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It is known that o-quinones,  which react  actively with alkali metals  in polar  solvents, are  also capable of 
oxidizing thallium, zinc, and cadmium [1, 2], forming o-semiquinolate  complexes of the respect ive metal .  The 
oxidation of metals  having a negative redox potential can be real ized in aprotic solvents with Oxidizing agents 
having moderate  strength,  if it is real ized in the presence  of a complexing agent capable of stabilizing the metal 
cation and thereby ra is ing the redox potential of the p rocess .  The recently proposed method for  the synthesis  
of complexes of t rans i t ion  metals [3-5] was based on the oxidation of the metal by halides, alkyl halides, and 
other s imi lar  oxidizing agents in polar solvents of the DMFA, DMSO, acetonitri le,  and benzonitr i le  types capable 
of being coordinated at the t rans i t ion-meta l  cations. In this connection it seemed promis ing to use o-quinones, 
capable of acting simultaneously as oxidizing agent and complexing agent, for  the dissolution of metals  i n o r -  
ganic solvents~ 

The main condition for  the react ion of the metals  with o-quinones is the correspondence of the redox 
potentials of the reagents .  Data on the redox potentials of substituted o-quinones in polar organic solvents are 
quite few and are  contradic tory  [6-9], and this c rea tes  cer ta in  difficulties in the choice of o-quinone. 

Ear l i e r  [10-11] we reported on the one-e lec t ron  oxidation of the heavy metals  copper, si lver,  and met cury  
by substituted o-quinones in solvating solvents in the presence  of halide ions. More recently [12] it was shown 
that metall ic copper and s i lver  are  oxidized by o-quinones in THF in the presence  of the electron-donat ing 
ligand Ph3P, which s tabi l izes  the paramagnet ic  bis( tr iphenylphosphine)-o-semiquinolate complexes of Cu(I) or  
Ag(I) formed as a result  of the reaction.  

The aim of the presen t  work was to investigate the effect of the nature of the o-quinone, the organic sol-  
vent, and var ious  complexing additives on the dissolution of metall ic  copper and s i lver .  For  this purpose we 
studied the react ions of a s e r i e s  of o-quinones (Q) (Ia-k) with metall ic copper  and si lver  in hexane, toluene, and 
THF. As complexing components we used isonitr i les ,  olefins, and 2 ,2 ' -bipyr idyl .  
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TABLE I. The Parameters of the ESR Spectra of the Isonitrile-o- 

semiquinolate Complexes of Cu(1) in Toluene 

SQ 

( l l a )  
(Hb) 
(Hc) 

(IId) 

,(IIe) 

~Hg) 
(iih) 
(IIi) 

(IIj) 
(IIk) 

g~ 

2,0065 
2,0098 
2,005t 

2,0060 

2.0046 
2.0037 
2.0038 
2,0056 
2,0946 

2,0047 
2,09~3 

(C,H.NC):CuSQ C~H~,NCCuSQ 

A63,65Cu Att(SQ) 

Oe 

102 
10A 
7,5 
8,4 
7,6 
8,5 
9,0 
9,4 
9,3 
8,5 
8,0 

%8 

7,6 

gi 

i,4 (2H) [ 2,0028 
3,2 (H) I 2,0023 
3,t (2H) 22022 

2,0035 

22038 
2,D031 

1,2(2H) 
3,8 (H) 
t,6 (4H) 
t,2(6H) 

AB3,65Cu Att (SQ) 

Oe 

52 
5,i 
5,0 

6,2 

3,6 
4,2 

3.5(H) 
3,4(2H) 

i,8 (4H) 
i,4(6H) 

TABLE 2. P a r a m e t e r s  of the ESR Spectra  of the ! son i t r i l e -o -  
semiquinolate Complexes of Ag(I) in Toluene 

SQ 

(IIc) 
(IIf) 
(IIg) 
(IIe) 

g~ 

2,0040 
2,0036 
2,00B3 

(C~H~NC)2AgSQ CBH:~NCAgSQ 

Al07'108Ag t A'(SQ) 

Oe 

t,3 
1,5 
1,5 

3,3(H) 
3,1 (2H) 

2,0028 

A~07'I0SAg i A.(SQ) 

Oe 

- i,4(2H) 

The choice of ligands was determined by their ability to form complexes with the Cu and Ag ions and 
also their indifference with respect to the o-quinones (Ia-k). The last fact is of great importance, since inter- 
action between the neutral ligand and the o-quinone (as occurs, for example, in the case of triphenylphosphine 
[12]) removes the reagents required for dissolution from the reaction, which leads to a very low yield of the 
desired products. 

Reaction of Copper with o-Quinones without Complexing Agents. We showed that in the absence of oxygen 
compounds (Ia-h) react with metallic copper in all the listed solven-~s with the formation of the bis-o-semi- 
quinolate complexes of Cu(II) according to the equation: 

Cu + 2Q = C u ( S 0 ) ~  (1 )  

where s q  is the anion of the respect ive o-semiquinone {IIa-k). In the react ion (1) of the bifun~ional  quinone 
(Ie) with copper in THF and in toluene the dark-blue crysta l l ine  mononuclear  b i s -o-semiquinola te  complex 
Cu(SQ) 2 [where SQ =(IIe)], poorly soluble in the indicated solvents, was isolated. 

The quinones (Ii-k) c lear ly  have the lowest oxidation potentials of all the investigated quinones, and the 
oxidative addition of these quinones to metallic copper in the organic solvents does not take place even in the 
presence  of such e lectron-donat ing additives as alkenes and 2 ,2 ' -b ipyr idyl .  

In such react ions  compounds (Ia, b) occupy a special  position among the listed o-quinones.  To judge 
f rom published data on the redox potentials of substituted o-quinones in aqueous media and also f rom the be -  
havior in substitution react ions  [12], these o-quinones have the highest oxidation potentials.  In addition, com-  
pounds (Ia, b) have ve ry  react ive halogen atoms at positions 4 and 5, par t icu lar ly  in the semiquinone form.  
This faci l i ta tes  nucleophilic substitution at the given carbon atoms, which leads under the conditions for the 
synthesis  of the o-semiquinolate  complex to secondary  react ions  in the ligand and, in par t icular ,  to the f o r m a -  
tion of the cor responding  oxanthrenesemiquinone derivat ives .  Thus, in the react ion between metall ic copper 
and compounds (Ia, b), i r r espec t ive  of the nature of the solvent and the alkene addition, the final react ion 
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product is not the corresponding bis-o-semiquinolate of Cu(I!) but a mixture with the oxanthrene-o-semi- 
quinolate derivatives havL~.g a qualitative preponderance of the latter: 

c~ + ~ ca + \ x 
X 

~2.0% ~80% 

X =. C1, Br 

If react ion (1) is ca r r i ed  out in air ,  the a tmospher ic  oxygen oxidizes the obtained Cu(SQ) 2 to the c o r -  
responding o-quinone and cupric oxide: 

2Cu(SQ)i + 02-* 2Cu0 + 4Q 

(2) 

(3) 

It was shown experimental ly that a saturated solution of Cu(SQ) 2 [SQ =(IIf)] in acetonitr i le  at ~ 20~ ab- 
sorbs  0.5 mole of oxygen in 3 h, and this leads to an almost  quantitative yield of (If) and cupric oxide. Thus, 
when react ion (1) is ca r r i ed  out in a sys tem where there  are  t r a ce s  of oxygen the oxygen oxidizes the Cu(SQ) 2 
at the moment of formation,  and the cupric oxide formed as a resul t  of oxidation pass ivates  the surface of 
the metal, and the react ion stops. This explains the fact that react ion (1) was not detected ea r l i e r  [10, 12]. 

The oxidation rate  of metallic copper by the o-quinone depends both on the oxidation potential of the o-  
quinone and on the nature of the solvent. Thus, for example, some increase  in the rate is observed in the 
ser ies  hexane, toluene, THF. F r o m  compar ison of the intensity of the ~ 305-nm band in the electronic absorp-  
tion spec t ra  of the Cu(SQ) 2 formed in the react ion of copper  with (If) it follows that with (If) at a concentrat ion 
of 10 -s M at 20~ the substitution of hexane by toluene gives a 1.5-fold increase  in the format ion rate of Cu(SQ)2~ 
while substitution of hexane by THF leads to a 6-7-fold increase  in the react ion rate .  Such an increase  in the 
dissolution rate of metallic copper leads to the possible role of THF as a complexing agent in this reaction.  

Reaction of Copper with o-Quinones in the P resence  of Complexing Agents.  When react ion (1) is real ized 
in toluene, the addition of catalytic amounts (5 mole % in relat ion to the o-quinone) of such weak electron donors 
as olefins (styrene, 1,5-cyelooctadiene) gives r i se  to an increase  in the dissolution rate of metall ic copper by 
30-40 t imes .  In the presence  of olefins such as s tyrene the react ion takes place through the format ion of an 
a lkene-o-semiquinola te  complex of Cu(I), the weak ESR signal of which (gi=2.0031, ACu=5.2 Oe, A H =3.4 Oe) 
is observed in the solution during the reaction: 

Cu + (Ie) + Alken --~ Alken.CuSQ (4) 
2Alken.CuSQ ~_~ Cu(SQ)~ + 2Alken + Cu 

sq =(II f )  (5) 

The use of neutral  electron-donating additives (isonitriles,  2 ,2 ' -b ipyr idyl ,  o-phenanthroline,  and alkenes) makes 
the oxidative addition of o-quinones to metallic copper a convenient prepara t ive  method for  the production of 
o-semiquinolate  and catecholate complexes of copper.  The composit ion and electronic  s t ruc ture  of the obtained 
complexes of copper depend both on the oxidation potential of the corresponding o-quinone, which is capable of 

+e +e 
coordinating at the metal  atom in three different ox ida t ion- reduc t ion  states Q-+SQ--~Cat [where Cat is the 
cation of the respect ive  catechol (Ilia-k)] and on the nature of the electron-donat ing substituent, its basici ty,  
the s ter ic  factors ,  etc. 

The use of isoni t r i les  as n-donating ligand leads to the format ion of a se r i e s  of b i s ( i son i t r i l e ) -o - semi -  
quinolate complexes of Cu(I): 

Cu + Q + 2RNC--> (RNC)2CuSQ (6) 

where R = phenyl, te r t -buty l ,  or  cyclohexyl.  

The isonitr i le  reduces  the redox potential of the metal, and the copper reac ts  even with compounds (Ii-K). 
The pa rame te r s  of the ESR spect ra  of the i soni t r i le -o-semiquinola te  complexes of Cu(I) are  given in Table 1. 
The g fac tors  and the splitting constants at the copper isotopes 63Cu and 65Cu for these complexes in toluene are  
close to those given in [12] for  the bis( tr iphenylphosphine)-o-semiquinone complexes of Cu(I). Most of the b i s -  
( isoni tr i le)-o-semiquinolate  complexes of Cu(I) listed in Table 1 were isolated individually with good yields.  
The replacement  of one isonitr i le by another has pract ica l ly  no effect on the p a r a m e t e r s  of the ESR spect ra .  
However, the elimination of one molecule of the isonitr i le  as a resul t  of the dissociat ion of the complex leads 
to considerable changes in the splitting constants at the Cu isotopes and in the proton Constant at the o - s e m i -  
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quinolate ligand. The ESR s p e c t r a  of the b i s ( i son i t r i l e ) -o - semiqu ino la t e  complexes  of Cu(I) at 78~ have not 
yet been  in terpre ted~ 

React ion (6) goes  not only in solvat ing solvents  but also in toluene,  hexane, e t c ,  and the excess  of meta l l ic  
copper  in the reac t ion  with (If, g) in the p r e s ence  of t -BuNC leads to the d i sappearance  of the ESR signal of (t- 
BuNC)2CuS Q in the solution and to the fo rma t ion  of a nonparamagnet ic  product,  which probably  contains the o-  
quinone in the t w o - e l e c t r o n  reduced f o r m  in the f o r m  of a dianion, during the oxidation of which in solution by 
a tmosphe r i c  oxygen the ESR signal  of the cor responding  b i s ( i son i t r i l e ) -o - semiqu ino la te  complex of Cu(~) r e -  
appea r s  [13]. 

To judge f r o m  the oxidation reac t ions  of m e r c u r y  in THF in the p resence  of l i thium chloride ~14] and 
also f r o m  the subst i tut ion reac t ions  of other  o-quinones in the o-semiquinola te  complexes  of Cu(I), the oxida-  
t ion potential  of (Ie) is c lose  to that  of (If, g). The fo rma t ion  of a b i rad ica l  der iva t ive  in reac t ion  (6) should be 
expected f r o m  this  bis(o-quinone)o The synthes ized  compound rep resen ted  a t h e r m a l l y  unstable  oil and was 
not isolated individually.  The l o w - t e m p e r a t u r e  ESR s p e c t r u m  of th is  complex at 79~ in toluene was s i m i l a r  
to the s p e c t r a  of the mononuclear  de r iva t ives  (Iif, g). In the half-f ie ld  region at 79~ t he r e  was no singlet  line 
c h a r a c t e r i s t i c  of the b i rad ica l  der iva t ive  in the s p e c t r u m  [14]. This  can be in te rpre ted  as the absence  of the 
b i rad ica l  der iva t ive ,  explained by the s t e r i c  h indrances  to i ts  format ion .  The ESR s p e c t r u m  of (cyclo- 
CgHllNC)2CuSQ [SQ = (IIe)] in solution at ~20~ is  due to the coupling of the unpaired e lec t ron  with the Cu i so -  
topes  and has  addit ional spli t t ing with constant  A = 1 . 4 0 e  and intensi ty ra t ios  of 1 : 2 : 1o The absence  of th is  
spli t t ing in the co r respond ing  b is ( rad ica l -an ion)  made it poss ib le  to suppose that  it was due to the pa i r  of 
equivalent protons  ilk the n-donor  ligand. Substitution of the n-donor  ligand cyclo-CsHllNC by ~-BuNC, PPh3, o r  
P(OR)3 does not lead to the d i sappearance  of the split t ing or  to a change in the value of the constant,  and this 
p rovides  the ba s i s  for  the a s s e r t i o n  that  it is due to the H d and H c protons of the o-semiquinola te  iigand (Fig. 1)o 
The l a r g e r  value of the spl i t t ing constant at the H d and H c a toms  compared  with the proton constant at the t o r t -  
butyl g roups  in (Ig, h), equal to 0 . 3 0 e ,  is explained both by the t r a n s f e r  of spin density Mong the two bends of 
the ~ core  of the molecule  and by i nc r ea s e  in thecon t r ibu t ion  f r o m  the s p i n - p o l a r i z a t i o n  mechan i sm in con- 
nect ion with the fact  that  both protons  fal l  outside the plane of the chelate unit, where  this  contr ibution in the 
given complex  is c l e a r l y  s ignif icant ly l a r g e r  than in the cor responding  b is ( rad ica l -an ion) .  

The reac t ion  of meta l l ic  copper  with o-quinones in the p re sence  of such bifunctional n -donor  compounds 
as 2 ,2 ' -b ipy r idy l  and o-phenanthrol ine  leads to the fo rmat ion  of complexes  of Cu(II). Thus,  compounds (ic-f) 
r eac t  with meta l l i c  copper  in all  the above-ment ioned  solvents  with the fo rmat ion  of the ca techola te  complexes  
of Cu(II) f i r s t  synthes ized  in [15]. The above-ment ioned o-quinones in reac t ion  (7) a re  reduced by a t w o - e l e c -  
t ron  m e c h a n i s m  to the  cor responding  dianions.  As a resu i t  of the reac t ion  of fie) with copper  in toluene in the 
p re sence  of addit ives of such a type da rk-b lue  b inuc lear  products  modera te ly  soluble in organic  solvents  a re  
fo rmed .  T h e i r  e lementa l  composi t ion  co r r e sponds  to the fo rmula  CatyCuL 2 [Cat = (IIte)]~ 

+ ~ N ~  ..O~ 

1 
(7) 

In order to assess the effect of the complexing additive on the dissolution rate of metallic copper we under- 
took a series of experiments on the dissolution of copper in a toluene solution containing (If) and the additives~ 
According totheobtained data, ali the additives can be arranged in the following order according to their effec- 
tiveness in increasing the dissolution rate of copper: RNC > 1,5-cyclohexadiene > styrene > 2,2'-bipyridyl > o- 
phenanthroline. 

The thermal dissociation of the bis(isonitrile)-o-semiquinolate complexes of Cu(I) leads to the formation 
of metallic copper, the corresponding isonitriles, and o-quinones: 

70 ~ t30 ~ 
(RNChCuS Q ~_ RNC + RNCCuSQ ~_~ 2RNC + Cu + Q (8) 

If the thermal dissociation is realized in solution in a degassed sealed tube, i.e., under conditions which 

exclude the withdrawal of the thermal dissociation produ~s, the initial (RNC)2CuSQ is formed almost quanti- 
tatively when the solution is cooled. The ESR-spectroscopie control of the thermal dissociation of 
(RNC)2CuSQ [SQ = (]:If)] in xylene in the range of temperatures between 50 and 70~ showed superimposition of 
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Fig. io Stereochemical structure of 

(RNC)2CuSQ~ SQ : (lie). 

the signals for the respective (RNC)2CuS Q and RNCCuSQ in the spectrum. In the solution at 70~ only the signal 
of one RNCCuSQ remains, and its intensity decreases with further increase in temperature and is practically 
equal to zero at 130~ 

The irradiation of solutions of 2,2'-bipyridyl - and o-phenanthrolinecatecholate complexes of Cu(II) by UV 
light with k 300-400 nm, like heating to 140~ leads to the reversible reaction: 

by, h . 
CatCu.dipy ~ dlpy + Cu + Q {9) 

Oxidative Addition of o-Quinones to Metallic Silver. Metallic silver does not react with o-quinones (la-k) 
in the presence of such complexing additives as 2,2'-bipyridyl, o-phenanthroline, and alkenes. However, in the 
presence of isonitriles certain o-quinones oxidize metallic silver wi~h the formation of paramagnetie isonitrile- 
o-semiquinolate complexes of Ag(i) in the solution (Table 2)~ 

Ag + Q + 2RNC ~ (RNC)~AgSQ (10) 

The p a r a m e t e r s  of the ESR spe ,~ ra  of the o-semiquinola te  de r iva t ives  for  the quinones (Id, f, g) fo rmed  
in reaction (i0) are close to the values obtained for the bis(triphenylphosphine)-o-semiquinolate derivatives of 

Ag(I) [12]. For the isonitrile complexes of these three o-quinones, as for the triphenylphosphine analogs de- 
scribed in [12], it was not possible to detect the signals of the monoisonitrile-o-semiquinolate complexes. In 
contrast to these results, the ESR spectrum of the isonitrile derivative (Ie), which differs from the spectra of 
the other isonitrile complexes in the absence of splitting at the i~ and i~ isotopes, can be interpreted as 
the spectrum of a monoisonitrile complex of Ag(I) [12, 16]. The impossibility of synthesizing the corresponding 
bisisonitrile derivative is clearly due to steric hindrances to its formation. The extreme instability of the syn- 
thesized (RNC)2CuS Q [SQ =(IIe)] can be explained by the same reason. 

All the known isonitrile-o-semiquinolate complexes of Ag(1) are thermally unstable. The intensity of the 
ESR signals of these complexes in solution decreases even at ~ 20~ and the thermal stability decreases with 
substitution both of the isonitrile in the series of t-BuNC > C6HIINC > PhNC and of the o-semiquinolate fragment 
in the series (]_If) > (Ilg) > (lid) > (He). 

The sens i t iv i ty  of the solutions of all the i son i t r i l e -o - semiqu ino la t e  complexes  of Ag( I ) to  light shouldbe 
noted. Thus,  when the synthes is  is rea l ized  in the light, the concentra t ion of the pa ramagne t i c  (RNC)2AgS Q be-  
gins to i nc rea se  only af ter  the walls  of the tube have been coated with meta l l i c  s i lve r .  Such ligh~ and heat s en s i -  
t iv i ty  in the product  h inders  i ts  isolation, and these  compounds were  t h e r e f o r e  only invest igated in solution by 
the ESR method.  The o rde r  of the photosensi t ivi ty  in the complexes  which were  invest igated in solution c o r -  
responds  to the o rde r  of t he i r  t h e r m a l  instabil i ty.  

E X P E R I M E N T A L  

All the reactions were carried out in an iner~ atmosphere or under vacuum. The ESR spectra were 
recorded on an RE-1301 ESR spectrometer~ The electronic spectra were recorded on an SF-16 instrument. 
The metals for dissolution were in the form of wires with a diameter of 0.6 ram. 

Bis(cyclohexylisonitrile)-3,5-di-tert-butyl-l,2-benzosemiquinolatecopper. To a solution containing 4.4 g 
(20 mmole) of (If) and 4.5 ml (50 mmole) of cyclohexyl isocyanate in 50 ml of toluene we added L28 g (20 mmole) 
of r copper. The solution was stirred for several hours at ~ 20~ The color of the solution became red- 
brown, and a dark-brown crystalline product separated. The solution was evaporated under vacuum at 20~ to 
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25 ml and cooled to 0~ The precipitate was fi l tered off and dried under vacuum at 20~ for 2 h. The yield 
was ~100%;mp70~ (decomp.). The elemental analyses are  given in Table 3. The analogous derivat ives  of the 
other o-quinones were synthesized by a s imi lar  method. 

Bis(3 ,5-di - ter t -butyl - l ,2-benzosemiquinola te)copper( I I )  Cu(SQ) 2. To a solution containing 4.4 g (20 
mmole) of (If) and 0.1 ml (1 mmole) of s tyrene in 50 ml of toluene we added 5 g of metall ic copper.  The mix- 
tu re  was heated to 80~ and s t i r red  for  12 h. The solution acquired a dark-blue color,  and a dark-blue c r y s -  
talline product separated.  The precipitate was separated f r o m  the unreacted copper,  f i l tered off, and dried 
under vacuum at 50~ The yield in (If) was ~ 100%. 

(3 ,5-Di- ter t -buty l - l ,2-ca techola te) -2 ,2 ' -b ipyr idylcopper( I I )~  The compound was obtained by the addition 
of an excess of metal l ic  copper to a toluene solution containing 4.4 g (20 mmole) of (if} and 3.12 g (20 mmole) 
of 2 ,2 ' -b ipyr idyl  in 50 ml of toluene. The mixture was heated to 80~ and s t i r red  for  10 h and was then cooled 
to ~ 20~ The dark-blue crysta l l ine  precipitate was separated f rom the unreacted metall ic copper, f i l tered 
off, and dried under vacuum at 50~ for 6 h. The yield was ~ 100%. The elemental  analyses  are  given in Table 
3. 

Effect of the Solvent on the Format ion  Rate of Cu(SQ) 2 [SQ = (1-1f)] in Reaction (1). In a flask fitted with a 
magnetic s t i r r e r  we placed a spring of copper wire with a d iameter  of 0.6 ram. We then added the s toichiomet-  
r ic  amount of a 10 -3 M solution of (If) in hexane, toluene, or  THF. The amount of Cu(SQ) 2 formed was de te r -  
mined by spect rophotomctry .  The effect of additions of s tyrene  was determined in a s imi la r  manner .  

In o rder  to determine the effects of other complexing additives on the dissolution rate  of metall ic copper 
the copper samples were dissolved in a tenfold excess of a 0.2 M toluene solution of (If} and the respect ive 
additive. The react ion rate was determined as a function of the var ia t ion in the weight of the sample.  All the 
react ions were ca r r i ed  out at 10~176 

The products  f rom react ion (2) were analyzed qualitatively by spec t roscopy (ESR) by the convers ion of 
the bis(o-semiquinolate)  complexes of Cu(ID into the cor respondingmono-o-semiquino la te  bisnitr i le  complexes 
of Cu(I). For  this purpose the react ion mixture was separated f romthe  metallic copper, and an excess of the 
isonitr i le was added. 

CONC LUSIONS 

i. The oxidative addition of substituted o-quinones to metallic copper and silver in organic solvents 
was investigated. The effect of the nature of the o-quinone, the organic solvent, and the eomplexing additives 
(o-phenanthroline, 2 ,2 ' -bipyridyl ,  i soni t r i les ,  and alkenes) on the react ion was investigated. 

2. The investigated dissolution react ions  of metall ic copper provide a convenient method for the produc-  
tion of the o-semiquinolate  and catecholate complexes of Cu(I)and Cu(ID in prepara t ive  quantities. 

3. The revers ib le  photodissociation and the rmal  dissociat ion of the se r ies  of synthesized compounds in 
solution were investigated. 
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