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It is indeed a des irab le  thing to be  well d escended ,

. J J

But the glory belongs to our ancesto rs .

P lu tarch .



To my Mum



A B S T R A C T

In furtherance  o f  the study o f  the mechanism of  the Pschorr and r e la t e d  r e a c t i o n s  

the decompos it i ons  of  d i a z o t i s e d  d e r i v a t i v e s  of  the f o l l o w in g  2 -aminotr iary lmethano ls  

were carr i ed  out under three  re a c t i o n  c o n d i t i o n s :  2 -aminotr ipheny lmethano l , 2-amino-

4 ' -meth y l t r i phen y l met han o l ,  2 -a m in o -4 ' - c h lo ro t r i p h e n y l m e th a n o l , 2 -amino-4 ' -methoxy -  

tr  iphenylmethanol s , 2 - a m in o -4 ' - ch lo r o - 4 " -m et h y l t r ip h en y l m et h an o l , 2 -am ino-3 ' , 5 ' - d i c h l o r o -  

tr iphenyImethanol  and 2 -am ino -3 ' , 5 ' - d im e t h y l t r i p h en y lm et h an o l .

The r ea c t io n s  o f  2 -a m in ot r i a ry lm eth an o l s ,  d i a z o t i s e d  using amyl n i t r i t e  in benzene  

s o l u t i o n ,  r e su l t e d  in products  which resembled those  of  p re v io u s ly  reported homolyt ic  

a r y l a t i o n s .  Accordingly ,  a homolyt ic  mechanism was po s t u la t ed  for  r ea c t i o n s  under the  

presen t  c o n d i t i o n s .  This was the f i r s t  known a p p l i ca t i o n  of  the s e  reac t i on  co nd i t i on s  

to e f f e c t  int ramolecu lar  a r y l a t i o n ,  previous  repor t s  having been of  in t ermolecu lar  

a r y la t i o n s  on ly .  The c y c l i s a t i o n  r e a c t i o n s  were accompanied by y i e l d s  of  phenols  which 

were r e l a t i v e l y  and unexpec tedly  high in view o f  the small  amount o f  water expected to  

be formed in these  r e a c t i o n s .

Decomposi t ions  were a l s o  ca rr i ed  out in aqueous a c id i c  c o n d i t i o n s .  Where no 

c a t a l y s t s  were added, the d i s t r i b u t i o n  o f  a t tack  by the r e a c t i v e  in t er med ia t e s  (formed 

on ded ia zo n ia t i o n )  upon the var ious  su b s tr a te s  in the r ea c t i on  mix tures ,  was almost  

s t a t i s t i c a l .  Thus 9 - p h e n y l f l u o r e n - 9 - o l s  s u b s t i t u t e d  in each aromatic system were 

obtained in almost  equal  amounts; f l u o r e n e - s u b s t i t u t e d  products  r e s u l t e d  from c y c l i s a t i o n  

onto s u b s t i t u t e d  phenyl  r ing s  o f  the 2 -aminotr iary lmethano l s  and 9 - a r y l f l u o r e n o l s  from 

ring c lo sure  onto u n su b s t i tu t e d  r i n g s .  Phenols  were obta ined in y i e l d s  s l i g h t l y  lower  

than those o f  c y c l i s a t i o n  produc ts ,  p o s s ib ly  as a r e s u l t  o f  s t e r i c  e f f e c t s  which did not  

al low ready rea c t i o n  between the  formed r e a c t i v e  in t e rm ed ia t e s  and water .

The r e s u l t s  o f  c op p er -c a t a ly se d  decompos i t i ons  in aqueous a c i d i c  media were 

exp la ined  by p o s t u l a t i n g  the formation o f  in t ermed ia te  diazonium sa l t - c o p p e r  complexes.  

Such complexes are expec ted  to re ac t  fur t her  by e x p e l l i n g  n i t rogen  with consequent  

\ formation of  c y c l i c  products  and phenol s . *
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INTRODUCTION

1. Homolytic and H etero ly tic  Reactions

1 2
The observation by Waters '  th a t  there a re  two possible ways 

in which a c o v a le n t  m olecule  may be  disrupted during the  course of a 

chem ical change  has proved to be  an  important landmark in the study 

of f ree -rad ica l  chem ical reac tio n s .  The terms homo lysis and heterolysis

3
were first used by Ingold to  distinguish betw een  these two modes of 

bond fission:

Heterolysis

A B ----------------------->  A "  + B"̂  (1)

and
Homolysis

AB------------------------p - A ’ + B* (2)

4  5
where A and  B a re  atoms or groups '  ,

The in trinsic d iffe rence  betw een  (1) and  (2) for a  neutral m olecule

is tha t  whereas th e  former results in ions of opposite ch arge ,  the la t te r

gives two neutral rad ica l  species each  possessing on unpaired e le c tro n .

2
Hey and Waters gave  simple guiding principles to p red ic t  the

likely  mode of fission in a  m olecu le ,  v iz :

i) neutral rad ica ls  a re  l ike ly  to be formed from those molecules 

which read ily  undergo thermal self-decom position  a t  com paratively  low 

temperatures;

ii) photochem ical reac tions  ore  like ly  to  Involve free  rad ical  

formation;

-  1 -



ü i)  reac tions  in solvents con ta in ing  ions or d ipo les ,  or o f  high 

d ie le c t r ic  constan t a re  unlikely  to proceed v ia  neutra l rad ica ls ,  whilst 

reactions in non-po la r  solvents of low d ie le c t r ic  constan t may do so;

and (iv) a non-ion ic  fission of a  c o v a le n t  link will be improbable 

it the d ipo le  moment of that link is la rge .

In energy  terms only , homolysis would a p p e ar  as the favoured mode 

of fission, s in c e ,  in heterolysis an extra  am ount of coulom bic energy must 

be required  to separa te  oppositely charged  p a r t ic le s .  This is true of 

gas phase reac tions ,  but in solution the association betw een solute  and 

so lven t m olecules leads to a  mutual perturbation of their  e lec tron ic  fields, 

hence  ionisation may be favoured.

4 5 . .W illiams ' classified organic rad icals  acco rd ing  to their  reac tiv ity  

as follows: rad icals  of (i) long l ife ,  e . g .  tria ry lm ethyls , w hich are

stab ilised  by resonance; and (ii) short life , e . g .  the phenyl and methyl 

rad ic a ls ,  with no such s tab ilisa tion . Subsequent refe rence  to  the former 

group as s tab le  free radicals  was la te r  modified to "persis tent"  free 

rad ica ls  to describe  radicals  having a lifetime s ign if ican tly  g rea te r  than 

tha t  of methyl under the same condit ions^ . Dermer and Edmison 

d if fe re n t ia te d  betw een  radicals  in so lu tion , w hich can be charac te r ised  by 

physical m eans, and  hence assumed by them to be too un reac tive  to cause 

d i re c t  a rom atic  substitution; and transien t rad ica ls  whose presence can only 

be deduced  from their  e ffec ts .  Although the ir^  c lass if ica tion  o f  radicals 

w as , in essence ,  c o rre c t ,  their assumption th a t  s tab ilised  rad icals  were 

un reac tive  towards arom atic  substrates was erroneous, such reac tions ,  e . g .  

the  reac tion  betw een the re la t ive ly  s tab le  triphenylm ethyl rad ica l  and

— 2 —



12
b e n z e n e ,  being reported  la ter

The fa te  o f  the radicals  is a d e q u a te ly  d e a l t  with in the e x c e l le n t

2 4  7
rev iew s, some of which a re  quoted above  '  '  . The main ways in 

which rad icals  may re a c t  a re  as follows:

(i) d imérisation or com bination,

R* +  R* - - - - - - - >  RR (3)

(ii) d isproportionation by mutual hydrogenation  and dehydrogenation

2 R C H 2 C H 2  ------->  R C H 2 C H 2  + R C H  = C H 2  (4)

(iii) rad ical  transfer,

R .  +  X R '  - - - - - >  R X  +  R ' -  (5)

(iv) add it ion  to m ultiple bonds, the first s tage  of which is

expressed by the equation:

R. + > C  =  C < ----- >  > C — C< (6)

R

(v) hydrogen-abstraction  reactions  e . g .  abs trac t ion  from a 

hydrogen-con ta in ing  solvent:

R.  +  S H  --- -- - >  R H  +  S '  (7)

and (vi) substitution reac tions ,  including a rom atic  substitution which

is the main sub jec t  of discussion here  and  can be summarised 

thus:

Ar- + A r 'H  ------ >  ArAr* + (H - )  (8 )

. In equation  (5) the nature  of the final p roduct is d e p e n d en t  upon

the rad ica l  R ' - .  The rad ica l  may rea c t  aga in  as in equation (5) to give 

ano ther  rad ica l  R " . ,  which may^or may not be the same as R ' » .  If the 

same, then a  chain  reac tion  is se t  up and the process repea ts  itself until

— 3 —



the  cha in  is somehow in te rrup ted . If R'- (or R"*) is re la t iv e ly  un reac tive ,  

reac tio n  (5) results e ffec tive ly  in the term ination of the  rea c t io n ,  s ince stationary 

concen tra tions  of the  un reac tive  rad ica l  su ff ic ien tly  high for reactions  of type 

(3) and (4) to assume predom inance a re  e s tab l ished .

Reaction (6 ) may lead to polym erisation by further add it ion  to olefin 

m olecules to g ive  (1), Termination may be by equations (3), (4) or (7).

A l te rn a t iv e ly ,  an  added  substance (SX) can e ffe c t  term ination (equation 9),

I f ^ l  1 I < 1  I I
> G — C— Ç— V ------ C— C <  + S X - ^ > C — C - - C — C — C — C“  + S* (9)

I  I  T  T  n  1 * I I U  n  I I

where S* is re la t iv e ly  un reac tive  and  is removed by e ithe r  dimérisation or 

d isproporti ono ti o n .

2 .1  Homolytic Arylation

Probably the ea rl ie s t  exam ple of homolytic arom atic  substitution was
g

reported ,  bu t no t recognised os such, by Kuhling in 1895 . By a llow ing sodium 

£ -n i t ro b e n z e n e d ia z o o te  to r ea c t  with n i trobenzene  and  to luene  Kuhling obtained 

substitution products, namely 4 ,4 '-d in i t ro b ip h e n y l  and 2,4 '-d in itrobiphenyI 

from the  former, and  2 -m e th y l-4 -n i  trobipheny I from the la t te r  compound.

9
In 1897 Bamberger reported  the  formation of biphenyl from the decomposition

o f  n itrosooce ton il ide  in b e n z e n e .  Two papers published by Gomberg^ ^ in

1924 and 1926 reported processes which conformed to this type of rea c t io n .

The anomalous nature  of these reactions  as compared to the then established

patte rn  of e i th e r  e lec troph il ic  or n uc leoph il ic  arom atic  substitution was

com ple te ly  overlooked for a  further ten years  a f te r  Gom berg 's  published

11results . It was G rieve  and  Hey who in 1934 drew a tten tion  to this 

anom aly and postu la ted  th a t  these reac tions  involve in te rm edia te  free 

rad ica ls  which a re  e le c t r ic a l ly  n e u tra l .

-  4  -



In its simplest fonh homolytic a rom atic  substitu tion may be

represented as follows:

. Ar- + A r 'H   --------- >  ArAr' + H- (10)

on expression of the  d irection  of the r ea c t io n  on ly .  There is, in f a c t ,

no ev id e n c e  of the in term ediacy of a  free  hydrogen a tom .

The sub jec t  of homolytic arom atic  substitution of homoaromotic

substitu tion has been very com prehensively  rev iew ed^ ^ ^^ 5 ,1 2  15 /i^^ore

recen tly  in teresting new reactions have  been  deve loped  with heterooromotic

compounds, part icu la rly  with p ro tona ted  bases , which undergo se lec tive

and sy n th e t ica lly  useful substitutions by n u c leo p h i l ic  rad ica ls .  Thus,

severa l pyrid ine  deriva tives  have  been p h en y la ted  both in neutral and

a c id ic  m edia . For exam ple, under neu tra l  cond it ions , 4 -substitu ted

pyridines o re  substituted both in the  2 -  and  3 -  positions, whereas in a c id ic

22 23
so lu tion , the  substitution is alm ost e xc lu s ive ly  a t  the  2 -  position '

From com paring substitution products derived  from various rad ica ls ,  e . g .

m ethy l,  p heny l,  a ry l ,  carbam oyl, am ino c a t io n ,  (l^fsIH), a -  oxyolkyl,

Ct-am idoolkyl e t c . ,  i t  was conc luded  th a t  phenyl rad icals  possess a  small

bu t ne t  n uc leoph il ic  c h a ro c te r \^ '

Several review  a r t ic le s  on substitu tion of heteroorom otic  compounds

hove been published . These dea l  w ith  such in teresting  aspects as

substitutions of heteroorom otic c o m p o u n d s ^ a r o m a t i c  and heterooromotic

a lky la tions^^  and  a r y l a t i o n ^ re a c t iv i ty  indexes and  transition s ta tes  for

these r e a c t i o n s ^ t h e  behav iour o f  th iophen towards free  radicals^ ^  and

20
the  properties of thiophen rad ica ls  , the substitutions o f  protonated

21
heteroarom a tic  compounds and  the ap p lic a t io n s  o f  some arom atic

-  5  -



substitutions in p repara tive  organic  chem istry .

Homolytic a ry la tion  reactions  have interested  chemists mainly for 

two reasons. Firstly, biaryl synthesis, espec ia l ly  where the two arom atic  

nucle i a re  substitu ted , is of g rea t  po ten t ia l  value; in certa in  cases being 

the only route to the b ia ry l .  Secondly , such reactions have undoubted 

theo re tica l  in terest for the understanding of the  reac tiv i ty  of both arom atic  

free rad icals  and  the chemistry of free radicals  in gene ra l .

2 . 2  Sources of Aromatic Radicals

2 .2 .1  Peroxides and Analogous Substances

a) Thermolysis or photolysis of diaroyl peroxides e . g .  benzoyl 

peroxides, results in the formation of aryl rad ica ls .

F h C O .O .O .C O P h  ---------->  2 P h .C O .O -  (11)

P h .C O .O -   >  Ph* + C O ^ (12)

The thermal decomposition of benzoyl perox ide  (equation 11) yields two 

benzoyloxy rad ica ls ,  some of which undergo decarboxyla tion  to give 

phenyl rad ica ls .  Thus, s ta t ionary  concen tra tions  of both aroyloxy and

35
aryl radicals  a re  present in the reac tio n  a t  a ll  times during the reac tion  

When such decompositions ore carr ied  out in an arom atic  so lven t,  which 

is a lso the substra te , nuc lea r  substitu tion by e ither  the  aroyloxy or the aryl 

rad ica ls  is, in p r inc ip le ,  possible.

The purified peroxides a re  g e n e ra l ly  crysta ll ine  substances. Their 

decomposition is con v en ien t  to carry  out; product isolation is genera lly  

easy and yields of biaryl a re  g ene ra lly  h igher (yields in excess o f  1 mole 

biaryl per mole of peroxide have been  reported under optimum conditions)

-  6 —



14
than tha t  from other rad ica l  sources . These inherent advan tages  in 

the  use of peroxides over o ther  rad ica l  sources has made them (the

peroxides) the most useful and most studied sources of aryl rad ica ls ,

TL • , . ^ 4 , 5 , 7 , 1 2 , 1 4 , 1 5 , 3 5  , , .There is an  ex tensive  l i te ra tu re  a v a i lab le  on these

reac tions .

Early reported work on perox ide  decompositions in a  va r ie ty  of

24
arom atic  solvents was ca rr ied  out by G elisen  and  Hermans and Boeseken 

25
and Hermans . They showed th a t ,  as well as b iaryls, the products of 

such decompositions included carbon d iox ide ,  the  a ro ic  a c id ,  and  

considerab le  amounts of h igh -bo iling  resins, whose s ignif icance  was not 

then a p p re c ia te d .  Subsequently the  reac tion  becam e of g re a t  va lue  

forming the basis of much work on mechanism as will be discussed in the  

sections fo llowing. Dermer and Edmison^ rev iew ed the preparative 

aspects  of  the r e a c t io n ,

(b) Lead te t rab e n z o a te ,  phenyl iodosobenzoate  and silver ha lide  

d ib en zo a te  decompose therm ally  to  g iv e  aryl radicals  and subsequently  

b iaryl when in arom atic so lvents . The decomposition sequence  for lead 

te t rab e n z o a te  is considered to be:

Pb ( O .C O .P h ) ^ ---------->  Pb ( O .C O .P h ) ^  + 2 P h ,C O .O -  (13)

P h C O .O -  ->  Ph. + C O ^  (14)

o 12
the  decomposition tem perature  being in the  range 125-130 C . The 

o ther  two sources decompose in a  very  s im ilar manner and  within a 

com parable  tem perature  range ,

(c) The K o lbe-type  e lec tro lysis  o f  the  benzoa te  onion results in 

the  formation of o phenyl rad ica l  thus:

-  7  -



P h C O O "   PhC O O * + e" (15)

P hC O O - -------- ^  Ph* + C O 2 ; (16)

the method however being  of limited use in non-aqueous m ed ia .  Successful

29
phényla tion  of pyrid ine has been reported using this m ethod.

30(d) Russell and Thomson produced aryl rad icals  from the —... 

oxidation of carboxyl ic ac ids  with a ho t solution of potassium persu lpha te .  

The process is e ffec tiv e ly  sim ilar to the Kolbe e lec tro lysis ,  s ince it 

involves the  removal of an  e lec tron  from the ca rboxyla te  a n io n .

2 . 2 . 2  D ia z o - ,  A z o -  and Related Compounds

(a) Diazonium Salts

A ry lation  using these  sources of rad ical a re  most simply carr ied  out

by heating  an  aqueous a c id ic  solution of the diazonium  sa lt  in a  two .phase

reac tion  with organic  substra tes , e . g . :
+

+ ArH — ^  C ^ H ^ r  + + HCI (17)

Under the  s ta ted  conditions an  ionic decomposition mechanism would be 

easier  to ra t ionalise  than a  hom olytic  one ,  s ince ,  the only way by which 

an  aryl d iazonium  ca tio n  can  g ive  rise to rad icals  is by reactions y ie ld ing  

ionised nitrogen or w a te r  m olecu les ,  processes requiring p rohib itive ly  high 

energies^^ (compared to the h e te ro ly t ic  process); i . e .

x "   s .  C ^ H -  + (N: : :N :)T  (18)

and
^ 6  ̂ 5 ^ 2  + H ^O  -----^  + (H :0 :H ) + (19)

a re  both un like ly  decom positions.

Evidence for a  h e te ro ly t ic  mechanism in the thermal decomposition 

of diazonium  salts  in a c id ic  aqueous solutions is based on the observation
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tha t  the reaction  is a c c u ra te ly  first order o v e r  the full course (10-99%) and  

is independent of the  p resence  of or ab sence  of a  large va rie ty  of an ions ,  

or of a c id i ty  over a  considerab le  pH r a n g e ^ ^ '^ ^  Biaryl yields of

up to 40% based on the am ino  have  been re p o r te d  in such reactions^

Intervention of aryl rad icals  is more probable  when ce rta in  m etals 

a re  added to the d iazonium  decom position mixtures. W aters^^ demonstrated 

the formation of rad icals  when such metals as antim ony, bismuth, lead  or 

mercury were added  to  an  a c e to n e  mixture o f  the diazonium compound..

The metals suffered a t t a c k  during the decomposition despite  the mixture 

being kept neutral with ca lc ium  c a rb o n a te .  Such metals could be 

considered as function ing  as e le c tro n  donors in the reaction as represented 

below:

Ar ̂ 2  + ^  Ar" +  N 2 (20)

ë y  being the e lec tron  dona ted  in a  redox reaction  betw een the diazonium

s a lt  and the m eta l.

A comparison can be drawn betw een these reactions and m e ta l-

ca ta lysed  decompositions of d iazonium  salts which also resu lt  in the

formation of free rad ica ls ,  e . g .  the formation o f  polyphenyls in the

copper-ca ta lysed  decom position of benzenediazonium  su lphate  (and formate)

35—37
arises as a  resu lt  of successive hom olytic  substitutions

Catalysis of the  d iazonium  ca tion  decomposition by metals most 

l ike ly  involves ca tion  reduc t ion  as in equation  (20). The low oxidation 

poten tia l  of copper and th e  cuprous ca tion  was discussed by W ate rs^ ^ '^ ^  

and this property makes copper  a  useful c a ta ly s t .  The M eerwein reac tion  

involves use of a  copper s a l t ,  cup ric  c h lo r ide ,  as c a ta ly s t  in the 

decom position, in 70% aqueous a c e to n e ,  of an aryldiazonium  sa lt  in the
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presence  of on o le f in ic  compound substra te .  The M eerw ein  a ry la tion

proceeds best with the h ighest y ie lds  when the  doub le  bond is a c t iv a te d

towards the  nuc leoph ilic  phenyl rad ica l  a t t a c k  by an e le c tro n -a t t ra c t in g

group Z ,  such os a  ca rbony l ,  cyono , a ry l ,  c h lo ro ,  e t c .  The n e t  result

is the  union of the aryl group with the carbon  atom  ^  to  the  ac tiv a t in g

group e ithe r  by substitution of  a  ^ -h y d ro g e n  atom or by add it ion  of Ar

and Cl to  the  double  bond.

A rN ^C I + RCH = CRZ 5 W C  ^  ArCR = CRZ a n d /o r  (21)

ArCHRC(R)CIZ ( N -  evolved)

38 39
The reac tio n  has been a dap ted  for b iaryl preparation^ '  bu t yields tend 

to  be  low . In a  reac tion  betw een  d iazo tised  p -n i t ro o n i l in e  and n itro

b e n z e n e ,  a m ixture of the  three isomeric d initrobioryls  was obtained in a 

y ie ld  o f  13% ,

The g enera lly  a c c e p te d  mechanism of the  M eerwein reac tion  involves 

in te rven tion  by an aryl rad ica l  Ar* from the d iazonium  sa l t ,  though the 

m anner of its formation and  its subsequent reac tion  o re  s ti l l  con trovers ia l .

D eta ils  of some proposed schemes of such reac tions  o re  included  in two

. 40 ,41
reviews

Stabilised  diazonium  salts w ere  used in a n  a t te m p t  to  increase  biaryl

y ie ld s .  For an  exam ple, decomposition of d iazonium  salts  s tab ilised  by

e i th e r  n a p h th a le n e - 1 -su lphonic  a c id ,  n a p h th a le n e - 1 , 5 -d isu lphonic  a c id  or

42
z in c  ch lo r ide  resulted in y ie lds  of biaryl of up to  70%  , P e t t i t  and

T a t lo w ^  used diazonium  Jrif luo roace ta tes  as ary l rad ica l  sources. W illioms^^, 

in an  a t te m p t  a t  a  mechanism of the  decomposition of s tab ilised  diazonium 

sa lts ,  suggested an equilibrium  in solution betw een  the  ionic and cova len t  

forms o f  the tr if luorooce ta tes , the  la t te r  d issociating  to  g ive  aryl rad ica ls .

-  10 -



O ther  d iazonium  salts decomposed in a ry la tion  reactions  included

44 45 . . 46
diazonium su lphates, '  and diazonium tetrafluoroborotes both of

which were used mainly in intram olecular a ry la tion  reac tions .

A rec e n t  report  suggests tha t  the  nature of the specif ic  solvation

of diazonium  salts has considerab le  influence on w hether  these salts

decompose hom olyticolly  or h e te ro ly t ico l ly .  A homolytic mechanism

seems to be favoured in solvents of high nu c leo p h il ic i ty ,  e . g .  DM SO or

HMPA or by add it ion  of added  nucleophiles , e . g .  diphenylhydroxylom ine,

(see Scheme XI) w hereas in solvents of low nuc leoph il ic i ty  a  he te ro ly tic

, . . . ,  142 ,143mechanism predominates

Scheme XI

+ +
A rN « + P h „ N O H   ^  A rN  = N N Ph«

Z Z--------------- -=:-------------------  I Z
OHn
+

A rN  "2 + Ph2 N O -  < ------  A rN  = N - N P h 2

Q -

A rN  2  ^  Ar* + N 2

b) D iazoic  Acids and  D iazoace ta tes  (the Gomberg Reaction)

Kuhling's preparations of biaryls by reac ting  sodium p -n i t ro b e n z e n e -  

d io zo a te  with n i trobenzene  and to luene have a lre ad y  been  mentioned 

(section 2 . 1 ) .  Gom berg and his co-workers^^ ad a p te d  this reac tion  to 

g ive a genera l  reac tion  of p repara tive  va lu e .  In its simplest form the 

reac tion  consists of the  decomposition of d iazo ic  ac id  (RN2 OH) in a 

heterogenous aq u eo u s/a ro m a tic  medium, the  la t te r  p a r t ic ip a tin g  as 

substrate  and the  former as diazonium  sa lt  so lven t,  a t  tem peratures of

-  11 -



0 - 5 ° C .  Addition  o f  a lk a l i  converts the  d iazo tised  am ine into the 

c o v a le n t  d iaz o ic  ac id  (or d iazohydroxide) which reacts  with the a rene  

present as in equations (22) and  (23) below:

A r ' A . C r  + N aO H  -------------- :— >  A r 'N g O H  + NaCI (22)

A r N -  = OH + ArH ------------------- >  ArAr' + N -  + H -O  (23)

Biaryl y ields a re  in the range o f  a b o u t  5 -4 0 %  based on the

12 . 31
am ine , G r iev e  and  Hey demonstrated th a t  the  reac tion  occurs in

the non-oqueous phase by showing th a t  benzo ic  and  an th ran il ic  ac ids  a re  

not a t ta c k e d  by aryl radicals  in the Gomberg reac tion  unless first converted  

in to  the w ate r- in so lub le  esters.

The mechanism of the reac tion  was established by Ruchardt and 

M e rz ^ ^ , The steps leading to formation of ary l rad icals  a re  outlined in 

Scheme I be low . Formation of the  anhydride  (2) takes p lace  a t  pH ~  12, 

and a t  lower pH values there  may be no d ia z o a te  present in the equilibrium 

m ixture , but this depends on the  substituent,  if  any , present in the  nucleus; 

e . g .  a t  pH 8 . 5  benzened iazon ium  ch lo r ide  exists to  a  ce r ta in  ex ten t  in 

the d ia z o a te ^ ^ . The reac tion  was shown to be  of second order with r e s p e c t

71to the d iazonium  sa lt  ,
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SCHEME

PhNg + OH P h - N : N 'O H P h ,N : N O  + H -O

- N ,
P h .N :N *  O- N :N .P h  

(2)

V
Ph' + - O N : N .P h  

(3)

OH

^  Ph^ + P h .N : N .O H

(4)

The above  mechanism is supported by the work of Eliel, Saha and 

72
Meyerson on reactions  with b e n z e n e - d .  Their results ind ica ted  the

formation of a  persistent rad ica l  in term edia te  (3) ca p ab le  of scavenging

the pheny lcyc lohexad ieny l rad ica ls  (4) before  they accum ula ted  to  a

suff ic ien t  concen tra tion  for dimérisation or disproportionation to  become

important (see section  2 , 3 ) ,  Electron spin resonance spectroscopy

73confirmed the presence  of P h N :N O *  (3) as a  persis tent rad ical in the  

reac ting  so lu tion .

A ry lation  o f  solid  a rom atic  compounds is possible in solvents

31re la tive ly  inert  towards the rad ica ls  involved , e . g .  chloroform and  carbon 

te trach lo ride ,  but usually  w ith  ex tended  times.

The low y ields o f  b iary l  an d  the formation of large quan ti ties  of 

in trac tab le  tars os by-products  cons ti tu te  the major drawbacks of the
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Gomberg re a c t io n ,  both for synthesis and m echanistic  s tud ies . M odifications 

of  the orig inal Gomberg reac tion  aim ed a t  improving yields and ob tain ing

32
c le a n e r ,  more easily  iso lab le  products have been reported .  Hey and  co-w orkers 

reported an  increase  in the  y ields of o - ,  m- and p -n itrob iphenyls  from 2 1 ,  18 

and 26%  to 45 , 45 and  60%  respec tive ly  when aqueous sodium a c e t a te  was used 

to  bring abou t the  decomposition of d iazo tised  n itroan il ine  in b e n z en e ,  in p lace  

of aqueous sodium hydrox ide ,

c) Acylarylnitrosom ines

The homogenous decomposition of acylarylnitrosom ines has probably been  

the most w idely  used and  studied of the  d ia z o -  and  re la ted  aryl rad ica l  sources.

9Discovered by Bamberger ,  the  method was developed  as a  source o f  aryl rad icals  

by G rieve  and  H ey^^, Their study of  the  rea c t io n ,  w hich revea led  the re la tion  

betw een  this reac tion  and  the  Gomberg process confirmed Bamberger's c la im  

ab o u t  the  ex is tence  of toutomerism betw een the acylarylnitrosom ines and  the

47
corresponding d ia z o a c e ta te s  .

A rN (N O )C O R  -------------------=- A r - N = N - O C O R  (24)
^  ■ ■ ' —

(5)

48 4 9
A sim ilar c la im  was made by other early  investigators ‘ , Thus

acylarylnitrosom ines r e a c t  with arom atic  hydrocarbons like  a lk a l in e  d io zo  

solutions w ith  the  formation of biaryls and  they coup le  w ith  )3 -naph tho ls  and

74phenols, though surprisingly in the o-position  ,  with the  la t te r  compounds.

Acylarylnitrosom ines can be  prepared by a c y la t io n  of d ia z o a te s ^ '^ ^

or by nitrosation o f  acy la ry lom ines^^ ' 5 1 ,7 8 ,7 9 ^  Decomposition of these

compounds is ca rr ied  out a t  m oderate temperatures ( 2 5 -5 0 ^  and  Hey and

2  11 80
co-w orkers  found the reac tion  to  be o f  first order '  '  .  The mechanism
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o f  this decomposition puzzled  genera tions  of chemists s ince  Bamberger's discovery

th a t  when fbe reaction  is ca rr ied  ou t in the  p resence  of benzenes ,  biaryl and

a c e t ic  a c id  a re  formed (equation 2 5 ) ,

A r N ( N O ) .C O .C H ^  +  >  C ^ H ^ r  + + C H ^CO ^H  (25)

Hey's hypothesis of a  mechanism consisting of a  rap id ly  equ il ib ra ting  toutomerism,

a c y  lory Ini trosomine d ia z o a c e ta te ,  fo llowed by homolytic fission of the la t te r

2  11 80
into  n itrogen , a  phenyl,  and an a c e ty l  rad ica l  (equation 26) '  '  was qu ick ly

succeeded  by Huisgen's "rolling off"  m echanism . 

A r -  N = N -0 -C 0 C H v ,  — ^  Ar* + N2  + O -C O C H g (26)

8 1 -8 4
Huisgen's line of thought was of a  rap id  hom olytic  reac tion  following the 

ra te -de te rm in ing  rearrangem ent of the acy la ry  Ini trosomine in to  the m etastable 

d ia z o a c e ta te .  The rolling off mechanism envisaged the in term ediacy of a  four- 

membered ring stabilised by mesomerlsm. ^

O
Ar -  N

C-R

G  X: 
A r - N  O

G
O R

A r - N O  (27)

oA
82 312 313

Subsequent work '  '  on the d e p e n d en c e  of the  ra te  of the rearrangement

on both the aryl and acyl groups in the a cy la ry  Initrosomine, and  on the catalysis  

o f  the  reac tion  by bases, led to the formulation o f  the rearrangem ent as an 

in tram olecular  process involving nuc leoph ilic  a t t a c k  by the oxygen of the n itroso-  

group on the carbonyl atom as  represented  a b o v e .  The main flaw of the two 

pathways outlined  above lay Tn the  f a c t  th a t  a c e ty l  oxy rad ica ls ,  R C O .O * ,  formed 

acco rd ing  to equation  (26), should have g iven  ev id e n c e  of their  p resence, as they 

d o  in the Kolbe electro lysis , through the ir  typ ica l  decarboxy la tion  reac tion  followed 

by the formation of products of reactions of methyl rad ica ls ,  b u t  none of these were
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d e te c te d  in the r e a c t io n .  Thus for a  good part  of the  I950 's  the b e l ie f  was th a t

homolysis was triggered off only by presenting the d ia z o a c e ta te  m olecu le

with the appropria te  so lvent m olecules , e . g .  an  a lc o h o l .  For the

radical in te rm edia tes , i t  was b e lie v e d ,  the a c c e p to r  was a lread y  fixed

before the rad icals  w ere  released  from their original m olecule  and so

they never  becam e free  in the true sense. That indeed the process

was hom olytic , was conc luded  from the arom atic substitution p ro d u c ts^ ^ '^ ^

which c lose ly  corresponded to those of the then known homolytic processes.

The small and rem arkably constan t percen tage  of m -nitrobiphenyl in the

phényla tion  of n itrobenzene  using this route and common to o ther  homolytic

processes was an exam ple of such e v id e n c e ^ '

73 88 89
The de tec tion  of persis tent rad icals  ' '  by ESR spectroscopy,

- 90 91
and of sho rt- lived  species such as the  aryl carbonium ion and benzyne '  

led to the re investiga tion  of the  mechanism of the decomposition of a c y l 

ary  Ini trosamines and subsequently  to the now a c ce p ted  pa thw ay .

O ne  flaw of the  mechanisms put forward a b o v e ,  i . e ,  the 

in term ediacy  of the a c e to x y  rad ica l  th a t  could  no t be very sa tis fac to r ily  

justified from experim ental e v id e n c e ,  has been m en tioned . A nother 

d isc repancy  of the pathways suggested was th a t ,  in o ther ,  w ell  charac te r ised  

homolytic reac tions  be tw een  benzene  and phenyl rad ica ls ,  genera ted  from 

benzoyl peroxide or pheny lazo tr ipheny lm ethane  (see sec tion  2 .4 ) ,  products 

of dimérisation (equation 28b) and disproportionation (equation 28a) of 

the pheny lcyc lohexad ieny l rad ica l  (4) are  formed os in equa tion  (28).
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H

>QA
H

(a) •

(b)

( 28)

In the case of N -n i tro sa c e tc n i i id e  such by-products  o re  absen t ,  suggesting

a very e ff ic ien t  ox idation  o f  the rad ica l  (4) to b io ry l .

92Ruchardt and  Freudenberg w ere  the first to put forward the most 

satisfactory schem e, tak ing  a c c o u n t  of a il  the  then a v a i la b le  experim ental 

e v id en ce ,  (Scheme II). The key step of their  proposed pathw ay involved 

the s tab le  ( 7r - ty p e )  phenyld iazoxyl r a d ic a l ,  PhN =N O * (3) cap ab le  of 

abstracting  hydrogen, and thus c le a n ly  oxidising pheny lcyc lohexad ieny l (4) 

rad ical  to b ipheny l .

SCHEME II

C^H^N(N0)C0CH3 — ^  C^H^N=NO.CO.CHgn
CH3 C O 2

Initiation

C^H^N=NO.CO.CHg + CH^CO^ — ^  C^H^N=NO + (CHgCOjgO
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Chain Process

+ C ^ H 5 N = N 0 -

C H .C O .H  + C . H j t L  + C ,H . N = N O
O Z O 0 Z O D

A

Ph^ + C^H

^ " ^ 5 ^ 2  + CH3 C 0 ;

.N = N -O H ( 6)

C ,H :  + C , H . N  = N O ’ + N« 
6  5 6  o Z

Ph

H

92 93
The long lived ESR signal w hich Ruchardt and his co-w orkers 'signa

. 94a ttr ib u ted  to PhN =N O * (6) was la ter  cha llenged  by Hey and  Perkins 

who showed that  this ESR signal was th a t  of a  nitroxyl (N -pheny lace tam ido )-  

phenyl nitroxyl rad ica l  (7), produced by scavenging  of a phenyl rad ical by 

N -n i tro so ac e ta n i l id e  (equation 29 ) .

C ^ H ;  + C ,H ^ N (N O )C O C H _  ------ ^  C .H .N O "
0 0  0 0  o 0  o

C ^H ^N C O C H g

(29)

(7)

In consequence  C halfont and  Perkins^^ proposed a new mechanism, which 

differed from Scheme II only in the following:

(a) the  in it ia t ion  s tep ,  as d iffe ren t from Scheme II, becam e:

SCHEME III

C^H ^N  = N O .C O .C H 3

C^Hg- + C g H g N (N O ) .C O .C H 3 ^  C ,H ,N O ”
O O I

— 1 8 “

C,H.N CO.CH3 
^  ^ (7)



and (b) th e  oxidising rad ical becam e (7) instead of (6 ) in Scheme II.

The confl ic t ing  views regarding the oxidising rad ica l  were resolved

89 95
by the ex tens ive  ESR work carr ied  out by C adogan , Pa ton and Thomson ’ ,

These workers observed a previously unobserved signal during the

decom position of N -n i  trosoa ce tan ilide  in organic  so lven ts ,  which they

a ttr ibu ted  to (6 ) ,  in appa ren t  agreem ent with Freudenberg an<d Ruchardt's

schem e, with the important d iffe rence  that this was a ( j - r a d ic a l  rather

89 95
than the 7ü- ra d ic a l  postulated in Scheme II. The same workers * 

also  observed th a t  whereas the signal a t t r ib u tab le  to (6) appeared  in a l l  

so lvents , th a t  of (7) did no t .  Cadogan e t  a ^ t  forward a schem e, which 

e ssen tia l ly  incorporated  aspects of Schemes II and  III. In the pathway 

(Scheme IV) in i t ia t io n  was as dep ic ted  in Scheme II (or possibly in 

ce r ta in  cases Scheme III), but was likely to be succeeded  by an 

a l te rn a t iv e ,  simpler chain  process involving a redox reac tion  of the 

in te rm edia te  cyc lohexad ieny l rad ical (4) with unchanged diazonium 

cation  as summarised below:

SCHEME IV

Initia tion C , H “ via Scheme II or sometimes I I I . . 
6  o

C hain  propogation

CH C O O
CH gCO gH +
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Evidence in support of a  rapid oxidation  of the  pheny lcyc lohexa

d ienyl rad ica l  by the d iazonium  cation  in an  e lec tro n - tran sfe r  process, 

and  hence  Scheme IV, was la te r  provided by N onhebel and his c o -  

workers^*^. Phénylation of p -x y le n e  under Gomberg conditions gave 

almost exclusively  2 , 5-dim e thy Ibi phenyl with less than 1% 4 '-d im e th y l -  

b ib en z y l ,  suggesting a p referen tia l  form ation, a t  low tem peratures, of 

the  2 , 5 -dIm ethylpheny I cyc lohexad ieny l rad ica l  fo llowed by a rapid 

ox idation  before d issociation occurs .

The homogenous decomposition of a c y  lory Ini trosamines a t  

co n v e n ie n t  rates a t  or just above  room tem perature  (25-50°C) in arom atic  

solvents makes these compounds useful in term edia tes  in k inetic  studies.

On the o ther hand , although during many of the  reactions up to 90% 

yields  of the nitrogen are  found, the y ields  of biaryls a re  not high excep t  

when the reactions are  carr ied  ou t  in d i lu te  so lu tions. Tarry product 

con tam ina tion  sets in when too concen tra ted  solutions a re  decomposed.

In d i lu te  benzene  solution a t  room tem perature  under n itrogen , 

y ie lds  of biphenyl of 91% hove been  reported ,  bu t in the presence of

oxygen this is reduced to  5 -7 %  with the simultaneous formation of

97
phenol and  other phenolic  compounds

Both the homolytic process discussed a b o v e ,  and  the he te ro ly tic

o ne , w hich  gives rise to a ryne  in te rm edia tes, have  been  reviewed in

98
very g re a t  de ta i l  by Cadogan . Aryne in term ediates predom inate in the 

reactions  of acy  lory Ini trosamines with bulky substituents a t  the o -posit ion , 

e . g .  o - t - b u ty  I -N -n i t ro so a c e ta n i l id e  (8 ) and  where ihe substrates a re  good 

a rynoph iles ,  e . g .  furan (see Scheme V) and  te t r a c y c lo n e .  These reactions
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a re  of very l i t t le  re le v an c e  here  and  will no t  be discussed fu rther.  

SCHEME V

- N ,  ~

- A c O H - ^  O'
OAc

( 8)

(d) Triazens (Diazoamino Compounds)

Early reported reac tions  of this group of compounds included the 

pyrolysis of i ,3 -d ipheny ltr iazen»  (Ph. N H . N : N . P h ) , ^ ^ '^ ^  which y ie lded  

a mixture of substitution products, 2 -  and 4 -b ip h e n y lam ines. When 

the decomposition was carr ied  out in pa ra ff in ,  besides the  aforem entioned 

biphenylam ines, b e n z e n e ,  a n i l in e ,  biphenyl and nitrogen were a lso 

found. The o rien ta tion  of isomeric b iphenylam ine  products, in this 

cose, is cha rac te r is t ic  of homolytic os well as e lec troph il ic  substi tu tion ,

1 ,3 -D i“£ - to ly I t r ia z e n  was found to r e a c t  s im ilarly , decomposing to g ive  

isomeric dimethyl b iphenylam ines, with 4 ' ,  5 -d im e thy I- 2 -b ipheny lam ine  

as the predom inant product^

The more frequently  used tr iazens  a re  of the 1- a ry l -3 ,3 -d im e th y l  

type (9) and these compounds a re  prepared by the  coupling of d iazonium  

salts with a l ip h a t ic  secondary am ines .  Such tr iazens ,  which may be 

liquids or solids, a re  s tab le  in neutra l or a lk a l in e  media b u t  decompose 

into the diazonium  ion and  the dim ethylam ine sa lt  in the presence of

55
a c id .  They may therefore  be  regarded  as s tabilised  d iazo-com pounds , 

Decomposition o f  these compounds in b iary l synthesis, is carr ied  ou t by
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heating (150-160°) a solution of triazen in aromatic (substrate) solvent,

w hile  a  slow curren t of dry hydrogen ch lo r ide  (or o ther  a c id ic  reagent)  is 

• 1. j  , 5 5 , 5 9in troduced

A r .N i N .M e ^  + C ^ H ^ R  ^  ArC^H^R + NH M e^.H CI (33)

(9)

101 .
The assumption made by Saunders th a t  tr iazen  decompositions 

w ere  homolytic in nature was upheld by la te r  studies^ in w hich

the isomer ratios of biphenyls formed from the decomposition of 1 -p h e n y l-

3 ,3 -d Im e th y l t r ia z e n  in such a rom atic  solvents as brom obenzene, ch lo ro -  

b e n z e n e ,  n itrobenzene  and Isopropyl benzene  were shown to be in agreem ent 

with analogous products from known phenyl rad ica l  sources, e . g .  the 

Gom berg reac tion  and pyrolysis of benzoyl perox ide ,  e tc .

Table I below  gives the results of the phényla tion  reactions on chlorobenzene, 

Table I -  Phénylation o f  C h lo robenzene

Method o - m- £ “ Ref.

Gomberg 6 4 .6 2 1 .7 1 3 .7 102

Benzoyl Peroxide 5 7 .5 2 6 .6 1 5 .9 103

Silver iod ide d ibenzoa te 6 0 .0 2 4 . 0 1 6 .0 104

Phenyl hyd raz ine-s i lve r  oxide 6 4 .9 2 2 .1 1 3 .0 105

Phenylazotriphenyl m ethane 5 8 .2 2 7 .9 1 3 .9 103

Diazoami nobenzene
(1 -p h e n y l-3 ,3 -d im e th y l t r ia z e n ) 5 9 .8 2 3 .7 16 .5 59

From the above results, and the formation of 2 , 3 -d  imethy 1 -2 ,3 -d ip h e n y l-

bu tane  in the decomposition of d iozoom inobenzene in isopropylbenzene, 

59Hardie and  Thomson concluded  th a t  the pyrolysis of these triazens.
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genera tes  a n i l in e  and phenyl rad ica ls ,  the la t te r  p roceeding  to a t ta c k  the 

so lven t .  The reac tion  can be represented thus:

59
SCHEME VI (adapted from a scheme by Hardie and  Thomson )

P h -N = N -N H M e ^  — >  + Ph- + -N M e^ PhNMe,

ArH

/ ,  7 . , -305 ,306 .(no reported isolation )

H

PhAr + [tj* NHM e^

(os hydrochloride)

Since 1,3 -d ip h e n y l  tr iazens a re  tau tom eric , (Scheme VII), i t  is expected  

th a t  decomposition of their  unsymmetrical deriva tives  would y ield  two 

d iffe ren t aryl rad icals  and hence two groups of biaryl de riva tives .  This

59was confirmed by Hardie and Thomson 

SCHEME VII

A r -N = N -N H A r '

A rN H -N = N -A r*

Ar* + + «NHAr'

Ar* ' + + • NHAr

The two advan tages  of this reac tion  over other rad ica l  sources ore:

(a) the  reactions ore carr ied  out in homogenous media (cf .  the 

Gomberg reaction) resulting in " c lean "  products in com paratively  high 

y ields (usually > 50% ) with neg lig ib le  b y -p ro d u c t  formation; and ,

(b) the  reac tion  is e ffec ted  a t  e le v a te d  tem pera tures , w hich permit

the use of a  wider range of compounds includ ing  substrates which a re  solid 

a t  am b ien t  tem pera tures.

Conversely , the  method is in ap p l ic a b le  to  ben zen e  and a few other
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low-boiling aromatic solvents,

(e) A ry lazo tripheny  I m ethane s

These compounds d issoc ia te  in organic  solvents a t  6 0 -8 0 °  to give

61 62
aryl rad icals  (equations 34 and  35) '

Ph-N =N -C Ph -------------->  P h N = N - + * C P h  (34)
.it

P h -N = N '  >  Ph- + Ng (35)

Cohen and W ang^^^ showed th a t  the ra te  of decomposition is 

independen t of initial concen tra t ion  and obeys firs t-o rder  k ine t ic s .  Further 

k ine t ic  work by Huisgen and  N akaten^ revea led  th a t  radicals  were 

involved (analysis of the ra t io  of isomeric products) bu t tha t  no chain  

mechanism o p e ra ted .  The formulation o f  a  s tep-w ise  homolysis as in

equations (34) and (35) above  followed investigation of the kinetics of

112 113
reac tion  of substituted a ry lazo tr ia ry lm ethanes  , bu t later  work

revea led  the absence  of any  e ffe c t  of added  tri phenyl me thy I on the rate  

of decom position . The tw o-step  mechanism might suggest that added 

tripheny Imethy I, by reversing (34), reduces the observed rate  of 

decom position . A possible ra t iona l isa t ion  of this could be the formation 

of a ry la zo  rad icals  of ex trem ely  short life so th a t  the first s tage is 

e ffec tiv e ly  irreversible.

A  suggestion was made tha t  rad ica ls  might not be  formed in the 

decom position , bu t tha t  formation an d  dehydrogenation  by triarylmethyl 

rad ica ls  of the  ary I eye I ohexad ieny I rad ica l  (4) takes p lac e  rapidly in a 

so lven t c a g e .  The suggestion g o t  support from the absence  of isotope 

e ffec ts ,  and  the absence of d ihydrophenyls in the reac tion  products; but 

the isolation of a ll  possible isomeric crossed products (10) from the
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decomposition of a  mixture of two appropria te ly  substituted ary lazotriary l-  

methanes proved this suggestion in co rrec t .

SCHEME VIII

a) A r '  + PhH

(4)

b) (4) + .C A r^ '

c) Ar (4) + -CA r^ '

ArPh + HCA^' 

Ar H

CArg-

cis & trons 

-2H

Ar CAr,

(10) (minor product)

The scheme above shows the formation of the various products in the 

decomposition of a ry lazo tr ia ry lm eth an e .  A confirmation of the in te rvention  

of free rad icals  in this reac tion  was tha t  iodine and carbon tetrabrom ide, 

highly e f f ic ie n t  rad ica l  traps, inhibited  the  reac tion  even a t  low 

concen tra tion
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(0 Diazonium Tefrafluoroborate and Pyridine

Aryldiazonium  te traf luorobora te  together with one eq u iv a len t  of

118
dry pyridine has been found to be a conven ien t  rad ical source . The 

process bears a  close resem blance to the Gomberg rea c t io n ,  with pyrid ine 

(pKg 5 .2 1 )  a c ting  as the base in the formation of the s a l t  (11), which
. J J

could be regarded as similar to d iazo -anhyd r ide  in the  Gomberg process. 

Aryl rad icals  a re  supposed to  arise  as In Scheme IX below:

SCHEME IX
118

A r N «  X + C .H .N :  2 5 5 A r - N = N -
r /\ X

(1 1 )

X = BF

A r - N = N - N  ^  ^ Ar" + ^

(12)

X

The formation of (11) finds support s ince no nitrogen is apparen tly

119
evolved until one e q u iv a len t  o f  base has been  introduced ,

Biphenyls, pyridinium te trafluoroborate  and nitrogen were the only 

products of the above decomposition a t  75°C  in arom atic  substra te . No

phenylpyrid ines, f luo robenzene , or boron trifluoride were d e te c te d ;  this 

in contrast to the products of the thermal decomposition of benzenediazonium  

tetrafluoroborate  in the  sqme arom atic  solvents in the absence ' of pyrid ine , 

when the no rm a l 'S c h ie m a n n 'p ro d u c t ,  f luorobenzene , is formed in 90-95%  

y ie ld ,  boron trifluoride and  nitrogen a re  copiously evolved and fluoro-  

biphenyls ( 0 , 5 - 0 , 8 %) and  biaryls (3-5%) constitu te  only minor products .
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118
W ith  pyrid ine ad d e d ,  as a b o v e ,  biaryl y ields a re  in the region 30 -40%  ,

Comparison of the biaryl isomer d is tr ibu tion , and  the re la t iv e  rates of

a t t a c k ,  from this reac tion  and from the thermolysis of benzoyl

118
perox ide ,  showed reasonable  agreem ent . Formation of bibenzyl in

10% y ie ld  in the phénylation of to luene  provided further ev idence  of 

free  rad ica l  intervention^

(g) Aromatic Amines and Amyl N it r i te

120 121
This route  was developed  independen tly  by two groups of workers '

They showed that  when a n il in e  in benzene  is bo iled  under reflux with

butyl or amyl n i t r i te ,  biphenyl is formed in yields of up to 65% .

Similarly , substituted biphenyls were prepared and  yields were as follows:

4 -ch lo rob ipheny l  (53 % ), 4-m ethoxybiphenyl (33%), and such other biaryls

as 3 -pheny  I pyrid ine (52%) and phenylqu ino line  (35%).

Prior to the developm ent of this method a lkyl n itrites had been used

122
to  gen e ra te  diazonium  and d ia z o -  compounds. Griess and Meyer 

123
and Ambuhl had reported the formation of d iazoam ino  compounds.from

diazo tisa tion  reactions  with amyl n itr i te  and  ethyl n i tr i te  in a lcohol

solutions. Since it has been shown tha t  thermal decomposition of

d iazoam ino  compounds results in aryl rad ica ls  i t  could be  argued that

formation of aryl radicals  h e re ,  could occur in sim ilar manner. Such an

argum ent can be  countered by consideration  of the low temperatures needed

121
in the  amyl n i tr i te  reac tion  . Further, no products arising from the

124
ary lam ino rad ica ls ,  ArNH-* are  d e te c te d .  Knoevenagel reported a 

method of d iazo tisa tion  using ethyl and amyl n i t r i te ,  bu t did not go so far 

as to inves tiga te  the products of decomposition of the diazonium 

compounds formed.
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L iterature  on the mechanism of d iaz o t isa t io n ,  and  subsequent 

decomposition to form rad ica ls ,  using a lkyl n itrites is l im ited , Cadogan 

suggested tha t  the  products of the d iazo tisa tion  reac tion  a re  those shown 

in equation  (34):

125

ArNHg + R O N O  ------->  ArA^ OR + H .G (34)

and hence  rad ica l  formation would occur as in the Gomberg reaction»

However, the reac tion  is more com plex . An E .S .R ,s ig n a l  w hich had

126
first been  m istakenly a ttr ibu ted  to a  pheny ld iazoxy l ,  P h N = N - 0 "  (no

sp ec if ica tion  as to w hether  a  a  or tt rad ical)  led to some confusion. This

,  ̂ , 9 5 ,1 2 6 ,1 2 7 ,1 2 8   ̂ ,  r , . . , .was la ter  shown to consist of two overlapp ing  signals from

phenyl pentyl nitroxyl (13) and  diphenylnitroxyl (14), Product (13) results from

spin trapping of a  phenyl rad ical by pen ty l  n i tr i te  (Scheme X ) a n d  (14)

is c o n s i d e r e d ^ 127,128 Qpjgg hy the decomposition o f  pheny lpen ty l-

nitroxyl (13) to n itrosobenzene, which in turn traps a  phenyl ra d ic a l ,  also

as in Scheme X .

SCHEME X
98

Ph- + R O N O  ------ >  Ph(RO )N O- — >  RO- + P h N O

(13)

P h N O  + Ph P h .N O .

(14)

(h) O th e r  Related Sources

Diazoanhydrides (ArN2 ) 2 0 ,  made by careful ad d it io n  of a c e t ic

a c id  to potassium d ia z o ta te ,  r e a c t  very vigorously with a rom atic  substrates
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The biaryl y ie lds ,  however, were low . .

129
Bunyan and  Cadogan showed tha t  nitrosation of ]M-arylphosphor- 

om idate  (15) by nitrosylsulphuric ac id  or nitrosyl ch lo ride  g ives an  unstable 

N -n itroso-com pound  (16) which undergoes a rapid rearrangem ent to  the 

corresponding d iozo-phosphote  (17) and subsequently  to aryl rad icals  

(Scheme XI),

SCHEME XI

. 0 ,  0  _  . 0 ^  0  _  . o  .  . A

R O '^  NHAr R O ^  NAr RO ^ O N : N A r  RO O

N O
rad ical  formation 

(15) (16) (17)

O th e r  less important sources of aryl rad ica ls  a re  discussed 

5 7 12
in several reviews ' * , e , g ,  oxidation of phenyIhydrazine  to  the

64
diazonium  compound with m eta ll ic  oxides, p refe rab ly  silver oxide ,

2 , 2 , 3  M iscellaneous Sources

By far the g rea tes t  amount of work carr ied  out to d a te ,  both synthetic

and m echan is t ic ,  has been on the rad ical  sources discussed a b o v e .  Included

here  a re  a  few other sources, the use of which has been somewhat curta iled

e ith e r  by cost,  s a fe ty ,  genera l  a v a ilab i l i ty ,  and  a p p l ic a t io n ,  or

whose po ten tia l  has y e t  to be rea lised .

130
Photolysis of aryl halides , espec ia l ly  Iodides and of o rgano-

131m eta ll ic  compounds gives aryl rad ica ls .  The photolysis of iodobenzene 

in cumene gives a  mixture of isomeric isopropy Ibi phenyls in the  same ra tio  

as is ob ta ined  in the decomposition of benzoyl peroxide in cum ene , together
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132
with the dimer 2 ,3 -d im e th y l -2 ,3 -d ip h e n y lb u to n e .  W olf  and  Kharasch 

deve loped  this method Into one of genera l  b iary l synthesis and a  y ie ld  of 

91% £ - te rp h en y l  was obtained from the photolysis of 4 -iodobiphenyl in 

b e n z e n e .  The reac tion  can  be successfully ap p lie d  to iodophenols and

iodobenzoic  a c id s .  O ther  reported ary la tions  have  inc luded  2 , 4 , 6 -  —

12 . 133
tr i- iodophenol with benzene  (75%) , phényla tion  of xylenols ,

p repara tion  of b inaphthyls^^^ and  qua te rpheny ls^^^ . Diphenyl mercury

131
and  triphenylbismuth have been used as rad ica l  sources .  Tetraphenyl-

lead was a lso  photoiysed in cumene to g ive  isomeric products as indicated

, 12above

The photo ly tic  reactions a re  c le a n ,  bu t suffer from the d isadvantage 

of being limited in scope. Some substances, e . g .  n i trobenzene , a re  opaque

131to u l tra v io le t  rad ia tion , so th a t  no photolysis of the rad ica l  source occurs 

In other cases, the substrates, e . g .  ha I ogen obenze  nes, a re  a p t  to  be photo-

131
lysed, resulting in complex product mixtures.

The photolysis of 4-brom obiphenyl in benzene  has been  reported ,

but the p roduct distribution was d iffe ren t to  th a t  in the  photolysis of

4 - io d o b ip h e n y l .  y -Radiolysis of bromobenzene and iodobenzene has 

136
also  been  reported with the former giving phény la tion  products with an

isomer d istribution consistent with the normal homolytic p a tte rn ,  but in the

la t te r  no biphenyl formation was reported .

137
N onhebe l ,  Tedder and  W alton h ave , in a  r ec e n t  pub lica tion , 

discussed the  topic of photolysis from the point of v iew  of bond strengths, 

d issociation  energies and radical form ation,

12
O th e r  rad ical  sources, like the G rignard  reagents  , in the  presence
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of c a ta ly t ic  quantif ies  of cobaltous halides, and o rgano ti tan ium ^^^ ' 

compounds a re  known, and  have  occasionally  been used to g enera te  aryl 

rad ica ls .

2 .3  Aryl Radicals in Biaryl Syithesis

Biphenyl c a n  be formed by substitution of a  phenyl rad ica l  in 

benzene  (see equation  10). If e i the r  the phenyl rad ical  or b e n zen e  is 

substitu ted , isomeric biphenyls result, e . g .  a  mixture of o - ,  m - and 

^ -subst itu ted  biphenyls result from the  reaction  betw een a phenyl rad ica l  

and a  mono-substituted ben zen e  substrate (equation 3 1 ) ,

^  H (31)

Two im portant considerations in eva lua ting  a  synthetic  route  a re :

(a) th e  amount o f  required product formed, and ,

(b) the  ease  of separa tion  of products from by-products ,  if present.

The lack of in terest e a r ly  syn thetic  chemists showed in homolytic a ry la tion

arose mainly from the very low positional and substrate se le c t iv i ty  exh ib ited

by such reac tions .  The o-isom er was found to predom inate in th e  product

mixture, bu t workers in the  1930's found tha t  in many reac tions  the £ -isom er

was suff ic ien tly  insoluble for it  to  be crystallised from the  m ixture, a lb e i t  

2 31
in low  y ie ld  '  , Thus such p repara tive  routes w ere  only resorted to where

no a l te rn a t iv e  to the  biaryl ex is ted .

In re c e n t  years homolytic biaryl synthesis has gained  importance for a  

varie ty  of reasons including the  following: The g re a te r  range of rad ica l  sources

has, in c e r ta in  cases , led to  h igher product y ie lds , b e t te r  substrate  and positional
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s e le c t iv i ty  and  c le a n e r  products, e . g .  the high positional se lec tiv ity  exhib ited  

by the pro tona ted  4-substitu ted  pyridines (equations 32 and 3 3 )^^ '

Me

1

Me

Me 

(98%)

Me

Me
H

Me

(32)

Me

Me

cf

A 9 ( l) /S ^ O g
2 -

M eC O ^H

t-B u^O ^

Me

Me 
J
H (100%)

Me

+

Me

Me

N (35%)

(33)

^  Me "  (65%)

A ry la tion  reactions under the  same conditions should presumably show a

com parable  degree  of positional s e le c t iv i ty .

Coupling reactions  constitu te  useful syn thetic  rou tes . Such

compounds as some of the isomeric quaterphenyls result from coupling of

two cr-complexes followed by chem ical dehydrogenation  of the  rj-complex

158-160
dimer (19). High poten tia l  qui nones 

ex tens ively  used in the  dehydrogenation .

such as o -ch lo ran i l  a re
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SCHEME XII

(ArC^H^)' ">cH \ =  H

w

(19) 

-2H

H

Ar
(+ isomers)

(also ArC Hc + C ,H cC ,H _ )  
6  5 6  5 6  7

Ar -Ar

(20)
(+ isomers)

Extrapolation of da ta  from observed peroxide decomposition reactions led

to a s u g g e s t i o n ^ 161,162 infin ite  d i lu tion  of  the  peroxide in

arom atic  substra te , almost a ll  of the peroxide could  be accoun ted  for as

carbon d iox ide  and the products of dimérisation and disproportionation of

the a ry Icyc lohexad ieny l radicals  (Scheme XII), w ith d im érisation accounting

for os much os 75% of the rea c t io n .

In tram olecular a ry la tion  reac tions , e . g .  the Pschorr phenanthrene

synthesis, o re  the main sub jec t  o f  this thesis, and a re  now established

syn the tic  rou tes . More d e ta i led  discussion on these w ill b e  g iven  in

la te r  sec t ions .  The synthesis o f  the  an ti leukem ic  phenan thro indo liz id ine

163
a lk a lo id ,  ty locrebrine  is an  example of an in tram olecu lar  a ry la tion  

reac tion  w hich has become of industria l  im portance .

— 33 —



2 , 4  Mechanisms and  Kinetics of Arylation Reactions

An a c c o u n t  of the  developm ent of the various theo re tica l  approaches

to the ra t ionalisa tion  of the phenomena of homolytic a rom atic  substitution

144was given by W illiams

Early investigations c le a r ly  distinguished homolytic from he te ro ly tic  

a rom atic  substitution by the one  very important property: the independence

of o r ien ta tion  in homolytic reactions on the e lec tron ic  requirements of 

substituents a lre ad y  present in the arom atic  substrate . The approach  was 

q u a l i ta t iv e  only and inev itab ly  con ta ined  distortions and oversim plifications. 

Improved spectroscopic  and chrom atographic methods which becam e a v a i lab le  

a f te r  the 1950's led to the accum ula tion  o f  much q u an ti ta t iv e  da ta  a nd , 

h en ce ,  more d e ta i le d  m echanis tic  s tudies. These studies seem to have 

concen tra ted  on th ree  reactions: The Peroxide Reaction, the  Acylnitrosam ine

and the Phenylazo tripheny lm ethane  Reactions, E .S .R ,  techniques have 

been very im portant in the e luc ida t ion  of the mechanisms of  the  last two 

reac tions .  More rec e n tly ,  determ ination  of absolute  r a te  constants for 

the addition  of phenyl rad icals  to arom atic  substrates by op tica l pulse 

radiolysis and t im e-reso lved  E .S .R .  experiments in aqueous solutions has 

been r e p o r t e d ^ U n t i l  then only approxim ate  ra te  constants for the 

add it ion  step w ere  a v a i la b le .

Ar* + A r 'H  --------------------->  (ArArH)’

The add it ion  s tep  is very rap id , with ra te  constants of the order 

o f  7  X 10^ M^S^ (correc ted  to ze ro  ionic s trength)^^^, E .S .R .  studies 

show th a t  phenyl rad ica ls  in a v a rie ty  of matrices a t  77°K have the unpaired 

e lec tron  in the sp^-o rb ita l  in a  cr-type rad ic a l^ ^ ^ .  The lack of 

resonance explains its high re a c t iv i ty .
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The in term ediacy of the ary  Icyclohexadienyl rad ica l  (4 in Scheme VIII)

is now genera lly  a c c e p te d ,  and  its in tervention  has been demonstrated using 

147
CIDNP techniques . Earlier, the  products of its d isproportionation and

dimérisation had been iso lated . However, the irreversib ili ty  of the addition

of the aryl radical to  the arom atic substrate is s till  co n te s ted .  The addition

of hydrogen atoms to benzene  has an  a c t iv a t io n  energy  of a b o u t  3kcal mole ^

and  is exothermic by abou t 28 kcal mole Addition of phenyl radicals

is less exothermic ( AH, ~  IBkcal mole ^) and presumably has a  larger ac tiva t ion

energy . It is therefore most improbable th a t  ap p re c ia b le  fragm entation of (4)

would occur within the lifetime of these rad icals  in normal phénylation reactions

s ince  i t  would have an ac tiva t ion  energy of a t  least 21 kca l mole ^ .

Absence of isotope effects in free rad ica l  phénylations has been observed

and  quoted by many authors in support of an irreversible ary  Icyclohexadienyl 

12 14 15
rad ica l  formation '  '  . For exam ple, phenyl rad icals  do not normally

a p p e a r  to discrim inate between benzenes and  b e n z e n e -d ^ ^ ^ ^  153^ Some 

workers have , however, reported^ d e te c t in g  k inetic  isotope e ffec ts .  A group 

of Japanese  workers r e p o r t e d ^ s u c h  an  e f fe c t  in phénylations in dimethyl 

sulphoxide a t  room temperature; how ever, the  reproducib ili ty  of their  observation 

was not good. A very large isotope e ffec t  was found in the phénylation with 

pheny lazotriphenylm ethane a t  the crowded 2 -position  of m -d in itrobenzene , bu t 

not a t  the crowded positions of 1 ,3 ,5 - t r i - t - b u ty lb e n z e n e  The isotope

e f fe c t ,  in the addition  of benzoy loxy  rad icals  to  arom atic  substrates, easily  

observable in the presence o f  oxygen , is well d o c u m e n t e d ^ T h i s  

observation has led to the genera lly  a c c e p te d  v iew  th a t  this add it ion  is revers ib le . 

The phenylcyclohexadienyl rad icals  can re a c t  further in three ways;
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(a) they  can  disproportionate to g ive  b iphenyl and  dihydrobiphenyl (18),

2 (PhC ^H ^) '  >  PhC^H^ + PhC^Hg (36)

(18)

(b) they  con dimerise to g ive  te trahydroquoterphenyl,

2 ( P h C ^ H ^ ) .   >

Ph H (+ isomers) 

and (c) they can be  oxidised to biphenyl (see equa tion  3 1 ) .  It is ev id en t  

th a t  the route of reaction  of the pheny lcyclohexad ieny l (also ca lled  the 

(T-complex) is dependen t on its environm ent. For an  exam ple , 

di hydrobiphenyl formation (equation 36) is most l ikely  to  occur in d ilu te  

so lu tions. Even more important is the presence or absence  of an  oxidant 

in the re a c t io n .  Dimérisation and disproportionation products found in 

a ry la tion  reactions where peroxides and phenylazotr iphenylm ethanes a re  

used as rad ica l  sources are  absent w here N -n i tro so ac e ta n i l id e  is used 

because  of the formation in the la tte r  reac tion  of a  very e ff ic ien t  ox idant 

(see Schemes II, III and IV), For this and  other reasons, which should 

m anifest themselves la te r ,  discussions of the mechanisms of ary la tion  

reactions  whereby the d iffe ren t sources a re  used will be g iven 

s e p a ra te ly .

2 ,4 ,1  The Peroxide Reaction

r  11 .  . . 2 , 4 , 5 , 1 2 , 1 4 , 1 5 , 1 5 6 , 1 5 7  . , . . .E xce llen t  reviews exist on the e luc idation

of the  mechanism of this rea c t io n .  For this reason , discussion of the

mechanism of the reaction  here  will c oncen tra te  mainly on those aspects

genera l  to a ry la t io n .

The decomposition of aroyl peroxides to g ive  ary l rad ica ls  was
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discussed in section 2 . 2 . 1 .  The k inetics  o f  the rea c t io n ,  e spec ia lly  of

the reaction of benzoyl peroxide  in benzene , has been studied ex ten s iv e ly ,

N ozaki and Bartlett w ere  the  first to observe a n  induced reaction leading

to a  k inetic  order of 1 .5  in pe rox ide ,  which accom panies  the f irs t-order

primary homolysis into benzoy loxy -rad ica ls  (equation 38):

- d c r a / d t  = k j [ p ]  + kg [p ]  / 2  "  (38)

where P represents the perox ide .  The induced decomposition which
3 /

contributes the term k^C P ] ^  leads to a  varia tion  in the observed ra te  of 

the  reac tion , in changing  from one so lvent to  a n o th e r .  Kinetics of the form 

as represented in equation  (38) r e la te  to systems in which chains a re  term inated 

by e ither  dimérisation or disproportionation involving like rad ica ls^^ .

Further investigations co rre la ted  k inetic  results, and varia tion

in yields of biaryls, esters, a ro ic  ac id s ,  d ihydrobiaryls, and  residue, with the 

in itia l  peroxide c o n cen tra t ion , and  led to the  iden tif ica t ion  of the cr-com plex  

as the most important chain  ca rr ie r  (equation 39),

PhArH* + ( P h .C O .O ) ^  -------^  PhAr + PhC O ^H  + P h . C O . O -  (39)

In termination reactions  involving unlike rad ica ls ,  e . g .  the perox ide  

decomposition in brom obenzene, the k ine t ic  law becomes tha t  in equation  (40), 

with the induced reac tion  being first order with respec t  to the peroxide^

- d  C P ]/d t  = k^ [ P ]  + CP ] (40)

The reason for the  d iffe ren t term ination mode in brom obenzene is t h o u g h t ^ ^  to 

be  the  g rea te r  deg ree  of s tab ilisa tion  of the benzoyloxy rad icals  in th a t  so lvent 

resulting from formation of  ch a rg e - tran s fe r  complexes because  of the g rea te r  

po larisab ili ty  of the bromine atom (Schem e XII, c f ,  sequence  4 1 -5 3 ) ,  The d e s ira 

b i l i ty  of this mode of chain  term ination lies in the f a c t  th a t  much biaryl and no 

dimer results from i t .
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SCHEME XIh’

+ •
Ô C O Ph

^  < ----- >  /  ) =  B /  e tc .

The k ine t ic  studies of the  decomposition of benzoyl peroxide  led to

12 14fhe formulation of the following peroxide reaction sequence ' '  :

( P h . C O . Q g   >  2 P h .C O .  O" (41)

Ph. C O .  O '   >  Ph ' + C O ,  (42)

P h . C O . O r  + P ------->  P + P h .C O .  O '  (43)*

Ph ' + ArH  »  (PhArH') a '  (44)

P h . C O . O ' + A r H   >  ( P h . C O . O . C . H , ) '  cr (45)*
o 6

O' '*■ p

cr*' p

O' P h . C O . O -

a - '  + P h . C O . O

2 ( 7 .

2 (7.

2 ( 7 . '

2 ( 7 . '

PhAr + P h .C O g H  + P h . C O . O '  (46)

P h .C O .O .A r  + PhCOg + P h . C O . O '  (47)*

PhAr + PhCOgH (48)*

P h .C O .O .A r  + PhCOgH (49)*

PhAr + PhArHg (50)

(PhArH)g (51)

P h .C O .O .C ^ H g  + P h .C O .O .C ^ H  (52)*

( P h .C O .O .C ^ H ^ )g  (53)*
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with  reac tions  marked w ith  an  asterisk regarded as of minor im portance when 

the reaction  is ca rr ied  out a t  8 0 °C .

The iden tif ica t ion  of h igh -bo il ing , resinous m ateria ls  formed during the 

reac tio n ,  as comprising mainly of the cr-complex dimer (see reac tion  51) was 

first made by Lynch and  Pausacker^^ and W a l l i n g ^ T h e  possible formation 

of positionol and geom etrica l  isomers, together with further transformation of the 

d ihydroquoterphenyls (equation 37) was a p p re c ia te d .  Confirmation cam e through 

the isolation of a  symm etrically  disubstituted quaterphenyl (19) from the 

decomposition of a  symmetrical ly disubstituted peroxide in b e n z e n e ^ a n d  

oxidation of the product with o -ch lo ran i l  (equation 54) and shortly afterwards 

isolation of tetrahydroquoterphenyl (18) as well as dihydrobiphenyl (2 0 ) from 

the benzoyl p e ro x id e -b e n z e n e  reaction^ .

H / = \  H

■4H (1 9 )

(20) (19)

Isolation of (20) further established the cr-com plex os c a p ab le  of behaving

as a  pe rfec tly  normal free  ra d ic a l ,  with sufficien t resonance stab ilisa tion

in the  cyc lohexad ieny l  system for reaction  with the ben zen e  so lven t to be

en e rg e t ic a l ly  unfavourable^

The discussion so for has taken for granted the  fundamental f a c t  th a t

the biaryls formed a re  those in which one aryl group is derived  from the

peroxide  and  the o ther  from the aromatic substra te . This in f a c t  was am ply

61
shown by the  accum ula ted  ev idence  from the work done by Hey , w hich
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ev idence  a lso  pointed to  hydrogen abs trac tion  from the  substrate as not 

occurr ing . Thus, i t  was shown th a t  symmetrical biaryls a re  not formed 

in these reactions (equation 56).

Ar* + Ar ' H — X -^  ArH + Ar* ' (55)

Ar'* + Ar'* — X-a. A r 'A r ' (56)

N aph tha lene ,  on the o ther hand , is an excep tion  to this 

g e n e ra lisa tion . N u c lea r  hydrogen abs trac t ion  occurs ex tensively , resulting 

in the formation o f  1 , 1 ' - ,  2 , 2 ' -b in o p h th y l ,  1 , 2 ' -b in o p h th y l,  benzoyloxylation  

products a n d ,  o f  course, the expec ted  1-  and  2 -pheny lnaph tha lene  in the

14proportions 7 9 .1 %  and 2 0 ,9 %  respec tive ly  , when the  benzoyl peroxide 

decomposes in molten n ap h th a len e .

Relatively  small amounts of esters (varies acco rd ing  to reaction 

conditions) found in the products of the perox ide  reac tion  (see equations 

4 7 ,  4 9 ,  52 and 53) in d ica te  the  in te rm ediacy  of aroyloxy rad icals .

Higher ester yields result from the  a ry la tion  of the more reac tive  naph tha lene  

substrate^

A large number of these a ry la tion  reactions  have been investigated  

and  results therefrom in terpre ted  by use of part ia l  ra te  factors.

Partial ra te  factors , Fo, Fm and  Fp a re  numerical expressions of 

rea c t iv i ty  a t  the  o - ,  m- and  £ -  positions respec tive ly ,  in the mono

substituted benzene  d e riva tive  C^H^R compared with the reac tiv ity  a t  an y  

one position in b e n z e n e ^ ^  The method of  the ir  determination is

based upon the competition be tw een  two substrates present in large excess 

and the  ex te n t  of the change  in re a c t iv i ty  due  to the presence of a
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substituent in the substituted benzenes. Measurements are thus made of:

a) the  quan ti ty  ^  u  K, i . e .  the total rote ra t io  of substitution in
6 6

^ 6 ^ 5 ^ to tha t  in with benzene  conven ien tly  assigned qn a rb itra ry

va lue  of un ity , a nd ,

b) the proportions in which o - ,  m- and p-isomers a re  found in the 

a ry la tion  of C^H^R, and  if such proportions be symbolised CO, j l  and 7l

respec tive ly , then the p a r t icu la r  ra te  factors for the three positions ore

L .  M ,1 4 4given by the equations :

C H R
Fo = 3 6Ü °  ^  K (57)

C H R
Fm = 3 /X °  ^  K (58)

C .H .R
Fp = 6 ITT ® ^  K (55)

Relative reac tiv i ty  and  isomer distribution measurements would a p p e a r  to be

based on the assumption th a t  the rates of formation of b inucleo r  products ore

re la ted  d irec tly  to  the  ra tes  of formation of c r-com plexes . However,

app rec ia t ion  th a t  cr-complexes d o  not necessarily  proceed to  b ia ry l ,  bu t

may instead d im erize , disproportionate  or undergo other rad ica l  reac tions

raised doubts concern ing  the va l id i ty  o f  the assumption s ta ted  a b o v e .  Thus,

i t  seems unreasonable  to e x p e c t  th a t  oxidation to bioryl should a c c o u n t  for

ex ac t ly  the  same frac tion  of each  of the  three isomeric rad ica ls  in equation

15
(60) p a rt icu la r ly  w here  R is a  bulky or po lar group ,
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H  H  H

R  R

Indeed , results reported betw een 1954 and 1964, and  com piled  in to

12
a  tab le  by Hey underlined  the pronounced steric  e ffe c t  on the reac tion  a t  • 

the o-posit ion  of such bulky groups as isopropyl and t-bu ty l  in the  

decomposition o f  benzoyl peroxide in various arom atic  substra tes . Further,

a n  isotope e ffe c t  was observed in the  b inucleor product, bu t  not in the

150 152 2
unconsumed substrate , in the phénylation of ( H) b e n z en e ,  ind ica ting

tha t  the oxidation to biaryl (dehydrogenation) was in com petition  with  side

reac tions .  This, a n d  the observation that bubbling oxygen through the

peroxide  reac tion  suppresses s ide reactions and  considerably  enhances  biaryl

y ie ld  led Eliel and  his c o - w o r k e r s ^ ^ t o  doubt the  v a lid ity  of measured

partia l  ra te  fac tors . The reac tio n ,  with oxygen a d d e d ,  was reported  by a

la te r  group of w o r k e r s ^ t o  be  g rea t ly  sensitive to  minor tem pera ture  changes,

possibly because  of va ria tion  of oxygen so lubility  with tem pera tu re , A

tem perature  varia tion  of 5 °C  was reported as resulting in a  55 mole per  c e n t

change  in b iphenyl y ie ld ^ ^ ^ .

The observation of  the e ffec t  of oxygen upon the peroxide reac tion

has turned out to be a  basis for further investiga tion . A lot of work has

subsequently  been done in to  ways of maximising the  oxidation  of the  ( f -

complex to  b ia ry l ,  a t  the  same time suppressing diversionary reac tions ,

178
W illiams and  co-w orkers have  reported the most r e c e n t  and comprehensive

survey of such oxidising a dd it ives ,

179 .N evertheless  Morrison and Cazes ,  who studied phény la tion  of
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substituted benzenes by benzoyl peroxide in both the absence and the

presence of oxygen showed th a t ,  even though biaryl yields a re  increased

as much as threefold by oxygen, isomer distribution and  re la t ive  reac tiv ities

remain unchanged . They concluded  th a t  s ide reactions a re  not s e le c t iv e ,

181
a conclusion also reached by ano ther  group of workers ,  who reported 

an  increase  in y ie ld  of fiuorobiphenyls of 65% w hen on arom atic n itro

compound was included in the reac tion  and  y e t  no ticed  no s ign if ican t change

180
in isomer d istr ibution. Cozes a lso  showed th a t  both the isomer

distr ibution and re la t ive  reac tiv i ty  rem ained constan t over a  tw enty-fo ld

change  in concen tra t ion .

The above observations and conclusions did not seem valid  in a ll

cases . For exam ple, thermal decomposition of benzoyl peroxide in

182
4-m ethy l pyridine was reported not to g ive the  some isomer distribution

with and w ithout oxidising agents  p resen t.  Bonnier and Court found th a t

183
in the phénylation of methylpyridinium hydrochloride , and la te r  of

184
neutral methylpyridine , the isomer distributions and partial  ra te  factors

were d ras tica lly  changed in the  presence of c a ta ly t ic  amounts of nitroso-

b e n z e n e .  Williams and co-w orkers observed an  increase in the abundance

of the o-isomer in the high y ie ld  reactions  over w hat had been previously

found, with a  corresponding decrease  in the r e la t iv e  yields of the m - and 

178p-isomers . The small but consistent reduction of o-isomer y ie ld  from 

residue-form ing reactions ( i . e .  in the absence  of ox idants , e . g .  iron (111)

14
benzoate)  had been observed ea rl ie r  . For the soke of comparison, the

178 179
results reported by Williams and  co-w orkers and by Morrison and Cazes

a re  tabu la ted  in section 2 . 4 . 3 .
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A brie f  discussion of the  ac tion  of oxidising add it ives  may be  of

some in te res t .  These include nitroso- and n i tro -a ren es^ 68,181  ̂ transition

, , , 185-189  . 190 , .  1 7 6 ,1 7 9
metal complexes, qui nones and of course oxygen .

Two mechanisms of the 'n i tro -group  effect* of increasing biaryl

y ields have been pu t  forward. The first mechanism a ttr ibu ted  this e ffec t

to the  conversion of the nitro-compounds into nitroxides which e ffe c t

191dehydrogenation  of the  in term edia te  ory lcyclohexodienyl rad ica ls  thus : 

SCHEME XIII

A rN O , A r N O
Ph'

A r N ( 0 ' ) P h

Ph" + PhH PhPhH
%

PhPhH • + A r N ( 0 . ) P h ^  Ph^ + ArN (O H )Ph

A la te r  mechanism, based on comparing y ields of reactions  where substituted 

n i tro -  and  d in itrobenzenes  were add it ives , suggested tha t  the  'n itro -g roup

effect* involved the oxidation of ory lcyclohexodienyl rad ica ls  by an  electron-

,  r , . 192 ,193transfer mechanism:

SCHEME XIV

A rN O ^  + PhPhH

PhPhH
+

A rN O ^  +

Ph^ + H

PhPhH

A rN O ^  + (PhCO^)^ A r N O .  + PhCO- + P h C O . 
2 2 2

The la t te r  mechanism bears some resemblance to th a t  suggested for transition 

metal ca ta lys is ,  which may be summarised thus:
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+ Fe -------»  ArAr’ + + Fe^^ (61)ArAr'H

A r C O - O -  + Fe^^  s- A rC O O "  + Fe^^  (62)

A r C O O "  + ---------s. A rC O .H  (63)

w here  iron (III) b en zo a te  is used. The regenera tion  of the metal in its

h igher  oxidation  s ta te  (equation 62) is assumed s ince  only c a ta ly t ic  (not

178stoichiom etric)  amounts of metal salts a re  used in the reaction

2 . 4 . 2  D iazo  Compounds

A rylation  using d iazo-sources  is d istinguished from tha t  using peroxides 

by the in tervention  of very e ff ic ie n t  oxidising rad ica ls  in the former (see 

Schemes I, II, III, IV and XI), The consequence  o f  this is an apparen t 

ab sen ce ,  in the products of the former reac tions , o f  hydroaromotic products 

deriv ing  from dimérisation and  disproportionation o f  the  orylcyclohexodienyl 

in te rm ed ia tes .  The mechanisms of a ry la tion  by ocylarylnitrosomines (section 

2 , 2 . 2 . c) or by the Gomberg method (section 2 ,2 .2 b )  have  been  discussed 

a l re a d y ) ,

2 . 4 . 3  Q u a n t i ta t iv e  Data of Arylation Reactions

The nex t  section presents a  comparison of  the isomer distribution an d

partia l  r a te  factors for phénylation by a  va rie ty  o f  sources ,

A ,  Peroxide Reactions
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Table 2; Relative Rates, Isomer Ratios and Partial Rate Factors for the

Phénylation of Benzene D erivatives with Benzoyl Peroxide a t  80*

R in Rate 1 Isomer Distribution Partial Rate Factors
Ref.

Ratio I 0 - m- ■ P- 1 Fo Fm Fp

Cl 1 .0 6  i 50.1 3 1 .6 1 8 .3  ! 1 .6 1 .0 1 .2 172

1 .1 4  ! 5 4 .6 2 7 .2 1 8 .2 1 . 9 0 .9 1 .2 l 7 8

1 .4 3 ^ 5 7 .6 ^ 2 6 .1 ^ 17.3*" 2.5*" 1.1*" 1 .5 ‘> 178

Br 1 .2 9 4 9 .3 3 3 .3 1 7 .4 1 .9 1 .3 1 .3 172

1 .1 4  : 5 6 .2 2 7 .3 1 6 .5 1 .9 0 . 9 1.1 179

1 .1 1 ° 5 6 .2 ° 2 8 .8 ° 1 6 .0 ° 1 .9 ° 0 .9 6 ° 1 .0 7 ° 179

1 .4 7 5 4 .2 3 0 .5 1 5 .3 2 . 4 1 .3 5 1 .3 5 178

1 . 53 '^ 5 4 .2 ^ 2 9 .5 ^ 16.0*" 2.3*" 1 .35^ 1 .5 ^ 178

F 1 .0 3 54.1 3 0 .7 1 .7 0 .9 5 0 .8 6 172

1 .08 4 8 .2 51 .8* 1 .5 1.1 1 .2 178

1 .2 3 ^ 5 5 .0 ^ 4 5 .0 * ^ 2.0*" 1 . 1^ 1 . 1“’ -178

1 1 .3 2 5 1 .7 3 1 .6 1 6 .7 2 . 0 1 .3 1 .3 172

N O g 2 .9 4 6 2 .5 9 .8 2 7 .7 5 .5 0 .8 6 4 . 9 172

2 .9 5 6 3 .2 9 .7 27 .1 5 . 6 0 .8 6 4 . 8 179

2 .8 5 ° 6 2 .8 ° 9 .7 ° 2 5 .7 ° 5 .4 ° 0 .8 3 ° 4 . 4 ° 179

Me 1 .23 6 6 .5 1 9 .3 1 4 .2 2 .5 0.71 1 .0 172

1.81 6 2 .6 2 4 .0 1 3 .4 3 . 4 1 .3 1 .5 178

1 .6 4 ^ 6 0 .9 ^ 21.6*" 1 7 . 5 '^ 3.0*" 1.1*" 1.7*" 178

OM e 1 .9 9 6 9 .8 1 4 .7 1 5 .6 4 . 2 0 .8 8 1 .9 179

2 .0 1 ° 6 9 .8 ° 1 4 .5 ° 1 5 .8 ° 4 .2 ° 0 .8 7 ° 1 .9 ° 179

3 .1 8 7 5 .8 1 1 . 0 1 3 .2 7 .2 1 .0 5 2 . 5 178

1 .7 8 ^ 70.1*" 16.6*" 13.3*" 3.7*" 0.9*" 1.3*" 178

1 .0 8 ^ 6 8 .8 ° 2 0 .1 ° 1 1 .1 ° 4 .3 ° 1 .3 ° 1 .4 ° 178

C N 3 .7 6 0 .0 1 0 .0 3 0 .0 6 , 5 1.1 6 .5 173

1 .9 2 5 2 .3 1 7 .4 3 0 .3 3 , 0 1 .0 3 .5 178

1 .8 2 ^ 57.1*" 15.6*" 27.3*" 3 . l \ ,0.83*"j 3.0*"
1

178
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Table 2 (continued)

R in Rate Isomer Distribution Partial Rate Factors Ref.
Ratio 0 - m - £ - Fo Fm Fp

Et 0 .9 0 5 3 .0 2 .8 1 9 .0 1 .4 0 .7 6 1 .0 172

t-Bu ’ 0 .6 4 2 4 .0 4 9 .0 2 7 .0 0 .4 6 0 .9 4 1 .0 172

0 .6 3 2 1 .2 4 9 .9 2 9 .0 0 .4 0 0 .9 4 1.1 179

0 .6 1 ° 2 1 .2 ° 5 0 .0 ° 2 8 .8 ° 0 .3 9 ° 0 .9 2 ° 1 .1 ° 179

i-P r 0 .6 4 3 1 .0 4 2 .0 2 7 .0 0 .6 0 0.81 1 .0 172

Ph 2 .9 4 4 8 .5 2 3 .0 2 8 .5 2.1 1 .0 2 .5 172

C O ^M e 1 .7 7 5 7 .0 1 7 .5 2 5 .5 3 . 0 0 .9 3 2 .7 174

1 .8 9 48.1 1 9 .8 32 .1 2 . 7 1.1 3 .6 178

2 . 03 ’̂ 5 3 . 6’’ 1 6 . 5 ’’ 2 9 .9 ^ 3 , 3 ’’ 1.0*" 3.6*" 178

p-diCI 1 .6 5

1 . 93 '’

178

178

1 ,3 ,5 - t r iC I 4 .9 9

4 .8 6 ’’

178

178

COPh 4 .3 9

3 . 97’’

40 .1

4 7 . 3 ’’

21 .1

18.6*"

3 8 .8

33.6*"

2 .6 5

2 . 85 ’’

1 .4

1.1*"

5.1

4.0*"

178

178

a) Added oxygen.

b) A dded iron (III) benzoate  (0 .5 g /g  o f  benzoyl peroxide in 50 ml
a re n e  substrate .

c) Added copper (II) benzoa te  (0 .0 6 g /g  of benzoyl peroxide in 50 ml
a re n e  substra te .

* =  m + p
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The following observations con be mode from the  da ta  in Table 2:

a )  in the  absence  of s teric  factors, a ll  substituents a c t iv a te  the  nucleus 

towards phenyl rad ica l  a t ta c k  independently  of the ir  polar c h a rac te r ,  with 

the o -  and p -  positions invariably  more rea c t iv e  than m-;

b) bulky groups e . g .  the isopropyl and ^ -b u ty l ,  e x e r t  a  pronounced___ _

ste r ic  e ffe c t  on reactions a t  the  o -  positions;

c) the highest ra te  of reaction  ratios ore  obtained where substituents in

the substra te  cap ab le  of stabilising the odd e lec tron  by de loca lisa tion  ( -M ) 

ore  present, e . g .  Ph, N O ^ ,  C N , C O Ph.

d) even  though in most cases the isomer percen tages  ob ta ined  in the 

p resence and absence  of oxidants a re  d iffe ren t,  the varia tions  o re  not as 

much as to cost serious doubts on such measurements made in residue-forming 

peroxy reactions; and

e) the  re la t iv e  y ield  of the o -  isomer is s ligh tly , bu t  consis ten tly , lower in

the  uncotolysed reac tio n .

In the  ca ta lysed  reactions nearly  theore tica l  yields of b iaryl an d  oroic

178
a c id  w ere  reported  (maximum of 1 .0 3 6  moles of bioryl per mole of peroxide)

whereas w ithou t additives  lower bioryl yields (maximum y ie ld  0 ,8 8 4  moles of

178
bioryl per mole of peroxide) were reported , together  with residues.

B, Comparison betw een Various Aryl Radical Sources

(See Table 3)
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Probably one of the most a c c u ra te  set of results on phény la tion  of

monosubstituted benzenes measured unde r  com parable  conditions is tha t  of

I to e t o l  ̂  These were obtained by isotope d ilu tion  analysis of the

thermolysis of N -n itrosoace tona l ide  in mixtures of ben zen e  and its derivatives

(Table 3 ) ,  In the di l ut e  solutions employed, high y ields  of phenyla ted

products were normally obtained, and  therefore possible com plications arising

from se lec tiv e  removal of some cyc lohexad ieny l radicals  in side reactions did

not a r ise .  In turn, the general similarity  betw een these results and those

of the two o ther  given sources (Table 3) e spec ia l ly  of the ca ta lysed  peroxide

reactions  seems to confirm the sim ilarity  of a ll  th ree  reactions as sources of

aryl rad ica ls .  Any d ifferences, most pronounced in the  case  of n itrobenzene, 

118 194
a re  a t t r ibu ted  ' to th e  differences in reac tion  tem peratures. In

phény la tion  reactions using benzenediazonium  tetraf luorobora te  and pyridine

the am ount of o-isomer products formed in a l l  cases a re  somewhat smaller

than when using the other two radical sources. A s teric  e ffec t  due  to the

phenyl radical and pyridinium radical cation (12) not diffusing apprec iab ly

a p a r t  before  a t ta c k  on the aromatic substrate by the phenyl radical (see

118
page 26), is thought to be responsible for the  observed trend.

/ = \  +
Ar-Nf=N-N» A   >  Ar« + " )  + N2

X-

(12)

C , Polarity  in Aryl Radicals

The small bu t ne t  nucleophilic  c h a ra c te r  of the phenyl rad ical  ^was 

m entioned in section 2 . 1 .
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The suggestion tha t  substituted phenyl rad ica ls  can show a measure of

e le c tro p h i l ic  or nuc leoph ilic  cha rac te r  was made by D annley and Steinfeld 

They observed a substantial increase in the  m-isomer from substitution with 

£ ^ h lo ro p h e n y l  and £-n itrophenyl rad ica ls .  Subsequently, extensive da ta  

on a ry la tion  of n itrobenzene by substituted phenyl rad ica ls  derived from

diaroyl peroxides was compiled by Hey, Williams and  the ir  co lleagues

/ ,  , , ^2 0 0 -2 0 6   ̂ ,  . ,
(Table o) to support the above  suggestion.

Table 5 (Reproduced from Ref. 12)

Relative Rates, Isomer Ratios and Partial Rate Factors for the  Arylation of 

N itrobenzene  using Substituted Diaroyl Peroxide Sources a t  80°

199

Radical P h N O ,

■ PhH ^

Composition % Portia 1 Rate Factors
Ref.

o - m- -P- Fo Fm Fp

o -N O ^ C ^ H ^ . 0 .2 6 5 5 .0 1 8 .0 2 7 .0 0 .4 2 0 .1 4 0 .4 2 200

m - N 0 2 C ^ H ^ - 0 .4 3 5 2 .9 1 8 .0 29.1 0 .6 8 0 .7 3 0 .7 5 201

0 .9 4 5 8 .0 1 5 .0 2 7 .0 1 .6 4 0 .4 3 1 .6 206

o -C lC ^ H ^ . 0 .8 2 3 5 .8 2 4 .2 4 0 .0 0 .8 8 0 .6 0 2 . 0 201

1 .3 5 6 .7 15.1 2 8 .2 2 . 2 0 .5 8 2 .2 201

1 .5 5 9 .0 1 3 . 8 - 2 7 .2 2 . 7 0 .6 3 2 .5
203
204a

o -B rC ,H  
6 4

0 .7 9 3 5 .0 2 5 .0 4 0 .0 0 .8 3 0 .5 9 1 .9 0 200

p -B rC  H .• 
6  4

1 .7 6 5 7 .7 1 3 .2 29.1 3 .1 0 .7 2 . 9 204b

2 . 9 6 2 .5 9 .8 2 7 .7 5 .5 0 .8 6 4 . 9 172

o-M eC^H ^* 2 .2 4 1 .2 1 8 .7 40.1 2 . 7 1 .2 5 .2 205

m-MeC^H^* 3 . 0 6 0 .7 1 3 .2 26.1 5 . 5 1 .2 4 . 7 201

3 . 4 5 9 .5 1 1 .9 2 8 .6 6 .1 1 .2 5 .8 202
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The results in the tab le  do  subs tan tia te  the hypothesis tha t  various 

substituents contr ibu te  p red ic tab le  polar influences to the a t tack in g  ra d ic a l ,  

with due a llow ances for s teric  e ffec ts .  The inductive  e ffec t  appears to 

be  the predominant in f luence .

The hypothesis was further supported by quan ti ta t ive  da ta  from " 

£ -ch lo ropheny lo tion , p -n itropheny lo tion , p-m ethy lphenyla tion  and p-methoxy- 

phényla tion  of monosubstituted benzene  derivatives  with rad icals  derived 

from appropria te ly  substituted n i t r o s o o c e t o n i l i d e s ^ ^  (see Table 6).
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The expec ted  po lar  effec ts  a re  observed j Both the p -c h  I oropheny I and 

£ -n itropheny l  rad ica ls  exh ib it  e lec troph ilic  c h a rac te r  in ag reem en t with 

the results ob ta ined  from experiments using diaroyl peroxy sources. On 

the o ther hand, the  results obtained with the p-m ethylphenyI and  p -m ethoxy-  

phenyl rad ica ls  in d ica te  l i t t le ,  if a ny , polar c h a ra c te r .  These conclusions 

a re  confirmed by p lo tt ing  the logarithms of the partia l  ra te  factors for the 

m- positions, w here  the conjugation effects  a re  a t  a  minimum, aga ins t  the 

Hammett's substituent constan t.  Straight line slopes of gradients  -0 ,8 1  

for p -n itrophenylo tion  and - 0 ,2 7  for p -ch lorophenylo tion  a re  obtained; 

w hile  for phény la t ion , £-m ethy lphenyla tion  and p -m ethoxypheny la tion  slopes 

of 0 ,0 5 ,  0 .0 3  and  0 .0 9  respective ly  a re  ob tained . This implies th a t  the 

inductive e ffec t  is the  dom inant substituent e ffec t  in these reac tions .

Polar effec ts  a ls o  play an important part  in reac tions  involving e le c t ro n  

transfer processes as in equations (64) and (65).

ArH  — ---->  ArH (64)

ArH +--e~ --------------------- ^  ArH (65)

The e lec tron  transfer can be caused by radical or ion ic  e lec tro p h il ic  and  

nuc leoph ilic  species , as well as e lec trochem ica l  ox idation  and  reduc t ion .

Such transfers may occur  onto neutral arom atic  species as in equations (64) 

and (65); or onto charged  arom atic species, equations (66) and  (67).

ArH^^ + R* --------- ^  ArHgR ^ (66)

ArHg^ + e "  ---------»  ' A rH y  (67)

Equations (66) and  (67) apply  mainly in heteroaroma tic reac tions , e . g .
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reactions in pyrid ine , s ince  they a re  more easily  p ro tona ted . Increased 

po lari ty  results in genera l  synthetic  advantages  e . g .  an increased positional 

(and substrate) se le c t iv i ty  in the ary la tion  of pyridine as a lre ad y  discussed 

in section 2 . 3 ,  Examples of such reactions include formation of rad ica l  

cations by oxidation  with (a) peroxydisulphate (equation 68), (b) metal 

salts (equation 69), (c) hydrogen peroxide and (d) the e lec trochem ica l  process, 

e . g .  the  Kolbe synthesis, e tc .

ArH + SO  

ArH + M

4

n+

ArH ^  + s o / "
4

ArH

(68)

(659

The reactions hove been investiga ted  ex tensively  and reviewed com prehensively 

22 23 207
by M in is c i . ' '  The cyc lohexadienyl radical discussed in previous

sections remains the most important in term ediate  in the  in terac tion  of the  free 

rad icals  with arom atic  compounds; i t  is the rad ical equ iva len t  of the  in te r

m edia te  ^ArHE^ and  (ArHN) in he te ro ly tic  arom atic  substitutions^^^

2 .5 .1 Intram olecular Reactions

By far the  best known and studied in tram olecular a ry la tion  is the

Pschorr reac tion  (which includes various a l l ie d  reac tions).  In the  original 

230 231
Pschorr reac tion  ' the  d iazonium  sa lt  o f  trans-o -a m in o -  (Z-phenylcinnamic 

a c id  (45) decomposed in a c id  solution in the presence of a  copper c a ta ly s t  to 

g ive  phen an th ren e -9 -ca rb o x y lic  ac id  which was subsequently decarboxy la ted  

to g ive  phenanthrene  (22) see  equation (71).
^  r o o H

. L \\ 1 cu
2 Û

(21)

( 71)

(22)
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This synthesis was not the first known in tram olecular  rea c t io n .

209
Fischer and  Schmidt had ea rl ie r  reported the p repara tion  of fluorene

by r ing -c losu re  of 2-benzy lbenzened iozon ium  ch lo r ide  in aqueous solution,

210 .
G ra e b e  and  Ullmann similarly prepared fluorenone from 2 -b en z o y lb en z e n e -

211
diazonium  ch lo r ide  (equation 70) and  Staedel produced both fluorenone

and 1 -hydroxyfluorenone from treating 2 , 2 '-d iam inobenzophenone  with nitrous

a c id .  But i t  was Pschorr who system atized the in tram olecular a ry la tion

reac tion  for the p rep a ra tio n  of, and determ ination  of structures of phenanthrene

212 -229
deriva tives  which he reported in a  series of papers. The Pschorr

4.- u u L . 1 . ,208 ,230-2reac tion  tios been comprehensively rev iew ed.

Many in tram olecular arylations hove been  carr ied  ou t using a z o -  and

diazonium  compounds as sources. The high reac tiv i ty  of these sources leads

to  ex tensive  side reactions including the  following:

(a) phenol formation which is always a po ten tia l  com petitor to the 

a ry la tio n  process. Even in reactions in non-aqueous solvents the adventitious 

intrusion of w a te r  does lead to formation of some phenolic  products;

(b) deam ina tion , whereby the  diazonium  group is rep laced  by

233
hydrogen, e . g .  the formation of benzophenone (92%) when the 

decom position o f  the diazonium tetrafluoroborate  sa lt  of o-am inobenzophenone 

is ca rr ied  ou t in a c e to n e  using a copper catalyst*

(c) d im érisation (or coupling) resulting in the union of two molecules

a t  the  position(s) or ig inally  occupied by the d iazonium  group (equation 72);

a z o -c o u p l in g  occurs in on analogous manner e . g .  the  formation of the a z o

ke tone  ( 6 4  ) in 18% y ie ld  when the amino a lcoho l ( 63 ) was t rea ted  with

nitrous ac id ,  this being on example of an in tram olecular  d iaz o  coupling and

316
c le a v a g e  (equation 70).
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CH'
r T ^ ^ O C H

O H  C H

O C H ,

(70)

(d) d isplacem ent of a  substituent from the aryl group a t ta c k e d ,  e . g .  

the formation of fluorenone in equation  (72)f^^^^'^^^

o q .  H2 S C ^, N a N O ^
  >

then Cu
(7%)

231
C O P h  C O P h  ( 4 . / . ,

2*-Carboxyl groups undergo similar e lim ination . An early  observation

236
of the elim ination phenomenon was mode by LoebI, Stein and  Weiss 

who reported the den itra t ion  of n itrobenzene  by hydroxy rad ica ls .  

Subsequently many other e lim ination reactions have been reported , e . g .

the rep lacem ent of the  halogen of the substrate by pentafluorophenyl

/ .. 00 %317,318rad ica l  (equation 00  )

(72)

C F ^ . C O . O "  + PhX 
6 o

“X '
^  C .F ^ .C O .O P h  

0  o
(83)

(e) the  rep lacem ent of the diazonium  group by halogen , which process 

competes with the ary la tion  reac tion  w here on excess of ha lide  ions are  

present in the  reac tion .
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The original Pschorr phenan threne  synthesis (equation 71) was carr ied

out a t  room tem perature and atm ospheric pressure and w ent in good yields 

230 237
(93% ), Attempts a t  ex tend ing  both the conditions and the scope

237
of the Pschorr synthesis met with limited success. Hey and Osbond 

carr ied  out the synthesis of phenan th rene -9 -co rboxy lie  a c id  by a  number of
.JJ

m odifications of the original Pschorr procedure and obtained  yields as 

tabu la ted  below .

Table 7
237

Yields of P henan th rene-9 -ca rboxy lic  ac id  under varying conditions 

(Starting compound: t ran s-o -am ino -  a -p h e n y lc in n o m ic  a c id  derivatives)

Reaction Medium and a  Brief Description of Conditions % Yield

1 ,  Aqueous; using a copper-b ronze  c a ta ly s t  40

238
2 ,  A queous/A cid ic ; using G atte rm an 's  copper powder 93

(original Pschorr conditions)

3 ,  Neutral (in a ce to n e ) ,  using a copper  c a ta ly s t  > 81

4 ,  A lka line  (in N aO H ), a t  0°C  (Gomberg conditions) 75

5 ,  A lka line  (in N aO H ), a t  room tem perature  56

6 ,  N eutra l (in benzene) ,  o -N i tro so ace tam id o -  Œ -phenylcinnam ic 43
a c id  (25) heated

7 ,  A c id ic ,  Dry HCI passed in to  the boiling triozen (26) 58

XO^H

NH.

-R

. (45)

CO2 H

(25) (26)
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The examples given above a re  only a few o f  very many reported

227 239modifications to the  Pschorr process. In fac t  in la ter  '  Pschorr 

reactions the add it ion  of copper powder was often omitted and  the diazonium  

sa lt  was decomposed by warming its aqueous so lu tion . Indeed , the  eff icacy  

of  copper ca ta lysts  was an  early  source of c o n t r o v e r s y , ^ ^ ^ ' T a b l e  7 

shows the original Pschorr conditions were best for the synthesis of  

p h en an th ren e -9 -c o rb o x y Iic a c id .  However, in a  va rie ty  of a l l ie d  syntheses, 

e . g ,  in cyc lisations  of more complex molecules ring closure is superseded 

by side reac tions ,  e spec ia lly  the formation of phenols . For this reason,

m odification of the Pschorr process is sometimes im perative in a synthesis,

235
Hey and M ulley , who synthesised f luorene, f luorenone and N-m ethyl

ca rbozo le  (27) using diazonium  salts of 2-am inodiphenylm ethone/ 2 -am in o -

benzophenone  and 2 -am ino-N -m ethyId ipheny lam ine  respec tive ly ,  observed

th a t  in none of these reactions were the high y ields reported  in the  original

242 2^3
phenan th rene  synthesis rea c h e d .  By constructing atom ic models ' 

they sow th a t  the  distances betw een the positions which must be linked in 

the unstrained m olecules a re  large compared with those in systems like 

trans-o -am in o -g -p h en y lc in n o m ic  ac id  (45), which a re  highly favourable  to 

c y c l is a t io n .  Their approxim ate  ca lcu la tions  a re  given in Table 8 ,

Table 8
—— — 232 235 
Distances betw een Positions linked in In ternuclear Cyclisations '

o
Parent Amine Distance (A)

Trans-o-A m ino- d -p h en y lc in n a m ic  ac id  1 .5

2-A m inodiphenylam ine 2 , 0

2-A m inodiphenylm ethane 2 , 2

2-A m inobenzophenone 2 , 4
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Suggesting the ease  of formation (27) >  fluorene >  fluorenone

Me

(27)

Hey and M ulley  (^served  the order (27) 

(see Table 9).

Table 9

Pschorr Type Cyclisations (from Ref. 235)

f luorenone >  fluorene

s t a r t i n g  Compounds Method of  
Reaction

Product Y ie lds  %

C yc l i s a t i on
Product

Deamination
Product

Pheno l i c
Product

2-Aminodiphenylmethane B i - 43.5 5

A i 13 - 56

D in EtgO - 91 -

C - 35 22

2-Aminobenzophenone A i 58.5 - 26.5

D in Me^CO - 92 -

B i i 52 .5 - 8

C - 45 .5 -

E - 95.5 -

F 19.5 - -

2-Amino-N-methyldiphenylamine A i i 60 - -

B i i 66 .5 - -

C 42.5 23.5 -

METHODS

A. Act ion o f  hea t  on aqueous diazonium s a l t  ( i ,  ch lo r i d e ;  i i ,  s u l p h a t e ) .

B. Act ion o f  copper powder on an aqueous diazonium s a l t  ( i ,  c h lo r i d e ;  i i ,  su lp ha te ) ,

C. Act ion o f  copper powder on diazonium f luorobora te  in ace tone .

D. Act ion o f  copper powder on s o l i d  diazonium ch l or ide  on an organ ic  s o l v e n t .

E. Act ion o f  hypophosphorous ac id  on the aqueous diazonium c h l o r i d e .

F. Act ion o f  aqueous sodium hydroxide on the aqueous diazonium su l p h a te .
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2 . 5 . 2  The Pschorr and  Related Cyclisation Réactions; Suggested Mechanisms

Q u i te  a  few problems have beset  m echanistic  studies of in tram olecular

cy c lisa t io n s .  First was the doubt whether mechanisms put forward for the

in te rm olecu lor  reactions were equally  ap p lic ab le  to  the  in tram olecular

208 235coun te rpar ts .  In many instances it  was observed '  tha t  the best 

experim ental  conditions for a  high yield  in the in tram olecu lar  reaction a re  

those w hich  lead to  a poor or neg lig ib le  y ie ld  in the interm oleculor reac tions .

Second was the d iff icu liy  encountered in following the k inetics  of the in tra

m olecu la r  reac tions .  The method used in one case  involving measurement 

o f  the  rate  of evolution of nitrogen is erroneous, because  as A b r a m o v i t c h ^ ^ ' ^ ^ ' ^ ^ ^  

co rre c t ly  pointed  out,  the ra te-determ ining , n i trogen-re leasing  step precedes 

th e  cyc lisa t ion  step  and thus does not throw any  l igh t  upon the  e ffec t  of 

substituents , or upon the magnitudes of AH and  AS for the substitu tion.

A know ledge of the two functions would permit deductions  to be made as to 

the  na tu re  of the reac tive  in term ediate .

In studies o f  the effects of substituents the y ields  of cyclised  products

232
have  often been taken as roughly proportional to the ra te  o f  cyclisation

208
This has been questioned since such reactions a r e  a llow ed  to go to 

co m p le tio n . Probably much more meaningful a re  the  re la t iv e  y ields of 

cy c l ised  products and by-products which provide a  comparison of the ease 

w ith  w hich  the  substituted nucleus competes with o ther  substrates for the  

r e a c t iv e  in te rm ed ia te .  This approach is adop ted  in the present investiga tion .

2 , 5 . 2 , 1  The Copper-C ata lysed  Decompositions

G en era l  catalysis of diazonium ion decomposition by metals of  low 

ox idation  poten tia ls  was discussed in section 2 , 2 . 2 ,  wherein the suggested
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redox reac f ion  is g iv en .  Copper [ c u  — >■ C u^ = - 0 .1 3 v  ;

Cu  Cu ,  Eq = + 0 ,2  is a  part icu la rly  useful ca ta ly s t .

O f  the many copper cata lysed  studies carried  out,  qu ite  a  few were 

m echan is t ic .

Opinion on the c o p p e r-ca ta ly sed  reaction  has changed  from favouring

f  mechar 

2 3 1 ,2 3 2

, , _ 7 0 ,2 5 0 -3  r . r , 254 ,255a hom olytic  process to preferring a range of mechanisms.

depending  upon the ac tua l  reaction conditions used.

A .  Decompositions of Dry Diazonium Salts in A ce tone

-  _ 2 3 1 ,2 4 6  , _  2 3 5 ,2 3 7 ,2 4 5  . . .  , . ^ ^ .
DeTar and Hey and  the ir  coworkers independently

studied such reactions using a wide range of diazonium  sa lts .  Tabulated

below  are  the  results of Hey and his cow orkers^^^ '23 7 ,2 4 5  studies

of  the e ffec ts  of  substituents in the nucleus undergoing a t ta c k  upon the

yields of cyc lised  products.

(28) (29)
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Table 10

Substituent Effects in C opper-C atalysed in te rnuc lear  C yclisa tion  Products 

in Dry A ce tone

Compound Substituent
% Yield 

of cyclised  
product

Ref.

Diazonium Chlorides of trans-am ino- H 81 237

(Z-phenylcinnamic ac id  (21) X = Cl o - N O ^ 57 237

Diazonium fetrafluoroborates of H 42.5^°^ 235

2-A m ino -N -m ethy Id ipheny lamines (28) 0 - N O 2 24 235

Diazonium te t r a fluoroborates of H 50 244

o-A m in o -N -m eth y lb en zan il id e  (29) P -C H 3 49 244

o - C H , 22 244
3

p -B r 33 244

p -C I 44 244

p - N O ^ 28.5^^) 245

0 - N O 2 2 1 .4 245

3 , 5 - d i - N 0 2 3 4 .5 245

(a)  Together with a 23% y i e l d  of  deaminated product ,  u su a l l y  a s s o c ia t e d  with 
hydrogen abs t r ac t ion  by an aryl  rad i ca l  from the s o l v e n t .

(b)  A 40% y i e l d  o f  f j -methylcarbazole was a l s o  obta ined to ge th er  with a trace
of  N-methy l -3 -n i t rocarbazol e  and some deaminated product (15%).

( c )  Some dimer was obtained as a by-product .  When the s o l i d  diazonium sulphate
was used a 50% y i e l d  o f  N-methylphenanthridone was ob ta ined toge ther  with
a smal l  amount o f  o -hydroxy- lj -methylbenzani l ide  (3%), presumably v ia  the  

su lp ha te .

(d)  U n id en t i f i e d  c r y s t a l l i n e  products were a l so  formed in appreciab l e

q u a n t i t i e s .
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Despite the d ifferences tha t  exist  betw een in te r -  and in tram olecular

reactions  and  their  mechanisms, arguments based upon the mechanism of the

former process are  still used in the  e luc idation  of the la t te r  reac tio n ,  s ince

the former has been  documented much more extensively  and its mechanism is

re la t iv e ly  b e tte r  known, _

The results in Table 10 suggest tha t  under the sta ted  conditions the

po lar  na ture  of the substituents has only a  minor e ffec t  upon the ease of

cy c lisa t ion , with no d iscernible  systematic trend , A nitro-group appears

not to d e a c t iv a te  the  nucleus apprec iab ly  and  two nitro-groups, which are

known to cause a very large decrease  in ease  of a t ta c k  in e lec troph ilic

arom atic  substitution, do not do so he re .  However, it must be said that

the  heterogenous reaction  taking p lace  a t  the surface of the metal ca ta ly s t

introduces s teric  requirements the m agnitude of which is not known. The

loss of the  o -n itro -subs ti tuent upon decomposing compound (28) together  with

the fac t  that when the N-m ethy lea rbazole  so formed is token into a c co u n t

235 244 245
the y ield  of cyclised  product is quite  h igh , inclined Hey '  '  to

236
a c c e p t  a  homolytic mechanism for the  reactions ( c . f .  LoebI, Stein and  Weiss ),

254 255
Huisgen and Z ah ler  '  adopted  ano ther  approach which led them to 

a  d iffe ren t conclusion . Using the diazonium  tetrafluoroborate  of 2 - (2 -o m in o -  

benzoy l)-naph tho lene  (42) they studied the ra t io  of angu lar  to linear cyclised  

products in the decomposition of the g iven sa lt  under the above sta ted  

cond it ions . The ra tio  of angu lar  (30) to l inear (31) products was found to 

be  4 .6 :1  and dimer was formed in 22%  y ie ld .  This ratio  was ap p rec iab ly  

lower than tha t  obtained (9.5) from the decomposition of the corresponding 

acylaryInitrosom ine in benzene , and higher than tha t  obtained (2.4) by the 

uncotolysed thermal decomposition o f  the  diazonium sa lt  in aqueous ac id
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so lu t ion . Taking the ratio  obtained  from the uncata lysed  thermal 

decom position as ref lec ting  a t ta c k  by the aryl c a t io n ,  and  th a t  from the 

a c y la ry  In itrosamine reaction  os charac te r is t ic  of free rad ical a t t a c k ,  i t  was

proposed th a t  the copper-ca ta lysed  decomposition involved a  mixture of

, . /Ç , 254 ,255
mechanisms (Scheme XVI).

(31)

SCHEME XVI
254 ,255

(30)

+  N,+  t r ( C u )

(30) + (31) (9.5:1) (30) + (31) (2.4:1)
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When the reaction  was carr ied  out under Gomberg reac tion  conditions

254
(see page  11) a  ra t io  of compound (30) to (31) of 4 . 4  was found; and a 

118 319
sim ilar ra t io  of 4 , 4  '  was obtained  in the d iazonium  tetrafIuoroborate-

pyrid ine  reaction  (see page 26), These two reactions  a re  unlike ly  to 

proceed  by way of a  carbonium ion and a re  most probably  hom olytic . 

However, the mechanism of the co p per-ca ta ly sed  decomposition reactions 

in dry a c e to n e  is still not resolved,

B. Decompositions in Aqueous Acid Medium

The independence  of the cyc lisa tion  reac tion  upon the polar require

ments of substituents in the arom atic ring a t ta c k e d  is ag a in  observable he re ,  

A se lec tio n  of very many results a v a i la b le  is tabu la ted  below (Table 11) to 

in d ic a te  this fac t .

— 67 —



8
CN

I
-§
<

_o
D

O
u

u
o2

O)

o

u
<

o
0>
Da *

<

ooo
E
o

*E
o
N
o

o
Q _
E
ou0)"O

"DQ)

B0 u
1  
0> 
QJ 
Q_ O

U
0>

“§
CO
■4-
o
42
u
<D

V
CE:

u
D

1

I
>xCQ

-U
C
3
O
D .
E

U

£

C O C O C O C O C O f — r - C N  
C N C N C N  C N C N C N C N C N

IT) O' 0 ' ^ 0 0  00 ' ^ l ‘ l 0 0 t \
O O C S I O ' ^ ^ U ^ I O ^

o

f 5
I .  IOl eu eu

X  X  co co

c T c T u  u  z T  u u o o u
I I I i I

I  O l  0 4  o i

X

ou .

%

mco
CM

loco
CN

lO U-)

g U-)

00 00
•—  CN

§  : g  §
» % •

r -  g
g g
»—  CN 00 •—

oc
<0

_c
Û.

oc
o

_c
o .

0)

g
g

- g .
o
N
5

■€
* < D

O
E

" D
< D

O
C

E

à
» o « o

ND g

cf o
z z
t

O l E

3 :u
I
Û4

C\Jo= x(
z

C N
00

— 68 -



m

0)O'

u3
J
CL.

LCQ

o
If)
CN

§  §  
O  CO

oc0)
_c
Q.

k
I-
N
C0CÛ1

CO

CO
o

U-) If) 
CO CO 
CN CN

g
N)*o

g
00

-5  '8  -2O
N

1

8

0)
E

z

> s

8JC
8-

■£ J5 .5
o  > s  ^

f  J  4
Z l i .  cs-

if)

00

oCN

I
Ol

" 8
3
C

c
o
u

_Q
D

“Oc
§a.
E
Ô

o
D_

o : CO
CO

Ol

Z — fVI
X

N"
m

-  69 -



CO

R

Q.

CÛ

00N

CL Q_

1  I

~a
zo_

OJ o
CO

CN

"D

O"

_Q

<U
ë
£O

u -

5
?'N'

"D
C
0

1
CN

*o
£
3
X

Vc
"5
- 2

0  
u1

co_

-Oc0
1

vO

X
• £V
E
I

Z l
I"D
C

-  70 -



D ifferent yields in some of the cyclisation  reactions  in Table 11 were

c la im ed by various other workers.

The yields given in Table 11 do  not point towards any  one part icu la r

mechanism of ring closure. For on exam ple, i t  is known that  pyridine is

h ighly  d e a c t iv a te d  towards e lec troph ilic  a t ta c k ,  and the pyridinium nucleus

(which is the likely  species under these conditions) is even more so. These

systems on the other hand, undergo homolytic ary la tion  read i ly .  The

high y ie ld  (72%) in the  cyclisation of compound (35) would suggest th a t  the

pyrid ine  ring is not deac t iva ted  towards nuc lea r  a t ta c k  and hence that the

a t ta c k in g  species is a  r a d ic a l . One possible a l te rn a t iv e  to a radical

mechanism for the  cyclisation of (35) was th a t  the pyridine nucleus might

have been  a c t iv a te d  towards e lec troph il ic  a t ta c k  by the presence of the

3 -am ino -subs ti tuen t .  Such an argument is w eakened  by the fac t  tha t  a

posit ive ly  charged  aryl residue (produced in an  5 ^ 1  decomposition) a t tach ed

to  the 3 -am ino  group would reduce considerably the le t te r 's  e lec tron -dona  ting

c a p a c i ty  to  the pyridine ring . In add it ion , in the  ac id  medium used, the

pyrid ine  ring would undoubtedly be protonated and  be even less susceptib le

to e le c tro p h i l ic  a t ta c k .  To e lim inate  such argum ent decompositions of

249
diazonium  salts of 3-(2-am inobenzoyI)pyrid ine  (33) were carr ied  ou t.

Here an e lec troph il ic  carbonyl group a t  renders pyrid ine even less

suscep tib le  than before to e lec troph ilic  a t t a c k .  It would be hard to

249
ascr ibe  a  y ie ld  of cyclised product of 4 9 ,8 %  ob ta ined , solely to

e le c tro p h i l ic  a t ta c k  in such a system. In add it ion , 3 -benzoy l pyridine

249
(13%) and  3 -(2-hydroxybenzoyl)pyrid ine  (10%) were fo rm ed . The 

formation of 10 per c e n t  phenol may be  a  measure of the  ex ten t  to which
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the reac tion  goes by way of an  aryl ca tion ic  in te rm ed ia te ,
%

O the r  results in Table 11 can be similarly  exam ined . The high 

y ie ld  (90%) of 2 -  and 4-nitrofluorenones in the decom position  of compound 

(32) is no tew orthy . An e lec troph ilic  a t ta ck  so le ly  by a  positively charged 

ary l residue leading to cyc lic  products would be unexpected  to result jjn 

such high y ield  given the polar requirements of the - N O 2  group.
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2 . 5 . 2 . 2  The Uncataiysed Thermal Decomposition in A cid ic  Solution

r .  . . 2 0 8 ,2 3 1 ,2 4 6 ,2 5 8  , . , , ,
appears to favour a  un im olecular he tero ly tic

mechanism for this reac tion . However, some con tr ibu tion  by a

Gomberg type process, even though unlikely  under the a c id ic  reaction

208 68 * cond it ions , has occasionally  been postulated . DeTar supported o .

he te ro ly t ic  mechanism by pointing out the prohibitively  high energies that would be

required to form aryl radicals  from diazonium  salts (see sec tion  2 , 2 , 2 ° ) ,

O th e r  important ev idence  comes from kinetic  studies which ind ica ted  that

259
the firs t-o rder  ra te  constant is independent of anions present . and of 

a c id i ty  over a w ide  range ^ and has a  very low so lvent s e le c t iv i ty ,

The formation of -onium salts, such as the diphenylbromonium ion from 

brom obenzene, can also be understood as a  reaction  o f  the  aryl ca tion  

with the lone pa ir  of electrons on b r o m i n e , D e T a r  and  Relyea^^^ 

ten ta t iv e ly  estimated that these reactions a re  95% or more h e te ro ly t ic .

Their estim ation was based on the supposition that the  uncontrolled  amount 

o f  oxygen present in the reactions would hove resulted in 50-100%  or more 

va ria tion  in rates and in products of any homolytic part  of the process, 

which va ria t ion  they did not observe,

246
The ary l ca tion  produced in these reactions was reported to be 

highly re a c t iv e  and unselec tive , showing even h igher reac tiv i ty  than an 

a lky l c a t i o n , R a t i o n a l i s a t i o n s  of the highly rea c t iv e  aryl ca tion  were 

pu t forward:

a) in the a lkyl ca tio n , the positive charge is in a  2p^  o rb ita l ,  while

the aryl ca t io n  formed upon dediazbnia tion  does not have the geometry of

I 2 , . , 255
a  normal sp carbonium ion;
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and  b) an  ana logy  was drawn between this aryl ca tion  and a comparison

of the  migration ap titudes  for the pinocoi rearrangem ent with tha t  for the

Demjanov rearrongem ent^^^ of ^  '-d io ry ie thy lam ines , A rA r'C ^^H CH ^N H ^, 

14
to s ti ibenes , ArC H = CHAr' on treatm ent with nitrous a c id .  in the

pinocoi rearrangem ent a  methyl or a  methoxyl substituent grea tly  fac i l i ta te s

the m igration of the tolyl or anisyl ring compared with the migration of

the phenyl ring, and this reaction thus constitutes on example of the type

of e le c tro n ic  e ffec t  observed in many reactions . But in the Demjanov

reac tion  the  migration is almost s ta tis tical and thus rather insensitive to

substituents . A similar insensitivity to substituents was reported by DeTar

246
and Relyea who carried out cyclisation reactions resulting in formation of

fluorenone and its deriva tives.

Table 12

Uncatalysed Thermal Decomposition of Diazonium Salts in Aqueous Solution
. 208

Parent Compound
%

Cyclised
%

Phenol
Ref,

Product

H 65 35 246

0Jk o - N O j 8 .5 ° 46 235

NHg fk— ^
m -N O ^ 4 0  ^ 53 45

k k
m -N O ^ 33 ^ 67 246

(32)
p -C H g 61 34 246

11

NH^
6 .4 ° 67 256

(33)
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Table 12 (continued)

Parent Compound R Cyclised
Product

%
Phenol

Ref,

Me

i

(34)

H

o - N O „  — z

60

3 7 .  s'* -

235

235

t|)e

(35)

47,2® - 257

H

p -C H ,

50

50

p - C O ^ C H g !  2 6

4 0

20

244

244

265

265

a) A 1 ,5 %  y ield  of fluorenone was also ob ta ined ,

b) M ixture  of 2 -  and 4 -n itro fluorenone ,

c) M ixture  o f  4 -  and 2 -  azafluorenone in the ration 1 ,2 :1 ,

d) Together with N -m ethy lcarbazo le  (6 ,5 % ),  N -m e th y l -3 -n i t ro -
corbozo le  (13%) the  dec mi no ted product (12%) and 2 ,4 ' - d in i t r o -  
d iphenylam ine  (7%),

e) i n d - N -  6 -ca rb o lin e  and in d -N -m e th y l-  ^  -ca rb o lin e  in the  ra tio  
2 ,3 4 : 1 ,  A small amount of deaminated product was a lso formed.
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The q u an ti ta t iv e  results summarised in Table 12 w ere  compiled with

the v iew  to studying substituent effects in uncatalysed thermal decompositions

of d iazonium  salts in aqueous ac id  solutions. O v era ll ,  the observed

substituent effects  appear  to support the concep t of c a tio n ic  a t t a c k .  Thus,

the  y ie ld  of cyclised  products from 2 -am ino -3 '-n it robenzophenone  (32)_was

3 3 % , whereas those for unsubstituted and 4 ' -methyl substituted amines were

over 60% , More important was the ratio of fluorenone to pheno l,  which

dropped from 1 ,8 5  for the unsubstituted compound (32) to 0 .5  for the 3 ' -

n itro  compound. This decrease in the fluorenone rphenol ra t io  is,

q u a l i ta t iv e ly ,  in the d irec tion  expected for a  he tero ly tic  process, s ince

the arom atic  nucleus and water would compete for the aryl c a t io n ,  and

the presence  of a  n itro -g ro u p ,  which decreases, considerably , the

n u c leo p h il ic i ty  of the aromatic nucleus, should lead to a  large increase  in

phenol formation re la t ive  to cyc lisa tion .

The driv ing force of intramolecular, as compared with in term olecular,

reactions  is known to be large, the factors favouring ring closure of 5 -  or

233 325
6-membered rings being estimated to be in the range 2 0 - 5 0 ,0 0 0 ,  '

Even then , one  would not expect apprec iab le  amounts of he te ro ly t ic  a t ta c k  

upon a  py rid ine  or pyridinium nucleus, when the much more nuc leoph ilic  

w a te r  m olecu le  is readily  a v a i la b le .  In both compounds {33} and  (35) in 

Table 12, n e g lig ib le  amounts of cyclisation onto the pyridine nucleus

would have  been  ex p e c te d ,

Abramovitch e t  1 1 8 ,2 4 9 ,2 5 6 ,3 2 0  forward w hat seems to be

the most reasonab le  rationalisation of the results of reported uncatalysed

thermal decompositions of diazonium salts in aqueous ac id  so fa r .  Expanding

321
a  proposal o r ig ina lly  made by Taft concerning the stab ilisation  of the
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m^-methoxyphenyl c a tio n ,  they suggested, tha t  the aryl ca tion  ( 6 5 )  in it ia l ly

formed in these reactions may isomerise to a  d irad ica l  ca tion  (66 ) with

concer ted  uncoupling of a  pair of Tr-electrons, one of which falls in to  

2
the  v a c a n t  s p  cr-orbital. The resulting species would be  expec ted  to 

behave  like a h ighly  e lec troph ilic  free radical in arom atic  substitution 

reac tions .  Canonical structure ( 6 6 )  would give the species some of the 

properties  of a  t r ip le t  ca rbene . If a  second TT-electron fell into the 

(T-orbitol the  species ( 6 9 )  might behave as a s ing le t  c a rb e n e .  These 

species could well take  pa rt  in the d ifferen t observed reactions of diazonium 

compound decompositions.

(65)

(67)

(66)

<-> e tc

(68)

(69)
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D irec t  ev idence  for the formation of radicals  in these reactions in

230arom atic  solvents has been obtained from E .S .R , spectroscopic  measurements.

The use of the uncataiysed diazonium decomposition reac tion  in rad ical

322 323
polymerisation of substrates ’ l ike ac ry ion itr i le ,  s ty rene , methyl

m ethacry la te  and methyl ac ry la te  provides further e v id e n c e .  Thus the

re a c t iv i ty ,  a lb e i t  with slight d eac t iva t ion , of nitroary I-groups'^ and of the

pyrid ine  nucleus towards nuclear  a t ta c k  by the aryl ca tio n  in the Pschorr-

type cyclisations  can be  accounted  for on the basis of on a t ta c k  by a

208
highly  e lec troph il ic  d iradical cation

2 , 5 , 2 , 3  Decompositions under Gomberg Reaction Conditions

Very l i t t le  quan ti ta t ive  data  is a v a i la b le  on this cyclisation  process.

The reac tion  is character ised  by low yields of cyclised products, invariably

246
accom pan ied  by tarry by-products, DeTar and Relyea reported yields

of cyclised  products of between 5% and 28% depending on the pH of the

reac tion  m ixture, in the  decomposition of 2 -benzoy lbenzened iazon ium  te t ra -

f luoroboro te . A t  pH 8 , 6 ,  yields of fluorenone of 22% and 24% were

ob ta in ed , whereas a t  pH 12 ,3  the yields were abou t 2 8 % ^^ ^ ,

235
Hey and Mu 1 ley obtained a yield of 19 ,5%  of f luorenone by the  ac tion  

of  aqueous sodium hydroxide on the aqueous diazonium su lpha te . No 

id en tif iab le  by-products  were iso lated . The decomposition of 2 -b en z o y l

benzened iazon ium  te trafl uorobora te in the  presence of carbon tetrach loride  

g a v e ,  in add it ion  to 3-m ethylfluorenone (16%), the two 2 -ch lo robenzo -  

phenones, (38) and (39) in yields of 7% and 3% respectively.^"^*^ This 

resu lt  suggests the in tervention of radical chain-transfer  and  hence that 

rad ica ls  a re  formed in the reac tion ,
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(38) (39)

Rîng-closure onfo a pyridine ring was also reporfed. The thermal 

decomposition of diazotised 3 -(2 '-am inobenzoyl)pyrid ine  (33) with aqueous 

sodium hydroxide solution gave (40) in 4%  and (41) in 9 ,4 %  yields 

together  with 3 -benzoylpyrid ine  (3 ,2 % ),  but no phenolic  products were 

o b ta in e d .^ ^ ^

(40) (41)

A trace  of phenol together with 12% cyclised product w ere , however,

256
obtained  upon the decomposition of 2-o-am inobenzoylnaph tho lene  (42)

with sodium hydroxide a t  pH 12, temperature lOO^C, The ra tio  of

angu la r  (30) to l inear (31) product was 4 ,4 ,  which was the same as tha t

254 255
obtained  from the copper-ca ta lysed  decomposition in aqueous solution '

and  from the py r id ine-ca ta lysed  decomposition of dry diazonium tetraf luoro-  

208
borate  in a c e to n e  (see section 2 , 5 , 2 , 1 , A),

NH.



The Gomberg intramolecular ary la tion  appears to be sensitive  to

b e n z en e ,  which competes effec tively  with the cyclisation  process for the

rea c t iv e  in te rm ed ia te .  For example, a  15% yield  of 2 -benzoylb ipheny l

266and  a small amount of fluorenone was obtained when d iazo tised  

2-om inobenzophenone  was decomposed under Gomberg reac tion  conditions 

(pH 9) in the  presence of benzene) .

O nly  limited attempts a t  advancing  a comprehensible mechanism

254
for the  in tram olecular arylation have been reported . Huisgen and Z ah ler

proposed th a t  the decomposition, in  the absence of be n z en e ,  occurred by

concurren t he te ro ly t ic  and free -rad ica l  processes and tha t  the  ra t io  of 4 , 4

for (30):(31) upon the decomposition of (42) was ind ica tive  of this. W hile

a  du a l i ty  of mechanism is a  possibility, the now genera lly  a c ce p ted  scheme

pu t  forward by RdJchardt and Merz^^ (and analogous pathways by Chalfont

and  Perkins^^ and  by C adogan^^ '^^)  point very strongly towards a homolytic

m echanism, espec ia lly  for intermolecular Gomberg ary lations (section 2 ,2 ,2 ^ ) ,

A possible explanation  for the preference of in term olecular,  ra ther  than

in tram olecu la r ,  a ry la tion  in the presence of benzene  may lie in the large

bulk  of the d iazoanhydride  grouping, which would tend to  orien t  the aryl

residue to  which i t  was a t tach ed  in such a confirmation as to render

in tram olecu lar  a t ta c k  s ter ica lly  un like ly . The high ra tio  o f  (30):(31) upon

the decom position of (42) could be similarly e x p la in ed .  Considerable s teric

h ind rance  to the  forrta tion of the  cT-compIex with benzene , on the a - s i d e

b u t  no t on the /3-side of the naphthalene nucleus would be ex p e c te d .  This

cou ld  lead  to the cyclisation of one conformation a t  the CK-position of the

n a ph tha lene  ring while  the o ther could e ither  cyc lise  a t  the ^ -p o s i t io n  (or

208
re a c t  w ith  b en z en e ,  if present, to g ive phenylated  product) ,
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2 , 5 , 2 , 4  Cyclisations with Acylarylnîtrosamines and  Trîazens

Very few studies aimed a t  providing quan ti ta t ive  d a ta  on the effects

of in tram olecu lar  cyclisations starting with these compounds have been carried

2 3 7
ou t .  P henan th rene-9 -ca rboxy lic  ac id  was obtained (43%) when the 

]M-nitrosoacetyl de riva tive  of compound (45 p . 5 9 ,  R=H) decom posed , Ring-closure 

onto a pyrid ine ring went in good yield  (41%) when (43) decomposed in benzene

solution j'o g ive (44), together with a  small amount of denitrosa ted  product237

(equation 73).

N O
N C O C H ^

(73)

(plus small amount 
o f  denitrosa ted product)

(43) (44)

The N -n itro soace ty l  d e riva tive  of 2-ami nobenzoyl naph tha lene  (42) decomposed

in ben zen e  to g ive  (30) and (31) in 15% yield  and a  r a t io  of 9 .4 ,  together

254
with pheny la ted  product (4%).

P henan th rene-9 -ca rboxyIic  ac id  was obtained (58% ), together with a  

small am ount of o -ch lo ro -  Of-phenyl-cinnamic ac id  when dry hydrogen ch loride 

was bubbled through a boiling solution of the d im ethy ltr iazen  de riva tive  of

{45)

3 .  Some Aspects of the  Homolytic Pschorr Reaction

The case  for further m echanistic studies on the  Pschorr and a ll ied

231
reac tions  has been  made in the aforegoing sec tion . As DeTar observed, 

the  most troublesome aspec t  of these investigations is the  preparation of the 

am ine  having the desired s tructu re . An a ttem pt a t  using compound (49) os
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starting  am ine (equation 75) was unsuccessful. More success was ach ieved  

in investiga ting  compound (46) (equation 74).

(46)

R

O H

R '

(47)

R '  ^  R

(49)

R ' R

(a) (b)

(50, R=R'=H, y ie ld  23%)
267

R '

(75)
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4 .  EXPERIMENTAL

Infrared spectra were recorded on a Perkîn-Elmer 197 Spectrometer,

u . v .  measurements were made using a Perkin-Elmer 124 Double Beam 

Spectrometer with a  Perkin-Elmer 165 Recorder, All m .p . ' s  w ere  

uncorrec ted .

Reagents

The following m aterials were ava ilab le  commercially (Aldrich 

Chemical Co. L td.): 2-am inobenzophenone (98%), to luene-4-su lphonyl

chloride  (98%), p-bromoonisole (99%), 3 ,5 -d ic h lo ro a n il in e  (98%),

3 ,5 -d im e th y lan i l in e  (98%), 4  bromochlorobenzene (99%), 2-brom otoluene

(97%), 4-brom otoluene (98%). The bracketed  percentages refer to 

percen tage  purity .

Receipt of 9 -(4-chlorophenyI)fIuoren-9-o l from Dr, R. Bolton is 

g ra te fu lly  acknow ledged .
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4 .1  A ttem pted Syntheses of 9-(2-Am inophenyl)fluorene (49)

4 .1 .1  Fluorenone, m .p ,  82 -3  ( l i t . ,  ^ 8 3 -8 3 .5 ° )  was prepared by

the oxidation o f  fluorene (0 .60  mol.) using sodium dichromote (1 m ol.)  by 

the method devised by Huntress, Hershberg and  C liff^^^ '^^^  and as 

described in the "Preparation of Organic In term ediates" . __

4 . 1 . 2  o-Bromochlorobenzene b . p ,  144°/160mm ( l i t .^ ^ ^  1 9 9 -2 0 1 ° /

742mm) was prepared from o -ch loroon il ine  (1 m ol.)  by the  Sondmeyer 

272
process

274
4 . 1 . 3  The reported preparation gave 9-(2-ch lo rophenyl)fIuoren-  

9 -o l (57%) m .p .  139-41°  ( l i t . ^ 140-1°) from fluorenone (0 .17  m o l.)  

and the  Grignard reagen t from o-brom ochIorobenzene (0.51 m o l.)  The 

subsequent reduction of 9 -(2 -ch lo ropheny l)fluo ren -9 -o l  to 9 -(2 -ch lo ropheny l)-  

fluorene (51%) m .p .  7 3 -5 °  ( l i t .? ^ ^  76 -7°)  proceeded a lso  as described^^^ .

4 . 1 . 4  Attempts were made to synthesize 9-(2-carboxyphenyl)fluorene

from 9-(2-ch lorophenyl)fluorene  (on a 0 .0 7 0  molar scale) by a two-stage

275 277
process, v i z . ,  the Rosenmund-von-Braun n itr i le  synthesis '  fo llow ed

by the hydrolysis o f  the n i tr i le ,  in s itu , to the required product. The

269
rea c t io n ,  described by Rapoport and Smolinsky ,  w ent in maximum 

yields of approxim ate ly  2% (cf. l i t . ,  59%) m .p ,  238-242 ( l i t . ,  

2 4 0 - 2 ° ^ ^ ’  and  a lso  241-2°^^ '^).

4 . 1 . 5  9 -(2 -T oly l)fluoren-9-o l  was prepared from fluorenone (0 .12  m o l.)

and the G rignard  reagent from o-brom otoluene (0 .36  mol,) following the 

procedure as described by Campbell and Marks • It was recrystallised 

(methanol) as ye llow  plates (60%) m .p ,  121-2 ( l i t , ,  1 2 1 -1 ,5  ;

1 2 1 -3 ° ^ ° ^ ) ;  D (nuio!) 3605 (OH) cm” ' ,
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4» 1 » 6 An a ttem pted  oxidation of 9-(2 -  tolyl) fluor e n - 9-o l (0 ,06  m ol.)

using sodium dichromote (0 .0 9  mol.) to g ive 9 - (2 -ca rhoxypheny l) f luo ren -9 -o l ,

278
and following a procedure for the preparation of 2 ,3 -n a p h th a le n e d i -

ca rboxylic  a c id ,  gave an  in trac tab le  b lack  tar as similar to tha t  observed

279ea r l ie r  by Stubbs and Tucker

. J J

4 q1 .7  _o-Diphenylenephthalide was prepared (61%) from the oxidation

of 9 - (2 - to ly l) f lu o re n -9 -o i  (0 .0 4  mol.) with manganese d ioxide and concen 

tra ted  nitric  a c id ^ ^ ^ ,  m .p .  2 1 8 -221°  ( l i t .^ ^ ^  226°) .  A subsequent 

a t tem p t a t  reducing this compound to 9 - (2 -c a rb o xyphenyl)fluorene using

274
the conditions described for the reduction of 9 - (2-chIorophenyl)fIuo ren -9 -o l

was unsuccessful though reac tion  time was increased tenfo ld ,

4 .1  .8  An unsuccessful a ttem pt was a lso  made to prepare

9-(2-am inophenyl)fluorene  by the d ire c t  reac tion  betw een n itrobenzene

(0,01 m ol,)and  9-fluorenyllith ium  (0 .05 mol.) followed by reduction , in s itu ,

o f  the product using copper ( i )  iod ide . The reaction was based on reports

of  similar preparations involving conjugate  additions of alkyl Grignard  (or

alkylli th ium ) compounds to n itroarenic  systems in t e trahydrofuran (T .H .F .)

to give o -  or £ -  n itronate  products carried out by Bartoli and co-w orkers^^^

9-Fluorenyllith ium  was prepared from fluorene (0 .07  mol.) in dry e the r  and

phenyl lithium (0 .105  mol.) a lso  in dry e ther  according to the method as 

308
described by Bavin , To this fluoreny I lithium solution was added , 

dropwise a t  - 4 0 °  a  solution of n itrobenzene (0.01 mol.) in T . H . F . ,  the 

reac tion  being stirred and kep t  under n itrogen . Copper (1) iodide 

(0 .0015  mol.) was a lso  a d d e d .  The reaction was stirred for 8h .  with the 

tem perature  a llow ed to rise gradually  to room tem perature . Aqueous
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hydrochloric  ac id  (5 ml) was added followed by ammonium hydroxide (20 ml 

of bench  so lu tion). The resulting mixture was ex trac ted  with d ich lo ro-  

m ethane; the organic layer was washed several times w ith  w a te r ,  dried 

(M g5 0 ^ )  and the solvent removed (rotary evapora to r) .  The crude product 

was taken up in benzene and passed down a column of s il ica  gel using 

a b e n z en e /e th y l  a c e ta te  (8:2) solvent m ixture. Only fluorene (50% of 

s tarting  m aterial) could be isolated from the products thus e lu te d ,

4 .2  2-Aminotriphenylmethanol and Derivatives

4 .2 .1  Substituted 2-Aminobenzophenones

A ,  p - Toluenesulphonylanthranilie ac id  (51) m .p .  2 2 9 -3 0 °  ( l i t . , ^ ^ ^

2 2 9 -3 0 ° ) ,  neutral equivalen t 295 ( l i t . , ^ ^ ^  295) was prepared (92%) from

a n th ran il ic  a c id  (0 .5  mol.) and p-to luenesulphonyl ch loride  (0 .6  mol.)

285
accord ing  to the procedure described by Scheifele and DeTar

p - Toluenesulphonylanthranilic ac id  chloride (52) prepared from p - to lu e n e -

285
su I phony lanthrani lie ac id  as described , was used in the  Friedel Crafts 

a c y la t io n  of appropriate ly  substituted benzene derivatives to give the 

following substituted 2-am inobenzophenones:

(a) 2-A m ino-4 '-m ethy lbenzophenone  (72%) m .p .  9 2 -3 °  ( l i t . , ^ ^ ^  9 2 - 3 ^

was made by treating (52) (0 .05  mol.) with to luene (150 ml) according to

285
the route described by Scheifele and DeTar •

o o299
—  (b) 2-A m ino-4 '-ch lo robenzophenone  (34%) m .p .  101-2 ( l i t . ,  120 ;

1 0 2 ° ^ ^ )  was obtained analogously using ch lorob en zen e (190 ml); and

(c) 2-A m ino-4*-m ethoxybenzophenone (40%) m .p ,  7 8 - 9 °  ( l i t , ,  78-80°)  

' ,  w as made using (52) (0 ,05  m ol.) and m ethoxybenzene (195 m l).
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B.

(a) 2 -A m în o -3 ',5 '-d îm eth y lb en zo p h en o n e  (8 %  ) m .p .  6 8 - 7 0 °  ( l i t . f  

68-70°); (nujol) 3450, 3350 (NH^); 1620 ( C O ) c m " ' . (Found:

C , 7 9 .9 ;  H, 6 .7 ;  N ,  6 .3 ;  C a le ,  for C j . H „ N O :  C , 8 0 .0 ;  H, 6 .7 ;  

N , 6 .2% ) was prepared by the inverse addition of the  G rignard  reagen t  

derived from 3 ,5 -d im ethyIbrom obenzene (0 .072 mol.) to 2 - m e t h y l - 3 ,1 , 4 -

b e n z o x a z -4 -o n e  (0 .072  mol.) according to the method of Lothrop and

_  . . 287
Goodwin

3 ,5 -D im ethy lbrom obenzene  (38%) b . p .  109-110 ° /3 ,6 m m  was prepared 

from 3 ,5 -d im e th y la n i l in e  (0 .5  mol.) by the Sondmeyer process (section 4 .1 .2 ) ,  

2 - M e t h y l - 3 ,1,4 - b e n z o x a z -4 -o n e  was prepared (62%) from an th ran il ic  

ac id  (0 .15  m ol.)and  a c e t ic  anhydride (0.45 m ol.f

(b) 2 -A m ino-3 ,5 -d ich lo robenzophenone  was prepared by add it ion  of

sulphuryl ch lo r ide  (0 .204  mol.) to a solution of 2 -am inobenzophenone

(0.051 mol.) in nitromethone (100 ml). The warm reac tion  m ixture was

shaken for a  few m inutes, water was added and the mixture was neutralised

with ammonium hydroxide (2M). The product was ex trac ted  with e ther

and  the so lven t was removed (rotary evaporator). The product was

crystallised  from the  resulting viscous oil (methanol) (24%), m .p .  85 -8

( l i t . ? ' °  9 3 -4°)  V (nujoi) 3400, 3300 (N H „), 1640 (C O ) cm” ’ .
max ^

(Found: C , 5 8 .0 ;  H, 3 .4 ;  N , 5 .2 ;  C a lc ,  for g^ l^C I^N O : C , 58 .6 5 ;

H, 3 .4 ;  N , 5 .3 % ) .
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4 . 2 . 2  Substituted Fluorenones

The genera l cyclisation procedure described by DeTar and W hite ley^^, 

s tar ting  with the  appropriate  2-am inobenzophenone d e r iv a tiv e ,  was followed 

in the preparation of the substituted fluorenones. Briefly, the method 

involves the preparation of the diazonium sulphate from the appropria te , 

2 -am inobenzophenone  followed by the thermal decomposition (80°) of the 

d iazonium  sa lt  in a 21 N strength sulphuric a c id .  The following fluorenones 

w ere  thus prepared:

(a) 3 -m ethylf luorenone (72%), m .p .  67° ( l i t . f ^ 6 6 .0 - 6 6 .5 ° )

(nujol) 1705 (CO) cm  ̂ starting with 2 -am ino-4 'm ethy lbenzophenone  (0 .007

m o l .) .

o , _ o298 . , . 3 0 2
(b) 3 -chIorofiuorenone (75%) m .p .  160 ( l i t .  , 159 ,  a lso  157

o303 -1
and 156-157  ); “̂ rnax 1710 (CO) cm . (Found: C, 72 .5 ;

H, 3 .2 ;  C a lc ,  for C j^H ^C IO : C, 7 2 .6 ;  H, 3 ,3 % )  starting  with

2 -am in o -4 '-ch lo ro b en zo p h en o n e  (0.0095 m o l,) ,

o .2 8 8  _303
(c) 3 -m ethoxyf  I uorenone (77%) m .p .  99 ( l i t , ,  92 -4  , 9 9 .5 -1 0 0  ;

1 0 0 ° ^ ^ ) ;  V  (nujol) 1700 (CO) cm  ̂ from 2 -am in o -4 '-m e th o x y b en z o -  

phenone (0.0031 m o l,) .

(d) 2 , 4 -d im e thy If I uorenone (82%) m .p ,  149 ( l i t . , 149-150°)

V> (nujol) 1710 (CO) cm \  (Found: C , 8 6 .0 ;  H, 5 ,9 ;  C a lc ,
max

for C , 8 6 ,1 ;  H, 6 .2% ) starting with 2 -a m in o -3 ' ,5 ' - d im e th y l -

b enzophenone  (0 .0024 m o l . ) .

(e) 2 , 4 -d ic h lo ro f  I uorenone (20%) m .p .  144-6

IT (nujol) 1720 (CO) cm . (Found: C , 6 2 .7 ;  H, 2.5»
max '

C a lc ,  for C , . H , C I . O :  C, 62 .7 ;  H, 2 .4% ) starting  with 2 - a m in o -3 ,5 -
lo  6 z

d ich lo robenzophenone  (0 ,0056 m o l. ) .
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4*2 .3  Nuclear and Phenyl-Substituted 9-Phenylfluoren-9-ols

The following two general procedures were followed in the prepara tion  

o f  the 9 -pheny lf luo ren -9 -o ls .

A ,  An e therea l  solution of a  Grignard reagen t using magnesium and 

aryl ha lide  (approx, 2 ,5  m olecular equivalents each , based on the 

fluorenone used) was added slowly and with stirring, th rough 'b  plug of 

glass wool, to an ice -co ld  solution of the appropria te  fluorenone in 5% 

benzene  in e the r  so lu tion . A fter complete addition of Grignard reagen t  

the mixture was allow ed to warm gradually  to room temperature and then 

was boiled  for a  further h a lf -h o u r .  Hydrolysis of the adduc t was ach iev ed  

by pouring the reaction  mixture onto ac id if ied  (dil.  HCI) ic e -w a te r .

The organic layer was separa ted , dried (Na^SO^) and  the solvent 

was removed in a rotary evapora to r .  The resulting oil was dissolved in 

a  minimum amount of benzene  and passed down an alum ina column using 

petroleum ether  (b .p .  40 -60°)  as e lu en t .  The major by -p roduct in this 

reac tio n ,  v i z . ,  b ia ry l ,  came out as the first fraction and elution 

was repea ted  (at least twice) until biaryl could not be d e te c te d .  The

9 -p h en y lf luoren-9-o l was f ina lly  crystallised from petroleum e ther  ( b .p .

4 0 - 6 0 ° ) .  Crystallisations were very slow, in some cases requiring 

several weeks.

The following alcohols were thus prepared:

o q291 q292
(a) 9-phenyIfIuoren -9 -o l  (86%) m .p .  8 4 -6  ( l i t . , 85-8  ,  a lso 85

and 1 0 9 ^ ^ ' ^ ^ ^ ) ,  ^ rnax  (""1°^^ 3450-3220 (OH) cm \  starting w ith

fluorenone (0 .045 mol.) and the  Grignard derivative  o f  bromobenzene (0 .1 4  mol .) ,
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(b) 9 - (4 - to ly l) f lu o re n -9 -o l  (81%) m .p .  8 4 -6 °  ( l i t . , 8 6 - 7 ° ^ ^  and

8 5 . 5 - 8 6 . 5 ° ^ ^ ) .

(Found: C , 8 8 .1 ;  H, 5 .9 ;  C a le ,  for Cj q Hj .O :  C, 8 8 .0 ;  H, 5 .9 % )

with  fluorenone (0 ,0 5 6  mol.) and 4-brom otoIuene (0 .139  m ol.)as  starting  

compounds.

(c) 9-(4 -m ethoxyphenyl)fluoren-9-o l  (70%) m .p .  8 6 - 8 °  ( l i t . ,  o i l ^ ^ ,  

bu t a lso  1 3 0 -1 3 2 ® ^ ^  and 8 7 -8 °^^ ^ ) .

V (nujol) 3540 , 3440 (OH) c m " ' .

(Found: C, 8 3 .2 ;  H, 5 .6 ;  C a le ,  for Cj q H Oj .- C , 8 3 .3 ;  H, 5 . 5 % )  

starting  with f luorenone (0.028 mol.) and 4-bromoanisole (0 .083  mol,.).

(d) 3 -m e th y l-9 -p h e n y lf lu o re n -9 -o l  (71%) m .p .  8 7 °

u  (nujol) 3600, 3350 (OH) cm ^ ,
, max '

(Found: C , 8 7 .8 ;  H, 5 .9 ;  C a le ,  for ^ 2 0 ^ 1 6 ^ '  8 8 .0 ;  H, 5 ,9 % )

s tar ting  w ith  3 -m ethylf luorenone (0.0051 m ol.)and  the G rignard  de riva tive  

o f  brom obenzene (0 .0153 m o l . ) .

(e) 3 -c h lo ro -9 -p h e n y lf lu o re n -9 -o l  (70%) m .p .  8 7 -9 °

(nujol) 3350 (OH) cm \
^ max '

(Found: C , 7 7 .6 ;  H, 4 .7 ;  C a le ,  for C^^H^^CIO: C , 7 8 .0 ;  H, 4 .4 % )

using 3 -ch lo rofiuorenone  (0.0047 mol.) and bromobenzene (0.0111 mol.) as 

reagen ts .

(f) 3 -m e thoxy -9 -pheny lf luo ren -9 -o l  (65%) m .p .  124-6

„  (nujol) 3450 (OH) e m " ' .
(^max

(Found: C , 8 3 .0 ;  H, 5 .6 ;  C a le ,  for ^ 2 0 ^ 1 6 ^ 2 *  8 3 ,3 ;  H, 5 ,5% )

using 3 -m ethoxyfluorenone (0 .0024 m ol.)and bromobenzene (0 .006  mol.).

as s tarting  compounds.

— 90 —



(g) 3 -c h lo ro -9 - (4 - to ly l) f lu o re n -9 -o l  (40%) m .p .  6 4 -6 6 °

Vtnax 3580, 3350 (OH) c m " ' .

(Found: C ,  7 8 .7 ;  H, 5 .3 ;  C a le ,  for C j^ H j^ C IO :  C ,  7 8 .3 ;  H,’ 4 .9 % )

by using 3 -cblorofi uorenone (0.0033 mol ^ and  the Grignard  de riva tive  of 

4-b rom oto luene  (0.0098 mol.)

(b) 3 -m e thy l-9 -(4 -ch lo ropheny l)f luo ren -9 -o l  (31%) m .p .  6 9 -7 0 °

” max 3450 (OH) c m " ' .

(Found: C , 7 8 .2 ;  H, 5 .1 ;  C a le ,  for C j - H j^ C I O :  C ,  7 8 .3 ;  H, 4 .9 % )

using 3-m efhyIfIuorenone (0 .0033 mol.) and 4-brom ochlcrobenzene  (0 .0099  m ol.) 

os starting  compounds.

(i) 9 - (3 ,5 -d ich lo ropheny l)f luo ren -9 -o l  ( 2 3 % )  m .p .  107 -110°

u  (nujol) 3550, 3440 (OH) c m " ' .

(Found: C, 6 9 .2 ;  H, 4 .1 ;  C a le ,  for C^^H ^^CIgO : C , 6 9 .6 ;  H, 3 .8 % )

and in the  rea c t io n ,  fluorenone (0.0083 mol.) and 3 ,5 -d ich lo robrom obenzene

(0.021 mol.) w ere  used as starting reagents .

3 ,5 -D ich lo robrom obenzene  was prepared from 3 ,5 -d ic h lo ro a n il in e

272
(0 .5  mol.) by the  Sondmeyer process as described by Hartwell and 

crysta llised  as ye llow  needles from methanol (63%) m .p .  7 4 °  ( l i t . ,  74^^^), 

(Found: C , 3 1 .7 ;  H, 1 .2 ;  C a lc ,  for C^H^BrCI^: C, 3 1 .9 ;  H, 1 .3 % ) .

(}) 2 ,4 - d i c h  I o ro -9 -pheny  I fl uoren -9 -o l  ( 1 9 % )  m .p ,  89-91

1) ^ (as an  o il) ,  3540, 3390 (OH).

(Found: C , 6 9 .4 ;  H, 4 .1 ;  C alc , for 6 9 .6 ;  H. 3 .8 % )

using 2 , 4 -d  i ch I orof I uorenone (0 .0004 mol.) and bromobenzene (0.001 mol.) 

os s tar ting  compounds.
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The a ry l lithîum, prepared from the aryl ha lide  accord ing  to the 

genera l procedure os described by Gilman and W o o d s ^ ^ ,  was added  slowly 

with stirring to  a cold (ice-ba th )  solution of fluorenone in b e n z e n e /e th e r  

(1:19), under a  nitrogen atm osphere, as d e s c r ib e d ^ ^ .  The reac tion  

mixture was a llow ed  to warm gradually  to room temperature and left  to -  

stand a t  room temperature for a  further ha lf-hour.

The odduct was hydrolysed by pouring onto ac id if ied  (d il ,  HCI) 

crushed ic e .  Separation of the organic layer and product purif ication 

was carr ied  out as described in A .

The following alcohols were thus prepared:

(a) 9 - (3 ,5 -d im e th y l  phenyl) f luoren-9-o l (69%) m .p .  117 -9°

-i; (nujol) 3550 (OH) cm ^ .
^ m a x  '

(Found: C , 8 8 .0 ;  H, 6 .5 ;  C a lc ,  for ^ 2 1 ^ 1 8 ^ *  8 8 .1 ;  H, 6 .3% )

from the reaction  between fluorenone (0.011 mol.) and the  a ry l  lithium 

reagen t  from 3 ,5 -d im ethy lbrom obenzene  (0.022 mol.) and n -buty lli th ium  

(0 .022 m ol.)  as its solution in n -hexone  (1 .55M ),

(b) 2 , 4 -d im e th y l-9 -p h e n y lf luoren-9-o l  (64%) m .p .  1 00 ,5

^  (nujol) 3 6 0 0 ,  3450 (OH) cm .

(Found: C , 8 8 .4 ;  H, 6 .3 ;  C a lc ,  for C^^ 8 8 .1 ;  H, 6 .3% )

by using 2 , 4-d im ethyIfluorenone (0.00197 mol.) bromobenzene (0 .00394 m ol.)  

and n -bu ty l  lithium (0.00394 mol. 1 .55M  solution in n -h ex a n e ) .

4 . 2 . 4  2-Aminotriphenylmethonols

(a) The unsubstituted 2-ominotriphenylmethanol was prepared from methyl

an th ra n i la te  (0 .24  m ol.)and  phenylmagnesium bromide (0.78 m ol.)accord ing  

to  the procedure described by Baeyer and V illiger (31 4>) m .p .  121
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1 2 1 ,5 °).

(b) 2 -Am  inotri phenyl methanols con ta in in g  substituents in another phenyl

group w ere prepared by the fo llow in g general procedure:

An e therea l  solution of the appropria te  arylmagnesium bromide 

(3 molar equivalents based on the ominobenzophenone used) was added 

slowly through a plug of glass w ool, to a  well s tirred , ic e -c o ld  solution 

of o-om inobenzophenone in b e n z en e /e th e r  (1:19). A fter  com plete  add ition  

of the G rignard  reagen t the temperature of the reac tion  mixture was allow ed 

to  rise g radua lly  to am bient tem perature . The reac tion  mixture was 

boiled  for I h . ,  the organic layer was separated and  concentra ted  on the 

rotary evapora to r .

The thick residue was digested with bench (3M) HCI*, and where 

an  insoluble amine hydrochloride resulted, the  mixture was f il te red ,  and 

the residue thoroughly leached with benzene . The benzene  layer was 

con cen tra ted  (rotary evaporator) and the  digestion and  fil tra tion processes 

rep ea ted  until no more amine hydrochloride could be isolated from the 

f i l t ra te s .  The combined amine hydrochloride products were made a lk a l in e  

w ith  ammonium hydroxide, the resulting amine was dissolved in ben zen e , 

and  the  ben zen e  layer was washed with w a te r ,  dried (No^SO^) and 

co n cen tra ted  (rotary evaporator) . Many crystallisations from benzene 

w ere  requ ired ,  in each  case , before a  product of constant, sharp melting 

po in t  could  be ob tained .

*The method of bubbling gaseous HCI through a  benzene  solution of the 

residue was a lso  u sed .
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In a  few cases where the amine hydrochloride was not p rec ip ita ted  

from the aqueous ac id  so lu tion , the solution was washed with b e n z e n e .

The separa ted  benzene  layer was ex tracted  tw ice with bench HCI (3M), 

the aqueous a c id ic  extracts  combined, neutralised with a solution of 

ammonium hydroxide (33% w /w  in water) and subsequently trea ted  as —-

described ab o v e .  Below ore the compounds thus prepared:

(a) 2 -am ino-4 'm ethyltr iphenylm ethanol (25%) m .p .  8 8 -9 °

^ m a x  3390, 3290 (NH^); 3160 (OH) cm "’ .

(Found: C , 8 3 .0 ;  H, 6 .6 ;  N , 4 .8 ;  C a lc ,  for Q . M . - N O :  C , 8 3 .0 ;

H, 6 .6 ;  N ,  4 .9 % )  with 2 -ominobenzophenone (0 .10  mol.) and 4 -b rom o- 

to luene  (0 .3 0  mol.) as starting compounds.

(b) 2 -om ino-4 '-ch lo ro tr ipheny lm ethano l (22%) m .p .  9 4 -6 ° .

’ ’max 3370, 3280 (NH„); 3150 (OH) cm "’ .

(Found: C , 7 4 .0 ;  H, 5 .5 ;  N , 4 . 4 .  C a lc ,  for C ^^H ^^C IN O :

C , 7 3 .7 ;  H, 5 .2 ;  N ,  4 .5 % ) .

from the reac tion  between 2-om inobenzophenone (0 .050  mol.) and the 

Grignard reagen t  derived from 4-brom ochlorobenzene (0.15 m o l.) .

(c) 2 -am  in o -4 '- c h  lo ro -4 " -m e  thy I triphenyl methanol (13%) m .p .  9 0 -2 °

„  (nuiol) 3600 (OH); 3400 , 3350 (NH„) cm "’
^max z

(Found: C , 7 3 .8 ;  H, 5 .9 ;  N ,  4 .1 ;  C a lc ,  for C^QH^gCINO: C , 7 4 .2 ;

H, 5 .6 ;  N , 4 .3 % );  the reagents used in this preparation being 2 -am ino -

4 '-m ethy lbenzophenone  (0 .016 mol.) and £-brom ochlorobenzene (0 .048  m o l . ) .

o
(d) 2 -am in o-3* ,5 '-d im eth yltr ip h en ylm eth an ol (27%) m .p . 130-2

„  (nuiol) 3400, 3300 ( N H J ,  3175 (OH) cm" .
max ^

(Found: C , 8 3 .3 ;  H, 7 .1 ;  N ,  4 .4 ;  C a lc ,  for ^21 ^21 8 3 «2;

H, 6 .9 ;  N ,  4 .6 % )  from the reaction between fluorenone (0 .025  m ol.)and
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th e  Grignard  deriva tive  of 3 ,5 -d im ethy lbrom obenzene (0 ,075 m o l . ) .

(e) 2 -A m ino-3 ' 5 '-d ich loro triphenylm ethanol (43%) m .p .  1 2 5 -6 °

t̂ ’max 3380, 3300 (N H „), 3180 (OH) c m " ' .

(Found: C, 66.1 ; H, 4 .4 ;  N , 4 .1 ;  C a lc ,  for C  ̂ ^ C I^ N O :

C , 6 6 ,3 ;  H, 4 .4 ;  N , 4 .1% ) from th e  reaction betw een fluorenone 

(0 .0083 moL) and the Grignard reagen t  from 3 , 5-dichlorobrom obenzene 

(0 .025  mol.) and magnesium (0 .025  m ol.) .

(f) 2 -om ino-4 '-m ethoxytr ipheny l methanol (9%) m .p .  116 -8°

” max 3400 3310 ( N H J ,  3150 (OH) c m " ' .

(Found: C, 7 8 .7 ;  H, 6 ,3 ;  N , 4 .6 ;  C a lc ,  for

C , 7 8 .7 ;  H, 6 .2 ;  N , 4 ,6 % )  from the reaction  betw een 2 - a m in o -4 '-  

m ethoxybenzophenone (0 .0097 moL) and the G rignard reagen t from bromo

b e n z en e  (0.0291 mol.) and magnesium (0.0291 m o l . ) .
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4 . 2 , 5  Deamination Réactions of the 2-Àmi notriphenyl methanols

Three general deam ination procedures followed a re  described  be low .

A . Thermal Decompositions in Aqueous-Acidic Solutions

The amino alcohol was diazotised in aqueous sulphuric a c id  (10% 

w eigh t for w eight ac id  in w ater solution) a t  0t5 °  with slightly  more than 

an  equ iva len t  quantity  of sodium n itr i te .

The amino alcohol was dissolved in the aqueous ac id  (approximately 

25 ml of ac id  solution per millimole of amino alcohol) and the solution o f  

sodium n itr i te ,  in water added  over a period of 15 minutes. The reac tion  

was lef t  a t  0 -1 0 °  for a t  least 30 minutes before warming to room tem pera tu re . 

A fter 4 h .  the reaction  m ixture, from which an oily layer had separa ted , was 

warmed to 5 0°  for a few minutes. The mixture was ex trac ted  three times 

with e th e r ,  and the e ther extracts combined. Phenolic products were 

ex trac ted  (5% sodium hydroxide solution) and p rec ip ita ted  from the basic 

solution using bench HCI. The p rec ip ita te  was ex trac ted  with e the r ,  the 

e ther  layer  dried  (N a2 SO^) and  the solvent removed (rotary evapora to r) .

The phenolic  products were weighed but not characterised  further.

The neutral layer left behind a f te r  phenolic products ex trac tion  was 

washed with w ater, dried (Na^SO^) and the solvent removed. The residue 

was analysed as described in section 4 . 2 . 6 .  The following amino alcohols  

were thus deam inated  (Table 13).
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B .  Thermal Decompositions în Benzene, the Use of Amyl N itr i te  in

Diazotisations Leading to Intramolecular Cyclisation

The method was an adap ta tion  for intramolecular cyclisations of the

121
procedure for biaryl synthesis as devised independently by Cadogan and

Hwang Shu^^^.

The mixture of benzene , the amino alcohol and a  sligh t excess of

amyl n i tr i te  were warmed until a  perceptib le  evolution of gas se t in .  This

was a llow ed  to proceed w ithout further heating until i t  had subsided. The

mixture then boiled until the ^ -naph thox ide  test proved

n eg a tiv e  (approximately 8 h , ) ,  The solvent and low-boiling components were 

removed (rotary evaporator) , the resulting residue was redissolved in ben zen e ,  

and was ex trac ted  with sodium hydroxide (5% solution). Phenolic products 

were isolated  from the aqueous-a lka line  layer as previously descr ibed . The 

benzene  layer was washed (water), dried (Na^SC^) and the  solvent removed. 

The residue was examined as described in section 4 . 2 . 6 .  The following 

amino a lcoho ls  were thus deam inated (Table 15).
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c .  The C oppe r-C a ta ly sed  Decompositions în Aqueous A c id ic  Solution

These decompositions w ere  carr ied  out under the  following conditions 

described for the  Pschorr reac tion :

To a well stirred solution of the amino a lcoho l  in aqueous sulphuric 

a c id  (10% w /w  in water) a t  0 °  was ad d e d ,  dropwise a solution of sodium 

n itr i te  in w a te r  (quantities  listed in Table 17), On add it ion  of copper 

powder decom position commenced and  the reaction  was com pleted  by warming 

until a  n ega tive  coup ling  reac tion  with /3-naphthol was observed . The 

reac tion  mixture was ex trac ted  with e ther ,  and the e th e r  layer  f i l te red  from 

any  copper pow der. Isolation of pheno lic  products and  analysis  of the  

rem aining product m ixture was ca rr ied  out as described in sec tion  A .  The 

amino a lcoho ls  thus decomposed a re  included in Table 17 ,
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4 , 2 , 6  Q u a n t i ta t iv e  Analysis of Reaction Products

The com plete  q u an ti ta t iv e  separa tion  of  the  isomeric products of the 

deam ination  reactions  described in section 4 . 2 , 5  was considered  almost 

impossible. Therefore, the  product mixtures w ere  ana lysed  spectropho to -  

m etr ica lly  by an  extension of the Dewar and Urch method^^^'^268^

The a c tu a l  method followed con be  summarised thus: In a  solution

c o n ta in ing  two substances 1 and  2, of concen tra tions  and  Cg (in grams 

or moles per litre) which g ive  rise to absorptions (measured as log^^

I q / I ) /  o f  A y  A g, . . . .  e tc .  a t  various w avelengths  ^ 2 / • • • •  e t c . ,

and  if Beer's law is obeyed , then: a t  any  w ave leng th  x

A e «

where (   ̂ and 6 ^  ore  the  respec tive  ex tinc tion  coe ff ic ien ts  of compounds

1 and  2 .  If the values A x /  e  ̂ for various w aveleng ths  a re  p lo tted  ag a in s t

the corresponding values of the  points should l ie  on a  s tra igh t line

of s lope C2 ' and the in te rce p t  on the A x /  e  ̂ ax is  g ives . This

procedure  can  be  used to determ ine  and  C2  in an y  mixture of unknown

com position. Any systematic deviations  from the s tra ig h t  l ine , measured

314
by the method of least squares , in d ic a te  the p resence  of o ther  components. 

W hen a  region of the spectrum is found in w hich  minimal dev ia t ion  from the 

s tra igh t  l ine  occurs when p lo tt ing  equation  (76) this was used to obtain  C.j 

and  C2 . In te rfe rence  from o ther  components cou ld  be  minimised in this 

w ay , bu t  only if  the shape o f  the  absorption curves of 1 and  2 were 

su ff ic ien tly  d i ffe ren t  from e a ch  o th e r  and  from those o f  any  o f  the o ther  

components p resen t.  This could be  confirmed, in some cases, by taking
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measurem ents over a second  range o f w a v e len g th s and com paring the tw o  

sets o f con cen tra tion s ob ta in ed .
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5 . DISCUSSION

5 .1  Synthesis of Intermediates

5 .1 .1  9 -(2 -A m inophenyl)f luorene  (49)

Compound (49) appeared  to be pa rt icu la r ly  s u i ta b le  as an  am ine  with

the desired  struc tu re  for use in m echanistic  studies for the  Pschorr-type

.JJ

reac tions  for the following reasons:

(a) W hen (49) was unsymmetrically substituted c y c l is a t io n  could occur a t

e i th e r  a rom atic  ring; the products thereby providing e v id e n c e  of the  e ffec t  

of the  substituents  upon the d irec tion  of the c yc lisa t ion  (equation  80).

Also , (b) the  presence  of a  rigid unsymmetrically  substi tu ted  fluorenyl nucleus

would ensure  on equal probab il ity  of a t ta c k  upon e i th e r  nu c le a r  arom atic

ring by th e  re a c t iv e  ce n tre  c rea ted  on e lim ination  o f  the  diazonium  group.

The deam ination  (dediozoniotion) of compound (49) had previously

been  repo rted^^^  (R=R'=H) to g ive  the expec ted  i n d e n o - [ j  , 2 , 3 - j 0 - f l u o r e n e

(50) in 23%  y ie ld .  Compound (50) is an exam ple  of a  s tra ined  c y c lo p e n ta -

d ien e  ring system an d  i t  is therefore  not surprising th a t  its formation should

be  less favou red . The in terest in the  prepara tion  o f  compound (50) (also

311
c a l le d  f luoradene) stemmed from a  previously reported  isolation of 

t r ibenzo tropone  (60) f ro m 'th e  deam ination  of 9 - (2 -am in o p h en y l) -9 - f lu o ren o l  

(59), .
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_____

HO

(61)

(24%)

(60)

(81)

In equation  (81) the expec ted  cyc lisa tion  to form (61) was preven ted  by the 

ring strain in the resulting com pound. Instead, a  1 ,3 - sh i f t  of an  aryl 

group to on e le c tro n -d e f ic ie n t  carbon atom ap peared  to be  the preferred 

rou te ,  resulting in the  formation of (60),

The ring strain energy in f luo radene  (50) may be  a lte red  by substituents 

in the  b e n z en e  r ing . This could cons ti tu te  a  major draw back  in the a p p l i 

ca t io n  of compound (49) to  the  p re s e n t  m echanis tic  s tud ies,

269
The m ultis tage synthesis of 9 - (2-om inophenyI)fIuorene (49) can 

be summarised as in Scheme XV,

-  113 -



SCHEME XV

XI

Zn/HCI^
AcOH '  (53)

CuCN

(54)

Cl

OH^HgO
(55)

SOCI.

v J
(56)

NaN,

r ; î ^  r r ' ^OK H,0/(ChU0H)

X /
(49)
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The prépara  Hon of compound (53) and  its subsequent reduction  to  (54) w en t

276
easily  and in yields s im ilar to  those reported . An a ttem p t to  r ep e a t

the p repara tion  of (55) and  subsequently  of (56) by a lk a l in e  hydrolysis of

(55) in s i t u , a lso  as repo rted ,  g av e  unaccep tab ly  low y ields ( ~  2 % , c , f ,  

269
59%  reported  ) w hich could not be improved.

The oxidation  of 9 - (2 - to ly l ) f lu o re n -9 -o l ,  followed by the reduc t ion  

of e i th e r  9 -(2 -carboxypheny I)fIuo ren -9 -o I  (57) or o -d ip h e n y len e p h th a l id e  

(58) offered a  synthesis o f  (56), Compound (57) was not found, bu t (58) 

was ob ta ined  in high y ie ld  (61%) from the oxidation  o f  9 - (2 - to ly l ) f lu o re n -  

9 - o l .  The a ttem pted  reduction  o f  (58) to (56) was unsuccessful, w ith the 

starting compound rem aining unchanged .

(57) (58)

280-2
The reports, by Bortoli and  co-w orkers ^ of con juga te  add it ions

of  a lky l G rignard  (and a lky l lithium) compounds to  n itroa ren ic  systems in

THF resulting in the formation o f  o -  and p -  a lky l n i trona te  products a p p e a re d

to be an  a t t r a c t iv e  a l te rn a t iv e  route  to (49). If successful, such a  method

would avo id  the s tepw ise preparations (Scheme XV) and the  accom pany ing

d isadvan tage  of low y ie ld s .  The possible further red u c t io n , in s i tu ,  of the

280
nitro -group  to the am ino  system using copper  (1) io d id e ,  a lso  reported  

presented  a  further syn the t ic  a d v a n ta g e .  The report of a  reac tio n  be tw een
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2 -pheny Ie thy l  bromide and £ -ch lo ro n if ro b e n z e n e  which gave  4 - c h lo r o -2 -  

(2 -p h e n y l) - l -n i t ro b e n z e n e  (36%) encouraged  an  a t te m p t  to  com bine 9 - f lu o ren y l-  

lithium with n i trobenzene  under s im ilar cond it ions . The la t te r  reac tion  was 

how ever unsuccessful.

The deam inations of  unsymmetrically substitu ted  9 - (2-am inophenyl) 

fluorenes (50, R ^  R') con lead to isomeric f luo radene  deriva tives  (50° and 

50^) as in equation (80), the com ple te  separa tion  of which would be d i f f ic u l t .  

Product mixtures from such reac tions  co u ld ,  c o n c e iv a b ly ,  be  analysed spec tro -  

g rap h ic a l ly ,  e . g .  by the Dewar and  Urch m ethod . The d iff icu lty  in 

ob ta in ing  pure re fe rence  compounds (50°) and (50^) plus the  a lre ad y  sta ted  

d if f ic u l t  synthesis of compound (49) led to the a t te m p t  a t  using the la t te r ,  

i . e .  (49) as pa ren t  am ine in t h e  study of the Pschorr reac tio n  to b e  ab an d o n ed .

5 . 1 . 2  2 -Ami notriphenyl methanols and  D erivatives

A procedure  for the p repara tion  of 2 -am ino tr ipheny lm ethano l (46,

R = R' = H) from the reac tion  be tw een  methyl a n th ra n i la te  and  phenyl

296
magnesium bromide was reported by Baeyer and  V i l l ig e r .  The product

was iso la ted  by many crysta llisa tions from b e n z e n e  and  f ina lly  from e the r ,  

and  as a  consequence  yields were very low ( <  10% ). Yields were only 

sligh tly  improved by d igesting the p roduct mixture with hydrochloric  a c id ,

neu tra lis ing  the  a c id  e x tra c t  with ammonia prior to crysta llis ing  the p roduct

.  w 296 as rep o r ted .

W hereas the  reaction  betw een  methyl a n th ra n i la te  and  the  a ry l 

magnesium bromide is su itab le  for the p repara tion  of 2 -am inotr iory lm ethanols  

w here  the  two o ther  aryl (phenyl) rings a re  s im ilar (46, R = R'), unsymmetrically 

substitu ted  systems (R /  R') canno t  be unambiguously thus p repared . In the 

la t te r  case  2-am inobenzophenones (appropria te ly  substitu ted  w here  necessary)
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w ere  used in the p lace  of methyl an  thro ni l a te .  The amino alcoho ls  thus

prepared were a l l  new compounds. The substituted 2 -om inobenzophenones 

no t com m ercially  a v a i la b le  were p repared  following procedures rev iew ed by

Ç- 1 , 2 8 6bimpson e t  a i .

Compound (46) does not possess the rigid frame of 9 - (2 -a m in o p h en y l) -

f luorene (49), Therefore, (46) may lock the expected  ad v an tag e  in the

la t te r  compound (49) of an  equal p robab il i ty  of a t ta c k  by the r e a c t iv e  c e n tre

c re a te d  during d ed iazo n ia t io n  on e i th e r  aryl ring of the fluorenyl system.

However, the products of ring closure in the  former, v i z , , (47) and (48) a re

free  from the ring strain  in the c y c lo p e n ta d ie n e  systems of (50°) and  (50^),

A com paratively  h igher y ie ld  o f  cyc lised  p roduct (46%) was previously 

291
reported  when the d iazonium  sa lt  of 2-om inotriphenyIm ethonol was

decomposed under a c id ic  conditions ( c , f ,  23%  y ie ld  of f luoradene formed

269 . . . 291
under similar conditions ) ,  In the  g iven  diazonium  decomposition

there  was no reported formation of the  p roduct of m olecular  rearrangem ent

291 311
found in many o ther  o-am inobenzohydro l and sim ilar reac tions  '  ( e .g .

equation  81 ) ,  This fac t  provided fu rther  ev id e n c e  of the lesser ring strain 

in compounds (47) and (48) as com pared to (50°) and  (50^), Thus the  

ready  formation o f  c y c l ic  product presented  an  ad v an tag e  in the use of 

(46) as compared to (49) as s ta r ting  am in e .

O nly  2-am ino tr ipheny lm ethano ls  with substituents a t  the  4 ' -  (and 4 " - )  

and  disubstituents a t  the  3 ' , 5 ' -  positions w ere  used as paren t compounds in 

the  present inves t iga t ion , 2 ' -  (and 2 " - )  Substituted amino a lcoho ls  were 

avo ided  for the  following reasons:

a) a  position of po ten tia l  ring c losure  is b locked  by the substituent; 

and  b) a p a r t  from the e le c tro n ic  contr ibu tion  being  inves tiga ted ,  a
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conside rab le  s te r ic  fac to r  is in troduced , and i t  would be  d i f f ic u l t  to 

es tim ate  the con tr ibu tion  of each  separa te  f ac to r .  3 ' -  (and 3 " - )  Substituted 

2-am ino tr ipheny lm ethano ls  could g ive rise to th ree  c y c l ic  products (equation 

82), further com plica ting  product ana lyses .

Low yields  (9-11%  based on amine) of cyc lised  product were 

ob ta ined  when 2 -am ino tr ipheny lm ethane  (62) was used as starting  am ine . 

N o  further investiga tion  of this route was carr ied  ou t .

Analyses of the ded iazon ia t ion  products w ere  made by a  modified 

Dewar and  Urch method (section 4 . 2 , 6 ) ,  The re fe re n c e  9 -pheny lfIuo ren -  

9 -o ls  w ere  prepared from appropria te  f luo ren -9 -ones  and  arylmagnesium

L r II . j  • -I .  a, . , , , 2 9 2 ,2 9 3 ,2 9 5 ,3 1 5brom ide, fo llowing procedures similar to triose prev iously  descr ibed .

Repeated chrom atographic  separation and f rac tiona tion  o f  the reaction  products 

followed by c rysta llisa tion  of the 9 -p h en y lf lu o ren -9 -o l  f rac tion  from 

petro leum  e th e r  ( b ,p ,  4 0 ° -6 0 ° )  gave  the d e s i re d  products .  Crystallisations 

w ere  very slow, in alm ost a l l  cases refrigeration  being  necessary to ob ta in  

^ r e la t iv e ly  rapid c rys ta ll isa t ion . All the n u c le a r  substitu ted  9 -pheny lf luo ren -  

9-o ls  w ere  new compounds,
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5 .2  Decomposition Reactions of D iczotised 2 -Am inotripheny I methanols

Three conditions for the decomposition of d iazo tised  2 -am in o tr ip h e n y l

m ethanols were used. Decompositions in d i lu te  sulphuric a c id ,  both a) w ithou t 

and b) with a copper  ca ta ly s t  were considered a necessary p a r t  of the  s tud ies , 

s ince these a re  the  most commonly used cyclisation  c o nd it ions .  The unca ta lysed

reac tion  in d i lu te  sulphuric a c id  nearly  always gives some of the c yc lisa t ion

231
product if cyc lisa t ion  is s truc tu ra lly  possible. As a lre a d y  ind ica ted  in  Section

2 . 5 ,  opinion appears  to favour in te rvention  by aryl ca tion  species  in the course

of such reac tions ,  c) The decomposition of amines by penty l n i t r i te  in b e n zen e  

120 121
is thought '  to involve the formation of aryl rad ica ls  (Section 2 , 2 , 2 . g )  and 

so a study of the  cyc lisa t ion  of de riva tives  of 2-am i notriphenyl methanol under 

such conditions makes a useful comparison with those brought ab o u t  in aqueous a c i d .

5 .2 .1  Reactions in Benzene, using Amyl N itr i te  for D iazotiso tion

The to ta l y ields of cyclised  products were low (Table 19) com pared to 

120 121
those previously reported  '  for in term olecular  a ry la tion  reac tions  under

sim ilar conditions (Section 2 . 2 . 2 . g ) .  They were a lso  low com pared to  y ields

from cyclisations  ca rr ied  ou t  in aqueous a c id ic  conditions (Tables 21 and  2 5 ) ,  The

yields reported  for in te rm olecu lar  reactions  referred to iso la ted  products , and  no

doubt the  spectrograph ic  p roduct analyses which w ere  em ployed here  would have

235 237 246
ind ica ted  even h igher  y ie ld s .  Low yields of isolated products w ere  reported  '  '

in Pschorr-type cyc lisa tions  w hich w ere  considered to involve the formation of aryl 

rad ic a ls .  For exam p le ,  the decomposition of 2 -ben zo y lb en zen ed io zo n iu m  te t r a -

fluoroborate  under Gomberg conditions was reported to g ive  f luorenone in y ields

‘ ‘ 246
 ̂ varying from 5% to  28%  depending  upon the  pH of the rea c t io n  m ixture

(Section 2 . 5 . 2 . 3 ) .
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A p ar t  from phenols , o ther  by -products  of the decom position  reactions  

w ere  no t id en t if ied .  However, s ince  these reac tions  w ere  ca rr ied  ou t in 

b e n z e n e ,  com petition  betw een  the cyc lisa tion  reac tions  an d  the s tra igh t

forward in te rm olecu lar  reac tion  was very l ik e ly .  Such a com petit ion  was 

previously  observed in the decomposition of d iazo tised  2 -am inobenzophenone  

under Gomberg reac tion  conditions with added  b e n z e n e  (Section 2 . 5 . 2 . 3 )  

when the  product of in te rm olecu lar  a ry la tio n  (2 -benzoyl b iphenyl)  was formed 

in a  h igher y ie ld  (20%) than f luorenone ("only a l i t t le  reported  as found"^^^)^^

The e xp lana tion  given for the preference  for in te rm o lecu la r ,  ra ther  than in tra -

208
m olecu la r ,  a ry la tion  under Gomberg conditions cou ld  a lso  be used to

ra t io n a l ise  our low yields of cyclised  products in the deam ina t ion  of

2-am ino tr ipheny lm ethano ls  using amyl n i tr i te  for d iazo t iso t ion ;  th a t  is, the

p re fe rence  for in te rm olecu lar  a ry la tion  under Gomberg conditions  was

e x p la in ed ^ ^ ^  by assuming an o r ien ta t ion  around - N = N -  w hich  did not perm it

the  easy approach  of o ther  ary l systems within the m o lecu le  a t  the moment of

homolysis. Ring-closure was then s te r ica lly  h indered . Provided th a t  the

aryl rad ic a l  had a short l ife ,  and  so shielding by the  ex p e l led  rad ica l

fragments in the homolysis of A r N = N - O X  encum bered a t t a c k  within the

same m o lecu le ,  in term olecu lar  a ry la tion  was p refe rred .  Such an e x p la n a t io n ,

208
first ap p lie d  to d iazoanhydrides  , might be s im ilarly  a p p lie d  to the  in te r 

m edia tes  formed during d iazo tiso tion  by n itr i te  es te rs .

An a l te rn a t iv e  cause of the low yields of cyc lised  products in the 

Gom berg reac tions  might be deduced  from the observation by DeTar and 

R elyea^^^  th a t  n itrogen  y ields  in the thermal decom position  o f  2 - b e n z o y l -  

b enzened iazon ium  fluoroborates w ere  lower a t  h igher pH values  than a t  lower 

pH , e . g .  a t  pH = 1 2 .3  the y ields of nitrogen w ere  in the  range 13-54%
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+ +
- 1 5 % ,  w hereas a t  pH = 1 nitrogen y ields  rose to 75 -102%  - 1 5 % . Such

an observation  suggested th a t  incom plete  d e d ia z o n ia t io n  occurred in the

Gom berg r e a c t io n .  Conclusive e v id e n c e  o f  this cam e from the later  

333
reported  reac tion  betw een p -n i t ro b en zen ed iazo n iu m  ions (73) and sodium

m ethoxide  in a lk a l in e  methanol which gave  cis-p^-n itrophenylazo  methyl e ther

(74). Further reac tion  o f  (74) in the  a b sen c e  o f  added  arom atic  substra te ,

led to the formation of n i trobenzene  and t ra n s -a z o - e th e r  (75), in approx im ate ly

equal amounts (Scheme XIX). Thus it would a p p e a r  tha t  only one conformer

of the  d ia z o - e th e r ,  the c is -conform er, was c a p a b le  of decomposing to form

nitrogen  and  the reac tiv e  phenyl in te rm edia te  (this d i re c t ly  con trad ic ted  the

81
postu la tion  by Huisgen tha t  the  t ra n s -d ia zo  esters led to decomposition 

products) .

A similar argum ent could be used to ra t iona l ise  the low yields of 

c y c lisa t io n  products in the reac tion  of 2 -am ino tr ia ry Im ethano ls  with pentyl 

n i t r i t e .  It could  be argued th a t  only  one conform er o f  the d iazoes te r  

(from acylary ln itrosam ine  d iazo es te r  tautomerism) would be  cap ab le  of 

decom position . C is-trans  isomérisation would be d i f f ic u l t  s ince  the 

reac tions  w ere  carr ied  out in a  benzene  medium, w hich  m ean t tha t  formation 

of ions was im probable.
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SCHEME XIX333

O , N 0

(75)

fast
M e O O^N

OMe
(74)

—OMe / NO,

The results in Table 20  showed the  com petition  be tw een  a t ta c k  on 

the rings substituted with X and Y in (70). These re la t iv e  rates might 

be  compared with values obtained  by in term olecular com petit ive  a ry la tions  

using various sources of aryl rad ica ls ,  a lso  included in Table 2 0 .

X

(70)

* re a c t iv e  ce n tre
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Table 20: Relative Rates of A) In tram olecular Arylations of Triarylmethonols
in Benzene using Amyl N itr i te  for D iazotiso tion  of 2 -A m in o -  
tria ry lm ethonols , and  B) In term olecular Com peti tive  A rylations  
using various sources of Ph*

X Y
k x /k y  in 

in tram olecu lar  
ary la tions  '

1 k . 
j Y k y ' "

in te rm olecu lar  a ry la ti
B)

ons

i) m-CI H 1 .0 ^  i o . 3

178

0 .9 ^

172

1 .0 ^

197

1 .0 1 ?

178 

1.1 =

172 197 178 178

n) m-M e H ] . 2 g  ± 0 .6 0 .7 1 ^ 1 .0 9 ? 1.1 = 1 .3 ^

197 178 178 172

iii) o ,£ - M e 2 H 2 0  ±1.1 4 .1 9 ? 5 .1 ^ 5 .1 ? 2 .5 ^

197 178 172 178

iv) o ,£ - C l2 H 3 . 1 ^  ± 4 .7 4 .5 7 ? 3 ,7 5 ? 1 .9 2 ^ 2 ,2 8 ^

197 178 178 172

v) m -M e m-CI 1 . 3 ,  ± 0 .2 1 .2 6 ? 1 .4 4 ^ 1 .0 ;  = 0 ,7 1 ^

197 178 179 179

vi) m -O M e H 0 .4 2  ± 0 .2 0 .9 3 ? 1 .9 ?

178

1.05-"

0 ,8 8 ^

178

1 .3 ^

0 ,8 7 ?

a) A rylation  reactions  w ith  acyla ry ln itrosam ines .

b) Uncatalysed a ry la tio n  reactions  with benzoyl p e rox ide .

c) A rylation  reactions  with  benzoyl peroxide; added  iron (111) b e n z o a te ,

d) A ry lation  reac tions  with benzoyl peroxide; added  copper (II) benzoa te .

e) A ry la tion  reactions with benzoyl peroxide; added  oxygen ,

NOTE: The results from l i te ra tu re  in sections iii) and  iv) (of Table 20)
were c a lc u la te d  using the a dd it iv i ty  p r inc ip le  s tarting  from reported  
partia l  ra te  factors for phényla tion  of appropria te  monosubstituted 
ben zen es .  '>
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The re la t ive  rates of a ry la tion  recorded  in Table 20 , together with 

the low yields of cyclised  products g iven  in Table 19 pointed towards a 

homolytic mechanism in the decom position of d iazo tised  2 -am in o tr ia ry l-  

m ethanols in b e n z en e .  The large re la t iv e  dev ia t ions  in some of the 

a ry la tion  ra tios, (Table 20) and  in the  yields of cyclised  products

(Table 19) rendered some of the results u n re l ia b le .  For exam ple in the 

reac tion  of 2-am  in o -3 ' ,  5 ' -d im e thy I tripheny Imethonol the margin of error in
k

the ra t io  was 50%  of the observed ratio ; and  the error margin was

as high as 150% of the observed ra t io  in the  reac tion  of 2 - o m i n o - 3 ' , 5 ' -  

d ich  I orotripheny I methanol (Table 2 0 ,  sections (iii) and  (iv) respec tive ly ) .

High margins of error were not to ta l ly  unexpected  in these reac tions ,  

because  the re la t iv e ly  high y ields of by-products  of the d ed iazo n ia t io n  

reac tion  might produce r e la t iv e ly  large add it iona l  absorption w ith in  the 

u . v .  range chosen for the de te rm ina tion  of cyclised  products. In ce rta in  

reactions  i t  was inev itab le  th a t  the cyc lisa t ion  p roduct was only the minor 

p roduct,  e . g . ,  in the reac tion  of 2 -am inotriphenyIm ethonol the formation 

of 9 -pheny If luo ren -9 -o l  in 32%  y ie ld  was accom pan ied  by a  higher y ie ld  

(37%) of tr iphenylm ethanol,  the deam ina t ion  p roduct .  In reactions  w here 

e i th e r  of the other two phenyl rings of the amine was substituted the amounts 

of deam ination  products w ere  no t  d e te rm ined . Although our analyses sought 

to  minimise absorption by the by -p roduc ts  in the  useful region of the spectrum, 

the  to ta l e lim ination  o f  such contr ibu tions  was no t possib le . When re la t iv e ly  

high yields of cyclised  products w ere  invo lved , the errors in the analyses o f  

products were usually small (Tables .21 and  2 5 ) .  *• Conversely these errors 

becam e more s ign if ican t when y ields  of cyc lised  products were low.
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The high y ields of phenols in these reac tions  w ere  ra ther  perp lex ing

(Table 19), W ater is formed from d iazo tisa tions  with a lky l  n itr ites  acco rd ing  

125 .
to equation  (34), (Section 2 . 2 . 2 . g ) ;  intrusion of w a te r  might a lso  resu lt  

from incom plete ly  dry reagen ts .

A rN H ^ + R O N O A rN = N -O R  + H^O (34)

O ne possible ra t iona l isa t ion  of  phenol formation in a  f re e - ra d ic a l

process would be by re fe rence  to Scheme IV (page 19) proposed by C adogan 

89 95
e t a l  . '  The scheme proposed the formation of o ry Ica tion ic  species (77) 

as shown below:

SCHEME IV (part of) Chain Propagation

^ 6 ^ 5 *  ^ 6 ^ 6
'  (4)

H

+

Ph

The formation of compound (71) can  be  a rgued  in like m anner to (77), 

Instead of a  proton loss as in Scheme IV, (71) might be  a t t a c k e d  by the 

nuc leoph il ic  w a te r  molecules resulting in the  formation of a  dihydrophenol (72) 

(equation 8 5 ) .

-  127 -



HgO
(85)

(71) (72)

5 . 2 , 2  Uncatalysed Decompositions in Aqueous A c id ic  M edia

The yields of cyc lised  products in these reac tions  w ere  high (Table

21) compared to those of reactions in benzene  reported  in the  p receding

s e c t io n .  N o tab ly ,  alm ost a ll  the s tar ting  amines in e a c h  rea c t io n  could

be acco u n ted  for as cyclised  products and  pheno ls . A comparison betw een

the y ie lds  in Table 21 and those of cyc lisa tion  reac tions  reported  previously

(Table 12) would be unjustified since values in the  la t te r  tab le  referred to

isolated products whereas yields in the former w ere  ob ta ined  spec tropho to -

m e tr ic a l ly .  For instance , a  46% yield  of iso lated  product hod previously 

291been  reported in the decomposition of 2 -am ino tr ipheny  Imethonol under 

the  t i t le  cond it ions .  A com parable  y ie ld  (41%) of iso la ted  product resulted 

in the  p resen t s tudy , bu t spectrographic  analyses of the p roduct mixture 

ind ica ted  a  much h igher (79%) conversion to cyc lised  p ro d u c t .
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V aria tion  of the y ields of cyc lised  products in Table 21 suggested 

th a t  the polar nature  of substituents in the rings undergoing a t ta c k  in these 

systems had very l i t t le  influence upon the d irec tion  of ring closure under 

these cond it ions . For exam ple, in the decomposition of d iazo tised  2 -am in o 

s ' ,  5 ' -d im e thy I tripheny I methanol the polar requirem ents of the dimethyl 

substituents would moke the sites of ring closure  in the d isubstitu ted  phenyl 

r ing highly a c t iv a te d  towards e le c tro p h i l ic  a t t a c k ,  and perhaps less so 

towards radical a t t a c k ,  compared to the corresponding sites in the unsubstituted 

r ing . However, the re la t ive  yields of 9 -  ( 3 ,5 -d im e thy lpheny l)f luo ren -9 -o l  

(48%) and 2 ,4 -d im e th y l -9 -p h e n y lf lu o re n -9 -o l  (46%) were no t in agreem ent 

with such a p red ic t io n .  Also, in the decom position of d iazo tised  2 -a m in o -  

4 ' - c h  lo ro-4  "-m ethyl tripheny I methanol both the homolytic  and he te ro ly tic  

rea c t io n  processes would be expec ted  to favour cyc lisa tion  onto the m ethy l-  

— substitu ted  ring and not the ch loro-substitu ted  o n e .  However, yields of

3 - c h lo ro -9 - (4 - to ly l ) f lu o re n -9 -o l  (40 ,2% ) and  3 -m e th y l-9 -(4 -ch lo ro p h en y I)  

f lu o re n -9 -o l  (39 ,4% ) did not ag ree  with this p red ic tion  e i th e r .  Table 21 , 

how ever, shows cyc lisa tion  onto e ith e r  ring to be equa lly  l ike ly ,  regardless 

of the  po lar  na ture  of the substi tuen ts .  Such results g ive  re la t iv e  rates of 

a t t a c k  upon e i th e r  aryl ring of the triaryImethonol systems (70); they a re  

summarised in Table 2 2 .

* _= reac tive  in te rm edia te

(70)
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Table 22

Relative Rates of In tram olecular A rylation  of Triarylm ethonols under 

Aqueous Acidic Conditions

X Y
^ ^ /k y  in 

in tram o lecu la r  a ry la tion

4-'
m-CI H 0 . 9 q -  0 .3

m -M e H 0 . 8 .  -  0 .2

o ,p - M e 2 H O.Sg -  0 .1

o ,p - C l 2 H 0 . 9 -  -  0.1
o

m -M e m-CI 0 .9 g  -  0.1

m -O M e H 0 . 9 ^  -  0 .1

The results in Table 22 pointed towards random cyc lisa t ion  onto e ith e r  

of the two rem aining phenyl rings by the re a c t iv e  in term edia tes  genera ted  on 

d e d ia z o n ia t io n  of d iazo tised  2 -am ino tr ipheny lm ethano ls , a lm ost independently  

of the po lar  na ture  of the substituents p resen t.  N e i th e r  the yields of 

cyc lised  product (Table 21), nor the r e la t iv e  ex ten ts  of cyc lisa tion  onto  the 

a l te rn a t iv e  arom atic  sites supported a homolytic m echanism . The y ields of 

cyc lised  products were higher and the interm ediates produced  in d e d iazon ia t ion  

much more unse lec tive  compared to the  results in Tables 19 and 2 0 .  The 

u n se le c t iv i ty  of these arylations could be further dem onstra ted  from the 

Hammett reac tion  constant ( p  ) for the a ry la t io n .  The va lue  of

P  = + 0 .0 9 8  -  0 ,0 6 3 ,  ca lc u la te d  by means of the least squares method and  

using da io  in Table 23 , ind ica ted  tha t  the polar na tu re  of  the  substituents 

 ̂p resent had l i t t le  e f fe c t  upon the d irec tion  of ring c lo su re .
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Table 23

Polar N atu re  of Substituted Aryl Substrates in In tram olecular  A ry la tion  of 

Diazotised 2 -A m inotriary  I methanols in Aqueous Acid Solutions

X, Y, in (70)
V k

y

327 , 334
o

(Substituent constant)

log A y
X Y

m-CI H 0 , 9 q i  0 .3 + 0 .373 - 0 .0 4 5 8

m -M e H 0 . 8 j  1 0 .2 - 0 .0 6 9 - 0 .0 9 1 5

o,p^-Me H 0 .8 g  -  0 .1 +0.123 - 0 .0 8 0 9

o ,£ - C l 2 H 0 .9 g  -  0.1 + 0 .487 - 0 .0 3 1 5

m -M e m-CI 0 .9 g  -  0.1 + 0 .304 - 0 .0 0 8 8

m -O M e H 0 . 9  i  0.1 + 0 .115 - 0 .0 1 3 2

Note

k /
The Hammett r e l a t i o n  i s  expres sed  as:  log  / =  p ( J  where k and are ra te

o f  r e a c t i o n  co ns ta nt s  o f  the s u b s t i t u t e d  and un su bs t i tu t e d  benzene ; p  and CT

the Hammett r e a c t i o n  and the s u b s t i t u e n t  c o n s t a n t s ,  r e s p e c t i v e l y .
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The low selectivity (based upon the polar nature of the substituents) in these

reac tions  cou ld  be emphasised by comparing the results in Table 22 with

n itra tion  da ta  « In the la t te r  reac tions ,  a  m ethy l-subs ti tu ted  phenyl ring 

327
was observed to be approxim ate ly  3000 times more l ike ly  to be a t ta c k e d

a t  the m e ta -  position by the e le c  trophilic  nitronium ion than a ch loro-

substitu ted  ring . The g rea te r  resonance s tab ilisa tion  of the  nitronium ion

as compared to the phenyl ca tion  might be responsible for the g rea te r

s e le c t iv i ty  shown by the nitronium ion.

The decomposition of d iazonium  salts under aqueous a c id ic  conditions

was discussed in the previous sections (p ag e  8 and  page  7 3 )  and  was

thought to show a unim olecular step resulting in the fo rm ation  of on aryl

ca t io n  w hich then underw ent rapid reac tion  with nuc leoph iles  or a rom atic

substra tes . Evidence in support of such a mechanism came from the

c6served intensity  of the ra te  of decomposition of d iazon ium  salts towards

259  261
the c o ncen tra t ion  and nature  of any  added  ha lide  ions. '  However

328
verif ica tions  of the unim olecular na tu re  of the process rem ained limited

and  the nature  o f  the p roduct composition on increasing the  concen tra t ion

of the d iazonium  salts (see below) cast  some doub t on the va lid ity  of the

sim ple k ine t ic  in te rp re ta t io n .  At most these decompositions could be

unambiguously regarded only as pseudo-firs t-o rder  processes, the ro le  of

329
so lven t never having been truly de te rm ined .

320
Some o f  the previously reported  a rom atic  substitu tion reactions

249 256
in aqueous a c id  media and Pschorr cyc lisations  ’ w ere  said to  involve 

in term edia tes  (genera ted  from the  d iazonium  ion) which w ere  highly r e a c t iv e ,  

and  a t  the same tim e, ap p a ren tly  highly s e le c t iv e .  O ne  a ttem p t a t
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ra t ionalis ing  the high rea c t iv i ty  and se le c t iv i ty  shown by the  re a c t iv e

208
interm ediates was th a t  made by A bram ovitch and  was summarized in 

Scheme X V II. In the schem e, the loss of nitrogen was envisaged  as an  

Sj^^ step which resulted  in a n  aryl ca t io n  which ex isted  in equilibrium  

with the d irodico l ca tion  (66) described  previously (section 2 . 5 . 2 . 2 ) ,

The resonance in species (66) was presumed to imbue the in te rm ed ia te  with 

the  s tab ilisa tion  necessary for it  to show a deg ree  o f  se le c t iv i ty  (equation

p.x208 .  -

84) in its reac tio n s .

0 N ,  0 . . , , .  (84,

(66,

A nother  a t te m p t  a t  exp la in ing  the high r e a c t iv i ty -c u m -s e le c t iv i ty

reported above  hod as its basis an ob jec tion  to the  ex trem ely  high energy

329
requirements im plic i t  in the genera tion  of free phenyl c a t io n s .  Instead,

a process of lower energy was suggested in which the free  aryl ca tion  in

any  form was bypassed, and  e lec tro p h i l ic  processes were a t t r ib u ted  to

b im olecu lar  reac tions  be tw een  the diazonium  ion and a  nu c leo p h ile  (or

a rom atic  subs tra te ) .  The n uc leoph ile  (or arom atic  substrate) was postu la ted

2 *
to begin  to bond to the  sp carbon atom when charge  deve loped  on it  as

. J  329 n itrogen d e p a r te d .

The above  postulates were investiga ted  by the k ine t ic  study of the

reac tion  of benzened iazon ium  ch lo r ide  in a c id ic  aqueous media with  added  

329sodium brom ide. A n -en h an ced  ra te  of reac tion  was observed on

increasing the concen tra t ion  of sodium brom ide, which was a t t r ib u ted  to 

0 b im olecu la r  reac tion  of bromide and  diazonium  ion to  form aryl c a t io n .  

S ign if ican t ly ,  a  descrip tion  of the system so le ly  in terms o f  b im olecu lar
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processes was consistent with the ra te  da ta  o b ta in e d ,  bu t was d iscarded in

330 329
view  of the popularity  of the c a t io n  in te rm e d ia te .  Subsequent results

poin ted  to com peting u n i-  and  b i -m o le c u la r  mechanisms which did not f i t  the 

k inetics  observed in similar systems. The suggestion of a  common in te r 

m edia te  leading to a ll products was made even  though its n a tu re ,  a lthough

d is t inc t  from both the ca tion  and  the diazoniurrv ion could not be d e l in e a te d

331
on the basis of the observed d a ta .

335
Lewis e t  al investiga ted  the rates  of rea c t io n  of substituted 

d iazonium  salts in aqueous m edia , and some added  nuc leoph iles ,  Nu .

Their observations led to the ir  re jec t in g  the ex is tence  of a  common in te r 

m edia te  and to the postulation of a  o n e -s te p  (b im olecular) mechanism.

Such a conclusion was based on the com petit ion  be tw een  so lvent and added  

substances (Nu ) for the reag en t  or the  highly re a c t iv e  in term edia te  measured 

using the results of such reac tio n s .  The distinguishing fac to r  betw een o n e -  

s tep  formation of the products and ra te -d e te rm in in g  formation of a  h ighly  

r e a c t iv e  in term edia te  which Lewis and co-w orkers  used, was the sensit iv ity ,

or insensitiv ity , of the rates towards the concen tra t ion  of added  substance .  

335They conc luded  from their  investigations th a t  the r a t e -  and p roduct-  

de term ining  steps were id e n t ic a l .  They proposed tha t  reactions of d iazonium  

salts under the sta ted  conditions occurred  as summarized below  (equations 

87 -89)

k
A rN g  + H jO  ----- ^  A rO H  (87)

ArN,Z + Nu  ^  A rN u (88)
• L

' k
A rN g   A rN g  (r) (89)
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w here  k and k. , were the rates of reac tion  constants for reactions  of w Nu

diazon ium  salts with w a te r  and  added nuc leoph iles  (Nu) resp e c t iv e ly ,  k 

was the ra te  constan t for the rearrangem ent of A r N ^ ,  i . e .  the  reversible

-f-
loss of N 2 from A rN 2 . The rearrangem en t had been demonstrated by

showing tha t  an  aryl diazonium ion labe l led  in the  a^-position  with ^ ^ N

336 ''
d id  rearrange  to the ^ - l a b e l l e d  diazonium  ion .

In v iew  of the aforegoing arguments i t  would a p p e a r  tha t  more than

one pathw ay could  be quoted to a c c o u n t  for the reac tions  o f  aryl diazonium

ions. The free c a t io n ,  the d irad ica l  c a t io n  and the  b im olecu lar  reac tion  of

the  d iazonium  ion with nuc leoph ile  (or a rom atic  substrate) could a ll  be  f itted

339
to the  experim ental observations with varying degrees  of success.

In the absence o f  more rigorous k ine t ic  e v id e n c e ,  it was d if f icu l t  to

assign a com ple te ly  de fin i tive  mechanism for the reac tions  of d iazo tised

2-am ino tr ipheny lm ethano ls  in aqueous m ed ia .  The unse lec tiv ity  of

d irec tio n  of  cyc lisa tion  in the reactions of d iazo t ised  2 -am inotriaryIm ethanols

in w hich  one other phenyl ring was substitu ted  would a p p e ar  to ind ica te  the

in te rm ed iacy  of a very reac tive  in te rm ed ia te ,  possibly a  c a t io n .  It would

be  ex p e c te d  tha t  the reactions involving the  d irad ica l  ca tion  and the

b im olecu la r  process would show s e le c t iv i ty  in these cyclisations; the former

owing to the higher resonance s tab ilisa tion  of the r e a c t iv e  in te rm ed ia te ,  and

the  la t te r  because  of the lower re a c t iv i ty  of the systems com bined . However, 

335Lewis e t  a l  re jec ted  use of arguments based on high rea c t iv i ty - lo w  

s e le c t iv i ty  as d e f in i te  indicators of in te rven tion  of ary l c a t io n s .  Their

spec if ic  reasons for re jec t ing  such ev id e n c e  were no t  very c le a r ,  but were

t  -
probably  t ied  up with their  arguments ag a in s t  in te rm ediacy  o f  the  aryl ca tion

species  on the basis tha t  its genera tion  cou ld  "not rep resen t  an  energy minimum"

in the reac tions  they carr ied  ou t .
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A dditional ev idence  concern ing  the nature  of the  reactions of 

2 -am ino tr ia ry lm ethano ls  in aqueous a c id ic  m edia  cam e from observ ing  the 

ratios of the nuc lear  substituted 9 - p h e n y lf luo ren -9 -o ls  to phenols formed. 

These ore  g iven  in Table 24 .  The ratios provided a measure of the 

com petition  betw een the substituted a rom atic  nucleus and  w ater  for the 

re a c t iv e  ce n tre  c rea ted  during d e d ia z o n ia t io n .  If the in term edia te  were 

a "normal" c a t io n ,  e lec tron -w ithd raw ing  groups should have  rendered the 

a rom atic  nucleus less l iab le  to a t t a c k ,  and thereby  have  led to a re la t ive  

increase  in phenol formation, and converse ly  the re la t iv e  am ount of phenol 

would be  expec ted  to fall where  e le c tro n -d o n a t in g  groups were p resent.

Table 24

Ratios of a t t a c k  by Substituted Aromatic N u c le i  to  W ater  M olecules in the 

D ed iazon ia tion  of Diazotised 2 -Ami notripheny I methanols

O H
OH

= rea c t iv e  
cen tre

m-CI

o ,p - M e 5 .8  -  0 .0 5

4 , 8  -  0 .0 5

0 .0 5
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The results in sections i), ii) and iii) o f  Table 24 were in q u a l i ta t iv e

ag reem en t  with the pred ic ted  in te rm ediacy  of c a t io n ic  sp ec ie s .  Thus, a 

kx
ra t io  of /kQ |_j ~ 5 .8  ind ica ted  th a t  the  d isubstitu ted  phenyl ring in 

2 - a m i n o - 3 ' , 5 ' -d im e thy I triphenylmethanol was more n u c leo p h i l ic  than w ater  

or compared to the mono-substituted phenyl rings in i) and  i i ) .  The

d ich lo ro-substi tuen ts  in section iv) were ex p e c te d  to  d e a c t iv a te  the phenyl

'■OH
kx

nucleus towards e lec troph il ic  a t t a c k .  The u n e x p e c te d ly  high ra tio  of / |^

4 . 8  observed in iv) might have re f lec ted  the ch lo ro-substituen ts  hindering 

a t t a c k  by w ater  molecules upon the r e a c t iv e  s i te s .

The positions of r ing-c losure  in i) ,  ii) and  v) in Table 24 were m eta -  to 

the  subs ti tuen ts .  C l,  Me and OMe respec tive ly  and in iv) o r th o - ,  p a ra -  to C l^ .  

W hen compared to the corresponding positions in i i i ) ,  v i z .  o r th o - , p a ra -  to Me^ 

ring closure onto the positions in i ) ,  i i) ,  iv) and v) would be expec ted  to

k
be much less favourable  than the  re la t iv e  ratios of  ^/kQ |_j in Table 24 would 

in d ic a te .  Thus the po lar  c h a ra c te r  of the substituents in the phenyl rings 

a p p e a re d  to have only a small in fluence  upon the  d irec tio n  of the competing 

reac tions  of a ry la tion  and phenol form ation . N o ta b ly ,  however, a ll  the 

ratios of ^^/kQ |_j v/ere g rea te r  than unity  in d ica ting  a g rea te r  e ff icacy  of 

the r a te  of cyclisation  as compared to  phenol form ation .

The low se lec tiv ity  shown in the in tra m o le c u la r  ary la tions  and phenol 

forming reactions discussed above  cou ld  a p p a re n tly  be most sa tis fac to rily  

in te rp re ted  by postulating an  in te rm ed ia te  aryl c a t io n  in these reac tions .

Such species was discussed ea rl ie r  (section 2 . 5 . 2 . 2 )  as lacking resonance 

s tab i lisa t ion  and consequently  h ighly  re a c t iv e  and  u n se le c t iv e .  The 

a l te rn a t iv e  routes via the d irad ica l  ca t io n  and the b im olecu lar  process would
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be expected  to show a h igher deg ree  of se le c t iv i ty  than observed in the 

reactions of d iazo tised  2-am  inotriary  I methanols; however contr ibu tion  by 

such processes could no t  be to ta l ly  d iscounted  from ev id en ce  so far 

a v a i la b le ,

5 . 2 , 3  C o pper-C a ta ly sed  Decompositions of Diazotised 2 -A m ino

tripheny I methanols in Aqueous A cid ic  Medio

Copper ca ta lysis  had a varied  e ffec t  upon yields of d i ffe ren t  

c y c l ic  products. Cyclisations onto the unsubstituted and  m ethy l-  

substituted phenyl rings w ere  enhanced  by catalysis  (Table 25) compared 

to the uncata lysed  reactions  (Table 21 ) ,  Decreases in y ields of 

cyclisations onto the ch lo ro -subst itu ted  phenyl rings in these reactions  

re la t ive  to the corresponding unca ta lysed  reac tio n s ,  w ere ,  on the o ther  

hand , observed. Thus, 2 ,4 - d ic h lo ro -9 -p h e n y l f lu o re n -9 -o l  was obtained  

in only 18 .9 %  in the ca ta ly sed  r e a c t io n ,  this y ie ld  as compared to 4 3 .4 %  

in the unca ta lysed  re a c t io n .
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Yields In previously reported cyc lisa tions  ca rr ied  out under these

conditions (Table 11) referred to isolated  products , and  a comparison of

the abso lu te  results in Table 11 and  those in Table 25 would not be valid

s ince  the results in the la t te r  tab le  were ob ta ined  spectrographica lly»

However, a comparison of the influences of substituents upon the d irec tion

of ring closure betw een the previously reported  reac tions  a n d ' t h e  reactions

we carr ied  out on triarylmethanols could be u se fu l . The results in Table

11 ind ica ted  that a l l  the given substituents in the rings undergoing a t ta c k

led to lower yields of cyclised  products in the decompositions of substituted

deriva tives  of d iazo tised  t rons-o -am ino-  Ct -p h en y lc in n a n ic  ac id  (45) than

observed in the reactions of the unsubstituted com pound. More important

was the observations tha t  substantial cyc lisations  occurred onto rings supposedly

d e a c t iv a te d  towards e lec troph il ic  a t t a c k .  For ex am p le ,  high yields (90%)

of 2 -  and 4-n itro fluorenones w ere  ob ta ined  in the decomposition of

45
d iazo tised  2 -am in o -3 '-n i t ro b e n z o p h e n o n e ,  and  m odera te ly  high yields

(range of 50% -72% ) were obtained  w here py r id ine  rings w ere  a M a c k e d ,^ ^ ^ '^ ^ ^

In tervention  by aryl radicals  in these reactions  was suggested (section 2 .5 .2 )

Subsequent investigations led to conflic t ing  theories abou t  the mechanisms of

these reactions  as discussed under sec tion  2 . 5 . 2 .  Perhaps the most lucid

2 5 4 ,2 5 5
postu la tion  was tha t  by Huisgen w hich envisaged both free rad ical  and

c a t io n ic  aryl species as tak ing  pa rt  in these reac tions  (Scheme XVI).

The high yields of 9 -p h en y lf lu o ren -9 -o ls  (Table 25) in the  reactions 

we ca rr ied  out on 2 -om inp-tr ia ry lm ethano ls  m ean t tha t  a  purely  homolytic 

mechanism for these reactions  would be  hard to justify ( c . f .  Table 19 and 

^ sec t ion  2 . 5 . 1 ) .  On the other hand the in term ediacy  of an aryl ca tion  as 

pos tu la ted  for the uncata lysed  reactions (section 2 . 5 . 2 )  would not be to ta lly
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v a l id .  A higher degree  of s e le c t iv i ty ,  in a c c o rd  w ith  a  mildly e le c t ro 

philic  r e a c t iv e  in term edia te  was observed for these c o p p e r-c a ta ly se d  

reac tions  than tha t  in the uncata lysed  reac tions  (compare da ta  in Table 25 

with tha t  in Table 21) , For exam ple, the respec tive  yields of 2 ,4 - d im e th y l -  

9 -p h e n y l- f lu o re n -9 -o l  and 2 ,4 -d ic h lo ro -9 lp h e n y l f lu o re n -9 -o l  in the uncata lysed  

and  ca ta lysed  reactions were; 4 6 .0 %  and  57% for the former compound, and 

4 3 .4 %  and 1 8 .9 %  for the la t te r ,  suggesting an e le c tro p h i l ic  a t ta c k  which 

was less favourable  in the la t te r  compound than in the former in the ca ta lysed  

rea c t io n s .  The lower y ield  of 2 ,4 -d ic h lo ro - 9 -p h e n y l f lu o re n - 9 -o l  (18.9% ) 

in the ca ta lysed  reaction  as compared to the y ie ld  (43 .4% ) in the un ca ta lysed  

rea c t io n  was perhaps  surprising. Enhancement of some diversionary  reactions 

by c o p pe r-ca to ly s is ,  or the presence of coppe r ,  in troduc ing  stereochem ical 

factors whose ex ac t  nature and effects w ere  no t  known, might hove resulted 

in this unexpected  resu lt.

Data in Table 26 , which refers to com petit ion  be tw een  a t ta c k  upon 

po ten t ia l  sites of ring closure in the phenyl rings with substituents X and Y 

in compound (70) was used to inves tiga te  further the effects  of substituents 

upon in tram olecular a ry la tion  reac tions .

-Y

* re a c t iv e  cen tre

(70)
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Table 26

Relative Rates of C opper-C ata lysed  Intram olecular Arylations of Triarylmethanols (70)

i1 Y
k

Î)

i
m-CI ' H 0 . 6 5 i  0 . 2

ii) m-M e H 0 . 6 9 0 . 2
■

iîi) o ,p - M e ^  1 H
-f-
-  0 .5

iv) o ,p - C l2 H 0 . 3 , -  0.1

v) m -M e ' m-CI j 1 .5 g -  0 .3

It was noteworthy that the results in Table 26 did not f i t  in to  the 

patterns se t  by d a ta  in e i th e r  Table 20 or 22 .  Thus, a ll  the ratios of

in Table 20 (apart  from the -O M e  substituted compound) w ere  higher 

than un ity ,  w hich m eant tha t  for reactions carr ied  out in benzene  these 

substituents increased rea c t iv i ty  over that of the unsubstituted phenyl r ing . 

When considering only those 2-om inotri  phenyl methanols where one o ther  

phenyl ring was substituted in Table 26 , i t  was observable  th a t  a  ra t io  of

g rea te r  than unity  was ob tained  only in the decom position of d iazo tised  

2 - a m in o -3 ' , 5 ' -d im ethyl triphenyl m ethano l.  Results in Table 26 suggested th a t  

the a t ta c k in g  species in the c o p p e r-c a ta ly se d  reactions were m ildly e le c tro 

p h i l ic ,  which could in turn be taken as ind ica tion  th a t  c a t io n ic  species 

(or similar species) of s ligh tly  g rea te r  s e lec tiv ity  than those postu la ted  for 

the  unca ta lysed  reactions  were invo lved . Such conclusions derive  from the 

f a c t  th a t  cyc lisa tions  in i) and  ii) in Table 26 occur onto  positions m e ta -  

to the c h lo ro -  and  m ethyl-substituents  respec tive ly ,  which positions a re  

d e a c t iv a te d  towards e lec tro p h i l ic  a t t a c k .  Cyclisation in iv) occurs onto 

positions (o -£  to CIg) a lso  d e a c t iv a te d  towards e le c tro p h i l ic  a t t a c k .  The
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two methyls in iii) w ere  the only substituents p red ic ted  to e n h an ce  the 

possibility  of a t ta c k  by e lec troph iles  a t  the positions of p o ten t ia l  r ing -  

c losu res .

The Hammett reac tion  constan t p  = 0 ,467  -  0 ,5 0  ob ta ined  by the 

least squares method and using da ta  in Table 27 , som ew hat confirmed the 

mild e le c tro p h i l ic i ty  of the reac tiv e  in term ediates in these reac tio n s .  This 

va lue  (-0,467) could  no t,  however, be com plete ly  depended  upon os 

qua n ti ta t iv e  basis for further m echanistic  discussion in v iew  of the large 

margin of possible error expressed.

Table 27

Polar N atu re  of Substituted Aryl Substrates in Copper C atalysed  In tram olecular 

A ry lation  Reactions of D iazotised 2 -Am inotriory I methanols in Aqueous Acid 

Solutions

X, Y in (70)
V k y

327 , 334 
0

X Y (Substituent constant)

m-CI H 0 . 6, + 0 .373 - 0 ,1 8 7

m -M e H 0 . 6 9 - 0 . 0 6 9 -0 .1 6 1

O /p-M e^ H
’ •^ 6

+0 .123  1 0 .1 6 4

o , £ - C l 2 H 0-36
+ 0 .487

1
- 0 .4 4 4

m -M e m-CI
■

+ 0 .3 0 4  I 0 .1 9 9
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If indeed , aryl ca tions w ere  formed in the decompositions of 

d iazo t ised  2 -am ino-tr ia ry lm ethano ls  under the  present cond it ions , then 

y ields of phenols reported in Tobel 25 w ere  unexpec ted ly  low, varying 

betw een 2% and 7% (w/w) of  s tar ting  am ine  (cf .  Table 2 1 ) .  It was 

interesting to compare the 3% y ie ld  of phenol in the decomposition of 

d iazo tised  2 -o m in o -4 '-m e th y  I tri phenyl methanol (together with approxim ate ly  

3 9 . 6 % of 3 -m e th y l -9 -p h e n y lf lu o re n -9 -o l)  with tha t  previously reported for 

the  reac tion  of 2 -o m in o -4 '-m e th y lb e n z o p h e n o n e  (Table 11) when phenol 

was formed in 31% y ield  ( together  with 45%  of 3 -m ethy lbenzophenone) .

Such low phenolic  yields a p p e a r  inconsis ten t  with a free aryl ca tion  c oncep t ,  

Rather, a b im olecular  reac tion  process w here the two nuc lea r  positions 

combined in a ry la tion  were held  in position by the ca ta ly s t  until e jec tion  

of the nitrogen m olecule  seemed more sa tis fac to ry .  Steric factors might 

in this cose hinder the w a te r  m olecu le  from com peting as e ffec tive ly  for 

the e lec troph il ic  cen tre  os previously observed (Table 11).

The idea of a  diazonium  s a l t -c o p p e r  complex was not new . A 

similar example of a com plex b e tw een  an a ry ld iazonium  sa l t  and copper (II)

ch lo r ide ,  (ArN2 CuCI) Cl , had previously been  put forward in the in te r -

* 41 332
p r ê ta tion of the M eerwein a ry la t io n  reac tion  mechanism. ' The

ex is tence  of the above complex was based upon the observed polarographic

and  spectroscopic behaviour of d iazonium  solutions con ta in ing  cupric 

332c h lo r id e .  Such a complex was b e l ie v ed  to undergo reac tion  with o lef in

(butad iene) by a d isp lacem ent of the inner sphere ch lo ride  to  g ive

(A rN « C u C , H ,)^^  2C1 ; on in te rnal  e lec tron  shift  then expe ll ing  nitrogen

with the formation of the A r-C  bond w ithin  the com plex , A d ire c t
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ana logy  betw een the c o p p e r-c a ta ly se d  reac tions  of d iazo tised  2 -am in o -  

triorylmethonols and the M eerw ein  reac tions  just referred to might be 

d if f ic u l t  to envisage since  in the  former copper (0) was used and in the 

la t te r  the ca ta ly s t  was copper (II), However, the low redox potentia ls  

of copper which were discussed e lsew here  in this thesis (section 2 . 5 . 2 , 1) 

m eant that a  case for analogous com plexation  with copper in the two 

reactions  could be a rg u e d .  The mechanism suggested agreed  with both 

the se le c t iv i ty  observed in these reac tions  and the mild e lec troph il ic  

na ture  of the phenyl ring from which nitrogen was e je c te d .  Such a 

b im olecu lar  reac tion  mechanism was fu lly  discussed under section 5 . 2 . 2 ,
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5 , 3  Conclusion

The following conclusions were drown from the  results of reac tions

of d iazo tised  2 -am inotr iory  I methanols carr ied  out under the conditions 

s ta ted :

a) A ry lation  reactions carried  out in b e n z en e  using amyl n i tr i te  for

d iazo tiso t ion  resulted in the formation of products s im ilar in nature  to 

those previously obtained in reactions considered to go by way of free aryl 

r a d ic a ls .  A ccord ing ly , a homolytic mechanism was suggested for these 

re a c t io n s .  The re la t iv e ly  high yields of phenols ob ta ined  in these 

reac tions  were unexpected  in the light of previous reports, and  the l i t t le  

am ount of w ater  expected  to in te rvene  in such rea c t io n s ,

b) The uncata lysed  reactions  in aqueous a c id ic  media appeared  to 

p roceed  by way of an in term ediate  with a  low substra te  s e le c t iv i ty .  Thus,

the rates of a t ta c k  by the in term edia te  species upon the substituted and

unsubstituted phenyl rings and  w a te r  m olecules were almost e q u a l .  However, 

the  rates of a t ta c k  on w ater molecules (to  form phenols) w ere  observed to be

consis ten tly  lower than those upon phenyl rings (ary lation) in the various

reac tions  carr ied  ou t ,  Steric and entropy factors were thought to be 

responsible for the  observed p reference  for in tram olecu lar  a ry la tio n  rather 

than phenol formation.

and c) In the co p per-ca ta ly sed  reactions in aqueous a c id ic  m edia , there was 

ev id e n c e  of substrate  s e lec tiv ity  shown by the in term edia tes  formed upon 

d e d ia z o n ia t io n .  A ttack  upon phenyl substrates con ta in ing  e le c tro n -d o n a  tin g 

substituents was en h an ced ,  and  the opposite occurred  w here  e le c tro n -  

w ithdrawing groups were p resen t.  Such results ind ica ted  the formation of 

an  e lec tro p h i l ic  cen tre  a t  the  s ite  of nitrogen d e p a r tu re .  The suggestion
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th a t  aryl cations were involved was d iscoun ted  on the  ev id en ce  of the 

low yields of phenols ob ta ined  in these reac tions .  The most p robable  

course appeared  to be by way of a d iazonium  ion -copper  com plex, w hich 

on decom position, resulted in the  form ation, in tram olecu la rly ,  of an  A r-C  

bond . This was a kind of in ternal  b im olecu lar  mechanism, and phenol 

formation could have been  s te r ic a l ly  hindered by both the presence of 

copper and by the outgoing n itrogen .

A dditional k inetic  work would no doubt he lp  in the postulation of 

more de fin i tive  mechanisms in these reac tions .
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