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An unprecedented octahydro-3 H-oxeto[2,3,4-ij]isochromene ring system
formed by a trichloromethyl-anion-induced reaction cascade
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Abstract Sigillin A is a unique polychlorinated, insect repellent natural
product, isolated recently from springtails. During the exploitation of an
access to such compounds using a trichloromethyl-anion-induced epoxide
opening as key step a new synthetic compound was found. A five-step
cascades reaction leads to an oxeto[2,3,4-ij]isochromene compound,
including a rare oxetane acetal as well as an trichloroenol-ether group.
Biological data on the antibacterial properties of this compound and sigillin
A are reported as well.

Key words  Sigillin, Springtails, dichlorocarbene, chlorinated natural
products, hydrobenzopyranone, dimethyldioxirane, oxetane acetal,
trichlorooenol ether

The polychlorinated hydrobenzopyranone derivative sigillin A
(1) and its congeners were recently isolated from the winter-
active springtail Ceratophysella sigillata, which lives in Central
Europe.1 They form a unique class of natural products with

insect-repellent activity. C. sigillata, also called the snow flea
because of its striking winter activity period, uses sigillin A as a
chemical defense against various arthropod predators. 2

During our work on the sigillin compound family we became
interested in the synthesis of sigillin derivatives to evaluate the
biological activity of this remarkable class of compounds. Our
initial targets were didesoxysigillins such as 3 that lacked one
hydroxy and one acetoxy group. While we successfully
synthesized 3, the otherwise straightforward synthesis was
hampered by the last step, a ketone dichloromethylenation,
which gave poor yields.1 Sigillin F (2) is the second most
abundant natural sigillin. Access  to its didesoxy analogue 4
might be possible by opening of epoxide 5 with a
trichloromethyl anion (Scheme 1), and the epoxide should in
turn be accessible via epoxidation of the known alkene 6.1 We
hoped that compound 3 could be developed by elimination of
HCl from 4, thus avoiding dichloromethylenation.
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Scheme 1 Sigillins A (1) and F (2) and a retrosynthetic approach to their synthesis.

Therefore, lactone 6 was epoxidized with mCPBA, but only a
moderate yield of 54% of a diastereomeric mixture of epoxides

8 and 9 was obtained, accompanied by ring-opened products
formed by addition of m-chlorobenzoic acid (Scheme 2). Better
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results were obtained with dimethyldioxirane (DMDO), 3

resulting in an almost quantitative conversion leading to a 1:2
mixture of the two epoxides 8 and the major compound 9,
separable by column chromatography. Because the

trichloromethyl group tends to promote crystallization, X-ray
crystallography allowed the assignment of the diastereomers
(see SI).

Scheme 2 Synthesis of epoxides 8 and 9 and reaction with trichloromethyl lithium.

Various methods were used for generation of the
trichloromethyl anion. Trimethyl(trichloromethyl)silane and
LiHMDS4 proved to be insufficiently reactive, leading to
unreacted starting material and minor amounts of side
products.  The reaction of  trichloromethyl lithium, generated
from chloroform and n-butyl lithium, in the presence of boron
trifluoride etherate5 at -95°C furnished the lactone-opened
product 12, because the Lewis acid activated the ester group,
but not the epoxide. Omission of the Lewis acid reduced activity,
leading to no observable reaction. To increase reactivity, a large
excess of the anion was used, accompanied by an increase of the
reaction temperature to -60°C after anion generation. Epoxide-
opened products were indeed observed, but the outcome was
unexpected. Epoxide 9 was converted not into the desired
product 4, but the chloride 11. Obviously, the relatively small
chloride ion reacted instead of the trichloromethyl anion, for
which axial attack is hindered by the quasi-axial bridgehead
methyl group. Chloride attack occurred regioselectively on
epoxide carbon 1a in agreement with the Fürst-Plattner rule, 6

leading to a trans-diaxial halohydrine structure (Scheme 3).

Scheme 3 Regioselectivity of the nucleophilic attack on the epoxides 8 and 9.

In the case of diastereomer 8, axial attack of the epoxide seems
to be hindered by the ester and bulky trichloromethyl-groups.
Instead of the desired product, the unexpected tricyclic
compound 10 was formed.7 The structure, exhibiting an unusual
oxetane, as part of an acetal, and nine chlorine atoms, was
confirmed by X-ray crystallography (Figure 1). 8
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Figure 1 ORTEP diagram of X-ray analysis of octahydro-3 H-oxeto[2,3,4-
ij]isochromene (10).

The formation of 10 can be explained by the involvement of
both the trichloromethyl-anion and dichlorocarbene in the
reaction (Scheme 4). Above -70°C, the trichloromethyl-anion
exists in equilibrium with dichlorocarbene and Cl -.9 In a cascade
reaction the trichloromethyl-anion first attacks the carbonyl
group of 8, bringing the oxygen-anion thus formed into close
proximity with the epoxide. The epoxide is now opened, and the
resulting alkoxy-anion 14 can react with dichlorocarbene. The
new anion 15 cannot stabilize itself and reacts with a second
dichlorocarbene to form the third anion 16, which loses
chloride to form 10. A five step sequence is followed to arrive at
the final product. Alternatively, a substitution of the alkoxide 14
at tetrachloroethene might also be possible, although not very
probable because of the low concentration of this
dichlorocarbene dimerization product in the reaction mixture.
The presence of dichlorocarbene was also supported by small
amounts of 2-dichloromethyltetrahydrofuran,
tetrachloroethene, and 1,1-dichloro-2,3-dipropylcyclopropane
in the reaction mixture, as detected by GC/MS.

According to the Fürst-Plattner rule,6 the epoxide is now
regioselectively opened at C-7b (Scheme 3). Direct attack of a
nucleophile, e. g. Cl- or CCl3- on the epoxide is hindered by the
adjacent carbonyl group. Therefore, the nucleophile in this case
attacks the carbonyl group from the least hindered side. Now
the oxy-anion in 13 is properly positioned to attack C-7b,
leading to the observed stereo- and regioselectivity of the
reaction cascade.

Scheme 4 Proposed mechanism for the formation of 10.

Acetal 10 is stable and can be isolated by column
chromatography. Obviously the large chlorine substituents
shield the compound from attack and the acetal group itself is
stabilized by the strongly electron-withdrawing
trichloromethyl-groups. The almost planar oxetane ring and the
trichloromethyl-substituents lead to a boat-like conformation of
the two six-membered rings (Figure 1).

The tricyclic 3H-oxeto[2,3,4-ij]isochromene ring system has not
been reported before. Even the simpler 2,8-
dioxabicyclo[4.2.0]octane system has only rarely been prepared,
using photochemistry10 and cycloadditions.11 A nucleophilic
displacement to form this type of acetal has not been reported
before, to the best of our knowledge.

Sigillin A (1) is highly active as an insect-repellent. 1 We were
also interested whether 1 or the new compound 10 had other
biological activities. Therefore, they were tested for
antimicrobial and cytotoxic activity. Whereas no antimicrobial
activity was observed, both compounds showed some cell
toxicity, for 10 in the low mmol range (see SI). Although no
antibacterial was observed until a concentration of 2 mM with
human pathogenic bacteria, it might be possible that 1 indeed
protects the springtails against microorganisms, because its
concentration in the springtail can reach 4 mM. 1

In summary, although the original synthetic idea leading to
sigillins was unsuccessful, a unique cascade reaction has been
discovered, leading to a new, highly chlorinated tricyclic system.
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