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NEGLIGIBLE KINETIC SOLVENT INTERACTIONS FOR THE 
RATE OF PHOTOBROMINATION OF TOLUENES WHERE THE 

BROMINE ATOM IS A PRINCIPAL CHAIN CARRIER* 

SUNG SO0 KIM,? CHANG SO0 LEE, CHONG CHAN KIM AND HEE JIN KIM 
Department of Chemistry, Inha University, Incheon 402-751, South Korea 

The bromine atom is a major chain carrier in the photobromination of toluenes by N-bromosuccinimide. Only an 
uncomplexed bromine atom can abstract hydrogen atoms from toluenes. The nature of the polar transition state is 
entirely different from that of solvolytic reactions and the solvent polarity therefore cannot influence the rates of the 
bromination. 

INTRODUCTION 

The bromine atom has generally been regarded as a 
major chain carrier for the bromination of toluenes by 
N-bromosuccinimide (NBS). 2-6 Recently, we6 and 
others' have recognized the entropy control of reac- 
tivities for these brominations, where p+ can be 
variable, becoming less negative at lower temperatures, 
thus approaching an isokinetic point,' a phenomenon 
indicating the importance of entropy with regard to the 
rates. We should also point out that conjugation9 of 
aromatic a-electrons on the phenyl ring with the inci- 
pient p-orbital of the atom transferring hydrogen can 
be another" factor affecting the polarization of the 
transition state (TS). The dispersion of positive charge 
into the phenyl ring cannot occur with hydrogen 
abstraction from aliphatic hydrocarbons, which can 
reduce the role of activation energy with a correspond- 
ing increase in the entropic contribution to the reaction 
rates. Interestingly, we have observed that the bromina- 
tion of toluenes6 shows a negative a =  -1.30 for 
A M '  = a ( A A H )  + P , l 2  which we may term an 'anti- 
Evans-Polanyi relationship'. l3 Another peculiarity, as 
mentioned by Walling, is the decrease in selectivity with 
reduction in temperature, which has been thoroughly 
addressed also by Giese. l4 We can fortunately observe 
the same trends for p+ and the selectivities in hydrogen 
abstraction from phenols by tert-butoxy radicals, l5 
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where p f  can ,be calculated from Table 3 in Ref. 15 to 
be -0.82 (22 C), -0.68 (OOC), -0.62 (-30°C) and 
- 0-48 (- 60 "C). The meaning of selectivity changes 
with variation in temperature may be different between 
enthalpy- and entropy-dominating reactions. 6 , 7 s 1 4 9 1 5  

We report here our findings on the role of the solvent 
during bromination. 

RESULTS AND DISCUSSION 

Photobromination by BrZ-KzCO:, or NBS in various 
solvents 

With Br2-KzCO3 as the brominating agent under irra- 
diation, the bromine atom must abstract benzylic 
hydrogen and then K2C03 neutralizes HBr to prevent 
the reverse of the abstraction. Comparison of bromina- 
tions by NBS and Brz-KzCO, with respect to tempera- 
ture and solvent may clarify previous findings regarding 
the bromine atom being the chain carrier derived from 
NBS.2-6 Pairs of toluenes, that is, substituted 
toluene-toluene, were photobrominated by Br2-K2CO3 
or NBS in numerous media to observe the effect of the 
solvent on the reaction rates, which were determined as 
described previously6 and are given in the Table 1. 
Although the rates ( k y / k ~ )  at 40, 60, and 80 C with 
Br2-K2C03 (entries 2-4, 6 and 8 in Table 1) are 
sometimes slightly lower than those with NBS, both the 
rates and p+ seem to be generally unaffected by changes 
in the solvents and brominating agents. The almost 
identical kinetic data for brominations with Br2-KzCO3 
and NBS strongly suggest the bromine atom as the main 
chain carrier in these reactions. 2-6 
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Validity of reversible hydrogen abstraction in the 
cage l6 

PhCH2-H + B r ' e  (PhCH; + H-Br),age 
PhCHrBr + Br' 

A benzyl radical may abstract hydrogen from H-Br 
(bond dissociation energy, BDE 87 kcal mol-')I7 in the 
cage or diffuse out of it to  react with Br-Br (BDE 
46 kcal mol-I), l 7  the latter reaction involving almost 
zero activation energy, E,. '* The activation energy for 

PhCH; + PhS-H (BDE 83 kcalmol-')''-+ 
PhCH2-H (BDE 88 kcalmol-')I7 + PhS' 

has been reported to be E, = 3.8 kcalmol-'.I9 Since 
the H-Br bond is 4 kcalmol-' stronger than the 
PhS-H bond and the benzylic radical is fairly 
resonance stabilized, the activation energy should be 
E, S 3.8 kcalmol-' (Ref. 18) for 

P h C H i  + H-Br --t PhCH2-H + Br' 

Such an energy barrier can render the out-of-cage 
bromine abstraction dominant over the geminal hydro- 

gen transfer. Cage reactions are well established for 
radical recombinations with Ea = 0, 2o but not for the 
reactions requiring substantial activation energies. 
Another complication with in situ bromination of 
toluenes with Br2, viz. reactions in sealed degassed 
ampoules,I6 can be due to equilibration, 
Br' + BrzeBr;, with the formation of another hydro- 
gen abstractor.2' To avoid such duality in our bromina- 
tions, we added dilute (0.05-0.1 M) Br2-CC14 
solutions slowly to  toluenes using a syringe pump. The 
previous b r o m i n a t i ~ n s ~ , ~  were devised effectively to  
minimize out-of-cage reversal and the reverse reaction 
could thus have occurred only in the cage, which can be 
controlled by the v i ~ c o s i t y ' ~  of the solvents, i.e. 
0.329 CP for CsHs2 and 0.468 CP for CQ4 at 80 "C. 
The virtual invariance of p +  for the brominationsZs4 
with change in solvents with different viscosities may 
indicate that the cage reversal may not occur at all or 
be too modest to affect the kinetics offering such 
excellent Hammett correlations. This trend becomes 
conspicuous in the present brominations, where p +  is a 
function of temperature only (see Table 1). 

T a b l e  1. Relative reactivities of subs t i tu ted  to luenes  t o w a r d  b r o m i n e  a t o m  and H a m m e t t  cor re la t ions  

ku 
YC&CH3+ Br'-YC&CH + HBr (1) 

CsHsCH3 + Br'-C&5CHi+ HBr (2) 
kti 

ku/ks  a 

Brominat ing  Temperature P + =  
No. Solvent agent  (OC) p-OCH3 p-CH3 rn-CH3 p-F H b  p-CI rn-F rn-CI 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 

CC14d 
CHjCN 
CS2 
CCL 
cc14 
cc14 
CCl4 
cc14 
C H ~ C N '  
CHzC12d.' 
CC14d 
c c 1 4 g  

cs2 
C6H6 

NBS 
Brz-KzCO3 
Brz-KZCO3 
Brz-KzCO3 

NBS 
Brz-KzCO, 

NBS 
BrZ-KzCO3 

NBS 
NBS 
NBS 
NBS 
NBS 
NBS 

10 
40 
40 
40 
40 
60 
60 
80 
80 
80 
80 
80 
80 
80 

9.00' 
8.68 
8.68 
8-75 
9.78 
9-32 
10.60 
9-92 
11.78 
11.78 
11.78 
11.70 
12.40 
11.50 

1.82 
2.01 
2.01 
2.00 
2.15 
2.26 
2.31 
2-33 
2.55 
2.55 
2.57 
2.56 
2.62 
2.58 

0.93 
0 ~ 9 8 ~  
0.9gd 
0.9gd 
0.98 
1.07d 
1.07 
1.12d 
1.18 
1.21 
1.12 
1.52 
- 
- 

0.88 1 0.55 0.46 0.33 -1.17 
0.82 1 0.62 0.3Se 0.27' -1.24 
0.82 1 0.63 0.35e 0.27e -1.24 
0.82 1 0.63 0.35 0.27 -1.24 
0.91 1 0.62 0.40 0.28 -1.26 
0.95 1 0.66 0.31 0.24 -1.32 
0.95 1 0.65 0.36 0.26 -1.33 
0.84 1 0.70 0.23 0.22d -1.41 

0.97 1 0.72 0.33 0-22 -1.41 
0.99 1 0.72 0.33 0.22 -1.41 

- 1.38 0.58 1 0.80 - 
- 1.46 1 0.72 - 

0.98 1 0.71 0.32 0.23 -1.40 

0.96 1 0.77 0.29 0.22 -1.43 

- 
- - 

"Error limits are less than 3%, being average deviations of more than three runs. 
'Standard. 
'The Hammett correlations are always better with u+ taken from ref. 22. 
dTaken from Ref. 6 .  

Values taken from the brominations in CCL, i.e. entry 4. 
Reactions without light showed no disappearance of p-methylanisole and p-xylene, thus excluding ionic ring brominations. 

gTaken from Ref. 4. 
hTaken from Ref. 2. 
'The brominations with Brz-KZCO, show lower selectivities than those with NBS, which are even conspicuous with p-OCH3 and p-CH3. The trend 
of the selectivities with temperature change can be valid only with the same brominating agent. The selectivity with Br2-KzCO3 at 10 "C should then 
show a lower value than 8.68. 



PHOTOBROMINATION OF TOLUENES 805 

Complexation of bromine atom with a corresponding 
decrease in reactivity 
Although the bromine atom is less electrophilic than 
chlorine, both can form charge-transfer complexes 23s24 

with benzene to  reduce their reactivities. Such a solvent 
effect by electron-rich molecules, including CS2 was ori- 
ginally reported by Russell25 for the chlorination of 2,3- 
dimethylbutane and confirmed later Walling2’ and 
Mayahi and Walling. z6 Recently, Bunce et al. 28 pro- 
posed the equilibration C1‘ + solvent* (Cl...solvent)‘, 
where both species more or less competitively abstract 
hydrogens from the butane. Similar studies on the 
halogenation of toluenes appear to be inconclusive 
with regard to  the role of the solvent.z9 In the 
present brominations, a bromine atom, like chlorine, 
may undergo solvationZ4 and equilibration, Br‘ + 
solvents  (Br...solvent)‘, where the complexed atom, 
however, can no longer abstract hydrogen from 
toluenes, thus leaving the ‘free’ bromine atom as the 
sole abstractor. The solvation of the halogen atoms 
may lead to r e a c t i v i t i e ~ ~ ~ ~ ~ ~  in the order C1‘ > 
complexed chlorine atom >> Br’ >>> complexed 
bromine atom. We may thus understand the invariable 
relative rate constants with change in solvent from CCL 
to C6H6 and cs2 (see Table 1). 

Comparatively small polar solvent effect on reaction 
rates 
The effect of polar solvents on reaction rates is well 
understood in terms of nucleophilic substitutions. 3 1  

S N ~  3 1  and reactions may proceed via polar TS, 
each of which can assume mechanistically distinct 
features as follows: 

6 6 +  66-  6 +  6 -  
SNI: RJ C - X --* [R3C...X] * + 

1 
R3C+ (solvated) + X- (solvated) (3) 

6 +  
S H ~ :  PhCH2-H + Br’+ [PhCHr...H...&I * -+ 

2 
PhCH; + H-Br (4) 

Solvents can provoke ‘stepwise’ interactions for forma- 
tion of the carbocation. The ionizing power may 
first begin to  ionize a ‘polar covalent’ C-X bond via 
electron-pair-donor/electron-pair-acceptor (EPD/EPA) 
 interaction^^^ to give 1, which can then be subject to 
dipolar alignment with dipoles of solvent molecules, the 
former dominantly controlling the rates. 33 Hydrogen 
abstraction from toluenes by a bromine atom, on the 
other hand, may proceed through activation of a ‘cova- 
lent’ C-H bond with intervention of 2, whose polarity 
cannot be attained a t  all by the action of  solvents as in 
solvolysis, but rather by complex interactions of 
various factors related with the abstractions. The only 

plausible polar interactions of 2 with its surroundings 
might be dipole-dipole interactions which were only a 
minor source of stabilization for 1. The ‘dipolar 
lifetime’ of 2 can be even shorter than that of 1 judging 
from the polarities of the products derived therefrom 
[see equations (3) and (4)]. The lifetime of 2 could be 
too short for solvent molecules to  orient with it for sta- 
bilization. It is therefore not surprising that hardly any 
variations in the rates and p +  are observed on changing 
polarity from CC4 to CHzClz and CH3CN (see Table 
1). The ambiguous effect of the solvents on the rates 
can be distinguished from the substituent effect leading 
to  the Hammett relationship, and the difference may lie 
between the inter- and intra-molecular interactions, the 
former being definitely much less effective. 

CONCLUSION 

Entropy control of reactivities can exhibit peculiar 
behaviour, e.g. negative (Y for the Evans-Polanyi 
relationship l2  and lower selectivity with decrease in 
temperatures. The cage reversalI6 can be too modest to  
influence the present brominations. The rates of the 
brominations should be immune t o  solvent properties 
such as basicity (or nucleophilicity) and polarity, while 
the bromine atom remains as a major chain carrier. 

EXPERIMENTAL 

Materials. These were essentially the same as those in 
previous work6 unless indicated otherwise. 1,2- 
Epoxybutane (purity > 99%) was of Gold Label grade 
from Aldrich. 

Photobromination. by NBS. The experimental 
details were the same as in previous work.6 

Photobromination by Br2-K2CO3. A 50-ml, three- 
necked flask with a water-jacket was equipped with a 
dry-ice-acetone-cooled condenser, a 125-ml Hershberg 
dropping funnel wrapped with aluminium foil and a 
nitrogen inlet tube that extended to  just over the solu- 
tion. Nitrogen was not bubbled into the solution so as 
not to  entrain toluenes, thus giving false substrate con- 
centrations. Reaction temperatures were monitored 
by passing water through the jacket from a constant- 
temperature bath. In the flask were placed toluene 
(2-6 mmol), substituted toluene (2-3 mmol), internal 
standard (chlorobenzene, 2 mmol) and K2CO3 (5-fold 
excess of Br2 added), which were diluted with the 
appropriate solvent (CC4, etc.) to  make a total volume 
of 10ml. Dry-ice and acetone were placed in the 
condenser and Brz(l.2 mmol)-CCl~(12 ml) in the 
dropping funnel. While passing water at the desired 
temperature through the jacket and irradiating with a 
sun-lamp, 0- 1-0.05 M bromine solution was added 
using a syringe pump over a period of ca. 1-2 h under 
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a nitrogen atmosphere. The irradiation was normally 
completed when the starch-potassium iodide test 
showed no coloration. Chlorotoluene-toluene pairs 
have been brominated by others’ using 1,2- 
epoxybutane as an HBr scavenger. We tried this 
method but could not obtain consistent results, espe- 
cially with the reactions of the p-xylene-toluene pair, 
i.e. p-xylene showed much less reactivity than expected, 
for some unknown reason. 

Analytical procedure. The photolysed solutions were 
analysed on 13 ft. x 1/8 in. stainless-steel column 
packed with 10% diisodecyl phthalate on Chromosorb 
W with Varian Vista 4600 with a thermal conductivity 
detector and a CDS 401 data system. 

Relative rates were calculated using the equation6 

where Y and H indicate molar concentrations of substi- 
tuted toluene and toluene, respectively, and the 
subscripts f and i represent final and initial concentra- 
tion, respectively. 
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