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Attempts to synthesize the long soughtafter tris-π-homoben-
zene cis,cis,cis-2,5,8-cyclononatriene-1,4,7-trione, via the
newly prepared cyclononane-1,4,7-trione (C9H6O3), through
base-catalysed threefold HBr elimination from an efficiently
prepared and stereochemically uniform tribromo derivative,
failed due to typical medium-ring complications, transannu-
lar reactions and an exceptional ease of polymerization. In
the cations generated in the vapour phase through electron-
impact ionization (MS), the threefold elimination of (H)Br,
competing with the elimination of CO, led to C9H7O3

+ ions,

Introduction

cis-Tris-σ-homobenzenes A, containing three three-mem-
bered rings annulated to the face of a planar six-membered
ring, originally attracted attention as highly strained struc-
tural peculiarities and in particular as mechanistic probes.
Their thermal transformations into the corresponding cy-
clononatrienes C constituted highly topical, unprecedented
[σ2s+σ2s+σ2s] cycloreversion reactions – consisting of
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whereas the impressively neat anionic three-step fragmenta-
tion pathway resulted in C9H6O3

– ion(s). Whilst the composi-
tions of these bromine-free ions, which were in part compu-
tationally approached {B3LYP/6-31+G(d,p)}, and their as-
signments appeared compatible with the protonated and an-
ionic target molecules, their true natures remain open. X-ray
structural analyses for several (bridged) nine-membered ring
compounds are provided.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

concerted scissions of three C–C bonds via trishomoben-
zenoid transition states B.[1,2] Broad variation of the X,Y,Z-
structural elements not only helped to establish the prereq-
uisites of this mechanism and to quantify its energetic ad-
vantage, but also allowed multifaceted applications in syn-
thesis (see Concluding Remarks).

Long missing members in this now large ballpark of σ/
π-trishomobenzenoid systems were the triketones A and C
(X,Y,Z = C=O): the “triscyclopropanone” 1 and the cis,-
cis,cis-cyclononatrienetrione 2. According to recent calcula-
tions (Figure 1)[3–9] 1 is indeed C3v-symmetrical with a per-
fectly planar six-membered ring and dihedral angles of
113.6° formed with the three-membered rings. For compari-
son, the trans isomer 3 (Figure 1) is as expected lower in
energy by 11.6 kcalmol–1, due mainly to reduced transan-
nular repulsion and H/H strain, and the dihedral angles are
112.4 and 111.3°. With an expected activation barrier for
the isomerization 1 � 2 somewhere between that of the
hydrocarbon A (X,Y,Z = CH2, Ea ≈ 22 kcalmol–1) and that
of trioxide A (X,Y,Z = O, Ea ≈ 40 kcalmol–1), this route to
the presumably highly reactive triene 2 looked very promis-
ing. For 2, as for its trismethylene derivative (4) and many
of the heteronines C, the C3v conformation (2a) is not a
minimum, but rather corresponds to a second-order saddle
point. The most stable form is the C2-symmetrical 2c, which
possibly interconverts via the Cs-symmetrical saddle 2b
(higher in energy by 2.4 kcalmol–1 [3]).
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Figure 1. Calculated structures of 1, 2a–c and 3 {B3LYP/6-
31+G(d,p); distances in Å, relative energies in kcalmol–1}.

Efforts to prepare 1 starting from carbocyclic, kinetically
rather labile precursor molecules A with X,Y,Z =
CHCO2CH3 or CHCN[10] were limited by the anticipated
amount of time needed for the latter’s preparation and were
finally stopped. Already described in detail are our ulti-
mately fruitless attempts to synthesize 2 starting from the
triester A (X,Y,Z = CHCO2CH3) or the commercially avail-
able 1,5-cyclooctadiene.[11] The trismethylenetriene 4 and
the trisepoxytrione 5 were prominent intermediates on these
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routes. With the bicyclic hemiacetal 6 we had come close to
2, yet ultimately failed to attain it, when no means were
found to effect, after equilibration, the oxidation of the hy-
droxy diketone 7 (calculated[3] to be 2.3 kcalmol–1 less
stable than 6).

In a final contribution to this topic, here we detail
attempts to prepare 2 starting from 1,4,7-trismethylenecy-
clononane (9) via the then surprisingly still unknown cyclo-
nonane-1,4,7-trione (10)[12] and its trisacetal 11, through
threefold α-functionalization (D, E) followed by threefold
β-HX elimination (Scheme 1).[13–15]

Scheme 1.

The prospects and risks of this endeavour had been high-
lighted in the experience gathered by the groups of Kita-
hara and Raphael in their early attempts to synthesize the
structurally very similar cycloocta-2,5,7-triene-1,4-dione
(12), which could be secured in modest yield through a final
β-HBr elimination reaction,[16] but not, however, through
cleavage of its bisethylene acetal.[17] It was also clear that
transannular bond formation would be an omnipresent
complication with such nine-membered rings. In fact, such
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interfering events had previously even prevented the synthe-
sis of triply benzoanellated derivatives of 2 (cyclotrivera-
trylenetriones).[18]

Results and Discussion

Cyclononane-1,4,7-trione (10)

For a one-pot oxidative cleavage of the three C=C double
bonds of the C3v-symmetrical 9 (NMR), notwithstanding
the aspect of complicating transannular reactions, ozoniza-
tion seemed to be the most promising approach (Scheme 2).
However, after treatment of 9 in CH2Cl2 with O3 at –78 °C
until total conversion, followed by reduction with dimeth-
ylsulfide, trione 10 was detectable, if at all, only as a very
minor component in a very complex product mixture. With
CH3OH as a “participating solvent”, however, the situation
changed dramatically. After an appropriately short isolation
procedure, a crystalline, Cs-symmetrical product was iso-
lated in nearly quantitative yield. According to its elemental
composition a dimethyl acetal of 10 had been formed, and
was identified as the bicyclic 14a rather than the monocyclic

Scheme 2. i) O3/CH2Cl2,CH3OH/–78 °C. CH3SCH3/room temp./
86 %. ii) CH3COCH3, H+/40 °C/2 h/repet./95 %. iii) CH3CN,H2O
(1:1), 2  HCl/4 h/room temp./81 %. iv) CH3COCH3/H2O(H+).
v) TMSOTf/CH3OH/–70 °C � –20 °C/15 min/84 %. vi) CH3CO-
CH3/H2O (trace H+).
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15. That 14a did not react further to give 16a is understand-
able in view of the reduced electrophilic character of the
carbonyl group – the calculated O↔CO distance in its low-
energy conformation is 2.668 Å (Figure 2) – and the implied
costs in steric strain.

Figure 2. Calculated {B3LYP/6-31+G(d,p)[3]} low-energy confor-
mations of 10 and 14a.

The product isolated from 14a in 84% yield upon strong
electrophilic activation with a TMSOTF/CH3OH combina-
tion at low temperature (–78 � –20 °C) was indeed not 16a
but the trisdimethyl acetal 11. This, like 1,1,4,4,7,7-hexa-
methylcyclononane,[19] prefers a D3-symmetrical twisted
chair-boat conformation {three 1H and 13C NMR signals,
Tcoalsc ([D6]DMSO) = 55 °C, Ea = 19 kcalmol–1} both in
solution and in the solid state. Crystals of 11 suitable for
structural analysis[20] were obtained from a dry 1:1:1 ace-
tone/diethyl ether/cyclohexane mixture. Crystals of the di-
methyl acetal 15 were serendipitously isolated from a solu-
tion of 11 in acetone not protected from moisture.

For the conversion of 14a into the highly acid-sensitive
10, various standard alternatives were tested. A somewhat
time-consuming, discontinuous transacetalization pro-
cedure with acetone and catalytic amounts of sulfosalicylic
acid turned out to be the best choice. After equilibration
and concentration, the procedure was repeated until 10 was
quantitatively liberated. Before the final concentration, the
acid has to be carefully neutralized to avoid intramolecular
condensation of 10 into the bicyclic 13. Use of 1,1-difluo-
roacetone or chloral instead of acetone increased the equi-
librium amount of 10 only to 20–25% and hence brought
no decisive advantage. In aqueous acetone containing a
trace of acid, 10 equilibrated with the hydrate 14b (no sign
of 16b), which, however, reverted to 10 during the isolation
procedure. For the colourless, crystalline 10, the 1H (one
line, δ = 2.62 ppm) and 13C NMR spectra (two lines, δ =
210.5, 39.6 ppm), taken at 25 °C in CDCl3 solutions, estab-
lished averaged C3h symmetry (cf. 9). In the C2-symmetrical
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Figure 3. ORTEP plots of the X-ray structures of 11 (100 K) and
15 (room temp.).

low-energy conformation (Figure 2) the relative orientation
of the carbonyl groups obviously invites transannular bridg-
ing upon nucleophilic attack.

Precursors of 2

With trione 10 and its acetals 11 and 14a to hand, the
first attempts directed at the trienetrione 2 concentrated on
threefold β-elimination in the tribromides of type D and E
(Scheme 1, X = Br).[16] Explorative bromination experi-
ments in nonparticipating solvents (Br2/CH2Cl2 or PyHBr3/
THF[21]) generally led after total conversion (1H NMR,
MS) to reaction mixtures containing α-bromo ketones and
α-bromo acetals, respectively, but were too complex to al-
low any separation. Once again (Scheme 3), participating
methanol as solvent made the difference. Treatment of 14a
with three equivalents of PyHBr3 delivered the bicyclic
2β,5β,8β-tribromide 17a in nearly quantitative yield (83–
80% when starting from 10 or 11). An intensive search for
intermediates or isomers with differing substitution pat-
terns, to gain some insight into the transformations 14a (10,
11) � 17a, was not successful. Even with greatly reduced
amounts of reagent, 17a remained the only observed prod-
uct, an indication that the three bromination steps proceed
with increasing rates. The situation changed with the use of
tBuOH as solvent: after treatment with 3.3 equiv. of
PyHBr3 at 3 °C the monocyclic 2β,5β,8β-tribromo-1,4,7-
trione 18 was the main product together with several small,
unidentified components, but could not be isolated in pure
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form, due to its extreme tendency to add water. Upon
chromatography of crude 18 on silica gel, bicyclic 17b was
obtained in 85% yield. Unlike 14b, and in line with a high,
bromine-mediated stability, this compound did not lose
water to give 18 when heated as mixture with P2O5 at
10–4 Torr. An expeditious route to 18 was opened up when
treatment of 17a with boron tribromide (BBr3) under
strictly anhydrous conditions allowed not only a rapid and
neat deacetalization but also a necessarily rapid isolation
procedure. After stirring of a dilute benzene solution of 17a
and ca. 3 equivalents of BBr3 at 3 °C until total conversion
(TLC), followed by concentration and extraction of the so-
lid residue with cyclohexane and drying at 10–4 Torr, the
pale yellow, crystalline tribromotrione 18 was obtained ne-
arly quantitatively. Three 1H and 13C signals in the NMR
spectra [1H: δ = 4.05 (dd, 2-,5-,8-H), 2.69 (dd, 3-,6-,9-
Hendo), 2.10 (dd, 3-,6-,9-Hexo); J2,3endo = 12.5, J2,3exo = 5.8,
J3endo,3exo = 14.9 Hz. 13C: δ = 196.3 (C-1,-4,-7), 48.9 (C-2,-
5,-8), 39.2 (C-3,-6,-9)] confirmed averaged C3 symmetry.
The calculated low-energy conformation (Figure 4), much

Scheme 3. i) CH3OH/PyHBr3/room temp./6 h/90–95%. ii) tBuOH/
PyHBr3/room temp./5 h/85 %. iii) BBr3/benzene/3 °C/5 h/93 %.
iv) TMSCN/CH2Cl2/reflux/14 h/89%. v) SiO2/85%.
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like that of trione 10 (Figure 2), showed C=O groups ideally
set up for transannular bridging (distance between cis-ori-
ented carbonyl C atoms = 3.039 Å).

Figure 4. Different views of the calculated {B3LYP/6-31+G(d,p)[3]}
low-energy conformation of tribromotrione 18.

The stereochemical details of 17a as based on the 1H and
13C NMR spectra could be confirmed by an X-ray struc-
tural analysis (Figure 5, Table 1).[20] The O↔CO distance
of 2.554 Å is slightly shorter than the calculated value of
2.668 Å in 14a. There is a fairly good agreement of mea-
sured H,H dihedral angles with those derived from the

Table 1. Bond lengths, bond angles, and selected NMR data.

17a

C4–O 1.214(4) C1–C2–C3 113.1(3) C2–C3–C4 108.5(3)
C2–Br 1.958(3) C3–C4–C5 119.4(3) C4–C5–C6 116.9(3)
C5–Br 1.971(3) C5–C6–C7 112.3(2) C6–C7–C8 114.2(3)
C8–Br 1.952(2) C7–C8–C9 103.6(2) C8–C9–C1 108.5(3)

24a

C4–O: 1.214(3) C1–C2–C3 125.7(2) C2–C3–C4 126.7(2)
C5–Br 1.978(2) C3–C4–C5 119.1(2) C4–C5–C6 117.5(2)
C8–Br 1.951(2) C5–C6–C7 111.4(2) C6–C7–C8 114.0(2)
C2–C3 1.328(4) C7–C8–C9 103.5(2) C8–C9–C1 102.8(2)

26a

C4–O 1.2187(17) C1–C2–C3 124.40(13) C2–C3–C4 128.47(13)
C2–C3 1.318(2) C3–C4–C5 121.82(12) C4–C5–C6 128.04(13)
C5–C6 1.316(2) C5–C6–C7 124.35(13) C6–C7–C8 112.11(12)
C8–C9 1.298(2) C7–C8–C9 110.96(14) C8–C9–C1 110.14(13)

17a
3J H/H(NMR) H/H Br/H

2,3α 4.5 65–75 69.8 BrH3α 47.9
2,3β 12.3 165–175 170.9 BrH3β 71.4
5,6α 8 50–60 54.5 BrH6α 64.4
5,6β 11.5 160–175 172.2 BrH6β 53.2
8,9α 5 35–45 40.0 BrH9α 81.6
8,9β 12.3 160–170 162.4 BrH9β 40.8

24a
3J H/H(NMR) H/H Br/H

5,6α 4.3 40–50 53.8 BrH6α 53.4
5,6β 12.5 160–170 171.8 BrH6β 64.7
8,9α 9.3 140–150 155.5 BrH9α 87.9
8,9β 10.7 15–25 33.7 BrH9β 33.9
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3J(H,H) NMR coupling constants (Karplus equation[22]),
which demonstrates fairly similar conformational situations
in the solid state and in solution. The solid-state Br,H dihe-
dral angles are all of such a value as to make E2 β-HBr
eliminations rather difficult, thus possibly promoting poly-
merization of the, compared with 18, rather rigid bicyclic
skeletons. It is clear that further bromination in 17a, as well
as acetalization to give 19 (cf. 16), would face strong steric
inhibition. Not too surprising was the failure to effect SN2-
or SN1-type nucleophilic substitutions in 17a to give, for
example, the 2α,5α,8α-trishydroxyacetate 20 as a much de-
sired alternative precursor molecule of 2 (through vapour-
phase pyrolysis). Compound 17a thus survived forcing
treatment with NaN3/DMF at 90 °C and with NaN3/Ag-
O2CCF3/H2O at 100 °C. Under even more forcing condi-
tions an apparently olefinic product slowly appeared (1H
NMR, 24a, Scheme 5).

With the “trienetrione hydrate” 26b (Scheme 5), of inter-
est as an alternative precursor for targeting of 2, bistrialkyl-
silylation of 17b was pursued as a protecting measure in the
hope that deprotection of 26c could possibly be achievable
under conditions more suitable for the target molecule.
When 17b (pKa ca. 13) was exposed to standard trimethyl-
silylation methods, however, either no reaction (TMSCl or
TMSSO2CF3/imidazole/DMAP/DMF;[23] TMS/Li2S/CH3-
CN[24]) or rapid decomposition (with triethylamine instead
of imidazole as base) to a brownish-black, viscous material
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Figure 5. ORTEP plots of the X-ray structures of 17a (100 K), 24a
(100 K) and 26a (r.t.); selected bond lengths (Å) and bond angles
(°). For 17a and 24a, 3J(H/H) coupling constants (Hz), calculated
(H/H, NMR) and experimentally determined (X-ray) dihedral H/
H and Br/H angles (°).

containing halogen, OH– and C=O groups (IR) occurred.
Application of TMSCN/CH2Cl2[25] in large excess solved
the problem. After heating at reflux for 14 h and filtration
through deactivated silica gel, an 89% yield of neat 17c was
isolated. Indications of the reaction complexity in the re-
sponse of 17b towards even comparably weak bases have
been reported in a preceding study:[11] the structurally close
21 had been transformed in boiling DBN/toluene, inter alia,
into 22, and 6 had been isomerized under Oppenauer con-
ditions into 23.

Triple HBr Eliminations

The base-catalysed triple β-elimination of HBr from the
tribromotrione 18 as a potential route to 2 (Scheme 4) was
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a priori problematic, by whatever mechanism. For E2 elimi-
nations, the given conformational situations are highly un-
favourable: the carbanions generated along E1cb routes,
whilst reluctant to expel β-Br anions, are prone, like trione
10, to undergo kinetically and thermodynamically favour-
able transannular and intermolecular reactions. And in-
deed, in a series of experiments performed in aprotic, rigor-
ously dried solvents with 18 and varying equivalents of
weakly nucleophilic bases of differing strength and steric
demand [inter alia N(C2H5)3 (cf. 12), DBU,[16] tBuOK,
tBuP1,[26] P2F[27]], between +5° and –78 °C, instant deposi-
tion of a bromine-containing, brownish-black polymer was
noted, this being similar (IR) to the one observed for the
attempted base-catalysed silylation of 17b, and not amena-
ble to NMR analysis. There was therefore no indication of
any significant formation of olefinic products. In fact, given
the ease of polymerization, β-elimination might not have
occurred at all.

Scheme 4.i) i.a. N(C2H5)3, DBU, tBuOK, tBuP1, P2F (+5 °C �
–78 °C).

With bicyclic 17a, in contrast, no complications were en-
countered (Scheme 5). Unlike in the case of 18 there was
no conversion after a toluene solution of 17a had been kept
with 10 equivalents of DBU at room temperature for 12
hours. After 2 hours at 50 °C, however, a nearly homogen-
eous product had been formed (TLC) and was chromato-
graphically separated into the cis-monoene 24a (82%, J2,3

= 11.2 Hz) and the cis,cis-diene 25a (3%, J2,3 = 11.4, J5,6 =
11.2 Hz). With 25 equivalents of base at 50 °C and 6 h reac-
tion time, this ratio changed to ca. 1:2.5, a 25% yield of
24a and a 61% yield of 25a being isolated chromatographi-
cally. After the toluene solution had been heated at reflux
with 40 equivalents of base for 12 h, only 26a remained
(TLC, 1H NMR, 85–90% isolated; J2,3 = J5,6 = 11.3 Hz,
Cs). As to the selective formation of the cis/cis,cis structures
24 and 25, it is noted that the trans/cis,trans isomers were
calculated[3] to be less stable by 32.6 and 23.0 kcalmol–1,
respectively.

The conformational subtleties are once more in fairly
good agreement with the X-ray analyses of 24a and 26a
(Figure 5).[20] With O↔CO distances of 2.5536 and 2.55 Å,
the enone subunits depart from planarity by 71.3° and
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Scheme 5. i) Toluene/10 equiv. of DBU/50 °C/2 h. ii) Toluene/
25 equiv. of DBU/80 °C/5 h. iii) Toluene/40 equiv. of DBU/reflux/
12 h. iv) Bromocatecholborane/CH2Cl2/room temp./4 h. Calcu-
lated[3] structures of 24a and 25a and of the corresponding
trans/cis,trans isomers (relative energies in kcalmol–1).

68.6°, respectively, as expressed in ν̃C=O frequencies (1706
and 1701 cm–1, respectively) and π�π*/n�π* UV absorp-
tions {CH3CN, 199 nm (ε = 10280)/290 nm (70); 200 nm (ε
= 11200), 229 (sh, 985)/314 nm (20), respectively}.
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The deacetalization of 26a (� 2) was expected to be even
more problematic than that of the saturated 11 (� 10) and
17a (� 18). In fact, experiments with a series of protic and
Lewis acids and even with the mild transacetalization (ace-
tone) and deacetalization (BBr3) procedures successfully ap-
plied to 11 and 17a failed, producing instead a multitude
of products and polymers (NMR, MS). 1H NMR monitor-
ing in CF3CO2H/(CF3CO)2O gave no evidence of the inter-
mediacy of 2 or of any defined protonated species. With
bromocatecholborane as “tamed” BBr3,[28] 26a reacted se-
lectively to give the 6β-bromide 27, an isomer of 25a. Vap-
our-phase dehydration of the trienone hydrate 26b as an
alternative route to the acid- and base-sensitive 2 had to be
abandoned when directed dehydrobromination failed due to
the base-sensitivity of 17b. Similarly, the bistrimethylsilyl
ether 17c, when exposed to the weakly nucleophilic bases
applied to 17b and 18, immediately formed insoluble poly-
mers, even at –30 °C.

With interest in derivatives of 26a, with the enone units
protected for deacetalization by cycloaddition and then
amenable to vapour-phase thermal [4+2]-cycloreversion,
the response of 26a towards 1,3-dienes was explored. Of
several 1,3-dienes examined, only furans (Scheme 6) were
successfully added, and then only under highly forcing
high-pressure conditions (12 kbar/60 °C, at which polymeri-
zation of the diene is still avoided). After 12 days, a ca. 15%
yield of monoadduct 28a had been produced, together with
trace amounts (� 1%) of, presumably, bisadduct 29a
(MS).[29] During chromatographic separation on silica gel a
portion of 28a underwent cycloreversion, while 29a disap-
peared completely. With the more reactive 3,4-dimethoxyfu-
ran at 14 kbar/25 °C after 11 days and ca. 30% conversion,
ca. 20% of a ca. 4:1 mixture of 28b and 29b were chromato-
graphically isolated and spectroscopically analysed as such
(1H, 13C NMR, MS). The high tendency towards cyclore-
version on silica gel made separation impossible. For 29a
and 29b, Cs symmetry is established, the stereochemistry
shown being based, with some reservations, on J2,3 = 4.5,
J2,7 = 10.5 Hz for 28a and 1.7 and 9.3 Hz for 28b.

Scheme 6. i) Diethyl ether/furan/12 kbar/60 °C/12 d/11 % 28a.
ii) Diethyl ether/3,4-dimethoxyfuran/15 kbar/room temp./11 d/26%
28b/29b (4:1).
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MS Fragmentation Patterns

For bicyclic tribromide 17a (C11H15Br3O4) the 70 eV MS
spectrum reveals two major elimination cascades beginning
with [M – (H)Br]+ and [M – OCH3]+, respectively, and pro-
ducing as bromine-free ions fairly intense m/z = 211 (21)
and m/z = 179 (40) fragments that were confirmed through
high-resolution (HR) measurements as C11H14O4

+ ([M –
HBr – 2Br]+) and C10H11O3

+ ([M – OCH3 – HBr – 2Br]+)
species. Up to this point no skeletal C–C cleavage is
noted.[30] In the cases of dibromoene 24a {m/z = 211 (100),
179(22)} and bromodiene 25a {m/z = 211 (51), 179(32)},
analogous cascades produce the corresponding ions. For
17b (C9H11Br3O4), the bromine-free m/z = 163 ion [M –
OH – 3HBr]·+ was established as a C9H7O3

+ species (HR).
In the case of the monocyclic tribromotrione 18
(C9H9Br3O3, Figure 6, top), the first (H)Br is still exclu-
sively lost ([M]+ signal not observed), but the expulsions of
the second and third (H)Br (m/z = 245, 163) compete with
the loss of CO (CH2CO) {m/z = 297 (282)}. The bromine-
free m/z = 163 ion ([M – 2HBr – Br]+, HR) is possibly
identical with the C9H7O3

+ ion generated from 17b. In vivid
contrast, the anionic spectrum of 18 (Figure 6, bottom) dis-

Figure 6. Cationic (top) and anionic (bottom) MS spectra (70 eV) of tribromotrione 18.
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plays only a highly intense [M]– signal and the neat consec-
utive loss of 3�HBr (C9H9O3Br3

– � C9H8O3Br2
– �

C9H7O3Br– � C9H6O3
–, m/z = 162). The very minor signals

at the second and third stage are assigned to hydrates of
the corresponding unsaturated anions, possibly originating
from hydrated 18.

Clearly, the bromine-free C9H7O3
+ and C9H6O3

– ions
produced in the vapour phase upon electron-impact ioniza-
tion are compatible in their compositions with their assign-
ment as protonated and anionic forms of the C9H6O3 target
molecule 2. It is understood, though, that these ions might,
or even probably, represent a collection of monocyclic or
even bi(poly)cyclic isomers with cis- and trans-C=C double
bonds. Figure 7 presents selected calculated structures for
the C9H7O3

+ (30) and C9H6O3
– (31) ions with only cis-C=C

double bonds. As for cation 30, in its monocylic form struc-
turally very close to the C2-symmetrical parent minimum
conformation 2c, charge delocalization is largely restricted
to a pentadienone segment; a speculatively mediated stabili-
zation as a hydroxy-bishomotropylium ion[31] is not indi-
cated. Of the three anions 31a–c, the Cs-symmetrical 31a
is – unlike in the situation with the neutral 2a and 2c –
slightly more stable than C2-symmetrical 31b (transition
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state). Both, however, are significantly less stable than bicy-
clic cis-31c (the trans isomer of which is higher in energy by
12.4 kcalmol–1, see Supporting Information).

Figure 7. Calculated structures of 30 and 31a–c {B3LYP/6-
31+G(d,p),[3] spin unrestricted for 31a–c; distances in Å, relative
energies in kcalmol–1}.

Concluding Remarks

With the efficiently prepared bicyclic acetals 17 and the
monocyclic tribromocyclononanetrione 18, we once more
(cf. 6) only ostensibly came close to the target trienetrione
2. The failures with the standard deacetalization and dehy-
drobromination approaches, partly in line with prior experi-
ence,[11,17] underline complications typical in this ballpark
of polyfunctionalized, extremely acid- and base-sensitive,
medium-sized rings. As for the structures of the
C9H9O3Br2

–, C9H8O3Br–, and C9H7O3
– ions so neatly ex-

pressed in the anionic MS spectrum of 18: if sufficiently
uniform, their mass-selection in the vapour-phase and sub-
sequent PE analysis, as recently described for the C20 fuller-
ene anion,[32] can be visualized as a possible means to clar-
ify this problem, so as possibly to characterize the target
molecule 2.

With this report we close a chapter of chemistry, the
varying facets of which have over the years offered lasting
stimulation. All had commenced with photochemical in-
vestigations directed at the potential of [2π+2π] and, as a
novelty, [2π+2σ] photocycloadditions in organic synthesis,
which paved the way to the first, in part singly bridged,
cis-/trans-tris-σ-homobenzenes A.[1] As emphasized in the
Introduction, the coincident formulation of the Woodward–
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Hoffman rules[2] had given much impetus to this research
program. Subsequently, for both preparative and theoretical
purposes, as probes for the concerted natures of the corre-
sponding 3σ � 3π isomerization reactions,[33] the X,Y,Z
components of A were systematically varied (X,Y,Z =
O,[34,35] = NR,[36] = S,[37] = (CH2)2

[38]),[39] the three- and
four-membered rings were variously mixed[40] and variously
bridged,[39,41,42] the six-membered backbones were modified
(e.g., hexa-σ-/π-homobenzenes,[43] cis/trans-tropilidene (tro-
pone)-(tri)oxides[44]). Ultimately, through triple epoxide �
cyclopropane conversions, stabilized derivatives (X,Y,Z =
CHCO2R, CHCN) of the still unknown, kinetically highly
labile parent hydrocarbon A (X,Y,Z = CH2), could be se-
cured.[10] Synthetically, the isomerizations A � C (X,Y,Z =
O, NR) constituted a route to 1,4,7-(hydro)heteronines, an
otherwise hardly accessible class of medium-ring heterocy-
cles, as elegant as it was productive.[45] The experimental
work launched high-level calculations[46] that confirmed
early estimates[33,47] as to the “aromaticity” of the
[σ2s+σ2s+σ2s]-trishomobenzenoid transition states B and
related the much higher kinetic stabilities of the triscyclo-
buta analogues to the “antiaromaticity” of the corre-
sponding transition states. A very rewarding extension of
our synthetic activities centered on cis-(bis)hetero-bis-σ-
homobenzenes (X,Y = NR,NR;[48] O,NR;[49] CHR,NR[50])
and the derived 1,4-(hydro)diheterocines and hydrohetero-
cine anions, another novel class of medium-ring heterocy-
cles.[45] Conflicting theoretical predictions[51] as to the lat-
ter’s potential “aromaticity” were clarified when N-electron
donor/acceptor substitution allowed the isolation of non-
planar, “localized” as well as of planar, “delocalized” rings.
Due to their geometries,[52] the cis-trioxide and cis-triimines
A became very special tridentate ligands permitting the iso-
lation of metal complexes featuring unusually high coordi-
nation (MO12/MN12).[53] Polyfunctionalization combined
with efficient synthetic protocols made the trioxides in par-
ticular widely applied starting materials for the construction
of novel polycyclic systems, some of high theoretical inter-
est [e.g., (aza)octabisvalenes,[54] triaziridines[55]]. As “tris-
anhydroinositols” these triepoxides ultimately channelled
our entry into the area of aminocyclitols[56] and aminogly-
coside antibiotics.[57]

In looking back, the senior author (H.P.) expresses his
sincere gratitude to his collaborators and to the colleagues
who have contributed their advice, expertise and stimulating
competition (cf. refs.[35,39,42]). Thanks go to the institutions
(DFG, Fonds der Chemie, Humboldt Foundation,
BASF AG, Schweizerische Nationalfonds) that have pro-
vided generous support.

Experimental Section

General: Melting points were determined on a Monoskop IV in-
strument (Fa. Bock) and are uncorrected. Elemental analyses were
performed by the Analytische Abteilung des Chemischen Labora-
toriums Freiburg i. Br. Analytical thin layer chromatography
(TLC): Merck silica gel plates 60, F254 indicator, detection with UV,
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KMnO4, p-anisaldehyde/H2SO4/acetic acid/ethanol. Silica gel used
for column chromatography was Merck or ICN Biomedi-
cals GmbH (0.032–0.063 nm). All solvents were carefully dried
prior to use. The IR spectra were recorded with a Nicolet Im-
pact 400 FT-IR instrument (KBr pellets), UV/Vis spectra with a
Perkin–Elmer Lamda 15 instrument, mass spectra with Finnigan
MAT 44S and MAT 312 machines, and NMR spectra with Bruker
AC 250, AM 400 and HX 500 instruments. If not specified dif-
ferently, EI (70 eV) MS, 400/100.6 MHz 1H/13C NMR spectra in
CDCl3 are given. Chemical shifts were recorded relative to TMS (δ
= 0 ppm); when necessary, assignments were confirmed by homo-
and heteronuclear decoupling and H,H and H,X correlation experi-
ments; assignments marked with an asterisk are interchangeable.

1,4,7-Trimethylenecyclononane (9): Ni(CO)4 (52.5 mL, 69.4 g,
0.41 mol) was added under argon to a solution of 3-chloro-2-chlo-
romethylpropene (8, 10.7 mL; 12.5 g, 0.10 mol) in carefully dried
THF (Na/K, benzophenone, 250 mL), and the solution was imme-
diately transferred into an oil bath preheated to 50 °C. After 68 h
the now caramel-coloured solution was concentrated at a maxi-
mum of 40 °C/80–100 mbar, the distillate {THF, Ni(CO)4} being
condensed at –190 °C. Water (distilled, 200 mL) and n-pentane
(250 mL) were added to the waxy residue; the mixture was stirred
until total dissolution. The greenish aqueous phase was extracted
with n-pentane (100 mL), and any deposits of Ni(OH)2 were dis-
solved with HCl (2 ). The combined and dried (MgSO4) organic
phase was concentrated over a distillation column with Ag mirror
filled with Raschig rings (ca. 60 cm), and the yellowish oily residue
(7.6–8.8 g) was fractionated by kugelrohr distillation at 60–95 °C
(10–2 Torr), giving 2.7–3.1 g (51–57%) of 9 {Rf(cyclohexane) =
0.91} and 475–610 mg (7–9%) of 3,6-dimethylenecyclohexanone {Rf

(ethyl acetate) = 0.8}. 1H NMR: δ = 4.80 (s, 3�=CH2), 2.30 (s,
2-,3-,5-,6-,8-,9-H) ppm. 13C NMR: δ = 152.5 (C-1,-4,-7), 112.5 (3
=CH2), 36.6 (C-2,-3,-5,-6,-8,-9) ppm. IR (KBr): ν̃ = 3098, 2922
(CH), 2825, 1634 (C=C), 1104, 1022, 898, 845, 786 cm–1. MS: m/z
(%) = 162 (7) [M]+, 147 (90) [M – CH3]+, 133 (64) [M – CH2-
CH3]+, 105 (88), 91 (100), 79 (83), 77 (38).

Cyclononane-1,4,7-trione (10): a) A solution of 14a (505 mg,
2.4 mmol) and sulfosalicylic acid (8 mg) in acetone (40 mL) was
heated at 40 °C for 2 h and was then concentrated. Acetone
(40 mL) was added to the residue, and the solution was again kept
at 40 °C for 2 h and then concentrated. This procedure was re-
peated until total conversion of 14a (TLC). For workup, NaHCO3

(ca. 30 mg) was added, the reaction solution was concentrated, and
the solid residue was chromatographically purified (silica gel,
1�2 cm, cyclohexane/ethyl acetate 1:1, Rf = 0.12). 380 mg (96%)
of pure crystals were isolated, m.p. 126 °C. 1H NMR: δ = 2.62 (s,
6�CH2) ppm. 13C NMR: δ = 210.5 (C-1,-4,-7), 39.6 (C-2,-3,-5,6,-
7,8) ppm. IR: ν̃ = 2966 (CH), 2925, 1702 (C=O), 1454, 1422, 1387,
1339, 1253, 1234, 1165, 1058 cm–1. MS: m/z (%) = 168 (11) [M]·+,
150 (6), 140 (25) [M – CO]·+, 122 (6), 111 (84) [M – C3H4O]·+, 83
(39), 70 (33), 57 (100), 43 (52). C9H12O3 (168.2): calcd. C 64.27, H
7.19; found: C 64.40, H 7.58.

Via 14b: A solution of 9 (100 mg, 0.62 mmol) in acetone (20 mL)
was slowly added to a deep blue solution of acetone (20 mL) and
water (10 mL), saturated at –20 °C with O3. After total conversion
(1 h, TLC), residual O3 was removed with a stream of N2, and
CH3SCH3 (1.5 mL) was added. After 10 min the solution was
slowly warmed up to room temperature and, after total reduction
(TLC), concentrated at a maximum of 30 °C. The yellowish solid
(i.a. 14b, NMR) was dried for 24 h at 10–3 Torr and chromato-
graphed on silica gel (1�2 cm, cyclohexane/ethyl acetate 3:1), and
67 mg of 10 (64%) were isolated (not optimized).
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Cyclononane-1,4,7-trione Tris(dimethyl acetal) (11): TMSOTf
(0.3 mL, 1.64 mmol) was added by syringe under Ar at –78 °C to
a stirred solution of 14a (88 mg, 0.41 mmol) in anhydrous CH3OH
(6 mL). After 15 min, stirring was continued at –20 °C until total
conversion (TLC). Saturated aqueous NaHCO3 solution (1 mL)
was added, the solution was concentrated in vacuo, and the residue
was dissolved in H2O (3 mL). After thorough extraction with
CH2Cl2 the organic phase was dried (MgSO4) and concentrated.
The uniform (TLC) oily residue was chromatographed {silica gel,
1�4 cm, cyclohexane/ethyl acetate 2:1; Rf [cyclohexane/ethyl ace-
tate (1:1) = 0.56]}, giving 105 mg (84%) colourless crystals, m.p.:
132 °C. 1H NMR: δ = 3.15 (s, 6�OCH3), 1.85 (d, 2-, 3-, 5-, 6-,
8-, 9-Hendo)*, 1.51 ppm (d, 2-, 3-, 5-, 6-, 8-, 9-Hexo)*, J = 10.3 Hz.
13C NMR: δ = 105.5 (C-1,-4,-7), 48.4 (6 CH3), 24.4 (C-2,-3,-5,-6,
-8,-9) ppm. IR: ν̃ = 2982 (CH), 2953, 2896, 2822, 1500, 1463, 1331,
1289, 1232, 1199, 1154, 1104, 1059, 972, 964, 844, 597, 533 cm–1.
MS: m/z (%) = 306 (22) [M]+, 291 (18), 275 (100) [M – OCH3]+,
260 (44), 202 (8), 151 (5). C15H30O6 (306.4): calcd. C 58.80, H 9.87;
found: C 58.54, H 9.92.

Bicyclo[4.3.0]non-1(6)ene-3,9-dione (13): A solution of 10 (78 mg,
0.36 mmol) and HCl (2 , 1 mL) in CH3CN/H2O (1:1) was stirred
until total conversion (ca. 4 h). After concentration in vacuo and
chromatography {silica gel, 1�3 cm, cyclohexane/ethyl acetate 2:1;
Rf (cyclohexane/ethyl acetate 1:1) = 0.09}, 44 mg (81%) of pure
crystals were isolated: M.p. 51 °C. 1H NMR: δ = 2.77 (m, 2a,b-H),
2.64 (m, 8a,b-H)*, 2.47 (m, 4a,b-H)*, 2.42 (m, 5a,b-H)**, 2.32 (m,
7a,b-H)** ppm. 13C NMR: δ = 207.6 (C-9), 207.1 (C-3), 171.3 (C-
6), 136.6 (C-1), 37.5 (C-2), 35.6 (C-8)*, 35.4 (C-4)*, 29.6 (C-5)**,
27.8 (C-7)** ppm. IR: ν̃ = 2941 (CH), 2920, 2830, 1722 (CO), 1693
(CO), 1648 (C=C), 1442, 1429, 1135, 1273, 1236, 1124, 1005, 811,
647 cm–1. MS (CI, NH3): m/z (%) = 169 (12) [M + NH4]+, 151
(100) [M + H]+, 137 (4), 85 (5), 73 (8). C9H10O2 (150.2): calcd. C
71.98, H 6.71; found: C 72.21, H 6.66.

1,7-Dimethoxy-10-oxabicyclo[5.2.1]decan-4-one (14a): A solution of
9 (1.01 g, 6.20 mmol) in CH2Cl2/CH3OH (1:1, 20 mL) was slowly
added to an anhydrous, deep blue solution of CH2Cl2 (20 mL) and
CH3OH (20 mL) saturated at –78 °C with O3. After total conver-
sion (TLC), residual O3 was removed with a stream of N2, and
CH3SCH3 (1.5 mL) was added. After 10 min the solution was
slowly warmed up to room temperature and, after total reduction
(TLC), concentrated at a maximum of 30 °C. The yellowish solid
was dried for 24 h at 10–3 bar, adsorbed on to silica gel (1.5 g) and
chromatographed on silica gel {2�8 cm, cyclohexane/ethyl acetate
3:1, Rf (cyclohexane/ethyl acetate 1:1) = 0.27}; 1.15 g (86%) of
colourless crystals were isolated; m.p. 68 °C. 1H NMR: δ = 3.30 (s,
2�OCH3), 2.52 (ddd, 2β-, 3α-, 5α-, 6β-H), 2.31 (ddd, 3β-H, 5β-
H), 2.17 (AA�BB�, 8α,β-, 9α,β-H), 1.93 (ddd, 2α-H, 6α-H) ppm;
J2α,2β = 13.8, J2α,3α = 3.7, J2α,3β = 6.8, J2β,3α = 10.5, J2β,3β = 4.0,
J3α,3β = 13.2 Hz. 13C NMR: δ = 213.7 (C-4), 104.2 (C-1,-7), 49.5
(2 OCH3), 38.1 (C-3,-5), 36.9 (C-8,-9), 32.2 (C-2,-6) ppm. IR: ν̃ =
2957 (CH), 2941, 2822, 1689 (CO), 1475, 1343, 1248, 1141, 1087,
980, 902, 873, 857 cm–1. MS: m/z (%) = 214 (8) [M]·+, 196 (5), 182
(38) [M – CH3OH]·+, 165 (15), 157(100), 97 (42), 85(9), 56 (11).
C11H18O4 (214.3): calcd. C 61.66, H 8.47; found: C 61.22, H 8.01.

1,7-Dihydroxy-10-oxabicyclo[5.2.1]decan-4-one (14b): DCl/D2O
(33%, 0.1 mL) was added to a solution of 10 (12 mg) in CD3CN
(0.5 mL). Rapidly formed 14b was analysed in solution: 1H NMR:
δ = 2.83 (m, 3-,5-H), 2.59 (m, 2α-,6α-H), 2.54 (m, 2β-, 6β-H), 2.40
(m, 8α,β-,9α,β-H) ppm. 13C NMR: δ = 180.3 (C-4), 102.3 (C-1,-7),
38.6 (C-3,-5), 36.5 (C-2,-6), 33.2 (C-8,-9) ppm. Various attempts to
isolate pure 14b were fruitless; loss of water led partially back to
10.
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7,7-Dimethoxycyclononane-1,4-dione (15): During attempts to crys-
tallize 11 from acetone without careful exclusion of air (moisture),
crystals of 15 suitable for an X-ray structure were serendipitously
isolated. 1H NMR: δ = 3.02 (s, 2�OCH3), 2.78 (s, 5α,β-,6α,β-H),
2.31 (s, 3α,β-,8α,β-H), 1.42 (2α,β-,9α,β-H) ppm. 13C NMR: δ = 211
(C-1,-4), 105.4 (C-7), 49.7 (2 OCH3), 39.9 (C-2,-3)*, 37.9 (C-5,-9)*,
27.2 (C-6,-8) ppm.

2β,5β,8β-Tribromo-1,7-dimethoxy-10-oxabicyclo[5.2.1]decan-4-one
(17a): a) Carefully dried PyHBr3 (2.25 g, 7.00 mmol) was added to
a stirred solution of 14a (482 mg, 2.25 mmol) in anhydrous CH3OH
(50 mL). After total conversion (TLC), the solution had changed
from red to yellow, silica gel (2 g) was added, the reaction solution
was concentrated in vacuo, and the solid residue was chromato-
graphed {silica gel, 2.5 � 6 cm, cyclohexane/ethyl acetate 4:1; Rf

(cyclohexane/ethyl acetate 1:1) = 0.78}; 920–960 mg (90–95%) of
colourless crystals were isolated.

b) A solution of 10 (200 mg, 1.2 mmol) in anhydrous CH3OH
(30 mL) and dry PyHBr3 (1.15 g, 3.6 mmol) was stirred until total
conversion (TLC, ca. 4 h). After workup as above, 450 mg (83%)
were collected.

c) A solution of 11 (100 mg, 0.33 mmol) in anhydrous CH3OH
(20 mL) and dry PyHBr3 (1.15 g, 3.6 mmol) was stirred until total
conversion (TLC, ca. 3 h). After workup as above, 119 mg (80%)
were isolated.

Compound 17a: M.p. 149 °C. 1H NMR: δ = 4.72 (dd, 2-H), 4.50
(dd, 5-H), 4.36 (dd, 8-H), 3.32 (s, OCH3), 3.30 (s, OCH3), 3.26 (dd,
3β-H), 2.80 (dd, 3α-H), 2.15 (m, 6α,β-, 9α,β-H) ppm; J2,3α = 4.5,
J2,3β = 12, J3α,3β = 12.6, J5,6α = 8, J5,6β = 11.5, J6α,6β = 14, J8,9α =
5, J8,9β = 12.3, J9α,9β = 15 Hz. 13C NMR: δ = 197.8 (C-4), 110.2
(C-7), 106.5 (C-1), 49.9 (OCH3), 49.1 (OCH3), 48.9 (C-8), 47.7 (C-
2), 44.1 (C-9), 41.3 (C-5),41.2 (C-6), 39.8 (C-3) ppm. IR: ν̃ = 2987
(CH), 2945, 2834, 1718 (C=O), 1462, 1359, 1322, 1240, 1145, 1104,
1050, 989, 861, 754, 671, 577 cm–1. MS: m/z (%) = [455 (3), 453
(8), 451 (8), 449 (4)] [M + H]+, [422 (3), 421 (3), (7), 419 (8), 417
(4)] [M – OCH3]+, [373 (14), 371 (20), 369 (10)] [M – Br]+, [341
(44), 339 (76), 337 (38)] [M – OCH3 – Br]+, [291 (48), 289 (41)]
[M – 2 (H)Br]+, [261 (54), 259 (100), 257 (42)] [M – OCH3 –
2Br]+, 235 (19), 211 (21) [M – 3Br]+, 179 (40) C10H11O3 (HR),
[M – OCH3 – HBr – 2Br]+, 97(28), 55 (43). C11H15Br3O4 (451.0):
calcd. C 29.30, H 3.35, Br 53.16; found: C 29.02, H 3.48, Br 52.21.

2β,5β,8β-Tribromo-1,7-dihydroxy-10-oxabicyclo[5.2.1]decan-4-one
(17b): A suspension of 10 (300 mg, 1.80 mmol) and PyHBr3 (1.86 g,
5.80 mmol) in anhydrous tert-butyl alcohol (35 mL) was stirred un-
til total conversion (ca. 6 h). After concentration, the residue (con-
taining 18 as nearly exclusive product, TLC) was adsorbed on silica
gel (600 mg) and chromatographed (silica gel, 3�7 cm, cyclohex-
ane/ethyl acetate 3:1); 644 mg (85%) of colourless solid 17b {Rf

(cyclohexane/ethyl acetate 1:1) = 0.32} were isolated; m.p. 64 °C.
1H NMR (CD3CN): δ = 4.96 (s, OH), 4.73 (s, OH), 4.35 (dd, 5-
H), 4.32 (dd, 2-H), 4.27 (dd, 8-H), 3.40 (dd, 6β-H), 2.75 (2�dd,
3β-, 9β-H), 2.63 (dd, 6α-H), 2.49 (2�dd, 3α-, 9α-H) ppm; J2,3α =
4.3, J2,3β = 8.4, J3α,3β = 14.2, J5,6α = 4.6, J5,6β = 8.4, J6α,6β = 12.8,
J8,9α = 7.3, J8,9β = 12.2, J9α,9β = 12.5 Hz. 13C NMR (CD3CN): δ =
199.6 (C-4), 107.7 (C-7), 104.8 (C-1), 56.1 (C-5), 50.5 (C-2), 49.5
(C-8), 43.8 (C-6), 41.8 (C-3), 40.5 (C-9) ppm. IR (KBr): ν̃ = 3420
(OH), 2965, 2935 (CH), 2845, 1703 (C=O), 1453, 1308, 1176, 968,
902, 754 cm–1. MS (CI, isobutane): m/z (%) = {427 (32), 425 (95),
423 (100), 421 (35)} [M + H]+, {407, 405, 403, 401} [M – H2O]+,
[389 (15), 387 (16)] [M + H – 2H2O]+, [327 (30), 325 (100), 323
(32)] [M – H2O – Br]+, 307 (16) [M – 2H2O – Br]+, 299 (2), 297
(6), 295 (2), 267 (11), {245 (52), 243 (37)} [M – H2O – Br –
HBr]+, [227 (15), 225 (9)] [M – 2H2O – Br – HBr]+, 165 (18), 163
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(16) (C9H7O3, HR), [M – H2O – 2HBr – Br]+ 137 (9), 135 (8)
(C8H7O2, HR) [M – H2O – 2 HBr – Br – CO] +, 109 (10).
C9H11Br3O4 (422.9): calcd. C 25.56, H 2.62, Br 56.68; found: C
25.87, H 2.813, Br 55.33. X-ray structure.[21]

2β,5β,8β-Tribromo-1,7-bis(trimethylsilyloxy)-10-oxabicyclo[5.2.1]de-
can-4-one (17c): An anhydrous solution of 17b (102 mg, 0.24 mmol)
and TMSCN (0.2 mL, 1.60 mmol) in CH2Cl2 (20 mL) was heated
at reflux for 14 h. After concentration, the oily residue was filtered
through silica gel (1�1.5 cm, cyclohexane/ethyl acetate 3:1) to af-
ford 122 mg (89%) of a uniform fraction (TLC) as a colourless oil
{Rf (cyclohexane/ethyl acetate 4:1) = 0.69}. 1H NMR (CD3CN): δ
= 4.39 (dd, 5-H), 4.32 (dd, 2-H), 4.23 (dd, 8-H), 3.40 (dd, 6β-H),
2.86 (dd, 3β-H), 2.74 (dd, 9β-H), 2.66 (dd, 6α-H), 2.49 (2�dd,
2α-, 9α-H), 0.12 [s, Si(CH3)3], 0.09 [s, Si(CH3)3] ppm; J2,3α = 4.3,
J2,3β = 13.1, J3α,3β = 15.2, J5,6α = 4.6, J5,6β = 12.8, J6α,6β = 13.1,
J8,9α = 7.3, J8,9β = 12.2, J9α,9β = 14.0 Hz. 13C NMR (CD3CN): δ =
199.3 (C-4), 109.1 (C-7), 106.9 (C-1), 57.2 (C-5), 52.6 (C-2), 49.5
(C-8), 45.4 (C-6), 44.0 (C-3), 41.5 (C-9), 1.5 [Si(CH3)3], 0.97
[Si(CH3)3] ppm. IR: ν̃ = 2933 (CH), 1726 (C=O), 1470, 1310, 1269,
1120, 1026, 989, 944, 844, 762, 564 cm–1. MS: m/z (%) = {571 (53),
569 (90), 567 (100) 565 (52)} [M + H]+, 491 (41), 489 (81), 487
(70), 407 (19), 405 (9), 403 (4). C15H27Br3O4Si2 (567.3).

2α,5α,8α-Tribromocyclononane-1,4,7-trione (18): An anhydrous
solution of 17a (180 mg, 0.40 mmol) and BBr3 (300 mg, 1.20 mmol)
in benzene (10 mL) was kept at 3 °C until total conversion (ca. 5 h).
After concentration in vacuo at 0 °C, dry cyclohexane (12 mL) was
added, the mixture was sonicated for 5 min, and the yellowish solid
was filtered off and dried at 10–4 Torr to afford 152 mg (93%) of a
yellowish crystalline solid {Rf (cyclohexane/ethyl acetate 1:1) =
0.47}; m.p. 178 °C (dec). 1H NMR (C6D6): δ = 4.05 (dd, 2-, 5-, 8-
H), 2.69 (dd, 3-,6-,9-Hendo), 2.10 (dd, 3-,5-,9-Hexo) ppm; J2,3endo =
12.5, J2,3exo = 5.8, J3endo,3exo = 14.9 Hz. 13C NMR (C6D6): δ = 196.3
(C-1,-4,-7), 48.9 (C-2,-5,-8), 39.2 (C-3,-6,-9) ppm. IR (KBr): ν̃ =
2920 (CH), 2864, 1705 (C=O), 1467, 1302, 1108, 993, 857, 688, 548,
437 cm–1. MS Figure 6 (neg. CI, isobutane, 170 eV): m/z (%) = {407
(30), 405 (92), 403 (100), 401(38)} [M – H]–, {325 (60), 323 (80)
321 (55)} [M – H – HBr]–, 260 (5), 246 (16), 244 (48), 243 (41),
242(51) 241 (29), 180(6), 162 (54) (C9H6O3, HR), [M – 3HBr]·–,
81, 79. MS (EI, 70 eV): m/z = [327 (62), 325 (100), 323 (60)] [M –
Br]+, 303 (65), [299 (20), 297 (48), 295 (22)] [M – Br – CO]·+, [284
(8), 282(17), 280 (8)] [M – Br – CH3CO]+, [245 (95), 243 (93)] [M –
Br – HBr]+, 227 (31), 219 (38), [217 (86), 215 (68)] [M – Br – HBr –
CO]+, 191 (32), 189 (44), 187 (28) [M – 2(H)Br – 2CO]+, 163 (68)
[M – 2 HBr – Br]+ {HR: calcd. 163.039520 (C9H7O3); found:
163.039523}, 137 (40), 135 (55), 109 (84), 82 (29), 55 (93).
C9H9Br3O3 (404.9): calcd. C 26.70, H 2.24, Br 59.21; found: C
26.04, H 2.40, Br 58.33. In contact with moisture 17b is formed.

5β,8β-Dibromo-1,7-dimethoxy-10-oxabicyclo[5.2.1]dec-2-en-4-one
(24a): An anhydrous solution of 17a (200 mg, 0.44 mmol) and
DBU (0.66 mL, 4.4 mmol) in toluene (50 mL) was stirred under Ar
at 50 °C until total conversion (TLC, ca. 2 h). The brownish solu-
tion with the precipitate (DBU·HBr) was concentrated in vacuo,
and the solid residue was chromatographed (silica gel, 1.5�4 cm,
cyclohexane/ethyl acetate 3:1). After the major component {Rf

(24a) (cyclohexane/ethyl acetate 1:1) = 0.62, 134 mg, 82%}, a very
minor one {Rf (25a; cyclohexane/ethyl acetate 1:1) = 0.58, 4 mg,
3 %} was also eluted. Compound 24a: Colourless crystals, m.p.
134 °C. 1H NMR: δ = 6.22 (d, 2-H), 5.89 (d, 3-H), 4.52 (dd, 5-H),
4.46 (dd, 8-H), 3.37 (s, OCH3), 3.22 (s, OCH3), 2.79 (dd, 9α-H),
2.68 (dd, 6α-H), 2.51 (dd, 6β-H), 2.45 (dd, 9β-H) ppm; J2,3 = 11.2,
J5,6α = 4.3, J5,6β = 12.5, J6α,6β = 14.4, J8,9α = 9.3, J8,9β = 10.7, J9α,9β

= 14.2 Hz. 13C NMR: δ = 198.3 (C-4), 136.8 (C-3), 126.4 (C-2),
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108.7 (C-7), 103.8 (C-1), 51.3 (OCH3), 49.7 (OCH3), 47.6 (C-8),
45.2 (C-9), 42.6 (C-6), 40.2 (C-5) ppm. IR: ν̃ = 3007 (CH), 2953,
2854, 1706 (C=O), 1466, 1368, 1297, 1195, 1133, 1096, 1001, 877,
742, 461 cm–1. UV (CH3CN): λmax (ε) = 290 nm (70), 199
(10280) cm–1. MS (CI, isobutane): m/z (%) = [373 (31), 371 (90),
369 (33)] [M + H]+, [339 (5), 337 (5)] [M – OCH3]+, [293 (40),
291(45)] [M – Br]+, [261 (5), 259 (6)] [M – OCH3 – HBr]+, 211
(100) [M – Br – HBr]+, 179 (22) (C10H11O3, HR), [M – OCH3 –
2 Br]+. C11H14Br2O4 (370.0): calcd. C 35.70, H 3.81, Br 43.19;
found: C 36.11, H 3.99, Br 42.11.

8β-Bromo-1,7-dimethoxy-10-oxabicyclo[5.2.1]deca-2,5-dien-4-one
(25a): Cf. 24a. This compound was obtained from 17a (228 mg,
0.51 mmol), by treatment with DBU (1.90 mL, 12.6 mmol) in tolu-
ene (50 mL) at 80 °C (5 h). After chromatographic workup, 47 mg
(25%) of 24a and 90 mg (61%) of 25a were isolated. Compound
25a: Colourless crystals, m.p. 101 °C. 1H NMR: δ = 6.22 (dd, 2-
H), 6.10 (d, 6-H), 6.05 (d, 3-H), 5.90 (dd, 5-H), 4.50 (dd, 8-H), 3.37
(s, OCH3), 3.32 (s, OCH3) 2.69 (dd, 9α-H), 2.49 (dd, 9β-H) ppm;
J2,3 = 11.4, J5,6 = 11.2, J8,9α = 7.5, J8,9β = 12.5, J9α,9β = 13.3 Hz.
13C NMR: δ = 199.8 (C-4), 137.8 (C-2), 135.3 (C-6), 131.8 (C-3),
130.0 (C-5), 107.5 (C-7), 105.1 (C-1), 52.3 (OCH3), 51.0 (OCH3),
50.0 (C-8), 45.7 (C-9) ppm. IR: ν̃ = 2941 (CH), 2834, 1701 (CO),
1639 (C=C), 1442, 1376, 1282, 1166, 1017, 981, 873, 787, 721, 676,
644 cm–1. MS (CI, isobutane): m/z (%) = {291 (82), 289 (100)} [M
+ H]+, {259 (12), 257 (13)} [M – OCH3]+, 211 (51), 209 (30) [M –
Br]+, 179 (32) (C10H11O3, HR)[M – 2OCH3 – Br]+, 151 (12), 125
(16), 87 (88). C11H13BrO4 (289.1): calcd. C 45.70, H 4.53, Br 27.64;
found: C 45.12, H 4.66, Br 26.98.

1,7-Dimethoxy-10-oxabicyclo[5.2.1]deca-2,5,8-trien-4-one (26a): Cf.
24a. This compound was obtained from 17a (300 mg, 0.67 mmol),
by treatment with DBU (4.00 mL, 26.6 mmol) in toluene (75 mL)
at reflux (12 h, one product, TLC). After chromatographic workup
(silica gel, 1.5�5 cm), 120 mg (85%) of colourless crystals were
isolated; m.p. 84 °C {Rf (cyclohexane/ethyl acetate 1:1) = 0.25}. 1H
NMR (C6D6): δ = 5.63 (d, 2-, 6-H), 5.49 (d, 3-, 5-H), 5.38 (s,
8-H,9-H), 3.12 (s, 2OCH3) ppm; J2,3 = J5,6 = 11.3 Hz. 13C NMR
(C6D6): δ = 200.4 (C-4), 133.4 (C-3,-5), 131.0 (C-2,-6), 129.9 (C-8,
-9), 110.0 (C-1,-7), 50.9 (2 OCH3) ppm. IR: ν̃ = 3003, 2976 (CH),
1702 (C=O), 1634 (C=C), 1457, 1422, 1387, 1338, 1219, 1202, 1138,
1098, 987, 503 cm–1. UV (CH3CN): λmax (ε) = 314 (20), 229 (985,
sh), 200 nm (11200). MS: m/z (%) = 208 (12) [M]+, 193 (7), 179
(22), 163 (3), 149 (54), 121 (33) 113 (7), 95 (9). C11H12O4 (208.2):
calcd. C 63.45, H 5.81; found: C 62.88, H 5.98.

6β-Bromo-1,7-dimethoxy-10-oxabicyclo[5.2.1]deca-2,8-dien-4-one
(27): An anhydrous solution of 26a (40 mg, 0.19 mmol) and bromo-
catecholborane (76 mg, 0.38 mmol) in CH2Cl2 (20 mL, argon) was
stirred until total conversion (TLC, ca. 4 h). After evaporation in
vacuo and drying at 10–4 Torr the nearly uniform solid residue
(TLC) was spectroscopically characterized as such {Rf (cyclohex-
ane/ethyl acetate 1:1) = 0.61}. 1H NMR: δ = 6.18 (d, 2-H), 6.08 (d,
3-H), 6.04 (d, 8-H) 5.90 (d, 9-H), 4.34 (dd, 6-H), 3.33 (s, OCH3),
3.24 (s, OCH3) 3.20 (dd, 5α-H), 2.59 (dd, 5β-H) ppm; J2,3 = 11.4,
J5α,5β = 13.4, J5α,6α = 3.3, J5β,6α = 13.2, J8,9 = 5.8 Hz. 13C NMR:
δ = 198.4 (C-4), 137.9 (C-2), 136.8 (C-3), 134.5 (C-8), 134.1 (C-9),
106.8 (C-7), 106.1 (C-1), 54.5 (C-6), 50.7 (OCH3), 50.0 (OCH3),
46.3 (C-5) ppm. MS (CI, isobutane): m/z (%) = {291 (66), 289
(100)} [M + H]+, {259 (15), 257 (17)} [M – OCH3]+, 209 (12), [M –
Br]+, 195 (47), 179 (21) [M – Br – 2OCH3]+ (C10H11O3, HR), 167
(41), 151 (13), 125 (9). C11H13BrO4 (289.1).

(2β,7β)-1,11-Dimethoxy-14,15-dioxatetracyclo[9.2.1.13,6.02,7]penta-
deca-4,9,12-trien-8-one (28a): A degassed, anhydrous mixture of
26a (45 mg, 0.22 mmol), furan (0.2 mL) and diethyl ether (0.2 mL),
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in a welded Teflon tube, was heated at 60 °C/12 kbar for 12 d. After
concentration, the solid residue (54 mg, one product besides resid-
ual 26a, ca. 1:3, TLC, 1H NMR) was chromatographed (silica gel,
1�4 cm, cyclohexane/ethyl acetate 4:1); 15–20% of the produced
28a underwent retro-Diels–Alder cleavage. Compound 28a {Rf (cy-
clohexane/ethyl acetate 1:1) = 0.18}: 7 mg (11%), colourless crys-
tals. 1H NMR (500 MHz):δ = 6.84 (dd, 10-H), 6.50 (dd, 9-H), 6.06
(d, 12-H), 5.91 (d, 5-H), 5.78 (d, 13-H), 5.72 (d, 4-H), 4.9–5.0 (m,
3-,6-H), 3.47 (m, 7-H), 3.35 (m, 2-H), 3.30 (s, OCH3), 3.13 (s,
OCH3) ppm; J2,3 = 4.5, J2,7 = 10.5, J4,5 = 6.0, J9,10 = 11.2, J12,13 =
6.0 Hz. 13C NMR: δ = 204.2 (C-8), 136.7 (C-10), 135.1 (C-9), 133.0
(C-5), 132.9 (C-4), 132.3 (C-13), 132.1 (C-12), 111.4 (C-1), 111.1
(C-11), 80.9 (C-3), 80.8 (C-6), 58.9 (OCH3), 56.9 (OCH3), 52.2 (C-
7), 50.2 (C-2) ppm. MS: m/z (%) = 277 (8) [M + H]+, 244 (28) [M –
CH3OH]+, 220 (8), 216 (7), 192 (20), 182 (22), 122 (41), 69 (100)
[C4H4O + H]+, C15H16O5 (276.3).

(2β,7β)-1,4,5,11-Tetramethoxy-14,15-dioxatetracyclo[9.2.1.13,602,7]-
pentadeca-4 ,9 ,12- tr ien-8-one (28b) and (2β ,7β , 9β ,14β ) -
1,4,5,11,12,15-Hexamethoxy-18,19,20-trioxahexacyclo[13.2.1.13,6.
110,13.02,7.09,14]dodeca-4,11,16-trien-8-one (29b): Cf. 28a. These
compounds were obtained from 26a (64 mg, 0.30 mmol) and 3,4-
dimethoxyfuran (0.4 mL) in ether (0.4 mL) at room temp., 15 kbar.
Besides residual 26a, two products (8:3:1; TLC, 1H NMR). Chro-
matographically (silica gel, 1�4 cm, cyclohexane/ethyl acetate 4:1),
24 mg (26%) of a 4:1 mixture of 28b and 29b were separated {Rf

(cyclohexane/ethyl acetate 1:1) = 0.30/0.29; ca. 15% of 28b and ca.
25% of 29b were lost through retro-DA}. Compound 28b: 1H NMR
(500 MHz): δ = 6.06 (dd, 12-H), 6.02 (dd, 10-H), 5.85 (d, 9-H),
5.84 (d, 13-H), 5.28 (d, 6-H), 5.05 (d, 3-H), 3.74 (s, OCH3), 3.71 (s,
OCH3) 3.48 (s, OCH3), 3.22 (s, OCH3), 3.10 (d, 7-H), 3.00 (d, 2-
H) ppm; J2,3 = 1.7, J2,7 = 9.3, J9,10 = 11.0, J12,13 = 5.7 Hz. 13C
NMR: δ = 204.2 (C-8), 140.7 (C-4), 140.1 (C-5), 133.4 (C-10), 133.4
(C-13), 133.2 (C-9), 131.8 (C-12), 111.6 (C-11), 110.5 (C-1), 78.7
(C-6), 78.6 (C-3), 59.0 (OCH3), 59.0 (OCH3), 58.9 (OCH3), 57.0
(OCH3), 52.0 (C-7), 50.8 (C-2) ppm. MS (CI, isobutane): m/z (%)
= 465 (4) [29b + H].+, 450 (15) [29b + H – CH3]·+, 434 (17) [29b +
H – OCH3].+, 402 [29b – 2OCH3]·+, 377 (7), 355 (22), 337 (55) [28b
+ H]·+, 322 (28b + H – CH3)·+, 306 [28b + H – OCH3]+, 278 (45),
223 (15), 128 (100) [C6H8O3]·+, 76 (12). C17H20O7 (336.3). Com-
pound 29b: 1H NMR (500 MHz): δ = 5.88 (s, 16-,17-H), 4.86 (m,
6-,10-H), 4.75 (m, 3-, 13-H), 3.84 (s, 2�OCH3), 3.76 (s, 2�OCH3),
3.49 (m, 7-,9-H), 3.18 (s, 2�OCH3), 3.24 (m, 2-,14-H) ppm. 13C
NMR: δ = 204.6 (C-8), 139.3 (C-5,-11), 139.0 (C-4,-12), 133.2 (C-
16,-17), 110.4 (C-1,-15), 80.0 (C-6,-10), 79.7 (C-3,-13), 59.2 (2
OCH3), 59.0 (2 OCH3), 58.9 (2 OCH3), 51.8 (C-7,-9), 50.1 (C-2,
-14) ppm. 28b: C17H20O7 (336.3). 29b: C23H28O10 (464.2).

Supporting Information (see also the footnote on the first page of
this article): Cartesian coordinates for the calculated structures (Å)
1, 2a, 2b, 2c, 3, 6, 7, 10, 14a, 18, cis-24a, trans-24a, cis,cis-25a,
cis,trans-25a, 30H+, 31a, 31b, 31c and 31d. X-ray structure of 17b.
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