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With regard to the spin multiplicity of excited-state intermediates involved in the
ESIPT/cycloaddition process, several results support the participation of triplet
biradicaloids [43]:

e Addition of the triplet quencher 9,10-dibromoanthracene completely
suppressed the reaction;

¢ Running the irradiation in presence of the triplet sensitizer benzophenone lead
to increase in the product yield (from 40 to 56%).

In view of these observations, the authors slightly revised the mechanism and
proposed a stepwise cycloaddition pathway, where proton-transferred 3-oxidopyryllium
is represented as a triplet biradical resonance form 2.53-T*-BR (Scheme 2.16). This
species reacts with dipolarophile 2.65 either through the direct radical addition, or via
photoinduced electron transfer (PET) that forms radical ion pair 2.66 collapsing into the

semi-adduct 2.67; subsequent ISC and recombination afford product 2.68.

Scheme 2.16
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In addition to 3-hydroxyflavones, Porco’s group engaged their aza-analogues,
3-hydroxyquinolinones, into the same ESIPT-driven transformation [46, 47].
Fluorescence studies performed on the simplest derivative 2.69 revealed that S1(T)
species 2.69-T* (Scheme 2.17), which produces largely Stokes-shifted emission band
around 475 nm (Figure 2.11), is formed with a high quantum yield and has a relatively
long lifetime: for instance, the values obtained in dioxane are 0.65 and 16.8 ns,
respectively. Therefore, it was envisioned that the excited-state tautomer 2.69-T* can be
efficiently captured with various dipolarophiles, and this hypothesis found experimental
verification: irradiating quinolinone 2.69 with various unsaturated compounds (e.g. 2.70,
2.72, 2.74) afforded expected cycloadducts in good yields (Scheme 2.17) [46].
Interestingly, the product of the alkyne addition 2.75 spontaneously converted into the

indolino-cyclopentenone 2.76 by a-ketol shift.
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Figure 2.11: Absorption and normalized fluorescence spectra of 2.69. Reprinted with
permission from ref. [46]. Copyright © 2011, American Chemical Society.

The strategy of utilizing ESIPT-generated species for cycloaddition reactions, which
are especially appealing from the complexity building standpoint, was successfully
implemented by Kutateladze’s group for o-carbonyl-functionalized anilides (2.77a,b,
Scheme 2.18) and anilines (2.77c) [7-10, 48-50]. The main challenge associated with
these systems is that their excited-state tautomers (called o-azaxylylenes,
2.77a—c-T*) are extremely short-lived: for instance, fluorescence lifetimes measured for
LWE in N-acetyl- and N-trifluoroacetyl-substituted o-aminoacetophenones 2.77d,e are
only 45 and 409 ps, respectively [51] — at least 1000 times less than the values obtained
for previously discussed 3-hydroxyquinolinones [46]. This apparent obstacle, however,

was surmounted by tying two cycloaddition components together in one molecule:
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intramolecular processes, such as [4+4]

heterocyclic moieties, turned out to be fast enough to effectively compete with the decay

of the 0-azaxylylene species.

and [4+2] reactions with the attached
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Even though the intramolecular aspect of the photocycloaddition required additional
synthetic manipulations in order to make the precursor molecules, the assembly of the
substrates was achieved through simple and high-yielding methods (e.g. amide coupling).
As a result, the scope of the novel process was expanded on a vast number of systems
(representative examples are depicted in Scheme 2.19); all of them consist of three main

parts:
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e Photoactive core based on o-amino-substituted aromatic carbonyl compounds:
benzaldehyde (2.79a-c), acetophenones (either with plain methyl group,
2.79d, or a-functionalized, 2.79e,i), benzophenone (2.79f), or cyclic ketones
(2.79g,h);

e Linker attached to ESIPT-reactive moiety either through the amide bond
(“south” bridge, 2.79a—d,f—I) or via the ketone arm (“north” bridge, 2.79¢);

e Unsaturated pendant responsible for intercepting the photogenerated
0-azaxylylene; cycloaddition-competent groups include electron-rich
heterocycles, e.g. furan (2.79a,c,e,g,i), thiophene (2.79d) and pyrrole (2.79h),
as well as all-carbon cyclopentene (2.79b) and norbornene (2.79f).

Variations in all these fragments, combined with the availability of two cycloaddition
channels, enabled rapid access to a diverse collection of N,O,S-polyheterocyclic
scaffolds. Irradiation of furan-containing precursors afforded products with O-bridged
benzazocine (anti-2.80a, syn-2.80c, anti-2.80e, syn-2.80g) and furo[2,3-b]quinoline cores
(syn-2.81a, anti-2.81g) formed by [4+4] and [4+2] pathways, respectively. At the same
time, thiophene and N-linked pyrrole rings participate only in [4+2] addition, leading to
dihydrothiophene anti-2.81d and 2-pyrroline syn-2.81h, respectively (due to its
instability, syn-2.81h was converted to the isolable N-sulfonyl amidine 2.82). Additional
heterocyclic rings in the photoproducts are introduced as a result of linker folding: for
instance, by selecting appropriate spacers between photoactive units and unsaturated
pendants, important pharmacophore moieties were installed, such as B-lactam
(Scheme 2.19, reaction a) and 2,5-diketopiperazine (Scheme 2.19, reaction c).

Furthermore, a special precursor system with the “double” photoactive core was
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designed, which enabled the cascade sequence of two [4+2] reactions furnishing
exceptionally complex structures with a fully saturated furan (Scheme 2.19, reaction i).
Overall, the photocycloaddition process is highly diastereoselective; however, due to
substantial variety of photoprecursor structure topologies, the unified model that would
consistently rationalize all observed stereochemical outcomes was not suggested. For the
reactions with furans, thiophenes and pyrroles linked to the rest of the precursor at
2-position, endo approach of an unsaturated ring to the azaxylylene was proposed
(Scheme 2.20). If the hydroxy group in the reactive intermediate is positioned “in”, i.e.
towards the amide nitrogen — e.g. in case of the tetralone-based photoprecursor 2.79j
having non-rotatable carbonyl group — the resulting [4+4] product has syn relationship

between OH and the newly formed heteroatom-containing bridge (syn-2.80j), whereas

[4+2] cycloadduct is anti (anti-2.81j) [7].
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Scheme 2.20: endo-Addition of furan to in-OH-0-azaxylylene.



The opposite stereoconfiguration is obtained in the presence of hydrogen-bonding
additives, such as HMPA or water, which are used to accelerate the reaction by providing
stabilization to hydroxy-o-azaxylylene (Scheme 2.21) [48]. Binding of the additive to the
hydroxy group forces a precursor with a rotatable carbonyl (e.g. 2.79k) to form
azaxylylene with out-OH (2.79k-T%*), and consequently leads to anti-[4+4] product

anti-2.80k [48].
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Scheme 2.21: endo-Addition of furan to out-OH-0-azaxylylene bound to HMPA.

While this endo-cycloaddition model generally works well, in some cases it fails to
explain diastereoselectivity. For instance, irradiation of 2.79c in presence of HMPA
afforded syn-[4+4] photoproduct syn-2.80c (Scheme 2.19, reaction c) [7], even though
the reaction is predicted to proceed via “out”-OH intermediate.

Also, the model is not applicable to the systems containing the pyrrole pendant
attached through the heteroatom: reaction of the photoprecursor 2.79h yields syn-[4+2]

cycloadduct syn-2.81h [49], suggesting the preference of exo-approach (Scheme 2.22).
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Scheme 2.22: exo-Addition of pyrrole to in-OH-o0-azaxylylene.

For the systems with “north” linker topology, a reactive conformation rationalizing
the observed formation of anti-[4+4] products was proposed (Scheme 2.23) [8]. Such
folding places the phenyl group (or another bulky substituent) in the less sterically
hindered pseudo-equatorial position; however, the exo-orientation of furan with respect to
azaxylylene does not agree with the endo-cycloaddition hypothesis suggested for “south-

bridged” systems.

— - anti-2.80e
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Scheme 2.23: exo-Addition of furan in systems with “north” linkers.

The o-azaxylylene-based diversity-oriented methodology was adapted for the
preparation of enantiopure molecules [7, 48, 49]. By using amino acids as starting
materials, chiral center can be easily embedded into the linker; photolysis of the resulting
precursors, such as proline-derived 2.79c¢ and phenylalanine-based 2.79h, leads to
diastereoselective cycloaddition, where the chiral information is transferred from the
tether to the rest of the molecule (Scheme 2.19, reactions ¢ and h).
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Furthermore, an asymmetric variant of the photocycloaddition was demonstrated for
the systems where the primary source of chirality can be tracelessly removed after the
irradiation [50]. For example, employing L-tert-leucinol-derived 2-oxazoline as a
surrogate for the aldehyde group in the photoactive core enabled a stereocontrolled
reaction, which afforded product 2.84 with 90% ee after hydrolytic removal of the chiral
auxiliary (Scheme 2.24). Another remarkable feature of this system is that an oxazoline-
based photoprecursor undergoes ESIPT to the nitrogen atom, as opposed to previously

covered cases, where carbonyl oxygen plays a role of proton acceptor.
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In order to maintain low reaction temperature that is essential for obtaining high ee,
this process required a “cool” UV light source (365 nm) instead of heat-generating
Hanovia lamps with a wide emission spectrum. Due to weak absorption of oxazoline-
functionalized anilides at this wavelength (their Amax is blue-shifted to 320—330 nm), the
photocycloaddition proceeded extremely slowly; however, it is significantly accelerated
in the presence of 4,4'-dimethoxybenzophenone (DMBP), a known triplet sensitizer that
is highly absorbing up to 400 nm. This crucial observation strongly suggests that the
ESIPT in azaxylylene precursors can occur in the triplet manifold, because selective

production of T1(N) species is induced under these conditions.
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Numerous experimental observations indicate that the cycloaddition step, most likely,
proceeds via triplet intermediates as well [52]:

e Bromine-substituted precursor 2.79n reacts more than 4 times faster than the
corresponding non-halogenated compound 2.79m, as evidenced by their
photocycloaddition quantum yields (Table 2.3). In addition, bromine
significantly suppresses LWE from S1(T) species (Figure 2.12). The
reasonable explanation of these phenomena is based on bromine’s heavy-atom
effect that facilitates conversion of singlets to triplets by ISC.

e The reaction rate exhibits progressive deceleration with the increase in
concentration of a triplet quencher (e.g. trans-piperylene 2.85, Figure 2.13).

e Results of time-resolved fluorescence studies on a series of photoprecursors
reveal that replacing the unreactive acetyl substituent for the cycloaddition-
competent furanpropanoyl pendant does not affect the decay of singlet
species.

Table 2.3: Absolute Quantum Yields of Photocycloaddition?
(Adapted with permission from ref. [52]; Copyright © 2014, American Chemical

Society)
R
e
NH QY
o O,
W,
2.79m R=H 0.18 +£0.01
2.79n, R =Br 0.75+0.06

@ Determined by comparing conversion rates of 0.01 M photoprecursor solutions

and the benzophenone—benzhydrol actinometer system (® = 0.57).
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Figure 2.12: Normalized fluorescence spectra of tetralone derivatives 2.79j and 2.790.
Adapted with permission from ref. [52]. Copyright © 2014, American Chemical Society.
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Figure 2.13: trans-Piperylene (2.85) quenching of 2.79n in benzene. Adapted with
permission from ref. [52]. Copyright © 2014, American Chemical Society.

It is conceivable that triplet-state cycloaddition occurs in a stepwise manner, with the
o-azaxylylene intermediate represented as a biradicaloid (2.79p-T*, Scheme 2.25). This
hypothesis is supported by the formation of hemiaminal side-products (e.g. 2.87) from
certain slow-reacting cycloalkenyl derivatives, such as 2.79p, which is rationalized by
intramolecular radical disproportionation of a common “semi-cyclized” intermediate 2.86
followed by addition of alcohol to the enamine double bond [7].
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Synthetic Utility of Dearomative Photocycloadditions to Selected Arenes

The reactions of ESIPT-generated 0-azaxylylenes with heteroarene pendants perfectly
illustrate how a photoinduced cycloaddition can serve as an effective tool for the removal
of aromaticity. The fact that this method allows for the transformation of flat arenes into a
diverse set of C(sp®)-enriched three-dimensional structures clearly underscores the
synthetic power of the dearomatization approach.

This strategy of using ubiquitous heteoaromatics to access complex molecular
architectures through photochemical dearomatizations can also be applied in a target-
oriented setting, as demonstrated by Crimmins’ total synthesis of ginkgolide B
(Scheme 2.26) [53]. Intramolecular [2+2] photocycloaddition of cyclopentenone to furan
enabled quick assembly of a polycyclic system with established stereochemistries at two

vicinal quaternary chiral centers.
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In another illustrative example, Sieburth and co-workers showed that heteroarene
photocycloadditions with [4+4] topology can be utilized for the construction of natural-
like scaffolds (Scheme 2.27) [54]. The photoinduced reaction between the 2-pyridone
and the furan moieties furnished product 2.92 with four new stereogenic centers, which

was then transformed into the complex triquinane model system 2.93.
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Scheme 2.27

Compared to most heterocyclic arenes, benzene has a higher degree of aromaticity: its
hydrogenation to 1,3-cyclohexadiene is endothermic, whereas furan, pyrrole and
thiophene possess negative enthalpies of monohydrogenation (Table 2.4) [55]. However,
the ability of light to deposit substantial amount of energy into reactants leads to the
production of highly reactive electronically excited states; and therefore, unlocks the

opportunities to involve benzenoid systems in the dearomative photocycloadditions.
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