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RECENT STUDIES ON THE FORMATION AND PROPERTIES OF 
QUINHYDRONE COMPLEXES 

A.O.  PATIL ,  W.T. PENNINCTON, C.R.  DESIRAJU, D . Y .  
CURTIN A N D  I . C .  PAUL 
Department of Chemistry, University of I l l i n o i s ,  
Urbana, I l l i n o i s  61801 , USA 

Abstract Several aspects of the s t r u c t u r a l  and 
s o l i d  s t a t e  chemistry of quinhydrones a re  described. 
Among the topics  discussed a r e  the preparation of 
isomeric quinhydrones, involving a s o l i d  s t a t e  syn- 
thes i s  by grinding t h e  components together , methods 
of interconversion of isomeric quinhydrones , and the  
use of spectroscopic methods including 13C nmr t o  
follow the  interconversion. The important f ea tu re s  
of the c rys ta l  s t ruc tures  of several  key complexes of 
quinones and hydroquinones are a l so  described. Some 
ra t iona l i za t ions  fo r  the differences i n  ease of for-  
mation and i n  stoichiometry of complexes involving 
methyl subs t i t u t en t s  a r e  a l so  presented. 

Quinhydrones are  1 :1 complexes of a quinone and a hydro- 

quinone. These complexes ex i s t  i n  the  s o l i d  s t a t e  

0 

but are  generally highly dissociated i n  so lu t ion .  The em- 

phasis i n  t h i s  paper w i l l  be on the  s o l i d  s t a t e  propert ies  

279 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
21

 1
9 

Fe
br

ua
ry

 2
01

3 



A. 0. PATIL ef a!. 280 

of quinhydrones i n c l u d i n g  those o f  some other complexes of 
quinones and hydroquinones of s t o i c h i o m e t r y  o t h e r  t h a n  
1 : l .  

HISTORICAL 

There are two c r y s t a l l o g r a p h i c  m o d i f i c a t i o n s  of the pa ren t  
or u n s u b s t i t u t e d  quinhydrone ( l a : l b ) ,  -- t h e  1:l  complex of  
benzoquinone and benzohydroquinone (or  s imply  quinone and 
hydroquinone).  The f irst  X-ray s t r u c t u r a l  work on t h e  

monocl in ic  form of quinhydrone was carried o u t  by Matsuda 
e t  al.’ Subsequent ly  Sakura i  determined t h e  s t r u c t u r e  of 
t he  t r i c l i n i c  form* and la ter  c a r r i e d  o u t  a much improved 
a n a l y s i s  of the monocl in ic  form.3 

u n s u b s t i t u t e d  quinhydrone d i s p l a y  similar s t r u c t u r a l  fea- 
t u r e s .  There are cha ins  of a l t e r n a t i n g  quinone and hydro- 
quinone molecules  l i n k e d  by 0-H---0 hydrogen bonds. I n  
t h e  d i r e c t i o n  normal t o  t he  hydrogen-bonded c h a i n s  and t h e  

molecular p l anes  of t h e  components there  is a s t a c k i n g  of 

hydroquinone molecules  over quinone molecules  and v ice-  
ve r sa .  The combination of hydrogen bonding and 11-71 i n t e r -  
a c t i o n s  g i v e s  r ise to  a n  i n f i n i t e  two-dimensional l a y e r -  
l i k e  s t r u c t u r e  (F igu re  1 ) .  I n  b o t h  c rys ta l  modifica- 
t i o n s ,  the  quinone and t h e  hydroquinone molecules  occupy 
c r y s t a l l o g r a p h i c  c e n t e r s  of symmetry. An i n t e r e s t i n g  
f e a t u r e  of t h e  s t r u c t u r e  and  t h e  d i f f r a c t i o n  p a t t e r n  of 

t h e  t r i c l i n i c  m o d i f i c a t i o n  was t h a t  there was an  a lmost  
exact a / 2  repeat r e l a t i o n s h i p  between quinone and hydro- 
quinone molecules .  I n  1977, Thozet and G a u l t i e r  pub- 
l i s h e d  t h e  s t r u c t u r e  of t he  quinhydrone formed by naphtho- 
quinone ( 2 a )  - and hydroquinone (2). While t h i s  s t r u c t u r e  

-- 

The two forms of the 
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QUINHYDRONE COMPLEXES 28 I 

0 6  OH @ I +  0 / H 

0 

l a  . l b  2a 2b 

3a 3b 4a 4b 

5a 5b 6a 6b 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
21

 1
9 

Fe
br

ua
ry

 2
01

3 



282 A. 0. PATIL a al. 

belonged t o  t h e  space group P212121 and t h e  component 
molecules were i n  gene ra l  p o s i t i o n s ,  t he  p r e v i o u s l y  no ted  
f e a t u r e s  of hydrogen-bonded cha ins  and n-a o v e r l a p  were 
a l s o  p r e s e n t .  

FIGURE 1 .  S t e r e o s c o p i c  v-?w of the arrangemen c t I 
molecules  i n  t h e  t r i c l i n i c  form of quinhy- 
drone .  The hydrogen-bonded c h a i n s  run 
v e r t i c a l l y ,  while t h e  n e x t  row of molecules  
is h e l d  by 71-71 i n t e r a c t i o n s  i n  a d i r e c t i o n  
normal t o  the p lane  of t h e  Figure .  Parts of 
two l a y e r s  are shown; there  are no s t r o n g  
i n t e r a c t i o n s  i n  t h e  h o r i z o n t a l  d i r e c t i o n  of 
the F igu re .  

2-Phenylquinhydrones 
O u r  group a t  t h e  U n i v e r s i t y  of  I l l i n o i s  became i n t e r e s t e d  
i n  quinhydrones i n  t h e  mid 1970's wi th  a view t o  p repa r ing  
ffmixedff o r  isomerically-substituted quinhydrones and t o  
examine the  p o s s i b i l i t i e s  of i n t e r c o n v e r s i o n .  As a f i r s t  
s t e p ,  t h e  i d e n t i c a l l y  s u b s t i t u t e d  2-phenyl and 
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QUINHYDRONE COMPLEXES 283 

2- (p-ch lorophenyl )  quinhydrones (3a:3b) and (4a:qb) were 
  re pa red.^ Large s i n g l e  c r y s t a l s  of t h e s e  complexes were 
ob ta ined  by non-aqueous g e l  d i f f u s i o n  t echn iques .6  

i n v e s t i g a t i o n s  r evea led  t h a t  t h e  c r y s t a l s  of 3a:3b and 

4a:4b were i s o s t r u c t u r a l  and belonged t o  t h e  space group 

P2 /c  w i t h  two molecules of t h e  complex i n  t h e  c r y s t a l  - 1  - 
u n i t  c e l l . 7  T h i s  s i t u a t i o n  r e q u i r e s  a c e n t e r  of i n v e r s i o n  

i n  t h e  complex which is not p o s s i b l e  f o r  a n  o rde red  hydro- 

gen-bonded arrangement of t h e  type  found i n  t h e  p rev ious  

i n v e s t i g a t i o n s .  The gene ra l  arrangement of t h e  l laveragedtl  

phenyl quinhydrone molecules  w a s  q u i t e  c o n s i s t e n t  w i th  t h e  

f e a t u r e s  of hydrogen-bonded cha ins  and 71-71 o v e r l a p  found 

p rev ious ly  (F igu re  2 ) .  No ev idence  f o r  a d i s o r d e r e d  pro- 

X-ray 

-- 
-- 

FIGURE 2: A view of two rows of the l a y e r  of t h e  
2-phenyl quinhydrone s t r u c t u r e ,  

t o n ,  due e i t h e r  t o  s t a t i s t i c a l  s t a t i c  d i s o r d e r  or t o  r a p i d  

exchange, could be found i n  t h e  x-ray s t r u c t u r a l  determi- 

n a t i o n .  Attempts t o  r e f i n e  t h e  s t r u c t u r e s  e i t h e r  i n  t h e  

space group p2, o r  i n  E!: o f f e r e d  no improvement over t h e  

cent rosymmetr ic  s o l u t i o n .  There were, however, two ind ica -  

t i o n s  t h a t  t h e  c r y s t a l s  may indeed be non-centrosymmetric.  
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284 A. 0. PATIL er al. 

C r y s t a l s  of 2-phenylquinhydrone gave a p o s i t i v e  second 
harmonic g e n e r a t i o n  t e s t  wi th  a Nd-YAG laser,8 w h i l e  a 

morphological examinat ion  of c r y s t a l s  of both complexes 
sugges ted  a polar a x i s  i n  t h e  1 - d i r e c t i o n ,  t h u s  imply ing  
t h e  space  group - P21 .7 
a p p a r e n t l y  c o n t r a d i c t o r y  r e s u l t s  may be as fo l lows .  Based 

on t h e  s t r u c t u r a l  characteristics of the p r e v i o u s l y  exam- 
ined  quinhydrones and the  d i s p o s i t i o n s  of t h e  molecules  i n  
the phenylquinhydrone complexes , two-dimensional sheets of 
molecules would be formed by hydrogen-bonding and 71-71 

over l ap .  However, there are no s p e c i f i c  i n t e r a c t i o n s ,  
o t h e r  than  t h o s e  invo lv ing  s p a c e - f i l l i n g  p r o t r u d i n g  phenyl 

groups ,  t o  mesh one l a y e r  w i t h  its ne ighbor  i n  such  a way 
a s  t o  provide  three-d imens iona l  order i n  terms of d i s t i n -  
g u i s h i n g  a phenylquinone molecule from a phenylhydro- 
quinone molecule.  If one c o n s t r u c t s  an o r d e r e d  s t r u c t u r e  
of t h e  t y p e  shown i n  F ig .3a ,  t h e  symmetry e lements  conform 
t o  the  space group p21 .  
i n  t h e  c e n t r a l  row, one conve r t s  the space group t o  P c  

( F i g  3b).  There would seem t o  be l i t t l e  t o  f a v o r  one ar- 
rangement over t h e  other a n d ,  i n  t h e  p rocess  of c r y s t a l  
growth, r e g i o n s  of one arrangement could  be perpe tua ted  
and t h e n ,  due t o  some l o c a l  d i s t u r b a n c e ,  the  a l t e r n a t e  
arrangement could  form. C r y s t a l s ,  a l t hough  n o t  s u i t a b l e  
f o r  s i n g l e  c r y s t a l  X-ray a n a l y s i s ,  of t h e  mixed or 
i s o m e r i c a l l y  s u b s t i t u t e d  quinhydrones (3a:Qb) and (4a :3b)  
were prepared .  They resisted i n t e r c o n v e r s i o n  i n  t h e  s o l i d  

s t a t e  after h e a t i n g  a t  140OC f o r  s e v e r a l  hours and were 
s tab le  i n d e f i n i t e l y  a t  room tempera ture .  However , there 

A p o s s i b l e  e x p l a n a t i o n  for  these 

By mere ly  s w i t c h i n g  t h e  pro tons  

- 
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QUINHYDRONE COMPLEXES 285 

Figure  3: S t e r e o s c o p i c  views of t h e  packing  of t h e  
2-phenylquinhydrone molecu le s  in t h e  c r y s t a l .  
( a )  With t h e  hydrogen atoms a r r anged  so  t h a t  
t h e  space  group is p2, ( b )  With t h e  hydrogen 
atoms a r r anged  s o  t h a t  t h e  s p a c e  group is pC. 
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286 A. 0. PATlL et al. 

was precedent f o r  s o l i d  s t a t e  i n t e r c o n v e r s i o n  of  quin- 
hydrones as Cragerov and coworkers9 had succeeded  i n  par- 
t i a l l y  i n t e r c o n v e r t i n g  the  ' H  and *H f f i somer ic f '  quin- 
hydrones by h e a t i n g  powders a t  107-120°. 

General Methods for P r e p a r a t i o n  of Pairs of  Isomeric 
Quinhydrones 
I n  r e c e n t  y e a r s ,  our group a t  I l l i n o i s  has resumed work on 
quinhydrones w i t h  t he  o b j e c t  of f i n d i n g  a g e n e r a l  method 

t o  prepare  pairs of d i f f e r e n t l y  s u b s t i t u t e d ,  or i s o m e r i c  
quinhydrones,  and t o  e x p l o r e  methods f o r  i n t e r c o n v e r s i o n  
of  t h e s e  i somer i c  pairs. I n t e r c o n v e r s i o n  could  be achieved  
concep tua l ly ,g iven  t h e  known c r y s t a l  s t r u c t u r e s ,  by c a p t u r e  
of  a H+ or H-at t h e  s u r f a c e ,  fo l lowed by p ro ton  t r a n s f e r  
a long  t h e  hydrogen bonded row, as fo l lows :  

The i n t e r c o n v e r s i o n  was probed by v a r i o u s  p h y s i c a l  
t echn iques  i n  an a t t empt  t o  o b t a i n  in fo rma t ion  on  t h e  

mechanism, such  as fo rma t ion  of i n t e r m e d i a t e s .  
A p o s s i b l e  r e a s o n  f o r  t h e  f a i l u r e  t o  effect  in t e rcon-  

ve r s ion  between t h e  2-phenyl and 2- (p-chlorophenyl 1-quin- 
hydrones may be t h a t  t h a t  p a r t i c u l a r  p a i r  of quinhydrones 
are wel l -ba lanced  thermodynamically.  I n t e r c o n v e r s i o n s  may 
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be more r e a d i l y  achieved  i f  a pair of i somer i c  quinhy- 

drones  were prepared  wi th  a greater f ree  ene rgy  d i f f e r e n c e  

between t h e  i somers .  The thermodynamic r e l a t i o n s h i p s  used 

t o  select  s u i t a b l e  compounds were t h o s e  o b t a i n e d  from 

s o l u t i o n  s t u d i e s  and involved  t h e  use  of a greater v a r i e t y  

of s u b s t i t u e n t s  than  had been employed i n  t h e  ear l ier  
work. Unfo r tuna te ly  t h i s  plan r a n  i n t o  t h e  f a i r l y  immedi- 

ate problem, t h a t  a l l  e f f o r t s  t o  p repa re  t h e  less s t a b l e  

isomer by c r y s t a l l i z a t i o n  of t h e  components l ed  t o  c rys-  

t a l s  of t h e  more stable complex due  t o  f a s t  exchange p r o c  

esses i n  s o l u t i o n  p r i o r  t o  c r y s t a l l i z a t i o n .  

used by Ras togi  and co-workers” t o  form v a r i o u s  complex- 

es. They had ach ieved  s u c c e s s  i n  t h e  p r e p a r a t i o n  of sev- 

eral complexes, i n c l u d i n g  u n s u b s t i t u t e d  quinhydrone, by 

g r i n d i n g  t h e  components t o g e t h e r .  There  w a s  a l s o  i n  t h e  

l i t e r a t u r e  ano the r  r e p o r t ”  which i n d i c a t e d  t h a t  t h e  

g r i n d i n g  r e a c t i o n  f o r  quinhydrones d i d  not go t o  comple- 

t i o n .  There was, however, no i n d i c a t i o n  t h a t  t h e  method 

had been used t o  p repa re  t h e  thermodynamically less sta- 

b l e  member of an i s o m e r i c  pair. Thus no s i g n i f i c a n t l y  

d i f f e r e n t l y - s u b s t i t u t e d  p a i r s  of quinhydrones had been 

o b t a i n e d  p rev ious ly .  

We r e s o l v e d  t h i s  d i f f i c u l t y  by a d o p t i n g  a method 

When a mix tu re  of a quinone and  a hydroquinone i n  

equimolar amounts was ground i n  an a g a t e  mortar and pes- 

t l e ,  t h e  s o l i d ,  which was i n i t i a l l y  l i g h t - y e l l o w ,  q u i c k l y  

tu rned  d a r k  as  t h e  n-complexed quinhydrone formed. Crind- 

i n g  was con t inued  f o r  5 minutes a f t e r  no f u r t h e r  c o l o r  

change was no ted .  Typica l  t o t a l  g r i n d i n g  times were 15-25 

minutes.  Quinones  and hydroquinones used i n  t h e s e  e x p e r i -  

ments i nc luded  t h e  u n s u b s t i t u t e d  (la,b), t h e  2-phenyl 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
21

 1
9 

Fe
br

ua
ry

 2
01

3 



288 A. 0. PATIL et al. 

( 3 a , b ) ,  t h e  naphtho ( 2 a , b ) ,  - and a great many methyl-sub- 

s t i t u t e d  compounds. The method was found t o  be of broad 

g e n e r a l i t y  and t o  go t o  comple t ion .  The p rogres s  and t h e  

p roduc t s  of t h e  r e a c t i o n  were fo l lowed by s e v e r a l  t ech-  

n i  ques . 

- 

X-ray powder d i f f r a c t i o n  photographs are s e n s i t i v e  

i n d i c a t o r s  of a d i f f e r e n c e  i n  c r y s t a l  s t r u c t u r e .  The 

powder photographs of t h e  p roduc t s  of g r i n d i n g  t h e  two 

sets of i somer i c  p a i r s  of quinones and hydrogens were 
c l e a r l y  d i s t i n c t  a l though g e n e r a l l y  similar ( F i g .  4). The 

Figure  4 :  X-ray powder photographs of ( t o p )  t h e  quin- 
hydrone (3a:2b) p repa red  by g r i n d i n g  2-phenyl- 
quinone (3a) w i t h  naphthohydroquinone (2b), 
( c e n t e r )  the  quinhydrone (2a :3b)  o b t a i n e d  by 
g r i n d i n g  naphthoquinone ( 2 3  a n d  2-phenylhy- 
droquinone ( 3 b ) ,  and (bot tom)  t h e  complex 2a:3b 
ob ta ined  by c r y s t a l l i z i n g  a mix tu re  of e i t h e r  
2 a  and 3b, o r  3a and 2b. 

-- 

- - - - 

s i m i l a r i t y  i n  powder photographs of t h e  two i somer i c  quin- 

hydrones i s  not s u r p r i s i n g  i n  t h a t  t h e  c r y s t a l  s t r u c t u r e s  

should  be similar i n  view of t h e  expected common s t r u c -  
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QUINHYDRONE COMPLEXES 289 

t u r a l  c h a r a c t e r i s t i c s ,  e . g . ,  H-bonding and r-complexing. 

The powder photograph of  t h e  s t a b l e  form was i d e n t i c a l  t o  

t h e  powder photograph of t h e  complex grown from s o l u t i o n ,  

a r e s u l t  t h a t  i n d i c a t e s  t h a t  t h e  c r y s t a l  s t r u c t u r e s  are 
i d e n t i c a l .  The powder photographs of t h e  u n s t a b l e  form 

ob ta ined  by g r i n d i n g  was q u i t e  d i s t i n c t  from t h a t  of a 

mixture  of s t a r t i n g  quinone and hydroquinone ( F i g .  4 ) .  I t  

may be no ted  t h a t  t h e  product of g r i n d i n g  a mix tu re  of  

u n s u b s t i t u t e d  quinone and hydroquinone t o g e t h e r  was a 

mix tu re  of t h e  monocl in ic  and t r i c l i n i c  forms of quinhy- 

drone. 

I t  had p rev ious ly  been no ted”  t h a t  t h e  carbonyl  

s t r e t c h i n g  f r equency  of t h e  quinones s h i f t s  t o  lower  fre- 

quency when t h e  hydrogen-bonded k i n h y d r o n e  i s  formed. The 

F . t . i . r .  s p e c t r a  ( n u j o l  m u l l s )  of t h e  complexes prepared  

by g r i n d i n g  were c l e a r l y  d i s t i n c t  from a s u p e r p o s i t i o n  of  

t h o s e  of t h e  components. The s p e c t r a  of t h e  isomeric 
quinhydrones were d i f f e r e n t  from each o t h e r ,  w h i l e  t h e  

s p e c t r a  of t h e  s t ab le  form prepared  by g r i n d i n g  were iden- 

t i c a l  t o  t h o s e  of t he  complex p repa red  by c r y s t a l l i z a t i o n  

(F ig .  5)  .12 D i f f e r e n t i a l  scanning  c a l o r i m e t r y  a l s o  pro- 

v ided  ev idence  f o r  t h e  comple t ion  of t h e  g r i n d i n g  reac- 

t i o n .  As t h e  r e a c t i o n  progressed  t h e  endotherms 

cor responding  t o  t h e  r e a c t a n t s  dec reased  t o  be r e p l a c e d  by 

g r a d u a l l y  i n c r e a s i n g  endotherms for t h e  p roduc t s .  

\ 

In t e rconve r s ion  of  I somer ic  Quinhydrones 

I t  was noted12 i n  t h e  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  d i s -  

cussed  above t h a t  when t h e  u n s t a b l e  quinhydrones were al- 
lowed t o  s t a n d  i n  n u j o l ,  s p e c t r a  cor responding  t o  t h e  

s t ab le  form began t o  appear .  An i n v e s t i g a t i o n  was carried 

out  t o  examine t h e  cond i t ions  f o r  i n t e r c o n v e r s i o n .  Conant 
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290 A. 0. PATlL et d. 

Figure 5: The Ftir spectra of, (top) the 1:l complex of 
benzoquinone : 
prepared by grinding, (middle) the 1 : 1 complex 
of naphthoquinone: hydroquinone (2a: 1 b) pre- 
pared by grinding, (bottom) the complex 2a:lb 
prepared by crystallization. The latter two 
spectra are essentially identical, while the 
first spectrum is clearly different. 

naphthohydroqu inone ( 1 a:E) 
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QUINHYDRONE COMPLEXES 29 I 

and F i e s e r ’  

r e d u c t i o n  p o t e n t i a l s  of s e v e r a l  quinones and t h e s e  data 

i n d i c a t e d  t h e  probable  s t ab le  quinhydrone of  an i s o m e r i c  

p a i r .  O f  t h e  quinones s t u d i e d  i n  o u r  i n v e s t i g a t i o n s ,  

naphthoquinone was the  most s t ab le ,  fo l lowed by mul t i -  

p l y - s u b s t i t u t e d  methylquinones ,  w h i l e  t h e r e  was l i t t l e  

d i f f e r e n c e  between phenylquinone and hydroquinone. Thus, 

an e q u i l i b r i u m  of t h e  t y p e  shown: 

and Hunter and Kvalnes15 had measured t h e  

l a  2b 
I 

- 

would be expec ted  t o  l i e  we l l  t o  r i g h t  on the  basis of t h e  

r e d u c t i o n  p o t e n t i a l  d a t a ,  and i n  f a c t  t h e  quinhydrone 

2 a : l b  h a s  been shown t o  be t h e  more s t a b l e  i somer .  16 -- 
We found t h a t  when t h e  thermodynamically less  s t a b l e  

complexes, such as l a : 2 b  and 3a:2b, were hea ted  a t  70-80° 

f o r  3 hours  they  were conver ted  q u a n t i t a t i v e l y  t o  2 a : l b  

and 2a:3b. The products  of t h e  r e a c t i o n  were microcry- 

s t a l l i n e  and were determined t o  be i d e n t i c a l  t o  t h o s e  

prepared  e i t h e r  by g r i n d i n g  t h e  components t o g e t h e r  o r  by 

c r y s t a l l i z a t i o n  from s o l u t i o n  on  t h e  b a s i s  of X-ray powder 

photographs and F t i r  s p e c t r a .  I n  a l l  cases  examined, i t  

was found t h a t  t h e  complex t h a t  is more s t ab le  i n  s o l u t i o n  

i s  a l s o  t h e  product of t h e  h e a t i n g  r e a c t i o n  and t h e r e f o r e  

t h e  more s t a b l e  i n  t h e  s o l i d  s t a t e .  

-- -- 

-- 
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292 A. 0. PATIL ct al, 

Anomalous behavior was found i n  t h e  case of  t h e  un- 
s u b s t i t u t e d  quinone (1 - a )  and 2,5-dimethylhydroquinone (5b)  - 
complex. When t h e  1:l complex prepared  by g r i n d i n g  t h e s e  

components t o g e t h e r  is hea ted ,  t h e  r e s u l t i n g  product  is a 

1 :2 complex o f  dimethylquinone (5a) - and hydroquinone (1 - b )  

wi th  e x c e s s  2,5-dimethylquinone be ing  produced. When a 
mixture  of 5a  and - l b  is c r y s t a l l i z e d ,  t h e  same 1:2 complex 

is ob ta ined .  
- 

The convers ion  of  l a : 5 b  ( 1 : l )  t o  5 a : l b  (1 :2 )  was -- 
fo l lowed by CPMAS 
Before t h e  r e a c t i o n  was s t u d i e d ,  t h e  s o l i d  s ta te  spectra 
of r e p r e s e n t a t i v e  quinones,  hydroquinones and quinhydrones 

were ob ta ined .  The s o l i d  s t a t e  NMR s p e c t r a  of t h e  quin- 

ones are q u i t e  similar t o  t h o s e  r e p o r t e d  i n  s o l u t i o n  i f  

due allowance is made f o r  d i f f e r e n c e s  i n  chemical equiva-  

l ence  between t h e  c r y s t a l l i n e  and s o l u t i o n  envi ronments .  

Quinones i n  which one carbon atom is  i nvo lved  i n  C-H---0 

i n t e r a c t i o n s  show doubl ing  of t h e  s i g n a l s  from o t h e r w i s e  

chemica l ly  e q u i v a l e n t  carbon atoms. The 13C s o l i d  s t a t e  

s p e c t r a  of hydroquinones are also r a t h e r  similar t o  t h e  

s o l u t i o n  s p e c t r a ,  d e s p i t e  t h e  p o s s i b l e  i n f l u e n c e s  of d i f -  

f e r e n c e s  i n  hydrogen bonding, r a p i d  0-€J proton  s h i f t s  i n  

s o l u t i o n ,  and r i n g  c u r r e n t  e f f e c t s  of aromatic r i n g s .  

Comparison of quinhydrone s p e c t r a  between s o l u t i o n  and t h e  

s o l i d  s t a t e  media are n o t  possible because of t h e  tendency 

f o r  d i s s o c i a t i o n  i n  s o l u t i o n .  The s o l i d  s ta te  s p e c t r a  of 

t h e  monocl in ic  and t r i c l i n i c  forms of  quinhydrone are 
shown i n  F igu re  6. The s p e c t r a  are q u i t e  similar t o  each  

o t h e r .  Complexation h a s  t h e  e f f e c t  of s h i f t i n g  t h e  ca r -  

bony1 carbon resonance  3-4 ppm u p f i e l d ,  a l though  t h e  phen- 

o l i c  carbon r e sonance  i n  t h e  complex is a t  t h e  same 
p o s i t i o n  as one of t h e  pheno l i c  carbon r e sonances  i n  s o l i d  

3C NMR s o l i d  s t a t e  spec t roscopy . ’  
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QUINHYDRONE COMPLEXES 293 

1344 x1 
1184 

1344 

1 w 

Figure 6: Solid state 1 3 C  NMR spectra of (top) rnono- 
clinic quinhydrone and (bottom) triclinic 
quinhydrone. 
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294 A. 0. PATIL el a/. 

a-hydroquinone. Similar upf i e l d  s h i f t s  are encountered  i n  
o t h e r  quinhydrone complexes invo lv ing  benzoquinone , but 
down-field s h i f t s  are observed  when t e t r ame thy lqu inone  
complexes wi th  t etrarnethylhydroquinone . 

5 a : l b  was s t u d i e d  by S o l i d  s t a t e  13C NMR, there were com- 
p l i c a t i o n s  due t o  t h e  fo rma t ion  of the e x c e s s  quinone, z. 
It was found17 t h a t  t h e  best approach t o  f o l l o w  t h e  con- 
ve r s ion  w a s  t o  examine t h e  r e a c t i o n :  

While t h e  direct convers ion  of  t h e  complex l a :5b  t o  -- 
-- 

1 a : l b  ( 1 : l )  + 5 b  + 5a : lb  ( 1 : 2 )  -- - -- 

When a s o l i d  mix tu re  of t h e  1 :1  complex of benzoquinone: 
hydroquinone and 2,5-dimethylhydroquinone was heated a t  
85" and I3C NMR s p e c t r a  r eco rded  a t  va r ious  times, t h e  

r e s u l t s  shown i n  F igu re  7 were ob ta ined .17  The s t a r t i n g  
mixture  gave a spec t rum i d e n t i c a l  t o  t h a t  expec ted  for  a 
mixture  of 1 a : l b  and s, while  a f t e r  h e a t i n g  for 4 hours  

t h e  f i n a l  spec t rum is e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  of t h e  

pure 5a : lb  ( 1 : 2 )  complex. The i n t e r m e d i a t e  s p e c t r a  show a 
gradual  d iminut ion  of some s i g n a l s  and t h e  appearance  and 

growth of o t h e r s .  There is no ev idence  f o r  t h e  presence  
of any i n t e r m e d i a t e s  i n  the  r e a c t i o n .  

-- 

-- 

Crystal  S t r u c t u r e s  of  S e v e r a l  Complexes of Quinones  with 

Hydroquinones 
Crystal  s t r u c t u r e s  have been de termined  for the  1 : l  com- 
p l e x  of  2,3,5,6-tetramethylquinone ( 6 a )  - w i t h  

2,3,5,6-tetramethylhydroquinone ( 6 b ) ,  - the  2:l complex of  
2 ,5-dimethyl  quinone ( 5 a )  - w i t h  2,5-dimethylhydroquinone 

(5b),'9 
(5a )13  - w i t h  u n s u b s t i t u t e d  hydroquinone ( l b )  - and of 

and t h e  1 :2 complexes of 2,5-dirnethylquinone 
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QUINHYDRONE COMPLEXES 295 

Figure 7: A series of solid state 13C NMR spectra meas- 
ured when a mixture of 2.5-dimethylhydro- 
quinone and the 1 : l  complex of benzoquinone 
and hydroquinone was heated at 85OC. Spectra 
were recorded at 0 min, 70min. 230 min, and 
500 min. 
NMR spectrum of the 1 :2 complex of 
2,5-Uimethylquinone and hydroquinone. 

At the bottom is the solid state 13C 
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296 A. 0. PATIL ef al. 

2,3,5,6-tetramethylquinone ( 6 a )  w i t h  hydroquinone ( 1  b ) .  1 8  

The 1 :1 complex of t e t r ame thy lqu inone  and t e t r ame thy l -  

hydroquinone (duroquinhydrone) was f irst  r e p o r t e d  by 
Michaelis and Granick.2 The F t i r  shows a s i n g l e  hydroxyl 
s t r e t c h i n g  a b s o r p t i o n  a t  3495 cm-l which is  s i g n i f i c a n t l y  
higher than  t h o s e  (3220-3330 cm-’) found i n  o t h e r  1 : l  

quinhydrones.’8919The crystal s t r u c t u r e  was c a r r i e d  o u t  
t o  confirm d e f i n i t e l y  t h e  s t o i c h i o m e t r y  and t o  seek expla-  
n a t i o n s  f o r  t h e  v a r i a t i o n  of  the hydroxyl s t r e t c h i n g  fre- 

quency. The c r y s t a l  s t r u c t u r e  is shown i n  F i g  8.18 The 

- - 

Figure  8: S t e r e o s c o p i c  view of the s t r u c t u r e  of t h e  1:l 
complex of t e t r ame thy lqu inone  wi th  tetra- 
methylhydroquinone (6a :6b) .  -- 

space group is p21/c - w i t h  two formula units (C10H1202’-  

C I O H 1  402) i n  the ce l l .  
durohydroquinone molecules each occupy c r y s t a l l o g r a p h i c  
c e n t e r s  of symmetry. In  many ways, t h e  c r y s t a l  s t r u c t u r e  
resembles c l o s e l y  t h a t  of monocl in ic  u n s u b s t i t u t e d  quin- 
hydrone, but w i t h  t h e  i n t e r m o l e c u l a r  dimensions s i g n i f i -  
c a n t l y  inc reased .  The r i n g - r i n g  d i s t a n c e s  between t h e  

ove r l app ing  r i n g s  are i n  t h e  range  3.38-3.50A compared t o  
2.88-3.278, for  the  u n s u b s t i t u t e d  quinhydrones while t h e  

The component duroquinone and 
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QUINHYDRONE COMPLEXES 297 

i n t e rmolecu la r  0---0 hydrogen bonding d i s t a n c e  i n  t h e  

cha in  is 2.846(3)A a s  compared t o  2.737(6)A i n  monoc l in i c  

quinhydrone. 

C r y s t a l s  of t h e  2:l complex of 2,5-dimethylquinone 

( 6 a )  - w i t h  2,5-dimethylhydroquinone ( 6 b )  - are most r e l i a b l y  

o b t a i n e d  by n u c l e a t i n g  a mix tu re  of t h e  components w i th  a 

c r y s t a l  of the 2:l complex. It  i s  a130 ob ta ined  i n  small 

amounts by c r y s t a l l i z a t i o n  from an e t h y l  a c e t a t e  s o l u t i o n  

a l o n g  w i t h  a d i f f e r e n t  complex of & and 6b which has  t h e  

1 :1 s to i ch iomet ry .20  These two complexes have d i f f e r e n t  

F t i r  spectra and X-ray powder p a t t e r n s .  C r y s t a l s  of t h e  

1 :1 complex s u i t a b l e  f o r  s i n g l e  c r y s t a l  X-ray s t u d i e s  have 

not  ye t  been ob ta ined .  The s t r u c t u r e  of t h e  2 : l  complex 

has  been determined." The c r y s t a l s  belong t o  t h e  space 
group - -  W , / c  w i t h  two formula  units ((C8H802)2'C8H1002) i n  

t h e  c e l l .  The s t r u c t u r e  is shown i n  F igu re  9.19 The 

2,5-dimethylhydro quinone molecule  o c c u p i e s  a c r y s t  a l lo-  
g r a p h i c  c e n t e r  of symmetry wi th  each  hydroxyl group hydro- 

gen bonded t o  a 2,5-dimethylquinone molecule.  The o v e r a l l  

s t r u c t u r e  does not c o n s i s t  of hydrogen-bonded c h a i n s  but 

h a s  1 r t r i ~ l e t s 7 1  of quinone-hydroquinone- quinone molecules, 

F igu re  9:  S t e r e o s c o p i c  view of t h e  2:l complex of 
dimethyl quinone (e) and dimethylhydroquinone 
( 6 b ) .  - 
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290 A. 0. PATIL er 01. 

wi th  one of t h e  carbonyl  groups of each quinone no t  par- 

t i c i p a t i n g  i n  0-H---0 hydrogen bonding, a l though  i t  is 

involved  i n  a C-H---0 c o n t a c t .  There is 71-71 o v e r l a p  be- 

tween t h e  hydroquinone and quinones but t h e  o v e r l a p p i n g  

molecules do not have t h e  -OH and C = O  groups a l i g n e d  i n  a 

p a r a l l e l  f a s h i o n ,  bu t  i n s t e a d  t h e y  are r o t a t e d  a t  an a n g l e  
18 of  -6OO. 

The c r y s t a l  s t r u c t u r e s  of t h e  two 1 :2 complexes, 

2,5-dirnethylquinone ( 5 a )  w i th  hydroquinone (1 b )13  and  

te t ramethylquinone  ( 6 a )  - w i t h  E,18 are somewhat similar. 
Both c r y s t a l s  belong t o  t h e  t r i c l i n i c  space  group PT w i t h  

one formula u n i t  (Q:2HQ) i n  t h e  u n i t  cell .  A l l  t h e  compo- 

nent molecules occupy c r y s t a l l o g r a p h i c  c e n t e r s  of symme- 
t r y .  The c r y s t a l  s t r u c t u r e s  are shown i n  F i g u r e s  1 0  and 

11. I n  each  c r y s t a l ,  t h e r e  i s  a cha in  of a l t e r n a t i n g  

- - 

- 

Figure  10:  View of t h e  packing of t h e  1:2 complex of  
dimethylquinone ( 6 a )  and  hydroquinone (1 b ) .  - - 
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QUINHYDRONE COMPLEXES 299 

Figure  1 1  : S t e r e o s c o p i c  view of the  s t r u c t u r e  of t h e  1 :2 
complex of t e t r ame thy lqu inone  ( 6 a )  w i t h  
hydroquinone (6b ) .  - - 

quinone and hydroquinone molecules he ld  t o g e t h e r  by rather 

d i f f e r e n t  forms of hydrogen bonds. The flextraff hydro- 
quinone s e r v e s  t o  c r o s s - l i n k  t h e  c h a i n s  a l s o  by hydrogen 
bonding. I n  the  1 :2 dimethylquinone: hydroquinone complex, 
t h e  hydrogen-bonded cha in  i s  e s s e n t i a l l y  the  same as t h a t  

found i n  most 1 :1 quinhydrones wi th  d i r e c t  hydroquinone t o  
quinone (0-H---0) l i n k a g e s  . 1 3  The a d d i t i o n a l  hydroquinone 
molecule forms hydrogen bonds t o  t h e  hydroxyl groups of 

t h e  hydroquinone molecules tha t  participate i n  t h e  c h a i n  
format ion .  The in -cha in  0---0 d i s t a n c e  is 2.732(2)A, 

whi le  t h e  c r o s s - l i n k i n g  0---0 d i s t a n c e  is  2.775(2)A. The 

‘71-71 o v e r l a p  between a d j a c e n t  c h a i n s  is very  similar t o  
t h a t  found i n  1 :1  quinhydrones. By c o n t r a s t ,  there is a 
f fcha inf f  of a l t e r n a t i n g  quinone and hydroquinone molecules  

i n  t h e  1 :2 complex of t e t r ame thy lqu inone  w i t h  hydro- 
quinone, but there are no d i r e c t  0-H---0 hydrogen bonds 
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between a d j a c e n t  qu inone  and hydroquinone  m o l e c u l e s .  In- 

s tead ,  t h e  t t e x t r a f t  h y d r o q u i n o n e ,  which  still  p l a y s  t h e  

ro le  o f  a c r o s s - l i n k ,  h a s  t h e  hydroxyl  g r o u p s  f u l l y  i n t e r -  

posed i n  t h e  c h a i n ;  t h e  hydrogen bonding  a r r a n g e m e n t  is  

OH(Chain HQ)--- 0 - H  ( L i n k  H Q )  --- O ( = C )  ( Q u i n o n e ) .  The 

0-H-- -O(H)  d i s t a n c e  is  2 .815(2)  and t h e  0-H---O(=C) d i s -  

t a n c e  is  2 . 8 3 7 ( 2 ) 8 .  There  is a l so  '11-71 o v e r l a p  i n  t h e  

s t r u c t u r e ,  bu t  t h e  i n t e r p o s i t i o n  of t h e  extra h y d r o q u i n o n e  

hydroxyl  g r o u p s  has  t he  consequence t h a t  t h e  a d j a c e n t  

o v e r l a p p i n g  quinone and h y d r o q u i n o n e  molecules are rotated 
at - T O 0  from p a r a l l e l i s m  of t h e  C = O  and C-OH bonds.  

The S t o i c h i o m e t r y  of Complexes o f  P o l y m e t h y l a t e d  Q u i n o n e s  

and Hy droqu i n o n e s  

I t  h a s  a l r e a d y  been n o t e d  t h a t  stoichiometries o t h e r  t h a n  

1 :1 are sometimes found when e i the r  t he  quinone  or t h e  

hydroquinone  h a s  methyl  s u b s t i t u e n t s .  We undertook a more 

s y s t e m a t i c  e x a m i n a t i o n  of t h e  e f f e c t  of methyl  s u b s t i t u -  

t i o n  i n  quinones  and hydroquinones  on t h e  ease of forma- 
t i o n  and o n  t h e  s t o i c h i o m e t r y  o f  the products .20  Complexes 

p r e p a r e d  are shown i n  F i g u r e  12.  I n  t h e  cases where t h e  

quinone  and hydroquinone  have i d e n t i c a l  s u b s t i t u e n t s  ( l e f t  

co lumn) ,  1 :1 complexes are  found e x c e p t  i n  t h e  case of  t h e  

2 ,5-d imethyl  quinone:  2,5-dimethylhydroquinone s y s t e m  where 

both 1 :1  and 2 : l  s t o i c h i o m e t r i e s  are found.  I n  the  exam- 
p l e s  where t h e  quinone is u n s u b s t i t u t e d  but  t h e  hydro-  

quinone has methyl  s u b s t i t u e n t s  ( c e n t e r  co lumn) ,  1 : 1 s toi-  

c h i o m e t r y  i s  u s u a l l y  f o u n d ,  w i t h  t h e  e x c e p t i o n  of t h e  2:l 

complex o f  u n s u b s t i t u t e d  quinone  ( l a )  - w i t h  t e t r a m e t h y l -  

hydroquinone  ( 6 b ) .  - I f  t h e  quinone  m o l e c u l e  has methyl  

s u b s t i t u e n t s  and  t h e  hydroquinone  is u n s u b s t i t u t e d  ( r i g h t  

c o l u m n ) ,  t h e  complexes are 1 :2 ,  w i t h  t he  e x c e p t i o n s  of 
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o o o - n o & o n  

Figure  12 :  Complexes i n v o l v i n g  u n s u b s t i t u t e d  and methyl- 
s u b s t i t u t e d  quinones and hydroquinones.  

2,3-dimethylquinone: hydroquinone, which i s  1 : 1 ,  and 

te t ramethylquinone:  hydroquinone (6a: 1 b) which forms both 

a 1 : l  and a 1:2 complex. 

The t e t r ame thy lqu inone  (e) and hydroquinone (E) 
system p rov ides  an example of t h e  r o l e  of n u c l e a t i o n  i n  

complex fo rma t ion .  Attempts a t  c r y s t a l l i z a t i o n  of  equ- 

imolar amounts of 6a and = o r  g r i n d i n g  6a - and 12 t o g e t h e r  

f a i l e d  t o  g ive  any complex of t h e  two components. How- 

e v e r ,  i f  t h e  ground mix tu re  w a s  hea t ed  f o r  2 h o u r s ,  a red 

1 : l  complex of 6a and = w a s  formed. 

of 6a and = w a s  nuc lea t ed  w i t h  a few c r y s t a l s  of t h e  1 : l  

complex, t hen  g r i n d i n g  a t  room t empera tu re  r e s u l t e d  i n  

complete r e a c t i o n  t o  g ive  t h e  1:l complex. If a s a t u r a t e d  

e t h y l  a c e t a t e  s o l u t i o n  of 6a and 

Also, i f  a mix tu re  

c o n t a i n i n g  an  excess  
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302 A. 0. PATIL el d. 

of each of  t h e  s o l i d  compounds w a s  n u c l e a t e d  w i t h  c r y s t a l s  
of the  1 : l  ( o r  the 1 :2) complex, well-formed c r y s t a l s  of 

t h e  1:2 complex of 6 a  and l b  were o b t a i n e d .  

t h i s  paper ,  and of  t h o s e  reported p r e v i o u s l y ,  1-4*7 g i v e s  

some c l u e s  as t o  why t h e  me thy l - subs t i t u t ed  quinhydrones 
are sometimes d i f f i c u l t  t o  p repa re  and o f t e n  form w i t h  

stoichiometries o t h e r  t h a n  1 : l .  The s t a n d a r d  f e a t u r e  of 

t h e  c r y s t a l  packing of 1 : l  quinhydrones i s  the presence  of 

two-dimensional l a y e r s  of molecules h e l d  t o g e t h e r  i n  
one -d i r ec t ion  by quinone-hydroquinone hydrogen bonding and 
i n  t h e  other by T-TI o v e r l a p  of a l t e r n a t i n g  quinone and 
hydroquinone r i n g s .  There are no  s t r o n g  packing i n t e r a c -  
t i o n s  ho ld ing  these l a y e r s  t o g e t h e r  i n  t h e  t h i r d  d i r e c  

t i o n .  These two-dimensional l a y e r s  are e x e m p l i f i e d  i n  t h e  

u n s u b s t i t u t e d  quinhydrones 1-3 and i n  duroquinhydrone. 
These complexes are ffsymmetricalff bo th  i n  terms of having  
i d e n t i c a l  s u b s t i t u t i o n  p a t t e r n s  and hav ing  t h e  component 
molecules  cent  r 0s ymmet ri c . A 1  t hough 1 ess lfs ymmet ri calf! , 
t he  1 :1 naphthoquinone: hydroquinone (2a:l  -- b )  complex and  
the  2-phenyl quinhydrones (3a:3b) amd (4a:4b) are effi-  

c i e n t  packing groups and 1 :1 complexes are r e a d i l y  ob- 

t a i n e d .  However, methyl groups ,  e s p e c i a l l y  when t h e  r i n g s  
a r e  no t  f u l l y  s u b s t i t u t e d  p resen t  a l ess  f a v o r a b l e  packing 
s i t u a t i o n .  The methyl goup i s  r e l a t i v e l y  bulky and  
occup ies  an  e s s e n t i a l l y  s p h e r i c a l  shape .  Un les s  there are 
complementary s p h e r i c a l  shapes on a d j a c e n t  shee ts ,  an  
unfavorable  packing arrangement w i l l  result. Complementary 
s p h e r i c a l  shapes w i l l  most l i k e l y  be encountered  w i t h  

i d e n t i c a l l y  s u b s t i t u t e d  and f u l l y  s u b s t i t u t e d  quinones and 

hydroquinones. Thus, duroquinhydrone is ob ta ined  w i t h  

good c r y s t a l s  as a 1 :1 complex. Also, most i d e n t i c a l l y  

- - 
Examination of t h e  c r y s t a l  s t r u c t u r e s  described i n  

-- 
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QUINHYDRONE COMPLEXES 303 

s u b s t i t u t e d  methyl quinones and methyl hydroquinones g ive  

1 :1 complexes. When a methylquinone complexes wi th  un- 
s u b s t i t u t e d  hydroquinone, t h e  small s i ze  of  t h e  hydro- 

quinone molecule provides  t h e  o p p o r t u n i t y  f o r  an add- 

i t i o n a l  hydroquinone molecule t o  p l a y  t h e  ro l e  of a b r idge  

or  l i n k  between t h e  two-dimensional l a y e r s  by a c t i n g  as a 
hydrogen bonding donor .  The resul t  i s  a 1 :2 complex, as 

shown by t h e  s t r u c t u r e s  of 5 a : l b  and 6a : lb .  The un- 

s u b s t i t u t e d  quinone molecule, l a c k i n g  a hydrogen bonding 

donor c a p a b i l i t y ,  i s  unable  t o  p l a y  t h e  b r i d g i n g  o r  l i n k -  

i n g  r o l e ,  so 1 :1 complexes are normal ly  o b t a i n e d  a l though  

o f t e n  w i t h  d i f f i c u l t y  and  poor c r y s t a l  q u a l i t y .  
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