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It was established that photodecarbonylation of o-benzoquinones occurs by irradiation not only by UV-
light, but visible light (l>520 nm) too. Study of the series of 4,5-di-substituted 3,6-di-tert-butyl-o-
benzoquinones detected that the only product of photoreaction is the corresponding 3,4-di-substituted
2,5-di-tert-butyl-cyclopentadienone, which is formed in a yield close to quantitative. NMR monitoring of
reaction of photodecarbonylation of o-benzoquinones detected that this is a two-stage process. In the
first stage the photoexcited molecule of quinone rearranges into bicyclo compound (bicyclo[1.3.0]hexa-
3-en-2,6-dione) containing five- and three- membered cycles, which spontaneously decomposes during
the following dark stage into cyclopentadienone and a molecule of CO.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Articles1–4 dedicated to the photodecarbonylation of quinones
describe studies of reactions occurring under UV-radiation. The
following is known about the products of the decarbonylation re-
action of o-benzoquinones: irradiation (l¼254 and 320 nm) of
unsubstituted o-benzoquinone in an argon matrix (T¼10 K) leads to
the formation of cyclopenta-2,4-dienone.2 It was established that
3,6-di-tert-butyl-o-benzoquinone decomposes to 2,5-di-tert-butyl-
cyclopentadienone with CO elimination.3 It is suggested4,5 that
irradiation (l<405 nm) of a hexane solution of 3,5-di-tert-butyl-o-
benzoquinone leads to formation of the corresponding 2,4-di-tert-
butyl-cyclopentadienone (it was concluded on the base of fixation of
the product of dimerization of 2,4-di-tert-butyl-cyclopentadienone
by Diels–Alder reaction (2pþ4p addition)). Thus, reaction of
decarbonylation of o-benzoquinones can be considered as method
of synthesis of cyclopentadienones, which are widely used as ligands
for organometallic compounds6–14 and as reagents for binding of
singlet oxygen.15 Here, we report studies on the mechanism of
decarbonylation of 3,6-di-tert-butyl-o-benzoquinone and its 4,5-
derivatives under irradiation by visible light (l>520 nm).

2. Results and discussion

The photolysis of series of benzene solutions of sterically
hindered o-benzoquinones (1), such as 3,6-di-tert-butyl-o-
All rights reserved.
benzoquinone (1a), 4,5-di-fluoro-3,6-di-tert-butyl-o-benzoqui-
none (1b), 4,5-di-chloro-3,6-di-tert-butyl-o-benzoquinone (1c),
4,5-di-methoxy-3,6-di-tert-butyl-o-benzoquinone (1d), 5,8-di-tert-
butyl-2,3-dihydrobenzo-1,4-dioxine-6,7-dione (1e), 4,7-di-tert-
butylbenzo-1,3-dithiole-2,5,6-trione (1f) and 5,8-di-tert-butyl-2,3-
dihydro-1,4-ethanoquinoxaline-6,7-dion (1g) was studied upon
irradiation with light, l>520 nm. We established that o-ben-
zoquinones undergo photochemical conversion under irradia-
tion not only by UV-light, but also by natural light, l>520 nm.
It leads to decoloration of the quinone solution. Selection of
benzene as solvent was determined by the relatively large
energy of the C–H bond. It excludes the possibility of partici-
pation of o-benzoquinone in photoreduction.16–18 The typical
changes in the spectral characteristics of benzene solution of
4,5-di-chloro-3,6-di-tert-butyl-o-benzoquinone are presented in
Figure 1.

A decrease in the absorption bands intensities of quinone is
accompanied by an increase of the absorption of solution in
440<l<500 nm region (this absorption band is attributed to the
product of photoreaction; the spectrum does not change more than
this), which is followed by appearance of two distinct isobestic
points. The presence of isobestic points was observed in the pho-
tolysis of all o-benzoquinones (excluding 1d).

NMR monitoring of the photoreaction of all o-benzoquinones
detected that decarbonylation occurs in all cases to give a single
(the main for 1d) final productdthe corresponding 3,4-di-
substituted 2,5-di-tert-butyl-cyclopentadienones (2) (Scheme 1).

At room temperature, all 3,4-di-substituted 2,5-di-tert-butyl-
cyclopentadienones are formed with yields close to quantitative.
The products of photolysis of o-benzoquinones were isolated and
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Figure 1. Spectral changes upon irradiation with the light, l>520 nm, at equal time
intervals (60 s) of benzene solution of 4,5-di-chloro-3,6-di-tert-butyl-o-benzoquinone
(5�10�4 M) (deaerated solution was saturated with Ar, 298 K).

Figure 2. Changes in the 1H NMR spectrum of a solution of 4,5-di-methoxy-3,6-di-
tert-butyl-o-benzoquinone (1�10�2 M, C6D6, T¼298 K) before irradiation (a); after 20 h
of irradiation by light, l>520 nm (b); after heating at 333 K during 10 h (c). (Labels: the
protons of tert-butyl groups and methoxy groups of 3,4-di-methoxy-2,5-di-tert-butyl-
cyclopentadienone (2d) marked by bold; the protons of tert-butyl groups and methoxy
groups of 1,3-di-tert-butyl-4,5-di-methoxy-bicyclo[3.1.0]hexa-3-en-2,6-dione (3)
marked by italic).
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characterized by IR, NMR spectroscopy and element analysis (see
Section 3).

The detailed NMR study of reaction of o-benzoquinones allowed
us to detect the formation of an unstable intermediate product. The
NMR spectra illustrating the evolution of phototransformation of
quinone 1d is shown in Figure 2. The irradiation (yellow light,
l>520 nm for 20 h) of a benzene solution of 1d (in deaerated and
soldered NMR tube) (Fig. 2a) results in the almost total
disappearance of signals of the initial quinone (Fig. 2b). Simulta-
neously, the appearance of new signals attributed to protons of the
tert-butyl groups (d¼1.39 ppm), methoxy groups (d¼3.32 ppm) of
3,4-di-methoxy-2,5-di-tert-butyl-cyclopentadienone (2d) and
nonequivalent protons of two tert-butyl groups (d¼1.13 and
1.23 ppm) and two methoxy groups (d¼3.16 and 3.53 ppm), con-
ceivably, of 1,3-di-tert-butyl-4,5-di-methoxy-bicyclo[3.1.0]hexa-3-
en-2,6-dione (3) (Scheme 2) were observed in the 1H NMR spec-
trum (Fig. 2b). Heating (at 333 K for 10 h) of reaction mixture leads
to almost total disappearance of signals of protons of compound 3
and simultaneous accumulation of signals attributed to 2d (Fig. 2c).

Earlier2 the formation of intermediate, hexa-1,3,5-triene-1,6-
dione, at the investigation of reaction of photodecarbonylation of
unsubstituted o-benzoquinone in argon matrix (10 K) by UV-light
was observed. However, the 1H NMR spectrum of the intermediate,
the product of decomposition of 1d, contains signals of the non-
equivalent protons of tert-butyl groups, which exclude the possi-
bility of formation of derived hexa-1,3,5-triene-1,6-dione.
Apparently photodecarbonylation of substituted o-benzoquinones
in the solution at T¼298 K occur in other way, namely, through
formation of intermediate, which has the structure of bicy-
clo[3.1.0]hexane. Formation of bicyclo[3.1.0]hexane-type com-
pounds is described in reports dedicated to photochemistry of
various cyclohexanenones19–21 and cyclohexanedienones.22–24 It is
supposed16 that rearrangement of cyclohexanenones and cyclo-
hexanedienones occur through the triplet excited state (n, p*) with
the formation of transient zwitterion and is similar to di-p-
methyne rearrangement of 1,4-dienes.25–27 The rearrangement of
o-benzoquinone into bicyclo[3.1.0]hexane-3-en-2,6-dione was un-
known until the present investigation.

To isolate compound 3 the following experiment was carried
out. The irradiation of solution of 1d at low temperature (284 K)
leads to the formation of mixture containing 2d and 3 in the ratio
2:1. Unfortunately, we were unable to isolate 3. The NMR tube
containing deaerated solution of this mixture in benzene with
CH2Cl2 as internal standard was heated at T¼368 K for 1.5 h in the
dark. Under these conditions conversion of compound 3 into 2d
was equal to 98%. Thus, in the case of photolysis, quinone itself does
not undergo decarbonylation but rather CO is lost from the bicyclo
compound formed from photoexcited molecule of o-benzoqui-
none; removal of CO occurs not from the cyclohexanediendione but
from the cyclopropane ring. Thus, compound 2d is the single
product of thermal decomposition of 3.

Long-term irradiation (284 K, l>520 nm, 100 h) of 4,5-di-
methoxy-3,6-di-tert-butyl-o-benzoquinone results in the formation
of 2,3a,6,8-tetra-tert-butyl-1,9,9a,9b-tetra-methoxy-9a,9b-di-
hydrocyclopentachromene-3,4,7-(3aH)-trione (4)danother prod-
uct of photoreaction. Compound 4 was isolated as colourless crystals
and analyzed by IR, NMR spectroscopy, element analysis and X-ray
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diffraction study (Fig. 3). In the 1H NMR spectra (Fig. 2b and c) weak
signals in the range d¼1.35–1.58 ppm was attributed to protons of
the four nonequivalent tert-butyl groups and in the range d¼2.89,
3.37 and 3.68 ppm of four methoxy groups of compound 4 was ob-
served. X-ray analysis has shown that long-term irradiation forms
a tricyclic product. The central six-membered oxygen containing
cycle has a distorted half-chair conformation. The mean deviation of
C(9a), C(9b), C(3a), C(4), O(5) from plane is 0.164 Å whereas the
deviation of C(5a) atom from the same plane is 0.747 Å. The five-
membered cycle has a cover conformation. Four atoms (C(1), C(2),
C(3a), C(9a)) are disposed in the plane whereas the C(3) atom de-
viates from it by 0.429 Å. The six-membered carbonic cycle is
a practically plane. The mean deviation from plane is 0.086 Å. It
should be noted that five- and six-membered carbonic cycles situ-
ated at cis-position relatively of central ring. The torsion
C(1)C(9a)C(9b)C(9) angle is �49.7�. Apparently, it leads to
Figure 3. The molecular structure of 2,3a,6,8-tetra-tert-butyl-1,9,9a,9b-tetra-methoxy-
9a,9b-di-hydrocyclopentachromene-3,4,7-(3aH)-trione (4). Hydrogens and tert-butyl
groups are omitted for clarity.
elongation of C(9a)–C(9b) (1.5935(13) Å), C(9a)–C(3a)
(1.5864(13) Å) and C(3a)–C(But) (1.5923(13) Å) distances in com-
parison with typical ones for sp3–sp3 carbon bond (Table 1).

Based on the structure 4 we suppose that the single possible
route of its formation is the interaction between two molecules of
compound 3 (Scheme 3). It was shown above that heating a mix-
ture 3 and 2d does not lead to formation of tree-cycle product 4; it
is formed only upon photoreaction. Thus, the formation of com-
pound 4 is also the argument of existence of bicyclo compound 3.

In the case of photoreaction of 1g, irradiation of a benzene so-
lution also results in the appearance in the 1H NMR spectra not only
of signals attributed to corresponding cyclopentadienone 2g but
signals of the intermediate product, derivative of bicyclo[1.3.0]-
hexa-3-en-2,6-dione, attributed to protons of two nonequivalent
tert-butyl group (d¼1.36 and 1.38 ppm) as well. But in contrast to 3,
this compound is noticeably less stable and decomposes at room
temperature. The apparent rate constant of decomposition of in-
termediate compound determined using previously described
procedure26 is 6.1�10�4 s�1.

Intermediate bicyclo[1.3.0]hexa-3-en-2,6-dione observed in
present work allows us to interpret the previous data4 other-
wise. 3,3a0,6,60-Tetra-tert-butyl-3a0,6a0-dihydro-2H-spirocyclohexa-
3,5-dien-1,10-cyclopentafuran-2,30,40-trione was isolated earlier
as one of products of photoreaction of 3,5-di-tert-butyl-o-ben-
zoquinone. Now we suppose that in the first stage, a bicyclic
compound is formed. The spiro-compound is the product of
interaction of this bicycle compound with initial quinone
(Scheme 4). The less hindered carbonyl group of quinone takes
part in the reaction. It is interesting to note that more hindered
carbonyl group of the quinone takes part in rearrangement of
photoexcited o-quinone into the bicycle compound.

It should be noted that during the photolysis of o-benzoqui-
nones investigated in this work, the product from their reaction
with the intermediate bicycle compound doesn’t form. Presumably
this is connected with the greater steric hindrance of both carbonyl
groups of 3,6-di-tert-butyl-o-benzoquinone compared to 3,5-di-
tert-butyl-o-benzoquinone.

Thus, on the basis of experimental and literature data we can
suggest the mechanism of photolytic decarbonylation of o-benzo-
quinone, which is described in Scheme 5.

Photolytic decarbonylation of o-benzoquinones is a two-stage
process. In the first stage the cyclohexadiendione ring of photoex-
cited molecule of o-benzoquinone is rearranged into the corre-
sponding bicyclo[1.3.0]hexa-3-en-2,6-dione. In the second stage,
elimination of CO from the cyclopropanone fragment and the for-
mation of the final productdcyclopentadienone with the yields
close to quantitative is observed.

3. Experimental

3.1. General

3,6-Di-tert-butyl-o-benzoquinone (1a), 4,5-di-fluoro-3,6-di-tert-
butyl-o-benzoquinone (1b), 4,5-di-chloro-3,6-di-tert-butyl-o-benzo-
quinone (1c), 4,5-di-methoxy-3,6-di-tert-butyl-o-benzoquinone
(1d), 5,8-di-tert-butyl-2,3-dihydrobenzo-1,4-dioxine-6,7-dione (1e),
4,7-di-tert-butylbenzo-1,3-dithiole-2,5,6-trione (1f) and 5,8-di-
tert-butyl-2,3-dihydro-1,4-ethanoquinoxaline-6,7-dion (1g) were
synthesized according to previously described procedures.28–34

A KGM-24-150 lamp with a focusing device was used as the light
source. Radiation with l>520 nm was separated from the luminous
flux of the lamp using the light filter GS-16.

The investigation of products of photoreaction of 4,5-di-
substituted 3,6-di-tert-butyl-o-benzoquinones was studied by
NMR spectroscopy. The NMR spectra were recorded on a ‘Bruker
DPX-200’ spectrometer (200 MHz).



Table 1
Selected bond distances (d/Å) and angles (u/�) of 2,3a,6,8-tetra-tert-butyl-1,9,9a,9b-tetra-methoxy-9a,9b-di-hydrocyclopentachromene-3,4,7-(3aH)-trione (4)

Distance d Distance d Distance d

O(1)–C(4) 1.1933(12) O(8)–C(9b) 1.4278(11) C(5a)–C(6) 1.3309(13)
O(2)–C(3) 1.2158(11) C(1)–C(2) 1.3408(13) C(5a)–C(9b) 1.5113(13)
O(3)–C(7) 1.2185(13) C(1)–C(9a) 1.5359(13) C(6)–C(7) 1.5001(13)
O(4)–C(1) 1.5224(12) C(2)–C(3) 1.4662(13) C(7)–C(8) 1.5038(13)
O(5)–C(4) 1.3775(12) C(3)–C(3a) 1.5563(13) C(8)–C(9) 1.3406(13)
O(5)–C(5a) 1.3805(12) C(3a)–C(4) 1.5224(12) C(9)–C(9b) 1.5170(13)
O(6)–C(9a) 1.4057(11) C(3a)–C(9a) 1.5864(13) C(9a)–C(9b) 1.5935(13)
O(7)–C(9) 1.3769(11)

Angle u Angle u

O(1)–C(4)–O(5) 117.02(8) C(4)–O(5)–C(5a) 118.19(7)
O(1)–C(4)–C(3a) 128.20(9) C(4)–C(3a)–C(3) 106.26(7)
O(2)–C(3)–C(2) 127.69(9) C(4)–C(3a)–C(9a) 112.34(7)
O(2)–C(3)–C(3a) 122.78(8) C(5a)–C(9b)–C(9) 113.05(7)
O(3)–C(7)–C(8) 120.78(9) C(5a)–C(9b)–C(9a) 108.70(7)
O(3)–C(7)–C(6) 118.28(8) C(5a)–C(6)–C(7) 114.64(8)
O(5)–C(4)–C(3a) 114.52(8) C(6)–C(5a)–O(5) 122.16(8)
O(5)–C(5a)–C(9b) 111.72(7) C(6)–C(5a)–C(9b) 125.30(8)
C(1)–C(2)–C(3) 107.12(8) C(6)–C(7)–C(8) 120.94(8)
C(1)–C(9a)–C(3a) 101.70(7) C(8)–C(9)–C(9b) 123.68(8)
C(2)–C(3)–C(3a) 109.53(7) C(9)–C(9b)–C(9a) 111.69(7)
C(3)–C(3a)–C(9a) 100.21(7) C(9)–C(8)–C(7) 116.60(8)
C(3a)–C(9a)–C(9b) 108.77(7)

O

O
O

O

- CO
OR R R

hν

Scheme 5.

O

t-Bu

t-Bu

H3CO

H3CO

O
OO

t-Bu

t-Bu
H3CO

O
t-Bu

O

t-Bu
OCH3

H3CO
H3CO

2

4

Scheme 3.

t-Bu
O

Ot-Bu

hν O

t-Bu
O

Ot-Bu

hν+

t-Bu

t-Bu

O

O

t-Bu

t-Bu

O
O

t-Bu

t-Bu
O
t-Bu

O
t-Bu

O

Scheme 4.

M.P. Shurygina et al. / Tetrahedron 64 (2008) 9784–9788 9787
Solutions (1 mL) of 4,5-di-substituted 3,6-di-tert-butyl-o-ben-
zoquinones (5�10�2 M) in C6D6 were degassed in an NMR tube,
sealed and exposed at a distance of 2 cm from the focusing device.
Solution irradiation times were varied taking into account the ef-
ficiency of decarbonylation of o-benzoquinones.

Electronic absorption spectra were recorded on ‘Perkin–Elmer
Lambda-25’ spectrometer. The benzene solutions (5 mL) of o-ben-
zoquinones 1a–g (5�10�4 M) were deaerated, saturated with ar-
gon, placed in a spectrophotometric cell of 1 cm thickness and
exposed at the distance of 11 cm from the focusing device.

All cyclopentadienones were synthesized using the single
general procedure. The irradiation of ready solutions of o-
benzoquinones 1a–g was carried out at the room temperature with
yields close to quantitative. After total decoloration of solution the
solvent was removed at decreased pressure. The resulted cyclo-
pentadienones were recrystallized from hexane. The physical–
chemical data of reaction products are presented below. IR-spectra
were recorded on ‘Specord M-80’spectrometer. CHN-analyses were
recorded by analytic group of G.A. Razuvaev Institute of Organo-
metallic Chemistry RAS on ‘EuroEA-3028-HT’ elemental analyzer.

3.1.1. 2,5-Di-tert-butyl-cyclopentadienone (2a)
Described in Ref. 3.

3.1.2. 3,4-Di-fluoro-2,5-di-tert-butyl-cyclopentadienone (2b)
Red oil, mp¼4–6 �C. [Found: C, 68.42; H, 7.96%. C13F2H18O re-

quires: C, 68.40; H, 7.95; F, 16.67; O, 7.01%]; nmax(neat) 670, 725,
780, 875, 960, 1030, 1080, 1185, 1210, 1280, 1315, 1360, 1400, 1450,
1470, 1490, 1670, 1725 cm�1; dH (200 MHz, C6D6) 1.16 (18H, m,
CMe3); dC (50 MHz, C6D6) 193.8 (t, J 18.4 Hz, C]O), 160.3 (dd, J 33.4,
299.5 Hz, C(3) and C(4)), 112.6 (dd, J 2.2, 3.0 Hz, C(2) and C(5)), 31.8
(t, J 1.0 Hz, CMe3), 29.1 (t, J 1.4 Hz, CMe3).

3.1.3. 3,4-Di-chloro-2,5-di-tert-butyl-cyclopentadienone (2c)
Orange oil, mp¼15–16 �C. [Found: C, 59.90; H, 6.93%. C13Cl2H18O

requires: C, 59.77; H, 6.95; Cl, 27.15; O, 6.13%]; nmax(neat) 665, 738,
787, 845, 860, 1015, 1150, 1205, 1225, 1275, 1375, 1400, 1465, 1490,
1600, 1725 cm�1; dH (200 MHz, C6D6) 1.25 (18H, s, CMe3); dC

(50 MHz, C6D6) 194.94 (C]O), 142.42 (C(2) and C(5)), 131.24 (C(3)
and C(4)), 33.36 (CMe3), 29.30 (CMe3).

3.1.4. 3,4-Di-methoxy-2,5-di-tert-butyl-cyclopentadienone (2d)
Orange solid, mp¼18–20 �C. [Found: C, 71.23; H, 9.62%. C15H24O3

requires: C, 71.39; H, 9.59; O, 19.02%]; nmax(neat) 512, 735, 760, 775,
795, 880, 950, 1025, 1080, 1100, 1112, 1150, 1185, 1210, 1260, 1320,
1370, 1400, 1470, 1490, 1550, 1610, 1645, 1660, 1670, 1710 cm�1; dH

(200 MHz, C6D6) 3.32 (6H, s, CH3O), 1.39 (18H, s, CMe3); dC (50 MHz,
C6D6) 199.28 (C]O), 162.46 (C(2) and C(5)), 118.59 (C(3) and C(4)),
59.45 (OCH3), 32.17 (CMe3), 29.91 (CMe3).

3.1.5. 5,7-Di-tert-butyl-2,3-dihydrocyclopenta-1,4-dioxin-
6-one (2e)

Red crystals, mp¼155–157 �C. [Found: C, 72.10; H, 8.84%.
C15H22O3 requires: C, 71.97; H, 8.86; O, 19.17%]; nmax(liquid film)
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575, 665, 730, 765, 780, 860, 870, 940, 1000, 1025, 1015, 1115, 1165,
1210, 1225, 1250, 1275, 1300, 1330, 1370, 1380, 1410, 1465, 1485,
1610, 1645, 1660, 1675, 1695 cm�1; dH (200 MHz, C6D6) 3.10 (4H, s,
CH2O), 1.47 (18H, s, CMe3); dC (50 MHz, C6D6) 197.59 (C]O), 154.91
(C(2) and C(5)), 108.80 (C(3) and C(4)), 64.77 (CH2O), 32.31 (CMe3),
30.42 (CMe3).

3.1.6. 4,6-Di-tert-butyl-5H-cyclopenta-1,3-dithiole-2,5-dione (2f)
Described in Ref. 28.

3.1.7. 5,7-Di-tert-butyl-2,3-dihydro-6H-1,4-
ethanocyclopentapyrazin-6-one (2g)

Orange crystals, mp¼139–141 �C. [Found: C, 74.26; H, 9.53; N,
10.19%. C17H26N2O requires: C, 74.41; H, 9.55; N, 10.21; O, 5.83%].
nmax(liquid film) 600, 660, 675, 740, 790, 810, 815, 850, 880,
930, 955, 990, 1040, 1050, 1195, 1225, 1280, 1300, 1315, 1345, 1350,
1365, 1380, 1465, 1650, 1715 cm�1; dH (200 MHz, C6D6) 2.43–2.65
(8H, m, CH2N), 1.43 (18H, s, CMe3); dC (50 MHz, C6D6) 202,58 (C]O),
159.61 (C(2) and C(5)), 122.07 (C(3) and C(4)), 30.20 (CMe3),
32.40 (CMe3).
3.2. Photochemical conversion of 4,5-di-methoxy-3,6-di-tert-
butyl-o-benzoquinone

The irradiation (284 K, light l>520 nm for 100 h) of benzene
solution of 1d was carried out using procedure described earlier.
The solvent (benzene) was removed under reduced pressure
without heating. The solid residue was washed with cold hexane
and recrystallized from diethylether. Colourless rhombic crystals
of 2,3a,6,8-tetra-tert-butyl-1,9,9a,9b-tetra-methoxy-9a,9b-di-hydro-
cyclopentachromene-3,4,7-(3aH)-trione (4) were isolated with
w20% yield. Mp¼200–203 �C. [Found: C, 67.79; H, 8.84%. C32H48O8

requires: C, 67.86; H, 8.82; O, 23.33%]; nmax(liquid film) 670, 720,
730, 840, 870, 885, 930, 950, 9650, 1000, 1020, 1055, 1075, 1095,
1130, 1160, 1170, 1185, 1210, 1225, 1260, 1270, 1320, 1370, 1380,
1400, 1470, 1610, 1630, 1650, 1710, 1790 cm�1; dH (200 MHz, C6D6)
3.68 (3H, s, OCH3), 3.37 (3H, s, OCH3), 2.89 (6H, s, OCH3), 1.58 (9H, s,
CMe3), 1.52 (9H, s, CMe3), 1.45 (9H, s, CMe3), 1.35 (9H, s, CMe3); dC

(50 MHz, CDCl3) 196.3 (C]O), 190.6 (C]O), 174.7 (O–C]O), 131.1,
135.5, 138.1, 150.3, 157.1, 163.2 (C(1), C(2), C(5a), C(6), C(8), C(9)),
72.1, 82.3, 92.3 (C(3a), C(9a), C(9b)), 159.61 (C(2) and C(5)), 64.6
(OCH3), 61.4 (OCH3), 57.6 (OCH3), 51.8 (OCH3), 38.3, 36.1, 35.9
(CMe3), 32.8, 31.0, 30.4, 29.5 (CCH3).

The hexane solution contains 1,3-di-tert-butyl-4,5-di-methoxy-
bicyclo[3.1.0]hex-3-ene-2,6-dione (3) and 2d in the ratio 1:2. 1H NMR
of compound 3: dH (200 MHz, C6D6) 3.53 (3H, s, OCH3), 3.16 (3H, s,
OCH3), 1.23 (9H, s, CMe3), 1.13 (9H, s, CMe3); dC (50 MHz, C6D6)
196.31 (C]O), 188.26 (C]O), 179.5 (C(5)), 138.36 (C(4)), 94.56
(OCH3), 57.9 (C(3)), 51.4 (C(2)), 31.3 (CMe3), 30.9 (CMe3), 30.3
(CMe3), 27.9 (CMe3).

The crystals of 4 suitable for X-ray structure determination were
obtained from ether. Crystal data: C32H48O8, M¼560.72, mono-
clinic, a¼10.894(4) b¼22.695(8), c¼12.240(4) Å, b¼98.883(7),
V¼2989.9(18) Å3, T¼100(2)K, space group P2(1)/n, Z¼4,
m¼0.088 mm�1, dcal¼1.246 g/cm3, 28,770 reflections measured,
6853 unique (Rint¼0.0232), which were used in all calculations.
R1[I>2s(I)]¼0.0445, wR2¼0.1186, wR1(all data)¼0.0522,
GOF(F2)¼1.050. The structure was solved by direct method and
refined on F2 using SHELXTL package.35 The H atoms were found
from Fourier syntheses and refined isotropically.

CCDC-679033 (4) contains the supplementary crystallographic
data, which can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (internat.)þ44
1223 336 033; e-mail: deposit@ccdc.cam.ac.uk.
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