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Abstract: Tetraspiro[2.1.25.1.29.1.213.13]hexadecane-1,3,5,7-

tetraone 4, a unique tetraketone containing a cyclooctane
core and four spiroannelated cyclopropane moieties, rep-
resents the previously unknown cyclotetramer of carbon-
ylcyclopropane. For this purpose oxidation of the parent
polyspirocyclic hydrocarbon was examined under various
oxidative conditions, and the reactivity of oxidants

towards methylene groups of the eight-membered cycle,
activated by adjacent spirocyclopropane rings, was evalu-
ated and contrasted. Whereas the treatment of tetraspiro-
hexadecane with ozone resulted in monooxidation, its
reaction with methyl(trifluoromethyl)dioxirane afforded

the product of four-fold oxidation, triketoalcohol 10.
Subsequent oxidation of the latter with Dess–Martin

periodinane gave the target tetraketone 4.

In 1975 Brown demonstrated that carbonylcyclopropane 1,[1]

obtained by flash vapor thermolysis (FVT) of spiroannulated

Meldrum acid, dimerizes into dispiro[2.1.2.1]octane-4,8-dione 2
(Figure 1), which is the first member of cyclooligomers of
ketene 1. However, trimer 3 was not formed by a simple cyclo-

trimerization during the FVT, which prompted its synthesis by
organozinc chemistry by Hoffmann[2a] who declared it “struc-

turally fascinating and of preparative interest” in addition to
being “aesthetically pleasing.”[2b] The trimer 3 indeed has un-

usual structural features, such as a nearly planar cyclohexane

ring, which allows for an effective carbonyl conjugation with

the cyclopropyl moiety.
Hoffmann’s synthesis of the trimer 3 was based on an inter-

rupted oligomerization. Conceivably for entropic reasons, the
tetramer (4) of carbonyl cyclopropane was not obtained, so we

set out to develop an alternative approach for the synthesis of
this fascinating tetraketone by a direct oxidation of the parent
hydrocarbon 5.

Direct oxidation of methylene groups has attracted growing
attention in the context of new synthetic method develop-

ments.[3] In particular, cyclopropane derivatives represent ad-
vantageous substrates for such oxidative processes because
the three-membered ring, not unlike the p-systems, activates
the adjacent CH2 groups toward the oxygenation.[4–8] Oxidizing

agents, such as ozone on silica gel,[4] CrO3 in various condi-
tions,[5] in situ generated RuO4,[6] dioxiranes,[7] H2O2 in the pres-
ence of Fe- or Ti-based catalysts[3b, 8] have been employed for
the selective conversion of activated a-methylene groups in
cyclopropanes into the carbonyl function. It is instructive to

mention that the resulting cyclopropane, conjugated with
a carbonyl group, represents a versatile building block for the

assembly of polyspirocyclopropanes.[9] Nevertheless, in most of
the described cases the oxidation of methylene C¢H bonds af-
forded the products of one-fold oxygenation. To the best of

our knowledge, very few examples of a diketone-producing
two-fold oxidation of hydrocarbons containing three-

membered rings were reported.[4a,b, 5a]

In the present work, we report our findings on the oxidation
of polyspirocyclic hydrocarbon 5 (Figure 2), containing four spi-

rocyclopropane rings, with several oxidizing agents. Our goal
was to develop a general methodology of exhaustive

methylenes oxidation of 5 in order to access tetraketone 4, an
appealing precursor for [8]-rotane and [8]-heterorotanes.

Hydrocarbon 5 was obtained by a recently developed syn-
thesis, starting from readily available adamantan-1,3-dicarbox-

Figure 1. Cyclooligomers of carbonylcyclopropane 1.
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ylic acid, in 30 % yield over six steps.[10] The oxidation of 5 on
silica gel with ozone (1 h exposure) afforded monoketone 6 as
the sole product (Scheme 1). The subsequent oxidation of 6
with extended exposure to ozone for 30 h was accompanied

by complete conversion of the starting ketone into the mixture
of 1,3-diketone 7, 1,5-diketone 8, and 1,3,5-triketone 9 in the

ratio of 2:1:1, respectively (Scheme 1). Yet, significant decom-

position of the organic material did not allow for continued ex-
haustive oxidation. An alternative procedure[4b] of cycling the

temperature (seven cycles, 0.5–1 h each) afforded the mixture
of ketones 6–8 in total yield of 59 % (6 :7:8 = 1:0.8:0.8). The

reaction of 5 with 20-fold excess of CrO3 afforded mainly
1,5-diketone 8 with only 3 % of 1,3-diketone 7 forming under

these conditions (Scheme 1). Increasing the excess of oxidizing

agent did not afford the products of further oxidation. Also, no
reaction was observed with the complex CrO3-3,5-dimethyl-

pyrazole.[5b]

Methyl(trifluoromethyl)dioxirane (TFDO) has been described
as a powerful agent for oxidation of hydrocarbons.[11] In con-
trast to the literature examples,[7] the oxidation of 5 with 12-

fold excess TFDO did not stop at the monooxidation (afforded
no monoketone 6). The reaction of the substrate activated by
four cyclopropane fragments proceeded smoothly, leading to

the products of multiple oxidation (Scheme 2). When the reac-
tion was carried out for two hours at ¢20!0 8C, the mixture

of 1,3- and 1,5-diketones was obtained (7:8 = 1:1.5). The use of
8-fold excess of TFDO per methylene group at the same tem-

perature and longer reaction time, up to 20 h, led to further
oxidation. Di- and triketones 7–9 were isolated from the

reaction mixture, as well as triketoalcohol 10, which is the
product of a 4-fold oxidation. The target tetraketone 4 was

also observed in the spectra of the reaction mixture, albeit as
a minor product (Scheme 2).

Alcohol 10 was isolated and its further oxidation was

optimized. Neither Swern conditions[12] nor the treatment with
pyridinium chlorochromate (PCC) afforded tetraketone 4. Yet,
the treatment of alcohol 10 with the reactive Dess–Martin peri-
odinane[13] led to complete conversion of the starting com-

pound into the target tetraketone 4 (Scheme 3). The obtained
novel carbonyl and polycarbonyl compounds 4–8 and 10 were

isolated and characterized by HRMS, 1H and 13C NMR. The

structures of diketones 7 and 8 and target tetraketone 4 were
also confirmed by X-ray crystallographic analysis (Figure 3).[14]

As shown in the X-ray structure (Figure 3 c and 3 d), each
carbonyl group in tetraketone 4 assumes the cis-bisecting

conformation to one of its three-membered ring neighbors,
providing the most effective conjugation of the p-acceptor

Figure 2. Polyspirocyclopropane structures built on cyclooctane core.

Scheme 1. Oxidation of tetracyclopropane 5 under the treatment with
ozone or CrO3. [a] Isolated yield. [b] Estimated by 1H NMR spectra.

Scheme 2. Oxidation of spirocyclic hydrocarbon 5 under the treatment with
TFDO. [a] Isolated yield. [b] Estimated by 1H NMR spectra.

Scheme 3. Synthesis of the target tetraketone 4 under Dess–Martin
conditions.

Figure 3. ORTEP[15] drawing of the molecular structures of diketones: a) 7,
b) 8, and c) and d) tetraketone 4.
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substituent and cyclopropane,[16] whereas the conjugation with
the second adjacent ring is disrupted by twisting. We have de-

termined the experimental kinetic parameters for the cyclooc-
tane ring inversion in 4 : DH¼6 = 7.3�0.2 kcal mol¢1, DS¼6 =

¢14.5�0.9 cal mol¢1 K¢1, DG¼6 298 = 10.5�0.2 kcal mol¢1 (see the
Supporting Information for details).

A DFT study of the structure of tetraketone 4 identified the
lowest energy S4-symmetric tub-conformer (Figure 4 a and 4 b),
which is in full agreement with the obtained X-ray structure

shown in Figure 3 c. This main conformer is reminiscent of the
cyclooctatetraene’s tub-conformer, and the similarity is not en-

tirely superfluous. The flattening of the cyclohexane ring to
the near D3h symmetry in the trispirotriketone described by

Hoffmann[2] was attributed to conjugation, which permits each
carbonyl to adopt the favoured cis-bisected conformation with
respect to both adjacent cyclopropane rings. Such flattening in

the eight-membered ring is not possible, as it would require
the eight CCC bond angles in the cyclooctane moiety to reach
the value of 1358. As a result, the molecule adopts the tub
conformation with alternating conjugated and unconjugated

carbonylcyclopropane moieties, reminiscent of the alternating
single and double bonds in cyclooctatetraene.

The ring inversion occurs by rotation about one of the un-

conjugated C¢C bonds through a C2-symmetric transition state
shown in Figure 4 c–e, in which one of the carbonyls necessari-

ly becomes conjugated to its both cyclopropyl neighbors. The
first view down the C2 axis (Figure 4 c) shows this CO group,

which is dissecting cyclopropyls on both sides. As a trade-off,
the opposite C2-aligned carbonyl (Figure 4 d) is not dissecting

either one of its cyclopropyl neighbors. The B3LYP/6-311 +

G(d,p) ZPE-corrected activation barrier for this ring inversion is
calculated to be 11.4 kcal mol¢1, which is in good agreement

with the experimental free activation energy of 10.5 kcal mol¢1.
All four protons belonging to the CH2CH2 moiety in each

cyclopropyl unit are magnetically not equivalent in the S4-sym-
metric molecule of 4. At ambient temperature, the average ex-

perimental 13C¢1H SSCCs matched well the RFF DU8c-comput-
ed values (experimental: 2.5 Hz; calcd: 2.6 Hz).[17] Upon lower-

ing the temperature to ¢85 8C, the sole singlet in the 1H NMR
split into two multiplets (Figure 5), although we were unable

to completely freeze out the ring inversion process. However,
using the six calculated proton–proton coupling constants, we

were able to simulate the low temperature spectrum with em-
pirically adjusted chemical shifts (gray line in Figure 5, also see

the Supporting Information for details).

In summary, due to the activation of methylene groups by
adjacent spirocyclopropane fragments, hydrocarbon 5 is ame-

nable to multiple oxygenations with excess oxidant. Chromium
(VI) oxide was found to be the most selective in multiple oxi-

dations, whereas TFDO demonstrated the highest reactivity.

Such oxidation patterns may be related to the nature of oxi-
dants; although the reaction with CrO3, which presumably pro-

ceeds via carbocationic intermediates,[5b] is sensitive to the
electronic factors, the oxidation by strong radical oxidants (O3

or TFDO) is more tolerant to the accumulation of multiple car-
bonyl functions in the molecule. The combination of contem-

porary highly effective oxidizing agents allows for the exhaus-

tive four-fold oxidation of the hydrocarbon 5 and offers ready
access to the unique non-enolizable tetraketone 4—an

attractive compound from both theoretical and preparative
standpoint. Moreover, the synthesis of 4 comes exactly three

decades after the trimer of carbonylcyclopropane, which was
synthesized by Hoffmann and co-workers.
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Figure 5. Low temperature (¢85 8C) 1H NMR spectrum of 4 (black line) and
its simulation (gray line) using computed proton spin–spin coupling
constants and empirically adjusted chemical shift differences.

Figure 4. DFT structures, B3LYP/6-311 + G(d,p). Main S4-symmetric conformer
of 4 (top): view down the improper rotation axis (a) ; side view (b). C2-sym-
metric transition state for ring inversion in 4 (Bottom): views up and down
the two-fold axis (c) and (d); side view (e).
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