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1. Introduction
In recent years, nonclassical bioisosteres with strained ring systems have
evolved as prominent, tactical compounds in drug discovery and development.
By inserting these structural motifs in drug candidates, several pharmacological
properties could be significantly altered. The most important of these was the
capacity to improve physicochemical and pharmacokinetic parameters.
Synthetic development of the strained heterocycles and spirocycles facilitate
their application as bioisosteres.
Several strategies have been developed for the synthesis and modification of
four-membered heterocycles; however, these are often difficult to perform. In
many cases, organometallic reagents and inert conditions are required, that
hamper the simple implementation of the synthesis. To overcome this issue, the
aldol reaction is a good alternative, because it is a very robust method for
carbon-carbon coupling, especially with the appearance of organocatalysis.
Another important direction is the synthesis of spirocycles, that are strained
bioisosteres of piperidines, morpholines and piperazines. A particular class of
substructure that is of interest to medicinal chemists is the azaspiro[3.3]heptane
motif, which can serve as a piperidine analogue. Synthetic strategies for
construction of these spirocyclic counterparts are scarce and exclusively rely
upon the formation of the azetidine ring from cyclobutane derivatives.
Surprisingly, there has been no report about the obvious alternative approach
that would proceed through cyclobutane ring formation of an azetidine
derivative.
One of the main direction in our research group is the development and
application of organocatalysts. Using these experiences, I began my studies with
the aldol and ketol reaction of four-membered heterocyclic ketones. Thereafter,
seeing the enhanced reactivity of the strained double bonds in these
heterocycles, [2+2] cycloadditions were performed with captodative azetidines.
This route made possible to generate azaspiro[3.3]heptane derivatives via
cyclobutane ring formation.

3

2. Aims

During my research I studied the reactivity of four-membered heterocycles,
which are important moieties in medicinal chemistry. As starting materials, I
intended to apply the commercially available ketone containing ones, that are
indicated in Figure 1.

Figure 1. Starting molecules of the aldol reactions
The ketone functional group gave me an opportunity to exploit it in aldol
reactions. I intended to use these heterocycles as electrofiles and nucleophiles
too, thus realizing their functionalization in position two and three. For ease of
feasibility, efficiency and environmental awareness, I planned to implement
these reactions through organocatalysis.
The other main direction of my research was the synthesis of spirocycles,
which may be suitable strained bioisosteres of saturated six-membered
heterocycles. There is only one synthetic strategy to construct the
1-azaspiro[3.3]heptane skeleton, in which the starting molecule was a
cyclobutane derivative and the azetidine ring was synthesized in several steps.
The procedure is rather complicated, and the further functionalization is
difficult. My goal was to construct this spirocycle with the synthesis of the
cyclobutane ring starting from azetidine derivatives. As starting material, I chose
a benzylidene azetidinone derivative (Figure 2.), because it may undergo a
[2+2] cycloaddition with nitroolefins, based on the literature analogues. So I
planned to create the 1-azaspiro[3.3]heptane skeleton through the synthesis of a
polysubstituted cyclobutane ring.

Figure 2. Starting molecule of the 1-azaspiro[3.3]heptane synthesis
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3. Results

The main results and conclusions can be summarized as follows:
1. Increased reactivity was assumed based on the ring strain effect in fourmembered heterocyclic ketones. I experienced that the ketone moiety at
position 3 resulted high strain in the skeleton, whose termination comes with
great energy profit. Using these insights, these ketones were applied
successfully in cross-ketol reaction as electrophiles. Interestingly, water
elimination did not occur during the process, which also indicates that the
exocyclic double bond is not beneficiary in the four-membered heterocycles.
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2. I examined the reactivity of the heterocyclic ketones at position two, and
the potential application in cross-aldol reactions as nucleophiles. I found that
basic nitrogen is essential for a successful reaction. Furthermore, external
bases could not catalyze the aldol addition, self-activation occurred. This
behavior provided an opportunity to use aldehydes as electrophiles that tend
to dimerization in standard aldol conditions; therefore, they can undergo
cross-aldol reaction only by a detour.

3. I tried to understand the phenomenon of the self-activation mechanism
with deuterium exchange experiments. First, methanol-d4 was applied as a
deuterium source; however, it formed hemiketal with the azetidinone. To
solve this issue, izopropanol-d8 was chosen as a deuterium source, which is a
much weaker nucleophile. Thereafter hemiketal formation was not observed,
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there was a very slow H-D exchange compared to the open-chain analogue.
After 24 hours, only one out of four α-hydrogens exchanged. Based on my
studies, I concluded that the rate-determining step is the formation of the
zwitterionic intermediate and not the subsequent C-C bond formation, which
is not typical in aldol reactions.

4. I found that the two methods are orthogonal to each other, they can be
combined without the need of a protecting group or preformation of the
nucleophile. The simple feasibility of the procedure gave an opportunity to
carry out the two steps in a one-pot reaction.

5. A second double bond was successfully built into the azetidine skeleton.
The original method was enhanced to a reproducible, scalable procedure,
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which was extended to several substrates. First, an acetylation reaction was
performed on the previously produced aldol adducts.

The next step was the elimination reaction, which is an autocatalytic process
and can be accelerated with acid additives.

6. The obtained olefin was an α,β-unsaturated ketone and an enamine as
well; therefore, it belongs to the family of the captodative olefins.
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I investigated the reactivity of these compounds and found, that they had
ambident properties. The enamine nature dominated in relatively weak acidic
conditions; however, in the case of rather strong acidic conditions, the basic
nitrogen of the azetidine ring was protonated; therefore, the Michael-acceptor
nature of the molecule came to surface. The molecule tends to ring opening
reactions in the presence of O-nucleophiles.

7. Taking advantage of the ring strain and the enamine dominance of the
captodative olefin, a [2+2] cycloadditon was performed, which resulted in
cyclobutane derivatives with good yields and diastereoselectivity.
Interestingly, these products showed increased stability compared to the
analogous literature examples, which can be explained with the rigid
spirocyclic ring system’s stabilizing effect. This procedure is suitable to
prepare variously substituted azaspiro[3.3]heptane containing compounds,
that are likely applied moieties in the medicinal chemistry, as the rigid
bioisostere of piperidine.
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