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The kinetics of metallotropy of the 3,6-di-tert-butyl-2-(triphenylstannyl)oxyphenoxyl 
radical has been studied by ESR. The correlation between chemical exchange time %x, 
solvent polarity, and longitudinal relaxation time of the solvent corresponds to the model of 
a process controlled by molecular dynamics. A linear relation between Zex and correlation 
time % for reorientation movements of the radical is found: %x = a �9 %. The coefficient c~ 
depends on the dielectric properties of the solvent. 
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In recent  years, some data  on the effect of  the 
mo lecu l a r  dynamics  of  a m e d i u m  on the rates of  
in t ramolecula r  processes (chemical  exchange reactions) 
has been obtained.  It was shown that  in general ,  there  is 
a l inear  re la t ionship  between the character is t ic  t ime rex 
of  the  exchange react ions and the rotat ional  correlat ion 
t ime  % of  t he  r ad i ca l  r eagen t s  in a m e d i u m :  1 

T e x  ~ (~  �9 1 :c .  

As a rule, the  dynamic  propert ies  of  a medium 
(molecular  mobi l i ty)  can be modif ied  by varying the 
viscosity o f  iner t  solvents (hexane,  vaseline oil) and 
tempera ture .  Fo r  the in t ramolecu la r  radical  transfer in 
3,6- di-  ter t -butyl-  2- ( t r iphenyls tannyl)oxyphenoxyl  (radi-  
cal 1) 

Bu t Bu t 

O,-gnPha 

Bu t Bu t 

(1) 

and for the  spin exchange in nitroxyl biradicals,  a corre-  
la t ion be tween coefficient  a and solvent polar i ty  was 
disclosed.2, 3 

It is of  interest  to study the effect of  the dielectr ic 
character is t ics  o f  a m e d i u m  on the rates of  in t ramolecu-  
lar react ions  and to examine the corre la t ion between the 
kinetics o f  these  react ions and the molecu la r  dynamics  
taking into account  solvent polari ty.  Now there are 
numerous  da ta  on the corre la t ion between the molecular  
dynamics  o f  a solvent  and the kinetics of  e lect ron trans-  

fer in polar  media.  4-9 In the f ramework o f  the solvent-  
reorganization models,  the effect of  the dielectric charac-  
teristics of  the solvent manifests i tself  as a relat ion 
between the rate constant  k and paramete r  y = (1/%p - 
1/as), where aop = n 2 is the  optical  dielectr ic  constant ,  n 
is the refraction index, and a s is the statistical dielectr ic  
constant  of  a solvent. According to the  wel l -known 
Marcus theory l~ 

k = koex p [-(AGis* + hGos*)/RT], (2) 

where A Gis* and A Gos* are the reorganizat ion energies of  
reagents ("intrasphere" reorganizat ion)  and of  a polar  
medium Cintersphere" reorganizat ion) ,  respectively. The 
effect of  solvent polari ty on the rate constant  is de-  
scribed by the following relat ion between AGos* and ?:I0 

AGos, AZ2e2N47teo (__1 1 - - Y = e. y, (3) 

where e is the electron charge, AZis  the extent  of  charge 
transfer in the reaction,  N is the Avogadro number ,  a 0 is 
the dielectr ic  constant  in a vacuum, g is the  mean  
molecular  radius, and d is the dis tance of  e lec t ron 
transfer. 

The preexponent ia l  factor k 0 in the classic Marcus 
theory represents a s imple coll is ion factor for gas-phase 
reactions which is independent  of  the dynamic  and polar  
characterist ics of  a medium.  Taking into account  the 
low sensitivity of  A Gis* to solvent polari ty,  Eq. (2) can be 
rearranged to the following form: 

In k = A -  B.y,  (4) 

where A = (In k o -- zXGis*/RT) and B are constants  (see 
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Ref. 3). Although t h e  dynamic characteristics of a me-  
d ium may in f luence  preexponent ia l  factor k 0 (see 
Ref. 11), relationship (4) remains correct for nonadi-  
abatic processes. The preexponential  factor for adiabatic 
electron transfer in polar media is dependent  on the 
medium dynamics and inversely proportional to the 
longitudinal relaxation t ime % of the solvent (relaxation 
time of a constant  chargelZ): 

k 0 ~ "CL-I(AGos*/RT)I/2. (5) 

Then,  instead of Eq. (4), one can obtain from Eqs. (2) 
and (5) 

In (kZLYI/2) = A' - By, (6) 

where A' is a constant.  
One may expect that the rate constant  for the intra- 

molecular  transfer of the metal fragment in radical 1 
would be dependent  on the solvent polarity, since the 
O - S n  bond in the radical is partially i on i c )  3 Hence,  it 
is of interest to study the relationship between the 
characteristic chemical exchange time rex and the sol- 
vent relaxation t ime z E and to compare this relationship 
with the correlation between Zex and the characteristic 
rotational mobil i ty t ime % for the radical. 

Experimental 

Substituted 2-(stannyloxy)phenoxyl radicals were prepared 
~y the interaction of the corresponding organotin derivatives 
with 3,6-di-tert-butylpyrocatechol in the presence of air fol- 
lowed by evacuation according to the earlier described proce- 
dure. 2 ESR spectra were recorded on a Varian E-12A instru- 
ment. 

The method for deriving %x and z c from ESR spectra of 
radical 1 has been described elsewhere. TM Relaxation times ~L 
for the solvents used were taken from Refs. 4, 15, 16. 

Results and Discussion 

Fig. 1 demonstrates the experimental dependences 
3f rex on % for radical 1. In agreement with our earlier 
findings, 14 they are linear (rex = a"  %), and a decreases 
as the medium polarity increases. The a-values obtained 
are presented in Table 1. Using rex measured for media 
~ith different dielectric characteristics, one can check 
;he validity of Eqs. (4) and (6). Taking into account that 

equals l/rex for a monomolecular  rate constant,  Eqs. 
~4) and (6) can be rearranged to 

In Zex = -A + By (7) 

'or the Marcus approach and to 

In [(Zex/ZL)yl/2] = - A ' +  By (8) 

."or the model of chemical  processes controlled by sol- 
cent relaxation. 

Fig. 2 shows that the experimental  dependence of 
:ex on y for reaction (I)  is inconsistent  with the Marcus 
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Fig. 1. %x as a function of Xc for radical 1 in CCI 4 (1) and 
DMSO (2). 

Table 1. a-Values found for radical 1 and -f and z L for the 
solvents 4-15 

Solvent eL T /K y(298 K) y(T) ~L" 1012/s 

CC14 1.1 240--300 0.022 0.023 3.08 
Toluene 1.2 270 0.028 0.030 4.03 
Bromobenzene 0.98 270 0.216 0.222 4.86 
Chloroform 0.56 210--250 0.268 0.294 2.20 
Pyridine 0.48 270 0.360 0.364 0.71 
THF 0.61 230--280 0.372 0.381 0.81 
DMSO 0.4 250--280 0.44 -- 2.4 

Note. The y(T) values correspond to the mean temperature in 
the experiments and were calculated from literature data. 15 
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Fig. 2. In %x as a function of y for reaction (1) in CCI 4 (1); 
toluene (2); bromobenzene (3); chloroform (4); pyridine (5); 
THF (6); DMSO (7). 



370 Russ. Chem.Bull., VoL 43, No. 3, March, 1994 Rakhimov et al. 

II1 "~ex 1/2 (~--L ~ ) 

I I 

0.2 0.4 Y 

Fig. 3. "Cex as a function of 7 taking into account -c L of the 
solvent according to Eq. (8). 

approach.  On the contrary,  as seen from Fig. 3, the 
correla t ion be tween %X and m e d i u m  polari t ies is satis- 
factori ly descr ibed in this case by Eq. (8), which takes 
into account  the  molecu la r  dynamics  o f  the solvent, i.e., 
the dependence  of  Xex not  only on V, but  also on x L. The 
validity of  expression (8) can also be checked by substitut- 
ing the c~-values found for various solvents. Because a 
equals Xex/~ c, a corre la t ion between dynamic  parameters  
% and -% needs to be de termined.  

As follows f rom the sp in-probe  studies, 17 the fre- 
quencies of  ro ta t ional  and t ranslat ional  radical  diffusion 
are general ly  p ropor t iona l  to  each other: 

"c e ~ x D = 3 VMq/RT, (9) 

where XD is the  Debye relaxat ion t ime,  V M is the mo-  
lecular  volume,  and ~ is the  solvent viscosity. Solvent 
longi tudinal  re laxat ion  t ime z L and XD are related by the 
following equat ion:  12 

"~L = (%p/~;s )"  "CD" (10) 

Then,  one can obta in  from Eqs. ( 8 ) - (10 )  

In a es y ~  (11) 
Cop ) = C + B y ,  

where C is a constant .  As can be seen from Fig. 4, the 
correla t ion be tween ct and y is satisfactorily described by 
Eq. (11), i.e., the  re la t ionship  between the molecular  
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Fig. 4. a as a function ofy  according to Eq. (11). 

and chemical  dynamics  is governed by the dependence  
of  the e lementary  rate constants  on the rotat ional  mo-  
bil i ty of  the reagents (parameter  %) or on the dielectr ic  
relaxation t ime x L of  the solvent. Fur the rmore ,  coeffi- 
cient a in the previously obtained correlat ion rex = a �9 x c 
allows for solvent polar i ty  which is character ized by 
paramete r  7. 

Thus, the available data on the dependence  of  the 
kinetic parameters  of  in t ramolecular  react ions on me-  
dium mobi l i ty  are not  in conflict  with the  solvent-  
reorganizat ion models  for e lectron transfer in polar  me-  
dia. However,  these models  cannot  account  for the 
leveling of  reactivity found for b imolecular  substi tution 
r eac t ions  in p o l y m e r s  18A9 and la te r  for  t ype  (1) 
in t ramolecular  processes in substi tuted 2 - (R-oxy)phen-  
oxyls. 2~ Indeed,  under  condi t ions of  unrestr ic ted mo-  
lecular  mobi l i ty  (in a free volume) ,  when zXGos* = 0, 
one can obtain instead of  Eq. (2) 

kf = koexp(-AGis*/RT), (12) 

where hGis* can be regarded as the  activation energy of  
the reaction. In this case, preexponent ional  factor k 0 in 
expression (12) for the rate constant  in the  least viscous 
phase (kf) is obviously independent  of  y and z L. Then,  
the following expression can be obta ined for the  react ion 
rate constants in a real viscous med ium from Eqs. (2), 
(3), (5), and (12) 

k ~ kffL-l(AGos*/RT)l/2exp(-AGos*/RT) ~ kf/x c, (13) 

i.e., this model  predicts the propor t ional i ty  between the 
react ion rate constants  in viscous and nonviscous liquids 
and cannot  explain the react ivi ty-level ing effect for the 
case when dependences  of  the  k - kf m type were found 
exper imental ly  for m < 1 (see Refs. 18--20).  
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The model  of  the indirect cage effect 21 qualitatively 
explains both the "correlation between reaction kinetics 
and molecular  mobility and the leveling effect. By anal- 
ogy with this model,  one can assume that an elementary 
chemical reaction in a polar medium with restricted 
molecular  mobility proceeds via a metastable state which 
corresponds to the structure of  an activated complex in a 
nonviscous medium (in a free volume) but is attained 
through overcoming the additional relaxation activation 
barrier Er, the height of  which is determined by an 
intersection point of  the parabolic terms: 21 

E r = (AGos* + AGis*)2/4AGos *. (14) 

Generally, one can accept AGis* < AGos* for rough 
estimates 

E r ~ AGos*/4 + AGis*/2. (15) 

Then, the following expression should be written for the 
rate constant instead of  Eq. (2) 

k = koexp(-AGos*/4RT- AGis*/2RT) - 
kfl/2koexp(-A Gos*/4 RT). (16) 

It is clear that  Eq. (6), which relates the rate con-  
stant to parameters 7 and ZL, is still valid, whereas 
Eq. (16) describes the reactivity-leveling effect. 

Thus, using the example of  metallotropy of  the substi- 
tuted 2-(stannyloxy)phenoxyl radical in solvents of  vari- 
ous polarity, it is shown that the solvent-reorganization 
model, which takes into account  the indirect cage effect, 
allows one to qualitatively interpret ttie available data on 
Lhe rate constants of  elementary reactions under condi- 
Lions of  restricted molecular  mobility, i.e., in viscous 
polar media. 

This work was supported by the Russian Foundation 
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