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Abstract: Herein, the first multiphoton, multicomponent approach for synthesizing highly functionalized oxetanes
using diazoketones, isocyanides, silanols (or carboxylic acids), and 1,2-dicarbonyl derivatives (benzils) is pre-
sented as starting materials. Blue light irradiation initiates the Wolff rearrangement of diazoketones, generating
ketenes that promptly react with isocyanides and silanols (or carboxylic acids) to afford captodative olefins.
Concurrently, excitation of benzils promotes a [2 + 2] photocycloaddition between the activated carbonyl group
and the captodative olefin. This newly developed two-photon ketene four-component reaction has been thor-
oughly investigated, also through chemometric analysis, including its substrates scope and the extension to mixed
benzils. Furthermore, the observed stereochemical outcomes, validated by X-Ray diffraction analysis, are eluci-
dated through detailed computational studies, providing insights into the underlying reaction mechanism.

Keywords: multicomponent reactions, visible lights, oxetanes, Paterno—Biichi, diazoketones

1. Introduction

The oxetane ring is one of the most sought-after scaf-
folds in organic chemistry, owing to its broad synthetic
and functional versatility. Over the years, various strate-
gies have been explored for its construction, ranging
from classical textbook methods to advanced engineered
systems.['?] Key synthetic approaches include 1) ring
opening and expansion of epoxides,*> 2) ring contrac-
tion,' and 3) the Paterno—Biichi photochemical [2 + 2]
cycloaddition.[”? The latter strategy typically involves the
reaction of carbonyl compounds with alkenes, utilizing
direct UV light irradiation, or the adoption of visible
light in the presence of a competent photocatalyst.[*]
More recently, the use of blue light has emerged as a
valuable approach, exploiting the reactivity of aromatic
1,2-diketones (benzils); however, this approach has so
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far been limited to the synthesis of relatively simple
structures.!'*12!

The integration of multicomponent reactions (MCRs)
with photochemical transformations has garnered signif-
icant attention over the past decade, as evidenced by the
increasing number of research articles and reviews on
the topic.!'*!'*! This approach owes its success to the syn-
ergistic benefits of both methodologies, including high
atom and step economy, excellent selectivity, mild reac-
tion conditions, and the ability to generate structurally
complex products. These attributes collectively position
photoinduced MCRs (PMCRs) as an enabling approach
toward greener and more sustainable chemical processes.

Although photochemistry can be conveniently
exploited to elaborate previously assembled multicom-
ponent adducts, most strategies based on PMCRs
involve the activation of a single substrate—either
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Scheme 1. General scheme of the 2P-K-4CR, characterized by a
double photochemical activation, on the route to highly function-
alized oxetane scaffolds.

directly or via a photoredox catalyst—to initiate the reac-
tivity manifold of interest and the ensuing combination
with the other components in the reaction. However, to
the best of our knowledge, existing methods have exclu-
sively relied on the interaction of light with a single sub-
strate or catalyst, and there are no reported examples of
multiphoton MCRs where radiation simultaneously acti-
vates two or more substrates.

The direct interaction of light with organic molecules
can facilitate various processes, such as rearrangements
(e.g., the Wolff rearrangement of diazoketones) or
cycloadditions (e.g., carbonyl derivatives engaging ole-
fins to form cyclic structures upon excitation). Recently,
we reported the innovative combination of these
processes in a single synthetic sequence. Specifically,
we demonstrated that the irradiation of diazoketones
and benzils with blue light yields oxetanones through a
[2 + 2] Paterno—Biichi process. In this transformation,
visible light induces the Wolff rearrangement of diazoke-
tones to ketenes, while simultaneously activating benzils,
therefore enabling the photocycloaddition as well.['!

In the past, our group has extensively studied the use
of ketenes in MCRs, leading to the development of
a-acyloxy or o-silyloxy acrylamide scaffolds via the
ketene three-component reaction (K-3CR)!M*'” and its
silylative variant (SK-3CR).["®! These processes, involv-
ing ketenes, acidic species, and isocyanides, efficiently
produce captodative olefins with complete Z selectivity
under visible-light irradiation."”’ These compounds
were successfully tested in various reactions, including
a Paterno—Biichi photocycloaddition with a simple
carbonyl compound under UV irradiation, yielding mod-
est results.!'®

Motivated by these findings, we were intrigued to
discover whether, in the presence of additional carbonyl
derivatives such as benzils, the photogenerated ketene
would prefer to undergo the [2 + 2] photocycloaddition
pathway or the thermal multicomponent route previ-
ously reported. In this communication, we describe the
discovery of a new MCR, namely the 2-photon ketene
4-component reaction (2P-K-4CR), that leads to the syn-
thesis of highly functionalized oxetanes through a dou-
ble photoactivation, with the incorporation of all four
reagents in the final products (Scheme 1). A thorough
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study on the mechanism, selectivity aspects, and versa-
tility of this reaction has been carried out, corroborated
by the results of a computational analysis.

2. Results and Discussion

2.1. Experimental Results

In our initial experiment, we irradiated a mixture of phe-
nyl diazoketone 1a, triphenyl silanol 2a, cyclohexyl iso-
cyanide 3a, and benzil 4a with blue light. To our delight,
neither oxetanone D (resulting from ketene/benzil photo-
cycloaddition), nor captodative olefin B were detected.
Instead, compound 5a, incorporating all four reaction
components, was generated in one step with the forma-
tion of four new bonds and three stereogenic carbons
(Scheme 2). Remarkably, among all the possible iso-
mers, only two new products, tagged as 5ay; and 5a,,,
were obtained. These products were isolated in a com-
bined yield of 70%, with a 5ay:5a,, ratio of 2.5:1, as
determined by 'H-NMR analysis. Careful NMR analysis
of the purified products also revealed that 5ay; and Sa,,
are diastereoisomers, both resulting from a regioselective
cycloaddition of benzil 4a to captodative olefin B. The
evidence that the ketene deriving from 1a prefers to react
with 2a and 3a, rather than with excited 4a, as well as the
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Scheme 2. 2P-K-4CR to oxetanes 5a, characterized by a double
photochemical activation. Irradiation of diazoketone 1a results in
the generation of ketene A, that in the presence of silanol 2a and
isocyanide 3a affords olefin B. Upon irradiation, benzil 4a is
excited to triplet species C. The latter could react with A, afford-
ing oxetanone D, or with B, resulting in the formation of the iso-
lated product 5a.
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Figure 1. Molecular structure from XRD studies and representa-
tion of diastercoisomers 5ay; and 5a,,.

selectivity of the cycloaddition between B and 4a, is dis-
cussed in detail in the computational study section.

To univocally determine the relative configurations
of diastereoisomers Say; and 5a,,, single-crystal X-Ray
diffraction (XRD) analysis*” was carried out (Figure 1).
Interestingly, the relative stereochemistry at C-2 and C-4
was preserved, while the two diastereoisomers differed
for the configuration at C-3.

Intrigued by the discovery of this new reaction, we
next carried out an optimization of the reaction condi-
tions adopting the design of experiment (DoE) approach,
realizing a D-optimal design with the variables reported
in Table 1 (see Supporting Information for further
information).*'*! Performing a low number of experi-
ments, dichloromethane (DCM) and 25 °C were identified
as the best solvent and temperature, respectively, while
both 450 and 470 nm irradiation wavelengths led to the
same result in terms of yield (70%). The response surface
yield for dichloromethane is reported in Figure 2.

Gratified by these results, a small library of com-
pounds was prepared, assessing the versatility of the
hereby disclosed 2P-K-4CR (Table 2). Aromatic and
heteroaromatic diazoketones behaved as good partners

Response Surface Yield

Yield

- 50

45

40

r35

x2a=0, x3a=1, x3b=0, x3c=0

Figure 2. Response surface yield for DCM, where x1 is temper-
ature and x2b is 450 nm.

in this MCR, with products 5a-c,i formed selectively,
although in low yield in the case of the thienyl deriva-
tive. Aliphatic (benzyl- and hexyl-) diazoketones failed
to afford the desired products, in agreement with our
previous report.'”! In addition to triphenyl silanol,
tert-butyldiphenylsilanol also afforded product 5d, dem-
onstrating the possibility to introduce an alternative silyl
group in these complex architectures. Thanks to similar
reactivity, both silanols and carboxylic acids can be
efficiently employed in the transformation. Thus, a sat-
isfying performance was observed in the presence of
acetic acid and 3,3-dimethylbutyric acid, which led to
the isolation of products Se and Sf with high yield.
However, when benzoic acid was tested, unreacted ben-
zil and captodative olefin!'”! were isolated.

The K-3CR and SK-3CR can be efficiently carried
out using various linear and cyclic isocyanides.!'*)
Also in the case of the hereby reported 2P-K-4CR, com-
pound S5g could be isolated from n-butyl isocyanide
without any significant loss in reactivity.

Concerning carbonyl derivatives, 4-Br- and 4-Me-
substituted benzils were tested and led to the isolation
of the corresponding products Sh—j in high yields.
Compound 5h was also prepared on a 1 mmol scale,
affording comparable results. As previously reported,!”

Table 1. Variables and levels of the D-optimal design realized for the optimization of the reaction conditions.

Variable ID Variable Levels

X Temperature (°C) —15 5 25 -
Xz Wavelength (nm) 405 450 470 -
X3 Solvent DCM MeCN tetrahydrofuran (THF) Hexane
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Table 2. Substrate scope of the two photon ketene four-component reaction (2P-K-4CR) (see Scheme 1). Conditions: DCM, 450 nm, at
room temperature. For a figure displaying the structures of all synthesized products, see Section S4, Supporting Information.

Entry R! R? X R?*=R* Yield” diastereomeric ratio
5a Ph cHex Ph;Si Ph 70% 70:30
5b 4-CIPh cHex Ph;Si Ph 59% 70:30
Sc 2-Thienyl cHex Ph;Si Ph 21% -
5d Ph cHex tBuPh,Si Ph 34% 70:30
Se Ph cHex Ac Ph 72% 70:30
5f Ph cHex BuAc Ph 83% 70:30
5g Ph nBu Ph;Si Ph 56% 70:30
5h Ph cHex Ph;Si 4-BrPh 69% (73%)” 70:30
5i 3-MePh cHex Ph;Si 4-BrPh 74% 70:30
5j Ph cHex Ph;Si 4-MePh 68% 70:30
5k Ph cHex Ph;Si 4-MeOPh 35% 70:30

Y solated yield after column chromatography, referred to the sum of diastereoisomers.

® Reaction conducted on 1 mmol scale.

benzils with electron-donating substituents are less reac-
tive: indeed, compound 5k was isolated in a reduced
yield, while the reaction did not occur in the presence
of 4-Me,N-substituted benzil.

Next, we moved to study the adoption of different
1,2-dicarbonyl derivatives to evaluate possible site
selectivities associated with the 2P-K-4CR. We therefore
subjected mono 4-methoxy benzil 4b to our optimized
reaction conditions, which led to the formation of a
mixture of regioisomers Sl-a and 5l-b in an overall
53% yield of isolated products (Scheme 3, top). We fur-
ther explored the use of methyl benzoyl formate 4¢ in the
multicomponent process. After several attempts, the irra-
diation with two different wavelengths was found crucial
for the positive outcome of the reaction. Thus, we pre-
liminarily carried out the three-component K-3CR pro-
cess at 450 nm, while it was necessary the adoption of
405 nm to photoexcite methyl benzoylformate and trig-
ger the desired photocycloaddition. Pre-isolation of the
olefin was not necessary; however, and compound 5m
could be isolated in moderate yield (24%) as a single
regioisomer when adopting a sequential 450/405 nm
irradiation (Scheme 3, middle).

Finally, we explored the possibility to further elabo-
rate the oxetane ring, by removing the silyl protecting
group. Deprotection of Sh with HF/pyridine resulted
in the isolation of ketoamide 6, after cyclic hemiacetal
ring opening (Scheme 3, bottom). In contrast, when tet-
rabutylammonium fluoride was used instead, a complex
mixture was isolated, probably due to the peculiar reac-
tivity of the ketoamide under these conditions, as previ-
ously reported by us.**

3. Computational Studies
To rationalize the mechanism of the reported 2 P-K-4CR,
we undertook a computational investigation based on

Adv. Synth. Catal. 2025, 367, €202500066 Wiley Online Library

our precedent work describing the photocycloaddition
between ketenes and benzils.!"> Thus, we adopted den-
sity functional theory at the (U)-B3LYP/6-311+G(d,p)
level of theory as implemented in the Gaussian16 soft-
ware. Geometries were fully optimized in the gas phase,
while solvent effect (dichloromethane bulk) was
included through single-point calculations at the same
level of theory by employing an implicit model. In
our previous work, we demonstrated that, during the
formation of oxetanone D (see Scheme 2), a triplet
1,4-diradical is initially formed, while cyclization of
the latter follows on the singlet surface upon intersystem
crossing from the triplet to the more stable singlet mani-
fold. The latter surface crossing may take place at the
1,4-diradical intermediate level or in the early stages
of the cyclization step, where the two surfaces lie near
to each other.'” Since we do not expect significant
mechanistic differences in the present 2P-K-4CR trans-
formation, we decided to focus our attention on rational-
izing the associated stereochemical output.

Starting from the collected X-Ray structures, we opti-
mized the geometries of both diastereoisomers of prod-
uct Sa, namely 5ay; and 5a,,, confirming that the major
one is more stable than the minor by ~4 kcal mol ' at the
considered level of theory (see Section S6.1, Supporting
Information, for further details). However, to speed up
calculations, we conveniently adopted simplified model
structures, wherein bulky groups were substituted with
smaller moieties, while aromatic phenyl groups were
maintained where appropriate to avoid introducing any
electronic bias with respect to experimental results.
Thus, the actual reaction sequence considered for the pres-
ent computational modelling is depicted in Scheme 4.
As a first point, we verified that the same relative stabil-
ity trend observed for the diastereoisomers of 5a was
maintained also in the case of the corresponding
products, tagged as Py, and Py, related to the simplified
process. Indeed, Py, is predicted to be more stable than
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Scheme 3. 2-Photon ketene 4-component reaction with unsym-
metrical benzil 7 (top) and methyl benzoylformate (middle); ring-
opening of the oxetane ring mediated by HF/pyridine (bottom).

P, by 2.83kcalmol™' (see Section S6.1, Supporting
Information, for further details).

First of all, we considered the formation of olefin O,
characterized by an exclusive Z stereochemistry, through
the previously reported SK-3CR reactivity.!'”! As typical
of multicomponent processes, such derivative is formed
through an intricate, yet well-orchestrated sequence of
steps. The full description of such pathway is beyond
the scope of the present computational survey, therefore
we limited our modelling to the initial step, namely the
addition of the isocyanide to the photogenerated ketene
K (Scheme 5a, right-hand side). Such step takes place
through transition state TS(O), which is characterized
by an energy barrier (AG*) of +10.90 kcal mol~"'. This
reactivity manifold is in direct competition with the

Adv. Synth. Catal. 2025, 367, €202500066 Wiley Online Library

Scheme 4. Simplified model reaction considered in the compu-
tational study.

A
TS(PB) Me
O Ph O \
See Ref. 15 TS(02) NH
- —= 0 SiMe;
Ph”{ "O 30 Me 0
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O ph K Ph 0;
A 343 O
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Scheme 5. Different reaction steps studied computationally:
A) reactivity of the photogenerated ketene K with isocyanide to kick
off the SK-3CR (right-hand side) or with excited benzil *4a to initi-
ate previously reported photocycloaddition™ (lefi-hand side);
B) stereochemistry aspects in the reactivity of excited benzil *4a
with Oz; and C) interconversion of triplet diradicals *Dy;/*Dyy,.
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photocycloaddition between the ketene (K) and the (trip-
let)-excited state of benzil (*4a; see Scheme 5a, left-hand
side), a reactivity recently reported by us and described
computationally at the same level of theory adopted
here.['* Thus, by comparing the activation energies of
these two steps, namely TS(PB) (characterized by
AG* = +7.44 kcal mol ")!**! and TS(O,), it may be
concluded that the photochemical pathway should
be favored over the thermal one (in this case
AAG* =~ 3.5 kcal mol™'). As a matter of fact, the photo-
cycloaddition pathway, despite being characterized by a
smaller activation energy, is disfavored over the SK-3CR,
since the probability that the ketene K encounters the
triplet excited state of benzil *4a, present in solution
in a tiny concentration, is much lower than its possibility
to combine with isocyanide, present in a much higher
concentration.

We next moved on to study the photochemical pro-
cess by modeling the reactivity between Oy and *4a
(Scheme 5b). Also based on our previous work,!"'> such
step involves the formation of a C—O bond and leads to
the formation of a (triplet) diradical intermediate tagged
*D. Furthermore, this step is expected to control the rel-
ative stereochemistry at C-2 and C-4 of the final oxetane
ring. As reported in Scheme 5b, the approach between
0 and *4a can occur through two different trajectories,
characterized by transition states TS(*Dy;) and TS(’D?)
with a AAG* of ~1.7 kcalmol™" in favor of the former
(see Figure 3a). Indeed, TS(°Dy,) leads to a triplet dir-
adical intermediate showing the amide and the benzoyl

Figure 3. Selected geometries optimized in the present compu-
tational analysis. A) geometries of transition states (TS);
B) geometries of triplet diradicals (D).

Adv. Synth. Catal. 2025, 367, €202500066 Wiley Online Library

groups in a cis arrangement (see structure *Dy;), in agree-
ment with the actual experimental output. We also note
that both TS(’Dy;) and TS(’D’) are characterized by a
hydrogen bonding interaction between the N—H and
the C=0 group, which may be an important non-covalent
interaction determining the observed regioselectivity for
the C—O bond forming step (see Figure 3a and Section
S6.2, Supporting Information).

Finally, we studied the geometry of the triplet dirad-
ical Dy, (see Figure 3b) arising from TS(°Dy,), since its
behavior has a direct impact on the stereochemistry of
the final product, in particular for what concerns the
(not yet established) configuration at C-3 of the oxetane
ring (Scheme 5c). Accordingly, while the direct cycliza-
tion of *Dy; delivers Py, rotation along the C,—C5 bond
leads to the formation of triplet diradical intermediate
D,,, from which P,, can be obtained. Thus, °D,, lies a
mere 0.96 kcal-‘mol ' above *Dy; and can be easily pop-
ulated through a facile process, characterized by a mod-
est energy barrier (<3.5kcalmol™'; see Section S6.3,
Supporting Information).

Overall, the present computational analysis allows to
rationalize the stereochemistry of the obtained products,
in particular for what concern the relative stereochemis-
try at C-2/C-4 of the oxetane ring also clarifying the rea-
sons for the observed variability at C-3. As for the latter
aspect, two minima with slightly different energy con-
tent have been located for the involved triplet diradical
intermediate. Thus, according to the simulations, they
may easily interconvert between each other prior to
the cyclization event, coherently with the experimental
observations.

4. Conclusions

In conclusion, we have reported a novel doubly activated
photochemical multicomponent reaction (PMCR) for the
synthesis of highly functionalized oxetanes. The present
2-photon 4-component reaction, tagged 2P-K-4CR,
involves the simultaneous activation of diazoketones
and benzils with visible light, resulting in the formation
of ketenes and the population of triplet excited benzils,
respectively. However, these species do not engage in
the previously reported Paterno—Biichi-type [2 + 2]
cycloaddition;!"* instead, under the present reaction con-
ditions comprising isocyanides and silanols (or carbox-
ylic acids) as well, they prefer to follow a different path.
Thus, they afford complex heterocycles with the simul-
taneous formation of four new bonds and three stereogenic
centers, including two quaternary ones. Remarkably, the
reaction is completely regioselective and highly stereose-
lective, with the formation of only two diastercoisomers.
Characterization techniques, including NMR and X-Ray
analysis, and a computational analysis supported the
rationalization of all aspects related to the process, elu-
cidating also details on the reaction mechanism and
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products stability. Furthermore, an optimization of the
reaction conditions was carried out using DoE, enabling
the synthesis of a variety of oxetane compounds with
good versatility.

5. Experimental Section

Experimental details and analytical data for all new compounds
are available in Supporting Information. The authors have cited
additional references within Supporting Information.2*3!
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