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ABSTRACT: The irradiation of (Z)-2-phenyl-4-aryliden-5(4H)-oxazolones 1 in deoxygenated CH2Cl2 at 25 °C with blue light
(465 nm) in the presence of [Ru(bpy)3](BF4)2 (5% mole ratio) as a triplet photocatalyst promotes the [2+2] photocycloaddition of
the CC bonds of the 4-arylidene moiety, thus allowing the completely regio- and stereoselective formation of cyclobutane-
bis(oxazolone)s 2 as single stereoisomers. Cyclobutanes 2 have been unambiguously characterized as the μ-isomers and contain two
E-oxazolones coupled in an anti-head-to-head form. The use of continuous-flow techniques in microreactors allows the synthesis of
cyclobutanes 2 in only 60 min, compared with the 24−48 h required in batch mode. Ring opening of the oxazolone heterocycle in 2
with a base affords the corresponding 1,2-diaminotruxinic bis-amino esters 3, which are also obtained selectively as μ-isomers. The
ruthenium complex behaves as a triplet photocatalyst, generating the reactive excited state of the oxazolone via an energy-transfer
process. This reactive excited state has been characterized as a triplet diradical 3(E/Z)-1* by laser flash photolysis (transient
absorption spectroscopy). This technique also shows that this excited state is the same when starting from either (Z)- or (E)-
oxazolones. Density functional theory calculations show that the first step of the [2+2] cycloaddition between 3(E/Z)-1* and (Z)-1
is formation of the C(H)−C(H) bond and that (Z) to (E) isomerization takes place at the 1,4-diradical thus formed.

■ INTRODUCTION

The synthesis of organic compounds by photocatalysis is
becoming increasingly popular due to the intrinsic advantages
of this methodology.1−8 Indeed, the use of visible light as a
renewable source of energy to reach high-energy excited states
that cannot be achieved using conventional thermal methods,
the different reactivity of the excited states with respect to the
ground state, the virtual absence of waste material, and the
high atom economy and efficiency of these reactions make
photochemical processes attractive from the point of view of a
sustainable synthetic methodology.1−8 The synthesis of
cyclobutanes by [2+2] photocycloaddition of alkenes is a
paradigm of photochemical reactions due to the versatility,
high efficiency, and atom economy of the process, and the mild
reaction conditions required.9 Cyclobutanes are compounds of
interest because they are intermediates in organic synthesis,
especially in ring-expansion or ring-opening reactions,10 and

because they are present in many natural products.11 Despite
this interest, alternative synthetic methods for the synthesis of
cyclobutanes are scarce and, in general, do not provide simple
access to customized complex scaffolds.12

1,3-Diaminotruxillic and 1,2-diaminotruxinic species make
up a very interesting group of bis-amino acids with a
cyclobutane core (Figure 1). Both derivatives, among other
structurally related compounds, are found in coca leaves
(Erythroxylum coca and Erythroxylum truxillense) in very low
concentrations13 and have been known since the late 19th
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century due to their pharmacological properties. More
specifically, they show strong antinociceptive and anti-
inflammatory activities.14 Similarly, recent reports have
described them as the only nonpeptidic agonists of GLP-1R
(glucagon-like peptide 1 receptor), which is widely used in the
treatment of diabetes.15 Despite their importance and
properties, the availability of synthetic methods for accessing
1,3-diaminotruxillic and 1,2-diaminotruxinic derivatives is
somewhat limited.
The most straightforward synthetic pathway for the

construction of 1,3-diaminotruxillic and 1,2-diaminotruxinic
scaffolds seems to be the [2+2] photocycloaddition of 4-
aryliden-5(4H)-oxazolones, as this type of cyclobutane should
be obtained in just one step. However, previous studies of the
photochemical reactivity of 4-aryliden-5(4H)-oxazolones gave
a variety of results, as shown in Figure 1. The formation of
diazetidines16a or (Z) to (E) isomerization16b has been
reported under UV irradiation, instead of the expected [2+2]
photocycloaddition. Using a 500 W ultraviolet high-pressure
mercury lamp, Wang et al. reported a few examples of the
metal-free [2+2] photocycloaddition of oxazolones to give 1,3-
diaminotruxillic derivatives in low yields (10%) as a mixture of
four isomers.15a Recently, our group reported a synthetic
methodology for obtaining 1,3-diaminotruxillic derivatives
regioselectively in good yields based on the use of
orthopalladated complexes as templates.17 This synthesis
involves orthopalladation of the oxazolone, followed by
[2+2] photocycloaddition promoted by blue light (465 nm),
and release of the 1,3-diaminotruxillic as the ε-isomer by
hydrogenation,17a,b oxidation,17c or carbonylation17d and
methanolysis. The use of blue light provided by low-power
LEDs has also allowed us to markedly improve the metal-free
photocycloaddition of oxazolones. In this respect, we have
recently reported the synthesis of 1,3-diaminotruxillics,
expanding the scope, reducing the reaction times, and
achieving full conversions with remarkable selectivity consid-
ering that the reactions occur in solution.18 Solid-state [2+2]

cycloadditions take place with good regioselectivity when the
topochemical Schmidt’s conditions are achieved.19 However,
the corresponding reactions in solution usually afford several
stereoisomers,20 unless chiral photocatalysts or enantiomeri-
cally pure templates or reagents are used.7,21 Therefore, the
development of highly regio- and stereoselective photo-
chemical processes in solution is still challenging.
While the selective synthesis of 1,3-diaminotruxillic cyclo-

butanes has attracted some attention, preparation of the
corresponding 1,2-diaminotruxinic derivatives remains virtually
unexplored. To the best of our knowledge, there is only one
contribution reporting the synthesis of such cyclobutanes from
irradiation of (Z)-4-aryliden-2-aryl-5(4H)-oxazolones (Figure
1) with two different photocatalysts, eosin Y and [Ru(bpy)3]-
(PF6)2.

22 When eosin Y was used, the ζ-isomer was obtained
via the head-to-head anti-1,2-coupling of one (Z)-oxazolone
and one (E)-oxazolone.22 However, when [Ru(bpy)3](PF6)2
was the photocatalyst, the obtained 1,2-diaminotruxinic
derivatives were not accurately characterized.22 In this case,
the authors propose the formation of the same ζ-isomer
(which lacks symmetry elements), but the NMR data provided
show unambiguously that a symmetric species is obtained.22

Furthermore, a mechanism for the eosin Y-photocatalyzed
reaction through a photoredox pathway was proposed, which
involved the formation of the radical anion of the oxazolone
(although without experimental evidence), but no mention at
all is made to the mechanism operating in the case of
[Ru(bpy)3](PF6)2 as a photocatalyst. Therefore, it is clear that
the Ru-catalyzed [2+2] photocycloaddition of oxazolones is
poorly characterized, regarding both the geometry of the
obtained isomer and the mechanism taking place.
To shed light on the Ru-photocatalyzed reaction, due to the

intrinsic interest of 1,2-diaminotruxinic derivatives, and our
own interest in bis-amino acids with cyclobutane skeleton,17,18

we have investigated in depth the photocycloaddition of (Z)-4-
aryliden-5(4H)-oxazolones in the presence of [Ru(bpy)3]-
(BF4)2 as a triplet photocatalyst.

23 Herein, we present the fully

Figure 1. Previous studies of the synthesis of 1,3-diaminotruxillic derivatives from oxazolones and work reported here on the synthesis of 1,2-
diaminotruxinic esters.
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regio- and stereoselective Ru-photocatalyzed synthesis of
methyl esters of 1,2-diaminotruxinic acid derivatives 3 by
[2+2] photocycloaddition of (Z)-4-aryliden-5(4H)-oxazo-
lones. The 1,2-diaminotruxinic ester derivatives are obtained
as unique diastereoisomers, fully characterized as the μ-isomer,
which contains two (E)-oxazolones coupled in a 1,2-head-to-
head anti form. The wide scope of the reaction, the huge
increase in the reaction rate achieved in flow reactors, the
characterization of the reactive excited state of the oxazolone as
a triplet state, and a plausible reaction mechanism based on
laser flash photolysis evidence and density functional theory
(DFT) methods, including elucidation of the role of the Ru(II)
species, are new findings presented and discussed herein. All of
these facts show that the synthesis of cyclobutanes in solution,

with complete selectivity, is possible in the absence of additives
or templates.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Cyclobutane-bis-
(oxazolone)s 2. (Z)-Oxazolones 1a−1j (Figure 2), which
contain electron-releasing and electron-withdrawing substitu-
ents at different positions of the aromatic ring, were selected to
ensure the widest reaction scope. These compounds were
prepared as reported in the literature.24

Irradiation of (Z)-oxazolone 1c with blue light (465 nm) in
a deoxygenated CH2Cl2 solution and in the presence of
catalytic amounts of [Ru(bpy)3](BF4)2 (5% mole ratio; bpy =

Figure 2. (Z)-4-Aryliden-2-phenyl-5(4H)-oxazolones 1a−1j used in this work.

Figure 3. Synthesis of cyclobutane-bis(oxazolone)s 2.
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2,2′-bipyridine) led to selective formation of cyclobutane 2c, as
shown in Figure 3. The reaction takes place with remarkable
selectivity as the photocycloaddition could theoretically afford
≤11 different stereoisomers (SIs), whereas cyclobutane 2c was
obtained as a single isomer. To optimize the reaction
conditions, deoxygenated solutions of oxazolone (Z)-1c and
[Ru(bpy)3](BF4)2 (5% mole ratio) in CD2Cl2 under an argon
atmosphere were irradiated with blue light (465 nm), and the
progress of the reaction was monitored by in situ illumination
1H NMR spectroscopy (Figure S1). The time for maximal
conversion was set as the reaction time (usually 24 h). A short
screening of deoxygenated solvents (CD2Cl2, CD3CN,
acetone-d6, CDCl3, and DMSO-d6) showed that the best
conversions were achieved in CD2Cl2. With respect to the
amount of the Ru complex, similar conversions were obtained
using 5 and 10 mol % (75% vs 76%), whereas the conversion
decreased when 1 mol % was used (70%). Under the
optimized reaction conditions, 2c was isolated as a white
solid in 20% yield. The Ir(III) photocatalyst [Ir(dF(CF3)-
ppy)2(dtbbpy)](PF6) was also examined, and it gave best
conversions of 1c in CD2Cl2, almost reaching 90%. However,
three different isomers of cyclobutane 2c were detected after
irradiation; therefore, the selectivity of this process is worse
using [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) than using [Ru-
(bpy)3](BF4)2. Due to the excellent stereoselectivity shown
by the Ru species, we focused our research on this
photocatalyst.
Compound 2c is stable in the solid state at room

temperature, whereas in solution, it has to be stored at a low
temperature (−15 °C) to prevent it from undergoing a thermal
retro-[2+2] reaction in solution at room temperature to form
free (Z)-1c. This low stability is probably the reason for the
low isolated yield of pure 2c even though high conversions
were observed. Despite this, we attempted to determine the
scope of this photocycloaddition and obtained the results
shown in Figure 3. Although high conversions were observed
by NMR spectroscopy in most cases, pure cyclobutanes 2
could be obtained for only 2a (23% isolated yield) and 2c
(20% isolated yield), with mixtures of 2 with oxazolones 1
being obtained for 2b, 2d, 2e, 2g, and 2h. In the case of 1f, a
maximum conversion of 30% of 2f was achieved, although the
subsequent fast thermal retro-[2+2] reaction precluded its
characterization. Given these difficulties, isolation of the
corresponding 2i and 2j was not attempted in the case of 1i
and 1j, respectively. Nevertheless, 1f, 1i, and 1j were
successfully converted into the corresponding truxinic esters
(vide inf ra).
The full characterization of cyclobutanes 2a−2h was carried

out by mass spectrometry, NMR spectroscopy, and X-ray
diffraction methods. Although the [2+2] photocycloaddition of
oxazolones 1 could give up to 11 isomers (SIs), the 1H and 13C
NMR spectra (and 19F NMR for 2e and 2g) showed signals
due to the presence of a cyclobutane of high symmetry as a
single isomer in all cases. We discarded formation of the four
isomers resulting from coupling of one (Z)-oxazolone with one
(E)-oxazolone for symmetry reasons,22 as well as the ε- and α-
isomers, which were characterized by us very recently.18 As
such, five possible isomers [peri, β, δ, μ, and ω (see the
Supporting Information for detailed structures)] were still
consistent with the NMR data and thus required additional
methods to elucidate the structure. Information provided by
the DP4 method (see the Supporting Information for details
about DP4) suggests that the isomer obtained is the μ-isomer,

which contains two (E)-oxazolones coupled in a 1,2-head-to-
head anti form, because this has the highest probability
(86.2%).25 However, this value is still far from the values
deemed to be acceptable to consider a given structure to be
unambiguously determined (typically >98%).25 Fortunately,
determination of the crystal structure of 2c provided definitive
evidence of the formation of the μ-isomer, as shown in Figure
4.

The structure shows the cyclobutane C(1)−C(2)−C(3)−
C(4) core formed by the head-to-head anti photocycloaddition
of two (E)-oxazolones, thus confirming the prediction of the
DP4 analysis. The cyclobutane has two trans C6H4Me rings on
adjacent carbons [C(1) and C(2)], which point toward
opposite sides of the molecular plane, and two oxazolones on
the other two adjacent carbons [C(3) and C(4)], also in a
trans arrangement. However, the arrangement of the C6H4Me
rings with respect to the CO groups of the oxazolones on
adjacent carbons [for instance, C(1) and C(4)] is cis, meaning
that the configuration of the molecule is 1,2-trans-2,3-trans-3,4-
trans. The cyclobutane is not planar, as deduced from the
dihedral angles [C(1)−C(2)−C(3)−C(4) angle of −23.2(2)°
and C(2)−C(3)−C(4)−C(1) angle of 22.8(2)°]. These values
are larger than those found in other cyclobutanes containing
heterocycles as substituents at positions 1 and 2 [range of
16.93(2)−18.56(2)°].26 The C−C bond distances in the
cyclobutane ring [1.545(4), 1.572(4), 1.564(4), and 1.557(4)
Å] are identical within experimental error and are in the usual
range reported for C−C bonds.27 The values found for other
internal parameters are also identical, within experimental
error, to those found in the literature.27

Synthesis and Characterization of Methyl Esters of
1,2-Diaminotruxinic Acids 3. After formation of the
cyclobutane ring in 2, the base-catalyzed ring-opening reaction
of oxazolones in alcoholic medium is the next step in the
synthesis of 1,2-diaminotruxinic derivatives.28 Considering the
low stability of 2 in solution, and to minimize the retro-[2+2]
reaction, we carried out the synthesis of 1,2-diaminotruxinic
esters 3 from oxazolones 1 in a straightforward one-pot, two-
step method, without isolating cyclobutanes 2 (Figure 5).
According to this method, oxazolones 1 were irradiated with

blue light (465 nm) under optimized reaction conditions.

Figure 4. Molecular drawing of 2c. Ellipsoids are drawn at the 50%
probability level.
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Once the maximum conversion of 1 into 2 was reached, the
solvent was removed to dryness under vacuum while the
irradiation was maintained. The solid residue was then treated,
under air, with MeOH and a catalytic amount of NaOMe, and
the resulting suspension heated to reflux for 30−45 min in the
dark in an oil bath. After evaporation of the methanol, analysis
of the crude residue showed formation of 1,2-diaminotruxinic
methyl esters 3 as single isomers (Figure 5). In some cases, the
presence of small amounts of the corresponding dehydrophe-
nylalanine was also observed. Methyl esters 3 were purified by
column chromatography or crystallization and were isolated as
air- and moisture-stable white solids that are even stable
against the retro-[2+2] reaction in the solid state and in
solution.
This one-pot, two-step method represents a better synthetic

pathway for the production of pure 1,2-diaminotruxinic esters
3 from 1 than from 2. (i) The yields of 3, without isolating 2,
are better than those obtained from isolated 2. (ii) The
synthesis of 3 is simpler, and the purification of 3 is much
easier than that of 2 (only 3i showed a small impurity reluctant
to be removed). (iii) Esters 3 can be obtained with a wider
variety of electron-donating [OMe (3b), Me (3c and 3j), or
3,4-Me2 (3h)] or electron-attracting substituents [Cl (3d), F
(3e), NO2 (3f), or 3,4-Cl2 (3i)]. Only 4-CF3 derivative 3g
could not be obtained in pure form due to decomposition. The
reaction shows a dependence on the position of the
substituents at the aromatic ring, probably as a result of steric
interactions. In general, para substituents allow the corre-
sponding cyclobutanes 3 to be obtained in moderate to good
yields, meta substituents afford lower yields, and ortho
substituents (examples not shown) hinder the reaction, with
no cyclobutanes being formed. Moreover, the method reported
here shows clear advantages with respect to other reported
procedures.22 Thus, the stereochemistry of the resulting 1,2-

diaminotruxinic esters 3 in solution and in the solid state is
clearly defined and has been unambiguously assigned as the μ-
isomer by NMR spectroscopic and X-ray diffraction methods
(see below), thus meaning that this method using Ru(II) as a
photocatalyst provides a different isomer and extends the list of
isomers that can be formed via photocatalyzed cycloaddition.
This fact opens the door to the tailored synthesis of specific
isomers (μ) of biologically relevant 1,2-diaminotruxinic bis-
amino acids simply by controlling the reaction conditions
(solvent and photocatalyst). Second, this synthesis is simpler
than in previous cases as no Lewis acids or other additives are
required. Third, the yields are, in general, higher than in
previous reports.22

Full characterization of 1,2-diaminotruxinics 3a−3j showed
that the isomer obtained is the expected μ-isomer; in other
words, the ring-opening reaction of the oxazolone takes place
with complete retention of the configuration at the cyclo-
butane moiety. This was confirmed by determining the crystal
structure of compounds 3c and 3d. Figure 6 shows the
molecular structure of 3c, while Figure 7 shows that of
compound 3d.
The X-ray crystal structures show that cyclobutanes 3c and

3d have two p-tolyl and two p-ClC6H4 rings, respectively, in a
trans arrangement on adjacent carbons [C(3) and C(5) for 3c
and C(1) and C(17) for 3d] and two methyl esters and two
N(H)C(O)Ph moieties at the other two adjacent carbons
[C(1) and C(2) for 3c and C(8) and C(24) for 3d], as a result
of the oxazolone ring-opening reaction. The relative arrange-
ments of the esters and amido groups with respect to the p-
tolyl or p-ClC6H4 rings in each case are the same as in the
cyclobutane-bis(oxazolone) precursors 2. Other than the
spatial arrangement, analysis of the internal parameters
(bond distances and angles) did not show any unusual
features, with all values being in the expected ranges.27

Figure 5. Synthesis and scope of the 1,2-diaminotruxinic methyl ester derivatives 3a−3j prepared.
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Ex Situ On-Flow Irradiation of (Z)-4-Aryliden-5(4H)-
oxazolones 1 in the Presence of [Ru(bpy)3](BF4)2 as a
Triplet Photocatalyst. The use of microreactors has
demonstrated its relevance when chemical reactions have
been performed in comparison with the batch method-
ology.17b,29 Thus, microreactors increase the surface:volume
ratio, which leads to more efficient heat and mass transfer,
improved diffusion, and good control of the reaction
temperature. Microreactors also maximize the selectivity of
the reaction, avoid undesired reactions, and offer the possibility
of continuous-flow operation. This means that the reaction
conditions can be rapidly optimized, and efficient mixing of the
reactants decreases the reaction time and increases the reaction
yield. With regard to photochemical applications, the small
dimensions of the microreactors ensure efficient light
irradiation of the reaction, thus increasing the selectivity,
shortening the reaction time, accelerating reaction optimiza-
tion, and allowing the catalyst loading to be reduced.29

With the aim of further improving the performance of the
[2+2] photocycloaddition of (Z)-oxazolones 1 to give
cyclobutanes 2, we followed the procedure described in the
Experimental Section using a LED-based illumination device.
The use of very small volumes and optimum mixing of the
reagents notably reduced the level of bleaching of the
photocatalyst due to the presence of oxygen in the samples;
therefore, these experiments were carried out with no special
precautions to ensure the exclusion of oxygen. We also
optimized the residence time, varying it from 20 to 40 min.
Oxazolone (Z)-1b was chosen as a test substrate because it was
one of the cases in which it was not possible to isolate pure
cyclobutane 2b due to moderate conversion and fast retro-
[2+2] reaction. The results are summarized in Table 1.

For 20 min of residence time τ (entry 1), a conversion of
47% was obtained in the first reaction. After a second
consecutive reaction for 20 min, the conversion increased to
69%. Longer residence times were tested, but the conversions
obtained were similar (45%, entry 2) after 30 min. However,
after two consecutive reactions of 30 min each, a conversion of
75% was achieved. No further improvements were possible in a
third reaction (77%). We also performed the reaction with a
residence time of 40 min but obtained conversions similar to
those obtained after 30 min. As such, the best option for
carrying out this reaction was two consecutive reactions with 5
mol % photocatalyst and a residence time of 30 min for each
reaction. Despite the fact that the use of small volumes notably
reduces the amount of oxygen that would cause photo-
bleaching of the catalyst, we observed some photobleaching
after the first cycle of 30 min. This is probably due to excessive
irradiation of the catalyst as microchannels enable more
efficient light penetration. As such, the photobleached catalyst
was eliminated from the reaction medium (using CHCl3 and
filtration), and fresh catalyst was added to carry out the second
cycle. For all cases studied, the reaction conversion increases
notably in the second cycle after the catalyst is refreshed (see
page S54 of the Supporting Information). After optimizing the
reaction conditions, we analyzed the scope of this reaction with
oxazolones 1a−1g, 1i, and 1j; the results are listed in Table 2.
The selectivity of the reaction remains unchanged, and μ-

truxinic derivatives 2a−2j were obtained stereo- and
regioselectively. A comparison of the reaction conversions in
continuous flow with those obtained in batch mode in the
presence of oxygen shows a considerable increase in
conversion in flow reactors (except for that of 1c) of ≤30%
in the best case [4-Cl (2d)], and a remarkable decrease in the
reaction times from 24 h (even 48 h for 1f) to 60 min, thus
demonstrating the efficient light penetration when photo-
chemical reactions are performed in microreactors. Moreover,
the conversions obtained on flow are roughly comparable to
those obtained in batch mode in the absence of oxygen,
although the acceleration observed when working in

Figure 6. Molecular structure of 3c. Ellipsoids are drawn at the 50%
probability level.

Figure 7. Molecular structure of 3d. Ellipsoids are drawn at the 50%
probability level.

Table 1. Optimization of the Residence Time for (Z)-1ba

entry
τ

(min)

first
reaction
(%)

τ
(min)

second
reaction (%)

τ
(min)

third
reaction (%)

1 20 47 20 69 − −
2 30 45 30 75 30 77

aWith 120 mM 1b, 5 mol % [Ru(bpy)3](BF4)2, CD2Cl2, blue light
(465 nm), 25 °C.
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continuous-flow mode (1 h vs 24 h in batch mode) tips the
scale in favor of the flow system. As expected, the comparison
of the space time yields (STYs) of the reactions performed
under flow conditions, in the presence of O2, or in batch
reactors (even in the absence of O2) shows the better efficiency
of the former (see Table S1).
Mechanistic Considerations. Initially, the absorption

spectra of oxazolones and the complex [Ru(bpy)3](BF4)2
(SIs) were recorded to postulate a plausible Ru-photocatalyzed
mechanism for this selective photochemical transformation. All
oxazolones studied showed a broad absorption centered at
around 365−375 nm, with a well-defined shoulder at around
385−395 nm and another less-defined one in the region of
350−360 nm, in good agreement with the absorption spectra
reported previously for (Z)- and (E)-oxazolones.16b,30 The
[Ru(bpy)3](BF4)2 complex, in turn, exhibits a strong
absorption in the visible region, with a peak centered at 460
nm corresponding to the 1MLCT state.31 As such, the incident
light (centered at 465 nm) is selectively absorbed by the
ruthenium complex, and therefore, oxazolone transformations
must be initiated by the absorption of visible light by
Ru(bpy)3

2+, which involves initial formation of the 1MLCT
state followed by a very fast ISC (intersystem crossing) to the
3MLCT state. Hence, as described in the literature for other
reactions photocatalyzed by Ru(bpy)3

2+,31−33 several processes
could occur between the triplet excited state of the Ru(bpy)3

2+

and oxazolones: an electron transfer to generate the
corresponding radical anions and radical cations (see eqs 1
and 2) or an energy transfer to populate the triplet of the non-
absorbing oxazolones (eq 3). The Gibbs free energies
associated with eqs 1 and 2 and ΔHET to eq 3, which are
given by eqs 4−6, respectively, were determined to evaluate
the thermodynamic feasibility of these three options. Thus,
photoredox processes, as described by eqs 1 and 2, were found
to be thermodynamically disfavored (ΔGet° = 0.3 and 0.8 eV,
respectively) using the reported values for Ru(bpy)3

3+/
Ru(bpy)3

2+ and Ru(bpy)3
2+/Ru(bpy)3

+ (1.29 and −1.33 V vs
SCE, respectively)1d,31b−d and the redox potentials measured
for oxazolone (Z)-1c in a CH2Cl2 solution [−1.37 and 1.81 V
vs SCE for oxazolone/oxazolone•− and oxazolone•+/oxazo-
lone, respectively (details in the Supporting Information)].
However, the triplet−triplet energy transfer (eq 3) was found
to be slightly exothermic (ΔHET° = −0.5 eV) using the energy
for 3[Ru(bpy)3

2+]* (ET = 2.36 eV) and the reported value for
3oxazolone* (ET = 1.86 eV).34

[ ]* + → ++ + •−Ru(bpy) oxazolone Ru(bpy) oxazolone3
23

3
3

(1)

[ ]* + → ++ + ·+Ru(bpy) oxazolone Ru(bpy) oxazolone3
23

3
(2)

[ ]* + → + *+ +Ru(bpy) oxazolone Ru(bpy) oxazolone3
23

3
2 3

(3)

Δ = −{[

− [ ]} − [ ]*

° ° •−

° + + +

G E

E E

(eV) (oxazolone/oxazolone )

Ru(bpy) /Ru(bpy) Ru(bpy)
et red

red 3
3

3
2

T 3
2

(4)

Δ = −{ [ ]

− } − [ ]*

° ° + +

° •+ +

G E

E E

(eV) Ru(bpy) /Ru(bpy)

(oxazolone /oxazolone) Ru(bpy)
et red 3

2
3

red T 3
2

(5)

Δ = [ ]* − [ ]*° +H E E(eV) oxazolone Ru(bpy)ET T T 3
2

(6)

The dynamics of 3[Ru(bpy)3
2+]* in the presence of oxazolone

(Z)-1c, as a typical example, were then investigated using
steady-state spectroscopic techniques. Thus, an efficient
quenching of the phosphorescence of 3[Ru(bpy)3

2+]* was
observed with increasing concentrations of (Z)-1c (data not
shown). In an attempt to provide more information about the
intermediates involved in the Ru-photocatalyzed stereo-
selective cyclization of oxazolones, laser flash photolysis
(LFP) experiments were carried out using Ru(bpy)3

2+ in the
presence and absence of typical oxazolones such as oxazolone
(E)-1c or oxazolone (Z)-1c. Initially, the transient absorption
spectrum recorded upon laser flash excitation of Ru(bpy)3

2+ at
532 nm shows a transient absorption band centered at 360 nm,
a ground-state bleaching at around 450 nm, and a stimulated
emission centered at 620 nm. All three bands exhibit the same
kinetic behavior, thus indicating that they correspond to
3[Ru(bpy)3

2+]*. Moreover, as expected for a triplet excited
state, the lifetime decreases from 620 ns under N2 to 340 ns
under air due to the quenching effect of molecular oxygen.
Indeed, a quenching rate constant of 7 × 109 M−1 s−1 was
determined for this reaction process. The study was then
continued by adding increasing amounts of (E)-1c and (Z)-1c
to anaerobic dichloromethane solutions of Ru(bpy)3

2+. The
results revealed an efficient quenching of 3[Ru(bpy)3

2+]* in the
presence of both isomers [see Figure 8 for (E)-1c as an
example]. The linear fittings based on the Stern−Volmer
relationships gave a quenching constant of 2.9 × 1010 M−1 s−1,
which was found to be identical for the two isomers and
diffusion-controlled, as expected from the ΔE for the initial
and final triplet excited states (−0.5 eV, eq 6).35

Furthermore, addition of the oxazolones to deaerated
solutions of Ru(bpy)3

2+ in CH2Cl2 also revealed the generation
of a new transient species. Thus, as shown in Figure 9, while
the transient absorption spectrum of 3[Ru(bpy)3

2+]* dis-
appears with time, a new intermediate showing an absorption
band with two maxima at around 430 and 480 nm is generated
concomitantly and then disappears after several hundreds of
nanoseconds. Interestingly, the new transient species detected
for the two isomers were found to exhibit a similar absorption
spectrum and the same behavior. Thus, identical decays were
observed for deaerated solutions of Ru(bpy)3

2+ in the presence
of (E)-1c or (Z)-1c at 470 nm, as shown in Figure 10.
Moreover, given the unambiguous overlapping of the two
decays of Figure 10, one can conclude that generation of the

Table 2. Comparison of Conversions (percent) of
Oxazolones (Z)-1 to Give Cyclobutane-bis(oxazolone)s 2
Obtained Using Batch and Continuous-Flow
Methodologiesa

oxazolone [1] (mM)a flow (O2, 1 h) batch (O2, 24 h) batch (24 h)b

1a 120 75 60 80
1b 120 75 65 70
1c 150 65 75 88
1d 120 85 51 75
1e 120 80 64 77
1f 25 70 53 (48 h) 60 (48 h)
1g 120 78 63 80
1i 120 59 62 80
1j 150 79 75 81

aThe concentration is 120 mM by default, except for those of 1c and
1j (150 mM) and poorly soluble 1f (25 mM). bIn the absence of O2.
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new intermediate has an identical quantum yield for both
isomers. The lifetime of this identical intermediate, which was
determined from the exponential fitting of both decays, was
around 368 ns under N2. The fact that both transient species
were also efficiently quenched by O2 (a quenching rate
constant of 1.2 × 1010 M−1 s−1 was determined for both) is
consistent with a triplet excited state for the common
intermediate arising from the two oxazolones. Moreover,
deconvolution of transient absorption traces detected at 470
nm revealed that the recovery of Ru photocatalyst bleaching
follows a first-order reaction with a rate constant value similar
to that determined at 650 nm for its triplet excited state (∼1 ×
107 s−1). This fact, as it has been well documented,36a proves
that energy transfer is occurring from the Ru photocatalyst to
oxazolones. Thus, as shown in Figure 10, the transient
absorption traces obtained at 470 nm upon LFP excitation
of Ru(bpy)3

2+ in the presence of oxazolone (E)-1c (blue) or
(Z)-1c (red) (2.5 × 10−3 M) were coincident with a fitting line
determined from the summatory of three first-order reactions
using the same rate constant for the recovery of the Ru
photocatalyst bleaching as for the generation of the 1,4-
diradical triplet excited state (∼1 × 107 s−1) and a value of 2.8
× 106 s−1 for the diradical triplet decay.
In conclusion, the LFP experiments provided unambiguous

evidence for the triplet excited-state nature of the transient

absorption species formed as a result of efficient energy
transfer from 3[Ru(bpy)3

2+]* to (E)-1c or (Z)-1c. The
resulting oxazolone triplet excited state can be denoted as
3(E/Z)-1c* and is exactly the same species regardless of the
starting isomer. Not surprisingly, 3(E/Z)-1c* was not
generated when control solutions containing (E)-1c or (Z)-
1c were excited at 532 nm in the absence of Ru(bpy)3

2+. Even
more interestingly, 3(E/Z)-1c* was also not detected when
laser excitation at 355 nm, where oxazolones show an intense
absorption, was used. As such, 3(E/Z)-1c* is not involved in
the direct photolysis of oxazolones.
If the reaction of the generated triplet excited-state 3(E/Z)-

1* with an oxazolone (Z)-1 affords the cyclobutane derivative
(μ-E,E isomer)-2 in all cases studied, then the reaction starting
from oxazolone (E)-1 should give a different isomer even
though the same triplet excited state is involved in the reaction.
To clarify this scenario, the composition of a solution initially
containing either oxazolone (Z)-1c or (E)-1c and Ru(bpy)3

2+

was examined by 1H NMR spectroscopy during the very early
stages of the photocatalyzed reaction (see details in the
Supporting Information). Thus, analysis of the 1H NMR

Figure 8. Decay traces recorded at 610 nm for Ru(bpy)3
2+ (in

deaerated CH2Cl2) upon addition of different amounts of (E)-1c: 0
(black), 1.4 × 10−4 M (red), 4.2 × 10−4 M (blue), 8.4 × 10−4 M
(pink), and 1.7 × 10−3 M (green), obtained after LFP excitation (532
nm).

Figure 9. Transient absorption spectra for deaerated CH2Cl2 solutions of Ru(bpy)3
2+ in the presence of (E)-1c (left) or (Z)-1c (right) (2.5 × 10−3

M) recorded at different times after the laser pulse (λexc = 532 nm): 10 ns (black), 42 ns (red), 124 ns (blue), 224 ns (pink), 550 ns (green), 924 ns
(dark blue), and 1376 ns (violet).

Figure 10. Transient absorption traces recorded at 470 nm upon LFP
excitation (532 nm) of Ru(bpy)3

2+ (in deaerated CH2Cl2) in the
presence of (Z)-1c (red) or (E)-1c (blue) (2.5 × 10−3 M) and a
fitting line {black; ΔA = −[A1 × exp(−k1t)] − [A2 × exp (−k1t)] +
[A2 × exp(−k2t)]}. A1 = 0.05 is the value of the initial bleaching. k1 =
1 × 107 s−1 is the deactivation rate constant of the Ru photocatalyst
triplet excited state obtained from traces at 650 nm. A2 = 0.95 and k2
= 2.8 × 106 s−1 are the maximum absorption of the diradical triplet
excited state and its deactivation rate constant determined from fitting
of the decay segment of the traces obtained at 470 nm, respectively.
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spectrum of the mixture (Z)-1c and Ru(bpy)3
2+, after

irradiation for 10 min, showed signals due to the starting
materials and a very small amount of cyclobutane 2c.
Interestingly, when the solution initially containing (E)-1c
and Ru(bpy)3

2+ was irradiated, only signals due to (Z)-1c, the
Ru species, and a small amount of cyclobutane 2c were
detected. Hence, the results of the two experiments are
completely coincident and provide further support for a fast
and quantitative isomerization of the (E)-isomer, via the
photosensitized 3(E/Z)-1c*, followed by back intersystem
crossing to the more stable (Z)-isomer, during the very early
stages of the reaction.18 Bearing in mind that formation of
dimers takes 24 h to reach completion, we can safely assume
that (E)-1c is isomerized to (Z)-1c before reacting with 3(E/
Z)-1c*. The photosensitized isomerization of oxazolones as
molecular switches could be occurring as described in the
literature for other compounds, such as azobenzene or
stilbene.33,36b,37

On the basis of these results, DFT calculations were
performed on different reaction pathways to postulate a
plausible mechanism to explain formation of the μ-E,E-isomer
from the reaction between 3(E/Z)-oxazolones* and a ground
state of (Z)-oxazolones (Figure 11 and Table 3).
Computational Results. All geometries were optimized

using first-principles methods based on DFT, using four
different functionals (B3LYP-D3,38a PBE-D3,38b M062X-
D3,38c and wB97XD38d) and two basis sets (Def2-TZVP38e

and cc-pVTZ38f). All of these functionals contain, or have been
completed (using Grimme’s D3 approach38g), with corrections
for dispersion terms. The first-principles DFT-optimized
geometries showed similar features irrespective of the func-
tional and basis set employed. Some optimized geometries
(B3LYP-D3/cc-pVTZ) for selected intermediates are shown in
Figures S3 and S4. With regard to the energies, all of the
energy values for intermediates (A and B)-int-(1 and 2) were

determined using four functionals (B3LYP-D3, M062X-D3,
PBE1-D3, and WB97XD) and two basis sets (Def2-TZVP and
cc-pVTZ). Negligible differences with respect to the use of
different basis sets (cc-pVTZ and Def2-TZVP) were obtained.
Overall, this demonstrates that all methods give roughly the
results shown in Table 3. Finally, the results obtained do not
depend on the effect of the solvent: a comparison between no
solvent and CH2Cl2 gave similar results.
DFT calculations were performed using the structurally

simplest oxazolones, (Z)- and (E)-1a, to shed light on the
interaction between the photosensitized triplet excited state of
one oxazolone and the ground state of another, which gives
rise to a truxinic acid (μ-E,E-isomer), in CH2Cl2. Although

Figure 11. Potential mechanisms for explaining the photocatalyzed dimerization of (Z)-1a or (E)-1a with (Z)-1a giving rise to 2a.

Table 3. Absolute and Relative DFT Energies for the
Minimum Energy Conformations of the Intermediates
Shown in Figure 11, Using B3LYP-D3 and the cc-pVTZ
Basis Seta

method/intermediate/solvent
absolute energy

(Ha)
relative energy

(kJ/mol)

B3LYP-D3/A-int-1/
dichloromethane

−1643.687489 0.0

B3LYP-D3/A-int-2/
dichloromethane

−1643.684299 8.4

B3LYP-D3/B-int-1/
dichloromethane

−1643.633378 142.1

B3LYP-D3/B-int-2/
dichloromethane

−1643.627527 157.4

B3LYP-D3/A-int-1/no solvent −1643.673487 0.0
B3LYP-D3/A-int-2/no solvent −1643.670443 8.0
B3LYP-D3/B-int-1/no solvent −1643.620540 139.0
B3LYP-D3/B-int-2/no solvent −1643.614788 154.1
aThe calculations include the absence of solvent as well as the
presence of dichloromethane as the solvent (using the SCRF/PCM
option in Gaussian09).39 Results with other functionals are listed in
Tables S2 and S3.
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different scenarios can be envisaged starting from (E)-1a or
(Z)-1a, only routes that could give rise to the isomer observed
(2a) were considered (Figure 11). Upon formation of the
common triplet 3(E/Z)-1a*, two different options were
investigated to explain the subsequent interaction with the
(Z)-1a isomer. Initially, 3(E/Z)-1a* interacts with (Z)-1a,
forming a new C−C bond between the two units via the
benzylic CH positions (route A, left part of Figure 11) and
giving rise to the 1,4-biradical intermediate (A-int-1). Next, as
a result of two rotations, A-int-1 is transformed into A-int-2,
before back intersystem crossing to the singlet biradical and
final formation of cyclobutane 2a. Alternatively, 3(E/Z)-1a*
interacts with (Z)-1a forming a new bond between the two
quaternary C atoms, giving rise to a different 1,4-biradical (B-
int-1, right part of Figure 11). Subsequent rotation of two
bonds transforms B-int-1 into B-int-2, which eventually gives
rise to 2a.
The first conclusion is that route B can be easily excluded

because both B-int-1 and B-int-2 gave very high energies
[139.0 and 154.1 kJ/mol (Table 3)] with respect to the most
stable intermediate (A-int-1). With regard to route A, the
energies of the two intermediates differ by only 8.0 kJ/mol
using B3LYP-D3 [8.9 kJ/mol using M062X-D3, 9.5 kJ/mol
using PBE1PBE, and 9.6 kJ/mol using WB97XD (Table S2)],
which is easily reached at room temperature. In conclusion,
DFT calculations show the feasibility of the coupling between
oxazolone (Z)-1a and the triplet diradical excited state 3(E/Z)-
1a* via the formation of a CH−CH bond between the benzylic
positions, and that further rotation of the 2-phenyloxazolone
fragment around the C−C bond is allowed and almost
barrierless before final C−C coupling, thus resulting in
selective formation of the μ-(E,E)-isomer.
Calculation of the energy of triplet 1,4-diradical A-int-2 in

other geometries that could lead to other plausible isomers also
shed some light on the selectivity of the reaction. Thus, we
compared the energy of the intermediates involved in the
head-to-head 1,2-couplings in anti (μ-isomer) and syn (ω-
isomer) forms with those involved in the head-to-tail 1,3-
couplings in anti (α-isomer) and syn (peri isomer) forms,
taking into account the fact that the final conformation of the
oxazolone is E (see the Supporting Information). The relative
energies of these intermediates (Figure 12) show that the
species formed via 1,2-coupling are much more stabilized than
those formed via 1,3-coupling and the anti arrangement
appears to be slightly more stabilized than the syn one.

■ CONCLUSION

The fully stereoselective synthesis of cyclobutanes in solution
is possible in the absence of templates. In this respect, we have
demonstrated how methyl esters of 1,2-diaminotruxinic bis-
amino acids can be obtained as single isomers with complete

regio- and stereoselectivity by Ru-photocatalyzed [2+2]
photocycloaddition of (Z)-4-aryliden-5(4H)-oxazolones in
solution. The reaction is promoted by blue light (465 nm);
the photocatalyst is [Ru(bpy)3](BF4)2 (5 mol %), and the μ-
isomer of the cyclobutane is obtained. The reaction has been
performed in batch and flow reactors, with a much better
performance being achieved in flow devices (reaction time of 1
h vs 24 or 48 h). The photochemically reactive species has
been characterized as a triplet diradical by laser flash
photolysis, a technique that has also shown that this reactive
species is the same irrespective of the geometry of the starting
oxazolone (Z or E). In addition, DFT calculations have shown
that the first step of the [2+2] cycloaddition is formation of the
C(H)−C(H) bond and that the (Z)- to (E)-isomerization
takes place in a 1,4-diradical after the formation of this bond.

■ EXPERIMENTAL SECTION
General Methods. The [2+2] photocycloaddition reactions were

carried out under an inert (Ar) atmosphere, using deoxygenated
CH2Cl2. The CH2Cl2 was deoxygenated using at least four freeze−
thaw cycles and stored under Ar at 4 °C. The ring-opening reactions
were carried out in reagent-grade methanol in open air. Flash column
liquid chromatographies were performed on aluminum oxide 90
neutral (50−200 μm) or silica gel (70−230 μm). Infrared spectra
(4000−380 cm−1) were recorded on a PerkinElmer Spectrum One IR
spectrophotometer. 1H, 13C, and 19F NMR spectra of the isolated
products 2 and 3 were recorded in CDCl3 or CD2Cl2 solutions at 25
°C (other temperatures were specified) on Bruker AV300, Bruker
AV500, and Varian Unity INOVA 500 spectrometers (δ in parts per
million, J in hertz) at 1H operating frequencies of 300.13, 500.13, and
499.77 MHz, respectively. 1H and 13C NMR spectra were referenced
using the solvent signal as the internal standard, while 19F NMR
spectra were referenced to CFCl3. The assignment of 1H NMR peaks
has been performed through standard two-dimensional (2D) 1H−
COSY (2K points in t2 using a spectral width of 10 ppm; 128 t1
experiments were recorded and zero-filled to 1K; for each t1 value,
four scans were signal-averaged using a recycle delay of 1 s) and
selective one-dimensional (1D) 1H SELNOE experiments. Typical
mixing times in the case of selective 1D SELNOE experiments were in
the range of 1.2−1.8 s, as a function of the irradiated signal. These
values of optimized mixing times were set equal to the longitudinal
relaxation time T1, determined using the inversion−recovery
sequence. The 13C NMR peaks were identified using standard
1H−13C edited HSQC and 1H−13C HMBC 2D experiments. In both
cases, 4K points in t2 using spectral widths of 10 ppm (1H) and 200
ppm (13C) were used, with averaged values of the coupling constants
1JCH of 145 Hz and long-range nJCH of 10 Hz. Typically, 256 t1
experiments were recorded and zero-filled to 2K. For each t1 value, 8
(HSQC) or 32 (HMBC) scans were signal-averaged using a recycle
delay of 1 s. ESI (ESI+) mass spectra were recorded using an Esquire
3000 ion-trap mass spectrometer (Bruker Daltonic GmbH) equipped
with a standard ESI/APCI source. Samples were introduced by direct
infusion with a syringe pump. Nitrogen served as both the nebulizer
gas and the dry gas. HRMS and ESI (ESI+) mass spectra were
recorded using a MicroToF Q, API-Q-ToF ESI instrument with a

Figure 12. Relative energies of the triplet diradical intermediates leading to different isomers.
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mass range from m/z 20 to 3000 and a mass resolution of 15000 (full
width at half-maximum). The absorption spectra of oxazolones 1a−1j
have been recorded in an Evolution 600 UV−vis spectrophotometer
in CH2Cl2 solutions at a concentration of 10−5 M. The quenching of
the phosphorescence of [Ru(bpy)3](BF4)2 by oxazolone 1c was
measured on a Horiba Jobin Yvon Fluorolog FL-3.11 spectropho-
tometer. All spectra have been recorded at 25 °C using a 10 mm
quartz cuvette. The electrochemical measurements (cyclic voltamme-
try of oxazolone 1c) were carried out using a Voltalab50 potentiostat/
galvanostat. A glass electrochemical cell was used, with the typical
configuration of three electrodes: a Pt working electrode, another Pt
counter electrode, and the SCE electrode. The solution of the pure
electrolyte (NBu4PF6, 0.1 M) was measured over the whole window
of the solvent (CH2Cl2) to check the absence of electroactive
impurities. The concentration of oxazolone 1c was 5 × 10−4 M. The
melting points (degrees Celsius) were determined on a Gallenkamp
apparatus and are uncorrected. The oxazolones 1 used as starting
materials were synthesized according to published methods.24

Compound [Ru(bpy)3](BF4)2 was also prepared following published
procedures40 and stored under a protecting atmosphere (Ar) at 4 °C.
General Procedure for In Situ NMR Monitoring. In Situ

Irradiation Setup. The irradiation source consists of a model
DL5146-101S blue laser diode with an optical output power of 1.6
W and peaks at 450 nm. To address uniform irradiation of the sample
volume, current (LDC240C) and temperature (TED200C) con-
trollers are used to regulate the amount of output light (see Figure
S1). An optical fiber with an internal diameter of 600 μm guides the
light beam from the laser diode to the detection region of the
detection coil. Two lenses are employed to collimate the light beam
that enters through the optical fiber. The tip of the fiber is sandblasted
as reported to obtain uniform illumination from both the tip and the
core.41 To fix the fiber inside the NMR tube, a coaxial insert is
employed, not only to fix the fiber but also to protect the fiber from
the reaction mixture and prevent the evaporation of the solvent as a
consequence of the heat from the tip of the fiber. A photometer
(PM100D) provides a value for the optical power of 525 mW,
obtained out of the fiber when working at 750 mA.
Sample Preparation for In Situ Illumination NMR Experiments.

Ten milligrams of oxazolone 1c (75 mM) and 2 mg of [Ru(bpy)3]-
(BF4)2 photocatalyst are added to an amberized 5 mm NMR tube,
and CD2Cl2 is used as the solvent. Argon flux is employed to remove
the O2 present in the reaction mixture to avoid quenching of the
excited state. Consecutive 1H NMR experiments are launched
immediately after irradiation begins. The NMR acquisition parame-
ters define a time per spectrum of 30 s (relaxation delay of 1 s,
acquisition time of 2 s, 10 scans).
Irradiation Setup for Batch or Continuous-Flow Synthesis. The

irradiation setup consists of a Teflon capillary (flow reactions) or a
balloon (batch reactions) irradiated by a printed circuit board (PCB)
formed by 18, 20, or 25 LED bulbs of 10 mm diameter LEDs. The
LEDs are serially connected in blocks of six, with a minimum voltage
possible (3 V) and a resistance of 60 Ω (according to Ohm’s law).
The output power per LED unit (blue, 465 nm) is 250 kmcd; the
optical output power of the PCB of LEDs measured with a
photometer (PM100D, Thorlabs) is 1 W. The PCB (dimensions of
7 cm × 6 cm) and the flow reactor or the balloon are placed inside a
custom-built setup for fixing the light source and the sample container
and dissipate the excess heat. For the flow reactions, a total length of
0.4 m (inner diameter of 500 μm) of the Teflon capillary is exposed to
the light of the LEDs, via placement of the coil of the capillary on top
of the light source, maximally reducing the distance between the
LEDs and the coil. The length of the irradiated capillary (0.2 m)
results in a reaction volume of 40 μL. A concave mirror is placed in
front of the PCB to maximize the light that irradiates the coil. The
system works on continuous flow, pumping the sample by a
programmable Labtrix Start syringe pump (SGE glass gas
chromatography syringe with a volume of 1 mL and an inner
diameter of 4.61 mm). The illumination setup (laser diode, current
and temperature controllers, lens, optical fiber, and photometer) were

purchased from Thorlabs. Light-emitting diodes (LEDs) were
purchased from Topbright.

Flow Sample Preparation. Oxazolone 1 at a concentration that
depends on its solubility is added to a glass vial along with
[Ru(bpy)3](BF4)2 as a photocatalyst (5 mol %, absorption maximum
of 452 nm). Dichloromethane (500 μL) is selected as the solvent due
to its higher solubility for both the oxazolone and the photocatalyst.
The reaction sample is introduced into a sonication bath to ensure the
complete dissolution of the reagents and then transferred to the glass
syringe for the beginning of the reaction (see Figure S2). The syringe
pump is programmed for a residence time of 30 min (1.33 μL/min).
Two consecutive reactions are performed, refreshing the amount of
photocatalyst and eliminating the “used” one; thus, higher yields are
obtained. Continuous illumination of the microreactor leads to the
higher efficiency of the reaction. The reaction mixture is collected in a
glass vial, and off-line NMR analysis is carried out (20 μL of the
reaction mixture is transferred into a 5 mm NMR tube for the NMR
characterization, using CD2Cl2 as the solvent). The use of very small
volumes and the optimum mixing of the reagents minimize the
bleaching of the photocatalyst due to the presence of oxygen in the
samples; therefore, these experiments are carried out without special
precautions against the exclusion of oxygen.

X-ray Crystallography. X-ray quality crystals of 2c, 3c, and 3d
were grown by slow diffusion of n-pentane into CH2Cl2 solutions of
the crude product at −18 °C for several weeks. One selected single
crystal of each compound was mounted at the end of a quartz fiber in
a random orientation, covered with perfluorinated oil (magic oil) (2c)
or paratone oil (3c or 3d) on a MiTeGen microMounts cryoloop, and
placed under a cold stream of N2 gas. Data were collected at 100 K
(3c and 3d) or 150 K (2c) on an Oxford Diffraction Xcalibur
Sapphire 3 (2c) or Bruker D8 Venture (3c and 3d) diffractometer,
using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) (2c
and 3d) or Cu Kα radiation (λ = 1.54178 Å) (3c). A hemisphere of
data was collected on the basis of ω-scan and ϕ-scan runs. The
diffraction frames were integrated using CrysAlis RED42 or SAINT,43

and the integrated intensities were corrected for absorption with
SADABS.44 The structures were determined and developed by
Fourier methods.45 All non-hydrogen atoms were refined with
anisotropic displacement parameters. The H atoms were placed at
idealized positions and treated as riding atoms. Each H atom was
assigned an isotropic displacement parameter equal to 1.2 times the
equivalent isotropic displacement parameter of its parent atom. To
determine and refine the structure, SHELX-9746 and Bruker APEX3
Software Package47 were used. The structures were refined to Fo

2, and
all reflections were used in the least-squares calculations.46 CCDC
1887636 (2c), CCDC 1971420 (3c), and CCDC 1971421 (3d)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Photophysical Experiments. A pulsed Nd:YAG SL404G-10
Spectron Laser Systems laser at an excitation wavelength of 532 nm
was employed to carry out the laser flash photolysis (LFP)
experiments. The energy of the single pulses (∼10 ns duration) was
<15 mJ pulse−1. The laser flash photolysis system is formed by the
pulsed laser, a pulsed Lo255 Oriel xenon lamp, a model 77,200 Oriel
monochromator, an Oriel photomultiplier tube (PMT) housing, a
model 70,705 PMT power supply, and a TDS-640A Tektronix
oscilloscope. Quenching rate constants (kq) were determined
according to the Stern−Volmer equation [1/τ = 1/το + kq[Q],
where το is the triplet lifetime of 3[Ru(bpy)3

2+]* in the absence of
oxazolone (Q), τ is the lifetime of 3[Ru(bpy)3

2+]* in the presence of a
given concentration of oxazolone, and [Q] is the oxazolone
concentration]. The quenching rate constants (kq, M

−1 s−1) were
the corresponding slopes of the linear fittings of the Stern−Volmer
plots.

Computational Details. The geometries of the triplet inter-
mediates shown in Figure 11 have been optimized using first-
principles methods based in DFT where four different functionals
(B3LYP-D3,38a PBE-D3,38b M062X-D3,38c and wB97XD38d) were
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used for the sake of completeness and to allow a more critical and safe
interpretation of the results. Also, for the same reason, two basis sets
were employed: Def2-TZVP38e and cc-pVTZ.38f All of these
functionals contain or have been completed (using Grimme’s D3
approach38g) with corrections for dispersion terms that are essential
for the correct account of energetics in conformationally large
molecules. All of the calculations have been performed using an
updated version of Gaussian0939 software. For each molecule, the
minimum energy conformation of the triplet state has been calculated,
and the corresponding triplet energies have been obtained. The
geometries of the triplet intermediates shown in Figure 12 were
optimized at the DFT level by using the M062X38c functional as
implemented in Gaussian 09.39 Initial structure optimizations were
carried out by using 6-31G(d,p), and further refinements were
performed at the M062X/def2TZVPP level. Solvent effects were
taken into account at the same levels of theory by applying the
conductor-like polarizable continuum model and Truhlar’s radii and
non-electrostatic terms (SMD),48 using dichloromethane as the
solvent, as in the experimental conditions. The solvent-corrected ΔG
energy was calculated as the difference between the gas phase and the
SMD solvated model. The critical stationary points were characterized
by frequency calculations to verify that they have the right number of
imaginary frequencies.
Synthesis of Cyclobutane Intermediates 2a−2h. Synthesis of

Bis(oxazolone)cyclobutane 2a. A deoxygenated solution of (Z)-4-
benzyliden-2-phenyl-5(4H)oxazolone 1a (300.0 mg, 1.20 mmol) and
photocatalyst [Ru(bpy)3](BF4)2 (44.7 mg, 0.060 mmol) in CH2Cl2
(10 mL) under an argon atmosphere was irradiated with blue light
(465 nm, 20 W) for 24 h at room temperature. After the reaction
time, the solvent was removed to dryness while irradiation was
maintained to prevent the retro-[2+2] reaction. The solid residue thus
obtained was treated with CHCl3 (8 mL) and stirred for an additional
5 min at room temperature. The resulting suspension was filtered
through a Celite bed to remove the insoluble Ru photocatalyst,
washing the Celite with additional CHCl3 (4 mL). This colorless
solution was evaporated to dryness, and the solid residue treated with
n-pentane (25 mL). Further stirring promoted the precipitation of a
white solid, which was filtered, washed with additional pentane (10
mL), dried by suction, and identified as 2a. Yield: 67.7 mg (23%).
Mp: 145−146 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C32H22N2NaO4, 521.1472; found, 521.1482. IR (ν, cm−1): 1818
(νCO), 1636 (νCN).

1H NMR (CDCl3, 300.13 MHz): δ 8.07 (m, 2H),
7.61 (tt, 1H, 3JHH = 7.4 Hz, 4JHH = 1.1 Hz), 7.49 (t, 2H, 3JHH = 7.3
Hz), 7.36−7.29 (m, 5H), 5.28 (s, 1H). 13C{1H} NMR (CDCl3, 75.5
MHz): δ 172.4, 163.9, 135.4, 133.5, 128.9, 128.8, 128.6, 127.9, 126.9,
124.9, 77.0, 46.3.
Synthesis of Bis(oxazolone)cyclobutane 2b. The synthesis of

bis(oxazolone)cyclobutane 2b has been carried out following the
same experimental procedure as that described for 2a. Therefore,
oxazolone 1b (300.0 mg, 1.08 mmol) and the photocatalyst (39.9 mg,
0.053 mmol) were irradiated in CH2Cl2 (10 mL) with blue light (465
nm) for 24 h to afford a yellow solid (123.6 mg), whose
characterization showed it to be a 1.0:4.0 2b/1b mixture. IR (ν,
cm−1): 1820 (νCO), 1652 (νCN). HRMS (ESI) m/z: [M + Na]+ calcd
for C34H26N2NaO6, 581.1683; found, 581.1659.

1H NMR (CD2Cl2,
300.13 MHz): δ 8.05 (m, 2H), 7.55−7.49 (m, 3H), 7.26 (m, 2H),
6.89 (m, 2H), 5.17 (s, 1H), 3.79 (s, 3H). 13C{1H} NMR (CD2Cl2,
75.5 MHz): δ 172.5, 163.7, 159.5, 133.5, 128.8, 128.4, 128.3, 127.2,
125.0, 114.2, 77.0, 55.2, 46.2.
Synthesis of Bis(oxazolone)cyclobutane 2c. The synthesis of

bis(oxazolone)cyclobutane 2c has been carried out following the same
experimental procedure as that described for 2a. Therefore, oxazolone
1c (300.0 mg, 1.14 mmol) and the photocatalyst (42.3 mg, 0.057
mmol) were irradiated in CH2Cl2 (10 mL) with blue light (465 nm)
for 24 h to afford pure 2c as a white solid. Yield: 58.3 mg (20%). Mp:
134−135 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C34H26N2NaO4, 549.1785; found, 549.1788. 1H NMR (CDCl3,
300.13 MHz): δ 8.05 (m, 2H), 7.60 (tt, 1H, 3JHH = 7.6 Hz, 4JHH =
1.2 Hz), 7.49 (t, 2H, 3JHH = 7.6 Hz), 7.18 (AA′ part of an AA′BB′
spin system, 2H), 7.13 (BB′ part of an AA′BB′ spin system, 2H), 5.22

(s, 1H), 2.33 (s, 3H). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 172.6,
163.7, 137.7, 133.5, 132.3, 129.6, 128.8, 128.6, 126.9, 125.0, 77.0,
46.2, 21.1.

Synthesis of Bis(oxazolone)cyclobutane 2d. The synthesis of
bis(oxazolone)cyclobutane 2d has been carried out following the
same experimental procedure as that described for 2a. Therefore,
oxazolone 1d (300.0 mg, 1.06 mmol) and the photocatalyst (39.3 mg,
0.053 mmol) were irradiated in CH2Cl2 (10 mL) with blue light (465
nm) for 24 h to afford a pale-yellow solid (177.6 mg), whose
characterization showed it to be a 1.0:5.2 2d/1d mixture. IR (ν,
cm−1): 1820 (νCO), 1632 (νCN). HRMS (ESI) m/z: [M + Na]+ calcd
for C32H20Cl2N2NaO4, 589.0692; found, 589.0690. 1H NMR
(CD2Cl2, 300.13 MHz): δ 8.04 (m, 2H), 7.69 (m, 1H), 7.62 (m,
2H), 7.35 (AA′ part of an AA′BB′ spin system, 2H), 7.25 (BB′ part of
an AA′BB′ spin system, 2H), 5.18 (s, 1H). 13C{1H} NMR (CD2Cl2,
75.5 MHz): δ 172.2, 164.2, 137.0, 133.7, 133.7, 133.6, 129.1, 128.5,
128.4, 125.5, 76.9, 45.8.

Synthesis of Bis(oxazolone)cyclobutane 2e. The synthesis of
bis(oxazolone)cyclobutane 2e has been carried out following the
same experimental procedure as that described for 2a. Therefore,
oxazolone 1e (300.0 mg, 1.12 mmol) and the photocatalyst (41.7 mg,
0.056 mmol) were irradiated in CH2Cl2 (10 mL) with blue light (465
nm) for 24 h to afford a pale-yellow solid (88.2 mg), whose
characterization showed it to be a 1.7:1.0 2e/1e mixture. HRMS
(ESI) m/z: [M + Na]+ calcd for C32H20F2N2NaO4, 557.1283; found,
557.1272. IR (ν, cm−1): 1818 (νCO), 1639 (νCN).

1H NMR (CDCl3,
300.13 MHz): δ 8.04 (m, 2H), 7.65−7.51 (m, 1H; overlapped with
signals due to 1e), 7.48 (t, 2H, 3JHH = 7.3 Hz), 7.25 (m, 2H), 7.03 (t,
2H, 3JHH = 3JHF = 8.7 Hz), 5.18 (s, 1H). 19F NMR (CDCl3, 282.40
MHz): δ −113.68 (tt, 3JFH = 8.7 Hz, 4JFH = 5.1 Hz). 13C{1H} NMR
(CDCl3, 75.5 MHz): δ 172.3, 164.2, 162.5 (d, 1JCF = 238 Hz), 130.6
(d, 4JCF = 3 Hz), 129.0, 128.8, 128.7 (d, 3JCF = 7 Hz), 128.6, 124.7,
116.0 (d, 2JCF = 21 Hz), 77.0, 45.9.

Synthesis of Bis(oxazolone)cyclobutane 2g. The synthesis of
bis(oxazolone)cyclobutane 2g has been carried out following the
same experimental procedure as that described for 2a. Therefore,
oxazolone 1g (300.0 mg, 0.95 mmol) and the photocatalyst (35.1 mg,
0.047 mmol) were irradiated in CH2Cl2 (10 mL) with blue light (465
nm) for 24 h to afford pure 2g as a white solid. Yield: 94.5 mg (31%).
Mp: 177−178 °C. HRMS (ESI) m/z: [M]+ calcd for C34H20F6N2O4,
634.1327; found, 634.1318. 1H NMR (CDCl3, 300.13 MHz): δ 8.05
(m, 2H), 7.65−7.60 (m, 3H), 7.50 (t, 2H, 3JHH = 7.3 Hz), 7.39 (AA′
part of an AA′BB′ spin system, 2H), 5.31 (s, 1H). 13C{1H} NMR
(CDCl3, 75.5 MHz): δ 172.1, 164.5, 138.8, 133.9, 130.5 (q, 2JCF =
34.7 Hz), 128.9, 128.7, 127.3, 126.0, 124.5, 123.8 (q, 1JCF = 273 Hz),
77.0, 45.8. 19F NMR (CDCl3, 282.40 MHz): δ −62.74 (s).

Synthesis of Bis(oxazolone)cyclobutane 2h. The synthesis of
bis(oxazolone)cyclobutane 2h has been carried out following the
same experimental procedure as that described for 2a. Therefore,
oxazolone 1h (300.0 mg, 1.08 mmol) and the photocatalyst (40.2 mg,
0.054 mmol) were irradiated in CH2Cl2 (10 mL) with blue light (465
nm) for 24 h to afford a pale-yellow solid (34.9 mg), whose
characterization showed it to be a 2.7:1.0 2h/1h mixture. IR (ν,
cm−1): 1816 (νCO), 1634 (νCN). HRMS (ESI) m/z: [M + Na]+ calcd
for C36H30N2NaO4, 577.2098; found, 577.2094.

1H NMR (CDCl3,
300.13 MHz): δ 8.05 (m, 2H), 7.60 (m, 1H), 7.48 (t, 2H, 3JHH = 7.5
Hz), 7.08 (d, 1H, 3JHH = 8 Hz), 7.07 (s, 1H), 7.03 (dd, 1H, 3JHH = 8.0
Hz, 4JHH = 3.0 Hz), 5.19 (s, 1H), 2.23 (s, 3H), 2.21 (s, 3H). 13C{1H}
NMR (CDCl3, 75.5 MHz): δ 172.6, 163.7, 137.0, 136.3, 133.4, 132.7,
130.1, 128.8, 128.6, 128.2, 125.0, 124.4, 77.0, 46.1, 19.9, 19.5.

Synthesis of 1,2-Diaminotruxinic Acid Derivatives 3a−3l.
Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-diphenylcyclobu-
tane-1,2-dicarboxylate 3a. Oxazolone 1a (284.9 mg, 1.143 mmol)
and photocatalyst [Ru(bpy)3](BF4)2 (40.0 mg, 0.054 mmol) were
dissolved under an Ar atmosphere in dexoygenated CH2Cl2 (5 mL).
This red solution was irradiated with the blue light (465 nm)
provided by a LED lamp (20 W) for 24 h. After the reaction, the
solvent was evaporated to dryness while irradiation was continued, to
avoid retro-[2+2] reaction. The solid residue was redissolved in
methanol (6 mL); a catalytic amount of NaOMe (9 mg, 0.167 mmol)
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was added, and the resulting suspension was heated to the reflux
temperature in an oil bath for 30 min. During this time, the initial
suspension dissolved, giving a red solution, which was allowed to cool
at room temperature and then evaporated to dryness. The dry residue
was treated with CHCl3 (4 mL) and subjected to flash
chromatography on silica gel using chloroform as the eluent. The
colorless solution, containing cyclobutane 3a, was evaporated to
dryness, and the solid residue treated with n-pentane to give a white
solid, which was filtered, washed with n-pentane (2 × 2 mL), dried by
suction, and identified as 3a. Yield: 249.6 mg (87%). Pure crystalline
3a can be obtained by slow diffusion of n-pentane into a CH2Cl2
solution of 3a at −18 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C34H30N2NaO6, 585.1996; found, 585.2012. 1H NMR (CDCl3,
300.13 MHz): δ 7.91 (m, 2H), 7.82 (s, 1H), 7.56 (tt, 1H, 3JHH =
6.9 Hz, 4JHH = 2.4 Hz), 7.48 (t, 2H, 3JHH = 6.9 Hz), 7.42 (m, 2H),
7.34−7.23 (m, 3H), 5.07 (s, 1H), 3.31 (s, 3H). 13C{1H} NMR
(CDCl3, 75.5 MHz): δ 168.8, 167.7, 136.8, 133.9, 128.7, 128.2, 127.7,
131.9, 127.4, 127.2, 69.0, 52.4, 47.0.
Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(4-

methoxyphenyl)cyclobutane-1,2-dicarboxylate 3b. Compound 3b
was obtained following an experimental procedure identical to that
described for 3a, but using an optimized reaction time. Therefore,
oxazolone 1b (276.0 mg, 0.989 mmol) and [Ru(bpy)3](BF4)2 (34.7
mg, 0.047 mmol) (5% mole ratio) were irradiated for 24 h in CH2Cl2
(5 mL) and then reacted with NaOMe in refluxing MeOH (5 mL) for
45 min to give 3b as a white solid after chromatographic purification
and crystallization in a CH2Cl2/n-pentane solvent. Yield: 186.4 mg
(67%). Mp: 157−158 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C36H34N2NaO8, 645.2207; found, 645.2234. 1H NMR (CDCl3,
300.13 MHz): δ 7.90 (m, 2H), 7.73 (s, 1H), 7.56 (tt, 1H, 3JHH = 7
Hz, 4JHH = 1.5 Hz), 7.48 (t, 1H, 3JHH = 7 Hz), 7.33 (m, 2H), 6.84 (m,
2H), 4.91 (s, 1H), 3.79 (s, 3H), 3.35 (s, 3H). 13C{1H} NMR (CDCl3,
75.5 MHz): δ 168.9, 167.6, 158.9, 133.9, 131.9, 129.0, 128.7, 128.5,
127.2, 113.6, 68.9, 55.2, 52.4, 46.9.
Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(p-tolyl)-

cyclobutane-1,2-dicarboxylate 3c. Compound 3c was obtained
following an experimental procedure identical to that described for 3a,
but using an optimized reaction time. Therefore, oxazolone 1c (293.3
mg, 1.115 mmol) and [Ru(bpy)3](BF4)2 (40.4 mg, 0.054 mmol) (5%
mole ratio) were irradiated for 20 h in CH2Cl2 (5 mL) and then
reacted with NaOMe in refluxing MeOH (5 mL) for 30 min to give
3c as a white solid after chromatographic purification and
crystallization in a CH2Cl2/n-pentane solvent. Yield: 80.8 mg
(30%). Mp: 197−198 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C36H34N2NaO6, 613.2309; found, 613.2332. 1H NMR (CDCl3,
300.13 MHz): δ 7.90 (m, 2H), 7.75 (s, 1H), 7.56 (tt, 1H, 3JHH =
7.0 Hz, 4JHH = 1.5 Hz), 7.49 (t, 2H, 3JHH = 7.4 Hz), 7.29 (m, 2H),
7.11 (m, 2H), 4.95 (s, 1H), 3.33 (s, 3H), 2.32 (s, 3H). 13C{1H} NMR
(CDCl3, 75.5 MHz): δ 168.9, 167.6, 137.0, 134.0, 133.5, 131.8, 128.9,
128.7, 127.7, 127.2, 68.9, 52.4, 47.0, 21.1.
Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(4-

chlorophenyl)cyclobutane-1,2-dicarboxylate 3d. Compound 3d
was obtained following an experimental procedure identical to that
described for 3a, but using an optimized reaction time. Therefore,
oxazolone 1d (289.1 mg, 1.021 mmol) and [Ru(bpy)3](BF4)2 (37.1
mg, 0.050 mmol) (5% mole ratio) were irradiated for 19 h in CH2Cl2
(5 mL) and then reacted with NaOMe in refluxing MeOH (5 mL) for
45 min to give 3d as a white solid after chromatographic purification
and crystallization in a CH2Cl2/n-pentane solvent. Yield: 199.5 mg
(69%). Mp: 222−223 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C34H28Cl2N2NaO6, 653.1217; found, 653.1228.

1H NMR (CDCl3,
300.13 MHz): δ 7.88 (m, 2H), 7.79 (s, 1H), 7.57 (tt, 1H, 3JHH = 7.2
Hz, 4JHH = 2.4 Hz), 7.49 (m, 2H), 7.35−7.27 (AA′BB′ spin system,
4H), 4.97 (s, 1H), 3.36 (s, 3H). 13C{1H} NMR (CDCl3, 75.5 MHz):
δ 168.6, 167.8, 134.9, 133.6, 133.5, 132.1, 129.2, 128.8, 128.5, 127.2,
68.8, 52.6, 46.6.
Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(4-

fluorophenyl)cyclobutane-1,2-dicarboxylate 3e. Compound 3e
was obtained following an experimental procedure identical to that
described for 3a, but using an optimized reaction time. Therefore,

oxazolone 1e (297.7 mg, 1.06 mmol) and [Ru(bpy)3](BF4)2 (42.4
mg, 0.057 mmol) (5% mole ratio) were irradiated for 46 h in CH2Cl2
(5 mL) and then reacted with NaOMe in refluxing MeOH (5 mL) for
45 min to give 3e as a white solid after chromatographic purification
and crystallization in a CH2Cl2/n-pentane solvent. Yield: 126.8 mg
(43%). Mp: 155−156 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C34H28F2N2NaO6, 621.1808; found, 621.1803. 1H NMR (CDCl3,
300.13 MHz): δ 7.89 (m, 2H), 7.74 (s, 1H), 7.57 (tt, 1H, 3JHH = 9
Hz, 4JHH = 3 Hz), 7.49 (t, 2H, 3JHH = 7.5 Hz), 7.38 (dd, 2H, 3JHH = 9
Hz, 4JFH = 6 Hz), 7.01 (t, 2H, 3JHH = 3JFH = 9 Hz), 4.97 (s, 1H), 3.35
(s, 3H). 13C{1H}NMR (CDCl3, 75.5 MHz): δ 168.7, 167.8, 162.2 (d,
1JCF = 246 Hz), 133.7, 132.2 (d, 4JCF = 4 Hz), 132. 0, 129.5 (d, 3JCF =
8 Hz), 128.7, 127.2, 115.2 (d, 2JCF = 21 Hz), 68.9, 52.5, 46.7. 19F
NMR (CDCl3, 282.40 MHz): δ −114.75 (tt, 3JFH = 9 Hz, 4JFH = 6
Hz).

Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(4-
nitrophenyl)cyclobutane-1,2-dicarboxylate 3f. Compound 3f was
obtained following an experimental procedure identical to that
described for 3a, but using an optimized reaction time. Therefore,
oxazolone 1f (295.4 mg, 1.00 mmol) and [Ru(bpy)3](BF4)2 (38.0
mg, 0.051 mmol) (5% mole ratio) were irradiated for 48 h in CH2Cl2
(5 mL) and then reacted with NaOMe in refluxing MeOH (5 mL) for
45 min to give 3f as a white solid after chromatographic purification
and crystallization in a CH2Cl2/n-pentane solvent. Yield: 87.0 mg
(30%). HRMS (ESI) m/z: [M + Na]+ calcd for C34H28N4NaO10,
675.1698; found, 675.1665. 1H NMR (CDCl3, 300.13 MHz): δ 8.21
(m, 2H), 7.89 (m, 2H), 7.72 (s, 1H), 7.63−7.50 (m, 5H), 5.16 (s,
1H), 3.39 (s, 3H). 13C{1H}NMR (CDCl3, 75.5 MHz): δ 168.3, 167.9,
147.4, 143.6, 133.2, 132. 4, 128.9, 128.8, 127.2, 123.6, 69.0, 52.9, 47.0.

Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(3,4-
dimethylphenyl)cyclobutane-1,2-dicarboxylate 3h. Compound 3h
was obtained following an experimental procedure identical to that
described for 3a, but using an optimized reaction time. Therefore,
oxazolone 1h (273.1 mg, 0.985 mmol) and [Ru(bpy)3](BF4)2 (36.6
mg, 0.049 mmol) (5% mole ratio) were irradiated for 21 h in CH2Cl2
(5 mL) and then reacted with NaOMe in refluxing MeOH (5 mL) for
30 min to give 3h as a white solid after chromatographic purification
and crystallization in a CH2Cl2/n-pentane solvent. Yield: 113.6 mg
(42%). Mp: 224−225 °C. HRMS (ESI) m/z: [M + Na]+ calcd for
C38H38N2NaO6, 641.2630; found, 641.2622. 1H NMR (CDCl3,
300.13 MHz): δ 7.91 (m, 2H), 7.77 (s, 1H), 7.56 (tt, 1H, 3JHH =
7.2 Hz, 4JHH = 1.2 Hz), 7.49 (tt, 2H, 3JHH = 7.8 Hz, 4JHH = 1.2 Hz),
7.16 (s, 1H), 7.12 (dd, 3JHH = 7.8 Hz, 4JHH = 1.5 Hz), 7.06 (d, 3JHH =
7.8 Hz), 4.91 (s, 1H), 3.33 (s, 3H), 2.24 (s, 3H), 2.22 (s, 3H).
13C{1H} NMR (CDCl3, 75.5 MHz): δ 169.0, 167.6, 136.2, 135.6,
134.1, 133.9, 131.8, 129.4, 129.0, 128.6, 127.2, 125.3, 69.0, 52.3, 47.0,
19.9, 19.4.

Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(3,4-
dichlorophenyl)cyclobutane-1,2-dicarboxylate 3i. Compound 3i
was obtained following an experimental procedure identical to that
described for 3a, but using an optimized reaction time. Therefore,
oxazolone 1i (300.9 mg, 0.949 mmol) and [Ru(bpy)3](BF4)2 (36.2
mg, 0.049 mmol) (5% mole ratio) were irradiated for 22 h in CH2Cl2
(5 mL) and then reacted with NaOMe in refluxing MeOH (5 mL) for
45 min to give 3i as a white solid after chromatographic purification
and crystallization in a CH2Cl2/n-pentane solvent. Yield: 197.5 mg
(66%). HRMS (ESI) m/z: [M + Na]+ calcd for C34H26Cl4N2NaO6,
721.0437; found, 721.0427. 1H NMR (CDCl3, 300.13 MHz): δ 7.88
(m, 2H), 7.83 (s, 1H), 7.57 (tt, 1H, 3JHH = 7.2 Hz, 4JHH = 1.2 Hz),
7.53−7.44 (m, 2H), 7.38 (m, 1H), 7.25 (dd, 1H, 3JHH = 8.4 Hz, 4JHH
= 2.1 Hz), 4.93 (s, 1H), 3.40 (s, 3H). 13C{1H} NMR (CDCl3, 75.5
MHz): δ 168.4, 167.9, 136.5, 133.4, 132.5, 132.2, 131.8, 130.3, 129.8,
128.8, 127.5, 127.2, 68.8, 52.8, 46.3.

Synthesis of Dimethyl-1,2-bis(benzamido)-3,4-bis(m-tolyl)-
cyclobutane-1,2-dicarboxylate 3j. Compound 3j was obtained
following an experimental procedure identical to that described for
3a, but using an optimized reaction time. Therefore, oxazolone 1j
(289.1 mg, 1.1 mmol) and [Ru(bpy)3](BF4)2 (41.0 mg, 0.055 mmol)
(5% mole ratio) were irradiated for 24 h in CH2Cl2 (5 mL) and then
reacted with NaOMe in refluxing MeOH (5 mL) for 30 min to give 3j
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as a white solid after chromatographic purification and crystallization
in a CH2Cl2/n-pentane solvent. Yield: 110.0 mg (38%). Mp: 150−
151 °C. HRMS (ESI) m/z: [M + Na]+ calcd for C36H34N2NaO6,
613.2309; found, 613.2315. 1H NMR (CDCl3, 300.13 MHz): δ 7.91
(m, 2H), 7.76 (s, 1H), 7.58−7.46 (m, 4H), 7.23−7.17 (m, 2H), 7.07
(m, 1H), 4.99 (s, 1H), 3.31 (s, 3H), 2.34 (s, 3H). 13C{1H}NMR
(CDCl3, 75.5 MHz): δ 168.9, 167.6, 137.7, 136.6, 134.0, 131.8, 128.7,
128.3, 128.2, 128.1, 127.2, 124.8, 69.0, 52.3, 46.9, 21.5.
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Consejo Superior de Investigaciones Científicas, 46022
Valencia, Spain; orcid.org/0000-0003-0496-6331

Enrique Gómez-Bengoa − Departamento de Química
Orgánica I, Universidad del País Vasco, UPV-EHU, CP-
20080 Donostia-San Sebastián, Spain; orcid.org/0000-
0002-8753-3760

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.1c03092

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank the Spanish Government for funding:
Project PID2020-119636GB-I00, funded by MCIN/AEI/
10.13039/501100011033; Projects PID2019-106394GB-I00/
AEI/10.13039/501100011033, PID2019-110441RB-C33/
AEI/10.13039/501100011033, and PID2019-110008GB-I00/
AEI/10.13039/501100011033, funded by MCIN/AEI/
10.13039/501100011033; Projects RTI2018-101784-B-I00,
RTI2018-101033-B-I00, and CTQ2017-84825-R, funded by
MCIN/AEI/10.13039/501100011033 and FEDER Una man-
era de hacer Europa. E.P.U., A.I.J., and S.S. thank Gobierno de
Aragón-FSE (Spain, research group Aminoácidos y Péptidos
E19_20R) for funding. G.S. thanks CTI-CSIC and ASIC-UPV
for the use of computational facilities. E.G.-B. thanks SGIker
(UPV/EHU) for providing human and computational
resources. A.P. is grateful for the financial support of the
Romanian Ministry of Education and Research through Grant
PN-III-P1-1.1-MC-2018-2580. S.S. thanks Gobierno de
Aragón-FSE for a Ph.D. fellowship.

■ REFERENCES
(1) (a) Yoon, T. P.; Ischay, M. A.; Du, J. Visible light photocatalysis
as a greener approach to photochemical synthesis. Nat. Chem. 2010,
2, 527. (b) Narayanam, J. M. R.; Stephenson, C. R. J. Visible light
photoredox catalysis: applications in organic synthesis. Chem. Soc. Rev.
2011, 40, 102. (c) Tucker, J. W.; Stephenson, C. R. J. Shining Light
on Photoredox catalysis: Theory and Synthetic Applications. J. Org.
Chem. 2012, 77, 1617. (d) Prier, C. K.; Rankic, D. A.; MacMillan, D.
W. C. Visible Light Photoredox Catalysis with Transition Metal
Complexes: Applications in Organic Synthesis. Chem. Rev. 2013, 113,
5322.
(2) Stephenson, C. R. J., Yoon, T. P., MacMillan, D. W. C., Eds.
Visible Light Photocatalysis in Organic Chemistry; Wiley-VCH:
Weinheim, Germany, 2018.
(3) Balzani, V.; Ceroni, P.; Juris, A. Photochemistry and Photophysics:
Concepts, Research, Applications; Wiley-VCH: Weinheim, Germany,
2014.
(4) Evans, R. C., Douglas, P., Burrow, H. D., Eds. Applied
Photochemistry; Springer: Dordrecht, The Netherlands, 2013.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c03092
J. Org. Chem. 2022, 87, 3529−3545

3542

https://pubs.acs.org/doi/10.1021/acs.joc.1c03092?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c03092/suppl_file/jo1c03092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c03092/suppl_file/jo1c03092_si_002.zip
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1887636&id=doi:10.1021/acs.joc.1c03092
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1971420&id=doi:10.1021/acs.joc.1c03092
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1971421&id=doi:10.1021/acs.joc.1c03092
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esteban+P.+Urriolabeitia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9779-5820
https://orcid.org/0000-0001-9779-5820
mailto:esteban@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonia+Sierra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Victoria+Gomez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3183-0504
https://orcid.org/0000-0002-3183-0504
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+I.+Jime%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Pop"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristian+Silvestru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Luisa+Mari%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9789-8894
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francisco+Bosca%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Germa%CC%81n+Sastre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0496-6331
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enrique+Go%CC%81mez-Bengoa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8753-3760
https://orcid.org/0000-0002-8753-3760
https://pubs.acs.org/doi/10.1021/acs.joc.1c03092?ref=pdf
https://doi.org/10.1038/nchem.687
https://doi.org/10.1038/nchem.687
https://doi.org/10.1039/B913880N
https://doi.org/10.1039/B913880N
https://doi.org/10.1021/jo202538x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo202538x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300503r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300503r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c03092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(5) (a) Beeler, A. A. Introduction: Photochemistry in Organic
Synthesis. Chem. Rev. 2016, 116, 9629. (b) Stephenson, C. R. J.;
Yoon, T. Enabling Chemical Synthesis with Visible Light. Acc. Chem.
Res. 2016, 49, 2059. (c) Romero, N. A.; Nicewicz, D. A. Organic
Photoredox Catalysis. Chem. Rev. 2016, 116, 10075. (d) Corrigan, N.;
Shanmugam, S.; Xu, J.; Boyer, C. Photocatalysis in organic and
polymer synthesis. Chem. Soc. Rev. 2016, 45, 6165. (e) Ghosh, I.;
Marzo, L.; Das, A.; Shaikh, R.; König, B. Visible Light Mediated
Photoredox Catalytic Arylation Reactions. Acc. Chem. Res. 2016, 49,
1566. (f) Shaw, M. H.; Twilton, J.; MacMillan, D. W. C. Photoredox
Catalysis in Organic Chemistry. J. Org. Chem. 2016, 81, 6898.
(g) Fairbanks, B. D.; Macdougall, L. J.; Mavila, S.; Sinha, J.;
Kirkpatrick, B. E.; Anseth, K. S.; Bowman, C. N. Photoclick
Chemistry: A Bright Idea. Chem. Rev. 2021, 121, 6915. (h) Li, X.;
Wang, W.; Dong, F.; Zhang, Z.; Han, L.; Luo, X.; Huang, J.; Feng, Z.;
Chen, Z.; Jia, G.; Zhang, T. Recent Advances in Noncontact External-
Field-Assisted Photocatalysis: From Fundamentals to Applications.
ACS Catal. 2021, 11, 4739. (i) Chen, J.-R.; Hu, X.-Q.; Lu, L.-Q.; Xiao,
W.-J. Exploration of Visible Light Photocatalysis in Heterocycle
Synthesis and Functionalization: reaction Design and Beyond. Acc.
Chem. Res. 2016, 49, 1911.
(6) (a) Twilton, J.; Le, C.; Zhang, P.; Shaw, M. H.; Evans, R. W.;
MacMillan, D. W. C. The merger of transition metal and
photocatalysis. Nat. Rev. Chem. 2017, 1, 0052. (b) Fabry, D. C.;
Rueping, M. Merging Visible Light Photoredox Catalysis with Metal
Catalyzed C-H Activations: On the Role of Oxygen and Superoxide
Ions as Oxidants. Acc. Chem. Res. 2016, 49, 1969. (c) Hopkinson, M.
N.; Tlahuext-Aca, A.; Glorius, F. Merging Visible Light Photoredox
and Gold Catalysis. Acc. Chem. Res. 2016, 49, 2261. (d) Skubi, K. L.;
Blum, T. R.; Yoon, T. P. Dual Catalysis Strategies in Photochemical
Synthesis. Chem. Rev. 2016, 116, 10035. (e) Förster, C.; Heinze, K.
Photophysics and photochemistry with Earth abundant metals −
fundamentals and concepts. Chem. Soc. Rev. 2020, 49, 1057.
(f) Cheng, W.-M.; Shang, R. Transition Metal-Catalyzed Organic
Reactions under Visible Light: Recent Developments and Future
Perspectives. ACS Catal. 2020, 10, 9170. (g) Nikitas, N. F.; Gkizis, P.
L.; Kokotos, C. G. Thioxanthone: a powerful photocatalyst for organic
reactions. Org. Biomol. Chem. 2021, 19, 5237.
(7) (a) Yoon, T. P. Photochemical Stereocontrol Using Tandem
Photoredox-Chiral Lewis Acid Catalysis. Acc. Chem. Res. 2016, 49,
2307. (b) Du, J.; Skubi, K. L.; Schultz, D. M.; Yoon, T. P. A Dual-
Catalysis Approach to Enantioselective [2 + 2] Photocycloadditions
Using Visible Light. Science 2014, 344, 392. (c) Rigotti, T.; Alemán, J.
Visible Light Photocatalysis − from Racemic to Asymmetric
Activation Strategies. Chem. Commun. 2020, 56, 11169. (d) Huang,
X.; Meggers, E. Asymmetric Photocatalysis with Bis-cyclometalated
Rhodium Complexes. Acc. Chem. Res. 2019, 52, 833. (e) Sideri, I. K.;
Voutyritsa, E.; Kokotos, C. G. Photoorganocatalysis, small organic
molecules and light in the service of organic synthesis: the awakening
of a sleeping giant. Org. Biomol. Chem. 2018, 16, 4596.
(8) Maiti, B.; Abramov, A.; Pérez-Ruiz, R.; Díaz Díaz, D. The
Prospect of Photochemical Reactions in Confined Gel Media. Acc.
Chem. Res. 2019, 52, 1865.
(9) (a) Poplata, S.; Tröster, A.; Zou, Y.-Q.; Bach, T. Recent
Advances in the Synthesis of Cyclobutanes by Olefin [2 + 2]
Photocycloaddition Reactions. Chem. Rev. 2016, 116, 9748. (b) Du,
J.; Yoon, T. P. Crossed Intermolecular [2 + 2] Cycloadditions of
Acyclic Enones via Visible Light Photocatalysis. J. Am. Chem. Soc.
2009, 131, 14604. (c) Xie, X.; Pan, H.; Zhou, T. P.; Han, M. Y.;
Wang, L.; Geng, X.; Ma, Y.; Liao, R. Z.; Wang, Z. M.; Yang, J.; Li, P.
ortho-Ethynyl group assisted regioselective and diastereoselective [2 +
2] cross-photocycloaddition of alkenes under photocatalyst-, additive-,
and solvent-free conditions. Org. Chem. Front. 2021, 8, 5872.
(10) (a) Namyslo, J. C.; Kaufmann, D. E. The application of
cyclobutane derivatives in organic synthesis. Chem. Rev. 2003, 103,
1485. (b) Lee-Ruff, E.; Mladenova, G. Enantiomerically Pure
Cyclobutane Derivatives and Their Use in Organic Synthesis. Chem.
Rev. 2003, 103, 1449.

(11) Kärkäs, M. D.; Porco, J. A., Jr.; Stephenson, C. R. J.
Photochemical Approaches to Complex Chemotypes: Applications
in Natural Product Synthesis. Chem. Rev. 2016, 116, 9683.
(12) Gutekunst, W. R.; Baran, P. S. Applications of C−H
Functionalization Logic to Cyclobutane Synthesis. J. Org. Chem.
2014, 79, 2430.
(13) (a) Liebermann, C. Cinnamic acid polymers obtained from the
minor alkaloids of cocaine. Ber. Deutschen Chem. Gesell. 1888, 21,
2342. (b) ibid. 3196. (c) ibid 3372. (d) Hesse. Pharmazeutische
Zeitung 1887, 32, 407. (e) Krauze-Baranowska, M. Truxillic and
truxinic acids-occurrence in plant kingdom. Acta Pol. Pharm. 2002, 59,
403.
(14) (a) Berger, W. T.; Ralph, B. P.; Kaczocha, M.; Sun, J.; Balius, T.
E.; Rizzo, R. C.; Haj-Dahmane, S.; Ojima, I.; Deutsch, D. G.
Targeting Fatty Acid Binding Protein (FABP) Anandamide Trans-
porters − A Novel Strategy for Development of Anti-Inflammatory
and Anti-Nociceptive Drugs. PLoS One 2012, 7, e50968. (b) Sergeiko,
A.; Poroikov, V. V.; Hanus, L. O.; Dembitsky, V. M. Cyclobutane-
Containing Alkaloids: Origin, Synthesis, and Biological Activities.
Open Med. Chem. J. 2008, 2, 26. (c) Sokolova, A.; Pavlova, A.;
Komarova, N.; Ardashov, O.; Shernyukov, A.; Gatilov, Y.; Yarovaya,
O.; Tolstikova, T.; Salakhutdinov, N. Synthesis and analgesic activity
of new α-truxillic acid derivatives with monoterpenoid fragments.
Med. Chem. Res. 2016, 25, 1608. (d) Yan, S.; Elmes, M. W.; Tong, S.;
Hu, K.; Awwa, M.; Teng, G. Y. H.; Jing, Y.; Freitag, M.; Gan, Q.;
Clement, T.; Wei, L.; Sweeney, J. M.; Joseph, O. M.; Che, J.;
Carbonetti, G. S.; Wang, L.; Bogdan, D. M.; Falcone, J.; Smietalo, N.;
Zhou, Y.; Ralph, B.; Hsu, H.-C.; Li, H.; Rizzo, R. C.; Deutsch, D. G.;
Kaczocha, M.; Ojima, I. Eur. J. Med. Chem. 2018, 154, 233.
(15) (a) Liu, Q.; Li, N.; Yuan, Y.; Lu, H.; Wu, X.; Zhou, C.; He, M.;
Su, H.; Zhang, M.; Wang, J.; Wang, B.; Wang, Y.; Ma, D.; Ye, Y.;
Weiss, H.-C.; Gesing, E. R. F.; Liao, J.; Wang, M.-W. Cyclobutane
Derivatives As Novel Nonpeptidic Small Molecule Agonists of
Glucagon-Like Peptide-1 Receptor. J. Med. Chem. 2012, 55, 250.
(b) He, M.; Guan, N.; Gao, W.-W.; Liu, Q.; Wu, X.-Y.; Ma, D.-W.;
Zhong, D.-F.; Ge, G.-B.; Li, C.; Chen, X.-Y.; Yang, L.; Liao, J.-Y.;
Wang, M.-W. A continued saga of Boc5, the first non-peptidic
glucagon-like peptide-1 receptor agonist with in vivo activities. Acta
Pharm. Sin. 2012, 33, 148. (c) Chen, D.; Liao, J.; Li, N.; Zhou, C.;
Liu, Q.; Wang, G.; Zhang, R.; Zhang, S.; Lin, L.; Chen, K.; Xie, X.;
Nan, F.; Young, A. A.; Wang, M.-W. A nonpeptidic agonist of
glucagon-like peptide 1 receptors with efficacy in diabetic db/db mice.
Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 943.
(16) (a) Lawrenz, D.; Mohr, S.; Wendländer, B. Formation of 1,3-
diazetidines via C−N dimerization of 4-cycloalkylidene-oxazol-5(4H)-
ones in the solid state. J. Chem. Soc. Chem. Commun. 1984, 863.
(b) Blanco-Lomas, M.; Campos, P. J.; Sampedro, D. Benzylidene-
Oxazolones as Molecular Photoswitches. Org. Lett. 2012, 14, 4334.
(17) (a) Roiban, D.; Serrano, E.; Soler, T.; Grosu, I.; Cativiela, C.;
Urriolabeitia, E. P. Unexpected [2 + 2] C−C bond coupling due to
photocycloaddition on orthopalladated (Z)-2-aryl-4-arylidene-5(4H)-
oxazolones. Chem. Commun. 2009, 4681. (b) Serrano, E.; Juan, A.;
García-Montero, A.; Soler, T.; Jiménez-Marquez, F.; Cativiela, C.;
Gómez, M. V.; Urriolabeitia, E. P. Stereoselective Synthesis of 1,3-
Diaminotruxillic Acid Derivatives: An Advantageous Combination of
C-H-ortho-Palladation and On-Flow [2 + 2]-Photocycloaddition in
Microreactors. Chem. - Eur. J. 2016, 22, 144. (c) Carrera, C.; Denisi,
A.; Cativiela, C.; Urriolabeitia, E. P. Functionalized 1,3-diaminotrux-
illic acids by Pd-mediated C-H activation and [2 + 2]-photo-
cycloaddition of 5(4H)-oxazolones. Eur. J. Inorg. Chem. 2019, 2019,
3481. (d) Urriolabeitia, E. P.; Sánchez, P.; Pop, A.; Silvestru, C.; Laga,
E.; Jiménez, A. I.; Cativiela, C. Synthesis of esters of diaminotruxillics
bis-amino acids by Pd-mediated photocycloaddition of analogs of the
Kaede protein chromophore. Beilstein. J. Org. Chem. 2020, 16, 1111.
(18) García-Montero, A.; Rodríguez, A. M.; Juan, A.; Velders, A. H.;
Denisi, A.; Jiménez-Osés, G.; Gómez-Bengoa, E.; Cativiela, C.;
Gómez, M. V.; Urriolabeitia, E. P. Metal-Free [2 + 2]-Photo-
cycloaddition of (Z)-4-Aryliden-5(4H)-Oxazolones as Straightforward

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c03092
J. Org. Chem. 2022, 87, 3529−3545

3543

https://doi.org/10.1021/acs.chemrev.6b00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CS00185H
https://doi.org/10.1039/C6CS00185H
https://doi.org/10.1021/acs.accounts.6b00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c05354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c05354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-017-0052
https://doi.org/10.1038/s41570-017-0052
https://doi.org/10.1021/acs.accounts.6b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00573K
https://doi.org/10.1039/C9CS00573K
https://doi.org/10.1021/acscatal.0c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1OB00221J
https://doi.org/10.1039/D1OB00221J
https://doi.org/10.1021/acs.accounts.6b00280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1251511
https://doi.org/10.1126/science.1251511
https://doi.org/10.1126/science.1251511
https://doi.org/10.1039/D0CC03738A
https://doi.org/10.1039/D0CC03738A
https://doi.org/10.1021/acs.accounts.9b00028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8OB00725J
https://doi.org/10.1039/C8OB00725J
https://doi.org/10.1039/C8OB00725J
https://doi.org/10.1021/acs.accounts.9b00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903732v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903732v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1QO01017D
https://doi.org/10.1039/D1QO01017D
https://doi.org/10.1039/D1QO01017D
https://doi.org/10.1021/cr010010y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010010y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010013a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010013a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4027148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4027148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.18880210232
https://doi.org/10.1002/cber.18880210232
https://doi.org/10.1371/journal.pone.0050968
https://doi.org/10.1371/journal.pone.0050968
https://doi.org/10.1371/journal.pone.0050968
https://doi.org/10.2174/1874104500802010026
https://doi.org/10.2174/1874104500802010026
https://doi.org/10.1007/s00044-016-1593-z
https://doi.org/10.1007/s00044-016-1593-z
https://doi.org/10.1021/jm201150j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm201150j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm201150j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/aps.2011.169
https://doi.org/10.1038/aps.2011.169
https://doi.org/10.1073/pnas.0610173104
https://doi.org/10.1073/pnas.0610173104
https://doi.org/10.1039/C39840000863
https://doi.org/10.1039/C39840000863
https://doi.org/10.1039/C39840000863
https://doi.org/10.1021/ol301741g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301741g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b907647f
https://doi.org/10.1039/b907647f
https://doi.org/10.1039/b907647f
https://doi.org/10.1002/chem.201503742
https://doi.org/10.1002/chem.201503742
https://doi.org/10.1002/chem.201503742
https://doi.org/10.1002/chem.201503742
https://doi.org/10.1002/ejic.201900548
https://doi.org/10.1002/ejic.201900548
https://doi.org/10.1002/ejic.201900548
https://doi.org/10.3762/bjoc.16.98
https://doi.org/10.3762/bjoc.16.98
https://doi.org/10.3762/bjoc.16.98
https://doi.org/10.1021/acssuschemeng.7b02140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b02140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c03092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Synthesis of 1,3-Diaminotruxillic Acid Precursors: Synthetic Scope
and Mechanistic Studies. ACS Sustainable Chem. Eng. 2017, 5, 8370.
(19) (a) Schmidt, G. M. J. Photodimerization in the solid state. Pure
Appl. Chem. 1971, 27, 647. (b) Ramamurthy, V.; Venkatesan, K.
Photochemical reactions of organic crystals. Chem. Rev. 1987, 87, 433.
(20) (a) Pagire, S. K.; Hossain, A.; Traub, L.; Kerres, S.; Reiser, O.
Photosensitised regioselective [2 + 2]-cycloaddition of cinnamates
and related alkenes. Chem. Commun. 2017, 53, 12072. (b) Lei, T.;
Zhou, C.; Huang, M.-Y.; Zhao, L. M.; Yang, B.; Ye, C.; Xiao, H.;
Meng, Q.-Y.; Ramamurthy, V.; Tung, C.-H.; Wu, L.-Z. General and
Efficient Intermolecular [2 + 2] Photodimerization of Chalcones and
Cinnamic Acid Derivatives in Solution through Visible-Light
Catalysis. Angew. Chem., Int. Ed. 2017, 56, 15407.
(21) (a) Amador, A. G.; Yoon, T. P. A Chiral Metal Photocatalyst
Architecture for Highly Enantioselective Photoreactions. Angew.
Chem., Int. Ed. 2016, 55, 2304. (b) Tröster, A.; Alonso, R.; Bauer,
A.; Bach, T. Enantioselective Intermolecular [2 + 2] Photo-
cycloaddition Reactions of 2(1H)-Quinolones Induced by Visible
Light Irradiation. J. Am. Chem. Soc. 2016, 138, 7808. (c) Poplata, S.;
Bach, T. Enantioselective Intermolecular [2 + 2] Photocycloaddition
Reaction of Cyclic Enones and its Application in a Synthesis of
(−)-Grandisol. J. Am. Chem. Soc. 2018, 140, 3228. (d) Leverenz, M.;
Merten, C.; Dreuw, A.; Bach, T. Lewis Acid Catalyzed Enantiose-
lective Photochemical Rearrangements on the Singlet Potential
Energy Surface. J. Am. Chem. Soc. 2019, 141, 20053. (e) Hörmann,
F. M.; Kerzig, C.; Chung, T. S.; Bauer, A.; Wenger, O. S.; Bach, T.
Triplet Energy Transfer from Ruthenium Complexes to Chiral
Eniminium Ions: Enantioselective Synthesis of Cyclobutane-carbalde-
hydes by [2 + 2] Photocycloaddition. Angew. Chem., Int. Ed. 2020, 59,
9659. (f) Huang, X.; Quinn, T. R.; Harms, K.; Webster, R. D.; Zhang,
L.; Wiest, O.; Meggers, E. Direct Visible-Light Excited Asymmetric
Lewis Acid Catalysisof Intermolecular [2 + 2] Photocycloadditions. J.
Am. Chem. Soc. 2017, 139, 9120. (g) Daub, M. E.; Jung, H.; Lee, B. J.;
Won, J.; Baik, M.-H.; Yoon, T. P. Enantioselective [2 + 2]
Cycloadditions of Cinnamate Esters: Generalizing Lewis Acid
Catalysis of Triplet Energy Transfer. J. Am. Chem. Soc. 2019, 141,
9543. (h) Yang, Y.; Wen, Y.; Dang, Z.; Yu, H. Mechanistic
Investigation of Visible-Light-Induced Intermolecular [2 + 2]
Photocycloaddition Catalyzed with Chiral Thioxanthone. J. Phys.
Chem. A 2017, 121, 4552. (i) Ma, L.-L.; An, Y.-Y.; Sun, L.-Y.; Wang,
Y.-Y.; Hahn, F. E.; Han, Y.-F. Supramolecular Control of Photo-
cycloaddition in Solution: In Situ Stereoselective Synthesis and
Release of Cyclobutanes. Angew. Chem., Int. Ed. 2019, 58, 3986.
(22) Marra, I. F. S.; de Almeida, A. M.; Silva, L. P.; de Castro, P. P.;
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