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Abstract-Relative reactivity values in benxylic bromination of alkylbenxenes and benxyl type ethers by 
4-bromo-2,4,4,1tri-t-butyl-2,5-cyclohexadienone (BTBC) have been measured by intermolecular competi- 
tion with benxhydryl methyl ether as reference standard at 40” in CCI, and are compared with results 
found for N-bromosuccinimidc (NBS). The reactivity values for m- and psubstituted XC,H,CH,OMe 
relative to this standard toward BTBC show a polar effect with p = -@43 correlated by u+ constants; 
a result identical to that found for NBS @ = -045) carried out in CH,Cl,. The identical p-values and 
other data support the suggestion that atomic Br is the main H-abstracting species in benxylic bromination 
using BTBC. 

IN HYDROGEN atom abstraction reactions from hydrocarbons’ and a-substituted 
toluenes’ atomic Br is known to be one of the most selective radicals. Free-radical 
bromination by molecular bromine tends to be complicated by an equivalent amount 
of hydrogen bromide formed and high HBr/Br, ratio.j-’ On tbe other hand in 
bromination by N-bromosuccinimide the hydrogen bromide formed reacts rapidly5 
with the reagent to release molecular bromine and thus maintains a low concentration 
of hydrogen bromide. However, NBS is rather insoluble in most inert solvents, and, 
except in methylene chloride,” most of the reactions have been carried out under 
heterogeneous systems. The use of 4-bromo-2,4,Gtri-t-butyl-2,5-cyclohexadienone 
(BTBC) as an efficient and highly selective brominating agent in solution is now 
reported. 

RESULTS AND DISCUSSION 

The reaction of 4-bromo-2,4,6-tri-t-butyl-2,5qclohexadienone with relative 
reactive substrates such as ethers and ethylbenzenes can be initiated photochemically 
or thermally. In a reaction of benzyl methyl ether with BTBC initiated photochemically 
and carried out to complete consumption of the brominating agent (checked by 
IR at 1661 cm-‘) the only phenolic product was 2,4,6-tti-t-butylphenol, identified 
by IR and gas chromatography, there being no isomerization of the phenolic product 
as noted by Kennedy and Ingold’ in reactions of some polyhalogenated Cbromo- 
2,5-cyclohexadienone with alkylbenxenes. The only product from the ether was the 
a-bromobenzyl methyl ether which on treatment with aqueous sodium carbonate 
yielded benzaldehyde identified by IR and gas chromatography. Bromination of 
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alkylbenzenes by similar reagents studied by Kennedy and Ingold’ was also found 
to occur only at the benzylic position. 

The results of photochemically initiated reactions of BTBC with a number of 
substrates in CCl, at 40” are presented in Table 1. With ethers the reaction time is 
relatively short and comparable to those found in bromination by bromotrichloro- 
methane but somewhat longer than those observed in reactions of N-bromo- 
succinimide.2 The product from pchlorobenzyl methyl ether was the corresponding 
a-bromobenzyl methyl ether* which on treatment with aqueous Na,CO, gave 
p-chlorobenzaldehyde. Benzaldehyde and benzophenone were formed from dibenzyl 
ether and benzhydryl methyl ether, respectively. With benzhydryl benzyl ether the 
reaction yielded a mixture of benzaldehyde and benzophenone. Under similar 
conditions benzaldehyde was found not to react with BTBC. 

When a solution of ethylbenzene and BTBC in Ccl, was irradiated the yellow 
solution turned deep green indicating that the blue 2,4,6-tri-t-butylphenoxy radical 
was formed. This radical has been shown9 by ESR spectroscopy to be formed from 
BTBC at 50-80”. The green colour fades with time as the concentration of BTBC 
decreases. Similar observations in the presence of pdiethylbenzene were also noted. 
The corresponding a-bromoethylhenzenes were identified by comparison of the 
difference IR spectra of the reaction solution with authentic samples. All the products 
reported in Table 1 were estimated by IR spectrophotometry. Excellent material 
balance between unconsumed BTBC and 2,4,6-tri-t-butylphenol was found and the 
ratios of products from the substrates to the phenol were generally 96 to 102 mole %. 

The highly selective nature of BTBC as a brominating agent is seen from Table 2 
in which the results of competitive experiments are compared with those obtained 
at 40” for NBS bromination in CH,Cl, solution. For comparison some of the NBS 
results previously reported2b at 80” in Ccl, have been recalculated by the usual 
relative rate equation lo and included in the Table. The reactivity values relative to 
benzhydryl methyl ether, K/K,,, for the NBS series are higher at 40”. This is to be 
expected as selectivity by a radical increases as the temperature is lowered.’ ‘* l2 
At 40” the K/K,, values for ethers are somewhat similar for the two reagents, 
BTBC and NBS. On the other hand the values for ethylbenzenes and cumenes differed 
for the two reagents, the values for BTBC being higher by a factor of 1.9 than those 
for NBS in the case of ethylbenzene and pdiethylbenzene. Kennedy and Ingold’ 
have reported some nearly identical relative reactivity values for NBS and for the 
substituted 4-bromocyclohexadienones but some differing values were also found. 

The similar p-values found for the substituent effects in the bromination of substi- 
tuted toluenes by both molecular bromine and N-bromoimides have been used by 
Pearson and Martin’ and also by Walling& as substantive evidence for H-abstraction 
by atomic Br when the latter reagents were employed. The relative reactivity of 
m- and p-substituted benzyl methyl ethers towards atomic Br (from NBS) in CCl, 
at 80” have been found” to obey the Hammett equation with p-value of -0.35 
correlated by the rr+ constants of Brown and 0kamoto.14 The reactivity of these 
ethers relative to benzhydryl methyl ether, K/K,,, towards BTBC in CCl, and 
NBS in CH,Cl, have now been measured at 40” by IR spectrophotometry, and the 
results are presented in Table 3. The amount of NBS used was 40 mole “/, of the total 
substrates and in the BTBC series the irradiation times were 05 to 1 hr during which 
time 30-40 mole % of the substrates had reacted. Except for the p-Me0 value which is 
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higher for the NBS series, the effect of the substituents, as seen from the K/K, values 
in Table 3, tends to be similar. It was found that in bromination of substituted toluenes 
by molecular bromine and by a number of N-bromoimides4* ’ the reactivity value of 
pmethoxytoluene relative to toluene varied from 5.7 to 12.6. Also the pyrolysis of 
BTBC in anisole gave pbromo-anisole. is For these reasons the p-Me0 results in the 
present work have been omitted from the correlation by the Hammett equation. 
Calculations by standard statistical methods16 show that for the NBS series the 
results are better correlated by the TV+ constants of Brown and 0kamoto14 with 
p = -045 f @03 (r = 0984) than by the 0 constants of McDaniel and Brown” 
(p = -050 f OXi ; r = @968). Almost identical results were found for the BTBC 
series, namely p = -043 o+ f 003 (r = 0995) and p = -0.48 0 + O-04 (r = 0988). 
The p-value of -0.45 at 40” for the NBS series is of the correct order of magnitude 
when compared with the previously reported value13 of -035 at 80”, both well 
correlated by the u+ constants typical for atomic Br.’ 

The Goldfinger mechanism of NBS bromination as applied to alkylbenzenes has 
been established from the nearly identical deuterium-isotope effects3 found for 
a-d,-toluenes in reactions with NBS and molecular bromine, and from the identical 
p-values obtained for the two reagents in the bromination of substituted toluenes5 
These data have been interpreted’ in terms of a chain mechanism involving atomic 
Br as the H-abstracting species. The similar p-values found for the substituted benzyl 
methyl ethers towards NBS and BTBC provide supporting evidence to the suggestion 
by Kennedy and Ingold’ that atomic Br is the H-abstracting species in side-chain 
bromination by substituted 4-bromo-cyclohexadienone. 

TAKE I. PRDDUCT STUDIES OF BTBC” WrTH FTHERS Ahm HYDROCARBON? 

Substrata BTBC,’ mmoles Irradiation Products: mmoles 
mmoles Initial Final time, mins 2,4,CBu’C,H,OH 

PhCH,OMe, 100 10-O 065 60 

pClC,H,CH,OMe, 10-O 70 @61 45 

PhsCHOMe. lO+l 7.0 144 45 

(PhCH,),O, 10.0 70 2.36 30 
PhCH,OCHPh,, 100 74 2.33 45 

PhEt, 300 15.0 040 360 

p-Et&H*Et, 28.0 14.0 3.63 300 

9.38 

6.27 

5.58 
4.36 
464 

14.24 
9.96 

PhCHO, 922 (091)’ 

p-ClC,H,CHO, 6.30 

(085)’ 
Ph,CO, 540 
PhCHO, 4.20 

PhCHO, 2.70; Ph,CO, 
20 

PhCHBrCH,, 14.1 
pEtC6H,CHBrCH,, 

99 

’ BTBC = 4-Bromo-2,4,dtri-t-butyl-2,5-eyclohexadknone 
* Reactions carried out under N, in CC14 (25 ml) at 40” by irradiation with a 275-Watt GE. sunlamp. 
’ Products analysed by lnfnued spectrophotometry. 
’ Estimated before washing with aqueous Na,CO,. 

EXPERIMENTAL 

Materials. 4-Bromo-2,4,6tri-t-butyl-25-cyclohexadienone was prepared’ in almost quantitative yield 
and after recrystallixation from light petroleum the product had m.p. 80-81” and v,,, (Ccl,) at I661 and 

1639 cm-’ (lit.‘” m.p. 80.5-81.5”). u-Bromo-p-diethylbenxene, b.p. 8&81 102 mm, r&s 1.5474, was pre- 
pared from N-bromosuccinimide and pdiethylbenxene, and had a Br analysis” of 995%. The following 
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TABLE 2. !%LECTIVln’ IN BROMINATION BY BTBC Am NBS 

Substrates 
WhIBb 

BTBC NBS NBS 
CCI, 40 CH,CII, 40 CCI,, 80” 

PhCH,OMe 140*0-01 158 f OQl 1.08 +0+4 
p-ClC,H,CH,OMe 1.20 f O-02 1.38 f 004 @98 f 01)2 
PhCH,OCH,Ph 1.86 f O-01 204*t2 1.59 + 004 
PhEt 1.10 f 001 058 f 002 029 f 01 
pEtC6H,Et 4.03 f M)s 2.14 f 03 109 f 0.02 
PhCHMe, 073 f 002 057 f 01 050~001 
pMeC,H,CHMe2 1.29 f 003 1.14 f o.02 075 + 002 

’ Per molecule relative to P,CHOMe. 
b based on analysis of products and Ph,CO. 

TABLE 3. Sunsrrrue~ DYBC~S IN BROMINATION OF X-C,H,CH,OMe BY BTBC 
AND NBS AT 40 

X in 
X-C,H,CH,OMe 

pMe0 194 f 0.09 1.39 4.30 f 022 2.72 

PMe 1.76 f 005 1.26 2.34 f 013 148 
PBU’ 1.80 f 0.07 1.29 2.11 f 008 1.34 
m-Me 150 f 004 107 166 f o+t 105 
H 140 f 001 1.00 1.58 f 001 l.fkl 

Pa 1.20 f O-02 086 1.38 f O-04 0.87 

PBr 1.18 f 0.01 084 1.25 f 003 0.79 
m-Cl 094 f 001 066 1.12 f 001 0.71 
m-Br 093 f 001 0.65 1.08 f 001 068 

Relative reactivity values 
BTBC (Ccl,.) NBS (CH,ClJ 

K/Kaud K/K, K/Kaux” K/K, 

u+ correlationb p = -0-43 f tKl3 (r = 0995); p = -045 f 003 (r = @984) 
u correlation* p = -048 f 004 (r = 0988); p = -050 f 003 (r = @968) 

’ Based on X-C6H,CH0 and Ph,C==O products the latter from the 
standard substrate Ph,CHOMe, by the infrared method. 

b Omitting the pMe0 values (see text). 

X-C,H,CH,OMe were prepared (Method B) from the corresponding benzyl bromides and purified as 
previously describeda. I3 (substituenf yield, b.p./35 mm and 4’): 3-Me, 92”/ 95-%“, 1.5020 (lit.” b.p. 
85-86”/23 mm); 3-Br,81”/ 127-128”, 15440 (lit. ” b.p. 116117.5”/21 mm); 4-Br, 82%. 127-128”. 1.5438 
(litzo b.p. 124125”/30 mm). The other substituted benxyl methyl ethers were prepared and purilied in the 
usual mariner.... ” CHICl, was purified as described.” All other materials used were purified in the manner 
d&m.‘,6.6 

Reaction of benzyf methyl ether with BTBC. A soln of benzyl methyl ether (10 mmoles) and BTBC 
(7 mmoles) in CCl, (ca. 25 ml), in a pyrex flask with N, inlet, coiled condenser and dryingtube, was heated 
at 40” in a thermostated water bath after replacing the atmosphere with N,. The soln was maintained under 
a slow stream of N, and irradiated with a 275-Wan G.E. sunlamp for 3 hr. After washing the sohi with 
sat Na,COxaq and drying over CaClx the IR spectrum showed strong phenohc OH (3645 cm-‘) and 

strong 
> 

C=O (1709 cm-‘) peaks and no BTBC absorption at 1661 cm-’ The only phenolic product 
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was 2,4,&t&t-butylphenol, identitled by retention time on a SE-30 on Chromosorb W column at 170 
and a QF-1 on Chromosorb W column at 155” using an Aerograph 1520 gas chromatograph instrument. 
Unconsumed bet@ methyl ether, and benzaldehyde were resolved and identified by retention time on the 
QF-column at loo”. 

Product studies for reactions t$BTBC with benzyl ethers md alkylbenzenes. The reaction of BTBC with a 
number of substrates were carried out in CCl, at 40” as described above and the results ate given in Table 1. 
With ethers the reaction soln was washed with sat NazCGsaq and dried over C&l,. IR analyses were 
performed as previously described’Ousing a Hilger-Watts Infmscan instrument For estimation of benzo- 
phenone the 1275 cm- ’ peak was used with compensating solns of 2,4,6-tri-t-butylphenol in the reference. 
beam as the phenol absorbs weakly at 1275 cm-’ peak. Unconsumed BTBC was estimated using the 
1661 and 1639 cm- ’ peaks. In presence of benzophcnone BTBC was determined on the 1639 cm-’ peak 
with a compensating soln of the ketone in the reference beam Estimation of 2,4,6-tri-t-butylphenol was 
carried out using the 3645 cm-’ peak. In reactions involving ethylbenzene and pdiethylbenxene the 
spectra of the soln after reaction, compensated for unrcacted hydrocarbon. BTBC and tbc phenol, were 
identical to the spectra of the corresponding authentic u-bromides The a-bromides were estimated at 
1178 and 1176 cm-‘, respectively, using the compensating technique after having determined the phenol. 

Procedure for competitiw brominations with BTBC. Solns containing equimolar amounts (7 to 10 
mmoles) of the substrate bcnzhydryl methyl ether (standard compound) and BTBC in CCl, (25 ml) at 
40” were irradiatal as described above until 30 to 40% of tbe competing substrates had reacted. With ethers 
as competing substrates the relative reactivity values were based on infrared determination of benzalde- 
hydes and bcnxophenone (1275 cm-’ peak) from aliquots of the reaction soln suitably diluted, washed 
with sat Na,CO,aq and dried. In experiments in which an alkylbenzene was a competing substrate the 
amount of the corresponding a-bromide was assumed to be the diffcrena between the amounts of 2,4,C 
tri-t-butylphenol and benxophenone (compensating technique at 1275 cm-‘) found. The results given in 
Tables 2 and 3 were calculated by the usual relative rate equation. lo All the results arc the mean of triplicate 
experiments. 

Procedureficompetitiue brominaticn with N-bromosuccinimide. For reactions in CCl, at 80” the previously 
adopted procedure was used.z When CHzCl, was used as solvent 4 mmoles of NBS and 5 mmoles each of 
the two substrates in CHzClz (25 ml) were illuminated with a 150-Watt tungsten lamp at 40” unda N,. 
For IR estimation of aldehydes and benzophenone aliquots of tbe reaction soln was suitably diluted, 
washed with sat NazCOzaq, and dried (C&l,). For reactions in which an alkylbenzene was one of the 
competing substrates, the flask was heated at 40” for a further 30 min afta which aliquots of the cooled 
soln were evacuated at room temp and 50 mm pressure followal by estimation of the a-bromo-alkylbenzene 
as described before” Bcnzophenone was determined as above. All the results given in Tables 2 and 3 
are the average of triplicate experiments and the material balance based on N-bromosuccinimide are 
usually 97 to 103%. 
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