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Spiro 1,3-indandiones: intramolecular
photochemical reactions of carbonyl
groups with carbon—carbon double bonds+

Vladimir Lokshin, Hervé Clavier® and Vladimir Khodorkovsky () *@

2-Substituted 1,3-indandione derivatives are known to undergo a photochemical rearrangement into
phthalides. We find that in the presence of a substituent involving a double carbon—-carbon bond in the

vicinity of the carbonyl group in spiro-1,3-indandiones, a variety of other types of intramolecular

photochemical reactions readily occur: 1,3-acyl shift, intramolecular reversible Paterno—Buchi reaction,
and formal oxa-[4+2]-cycloaddition. A specific feature of these reactions of spiro-1,3-indandiones is
their photo-reversibility. The structures of polycyclic products of these reactions were determined
spectroscopically and, in most cases, by single crystal X-ray structure determinations. A number of the

products, especially those involving benzazulene or oxatricyclol4.2.1.0%%nonane moieties are synthetic

analogues of natural compounds of interest owing to a variety of their biological activities.

Introduction

Intramolecular photochemical reactions of carbonyl groups
with carbon-carbon double bonds such as oxa-di-t-methane
rearrangement,’ 1,3-acyl shift> and intramolecular Paterno-
Biichi reaction® have emerged as powerful synthetic methodol-
ogies. Among other photochemical methods,* these reactions
are frequently used as key steps for the synthesis of complex
polycyclic systems, especially in the case of natural products
and biologically relevant compounds.®

In spite of the large number of reports in this field and to the
best of our knowledge, the use of the 1,3-indandione moiety as
the carbonyl component in this type of photochemical reaction
has been only scarcely investigated.” However, these intra-
molecular cycloaddition reactions could afford polycyclic systems
involving the annelated indanone moiety. During the last decade,
compounds of this type have attracted ever-growing attention, in
particular, as potential precursors for the synthesis of biologically
active derivatives.® Here, we report on the intramolecular photo-
chemical reactions of 2-allyl- and spiro-1,3-indandione derivatives
with the carbon—carbon double bonds constrained within the spiro-
substituents, giving rise to a variety of products that are difficult
to prepare using conventional non-photochemical approaches.
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Spiro-1,3-indandiones by themselves attracted the interest of
researchers owing to their versatile biological activity.>"°

Results and discussion
A reversible phthalide rearrangement

Initially, we assumed that 2,2-disubstituted 1,3-indandione 1
containing the allyl substituent will be a suitable substrate for
the above-mentioned photoreactions. However, irradiation of
this compound gave rise to the reversible phthalide rearrange-
ment typical for 2-substituted 1,3-indandiones’ (Scheme 1).

Unfortunately, owing to the low concentration of both photo-
products in the photostationary state and similar polarities of
isomers 2 and 3, their separation by silica gel chromatography is
complicated. We were able to successfully isolate pure isomer 2,
the structure of which was unambiguously confirmed by X-ray
analysis of a single crystal (ESL{ Fig. S5). Therefore, we decided
to investigate derivatives with more rigid structures involving
carbon-carbon double bonds in the vicinity of the carbonyl
groups, such as spiroindandiones 4-6 (Fig. 1).

Scheme 1 Photochemical reaction of 1,3-indandione 2-allyl derivative 1.
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Fig.1 Spiro-1,3-indandione precursors 4—6.

Di- and tetrahydrobenzoazulenes from derivative 4

Irradiation of 4 in various solvents (cyclohexane, dichloroethane
and ethyl acetate) at 312 or 405 nm gives rise to considerable
spectral changes (Fig. 2). The appearance of new absorption
maxima at 300 nm evidences the formation of new products
containing conjugated double bonds. The 'H and “C NMR
spectra of the mixture suggest that products possess a tricyclic
structure involving a cycloheptenone fragment. In the preparative
experiments, the highest conversion was achieved in ethyl acetate:
only 5% of 4 remained unreacted and 80% of diastereomers 7 and
8 were detected by '"H NMR after four hours of irradiation
(Scheme 2). The diastereomeric ratio, spanning from 2:1 to
1:2, was found to be a function of the irradiation time and the
solvent polarity: the longer the irradiation time and the more
polar the solvent, the greater the amount of 7 formed.

The above observations are consistent with Scheme 2 and
are supported by the appearance of singlets at 5.4-5.5 ppm in
the "H NMR spectra corresponding to H, protons, disappear-
ance of the signals at 200.1 and 201.1 ppm (carbonyls of the 1,3-
indandione fragment) and the appearance of the signals at
186.3 and 188.3 (carbonyls of the cycloheptendione fragment)
in the ">C NMR spectra.

The isolation of pure isomers 7 (¢rans) and 8 (cis) was found
to be complicated since they are interconvertible, apparently via
the enol form 9. Chromatographic separation and crystallization
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Fig. 2 Irradiation of derivative 4 in cyclohexane over 10 min.
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Scheme 2 Photoreactions of derivative 4.

from heptane afforded only the thermodynamically more stable
diastereomer, which was identified as 7. Compound 8 was not
isolated in pure form. According to DFT calculations, 7 is more
stable than 8 by 5.4 kcal mol . Its structure was unequivocally
confirmed by single crystal X-ray structure determination (Fig. 3).

The formation of diastereomers 7 and 8 can in part also
stem from the E-Z isomerization of the starting compound 4
occurring along the main photoreaction. The formation of
Z-isomer 10 can be noticed at an early stage of the reaction by
the appearance of the characteristic singlet signal of the =—CH-Ph
group at 6.25 ppm (7.85 ppm for 4).

Rapid acidification of a crude mixture of isomers 7 and 8 in
aqueous alkaline solutions afforded pure enol form 9, since the

Fig. 3 ORTEP diagram (50% probability ellipsoids) of 7.
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Scheme 3 Synthesis of methylated derivatives 11 and 12.

keto-enol equilibrium cannot be established in water owing to
low solubility of 9. This compound was found stable enough to
be characterized spectroscopically, but during attempts of
crystallization, 9 was converted back into a mixture of 7 and 8.

When the crude photoreaction mixture was dissolved in
water/ethanol solution of sodium hydroxide, slow acidification
afforded a mixture of 7, 8 and only a small amount of 9.
Methylation reaction of the crude mixture containing 7, 8 and
9 with methyl iodide in acetone in the presence of potassium
carbonate led to the formation of O- and C-methylated deriva-
tives 11 and 12 (Scheme 3).

Both 11 and 12 were obtained as pure compounds by silica
gel chromatography and their structures were confirmed by
single crystal X-ray structure determinations (Fig. 4 and 5).

The most probable mechanism of the photoreaction of 4
involves an 1,3-acyl shift® including a-cleavage and recycliza-
tion of the intermediate biradical, as shown in Scheme 4.
Derivatives 7 and 8 are not photoactive and the equilibrium
shifts toward the formation of tetrahydrobenzoazulene struc-
tures, although the relative stabilities of the isomer pairs 4 and
7, 8 and 10 according to calculations are practically the same
(within 0.1 keal mol ™).

It should be mentioned that derivatives 7-9, 11 and 12
involving the cycloheptendione and cycloheptenone fragments
are the focus of numerous investigations related to their
various biological activities. The great potential of 1,3-
indandione derivatives as precursors for this type of compound
has been highlighted in recent papers.'"'?> The presented
photochemical approach supports this point of view.

Fig. 4 ORTEP diagram (50% probability ellipsoids) of derivative 11.

Fig. 5 ORTEP diagram (50% probability ellipsoids) of derivative 12. One of
two independent molecules is shown.
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Scheme 4 Possible mechanism of the photoconversion of derivative 4.

Reversible intramolecular Paterno-Biichi reaction of derivative 5

Derivative 5 is also photoactive (Fig. 6). Irradiation of its solutions
at 312 or 405 nm leads to a photostationary state with a low yield
of a photo-product. Somewhat higher yields of this product, about
20% according to the NMR spectra, were observed by irradiation
at 254 nm. Preparatively, the photo-product was isolated from
the reaction at 254 nm in cyclohexane in 10% yield (30% on the
reacted 5) as a yellowish oil. Its structure as a polycyclic derivative
13 formed as a result of intramolecular Paterno-Biichi reac-
tion (Scheme 5) was established by NMR spectroscopy. The
fused (straight) oxetanes of type 13 can be distinguished from
the bridged (cross) oxetanes of type 14 by the characteristic
signal of the oxetane a-protons, as noted previously.'***
Derivative 13 can form four diastereomers in which the oxetane
and cyclopentene fragments are in syn- and anti-configurations as
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Fig. 6 Irradiation of derivative 5 in ethyl acetate over 12 min.

shown in Fig. 7 for the two most stable ones. DFT calculations
also showed that the chemical shift of one of the a-protons
of the oxetane rings is the most sensitive to the configuration
and the calculated "H-NMR spectra indicate syn-configuration
of 13 (Fig. S17 and S18 in ESIt). Moreover, the diastereomer
in syn-configuration is more stable than anti-configuration by
32.2 keal mol ™.

The photo-reversibility of the reaction as depicted in Scheme 6
has been demonstrated in an independent experiment using a
pure sample of 13, irradiation of which in cyclohexane at 254 nm
afforded the same photostationary state as irradiation of 5 (Fig. 8).

It is well known that oxetane cycles can afford alkenes and
the carbonyl components pyrolytically,"> catalytically,"® under
acidic conditions'” and via electron transfer induced reaction.®
To the best of our knowledge, there are no examples of photo-
induced decomposition of the oxetane ring into initial compo-
nents, in other words, the reversibility of the Paterno-Biichi
reaction.

Oxatricyclononane derivative 15 from derivative 6

Derivative 6 exhibits different photoreactivity. Irradiation of its
solutions in ethyl acetate or cyclohexane at 312 nm gave rise to the
rapid formation of a photostationary state containing, according
to the UV-Vis and NMR spectra, about 75% of a product weakly
absorbing at 312 (Fig. 9), which shifts the equilibrium toward the
photoproduct. In a preparative experiment, the photo-product 15
was isolated as colorless crystals in 60% yield after the chromato-
graphic separation and crystallization (Scheme 6). The structure of
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Scheme 5 Photoreaction of derivative 5.
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Scheme 6 Photoreaction of derivative 6.
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Fig. 8 Irradiation of derivative 13 in ethyl acetate over 4 min.

15 was confirmed by the NMR spectra and the X-Ray structure
determination (Fig. 10). The presence of another possible product
16, which was calculated to be less stable than 15 by 2.5 kcal mol ™,
was not detected in the reaction mixture. Expectedly, derivative
15 partially converts into 6 upon irradiation of its solutions
at 254 nm.

Derivative 15 involves a cage-like oxatricyclononane moiety
very similar to the structure of the aglycone moieties of natural
monoterpene glycosides (albiflorine, paeonivayin) isolated
from Paeonia and possessing a wide range of biological
activities.'® Lactiflorine was for a long time believed to involve
exactly the same oxatricyclo[4.2.1.0>*lnonane backbone.***'
Only recently it was shown, thanks to total synthesis, that it
possesses albeit a very similar but still a different structure of
2-oxatricyclo[4.2.1.0*°]nonane.”*??

The oxatricyclic moiety involving the cyclobutane cycle is
also an important part of marine natural bio-active products
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Fig. 10 ORTEP diagram (50% probability ellipsoids) of derivative 15.

such as hippolachnin A,>* bielschowskysin®® and a series of
cannabinoid.”® All the above underscores the potential of 15 as
a precursor for the synthesis of biologically active compounds.

A possible mechanism of the photo-reaction is not completely
clear. Formally, the reaction involves an oxa-{4+2] cycloaddition
of the carbonyl group and the diene group of cycloheptadiene.
Similar photochemical reactions are known, although they are
rare.””>° In our opinion, in this case, a pericyclic reaction is
hardly possible. A more probable mechanism involves the
isomerization of the cis,cis-cyclohexadiene moiety into the
cis,trans isomer, the formation of biradical 17 and its subse-
quent cyclization as shown in Scheme 7. The formation of
cis,trans-cyclohepta-1,3-diene as a transient intermediate in the
photoreactions of the cis,cis isomer has been demonstrated.*°
In the case of derivative 6, the follow up cyclization can be
facilitated by the formation of C=O0- - -H-CH= hydrogen bond.

Scheme 7 Possible mechanism of photoconversion of derivative 6.

Conclusions

We have demonstrated the diversity of the photochemical
reactions within a series of spiro-1,3-indandiones. Thus, the
carbonyl group of the 1,3-indandione moiety does not react
with the double bond of the unconstrained allyl group (deriva-
tive 1) and a well-known phthalide rearrangement occurred. In
contrast, the double bonds in 5 and 6, also separated from the
1,3-indandione moiety by one sp® carbon atom, but partially
restrained within the five- and seven-membered cycles, produce
polycyclic products. Yet another reaction giving rise to the ring
expansion of the indandione moiety into a seven-membered
ring occurred in the case of derivative 4, in which a double
bond is directly connected to the indandione moiety. The light-
induced conversions allowed the preparation of complex deri-
vatives with potential biological activities in a limited number
of steps. A certain limiting factor of using the photochemical
step for synthesis purposes is often observed by the reversibility
of the reaction stemming from the presence of the second
carbonyl group. This drawback can be overcome by using the
properly adjusted wavelength of irradiation. The scope and limita-
tions of photochemical conversions of spiro-1,3-indandiones can
be established after revealing the mechanistic details of the above
reactions.
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