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Quantitative evaluation of specific and nonspecific interactions 
in radical exchange between phenyllithium and bromobenzene 
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The results of kinetic studies on the exchange of radicals between PhLi and PhBr in 
variuos binary pentane--ether mixtures in the presence of alkaline metal halides were 
discussed. The nucleophilicity of the ethers and metal halides, which is a quantitative 
measure of their influence on the exchange reaction, was determined. The specific and 
nonspecific components of coordination were identifed and quantitatively evaluated for 
some parameters of the exchange reaction. 
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Radical  exchange react ions  are in c o m m o n  prepara-  
tive use 1 and are typical  of  the  chemis t ry  o f  o rganomet -  
allic compounds  (OMC) .  Proceeding  easily under  mild  
condi t ions ,  these react ions  are sensitive to the  act ion of  
disturbing factors,  2 inc luding the abil i ty o f  O M C  to 
coordina te  with various complex  format ing additives 
(CFA).  3-6 The  propert ies  of  relatively stable O M C "  C F A  
complexes  differ f rom those of  pure O M C  to such an 
extent  that  one can say they  are new reagents with 
unique parameters .  In  this case we deal  with the of  the 
specific effect o f  C F A  on O M C  reactivity. 

The  fo rmat ion  of  O M C "  C F A  changes the  polari ty 
of  the  M - - C  bond  7 and,  hence,  the  nucleophi l ic i ty  of  
the  potent ia l  O M C  carbanions.  As a result ,  addi t ional  
molecu la r  in teract ions  be tween the complex  reagents 
and the solvent  arise wi thout  format ion  of  covalent  
bonds. 8 This in terac t ion ,  which is cal led nonspecif ic ,  
exerts some effect on the  react ion rate through the 
influence on  the t ransi t ion state. 

The  present  work is a imed  at the  ident i f icat ion and 
quant i ta t ive evaluat ion of  the  influence o f  specific and 
nonspecif lc  effects of  C F A  on O M C  reactivity. Fo r  this 
purpose  the  radical  exchange react ion between phenyl -  
l i th ium and b r o m o b e n z e n e  

PhLi. CFA + 14phBr ~ 14phBr. CFA + PhBr (1) 

in various n - p e n t a n e - - e t h e r  (S) b inary  solvents (BS), 
where S is te r t -buty lmethyl  e ther  (1), pheneto le  (2), 
anisole (3), dibutyl  (4), d ipropyl  (5), diethyl  (6) ether,  
and te t rahydrofuran  (7), as well  as in various p e n t a n e - -  
e ther  6 BS were s tudied in the  presence o f  alkaline 
meta l  and t e t ramethy l  a m m o n i u m  hal ides (MX).  S and 
M X  are combined  and designated as CFA.  

Experimental 

PhLi was prepared by a procedure similar to that described 
previously. 9 S were dehydrated and purified according to the 
reported procedures. 10 BS were characterized by dielectric 
constants, e, calculated using the published procedure. 7 Anhy- 
drous MX were obtained by calcination in a quartz tube in a 
flow of the appropriate HX. In all cases the molar ratio 
MX/PhLi = 1.5. The exchange rate was monitored by the 
increase in radioactivity of 14phCOOH isolated by excess CO 2. 
The experimental procedure was described previously. 11 

Results and Discussion 

React ion (1) proceeds  with no compl ica t ions  as a 
b imolecular  process in the  studied BS both  in the  pres- 
ence of  MX, and in thei r  absence. The second order  rate 
constant  (k) is invariant  up to significant degrees of  
exchange. It increases by three orders of  magni tude  
(Table 1) on going from compound  1 to 7 (Ref. 12). 
The MX also differ essentially in their  effect on react ion 
(1) due to thei r  structure 5 and the nature  11,t3,14 of  
PhLi"  MX complex  formation.  

Regard less  o f  the  s t ruc ture  and the  na tu re  o f  
PhLi"  C F A  formated,  the final result of  the  coord ina-  
t ion is a change in the polar i ty  of  the  L i - - C  bond. 
Hence ,  it is reasonable to suggest that  a pa ramete r  
should exist which quanti tat ively characterizes the abillity 
of  the C F A  to change the nucleophi l ic i ty  o f  PhLi  (n). 

React ion (1) may  be presented as a series of  reac- 
tions with constant  e lectrophi l ic  reagent  PhBr  and vari-  
able nucleophi l ic  reagent  P h L i - C F A ,  where the  vari- 
able structural  f ragment  is CFA.  This approach  allows 
one to consider  a great  number  of  the  ob ta ined  results 
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Table 1. Kinetic parameters of reaction (1) in various pentane-- 
ether BS in the presence of MX at 298 K 

Ethers MX k- 105 n b 
/L  mo1-1 s -1 

- -  0.7 -1.621 -2.38 
- -  1.9 -1.190 - 1 . 0 9  

- -  3.0 -0.990 -0.51 
- -  9.3 -0.496 0.70 
--  20.4 -0.157 1.93 
- -  29.3 0.000 2.35 

LiCI 25.7 -0.057 2.18 
LiBr 16.0 -0.263 1.58 
LiI 13.4 -0.340 1.36 
NaC1 35.8 0.087 2.60 
NaBr 40.8 0.144 2.77 
Nal 51.0 0.240 3.05 
KCI 39.0 0.133 2.74 
KBr 50.9 0.240 3.05 
KI 54.7 0.266 3.13 
RbC1 75.5 0.411 3.55 
RbBr 62.8 0.331 3.32 
Rbl 50.1 0.233 3.03 
CsC1 95.8 0.513 3.85 
CsBr 81.3 0.443 3.64 
CsI 60.3 0.314 3.27 
Me4NC1 431.0 1.168 5.76 
Me4NBr 162.5 0.744 4.52 
Me4NI 35.1 0.079 2.58 

- -  1603.0 1.738 6.39 

from a single v iewpoint  15 and to quanti tat ively evaluate 
the  value of  n for various MX 6,16 and S Iz (see Table 1). 

It is known that  in pure pentane  no exchange occurs 
because of  the  PhLi  association.  17 The addi t ion of  com-  
pounds  1 - -7  to pentane  gives impetus  to react ion (1), 
and log k increases as the  mol  fraction N of  1 - -7  in BS 
increases, is However ,  the  charac ter  of  the  change in log 
k is different for the  BS studied (Fig. 1). In the  region 
N < 0.5, log k increases with increasing N f o r  all BS. At 
N > 0.5 the  mono ton i c  increase in log k cont inues for 
BS 4 - - 7  (Fig. 1, curves 2, 4, 5), while for BS 1 - -3  it 
decreases monoton ica l ly ,  with an  ex t remum at N = 0.5 
(curve 1). 

The character  of  the dependence  obtained (see Fig. l )  
points  out  that  there  are two types o f  solvation. 19 The 
increase in log k at N < 0.5 is caused by the influence of  
specific solvation,  whereas at N > 0.5 log k is governed 
by nonspecific solvation. The decrease in log k at N > 0.5 
for 1 - -3  indicates  a drop in thei r  e lec t rodonat ing ability. 
The effect of  p ,n -con juga t ion  in compounds  2 and 3 and 
the steric h indrances  that  arise when etherates  PhLi �9 S 
with 1 - -3  form fol lowed by in teract ion with PhBr  t8 can 
explain this fact. 

The  d e p e n d e n c e  log k =J(N) for BS 6 has the  same 
charac ter  in the  presence o f  M X  as in thei r  absence (see 
Fig. 1, curves 3, 4). Fo r  all CFA,  log k changes in 

6 + log/c 
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Fig. 1. The dependence of the exchange rate on the mol 
fraction of ethers in the mixture with pentane at 298 K: 1 (1), 
4 (2), 6 (3), 6+RbC1 (4), 7 (5). 

paral lel  with n (see Table 1, Fig. 1). Therefore ,  when 
carring out  react ion (1) in BS 6 in the  presence of  MX, 
the combined  coordina t ion  effect involves the  effects of  
solvation and complex  format ion  that  are manifes ted 
over the  whole range of  N values. 

The analysis of  the  results obta ined suggests that  the  
coordinat ion  effect be divided into specific (s) and non-  
specific (n) components ,  which to be quant i ta t ively  
evaluated. According to Fig. 1, the  value of  k for reac-  
t ion (1) may  be presented  as follows: 

logk = logk s + logk n. (2) 

As a result of  the  s tandardiza t ion  condit ions6JZ, 16 

logk = logk 0 + n, (3) 

logk s = logk0s + n s, (4) 

logk n = logk0n + n n, (5) 

k 0 is related to a s tandard react ion,  where 6 is taken  as 
the s tandard CFA.  

The monoton ic  change in log k when N > 0.5 (see 
Fig. 1) is the result of  electrostat ic  in terac t ion  between 
the reagents and the BS. It reflects the  inf luence of  the 
polar i ty  of  the BS, Y = (e - 1)/(2~ + 1), 2~ o r / r e a c t i o n  
(1) and is approximated  as a polygonal  curve in log k = 
f (Y) coordinates  (Fig. 2). In pure pentane  (Yp) the  
exchange does not  occur.  W h e n  the polar i ty  Y = Ye , 
which corresponds to the  inflect ion of  the  compl ica ted  
curves at N = 0.5 (see Fig. 1), a s ingular  poin t  is 
observed. The  increase in log k in the  range Yp--Ye is 
caused by the fact that  specific componen t  of  the  coordi -  
na t ion  is faster,  n for C F A  is greater.  M a x i m u m  log k s 
value is achieved at Y = Ye, when PhLi  �9 C F A  forma-  
t ion is over. Fur the r  changes in log k up to the  value Y 
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Fig. 2. The dependence of the exchange rate on the polarity of 
pentane--ether binary solvent at 298 K: 1 (1), 3 (2), 6+LiI (3), 
6 (4), 6+Me4NBr (5). 

corresponding to pure 1 - -7  are caused by  the nonspe-  
cific c o m p o n e n t  o f  coordinat ion .  

Based on Fig. 2, the values k, ks, and k n may be 
calcula ted f rom the  equations:  

logk = logk00 + bY, (6) 

logk s = logko0 + bYe, (7) 

log/c n = b(Y - Ye)' (8) 

where l o g  k00 is the  rate constant  of  hypothet ica l  reac-  
t ion  (1) in the  gase phase  (e = 1, Y = 0), b = 
t / ( 2 . 3 R T ) Y . g 2 / r  3 is the  slope of  the line (see Fig. 2) in 
the range Ye - -  Y" Equat ion  (6) in the  terms of  the 
accepted  designat ions  represents  the  Ki rkwood equa-  
t ion z~ for d ipo le -d ipo la r  interact ion.  It is fulfilled for all 
systems studied,  differing only in the  values of  b (see 
Table 1), which also change in paral lel  with n. 18,2z For  
all systems the  average value of  logk00 is equal  to 4.3378. 
This indicates  that  in the  gas phase the  hypothet ical  
react ion (1) would  occur  at the  same rate for all C F A  
studied. This is possible  only in the  absence of  solvation 
and complex  formation.  

Combina t i on  o f  (3- -5)  with (6- -8) ,  respectively,  re- 
suits in the  fol lowing expressions for n, n s , and nn: 

n -- (b - b0)Y, (9) 

n s = ( b -  b0)Y e, (10) 

n n = (b - b0)(Y - Ye)" (11) 

The  values o f  n, ns, and  n n ca lcula ted  by (9--11)  
show that  Eq. (3 - -5)  are fulfil led for all C F A  studied: 

logk = n - 3.5331, r = 0.996, 

logk s = n s - 3.6958, r = 0.999, 

logk n = n n - 0.1636, r = 0.996. 

Equations (9--11)  allow one to es t imate  the  contr i -  
butions of  the  specific and nonspecif ic  interact ions  to 
the total  coordina t ion  effect. Dividing (10) and (11) by 
(9), one can obta in  the  expressions: 

n s = nYe/Y, (12) 

n n = n ( Y -  Ye)/Y. (13) 

The influence of  the coordina t ion  on the rate of  
react ion (1) is based on the change in the free energy of  
act ivation in going from the s tandard system to any 
CFA,  which is denoted  as the free energy of  coord ina-  
t ion (AAGe). This postulate  can be expressed v i a  a 

rigorous mathemat ica l  formulat ion,  23 which is fulfilled 
both for combined  k, n, and AAG c and for the  specific 
and nonspecif ic  components :  

l o g ( k / k  o) = n = - A A G c / 2 . 3 R T ,  (14) 

log(ks /kos  ) = n s = _ A A G s / 2 . 3 R T  , (15) 

l og (kn / kon  ) = n n = - A A G n / 2 . 3 R T .  (16) 

Equations (14--16)  provide a t he rmodynamic  basis 
for n, n s and n n and their  energy equivalents AAGc, AAG s, 
and AAGn, respectively. The l ineari ty of  the  dependence  
AAG c = J(n) 12 indicates the equivalence of  these parame-  
ters in the quanti tat ive evaluat ion of  the  influence of  
coordina t ion  on react ion (1). After insert ion of  the  
expressions for n and n s from (14) and (15) into (12) 
and, respectively, n and n n from (14) and (16) into (13), 
one can obtain the  l inear  dependences  (Fig. 3): 

AAG s = zXAGcYJY, r = 0.999, 

AAG n = AAGe(Y - Ye)/Y, r = 0.999, 

For  1 - -7  Ye/Y = 0.796, (Y - Ye)/Y = 0.204. 
The analysis o f  the  data  made  it possible to identify 

and quanti tat ively evaluate the two componen t s  of  the  
coordina t ion  and thear inf luence on the reactivi ty of  
OMC.  The donor -accep to r  in teract ion is undoubted ly  
the most  impor tan t  in the  change in O M C  reactivity. 
However ,  even in the  case of  typical  e lec t ron-def ic ien t  
O M C  (including l i thium organyls),  the  nonspecif ic  inter-  
act ion is pronounced.  About  80 % of  the  total  coord ina-  
t ion effect corresponds to the  specific in terac t ion  and 
20 % corresponds to  the  nonspecif ic  interact ion.  The  
ratio of  the  two coord ina t ion  componen t s  probably  
changes for different react ions and reagents.  
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Fig. 3. The dependence of the specific (2) and nonspecific (1) 
components of the free energy of coordination on its total 
value. 
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