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Summary: Atmospheric oxygen easily oxidises 2,3~dichloro-2-
norbornene in presence of bromine radicals. But 2,3-dichloro-
2,5-norbornadiene and 2-chloro-2-norbornene fail to add oxygen.
‘All three chloronorbornenes undergo bromination under radical
and ionic conditions to yield products of rearrangement and
bond migrations.

Chloroolefins, on account of their diverse application in industry,
agriculture, health management etc, find their way into the environment
and contribute their mite to environmental pollution. Their interaction
with molecular oxygen is important in understanding their atmospheric
chemistry and such studies as also those of autoxidation of various other
organic compounds are receiving much attention.l Autoxidation of halo-
olefins may also lead to useful products.lm

Oxygenation of some chloroolefins has been brought about by light
induced, chlorine radical-catalysed molecular oxygen addition through
free radical chain processes.li"o In biological systems superoxide
radical ion is believed to effect the chloroolefin oxidation.ln’o

Bromine radical is also considered to play an important role in
atmospheric chemistry on account of bromine being potentially more active
than chlorine, since HBr is less stable than HCl, which allows more
bromine to remain in the active forms Br and BrO.2

We have earlier reported on the oxidation of 2,3-dichloronorbornene
(1) by different oxidising agents.3 We have now observed that oxidation
of 1 can be accomplished by bromine radical induced oxygenation. In
addition we have made product studies of reactions of 1 and related
compounds (2 and 3) with bromine and HBr, the results of which are
reported here.

* Address for correspondence: Department of Chemistry, Bangalore
University (Central College), Bangalore-560 00l, India.
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RESULTS AND DISCUSSION

Bromination of 2,3-dichloronorbornene (1) was carried out in methy-
lene chloride, chloroform and carbon tetrachloride under nitrogen or
oxygen or ambient atmosphere. The reaction required 8-10 h for comple-~
tion when the reaction flask was covered4 and about the same time when
not covered. The products, 3-bromo-2,3-dichloronortricyclene (4),
2,3-dibromo~2,3~dichloronorbornane (7) and 2,7-dibromo-1,7~dichloronor-
bornane (3), were obtained as common major products in presence of
oxygen or under nitrogen atmosphere in chloroform or methylene chloride.
The fourth major product in experiments run in presence of oxygen or
ambient atmosphere was 3-bromo-3-chloro~-2-norbornanone (6), and that in
experiments run under nitrogen atmosphere was approximately equivalent
amount of 2-bromo-2,3-dichloronorbornane (5),(Scheme 1). Thus 5 and 6
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are formed in a mutually exclusive way depending on the absence or pre-
sence of oxygen. In addition, small amounts of 3-4 products were
formed, which could not be isolated in sufficient quantity and purity
for identification. Table 1 summarises the results of bromination of 1.
The major compounds were isolated in pure form by chromatographing on
silica gel column followed by recrystallisation and/or vacuum sublima-
tion, and their identities were established by microanalysis, IR, NMR

(lH and l3C) and mass spectral data., The structural assignment of 5
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Table-l: Bromination of 2,3-dichloro-2-norbornene (1)

Products? (ratio, %)

Conditions ﬁ g ) é 1 g
Ambient CH2c129 20-22 <1 8-10  33-36  28-30
atmosphere CHC1, 31-32 - 12-14 21-22  21-22

cc1, 16-20 <3 9-10  10-12  33-38
Oxygen CH,Cl,/dark 21-24 - 11-13  28-34  30-34
atmosphere oy c1,/hy 4 5-6 13-16 21-23  27-30 7-8
CHC1, 30-40 < 3 7-9 7-10  32-47
cC1,/dark 26-28 <2  11-13 9-12  33-36
cCl,/mw < 3 14-15 22-25  2%-27 <2
Nitrogen CH,C1,/dark 21-22 12-14 - 6-8 58-60
atmosphere CH,Cl,/hw <2 <1 - 84-88 8-9
CHC1, 28-32 8-10 - 12-16  44-48
CC1,/dark - - - 90-95 3-8
Nitrogen 'CHCl3/dark 20-23 - - 56-59 20-21

styeam

2 Minor and unidentified products are not included. b The reaction flask
was not covered in these reactions. < Flask was covered with aluminium
foil, 4 The flask was illuminated with 200 W tungsten lamp.

and 9 was based on the chemical shift values5 of the protons on C-3 and
C-2 respectively, and on analogy and mechanistic considerations.s‘ The
configuration on C~2 and C-3 of 2,3-dibromo-2,3-dichloronorbornane could
be either ¢cis or trans. 13c NMR indicates it to be a mixture of both,
one being in large excess over the other. We favour the ¢is configu-
ration (J) for the larger component, because: (i) exo-cis addition is
more common,6 and (ii) when this compound was refluxed with magnesium
in ether, 1 and 20 were obtained in about 4:{1 ratio. Assuming that
exo-cis-elimination is the predominant mode of elimination,7 7 would be
expected to lead essentially to 1, and 20 would be formed from the minor
trang-isomer.

All the products of bromination seem to be kinetically controlled,
since the product composition remained the same even when the reaction
mixture was kept stirred for long periods (70-80 h) after the reaction
completed, except for very slow formation, in runs under oxygen, of an

as yet unidentified compound, but closely related to 9 as shown by its
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chromatographic behaviour {(GC, TLC and CC) and mass spectrum.

The proportion of nortricyclene 4 is 20-22% in experiments run in
CH2C12 and 30-40% in CHCla. under nitrogen or oxygen atmosphere. In
CCl,, however, 4 is formed to the extent of 25-30% only in 'dark', under
oxygen. But if the reaction is run in 'dark' under nitrogen or with
jllumination (200 W tungsten lamp) under oxygen, only traces of 4 were
observed indicating that radical conditions are not conducive to its
formation. Bromination with illumination in CH,Cl, also produced only
traces of 4. This suggests that in CH2Cl2 and CHCl3, the major part of
bromination is going through an ionic mechanism even under nitrogen
atmosphere in dark., The formation of 6, however, clearly points to the
fact that the reaction is also going through radical intermediates.

Such a combination of radical and ionic components is not uncommon in
reactions of norbornenes,s'9 and we presume that this situation is pre-
vailing here.

In all the bromination reactions performed with illumination under
nitrogen atmosphere, the major product (>90%) was 7, and 9 formed as a
minor product. In contrast, bromination with illumination under oxygen
gave «70% of 7, v25% of 6 and ¢5%4 of 9. Though 7 was formed- in larger
proportion in all the light aided reactions, it is unlikely that it is
produced only through radical processes, because no consistent pattern
could be discerned from the amount of 7 formed under different conditions.
It seems that, in addition to the influence of oxygen, HBr also plays
some role in this outcome, and it is not easy to fully rationalise these
variations. Nevertheless, what emerges from these results is that 9 is a
product of ionic intermediates, and radical conditions would lead to
preferential formation of 7.

Light, oxygen and HBr - all the three seem to influence the ratio of
7:9. The role of 1light is clear, but that of oxygen and HBr is not
quite so. However, from the observed results, it seems likely that oxy-
gen and HBrlo react more competitively than bromine with radical inter-
mediates - thus both acting as efficient radical scavengers - leading
bromination to occur mainly by ionic mechanism. This interpretation
gets some support from the fact that when HBr formed in the reaction is
driven out by bubbling nitrogen gas slowly,ll 7 was obtained as the major
product, and 4 and 9 formed as minor products.

In addition, the solvents CH2Cl2 and‘CHCl3 may also help ionic re-
action by acting as radical scavanger, but CQl4 remains indifferent.5c
It may also be noted that consistently high proportions of nortricyclene
4 were formed in CH,Cl, and CHCl3 even under nitrogen atmosphere indi-

cating that these solvents support ionic route.
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In CCl,, bromination of 1 with illumination under oxygen atmosphere
gave wl5% of 5,+24% of § and »25% of 7, along with small amounts of
4 and 9. A few more (~5-6) minor products were also present, three of
which seem to be 10, 20 and 22 from their chromatographic behaviour and
mass spectral data. The compound 20 is produced initially, which then
undergoes further reaction to give other products including §.

Attempt to brominate 1 under UV irradiation produced a product
mixture that contained not less than 30 components and was not analysed.

The formation of 5 in nitrogen atmosphere and of § in presence of
oxygen to about the same extent and the near absence of $ in the latter
reaction indicated that HBr, in presence of oxygen, is mainly consumed in
the autoxidation process. In a separate experiment, it was also found
that passing dry HBr through chloroform solution of 1 under ambient condi-
tions produced 5, 6 and 10 in the ratio of 15:4:1, the proportion of §

being double that obtained in the bromination reaction,12 (Scheme 2).
Scheme : 2
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When HC1l was used instead of HBr, no reaction occurred. We also tried
direct oxidation by passing oxygen into chloroform solution of 1 at 25°
and 50° for upto 15 h with illumination using 200 W lamp, but the start-
ing compound was recovered unchanged. The results point out that 1 under-
goes oxygenation easily by atmospheric oxygen when induced by bromine
radicals and HBr seems to have profound catalytic influence.13

To elicit the structural features that influence the efficacious
autoxidation of the vinyl halide function under similar condition, bro=-
mination of 2-chloronorbornene (2), 2,3-dichloro-2,5-norbornadiene (3)
and l,2-dichlorocyclohexene was carried out,

1,2-Dichlorocyclohexene (21) underwent very facile bromination under
ambient conditions giving a complex mixture of products, complete identi-
fication of which has not been possible, but IR and GC-MS data do indicate
some minor amounts of oxygenated products like carbonyl compounds, pheno-
lic compounds etc. Probably, because of reactive allylic positions14 and
higher reactivity of 21, the product is not as simple a mixture as in the
case of 1.

The bromine addition to 2-chloronorbornene (2) was performed under
ambient conditions, and it was found that bromine was consumed instanta-
neously. Two major compounds were isolated, which constituted 50-55%
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and 31-38% of the product mixture. The former is identified as a mixture
of equal quantities15 of 12 and 13, and the latter as 14. A minor
compound, composing 7-8% of the product, is identified as nortricyclene
;;.l No ketonic or any other oxygenated product was isolated. Thus

no observable autoxidation of 2 takes place under the same conditions
which bring about oxidation of }.

The bromination of 2 in nitrogen atmosphere yielded 68-70% of 12+13
and 25-28% of l14. This suggests that 14 is a product of ionic bromi-
nation and 12 and 13 are products of ionic and/or radical bromination
(Scheme 3). It is interesting to note that 14 is a single product and

.Scheme: 3
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the other possible product of Waagner-Meerwein rearrangement with
4,5-bond migration,‘;ﬂg, is not formed.16 This suggests that the posi-
tive charge on bromine-bridged intermediate is essentially concentrated
on C-2 due to its stabilization by chlorine.17

Bromination of 2,3-dichloro-2,5-norbornadiene (3) at 0° under ambient
atmosphere was instantaneous and gave a mixture of 53X of 15 and 464 of
16, which were easily separated on silica gel column and identified by
spectral characteristics, elemental analysis and ozonolysis, {Scheme 4).
When the bromination product mixture was ozonised in methanol,18 15 was
converted to the dimethyl ester 18, which was isolated and identified.
When 3 was brominated with exposure to 200 W lamp, 45% of 15, 42% of 17
and only 13% of 16 were formed. The compound 17 was identified by its
spectral data and ozonolysis. However, in both cases no oxygen contain-
ing compound was observed, although radical intermediates seem to be in-
volved at least in the case of bromination under illumination.

The observed results are consistent with the expected initial attack
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of bromine on the unchlorinated double bond (Scheme 5).

Scheme : 4
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The foregoing results indicate that for the facile autoxidation of
chlorinated norbornene two vinylic chlorines are necessary and a radical
initiator is required to start the reaction. One can imagine similar’
oxidation taking place even in the atmosphere as bromine atoms are avail-
able.2 .

The addition of bromine atom to 1 is likely to produce a bridged
radical 23 having symmetrical structure! or a rapidly equilibrating
system of 24 and 25, both being stabilised by a-chlorine.20 Oxygen
then adds to 24/25 producing the peroxy radical 26 which undergoes further
transformation to give 6 (Scheme 5). The mechanism resembles the one
proposed for autoxidation of haloethylenes.la

Scheme 5
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Though similar chlorine stabilised radical intermediates 27 and 28
(Scheme §) could be envisaged in the case of 2 and 3 respectively,21 it
is surprising that no significant amount of oxygenation product is

formed in either case.

Scheme : 6
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EXPERIMENTAL SECTION

The required chlorobicyclics, 2,3-dichloro-2~-norbornene (;).3a
2-chloro-2-norbornene (2) and 2,3-~dichloro-2,5-norbornadiene (})21 were
prepared by known methods. The solvents, dichloromethane, chloroform
and carbon tetrachloride were distilled from phosphorus pentoxide.
Infrared (IR) spectra were recorded on Beckmann Acculab 1 spectrometer.
Nuclear magnetic resonance (lH and 13C NMR) spectra were obtained on
Bruker Data System Model MIC~20 instrument with tetramethylsilane as
internal standard. Mass spectra (MS)22 were obtained on Varian Mat 11l
gas chromatograph/mass spectrometer system. The gas chromatographic (ae)
analyses were performed on Varian Aerograph 1400 and Shimadzu 6A instru-
ments using 3 m Nitrilsilicone oil column with temperature programme and
nitrogen as carrier gas. Column chromatography (cC) was carried out
using silica gel 60 or Kieselgel 60 (70-230 mesh size) with pentane and
pentane-ether as eluents and each solid product was purified finally by
vacuum sublimation. The melting points (m.p.) are uncorrected. The
elemental analyses were carried out at the analytical laboratories of
Prof. Dipl. Ing. Dr. H. Malissa & G. Reuter, Engelkirchen, and Dipl.
Chem. R. Glier, Rothlein, West Germany.

General experimental procedure: A three necked flask fitted with a

gas inlet adaptor, a dropping funnel and a reflux condenser connected to
a mercury trap was used. The apparatus was flushed with dry nitrogen or
oxygen if required and same atmosphere was maintained, otherwise ambient
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atmosphere was maintained. ‘'Dark' reactions were run by covering the
flask with thick aluminium foil. The source of light for reactions under
illumination was a 200 W tungsten lamp. The compound (300 mg to.3.2% g
was used in various experiments) was added to the flask followed by
10-25 ml of the solvent. Nitrogen or oxygen was bubbled in when either
atmosphere was required. Then a solution of bromine (10-20 mol ¥%
excess) in the same solvent (5-10 ml) was added dropwise over 15-30 min
with stirring and the reaction was followed by GC. When the starting
compound had been consumed, the excess bromine was destroyed by dropwise
addition of a 10X solution of NaHSOa. The organic layer was then sepa-
rated, washed successively with 10 NaHCO3 soln, water and satd NaCl soln.
After drying over MgSO4 the solvent was removed on a rotary evaporator
and the residue was chromatographed, The yields were generally more
than 954.

Bromination of 2,3-dichloro-2-norbornene (él. The following com-

pounds were isolated from the product of bromination of 1. The percentage
composition of these compounds under various reaction conditions is given
in Table 1.

2-Bromo-2,3-dichlorobicyclo[2.2.1]heptane (5). This was the first
major component eluted with pentane, m.p. 86-87°. (Found: C, 34.30;
H, 3.703 Br, 32,823 Cl, 29,003 C7H BrCl2. Requires: C, 34.423 H, 3.69;
Br, 32.78; Cl, 29,104). NMR (coe1,), 5 5.00 (d, with fine splitting,
1 H, J«v4 Hz), 3,15 {(m, 1 H), 2.55 (m, 1 H), 2,40-1,20 (m, 6 H). MS, m/z,
248, 246, 244, 242 (M*); 167, 165, 163 (M' -Br), 138, 136, 134 (05H4012),
129, 127 (C;HCl)5 101, 99 (CgH,Cl), 91 (cZ

3-Bromo-2 3-dichlorotricyclo[2 2,1.0% ]heptane (4). Eluted with
pentane after 5. It was contaminated with 5 and one or two other minor

components. Repeated chromatography gave only about 90% pure compound.
NMR and MS are quite satisfactory. NMR (CDCla), 8 2.55 (narrow m, 2 H),
2.3% (broad s, 1 H), 1.90 (s, 2 H), 1.60 (s, 1 H), 1.40 (s, 1 H). Ms,
m/z, 246, 244, 242, 240 (M*); 165, 163, 161 (M -Br); 137, 135, 134
(CgH5C1,) .

2,3-PDibromo-2,3-dichlorobicyclo[2,2.1]heptane (7). This was eluted
with pentane after 4, m.p. 178°. (Found: C, 25,893 H, 2.433 Br, 49.27
c1, 22.07, (o1 HaBr2Cl2. Requires: C, 26,043 H, 2,493 Br, 49.50y C1,
21.96%). 1H NMR (cocly), 8 3.14 (m, 2 H), 2.70-1.36 (m, 6 H). 1% N
(CDCl,), ppm 90.74 (s) 59.82 (d), 35.79 (t), 24.71 (m). Ms, m/z, 328,
326, 324 322, 320 (MY)y 247, 245, 243, 241 (M*-Br); 209, 207, 205
(CH.BxC1); 183, 181, 179 (CgHgBICl); 165, 163, 161 (CH.Cl,)5 157,
155, 153 (c3H38rc1); 139, 137, 135 (05H5Cl); 127, 125 (c7H6c1); 101,
99 (C5H4Cl).
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2,7-Dibromo~1,7-dichlorobicyclo[2.2.1]heptane (9). This was eluted
with 5:95 ether-pentane, m.p. 145°. (Found: C, 26.223; H, 2.54; Br,
49,303 Cl1, 21,804 C7H85r2012. Requires: C, 26,04y H, 2.49; Br, 49.50%
C1, 21.96%). IH NMR (cCiy), 8 4.58-4.23 (m, 1 H), 3.0-1.2 (m, 7 H),
13c NMR (acetone-dg), ppm 85.45 (s), 78.02 (s), 52.34 (d), 50.39 (d),
42,36 (t), 36.88 (t), 26.72 (t). Ms, m/z, 328, 326, 324, 322, 320 (M');
247, 245, 243, 241 (M*-Br); 209, 207, 205 (M*-Brc1); 183, 181, 179
(05H53IC1); 165, 163, 161 (C7H7C12); 157, 155, 153 (03H38r01); 139,
137, 135% (CSH5012); 127, 125 (C7H Cl)y 101, 99 (05H4Cl).

' 3-Bromo-3-chlorobicyclo[2.2.l?heptan-2-one (6). This was eluted with
10:90 ether-pentane, m.p. 87-899. Found: C, 37,593 H, 3.68; Br, 35.80;
Cl, 16,00 C7HaBrCIO. Requires: C, 37.58; H, 3,58y Br, 35.79; Cl1,
15.88%4). IR (KBr pellet), 1770, 1745 ecm™*. lH NMR (coCiy), 8 3.75 (m,

1 H), 2.85 (m, 1 H), 2.55~1.60 (m, 6 H). The IR and NMR were similar to

those of 3,3-dichloro-2-norbornanone.3b MS, m/z, 226, 224, 222 (M+);

198, 196, 194 (M*-c2ﬁ4); 158, 156, 154 (C,BrC10); 117, 115 (CgH ,C10).
Reaction of 1 with HBr, The apparatus was a glass tube with sintered

glass bottom and was fitted at the top with a condenser having CaCl2 guard

tube. The reaction tube was well covered with aluminium foil to prevent

any lighty and ice-cold water was circulated in the condenser. A slow
stream of HBr (dried by bubbling through conc H2$04) was passed through
the sintered glass into the solution of 1 (3-5 mmol) in CHCl3 (10-15 ml)
at room temperature. The reaction was monitored by GC. When the reaction
was complete, the solution was washed successively with water, 10X NaHSO3
soln, water, 10x% NaHCO3 soln, water, and finally satd NaCl soln. After
drying over MgSO4, the solvent was stripped under vacuum. The residue
(yield, » 95%) showed three peaks in GC in 75:20:5 ratio, which were sepa-
rated on a silica gel column. Elution with pentane gave the major compo-
nent which was identified as 5. (The 14 NMR indicated the presence of

an isomeric compound likely to be 5a to the extent of 10-15% of 5 esti-
mated from an additional doublet at & 4.65, J w4 Hz). Elution with 9:1
pentane—ether provided the other major component identified to be 6. The
minor component was not fully characterised, but seems to be 10 by its MS
and chromatographic properties.

Bromination of 2,3-dichlorobicyclo[2.2.1]hepta~2,5~diene (3). To a
solution of 0,90 g (5.6 mmol) of 3 in 10 ml CH2C12 cooled in ice-water
path was added dropwise a solution of 1.04 g (6.5 mmol)ef bromine, which
disappeared as added, unlike in the case of 1. At the end of addition
the bromine colour persisted. The mixture was stirred for another 30 min
and worked up to get a solid (yield, 2.30 g, 96%) showing two peaks in GC,
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The products were separated on a Kieselgel 60 column using pentane as
eluent. The nortricyclene 16 eluted first followed by 15.

3,5=-Dibromo-2,3-dichlorotricyclof[2.2.1. 02» ]heptane (16). M.p. 70~
71°. “(Found:t C, 26.263 H, 1.873 Br, 49,703 Cl, 22.00, C,HgBr,Cl,.
Requires: C, 26,203 H, 1,87y Br, 49.813 Cl, 22.,10%). Iy NMR (CDCl3).
§ 4.82 (narrow q, 1 H), 2,79 (narrow septet, 1 H), 2.6-2.0 (four over-
lapping m, 4 H). 3¢ NMR (CDC1,), ppm 80.83 (s), 54.84 (d), 50.27 (d),
31.34 (s), 30.25 (t), 26,30 (d), 25.38 (d). Ms, m/z, 326, 324, 322, 320,
318 (M"); 245, 243, 241, 239 (MY-Br); 219, 217, 215, 213 (CgH,BrCL,)3
207, 205, 203 (CH 01), 126, 124 (C Hg Cl).

;;gg_-4 5— Dibromo-2 3-dichloroblcyclo[2 2.1]hept-2-ane (15). M.p.
55.57 (Found" c, 26.28; H, 1.84; Br, 49.703 Cl, 22,204 C7H65r2Cl2.
Requires. C, 26,203 H, 1.88; Br, 49,813 Cl, 22.10%). IR (KBr pellet),
1600 em™t. 1H NMR (cDC1,), 8 4.37 (m, 1 H, exo), 3.95 (ddd, 1 H, ende),
3.35 (m, 1 H), 3.10 (m, 1 H), 2,95-2.15 (m, 2 H)., MS same as that of 16.

Ozonolysis of 15 in methanol gave the dibromodimethyl ester 18.

IR (film), 1745 em~l.,  1H NMR (CDCla), § 4.73-4.,28 (two overlapping t,

2 H), 3.85 (s, 3 H), 3,78 (s, 3 H), 3.73-3.23 (overlapping q and dd, 2 H),
2.60 (d, 1 H), 2,45 (dd, 1 H). MS, m/z, 346, 344, 342 (M'); 315, 313,
311 (M+—OCH ); 284, 282, 281 (M'-2 OCH 3)% 265, 263 (M*-Br); 234, 232
(M*-(CH 0+Br))s 203, 201 (M*-(Br+2 OCH )), 175, 173.

Bromination of 3 under 1lluminat10n with 200 W lamp gave a mixture
of three components in the ratio 14:42:44, which was ozonised in methanol

directly, and the product was chromatographed on silica gel. Elution
with pentane gave the unozonised minor component 1l6. Elution carefully
with 3:1 pentane-ether gave 18 and 19. IR of 19, 1740 cm™t. I NMR
(c0013), & 4.8 (d, with fine splitting, 2 H), 3.78 (s, 6 H), 3.9-3.2 (m,
2 H), 3.0-2.0 (m, 2 H). MS, same as that of 18.

Bromination of 2~chlorobicyclo[2.2.1]hept-2-ene (%l. To a solution
of 0.66 g (5.1 mmol) of 2 in 8 ml of CH,Cl, stirred under ambient condi-
tions was added dropwise a solution of 0.85 g (5.3 mmol) of bromine in
S5 ml of CHQClQ. Bromine disappeared instantaneously. After further
stirring for 30 min, the product was isolated as usual, yield, 1.39 g
(94%4). GC showed four peaks in the ratio 3:7:53:31. The IR of the crude
product showed only a very weak band around 1720 cm_l, but GC-MS indicated
no oxygenated product, The major components were isolated by chromato-
graphing on Kieselgel 60 column.

2,3-Dibromo-2-chlorobicyclo[2.2.1]heptane (12+13). They were eluted
together using pentane. (Found: C, 29,05, H, 3,093 Br, 55.25; C1,
12,523 C7H Br Cl. Requires: C, 29,123 H, 3,143 Br, 55.413 C1,
12.29%) ., lH NMR (CDCl3), 3 4.5% (g, Jw2,%5 Hz, 0.%% H), 4.28 (d,
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Jw2.5 Hz, 0.45 H), 3.19 (m, 1 H), 2,50 (m, 1 H), 2,20 (m, 1 H), 2.05-

1.20 (m, 5 H). 1% R (CDC1l4), ppm 87.95, 85.57; 68.41, 67.31;

58.43, 57.943 49.91, 49.54; 36.15, 34.45; 28.42, 28,18y 27.45, 24.77.

MS, m/z, 255, 253, 251 (M*-G1); 211, 209, 207 (M*-Br); 183, 181, 179

(c5H5Brc1);_ 174, 172 (C7H93r); 157, 155, 153 (c3H3Brc1); 145, 143

(CgH,Br); 130, 128 (CH,Cl)5 101, 99 (CgH,C1); 93 (CoHg) .
3-Bromo-2-chlorotricyclo[2.2.1,02+6]heptane (11). Eluted with

pentane after 12 and 13. ~H NMR (CDCl3). § 4,10 (m, 1 H), 2.25 (m, 2 H),

1.71-1.25 (m, 5 H). MsS, m/z, 210, 208, 206 (M*); 157, 155, 153

(C HBrCl)5 129, 127 (C;HgCL1); 101, 99 (CgH, C1).
1-Chloro-2,7-dibromobicyclo[2.2.1]heptane (14). Eluted with pentane-

ether (9%:5), m.p. 98-102°, (Found: C, 29.3%5; H, 3.163 Br, 55.47;

Cl, 12,293 C;HBr,Cl. Requires: C, 29.15; H, 3.14; Br, 55.41; Cl,

12.29%). 1H NMR (CDC1,), § 4.40-4.10 (m, 2 H), 3.20-1.45 (m, 7 H).

13 MR (CDC1,), ppm 72.06 (s), 59.40 (d), 52.65 (d), 42.91 (d), 42.18

(t), 37.30 (t), 26.66 (t). Ms, m/z, 292, 290, 288, 286 (M*)3 211, 209,

207 (M*-Br); 183, 181, 179 (CgHgBrCl)3 174, 172 (CHgBr)s 157, 155,

153 (03H3Br01); 145, 143 (C5H4Br); 130, 128 (C7H901); 101, 99 (05H4Cl);

93 (C7H9).

Acknowledgements. The author thanks the Alexander von Humboldt
Foundation, Bonn, for a fellowship and Prof. Dr. K. Griesbaum for provid-
ing facilities.

REFERENCES AND NOTES

1. (a) Oxygen and Oxy-Radicals in Chemistry and Biology; Rodgers,
M, A. J.3 Powers, E. L., Eds.; Academic Press: New York, N, Y.,
1981. (b) Simic, M. G. J. Chem., Educ. 1981, 58, 125-131.
(¢) Buchachenko, A. L. Russian Chem., Rey. 1985, 4, 117-128.
(d) Correa, P, E.3 Hardy, G.3 Riley, D. P. J, Org, Chem. 988,
53, 1695-1702, (e) Nelson, S. F.3; Teasley, M. F.3; Kapp, D. L.
J. Am. Chem. Soc. 1986, 108, 5503-5509. (f) Gross, L. Tetrahedron
Lett. 1987, 28, 3387-3390. (g) Riley, D. P.3 Correa, P. E.
J. Org, Chem. 1985, 50, 1563-1564. {(h) Correa, P. E.j Riley, D. P.
J. Org, Chem. 1985, 50, 1787-1788. (i) Sanhueza, E.; Hitatsune,
I. C.3; Heicklen, J. Chem. Rey. 1976, 76, 801-826. (j) Atkinson,
R. Chem. Rev. 1983, 85, 69-201. (k) Quistad, G. B.3; Mulholland,
K. M. J. Agric, Food Chem. 1983, 31, 621-624. (1) G&b, S.3
Turner, W, V.3 Korte, F.3 Born, L. J. Org, Chem. 1982, 47, 173-
17%. (m) Davies, D. I.3; Parrott, M, J. Free Radicals in Organic




7.
8.
9.

10,

11.

12.

13.

14.

15.

16.

Autoxidation and bromination of chlorinated norbornenes 6497

Synthesis; Springer-Verlag: Berlin, 1978; pp 89. (n) Calderwood,

T. S.; Neuman, Jr., R. C.3; Sawyer, D. T. J, Am, Chem, Soc. 1983,
105, 3337-3339. (o) Greenstock, C. L. Prog, Reaction Kipetics 1986,
14, 249-265. (p) Ingold, K. U. Acc, Chem. Res. 1963, 2, 1-9.

Kerr, J. A. 1in Frontjers of Free Radical Chemjstrvs; Pryor, W. A.,
Ed.; Academic Press: New York, N. Y., 198135 pp 8l.

(a) Nagendrappa, G.; Griesbaum, K. J. Agric, Food Chem. 1978, 26,
581-583. (b) Nagendrappa, G.j} Griesbaum, K. Chem. Ind Londo
1973, 902-903.

The flask was covered with aluminium foil.

(a) Subramanian, P. M.; Emerson, M., T.3 LeBel, N. A, J. Org. Chem.
1965, 30, 2624-2634. (b) Smart, B. E. J, Org. Chem. 1973, 38,
2366-2369, and previous papers. (c) Marshall, D. R.; Reynhold-
Warnhoff, P.; Warnhoff, E. W.; Robinson, J. R. Can. J. Chem, 1971,
49, 885-903.

(a) Rondan, N, G.; Paddon-Row, M. N.; Caramella, P.; Houk, K. N,

J, Am, Chem, Soc. 1981, 103, 2436-2438. (b) Huisgen, R.; Ooms,

P. H. J.; Mingin, .3} Alinger, N. L. J, Am, Chem. Soc. 1980, 102,
3951-3953,

Sicher, J. Angew., Chem, Int. Ed, Engl. 1972, 11, 200-214,

Poutsma, M. L. J. Am, Chem, Soc. 1965, 87, 4293-4300,

Davies, D. I. 1in Essays on Free Radical Chemistry; Special Publi-
cation No. 243 The Chemical Society: London, 19703 pp 236.

For reactions of HBr with halonorbornenes, see: {a) Abell, P.E.;
Chiao, C. J, Am, Chem, Soc. 1960, 82, 3610-3613. (b) LeBel, N.A.
J, Am, Chem, Soc. 1960, 82, 623-627. {c) Fry, A. J.3 Farnham, W, B,
J, Org. Chem. 1969, 34, 4195-4197.

Since bromine is used in excess, its loss in this process did not
affect the overall reaction.

No attempt was made to introduce additional quantity of oxygen, and

probably due to insufficient amount of oxygen, the oxidation products
seem to be less than anticipated.

Autoxidations catalysed by HBr are industrially very important. See,
for example: Astle, M, J. The Chemistry of Petrochemicals;
Reinholdt: New York, N. Y., 19565 pp 24.

Freeman, F. Chem, Rev. 1975, 73, 439-490,

Estimated from 1H NMR spectrum as they were not separable by GC or
column chromatography.

Similar results are obtained in the bromination of 2-bromo-2-nor-
bornene; Gassman, P. G.3 Gennick, I. J, Org, Chem. 1280, 45,
5211-5213.



6498

17.

18,
19.

20,
21,
22,

G. NAGENDRAPPA

Deno, N.'C.3; Holland, Jr., G. W.5 Schulze, T. J, Org, Chem. 1967,
32, 1496-1498.

See ref 3 (a) for similar ozonolysis study of }.

For a discussion of this subject, see: Kaplan, L. Bridged Free
Radicals; Marcel Dekker: New York, N. Y., 1972.

See: ref 93 pp 214.

Alden, K. C.3 Davies, D. I. J, Chem, Soc, (C) 1967, 2007-2011.

The mass spectral peak heights of the spectra reported here match
correctly with the combined natural abundance ratio of the halogens.



