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| ABSTRACT T~ .
" PART ] ”
- The p?foxidg;jnjtiated free radical chain cyaﬁgtigni
of several hydrocarbons with methyl cyanoformate has
been investig;ted. ‘The reaction is propdsed’ga-pfeéeed
throﬁgh the,intermgdiacy of an Tminy1'radi¢§1'fgrged by
the add{tion ofvaﬁ alkyl‘radical to the carbﬁnanitragen;
| triple bond. The re”iting iminy] rad1ca1 undergoes B-
scission to form the alky1 cyanide, carbon dioxide, and
. a methyl radjcaI which subsequen§1y carries theé chain.
Only traces of products, pdssiblyujrisiné.fram ca%bo?y1
Adition were observed.
L Twe peroxide promoted~rgaction of the reagent with
72,4-dimethylpentane yiElded only minorwamounis of the
three possible.cyanides (20%), but gave as'the ma jor ‘;
<product dn 55% yield, the difunctiona]ized heteracyc1e. Zé
carbomethoxy-3, 3 5,5- tetranethylazacyclopent -1-ene. . A
reaction pathway for the formation of the cyc1ized
product was proposed to proceed by addition of the 1n1t1111y
formed tertiary alkyl radical to the cyano trialgsband
to fo}é ;he jminyi;radical.ltﬁe same'radica1'u§e§*¥§
rationalize th:\chain cyanqtipq; 1nt¢fna1.hydrng§n abstrac-
~tionr by fpf fminyl radical for;édwﬁyxthjs addition
followed by addition of the newu;grgigry rgdi;ai to the
'nitrogeq of the imine double bond and disproportionation

of the new radical to yfe]d_the difunctionalized cyclic

$
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" product in a nonchain ﬁ?aeessi onsistent with this i_lﬁfw
Ane¢hanisn was the ﬁESEFVEtiQH that a modest yield (22;);? |
of ﬂifunctiané1i;ed cyclic product, 2¥§§an§§3;3.5.5—te{fai
methylazacyclopent-1-ene, was formed from fhe reac:ﬁﬁ%
, of cyangggn:n%th 2,4-dimethylpentane. _ fjfif ¥
The benzoyl peroxide initiated cyangfign Eegééﬁgn 7
of several hydfﬁéirbani’&siﬁg oxalyl gflﬁiie and Earbﬂnyi
cyanide wé§ attempted. The reactions preeeeded‘by ; néné
chain mechanism, and only ;ith cyclohexane, was a modgragg
yieId’(gSD;)'af cyanation prnducg-(tyc1ohexy1 éyanide) s P
- obtained. The reactions failed to proceed to any appre- |
ciable e;tea; (<1%) with several other substrates, sgch
as 2,3-dimethylbutane and 2.4-diméthy1ge;tane. fﬁe
formation of a dark Srawh precipitate, ﬁ;racyancgeni in ’
reacyions of carbonyl and oxalyl cyanide with all of the
inVéstigated hydrocarbons, indicated that cyanide %ééicais
are produced in these reactions. It'appears thaﬁ ﬁyinide
radicals are nai_ga&d chain carriers, and fﬁrtgk% that
:carbany] and oxalyl cyanide are ﬁat.useful as cyaﬁating Y
reagents. A pi;ﬂs{bie mechanism for the formationégk_ |
cyclohexy! ﬁyani&e has been discussed. The reaction is .

proposed to proceed by the additian of a ;ye1ahe:y1 r&diga?

~ to the carbon-nitrogen triple bond of the cyanide group to
form an iminyl radical intermediate which ﬁndergaes_ﬂ--
‘sctssion to Yorm Tyclohexyl cyantde.

/ . .‘ . X N =
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PART I1 |

The phatadécnmpasitiﬁn of a:aisapropane (KIP, 0.1 M),
in galutians of substitpted tu1uengs. which cantaineﬂ o
thiophensl-d (0.5 M) yieided prapaﬂe. propane- 2 :d, pro-
pene. phenyl propyl«2-d sulfide, nitrogen and sna11
amount. of isnprgpyi hydrazane A material ba1ance. based
on 1saprcpy] radica1s praduced, sShowed that vdry 11tt1e R

if any, of the propane formed was the product Of

Abstraction rea;tioP from the solvent toluene. The
propane, ¥nstead, was formedfprimi;11§‘?rﬁi a cage dis- "
proportiohation reaction. . The ?e]g;ive!ratés of forma- o

- ~tion of propane and propane-2-d, producdd by ébstrastianf ;;

»frém thiépheneisd'(o 5 M), varied‘in“a uniform manner .
Frnm Substrate ta substrate The va1ues;ef these re1a-

tive rate cans?:nts cnrre]ated w1th g, subst#tuent % ;13

L

canstantsr Sinte it had—been previausiy demonstrated

for the substituted taiuenes that the TDg of their relative
v1scasities carre]ated with thedr, o, substituent ﬁonst;nts, _'
it was cléar .that the apparent cﬁrrelitian\ﬂf the ‘
relative rates in the preseﬁt system could be related

to the viscosity of the media. The impertancexuchage

disprapf!!icn;ticn was further substantiated since, a

p16t of Tlcagé yield correlated with the fluidity (1/n)
QQF the solvents - o L 7

-~ B B S

Further, it is demonstrated Far botﬁ 1saprnpy1_



radica]s endggggg buty] radiea]s that the product dis-
tributiens in snlvents (benzenes) and toluenes’ are the
same. In the presence of thiophene1,xﬂiffﬁ2r isopropy!
‘nadieais nor tert-butyl radicals add to the aromatic
ring.. i

The v1seesity dependence of the product distributien
xveebteined frem the self reaction of tErt buty] rediea]s fi e
generated as encounter peirs had prev1eus]y been ex-
plained using a eei11e193 mode]. :
" #* A study of the e;o eece:pesitien reaetien‘effereed:
* an eppertunity to eempane tne.visensity depende;t behavior
éf Feaica} airs, generated as qeminate pairs tn thatl
reparted }nﬁﬁenceunter pairs.: |
_ In nr;;r to investigate the 6ependence of the'
'tcage dispreparticnetign cémbinatian ratio nfégzii bugy1
radicals on the media, the phet%de:nmpes1tion of 2,2'-
_azoisobutane {0.1 M) was e§rried out in inert eeiventsf
using thiophenol (0.5 M) 5513 seeyenqer; " The kq/k o
_raties observed weré ajmost identical to those obtained
fﬁoj the reaction of encounte. pairs over a range ef
viscosities fiom 0.48-2.67 cP. The similarity of values -
ebtainedvet these iee vieeesities suggests thag the :
tértﬁhntyi niditai pairs, generated from the azeinﬂete1y- o
sis, are formed with suffieient retetionaT enefgy to

d _— I

appeargta be raﬂdam1y ariented Over the ringe-of

viscosities frei 12-808 cP the ratio of termination rate

G N

vifd
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constants does not inctrease signif1cant1y. and it :ppears'.
that the free renrientation;l nade1 fails to predict '
the values af kd/k -The bekavior Qf thggggminat: pafrs
in the very v15§aus solvents suggests that a randam ‘?
array of collisional. arientations is natgavailqb1e to the -
radical pairs at birth* The orientation of the. radiea1s
“upon formation appe ears td faVar ‘the combination ‘process.
The plot ﬂffcage gfff;iency (1/cage yield) for tert-
butyl radfca1é vs. flgidity éf the solvents, (1/n). gavei
a nearly linear céfre?atian At high viscasity seme_ *
deviation frcm 11nearity was abserved - :
FinaHy. the vaCﬂS’lt‘ dEpEﬂdEﬂce of the kd/k Ttias
For isaprupyl #adica1s is discussed qua!itatively using
a collision mode1 simi1ar to that used for the tert-

'buty1 radicals.

ix
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*ﬁaé Eﬁnsidéred fur:thé fﬁ%ﬁatfnnfnf the alkyl cyanide,

5
INTRODUCTION o LT
PART. I o L A
- B _ AL
Free radical cyanatian of aikaﬁEs using cyanogen i
1

ch1nr1de, C]tu. was_ first repnrted by HU]]gr and Huber

and the mechanism of this reattian was extensivg1y studigd

by Tanner et a1i,*‘3‘4 who used both cyanogen ch1gride,

:CTCﬁ, and;cyanagen bromide, BrCN, as cyanating agents. The

mechanism of this benzoyl peroxide initiated reaction was
shown .to involve the reversible sequence depicted in
Scheme 1. = - ‘

1) X+ + RH === R+ + HX

1) Re 4 XCN === R-C=H. -

bt

(SCHEME 1) )
During the course of the iﬁvéstigitinﬁ of the

mechaﬁiém of thislreactian, aﬁ alternative chain mechanism
' ' ‘ 2

-This involved hydregen abstractian by a cyanide radic:T

)

as shﬂwn in Scheme 2. ,
L 3 * B /

/

i) RH + CNe  ———m Re & HCN

/
/

1) weN g oo —— uef e (M),
419) RS 4 (CN), ——ml RCN + CN®

(SCHEME 2)

]



The prapaied radical
L , , , )
vestigated by studying the radical chain reaction of cyano-

splacement on cyanogen was in-

gen with 2,3-dimethylbutane in the presence of catalytic
amounts of benaoyl peroxide. Instead of the anticipated
tertiary cyanide, which was the product from the reaction

with the cyanocen halides, a high yield of a 1:1 adduct (1)

of the hydrocarbon and cyanod®n was obtained. ‘This was the -
only observed product (Scheme 3).
| S R | N-H
} - em = \ -2 . 5% aq.,
i) >:< + (CN), =i ,,,,(.ﬁgic,. ECLE L B
. z - 7 HpS0,
; 1 .
NI
CO——Con a0 LA L Coon
2 3
(SCHEME 3)
The iminocyanide (1) could be quantit;tiveiy!convgrted
by hydrolysis to the acyl cyanide (g) or to the corres-
ponding carboxylic acid (3). The chain mechanism, de--" '
picted in Scheme 4, was proposed for the formation of tﬁé
adduct. ' | =



§)  In* + RH —————p» Ink + R*
f1)  Re 4+ (CN)y ——— R-C-CN o

, 4 . - ' .;' .

. e @ o

R-C-CN + RH —— R-C-CN + R°*
" 4 5

i)

.

Iqré_aghzayirpgraxjde_ - _’_,315

e e

(SCHEME’4)

fhiSSﬁechéhigm.iﬁpiies that the cyanide group is not
é gaqd.lé;iihg group. éinge‘the intermediate i:ingcy;hidg.EK 
radiﬁa]-(g) abstracts aéh;drpgen atom taﬁgivg the imino-
cyanide (g)'rathér than undergéing B-scission to give
the alkyl cyamide and a cyanide radical. |

The selective homologation of a hydroéarban by one
i’br'twé functionalized carbon atoms has some potential
synthetic utility. Although the cyanation rgactiunstvfth
' cyaﬁﬁggn ﬁa]ides were successful thgy.aere 9f iimited
utility because the tgrrespandiﬁg a]iyi haiide;.Ri. was
" formed as another major produét thereby limitiﬁg the yield:
~of RCN. The alkyl halide, RX, was shown to arise through
.the axidatipﬂ,'by Eznzay] peroxide, of the hydrag:ﬁ halide
forméﬁ in step (f). Scheme 1, and the sﬁbsequent hh{fzzgas‘
tion of the sub;trite by molecular chlorine3 or bromine.?
Unfortunately the analogous reaction with gy:nagaﬁ failed
when tried with a iarge number of other ‘substrates.®

While these studiés were in progress, Beﬁtrudes

E coe L e na

L s M g
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' T4
reparted a free radical addition to biaeety1 The re-
7 action sequence which leads ultinitely to the formation’
"of -acetylation products s shown  in Scheme 5.. o 'A. -
! \ ‘ D o . . 7’ ,i-] ?' g f‘*“ ’ . '; . .
J it) . Ri + CH3 C C CHB : .CHBiEiCiCHB LIRS %éi‘ﬂ‘ﬂﬁ'““i{‘., - A
1 ’ ’-R. e
00 . _ 0
U N s X B
R ,
(SCHEME 5) S o
&
" However the Iaw‘tgfiaderate yield of acety] prgguﬁts.
"using high concentration of benzoy! peroxide, suggested -
ejther a short kinetic chain or the absence of a chain L
:‘

mechanism, These rgactiens are of interest because of

their passib1e synthet1c app]ications

6.

,Subsequently, Tanner and Das® attempted the synthesis

00
of pyruvyl cyanide, CH3—Ea%fCNi 1t was thought, by analogy
to Bent%ﬁde‘s acytation reaction,s that this substrate could
be Q;ed asia possible reagent for thertyanecarbgnylatian |
Dfrhydratarbonsz . - o

0 ; ! .
CHy-babetN —— RQE-CH?* -CN (M

-~ |
-

It was hoped that this transformation, which leads to the '!i

formation of acyl cyanide such as (2). could be :ffe:ted

using different substrates, sincg the 1ttlnpt¢d trlnsfarnaf



was investigated.

 dimethylbutane. e ,
T ’ NH 0 ) :
s cneen — e on e r e L
: Re + NCCN ——p» R-C-CN —» R-C-CN (2).
3 ) L
‘R =2,3-dimethylibutane. e

HDﬁEUEF, uh:n the, synthesis of p;ruvy] c;anide was
attenpted from the corresponding acyl ch]aride and
;uprﬂusrcyanide. 4 reaction known to be snccessfuI with
other acid ha1ides.? only -acety) cyanide wa’s gbtained
S1nce the acety1 cyanide Cﬁu‘d bg formed from acetyl
chtoride uhder these enﬁéitipnsi7 the passibiTit; of the
fragmentation of pyruvyl'chinriée to form acéty]rchlafidg;_

6 ,
In cyc1§hexine solution, pyruiyi chleridé;;in the

presence of benzoy)l peroxide (51)'nnd'iightf6r AIBN (8%),

not only gave acetyl chloride, but‘a1sa products re-

sulting from a series of radical dispiicement’reietian;~"
on pyruvyl chloride. These products were cyclohexane

carboxylic acid chloride, cyclohexyl methyl ketone, and

~cyclohexyl chloride alofg with hydrochloric acid, methane

and carbon monoxide. The product distributions obtained

An these reactiQﬁs_afe listed in Tﬁb!g (i);

. . . - - Y] s i ., ) _ L _ _ _ = ' _ . R . _ 5
F e e S et -g—"h B o L
; .

RY
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TABLE 1

Products from the Initiated Reaction of Pyruvyl Chlarid;
_ (0.2 H) in Cyclahgxaneﬁ

mtiatpr ,Tg.p. o CHaCOC!  CeH )1 €0CH céuncm . Cghp O

Bz,0, (5%) 98 50.3 10.0 39.5 3
light 0 54.3 10.2 35.5 5.0
AISN (82) - 40" 5 3 17 ' trace

The preference for addition of tﬁe'aikyl radical to the

. electron deficient carbonyl is evident from the 1:3,8
ratio of cyclohexyl methyl ketone to cyclohexyl carboxylic
acid chloride, the products which were obtained from the
8;scissipn of the carrespanding alkoxy radical. Little"
direct radicél'd{sp?atément on chlorine was observed as
is ev t by the low fie1ﬂ of cyclohexyl chleride found |

.in t reaction mixtures. Several radical chain sequences

"were®proposed to rationalize the.results observed (Scheme 6).

[ 20 - ]
i

Net Radical Chaims: -~ = v

Bk

R=2¢C H1‘

Q'D
! E ] - ) é '
i) Re + Cﬂa- .=-C-C1. %ﬂi!—mﬁ . C-C1
. N R

0 ,
. . [ ] . -
1) eng-C-becr — reCocy 4 O ¢ 010

£41). RH + Cle —b= Re + HCI

L
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141)

iv) . RH + CHje —=CH, + R*

y 1) RC1 + cuaﬁg-r— - _;;'

W o — oy 3 200

. 1ii)  RH + CHye —0 CHy + R

(SCHEME 6)

’ .The direct introduction of functiéha? gﬁaups such.
as the carboxyl group into saturated hydrocarbons vas
first 1nvestigated by Kharasch aﬁd Brown. 8 They re-
~Bﬂ:tld_;hg ;h]grﬂfprmxlation_qf a series t:af'!_hgyd_v-q;;;,a}rj-_bﬂq;»’,rgsi__x

B using oxalyl chloride. The reactions were initiated

photochemically or by using benzoyl peroxide.



F

‘o

%
Lo ]
(=]
ﬂ—?

o d 0 - 0 :
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141y *COCT ——a=CO + C1°

fv) Cl® 4 RH ——sm R + HCl ®

(SCHEME 7)

This method was later used,'far:exiﬁp1e. in the chloro-
formylation af;[ZiZJ:paraéyélaphaneg and.ad;ﬁantane,?n

/ S ) . S

A low yield of chloroformylation product was DbtllﬂE#XgF

when -aralkyl hydrocarbons were used. This was attributed

o

o
pe

to. an unfavarab1e equi]ibrium pasitian. as in Step (1),
Scheme 7. The position of thEﬂuinbrmm naturally
depends on the stab11ity of the raditaT R-.

Thg phota1yt1c decomposition af ethyl cyanoformate in
éyclohexaﬂe produced cyclohexyl cynnide (ES),ethy1 cyc]af¥
_hexane carbﬂxyiate (19%), and ethyl cycléhé?inéglfﬁxylite;
(3%). The gaseous praduets consisted of ca;bnn dioxide,

11,12,

ey «hyircgcneegaaid:=iﬂd~ith}}cnif - The formation “J+§;5,ff a-a¥f



of the cyclohexylcarboxylate was rationalized by'jﬁvukigg L
a four-centered transition state (i), and the formation of

—-gaseous prqduéts by a Sancerteﬂ.gafhway (11), as shown in

Scheme 8.

1) VA i HCN + gfﬂz“s s

'NSC  CHp . HCN+COz 4+ CoH, e

(SCHEME 8) - = = - Wl

Na Evidence was given for such a prapasa1

Cogsiderable precedent may bei’bund for the 1ntPa-
ma?ecu1ar radical addition to the carbony! group. AN
example of such an addition is the facile 1,2- acety1 L

"shift reporged by Reusch. 13

0 CHj o A S ~ 0 |
CHBTM &H, _““cs“s! > C o H - E CHp- Lo CHy. 13)

M5

'S ' . : [ ™
ﬂiﬁlthlg ll:i lﬂggtittg an iit?ﬁﬂl‘lﬁﬁ‘lf lcnt}lition\tn
the radical catalyzed conversion of 1sapharane oxide (6)

to 2,4.4-trimetﬁy1cy¢1opzntanbne-(Z); (Scheng 9).
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The conversion to the dienone (10) observed by
Barton et 21.'% in the photolysig‘of,the nitrite (8), (Scheme
10) can also be formally interpreted as proceeding by |
the addition_of\q;gérbon-free radical (9) to an unsaturated

system, followed by fragmentation to form a carbonyl
compound (19).
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' )
\) Radical (11) was generated indEpendant1y from a- halo-

T

\\ Hare recently Haii1ard]5 reparted a new t

cyclizatian inva]ving a carbpny1, and des

~—a 7-membered ring, oxepane, isomerizes t

the presence of tert-butoxy radicals

a radical mechanism in which the principle compopent 1is
the 1ntramo?ec£1ar addition of an alkyl radical ty

~carbonyl group (Scheme 11).

o o \
(SCHEME 11) : .

hexanal in the presence of tri-n- butyI stannane and AIBN.

The radicai was shown to produce cyc?ghexanQT ) !
OHC (CHy)y-CHymX i 11 b
- ' AIBN R o

{
|
1
A M _ i I
A number of examples of 1htrahb1ﬁcu18+‘r361§37fidﬂffibﬁ§”fb+ "
|
/

S 5i/

pe of homolytic
nstrated that
cycibhexanol in

he authbr proposed

"



oxygen of the carbony! group have been reported. Thus ™
:the reduction of y-chlorobutyrophenone by néBuashH tcixieid
'2-phenyltetrahydrofuran was reported by Kuivila,17 o

(Scheme 12). -

) “_C JC! mgan —C\_/ —E_Q

) AJEN

(SCHEME. Té),

" The initiaiiy’farméd carbon radical (12) adds intra-
molecularly to the oxygen of tﬁé cafbanyi to produce -
_radicaJ (lé) which- is stabi]izéd»thh by the benzene riqg;
‘and the d—aikng group. | '

| Intramolecular radical displacements on the ‘carbonyl
' Oxygen of ester graﬁpingi have also been observed. For .
example BiacyTéxyaikyi radicals was shown to rearrange as
shown in equation,5.‘3 | | |

‘O/Lo | ﬁf:\ofvg oj\g;"

1o — %
R —CHy R§E&2 RC—CH;

More recently. Tid-e]1]9 explnined thg fgrmatinn of certaiﬁfé

lactones by a radica1 disp1aﬁement reattion aﬁ the earbonyT '

~ oxygen of the ester gruuping (S:heme 13)



. GHZ_E_D—; ‘ ‘ |
| c‘f’g s + "4

(SCHEME 13) 4
The 1ntramaiecu1ar radical addition to the nnyEﬂ

§°f the carbonyl grnup has heEn part1cu1ar1y useful in
‘ functianalizatian of unactivated carbon in steroids.

Fnr example the hypciadite react1an of 68- hydroxy 11- B—

'=.:£¢taxystern1d(14). produced ‘the 68,19-ether (16) as the‘

main prcduct (Scheme 14).
There are no examples of 1ﬂte?m@1écu1ar carbon

'rcentEred radical attack on the oxygen ﬂf the carbony?

group, however there are a few reparts of acyl rad1ca1

attack‘cn oxygen af ketanes to prgduce esters 1 22
Kar.s'lanz1 used tripheny]tin hydride and acy1 chlorides to
generate the acyl radicaTs, which SuBSEQUently reacted
with a ketone in a chain reaction to give a quantitative

yieid of esters (Scheme 15).

ﬁ\i.{ ¥
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0 - o |
RN (csys):;sL-——n-i!- + (CgHg)3SnC
8 .3 >
1) R"-Ce + R-L-R' —amRRY-G0-C-R7

iii) R RR' E-Dhgﬂ“ *‘(C5H5)35ﬂﬂ‘ﬁ!ﬁ-RR'CHO-ER'* (CEHS)BSn‘ , etc. -

(SCHEME 15)
This reacticn demanstrates a ¢triking differen:e

between acyl and alkyl radicals. Additiof of the forner

to ghe oxygen atam of the carbonyl group p?abab1y involves

stabilization ﬁf its transition state by the cantributinn

ol e e e J P . ST Y

 of pa]ar structures. 23
. H -
0 R 0 & R T .
) . .
PR Z o.éngEi 0-C (6) .
. . B R : . .

“These result?gg ggest t‘lt the addition of acyl radica]s

18 Qery>rapid and prabab]y_irrEVErsible, whareas the
addition of alkyl radicals to e;?bﬁﬂy1 grcup§ is reversi-
ble, as is the B-scission of tert—aikaxy?radica1s.24
Reletfins 1nvn1v1ng fntra and intermolecular free-
radical li%iiian to the cylnide triple bond have been
demonstrated 1n'i iﬂiber of cases. The tyanatian reactions
af :ylnpgen chloride and bfﬂﬁ1d24 are examples of 1ntgr-
molecu1;r idditian B-s:issioﬂ reactians. vhgreas the -

chain propagation steps proposed for the reactions of A

-
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"alkyl radicals with cyanogen contained a sequence in-

volving addition follnied by hydrogen- :bstraetian 2

Both inter@and 1ntrannIEcular radical additions tn

the cyanide triple_pond-;g form an iminyl radical intermed-
fate have been observed spectroscopically. The simplest
,‘1uinq vadical] the methylene imino radical, EHESH’. p%os :
. duced by the dddition of hydrogen atois,ta,hyﬂﬁeggn.g;;gige
in a low temperature matrix, has been observed by esr
specf}oscopy.zs The more recent examples—of intermolecular
~free radical addition to cyanide are provided by Ingo1da26 27
'_Both‘diethoxyphosphony1 ragicaIS, (Et0)2,=0, r
and triméthylsilxl_;gaica1s were allowed to react with
‘tertiary butyl é;;nide or acetonitrile in order to
6S£ain the fol?owiﬁg unusually lnng—iivéd a-;mingalkyi

radicals:

0
P(0Et), ,
- t-Bu-C=N +3 (Et0),P=0 ~—3= t-Bu- c u\ | (7)
A (Et0),Pe0 piOEt)2 -
0
t-Bu-C=N + 4 Me sS4 —— (Me,51),CN(STMe,), B . (8)
(CHy-CEN + 3 Me ST ~——m Gy (Me,ST)CN(SIMES)) (9)

Very few examples of intramolecular addition to
cyanide can be fohhd in the Iiterature. Very recently

iwgoléze studied the rete of e;euuﬁn of Macyansbutyld ... “ﬁ*,..ﬁ_;.



a7

.

radicals (lz)i'prgdUEgd iniﬁhe-reigfiaﬁ of 5-bromo-
vé]ernni}riieAﬁith'trg-nsbufgitin radjq;Is, by epr spec- T
troscopy and showed that this ring closure is somewhat
;lnwér than the anaiagau§ ﬁyﬁiizétian of the Séhé:eﬁyi

or the 5-hexynyl radical. B '

—%&.Q BT R

Intramolecular radical addition to a cyanide triple

bond has also been observed in the .azobisisobutyro-

nitrile iﬁitiitedIPDTymerizgéian of various N-substifuted’,
| dia1kyiaminesz§‘ (15), (Scheme 15)- A low molecular
weight tﬁﬂpﬁﬁﬂé'ﬁhith:ﬁlg fdentiffed ;s;EiSEdinetﬁ;iﬁe?!

A

hydraéseisoindoiéne (12) was formed. The following ,
mechanism has been proposed for the fo%mitian of this (jgﬁ

product.

{SCHENE 16) - B



SyntheticaIly useth nethadoingy far the iﬁtras
duction of functinﬁi1ity at unactivated earbnn hydrogen
bonds should combine a high degree of efficiency and

regioselectivity. Various approaches to this problem

‘rélied on . intramolecular free radical .reactions to

transfer a daugﬁtér functfonal group to a site distant

v“frai‘thg parent functionat g?aﬁp;:,fh+svi;§hﬁﬂﬁ1§§y has

bggn applied in a few cases, for example, the intra-

na1ecﬁ1:r rearraﬁgenents'QEcufring via an iminyl'radita1

- in:ernediate generated fran the 1w:m of an a1l;;1

radical to an adjacent cyanide graup have been reported

by Heusler and Kalvoda. 13‘30 The mechanism proposed to

'expiain the praducts formed, suggested that an a1kaxy

radical (21), generated phatachemica?]y from the hypo*
fodite (20), abstracted an adjacent hydrogen in a six-

mémbered ring transition state and\{ at the intermediate

iminyl radical (23) was formed via five-newbergd ring

ﬂ:ansitian state (22), (Scheme 17).

A similar reaction has recently been observed

during the photolytic rgafrange;éﬂt of a nuﬁber of a-

Apeéaceﬁox;ni:rths ta'ketanitriies.aj‘az (equation 11).

A mechanism consistent with the observed products
involves (1) the homolysis of the oxygen-oxygen bond

in the a-peracetoxynitrile (24, (2) 6éhydrﬂgen atom

to the radica) site 10 (26) to pFavidé ultimately the

i

abstraction, and (3) {ntramoiecular cyano ‘group transTer - -

18




(SCHEME 17)

19




nf different rengents. it was therefare af 1nterest ta in—

S8-ketonitrile (25). Scheme 18).

- _ - | L
NC NC- ’
(SCHEME 18)
Proposal o
The purpose of the wark undertaken in the fa1ioa1n§_ '
repurt was ta dgve1ﬂp a method whereby a hydracarban. Eﬂ.
could be functinnilized via a cyanatian reactian using a
reagent, such as X—E:N,‘in—such a manner that a single

product is obtained in high yield and with a high selec-

tivity:
RH '+ XCN sﬁ—ﬁqgincn T S o)

As una:tivnted carbon can only be easiiy functinna]ized
by 3 holﬁiyti: p:thﬁay, fred vadica) processes ‘were in-

vestigited far this cyanntion reaction.
- Since free radical additiﬁn tn etther :yanide or-
carbﬁny‘l had been npante‘lg rcported for tha I‘Eltti‘;ﬁ

e A ke

v:stig:te free radical idditipns te—rtngents which ;nntain:



\ 0 : .
both functionalities c,E- and -CN). A synthetic method
might be deveioped-using such'reagedts to ﬁoﬁoTogaté an -
'unactivatéd carbon by one or two carbon atom§ dépendipg
upon the site of addition. ' '

_ A few of the reagents which contain these two function-

‘atities were chosen for 1n1tidl study

X-C=N; _
: 0 0. 00
x s ."C"3"-0'8' *C'CQ : 'C‘*C'e, B CN.

It was hoped tﬁat_the,radica1 addition to the
cyanide and -the subsequent B-scission would result in
a new cyanatibﬁ”reaction”(equations i-111), or that the
addition to'carboﬁyI and subsequent B-scission would €f~'z
fect a selective functionalization of an unactivated carbon
~by a di-functionalized carbon moiety {equation 1§-v)
The latter process yields a. product similar to that ob-
served in the addition of a radical to cyanogen followed’

by hydro1ysis.z (Scheme 19).

The rever51b111ty of radical addition to carbon_yls'8 ‘
and cyanoz »33 groups are well known_processes
- -

P




e

hydrocarbons to react with cyanogen.

22

cyanide addition:
| 0 0
‘ ' ‘, ' ‘ ) X-E-CEN + 'R‘ APt X"E'?'N.’
0 . -0
S 4t) x-C-Cone —RH gy Eocenn
. R ' R
R R -;__.,_‘; . iy 9 - 3 AR . ) - PR s,
' 1i1) X-C-C=N* ——=R-CZN + X* + CO
carbonyl gﬁditibn{ -
I v
~ fv) Xx-C-C=N + R+ = x-g-(;sn_“
< 3 . R \
V) X-C-C=N e R-CoGN £+ )T
) (SCHEME 19)

The cyandtion fgaction of cyanogen halides and the

reaétion of 2.3edimethylbutane'with cyanogen have all

been proposed to,proceed~vja radical addition to_cyanice.
However, these regcifons may also be réversib1é,2 and

this fact may possibly explain the'failqrq of many
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1) Re 4 X-C:N % R-C=N".

, X , L
, N 27 ' *
1) “R'?'Ni —p R-CIN + X° < - R .
EZ - K s
[ . - . - - . o~ N e M-«r&—.ﬁmﬁu,
iii) R-(}fN‘ | — R-(.Z=N-H ‘
' X X
: 27 28 v
X <€), Br,tN T
(SCHEME 20)
.Depénding on the nature of x. the iainyi radical
intermediate (27) may undergo-a B-scission to form .alkyl
cyanide and x J which will carry the cha?’ (equation ii)
This is the case wngn X is a good leaving group and a
- good chain cqrrier‘(}'w c1, Br)} However when"x is not ", T
a good leaving group, the iminyl radical intermediate
(2) abstracts a hydrogen to give the imine (28), (X = CN),
(equation 114, Scheme 20). - : ' - . A i~~ o

It was thougnt that the selection of an appropriate
hydrocarbon might enable the 1minyl»radica!;internedigte
'(27) to bp trapped by intranoiééuian H-abstraction, and
that the new radical forned would be appropriately posi-

'};tioned to add to the neighboring group, namely a carbonyl

or a cyanide.




- This type of transformation is partiéu1ar]y in-
terest1ng since one ugu1d be able to difun:tinnaiize

unactivated hydrocarbon in one step (Scheme 21)

>

i)’
 1§)

ii4)

iv)

" In” =[nitiator

(SCHEME 21) : .

t
In order to va1idateithis'hyéathesis. 2 ,4-di-methyl-

pentane. was chnsen as a hydrocnrban substrate (R = EH—).

and methy.l Eyanafnrmate or: cyanagen as rzagents (X = CN
* 3 1

’i ‘,,7,7— . : "i

~C=0CHy)... , — e T

24
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RESULTS AND DISCUSSION

Salutions gf'nethyi cyanoformate (D 235}H) and
benzay] perex1de (10 24 mol }) in 2,3- dimethyibutane were
hgated in sealed, degassed reaction tubes at 99' for 5. 5 h
One major product, a,g,s—trimethyﬂ—but;rqnitriie (I). was
deteétgﬂ (GLC) which resulted from the .reaction of methyl:
c;anafarmate and 2.3fdimethy}butane,A The product ‘-‘5 :él-w%‘

appe ared ta be formed by a shart chain process, | |
since an npt1mum yie]d (77%) was Dbta1ned,'at BQ% can-
VErsian, when 24 mnlz of benzoyl peroxide was used. : |
Accompanying the cyanide, methane (35-40%) was iso- | |
‘lateé (Scheme 21). GLC-mass épectrametr; éf the
reaction mixture showed the presence of a number of
highg?fbafifng m%nor products, two of.which (3.7%) had
a mﬂ1ecuiar‘f§rmu1a afttgﬁisbzﬁ, and could be-rationalized

as 1:1 addition products of 2,3-dimethylbutane and
methyl cjgnbfarmate_

In the same manner, cyclohexine yiglded cyciaheiyl;f
cyanide (725).and methane (37-40%) when a 24 mol 1 of
benzoyl pérpxihg was used. Cyclohexyl cyanide (35%)
was likewise abfaiﬂed'using 10 mol % benzoyl peroxide.

_ The reactions of the hydracarﬁan§i-c&ciohexaﬁe. s _ o
-and 2,3-dimethylbutane, with methyl cyanoformate yieréd -
~products which could be rationalized by the addition of

~the, radical to the cyanide triple bond, fnilﬁuéd_by‘h_'_= niﬁée,j;w




g= scissian. no. p[cducts der1ved frnm carbany1 addition

were 1sglated. l]ﬁhaugh in the case of the r!iﬁtian of

2,3- dimethy1butane twa minnr prndutts. CQH1502N (3.7%),

‘were detected (ELC -MS) which could conceivably be ratinn—:;

—aiized as carbony) addition praﬁuctsi

0 i
A1)
iy §
%

iv) . CHgO—C+ == CO2 + CHg’
v) o CHg's+ \F J\ - CHa+

. _7 :

Bzzcﬁ(ﬁ h-C - D)i,

 (SCHEME 22)



'The;cyanatinﬂ reaétlons of the tyfnngen ﬁiiides an{
methy] cyénnfarmate and the reaction of 2.3!§1methyiﬁ'
butane u%th cyanagenz have all been proposed to pfncéed )
via radical addition to cyanide.- In the 1atter?reactign
the iminyl radical far;ed, instead of undergoing a B-
scission, abstracted a tertiary hydrogen to continue the
chatin. - In an attempt to observe the combination of
both addition and abstraction by thé iminy) radieaTs
intefmediate ZQI(SchemEZZZJ proposed for the:ﬁyanatian
reactians of methylcyanaformate. thé reaction of the
reagent with 2, 4 dimethy1pentane was carried Bﬁt_i
Since the reactign of 2,3-dimethylbutane with the
reagent 1€ads ?e addi'tion followed by B-scission, it
‘was hoped that if the ;ertfary hydrogen was made more
§avorably disposed toward abstrattionibthat intramolecular

.hydgbgeﬁ apstractiah could be observed (Scheme 23).

=

| R : o . -
ii) ' ' >/\< +E‘§D-£i¢igﬁi :
. o ‘b'. . ',- . |

“""‘l-‘“ 30  omotro 3]

s—ﬁﬁ- Preducts

(SCHEHE 23)
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In-accord with this prediétion the reaction yielﬁed
Z.Aidifuﬁ;tioﬁaifzedApraducts- The figééiénraf ngth)l-
Eyannfgrnéte (0.9 M) anﬁ.benzoyj peroxide (50 mol i) in
-2, 4 dimethyIpentane yielded, in addition to sﬁé?]
anounts of primary (6%), seconﬂary (12%), and tertiary
: (22) tyaﬁides, a heterocyclic est:r,_zécarbamgthnxya
e 3;3;S;Qstetfinethyi:;acyfiaﬁgﬁts!—eﬁzfai; (552)1;v7ﬁ2‘= ﬁéfr-:%ééﬁ

formatjon of the heterocyclic ester can be rationalized

by a'ﬁechaniém utilizing a unique but simple sequence
of reactions which occur subsequent tg-fhe formation of
the_iminyicradicé]»(?@l (Scheme 24).

| 34 v _ 35

=

(SCHEME 24)
IntErﬁaérabstraction by the iminyl radical forms
a nea tertiary rgdica1 (33) ﬁhich 1s in positian to ldd
to the nitrogen of the imine dauble bond via a five membered

ring transitinn state. This step is similar to the

£



intr:;gleéugar radical addition to the oxygen of
earboﬁjiszé or gsters_19 The new carbﬂnicentered’ridicai
(31). would be refatiie1y‘stab1é. as it i§ adjacent to
bcth the nitrﬂqen and the ester carbany?. and -nuid
eventually disprapnrtianatg to furn the heterncycle 35.
Since a cyanide !dditiﬂﬁ-!bgtflttfﬂﬁ'SEQUEﬁEe hasr’

been shoyn to proceed in the reactions of cyanogen witb;j_;:;;_f
Z,deingthy1butanez and since the reaction af 2,4-di-
‘methylpentane and ngthyleyanoformate is now proposed to
-proceed through a cyanide addition-internal abstraction
fa?igued bj another internal addition, the reaction of
E;;ﬂﬁgEﬁ with 2 ,4-dimethylpentane might be Expecteﬂ’to-
‘ prnduce a 2.,4- difunctianalized product in the same
manner. The intermediate radica1 (37) would then be in a
;: favorable sterie ;rrangemen; ta add intern;11; to the
adjacent imine via a fiveémenberéd ring transition state
to form. as previously proposed, 2 Qarbénscenﬁéred radical
which 1s stabilized by fts idjaceﬂt‘groupsi in ihis in-
stance nitrogen and cyano groups. The stabilized ridjcai
(38) uécn disprnportinnatiun'wéu16 yield the cyclic
product (39) . (Scheme 25). | o

é As ﬁredictgd uhen a nixture of 2,4~ dinethylpentane ;
(2 mL) and cyanagin (6.1 x 1D mol, 0.30 M) were allowed .

to reacs with benzoy) peraxide {105 nal %), a 222 yield
-.pf‘i—cyinn-i‘i 5, Satitraic;h;i;;lggclnplat 1-epe. (39) uis

: = ) il -
: - . :
s .
y . : . . N - . -



. ‘ 397 B

e e b e

(SCHEME 25)

32

obtained. Sintg-th!xéiSp?ﬂﬂﬁ?tf@h!ti@gqfE!Efiﬂﬂ is a Cae .
chain-termination step,it is pot surprising that aachain
séquence was ﬁét observed and ;hit only tﬁis :ﬁgest
yield was obtained. | |

In order tﬁ;furthgr investicate the orfentation of the
_radical aédition to bifunctional molecules and to establish
the synthetic utility of these reactions, pxai§1~eyiﬁide
~and carbony) cyanide were examined as possible cyanating

or cyanocarbonylating agents.

g
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The chemistry of oxaly) cyanide is relatively un-
‘exp1pred. This n{ght be because of the very'iau,yieidsr
obtained during the difficult préparatiaﬂ of this ,
co-pbund its synthesis was fi?st-repcrtéd by Begi:né34
in 1972, and 1nvolved the partial hydrolysis of diiiiﬂ@i

succinonitrile (DISN) in acetunitri]e

The oxalyl cyanide is very :oisture sensitiye and rapidly: -

'hydrolyzes to oxalic acid iné'hjdraﬁen cyanide if not

képt'under anhydrous condftions.

- Solutions of oxalyl ty:nide (0.245 M) and benzoy!
peroxide (5-100 noT %) in cy:lahéxane were heated in
sealed degassed reaction tubes at 90° for 9 h. The
major reaction product was detected by 6LE and charac-
terized as cyé1ohexy1‘;yanidg_ Tﬁg product appears £g~ .
be formed by a nonchain process since an optimum yield
of 40% was obtained when 100 mol % of benzayi'bgraiide

was. used

f—h- 7- P A.i-v..:

In the. same ninner. 2, 3rdimethy}hutlne ;1;1é=d unly

1.5% of the expected tertiary cyanide, a u.g trinethyl-
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butyrnniir{le, when 100 mol % benzoy! pe}axide was used.
Ho'funetiénaifzed;aikaﬁg‘ﬁas abtiiﬂgd ihéﬁ the reaction
of oxalyl cyanide was carried out using 2,4-dimethylpen-
tane as substrate. In ald c?ses i dark brown residue was
obtained, and was identified as a polymer, paracyanogen.
These preliminary results indicated that under
These conditions oxalyl cyanide is not a good ;}anatihg;i'
agent for hydrocarbons. However they do infer that attack
at the nitrile group is preferred. | 7
A‘lthaugh -rn-& work is requirﬂl to estlesh ! !j.
mechanism, it appears that the farnatian of cyclnhexy1
zyanide,Ain the reaction of oxalyl cyanide and cyclohexane,

can be ritiangiizei according to the following Scheme (26).

AN B0 *
s e

N :

AN - R
8 +Auc—g-%—cu——-5 ng-s%—cl.g-c-u-

A | N -

O O $

" N
4 |

CN* 4 2CO

"polymer”

b (SCHEME 26)
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According to this ie;h;nis-. the cyclohexyl radical

. add§ to the cyanide triple bond to form the iminyl radical
intermediate (40), ihiéh_then,thraqgh B-scission, pro-
‘duces cyclohexyl cyanide and the radical (41). ‘Rédjeaf

_(41) further dissﬁciités to form carbon mnnﬂxide and the'

cyanide radical. The :yanide r;dicaI subsequent1y paT;- ©

merizes ta give paracyanagen (Schene 31)

35

It ﬁas been shown that irradiatipﬂ nf c;rbony]

Eyanjde at’ 23&0 3500 A results in dissaciatinn to carbcn

monoxide and cyanide radicals. The cy:nide radicals uvido?-

go polymerization. Similarly, at 750°, the vapor phase
pyrotysis of ¢carbonyl cyanide results in dissaciatian;tﬁ
carbon !ﬁnéxkde.gnd Eyiﬂéggn?gs

The preliminary results indicated that the reaction
of carﬁnnxl-éyaéide witﬁ hjdrdcarbpns is similar to that
of oxalyl cyanide., Thus, when solutions of carbonyl.
cyanide (0.125 M) and benzoyl peroxide (5-200 mol %)
were ﬁeated in sealed, degaségd tubes at 90° for §:ﬁ

one major product was detgeted,(ELt). resulting from the

reaction of :arbanyi‘cjaniée and cyclohexane. The,préduet

was characterized as cyclohexy) cyanide.

The product appears to be formed in a nonchain
process, since an nptinu- yie1d of 48 71 was ubtiineé
vhen 50 mni Z of benzoyT peroxide was ﬁsed ELC-nlss

pectranetry of the ranztign nixture shoﬁed thé presence

of benzoyl cynnide (fls), whose yield increased by using

33
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higher percentages of benzéy1:p§roxfd2'(<31 using 200
mol % Ezzﬂz) Hauevgr. when the FEIEtiDﬂ was tried with
2,3- di-gthy1butane and 2,4- dinethy1pent:ne. the ¢yanitian
reaction did not proceed to any apprg:iab]ezgxtent. ‘ B _
but again a dark brown preﬁipitateg-paé:cy:ﬁagén, was
formed. | | ,
" The fbrigﬁiaﬁfaf chiéhgin‘cyaﬁidé;ejﬁ%Si*éiiqiifk%féfgéﬁg;f
alized according to the ?a?l@ﬁing 5€h2i§{27);

. 0 ' o

= ', 7! »v ..
- + NC—C—CN ———— NC-—-C—C=N L

NCN* ——p  "poTymer®

(SCHEME 27)
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_ According to this mechanism, the tycﬁﬂﬁexy1
.radical adds to the cyanide triple bond to form the
iminyl radical intermediate (gg), which then, through -
_B-scission, produces cygiahexy] cyanide aqd’the radical
| (ig), Radiea] fié) furthe% ﬁiisncigtes to form carban,:
monoxide and the Efaqidz radical. The cyanide radical
subsequently polymerizes to give Eifé&jiﬁﬁgéﬁ'(Séﬁéié';ﬁ’*%”*i%***%



(690 mm) [Lit.

m.p. 61-62°), IR (CHyC1,) 2230 cm™| (C=N) and v 1735 cm™'.

'n-Bu,S, in 50% yield, bp. 61-62°C at 700 mm. (Lit.

" EXPERIMENTAL

Materials
SatEer e

The hydracarbons 2,3-dimethylbutane (>99.8%), 2,4-

dimethylpentane (>99.7$);;and cyclohexéne (99.5%,
Phillips research grade) were used without further
purificatioh.' Tetrdcyanoethyléne (98%, Aldrich) was

[ 4 . .
used without further purification.

-

Methyl cyanoformate was prepared according to the

. method of Childs and Weber>’ in 43% yield, bp. 92-94°C

37 bp. 95-96°C (760 mm), .in 76% yield];

n2® 1.3712. The IR and NMR spectra were identical with

those reported. _ _
~ Cyanogen and hydrogen cyanide (Matheson Co., Inc.)
were distilled before use. Difminosuccinonitrile, the

starting material for the preparation of Oxalylcyanide.was

prepared accorﬂ1n§ to the. method of Begland et a1;3§

38

in 87$~yield: m.p. 168-170°C [Lit.”" m.p. 165-166°C].

The oxalyl cyanide, which was obtained by the partial

hydrolysis of difminosuccinonitrile (4.63), was sublimed

3 times at 50°C and 0.5 mm. m.p. 60-61°C (Lit.38

1

(C=0).

.. 36

39

G.rboﬁyl cyanide.ﬁas-preﬁtred~by-aeﬂton’skndthod.

by the reduction’of'tetrjcyénuithyleng oxide using. =
| 39
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65.6°C at 760 mm Hg); IR (CH,Cl,) v 2240 cm™'

v i?ZD cn‘? (C=0). - The precursor of carbonyl cyapide,

(éEi);

tetracyanoethylene ﬂiidé; was prepared as éaiarless

' ﬂeedies fn 50% yield by the axidiiiaﬁ:of tetracyano-
‘ethylene using 30% hydrogen peroxide, m.p. 173!1305c

‘-(L1:;33,117-17a-C); IR (CH)CY,) v 2270 cw . i i

) Reactiﬂn of Hethy1 Cyanaformate w1th 2,3- Dinethy1butan,j

A mixture of methyl cyanafofmate (200 mg, 2,35 mmol)
and benzoyl peroxide (137 mg, 0.566 mmol) in 2,3-di-
gmetﬁy1butane,(10 mL, 77 ﬁo]) uasﬂgiaced in a Pyrex
ampule, dggassédi anﬂ=thgrmost§£ed at 99°C for 5.5 h.
The reaction mixture was 5ubjéctedrta 6LC ina)ys{g (8 ft.
~x 1/8 in., 5% UCON polar, 50 HB, 2000 on Chromosord W,
45-200°C). The analysis showed three major fractions: a
1bﬁjbui1ing fraction gaﬁtaining 2 Ssdimetﬁyibutane, benzene,
and unreacted methy1 cyanoformate (11%); a middle fraction
: containing a single campnund. and a hiagh ba11ing frac- -
tion containing a large number of compeunds which were
not 1den§ified. The middle fraction was isa?iteg by
preparative GLC and shawﬁ to be ﬁ.a,B-irimethyihutyrﬁ-

: * o
nitrile (77%). The structure of the nitri!e was assigned

by a‘campari§ﬁn of its IR and NMR spectrum uithvthuse-;f

an ‘authéntic sample. | |
Héthane was fractionated, measured using a'Tge§1§r

pump by cgnvenﬁianii vacuum line techniqucsg‘o and was‘



fdentified and its purity checked b? comparing its GLC
retention time and mass spectrum J?tﬁ those of an
authentic sample. :

In order to abta%n an optimum yield of the nitrile,

reactions were run under the above conditions using varying

amounts of benzoyl peroxide (10-96 mol %):

>

ml ¥  3vield
10 46 -
12 54
24 97 0~
96 : 53
Reaction of Methyl Cyanoformate with Cyclohexane.

A mixture af nethyi,;yannfafn:te (200 mg. 2.35 mmol)

“ and benzoy! perﬁxide§(137 mg, 0.5 mmol) in cyclohexane

(10 mL, 93 mmol) was placed in a Pyrex ampule, degassed

and ‘sealed, and the reaction was carried out and analyzed

'as was the rea:ticn using 2,3-dimethylbutane. 6LC

analysis showed three major fractions: a low boiling frac-

tianagantaiggﬂg cyclohexane, benzene, and unreacted methyl
cygﬂofgrmnte (7%); a middle fraction containing a single
compound, and a high bniling'fr;ctian containing™a large

number of compounds which were not identified. The middle

ifri:tiﬂ!,ffﬂl this reaction was a single compounent, cyclo-.

"hexyircynnide (72%). The product was collected by prepara-

tive GLC and its étructure was assigned by a comparison of

£

38.
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its GLC retention time, IR and NMR spectrum with those
of an authentic sample. ' )

ln order to obtain an optimum yield of the nitrile,
reactions were run under the above conditions using |
varying amounts of benzoyl peroxide (10-105 mol’%);

. i . +
CN ' ' =

W el ,_1.",'_ P . Bzzoz e R @ . REPEIEER . o A__»‘,.. e .’;‘:'-".':‘“";v"'.""-::"';: ,- v
.. mol % 1 Yield . e
10 v 3B - |
24 72 - S

Reaction of Methyl Cyanoformate with 2 ,4-Dimethylpentane.

A'mfxtufe of methyl cyanoformiie (114 mg, 1.34
mmol) and benzoy! peroxide (654 mg, 2.70‘mmdlf in 2,44
dimethylpentane (2 mL, 13.4-mmol) wa; placed 1n(a Pyre§
'anpu]e. degassed, and sealed. The ampulé was thermostated
at 99°C for 9 h. The reaction vessel was opened and |
the mfi;ure was analyzed by 6LC (8 ft. x 1/8 in., 7% | |
SE-30 oﬁ Chromosorb W, 110°t). The analysis showed three | o
major. fraction. A 1ow-boilin§ fraction cohtaining
unreactedﬂ?,d-dfnethylpentane, methyl‘cyanofornate. benzene,
" and ‘three other compounds identified as 2,2,4-trimethyl- -
pgntanonitri]e (2%), Z-jsqugpy11;ppentanonitr?}g (l?t);Am¥_ |
and 3,5-dimethylhexanonitrile (6%) (in order of their

elution). The middle fraction'ugs composed of a single



so_g‘

campaund 2- cnrbomethnxy -3,3,5,5- tetramethy]azgcyc!oﬂents
1-ene (552)_ The thh boiling fraction contained a
large number of compounds which were not identified.
The tgrg; cyanides (prim;ry/secondaryjteriiéry)
HEFe‘ﬁﬂ11ECtéd ;s a mixture by preparative'EtC (10 ft. x
1/4 in., 10% SE-30 oMChromosorb W). “An elementa)
_ ranalysis of this sample showed it to be an isomeric E;Xii
" ture of the three nitriles. Anal. Calcd for caﬁlsﬂééi{"'”“
76.45; H, 12.07; N, 11.18. Found: C, 76.75; H, 12.23; N,
0.94. Thalmixtare was separated and the three nitriiés
collected by prgpirative 6LC. Their structures were
. assigned on the basis of their IR and NMR ;pe;tfa_-
| .2.Z,AfTrimzthyIPéhtanenitr11e: NMR (CDCIS) 6§ 1.02
(d, J = 6 Hz, 6H), 1.36 (s, 6H), 1.42 (d, I = 6 Hz, 2H),
1.82 (m, J = 6 Hz, 7H); IR (CH,C1,) v 2230 cm™! (C=N).
) égzgéprnpyi1sapentanan1t:i1ez NMR (CDC14) 6 1.0
¢d, J = 6 Hz, 6H), 1.06 (d, J = 6 Hz, 6H), 1.92 (m, J =
.6 Mz, 3H); IR (CHCI4) v 2220 cm™' (C2N),
3,5-Dimethylhexanonitriles IR (CHClg) v 2225 cm -1
The NMR sanpie appeared to be ad:ixed with the other e
‘isomers and the speetrum could not be ana]yzed. aithuugh
it was ccnsistgnt with the assigned s{}uéture, However,
the microanalysis of the mixture and the identification
of the atﬁer tyo possibie 1samgts)aiiuwgﬂ;1ts assignment.
. The structure of E—cgryomethoxyjé;B}S.5-tgjr§methy1i
" azacyclopent-1-ene, ca]lectéd by preparatiwe GLC (SE-30
column), was assigned on the basis of its microanalysis,

K,
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its mass spectrém, and its IR and NMR l‘ac and.'H).
spectrum: IR (CH,C1,) v 1735 cm™' (-CO,CH,), 1622 cm™'
(*Esus); mass spectrum m/e 1§3 (H*;.11.92); 168 (!*fis.
63.5%), 127 (M*-56.24%), 124 (M*-59, 19.1%), -42 LM YEN
100%); NMR (CDC1,) chemical shifts, multiplicity, and

V ‘H and -

,assignnghts are giveh in Figure 1 for both the 1

13gspe,§trgm Anal. c‘;‘alﬁd.fp_r CioHy7NOp:. €, 65.57;
M, 9.28. Found: C, 65.46; H, 9.20.

The mass spectrum and elemental analysis of 35 clearly

established its molecular formula to be C,4H,,NO,. The
TH NMR showed two sets of chemically nonequivalent methy!
‘groups, one pair of methylene protons, and one set of pro-
tons assignable to the absorption for.a ﬁéthyi ester. |
The jgc Nﬁngnd IR spectra allow the assignment of the
structure given in Figure 1. The chemical shift c? the
ester carbonyl (169.1 ppm) agrees vitﬁ;its IR absorption
(1735 53‘1); while tﬁe C-2 absorption can only be a doubly
bonded carbon and is in agreement with its assignment
as:aﬁ iminyl carbon whose IR absorption appears at 1622
em™!.  The c-4 '3 chemical shift is that of a methylene
group flanked by two tertiary carbon atoms, and its
absorption was inconsistance with any other structural
arrangement that could be drawn. With these partial

structural features the only s;ructure that can be as-

signed for 35 was 2-carbomethoxy-3,3,5.5-tetramethylaza-" . =

cyclopent-1l-ene. L
. *

41
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CH 1.‘0,':,6!1.
385,3,3H O 2 / \ 3 (304,a)
CH —0- C—C (m‘ ‘) ‘7“") —CH '
(523q) (1691, 3) |
sl s A |y o e
| ~H3C-'-(l: - Cli-—H. T
- (277a) CH, H 180524
1.38,5,6H ) o
3s |
:J'. CH 1.33,s, 6H
| . %/////" ‘\\\\\\\ 5 {30.3,q)
N_-=-c—c/ C—CHy
(N33,s) (156.4,s) (753s)
3| (529:s) . (502,1) | 4 '
(27),q) 173,3,2H
1.30,s,6H CH, : ~ H

Figure 1. NMR spectral ass{gnments of compound Q§)and(§g).

Lhemical ghifts and aultiplicit1e5‘fpr,?

H spectra & down-
field from Ne‘Si. ‘3C spectral assignments (parenthesis)

ppm downfield from He451.

.
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In order to obtain an upt%-u- yiéid of the pradu:téi
reactions were run under the ibavgrcﬂﬁditiﬁns using |
" varying amounts of benzoy) pérdxide}(ii—zﬂn mol %):
mol % >VS:I< ;Kj%7<
- e %2 yield
‘24 3 6.6 1.1 25
50 6 12 .2 55
100 5 n 16 080
150 6 R 2 53
200 5.5 12 1.6 YR

The React1an of 2,4- Dimethylpentnne with Cyanagen. o

A mixture of cyanogen (0.61 mmol, D_éos M) and
benzoyl peroxide (155 mg, 0.64 mmol, 0.32 M) in 2,4-di~ . *
~methylpentane (2 mL, 13.4 mmol) was placed in a PJFEX; r. u
ampule, degassed, sealed, and heated at 98°C for 3 h.
After heating, the reaction ampule contained a 1ight brown
supernatant solution and a dark brown polymeric material
(presumably polymeric Eyanageng').

Ana]ysis of the supernatant liquid by GLC (8 ft. x

1/8 in., 7% SE 30 on Chromosorb W, 90°) showed three. ' kk,
’»major fractians:' a low bai11ng fraction containing un- e e
reacted 2,4-dimethylpentane and benzene (identical G6LC ‘ L
, & |
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_reténtion times with those of the authentic materials),
a li;dle fraction containing a:singleICOquuﬁd. aﬁd :
high boiting fraction containing 2 large number of cem-
pounds which were not identified. The middle fractibn was
1§olated by preparative GLC (SE-30 colﬁnn),and shown'
to be_2-cyano-3.?,5.S-tetrangthjlazicyc1opent-l-ene (22%).
The strutture of th1§-couvoiw% was assigned on the ba;fs"~
of'tts IR, NﬂR'('ﬂ and ]3C) and mass spectrum, and fts
e]ement§1 analysis: IRY(CHZCIZ) v 2240 (-C=N, very weak),
1620 cm™' (-C=N-). NMR (CDC1,), see Figure 1 for the
]ﬁ'and 13C spectral assignhents. The mass §pectrum of
41 showed M*, M*-1, M*-15 peaks: m/e 150.1152 (8.4%),
calculated for CgH N,*, 150.1157; 149.1075 (5.5%),
calculated for CoH 3N, ", 149.1079; 135.0923 (1002),
calculated for|CoH, N+, 135.0922. Anal. calcd for
CoHygNp: C. 71.95; W, 9.39. Found: C, 71.72; H, 9.30.
The mass spectrum and elemental analysis of(§§)
clearly.establisheq its md]écular formula td be C9H14N2.
The,1H NMR shows that there are two sets of chemically ,
noneQUivaIent'metth groups and one pair of nethyiene
. protons. The ]3C NMR and IR spectra along with the above
informatfon a]lowskthe assignment of the str&cture given
in Figure 2.: The chemical shift of the nitrile carbon
(113.3 ppm) agrees with 1ts iR absorption (2240 cm'l).
‘Wwhile the remaining nitrogen double bonded to carbon €-2
influences the chemical shift of that carbon to appear;

-

.. .

a4
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at.156.4 ppPm. VTheriR absﬁﬁptiaﬁ of the iminyl group
at 1620 ;;-1 supperts;this structural lSSiQBEEHti 'Thé
Cs
by‘tWO'tEftiafg carbon atoms aﬁé it; ;bsgrptibg was in-
cohsistent with any other structural arrangement thét -
could be ﬂriﬁﬂ_' With thesg partial structuril features
the only structure that can be assigned for{3g)was 2-
| cyano -3,3,5,5- tgtriq.thyllzncyciapent -1-ene.

In .order to obtain an optimum yield of the dinitrile.
reactions ‘were run under the above conditions using '

varying amounts of benzoyl peroxide (30-155 mol %):

g

52202 : N’C’
mol % % Yield
30 7.4 L
) 62 - 16.8 I
93 18.3 g
e
w0 22.3

-

Reaction of Carbonyl Cyanide with‘CycjphExéne.

A mixture of Eirhnnyi cyanide (10 mg, 0.125 :iai)
and benzayl perax1de (15 mg, O. 0625 mmol) in cyclohexane
(1 mt, 9.3 mmot) was placed in 2 Pyrex ampule, dcggs:ld.

sealed and heated at 95° for 9 h. The reaction mixt)

3¢ chemical shift is that of a methylene group flanked.

4



' was subjected to GLC analysfs (8 ft., 1/8 in., 7ZZSE-36
~~ on Chromosorb ¥, 60-180°, and 10 ft., 1/8 fn., 105 UCON
pd1ar, 50 HB, ZOOO on Chromosorb W, 60-180°). The
analysis Showed three major fractions; a low baiiiﬁgv

fraction containing cyclohexane and benzene, a2 middle

. fraction containing the major ea;pouﬁdi;;yc!nhg;;lfggpgige e

(48.7% based 6n a 100% conversion). The cyclohexyl
cyanide ua§ identified by GC/MS and a compariSDn of its
6LC retention time with those of an authentic sample.
The middle fraction also can;ainedibenzuyl cyanide (<1%)
- which was tentatively fdentified by comparison of its
6LC retention time with that of an authentic sample.

The high boiling fraetion contained a large number of
compounds which were not identified.

A dark brown residue was obtained in this reaction
which was identified by its IR spectrum (CH,C1,) v 1570
cm !
the gaseous product(s). t _

In order to obtain an optimum yield of cycloNexyl
cyanide, reactfons were run under the above conditions

using varyfng amounts of benzoyl peroxide (5-100 mol %):

, Bzzo2
: mol %X
T s 0
e e e ;“w TR 20 e - »- s 7:; . 17-5 L e ses ALgss R L——wv—»f-—;ﬂ;—;w A x e
50 - 487 B
100 s ¥ ;
; | | | g

as paracyanogén142 Mo attempt was made to analyze “




obtained whose IR spectrum, {CH,Cl,) v 1570 cm”

-

Reaction of Oxalyl Cyanfde with Cycfoheiane.

A mixture of oxalyl cyanide (62 mg, 0.574 mmol)
and benzoyl peroxide (139 mg, 0.574 mmol) in cyclohexane
(3 mL, 27.8 mmol) was placed in a Pyréx ampuie, degassed
and tﬁérmostated at 90° for 9 h. The reaction mixture
was subjected to glpc aanysff"YB'ft. x 1/8 in.,‘SX'UCON
polar, 50 HB,'ZdéO on Cﬁromosorb W, 45-200’). The

analysis showed three major fractions: a low boilihg

»frictiop containing cyclohexéne and benzene, a middle

-, e
fraction containing a2 single compound, and a-high boiling _

fraction containing 2 Iarge"hymber of compounds which
were not identified. The middle fraction was isolated
b} preparative G6LC and shown.to»bé cyclohexyl cyanide
(401){ The structure of the cyénidé'whs assigned by a
comparison of its IR, NMR spectrum, ind GLC retention
time with those of an authentic sample.4
In each run, a dark brown poiymeric'materiaf was

1, showed

47 No attempt was made to measure

it to be paracyanogen.
a;y gaseous pr@ﬂuct(s) nor to recover any oxa]yl.cyahide
that might not have been reacted. | S
In order to obtain an optimum yield of cyclohexyl
cyanide, reactions were run under the above conditions
using varying amounts of Béﬁzo}1~pé5683de (5-100 g;?wiii

N
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"Nuclear Magnetic Resonance Spectra. The Th NMR spectra

_were determined on a Varian HA-100 spectrometer fitted

with a Digilab FTS/NMR-3 data system

Thé,lsc NMR spectra were‘deterﬁined on natural
ab;ndaﬁce samples at 22;625 MHz (Bruker HFXEQD) or at.-
15.08 HHZ,(Brucker WP-60) in 10-mm sample tubes.

:Cr(acac)a was added to reduce the relatively long re-

laxation twme of the -C= N carbon.

Mass Spectra. Mass spectra wére detgrnineé using an

AEI MS-12 mass Spectrnmeter ‘attached to a gas chraﬁata*

graph (Varian 1400), add coupled to a computer data

system (Nova-3) with p?bgrim'DS-SD. The high resolution

mass spectra Herg-abtggned using an AEI MS-50 mass x
spe:tragraph (70 eV), which was likewise Gﬂup]&d to the

5

BLC Analysis. The GLC analyses were carried out wstng

a HP-4850 equipped with a thermal conductivity detector and

»

48



electronic integratofi or using a Varian 1520 also
equipped with 2 thermal conductivity detector which was
‘attached to a HP-3380 A integrator. Al éuantitative
values were calculated using standard ca11brat1un curves

LY

determined using knovn wmixtures of the authentic nﬁter1a1s,

-cxcopt for 3,5- diucthylhexlﬁanltrlle. 2- 1saprapylisnpenta-

nonitrile, 2- carbomethoxy 3,3,5,5-tetramethylazacyclo-
pent-1-ene and 2-cyano- 3,3,5,5- tetramethy]aza:yc1apent 1*
ene where the calibration factor of one was assumed.
Heptane, nonane, undecane and dodecane were used as

external standards.
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( INTRODUCTION - IR

PART I1

The sensitivity of radical reactions to polar
substituents was recognized in numerous pgbiieétians L
between 1945-1948.1"5 The authors explained the |
" observed effects as arising from the'CﬁntrfbutioEbéfi e
dipolar structures to the stabilities of thef}fﬁnsi—

tin tates. In subsequent year§. pc1arfg$?e;ts have

N
| to rationalize the selectivity of carbon

6-9

Een use

Ejaicgen’,oﬁd rupture by numerous radicals. ~dalling
and Mayo were the first to épply the Hammett equation

to radical feaCtiQﬂs_S!

Russell subsequently-demonstrated
that a ﬂumb;r of pieces of data taien from the 1iter§!
ture gave excellent corré]atian with g+ substituent
canstantgje éecent1y Blackburn anﬂ'Tanner1‘ reported the
correlation of the relative reactivities, toward reduction
by tri-n-butylstannane, of a ;grieé of substituted benzyl
halides with o~ substituent constant. | |

The transition state for hydrogen abstfagz?gb re-.
_actions {5 dependent upon—the reactivity.and the €lectron
affinity of the attacking radical (X ), amd efther

structure I, II or IIl may prgdnmina;eg1a‘12

(

~ R - ke P I T S R I sl i T e e Y ke A
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\
| X' ¢ RH =~ XH + R* B £
= . + + i*** .
(x ii.H!i! R#x-iﬁﬂg;-RﬂX'g;iH;i: R]i (2)
1 P 141 o

For radicals or atgyé with a low electron affinity

such as CHy', CHg'». H's p-CH3CgH, ", the transition

‘state is ;rcdictid to be best described hy cﬂnnnni:ii

farm 11, uhere there is no charge separatian, since there ‘

l

is little or no difference between the electronegativities

of the attacking radical (X°) and the carbon center in,

RH. 'In thercase of para- and meta-substituted toluenes

“this prediction has been substantiated fince for the

s .13 14 15 .16
radicals H-, CeHg's  R-CH3CgH, i and CH, the rna
values observed are very close-to zero. However, for
highly electron deficient atoms or radicals, for '
instance.AC1-, CC13‘, Br* the transition state can

,,,,,,

a largeicharge separation in thE'tran51tian state. For
these’radiﬁais and atoms a prdnounced polar effe:t is
expetted CnnsequentIy. substantialTy 1arger subs

stituent effects were observed in hydrngen abstractinﬁ
17

9

from meta- “and para- -substituted toluenes by C1°
: , .. 18 - ]
0 i'56.7 (CIZ,QCU;)i CCI3 3 o -0.69, Br H
p = <t.4 (Bry, CC1,). Finally the observation of.
correlation of relative resctivity with o~ in Feduttian

of benzyl halide -by tri-n-butylstannane, by Blackburn

=

$5

e BT s sl gl
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:ﬁd Tanngr.ijinfers that bond breaking takes place in
the transition state apd that the connonical fdrm I1I fs
the dominant céntribuicf to the transition state. The
magnitude of rho reflects the reactivity of the
attacking radica]ri.g., the contriﬁuiian’bf connical
ffbrms I, 1l or Iii to the transition state. For instance

the somewhat Tow value of rho, -0.7, for the chiorfne

atom indicates the low degree of bond breaking in the ’
tran;itioﬂ'stateg For the less reactive bromine atom .

which has an electron affinity siiiiar to that of chlorine

the rho value, -1.4, i;.indicati;e'of more extensive

bond breaking in the transition state. From these

observations it wds predicted that for a radical uiih

a high degree of electron affinity; rho should increase

‘with the extent of bond breaking. o
These observations clearly demonstrate that an

extremely useful techﬁiﬁug for probing the contributién

of these polar effects is the application of the

Haﬁmett po equation. The Hammett equation has been

applied to many types of free:radicai reactions including,

21-28 27429 (opolymerization,?)

31

additions,
21,30

atom transfer,

initiator decompositions, :djsprgparfianaticns and

EﬁscissiansgSZ

The polar effect argument has also been used to

rationalize the intramolecular selectivity data for a .

series of p-alkyl derivatives (see.Table 1).

£
]



TABLE 1

—

a
Derivatiyes

i

Substitution in n-Propyl and n-Butyl

% Substitution

Reagents R——————CH,—CH,—CH,

% Substitution
on R

C1,, 68°, liquid  CHy-
(g, 34°, Vquid  CICH,-
c12; 16°, liquid  Fal-
€, €Oy HO,C-
C1,. 25°, liquid  CHy0,C-

32

32
51
45
52
61

18
"8
55
40
2

18

a) Taken from ref. 26, p.

The results from this table show that the ability ﬁf_a

*

sybstituent to direct t?e*iitgck_af a radical with a

high electron affinity to a remote part of the molecule

~ increases in the order of, -CFy >-C0,H >CH4C00- >-CH,C1 >

. CHq. A positive-charged radical or substrate magnifies

this effect as evidenced by a comparision of the values

for C1* and ((CHS)ZEH)ENHT in the chlorination of.

hexanofc acid (see Table 2).




TABLE 2 ) (
thlorinatinn u;\E§xannic Acid, L Substitutinn at ZSE'

C
Reagents HDEC -CH, CHZiCH CHZ-CH3
Cl,, CCly 413 28 37 T8
Cl,, 90% HpS0, - -4 7 40 7 42

(ACH3)pCH) M CY, vy KyS0,. 0 0 0 D93 1

8) Taken from ref. 26, p. 308.

Protonation of the substrate and attack by a:}adicai
cation (RgNHt) shaw:ah'exzreﬁéIy Stféng polar é@fect in
that the site gf attack is at the hethj!ene gréup which
.is the furthést-remo;ed from the site of prgtgnatiani
The preferred é attack by methyl radica?s in propionic -
acid is sharply contrasted by the preferred B attack

‘of chlorine atoms (see Table 3).

TABLE 3

\ Attack of Chlorine Atoms
and Hethyl Rad1ea1s upﬁn "Propionic Acid

Re1ative rgactivity per hydragen atam

Radical B . ) ?ifl CHjp- f’;HB ) 7
CHy", 100° HO,C 7.8 7 1.0
€1, 80° o - HOC 0.03 1.0

o i o ) )

a) Taken from ref. 26. p. 311,



_ Since the bond dissociation energies are the same,

[D(éHagﬁ) = 103 kcal/mol and D(H-C1) = 103 keai/naija§’
then the difference in product distriéu;iaﬂ must be due
to polar effects. | | o !

The early treatment of the Hanmett po equatinn for a

5 and Russell, 10 which has gafned

polar effe;ts by Walling®
K wide acceptance, has exp]ic1t!y dealt ﬁ1gﬁ;p91§r ef-

“fects on tr:nsitinn states. The substitueﬁt effects on

1,3 34

small, were 1gnaredi In 1972, Zavitsas and Pinto
‘challenged the pa1ir‘effe;ts arguments., Zavitsas had pre-
viously shown that for hydroéén abs;ractigns of the type
X-H + ¥' —= X" + H-Y, accurate energies of a;tivatfun
could be obtained from a simple caicﬁ?atiani35 The data
“needed are ir stretching ffequencga'BDE; masses, and
bond length in the stable moie;u]eSVXeH, H-Y, and X-Y.

Anti-bonding interactions in X.-.Y in the transition

state were found to be a major factor n controlTing the

energies of activation. The polarity of the X-Y bond is-
reflected str@ngly in the ir. stretching frequency,

which in turn affects the calculated antibonding energy.
Thus, based on his semi theoretical ca1cu1;tians,35
Zavitsas concluded that the qualitative concept of polar

-

effect can-be trea;ed'quantitativély,withﬂut postu-

lating charge separation in the transition state.
To support this argument, Zavitsas and Pfﬂ1334



‘presented a linear correlation between p and AH for the
abstraction of hydrégen atoms from the ring substituted
ta?ueneszpy ci-, Br-, t!BuD‘; EC]3 and'CEH5 . These
workers suggested that the effects of polar substituents
on tr;nsitianistate stabilities ﬁ!F; unneceséary con-
sideratiép; in rationalizing the relative rates of
hydragén trinsfer reactions of free radicals with sub%
stituted toluenes. » E

X+ AréHZ;H —- X-H + ArCHy Q)
Tbei proposed instead that the effects observed could
be adequately éxpiained on the bésis of the éhagges
effected by the substituents on the baﬁd dissociation
energy}(BDE) of the benzylic C-H bond. Since only
négiiive rho values had been reported for reactions
aﬁaiaguuS'to equation 3, Zavitsas suggested that eiecsK
tron=donating substitugnts: ﬁeikan benzylic C-H bonds

‘ —‘_i A
and electron-withdrawing substituents. strengthen these

bonds, and that all such reactions must have negative
rho values purely because Qflsubstitugnt effeét§ on
" bond di§saciation energies. Zavitsas, ;::refnre; con-
cluded that it would be 1mpassib1e to obtain positive
rho values for hydrogen Ibstrictian reactions frgn
toluenes. . . o .

There are, however, Eunfiisting reports regarding
the proposed linear relationship between p and AH. The

T4
)

60



rho value for hydrqgen abstraction from substituted
toluenes had been determined for the tert-butyl peroxy
radical, p’ (t-BuOO')v- -0.56.36 From the estimated BDE
of-t-BuOO-H’37 it was pointed out by Houard that the
point for tert- butyl peroxy radical would not fit the

]8. in a reinvest1gatinn of

_ p/AH g]ot.' Tanner et al.
\wierﬁlative EateS”of,fhe ﬁhotoinitiated bromination of
| s bstituted tb]uenes with bromotrichloromethane, re-
evaluated the'?ho value for trichloromethyl radiga1,,
o (Ctl3)'- -0.69;, and in that paper it was pointed out
that this new point, which was one of the original

points onwthe Zavitsas p/AH plot.:’-4

did not fit the plot.
At the tjmé that the analyses of the substituent |

effects were %ﬁbli;ﬁed by Zavit;as.34 only electrophilic
radicals had been investigatedu The negative rho %
values obtafned in these studies could be rationalized,
either by‘Zavixsis' proposﬁ\ or bythe traditional polar
effect arguments. However, a number of studies involving
the abstraction reactions .of nucleophilic alkyl radicals

» from substituted toluenes were réported subsequent to

~lavitsas' proposal. The alky? radica]s te ;-buty13a'39

(p = +1.0).'isopropy1 (p = +0.8), undecy14° 41 (p =

+0.5), and l-ethylpenty142 (p = +0.7) 211 were reported

to show pos1t1ve rho values These observations sbntra-

I .

dict Zavitsas argument that only neqative rho vaiues

— - ">

- should be observed for hydrogen abstraction from toluenes.

61

34 -
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: haéhbegn questioned by Zavitsas.

_abstraction from toluenes by undecyi.4°‘41‘3—hepty1.

111)

” -

- 62
The validity of the published positive rho values
43,44 -According to the
author, reported positive rho values for benzyl hydrogen
42

and tgrt—but;135 radicals, are the results of homolytic

aromatic substitution (S:ﬁene 1).

i)

iv)

I e R g s e P B Bt .

R T

U (scuEME 1) T



e

In the study of polar effects using the above radicals,
the authors assumied that only the first of the four
reactions shown in Scheme 1 is important. However,
according to Zavitsas, éyﬁ1nh:x§dieny1 raéic:] (IV) re-
sulting from additon of the radical (R') to the aromatic
ring, s potentially a hydrogen domor (see Scheme 1).

A wqualitative estimate of ring addition compared to

benzylic hydrogen abstraction was made by determining the

relative reactivities of substituted toluenes and the

analogously substituted benzenes toward undecyl radicals.

From an analysis of this data he concluded that con-

siderable ring addition had occurred®with both aranafic

systems which contain electron-withdrawing substituents,

whereas benzylic hydrogen abstraction was.the predominant

process with toluene substrate having electron -donating

substituents. A Hammett plot of total reactivity

(ring addition and hydrogen abstraction) of the toluenes -

was shown to -give a rho value of +0.4. From the small

basitivz rho value, Zavitsas concluded that the positive

Hammett s1ﬂpes reported by Frynraa -39 and Henderson‘z

were the result, primariiy. of addition to the aronatici

ring, rather than abstrattfﬂn of benzylic hydrcgen;

In centrast to the report by Zavitsas‘z 44 that

the observed positive rho for alkyl ?!d{c!?s ts becfuse -

of the importance of\radical addition to the ring,

Pryar‘o found a ne,,i%ible amount of undecyltoluene and



- . ! _ '64
no ;y¢1ﬁhex;;{:nyl dimers in the reaction of uﬁde;y!
radicals with toluenes. T:gg:*ésici,; reported iiéigni-’“
ficant amount of addition of I-EthylZ:ntyi radicals to
toluene (*Giiil and:estingted, k“/liid to be between
"6 x 1073 and 8 x 1073,

46 cuestioned the

More rléﬁitl; Tanaer et al.
experimental validity of the puéitive rho values in the
reaction of alkyl radicals with substituted toluenes and
pointed out that the reactivity of a relatively un-
selective carbon-centered alkyl radicals, not attaéhgd
to a highly electronegative atom, would show little: or
no correlation to substiéuents and would be predicted to
have a2 relatively small value of rho. In agreement with
thislpredictian the fﬁa vilue found by Russell for

phenyl radical abstractian]‘

16

was -0.1, and that found
by Pryor for methyl was -0.2 £ 0.2. It was pointed
out by Tanner®6 that in thEITight of these predictions,
tngxhigh positive rhﬁ values reported for hy;rﬁgarbcn
" radicals (undecy1.7+0.§; isopropyl, +0.8; l-ethylpentyl,
40.7; tert-butyl, +1.0) were surprising since their re- .
actions should be quifg exuthernic and&unseiectgve
. , B T
(-AH = 6=13 kcal/mol) and thefr difference in electro-

negativity compared to thewﬁgnzy1 carbon sﬁéuid be

rather smalt. - ; . - T P

In regna:ihing the experimental data which lead
to the proposal of the positive rho value for 1-ethyl-

L

-



pentyl radiggisilz Tanner et :1;.45 showed tipt‘thg
‘relative rates of ﬁydrggen abstraction from toluenes
“and chlorine from carbon tetéaehiofjde, kH/k§1,ich;ﬁge
aniy.by a‘f:ctnr!uf -3 when the substrate was changed
f%@m toluene to p-cyanotoluene. Furthermore under the
_,:ast‘fava%gblégcanéitinn; for the formation of hydro-
carbon, the yield of heptane amounts to only 0.5-0.75%

of the 1-ethylpentyl radicals produced. Since the
a

Egdica1 disproportionation products, zsheptene.ﬁBshegténe

_and trans-stilbene were produced 1ﬁ!much highe;'yield
than the heptane itself, it was not experimentally
bossible to determine Jthe genesis'afithis small amount

, . - o .
" of heptane that may have been formed by abstraction from

‘the toluenes or from disprogort!nnatfun_ It was evident

fr@m comparison of the yield of 3-chloroheptane (7@1)-
to that of the hydrocarbon, that toluenes cannot ;aquiq
effectively with carbon tetrachiaride for 1;cthy1hgpty1’9
radicals. On the éasis of these QXﬁérinentai observa-
tfbns; the va1iditj 5f the reported positivesrho value

for the 1-ethylpentyl radical .was in questiani45

In the course of the studyrﬁf the decomposttion of

gertabutyi’péinx;pivailte (BPP) and fts substituted hanai'

logues, Tlnnér et 31!47'48 had an finterest in investi-
gating the fase of tert-dytyl radicals in arematic -
solvents, in the presence of r;éicli se:vgng&és; They .

had noted that in~thésprcs;5:e of thiaphenéT the uni-
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nolecu1ar_rite of decomposition of BPP was not :ﬂ;stint.
and that thioester (see equation 4) was the major
product in the reaction.
7 ¥
D sl
-)—3—0-0—*— —:—E -{-SPh + +H '+ C4HgSPh + Others (4)

PhC1 ,
PhSH v

The positive rho va¥ue reported by Pryor for -
tert-butyl radical was based on studies of both BPP and

2,2'-azoisobutane (AIB) decompositions. Since there

~was a question concerning the mechanism of the BPP

decomposition, the acéuraey of the entire repﬂff was

‘questionable. Furthe?ﬁore the obsérvgd positivé rho .

value of +1.0 for the tert-butyl Fadica1 based on the

) previous arguments. seemed unreascnabTy high. Since no

analy‘ of the _products of decgmpositian was given,

the reaction was reinvestigated.

The method used by ?rynr.SS to obtain the relative

selectivitiés for abstraction of the benzylic hydrﬁgen

by.tert-butyl raditals. was a gonpetitive one. Mixtures

‘

of a chosen,, substituted té?uene. and deuterinthiuphena1}

or tert- butyl -erc:ptan d, were used as salvent LL NG f

uhich to carry out tha phutﬁ:hemical decomposition of

2, 2"azofsobutlne (AIB) or BPP.
Thef;ert-but!? vadicals produced in the pﬁpt@i;sis

were pro;uihd to ca:pntit%vei;’:b:g;qct either dduterium

4 . -
N -

N



qun tﬁio] (kSD) or a.protium from the benzylic position

of the toluene (k,). The ratio of isobutane to iso-

;butane 2-d formed in the reaction (mass spectral analysis)

ua;\related to the reIative rates of abstraction (k./kso).
The formation of isobutane conceivably arises

from a number of alternative sources: {Scheme 2).

Y +.Q’-_+§_i>.@ . 9-",‘; |

3t e R

(SCHEME 2) ) R

Addition of the tert-butyl radical to the

_aromatic ring to give a cyclohexadienyl radical {eq. (1)
Scheme 2], followed by hydrogen abstraction by a tert- '
butyl radical could give isobutane. The importance of this
.pathway was rujed out by.PryoF’since,no.Eggg-butyltoluene

~ could be detected in a reaction mixture obtained from .
:i ;be reaction of AIB in toluene containtng thiophenol.

.The induced decomposition of AIB [eq. (115. Scheme 21
was also ruled out based on th‘ result of the following
experiments. Neitgpr 2vcyano-é;propyl nor tert-butyl radi-
”vi:ns. 'pr‘dduced‘\by éherno]ys{s of azoisobutyronitrile or tﬂ1—

buty! peroxypivalate at 80° in a solution of AIB in

\
\



"toluene,_caused the—concentration of AIB to decrease.
The other soyrces of bjdfagen ﬁhitﬁ were considered

in the formation of isobutane, are shown in Scheme 3.
’
. o . a . '77 . .
1) % + ArCHy —2pm H + ArCH,
. 'ﬁ - N ’ ; :

1) =+ phsp —2Dmp 4 ps”

141) g) + PhsH —2HMm )y + pns- ' .

i
|

iv) [2

(SCHEME 3{

Pryﬁrag made the usual steady state assu;gtians;
and derived the following kinetic expression using the

reactions considered in Scheme 3.

éE;)sH]/dt ky[AFCH3] kg, [PHSH] kdecﬂsn-itiatarj
M- = = - +  c— -
d[—=D)/dt  kgp[PhSDT  kgp[PhSD]  kgp[—)-1[PhSD]

Sl o]

—— (5)
ksplPhSD]

khere . is the fraction of the radicals which react in

the cage and k,,. is the rate of decomposition of inftiatore

The equation (5) could not be integrated in this form.
Mowever, the authors made the following simplyfying
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assumptions whicﬁ allowed them to 1ntegr;te_thg simpli-
fied equations:

It was recognized that-isgbutane may also be fﬁfﬁéd
by disproportionation of the radicals produced from the
decomposition of AIB both in the solvent cage and after
escape: from the CBQEE(EquEtiDﬂ iv). The latter process -
was ruled out in the case of AIB by the é&ugﬁst?gtian
| that the :bséiute yieid qf combination product (2,2,3,3-
tetr;methy]butané); formed did not change with increasing
thiol concentration. The low yield of dimer was used .
to estimate the extent of cage ﬁiSpera}tionatian_ The
ratfo of ~5 for disproportionation ¥o ;ombination for
;gigﬁbutyi‘radicals_Qad previéusiy beenvreportejffgp
Since only a small amount of combination product was
found, a Timit of (~5%) was- set on the importance -of
‘cage disproportionation. In the case of BPP isobutane
does not form by cage disprcportinnatian,so and it was
» assumed that, as iﬁ the case of AIB déc@mpesitfan, thg
high concentration gf;séaéengers (toluene &nd thio-
phenol) ﬁoulé stévenge‘aﬁy radicals which escape.from
the cage prior to seif"réaﬁtion,_

The assumptién that the last two terms in equation
5.(disprcﬁartiaﬂatign terms) ire‘négiig{b1e allowed
them to integrate the exbressign;and{use the f@TIoﬂing

" “integrated form, equation 6. -

-



[)-H1 . K, [ArCH3] | kg, [PhSH] )
[-01 * kgp[PhSD]  kgp[PhSD] -

. t
The complication due to the formation of isobutane from

"thiophenol impurity present in thiophenol-d [eq. (i{)

Scheme 3] seemed to be unimportant since this ratio of
H tayD abstraction was constant in atl of the relative
reaction rates run. Since the last term in equgiion 6
is considered to be constant, ky/kgp for each toluene
could be obtained from.the slope of a plot of [—-H)/
[—5-D] vs. [AFCH3]/[PhSD] I1f one assumed that k¢p was

censtant for a series of reattions carried Qut using

-different substituted toluenes then the relative rates

of abs;ractian from these toluenes have been determ1ned
as the ratio of any two 1nd1v1du31 reactians
The majar Timjtaticﬁ in using this kinetic ana]ygis
is the assumption that the benzylic hyd%agen of the
arylalhane was the only kinetically important source of
protium a;ai1aETE for the formation of 1sabutanei ,
However, the results obtained by Tanner et 31.46
on the photodecomposition of AIB and BPP in mixtures of
thigphenoisé and toluenes are not in accord with those

reached by PFYDTiSB‘BS . The resuits!of AIB photﬂaecgmpagfa ‘

tion are shown in Table 4.



[
s

A
]

‘peLousNdO LNy PuUR wOd

40 nﬂh3ﬂ§§i wp g1y o =§§ﬂ—ﬂ§E!QUﬁﬁ W) uj pun

o4 *[aSu"2)/

ﬁaamsguggaziu;

N ATLE) PIEERARGT S 'LEY | SRR I TR T TRVRE MUTURET LMY IR LSS R A LR O

. “([51%250%K%3] - [%w¥3) - [Olu?21) se peaaegadiey (e
{0-)0"0 §°6 12 '8 12 L L8 €ustuI20%493-u
vz 2'8. »a '8 ¥'19 0'92 o028 379205930
| . 96 £°sl 870 9L 2Ov 692 (8 €ua%4%205497-4
v el 2°s¢ 18 ¥°9E 142 L'¥8 Eua¥u%05495-4
86 26z 892 oL B2 L9 R UL Eua¥u®ren-u
15°0 ,, 6°€l €8t I'6  S°LE  8°SS  L°69 €ua?n¥ren-d
L€ L2 6°¥L.° L8 0°lE 9By 0°9¢L Euavudren-¢
(2°2-)o'0 L ] o°rl §'OL L2y MR LVEL Cua?u%313-w
9L £ 1 it v'6 025 90 (WL Cua¥udan3-d
09l 9°€2 9" 12 6°0L SLE 0°9€ L°Z8 . wa"wdn3-4
99°0 £ Ve e vsz XYY €ua¥u¥313-0
82 6°EL 5982 't vez ey 2 Eua?u¥s13-¢

(£:2-)0"0 oz ¥82  £l's  €°BL €ids 8799

29 v'82 viE 086 L€l 08y S'EL

, a ; :
o B e B, o X 6
TR L TTR "
qPP3138440) o PRI204a020p . .
. (W £-9°0)054d 4o 95uasaug uj (W 1°0) BIV 4O UO}I}SOWOIIPOIOYI ) .
. R |



The rglatﬁvg reactivities for the decatpésitiaﬁ
reactions of toluene solutions of AIB (0.1 M) in thio-
" phenol-d (oié and 3 M) were calculated from the data
collected in Table 4 according to the method previously
reﬁarte¢§42 "Hammett plots of 159 ka/kaa vs. the sub-
.stituent constants, o, gave positive rho values, in
aQFEEment with Pryor aﬁd Davis,38‘39 although their
magnitudes (+0.53 and +0.55) are not so large as that
previously reported, +1.0. This discfépancy was at-
tributable, however, té the difference in the method
used to caicuiate the braduct,ratios obtained from the
data collected _from the mass spectral anai;sis.‘é t,-%

From the examination of Table 4, it is obvious only
(0-16%) of isobutane is formed by benzylic hydrogen
abstraétign, A large portion of the g_giﬁutyl radicals
(~25%) abstract deutefiumifrom thiophenol-d. The major
fraction of the remaining tert-butyl radicéls appears
to Qisprapgrtionate tn‘fnrm‘ihébutylene plus its dis-.
proportionation partner isobutane. The isobutylene plus
its addition prpduct and an equival®nt amount of iso-
butane formed by dispropartinnéticb account for 71-95%
Gﬁutane, The‘disprapoitionatfon reaction was shown to be
a cage process, since the absolute amount of isobutylene
did nq} change by varying the concentration of the

scavenger, thiophenol-d.
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Since it has now been shown that the third term

(cage disproportionation) in equation 5 was a ﬁajor

.term, the expression does not appear to be ehsily in-

tegratable and equation 6 is no longer valid. - -

- However, the systematic variaiion of ka/kSD’ which
was obtained by determining the ratio of products
[C4H, 01/ [C4HgD], could be related to the viscosity of
the substrates (solvent:s).‘6 A plot of the logarithm of

the viscosity of each substrate relative to toluene vs.

the substituent constant, o, gave a good correlation when . -

the values for m- and g-ﬁhenqutoluene. were excluded.
Noyes' model (equation 7) for the solvent cage re-

attions predicts that the fraction of’bimolecuIar reactions,

F = (l/cige efficiency)-1, which take place in the solvent

- cage should correlate with the fluidity of the solvent,

1/n.

51

.. (R°-2b> +(_R£> (AT + QAEX1> . (AT .AE>(1>2 (7)‘
A 2b 2b/ a n a n/ | }

Since, m- and p-phenoxytoluene are both solvents

: I's
of high viscosity it was not surprising that they did not

* In this equation R is the initial separation .of the

fragments due to intervening molecules, Ag, the trans]atjon$1

energy of the separating fragments, AE' AT. the mass and
radius of the fragments, and a, the probability per colli-
sion that the potr'nill;roact. |

-
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fit th; plot of log (re]aiive visgosities)rii_ o. A
'p1atinf log (relative rates) vsi fluidity of the solvents
‘however, did give an exceifgnt correlation. '
' Since k, /k¢p appeared to be related to the
viscosity of the media, the:relatianship suggested by
; gquatiap 7 shau1q be applicable in the presént system.
| Thé:ﬂﬁj2§' model ;a; t:sted bj ﬁiafting 1/cageryie1d
vs. the fluidity of the so1ggnt! An g;ﬁ§11ent correla-
ﬁian'was obtained which clearly demanstfgted that the
cage yield of fsobutane, the major fraction of iso-
butane formed, was dj?eétly controlled by the viscosity
~of the solvent. Siﬁée ft is believed that the cage de-
composition: products of BPP do not yield isabuténe.sa-the
observation by Pryor and Dav1538‘39 that the relative
rates derived from the perester decomposition $1sn cor-
relate with o is an anamoly and, therefore, must be due
to effects other than the solvent viscosity. A pint-oS
o vs. log (ka/kaa)'abtainedrfrcm the dita collected in
the study reported by Tanner et aig,gsxfa? the BPP de-
composition did not give a satisfactory correlation.

39

s!fhe discrepancy between the study by Pryor 46

‘and Tanner .

on the decomposition of BPP may have.been due to the-more,

rigorous mass spectral analysis, in the latter work, of
the hydrocarbons produced in the reaction. u

It uaaﬁ;cne]uded from this work that the positive
p value reported for ;gggsbuty133‘39

no correlation (BPP decompesitions) or was an artifact of

radicals either shpwgd
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an experimentally ab;gfveﬂ cage disprap@rtianaticn»?eﬁ
—ﬁacgian (AIB QEEGiPDSitiQﬂS)n | .
" Careful examination of Table (4) reveals that the -
d1sﬁraport1onitian to combination ratio, k /k -is nat
constant over the range of solvent visﬁcsities used
(0.56-3.46 cP). However, at that time the variation,

(kd/k = 4.6-9. 2) was attributed to the experimental dif-

ficulties encountered in the analysis of the small amounts

of combination product, 2,2,3,3-tetramethylbutane, pro-

-duced.
usual care is required for its analysis (the absolute
amount of combination product ﬁaS;fQuﬂd>by Tanner 46

‘ )i38;39§:

to be ten times larger than that reported by Pryor
The factors which are known to influence the ratio of
disproportionation vs. combination must now be discussed.

In the early studies of radical-radical termination-

proposed for the terminaticn reaction of two ethyl radi-

:;1;;52‘53
7 ; ‘ EHZSCHZ + EHSEHS
2 CHaCH, —= [IN_ = (8)
3 2 CHZ* - Y - )
' CHBCHgCHZCH3 ?

This brepasai was based on the very small dependence of

4 , i R s = 7 I i *‘D-752 . i k oej
- kq/k. on t-npcratur- (kdlk,:u.T <) or kg/k, = 0.087,

ss‘féund a temperature

exp (371IRT} However EilTis :
' dependence for kd’k \5gxpiﬁi901RT) for ethyl radicals
o ’

The hydrocarbon is highly volatile, and more than - -



in 1iquid methane, and suggested that combination and

disproportionation might proceed by way of different

transition state. Gillis argues that these findings

are compatible with the proposal made by Eenson§s that
both reactions involve transition states with con-
siderable ionic character, but that the transition
states are d1fferent and that there ;Duid be more con-
tribution from fonic states to the transition state
for disproportionation than for combination. Solvation

in the 1iquid phase, even in a nonpolar 1iquid 1ike

_ methane, would therefore be expected to favor dispropor-

tionation. The-ia;k of a sié@ificaﬁt temperature
dependence of the kd/kc ratio observed for alkyl radicals
has also been rationalized in terms of difference in
entropy for the t?o prncegges:ST

Hog (kfko) = a (854°-85.°) + b 9

where a = 8/2.3 R and b = B (AHEDEAHdQ)Ii,S RT + constant.

The above equation is representative of a straight

line only if b is constant. However, Konar>3 and

Laid]ersg using data available in the literature failed

-to find a correlation between kd/kc ratios and AS values

via equation 9.

Another factor which could influence the kdjkc ratfo
60 ..

ratio is a steric effect. Ruchardt,® using data taken

‘from the literature, showed that the ratio of dispropor-

tionatfaniﬁogbfnition‘of a number of alkyl radicals .
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~correlate with theiﬂanébek

' 17

61 steric parinetergESG_ The

41ky1 radicals used in this study are shown below:

The radicals are arranged in the order of increasing

Es values and kd/kc rati555

e

This relationship however breaks down when applied

" to radicals which can be stabilized by resonance. For

instance, the point for the cumyl radical (EsC = 2,35,52
kg/k, = 0.06 ) did not fit the original plot of k,/k_
(nBH)'ve:sus Esc, o '

It has been shown®?

that the disproportionation-
combination ratio is specific for each radical and
further that the g#tent of dispfapertionation of
siﬁp1ezi]ky1 radicals 1ncré§ses with an increase in
the numbér of E!hydrggensiavai1ab1e for transfer ,
(Table 5). fﬁ\
TABLE §
Disproportionation-Combination Ratios (kq/®)
for Alkyl Radfcals fn Solutions at 30°54

Alkyl radi;alﬂ | 7 ,Sﬁi?gntW,,A, kd/kC kd’ﬁc‘ﬁ) ;-

CH3CH, " Decalin 0.12 0.04

CHyCHaCH,®  © -+ Decalin 0.13 0.075

~ CHyCHTH, Decalin 1.2 0.20

€H3—$-Eﬁ3 ' - m=pentane 7.2 - 0.80 -
CHy ‘ |

The n is the last column 1s(ﬁﬁé number of gvi%iibigégihjéraﬁen'itamsg
. 3
D i

L



e

.indfcate that the factors affecting disg:apnrtianni{nn

78

The normalized values of k,/k. in Table 5 clearinm

are more than simple statistical ones. It has been

suggested that orfentation of the_radicals may in-

&y
T , 5,66 . »
fiuence cambinatian,s"ss that ts, for large radicals

such is'tErt-buiy1i rotation is slow relative to the

_duration of an encounter and only a small number of
‘radicals are correctly oriented for cambinatian’duéing

- each encounter. On ‘the other hand, disproportionation is

much less fafg}abie when the radical is stabilized by
de1nca11:at19n of the unpaired electron. For 1ﬂ5t!ﬂ§2;5 .
kd/k per 8-hydrogen is 0.023 for 1- phenylethyl

al E7-and 0.06 for cumy1_53

first report of the dependence of, ky/k. on media
(solvent) was reported by 5tefan168 52 in the phatﬂ]yéi
;isvnf azoethane in different sclyent; at 65°C (Table 6).
A linear ré]atiaﬁship was obtained between LPTA

and the square root of the internal pressures of the

Lsalveﬁt; employed. The values of ky/k. changed about

66% from the lowest value in isooctane, to the highest,

in eth;]éne glycol. Iﬂ the same study Stefani showed that
the kd/ké ratio was téiﬁérgture dependent. On the basis
of these a;servitians the authors®852 guggested that the
kg/k. ratio is a. function of the 'internal prgssuv: of the

solvent. Dependence of th: kg/ke ratin on solvation af




=

’ JABLE 6
Eisprapnrtinnntian Combination of Ethyl Radical
as a Funetian of Suivent 65‘SB
Solvent . Scavenger ky/k.
:ans pﬁ;sg i iéﬁg I ¥
Isooctane None ' 0.14420.003
Isooctane Sytrene 0.145+0.007
Limonene None 0.15820.005
Ethylbenzene uu" 0.15620.001
m-Xylene 'iﬁﬁg ﬂiDiIESiD;DGB
Toluene . None ©0.167£0.003
2-Butanol ¢ None . 0. 168307683
Z-Propano!l Styrene 0. 17Btﬂ 001
]-PFQP!“D1- Styrene 0. 181£D 003
Anitine .- Styrene 0,1Q5:0,001§
“Acetonitrile None 0.20020.006
Acetonitrile Styrene 0.20820.006
Ethylene glycol None ©0.241%0.003
& S
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radicals was ruled out by Stafani on the basis of the

observation that no correletion was founo between'the

k /k rat1o and the dielectric constant of the

However ”1 .

decal

varies ‘?dg]y in these so1vents

For ra‘ica]s where no d1sproportiona

65,66 7 "™

af alkyl radica]s. showed that the kd/k

.ratio-

gned thé same 1n hydrocarbon solvents, usfng

solverts.

re-

1n an 1nvest1gat\on 1nvo1v1ng a variety

pentane,

and Nujol, althOugh the ”interna1 pressure"

twon us possible

Szwarc de strated that the probability of the
cage cOmbinationq§>‘!!rinhtely formed trifluoromethy?

rad1cals (CF ) obta1ndo from the photolysis of 1, 1'-azo§

.o

bistrifluormethane. 1ncreases with decreasing temperature

‘ : JABLE 7

‘and increasing viscosity.of the solvent (Table_7).

/

Probabilnty of Cage Combinations of tF3 Rad1cals
in Solvents of Different Viscosities

. | | r—-—czrs/nz*—eﬁ |

Solvent n(cP,21°) 0° 30°  90°

2-Methylbutane ‘ 0.232  ° 8.3 . 0.21 0.11.

Isowctane -  0.484 0.49  0.40 0.28

Carbon tetrachloride 0.944 0.64 0.51  0.34
0.77 0.6% 0.50

Decalin . - . ~  2.85
o ’

A

]

ratios.

*Probability of cage conbiaotion was ‘celculeted as. CZFEI"E



HdﬁéQer, the p%nbihfiity!éf génbinatiaﬁ'af caged -e;h}}
- radicals was found to EE~%u§h3higﬁer than that fnuhd!
foritrifluoromethyI radicals. 'The authors Suggeétgd
that this might be due to the higher rate of r@tati@ﬁj.fg
;f methyl when eompaféd Hfih tfif?uoraiethy{: |
The variatiéns in disbrépartianafian and canhinaﬁiaii
products were aTsa rePDrted by Nelsen and BartIetth tn

the study of the phatadecnmpnsitian of azocumene (Scheme 4)

CHy LMy CH, CH.,
TA) PhCNeNeC Ph" ——1- Ph- “2 *C-Ph
- H3 | CH3 EH cage
- E S
cage products |
i) Ph’\? N —épi kaits ht c
' ) ;{c . Ny P a-;—s—.-p- - 2 Ph{CHy),C° + N,
Hy CHB 1 cage P& -
Cidin . Kg oy ey
mv)T Ph(CHy),C* ——=— Ph(CH,)C=CH, + Ph{CHy),CH -
. k; , " o
"l.v) 2 Ph(CHV3)2C’,_§§i- Ph (et é)ECC(CHE)EPh
_ (SCHEME 4) = - / :
D B L Y

81 .

~_in bénzene sotution at 20.5°, cumy! radicals e 'rf’"'*‘;”'”*é

c00p1e'predph3naﬁt1y to givé*biéﬁﬁyi with kd/kéfr

?
-



- 0.06 nnd in frﬂzen benzene, at abnut -Eﬁ, dis-
prﬁpurtiﬂnatian and combination occur at a1mast tﬁe;
same rate, k,/k. = 0.93-1.05. However no convincing
expTanatjnn was given for the difference of kd/kc,{n !

‘solution and scTid benzene The medium effects on

dispropartionatign combination rat1os have also been ;!

studied by McBr1deEg‘70

of azabisisnbutyraﬁ1tri1e (AIBN). as a model reaction

‘(.eme 5) . ' _‘

| i!l=:'

using the phntadecnmpasition_

82

‘ A X
CHy = CHy CHy * {HB
NEE—(';-N=N—1:.‘ﬁCEN —— |Nzc-{f Ny - "C-C2N
éHB" CH, &_HB CHy
AR ¥ - :
B! .
' CH CHy :
3 .
E -Néc-tl:'—{:- ZN - (TMSN) L&
/ . CHyCHy -
—S ;c=c=-§-sc£ (K1) .
\ CHy Oy
-  _CH CH
, 2 3 5
NzC-C + ﬂ& C=N (IBN) |
- NeH  CHy .
. Hy H3
_(SCHEME 5) L
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" Photolysis of AIBN .in benzene solytion produced ~40%

tetramethyisucciggnitFi]e (THﬁN).,aSZ isaﬁutyranitﬁiTé‘
(IBN) and -55%2 ketenimine (KI). ' Hnwever, phata1ysis of ’
crystanine 'solid AIBN praducee& 96% IBN, ~4% THSN and
<0.5%.KI. The amount of disprnport1onatian praduct

L}
(IBﬂ) is pdeMEEd in an. increased amnunt at the expense

of the symmetrﬁca] combination prudu:t (THSN). as the

viscns1ty of the medium 15 increased Thfsiﬁbservatiaﬁf‘*

was rationalized in, the fn]1nuing manner: A d1spra—
pQrt1anation reagtian, to y1e1d IBN, requ1res nn?y the
mavemeat of the nitFQQEﬂ Hn]ecu1e and the rotat1cn af

one methyl graup, while  a ﬁptiun of the nitrnggn and 311

inf the atoms of at least one rgdicai uuu!d be required

to. form the :auplfng product. Thg more viscous mgdium_

himders the latter process. -

Different,ké/kc ratiosrhave also been reported for )

fértsbuty1 and iSaprapy1 radicals iﬁ difFerent media.

. The ratio of d1sprcportianntian-combinatiaﬁ far tert-

!butyl radicaTS thannes from 2. 3 4. 5 in the gas pha5264

to -7.2 in nprntaﬁe tn'ssoo 1n the solid phase (1su§

‘vbhtyiene) ?1i72 Far 1sopre$y1 rad1cais, the k /k ratio

WP

has been repart&d to change ‘from 0.65-1.1 in the gas’
64

phase® to 1.2 in decalin®® to 1.6-2 in solid phase’1+72

(photolysis of azoisopropane at -195°).

73

Verg:rgcgn;I;‘Fischer'k reported the viscasitj;',

dependence of the product distribution obtained from the




self reaction of tert -buty! fédica1s' The rzpart

appeared to have a significant bgaring on the seemingiy
incansistent kr/k rat1gs observed b; Tanner 55

84

previous paper Fischer™ -had shawn, from the study of tke

ﬁhot@1ysis of di tert hutyiketane. that thL self ternina—

tiaﬁyrate constant k (k + k ) of tert- buty] radic;is,'

R*, in sulutian is gaverned by trans1ationaf’diffus1an,.

i.e. avery encaunter of two "free" radicals, that forms

a caged-sing]et pair before reaction, results in formation

of products; isgbutane, W (+H); isobutylene,-R(-H):

4. and

£

2 +3,3- tetramethylbutane.h -R. R ,
B ~ .
’ x - S P
C' S 7 , —JLihnR(+H) + R(EH)}Pd' L /F
i"’R* + R —2 R~ | _ L - (10)
-i—:-nn— EER}PC | , '

T:’ tErm1nat1an rate canstant for twa tert butyi

radicals. was shaun to be diffusiun :antrailed 74

7 x 10 5? k {2 X 1610 ;'1. and in;:eased not nn1y'
:by 1ncreasing temperature but alsa with decreising
sp1vent molecular weight (Table B)._'Furthermare a

1inear relationship was found between the termination
rate cénstant (2 ke), and the reciprocal of viséos;fj'i .

(T/n) of the media, i.e. for non-associating Tiquids.

*

In G q! :

&

84
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. hithe reactions. were studied as a function of their

o
E

=

<o
-_'®
v
-
o

TABLE 8

Tgrn{nation Rate Constant of tert-Butyl Radicais74

Solvent

-
g |
-
et
—
[ ]
o
-
x>
}
—
L
L]
—

n-C_H 297
'8 l&» 326 .
343
367
~n-C - 297 -
| 10 22 325
’ 343
367

O L N s B N
(LR W S Y e L L
L]

"n-Cq4H 297
B T M1 326

o
¥ -
-
W R —

358

Similarly. the product ratiasf P /PC. produced frem

I
Ya

vari&tion as a result of runﬁing the ﬂecompositians-1ﬂ'
a variety of solvents and at different tempe:atures73
:(Tabig 9)3, From thgsg results, /%1s¢her concluded that
the controlling factor which determined the variatiaﬁ
in the product ratias was the viscosity of the nediai-zv

A.correlation of k jk with the entropy difference

be tween disproportionation and combination products cnuid'

be cxcludodwbascd on the marked temparature dcp-ndgncc
of kd/kc and strong medium effects for tert-butyl

. /
(g

SrE e et




TABLE 9

f“éﬁfspraﬁartinnatinﬁi;aabihatiﬂﬁ Ratias,tkd/kﬁ.

“for the Self:Reaction of tert-Butyl Radigals:;

7

Sagveﬁt

[ec)

T

kq/k

c

18 .

n-CyoMz2

n-Ciafes

(e

LETLIYY

n-CreH3q.

© . t-BuOMH/Plinaco! 1:2

2
25

T
87

25

50
87
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"AtldfCl1S in the liqnid phase (Tebie 9).

Ao

So]vation effects were rhpwﬁ not talbe in nccard )
with the increase of kd/k't*ith the chain length of
the n-alkane solvents There is, however, a limited cor-
relation in Fischer's data between'jntifniivpressure of .

;he solvent qnd'kd/kc'ratio; Inﬁéeﬂ. the trend of the, .

“internal fressure Py in n-alkane solvents 4s similar to. .

‘that of k,/k., i.e., p; fncreases with the solvent chain

h.75

lengt However,-fhere i$ a discontinuity in the pro-

posed relation between k,/k. and p, at the gas-liquid
change of phase.” “Going frpn gas phase to Iinqid the

\ : .
internal pressure changes by a factor of *103i’wh11e

) ,
ky/k. for tert:butyl radical changes by a fac®or of two
or less. 64 This is 1n marked contrast to the more than_

'f1ve fold change of kﬁlk' for tert-butyl. radical ia the.

liquid phase, observed by Fischer. for a simiTar change
in internal pressure. ‘ »

- The dependence of the product éistributian nn'

the viscosity of the medium 1s ‘one of the ;riterian

which is. often diagnostic of a cage effect Tné

concept of a solvent cage was first proposed by Fraﬁf'

1|nd'l!atn'nowjtc-,h.;6 and was extended and giabarated by

Noyes.77'79

The importance of cage reactions has been amply

T e



Tanner - et al., 1n the phatedecampnsit1nn af 2,2'-

“establish shétherliseﬁFepyl raddcals geweratgd by the

- Since the- mﬁﬁtea positive riho vatue for the 150

s )aa
= = . L 14 =, ) i‘;ﬂ
denanstrated in 4 nymber of reactigns invalving 3

geminate radical piirs BQ : . . !
‘» : - .

Acagrd?ng ta the Noyes' made1. ilcage efficienc:

~{F) should be l1near1y re]ated to the f1u1d1t: /)

of the nedia extept in the most fiuid solvents, where

the square term, (I/n) “y %ecemes 1nportantB (see

_eanLJnP 7). This lin-;T rclatiénship betﬁtgﬁ 1ffigg“~ 7.:¥::

vs. fluidity (1/n). has recently been abserved by _

aza1sabutane 46 Hart1na1 ‘on the athEF hand, has cor-

‘ !related the cage yTer af ethaﬁe in the phﬁtadecampasi-ir

F )

t1cn of azumethane to ‘the internal pFESSure of the -

_mgdlab | . ’fé o _‘_iiil -  .' .?),.

~™ The purpose of thisﬂpértibﬁ of the study was to

phetodééaﬁpositian of azoisopropahe (AIP), cau1d’aﬁ

tompét1t1ve]y abstract hydragens from substituted

”taTuenes in the presence of thiophenol-d. " The re-

ported pns1t1ve rhn va1ue of *D 8,39 appeared un- E},
reasonab1y 1arge Far _hydrogen abstractﬂen reactiﬁns of.
a carban centered radical. ' S

It was shown4§ that the kinetic ?esu1ts which led
to the prnpgsdx of a positive rho (+1. D) for the

tgrtfbutyl radical was a consequence of a tage'reactian!

propyl radica1 Tls basgd on similar éknetic reSuTts.

cope wwdt gpee s s
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©extend the'rlnge'of”viscosities studted andftd‘examine"”;

1}

. -~

it was necessary to reexenine the kinetics resu1ts

—_—

reported for this secondary rtdical

45 that-the tert;butyl radicals

It has been shown
obtained in the photodecomposition of AIB c0u1d not com-

petitively abstruct fron toluene in the presence of tpio-

_phenol d., and that the cage disproportionation reaction was

. the major pathway in the fornetian Qf:}soblttﬂes' 1€ these AL

observationS\are correct, the reactions oY tert butyl

v radicals\Tn‘soivents (substrates) which do not have

any ab;tractab]e hydrogens, such as.benzenes, shou1d

produce the same product ratios as were obtained in

‘the corresponding tquen!sf It was decided to examine

the fate of isopropyl and tert- butyl radicais in inert

solvents (arenes), in the presence ‘of thiol, and

7compare the. results of these dec®mpositions with those-

obtained in the photoly51s of AIB and AIP in to]uene
with added ttiol. It has been proposed that the observed

o positive'rho values reported by Pryor are due to

43,44

the aromatic ring addition. The results of the

»above experiments will provide information as to.tne

validity of this proposal
It was snown‘6 that cage disoroportionation re-
actions of tert butyl radicals correlated with solvent

viscosity from 0.56 to 3.6 cP. It was decided to

the reiationship between the cage yieid'and the solvent
\ . _ : . .

B O LTI



ok © e

. is to be investigated. Dursfgsuifs for QEminaiely

butyl radicals.

viscosity for both the phutadgcompasiticn af AIB and
JALP. . PR : ‘,;
FinaIly. the’ experimentai TESUTtS reported by

Tannerf§ suggested that kd/k for photndecanpasitian .

.0of AIB was not constant in soivents (toiuenes) having -

73. has now prﬂvided a

varying v1scosit1es Fischer
model wh1ch predicfs a re]ati&nship between kglke
and solvent viscosity fnr the eneaunter of two tert-

butl. radlca]s The qe1ationsh‘p for both tert buty?

" radicals and 1sopr0py1 radicals, which are generated

geminately, by the photodecomposi®ion of AIB and e;p;
formed tert»butyl radica1s, provide an ﬁﬁpcrtunity to

compare the viscosity ‘dependence of kd/kc'with those
73 '

'obtained by Fischer for encaunt;'reactions of Eert—

¥

e



RESULTS

:“gt

Prnducts uf the Reacticns nf Azaisop?npane (AIP) nith

=

PhSD HateriaT Ba]ancg

Solutions of AP (0.1°M) and thiophenol-g (0.5 M) -

in a chosen toluene were phothyzed (20 h, 30°) to

'=“»§pﬁfuximat1ey 421 cgmpTEtian Anaiyses of the products

abt;ined from the photadecompositian are listed in
Table 10. The organic prnducts aEEDuhtEd from 95 to
’ lDD: nf the thenreticaI quint1ty of isopropyl radicals
produced The products resu1t1ng from the react1aﬂs.
of 1soprapy1 rad1:a1s were. prapaﬁe, ‘propane-2- g, prapene’
iZ 3- d1methy1butane, and phenyl prapyl =2- d su1f1de
fhe perceqtage of decompcs1ticn was based on the amount
of azni§qprapane used. Jhe ana]ysis Df-non:ﬁngensabWE
gases:shnwed, beside nitrogen a small amuunt—'abeht 9%
(base on the n1trngen collected) of anather noncondensa-
ble gas. Subsequent mass spectra1 analysis showed that”’
this gas was a mixture of hydrogen isotopes (see
EIPEFiméntET). It was clear that”uﬁdergthe abave con-
ditions, thiaphenol d was also bging phataiyzed to
‘praduce a sma]l quantity of noncondensable aas. 82 Due
to this compiicatiun, the perﬁgntage yield of the
pradu:ts were based on the lndunts of AIP consuﬁed ngd,-
PN

‘not on’ the nitragen (i e, nan:andensable gas) 2valutian

The isomerization of AIP to isopropyl hydrazone was

L P
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| D oo L 93
" shown to be a2 significant side reaction in‘p-cyanstoluene
where the reaction occurred to the extent of about 13%

Table 10). It was shown however, that izaiéaprapane

id not isomerize significantly to the corresponding
razone injthe majority of the solvents, and undgr the
reaciian conditions employed.

Similarly photodecomposftions of AIP (0.1 M) 4n .

'thé presence of thiophenol (0.5 M) in a variety of solvents
(benzenes and Nujol) were carried ﬁut:fa aﬁaut 42% com-
pletion. Analyses of the préduct} cbtaineﬁ from tﬁesg
decompositions are listed in Table 11. The organi; prod-
ucts ac:adntedlfcr from 92 to 100% of the theoretical’
quantity.of isopropy) ‘radicals produced. Tﬁe pfadu;ts .

. resulting-from the }ea§;1§ns>af 1saprep;] radicals
were propane, propene, 2,3-dimethylbutane and phenyl
pgaﬁyi sulfide. The percentage of decémpés%tian wisi
based on thé_amgﬁng of the AIP consumed (Table 11).

The analysis of the nenééndgnsable gases.showééfthit
beside nitrogen, another gas, hydraggn, wis formed in

;appraximaté1; 14% yield (based on the ﬁftrﬁgén-
¢o11e§t2d).:(see,EipgfimentaI)i ' The fsomerization .of
AIP to isaprapy? hydrazone was shown not to be a sig- . «
nificant side reaction in ghe_salfents used except in B
benzonitrile where the reaction occurred to the éxtgnti

S of sbout Mg, - o T T

The resul'ts kf the phutadeeamp&siﬁioﬁ\aF‘AiP in o fsfif

.=
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,toluene in the presence of varying amounts of thio--
pheno] d (0.11- 1 48 PT’are listed tn Table 12.

) The decomposvtion of AIP in benzene and toluene
without added thiopheno1 yielded, besfdes nitrooen.
propane. propene. 2,3-dimethylbutane, and ﬁsopropylbenzene
: a number of minor products (>7). The minor products ‘
were detected by GLC. however they .were not identtfred.
The products 1dentif1ed. accounted for 76% of the 1so-\ .
: propy} radicals producetd. In toluene four new products
were detected (6LC); bibenzyl, 1sobuty1benzene-and a
1:3 mixture of o- and p-isopropyltoluene. A large number
‘ ot-unidentified products (>11, 6%) weré also detected-.

The products identified .in to[uene dccounted for 80%

_.of the isdpropy] radicals prddUced/TSee Table 13).

Isotoptc Purity of Thiophenol-d.

The amount of isohutahe resulting from the abstrac-

.tion of protium from thiopheno}_in the”deuter&ted

'mercapthnr was determined by an analysis of the productst

| "obtained from the photodecomposition of AIP (671 F) in
a benzene solution of the thiophenol -d. The results of

these experiments are listed in Tab]e 13, _ e

/

‘Hass Spectral Anafysisrof Propahe and Propane-2-d.
N .

thefmnas Spéstral cracking pattern of}propaneeaud e e

;propene-z-g'shOW'quite inteose peaks due to the molecular

95
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,1oqs; m/e 44 and m/e 95; The analyses of the product
fatib [C3H8]/[C3H7D] were carried oﬁt;by measuring thg
ratio of the parent M* fons at verj-ﬁigh resolution
(1/25000-atbn1C'nass units). At this high resaiutinn
it wis possible to show that there was a Iarge con-

tribution to m/e 44 from the fragment M-1 obtained

from (C3H7D). In each run the ratio of m/e 44 obtained

from C H8 and’£3HSD andvthe'totgl m/e N2 were measured

3
so,that the m/e 44 resulting from.the C,Hg molecular

ien could be measured in an unambiguous manner. It

was shown that no other?fragment cﬂnfributgﬁﬁ§g méss: -

ﬁ/e‘ds. The ratios of [ >H1/[ )-D] measured in this
o | | «

~manner are listed in \‘fab‘]e 15.

"It was furiher shown that the component (m/e
45.067329) due to M-1.fragment ion of the compound
C3HSD2 was absent (Schewme 6). On the basis of this

observatvon, the secondary photolysis af pheny? prapylz

2-d sulfide was ruled out.

V'PhS/T—‘—_»phs + g
T
Y + PhSD —p %
i : n[e 46
(scweme 6)
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a)

" b)

c)

 stattstically correc

d)

e)

f)

" Footnotes for Table 15 . . o

Aﬁa]jsis by m/e ions 44/45 (see :lass!spe;trﬂ !mﬂysis}g |

Cd‘rrected for thiol impurities from Ti’bie's 10 im_i 14 as,

(>H>D) o rrected = (-H)-F(>0)/(>-B)+f(>D), |

Calculated as ",-“‘5 / (>H/>D)cnrrected([c SU]/[A"CHa])-
d for xylenes. ' 2

Calculated from Table 10 as, % cage = >+ PhS"‘"\f }_{

. [} »'
Calculated from Table 10 as, d/k =(2+ Phy\g)H
Calculated from Table 10 s, >H - (3¢ Phsf"\g)

galculated from TabIe 1025, (>-HF - [(;* FHS"\%) *f(}ﬂ)]

—
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 Products of the Reactions of AIB. Material Balance.

~ Solutions of AIB (0.1 M) and thiophenol (0.5 M)
in chosen solvents wére photolyzed'to 100% completion.
Analyses of the'products,obta;ned fron these photo- o~
: \Eitonpésition are listed in f\ble !6. The organic
products accounted for from 95 to 100% of the theorettcal ' =
quantity of tert-butyl radicals produced. Thev“ ‘ .
products resulting from the reactions of tert-butyl
"radicals were 1sobug9ne. isobutene, 2,2, 3 3-tetramethyl-
’butane. and phenyl isobut&? sulfide. The percentaae
' decomposition was based on the nitrogen co]lected
| The decomposition of AIS (0.1 M) in solvent
benzene and benzonitrile withOut added thiophenol yielded.
bosi4955ni;wogen, {sobutane, isobutylene, 2’;j3,3‘ ‘
tetramethylbutane, and tert-butylbenzene, and a number of .
minor products (>4). The minor producfs were detected
by 6LC, however they were nofﬁidentified, The ’
products identified acéqunted_for;94% of tert-butyl
}radicals produced. In benzaonitrile a new product ua{
detected (G6LC) which was identified as p-cyano-tert- = o
;bptylbenzene. Subsequently. using capillary column ‘i : ;mf
fﬁchronatograpﬁy.*it waxrshown that thfs compound conl
tained another minor product which was tentatively
1dentified as D-cyano-tert-dutyldbénzens fn the tpproxt-‘-’"""“‘”*‘"‘*“f"”
mate ratio_qf 17:1, In addition to these products a ' L

number of minor products (>3) were detected (6LC);
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‘Egn;qp;e;gfﬁr Table 16-

a) Thiol concentration 0.112 M. o ,
b) Nujol (L), light paraffin o11; Nujol [H), Keavy paraffin
oi], Nujol {L[H), mixture of heivy and light paraffin N

ofl (ueight ratias)

¥

"¢) Mixture of tert-butyl alcohol and anhydrous pinacol
{(mol ratins)

d) Reactiﬂns run withoﬁt added thiol.

e) Calculations u. 1 cigg = }g * Phs/\‘/ H
U ! | Do Phssf%‘s : ,H;

f) Lalculations as, ky/k. = — M S



._hdiever. these were not identified. The prodnéts -
identified acc0unted'f6r'822 of the tert-butyl radicals
produced (Table 17). ' | !

Viscositj Measurement. - a

The viscosities of the solutions tn which the

' phdtolysis of'AlP'ahd'QIB were cdrried éut} are listed N

fn Table 18. o s

. It appears that a large dezrease in v15:051ty nfg
highly viscous 'solvents is caused by iddigion of 0.5 M
th¥ol. Howeyer the addition of thiol (0.5 M) did not -
significintly chénge the visgpsiij of the 1§§5viscasity
solvents (see Tablé 18). The change of v;s:usities of
toluenes (from 4 to 25%) was reported by Tanner et a1

£

at high concentrat1on of thio1 (3 M).

45
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Comparison of the Viscosities of Some Solvents

With and Without Added Thiophenol

“6"'s
-MeCeH,CHy ~0.577

g—EQEEHQCH3§ I P 3 [ R IV &7 LI

, o ' o acal 7
m-CeHgOCGH, CHy 3.248  3.463 o
Nujol (L) 12.69 18.74 ey
Nujol (L/H), (1/1) - 21.09  36.26 ‘

C.H 0.543 " 0.526¢
.

(0.5 M, 30°).

b. Viscosity, cP, of the solvent without thiepheﬁaT (3p°

€. Taken fram "Handbook of Chem1stry and Phys1ts“. 57th‘

ed., CRC Press, C1eve1and. Dhia. 1976.
d. Taken fram F.Jd. Hright, J. Chemg Engg Data, 6 454 .
(1961). | |

e. Taken from rgferénee A6.




’ DISCUSSION .

l

SN

Azoifopropane Decompositions.

\

o Relative reactivities for the decomposition _ ‘
reactions of toluene solutions of AIP. (0.1 M) and ; e
thiophenol d (0 5 M), were calculated from the
data, examples of which are listed in Table 15.
in the uSua‘ manner (Footnote, Table 15).. Hammett pletsi
of log k /k 0 vs.,the substituent constant, 0’83 when
~ the values for the m-and p-phenoxytoluenes were ex-
' cluded, gave a positive rho of (+0.46 ), (see Table 19
and Figore 1). Using the values for the same substrates:
‘reported by Pryor and Davis.ag »39 (Figure 2) a positive
rho of (+0.82) was obtained. ?his discrepancy between

the two rho values may be attributable._however._to the

difference in the methods used for nass spectral
analysis (see Résults) .
1€ one exan&nes the data given in Table lS it~is

immediately obvious that very little, if any, of the -

prOpane results from abstraction from toluene by an

isopropyl radical A large percentaqe‘of the iso-
- propyl radicals (- ~27%, Table lO) abstract deutégipm
from thiophenol d. The major portion of the remaining
isopropyP radicals appear either to disproportionate.
to form propene and propane or. combine to. form 2 3- . ,,;;;;mm s
dimethylbutane (~28%). The propene, its‘addition adduct \,:; o

S ' n
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FIGURE 2. A Hammett plot of 109_(Eela£?vé k,) values
for hydrogen abstraction fron'substituied toluenes by
iso‘propyl radicals 'at 30° vs_. . (The symbols, O, 0O,
correspond to different methods used in the mass spectral

analysis of the hydrocarbons).

* ,
" Taken from reference (39).



(phenyl~prop)1§2:g sn]ffde)l’and an equivalent amount. of
propane fdraed E; disproportionation account for 72-84%
of the 1sdpr0py1 radicals that do not farm deuterated
propane (see cn1umﬁ headed "uncorrected maxinum abstrac-

-tion from ArCH3 ", Table 15).

) — >ﬁH Sy

The disproportiBthiﬂn reaction was shown to be a cage

process, since the absolute amount of propene formed (pro-

pene plus its addition product pheny] propyl-2-d sulfide)
remained essentially écnstan;nat céncentratians of the
scavenger, thiophenol-d, between 0.11 and 1.48 M (Table
12). The results given in this table aiso demonstrate
the absence of induced decampasition.'anather lTikely
source of propane (Equatlan 12), since the absa1ute
amounts-of olefin (pius,;;s addition proquct) cauId not
remain c0nstant if induced decﬂmpasitiun were an impor?

.

tant process

e ey ey

Addition of an isopropyl radical to ‘the aromatic
) ring to give a2 cyclohexadienyl rlditl] (v) followed
by hydrogen abstraction by another isopropyl radical

could also give propane (equation 13).

113



114

Hovéier, sinse no o-, m- or p- cy-ehe (X-H) .tould be de-.
tected in the product mixture. reactian 13 can be neg?ectedg
TheAaﬁaunt of propane, result1ng,fram the rgaztian

of 1sapropy1 radicals with impurity, thiophena]. present

ifn thiophenol-d, was estineted by carrying out the
photodecomposition of -AIP (0.1 M) in an ingrt sa1vzﬁt.
benzene. tn thg presence of thiophenol-d (0.5. H) Since
it was shawn that reatt1ans 12 and 13 are negligiﬁle,
;then the only reactions which result in ‘the formation
of propane are the cage d1sprnpartianat1gn of 1snprop;1
'Tradiﬁais and the reaction of isopropyl Pad1c315 with
impurity, thiaphenq1i After correction for the amount
of propane formed By;dispropartinnatinn;-abstraction
from the impurity, thioﬁhene1?.aﬁnuntédAto ~34% of the
propane-2-d formed in the reaction (for th(jfzfqulation
see the footnote in Table 14). When this fﬁactian

of propane was subtracted from the uncorrected maximum .
innunt of abstraction, an1y 0-13% &f the prapine farngﬂ
iﬁ any of the reaﬁtions which were used for the kinetic
analysis could be attributeéd to bznzylicsahstréctian |
_(Table 15 last column). The carrgctiaw factur (0. 38)
for ab;trictiun of protium from the impurﬁty prgsent
‘ﬁn the deuterated thiophenol seems tﬂj‘iakge | Hawever. \>

fa* abstraction

- B C
: _frum thiaphenal lnd thiophenal g ThiF 1ﬁgtﬂpe szg;t;.ﬂgf,\\,,
84 i

one should cansider the isatnpe effec

H/kD‘ for the tert -butyl radical was estipated

|

to be \ ‘
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| ~ v
~5. Jhere is, however, no kﬂlkn value gv;il;bie fnr the '

isopropyl radical. The purity of thiaphennl d was

?
!

igisqr:d by nmr to be -97%. Using the ;arre¢tian factor
~.(0.34) and an estimate of k,/k, of -5 for the {sopropyl
ridicii. would place the purity of the tﬁfﬂphéﬂﬂlsd at
approximately 93%. This value is in Fait~agregnent;
within the experimental error, with the nwmr ina1}sis.
The entry (153 in Table 10 needs some comment.
ance the photodecomposition of AIP in p-cyanotoluene
prgﬂuced_i §i§n¥fitant ;mggntéﬁf’thgifegrr;nged'éfnduct;
isopropylhydra;aﬁeg it is ﬁcssibje that the large
amount (13%) Df:hjérﬂgEﬁ abstraction was ﬁartly dﬁe
~ to the hydrogen abstré’éian from hydrizoné(¥I)-(5che-e"fgf\-v7
7). It is not clear however, why the reactions carried= | ’

out in E-:yanatnluene give more hydrazﬁne

)y—n-u—%( —— >=N N—4< . ,-'”; j:i‘,f

_>=--e.L<; >——a->z~~4 >f

‘ Therrearrangenént of secondary azoalkanes has been

demonstrated in several cases. For instance it was

" shown by Kopecky and 6111an®% ¢hat photodecomposition



T - R, - : : B
H-ESNeN-R' ———e C=N-NH-R'-~ - (14)
4 ' R : I :

R . =
of 1-1° -diphenyl 1-aethylazonethane resuited in the

aIaost exclusive foruation of the cnrrespnnd1ng hydrai,

zones. Thermolysis of thas azo tanpaund iﬂ presense af

- v.,u-butanethiol produced snol! iﬂaﬁﬂt of nnsyrnetrie:! ~E**;-*-??*;

Aivazine. acetophenone benzaldehyﬂe azine,

| "'cn3 . o o
(C6H5-C=N5N=CHC5H5). Forhatiaﬁ of czine has~also bgen
repartcd'by xoey-.ﬁ°‘ to be & product fﬁFlEd during thg

deconposition of 1, f diphenazaethanc in presenee of

octanethiol. It hai been sugggstedag

that these de-
hydrogenations may be initfated by hydrogen abstraction
from the azp compounds'by thiyl radicals. It was also

87

shown by Paterson and Ross that the thermal rgarrihgé;

ment of 1,1'-diphenazoethane to the corresponding
' ﬁydrazone‘could be catalyzed by acid. ) ‘
Xt 1s not surprising that isopropyl: radin‘;eadﬂy
react with thiophenol in preferenc: to toluene, oOr :
~that in fact they undergo bihgTecu]ar reaction rather
: than competitive abstrac%*on élpm toluene. Chain
'transfer data for a variety-of structura]iy different
polymer radicals 1nvariably show that they react with
thiols >104 tines faster than with tﬁ]uenes,sg :;ﬁy_: .

values of relative reactivity much different from this

would be suspect. ® A comparison of the rates of reactfon

1‘ .} - ‘r$> ’ 'J _ | , . | i: | ,‘k.;;

e Rt S



am
4 _ . S
_with tpluene,offseVerglfradiciﬁs (i.e., poly vinyl
;c;t;te radicals, 5 Mls"T e 60°, or pointycyi
radicals.ag 1.8 x 1a:3/ M 1s77) with the rates for
the bimolecular self termination of sinp]e alkyl

9 H']S']).90 clearly demonstrates

radicals (2 x 10
"that only at,vgry Jow rates of radical production
iﬁ;hid‘fhé abstraction reaction effectively conpet;fi )
A further indication that in this system béhzy}fc'
 hydrogen abstraction is a'neg]igible-reaction coﬁes'
Jfroi the results of the photodeconpositicn of AIP fn-
'peat tcluene. Theﬁreqctjon'yielded 1so§utylbenzcne
(5.5%), isopropyltoluene (- 1’2!) and. bibeﬁzyi (~4.4%)
arising presunably according to the following reactions

(Schene 8)

1) (cu3)2cp-N=N;cn(cu3)2 #.z(cn3)2én + N

| | “ad, C”‘C"s)z .

. K i (0'-l"P')
111) (cu3)2én + CehgCHy —2a(CH,) ,CH, + CaHgCH, |
1v) CoHgCH, + CEHCH, —— CgHs CHACH CoHS

V) CopChy + (CHglplh —- CehgCHCH(CHy),

(SCHEME 8)
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T,

»th;e all products arise from the reaction of o | .
vradieils7forned”fron the bimolecular reaction of an
isopropyl f;d;cal and a tolhenernolecule. both the
benzyl ‘and the cyc}ohexadienyl ‘radicals and their prod-
ucts shOuld be formed in a definite ratio regardless of
the nuqber of isopropyl radicals which are scavenged.

- Mhen thiophenol was sdded to the resctionm mixture ho

. bibenzyl, isopropyltoluene or dsobutjlbepzene were
depected (GLC) . The absence of bibenzyl and isobutyf—
benzene would be expected since it would have to be
produced from the coupling of two r;dicals in ghe

1presence of pniefflcient scavenger;\thaophenol. How- -
,ever,.%f the apstraction from tolpene had taken place
then a detectable amount of isOprOpyfiolpene should
haie been detected #nce: the tdd*tioq product and the : '}¥>/.‘
coupling products are formed in a.ratio of ~0.13 | ;
(kaﬂ/ka) Since a material balance is obtained, and no

’ detecthble'anOunt of qdditiod product -was formed 1t‘f011pes.
therefore, that ho'apprecjabIe.abstfaction from toluenephad

— taken place. The vatidity of this argument, however,
does depend on the reasonable assumption that the
addition reaction 1s 1rrevers1b1e under the reaction
condftions. o T " | T

v Ks disproportionation has been shown to be the'

uajor’suvrce of propahe [ the reaction of 1sopropyl “"'“"“"""

radicals in toluenes (similar to tert-buty) rad{cal;)
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a regiamiﬁgtioﬁ of the kinetic assumptions made by
rPrych'9 is-once more necessary. A siuf?ar rate é;ﬁ?g—
sion (15) can be derived for the appearance of propane
and propane-2-d using'the equations shown in Scheme 9; |
glCyHglzdt k,[ArCH3] kg, [RSH]

= i - o e ’ : .
d[C3H7°3ldt»~-kSD[RSﬂi kSD[gsag el

Ky flinitiator]  k,'[C M, .
47625 ? — ' ~d 773 7z (15)

'(SCHEQE 9) |

The last term in quatiaﬂe15; i.e., ai}pragertian; .
ation‘of'the‘fa&icals‘uht of the cage was ruled out on
3 1he,hisisgof,thxunhseriatign¥tbig.the.absaiute\a;a;g;vaﬁsﬁiu*;'
of olefid~plus its additign p}aduct. did nai change in |

reactions run with increasing thfol concentration. This



a S 20

is a valid assugpiiﬂn which was.also pointed out by -
Prydr.39 However the third term in the righ{ hindxside e

;of'eduatiah 15, i.e., the cage. disprepurtianntian

term. has now been fnund to be the najnr term even thaugh

it has been stated to beﬁheg1igib1e by Pryar 39 As ’ i

~in the case of tert-butyl radicals, it was this in- R ,iL,v;!

correct assumption. that allowed Pryor to integrate the - =

‘ ,abovévexpreﬁsiﬁn and to use the integrated form to

- obtain k1net1c values for k. /kSD . o L
A11, or nearly a11;»of the propane formed in the

reaction can be atgr{bﬁteq tp the cage d%spfﬁﬁﬁftinﬁitfééyi

(after a correction Far-abstractinn;fram thigphgnéi)_

Since; the ratio of fétevcanstantsj kalisn;'abtained_ R

by deterﬁiﬁing the ratio..f products, EEEHBJIEE—H7DZ;”

_ var1ed in a systenatic manner ngm substrate to substrate,

as in the case Qf tert-butyl, it was concluded that

the viscosity of the solvent wd's controlling the , ‘?

ahsolﬁte amount of disprépartioﬂitian, and hence ti;ie*=

propane férmeé. Accarding1y, a p]at of soIvent fluidity{ R

1/n, vs. 1/cage yield or 1/[olefin], gave 2 neariy,iineava’

correlation (Figures 3 and 4); 'FurthErmaré. acéardiﬂé 5

'to Noyes' model the fraction‘af the cage reaction which

takes place in the cage should correlate uithAthe L

_u.fluidi;y of the sél;snt‘ - Thus, & plot of the relative Lluswge-;J

reactivity given in Table 19, uncorrected for dispro-

portionation, but corrécted for the,thiéphgﬁai'ilpurigyz -

in the thiophenol-d, vs. the fluidity of all of

=
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1/Cage x 1000
=
!

- -m-PhO

, L I R —
03 06 09 N 12 1.5 18
o 1/m(cP7))

FIGURE 4 . Plot of the fluidity, 1/n, of the solvents

used vs. the :!gg>g?ficigﬁ;1§ 1/¢c, for the farmatfgn of

the cage products formed in the photodecomposition of azo-

isopropane with added PhSD (0.5 M).
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the substrates (sa]vants) gave a re]atively gnod correla-
tinn (Figure 5). . '

The observed pesifive rho values far'éikyi radicals
lnvebeen interpreted by Zavitsas as being due to the elec- °
trophilic character of these radicals, j.e.,. due to the
addition of rad1ta]s tc the aromatic ring. Mowever,

" when phot@decompq51gians of AIP and A;B EQFE>ElrFiEd e e
;;aut in toluenes and benzenes in the presence 6f thiai'
scavenger, no product of ring addition Qgs detected
. (Tables 11 and 16). Furthermore the plot of flui&ity.,

1/n, of ‘arenes vs. 1/zage yield, was 51m11ar to that
’bbtaaned for the toluenes (see Table 20 and Figure 6).

It should be pointed. out thati even in the absence of ’
thiol, the ring addition of isopropyl radicals to benzéene
(552), or toluene (51.21) is a minor pathway (see Table
). | |

It was clear at this sta§e=that the resu]ts of
the photndecanpasitinn of azoisopropane uere very

milar to that of the tert ~butyl radical.

Viscasity=53pend3nce of k, /k..

The phutudecamposit1an of 2,2'-azoisobutane (0.1 M,
30° j was carried out in a variety of so]vents which
contained thiophenol (0.5 M). The viscasity of these
‘solutions ranged from (0.5-808 EP)ﬂ' The products and  :_:;¢_“;:
. material balance are listed in Table 16. Co e

Since the tert-butyl radicals generated in the
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FIGURE 5. Plot of the apparent log (k,/k,°), corrected
for abstractiap from thiophenol, vs. 1/n for the photo-
decomposition reaction of azoisopropane ‘with added PHSD

(0.5 M).
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FIGURE 6 . Plot of the fluidity, 1/n, of the solvent
used vs. the cage efficiency, 1/c, for.the formation of
the cage produycts forned‘in the'phgtadeenmpnsition of - -
azoisopropane with added PhSH (0.5 M). .
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reaction have been shown®S either to undergo cage
ferhinaticn.reactians?nr to be scavenged by»thiaéhenei,
then eOmbinatian and disprnpartiﬂnat{on products are

the result of the reaction of geminate caged pairs The
relative rates of disprnpuftianation Vs, eonbinatinn

of these pairs of tert-butyl radicals are calculated

from the product distribution and are listed in Table - ..

21. The previous 1ntenpretatien of the factors which

'contrelled the ratio of dispraportianatinn to combinetién,

d/kc‘ was presented in the Introduction seetien
. None of these exp1anat1on, with the exceptlen of -
Fischer's model, could adequateiy ratiana11ze thekg
dependence of kdfi on the nediai i?ischer generated
:§g_~ buty1 red1cais by phatalysis of d1!tert buty]
“ketone. He had previously shown, 91 using Clrbon tetra-
: chioride as scavenger, that radical self termination was

only due to the reaction of encounter pairs (S:heme 10).
0 ,
n : i ; : ‘
JE A
%}—E' iﬁﬁﬁﬁﬂk =>- + CD .

(SCHEME' 10)
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73 developed an e1egant co]llsian -odeI

Fischér
‘which accounts for the viscosity dependence af thg
,d/k ratiss. The na&é] assumes that, while a great
"majority of the caTlisians of encaunter pairs are unpro-
ductlvg, the distribut1an of prﬁduct from the success-
Cful (i.e., product forming) reactions is controlled by
the inisétébpic reb?ﬁéntét%an of thg radica1é which react
in a new?; farmed sa1vent cage. E -

A quaTitative descriptian of the mbde1 assignS'
patentill colliston surfaces to a planar (ar ripi&]v
inverting pyramiQal) rad1ca] Figure'7 ShDﬁS two
-prajectinﬁs A and B of a space-fi11ing ﬁﬁde1 of a ;grtﬁ
butyl radicai with its nine hydrjgen itons (uhite:
"spheres), three meth;l carbon atoms (black), and the
central carbon atpm (striped). The axis denoted bylll.
is the*symnetfyra:%s of the half-occupied p-orbital. |

The surface, depicted as ;nﬁablate'eiiipsaid can be.

ﬁictured as having nénrea%tive. N, zones (-90%) reastive.F}

|

—

C. zones lgading to combination (~5%), .and reactive,*H; {;f
zones leading to dispropartign:tian (-8%) (Figure 8). j
Reorientitién of the radical, relative to the C i@né of
its reaction piriﬁer-ieads to either Eumbination’(cc con-
figuration) or disprapbffianatian (CH :énfiguratian)
products, whereas, the CN :anfiguration 1eads to no
predutt (see Figure 8) | Accurding tn this madel
reorientation about || axis affects only H and N zones

and can only lead to disproportionation products. This

129
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Taken from a drawing in reference 73.



!'FIEU?E 8. Pair configurations of cn?]iiing tlrFEQ'

butyl radicals.
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reorientation process is not QFEitij affected by the
_ solvent vi?césity since only a minimal amount of solvent

is displaced by this motion. Reorientation about | axis,

which leads to combination products, is stfangiy c&up?gd'
to the viscasity of the medium, since, because of the

proposed shape uf the radica1, th1s notian ﬂisp?aces a

:xﬁax1mum amnunt of sglvent The nﬁdé] predicts a 11near
:relat1ansh1p betveen kd/k and viscesi;y, as has been
observed by Fischer.’3 |

The data presenteﬁ iﬁ Table 2% ;as éhtifﬁgﬂ from
geminately formed tert- butyl radicals and tnpt of
Fischer was. obtained from encounter pairs (Tgble,s) ';
The pas,1ble differences between the reaction of en-
:aunter and geminate pa\PS have been discussed in terms '
af several factnrs 7 , -
"The stereachﬂristry%or ?E]ative urienta;ion of one

‘radical to the other has “been cnﬂsidered

Kopecky and Eilian 85 ,andAGregne,E7 have in-"
'dgéendent?y shown that in the decomposition of opti-
cally active azoalkanes, such as, (=)-(S)-1,1'-
diphenyI§1;methy132ﬂﬁéth;né and SSa(;)-l,l‘!diphgnylf
azoethane, some reteatj;n of eﬁnfiguration éoes attend
the gemihaie éoﬁbinatiﬁn of the ﬁﬁpﬁeﬁyiethyl radicai
nith 1ts;1f or uith neighbnring benZyI radica1s The o
anaTysis of thg prnducts, gnve thesfatiu of the rutatiana1
‘rate constant, k_, to the rate constant for combination,

6 85

ke of ko/ko = 157 at.180° and k. /k. = 16 at 110°.

~.|\
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The observation that some geometric memory is maintained,
clearly demonstrates, that for these radicals at least,
encounters leading to products, do not have 2 randg:
orientation. _- : i _ | v

These results suggested that, the caged pair shou?d
behave differently from the collidwng pair. The same
'concﬁus!on wasidrann by B’?t1ett and !csride‘s based on
the experimenta! evidence wh1ch ‘showed kd/k in the
'sol1d phase for 2- phenyl 3- methyl -2-butyl and cumyl
radicals to be consrderably different fron the results
obtained in solution . '

The radicals produced in_bhotocheﬁital reaceioﬁ
possess excess energy'uhichrmustnequilibrate iheria11y
if there is tfme prior to reaction. For geminate
cage radicals, since there 1s less t»me to dfssipate
the excess energy, it is expected that there could be
same difference in the ky/k ratios obtained’from e
* geminate- and encounter radical pairs. However identica]‘ .
ky/k. values have been obtained for both cage and
‘bulk products produced from the decompositfon of azn—1
cunene.63 azocyclohexane92 and ethyl radicals. 68 St
These observations have shown that kd/k ratios are

'independent of the. excess energy possessed by these

radicals at the instant of fornation

. e —— . J
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Differences in the ratios of canbinatinﬁjaispfgpar=
tionation assdéiated with the spin muitfp]isity of the i
radical pairs have not been nbserveéigs '

téﬁly the Firsi of these Tactgrs can be ;;pgrt;ﬁi‘~
in the aniiy;is of the sglutinn;phase reactions of
tertiary butyl ridi;i]i.gﬁcurriig;bitiitn both encounter - -
and geminate pairs, 1f Fischer's model {(which ﬁis been
corrected statistica11j for spin) is used, and if thé
ﬁhotedeccmpasitian of 2,2’¥azaisgbutane proceeds by-
thermal decaiﬁnsitién subseéuEﬂt in photochemical iso-

merization of the trans-azo compound to its éis—isomszggr;

==

R

' Azoalkanes can exist in either‘the'glg ar ggilg“”
caﬁfiguritia;_ but gnﬁversian'af one form to the other, )
uhenFQgth groups are i]gyi, can genééal[y be effected
photochemically.?* An exception to this generaliza-
tian,oflbridgeh:ad azoalkanes. For eiampie trans-df-
Iiadnntj1dfhtene and Eggﬁg—di—lﬁﬁﬁrborny1diazene were .
thermally 1sam§rizgd to the ;nrrESpn;ding gli'isénEré;gqé

© Tt has aYso been shown®> when one or both groups are = T

aryl, thermal fsomerization of cis to trans is a facile
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process. The cis isomer of AIB iy very unstable and
therefore difficult to isolate and has been prepared

in situ by irradiation of the trans iSBQEr,94 The

™
—b

S

isomer of AIP, likewise, was p?gparedgs by photolysis
of the trins fsomer, however, it was stable and could

be isolated using 6LC.

As previously observed by Tanner et;rligq for the

AIB/PhSD systemira linear relationship between the

fluidity of the,saivéﬁt. 1/n, and the cage efficiency,

1/c, of the radicals uas*nbtained over the range of
viscosities cavgred by.the $tudy carried out in solvent
toluenes (0.5-3.5 cP).‘S However, at very ﬂigh , ,;
viscosities (12.6-808 cP) some deviation from this be- |
havior is observed (Figure 9 ).

Photodetomposition of AIP in the presence of
thidphena] in saivénts with viscosities ranéiﬁg from
(0.5-43.8 cP) also showed a viséos{ty dependence of
cage efficiency, 1/c vs. fiuldity, 1/n, (see Figure 6).
'Non-lineagitj at very high viscosity is evident in téis
system as well. Deviation from finearjty in the plot
of l)c vs. 1/n, ;i low viscosities has peen'nbseryed
. in many syste:s_g?: iThg:upnard curvature at low ~
viscosity, in the photodissociation of iDdfﬁe,ga was
greater'thén that predicted by”Nayei’ model, in spite
'of»cu!éuiiti-ﬁi which fncluded the (1fﬂ)? term.
koenig 99 <howed that the square-root of fluidity:L

4 -
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Earrelated with the reciprnc:] of cage efficien:y in
decﬁnpas1tinn gf acetyi peraxide . He also abservedfa
strong upward curvature at low Vistﬁgity 1n‘this system.
In the decanpasition of di-tert- butyT peroxyoxalate,
in soTvents with a viscosity ranging from 0.2- BD <P, a
plot of the rgciproca] of the distertﬁbuty] peroxide
?yield versus tﬁe fluidity of the $61vents gave a-

9
signaid curve, 7a In this system, the high viseaus

Asa]vents were abtained by dissolving d1fferent quantities

of Nujol in hydrocarbon saTveﬂts such as isanetane
Szwarc 7€ has argued that this type of observation is i
refigctian of the type!af solvents used and the EDFFETi-‘
tian cf the experimeutal data ﬁith one or annther pover
ZDF viscosity is not a very powerful argument for any ‘
particular H!igl. It s, therefore, concluded that
at present time:there is no model, which can adequately
‘explain the downward or the upward curvature in a plot
of the cage ef}iciency versus the fluidity of the
solvents. | _

| A comparison -between the effect of viscosity uppn
the disprﬂpartinnatipnscambinatidh ratio observed for
encounter pairs73 and geminatg pfifs of tertiary bufy]
radicals, is seen in Figure 10. The ky/k. values,

at 30° for :ncounter pairs, were abtained by extrapola-

tion, from the plot of the repnrted kdlkc'ratios versus

temperature. Over the range of vistgéity, 0.48 to 2.67

1
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' FIGURE 10 . éipt of the. ratio of cage disproportionation

to combination rate constant, k,/k_, as a function of

solvent viscosity n. (The open symbols O, [J, correspond

to the points listed in Table 21 for the photodecompos -
tton.of 2,2'-azofsobutane. The closed circles, @, are

the values taken from ref. 73 (extrapolated to 30°)

-abta'ﬁed for the photodecomposition of di;gg-!g—butyi d- i;
ketone in the solvent ‘Hstedzica; n-octane; E,'g.f_ n- . )
dgcane; Ci2s g—dadecaﬁég Ci4+ N-tetradecarie; CIE; n- .

hexadecane; ROH. (1/2) (CH3)COH/((CHy),COH), ).



cP, the viscosity dependence of the kdlic>ratias

. found for the encounter pairs {s §l:§st idgnticii to
"tﬁose obtained in tbfs study éf the reaction af,QEiinité
pairs. Th; similarity bet;een,the values obtained

at Tow vi;cosities:suggests tbat'the tert-butyl

radical pairs generated from the azo photolysis are

40

formed with sufficient rotational energy to appear t@i,~~~f-*e~!

be rinddm!y oriented. The products from the reaction
of these geminate pairs are controlled, as are the
products . from the encounter pairs, b; anisetropfc re-
orientation. | | . | -

; There is a marked éeviatian;fram linearity of
.Fischer's valye fbr kd/kEVVS; n obtained for reactions
carried out fn I:Z'mixfurgs (ﬁa(3 = 27.6) of tert-butyl
~alcohol/pinacol (Figure 10, ROH, ®). The termination
‘rate constant (Z.kt) fa?'igzgibutyl radicals in

alcoholic solv;ﬁts was found to be a ﬂan—1igear function
of both the reciprocal tempéfature (I/T) and the tempera-
ture fluidity relationship (T/n). The deviation
fﬁ,p»the predic;ed value ris attributed, bj Fischer to

. the nonlinear re1htionship observed between macro-

scopic viscosity and the motion %of the small igiisbutyl

- radicals in alcoholic solvents. However, for no-

alcohalic solﬁents such as hydrocarbons, 2 k, was

shown to be & Ttnear functfon of both (1/T) and (T/n). .~

Over the range of viscosities from 12-808 cP the ratio



of termination constants does not increase signifiaintiy
' _(Figure 10, pts. 7-12), and i't appears that the free.
reorientation model fﬁiis té ﬁredict-the value éfA
kg/kc- The kinetic behavior of the geminate pairs in
the very viscous sn]&gnts suggests that a randan“ar?ay

of collisional orientations is not available to the

._réqicaI pairs at birth, Although anisotropic reorienta-. . ..

‘tion must affect the ratfo of rate constants in the
more viscous media, the non-random orientation of the

radicals upon formation appears to be more biased to-

wards a reIativeTy larger amount of ;anbination (Scheme

11). :J5N=N o N=N,
e — e

X"F"X — ‘7\- % K,
e )=

— [ |
S
-  (SCHEME 1)

In order to support this explanation, the photo-
decomposition of AIB was cirried=;ut in'diged alcahali,
1:2, tert-butyl alcohol/pinacol with and niéhnut added
thiophenol (Ffgure 10, pt. 8 and 13). Under these

141
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énﬂﬁitiﬁns ;Bbt-qf the ca-bfﬂatinn-disﬁrqpartiaﬁatiﬂﬂ
reaction can be estimated (Tqblé 21, pt. 8 and 13) to
occur within the cage, while <20% of the products would
arise frcnréage escape-radicaisi~'The major difference
be tween the reac;ia%s‘reported by Fischér73 (Figure 11,

pt. ROH, ®) and the cage reaction (Figure 10, pt. 13)

‘{3 that the produtts are fﬁrﬁéé'f?ﬂi‘@riented'gémiﬁate”f;’i ¥

radicals; i.e. the ratio of rate :ﬁnSt;nti agrees with
the values predicted for the other highly viscous 4
solvents and deviates markedly from the value ahtaiﬁed:
"from the reaction of enteuﬁter pairs. :
se]vents; tert-butyl radicals ggnefated by photo-
decomposition of azoisobutane (gemin;te pairs) have
enoyéh rotatfonal energy tﬁat they are randomly
oriented aSIEﬂEDuﬁtET pairs. This factvgs Eeflected
in the sjmi1arity of kd/hc fgr geminate‘anq encounter

- tert-butyl radicals. Haﬁever; checky8§ and Greene's .

3

findings on the-thermai;sisfnf the_cpti;aily active

azo compound (1.1'adipﬁenyfgi-nethyiazcmethane)1shew'
-thitﬁsame'ﬁema?yﬂmay remain in the asynmet?ic radical
~after 1ts'fargatiaﬁ (kr/kE = 16), l.gg, a-phenylethyl

radicals are not écmp1eteiyrrand9mly oriented. It is

speculated that the ‘method of opticpl activity measure-
‘ment is more sensitive and one ca

difference between rotation and combination. However

Our results Eﬁeafiy demonstrate that in low viscous

67

142,
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measure such a small
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we ﬁauld nnt be able to detect this differgﬁ:e by -
measuring the dispropart1anatian =combination ratia.'
~.since this small difference (1/16) would not have
changed kdlkc 519ﬂ1f1clnt1!étnorg likely this difference
between our system and Kopecky and Eréepe‘s systens
could be éxpiaingd by considering that the tert=butyl
. radical is a smaller molecule than a-phenylethyl radica) S
and probably, can randomly be rearlentgd much more eas11y
Disproportionatign-combination ratfos were also
measured for isapfapy1 radicals in solvents with
. viscosities ranging from (0.5-43.8 cP), (TabTé 20).
Since isaprapy1 radica]s are generated from 329159-
propane, the vg]ugs of kd/kc in Tables 19 and 20
represent diSpropartianétion—cnmbinatién_r&tias for -~ gfﬁ‘
gemiéite radical pairs. #Ho values of kd/kg are avafla-
ble for this radiéai obtained Frnm encounter pairs.
D1sprupgrtianat1nn combinat1nn ratios increase with
1ﬂcre351ng viscosity of the solvent (Fiqure 11), how-
ever, thg»change in kﬂ/kc is not as pr@nquﬁged as%;pr the
tert-butyl radical. . |
The shape of isopropyl radical is not spherical
(Figure 12). This Figure shows two prgjeetians
A and B of a space filling model of an {sopfpy!

radical with its seven hydrogep atoms (white spheres),

two methyl cerbon wtows (bYack), &nd thé céntral carbbr’
(striped). The axis denoted by || is the symmetry axis
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FIGURE?Ef
.W é‘ri
fsopropyl

Two projections of a space-filling model of

‘radicals. "=
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of the half-occupied p-orbital.

Because of the shape of the isopropyl radical. the
motion about the two perpendicular anes-(la,lb) are not
equivalent. The perpendicular motion about l‘ axis 1is

more hindered‘than the notion about lb axis (the perpen-

,di;ular motion about 1..axis for isopropyl radical is

similar to the perpendicular motions about ] axes for
tg;g-butyl radical). Since only motions about the | axes
lead to combination'product, it would be expected that -
tne rate of conbination for isopropyl radicals in-
creases relative to tert- butyl radicals However,
reorientation about the H axts appears to be hindered

compared to the symmetrical tert butyl radical and

_.simce this motion leads to disproportionation product.

the relative ratios of kd/kc, as a function of vis-
cosity of the media would be predicted, to be smaller
than that observed for the tert-butyl radicai This

crude approximation has been substantiated by the

‘fact that kd/k ratios for tert- butyl radical changed
in benzene (n = 0.58 cP) from 5. 0 to 7. 2 in di-phenyl-

ether (n3 = 3. 07 cP), approximateiy 45% change (Tabie

| 21).' However, for isopropyl radical kg/k, ratios

changed from 1.2 in benzene to 1.44 1in di phenylether.
aporoxilately ~20% change (Table 20).

The difference between cumyl radicals.which couple
to an extent of 94% and tert-butyl radicals, which
disproportionate about 80% of the time, fs still an

146



disprnpnrtinnat1an However, one iiﬁht expect a
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incigiyisa Nelsen and Bartletts3 tried to 'itiﬂﬁ!TizE

this difference by 1invoking the delocalizat on of the

‘'0odd electron in the cumyl radical,. s It was suggested

that perhaps this delocalization diminishes the ilpor-

tance of hyPEF:anjugat1nn tn the tran;ition state Far

Iawer1ng of the cauplang rate for the same cause. .

For this reason the change in the Ir.d/kc ratios on

going from tert-butyl to cumyl radical could not be
predicted. Fu rther, comparison of the kd/k ratio of
our results for 1soprapy1irad1cals (<1.2 in benzene) to
kﬂfkc ratio faréfumyi radicals (~0.06 in benzeng)73 .

clearly shows that thefe is more than a statistical factor

(number af B H), which cantrels the disprupartinnat1an—
:anb1n§tioh ratio, sinte buth isopropyl radi:a1 and
Cumyl radlca] have 6 B- Hs |

+ . ' . .
It is clear that more research is necessary to

find ot the fa:fof or factors that might influence - .

the absolute values of ky/k. ratios for different

‘radicals.

‘Conclusion 3 - -

The importance of polar effects in free radica}l

ﬂ,ﬁgactinns"ffnn substituted alkanes has been repeatedly . ... . ..

demonstratgdizs- The suggestion that these effects

““may be interpreted as being governed solely by the
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. effect of the suhstituenti on the bond streng\hxﬂf tlz[

bands made and broken, AHD can not accommodate the

experimental data,zﬁ

i.e., the reversal of isomer
distribution patterns found for the reactions of dif—
ferent palar radi:a]s on a particular substrite

The denﬂnstrgted ngn1iﬁearity nf the cnrre?atian‘fﬂA}ﬁk_:g

betueen AH and o (a11 negative o Vilﬂls) abtained for .

benzylic hydrogen abstraction rules out the bond dis-
saciatian energy as being the ngjur cantributing
factgr,18 The demonstration that nucleophilec radicais
can give a positive p value would further substantiate
;he‘imp@rtancelaf polar éffects in gaegrning the reac-
tivity of these radicals. | ) T

The positive p va1ue repcrtéd for the undecy’l40
radi:aT has been ngstiangd by Z;::tsas 4o

The positive p values reported for tert-butyl and
38,39

isopropyl ridicals ~have been shown by Tanner et al.

and this :ark.»ta either show no correlation (BPP de-

composition) or to be an ;rtiféct of an ExpETiHEﬁiiliy\

observed cage disproportionation reaction (AIB and-ﬂlé
decompositidns), The re]ativgiy"EEIQEt}ve Eggi-bﬁtyi

and fsopropyl radicals do not abstract hydrogen from

solvent toluene (8-6 M) in competition with abstriggiaﬁ

of deute%igm fraﬁ thiaphgnqi;g at cnn;entritien;;rggginﬁgﬁi;gg;ﬁﬁa

from 0.6 to 3 M (for tert-butyl) and 0.5 M (for—+s0-



- ; R R
propyl). At ]ﬂﬁer :ﬁncautiationé of ;hiaﬁhengl-g
(~0.1 M) the féactian beging to beAie!sgt:biy'en:petisr
E tive (see Table 12 ?ﬁr isopropyl); \éuevér. the concen- *,7 S
~tration Gfsthigphenﬂiéd cannot be &ppraximited as
constant and the Hnet’ic expressinn cﬂuld}&t be

evaluated ‘in the manner uSed. ©

It seems doubifii that any authentic positive p
values have, as yet, been reported for benzylic hydrogen
abstraction. Most Tikely this. is due to the

small difference between electronegativity of the

carbon-tertered radicals and the .substrate benzylic

carbon, while the absence of any correlation (zero or s
very small positive or negative va1§es) attests ta the
| = - FJ

small effect of small changes in BDEs. However

positive rho values-are ﬁbseﬁved11'in halogen atom

transfer reactions which have been used as models for

hydrogen atom transfer. This class of substituent

effects has been demonstrated in free radical chain:ig‘ o
reaction of the reduction of benzyl halides by tri-n-
A i

L&

butylstannane.
- The variation of disproportionation-combination
ratios nfigikyi radicais; as a result of eair;ing out T
ﬁhe.?eaétfans, ?n di fferent solvents were discu;sed. ¢
Possible f:;tars which might influence this ratio ﬂgfef |

considered. It was ar191n311y thEugﬁtlga,thnt'disproi

portionation and combination have different activation




energies since the ratio of k /k was tenperature

dependent It was subsequently shoun73 that this in-

terpretation was not ielid since it.was found that the

 kd/kc ratio was a function of viscosity of the medium

which was in turn being affected by fenperature. The in- )

52,68 -

ternal pressure argument developed by Stefani has been

ques tioned. 6‘- Only recently Ffscher L 5 collfsion udde) '“-fj
unenpiguously ‘defined the viscosity dependence of kd/k
for tert-butyl radicals obtained from encounter pairs.

Fischer suggests that this model could be applied to

¢

other radicals.
Generation of geminate tert-butyl radical pairs
by photolysis of 2,2'-azofsobutane (this nork) and '
measurement of kd/kc demonstrated that at low viﬁcosity.
Fischer's model can be applied to geminate radical -
‘pairs. However at higher viscosities, deviation from
Fischer's model was attributed to the geometry of the
radical at birth. _ ' ti. ‘ --;
Ustlhg Fischer's collision model, it was possibie'
.to rationalize the results of kg/ke ratios obtained for

fsopropyl redjcals'(geninate pafir) in different Sdl&ents. -
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EXPERIMENTAL
Materfals. , f}

A1l solvents were purified bgfqre use. - n-Heptane

(MC & B Co.) and tetradecane (Aldrich Chemical Co.)

were washed several times in succession with concentrated
sul furic icid.rlﬂi aqueous sodium bicarbonate, and
disti11ed water. The solvents were dried over anhydrous
nagnes1um sulfate and fractiuna]!y distilled through a
column packed with glass helices. GLC analysis (20 ft.
‘x 1/8 in. 10% QF-1 on 80-100 Chromosorb HAH-QHCSi glass
column) showed that they were >99.5% pure.

] Tuiﬁene, P-xylene (Phillips 66 research grade >99.9%)
and chlorobenzene (Aldrich Chemical Co.) were fraction-
ally dis;illgdxthruﬁgh a column packed with glass helices
and shown by GLC (QF-1 column) to be >99.9% puré

" m-Xylene (Phillips 66, >95%) was fractionally distilled -
using a 24-in. Tefion spinning band and shown by GLC to
be >99% pure. ) i - 3

an;ﬂnitriie‘-(ﬁﬂﬂ) ~ benzene (Fisher Scientific

| Co.), diphenyl ether, p-cyanotoluene, m-chlorotoluene and - *
gachioratolueﬁé (Aldrich Chemical Co.) were purified by .
repeated low temperature fractfonal recrystaliization.

fraetiada?iy distilled and checked for pu}ity; 99.8%,

by OLC (QF:1 ¢olumn)."
The paraffin oils (MC & B and BDH) were heated

2

to 180° at 0.5 mm for 48 h in order to eliminate any



low boiling hydruc;rbéns; * The piraffin'afﬂs were also
checked for olefin impurities; since no golor was
observed on treatment wifh c@ncehtfatedisuifurie acid,

Atﬁey were used without further purification.:

Flyorolube o0il1 was heated to 180° at 0.5 mm for 48 h

and used without further purificatioh.

tert-Butyl alcohol (Fisher-Scientific Co.) and
pinacol (Fluka) ﬁére;fracﬁiana11; distilled and checked
for purity: >99.9%, by 6LC (20 ft. x 1/8 in. 10% Carbowax
20 M on 60-80 mesh Chromosorb HAH DMCS, glass codumn).

p-Phenoxytoluene was ;repared using the U]lmanm

ether synthesis'®! and purified by fractional distillation
(bp. 103-105°, at 2.5 mm) [1it.'02 pp. 277-278° (745.5 mm)].

NMR (CC1,): & 2.65 (s, 3H, -CHy), B8.0-8.65 (m, 9H, aro-
matic). The GLC analysis (QF-1 calumn) showed Eﬁf?g;ﬁﬁé
pound to be >99.7% pure. | ‘

Thicpﬁenai’(A]driéh Cﬁemica] €o.) was fractionally
distilled and shown to be >99.5% pure by"ELC (Carbowax
Cblumn);f

Isobutane, isobutylene, propane, propylene, 2,3-di-

. methylbutane (Phillips research grade) and Z.Z,SQSstetrg—

methylbutane (Aldrich Chemical Co.) were used without
further pqrificatigﬁ.

Thiophenol-d was prgpéreﬂ as described by Pryor
‘and BﬁvisBQ by ‘shaking thtophenol (previouslty distilled)
with DZQ (Merck, Sharp and Dohme. Canada, >99.8% D)

eight éepirite tines The thiophenol-d was dried

.
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over anhydrous magnesium sulfate, decanted, and frac-

tionally distilled under nitrogen (bp. 52°, 12 im)i The
thiophenol-d was stored in sealed vials in 0.5 ml QQGné
tities éver 0,0 (1 drop in-gach vial). Tﬁe NMR spgétrum fsﬁ:
of the purified thiol showed it to be more than 97%
;degt;r:tedi ) 7
- iza and AlP were prepared by the method of Stpwé11§]°2
The azo compounds were f%attiaﬁaIly distilled using a 24-"
in. Teflon spinning band column. AIB [bp. 106-107° (690
mm); NMR (CDCT3) 8. 1.15 (s, C(CHy)3): UV (CoHg) Anyy 370 nm
(e 26)] (1it. bp. 98-109,'%3 109-110);7%% 6Lc anatysts
(Carbowax column) shﬁwed:this compound to be 99.5% pufe,;
AIP [bp. 85° (690 mm); NMR (CDCia) § 1.2 (d, J = 6.5 Hz,

EH), and & 3.5 (ﬁeptet, J = 6.5 Hz, 1H); Uy (QEHE) Ama x
360 am (e 15)], [11t. bp. 40-41° (120 mm),>” bp. 88.5°'%5].
GLC analysis using the Carbowax column showed this
compound to be >98% pure. The méiﬁ impurity was pen- 7
tane, used ‘as a solvent in the prepafatién of éiP. 7
Iég}rQPJT\hydr;zane was:prepared by the method of
loffe:’' bp. 125-126° (690 mm); NMR (CDC14) 6 1.12 (d,
6H, J = 6.5 Hz), 1.72 (s, 34), 1.9 (s, SH); 3.3 (seétét_
Hy = 6.5 Hz), 4.15 (broad, 1H) [14t.'%® bp. 132.8°
(772 mm)]. ' f ‘ _
Isobutyl and propyl phenyl 5u1fiﬁe were preparedi
‘according to the method of Ipitié%f§107 Isobutyl phenyl

sulfide [bp. 100-102° (11 ‘mm); NMR (€0C1,) 5 1.01 (d,
6H), J = 5.96 Hz, CHy), 1.86 (m, 1H, H-2), 2.79 (d, 2H,
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J = 1.70 Hz, CHE); 7.3 (né=5H? irﬁnatic)j; and prapyl»
phenyl sufide [bp. 79° (5 wm); NMR (CDCI;) & 1.02 (t,
(3, 3 = 7 Wz,), 1.7 (m, 2H, 3 = 7 Hz), 2.94 (¢, 2H,
J =7 Hz), 7.32 (m, SH} aranatic)j : =
Isubuty]benzene was prepared by the C%enneuse*1ﬂ8
reﬁuétioh of isabutyraphEﬁong [bp. 165° (690 mm), NMR
(cDet,) a'nig (d, EH,%B - 6 Hz), 1.83 (m, TH, 0% 6 H2).
p- Cyano-tert- butbeeﬁzenE*ﬁas prepared by dehydra!
tion of the corresponding amide using phuspharus

.pentuxidelﬂ [bp_ 85-86° (6 mm), KMR (CDC1, ) § 1.35 (s,

9H) and 7.58 (m, 4H, aromatic)], 14 ]‘°~bp, 132-133°
(21 mm). o

The reactions were carried out in 20-mL Pyrex tubes
equipped with bréaksséa]s, Prior to the photolysis all
the tubes weére washed successively with chromic acid,
water, concentrated ammonium hydra:iée, distilled water
and dried. For the reactions to be carri;d out in the
presence of thiophenol-d, the tubes were treated with
severai,miiif]itE?s of Dzﬂwzheatéd to reflux for several
minutes and dried again overnight. T ‘

) Phntoéécanpbsition of AIP in the Presence of PhSD.

Solutions of AIP and thiophenol-d were weiqhed
into a volumetric flask and the materials neag dissolved
in the apprapriate ta1u=ne tn give the desired concen-'liu
trations. An aliquot of the solution was transferred

to the Pyrex reaction vessel, degassed by fpﬁr freeze-thaw

; we B a g -



cycles, and sealed. The portion of the the vesspl
" above the liqpid'uas covered with foil, and the vessel
- was placed in a'Riyongt photochemical reactor (3500*3
~BL lamps) and irradiated for 20 h (30°). The reaction
vessel was connected tov;he vacuum line (A) shown in
Figure 13, frozen (-198°) pnd opened. The noncondensable
 gases wére\paSSQd“thrOugh three traps D, E and F (-198°),
and measured ui;h tpe aid of a Toepler.pump (G)\using
a ca]ibragpd volume ind a transit to read the mercury
levels. A sample gf the gas collected was suybjected
40 mass spectral analysis and was shown to contain HE'
| HD and 02 The relative amounts of the 1sotop1c hydrpi
gen and nitrogen were determined by vacuum line 6LC
(I) using a Cow Mac TR-TH Ahermal conductivity GLC
fitted with a 10 ft. x 1/4 in. activated molecular sieve
13x glass column (H). at'0°. Argon was used as a car%iep
gds. The relative areas were determined using a HP-
3360 A integrator. No attehpt was made to separate the
hydrogén isotopes.. ' ,

The solution remaining in the reaction vessel was
distilled through two -130° traps (D), and (E) (pentane/
1iquid nitrogen) into a trap at -198' (Ijquid
nitrogen). The condensable gases. C3H8. C3H7D .and
C3H6. were collected and their total absolute amount‘

'Awas measured using the Toep}er pump The relative
'meunts were determined by vacuum line GLC (I) fitted

with a 3 ft. x 1/4 in. activated alumina, glass column,

" 188
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20°. rThQ condensable gases were seaigh in break-seals:
and submitted fﬁr :gssispe;tr;1 analysis. The

residual reaction mixture was trén;férred back into
the reaction vessel by warming trapé (D) and (E) and i
cooling'thevnriginai reaction vessel ia -198°. After
removing the reaction vessel from the vacuum line, a
 known' amount of standard (nénaﬁe, decane, undecane,
dode@aﬁeuér hexadecane) was added to the mixture and

the mixture was subjected to 6LC aﬁa?ysi; (QF-1 and
Carbowax columns). ,

The products, ZfsidimetﬁyTDutane and phenyl
propyl-z-grsQIFidélrwere identified by comparing. their
mass spectral cracking patterns‘and:their GLE reten-
tion times with those of authentic samples (the reten- _
tion time of the nondeuterated sulfide ias used for that
of the dehterated material). The mass spectrum of the
synthesized sulfide showed 2 parent peak at m/e 152
(C9H zsfﬂ;nd no detectable Fragmentatien at m/e 151.
Thg‘sukfide obtained from the reaction mixture showed
- & parent 1on at m/e 153 (EQ 11DS) and an 1on at m/e 152
.tC§.]25). The m/e 152/153 was abaut‘iﬂz The re-
maining qzoisoprapane and isnpropyT h;drazcne. (the
‘reirrangement product from the azo compaund)'ﬁere '

1dentif1ed by a cnmparisan of their GC/IR and ELC reten- .

. . et B T g

tion times with those" gf authentic samp1es It was
shown by direct injectfon of azoisopropane into the

GLC system that no rearrangement took place and ghaf




. Photadecomposition of AIP in the Presence of‘ﬁhSHf
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the azo compound did ﬁat decompose duringstE'inaiysiig
The results of a repfésentative number of these analyses

are listed in Table 10.

Samples of AIP. and thiaphen91~wgre.§eighed into a
volumetric flask and the materials were dissolved in the - - -
appropriate solvent to give the desired concentration.

An aliquot of the solution was transferred to the

Pyrex reaction vessel, degassed by the‘freezé!thaw _
’ethqd. and se§1ed{ The samples weré irradiated as be-
fore for 20 h (30°). The reaction vessel was connected to
the vacuum line at (A), (see Fig. 13) and the gaseous products

ﬁgre'ana1yzéd as before. A sample of the noncondensable

'g;sgs’caT1ected was subjected to mass spectral analysis

and was shown to contain hydrogen. The relative amounts
of hydragen'aqd nitrogen were determined as previously
described. The solution remainiﬂg in the reaction
vessel was distilled through two -130° (D), and (E)
traps into a t}ap.(F) at -198°. The condensable gases
CaHg and C4He were collected and their total aﬁsaIute
amount was measured in the Toepler pump (B)_.fThijr
relative amounts were then determined bjé;aEui; 1ine

6LC (I) using the activated aiumina column. For the
reactions which Heﬁe'ﬁafried out Tn highly Gis:aus

spivents sqch as Nujol, 1t was neceSSaPy 10 warm up the

i
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reaction vessel to ~50° té make sure that a1l the
propane and propene have been distilled. Propane jnd,
‘p}apene.ﬁére identified by a cnnpaéisan of thg}r mass
spectral cracking pattern and their GLC retention times
with those 5? authentic sampf;sg

The residual reaction mixture was transferred 7
Eéck intb fﬁe reaction vessel Sy ;;?;iﬁg:the traps (D)
ﬂﬂd:(E)!tQ room temperature and cooling the reaction

vessel to -198°. After remé#ing the reaction vessel from
tge vacuum line, a known amount of standard (nonane,
decane, undecane, or heiadecane) was added andrthe mix-
_ture was ‘subjetted to GLC analysis (QF-1 or Carbowax
Eﬂiumn); , - |

The remaining products, E.deimethy1butane. iso-
;propli hydf&zaﬁe and the unreacted azoisopropane were -
id;hfified aé before. Phenyl propyl sulfide was identified
by 1ts mess spectral cracking pattern and its GLC re-
tention time compared with that of an authentic sample.
The results nf'g ?géfesentative n;mbgf of these analy- . '-;%Q’
sis are 1isted in Table 11. - . |

Photodecomposition

of AIP in Benzene.

The reaction qfiAIP inrben;ene,was carriedsaut and
gaseous products were analyzed in the manner described
above. :The remainiﬁg material was condensed b;ék into
the reaction vessel and removed from the vacuum 1ineix

»
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A known iﬁouﬂtrﬂf st;ad;rdgfdﬁdeeane,ﬁr he:ade;ane) was
added to the n{xtnre and the mixture was subjected to
6LC analysis, (Carbowax column).. . ' —

The remaining products, 2,3-dimethylbutane, a small ..
amount of isopropylhydrazone and:unreacted AIP were
1dent1f1ed§g; previaus]y described. The GLC ana]ysis
:shoued thg presence of ancther peak nhich accounted
for -6% of the isopropyl radicals produced. This éreﬁutt'
was identified as isopropyl benzene by comparing its
IR spectrum, mass spectral cracking pattern and 6LC re-
‘tention time w¥th an authentic sample. The 6LC analy-
sis also showed the pfgséﬁcg of >7 products ($1§i) which
were not identified. The fesuits-ﬁf a FepreSentative

number of these analyses are listed in Table 13.

Photodecomposition of AIP in Toluene.

The reaction of AIP fn toluene was carried out and
analyzed in the same manner as des¢ribed éné the’AIP
decomposition in benzene. The 6LC analysis (Carhaw‘ég-
column) of the saiutian showed the presence of 2,3-
dimethylbutgne. small amount of isaprupyi hydrazone and
unreaeted AIP. These praducts were 1dent1figd as before.
One of the (>11) minor prnducts (~6%) fnrmed“as
identified as. 1sabutylbenzgne by camparing 1ts IR speﬂtra: ”
| and GLC retentioﬁ time with that of authentic sample.

Subsequently, 1t was shnyg, by the use of GLC e:pi]i:ry




column éhrﬂmatogr;phy: (50 m.x 0.02 mm methy! silicon
“fluid, SP-2100, Carbowax 20 -Eeactivatgd 50°) that
this compound cpntained two uther products (-~1%). The »
praducts were tentatively identified (GLC retention tine)
as E—isnprop;1,tglugne and o-isopropyl ‘toluene. Along
_with these products. bibenzyl (4.4%) was formed. This
compound was fdentified by its mass spectral cracking
pattern, IR spectrum (GC/IR) and GLC reﬁéntién time
compared with an authentic' sample. ' The results of &
rep?esen%ative.numbér of these analyses are listed in
Table 13. |
No attempt was made to quantitatfvely determine
the amounts of phenyl disulfide and diphenyl sulfide
obtained in the reactions carried out in the presence
of thiophenﬁTi The products, 2—methyipentaﬁe: 4-
methyl-1-pentene and 4 -methyl-2-pentene, that were
1ikely to be formed in the reactioh of isopropyl radi-
‘ cals and propene, were specifically 5277Ch2d for (QLC)

and were f@ﬁnd to be undetectable.

Photcdgco;pgsition of AIB in the Presence of PhéH!‘ .

Sniﬁtiuﬁs n? AlIB and thiopheﬁol were Heighéd into

a vniumetric flask and the interiais were dissalvad 1n

the lpprapriltl solvent to ;iui the desired congentration.

An aliquot of the salutian was trlnsferrld to a Pyrex .

reaction vessel, degnssgd by. the frzzzeithau ngthnd

161
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Qwas shown to contain a negligible amount of hydrogén.

~as Nujol, it was néégsar;,tn.ujr;.upyth; reactioa
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(three times), and sealed. The portion of the vgssei

above the liquid was covered with fnil. and the yessel

was placed into a Rayonet photochemical reactor (3500 A

BL Tamps) and 1rri§iitid for Tl.hr(30‘) The tgictiaﬁ
vessel was connected to the vacuuq Tine nt (A) (see Fig.13),
frozen (ISE‘) and opened. The ngncnndensnble glses were
measureé as previqg;ly,deseribgd; A sample of the gas-

collected was subjected to masg, spectral analysis and .

The solution Femaining in the reaction vessel o
was distilled thrnugggﬁun -78° traps (D), and (E) (using T,t‘
dry ice acetone) into a ér:p at -198° (liquid nit;ageﬁ3, a
Hauevef. faF the reacfians which were cairied out in
at -110° (isabuty] a]eohgllliquid nitroqgen) 1nstEid o
of -78°, 1n order to preveniiihe co- distillatian ' ‘ . .

~ of the-solvent. The' camdensable gases, isnbut:ne Ind

isebutyIEne were collected and their tnt:i sbsolute
amount w;i neisured using the Toépler pump The rela—f
tive amaunts were determined by vacuum }ine GLC (I)

-

fitted with a 10 ft. x 1/4 in. 102 sf1icon oi1 200 on

60/80 chromosorb WAW glass column, 0°. For the reactions

which were carried out in highily viscnés’spivénis such x\Sﬁ
| | 7

ves;ei to ~50° to make sure that all the isobutane and

isobutylene have peen distilled. Isobutane and {sa;



traps (E) and (D) to roem. }

orfiginal reaction vessel té (~198°). Q?iit,rtigving the

resction vessel from the vicuum Tine & kiowen smeunt of e
standard (undecane, dodecane or hexadecane) was added
fa the mixture and the mixture was subjected to 6LC
énaijsisl(C;rbﬂgqx and QF-1 columns).

_ The remaining products, 2,2,3,3-tetramethylbutane
and pheny1§isabut;l sulfide, were identified by»;agé
paring theif mass spectra?A:ra:king pattern and their
6LC retention times with those of authentic samples.

No attempt was made to quantitatively determine

the amounts of phenyl disulfide and diphenyl sufide
obtainé; in tﬁe reaction. No other product could be
detected. The products, 2,2,3~trimethylpentane, 2,4,4- .
trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene, that
were 1ikely to be formed in the r?;ction of tert-butyl !
radicals and isobutylenel were. specifically searched
for (GLC) and were found to be undetectable. The re-

sults of these analyses-are listed in Table 16.

Photodecomposition of AIS in Benzene. e
P Y sttt s i L . ‘- e e

A sample of Allaij;binZCnc was prepared and the
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. 2,2,3,3-tetramethylbutane, one of thg'(;l) mi&ér

‘:phttoigca-positiin ind gas lﬁilysis was enrried out

in th: same manner as described above. A sa-pig of
noncondensable gases collected was subjegﬁed to mass
spe:t;al»inaiysis and was shown to be solely nitrogen.
The residual reaction uix;urg was téansferrgd into the

reaction vessel and removed frgm the vacuum line. A

known amount of standard (dodecané) was added to the

mixture and the mixture was subjected to GLC analysis

(tarbewax column). Beside the combination product,

products (~1.5%) was identified to be tert-butylbenzene
by its mass spectral cracking pattern and its GLC. re-

tention time. The results of a representative number

of these analyses are listed in Table 17.

Photadecaipositinn af AIB in ngzanitrile

" The reaction of AIB in benzonitrile was carried.
out and ana1yzed in'the same manner as described Far'tHE
AIBrde:ompasit16n in benzene. The analysis of the Fe-
Presence of cnmbinatian prgduct. 2 2,3,3- tetranehty]-
bu;:ng. One of the (>4) minar products (~7.5%) was :
igahtifigd as Bscyéga-ggggfbut;1benzene byia comparison

of its mass spectrii cracking pattern and its 6LC re-

‘tentfon time with that of an authentic sagple-xlsub—

sequently it was shown by using the methy! silicon

*

By
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capillary column that the peak 1d¢ntifiedras p-ctyano-

tert-butylbenzene wis/g/m+xtu?é of two compounds f1s :6

approximate 17:1 tfo. The GLC retention tine of the

was fdentical as g-cyano—tertébutyibenzeq‘.

and the smaller peak was tentatively assigned the

structure, o-cyano-tert-butylbenzene (%abIe 17).

GLC Analyses.

A11 analyses were carried out using a HP 5840-A"

L}

. gas chromatograph fitted with a flame ionization dete;tor@f
A1l quantitative values reported were electronically '
integrated (HP 5840-A) and were‘&etgrmined using
standard calibration curQes obtajned frop known mixtures
of authentic materials. The relative GC jreas for ]
gaseous samples were determined using,thé method of

- peak height x peak width at one-half peak heightg -

Viscosity Measurements.

The viscosities of the substituted toluenes,
benzenes and ;ll'otheé solvents were determined at 30°
using an Ostwald viscometer, calibrated using distilled

water as a stahdard.]]]

Mass Spectrometry. : N

4'Thewﬁ1gh-re§olutfbn‘mqss spettronetry was .carried =

out using an AEI-MS50 mass spectrometer apparatus at a °

- . ;
. . . : A
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resol#ing power of 25000. The Gt-maﬁs spectrometry
was carried out using an AEI-MS 12 coupled td a Varian
Aerograph 1400 GC fitted with the Carbowax or OFf-1
columns. The MS 50 and MS 12 were coupled to an AEI

DS505 data s}stem.

. GLC-IR Analyses.

The GC/IR analyses were carried out on kinetic
reactfon mixtures from the reaétion of 0.1 M AlP and
0.5 M.Phso in p-cyanotoluene and on reaction mixtures
from the reaction of 0;1 M AIP in benzene and toluene.

The spectrum for each compound was obtained using a

‘Nicolet 7199 FT-IR interfaced to a Varian Series 3700

gas chromatograph fitted with the Carbowax or QF-1
columns. The spectrum of each compound was compared

with that of the authentic material.
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APPENDIX

Error Analyses

Since all the product analyses in this work were

carried out using GLC. one should take intn!iecﬂuntr the

error which is involved in the an:lyticli procedure.

The error lnnysi‘ns carried out
n

the experiments a
E

for a Targe numbderof _

it was shown that the percentage

of the error was within the reproducibility of the

experiment. In the following a few examples of error

analysis are given.

Limit error for additions and

_ calculated as:

-

divisions were

Additiony 2= [aXx|+]aY]

Division: . 5}~' |Q%J¢|§%l

| 1)  Error aﬁatysis fof % cage and

GLC Analysis

Coﬁbound r—ouantitics-1
- nol

-

kg/ke (point 1-2 page 128)
: rt 8 g .

Avé;agg A

. -)—(— 0.018735 0.018867

‘pqu“r’ 0.086328 0.085840

- a) 3 cage:

.1 cage = €>¥;<EA+.rus?‘7f .

Error

0.018807 0.000132

0.086084  0.000488
0.104885 _ .
= 0.00062 |

$ error = 0.00062 + 0.104885 = 0.6% .- "
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b). kgsk i _
‘ f,-ﬂ kc/k obtained = 4.57 ¢+ 0. 5

2 el ‘0:00psss , p.00g1z2 . - ST
“r . TFAs7 D.osdess ' 0.018801 o T ///

Ca &b Co = . ‘, - S . S ~‘._..::
. &2-7= 0 0056688 + 0.0070209 ' o S .
- ’ » ‘s \ ‘ . .- ks . » Co ' B
| | | '\b&OSBv e N

;2) E?ror anafy51s fo» % cage and -k /k (point 13-14 -~

page 128) \kw. "
o . ) - . * B > ' T . ’ .
s 6LC Analysys -k . _ ' L
. Compound r—Quant1t1es " Average T
o mmo] 1 T ’ oo
="« )= 0.023706 0.0239389 0.023572 0.00073 . °
’ . ‘ 5 . . , \,V v '. N ‘ ( . ’
-}—é 0,020426 °0.02076 - 0.020593 -« 0.00034 . o
’ ’ - . ‘ .

T phi/‘\r’f 0.117998 011640  0.117199 " 0. 001593
a) - % cage - 9-‘-(- )= + PhS’Y = 0.161364 BT
CError = 0. 092569 .
.% error = 0.161364 + 0.002668 = 1 65%

.  1g:'

| b) kg/k: o
. AR N ‘obtatned = s s 006 C i e
» . : | e
Y 0.60073 . 0. 00032 , 0.001593 , 0.00034 T
6.74  0.02357Z & 0.020593 @ 0.117199 ' 0.020593
AZ = 0.5
T . .



