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Bromination of benzofuran (BF) and its derivatives (5-CHj, 6-CH;, 5-CH,O, and 5-Cl) has been studied
kinetically in acetic acid and by product analysis under various conditions. Product analysis revealed that bro-
mine adds to BF in ¢rans fashion, electrophilic bromine attacking at the 2-position. Analysis of substituent effects
on the rate of bromination showed that the electronic effects are transmitted through both the bond 8—3 and the
bonds 9-1-2 by a comparable magnitude. The transition state of the reaction was concluded to closely resemble

a cyclic bromonium ion intermediate.

Benzofuran (BF) is a class of heterocyclic compounds
which shows a dual character in its reactivity. One
type of reactions is the electrophilic substitution as an
aromatic compound, resulting in the substitution of the
2-hydrogen. The other is the electrophilic addition to
the 2-3 bond as an olefin.?)

As an olefin, BF can be taken as an analog of either
styrene (ST) or phenyl vinyl ether (PVE).
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BF is often considered as a vinyl ether analog? implicitly
assuming the 3-attack of an electrophile in addition
reaction. However, substitution occurs at the 2-posi-
tion and, moreover, it was found that the ground-state
electronic structure of BF is rather close to ST.) Thus,
it seems more likely that BF would behave as an ST
analog in the addition reaction, an electrophile at-
tacking at the 2-position.
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The above confusion arises from the unknown orienta-
tion of the addition reaction of BF. The halogenation?
and the cationic polymerization¥ are the only known
electrophilic addition reactions of BF.? Product analy-
sis of neither of the two reactions provides any informa-
tion with regard to the orientation of addition owing
to the structural identity of the electrophilic and
nucleophilic fragments of the reactions.

The present and the following papers are concerned
first with this orientation problem in these reactions.
The other purpose of the present investigations is to

obtain useful information on the nature of the transi-
tion state of the reaction by analyzing the cross-ring
transmission of substituent effects.

It is generally accepted that the electrophilic addition
of bromine to alkenes proceeds through an intermediate
cyclic bromonium ion.» However, intermediacy of the
cyclic bromonium ion has recently been questioned for
some conjugated olefins from the stereochemical
studies.®) Several investigations of the bromination of
aryl-substituted olefins have been undertaken, resulting
in the above conclusion.t-9

The effects of 5- and 6-substituents on the reactivity
of BF would be transmitted through both the C-C
(8-3) and CG-O-C (9-1-2) bonds. This cross-ring
transmission of substituent effects can be compared
with the effects of m- and p-substituents of ST and
p- and m-substituents of PVE. Thus, a possible sym-
metric character of the activated complex like I can
be judged by this comparison.

Results and Discussion

Product Analysis. Bromination of BF in carbon
disulfide gave quantitatively 2,3-dibromo-2,3-dihydro-
benzofuran. In attempts to obtain unsymmetric ad-
ducts, the reaction was carried out in nucleophilic
solvents., Bromination in acetic acid resulted in es-
sentially the dibromide along with a small amount of
acetate. On the other hand, the reaction in methanol
initially gave a mixture of several adducts which
changed quantitatively into a single product, 2,3-di-
methoxy-2,3-dihydrobenzofuran, in 3 hr. The dimeth-
oxide is considered to be a substitution product of the
initially formed adducts. The products of the reaction
time of 15 min contained about 509, of dibromide,
109, of dimethoxide, and probably two kinds of bromo-
methoxide by the NMR analysis of the mixture. Thus,
it was difficult to know the unambiguous orientation of
addition from these products.

Under these circumstances, we have undertaken the
addition of an unsymmetric reagent, bromine azide.
To the methylene chloride solution of BrN, prepared
by the method of Hassner et al.? was added BF. The



1268
CH;0H
BF + Brz —_—
15 min
Br OCHg Br
H H H
o, L H
Br Br 0CH3
0
50%

OCH3

OCH3
H H
H
+ H
_— = (2)
OCH. OCH.
v 3 3hr <j[i 3

10%

3 hr reaction yielded quantitatively 2-Bromo-3-azido-
2,3-dihydrobenzofuran. The structure of the bromo-
azide was determined by the transformation shown in

Eq. (3).

CH30H/AgC10,

This result clearly shows that the electrophilic bromine
adds at the 2-position. That is, the orientation is of
the ST-type.

The stereochemistry of the products deserves some
comment heré. Both the adducts, the dibromide and
the bromoazide, are isomerically pure by NMR spec-
trum and the spin-spin coupling between 2-H and 3-H
is very small; ~0 and 1.2 Hz, respectively. Brust
et al® showed that J,4 is smaller for the frans isomer
than for the cis isomer of 2,3-dimethyl-2,3-dihydro-
benzofuran derivatives; J;(trans) ~4 Hz and f,5(cis)
~7Hz. The Karplus equation'? predicts [,3(trans) =
2.340.7 Hz and J,4(cis) =6.7-+0.6 Hz for the dihedral
angles of 1204-5° and 25-4-5°, respectively.l® Thus,
the small coupling constants of the adducts strongly
suggest their frans structure.

In-conclusion, the addition of bromine to BF takes
place in the irans fashion by the orientation of the
ST-type.

Kinetic Measurements. Kinetic investigations of
BF and its derivatives (5-CHj, 6-CH;, 5-CH;O, and
5-Cl) were carried out spectrophotometrically in acetic
acid at 25.0 °C. A simple second-order rate analysis
by Eq. (4) did not give satisfactory results.

rate = k,[BF][Br,] “4)

The rate equation for styrene bromination under similar
conditions® was represented by

rate = K,[S][Bry] + A,[S][Br,]* (5)

where [S] denotes olefin concentration. The rate
analysis of the present reaction has been carried out
according to Eq. (5) by a least-squares curve fitting
by the aid of a computer. As is shown in Fig. 1, the
values k; and k; thus obtained gave an excellent linear
correlation of Eq. (6), which is derived by integration
of Eq. (5).
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Fig. 1. Typical plots of simultaneous second- and third-

order bromination rate according to Eq. (6) (5-methyl-
benzofuyran).

In [(a—x)/a] In [(b—x)/b]

=
ky(a—b)(kyfk;+b—a) ky(b—a)
In [(ky/ks+b—x)/(Ka/ks+b)]
ky(a—b—kylky)
= F(x) (6)
where a=initial concentration of BF, b=initial con-
centration of Br,, and x=bromine reacted at time #.

+

TaBLE 1. RATE CONSTANTS FOR BROMINATION OF
SUBSTITUTED BENZOFURANS IN ACETIC
Acip AT 25.0 °C

Substituent 10%,, ks,
M-t M-2%-1
H 0.64 3.6
5-CH, 2.96 35.9
6-CH, 8.28 616
5-CH,O 3.48 261
5-C1 0.053 0.17

The rate constants, £, and kg, for BF and its deriva-
tives are summarized in Table 1. The constants k,
and k; are roughly parallel to each other but analysis
of substituent effects will be conducted only on the
k, values because of lower precision of k, determination.

The cross-ring substituent effects can be analyzed by
the Jaffé equation.1»12)

logk = p10; + p30; + logk, ()
where suffixes 1 and 2 correspond to the values con-
cerning the transmitting routes 8-3 (ST-type) and
9-1-2 (PVE-type), respectively. The least-squares
treatment of k, according to Eq. (7) gave the values
with standard deviations: p;=—2.214-041, p,=
—2.23+4-0.53, and log ky=—2.014-0.08. For the pres-
ent analysis, the ot values were used for ;. Linearity
of the calculated and the observed values of log %, is
illustrated in Fig. 2.
Equality of p, and py (ps/p;=1.01) is rather un-
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Fig. 2. Linearity of the observed and the calculated
log k, values (Eq. (7)).

expected because we concluded that both the ground-
state electronic structure? and the orientation of addi-
tion of BF are of the ST-type but not of the PVE-type.
The present observation is explainable only by assuming
the symmetric transition state closely resembling the
intermediate I; the transmission of electronic effects
through the route 9-1-2 (PVE-type) cna become effec-

tive.
Br"
—_—
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The value of p,/p;=1.01 is very close to the relative
p values of PVE and ST observed for the silver-ion
a-complex formation (ppve/psr=1.03).1»

The kinetic observations also show that the electronic
effects on the ionic reactivity operate predominantly at
the transition state and the ground-state electronic
structure seems to have virtually no effect. The p,
value of —2.21 is a reasonable magnitude which is
close to the o value (—2.24)9 for the bromination of
styrenes bearing an electron-attracting substituent.®
The latter reaction is assumed to involve a cyclic
bromonium ion intermediate.5)

In conclusion, the assumption of a symmetric cyclic
bromonium ion mediating in the bromination of BF
is confirmative. The stereochemistry of addition, ex-
clusively #rans, conforms to this assumption.

Experimental

Materials. The preparation of benzofuran (BF) deriva-
tives was described previously.?’ Acetic acid was refluxed
overnight over triacetyl borate and distilled. Bromine and
sodium azide were of the best grade commercially available.

Bromination in CS,. The solutions of BF and Br, in
CS, were prepared separately (ca. 1 M) and mixed together
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at room temperature. Color of Br, faded in 1hr. The
reaction mixture was washed with aqueous sodium thiosulfate
(0.0l N) and then water. Drying with anhydrous sodium
sulfate and evaporation of the solvent left white solid. Recrys-
tallization from petroleum ether gave 2,3-dibromo-2,3-
dihydrobenzofuran melting at 86 °C  (lit,’® 86—87 °C).
NMR (CCl,); é 5.67 (s, 1, 3-H), 6.81 (s, 1, 2-H), and 7—7.5
(m, 4, aromatic H).

Bromination in Acetic Acid. Reaction of equimolar BF
and Br, (1 M) was carried out in the same way as above.
The ethereal extract was dried (Na,SO,) and concentrated
in vacuo leaving an oily product. NMR spectrum of the
product was essentially the same as that of the dibromide
obtained in CS, with indication of the formation of a small
amount of acetate (~109%,) ; NMR (CCl,), § 2.0 (s, OCOCH,).

Bromination in Methanol. The solutions of 1 M Br, in
methanol and 1 M BF in methanol were mixed together at
room temperature. The color of Br, faded essentially in
15min. The reaction mixture was withdrawn by a syringe
at appropriate time intervals, added to 0.01 N sodium thiosul-
fate, and shaken with ether. The ethereal layer was washed
with water, dried over sodium sulfate, and evaporated to
dryness leaving an oily product, which was applied to NMR
analysis. The final product after 3 hr reaction was 2,3-
dimethoxy-2,3-dihydrobenzofuran, which was isolated by
distillation in 60% vield, boiling at 130—132 °C (5 mm).
NMR (CCl,); § 3.31 (s, 3, 3-CH,0), 3.48 (s, 3, 2-CH;0),
4.53 (broad s, 1, 3-H), 5.26 (d, J=1.4Hz, 1, 2-H), and
6.6—7.3 (m, 4, aromatic H,.

Reaction with Bromine Azide. A solution of BrN, in
CH,CI, was prepared according to the method of Hassner
et al.®) To this solution, an equimolar amount of BF was
added under stirring at 0 °C and left to stand for 3 hr. The
solvent was evaporated under reduced pressure to yield an
oil. This crude oil was applied to spectral analyses. NMR
spectrum showed that the product is essentially pure
bromoazide. NMR (CCl,); 6 5.03 (broad s, 1, 3-H), 6.03
(d, J=1.2 Hz, 1, 2-H), and 6.9—7.5 (m, 4, aromatic H).

The reaction of the bromoazide with methanol in the
presence of AgClO, gave quantitatively a methoxyazide
(an oil), which is a mixture of two isomers (1/2) by NMR
spectrum. NMR (CCl,); 6 3.28 (s, 1, CH;0O), 4.46 (broad
s, 0.3, 3-H), 5.66 (d, J=1.2 Hz, 0.3 2-H), 3.47 (s, 2, CH;0),
4.71 (d, J=5.8 Hz, 0.7) 5.17 (d, /=5.8 Hz, 0.7), and 6.7—7.3
(m, 4, aromatic H). IR (thin film); 2130 cm-! (Nj).

The methoxyazide obtained above (1g) was hydrolyzed
at room temperature in acidic 509, aqueous dioxane (0.2 M
HCI). After 5hr of reaction, the reaction mixture was
extracted with ether. The ethereal layer was then shaken
with 0.1 M NaOH. The aqueous layer was acidified with
0.1 M HCI and extracted with ether again. The ether extract
was washed with water, dried (MgSO,), and evaporated
under reduced pressure to leave an oil (0.2 g). IR (thin
film); 3300 (broad, OH), 2110 (Nj), and 1675 cm-* (C=0).
The product was not pure but further attempts of purifica-
tion was given up because of its high lability. It is considered
from its IR spectrum and acidic character to be mainly
o-hydroxyphenylazidoacetaldehyde.

Kinetic Measurements. The rate of bromine addition
was followed spectrophotometrically at the bromine maximum
of 395 nm (¢=200) with use of a Cary Model 15 spectro-
photometer. Bromine concentration of a stock solution
(10-2—10-3 M in acetic acid) was determined by titration
with standard thiosulfate. Tenml of a bromine solution
and 10 ml of a benzofuran solution in acetic acid were respec-
tively thermally equilibrated at 25.0 °C, mixed together and
placed in a stoppered quartz cuvette inserted in a water-
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jacketed cell holder. The decrease of bromine absorption was
followed.
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