
Pure & Appl. Chern., Vol. 62, No. 8, pp. 1489-1494,1990. 
Printed in Great Britain. 
@ 1990 IUPAC 

Photocatalysis induced by light-sensitive 
coordination compounds 

Iiorst Hennig, Detlef Rehoreli, Raincr St ich and Lutz Weher 

Sektion Chemie der Karl-Narx-Universitaet Leipzig, Ta ls t rasse  35, 
Leipzig, DDR-7010, G . D . R .  

Abstract - Electronic  exc i ta t ion  of both WERNER-type complexes and 
l ight-sensi t ive orf;anometallics may lead t o  coordinat ively 
unsaturated complex fragments, metal complexes with unusual formal 
oxidation numbers of the  cent ra l  atoms, f r e e  ligznds and 1iL;and 
oxidation. products, respect ively,  h i c h  may exhib i t  c a t a l y t i c  
a c t i v i t y .  For the  descr ipt ion of processes involviq5 photo- 
generation of c a t a l y t i c a l l y  a c t i v e  species and subsequent 
catalyzed reac t ions ,  the  terms photoinLuced catalg-ti c reac t ions  m d  
photoassisted reac t ions ,  respect ively,  have been applied. General 
fea tures  of 3hotoinduced c a t a l y t i c  and. photoassisted r e x t i o n s  m d  
t h e i r  appl icat ions are  discussed. Par t icu lar  emphasis i s  placed on 
the  use of photosensi t ive coordination compountis c a t a l y s t s  for 
organic syntheses. Photooxygenation of phenols and terpenes i n  the 
presence of copper ( I ) / ( I I )  complexes and metalloporphyrins, 
respec t ive ly ,  as well as photoinduced cyc l i sa t ion  react ions of 
unsz'iurated hydrocarbons i n  !;he presence of azido complexes of 
n i c k e l ( I I ) ,  plladium(I1) and platinLun(1I) a r e  discussed i n  more 
d e t a i l .  

INTRODUCTION 

The photochemistry of both c l a s s i c a l  IQ,?NER-type coordination compounds ( r e f s .  1 , 2 )  and 
or,Tanometa!lic complexes ( re fs .  3-7) has cpened neiw r i e l d s  f o r  poteritial appl icat ions such 
as unconventional imaging processes ( r e f s .  &lo)  and so la r  energy conversion ( r e f s .  II- 
I & ) .  In t h i s  context ,  we hme discussed the  problem of spec t ra l  s e n s i t i z a t i o n  of 
photosensitve coordination compounds ( r e f s .  8 , 1 5 1 8 ) .  

Compared with organic compounds, t r a n s i t i o n  rietal complexes a re  dis t inguished by a lar ;er 
var ie ty  of e lec t ronic  s t a t e s  h i c h  a r e  accessible  upon l i g h t  absorption and which may 
yield d i f f e r e n t  photoproducts, Tn S r i n c i p l e ,  by choosing t h e  proper excitxbion waveler.&h, 
t h e  photochemical generation of any desired photoproduct should be possible .  Many of these 
photoproducts exhibi t  c a t a l y t i c  a c t i v i t y  f o r  the  trcnsfoimation of ori;anlc subs t ra tes  
under mild thermal conditions. Therefore, photochemistry of coordination compounds has 
a t t rac ted  increasing i n t e r e s t  among chemists as a convenient novel method f o r  organic 
syntheses i n  a preparative scale  ( r e f s .  13,20) .  

A s  demonstrative examples, we rlescribe here th.e pkioto-oxyr:enation of phenols and te;-pene 
der iva t ives  as e l 1  as some photoinduced transformations of unsaturated hydrocarbons i n  
the  presence of trcansition metal complexes. Althouch t h i s  choice i s  q u i t e  a r b i t r a r y ,  we 
consider these examples useful i n  order t o  discuss  the  general p r inc ip les  of 
photocatalysis  t h a t  underly these reac t ions .  

BASIC PRINCIPLES OF PHOTOCATALYSIS 

Fiere, the term photocatalysis is applied f o r  react ions i n  which a c a t a l y t i c  process i s  
i n i t i a t e d  under the  ac t ion  of l i g h t .  3ependiz  on wheCher the  ca ta lys t  formed by 
photolysis requires  f u r t h e r  ac t iva t ion  by l i g h t  o r  no t ,  two types of photocatalyt ic  
reect ions may be dis t inguished:  photoassisted and ptotoinduced c a t a l y t i c  reac t ions  ( r e f s .  
17,18,21,22,24 Scheme I ) .  
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Scheme I 

Photoinduced c a t a l y t i c  reac t ion  Photoassisted reac t ion  

i n  a photoinduced c a t a l y t i c  reac t ion ,  the ca ta lys t  forrned does not require  fur ther  
exc l ta t ion  by 1iy;ht i n  order t o  catalyze the  t rxisformation of subs t ra tes .  Hence, t h e  
quantim y ie ld  f o r  product formation m y  well exceed uni ty .  

R tjr2ical example f o r  n photoinduced c a t a l y t i c  react ion is  the  formation of heterocycl ic  
1,2-enedioles from heterocycl ic  aldehydes ( r e f .  23, Fig. 1 ) .  Here, cymide ions formed '0:i 
??lotosulilrjtitu';ion of octacyanornolybdate(1V) ac t  r?s c a t a l y s t s .  A1 thouch t h e  quantum yielr! 
f o r  fornat ion of cyanide is only about 1, the  t o t a l  number of enediole molecules formed 
per number of 1i;lit quanta absorbed w z s  found t o  be about 1000 which is  stroix evidence 
f o r  a pho:otoinduced cata . lyt ic  process. 

Fi .. 1 ?iotoinducetl cata1:Ttic formation of enedioles from 
he t  ero cyc 1 : c al? ehyde s 

Although there  are  f u r t h e r  examples ( r e f .  18) f o r  vhich the  overell-quantmi y ie ld  of 
product formation is  even higher ,  photoinduced c a t a l y t i c  react ions with product y i e l d s  
g r e a t e r  than 10 molecules per l i g h t  q u m t a  absorbed are  st i l l  exceptional. This is  mainly 
6ue t o  deact ivat ion of the  ca tc lys t  b{ undesired side-reactions. However, it should be 
noted t h a t  f o r  photoinduced c a t a l y t i c  processes the overall-quanturn y ie ld  f o r  product 
fomat ion  Lepends on 2 number of f a c t o r s ,  i n c l u d i x  t h e  react ion time and subs t ra te  
concentration ( f o r  a deta i led  discussion see r e f s .  24,25). 

i n  a photoassisted resc t ion ,  a c a t a l y t i c a l l y  ac t ive  species is  formed which may  a c t  zc a 
c a t a l y s t  f o r  subs t ra te  transformation only i f  a f u r t h e r  l i g h t  quantum is &sorbed by t h e  
catalyst-substrate  complex ( r e f .  Therefore, quantum yie lds  f o r  product formation i n  
photoassisted react ions a re  r e l a t i v e l y  low and, per d e f i n i t i o n ,  do not exceed uni ty .  
However, since ca ta lys t  deact ivzt ion nay occur' i n  Fhotoinduced c a t a l y t i c  reec t ions  , 
quantum y i e l d s  of photoassisted react ions very of ten a re  comparable with those of 
?k.otoinduced cato.lytic react ions and fur ther  m e c h a i s t i ?  inves t iga t ions  a re  required i n  
order t o  d i f f e r e n t i a t e  between these react ions.  i n  f a c t ,  the  mechanisms of m y  of the 
h i ther to  known photocclrtalytic react ions :.re yet  t o  be elucidated.  

A s  can be seen from Scheme I ,  photoassisted react ions require  the absorption of l i c h t  
energy by the  catalyst-substrate  complex. Therefore, photoassisted react ions terminate 
i m e d i a t e l y  a f t e r  l i g h t  is turned off whereas photoinduced c a t a l y t i c  reac t ions  may proceed 
even a f t e r  the  i r r a d i a t i o n  source is  removed. However, due t o  c a t a l y s t  poisoninc 
continuous i r raci ia t ion leads t o  improvement of p-oduct y i e l d s  a l s o  f o r  photoinduced 
c a t a l y t i c  reac t ions .  

Typical exaiples  f o r  ohotoassisted reac t ions  are the  photochemical t rans-cis  
isomerizations 
i n  the f i r s t  s tep ( I ) ,  pentacarbonyltupysten is formed which reac ts  with the  t rans-olef in .  
The thus formed. mixed l i p n d  complex i s  converted photochemically t o  the  unstable complex 
of the  cis-olef in .  Ry re leas ing  the  cis-olef in  the ca ta lys t  [W(CO) ] is regenerated and 
the photoassisted c a t a l y t i c  cycle may start again. 

26:. 

of o l e f i n s  i n  the  presence of tungsten hexacarbonyl ( r e f s .  26,27). 
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[~ : i (co)~l  - [ ~ ( c o ) ~ ]  + GO (1 1 
[ w ( c o ) ~ ~  + t rans-olef in  - [W(C0)5(trans-olefin)] (2) 

[W(CO) (trans-olef i n )  1 - [?AYCO)~( cis-olef in)  (3) 

[iJ(C0)5(cis-olefin)] - [I.i(CO)5] + cis-olef in  ( 4 )  
5 

In the  following, E l i k e  t o  discuss some f u r t h e r  examples f o r  photocatnlytic rer;ctions 
studied in our laboratory very recent ly .  

PHOTOOXYGENATION OF ALKENES WITH METALLOPORPHYRINS 

The se lec t ive  oxypnat ion  of hydrocarbons with molecular dioxysen remains an a t t r a c t i v e  
goal f o r  synthet ic  appl icat ion of metal c a t a l y s t s .  Although the photochemistry of 
metalloporphyrins has  been t h e  subject  of extensive s tudies  i n  terms of s o l a r  energy 
s torage problems and photoredox proper t ies ,  only few s tudies  ( r e f s .  28-32) m e  devoted t o  
the photocatalyt ic  oxy,qenation of alkanes and alkenes with metal lopoqhyrins  usin? 
dioxygen as an oxidant. 

Porphyrins ?ow 
and hie& oxidation s t a t e s  of t r a n s i t i o n  metals. I r r a d i a t i o n  of five- o r  six-coordinated 
tetraphenylporphyrin (TPP) complexes with v i s i b l e  l i g h t  pay r e s u l t  i n  photoreluction of 
the central  metal: 

provide strong four-dentate ligands vhich a re  capable of s t a b i l i z i n g  both 

[ $+ ( TPP)L] - [M+(n-’)(TPP)] + 1,’ (5) 

[tlf(n-l)(TPP)] + O2 - p,,+(n-I ) (TPP) O2 1 (6) 

Coordination of molecular dioFjgen t o  low-valent metal species o f f e r s  the  p o s s i b i l i t y  of a 
general concept of photocatalyt ic  oxygen ac t iva t ion  f o r  hydrocarbon oxy,enztion react ions.  
or-Pinene 1 was chosen as a su i tab le  m b s t r a t e  t o  study e f f e c t i v i t y  and chemoselectivity of 
d i f fe ren t  oxyqenation pathways and zc t ive  species .  

The react ion of s ing le t  oxygen with a-pinene 1 y ie lds  p inocaveyl  hydroperoxide 2 onl:? 
( r e f .  whereas a broad product rnixture is  obtain& i.n radical- ini t ia teci  autoxidation 
(Table 1 ) .  

33), 

1 A B 

& O H & & &  h0&& 
“OH 

2 3 4 5 6 7 8 

TAELE 1 Product d i s t r i b u t i o n  f o r  photocatalyt ic  oxygenation of oc-pinene 1 

Catalyst TOa Products (5) b)  

a) Turnover numbers: moles product formed p r  mole ca ta lys t  
b, Reaction conditions: 0.1 mol d-pinene and mol complex dissolved i n  15 m l  dry 

c, 1 mol t-butyl hydroperoxide used as a rad ica l  i n i t i a t o r  instead of porphyrin complex 
benzene, 8 h i r r a d i a t i o n  by a 500 W mercury lamp 
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As seen from Table 1 ,  p-oduct d i s t r i b u t i o n s  close t o  tert-butoxy rad ica l - in i t ia ted  
autoxidation of 
a-pinene. I n  the presence of phenyl-N-tert-butyl ni t rone (PBN) as a spin t r a p ,  EPR signals 
of spin adducts r e s u l t i n g  from trapping alkoxy and 'OOH r a d i c a l s ,  respec t ive ly ,  were 
detected. An epoxide/al lyl ic  alcohol r a t i o  c lose t o  1 was obtained i n  the  case of 
rolybdenm porphyrin indicat ing a controlled formation of t h e  thermodynamically favoured 
ally1 radica l  B. 
Equimolar amounts of pinene oxide 4 and d c o h o l s  5 and 7 were formed by subsequent 
molybdenm(1V)-catalyzed oxy.;en t r a n s f e r  from the r e s u l t i n g  verbenyl and pin-3-en-2-yl 
hydroperoxides t o  pinene ( r e f .  3). 

Exclusive formation of a l l y l i c  alcohols trans-verbenol 5 and pin-3-en-2-01 7 i n  t h e  
presence of chloro(tetraphenylporphinato)manganese(III) points  towards an oxygenation 
mechanism di f fe ren t  from radica l  chain autoxidation. Reaction of dioxygen mtli 
manganese(I1) porphyrins has been described t o  y ie ld  mixed-valence &-ox0 dirners ( r e f .  
35). Photoinduced cleavage of the p-oxo bond produces the c a t a l y t i c a l l y  ac t ive  oxo- 
marganese(1'J) species .  

were found f o r  chromium and niobium porphyrin catalyzed photooxygenation 

Select ive hydrogen abs t rac t ion  from pinene would produce a hydroxomanganese(II1) complex 
and a pinenyl rad ica l .  Fast recombination of t h i s  rad ica l  with hydroxyl rad ica ls  in a 
r a d i c d  cq;e f i n a l l y  y ie lds  the a l l y l i c  alcohol and manganese(I1) which m a y  en te r  t h e  
cycle wain. Slower r a t e  of recombination and d i f fus iona l  escape of the  rad ica l  from t h e  
metalloporphyrin would lead t o  react ion products with dissolved dioxygen and, hence, t o  a 
product d i s t r i b u t i o n  s imilar  t o  the  autoxidation process. With respect t o  the  
cl .ass i f icat ion of pkotocatalyt ic  reac t ions ,  c a t a l y t i c  photooxygenation of pinene i n  t h e  
presence of m g a n e s e  p r p h y r i n s  apparently belongs t o  the l a t t e r  F ~ o u p .  

A combined mechanism seems t o  be responsible f o r  the  formation of a l l y l i c  oxidation 
pro:!iicts and pinene oxide with the i ron( I I1)  complex. Photoreduction of the  
c!iloro(tetraphenylporyhinato)iron(III) and react ion h t t n  dioxy6;en y ie lds  i m e d i z t e l y  
p -ox0 i ron( I I1)  porphyrin. t h i s  complex i s  converted 
in to  0x0-iron(IV) species &.id i ron(1I )  poryhyrin d u r i w  photolysis  . 

Similar  t o  the  m y a n e s e  conpound, 

P a r t i a l  escape of rad ica ls  from the ccwe and react ion of hydroperoxides formed with pinene 
oxide as tell as fur ther  oxidation of trans-verbenol 5 t o  verbenone 6 i s  consis tent  with 
the obtained product composition. 

Upon i r r a d i a t i o n  of p-oxo-bis[oxo(tetraphenylporphinato)tungsten(V)] i n  t h e  presence of 
pinene we observed the  formation of the  photoreduced 0x0-tungsten(1V) complex. Its 
conversion in to  the i n i t i a l  &-ox0 complex is  f a i r l y  slow. Prolonged i r r a d i a t i o n  of the  
react ion mixture led t o  complete demetallation of the complex and formation of H2TPP, a 
known s ingle t  oxyiyen s e n s i t i z e r .  

Slower deact ivat ion of the c a t a l y s t  via demetallation wAs also observed i n  the  case of 
chromium arid niobium porphyrins which is ref lec ted  by t h e  s ing le t  oxygen reac t ion  product 
pinocarveol 3 i n  the pro6uct mixture. 

PHOTOCATALYTIC OXYGENATION OF PHENOLS I N  THE PRESENCE OF 
COPPER(I)/(I I)  COMPLEXES 

Copper complexes a re  well-horn? c a t a l y s t s  f o r  thermal oxygenation processes and the  
copper-containing enzyme tyros inase ,  has been t h e  
subject  of mverous s tudies  ( r e f s .  36,37). On the  other  hand, l i t t l e  is known about the  
photocatalyt ic  behaviour of coy'per complexes towards phenols. Since copper compounds a r e  
r e l a t i v e l y  inexpensive mater ia l s ,  t h e i r  use i n  a preparat ive scale  appeared t o  be very 
a t t r i c t i v e .  

which is  capable of o x i d i z i w  phenols, 
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While copper(I1) hal ides  are  c a t a l y t i c a l l y  inac t ive  i n  m e t o n i t r i l e  so lu t ion ,  the 
corresponding copper(1) compound may a c t  as a ca ta lys t  f o r  the  oxidation of phenols ( r e f .  
38) .  Polychromatic i r r a d i a t i o n  of a c e t o n i t r i l e  solut ions of h C 1 2  ( 0.1 M ) i n  the  
presence of phenol ( 0.1 !I ) by a 500 W mercury lamp required only 40 i? of t h e  reac t ion  
t i m e  of the thermal react ion ( r e f .  3). Both 1,2- and 1,4-oxygenation products were 
observed. Tor  4-methyl phenol no products were observed i n  the absence of l i g h t .  

The react ion mechanism w a s  found t o  be ra ther  complex. In the course of the  react ion 
chlorocuprates(I1) are formed by photoreaction. 

[CuC12]- + C1- + PhOH + 1/2 O2 - [CuC13]- + OH- + PhO' (15) 

Since chlorocuprates(I1) are photosensi t ive,  the copper(1) c a t a l y s t  can be regenerated by 
l i g h t  a n d ,  therefore ,  the react ion react ion is accelerated.  In addi t ion,  the produci; 
d i s t r i b u t i o n  d i f f e r s  from the  one obtained i n  the thermal react ion where l e s s  I , &  
oxygenation products are  formed. This be explained hy t h e  enhmcement of photoinduced 
Cu-.ohenol bond cleavage leadinf; t o  an increase of phenoxy rad ica ls  which a re  considered t o  
be the precursors of 1,4-benzoquinone. Since the mount of 1,2-benzoquinone increases  when 
e i t h e r  phenol o r  copper complex is  added, it is  assuwd t h a t  I,?-oxy{:enation products m e  
formed by d i r e c t  in te rac t ion  of coordinated phenols with dioxjgen bound t o  In 
sunrma-y, photocatalyt ic  oxygenation of phenols bj copper(1) complexes appears t o  be it 

complex react ion which cannot be described nei ther  as purely photoassisted nor as a 
photoinduced c a t a l y t i c  process. 

copper(1). 

PHOTOCATALYTIC CYCLOTRIMERIZATION OF ACETYLENE 

Platinum and palladium complexes of the type [X(PR ] (W = ?t, Pci) provide useful  
c a t a l y s t s  f o r  a lamqe var ie ty  of chemical reac t ions ,  z.~., hydrosi la t ion,  €i /D2 exchange 
and deuterat ion of acetone ( r e f .  In order t o  desi;n a photocatalyt ic  c$cle by using 
these species ,  we have studied the photoreactions of the  correspondink; m i d o  complexes 
[EI(PR )2(N2)2] o f  61 = nicke l ,  palladium and platinum. In contrast  t o  previous re2or t s  on 
t h e  l aw- te  perature  photochemistry of [Pt(PPh3) (!! >,I ( r e f s .  41,42) ,  we found t h c t  both 
[Pc?(PPh ) (N ) 1 and [Pt(PPh ) (I4 ) r a d i c a l s  
and m t ~ l f I ) 3 c $ n p l e x  formed &&s? 23,44). 

40:. 

undergo o~e-2lkct:*on reduction wik11 azid:;.l 

Althoupjl i n  
the  absence of su i tab le  subs t ra tes ,  they proved t o  be usel"u1 c a t a l y s t s  for the  
photoc;ztaJytic cyolo t r iner iza t ion  of rzcetylene (see Table 2 ) ,  whereas the palladium a i d  
platinum complexes turned out  t o  be inac t ive .  

the corresponding azidonickel(I1)  complexes d i d  not show any photoreact ivi ty  

TABLE 2 

Complex Yield Rumber of cycles 

Photocatalyzed cyclotr imerizat ion of acetylene t o  benzene" - >  

[ N i  (N3I2 PBu3I2 1 165.2 mp; 21 2 

[ H i  (N3)2(PB~3>2 l/Ph2C0 t races  - 

[Ni(N3)2(PBu3)2/PJaBI14 11.2 mg 14 

[Ni(N3)(dppe)l 781.6 ng 361 

[Wi(rJ3),(dppe)]/Ph,C0 9.6 IW 12 

[ N i  (Pi3 )2 (dppe) l/r"aEN4 65.4 rg a4 

8)  solvent :  dimethylsulfoxide; 1.25 moles c a t a l y s t ;  i r r a d i a t i o n  
time: 3 min 

The exact mechanism of the nickel-catalyzed photocyclotrimerization has s t i l l  t o  be 
elucidated.  However, a photoassisted process appears t o  be very l i k e l y .  A t  the  present 
s tage of inves t iga t ions ,  we assume a six-coordinate complex shown i n  eqn. (17) t o  be the  
photoactive species .  

However, a l t e r n a t i v e  models ( r e f .  45) should a l s o  be tnken i n t o  consideration. 
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