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ABSTRACT 

Bis(2,4-pentanedionato)copper(II), C~(acac)~, quenched 

the triplet states of ketones and polynuclear aromatic hydro- 

carbons efficiently, but only certain ketones successfully 

sensitized the photoreduction of C~(acac)~ under nitrogen in 

alcohols or tetrahydrofuran to give black precipitates. These 

were tentatively identified as polymeric (2,4-pentanedionat0)- 

copper (I) complex. 

The bimolecular rate constants of quenching of several 

sensitizers by Cu(acac) in methanol were determined by flash 2 

photolysis experiments. The lack of correlation with the 

triplet state energies of the sensitizers suggest that a 

classical energy transfer process for quenching is unlikely. 

A sensitization mechanism via an electron transfer within 

an excited complex is proposed to explain the decomposition of 

Cu (acac) 2. A good agreement with Weller's equation for 

electron transfer quenching supports the proposed mechanism. 

The benzophenone sensitized photoreduction of C~(acac)~ 

was more efficient in solvents with better hydrogen donating 

.power, indicating that hydrogen abstraction is a critical 

step in the reaction. The kinetic analysis indicated that 

the efficiency of the photoreduction is determined by the 

partition of the excited complex between a successful re- 

action, involving hydrogen abstraction from the solvent, 



and an unsucces s fu l  one,  i nvo lv ing  r e v e r s e  e l e c t r o n  t r a n s f e r  

t o  g i v e  t h e  s t a r t i n g  m a t e r i a l s .  

I n  t h e  p re sence  of  v a r i o u s  l i g a n d s ,  L ,  t h e  s e n s i t i z e d  

p h o t o l y s i s  gave coppe r (1 )  complexes, Cu(acac)Lx,  t h a t  were 

r e a d i l y  o x i d i z e d  by a i r  o r  photolyzed t o  form m e t a l l i c  

copper w i t h  t h e  excep t ion  of C u ( a ~ a c ) ( P P h ~ ) ~  which was 

s t a b l e  t o  b o t h  r e a c t i o n s .  I n  t h e  presence of d i e n e s ,  t h e  

pho to reac t ion  of Cu(acac)  y i e l d e d  rear ranged  o l e f i n s  2 

probably v i a  an  u n s t a b l e  o l e f i n  complex of c o p p e r ( 1 ) .  For  

example, 1 ,5 -cyc looc tad iene  gave good y i e l d s  of t h e  1 ,3 -  

isomer,  whereas c i s - t r a n s  i somer i za t ion  was observed f o r  

t r i e n e s  i n  t h e  presence  of hydrogen. The t r a n s i e n t  Cu(acac)  

could a l s o  be  i n t e r c e p t e d  by t e r m i n a l  a c e t y l e n e s  t o  g i v e  

s t a b l e  coppe r (1 )  a c e t y l i d e  a-type complexes, o r  by d i -  

s u b s t i t u t e d  a c e t y l e n e s  t o  g i v e  n-acetylene complexes. 

The a c e t y l a c e t o n y l  r a d i c a l  genera ted  du r ing  t h e  re- 

a c t i o n  could  be  t rapped  ( i n  poor hydrogen donor s o l v e n t s )  

w i t h  r e a c t i v e  o l e f i n s  such a s  norbornene,  1-hexene o r  

neo-hexene. The i s o l a t i o n  and c h a r a c t e r i z a t i o n  of t h e  

a d d i t i o n  p r o d u c t s  showed t h a t  t h e  r a d i c a l  r e a c t s  e x c l u s i v e l y  

a s  a  carbon r a d i c a l .  



T o  F . I . A .  

T o  Jaime. 
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CHAPTER 1 

I n t r o d u c t i o n  

1-1 1,3-Dike tona te  Che la t e s  

The p h y s i c a l  and chemical  p r o p e r t i e s  o f  t h e  meta l  

8 -d ike tona t e  complexes have been e x t e n s i v e l y  i n v e s t i g a t e d  

( 1 , 2 )  - The most common s t r u c t u r e ,  s t u d i e s  have shown, ( 3 )  has  a  

g e n e r a l i z e d  formula shown below. 

From s t r u c t u r a l ,  s p e c t r a l  and chemical  ev idence  ( 3 , 5 ) .  

t h e  d e l o c a l i z e d  and e s s e n t i a l l y  p l a n a r  n a t u r e  o f  t h e  

six-membered r i n g  has  been i n f e r r e d .  The number o f  

c h e l a t e d  l i g a n d s  may vary from one t o  f o u r  depending on t h e  

o x i d a t i o n  s t a t e  of t h e  meta l .  The s u b s t i t u e n t  groups R 1 ' 
R2 and R may be  p r a c t i c a l l y  any o rgan ic  group.  3  The 

most common l i g a n d  though i s  t h e  an ion  of  2,4-pentanedione 

( R  = R = CH R2 = H )  o r  a c e t y l a c e t o n a t e  (= acac)  which 1 3  3  ' 
has  been coo rd ina t ed  t o  a lmost  every meta l  and m e t a l l o i d  



Far  l e s s  numerous than  oxygen-chelated a c e t y l a c e t o n a t e  

d e r i v a t i v e s  a r e  t h o s e  i n  which t h e  metal  atom i s  bonded 

d i r e c t l y  t o  t h e  C3 atom r a t h e r  than t o  t h e  e n o l a t e  oxygens 

(6 ,7 )  . Among t h e s e ,  complexes w i th  rhodium, i r i d i u m ,  

pal ladium and p la t inum a r e  w e l l  known (7 )  . 1 , 3 - ~ i k e t o n e s  

can a l s o  i n  c e r t a i n  ca ses  a c t  a s  n e u t r a l  l i g a n d s  b e i n g  

bound e i t h e r  through oxygen a s  - 1 - 2  o r  forming o l e f i n  

complexes a s  shown i n  - 1-3. 



1-2 S p e c t r a l  P r o p e r t i e s  

Three types  of e l e c t r o n i c  t r a n s i t i o n s  a r e  normal ly  

observed i n  meta l  B-diketonate complexes ( 8 ) .  

a )  I n t r a l i g a n d  t r a n s i t i o n :  t h i s  i s  thought  t o  be  a  

n-w* t r a n s i t i o n  which i s  c h a r a c t e r i s t i c  of t h e  a c e t y l -  

a c e t o n a t e  i o n  and normally l i e s  i n  t h e  250-300 nm r e g i o n .  

b )  Charge t r a n s f e r  t r a n s i t i o n s  ( o r  e l e c t r o n  t r a n s f e r  

t r a n s i t i o n s ) :  t h e s e  r e s u l t  from t h e  t r a n s f e r  of  one e l e c t r o n  

from an o r b i t a l  p r i m a r i l y  c e n t e r e d  on t h e  l i g a n d  t o  one 

c e n t e r e d  on t h e  meta l  (L-+M), o r  from an  o r b i t a l  p r i m a r i l y  

cen te red  on t h e  meta l  t o  one cen te red  on t h e  l i g a n d  (M+L). 

These a r e  u s u a l l y  observed i n  t h e  300-350 nm reg ion .  

However, Jorgensen  ( 9 )  ha s  suggested t h a t  charge t r a n s f e r  

t r a n s i t i o n s  observed a t  e n e r g i e s  h i g h e r  t han  l i g a n d  f i e l d  

t r a n s i t i o n s  may occu r  a t  e n e r g i e s  h i g h e r  o r  lower t h a n  

t h e  l i g a n d  n-tn*. T h i s  i s  t h e  c a s e  o f  C u ( a ~ a c ) ~  i n  which 

t h e  n+n* t r a n s i t i o n  i s  observed a t  -293 nm w h i l e  t h e  cha rge  

t r a n s f e r  band i s  observed a t  -250 nm. 

c )  Also observed w i t h i n  t h e  c h e l a t e s ,  p a r t i c u l a r l y  

i n  t h e  f i r s t - r o w  t r a n s i t i o n  s e r i e s ,  a r e  e l e c t r o n i c  

t r a n s i t i o n s  i n  t h e  v i s i b l e  r eg ion ,  due t o  d-d t r a n s i t i o n s .  

However, s i n c e  t h e  photochemist ry  observed i n  t h e  compounds 

i s  almost  e x c l u s i v e l y  redox ( 8), t h e s e  t r a n s i t i o n s  are o f  

l e s s  i n t e r e s t ,  a l though  they  can be o f  g r e a t  u t i l i t y  i n  

q u a n t i t a t i v e  photochemical  s t u d i e s .  



1-3 Photochemistry of  1 ,3-Diketonate  Che la t e s  

The e x c i t e d  s t a t e s  o f  t h e  1 ,3 -d ike tona te  c h e l a t e s  r e -  

s u l t  from t h e  a b s o r p t i o n  o f  a  photon by a  p a r t i c u l a r  

chromophore o f  t h e  molecule.  I n  t h e  c h e l a t e s  o f  t h e  f i r s t  

t r a n s i t i o n  series, wi th  t h e  excep t ion  of  t h e  C r ( I I 1 )  

c h e l a t e s  ( l o ) ,  n e i t h e r  energy t r a n s f e r  nor  luminescence 

has  been observed.  Thus, r a d i a t i v e  processes  do no t  seem 

t o  be  impor t an t  i n  t h e  d i s s i p a t i o n  o f  e l e c t r o n i c  energy 

f o r  t h e s e  molecules .  However, e l e c t r o n i c  energy can be 

d i s s i p a t e d  v i a  a  photochemical  r e a c t i o n .  

I n  t h e  l a s t  twenty y e a r s  a  number of  pape r s  involv ing  

t h e  photochemist ry  of  c o o r d i n a t i o n  compounds, e s p e c i a l l y  

i n  aqueous s o l u t i o n s  have been pub l i shed  (11-13) ,  b u t  on ly  

a  few s t u d i e s  on B-diketonate c h e l a t e s  can be  found ( 1 4 ) .  

Neve r the l e s s ,  t h e s e  s t u d i e s  have e s t a b l i s h e d  t h e  gene ra l  

p h o t o r e a c t i v i t y  p a t t e r n  o f  t h e  f i r s t - r o w  t r a n s i t i o n  metal  

B-diketonates .  Thus, u l t r a v i o l e t  i r r a d i a t i o n  o f  6- 

d i k e t o n a t e s  induces  e i t h e r  s t e r eochemica l  rearrangement 

( C r )  (15-18) ,  one-e lec t ron  r e d u c t i o n  of t h e  me ta l  c e n t e r  

(Mn ( 1 9 ) ,  Fe ( 2 0 ) ,  Co ( 2 1 ) ,  N i  ( 2 2 ) ,  Cu ( 2 3 ) )  o r  both 

( C r  (15) and  R h  (24-25) ) . A summary of  t h e s e  s t u d i e s  i s  

shown i n  Tab le  1-1. 

L i n t v e d t  ( 8 ) has  sugges ted  t h a t  f o r  t h e  photoreduc t ion  

r e a c t i o n s  i n  a l c o h o l i c  s o l v e n t s ,  t h e  s i m i l a r i t y  of  p roduc t s ,  

t h e  r e a c t i o n  k i n e t i c s  and t h e  e f f e c t  of  s o l v e n t  seem t o  



T a b l e  1-1 P h o t o c h e m i c a l  R e a c t i o n s  of B - D i k e t o n a t e  C o m p l e x e s  

F e  ( h f a c )  

C o ( t f a c 1  

N i  ( a c a c )  

C u  ( a c a c )  

A 254 -* M n ( t f a c )  ( E t O H )  + t f a c H  
E t O H  

A < 3 5 0  n m  
E t O H  

Fe ( h f a c )  ( E t O H )  + h f a c H  

A < 3 6 6  n m ~  C o  ( t f a c )  ( E t O H )  + t f a c H  
E t O H  

A 2 5 4  n m  o - N i  + 2 a c a c H  
ROH 

h cnO + 2 a c a c H  
ROH 

X 2 5 4  n m  
P 

, i s o m e r i z a t i o n  



i n d i c a t e  a common mechanism (Scheme 1-1). 

Scheme 1-1 



1 - 4  Photochemistry of  Copper Complexes 

Although t h e  photochemist ry  o f  copper (11) complexes 

has  n o t  y e t  been s t u d i e d  i n  d e t a i l ,  t h e  photochemical 

behavior  o f  a few Cu( I1 )  complexes of  c a r b o x y l i c  a c i d s  and 

amino a c i d s  has  been r e p o r t e d  ( 2 6 ) .  P roduc t  a n a l y s i s  o f  

t h e  photochemical r e a c t i o n s  i n d i c a t e d  t h e  evo lu t ion  of  

carbon d iox ide  which sugges ted  a redox-type primary photo- 

chemical r e a c t i o n .  However, i n  t h e  f i n a l  s o l u t i o n  on ly  

Cu(I1)  was found and no Cu(1) was p r e s e n t .  Also,  a t t e m p t s  

t o  d e t e c t  Cu(1) by f l a s h  p h o t o l y s i s  were unsucces s fu l  

( 2 7 ) .  I t  was expla ined  t h a t  s i n c e  t h e  Cu(1) produced i n  

t h e  primary s t e p  i s  r e a c t i v e ,  it reduces  t h e  primary l i g a n d  

r a d i c a l s  t o  r egene ra t e  C u ( I 1 ) .  The mechanism proposed 

f o r  Cu( I1)  malonate i s  shown below. I t  w a s  a l s o  observed 



t h a t  primary r a d i c a l s  produced on i r r a d i a t i o n  o f  Cu( I1)  

amino a c i d s  c h e l a t e s  i n  aqueous s o l u t i o n  us ing  n e a r  u l t r a -  

v i o l e t  l i g h t  i n i t i a t e  v i n y l  po lymer iza t ion  ( 2 8 ) .  

Bes ides  t h e  p r e s e n t  i n v e s t i g a t i o n  o n l y  one e x t e n s i v e  

s tudy  on t h e  photodecomposition of  Cu( I1 ) -8 -d ike tona te  

complexes can be found i n  t h e  l i t e r a t u r e  ( 1 9 , 2 3 ) .  T h i s  

and o t h e r  s t u d i e s  of copper compounds use  d i r e c t  ir- 

r a d i a t i o n .  

When C ~ ( a c a c ) ~  was i r r a d i a t e d  a t  254 nrn i n  a l c o h o l i c  

0 s o l v e n t s ,  t h e  produc ts  were Cu and a c e t y l a c e t o n e  w i t h  a 

low quantum y i e l d  o f  < 0 . 0 4  ( 2 3 ) .  

cu ( acac )  hv ( 2 5 4  nm)b CU' + 2acacH 
ROH 

The u l t r a v i o l e t  spectrum of  C ~ ( a c a c ) ~  (F ig .  2-1) i n  e thano l  

c o n s i s t s  of  two bands: one a t  294 nm ( E  23500) a s s igned  

by Cotton (29) t o  a  TTW* i n t r a l i g a n d  t r a n s i t i o n ,  and a 

second band a t  -243 nm ( E  14800) a s s i g n e d  t o  a  charge- 

t r a n s f e r  t r a n s i t i o n  of  t h e  l igand- to-metal  t y p e  (CTLM) 

invo lv ing  t h e  promotion of a  o-bonding o r  an oxygen-n- 

e l e c t r o n  t o  a  meta l  o r b i t a l .  S ince  no r e a c t i o n  i s  observed 

upon i r r a d i a t i o n  a t  wavelength > 280 nm, it was assumed 

t h a t  t h e  r e d u c t i o n  i s  caused by mig ra t ion  of an e l e c t r o n  

from t h e  l i g a n d  t o  t h e  meta l .  

The e f f e c t  o f  t h e  s o l v e n t  on t h e  quantum y i e l d s ,  a s  



w e l l  a s  t h e  temperalx re dependence of t h e  o v e r a l l  r e d u c t i o n  

p l u s  t h e  obse rva t ion  o f  a  r e a c t i v e  i n t e r m e d i a t e  s p e c i e s  

c o n t a i n i n g  copper,  has  l e d  L i n t v e d t  t o  propose t h e  fo l lowing  

mechanism (23)  which i n v o l v e s  an i n i t i a l  photochemical 

r e d u c t i o n  t o  a Cu(1) s p e c i e s  followed by thermal  

0 
d i s p r o p o r t i o n a t i o n  t o  Cu . Note t h a t  alkoxy r a d i c a l  i s  

proposed t o  be  formed by hydrogen atom t r a n s f e r .  

Scheme 1-2 - 



A recent paper reported the photoisomerization of 

Cu(I1) chelates of BIB'-diketoesters and of triacyl- 

methanes in solvents photochemically inert (30). These 

chelates have been shown to exist as two equilibrium con- 

figurations in solution (1-1 - and - 1-2) (31). Photochemical 

excitation of the TT-TT* transition band of 

the ligands (at "320 nm) shifts the thermodynamic equili- 

brium similar to the photoisomerization described for 

the ligands (32) . 



1-5 S e n s i t i z e d  React ions  i n  Metal  Complexes 

The quenching of a n  e x c i t e d  molecule  by m e t a l  complexes 

can occur  i n  t h r e e  fundamental ways: i) energy t r a n s f e r  

t o  g e n e r a t e  t h e  e x c i t e d  s t a t e  of t h e  m e t a l  complex, 

ii) e l e c t r o n  t r a n s f e r  l e a d i n g  t o  r a d i c a l  i o n s  v i a  e x c i p l e x e s  

( e x c i t e d  s t a t e  complex),  and iii) l i g a n d  s u b s t i t u t i o n  

r e a c t i o n s .  S i n c e  t h e  s u b s t i t u t i o n  i s  g e n e r a l l y  t o o  slow t o  

compete w i t h  i n t r a m o l e c u l a r  decay,  i t  fo l lows  t h a t  t h e  two 

most impor t an t  b imolecu la r  quenching p roces ses  are e l e c t r o n  

t r a n s f e r  and e l e c t r o n i c  energy t r a n s f e r  ( 3 3 ) .  

Although t h e r e  have been many i n v e s t i g a t i o n s  on t h e  

mechanism o f  s e n s i t i z e d  r e a c t i o n s  o f  metal  complexes (34) , 

most of t h e s e  

ruthenium( 11) 

The quenching 

s t u d i e s  have been focussed  on p o l y p y r i d i n e  

+2 
complexes (35-38) , i n  p a r t i c u l a r  Ru(bpy) . 
o f  i t s  emiss ion by v a r i o u s  t y p e s  o f  s u b s t r a t e s  

has  been t h e  s u b j e c t  of  e x t e n s i v e  s t u d i e s .  These s t u d i e s  

have shown t h a t  t h e  quenching may proceed by a n  energy 

t r a n s f e r  mechanism, o r  by o x i d a t i o n  o r  r e d u c t i o n  o f  t h e  

complex, t h a t  i s  t h e  complex can a c t  a s  e l e c t r o n  donor 

a s  w e l l  a s  a c c e p t o r  depending on t h e  n a t u r e  o f  t h e  

quenchers .  



\ E t r a n s f e r  

Scheme 1-3 

I n  s p i t e  of  a l l  t h e  work done on t h e  quenching o f  

t r i p l e t  s ta tes  of  o r g a n i c  compounds by c o o r d i n a t i o n  com- 

p l exes ,  'its mechanism i s  s t i l l  imper fec t ly  unders tood.  Most 

o f  t h e  ev idence  seems t o  i n d i c a t e  t h a t  energy t r a n s f e r  i s  

t h e  predominant mechanism of quenching. However, due t o  

t h e  l ack  o f  s p e c t r o s c o p i c  s t u d i e s  a v a i l a b l e  on t h e  number 

and n a t u r e  o f  e n e r g e t i c a l l y  a c c e s s i b l e  e x c i t e d  s t a t e s  i n  

t r a n s i t i o n  me ta l  complexes, o t h e r  mechanisms cannot  b e  

ignored .  



1-6 Quenching of T r i p l e t  S t a t e s  by M e t a l  @-Diketonates 

I n  1963, B e l l  and L i n s c h i t z  (39)  r e p o r t e d  t h a t  ~e ( acac )  

and F e ( d ~ m ) ~  were ve ry  e f f i c i e n t  quenchers of t r i p l e t  

benzophenone and t r i p l e t  1-naphthaldehyde, w i t h  r a t e  

c o n s t a n t s  c l o s e  t o  t h o s e  expected f o r  d i f f u s i o n  c o n t r o l l e d  

r e a c t i o n s .  L a t e r ,  Harnmond and Foss ( 4 0 ) ,  u s ing  a  s t a t i c  

quenching method, found t h a t  d ip iva loy lmethana to  com- 

p l e x e s  w e r e  c o n s i s t e n t l y  l e s s  e f f i c i e n t  quenchers of  

t r i p l e t  benzophenone t h a n  t h e  corresponding a c e t y l a c e t o n a t e  

complexes and they  a t t r i b u t e d  t h i s  t o  s t e r i c  e f f e c t s .  

Wilkinson and co-workers ( 4 1 )  r e p o r t e d  t h e  b imolecu la r  

r a t e  c o n s t a n t s  (kq) f o r  quenching o f  t h e  t r i p l e t  s t a t e s  

of  s i x t e e n  d i f f e r e n t  o r g a n i c  molecules (Table  1-2) by 

i r o n  (111) , aluminum(II1) and ru then ium( I I1 )  6 -d ike tona te  

, complexes i n  benzene s o l u t i o n .  From a c o r r e l a t i o n  o f  t h e i r  

quenching r a t e  c o n s t a n t  measuxemants w i t h  s p e c t r o s c o p i c a l l y  

determined energy l e v e l s  o f  t h e  complexes t hey  concluded 

t h a t  t h e  mechanism o f  quenching invo lves  e l e c t r o n i c  energy  

t r a n s f e r  ( 4 2 ) .  

However, from r e s u l t s  o f  k i n e t i c  f l a s h  p h o t o l y s i s  

exper iments ,  Hammond (43)  e a r l i e r  had r e p o r t e d  t h a t  some 

t r a n s i t i o n  metal  6 -d ike tona te  complexes quench t h e  t r i p l e t  

s t a t e  o f  e i g h t  d i f f e r e n t  o rgan ic  compounds e f f i c i e n t l y  

i n  benzene s o l u t i o n ,  b u t  found very l i t t l e  dependence on 

t h e  t r i p l e t  energy o f  t h e  s e n s i t i z e r s   able 1-3 ) .  For  



example, t h e  t r i p l e t  s t a t e  o f  an th racene ,  whose energy i s  

ve ry  low (42.6 kcal /mol) ,  w a s  s t i l l  very e f f i c i e n t l y  quenched 

by a l l  t h e  complexes i n v e s t i g a t e d .  H e  concluded t h a t  

e i t h e r  t h e  complexes have ve ry  low-lying s t a t e s  t o  which 

t h e y  can b e  promoted by energy t r a n s f e r  o r  w i t h  t h e s e  

compounds quenching does n o t  i nvo lve  energy t r a n s f e r .  S ince  

t h e y  d i d  n o t  f i n d  any evidence f o r  format ion of e x c i t e d  

s t a t e s  of t h e  c h e l a t e s ,  t hey  sugges ted  t h a t  t h e  r e s u l t s  a r e  

e q u a l l y  compat ible  w i th  e i t h e r  one o f  t h e  fo l lowing  two 

mechanisms: 

e x c i t e d  
complex 

S + MXn 

Scheme 1 - 4  
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1-7 Research Proposa l  

P re l imina ry  exper iments  c a r r i e d  o u t  by Chow ( 4 4 )  showed 

t h a t  t h e  photoreduc t ion  of  C ~ ( a c a c ) ~  i n  methanol i s  g r e a t l y  

a c c e l e r a t e d  i n  t h e  presence  o f  benzophenone. I t  w a s  a l s o  

r e p o r t e d ,  wh i l e  t h i s  r e s e a r c h  was underway, t h a t  benzo- 

phenone and acetophenone s e n s i t i z e  t h e  photodecomposition o f  

p o l y f l u o r i n a t e d  copper B-diketonates ( 4 5 ) ,  b u t  no mechanism 

was proposed. 

I n  o r d e r  t o  g a i n  more i n s i g h t  i n t o  t h e  mechanism of  

quenching of o r g a n i c  s e n s i t i z e r s  by m e t a l  complexes, w e  

dec ided  t o  re-examine t h e  s e n s i t i z e d  photochemistry o f  meta l  

B-diketonate complexes. W e  have chosen b i s - (2 ,4-pentane-  

d i o n a t o )  copper (11) f o r  s tudy  f o r  t h e  ' fo l lowing r ea sons :  

a )  I t  i s  t h e r m a l l y  s t a b l e  (it sublimes a t  a tmospher ic  

p r e s s u r e )  (46) and s imple  t o  p repa re .  

b )  I t s  p h y s i c a l  p r o p e r t i e s  have been widely i n v e s t i -  

g a t e d  (1 ,47  ) and i t s  s t r u c t u r e  has  been determined by 

x-ray c r y s t a l l o g r a p h y  (48) . 
c )  I t  shows a h igh  r e a c t i v i t y  towards s e n s i t i z a t i o n  by 

a v a r i e t y  of  d i f f e r e n t  compounds (43 ,44 ) .  

d)  I t  i s  photochemical ly  s t a b l e  when i r r a d i a t e d , a t  

X >280 nrn ( 2 3 ) .  

e) I t s  p o t e n t i a l  u se  i n  photoca ta lyzed  r e a c t i o n s  of 



d i f f e r e n t  s u b s t r a t e s .  

The aim of  t h i s  r e s e a r c h  can b e  o u t l i n e d  a s  fo l lows :  

1. To e s t a b l i s h  t h e  g e n e r a l  r e a c t i o n  p a t t e r n  o f  t h e  

photodecomposition of C ~ ( a c a c ) ~  i n  t h e  presence  of  d i f f e r e n t  

s e n s i t i z e r s  and/or s o l v e n t s  and t o  determine t h e  o v e r a l l  

quantum e f f i c i e n c y  under t h e s e  c o n d i t i o n s .  

2 .  To s t a b i l i z e  t h e  r e d u c t i o n  i n t e r m e d i a t e  Copper(1) 

s p e c i e s  w i t h  s u i t a b l e  l i g a n d s  and i n v e s t i g a t e  i t s  c a t a l y t i c  

r e a c t i v i t y .  

3 .  To i n v e s t i g a t e  t h e  a c e t y l a c e t o n y l  r a d i c a l  r e a c t i o n s .  

4 .  To i n v e s t i g a t e  t h e  k i n e t i c s  and mechanism o f  t h e  

s e n s i t i z a t i o n  process  by u s i n g  s t a t i c  quenching methods and 

f l a s h  p h o t o l y s i s  exper iments .  

5 .  To look a t  t h e  p o s s i b l e  a p p l i c a t i o n s  of  t h e  s e n s i -  

t i z e d  r e a c t i o n ,  p a r t i c u l a r l y  i n  t h e  f i e l d  o f  o l e f i n  i somer i -  

z a t i o n .  
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CHAPTER 2 

R e s u l t s  

2-1 P h o t o l y s i s  of  Cu (acac)  

I n  p re l imina ry  exper iments ,  methanol s o l u t i o n s  o f  

Cu ( acac )  i n  t h e  absence o f  s e n s i t i z e r s  were i r r a d i a t e d  i n  

a  convent iona l  immersion type  p h o t o c e l l  (Apparatus 111) . 
This  a p p a r a t u s  was c l e a r l y  u n s a t i s f a c t o r y  because of  t h e  

d e p o s i t i o n  o f  b l ack  p r e c i p i t a t e s  and m e t a l l i c  copper  m i r r o r s ,  

bo th  of  which o b s t r u c t e d  t h e  i n c i d e n t  l i g h t .  Neve r the l e s s ,  

s e v e r a l  f e a t u r e s  o f  t h e  photodecomposit ion ~ e p o r t e d  e a r l i e r  

were conf i rmed:  i) t h e  b l u e  c o l o r  o f  t h e  Cu(acac)  s o l u t i o n  

d i sappea red  s lowly  under n i t r o g e n  t o  form b lack  p r e c i p i t a t e s  

when photolyzed i n  a  q u a r t z  b u t  n o t  i n  a  Pyrex p h o t o c e l l ;  

ii) t h e  p h o t o l y s a t e ,  on exposure  t o  t h e  a i r  was s lowly  

conver ted  t o  a  b l u e  s o l u t i o n  of  Cu(acac)  and iii) o n  2  ; 

i r r a d i a t i o n  under oxygen, t h e  Cu (11) complex was i r r e v e r s i b l y  

decomposed. I n  o r d e r  t o  c i rcumvent  t h e  d e p o s i t i o n  problems, 

a n  a p p a r a t u s  was designed (Apparatus  I )  i n  which t h e  s o l u t i o n  

was i r r a d i a t e d  from overhead.  Cu ( acac )  i n  a l c o h o l  s o l u t i o n s  2  

abso rbs  l i g h t  s t r o n g l y  a t  Xmax 293 n m ( ~  23,500) ( F i g .  2-1) 

which t a i l s  t o  t h e  370 nm r e g i o n  w i t h  E - 600 a t  330 nm. I n  

s e n s i t i z e d  p h o t o l y s i s ,  t h e  c o n c e n t r a t i o n  o f  t h e  s e n s i t i z e r s  

were a d j u s t e d  s o  t h a t  they absorb  most o f  t h e  i n c i d e n t  l i g h t .  



F i g u r e  2-1 U v  S p e c t r a  o f  C u ( a c a c )  and Benzophenone 

i n  Methanol .  

C )  5 x M Benzophenone 





2 1  

T a b l e  2 -1  UV D a t a  of s e n s i t i z e r s a  

B e n z o p h e n o n e  2 5 2  ( 4  - 2 5 )  , 3 3 3  ( 2  . 1 8 )  

A c e t o p h e n o n e  2 4 0  ( 3 . 8 5 )  , 2 7 8 . 5 ( 2 . 7 9 )  

A n t h r o n e  2 6 3 ( 4 . 4 7 ) ,  3 0 7 ( 3 . 7 6 ) ,  3 1 6 ( 3 . 4 9 )  3 3 3 ( 3 . 2 5 )  

B i a c e t y l  

B e n z i l  

X a n t h o n e  

P h e n o t h i a z i n e  2 5 4  ( 4 . 6 3 )  , 3 1 7 ( 3 . 6 7 )  

p - M e t h o x y a c e t o -  2 7 1 ( 4 . 2 0 )  

p h e n o n e  

C a r b a z o l e  2 4 4 ( 4 . 3 5 )  , 2 5 7 ( 4 . 2 7 )  , 3 9 2 ( 4 . 2 3 )  

F l u o r e n o n e  

P y r e n e  3 0 6 ( 4 . 1 ) ,  3 1 9 ( 4 . 4 ) ,  3 3 4 ( 4 . 7 ) ,  3 5 0 ( 2 . 8 ) ,  



Table 2-1 (Cont'd) 

Sensitizer ( l o g € )  nm 

Perylene 

Anthracene 

in methanol 



2-2 Benzophenone S e n s i t i z a t i o n  

I r r a d i a t i o n  of a  methanol s o l u t i o n  of  Cu(acac) 
2  

( 5 . 7  mrnol) c o n t a i n i n g  6 .3  mmol of benzophenone under n i -  

t r o g e n  gave a  suspens ion  of  b lack  p r e c i p i t a t e  i n  3  h  w i t h  

concur ren t  d i s c h a r g e  o f  t h e  o r i g i n a l  b l u e  c o l o r .  On con- 

t i n u e d  i r r a d i a t i o n ,  t h e  suspension changed t o  l u s t r o u s  

copper  p a r t i c l e s  i n  a  c o l o r l e s s  s o l u t i o n ,  o r  gave a  copper 

m i r r o r  i n  c e r t a i n  c a s e s .  The p rog res s  o f  t h e  r e a c t i o n  was 

monitored by fo l lowing  t h e  decrease  o f  t h e  a b s o r p t i o n  band 

o f  Cu(acac) a t  630 nm. 2  

The y i e l d  of copper i n  t h e  p h o t o l y s i s  was determined 

by c o l o r i m e t r y  t o  be  n e a r l y  q u a n t i t a t i v e .  The c o l o r l e s s  

s o l u t i o n  con ta ined  a c e t y l a c e t o n e  i n  78% y i e l d  a s  de- 

termined by h i g h  p r e s s u r e  l i q u i d  chromatography (HPLC) and 

uv spec t roscopy  (A max 273 nm) . Formaldehyde, i n  -50% y i e l d ,  

w a s  d e t e c t e d  as i t s  2,4-dinitrophenylhydrazone d e r i v a t i v e .  

Benzophenone was q u a n t i t a t i v e l y  recovered  and t h e  absence 

of  benzopinacol  was a s c e r t a i n e d .  

hv,  Ph2C0 
Cu (acac) cuO + 2acacH + C H 2 0  

CH30H 

The m e t a l l i c  copper suspension,  ob t a ined  a f t e r  photo- 

l y s i s ,  was s t a b l e  under n i t r o g e n .  However, on exposure  

t o  a i r  it d i s s o l v e d  s lowly and r e v e r t e d  q u a n t i t a t i v e l y  

t o  g i v e  C ~ ( a c a c ) ~  w i t h  t h e  o r i g i n a l  c o n c e n t r a t i o n  a s  shown 



by uv spec t roscopy .  This  occur red  more r a p i d l y  under 

oxygen purg ing .  B-Diketones, e . g . ,  a c e t y l a c e t o n e ,  w i t h  

a  l a r g e  en01 c o n t e n t ,  a r e  known t o  r e a c t  w i t h  m e t a l s  

(among them copper)  i n  t h e  presence  of oxygen (49 ,SO) . 
When m e t a l l i c  copper ( 5  mrnol) was t r e a t e d  w i t h  a s o l u t i o n  

o f  a c e t y l a c e t o n e  (10 mmol) i n  methanol and l e f t  a t  

room tempera ture  f o r  24 h ,  a  b l u e  s o l u t i o n  of C ~ i a c a c ) ~  

was ob ta ined .  

A s  t h e  primary photodecomposition produc t  f o r  t h e  

r e a c t i o n  i n  a l c o h o l s  was t h e  b lack  p r e c i p i t a t e ,  i t s  i d e n t i t y  

was i n v e s t i g a t e d .  I t  was observed t h a t  t h e  suspens ion  o f  

t h e  b lack  p r e c i p i t a t e  i n  t h e  t r a n s p a r e n t  s o l u t i o n  r e v e r t e d  

q u a n t i t a t i v e l y  t o  C ~ ( a c a c ) ~  under oxygen and t o  one-half  

of  t h e  o r i g i n a l  C ~ ( a c a c ) ~  concen t r a t i on  under  n i t r o g e n  a s  

determined by uv spectroscopy;  m e t a l l i c  copper wa-s a l s o  de- 

p o s i t e d  i n  t h e  l a t te r  case .  This  d i s p r o p o r t i o n a t i o n  o f  

t h e  black p r e c i p i t a t e  appeared t o  be  s i m i l a r  t o  t h e  be- 

haviour  of a b l ack  Cu(1) a c e t y l  a c e t o n a t e  (Cu(acac)  -2 .5  NH3) 

p repared  by N a s t  ( 5 1 ) ,  which r e a d i l y  decomposes t o  m e t a l l i c  

copper and Cu (acac)  2 .  

. Black p r e c i p i t a t e s  were a l s o  ob ta ined  i n  t h e  d i r e c t  

p h o t o l y s i s  of C ~ ( a c a c ) ~  i n  a l c o h o l s  and have been assumed 



t o  be  Cu(acac) ( R O H ) X ,  where ROH i s  t h e  a l c o h o l  s o l v e n t  ( 2 3 ) .  

However, a l l  t h e  b l a c k  p r e c i p i t a t e s  ob ta ined  i n  t h e  s e n s i -  

t i z e d  p h o t o l y s i s  i n  v a r i o u s  a l c o h o l s  and t e t r a h y d r o f u r a n  

showed i d e n t i c a l  i n f r a r e d  s p e c t r a  and d i d  n o t  show any absorp-  

t i o n  band c h a r a c t e r i s t i c  of  an a l c o h o l .  I n  f a c t  t h e  spectrum . 

w a s  very s i m i l a r  t o  t h e  i-r spectrum o f  Cu(acac)  excep t  f o r  a  2  

few a d d i t i o n a l  peaks.  Furthermore,  when t h e  b lack  p r e c i p i t a t e s  

were t r e a t e d  wi th  a l c o h o l  s o l u t i o n s  of  t r iphenylphosphine  under 

n i t r o g e n  a  whi te  c r y s t a l l i n e  compound i d e n t i f i e d  a s  

Cu ( acac )  (PPh3) was o b t a i n e d  (52) : 

The s o l v e n t  dependence of  t h e  r e a c t i o n  was i n v e s t i g a t e d .  

The s e n s i t i z e d  photodecomposit ion of  C ~ ( a c a c ) ~  i n  e t h a n o l  

caused appearance of  t h e  b l a c k  p r e c i p i t a t e  w i t h i n  30-40 min 

and i n  i sopropanol  w i t h i n  -15 min. I n  bo th  c a s e s  copious  

amounts of t h e  b l ack  suspens ion  were r a p i d l y  formed as 

t h e  i r r a d i a t i o n  proceeded.  T h i s  suspension was t r a n s -  

formed i n t o  m e t a l l i c  copper  (100% and 98%, r e s p e c t i v e l y )  

a f t e r  3 h  and 1 h  o f  i r r a d i a t i o n ,  r e s p e c t i v e l y .  The 
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y i e l d s  of a c e t y l a c e t o n e  were ana lyzed  t o  be  84% and 76%,  

and t h e  ox. idat ion produc ts  from t h e  s o l v e n t s ,  ace ta ldehyde  

and ace tone ,  were determined (as  t h e  2,4-DNPH d e r i v a t i v e s )  

t o  be  38% and 62%,  r e s p e c t i v e l y .  Benzophenone was re- 

covered i n  h i g h  y i e l d s  i n  b o t h  c a s e s .  

Under s i m i l a r  c o n d i t i o n s ,  t h e  s e n s i t i z e d  r e a c t i o n  of 

C ~ ( a c a c ) ~  i n  t e t r a h y d r o f u r a n  s o l u t i o n  fol lowed t h e  same 

p a t t e r n ;  i . e . ,  d i sappearance  of  t h e  630 nm band w i t h  forma- 

t i o n  o f  a b l a c k  p r e c i p i t a t e  a f t e r  1 . 5  h and complete r e -  

duc t ion  t o  cuO i n  -6 h .  However, o x i d a t i o n  p roduc t s  from 

THF could n o t  be  i s o l a t e d .  

I n  chloroform s o l u t i o n  t h e  photodecomposit ion occur red  

ve ry  s lowly b u t  t h e  c o l o r  o f  t h e  s o l u t i o n  changed t o  deep 

green .  A s i m i l a r  p a t t e r n  h a s  been observed by L i n t v e d t  

i n  t h e  d i r e c t  p h o t o l y s i s  o f  Cu(acac)  i n  chloroform ( 2 3 ) ,  

i n  which t h e  r e s u l t i n g  produc t  appea r s  t o  be  a polymeric 

cuprous c h l o r i d e  s a l t .  H e  sugges ted  t h a t  s i n c e  i t  i s  

known t h a t  chloroform undergoes a photodecomposit ion wi th  

produc t ion  of  c h l o r i n e  atoms, t h e  observed r e a c t i o n  may 

r e s u l t  from t h e s e  atoms a t t a c k i n g  t h e  r e a c t a n t  o r  m e t a l l i c  

copper.  I n  benzene s o l u t i o n ,  no photodecomposit ion o f  

Cu (acac)  w a s  observed a f t e r  16 h of  i r r a d i a t i o n .    ow ever, 
when 1:l mix tu re s  of benzene-methanol o r  chloroform- 

methanol w e r e  used a s  s o l v e n t s ,  t h e  p a t t e r n s  o f  photochemical  

changes w e r e  t h e  same a s  t h o s e  observed i n  t h e  a l c o h o l  



s o l u t i o n s .  

The benzophenone s e n s i t i z e d  photoreduc t ion  of  C ~ ( a c a c ) ~  

i n  a c e t i c  a c i d  induced slow d e p o s i t i o n  o f  copper meta l  and 

t h e  format ion  of a c e t y l a c e t o n e ,  1 , l -d ipheny lace tone ,  2-1 

( 8 % )  , 1,l-diphenyl-1-buten-3-one, 2-2 ( 4 % )  and t h e  - 
d i k e t o e t h e r ,  2-3 (11%) . - 

hv. N 2  
Ph2C0 -Cu + acacH + 

HOAc 
0 

I n  a c e t i c  a c i d  s o l u t i o n ,  C ~ ( a c a c ) ~  i s  i n  e q u i l i b r i u m  w i t h  

C U ( O A C ) ~  and a c e t y l a c e t o n e .  The format ion  of  t h e  l a t t e r  

p a i r  i s  s t r o n g l y  favored a s  i n d i c a t e d  by t h e  uv abso rp t ion  ( A m a x  

675  nm, E 200) o f  a 1 x M C u ( a ~ a c ) ~  s o l u t i o n  ( F i g .  2 - 2 ) .  

The p h o t o l y s i s  of  benzophenone i n  a c e t i c  a c i d  i n  t h e  

presence  of  a c e t y l a c e t o n e  ( A  max 273 mm, E 6800) under 

n i t r o g e n  w i t h  a  Pyrex f i l t e r  caused slow d isappearance  o f  

b o t h  s u b s t r a t e s  t o  g i v e  - cis-2,2-diphenyl-3-hydroxy-3- 

methyl-4-acetyloxetane,  - 2-4. ( 2 4 % ) ,  - 2-1 (6%)  and t h e  

d i k e t o e t h e r ,  - 2-3 ( 1 4 % ) .  On t h e  b a s i s  of  one pro ton  s i n g l e t  



F i g u r e  2-2 V i s i b l e  Spectrum o f  Cu(acac)  (1 x M) 

i n  A c e t i c  Acid i n  t h e  P re sence  of  D i f f e r e n t  

Concen t r a t i ons  o f  Ace ty lace tone .  

Spectrum Cu ( acac )  : acacH 





a t  4.92 ppm and a s h a r p  in t r amolecu la r  hydrogen bond 

abso rp t ion  a t  3550 cm-I i n  CC14 s o l u t i o n ,  a con f igu ra -  

t i o n  f o r  t h e  oxe tane  2-4 was a s s igned  (Scheme 2-1) .  - 

- 
0 OH 

Ph2C0 + 
HOAc + 2 - 1  + 2-3 - - 

OH C O C H ~  

The format ion  o f  t h e  d i k e t o  e t h e r  - 2-3 was r a t i o n a l i z e d  

by a  r e t r o  a l d o l  r e a c t i o n  of  oxe tane  - 2 - 4 .  I n  gc  a n a l y s i s  

t h e  oxetane - 2-4 r e a d i l y  underwent a  thermal  rearrangement  

g i v e  t h e  k e t o n e  - 2-1, a  known compound (53) . Since  t h e  

d i k e t o  e t h e r  - 2-3 i s  the rma l ly  s t a b l e ,  it  i s  r a t h e r  u n l i k e l y  

t h a t  - 2-1 i s  formed by the rmolys i s  of  - 2-3. The smal l  amount 

o f  1,l-diphenyl-1-buten-3-one - 2-2, formed i n  t h e  s e n s i t i z e d  

p h o t o l y s i s  o f  Cu ( acac )  could be  expla ined  by t h e  fo rma t ion  

of  an u n i s o l a t e d  oxe tane ,  - 2-6, and i t s  subsequent  thermal  

c y c l o r e v e r s i o n  t o  g i v e  - 2-2 (Scheme - 2 - 1 ) .  



Scheme 2 - 1  



2-3 Other Sensitizers 

The photodecomposition of C~(acac)~ in the presence 

of several sensitizers was investigated and the results 

are summarized in Table 2-2. 

The photodecomposition could be sensitized by 

anthrone (54) , biacetyl (55) , benzil, xanthone (56,57) , aceto- 

phenone and 2-acetonaphthone in that order of decreasing 

efficiency. In all these sensitized decompositions the 

black precipitate, metallic copper and acetylacetone 

were formed in nearly stoichiometric yields and the sensi- 

tizers were recovered almost quantitatively. Vpc analysis 

of the recovered anthrone, biacetyl and benzil showed 

small peaks that were assumed to be minor photoproducts 

of the sensitizers as they are known to decompose photo- 

lytically (54,55,58). 

The decomposition of C~(acac)~ was also sensitized 

by phenyl alkyl ketones. The photolysis in the presence 

of butyrophenone, valerophenone and y-methylvalerophenone 

gave, in addition to metallic copper, 

products derived from the Norrish I1 type photo process 

as shown by vpc and nmr analysis (59-63) . 
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Other s e n s i t i z e r s  shown i n  Table  2-2 f a i l e d  

photodecompose C ~ ( a c a c ) ~  a s  i n d i c a t e d  by uv and v i s u a l  

obse rva t ion .  Except f o r  a  few c a s e s  t o  be  d e s c r i b e d  below, 

t h e  s e n s i t i z e r s  were recovered q u a n t i t a t i v e l y  and no 

a c e t y l a c e t o n e  o r  b l ack  p r e c i p i t a t e  was ob ta ined .  

Fluorenone (67) f a i l e d  t o  s e n s i t i z e  t h e  photodecomposit ion 

of  C ~ ( a c a c ) ~  i n  methanol o r  i sop ropy l  a l c o h o l  on prolonged 

i r r a d i a t i o n .  Although i n  t h e  l a t t e r  s o l v e n t  t h e  absorp- 

t i o n  maximum a t  630 nm was shown t o  s h i f t  t o  -680 nm, no 

product  o t h e r  than  t h e  s t a r t i n g  m a t e r i a l s  was recovered  

from t h e  p h o t o l y s a t e  i n  e i t h e r  s o l v e n t .  

The p h o t o l y s i s  i n  t h e  presence o•’ an th racene  i n  

methanol immediately p r e c i p i t a t e d  t h e  an th racene  dimer 

( 6 8 ) .  On prolonged i r r a d i a t i o n  t h e  dimer was o b t a i n e d  i n  

70% y i e l d  w h i l e  60% o f  C ~ ( a c a c ) ~  was recovered.  Trace 

amounts of o t h e r  p roduc ts  w e r e  a l s o  d e t e c t e d  by vpc b u t  

no a c e t y l a c e t o n e  w a s  ob t a ined .  

I n  t h e  phenoth iaz ine  s e n s i t i z e d  photodecomposit ion on ly  



60% of  C ~ ( a c a c ) ~  was recovered  and t r a c e  amounts of  o t h e r  pro- 

d u c t s  were d e t e c t e d  by t l c .  While prolonged p h o t o l y s i s  gave a 

dark  brown s o l u t i o n ,  phenoth iaz ine  was complete ly  r ecove red .  

An a t tempted  s e n s i t i z a t i o n  wi th  1-cyanonaphthalene 

d i d  no t  cause  t h e  format ion  o f  t h e  b l ack  p r e c i p i t a t e ,  b u t  

sh'owed i n s t e a d  a 15% d e c r e a s e  i n  t h e  C ~ ( a c a c ) ~  a b s o r p t i o n  

a t  630 nm wi th  d e p o s i t i o n  o f  a smal l  amount o f  a b l u e  

s o l i d  ( 1 5 % ) .  The i r  and me l t i ng  p o i n t  were i d e n t i c a l  w i t h  

[ ~ u ( a c a c )  ( C H ~ O )  In, which has  been ob ta ined  by t h e  r e a c t i o n  

o f  Cu (acac)  

2-8 has  been 

w i t h  methanol ic  KOH, and f o r  which s t r u c t u r e  

a s s igned  (69-72).  

The i r  spectrum of t h e  s o l i d  showed, i n  a d d i t i o n  t o  t h e  i r  

-1 bands of C ~ ( a c a c ) ~ ,  a b s o r p t i o n s  a t  2820, 1070 and 560 c m  



( b u t  no a b s o r p t i o n  above 3000 c m - l )  , i n d i c a t i n g  t h e  presence 

o f  a  methoxide moiety. The m a s s  spectrum showed m / e  peaks 

+ 
a t  386, 355, 324 and 261 (100%) cor responding  t o  M , 

+ + 
M + - C O C H ~ I ,  M -ZCOCH~I and M - L C U ( O C H ~ )  21, r e s p e c t i v e l y .  The 

f ragmenta t ion  p a t t e r n  below m / e  261 was very s i m i l a r  t o  

t h a t  of Cu(acac)  (73) . From t h e s e  d a t a ,  s t r u c t u r e s  

2-8, 2-9 and 2-10 could  be  sugges ted  f o r  t h e  compound. - -  

However, 2-10 appears  t o  s a t i s f y  t h e  mass s p e c t r a l  d a t a  

b e t t e r  t han  t h e  o t h e r s .  Fur thermore,  a  chloroform s o l u t i o n  

of  t h e  b l u e  s o l i d  when evapora t ed ,  gave a  r e s i d u e  which 

showed an i d e n t i c a l  i r  ( K B r )  spectrum t o  t h a t  o f  C ~ ( a c a c ) ~  

(74)  



2-4 P h o t o l y s i s  of  C ~ ( a c a c ) ~  i n  t h e  Presence  of  Various 

Ligands 

The benzophenone s e n s i t i z e d  p h o t o l y s i s  of C u ( a ~ a c ) ~  i n  

t h e  presence  of  d i f f e r e n t  l i g a n d s  d i d  n o t  form, i n  most 

c a s e s ,  t h e  b l ack  p r e c i p i t a t e .  

The pho to reac t ion  i n  t h e  presence  o f  t r iphenylphos-  

ph ine  i n  e t h a n o l  gave a c o l o r l e s s ,  c l e a r  s o l u t i o n  from 

which Cu(acac) (PPh3)2 ( 5 2 ) .  2-7 ( 9 4 % ) ,  a c e t y l a c e t o n e  (80%) 

and acetaldehiyde ' ( 4 2 %  a s  2,4-DNPH) were ob ta ined .  

hv, ROH Cu (acac)  + 2PPh3 - ( acac )  Cu (PPh3) + acacH 
Ph2C0 

The p h o t o l y s i s  i n  t h e  presence  o f  l i g a n d s  o t h e r  t han  

PPh3, gave a i r  s e n s i t i v e  s o l u t i o n s ,  u s u a l l y  co lo red ,  ex- 

c e p t  when carbon monoxide o r  o l e f i n s  were used i n  which 

c a s e s  c o l o r l e s s  s o l u t i o n s  were ob ta ined .  These s o l u t i o n s  

e x h i b i t e d  d i f f e r e n t  s t a b i l i t y  toward a i r  o x i d a t i o n  w i t h  

v i s u a l  l i f e t i m e s  ranging  from 10-20 s e c  t o  -20 min on 

exposure  t o  t h e  a i r .  For example, r e d  s o l u t i o n s  de r ived  

from t h e  r e a c t i o n s  w i t h  a , a -b ipy r idy l  and 1 , lO-phenanthrol ine  

w e r e  o x i d i z e d  back t o  t h e  o r i g i n a l  b l u e  C ~ ( a c a c ) ~  s o l u t i o n  

i n  15-20 min, wh i l e  it took only a  few seconds f o r  t h e  

ye.llow s o l u t i o n s  de r ived  from t h e  r e a c t i o n s  w i t h  2,5- 

d i t h i a h e x a n e  and e thylenediamine.  The c o l o r l e s s  s o l u t i o n s  



obtained in the photolysis in the presence of carbon monoxide 

and olefins, such as styrene, 1,s-cyclooctadiene and nor- 

bornadiene, were oxidized within 2-3 min on exposure to 

the air. 

Most of the solutions reacted readily with triphenyl- 

phosphine to give the stable Cu(acac) (PPh3) This indicates 

the presence of Cu(X) complexes in these solutions. The 

sensitized photolysis in the presence of cyclohexene or 

1,3-pentadiene gave the black precipitate which indicated 

that copper(1) complexes were not formed with these olefins. 

On continuing irradiation of the solutions of 

the Cu(1) complexes, metallic copper was formed with various 

efficiency. For example, while the red solutions of the 

copper(1) complexes of a,a-bipyridyl and 1,lO-phenanthroline 

formed metallic copper only after prolonged irradiation 

for 15-20 h, for the reactions in the presence of carbon 

monoxide and ethylenediamine, metallic copper was formed 

almost immediately after the blue color of Cu(acac)* 

disappeared. In the case of styrene, copper metal was formed 

even while the blue color still persisted. The same was 

observed for the reaction in the presence of diglyme. 

hv 
Cu (acac) + xL - Cu (acac) L x  + acacH 

Ph2C0 1 hv 



By running  t h e  p h o t o l y s i s  i n  t h e  presence  o f  l i g a n d s  

i n  1 cm uv ce l l s ,  it was p o s s i b l e  t o  de te rmine  t h e  a b s o r p t i o n  

maxima o f  t h e  c q p e r  ( I)  complexes q u a n t i t a t i v e l y  a t  t h e  

s t a t i o n a r y  s t a t e  of  p h o t o l y s i s  (Table  2-3) .  Due t o  t h e  

i n s t a b i l i t y  o f  t h e  c o l o r l e s s  s o l u t i o n  formed i n  t h e  p h o t o l y s i s  

under carbon monoxide, a t t empt s  t o  t a k e  t h e  i r  spectrum of 

t h e  p h o t o l y s a t e  were on ly  rewarded w i t h  a  weak a b s o r p t i o n  

a t  -2100 cm-'. Although t h e s e  s p e c t r a l  d a t a  d i d  n o t  

r e v e a l  t h e  s t r u c t u r e  o f  t h e  Cu(1) complexes, t h e y  probably 

have molecu la r  formulae of Cu(acac)L where x = 1 o r  2  
X '  

depending on t h e  l i g a n d s  ( b i d e n t a t e  o r  monodentate) .  



Table 2-3 Spectral Data of Copper(1) Acetylacetonate 

Complexes Derived from Cu(acac) Photolysis 

in the Presence of Several Ligands. 

~ i ~ a n d ~  Complex Data 

o-phen Cu (acac) (0-phen) 

427 nm (E -2500) 

550 nm (sh) 

DTH Cu (acac) (DTH) 575 nm ( E  146) 

Cu (acac) (PPh3) Ref (52) 

a 
bpy = a, a I-bipwidyl; o-pben = l,l0-Phenanthroline; 

DTH = 2,5-dithiahexane. 



2-5 Benzophenone S e n s i t i z e d  Pho to reac t ion  i n  t h e  Presence  

of Ace tv l enes  

The benzophenone s e n s i t i z e d  p h o t o l y s i s  o f  Cu(acac)  i n  2  

methanol i n  t h e  presence  of 1-hexyne o r  phenylace ty lene  

gave yel low p r e c i p i t a t e s  of Cu(1) a c e t y l i d e s  i n  good y i e l d s .  

From t h e  o r g a n i c  l a y e r  benzophenone was recovered q u a n t i -  

t a t i v e l y  and a c e t y l a c e t o n e  was ob ta ined .  The r e a c t i o n  i n  

t h e  p re sence  o f  t -bu ty l ace ty l ene  gave a n  orange s o l u t i o n  

from which t h e  C u ( 1 ) t - b u t y l a c e t y l i d e  was sepa ra t ed ,  as an 

orange  s o l i d .  

R- - % Yie ld  i r  (cm-l) mp (OC) Ref. 

Ph- 72% 1930 (w)  230•‹ d  75,76 

CH3 ( C H ~ )  3- 9  0% 1927 ( m )  145-185O d  77 

A s  t h e s e  a c e t y l i d e s  a r e . v e r y  i n s o l u b l e  and n o n - c r y s t a l l i n e  

s o l i d s ,  t h e y  w e r e  i d e n t i f i e d  by t h e  coupl ing  w i t h  iodobenzene 

(77) t o  g i v e  s u b s t i t u t e d  phenylace ty lenes  which w e r e  e a s i l y  

i d e n t i f i e d  by spec t roscop ic  methods. 



Cu (acac) + RCfCH hv 
2 

CuCXR + 2acacH 
ph2coW I 

The photoreaction in the presence of 1,5-hexadiyne 

gave a dark orange amorphous solid of bis-acetylide -- 2-11 

(67%). Trezitment of 2-11 with iodobenzene in hot pyridine 

afforded crystals of 1,6-diphenyl-1,s-hexadiyne, 2-12 

(44%), which was characterized by nmr and ms (80). 

The sensitized photolysis in the presence of di- 

phenylacetylene in methanol readily deposited fine white 

needles of Cu (acac) (PhCXPh) , 2-13 (29%) , which showed 

an ir band at 1975 cm-l and molecular ion peak at m/e 

340 (1%). On continued irradiation, a brown precipitate 

and a colorless solution were obtai'ned. The crystals 

decomposed rapidly in solution at room temperature, even 

under nitrogen and could not be purified. However, the 

nrnr of a decomposed solution in a sealed tube (in 

distilled CDC13) showed the methyl signal for acetyl- 

acetone at 2.02 and 2.30 ppm and the aromatic proton 

signal for diphenylacetylene at 7.40 ppm in a ratio of 

6:lO. 



hv,  CH30H /Ph 

cu (acac)  + P ~ C - C P ~  - ( acac )  C U / ~  
Ph2C0 -. -. 

"Ph 

A s i m i l a r  p h o t o l y s i s  i n  t h e  presence  o f  3,5-dimethyl-  

1-hexyn-3-01 a f f o r d e d  a yellow-brown s o l u t i o n  which r a p i d l y  

ox id i zed  t o  C ~ ( a c a c ) ~  when exposed t o  t h e  a i r .  A f t e r  t h e  

u s u a l  work-up on ly  t h e  unchanged s t a r t i n g  m a t e r i a l s  were 

recovered.  Treatment o f  t h e  yellow-brown s o l u t i o n  w i t h  tr i-  

phenylphosphine under n i t r o g e n  gave t h e  s t a b l e  

Cu (acac)  (PPh3) 2 .  T h i s  suggested t h e  s t r u c t u r e  2-14 f o r  

t h e  Cu(1) complex a s  shown below. 



2-6 Benzophenone S e n s i t i z e d  Pho to reac t ion  i n  t h e  Presence  

of  O l e f i n s  

I n  o r d e r  t o  i n v e s t i g a t e  t h e  format ion  of  o r g a n i c  

f r e e  r a d i c a l s  i n  t h e  benzophenone s e n s i t i z e d  pho to reac t ion  

o f  Cu (acac)  2 ,  t h e  p h o t o l y s i s  was c a r r i e d  o u t  i n  t h e  

presence  o f  o l e f i n s  w i t h  no a b s t r a c t a b l e  hydrogens i n  

s o l v e n t s  such a s  a c e t i c  a c i d  and a c e t o n i t r i l e .  

2-6-1 Norbornene 

The pho to reac t ion  of  Cu(acac)  i n  t h e  presence of  

norbornene i n  a c e t i c  a c i d  gave m e t a l l i c  copper and a yel low 

p h o t o l y s a t e  a f t e r  16 h  of i r r a d i a t i o n .  The p h o t o l y s a t e  

gave a f t e r  s e p a r a t i o n  by column chromatography, 2- 

ace ty lnorbornane ,  2-15 ( 4 % ) ,  2-exo-norbornylacetone, 

2-16 (11%), 3-exo-(2-norbornyl)acetylacetone, 2-17 (30%) 

i n  a d d i t i o n  t o  p roduc ts  from t h e  r e a c t i o n  of benzophenone 

w i t h  a c e t y l a c e t o n e ,  2-1 ( 1 9 % ) ,  2-2 ( 9 % )  and 2-3 ( 2 0 % ) .  - 

The b a s i c  h y d r o l y s i s  of  2-17 a f f o r d e d  t h e  ke tone  2-16 

q u a n t i t a t i v e l y .  This  ke tone  has  been prepared by p h o t o l y s i s  



of  norbornene i n  ace tone  ( 8 1 ) .  The r e a c t i o n  g i v e s  

s t e r e o s p e c i f i c a l l y  t h e  exo-compound a s  shown by chromic 

a c i d  o x i d a t i o n  o f  2-16 t o  g i v e  t h e  2-exo-norbornyl- 

c a r b o x y l i c  a c i d .  

The s t r u c t u r e  of 2-17 was a l s o  determined by spec t ro -  

s c o p i c  methods. I t  was shown by e lementa l  a n a l y s i s  and 

h i g h  r e s o l u t i o n  mass spectrum t o  have t h e  molecular  formula 

'12~18'2 ' 
Its i n f r a r e d  spectrum showed bands a t  2960, 

2880 and 1700 (C = 0) cm-l. The 13c nmr spectrum showed two 

ca rbony l  s i n g l e t s  a t  203.8 and 203.5 ppm and doub le t  a t  
/ 

1 

76.0 f o r  t h e  C3 carbon of t h e  d ike tone .  The 400 MHz 

nmr spectrum1 a l s o  showed two non-equivalent  CB 3 groups 

a t  2.17 and 2.13 ppm. On h e a t i n g  up t o  100•‹C t h e  two 

methyl s i g n a l s  d i d  n o t  c o l l a p s e .  A doub le t  a t  3.46 ppm 

(J = 1 1 . 0  Hz) was ass igned  t o  t h e  methine pro ton  of  t h e  

d i k e t o n e  moiety .  Decoupling exper iments  i n d i c a t e d  t h a t  

t h e  13-diketonyl group must be  a t t a c h e d  t o  t h e  C2  carbon.  

On i r r a d i a t i o n  of t h e  double t  a t  3.46 t h e  m u l t i p l e t  a t  

2.32 f o r  t h e  C2-proton was modif ied t o  a  double  d o u b l e t  

(J = 8.2 and 5.4 Hz) .  The doub le t  a t  3.46 c o l l a p s e d  t o  

a  s i n g l e t  upon i r r a d i a t i o n  of  t h e  s i g n a l  a t  2.32. The 

W e  a r e  g r a t e f u l  t o  D r .  W .  Ayer from t h e  Un ive r s i t y  of 

* A l b e r t a  f o r  t h e  400 MHz 'H nrnr spectrum. 



l a r g e  coupl ing  c o n s t a n t  f o r  t h e  C2-proton obv ious ly  showed 

i t s  endo-o r i en t a t i on  ( 8 2 ) ;  t h e r e f o r e ,  t h e  a c e t y l a c e t o n y l  

group must have an  - exo-o r i en t a t i on .  The absence of  ex- 

changeable p ro tons  i n d i c a t e d  t h a t  t h e  d i k e t o n e  e x i s t s  

mainly i n  t h e  k e t o  form. I t  i s  known t h a t  3 -a lky l  sub- 

s t i t u t e d  f3-diketones normally show a  low e n o 1 , c o n t e n t  

(83)  . The mass spectrum f o r  2-17 e x h i b i t e d  a  molecular  i o n  

peak a t  m / e  194 and mass peaks t h a t  might  be  d e r i v e d  from 

a  f ragmenta t ion  p a t t e r n  a s  shown i n  Scheme 2-2. 

Scheme 2-2 



The d i k e t o n e  2-17 was a l s o  ob ta ined  by o x i d a t i v e  a d d i t i o n  

of  a c e t y l a c e t o n e  t o  norbornene i n  t h e  presence o f  manganese 

t r i a c e t a t e  i n  a c e t i c  a c i d .  

T h i s  r e a c t i o n  h a s  been proposed t o  i nvo lve  t h e  g e n e r a t i o n  

of  t h e  a c e t y l a c e t o n y l  r a d i c a l  by Mn(II1) o x i d a t i o n  and t h e  

subsequent a d d i t i o n  o f  t h e  r a d i c a l  t o  o l e f i n s  (84-87) .  

A s i m i l a r  p h o t o l y s i s  of  C ~ ( a c a c ) ~  i n  t h e  p re sence  of  

norbornene i n  a c e t o n i t r i l e  a f f o r d e d  norbornene,  . . d ike tone  

2-17 - (17%)  and oxe tane  2-18 (88) w i thou t  a c e t y l a c e t o n e  

adducts  2-1,2-2 and 2-3. -- - 

The r e a c t i o n  a f t e r  28 h  of i r r a d i a t i o n  showed s m a l l  

amounts of m e t a l l i c  copper wh i l e  t h e  o r i g i n a l  b l u e  c o l o r  

of t h e  s o l u t i o n  s t i l l  p e r s i s t e d .  

hv,  CH3CN 
Cu (acac)  + - 2-17 + Ph2C0 hih 

Ph 

2-18 



A p h o t o l y s i s  i n  a c e t o n i t r i l e  under s i m i l a r  c o n d i t i o n s ,  

b u t  i n  t h e  presence  o f  an exces s  of a c e t y l a c e t o n e  gave 2-17 

i n  1 4 %  y i e l d .  Benzhydrol (<5%) , 2-1 ( 1 6 % ) ,  2-2 (6%)  , - 2-3 

(32%)  and 2-18 (18%)  were a l s o  ob ta ined .  

The p h o t o l y s i s  of an  a c e t i c  a c i d  s o l u t i o n  of  

Cu (acac)  2 ,  benzophenone and neo-hexene under n i t r o g e n  gave 

a f t e r  1 2  h  m e t a l l i c  copper  and a  yellow s o l u t i o n .  The 

p h o t o l y s a t e  a f f o r d e d  3-acetyl-6,6-dimethyl-2-heptanone, 

(11%) and a  mixture  o f  two compounds t e n t a t i v e l y  i d e n t i f i e d  

a s  2 - 2 1  and 2-22 ( - 3 0 % ) .  

COCH 

d 

The s t r u c t u r e  of  2-19 was determined by s p e c t r o s c o p i c  

methods. I ts  i n f r a r e d  spectrum showed abso rp t ions  a t  1730,  



1703 and 1600 cm-I i n d i c a t i v e  of t h e  k e t o  and en01 forms 

1 
of  a  B-diketone ( 8 9 ) .  The H nmr spectrum showed an e n o l i e  

s i g n a l  a t  16.47 ppm, t h e  methine pro ton  a t  3 .54 ( t , J=6 .5  Hz) 

and two methyl s i g n a l s  a t  2.17 ( k e t o )  and 2.12 ( eno l )  a s  

w e l l  as two t - b u t y l  groups a t  0.96 and 0.90. The en01 

c o n t e n t  was determined by 'H nmr t o  b e  22% i n  CDC13 s o l u t i o n .  

The 13c nmr spectrum showed two l i n e s  a t  205.1 ( C  = 0 ,  kc to)  

and 191.3 (CO,  e n o l )  a s  w e l l  a s  two l i n e s  f o r  t h e  C3  

ca rbon ,  a t  111.0 ( s i n g l e t ,  e n o l )  and 70.2 ( d o u b l e t ,  ke to )  . 
Its  mass spectrum e x h i b i t e d  a molecular  i o n  peak a t  m/e 

184. A f ragmenta t ion  p a t t e r n  t o  e x p l a i n  t h e  o t h e r  mass 

peaks i s  proposed below (Scheme 2-3) .  



m / e 7 1  m/e113  m/e 1 0 0  

Scheme 2-3 

The i n f r a r e d  spectrum of compound 2-20 showed a 

-1 s t r o n g  a b s o r p t i o n  band a t  1670 cm , c h a r a c t e r i s t i c  o f  

an  a ,  8 -unsa tura ted  ke tone .  I t s  13c nmr spectrum showed a  

carbonyl  s i g n a l  a t  199.5,  which i s  lower t han  va lues  nor- 

mal ly  observed i n  s a t u r a t e d  ke tones  ( 9 0 ) .  I n  conjuga ted  

systems,  t h e  a,B-double bonds s h i f t  t h e  ke tone  carbonyl  

a b s o r p t i o n  u p f i e l d  by - 5  t o  7 ppm ( 9 1 ) .  Two l i n e s  a t  

164 . l ( s )  and 109.3 (s) were ass igned  t o  t h e  C2 and C3 ca rbons  

by comparison w i t h  t h e  13c spectrum o f  u n s u b s t i t u t e d  dihydro-  

pyran ( C 2 :  144.9, C3:  100.5) ( 9 2 ) .  The observed s h i f t s  

t o  lower f i e l d s  f o r  2-20 a r e  t hose  expec ted  upon i n t r o d u c t i o n  

of  a  methyl group a t  t h e  a -pos i t i on  and of  an  a c e t y l  group 

a t  t h e  B-posit ion ( 9 2 ) .  The mass spectrum e x h i b i t e d  a 

molecu la r  i o n  peak a t  m/e 182 i n  a d d i t i o n  t o  major peaks 

a t  m / e  139,  70 and 43 (Scheme 2-4)  . 



Scheme 2-4 

S e v e r a l  a t t e m p t s  t o  s e p a r a t e  2 -21  and 2-22 were unsuc- 

c e s s f u l .  T h e i r  s t r u c t u r e s  were suggested based on i r ,  m s  

(gc-ms) and 'H nmr of t h e  mixture .  The i n f r a r e d  spec- 

trum showed a b s o r p t i o n  bands f o r  a d ike tone  a t  1720 cm-' 

(C = 0 ) ,  a  C=C double  bond s t r e t c h i n g  a t  1605 cml ( e n o l )  

and an a ,B-unsa tura ted  ketone and/or a t r i s u b s t i t u t e d  

-1 1 double bond a t  1675 cm . The H nmr spectrum showed an 

e n o l i c  p r o t o n  a t  6 16.41 a s  w e l l  a s  a t r i p l e t  a t  



6 4.23(J=10 Hz) a s s i g n e d  t o  t h e  C5 p r o t o n  o f  2-21. b u t  no -- 
o l e f i n i c  p r o t o n  s i g n a l s .  The mass spect rum o f  b o t h  com- 

pounds (gc-ms) e x h i b i t e d  a molecu la r  i o n  peak a t  m / e  182.  

The b a s e  peak a t  m / e  125 f o r  2-21 can  be  e x p l a i n e d  by t h e  

l o s s  o f  t - b u t y l  g roup  ( - 5 7 ) .  T h i s  f r a g m e n t a t i o n  i s  n o t  

obse rved  i n  t h e  mass spect rum o f  2-22 s u g g e s t i n g  t h a t  t h e  

t - b u t y l  group h a s  undergone rea r rangement .  A p o s s i b l e  

mechanism i s  d i s c u s s e d  i n  Chapter  3.  

a f f o r d e d  neohexene,  d i k e t o n e  2-19, pyran  2-20 and t h e  

c o r r e s p o n d i n g  o x e t a n e .  The a c e t y l a c e t o n e  a d d u c t s  2-1 and - 
2-3 were o b t a i n e d  i n  a 2 : 1 r a t i o .  - 
2-6-3 1-Hexene 

The p h o t o l y s i s  o f  Cu(acac )  i n  t h e  p r e s e n c e  o f  1- 

hexene i n  a c e t i c  a c i d  gave a f t e r  3 h o f  i r r a d i a t i o n  

m e t a l l i c  copper  and a ye l low s o l u t i o n .  Column chromatography 

of  t h e  p h o t o l y s a t e  fo l lowed  by p r e p a r a t i v e  vpc a f f o r d e d  

a m i x t u r e  of  3-acetyl-5-nonen-2-one, 2-23 ( 4 % )  and 

3-acetyl-2-nonanone, 2-24 ( 1 6 % ) ,  and 3-acety l -5- (n-  

buty1)-2-methyldihydrofuran, 2-25 ( 1 2 % ) .  i n  a d d i t i o n  t o  

s m a l l  amounts of  t h e  benzophenone a d d u c t s  t o  a c e t y l a c e t o n e ,  

2-1, 2-2 and 2-3. - -  - 



The i n f r a r e d  spectrum f o r  t h e  mix ture  of 2-23 and 2-24 

showed a b s o r p t i o n  bands a t  1728, 1680 and 1610, t y p i c a l  

f o r  an a c e t y l a c e t o n e  group (89)  , and 969 (CH=CH) cm-l. The 

'H nmr spectrum i n d i c a t e d  t h e  presence  of an e n o l i c  p ro ton  

( 6  16.62) and o l e f i n i c  p ro tons  ( 6  -5.4) . Also observed i n  

t h e  spectrum were two d i s t i n c t  t r i p l e t s  a t  6 3.70(J=7.2 Hz) 

and 6 3 .63(J=7.5  Hz) a s s igned  t o  t h e  C3 hydrogens. The 

13c nmr spectrum e x h i b i t e d  two carbonyl  s i g n a l s  a t  205.0 

and 204.5 ppm. The presence  of  a  CH=CH group was i n d i c a t e d  

by t h e  two douh le t s  a t  134.3 and 126.0 ppm. 

Two doub le t s  a t  69.5 and 69.2 were ass igned  t o  t h e  a- 

ca rbons  t o  t h e  carbonyls .  The mass spectrum (gc-ms) 

f o r  2-24 showed a  molecular  i o n  peak a t  m/e 184 wi th  major 

mass peaks a t  m/e 142, 100,  85, 71 and 43 (Scheme 2-5) . 



Scheme 2-5 

The m a s s  spectrum of  2-25 e x h i b i t e d  a  molecular  i o n  

a t  m / e  182 ,  which coupled wi th  e lementa l  a n a l y s i s  was i n  

agreement w i t h  a  molecular  formula of C11H1802. I t s  

i n f r a r e d  spectrum showed abso rp t ion  bands a t  1670 and 1602 

1 f o r  an  a ,B-unsaturated ketone.  The H nmr spectrum showed 

a  m u l t i p l e t  a t  6 4.62 f o r  t h e  C5 p ro ton .  The methyl 

S i g n a l s  appeared  a t  6 2.18, w h i l e  t h e  C4 pro tons  appeared 



a s  a m u l t i p l e t  a t  6 2.6-3 .l. I n  t h e  13c nmr spectrum t h e  

carbonyl  peak appeared a t  195 .1  which i n d i c a t e d  conjuga t ion  

wi th  a double  bond (90) . The s i g n a l s  a t  168 - 5  (s) and 

112 .5 ( s )  f o r  t h e  C2 and C3 carbons ,  r e s p e c t i v e l y ,  a r e  i n  

agreement w i t h  t y p i c a l  carbon resonances  f o r  s u b s t i t u t e d  

d ihydro fu rans  ( 93) . 
The pho to reac t ion  i n  a c e t o n i t r i l e  a f f o r d e d  a f t e r  1 4  h 

of  i r r a d i a t i o n  a yellow-green s o l u t i o n  and t r a c e s  of  m e t a l l i c  

copper.  Vpc and gc-ms a n a l y s e s  i n d i c a t e d  t h e  presence  of 

2 - 2 4  and s m a l l  amounts of an oxetane ( 9 4 ) .  

2-6-4 Cyclohexene 

The p h o t o l y s i s  of  C ~ ( a c a c ) ~  i n  t h e  p re sence  of  cyclo-  

hexene i n  a c e t i c  a c i d  gave m e t a l l i c  copper a f t e r  4 h of  

i r r a d i a t i o n .  Vpc and gc-ms ana lyses  i n d i c a t e d  t h e  format ion 

of A'-cyclohexenyl-3-acetate, 2-26 ( 5 8 % ) ,  showing a molecular  

i o n  peak a t  m/e  1 4 0  and a b a s e  peak a t  m/e 79, and b icyc lo-  

hexenyl ,  2-27 ( 8 % ) .  An a u t h e n t i c  sample o f  2-26 was 

2-26 2-27 

syn thes i zed  by a c e t o x y l a t i o n  of cyclohexene w i t h  mercur ic  

a c e t a t e  (95,96)  . 
The pho to reac t ion  i n  a c e t o n i t r i l e  a f f o r d e d  m e t a l l i c  



copper a f k e r  2 h of  i r r a d i a t i o n .  Vpc and gc-ms a n a l y s e s  

showed t h e  format ion  o f  2-27 ( - 1 2 % )  and t h e  oxe tane  ( - 2 5 % )  

de r ived  from benzophenone and cyclohexene ( 1 6 3 ) .  
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2-7 Benzophenone S e n s i t i z e d  Pho to reac t ion  i n  t h e  Presence  o f  

Polyenes  

The s e n s i t i z e d  p h o t o l y s i s  of  C u ( a ~ a c ) ~  i n  methanol i n  

t h e  presence  of  1 ,5 -cyc looc tad iene  was c a r r i e d  o u t  t o  g i v e  

a f t e r  16 h  a  c o l o r l e s s  s o l u t i o n  which tu rned  b l u e  i n  a  few 

seconds on exposure t o  t h e  a i r .  IFuuther i r r a d i a t i o n  caused 

t h e  format ion  o f  m e t a l l i c  copper .  Chromatography on s i l i c a  

g e l  a f f o r d e d  1,5-COD and- 1,3-COD - i n  a  46 : 54 r a t i o  i n  

a d d i t i o n  t o  a c e t y l a c e t o n e  and kraces  of oxetane 2-28 a s  

shown by gc-ms. 

The two isomers  were i d e n t i f i e d  by nmr 

w i t h  a u t h e n t i c  samples on vpc. The 'H 

and mixed i n j e c t i o n  

nmr spectrum showed 

s i g n a l  a t  6 1.50(CH2-CHI), 2.25(CH2C=CCH2) and 5 .77(o le -  

f i n i c  p ro tons )  f o r  1.5-COD (97) and a t  2 . 3 8 ( ~ ~ ~ )  and 

5.58 ( o l e f i n i c  p ro tons)  f o r  1,3-COD (98)  . The pho to lysa t e  

from t h i s  r e a c t i o n  was a l s o  l e f t  under n i t r o g e n  f o r  48 h  

and no change was observed i n  t h e  % y i e l d  of  t h e  isomers 

as shown by vpc. 

A p h o t o l y s i s  of benzophenone and 1,5-COD under s i m i l a r  

c o n d i t i o n s  a f fo rded ,  a f t e r  1 0  h ,  benzhydrol  (25%) and 

oxe tane  2-28 (-39%) (991 i n  a d d i t i o n  t o  smal l  amounts of 



unidentified products. However, no isomerization of the 

1,5-diene was observed. 

2-7-2 t,t,t-1,5,9-Cyclododecatriene (tit,t-CDT) and 

The photoreaction of Cu(aca~)~ in the presence of 

t,t,t-CDT in benzene under hydrogen was carried out to give 

after 8 h a yellow solution which turned blue in a few 

seconds on exposure to air. The gc analysis (gc-ms) 

indicated the formation of cis, trans, trans-CDT (-45%) and 

another isomer which was assumed to be cis,cis,trans-CDT 

(-12%) as it is known that c,c,t-CDT has a longer gc re- 

tention time than the other two isomers (100). 

Cu (acac) 
hv, Ph2C0 - 

The progress of the reaction was also monitored by gc 

analysis and the relative yields of isomerization determined 

to give the following results (Fig. 2-3). 



F i g u r e  2-3  V a r i a t i o n  o f  t ,  t ,  t-CDT d u r i n g  p h o t o l y s i s  . 





The i sorner iza t ion  of t , t , t - C D T  was shown t o  r each  a  

p h o t o s t a t i o n a r y  s t a t e  i n  6-8 h .  The pho to lysa t e  was a l s o  

l e f t  under hydrogen i n  t h e  dark  f o r  2 4  h b u t  no change w a s  

observed i n  t h e  r a t i o  of  i somers .  

A s i m i l a r  p h o t o l y s i s  i n  a c e t o n i t r i l e  under hydrogen 

f o r  8 h  a f f o r d e d  only 4 %  of  c , t , t - C D T .  No photoreduc t ion  

of C u ( a c a ~ ) ~  seemed t o  have occur red  a s  i n d i c a t e d  by t h e  

blue-green c o l o r  o f  t h e  p h o t o l y s a t e .  The p h o t o l y s i s  i n  

methanol under n i t r o g e n  gave m e t a l l i c  copper a f t e r  1 h  o f  

i r r a d i a t i o n  b u t  no i somer i za t ion .  When a  s o l u t i o n  o f  

benzophenone and t , t , t - C D T  i n  benzene under hydrogen was 

i r r a d i a t e d  f o r  6 h ,  10% i .somerization t o  c,t , t-CDT was ob- 

s e rved  (100) . 
The p h o t o l y s i s  of C ~ ( a c a c ) ~  i n  t h e  presence of 

c,t , t-CDT i n  benzene under hydrogen gave a  yellow s o l u t i o n  

a f t e r  1 0  h .  Vpc a n a l y s i s  o f  t h e  pho to lysa t e  i n d i c a t e d  

t h e  format ion of  t , t , t - C D T  (-56%) and c,c,t-CDT ( - 8 % ) .  



Figure 2-4 Variation of c,t,t-CDT during photolysis. 





C u  ( acac )  2  

hv, Ph2c0 - 

The p rog res s  of t h e  r e a c t i o n  was a l s o  monitored eve ry  2  h 

by vpc t o  g i v e  t h e  fol lowing r e s u l t s  ( F i g .  2 - 4 ) .  

t i m e  (h )  t , t , t  c , t , t  c , c , t  

A p h o t o s t a t i o n a r y  s t a t e  was reached a f t e r  8-10 h of  

i r r a d i a t i o n ,  and d i d  no t  change when t h e  p h o t o l y s a t e  was 

l e f t  under hydrogen i n  t h e  dark f o r  24 h .  

A s i m i l a r  p h o t o l y s i s  i n  methanol under n i t r o g e n  d i d  

n o t  show any i somer i za t ion  produc ts .  M e t a l l i c  copper  and 

a c e t y l a c e t o n e  were formed and t h e  t r i e n e  was recovered  



unchanged. The photolysis of c,t,t-CDT in the presence 

of benzophenone in benzene under hydrogen showed 12% 

isomerization to t,t,t-CDT (100) afber 10 h of irradiation. 



2-7-3 Norbornadiene 

The pho to reac t ion  of  Cu(acac) i n  t h e  presence of  2 

norbornadiene  i n  methanol under n i t r o g e n  gave a  yellow 

s o l u t i o n  which tu rned  b l u e  i n  seconds on exposure  t o  a i r ,  

o r  gave m e t a l l i c  copper and Cu(acac) when l e f t  under n i t r o g e n  2  

f o r  48 h .  P r e p a r a t i v e  vpc a f fo rded  quadr i cyc l ene  (101) 

and oxe tanes  ( -20%)  a s  shown by nmr and gc-ms. 

The p r o g r e s s  of  t h e  r e a c t i o n  was a l s o  fol lowed by vpc analy-  

sis and t h e  r e l a t i v e  y i e l d s  of norbo'rnadiene (NBD) and 

quadr i cyc l ene  (QC) determined from peak a r e a s  t o  g i v e  t h e  

fo l lowing  r e s u l t s .  

t (min) NBD Qc 

24 h  68.9% 31.1% 
i n  t h e  dark 

48 h  76.2% 23.8% 



The i s o m e r i z a t i o n  of  NBD was shown t o  reach  a  photo- 

s t a t i o n a r y  s t a t e  i n  -6.5 h .  The p h o t o l y s a t e  was a l s o  

l e f t  under n i t r o g e n  i n  t h e  dark f o r  48 h  t o  show a  dec rease  

i n  t h e  r e l a t i v e  y i e l d  of Q C ,  

The p h o t o l y s i s  of NBD i n  t h e  presence of benzophenone 

i n  methanol under n i t r o g e n  was c a r r i e d  o u t  and t h e  p r o g r e s s  

of t h e  NBD+QC i somer i za t ion  monitored a s  above t o  g i v e  t h e  

fo l lowing  r e s u l t s .  

t (min) NBD Qc 

30 88.1% 11.9% 

90 68.5% 31.5% 

180 54.9% 45.1% 

300 45.4% 54.6% 

390 51% 4 9 %  

A p h o t o s t a t i o n a r y  s t a t e  was reached .in about  3 h .  I t  i s  

known t h a t  NBD and QC undergo pho to in t e r conve r s ion  i n  t h e  

presence  o f  c e r t a i n  aromat ic  ke tones  t r i p l e t  s e n s i t i z e r s  

(103-105).  



2-8 Ouantum Y i e l d  D e t e r m i n a t i o n s  

2-8-1 Quantum y i e l d s  o f  C ~ ( a c a c ) ~  d i s a p p e a r a n c e  

a )  benzophenone s e n s i t i z a t i o n  

Tak ing  advan tage  o f  t h e  t h e r m a l  a s  w e l l  a s  photo-  

s t a b i l i t y  o f  Cu ( a c a c )  (PPh3) 2 ,  t h e  quantum y i e l d s  o f  Cu ( a c a c )  * 
d i s a p p e a r a n c e  ( @  ) and t h a t  o f  benzophenone d i s a p p e a r a n c e  

C 

( @  ) w e r e  de te rmined  i n  t h e  p r e s e n c e  of  t r i p h e n y l p h o s p h i n e .  
B 

T h i s  a l lowed  t h e  p h o t o l y s a t e  t o  b e  a n a l y z e d  s p e c t r o s c o p i c a l l y  

a t  630 nm f o r  C ~ ( a c a c ) ~  and /o r  by g a s  and l i q u i d  chromatography 

f o r  benzophenone, w i t h o u t  t h e  i n t e r f e r e n c e  o f  t h e  b l a c k  

p r e c i p i t a t e  formed i n  t h e  absence  o f  t r i p h e n y l p h o s p h i n e .  

Quantum y i e l d s  w e r e  d e t e r m i n e d  i n  methanol  s o l u t i o n s  

( u n l e s s  o t h e r w i s e  s p e c i f i e d )  c o n t a i n i n g  p r o p e r  c o n c e n t r a t i o n s  

o f  m a t e r i a l s  on a merry-go-round a p p a r a t u s .  The l i g h t  

i n t e n s i t y  (Io) was d e t e r m i n e d  by t h e  benzophenone (0  .OS M) - 

benzhydro l  ( 0 . 1  M) a c t i n o m e t e r  i n  benzene  f o r  which a  

quantum y i e l d  o f  0.74 h a s  been  assumed ( 1 0 6 ) .  

C o r r e c t i o n s  f o r  t h e  l i g h t  absorbed  by C u ( a c a ~ ) ~  a t  

330 nm 

where : 

( E  330-600) w e r e  made u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

'a = l i g h t  i n t e n s i t y  absorbed  by s e n s i t i z e r .  

I0 
= l i g h t  i n t e n s i t y  de te rmined  from a c t i n o m e t e r .  

' = o p t i c a l  d e n s i t y  o f  s e n s i t i z e r  a t  h 330 nm. 
A330 

= o p t i c a l  d e n s i t y  o f  C u ( a c a c )  a t  A 330 nm. A330 



The quantum y i e l d  of  C ~ ( a c a c ) ~  d i sappearance ,  QC, i n  

methanol i n  t h e  presence  of benzophenone and PPh3 was de- 

termined a t  v a r i o u s  c o n c e n t r a t i o n s  o f  Cu ( acac )  (Table  2-4)  . 
The quantum y i e l d  ( Q  ) was shown t o  i n c r e a s e  s t e a d i l y  w i t h  

C 

Cu ( acac )  c o n c e n t r a t i o n  (0.6-6.0 X M range)  t o  reach 

a n e a r l y  c o n s t a n t  va lue  of -0.25 a t  M. The quantum 

y i e l d s  of  C ~ ( a c a c ) ~  d i sappearance ,  Qc under comparable 

c o n d i t i o n s ,  i n  methanol ,  e t h a n o l  and i sopropanol  were found 

t o  i n c r e a s e  i n  t h e  same o r d e r ,  i n d i c a t i n g  t h a t  Q i nc reased  
C 

a s  t h e  hydrogen dona t ing  power o f  t h e  s o l v e n t  i nc reased  

(Tab le  2-5) . 
b )  o t h e r  s e n s i t i z e r s  

I n  o r d e r  t o  e v a l u a t e  t h e  n a t u r e  o f  t h e  quenching of 

t r i p l e t  s e n s i t i z e r s  by C u ( a c a ~ ) ~  t h e  quantum y i e l d s  o f  

C ~ ( a c a c ) ~  d i sappearance  were determined i n  t h e  presence of  

s e v e r a l  s e n s i t i z e r s  (Table  2 -6 ) .  For  t h e s e  experiments t h e  

c o n c e n t r a t i o n s  o f  t h e  s e n s i t i z e r s  were a d j u s t e d  s o  t h a t  

>98% o f  t h e  i n c i d e n t  l i g h t  was absorbed by t h e  s e n s i t i z e r s .  

B i a c e t y l  w a s  an excep t ion  i n  which absorbed on ly  68% o f  

t h e  l i g h t .  I n  t h i s  c a s e  t h e  C ~ ( a c a c ) ~  d i sappearance  was 

determined by normal iz ing t h e  l i g h t  absorbed t o  100% ac- 

co rd ing  t o  Equat ion 2-1, and Q was c a l c u l a t e d  accord ing ly .  



Table  2-4 Quantum Yie lds  o f  Cu(acac)  Disappearance 
2- 

S e n s i t i z e d  by Benzophenone i n  Methanol ( a t  2 0 0 ~ )  a .  

a  
S o l u t i o n s  were i r r a d i a t e d  f o r  5-30 min t o  cause  10-18% 

decomposit ion of Cu (acac) 2. The c o n c e n t r a t i o n  of  benzo- 

phenone and t r iphenylphosphine  were 0 . 0 4  M and 0 .01 M ,  

r e s p e c t i v e l y .  

b Est imated  e r r o r  = 2 -20%. 



Table 2-5 Ouantum Yields of Cu(acac), (2 x M) 

Disappearance Sensitized by Benzophenone (0.1 M) 

a,c in Alcohols . 

solvent I (einsteins) @ 
b 

av 

methanol 

ethanol 

isopropanol 

Averaged values from three sets of 

experiments. Error was estimated to 

k 10%. 

Solutions were irradiated for 10 min 

cause 30-50% decomposition of C ~ ( a c a c ) ~ .  
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2-9-1 Quenching of  t r i p l e t  benzophenone by PPh i n  3- 

methanol 

I n  o r d e r  t o  determine q u a n t i t a t i v e l y  t h e  c o n t r i b u t i o n  

o f  t r iphenylphosphine  t o  t h e  quenching of  benzophenone 

t r i p l e t  s t a t e ,  t h e  quantum y i e l d s  of benzophenone d i sap-  

pearance ( @  ) were determined i n  t h e  presence  o f  v a r i o u s  
B 

c o n c e n t r a t i o n s  of  PPhj i n  methanol (Table  2-7) .  

A Stern-Volmer p l o t  of @OB/@B a g a i n s t  PPh c o n c e n t r a t i o n  3 

( F i g .  2-5) gave a  s t r a i g h t  l i n e  wi th  a  s l o p e  o f  92.93 M-l 

( c o r r e l a t i o n  c o e f f i c i e n t  = 0.9917) c a l c u l a t e d  by t h e  

l e a s t - s q u a r e s  method. The quenching r a t e  c o n s t a n t  (k ) b  

was then  c a l c u l a t e d  by t h e  equa t ion :  

0 where @ = quantum y i e l d  o f  Ph2C0 d isappearance  

i n  t h e  absence of PPh3. 

QB 
= quantum y i e l d  o f  Ph2C0 d isappearance  

a t  d i f f e r e n t  c o n c e n t r a t i o n s  of PPh3. 

=o = l i f e t i m e  o f  t r i p l e t  benzophenone i n  CH30H. 

The decay r a t e  c o n s t a n t  of  benzophenone t r i p l e t  s t a t e  (kd) 

i n  methanol has  been measured by f l a s h  p h o t o l y s i s  t o  be 

6  -1 -7 3 .8  x 10 s e c  ( o r  -ro = 2.6 x 1 0  s ec )  ( 1 0 7 ) .  Using t h i s  

v a l u e ,  kb f o r  t h e  quenching of t r i p l e t  benzophenone by PPh 3  



T a b l e  2-7 Quenching o f  T r i p l e t  S t a t e  ~ e n z o ~ h e n o n e ~  by - 
Tr ipheny lphosph ine  i n  Methanol ( a t  20 OC) b. 

a C o n c e n t r a t i o n  o f  ~h CO w a s  0.05 M. 
2 

S o l u t i o n s  ( 4  rn l )  w e r e  i r r a d i a t e d  f o r  55 min; % con- 

v e r s i o n  o f  Ph CO ranged from 8 t o  3 5 % .  
2 

C Average v a l u e s  from two sets of exper iments .  

E s t i m a t e d  e r r o r  = t 1 2 % .  



F i g u r e  2 - 5  S t e r n - V o l m e r  P l o t  of '@oB/@B v e r s u s  IPPh3] 

f o r  Q u e n c h i n g  of T r i p l e t  B e n z o p h e n o n e  by 

P P h j  i n  M e t h a n o l .  

-1 
s l o p e  = 9 2 . 9 3  M 

corr. c o e f f .  = 0 . 9 9 1 7  





-1 was c a l c u l a t e d  t o  be  3.5 x l o 8  M-l s e c  . T h i s  kb va lue  

was used t o  c a l c u l a t e  t h e  l i f e t i m e  of  t r i p l e t  benzophenone 

( T  ) i n  methanol a t  d i f f e r e n t  c o n c e n t r a t i o n s  of  t r i p h e n y l -  
B 

phosphine (Table  2-7) by t h e  equa t ion  

2-9-2 Quenching of t r i p l e t  benzophenone b y  Cu(acac)  i n  
2- 

methanol 

The e f f i c i e n c y  o f  quenching o f  t r i p l e t  benzophenone by 

C ~ ( a c a c ) ~  i n  methanol was eva lua t ed  by measuring t h e  

quantum y i e l d s  o f  benzophenone d i sappearance ,  D B l  a t  d i f f e r e n t  

c o n c e n t r a t i o n s  of  C ~ ( a c a c ) ~  i n  t h e  presence  of  t r i p h e n y l -  

0 
phosphine (Tab le  2-8) . A Stern-Volmer p l o t  o f  QB / O B  

a g a i n s t  c o n c e n t r a t i o n  of C ~ ( a c a c ) ~  ( F i g .  2-61 gave a 

s t r a i g h t  l i n e  w i t h  a s l o p e  o f  9.65 x ' l o 2  M-I ( c o r r e l a t i o n  

c o e f f i c i e n t  = 0.9854) .  The r a t e  c o n s t a n t  f o r  quenching 

of  t r i p l e t  s t a t e  benzophenone (k ) was then  c a l c u l a t e d  
q 

-1 -1 t o  b e  (6.89 2 1 . 0 )  x l o 9  M s accord ing  t o  equa t ion  

0 where OB = Quantum y i e l d  of Ph2C0 d isappearance  

i n  t h e  absence o f  Cu(acac)  2 .  

@B 
= Quantum y i e l d  o f  Ph2C0 d isappearance  a t  

d i f f e r e n t  c o n c e n t r a t i o n s  o f  Cu ( acac )  



Table  2-8 Quenching o f  T r i p l e t  S t a t e  Benzophenonea by 

C ~ ( a c a c ) ~  i n  Methanol ( a t  21•‹C) 
b 

a Concent ra t ion  of  benzophenone was 0.05 M and t h a t  of  

PPh3 was 0.01 M. 

S o l u t i o n s  ( 5  m l )  w e r e  i r r a d i a t e d  f o r  15 min. Benzophenone 

decomposit ion ranged from 3 t o  9 % .  

C 0 This  va lue  was taken  a s  @ f o r  
I B 

'Average v a l u e s  from two sets of 

Stern-Volmer c a l c u l a t i o n s .  

exper iments .  

Est imated e r r o r  = 15%.  



F i g u r e  2- 6 Stern-Volrner P l o t  o f .  O o B / O B  v e r s u s  [ C u  (acac) 1 2 

f o r  Quench ing  o f  T r i p l e t  Benzophenone by 

Cu ( a c a c )  i n  Methano l .  
2 

s l o p e  = 9 . 6 5  x l o 2  M-' 

c o r r .  c o e f f .  = 0.9854 





T 
B 

= ~ i f e t i m e  of t r i p l e t  Ph2C0 i n  t h e  presence  o f  

0.01 M pph3 ?1.'.36 x  S )  (Table  2-7) . 

2-9-3 F l a s h  p h o t o l y s i s  s t u d i e s  

These s t u d i e s  w e r e  c a r r i e d  o u t  by M i s s  Carol  Beddard 

a t  N.R.C.  i n  Ottawa. 

Taking advantage of  t h e  f a c t  t h a t  t h e  t r i p l e t  s t a t e  

a b s o r p t i o n  s p e c t r a  o f  s e v e r a l  compounds a r e  w e l l  known, 

t h e  r a t e  c o n s t a n t s  f o r  t h e  quenching o f  t r i p l e t  s e n s i t i z e r s  

by C ~ ( a c a c ) ~  i n  methanol could b e  determined d i r e c t l y  

w i thou t  be ing  encumbered by t h e  presence  of  t r iphenylphosphine  

o r  any follow-up r e a c t i o n s .  

B y  u s i n g  a  n i t r o g e n  l a s e r  pu l sed  f l a s h  p h o t o l y s i s  

a p p a r a t u s  (337.1 nm,  8 nsec, lO m J ) ,  t h e  l i f e t i m e s  of t h e  

t r i p l e t  s t a t e  decay of  t h e  s e n s i t i z e r s  were measured i n  t h e  

absence ( r o  = l /ko)  and i n  t h e  presence  (rexptl - - 

l"(exptl  
) o f  v a r i o u s  concen t r a t i ons  o f  Cu ( acac )  

-5  - 10 M) (Table  2-9).  The c o n c e n t r a t i o n  of t h e  

s e n s i t i z e r s  as w e l l  a s  t h e  moni tor ing wavelength a r e  given 

i n  t h e  t a b l e .  I n  each c a s e ,  t h e  decays  o f  t h e  t r i p l e t  

s i g n a l s  were ana lysed  by f i t t i n g  o f  t h e  corresponding t i m e  

p r o f i l e s  from which t h e  p s e u d o - f i r s t  o r d e r  decay p a t t e r n s  

were a s c e r t a i n e d  and t h e i r  r a t e  c o n s t a n t s ,  k e x p t l '  

determined.  The quenching r a t e  c o n s t a n t s  were ob ta ined  

from p l o t s  of  p seudo- f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  t r i p l e t  
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decay a s  a  f u n c t i o n  of  Cu(acac)  c o n c e n t r a t i o n  accord ing  t o  

Eq. 2-5. 

I n  F i g .  2-7, l o g  k were p l o t t e d  a g a i n s t  t h e  lowes t  
9 

t r i p l e t  s t a t e  e n e r g i e s  of  t h e  s e n s i t i z e r s  ( E  ) and a  poor 
T 

c o r r e l a t i o n  could be observed ( c o r r .  c o e f f .  = 0 .856) .  A 

s i m i l a r  c o r r e l a t i o n  ( c o r r .  c o e f f .  = 0.855) was o b t a i n e d  

when l o g  k was p l o t t e d  a g a i n s t  -E -E 
T ( W A - 1  

( F i g .  2-8) , 
q 

t h e  f r e e  energy a v a i l a b l e  f o r  a n  e l e c t r o n  t r a n s f e r  quenching,  

accord ing  t o  Weller  ' s  equa t ion  (108) . E 
(A/A-) ' t h e  r e -  

d u c t i o n  p o t e n t i a l s  of t h e  s e n s i t i z e r s  were determined by 

M r .  P e t e r  Hoang o f  t h i s  depar tment  and t h e  r e s u l t s  a r e  

shown i n  Table  2-9. 

The f r e e  energy a s s o c i a t e d  w i t h  an  e l e c t r o n  t r a n s f e r  

p roces s  w i t h i n  an encounter  complex can be e s t ima ted  from 

t h e  o x i d a t i o n  p o t e n t i a l  o f  t h e  donors ,  E 
(D/D+)  

t h e  re- 

d u c t i o n  p o t e n t i a l  of t h e  a c c e p t o r s ,  E 
(A/A-) 

a  Coulombic 

a t t r a c t i o n  term, C ,  and t h e  s e n s i t i z e r  e x c i t e d  s t a t e  

energy,  E o - O ,  accord ing  t o  W e l l e r ' s  equa t ion  a s  shown 

below (108,  142-144) . 



F i g u r e  2- 7 P l o t  o f  l o g  k f o r  Quenching o f  T r i p l e t  
q 

S e n s i t i z e r s  by Cu(acac )  i n  Methanol 
2 

v e r s u s  E t h e  Lowest T r i p l e t  E n e r g i e s  o f  
T' 

t h e  S e n s i t i z e r s .  





Figure  2-8 P l o t  of  l o g  k q f o r  Quenching of T r i p l e t  

S e n s i t i z e r s  by Cu(acac) 2 i n  Methanol v e r s u s  

-E -E 
T 

(A- /A) '  According t o  E q .  3-16.  





The f r e e  e n e r g y ,  AG,  c a n  b e  r e g a r d e d  a s  t h e  s t a b i l i z a t i o n  

g a i n  a r i s i n g  from t h e  c o n t r i b u t i o n  of  c h a r g e  t r a n s f e r  

r e s o n a n c e  forms.  The t e r m  i n  b r a c k e t s  r e p r e s e n t s  t h e  energy 

r e q u i r e d  f r o  t h e  e l e c t r o n  t r a n s f e r  w h i l e  E i s  t h e  energy 
0-0 

a v a i l a b l e  t o  promote t h e  p r o c e s s .  

The AG c a l c u l a t i o n s  f o r  s e v e r a l  s e n s i t i z e r s  used  i n  

t h i s  i n v e s t i g a t i o n  a r e  shown i n  T a b l e  2-2. The Coulornbic 

a t t r a c t i o n  term i n  a  p o l a r  medium w i t h  e n c o u n t e r  d i s t a n c e  
0 

o f  c a .  7 A i s  s m a l l  and t h e r e f o r e  o m i t t e d  i n  t h e  c a l c u l a t i o n .  

The o x i d a t i o n  p o t e n t i a l ,  E 
( D/D+ 

o f  C u ( a c a c )  i s  c a l c u l a t e d  

from i t s  i o n i z a t i o n  p o t e n t i a l  ( I P  = 7 . 7 5  ev )  . 

2-9-4 K i n e t i c  A n a l y s i s  

On t h e  b a s i s  o f  t h e  g e n e r a l  p a t t e r n  o b s e r v e d  f o r  t h e  

benzophenone s e n s i t i z e d  r e d u c t i o n  o f  Cu ( a c a c )  2 ,  a  m e c h a n i s t i c  

scheme (Scheme 2-6) was d e v i s e d  f o r  t h e  k i n e t i c  a n a l y s i s  

o f  t h e  r e a c t i o n .  

I t  i s  assumed i n  t h i s  scheme t h a t  t h e  s p e c i e s  formed 

a f t e r  t h e  i n t e r a c t i o n  o f  t h e  t r i p l e t  s t a t e  s e n s i t i z e r  w i t h  

Cu ( a c a c )  which i s  r e f e r r e d  t o  a s  complex C ,  f o r  t h e  moment, 



must b e  p a r t i t i o n e d  i n t o  a  s u c c e s s f u l  r e d u c t i o n  (Eq. 2-11) 

y i e l d i n g  C u ( I ) a c a c ,  benzophenone, a c e t y l a c e t o n e  and t h e  

-CH OH r a d i c a l  on one hand, and an  unsucces s fu l  r e d u c t i o n  
2  

(Eq. 2-12) i n  which t h e  complex C r e v e r t s  t o  benzophenone 

and C ~ ( a c a c ) ~  on t h e  o t h e r .  The s u c c e s s f u l  r e d u c t i o n  i n -  

vo lves  an i r r e v e r s i b l e  hydrogen a b s t r a c t i o n  from methanol 

t h e  r a t e  c o n s t a n t  of which con ta ins  t h e  terms of  f i x e d  

c o n c e n t r a t i o n  of methanol. The e q u a t i o n s  d e r i v e d  from t h i s  

k i n e t i c  scheme a r e  a l s o  shown where [C] = c o n c e n t r a t i o n  

of  complex, [ Q I  = concen t r a t i on  of Cu(acac)  2 ' [BP*] = 

c o n c e n t r a t i o n  of t r i p l e t  benzophenone and a = f r a c t i o n  

of i n t e r s y s t e m  c r o s s i n g  ( f o r  benzophenone, a = 1).  

ph2C0 2 Ph CO ( s i n g l e t )  Ph2C0 ( t r i p l e t )  
'a 

2 

* kb 
Ph2C0 + PPh3 --r Produc ts  

* k c  
Ph2C0 4 Ph2C0 + hv ( A )  . 

* k  
9 Ph2C0 + Cu (acac )  ---. [Complex] 



k 
P [complex] + CH30H --, Cu(acac) + acacH + 

kd [Complex] - Cu (acac )  + Ph2C0 2 

Scheme 2-6 

Using s t e a d y  s t a t e  approximat ions:  

By d e f i n i t i o n :  

where l / rg  = k + k + kb1pph31 r c 



Figure 2-9 Plot of l/QC for the .Benzophenone Sensitized 

Photoreduction of C u ( a c a ~ ) ~  in Methanol 

versus 1/ [Cu (acac) z ]  . 

slope = 3.91 x 

intercept = 3.86 

corr. coeff. = 0.9763 

k 
-1 -1 = (7.35 + 1.4) x 109 M 

'3 





where B = k / ( k  + kd) 
P P: 

The quantum y i e l d s  of C ~ ( a c a c ) ~  d i sappea rance ,  @c 
ob ta ined  i n  methanol (Table 2-4)  w e r e  used t o  p l o t  1/@ vs. 

C - 
l / [Cu(acac )  2 l  a cco rd ing  t o  E q .  2-20 a s  shown i n  F ig .  2- 9. 

T h i s  p l o t  gave a s t r a i g h t  l i n e  w i t h  a c o r r e l a t i o n  coef-  

f i c i e n t  o f  0.9763, from which t h e  s l o p e  (=  l/Br k ) 3.91 x 
B q 

and i n t e r c e p t  (= 1 / B )  3.86 were o b t a i n e d .  From t h e s e  d a t a ,  

-1 k was c a l c u l a t e d  t o  be  (7.35 + 1 . 4 )  x 10' M - ~  s e c  . The 
9 

i n t e r c e p t  o f  3.86 a l s o  showed t h a t  t h e  l i m i t i n g  QC i n  t h e  

benzophenone s e n s i t i z e d  Cu (acac)  decomposit ion i n  methanol 

i s  ca .  0.25 and kd/k was c a l c u l a t e d  t o  b e  ca .  2.9. - P - 



2-9-5 Quenching of Triplet 2-Acetonaphthone by Cu(acac) 
2 

in Methanol. 

The quantum yields of Cu(acac) disappeara.nce for 
2 

2-acetonaphthone sensitized reduction were determined in 

the presence of triphenylphosphine (Table 2-10). For two 

sets of experiments the plot of l/@ vs. l/[C~(acac)~] 
C - 

gave straight lines with correlation coefficients of 

0.9888 and 0.9933, slopes of 0.0813 and 0.0768 and 

intercepts of 54.21 and 74.06, respectively. The lifetime 

of triplet 2-acetonaphthone in methanol has been deter- 

mined to be 36 x s (167). The quenching rate constants, 

k were calculated according to Eq. 2-20 to be (1.85 t 
q' 

7 -1 -1 7 -1 -1 
0.28) x 1 0  M s and (2.68+ 0.40) x 1 0  M s , respect- 

ively: the average value of ko was (2.27 i 0.27) x 10 
7 

-2 

-1 -1 
M s . Because of the lack of photochemical reaction of 
2-acetonaphthone in methanol the quantum yield of the 

ketone disappearance could not be determined. 



Table 2-10 Quantum Yields of 'CU (acac) Disappearance 

a Sensitized by 2-Acetonaphthone in Methanol. 

a Solutions (5 ml) were irradiated for 1 h and the % 

conversions of Cu(acacj ranged from 8 to 18%. The 
2 

concentrations of 2-acetonaphthone and triphenyl- 

phosphine were 0.05 and 0.001 M respectively. 

Estimated error = i 15% 
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CHAPTER 3  

DISCUSSION 

3-1 General  Reaction P a t t e r n  

The r e s u l t s  d e s c r i b e d  i n  Chapter  2 showed t h a t  t h e  

s e n s i t i z e d  photodecomposition o f  Cu ( acac )  i s  much more 
2 

e f f i c i e n t  than  d i r e c t  photodecomposi t i o n .  I n  bo th  c a s e s  

t h e  produc t  p a t t e r n s  a r e  t h e  same; i .e  . , ace ty l ace tone  and 

a  b lack  p r e c i p i t a t e  assumed t o  be  a  c o p p e r ( 1 ) a c e t y l -  

a c e t o n a t e  complex. The l a t t e r  d i s p r o p o r t i o n a t e s  t o  Cu 0 

and Cu(acac)  under n i t r o g e n  o x i d i  zed Cu ( acac )  
2 

under oxygen. The format ion  o f  t h e  known Cu(acac)  (PPh3) 

when t h e  b l ack  p r e c i p i t a t e  i s  t r e a t e d  wi th  t r i pheny l -  

phosphine provides  s t r o n g  evidence t h a t  a  copper (1)  complex 

i s  t h e  primary photoproduct .  I n  a d d i t i o n  t o  m e t a l l i c  

copper ,  t h e  pro tona ted  l i g a n d  a s  w e l l  a s  o x i d a t i o n  p roduc t s  

from t h e  a l coho l  s o l v e n t s  have been i s o l a t e d  and i d e n t i f i e d .  

These exper imental  o b s e r v a t i o n s  can be expla ined  by 
* 

a  r e a c t i o n  scheme a s  shown below, i n  which S  r e p r e s e n t s  

t h e  t r i p l e t  s t a t e  s e n s i t i z e r .  

* 
[3-11 Cu(acac)  + S -* Cu(acac)  + acac*  + S 2 



N2 0 
13-21 2 ~ u ( a c a c )  Q. ---+ cu ( acac )  + cu 

[3-31 Cu(acac)  + 2PPh3 -+ Cu(acac)  (PPh 3  ) 2 

[3-41 a c a c *  + R CHOH + acacH + R2COH 2 

13-61 Cu(acac)  + a c a c -  --t cu ( acac )  

S ince  d i s p r o p o r t i o n a t i o n  of t h e  copper (1)  complex a s  i n  

Equat ion 13-21 i s  r a t h e r  slow i n  t h e  s o l v e n t s  used i n  

comparison t o  t h e  photodecomposition of C ~ ( a c a c ) ~  

(Equat ion [3-11) , t h e  black p r e c i p i t a t e  always appea r s  

f i r s t ,  fo l lowed by t h e  slow appearance o f  m e t a l l i c  copper.  

I n  e t h a n o l  o r  i so-propanol  r e a c t i o n  13-11 occu r s  much 

f a s t e r  a s  s een  by t h e  r ap id  d i sappearance  o f  t h e  b l u e  

c o l o r  o f  t h e  Cu(acac) s o l u t i o n  and t h e  immediate deposi-  

t i o n  of t h e  b l ack  p r e c i p i t a t e .  

S t o i c h i o m e t r i c a l l y ,  t h e  r e d u c t i o n  o f  coppe r ( I1 )  t o  

copper (0)  v i a  copper (1)  must be  coupled w i t h  t h e  oxida-  

t i o n  r e a c t i o n  o f  a lcohols  t o  ca rbony l  compounds. A t  t h e  

same t i m e ,  t h e  mechanism of o x i d a t i o n  must be  r e l a t e d  t o  



t h e  way a n  a c e t y l a c e t o n a t o  l i g a n d  a c q u i r e s  a hydrogen t o  

form a c e t y l a c e t o n e .  T h i s  must occur  by hydrogen a b s t r a c t i o n  

from a l c o h o l s  s i n c e  t h e  quantum y i e l d s  of C u ( a c a c ) *  

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

a l c o h o l s  t o  d o n a t e  hydrogen atoms. 



3-2 S t r u c t u r e  and R e a c t i v i t y  o f  t h e  Copper (1 )  I n t e r m e d i a t e  

While  a d e q u a t e  i n f o r m a t i o n  c o u l d  n o t  b e  o b t a i n e d  t o  

a s s i g n  a  s t r u c t u r e  owing t o  i t s  i n s t a b i l i t y ,  it i s  c e r t a i n  

t h a t  t h e  amorphous b l a c k  p r e c i p i t a t e  formed i n  t h e  s e n s i -  

t i z e d  p h o t o r e d u c t i o n ,  a s  w e l l  a s  i n  t h e  d i r e c t  p h o t o l y s i s  

i n  a l c o h o l s ,  i s  n o t  Cu(acac )  (ROH) a s  assumed b e f o r e  (23)  . 
T h i s  i s  i n d i c a t e d  by t h e  i d e n t i c a l  i n f r a r e d  s p e c t r u m  o b t a i n e d  

f o r  t h e  p r e c i p i t a t e s  i n - a l c o h o l s  a s  w e l l  a s  t e t r a h y d r o -  

f  u r a n .  

The i n s o l u b i l i t y  and n o n - c r y s t a l l i n i t y  o f  t h e  b l a c k  

p r e c i p i t a t e  s u g g e s t s  t h a t  i t  might  b e  a  po lymer ic  C u ( a c a c )  

f o r  which a  t e n t a t i v e  s t r u c t u r e  i s  shown below. 



This  type  of  polymeric s t r u c t u r e  i s  n o t  uncommon f o r  copper  

( I )  complexes. For example, t h e  x-ray s t r u c t u r e  a n a l y s i s  

of t h e  chloro(2,5-dithiahexane)copper(I) complex showed 

t h a t  each copper atom has  d i s t o r t e d  t e t r a h e d r a l  

c o n f i g u r a t i o n :  two t o  t h e  s u l p h u r  atoms of  t h e  l i g a n d ,  one 

t o  t h e  t e rmina l  c h l o r i n e  atom and one t o  t h e  su lphur  

atoms o f  t h e  l i gand  o f  a  neighbouring molecule ( 1 1 2 ) .  The 

Cu ( D T H )  C 1  m o i e t i e s  a r e  t hus  formed i n t o  polymeric c h a i n s  

through Cu-S l i n k s .  Copper a l s o  forms many compounds i n  

which t h e  Cu-Cu d i s t a n c e s  a r e  s h o r t  enough t o  i n d i c a t e  

s i g n i f i c a n t  metal-metal  i n t e r a c t i o n ,  b u t  i n  no c a s e  i s  

t h e r e  an a c t u a l  bond ( 1 0 9 )  . The high r e a c t i v i t y . -  o f  t h e  

b lack  p r e c i p i t a t e  towards d i f f e r e n t  l i g a n d s  s u g g e s t s  t h e  

presence of weak Cu-0 and Cu-Cu i n t e r a c t i o n s .  

This  t r a n s i e n t  Cu ( acac )  s p e c i e s  forms complexes 

r e a d i l y  w i t h  va r ious  l i g a n d s  t o  g i v e  Cu (acac)  Lx ,  where 

x  = 1 f o r  b i d e n t a t e  l i g a n d s  and x  = 2 f o r  monodentate 

l i g a n d s  (Table  2-3) . With t h e  excep t ion  o f  Cu ( acac )  (PPh3) 

which i s  known t o  posses s  a  t e t r a h e d r a l  c o n f i g u r a t i o n  

around t h e  Cu atom (110) ,. t h e  s t r u c t u r e s  of  t h e s e  Cu(acac)  

complexes cannot  be  dec ided  due t o  t h e i r  i n s t a b i l i t y  

under t h e  ambient c o n d i t i o n s .  Although a  d e f i n i t e  

s t r u c t u r e  cannot  be a s s igned ,  a t e t r a h e d r a l  c o n f i g u r a t i o n  

can  a l s o  be assumed f o r  t h e  Cu(acac)  complexes 



w i t h  1 , lO-phenanthro l ine ,  a , a - b i p y r i d y l  and carbon monoxide. 

~ o s t  o f  t h e  Cu(acac)LX complexes a r e  s t a b l e  under i n e r t  

atmosphere b u t  ve ry  s e n s i t i v e  t o  a i r  o x i d a t i o n ,  r e g e n e r a t i n g  

C ~ ( a c a c ) ~  i n  t h e  p re sence  of  a c e t y l a c e t o n e .  I t  i s  a l s o  

observed t h a t  t h e  c h e l a t i n g  l i g a n d s  a r e  r e a d i l y  d i s p l a c e d  

under mild c o n d i t i o n s  by t r iphenylphosphine .  The s t a b i l i t y  

o f  t h e s e  complexes i s  thought  t o  depend on t h e  e x t e n t  of  

back dona t ion  o f  e l e c t r o n s  through ,rr-overlap between t h e  

copper- l igand bond. Both b i p y r i d y l  and 1 , lO-phenanthro l ine  

(weak a-donors)  can func t ion  ve ry  e f f e c t i v e l y  a s  T-acceptors  

a s  shown by t h e i r  a b i l i t y  t o  s t a b i l i z e  low o x i d a t i o n  

s t a t e s  ( 1 1 2 a ) .  Back bonding seems t o  be  l e s s  impor tan t  i n  

t h e  s t a b i l i z a t i o n  of  t h e  Cu(acac)  complex w i t h  2,5-di- 

th iahexane . 

Copper(1) ca rbonyl  complexes have been r a r e l y  i n v e s t i -  

ga t ed  mainly due t o  t h e i r  extreme l a b i l i t y  and ready d i s -  

p r o p o r t i o n a t i o n .  The same c h a r a c t e r i s t i c s  a r e  observed 

i n  t h e  Cu(acac)  complex w i t h  carbon monoxide. The r e d u c t i o n  

i n  t h e  carbonyl  frequency ( v  2100 cm-l) observed f o r  t h i s  

complex, compared wi th  t h a t  of f r e e  carbon monoxide 

( V  2143 crn-l) , s u g g e s t s  some degree  of  back dona t ion  o•’  

copper 3-d e l e c t r o n s  t o  CO T-anti-bonding o r b i t a l s .  Such a 

back dona t ion  i n  Cu(acac)  complexes of  s imple  o l e f i n s ,  

a lkylamines  and e t h e r s  i s  no t  s i g n i f i c a n t  a s  s een  by t h e i r  



i n s t a b i l i t y  t o  a i r  o x i d a t i o n .  

An i n t e r e s t i n g  o b s e r v a t i o n  i s  t h a t  these  Cu ( acac )  L 
X 

complexes can  a l s o  undergo benzophenone s e n s i t i z e d  photo- 

r educ t ion  i n  a l c o h o l s  t o  g i v e  copper  me ta l .  While t h e  

Cu(1) complexes o f  bpy, o-phen and DTH a r e  more s t a b l e  

towards p h o t o l y s i s ,  o t h e r  complexes o f  o l e f i n s  and e t h e r s  

a r e  j u s t  a s  e a s i l y  photoreduced a s  Cu(acac)  under t h e  

s e n s i t i z a t i o n  c o n d i t i o n s .  A s  t h e  complexes could n o t  b e  

i s o l a t e d  f o r  i n v e s t i g a t i o n  of  t h e i r  p h o t o l y t i c  behavior ,  

t h e  r educ t ion  mechanism could n o t  be  c l a r i f i e d .  

The t r a n s i e n t  Cu(acac)  s p e c i e s  can a l s o  be i n t e r c e p t e d  

by t e rmina l  o r  d i s u b s t i t u t e d  a c e t y l e n e s  t o  form o o r  TI 

coppe r (1 )  a c e t y l e n e  complexes. A r ea sonab le  mechanism f o r  

t h e  format ion of  t h e  a bonded Cu(1) a c e t y l i d e s  may i n v o l v e  

t h e  i n t e r c e p t i o n  of  t h e  t r a n s i e n t  Cu(acac)  by the  a c e t y l e n e  

t o  form a  T -ace ty l ene  complex a s  i n  Eq. 3-7. The TI dona t ion  

o f  e l e c t r o n s  t o  t h e  copper c e n t e r  conceivably i n c r e a s e s  

t h e  a c i d i t y  of t h e  a c e t y l e n i c  hydrogens and f a c i l i t a t e s  

p ro ton  t r a n s f e r  from t h e  a c e t y l e n e  t o  t h e  a c e t y l a c e t o n a t e  

l i gand  (Eq. 3-8) . 



A n-ace ty lene  complex may a l s o  be formed i n  t h e  photo- 

l y s i s  of  Cu(acac)  i n  t h e  presence  of  3,5-dimethyl-3-hydroxy- 
2 

1-hexyne. However, i n  a-hydroxyace t y l e n e s  t h e  OH groups may 

form weak bonds wi th  t h e  m e t a l  ( a s  shown below),  hence the 

ace ty lene-hydroxyls  could a c t  a s  b i d e n t a t e  l i g a n d s  (115) . 
Such a  l i g a n d  may have prevented  pro ton  t r a n s f e r  t o  t h e  

a c e t y l a c e t o n a t e  l i gand  r e q u i r e d  t o  form t h e  a- type complex. 

The number o f  mononuclear meta l  complexes which 

c o n t a i n  a n-coordinated a c e t y l e n e  remains s u r p r i s i n g l y  

sma l l  i n  view of  t h e  e x t e n s i v e  c o o r d i n a t i o n  chemis t ry  which 

i s  known f o r  o t h e r  a lkyne d e r i v a t i v e s  (116,  117) . For t h e  

i s o l a t e d  Cu(acac)diphenylacetylene, s t r u c t u r e  2-13 i s  

assumed based on i n f r a r e d  and nmr d a t a  a s  w e l l  a s  i t s  

r e a c t i v i t y  towards t r iphenylphosphine  . Diphenylacetylene 

forms a  s e r i e s  o f  s t a b l e  complexes w i t h  P t ,  W ,  Pd and Ir 

among o t h e r s  and x-ray s t u d i e s  have shown t h a t  t h e  phenyl 

groups a r e  b e n t  (30•‹ - 40•‹) o u t  o f  t h e  C-C a x i s  ( 1 1 5 ) .  I t  

i s  known t h a t  ace ty l enes  can  behave a s  monodentate (two- 

e l e c t r o n  donor)  o r  b i d e n t a t e  ( f o u r - e l e c t r o n  donor) l i g a n d s  

( 1 1 5 ) .  However, a c e t y l e n e s  a s  f o u r - e l e c t r o n  donors i n  mono- 

mer ic  complexes a r e  n o t  common, even though a c e t y 1 e n e s . a ~  

f o u r - e l e c t r o n  donor i n  b i n u c l e a r  complexes have been prepared ,  

e . g .  Co2 ( R C X R )  (CO) and (n-C H ) Ni2(RC:CR) (118) . Copper 
5 5 2  

10 
( I )  be ing  a  d  i o n  r e q u i r e s  f o u r  





classical two-electron donors to attain the noble gas con- 

figuration. Since acetylacetonate ligand is considered a 

four-electron donor, it is expected that the diphenyl- 

acetylene ligand is also acting as a four-electron donor. 

Although only preliminary experiments were carried out, 

the potential use of the benzophenone-C~(acac)~ system in 

photocatalytic reactions was demonstrated by the reactions 

in the presence of certain polyenes. Numerous studies have 

been reported on copper(1)-promoted photoreactions of olefins 

(119). These involve photodimerization of cyclic alkenes 

(120-122) and photocyclization and/or photoisomerization of 

dienes (123-127) among others. These studies have also 

shown that the reactions catalyzed by copper are generally 

quite different from those catalyzed by other transition 

metals and have no analogies in thermal processes. For 

example, in contrast to rhodium which catalyzes allylic 

hydrogen migration (123,128), copper(1) chloride catalyzes 

the intramolecular photocycloaddition of 1,5-cyclooctadiene 

to give the tricyclooctane - 3-2 as the major product of 

photorearrangement (123,124) (Scheme 3-1). Cis,trans- and 

trans,trans-isomers have also been isolated and implicated 

as intermediates in the formation of - 3-2 (128). 

The benzophenone sensitized photoreaction of Cu(acac). 
2 

in the presence of 1,5-COD causes clean isomerization to 

1,3-COD, and may proceed through an unstable copper (I) -acac- 



d i e n e  complex i n t e r m e d i a t e ,  3-3 (Scheme 3-1) .  The format ion  - 

of  1,3-COD can  b e  v i s u a l i z e d  t o  i n v o l v e  a  s e r i e s  of  bond 

s h i f t s  a s  proposed b e f o r e  f o r  t h e  Rh(1) photoca ta lyzed  

i s o m e r i z a t i o n  o f  1,5-COD. The c a t a l y t i c  c y c l e  i s  obv ious ly  

i n t e r r u p t e d  when t h e  complex 3-3 undergoes d i sp ropor t iona -  - 
0 

t i o n  t o  Cu and Cu ( acac )  2 .  

A Cu(acac)  -d iene  complex i s  a l s o  thought  t o  be formed 

i n  t h e  s e n s i t i z e d  i s o m e r i z a t i o n  o f  norbornadiene.  A s  benzo- 

phenone i s  known t o  s e n s i t i z e  t h e  i n t e r c o n v e r s i o n  of  

norbornadiene and quadr i cyc l ene  ( 1 0 4 ,  105)  , wi thou t  k i n e t i c  

s t u d i e s  i t  canno t  be s u r e  i f  t h e  Cu(1) NBD complex i s  p a r t i -  

c i p a t i n g  i n  t h e  i n t e r c o n v e r s i o n  under t h e  p h o t o l y s i s  

c o n d i t i o n s .  Our r e s u l t s  showed t h a t  quad r i cyc l ene  i s  formed 

f a s t e r  i n  t h e  absence of  C u ( a c a ~ ) ~  which i n d i c a t e s  t h a t  

t h e  complex could  b e  a c t i n g  a s  an i n h i b i t o r  of  t h e  i n t e r -  

convers ion .  The r a t e  c o n s t a n t s  f o r  quenching o f  t r i p l e t  

benzophenone by NBD and Q i n  benzene have been determined 

-1 -1 -1 -1 
t o  be  9 . 7  x l o 8  M s and 8 .3  x  l o 8  M s r e s p e c t i v e l y  





(129) . This  shows t h a t  both  NBD and Cu ( a c a c )  ( s e e  Table 
2 

2-9)  would be competing f o r  t h e  quenching o f  t r i p l e t  s t a t e  

benzophenone. 

Benzophenone and copper h a l i d e s  have been shown t o  

s e n s i t i z e  t h e  photo i somer iza t ion  o f  twelve-membered c y c l i c  

o l e f i n s  such a s  1 ,5 ,9-cyc lododeca t r iene  ( 1 0 0 )  . The benzo- 

phenone/Cu ( acac )  p h o t o l y s i s  i n  benzene under  hydrogen 

obvious ly  caused t h e  formation o f  a  Cu(1)  complex w i t h  

benzene o r  t h e  polyene.  This  complex proved t o  be  much more 

e f f e c t i v e  i n  c a t a l y s i n g  t h e  c i s - t r a n s  i s o m e r i z a t i o n  o f  t h e  

t r i e n e s .  Only 6-8 hours  of i r r a d i a t i o n  were r e q u i r e d  t o  

r each  a  p h o t o s t a t i o n a r y  s t a t e  compared w i t h  200-300 hours  

f o r  t h e  benzophenone ( o r  copper h a l i d e s )  s e n s i t i z a t i o n  ( 1 0 0 )  . 
I t  i s  proposed t h a t  coppe r (1 )  acac-benzene mediates  t h e  

i s o m e r i z a t i o n ,  and c e r t a i n l y  a  complex o f  CDT must b e  

i nvo lved .  A s i m i l a r  p h o t o l y s i s  i n  benzene under n i t r o g e n  

d i d  n o t  promote t h e  i s o m e r i z a t i o n  of t r i e n e s  nor was 

Cu ( a c a c )  photoreduced . Hydrogen t h e r e f o r e  must be a c t i n g  2 

a s  t h e  hydrogen atom donor.  



3-3 R e a c t i v i t y  of  t h e  Ace ty lace tonyl  Radica l  

Tha t  t h e  redox process  i n  t h e  s e n s i t i z e d  photodecomposi- 

t i o n  o f  C u ( a c a ~ ) ~  t a k e s  p l a c e  by a  r a d i c a l  mechanism i s  

sugges ted  by t h e  fol lowing obse rva t ions .  F i r s t ,  poor 

hydrogen donor s o l v e n t s  such a s  benzene and chloroform do 

no t  promote t h e  photoreduc t ion .  Secondly,  t h e  r a t e  of  

format ion o f  t h e  b lack  p r e c i p i t a t e  a s  w e l l  a s  t h e  quantum 

y i e l d s  o f  Cu ( acac )  disappearance (Table  2-5) i n d i c a t e s  

t h a t  t h e  s e n s i t i z e d  photoreduc t ion  occu r s  i n  a l c o h o l s  w i t h  

a  d e c r e a s i n g  o r d e r  of e f f i c i e n c y  of  i-PrOH>EtOH>MeOH. This  

o r d e r  c o i n c i d e s  w i th  t h e  e f f i c i e n c y  o r d e r  i n  which t h e s e  

a l c o h o l s  dona te  an  a-hydrogen ( b u t  n o t  a  hydroxy hydrogen) 

by a  r a d i c a l  mechanism ( 1 3 0 ) .  The re fo re ,  t h e  a c e t y l -  

ace tony l  r a d i c a l  might be sugges ted  a s  t h e  r e a c t i v e  i n t e r -  

mediate  i n  t h e  o x i d a t i o n  r e a c t i o n  by , a b s t r a c t i o n  of  an 

a-hydrogen from t h e  a l coho l .  S ince  t h i s  r a d i c a l  i s  a 

n e u t r a l  s p e c i e s ,  it may d i f f u s e  away from t h e  s o l v e n t  cage 

r a p i d l y  t o  e n t e r  i n t o  independent r a d i c a l  r e a c t i o n s .  

On t h e  b a s i s  of  i t s .  resonance s t a b i l i z a t i o n  forms,  t h i s  

t ype  of  r a d i c a l  could r e a c t  a s  a  carbon o r  a s  an  oxygen 

r a d i c a l .  However, e s r  s t u d i e s  have shown t h a t  t h i s  t ype  of  

resonance s t a b i l i z a t i o n  i n  B-diketone r a d i c a l s  appea r s  t o  

be of  l i t t l e  importance ( 1 3 1 ) .  I t  has  been p r e d i c t e d  t h a t  

more than  75% of  t h e  unpaired s p i n  r e s i d e s  on t h e  C3 



carbon. 

The a c e t y l a c e t o n y l  r a d i c a l  has  been gene ra t ed  by 

4+  
e l e c t r o l y t i c  (132) , chemical ( C e  , Mni3) (131,871 o r  r a d i c a l  

(amino, hydroxyl)  (133) o x i d a t i o n ,  and i s  r e p o r t e d  t o  add t o  

t e rmina l  o l e f i n s  (84-87) .  The benzophenone s e n s i t i z e d  

p h o t o l y s i s  of  C u ( a c a ~ ) ~  i n  t h e  presence  of  o l e f i n s  i n  

s o l v e n t s  such a s  a c e t i c  a c i d  o r  a c e t o n i t r i l e  g i v e s  addi-  

t i o n  produc ts  which can be  expla ined  by t h e  r e a c t i o n  o f  

t h e  a c e t y l a c e t o n y l  r a d i c a l  in te rmedia , te  w i th  o l e f i n i c  

n-bonds. A d i r e c t  photochemical  r e a c t i o n  between f r e e  

a c e t y l a c e t o n e  i n  s o l u t i o n  and t h e  o l e f i n s  can be  r u l e d  o u t  

s i n c e  a l l  t h e  i n c i d e n t  l i g h t  i s  be ing  absorbed by t h e  

s e n s i t i z e r .  Fur thermore,  publ i shed  r e p o r t s  show t h a t  t h e  

benzophenone t r i p l e t  s t a t e  does no t  s e n s i t i z e  t h e  cyclo-  

a d d i t i o n  o f  a c e t y l a c e t o n e  t o  o l e f i n s  (134) . 

The r e a c t i o n  i n  t h e  presence  of norbornene g i v e s  

mainly one p roduc t ,  t h a t  i s ,  (3-norborn-2-y1)-2,4-penta- 

dione ,  2-17. S i n c e  b a s i c  o r  & i d  h y d r o l y s i s  of  2-17 g i v e s  



exo-2-norbornylacetone,  2-16, i t s  ' format ion du r ing  t h e  

p h o t o l y s i s  probably a r i s e s  from h y d r o l y s i s  under t he  c o n d i t i o n s .  

The r e a c t i o n  wi th  non-cycl ic  o l e f i n s  such a s  neo-hexene 

and 1-hexene g ives  s e v e r a l  t y p e s  of  a d d i t i o n  produc ts .  For 

t h e  a d d i t i o n  t o  neo-hexene, a  mechanism a s  shown i n  Scheme 

3-2 can be  assumed which invo lves  t h e  rearrangement o f  t h e  

t e r t - b u t y l  group. This  i s  a  d e f i n i t e  proof o f  carbonium i o n  

p a r t i c i p a t i o n  i n  t h e  r e a c t i o n .  When t h e  r e a c t i o n  i s  run  i n  

a c e t o n i t r i l e  a s  s o l v e n t ,  t h e  y i e l d  of  t h e  dihydropyran 2-20  

d e c r e a s e s  cons ide rab ly  wh i l e  t h e  compounds 2 -21  and 2 -22  

a r e  n o t  formed a t  a l l .  These r e s u l t s  can be r e l a t e d  t o  t h e  

o x i d a t i v e  c a p a c i t i e s  o f  Cu (OAc) and Cu ( acac )  2 .  I t  has  been 

shown t h a t  t h e  o x i d a t i v e  power o f  Cu( I1)  towards carbon 

r a d i c a l s  dec reases  d r a s t i c a l l y  when t h e  a c e t a t e  l i g a n d s  i n  

Cu (OAC) a r e  r ep l aced  by a c e t y l a c e t o n a t e  ( 8 4 )  . A s  Cu(acac)  
2  

i n  a c e t i c  a c i d  i s  i n  e q u i l i b r i u m  wi th  Cu (OAc) 2 ,  t h e  l a t t e r  

o x i d i z e s  t h e  carbon r a d i c a l  i n t e r m e d i a t e  more r a p i d l y  t han  

t h e  former .  

S i m i l a r  r e s u l t s  a r e  ob ta ined  i n  t h e  r e a c t i o n  o f  t h e  

r a d i c a l  w i t h  1-hexene. The major p roduc ts  a r e  t h e  s a t u r a t e d  

ketone 2-24 and t h e  s u b s t i t u t e d  d ihydrofuran  2-25, i n  a d d i t i o n  

t o  smal l  amounts of t h e  y ,b -unsa tura ted  ke tone  2-23. A s i m i l a r  

mechanism can  be w r i t t e n  f o r  t h e  a d d i t i o n  t o  1-hexene (Scheme 

3-3) .  The r e a c t i o n  i n  a c e t o n i t r i l e  only  a f fo rded  t h e  s a t u r a t e d  



Scheme 3-2 



ketone  2 - 2 4 ,  which a g a i n  i n d i c a t e s  t h e  i n a b i l i t y  of  Cu(acac)  
2 

t o  o x i d i z e  carbon r a d i c a l s .  These r e s u l t s  a l s o  emphasize t h e  

f a c t  t h a t  f3-diketone r a d i c a l s  behave on ly  a s  ca rbon  r a d i c a l s  

i n  a d d i t i o n  r e a c t i o n s  t o  o l e f i n s .  The absence o f  such produc ts  

a s  3-4 and 3 - 5  shows t h a t  0 - r a d i c a l  a d d i t i o n  does  n o t  occu r .  - - - 



I Cu ( OAc)  

Scheme 3-3  



3-4 General  Mechanism 

The proposed g e n e r a l  mechanism (P.  84) -appears  t o  a g r e e  

w i t h  t h e  k i n e t i c  a n a l y s i s  f o r  benzophenone s e n s i t i z e d  photo- 

0 r e d u c t i o n .  The p l o t s  of  B/@B a g a i n s t  ICU (acac)  2] 

( F i g .  2-4) and l/@ vs .  l / [ c u ( a c a c )  2 ]  ( F i g .  2-7) g i v e  
C - 

s t r a i g h t  l i n e s ,  and t h e  c a l c u l a t e d  k  v a l u e s  from t h e s e  

p l o t s  a r e  i n  r ea sonab le  agreement w i t h  t h a t  ob ta ined  by 

f l a s h  p h o t o l y s i s  w i t h i n  exper imenta l  e r r o r s .  The h i g h e r  

va lue  ob ta ined  from s t a t i c  quenching experiments may be  

a t t r i b u t e d  t o  t h e  presence  o f  t r iphenylphosphine .  I t  i s  n o t  

i nconce ivab le  t h a t  t r iphenylphosphine  p a r t i c i p a t e s  i n  some 

way t o  f a c i l i t a t e  t h e  photoreduc t ion  p roces s .  I t  must b e  

po in t ed  o u t ,  though,  t h a t  C ~ ( a c a c ) ~  i s  no t  photoreduced i n  

t h e  presence  o f  PPh3 b u t  absence of  benzophenone, no r  i s  

it the rma l ly  reduced by PPh3 i n  t h e  da rk .  

The k i n e t i c  a n a l y s i s  s u g g e s t s  t h a t  t h e  l i m i t i n g  quantum 

y i e l d  o f  Cu(acac)  d i sappearance ,  Oc observed i n  t h e  

benzophenone s e n s i t i z e d  photoreduct ion a r i s e s  from t h e  

p a r t i t i o n  of  t h e  complex between a s u c c e s s f u l  r e d u c t i o n  

(Eq. 3-9) and an unsuccess fu l  one (Eq. 3-10) (k /k w a s  
d  P 

c a l c u l a t e d  t o  be  2.86) . 

k 
[3-91 [Complex] + CH30H -% Cu (acac )  + acacH 



[3-101 
kd [Complex] - Cu (acac )  + Ph2C0 

T h i s  conc lus ion  i s  suppor ted  by t h e  fo l lowing  evidence.  

F i r s t ,  i t  was observed t h a t  t h e  quantum y i e l d s ,  B C ,  a t  t h e  

same c o n c e n t r a t i o n  of  Cu(acac)  i n c r e a s e  i n  b e t t e r  2'  

hydrogen donor s o l v e n t s  a s  shown i n  Table  2-5; e .g . ,  OC 

i n c r e a s e d  i n  t h e  so lven t s  MeOH<EtOH<2-PrOH. Secondly,  

t h e  r e l a t i v e l y  i n v a r i a b l e  k v a l u e s  f o r  d i f f e r e n t  s e n s i -  
q 

t i z e r s  (Tab le  2-9) ,  a s  opposed t o  t h e  wide v a r i a t i o n  of 

m C  (Table  2 -6) ,  r e q u i r e s  t h a t  t h e  e f f i c i e n t  quenching pro- 

c e s s  must b e  modified by a  p a r t i t i o n  scheme t o  account  f o r  

p roduc t  p a t t e r n s .  This  argument i s  admis s ib l e  on t h e  

assumption t h a t  i n  t h e  absence o f  t r iphenylphosphine  t h e  

v a r i a t i o n s  of  @ a r e  i n  t h e  same o r d e r  of arrangement and 
C 

magnitude a s  shown i n  Table  2-6.  



S e n s i t i z a t i o n  Mechanism 

The d i r e c t  photodecomposi t ion  o f  C u ( a c a c )  h a s  been 2  

s p e c u l a t e d  t o  o c c u r  by a n  i n t e r n a l  r e d o x  p r o c e s s  a r i s i n g  

from t h e  e x c i t a t i o n  o f  t h e  c h a r g e  t r a n s f e r  band ( l i g a n d - t o -  

m e t a l  band ,  CTLM) a t  243 nm ( E  -119 kca l /mol )  based  on  

which t h e  a c e t y l a c e t o n y l  r a d i c a l  h a s  b e e n  proposed a s  t h e  

i n t e r m e d i a t e  (23)  . S i n c e  C u ( a c a c )  shows no e m i s s i o n ,  t h e  
2 

e n e r g y  l e v e l s  o f  i t s  e x c i t e d  s t a t e s  r emain  u n c l e a r .  The 

s e n s i t i z e d  photodecomposi t ion  m i g h t  b e  assumed t o  p roceed  

from a  y e t  undef ined  e x c i t e d  s t a t e  o f  C u ( a c a c ) ?  by an  

i n t e r n a l  r edox  mechanism s i m i l a r  t o  t h a t  f o r  d i r e c t  photo-  

l y s i s .  However, no ev idence  can  b e  found i n  f a v o r  o f  a  

c l a s s i c a l  ene rgy  t r a n s f e r  mechanism from t h e  e x c i t e d  s t a t e s  

o f  t h e  s e n s i t i z e r s  t o  t h e  ground s t a t e  o f  C u ( a c a c )  For  
2 ' 

example,  t h e  o r d e r  o f  r e a c t i o n  e f f i c i e n c y ;  i .e . , a n t h r o n e >  

benzophenone>xanthone>benzil>acetophenone~biacetyl~2-aceto- 

naphthone,  does  n o t  a g r e e  w i t h  t h e  o r d e r  o f  t h e  l o w e s t  

t r i p l e t  e n e r g i e s  o f  t h e  s e n s i t i z e r s .  I t  i s  a l s o  a p p a r e n t ,  

none o f  t h e s e  k e t o n e s  h a s  a  t r i p l e t  s t a t e  e n e r g y  h i g h  enough 

t o  s u c c e s f u l l y  a c t i v a t e  t h e  CTLM band o f  C u ( a c a c )  a t  240 nm. 

A m a j o r i t y  of  p h o t o r e a c t i o n s  o f  c a r b o n y l  compounds 

i n v o l v e  e i t h e r  e l e c t r o n  o r  hydrogen t r a n s f e r  t o  t h e i r  

t r i p l e t s  (135  - 137) . A hydrogen atom t r a n s f e r  l e a d i n g  t o  

t h e  r e d u c t i o n  o f  C u ( a c a c )  by  k e t y l  r a d i c a l s  s u c h  a s  Ph2CHOH 
2 



a s  shown i n  Eq. 3-11 and 3-12, a l s o  dese rves  some cons idera -  

t i o n .  I n  f a c t ,  t h i s  mechanism has  been invoked t o  e x p l a i n  

t h e  p h o t o l y t i c  dehydrogenation of  cyclohexane i n  t h e  presence  

of Cu( I1)  p i v a l a t e  ( 1 3 8 ) .  

[3-111 P ~ ~ C O  + RCH20B - Ph2COII + RCHOH 

A1 though t h i s  mechanism would e x p l a i n  why c e r t a i n  ke tones  

which do n o t  undergo photoreduc t ion  i n  a l c o h o l s ,  f a i l e d  t o  

e f f e c t i v e l y  s e n s i t i z e  t h e  photoreduc t ion  o f  Cu ( acac )  2 ,  i t  

s t i l l  would n o t  e x p l a i n  t h e  high quenching r a t e  c o n s t a n t s  

observed w i t h  most t h e  compounds s t u d i e d .  Also on t h e  b a s i s  

o f  t h e  r e s u l t s  o b t a i n e d  wi th  benzophenone, i t  i s  u n l i k e l y  

t h a t  a  hydrogen t r a n s f e r  mechanism i s  o p e r a t i n g .  F i r s t  of  

a l l ,  s i n c e  t r i p l e t  s t a t e  benzophenone i s  a lmos t  t o t a l l y  

-2 
quenched a t  Cu(acac)  c o n c e n t r a t i o n s  above 1 0  M and t h e  2 

l i m i t i n g  quantum y i e l d  f o r  Cu(acac)  d i sappearance  a t  t h e s e  
2 

c o n c e n t r a t i o n s  i s  f a r  below u n i t y  (Qc= 0.25) , one would 

s t i l l  obse rve  photoreduc t ion  produc ts  o f  benzophenone' i f  

E q .  3-11 w a s  t h e  on ly  quenching pathway. Th&  photor reduction 

of  benzophenone i s  v i r t u a l l y  reduced t o  i n s i g n i f i c a n t  

-2 amounts when [Cu ( acac )  2 l  > 1 0  M I  which c o n t r a d i c t s  t h e  



hydrogen a b s t r a c t i o n  mechanism. Secondly,  t he  quenching r a t e  

c o n s t a n t  f o r  r e a c t i o n  3-9, t h a t  i s ,  t h e  unimolecular  r a t e  

c o n s t a n t  f o r  t h e  hydrogen a b s t r a c t i o n  by t r i p l e t  benzophenone 

6 -1 from a l c o h o l s ,  ha s  been determined t o  be 3.8 x 1 0  s i n  

6  -1 6 -1 
MeOH,  12.0 x 10 s i n  E t O H ,  and 23.0 x 1 0  s i n  2-propanol 

9 -1 -1 ( 1 0 7 ) .  Cons ider ing  t h e  va lue  of  k = 3.6 x  1 0  M s f o r  
9  

r e a c t i o n  3-11 i n  MeOH, a s  determined by monitoring t h e  

t r i p l e t  s t a t e  decay by f l a s h  p h o t o l y s i s ,  t h e  hydrogen 

a b s t r a c t i o n  by t r i p l e t  s t a t e  benzophenone from MeOH would 

n o t  be  compe t i t i ve  un le s s  t h e  c o n c e n t r a t i o n  of Cu ( a c a c )  

i s  M o r  lower.  

There i s  evidence t o  b e l i e v e  t h a t  s e n s i t i z a t i o n  o f  

Cu(acac)  photoreduc t ion  t a k e s  p l a c e  by an e l e c t r o n  t r a n s f e r  
2 

mechanism. A d i r e c t  e l e c t r o n  t r a n s f e r  t o  t h e  copper (11) 

meta l  c e n t e r  from t h e  t r i p l e t  s t a t e  benzophenone i s  u n l i k e l y  

s i n c e  i t  would invo lve  high energy s p e c i e s  such a s  t h e  

benzophenone c a t i o n  r a d i c a l ,  [Ph2COl ?. Although t h e r e  a r e  

many examples o f  e l e c t r o n  t r a n s f e r  - t o  carbonyl  t r i p l e t s  

(135,  1 3 9 ) ,  on ly  one r e c e n t  s tudy  concerning p o s s i b l e  

e l e c t r o n  t r a n s f e r  from carbonyl  t r i p l e t s  has been r e p o r t e d  

+2  - ( 1 4 0 )  . This  i n v o l v e s  ' the  photoreduc t ion  of paraqua t  (PQ - 

1,l"-dimethyl-4,4'-bipyridylium) through e l e c t r o n  t r a n s f e r  

from a  number of a romat ic  carbonyl  t r i p l e t s .  



The r a d i c a l  c a t i o n s  d e r i v e d  from t h e  c a r b o n y l  t r i p l e t s  

c o u l d  n o t  b e  d e t e c t e d  b e c a u s e  t h e y  e i t h e r  have  r e l a t i v e l y  

s h o r t  l i f e t i m e s  o r  v e r y  weak a b s o r p t i o n  i n  t h e  s p e c t r a l  

r e g i o n  i n v e s t i g a t e d  (140)  . 
Another  i n d i c a t i o n  a g a i n s t  t h i s  t y p e  o f  e l e c t r o n  

t r a n s f e r  ( t o  t h e  m e t a l  c e n t e r )  i s  p r o v i d e d  by  t h e  f a i l u r e  

o f  p h e n o t h i a z i n e  t o  p h o t o l y t i c a l l y  r educe  Cu ( a c a c )  2 .  I n  

methanol  s o l u t i o n s ,  t h e  p h e n o t h i a z i n e  t r i p l e t  s t a t e  h a s  

b e e n  shown t o  b e  quenched by e l e c t r o n  t r a n s f e r  t o  m e t a l  

i o n s  t o  g i v e  t h e  p h e n o t h i a z i n e  c a t i o n  r a d i c a l  and t h e  

reduced  m e t a l  i o n ,  p r o v i d e d  t h e  r e d u c t i o n  p o t e n t i a l s  o f  

t h e  l a t t e r  a r e  f a v o r a b l e .  The quench ing  r a t e  c o n s t a n t  o f  

p h e n o t h i a z i n e  by  C U + ~  i o n  was d e t e r m i n e d  t o  b e  6 .0  x 10 
9 

M - ~ s - '  i n  methanol  ( 1 4 1 )  . The i n e f f i c a c y  o f  p h e n o t h i a z i n e  

a s  w e l l  a s  p-methoxyacetophenone i n  

r e d u c t i o n  o f  Cu ( a c a c )  s u g g e s t  t h a t  

s e n s i t i z i n g  t h e  photo- 

r e d u c t i o n  o f  t h e  complex 

by d i r e c t  e l e c t r o n  t r a n s f e r  t o  t h e  m e t a l  does  n o t  o c c u r .  

I t  i s  b e l i e v e d  t h a t  t h e  quenching o f  t r i p l e t  s e n s i t i -  

z e r s  by C ~ ( a c a c ) ~  t a k e s  p l a c e  by  e l e c t r o n  t r a n s f e r  from t h e  

l i g a n d  o f  C u ( a c a c )  t o  t h e  e x c i t e d  s t a t e  o f  t h e  s e n s i t i z e r  



v i a  an  u n s p e c i f i e d  encounte r  complex (and/or  exc ip l ex )  

which might be  r ep re sen ted  a s  - 3-4 o r  - 3-5. 

* + ph2c0 + Cu(acac)  ----+ I P ~ ~ c o ' - - -  ( a c a c )  -Cu(acac)  1 

+ [ph2c07--- ( acac )  Cu---acac-1 ---r. Ph2C0 + Cu(acac)  + 

acac  
3-5 - 

+ 
'   he formula t ion  assumes a  l o o s e  a s s o c i a t i o n  between Cu(acac)  

and t h e  a c e t y l a c e t o n y l  r a d i c a l  which may undergo i r r e v e r s i b l e  

hydrogen a b s t r a c t i o n  from t h e  s o l v e n t  a s  i n  Equat ion 3-4, 

o r  a d d i t i o n  r e a c t i o n s  i n  t h e  presence  o f  r e a c t i v e  o l e f i n s .  

The o v e r a l l  p roces s  might be regarded a s  an e l e c t r o n  m i -  

g r a t i o n  from t h e  l i g a n d  t o  t h e  copper  c e n t e r ,  a s  proposed 

f o r  t h e  d i r e c t  p h o t o l y s i s  (23) , b u t  w i t h  t h e  t r i p l e t  s t a t e  

benzophenone a c t i n g  a s  t h e  e l e c t r o n  c a r r i e r .  The dev ia -  

t i o n  o f  t h e  quantum y i e l d  of  pho to reduc t ion  @ from u n i t y  
C 

could be  a  r e s u l t  of  back e l e c t r o n  t r a n s f e r ,  fo l lowing 

t h e  format ion  of  complex 3-4 o r  3-5 i n  t h e  s o l v e n t  cage .  - - 
I t  i s  n o t  unders tood p r e c i s e l y  a t  what s t a g e  t h e  back : >  

e l e c t r o n  t r a n s f e r  can occur  w i t h i n  t h e  complex - 3-4 + - 315. 

One may p e r c e i v e  t h a t  t h e  d i s s o c i a t i o n  o f  t h e  complex i s  

r a p i d  owing t o  t h e  i n s t a b i l i t y  of Cu(acac)  t. While t h e  2 



back e l e c t r o n  t r a n s f e r  i n  complex - 3-4 i s  s t r a i g h t f r o w a r d ,  

t h a t  i n  complex - 3-5 may i n s t e a d  i n v o l v e  e l e c t r o n  t r a n s f e r  

from t h e  k e t y l  a n i o n  r a d i c a l  t o  t h e  a c e t y l a c e t o n y l  

r a d i c a l  which  i s  i n  compet i t , ion  w i t h  t h e  i r r e v e r s i b l e  

hydrogen a b s t r a c t i o n  o f  t h e  r a d i c a l  from methanol .  
? 

The c a l c u l a t i o n s  o f  t h e  f r e e  e n e r g y  change ( A G )  

a s s o c i a t e d  w i t h  t h e  e l e c t r o n  t r a n s f e r  a c c o r d i n g  t o  Weller's 

e q u a t i o n  ( T a b l e  2-2) show t h a t  t h e  e l e c t r o n  t r a n s f e r  t o  

t h e  t r i p l e t  s t a t e  of  some k e t o n e s  i s  e n e r g e t i c a l l y  f a v o r -  

a b l e ,  b u t  t o  o t h e r  s e n s i t i z e r s  i s  n o t .  T h i s  i s  i n  g e n e r a l  

agreement  w i t h  t h e  o b s e r v e d  r e s u l t s  i n  q u a l i t a t i v e  expe- 

r i m e n t s .  

F u r t h e r m o r e ,  from Weller's s e m i - e m p i r i c a l  c o r r e l a t i o n s  

(145)  t h e  b i m o l e c u l a r  r a t e  c o n s t a n t s  f o r  e l e c t r o n  t r a n s f e r  

quench ing ,  k  , c a n  a l s o  b e  r e l a t e d  t o  AG a s  shown i n  Eq. 3-16. 
q  

[3-161 l o g  k  - AG - Eo-o + I E ( ~ / ~ + )  - E q  (A-/A) I 

O b s e r v a t i o n  o f  t h e  c o r r e l a t i o n  i m p l i e d  by Eq. 3-16 u s u a l l y  

p r o v i d e s  s u p p o r t  f o r  a n  e l e c t r o n  t r a n s f e r  mechanism ( 1 4 5 ) .  

The r e a s o n a b l y  good l i n e a r  c o r r e l a t i o n  ( e x c e p t  f o r  the p o i n t  

due  t o  b e n z i l )  found between l o g  k and -E - E 
9 0-0 (A-/A) ' 

a s  shown i n  F i g .  2-8, s u p p o r t s  t h e  p r o p o s a l  t h a t  t h e  t r i p l e t  

s t a t e s  o f  t h e  s e n s i t i z e r s  a r e  quenched by C u ( a c a c )  by a n  2 



e l e c t r o n  t r a n s f e r  mechanism. Prev ious  s t u d i e s  have noted 

t h a t  t h e  quenching o f  t r i p l e t  s t a t e  b e n z i l  by me ta l  

complexes and o t h e r  quenchers i s  a n  except ion  w i t h  un ique ly  

low r a t e  c o n s t a t n t s  (43, 1 4 0 ,  1 4 6 ) .  This i s  probably  due 

t o  t h e  s e n s i t i z e r  undergoing unwanted s i d e  r e a c t i o n s .  



3-6 Conclusions and Research Proposa ls  

Although t h i s  i n v e s t i g a t i o n  prov ides  s t r o n g  evidence 

i n  f avo r  o f  an  e l e c t r o n  t r a n s f e r  mechanism f o r  t h e  quenching 

of  t r i p l e t  s e n s i t i z e r s  by Cu ( acac )  2 ,  t h e  v a l i d i t y  of t h i s  

p roposa l  can  be  t e s t e d  f u r t h e r  i f  t r a n s i e n t  s p e c i e s  formed 

du r ing  t h e  r e a c t i o n  can  b e  d e t e c t e d  by f l a s h  e x c i t a t i o n  

t echn iques .  One of t h e s e  s p e c i e s ,  t h e  benzophenone an ion  

r a d i c a l ,  P ~ ~ C O ,  abso rbs  s t r o n g l y  a t  -630 nrn ( E  -5000) i n  

a c e t o n i t r i l e  s o l u t i o n  ( 1 4 7 ) .  Therefore ,  i f  d e t e c t e d ,  i t s  

decay k i n e t i c s  could b e  s t u d i e d .  

9 -1 -1 The f a s t  r a t e  c o n s t a n t s  (k  -3.6-7.3 x 1 0  M s ) 
9 

of quenching of  t r i p l e t  s t a t e  benzophenone sugges t  t h a t  

t h e  p roces s  may invo lve  t h e  format ion  o f  encounter  com- 

p l exes  and/or exc ip l exes .  Although many s i n g l e t  e x c i p l e x e s  

a r e  s t r o n g l y  f l u o r e s c e n t ,  t r i p l e t - d e r i v e d  exc ip l exes  do 

n o t  u s u a l l y  luminesce,  and a s  a  r e s u l t  t h e i r  d i r e c t  

c h a r a c t e r i z a t i o n  i s  more d i f f i c u l t .  However, evidence 

f o r  t h e  in termediacy of  exc ip l exes  i n  t h e  quenching of  

t r i p l e t  b e n z i l  by t r i e t h y l a m i n e  has  been r epo r t ed  (148) .  

A s i m i l a r  s tudy  f o r  t h e  benzophenone (and o t h e r  s e n s i t i z e r s )  

C u ( a c a ~ ) ~  system could  a l s o  be  c a r r i e d  o u t  t o  look f o r  

e x c i p l e x  format ion.  

Provided t h e  a c e t y l a c e t o n y l  r a d i c a l  has  an a b s o r p t i o n  

i n  a  t r a n s p a r e n t  r e g i o n ,  f l a s h  techniques  could a l s o  b e  



used t o  s tudy  i t s  decay k i n e t i c s  i n  t h e  presence of  var ious  

s u b s t r a t e s .  

The behaviour  and r e a c t i v i t y  o f  d i f f e r e n t  6-di- 

ke tony l  r a d i c a l s  (R1COCHCOR2) can be  i n v e s t i g a t e d  by car ry ing  

o u t  t h e  s e n s i t i z e d  photoreduc t ion  of v a r i o u s  Cu(I1)  6-di- 

k e t o n a t e  complexes under t h e  c o n d i t i o n s  used i n  t h i s  r e sea rch .  

Th i s  would r e v e a l  e l e c t r o n i c  and s t e r i c  e f f e c t s  of t h e  R 1 

and R 2  groups on t h e  e l e c t r o p h i l i c  a d d i t i o n  t o  o l e f i n s  

o r  hydrogen a b s t r a c t i o n  r e a c t i o n s .  

The t r a n s i e n t  copper (1)  a c e t y l a c e t o n a t e  Cu(acac) can 

c o o r d i n a t e  w i t h  a  v a r i e t y  o f  l i g a n d s ,  such a s  o l e f i n s ,  

phosphines ,  amines and s u l f i d e s  t o  g i v e  Cu(acac)LX com- 

p l exes .  These complexes a r e ,  i n  most c a s e s ,  spontaneously 

and r a p i d l y  ox id i zed  by a i r  t o  r e g e n e r a t e  C ~ ( a c a c ) ~  i n  t h e  

presence  of  ace ty l ace tone .  

13-17] Cu(acac)LX + acacH + O2 - Cu(acac)  + L + H20 
X 

The r e p e t i t i v e  photoreduct ion and r e c y c l i n g  by a i r  ox ida t ion  

o f  t h e  c o p p e r ( I 1 )  a c e t y l a c e t o n a t e  complex could r e s u l t  i n  a  

c a t a l y t i c  r e a c t i o n  of a  s u b s t r a t e ,  such a s  o x i d a t i o n  

( a l c o h o l s )  , i somer i za t ion  o r  d i m e r i z a t i o n  ( o l e f i n s )  , e t c .  

Also,  t h e  p o t e n t i a l  c a t a l y t i c  p r o p e r t i e s  of  t h e  



benzophenone-Cu(acac) system in a benzene-hydrogen medium 2 

towards isomerization and/or hydrogenation of olefins, may 

deserve a more extensive study. 



1 2 1  

CHAPTER 4 

Experimental  

4 - 1  Genera l  Techniques 

Unless  s p e c i f i e d  o therwise  t h e  fo l lowing  exper imenta l  

c o n d i t i o n s  p r e v a i l e d .  Melt ing p o i n t s  (mp) were determined 

on a  F isher -Johns  appara tus  and were uncor rec ted .  I n f r a -  

r e d  s p e c t r a  ( i r )  were ob ta ined  wi th  a  Perkin-Elmer 457 

o r  a  Perkin-Elmer 5 9 9 B  spectrophotometer a s  a  n u j o l  mul l ,  

K B r  p e l l e t ,  l i q u i d  f i l m  o r  CC14 s o l u t i o n .  U l t r a v i o l e t  

and v i s i b l e  s p e c t r a  were recorded on a  Unicam SP8000 o r  

a  Cary 17 spec t rophotometer .  Nuclear magnetic resonance 

(nmr) s p e c t r a  were recorded on a  Varian A56/60, EM-360 

o r  a  Var ian XL-100 spec t rometer  i n  CDC13 s o l u t i o n  us ing  

TMS a s  i n t e r n a l  s t anda rd .  Chemical s h i f t s  f o r  p ro ton  nmr 

s p e c t r a  a r e  r e p o r t e d  i n  6 v a l u e s  and coupl ing  c o n s t a n t s  

(J) i n  Hz. The coupl ing  p a t t e r n s  of nmr s i g n a l s  a r e  p re -  

s en t ed  a s  s ( s i n g l e t )  , d (doub le t )  , t ( t r i p l e t )  , q 

( q u a r t e t ) ,  d , d  (double  d o u b l e t ) ,  m ( m u l t i p l e t )  and b  

( b r o a d ) .  D 0 exchangeable p ro tons  a r e  i n d i c a t e d  by 2  

' D 2 0  exch".  I n  13c nmr s p e c t r a ,  chemical s h i f t s  a r e  

r epo r t ed  i n  ppm r e l a t i v e  t o  TMS and t h e  s p l i t t i n g  p a t -  

t e r n s  from of f - resonance  decoupling (ord)  are i n d i c a t e d  

i n  p a r e n t h e s i s .  Mass s p e c t r a  ( m s )  and gas  chromato- 

graphy mass s p e c t r a  (gc-ms) were ob ta ined  on a  

$ 

i 



Hitach i -Perk in  E l m e r  MU-6E mass spec t rome te r  o r  on a 

Hewlett-Packard 5985 gc-ins systcm. The gas  chromato- 

g r a p h i c  mass s p e c t r a  used  a  20% SE-30 (10 f t  x 1/8 i n )  

column i n  a  Va r i an  1400 o r  a  SE-30 c a p i l l a r y  column (J & W ,  

45 f t  x 0.28 mm) i n  a  Hewlett-Packard 5840 gc which w e r e  

coup led  t o  t h e  mass spec t rome te r .  High r e s o l u t i o n  mass 

s p e c t r a  (hrms) w e r e  performed a t  t h e  U n i v e r s i t y  of B r i t i s h  

Columbia mass s p e c t r o m e t r i c  s e r v i c e s .  Vapour phase  chromato- 

g r a p h i c  a n a l y s e s  (vpc)  w e r e  performed on a  Var ian  1200 (FLD) 

w i t h  a  10% SE-30 (6  f t  x 1/8 i n )  column o r  a  Var ian  1400 

( F I D )  w i t h  a  SE-30 c a p i l l a r y  column (J & W ,  45 f t  x 0 .28  rnm) .  

P r e p a r a t i v e  r u n s  w e r e  execu ted  on a  Va r i an  1700 ( t h e r m a l  

c o n d u c t i v i t y  d e t e c t o r )  u s i n g  a  10% SE-30 (10 ft x 1/4 i n )  

column. Re t en t i on  t i m e s  ( r t )  a r e  r e p o r t e d  i n  minu tes  

(min ) .  Thin l a y e r  chromatographic  a n a l y s e s  ( t l c )  w e r e  

performed bn s i l i ca  g e l  impregnated w i t h  uv i n d i c a t o r  o r  

on alumina,  and w e r e  t h e n  developed w i t h  i o d i n e .  Separa-  

t i o n s  by column chromatography w e r e  c a r r i e d  o u t  u s i n g  

n e u t r a l  alumina (Brockman a c t i v i t y  I ,  F i s c h e r ,  80-200 mesh) 

o r  s i l i c a  g e l  ( ~ a k e r  ana.lyzed, 60-200 mesh).  For  h i g h  

p r e s s u r e  l i q u i d  chromatography ( h p l c )  two t y p e s  o f  sy s t em 

w e r e  used.  One was a Var ian  Model LC-4010-1 u s i n g  a 

P o r a s i l  C-4000 (37-75 m) column. The o t h e r  was con- 

s t r u c t e d  w i t h  a  LDC Model 711  s o l v e n t  d e l i v e r y  system, 

a Rheodyne Model 7120 s y r i n g e  l oad ing  sample i n j e c t o r ,  



a  P a r t i s i l  PXS 10/25 Whatman a n a l y t i c a l  column and a  LDC 

Model 1203 uv monitor  (254 nm) . P r e p a r a t i v e  HPLC s epa ra -  

t i o n s  w e r e  c a r r i e d  o u t  on a Var i an  Model 5020 u s i n g  a  

PAC-Magnum 9  Whatman column. E lementa l  a n a l y s e s  w e r e  

performed by M r .  M.K.  Yang on a  P e r k i n  E l m e r  240 micro- 

a n a l y z e r .  

4-2 Chemicals  

S o l v e n t s  were r e a g e n t  g r a d e  and d i s t i l l e d  b e f o r e  use .  

Benzene ( d i s t i l l e d  from H so4)  was s t o r e d  ove r  sodium 
2 

r i bbon ;  a c e t o n i t r i l e  ( - d i s t i l l e d  o v e r  P205)  , methanol  ( d i s -  

t i l l e d  from Mg), chloroform and methylene c h l o r i d e  ( d i s -  

t i l l e d  o v e r  CaC12) w e r e  a l l  k e p t  o v e r  molecu la r  s i e v e s .  

Te t r ahyd ro fu ran  (THF) was d i s t i l l e d  from l i t h i u m  

aluminum h y d r i d e  and s t o r e d  o v e r  sodium. Concen t ra ted  

n i t r i c  a c i d  and h y d r o c h l o r i c  a c i d  w e r e  s u p p l i e d  by 

Baker ,  c o n c e n t r a t e d  s u l f u r i c  a c i d  by CanLab and g l a c i a l  

a c e t i c  a c i d  by BDH Chemicals .  N i t rogen  and hydrogen gas  

(Union Ca rb ide )  were p u r i f i e d  by s c r u b b i n g  th rough  a  

F i e s e r  s o l u t i o n  fol lowed by c o n c e n t r a t e d  s u l f u r i c  a c i d  

and KOH p e l l e t s .  Carbon monoxide (C.P.,  Union Carb ide)  

was scrubbed through KOH p e l l e t s  b e f o r e  use .  

Cu (acac I2  was p r epa red  by t h e  known method (149) and 

r e c r y s t a l l i z e d  from benzene.  Ace ty l ace tone  ( F i s c h e r )  

was d i s t i l l e d  be fo re  use .  Commercial ly o b t a i n e d  



s e n s i t i z e r s 1  were p u r i f i e d  by r e c r y s t a l l i z a t i o n  , vacuum 

sub l ima t ion  o r  a combination of bo th .  B i a c e t y l  ( ~ a s t m a n )  

was d i s t i l l e d  and s t o r e d  under n i t r o g e n .  1-Cyanonapthalene 

was prov ided  by D r .  T .  Koyanagi, Kyoto Un ive r s i t y .  O l e f i n s ,  

d i e n e s  and a c e t y l e n e s  were commercially a v a i l a b l e  (Aldr ich)  , 

and d i s t i l l e d  o r  r e c r y s t a l l i z e d  b e f o r e  use .  T r i e n e s  were 

p u r i f i e d  by a p rev ious ly  desc r ibed  method ( 1 5 0 ) .  .A sample 

of 2 ,5 -d i th iahexane  was provided by D r .  R . K .  Pomeroy. 

4-3  P h o t o l y s i s  Apparatus 

Three d i f f e r e n t  t ypes  of a p p a r a t u s  were used.  

l i n d r i c a l  v e s s e l  f i t t e d  wi th  a condenser ,  a Pyrex 

( o  q u a r t z )  p l a t e  cover  and a gas  i n l e t  tube .  An a i r  t r a p  

was a l s o  f i t t e d  on t o p  of t h e  condenser a l l owing  on ly  t h e  

g a s  i n s i d e  t h e  appa ra tus  t o  escape.  The whole v e s s e l  was 

immersed i n  running t a p  water  f o r  c o o l i n g  purposes .  This  

appa ra tus  w a s  normally used i n  con junc t ion  w i t h  a 140-Watt 

Hanovia mercury lamp (SH 616 A 1030) which was p laced  a t  

a d i s t a n c e  o f  -2 cm from t h e  p l a t e  cover .  T h i s  type  of 

overhead i r r a d i a t i o n  has  t h e  advantage of d imin ish ing  

t h e  o b s t r u c t i o n  of t h e  i n c i d e n t  l i g h t  when i n s o l u b l e  

p r e c i p i t a t e s  a r e  formed. 

Samples o f  butyrophenone, valerophenone and y-methyl- 

valerophenone were k ind ly  provided by D r .  J . C .  Scaiano.  



F i g u r e  4-1 Photolysis Apparatus I. 
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Apparatus I1 

T h i s  appa ra tus  c o n s i s t e d  of  a  f l a t  cy- 

l i n d r i c a l  v e s s e l  ( ~ y r e x  g l a s s )  f i t t e d  w i t h  a  condenser ,  

a  s i d e  a r m  (gas  i n l e t )  and a Te f lon  stopcock w i t h  a  

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

p i t a t e s  from t h e  rest of  t h e  p h o t o l y s a t e  s o l u t i o n .  The 

l i g h t  source  was g e n e r a l l y  a 200-Watt Hanovia medium 

p r e s s u r e  mercury lamp (654 A 36) i n s e r t e d  i n t o  a  q u a r t z  

coo l ing  j a c k e t .  

ADDaratuS I11 

T h i s  appara tus  was a  normal immersion t y p e  p h o t o c e l l  

which has  been p rev ious ly  d e s c r i b e d  ( 1 5 2 ) .  The l i g h t  source  

was a  200-Watt o r  a  450-Watt (679 A 36) Hanovia medium 

p r e s s u r e  mercury lamp. 

4-4  P h o t o l y s i s  of Cu(acacI2  i n  t h e  Presence of D i f f e r e n t  

S e n s i t i z e r s  

Unless s p e c i f i e d  o t h e r w i s e ,  a l l  r e a c t i o n s  w e r e  c a r r i e d  

o u t  i n  Apparatus I f i t t e d  w i t h  a  Pyrex g l a s s  cover .  A 

s o l u t i o n  of Cu(acac) (-100 mg) and s e n s i t i z e r  i n  1 0 0  m l  

of s o l v e n t  under n i t r o g e n  w a s  i r r a d i a t e d  w i t h  a 140-Watt 

Hanovia mercury lamp a t  running  wate r  t empera ture .  The 

p rog res s  of  t h e  r e a c t i o n  was fol lowed by examining t h e  

decrease  i n  t h e  v i s i b l e  a b s o r p t i o n  of Cu(acac )*  a t  630 nm. 

A f t e r  p h o t o l y s i s  copper was f i l t e r e d  and determined by 



c o l o r i m e t r i c  methods (153) .  The f i l t r a t e  was d i s t i l l e d ,  

t h e  f i r s t  f r a c t i o n  being c o l l e c t e d  i n  a  r e c e i v e r  (cooled  

i n  an ice -water  ba th )  c o n t a i n i n g  a  2,4-DNPH s o l u t i o n .  The 

ye l low p r e c i p i t a t e  was f i l t e r e d  and r e c r y s t a l l i z e d  t o  a f f o r d  

t h e  2 , 4 - D N P H  of v o l a t i l e  ca rbony l  compounds. The second 

f r a c t i o n  c o n t a i n i n g  t h e  major p a r t  of  t h e  s o l v e n t  was 

ana lyzed  by h p l c  t o  g i v e  on ly  one peak which had t h e  same 

r e t e n t i o n  t i m e  a s  ace ty l ace tone .  The c o n c e n t r a t i o n  of  

a c e t y l a c e t o n e  was c a l c u l a t e d  from i t s  uv abso rp t ion  a t  

'max 273 nm. The r e s i d u e  was analyzed by vpc,  t l c  and 

gc-ms. S e n s i t i z e r s  and/or p roduc t s  were s e p a r a t e d  when 

p o s s i b l e ,  by p r e p a r a t i v e  t l c  o r  column chromatography on 

s i l i c a  g e l .  

4 -4-1  Benzophenone s e n s i t i z a t i o n  

a)  i n  methanol 

A s o l u t i o n  of Cu(acac) (150 mg, 0.57 rnmol), benzo- 2  

phenone (112 mg, 0.64 mmol) i n  methanol (100 m l )  was ir- 

r a d i a t e d  t o  g i v e  a  b lack  s o l i d  a f t e r  -3 h .  I r r a d i a t i o n  

f o r  18 h  gave m e t a l l i c  copper suspension.  The f i l t e r e d  

s o l u t i o n  showed no abso rp t ion  a t  630 nm. Copper (98%)  

was s e p a r a t e d  by f i l t r a t i o n  u s i n g  a  s i n t e r e d  g l a s s  funne l .  

A c o l d  t r a p  c o n t a i n i n g  15  m l  of 2 ,4 -DNPH s o l u t i o n  was used 

t o  t r a p  v o l a t i l e  compounds du r ing  f i l t r a t i o n .  A yel low 

p r e c i p i t a t e  was f i l t e r e d ,  washed and d r i e d  under vacuum 

t o  g i v e  t h e  2,4-dinitrophenylhydrazone of formaldehyde 



(55 mg, 4 6 % ) ;  t h e  s o l i d  w a s  r e c r y s t a l l i z e d  from methanol- 

H20; mp 166-168O (lit mp 166O) (154) . The f i l t r a t e  was 

evapora ted  i n  a f l a s h  evapora to r  t o  g i v e  a s o l i d  (107 mg, 

9 6 % ) ;  mp 48-50•‹; t h e  i r  spectrum super imposable  w i t h  t h a t  

of benzophenone. The d i s t i l l a t e  was ana lyzed  by h p l c  t o  

g i v e  one peak corresponding t o  ace ty l ace tone .  The uv 

spectrum o f  d i s t i l l a t e  (100-fold d i l u t i o n )  showed hmax 273 

nm, OD = 0.52. The y i e l d  of a c e t y l a c e t o n e  was . es t imated  

from t h e  OD (0.76 mmol, 6 7 % ) .  

I n  a  s i m i l a r  experiment,  a  s o l u t i o n  of  ~ u ( a c a c ) ~ ,  

benzophenone i n  methanol was i r r a d i a t e d  t o  g i v e  a  b l ack  

s o l i d  a f t e r  -2.5 h. The s o l i d  was q u i c k l y  f i l t e r e d  and 

washed w i t h  t h e  s o l v e n t ;  i r  ( n u j o l )  1580 (s)  , 1550 (s )  , 
-1 1530 (s)  , 1220 ( m )  , 1190 (w)  , 1020 ( m )  , 940 ( m )  , 785 ( m )  cm . 

I n  ano the r  experiment,  a  s i m i l a r  s o l u t i o n  of ~ u ( a c a c ) ~  

and benzophenone i n  methanol was i r r a d i a t e d  f o r  3  h  t o  

g i v e  a  b l a c k  s o l i d .  The pho to lysa t e  was d i v i d e d  i n  two 

p a r t s .  One p a r t  was l e f t  under n i t r o g e n  f o r  12 h  t o  

g i v e  a  b l u e  s o l u t i o n  and m e t a l l i c  copper ;  uv ( a f t e r  f i l -  

t r a t i o n )  showed t h a t  t h e  C ~ ( a c a c ) ~  a b s o r p t i o n  had decreased 

-50% from t h e  o r i g i n a l  absorp t ion .  The o t h e r  p a r t  was 

l e f t  exposed t o  t h e  a i r  f o r  1 2  h  t o  g i v e  a b l u e  s o l u t i o n .  

U v  showed no dec rease  i n  t h e  C ~ ( a c a c ) ~  a b s o r p t i o n .  

I n  a r e l a t e d  experiment,  m e t a l l i c  copper  (powder, 

Koch l i g h t  l a b ,  0.32 g ,  5  mmol) was t r e a t e d  w i t h  a  s o l u t i o n  



of  a c e t y l a c e t o n e  (1.0 g ,  1 0  mmol) i n  methanol (50 m l )  

and l e f t  a t  room tempera ture  w i th  s t i r r i n g '  f o r  24 h t o  

g i v e  a  b l u e  p r e c i p i t a t e .  The s o l u t i o n  was evaporated 

and t h e  r e s i d u e  was t r e a t e d  wi th  CHC13 ( 2 0  m l )  and f i l -  

t e r e d .  The b l u e  f i l t r a t e  was evaporated t o  g i v e  C ~ ( a c a c ) ~  

(0.92 g ,  69 .6%) ;  mp 228-230•‹ d  (lit 230•‹ d )  (155) ;  i r  

653(m) cm-I. 

b )  i n  e t h a n o l  

A s o l u t i o n  of Cu(acac)  ( 1 2 0  mg, 0.46 mmol), benzo- 
2 

phenone ( 1 1 2  mg, 0.64 mmol) i n  e t h a n o l  (100 m l )  was 

i r r a d i a t e d  t o  g i v e  a  b l ack  s o l i d  a f t e r  -1 h. A f t e r  3  h  

m e t a l l i c  copper suspension was observed and t h e  absorp- 

t i o n  of f i l t e r e d  a l i q u o t  had d i sappeared .  Usual work-up 

of t h e  p h o t o l y s a t e  gave copper ( - l o o % ) ,  a c e t y l a c e t o n e  

(0.77 rnmol, 8 4 % ) ,  benzophenone ( 1 0 4  mg, 94%) and t h e  

2,4-DNPH of ace ta ldehyde  (29 mg, 2 8 % ) ;  mp 146-148O 

(lit mp 147O) (154) .  

I n  a  s i m i l a r  exper iment ,  a  s o l u t i o n  of  Cu(acacI2  

and benzophenone i n  e t h a n o l  was i r r a d i a t e d  t o  g i v e  a b l a c k  

s o l i d  a f t e r  1 h.  The s o l i d  was q u i c k l y  f i l t e r e d  and 

washed wi th  t h e  s o l v e n t ;  i r  ( n u j o l )  1580 (s)  , 1550 (s)  , 

1530 (s)  , 1190 ( w )  , 1020 (m)  , 940 ( m )  , and 785 ( m )  cm-I. 



c )  i n  i sop ropy l  a l c o h o l  

A s o l u t i o n  of Cu(acac)  (50 mg, 0 . 1 9  mmol) , benzo- 

phenone (112 mg, 0.64 mmol) i n  i s o p r o p y l  a l c o h o l  (100 m l )  

was photolyzed t o  g ive  a  b l a c k  s o l i d  a f t e r  15 min. A f t e r  

1 h  copper suspension was formed and no abso rp t ion  a t  

630 nm was observed.  Copper (98%)  was f i l t e r e d  o u t  and 

determined by t h e  u sua l  method. The f i l t r a t e  was d i s -  

t i l l e d  ( 3  m l )  i n t o  a  r e c e i v e r  c o n t a i n i n g  a  2,4-DNPH so lu -  

t i o n  t o  g i v e  a  yellow s o l i d ,  which was r e c r y s t a l l i z e d  from 

ethanol-H20 t o  g i v e  t h e  2,4-DNPH of  ace tone  (33 mg, 73%) ; 

mp 124-126.5O (lit mp 126O) ( 1 5 4 ) .  ' T h e  remainder of t h e  

f i l t r a t e  was evaporated t o  g i v e  benzophenone (98 mg, 

8 8 % ) .  Hplc a n a l y s i s  of t h e  d i s t i l l a t e  showed t h e  presence  

of a c e t y l a c e t o n e  (0.29 mmol, 76%) as determined by i t s  

a b s o r p t i o n  a t  Amax 273 nm. 

d )  i n  t e t r ahydro fu ran  (THF) 

A s o l u t i o n  of Cu(acacI2  (200 mg, 0.77 mmol) , benzo- 

phenone (164 mg, 0.94 mmol) i n  THF (100 rnl)  w a s  i r r a d i a t e d  

t o  g i v e  a  b l a c k  s o l i d  a f t e r  3.5 h. A f t e r  7  h  m e t a l l i c  

copper was formed and t h e  a b s o r p t i o n  a t  630 nm d isap-  

peared.  Copper (43 mg, 89%) w a s  f i l t e r e d .  The f i l t r a t e  

was f l a s h  evaporated t o  g i v e  a yel low o i l  (214 mg). 

e )  i n  a c e t i c  a c i d  

A s o l u t i o n  of Cu(acac1 (250 mg, 0.96 mmol) and 

benzophenone (500 mg, 2.75 mrnol) i n  a c e t i c  a c i d  (80 m l )  



was i r r a d i a t e d  under  n i t r o g e n  w i t h  a  200-Watt lamp f o r  1 0  h 

t o  g i v e  m e t a l l i c  copper  s u s p e n s i o n .  The f i l t r a t e ,  a f t e r  

removing c o p p e r  was d i l u t e d  w i t h  w a t e r  (180 m l )  and t h e n  

e x t r a c t e d  w i t h  e t h e r  ( 3  x 50 m l ) .  The e t h e r  e x t r a c t s  were 

washed w i t h  5% Na2C03 s o l u t i o n ,  w a t e r  and d r i e d  o v e r  MgS04. 

The s o l v e n t  was e v a p o r a t e d  t o  g i v e  a  d a r k  y e l l o w  o i l  

(0.564 g ) .  Column chromatography o n  s i l i c a  g e l  u s i n g  

CH2C12 a s  e l u e n t  a f f o r d e d  benzophenone ( 0 . 4  g ,  80%)  and 

t h e  f o l l o w i n g  compounds: 1 , l - d i p h e n y l a c e t o n e ,  2-1 (33  mg, 

8 % )  ( 5 3 ) ;  nmr ( C D C ~ ~ )  6 2 . 0 7 ( s t 3 H ) ,  5 . 0 ( s I l H ) ,  -7.3(m, 

+ 
10H); m s  m / e  ( % )  210(M , 4 . 0 ) ,  1 6 7 ( 1 0 0 ) ,  4 3 ( 1 2 ) ;  1 , l - d i p h e n y l -  

1-buten-3-one, 2-2 (18 mg, 4 % )  (156)  ,_ nmr. ( c D c ~ ~ )  6 1 . 9 0 ( ~ 1  

3H), 6 . 3 7 ( s I l H ) ,  -7.3(mIlOH) ; m s  m / e  ( % )  2 2 2 ( ~ + , 5 8 ) ,  221(100) ,  

207 ( 5 3 ) ,  178 ( 8 8 ) ,  105 ( 9 9 ) ,  77 (74)  , 43 (92)  . E l u t i o n  w i t h  

1% c H 3 0 H  i n  CH2C12 a f f o r d e d  t h e  d i k e t o  e t h e r ,  - 2-3 ( 4 1  mg, 

11%), nmr ( c D c ~ ~ )  6 2 .15(s13H),  3 . 7 3 ( s t 2 H ) ,  7 . 3 ( m , l O ~ ) ;  

i r  ( n e a t )  3500-3400 (rn,b), 1720 i s ) ,  1360 (s)  , 1100 ( s , b ) ,  

760 ( m )  , 710 (s) c ;  as m / e  ( % )  239 (96)  , 1 8 3 ( 4 3 ) ,  1 6 7 ( 4 6 ) ,  

1 0 5 ( 1 0 0 ) ,  7 7 ( 3 0 ) ,  5 7 ( 5 8 ) ,  4 3 ( 4 9 ) .  

P h o t o l y s i s  o f  Benzophenone and A c e t y l a c e t o n e  

A s o l u t i o n  of benzophenone (2 .0  g ,  11 m r n o l )  and 

a c e t y l a c e t o n e  (6 .4  g ,  64 rnrnol) i n  a c e t i c  a c i d  (200 m l )  was 

i r r a d i a t e d  th rough  a  Pyrex f i l t e r  under  n i t r o g e n  w i t h  a 

450-Watt mercury lamp f o r  10 h.  The p h o t o l y s a t e  was 

d i l u t e d  w i t h  w a t e r  ( 4 0 0  m l )  and e x t r a c t e d  w i t h  e t h e r  



( 3  x 50 m l ) .  T h e  e t h e r  e x t r a c t s  w e r e  washed  w i t h  5% sod ium 

c a r b o n a t e  a n d  w a t e r ,  d r i e d  o v e r  MgS04, a n d  e v a p o r a t e d  t o  

g i v e  a y e l l o w  r e s i d u e  ( 2 . 6 2  g )  . T r e a t m e n t  w i t h  p e n t a n e  

a f f o r d e d  a s o l i d  wh ich  was r e c r y s t a l l i z e d  f r o m  e t h e r -  

p e n t a n e  t o  g i v e  - cis-2,2-diphenyl-3-hydroxy-3-methyl-4- 

a c e t y l o x e t a n e ,  - 2-4 (0 .756  g ,  24.4%) ; m p  109-112O ; i r  ( n u j o l )  

3500 ( s )  , 1 7 1 5  ( s )  , 1170  ( m )  , 1070  ( m )  , 980 (s) , 765 ( s )  , 

7 1 0 ( s )  cm-L;  i r  ( d i l u t e  CC14 s o l u t i o n )  3 5 5 0 ( s , s h a r p ) ,  

3500-3200 (w ,b )  , 1 7 2 8 ,  1710 c m - l ;  'H nmr ( c D c ~ ~ )  6 1 . 3 7  

( S f  3H) , 2 . 1 7 ( s 1 3 H ) ,  2 . 7 3 ( s , l H l D 2 0  e x c h )  , 4 . 9 2 ( s r l H ) ,  

7 . 5 (m, lOH) ;  13c nmr (CDC13) 2 0 8 . 3 ( s ) ,  1 4 2 . 7 ( s ) ,  1 4 1 . 1 ( s ) ,  

129 .0  (d )  , 1 2 8 . 8  ( d )  , 1 2 8 . 2  ( d )  , 128.0 ( d )  , 126 .6  ( d )  , l 2 5 . 7 ( d )  , 

9 5 . 7 ( s ) ,  8 9 . 8 ( d ) ,  8 1 . 4 ( s ) ,  2 8 . 2 ( q ) ,  2 5 . 7 ( q )  ppm; m s  m / e  

2 8 2 ( ~ + , 0 . 1 )  , 239 ( 4 4 ) ,  1 8 3 ( 6 8 ) ,  1 6 5 ( 4 0 ) ,  1 0 5 ( 1 0 0 ) ,  7 7 ( 3 3 )  : 
+ + f + 

m s  (CI )  m / e  2 8 3 ( 2 9 . 7 , ~  +H ) ,  3 1 1 ( 0 . 6 , ~  +C2H5 ) , 3 2 5 ( 0 . 1 ,  

+ + 
M +C3H7 ) . A n a l .  c a l c d .  f o r  C18H1803: C 76 .55%;  H 6 .49%.  

Found: C  76 .48%;  H 6 .51%.  

The  f i l t r a t e  (1 .79  g )  w a s  c h r o m a t o g r a p h e d  o n  s i l i ca  

g e l .  E l u t i o n  w i t h  CH C 1  g a v e  r e c o v e r e d  benzophenone  2  2  

( 3 6 % )  a n d  a f r a c t i o n  o f  2-1  ( 6 % )  c o n t a m i n a t e d  w i t h  benzo-  

phenone  as  shown b y  v p c  a n d  nmr a n a l y s i s .  E l u t i o n  w i t h  

1% CH30H i n  CH2C12 g a v e  - 2-3 ( 1 4 % )  as  a y e l l o w  o i l ,  as 

shown b y  i r  a n d  nmr. 



4'-4-2 Fluorenone s e n s i t i z a t i o n  

a )  i n  methanol o r  i sop ropy l  a lcoho  

A s o l u t i o n  of  Cu(acac)  ( 1 0 0  mg, 0.38 mmol) and 
2  

f luorenone (200 mg, 1 . 1 0  mmol) i n  100 m l  of s o l v e n t  was 

i r r a d i a t e d  f o r  28 h. The v i s i b l e  s p e c t r a  of t h e  photo- 

l y s a t e  showed no dec rease  i n  t h e  C ~ ( a c a c ) ~  a b s o r p t i o n  a t  

630 nm. A f t e r  work-up, C u ( a ~ a c ) ~  and f luorenone w e r e  

recovered.  

4-4-3 1-Cyanonaphthalene s e n s i t i z a t i o n  

a )  i n  methanol 

Cu(acac)  (100 mg, 0.38 mmol) i n  methanol ( 1 0 0  m l )  

was i r r a d i a t e d  i n  t h e  presence of 1-cyanonaphthalene 

(100 mg, 0.65 mrnol) f o r  48 h .  The p r e c i p i t a t e  was f i l -  

t e r e d  o f f ,  washed wi th  methanol and d r i e d  under vacuum t o  

g i v e  a  b l u e  s o l i d  ( 2-10 ,  1 5  mg); m p  205-209" d ;  i r  ( K B r )  

2 3 l ( 5 6 ) ,  225 (6 .4)  and 4 3 ( 4 l ) .  Anal. c a l cd .  f o r  

C H 0 Cu: C 37.21; H 5.16. Found: C 36.81; H 5.04. 6  10 3  

A f t e r  work-up of t h e  f i l t r a t e ,  76 mg of C ~ ( a c a c ) ~  

were recovered.  Analys i s  by vpc i n d i c a t e d  t h a t  l-cyano- 

naphtha lene  w a s  recovered  (89 mg). 

P r e p a r a t i o n  o f  [CU ( acac )   OM^) 1 

I n  a  s e p a r a t e  exper iment ,  C ~ u ( a c a c )   OM^) 12, 2-10, 



was prepared  by t h e  method o f  Be r t r and  and Kaplan ( 6 9 ) .  

C ~ ( a c a c ) ~  (0.9 9 ,  3.5 rnmol) was d i s s o l v e d  i n  h o t  methanol 

(150 m l )  and t h e  s o l u t i o n  p l aced  i n  a 250 m l  t h r e e -  

necked round-bottom f l a s k  f i t t e d  w i t h  a n i t r o g e n  i n l e t  

t u b e ,  a  r e f l u x  condenser and a dropping funne l  c o n t a i n i n g  

a methanol ic  KOH s o l u t i o n  (195 mg/50 m l ) .  The KOH 

s o l u t i o n  w a s  added dropwise  w i t h i n  15  min and t h e  mix ture  

was r e f l u x e d  under n i t r o g e n  f o r  4 h .  F i l t r a t i o n  of t h e  

h o t  s o l u t i o n  a f fo rded  a b l u e - v i o l e t  s o l i d  which was washed 

wi th  c o l d  methanol and d r i e d  under vacuum (530 mg); 

mp 2 0 4 - 2 0 g 0  d ;  i r  and m s  were i d e n t i c a l  t o  t h e  product  

ob t a ined  above. 

b )  i n  e t h a n o l  o r  THF 

S o l u t i o n s  of  Cu ( acac )  (80 mg) and l-cyanonaphtha- 

l e n e  (80 mg) were i r r a d i a t e d  f o r  48 h .  A f t e r  t h e  u s u a l  

work-up t h e  s t a r t i n g  m a t e r i a l s  were q u a n t i t a t i v e l y  re- 

covered.  

4-4-4 Phenyl a l k y l  ke tones  

A l l  t h e  i r r a d i a t i o n s  were c a r r i e d  o u t  on Apparatus I1 

us ing  a 200-Watt Hg lamp. 

a )  acetophenone 

A s o l u t i o n  of Cu ( acac )  (50 mg, 0.192 mmol) and 

acetophenone (480 mg, 4.8 rnmol) i n  methanol ( 4 0  m l )  was 

i r r a d i a t e d  f o r  5 h t o  g i v e  m e t a l l i c  copper  suspension.  



The p h o t o l y s a t e  was analyzed by vpc (on SE-30, c a p i l l a r y ,  

15 m t ,  80-220•‹ a t  15O/min) and showed a  minor peak a t  

1 .2  and a  major peak a t  1.8 min cor responding  t o  

a c e t y l a c e t o n e  and acetophenone a s  shown by c o i n j e c t i o n  

w i t h  a u t h e n t i c  samples. 

b )  butyrophenone 

A s o l u t i o n  of Cu(acac) (100 mg, 0.38 mmol) and 

butyrophenone (700 mg, 4.7 mrnol) i n  methanol ( 4 0  m l )  was 

i r r a d i a t e d  f o r  5  h  t o  g ive  metal l ic  copper .  The l i g h t  

b l u e  p h o t o l y s a t e  was t r e a t e d  w i t h  wa te r  (100 m l )  and 

e x t r a c t e d  w i t h  e t h e r  ( 2  x 25 m l ) .  The b l u e  e x t r a c t s  

were washed w i t h  wate r  and d r i e d  over  MgS04. The e t h e r  

s o l u t i o n  was analyzed by vpc (same c o n d i t i o n s  as above) 

and showed one minor peak a t  2.2 min cor responding  t o  

acetophenone,  - 2-8, ( 3 % )  and a  major peak a t  5.0 min 

corresponding t o  butyrophenone ( 9  7%) . Peaks were i d e n t i -  

f i e d  by peak matching and y i e l d s  w e r e  e s t i m a t e d  from 

vpc peak a r e a s .  

c )  valerophenone 

A s o l u t i o n  of Cu (acac)  (50 mg, 0.19 rnmol) and 

valerophenone (700 mg, 4 .3  rnrnol) i n  methanol (40 m l )  was 

i r r a d i a t e d  f o r  5 h  t o  g i v e  m e t a l l i c  copper  and a yel low 

s o l u t i o n .  A f t e r  t h e  u sua l  work-up and evapora t ion  o f  

t h e  s o l v e n t  a yellow l i q u i d  (0.504 g) was ob ta ined ;  



2 . 9 5 ( t , j - 7  H Z ) ,  7 .47(m),  7.83(m) ppm. Except f o r  t h e  s i n g l e t  

a t  2.55, t h e  spectrum was i d e n t i c a l  t o  t h a t  of  va l e ro -  

phenone. The vpc a n a l y s i s  o f  t h e  o i l  (same c o n d i t i o n s  

a s  above) showed t h r e e  peaks a t  1 . 7 ,  3.7 and 4 . 1  min. 

~ n a l y s i s  by gc-ms gave t h e  fo l lowing  r e s u l t s :  t h e  peak 

a t  1 .7  min, acetophenone ( 4 1 % )  m / e  120 ( ~ + , 4 6 )  108 (100) , 

7 7 ( 8 9 ) ;  a t  3.7 min, 2-methyl-1-phenylcyclobutanol ( 8 % ) ,  

(61)  , m/e 162 ( ~ ' ~ 3 . 0 )  , 134 (34) , 133 (39) , 120 (100) , 105 (88) , 

78 (30)  ; a t  4 . 1  min, valerophenone (51%)  (157) , m/e 162 ( ~ + , 1 2 )  , 

1 2 0 ( 8 2 ) ,  1 0 5 ( 1 0 0 ) ,  7 7 ( 8 4 ) .  y i e l d s  were e s t i m a t e d  from 

vpc peak a r e a s .  

d )  y-methylvalerophenone 

A s o l u t i o n  of  C ~ ( a c a c ) ~  (50 mg, 0.19 mmol) and 

y-methylvalerophenone (704 mg, 4 . 0  mrnol) i n  methanol 

( 4 0  m l )  was i r r a d i a t e d  f o r  5.0 h t o  g i v e  m e t a l l i c  copper.  

A f t e r  t h e  u s u a l  work-up and evapora t ion  of  t h e  s o l v e n t  

a  yel low v i s c o u s  l i q u i d  (0 .513.g)  was ob ta ined ;  nmr 

(CDC13)  6 0 . 9 3 ( d ) ,  -1.62(m),  2 . 5 4 ( s ) ,  2 . 9 2 ( t ) ,  7.43(m),  

7.87(m) ppm. Except f o r  a  s i n g l e t  a t  2.54 ppm, t h e  spec- 

trum was i d e n t i c a l  t o  t h a t  o f  y-methylvalerophenone. The 

vpc a n a l y s i s  o f  t h e  o i l  (same c o n d i t i o n s  a s  above) showed 

t h r e e  peaks a t  1 .8 ,  4.0 and 4 . 7  min t h a t  were i d e n t i f i e d  

by gc-ms t o  be  acetophenone (63%) , 1 .8  min, m / e  120 ( ~ ' ~ 8 2 )  , 

105 ( 1 0 0 )  , 77  (96)  ; 2,2-dimethyl-1-phenylcyclobutanol (11%) , 
+ 

4.0 min (61) , m / e  176 (M ,6 . O )  , 120 (100) , 105 (64)  , 78 (25) ; 



1 2 0  (91 )  , 105 ( l o o ) ,  77(73) . Yie lds  were e s t i m a t e d  from 

vpc peak a r e a s .  

4-4-5 O t h e r  s e n s i t i z e r s  

a )  xanthone 

A s o l u t i o n  of  Cu(acac) ( 1 0 0  mg, 0.38 mmol) and 

x a n t h o n e  (250 mg, 1.27 mrnol) i n  methanol (100 m l )  was ir-  

r a d i a t e d  f o r  8  h  t o  g i v e  m e t a l l i c  copper suspens ion .  A 

50% d e c r e a s e  was observed i n  t h e  630 nm band. The u s u a l  

work-up o f  t h e  s o l u t i o n  gave copper (48%) and a c e t y l -  

a c e t o n e  ( 3 0 % )  determined a s  b e f o r e .  Cu (acac)  ' and xanthone 
2 

w e r e  r e c o v e r e d  i n  4 0 %  and 96%, r e s p e c t i v e l y .  

b )  b i a c e t y l  

A s o l u t i o n  of  Cu(acac) (100 mg, 0.38 mrnol) and 

b i a c e t y l  ( 5  g ,  48 mmol) i n  e t h a n o l  ( 1 2 0  m l )  was i r r a d i a t e d  

t o  g i v e  a  b l a c k  s o l i d  a f t e r  1 h .  A f t e r  6.5 h  m e t a l l i c  

c o p p e r  w a s  formed and no a b s o r p t i o n  was observed a t  630 nm. 

Coppe r  w a s  f i l t e r e d  and determined a s  u sua l  i n  81% y i e l d .  

The f i l t r a t e  w a s  analyzed by vpc t o  show two major and 

f i v e  minor peaks .  The major peaks were shown t o  b e  

b i a c e t y l  and  a c e t y l  ace tone  by peak matching. 

c) a n t h r o n e  

A s o l u t i o n  of C u ( a ~ a c ) ~  ( 1 0 0  mg. 0.38 rnmol) and an throne  

(86 mg, 0  - 4 5  mrnol) i n  e thano l  (120 m l )  was i r r a d i a t e d  t o  g i v e  

a b l a c k  s o l i d  a f t e r  1 5  min. I r r a d i a t i o n  f o r  3.5 h  gave a 



m e t a l l i c  copper suspens ion  and t h e  s o l u t i o n  showed no ab- 

s o r p t i o n  a t  630 nm. F i l t r a t i o n  a t t empt s  were unsucces s fu l  

due t o  t h e  c o l l o i d a l  n a t u r e  of  copper.  The s o l u t i o n  w a s  

f l a s h  evaporated t o  g i v e  a  red-brown s o l i d  (99 mg). A f t e r  

t r ea tmen t  w i th  e t h e r ,  copper ( 9  2 % )  was f i l t e r e d  a s  u s u a l .  

The f i l t r a t e  was evapora ted  t o  g i v e  a  yel low s o l i d  (74 mg) . 
Treatment w i th  ace tone  (10 m l )  gave an u n i d e n t i f i e d  w h i t e  

s o l i d  (-8 m g )  ; mp 136-142O; i r  ( K B r )  -3500 ( m )  , 1470 ( m )  , 

1 1 9 0  ( w )  , 1035 ( m )  , 780 (s)  , 740 (m) , 700 (s)  , 670 ( m )  , 650 (w)  , 

6 4 0 ( s )  c m .  Vpc a n a l y s i s  o f  t h e  f i l t r a t e  showed one major  

peak,  matching i n  r e t e n t i o n  t ime  wi th  an throne  (92% re -  

c o v e r y ) ,  and one u n i d e n t i f i e d  minor peak. Ace ty lace tone  

(68%) was determined by uv from t h e  d i s t i l l a t e .  

d )  b e n z i l  

A s o l u t i o n  of  C u ( a c a ~ ) ~  (50 mg, 0.19 mmol) and b e n z i l  

(250 mg, 1 . 1 9  mmol) i n  methanol ( 4 0  m l )  was i r r a d i a t e d  i n  

appa ra tus  I1 w i t h  a  200-Watt ~g  lamp t o  g i v e  a  b l ack  

p r e c i p i t a t e  a f t e r  30-40 min. Continued i r r a d i a t i o n  f o r  

4 h  gave m e t a l l i c  copper .  The yellow p h o t o l y s a t e  was 

t r e a t e d  wi th  wate r  (100 m l )  and e x t r a c t e d  w i t h  e t h e r  

(2  x 25 m l ) .  The e t h e r  e x t r a c t s  were washed wi th  wa te r  and 

t h e  s o l v e n t  evapora ted  t o  g i v e  a  yel low o i l  (260 mg). Vpc 

a n a l y s i s  (on SE-30, 100-220•‹ a t  15•‹/min) showed t h r e e  

peaks a t  1 .3 ,  4.8 and 6.3 min which were examined by gc-ms; 

peak a t  1 . 3 ,  unknown ( <  5 % ) ,  m/e 136 ( 5 0 . 2 ) ,  105 (100) ,  



7 7 ( 4 0 )  ; p e a k  a t  4 . 8  m i n ,  unknown ( - 2 8 % ) ,  m/e 1 8 6  ( 0 . 2 )  , 

1 6 2 ( 0 . 1 ) ,  l 5 1 ( 0 . 8 ) ,  1 0 5 ( 1 0 0 )  , 7 7 ( 2 6 )  ; p e a k  a t  6 . 3  m i n ,  

b e n z i l  ( - 6 3 % )  , m / e  210 (M', 5 )  , 1 0 5 ( 1 0 0 )  , 7 7 ( 5 7 )  . R e l a t i v e  

y i e l d s  w e r e  est imated f r o m  v p c  p e a k  areas. 

e)  a n t h r a c e n e  

A s o l u t i o n  o f  C u ( a c a c )  ( 1 0 0  m g ,  0 .38  mmol) a n d  

a n t h r a c e n e  ( 1 0 0  mg, 0 . 5 6  mmol) i n  m e t h a n o l  ( 1 0 0  m l )  w a s  

p h o t o l y z e d  t o  g i v e  w h i t e  c r y s t a l s  a f t e r  1 5  m i n .  I r r a d i a t i o n  

for  28 h  showed  a n  -60% d e c r e a s e  i n  a b s o r p t i o n  a t  630 nm. 

F o r m a t i o n  of c o p p e r  w a s  n o t  o b s e r v e d .  The  s o l u t i o n  w a s  

f i l t e r e d  t o  g i v e  a n t h r a c e n e  d i m e r  ( 7 6  m g ,  7 6 % ) ;  mp 274-276' 

(lit mp 275O) ( 6 8 ) .  T h e  f i l t r a t e  w a s  f l a s h  e v a p o r a t e d  t o  

g ive  a b l u e  s o l i d  ( 1 2 0  m g ) .  A n a l y s i s  b y  t l c  o n  s i l i c a  ge l  

( e l u t i o n  w i t h  C H 2 C 1 2 )  showed  t w o  major s p o t s  (Rf - 0 . 9 5  

a n d  0 . 1 5 )  a n d  o n e  m i n o r  s p o t  ( R ~  - 0 . 5 ) .  p r e p a r a t i v e  t l c  

o n  s i l i c a  ge l  ( e l u t i o n  w i t h  CH C 1 2 )  gave C u ( a c a c )  ( 8 5  m g ,  2  

8 5 % ) ,  a n t h r a c e n e  ( 1 8  mg, 1 8 % )  a n d  a n  u n i d e n t i f i e d  s o l i d  

( 8  m g )  : ir (KBr) , 2940(w)  , 1 7 2 0  (s)  , 1 6 8 0  (m)  , - l6OO(m),  

1 4 5 0  (m)  , 1 2 9 0  ( m )  , 920 (w) , 740 ( s )  , 6 9 5  (m)  a n d  6 7 0  (w) cm-'. 

f )  p h e n o t h i a z i n e  

A s o l u t i o n  o f  C u ( a c a c )  ( 1 0 0  m g ,  0 .38  rnmol) a n d  2  

p h e n o t h i a z i n e  ( 1 2 0  mg, 0 . 6  -01) i n  e t h a n o l  ( 1 2 0  m l )  has 

i r r a d i a t e d  f o r  48 h t o  g ive  a d a r k  b r o w n  s o l u t i o n .  The  

a b s o r p t i o n  a t  630 nm d e c r e a s e d  a b o u t  6 0 % .  T h e  s o l u t i o n  w a s  

f l a s h  e v a p o r a t e d  t o  g i v e  a b r o w n  s o l i d  ( 1 7 6  m g ) .  A f t e r  



t r e a t m e n t  w i t h  ace tone  ( 2 0  m l )  a  b l u e  s o l i d  (56 mg) was 

s e p a r a t e d ;  t h e  i r  spectrum was super imposable  w i t h  t h a t  of 

Cu(acac)  (56%)  (155) . Analysis  of t h e  f i l t r a t e  by vpc 2  

showed o n l y  one peak corresponding t o  phenoth iaz ine  by 

comparison w i t h  a u t h e n t i c  sample. 

g) 2-acetonaphthone 

A s o l u t i o n  of  C ~ ( a c a c ) ~  (50 mg, 0.19 mmol) and 2- 

acetonaphthone (25 mg, 0.15 mmol) i n  methanol ( 4 0  m l )  was 

i r r a d i a t e d  i n  appa ra tus  I1 wi th  a 200-Watt Hg lamp t o  g i v e  

a  b l ack  s o l i d  a f t e r  -1.5 h.  I r r a d i a t i o n  f o r  5  h  gave 

m e t a l l i c  copper  suspension and a  c o l o r l e s s  s o l u t i o n .  F i l -  

t r a t i o n  a t t e m p t s  were unsuccess fu l  due t o  t h e  c o l l o i d a l  na tu re  

of copper .  The s o l u t i o n  was f l a s h  evapora ted  t o  g i v e  a  

red-brown s o l i d  (63 mg). A f t e r  t r e a t m e n t  w i t h  e t h e r  copper 

(73%) was f i l t e r e d .  The f i l t r a t e  w a s  evapora ted  t o  g i v e  a  

w h i t e  s o l i d  (22 mg). Vpc a n a l y s i s  (0-n SE-30, 100-220•‹, 

15O/min) showed two peaks a t  1 ; 8  min f o r  a c e t y l a c e t o n e  

and a t  8 .9  min f o r  2-acetonaphthone. 

h )  c a r b a z o l e ,  phenanthrene,  pyrene ,  pery lene  and 

p-methoxyacetophenone 

A s o l u t i o n  of C ~ ( a c a c ) ~  (100 mg, 0.38 mmol) and t h e  

s e n s i t i z e r 1  i n  e t h a n o l  (120 m l )  was photolyzed f o r  24 .h. NO 

dec rease  w a s  observed i n  t h e  a b s o r p t i o n  of  t h e  630 nm band. 

A f t e r  work-up t h e  unchanged s t a r t i n g  m a t e r i a l s  were r e -  

covered.  

See Tab le  2-2 f o r  s e n s i t i z e r  c o n c e n t r a t i o n s .  



4-5 P h o t o l y s i s  o f  Cu(acac) i n  t h e  Presence  o f  Var ious  2-- 

Ligands 

A s o l u t i o n  of  C u ( a c a ~ ) ~  (100 mg, 0.38 mrnol), benzo- 

phenone (112 mg, 0.64 mmol) and t r iphenylphosphine  (240 mg, 

0.92 mrnol) i n  e thano l  ( 1 0 0  m l )  was i r r a d i a t e d  f o r  2 h t o  

g ive  a c o l o r l e s s  s o l u t i o n .  The abso rp t ion  a t  630 nm had 

d i sappeared .  The s o l u t i o n  was d i s t i l l e d  and t h e  d i s t i l l a t e  

was worked-up a s  usua l  t o  g i v e  ace ta ldehyde  ( 4 2 % )  and 

a c e t y l a c e t o n e  ( 8 0 % ) .  The r e s i d u e  was t r e a t e d  w i t h  e t h e r  

and f i l t e r e d  t o  g ive  a wh i t e  s o l i d  ( 2 4 2  mg, 9 2 % ) ;  mp 

176-17g0 ; i r  ( n u j o l )  1598 (s)  , 1583 (s )  , 1508 ( m )  , 745 (s)  and 

700(m) cm-l; nmr (CDC13) 6 1 .76 ( s ,6H) ,  5 . 0 8 ( s , l H )  and 

7 .21(s ,30H) .  The i r  and nmr s p e c t r a  were i d e n t i c a l  w i t h  

t hose  o f  Cu (acac)  (PPh3) (52)  . Anal. c a l c d  f o r  

C41H37Cu02P2: C 71.65; H 5.40. Found: C 71.76; H 5.56. 

The f i l t r a t e  was evaporated t o  g i v e  a w h i t e  s o l i d  (171 mg). 

P r e p a r a t i v e  t l c  on s i l i c a  g e l  ( e l u t i o n  w i t h  CH2C12)  a f -  

fo rded  benzophenone (109 mg, 97%) and PPh3 (43 mg, 0.16 rnmol) . 
4-5-2 2.5-Dithiahexane 

A s o l u t i o n  o f  Cu(acac) (300 mg, 1 .15 rnrnol) , 2,5- 

d i th i ahexane  , ( 1 4 1  mg, 1.15 rnrnol) and benzophenone (400' mg, 

2.7 mrnol) i n  methanol ( 2 2 0  m l )  was photolyzed under n i -  

t rogen  w i t h  a 200-Watt Hg lamp t o  g ive  a ye l low s o l u t i o n  

a f t e r  20 min. A sample taken  and exposed t o  t h e  a i r  



became b l u e  w i t h i n  -30 s e c .  A f r a c t i o n  of  t h e  yel low 

pho to lysa t e  ( 2  m l )  was t r e a t e d  w i t h  a  methanol s o l u t i o n  

of  a  , a  I -b ipyr idy l  ( 2  m l ,  6  x l o e 3  M) under n i t r o g e n  t o  g i v e  

a r e d  s o l u t i o n  showing X 427 nm ( A s h  550 nm) . O n  ex- max 

posure  t o  t h e  a i r  t h e  s o l u t i o n  g r a d u a l l y  t u rned  b l u e  i n  

-10  min. To t h e  remainder o f  t h e  p h o t o l y s a t e ,  t r i-  

phenylphosphine (600 mg) i n  methanol (30 m l )  was added 

under n i t rogen .  A f t e r  1 0  h  t h e  s o l u t i o n  was evapora ted  t o  

g i v e  a  brown o i l  (949 mg). Treatment w i t h  e t h e r  (25 m l )  

and f i l t r a t i o n  a f f o r d e d  Cu(acac)  (PPh3)2 (382 mg) ( 5 2 ) ;  

mp 165-170•‹; t h e  i r  and nmr s p e c t r a  were i d e n t i c a l  w i t h  

t h o s e  of  an a u t h e n t i c  sample. Vpc a n a l y s i s  of  t h e  

f i l t r a t e  (on 10% SE-30, 80-240•‹ a t  15O/min) showed t h e  

presence of 2 ,5 -d i th iahexane  (2 .3  m i n ) ,  benzophenone 

(7.6 min) and t r iphenylphosphine  (11.9 min) by compari- 

son wi th  a u t h e n t i c  samples. 

I n  a  s e p a r a t e  experiment, '  a  methanol s o l u t i o n  ( 5  m l )  

of  Cu(acac)  (1 . I 5  x M) , benzophenone (1.1 x 10-I M) 

and 2 .5-di thiahexane (2 .3  x M) was i r r a d i a t e d  under 

n i t r o g e n  i n  a  1 cm uv c e l l  w i t h  a  200-Watt Hg lamp 

(Pyrex j acke t )  f o r  3  h  t o  g i v e  a  yel low s o l u t i o n .  The 

s o l u t i o n  e x h i b i t e d  a b s o r p t i o n  maxima a t  X 575 nun (OD = 

1.64 ,  E = 1 4 0 ) .  Continued i r r a d i a t i o n  f o r  two addi -  

t i o n a l  hours d i d  n o t  cause  any change (no  copper me ta l  

was formed) . 



A s o l u t i o n  of Cu(acac)  (300 mg, 1 .15 mmol) , benzo- 2  

phenone (400 mg, 2.2 mmol) and a , a t - b i p y r i d y l  (180 mg, 

1 . I 5  mmol) i n  methanol (200 m l )  was i r r a d i a t e d  (200-Watt 

Hg lamp) under n i t r o g e n  t o  g i v e  a r e d  s o l u t i o n  a f t e r  

30 min. Uv s p e c t r a  showed no a b s o r p t i o n  a t  630 nm b u t  

a  new a b s o r p t i o n  a t  -550 nm. A sample taken  and exposed 

t o  t h e  a i r  became b l u e  w i t h i n  30-60 s e c .  A f r a c t i o n  of  

t h e  r e d  s o l u t i o n  (-100 m l )  was t r e a t e d  w i t h  a  methanol ic  

s o l u t i o n  o f  t r iphenylphosphine  ( 1 0  mg) under n i t r o g e n  t o  

g i v e  a  c o l o r l e s s  s o l u t i o n  a f t e r  -5  h.  The s o l v e n t  was 

evaporated and t h e  r e s i d u e  t r e a t e d  w i t h  e t h e r  (30 m l )  

t o  g i v e ,  a f t e r  f i l t r a t i o n ,  C ~ ( a c a c ) ( P P h ~ ) ~ ,  - 2-7 (105 mg); 

mp 175-178O; i r  spectrum i d e n t i c a l  t o  t h a t  of an authen- 

t i c  sample. The remainder of  t h e  r e d  s o l u t i o n  was ir- 

r a d i a t e d  f o r  a d d i t i o n a l  18 h  t o  g i v e  m e t a l l i c  copper.  

A f t e r  t h e  u s u a l  work-up, vpc a n a l y s i s  (on 10% SE-30, 

100-200•‹ a t  10•‹/min) o f  t h e  c rude  produc t  showed t h e  

presence of  a , a - b i p y r i d y l  (8.6 min) and benzophenone 

(12.6 min) . The produc t  was ana lyzed  by gc-ms (on 

OV-101 ,  80-220•‹ a t  12O/min) t o  g i v e  t h e  fo l lowing  mass 

s p e c t r a :  f o r  peak a t  8.6 min, m / e  1 5 6 ( ~ ~ , 1 0 0 ) ,  78(20) ' ,  

51(13)  and f o r  peak a t  12.6 min, m / e  182 (M', 75) . 
I n  a  s e p a r a t e  exper iment ,  a  methanol s o l u t i o n  

( 5  m l )  of Cu ( acac )  (7.2 x M) , benzophenone (1.72 x 



M) and a , a 1 - b i p y r i d y l  ( 1 . 4 4  x M) was i r r a d i a t e d  

under n i t r o g e n  i n  a  1 cm uv ce l l  w i t h  a  200-Watt Hg lamp 

(Pyrex j a c k e t )  t o  g ive  a  r e d  s o l u t i o n .  A t  each 30 sec 

i n t e r v a l ,  uv s p e c t r a  were recorded  t o  show emergence of 

new maxima a t  427 and 520 ( shou lde r )  nm. A f t e r  8 min of 

i r r a d i a t i o n ,  t h e  o p t i c a l  d e n s i t y  a t  Xmax 427 nm reached 

a  s t a t i o n a r y  s t a t e  of 1.845 ( E  2500) .  F u r t h e r  i r r a d i a t i o n  

d i d  n o t  i n c r e a s e  t h e  O.D. 

4-5-4 Ethvlenediamine 

A d a r k  b l u e  s o l u t i o n  ( A m a x  5 9 5  nm, E = 694) o f  ~ u ( a c a c ) ~  

( 1 0 0  mg, 0.38 mmol) , -bemophenone (138 mg, 0.76 mmol) and 

e thy lenediamine  ( 4 6  mg, 0.76 mmol) i n  methanol ( 4 0  m l )  

was i r r a d i a t e d  under n i t r o g e n  t o  g i v e  a p a l e  yel low 

s o l u t i o n  in 1 . 5  h ;  The c o l o r  immediately became t h e  

o r i g i n a l  deep b l u e  wi th in  seconds a f t e r  exposure t o  the  

a i r .  A f r a c t i o n  of t h e  yellow s o l u t i o n  was t r e a t e d  with 

PPh t o  g i v e  a  c o l o r l e s s  s o l u t i o n .  The usua l  work-up 
3  

a f f o r d e d  Cu(acac)  (PPh3) 2 ;  mp 176-17g0. The remainder 

of  t h e  yel low s o l u t i o n  was i r r a d i a t e d  f o r  ano the r  one-half 

hour  t o  g i v e  m e t a l l i c  copper. 

4-5-5 S t y r e n e  

~ r r a d i a t i o n  of C u ( a c a ~ ) ~  (500 mg, 1.92 rnrnol), benzo- 

phenone (1.0 g ,  5.5 mrnol) and s t y r e n e  (1.0 g ,  9.61 mrnol) 

i n  methanol (200 m l )  under n i t r o g e n  proceeded s lowly .  I n  

3  h  t h e  s o l u t i o n  became p a l e  b l u e  b u t  no b l ack  p r e c i p i t a t e  



was formed, This  s o l u t i o n  immediately t u r n e d  t o  a  b l u e  

c o l o r  on exposure  t o  t h e  a i r .  P a r t  of  t h i s  s o l u t i o n  was 

r e a c t e d  w i t h  PPh3 i n  methanol under n i t r o g e n  t o  g i v e  

C u ( a ~ a c ) ( P P h ~ ) ~ ;  mp 170-175O. The remainder o f  t h e  so lu-  

t i o n  was i r r a d i a t e d  f o r  f i v e  a d d i t i o n a l  hou r s  t o  g i v e  

m e t a l l i c  copper .  The pho to lysa t e  was d i l u t e d  w i t h  wate r  

(300 m l )  and e x t r a c t e d  w i t h  e t h e r  ( 3  x 50 m l )  i n  t h e  usua l  

manner t o  g i v e  a  crude o i l  ( 1 . 4 2  g ) ;  vpc a n a l y s i s  (on 1 0 %  

SE-30, 120-240' a t  10•‹/min) showed two peaks w i t h  r e t en -  

t i o n  t imes o f  1 . 2  and 5.0 min, i d e n t i f i e d  a s  s t y r e n e  and 

benzophenone r e s p e c t i v e l y ,  by c o i n j e c t i o n  w i t h  a u t h e n t i c  

samples.  

4-5-6 Norbornene 

On i r r a d i a t i o n  of  a methanol s o l u t i o n  (200 m l )  of 

Cu(acac)  (500 mg, 1.92 mmol) , benzophenone (1 .0  g ,  

5.5 mrnol) and norbornene (800 mg, 8.5 mmol) a r e d  so lu-  

t i o n  developed i n  30 min and became more i n t e n s e  i n  2 h. 

A f t e r  3  h  o f  i r r a d i a t i o n ,  m e t a l l i c  copper  w a s  formed a s  

suspension and t h e  s o l u t i o n  became c o l o r l e s s .  A f t e r  f i l -  

t r a t i o n ,  t h e  s o l u t i o n  was d i l u t e d  w i t h  w a t e r  (400 m l )  

and e x t r a c t e d  w i t h  e t h e r  ( 3  x 4 0  m l )  t o  g i v e  a  ye l lowish  

o i l  (1.892 g ) .  Vpc a n a l y s i s  (on OV-101, 80-220•‹ a t  12O/min) 

showed f i v e  peaks wi th  r e t e n t i o n  t i m e s  o f  1 . 8 ,  2.0, 13.0 ,  

13.6 and 20.0 min. The gc-ms showed f o r  t h e  peak a t  1 .8  min, 

norbornene (23%) , m/e 94 ( ~ ' ~ 1 3 )  , 65(100) ; a t  2.0 min, 



a c e t y l a c e t o n e ; . a t  13.0 min, benzophenone ( 8 2 % ) ;  a t  13.6 

+ 
min, benzhydrol  (15%) , m/er 184 (M ,45) , 165 ( 1 4 )  , 105 (100) , 

77 (51) ; a t  20.0 min, oxetane 2-18 ( 3 % ) ,  m/e 276 (M', 24 ) ,  

205 (42) , 183 (100) .  % y i e l d s  a r e  based on benzophenone. 

4-5-7  is- (2-methoxyethyl) e t h e r  

A s o l u t i o n  of  Cu(acac) (250 mg, 0.95 mmol), benzo- 2 

phenone (500 mg, 2.75 mmol) and bis-(2-methoxyethy1)ether 

(650 mg, 4.75 mmol) i n  methanol was i r r a d i a t e d  under n i t r o -  

gen t o  g i v e  m e t a l l i c  copper a f t e r  15  min. I n  25 min t h e  

s o l u t i o n  became c o l o r l e s s  and a  sh iny  copper m i r r o r  was 

formed. The p h o t o l y s a t e  was worked up a s  u s u a l  t o  g i v e  a 

p a l e  yellow l i q u i d  (892 mg). Vpc a n a l y s i s  (on 10% 

SE-30, 100-220•‹ a t  10•‹/min) showed t h r e e  peaks a t  2.1,  

2.7 and 7.4 min,  ass igned  t o  a c e t y l a c e t o n e ,  diglyme 

and benzophenone r e s p e c t i v e l y  by co in3ec t ion  w i t h  a u t h e n t i c  

samples. 

4-5-8 1 , lO-Phenanthrol ine  

A methanol s o l u t i o n  ( 5  m l )  of Cu(acac)  ( 1 . 4 4  x 

M) , benzophenone (1.72 x M) and 1 , lO-phenanthro l ine  

(2.88 x M) was i r r a d i a t e d  under n i t r o g e n  i n  a  1 cm 

uv c e l l  w i t h  a 200-Watt Hg lamp (Pyrex j a c k e t )  t o  give '  a 

r ed  s o l u t i o n .  A t  each 4-min i n t e r v a l  a  uv spectrum was 

recorded u n t i l  a  s t a t i o n a r y  s t a t e  was reached.  A f t e r  

25 min, t h e  s o l u t i o n  e x h i b i t e d  a b s o r p t i o n  maxima a t  



430 nm ( O . D .  1 . 1 0 ,  E 7600) and 570 nm (O.D.  0.38, E 2600).  

F u r t h e r  i r r a d i a t i o n  d i d  n o t  i n c r e a s e  t h e  O.D. 

4-5-9 Carbon monoxide 

A s o l u t i o n  con ta in ing  Cu(acac)  ( 1 . 2  x M) and 2 

benzophenone (6 x M) i n  methanol-methylene c h l o r i d e  

(1:1, 5 m l )  was i r r a d i a t e d  under carbon monoxide f o r  

5.5 h t o  a f f o r d  a c o l o r l e s s  s o l u t i o n .  T h e - i r  spectrum of  

t h e  s o l u t i o n  showed weak a b s o r p t i o n  a t  -2100 cm-'. The 

s o l u t i o n  r a p i d l y  changed t o  a b l u e  c o l o r  on exposure t o  

t h e  a i r .  Continued i r r a d i a t i o n  ( 2  h )  of t h e  c o l o r l e s s  

s o l u t i o n  caused t h e  d e p o s i t i o n  of  m e t a l l i c  copper.  

4-6 P h o t o l v s i s  of Cu(acac1, i n  t h e  Presence  of  Acetvlenes  

Phenylace ty lene  (bp 142-144O, A l d r i c h ) ,  1-hexyne 

(bp 71-72O, K & K ) ,  1 ,5-hexadiyne (bp  86O, K & K), 

3,5-dimethyl-1-hexyn-3-01 (bp  149-151,0, AIRCO) were a l l  

d i s t i l l e d  b e f o r e  use .  Diphenylacetylene (mp 59-61•‹, 

A ld r i ch )  was used w i t h o u t  p u r i f i c a t i o n .  

t -Bu ty l ace ty l ene  w a s  syn thes i zed  us ing  a mod i f i ca t ion  

of t h e  Ba r t l e t t -Rosen  procedure  (159 ,160) .  

To 12.0 g (0.12 mol) of  c o l d  (O•‹C) of p inaco lone  

(bp 104-106•‹, MCB) was added du r ing  2 h ,  26 g (0.12 w o l )  

of  powdered PC15 ( F i s c h e r ) .  The mix ture  was s t i r r e d  f o r  

3 h a t  O 0  and then  poured i n t o  75 g o f  i c e .  The produc t  

was then  e x t r a c t e d  w i t h  e t h e r  ( 3  x 50 m l )  . A f t e r  washing 



w i t h  H 0 t h e  e t h e r  e x t r a c t  was d r i e d  and c a r e f u l l y  con- 
2 

c e n t r a t e d  under reduced p r e s s u r e  on a  r o t a r y  evapora to r  

u n t i l  t h e  c rude  product  j u s t  began t o  s u b l i m e ,  t o  g ive  a  

yel low s e m i s o l i d  (16.25 g ,  -88%) . Ana lys i s  by vpc (on 

10% SE-30, 70•‹ i s o t h )  showed two peaks w i t h  r e t e n t i o n  

t imes  of 2.8 and 9.8 min. By gc-ms, a  peak a t  2.8 min 

was shown t o  b e  3,3-dimethyl-2-chloro-1-butene; m/e  
+ 

118(M , 3 6 ) ,  and t h e  peak a t  9 .8  min p inaco lone  d i c h l o r i d e ;  

m / e  1 5 4 ( ~ + , 1 . 0 )  ; nmr (CDC13)  6 1 . 1 9 ( s , 9 H ) ,  1 .22 ( s ,9H) ,  

2 .13(s ,3H) and 5.l(m,2H) ppm. The nmr i n t e g r a t i o n  showed 

t h e  c rude  p roduc t  con ta ined  -66% of  t h e  d i c h l o r i d e  and 

-34% of t h e  c h l o r o  o l e f i n  i n  a d d i t i o n  t o  some d i e t h y l  

e t h e r .  The c rude  mix ture ,  i n  2 0  m l  o f  DMSO ( F i s c h e r ) ,  was 

s lowly  added t o  a  s o l u t i o n  o f  potassium t -bu tox ide  (24.5, 

0.219 mol, A l f a )  i n  DMSO (50 m l )  a t  a  r a t e  s u f f i c i e n t  t o  

ma in t a in  t h e  temperature  below 4 0 • ‹ .  A f t e r  t h e  a d d i t i o n  

was complete,  t h e  r e f l u x  condenser was r ep l aced  by a  d i s -  

t i l l i n g  head and n i t r o g e n  passed through t h e  r e a c t i o n  

mix ture .  The r e a c t i o n  f l a s k  was hea ted  on an o i l  b a t h ,  i t s  

tempera ture  g r a d u a l l y  i n c r e a s i n g  t o  90-95O. Ma te r i a l  

b o i l i n g  up t o  35O was c o l l e c t e d  t o  g i v e  a  c o l o r l e s s  

l i q u i d  ( -5  m l )  ; nmr ( n e a t )  6 1.18(s,9H) and 2 . 0 3 ( s , l ~ ) '  ppm; 

nrnr i n t e g r a t i o n  showed t h e  produc t  con ta ined  about 35% 

of  e t h e r .  Spinning band d i s t i l l a t i o n  a f f o r d e d  pure  

+ 
t - b u t y l a c e t y l e n e  (bp 34-35O) ; m s  m/e  82 ( M  , 4 )  , 81 (23) , 



67 (100) and 41(63)  . 
4-6-1 Phenylace ty lene  

A s o l u t i o n  of  Cu (acac)  (500 mg, 1 .91  rnrnol) , benzo- 

phenone (1.0 g ,  5.5 mmol) and pheny lace ty l ene  (500 mg, 

4.9 mmol) i n  methanol (200 m l )  was i r r a d i a t e d  (wi th  a  

200-Watt Hg lamp) under n i t r o g e n  f o r  2 h  t o  g i v e  a  yel low 

s o l i d .  The s o l u t i o n ,  was f i l t e r e d  t o  g i v e  t h e  yellow 

copper ( I )  pheny lace ty l ide  (112 mg, 36%) ; mp 230' d  (lit 

mp 230-235O) (78) ; i r  ( n u j o l )  1930 (w) , 1485 ( m )  , 750(s )  and 

690 ( s )  cm-l. The p a l e  b l u e  f i l t r a t e  was d i l u t e d  w i t h  

wate r  (200 m l )  and e x t r a c t e d  wi th  e t h e r  ( 3  x 50 m l )  . The 

e t h e r  e x t r a c t  was washed wi th  wa te r  ( 3  x 50 m l ) ,  d r i e d  and 

evaporated t o  g i v e  a  p a l e  yellow l i q u i d  (1.243 g ) .  Ana lys i s  

by vpc (on 10% SE-30, 100-240•‹ a t  10•‹/min) showed a c e t y l -  

ace tone  ( r t  1 .2  m i n ) ,  phenylacetylene ( r t  1 .7  min) and 

benzophenone ( r t  7.3 min) matching w i t h  a u t h e n t i c  samples.  

The cuprous  pheny lace ty l ide  (180 mg, 1.1 mmol) was 

added t o  a s o l u t i o n  of iodobenzene (224 mg, 1.1 mmol) i n  

d r y  p y r i d i n e  (25 m l ) ,  under n i t r o g e n  w i t h  s t i r r i n g .  The 

mix tu re  was hea ted  on an o i l  b a t h  a t  120•‹ f o r  8  h .  The 

s o l u t i o n  w a s  cooled and d i l u t e d  w i t h  wa te r  (100 m l ) .  

A f t e r  f i l t r a t i o n  t h e  mixture  was e x t r a c t e d  w i t h  e t h e r  

( 3  x 25 m l )  . The e t h e r  e x t r a c t s  w e r e  washed w i t h  d i l u t e  

H C 1 ,  5% NaHC03 s o l u t i o n  and wate r  and then  d r i e d  and eva- 

po ra t ed  t o  g i v e  a  dark yellow l i q u i d  (271 mg) . ~ n a l y s i s  



by vpc showed f o u r  peaks w i t h  r e t e n t i o n  t i m e s  of  2 .0 ,  

4 . 0 ,  8.5 and 13.0 min. By peak matching w i t h  a u t h e n t i c  

samples, peaks a t  2.0, 4 .0  and 13.0 min w e r e  a s s i g n e d  t o  

phenylace ty lene  (38 % ) , iodobenzene and d iphenyl -  

a c e t y l e n e  ( 6 2 % ) ,  r e s p e c t i v e l y .  Analys i s  by gc-ms showed 

f o r  t h e  peak a t  8.5 min, 1- iodo-phenylacetylene ( < 3 % ) ,  

m / e  228 ( ~ ' ~ 1 0 0 )  , lO l (23 )  . Produc ts  were n o t  i s o l a t e d  and 

y i e l d s  were e s t i m a t e d  from vpc a r e a s .  

The cuprous  a c e t y l i d e  (50 mg, 3.05 mmol) w a s  a l s o  

t r e a t e d  w i t h  t r iphenylphosphine  (80 mg, 3.05 mrnol) i n  

a c e t o n i t r i l e  (10 m l )  and t h e  mix ture  l e f t  under n i t r o g e n  

a t  room t empera tu re  f o r  12 h .  The s o l v e n t  was evapora ted  

under vacuum and t h e  r e s i d u e  t r e a t e d  w i t h  h o t  t o l u e n e  

(10 m l )  and f i l t e r e d  whi le  h o t .  Petroleum e t h e r  (30-60•‹) 

was added t o  t h e  f i l t r a t e  w h i l e  h e a t i n g  u n t i l  c loudy  

and cooled  a t  O•‹C f o r  6  h. F i l t r a t i o n  a f f o r d e d  p a l e  

yellow n e e d l e s  05 phenylethynyl(triphenylphosphine)copper(I) 

( 7 1  mg, 55%) ; mp 201-203O (lit mp 202-204O d )  (75) ; ir 

( n u j o l )  2030 ( m )  , 1435( s )  , 750 (s)  and 700( s )  c m - l .  Anal.  

c a l cd .  f o r  C26H20C~P: C 73.17; H 4.69. Found: C 72.92; 

H 4.76. 

I n  a  s e p a r a t e  experiment a  s o l u t i o n  o f  Cu(acac)  (250 mg, 

0.95 mrnol) and benzophenone (500 mg, 2.74 mmol) i n  

methanol (100 m l )  was i r r a d i a t e d  under n i t r o g e n  f o r  1 5  min 

t o  g ive  a  b l a c k  s o l i d .  Phenylace ty lene  (930 mg, 9 . 1  mrnol) 



was added and t h e  r e a c t i o n  mix ture  l e f t  under n i t r o g e n  f o r  

2  h .  Some m e t a l l i c  copper  was formed and t h e  s o l u t i o n  

tu rned  t o  p a l e  b l u e .  No yel low s o l i d  w a s  formed. 

I n  a  l a r g e  s c a l e  experiment u s ing  a "hamburger" t ype  

c e l l  ( desc r ibed  i n  Ref.  161) a  s o l u t i o n .  o f  Cu ( acac )  (2 .5  g ,  

9.57 mmol) , benzophenone (5.0 g ,  27.4 mmol) and phenyl- 

a c e t y l e n e  (2 .5  g ,  25 mmol) i n  methanol ( 1 0 0 0  m l )  was 

i r r a d i a t e d  w i t h  a  140-Watt Kg lamp f o r  1 2  h  t o  g i v e  a  

yel low p r e c i p i t a t e  of  copper  ( I)  pheny lace ty l ide  (1.12 g ,  

7 2 % ) .  

4-6-2 l-Hexyne 

A s o l u t i o n  of  Cu ( acac )  (500 mg, 1 . 9 1  mmol) , benzo- 

phenone (1.0 g ,  5.5 mmol) and l-hexyne (315 mg, 3.84 rnrnol) 

i n  methanol (200 m l )  was i r r a d i a t e d  under n i t r o g e n  f o r  4 h  

t o  g i v e  a  yellow-green s o l i d .  F i l t r a t i o n  a f f o r d e d  t h e  

yellow-green cuprous  n - b u t y l a c e t y l i d e  (248 mg, 89 .9%) ;  

mp 145-185O d  (lit mp 182O d )  (77) ; i r  ( n u j o l )  1927 (m) c m - I .  

The p a l e  b l u e  f i l t r a t e  was d i l u t e d  w i t h  wate r  and ex- 

t r a c t e d  wi th  e t h e r  ( 3  x 50 m l ) .  The e t h e r  e x t r a c t s  were 

washed w i t h  wa te r  ( 2  x 1 0 0  m l ) ,  d r i e d  and evapora ted  t o  

g i v e  a  c o l o r l e s s  o i l  (1.182 g)  . Ana lys i s  by vpc showed 

t h r e e  peaks cor responding  t o  a c e t y l a c e t o n e  ( r t  1.7  min, 

-74%) , l -hexyne ( r t  2.0 min) and benzophenone ( r t  -7.9 min) , 

by comparison w i t h  a u t h e n t i c  samples. 

Cuprous n - b u t y l a c e t y l i d e  (185 mg, 1 .3  mmol) was 



added t o  a  s o l u t i o n  of  iodobenzene (224 mg, 1 .15  mrnol) i n  

d r y  p y r i d i n e  (25 m l )  and was r e f l u x e d  under n i t rogen  f o r  

9  h  and worked up a s  above t o  g i v e  a yellow-brown l i q u i d  

(187 mg). Analys i s  by vpc showed two peaks w i t h  re -  

t e n t i o n  t imes  of 4 and 5.4 min. Gc-ms a n a l y s i s  (on 10% 

SE-30, 80-200•‹, 20% min) showed t h e  f i r s t  peak t o  be  iodo- 

benzene; t h e  second peak was 1-phenylhexyne (16%,  d e t .  by 

nmr) , m/e 158 ( ~ ' 1 8 ) .  115(100) and 77(13) . 

A s o l u t i o n  of Cu(acac)  (500 mg, 1 .91  mmol) , benzo- 2 

phenone ( 1.0 g ,  5.5 mmol) and t - b u t y l a c e t y l e n e  (400 mg, 

10.9 mmol) i n  methanol (200 m l )  was i r r a d i a t e d  under 

n i t r o g e n  f o r  1 .5  h  t o  g i v e  a yel low s o l u t i o n .  The photo- 

l y s a t e  was d i l u t e d  w i t h  H 2 0  (200 m l )  and e x t r a c t e d  wi th  

e t h e r  ( 3  x 50 m l )  . A f t e r  washing w i t h  wa te r  (2  x 70 m l )  , 

t h e  e t h e r  e x t r a c t  was d r i e d  and evaporated t o  g i v e  an 

orange  semi-so l id  (1.104 g) . The produc t  was chromato- 

graphed on s i l i c a  g e l  and e l u t i o n  w i t h  methylene c h l o r i d e  

gave benzophenone (0.984 g)  . E l u t i o n  w i t h  e t h e r  gave 

cuprous  t -bu ty l ace - ty l ide  -(0.102 g ,  37%) (78) ; mp 82O 

(d)  (lit mp 80-140•‹) (79) ; ir ( c c ~ ~ )  2000 (w) c m - l :  

nmr (CC14)  8 1 . 3 3 ( s ) .  

A s o l u t i o n  of Cu(acac)*  (500 mg, 1 .91  mmol), benzo- 

phenone (1.0 g ,  5.5 mmol) and 1,5-hexadiyne (0 .8  g ,  



10.3 mmol) i n  methanol ( 2 0 0  m l )  was i r r a d i a t e d  under n i -  

t r ogen  f o r  1 h .  The pho to lysa t e  was f i l t e r e d  t o  g i v e  t h e  

cuprous a c e t y l i d e ,  2-11, a s  a brown-yellow s o l i d  (134 mg, 

69 -8%)  ; mp 140-155O (d)  ; i r  ( n u j o l )  2120 (w,broad) , 

1280 (s)  , 1020 (w)  crn-'; nmr (py r )  6 4.07 (s)  ; ( c a u t i o n :  

e x p l o s i v e  on d r y i n g ! ) .  The f i l t r a t e  was d i l u t e d  w i t h  wate r  

(200 m l )  and e x t r a c t e d  wi th  e t h e r  ( 3  x 50 m l ) .  The 

e t h e r  e x t r a c t s  were washed w i t h  w a t e r ,  d r i e d  over  MgS04 

and evapora ted  t o  g ive  a  c o l o r l e s s  l i q u i d  (1.19 g ) .  Vpc 

a n a l y s i s  showed two peaks w i t h  r e t e n t i o n  t i m e s  of 2 . 1  and 

7.2 min, i d e n t i f i e d  by comparison w i t h  a u t h e n t i c  samples 

a s  1,5-hexadiyne and benzophenone r e s p e c t i v e l y .  

The cuprous  a c e t y l i d e ,  2 - 1 1  (100 mg, 0.5 mrnol), and 

iodobenzene (202 mg, 9.92 mmol) i n  p y r i d i n e  (15 m l )  were 

r e f l u x e d  under n i t r o g e n  f o r  72 h  and worked up a s  above 

t o  g i v e  a brownish l i q u i d  (190 mg) . Iodobenzene was 

evapora ted  under reduced p r e s s u r e  and t h e  r e s i d u e  (79 mg) 

r e c r y s t a l l i z e d  twice  from e t h a n o l  t o  g i v e  1 ,6-diphenyl-  

1 ,s-hexadiyne (80)  as a  p a l e  yel low s o l i d  (51  mg, 4 4 % ) ;  

mp 45-48O (lit mp 48O); nmr (CDC13) 2 .70(s14H) ,  7.27 ( m ,  
+ 

10H) ; m s  230 (M , l 5 ) ,  115 ( 1 0 0 ) .  

A s o l u t i o n  of  Cu (acac)  (500 mg, 1 .91  mmol) , benzo- 

phepone (1.0 g ,  5.5 mmol) and 3,5-dimethyl-1-hexyn-3-01 

(500 mg, 3.96 mmol) i n  methanol (200 m l )  was i r r a d i a t e d  



under n i t r o g e n  f o r  4 h. The yellow-brown s o l u t i o n  was 

d i l u t e d  w i t h  wa te r  (200 m l )  and e x t r a c t e d  w i t h  e t h e r  

( 4  x 50 m l ) .  The e t h e r  l a y e r  was brown-yellow whereas t h e  

aqueous l a y e r  w a s  p a l e  b l u e .  The e t h e r  e x t r a c t  was washed 

wi th  wa te s ,  d r i e d  over  MgS04 and evapora ted  t o  g i v e  a 

red-brown semi-so l id  (2 .03 g)  . Treatment w i t h  h o t  

pet roleum e t h e r  (30-60•‹) and f i l t r a t i o n  a f f o r d e d  a brownish 

s o l i d  (185 mg); i r  ( n u j o l )  was i d e n t i c a l  t o  t h a t  of  Cu(acac)* .  

The f i l t r a t e  was evaporated t o  g i v e  a brown semi-so l id  

( 1 . 2 4  g) ; vpc a n a l y s i s  showed two major peaks  w i t h  r e t e n -  

t i o n  t imes  o f  2 .1  and 7.5 min, ass igned  t o  3,5-dimethyl-  

1-hexyn-3-01 and benzophenone by c o i n j e c t i o n  w i t h  a u t h e n t i c  

samples. The nmr spectrum (CDC1 ) showed c h a r a c t e r i s t i c  3 

peaks of t h e  a lkyno l  ( 6  1.03d,  1.56d,  1 .47~1,  2.00m, 2.34s 

and 2 . 4 4 s )  and benzophenone ( 6  -7.3 m) . 
I n  a s e p a r a t e  experiment a s o l u t i o n  of  C ~ ( a c a c ) ~  

(250 mg, 0.96 mmol) , benzophenone (500 mg, 2.75 mmol) and 

3,5-dimethyl-1-hexyn-3-01 (350 mg, 2.77 mmol) i n  methanol 

(80 m l )  was i r r a d i a t e d  under n i t rogen  f o r  1 h.  To t h e  

red-brown p h o t o l y s a t e  a s o l u t i o n  of  PPh3 (500 mg, 1.92 m o l )  

i n  methanol (10 m l )  was added and t h e  s o l u t i o n  l e f t  under 

n i t r o g e n  f o r  1 h .  The s o l v e n t  was evapora ted  under  vacuum 

t o  g i v e  a brown semi-sol id  (0.976 g) . The s o l i d  w a s  

t r e a t e d  w i t h  e t h e r  (20 m l )  and f i l t e r e d  t o  g i v e  

Cu(acac)  (PPh3)2 a s  a b e i g e  s o l i d  (190 mg, 30%) : 



The vpc analysis of the filtrate (on 10% SE-30, 100-240•‹ 

at 20•‹/min) showed two major peaks corresponding to the 

alkyn-01 (1.9 min) and benzophenone (7.2 min) . 
In a related experiment, a solution of Cu(acac), 

2 

(100 mg, 0.38 Kmol) and benzophenone (200 mg, 1.1 mmol) 

in methanol (30 ml) was irradiated under nitrogen for 

30 min to give a black suspension. 3,5-Dimethyl-1- 

hexyn-3-01 (171 mg, 1.35 mmol) was added and the mixture 

left under nitrogen for 48 h to give a red-brown solution. 

The solvent was evaporated to give a brown semisolid 

(385 mg) ; nmr (CDC1 ) showed only peaks corresponding 
3 

to the alkyn-01 and benzophenone. 

4-6-6 Diphenylacetylene 

A solution of Cu(acac) (500 mg, 1.91 mmol) , benzo- 

phenone (2.5 g, 13.7 mol) and diphenylacetylene (700 mg, 

3.93 mmol) in methanol (200 ml) was irradiated under 

nitrogen to give a white precipitate after 20 min. The 

photolysate was filtered through a sintered glass funnel 

to afford white needles of Cu(acac)PhC:CPh), 2-13 (194mg, 

29%) ; mp (under N2) 115O d; ir (nujol) 1970 (m) , 1593 (s) , 

] 540 (s) , 1280 (m) , 1035 (m) , 793 (m) , 767 (s) and 705 (s) cm-l: 
+ 

ms m/e 340 (M ,1.0), 179 (20), 178 (loo), 152 (16) ; ms (by 

chemical ionization) m/e 356(1.0), l8O(l4), l79(lOO), 101 

(7.0). The compund turned brown after 30 min of exposure to 



t h e  a i r .  I t  a l s o  q u i c k l y  decomposed when d i s so lved  i n  

C H 2 C 1 2 ,  CH OH o r  ace tone ,  t o  g i v e  a  brown s o l u t i o n .  The 
3  

nmr of  a  decomposed s o l u t i o n  ( i n  d i s t i l l e d  C D C ~ ~ )  showed 

t h e  methyl s i g n a l s  f o r  a c e t y l a c e t o n e  a t  2 . 0 2  and 2.30 

ppm and phenyl p ro ton  s i g n a l  f o r  t h e  a c e t y l e n e  a t  7.43 

i n  a  r a t i o  of 6  : 10.  The p a l e  b l u e  f i l t r a t e  was d i l u t e d  

wi th  wate r  ( 2 0 0  m l )  and e x t r a c t e d  wi th  e t h e r  (3x50 m l ) .  

The e t h e r  e x t r a c t s  were washed w i t h  wa te r ,  d r i e d  over  

MgS04 and evaporated t o  g i v e  a  wh i t e  semiso l id  (2.84 g )  . 
Vpc a n a l y s i s  showed two peaks w i t h  r e t e n t i o n  t imes of  

7 .1  and 8.2 min corresponding t o  benzophenone and d i -  

phenylace ty lene  r e s p e c t i v e l y .  

I n  a  s i m i l a r  exper iment ,  a  same methanol s o l u t i o n  

was i r r a d i a t e d  under s i m i l a r  c o n d i t i o n s  t o  g i v e  a  w h i t e  

p r e c i p i t a t e  i n  25 min. Prolonged i r r a d i a t i o n  (30 rnin 

t o  1 h)  caused t h e  format ion of m e t a l l i c  copper and a 

c o l o r l e s s  s o l u t i o n .  Vpc a n a l y s i s  of  t h e  pho to lysa t e  

showed t h e  peaks f o r  a c e t y l a c e t o n e  (1.9 min ) ,  benzophenone 

(7.3 min) and d ipheny lace ty l ene  (8 .5  min) . 
The complex 2-13 (50 mg, 0.15 mmol) was t r e a t e d  

wi th  a  s o l u t i o n  of t r iphenylphosphine  (100 mg, 0.38 mmol) 

i n  e t h e r  (10 m l )  and t h e  mix ture  s t i r r e d  under n i t r o g e n  

f o r  48 h. The s o l u t i o n  was f i l t e r e d  t o  g i v e  a  be ige  s o l i d  

of Cu(acac)  (PPh3) (26 mg, 2 5 % ) ,  mp 171-176O. 



4-7 P h o t o l y s i s  of C ~ ( a c a c ) ~  i n  t h e  Presence  of  O l e f i n s  

The pho to reac t ions  were c a r r i e d  o u t  i n  appa ra tus  I11 

us ing  a 450-Watt Hg lamp (Pyrex f i l t e r )  u n l e s s  s p e c i f i e d  

o the rwi se .  The y i e l d s  were e s t i m a t e d  from vpz peak a r e a s  

of-compounds der ived  from o l e f i n s  u n l e s s  s p e c i f i e d  o therwise .  

4-7-1 Norbornene 

a )  i n  a c e t i c  a c i d  

A s o l u t i o n  of Cu(acac) (0 .5  g ,  1.92 rnmol) , benzo- 

phenone (1 .0  g ,  5.55 mmol) and norbornene (0.6 g ,  6 .5  mrnol) 

i n  g l a c i a l  a c e t i c  a c i d  (200 m l )  was i r r a d i a t e d  under 

n i t r o g e n  f o r  2.5 h  t o  g ive  a  yel low s o l u t i o n .  I r r a d i a t i o n  

was cont inued  f o r  16 h  u n t i l  m e t a l l i c  copper was formed. 

The p h o t o l y s a t e  was d i l u t e d  w i t h  wa te r  (400 m l )  and ex- 

t r a c t e d  w i t h  e t h e r  ( 3  x 100 m l ) .  The e t h e r  e x t r a c t s  

were washed w i t h  5% Na2C03 s o l u t i o n ,  and wate r  and then  

d r i e d  over  MgS04. The s o l v e n t  w a s  evapora ted  t o  g i v e  a 

brown o i l  (1.469 g) which showed on vpc a n a l y s i s  (on 

10% SE-30, 100-240•‹ a t  10•‹/min) one major peak a t  11.8 min 

and seven minor peaks. Gc-ms showed t h e  fo l lowing  s p e c t r a l  

p a t t e r n :  t h e  peak a t  3.8 min, 2-acetylnorbornane 2-15 ( 4 %  

+ 
from vpc peak a r e a s ) ,  m/e 1 3 8 ( ~  , 4 . 2 ) ,  9 5 ( 6 2 ) ,  8 0 ( 7 0 ) ,  

71  (100) , 67 (53) , 43 (94) ; t h e  peak a t  5.2 min, 2-exo- 

norbornylace tone ,  2-16 11%) , m/e 1 5 2 ( ~ + , 1 . 2 ) ,  9 5 ( 1 6 ) ,  

66 - 35) , 43 (100) ; t h e  peak a t  7.9 min (2 .6%)  , m / e  152 (M', 

5 . 0 ) ,  9 5 ( 2 1 ) ,  7 9 ( 3 1 ) ,  6 7 ( 1 0 0 ) ,  4 1 ( 3 3 ) ;  t h e  peak a t  



9.4 min, 3-(exo-2-norbornyl)acetylacetone, 2-17 (30%); 

the peak at 11.8 min, benzophenone; the peak at 12.8 min, 

+ 
2-1 (19%) m/e 210 (M ,2.0), 167(100) , 152 (19) , 105(21), - 
77(24), 51 (20), 43 (36) ; the peak at 15.2 min, 2-2 (9%), 
m/e 222(~+,62), 207(60) , 178(100), 105(99) 77(74), 

+ 
51(71), 43(93); peak at 25.9 min, 2-3 (20%), m/e 282(M , 

1.0) , 239 (36) , 183(23), 165(30) 105(100) r 77(66) , 

57 (58) , 43 (49) . 
The crude mixture (0.5 g) was chromatographed on 

alumina (25 g). ~lution with benzene gave benzophenone 

(112 mg, 32% recovery) , a fraction containing 2-17 (-10%) 

and 2-16 (-6%) (81). Continued elution with CH2C12 

gave a pale yellow liquid (82 mg, 24%) showing a single 

peak on vpc. This liquid was distilled (81•‹/1.5 mm) 

and identified as 2-17; ir (neat) 2960 (s) , 2880 (m) , 
1 

1700(s), 1360(m) cm-l; 400 MHz H nmr ( c D c ~ ~ )  6 3.46(d, 

J=11.0 Hz,lH), 2.32(m,J=11.0,8.2 and 5.4 Hz by decoupling 

experiments ,lH) , 2.17 (s, 3H) , 2.13 (s, 3H) , 1.82 (m,lH) , 

1.51(m14H) , 1.28(rn12H) , 1.14(m,2H) ; 13c nmr (ppm) 203.8(s, 

C=O) , 203.5 (s,c=O) , 76.0 (d,C3 in acacH) , 41.4 (d,C2) , 

39.3(d,C1) , 36.4(d,C4) , 35.8(tIC7), 35.2(t,C3), 29.7 

and 29.4(t,C5 and C6), 28.9 and 28.2(t,CH3 in acacH); 

hrms m/e ( % )  194 .l306 (~+,ll.4; calcd. for C12H1802: 

194 .l3O7) , 152 .I155 (49.4; calcd. for C10H160: 152.1202) I 

134 .I106 (47.9; calcd. for C10H14: 134 .1096) , 101.0603 (20; 



calcd.  f o r  C5Hg02: 1 0 1 . 0 6 0 3 ) ,  9 4 . 0 7 7 8 ( 9 7 . 8 ;  c a l c d .  for  

C 7 H 1 ~ :  
9 4  . 0 7 8 3 )  , 4 3  ( 1 0 0 )  ; u v  ( c H ~ O H )  hmax 306 nm 

( s h I  E 4 3 0 )  , 2 8 2  nm ( E  5 3 0 )  ; u v  ( c H ~ o H / O . ~  M NaOH) Amax 

2 9 5  nm ( E  9 5 0 ) .  On i r r a d i a t i o n  of t h e  m u l t i p l e t  a t  

6 2 . 3 2 ,  t h e  d o u b l e t  a t  6 3 .46  b e c a m e  a s i n g l e t .  On ir- 

r a d i a t i o n  of t h e  d o u b l e t  a t  6 3 .46  t h e  m u l t i p l e t  a t  6 2 . 3 2  

w a s  m o d i f i e d  t o  a d o u b l e  d o u b l e t  (J = 8 . 2  a n d  5 . 4  H z ) .  

A n a l .  ca lcd .  f o r  C12H1802: C  7 4 . 2 3 ;  H 9 . 2 8 .  Found :  

C  7 3 . 9 8 ;  H  9 . 3 0 .  

T h e  d i k e t o n e ,  2-17 ( 2 0 0  mg, 1 . 0 3  mmol) i n  m e t h a n o l  

( 5  m l )  w a s  t r e a t e d  w i t h  a q u e o u s  NaOH s o l u t i o n  ( 2 5  mg/2 m l )  

a n d  t h e  m i x t u r e  r e f l u x e d  fo r  1 5  m i n .  T h e  s o l u t i o n  w a s  

c o n c e n t r a t e d  a n d  e x t r a c t e d  w i t h  e t h e r  ( 2  x 5  m l )  . T h e  

e t h e r  e x t r a c t s  w e r e  w a s h e d  w i t h  H20 ( 2 0  m l ) ,  d r ied  over 

MgS04 a n d  e v a p o r a t e d  t o  g i v e  2-16 ( 1 5 6  mg, 9 8 % )  a f t e r  

vacuum d i s t i l l a t i o n  (90-92O/10 mm) ; vpc a n a l y s i s  (on 1 0 %  

SE-30,  1 5 0 - 2 4 0 • ‹  a t  10• ‹ /min )  s h o w e d  o n e  s i n g l e  p e a k  

+ 
a n d  C 6 ) ,  2 8 . 3 ( q , C H 3 )  ; h r m s  m / e  ( % )  1 5 2 . 1 1 9 9 ( ~  , 8 * 1 ;  

c a l c d .  f o r  C10H160: 1 5 2 . 1 2 0 2 ) .  1 0 9 . 1 0 1 8 ( 1 6 . 2 ;  calcd. 

f o r  C8H13: 1 0 9 . 1 0 1 8 )  , 9 5 . 0 8 6 0  ( 3 1 . 9 ;  c a l c d .  f o r  C7Hll: 



95.0861).  67.0558(61; c a l c d .  f o r  C5H7: 67.0548) , 43.0217(100; 

c a l c d .  f o r  C2H30:  43.0184).  Anal. c a l cd .  f o r  C10H160: 

C 78.90; H 10.59. Found: C 78.82; H 10.54. 

Ketone 2-16, (50 m5, 0.33 mrnol) was t r e a t e d  w i t h  a  semi- 

ca rbaz ide  hydrochlor ide  s o l u t i o n  (162) and r e f l u x e d  f o r  12  h  

t o  g i v e  t h e  semicarbazone a s  whi te  needles .  A f t e r  re- 

c r y s t a l l i z a t i o n  from e t h a n o l ;  mp 192-19S0 (lit mp 194-195O) 

(81) 

I n  a  s e p a r a t e  exper iment ,  an e thano l  s o l u t i o n  o f  t h e  

d ike tone  2-17 ( 2 0 0  mg i n  5ml) was t r e a t e d  wi th  conc. H C l  (0 .5  

~ 1 )  and r e f l u x e d  f o r  18 h.  The s o l v e n t  was evaporated and t h e  

mix ture  e x t r a c t e d  w i t h  e t h e r .  The e t h e r  e x t r a c t s  w e r e  

washed wi th  w a t e r ,  5% Na2C0 s o l u t i o n  and d r i e d  ove r  MgS04. 3  

The e t h e r  was evapora ted  t o  g i v e  a  brown v iscous  l i q u i d ;  

vpc a n a l y s i s  (on 1 0 %  SE-30, 150-240•‹ a t  20•‹/min) showed 

two major peaks ,  2 : l  r a t i o ,  which were i d e n t i f i e d  a s  

ace tone  2-16 ( r t  1.7  min) , and ' t h e  s t a r t i n g  d ike tone  2-17 

.(rt 2 . 4  min) . - 

I n  a  r e l a t e d  exper iment ,  a  s o l u t i o n  of C U ( O A C ) ~  

(1.0 g ,  5.0 mmol) , benzophenone (2.0 g ,  11 mmol) , 
norbornene (1.0 g ,  11 mmol) and ace ty l ace tone  (6.35 g ,  

64 rnmol) i n  g l a c i a l  a c e t i c  a c i d  (200 m l )  was i r r a d i a t e d  

f o r  28 h  a s  above t o  g i v e  a  yel low s o l u t i o n  and m e t a l l i c  

copper.  The p h o t o l y s a t e  was worked up a s  above t o  g i v e  



a brown o i l  (1.28 g) ; vpc a n a l y s i s  (peak matching) and 

gc-ins showed t h e  fol lowing peaks:  t h e  peak a t  0.7 min, nor- 

+ 
bornene ( - 3  'ti !, m/e 94(M , 1 9 ) ;  t h e  peak a t  1 . 5  min, 

a c e t y l a c e t o n e ;  t h e  peak a t  7.6 min, d i k e t o n e  2-17 ( 9 1 % ) ;  - 
a t  10.5 min, benzophenone; t h e  peak a t  11.6 min, =I  

t h e  peak a t  14.7 min, 2-2, t h e  peak a t  17'.6 min, 2-3; t h e  - - 
+ 

peak a t  20.0 min, oxetane 2-18 ( 6 % ) ,  m / e  276 ( M  , 2 4 1 .  

Y ie lds  a r e  based on norbornene.  The r a t i o  of  2 - 1 ,  2-2 - -  
and 2-3 i s  8 : 6 : 2 .  - 

b)  i n  a c e t o n i t r i l e  

A s o l u t i o n  of Cu(acac)  (0 .5  g ,  1.92 rnrnol) , benzo- 2 

phenone (1 .0  g ,  5.55 mmol) and norbornene (0.6 g ,  6.4 mrnol) 

i n  a c e t o n i t r i l e  ( 2 0 0  m l )  was i r r a d i a t e d  f o r  36 h t o  g i v e  

a l i g h t  b l u e  s o l u t i o n  and smal l  amounts of  m e t a l l i c  

copper.  The pho to lysa t e  was concen t r a t ed  under reduced 

p r e s s u r e  and t h e  r e s i d u e  w a s  d i l u t e d ' w i t h  w a t e r  ( 1 0 0  m l )  

and e x t r a c t e d  wi th  e t h e r  ( 3  x 40  m l )  . The e t h e r  ex- 

t r a c t s  w e r e  washed wi th  wa te r  ( 3  x 50 m l )  and d r i e d  

over  MgS04. The s o l v e n t  w a s  evapora ted  t o  g i v e  a 

yellow o i l  (1.23 g ) ;  vpc a n a l y s i s  (on 1 0 %  SE-30, 100-240•‹ 

a t  10•‹/min) showed one minor peak and two major peaks 

w i t h  r e t e n t i o n  t i m e s  o f  9 . 7 ,  12.0 and 19 .3  mini gc-ms 

and peak matching i d e n t i f i e d  t h e  peak a t  9.7 min a s  

2-17 (2 7%) , t h e  peak a t  12.0  min a s  benzophenone, 

and t h e  peak a t  19.3  min a s d x e t a n e  2-18 (25%).- 



C I n  a  r e l a t e d  exper iment  a  s o l u t i o n  o f  C u ( a c a c )  2  

(500 mg, 1 .92  mmol), benzophenane (1 .0  g ,  5 . 5  mmol), 

norbornene  (0 .6  g ,  6.4 rnmol) and a c e t y l a c e t o n e  (1 .3  g ,  

12.8 mmol) i n  a c e t o n i t r i l e  (200 m l )  was i r r a d i a t e d  f o r  

16  h  t o  g i v e  a  p a l e  b l u e  s o l u t i o n  and m e t a l l i c  copper .  

The p h o t o l y s a t e  was worked up  a s  a b c v e  t o  g i v e  a  y e l l o w  

o i l  ( 1 . 1 4 4  g )  ; gc-ms (on 10% SE-30, 70-220' a t  20•‹/min) 

showed t h e  peak a t  0.6 min f o r  n o r b o r n e n e  ( 7 7 % ) ;  t h e  

peak a t  0.8 rnin f o r  a c e t y l a c e t o n e ;  t h e  peak a t  5.4 rnin 

f o r  2-17 ( 1 5 % )  ; t h e  peak a t  6.8 rnin f o r  benzophenone; 

t h e  peak a t  7.3 min f o r  - 2-1; t h e  peak a t  7.7 min f o r  

+ 
b e n z h y d r o l ,  m / e  184 ( M  ,9 .0)  , 183 ( 6 6 )  , 105  (100) , 77 (49)  ; 

t h e  peak a t  8.2 min f o r  - 2-2; t h e  peak  a t  9.2 min f o r  

2-3 and t h e  peak a t  1 0 . 1  rnin f o r  o x e t a n e  2-18 ( 8 % ) .  - 
Y i e l d s  a r e  based on norbornene .  The r a t i o  o f  - -  2-1, 2-2 

and 2-3 i s  39 : 12 : 50. 

An a u t h e n t i c  sample o f  3-exo-(2-norborny1)acetyl- 

a c e t o n e  was p r e p a r e d  by t h e  f o l l o w i n g  method ( 8 4 ) :  

Mn(0Ac) . 4H20 (4.9 g ,  0.02 mmol) was d i s s o l v e d  i n  

g l a c i a l  a c e t i c  a c i d  (50 m l )  by h e a t i n g  u p  t o  80' i n  

a n  o i l  b a t h .  To t h e  s o l u t i o n ,  KMn04 (0.8 g ,  0.005 m o l )  

was added i n  p o r t i o n s  w i t h i n  20 min. The brown s o l u t i o n  

was l e f t  f o r  a n  a d d i t i o n a l  20 min w h i l e  N 2  was bubbled  



es t ima ted  from vpc peak a r e a s  and produc ts  were n o t  i s o -  

l a t e d .  

I n  a  r e l a t e d  experiment a  s o l u t i o n  o f  Cu(acac)  2  

(500 mg, 1.92 mmol) , benzophenone (1.0 g ,  5 .5  mmol) , 

norbornene (0 .6  g ,  6.4 rnrnol) and a c e t y l a c e t o n e  ( 1 . 3  g ,  

12.8 mmol) i n  a c e t o n i t r i l e  (200 m l )  was i r r a d i a t e d  f o r  

16 h  t o  g i v e  a p a l e  b l u e  s o l u t i o n  and m e t a l l i c  copper .  

The p h o t o l y s a t e  was worked-up a s  above t o  g i v e  a  yel low 

o i l  ( 1 . 1 4 4  g )  ; gc-ms (on 10% SE-30, 70-220•‹ a t  20•‹/min) 

showed f o r  peak a t  0.6 min, norbornene; f o r  peak a t  

0.8 min, a c e t y l a c e t o n e ;  f o r  peak a t  5.4 min, 2-17 ( 1 4 % )  ; 

f o r  peak a t  6 .8  min, benzophenone; f o r  peak a t  7 .3  min, 

2 - 1  (16%) ; f o r  peak a t  7.7 min, benzhydrol  ( < 5 % )  , m / e  - 
184 ( ~ ' ~ 9  . o )  , 183 (66) , 105(100) ,  77 (49) : f o r  peak a t  

8.2 min, - 2-2 ( 6 % )  ; f o r  peak a t  9.2 min, 2-3 (32%)  ; - 

f o r  peak a t  1 0 . 1  min, 2-18 ( 1 8 % ) .    he y i e l d s  were 

e s t ima ted  from vpc peak a r e a s  and p roduc t s  w e r e  n o t  i s o -  

l a t e d .  

An a u t h e n t i c  sample of 3-exo-(2-norborny1)acetyl- 

ace tone  w a s  p repared  by t h e  fo l lowing  method (84 ) : 

Mn(0Ac) = 4 H 2 0  (4 .9  g ,  0.02 mrnol) was d i s s o l v e d  i n  g l a c i a l  
2 

a c e t i c  a c i d  (50 m l )  by h e a t i n g  up t o  80•‹ i n  an  o i l  

b a t h .  To t h e  s o l u t i o n ,  KMn04 (0 .8  g ,  0.005 mole) w a s  

added i n  p o r t i o n s  w i t h i n  20  min. The brown s o l u t i o n  was 

l e f t  f o r  an  a d d i t i o n  20 min wh i l e  n i t r o g e n  was bubbled 



through.  A s o l u t i o n  of  norbornene (2.35 g ,  0.025 mol) 

i n  a c e t y l a c e t o n e  ( 5  g ,  0.05 mol) was added. A f t e r  20 min 

t h e  brown c o l o r  d i sappeared  t o  g ive  a  be ige  s o l i d  and a 

yel low s o l u t i o n .  A f t e r  coo l ing  t h e  s o l i d  was f i l t e r e d  

and t h e  f i l t r a t e  d i l u t e d  wi th  wate r  (200 m l )  and ex- 

t r a c t e d  w i t h  e t h e r  ( 4  x 50 m l )  . A f t e r  washing w i t h  5% 

Na2C03 s o l u t i o n  and wate r  t h e  s o l v e n t  was evapora ted  

t o  g i v e  a  brown v i scous  l i q u i d  (3  - 7 1  g) . Vacuum d i s -  

t i l l a t i o n  (90-92O, 1 .5  mm) a f fo rded  a  yellow l i q u i d  

(1 .25  g) ; vpc a n a l y s i s  (on 1 0 %  SE-30, 150-200•‹ a t  10•‹/min) 

showed one major peak ( r t  4.7 min) and two minor peaks 

( < 5 % )  ( a t  6.0 and 8.0 min) . P r e p a r a t i v e  vpc on a  10 f t  

1 0 %  SE-30 column (160-220•‹, 10•‹/min) a f f o r d  2-17 ( 2 4 % )  

a s  a  c o l o r l e s s  v i scous  l i q u i d .  

4-7-2 Neo-hexene 

a )  i n  a c e t i c  a c i d  

A s o l u t i o n  of Cu ( acac )  (0 .5  g ,  1.92 mrnol) , benzo- 

phenone (1 .0  g ,  5.55 mmol) and neo-hexene (1 .31  g ,  

15.5 mmol) i n  g l a c i a l  a c e t i c  a c i d  (200 m l )  was i r r a d i a t e d  

under n i t r o g e n  f o r  3.5 h  t o  g i v e  a  yel low s o l u t i o n .  Ir- 

r a d i a t i o n  w a s  con t inued  f o r  1 2  h  u n t i l  m e t a l l i c  copper 

was formed. The p h o t o l y s a t e  was worked-up a s  above t o  

g i v e  a  dark yel low o i l  (1.47 g ) .  Vpc a n a l y s i s  (on 

10% sE-30, 150-240•‹ a t  10•‹/min) showed s i x  peaks w i t h  

r e t e n t i o n  t i m e s  of 3.4,  4 -1, 4.5, 4 -9, 6.4 and 7.2 min. 



Column chromatography (on silica gel, 45 g) of the 

mixture gave, on elution with CH2C12, benzophenone (0.87 g, 

87% recovery) ; elution with 1% CH30H:CH C1 gave a 2 2 

mixture showing two major and two minor peaks on vpc. 

By preparative HPLC (on Whatman PAC-Magnum 9 column, 

2% isopropano1:hexane as the solvent) three fractions 

were collected. The first fraction afforded 3-acetyl- 

6,6-dimethyl-2-heptanone, 2-19 (72 mg, 35%) as a colorless 

liquid showing a single peak on vpc; ir (neat) 2960(s), 

2910 (m) , 2880 (m) , 1730 (m,sh) , 1703 (s) , 1600 (m,b) , 

1370 (s) , 1250 (m) , 1150 (m,b) , 960 (w,b) cm-l; 'H nmr ( c D c ~ ~ )  

6 16.47 (s) , 3.54 (t,J=6.5 Hz) , 2.30 (m) , 2.17 (s) , 2.12 (s) , 
13 

1.20(m), 0.96(s), 0.90(s) ppm; Cnmr (CDC13) ppm, 

205.1(sIC0 keto), 191,3(s,CO enol), lll.O(s,C enol), 

70.2(dICH keto) , 45.2(t,C3), 42.1(t,C2), 30.8(s), 29.6 (s), 
' + 

24.2(q,CH3), 23.1(q,CH3) ; ms m/e 184 (M ,3.2), 127(20), 

113 (29.7) , 100 (25) , 71 (31) , 43 (100) ; uv (MeOH) 275 N ~ I  E= 

7200; uv(Meo~/~aO~) 287 nm, E =  15200. Anal. calcd. for 

CllH2002: C 71.74; H 10.87. Found: C 71.62; H 10.79. 

The second fraction afforded 2,5,6,6-tetramethyl-3- 

acetyl-dihydropyran, 2-20 (21 mg, 11%) as a colorless liquid 

having a single peak on vpc; ir (neat) 2980 (s) , 2940 (m) , 

1670 (s) , 1580 (s,b) , 1375 (s) , 1278 (s) , 1250 (m) , 1180 (m) , 

1150 (s) , 1127 (s) , 1010 (m) , 945(s) cm-l; 'H (CDC13) 



X 2 6 3  n m , . € =  1 3 5 0 0 .  A n a l .  C a l c d .  for  CllH1802: C  7 2 . 5 3 ,  max t 

H 9 . 8 9 .  F o u n d :  C  7 2 . 4 2 ;  H  1 0 . 0 2 .  

T h e  t h i r d  f r a c t i o n  ( 8 3  mg) s h o w e d  t w o  p e a k s  on vpc 

(on SE-30 ,  1 0 0 • ‹  i s o t h e r m a l )  w i t h  r e t e n t i o n  t i m e s  of 4 . 9  

- 1 6 0 0  (vs ,b)  , 1 3 9 0  ( s , b )  , 1 2 4 0  (s )  , 9 4 0  ( s )  , 6 3 0  (m) cm-'; 

'H nmr  ( c D c ~ ~ )  6 1 6 . 4 1 ( b s ) ,  4 . 2 3 ( t I J - 1 0  H z ) ,  2 . 7 5 ( m ) ,  

2 . 1 7 ( b s ) ,  1 . 2 7 ( m ) ,  - 0 . 9 3 ( m ) ,  0 . 9 0 ( s ) ;  gc-ms ( s a m e  

c o n d i t i o n s  as  vpc) s h o w e d  for  p e a k  a t  4 . 9  m i n ,  m/e 1 8 2  (M', 

6 4 )  , 1 3 9  ( 1 0 0 )  , 9 7 ( 4 5 )  , 7 0  ( 2 5 )  , 4 3  ( 7 9 )  a n d  f o r  p e a k  a t  

+ 
5 . 1  m i n ,  m / e  1 8 2 ( M  , 5 9 . 5 ) ,  1 6 7 ( 3 0 ) ,  1 2 5 ( 1 0 0 ) ,  1 1 3 ( 3 5 ) ,  

7 0 ( 5 6 )  , 4 3  ( 4 1 )  . 
b) i n  a c e t o n i t r i l e  

A s o l u t i o n  of Cu (acac) ( 0 . 5  g ,  1 . 9 2  mrnol )  , b e n z o -  

p h e n o n e  ( 1 . 0  g ,  5 . 5 5  m m o l ) ,  n e o - h e x e n e  ( 1 . 3  g ,  15 mmol) 

a n d  a c e t y l a c e t o n e  ( 0 . 6  g ,  6 . 4  mmol)  i n  a c e t o n i t r i l e  

( 2 0 0  m l )  w a s  i r r a d i a t e d  f o r  2 4  h t o  give a pa le  b l u e  s o l u -  

t i o n  a n d  s m a l l  a m o u n t s  of m e t a l l i c  copper. T h e  s o l v e n t  

w a s  evaporated t o  g i v e  y e l l o w  o i l  ( 1 . 1 2  g ) ;  vpc (on 

1 0 %  SE-30 ,  60 -220• ‹  a t  15O/min)  s h o w e d  one m a j o r  p e a k  

a t  7 .4  m i n  and f i v e  m i n o r  p e a k s  a t  4 . 0 ,  4 . 8 ,  9 . 1 ,  9 . 9  

a n d  1 0 . 1  m i n .  Gc-ms a n d  p e a k  m a t c h i n g  i d e n t i f i e d  t h e  



p e a k  a t  4 . 0  m i n  as  2-19 ( 5 1 % ) ,  t h e  p e a k  a t  4 . 8  rnin as 

2-20  ( t i % ) ,  t h e  p e a k  a t  7 .4  m i n t  b e n z o p h e n o n e ,  t h e  p e a k  

a t  9 . 1  m i n ,  2 -1 ,  t h e  p e a k  a t  9 . 9  m i n t  2 - 3 ,  and t h e  p e a k  - 
a t  1 0 . 1  rnin as  t h e  o x e t a n e  ( 1 8 . % ) ,  m/e 2 7 6  ( ~ + , 1 2 )  , 1 8 3  

( l o o ) ,  1 0 5  ( 5 4 )  , 77  ( 1 9 )  , 5 7  ( 8 4 ) .  Y i e l d s  are  b a s e d  o n  n e o -  

h e x e n e .  T h e  r a t i o  of 2-1  a n d  2-3 i s  6 0  : 4 0 .  - - 

a)  i n  ace t i c  ac id  

A s o l u t i o n  of C u ( a c a c )  ( 5 0 0  mg, 1 . 9 2  mmol) , b e n z o -  

p h e n o n e  ( 1 . 0  g ,  5 . 5  mmol) , 1 - h e x e n e  ( 1 . 5  g ,  1 7 . 8  mmol) 

and a c e t y l a c e t o n e  ( 0 . 9 6  g ,  9 . 6  m m o l )  i n  g l a c i a l  ace t ic  

acid  ( 2 0 0  m l )  w a s  i r r a d i a t e d  u n d e r  n i t r o g e n  f o r  3  h  t o  

g ive  m e t a l l i c  copper. T h e  p h o t o l y s a t e  w a s  d i l u t e d  w i t h  

w a t e r  ( 4 0 0  m l )  a n d  e x t r a c t e d  w i t h  ether ( 3  x 5 0  m l ) .  

A f t e r  w a s h i n g  w i t h  5% Na2C03 a n d  w a t e r ,  t h e  solvent  w a s  

evaporated t o  give a y e l l o w  o i l  ( 1 . 7 2  g ) .  Gc-ms ( o n  

SE-30 c a p i l l a r y ,  100-220• ‹  a t  1 0 • ‹ / m i n )  and p e a k  m a t c h i n g  

i d e n t i f i e d  t h e  p e a k s  a t  1 .5  rnin as a c e t y l a c e t o n e ,  a t  

+ 
3 . 0 3  m i n  as  3 - a c e t y l - 5 - n o n e n - 2 - o n e ,  2 - 2 3 ,  m/e 1 8 2 ( M  , 4 . 0 ) ,  

1 3 9  ( 1 0 0 )  , 9 7  ( 1 8 )  , 6 7 ( 2 1 )  , 4 3  ( 4 9 )  ; a t  3.13 rnin as 3 - a c e t y l -  

2 - n o n a n o n e ,  2 -24 ,  rn/e 1 8 4 ( ~ + , 2 . 4 ) ,  1 4 2 ( 2 5 ) ,  1 1 3 ( 4 2 )  , 

1 0 0  ( 5 4 )  , 8 5  ( 3 9 )  , 7 1  ( 1 0 0 )  , 4 3  ( 4 9 )  ; a t  4  . l 6  rnin as  3- 

acetyl-5-(n-buty1)-2-methyldihydrofuran, 2 - 2 5 ,  m/e 

1 8 2 ( ~ + , 5 9 ) ,  1 6 7 ( 2 9 ) ,  1 2 5 ( 5 0 ) ,  9 7 ( 6 1 ) ,  4 3 ( 1 0 0 ) ;  a t  8 . 1  rnin 

as b e n z o p h e n o n e ,  a t  9 . 1  m i n  as - 2-1, a t  1 0 . 9  m i n  as - 2-2 ,  



m/e 2 2 2  ( ~ ' ~ 6 3 )  , 2 2 1  ( 1 0 0 )  , 2 0 7  ( 4 4 )  , 1 7 8  ( 4 6 )  ; a t  1 1 . 4  m i n  

+ as  - 2-3,  m/e 2 8 2 ( M  , 0 . 2 ) ,  2 3 9 ( 6 8 ) ,  1 8 3 ( 3 8 ) ,  1 6 7 ( 8 2 ) ,  1 0 5 ( 1 0 0 ) ,  

7 7  ( 4 4 ) ,  4 3  ( 4 2 )  . T h i s  o i l  w a s  c h r o m a t o g r a p h e d  o n  s i l i ca  

g e l  ( 8 0  g ) .  E l u t i o n  w i t h  CH2C12 gave several f r a c t i o n s .  

F rac t ion  A ( 6 4  0 mg) c o n t a i n e d  r e c o v e r e d  b e n z o p h e n o n e  

( 6 4 % )  as s h o w n  by vpc a n a l y s i s .  F r a c t i o n  B ( 7 9  mg) con- 

t a i n e d  - 2 - 1  ( - 7 % )  c o n t a m i n a t e d  w i t h  b e n z o p h e n o n e  as  s h o w n  

b y  vpc. F r a c t i o n  C  ( 3 4 6  mg) g a v e  a v i s c o u s  l i q u i d  

s h o w i n g  f o u r  p e a k s  o n  vpc ( a t  1 . 7 ,  3 . 1 2 ,  3 . 2 4  a n d  4 . 2 8  r n i n ) .  

S e p a r a t i o n  by preparat ive gas c h r o m a t o g r a p h y  ( o n  25% 

SE-30 ,  1 5 0 - 2 4 0 • ‹  a t  15O/min)  gave t h r e e  f r a c t i o n s .  F r a c t i o n  1 

( 2 2  m g )  c o n t a i n e d  a c e t y l a c e t o n e  as shown b y  nmr  a n d  vpc. 

F r a c t i o n  2  ( 1 4 4  mg) c o n t a i n e d  a m i x t u r e  of 2 - 2 3  ( 4 . 2 % )  

a n d  2-24 ( 1 6 . 1 % ) ;  vpc ( o n  SE-30 c a p i l l a r y ,  1 0 0 - 2 2 0 • ‹  a t  

1 0 • ‹ / m i n )  s h o w e d  t w o  p e a k s  a t  3 . 0 1  m i n  a n d  3 . 1 2  m i n ;  i r  ( n e a t )  

2 . 1 5 ( s ) ,  1 . 8 7 ( m ) ,  1 . 2 7 ( m ) ,  0 . 8 8 ( t )  ppm: 13c n m r  (CDC13) 

3 2 . 0 ,  2 9 . 8 ,  2 9 . 6 ,  2 8 . 9 ,  2 8 . 1 ,  2 3 . 1 ,  1 4 . 6 ,  1 4 . 4  ppm; gc-ms  

+ 
s h o w e d  f o r  p e a k  a t  3 . 0 1  m i n ,  m/e 1 8 2 ( M  , 4 . 1 ) ,  1 3 9 ( 1 0 0 ) ,  

9 7 ( 2 2 ) ,  6 7 ( l 6 7 )  , 4 3  ( 4 5 )  ; for  p e a k  a t  3 . 1 2  m i n ,  m/e 

F r a c t i o n  3 ( 8 9  mg) c o n t a i n e d  2-25  ( 1 2 . 6 % )  s h o w i n g  o n e  s i n g l e  



peak on vpc (same c o n d i t i o n s  a s  above, r t  4 . 1 2  m i d ;  

36.5, 36.3, 29.8, 27.7, 23.0, 15.6 ,  14.5 ppm; uv (CHJOH) 

X max 260 nm; ~ = . 1 2 , 5 0 0 .  Anal,  c a l c d .  f o r  C * 0  : 
11 18 2 

C 72.53; H 9.89. Found: C 72.46, H 9.81. 

E l u t i o n  w i t h  1% CH OH/CH C 1  gave a  f r a c t i o n  (62 mg) 
3  2  2  

c o n t a i n i n g  a  mix ture  o f  2-2 and 2-3 a s  shown by vpc peak - - 
matching (same c o n d i t i o n s  a s  above, a t  10.7 and 11.1 min) .  

b)  i n  a c e t o n i t r i l e  

A s o l u t i o n  o f  Cu(acac)  (0.5 g ,  1.92 mmol) , benzo- 2  

phenone (0.8 g ,  4.3 rnmol) and 1-hexene ( 1 . 2  g ,  1 4  rnrnol) 

i n  a c e t o n i t r i l e  (200 m l )  was i r r a d i a t e d  f o r  1 4  h  t o  g i v e  

a  yellow-green s o l u t i o n  and t r i c e s  of m e t a l l i c  copper .  

The pho to lysa t e  was c o n c e n t r a t e d  on a f l a s h  evapora to r  t o  

g i v e  a  b l u e  s o l i d .  The s o l i d  (Cu(acac)  2, 392 mg) was 

f i l t e r e d  o f f  and t h e  f i l t r a t e  (-30 m l )  was t r e a t e d  w i t h  

water (100 m l )  and e x t r a c t e d  w i t h  e t h e r  (2  x 50 m l ) .  The 

e t h e r  e x t r a c t s  w e r e  evapora t ed  t o  g i v e  a  ye l lowish  o i l  

(1.048 g ) ;  gc-ms (on c a p i l l a r y  SE-30, 80-220•‹ a t  10•‹/min) 

showed t h e  peak a t  1 . 4  min f o r  a c e t y l a c e t o n e ,  t h e  peak 

a t  3.2 min f o r  2-24 (57% ) , m/e 1 8 4 ( ~ + , 1 . 3 ) ,  1 3 9 ( 3 6 ) ,  



97(lOO),  6 7 ( l O ) ,  4 3 ( 4 7 ) ;  t h e  peak a t  8.2 rnin f o r  benzo- 

( ~ + , l 5 % ) ,  236 ( 4 4 )  , 193 (100) , 17% (37) , 115 ( 7 4 ) .  Yie lds  - 
a r e  based on 1-hexene. 

4 -7-4 Cyclohexene 

a )  i n  a c e t i c  a c i d  

A s o l u t i o n  of Cu ( acac )  (0 .5  g ,  1 . 9  rnrnol) , benzo- 

phenone (1 .0  g ,  5.5 mmol) and cyclohexene (0 .5  g ,  6 mrnol) 

i n  g l a c i a l  a c e t i c  a c i d  (240 m l )  was i r r a d i a t e d  under N 2  

f o r  4 h t o  g i v e  m e t a l l i c  copper.  The p h o t o l y s a t e  was 

d i l u t e d  w i t h  wate r  (250 rnl)  and e x t r a c t e d  w i t h  e t h e r  

( 3  x 50 m l )  t o  g i v e  a yel low o i l  (1.148 g) which by 

gc-ms (on SP-1000, 50-200•‹ a t  20•‹/min) showed t h e  peak 

a t  2 .0  min f o r  cyclohexene,  t h e  peak a t  5.9 rnin f o r  

98 ( 5 7 ) ,  80 ( 3 8 ) ,  79 (100) , 4 3  (39) , t h e  peak a t  8.5 rnin f o r  

8l( lOO) , 80 (58)  , 79 (46) , t h e  peak a t  11.0 min f o r .  benzo- 

phenone, and t h e  peak a t  12.4 rnin f o r  2-1. Peaks w e r e  - 

i d e n t i f i e d  by c o i n j e c t i o n  w i t h  a u t h e n t i c  samples.  Yie lds  

w e r e  e s t ima ted  from vpc and a r e  based on s t a r t i n g  cyclo-  

hexene . 
An a u t h e n t i c  sample of  cyclohexene-3-aceta te ,  2-26, 

was prepared  (95) by h e a t i n g  a s o l u t i o n  of cyclohexene 

(0.82 g ,  0 .01  mol) and mercur ic  a c e t a t e  (6.37 g ,  0.02 mol ) ,  



i n  g l a c i a l  a c e t i c  a c i d  ( 4 0  m l )  f o r  6  h  t o  a f f o r d  t h e  pro- 

d u c t  (0.8 g ,  6 0 % )  ; i r  ( n e a t )  2945 ( m )  , 1733 (s)  , 1245 (s) cm-'; 

+ 1 
m s  1 4 0  ( M  , 8 ) ,  98 ( 6 5 ) ,  80 ( 4 4 ) ,  79 ( l o o ) ,  43 (35) ; H nrnr 

( C C l , )  1 .74(mI4H),  1.99(m,5H), 5 .16 (ml lH) ,  5.52-6.0(m, 

1 H )  ppm; 13c ( C C 1 4 )  169.28 ( s )  , 132.06 (d )  , 126.99 (d)  , 

67.86 ( d )  , 28.86 ( t)  , 25.44 ( t)  , 21.43 (q )  , 19.52 ( t )  ppm. 

b)  i n  a c e t o n i t r i l e  

A s o l u t i o n  of  Cu(acac)  (200 mg, 0.77 mmol), benzo- 2 

phenone (350 mg, 1.92 mmol) and cyclohexene (500 mg, 

6 .1  mmol) i n  a c e t o n i t r i l e  (120 m l )  was i r r a d i a t e d  under 

n i t r o g e n  w i t h  a  200 Watt Hg lamp f o r  2 h  t o  g i v e  m e t a l l i c  

copper .  A f t e r  t h e  u s u a l  work-up a  c o l o r l e s s  o i l  (761 mg) 

was o b t a i n e d ;  gc-ms (on SE-30, 80-220•‹ a t  15O/min) showed 

t h e  peak a t  1.16 rnin f o r  cyclohexene,  a t  1.26 f o r  a c e t y l -  

ace tone ,  a t  5.2 rnin f o r  3 ,3 ' -b icyc lohexenyl  ( 1 2 % ) ,  a t  7.7 

min f o r  benzophenone, a t  10.3 rnin f o r  an  oxe tane  (163) 

( 2 5 % ) ,  m / e  264 ( ~ ' ~ 2 4 )  , 183 (100).  105 (55) . 

4-8 P h o t o l y s i s  of  Cu(acac)  i n  t h e  Presence  of  Polyenes 2 

The p h o t o r e a c t i o n s  were c a r r i e d  o u t  i n  App. 111. For 

vpc a n a l y s e s ,  a l i q u o t s  were t aken  (1 m l ) ,  d i l u t e d  wi th  

w a t e r  ( 2  m l )  and e x t r a c t e d  wi th  e t h e r  b e f o r e  being i n j e c t e d  

i n t o  t h e  GC. 

. A s o l u t i o n  of Cu (acac)  (1.0 g ,  3.83 mmol) , benzo- 

phenone (1.0 g ,  5.5 mmol) and 1,5-COD (3.5  g ,  32.5 mmol) 

i n  methanol (200 m l )  was i r r a d i a t e d  under n i t r o g e n  wi th  a  



200-Watt Hg lamp t o  g i v e  a c o l o r l e s s  s o l u t i o n  i n  16 h. 

A sample t a k e n  t u r n e d  b l u e  on exposure  t o  t h e  a i r .  The 

p h o t o l y s a t e  was d i l u t e d  w i t h  w a t e r  (400 m l )  and e x t r a c t e d  

w i t h  e t h e r  ( 3  x 80 m l ) .  The e t h e r  e x t r a c t s  w e r e  washed w i t h  

w a t e r ,  d r i e d  o v e r  MgS04 and evapo ra t ed  t o  a f f o r d  a y e l l o w i s h  

o i l  (5.02 g ) ;  vpc a n a l y s i s  (on  10% SE-30, 70-240•‹ a t  8O/min 

showed f o u r  major  peaks  a t  1 . 5 ,  3 .7 ,  4.5 and 13.9  min and 

a minor peak a t  18.2 min. G c - m s  showed f o r  t h e  peak a t  

1 . 5  min, a c e t y l a c e t o n e ,  f o r  t h e  peak a t  3 .7  min, 1 ,3 -cyc lo -  

+ 
o c t a d i e n e  (124)  , m / e  108(M ,81) , 93(85)  , 79 (100) , 67(78)  , 

39 (62)  ; f o r  t h e  peak a t  4.5 min, 1,5-COD (124)  , m / e  108  (M', 

6.5)  , 80 (52)  , 67 (98)  , 54 (100) , 39 (55) ; f o r  t h e  peak a t  

13 .9  min, benzophenone; f o r  t h e  peak a t  18.2 min, m / e  

290 ( ~ ' ~ 1 . 5 )  , 1 8 3  (100) . 
The o i l  ( 1 . 0  g)  was column chromatographed on  s i l i c a  g e l  

t o  a f f o r d ,  on  e l u t i o n  w i t h  p e t . - e t h e r  -(30-60•‹) a  f r a c -  

t i o n  (502 mg) c o n t a i n i n g  a mix tu r e  o f  1 , 3 - cyc looc t ad i ene  

and 1 ,5 - cyc looc t ad i ene  i n  a .46 :54  r a t i o ,  as  shown by vpc 

a n a l y s i s  ( peaks  a t  3.8 and 4.5 min r e s p e c t i v e l y ;  nmr ( C D C ~ ~ )  

6 1.50 ( m )  , 2 -25  ( m )  , 2 -38 (m)  , 5.58 (m) , 5.77 ( m )  ppm (97 ,98)  ; 

e l u t i o n  w i t h  p e t .  e t h e r : e t h e r  ( 7 : l )  a f f o r d e d  benzo- 

phenone (1 .42 g ,  77% recovery)  mp 49-51•‹ ; and a c e t y l a c e t o n e  

(42 mg, 3 0 % ) .  

I n  a s i m i l a r  exper iment  a s o l u t i o n  o f  Cu(acac)  2 

(1 .0  g ,  3.83 mmol), benzophenone (1 .0  g ,  5.5 mmol) and 
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1,5-COD (3.53 g ,  32.6 mmol) i n  methanol ( 2 0 0  m l )  was ir- 

r a d i a t e d  a s  above f o r  16 h  t o  g i v e  a  c o l o r l e s s  s o l u t i o n  and 

smal l  amounts of  m e t a l l i c  copper.  One-half of  t h e  photo- 

l y s a t e  was removed and worked-up a s  above t o  g i v e  a  

ye l lowish  o i l  (1.89 g ) ;  vpc (same c o n d i t i o n s  as above) 

showed a  peak a t  1 .7  min f o r  a c e t y l a c e t o n e ,  two peaks a t  

3.8 and 4 . 4  min f o r  1 , 3  and 1,5-COD r e s p e c t i v e l y  i n  a  

34:66 r a t i o ,  and t h e  peak f o r  benzophenone a t  1 4 . 1  min. 

The o t h e r  h a l f  o f  t h e  p h o t o l y s a t e  was l e f t  under n i t r o g e n  

f o r  36 h  t o  g i v e  a  b l u e  s o l u t i o n  and more m e t a l l i c  copper  

i n  suspens ion .  The u s u a l  work-up gave a  ye l lowish  o i l  

(1.64 g ) ;  vpc a n a l y s i s  showed t h e  same p a t t e r n  a s  above 

wi th  t h e  peaks  f o r  

determined by peak 

I n  a  s e p a r a t e  

(1.0 g ,  3.83 mrnol) 

1 , 3  and 1,5-COD i n  a  35:65 r a t i o  a s  

a r e a  c a l c u l a t i o n s .  

exper iment ,  a  s o l u t i o n  of C ~ ( a c a c ) ~  

and 1,5-COD (3.5  g', 32.5 mrnol) i n  

methanol (200 m l )  was i r r a d i a t e d  f o r  18 h  a s  above. U v  

and vpc a n a l y s i s  showed no change i n  t h e  C ~ ( a c a c ) ~  o r  

d i e n e  c o n c e n t r a t i o n .  

I n  ano the r  exper iment ,  a  s o l u t i o n  of  benzophenone 

(0.46 g ,  2.5 mmol) and 1,5-COD (0.54 g ,  5.0 mmol) i n  

methanol (50 m l )  was i r r a d i a t e d  f o r  9.5 h  as above. The 

pho to lysa t e  w a s  evapora ted  t o  g ive  a  yellow o i l  (0.832 g ) .  

Gc-ms (on 10% SE-30, 70-220•‹ a t  10•‹/min) gave t h e  peak a t  

7.8 min f o r  benzophenone, a t  9.9 min f o r  benzhydrol  (22%) 



+ a n d  a t  2 1 . 2  m i n ,  o x e t a n e  2-28 ( 2 8 % )  ( 9 9 1 ,  m/e 290(M 11.1)~ 

1 8 3 ( 1 0 0 )  , 1 0 5 ( 5 2 )  . 
4-8-2 N o r b o r n a d i e n e  

a )  i n  m e t h a n o l ,  u n d e r  N2 

A s o l u t i o n  of C u ( a c a c )  ( 5 0 0  mg, 1 . 9 2  m o l e s ) ,  2  

b e n z o p h e n o n e  ( 1 . 0  g ,  5 . 5  rnrnol) a n d  n o r b o r n a d i e n e  ( 2 . 0  g ,  

2 1 . 7  mmol) i n  m e t h a n o l  ( 2 0 0  m l )  w a s  i r r a d i a t e d  u n d e r  n i t r o g e n  

w i t h  a 2 0 0 - W a t t  H g  l a m p  f o r  1 8  h .  T h e  s o l u t i o n  w a s  l i g h t  

b l u e  a n d  some m e t a l l i c  copper w a s  f o r m e d .  A s a m p l e  

t a k e n  reverted t o  a more i n t e n s e  b l u e  color o n  e x p o s u r e  t o  

t h e  a i r .  T h e  p h o t o l y s a t e  w a s  d i l u t e d  w i t h  w a t e r  ( 4 0 0  m l )  

a n d  ext rac ted  w i t h  e t h e r  ( 4  x 5 0  m l )  . E t h e r  ex t rac t s  w e r e  

w a s h e d  w i t h  H 2 0 ,  d r i e d  over MgS04 and evaporated t o  g ive  a 

y e l l o w i s h  o i l  ( 1 . 8 1  g ) .  Vpc  a n a l y s i s  (on 1 0 %  SE-30 ,  80 '  

i s o t h .  5  m i n ,  t o  240 '  a t  2 0 • ‹ / m i n )  s h o w e d  s i x  p e a k s  a t  

1 . 6 ,  2 . 4 ,  4 . 1 ,  9 . 8 ,  1 6 . 8  m i n .  T h e  p e a k  m a t c h i n g  a n d  

gc-ms s h o w e d  t h e  p e a k  a t  1 . 6  rnin as  n o r b o r n a d i e n e  ( 2 2 % ) ,  

rn/e 9 2 ( ~ + , 8 3 )  , 9 1 ( 1 0 0 )  , 6 6  ( 7 1 ) .  6 5 ( 3 2 ) ,  3 9  (15) ; a t  2 .4  rnin 

as q u a d r i c y c l e n e  ( 5 9 % )  , m/e 9 2  ( ~ ' ~ 6 5 ) ~  9 1  ( 1 0 0 )  , 6 6  ( 9 6 )  , 

6 5 ( 9 0 )  , 5 1  ( 5 5 )  , 4 0  ( 5 6 )  , 3 9  ( 7 2 )  ; a t  4 . 1 ,  u n k n o w n ,  

m/e 1 2 4  ( ~ ' ~ 3 6 )  , 9 2  ( 9 5 )  , 9 1 ( 1 0 0 )  , 7 9  ( 9 8 )  , 6 6  ( 9 6 )  , 2 8 ( 5 1 )  ; 

a t  9 . 8  m i n ,  as b e n z o p h e n o n e ;  a t  1 6 . 8  rnin as oxetane ( 1 5 % )  

+ 
( 1 0 5 )  , m/e 274(M , 5 . 7 )  , 1 6 7 ( 8 1 )  , 1 6 5 ( 5 7 )  , 1 0 5 ( 3 1 ) ,  9 1 ( 1 0 0 )  

8 1 ( 7 4 )  , 7 7  ( 5 1 )  ; a t  1 8 . 2  rnin as oxetane ( 5 % )  ( 1 0 5 )  , 



P r e p a r a t i v e  vpc of t h e  crude produc t  (300 mg) (on 10% 

Apiezon L ,  120•‹ i s o t h .  f o r  15 min, t o  250' a t  10•‹/min) 

a f fo rded  norbornadiene ( c o l o r l e s s  l i q u i d ,  26 mg); nmr 

( c ~ c l , )  6 1.99(mr2H),  3.57(m12H), 6.74(ml4H) ppm, and 

quadr i cyc l ene  (ye l lowish  l i q u i d ,  2 4  mg); nrnr (CDC13) 

6 1 .43 (m,6H), 2.02(ml2H) ppm (101) ; i r  ( n e a t )  3070(s)  , 

2940 (s)  , 2860 (s)  , 1330 (m)  , 1260 (m) , 1240 (s )  , 950 (m) , 910 (s) , 

890 (s)  , 800 (s) , 765 (s)  cm-l. A t h i r d  f r a c t i o n  was c o l l e c t e d  

(56 mg) c o n t a i n i n g  benzophenone and oxe tane ,  a s  shown by 

vpc . 
I n  a  s e p a r a t e  experiment a  s o l u t i o n  of  Cu(acac) 2  

(0 .5  g ,  1 .9  mmol), benzophenone (1.0 g ,  5.5 mmol) and 

norbornadiene (2.0 g ,  22 mrnol) i n  methanol under n i t r o g e n  

w a s  i r r a d i a t e d  f o r  7 h  t o  g i v e  a  ye l low s o l u t i o n .  The 

p h o t o l y s a t e  w a s  l e f t  under n i t r o g e n  i n  t h e  dark f o r  48 h  

a f t e r  which t h e  s o l u t i o n  w a s  l i g h t  b l u e  and m e t a l l i c  copper 

had formed. The progress  of  t h e  r e a c t i o n  du r ing  and a f t e r  

i r r a d i a t i o n  was monitored by vpc (on 10% SE-30, 80-220' 

a t  10•‹/min) and t h e  r e l a t i v e  y i e l d s  of  norbornadiene and 

quadr i cyc l ene  determined (see P .  6 1 ) .  

I n  a  r e l a t e d  experiment a  s o l u t i o n  of benzophenone 

(1 .0  g ,  5.5 mmol) and norbornadiene (2.0 g ,  2 2  mmol) i n  

methanol (200 m l )  under n i t r o g e n  was i r r a d i a t e d  w i t h  a  

200-Watt Hg lamp f o r  7 h ,  and t h e  r e a c t i o n  monitored by 

vpc a n a l y s i s  as above ( s e e  P . 62) . 



a )  i n  benzene under hydrogen 

A s o l u t i o n  of Cu (acac)  (0.5 g ,  1.92 mmol) , benzophenone 2  

(1 .0  g ,  5.5 m o l l  and t , t , t - C D T  (0.62 g ,  3.85 mmol) i n  

benzene (200 m l )  was i r r a d i a t e d  under hydrogen w i t h  a  

450 Watt Hg lamp f o r  8  h  t o  g i v e  a  c loudy  yel low s o l u t i o n .  

Prolonged i r r a d i a t i o n  d i d  n o t  d e p o s i t e  copper .  A sample 

taken  t u r n e d  b l u e  i n  a  few seconds when exposed t o  t h e  a i r .  

Vpc of t h e  pho to lysa t e  (on SE-30, 80-230•‹ a t  15O/min) showed 

peaks a t  1 . 2 ,  4 . 4 ,  4.7, 4.85 and 7.2 min. Peak matching and 

gc-ms ( s a m e  c o n d i t i o n s  a s  above) i d e n t i f i e d  t h e  peak a t  

1 . 2  min a s  ace ty l ace tone ;  a t  4 . 4  min a s  t , t , t - C D T  ( 4 3 % ) ,  

m/e 1 6 2  ( ~ ' ~ 3 9 )  , 134 (70) , 133 ( 1 0 0 )  , 119 ( 5 6 ) .  93 (76) ; a t  

4.7 min as c,t , t-CDT ( 4 5 % ) ,  m/e 1 6 2 ( ~ + , 2 1 ) ,  1 3 4 ( 7 5 ) ,  133 

(100) , 93 (78)  , 79 (79) ; a t  4.85 min, t e n t a t i v e l y  ass igned  

a s  c , c ,  t-CDT ( 1 2 % ) ,  m/e 162 ( ~ + , 9 ) ,  133 ( 7 2 ) ,  93 (8O),  91 

( 6 5 ) ,  79 (100) ; a t  7.3 min a s  benzophenone. The p h o t o l y s a t e  

w a s  d i s t i l l e d  on a  steam b a t h  t o  g i v e  a blue-yel low s e m i -  

s o l i d .  Treatment  wi th  e t h e r  (15 m l )  gave a  b l u e  s o l i d  

(0.43 g )  i d e n t i f i e d  a s  C ~ ( a c a c ) ~ .  The f i l t r a t e  was evapor- 

a t e d  t o  g i v e  a yellow o i l  (1.02 g )  ; nmr ( c D c ~ ~ )  1.97 (m)  , 

2.0 (m)  , 2.07 ( m )  , 4.93 (m)  , 5.4 (m) , 7.23 ( m )  ppm. The p r o g r e s s  

of t h e  r e a c t i o n  was a l s o  monitored by vpc a n a l y s i s  ( s e e  P. 

5 8 ) .  A f t e r  i r r a d i a t i o n  t h e  p h o t o l y s a t e  was l e f t  under 

hydrogen f o r  24 h  w i th  no change i n  t h e  vpc p a t t e r n .  



a n a l y s i s  showed t h e  same p a t t e r n  a s  above w i t h  i d e n t i c a l  

r e l a t i v e  y i e l d s .  

I n  a  r e l a t e d  experiment a  s o l u t i o n  o f  benzophenone 

(0 .5  g ,  2.25 mmol) and t , t , t - C D T  (0.32 g ,  1.92 mmol) i n  

benzene (100 m l )  under hydrogen was i r r a d i a t e d  wi th  a  

450-Watt Hg lamp f o r  8  h .  Vpc a n a l y s i s  o f  t h e  p h o t o l y s a t e  

(same c o n d i t i o n s  a s  above) showed peaks a t  5 .1  rnin f o r  

t , t , t - C D T  ( 8 9 . 3 % ) ,  a t  5.35 min f o r  c , t , t - C D T  (10.7%) and 

a t  7.9 min f o r  benzophenone. 

b )  i n  a c e t o n i t r i l e  under hydrogen 

A s o l u t i o n  of  C ~ ( a c a c ) ~  (0 .5  g ,  1.92 mrnol), benzo- 

phenone (1 .0  g ,  5.5 mrnol) and t , t , t - C D T  (0.62 g ,  3.84 mmol) 

i n  a c e t o n i t r i l e  ( 2 0 0  m l )  was i r r a d i a t e d  under hydrogen 

wi th  a  450-Watt Hg lamp f o r  8  h  t o  g i v e  a  blue-green so lu -  

t i o n .  Vpc a n a l y s i s  o f  t h e  p h o t o l y s a t e  (on 10% SE-30, 

50-220' a t  15O/min) showed peaks a t  4'.6 rnin f o r  t , t , t - C D T  

(95%) , a t  4.75 min f o r  c , t , t - C D T  (4  % )  and a t  7.4 min f o r  

benzophenone . 
c )  i n  methanol under n i t r o g e n  

A s o l u t i o n  of  C ~ ( a c a c ) ~  (0 .5  g ,  1.92 mmol), benzo- 

phenone (1.0 g ,  5.5 mmol) and t , t , t - C D T  (0.62 g ,  3.84 mmol) 

i n  methanol (200 m l )  was i r r a d i a t e d  under n i t r o g e n  w i t h  

a  200-Watt Hg lamp t o  g i v e  m e t a l l i c  copper a f t e r  1 h. 

Vpc a n a l y s i s  o f  t h e  p h o t o l y s a t e  a f t e r  work-up (same con- 

d i t i o n s  a s  above) showed peaks a t  1 . 2  rnin f o r  a c e t y l a c e t o n e ,  



a t  4.55 min f o r  t , t , t - C D T  and 7 . 4  rnin f o r  benzophenone. 

a )  i n  benzene under hydrogen 

A s o l u t i o n  of  Cu (acac)  (0 .5  g ,  1 .92  mrnol) , benzo- 2  

phenone (1.0 g ,  5.5 m o l )  and c,t , t-CDT (0.62 g ,  3.84 mrnol) 

i n  benzene (200 m l )  w a s  i r r a d i a t e d  under hydrogen w i t h  a  

450-Watt Hg lamp f o r  10 h t o  g i v e  a yel low s o l u t i o n .  Vpc 

a n a l y s i s  of  t h e  p h o t o l y s a t e  (on SE-30, 50-220•‹ a t  15O/min) 

showed t h e  peaks a t  1 .0  rnin f o r  a c e t y l a c e t o n e ,  a t  4.65 rnin 

f o r  t , t , t - C D T  ( - 5 6 % ) ,  a t  4.9 rnin f o r  c , t , t - C D T ,  a t  5 .1  rnin 

f o r  c,c,t-CDT ( -8%)  and a t  7 . 7  min f o r  benzophenone. The 

p rog res s  of  t h e  r e a c t i o n  was monitored by vpc a n a l y s i s  

and r e l a t i v e  y i e l d s  (from peak a r e a s )  were determined 

(see P .  5 9 ) .  The p h o t o l y s a t e  w a s  k e p t  i n  t h e  dark  under 

hydrogen f o r  2 4  h b u t  showed t h e  same vpc p a t t e r n .  

4-8-5 Benzophenone S e n s i t i z e d  P h o t o l y s i s  of  Cu(acac)  i n  
2- 

benzene under hydrogen 

A s o l u t i o n  of Cu(acac)  ( 0 . 5  g ,  1.92 mmol) and benzo 

phenone ( 1 . 0  g ,  5.5 mrnol) i n  benzene (200 m l )  was i r r a d i a -  

t e d  under hydrogen w i t h  a  450 Watt H g  lamp t o  g i v e  a f t e r  

15-20 rnin a  cloudy yel low s o l u t i o n  which tu rned  b l u e  i n  

seconds when exposed t o  t h e  a i r .  Prolonged i r r a d i a t i o n  f o r  



6 h did not show the formation of any precipitate nor 

metallic copper. Vpc analysis of the photolysate (on 

SE-30, capillary column, 15 mt, 50-220' at lSO/min) 

showed only the peak for benzophenone at 7.9 min. 



4-9 Quantum Yie ld  Determinations 

Quantum y i e l d  de te rmina t ions  were c a r r i e d  o u t  i n  a  

"merry-go-'round" appa ra tus  a s  d e s c r i b e d  b e f o r e  ( 1 6 4 ) .  The 

a p p a r a t u s  c o n s i s t s  of a  t u r n t a b l e  which r evo lves  around t h e  

l i g h t  sou rce  (Hanovia 679A36, 450-Watt medium p r e s s u r e  

mercury lamp) contained i n  a  Pyrex c o o l i n g  w e l l  he ld  i n  

t h e  c e n t e r .  

Actinometer and sample c e l l s  of  c a .  5 m l  c a p a c i t y  - 

( 1 . 2  cm d iameter  x 1 0  cm l eng th )  were made from Pyrex t e s t  

t u b e s  (Kimax) . They were jo ined t o  a B-14 male ground 

g l a s s  j o i n t  equipped wi th  a  gas  i n l e t  and o u t l e t  w i th  a  

mercury seal f o r  degass ing.  

The absorbed l i g h t  i n t e n s i t y  ( i n  E i n s t e i n / h )  was 

determined us ing  a  benzophenone-benzhydrol ac t inome te r  

( 1 6 5 ) .  S o l u t i o n s  0.05 14' i n  benzophenone and 0 . 1  M i n  

benzhydrol  i n  benzene, were degassed and i r r a d i a t e d  f o r  

f i x e d  p e r i o d s  of  t ime.  The r e s i d u a l  benzophenone was then 

determined spec t ropho tome t r i ca l ly  a t  -340 nm us ing  a  

0 . 1  cm uv c e l l  t o  avoid  d i l u t i o n .  A quantum y i e l d  of 0.74 

has  been r e p o r t e d  f o r  t h i s  p rocess  ( 1 0 6 ) .  

Gene ra l ly ,  s t ock  s o l u t i o n s  of  C u ( a c a ~ ) ~ ,  t r i p h e n y l -  

phosphine and s e n s i t i z e r s  were f r e s h l y  p repa red .  ~ l i ~ b o t s  

of  each s o l u t i o n  were p i p e t t e d  i n t o  a  vo lume t r i c  f l a s k  

(10 m l )  and d i l u t e d  w i t h  so lven t  t o  p r e p a r e  s o l u t i o n s  f o r  

i r r a d i a t i o n  o f  t h e  r equ i r ed  c o n c e n t r a t i o n .  These 



s o l u t i o n s  (4-5 m l )  w e r e  p laced  i n  t h e  photo tubes ,  deae ra t ed  

w i t h  p u r i f i e d  n i t r o g e n  f o r  5 min and i r r a d i a t e d  f o r  a 

p r e s c r i b e d  l e n g t h  of t ime t o  cause  10-20% convers ion  of  

t h e  r e a c t a n t s .  

For quantum y i e l d s  of  C ~ ( a c a c ) ~  d i sappearance ,  

C ~ ( a c a c ) ~  was analyzed spec t ropho tome t r i ca l ly  by de te rmin ing  

t h e  absorbance of  t h e  u n d i l u t e  s o l u t i o n s  a t  630 nm b e f o r e  

and a f t e r  i r r a d i a t i o n .  

For quantum y i e l d s  of  benzophenone d i sappearance ,  t h e  

amount o f  benzophenone r e a c t e d  was determined by h p l c  

a n a l y s i s  (on  a P a r t i s i l  PXS 10/25 Whatman, 2% iso-propanol  

i n  hexane as  s o l v e n t )  u s ing  a n i s o l e  a s  a n  i n t e r n a l  s t a n d a r d .  

Before and a f t e r  i r r a d i a t i o n ,  t o  1 m l  of s o l u t i o n ,  1 m l  of 

s t anda rd  s o l u t i o n  of a n i s o l e  (0.922 M) was added and i n -  

j ec t ed  t h r e e  t i m e s  i n t o  t h e  h p l c .  

4-10 F l a s h  P h o t o l y s i s  Experiments 

These exper iments  were performed by M i s s  Carol  Beddard 

a t  t h e  Na t iona l  Research Council  l a b o r a t o r i e s ,  Chemistry 

Div is ion ,  u s ing  t h e  f a c i l i t i e s  provided by D r .  J . C .  Scaiano.  

M a t e r i a l s :  The s o l v e n t s ,  methanol (A ld r i ch ,  Gold L a b e l ) ,  

benzene ( F i s h e r ,  Spec t ro .  ) , and a c e t o n i t r i l e  (Photex,  

Spec t ro  .) w e r e  used a s  rece ived .  

Sample p r e p a r a t i o n :  The s o l u t i o n s  of s e n s i t i z e r s  

(cd .  - l0-~-10-~ M) and Cu(acac)  (10-~-10-~ M) w e r e  p l aced  i n  



s u p r a s i l  c e l l s  w i t h  a  3  

oxygen-free n i t r o g e n .  

Laser  p h o t o l k s i s l :  

p u l s e s  from a Molectron 

duces 8-10 n s  p u l s e s  of  

mrn o p t i c a l  p a t h  and deae ra t ed  us ing  

The samples were e x c i t e d  bp us ing  t h e  

uV-24 n i t r o g e n  l a s e r  which pro- 

up t o  10 m J  a t  337.1 nm. T r a n s i e n t  

decays were monitored by us ing  a  pu l sed  200-Watt xenon lamp 

a s  a  l i g h t  s o u r c e ,  a  h i g h  i n t e n s i t y  B & L monochromator 

and a  RCA-4840 p h o t o m u l t i p l i e r  t ube  a t  t h e  d e t e c t i o n  end.  

S i g n a l s  from t h e  d e t e c t o r  system were processed th rough  a  

R7912 Tekt ron ix  t r a n s i e n t  d i g i t i z e r  which was i n t e r p h a s e d  

wi th  a  PDP 11/55 computer t h a t  c o n t r o l l e d  t h e  exper iments  

and processed t h e  d a t a .  

4 - 1 1  Reduction P o t e n t i a l  Measurements 

The half-wave r e d u c t i o n  p o t e n t i a l s  ( ~ 1 / 2 )  w e r e  de- 

termined i n  a c e t o n i t r i l e  by c y c l i c  voltammetry, u s i n g  a 

t h r e e  e l e c t r o d e  ce l l ,  w i t h  a  P .A.R .  E l ec t rochemis t ry  System, 

Model 170 ( P r i n c e t o n  Applied Research Corp., P r i n c e t o n ,  

New J e r s e y ) .  The working e l e c t r o d e  was a  pla t inum 

microdisc  and t h e  coun te r  e l e c t r o d e  w a s  a  p la t inum w i r e .  

A s i l v e r  w i r e  e l e c t r o d e  w a s  used a s  a r e f e r e n c e  e l e c t r o d e  

and 0 . 1  M t e t r a e t h y l  ammonium c h l o r i d e  (TEAC1) a s ' a  , 

suppor t ing  e l e t r o d e .  

p more d e t a i l e d  d e s c r i p t i o n  of  t h e  l a s e r  f l a s h  p h o t o l y s i s  

f a c i l i t y  h a s  been desc r ibed  (57 ,166) .  



4-12 Benzophenone S e n s i t i z e d  P h o t o l y s i s  of Cu(hfa)  
2' 

a )  i n  methanol 

A s o l u t i o n  of Cu ( h f a )  ( 0.5 g ,  1.05 mmol) , benzo- 
2 

phenone (0.8 g ,  4 . 4  mmol) i n  methanol (120 m l )  was ir- 

r a d i a t e d  w i t h  a  200  Watt Hg lamp under n i t r o g e n  f o r  1 h 

t o  g i v e  m e t a l l i c  copper and a  c o l o r l e s s  s o l u t i o n .  The 

p h o t o l y s a t e  was d i l u t e d  wi th  wate r  (300 m l )  and e x t r a c t e d  

w i t h  e t h e r  (3x50 m l ) .  The e t h e r  e x t r a c t s  were washed wi th  

water  and d r i e d  over MgSO The s o l u t i o n  was concen t r a t ed  
4 ' 

on a  f l a s h  evapora tor  a t  1 0 " .  Vpc a n a l y s i s  (on 1 0 %  SE-30, 

80-240" a t  20•‹/min) showed on ly  one peak a t  7.3 min 

cor responding  t o  benzophenone, T l c  a n a l y s i s  (on s i l i c a  

g e l ,  e l u t i o n  wi th  CH2C1  ) showed two s p o t s  f o r  benzophenone 
2  

( R  = 0.76) and hexaf luoroace ty lace tone  (R  = 0.35) .  
f  f  

b )  i n  t h e  presence of t r i pheny lphosph ine  

A s o l u t i o n  of Cu(hfa)  (0.67 g ,  '1 .14 mmol) , benzo- 

phenone (0.42 g ,  2.28 mrnol) and t r iphenylphosphine  (0.6C 

g ,  2.28 mmol) i n  methanol (200 m l )  was i r r a d i a t e d  wi th  a  

200 Watt Hg lamp under n i t r o g e n  t o  g i v e  a  ye l low s o l u t i o n  

which w a s  s t a b l e  en prolonged i r r a d i a t i o n  ( 4  h ) .  The 

a b s o r p t i o n  of Cu(hfa)  a t  750 nm had d i sappeared .  The 
2  

s o l v e n t  w a s  evaporated t o  g i v e  a  yel low semi-sol id  (1.62 

g )  which w a s  d i s so lved  i n  warm e t h a n o l  (20 m l )  and l e f t  

a t  O0 C f o r  12 h. F i l t r a t i o n  a f f o r d e d  yel low need le s  of 

Cu(h fa )  (PPh3)2 (0.59 g ,  6 5 % ) ;  mp 156-158' (lit. mp 157- 



-15g0)  ( 5 2 ,  1 1 0 ) ;  Ana l .  c a l c d .  for  C41H3102P2F6Cu : 

C 61 .93%,  H 3 . 9 0 % ;  Found: C 6 1 . 7 8 % ,  H 3 .93%.  
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