractlon at the termlﬁsa methyl groups of the

'carboxy11c ac1ds.» SUbSequent to thls f1rst report on fd

term1na1 funct1onallzat10n, beno and his co—workers

p:;publlshed several studies 1nvestlgat1ng the possxb111ty

LR

~‘-",,mthat sterlc effects 1n£luenced the hydrogen abstract;on

. »

‘,react1ons of sterlcally bulky N- chloroam1nes. M1n1sc1k'
| had first suggested thls behav1or in hls stuoy 1h 196847,

to expla1n termlnal methylenefunct1onallzat10n.v Deno, 1@

trying to mimic methy;functlonallzatlon.found 1n.enzyme

reactiohs,33 investigated this idea further.

- peno and his co workers observed hlgh select1v1ty

for abstractlon trom the’ methylene group furthest removeu f

‘

from the functlonal group (59 -93% ot yleld) in the

chlorlnatlon ot alcohols, ethers, carboxylic acids, and

amides wlthwp chlorodllsoprOPylamlne in strong acid. 39
. -

The reactions of the amlnes, unlike those of molecular

chlorine, gave (w=-1) /hlorlnatlon. A bredominance'ot

monochlorination (60- 80%) was observed with the remalnder

--rbelng unchlorlnated Thls observatlon was ratlonallzed

'§ abstractlon by the electronegatlve chloro substltuent. s

“‘They : obé%rved theisame hlgh select1v1ty in.adlkanes" as." . v

~r,-v-

......

"well, 1n Studies bf thear chlorlnatlon 1n strong ac1d by

’e

re e - .-
B .. LT s - .v'
e e e, wita . ” . -

e .a

L
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N-chlorcamines of varying steric bulk.40/41 uysiny

o

o - T

iscpehtahe, 2,2=dimethylbutane, 2,3-dimethy1butane,_2—

-métnylbuténe;,and pentane, the primary to seconcary to

tertlary hydrogen atom select1v1t1es werulmeasured for

u? the Ndchloro derlvatlves of: d1methyl-; dlc&elohexyl—.'

d11sopropyl-, dlneopentylw- di~t-batyl- i -butyl‘tbamyl-

-amines anc 2 2, 6 "6 tetramethyl plperldlne. The N- chloro

[

der;Vat1ves pfhdmﬁgfbupylf; E:bgtyLﬁsfamylamines and-

‘2}2,6,6-tetramethy; pigerioine showed the;l?rgest primary

to'iertiafy‘seléctiﬁitieg,,with,ﬁhose of di-t<butyl- ana

E:buﬁylzgrgmyl having seléctivities >1:1 (~1.7:1, P:T).

This high inverse selectivity was said to be due to the
steric bulkiness of thé-abstracbing N-chloroamines. The

primary'to tertiary selectivities were aiso seen to

1ncredse as the ste;lc crowolng of the. tertlary hydrogens

»

; A . . L e e .‘.-'»,.-

e

v -

In 1975 Deno42‘retraétéd his reéults reported.for
the chlorination'of carboxylic acids in strongly aéidic
media with molecular chlorine.37' In a study o£ the
stability of monochlorlnated octano1c acids in >83% szu4
it was found that the C- 5 to c-7 chlorlnated compouncs W
décomposed.with half-lives in the range of the reaction |

times empleed, Theréfore their results which 'showed

© high selectivity tor C-4 and C-8 chlorination were

invabid:-~ThE“perqct_With the shortest halt-life, was

S e € e g e g,

16
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‘“.explanatlon was 1nvoked., Because ‘ot the hydrophoblc e

- range ot rsulfuric: ac1d concentratlons may have selec-

that chlor1nated at C-?, and bhus other work done 1n thxs

P -
a—r -

,e

.t1v1txes:for abstraction trom'the‘methylene grOup

'furthest removed from the funct1onal group whlch are 1n

error, and should actually be greater Btgl&’

. P

~ .- - e -
AR o

S
AR SR

’Because ot thlS solvolytlc problem a later study ot -

Deno, oladtelter and Pohl43 1nvolv1ng the chlorlnat1on of

SN

_pentane,'hgxane, octane, decane‘ahd“dodecane was fuh in.

trifluoroacetic acid. A hlgh select1v1ty was observed

for chlorlnatlon at c- 2 although d1chlor1nat10n of N

4

" octane, decane and dodecane was observed, maklng conclu-

" sions drawn from the product ratios for these compounds

unrellable. U51ng z 6~ d1methylp1per1d1ne, d11sopropyl—

dicyclohexyl-, and 2, 2 6,6~ tetramethylplper1d1ne N-‘j_'

- -

uplperldlne was found to- glve the h1ghest selecthlty for

c-2 chlor1nat10n.“;' b-‘:v'i”p T

U51ng N- chlorodllsopropylamlne Deno and Jed21n1ak44

'chlorlnated lauramidge u51ng BU% H2b04/20% HoU and

palmltamlde in 30% Hp504/70% CH3C02H. vblnce'BB% ot the

chlorlnatlon ‘occurred on C8- Clo0 tor both amldes, a-novel

_nature ot the long a11phatlc chains Deno prOposed that

-the carbon skeleton tolds back on‘ltselt to m1n1mlze

exposure to the solvent. when this is done, the posi-

ﬁtions furthest removed trom the polar amido yroup are,CB—

~

”bhloroamlnes to chlorlnate decane, 23£ 6 6 tetramethyl'i :

R



',}, -olo and are~thus the favored s1te@ for»hydeogen abstrao-

-

-'»x .. . - < - ‘ R

-

The Mc

tion by thf d1lsOpropylammlnlum(radlcal. -f*'fy'f’\g;;;;?/

afterty rearrangement’ observed in the mass

'spectra of ketones and alcohols 1s a similar reactlon to'

. -l - -

the 1ntramoleculaf HofmannwLotﬁler Ereytag reactlon..‘_;‘ﬁ_

" Both reactlons have been proposed to 1nvolve a cycllc‘
¥s1xfpemberqu§rans1txon_state tor hydrogen abstractlon by
a cation radical. Green and co-workers4d noticed,a dis-

crepandy in the~literaturegbetween the kH/RD values
obtained for abstraction at.the y-carboh of ketones and
alcohols by mass speotroseopy, and those*obééinéa by
chem1cal and photochemlcal methods (see " equatlons 14—

d?) They proposed that catlon radicals are more ener-

-

: getxc -and thus exh1b1t smaller kH/kD than uncharged

,£radlcalss. They suggestedhtheretore, thathhe uoﬁmann—;;r'

Loftler kreytag reaction shoulo also glve a value of

.kH/kD~close‘t6'one.' The'resulh'thelebtalnedrwasaxnff“
aoreement'with this proposal'(seeiequation 18). 1This
result, however, is in conflict wlth the result obtained
by Corey3 (see'equation-19).: The difterence may, how- '
ever, only reflect a dltference in’ the etrlclency ot the
-base promoted cycllzatlon step. However, since Ingold

‘ showed ‘the 1ntermolecular analogs to be compllcateo by
.the incursion ot a chlorlne_atom”chaln when re** is used
as the,initiator,_the olrferenoe may be due to a mixed

'chain. o ' '

STEm
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o



K u;-\;ﬁ o ;:M-,é;#.
| . C
R o - -~y Rl ~ ’ 19
v
Ckw =87 T(14)

AT G T

(16)

(17)

NVCH;; R : s _"f‘.‘ RO
kH/k -3 48 (19;

An alternate explanatlon for this dlscrepancy would need
‘to invoke dlfferences in the ggtent of protonatlon of the

two d1fferent nltrogen radlcals stud1ed (see equatlons 18

v;and 19).,

, . B ; ,
Neale‘“’"50 and M1n1sc151 52 both carried out - exten-

51ve stud1es in the\l960 s on t\b addltxop reactxons of
N—chloroam1nes to Oleflns.' Neale studled the reactlons

N—chléroaﬁﬁnesfwhiCh.COylﬂ_elther,cycllze via the

b e e E e e T & : .



-

T

-\,

HofmannéLbftler-?feytag reaction, or could uhdergo com-

petitivé'addition to an added clefiﬁisubstraté. Based on

-,,the results obta1ned Neale concluded that the abstrac-

't1ondcycl1zat1on reactlon was hlghly favored over add1—

" tion tq_;he adaed oletlh.‘B' surzur, bte11a~and Torq053

noted that Neale s studies always 1nvolved competltlon

between an. 1ntramolecular cycllzatlon and an 1nter—

molecular‘addition,to thé added olefin. This competition'

provides an ehtropy advantage to the intramolecula:

undergo an 1ntramolecular reactlon by the Hotmann—'ﬁ

.

B et

N [ T T SN ] o,

cycllzatlon and thus may not be a true indicator of the

preterence of the amminium radlcals. They anesxlgated

. the ‘behavior of N- n-butyl -4- pentenyl N-chloroamine (12)

wiand N—nnpropyl 5 hexenyl -N~chloroamine (13) wh1ch can

~r~ <

Loffler Freytag reactlon (hydrOgen—abstractlon), or by

 add1t10n to the olefln.

‘Compouna' 12 ;zen initiated with a ferrous salt was
shown to give only 2-chloromethyl-N-butypyrrolidine (14)
the product ot addition to the oletin ana none of the

Hofmann-LbOtfler-¥reytag product, N-4-pentenylpyrrolidine

)

I g ' (D\/C' 55 % yield
(\:;- <) 14

20



o , ) -
(15). This result'is‘in contrast to that touhd;by?Neale,.a
however entrOpy ettects are now. close to equivakent.

- Even® compound 13 where the HOfmann—Lottler—Fretyag I AR

reaction would 1nvolve abstractlon ot an allyllc hydrogen

gave on;y product 16 and pone of compound 17.-

f

50% yield

Two examples exist, of the Hofmann-Loffler-rreytag

cyclization, which invdlve different éohditiéné frqm

those normally emplbyed. Schmitz, SChinko;éki, and*‘ : | "';;;“
Murawski.have obtained yields of 60 to 85% of;pyrroli- )
dines “from pfimary N-chloroamine—s.s4 They also aemon-
strated that when the priﬁary ﬁ-chloroamines are beinyg
prepared; either RNBCl or RNClé é;uld be the majof [
product.>>  The second exampleiisjthe work of Ban, -
Kimura, and Oish116{?6 who.repofted theqs&nthesis Pt
nitrqgen heterocycles -in ﬁhe abéencg of avgﬁfongTaéid
catalyst.‘ They developed a proce;ure;fof synthetic

purposes in the absence ot acid, and actually add

';riethylamine to trap the HCl produced. Using their

A



procedure they' have obtained yields of 50 to 100%, based

on starting N-chloroamine. .

[} . -

1.2 Proposal

Tanner and MosherBO'showed that the intermolecular

abstractions using N-chloroamines, when prepared by the
' oS
‘synthetic procedure, give results consistent with a

chloripe atom chain rather than an amminium radical
chain. 1Ingold ana spanswick3? later showed that N-
chloroamines, carefully puritied, can yive results which

are consistent with an amminium raonical chain. The
: < : , \
majority of the synthetic reactions which have been re- .’

ported to uvtilize the intramélec&lar Hotmann—Loftlef— \
Frefd ag reacfion, however, have involved starting N-
chloroamine~ whirh wvere prepared tollowing the synthet i
meH\Ni.7

:f’-:’]'hq intermatle~n)lar abetvractions \If‘.ing H-chloro-

v
-

e

aminee cehow veary high eele« ity with tho yields !

the majnr producte Meing T the vong 44 0~ 93, o

e,

” 6 R Y PR o o
74 9,?‘;,4(,1') ) AS CAN Vo oo ]_n!‘.,y“‘gnyp 1 ,

pQY cont

many nf the proguete from gupposedly jntramclecular o
\
N Y . £ .
i ; b oemaller i . < Nt
actions are ﬁrodu"ﬂ"& rueh emall vield Because ¢

n

. 4 M . . 3’ .
the entropy advantage ot an intyamnlecular abstraction

4
over an interm-.lecular abstr~~tion, product ytelds would
< g PR . S
be expect~d ' b = high or higher foran oy A lealan
' C . 93

L
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Figure 1. ;S_bmbe. Synthetic' Examples of the Hofmann-Loffler-Freytag 4
" Reaction. ~ - T S , .,
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Figure 1 (continued ) : /
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a. All examples 1nvolved subseqﬁ*ent treatment with base to cause
cycllzatlon. ™
" ’ b. ‘11 Different substrates and products using varipus: subst1tuent<
R and R'. - g
c. 5 pifferent substrates and products using various substltuents R.
d. No acid was added. Triethylamine was added to remove HCl as it
formed.

o




abstraetion.
functlonal1ty exists prlmarlly as the ammon ium salt
because‘of the‘haghly acidic solvent.>? The polar
directing‘etfect'of this stronyly eiectroneﬁithdrawing
group would be predicted to be large. Because Of this
effect the selectivity observed, from c@lorine‘atom
abstraction, may be such as to produce a product
distribution similar to those which have been ebserved in
the»feactions proposed to occuf by intfamolecular

abstraction.

’

Therefore, it was of interest to investigate further

the propagatlon sequence of the intramolecular reactlon,
and attempt to obtaln more concrete ev1dence as to the

nature of the abstracting species.

_In the Hotmann Lotfler Freytag neactan the amine.. .

“an 4 LT 2T, ¥ b g ¢ s as Do

o

W omn 2
-

e g = a
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. ... . RESULTS

SO
The.chain propagation sequence for the intermolecu-

lar halogenaeion reactions, where product stability is

not a consideration;.abpeartto*bewreasonably'yeid under--- .

¥

stood. On the basis of "the selectlve productlon of

pyrrolidine products (see Fig. 1), the mechanism of the

intramolecular haloygenations was suggested ‘as proceedlng

.- by an 1ntramolecu}ar abstraction by a nltrOQen-centered

radical. It was not shown, however, that this mechanlsm
could be 015t1ngu1shed from an intermolecular abstraction
by a ehlorlne atom, or i;nltrogen centered radlcal which
showed similar selectivities,'anc in light of the con-

clusions bf Tanner anc»Moshe‘r,30 and Ingold and-

‘gpanswick32 it appeared to be an important question to

address.
Since the amine substrates are considered to be

almost complékely protonated in the strong acid, the

-substrates gjbutyltrimethylammOnium chloride (1), n-

pentyltrlmethylammonlum chlorlde (II), and n-hexyltri-
methylammonium chloride (III) were chlorinated u51ng
molecular chlorine or N-chlorodimethylamine to in-
vestigate the polar effects exerted by the positive
charge. Molecular chloﬂ;ne was used as a source of all

chlorine atoms in order to measure their selectivity, and

26
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e vr Ne= chlorodlmethylam;ne was chosen as a source of a rep- ) —
.o U N R N A
resentatlve amminium radical, since =it ‘had been shown to ‘ .-
i

give selectivities differiné'from chlérine atom.32 A
B any
' mlxed ac1d 15% CD3C02D/85% sto4, ‘was. chosen as belng.

representatlve of the soivents normally employég for ther .
'reaction.J To measure thé“infLuenQe of Ebe solventAupon' - f fﬁ
the selectivity of tge chlorirne atom, a relat{Qely'nop-‘
bolar solvent, hexaéhloroacetone, was also ﬁsed with
molecﬁlgr'chlofing. _The use Qf the’chlpride sa;tsﬁwithJ
the N-Chlorbdimethylamine allowéd the inves;@gatioq gf
the suggested effect of chloride ion on the:meghéhism'§fﬁ"‘f’ .
N-chloroamine chlorinations.30'32 ‘To investigate tﬁé ’~ o
poss;ble importance of unprotonated agmine as the sub~

strate, since it is always in equilibrium thh the_

protonated amine,,jrpentyldimethylamine.(IV)'was also
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ch10n1nated.,aﬁ1na11y as; models for»thealnvgstxgation of . ..
a potentlally 1ntramolecu1ar abstract1on process,_the M T
reactions of N-chloro—N—methyltgjpentylamine (V) and N-
‘chloré-N-methyl=fi-hexylamine~(VI) in- 15% CD3CcOpD/85% |
. ) H2804_were“5tud}ed.‘ o |
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I1.1 The Photochlorination of the Ouaternary Ammonium

Salts in Hexachloroacetone

g ' |

Substrates I, 11y and I11 were photochlor1naf§ﬁ with
K23
molecular chlorlne 1n hexachloroacetone at 30° C. The ‘

raflo of quaternary ammonium salt to molecular chlor1ne

..

was made such that between 10 to 25 percent chlorlnatlon
occurred. Lower percent chlprinations were very S

difficult to measure accurately, and highér'percent_

N



~under similar condlt1ons was complete in about 1 hour. - =

. atoms.

v - WA s et A e et e aee e s W

chlor1nat10ns ran the risk of bexng complxcated by

»

‘mult1p1e chlor1nat10ns of 1nd1vxdua1 suhstrate

: molecules._ Oualltat1ve1¥ these chlorlnatxons were qulte

4

;_“slow, taklng more than 6. hours to compleqe. The fﬂ-:Jﬁ-

chlor1nat1on of 1 chdorohuxane, for.examﬁle, when~run LT fﬁjyf

- . e om o

JThe product y1elds were determlned by nmr ana1y51s.'

e,

. The react1v1t1es of the var1ous hydrogens relatxve

-

to the primary hydrogens 1n eacb of the quaternary salts

.are given 1n Table 1. The relative react1v1t1es/ﬂ were_

.calculated u51ng equatlon 20 assumlng the react1v1ty of

,

the prlmary hydrogens to be unlty.

R‘- - :'i. ‘[Productx
* 7. 2 [Product].

‘R, (20)
R, is the relative reactivity of the hydrogen in
question, Ryo 1is the reactivity of the primary hydrogen

(set to be unity), [Product], is the concentration of

_ product where ‘the hydrogen in»question‘has'been exchanged

for chlorine, [Productllo is the concentration of the

product chlorinated at the primary position, and the

»

Factor 3/2 corrects for the number of hydroqen atoms 1n

question, relat1ve .to the number of prlmary hydrogen

s
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II,Z The Photochlofination of the Ouaternary Ammon1um L

Salts in 159 CDQC()QD/BS% H7504

Substrates I, 11, and III were photochlor1nated w1th

molecular chlorlne in 15% CD3C020/85% H2504 at 30°C.

The

ratlo of quaternary ammonium salt”to’ molecular chlorine. .

s

—

was—made such that between 10 to° 20 percent chlorlnatl

occurred. Oualitatiyely, these chlorinations required

_similar..reaction "timés to those run lusifng hexachloro-

acetone as the solvent. The product mixtures were

analyzed by nmr.

on

The reactivities of the various hydrogens, reélative

to the primary hydrogens, in each of the quaternary sa
are glven in Tahle Iﬂ, : o o .~
A study of the u1trav1olet absorptlon of molecula

chlorlne w1th changlng sulfuric ac1d concentratlon was .

undertaken. The concentratiion of .chlorine was hel¢

‘constant, while the concentration of sulfuric acid was

changed from.zero to ‘concentrated H,50,. No change in

the ultraviolet absorption spectrum of chlorine was

observed.’

1143 The Reaction of the Quaternary Ammonium Salts w

1ts~

r

e

ith .

Nfchlorodimethylamine in 15% CDico,n/ssg.ﬁ)séA
' ' :

To determine whether the chain carrying species in

‘ )
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Tt ﬁ o o - v,' ».-e"
the’Hofmann-LofflegrEreytag'reaztion'is the chlorine atom
or. an amminium radical‘(t ie'hecessary to know what the
reactivity of rﬁerchlorine atom is for the chosen sub-
strates, ani then to compare thisl;eactivity.gith tﬁarf
shown by a representative'N—chloroamine.' N-Chlorodi-

/’\Qethylamlne was chosen as a typi@al example for comparl-

son, since it is ea511y prepared in pure form32 and

. should be relatlvely unreactive ‘with 1tself.

’ vy

A

The N- chlorod1methy1am1ne was prepared followxng thej

procedure of Ingold 32 gince he had eﬁdwn that material-

prepared in thls manner gave react1v1t1es not attrlbut—

able to a chlorine atom chaln. The N:chloroamxne was

stored inle%*CD3COZD/85%-HZSO4‘at -78°C until\it was

I

used’ to chlorinate.the qdaternary ammohium salts.

Substrates 1, II, and II1 were photochlorinated with

ﬁ;chlorodimethyiamine at 30°C in 15% CD3C02D/85%SH2804.'
The reactions were qualitatively quite slow, taking up to

120 hours for cofiplete reaction of the N-chloroaminei

Since the mixtures were irradiated through pyrex ampoules

~ .

with incandescent light,?fhe reactions may -have been slow

»

because of poor photolysis of the N-chloroamine. Thel
reaction with the n-hexyl salt, I11, however, was
complete in 24 hours, as was its reaction with molecular

chlorine. The product mixtures were analf&éd'by nmr,

The ratio of N-chﬂdrodimethylamine,to quaternary




<}

Uy . ' t . .
. . -
- o

ammonium salt was made such that be;wéen iu and 18

percent chlorfnatioﬁ oécﬁrréd. The.reacéiﬁitieé_efdthe
. & e

variois hydroyens, relativé to the primary hydrayens, ‘in

each of the'quaternaryDSalts are yiven in Table III. N

1

II.4'<‘The'Ch1Qrinations of n-Pentyldimethylamine in 15%

N

CD3C05D/85% H,80,

The chlofinations ot amine IV in 15% CD3C0,D/85%
sto4 with molecular chlorine, and with N-chlorodiméthyl—
amine were carried out in order to inveStigyate the re-
_ac@ivity.otma compoung'wﬁiéh wag positively charyed when
protonatea. . If chlorination ot th;‘uhprotdnated species

is ‘ficiently favorea over that ot the protonated

species, en even though“the concentration ot unproton-
atea amine is very much lower than that of the pr§tonateo
amine, it is pdssib}e that the relative reactivities
observed will represent those of the unprotonated amine.
Thus, having the relative reactivites of quaternafy

~salt 11 to compare with, the relative reacf;vities nt
aﬁine fV'can proQioe some insiyghts intn the impnrtance of
protonation of the substrate.

& | Aminé IV was chlorinated in )&% CD;Cuzb/és%_stuq

with molecular chlnrine and with N-chloroaimethytamin: in

the same manner ac previously aescribed tor the

34
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) ©oe ) '
.quaternary ammonium salts. 'Thé results obtained are
Ly . )

’

given in Table IV?¥

~ -
ke
>

I1.5 The Photochlorinations of N-Chloromethyl-n-

n

pentylamine and N-Chloromethylﬁg;héxyiamine in

158 CD3C0,D/85¢ HpSUy , K :

LN oa ~ :
The Hofmann-Loffler-Freytayg reaction has been

"proposed to'proceed-by the intramolecular hydrogen
abstractiOn‘of an amminiuh radical, in cases where the
nitrogen at-om caﬁ abstract in a 5, 6 or 7 membered cyclic
.transitihn state.3 Since a method was now, ayailable for

. anelysis of the preducts wijthout the complications

ayieing from treatment with base, theseAFeacti0n§-were

'investigated.

N~¢hloro§mines V and VI were @mepéredrtrom the
rﬂrreségndingvamines'by the procedure ot Coleman,? and
photolyzeqg 2t 30°C in 15% Cn3cu2n/35% H,S0, with {n-
randec ent Vigh',  The reactions were qualitatively
fast-y than the cblarinations of the quaternary salte
with N vh]ﬂrﬁdimpthylamiﬁe, taking le-s *han 24 hours tn
~am, Tel o %“n pr;duvr wixrufﬂs cttaane t weye analymed by

i
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11.6 jCohtrbi Expériments

ﬁf a precadtion to ensure thaththé N-chlorodiﬁgtnyl-
amine'prepared herevqas oglthe éame pgrity as that pre-
pared by Ingold,32 thé chlorination of‘l-chlorobutané in
15% CH3COZH/85% H2504'wi£h N-chlorodimethylamine .was car-
fied out. The reactionlmixtures were:diluted with H,0 and
extracted into"CCl4."Freon 112 was used as an internal
standara and the product yields were determined by Glpc
. ) . . Y
analysis. The results obtained are given in Table VI.
The relative reactivities gyiven in Tables I through
. V contain large errors. These errors appear to be due to
.the methéd ot analysis, since in hexachloroécetohe,pwhete
the amount ot proaduct handling is yreatest, the errorjis
largyest, the error being_less in the 15% CD3CUZD/35%
HyS0,4, and least in the analyseé done by Glpc. Theretore
control experiments were run to Aetermine thepreliébility
of the nmr measurements, | |
A weighed mixture ot qﬁaternary salt II, 5-chloro-n-
pentyltrimephylammoniuﬁ chloride, 4-chloro-n-pentyltri-
methylammoﬁium chloride, and 3—chlorofgfpentyltrimethy14
ammonium chloride was dissolvedfih hexachlq;bacetone, and
‘the product mixture was subiected'to the same analytical
procedure as was used tor the reaction mixtu}es. The

results are given in Table VII.

A similar mixture was prepared and dissolved in 15%

A
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CD3C0O,D/85% HyS04, and analeed in the -same manner as .

described for the reaction mlxtures. The results are

<
given in Table VIII,

In both of the control experiments the errors

obtained ranged up to 13%. Thus the major'portiOn{bf-the_

errors shown»for the results given in Téhlés 1 thfouéh \Y
;re likelyﬁto érise ffom_the'hethod-Ofvanalysis.

The relative reactivities in hexachlordacetone
(Table I) appear to be different from those obtained in
‘15%".ét‘5;"_:;c0213‘/85% HpS04 (Table II). Because of the .
polarity of the acid solvent,v1t 1é'p0551b1e that the -
relative reaqt1v1t;es in this solvent reflect selecplve’
decomposition of some of the products; If products are

'

unstable in this solvent, the change 1in select1v1ty when

.chlorlnatlng in. 15% CD3C02D/85% H2504 may be entlrely due'

to selective destruction of products.

To test the stabilityjof the products in 15%
CD3C02D/85% HpSO4, quaternary salt II was chlorinatedvin
hexachloroacetone at 30°C with molecular chlorlne. The
products were quant1tat1vely determined, and the’solvent
removed by distfllation under reduced pressure. fhé
products were redissolved in an éppropriate amount of,15$
CD3CO,D/85% H,S04 and irradiated at 30°C for the same
amount of time as the phbtochlorinations. Thé products
were réanalyzed; as can be seen in Table IX the bfbduct

ratios, within experimental error, had not changed.

41
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- Table VII. Reliébility of NMR Megsurehenfs in‘hexachloroa‘(:et_one.é

_Compound . ~ Mole s Calculated Mole s Found Error, %
& S ' 75.61 75.44 1.1
‘ e ., | o I
) o . | | |
CH3CHC1(CH2)3N(CH3)3 Cl 14.21 L 12,39 13.7
® : e )
CH3CH2CHC1(CH2)2N(CH3)3 Ccl 5.74. o 6.20 . 7.7

3
a. A welghed mixture of the compounds was dissolved in hq%achloro-
acetone and treated in the same manner as reactions ruh in this
solvent. ’
j

,

-

"qTahle_VIII. Rel;ab;lxty of NMR Measutements 1n 15% CD3C020/85%

HZSO4 o . P ‘ ‘,.."‘ o

‘Compound . Mole s Calculated Mole % Found Error, %

: — : e i - -

6 SR \ﬁ 33.64 © 34.43 2.3

. ® . ' '

. Cl-(CHz)SN(CH3)3 Fl 25.50 26.58 . 472
. @ o . o .

CH3CﬁC1(FH2)3N(CH3)3 Cl 16.16 17.30 6.8

‘ B i o . ,
CH3CH2CHC1(CH2)2N(CH3’)3 cl - 24.70 o 21.69 13,0 -

a. A weighed mixture of the compounds was dissolved in 15%'

CD3C020/85% quo4 and treated in the same manner as reactions
run in this solvent,
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DISCUSSION . NG
10

-

Walling and Ru‘ssell60 62 _have preeented convincing

«lo'

arguments for ‘the 1mportance of gp}ar contrlbutlons to »

the transition state leading to hydrogen abstraction.
l

Three major canonlcal forms of the tran81t10n state can

-

be_con51dered ~ The first (19) would predominate when the
abstractlng rad1ca1 X has an eleclfonegat1v1ty, or
polarlzab111ty 51m11ar to that of carbon, such that no
charge separation occurs. The second (18)"wou1d be

expected . to be heavily welgnted when the abstractlng

radical is less electronegatlve\Yhan carbpn, such that X

Supports a partial p051t1ve charge, and the carbon atom a

part1a1 negative charge. "The th1rd (20) would he

expected to be heavzly Welghted when th abstractlng

 radical is mare electronegative than carbon, such that X

supports a partial negative charge, and the carbon a
b

. JE T x % xi 4t
H —~| H ~—| H
:6_ / : / .6'0' /
— - —CH— R—CH—R
R—CH—R ~ |R—CH—R ¢
18 19 20
~

44
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partial positive chargé. The 1mportance of the polar
_structures is .also- dependent upon the extent to ‘which the
carbon-hydrogen bond 1s broken in the transition state.
The more' the bond 1s,strebdhed (i.e. the‘more stable X°
islbthe greater the extent of-charge.;eparation.‘ Hence
_more“étabIeJ or less reactive, radicals should show
larger polar sen51t1v1t1es ‘than more reactlve radlcals of
similar electronegativity or polarizability.

Hammett p values for abstractibn Qf‘benznyc

.

hydrogens from shbstithékd toluenes, using o ordo+'
substituent constants, have been used as indicators of
the sensitivity to polar effects for various abstracting
species.>8+59 e magnftude of p is repreSentative of

the react1v1ty of the abstractlng species and the size of
the polar effect," The sign of p 1nd1cates the electron

demand for the abstractlng rad;cal a negatlve value of P

1nd1cat1ng that electron’dowbrs 1ncrease the reaction
rate. Consequently for.. the chlorine atom, w1th a p of

-0.66, 2? canonical form 20 would be expected ‘to be‘“__“_

domlnant.

For a 14guhstituted‘butane with an electron with-
drawing group, two Qpposing trends combine to form the
reactivities comnonly observed. Bond dissociation
'lenergies yield selectiyities where the a-hydrogens are .

most reactive because of resonance stabilization and the

b4
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6—hydfogéné—ate least reactive since they are the only

primary hydrogéhs. The B-secondary hydrogens are assumed

to be more reactive than the y-hydrogens, due to hyper- _ ‘

conjugation.differences and other ipteractibns, although
bond dissociattion energy differenées are not known, Iﬁe
. polat.directing-effect of the electrbn,withdrsying'gro;p
Qorks fn opposition to the selectiviiies. The charge
sebaration present in the transition state caUées
abstractioﬁ to be.more favorable at carbons further're—

moved from the electron withdrawing group.

(JD‘

I11.1 Chlorinations in Hexachloroacetone

.Chlorina{iOn of. 2,3—dimeth§lbutane with molecy&ar
chlorine ;n this solvent showed a tertiary to_priﬁary
seleCtivii&/H (4.0:1) very similar to that obtained when
the chlorination was carried out in CCly (3.5:1); a
variety of selectivities iﬁ CCl, has béen reported
previously,v5.1:1 at 27°C,®%3 3.5:1 at 55°C,6%4 ang 4.2:)
at 25°C®5 (ﬁo solvent). Therefore, a comparison of the
relétive reactivities to molecular chlorine of several 1-
substituted butanes, pentanes and hexanes in GCly with

the reactivities observed for the quaternary’salts is

instructive. Two major observations:from comparison of



Tables 1 and X are noteworthy., At carbons further than
two removed from the substitution, the relative re-~
activities obtained with the quaternaryAahmonium salts
compare well w1th those listed in Table X. The relat1ve
.react1v1ties rapldly drop to zero. however, in the
quaternary ammonium salts as t;e n1trogen center is
approached. Stericvbldoﬁdng b& the trimethylammonium

group is most likely an f;portant factor in the re- o
agtivities of the a- and B~hydrogens. "The'influenoe.of-a
polar effect by tne‘positively charged nit:ogen,'however,

must also be an important factor in determ1n1ng the rela-

tive react1v1t1es of the sites, since a marked decrease

in the react1v1ty‘was observed for the y-hydrogens.in Lo
quaternary :alt IIT. Under similar conditions the chlor- N
ination of 1- chlorobutane was complete in less thaﬁ P '

hour, however actIve chlorlne could be detected even

after 6 hours when the quaternary salts were chlorin-

ated. This 1mp11es deact1vat10n of the salts toward

hydrogen abstraction causing the term1nat1on step, 21 to

be relatively more 1mportant.

X 2¢1- —+ ¢ - (21)

o
FLN
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AT,

\ = Ultraviolet irradiation of hexachloroacetone can be

%

used to produce trichloromethyl radiqalér~ Reaction mix-
tures prepa}ed'withoup addition of molécular éhlorinef
however, showed the quaternary salts to be '?abie ?f’the

reaction cenditions, and no chloroform was qﬁSérved to’
have formed. T : g,

L)

- g . 1

1I1.2 Chlorinations with Molecular Chlofine in 15%

-

L]

Cb3C0,D/85% H5SO4

. The Hofmann-bbffler—?feytag reaction is normiiii;/\\\\’\
carrjed out in acidic media and initiated either .,

thermally or, by light. 1If the solvent's only function is
to protonate tHe amine, forming the ammonium salt, then‘

s

the chlorination of the quaternary salts with molecular
ch}orin;\ghould g}ve.similar(relative.reactizitigs in the
acidic solvent as in thé heiachloroacetone. If, hoﬁever-
the solvent is more'intimétely involVeé in affecting \
transition state differences, the re}ative teactivifies
obtained should show.a dependence on the solvent uséd.

A comparison of ghe relative reactivities, of éhe
diffefent sites of the ammonium salts, in hexachlbro— R
acetone (Table I) with those car;iéd out” in 15%

CD3CO,D/85% H,504 (Table II) shows a significant

difference in product distribution. The most obvious

v

<,//' Ao



vdifferéncé iéian appareng increasé'ih the\r;iative
te§ctivities of the hydrbgené lbcated on the termiﬁal_
carbons. For salts I1 and III the products from
chlorination at the terminal carbon are the major
: pfodUctsiobsegved.

; _ The.bverall'result is an apparent increase in the
polar effect exerted by the guaternary Tmitrogen group.
Since the'resuits in Table IX éﬁow that the products
" formed are stable to the.reaction éonditions, seleotive
product destruction by the solvent, 15% CD3C0,D/85% ~.
Hy804, is eliminated as an explaqagion g§?Nthe chahg@?in
the. observed fei?tive reactivfti;é; .

Solvent effects in tree radical reactions are rare

—

P . B e
and usually small."  'If large solvent etfects are obserwved

"they have generally been shown to be due to complexeé

~

radicals; examples are chlorine atoms in benzene and in

carbon disulfide.64¢65'7s_ The absfracting species 21 and

~

¢

22 respectively have been proposed to be the abstraéring/

radicals in these solvents.

cs.cl

(r—cén\plex)

Ci- .
21 22

-~ -~ - o~

The uwltravioclet study of chlorine absorption'ys

52
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concentration of sulfuric acid did not produce any -

'évidehce supportiﬂg the formation of a complexed chlorine

atom. This study, however, would not detect a radical of

low concentration and small molar gxtinciiqnfcéeff}cient,
Further support for the chlé;ine’atom béinQ uncombiexed
in the acidic solvent comes from the wo;k of Tanne;.and
Mosher;§0 They found the produ;t.distribugidn for the
chlorinat%pn of i—chlorobutane with’molecﬁiér chlorine to
be essentially identical in carbon tetrachloride'and in
15% CH3CO,H/85% HpS04. , ’

An explanation of the observed change in relative
reactivities involves the polar natures of the two
solvents concerned. In the less polar hexachloroacetone

the polar contribution té the transition staté,.23-'
{ ~~ L
crs- ¥
~H
O+ /
‘R—CH—R

A 23

<~

should be pborly stabilized by the solvent molecules and

~~" hence its importance may be small relative to the

nonpolar contribution, 24, 1In the more polar 15%

(o 3

H

. o
"R—CH—R

. ?4
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CD3C02D/85% sto4 thd’polar contr1but10n tq the transi-
tion state, Zz, should be better stabilized, and its .
importance should be greater than in the hexachloro-
acetone. The observed greater polar d1rect1ng effect 1n
the ‘acid solvent would therefore be due to the greater

-3

importance of the polar contribution to the transition ¢
state; 23. This is in line_witt the observation that'
chlorination of 2,3- dlmethylbutane with molecular
chlorine in 15% CH3C02H/85% HpS04 indicated a tertlery to
primary selectivity/H of 3.3:1 very similar to those
obtained in the non—acidv501vente (4.0:1 in hexachloro-
acetone, 3.5?1 in CC14)-

'111.3 Chlorinations with N—Chlorodimethylemine

Comparison of'theeobsérved relative reactivities
obtained with molecular ohlorine in 15% CD3C02D/85% Hpy S804
(Table 1I1), and those obtained from chlorinations cerried
out using Nschlorodimethylamine in the same solvent
(Tahle 111) shows a large difference. Two major changes
are apparent, Wwith N—chlorodiméthylamihe the polar
directihg effect is larger (the w-2 chlorination has
decreased relative to the w-1 plus w positions) than
observed with moleculér_chlorine, and the primarv to

secondary selectivity (for the terminal and penultimate
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fcarbone))is greatefﬁchah ocserved with molecular
chlorine. o ‘ | V
_The difference il polar d1rect1ng effects for
reaction with molecul}} chlorlne and with N- chloro-
d1methy1am1ne is measurable, but reasonably small. The
select{;1ty difference is the more obvious change and
1nd1cates a less energetic abstracting specxes is’
1nvolved. The selectlvity observed is very h1gh and
doﬁinatee the relative reactivities. _In.the short chain
‘salt,'I, the effect appears to be d1m1n1shed due to the.“
proximity of the polar group (reactlon 7, Table-III). in
the longer chain salts, I1 and 111, as the polar group'ﬁs.
further removed, the selectieity of the abscracting
species becomes more obvious., )
The large difference in relacive‘reactieities
obtained with N—chlorodimethylamihe'versus those obtained
vwith molecular chlorine indicate that two'different
apstractlng spec1es are involved. The only other reason- .
able candidates in the reactions w1th N-chlorodlmethyl-
amine are the amihium radical, 32. and‘the amino radical,
26.

e T .
CH;~N—CH, CH;-N—CH,

25 26

-~ -~ -~ ~
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The. initié;ion seguenée could”conceivably involve
the N-chloroamine, protonated Nechio:oémine;:or foftﬁ-
"itous small quantigies of molecular chioring p;eéent.
Thé'prgtqnated N;chlordamine is‘fepqrted to have no UV

absorptions above 225 nm,76 and therefore, because of the

light source and thée Pyrex ampoules used in the re-
. . -

actions, the protonated N-chlorbamine is not likely to be.

the source of initiating radiéals. The unprotOnated N-
-chloroaﬁiqghhas an absorption at 263 nm, however based on
the reporged_Kb63 of 2.9 x 10'14\<in'ﬂzg)'£ﬁe calculated
concentration in sulfuric acid (~IO'? M%;xis too low to
be a gignificant source of inig}atioﬁi”4initia£ion is
most likély‘a combiﬁgtion of thérmai initiation (even
though slow at 30°C) and initiation by fortuitous trace
amounts of molecular chlorine in the' solution.

For the propaga;ioh sequence chlorine atémg‘may be
in éompetition, bpt the relafive reactivities indicate a
major'contribution from radicals 33 or ZE. Only if
abstraction by the amino radical, EE, is highly favored
over the amminium radical, EE, can the amino radical be
£he ihportant ahstracting species. va the previous con-
dition is not true, owevef, the much greater concentra-
tion of amminium radical,'@é, wou1d cause’it to be the
dominant abstracting spe#ies. |

Tedder ’4 has argued in favor of the amino radical,
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ng ae‘the ebstract1ng spec1es based ob con51deration of.
the repu151on between the new tad1cal, Re, and new~‘
molecule, X-H, and the repu151on between the incoming
radical, X*, and the substrate molecule, R-H (see

. equation:22). These considerations were said to favor

~— FEN

L /2NN

87

X- + R—H —+ X-H + R- (22)

4

the amino radical as the abstracting species since lﬁ#
repulsion between the amminium radigel and the ammonium.
substrate would tend to make their approech unfavorable,;
but thé amino radical and the ammonlum substrate would
attract each other. The high select1v1ty of abstract1ng
‘observed for the amminlum radical, relatlveﬁto thet of
the chlorine atom,'appearsfto be in conflict with‘tbe low
isotope'effect‘&kﬂ/kpté'l.Z),observed by Green45-for the
reaction of N;cbio;oemihes initiated by Fe I1 (see
equation 18). AThis;high selectivity, -however, is in
better agreement with‘the result of'Corey3 ka/kD = 3.48)
for the reaction of N-chloroamines initiated thermally’
(see'equation 1?), and may indicate }he incursion of a
chlorine atom chain»with the Fe II reéagent ae was -
suggested by Ingold.32 |

Since sulforic acid catalyzes the teactions,.pro-

tonated species must participate in acceleration of the

initiation or propagation sequences, inhibition of the



»

termination steps, or all three. Termination could be
inhibited by the acid, 'since reaction of two amminium

.

radicals.(equation 23) would be highly unfavorable due

r

» .
+e

| ‘
to coulombic repulsion of. the positive4charges,*yhereas;

in the'absence of sulfuric acid,. the same-terminatidn
step between two amino radicals would be favored, if %his
is the 1mportant reaction. The initiation sequence'might
be - accelerated if thermal decomposition of the protonated
N- chloroamlne is faster than that of the N- chloroamlne.

The chlorine atom transfer step (equation 24) between the

protonated N-chloroamine and the alkyl radical has been

the effects on initiation and termfnation,

é

+ 4+
+ R,NHCI —> RCH,CI + R,NH (24)

R-CH,-

2

suggested74 to be enhanced due to coulombic attraction
between the radlcal and the p051t1ve1y charged N- thoro—

amine. This, however, is probably not as 1mportant as

I

[,
Ingold32'suggested that ‘N-chlorodimethylamine, which
gave chlorine atom selectivities was due to insufficient-

ly pure N-chloroamine (the impurity, chloride ion, react-
N\
ing with the N- chloroam1ne to y1e1d molecular chlorine).

The N- chloroamlne when prepared by h1s procedure was said

-

1

| . . | o
2R ,N-H > R,N—NR, . (23)
- - H H =
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to be suff1c1ent1y pure to- grve relative reactiv1t1es not’
attr1butab1e to chlor1ne atoms, when’the reaction uas !
initiated with AIBN.',If the reaction, however, -was
'init;ated with light'the relative reactivities*obtaiued
were lower - (approachlng values obtalned with molecular
chlor1ne), and thus represented a reaction contamlnated
by a chlorine atom chain, | Table VI compares the results
obtained from the photochlorlnation of 1~ chlorobutane
wlth N-chlorod1methylam1ne, prepared by the procedure of
Ingold, those previously obtained by Ingold,w1th 11ght
and AIRN,'aud the results from chlorination with
molecular chlorine“obtained by Tanner. 30 The results
obtained .in this studf‘aéreevmost.closely with.Ingold's
results with'AIBN initiation,hsuogestinéﬁthat,the reagent
used 1n th1s study is of comparable or better pur1ty than
that prev1ously reported.32 It is also 1mportant to note
that although chloride ion was added to these reactions,
as the counter ion of the quaternary salts, it did not
cause the reaction to occur by a‘chlorine_atom chain.
Either the preuious‘suggestions that'ehloride ion causes
the change are not correct, or the bhloride ion, in these

‘substrates, is intimately associated with the ammonium

salts, even in the highly polar acidic solvent.
: ‘

59




60

A

11I1.4 ChIorinations‘pf.ﬂfPentyldiméthylamine (IV%

‘bf-amine Iv using molecular'chlorine or N-chloro

- Table IV gf&és the results of the photochlo tion
amine in-15% CD3C0?D/85% H2804. Comparison 6f reaction
10 wgth reaction 5. (Table II) and reaction 11 with

reactlop 8 (Table III) indicates very 51m11ar relative

:reactivities were obtained with ammonium salt JII and

amine 1V, ‘Amine v mayiactUally exhihit”a greater pélar
directing effect than the‘salt, iI. This result suggesﬁs’
that abstraction from the unprotonated aming i§ not
important and that the aﬁine\must ex}$t almost éxclu—
sively aé the ammonium salt. The difference 6bserved
between reaction 10 (Table 1IV) and reaction 5 (Table I11)
(an aéparent»incrﬁaie in é=-chlorinated product) may be

due to the intramolecular reaction of some N-chloro-n-
pentyldimeghylémine, formed from reaction with the

chlorine, since this reaction has been documented

previously.35

I11.5 Intramodecuiar’Abstraction Vs Intermolecﬂlér_

Abstraction

s

‘Wawzonek and Culbertson’’ and Corey and HertlerQ@@‘

investigated the productg from cyclization of N-chloro-

- I



amine VI. Corey and Hertler also investlgated the

products from the i—deuterlo-analog of N-chloroamlne v.la

26. \The yieldé obtained in these reactions wefe pdbr,

and ‘oduct dlstrlbut1ons differ con51derably. - Basea

/»‘\f* " on these results both groups concluded that the . hydrOgen;

'transfcr occurtéd through an intramglécular abstraction

~-({equation 27) rather than an intermolecular abstraction
/‘ " : . . .‘ .

I

(equation 28).

' 1.95° : T _
o conc. H SO ’ '
CHs~N-CH;— CH;~CH~ CHD—CH; ——————e (—)(“(D) 43 % (25)
} , 2.10% NaOH z CH, vyield -
o - CH, ref.3 °°
1.0%n. i
cl ' '
. . conc. H,80
. CHzN-CHz= CH3~ CH;— CHy~CH=— CH, —= ch + O - (26)
: . 2.109% Naon N7 CHCHy N Aep,
; s €, .
85 I 7
total yield. 19% ref. 3
4 P 1
- total vield 389,  ret.77
) A
y
H, CH,3 CH,
' C\c/H'N/CH3 Xn +nn
: * +
. H/I\) NH - 2 @2n
P
7 - ) >

\

4

+ " . + +
MR+ CH{CH)  NH,CH; ————————= CH,CH,CH (CH, ), NH,EH + RNH,R’ (2R)

-

The results they obtalneq are shown in equations 25'anq;,~%’
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Since tﬁe isqlaéed yields reported are low, they are
obviously not éccﬁrate“iepresentations ot the hydrogen
abstraction select;vis}ys. Both reports noted that
residual unidentiftied material remained after the
cyclizea pgoqﬁcféfwere isolated. Duriny iﬁebtrea;ment
with sodium hydrééide those chibrinated amines whiEh'ére
not stefiéax}y.preQented tfom doinyg so, cyclize. Chlor-
inateazamidéé)which do not readily cyclize, and some of

those which do, are never isolated because they poly-

merize to hiyh molecular weight prodbcts. Elimination ot
hydrogen chloride to yielad olefinic products, through
treatment .with so&ium hydroxigde, also decreases the'yielé
of cyclized produc;.obtainec.

For the reactions of N—chlorodimethy;amine with the

quaternary salts only three abstracting species were
considered: the chlorine aéom. the amino vaaical, or the.
amminium radica;,.vfor reactions of N-chloroamines V and
VI oot only the abstranting species necd be consider .
but also the n%tﬂro ~f the substrate, The p0§gihle
merﬁanicms can be dicided into two groups deéendiﬁg U
whether the hydrogpen abstraction in intraﬁn\onn1ar ~y

N\
intermole-~ular, ‘ .
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Based on the arguments presented, for the concentra-

R R - ! ) ¥
tion of amines in the acid‘solvent, the N-chloroamine and

-

the amine can be eliminated as substrates, and the amino

radical can most likely bé §1i inated as an abstratting R
species for an- intermolecular abs ion. The pro-

tonated N-chloroamine would most likely serve as ,

e
&

substrate in the injtial stages'of the :eéction, while

.

the protonated amine (formed from feacﬁion with HC1) . ylfxv
would compete at the end of lhé-réaction.;,Tpe relative /\\ :
reacgiyities of ﬁhe.quatérnary salts prESented in Table V~\
VAre ve{; different }\QT those obtained from the chlorina-
tion, with molééular chloriné (reaétion; 5 and 6, Table ; \
I1). ‘This observation eliminaﬁes the chlorineAatom as- ' !
the abstracting species. -

Comparison of reartion 12 (Table V) Q;th reaction 11
(Table IV) or reaction 8 (Table TII). aséﬁming the small
diffevonceé are due to the different M ~“loroarines Qsed,
would suggest thar an informolecﬁlar “betraction by the

amminium radical could be responsible feor the rélatively. o
specific reactivities observed in the supposedly intra-
molecular reactions. However, comparison Qf.reaction 13
(Table V) with reaction 9 (Tablé:ill), is stwong evidence
for intramolecular hydrogen ébstrqctibn. since tﬁe 4-

chloraproduct (the product from a six-membered internal

ahstraction transition state) is still the major product
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‘
for N-chlorqamine VI. Since i£ is uﬁ;ikely thét N- K
chlpréamipeg V'and V1 should react by different
mechanisms, it can be concluded that béth substrates
reacg by an intfamoiécular hydrogen abstréction.

"Unless the intramolecular abstraction by the amino

radical is highly favoged, the amminiuf radicéi must be
. >

“the intermediate because of its much greater coébentra—

tion. §Rbstraction by’thé.amminium radical would be

expected to be slower, gue to the highly polar transition

state, however intramolecular abstraction would still be

expected tolbccur rapidly due to its favorable activation

entropy.

?he percentage yields ~f the products ;re_given in
Table V. CbmpériSOH of these valﬁeﬁ with *hbse\zeported
previously (equationsﬂ23 and 26) = w vhat the yields
obtained in this nmf stuydy are much areater than th; iso-
lated yields rep~ rted. These numbers can be considered
te represent the true abstractioo selectiviries 6h*ained.
The resulte from N-chlornamine V indicate a yield of °7%
of the N-merhylpyrinlidine, if cyrlization were 100¢%
efficient. The results from N'chloroamine VI indicate A
yield of R1l% fo§ 2~ethyi—1~methylpyrrolidine and 18% of

. { .
1,23dimethy¥piperidine if cyclization were 100% effi-
ciént. All of the‘réported yields (equations 25 and 26)

are Jower, and the ratio of the pyrrolidine to piperidine
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obtained from N-chloroamine VI reported by Corey{3 is

*

much larger than those sugyested from the: values listeq

in Table V. This difference in results is most llkely

due to the isolation steps, during which cycllzatlen of
the .chlorinated amine occﬁrs.'_WéwZonek77 obtained a

higher yield of isolated proddcts,than_Corey,3'and also

obtained a similar ratio ot the pyrrolidine'to'the

piperidine as is suggested by Table V. lihis'supports the
suggestion that the diSCrepancies ere due to inefficient
isolation of products. ' o ’

Inbeummary, high eelectivity ot product formé;ion,
based onvincomplete product yields, ﬁée been used as
evidehce for an intramolecular abstrection mechanism;_;on
the basis of the complete product studles in thls work,
the 1ntramolecular abstractlon mechanlsm still best
explains the results obtained.

In eontrast with the conélusions of Ingold and
Tanner, on the mechanism ot the intermoleculgr analoy,
the intramolecular reactions do not appear-&éhpe
eensitive to the methqq used eb prepare the reagyent,

The high selectivities previouely obserred are ﬁost
likely the~rfsult of incomplete cyclization duringSghe
treatment with sEroﬁg base, as are retlected in the low , o

yields obtained.



EXPERIMENTAL

. Iv.l Materials

Hexachloroacetone (Eastman) was diaﬁilled at 28-32°C
at 0.3 mm Hg pressure through‘an 8" Vvigreux dol&mn. 400
MHz 1H nuclear magnetic reéonance spectrometfy showed it
to pontg}p*ho observablé;protonssundér-the conditiqns‘of

afalysis.
!

Carbon tetrachloride (Fisher scientitic Co.) was

distilled over P,Ug befofe‘use. Glpc analjsis showed: it

to be >99.9% pure.

sulfuric Acid (Fisher scientific Co.) was used

without further purification,

perdeuterioacetic acid (99.5% D Fisher Scientitic

Co.) was used without. further puritication. -

Perdeuterloacetonltrlle (99% L Merck’ bharp and Dohme-

Canada L1m1ted) was used without further purlflcatlon.

» Chlorine (Matheson) was'bubbled through concgn;rated"

sulfuric.aéic,'glaSS wool. and sodium hydroxide pellets.

2,3-Dimethylbutane - (Phillips Petroleum Company,
Research Grade >99.88%) was used without further. purifi-

cation.
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l-Chlorobutane (MathesoniColeman and Beli).was‘

distilled through an 18" Vigreux colﬁmn.,'GlpcwahaIYSis

showed it to be >99;9% pure.

s
.‘5;3:‘

'IV,2 Instrumentation

Nmr spectra’,400 MHz 1H,rwereJObtained using a Bruker

WH?QOO»nmr spectrometer; 90 MHz lH nmrcspectfa were

obtalned w1th a Perkin-Elmer R32 nmr spectrometer, and 60

- o , "g N I B
’MHz 1y Bra we¥re obta1ned u51ng a Varlan ELSG/GOA

“as

nﬁf'spectrometer. Glpc analyses-were.done-u51ng a Carloi'

'“brba bractovap Mod. GV gas chromatograph equ1pped w1th a

~flame 1onlzat1on detector, The product m1xtures werev
quantltatlvely measured u51ng a callbratlon mlxture of
the authent1c materlals plus the standard used. hass

Spectra were run with an AEI model Mb12 mass spectrom—
eter. Ultrav1olet spectra were obtained with a Unicam

SP170Uaultraviolet spectrophotometer.

IV.3 Compounds

Quaternary Ammonium Salts

" The ammonium salts were prepared from the appro-

priate l-chloroalkane and trimethylamine acceraing to the

procedured of Smith and Frank.’8

1
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l

E;Butylt;imethylammpnium-chloridé was prepared from

l-chlorobutane and ifimethylaﬁine'at 60°C in methanol.

The solvent was'removed-by_rotary'evaporation'and the

.resulting white soljd was washed several times with

. . g : i .
~diethyl ether,.tiltered and dried under vacuum at 60°C:

mp 225-230°C (gec.), (lit.’9 mp 223.7-224°C); 400 MHz lH

nmr data (CD3CN) & 1.00 (t, J = 7 Hz, 3H), 1.43 (m, 2H),

1.81 (m, 2H), 3.15 (s, 9H), 3.36 (m, 2H).

E;Pentyltrimethylammdnium éhloride'was prepared

'frpmul-chloropentane and t{iméthylamineeo at 60°C in .

methanol.,- The solvent was"removed‘by rotary evaporation
and thé’resUlping white solia was wéshed several times

withidiethy;'ether, tiltered and dried under vacuum at

4 . . [ . - » »
'60°C: - mp 197-199°C; 400 MHz ' nmr data (CL3CN) & 0.95

(t, 3= 7 Hz, 3H), 1.40 (m, 4H), 1.83 (m, 2ii), 3.15 (s,
9H), 3.35 (m, 2H).

% : . - .
n-Hexyltrimethylammonium chloribekzgs prepared trom
— \ [N | . b. .

l—éhlorohexanevénd trimethylaminesl at 60°C in methanol’.
The solvent was removed by rotary evaporation ana the
resulting white solid was washed several times with

diethyi ether,'tilﬁereo ana dried ‘under vacuum at 60°C:

mp 197-197.5°C; 400 MHz lh finr data (CL3CN) & 0:995 (t, J-

= 5 Hz, 3H), 1.46 (m, 6H), 1.85 (m, 2H), 3.15 (s, 9H),

3.30 (m, 2H).

68
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4-Chioro-ﬂ=but91trimethylammoniuh7chloride‘waé o

 fprepared from 1 a- d1chlorobutane ana tr1methylam1ne at
'60°L in methanol.\ The solvent was removed by rotary

’ ‘ »

‘ evaporatlon and . the result;ng whlte solid was" washed

several tlmes with d1ethyl ether, tlltered andgig}ed

ounder’vacuum- mp 148- 151° C;. 400 MHz 1H nmr datq ) 1 96_,‘

(1? 2H), 2.01'(m, 2H), 3. 17 (s, 9u), 3.41 2?). 3.72
(t,, J = 6 Hz, 2H);‘mass Spectrumomégn(rel 1nten51ty) 100
(0.3), 59 (10.7), 58 (100);‘50 (35.0), 42 (25.3). = °
Anal. .céica'for5c7u17c1zn: c, 45;i7;‘u,'9.2i; Ne

7.53. F\dund= C' 44-77; H' 9038; N' 7079'0'

. 5= Chloro-n pentylaflmethylammonlum chlor1de was

: prepared trom l 5 d1chloropentane and tr1methy1am1ne et
60°C in methanol The soIvent was removed by rotary | .
‘evaporatlon and the resultlng whlte sol1d was washeo |
several times wlth dxéthyl ether, tlltered and dr1ed-
under vacuum: mp 115 116°L~ 400 MHz lH nmr data (LD3LN)
6 1.56 (m, 2H), 1: 88 (m, &), 3. 15 (s, 9H), 3037 (m, 2H),
- 3. 68:(t ‘=t7 Hz; 2H). mass sPectrum m/e (rel 1ntens1ty)

151 (0, z) 149 (0 7), 1l4 (1. 4). 59 (§r4)r»5§ ‘89ﬁ34ﬁ 42

,.36 (100) ' L ”,i o ‘," o :'
’A . | . o 1
. .Calcd tor C8H19C12N ,48 Ql, é'!. 9. 57 N, 7 OU.

(11.7

Foukd: C, 48.37; H, 9.67; N, 7,320
N T o T
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4—Chloro-n-pentyltriﬁethy1ammonium chloride was

prepared trom 1, 4-dlchﬂoropentane and’ trlmethylamlne“at

50°C in methanol. The solvent was removed by - rotary.
B .
evaporation and the resultlng white sol1d'wa5~washed

several ‘times with d1ethyl ether, filtered and'dried
—

’;gnéef_vacuum: mp 131-133°C; 400 MHz 1H nmr data (CD3LN)

(81,52 (d, 3 = 7.2 Hz, 3H), 1.79 (m, 2H), 1.98 (m, 2H),

3’13 (s, 9H), 3. 36 (m, 2H), 4f23 (m, 1H):; mass spectrum

m/e (rel intensity) 149 (0. 1), 114 (0.1), 113 (1.1), 59
ETIPRT (100), 50 (17.6), 42 (15.1). -
Anal, Calcd for CgHygClaN: €, 48.01; H, 9.57; N, 7.00.

Found: C, 47.79; H, 9.57; N,'a.os.

3~ Chloro -n- pentyltrlmethylammonlum chlorlde was‘

prepared from' I, 3- dlchloropentane and trlmethylamzne at
: R N

50°C 'in methanol« The solvent was removeo by rotary .

'ceﬁaporation and the’resulelng whlte solld was yashed
several times with dlethyl ether,'filtered and dr¥ed
under’ vaouum- mp 154~ 155°C- 400 MHz 1H nmr oata (CD3CN)
§ 1.01 (t, J = 7.2 Hz, 3H)/ 1.81 Gm, 2H), 2.21-2.33 (m,
2H), 3. 15 (S;‘9H), 3. 49 (d ot t, J = 12, 3.6”ui, 1H), .
3. 65 (d ot t, J = 12, 3.6 Hz, 1H), 4.04 (m, iH); mass
‘spectrum m/e (rel 1nten51ty) 114 (0 2). 113 (l 3), 59
(9.5), s (100), 50 (ll.4)r 424(21.0).

[

"Anal. Calcd for CgHiqCloN: C, 48.01; H, 9.57; N, 7.00.
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. Found: C, 47.98; H, 9.50; N, 6.99.

6{%hloro-n-hexyltrimethylammonium’chloride was

prepared from 1,6~ d1chlorohexane and trlmethylamxne at
/50°C in methanol. The solvent was d1stllled from the
react;on mixture at room pressure to y1eld an’ 01ly sohd.r
.The solld was dlssolved in methylene chlor1de and pre-“
c1p1tated ‘with dlethyl ether. The préc1p1tated solld was
dissolved in water and washed w1th methylene ¢hloride
three tlmes; The water ‘wa’s remOVed by dlstlllatlon under-
- reduced pressure and the product was drled under vacuum-
mp 92-93°C; 200 MHz 14 nmr data‘(CD3CN) 8 '1.24-1.57 (m,_
4H), 1.74 (m,_4H), 3.06 (s, 9H)¢‘3.25 (m, 2H), 3.59 kr,

J = 6 Hz, 2H); fastsatom,bombardment'mass spectrum m/e °

(rel 1nten51ty) 181 (3.9),. 180 (37.4), 179 (12.3), 178

(100), 144 (5 5)

n : : B
S-Chloro-n-hexyltrimethylammonium chloride was. °

.
A;/"'

¢

prepared from 1,5= dlchifrohexane and trlmethylamlne at,-,
50° L 1n methanol The solvent was distilled from the

reactlon mlxture ‘at room pressure to yleld an 01by SOlld.
The sol1d was dlssolved 1n‘merhylene chlorlde and pre—vp
' c1p1tated Wlth dxethyl éEher. The prec1p1tated solld was '

dlssolved 1n water and washed three tlmes w1th methylene"

chlorlde..The water was. removed by dlstlllat1on under

‘reduced ressure, and the groduct-was drxed.under.vacuum;'

1



1

¢

mp 64-65°C; 200 MHz M nmr data (CDyCN) 6 1.48 (a, J = 6+

Hz, 3H), 1.73 (m, 6H), 3.8 (s, 9H), 3.37 (m, 2H), 4.12

(m, 1h); fast,atom-bembardment mass spectrum mie (rei

inténsity) 181 (3.5).v180 (34;3), 179 (11.3), 178 (100),
144 (3.5).
4rChlorofnfhgxy1trimethylammonium chlonide was;

\d

prepared from 1,4-dichlbrohexane and trihethylemine at

:50°C in methanol. The solvent was dxst1lled from the
reaction mlxture at room pressure to yield an 01ly solid.
‘The solid was dissolved in methylene chloride and pre-
cipiteted Qiﬁh diethyl ether. The precipitated'producﬁ

was dlssolved 1n water and washed three t1mes with
.

ey

methylene chlorlde. The water was removed by 01st111at10n

under reduced pressure, and the product was crled under
1

_vacuum: mp 117- 120°L- 200 MHz ‘14 nmr data (CDSCN) e 1. 00

(t, 3 = 7 Hz, 3H), 1.75 (m, 4H), 2.65 (m, 2H), 3.05 (s,

9H) , 3 29 (m, 2H), 3.96 (m, 1H) ; fast® atom bonbardment
mass spectrum m/e (rel 1nten51ty) 181 (3.6); 180 (33.9),

179 (11.3), 178 (100), 144 (5.0, I

L3

3=Chloro-n-hexyltfimethylammonium chleride'Was

prepared from 1,3~ dlchlorohexane and trimethylamine at
150 C in methanol. 1he solvent was dlstllled from the .
reactlon mixture at room pressure to yleld an Oolily SOlld

The solid was dissolved 1n'methylene chlprlde;and pre-

92



'.chlorlde. The water was removed by dxstlllatlon under )

'.1evaporat10n and the resultlng 011y solld was washed w1th

gata (CD3CN) & 1.06 lt, J = 7 Hz, 3H), 1.45 (sext., *J =

C, 45.22; H, 9.16.

r»,fs

‘CIpltated w1th dzethyl ether. The prec1p1tated sol1d was:

—
ey,

dlssolved 1n water and washed three tlmes w1th methylene'xvl
:}

Py 'i‘//'

reduced pressure, ahd the product was’ dr1:§ under vacuum-V

mp.112-114°Cy 200 MH 14 rmr data (cq3CN?w5 0. 95 (t,

3.19 (s, 9H); 3.58 (m, 2H) 4.05 (m,’luy- fast agom
}‘bombardment mass spectrumﬁm/e (rel 1nten51ty) 181 (4 0),

,180'(38.7); 179 (12.9), 178 (100), 144 (10 0).

n- Butylchloromethyld1methylammon1um chlorlde was _ (g;¥

prepareo from n butyld1methylam1ne ang methylene chlorxge‘

in methanol at 50°C.v The solvent was removed,by rotary o

-~

diethyl ether. The sol1d was dlSSOlVed in water and
. .

washed three times with methylene‘chlorxde.,The water'was'

removed by distillation under reducedfpressure,.and the

product dried:under.vdbuum: mp 108-110°C; 200 MHz 14 nmr

rro 8
Hz, 2H)7 1.81 (m, 2H), 3.36 (s, en). 3-eé (m, 23), 5.657

(sL 2H); tast .atom . bombardment mass spectrum m/e (rel

~intensity) 153 (3. 1), 152 (37. 8), 151 (9,2), 150 (100), °

116 (11.1).

%

Anal. Calcd for CoHy7ClyN: C, 45.17; H, 9.21. Fothd: =



-

Ty

. ‘ = S
. n-Pentylchloromethyldimethylammonium chloriage was

preparéd from_gfbentyldimethy;amﬁne and methyleng.
chloride in‘methanol_ag 50°C. The sblvent‘waS/femoved by
rotary evaporation‘aqd thé fesulting oil waslﬁashed with

diethyl e;hér. The solid was dissolved in water and

_— washed three gimes with metﬁy;epg chloride. The Qatef Qaé K

removed by distillation undef réducéd préssure,}and the
product'dried under vacuum: mpl57-57.5°C§ 200 MHZ.;H nimr
data (cn3cwx£5’1,oz (t, J = 8 Hz, 3H), 1.45 (m, 4H), 1.83

_(m, 2H), 3.38 (s, 6H), 3.62 (m, 2H), 5.68 (s, 2H); tast
atom bombardment mass spectrum mlg;(rel intensity) lﬁf |
(3:1), 166 (33.1), 165 (9.9), 164 (100), 130 (14.1).

Anal. Calcd for CgHygClpN: C, 48.01; H, 9.59. -Found:
C, 48.39; H, 9.95. oo

-

e

ethyldiméthylammonium chloride was

. B
n-Hexylghlo

S~ pfepared from_ﬁ}heXyldimethylamine and methylene chloride
in methanol at 50°C. The solvent .was removec”by rotary

: coon -
evaporation and the resulting,qiinwas washed with dig

ether. The solid was dissolvea Y water_and,yashed thiee
times with methylene chloride. The water was rehoye
Qistillaﬁion‘undef redhced4pressure, ana the}bgbdudt
-_y; . dried under Qacuumé mp 72-745C; 200 MHz 1H nﬁr.éatg‘

(CD3CN) & 1.01 (t, 3 = 7 Hz, 3H), 1.45 (m, 6H), 1.83 (m,

2/), 3.40 (s, 6H), 3.64 (m, 2H), 5.74 (s, 2H); fast atom >

P
- .. . .
LY L2 N 4
g RN ’
. . N ot :
s ) . .
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boﬁbardment;mass spectrum‘gZE_(rél’intenéity) 181 f3.8),
180 (36.0), 179 (12.0), 178 (100), 144 (20.6). |
Anal. Calcd for cguzic12ﬁ: C, 50,47;;u,’9.88.;*véund:
¢, 50.70; H, 9.96. ' - |

E;Pentyldimethylﬂ‘uhe was prepared from l-bromo-

pentane and dimethylamine with .sodium carbonate in 50:50

methanolﬁwater viv, at 60°C. The solution was extracted

three timés with diethyl ether and the extracts were

dried ovef:anhydrous sodiym sulfate. The,product was
‘ . - . . ‘ . fa¥ : //\/\' g

isolated by fractional distillation® to yiel’ a clear ,

4

liguid: bp 118-122°C (692 mm) [1it.82 bp 123°C);
2

Y ' B .' : . .
n20 3 .408 (1it.82 n20 1.4083); 90 MHz lH nmr data
Dy ’ | -

(CD4CN) & 0.90 (t, J = 7 Hz, 3H), 1.33 (m, 6H), 2.0 (s,

8H) .
N\

: o - :
n-Pentylmethylamine wés “prepared trom l-bromopentane

and methylamine with sodium carbonate in water. The,
— . r .
. ) )

solution was extracted three‘times with diethyl ether and

, A . '
the extracts were dried over anhydrous-sodium sultate.

- s . » “ ) ) : N A
The product was isolated by fractional aistillation to

yiela a clear liquid: bp 47-49°C (60 mm) [1it.83 45-47°C

. ) . . , A 't B
(60 mm)]; 400 MHz lH.nmr data (CD3CN) & 0.72 (t, J = 7
Hz, 3H), 1.19'(m;'4h)._1.54 (m, éH),lz.eq (d, J = "6Hz,

! . ~ . . . L . . .

C1H); 0.75-1.08 (m, 3H) 1.16-1.5 (m, 6 W), 2.38 (s, 3H),

4

204"2072 (ml 2“)]. . . N

. o

75
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. . : :
n-Hexylmethylamine -was prepared from l-bromohexane

;nd methylamine with”sodium carbonate_in methanol :water

3:2 viv, at 60°C. The solution was extracted three times
/}ﬁi;h diethyl ether and the extracts were dried over
sodium suifate‘, The pfoduct was isdlatéd by ffgctionai
distillation to'yieid a clear liquid: bp 32°C (4.7 mm)
[1it%.77 138-140°C (760 mm)l:.250:1.4184 (1it.77 ng0
1.4186)j 400 MHZYlH nmr data (;D3CN’ 5 0.69 (t, J== 7 Hz,
3H), 1.14 (m, 6H), 1,83 (m, 2H), 2.69 (d, J = 6 Hz, 3H),

©2.94 (m, 2HF¥ 5.97 (broad m, 1H).

N-Chlorodimethylamine was prepared tollowiny the

procedure of Ingolc.32 Diméthylamine and 6% agueous v 4
-sodium.hypéchlorite were mixea together. The solution

was extracted with three portions of diethyl ether, the

ether f;actions were combined, washed w%th water and Aﬂ’

.. ’
dried over sodium.sultate. A slight excess of concen-

trated sulturic acgd (based oh thehdimethylam;né used) |
was added(adﬁ Fhe ether was evaporated pncefhvacu;m'in
the dark. . Thé resulting white crystals obtained were
df§solvedvi3 an aliguot ot 15% CD3CU20/8$§ H,$04 and

stored in the dark at -78°C.

N-Chlorofg;hekyrﬁethylaminevand N-Chloro-n~pentyl-

methylamine were prepared by the method ot Coleman.? The

a?ine was stirred in a 50:50 mixture of ligroin and 3M

-



R

agueous S%Sium hydrdxide’(v:v).at 0°C;f Chlbrineewes
purified by passing it through traps containihg'cencen—
trated sulfuric acid, calcium sulfate and glass wool at.

such a rate as to maintain a p051t1ve pressure of 4C mm

Hg. When fuming had ceased and the llgr01n solution had

~

Vel
’~%qrned faxntly green,'the chlorine flow was stopped and

the ligroin layer’was separated. The ligroin was washed

) w1th ice cold fractlons of 3 N sodium hydroxlde,vwater

and 2 N sulfuric acid. " The. llgr01n ‘layer was alldwed to

sit for 10 m1nutesv1n 15%" CD3COZD/85% sto4 wh1le kept

% ' R

.-

Tanoéﬁer‘20 mlnutes w1th occas10nal

3

3 Thls solut1on wag then 1mmed1atedly used in,
- . .

o the chlorination studies Lnjest1gatedt;f o :

A

V.o .
Analytical Procedyres
Wt ' N b : . L.
N~ ) - S

S
Photochlorinatien of Ouaternary Ammon1um¢Salts 1n

Hexachloroacegpne. A solut1on of the salt (0. 012 0 018

M} in hexachloroacetone was prepared and aliquot portions .

(5 x 1073 2) .placed in ’pyrg re_ac‘ti‘_,o’n' amp'oul‘es; A solu-

t1on of chlor1ne (0.024- 0.035 M) in hexachloroécetone'was

prepared, quantltatlvely measured by - 1odometr1c titration.

with aqueOUS SOGlum thlosulfate solutlon and al1quot'
samples (5 X 107% 1) added to each ampoule. The ampoules

 were degassed three times by the freeze-thaw technigue,

77

sealed. equ111brated to. 30°C and exposed to 2 x 100 watts

[ St T

PO




of incandescent light. After irradiation the tubes were
opened and the solvent r;moyed by vacuum distillation.
Weighed amounts of naphthalene were added, the -samples
yere diseolved io‘gﬁrdeuterioacetonitrile and analyzed as
~utlined in Appendix 1. Al) of the signals in the nmr
spertrum ~ould be accounted for either byﬂstarting
material, ohrerved producte or known impurities in the
snlvent .

Photochlorination of Ouaternary Ammonium Salts and

L SN
A\

_anentyldimethylaminé/in 15% CD3G0,D/85% HpS804 with

Molecular Chlorine. A solution of the salt (0.69-0.72 M)

or amine (1.0 M) in the acid solvent was-preﬁared and

a]ui‘q”(\}— pqrtinn: (1 % 10 3 ?) p]af'ﬁd in pyrex t‘ea"”]()h

ampoule-. N anlution of chlarine (0.1 M) in the acid
enlven' vag prpparcﬁ, quanf§'*'ivo]y measured by iodo-

et 3¢ tirtyration with aguenns e tium thim~ulfarte golutinn
anS Aliqe v o mamples (2% 1077 0) added to each ampoule.
The nmpun1': were 'paaceed threeo timec hw the freeze thaw
vt i yre, eenled. °qni1ibrafpd ta IN'C and exponsed to

2 v 100 v rbas - f jnecandeg ent light. I\Frév ivyradiat jon

Ve t g cm were srenel and o dimcthoxybenzene (veratrnle.
- N . ;

Ly L A voen -"}-n\ wae al'led ~ear b ﬂr\v'vr»‘es n'\;\lvzb(“ as
v Yoot g Y K ]
L, ]

&Mﬁg
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Photochlorination of Quaternary Ammonium Salts and

E;Pentyldimethylamine in 15%~CD3éOZD/85% Ho804 with N-

Chlorodimethylamine. A solution of the salt (0.36 M), or

amine (0.36 M) in the acid solvent was prepared and
aliguot portions (1 x 1073 1) placeddin pyrex reacti;n
ampoules. Aliquot samples (5 x 10> 9) of the previcously
prepared solution of é;chlorndimethylamine (1.0 M) in the
solvent were added to each ampoule. The ampoules were
degassed three times by the freeze-thaw technique,
sealed, equilihrated to 30°C and exposed to 2 x 100 watts
of incandescent light. After irradiation the tubes were
opened and "weighed amounts of veratrole weré added. and
the cambles analyzed As At 1inéd in Appendisc !

Photochlorination of N~Chlnro-Q-pentylmethylaminf

amine in 15H% CD3C‘)2D/85?

and N—Ch]orojgjhexylmrt“y]

Al

}{2g‘(\4_ A1y "\i’]\l"r.(B y 10 0 f Ve ek ian of 1N
‘4;-|ﬁ;‘f\21'\]"\f‘ (0.6 0O Ty g th- 71 aclrent ‘AR p‘v'" 4
i1 each pyre: reactin amp ol Lhe omponld- e gcre e
Jagreed three timea v the fyecozoe thny ter hinaque, e g !

eqniliba st ed v 2077 and evpoased to 2 v YOO wart~- f

inrandeacent Yight, ANEY ey v adiaricn the tohes Wi o

ope:’ ol anA \,.lcir)‘\o('] Aav oo b o e~ f Ceyatrnle were EXa BRURARR BT

v @amples annlyzed ac it lined in Rnper i
Phatechlorination of J-Chlorobu® e with W “h)a oV

".\"l.‘, ‘ LN )")q e v P A (AN | v . LI '

LA



chlorobutane (0.35 M) in the acid solvent was prepared
and an aliquot (3 x 10°3 2) of this soiutipn was placed
in each.p&rex reaction ampoule,. An aliquot sample (3 x
1074 %) of the previously prepared solution of N-chloro-
';Qimethylamine (0.98 MQ in the solvent was addéd to fach
ampoule.' The ampoules were degassed three times by the
fgeezgfthaw méthod, sealed, équilibrated to 30°C ‘and
‘exposed to 2 x 100 watts of incapdescent light.  After
irradiation the tubes were opeﬁéd, added to ice-cold
.water and extracted with barbcn tetrachloride. A

~

standard solution of 1,5-dichlofopentane in carbon tetra-

chloride was added a;d‘the mixture analyzed by Glpc.
Glpc analysie was carried out using/é 1/4" x 20' glass

e lumn ﬁf15% SE 30 on Chromosdrb W at a flow rate of 40
re/min, and a temperature program fr&m 30 to 120°C. The
productea were jdentified hy a comparison of their reten-
timn timee with thoee of authentic material:.c and the

yielde A-stermined uring the standard 1,5 dichloro-

pent ane. Tha yield wam ralen) at ol Hy rhe~ foollawinn

integration X

| IO v e e e e ——— M [ v m cleese ©v A4
Py ey nt Yoy TeA
¢
wheye CF i the rmaldibivation factoy determined from the

—

vesult e obt~ined fyom the analysis of ; standard

Fralihratinng mivtaye pyopared from knewn amannte oof

80
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»authentic materials.
/ .

: moles X / moles Std R
Ccf = -

area integration X / area integration Std

u . -

5

The Photochlorinatioh of 2,3-Dimethylbutane in Hexd- ’

R
)

chloroacetone and Carbon Tetrachloride with Mdﬁecuiar.

Chlorine. A solution of 2,3-dimethylbutane (1. s M), §ol-

vent and Freon 112 (0.32 M, gc standard) was prepq%ed and

. 8

an aliguot sample (5.0 x 10-3 2) placed in each,gyrex
reaction ampoule. A solution of chlorine (0. 54 M) 1n the
solvent used was prepared, its concentration measured by
iodometric titration w;th aqueous sodium thiosulfate
solution‘and aliquot s;mples (2.5 x 10'3.1) ‘added to each: F
ampoule. The ampoules were degagsed three times by thq
freeze-thaw technique, sealed, equilibrated to 30°C and
‘expnsed to light. After irradiation the tubes were} ”
npened, and analyzed by Glpc. . k3 B

2C1pr analy~is was carried out using a 1/4" x 20"
glass column of 10% Ycnr 50 HR51 00 on Chromosnrhb WAW Af a:,
flow rate of 0 ceomin. and A temperature of 80°C. The *
prodnste were identified by comparison ,of their retention' 3

. . -

time= with thnee of authentic materialé and -the yields

determined by ueina the ctandard Freon 11?2 as descrihed

Fovy the o@pey iment with ~hlnvrobutane.



; .
The Photochﬂor1nat1on of 2,3~ Dlmethylbutane 1n 15%
‘x.
CH3C09H/85% H,S0, with Molecular Chlorine. Alxquot

_samples (1.6 x 10°% 2) of 2,3- dl.omethylbutane and a solu-—""
tion of chlorine (0.06 M) in 15% CH3COoH/85% HpS04 (2.0 X- -
1073 %) were placed in pyfex reaction ampoulés. - The. |
- ampoules were dégassed three times by ghe”free{é-thaw
téchniqge, séaled, equilbrated to 30°C and ir;gdiiged for‘
the requisite amount of time. After irradiation tﬁe
tubes wére:frozén, opened andvdiluted'with iqg;cold
water. fhe aquéousysolution wqé‘wéshed>threg‘timéé'yiph.u
CCl,y and the CC14£solutien was anaiyzed by,Glp¢ és’des-

R
& L

. cribed for the reaétions in hexdchloroacetone ahd“CCL4f

) N K a

Product Stability'Experimehfu n-Pentyltrimethyl-
) g - }

ammonium chloride was chlorinated in hexachloroacetone at
30°C and analyzed as described previously. The nmr
solvent (CD3CN) was allowéd to evaporate and each sample

was dissolved ip“the appropriate amount of 15% CDBCOZD/

3

85% H,504 and placed in stoppered pyrex flasks. The
flasks. were. 1rrad1ated at 30°C for the same length .of
time as was'used for the chlorination reactions carrled

. out in the acid solvert. Thg}mixtures were analyzed as
described previodsly. Withiy the limits of the éxperi-

. )

mental error (£5%) the,ratioﬁjf products were unchanged.
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As a class,of halogenatxng agents, N—haloam1nes “have

,s\

'exh1bateo only 11m1ted utility for synthet1c purposes.
By far the mos; widely used N-halo-reagents are Epe N-
loimides. The major aavantage ot these halogenating
reagents 1is their égilfty to be-used iﬁ neutra1 organic
solvents, althouyh éhey have only a limited solubility.
‘ , :

" The most extensively studied ana best known ot the K-

‘haloimides is N-bromosuccinimice or NBs (27).

B ’
The tirst reports of a method for introduction of a

haloygen 1n the allyllc poqltlon of an oletfin were those
ot wohl.84/85 The reaygent used was N- bromoaceU&glde.,
The method did not receive widespread use until the

1940's however, due to the lack of availability ot the
brominating reagent. Zieyler and coworkers in 194286
improved the technique and introduced the new reagent

NBS. This procedure yave very yood yields ot olefin

.84



N

brominated in the allylic position, ana with the easily
prepared‘Nbsithe method became widely used and known as

N

the wohl-Zieyler reaction (for .a review to 1948 see

Djerassi87). . ™ v . \
. ™~ '-‘4{5 ‘

substitution ot an allylfc hycrégéh by a haloyen,
with little or no additiop.toithé olet;a, was not a
commonly encountered réaction. and the report yenerated a
great amount of interest in'the mechanism of this trans:v
formation. The first méchanism proposed was that of
Bloomfield in 1944.88 since the reaction involved
allylic bromination, and very little adaition of bromine
to the olefin.(with molecular bromine, addition to ;he
oletin is almost the exclusive.proouct), a radical chain
mechanism, scheme IV, was proposed which involves
abstraction by a succinimidyk radical rather than by a

brrmine atom.

NBS - e [ N- & B (29)
NS-+ RH e NH ¢ R- (30)

R. + NBS -—-—— — RBr + NS (31)

Scheme 1V

85
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An alternative mechanism, based on results_obtained
for ﬁ-chloros&ccinimide was sugygested by doldfihger’and‘
coworkers.B? Tﬁis‘meEhanism was later proposed for
bromination of olefins and toluenes with NBS by Sixma and

Riem.%0 The Goldfinger mechanism is shown in Scheme V.

»

NBS —> NS:.+ Bre (29)
Br- + RH———R: + HBr . (32)
HBr + NBS ———= NSH + Br, (33)

R- + By, ——— RBr + Br- (34)

Scheme V

2]

Golafinger argued that a haloygen atom in the presence of

an oletin would behave in two different manners depending
A\ .

upon 1its concentration. 1In,the case of bromine the aadi-

tion to an olefin (Scheme VI) was proposed to involve two

himolecular reactions, the first of which is reversible.

~ -~ -~ I ! '
Br- + CcC— Y Br—-C——¢C- (35)
™~ I |
! ] | |
8r--C----C- + Br, —————— Br-C——C~—Br <+ $Bf¢- - (36)
I

1 | Y

Scheme VI




Tﬁg NBS, through the ionic reaction with hydrOgen bromiae
(equation 33), was proposea to be a steady source of a

iow concentr

ion of molecular bromine. Due to the

' of the hydrogen abstraction sequenceé, anu

AY

irreversi
the reversi¥Pe adaition of bromine atoms to the oletiA
(egquation 35), the allylic bromination was suyyested to
be favorea over addition under these cogp%tioﬁs. The
addition of bromine to the olefin was proposed ﬁo be
favored only under conditions ot high cd*centrations of
molecular bromine. |

No experimentél evidence was available to distin-
guish betwesp.these two mechanisms at_the time the

Goldfinger mechanism was proposed. . S5ixma and Riem?0

favored the Goldfinyer mechanism based on fé§u1ts they
. ) AN

, ~
obtained with cyclohexene and methyl crotonate.\\Thoy
tound, using low concentrations of molecular brom}oe,

that these two oletins could be brominaten allylical

Y
N

Tedder and McGrath?l confirmea the resbults ot Sixma anm

Riem'with cyclohexene. They alSQ noted that the {

Goldfinger mechanism implies several adaitions to and

dissociations from the oletin by bromine atoms, befora
allylic abstvaction occurs. To investiyate this the

bromination ot cis-3-hexene was cAarried out with NB¢. Tf

3

the Goldfinger mechanism were correct the unrea~ted

oletin recavered chould he pArrrially jeomerized bt trans

87



via an addition-rotation-elimipation séqqence.\ when the-

—

unbrominated 3-hexene wa$ recovered and analyzed it was
. founda ﬁd be 85% trans.91V'KOOYman and cq\\vo»rkers‘;2 haa
previously showa that in N-chlo;osucciniﬁide (NCS)
chlorinations the NCS behavedISS a séurce of a low
concentration of molecular chlorine, and that a chlorine
atom was the abstractinyg species.

In 1963 three yroups reported further ;vidence
supporting the-GoldfinQer mechanism. Martin?3 ang
Russel194 repofted‘preliminary results froﬁ competitive
brominétions of a variety ot substrftes_with NBs which
showed similar relative reactivitigs to those obs%réed
with molecular bromine. Based on these results. they
supported the Gbldtinger mechanism as the correct one.
walling, Rieyer and tanner?® studied the relative fé—
activity of wvarious substituted toluenes, as did
Marthn,93'98 to NBS and to molecular bromine. The'log of -
the relative treactivities versus the o svbstitueht
constant for each substitited toluene was plotted, usiny
the reag*i'ity of toluene as a reference. A p value of
~1.38 with a cnrrelafi;n of 0.977 was obtaineo, which
agreed well with the value of p = —1.}6 obtained by:
Martin?3 tor moterular bromine under conditions of high

lHr2]/1HHr]. Comparison ot ‘the relative reactivities f

vayijmue other hydrocarbons with NS or with mole~wlar



=

bromine also indicated that the same abstracting Spec1es

was involved in the two reagents. Wwalling -and Rxegerg6

‘also prepared several N;ermohydantoins ana N-bromo-

acetamide. Their relative reactivities Qith substitutéd
tolﬁénes were shown to correlate with o* substituent
constants, with p values between -1.10 and -1.36 and were
thus conpluded to react by ‘the Goldtinger mechanism.
ﬁuss§1197 ana Martin?8 both published the complete
results ot their studies with NSS and hydrocarbons at the
same tlme as those of wWalling and coworkerq. Russell and
Desmond showed that the relative react1v1ty ot NBS in
dichloromethane (whgre.thq reagent is soluble) w1th
various a—sﬁbstituged toluenes was the same as could be
obtained with molecular brbmfne in carbon tetrachloriae.

Martin anq Pearson plotted the loy of the relative

. . . . . . +
reactivities of substituted toluenes versus o

substituent constants for NKS, N=bromntetrafluovo:
guccinimide (NHRTFS), N-—bromore¢rame'thylr-'.uchir\imicxe
(NK1MS) and molecular brominé. At 80°C the p values tor
ﬁBs, NRTES, NRTMS and Br, were -1.46, —1.45,?%;.36 and
-1.36. At 10°C the p values for NHBTMS and Hr2‘Yere -1.79
ana -1.76. At one temperature the o Qalues for a succi-
nimidyl radical and brominec atoms miyht be tortuitously
simjltar, but obrtaining the same 4 values at two ditterent

temperatures argued for » cortaen a?'ﬂ:*vah;;inu species,



W
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%lso[1n the reactlons of NBS and NBTFS it was not likely

v

that the n1trogen centered radicals obtainea from these *
two reagents shoula® have hlghly 51m11ar polar requxre—
ments, Both groups came to the conclusion ;hat'brpmlne,
atoms were the abstrecting Species involved in;NBsA

brominations. ' T .

The possibility that some situations existed where

°

reactions could be aftributed to succinimidyl raoicals,

however was not 1gnored.‘ Russell and Desmondg7 aXso

N

1nvestlgated the relatlve reactivities of several cyclic
olefins with NBé;‘and noted that these reactlons/went

more slowly than those with the substltuted toluenes.
Russell suggested ‘that the oleflns served to .trap _the -
molecular'brom1ne_qno bromine atoms, such that succi- B
nimidyl radicals could be the abstractiﬁg species for
these reactions. This would appear to suppbrt the;'
B]oomfweld mechanlsm tor allylic bromination, but an
\mpﬁrtant dlfterence was the choice ot ‘solvent used For
the th1~Zieg1er reaction caqbon tetrachlorlce, in which
molecular bromine is‘501uble but NBS is not, is the
solvent vsed. Ih Russell's work however, ‘he used methyl-
ene ~hloride with NBS ooncentratlons wplch were soluble

suc¢h that both NBS and moletular bromlne wefe dlssolved

in the solution. ' N

i

Tohnean and Buh1itz29:.100 and Martin an' p-rtlettl10V



produced the firsé results indicating the presence of
succinimiin radicals in solution. Johnson and Bublitz
first observed the prodﬁctiov of p-bromopropionyl iso-
cyanate (B~BPIC)'from NBS in refluxing chloroform‘with
benzoyl peroxide and various allylic compounds. They
later 190 broadenea the choice of solvents in which the
product could be formed. Martin and Part]ettio]
’eiplained thexfovmation ot f-BPIC as QOMing f}ow a B-—
scission reérranu°menr ot ~veccindmidyl 1 adicals as show

in Scheme V171,

' 0
' ¥
' Nl’ - — 'CH-"CHz—C'NT(‘"’O ’
‘g (-r1)
Y
\ . ' v )
FY NFRC o —— B.I‘H;CHECJJ' ~nee Y ey,
{ B Frie)
~heme VI I
fn 1762 Be ' and ”"Wa“f‘]““ tropeet th in ' lyeme:

of succinimi iyl radi ale in the oxidation ot phenyl-
~ethanol wit - ceinimite 1annerl03 naa previous!
Jsuggestoé At oagen ;hs’fa’*;"“ by, r p;m*ohéted’suc:i
pimiayl ra ' i tht o veact i oot ot 1A enc("\'v\'i(mid? n

Fv i finoy Sty T T IR AT "
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oxidation of the alcohol, and the influence of radical
initiators and.inhibitors indicated a radical mechanism,
the mechanism of Scheme VIII was sugyested. The conclu-

sion that succinimidyl ragical rather than the

OH AL ' OH
NS + p’—(|:-—cu3 ——— it NSH + B@é—CHg - (39)
H.

-

o)
o)

OH | OH
o-&-CcH, + - N-I ———— @-C—CH; + NS§° (40)
~ I ' ~
0O

(N1S)
'?H . ﬂ
@w?wcua ‘ - @-C—CH,; + HIW - (41)

- -
Na .

8_pfopjﬂnyl isocyanate radical (°P1 see eguation 37) was
the ahstrarting epecies wae supperted by 80-90% Yields ot
“inimide,

104

Martin and Incremona were prompted by this

MHeerrvation to investiyate fnrtﬂe; the mechanism of NRS
with allyliec eompounds in retluving benzene. They tound
identica) redlative reactivities for a)lylic abstraction
by mn]oﬂqla; h;ﬁminq, NRs, and N-bromotetramethyl-

curcinimide. N.bromotetyafluorosuccinimide exhibited' a

Bigher eelocti ity than the other reayents, but this was



shown to be due to ionic addition to the olefin followed
by elimination of tetrafluorosuccinimide and an ionic
rearrangement to the éroduct aliylic bromide.

Since the Goldfinyger mechanism had become accepted
as the meéhanism operating tor brominations by NBS, and
since equation 33 allowed rapid removal of HBy from the
reaction mixture, brominat{ons using NBS with aaded
molecular bromine were suggested by Tanner 0% to be a

method to obtain bromine atom selectivities uncomplicated

by hydroyen bromiae reversal (eguation 42). Involvement

R- 4+ HBr -~ =cn- -« - RH + B1 (42).

of HRBr reversal in brominations with molecular hromine
meant that observed prnduct ratins were not neces<arily
. true indicatore of the selectivities fnr hydroyen

cabstrarcrtinn, Tanner and (*nworvovq”“" 107

observed
changing sel?Ctiv{'ipc with percenta)e veactinn in the
MR l\vv\rr;iV\'\rir\'- nf t=-pbromebautar e V:\:\fj f'y(‘]ﬁhpxy]}'\vrnvi‘?
The change wa~ enyge~ted to be due to jncoomplete
aravenging of Hkir at the final atages of the reaction
where NBS is almost cormpletely reacted. Traynhaﬁ and -
('r)wr‘vl'c(s]oa conftirmed thece nheervations, however the
variatinn in behavinr was nnt inciuded in their evalu
atimn nf the prryp ! mochaniar far Yhe NRY hrominot fon

f alkanes.



Traynham and .Léelo9 presented results in 1974 which
they proposed to support the Bloomfiela mechanism for NBS
brominations under certain conditions., Based upon a com-
pariéon of the relative reactivities ot various alkanes
and alkyl halides with NBS or with molecular bromine in

-~

solvent acetonitrile they came to the conclusion that the
chain carrying species was not the same tor these two
reayents. The most staiking example was the bromination

ot cyclopropane (equations 43 and 44). The two reayents

gave two different products

10 % Br 8 B
//\S ° 7z at {\V//\\V//’ only (43)

or gsolvent Br2‘

/& 4+ NBS v ——— D-—Br )9'8 1% (44)

indicating rhat bromine atoms are not involved in the
reaction with NBS., Basea on these results they proposed
that with ﬁbs a succinimidyl radical chain operates (the
Hloomfield mechanism) tor abstraction from alkanes,.bu;
tHat a bromine atom chain go&erns the reaction duriny
henzylic halogenation (previousiy feported).93'98
Skel}, ILindstrom and Day]10 presented a method to

incure a succinimidy] radical chain for NBS brominations

or, 111

iv 1774, wWalling and coworkers hang previously used

94



small amounts ot olefin‘in the reactions of NBS and with
E;butylhypohalite reagents to trap halogen atoms and
prevent their interferéhce as abstracting species. 1In
this manner they were able to observe the éelectivity ot
the t-butoxyl radical uncontaminated by haloygyen atom
seléctivities. Skell prOposed that by using solvénts
dichloromethane and acet9ni;rile (solvents in which NBS
is soluble), and through addition of small amounts ot
ethylene as a trap for mdlecﬁlar bromine, it was possible
to obtain NBS selectivities which were clearly different
trom those shown by molecular bromine uncomplicated by
HBr reversal. The selectivities were shown to be similar
to selectivities obtainea for the reaction of the more
eneryetic chlorine atom. When cyclohexene was allowed to
réact with NBS in carbon tetraéhloride at retlux
(Zicqior‘c methnd) only 3-bromocyclohexene was observed
tn be a product. When 0ycloﬁexene was brominated
phrtochemically in avotpnitrile with NHS, however, 15% of
the products was 4~bromocycloﬁexeno. skell explained

. &
this as being due to the soluhility of the NBS in the two
solventes. In carbhon tetrahh]nride( where NBS is.in—‘
sojuble. the concentration of bromine is ﬁigh, relative
te that ~f NR&, ‘such that bromine atoms dominate the
reaction even in the presence ot the olefin, In aceto

nitrile, where NH& is snluble, the olatin servee to keop

95
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the concentration of bromine low, relative togﬁhe now
, Qg .
soluble NBS, such that ‘succinimidyl radicals daminate the

B <3
reaction.

IS

In 1975 Koenig and wielesekll? used INDO calcula-
‘@

tions to estimate the first three states of the succini-

midyl radical. They found,~GSing Coy symmetry and a
partial ygyeometry optimization, that the yround state isJ&

n. configuration (see 28), the first excited state is a Iy

configuration (see 28) and the second excited state is a

I, configuration (see 30). However, if the geometry was

() A 0 X
o N o) o N 0 =0= N 0
\ N N
Us H U‘“’ > N . Q p 0
%% i 29 30

~ ~ =~

slightly distortea aSymmetricaliy_from Chy symmetry (the
C~0 bond was stretched by .0.02 A and the C-N bond was
contracted by 0'94,A) the iN state and the n state both
increased in energy, but retained a similar energy
separétion. The ZU?state however ei?reased~to within ~6

7

kcal.,/mol. of the n state. Thus Koeniy predicted that
both the = and £, state should be thermally accessible.
He pointed out that the 1 and 1, states both correlate

with the yround state of the isocyanate radical (°PIl),
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but tﬁe n state correlates with an excited state of °PI.
Later calculétions have dealt only with fhe first
two electronic states.bf the succinimidyl radical.
AApeloig and 5chreiber113 used ab’initio calcuiations to
deterﬁine the energies ot the first- two electronic
states. They used Cyy symmetry with complete geometry
optimization and found the = 2Bl state (28) to be the
ground state and the Iy Al state (29) to be the tirst
excited state. They estimdted the -eneryy separation
between the two states to be 20-25 kcal./mol. |
Clark114ﬁzsed MNDO calculations on N-chloro-

succinimide- (NCs) to predict which states of the

succinimidyl radical would be formed by interaction with

an alkyl radical or with a chl?rine atom. He calculated
the Iy stafe to be 13.8 kcal./mol. higher in energy than
the = sgéte. Usiny the MNDO optimum geometry he
*¢alcuiated the highest.occupied molecular orbital (HOMO)
gb be the “;—Cl orbital, and the lowest unoccup}ed
molecular orbltal (LUMO) to be a higher enerygy N- Cl
antlbondlng orbltal. The singly occupied molecular
orbital (SOMO) of an electroPhlllc raaical, such as a
‘chlorlne atom,. was predlcted to 1nteract most strongly

TR -

with” the" HOMO oteu§p, in an orth090na1 mannexr relamlve Lo

52

v QY"I"’ S

»&he .NxCl, bond. Reactlon in thls manner would yleld the'w”

SEN gy

Ll -Cl bonding orbital and the = suc01n1m1dy1 rdadical -

)
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sﬁﬁd. 1f the SOMO ot the attackiny radicals were to be
high lyiny, such-as for a primary alkyl radical, tﬁey
were prediCted to interact with the LUMO of NCs, in a
colinear manner relative to the N-Cl bond.. Reaetien.inl

this manner would y1elc the C-Cl bondlng orbltal and the

'zN succinimidyl radical SOMO. Formatlon of the = radlcal

by chlorine atom interaction was predicted to be‘exo—

thermic by 14.6 kcal;/mol. with an activation energy ot
7.2 kcal./mol., and formation of the Iy radical by an
alkyl radical ('Cﬁji was predicted to be exothermic by
0.8 kcal./mol.,yith an activation enerygy of 14.6
kceil/ﬁol. “

Dewar and coworkersll> calcﬁlated the tirst two

electronlc states of the succinimidyl rad1ca1 u51ng UMNDO -

;/

a spip—unrestricted version of MNDO. Thls method was
said” to be comparable to good ab initio calculations, and
better than ones using minimum basis sets. Using this.

method they determined the ground state to be the n state

and the next highest state to be the I, state‘separated

by an energy ditterence of 14.55 kcal./mol.
None of the , theoretical studies done after'xoenig's o
@
considered the 5, state. Koenig's results. suggest that

the ground: state may not actually be the only state that

is thermally acce551ble in soluthn. " 1f the’ dlstorted

“’.' >

geometry he constdered is- w1th1n a v1brat10nal mode tor

R



_minimum g value and maximum a
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the radical it may be that the ground state is not the

only state that is thermally accessible in solution, but

"rather a mixture of the = and 20 states exists. //«\\_A

Huzina;a, Klebukowski and Tanner11® are presently in the
proeeSS‘of carryinyg but a set of ab initio calculations
on succinimidyl radical using a larger basis set. They
are also looking at the eftects ot the possible
deviations from sz symmetry (such as might occur in L
solution through collisions with the solvent molecules)
on the energ; separations between the electronic states.

An esr study ot the succinimidyl radical has been
reported Eecently.117 A single crystal of succiniﬁide
was x—irradiated at 2§5K to yield succinimidyl radicals.
Based on coupling constants, the spin densities of 2s =
0.02 and 2p = 0.60’were-determined with most of the
remaining sbin localized on the carbonyl oxygensJ The
14N Qere obtained at a
direction perpendicular to the.meleculer plane. Basea on
these results they.conclud.' the structhre.ot the
observed radical to be that of the = state.

The most recent aaaition to the debate over the
mechanism of¢yBs brohination is the proposal ot skell
,that'two'cheﬁiealiy distinguishable states qt,sucéini— g

midyl radical in solution are possible, and necessary to



, ‘ I S 100

-

2

explain the reactivlties observed.lbla‘l.24 Skell tirst
proposed the possibi%ity that two electronic,states were
necessary in a study of the competitive halogenation‘Pt
neopentane and dichloromethane .12 The results upon
which he basea this prOposal are yiven in 7Table XI. The

)

results presented indicate three aifferent values of
relative reactivity/H, r; for the competitive abstraction
from the t;o substrates were obtained. With NBS and
olefin, cond;tions}wnich were supposed to prevent the
involvement of molecplar bromine, a high value ot

21 .3%2.0 was obtalned. NBS in the’ presence of added o
bromine gave a moderate value of 1.15x0.16 and moiecular
Bromine gave a low value ot 0.l. Based on fhese :esalts

three radicals were proposed to be necessary. The high

value in the presence of olefin (21.3) was proposea to be

13
the selec£1v1ty of an excited state succinimidyl radlcal

desiynated as ¢ (equivalent to-either Iy or I T the
moderate value in the presence of molecular bromine

(1.15) was proposed to be due to the selectivity ot a .
- ground state succinimidyl radical designated as = and the
low value obtained with molecular bromine (0.1) said to

be the selectiVity ot a bromine atom. Further evidence

in suoport of the conclu51on that the value obtained from
NBS with added molecular bromine was due to a succini-

midyl radlcal was the fact that NIS with iodine gave the



Table XI. The Relative Reactivity/H of Neopentane and Dichloromethane
with the NBS Reagents.a ' :

neo-CgH,, XH + neof€5H11'i

CH,Cl, T XH + °CHCl

Reagent (no. of

experiments; % yields) (x)

(KneoCsH12/%cn,c1,) /M

NBS-olefin (2; 4) ‘ 21.3 % 2.0
[} ' N

NBS—Br2 (6; 14-96) *’ 1.15°% 0.16
NIS-I, (4; 1-6) 1.15 & 0.12
Br, {(1; 3) : 0.1

a. Taken from reference 119.

b. X- is the abstracting species.

A
- . |
._”.",,-éhnw RN
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same vaiué (;.15); The nonenergetic.iodine Atdms could
not be considered as an abstractinyg species.

Tﬁe selective formation of the two electronic states.
was.ratlonallzed as follows. Based on the energy sépérae
tion predlcted by Koenlg 112 ggell proposed that the
1nteractlon o} an alkyl radical with NBs (see equatlon
32) would be exothermic by ~20 Kcal. /mol. and_that thls
energy produced an excited o-state of the succinimidyl

radical. Interaction ot a bromine atom with NBS

(equation 45) was approximately thermoneutral- and thus

Br- + NBS - — > NS + Bn (45)

could oply'produce the grduéé‘nbstate of the succiﬁimidyl
raoical}' Further evidence was reported which was based
-on Koenig's proposal thaﬁ only ;he'EN Qr'the{xo stateé,
correlated-#ith the ring opened-radical, °*PI (see
;féqu;fion 37);- In the presence of plefins 50-70% of the
NES waz\§§{9 to produce R-RPIC in agreement with assign-
ment to the s-state, however in the'presence of bromiﬁe
or iodine”np isocyanates could bé detected. The absence
of R-BPIC wasklikewise in ayreement with the assignment’
of the reacrivities obtained with the Nxs—xz;feaggntg_té
the n-state. Based on these results Skell ascribed;thew

additinn‘réactions of NBS with various olefinsll18 td be

those of a.a-succinimidyl radical.

ALY
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In two following reports Skelllzo'IZI repea;ed'the

o

. results mentioned above-and bresented aaded evidence,

.

The ring-opening reaction (equation 37) was proposed to
be reversible based on results obtained with cis-2,3-

dideute_rio-N-chior‘osu.’ccinimide.120 when the 2,3-

Hideuteridsuccinimide product was analyzed it was tound

to be a mixture of the cis- and. trans-isomers. The
isomerizatiénHof the succinimide moiety suggested that g~
scission to the propionwl isocyanate radical had
occurred, followed‘by rbtétion and riny closurei(the
reverse ot eLSQigsion reaction 37).

The limiting conditions under which the ring opening

reaction occurred were more completely defined by Skell

in 1982.,127  The yield ot B-BPIC was shown to be directly

proportional to‘the‘concentrafinn of NBS in solution,
This was suggested to be due to the reversibility of the
ring openinyg reaction (eqn~tinn 37). Ny dec¥easing the
NBS concenrravri(m the vaote ~f veartinn with “PI tr form
B-BPIC (equation 3IR) ins dacroasod, leading to reduced
yielde of R-RVIC since the rate of ahstraction of solvent
hydraogen atoms by the cudcinimidyl vadical and the r;té
OE“rinu clesure nf o PJ to succinimidyl radical remain
coanstant, The yield of B~BPIC was shown to be essential-
ly independent of olefiniconcentration. lLimiting conai-

tiones frr the etudy f +the g-radical v~ alge outlinen,

103
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It was proposed that concentrati@ns,éf mblecular‘bromine

- greater than 1073 M with NBS ensufédvgeneration of only

the n-succinimidyl radical, since né g-BPIC was detected

under these conditions:. An in-between region, of bromine .

d

concentration 0 to 10~3 M, was said to exist where mixed

&

reactivities (o- and iFradical'reaétivi;ies) would be
observed. ‘Tthe quantum’yield‘fdr,photochemical initiation:
~f the n-succinimidyl chain was estimated  to be 7-9 mol./

B
einstein and 63 mol./einstein for the og-succinimiayl

|,
v

chain. It should be clear that the chain length
y ' . . '

g . i 5
ei;imated tor these reactions must be almost entirely for

.
w

the ring opening process.

) .o
In an accompanyinyg report123 skell proposed a - v

°

kinetic argument to differentiate between the reactivity . .

’r

of the n- ana og-succinimidyl radicals, §ihcé both étates
were helieved to be able to abstract a hydrogen atom frbm
'dichloromethane and,ﬁltimately yield bromodichloro- .
.methghe. buf only the o~succinimi§yl radical could lead

to ring opened prd&uct,“it was‘proposéahﬁhat a me;shréAot c
the involvement of the two stgkes would be the ratio ot :
IBrCHC1,]/(B~BPIC) . The s@ggestion was ‘also méde that
the m-succinimidyl radical could not onlf be»ﬁormedvby:'
transfer ot a bromine atom with NBS, eguation AS, but
could aiso b§ producéd by transfer of a stabilized
carbon-centered radical, RS*, (*Ctlqy, allylic, benzjigcq



Y

and 3°-alkyl), eguation 46. If dichloromethane was

Rg  +.NBS = NS- + RgBr (86)
) ()

brominated By NBS Qndér conditions designed to pfomote
the formation of the o-s&ccinimidyl radical (added
olefin) and a series of substrates were added, which upon
reaction’generéte A stable=radical, theﬁﬁﬂhe ratio of
[BrCHC12]/[B-BPIC] would change if more than one succini-
midyl radical were involved. "It instead only one succi-
nimidyl radical were pfesent, the o¢~, then the ratio of
prodﬁcts would remain constant, since tﬁé/added substrate
woqld react with succinimioyl radicals, but could not
change the ratio of abstraction frem dichlorbmerhane to

ring opened product, see Scheme T¥.

RH . NBS .
NSH + R: = e 8- NS T Pl o~ B BPIC + - NS-
NRS Cjenc, : »
NBS
RBr + # NS NSH + CHCI, -—=- -~ RrCHCI, + o-NS-

Scheme IX

The results obtalnad are presented in Table ¥Y17.

Thp hypothﬁqlq 'har two quecnnxm;dyl radlcals were in-

5 -~

_volved appear@d to be subetantlarod s1hca-the ‘reporteq

[
..,

values of the ratlo ot prodh%tc ”[RrCHC 21/[8 BPIC],I

obtaine~ from thao "ﬁmlnaton reactiofic ~f the NBS-vinyli-

K]
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Tahle XII.a Conipetition React;ons of Ngs-olefzn with a Serxes of
Suhstrates RyH and CH,Cl,. T
: o Radical
Expt. RyH . [BrcHCl,1/{B-BPIC] Product (R*)
1 — | 0.024 *CHC1,
2-4 neo-CgH, 5 o 0021 7, 1°
5~6 n-butane ) ’ 0.021 1°, 2°
7 - cylopentane 7 0.025 2°
8 isobutane , T 0.037 B 1°, 3°
Q ' 2,3-dimethylbutane 0.045 1°, 3°
10 cyclohexene °0.073 2°,“allylic
A benzene (0.2 M) 0.138 ~ allylic
12 benzene (0.4 M) 0.}94 .allylic
13 benzene (0.78 M) 0.609 allylic
14 benzene (2.47 M) 2,269 allylic
. - R S -*"(i'r"i-h . -y o - Lo .
15 benzene (2.30 M) >1.4¢ 0 "0 “allylic, ™1 77 7 7o
neopentane : . ' N
16" - - - benzene kz 47-my. T T o ™eS T T allylie L . -
' 1,3-butadiene ]
18 CHCl, o >5. ooe *'cci3 ‘
- ° 1,3-butadiene T >o 32° .. . allylic-

a. Data taken from reference 123.
b. Olefin added was CH2CC1 ,
c. A minimum value since no B-BPIC was detected. -
d.  3,3-Dimethyl-1-butene was used as olefin.

N -T [BgCglal[[B-?PIC].
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diné chloride reagent with substrates dichloromethane or
dichloromethaﬁe'and added neopentane, E;butane, or cyclo-
pentane were all constén; (0.022x0.002), while the sub—v
strates which generated stable radicals appeared to yield
ratios ot products which depended upon the substrate
used, seé>Table XII1.

”The reactions run with added benzene showed'product
ratios, lBrCHClzl/[B-BPICj{ which were dependent upon the
concentration of benzené; and‘Qéfe suggééted toibe éﬁé to
traésfer of NBS‘Qiﬁh the stable cyclohexédiényl;fadicai}

31, which only formed the n-succinimidyl radieal (see

equation 46). In the reaction run with added 1,3-

32

of succinimidyl to 1,3-butadiene, was proposed to be too

_ stable to form c-succinimidyl through transter with NBS,

-
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since no RB-BPIC was detected. When NBS was reacted with
chloroform no B-BPIC was detected which was explained by

the trichloromethyl radical, 33, beiny stable enough that

‘

.C Cl,
33

~ ~

transfer with NBS could only produce the m-succinimiayl
radical (see equation 46). | ‘

Waliing and coworkersl23 challengea the interpreta-
tions ot Skell on.the basis of the results of a ki;etic
study. They attempted to repeat Skell's initial ‘

-resultsllg'Qleh neoPentane anc dlchloromethane, but could

, only>est1mate»the amount ot brominated materlal when the
NBawbquinatiOQSQwere‘¢g::1gd,out‘with added olefln;

Little pr;ho'BrCHClé,was:détectéd,;éﬁd only a value of

‘T 5 20 ¢ould be assigned t& ‘the reactivity of the reagent

"under these conditions, since it was determined that with

the concentrations used r = 17 could have been

measured. Wwhen the reagent, NBS-BrZ, was used the r
values obtained were variablé, ranging from 1.0 to 2.5,
" and .no B ~BPIC was debected vBromlnatlons wltn mplecular
bromlné :howeg vélues of r ranglng trom 0 02-0. 091 |
~Although the prev;ous’results could not be duyl1cated it

was conceded that they were in general agreement with

those reported by Skell. The rate constants estimated

> e a Ead o »oe e
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tor hydroygen abstraction from methylene chloride were
approximated as 55, 5.8 and 0.5 for the NBS-Br,, NBS-
oletin and molecular bromine reagents respectively. It
was coﬁcluded'that the rate observed for the NBS-olefin
reagent was inconsistent with a rate which would bé
expected for an excited state radical. This conclusion
was enforced by the observation that deuterium isotope
effects, célculated trom thgjproduct ratios obtained from
thé competitive brohinations of perdeuteriodichloro-
methané.and dichloromethane using the NBS-Br, and NBS-
oletin reagents, were found to be (kH/k)) eyual to 10.6 .
and 10.5 respectively. This similarity ot these values )
was also inconsistent with the reactivity expected ﬁor'
two eneryetically very dissimilar sye;:es. rasea on the
r vélues obtained for reaction of the three reaygents with
déopentaﬁe and dichloromethane they ayreea with Skell
that three abstracting species must be involved. Con-
sidefing their kinetic results, however, they proposea an
.altérnative'explanation for ihe obsegved values conclud-
ing that the NBS-olefin reagent involved a ground staie
succinimidyl radical and the NBS-Br, reagent involved a

complex radical such as 34 or 35. A final observation

Br . S
o- o -
N-Br | . N-Br—Br
o) o )

34 - 35

~ ~
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;as made which ;as contrary to tﬁat observed . by 5k511.123
When the brominatien of chloroform‘waS'carried out usiny -
the.NBs—olefin reagent an 80% yieid of ‘8-BPIC wés re-
ported. Skell had reported that no g-BPIC was formeo,“
eince,ch}ordfdrm was one of the substrates which pfoouceo:
a stable carben-centered‘radicél;

Skell produced an additional method for generation

- of n- succ1n1m1dy1 radlcal, and criticized the results ob-

tained by walling in an appendix to his publlcatlon 124
The new procedure for genetation of m-succinimiayl |
radical 1involved renning the reacgion.in dichloromethane
in the preseﬁce of olefin and'edding brémdtricﬁioro—
methane such that the ratio [brCCl3]/[LHzC1 } >-0.32.

The oletln was- to ensure that molecular "bromine part1c1p-
ation was ‘excluded, and the‘quantlty‘of bromotrlchloro-
methane was made large enough to ensure that alkyl ”

radicals (R*) were trapped by BrCCl3 and not NBS (see

Scheme X). The *CCl4 radical was said to be stable,~

NS. + RH > NSH + R- (30)

R et B
- LEE

‘R + 'Bf:CCl:i- e R Bl’- + 'C'C'| f’ (47:)"-‘ ~‘"

<
y"'-

Lo ’ S ﬁ".‘... .‘_:“ bChemC X
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icizing. the conclu51ons of Wall1ng,12b ‘SkKell. - o
d ky/kp results whlch he had obtalned. He found,

1xtures ot perdeuter1od1chloromethaner°dlchlaro- NPT I

R

molecular bromlne, an abstractlon ratlo kh/kD

11. 5310 12 for brbmlne atoms tree trom HBr reversal,
42 (addition of NBS or K,CO; to trap;HBr) uUslng

his new m od for generatlon of n-succ1n1m1dyl he

obtained ky/kp = 5.85:0.08 and under o-succ1n1mldyl con-

ditions he obtained ky/kp = 1..49£0.02. He claimed the’

>

: kH/kb's 10.5 for NBS/Br, obtained by w;lling was.a ratib
for bromine atoms since Walling used too much Br, rela-
tive to NBS. Skell could not explain walling's kH)kD =
10.6 for NBs/oletin.. Skell dadismissed the kinetic results
obtained by Wwallinyg sayiny that because'ot.impurfties

present, the rate constants obtained from absolute rates

were.unreliable. The contlict in the results obtained -

with NBS/olefin in chloroform by walliny were explained
)
as be1ng due to the method used to degas the reactlon

“"‘-"vru.y e u .-
: g

fhmlxture.- Walllng degassed hlS samples by flushing the

ﬂffjfu:n uﬂsodutlan with afgon and capplng the sample tube. bkell '

'-.“- . v .

"{E;"r.~:icla1med tﬁls method dldanot remove oxygen suttlciently,_l

L

'ffbut it the samples were degassed by multlple freezerthaw

e - ‘-u‘..,

Q‘;';fl'_ f-cycles and sealing the tubes (as bkell dld). then no 5—'

VI ’*-..

v-n_h
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BPIC'was“formeduih these‘reactions;,_No explanation,howe_
ever, was - suggested by Skell as to how oxygen produced B- 7

BPIL from ﬂ—succ1n1mldyl radlcals."

- v d
"" - . oo . . .""'.. r

- Afternmore than'30 years'of ihGeStigation the

L

mechahlsm of bromlnatlon by NBH 1s Stlll a matter oﬁ;some"
controversy.: Even durlng the last 10 years results have
appeared which were relnterpreted at a later date.due,to..
the complex varlety ot reaction steps p0551ble. A
completely clear plcture of the coﬁdltlons ot solvent

.-
choice, substrates and addltlves, such that predlctable

4

'reactivltles are obtalned, is st1ll only partlally

derined.

The mechanistic conclusiohs which- led to the suggesé
tion that two chemically distinguishable states offthe
succinimidyl raagical (= and o) could exist in solution
were consistent with the data uresehted, however the
suggested mechanlsm for their generation was unique.

The reactions of NBb ;n benzene126 have been shown
to be"qu1te complex wlth varxous products be;ng formed.i » ﬁ-‘;gﬁ
* At the.. ‘time of -the orlglnal suggestlon ot ‘the* twol“;-‘,a~fﬂ1fﬂ‘?,;
chem1Cally.ﬁistrhguxshable states of succ1n1m1oyl rad1cal

we had obtaxned resuLts for the brom1natlon of

P ‘.-..,,.‘.»_. P oS
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cyclooentane andlcyclohexaﬁe with NBs127 (at that time

“unpubllshed) wh1ch suggested an alternat1ve explanatlon

L 2

.for the react1v1t1es observed. Because ot the. novelty ot

"z-"~‘

the mechanlstlc prOposals of 5kell and the results

.o -""-C-~~'-""-w-,-‘¢“,1

Kobtalned by thls group it was ﬁelt to be 1mportant to ‘

aodress thls problem turther.
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VI.1 Photobromination of Cyclohexane and Cyclopentane
= B T \/_'

o . . Coe o
N L . B = R
- L Ta e T b -

Bromlnatlons with NBS- have "been Trun under a var1ety'
of cond1t10ns dependlng on the source of 1n1t1at1on,
'“rch01ce ot solvent, and addlttves usea to ensurezdomxnal o
tion of . one radlcal chaln. - The solvents most comnonly‘
used are Freon 113, carbon tetrachlorlde; benzene, d1-'tl
chloromethane, ana acetonltrlle. The first two solvents

have been usea becauSe,they limit compl1cat10ns ot the

mechanlsm through products arlslng trom solvent. The

. ‘latter three solvents have been chosen in preterence to

o a ,,.v e .

“the tlrst two because NBS 15 soluble in aceton1tr11e and
T01chloromethane, and sl1ght1y soluble in benzene.

) To@lnvestxgate the role of the solvent, two sub-i>‘
strates, cyclohexane and cyc10pentane, were bromlnated
with NBb in Freon 113, benzene, dichloromethane, and
acetonitrlle. The relative rate constants ks/k6

(k cyclopentane/k ylohexane) were calculated using

:‘equatlon 49 - rhe cond1t10ns and the results obtained are

Ik;)/;; {e5u gJ | [?61;] S .it”‘eT

E;GHHB'] l:c HK)] . ‘ (49)
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glven in Table XIII..W.

r*are also glven 1n Table XIV. _:'i" e

@ ) -~ -

To ensure the domlnance of bromlne atoms ‘as the

- chain prOpagatxng spec1es, small .amounts of brom1ne have

;Tbeen added. 106 Table XIV. glves the concltlons and -

results obtalneo from the photobromination of cyclo—

pentane and cyclohexane u51ng molecular bromine or NBS

- Cm gy e B v e

- with added amounts of bromlne. The addition of molecular

bromine has little effect on the ratio kg/kg.in solvents

Freon or benzene, however in dichloromethane and aceto-

nitrile acd1t1on of moleculYar bromlne 1ncreases the ratio.

ks/k6 to hlgher values, ‘ahd eventually to those obtalned

“if breon and-benzene. The ‘values of - vapor - phase ‘bromina

tlon and 11qu1d phase bromlnatlon with molecular bromlne

-..,a, - v T
e .

To 11m1t ‘the involvement of bromlne atoms as-the;
chaln ptopagatlngwspec1es,-small amounts of‘oletlnﬁyhlch
~lack_ an allylic hydrogen (eg. ethylene,vVinylioene; .
chloride, and tert—butylethylene) can befadded to the

.reaction mixture. 96'110 Addition of ethylene lowers the

ratio k5/k6 in solvents dlchloromethane or acetonltrlle

'to values 31m11ar to those obtalned without any addi-

P
coe e

“tives,: and carr1ed out to 1ow percentage conversion or’

" NBS. In kreon the ratio kg/kg is lowered dramatlcally to

a similar value. The condltlons used ‘and results
obtained from the photobromlnatlon of cycxopentane and

cyclohexane with NBS/ethylene afé'ngen“}n Table XV.

O



Table X111. The Effect of Solvent on.the Relative Rates of

‘Bromination of Cyclohexane (k6)_and Cyclopentane

k) WiTh-NBS (23°). . .. ...,

Reactants; mol/¢ x 101"" 7 i

Solventc  [Chgl  [CgMyp)  [Nes] % 'Reaction® . kg/k®

Freon 113 9.5 9.80 0.498 . 76 9.94

o 7.98 g.10 . 0.508 49 9.44

Benzene ¢ 5.15 5.49 0.331 - 100 9.16

: 8.02 8.02 0.512 66 B.24
Methylene 5.09 4.77 0.1395 100 1.78:0.04(3)

Chioride 4.9 5.04 0.405 39 - 1.04

Acetonitrile 7.03 7.5% “0.51 --100 1.i2

S e 800 7.96 0.494 64 0.95

20 (LR R1-1: SR 07 £ NI |- IR v A

5 7.03 " 7.59

0. 511‘ A <R o 76 "

. dent, eipa:imemf&;; The érrors"dre the .average errors

The numbers in parenthesis are the numbers of indepen-

)

J

' ~from the mean uaLue listed.

Percentage react1on was determ1ned by t)trat1on for

act\ve ha]ogen prior to q1nc ana1ys1s

_ln two of the . solvents, aceton1fr11? and Freon. -a fa1nt color

of bromine developed dur\ng the course of fhe reaction. After

titration with thiosﬂphate the color was discharged.

"The absolute yield of brominated cycloalkanes was very

low (~2.2% for cyclopentyl .bromide and ~-0.3% for cyclohexyl
bkbmidg). No dibrominated product wzs detected, since most

of the NBS reacts"by addition to solvent (see references

122 and 126).
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;”i’,The results in Table XIII show a dependence of k;/ké._
opon the percentage conversion of NBS. This change might
possibiy-indicate an increaéjng‘importanceeof‘reversal

with hydrogen bromide (equation 42) as it was produced in
the reaction. To measure the eff1c1ency of hydrogen
bromide trapping byaNBS (equation 33) an isotope label-
.ling experiment was run. Cyclohexane and perdeuterio—
cyclohexane were brominated with NBS in acetonitrile or
dichloromethane. Mass spectral analy51s ot the alkane
mixture before and after reactlon showed no Oetectable
incorporation of protium into the unbrominated deuter1of‘
cyclohexahe or deuterium incorporation in the unbro-
mig;ted ;clohexane. The same results were obtained with

added bhrrmine.

V1.2 .ghopobrominatioqwof Neopent ane andlnidh;oromegha"e
with NBS
‘%e,m
The relative reactivity W (v) of ne~pentane Hhd di-

chlnvromethane to hydrogen abstrac~ticn by molecular bro-

L . L E
mine was determéndd an%'cagEu]ated using equation 50.
. . ) ¥ - T .

" X Tl H,,Br 1CH CQ}

= ({k ok - S 2 . N
neoC:-H, oL & >/ - - (50)
\ oot sTha / Y2/ H [BVCHCI;J =;.5e,’fc,.u,,‘, %6 K

o g

"

AR



E

_\5‘ P . ) .' ) . S 0

2. . o L
Vi . 2

SR EaaE” S sy Tt sma W WA ae k- " -

et v

¢ZIhe-conditions used and the results obtained are given in

PRRRY.

Table XVI. The régétfoﬁgfwithleBmine are gualitatively
much slower than comparable'féa&fions.carried out. with

NBS, NBs/Brz'or NBS/olefin mixtpres. This behavior

"suggested the boSsibi&i;y};hat,Hpr reversal might be

*
‘occurring since no HBr trap (ey. WBS) was present.

Tﬁe reagenﬁ column of.Table XVI contains ndmbers in
parentheéeé which are the calculated ratio of Ave.[brzl/
Ave. [HBr] (see ﬁpotnote a, Table XVI). To obtain r .
value$ for bromine atoms uncomplicated by HBr reversal,
low pe}éentage conversions (<15%) were'cafried out to
kéep (LBrzl/[Hbr])éve. large. The vapor phase bromina-
tions to low conversion, of substrates to products, using
high‘concentrations of bromine relative to the substrate

have been shown to yield relative reactivities in the

absence ot HKr or HBrg reversal.l28-132 rhe vapor phase

r vélues obtai&ed (r ~ 0.04) are very similar to the
solution phase value r;eported,119 r\= 0.1.. The solution
phase r values obtained at low concentrat}ons'ot brominé,
0.1-0.5 M (x = 0.05) are.almost the same as these tound
for the vapor phaée_rééétiéns. The solution phase r
values obtained at high concenﬁratiaﬁs, 1-8 M, appearea
to increase to 0.10 £ 0.02. The small increase in r inay
reflect a complexed radical (see.36) or a general

~

solvation effect. 7The values obtained, however, are

i\
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Br—ér—Br ¢
36

-

_igentical to those previously reported.119

‘An experimen£ in;;lving molecular bromine,-hydrOQen'
bromide, neopentane, and perceuteriodichlotomethané in |
carbon téfraéhloride was carried out to demonstrate the
importanée of-hydfoéeh bromide reversal. The initial
ﬁratio, [Brzl/[HBr] = 1, was'd%signeo to.simulate.the
reaction conditions existing at'SO%.reactiQn.‘ Mass
spectral analysis of'the dichloromethané before and after
the reactioh indicated an increasé»df C.OIOI M ot. |
protium. . Since 0.0427 M of bromodichloromethane was
shown to have been produced for the perCthage ;eaétion
of bromine observed, one exchangé occurred for'evgry 4.23
.bromination products producedﬁ FB;_the‘more energetic )
neopentyl radical a gréater nuﬁbér of'exchanges'would be
expeéted] although this is a minor product. |

The substrates neopentane gnd dichloroﬁethane were
allowed to react with NBS (under homogeneous conditions)
without any addiiives. since the'Srominations 9fxc§cld—
hexane éndvcyClopehtane under similar conqi{idhs-shbwed‘
changing rélative'reactiQities with peréentage conyqﬁf

sion, a similar examination was undertakemnr with the

unreactive substrates, neopentane and dichloromethahe. .

&
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The cond1t1ons used and results obtalned are presented 1nf°

L [ Y.

Table XVII.

At the lowest percentage conver51on of NBb an r

value =°1.89 was obtalned.. 0% conver51on the r

value observed had ecreased‘td 0.127 near the r value
obServed for-molecular-bromine (~0.05), and a 17% yiela

of B BPIC had been produced.
P i

N By Ah L ‘»..,, o N . R

S1nce the r values were observed to change ‘with ‘e7

X

“percentage reaction, the NBS brbmination of neopentane
and perdeuterlod1chloromethane was carrled out in order
to determine whether the change was due to reversal with
hydrogen bromide. Mass spectral analy51s ‘ot the sub-
strates before and after the reaction showed no 1ncrease
of protium in: the deuteriodichloromethane and no in- »
corporation othdeureripm ingg the unbrominated neopen-
tane. .: o S
s _ ‘ :
Neopentane and dichloromethane were brominated wusing
NBS with added amounts of ethylene. The ratio [NBS]/
[ethylene] was varied from ~9 to 620.' When higher
amounts of ethylene were used, [NBb]/[ethylene] = 2, as
in reference 119, only traces ot CHClZBr were found and
substantlal amounts of J=bromo- 3,3- dlchloropropane were
formed and,these results weée discarded. It the ratio
[NBS]/lethylene] > 9 was used none of the e;efin addition

producéﬁ 1—bromd-3,3—dichlor0propane, was ‘observed. to be

ca
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"formedri'rhe‘conéitidnsfusedfanthheAresultS'pbtaineo;areJ

. e

- given in Table XVIII. .
’vm_;,_.;4‘_,m’ -‘b“’““’ 4'wooo.o o e ‘.’oi_

For reactlons ‘cdrriea” Sut - wlth [NBb]/[ethylene] *=7l9."

small amounts of bromlnated substrate (5—6%),1and a largye

~¢amount of B~ BPIC (90 95%) gere found to be tormed. At

tlow percentage ‘conversion.r = 22;9 was" obtaIned, but was}
shown to decrease wlth percentage conver51on of NBb. For
reactlons run at. lower. concentratlons of ethylene, INBS]/

[ethylene] = 120 'a'hlgh value r = 2317°was~obta1nedy at

& -"}A

’low percentage ‘conversion’ of NBS, which decreased-with

-percentage reactlon. At the lowest concentratlon of

Ry

.:ethylene;employed, [NBb]/[ethylene] 620, a value r =

5.25 was obtained, at low percentaye conver51on of NBS,
which decreased with percentagye reactidn to a-value r =

0.4. This'1ow‘concentration'ofAethylene“was equivalent

“to a 0.0086 .molar % contaminatiop of the neo-pentane with

~an olefin. The averaye high value of r = 19 % 1.7 ayrees

uell with .the literature value (r = 21.3 + 2.0119 or
17123). - ' i’*‘;-“ ‘ : - o

Photobromlnatlons ot neopentane and. d1chloromethane

. -
o

uere carried out u51ng NBb Wlth adoed amounts of bromine.
[NBS]) /{Br,] ratios -from’ 125 to 5 were used.to cover“the

ranye ot conditions 0.5 to 100 reported119'ano to. fit the
limit, [Br2]4>'1o’3 M, reported122 to be conditions where

no R-BPIC is produced. The results obtained and the
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_99 97 or 99 92 mole %) and d1chloromethane pur1t1ed by .

’ cond1t1ons used are given in Table XIX.

‘Initial. results obtalned w1th th1s reagent, u51ng”

Research grade neopentane133 (Phllllps Research grade,

g -

d1st111at1on, gaVe erratlc values of r ranglng from 8-

0. 16 depending ‘upon the amount of bromlne added 1n1t1ally

P-4

ana 1ts percentage reactlon. It should be noted that the

[ S—— W )

" ,~~.~'n-f ,,, . ¥

observed values of r were in the range reported with

NBS/ethylene when the olefin added was only 0.0086 mole %

'offthe neopentane present. 'The reaction solutions were

7falso noted to decolorlze betore 1rrad1atlon.

A

" Using a number of other cyllnders of neOpentane
(Phllllps Research grade 99. 97%) or by purltlcatlon of

the neopentane,134 and usxng bromlne treshly dlStllled

~over P,0g, only the relative react1v1t1es reported in

Table XIx could be obtalned. The r values obtained were
erratic and followed no pattern relatlve to the amount of

bromine added, All'otAthe r.values"however, are Iess

;than the value reported?lgz(r = 1.15 % 0.16) and averaged

—t——

J.to r _,0 20 # 0.13. 1In all of the Yeactions carried out,

measurable amounts of B-BPIC were formed.’

e

N
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VI.3 Photoiodination of Neopentane and Dichloromethane

It'ﬁad:been feported119’122 thdt4reactionvof-necf
pentane‘and dicthromethenehwith NIs and aaded iodine
gave’f =’l.15 = 0.12, and no observable production ot g-
"“1odopr0p10nyl 1socyanate (8-IPIC). The conditions used
”were . lb M NIs and 5 ?b10-3 ﬁ Ié 122 41nese results were
a strong point 1n-the argument that these condltlons
.represented m-succinimiayl radical behavior.

.vNeopentane ana dlchloromethane were allowed to react
with NIb in the presence of added iodine. . The conditions
'-used and ghe results obtained are presented in Table.X§.
The Yield‘of'5uccinimide is about twice the.observed
yield of 1od1nated substrates, RI, however:unidentified
s;gnals in the nmr sPectra amounted to <30%. of the neo-
pentyl iodide observed.‘ The synthetic iodides wefe tound
to be unstable to light (freshly distilled materials

rapidly developed a color characteristic of iodine upbn

~
P

exposure to room light) ana the amounts detected were no’
doubt influenced by this tact. 7The r values obtained,
0.716 and 0.784, are smaller than,-but similar to the
reporfed values, 119,122 3 35 aﬁd 1.08. The»yields of B-
IPIC were largye, 75.0 and 72 6%, and do not ag!ee with

the report that no B-IPIC fs tormed,119-122

130-
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VI.4 The Graded Series . p

Because of the experimental diserepanéieé observed ’ K

by Wallihg,125 and théSe obtained_ in this laboratOry, it

was felt to be worthwhxle re1nvestlgat1ng the results-

v

presented in the graded ser1es.123 The reported exper1- Ry ;ﬂé“i
mental recipe f6r these react1ons was. glven as.1.69 mmol

of NBSvin 78 mmol (5.m1) of dichloromethane. When this : o
recipe was fdlldwed, in ‘this laboratory the.miXturé'wes"

found to be hexerogeneous; with Sdé'to gO%_of the NBS

insoluble (determined by titration of the (filtered
' A

solution with agueous thiosulfate),
Experiments trom the graaed séries, 123 chosen .to

cover the range of substrates reportedi were carried out
r h : < '

using the eXpefimental recipe yiven. Reaction mixtures e
were. run tQ 1 Oﬁgqbnvers1on of NBS as determined by

-

tltratlon andardized sodlum thiosulfate solu— : ﬁ_‘

tion. Goﬁ%ui}ons used and the results obtained are *®
presented in Table TXXI. @

Exeludihg the fesults obtained in the presedce of -
henzene, and in solvent chloroform the ratios [BrCHC1
[R-BPIC] obgeined for each added substrete vary un-
predictably,\put not significantly. The average ra
(HrCHClEj/[B—BPIC] obtained for these_experiments~'

n.04¢ 4+ N0.017. The value obtained .with added benzgne
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.(exp. no. lz,fTablé xXI)?is larger tﬁah}wbﬁt-similar.to
‘the value reported,123 and significantly Jargér‘than the
‘é?erage value obtained uﬁon:addition of the other
;subsﬁrates}‘ The_vaiué:obtained'wi;ﬁ'chloroform i§ much
: sméllér ﬁhaﬁ tﬁe.value repofted123‘and likewise, spailer .
than thé'avetagelvaluea_ | ) |
Two other resultérdiffer-significaﬁtl}‘ﬁrom the re-
ported resdlts;:.The ZUU,MHz%lH nmr spectrum for thé?
. product mixture obtained with cyclohexene showed a sing-
let near the);xpected.shift:tor bromodichloromethane.
Addition of authentic bromédichioromethéne’howevér,
prodi.nced. _‘qnew nmr signal showipg it to be scla;me‘l Otﬁer
product}Lgeé Figure j ia gﬁmilar,rgsult was obtained 'by
Gipc analysis, see Figdre 4). A élpc—mass.spectruml
inqicaﬁed it to be benzéne. The éssignment'was cont irmed
by the additiohﬂofrbenzene'ﬁo the sample and repeating
the amr and Glpc'aﬁaiyses. The Glpc¢ analysis also
P S

indicated'Fhe presencé of 1,3-cyclohexadiene and traces
ot bromodichloroﬁethane. |

'~ Since Glpc analysis of thevcyclbhexene used showed
the presence dt’trqces of'benzenéfang l)ﬁ-cyclohexadiene,
an experimént designed to determine whether benzeﬂe was:
produced in the reaction was-carried:out. Reaction

mixtures. were prepared in nmr tubes in the same manner as

was the experiment run with added cyclohexene. " An nmr
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Figure 3. A. 200 MHz lH NMR Spectrum of the Reaction
. Product Mixture from the Photobromination of
Dichloromethane with NBS-vinylidene Chloride-
with Added Cyclohexene.
B. Results of.A after the Addition of 6 x 10~°
moles of Bfomodlchloromethane.
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10.69

Capillary Gas Chromatoaram of the Reaction
Product Mixture from the Photobromination

'of Dichloromethane with NBS-vinylidene
Chloride with Added Cyclohexene.
Results of A after the Addition of 6 x 10

-5

moles of Bromodlchloromethane



spectrum before irradjation showed a barely measurable

" benzene singlet which was measdrednrelativeftq bromoform

as an added intetnel standard; 'After‘irradiatidn'an‘nmf'
spectrumdehewedﬁa.large'benzene singletiend.nd"éinéiet‘
for bromodi:hloromethane. MeaEdrementnrelative to |
bromotorm indicated tne prbduction'offs.ZS'x;lo-ﬁ-mdleé
of benzen'e' (1. 5¢ yield based on"'-N-Bs ué’ed).’ Aooiﬂon- of
bromodlchloromethane produced a new 51gna1 (87.26) and
addltlon of benzene verltled the a551gnment of the nmr
signal to benzene. ‘,' |

The result obtained with 1, 3 butadlene also dlftered
frem the reported results. ‘The'ZOO MHz 1H nmr spectrdm:.
for the product mlxture obtained showed a.pair of |
51nglets near the expected Shlft for bromodlchloro—
methane, but no signal for bromodlchloromethane was
obeerved (demonstrated by addition to the‘SampIe of
authentic bromodichlorbmethane);‘See Figure 5. To -
determine the identity ot the observea pair d} singlets
the reaction was run‘again, however_sinee the ofiginel
cylinder ot 1,3-butadiene had been.exhedsfed a new

cylinder was used. This experiment produced -an nmr

-spectrum lacking the observed singlets .and no measurable

51gnal ‘tor bromodlchloromethane, see Figure 6‘(Gipc
analy51s showed traces ot bromodlchloromethane). Since

the original cylinder was nearly empty when used, and a
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Figure 5. A. 200 MHz 1y NMR Spectrum of the Reaction Product
Mixture from the Photobromination of Dichloro-
methane with NBS-vinylidene Chloride with’
Added 1,3-Butadiene. . =

B. Results of A after the Addition of 6.9 x 107°
moles of Bromodichloromethane. '
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ot

or1g1nal cyllnder ot 1,3- bu%ad1ene

they were assumed to bga;mpurltles present*Lﬁ;ffe*:kw

-

1
-4

‘VI.5 Photobromlnatlon of D1chloromethane w1th NBS—

R

olefln in the Presence of Benzene

- \

M

During the.experiments with.benzene‘presented in

Table XXI‘(exp. no. 12)'it was'noted'ﬁhat-the results

. 13

were not reproduc1ble and mlght be dependent upon the

percentaye conversion of the NBS. 135 " To 1nvest1gate thls

further, experlments number 11 and 13 “from Table XII were

k repeated, and carrled out - to: varlous degrees of NBS

conversion. The conditions used andlxhe results obtainea

are given in_Téble XXII. The ratios [BrCHClzj/fB_Bplc]
were observed to be dependenﬁ.Upon percentage conversion
ot%NBs, going from low values at low percentage reaction

to higher values at high percentage reaction. This

" result suggested that more than one abstracting species

was involved in producing'ﬂhe ratios observed.

Sinee, from the'results'obtained.with cyclopentane

and cyclohexane, it was apparent that NBS under insoluble

conditions (i.e. in benzerie, Freon 113 or carbon tetra-
chlbride) gave differént results than when run under

soluble conditions, and since the“NBs in these experi-
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‘ments was largely insoluble, this was considered to be an

important factor in-the 6bservations. It had been

©

4

prOposed110 that when NBb was 1nsoluble, but bromine was

.soluble, the reaction is dominated by a- bromlne atom

¢

chaln. vIt‘was therefore considered 1mportant to_check

for the presence of a competlng bromlne atom chalﬁ in

these experlments.

-

The same two conditions?(exp. 11 and 13, Table XII) .
- N ' .
1

were repeated with twice as much oletin and carried out

to various deyrees of co versioﬁ. These results are
D |

also presented in Table XXII Chqnging values of the

ratio [BrCHCIZ]/[B-BPIC] eré once again observed,

however the values obtained were roughly half as large as
were obtained w1th the/lower amount of olefin. The re—>9
sults do no£ always iﬁgw a smooth»ghange in reapt1v1ty
and sometimes a :2}#2 cannot bejbstéined from ﬁhe pre-

ceeding value. should be noted however, that these

/ .
are all independent reaction mixtures and this variabil-
ity is probably due to differences in amounts of in-

hibitors present and the intensity of the liyght used to

+ initiate the reaction,

vVi.o Photobromination ot Chloroform with NBS

\

The bromination ot chlorotorm with NBS (Table XXI, s

exp. 18) yielded a fesult:ditfering yreatly from the . &
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pfevious xeport,123;but.similar to £hat obtained Qhén
dichloromethane was brominated withtnﬁs (rable XXI,'exL,
1). Because ot this observed sinilarity‘in reactivity
for dichloromethane qnd chlorotofm,it was conside:ed
worchwhilg to compare the reactivities with ;he}t#bi
substrates. The conditions usea and&the reshits'bbtainbc_
are given‘in Table XXIII.

When NBS was photolyzed in chloroform without an;
additives large Yields of brnmotrichloromethane (85.5%)“
and succinimide (80.2%) were produced wlth a moderate
yield (19.8%) of B- BPIC belng formed. This compares well
with the reactlon of the- substrqtes néOpentane and | |
dlchloromethane with NBS wlthout\ ddltlves,.where a yleld fhﬁ
of 88 7% of bromlnated substrateslv/g a 17% yleld of B~
BPIC was produced (see Table XVII).

When NBS and aaded bromlne were allowed to react
with chloroform, bromotrlchloromethane and succinimide
were producec almost quantltatlvely, with only a small
amount ot B BP1C, 2.31%, beiny produced. 1he analoyous
reaction of NBS and. added brom;neiwithunéopentane and
.dichloromethane as substrateleikeQige‘snoﬁed,high yielas
ot brominmted substrates (85—100%), Qith’fielés of B-BPIC
between 3;7 and 15% (seg‘Tablé iIX). A ‘
Bromination»of chloroform with NBS and addea vinyli-

¢

dene chloride yave very small yields of bromotrichloro-
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methane (1.38%) and succ1n1m1de (17 4%) and & large yleld
of a—BPIC, 82.7%. Thxs result agrees ‘with the results

-obtained with NBS and’ added ethylene with neopentane and

diCﬁldromethane, whereflow7 of brom1nated sub-j
strate were formed (~7%) an yleld of g- BPIC was;89—
95% (see Tab;é XVIII). Thj
;gree with=the’orf§inal

but is in good agreement w

result howeVer does not
port of 0% yleld of B-BPIC, 123

h results reported later by

Walling.123 “

<

Chloroform was added to a, réaction ot NBS-ethylene

with neopentane and dlchloromethane. The contentrations
’_of chlorotorm and dlchlaromethahe were roughly equal and.
ylelds of bromlnated product obtalned from the two
solvents were roughly equ1va1ent. The added chloroform
produced no noticeable change in the r values obtalned,
The values obtained, r = 17;6-9.3ﬂ%,for 25—60lpercehth
conversion are in good agreemehtfwithqthe valﬁéé_optained
in the.ahseoce of chloroform (see‘Table_XVIIIf. ;g,fUll
descriotion'of the resdlts obtained is given'in'ﬁppegdix
Ii; : : : .

Addition of chlorotorm to a reaotion of NBS-bromine-
with neopentane and diohloromethane was a%eo carried
out. Again the'concentrations ot chloroform and

dichloromethane were roughly equal and the yleld of

bromlnated product was actually yreater from. chloroform
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>

-

:Ithan trom dichloromethane. The values of r obtained,

0.086 and°0 048, tor 18 and 100 percent conversxon are
similar to_those obtained in-the absence of chlorotorm
(see'Table XI1X). A full descript;onvof the results
obtained is givenfin Appendix I11.

It had Beeﬁ repdrted125_tﬂot some of the B-BPIC
formed in chloroform was photochemlcal in orlgln. Since
this report, also clalmed no B -BPIC was formed w1th NBS in
chloroform without addltlve§! and a yield of 19.8% was
obserQéd heré, it was consﬁdéréd to bewimpor;ant to
determine the amount of B-BPIC which would be formed
under thermal initiation only. Chloroform was ?llowed to
reéct with NBS and eiﬁheridijEEEE;butylperoxyoxalate

(DBPU) or AIBN at temperatures between 15 and 60°C in the
!

R i
dark. The results obtained are yiven in Table XXIV. At

15°C the yield of}ﬁ-bPTP was about halt that obtained in
the photoinitiated reactions, The yiela of B-BPIC was

observed to increase with increasiny temperature.

vi.? Photoiodination of Chloroform with WIS and Iodine

.since large 'yields ot B-IﬁIC were observed tor the

i

photoiodinration of .neopentane and dichloromethane with

NIS ana in~line, the iodination ot chloroform with NIS and
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,iddine was invéStigatéd; The conditions used and the
results obtained are presen;ed in Table va. ‘Large
'yields of p-IPIC, 69.2-75.3%, were obtained with only
ISmall‘a@ounts of -iodinated substrate and succinimide

; b@ing formed. The yiélds of B-IPIC fOfmed in these
reactions weré QOmparable to those obtained in the
iodihation reactions of neopentane énd,dichloromethane
(72.6-75.0%,~see Table XX) with this reayent.

-

149
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DISCUSSION

. ' T I .

The 1nvesttgat10ns out11ned in the 1ntrooucti0n'oo
_not prov1de aiclear description of the etfects of solvent
choice, concehtration of the reagent, theladnitives used
(olefln or molecular brom1ne) and substrate reactlvxty
upon the nature of the abstract1ng rad1ca1 observed to bg*
present (NS*® oOr Br*) in the NBS photobrominations. Com-
petitive photobromination“of.two substrates, which do not
contain, polar groups (cyclopentane and cyclohexane),

using Nbb was chosen to 1llustrate the importance of
solvent choice and adq;tlyes used to moderate the re-

. A
action. L

The questloh ot thecaostracting'species is turther .
complicated by the pr0posa1119 124 ¢hat two thermally
accessible states ot succinimidyl radical (mn or o) can

, ‘
exist in SOIution. This proposal was based upon evidence
that the relative reactivity ot neOpehtane and cichloro;
methane to the NBS contalnlng reagents ditterentiates
between the n- (f = 1.15) and o- (r = 21.3 or 17)
radicals, that the same radical (m-N5°) is formed usiny
‘the NIs-I, reayent as with the NBS-Br, reagent, and that
the produCtion of the ring opehed product (B-BPIC) arises

cleanly trom the o- and not the nsradical., based on the

rationalization ot this evidence, a kinetic aryument was ,"
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also proposed123 to 1dent1fy tﬁe succ1n1m1dyl rad1cal
-present (m or o) in the react10ns of NBS with a serles of
added substrates. The ratlo of [BrCHClZ/[a-BPIC]
obtalned.was suygeésted to be a measure of the relatlve

importance of the n- and c-succ1n1mldyl radlcals in the

presenge%pf substrates with varying react1v1t1es;

VIii.l Reéctions of NBS with Cyclohexane and Cyclopentane

‘The results obtalned from the photobromlnatlon ot
cyclohexane and cyclopentane, u51ng the NBs contalnlng
" reaygents, prov1de a clear descrlptxon ot the. ettects ot

solvent_choice and additives used (oletln or_molecular

bromine) to moderate the react1on, upon the’ react1v1t1e5'

obtained. The effect of the solvent choice on the rela—

tive rates ot bromination of cyclohexane and cyclopentanev

can be seen in Table Xlll;v The solvents can be d1v1ded
into two categorles? one ‘in which cyclopentane is bro-
minated 9-10 times faster than cyclphexane, ‘and one in
which the two hydrocarsons are brominated at nearly the
same rate. The solvents can also be divided into twoA.
categgihes based on NBS solubility; one 1n which NBb 1s

. %
soluble, and one 1n'wh1ch NBS is 1nsoluble. 1hese two

~

classitications coincide, such that in the solvents in

whiéh NBS is insoluble or only.slightly_soluble (Freon .

14
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1

113 _ 'benzene) cyclopen;ane is brom1nated’9 10 times -
_faster fhan cyclohexane, and 1n the solvents in whlch NBb
“'is solu (dichloromethane and.acetonltrlle) the two
hydrocarbons are bromlnated.at nearly the same rate. The
hlgher of the two relative react1v1ty ratios obtalned is
nearly 1dent1ca1 to the ratio reporfed for the bromina-
tion rates .of the two hydrocarbons w1th molecular bro-

mine; in'the gbsence of hydrogen bromide reyersal_(see

the first two entries of Table XIV). ;
Tne lower reistive reactivity <k5/k6';,o)8> obtainea:
for the brominations in acetonitrilelis attributed,‘by
e11m1nat10n, to a 1ess selectlve stc01n1mldyl radgical i
chain. The dependence of the relatlve reactivities upon
solvent can be explained in an analogous manner to that
presented in a communlcatlon concernlng the mechanlsm of
allylic bromlnatlon 110 pecause it is hlghly soluble 1p
dlchloromethane and acetonltrlle, the concentratlon of : “
NBS remains high in these solvents,'and the succ1n1m10yl
chain remains dominant.‘ In the solvents where the NBS is

I

insoluole,only the bromine atom chain proceeds, since
yradical transfer with the.solid NBS is slow. The

prev1ous report110 suggested that rhe'succinimidyl chain
proceeded only in the presence of olet1n1c materlals, and

the bromine atom chain quickly takes over the propagyation

sequence'in the absence ot olefins. This appears to be

. .
L C . . N
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contrad1ctory "to-other reports,109 and the resultsh';f_;. | '“‘
presented in Table XIII, for experlments carrled Outbln

1chloromethane or acetonltrlle, although the relat1ve
"react1v1t1es do change somewhat w1th percentage conver—.;
sion of Nbs.' The changeover from . a succ1n1m1dyl rad1ca1
w_to a bromlne atom chaln\ls no doubt dependent upon the
. ease of reactlon of the substrates in question w1th the;r
two chain- carrylng radlcals.', S

The observatlon that isotope. exchange between cyclo-'

hexane and perdeuter1ocyclohexane did not occur 1n the.,'
presence of NBS can rule out the hydrogen bromlde rever-‘
sal step (equatlon 42) as a factor that contrlbutes to |
the- depenoence of the relatlve rate ratlo upon the. per—
centage reaction observed 1n Table XIII. The alternatxve
explanat1on therefore,nls that the bromlnatlon can
proceed by a mlxed chain.  As the percentage conversion
'of NBS decreases its, concentratlon, the rate ‘ot. its - -
transfer w1th an alkyl radlcal becomes slower, and the
concentrat1on of generatea succ1n1m1dyl raolcals S ' K
decreases. Bromine atoms, gene/ated trOm -‘the Small
amounts of bromine which form durlng the reactlon, begtn
to compete w1th succ1n1m1dy1 radlcals tor abstractlon
from the substrates, and th@ reactlon is 1ncreasingly

dominated by the bromine atom chain. As.the concentra—"

tlon of bromine 1ncreases,the 1mportance of the succ1n—'
— .

o



-imidyl radical chain may be further lessened by a trans-
_fer reaction between the "NS* radlcal and molecular

brominé (equation 51).

N‘S-. + Br, — —» NBS + Br- ' (51)

" The relative rates obtained when ethylene Was.aooeof
~to the reaction mixture were all lower than the - ratlos
'fobtained“without additives. lhe lower values (see Table d
XV) represent the selectivity of the succinimidyl |
radical. In’the reactlon carried .out in a solvent whlch
favors the bromlne atom chain (Freon 113), the addition
of ethylene appears to completely suppress the bromlne
atom chafn,-such that the succ1n1m10y1 radlcal cha1n
dominates the propagation sequence. In the solvents
which tavor the succinimidyl ra01Cal chaln (dlchloro—
methane and acetonltrxle), the add1t1on ot ethylene sup-f
presses the small contrlbutlon of the competlng bromlne
,atom.chain; and the relative reactivity observed (kg/Kg =
0.8) is that of the succinimidyl radical.

The relative rate ratios.obtained when bromine was
added: to the reaction mixture (see Table XlV)lwere all
higher than the ratios obtaineo.without aaditives. - The

addition of small amounts. ob-bromlne ensured the domin-

ance ot the bromine atom:* chaln in the solvents which
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S T v .
‘favor it (FreOn”IIB‘and benzené); The bfomine atom*chain-4 ;.
ould also be made to domlnate in solvents whlch favored

K propagat1on by succ1n1m1dyl rad1cals (dlchloromethane and

’

acetonltrlle) 1£ suff1c1ent brom1ne was added.

None of the results obtalned suggested the 1nvolve-

‘ment of.’a th1rc abstracting radxcal spec1es.- The sugges-
'tlon that for the NBS- bromlne experlments, w1th brom1ne
concentrat1ons\>l\~3 M, a 1-5ucc1nimxdyl radical is the
abstractlng spec1es122 was based on the -argument that no
B—BPIC.IS formed_under these cond1tlons. Table X1iv -
'~clearly'demonstratesfthat, at -least for:cyclohexane and
cycloPentane, this statement islnot'true'sinceeapprecla—
ble ylelds ot a BPIC (8- 30%) were obtalned under these :;
cond1t1ons.; Table XV shows that with.or wlthout added
ethylene ‘the ratlo [BrCHClZ]/[B BPIL] 'is the same (within
experlnental,error). It is theretore_conoluded that with-
-~ the NBS-Br, reayent, the bromine.aton chain dominates,
while with the_NBS—olsfin reagent, the:suocininidyl radi-
‘: cal is the dominant chain-carrYing'specles, and oresum-
ably in all solvents it is the ground state radical. )
: : \ ‘

{

R

VvI1.2 Reactions ot Neopentane and Dichloromethane with
NBS and NIS. - S I ; < -
: , $

Although the results obtained with cyclopentane and




A}

cyclohexane do not demand two: states of the succ1n1m1‘yl

radlcal they also do not 1nva11date the proposal that
the two states are, present. A detalle‘d 1nvest1gat10r’

the results thalned w1th the substrates, neopentane and
dichlordmethane, yielded further insights into this

: . ‘ i - .
guestidn. - o L W

\

The relative reactivity, r, was seen to chanye

.during the course of the bromination of necpentane‘and

dichloromethane with NBS. At low conversion r (1.89) was

between the value tound with NBS-ethylene ana that for

the reactions ot these substrates with'mplecular bromine.

%%x completlon of the reaction r (0. 127) approached that

found'for molecular bromine (~0.05) in the absence of
feversal (see Table XVI).

since_reversibleﬂgbscraccion was shown,not to take
place during NBS bromihations, the chanyge in reactiQity
can be attributed to the competition cf“two abstracting
chains whose relati&evcontributions chanye with per-
centage conversion of NBS. The average relative re-

J
activiﬁy obtained using the high concentration of

ethyle%e, r = 19, represents the value attributable to

the sd&cinimidyl"radical. The addition ot“thylene

serveslﬁo Suppress the.COmpeting bromine atom chain by
lowerlng)the molecular bromlne ‘concentration in solu-

tion. /Tﬁe add#tion of molecular bromine to the re‘;tion

157
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“mixture causes the bromine atom cha1n to domlnate the *‘
propagatlon sequence ngxng, at the’ hlghest [Bral, ©
values (0.056) 51m11ar to those obtalned with molecular

bromine. in the absence ot hydrogen bromide reversal

(0.05).

/”&\fy The detectlon ot appre01ab1e amounts ot f- BPIL in

all of the NBS reactlon.mlxtures studled (with or w1thout
lad01t1ves) is contrary to the reported resultsll9 121
(see Figure 7). It was not possible to reproduce the
reported r .value (1.15)119 for Nbs—bromlne.‘-NBS—ethylene
mixtures or reactions of Nbs‘alone which passed thf@ugd
‘this value of r all showed significant yielﬁskdf B—
BPIC. It therefore appeérs’thap the same succinimidyl
radical (pfesumably the ground staté) must be presentvné

Y

matter which reaction conditions are used.

D

"The failure of previous repoptsllg'lzz'lzs foVw

observe B8-BPIC in tﬁe NBS-Br, reactions can be explained
by two considerations. 'Bothlig'lzz'125 groupélwhé re;"
ported these reactions preJiously, relied heavily upoﬁ
intrared detection ot the produét isocyanate.  In reac-
tions run in this laboratory,'nﬁf analysis always showed
mixtures of 1socyaPate and ‘B= bromoprop1onam1de (- BPA).

¥

Since it was determlned that milligram quant1t1es of
)

water, or léss, were requ1red-to guantitatively convert

the B-BPIC to B—QPA, the limitations of infrared

N
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de\éctxon are obv1ous.@_1n all of the "analyses ‘in thxs

report, since addltlon of small quantit1es of water was Y. el
shown to quant1tat1vely conVert the g-BPIC to B-BPA (seec - T

Figures 8 and 9),.water was added“and the A-BPA . formed

Sw : L
"'.l

was measured.

An alternatlve explanatlon for the fallure to
observe g- BPIC in the reactlons where large amounts'oég
bromine were added to the NBb bromlnatlon mlxture, was
that under those’ cond1t1ons a complexed rad1ca1 such as
proposed125 (34 or 35) 1s-the reactlve sgec1és and cannot
form B BPIL. At the concentratlons of bromxne studled in
this work (comparable to Skell’ 5119) however, no evxdence'
was obserVed for complex formation in this system.

1t two compéting raaicals; succinimidyl éndfsibﬁiﬁe
atoms, are present with the NBS-Br) reagent, then uslng'

3
the r value ohtained_xt should be p0551h19 to: calculatef
}he portion of théfpropégation sequgnro 1nvolv1ng the

succinimidyl radical and hence predict the amount of B—

WPIC which should be present. Using equation 52 (see

" Appenaix III'for.derivatibns of eqguations 52 and 53)

. ' (. r (i”;+ 64) . |
< . 4 - 3 . [ 0 ' ¢ ’ :
Xps. = Llobs: gr:) U'Ns : (527

("Ns-~ _'Br-)” (fobs* @)
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A/

Br- and rns_'are the observed, bromlne atom

(r- 0.056) and succ1n1m1dy1 radical (r = 19) relat1ve

where robs'
reactivities/H and O is the ratio [C5H12]x6/lLH2L12], it
was possible to calculate Xyger the average mole fraction
of brominateo substrate arising from abstractioh by a

‘J’p-&aiﬁidyl radical. 'Usihg eqguation 53 where T is the

L]

[BrCHCI:]NS; - | T Xﬂs.
(Q'_rN_s,)A-M B

(53)

total concentratioa of brominatad substrates it was
poss1b1e to calculate [BrCHClles.p.the bromodlchloro—
methane arlslng trom succ1n1m10y1 radlcal abstractlon. - o
1t only one: succ1n1m1dyl radlcal is in solution the ratio
[BrLHle]NS /18- BPIC] should be a constant under any
| reaction cpndltlons. The results obtalnec for these
alculations usihg’dataatrom Tables XVII,.XVIII,_and XIX
are glven in Table XXVI. ) ' 1'
The average ratlo, [Br(,HClz]NS /lB-bPIC] = 0:044 e
0. 024,lobta1ngd is hxgher than the value reported tor o-
suc¢1n1m1dyl radlcal (~0.023) 123 but w1th1n the exper1-”
mental error 1s the same. The rangeaof r values for
which the ‘ratios, lBrCHClz]Nb /B~ BPIL], were calculated

(O.Ifto 18) covers the reportea r values for the three-
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;proposed abstractlng species119 (o-Nb':_r e-élﬂﬁ-ii;NS*;

. r =,1. 15, Br*l x = O l).. Most of the spatter in the |

.calculated ratlos arlses frgm the NBh Brz reagent (see

_Table XXVI).‘*The greater scatter w1th this reagenthJy'd

"be due to a larger uncerta1nty in the measurement ot/the ft?*"

.lsmall‘iﬁounts of R-BPIC whlch were formed under thesk
_condltxows. It also should be noted however. that durlnud

~a klnetlc 1nvest19at1on by Dauben,136 the results fl
obtalned were tound to be hlghly dependent upon small

‘axounts of 1mpur1t1es present 1n the reactlon m1xtures.:
If an. alternatlve poss1b111ty 1s considered. competlng o-lﬂ

"and. n-Ns"cha1ns, then the lowest obtalnable valuevof,rf.
should approach 1. 15, ‘and values smaller than thls_shouldi

,g‘not have been poss1ble. s1nce values smaller than lrls
-were obtalnable w1th all three reagents (NBb. NBb~t

ethylene, and NBS- Brz), th1s ‘can be cleanly dlsregarded

If a. th1rd rad1cal Spec1es, whlch could abstract ‘Ql{l

\hydrogens from dlchloromethane, but could not produce s-[}?;J
‘e —

<bPIL, were present 1t would 1ncrease the ratlo

4_:[BrCHL12]N5‘/[ﬁ BPIL}, s1nce the calculatlonaonly cor-;

”[rects for bromlne atoms. s1nce the . value Ot {hrLHle]/

[p- BPIC) for such a radlcal 1s intlnlte, ff 1t were a'“ri-57

LS

S1gnrf1cant competltor for the proPagatxon sequence a:f‘" ‘

'.large anrease 1n the observed ratlo [BrCH012]Nb./[B

BPIC) would'be_expected, It 1s signlflcant that data
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wh1ch gave r values (1. 44 0. 888) near 1. 15. the value, tor
-succ1n1m1dyl 119 also gave ratios [BrCHLlZ]Nb./lB BPICl 

| between 0 023 ‘ana 0. 033. - e"'. | S o o

Equat1on 52 can also be . der1ved from the rate

"expre551ons for the react1ons in Scheme XI, and pre-

¢ A S Ky :
- NS:. 4 CH,; — > C.H,Br
. 2 . i L.
Br- + CH, —™ —* CgH,,Br
S o | ks o ,
© . NS- 4+ _CHéCIz —»  —— CHCI,Br
. '. k41 ‘;?’ - . “ )
-Br+ <+ CH 2Cl, — — i CHCIZ,Br
K . co |
NS: ——— —> B-BPIC

. o ‘ T : .
. sented. in the torm-o§ equation 54 (see Agpendix'lll)-
. .
-"'1 (k /k”) ((k /k‘)[‘:’""] [cu,cu :D (k’/k (% - % ) ¥ ('3/4-) .
("a/.‘s) ((kz /“ ) [Csl'h; [cn,cn,]) ( - - -'

-

The ratlo of the~y1eld ‘of B- BPIC to the yleld of total
vproducts for a pure succ1n1mldyl racxcal chain is detlned
.es Ys! and ¥ is that" ‘same ratlo whlch 1s:exper1mentally
obéerved; The anvantage of th1s approach was to demon-.
7strate that the k1net1c observatlons are not dependent |

Aupon the ‘time related ratlo ot the two rad1cals.
———r

o
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Us1ng equatlon 54 and the data from Tables XVII.

XVIII and’ x&x the value of rcalc \can be compared w1th
:the experlmentally observed values (see Table XXVI). Fhe
‘two sets of r values are correlated llnearly,:with a.
ns10pe ot 0. 97*0 04 show1ng a correlatlon coeff1c1ent; r,“
'of 0. 97.- | _‘ | “

Since r can-be descrlbed by an equatlon 1nvolv1ng'
"only two abstractlng spec1es, Ns' or Bre, any mechanlstlc
1nterpretatlon basead. on the relatlve%magn1tude ot r’

~values obtainea- exper1mentally, wh1ch ut111zes ‘more than

~ one abstractlng succinlmld)l rad1cal, is not demanded._"

Qualltatlvely the results obtalned appear to "
;accurately descrlbe the kxnetlcs de£1ned by" bcheme XI.
however an ana1y51s of - the exper1mental data u51ng ;“
.eQUatlon 54, i.e. a plot of (1/¥-1/Y¥g )/((k3/k5)(k2/
-k4lL5H12]+lCH2C1 ])+(1/Y 1/¥g)) vs robs' shows a poor
'correlat1on.' An analyéls of the magn1tude of - the range.“
of exper1menta1 error in d&e values used (rNS.v= 19*137,
;rB;. =-0. 056 s 0 007. lbrCHlele /lﬁ—BPIC] = 0.032 %

0 OOGl to evaluate the k1net1c parameter,‘r. was shown to
,1nva11date any mean1ngtul conclus1ons based on these
7k1net1cs, 51nce the uncert;:nty 1n the calculated values‘uy
ot r encompassed all but one ot the experlmentally

observed P ',ts (see Appendlx IV).«

_1nt 1n the argument £or two reactlve states



of the succ1n1m1dyl‘radlcal was - the s1m11ar1ty ot T

‘values obtalned thh NBs-Brz and hlb—lz, and the reporteO'

.observatlon that r1ng 09en1ng to the 1socyanate rad;cal f

d1d not occur Wlth these two’ reagents.119 Table xx _

presents results wh1ch 1nd1cate 72~ 75% ylelds ot 8 IPIL,}VU

contradlctory to prev1ous reports119 122 (see F;gure

10) . The relat1ve react1v1t1es obta1ned w1th the NBb;

ethylene reagent suggested a value ot r ~19 tor

abstractldh from neopentane and d1chloromethane by a‘

_suc01n1m1dyl radlcal. s1nce abstractxon by 1od1ne atoms:

"would be energet1cally unfavorable,137 the abstractlng

:'5pec1es respon51b1e for the relat1ve react1v1t1es'

observed w1th the NIS- 12 reagent, 0. 716 0. 784, 1s‘not

'clearly detlned. As was mentxoned in the results sectxoh

’{the synthetlc ioaiges (Lshlll and ICHCl ) were found tolu.‘

sbe unstable to llght.' 1h1s may mean that the r values‘. 0

obtalned w1tn thls reagent are’ an art1fact of - tpe procuct

instabilities.. Assumlng values ot r =.19 and IILHLlZ]/

[B IPIL] 0 044 tor succ1n1n1oyl radical, a calculatlon\

of the B IPIC expected indicates that too much rlng :

~':":Iopened product was produced. ‘This’ suggests “that 1f

‘succ1n1m1dy1 radlcal is’ 1nvoIved 1n this- system,‘lt 1s

not the only suec1es present. ‘T;JQ] s.'l.;cl' E'i'F;

’ o = Ceni \ o

ﬂ tentat1ve explanatlon for the results obta1ned

.w1th the NIsolz reagent 1s that a COmplex rad1ca1 such.as

PR
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37 or 38 (s1m11ar to those suggested for NBS-Br 125) is

present in this syétem. Radical intermediates similar to

37 are well kngwn in other systems- from 1odobenzene

139

d1ch10r1de,138 tert- butylhypo1od1te, ana from redqc—

tion of diaryliodonium salts,140 Complexed radical 38
has the'added advantage of an alternative direct route to
g-IPIC, equation 55. This alternate pathway would easily

-explain‘the higherLthanlpredicted'yield ot B-1PIC.

e relatxve react1v1t1es obser:>“may therefdre'be-oue'
o one ot these complexed. radlcals ‘or a compet1t10n
_etween a suc01n1mldy1 radlcal and- one of these complexed

e rad;cals.
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'tound for the. reactions ot NBs with neoPentane and d;-'

VII.3 The Graded Series

The pr0posal was made123 that the ratio ot

-

[brLHClzl/[B -BPIC] obta1ned, in the reactlon of the th- ,

vinylidene chlor1de reagent w1th o1chloromethane in the:

presence of a var1ety of ‘dded substrates, would be a @ :

K4

constant if only one abstractlng spec1es were present.
Alternat;vely if two Cbmpetlng chalns, o- ano n-

succinimidyl rad1ca1, were present the ratioc was prgr'7 - 1\
dicted to 1ncrease as more n—succ1n1m1dyl radlcal 1s

1nvolved, s1nCe this radlcal was proposem to be-unableﬂto

rearrange to ’the B- proplonyl isocyanate radical. bBased

o

on‘the,results obtained,-thefor1g1nal report123 concluoeu_

that two abstracting specieS’were involved,. since the
RS
ratio.ot [BrCHCl2]/[B -BPIC] was tound t&\change ‘with the- RN

substrate added.

in thls 1nvestlgatlon the rdtio [BrCHClzl/[ﬂ-BPIL]
obtained ior all of the .added substrates, except benzene,
is egsentially a constant, 0 046 : 0 017‘(see TableMXXI).
ThlS value 1s.a15b in good agreement ;1th the average

L ‘ TR
calculateo value ot lbrLHle]Ns /lB Bplt],'o 044 t 0. 0z4,

chloromethane. In the react1ons with' aoced cyclohexene .

or 1, 3 butadrene large amounts ot the Products ot.adal_-_ﬁ L

tion of NBS to the double bonds (1 bromo z-succ1n1m1dyi-:" ;

a
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EYs

cyclohexane, or 3-bromo 4 succ1n1m1dyl -1~ butene and 1-

bromo-4 succ1n1m1dyl -2-butene) were formed as was

1

’reported 123 Lontrary to the 1n1t1a1 report, however,

only trace amounts ot bromodlchloromethane were observed

to“haVe formea, although 51m11ar signals were.observed

the nmr spectra for: these reactions (benzene in the

»

cyclohexene, and unldentlfled impurities in the 1, 3-

in

butadlene). This dlscrepancy is therefore, most likely,

due to misassignment of the nmr signals to bromodich;oro¥

methane. This finding sﬁgports the conclusion that the

addition otvthe olefinic substrates serves to keep the

concentratlon of bromine to a minimum, but atvthe same

. time traps large quantltles of succ1n1m10yl radlcals.

’

This yreatly reduces the_concentration of suCc1n1m1dy1
{ ‘ T '
radical in .solution, and as a result, lowers the yield

g-BPIC and BrCﬁClz observed. The ratio [B‘FHC12]/18°”
BPIC]) obtgineo, althouyh more uncertain because of the

%mall .quantities measufed, 1s W1th1n the exuerlmental

error, the sqﬁe as measured tor the .other substrates.

[y

contrast to the orlglnal report 123 regardless ot the

of

In

aaded substrate, only one succ1n1m10y1.radlca} is con-
. ‘ .

oluded.to be present, presumably the' yground state.’

e .
N .
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VII.4 Photobrominations. in. £hefpresencefotfsenz¢ﬁe”V’-
S S =2 e

v

In contrast w1th the other substrates added to - the
react1on of NBs-v1ny11dene chlorlde in’ dlchlorometha;e;;ﬂ”
the addltlon of benzene produced a large ratlo ot ‘
(BrCHC1,) /[B-BPIC]  (0.164<3.18). The high. values ot A‘;-:e.{
[BrCHClz]/[s—BPIC] obta1ned w1th added benzene appear to . |
be the result of an added scavenger° th1s t1me_how~ |

ever, an ef£1c1ent trap tor the succ1n1midy1 radlcal.»“vn'

;’Orxglnally, olet1n was used to trap the bromlne atom,

>

\_however as can be seen: om the prevxous results, Table S

3 )éérvos thls tunctlon, but 1s not hlghly f“

: as 1n the case of allyllc bromlnatlon. on the e
‘-her hand, t appears that hlgh concentratxons ot
1zene. competzglvely trap succxnlmldyl radlcals, as can

gbe seenvfrpm the hlgh y1elds Qf products resultlng trom/f

its addition to benzene (greater than~the pro&ﬁéﬁs re— '
sulting trom addltlon ot brom1ne to oleflnlcjmaterxals),’
see reaction 12} Table XXI.u The compet1t1ve abstractlon ;i
:.by the two radlcals, Br°=‘.6 NS, moderated by the1r ",.
'relat;ve concentrat1ons, y1eld ratlos whlch should be U
dependent upon the relatlve concentrat1ons of the added b:i;}tbi
trapplng agents.‘ Thls prOposal {é con51SQent w1th the j_jffité

h1gher values ot [BrCHClzl/[B BPIC] obtaxned by 1n-i'
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while an increace in the amount of vinylidene chlnrvide
(i.e. the Hr- trat) re-ults in lower values of this ratio
(see Table XXTT). The previons\suggestion that the two
cgmpotinq spercier wrre o and g-succinimidyl radical, is
ant capnceiatent with the lewer valure of [HrCHClzl/

' |
[R-HPIC) " trained wi'h an increase in the viny tidene

“hleride, ein- e thie nletin hase been suggest~t tn be a
IRaYal B 2T tovi the q o enec inimicy) vadi"al_]7? The eocom..
petitive atmtraction Py hroming atoms je fuyther at!

Nt e by th- tact —that aga»1q b"‘”?"‘f\‘?, 01'.]1ﬁwinu the

. . A} . .
P e proaci el rep~vrn4,l7 yinlged intoluhle NRY
#hich fav: = the jncnrei o f the hromive atomw  Rain
(??? Tl u]l]\_]lqllj. A oAl ey oy ! vav -
{ - ' )] [ \ ' Yoy f ! 1 ' { \
[ S I P TIRES VAN ER L BN PORFT
vy \ RN ' ¢ (IR foon bt o f [ yan Y
Vo v 1 )'y by Vo 1 AR | RN Thay e
3y . : [ I s T Sy At , Trvw e Vv 0 Bt O i ,
5 Ie !
| . - [ T ] f [EEY et EE T
) 1 . Yy s vt : L RS 13 t'ha vacunl? o~
P ' v [ ] -~ (e e vy
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V11.5 Brominations ot Chloroform

It was suggesfed123'124 that the NG -olefin reagen?
henhaved in a diffareﬁt manner in the solvent chlorotorm
than it aid when the reaction was carvried onf in di
ehloromethane. The prop-sal mae, was shat the tri-

ehloromethy )l radical wWAar etable ennuyh that only the

radircal rould be farmed thrrugh tranctery sith YR, A
that consenien' ly no ¢ RPTE ol he W e \
proaductes.,

The yici" ~f R-BFIC Chtainest dnring tas gt
hyaminatior ot thiasrot rm FRTE U SR AR B Y s e "

>

(see Tarle XXT1IT) - nno ag o2 vyt [ B L
-l.*\ly! -y re: yoone ,‘ R N XN P Vb
P~ by e e R R N a)l}ing, LI toe ! . -~y ot )2
vy Iy 2 0 ' f vt v ! ~ ' Voot v ' ~
v ' - v Vb, rif N L (BRI} ' i
. ) ) b ! ’ ! ) ) Vo - LA ’
) Yo Yy (o V1 \ Ty
' oot t ' ' oy e ~ t ' !

' v f tom \ f T "ETR Yy ¢
L v, o N BTN v v Ve

L ¢ ) 3 ' t [ U] N
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the NBRS-ethylene reaygent reacts almost exclusively by a
snccinimidyl radical chain to give a low yield of
brominated substrates and » high yield of B-BPIC, the
NBS-bromine reagent reacts almost exclusively by a
Al

brqmino atom chain to giYe high yields of brominated
substrate and a low yip\é of B-BPIC, and NRS alone gives
intoﬁkedidte values. OQualitatively the same behavior
must occur in chloroform since the WRS-rlefin reagent
gives high yields of R-BPIC (82.7%) and lrw yields of
bromotrichloromethane (1.38%) (see Figure 11), the NR&-
By, reagent oivo; low yields of g-BPTC (2.31%) and high
yielAds ~f bromotrichloromethane (10]1%) (see Figure 12),
ani Ve alone agives results in between (% yield R-BPIC =
1o e, prccy o s ARLS) . Rased bn this similarity, it does

neet A eay that ueing ~hloroform s the solvent has any

NPy r YAl e f et npren t hhe Y. R “\or"hay\iq"‘ \|ei||q [ s

Vhy Yooyt e (DR b~ f i MR ey N Cromine ), f
1 e~ Wowo ¢ apreay frovanm v~ veauyltrte in Tablo MXTV that
Coame b s R RP Y ~pbtaitnnd 3 ph(w\"l\r‘vhomir‘n\ in v ygin,

v they rojd-nes that asleoent chlornfrrm dnoee ot chang

th~ yan~tinng cractanicm i~ the ahr=syuvation that ~Aadit {or
e ey e b v s e et e iV lA cme Fhane vy e
A b e, [ o ] ¥ o~ YA Al oy -|"’\\ R ."y'\ (‘(‘H'\‘-hf:'v‘
1
Y BT N , deme T e ~hry b ye vhes vyeoault g

[N A, | oy ' AN 1 Yy [ ab . e -
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VII1.6 Photoiodination of Chloroform with NIs-Iodine

Use ot églototorm as the solvent and use of the °*
NXS/X4 reagent.haxe;been prOposed'tQ be methods of %4 |
generating n-succinimidyl ragical based on the to%al 2 u e
absence otie-XPIC‘in‘the product ﬁixtures.1197124':Tnef
observatibn that yields of 69 to 75% of B-IPIC are,

) obtaihed from NIS-iodine ih chloroform is in direct co*!
flict with this proposal (see Figure 13). This s;stem
éncompasses both of the SUQgested requirements, and yet
larye yields of g-IPIC are formed, which has been . 4
prOposéd tn arise only trom g-succinimidyl ragical. By i
comparisnon with the results obtainea in the neopentane/

3
dichloromethaneiteaction with this reayent, the results ' f
\ B

t

obtainea are proposea to arise from a complex radigal (37

~

or 38) as suggested previously tor the other esystem.
~ <

v11.7__Mechanistic Conclusions

The roqw]rs.’obtairmd tram the phorohrominations cf
r'yr]oben%am- ant ~yclnhexane with the r;Hb’ containing
reagents showed 2 variety ot relative reactiviripg, ann
~an be desrribhed hy A mechanism involving competing
aucrinimidyl radi~al and bramine atam chains. The-
Aaminance f each ~t ‘ho chainm"avninq vrﬂce"m‘.és dep‘?WO"'

T I - Ve nant e ) oy “‘.1‘7. e r’!”‘a;ti"“" (yreors Ve ..!.\7
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bromine or ethylene) used to moderate or enhance one Or
the other ot the chain processes. The abstractioﬁ
.sequence is accompanied by a competiny rearranyement
reaction of sucéinimidyl radicaLEto g-BPIC. B—BPIC was
' observed to be formed under all ét the reaétion
conditions studied;

Two criteria were used to justify the oriyinal pro-
posal,119 that two thermally accessible states ot
succinimidyl radical were involvea in the competitive
abstraction reactions from neopentane and dichloro-

methane. These were an observed change in the obtainea

v
.

value of r with the reagent employed (NHs-olefin, NBS-k»,
or Kr,), ana the presence ov ahsence ot R-BPIC in the

product mixtures ohtainea tvom the HBS containing

reagants., The ohcervatimne 1n this “tudy ware 'hat rh
4

yelativy roeacrivity y ~hargeae with peraantage conver

mrion nf N oas well as with ~rinas-d matarisla (naleculn

by mmine oy lafin), *hat th yalaea of v b ined en

compace tho yopor ted valueas attrryihuvten t~ bor o et atee ot
the aurecinimiy | radiecal, and that o Wy Y e ftoarym Y oanstee
All vonmet ion manctir Sence Thege rveclta al 1 vw the ro
A=t 3mn moachan em ' be deccrjihra by Eompe by g sur o in
miAy Y yrdieal o and Loy esmine Aty rhiving A TR Dy v‘)o::md [

the voo s et or th acubrtyates ¢cyr Imr e bnoe ant ol

el . [ oy (R Y hyer
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fra:tion of the abstraction occurring from succinimidyl
radical, the calculated ratio [BrCHClé]NS-/[B-BPICl could
be obtained. This rétio, under all ot the conditions
=tudied, was found to be essentially a conséant.

Contrary to the original report123 the addition ot a"
variety of substrates to the reaction ot NBs—vinyliqene
chloride 1in dicﬁloromethane did not show changing values
of the ratio [BrCHCl,]/[BR-BPIC]}. The addition of benzene~
Aid produce"larger ratios ot [BrCHClzl/IB-BPICI'as was
reported,123 however this change appears to be the result
of aading a scavenger tor succinimiayl radicals which
allows a competitive abstraction by bromine atoms and
cuccinimidy) radipalc to occur.

The reagent NTI&-J, produces large yields of R-IPIC,
contyadijctory to previnns reports, in solvents dichloro-
methane or echlornfovrm, WHQ\rosnlfs ogtained do nnt
AppeAr o support a reaction mechanism involvingy
succinimioyl radical alene.  1he results obtained with

this vergent are tentatively assigned tn a complexed

ralical eurh aa 37 v 38, or a rampetition hetrweern 37 or

~ o~

I A :wﬁrinimidy] Yy >diral,
v
The ehceinimidy]l radical, in no matter which state
it ie genernstet, wonld he experted to be rapidgly

theyrmnlyzed vy collisjon with enlvent mnlecules tn the

”

Aroand v ate Raaeea m~n the theoretical work by i('wen";ll‘2
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4
1

and work presently in progressll® which predict a small

-k

energy separation between the two states, the ground
- r - ’ .

state is suyyested to be in thermal equilibrium with

excited state

lution. The ring opening process

yield p-BPIC 1%@lheretore, assumed to occur from the

an

UOL'

excited state, in equilibrium with the ground state under

all of the econditions etudied, }()

»
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EXPERIMENTAL - -
' ’ e

VIII.l] Materials ’ ' ) -

Perdeuteriocyclohexane (Merck, Sharp and Dohme,

Canada) was used without further purification. Glpc . '
analysis showed it to be >99;9% pure, and mass spectral
) \

analysis (AEI M5-50, 12 eV) showed it to contain 99.47

atom ¥ D. i,

Cyclopentane (Phillips 66, research grade) and

A . .
cyclohexane (Aldrich Chemical) were healated to reflux over
F,0g and fractionally distilled using an 18-in. vigreux ©

]
column. The middle fractions were collected. Glpc

analysis showed them to be >99.9% pure. .

Ngggég}ane (Phillips 66, research grade, >99.9%) was
distilled prior to use (for poritication of wopentane
shown by infrared avalyvei= to ntain nlefin een
reference 1317)

Freon 112 (pPCR) and Freon 113 (Matheson of Canada

>
Tra,) were fractionally distillied (18 in, Vigreux <o lumn)
from Pp_()r;r tha mitnle fracticon~ (Fraon 112 bp 2270, Vyeon
L] 1]

g A77 )Y werye :-r\\ln("‘ll"*_

¢

Hromine (¥Fisher w“cientific) was washod twice with

conce s avad anlfaric ncid, Adecanrad, ool fracticnal by

1R/¢%



distilled (18-in. Vigreux column) from P205' The middle
fraction was collected. .

Iodine (Terochem Laboratcries) was sublimed before

’

use,

N-Bromosuccinimide (Fisher Scientific nr MCR) was

recrystallized from hot water., Titrvation with aqgv-rue

thiosulfate*showeé it to be mrre than 99 _,5% pur-~.

E:Iggosucqigimidé (Arapahoe Chemicals) was re-.
crystallized from hot acetone. Titration with aqueous
thiosulfate showed it to be mnre than 99.,2% pvre.

2

Ethylene (Matheson, research grade >00,09%) wae dis-

tilled (tyap t¢ ‘trap) before use.

1,1-Dichl2  oethylene (Aldri-h Chemi-al) sas di rill

ed (bp 30T Y sedey pytrogen ERUIUTENE I - R IO T R Ve e

Acetonitrile (MCH) wae puriftiet by encceasive dig-
rillatinne trem potasgiom’ permanaavat s~ ang s~Adjum carben
Ata, The di~tillato wag treatcd with gayera' drops ~f

conrentrated ~ulfuoyic acid and v diaril)l g, Finally, it

R R Alari1)let aain fry oam ~atejym hv [ PN -~ I N T TP | H.
[ N vrbv b o by reaes e te o wi‘.\\ - ey oy sy
Benzenn (Ame: vcan Chemi al e b oo Aried v

At wise and iep i1 ed . . Ve e o
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showed it to be >99.9%.

chhloromethane (Laledon Chemlcal Co. ) was dr1ed

over -calcium chloride and dlst1lled u31ng a 3 -ft. Teflon

Sp1nn1ng—band column. blpc analysis showed it to, be’
~9a,08%. Traces of chloroform were detected.

Chloroform (Amerijcan Chemicals Ltd.) was distilled
through a 3-ft. Teflon spinning-band column. It was
forther distilled from P,0g through an 18-in. Vigreuf

colum: immwediately prior to wse: Glpc analysis showed it

Vo e QO ofg | /"

Cyclohexene (BDH) was dried ovef sti0ﬁ sulfate,
%i]rered and distilled tﬁrough a 3-ft. Stainless‘stéél
spinning band eolumn.,  Glpe ‘analysis showed it to be
131,03 . Tmpurities were idenfifieé as benzene (0.17%%) and

o Jlrehavadiana (0.07%).

1,3~-hutadicne (Matheson, research grade >99,9%) was

1], iy v uge (see results section).

2,3 Dimethylbutane (Thillips 66, research grade

<
'Y 0a%) wae need wuithoant further purification.

Di-tert- butylperoxyoxalate was preparen from tert-

————

b"tythdfOpPYOXIHO and oxalyl ohlor1de using the
proe dure of h'v'lﬁtt.‘ 1 The white needles ohtajinerd

1 [, vy oY, v -t ,.2“" |'.\v-i_l veot



a,a'-3zobisisobutyronitrile ( 'rioh o aemic 1) oans
Yc"ryc:ta]|¢~---'l Fyem <t b l | b v ' 0o BRE t
mp 103701
vry T..2 Tnatriygmen' at i n

Nmr eper'ra. 2000 ity ‘H, voye ohbt in~Ad \\"in,g a
B‘ruker WH-200 nmr sre tromet -y, 90 MHz lH Ny epe st
were obtained ueing a Hralk v WH RO nmy ety opet on
60 MHz JH nmr spectra wes~ ohtained nei g a Varian A-
S6/RON nmr epectygmet sy . 5lpc atalysnr ware dnn* usi g
Hewlett FTackard 58403 gns {‘?)*Q'V'“ cararh o e ippe’ aith oA
flame irnization d tasb v oeolibh ot el Ay
the agthboct i maot e Vo \ \ ey P
SRR T B B i et - K .

v M Tt ' s
vy ey e
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i qeiae  bp 103 1047C (710 mm) [1ir .14 bp 106°C (760

w1 s 60 M7 Vi nmr repelg) A1.00 (s, 9H), .40 (s, 2H).-

Neopentyliodide vas prepared from necpentane and

Yort-butylhvpoi~dite by the procedure of Tanner and

Tid]o\.‘dd The ravlorleacg ]iqni4 product was kept in the

jark, rince it rapidly turned a colnr characteristic ot

i tine aron 2HpNRIr t~ room lignts bp 9-117°C (30 mm )

[ vy 147 ¢ [ A s ) (4N g5 me N a0 rpEe 'H nmy (Pr«\,‘ £

V.0 (=, Oouy A0 (e, )

Iododichloromethane was preparved trom éhlornform and
nethylindide with “~Juminum trichloride foi1ﬁwi0g the pro-
st e f o yfear i o laac . ' ihe nlerlese liguid
Ay A b wae bep? in 'hs dard eince it vapiadly tvyned n
sV mharasvaristic i Aiat oupn eXr N g2 to rnom

' . U T A LA R R VAT e e

! ety Vi e N A NN ey

I 6~ richloromethane w~s preprred from ‘richlaovn
N | B Ya oAt byl SIEE T NS B I “ 51 Py bhe pire

[ RN ZERN ' m, W loat oA Ty e 1an

T h ¢ loarvleear
Vi i ng ¢ ' ag St-\.--! LI [P P P R L Ty yn‘.i't\\
t ' T B g . H s "(\,1i ne \l"\("" n‘fL"“:"' o [IRY
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1a0

(760 mm)Y): RO MH=z ]}4 nmy (Pﬂ?(Wl\ ne peaksr dr (nenv) 7a8

cm Vo (e), 6RO em U (m) .

B-Bromopropicnamide was preparen fyom g-bromo-
protieonic acid by 'eating to v-oflux wit' P14, o yiel

the arid rhlorine, tnllnw=d hy veactinn wit)h ammonige

hyﬂrv"ida.‘gn The »recipitated [ rad t ae washerd O
rime= with ire ~old wa'er and drindg:. wee PV LY
ie. 5 mp 13100 80 mie Ve nme (CDCY L) R LTS (v, g
ToMz o MY, Y 60 (v, 1 - T WHe, 2H), & 70 (' onlis, 2H).

B—I()dop[opiowamjdr wen propav =4 fyer R icdorropios

Aacid by refluxing with PCVlo v yiela the =531 chl o rine

frollrowerd by wegction wit Aacr v i hyAy e e N T h
precinitat A proevter was o i by ma ctian or~ rygt o)
1iz-1 fo A et i mpoldg v T e fyae Ty
140, Tl w0 iy I T L TSI F
2HY., ¥ ¢ (t., T = & wz, "0 5 68 (- - T
"vo'i S 2 Ty sl intenad o g () 1 1
(a0 Tt U 1SR T I B (O U .
\NTRE ol £y Cogre, | I TP Y04, \ A
Lot L0R,

3 Bromncyclobexene as proporc ity heating o 1o
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solution and water, and then dried over sodium sultate.
The colorless liquid product was obtained by fractional
distillation: hp 84-86°C (42 mm) [1it.1>3 bp 80-82°C (40
mm)1: 80 MHz 'W nmr (CPCly) & 2.11 (m, 6H), 4.85 (s, lh),

§.7% (m, 2H): MmAaee <pertrum m/_e (rol intensity) 81 (100),

ne o 169.72) .

hexanedinl and PBrgy heated tn vreflux in benzene according
to the procedure ot ¥Fish and Broline:15%4 bp 62°C (21 mm)
(1it.154 by 50-52°C (22 mm)l; 80U MHz W nmr (CDCl3)

S 2.19 (m, 4H), 2.k5 (m, 2¥), 4,38 (m, 1H), 5.63 (m, 2H)
(Lir 154 00 mizs 5 2.12 (m, 4H), 2.56 (m, 24), 4.30 (v,
1HY, S .58 (m, 2H)]; mass spectrum m/e (vel inteneityd 167

(h v 1A {10 1), 81 (94.8). BO (100}V.

N-Pheﬁylsucéinimide wam pyeparea from sucrinio

anhy 1y v de A g arviline 21 ]r\w?nu t e rrunednra nf Cava,

1R R

frieoars Mo oand My he b Th~ whi' neredlrs ~Abhtair -
Ce yorsyrt allized fro AN etr'-ans 1 ™ 183 1547
[ Ve 10 S R ERNATE RV ‘l N ' ¢

‘ -15" . 7 ¢ onmy (CDyrnYy £ 2.9 (e
v v 4 (e "-'l)

1-dromo-2-succinimidy lcyc'ohexane was jenlatend from
no oy aact’d : F ey lnhexene wvith HMRY ‘y extractinn of t'

rrorthuectra wiob. LN . i A R ,-“..:,.,

191



- 192

200 MHz lH nmr (CDCly) 6 1.19-2.23 (m, 8H), 2.72 (s, 4H),
4.13 (m, 1H), 4.83 (m, 1H) [lit.12® 60 MHz & 1pl5-2.1 (m,
BH), 2.7 (s, 4H), 3.8-5.0 (m, 2H)]}; wmass spectr;m m/e
(rel intensity) 261 (1.6), 259 (1.7), J&0 (2.0), 100

(100) .

6-succinimidyl-3,4,5-tribromocyclohexene was iso-
lJated frmm a reactinn of benzene with NHBS as describea hy

126

Chow. The white smlid was separated by column chrom=

tography ~n alumina using CCl,/CHyCl,t mp 104 2047,

dec . llit’.]76 mp 204-207°¢C]: Fourier transform jv 1700,
1190, 1160, 740 em™ b [1i+r . 128 pp 457 grating spectremat oy
ir 1700, 1185, '165, 780 ~m '1: 200 Mz W pme (cDUCT)
©oo.uR (o, AHY, A.fT R_2a (m YY), 8,24 5,00 (m, 30

4 ’

iv 125 g0 Mt nme 2.6 (=, 4¥), 4,8-5.17 (m, 1), ° 1
TRy e, 1), 2 L0N (m, 2HY] s masg gpectyum m/a )
Pbeemie ) A1 (0L0), Y17 (0 T), 438 (0.R), 413 (040,
V6 (7 a0, 334 (0 vy 3D (8 .1), 100 (100 Trie 78 mne
Tpectrum m e (rel intensi y) 4'0 (0.7), 17 (0.5), 418
(ND.5), 4YT (N 2)1 . oAk wmans e 4o 0 GHgNBY 505

115 .88RIA 33 RA0 URREERURIER P treoeaTe

Yoo ouang LN IR T I B N

1-Bromo-4-succinimidy)-2-butene "nd 3-Bromo—4-
succinimidyl-1-butene were jdentiti -4 by thejy veoy e
“ _“-‘6 o - N N N [ S r “y TNl -ty ‘ . T
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VIII.4 Analytical Procedures - N .

Bromination of Cyclopentane and Cyclohexane wikh.

NBS. Aliquot samples of solutions, or mixtures ot
weighed guantities of NBS and the two substrates, or” of

the two substrates and an internal stanaard (hexachloro-

W

ethane) dissolved in the suitable solvéht, were placed in
Pyrex ampoules. The reaction vessels wére degassed by
the freeze-~thaw method, ih the absence of light, and
thermostated at 23 x 0.5°C. After equilibration, the

tubes were irradiated with incandescent light through the

(9 mm) Pyrex thermostat for an appropriate period of time

(approximately 16 h tor 50% reagtions). The reaction
vessels were then gquenched in liquid nitrogen and
subjected to iodometric titration.' An aliquot of a
standard solution containing two external standaras, oO-
diﬁh]ﬁrmh;nzone and chlorobenzene, was adoced, and the
nrganic mixture wae analyzed by Glpc -with either a 50 m
methyl silicone capillary colomn, a 10-ft x 1/8-1in.
stainless steel column packed with 5% Uicon Pnlax HB50
2000 on Chromosorb PAw::or a éArft x 1/4-in. 7% SE-30 on
Chromﬁsorb PAW stainlesg stee] columnf\\The area ratios
ohtained f;om the chromatograms were determined by using
a Hewlett-Fackard integrator. The molar ratios of

preducts to standavds were determined from standard

~alibr at inn ey vee Whenn the reacrinng were carried out

193



._.‘.

in acetonitrile, the sﬂand;rd was added as a solution in
n-pentane so that the organic and aqueous phases were
immiscible. Control experiments on synthetic product
mixtures added to the reaction mixture; but isolated and
analyzed without irradiation showed that the analytical
procedure was accurate. Preanalyzed synthetic reaction
m{xtures, without brominatinyg reayent, were irraaiated,.
subjected to the analytical procedure, and found to yive
"the same ratios of products (within the experimental
errors quoted) a; were found in the preanalyzed samples.
The reactiohs carried out with added bromine
(irradiation times of 0.1 to 2 h for complete reaction)
were carried out in an ide;tical manner except that
aliquots ot standara solutions ~f molecylar bromine in
the required solvent -were added to the reaction mixtures,

.

“The reactions with added bromine were carried out to

by

¢ ‘yarious degrees of completion. The reactions were

stopped when the a~tjuve halogen remanining was &t il

~ [Hr2lo_ I

The dibrominated cycloalkane, 1,2-dibromopentane,
amounted to 7.) £ 0.Y% ot the bromocyglopentane (CHpCly

solvent) and 3.3"'% 0.7% ot,phewpromocyc]opéntané when the

[P
3

reactions were car?i®d out in acetonitrile- .0nly traces

) SET ~

‘ gf“%ihramjnaxedwcycﬁghexapemwe:e.de;ected. when the

reactions were carrieq/mut in CHzclz as the solvent, 7.3

£+ 0.5% ot the active bromine produced CHUI Wy,

T R
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The reactions run with added ethylene (irradiation 3
,times of ~20 h for 50% reaction) had manometrically
measured amounts ot ethylene transferred to the reactiom

vessel while the ampoule was still attached to the vacuum

line.

Bromination of Cyclohexane and Perdeuteriocycio-

hexane with NBS and NBS-Br,. The reactions were carried

out and analyzed in the same manner as were the reactions

of cyclohexane vs. cyclopentane. The molar concentration

of NBS/CgH],/CgDyp (0.079:0.071:0.071) or NBS/Br,/CgHja/

C6D12‘76;079:0.014;U.07l:0.071) (~50% reaction) ensured
the best chance of observing any exchange reactions.

The unhalogenated hydrdcarbons were ‘isolated by
preparative Glpc (SB—30-éolumn), and the'mixtﬁre ot
cyclohexane and pérbeurerioéyclohexane was subjected to
mass spectral analysis (ART MS-2), A’sample of the
initial mixture ot cyclohexane ana perdeuteriocyclohexane
and a sample Ot the mixture isolated after the reaction

had identical *mass spectral distributions of deuteratea

and protiated materials.

S

Vapor Phase Bromination ot Neopentane and Dichloro-

methane. Mixtures of neopentane and diéhloromethane“were

“m@nometrically:measured and transferred in vacuo to a

break seal. Molecular bromine was weighed into a sepa-

‘rate vessel equipped with a break seal, attached to a
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.vyacuum line and deyassed. The two break seals were

attaéhed to tﬁe reaction vessel (12 % or 0.5 % bulbs) ang
the break seals were opened in the absencé of iight in
the order neopentane/dichlofomethane, bromine, with' 15
min. intervals between. .The gaéeous mixture was allowed
to eqguilibrate for 1 h at 23° or 15°, ana the vessel was
irradiated with incandegcgnt ligynt (300 watts). The
contents of the bulbs Qéf; condensed with liguid nitrogyen
into a tube attached to the reaction vessel and the |
sample was removed from the vacuum line. A dichloro-
methane solution ot a standard, hexachloroethane, was
aaded and the excess bromine and hydrogen bromide were
destroyed with cold (0°) sodium bisulfite. The organic
layer was analyzed by Glpc (50 m methyl silicone
capillary column). A mixture of the reactants, with
added amountes of a synthetic mixture of the products of
hrqrination, was subjected to the reaction conditions,
isolntimn and analytical conditione, with the exception
that the mixtuvé waa never Pxp‘béd tn irrad{ainN. The
ratio of products, bromodich)~romethane/neopentyl
bromide, was the same (4 2.3%«) as the original ratjo ot

added products.

e v

solution Phase Bromination of ‘Neopentane and

D}chloroqgggggg“!lgn_Molecularwyromyngf solutions Of

molecular bromine in dichloremethane were placed in FPyrex



. . AN
ampoules and attached to the vacuum line. Neopentane was

measured manémetrically and transférred to the reaction
tubes., The ampqules were deyassed and sealed and placed
in the thermostat, in the absence of light. The‘reaCtioh
mixtures were allowed to equilibrate and.were then
irradiated through the Pyrex thermostat with a 400 watt
General Electric sun lamp féf requisite time (~27 hr
for complete réaction). The're"ction fubes were frozen
and the frozen mixturds weré/treated with a concentrated
aqueous solution ot sodium bisulfite to destroy the
excess Eromine. An aliqguot sample ofva dichloromethane
solution of a standard, hexachloroethane, was added and
the ﬁixture was guantitatively analyzed by Glpc (50 m
mothyl silicone capillary column).

Mixtures of reactants also containing synthetic

mixturea of prodsvts were placed under the reaction

g
-~

conditione, ana isolation, and analytical procedures, but
in the ahsence ot light. A comparison af the relative
ratios of products, from an analysis-ot the product
mixtures betore and after this protedure, showea them to
be the same (£ 2¢). An aliguot sample, of a reaction
mixture from a reaction carried out using 8 M bfomi%e,
was taken before the treatment with the hisulfite
solution. The sample was frozen in liquid nitrogen and

the mixture was treated with small amounts of l-octene.

The mixture was allowed to partially thaw, was retrozen
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and the procedure was repeated untii the bromine color
had beeh discharged. AN amalysis of-thé product ratio
from this procedure was the same (zx 3;) as was found from
the analysis of the remainder of the mixture using the
aqueous bisulfite method of isélation. A preanalyzed
diéhloromethane solution of the bromination products,
bromodichloromethane and neopentyl bromide, were thermo-
stated (157) and irraqaiated Q§ing the same appAaratus as
was used tor the other liquid/phaéé brominations of neo-
pentane and dichloromethane. .Affér a periog of irradia
tion apé;owimately twice as loﬁg as the other bromina-
tions, the reisolated products were reanalyzed anda fqund

r~ he the same (4 4%) as the preanalyzed product mixture.

The Photobromination ot Neopentane and Dichloro-

methane with NBS in Solvent Dichloromethane. Mixtures of
tRe, dichloromethanc, ant mancmetrically measured amounts

~f neopentane, were placed in Fyrex reaction ampoules, in

the absence nf ligh' . The ampoles were degassed, sealed

and thermostated at 177, After equilibration the reac-
tioh vessele were irradiated in the same apparatus that
was used tor the reagrione of these substrates with

i ., - - A;,- LRI ° o
molecular bromine. When aaditives, ethylene or molecular
hromine, were included they were added either as maneo-

metrically measired amounts (ethylene) or as aliquate ot

ctandayd "“"‘"'\ylelm chlnride solytinns (v-|—‘](>(»-|in'
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bromine) . »

After irradiation (43 hr for complete reac;ion), thﬁ
reactiQn tubes were. frezen, opened, ana the percentage ,
reaction‘was determined by iodometric titration wi£h

R o ( - '
sodium thiosulfate. An aliquot of .a dichloromethane
solvution ot a standard, hé;achioroethane, was, added and
the mixture was quantitatively analyzed by Glpc (50 m
methyl silicone capillafy column) .

Control experiments were carried. out, in the same
manner as for the hrominations ot these substrates witﬁ
male~ulaf bromine, and it yas found that the isolation
and analysis procedures gave an accurate (# 28%)
determination of the relativejreaCtivit&es reported:

The aqueous phase obtained subseguent to iodometric
titration contained mivtrures of R-bromopropinnamide and

sunccinimide

\

Analyses of f-kromopropionamide_and succinimide.
Py yeactinna where ke had roac£0d to 100% complpriﬁn -
atand rd. bnryramige, valeramiae, or hexanamide, wa~®
added t~ theo prhduér:mixtwrp anA the solu*ion was
analyzed using a S0 morter mothyld qi1ié°"° “"L'i-lia,r'y
catuen (150°-1707) .

P ~rr reactions where NBS had reartaed rokﬂlﬂﬂk com--
t Yerinn, the peréenrnge reartion was determined hy

3 "'<'“"“"ri(' Qii.raﬁ Yo v:it’)\ "‘(J‘IP"“"- "\iO'.‘.-l]‘\'\nfO. Thno



agueous solution was separated trom the otgénit layer.
The water was distilled under reduced pressure, a stana-
ard was added to the residue, and the material which was
soluble in écpronitrile was analyzed on the 50 meter
methyl silicone capillary cojumn (150°-170°C). Contrnl
nxéerimknts on standard mixtures éf pVﬁdnotg substar
triated the validity ﬂ; the apalytical procedure.

As indic~ated in Table XIX the [B-BPA]l was also
determined from the integra*ed areas of the methylene
protons of B-HBPA vs NSH (see Appéndiw V). TH; [NSHT
haviny prevignsly been determined hy Glpc. VFourier

4
transform 200 Mz Iy nmr (40 scane, C1,C1, as amlvent )

yAave product yielar ~F R-BP/ (£7%) whi-h were within

exh(”"i"\o-\"al [ 28 SEAN vt those OQt‘orrninnd Iy "']DC (149)

Bromination ot Pegqeu;eriqgj'“l”fbmp*hane_anq .

pentane in CCl, with Br, an® HBr. A ey 3ol v o
containing c”,r\7'(1 ) At e Ay B ne (0031
was placed 3 a Pyvewt ampoule. Ve psnian and HRy W
A e menomet vically v cpenranel - 0,17 ', [ViRry )
0.25 hn. The wivtyre wa™ '2g3ascc c e enilibratena
~E IROC nd jreatiar ol .

T h '"iv.t-n'* wae ti*rated iodoreta ;l"ally ar‘\d Formon
bt e wnderge e 24.5% reaction The remaining
Aichlaram thans waz ool e ted by Glpe (& 4w 178 ey

" | ‘ Lo " sl AR A ! | | TS T L
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Y v
10 cc/min., 70°C), and samples of the opiginé} (betore:
reaction) and recovered materials wereééubmitted to mass
épectral analysis. Based.on the oriéinai and final
rhﬁibs ofré/g_89 to m/e 90, 1 mole % ét.protium was fqund
to have been incorporated into the unreacted
dichloremethane (approximately equél tq';ne hydrogen

reversal reaction ftor every four brominated

AdAich Yosy amet hane product formed) .

Bromination ot Perdeuteriodichloromethane ana
Neopentane with NBS. A énlution cf NS in perdeuterio-
dicbhler mathane was placed in a Fyrex ampoule. Nebo-"
pent' ane was added manometrically in the absence of light .
and ‘he ampoule was degaccerd, esonlen, éunilibrgﬁed.at |
157 and i1rradiared., h

Iodometric titration of 'he sample indicated the NRS
had unfdergone 97.6% *earcrinn, Mase spectral analysis of
the origithal (befovﬂ vreaction) and the recovered
materials indj Ated o incorporation of deuterium int~
th> nenpentane vt pyob ivm invea vthe peydcateoy vineli -~

1

C‘« -vvu'y\'hanc:w

The Photoiodination of Diqplg:ggethaﬁe and Neo-

pentane with NIs and Jodine. in Solvent Dichloromethane -
— R —

Mivtures of NT&, I,, dichloromethane, an interna)l

standard, hédxachlorpe*hane. and m-nometrjicall)ly meashr~d

Syt e oof NAsp e e e vl ea 30 pyrov Yyoaction
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ampoules, in the absence of light. The ampoules weve
dogassed, sealed and equilihrated at 15°C. After
equilibraticn the rea®tion vessels were irrvadiared in ’h;
same apparatus uced for the NRBS reractions,

AFte( irraéiarihh (6 hre for HO% reaaction) the
reactiron tubhea vere frozen, 6pen°d, and a "alrulérow
amount ~f watecr ras Added (ju.r.:f guffirient to react with
the f TPTCY. A aliquot sampla wase arealed ‘in an nev
tube . A Fourier transform 200 MHz ]u nmy  gpetyum ~f th-
sample was u=ad for measurement of the yields of f ion
propionamide and succinimide. The remaining solution wne

titrated jodometrically with agqueous sodiumr rhifsulfa® ~

. ~ . . ' .
anlution Tre organic phase -as caparated, Mmied and
aral zed toy nery nty] indide and in oaAdich oy e '
gy (000 g et h\\ ey ) PR R Ay 113y, v Ve )y

The Reactions of the Graded “eries with NBS 1in
solvent Pichloromethane. T and A internal gtant
hexarhlm: methian~, we'e waigh d ink o Pyres ron-ed
ampounles angd Ao ~rmprlaee of my tuary s ot ity

mepthane "] 'i"h](\r-\p‘hy\(nr\; Aanel ke ~ua b Y sk !

an

interest were ardded in the aksgence of Tight The

of

ampon ) e wéré de jaseed, gealed and t.‘\pr1'\c>=ta§m(¥ At

]"\"(‘: A('k’y ?\qlfl"h‘ib'a‘ion 1)\0 yéa tir)yv \]'\Sq']_‘: vt

’

yryandicte "t (T0O e hre) ‘n v o «amng manner g« Vo

portane sl T T e Cor
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After irradiation, the'feactioh~tubes were %rozen,
opened, and a calculated amount ot water was added (just
sufficient to react with the B-BPIC). An aliquot sample
was sealed in an nmr tube and analyzed by Fourier
trangform 200 MHz 'H ﬁmr for B-bromopr0pipnqwide and
quociﬁimide. The remaining selution was titrated
iodometrically WitD aqueous sodium thiosulfate. The
~rganic phase wa§ :eparated, dried and analyzed by Glpc
(50 m methyl silicone cayillary column).

A standard mixture was prepared using the amounts ot
1,2-dibromo-1,1-dichloroethane, 1!l~dichloroethylen€, and
dichloromethane présénp at 160%'reaction (in a typical
experiment carfied out with added benzene) and'an'aliquot

~t this mixture was irradiated in the same apparatus for

an equivalent length of time as “iff the® experdiments.. - -~ -

carried out with .added .benzene, Comparison of the pre-

i -~ - o~ - o - - e

analyzed mixture and the yeanalyzed mixture showed thre’
1.2-dibromn-1,1-dichlorocethane to be stable to the
vyoa tinn -onditiavs (£4%). =~nA m) b cvn:'v}iir;f\lv~r ~met hane

so~ faund 0 haye tarmen

~The Photobromination of Chiorotorm with Nbb.
Mixtures of NBS and chlorotbrm were placed in Pyrex
réaétion ;mpouies invihe absence of iiggt.. Wheh addi-
tives, 1,1;6éghldfﬁ?th¥%eﬁé or méiécularfbromihe,-were

- e e e @ PO

S bortad vhey wave added asvaliquoté ot standard chloro-
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form éolutions. The ampoules were degassed, sealed,
.equilibrated at 15°C, and irradiated as describea tor rhe
reactgons carried out in solvent dichloromethane.

- After irradiation (~3 hrs, 100% reaction) the
reaction tubes were frozen, opened, a standard, carbon
tetrabromide, wae added, and the solution was analyzed in
a similar manner to the reactions carried out in solvent
dichloromethane. The yields of succinimide and g-bromo-
propionamide Qere determined bybﬁeu;ier transtorm 260 MHe
14 nmr. Bromotriehletemethane and hexavhloroé@hane were

determined hy Glpe (50 m methyl silicone capillary

column) .

" The - Photobromination of Dichloromethane, Neopentane, .

¢ .-

~and Chloroform with NBs. Mixtures ot NBS, diehféroel
hebhéﬁé, chlofﬂf@rmhahdvmanometrica1ly~meaeufed gﬁh”ﬁ{q
ot neopentane, were placed in Pyrex ampoules, in the
4absenee ~f light. Bromine or ethyiene were addeda ac
aligqunts of solutions in dichloromethane and chlorof v
{(hromine) or as manometrically measured amounts
(ethylene). 17The ampoules were degassed, seale’t and
tharmestated at 15°¢ . 7 Afrér eqiilihration -the rea tior
vess~rls were irradiated in the eeﬁe aépafaknﬂ that on-
wend foy the neopentans dichlareomethane reactions,
Aftey irradiarian (-3 bys, 100% veaction), the

yeact i tuybes were frnzen. ~rered. a svpndayd ome e
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tetrabromide, was added, and the solution was titrated
iodometrically with agueous sodium thiosulfate. The
bromodichloromethane, neopentylbromide, bromotrichloro-

i

methane and hexachloroethane were measured by Glpc
(50 m methyl silicone capillary column). The B-bromo—
propionamide and succinimide were determined, as

described tor the neoPentane/dichloromethahe reactions,

by Fourier transform 200 MHz 1. nmr spectroscopy.

The Thermally Initiated Bromination of Chlorofofm

with NBS. Mixtures of NBS, chloroform and either di-
Egg&_butylperoxyoxalate (DBPO) or a,a -azoblslsobutyro-
nltrlle XAIBN) Were placed in Pyrex reaction ampoules, in
the_ébééﬁéé of iighp. The ampoules. were degassea; ‘sealed
and th@rmostated ‘at tbe approprlate temperature (15°,
22+ SP 40°, “or GQ“).

After the reaction time had expired the reaction
fnb°; we%e frozen and operned. The samples were analyzed
for producte in the samo manner as the irrvadiated

campleac,

The Photqgodlnatlon of- Chlopoform with N-Iodo-

- AR ES

Aggqg;nlmloe and Iodlne. Mixtures ot NIb, 12, and chloro-

form were placea in Pyrex reaction ampoules, in the
absence of light. “he ampoules were degassed, sealed ano
thermostated at 15°C, After eguilibration the reaction

versple were irradiated as described for the NBS

v

205
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reactibns.

After irradiation (6 hrs, B80% reaction) the reaction
tubes were frozen, opened, a standard, carbon tetra-
bromide, was added, and a calculated amount of water was
added (just sutficient to react with the p-IPIC). An
aliguot sample was sealed in an nmr tube ana analyzed ftor
succinimide and B-iocépropionamide by Fourier transtorm:
200 MHz lH nmr spectroscopy. »fhe(%emaining sclution was
titrated iodometrically with agueous sodium thosulfate.
The organic phase was separated, dried and analyzed for

iodotrichloromethane and hexachloroethane by Glpc (50 m

methyl silicone capillary column).
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.APPENDIi I. - Product Identification and Measurement. . -
Method. T

The product mixtures were analyzed by 400 MHz 1H. nmr

spectrometry. For reactions run in hexachloroacetone,

naphthalene was added as a standard before analysis. For"

reactions run in 15% CD3C02D/8$% H,804, O-dimethoxy-
benzene (veratrole) waé added as a standard before
anal}sis.

The yields of products were determiﬁed by ﬁeasure-
ment .of the intensity of the absorption signals indi;ated
belé@.“The chemical shifts were agsigned either from
autHentic ptoduct spectra or comparison to similar |
product spectra.
| As an example of the method,>4-chlor01ﬂfb0tyltri—

methylammonium chloride showed a triplet for the protons

on (-4, 3~chlor0jgjbutyltrimethylammonium chloride showed

a douhiet for the protonslon C-4; and 2-chloro-n-butyl-
trimethylahmOpium chloride showed a triplet for the
protons on C-4. Figure 2 gives a:representafiﬁe nmr
spectrum for the product mixture from chlorination of

ammonium salt TII,

L1

'3 219
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cr- cn2 {CHa)g = N(CHg)3 CI

. N
' CHy = CH = (CH,), — N(CH); CI -

&  ©
b ¢ ®

|

!

c ?l - @~ - Q- . i
eHs-"CHz“CH‘(CHz)a'N(¢H3)3'C"v b
|

Xy= imbuﬁties in coacN IR

\ ™S
| \
o1 . oo | NS S N |
4 3 ‘ 2 1 0
0, ppm
Lo -"j'.'.: )

;Eiﬁggg_g. 400 Mhz.lH NMR Spectrum of the Reaction:

Product Mixture from. the Photochlorlnatlon of

n- Hexyltrlmetthammonlum Chloride ‘with

Molecular Cblorlne in 15% CD3C02D/85% H2SO4.
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APPENDIX V. .NMR Method tor Analys1s of succinimide and
‘ B Bromoprop1onam1de. -

4 o
v v ‘
The product mlxtures were analyzed by 200 MHz 1H “AMX

1

sPectrometry. The solvent 51gnals (CH2L12 or. CHC13) anq

substrate signal (neopentane) were suppressed by homo- -
-

nuclear dec0upllng -to produce an acceptable sxgnal to

!

noise ratlo. The experlments 1nvolved the collectlon of
‘at"least 40 scans with a 10 second delay between acquisi-

f:ions%,to ‘ensure complete relaxatlon ot all &duct
signals. l'

The T, vaers for-the"protons-measuﬁed were
' generally tound to be 1ess than 3.5 seconds.f,fcr
experlments where poor materlal balances were obtaxnea;
however, the Tl values were found to be as long as 10

©

seconds.
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