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Charge-Transfer Complexes of Cobaltocene and Nickelocene 
With Tetrachloromethane 
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The photochemical properties of the systems cobaltocene--tetrachloro- 
methane and nickelocene--tetrachloromethane in ethanol and cyclohexane 
were investigated; the equilibrium constants and molar extinction coefficients 
of the donor--acceptor complexes in these systems were determined. 
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Charge-Transfer Komplexe von Kobaltocen und Nickelocen mit Tetrachlorkohlen- 
stoff 

Es  wurden die photochemischen Eigenschaften der Systeme 
Kobaltocen--CC14 und Nickelocen~C14 in Ethanol und Cyclohexen als 
L6sungsmittel untersucht. Die Gleichgewichtskonstanten und die molaren 
Extinctionskoeffizienten der Donor--Acceptor-Komplexe in diesen Systemen 
wurden bestimmt. 

Introduction 

Cobaltocene and nickelocene belong, besides ferrocene, to the T:- 
complex metalorganic compounds. Ferrocene has been examined best. 
Studies on photochemical properties (mostly of qualitative character) 
mainly concern ferrocene; it was found that  ferrocene can sensitize 
some photoreactions, for instance cis-trans isomerization and dimeriza- 
tion of some dienes 1, 2, 3 and simple olefins a, 5, 6 I t  was also found that  it 
is an active triptetstate quencher of a number of aromatic com- 
pounds 2,7 and is capable o f  forming intermolecular charge-transfer 
complexes with halogenated hydrocarbons in case the dissociation 
energy of the carbon-halogen bond is sufficiently low s , 9. Some informa- 
tion about  nickelocene, its emission and absorption spectra as well as a 
discussion about  its electronic transitions can be found in the paper of 
Scott and Becket lo. 
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This  p a p e r  p resen ts  the  resul ts  of our  i nves t iga t ions  on pho to -  
chemica l  p rope r t i e s  of  n i c k e l o c e n e - - t e t r a c h l o r o m e t h a n e  and  cobal t -  
o c e n e - - t e t r a c h l o r o m e t h a n e  sys tems  in so lven ts  of  d i f ferent  po l a r i t y -  
e thano l  and  cyc lohexane .  A cons iderab le  ana logy  was expec ted  here to  
the  f e r r o c e n e - - t e t r a e h l o r o m e t h a n e  sy s t em e x a m i n e d  p rev ious ly  b y  
Brand and  Snedden s and  Traverso and  Scandola 9. The  s tudies  were 
a imed  to f i ndou t  whe the r  i n t e rmo lecu l a r  cha rge - t r ans fe r  complexes  are  
fo rmed  be tween  nickelocene or coba l tocene  and  t e t r a e h l o r o m e t h a n e  
and  how t h e y  b e h a v e  in pho tochemica l  react ions .  

Experimental 

Materials 

Nickelocene (Schuchardt), was additionally purified by sublimation under 
vacuum. Cobaltocene (Schuchardt; 8-9~o solution in benzene) was purified 
similarly after previous slow benzene evaporation. Analar cyclohexane resp. 
tetrachloromethane, P.O.Ch. products, were distilled (after drying with 
NaOH) in a Vigreux column resp. in a column packed with Raschig rings. 
Pur i ty  was checked chromatographically. Ethanol (96~o; LSdzkie Zaklady 
Przemyslu Spirytusowego) was used without further purification. 

Apparatus and Methods 

The systems studied were exposed to ~ > 300nm radiation from a Hanau 
high-pressure mercury lamp with a TQ 81 burner of 70 W using pyrex filter. The 
reactions substrates were irradiated in a "merry-go-round" system with 4 
lamps under thermostat  conditions (20 • 0.2 ~ employing different exposure 
times from 0.5 8 h. All the investigations were made on solutions of constant 
metallocene concentration 1 • 10 -2 mol/1 both deaerated and undeaerated. The 
solutions were deaerated with an inert gas (helium or nitrogen) previously 
passed through a rinsing apparatus containing an identic solution. The 
photoproducts thus obtained were analysed chromatographically using a Pye 
Unicam type 104 gas chromatograph equipped with a flame ionization detector 
and 2.2 m columns packed with Triton X 305 (15~o X 305 and 85~o Chromosorb 
W, mesh 80/100), temperature programmed in the range from 30 150 ~ As 
carrier gas, nitrogen of flow rate 31/h was used. The spectroanalysis of 
charge--transfer  complexes in the range from 200-800 nm was performed with a 
self-recording double beam speetrophotometer type SpeeordUVVis and a 
manual spectrophotometer type VSU-2P (both Zeiss) using 0.996 em quartz 
cuvettes. The equilibrium constant of the complex was determined by the 
method of Benesi-Hildebrand 11 with Ketelaar modifications for the case of own 
absorption of the donor molecules in the spectral range studied12,13,14. 

Results 

Cobaltocene-- T etrachloromet hane 

In  the presence of air: C10H10Co so lu t ions  of  1 • 10 -2tool/1 con- 
c e n t r a t i o n  in CC14--C~H5OH (molar  r a t i o  1 : 1) were i r r ad i a t ed .  Af te r  2 h 
exposu re  the  pH of  the  so lu t ion  changed  f rom ne u t r a l  to  acidic  and  a 
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n u m b e r  p h o t o p r o d u c t s  w e r e  f o r m e d .  C h r o m a t o g r a p h i c a l l y ,  C2H5C1, 

HC1, CH2C12, CHC13 a n d  2 - c h l o r o e t h a n o l  (C1C2H40H),  a n d  s p e c t r o p h o -  

t o m e t r i c a l l y ,  c o b a l t o c e n i u m  ch lo r ide  C10H10Co C1 ( t yp i ca l  a b s o r p t i o n  

b a n d  a t  ~ = 625 n m )  w e r e  d e t e c t e d .  T h e  e x t e n s i o n  of  t h e  e x p o s u r e  t i m e  

t o  8 h b r o u g h t  a b o u t  q u a n t i t a t i v e  c h a n g e s  in t h e  p h o t o p r o d u c t s  w i t h  

Table .  1. x and  y values f o r  cobal tocene-- te trachloromethane sys tems  in  ethanol 
de termined  at ~ = 327 n m  and  cons tant  CC14 concentrat ion = 2.5 • 10 -5 tool/1. 

D o n o r  mo la r  ex t i nc t i on  coefficient zC10H~oCo = 742 

1 ECCh]l 
[C10H10Co] x y - 

[C:0H10Co ] d 
tool/1 tool -1" 1 era- mol" 1 1 

12.5 x 10 -4 8.00 • 102 2.0408 x 10 a 
10.0 • 10 -4 10.00 x 102 5.2083 x 10 -4 
7.5 • 10 -4 13.33 x 102 7.4627 • 10 4 
5.0 x 10-4 20.00 x 102 10.4167 • 10 -4 
2.5 x 10 -4 40.00 x 102 17.2414 • 10 4 

Table 2. x and y values for cobaItocene--tetrachloromethane systems in cyclohexane 
determined at X = 327 nm and constant CC14 concentration = 2.5 x 10 5 tool/1. 

Donor molar  ext inct ion coefficient ZCloH10Co = 745 

1 [ c c h ]  l 
[CloHloCO ] x y - 

[CloHloCo] d 
mol/1 mo1-1" 1 era. tool" 1 1 

12.5 x 10 -4 8.00 x 102 21.0437 x 10 5 
10.0 x 10 -4 10.00 x 102 45.4545 x 10 5 
7.5.• 10 -4 13.33 x 102 68.8705 x 10 -5 
5.0 • 10 -4 20.00 X 102 142.8571 X 10 -5 
2.5 X 10 -4 40.00 X l02 181.1594 X 10 -5 

d e c r e a s i n g  HC1 in t h e  s y s t e m .  T h e  a n a l y s i s  o f  t h e  a n a l o g o u s  so lu t i on  o f  

c o b a l t o c e n e  a n d  t e t r a c h l o r o m e t h a n e  in c y c l o h e x a n e  i r r a d i a t e d  fo r  2 h 

d e t e c t e d  CHeC12, CHC13, 1,2-C2H4C12, cyclo-C6H11C1 a n d  C10H10CoC1 in 
t h e  f o r m  o f  d a r k - b l u e  s e d i m e n t ,  b u t  no  HC1. A t  e x t e n d e d  i r r a d i a t i o n  

t h e  d i s a p p e a r a n c e  o f  1,2-C2H4C12 was  o b s e r v e d .  

I n  the absence o f  air  : I n  o r d e r  to  f ind  t h e  e f fec t  o f  a i r  o x y g e n  u p o n  

t h e  cou r se  o f  p h o t o r e a c t i o n  t h e  a n a l o g o u s  s o l u t i o n s  o f  c o b a l t o c e n e  a n d  

t e t r a c h l o r o m e t h a n e  in e t h a n o l  a n d  c y e l o h e x a n e  w e r e  d e a e r a t e d .  On  t h e  

who le ,  t h e  p r e s e n c e  o f  t h e  s a m e  p r o d u c t s  was  o b s e r v e d  b u t  t h e  t o t a l  
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n u m b e r  of  pho top rodue t s  bo th  in e thano l  and cyc lohexane  was greater ,  

which m a y  be ind ica t ive  of  air oxygen  pa r t i c ipa t ion  in free radical  

react ions.  Moreover ,  i t  was found t h a t  in the  deae ra t ed  e thanol ic  

solut ions the  ra te  of CH2C12 and CHC13 fo rma t ion  and t h a t  of  2- 

C1CeH4OH disapearance  are cons iderably  g rea te r  t h a n  in the solut ion 

conta in ing  air oxygen.  The  l a t t e r  p h e n o m e n o n  was no t  observed  in 

cyclohexane.  
N i c k e l o c e n e - -  T e t rach loromethane  

I n  the presence  o f  a i r  : C10H10Ni solut ions of  1 • 10 -2 mol/1 concen- 

t r a t ion  in C C 1 4 ~ 2 H s O H  or CC14-cyclohexane (molar  ra t io  1:1) were 

subjec t  to a s imilar  procedure.  T h e y  were i r r ad ia ted  for 0.5 and 2 h. 

Af te r  0.5 h exposure  of the  sys tem C10H10Ni--CC14--C2HsOH there  was 
a change in p H  f rom neu t ra l  to  acidic. Spec t ropho tomet r i ea l ly ,  the 

fo rma t ion  of  C10H10Ni C1 was found.  Chroma tog raph ica l l y  and by the 

classical m e t h o d  wi th  A g N O  3, the  presence of  HC1 and 2-C1C2H40H was 

also observed.  Af te r  ex t ended  exposure  of  this sys tem C2H5C1, CH2C12 

and CHC13 appeared.  Thus,  the  i r rad ia t ion  resul ted  in the  same 

p h o t o p r o d u c t s  as i t  was the case in the  sys tem wi th  cobal tocene.  

Table 3. x and y values for  nickelocene--tetrachloromethane systems in  ethanol 
determined at ~ = 307 nm and constant CC14 concentration = 2.5 x 10 6 mol/1. 

Donor molar extinction coefficient ~C10HloNi ---- 11,500 

1 [CCI4] l 
[CloHloNi] x - y = - -  

[CIoHloNi ] d 
mol/1 tool -1-1 cm'  tool-1 1 

10.35 • 10 -5 0.9656 • 104 10.4558 • 10 -6 
6.90 • 10 -5 1.4484 • 104 16.0153 • 10 -6 
3.45 • 10 -5 2.8968 x 104 26.8817 x 10 6 

Table 4. x and y values for nickelocene--tetrachloromethane systems in cyclo- 
hexane determined at ~ = 3 0 7 n m  and constant CC14 concentration = 

2.5 x 10 6 mol/1. Donor molar extinction coefficient ~CloHloNi  = 11,500 

1 [CCla] l 
[CloHloNi] m = y = 

[CIoHloNi] d 
tool/1 mo1-1.1 cm" mol" 1-1 

8.25 • 10 -5 1.2121 x 104 38.941 x 10 -6 
6.60 x 10 -5 1.5151 x 104 33.069 x 10 -6 
4.95 x 10 -5 2.0202 x 104 40.717 x 10 -6 
3.30 x 10 -5 3.0303 x 104 74.184 x 10 -6 
1.65 x 10 -5 6.0606 x 104 137.363 x 10 -6 
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The irradiation of nickelocene and te t rachloromethane in cyclo- 
hexane resulted in considerably fewer photoproducts  than  in ethanol. 
After 0.5h only two photoproducts  were formed, namely, nickelo- 
cenium chloride and methylene chloride. The lat ter  disappeared after 
extended irradiation and a sediment was formed in the solution, which 
was indicative of the part ial  decomposition of C10HloNi. 

In the absence of air: These systems were deaerated with helium and 
invest igated in the same way. The comparison of the results obtained 
here with those obtained in the presence of air oxygen leads to 
the conclusion tha t  in the absence of air the photoproduets  were 
formed more efficiently. I t  was espeeially so in the ease of 
CloHloNi--CC14--C6H12 where an exposure of 2h  resulted in 
CloHloNiC1, CHCI3, CH2C12 and cyclo-C6HllC1. 

Determination of Donor-Acceptor Complex Equilibrium Constants 

For  determining the equilibrium constants K of donor-acceptor 
complexes between metallocene and te t rachloromethane both in 
ethanol and cyclohexane the method of Benesi-Hildebrand was em- 
ployedll ,  12,13,14 making use of the formula 

[A]I  1 1 1 
- • + 

d K % [D] c c 

where: [A]- - in i t ia l  acceptor concentration, in this case CC14 in tool/l; 
/ - - sample  pa th  length (1 cm) ; d - -opt ica l  density of the complex in the 
solution, in this case d equals the difference between the absorption of 
the solution and tha t  of the donor (metallocene) ; %--molar  extinction 
coefficient of the complex at  the wavelength given; [DJ-- in i t ia l  donor 
concentration in tool/1. 

The formula corresponds to a linear dependence y = ax + b. For  
each system a few series of solutions were prepared of constant  acceptor 
and variable donor concentrations, provided [D] >> [A] and the ab- 
sorption E was measured at  the wavelength given. In  Fig. 1 are shown, 
by  way of example,  2 series of spectra used for fur ther  calculations. 

The K and % values of the complex for each series of solutions were 

calculated by  the method of least squares 15 and their mean values K 

and % were determined graphically from the diagram K -1 = f (%)14. In  
Tab. 1-4 are presented, by  way of example,  the calculations for one of 
the series of solutions of each of the systems investigated. 

The a and b values in the above equation were determined by  the 
method of least squares; for the above mentioned series of solutions 
y = 0.4334 x l0 -6 x + 0.5575 x 10 -4 and hence % = 17,937 + 374.88 
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Fig. 1. a Cobaltocene absorption spectra in 2.5 x 10 -5 mol/1 CC14 solution in 
ethanol. Cobattocene concentrat ion:  curve 1 12.5 x 10-4tool/l; curve 2 
10 x 10 -4 tool/l; curve 3 7.5 • 10 -4 mol/1; curve 4 5 x 10 -4 tool/l, and curve 5 
2.5 x 10-4tool/1. b Nickelocene absorption spectra in 2.5 • 10 -6mol/1 CC14 
solution in ethanol. Nickelocene concentrat ion:  curve 1 10.35 x 10-5tool/l; 
curve 2 6.9 x 10 -5mol/1; curve 3 3.45 • 10 -5tool/1 and curve 4 

0.75 x 10 -5 mol/1 

Table  5. Mean values of equilibrium constants K and molar extinction 
coefficient ~c 

System K mo1-1" l Ec ~ nm 

C10H10Co---CC14~2HsOH 
C10H10Co--CC14~6H12 
C10H10Ni--CC14--C2H50H 
CloHloNi-4~C14--C6Hz2 

119 • 11.82 21,000 • 140 327 
110 • 6.03 19,000 • 3097 327 

3,795 • 172.29 318,600 • 13890.9 307 
3,225 • 239.94 142,000 • 2122.9 307 

a n d  K = 1 2 8 . 6 5 _  18mo1-11. % a n d  K for  t h e  o t h e r  s y s t e m s  w e r e  

c a l c u l a t e d  in t h e  s a m e  w a y :  

K a n d  Zc 89 _+ 5.9mo1-11 a n d  2 3 , 4 0 0 - t - 4 , 0 2 8 . 8 6 ,  r e s p e c t i v e l y  

(Tab .  2);  K a n d  % 3,793_+ 148mo1-11 a n d  318,600_+ 1,820, resp.  

(Tab .  3);  K a n d  z c 3,333 _+ 322mo1-11 a n d  1 4 8 , 5 0 0 _  2,300, resp.  

(Tab .  4). 
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Tab.  5 lists the mean values of the equilibrium constant  (K) and of 
the molar extinction coefficient (~c) of the complexes examined from 
several series. 

As can be seen from a comparison of the K values in Tab. 5, 

nickelocene complexes bet ter  with CC14 than  cobaltoeene and  the K 
constants of the complexes investigated are greater  in ethanol (the 
solvent of high polarity) than  in cyclohexane (practically no polarity). 
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Fig. 2. Absorption spectra of 5 x 10 4 mol/l C10H10Co solutions in 1 ethanol, 2 
1 mol CC14 in ethanol, and 3 in CC14 

Discussion 

The results obtained fully confirm the assumption tha t  cobaltocene 
and nickelocenc, like ferroccne, form charge-transfer complexes with 
CC14. For  an example Fig. 2 shows absorption spectra of the 
C10H10Co--CCla--C2HsOH system indicating tha t  charge-transfer com- 
plexes are formed between eobaltocene and CC14. 

The photoproducts  identified are indicative of a free radical me- 
chanism of the reactions, the first stage of which is the formation of an 
intermolecular complex and its dissociation owing to the radiation 
absorbed in accord with the equation Me stands for cobal t(II)  or 
niekel(II) : 

h, 
C10HloMe + CC14 > C10H10Me + + C1- + "CCI 3 

C2HsOH, C6HI~ 
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The formation of the photoproduets mentioned above can be 
accounted for by successive free radical reactions. 

In ethanol : 

'CCla + CH3CH20H --* CHC13 + 'CH2CH20H ~ "CHC12 + C1CH2CH20H 
CHC13 + "CHCI~ ~ CH2C12 + 'CC13 
CCI4 + "CHeCH~OH -~ "CCls + C1CHeCH20H 

hv 
CCh > "CC13 + "C1 

C10H10Me 
"C1 + "CH2CH~OH -~ C1CH2CHsOH 
CHC1 s + "C1 --* ItC1 + "CC13 
CHsCHeOH + HC1 ~ CHsCHsCI + HeO 

and in eyclohexane: 

"CC13 + CsH12 --* CHCls + "CsHn 
"CHC12 + CsHls ~ CHsCle + "CsHn 
CC4 + "C6Hn --* "CCla + C6HnCl 
CH2C12 + "CC1 s ~ "CH2C1 + CCI4 
2 "CH2C1 ~ C2H4C12 

I t  is to be noticed that  the chloroform resulting from an interaction of 
the "CC1 s radical and a solvent molecule (ethanol or cyclohexane) is also 
capable of forming an intermolecular charge-transfer complex with 
metallocene which becomes a source of free radicals "CHC12 according to 
the reaction : 

h~ 
C10HmMe + CHCh CmHmMe+ + C1- + "CHCle 

C2HsOH, C6H~2 

Differences in the yields of the photoproducts being formed in the 
presence of cobalto- and nickelocenes can be accounted for in terms of 
their stability. Nickelocene is much less stable than cobaltocene (it is 
readily oxidated) which makes its investigation difficult. A comparison 
of K and % values obtained for CloH10Co--CC14 and C10H10Ni--CC14 
with corresponding values for the ferroeene--tetrachloromethane sys- 
tem s,9 in ethanol and cyclohexane makes it possible to arrange those 
compounds according to their increasing complexing power with CC14: 

C10H10Fe < C10H10Co < C10H10Ni 

In metallocene--CC14 complexes the atom of metal is assumed to be the 
electron donor 16. The complexing power increasing from ferrocene via 
cobaltocene to nickelocene can be explained in terms of the tendency to 
approach the electron configuration of an inert gas. The electron 
configuration of an inert gas can be reached only in ferrocene (36 
electrons in iron atom); it is therefore the most stable of the metal- 
locenes and its oxidizing capacity to the ferricenium ion 17 resembles 
Fe n ~ Fe HI. In cobaltocene and nickelocene the number of electrons of 
the metal atom is greater than that  of the inert gas (37 and 38 
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electrons).Thus,  the t endency  to reach the  inert  gas configurat ion in the 
cobal t  a t o m  accounts  for its t endency  to form the cobal tocenium cat ion 
C10H10Co +, which is isoeleetronic with ferrocene. The configurat ion of  
an inert  gas is never  a t ta ined  in nickelocenium ion C10H10Ni+. The ion 
C10H10Ni 2+ isoelectronic with C10H10Co + and C10H10Fe is no t  know as 
ye t  17. 

The results presented here suggest  t h a t  metallocenes are very  act ive 
electron donors  and m a y  find appl icat ion in new methods  of  synthesis.  

The authors thank Marek Kryger, M. Sc., for his assistance in some 
determinations included in this paper. 
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