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Irradiation of Chlorobenzene in Cyclohexane in the Presence of
Triethylamine. A solution (5 mL, 0.025 M) of chlorobenzene (I) and
0.038 M triethylamine (XV11) in cyclohexane (11) was irradiated for
3 h after degassing. The reaction mixture consisted of a colorless liquid
and a white precipitate. This precipitate was found to be the hydro-
chloride of triethylamine (NMR, D,0). The solution analyzed by
VPC showed consumption of chlorobenzene (60%), little or no chlo-
rocyclohexane (111), but a significant amount of bicyclohexyl (XV,
21%).
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Abstract: High-resolution flow nuclear magnetic resonance spectroscopy has been used to detect and to characterize the 2,5-

cyclohexadienone intermediates formed from the reaction of 2,6-disubstituted phenols (R; = Ry = ¢t-Bu; R, =
H, R, = ¢-Bu) with bromine in aqueous acetic acid solution. The

Ry =R, =i-Pr; RI—CH3,R2—[BU Rl_Rz—CH3,R1

R, = sec-Bu;

lifetimes of these intermediates have been measured as a function of both temperature and acetic acid concentration and the

results are compared with literature data on the reaction.

Originally, the characterization of intermediates depend-
ed on their isolation from the reaction mixture. The advent of
spectroscopic techniques has since made possible the investi-
gation of such species “in situ” and the development of flow
and stopped-flow techniques employing UV-visible spec-
troscopy has made possible the investigation of very short-lived
species. Although high-resolution nuclear magnetic resonance
spectroscopy has become one of the most successful methods
for the determination of organic structures, until very recently
it has not been used in flow or stopped-flow methods. We have
developed in our laboratory equipment and techniques for the
measurement of high-resolution NMR spectra of flowing
chemically reacting systems. The apparatus?: and its appli-
cation to the investigation of transient species?*-6 and effects’
have been described. The main disadvantage of the flowing
system compared to stopped-flow methods®-1! is the relatively
large quantity of material required, but it makes possible the
measurement of spectra whose peak intensities are reliable,
of transient species with half-lives which can be as short as 100
ms, and thus makes possible their identification. The purpose
of the present work was to apply these techniques to the in-
vestigation of the transient intermediate species that are pos-
tulated to be formed during the electrophilic bromination of
phenols with bromine in aqueous acetic acid solution.

The proposed mechanism!?2 for this reaction involves the
formation of a dienone intermediate 1 (eq 1).

02=0—0

1

Considerable support for the intermediacy of species of this
general type in the reaction comes from the work of Ershov and
Vold’kin!? and subsequently De la Mare and co-workers, !4 who
were able to isolate the corresponding species (4-bromo-2,6-
di-tert-butylcyclohexa-2,5-dien- 1-one, 2) from the action of

(o]

2

bromine on 2,6-di-tert-butylphenol in acetic acid solution.
Similar species have been detected during the reaction of
bromine with 3,5-dibromo-4-hydroxybenzenesulfonate,!’
3,5-dibromo-4-hydroxybenzoic acid,'® and 4-R-2,6-di-tert-
butylphenols.!?
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De la Mare has extensively investigated the isomerization
of 2 to 4-bromo-2,6-di-tert-butylphenol and its catalysis by
acid, base, and halide ions'8-20 and has related these mea-
surements to the detailed mechanism of the reaction.!®2! The
second step in the reaction (1) is the rate-determining step
when the substrate is 2,6-di-tert-butylphenol, owing to the
steric effects of the two fert-butyl groups, which inhibit proton
addition at the carbonyl oxygen. However, the isolation of 2
also depends critically on its insolubility under the reaction
conditions.

1t was hoped that the application of flow NMR techniques
would permit the direct observation of 2 “in situ” during the
reaction, and also that it might make possible the observation
and characterization of the analogous intermediate species
from much less sterically hindered systems where isolation is
not possible, including, perhaps, the case of phenol itself.

Experimental Section

Equipment. Spectra were recorded at 100 MHz on a Varian HA-
100 spectrometer. The equipment and techniques used to record the
flow NMR spectra were as previously described,23-5 with the exception
of a new flow NMR cell designed to minimize the time between mixing
and observation which is described in the text. UV-visible spectra were
recorded on Unicam S.P. 800 and Cary 118 spectrophotometers.

Data Treatment. Peak areas were measured using a planimeter.
Least-squares fits to the experimental data were performed using
standard routines on an |BM 360 computer.

Chemicals. All chemicals used were from commercial sources (see
Acknowledgments). After purification, the phenols and the reaction
products, the corresponding 4-bromo-substituted phenols, had melting
points or boiling points consistent with literature data and gave NMR
and mass spectral data in agreement with their proposed struc-
tures.

Preparation of the Intermediate 2 from 2,6-Di-tert-butylphenol.
The isolation of this species has been previously reported!3!'4 but some
difficulties were experienced using the procedure described.!* As
discussed in the text, the isolation of this species depends not only on
its relative stability but also on its insolubility in the reaction mixture
used. The following conditions were found to consistently yield the
intermediate: 2,6-di-rers-butylphenol (2 g) is dissolved in 80% HOAc
(100 mL, 80 mL of acetic acid containing 20 mL of water). The so-
lution is then cooled to 3 °C and stirred. A solution of bromine (0.51
mL of Bryin 9.49 mL of 80% HOAc) at 3 °C is gradually added to
the solution. Upon addition of the bromine solution, a precipitate
quickly appears. The precipitate is immediately filtered and recrys-
tallized from light petroleum ether.

Results and Discussion

The phenols studied were 2,6-di-zert-butylphenol, 2,6-di-
sec-butylphenol, 2,6-diisopropylphenol, 2-methyl-6-tert-
butylphenol, 2,6-dimethylphenol, and 2-zert-butylphenol. All
the reactions were carried out under similar conditions in
aqueous acetic acid solutions. The intermediates formed from
different substrates were of widely differing stabilities, and
since the experimental approach used depended on the half-life
of the intermediate species, the different cases will be discussed
individually. Kinetic parameters are summarized in Table 11
and the NMR parameters of the intermediates are presented
in Table I11.

A. Reaction of 2,6-Di-tert-butylphenol with Bromine. The
intermediate complex 2 was isolated as described in the Ex-
perimental Section. The NMR (Table III) and UV-visible
(Amax 250 nm) spectra agreed with those previously re-
ported.!418 The results of the flow NMR investigation (in 90%
HOAc and 25 °C) are shown in Figure 1. Thus, there is the
very fast disappearance of the multiplet at 6 7.0 due to the ring
protons of the phenol and the appearance of two new signals
at 6 6.9 (rel intensity 2) and 5.6 (rel intensity 1) due to the in-
termediate. At the fastest flow rates used, only the spectrum
of the intermediate was observed. On stopping the flow, the
spectrum of the intermediate disappeared with the concurrent
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Figure 1. 100-MHz 'H NMR spectra of the ring proton absorpiions of the
substrate during the reaction of 2,6-di-tert-burylphenol (0.25 M in 90%
acetic acid) with bromine (0.25 M in 90% acetic acid) a1 30 °C. Top
spectrum: substrate alone before mixing. Middle spectrum: flow NMR
specirum recorded during reaction at a flow rate of 60 mL/min (0.5 s afier
mixing). Bottom spectrum: static spectrum 10 min after stopping the
flow.

formation of a new peak at 6 7.3 due to the two equivalent ring
protons of the product 4-bromo-2,6-di-tert-butylphenol.

The reaction was sufficiently slow under these conditions
that the decomposition of the intermediate could be monitored
by stopping the flow and rapidly and repeatedly scanning the
two peaks at 6 6.9 and 7.3 due to the intermediate and product,
respectively, giving the results shown in Figures 2 and 3. The
decomposition is a first-order process under these conditions
and the intermediate has a half-life of 49 s (90% HOAc, 25
°C).

B. Reaction of 2,6-Di-tert-butylphenol with Bromine.
Variation of Temperature and Acetic Acid Concentration. The
effect of temperature and the concentration of acetic acid in
the solvent were both investigated in an attempt to determine
the optimum conditions for stabilizing this type of intermediate
species prior to attempting to detect such compounds in less
sterically hindered systems where they will be predictably
much shorter lived. The results of these investigations are
shown in Table 1. As can be seen from the table, the interme-
diate is stabilized by both lowering the temperature and also
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Figure 2. Ring proion absorptions of the intermediate and final product
from 1he reaction of 2,6-di-tert-bulylphenol (0.25 M in 90% acelic acid)
wilh bromine (0.25 M in 90% aceiic acid) at 25 °C, recorded as a function
of lime afier siopping 1he flow. The times indicated are for 1he slar1 of each
doublel corresponding 10 1he intermediale.
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Figure 3. First-order kinetic plot for the disappearance of 1he cyclohexa-
dienone intermediale in the reaction of 2,6-di-zert-butylphenol (0.25 M
in 90% acctic acid) with bromine (0.25 M in 90% acetic acid) at 25 °C.

increasing the water concentration in the solvent mixture. In
fact, these two variables are not completely independent, since
the water concentration in the solvent determines the freezing
point of the solution and thus limits the lowest temperature that
may be reached. The solubility of the substrate and interme-
diate will also be important and may necessitate the use of a
higher temperature than the freezing point of the mixed sol-
vent. Also, the OH resonance of the combined water and acid
signals is concentration dependent, shifting to higher fields as
the amount of water in the mixture is increased, and at high
water concentrations it completely obscures the spectral region
of interest. However, it appears that, in general, the optimum
conditions for the direct observation of intermediate species
of this type should be those of lowest temperature and highest
water concentration that the particular system can support
within the restrictions noted above.

C. Reaction of 2,6-Di-sec-butylphenol with Bromine. This
system was investigated using flow techniques over a temper-
ature range of 10-30 °C and a range of water concentrations
of 85-90%. In all cases, the intermediate dienone was very
short lived in sharp contrast to the case of 2,6-di-tert-butyl-
phenol discussed above.

Thus, on reaction of the two solutions, there is the immediate
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Figure 4. Kinetic ploi for the decay of the cyclohexadienone intermediale
formed in the reaction of 2,6-di-sec-butylphenol (0.25 M in 85% acelic
acid) a1 15 °C. Readings taken at different flow rates a1 a fixed distance
belween mixing and observation are shown with the same symbol. Dif-
fereni symbols indicate measuremenis made at different disiances between
mixing and observation. Thus: @, mixing chamber as close as possible 10
the point of observation; O, mixing chamber raised a further 4 cm from
the point of observation; *, mixing chamber raised a further 6 cm from
the point of observation.

Table L. Effect of Variation of Temperature and of Acetic Acid
Concentration on the Stability of the Cyclohexadieone
Intermediate 2 from the Reaction of 2,6-Di-tert-butylphenol with
Bromine as Indicated by the Half-Life of the Intermediate

Temp, °C % HOAc Half-life, s
85 240
15 90 93
94 27
85 158
25 90 49
94 17

disappearance of the signals due to the substrate at 6 7.9 and
the immediate appearance of two new signals at § 6.9 (rel in-
tensity 2) and 5.6 (rel intensity 1) due to the intermediate. The
spectrum of the intermediate is very similar to that of species
2 from 2,6-di-tert-butylphenol (Table 111). On stopping the
flow, there is the immediate disappearance of this spectrum
and the appearance of a new spectrum due to the final product
consisting of a single signal at § 7.1. In this case, the interme-
diate has such a short half-life that it is not possible to inves-
tigate its decay to product by stopping the flow and scanning
the spectrum as was done in the case of 2 (section A, above),
and a different approach must be used. As described pre-
viously,2> measurements may be made at different flow rates
(thus altering the time between mixing and observation) and
the distance between the mixing chamber and receiver coils
may also be varied (thus also changing the time between
mixing and observation). Permutation of these two variables
should yield an accurate and self-consistent set of measure-
ments of the concentrations of the intermediate and product
as a function of time, since the spectral intensities are reliable
using the flow technique. The results of these measurements
for one set of reaction conditions are shown as a kinetic plot
in Figure 4. In the figure, the points relating to measurements
made by varying the flow rate for a fixed distance between
mixing and observation are represented by a common symbol.
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Table II. Rates of Decomposition of the Intermediates Formed in the Bromination of the Appropriate Phenols at the Temperatures and
Solvent Composition Indicated, as Indicated by the Time (s) for 50% Conversion of Intermediate to Product?

2,6-Di-
2,6-Di-tert- 2,6-Di-sec- isopropyl- 2-Methyl-
% HOAc Temp, °C butylphenol butylphenol phenol 6-tert-butylphenol

85 4

10 1.05

15 240 0.88 0.85 1.1

20 200 0.43 0.52 0.80

25 158 0.34 0.42 0.35

30 126 0.2 0.25
90 4

10 0.44

15 93 0.32 0.36 0.25

20 64 0.26 0.22 0.23

25 49 0.23 0.16 0.21

30 39 0.11 0.15 0.13
94 4

10

15 27

20 23

25 17

30 12

4 In the case of 2.6-di-zert-butylphenol, these values correspond to the proper kinetic half-life (r,,) for the decomposition of the intermedi-

ate.

Table III. NMR Chemical Shift Parameiers (&, ppm) for 1he proton
Resonances of the Cyclohexadienone Intermediates of General
Structure 3 in Aqueous Acetic Acid Solution

0
R, R,
H:') H‘J
H, Br
3
Temp, HOAc,

R, R, °C % H, H, H,
tert-Butyl rert-Buryl 20 85 6.8 5.5 6.8
Methyl tert-Butyl 15 85 6.9 5.6 6.9
sec-Butyl  sec-Butyl 15 85 6.8 5.6 6.8
Isopropyl Isopropyl 15 85 6.8 5.6 6.8
Methyl Methyl 3 85 6.9 5.5 6.9
H tert-Butylda  —15 70 Notobsd 5.6 Notobsd

aH, not observed.

As can be seen from the figure, the data are self-consistent and
show clearly the decay of the intermediate. Taking a linear
extrapolation of the data does not, however, yield an intercept
of 4.6 (corresponding to 100% intermediate). Although this
may be due partly to experimental errors in the measurements,
it was thought that it might be indicative of a curvature in the
plot at very short reaction times, due to the influence of the first
step forming the intermediate (the decomposition of the in-
termediate is now very fast), and that the apparent linearity
of the decay might be deceptive. For this reason, in this and in
the case of the other less sterically hindered phenols, the rates
of decomposition of the intermediate species have been docu-
mented by measurement of the time required for conversion
of the intermediate species 50% to product, rather than by
taking a half-life from the assumption that the decomposition
is a simple first-order process. These times for 50% conversion
are listed in Table 11.

D. Reaction of 2,6-Diisopropylphenol with Bromine. This
system was investigated over a range of temperature of 10-30
°C and HOAc concentrations of 85-90%. Similar results were
obtained to those of 2,6-di-sec-butylphenol discussed above.

The spectrum of the intermediate (Table 111) is similar to those
discussed above. Again the decomposition of the intermediate
must be investigated using continuous flow techniques as de-
scribed in section C above. Times for 50% conversion of the
intermediate to product are listed in Table 11 for the various
conditions. The lifetimes of the intermediates are comparable
to these from 2,6-di-sec-butylphenol.

E. Reaction of 2-tert-Butyl-6-methylphenol with Bromine.
This system was investigated over a range of temperature of
10-30 °C and water concentrations of 85-90% HOAc and was
found also to be very similar to that of 2,6-di-sec-butylphenol
discussed above. The spectrum of the intermediate (Table 111)
is similar to those discussed above, except that the system no
longer has a twofold symmetry axis. Again continuous flow
techniques must be used, as described in section C. The times
for 50% conversion to product are again listed in Table 11. The
lifetimes of the intermediates are again very short.

F. Reaction of 2,6-Dimethylphenol with Bromine. Attempts
to investigate this system using the equipment and techniques
described above were only moderately successful. Thus, the
spectrum of the intermediate could be observed at very fast
flow rates, but because of its very short lifetime, it was present
to the extent of only 20% of the reaction mixture, the rest being
product, even at the fastest flow rates. Further complications
were that the signal of the two equivalent ring protons in the
product 4-bromo-3,6-dimethylphenol coincide almost exactly
with the signal of the two alkene protons in the dienone inter-
mediate and that there was in addition considerable line
broadening at the very fast flow rates which had to be used.

A new flow cell was designed to circumvent these problems
by reducing the time between mixing and observation by de-
creasing the volume of solution between the mixing chamber
and receiver coils, and thus making a given flow rate corre-
spond to a much shorter time between mixing and observation.
Using this cell it was hoped to obtain good spectra of the in-
termediate where it was the major component of the reaction
mixture and to determine the complete curve for its decay to
product. The cell used is shown in Figure 5. The solution is
mixed in a high-pressure mixing chamber as before, but is now
supplied via a capillary (i.d. | mm) to the observation point in
the detector coils (i.d. 4 mm) and then exits around the outside

Fyfe, Van Veen |/ Bromination of Phenols in Acetic Acid



3370

Reactant solution in

|
|

-
M
NU
o

-1 -

'
N
oo

Product solution exit

i
a
Inner tube-2mm o.d.

'4 Imm id.

\,—Outer tube- 4mm i.d.

5mm od.
P

Teflon washer *
\J

“Detection point

Figure 5. Schematic diagram of the flow NMR cell described in the 1ex1
designed to minimize the lime between mixing and observation for use in
the deteclion of very shori-lived intermediate species.

of the capillary. Such an arrangement lowers the time between
mixing and observation by about a factor of 4, making possible
good spectral measurements about 40 ms after mixing at the
higher flow rates. The limiting factor is the volume at the point
of observation which must be relatively large for optimum S/N.
Thus, times of this order are approaching the lower limit for
this technique.

This cell was used to investigate the reaction of 2,6-di-
methylphenol at a temperature of 3 °C and water concentra-
tions of 80-85%. Spectra from a typical run are shown in
Figure 6. Using this equipment, at relatively slow rates, the
intermediate comprises up to 70% of the total reaction mixture.
The NMR parameters for the intermediate (Table I11) are in
excellent agreement with the others.

With this cell, a large fraction of the total volume of liquid
between the mixing chamber and detection coils in fact is
within the detection coils and is difficult to estimate accurately
and it was felt that the potential errors introduced by this
greatly limited the accuracy of quantitative kinetic data which
could be obtained using this cell, and that this type of design
would be most useful for the identification of very short-lived
species but that its use should probably be restricted to these
more qualitative measurements.

G. Reaction of 2- tert-Butylphenol with Bromine. This system
was investigated in an attempt to see if it was possible to ob-
serve intermediates formed by reaction of a monosubstituted
phenol where the steric interactions would be much less and
where two isomeric intermediates are possible. For this sub-
strate, the maximum water concentration that could be used
was ~30% giving a freezing point for the phenol solution of
~—20 °C. Observations were made at —15 °C using the flow
cell described in section E above. Under these conditions of
water concentration and temperature, the OH resonance ob-
scures the spectral region where the ring protons of interme-
diate and product appear and only the peak due to the hydro-
gen on the sp3-hybridized carbon in the intermediate may be
observed. The position of this peak, however, will be quite
characteristic (Table II). Spectra were then recorded during
the reaction of 2-tert-butylphenol and a definite broad peak
was found at § 5.6 consistent with it being a dienone interme-

3°C  .25M  85% HOA¢
r Iy
n g
I 5 3
o s
i
U'h |
N U\"»\? B'z |
NM\'W —
OH |0|
Wy +
3'5 *H H* H H
5 1 3 5 3
r
\\J H3,5 H4 Br
4
M
eOml/mir
?
H*
35 H OH
[l
| * *
| H H
k 5 By 3
K"‘rfw'w\m,,v\wmv
t . i ’ i f . :
7 6 5 4 3 2 [

Figure 6. 100-MHz 'H NMR spectra of the ring proton absorptions of 1he
substrate during the reaction of 2,6-dimethylphenol (0.25 M, 85% acelic
acid) with bromine (0.25 M, 85% acetic acid) at 3 °C. Top spectrum: static
spectrum of reactant before mixing. Middle spectrum: flow NMR spec-
trum of the reacting solution at a flow rate of 60 mL/min (~0.1 s afier
mixing). Bottom spectrum: static specirum recorded immediately after
stopping the flow. The flow NMR cell designed to minimize the time be-
tween mixing and observation described in the text was used to obtain these
spectra.

diate. The species formed is very much shorter lived than that
from 2,6-dimethylphenol.

H. Reaction of Phenol with Bromine. Attempts to observe
intermediate species in this reaction were unsuccessful at 30%
water concentration at —18 °C. Although phenol is soluble at
higher water conentrations at these temperatures, no signifi-
cant gain in temperature results, and the water peak eventually
obscures the complete spectral region where all the signals
oceur,

Conclusions

The flow NMR studies have clearly established the gener-
ality of the occurrence of cyclohexadienone intermediates in
the bromination reactions of phenols.

The stabilities of these intermediate species depend very
markedly on the steric effects of the blocking groups in the 2
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and 6 positions as expected, the limiting case of phenol itself
giving no detectable intermediate under the optimum condi-
tions for this solvent system. UV /visible spectral measurements
give only a small shoulder for the intermediate species on the
high wavelength side of the large absorption due to the solvent
acid, and cannot be considered diagnostic for systems where
no intermediate has been identified by NMR. The relative
magnitudes of the two peaks will in any case limit the accuracy
of such measurements.

However, neither the sensitivity of UV-visible measurements
nor the diagnostic capabilities of NMR have been fully utilized
to date (the latter by the low temperature limits imposed by
the solvent system) and further work to find an alternate sol-
vent system which is transparent in the region of the UV-visible
and NMR absorptions of the intermediates and which can be
taken to low temperatures would be worthwhile.
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Abstract: In the solvolysis of rert-butyl chloride, satisfactory a-carbon-14, g-deuterium, and chlorine kinetic isotope effects
(K1E) may be calculated for a productlike transition state characterized by bond orders nc_ci = 0.2, nc_c = 1.18, and nc_y
= 0.94, employing a diagonal valence force field, provided that allowance is made for hydrogen-bonded solvation of the devel-
oping chloride ion with nci_y ~ 0.05 (~7 kcal/mol hydrogen bonds). The effect of the three solvating molecules appears to be
to increase the “effective” mass of the incipient chloride ion and to decrease the loss of zero-point energy in going to the transi-
tion state. Reaction coordinates more complicated than a simple heterolysis of the carbon—chlorine bond appear to be unneces-
sary and there is no advantage in employing force fields more complex than a simple valence force field containing only diago-
nal elements for both the reactant and the transition state model. The structural and bonding features of the proposed transi-
tion state are in accord with earlier more qualitative conclusions concerning the polar nature and productlike character of the
transition state, and provide a reasonable explanation of the kinetic and equilibrium isotope effects (EIE) for the reaction. An
alternative transition state model involving weak solvent nucleophilic assistance provides reasonable calculated values for the
KIE, but the EIE strongly suggest the importance of solvation of the leaving group which, together with the hyperconjugation
of the B hydrogens, provides a preferred explanation of the rers-butyl solvolysis results.

The solvolysis of tert-butyl chloride is the prototypical
example of both the Sx1 and El mechanisms.?3 1t is generally
agreed that the rate-determining process consists of heterolysis
of the carbon-chlorine bond, involving a highly polar transition
state.*> Several estimates® have been made of the degree of
charge separation in the transition state; for a simple electro-
static model, the charge separation in polar solvents has been
estimated to be 0.8¢,” corresponding to a nearly broken car-
bon-chlorine bond in a productlike transition state.

a-Carbon- 14,8 chlorine-37,%-'0 and total 8-deuterium'!-13

(Dy) kinetic isotope effects (K1E) have been measured in a
series of independent investigations for this reaction. Selected
results from Table I are as follows: 12k /1%k = 1.027 (25 °C);
3k /37k = 1.01087-1.00953 (10-60 °C); Hok /Pok = 2.387 (25
°C). Although these KIE were determined under comparable,
but not strictly identical, conditions, the small effect of the
solvent changes on KI1E usually observed (except perhaps the
chlorine KIE, vide infra) suggests that a reasonably reliable
set of data is available for this reaction against which detailed
calculations can be tested.
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