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su"I must have f len asle , fo.r all of a sudden 
there was the moon, a huge moon framed in the window. 
Two rs divi d it in three segments, of whi e 
mid e remained constant, while lit e by little the 
ight ained what e left lost. For the moon was 

moving rom 1 t to right, or the room was moving from 
right to left, or both together perhaps, or both were 
moving from 1 t to right, but the room not so fast as 
the moon, or from right to left, but the moon not so 
fast as the room. But can one speak of right and left 
in such circumstances? That movements of an extreme 
complexity were taking place seemed certain, and yet 
what a simple thing it seemed, that vast yellow light 
sailing slowly behind my bars and which little by 
little the dense wall devoured, and finally 
e ipsed.,, 11 

~from 
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Upon heating, alkyl substituted 1,2~diethynyl olefins 

under clization to yield reactive 1,4 ehydro nzenes; the 

products isolated may be rived from either unimolecular or 

bim ec ar r 

(3 

solvents oduces 

diyn-6-ene (23), 

s 

s 

the inter media tee Z-4,5 et nyl 4-

rearr to yi d 2,3 

sis 19 in inert aroma c 

ree unim ecular oducts, (Z- deca-4,8-

benzocyclooctene ( 2 5) and o-allyl-n-

propylbenzene (26)} in high yielde When 1,4-cyclohexadiene is 

d to the pyrolysis s ution as a trapping , high yields 

of the reduced product o-di-n-propylbenzene (28) are obtained. 

The kinetics of solution pyrolysis of 19 in the presence and 

a ence 

dehydr 

trapping agent est lish that 2,3-di n-propyl-1,4-

ene is a scr i rmediate on the pathway leading 

s. When the r ion was run in e heated probe an 

NMR s ctrometer, CIDNP was observed in 2 This observation, 

with kine c chem 1 evidence, indica s the 

esence of o additional intermediates, formed from 33 

i amolecular [ 1,51 ogen tr , on the thw 

to products. The observation of CIDNP, cou ed with the 

reactivi exhibited by 33 and the other o intermediates, 

impl bir cri. these m ecules. 

Two oaches have u termine the spin sta (s) 

of 1,4 ehydro nzenes oduced in the solution reaction of 

diethynyl olefins. The first method relies on the ~spin 
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co:r:r a on ectll! whi ates a a p tween 

s n state of a cag d radical 

s a reactions ( /E) which m 

r and ratio of cage and 

occur in the ir" When the 

2~3 di 

from 1,4 

mixture 

o 1 ,4 de dr enzene 

c1 exadiene, a :radic 

r tracts n 

ir is generated" If a 

1,4- c exadiene 

ssi e, rform si 

C/E leacH from e r adi ceil ir to 

is 4 

to 

em 

rmine 

d it is 

:ra 

e reduced product, 2 

yi th s m d to the eaction of 19/f C/E was found to be 

0 .. 6, ind nt of e concentration 1,4~ cl exadiene 

een 0,1 and 10 M) in the c or nzene reaction solution$ 

is result suggests the pre ence e si let state of 33 in 

th ea.ction of 1 In n nt s rt for this analysis came 

from th reaction of 3,4 dimethyl~l,S-diyn~3-ene (38) in 

hexac oroac;etone s vent in an NMR obe., The major educt, 

1,4 dichloro-2,3~dimethylbenzene (39), tained chlorine 

from s issi 

e aromatic otons., 

r 

etation is res t is 

strai orward and indicates s vent tr ing of the si let 

interm i 2,3 en e., 

i 

enes is r reaction 

e failure o observe evi nee for the t:ri 

e 1, 

t, if e tr i 

inter em crossi 

enes 

is 

from e si 

ion 

o c sta 

let must < 9 

tions :r 

, e ra 

1, 

1 

te 

ires 
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The highly reactive group of isomeric de dr enzenes, r· 

benzynes, have ovided alle ing n etic, me anisti and 

theoretical targets for a number of years. 1 rticu ar 

interest in raction en 

the de dro~cent rs. mer (1) s b e well 

characterized experimentally; t. has been studied 

ro 

a va:rie 

in a matrix at 8° K a 

substrates examinedela,b 

its :reactivi ard 

se studies indi ate 

i exists een e e 

.1 
e 1,3~ 3 and 1,4 e drobenzenes 4=l2 have en much less 

yi to ri 

de drobenzene bi 

must 

en 

ssociated with 

sti on. For 1,3 1, 

biradical structures (2a,b; 3a, 

ener tic in form a 

rs is s i strain ener 

e bi clic s ructurese n addition, the 

bicyclic 1,4 dehydrobenzene (butalene) m be further 

s iliz 

1, a 1, 

iarom 

enes m 

i ene r esonancee 

m ec es, , in whi 
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ai:n in e:ner du to ndi :ng of e nn i €;:d electrons is more 

an fset the inc ease in str in energ us th m 

v unusual c as or es contai 

a n gative bond dissoci tion ne gy 13 An additional 

cons;i on r rdi e structures is w r the 

lowest ener o n- ell electronic tate is a singlet or a 

i etw r a ve rg n will 

on nt interac on 

b b 

The possibility t.hat 2 and 3 m possess several 

ener tically similar s ructures has made them ch lenging 

subjects for stu lff4-De dro nzene is the subject of the 

inves 

was rna 

r 

tions r 

e 

e first r 

Fis 

is 

t in is 

rted atte t to generate lv4-de drobenzene 

r and Lossi 4 i 1963u who examined the 

i nzene eviou ced o-

similar is io nzene; Scheme I). 

Mass spectro copic analysis o he rolysate showed the 

forma ion of a co und wi highest m/e ak at 76 and an 
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eme I 
~~-

l 

I 

I 

ro en 

I 

HC s C ~ C = C ~ C :::= 

hll 



ioni tion enti 1 of 9o46 eV. From hese ta th assigned 

sis to e in 

Berry and coworkersS attempted to generate 1,4-

de d obenz ne the olysis com und 5 (Scheme II) e 

Monitori reaction ion i ro 

and time resolved ma s s ctrosco , th observed a sign at 

m/e 76. F om time-o:f-flight ex riments th estimated the 

lif time of the "' w cies, X, giving ris to the m/e 76 ak to be 

gr 2 mi es r ir ri co tions 

vacuum, ra e i No evi was i 

the formation of 4 in this reaction .. From these experiments it 

is not possible to distinguish the case where X is 1,4~ 

ene from \•l r X is a m e whi 

f r ionizi curr to a necessa:ri 

1, en e) i 

Fur e:r work in this area was not forthcomi until Jones 

6 :r rm :ri summarized in 

e uilibration of 4a and took place in the gas phase at 

2 C and on o cts containing 0 uteria r m ecule 

were observ d .. is suggested that th~:! reaction was 

unimolecular e observation at neither 6a nor 6b were 

in ion i ca e esence a transition 

i a ene) a new 

a xi t :r various s erne 

provided evidence that 1,4-de drobenzene was indeed an 

i erm iate fi rmore, e traction 

from a ocar a chlorine from 
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strongly sugg sted a biradic 1 structure (3b) for at least the 

form e i t mediate., e tra ing observed with 

scri ion of 1,4-meth nol argued against a z·witt rionic 

d obenzene, which would have en ex cted to educe 

ani e 

rim S I 

oaromatics 

Masamune, 

me f 

so 

I! rform 

c acid fr·om 

e 

me 

an 

t f 

im 

Masamune on r a 

[ i 

tion 0 

1 to g 8 e 

1,4-

es 

s 

which contains the ements of a diet 1 clef in \vi in a ten 

membered r ng. strain in compound 8 presumably, is 

r e for e mild r re 2 C) ich fur er 

rearrangem nt occurs" In fact, 8 was never successfully 

i 

wi 

tr ion 

rna on 

from the is consist 

racene 9 in s reaction, 

wi 

n 

e res ts ,Jones Bergman" 

coworkers8 stu t sis 

a drocar n glass and an argon matrix (Scheme 

10 in bo 

When the 

sis was carried out in a 

n warmi the ot obtained u 

Doping the hydrocarbon glass 

dichloroanthracene upon wa mi 

formation a 9,10 oaroma 

a bir i even at t 

otolysis of 10 was also monitor 

ESR signal in hese experiments 

ocar ass, racene was 

ysate t 

with CCl4 

room tern 

produced 

ese 

c interrn 

ra res. 

results suggest the 

iate whi react as 

e low rature 

E ; failure to observe an 

ovides negative evidence in 
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favor a s:i e'c state in 

A provocative r sult was recently r rted by Gilbert 

~Johnson from th s o:ratory®9 e oducts tained from 

therm ysi Clf die 1 olefins 11 indica ed that at elevated 

t ratures a trime si i tion in substi 

1,4-de droben ene 12 occurred to oduce 1,3 hydrobenzene 

isomer 13 (Sch me VII)® s is the on y re rted exam e of 

interconversion 

In contrast to the studies cit d above, in which the 1,4-

oaroma cs ea r 

11 , have reported evidence which suggests 

ity, Bre ow, 

at they have 

r tr the ic isomer, alene (3a)e Their 

a oach was to em a base-induced elimination of HCl from 

Dewar 

in the 

nzene 14 ( erne VIII). 

esence of 1,3 iphe 

When 

iso enz 

e r ion was rform 

uran, 15, Diels der 

esum 1 

ene (17) 

1-deuterio-4-dime laminebicyclo-

a m st 

absence of tr agent. dime !aniline was 

results, es cially the formation of 16 in whi 

remains i , are consist 

a 

wi a m sm 

16. In 

tainede These 

the 1,4 nd 

ene 

is an i 

In a stu Bre ow cowor rs,l 1 oro­

str t I! ene 18 was treat 

base in a uterated solvent (DNEt 2>. Both sition of 

a tion (do me s tution amount er:ium i 

to d 3) in the N,N-diet !toluidine products indicated that the 

reaction is consi more icat an it was original 
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thought to be. It was necessa to conclu from this study 

that the butalene intermediate may not be on the major pathw 

leadi 

still 

encoun 

rsh 

to the N,N~dimethylaniline 

esum d be the ecursor 

oducts, although it ~~ 

of 16. The com exi ties 

in is work arose in la rt from the relatively 

ons (str base) employed to induce the imina on 

r ion. 

inci wi the ts ri ists to ra 

r r e rea i 1,4 obenzene, a number 

of theoretical treatments have been carried out (Table L.lS-19 

Wilhite and Whittenl6 r rted a tailed study in 

w three culations were performed: a f 1 SCF-MO eatm 

of th the singlet and triplet electronic states, a limited 

configuration interaction (CI) calculation, and a many­

determinant CI treatmen The simplest calculation predicted 

the ener of the iplet radical lies well below that 

the singlet Inclusion of CI in the calculations, however, led 

to a m sm ler ct f ence in the singlet and tripl 

r i energies. smallest energy d ference was predicted 

in the full CI calculation which aced the triplet state 3.5 

kca e ow ngl In se c ons, ometry 

ene was somewhat arbitrarily that 

ene. Whilhite Whitten were car to out that, 

given the small singlet-tri et ener difference found, a 

culation rformed at the equili ium ometry might lead to 

an inverted orderi of the electronic states. Because the 



alculated Ener 

h rn 
b initio 

eller (1973)(1 

ified I 

b initio 

(I 

)(I 

I 
) (3a) 

) 

0 ) 
1111:11' 

(I 7 ) 
-31G 

1 

iplet 

5 

+1. 

:? 
~ 

~ 

obenzene Structures 

1 

---
1 

s Sing I 

Hf = II 3 

8 ) 

) +18 

I) 

1-' 
!..;...1 



14 

geometry was fixed in their treatment, no prediction was made 

concerning the sition but ene ( ch would expected to 

have a mu shorter 1,4 distance than benzene) on the energy 

surface. 

Dewar Lil7 reported a MIND0/3 study in which ometry 

optimization was carried out for the singlet and triplet 

electr c s si 1 radi was ct to 6 

kca e more s e the tri An investi on the 

si let surface led to the prediction that butalene lies in a 

r ative energy minimum, 35e9 kcal/mole above the singlet 

biradi The ansannular bond in bu ene was predicted to be 

1.,667 A long. 

A generalized valence bond (GVB) calculation of the 1,4~ 

dehydrobenzene energy sur was recently reported by Noell and 

Newton.l8 These authors performed limited ometry optimization 

for the singlet and triplet s tes. Th concluded that the 

lowest energy structure of 1,4~dehydrobenzene is the singlet 

biradical and that the bicyclic butalene structure lies in a 

local energy minimum very roughly estimated to be 77 kcal/mole 

higher. The tri et biradical was calculated to have an energy 

slightly e that of the si let CL4 kcal/m e), though the 

difference cula d the biradi s rs to be less 

than e uncer i cul ions. 

To summarize the riment oreti work on 1, 

dehydroaromatics, the most convinci cases for its generation 

suggest that a biradical description is appropriate. The two 

im rtant geometry- imized theoretical studies of the 1,4-
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ene ener sur ce are in eement n edicti that 

P isomer lies s tanti hi r in energy an e 

r s. sibili exists, evert! t ic 

tructure is lowe t in ener but un rgoes ei er facile 1,4-

nd cleavage or suffers 1,4-cleavage in concert with atom 

ion reactions., i ri evi for 

exis e ce of but ene as a meta-stable s cies must await its 

generation and characterization under extremely benign 

as in an ar 

ls of my resear has been to obtain kinetic 

evi nee for the existence of a discrete 1,4-de drobenzene 

intermediate in 

were so i e 

erm 

d in fur 

ene interm 

reaction of diet nyl olef ins. We 

r rizi reactivity 

d these r 

Chapter II of this dissertation describes a mechanistic 

investi on e 

(1 w ovi 

erm reaction 

li evi 

Z-4, ethyny 

occurrence 

true 1,4-de drobenzene intermediate on the leadi 

ene 

a 

to 

oducts. It was so 

1, 

d ai ; 

in this area. 

d that evidence for the spin s te of 

rm ia 

er III s 

esent in 

res ts 

ese 

our 

s 

forts 
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ENE 

As mentioned in Chapter I, there has been continuing 

interest in is r rizi react i 

1,4 de dro nzene, We wi ed es ci tain conclusive 

evi ene i a scr ies fi te 

1 ime, Sever s 

first was r 

tions w re it d r A seco :rn od 

\'laB to obtain kinetic evidence for the occurrence of 1,4 

ene as a reactive interm on a thw 

erved Duncan Brown in S 1 a :rsued a low 

temperature, photochemical route to the butalene/1,4-

dro nzene ener surface at was inten d to allow the 

ese ese20 invol 

a kinetic stu of the generation of a substituted 1,4-

ene m reaction a e 1 

e re sever aw ks to use e 

as a ermal ecur sor of 1, 4~de dr enz ene" e yield of 

aromatic in u on s r ite 

low (<50%)"6,21 In addition, the sensitivi 4 toward a r 

oxi on r d m r iza tion (even at s ent 

t r es it r e:r inconv ent to work wi It was 

on e framework would 

1 ov S 
. , . 
141 am ent ra re to kinetic 
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s ization inst t.it s si reactions duri :rmal 

eaction in soluti n, Ideally, the substituents should be on s 

t ha.ve an s i .cc on ectr c struc ure ... 

1" eneo 

'I'oward is :r {20a-w, e were 

r in s 1 rm r ons some 

th e m cules ov d to quite nteresti ®9,23 ese 

investigations indic ted th t alkyl and trimet lsilyl 

ti ethynyl are eci easier to work wi 

If on to 

r ic lk e s ti or tuna 

modest im ovements in the yield of aromatic oducts were 

realized throu these modifications@ Substitution at e 

ace lenic carbons greatly raised the tern rature r uired to 

iz on to e ti 1, is 

is an sir fe , s more vi ous reaction co itions 

are ex ct to increase the mechanistic complexi Duri 

these investi tions an additional oblem was i ntifiedg 

interaction of 1,4 dehydrobenzene biradicals with solvent 

es can free r s whi may subsequent attack 

unreact di en e .. 

Observations by Charles Mallon of the interesting 

unimole ular errnal of co u 20n prompted us o 

further investigate e chemistry of di-n- opyl substituted 

diet 1 ol ins"23 Com und 19 was identified as the most 

promising molecule to study~ because of e unsubstituted 
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si ions 19 '\!'laS ed to rear at 

lower 20n.21 

0 

2' Diet Olefins That Have Been 

in this Labor at 

- ~-~~--~-=-=---~~~--~-~~~~ 

H H methyl 

H H phenyl 

H H !_~butyl 

H _!_~butyl H 

H -~-~butyl SiMe
3 

H !_--butyl s 
H ethyl ethyl 

H _g~propyl _£~propyl 

H ethyl ethyl 

H !!_-propyl E_~propyl 

methyl methyl H 

methyl methyl methyl 

methyl methyl E_~prop 

methyl 

methyl methyl phenyl 

!_~butyl SiMe
3 

H 

Rl R2 (CH2)4 methyl 

" £~propyl 

" phenyl 

Rl R2 "' benzo · H 

H H SiMe 
3 

t-~butyl H SiMe
3 

SiMe
3 

H SiMe
3 

methyl 

phenyl 

H 

H 

H 

s 
H 

H 

SiMe
3 

S U1e
3 

H 

methyl 

E_~propyl 

methyl 

phenyl 

H 

E_-"propyl 

phenyl 

H 

SiMe
3 

S:H1e
3 

_! __ ~butyl 

ratures 
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F'Oll die fins we e pr red n the course of he 

na:: anisti investi tiona re :rted in this sections 

contained alkyl substitue s at th vi 1 sitions (19, 21L 

c route f 1 a :r me 

eviously (~m ed Gi bert J nson and J n s fko in is 

labo a o y (Scheme IX) 24 e k step uation 2) is n 

o efination reaction e me od of Pe rson, 25 Anion 

22 un rgoes th addition to the carbo 1 and ace lenic H 

abstraction; this 1 

et 

0 

convenient 

otolysis of 

ins, i 

fected 

e 

isomerization@ 

to only mo st yields of e desired 

were in r a 40:60 ra o 

Sepa ation of the isomers was 

column romatogra on silica geL 

olefin in alkane solvents led to 

this method the 

ination reaction was conver to a m 

product 

1: 1) 

the 

the 

and 

rime 

me 

lsi 

Arens 

(TMS) gr 

s i 

Final 

'tv as 

If removal the acetylenic 

i in h d 

on 

we also r uired two com unds, 23 and 24, substituted at 

the ace 

I! i t 

isomer f low 

8 

Com unds 

i 

column :rom a r 

this are most 

r ace li s 

somerization 

the 

with 

sir 



I} n Buli 
R -C!!!C-

A 

n 
cis-8 

R-;;;:;;; -H 

R- - =-TMS 
80°/o 

TMEDA 

A 

s 

H 60°/o 

TMS HC=C-CH = CH - c= C-TMS 

R- = -cu 

B 

89. R = n Pr 

21 • R = Et 

dine 

'*' 

+ 35 °/o 

~ 

, R =nPr 

24, R= Et 

( 

N 
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1 ns ined r rom a raphy 

on s w r: e ore 0 were usual 

fur i rat s is me 

i ace ent~s in >9 ri neat ace enes 

could be hand ed briefly at room tern rature in the air but 

y llow color tio ared after several minutes un r these 

or in ut:ion e life me 

t ove v ra 

to im s orat on 

es eriza on~ 

Gas phase exp ments were performed by passing th 

ace enes r a heated ei r a stream 

essur or at r ced s were 

c le ted on a cold finger at -196° Solution reactions were 

carried out in se ed glass tu s. e concentration of the 

dia e 1 nes was usually lo-2 M or ess nd he sam es were 

B j to fou freez 

om und 19 vl s 

of solvents. e therm 

les to remove 

ed in the gas ase and in a number 

reaction of 19 in the gas ase (N 2 

oduced a quanti tive y e d of three oducts: 

isomeri diyne 23, ben o y loo ten (25), and o 

cts were is 

pre rative VPC and characterized their NMR1' IR and high 

resolution m ompound 23 was identified 
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19 23 25 

Cl 
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ti 2 was hea in the 

ase at 400° c (N 2 f1 w con act t me LS min), greater 

95% convtu: ::don 25 erve 

rm t 19 i s ution in o 

to obtain ac urate ki etic ta f its cl zat:ion. Aromatic 

olvents were ex cted o be unr tiv toward free radical 

dr og n tom t a tion ndv oved to almost 

om ete ine t tov1 rd h intermedi e oduced duri the 

reaction 1 He a 19 1 0 for 1 m es i.n 1 

r, c or ene or ene to te conversion 

starting material to 23, 25 and 26 n high yield le 3) e 

w at s t ature ace ene 23 was te e 

did not r In tion to ar 

sev r isomeric d < a 

served m ss s ctrosco ese 

compounds a ea to be formed addition of reactive 

interrn s to 

We al o want d t ind a sui le tr agent for e 

int r:medi e (s) oduc d n h1?~ r tion o First we 

inves igated the reaction of 19 with si e alkan s and alkyl 

substituted aromatic solvents which, w reason d, would 

effective y t nsf r drogen to biradical and radical 

interm di Be U ortunately, the yield tractable oducts 

w s q ite low ( 40 ) w th so ven s vl re em ed. 

r a ted s lutions were d discolored which suggests the 

occu renee of competitive polymerization reactionse 

s uer1t we t dition a sm amount (<15% 



Table 3® Product lds and Rate Constants in the Solution is of 19. a 

Abso b 
1,4-cyc1o-

-1 hexadiene Total 
Run T 

{sec ) ) 24 26 28 

(1) 196 -- 0.0 20.3 36.9 20.8 -- 78 

(2) 196 -- 0.4 10.1 8.9 5. 48 71 

( 3) 196 -- 10.6 -1.0 <1 <1 76 <79 

( 4) 166 1.3 X 10-J 0.0 13.5 38.5 20.0 -- 72 N 

""" 
(5) 156 6.9 X 10-4 0.0 11.8 35.8 . 2 -- 65 

(6 145 2.9 X 1 4 0.0 9.8 37.3 17.6 65 --

(7) 132 9.3 X 1 5 0.0 7.9 38.5 16.4 63 --

( 8) 156 7.1 X 1 4 0.19 8.7 13.5 8.7 27.6 58 

(9) 156 6.4 X 10 4 0.38 5.2 6.7 3.1 47.4 62 

a. ] lil:! = 0. 01 M -
ields digital integrat of FID vpc trace and reference to 

an i . 
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urn e) a t er nor to utions 19 in 

on o t:h in o v n s pr duced a hi h y ld products@ 

1, acene were extrern 

e fective as drogen clohexad ene was most 

convenient to use e its ili r i tie so In the 

presence of these trap in agents a n w pr duct, o di n-

ben ene (28) \'Hts obt ned in hig yi 1 

incr ea d with added t ing agent the e 

yield o 28 

nse of the three 

unirnolecula oducts {see rr'abl 3 runs OJ (3), and figure 1)@ 

Sever hi r ar wei cts 1 yi d r hly 4 

that of 28} we e also observed in th se 

spectrosco th se compounds w r found to be isomers of 

m ecular rm a 1 (2 c 4 (3 0) are 1 iE~V to 

have the structures shown below. In addition, several oduc s 

with e mol cular form la c1 H1 and c1 1 were f rmed in 

modest yield. 

ina on 

se r believed to be dime s formed 

1 r 

9 

the 



-
"0 -
Q) ·->= 

"0 
IV 
N --
0 
E N 

0'1> 
'-
0 
z 

I, yclohexod ene ~ 

F 1. P of ized yie s as a of the 

amount of 1,4-cyc reaction so . 
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2,2,5, tr :ri ,4 cl exadiene was empl ed 

as the t agentff the 28 form d contained two ute:ria r 

molecule. e yield tractable oducts in this reaction, 

h wever, was subs antially lower than when undeuterated 

cl exadiene was used. is is believed to reflect reduced 

reactivi he deuterated tr toward the intermediate 

r cl exadiene d4 was em ed as tr ing 

ag n th high molecular weight oducts formed, 29 and 30, 

contained 2 and 4 uteria r molecule~' res ctively, as 

mi mass r 1\s e uni ecular 

o ts fo med showed no incor ration of deuterium. The 

loca on erium 28 was m in e f lowi way: 

usi the me od of Werstiuk and Kadai31 the aromatic uteria 

were selectively exchanged for 

ter the excha e wa com 

otons through acid catalysis. 

eted, 28 was ex mined mass 

r e ar ions r to 0, 1 2 

residu deuteria r molecule) were measure The results 

indicate that, when 19 was heated in chlorobenzene with 1,4-

two 

ali 

(008 M), 66% ct 28 rm con i 

aromatic uteria, 3% contained one aromatic and one 

atic uteria and a ut 1% product 28 contained two 

ali atic uteri a .. e ramifications of 

next section 

is result are 

s 

:r r in 

e kin tics of disa 

ution (10~ M) were measur 

exadiene 

arance 19 in chlorobenzene 

in esence 

near first or r 

absence 

ots for 

three reaction h f-lives were obtained at four temperatures 
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a r ean first order kinetics were so 

observed for the reaction of 19 in 0.19 and Oe38 M solutions of 

ene wi chlor nzene vent. In the presence 

d reac on rate was d within 

e erimental error (Table 3, runs (5), (8) and (9)). 

e thermal reactions of 21 and 24 in the gas phase were 

so investi 32 ratures below 42 c itative 

conver on 21 to 24 was the only process 

tern ratures additional unimolecular oducts a 

At higher 

ared. The 

predominant products were o-ethylstyrene, tetralin, 

benzocycl tene and styrene (Table 4)e These products were so 

rved lowed to r under similar conditions. 

erma! reaction of 21 in benzene solution (10~2 M, see 

Table 4) gave diacetylene isomer 24 plus a small amount of o~ 

die thy 

cl6H1a <i 

ene, bibenzyl, and a oduct (31) molecular formula 

ifi by VPC-mass spectroscopy) whose structure is 

to th shown below® When 21 was at 190° C 

in a solution of benzene~d 6 , o-diethylbenzene containing 

deuterium, in the ratio d 0 :d 1 :d 2 "" 3:3.4:1, was formed, 

demonstrating at significant abstraction of uterium from 

ene place. The pr 

deuterated and is believed to have 

is reaction The source 

en acetylenes 21 and 24 and 

was found to be fully 

en formed as a result of 

n is assum to have 

otio reaction products. 

Reaction of 21 in a benzene solution containing 1,4-

clohexadiene gave greatly reduced yields of unimolecular 



Table . Product Yields in the Reaction of 21. 

a 

24 
Run 

400 100 0 0 0 

500 76.8 L3 . 0 

benzene 51 0 0 0 

+ 195 6 0 0 0 

of FID VPC trace and 
standard 

c - 0.01 M 

0 

L6 

0 

o-d.i-

0 

0 

5 

75 

to 

N 
\0 



30 

cts: iethy ene was ined in d yield (Table 4). 

Sever high molecular weight pr s formed were detected by 

mass ro have the molecular formula c16H20 (32)0 
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To account: re ts i. in e e m sis 19 

w pro e the me nism ou ined in Scheme XII which inv ves 

initi ri closure of 19 to produce the 2,3~~di nc~ 0 1~1,4~ 

nz ne bi adical 3. n the sence o t a ing agen 

a e avail to 

form rea c ene 23 (or :retur to the starting 

ace in wi e res ts e by 

Jones a d Be for the deuterium labelled diace lene 4a 

em II}. 6 iti 1 r 33 tran er n 

he t minus a o 1 group t th nearest aromatic 

rad cal site to oduce biradic 1 34. is is e ected t a 

aci1 ocess s n e a kinetical favorable six-membered 

transi ion state is involved.33 Furthermore, the heat 

forma on r dical 34 is estima to t 12 k e 

s 

a:nd a 1 C H 

[ 3] me 

known [nJme 

ea r nge s o 

ntram ar 

f renee in 

e ct 

Ring 

to 

s a 

closure 

or 

ene 

h 

in 34 

e as 

i e, 

ima 1 

to give a 

sm lest 

ndane at 150° c. 35 In tead, a second 

tr er ce r cal 35 m 

ec ar s 25 e ve ceful 

th presence of 35 on th ea tion thw and strongly suggE~st 

e location e r i sites at rm i 1 

ubst.it en In fa tff the failur to observ smaller ring 
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benzocycles or o- o 1 -methylstyrene argues against the 

occurrence 0 r tram ec ar tran er s 

[1v4l) in 3 or 3 

esence 1, ene in e reaction uti on 

leads to the formation of 28 which m in principle come from 

tr of a of e ree biradical intermediates. e 

results the deuterium labelling stu mentioned previously 

ee the Results section) ind cate that trapping occurs 

e minant from biradic s 33 and 34 (S eme XIII)@ Only 1% 

28 for to contain two eria in the al 1 side 

ns n sis s ution was 0.8 M in ene-

e ormation of high molecular weight products in the 

solution ro ses of 19 is readily un rstood in terms of the 

o sed 

attack on 

34. 

1 

r dical 

ani sm. Product 

c or 

our m 

ene to one 

ene s vent 

sm (Scheme X 

[ i 

ir; transfer of a second 

cage led to the 28 formed. ge esc 

ars have been formed from 

intermed te bir icals 33 

, tr n from 

rm rates a 

drogen wi in the solvent 

e m also have led to the 

formation of 28. mbination of cage-esc d cl exadienyl 

radicals ars to have been res nsible for the formation of 

oducts with 

r 

wei 

r 

ion wi 

s carr 

r m 

xa ene 4 se cts have new m ecular 

combination 

responsible for sever isomers with 
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8H24 (30) found.. Hydr n loss from some ese formula 

cornbina tion oducts (either under the reaction conditions or in 

the mass spectrometer) accounts for the rnation products of 

formula 8 2 (2 ting the identifica on 

29 and 30 are the observations that (1) these corn unds only 

ed in reaction solutions containing cyclohexadiene; (2) the 

yields of 29 and 30 were directly related to the yield of 

trapping oduct 28; (3) mass tral fragmentation g s large 

aks due to the phenyl cation, cyclohexadienyl radical cation 

and propylbenzene cat 12H1a>; and ( when exadiene~ 

d4 was used, 29 was formed containing two deuteria per molecule, 

with four deuteria per molecule$ 

It is informative to consider here the results of the 

ermal reactions of diacetylenes 21 and 24 (Table 4). The 

oducts obtained in the gas phase and in solution pyrolyses in 

benzene suggest the mechanism presented in Scheme XV. 

Interrnedia 36 appears to undergo intramolecular [1,4] hydrogen 

transfer slowly r tive to ring opening to acetylene 21 or 24. 

Thus, 21 may be converted quantitatively to 24 in the gas phase 

(400o C) without eciable intramolecular trapping of the 1,4~ 

dehydr ene intermedia Only at much hi r temperatures 

.. 500° C), where 24 is repeatedly converted to 36, were 

s intramolecular hydrogen transfer found .. 36 

In benzene solution 21 was similarly converted to 24. No 

intramolecular hydrogen transfer was observed, though in the 

presence of added cyclohexadiene the 1,4-dehydrobenzene 

intermediate was efficiently trapped to give o~diethylbenzene. 
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the tern ratures employed in the solution studies, the 

rea rangement of 36 to 24 is essentially irreversible@ Each 

m ec e 

e course 

a roo 

ra 36 

is reaction@ Our failure to 

in or o-ethyls ene 

a single time in 

teet even trace 

rate 

en transfer must be several or rs of m nitu 

ri 

We may r 

36 to 24 is com 

ovi s a r 

tran 

ning 23 

to 2 

assume the r rearr ent 

rable to t t of 33 rearranging to 23a is 

e anation for 

r in 33, where [1,5] 

ilure to de 

er is 

[l, 4] 

ring 

In accord with the mechanism presented in Scheme XII, the 

disa earance of 19 shows first-order kinetics@ From the rate 

data measured over a 3 40 c range, the activation parameters for 

e first in the reac 

an Arrhenius ot (f re 2, 

The Arrhenius param s 

id if re rn of 1,4 

m nism can be termi 

/mole 

ined for e reaction 

from 

log 10A 

19 are 

nzene 33 to 19 (k_ is 

we :m termine the i ortance of k-1 and obtain kinetic 

evidence for the intermediacy of 33 by testi the following 

hy thesis: if biradical 33 is a true intermediate on the 
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2. JX.rrhenius plot of unimolecu 
~~,~~~~ 

observed in the reaction of 19 (0.01 M) 

rate constants 

chlorobenzene. 
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rea tion pathway leading fr m 19 to products, and if the 

uni e:c ar ra cons s 4 k bimol ar ra 

constant 5 rsHJ> are d with r to k , then 

dis a arance of 19 must be inde ndent of the 

e rate 

esence of 

clohexadiene in the reaction solution. However, the educt 

distribution will be dependent on the cyclohexadiene 

concentration if 33 is an intermediate and k 5 [SH1 is of 

com rable magnitude to the unimolecula reaction rates. The 

rate onstants obtained, when 0.19 and 0.38 M a.dded 1,4 

cl exadiene were heated with 19 at 156° C, are identical, 

within e erimental erroru to that tained in the absence of 

tr a ing agent le 3, runs (5), (8) and ( ), As edicted by 

our mechan sm while the rate of reaction of 19 was unchanged, 

e increase in ene conce ation changed the yi d 

28 from 0 to 47%. 

The mechanism in Scheme XII makes several other specific 

predictions about the de ndence of pro ct yields on the 

concentration of tr ing agent in the reaction solution. 

Application of the steady~state approximation to the 

r on 33 g S on ( erne XII cts that 

he yield of 23 will be inversely proportional to the 

concentration of 1,4 cyclohexadiene Cequa tion (5)). The 

e 

with 

riment ta are 

an ism 

otted in fi re 3 and show good 

e m se 

(normalized yield of 23)-l = 1 + k 2 + k 5 [SH] 

4 4 

reement 

( 5) 



( 

I ~ 

Plot of ( 

. 

h d e e]w 

ized of 23)-l versus concentrat 

Cone. 19 = 0.01 M, T = 19 c . 

~ 
1-' 
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olute yiel the unimolecular products 23, 25 and 

26 are strongly ndent on concentrat trappi ent 

(figure 1). The yields of 25 and 26 show a more pronounced 

rease n the tion xadiene than does the yield 

of 23 (the ratio 25/26, however, remains constant,). We may 

explain the nature of this dependence using the proposed 

m sm if we make use the f lowing simpli ing assumption: 

om ri s with 4 we know that a igible 

amount of 28 arises from tr ing of biradical 3 Therefore, 

uation (6) d[25 + 26]/dt 

by application 

33 and 3 

Yield 

Yield of 

Yield 

of 

25 

Yield of 

uation (7) follows from 

the steady sta oximation to intermedi s 

23 k4 (33) 
(6) 

+ 26 k3(34) 

k4 k4 k6 [SH] 
"" + ( 7) 

25 + 26 k2 k2 k3 

Equation (7) relates the ratio of 23 to 25 and 26 as a 

function of added cyclohexadiene. The linear plot obtained by 

a ying is function to the e erimental ta (figure 4) 

co i rms the exi a intermediate which undergoes 

trapping with cyclohexadiene (in agreement with the 

4 riments). The i r that plot gives 

the value of k 4!k 2 as 0.36 ± 0.01; this is the ratio of 

unimolecular o cts in the absence of added trapping agent. 

Similarly, dividing the sl of the line by the intercept gives 

the ratio k 6!k 3 as 2.0 M-1. Since the intercept of the line 



( 

yclohe 
F 4. Plot of the of observed lds of 

2 (25 + 26) as a of 1,4-cyc concentrat 

19 = 0.01 M, T = 19 C. 

*"' w 
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agrees \'lith the ratio of unimolecular products observed in the 

tr ng 3 , the esence cyclohexadiene 

does not significantly affect the reaction rates at the 

co rations st 

We also have tained good evidence for the presence of a 

third biradical on the reaction thway of 190 When a solution 

19 in om ene or 1 er was hea at 160° c 

in the obe of an NMR s ctrometer, several emissive signals 

were served (figure 5)@ These signals are assigned to the 

vinyl protons and, tentatively, to the alkyl otons (terminal 

methyl methylene) in polariz 26. The ervation that y 

polarization of the hydrogens at the two end car ns of the 

propyl and propenyl chains occurred, and that all enhancements 

were emissive strongly implicate biradical 35 as the polarizing 

es. 

react 

Thus, 

to ap 

though 1,4-cyclohexadiene is not suff iently 

radical 35 to an appreciable , the CIDNP 

process is r 

i r 

It m 

id enough to 

7 a 

ovi 

be helpful at this 

evidence for the presence of 

Mechanism 

int to summarize the evidence 

su rting the mechanism oposed in Scheme XII: (1) the 

rmation diace ene 23 from 19 and the rvation that 23 

also rearranged at higher tern ratures to generate products 25 



~react 

signals 

45 

p 

(90 MHz 1H) shows 

a lyl~ 

3 C. The lower 

the s during 

at 160° c a 90 MHZ NMR probe. The 

on left s of 

inning side bands of the 

) . 
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and 26 argues for an intermediate or transition st te with the 

mrnetry 1,4-dehydrobenzene 33.6 (2) The yield of 23 was 

ubstantially reduced by added trapping agent while the 

sition rate 19 was The dependence the 

yield of 23 on ad 1,4 clohexadiene displ ed the behavior 

nzene exists as an intermedia ct if e 1, 

f nite lifetime. Toge er these observations establish the 

f rrnation of 1,4-dehydro nzene intermediates in the e r rn al 

reac on ethynyl rva t two 2 

d2 isomers were formed when cyclohexadiene-d4 was used as a 

tr t indica s the esence of at least one addit nal 

intermediate, 

la led at 

E riments, which showed that one isomer was 

th the aromatic ri and the aliphatic side chain, 

st that 34 is form in e r ion. Kinetic 

evidence for the second intermediate was also obtained by 

examini the ratio unimolecular products formed as a function 

of added cyclohexadiene. (4) The reactivity of 33 and 34 

drogen abstraction from 1,4- clohexadiene, followed by 

ination and disproportionati and intramolecular hydrogen 

transfer to produce biradical 35 clearly demonstrate the 

biradical na re of the interm iates. (5) Products 25 and 26 

strongly suggest intramolecular combination and 

The dispr rtionation from a common biradical precursor. 

rvat CIDNP in 26 confirms the i rmediacy biradical 

35. 
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It is ssibl to estimate the bsolute rate constants and 

activation energ e for e reactions st s in Scheme XII" A 

r asonabl model for cl exadiene tr ing of 34 is the rate 

constant for abstraction of drogen from diphenylmethane 

r c s s mat to "7 . 6 .7 X 10 M sec 38 

un mol cul r r te constants k v k 3 nd k 4 are thus ex cted 

to lie between 106 a 107 sec 1 at 60° C; ka must be at least 

one or o or rs tu ow r 

A marked n nee of th ratio 23 /(25 + 26) on the 

reaction tem rature is observed ( le 3, runs {1), (4), (5), 

(6) nd {7))., is is convinc ng evi nee that at least one of 

e i ram ec a ocesses 1 from 33 is activa 

difference in activation energies and A factors of the steps 

i v 

versus 1 

over a ra e 

i ot ln[ (25 + 26)] k2 can 

uation (8))" A linear relationship is observed 

64° c (figure 6); from e slo of the line the 

difference in activation energies, 

from i I for [1,5] hydr an er 

in 33 should be simila.r to that for the exothermic [1,51 hydrogen 

transfer observed in the 2,2 imethyl nto 1 radical (Ea = 5"0 

kcal/mole) .. 3 9 e conversion of 33 to 23 should therefore have 

an of a ut 10 kcal/mole" e absolute magnitude of the A 

factor for the rearrangement of 33 to 34 m so be of similar 

m tu to t e rearr nt the 2,2 imethylpentoxyl 

adical oo1L5 sec ). 'rhis seems reasonable since A(k 4> is 



48 

cons uently predicted to be 10 13 •5 ~1 sec ~, an ap opriate 

m i for e ri opening reaction. 

ln 23 + ( 8) 

25 + 26 RT 

Sur isingly, rh s, a sm 1 tern rature de ndence was 

so on e r t elds 25 2 Treatment 

the yield of 25 versus 26 as in uation (8) gives a linear plot 

from which the fference in act n ener es leading to 

25 is f 1 I e, favoring rearrangement to 

26. The ratio of the frequency factors favors rearrangement to 

25 by a factor 3. The a.bsol ute magni tu s of the activation 

energies for ring sure spr tiona t of biradical 35 

are expected to very ose to zero, and certainly ss than 5 

kcallmole. We m combine the activation energies estimated 

above with gr additivity estim s the heats of formation34 

of the discrete molecular species in Scheme XII to oduce an 

energy surface for the reaction of 19 (figure 6).40 The 

activation enthalpy edicted by the energy diagram for the 

reaction 19 to give 33 is 27 kcall e rimental) while 

e value for the conversion of 23 to 33 is edicted to be 24 

k I e. has en rv ri that in or r to 

obtain a rate of rearrangement of 23 ual to that of 19, much 

higher temperatures are requir The difference in reactivity 

must due to a difference in A factors.40 The most convenient 



H 

0 ------· 

d for the reaction of 19 (all s 

e) • 
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anation is ff renee is at kyl ti 

enic sit s lowers e fr factor for 

ion at the 

lization 

to steric crowdi in 

In er II we 

support for m 

e transition sta 

present 

nism ou 

rva ons that constitute 

d in Scheme XI I, that 

provide information about the relative rates of the fast 

react s i rm ates form in the rm reaction 19 

at eva 

spin state 

a esse 

temperatures. question concerning the reactive 

di-n-propyl-1,4-dehydrobenzene, remains to be 

Our ts in this area are presented in Chapter III 

s sser ta tiono 

In relating the ta obtained for 33 to the parent 1,4-

dehydro nzene, 3, it seems reasonable to postulate that 1,4 

dehydrobenzene lies in an energy minimum as does 33. The absence 

of an intramolecular hydrogen transfer pathway such as that 

available to 33 should make the fastest reaction channel 

available to 1,4-dehydrobenzene the ring opening back to 

diace lene 4. e rrier to ring o ning is likely to be 

within e range served foro ning of 33 to 19 and 23 • 10 

and 16 kcal/m e, respectively) and 1 10 A is probably on the 

or r 13. t 1 i time edict for 1, obenzene 

by is analysis stands in sharp contrast to the observations 

reported by Berry, 5 ( a er I). They claim to have 

genera 1, dehy ene photochemically , on the basis of 
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time of-flight ex riments, repo ted to have a lifetime in 

excess o mi itions. Assumi 

ac t on or lv nzene s sted above, 

their estim t 1 fetime 3 is at least several orders of 

magnitude too large@ ei:r failure to teet evi nee for the 

formation of die 1 olefin 4 fur er suggests that 1,4 

de drobenzene was not, in fact, generated under thei 

ri co 

A final qu stion ne ds to addr ssed is whether or 

not the ta sented here rule ut he ssibili that the 

lo\'Jest ener ene m corr to the 

bi ic ene ile e rea ivity demons a d 

e 1,4=dehydro nzene intermediate 33 is clearly at of a 

:r ic ssibili t a bi ic s te m be in 

il ium wi e bir or at e reactivity bu ene 

may be i ntical with the react i 

biradical cannot be rigorously ruled out. The only other 

ar nt whi rs on this nt is t ore treatments 

e structure to i ly higher in 

ener 11 or form. 
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ri ne was di ill from 2 ti r lux for 

sever e ether was ined from a commerci 

source (Mallinckrodt, anhydrous) and was used fresh from the 

container without fur er purification or drying. Absolute 

e anol was also commercially avail le and was used without 

fur I r if ica tion. gr tr eum ether (bp 3 

C) was purified ssing it through a column of activity I 

sis s were purifi by repeated fract nal 

di tillation through a glass helices- eked column until only 

trace amounts rities (<0.1%) were de by analytical 

IR s ctra were obtained on a Perkin-Elmer Model 237 or 

mo 1 257 

on an EM-3 

i 

(HRMS) were 

ctral 

s 

a ng a were recorded 

rome shifts are expres in 

tramethylsilane. High resol on mass ctra 

tained on an AEI-MS12 

M ses were carri out usi a gan 4000 

rome 

Elemental analyses were rformed the Microanalytical 

a to , ra by 1 ist University 

if or a, 

a iling ints are r ted uncorrected. 

p rative was rformed on a varian 90P instrument. 

Analyti was d on either a Perkin- mer 3 or a 
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Perkin- mer Sigma 3 h om t r Both 'ltJere uipped with 

fl me ioniz tion tectors (FID) and were interfaced with a 

ra sics em 1 i i VPC 

c umns work r d e were f lowi for 

pr rative VPC- lumn A: 10 1 x 4~ glass 10% SF-96 on 6 

rom W~ Column B: 12 1 x 1/4\if glass 10% SE 30 on 6 SO rom w~ 

; for umn C: 9 1 x 8\if stai ess ste 

SF- on rom r MS s-

ass lla 1 coa ar columno 

Gas ase rolyses wer performed with a Hoskins 

Manufacturi FD 303A Electric Furnace@ e 

rolysis tube was rna of quartz tubing 35 em lo x 12 mm 

am was fi wi 1 outer j s on e ow 

rolyses were performed ssi a stream of N2 gas over a 

m ti stir:r the rna ri to ; e s 

ow was a 1 uid co finally 

r a meter with e flow r term Vacuum 

ro ses were rformed wi the same a ra tus except that a 

vacuum (r 1 by a manostat) was i d tr 

Because of low v atili , the com unds studied were usually 

r increase r 

s were :rformed in 

were i >9 re 

ss d in sis s 

di or on to er izationo 

into hexame s azane trea ass tubes fit with 14/20 
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fern e ter four freez es (to 0.02 torr) 

the ubE;s wer sealed under vacuum. am es for the CIDNP 

ment w re ed in the same w exce that NMR tubes 

t \vi h 14 0 fern le joints were used, and the 

1 isila ane trea ent was im utions were 

low d to react s ersi in an oil th ted to the 

s r concentr on e ace lenes was 

t ri e int rat k area by FID~ 

ui d v with the area a known amount of an internal 

s an d which h d n ad d to the solution. 'rhe internal 

sta r were e• ;;:) ca n r milar to the star ng 

diac tylene. The error in the diacetylene concentration 

stimat is method is e ected to be smalL The yield of 

cts 1.<1as term usi assumption that 

factors the same molecular mula 

are ual 41 d higher ar \'Jeight cts was 

estimated by assuming that the response factors of these 

ocar , r ative to se unim r odu s, was 

rti to e r ca atoms in e 41 

am es r kinetic e riments were e red in the same 

manner, e reaction r re was contr 1 by submersing 

the reaction tubes in a vigorously refluxing solvent 

brom en ene, 1560 C). Care was taken to minimize the 

cont c of the sam e tube with the walls of the solvent flask 

sin e this cou d have introduced an error into the reaction 

tern rature. Data points were rived from th mean value of 

a s e. 



e synthetic schemes em d in the ration of the 

irs of diace lenes 19 and , a 23 and 24, were i nticaL 

Proce res a e sc:r in tail e ses 1 to 

19 and 23. Only the properties of the corresponding 

erm a s 1 i 21 24 are g 

Pr ketone: These 

\'Jere r "' me Bow 42 Propyl '"' I' 

et 1 ketone: Bp 52 530 c at 45 torr Oi erature 4 2: Bp ""' 

65-660 c at 100 torr). 1u NMR (C 

Ethyl ethynyl 

ke str 1 r ster a r) was i a in 5 

yield Bp - 108-lloo C at 1 atm. 

c s If 9 s e , 2090 

c t:r e bond str em 

too easily z to low sati acto:ry ement sis; 

the HRMS, ever, was obtained: molecular weight calc. for 

ime 1s To an oven-dried 1 L three-neck 

ask f wi f s, a con ser ed 

C and an N2 inle was added ydrous ethyl e er and 1-

g, 37 s u on was co to c r 

an atm e stir:r wi a m c stirring 

bar. 165 mi. a 2.4 M (0.40 mol) hexane solution of nBuLi was 

over 1 h. r tion e ution was lowed to \varm 

.A white L (the alky 1 lithium salt,} 
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pid y form The s ution was c oled to -20° c and 

tr rrte si (45.7 g, 42 mol) was d over min. 

ion was e ter e sol ion was stirred at r. r 

e eac ion was worked by uri 400 mL H20 into the 

flask and then se rati the mixture. The ueous phase was 

d wi 2 mL e e er. combi or nic phases were 

washed w th 150 mL H2o and then dried over Na 2so4• The ethyl 

e er so ution was con ntrated on a rotary ev rator and the 

was i a fracti stil tion r a Ta wire 

e o ct w s obtained as a orless 1 uid, bp 70-

71° C (35 torr); isolated yield 44.1 g 07%), 99% re {by VPC 

e NMR and bp agreed with t se r rted in the 

a 43 

1 Trimet 1si1y1 n ne: e isolated yield was (see 

eceding e ration), 38g, 74% (96% pure 

at 35 torr. The physical 

in e 1 tera rE!. 44 

1,3 (tri si 

neck f ask was fitted wi 

200 m anhydrous ethyl 

r me si w e 

c un r an N2 atmos ere. 

o rties agreed with those reported 

An oven i 500 mL three 

0 f s an in1e 

ether and 15.4 g (0. 10 mol) 1-

s rr m ti ly at 

nBuLi (45 mL of a 2.42 M hexane 

so uti on, o. 1 mol) was added over 15 min followed by TMEDA 

(11 6g, OslO mol). e solution was stirred for 2 h at -20° c 

and then fo 1 h t 1 ter cooling the solution to -20° C 

again trimethylsilyl chloride {12.0 g, 0.11 mol) was added over 
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15 min. A white (I,:iCl) formed immediately. e reaction 

solution was stirr for 1 h at 2 C and then warmed to r.t. 

fo 1 To work up the reactiong 1 ded and the 

mixtu e rate 

e 

H n i 

solution on a ro a 

ueous 

d c 

ase was washed with 100 mL 

ses were washed with 

te co ra ng the 

mL 

oduct 

eva rator the products were distilled 

throu a Ta \vir column (isolated yield, 57%, 95% re). The 

pro c w s a colorl ss liquid but dev lo d a pink color on 

short e sure to air at r.t, Bp 92 97° C (20 torr). 1 H~NMR 

(C 1 3 >: cf 09 (s,9H) I! 0.14 (s,9H) If 0.88 (t,3H,J=7), L82-L18 

(rn, 5H) R (thin film): 2950, 2150, 1460, 1400, 12 , 1055, 

960v 835, 7 

found, 226 

m 1 

(trim 

HRlo'IS: Calc 

lsi ) :Pre red by e method 

scribed above for the he nyl isomer. The oduct was a 

orless 1 id c, 30 r) whi r dly turned nk 

Isolated yield, 18g (62%) (>95% pure 

a.nalysis). Pr rative VPC gave sam es of high rity 

for the following analyses: 1 H~NMR 16 

(sli'9H), 1.05 (t,3H,J=6), 1.23 1.68 (m,3H). IR {thin film): 

2980, 2943, 2920, 2168, 1258, 1075, 1034, 990, 904, 850, 763, 

702, 640, 618 cm- 1 • HRMS: Calcd. for c11 H24si 2 , 212.1416~ 

, 212.1419. 

E- z (trlm lsl To 

an oven dried 1 mL round ttom flask cap d with a rubber 

fl wi was a 25 mL ous ethyl ether 
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nd trimet ls lyl)hexyne (3o0 g, 13 mmol). With rapid 

a ~20° c, nBuLi (5.2 mL of a 2.4 M hexane magnetic stirri 

solut~ion, 13 mmol) was added over 10 min followed by TMEDA (L5 

g, 13 mmol). ter stirri for 2 h the solution was cooled to 

c a d pro 1 et nyl ketone (L25 g, 13 mmol) 111as added in 

less than 3 sec (in order to minimize abstraction of the 

ac lenic drogen). The solution was slowly warmed to r.t. 

over 2 h and th n stirred for an additional 1 The reaction 

solution was ured into 40 mL of an ueous solution of NH4Cl 

en e or ics were r w ed 2 times with 40 

e organics were dried over Na 2so 4 and then passed 

hrough 5 g silica gel to remove polymeric materials. 

n entr tion on a rotary evaporator gave a light brown oil. 

Ch omatogr on 80 g silica gel usi t ether eluent gave 

sati ctory s ra on of e reac on oducts. z- Ethynyl-

(trimethylsilyl)ethynyl-4-octene: 0.61 g (22%) isolated yield, 

>98% pure ( termined by VPC analysis)® 1 H-NMR 

(s,9H), 87 (t,6H,J""7), L43 (quintet,4H,J=7), 2.12 (t,4H,J=7), 

IR (thin film): 3315, 3283, 2960, 2932, 2875, 

140, 1460, 1248 870, 840, 756 cm- 1 • Calcd. for 

(trimethylsi l)ethyny ene: i yi d, 0.50 

3315, 2962, 2932, 876, 2138, 1460, 1250, 1167, 964, 872, 840, 

-1 7 56 em • 
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ana s is e r 'ts were unsa ory e 

e ri i ecise 

11HU3S for Cp: 4Si, 232 6 64 
- J 

E~ z- si 2 

ese compounds were prepared by the p ocedure described 

im ime lsi If 

3-ene: Isolated yield, L23 g 07%) 

2,3~die 

lH-NtJfR 

(thin film): 3320, 95, 2980, 944, 2880, 2140, 1468, 1546, 

1251, 1161, 1048, 984, 958, 905, 842, 759 cm=l., HRMS: ecise 

exa-1-

i yi d, 6 g 

(9%) (s,9H), 1 .. 07 (t,6H,J=6), 2 .. 36 

IR (thin film): 33 29 I! 

2942, 2880, 2135, 1466, 1255, 987, 894, 850, 759 cm-l., HRMS: 

precise mass for C13 i, 334: found, .133 

(1 This compound v;as epar 

from Z si ethyny ene in 81% d 

by Arens Schmi 26 on oducts were 

r a t umn 1 ter work 0 .. 41 

g 19 was tained >98% pure termined by VPC analysis). 

Pro ct 19 was a clear liquid which discolored r idly u n 

standing at r.t., lH-NMR (CDC1 3 ): J0.,80 (t,6H,J=7), 1 .. 42 

(t,4H,,J=7)1f .05 (s,2H). IR (thin film): 

3316, 3292, 2 4, 2 8, 

842, 792, 736 cm- 1 .. 

, 13 If 12 If 1110, 1090, 

The sensitivi 19 to air and 

th rmal com sition resulted in an unsatisfactory elemental 
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analysi • HRM.S: precise mass calcd for c12 H16 160.1252; 

Pr r as for 19 

13>: J Lll (t,6H,J=8), 2.22 (guartet,4H, 8), 

IR (thin film): 3292, 2980, 2943, 2882, 2097, 

1466, 1380, 1250, 1 5, 952, 887, 630 cm- 1• HRMS: precise mass 

c 39; f , 13 3 9. 

-ene 3,7 ne: The 

oce hin coworkers for the epara on of 

1 ,5-d n 3- ne, exce for the workup 8 was 

em e workup was changed as follo111S: the reaction 

solution was cooled to r.t. and filtered to remove the copper 

al ts. e solids were washed with troleum ether and the 

ned r c s ut s wer washed twice with ous 10% HCl 

and once with H ter drying over Na 2so4 , the solution was 

concen ated on a rotary ator to produce a brown oil. The 

oil was rom a aphed on silica using t ether as eluent 

and the sired product was obtained in >95% purity. Both 

ace lenes c liz from pet ether solution at -200 c 

co d fur rified by draw f supernatant 1 id 

with a pi t. E- deca-4,8-diyn-6 ene: isolated yield, 7 5%. 

lH-NMR DC l3): d 0.98 (t,6H,J=7) r L54 (sextet,4H,J=7), 2.31 

(t,4H,J 7) , 5 87 (s, 2HL IR (thin film): 303 5, 2 96 2 r 2 93 6 r 

875, 817, 2220, 1753, 1460, 1428, 1380, 1338, 1327, 1278, 935 

,7 isolated yield, 71%. 1 H-
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(sii2H). IR (thin film): 3030, 2980, 2940, 2910, 2878w 2842, 

2220, 145 v 1435u 320, 1185, 1 0, 938 cm= 1 • HRMS: precise 

mass for c 2' 13 9; , 13 

24 were toisomerized as f lows: after 

on, a uti on e ace ene in t er (< 

was in a rtz vess wi a ium essure 

sis v1as tor umn st w 

the tostatfona ratio of he and isomers was 

reached e mixture of geometric isomers was 

se r ted column romatogr on silica gel ntane 

e isomer was obtained in high rity (>95%) 

Compound 23: 

2 il 2 il 2 2 , 1675, 1 5, 1 1, 1452, 14 il 13 , 1378, 

1334, 1324, 1274, 740 cm=l. lc 

H, 10., Found: c, 90.03; H, 9 .. 99. c und 2 4: 

{CC1 4 >: 
(s,2 IR (thin film): 3026, 2978, 2940, 2916, 78, 2208, 

1556, 1396, 1160, 11 , 1056, 740 cm- 1 • HRMS: precise mass 

for 2' 13 0 9; 132.0 

2,2,5 5-tetradeuterio-1,4-cyclobe~adiene: 1,4-

was by se cat ed the 

lie erium treatm with d im 1 anion 

in DMSO 6 : to oil free 46 NaH (24 mmol) was added dry D~1SO 6 

29 m ) in a flask fitted with a 
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ser C) u d wi mi e was heated to 

75° for 45 min to generate the dimsyl anion. 46 The solution 

was ed to 0 c , with r d s rri , 1,4 ohexadiene 

(43 mmol) was ad d as fast as ssible. A red color rapidly 

develo d and the reaction was quenched addition of n2o (50 

mm , 99 % ter l m Hexa (15 mL) ice water (30 

mL) were added and, after stirring for several minutes, the 

mixture was forced r a coarse-frit fil r to remove soli 

e organic 

The ueous 

ase was removed and washed twice with cold H2 o. 

ase was washed twice with hexadecane and the 

organic phases were combined and dried over Na 2so4. The 

volatiles were isolated by bulb to bulb distillation at 05 

torr Pr 

of 1,4-

al lie 

rat VPC umn A, C) 2 isolated yield 

exadiene with 92% deuterium incorporation in the 

si tions. ter additional drying over Na 2so4 the 

xchange was r ated a second time; the isolated yield after 2 

exchanges was 9% and by lH-NMR and MS the product was observed to 

have .7% deuterium r r ion in the lylic positions. The 

primary complication encountered with this procedure was the 

presence com ing reactions which generated benzene and 

was ightly) fa r ocess; short 

reaction times minimized si product formation. Perhaps the 

st way to im ove this reaction would be to use an additional 

vent s as di which may be co to lower temperatures 

lower n se inable using neat DMSO. 
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(1 : The s se 

o sis was rfor a flow a ct time 

Cia,e 2 min and an oven tern I'ature of 3 c. The pyrolysate, 

com sed of 23, 25 and 26, was a yellow liquid at ret. The 

isolated yield of products was 76%. Preparative (Column B, 

7 C) yielded the pure oducts@ Thermal reactions of 19 in 

solution were analyzed on Column C using the following 

a e ram: i l C for 1.5 min; increase 

n; hold at 22 r temperature 

was k C to si i i e or t react n of 

28 was i e for is from the thermal 

reaction of 5 mL of a 3x1o- 2 M solution of 19 in 1,4~ 

cyclohexadiene plus chlorobenzene (10% v/v), followed by 

at on umn A 

Benz 112 ",29 ln-NMR ( l '• r 1 34 (b:r m 4H) \ .n !'A 4 I • d " I I 

1.66 (br m,4H), 2.67 (d of d,4H,J,5), 6.93 {s),. IR (thin film): 

3000, 2910, 2836, 1486, 1463, 1445, 1353, 1110, 748, 704 

HRMS: precise mass for 16' 1 252; found, 1 258. 

o Ally1-~n pro !benzene (26)::: 1 H-NMR (CC1 4): ol 97 

(t,3H,J""7), 1..60 (sextet,2H,J""7), 2.54 (T,2H,J""7), 3.32 

(s,4H). IR 

1 4): 2940, 2915, 2855, 1635, 1435, 990, 915 cm-1 • HRMS: 

ise mass cl 6• l. 12528 f 1250. 

ene (2 8): lH-NJ.ViR ( 14): d 0.97 (t,6H,J""'7), 

1.60 {sextet,,4H,J""7), 2e56 {t,4HrJ""7) r 6.9 8 (s,4H). IR (thin 

f lmh 3 2, 8, 2 2, 2 6, 2 4, 1488, 1 6, 1452v 1376, 746 
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crn~le HRMS: precise mass calcd. for c12H18 , 162.1408; found, 

162.1 4. 

Acid ca 

s ution 19 in ch1or nzene us 

c 

ohe 

in 28: 31 A 

ene 4 (8.3% v/v) 

was heated at 190° c for 15 min in a sealed glass tube. The 

solution was then concentrated to Oe3 mL total volume by static 

transfer (0.05 torr) of solvento The solution was divided into 

two samples which were each treated in the following way: The 

or ene ution was placed in a glass tube with 0.5 mL 

an s s ter freeze~pump=thawing 

to remove o gen e tubes were sealed and heated at 260° c for 

42 The tubes were d and the orga c phases were removed 

Af r VPC-MS analysis 28 for deuterium content the 

solution was sealed in a tube as before with fresh ueous HCL 

28 indicated ter a second ri of ating, VPC-MS analysis 

no further change in the uterium content {Scheme XIII). 

r ysis z 3-ene { ): Gas 

se and s ution thermal reaction of 21 gave the products shown 

in Table 3. The solution and gas phase reaction mixtures were 

analyzed by -MS. o-Ethyl styrene and tetr ali n were isola ted 

from the s phase eaction mixture by pr rative VPC umn A, 

9oo C) and i ntified by comparison of their NMR spectra with 

ic samples. 47 Benz lobutene and o-diethylbenzene were 

i ntifi by VPC re tion time (Column C, ini al temperature = 

105° C for 15 min, temperature program = 6°/min, final 

temperature = 200°) and by comparison with the mass spectra 



ain d f om u bent m und r id al onditions f 

CIDNP n 
u nzene 

e i i DNP si ls r 

a varian EM 390 lH NMR s ctromete C) • At the 

cone ntrations em ed, reduction to yield o dipro !benzene 

occurred to o _ca., 5% e Y d u m ecular 

cts; o erwise, e t stri ions were e same as 

t rved in more dilute s u on 
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OF THE OF 1, ENES 

In spite of the efforts of numerous investigators to 

rate 

states 

study the chemistry 1 ,4~dehydrobenzene, the n 

lated under the reaction co itions have yet to be 

rae rize This is a rtic rly tri ing oblem because 

the singlet and tri et states are presumed to be close in energy 

and bee use of the failure t oretical treatments to reach a 

consensus in edicting the ground electronic state (Table 1, 

a er I). To te, the only re rted ex rimental attempt to 

termine the spin state of a 1,4~dehydroaromatic is that of 

n coworkers 8, who gene ed 9,10~dehydroanthracene (9, 

er I) a matrix at 8° K and searched, without success, for 

an ESR signal which would have indicated pula tion of the 

triplet state® 

termine the 

In this chapter we detail our efforts to 

r and scription the react spin states 

of the int mediates generated by the thermal reaction of 

diet 1 olefine in solutions Our preach includes both 

larization (CIDNP) and chemica y induced 

emi tr 

namic nuclear 

r imentso 

As described in the preceding ch er, when 19 Scheme 

XII) was he ted in a 1 H~NMR probe at 160° C, emissive signals 

\vere observed in 26 both in the vinyl protons and the terminal 

me me ene otons the alkyl side chain (figure 5)" 

location the 0 in 26 which show emission indicates 



67 

that biradical 5 i the molecule in wh the C DNP effects 

e f low i observations are inconsist nt with s-

mix i an mixi m sm: 48 (1) The 

protons al a and b ta to the radi al c nters showed the same 

p arization; this indica es that he sign of the hy rfine 

interaction has no effect on e s ctrum. (2) All of tbe 

polari ed ignals \vere emissivet normally, for pola izing 

r 

on a 

m sm 

a g ue dif renee 

emission ti et 

at h n erv 

zero, a mi 

) is 

tic fi 

re anced 

y in sm 1 

biradicals (un i ed electrons se rated 

carbon atoms>. 48 , 49 

fewer than 10 

s delineated two mechanisms which the CIDNP 

effects observed in 26 m 

esent is hi r in energy 

ex ained: if singlet 35 is 

tri et 35, emissive signals 

m be observed if there exists a bimolecular reaction channel 

which a ins f the tr et r m by magne c fiel 

induced inter stem crossing ( i sc, s erne XVI). the other 

hand, if tri et 3 is educed in the reaction m netic 

iel in n nt inter stem crossing in either 33, 34 or 35) 

and the ground state biradical 35 is a tri et., en T ·-S 

mixi can ce s s, even in ence a 

spin selective reaction channel. is analysis indicates that 

either singlet or triplet 35 m p educe the observed 

larizations; furthermore, it is difficult to distinguish 

between these ssibilities on the basis of the experimental 
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bservations If etri etof35is oduced in the reaction 

19, ee dis net s tion of the triplet rnanif d 

a e ss e. erne XVII i ica s at intersystem crossing in 

1,4-dehydr ene r ical, 34 or 35 d 1 have led to 

th form on some 

even if triplet 35 

unambiguously which 

crossi occurre 

1 

-s 

fraction 35 

is present it 

the three bir 

magnetic field- induced 
intersystem crossing (isc) 

tripl state. Thus, 

cannot be determined 

s intersystem system 

bimolecular 
products 

A more straightforward CIDNP analysis may be tained by 

1 i for arizat fects in the oducts bimolecular 

r ion the 1, dehydr ene biradi This approach has 

been successfully applied in the thermal reaction of 2,3~ 

dimethyl-hexa-1,5-diyn-3-ene (38). When a solution of 38 in 

hexachloroacetone (0.1 M) was heated to 160° C in the probe of a 
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90 MH 1 H-NMR s ctrometer, the s ctrum obtained showed an 

em s ion in aroma c r ion igure 7). VPC analysis 

uti on reaction the formation of 1,4-di oro-2,3-

d me nzene (39) and 1-c oro-2,3 dimethylbenzene (40) 

(r at yi Only m r amounts other produ s 

were tected bv VPC. The emission observed during thermal 

r action of 38 is assigned to the aromatic protons of 39. The 

broad proton absorption in the alkyl region (figure 7, spectrum 

)) i at i t to rization ts form as a result 

t high tion of 38 in the NMR experiment. 

ermal reaction of dilut.e solutions of 38 (0"01 M) in 

hloroa ne 4 gave results (Table 5) similar to 

NMR ex riment. Product 39 was isolated from a cc1 4 solution 

reaction by at VPC and character iz by IR, 1H-NMR and 

HRJ.'vlS. 

5. Reaction of 38a in Solution at l90°C. 
~-~-~~ 

Absolute Yield % 

Solvent 39 40 

17 5 

20 5 

a 
] "" M 

e m an ism n in erne XVIII is oposed to explain 

the re ction of 38 in hexachloroacetone. By analogy to the 

thermal chemistry of 19, clization of 38 gives the 2,3-
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(8) 

(D) 

7. CIDNP observed ing a 

acetone ion of (A) NMR solution before reaction. 

(B) Signals dur at 160° c. (C) Room 

after lete reaction of 38. 

(D) 39 in CC1 4 . 
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1 1,4 e dro nzene biradical (41) which m abstract 

c o ine from solvent to produce a solvent-caged radical ir. 

e es a r cal (4 and r n a se 

ch or ne atom from the solvent gives 39. Hydrogen abstraction 

rea tions of 41 and 42 lead to 40. e ntac oroaceto 1 

radicals g nerated loss of chlorine may attack 38J this is 

IP umed to be res nsible or the modest yield of aromatic 

s. 

e served larizations can be r adily interpreted by 

icat ei s rule so 50 ana sis requires t ( 

0 (-) values be assigned to the rameters in uation 9. 

aroma c si ed in emission, the product Because 

he four rameters must be ( ). pound 39 was formed 

esc pe from the polarizing i r, therefore ( is negativ (-L 

The g value of 42 should be less than that of the 

oroaceto r ical g values phenyl (2.002 and 

di or omethy 1 (2 0 80)) 51 so A g "" ( The hyperfine coupling 

constant in e 1 radicals is si tive for the or tho, meta and 

a hydrogens, so Ai "" (+} e remaining rameter, , must 

be assigned a v u which makes the product of the right nd 

si ve since ariz ion in 39 was em iss e si 

r ore, is ( -) 

.a 'rhe singlet spin 

state 1, ene 41 r ore must edominant 

source 

served in 26 may be reinterpreted in light of 

e fi s for 41 ng that arizations either 
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Scheme nm 
~~F" 

[ "' ~l 

® J 

!I co 

~- ~ 

"' 0 . II 
c C C Cl 3 

Cl 

:¢ 
Cl Cl 

42 

's Rule: polarizat l 
) 

{ +: absorption 

-- emission 

{: 
tr radical pair 

s rad pair 

(£ {+ cage product 

escape 

{: sign of difference between g-factors 

' { + sign of hype:rfine coupling constant 
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arose from singlet 35 or 

inter stem crossi 

at tri et 35 was oduced as a result 

r cal 34 or 35 but not in the 1,4-

ene bi r 

A seco 

s ut on i 

ea tivi 

approa rm i the n s esent in 

ves an a to st ish tween the chemi 

of the triplet and singlet states of 1,4-

de drobenzene 336 Because radic irs are generated by 

traction reactions of 33, the task reduces to finding a way 

differentiate the reactivity of singlet and triplet radical 

e spin correlation effect (SCE)53 stulates that 

ra ir reactivity is r d to the spin state the pair: 

singlet radical pairs may undergo both cage 54 and escape 

reactions but a spin prohibition against cage reactions limits 

triplet radical pairs to cage escape (in the absence of 

inter stem crossing)0 55 In order to detect the presence of 

singlet and tri et radical irs generated by trapping of 

si et tri et 33, we must st. uish between the and 

escape to oduct formation; the magnitude of 

s reactions w l r lect. the spin state of 

e r ir gener from 33® 

Scheme XIX illustrates the cage and esc reactions t.hat 

can occur in the r pair ra by hy en transfer from 

1, oh ene biradi 33. While combination products 

29 and 30 are unique to cage reaction, 56 28 is produced both by 
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cage dis o rtionation and cage esc it i necessary, 

therefore, to termine the extent to which the cage and escape 

eaction s contribute the yi d 28. It is ssible 

to perform this analysis if a mixture of 1,4 

and 4 is used in the reaction solutione 

cl exadiene-d 0 

nsider first the 

reactions which reaction 33 with xadi 

e r i r (form hydr n transfer to 33) may undergo 

include transfer of a second hydrogen atom to give 28-d 0 and 

combination to oduce oducts 29 and 30. Esca the aryl 

radical from the s vent cage, f lowed by abstraction of 

or deuterium from tr nt will give 28~d0 and 1 

in the ratio 1:1 in the absence a deuterium isoto effecte 

a sim ar is, if 33 initially interacts with deuter d 

trappi agent, 28 formed by cage reaction will contain two 

deuteria while cage esca will lead to 28~d 1 and 2 in the 

r o l:le In summa cage r ion will lead to only 2 and 

-d2 0:1 ratio) and esca reactions of the radical pair should 

give 28-d 0 , d1 and -d 2 in the ratio 1:2:1. Because 28-d1 is 

unique to the cage escape reaction channel, it is possible to 

ssect rimentally rved ratio of 28 , 1 and -d2 

(obtained by mass s ctroscopic analysis) into the relative 

contr ions e pathways; when the yi d 

29 and 30 is added to the yield of 28 produced by cage reaction, 

e ra o to es oducts (C/E) is obtainede 

It is impossible to pr ict, ~ , the relative amounts 

es reaction for a given singlet radical pair (the 

SCE stulates that C/E for a triplet ir is zero)e For this 



77 

Scheme 
~ 

~ 

e 

19 ~s ~T 

I 

ks lkT H] 

28 : d2 

:: I: 2: I ) 

28 
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reason an e rimentally observed ratio C/E: itself will 

provi limited quantitative information about the relative 

amounts singlet and triplet 33 esent in solution® The 

ana is is oa , however, by consi r ion the kinetic 

relationships in Scheme XXe nservation of spin (in the 

clization reaction) r uires at biradical 33 is initi ly 

generated in the singlet state. e ratio of tra ing of the 

singlet biradical to inter stem crossi to tri et 33 will 

on the concentra tr ng nt in s ution. 57 At 

low concentrations cyclohexadiene intersystem crossing should 

be at its maximum v ue whereas a high concentration of the 

tr w 1 rease kT[SHJ and the amount intersystem 

crossi should at a minimum. 

Com und 19 (0.01 M) was allowed to react at 195° c in a 

chlorobenzene solution which contained added cyclohexadiene 

(d
0

:d 4 = 1:4) ranging in concentration from 0.01 to 10.6 M. The 

ta obtained by combined VPC and VPC-MS analysis are plotted in 

f ure 8. The ratio (0.5 did not vary, within experimental 

error, over the range 0,2 to L6 M cyclohexadiene. The ratio of 

C/E was e erimentally difficult to determine for the entire 

educt s ctrum (28, 29 and 30) at low concentrations of 

clohexadiene; 58 e ratio of C/E for educt 28, ever, may 

be readily termined by VPC-MS analysis alone. As the lower 

ot in figure 8 shows, the ratio of C/E for product 28 (0.20) 

was independent of cyclohexadiene concentration from 0.01 to 10.6 

M. r atively la , constant ue C/E for the complete 
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c 

C/E 

6 

the reaction of 19 

;Lohexad 

products 28 5 29 

product 28 alone. 
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o ct: s ctrurn i icates esence si let 

r i ir ra from the si sta 

If the ground state of 33 is a tri et but inter stern 

crossing from the singlet is slow relative to unirnolecular and 

bimolecular r a tion, exclusive tr ing of the singlet state 

will be observed at all concentrations of clohexadiene. One 

w to increase kisc is to perform the reaction in a brorninated 

sol vent; the esence om either in a reacting s trate 

or in the s vent is known from excited s te chemistry to 

increase intersystem c ossing rates (the heavy~atorn effect).59 

When 19 was lowed react in ornobenzene solution, the ratio 

of C/E was found again to be independent of clohexadiene 

con ration igure 9). As before, the large value of 

0.64) s gests the exclusive formation of the singlet radical 

ir. e ratio C/E for product 28 (0 .. 20) was so in n nt, 

within experimental error, of the concentration of 

ene. 

As experiments scribed in Chapter II demonstrated, both 33 

and 34 are trapped by 1,4~cycl exadiene. In the spin state 

stu SCI e tv10 r irs were ra (from 33 

34) at low concentrat S ene a single ir 

(from 33) at high concentrations. However, because 34 is 

presumably produced from 33 without a change in spin 

multiplicity, the spin state analysis above may still be 

iate; is is strongly supported by the rvation that 

the ratio C/E was inde ndent of cl exadiene concentration 

even the r t amounts tr ng of biradical 33 and 
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[I, clohexadiene-

Ratio of C/E 

bromobenzene 

Upper p 

30. Lower plot 

in the reaction 

as a function of 

19 ( 0. OlM, 

shows C/E products 

C/E for product 28 alone. 
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re are sever 

the ernie trapping 

found to have a value 
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ternatives to the conclusions drawn from 

ta, First, although the ratio C/E was 

0,6) which strongly suggests the 

esence of singlet 33, the same value could have been obtained 

i extrem r d i r stem crossi pr ced an equilibrium 

ratio of singlet nd triplet 33 at all concentrations of 

cycl exadiene, If is were the case? the ratio C/E would 

reflect a com nent of th the singlet IE > 0,6) and tri et 

(C/E ca. 0) r irs. Another w to a in e results is 

that kisc and k8 £SH] are com titive, but kT[SH] is very slow and 

f 1 to rate an eciable amount the triplet radi 

ir. It is difficult to imagine a factor that would lead to 

such an appreci e difference in the reactivity singlet 

tri et 33 toward lohexadiene. A fin ssibili , which 

cannot be ruled out, is that kisc is too slow to produce an 

observable amount tri et 33 under the reaction conditions, 

even if the triplet state is ual to or lower in energy an the 

singlet.. u ortunately, the lifetime of 1,4-de drobenzene 

biradicals are limited by ring o ni and o er unimolecular 

reac , even in the bim ar rea channels. 

Generation of 1,4- hydrobenzenes at lower tern rature might 

favor inter 

r 

v, 

d iza 

er 

stem crossing over other reaction pathw 

on rved for ic ethynyl ol 

s; 60 the 

8 (Scheme 

at ambient temperature suggests one synthetic 
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CIDNP res t i in e r ion 38 

the i s which i icates 

let state intermediates in the reaction of 

evi tri t 

33 or 41 in ese studies may be due to ort lifetime the 

1,4 ene 

A ow er 

tri et biradic 

r 

crossi 

tes un r the reaction conditions .. 

w 1 ude erva on the 

even if it is the lowest ener 

lifetime 2,3=dial 1 substituted 1,4~dehydrobenzenes may 

es d from parame rs i r 33 in Chapter II; at 

20 c, unimol 

lo- 8 to 10=9 sec. 

ar ri ng occurs with a life of 

Therefore, if the ground electronic state of 

1, enes 33 and 34 is the tri et, ation from the 

singlet must occur with a rate con o9 sec .. 
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see Chapter II for descriptions of NMR, IR and mass 

ctrometers, r s c umns u methcd 

of pr ration of solution and CIDNP reaction samples has also 

cr ibede en 

A procedure for a similar reaction has 

en outlined by Ashworth, Whi am and Whitinge 61 A dry ether 

ution (18 mL) l~bu (2 g, Oe317 mol) pyri ne 

(0e22 mL) were placed in a 3-neck flask fitted with an addition 

funnel, an argon inlet and a r lux condenser@ To the argon~ 

flu fla ed to C was added an ether solution (12 mL) 

freshly still 3 mol) over 4 he Reaction 

was com ete at the end the addition (VPC ana sis on Column 

A, 45° C)e Water was car ully added to the clear orange-brown 

reaction solution until fuming ceasede e organic phase was 

se rated and washed with 50 mL of an ueous NaH 3 solution 

followed a wash with 50 mL brinee The ether solution \'laS dried 

over Mgso 4 ; distillation through a Ta wire column at 1 atm gave 

13 g d) 2 rom utyne (>98% pure, as rmined 

83-90° 1 H<=NMR (C 4): J L90 (d,3H,J=7), 2e53 

{d,lH,J=2e5), 4e51 (d of q,lH,J 7,2e5)e IR (thin film): 3300, 

2950, 21 , 1430, 137 

1 

1300, 1180, 1090, 1060, 9 970, 855 em 

Found: C, 
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35 95, H, 3 0 7 6 6 

lw me 1 : An oven dried 3-neck 

flask was fi wi an f f! ser, rmometer 

and an ar n inlet. Ma esium turnings (2.45 g, 10 m 

ethyl ether (10 mL) a a sm 1 amount of HgCl2 were 

ter e uti on e ou e r ion fl was 

1 C and an et 1 ether (65 mLJ solution of 2 romo-3-bu ne 

S 

e 

10 mol) was ad d ove L5 

S 

A clear, faint y low 

C and m 

ether (70 mL) 

was ad d over 1 A white • formed after the addition was 

f 

to room t 

ueous NH 4 

e over 

solution. 

e tion, e ution was warm 

5 h o a c d, saturated 

The organics were isolated and the 

ueous ase was wa ed three times with ethyl ether. The 

combined e 1 r utions were washed wi 1 mL brine 

ncentration on a rota ev rat or 

e a somewhat v atile r dish oil. The cru oduct was 

a mixture of purified ssing through a d silica gel wi 

t e er and et 1 e er as eluent (7:3 v). Static vacuum 

distillation ( 03 torr) the oil gave 8.4 g (>98% pure as 

3, ,5-diyn-3 (70%) as a 

colorless oiL e alcohol was formed as a mixture of 

ereomers (5:1 

(column B, 1 

io) ich d ra by pr rative 

major di aster e om e r (C DCl3): 
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32 g 32 29 211 17 440, 137 1250, 1090, 1030, 1000, 

970, 720 cm~1@ 

Found: c, 78.36; H, 8.23. 

A 25 mL 3-neck flask 

was fitted with an argon i et, addition funnel and a stopcock 

throu which iquots could be removede ter flushing with 

a gon, 3,4-dimet 1-hexan-1,5-d n=3-ol (L65 g, 

pyridine (3.5 mL) were a d. The mixture was 

011 mol) and 

ed to 5° c and 

a solution of POC1 3 CL98 g, 1.2 mL, 0.013 mol) in pyridine <1.7 

mL) was added with stirring over 30 mine The reaction was 

mo tor by VPC umn B 98° C). ter n 

lit ion had occurr , so the mixture was warmed slowly to 

r.t. ter 1 h at room tern rature the reaction was com ete. 

The rk reaction mixture was poured over ice with t ether and 

H20 rinses. The organic layer was separated and the aqueous 

phase was washed 3 times with pet ether. The combined organics 

were washed with 10% aqueous HCl until acidic by litmus and then 

washed with H2o to pH 4. The pet ether solution was dried over 

Na 2so 4 and concentrated to give 0.63 g {50% yield) 

oil (>95% pure by VPC). Crystallization of 

me ,5 (ratio 1:3) at -70° C 

rif The ometric isomers were i 

romatography on silica gel (pet ether eluent). 

an orange 

2,3-

further 

by column 

NMR (C 

3 , 2 

l3): J1.88 (s,6H), 3al7 (s,2H). IR (thin film): 

5, 2874, 2108, 1445, 1386, 1250, 1156, 1103 cm-1. 

3310, 

IR (thin 
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film): 3318, 2970, 2940, 2872, 2 2, 1735, 1445, 1378, 1265, 

1 5, 1166, 

104 .. 0625; found for 

104@0622 .. 

Reaction of 2.3-dime 

chlorinated solvents: 

wi ti if 

ecise mass c 

1-hexa~l. diyn-3 ene (38) in 

s ctra1 quali ) was used 

on .. oroace was purified 

r ated distillation at 50 torr through a vacuum-jacketed 

ass k urnn.. 38 was purified by 

umn A, was u as an internal standard in 

the thermal reactions@ Yields of ucts were termined by 

:r erence to inter rd with the assumption that the 

response factor of the starting material and products were the 

sarne .. 41 Pyrolyzed solutions were dark, guinness-brown, 

suggesting the occurrence of substantial polymerization* 

Reaction odu 39 was is from the 4 react mixture 

by rative 1 umn A, 13 5° C) and i nti f ied by NMR, IR 

and HRMS (see below).. 40 was i ntified by its mass s ctrum 

( e 1 ).. No evi nee for high molecular weight products, 

formed na n r i rs r by ansfe:r 

of Scheme XVIII), was tected -MS analysis 

e oro a s on reaction. In the 4 reaction 

a vl m/e 256, 258, 2 262 was teet this may have 

been formed by the reaction of aryl radical 42 with the 
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tri oromethyl r 1, methyl ene (39): 

NMR l4): d 2e33 (s,6H), 6.98 (s,2H). IR (CC14): 3020, 2940, 

1875, 1458, 1413, 1389, 1264, 1161, 1136, 1030, 833, 590 cm~ 1 • 

HMRS ~ 

174.9999e 

ene~ 

pound 19 was isolated >99% pure by e rative 

V and prom ly dissolved in chlor enzene to give a solution 

O.OlM in 19. n~undecane was added as an internal stan rd and 

e ini ration 19 was rmined by comparison of 

integra d tical VPC peak areas. Cyclohexadiene~d0 and 

~d 4 were added to the chlor obenz ene solution of 19 in a pyrolysis 

tube which was omptly sealed. ter reaction for 15 min at 

1 ° c, the utions were very light yellow colored. The react 

solutions were analyzed by VPC (Column c, initial temp. 150° C 

for 15 min; increase at 5° C/min; hold at 22 C for 20 min) and 

the product yields termined by reference to the internal 

stan rd. e relative yields of 28= , =dl and 2 were 

termined by -MS analysis (W capillary c umn (see 

ri ion, er I i 1 C; increase 

at d at 2 The ratio and 

4 llS was 1: 4 .. th is r a, 2 and 2 were form in 

nearly yi a CkH/kn is 4). The ra 0 of E was rmined 

as f lows: e es is e only source of 2 1; e 

gives 28 do, -al and 2 in the ratio 1:2:1. Therefore v the 

es component of 2 and -d2 is 1/2 the yield of 2 I· The 

remainder of 2 8=d
0 

and d 2 was formed by cage reaction (C) and 
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was added to e yield of 29 and to give the yield of cage 

ctse 
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