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Ring-opening reactions of functionalized bicyclo[2.2.0]hexanes
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On hydrolysis, the bicyclohexanes 1a,b give the cyclobutanes 2a,b and/or the cyclobutenes 3a,b. On
bromination they lead to the bromocyclobutanes 5a,b and the dibromocyclobutane 6a or the
bromocyclobutene 7b, respectively. The ease of  the electrophilic ring-opening of  compounds 1a,b can be
explained by assuming that the presence of  the methoxycarbonyl and gem-dimethoxy groups at C-1 and
C-2 favours the formation of  well-stabilized ionic intermediates or polar transition states. However, the
brominations may involve radical pathways, even to a minor extent, and these would lead to the same
products.

The chemical behaviour of strained bicycloalkyl structures is
closely related to their rigid molecular framework since the
presence of a large amount of strain energy makes C]C bond
scission a common process.1 Thus, bicyclo[2.2.0]hexanes under-
go ring-opening reactions involving the cleavage of the inter-
ring bond. Apart from the reaction of N,N-dimethylbicyclo-
[2.2.0]hexan-1-amine with water, which leads to cyclohex-
anone at high temperature,2 the only reported ring-opening
reactions of bicyclo[2.2.0]hexane and its halogen and alkyl
derivatives occur through radical or radical cation intermedi-
ates (thermolysis,3 photobromination,4 photoinduced electron-
transfer5). In particular, bicyclo[2.2.0]hexane undergoes bi-
molecular homolytic substitution at the bridgehead carbon
atoms with bromine atoms,4 in contrast to cyclobutane and its
derivatives for which bromination occurs by straightforward
hydrogen abstraction.6 However, bicyclo[2.2.0]hexane, as well
as cyclobutane, is almost inert toward electrophiles, even if
these reactions can occur on the basis of theoretical calcul-
ations.7 In order to verify the effect of substituents other than
halogens or alkyls on the chemical behaviour of the bicyclo-
[2.2.0]hexane system, we investigated the ring-opening reac-
tions of methyl 2,2,6,6-tetramethoxybicyclo[2.2.0]hexane-1-
carboxylates 1a,b, which we recently synthesized.8 The first
results, reported in a preliminary paper, showed that by using
ruthenium tetraoxide compounds 1a,b undergo regioselective
oxidative scission of the C(1)]C(2) and C(1)]C(6) bonds with
the formation of dimethyl 3-substituted 2-oxopentane-1,5-
dioates.9 Here we describe the hydrolysis and bromination of
products 1a,b.

Results and discussion

Hydrolysis of the bicyclohexanes 1
When a solution of 1 in acetone–water (4 :1, v/v) was refluxed (8
h for 1a, 48 h for 1b), the cyclobutanes 2 were almost quantita-
tively obtained as ca. 4 : 5 mixtures of diastereoisomers (Scheme
1). Compounds 2 were purified by silica gel chromatography and
their structures assigned on the basis of analytical and spectral
data. Each stereoisomer of the cyclobutanes 2 was separated but
its stereochemistry was not assigned. Indeed, as expected,10 simi-
lar values of cis and trans couplings of the vicinal protons were
found and NOE experiments carried out on the four products
proved insignificant. Moreover, the stereochemical assignment
made by comparing the deshielding effect 10 exerted by the meth-
oxycarbonyl groups at C-2 or/and C-1 on neighbouring cis pro-
tons or chain methylenes with that observed for similarly substi-
tuted cyclobutanes11 was unsuccessful.

When the bicyclohexanes 1 were treated with dilute hydro-
chloric acid at room temperature (30 min for 1a, 12 h for 1b),
they afforded the cyclobutenes 3, in addition to the stereo-
isomers of the cyclobutanes 2 (Scheme 1). Products 2 and 3 were

inseparable by normal chromatographic methods, so the yields
(30% and 30% yields for 2a and 3a; 25% and 50% yields for 2b
and 3b) were evaluated on the basis of the 1H NMR spectrum of
the reaction mixture after filtration through silica gel. The
cyclobutenes 3 were identified by comparing the IR and NMR
spectra of these mixtures with those of authentic samples.†

Control experiments showed that the cyclobutanes 2 and the
cyclobutenes 3 do not interconvert under the conditions used
for uncatalysed and catalysed hydrolysis of the bicyclohexanes
1. In fact, when heated in acetone–water under reflux or by
treatment with dilute hydrochloric acid: (i) the cyclobutanes 2
were almost quantitatively recovered while the cyclobutenes 3
were partially changed (ca. 20–30%) to unidentified products;
(ii) the cyclobutenes 3 did not afford the cyclobutanes 2 in the
presence of methanol.‡

The results show that the bicyclohexanes 1 undergo scission
of their C(1)]C(2) or C(1)]C(6) bonds both in water and in
acidic media. However, under neutral conditions the cyclobu-
tanes 2 are formed while in acidic media, in addition to 2, the

Scheme 1 Reagents: i, acetone–H2O (4 :1 v/v), reflux; ii, acetone–1
mol dm23 aq. HCl (4 :1 v/v), RT

CO2Me

OMe

OMe

MeO

MeO

R

R

MeO2C

OMeMeO2C

1

3

R

OMe
OMe

MeO2C

H
MeO2C

2

i

ii

2   +

a  R = H
b  R = CO2Me

† Compounds 3 were obtained almost quantitatively by treating 1 with
tetracyanoethene (TCNE). Detailed investigation of this reaction is in
progress.
‡ For longer times than used for 1, both the cyclobutanes 2 and the
cyclobutenes 3 led in dilute hydrochloric acid, although at different
rates, to acyclic carbonyl compounds as reported for hydrolysis of
ketals and enol ethers.12
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cyclobutenes 3 are also obtained. It is likely that under neutral
conditions a nucleophilic substitution by water takes place at C-
2 and cleavage of the C(1)]C(2) bond (Scheme 2) is favoured in

that the emerging negative charge at C-1 is stabilized by delocal-
ization on the methoxycarbonyl group and by the inductive
electron-withdrawing effect of the gem-dimethoxy group linked
to the adjacent carbon.8b Moreover, the process is aided by the
protic solvent and by relief  of ring strain.13 However, it cannot
be excluded that, as reported in other cases,14 both the polar
medium and ring strain promote the cleavage of the C(1)]C(2)
bond before attack by water since a well-stabilized zwitterion is
formed (Scheme 2). In acidic media, protonation of the meth-
oxycarbonyl group facilitates formation of the cyclobutanes 2
which occurs via the enols 4. However, under these conditions
protonation of the methoxy acetal groups can also occur and
this, followed by β-elimination,§ should afford the cyclobutenes
3.¶ As shown in Scheme 3, cleavage of the C(1)]C(2) or

C(1)]C(6) bonds should be promoted by the stabilization of the
developing positive charge on a dimethoxy substituted carbon.||
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§ Since only the exo C(2)]OMe bond is well aligned stereoelectronically
with the C(1)]C(6) bond, it is likely that for endo-protonation β-
elimination occurs through a stepwise route.
¶ It should be noted that owing to the closeness of the methoxycarbonyl
and exo-methoxy groups [A] and [B] could partly interconvert by pro-
ton transfer via a hydrogen-bonded ion.
|| The acid-catalysed reaction which leads to the cyclobutanes 2 is remin-
iscent of the acid-catalysed nucleophilic ring-opening of cyclopropyl
ketones where the ring-opening in related cyclopropyl carbocations
occurs toward the carbon atom which bears those substituents best able
to stabilize a positive charge.15

Bromination of the bicyclohexanes 1
Bromination of 1a and 1b was carried out at room temperature
using an equimolecular ratio of bromine in a CCl4 solution and
was complete within a few minutes (with the disappearance of
the bromine colour) (Scheme 4, Table 1). The bicyclohexanes 1a

and 1b gave the bromocyclobutanes 5a and 5b as diastereoiso-
meric mixtures in addition to the dibromocyclobutane 6a and
the bromocyclobutene 7b, respectively, as by-products (Scheme
4). In the bromination of 1a a small amount of the dibromo
ester 8a, resulting from bromination of 5a as shown by control
experiments, was also formed. The yields of the products 5–8 as
well as the stereoisomeric ratio of 5 were evaluated on the basis
of the 1H NMR spectrum of a sample of the CCl4 solution
recorded in CDCl3 and confirmed by silica gel chromatography
(Table 1).** The dibromocyclobutane 6a was not isolated since it
is converted quantitatively into the bromo ester 9a (slowly in
the reaction mixture and rapidly on contact with chromato-
graphic adsorbents).†† Therefore the yield of 6a, reported in
Table 1, was based on the bromo ester 9a which was recovered
by silica gel chromatography of the bromination mixture.

The structures of the products 5, 7b and 9a were assigned on
the basis of their analytical and spectral data. Although each of

Scheme 4
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Table 1 Bromination of the bicyclohexanes 1

Product distribution b

Entry

1a
1a
1a
1b
1b
1b

Conditions a

Br2

Br2–TTBP d

HBr-free Br2
e

Br2

Br2–TTBP d

HBr-free Br2
e

5

50 (3 :1)
48 (3 :1)
70 (2 :1)
62 (2.5 :1)
30 (3 :1)
50 (3 :2)

6 c

15
18
—
—
—
—

7

—
—
—
18
30
10

8

5
4
3
—
—
—

a Equimolecular amounts of 1 and bromine. Solution of 1 in CCl4 (0.15
mol dm23). b Yields and isomeric ratios were evaluated on the basis of
the 1H NMR spectrum of the bromination mixture and confirmed by
silica gel chromatography. c Yields based on the bromo ester 9a
obtained by silica gel chromatography of the reaction mixture.
d 1 :TTBP = 3 :1 molar ratio. e Solution of bromine in trimethyl phos-
phate (1 mol dm23).

** In the mixtures MeOH and MeBr were also present in amounts
which could not be quantified owing to their volatility.
†† Bromocyclobutane 5a under these conditions is completely stable.
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the isomers of 5 was isolated their stereochemistry was not
assigned. The stereochemistry of the bromocyclobutene 7b
was established on the basis of differential 1H NMR NOE
experiments. Irradiation at the resonance frequency of the CH
signal (δ 5.46) caused enhancement of the signals for the proton
of the chain methylene resonating at δ 3.60 and for the 2-OMe
at δ 4.20. The structure of the dibromocyclobutane 6a‡‡ was
assigned on the basis of its quantitative conversion into the
bromo ester 9a and confirmed by the fact that it was obtained
by the bromination of the cyclobutene 3a (see below). The
structure of the dibromo ester 8a was assigned by comparison
with a sample obtained by bromination of the bromocyclo-
butane 5a.

In order to test the occurrence of a radical or an acid-
catalysed pathway§§ we carried out reactions in the presence
of a free-radical inhibitor such as 2,4,6-tri-tert-butylphenol
(TTBP),16 or using bromine in trimethyl phosphate 17 as HBr-
free bromine. In the presence of TTBP the reaction times were
the same for both bicyclohexanes 1a and 1b, whereas the ratio
of the products was almost unchanged for 1a, and for 1b a
different ratio between 5b and 7b was observed (Table 1). When
HBr-free bromine was used, the bicyclohexane 1a gave almost
exclusively the bromocyclobutane 5a, while the bicyclohexane
1b yielded both 5b and 7b in a ca. 5 : 1 molar ratio (Table 1).

Control experiments showed that: (i) the bicyclohexanes 1
with HBr in the time required for bromination partly afforded
the cyclobutenes 3 and the cyclobutanes 2 in addition to MeBr;
(ii) bromination of the cyclobutenes 3a and 3b led to the
dibromocyclobutane 6a and to the bromocyclobutene 7b,
respectively, in addition to polymeric material; (iii) bromination
of the cyclobutanes 2 was slow and, in addition to the bromo-
cyclobutanes 5, led to other bromination products.18

All of the results can be interpreted assuming different path-
ways for the observed bromination products. As regards form-
ation of the bromocyclobutanes 5, the minimal effect of TTBP
suggests that a radical chain mechanism, as reported for
the photobromination of arylcyclopropanes 19 and bicyclo-
[2.2.0]hexane,4 is negligible especially for 1a. Therefore, accord-
ing to Scheme 5, it is likely that electrophilic addition of
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‡‡ The 1H NMR signals of 6a overlap with those of the products
present in the bromination mixture of 1a, apart from three methoxy
signals at δ 3.58, 3.69 and 3.84.
§§ Trace amounts of HBr present in the reaction mixtures could induce
acid-catalysed ring-opening of the bicyclohexanes 1 to give the cyclo-
butanes 2 and the cyclobutenes 3, which could undergo bromination
providing the observed products.

bromine to the C(1)]C(2) or C(1)]C(6) bond in 1 occurs with
formation of the dimethoxy carbocation 10, as observed for
polar bromination of alkenes 20 and cyclopropanes 21 bearing
substituents able to stabilize the developing positive charge.
However, since the direct attack of bromine seems subject to
steric hindrance, the first step of the reaction could be an
electron-transfer from the substrate to bromine with cleavage of
the C(1)]C(2) or C(1)]C(6) bond and formation of the radical
ion-pair 11, as observed in bromination of some bicyclobutane
derivatives.¶¶,22 The carbocation intermediate 10, for reaction
with bromide, could lead to MeBr and the bromocyclobutane
5 by way of an SN2 type of displacement or via formation of the
unstable dibromide 12.24

On the other hand, the formation of 5 can occur, even if  to a
small extent, by bromine addition to the enols 13, which can
derive from the HBr-catalysed ring-opening of the bicyclo-
hexanes 1 (Scheme 5). The enols 13 should add bromine very
rapidly leading to the bromocyclobutanes 5 before they tau-
tomerize to the cyclobutanes 2,|||| as occurs in the case of the
well-known α-bromination of ketones.25

As regards the formation of the secondary products 6a and
7b, we assume that the HBr-catalysed ring-opening of 1 affords
3 which undergoes electrophilic addition of bromine leading to
the dibromocyclobutanes 6a,b (Scheme 6). While 6a is hydro-

lysed to the bromo ester 9a, 6b loses HBr*** and affords the
unstable bromocyclobutene 14b which, by an allylic rearrange-
ment,26 leads to 7b. On the other hand, the recovery of 7b in the
reaction with HBr-free bromine indicates that this product can
also be formed by a radical pathway. It is likely that the bicy-
clohexane 1b partly undergoes radical substitution at the ring
methylene with the formation of unstable 3- or 5-bromo-
bicyclohexane 15b††† which decomposes to the bromocyclo-
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CO2Me
OMe

MeO

MeO

MeO2C
Br

OMe

R

MeO2C
Br

OMe
Br

MeO2C

CO2Me

MeO2C

OMe

3

MeO2C
Br

1
HBr

15b

Br2

R = CO2Me

7b

6 14b

R = CO2Me

R = H

Br2

9a

a  R = H              b  R = CO2Me

¶¶ In the bromination of alkenes donor–acceptor charge-transfer com-
plexes are formed.23 On the other hand, alkyl derivatives of bicyclo-
[2.2.0]hexane undergo photoinduced electron-transfer;5 therefore, it is
likely that in 1 the presence of the methoxy acetal groups promotes the
electron-transfer to bromine which is an electrophile with sufficiently
low LUMO.
|||| This is proved by the absence of the cyclobutanes 2 and their other
bromination products in the reaction mixtures.
*** The different behaviour of the dibromocyclobutane 6b with respect
to that of 6a is presumably due to the electron-withdrawing inductive
effect of the 4-CO2Me group.
††† It is to be noted that all attempts to obtain bicyclohexanes 1 3- or
5-substituted were unsuccessful.8b
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butene 7b.‡‡‡ The isolation of the stereoisomer 7b (the only
one present) shows that the substitution of Hexo is selective as
was found for the bromination of norbornane.27

Conclusion
The behaviour of the bicyclohexanes 1 is different from that of
the parent and its halogeno and alkyl derivatives, in that they
easily undergo electrophilic ring-opening reactions with select-
ive cleavage of the C(1)]C(2) or C(1)]C(6) bond. Evidently, the
combination of methoxycarbonyl and gem-dimethoxy groups
at C-1 and C-2 favours the formation of well-stabilized ionic
intermediates or polar transition states. However, in bromin-
ation radical pathways can be involved, even if  to a much lesser
extent, and can lead to the same products.

Experimental
IR spectra were recorded on a Perkin-Elmer 1760/X-FT spectro-
photometer using CHCl3 as solvent unless otherwise stated. 1H
and 13C NMR spectra were recorded with a Bruker AC-270
spectrometer using CDCl3 as solvent and Me4Si as internal
standard; J values are given in Hz. DEPT techniques were
employed to determine the multiplicity in the 13C NMR spectra
and gated decoupling methods to obtain quantitative noise-
decoupled spectra. HPLC was performed on a Shimadzu LC-
9A instrument equipped with a Beckman UV detector using a
Merck Lichrosorb Si-60 (10 µm) column and tert-butyl methyl
ether–hexane (1 :3) as eluent with a 3 cm3 min21 flow rate of
elution. CCl4 used in the reactions was anhydrous. Silica gel
[0.063–0.20 mm (Macherey-Nagel)] and light petroleum (bp
40–60 8C) were used for column chromatography. Bromine,
2,4,6-tri-tert-butylphenol (TTBP), bromine in trimethyl phos-
phate (1.0 mol dm23), anhydrous hydrogen bromide and tetra-
cyanoethene (TCNE) were purchased from commercial
supplies.

Hydrolysis of the bicyclo[2.2.0]hexanes 1
A solution of the bicyclohexane 1 (0.5 mmol) in acetone–water
(4 :1; 7 cm3) was refluxed until disappearance of 1 (1H NMR).
After termination of the reaction (6 h for 1a, 48 h for 1b), the
mixture was evaporated under reduced pressure and the resi-
due was slowly chromatographed on silica gel with light
petroleum–diethyl ether (4 :1) as eluent: the reaction with 1a
gave the major isomer of 2a (50%) and its minor isomer (40%),
successively, and that of 1b afforded the minor isomer of 2b
(40%) and its major isomer (50%), successively.

Methyl 2,2-dimethoxy-1-methoxycarbonylcyclobutan-4-yl-
acetate 2a. Major isomer as an oil; νmax/cm21 1735; δH 2.15 (1 H,
dd, J 12.0, 7.8, 3-H), 2.33 (1 H, ddd, J 12.0, 8.0, 2.8, 3-H), 2.68
(2 H, m, 4-H 1 H-CHCO2Me), 2.94 (1 H, dd, J 16.1, 7.0, H-
CHCO2Me), 3.15 and 3.26 (6 H, 2 × s, 2 × OMe), 3.45 (1 H, dd,
J 8.0, 2.8, 1-H) and 3.66 and 3.69 (6 H, 2 × s, 2 × CO2Me); δC

24.9 (d), 34.9 (t), 36.9 (t), 48.7 (q), 49.2 (q), 50.6 (d), 51.3 (q),
51.4 (q), 100.9 (s), 170.4 (s) and 173.2 (s) (Found: C, 53.2; H,
7.5. C11H18O6 requires C, 53.65; H,7.37%). Minor isomer as an
oil; νmax/cm21 1734 ; δH 1.70 (1 H, dd, J 12.0, 8.0, 3-Ha), 2.51 (3
H, m, CH2CO2Me 1 3-Hb), 2.82 (1 H, m, 4-H), 3.10 (1 H, d, J
7.8, 1-H), 3.15 and 3.28 (6 H, 2 × s, 2 × OMe) and 3.65 and 3.72
(6 H, 2 × s, 2 × CO2Me); δC 24.5 (d), 35.4 (t), 39.1 (t), 48.7 (q),
49.3 (q), 51.5 (q), 51.7 (q), 54.3 (d), 100.8 (s), 170.2 (s) and 172.2
(s) (Found: C, 53.2; H, 7.5. C11H18O6 requires C, 53.65;
H,7.37%).

Methyl 2,2-dimethoxy-1,4-bis(methoxycarbonyl)cyclobutan-
4-ylacetate 2b. Major isomer as an oil; νmax/cm21 1739; δH 2.16
(1 H, dd, J 12.5, 3.1, 3-H), 2.78 and 3.03 (2 H, 2 × d, J 15.6,

‡‡‡ The H-extraction is competitive only for 1b since presumably the
4-CO2Me group slows down bromine addition owing to steric
hindrance.

CH2CO2Me), 3.16 (d, J 12.5, 3-H) and 3.15 (s, OMe) (together
4 H), 3.24 (3 H, s, OMe), 3.37 (1 H, d, J 3.1, 1-H) and 3.64, 3.67
and 3.74 (9 H, 3 × s, 3 × CO2Me); δC 38.5 (t), 39.1(s), 42.4 (t),
48.8 (q), 49.0 (q), 51.7 (q), 51.9 (q), 52.3 (q), 57.2 (d), 98.7 (s),
168.5 (s), 170.7 (s) and 173.3 (s) (Found: C, 51.1; H, 6.4.
C13H20O8 requires C, 51.31; H, 6.63%). Minor isomer as an oil;
νmax/cm21 1738; δH 2.37 and 2.47 (2 H, 2 × d, J 12.5, 3-H2), 2.98
and 3.42 (2 H, 2 × d, J 17.1, CH2CO2Me), 3.17 and 3.30 (6 H,
2 × s, 2 × OMe), 3.64, 3.67 and 3.73 (9 H, 3 × s, 3 × CO2Me)
and 3.90 (1 H, s, 1-H); δC 37.5 (t), 39.2 (s), 40.1 (t), 48.7 (q), 49.7
(q), 51.6 (two overlapping q), 52.4 (d), 52.6 (q), 99.7 (s), 168.4
(s), 172.0 (s) and 174.5 (s) (Found: C, 51.1; H, 6.4. C13H20O8

requires C, 51.31; H, 6.63%).
Cyclobutanes 2 (0.5 mmol) were almost quantitatively

recovered by silica gel chromatography, after refluxing in
acetone–water (4 :1; 7 cm3) for the time reported for the corres-
ponding bicyclohexanes 1.

Acid-catalysed hydrolysis of the bicyclohexanes 1
A solution of 1a (130 mg, 0.5 mmol) in 1 mol dm23 aq. HCl–
acetone (1 :4; 3.2 cm3) was kept at room temperature. After 30
min work-up gave a mixture which was filtered through silica
gel with light petroleum–diethyl ether (4 :1) as eluent. The frac-
tion collected (70 mg) was composed of 2a and 3a in a ca. 1 : 1
molar ratio with a stereoisomeric ratio for 2a of ca. 1 : 1 (1H
NMR). Quantification was based on the relative areas of the
signals at δ 3.26 (OMe of the major isomer of 2a), 3.28 (OMe of
the minor isomer of 2a) and 3.88 (OMe of 3a). Since all
attempts to separate 2a and 3a failed, the yields (30% for 2a and
30% for 3a) were calculated by 1H NMR of this fraction and the
products were identified by comparison (1H NMR and IR spec-
tra) with authentic samples.

A solution of 1b (160 mg, 0.5 mmol) in 1 mol dm23 aq. HCl–
acetone (1 :4; 4 cm3) was kept at room temperature. After 12 h
work-up gave a mixture which was filtered through silica gel,
with light petroleum–diethyl ether (4 :1) as eluent. The resulting
fraction (100 mg) was composed of 2b and 3b in a ca. 1 : 2 molar
ratio [by 1H NMR, on the basis of the relative areas of the
signals at δ 4.06 (OMe of 3b) and 3.64 (OMe of 2b)] with a
stereoisomeric ratio for 2b of  ca. 1 : 1 (by 1H NMR, on the basis
of the relative areas of the signals at δ 2.16 and 3.90). Thus, the
yields calculated as for 1a were 25% for 2b and 50% for 3b. The
products were identified by comparison (1H NMR and IR spec-
tra ) of this fraction with authentic samples.

A solution of the cyclobutane 2a (123 mg, 0.5 mmol) in 1 mol
dm23 aq. HCl–acetone (1 :4; 3.2 cm3) was kept at room tem-
perature for 30 min. Work-up of an aliquot of the mixture (2
cm3) allowed the almost quantitative recovery of 2a. The
remainder of the solution was periodically sampled and the
samples analysed by 1H NMR spectroscopy. It was observed
that over time the signals of the cyclobutane 2a decreased while
those of unidentified products increased. After 24 h only the
latter were present. In no spectrum were the signals of the
cyclobutene 3a present. A solution of the cyclobutane 2b (152
mg, 0.5 mmol) was treated in a similar manner to that described
for 2a; after 12 h an aliquot (2 cm3) showed the presence of 2b
in almost quantitative amount whilst analysis of the 1H NMR
of a sample after 10 days showed that the cyclobutane 2b was
still present (ca. 70%) together with unidentified products.§§§
In no spectrum were the signals of the cyclobutene 3b present.

Preparation of the cyclobutenes 3
An equimolecular amount of TCNE was added to a 0.5 mol
dm23 solution of the bicyclohexanes 1 (4 cm3) in dry CH3CN
and the resulting mixture was kept at room temperature. After
2 h the mixture was evaporated and the residue suspended in

§§§ On the basis of that reported for the hydrolysis of ethyl 2,2-
diethoxycyclobutane-1-carboxylate,12b it is likely that these products are
derivatives of dimethyl pentane-1,5-dioate.
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dry CCl4 and TCNE, filtered and evaporated. The crude prod-
uct 3 was purified by filtration through silica gel (light
petroleum–diethyl ether, 4 :1) and obtained in 90% yields.

Methyl 2-methoxy-1-methoxycarbonylcyclobut-1-en-4-
ylacetate 3a. An oil; νmax/cm21 (CCl4) 1741, 1709 and 1636; δH

2.04–2.23 (2 H, m) and 2.65–2.92 (3 H, m) (CH2CHCH2), 3.59
(6 H, s, 2 × CO2Me) and 3.88 (3 H, s OMe); δC 28.9 (d), 35.3 (t),
37.8 (t), 50.5 (q), 51.2 (q), 58.5 (q), 104.3 (s), 161.5 (s), 161.6 (s)
and 172.7 (s) (Found: C, 56.2; H, 6.5. C10H14O5 requires C,
56.07; H, 6.59%).

Methyl 2-methoxy-1,4-bis(methoxycarbonyl)cyclobut-1-en-4-
ylacetate 3b. An oil; νmax/cm21 (CCl4) 1740, 1714 and 1641; δH

2.43 and 3.43 (2 H, 2 × d, J 17.1, CH2CO2Me), 2.70 and 3.20 (2
H, 2 × d, J 15.3, 3-H2), 3.67, 3.69 and 3.70 (9 H, 3 × s,
3 × CO2Me) and 4.06 (3 H, s, OMe); δC 38.3 (t), 39.9 (t), 42.7 (s),
51.0 (q), 51.6 (q), 52.3 (q), 59.4 (q), 105.5 (s), 160.7 (s), 163.7 (s),
172.1 (s) and 173.7 (s) (Found: C, 52.8; H, 5.9. C12H16O7

requires C, 52.94; H, 5.92%).
A solution of the cyclobutene 3a (107 mg, 0.5 mmol) in

acetone–water (4 :1; 7 cm3) was refluxed for 6 h after which
work-up and silica gel chromatography afforded 3a (70%) and
unidentified products. A solution of cyclobutene 3b (136 mg,
0.5 mmol) in acetone–water (4 :1; 7 cm3) was refluxed for 48 h
after which silica gel chromatography afforded 3a (70%) and
unidentified products. The cyclobutenes 3 (0.5 mmol) when
treated as reported above in acetone–water–methanol
(3.5 :1 :0.5; 4 cm3) gave similar results.

A solution of the cyclobutene 3a (107 mg, 0.5 mmol) in 1 mol
dm23 aq. HCl–acetone (1 :4; 3.2 cm3) was kept at room tem-
perature for 30 min after which work-up of an aliquot of the
mixture (2 cm3) gave 3a (70%) and unidentified products. The
remaining solution was periodically sampled and the samples
analysed by 1H NMR spectroscopy. It was observed that over
time signals for the cyclobutene 3a decreased while those of
unidentified products increased until after 12 h only the latter
were present. In no spectrum were signals of the cyclobutane 2a
present. When the cyclobutene 3b (136 mg, 0.5 mmol) was
treated in a similar manner to that described for 3a, work-up
after 12 h afforded 3b (80%) and unidentified products; analysis
of the 1H NMR spectrum of a sample of the solution after 36 h
showed that only the latter were present. In no spectrum were
signals of the cyclobutane 2b present. When the cyclobutenes 3
(0.5 mmol) were treated as reported above in 1 mol dm23 aq.
HCl–acetone–methanol (1 :3.5 :0.5; 4 cm3), the same results
were obtained.¶¶¶ In no spectrum were signals for the cyclo-
butanes 2 present.

General procedure for bromination
To a 0.15 mol dm23 solution of the substrate in CCl4 was added
an equimolecular amount of bromine and the resulting mixture
was kept at room temperature until the disappearance of brom-
ine colour. An aliquot of the solution (0.1 cm3) was dissolved
in CDCl3 (0.4 cm3) and the resulting mixture was monitored
by 1H NMR. The remaining solution, after removal of the
solvent under reduced pressure, was chromatographed on silica
gel.

Bromination of the bicyclohexanes 1
The reaction of 1a (130 mg, 0.5 mmol) was complete in 15 min
and the 1H NMR spectrum in CCl4–CDCl3 showed the pres-
ence of the major isomer of the bromocyclobutane 5a, of  its
minor isomer, and of the dibromocyclobutane 6a (ca. 3 : 1 :1
molar ratio) in addition to MeBr, MeOH and small amounts
of the dibromo ester 8a. Quantification was based on the rela-
tive areas of the signals at δ 2.11 (H of the major isomer of 5a),
1.89 (H of the minor isomer of 5a), 3.84 (OMe of 6a). MeBr

¶¶¶ On the basis of that reported for hydrolysis of the enol ethers,12a it
is likely that these products are derivatives of dimethyl pentane-1,5-
dioate.

and MeOH were identified by comparison with authentic
samples. Chromatography of the mixture on a short column of
silica gel [light petroleum–diethyl ether (4 :1) as eluent] followed
by HPLC afforded 5a (major isomer: 62 mg, 38%; minor iso-
mer: 20 mg, 12%), 8a (9 mg, 5%) and 9a (23 mg, 15%). Com-
pound 8a was identified by comparison with authentic sample
(see below).

Methyl 1-bromo-2,2-dimethoxy-1-methoxycarbonylcyclo-
butan-4-ylacetate 5a. Major isomer as an oil; tR = 10.2 min; νmax/
cm21 1734; δH 2.11 (1 H, dd, J 12.2, 7.3), 2.55–2.70 (2 H, m ) and
2.90–3.03 (2 H, m) (CH2CHCH2) and 3.25, 3.41, 3.68 and 3.78
(12 H, 4 × s, 4 × OMe); δC 34.3 (t), 34.5 (t), 39.2 (d), 49.9 (q),
50.2 (q), 51.6 (q), 52.8 (q), 64.3 (s), 101.8 (s), 167.8 (s) and 172.1
(s) (Found: C, 40.8; H, 5.1. C11H17BrO6 requires C, 40.63; H,
5.27%). Minor isomer as an oil; tR = 10.7 min; νmax/cm21 1734;
δH 1.89 (1 H, dd, J 11.2, 7.3), 2.50–2.77 (3 H, m) and 3.05 (1 H,
m) (CH2CHCH2) and 3.25, 3.41, 3.67 and 3.79 (12 H,
4 × OMe); δC 31.4 (d), 33.5 (t), 37.3 (t), 50.3 (q), 50.6 (q), 51.6
(q), 52.9 (q), 69.3 (s), 102.4 (s), 168.5 (s) and 172.1 (s) (Found:
C, 40.7; H, 5.1. C11H17BrO6 requires C, 40.63; H, 5.27%).

Dimethyl 2-bromo-3-methoxycarbonylmethylpentane-1,5-
dioate 9a. An oil; tR = 14.3 min; νmax/cm21 1738; δH 2.50 (dd, J
16.4, 7.7), 2.58 (d, J 6.3) and 2.75 (dd, J 16.4, 4.4) (together 4 H,
2 × CH2), 2.95 (1 H, m, CH), 3.68 (6 H, s, 2 × OMe), 3.78 (3 H,
s, OMe) and 4.72 (1 H, d, J 5.5, CHBr); δC 35.0 (d), 35.3 (t), 35.7
(t), 49.6 (d), 51.6 (two overlapping q), 53.1 (q), 169.0 (s), 171.7
(s) and 171.9 (s) (Found: C, 38.7; H, 4.8. C10H15BrO6 requires C,
38.60; H, 4.86%).

Bromination of the bicyclohexane 1b (160 mg, 0.5 mmol) was
terminated within 15 min and the 1H NMR spectrum in CCl4–
CDCl3 showed, in addition to MeBr and MeOH, the presence
of the major isomer of the bromocyclobutanes 5b, of its minor
isomer and of the bromocyclobutene 7b (ca. 2.5 :1 :1 molar
ratio). Quantification was based on the relative areas of the
signals at δ 3.40 (OMe of the major isomer of 5b), 3.43 (OMe of
its minor isomer) and 4.20 (OMe of 7b). Silica gel chroma-
tography (light petroleum–diethyl ether, 4 :1) followed by
HPLC afforded the minor isomer of 5b (34 mg, 18%), the major
isomer of 5b (85 mg, 44%) and 7b (32 mg, 18%).

Methyl 1-bromo-2,2-dimethoxy-1,4-bis(methoxycarbonyl)-
cyclobutan-4-ylacetate 5b. Major isomer as an oil; tR = 24.1
min; νmax/cm21 1737; δH 2.64 and 2.97 (2 × d, J 13.0) and 2.89
and 3.01 (2 × d, J 14.2) (together 4 H, 2 × CH2), 3.26 and 3.40
(6 H, 2 × s, 2 × OMe) and 3.66, 3.72 and 3.80 (9 H, 3 × s,
3 × CO2Me); δC 35.9 (t), 42.7 (t), 45.9 (s), 50.2 (q), 50.6 (q),
51.9 (q), 52.3 (q), 53.6 (q), 71.2 (s), 98.8 (s), 167.5 (s), 170.6 (s)
and 172.2 (s) (Found: C, 40.6; H, 4.9. C13H19BrO8 requires C,
40.74; H, 5.00%). Minor isomer as an oil: tR = 20.1 min; νmax/
cm21 1741; δH 2.25 (1 H, d, J 12.8, 3-H), 2.92 (d, J 16.4, H-
CHCO2) and 3.01 (d, J 12.8, 3-H) (together 2 H), 3.27 and 3.43
(6 H, 2 × s, 2 × OMe), 3.65 (3 H, s, CO2Me), 3.79 and 3.80
(2 × s, 2 × CO2Me) and 3.80 (d, J 16.4, H-CHCO2) (together 7
H); δC 34.1 (t), 38.7 (t), 48.5 (q), 49.3 (s), 50.1 (q), 50.6 (q), 51.8
(q), 52.4 (q), 52.8 (q), 64.9 (s),101.2 (s), 166.6 (s), 170.6 (s) and
171.1 (s) (Found: C, 40.5; H, 4.8. C13H19BrO8 requires C, 40.74;
H, 5.00%).

Methyl 3-bromo-2-methoxy-1,4-bis(methoxycarbonyl)cyclo-
but-1-en-4-ylacetate 7b. An oil; tR = 22.2 min; νmax/cm21 1738
and 1651; δH 2.73 and 3.60 (2 H, 2 × d, J 17.5, CH2), 3.70 (6 H,
s) and 3.75 (3 H, s) (3 × CO2Me), 4.20 (3 H, s, OMe) and 5.46 (1
H, s, CH); δC 37.2 (t), 48.9 (d), 49.4 (s), 52.0 (q), 52.3 (q), 53.2
(q), 60.9 (q), 106.2 (s), 161.0 (s), 161.3 (s), 171.8 (s) and 172.4 (s)
(Found: C, 40.9; H, 4.3. C12H15BrO7 requires C, 41.04; H,
4.31%).

Bromination of the bromocyclobutane 5a
Reaction of the isomeric mixture of compounds 5a (65 mg,
0.2 mmol) was complete in 30 min and work-up followed by
silica gel chromatography with light petroleum–diethyl ether
(4 :1) as eluent gave dimethyl 2,2-dibromo-3-(methoxy-
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carbonyl)methylpentane-1,5-dioate 8a (62 mg, 80%) as an oil,
tR = 15.9 min; νmax/cm21 1750; δH 2.57 (dd, J 16.1, 8.2) and 2.81
(dd, J 16.1, 3.5) (together 4 H, 2 × CH2), 3.58 (1 H, m, J 8.2,
3.5, CH), 3.70 (6 H, two overlapping s, 2 × OMe) and 3.91 (3 H,
s, OMe); δC 38.1 (two overlapping t), 44.8 (d), 52.0 (two over-
lapping q), 54.8 (q), 65.6 (s), 165.8 (s) and 171.1 (two overlap-
ping s) (Found: C, 30.9; H, 3.6. C10H14Br2O6 requires C, 30.79;
H, 3.62%).

Bromination of the cyclobutenes 3
Bromination of the cyclobutene 3a (107 mg, 0.5 mmol) was
complete within 15 min and an 1H NMR spectrum of the reac-
tion mixture showed the presence of the dibromocyclobutane
6a in addition to unidentified material. Silica gel chroma-
tography (light petroleum–diethyl ether, 4 :1) followed by
HPLC gave the bromo ester 9a (54 mg, 35%), resulting from
hydrolysis of 6a on contact with the adsorbent.

Bromination of the cyclobutene 3b (136 mg, 0.5 mmol) was
complete within 15 min and an 1H NMR spectrum of the reac-
tion mixture showed, in addition of unidentified material, the
presence of 7b. Work-up followed by silica gel chromatography
(light petroleum–diethyl ether, 4 :1) and HPLC gave 7b (70 mg,
40%).

Bromination of the bicyclohexanes 1 in the presence of TTBP
Bromination of 1a (130 mg, 0.5 mmol) in the presence of TTBP
(0.3 equiv.) was complete within 15 min (1H NMR) after which
the mixture was evaporated and the residue chromatographed
on silica gel. Elution with light petroleum–diethyl ether (9 :1
and 4 :1) gave TTBP and, successively, a mixture (70 mg) com-
posed of the isomeric bromocyclobutanes 5a, the bromo ester
9a and the dibromo ester 8a. HPLC of the last-mentioned frac-
tion, performed as described above, allowed the separation of
5a (20 mg, 12% for the minor isomer and 58 mg, 36% for the
major isomer), 9a (28 mg, 18%) and 8a (8 mg, 4%).

Bromination of 1b (160 mg, 0.5 mmol) was carried out as
reported above. After completion of the reaction (15 min, 1H
NMR) the mixture was worked up as for 1a to give the bromo-
cyclobutene 7b (53 mg, 30%) and the bromocyclobutanes 5b (15
mg, 8% for minor isomer and 43 mg, 22% for major isomer).

Bromination of the bicyclohexanes 1 with HBr-free Br2

Bromine in trimethyl phosphate (0.42 cm3) was added to the
bicyclohexane 1a (130 mg, 0.5 mmol) in CCl4 (1.7 cm3) and the
mixture was kept at room temperature until the colour notice-
ably lightened (30 min). After evaporation of CCl4 from the
mixture, rapid silica gel chromatography of the residue [light
petroleum–diethyl ether (4 :1) as eluent] followed by HPLC
gave the major isomer of the bromocyclobutane 5a (75 mg,
46%), its minor isomer (38 mg, 24%) and the dibromo ester 8a
(6 mg, 3%).

The reaction of 1b (160 mg, 0.5 mmol) was performed
and worked up as described for 1a. After 30 min silica gel
chromatography of the reaction mixture afforded the major
isomer of the bromocyclobutane 5b (57 mg, 30%), its minor
isomer (38 mg, 20%) and the bromocyclobutene 7b ( 17 mg,
10%).

Reaction of the bicyclohexanes 1 with HBr
HBr was bubbled at room temperature through a 0.15 mol dm23

solution of 1a (0.5 mmol) in CCl4. After 15 min an aliquot (0.1
cm3) of the solution was dissolved in CDCl3 (0.4 cm3) and the
resulting mixture was monitored by 1H NMR spectroscopy.
The spectrum showed, in addition to the presence of MeBr
and MeOH, the products 1a, 3a, 2a (ca. 3 : 1 :1 molar ratio).

When 1b was treated in the same manner, a 1H NMR in
CDCl3–CCl4 of  the mixture after 15 min showed the products
1b, 3b and 2b (ca. 6 : 2 :1 molar ratio).
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