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CERTAIN PROBLEMS IN THE STRUCTURE OF 

TIN-CONTAINING COMPLEXES OF 3,6-DI-TERT- 

BUTYL-o-BENZOQUINONE AND METALLOTROPIC 

TRANSITIONS IN THESE SYSTEMS 

A. I. Prokof'ev, S. I. Pombrik, 
Z. K. Kasymbekova, N. N. Bubnov, 
S. P. Solodovnikov, D. N. Kravtsov, 

and M. I. Kabachnik 

UDC 541.6:541.49:547.567.2:546.811 

The in teract ion of o rganometa l l i c  compounds with or tho-quinones  leads to the format ion  of pa ramagne t i c  
complexes  [1]. This  in terac t ion  can be regarded  in genera l  f o r m  as a reac t ion  of ligand subst i tut ion at the 
cent ra l  a tom of the o rganometa l l i c  compound,  in the p roce s s  of which the re  is a one -e lec t ron  reduct ion of the 
or tho-quinone to f o r m  a meta l -con ta in ing  rad ica l  [2] 

Q -]- MRn-~ QMRn-I ~ R" 

We had used this type of in te rac t ion  p rev ious ly  to p r e p a r e  t r imethy ls tannyl  and d imethylchloros tannyl  
de r iva t ives  of 3 , 6 - d i - t e r t - b u t y l - o - b e n z o q u i n o n e  [3]. Analogous rad ica l s  have been obtained by the in teract ion 
of ortho-quinones of va r ious  s t r u c t u r e s  with t r i subs t i tu ted  s i lanes ,  s tannanes,  and g e r m a n e s  [4-7]. An invest igat ion 
of the ESR s p e c t r a  of the Sn-containing rad ica l s  that we obtained [3] showed that the radica l  with the SnMe2CI 
grouping is cha rac t e r i zed  by typical  me ta l lo t ropy ,  manifes ted  in the t e m p e r a t u r e  dependence of the spec t r a l  
p ic ture .  At high t e m p e r a t u r e s ,  we obs e rve  equivalent HFI f r o m  the r ing protons (all4 = arts); 

t-Bu t-Bu 
[ O' ] O 

t O I O' 
t-Bu t-Bu 

a t r ip le t  is r e g i s t e r e d ,  and when the t e m p e r a t u r e  is reduced,  this changes to a doublet of doublets (all4 > arts). 
In the in te rmedia te  t e m p e r a t u r e  region we find a cha rac t e r i s t i c  a l te rnat ion  of HFI line widths,  which can be 
used along with wel l -developed theory  [8] to de t e rmine  the kinetic p a r a m e t e r s  of i n t r amolecu l a r  exchange.  

In the ESR s p e c t r a  of the rad ica l  containing the SnMe 3 grouping,  r e g a r d l e s s  of the t e m p e r a t u r e ,  we ob- 
s e r v e  a t r ip le t  s p e c t r u m ,  indicating a s y m m e t r i c a l  d is t r ibut ion of spin densi ty  in the pyroca techol  ligand 
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Trans la t ed  f r o m  Izves t iya  Akademii  Nauk SSSR, Seriya Khimicheskaya ,  No. 3, pp. 540-549, March ,  1982. 
Original a r t i c l e  submit ted June 19, 1981. 
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TABLE i. HFI Constants of Radicals Containing Organotin Fragments 

(pentane solvent) 

? 
C o m p o u n d  R~ R2 m aH~ aH~ ~ aH~+aH5 nrSn n~Sn 

(I)* 
( i i )  

(m) 
(Iv) 

( v )  * 
(vi) 

(vii) 
(vii i)  

(ix) 
(x) 

(xi) :t: 

Me Me 
Ph Me 
Ph Pit 
Ph Ph 
C[ Me 
Cl Ph 
CI Ph 
Ct CGH~CH3 
CI C6H~C1 
C[ CI3CsH2 
CI CI 

Me 
Me 
Me 
Ph 
Me 
Me 
Ph 
C~HaCH3 
CsH,C1 
CI3CaH2 
CI 

3,65 3,65 
3,65 3,65 
4,65 2,45 
5.2 2,1 
510 2,5 
418 2,7 
4,7 2,8 
4,7 2,8 
4,7 2,8 
4,7 3,i 
3,9 3,9 

0 
0 
2,2 ~ 
3,t 
2,5 
2,t 
1,9 
t,9 
1,9 
1,6 
0 

7,3 
7,3 
7,3 
7,3 
7,5 
7,5 
7,5 
7,5 
7,5 
7,8 
7,8 

12,8 13,3 
12,6 '13,1 
t2,3 t2,8 
1t,7 t2,2 
20,2 21,5 
t7,7 18,6 
t6,0 t6,5 
t6,0 t6,5 
t6,0 t6,5 
t4,0 t4,5 
7,2 7,2 

* D a t a  o f  [31. 
O b t a i n e d  a t  l o w  t e m p e r a t u r e s ,  w h e n  t h e  r a t e  of " s t a n n o t r o p y "  i s  

l e s s  t h a n  t h e  c h a r a c t e r i s t i c  t i m e  of  t h e  E S R .  

T h e  c o n s t a n t  o f  H F I  w i t h  o n e  C1 a t o m ,  o b s e r v e d  in  t h e  ESR s p e c -  

t r a  o f  t h i s  r a d i c a l ,  i s  0 .63 Oe .  

_ ~ c) 

e) 

Fig. i. ESR spectra of radical (IV) 
at different temperatures (~ a) 
-50; b) -80; c) -ii0; d) -130; e) 
-40. The arrows indicate the 13C 
lines. Pentane solvent. 

(equivalent HFIs with the ring protons, aH~ = aH~ ). 
intramolecular migration of the trimethyltin (A) ~- (A') 
tacoordinated Sn atom (B). 

t-Bu t• 
I O" 1 0 

(Y / (2 nMea ~ SnMea 

I O 1 O" 
t-Bu t-Bu 

This corresponds to either a fast (on the ESR time scale) 
or to the formation of a chelate structure with a pen- 

t - B u ~',-Bu 

S. nM% / 

1 o 
-Ru t -Bu  , 

(A) (A') (S) '(C) 

We rejected the third possible structure (C), corresponding to an Sn-centered radical, since the HFI with the 
protons of the pyrocatechol ligand is close to that with the corresponding anion-radical [9], and the HFI with 
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TABLE 2. Effect of Solvent on HFI with ll?Sn and ligSn Nuclei, and 

Kinetic Parameters of Migration of Triphenylstannyl in the Radi- 
cal (IV) 

Ea • 0.5, Solvent ,,TSn ~'~Sn art'-t-all' v(20 ~ ~0 
kcal/moIe 

Toluene 
Pentane 
THF 
D MFA 
D M SO 

" t t , 7  
tt,7 
tl,2 
9,65 

t0,2 

t2,2 
12,2 
tt,8 
lOJ 
10,7 

/ 
7,3 [ 3. t0 9 
7,3 / 2"t0'~ 
7,3 t.,7.t01~ 
7.3 9. t0 9 
7A 

6.1@ ~ 
1,2. i0 '3 

2.i0~3 
9.t0~a 

3,2 
3,8 
4,2 
5,3 

a) 

H _ _  b) F ig .  2. ESR s p e c t r a  of r a d i c a l  (VII) 
at  v a r i o u s  t e m p e r a t u r e s  (~ a) 155; 
b) 80; c) 0; d) - 4 0 .  T o l u e n e  so lven t .  

t he  llTSn and n g s n  n u c l e i  i s  qu i t e  s m a l l .  

Wi th  t h e  a i m  of  d e t e r m i n i n g  the  r e a s o n s  fo r  such  a d i f f e r e n c e  in the  b e h a v i o r  of  r a d i c a l s  c on t a in ing  
SnMe2C1 and SnMe 3 g r o u p s ,  we i n v e s t i g a t e d  a s e r i e s  of r a d i c a l s  of the  g e n e r a l  t ype  

t-Bu 
T O" 

I o 
t-Bu 

where R i, R 2, and R 3 are groups with various electronegativities. We can assume that the results from ESR 

measurements will enable us to delve more deeply into the general relationships in radical metallotropy. For 
the first four of the radicals investigated, the groups R I, R 2, and R 3 were Ph and Me in all possible combina- 

tions. These radicals were obtained by exchange reactions of the corresponding monochloride with Tl 3,6-di- 

t e r t b u t y l - o - s e m i q u i n o l a t e s  in  pen t ane ,  

t-Bu t-Bu 
I o I o 

I o '  I o 
t-Bu t-Bu 

R I = R 2 = R 3 = M e  (I); R l~Ph ,  R 2 = R ~ M o  (II); R I = R  2= Ph, R3~Me (III)~ 
R 1 = 1 ~  ~ = R  "~= P h  ( I V ) .  

In t he  ESR s p e c t r u m  of  t h e r a d t c a l  (IV) (F ig .  1) a t  t e m p e r a t u r e s  above  - 4 0 ~  we o b s e r v e  a t r i p l e t  due 
to  e q u i v a l e n t  H F I s  wi th  the  r i n g  p r o t o n s ;  w e  a l s o  o b s e r v e  H F I s  with the  J~TSn, 119Sn, and 13C n u c l e i ,  an a n a l y s i s  
of  which  w i l l  b e  g iven  in t h e  s u b s e q u e n t  d i s c u s s i o n  (Tab le  1). When the  t e m p e r a t u r e  i s  l o w e r e d ,  the  c e n t r a l  
c o m p o n e n t  of  t he  t r i p l e t  i s  b r o a d e n e d  ( F i g s .  l b  and l c ) ,  and a t  - 1 3 0 ~  the  s p e c t r u m  c o n s i s t s  of a doub le t  of 
d o u b l e t s ,  c o r r e s p o n d i n g  to  l o c a l i z a t i o n  of  t he  o r g a n o m e t a l l i c  g r o u p  on one of  the  O a t o m s ;  th i s  i n d i c a t e s  t ha t ,  
on the  ESR t i m e  s c a l e ,  i n t r a m o l e c u l a r  m i g r a t i o n  p r o c e s s e s  have  s t o p p e d ,  and a s t r u c t u r e  of the  type  of (A) is  
r e a l i z e d  fo r  t h e  r a d i c a l  (IV). Ana logous  r e l a t i o n s h i p s  w e r e  ob ta ined  fo r  the  r a d i c a l  (III). In the  c a s e  of the  
r a d i c a l  (II),  we  w e r e  not  s u c c e s s f u l  in c o m p l e t e l y  f r e e z i n g  the  " s t a n n o t r o p y , "  even a t - 1 4 4 ~  in the  r a n g e  
f r o m  - 1 1 0  ~ to  - 1 4 4 ~  we o b s e r v e  on ly  a b r o a d e n i n g  of  the  c e n t r a l  c o m p o n e n t  of the  t r i p l e t .  T h e  ESR s p e c -  
t r u m  of  the  r a d i c a l  (I), a s  a l r e a d y  m e n t i o n e d ,  is  i ndependen t  of t e m p e r a t u r e .  

4 8 4  
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Fig. 3. Arrhenius dependences of frequency of migration of tin-containing 
groups in radicals (II)-(IV): I) (IV); 2) (Ill); 3) (II). For (II), the temper- 
ature change of the nominal frequency is indicated, for illustration of the 

similar energy barriers to migration. 

Fig. 4. Arrhenius dependences of migration frequency in radicals (VII)-(X): 

1) (VII), (VIII); 2) (IX), (X). 

In e x a m i n i n g  the p a r a m e t e r s  of the  ESR s p e c t r a  of  the  r a d i c a l s  (I)-(IV) ( s ee  T a b l e  1) ,  a t t e n t i o n  i s  d r a w n  
to the  d e c r e a s e  in H F I  wi th  t he  UTSn and ngSn n u c l e i  and the  i n c r e a s i n g  d i f f e r e ~ c e  b e t w e e n  the  r i n g  p r o t o n  HFI  
c o n s t a n t s  Aa = (aH4-aH~) with  i n c r e a s i n g  n u m b e r  of phenyl  g r o u p s .  At  t he  s a m e  t i m e ,  the  s u m  (aI_i 4 " a I~ )  r e -  

m a i n s  c o n s t a n t .  

I t  i s  known [6] tha t  when the  change  is m a d e  f r o m  an ionic  bond of an  a n i o n - r a d i c a l  wi th  a m e t a l  c a t i on  
( a n i o n - r a d i c a l s  of  k e t y l s ,  s e m i q u i n o n e s )  to  a c o v a l e n t  bond ( m e t a l - c o n t a i n i n g  r a d i c a l s ) ,  t he  HFI  c o n s t a n t s  in 

the  a r o m a t i c  f r a g m e n t s  i n c r e a s e  

j Ar Ar 1 

Ar / Ar J 

Ionic bond 

Ar Ar 
\ .  \ 

C--OMXn ~ C- 0--MXn 
/ / 

Ar Ar 

Covalent bond 

(With the covalent bond, the contribution of the structure with an unpaired electron on the oxygen is  negligibly 

s mall. ) 

The sum of the HFI constants (all5 + all4) in the radicals (1)-(IV) (Table L) is considerably greater than 
in the anion-radical of 3, 6-di-tert-butyl-o-benzosemiquinone, which is 6.70e [9]. This suggests that in these 

radicals, the Sn-O bond is covalent-polaro This view is supported by the constancy of the sum (all4 + arts) for 
(IV) in solvents differing in solvating power (Table 2). Only in the DMSO do we find a distinct decrease in this 

sum, indicating an increase in the ionic character of the Sn-O bond in this solvent [i0]. 

With increasing polarity of the solvent, we also observe a certain decrease in the constants of HFI with 
itTSn and ligsn. It is "known that with a purely ionic M-O bond (ionic bonds formed by anion-radicals with me- 
tal cations), an increase in the polarity of the solvent may reduce as( [ to zero (formation of a solvent-separated 

ion pair) [ii]. The observed decrease in ailT~ and a119S n when the change is made to DMFA apparently indi-- 
n 

cates an increase in the degree of ionicity of ~-~e Sn-O bond. 

A different picture is observed when one of the alkyl or phenyl substituents is replaced by a CI atom. 
We obtained such radicals through the reaction of a ligand substituent of the ortho-quinone with an appropriate 
monohalogen derivative; in a nonpolar or low-polarity medium, the phenyl or alkyl group is replaced. 

t-Bu t-Bu 
I o I o" 

/ l ~  @ CISnR1R2Ra - - +  ,. /SnC1R1R~'~ R 3" 

I 0 I o 
t-Bu t-Bu 

R I = R  z = M e  (V); R 1 =  Ph, R ~ = M e  (VI); R l = R ~ = p h  (VII);  R I = R  ~=C~H4CH3 
(VIII ) ;  R 1 = tt 2 = C6H4C1 (IX); R 1 = R 2 = C~H~CIa (X); R 1 = R" = CI (XI).  
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TABLE 3. Kinetic Parameters of Migration of Tin-ContainingFrag- 
ments in Corresponding Adducts of 3,6-Di-tert-butyl-o-benzoquinone 
( to luene solvent)  

Compound I R' 

(I) Me 
(II) Ph 
(III) Ph 
(IV) Ph 
(IVA) CH~CsH4 
(IV B) C1C6H~ 
(V) * C1 
(vi) c1 
(VII) C1 
(VIII) Cl 
(IX) el 
(x) C1 
(XI) c1 

R2 

Mo 
Me 
Ph 
Ph 

CH~CsH~ 
C1C6H~ 

Me 
Ph 
Ph 

CH3CsH~ 
C1C6HI 
ClsCsH2 

C1 

R 3 

Me 
Me 
Me 
Ph 

QH3C6H~ 
C1C6H~ 

Me 
Me 

Ph 
CH~C6H~ 

C1CsH~ 
C13C6H2 

Cl 

v(2o o) 

3.t0 9 

8- i0 5 
t,3.106 * 

2.t0 5 
9 . t 0  ~ 

1,2.10 s 

"qo 

6.t0" 

5,5- l0 TM 

5,9.10 TM * 
2,4. t0 is 
i,6.t0 n 

2,7.10 i* 

Ea+ 0 . 5 ,  

kcal/mole 

3,2 

9,3 
9,1 * 

tl,0 
8,5 

10,0 

* Data of [3]. 

The ESR spectra of such radicals are considerably different from those of the radicals (I)-(IV), both in 
the magn i tude  of the HFI  with the  117Sn and 119Sn n u c l e i  and in the HFI  with the r i n g  p ro tons  (Fig. 2, Tab l e  1). 

For the radicals (V)-(X), the sum of the constants of HFI with the ring protons is somewhat greater than for 
(1)-(IV), indicating a less ionic character of the Sn-O bond, in the radicals (V)-(X), in comparison with (1)-(IV). 
For the radical (X), the sum (all4 + all5 ) coincides with the value obtained from an analysis of the ESR spectra 
of the 3,6-di-tert-butyl-2-hydroxyphenoxyl radical [12]. At the same time,contrarytoexpectation, we find that 

with increasing acceptor properties of the substituents on the Sn atom, the difference Aa decreases (Table i), 
and the constants of HFI with the 117Sn and I19Sn nuclei decrease in the same order. 

It is known that the introduction of CI atoms increases the Lewis acidity of the Sn atom [13], i.e., in- 
creases its coordination capability. The increase in coordination capability strengthens the intramolecular 
coordination between the univalent O atom and the Sn atom. Such coordination leads to a decrease in the dif- 
ferences between the mainly covalent bond and the coordination bond, which become equivalent as the number 
of CI atoms is increased, leading to the formation of a chelate structure containing pentacoordinated tin with 

equal ized  S n - O  bonds [4] 

t-Bu t-Bu t -Bu t-Bu 
,o. ,o. 

t-Bu " t-Bu t-Bu t-Bu 

T h i s  is qui te  p robab ly  the spec i f i c  r e a s o n  why A a  d e c r e a s e s  in the s e r i e s  of r a d i c a l s  (V)-(X) when phenyl  
and ch lo ropheny l  s u b s t i t u e n t s  a r e  in t roduced  to the  Sn a tom,  i n c r e a s i n g  i t s  coo rd ina t i on  u n s a t u r a t i o n .  

In the ESR s p e c t r u m  of the r a d i c a l  (XI), which con ta ins  the SnCI 3 g rouping ,  r e g a r d l e s s  of the t e m p e r -  

a tu r e ,  we find a s y m m e t r i c a l  d i s t r i b u t i o n  of the u n p a i r e d  e l e c t r o n  in the py roca techo l  l igand (all4 = artS) and 
HFI with one C1 a tom;  each componen t  of the t r i p l e t  of the r i n g  p ro tons  con ta ins  a qua r t e t  1:1:1:1 (Ic1 = 3/2) .  
The  HFI  with the llTSn and ngSn n u c l e i  is c o n s i d e r a b l y  l e s s  than in (I)-(X) (Table  1). The se  s p e c t r a l  f e a tu r e s  
of the r a d i c a l  (XI) a r e  ev idence  in favor  of the s t r u c t u r e  with a pen t acoo rd ina t ed  Sn a tom,  which was f i r s t  
p roposed  on the b a s i s  of an a n a l y s i s  of the ESR s p e c t r a  of an ana logous  adduct  of acenaphthoquinone  and o ther  
compounds  [4]. The  p r e s e n c e  of HFI  with one C1 a tom and the s m a l l  HFI  of m S n  and ngsn  a r e  c o n s i s t e n t  with 
t e t r agona l  p y r a m i d a l  s t r u c t u r e  with one C1 a tom at the  ver tex  and the two o the r  C1 a t oms  and the Sn a tom lying 

c lose  to the nodal  p lane  

~ o ~ :  o c.1 �9 1 

c1 

(x~) 

As can  be s een  f r o m  T a b l e  1, in  which the r a d i c a l s  a r e  l i s ted  in o r d e r  of i n c r e a s i n g  tota l  e ! e c t r o n e g a t i -  
v i ty  of the s u b s t i t u e n t s  R, the s u m  (all4 + artS) i n c r e a s e s  s ign i f i can t ly  in the s e r i e s  f r o m  (I) to (XI); as indica ted  
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T A B L E  4. 
t r i p h e n y l s t a n n y l p h e n o x y l  R a d i c a l  (IV) 

HFI  C o n s t a n t s  and Spin D e n s i t i e s  in 3 , 6 - D i - t e r t - b u t y l - 2 -  

Toluene Dimethylformamide 

Atom p ] ~Ctheor I UCexp p I ~Ctheor I ~,C,exp 

o57I 1 0,t68 0,9 t~3 
0,021 3,8 3,6 
0,t54 3,0 2,7 

091 1 0,t72 t,2 1,3 
0,021 3,8 4,0 
0,150 2,8 2,5 

o 
Clp 2 
C3,6 
C&,5 

T A B L E  5. E f f ec t  of  So lvent  on Kine t i c  P a r a m e t e r s  of " S t a n n o t r o p y  ~' 
in 3 , 6 - D i - t e r t - b u t ~ 4 - 2 - c h i o r o d i p h e n y l s t a ~ m y l p h e n o x y l  R a d i c a l  (VII) 

So lve nt ai-i~ 

T o iue ne 4,7 
D iox a ne 4,7 
Acetone 5,2 
Acetonitrile 4,9 

atts all*+ atts nTSn 

75 1t~176 
t,6" 6,3 ] t6,6 
2,1 7,3 ] 16,8 
2,0 6,9 ] 16,7 

ngSn v (20 ~ v0 

16,5 0,9.i0 s 0,2-10 ~2 
t7,0 0,2-t0 ~ 0,2-10 iz 
t7,5 1,t-10 ~ t,t-t0 t~ 
17,5 4,4.10 ~ 4,t-i0 i~ 

Ea~ 0,5, 
kca 1/~o te 

8,5 
8,0 
4,9 
3,9 

above, this is related to the decrease in the degree of ionicity of the Sn-O bond. Along with this, the differ- 
ence between the constants of the ring protons Aa at first increases, from 0 to 3.10e in the series of radicals 
from (1) to (IV), and then again decreases to 0 in the series from (V) to (XI). 

The increase of 2~a in the series of radicals (1)-(IV) is understandable if we assume a decrease in this 
series of the polarity of the Sn-O bond and a related decrease in the donor properties of the OSnR 3 group as 
the substituent in the ortho position of the phenoxyl ring. Let us remember that in the case of an ionic bond 
(the anion-radical of 3,6-di-tert-butyl-o- benzosemiquinone or the trialkylammonium cation), Aa = 0.70e [14], 

but in the case of a covalent bond, this value amounts to 8-12 Oe, for example in 3,6-di-tert-butyl-2-hydroxy- 
phenoxyl Aa = 80e [12], and in 3,6-di-tert-butyl-2-acetyloxyphenoxyl 2xa = 12 Oe [15]. 

Thus, with increasing acceptor properties of the tin-containing grouping, the spin density in position 5 
decreases and Aa increases. This effect should also be observed in the series of radicals (V)-(XI), but it is 
masked by effects of coordination of the unpaired electron to the central atom as we go over to pentacoordi- 
noted Sn with a symmetrical distribution of spin density in the free-radical ligand. 

These features of the structure of tin-containing radicals that we have examined are consistent with 
kinetic data obtained on intramolecular migration of the tin-containing fragments between the O atoms of the 
pyrocatechol [igand, in radicals (1)-(X). 

The increase in ~a with increasing number of phenyl substituents, in radicals (1)-(IV), has a decisive in- 
fluence on the spectral manifestation of the "stannotropy." The fulfillment of the condition of rapid exchange 

(Vex >> 7 e As) for the radical (1) over the entire temperature range is related to the small magnitude of As. 
With increasing Aa, it becomes possible not only to observe alternating-broadened lines of the spectr~.Ir~, for 

radical (If), but also to retard completely the exchange processes at low temperatures, for radicals (lID and 
(IV). From the Arrhenius dependence of the frequency of "stannotropy" for the radicals (Ill) and (IV) (Fig. 3), 
it can be seen that the frequency and the barrier of the process are practically independent of the number of 
phenyl groups. Let us note that the energy barrier of "stannotropy" for the radical (If), as estimated from 
the temperature changes of nominal frequency, does not differ from the barriers for the radicals (III) and (IV). 

The solvating properties of the medium have very little effect on the kinetic parameters of "stannotropy." 
We may point out that with increasing solvation power of the solvent, there is a slight increase in the energy 
barrier of the process (see Table 2). 

There is also very little effect from the introduction of substituents into the para position of the phenyl 

rings for the radicals (IV), (IVA), and (IVB) (Table 3). The differences are apparently within the limits of 
experimental error. 

As can be seen from Table 3, the frequencies of migration of the SnCIRR i fragments are several orders 
of magnitude lower, and the energy barriers higher, than in the radicals (I)-(IV) (Fig. 4). Such unexpectedly 
high barriers of "stannotropy" are at first glance difficult to reconcile with the increase in coordination capa- 
bility of the central atom when the C1 atom is introduced. However, in the radicals (V)-(X), there is a 
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strengthening of the Sn-O bond, since, as we have shown previously, its polarity is decreased, thus increas- 
ing the barrier to migration. 

Thus, the metallotropy is governed by two opposing factors: the coordination capability of the central 
atom of the migrating fragment, and the strength of the ,metal-oxygen bond. In the radical (XI) and similar 
systems studied in [4], containing SnCl 3 and SnCI2R fragments, the coordination unsaturation of the Sn and the 
high strength of the Sn-O bond completely determine the symmetrical distribution of spin density of the free- 
radical [igand, the pentacoordinated mesomeric structure of these particles, and the absence of "stannotropy. " 

In the example of the radical (IV), we have been able to estimate the change in the constants of HFI with 
the 13C nuclei and the redistribution of spin density in the free-radical ligand in relation to the properties of the 

medium (toluene and DMFA). With small concentrations of the radical (IV)and low UHF power of the ESIR spec- 
trometer, narrow lines are registered, so that HFI with ~3C nuclei can be determined. With a high amplifica- 
tion, three types of HFI with 13C are observed (see Fig. le), corresponding the pairwise-equivalent ring C 
atoms; the relative intensity of the lines corresponds to the natural content of 13C (1%) and pair-equivalence of 
i3c. The assignment of these lines can be made by calculating the theoretical values Of ai3 on the basis of an 

C 
investigation of the density of spin distribution in the pyrocatechol ligand. In Table 4 we have listed values for 
the spin density (p) on the ring C atoms. In positions 4 and 5, p has been estimated from the HFI with the ring 
protons (Q = -23.70e); in positions 3 and 6, it has been estimated from the HFI with these protons in the radi- 
cal containing the SnPh 3 group and an unsubstituted pyrocatechol ligand [i 6]; in positions 1 and 2, it has been 
estimated on the basis of normalization of spin density .~Pi = i, deducting the spin densities in positions 3-6, 

i 

and the ratios of distribution of the remaining spin density among the C i, C 2, and O atoms in 3,6-di-tert-butyl- 
2-hydroxyphenoxyl [12]. 

Using this assumed distribution of spin density and the formula of Karplus and Frenkel relating the HFI 
with the 13C nucleus and the magnitude of p in the aromatic fragment [8], we carried out theoretical calcula- 

tions of the HFI with the i3c nuclei in all positions of the aromatic ring of the radical (IV) (Table 4). The satis- 
factory agreement of the calculated and theoretical values provides us with grounds for accepting the assign- 
ment of HFI with 13C that we have made. It can be seen that when the change is made to DMFA, the spin den- 
sity in [4] is somewhat changed, most probably because of complex formation. 

Apparently this also leads to the observed change in the kinetic parameters of "stannotropy. " In the 
radical (IV), the Sn-O bond is comparatively polar; in toluene, the coordination of the univalent O atom to Sn 
is sufficient for rupture of the Sn-O bond, i.e., for the act of migration. In DMFA, the coordination unsatura- 
tion of the Sn is somewhat lower because of its additional coordination with the DMFA, and the spin density on 
the O atom is less than in toluene (Table 4). This is responsible for the higher energy barrier in DMFA than 
in toluene, 5.3 vs 3.2 kcal/mole (Table 2). 

Different relationships are found in the case of the radical (VII) (Table 5). Here the Sn- O bond is less polar 
than in (IV), and its rupture in toluene by attack by a univalent O atom requires a greater activation energy 
(8.5 kcal/mole). For the migration process, the decisive role is played by the formation of a donor-acceptor 
bond closing the ring of the transition state. Such reactions are accelerated in polar media, and this is re- 
flected in the decrease of the activation energy of "stannotropy" in the radical (VII) to 3.9 keal/mole in aceto- 
nitrile. 

EXPEIRIMENTA L 

The ESIR spectra were recorded in a Varian E-12A spectrometer. 

The phenyldimethyltin chloride PhMe ~Sn C1 and diphenylrnethyltin chloride Ph2Me Sn Cl were obtained by 
dealkylation of Ph2Me2Sn and Ph2MeSn under the influence of iodine, followed by treatment of the iodide with 
NaOH and dilute HCI [17-19]. The triaryltin chlorides were obtained by the Kocheshkov reaction by the action 
of SnCl 4 on the corresponding tetraarylstannanes [19, 20]. The tetrakis-(3,4,5-trichlorophenyl)stannane was 
synthesized by the interaction of 3,4,5-trichlorophenylmagnesinm bromide with SnCI 4. 

T e t r a k i s - ( 3 , 4 ,  5 - t r i ch lo ropheny l ) s t annane .  To a solut ion of 3 ,4 ,  5-C13C6H2MgBr ( f rom 31 mmoles  of 
3 ,4 ,  5-C13C~H 3 and 32 mmoles  of Mg in 50 ml of absolute  e ther ) ,  under  A r ,  the re  was added with v igorous  
s t i r r i n g  and cooling (water bath) a solut ion of 2.09 g (8 mmoles)  of SnCI~ in 50 ml of absolu te  benzene.  The 
reac t ion  mix ture  was ref luxed for  6 h and then decomposed with dilute (1/1) HC1; the p r e c i p i t a t e  was f i l t e red  
off and washed with e ther .  Af te r  r e c r y s t a l l i z a t i o n  f rom DMFA, obtained 5.5 g (81%) of a white c r y s t a l l i n e  
subs tance  with m .p .  266-270~ Found: C 34.31, H 0.99, Sn 14.31%. C24HsCl12Sn. Calcula ted:  C 34.27, H 1.00, 
Sn 14.11%. 
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Tris(3,4,5-trichlorophenyl)stannyl Chloride. A mixture of 4.2 g (5 mmoles) of (3,4,5-C13C6H2)4Sn and 
0.52 g (2 mmoles) of SnC14 was heated for 7 h at 270~ the cool reaction mixture, brown in color, was treated 
with ether and then filtered, and the solvent was driven off. After three recrystallizations from octane with 
activated carbon, obtained 0.7 g (12%) of white needle crystals with m.p. 200-201~ Found: C 31.25, H 1.33, 

Sn 17.46%. C18HsCIIoSn. Calculated: C 31.06, H 0.87, Sn 17.06%. 

The radicals (I)-(IV) were obtained by mixing solutions of thallium o-semiquinolate with the monohalide 
organotin compounds, under vacuum at ~ 20~ The same procedure was used in carrying out the reaction of 

the ligand substituent of the organotin compounds with the o-quinone. The radicals (V) and (VII)- (X) were ob- 
tained from the corresponding monochloro derivatives of Sn containing identical organic ligands, one of which 
splits out upon interaction with the o-quinone, indicating the great strength of the Sn-CI bond. 

Subsequently, we investigated the relative ease of splitting out phenyl and methyl ligands in the reaction 
of 3,6-di-tert-butyl-o-quinone (TBQ) with CISn(C6Hs)Me and CISnMe2C6H5, with the aim of obtaining the radi- 
cals (V) and (VI) (see Table i). It was established by analysis of the ESR spectra that in these reactions, the 
phenyl ligand splits out. This result is consistent with the generally known lability of the phenyl ligand in or- 
ganotin compounds in comparison with aliphatic substituents [21]. 

In the example of the interaction of TBQ with triphenyltin, we demonstrated the role of the polarity of 
the medium in directing the substitution reaction. In nonpolar media, the phenyl ligand is replaced, forming 
the radical (VII); in DMSO, the ESR spectra of the reaction mixture show the presence of the radical (IV) 
(Table 2), identified on the basis of the HFI constants of the ring protons and 11?Sn and ligSn. In DMSO, appar- 
ently, abstraction of the Cl from the organotin compound becomes thermodynamically favorable because of 
loosening of the Sn-Cl bond upon complex formation. 

C ONC LU SIONS 

i .  For tin-containing complexes of 3,6-di-tert-butyl-o-benzoquinone, the parameters of the ESR spectra 
(HFI with ring protons and with liTSn and ilgSn nuclei) and the distribution of spin density in the free-radical 
ligand depend on the nature of the substituents on the Sn atom. 

2. The frequency of "stannotropic" migration in the radicals that we have investigated is determined by 
the strength of the Sn-O bond, the coordination unsaturation of the Sn atom, and the spin density on the uni- 
valent O atom; as these latter factors become more important, pentacoordinated structures appear, with equi- 
valent Sn- O bonds. 

3. The polarity of the medium determines the direction of the reaction of ligand substitution in the in- 
teraction of the o-quinone with organic monochlorotin compounds; in nonpolar media, the organic ligand is re- 
placed, and in polar media (DMSO), the Cl atom is replaced. 
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INVESTIGATION OF LIGAND-SUBSTITUTION REACTIONS 

IN PARAMAGNETIC o-QUINONE - TETRACARBONYLMANGANESE 

AND o-QUINONE- TETRACARBONYLRHENIUM COMPLEXES 

K. Sarbasov, B. L. Tumanskii, UDC 541.124:541.49:547.567.2:661.668 
S. P. Solodovnikov, N. N. Bubnov, 
A. I. Prokof'ev, and M. I. Kabaehnik 

Pentacarbonylmanganese ,  which is obtained by photodissociation of Mn2(CO)l 0, reac t s  with o-chlorani l  
(C14-Q) or  with 3 ,6 -d i - t e r t -bu ty l -o -qu inone  (3,6-Q) in two steps [1 ]: 

t-Bu t-Bu t - B u  
" O 

~/ ~/ M.(C0)5---+ =co, ' - 7  Mn~c0)~ 

t -Bu t -Bu t -Bu 

(0 (ii} 

When we car r ied  out this react ion in the presence  of tr iethyl  phosphite, we observed the EPR spect ra  of 
substituted derivat ives containing one or  two molecules of the phosphite, as can be judged f rom the appearance 
of additional splittings in the EPR spect ra  (Figs. 1 and 2). 

In the present  r e s e a r c h  in o rde r  to ascer ta in  the effect of a paramagnet ic  ligand on the lability of CO 
groups we studied the ldnetics of ligand substitution in the II radical .  For  this,  a toluene solution of the phos- 
phite or amine of known concentrat ion was added to a solution of radical  II in toluene (~ 0.10 mole / l i t e r )  at 
~ 70~ The spect ra l  data a re  presented in Table 1, while the rate constants for substitution of one and two 
CO groups a re  presented in Table 2. Substitution of the CO groups is a stepwise process .  One CO group is 
substituted at - 4 0  to 0~ while a second CO group is substituted at 5-25~ The difference in the energies 
of activation for substitution of the f i rs t  and second CO groups is evidently associa ted with the manifestation 
of both s ter ic  and polar fac tors .  The decrease  in k2 in the o rde r  P(OEt)3 > P(OBu)3 > P(OPr-i)3 is probably 
associated with the effect of the f i rs t  factor .  

In contras t  to complex II, substitution in the chloranil  complex takes place at a very  high rate  even at 
-80~ Such significant accelera t ion is evidently associated with an increase  in the accepter  proper t ies  of the 
ligand and with an inc rease  in the effective positive charge on the Mn atom. 

Substitution of CO by pyridine and ter t -butylamine  takes place with considerably g rea te r  difficulty, and 
only one CO group is substituted even at 80~ 

It is known that Mn2(CO)10 undergoes substitution of a CO group by phosphines, phospites,  or amines only 
under the influence of UV irradiat ion or  by heating to ~ 100~ [2] to give [(R3P)2(CO)3Mn]2. In [3] it was a s -  
sumed that under UV irradiat ion conditions substitution o f  CO groups takes place in the more  labile ~n(CO)5 
radical ,  which is formed by photodissociation of the s tar t ing dimer .  It also follows f rom the data that we ob- 
tained that the labili ty of CO in the radical  complexes of quinones is considerably higher than in the cor respond-  

ing d imers .  
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