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Abstract: The observation that 1,2,3-trimethyl4,5,6-tri(methyl-dr)benzene (6) is not a product of the cyclotrimeri-zation of 2-butyne-l ,l,l'd3(4) using a metallic catalyst is sufficlent evidence to establistr that the activity of the cat-alyst does not depend on the generation of free or metal-complexed tetramethylcyclobutadiene-do as a reactionintermediate. The relative yield of 6 in the mixtures of the three^hexamethylben ,ni-drisomers, 6, l,2,4.trimethyl-3,5,6-tri(methyl-dr)benzene (7), and 1,3,5-trimethyl-2,4.,6-tri(methyl-.iry"nt"ne (8), obtained on catalytic cyclotri-merization of 4 is conveniently established by degiadation ol the mixture of deuterated 3-methylpentane-2,4-diones(12), using a reaction sequence which does not inLrchange methyl groups, followed by mass spectrometric examina-tion of the deuterium distribution in these materials. Applicatioti or this degradation to the hexamethylbenzene-dg
isomers obtained on cyclotrimerizationgf 4 rping triphenyitris(tetrahydrofuran)chromium(III), dimesitylcobalt(II),dicobalt octacarbonyl, bis(acrylonitrile)nickel(b), and a tiianium tetrachloride-triisobutylaluminum Zieglercatalyst has demonstrated that 6 is not a product of these reactions, and consequently that these cyclizations do nortake place through- tetramethylcyclobutidiene intermediates. The relative yield of 6 produced from 4 usingaluminum trichloride as catalyst (-12%) is consistent with the intervention oiun intermediate of cyclobutadiene-like symmetrv during the cyclization. The yield of 6 produced using dichlorobis(benzonitrile)palladium(Il)
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\-9.57J ls lnterrnediate between these two extremes.

Tl. 
cyclotrimerization of disubstituted acetylenes to

r cle'vatlves of_benzene by transition metal catalysts
is one of the simplest of a number of important organic

(l) Supported in oart by the U. S. Army Research Office (Durham),Grant ARo-D_3r_r i+_coqr, ; ;Jt ;  iu Lury ana co.
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syntheses that uti l ize metall ic reagents to polymerize or
cyclooligomerize olefins and acetylenes.s,{ As such,

(2)  Nat ional  Science Foundat ion Trainee,  1965-1965; Nat ional
Institutes of Health Predoctoral Fellow, 196Gl96g.

(3) Reviews: F. L. Bowden and A. B. p. Lever, Organometa!. Chem,
Reu.,  A,3 227 (1968);  P.  M. Mai t l is ,  Adcan. Organometal .  Chem.,4,
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s tud ies  o f  the  mechan isms o f  these reac t ions  are  o i
in te res t ,  bo th  in  the i r  own r igh t ,  and fo r  the i r  per r inence
to  more  genera lques t ions  concern ing  the  mechan isms o f
t rans i t ion  meta l  ca ta lys is  o f  o rgan ic  reac t ions .  The
pract ical  d i f f icul t ies involved in characrer iz ing rhe
thermal ly  lab i le  ca ta lys ts  and reac t ion  in te rmed ia tes
encountered in these react ions have so far precluded a
comple te  inves t iga t ion  o f  the  mechan ism o i  any
acety lene t r ime i iza t ion .  However ,  desp i te  the  pr im-
i t ive level  of  present understanding of  many'  of  the
ind iv idua l  s teps  in  these t r imer iza t ions ,  thc  e legant
ser ies of  X-ray di f f ract ion studies of  compounds isolated
f rom reac t ions  o f  Fer (CO)rz  w i th  d ipheny lace tv lener  and
more  recent  chemica l  and spec t roscop ic  e labora t ion  o f
the  s t ruc tu res  o f  the  organometa l l i c  compounds
formed in the react ion of  (PhrP)zIrClN: wi th dimerh.r ' l
acetylenedicarboxylated have f i rmly establ ished the
ex is tence o f  a  cyc lo t r imer iza t ion  pa thway requ i r ing  e
f i r 'e -membered meta l locyc le  ( l )  as  a  reacr ion  in te r -
med ia te .
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Accumula t ing  s t ruc t  u ra l  ev idencc '6 ' i  sugge s ts  tha t
he terocyc l i c  o rganometa l l i c  compounds o f  rype  I  n ray
pro ! 'e  to  be  common reac t ive  in te rmed ia tes  in  t rans i t ion
meta l  ca ta lyzed reac t ions .6 's ,e  Never the iess ,  a t  th is
t ime there  is  no  compel l ing  reason to  be l ieve  tha t  a t l
acetylene cyclotr imerizat ions share c losely related
m e c h a n i s m s .  A  n u m b e r  o f  p l a u s i b l e  m e c h a n i s t i c
a l te rna t ives  to  the  reac t ion  pa thway represented  sche-
mat ica l l y  by  eq  I  a re  a lso  wor th  cons iderar ion .  One.
suggested  by  the  s t ruc tu re  o f  the  compound Co: (CO) , -
(C:H:XHC:C(CH ' ) r ) "  (2 )  i so la ted  f rom a  mixed cyc lo -
t r imer iza t ion  reac t ion , r0  and suppor ted  by  s tud ies  o f  a
var iety of  re lated olef in and diene cycl izat ion
reac t ions ,  r  I  invo lves  meta l -n - -a l l y l  complexes  as  in te r -
med ia tes .  A  second requ i res  s imu l taneous coor -
d ina t ion  o f  th ree  molecu les  o f  ace ty lene to  a  cent ra l

95  (1966) ;  V .  O .  Re ikhs fe l ' d  and  I ( .  L .  Makove tsk i i .  Russ ian  Chem.
R e c . ,  3 5 ,  5 1 0  (  1 9 6 7 ) .

( .1 )  E .  Och ia i .  Coord .  Chem.  Rec . ,  3 ,  49  (1968) :  J .  P .  Co l lman .
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(8 )  L .  S .  ! l c r i * c rhc r ,  N I .  F .  Lc to ,  E .  C .  Co l thup ,  and  G.  W.  I ( cnner l_ r ,
J .  Orq ,  Chem. ,  27 .  3910  (1962) .

(9 )  A .  T .  B lomqu is r  and  P .  M.  N{a i r l i s ,  J .  Amer .  Chem.  Soc . ,  84 .
l l 19  i l 962 ) .

( 1 0 )  O .  S .  ! I i l l s . r n d  G .  R o b i n s o n ,  P r o c .  C h e n r .  S o c . ,  1 8 7  ( 1 9 f l ) .
( l l )  G .  Wi l kc .  e r  a l . ,  . 4ngew.  Chem.  In r .  Ed .  Eng l . ,  S ,  l 5 l  (1966) ;

P .  Hc ' imbach  and  W.  B rennc r ,  i b id . ,6 ,800  (1967) ;  D .  l .  Harbourne .
D .  T .  Rosevcar ,  and  F .  G .  A .  S tone ,  Ino rg .  Nuc l .  Chem.  Le t te rs ,2 ,
r l 7  (  1 9 6 6 ) .

metal  atom (3),  fo l lowed by concerted col lapse to an
arene or  a  meta l -n -arene complex  w i thout  fu r ther  s ig -
n i f i can t  in te rmed ia tes . I :  A  th i rd  invokes  meta l -cyc lo -
bu tad iene complexes  as  reac t ive  in te rmed ia tes .  r3

A l though the  ear ly  theorer ica l  p red ic t ion  o f  s tz rb i l i t r , '
fo r  t rans i t ion  meta l -cyc lobutad iene complexesr {  
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j

the  subsequent  i so la t ion  and charac ter iza t ion  o f  r l
number  o f  complexes  conta in ing  cyc lobutad iene l igan t is
focused a t ten t ion  on  the i r  po ten t ia l  in te res t  ?s  reL lc r i t rn
in te rmed ia tes ,  the  we l l -es tab l i shcd unreac t iv i t y  o f  t r rcsc
cyc lo t r imer iza t ion  re i rc t ions  has  been in te rpre ted  i rs
ev idence tha t  they  do  no t  p lay  an  impor tan t  ro le  in
acety lene cyc lo t r imer iza t ion .3  In  add i t ion ,  labe l ing
and produc t  s tud ies  in  severa l  acr - ' t y lene o l igomer iz l t ion
reac t ions  have prov ided no  suppor t  fo r  cyc lobutad ic r rc
in te rmed ia tes .  r : '  r i  Moreov 'c r ,  the  d is t r ibu t ion  o f  p ro t l -
uc ts  f ronr  cyc l i za t ion  o f  unsvnrmet r ica l l y  subs t i tu tc t l
ace ty lenes  has  been taken as  er  idence aga ins t  cy .c lo -
bu tad iene in te rmed ia tes :  thus .  f t t r  example ,  mon( ) -
s u b s t i t u t e d  a c e t y l e n e s  y i e l d  l , l . + -  a n d  1 , 3 , 5 - t r i s L r b -
s t i tu ted  benzenes,  bu t  have no t  normal ly  been observcd
to  g iv 'e  1 .2 ,3 -subs t i tu ted  produc ts  (however ,  u ide  inJ ' ru ) .
Desp i te  these arguments ,  uncontp lexed cyc lobutac l i cnc
and many of  i ts  der ivat ives c lc 'ar l ,v are react ive towart l
ace ty lenes .  r6 '  17  Fur thermorc .  g rca ter  reac t iv i t y  wou ld
be expec ted  f rom lab i le  cyc lobutad iene-meta l  complexcs
t h a n  f r o m  t h e i r  s t a b l e  a n a l o g s . r Y  M a n y  o f  t h e  t r a n -
s i t ion  meta l  ca ta lyzed cyc lo t r imer iza t ion  reac t ions  arc
c a r r i e d  o u t  u s i n g  c o n d i t i o n s  u n d e r  w h i c h  a n  u n s t l b l e
or  reac t ive  cyc lobutad iene-meta l  complex  wou ld  S , )
undetec ted .  Moreover ,  these ca ta lys t  sys tems o f te r r
conta in  s t rong donor  i igands  or  ox id iz ing  agents  o f  thc
type known to  lab i l i ze  cer ta in  o f  the  iso lab le  cy 'c lo -
bu tad iene complexes .3 '17  Thus .  ne i ther  the  ava i lab lc
data  concern ing  the  reac t iv i t v  o I  i so lab le  cyc lobutad ienc

( 1 2 )  F o r  e x a m p l e ,  G .  N .  S c h r a u z e r .  P .  G l o c k n e r ,  a n d  S .  E i c h l e r ,
A n q e w .  C h e m .  I n r .  E d .  E n g l . , 3 ,  1 8 5  ( 1 9 i l ) ;  G .  N .  S c h r a u z e r  a n t i  S
E i c h l e r ,  C h e m .  8 e r . , 9 5 , 5 5 0  (  1 9 6 : ) .

( 1 3 )  H .  Z e i s s  i n  " O r g a n o m e t a l l i c  C h c m i s r r ) . , "  H .  Z e i s s ,  E d . ,  A m c r r c a r r
C h e m i c a l  S o c i e t v  N l o n o g r a p h  N o .  1 4 7 ,  R c i n h o l d  P u b l i s h i n g  C , r r p . .
N e t v  Y o r k .  N .  Y . ,  1 9 6 0 ,  p  3 8 0 ;  E .  M .  A r n c r r  a n d  J .  M .  B o l l i n g c r .
J .  .4n ter .  Chem.  Soc . ,  86 ,  .1729 (  19 f l ) .

( l . l )  f f .  C .  L o n g u e t - H i g g i r r s  a n d  L .  E .  O r g e l ,  J .  C h e m .  S o c . .  I 9 6 t )
( 1 9 5 6 ) .

( l , i )  J .  C .  Sauer  and T .  L .  C . r i rns .  J .  ,4mer -  CI rcm.  Soc . ,  79 ,  l ( r - i ( t
( 1 9 5 7 ) ;  s e e ,  h o w e v e r ,  T .  I .  B i c b c r ,  C h e r n .  I n d .  l L o n d o n ) ,  l l 2 6  ( 1 9 _ i 7 ) .
G .  N .  S c h r a u z e r , J .  A m e r .  C h e n r .  S o c . .  E l .  - s 3 1 0 ( 1 9 5 9 ) .

( 1 6 )  \ { .  P .  C . r v a  a n d  } f .  J .  . \ I i r c h e l l .  " C 1 ' c l o b u t a d i e n e  a n d  R c l . r r e c l
C o m p o u n d s , "  O r g a n i c  C h e m r s t r . " -  ! l o r r o g r a p h s  V o l .  1 0 ,  A c a d e r n r ;
P r e s s ,  N e r v  Y o r k .  N .  Y . ,  1 9 6 i .

( 1 7 )  L .  ! V a t t s ,  J .  D .  F i t z p . r t r i c k .  a r r d  R .  P c r r i t .  J .  . 1 m e r .  C h e m .  . \ , , , ' . .
8 7 .  l : - ( 3  ( 1 9 6 5 ) :  8 8 .  6 l l  ( 1 9 6 6 ) .

(  l 8 )  T h e  c o m p l e x c s  t P h ' C , ) N I o r  C O I P h C : P h ) :  a n d  ( P h r C , ) . : ( P h C , l , l r r -
N l o : ( C O ) r a r e  r e p o r t c d  t o  d e c o m p o s c  t o  g i v c  s r n a l l  y i c l d s  o f  h c x a p h e n r l -
b e n z e n e  o n  h e a t i n g .  A l t h o u g h  ! h c s s  r r a r r s t b r m a r i o n s  m a y  t a k e  p l . r c e
b y  r e a c t i o n  o f  c o o r d i n a r e d  t e t r a p h c r r . " - l c l c l o b u t a d i e n e  a n d  d i p h c n r  l -
a c c t l l e n e ,  o t h e r  u n r e l u t e d  r e a c t i o n  p a t h s  c l n  e q u a l l y  r v e l l  a c c o u n r  f ' , l r
the  benzenc produc t ion :  c l - .  W.  H i . ibc l  und R.  C.  l le rdny i ,J .  Orgur t , t -
n rera l .  Chenr .  (Amsts rdanr ) ,  2 ,  :13  (196" { , ) .

l l ' l t i tes ides .  E l t rnunn C. t ' c ' l t t t r i tncn :ur i ( ) t r  o l  2 -But1 'ne- l , l . l - r l
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metal  complexes toward acetylenes nor the resul ts of
previous mechanist ic examinat ions have provided an
unambiguous answer to the quest ion of  the inter-
mediacy of  labi le complexes of  cyclobutadiene in
metal  catalyzed cyclotr imerizat ion react ions.

As part  of  a program of invest igat ion of  t ransi t ion
metal  catalyzed cyclool igomerizat ion react ions,  we le l t
i t  worthwhi le to survey a number of  metal-catalyzed
cyclotr imerizat ions of  2-butyne to hexamethylbenzene
using a mechanist ic probe speci f ical ly intended to detect
intermediate metal- tetramethylcyclobutadiene com-
plexes. We present the resul ts of  these studies in th is
paper .  re

Resul ts

The cr i ter ion used to di f ferent iate between cyclotr i -
mer iza t ion  mechan isms invo lv ing  in te rmed ia tes  hav ing
the ef fect ive symmetry of  tetramethylcyclobutadiene
and mechanisms having only intermediate metal locycles,
metal-acetylene complexes, or z--al ly l ic  organometal l ic
compounds rests on the wel l - founded premise that the
four  r ing  carbon a toms and carbon-carbon bonds o f  a
metal-cyclobutadiene complex are chemical ly equiv-
alent. :0 With th is premise, i f  a metal-cyclobutadiene

(19) Part  of  th is rvork has bcen communicared:  G. tv [ .  Whiresidcs
and W. J.  Ehmann, J.  Amer.  Chem. Soc. ,  90,  804 (1968).

(20 )  R .  P .  Dodge  and  V .  Schomaker ,  Ac ta  Cr ) , s r . ,  18 ,  614  (1965) ;
J.  D.  Duni tz,  H.  C.  Mez,  O. S.  Mi l ls ,  and H. M. M. Shearer,  f fe l r .
Ch in r .  Aua ,45 ,017  (1962) ;  C .  S .  yannon i ,  C .  p .  Ccasar ,  and  B .  p .
Dai ley,  J.  Amer.  Chem. Soc. ,  89,  2833 (1967).

Journul  o l ' the Anter icun Cl temical  Societ l ;  l  9t :14 I  Jul t ,2,  l969

CH,
t

CH,
I

D3C\,A'/CD3
t t l

n,cf *i,
C D ,
8

complex is an intermediate in acetylene cyclotr imeriza-
t ion ,  i t  i s  c lear ly  imposs ib le  w i thout  labe l ing  exper i -
ments  to  d is t ingu ish  the  pa i rs  o f  a toms in  the  Ca r ing
that were bonded together in the or ig inal  acetylene
molecules.  Since any one of  the four carbon-carbon
bonds of  the r ing could be broken in forming an arene
product,  the two carbon atoms der ived from a single
acetylene need not be adjacent in the product arene.
In contrast ,  adjacent carbon atoms in an acetylene that
undergoes cyclotr imerizat ion only by way of  inter-
med ia tes  1 ,2 ,  o r  3  w i l l  remain  ad jacent  in  the  resu l t ing
arene.

Thus,  cyc lo t r imer iza t ion  o f  2 -bu tyne- l , l , l -d t  (4 )  u ia
a metal- tetramethylcyclobutadiene intermediate wi l t
lead f i rst  to the head-to-head and head-to-tai l  d imers
5a and 5b, and ul t imately to the three isotopical ly
subst i tuted hexamethylbenzenes 6,  7,  and 8.  Making
the assumption that deuter ium kinet ic isotope ef fects
can be neglected in these react ions, : r  and the further
assumpt ion  tha t  convers ion  o f  5  to  6 ,  7 ,  and 8  wou ld
take place by in i t ia l  2 + , l  cycloaddi t ion to y ie ld
hexamethyl(Dewar benzene)-de, fo l lowed by r ing
opening, or by some equivalent path,  the expected
relat ive y ie lds of  the hexamethylbenzene-dg isomers can
be calculated from simple stat ist ical  considerat ions,

(21) The deuter ium kinet ic  isotope ef fect  for  a re lated cycloaddi t ion
react ion,  the reverse Diels-Alder reacr ion of  thc exo adduct  of  maleic
anhydr ide and 2-(methyl-dr) furan,  is  krr , iko -  1.03;  c/ .  S.  Sel tzer,  rbrd. ,
8 7 ,  1 5 3 4  ( 1 9 6 5 ) .
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g i v i n g  t h e  r a t i o  o f  6 : 7 : 8  a s  1 2 . 5 : 6 2 . 5 : 1 5 . 0  ( i n  p e r  c e n t ) .
on  the  o ther  hand,  cyc lg t r imer iza t ion  proceed ing  e i ther
by  in i t ia l  reacr ion  o f  two molecu les  o i  4  to  fo rm
a mix tu re  o f  mera l locyc les  9  fo l lowed by  a  subsequent
D ie ls -A lder  o r  carbon-meta l  bond- inser t ion  r . " . i i on ,
by  an  in te rmed ia te  resembl ing  2 .  o r  by  a  concer ted
t r imer iza t ion  (3 )  wou ld  lead d i rec t l y  on ly  to  rhe
hexamethy lbenTene isomers  7  and g .  In  each o f  these
mechan isms,  aga in  assuming neg l ig ib le  deuter ium
isotope ef fects and a stat ist ical ly di termined product
d i s t r i b u t i o n ,  t h e  r e l a t i v e  y i e l d s  6 : 7 : g  w o u l d  b e  0 : 7 5 : 2 5
( in  per  cent ) .  . I t .  i s  thus  poss ib le  to  make one rgorous
mechan is t i c  d is t inc t ion  f rom an examinat ion  o i  tn .
p roduc ts  o f  cyc l i za t ion  o f  4 :  i f  6  i s  no t  a  p roducr ,
nei ther tetramethylcyclobutadiene-de nor a metai  com-
p lex  o f  th is  compound cou ld  have been a  reac t ion
in te rmed ia te .  o f  course ,  the  converse  o f  th is  s ta tement
is  incor rec t ,  s ince  a  var ie ty  o f  mechan isms nor  invo l l , ing
a  cy 'c lobutad iene in te rmed ia te  a re  capab le  o f  y ie ld ing
6 .  : :

T h e  2 - b u t y n e -  l , l , l - d t  ( 4 )  u s e d  i n  o u r  e x p e r i m e n r s  w a s
prepared by  reac t ion  o f  p ropyny l l i th ium wi th  methy l - r /3
rod ide .  I t s  i so top ic  pur i t y  was  l im i ted  by  the  presence
o i  . - 0 . 5  

[  o l  C H D : r l  i n  t h e  C D 3 l  a n d  b y  i o n t a m i n a t i o n
b\ ,  l -3 'Z  o i  2 -bu tyne- r /6 ,  p resumably ,  o r ig inar ing  in
acetv lene present  in  the  s ta r t ing  propyne.  D i te r -
n r inu t ion  o f  the  y ie ld  o f  6  fo rmed in  the  cvc lo t r imer iza-
t ion  o f  4 ,  rc la t i ve  to  the  y ie lds  o f  7  and t i .  * r ,  accom-
p l i s h e d  b y  t a k i n g  a d ' a n r a g e  o f  t h e  f a c t  r h a t  o i  t h e s e
threr .  con lpounds,  on ly  6  has  th ree  ac l j c tcan t  CDr  _sroups .
T h e  m i r t u r e  o f  6 ,  7 ,  a n d  8  w a s  c o n v ' e r t c d  t o  a  n r i x t u r e
o t '  i s o t o p i c a l l y  s u b s t i t u t e c l  3 - m e t h y r p e n r a n c - 1 . - l - d i o n e s
( 1 2 1  u s i n g  a  s e q u e n c e  o f  r e a c r i o n s  w h i c h  d i d  n o r  i n t e r -
c 'h . .nge the  pos i t ions  o f  methy l  g roups  c iu r ing  the
d c g r a d a t i o n .  a n d  t h e  p r o p o r t i o n  o f  6  i n  t h e  s t i r t i n g
rn i r tu rc  in te r red  f ronr  the  y ie rc l  o f  l2 -c l , .  re la t i ve  to  the
cernrb ined y ic ld  o f  lT -c l , ; .  ond  l2 -d t .  Reduct ion  o f  the
nrx tu re  o f  dcu tera ted  he , ramethy lbenzcne isomers  w i th
s o c i i u m  a n d  r - b u t y l  a l c o h o l  i n  h e x a m e t h y l p h o s p h o r -
l m i d e  ( H M P A )  y i e l d e d  a  m i x r L r r e  o f  d e u t e r a t e d  h e x a -
nrc thy lcy 'c lohexa-1 . - l -d iene (9 )  (10-50 [ ;  and t rvo  orher
c o n r p o u n d s  t e n t a t i v e l v  i d e n t i f i e d  a s  h e r a m e r h v l c y c l o -
hexene (  l0 ;  and hex lmerhy lcyc lohexane ( i t ; .  r t
o z o n o l y s i s  o [  t h i s  m i x t u r e ,  w i t h o u t  s e p a r a t i n g  t h e  9 .  1 0 ,
a n d  l l .  f o l l o w e d  b y  r e d u c t i o n  o f  t h e  r e s u l t i n g  o z o n i d e s ,
c o n v e r t c d  9  t o  1 2 .  C o m p o u n d  1 2  w a s  i s o l a t e d  b y  g l p c
undcr  cond i t ions  tha t  n r in imized deuter iu*  . * . -h*g .
and i t s  i so top ic  compos i t ion  de termined mass sDec-
t romet r ica l l y .

( l l )  I t  i s  * o r r h w h i l c  t ' p o i n t  o u r  c x p l i c i r l y , t h a r  r h e  o b s c r ' a t r o n  o f
p r o d u c t s  d c r i ' c d  t ' r o n r  u n  i n t c r m e d i a t e  c ; - c l o b u r a d i c n c  r v o u l t l  n o r  p r e -
c . l u d c  a  m e t e l l o c l c l i c  i n t e r m e d i a r c  e i t h e r  c a r l i c r  o r  l l r t e r  i n  t h c  c o u r s e  o f
t h c  r c a c t i o n .  F o r  c x a m p l e ,  t h c  c o n v e r s i o n  o f  a  c o m p o u n c l  b c r i c ' e c i  t o
b c  t h c  m e r , l l o c l ' c l c  i  t o  r p h , C , ) ( c ; H ; ) C o  ( i i )  h a s  b c e n  r e p o r r c d :  H .
) ' i r m r r z a k i  . n d  N .  H a g i h a r a .  J .  o r g a n o m e t a r .  C h e r n .  ( A m s r e r d a m ) ,  7 ,
P t t  (  1 9 6 7 ) .

Ph
;  PPhr  pL .  ph

Ph\z\ rn\-J'r.

I Co-C,H', ^ltlr)) | ,^. I
Ph/\/ il* l(J, '-t-to-c'H'

/n ,nfion
i , ,

( 1 3 )  P r c l ' i o u s . r r c n r p r s  t o  c a r r v  o u r  t h e  r c d u c i i o n  o f  h c x a m e t h y l -
b c ' z e n e  u s i . g  c l l c i u m  i .  r r m m o r i a  a n d  l i t h i u m  i n  e r h r l c r r e d i a m i n e  h a d
b c c n  u n s u c c e s s t ' u l :  F I .  B o e r  a . d  p .  M .  D u i n k e r ,  R r r .  T r q c .  C h i m .
P a )  s ' 9 u s , i 7 , 3 1 6  ( 1 9 - s 8 ) :  J .  D .  B r o o k s ,  R .  A .  D u r i e .  r n d  H .  s i r b c r m a n ,
A t r s r .  J .  C h u n . ,  1 7 ,  , i _ s  ( 1 9 6 { ) .

+l

In  o rder  to  re la te  the  iso top ic  compos i t ion  o f  12  t t r
the relat ive y ie ld of  6 formed in the cyclotr imerizat ion
the  assumpt ion  was aga in  made tha t  there  were  . , .
deuter ium kinet ic isotope ef fects in the reduct ion ant l
ozono l .vs is  s teps  o f  the  degradat ion ;  thus  the  y ie lc ls  o r
l2-d, t ,  -d,r ,  -d, : . ,  and -dg formed dur ing the degradat ion , , ,
6  w e r e  a s s u m e d  t o  b e  t h e  r a t i o s  l : 2 : 2 : l  w h i l e  t h , '
cor respond ing  ra t ios  fb rmed on degradat ion  o f  7  o r  g
w e r e  a s s u n r e d  t o  b e  0 : l : l : 0 .  w i t h  t h i s  a s s u m p n ( ) n .
calculat ion of  the relat ive y ie lds of  l } -do,  -d;1,  -d6,  i ] ' r l
-ds  expec ted  f rom the  degrac ia t ion  o f  any  par t i cu l , r
n r ix tu re  o f  6 ,  1 ,  and 8  becomes a  s t ra igh t fo rwr r r t l
exerc ise  in  p robab i l i t ies ,  invo lv ing  c le te rmina i ion  o f  th r :
re la t i ve  abundances  o f  each o f  the  iso top ica l l y  sub-
s t i tu ted  der iva t ives  o f  12  expec ted  f rom ranc . io r r r
c leavage o f  the  r ings  o f  6 .  7 ,  anc i  g  separa tc l r . , .
c lass i f i ca t ion  o f  these der iva t ives  accord ing  to  mass .
we igh t ing  accord ing  to  the  re la t i v ,e  quant i t ies  o f  6 .  7 .
a n d  8  i n  t h e  n r i x t u r e  u n d c r  c o n s i d e r a t i o n ,  s u m m u t i o n .
a n d  n o r m a l i z a t i o n .

The iso top ic  compos i t ions  o f  the  l2  i so la tec l  f rom the
degradat ion  o f  the  mix tu re  o f  deutera ted  hexanre th i , l -
benzene isomers  ob ta incd  f ro r r r  cyc lo t r imer iza t ion  o t '
1  u s i n g  t r i p h e n y l t r i s ( t e t r a h y d r o f u r a n ) c h r o m i u m (  I I I ) . r  l
d imes i ty lcoba l t . r ' i  d icoba l t  oc tacarbony l , : r6  b is (acrv lo -
n i t r i le ln icke l (0 ) , :7  a  t i tan ium te t rach lo r ide- t r i i sobutv i -
a luminum Z ieg le r  ca ta lys t , : i  d ich lo rob is (benzon i t r i le ) -
pa l lad ium( l l ) , t ,  and  a luminum ch lo r ide30 are  g iven in
Tab le  I  a long w i th  the  y ie lds  o f  6  ca lcu la ted  f rom rhese
compos i t ions .  These numbers  are  normal ized .  and
ha 'e  been cor rec ted  fo r  con t r ibu t ions  to  the  n ' rss
spec t ra  a r is ing  f rom natura l l y  abundant  r rc  anc l  f ro rn
the  2-bu ty 'ne-c | , ,  and l -bu tyne-  l . l - , / ,  p resent  as  impur i t i cs
in  4 ;  tha t  i s .  they  represent  the  y ie lds  tha t  wou lc i  be
observed fo r  cyc i i za t ion  o [  pure  4 .  For  compar ison.
t h i s  t a b l e  a l s o  c o n t a i n s  t h e  r e l a t i ' e  a b u n d a n c e s  o f  t h c
iso top ica l l y  subs t i ru ted  der i 'a i i ves  o f  12  ca lcu la ted  on
the  assun ip t ion  tha t  the  cyc l i za t ion  proceeds en t i re ly  b r
way o f  a  cyc lobutad iene in te rmed ia te  (5 )  and rhose

( l - l )  W.  Hc r rv ig ,  W.  I l e t l es i cs ,  und  H .  Zc i ss , - / .  , 4mer .  Chem.  Soc . .  l J l .
6 : 0 1  (  1 9 5 9 ) .

( l - i )  ^ \1 .  Tsu t -su i  and  H .  Zc i ss .  i b r l . ,  8J ,  g15  (1961) .
( 2 6 )  W .  H l i b c l  r n d  C .  H o o g z a . d .  C h e m .  9 e r . , 9 3 ,  1 0 3  i l 9 6 0 ) :  L .

I t ruc rkc  r rnd  W.  H i rbe l ,  i bk l . .  94 . :S :9  (  l 96 l ) .
( : 7 )  C .  N .  S c h r u u z c r ,  i b k t . , 9 . l .  I - l ( ) 3  (  l 9 6 l ) .
( : 8 )  B .  F runzus .  P ,  J .  Can te r ino , . rnd  R .  A .  Wick l i f f e , . / .  An te r .  ( - i r t , , : .

S o c . . 8 l .  l 5 1 4  ( 1 9 - s 9 ) ;  A .  J .  H u b e r t ,  J .  C h e n t .  S o c . ,  C ,  6 .  1 9 6 7 .
( l 9 t  H .  Rc inhe i r . c r ,  H .  Drc r l ,  J .  ! l o t l a t ,  D .  Wo l l l ' ,  and  p .  M.  \ l l i r l i ; .

J .  . 4n te r .  Chenr .  Soc . ,  90 .  5 l l l  {  I 968 ) .
(30 )  W.  Sch i i t ' e r  and  H .  He l l rn ln r r ,  . l t r gew.  Chem.  In t .  E r t .  E t t c l . . 6 .

5 l s  ( 1 9 6 7 ) .

I l ' l t i tes i les,  El t tnutrr t  C )  c l . t r inter i :ut ior t  o l '  2-Bur1.ne- l  . l  , l - ,1

+ + 8 Na.  /CH,  r ,COH

H M P . \
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I2. 
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Table I. NormalizedCalcu la ted  and  Observed ' t  I so rop rc  Composr t i ons  ( [ ) .

Catalyst
t2-

/ C H r ) :
t2-

(CH. lXCDT)
t2-

(CHTXCDT) r
t2-

(CD')r
Normalized
yield of 6

l .  Ph rCr .3THF
2. MesrCo(l l)
3. CosCOr
4. (CHTCHCN):Ni(0)
5. TiCl. + (t-c{Hr)3Al
6. (C6HrCN)2Pd(i l)Ctrd
7. (COH,CN):Pd(II)CI,d
8. (C,tH;CN)rPd(i l)Clr '
g. Alcl, ,

10. Alctr,
Calcd: cyclobutadiene
Calcd: "concerted"

0 0
L

C

C

- 1  . 7
, r . l

/ " 1  I  \ /

r i  i y
. t  16
0 m

. 18 .4
J 7 . 0
J 7  . 9
1 6 . 0
1 1  I

+ ) . 1

1{ .  5
1 5 . 8
+ + . 5
. r 3 . 4
.15.  84
50 00

5 r . 5
5 3 0
5 2 .  I
5 3 . 8
52 .1
4 8 9
4 9 .  I
4 7  . 9
48.  . l
.19. I
45.  8 . r
50 .00

0 . 1
0 0
0 . 0
0 . 1

- 0 . 1
3 2
3 . 2
t a
J . J

. 1 . 0
3 . 9
. 1 . l 6
0 0 0

-  0 . 3
0 . 0
0 . 0
0 . 3

< 0 . 0
9 . 6
9 . 6
9 . 9

12.o
l l . t
12.5
0 . 0

oExperiment to check for Lewis acid catalyzed scrambling: see text for disiussion. /  Assumed 'alue.

calculated on the assumption of  a noncvciobutadiene
process involv ing only intermediates such as l .  2,  or  3
(ca l led  "concer ted"  in  th is  tab le  and th roushour  the
remainder  o f  rhe  paper ) .

For  purposes  o f  compar ison  o f  the  observ ,ed  and
ca lcu la ted  va lues ,  the  most  impor tan t  nunrbers  in
Tab le  I  a re  those represent ing  the  re la t i re  l , ie lds  o i  l2 -
(CDr) r ,  s ince  these y ie lds  a re  d i rec t l y  re la ted  ro  rhe  y ie ld
o f  6  fo rmed in  the  cyc l i za t ion .  w i th in  the  l im i is  o i'  
de tec t ion  o f l  th is  exper imenta l  p rocedure  ( -  =0 .5%)
no l2 - (CDr) r ,  and by  in fe rence no  6 ,  i s  fo rmed in  the
r e e c t i o n s  i n v o l v i n g  t r i p h e n y l c h r o m i u m ( l l l ) ,  d i m e s i t y l -
coba l t ( l l ) ,  d icoba l t  oc racarbony l ,  b is (ac11 ' lon i t r i ie l -
n icke l (0 ) ,  and the  Z ieg le r  ca ta iys t .  There io re  i t  i s
immedia te ly  c lear  tha t  these reac t ions  do  no t  invo lv ,e
in te rmed ia te  te t ramethy lcyc lobutad ienes .  The nor -
mal ized  y ie ld  o f  rhe  l2 - (CD3) , r  der ived  f rom the
a luminum ch lo r ide  ca ta lyzed cyc i i za t ion  is  in  agreement
with th,at  expected from an intermediate hai , ing the
same effect ive symmetry as a tetra.methylcy.c lo b u t  ad ie ne.
The y ie ld  o i  l2 - (cDr ) r  f rom the  cyc l i zar ion  ca ta lyzed
by b is (benzon i t r i le )pa l lad ium d ichror ic le  i s  in te rmed ia te
between these two extremes.

In  o rder  to  eva lua te  the  s ign i f i cance o f  these resu l ts .
i t  i s  impor tan t  to  have some idea o i  the  prac t ica l
precis ion of  the data.  Three pairs oI  e,rper iments in
Tab le  I  permi t  an  empi r i ca l  evaruat ion  o f  th is  p rec is ion .
F i rs t ,  en t r ies  6  and 7  in  th is  tab le  represent  dup l i ca te
exper iments  car r ied  ou t  us ing  d ich lo rob is (benzon l t r i le ) -
pa l lad ium( I I ) .  C lear ly  the  reproduc ib i l i t y  o f  the  ob-
served normal ized yields o[  12-(cD,r)r  in these ex-
per iments  i s  good.  A l though the  reproduc ib i l i t v  o f
the  va lues  o f  the  nor rna l i zed  y ie lc ls  o f  the  remain ing
isoto_pical ly labeled der ivat ives of  lz  appears lesi
sa t is fac to ry ,  the  re la t i ve  e r ro r  in  a l l  these numbers  is
approx imate ly  the  same.

Ent r ies  9  and l0  in  Tab le  I  p rov ide  s imi la r
informat ion.  The exper iments summir ized under en-
t r ies  8  and l0  were  car r ied  ou t  in  o rder  to  de termine
i f  the  6  fo rmed in  the  a luminum ch lo r ide  ca ta lyzed
reac t ion  o f  en t ry  9  was produced d i rec t l y  by  the  cyc lo -
t r imer iza t ion ,  o r  i f  i t  was  an  ar t i fac t  resu i t ing  f rom s low
Lewis  ac id  ca ta lyzed convers ion  o f  g  anc l  7  to  6  under
the  cond i t ions  o f  the  cvc l i za t ion . ' ] r  ro  tes t  the  la t te r

(3  l )  The  fas r  i n t ramo lccu ra r  rea r rangcmenr  o t '  merhy l  g roups  rn
heptamethylbenzenc'ncniurn ion rvourd provi t le a possib ie f reccdcnr:v .  A .  I (op r -vug ,  \ ' .  G .  shub i , ,  und  A .  I .  Rezukh in ,  Bu i l . . r ca t t .  Sc i .
u -ssR '  D ic .  chem.  sc i . .  192  (196 i ) ;  N I .  Sau .dc rs  i n  " l v lagner i c  Reso-

Jtutrnul  t t l  thc Atrrer ic 'un Circmicul  .Socier l '  g t ;11 , t  Jul t ,  l ,  tg69

" Corrected for CDrC:CCDr and CDrHC:CCH., presenr as rmpurit ies in the start ing CDrC:CCHr.
numbers is -*27o for 21-(CHTXCDt) and l2-(CH:XCDr)r, and < --0.5% for l2-(CD,h. .  Observed bv

5 The estimated precision in these
background. d Dupl icate runs.

possibi l i ty ,  the mir ture of  hexamethylbenzene-r /e
isomers isolated fronr aluminum chlor ide catalyzed
cycl izat ion of  {  (entr-"-  9)  was added to a react ion
mix tu re  in  wh ich  nondeutera ted  2-bu tyne was a l lowed
to cyclotr imerize to hexamethylbenzene, using alu-
minum ch lo r ide  ca ta lvs t  and reac t ion  cond i t ions  very
simi lar  to those used in rhc or ig inal  cycl izat ion of  4.
Iso la t ion  and degradat ion  r r f  the  resu l t ing  mix tu re  o f
labeled and unlabeled her;-rnrc ' thylbenzenes were carr iecl
ou t  and the  y ie lds  o f  the  labe lcd  der iva t ives  o f  12  were
normal ized  on  the  assunrpr ion  tha t  the  12- (CDr)3  and
l2- (CHr) r  in  th is  n r i , r ru re  w 'e re  in  the  sante  ra t io  as  had
been observed in  enr rv  9 .  Thc '  rcsu l t ing  d is t r ibu t ion  o f
the  labe l  in  12  demonst r l ted  tha t  the  y ie ld  o f  6  re la t i ve
to  the  y ie lds  o f  7  and 8  wns no t  changed by  ex tended
exposure  to  the  cy 'c l i za t ion  cond i t ions .  Fur ther ,  ex-
a m i n a t i o n  o f  t h e  i s o t o p i c  d i s t r i b u t i o n  i n  t h e  h e x a -
methylbenzenes beJ'ore degraclat ion showed no evidence
of species such as hexamethvlbenzenes-dr or -d, ,
resu l t ing  f rom in te rmolecu la r  exchange o f  methy l
g roups ,  o r  o f  inc reased y ie lds  o f  hexamethy lbenzene-dr
or -d-,  resul t ing f rom loss of  dcuter ium from the hexa-
methylbenzene-dt .  Very '  s imi lar  resul ts were obtained
us ing  the  mix tu re  o f  hexamethy lbenzene-de isomers
obta ined f rom b is (benzon i t r i le )pa l lad ium( l I )  d ich lo r ide
catalyzed cycl izat ion (entry 8).  Thus, i t  appears that
a luminum ch lo r ide  does  no t  ca ta lyze  e i ther  in te r -  o r
in t ramolecu la r  sc rambl ing  o f  methy l  g roups  or  hy-
drogen a toms under  the  condt ions  used in  these
cyc lo t r imer iza t ion  reac t ions .  Ent r ies  9  and l0  o f
Table I  therefore represent.  in essence, two separate
degradat ions  o f  the  same mix tu re  o f  6 ,  7 ,  and 8  d i lu ted
rvi th di f ferent quant i r ies of  hexamethylbenzene-d,1.
The absolute agreement between the data of  entr ies 7
and 8 ,  and 9  and l0  i s  approx imate ly  the  same as  be-
tween that of  entr ies 6 and 7.  and is suthcient to suggest
tha t  the  normal ized  y ie lds  o f  l2 - (CD3) r  th roughout
Tab le  I  shou ld  be  cons idered prec ise  to  a*0 .5 f t .

One tea ture  o f  Tab le  I  remains  puzz l ing :  u iz . ,  the
normal ized  y ie lds  o f  12- (CFI ,XCD,) ,  a re  cons is tenr ly
-7 -6% h igher  than those o i  l2 - (CHr) r (CD, )  desp i te  the
fact  that  these yields should be equal  f lor  a lmosr any
reasonable cycl izat ion mechanism. These di f ferences
in y ie ld are suf tc ient l ,v-  large and suff ic ient ly consistent
that they are undoubtedlv real .  They may be a
nancc in Bio logical  Systems,"  A.  Ehrenberg,  B.  G. lVla lmstr i jm, and T.
Vr inng i i rd ,  Ed . ,  Pc rgamon Press ,  Or fb rc l ,  1967 ,  p  85 :  W.von  E .  Doer ing
rnd i \ [ .  Srrundcrs,  Tetahedron 4.  l78 i l958).



ref lect ion of  systemat ic instrumental  error or an art i fact
o f  the  ana ly t i ca l  method.3 :  A  propor t iona l  e r ro r  in
the  re la t i ve  y ie lds  o i  l2 - (CDr)3  migh t  lead  to  va lues  as
much as  0 .4  \  too  h igh .  However ,  a  sys temat ic  e r ro r  o f
th is  type  is  c lear ly  o f  no  concern  in  those cyc l i za t ions
which  do  no t  y ie ld  6 .  Moreover ,  a l though such er ro rs
are  po ten t ia l l y  t roub lesome in  the  cyc l i za t ions  us ing
a luminum ch lo r ide  and b is (benzon i t r i le )pa l lad ium d i -
ch lo r ide  wh ich  do  resu l t  in  apprec iab le  y ie lds  o f  6 ,  there
is  good reason to  be l ieve  tha t  the  observed y ie ld  o f  12-
(CDr),  for  the former catalyst  is  in fact  correct  (u ide
infra).  Hence, we wi l l  assume in the discussion which
fol lows that the observed normal ized yields of  12-
(CDt ) r  repor ted  in  Tab le  I  do  no t  con ta in  apprec iab le
cont r ibu t ions  f rom sys temat ic  e r ro r  in  p rocedure  or
ana lys is .

Discussion

The absence o f  12- (CD3)3  among the  degradat ion
products f rom the hexamethylbenzene-dg prepared by
cyc lo t r imer iza t ion  o f  4  us ing  t r ipheny l t r i s ( te t rahydro-
fu ran)chromium(  I  I  I  ) ,  d imes i ty lcoba l t (  I  I  ) ,  b is (acry lo -
n i t r i le )n icke l (0 ) ,  d icoba l t  oc tacarbony l .  and t i ran ium
te t rach lo r ide- t r i i sobuty la luminum demonst ra res  tha t  6
is  no t  a  p roduc t  o f  these cyc l i za t ions  and.  consequent ly , .
tha t  ne i ther  f ree  te t ramethy lcyc lobutad ienc ,  nor  any
der ivat ive har ing the ef fect ive sym nterr) '  of  th is
molecu lc .  i s  l ln  in te rmed ia te  in  these reac t ions . , rs
Taken as  a  g roup,  these f i ve  ca ta lys ts  represent  the
major i t y  o f  s t ruc tu ra l  t ypes  commonly  assoc ia ted  w i th
t rans i t ion  meta l  reagents  d isp lay ing  ac t iv i t y  in  ace ty lene
cyc lo t r imer iza t ion  reac t ions .  The conc lus ion  tha t  the
mechan isms by  wh ich  they  e f fec t  th is  cara lys is  does  no t
invo lve  the  genera t ion  o f  reac t ive  cyc lobutad iene in te r -
med ia tes  suggests  tha t  such in te rmed ia tes  are  no t  o f
genera l  impor tance in  ace ty lene cyc lo t r imer iza t ion  and
i s  i n  a g r e e m e n t  w i t h  t h e  c o n c l u s i o n s  o f  p r e v i o u s
s t u d i e s .  3 .  { , 5 ,  J , e .  r ' . 1

l n  c l e a r  c o n t r a s t .  w i t h i n  t h e  l i m i t s  o f  s e n s i t i v i t y  o f  o u r
e r p e r i m e n t a l  m e t h o d ,  c y c l o t r i m e r i z a t i o n  o f  4  w i t h
a l u m i n u m  t r i c h l o r i d e  p r o d u c e s  t h e  y i e l d  o f  6  e x p e c t e d
on the  bas is  o f  an  in te rmed ia te  te t ranre thy lcyc lo -
bu tad iene.  Whether  th is  reac t ion  ac tua l l y  genera tes
te t ramethy lcyc lobutad iene is  a  ques t ion  wh ich  cannot  be
answered on  the  bas is  o f  the  av 'a i lab le  da ta .  I f  the
reac t ion  is  run  under  mi lder  cond i t ions  than those used
here .  hexamethy l (Dewar  benzene)  can be  iso ia ted  in
good y ie id . :e  The fo rmat ion  o f  th is  spec ies  is  cer -
ta in ly  compat ib le  w i th  a  te t ramethy lcyc lobutad iene
i n t e r m e d i a t e :  c o n s e q u e n t l v ,  t h e  y i e i d  o f  6  w a s  a n t i c -
ipa ted .  Ho ' *ever ,  the  Iabe i ing  resu i ts  a re  equa l ly

( 3 1 )  A n  i m p o r r u n t  f r a g m e r r r ; r t i o n  i n  t h e  m a s s  s p c c t r u m  o f  l 2  a p p e a r s
t o  b c  a  \ I c L a t i c r t _ " "  r e u r r a n g c m c n t  ( s c e  t h e  E x p e r i m e n t a l  S e c t i o n ) .
A  d c u t c r i u m  i s o t o p c  e f i c c t  i n  t h i s  f r a g m c n t a t i o r r  m i g h t  e n h a n c c  t h e
i n t c n s i t y '  o t '  [ 2 - t C D r ) : ( C H r ) ] -  r c l l t i v e  t o  [ 1 2 - ( C D r X C H . r ) : ] ' ,  a n d  r h u s
p r o ' i d c  o n c  s a t i s t ' . r c t o r v  r a r i o n a l i z a t i o n  f o r  r h c  d i i r e r c n c c  i n  t h e  y i e l d s  o f
thcsc  spcc ics  repor tcd  in  Tab lc  I .  C f ,  J .  K .  Mac leod and C.  D jerass i ,
J .  . ' l r r t c r .  C h e m .  S o c . ,  8 9 ,  _ s  1 8 2  ( 1 9 6 7 ) .

( 3 1 )  T h e  m a j o r  d i i l ' c r e n c c  i n  r h e  d i s t r i b u r i o n  o i '  i s o t o p i c l l l v  l a b e l c d
l s o m c r s  f r o m  t h c  Z i e g l e r  e n d  a l u r n i n u m  c h l o r i r l c  c a t a l y s t  s y s t e m s  i n -
d i c a t e s  t h r r t  t h e  a c r n c  c a t a l l s t  i n  t h e  t b r m e r  i s  n o t  s i m p l y  a l u m r n u m
t r i c h l o r r d e  o r  i s o b u r l l r r l u n r i n u r n  d i c h l o r i d c  c l c r i r e c l  f i o m  t h c  r e a c t i o n
b c t " r ' e c n  t h c  t * ' o  c i r t u l v s t  c o n l p o n c n t s ,  b u t  r a t h c r  t h l r t  i t  i s  p r o b a b l y  i . r
c o o r d i n . r t r v c l v  u n s a r u r a r c d  T i t l V )  o r  T i ( l l l )  s p e c i e s  o f  t h c  r y p e  c o m -
m o n l y '  i n v o l k c d  i n  d i s c u s s i o n s  o t '  c r - o l c f i n  p o l _ v m c r i z u t i o n . l  T h i s
c o n c l u s r o n  i s  i n  a c c o r d  w i r h  o b s c r v a t i o n s  m a d c  b y  R .  F .  L u t z ,  J ,  A n t e r .
C h e m ,  S o c . ,  8 3 ,  1 5 5  I  (  I  9 6 1  ) .

( l - l )  L .  R c i c h  a n d  A .  S c h i n d l c r  " P o l y m e r i z a r i o n  b y  O r g a n o m e r a l l i c
C o m p o u n d s , "  I n t e r s c r c n c e  P u b l i s h c r s ,  N c r v  Y o r k .  N .  Y . ,  1 9 6 6 ;  C .
H c n r i c i - O l i r c  r n d  S .  O l i v c i ,  . 4 n g e w .  C h c m ,  I n r ,  E d .  E n q t . , 6 , 7 9 0  ( 1 9 6 7 ) .

-l S( ),i

compatab le  w i th  a  mechan ism invo lv ing  on ly '  in tc r -
med ia tes  o f  the  type  l3  o r  14 ,  p rov ided tha t  the  r i i t c  ( ) f
m igra t ion  o f  the  cova len t ly  bonded groups  around thc

Alc12

CI

\ l -

H-'qtct,
l ' , . * l|  - - - -  |

1 4 a

H
/-7 NCI,

l4b

r ing  in  these spec ies  (e .g . , l4a  *  l4b)  i s  fas t  compared
wi th  tha t  o f  fu r ther  reac t ion  w i th  2 -bu tyne.35  The
absence o f  de tec tab le  deuter ium exchange be tween CH ,
and CDr  groups  does  exc lude 15  as  an  in te rmed ia tc .
S imi la r ly ,  the  observa t ion  tha t  no  hexamethy lbenzenc-
de is  de tec ted  among the  cyc l i za t ion  produc ts  o f  4  w i t i r

i l l

l i *  |  H.{ lc l r -
l \ - - -  |

l5

th is  ca ta lys t  demonsr ra tes  the t  the  spec ies  in  wh ich  the
cy 'c lobutad iene- l i ke  svmnrer r i za t ion  takes  p lacc .
whatever  i t s  s t ruc tu re .  i s  r ' t t ) r  in  equ i l ib r iunr  w i th  l -
b u t y n e . 3 6

The cyc lo t r i rnc r iza t ion  o f  {  w i th  d ich lo rob is (bcnz , r -
n i t r i le )pa l lad iu rn( l l )  p ro r ides  an  in te res t ing  anr l  u r
present  unso lved prob lcnr  in  in te rpre ta t ion .  The
re la t i ve  y ie ld  o f  6  ob ta incd  us ing  th is  ca ta lys t  i s  -c ) . ( r " , ,
(Tab lc  l ) .  The y ie ld  o f  6  expec ted  f rom a  "concer rc t i "
c y c l i z a t i o n  i s  o t ' c o u r s e  0 ' [ :  t h a t  t i o m  a  t e t r a n l c t h l l -
cyc lobutad iene in te rmed ia tc  i s  11 .5%.  The obscrvc t l
y i e l d  i s  t h u s  i n t e r m e d i a t c  b e t w e c n  t h e s e  t w o  l i n r i r i n g
extremes.

D ie t l  and Mai t l i s  recent l l '  r cpor ted  the  iso la t ion  r ) t '
1 , 2 , 3 - t r i n r e t h y l - - 1 . 5 , 6 - t r i p h e n l ' l b c n z e n e  ( 1 6 ) ,  a  c 1 ' c l i c  t r i -
n rer  s t ruc tu ra l l y  ana logous to  6 .  in  3 f  re la t i ve  v ic l i l
f rom the  cyc lo t r imer iza t ion  o i  pheny lmethy lace t l ' l enc
wi th  th is  ca ta lys t .3e  Prov ided tha t  bo th  th is  y ie ld  ln t i
tha t  in fe r red  fo r  6  a re  cor rec t  and comparab le .  thc i r
di f rerence suggests that  the react ion which leads to th is
par t ia l  symmet r iza t ion  is  sens i t i ve  to  subs t i tuents  rn
such a  n lanner  tha t  fo rnra t ion  o I  the  isomer  hav ing  thc
subs t i tu t ion  pa t te rn  represented  by '  6  and 16  is  sup-
pressed by  unsymmet r ic l l  subs t i tu t ion .  In  car l i c r '
s tud ies  o f  the  nrechan isnr  o Ic l ta ly t i c  ac t ion  o f  d ich l t r r r r -
b is (benzon i t r i le )pa l lad iunr ( l l ) .  B lomqu is t  and lv la i t l i '
demonst ra ted  tha t  a  te t raphen l ' l cyc lobutad ienepa l -
lad ium( l  l )  conrp lex  is  unreac t ive  toward  d iphen l  l -
ace ty lene under  the  cond i t ions  used to  e f fec t  the  cvc lo -
t r i m e r i z a t i o n  o I  t h i s  c o m p o u n d . e  T h e  u n r e a c t i \ i r r '  , r r '
the  one con lp lex  ident i f i c -d  by  B lomquis t  and Ml i t l i s
does  no t ,  however ,  p rec ludc '  the  ex is tence o f  anothcr '

( 1 5 )  F o r  n n r r  s t u d i e s  o t ' r c l . r t c d  e x c h a n g c  p r o c e s s c s ,  s e e  E .  H .  ( l , r i . l

a n d  T .  J .  l t a t z ,  J .  O r : + .  C h e r n . , 3 1 .  l r l  ( 1 9 6 5 )  ;  H .  H .  F r e e d m . i n  , r r i , r
A .  E .  Y o u n g ,  J .  A m e r .  C h e n r . . S o c . ,  8 6 ,  7 3 - l  ( 1 9 6 - l ) .

( 3 6 )  S i r n i l a r  i n t c r m e d i a t c s  a r e  p r o b u b l ; -  i n v o l v e d  i n  t h e  r c d u c l r r ) n  ,  ) l
l , - l - d i c h l o r o t e  t r a m e  t h y l c l ' c l o b u t e n e  r r  r t h  z i n c  j i  a n d  o f  3 , 4 - d i i o d ( ) r c r r : i -
m c t h y l c y c l o b u t e n e  w i t h  m e r c u r y .  r !

( 3 7 )  C .  E .  B c r k o t l ,  R .  C .  C o o k s o n ,  J .  H u d c c ,  D .  W .  J o n e s ,  a n d  R .  O
W i l l i a m s .  J .  C h e m .  S o c . .  l 9 . l  (  1 9 6 5 ) .

( 1 8 )  R .  C r i e g e e  a n d  F .  Z l n k e r ,  C h e r n .  8 e r . , 9 8 , 3 8 3 8  ( 1 9 6 5 ) .
( 1 9 )  H .  D i e t l  a n d  P .  . \ 1 .  N { a i t l i s ,  C h e n .  C o m n t u n . , 4 8 l  ( 1 9 6 8 )

lI"lti tesides, Eltntunn C.t'clorrtnreri:ution oJ' 2-Butv'ne- l. l, I -,1
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reac t ive  cyc lobutad iene complex .  o r  o i  a  comple . r
hav ing  s imi la r  symmet ry ,  AS an in te rmed iare  in  thc
t r imer iza t ion  o f  ace ty lenes .  In  shor t .  i t  i s  no t  c lear
w h e t h e r  f o r m a t i o n  o f  6  i n  o u r  e x p e n m e n t s  w i t h
d ich lo rob is (benzon i t r i le )pa l lad ium(  I I  )  i s  due ro  the
in te rvent ion  o f  a  te t ramethy lcy 'c loburad iene in te r -
med ia te ,  o r  to  some ent i re ly  unre le ted  svmmet r iz ing
process .  However ,  the  observa t ion  tha t  the  re la t i ve
y i e l d  o f  6  i s  m o r e  t h a n  7 5 % o f  t h a t  e r p e c t e d  o n  r h e  b a s i s
o i  a  fu l l y  symmet r ic  cyc lobutad iene- l i ke  in te rmed ia te
ind ica tes  tha t  the  reac t ion  respons ib le  io r  rh is  sym-
met r iza t ion ,  whatever  i t s  na ture ,  i s  no t  e  minor  one.
Fur ther  specu la t ion  concern ing  the  mechan ism o f  the
pa l lad ium( l l ) -ca ta lyzed cyc lo t r imer izar ion  w i l l  be
defer red  un t i l  add i t iona l  exper imenta l  dara  are
avai lable.  {o

Exper imental  Sect ion{t

Genera l  N le thods .  A l l  reac t ions  invo lv ing  o rg3nomera l l i c  com-
pounds were carr ied out  in f lame-dr ied giassu are under an
inert  atmosphere of  prepur i f red ni r rogen using rhe srandard tech-
n iques  fo r  hand l ing  oxy "gen-  and  rva te r -sens l r t \ e  re3gen ts .  E rhe r
and  te t rahydro fu ran  were  d i s t i l l ed  t i om l i t h ium a iumrnum hydr rde
under a n i t rogen atmosphere immediateiy bet 'ore use.  Diorane
rvas  d i s t i l l ed  f rom a  da rk  pu rp le  so lu t i on  o f  soc r rum benzophenone
d ian ion .  Hexane  rvas  s t i r red  w i th  concen t ra ted  su i l ' u r r c  ac rd  and
d is t r l l ed  l i om a  suspens ion  o f  sod ium benzophcnone  d ian ron .
Reagen t  g rade  benzenc  was  used  d i rec t l l .  Hexamerh r lphosphor -
amide  (H i \ {PA)  r , vas  s t i r red  wr th  sod ium unr r l  t he  so iu r lon  r ' , ' as  da rk
b l u e ,  t h e n  d i s t i l l e d  a t  - 0 . 0 1  m m  r h r o u g h  a  l ( ) - c m  V r g r e u x  c o l u m n .

2 -Bu tyne-1 ,1 ,1 - , / r  (4 ) .  P ropyne  was  bubb led  rn ro  100  m l  ( -1 .6
,V ,  0 .16  mo l )  o t ' commerc ia l  r r -bu ry l l i t h ium rn  he r lnc .  he ld  a r  room
tempera tu re  by  a  wa te r  ba th ,  un t i l  gas  absorp { ron  ceased .  E the r
rvas added as necessary to replace solvent  lost  by e! ,aporat ton.
So lven t  was  removed  f rom the  resu l t i ng  wh i te  p rcc rp i ra re  o f  p ro -
pyny l t i t h ium by  bu lb - to -bu lb  d i s t i l l a t i on ,  and  l f f l  m l  o f  f resh ly
d is t r l l ed  t r i g l yme was  added  to  the  so l i d  res rdue . , r  l l e rhy [ - c l r
i o d i d e  ( 2 0  g , 0 . 1 4  m o l .  9 9 . 5 2  C D r l , 0 . 5 %  C D r H I :  S t o h l e r  I s o t o p e
Chemica ls )  was  added  in  fou r  po r t i ons  ove r . l 0  mrn .  whr le  ho ld ing
the  tempera tu re  o f  the  reac t ion  m ix tu re  be low 20 '  w i rh  a  ware r
ba th .  A f te r  the  in i t i a l  exo the rm ic  reac t ion  had  subs rded .  the  m ix -
ture was st i r red for  30 min.  The product  rvas isoiated by passing
a  s low s t ream o f  n i t rogen  th rough  the  reac t ion  mtx tu re  wh i le  s lo rv l y
ra i s ing  i t s  tempera tu re  to  -70 '  ;  4  (6 .7  g ,  88  " ; )  was  condensed  f rom
the nr t rogen stream at  the temperature ot '  a Dry lce-rsopropyl
a l coho l  ba th .  V Iass  spec t ra l  ana lys i s  i nd i ca ted  i so rop ic  composr -
t ron  fo r  a  t yp i ca i samp le  o f  - l  p repared  us ing  th i s  p rocedure  o f  l . l  g l
, l *  95 .7 " i  d , ,  and  3 .2 |1 -o  d1 , . tn  Th is  i so top ic  d i s t r i bu t ron  va r ied
s l i gh t l v  f rom p repara t ton  to  p repara t ion :  l rence .  the  i so top ic  com-
posrt ion of  the hexamethylbenzenes isolated f rom drf ferent  cyclo-
t r imer i za t ion  reac t ions  shou ld  no t  be  expec ted  to  rema ln  cons tan t .

Cyclotrimerization of 2-but.vne- l. 1,1-r4 using triphen-r-ltris(tetra-
hydrofuran)chromium(l I I )  was modeled on the procedure of  Zeiss.2{
s ta r t i ng  w i th  -33  mmol  o f  t r i pheny lch romium and  178  mmol  o f  4 .
A  m ix tu re  o f  hexamethy lbenzene-ds  and  1 .2 .3 . { - te t ramethy lnaph-
thalene-de was obtained f rom the cycl izat ion reacr ion.  This mi. r -

( 4 0 )  T h i s  r e a c r i o n  i s  b e i n g  c x a m i n e d  l ' u r t h c r  i n  c o l l a b o r a t i o n  r v i r h
Pro fessor  Ma i r l i s  and coworkers .

( 4 1 )  l v l e l t i n g  p o i n t s  r v c r e  d c r e r m i n e d  u s i u g  a  T h o m a s - H o o v e r  c a p i l -
l a r y  m e l t i n g  p o i n t  a p p a r a t u s  a n c i  a r e  u n c o r r e c i c d .  B o r l i n g  p o i n t s  a r c
u n c o r r e c t e d .  N m r  s p e c t r a  w c r e  r u n  o n  a  V a r i a n  A - 6 0  s p e c t r o m e t e r .
In f ra red  spcc t ra  rvc re  takcn  in  sod ium ch lo r ide  ce l l s  us ing  a  perk in -
E lmer  Mode i  137 B gra t ing  spec t rophotomcrer .  iV lass  spec t ra  were
d c t e r m i n e d  o n  l  H i t a c h i - P e r k i n - E l m e r  R M U - 6 D  m a s s  s p e c t r o m e t e r .
A l l  s p e c t r a  u s e d  f o r  d e u t c r i u m  a n a l y s i s  r v e r e  o b t a i n c d  u s i n g  a  n o m i n a l
i o n i z i n g  v o l t a g c  o f  8 . 3  e V . t r  ! l i c r o a n a l y s i s  r v a s  p e r f o r m e d  b y  M i d -
r v e s t  ̂ V i c r o l a b ,  I n c . ,  I n d i i r n a p o l i s ,  I n d .

( + l )  K .  B i e m a n n ,  " M a s s  S p e c r r o m e r r y - O r g a n i c  C h e m i c a l  A p p l i c u -
t i o n s , "  M c G r a r v - H i l l  B o o k ,  C o . ,  I n c . ,  N e r v  Y o r k ,  N .  Y . ,  1 9 6 2 ,  p  2 2 3
rI.

( - l l )  t n  o u r  h a n d s  c o r n r n e r c i a l l y  a v a i l a b l c  p r o p . r ' n y l l i t h i u m  ( A l l l
I n o r g u n i c s ,  I n c . )  p r o l c d  u n s u i t e b l c  f o r  t h i s  r e a c t i o n .

( .1 - l )  I so top ic  compos i t io r rs  rcpor rcd  thoughour  the  e . rper imenra l
sec t ion  are  dcr ivcd  f rom in te  nsr ry ,  da ta  cor rec tcd  lo r  r rC.  The ion iz ing
vo l tagc  a t  wh ich  spccr ra  were  raken was such tha t  thc  in tens i ty  o f  the
. \ I  -  I  p e a k  w a s  n e g l i g i b l c .  A n y  i o n  o f  m a s s  b s r w e e n  N l -  a n d  M '  +
I  I  h a d  r e l a t i v c  ; r b u n d a n c c  < 0 . 1  ' i ,  i f  n o r  r e p o r t c d  c x p l i c i t l y , .

ture was dist r l led through a short  column at  atmospher ic pressure
(bp -2.15-250') ,  and the f i rs t  f ract ion was recrystal l ized f rom ab-
so lu te  e thano l  to  y ' i e ld  1 .0  g  (10%)  o f  a  m ix tu re  o f  deu te ra ted  hexa-
methy lbenzenes ,  hav ing  mp 164-165"  ( l i t . t ,  mp  165-167"  fo r  hexa-
methylbenzene),  and mass spectra l  isotopic composi t ion 3.1[
d r *92 .37 ,  dq ,  and  4 .6 i1& .

Using Dimesi ty lcobal t ( I I ) .  Using the procedure of  Tsutsui
and  Ze iss .25  4  (1 .5  m l .  , -18  mmol )  was  a l l owed  to  reac t  w i th  -1 .0
mmol of  d imesi ty lcobal t ( l l ) .  The mixture of  deuterated hexa-
methylbenzenes (2-15 mE, -21[)  isolated af ter  recrystal l izat ion
from absolute ethanol  had mp 163-164' ,  and mass spectra l  isotoprc
composi t ion 1.9 7.  d '2,  93.3 / "  dn,  and 4.9 Ti  d. .

Using Dicobal t  Octacarbonyl .  A mixture of  0. l50 g of  Cor(CO)r
(A l fa  Ino rgan ics .  Inc . )  and  1 .2  m l  ( -15  mmol )  o f  4  i n  4  m l  o [
d ioxane was ret luxed for  48 hr .26 The react ion mi, r ture was cooled
and poured into 20 ml of  30[  aqueous ni t r ic  acid.  The ni t r ic  acid
solut ion was extracted rv i th ether,  and the ether was washed wirh
water,  dr ied (MgSO,),  and concentrated under vacuum. The resi -
due was recrystal l ized f rom ethanol  to y ie ld 450 mg (-54%) ot
hexamethy lbenzenes  hav ing  mp 164-165 ' ,  and  i so top ic  compos i -
t i on  I  . 8 i i  4x  9352  r / , ,  and  4 .67"  d " .

Using the Ziegler  Catal l 's t  System.s To 5 ml of  dry hexane was
added  0 .1  m l  o f  t r t an ium te t rach lo r ide  and  1 .0  m l  o f  a25 f  so lu -
t i on  o f  t r i i sobu ty la luminum in  hexane .  The  so lu r ion  was  coo led
to 0 '  and l .  I  ml  of  4 was added. The mixture rvas al lowed to warm
to  room tempera tu re  ove rn igh t  w i th  s r r r r i ng ,  quenched  w i th  2  m l  o I
methanol ,  and poured into l0 ml  o i  lvarer .  The he.rane layer rvas
separa ted ,  washed  w i th  wa te r ,  d r ied  l I I gSOr ) .  and  concen t ra red
under vacuum. The residue was recrystal l ized f rom ethanol  to
y i e l d  5 0 0  m 8 ( - 6 5 % )  o t ' p r o d u c t .  m p  1 6 6 - 1 6 6 . 5 ' ,  i s o t o p i c c o m p o s i -
t i on  3 .0  \  dn ,92 .3 t ;  r / r .  and  4 .6 \  d , .

Using Bis(acry loni t r i le)n ickel(O). : r  A mrxrure of  0.9 g of  b is-
(ac ry lon i t r i l e )  n i cke l , . s  3 .5  m l  o f  3 ,  and  - l  m l  o l ' d ioxane  was  re f l u , r cd
ior  48 hr .  The react ion mi. r ture was poured into 30 ml of  30' ' l
aqueous  n i t r i c  ac id  and  e . r t rac ted  rn to  e thc r .  The  e the r  l aye r  was
washed  w i th  wa te r ,  d r ied  ( ! I gSO, ) .  and  concenr ra red .  The  res idue
was crystal l ized l ' rom ethanol  to f  ie ld 5-10 mg (22%) of  product .  nrp
165-  166  ' ,  i so top ic  composr t i on  l .  I  ' l  , / , , ,  91 .9  ' ' l  r . / e .  and  5 .0% d4 .

Us ing  D ich lo rob is (benzon i t r i l e )pa l l l d ium( l l ) . re  Add i r i on  o f  2 .5
ml  o f  4  to  a  so lu t ron  o i  3 .0  g  o f  d i ch lo rob is (benzon i t r i l e )pa l l ad ium-
( l l ) 16  in  70  m l  o f  reagen t  benzene  resu l ted  in  a  m i ld l y  exo the rm ic
react ion.  The reactron mi. r turc was heated at  ref lux temperature
fo r  20  h r ,  coo led .  and  poured  in to  50  m l  o l ' 30 [  aqueous  n i r r r c
acid.  The benzene layer was separated.  washed wl th water,  dr ied
(MgSO' ) ,  and  concen t ra ted .  The  res rduc  rvas  ch romatographed  on
30  g  o f  s i l i c i c  ac id  us ing  he . rane .  The  mrx tu re  o f  deu te ra ted  hexa-
methy lbenzenes  e lu ted  f i r s t ,  and  was  rcc r t s ta l l i zed  f rom e thano l  to
y ie ld  320  mg (  l 8%)  o i  ma te r ia l  hav ing  i so top ic  compos i t i on  0 .9 " i
e\ t  94.5o, f ,  dr ,  and J.6r ;  dt .

Using Aluminum Chlor ide.  A modi f icarron of  the procedure
deve loped  by  Scha t 'e r  and  He l lmann  \ vas  uscd  in  th i s  reac t ion . ru
A  m i x t u r e  o [  l . l  g  o f  4 .  I  m l  o f  b e n z e n e .  a n d  1 0 0  m g  o f  a l u m r n u m
chlor ide ( f rom a t ' reshly opened bot t le)  was sealed in a g lass tube
and heated in a steam bath for  26 hr .  The tube was opened, and
the  con ten ts  were  d i sso lved  in  benzene .  washed  w i th  wa te r .  d r ied
(MgSOr ) ,  and  concen t ra ted .  The  res iduc  was  rec rys ta l l i zed  f rom
e t h a n o l  t o  y i e l d  4 3 0  m g  ( 3 9 7 7  o f  6 . 7 .  a n d  8 .  h a v i n g  m p  1 6 3 - l 6 a
and  i so top ic  compos i t i on  3 .3  i ,  dc ,93 . . lT  c / , .  and  3 .3%de.

To  check  fo r  i n te r -  and  in t ramo lecu la r  sc ramb l ing  o f  me thy l
groups among the deuterated hexamethy Ibenzenes under the
in f l uence  o f  the  ca ta l ys t  sys tem.  a  m ix ru re  o i  I  m l  o f  benzene .
100  mg o f  A lC l r .  I  m l  o f  2 -bu tyne .  and  120  mg o f  the  m ix tu re  o [6 .
7 .  and  8  fo rmed  in  the  p reced ing  exper imen t  was  ca r r i ed  th rough
the  exper imen ta l  p rocedure  ou t l i ned  above .  The  resu l t i ng  m ix tu re
of  hexamethylbenzene isomers was isolated as bef  ore.  and had iso-
t o p i c  c o m p o s i t i o n  3 . 2 i !  d r : , 9 1 . 2 %  r / , .  a n d  - 1 . 5 %  d r .  A  s i m i l a r
exper imen t  ca r r i ed  ou t  us ing  a  m ix tu re  o f  6 .  7 .  and  8  f rom the  b rs -
(  benzon i t r i l e )pa l l ad ium d ich lo r ide  ca ta l y , zed  cy ' c l i za t i on  desc r ibed
above  y ie lded  hexameth l ' I benzenes  hav rng  compos i t i on  0 .6 f i  d , : .
93 .5  % d , ,  J .9 .1  rd .  0 . - l ' \  d ; ,  and0 .5  i , i * .

Degradat ion of  Hexamethylbenzencx.  The same general  pro-
cedure  was  used  tb r  a l l  deg rada t ions . , ;  To  l8  m i  o [  HMPA w,as
a d d e d  1 7 0  m g  ( 1 . 0  m m o l )  o f  a  m r x r u r e  o t ' d e u r e r a r e d  h e x a m e t h l l -
benzenes  and  200  mg o f  sod ium cu t  i n ro  sma l l  p ieces .  When  thc

( -15 )  G .  N .  Schrauzer ,  f  .  , 4n te r .  Chern ,  Soc . ,  81 ,  5310  (1959) .
( -16 )  ! I .  S .  I (ha rasch ,  R .  C .  Sc1 , l c r ,  and  F .  R .  l I ayo ,  tb rd . ,60 ,88 l

( 1 9 3 8 ) .
( -17 )  Wc  a rc  i ndcb ted  to  P ro lesso r  H .  O .  Housc . rnd  ! l r .  R .  W.  G iese

lb r  adv icc  concern inq  the  H IV IPA reduc r ion .

Jt)urrut l  t t /  t l rc . . lnrericurt Circmicul Society'  I  9l : l l  July 2, 1969



so lu t i on  had  tu rned  b iue .  0 .5  mI  o [  l -bu ty l  a l coho l  f resh ly  d i s t r l l ed
f rom sod ium \eas  adJed .  Add i t i ona l  po r r i ons  o f  0 .2 .  0 .2 ,  and  0 .1
ml  o f  r -bu ty l  a l coho l  were  add id  a t  l -h r  i n te rva ls .  I n  mos t  reduc -
t rons .  the  b iue  co lo r  van ished . tE  The  resu l t i ng  reduc t ion  m ix tu re
rvas  poured  rn to  80  m i  o f  wa te r  and  ex [ rac ted  w i th  20  m l  o f  e the r .
The  e the r  l aye r  was  rvashed  rv i th  wa te r  and  d r ied  (N IgSOr ) .  Ana ly . -
s r s  o i t h e  r e s u i t r n g  e t h e r  s o l u t i o n  b y  g l p c  s h o w e d  o n l y  9 ,  1 0 .  a n d  1 1 .
The  s t ruc tu re  o i  9  r vas  ass igned  on  the  bas is  o f  spec t ra l  ev idcnce
a n d  e i e m e n t a l  a n a l r s i s :  n m r  ( C C l l )  6  2 . 4 O  ( m ,  2 .  C H C H I ) .  1 . 6 2
t s .  l l ,  a l l . r i r c  C H . , ) .  a n d  1 . 0 5  p p m  ( s , 6 . " 1  - -  7  H z ,  C H C F I r ) ;  m a s s
s p e c t r u m  t 7 0  e V )  m , c  ( r e l a t i v e  i n t e n s i t y )  1 6 4  ( 3 2 ) ,  1 5 0  ( 1 0 ) .  l . l 9
r  l t ) 0 ) .  l 3 J  ( : 5 ) ,  1 3 3  ( 2 6 ) ,  l l 9  ( 1 2 ) ,  1 0 5  ( 6 ) ,  9 l  ( 9 ) ,  8 3  ( 7 ) ,  7 7  ( 5 ) ,
5 5 ( , < ) .  l 9 ( 5 ) .

.1r tu l .  Calcd for  Cr:H:o:
3 7 . 6 - 1 :  H .  1 2 . 1 0 .

The structures for  10 and 1l  were tentat ively assigned on the basis
o i  t h e r r  m a s s  s p e c t r a  ( 7 0  e V ) .  l 0 :  1 6 6  ( 1 9 ) ,  1 6 4  ( 2 7 ) ,  1 5 2  ( 2 1 ) .
l - s l i l : ) ,  l 5 ( ) ( 1 0 0 ) ,  1 3 . 1  ( 2 3 ) .  1 3 3 ( 2 3 ) ,  l l 9 ( 1 2 ) ,  l l 0 ( 2 0 ) ,  1 0 9  ( l l ) ,
1 0 5  r 9 ) ,  8 3  ( 2 7 ) .  l 1 :  1 6 8  ( 2 6 ) ,  1 6 6 ( 2 0 ) ,  1 5 3  ( 2 9 )  l 5 l  ( 2 3 ) ,  l l 0 ( 1 0 ) ,
97  t lS  ) ,  95  (  33  ) ,  8 l  (  l . l ) ,  83  (  100) ,  69  (14 ) .

The  e the r  so iu t ron  o i9 ,  10 ,  and  11  was  coo led  to  -20 ' .  and  ozone
r ras  bubb led  th rough  the  so lu t i on  un t i l  t he  e fHuenr  gas  tu rned  an
aqueous  po tass rum iod ide  so lu t i on  b rown  (3 -5  m in ) .  E . rcess
ozone  was  removed  by  bubb t ing  a  s t ream o f  n i t rogen  th rough  the
so iu t ron  b r re t l y .  and  the  ozon ides  rve re  then  reduced  ca ta l l t i ca l l y
uSr rg  r  100  mg o i  l 0 [  Pd -C  and  I  a tm o f  hyd rogen .  The  resu l t -
rnq  e rhe r  so lu r ion  rvas  d r ied  (MgSO*)  and  the  so lu t i on  concen t ra ted
b- r  d rs t r l l a t ron  th rough  a  2 - f t  V ig reux  co lumn.  Samp les  o i  l 2  fo r
mass  spcc t re l  ana lys i s  were  co l l ec ted  l i om g lpc  (SE-52  co lumn a t
l0 -5 - ) .  The  mass  spec t rum o I  l 2  p repared  f ro rn  undeu te ra ted
hexameth l l benzene  us ing  th i s  p rocedure  rvas  iden t i ca l  w i th  tha t
o l ' : r  samp lc  p rcpared  by  an  a l te rna t i t , e  p rocedure .  {e

\ lass Spectra l  Anal l 'ses.  Samples oi  l2 tbr  deuter ium analysis
rve re  pu r r f i ed  by  g tpc .  tak ing  ca re  to  co l l ec t  as  much  o f  the  peak  as
poss rb le  to  av 'o id  i so rop ic  t ' r ac t i ona t ion . { i  Spcc t ra  were  run  a t  a
nomrna l  i on i z ing  vo l tage  o f  8 .1  eV .  A t  th i s  vo l tage ,  the  in tens r t y
oi  the \ l  -  I  ion rvas negl ig ib le.  Typical  spccrra over rhe range
nr  e  l l l - l 2 l  l b r  deu te ra ted  samp les  o t ' l 2  ob ta ined  f rom the  deg-
r rda t ron  a re  shown in  F igu re  I .  The  method  used  fo r  pa r t i t i on ing
the  rn tens i t i es  o f  t hesc  ions  among  the  spec ies  o f  i n te res t  was  some-
rvha t  a rb i t ra ry ,  and  w i l l  be  b r ie f l y  ou t l i ned  he re .  Peaks  a t  mte
l l -1 .  l l 7 ,  l l 0 ,  and  123  ' , ve re  ass rgned  respec r i ve l y  to  l } -d , t ,  -d t .
- t1^ ,  and  -d , .  The  peak  a t  tn te  l 2 l  was  ass igncd  the  compos i r i on
l2 -d ;  - -  r3C o r  l 2 - r4 ,  and  the  ra t i o  11  o f  i n tens i t i es  o f  t he  peaks  a t
120  and  l2 l  was  ca lcu la ted ;  11  :  1 , , , 11 , " , .  The  peak  a t  m le  122
\r 'as part i t ioned bctwecn species oi  l2 having t rvo and three labeled
methv l  g roups  assunr ing  tha t  the  con t r i bu t ion  to  thc  l b rmer  was
r i2  112^ ,  and  tha t  to  the  la t te r  r vas  (1 , , . ,  -  r r  r l : , r ) .  The  peak  a t  m le
l l 9  r v 'as  assumed to  l L -d - , ,  and  the  ra t i o  r :  :  1 , , , i  1 , . , 0  ca l cu la ted .
The  /n . ,  l l 8  peak  was  pa r t i t i oncd  be r rveen  spec ies  o f  12  hav ing  one
and  t r ' , o  l abe led  methv l  g roL rps  b_v  a l l oca t rng  r : : 1 r . , : o  to  the  la t te r ,
a r r d  ( l  -  r , : ) l t : o  t o  t l t e  t o r m e r .

Ex tend ing  a  s im i la r  t rea tmen t  to  the  rema in ing  ions .  the  re la t i ve
quan t l t l es  o l ' t he  va r ious  [abe led  i somers  o f  l 2  a re  g i ven  be low:

t { 8 t  I f  t h c  c o l o r  h a d  n o t  v a n i s h c d  a l ' t c r . l . 5  h r .  a n  a l i q u o t  o f  t h e
m r x t u r c  w a s  h 1 ' d r o l y z c d  a n d  a n a l l , z e d  b y  g l p c .  I f  t h c  r e a c t i o n  a p p e a r e d
to  bc  comple te ,  exccss  sod ium rvas  desr ro . , -ed  by  caut ious  add i t ion  o f
0 . 5  m l  o t ' w i l t e r  a n d  t h e  m i x t u r c  w o r k e d  u p  a s  i n d i c a t e d .

t - l 9 t  A .  W .  J o h r r s o n .  E .  l l a r k h a m ,  a n d  R .  P r i c e ,  O r g .  S y n . , 4 2 , 7 5
(  I  9 6 : ) .

- i  8 ( )7

l f  4  1 7  r 2 0  t 2 3

rn/e

r l4  |7  t20  t23

m/e

Figure l .  Typical  mass spectra in the region of  M* for  the mrxrurc
of  deuterated isomers of  12 obtained on degradat ion of  the hexa-
methylbenzene-c/ , r  isomers f rom cyclotr imer izat ion of  4 wi th a lu-
minum chlor ide (A) and the Ziegler  catalyst  (B).  The ordinare is  a
Iogar i thmic scale in order to emphasize the lower intensi ty peaks.

these numbers are rro,  corrected for  contr ibut ions to the ion inrensi-
t ies t iom products ar is ing f rom degradat ion of  l2-dn present as an
impur i t y  i n  the  l2 - r l , , .  These  spec t ra  were  run  under  cond i t rons

f  2-(CD j ) , r  :  1r : r (  l  *  r ' r )  *  ( / r : . :  -  / ' r i1r :o)

12 - (CDr ) r (CHr )  :  / , ru  *  / , . . , ,  *  r r i l r : :  *  / r r s  * r . , ) [ r : ,

I 2 - (CDIXCH, r ) . :  :  / r r t  *  ( / , t r  -  r ' . : r1 r : , r )  J -  / , , 0  *

( / t t r  -  r r l n , )

l 2 - ( C H r ) , r  :  1 t r , ( l  *  r r )

i n  wh ich  background  was  un rn tpo r r tn r  fo r  a l l  i ons  e . r cep t  m e  l l 4 .
When  s rgn i f i can t  background  in tc r r s r r y  r vas  observed  a t  th i s  va lue  o l '
m ie ,  the  peak  rvas  s imp ly  i gno red  i t ' i n  add i t i on  the re  was  no  s rg -
ni f icant  peak at  mlc 123.

Once  the  in tens i t i es  i n  the  reg ron  m ie  I  I . l - 123  had  been  pa r t r -
t i oned  as  desc r ibed  above .  thc  r csu l t i ng  re la t i ve  y ie lds  o f  the  labe lcd
isomers of  12 were f i rs t  normal ized.  and then corrected for  corr-
t r ibutrons due to hexamethylbenzene-r / r . . r .  From the uncorrectet i
numbers ,  i t  was  readr l y  apparen t  whe the r  the  samp le  be ing  ex -
amined  l t l l  i n to  t l r c  " c rc lobu tad icne"  o r  " concer ted"  c lass i f i ca r ion .
Degradat ion of  hcxamethylbenzcne-r /13 produced by a "cyclobure-
d iene"  pa thway  wou ld  resu l t  rn  l 2 - (CDr ) r .  l 2 - (CH iXCDr , : ,  anu
l 2 - ( C H r ) , r ( C D ' )  i n  r e l a t r v ' e  y i e l d s  l l l . 7 5 : 6 2 . 5 : 1 8 . 7 5 .  B y  a  " c o n -
ce r ted"  mechan ism.  thc  co r respondrng  re ia t i ve  y re lds  wou ld  bc
16 .67 :66 .67 :16 .67 .  To  co r rec t  l ' o r  con t r i bu t ions  to  the  labe lcd
isomers of  12 f rom th is source.  the l ' ract ion of  hexamethylbenzenc-
r / r :  in  the mixture of  labeled hexamethylbenzenes isolated f rom a
part icular  cycl izat ion was determined by mass spectroscop) .  thc
co r respond ing  con t r i bu t ions  to  the  apparen t  y ie lds  o f  l 2 - (CD, t , .
- (CH,XCO; ) : ,  - (CH ' ) r (CDr ) .  and  - (CHr )3  f rom th i s  sou rce  ca lcu -
lated using the "cy 'c lobutadiene" or  "concerted" rat ios,  whichev'er
was appropr iate.  these contr ibut ions subtracted f rom the uncor-
rected normal ized y ie lds lor  these species obtained above.  and the
resu l t i ng  co r rec ted  va Iues  then  renorma l i zed  to  g i ve  the  en t r res  rn
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