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The reaction of Pd(OAc)2 with (Z)-5-arylidene-4-(4H)-imidazolones (2a–e) and (Z)-4-arylidene-5(4H)-

thiazolones (3a–e) in trifluoroacetic acid results in the corresponding orthopalladated dinuclear com-

plexes (4a–e, imidazolones; 11a–d, thiazolones) with trifluoroacetate bridges through regioselective C–H

activation at the ortho position of the 4-arylidene group. Compound 4e, which contains an imidazolone

substituted at 2- and 4-positions of the arylidene ring with methoxide groups and exhibits strong push–

pull charge transfer, is an excellent precursor for the synthesis of fluorescent complexes with green yel-

lowish emission and remarkable quantum yields. Breaking the bridging system with pyridine yields the

mononuclear complex 5e (ΦF = 5%), while metathesis of trifluoroacetate ligands with chloride leads to

the dinuclear complex 6e, also a precursor of fluorescent complexes by breaking the chloride bridging

system with pyridine (7e, ΦF = 7%), or by substitution of chloride ligands with pyridine (8e, ΦF = 15%) or

acetylacetonate (9e, ΦF = 2%). In addition to notable photophysical properties, dinuclear complexes 4 and

11 also exhibit significant photochemical reactivity. Thus, irradiation of orthopalladates 4a–c and 11a–c in

CH2Cl2 with blue light (465 nm) proceeds via [2 + 2] photocycloaddition of the CvC double bonds of

imidazolone and thiazolone ligands, yielding the corresponding cyclobutane-bridging diaminotruxillic

derivatives 10a–c and 12a–c, respectively.

Introduction

The use of light as a reagent to promote new properties, such
as luminescence, and new reactivities, such as photochemistry,
has been known for over 100 years.1 Although there has been
sustained interest and development since then, it has only
been in the last two decades that an unprecedented develop-
ment has been experienced, and continues so,2–8 due to its
numerous and important applications in lighting, imaging, or
photoinduced synthetic processes.9–11 In both cases, whether

inducing luminescence or promoting chemical processes
through light is considered, molecules capable of absorbing
light, transitioning to an excited state, and subsequently emit-
ting light or initiating a chemical reaction are required.

Among the different photoreactive molecular platforms,
azlactone-type substrates, such as oxazolones, have demon-
strated excellent properties from both the photophysical and
photochemical perspectives. They exhibit intense fluorescence
in the solid state,12,13 absorption of two photons,14 and non-
linear optical (NLO) properties.15 Additionally, from a photo-
chemical standpoint, they undergo 2 + 2 photocycloadditions
and other light-induced processes, resulting in diaminotruxil-
lic and diaminotruxinic-type cyclobutanes that are highly inter-
esting due to their pharmacological properties.16–19

It is evident that the incorporation of a transition metal
into the skeleton of a specific organic ligand will have a pro-
found effect on both its photophysical and photochemical pro-
perties. This fact is particularly relevant and highly impactful
in the case of oxazolones for several reasons. Regarding their
photophysical properties, the incorporation of a metal such as
palladium as an intramolecular lock between the 4-arylidene
ring and the heterocycle20 allows for the amplification of the
fluorescence in solution of certain substrates by several orders
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of magnitude (Fig. 1, past work),21–25 because well-character-
ized non-radiative deactivation pathways, such as the hula-
twist or Z–E isomerizations, are restricted.26–30 Regarding
photochemical reactivity, the formation of dinuclear pallada-
cycles is the basis for the building of molecular templates that
enable a stereoselective [2 + 2] photocycloaddition in solution,
resulting in diaminotruxillic-type cyclobutanes as single
diastereoisomers,31–34 in sharp contrast to what occurs with
free-state oxazolones.16 Therefore, the significant influence of
the incorporation of a metal into the skeleton of these species
is evident.

In this work, the study of the impact of the incorporation of
Pd on the photophysical and photochemical properties of two
families of compounds structurally related to oxazolones has
been addressed. These families include imidazolones and
thiazolones (Fig. 1, this work). Imidazolone-type substrates are
of particular interest from the fluorescence perspective, as they
are chromophores of GFP (green fluorescent protein) and have
well-established luminescence properties.35–37 Similar to what
has been reported for oxazolones in previous paragraphs, they
completely lose fluorescence in solution.26–30 There are very
few precedents for fluorescence recovery, and they typically use
only boron as an intramolecular lock.38–40 The use of Pd for
these substrates is virtually unexplored.21 On the other hand,
contrary to what might seem, the structural similarity of imida-
zolones and thiazolones to oxazolones does not unequivocally
imply the same reactivity. For example, there is only one iso-
lated example of [2 + 2] photocycloaddition involving free imi-
dazolones,41 and no photocycloadditions are known under
other conditions. Referring to thiazolone-type species, they are

even less studied than imidazolones and oxazolones. In this
case, there are no fluorescence studies, no incorporation of
any metal into their molecular skeleton has been described,
and their photochemical reactivity is also very little explored.42

Results and discussion
Synthesis and characterization of orthopalladated complexes
from imidazolones 2 and thiazolones 3

The imidazolones 2a–2e and thiazolones 3a–3e shown in Fig. 2
have been synthesized from the corresponding oxazolones
1a–1e,43–46 following reported procedures.21,42,47–50

Representatives with both electron-donating and electron-with-
drawing substituents at different positions of the arylidene
ring have been chosen to encompass a broader structural
variety.

The orthopalladation of the whole set of imidazolones 2
and thiazolones 3 has been attempted through CH bond acti-
vation processes, by the reaction of 2 or 3 with Pd(OAc)2
(1 : 1 molar ratio; OAc = acetate) in trifluoroacetic acid
CF3CO2H.20 The incorporation of Pd into the different mole-
cular scaffolds was successful in all attempted cases, except in
the case of thiazolone 3e, giving the corresponding dimers
with carboxylate bridges 4a–4e or 11a–11d as shown in Fig. 3.

Fig. 1 Past work: consequences of the incorporation of Pd into the
molecular skeleton of oxazolones on their photophysical properties and
photochemical reactivity. This work: results obtained from the pallada-
tion of imidazolones and thiazolones concerning their luminescence
and photochemical reactivity.

Fig. 2 Imidazolones 2a–2e and thiazolones 3a–3e used in this work.

Fig. 3 Synthesis of the orthopalladated derivatives 4a–4e (imidazo-
lones) and 11a–11d (thiazolones).
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The reaction was carried out by heating for 2 h at 75 °C for
most of the cases. Only in the case of imidazolone 2e the reac-
tion was performed at room temperature for 17 h; partial con-
version was observed at room temperature at shorter reaction
times, while decomposition occurred if heat was applied. For
thiazolone 3e several different reaction conditions were
attempted (temperatures, reaction times, solvents), but the
reaction failed in all cases. The yields of isolated compounds
4a–4e and 11a–11d are in most of the cases higher than 78%,
showing that the orthopalladation of azlactones through C–H
bond activation is a general process.

In dimers 4a–4e and 11a–11d, the incorporation of Pd
occurred regioselectively at the ortho position of the phenyl
ring of the arylidene group, following the trend observed in
oxazolones.20 In the cases where two inequivalent accessible
positions are present (positions 2 and 6; 2c, 2d, 3c, 3d), palla-
dation took place at the less sterically hindered position (posi-
tion 6), as deduced from their 1H and 13C NMR spectra. The
dinuclear nature of these derivatives was inferred from the
observation of peaks in their high-resolution mass spectra
(HRMS) with the stoichiometry and isotopic distribution
corresponding to the [M + Na]+ cations, where M is the dinuc-
lear complex shown in Fig. 3 (see the ESI†). The relative
arrangement of the two orthopalladated fragments is transoid,
as deduced from the observation of a single signal in the 19F
NMR spectra, because this configuration minimizes intra-
molecular repulsions.

The determination of the crystal structures of complexes
containing orthopalladated imidazolones 4c (Fig. 4), and thia-
zolones 11a (Fig. 5) and 11b (Fig. 6) provides additional struc-
tural information. In all the studied cases, the asymmetric
unit is composed of half of the molecule, and then, the dinuc-
lear molecules are formed by two symmetry-related monomers,
linked through the carboxylate bridges. The three structures
shared common structural features: in all of them the expected
open-book structure is observed, placing the two coordination
planes containing palladium in close proximity, with an inter-
metallic distance of 3.0398(2) Å, 3.1569(4) Å and 3.0953(3) Å,
in 4c, 11a and 11c, respectively. Although the immediate environments around Pd are square-planar in all three struc-

tures, the molecules are highly distorted. Thus, the imidazo-
lone moiety in 4c and thiazolone groups in 11a and 11b
deviate significantly from planarity, adopting a U-shaped
form, and similarly, they largely deviate from coplanarity with
respect to the square-planar metal coordination environments.
Both types of distortions are analogous to those recently
described in mononuclear complexes derived from
oxazolones,22,24 suggesting that they are inherent to this type
of structural skeleton and not dependent on the nuclearity of
the resulting complexes or the ancillary ligands of palladium.
It is noteworthy that the free imidazolone ligands exhibit
remarkable coplanarity of the arylidene and heterocycle
rings,51–55 which is lost upon metal incorporation.

Structures involving unsaturated 4-arylidene-5(4H)-thiazo-
lones have not been reported to date by X-ray analysis; there-
fore no proper comparisons can be made. In each complex,
the corresponding imidazolone or thiazolone acts as a C^N-

Fig. 4 Molecular structure of cyclopalladated 4c. Thermal ellipsoids are
drawn at 50% probability. Symmetry code: 1 − x, y, 3/2 − z.

Fig. 5 Molecular structure of cyclopalladated 11a. Thermal ellipsoids
are drawn at 50% probability. For clarity, only the major component of
the disordered fragment has been depicted. Symmetry code: 1 − x, y, 1/
2 − z.

Fig. 6 Molecular structure of cyclopalladated 11b. Thermal ellipsoids
are drawn at 50% probability. For clarity, only the major component of
the disordered fragment have been depicted. Symmetry code: 1 − x, y,
3/2 − z.
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chelating ligand, and the transoid relative arrangement of the
two orthopalladated ligands is confirmed, as was deduced
from the observation of single peaks in the 19F NMR spectra.
Despite the distortion, the internal structural parameters of
the orthopalladated arylidene-imidazolone fragment show no
significant deviations from the uncomplexed situation, and in
general, no relevant variations in bond distances and angles
are observed compared to related structural situations found
in the literature.56

Synthesis, characterization and photophysical properties of
complexes 5e–9e

A preliminary screening with the orthometallated complexes of
imidazolones 4a–4e and thiazolones 11a–11d shows that the
most promising reactivity from the perspective of preparing
fluorescent complexes is realized in the derivative of the dinuc-
lear complex 4e, as shown in Fig. 7. The complexes 5e–9e
exhibit fluorescence, albeit with different intensities, as will be
discussed later. Attempts to develop reactivity similar to that
shown in Fig. 7 with other imidazolone derivatives (e.g., 4d)
did not lead to fluorescent complexes (results not shown).
Moreover, the reactivity of thiazolone (11d) in reactions analo-
gous to those shown in Fig. 7 resulted in all cases in complex
mixtures of products that also did not exhibit fluorescence.
Although the results of both reactivities are not shown here, it
has been possible to characterize the mononuclear derivatives
resulting from the trifluoroacetate bridge-breaking with pyri-
dine in 4d and 11d through X-ray diffraction (CCDC codes
2336747 and 2336748†).

Given that in analogous structural situations, both pyridine
and trifluoroacetate, chloride, and acetylacetonate ligands
have proven to be good ancillary ligands for the development
of fluorescence in orthopalladated azlactones, covering an
appropriate scope of variation in electronic (trans influence)
and steric properties, these same ligands have been selected to
complete the coordination sphere of Pd for comparative pur-
poses. As depicted in Fig. 7, the dinuclear derivative 4e reacts
with pyridine (1 : 2 molar ratio) to yield the mononuclear
derivative 5e. Treatment of 4e with LiCl (1 : 4 molar ratio) in
MeOH produces the dinuclear chloride-bridging complex 6e,
which subsequently reacts with pyridine (1 : 2 molar ratio) in

CH2Cl2 to form mononuclear 7e, with AgClO4 and pyridine
(1 : 2 : 4 molar ratio) in CH2Cl2/acetone, to give the cationic bis-
pyridine derivative 8e, or with Tl(acac) (1 : 2 molar ratio; acac =
acetylacetonate) affording the neutral mononuclear complex
9e. The characterization of all prepared complexes 5e–9e is
straightforward from their NMR and HRMS data, as shown in
the ESI.† Complexes 5e, 7e, and 8e exhibit dynamic behaviour
in solution at room temperature, which is stopped upon lower-
ing the temperature to 233 K. At this temperature, the mole-
cules behave as static during the response time of the NMR. In
general, the ligand arrangement follows the antisymbiotic
effect shown by the soft Pd(II) center,57 with the pyridine
ligand cis to the Pd–C bond.58

As for the photophysical properties, palladacycles typically
exhibit low-efficient emission, only detected at low tempera-
tures, due to the thermal deactivation of the excited state to
the low-lying metal-centered orbitals (MC; d–d*) which experi-
ence non-radiative decay.25,59–61 On the grounds of previous
studies performed in oxazolones where fluorescence amplifica-
tion was achieved by using Pd as an intramolecular lock,24 we
have investigated here the emissive properties of orthopalla-
dated analogs with imidazolones 5e–9e, which result to be
fluorescent. Photophysical data of 2a–2e and 5e–9e including
their absorption, emission maxima, and emission quantum
yields (ΦPL) in solution at room temperature are summarized
in Table 1.

Most imidazolones 2 have the strongest absorption maxima
in the UV region of the spectrum, due to a π–π* charge transfer
from the 4-arylidene ring to the imidazolone heterocyclic
moiety.12,62 In previously reported orthopalladated imidazo-
lones the maxima were red-shifted to the blue-green region
with respect to free imidazolones.21 We have observed here a
similar trend for 5e–9e when compared with 2e. Therefore, the
absorption spectra of 5e–9e in CH2Cl2 solution resemble each
other and display an intense absorption in the blue region
(445–454 nm). The bands with the highest absorbance corres-
pond to intraligand charge transfer transition (ILCT) of the
imidazolone fragment, as explained previously. The quantum
yield ΦPL values range from 2 to 15% for complexes 5e, 7e, 8e
and 9e, which have methoxide substituents at the two meta
positions of the arylidene ring with respect to the Pd–C bond

Fig. 7 Synthesis of the fluorescent imidazolone derivatives 5e–9e.

Table 1 Absorption and emission maxima, and fluorescence quantum
yields for free imidazolones 2a–2e and complexes 5e–9e

Compounda λabs (nm) λem (nm) ΦPL (%)

2a 378 458 <1
2b 380 463 <1
2c 380 468 5
2d 400 462 <1
2e 406 468 <1
5e 445 514 5
7e 454 529 7
8e 451 522 15
9e 452 518 2

aMeasured in 10−5 M CH2Cl2 solution at room temperature.
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(Fig. 7), while it is close to zero for the starting imidazolone 2e
(<1%). Therefore, a true recovery of the fluorescence has been
achieved. The change of ligands attached to the Pd atom has a
significant influence on ΦPL, similar to that determined in oxa-
zolones.24 In the present case, the complex 9e with the acetyl-
acetonate group as the ancillary ligand exhibits the lowest ΦPL

(2%), followed by complex 5e with TFA and pyridine (5%),
quite similar to that of complex 7e with TFA and Cl (7%). As in
related complexes with palladated oxazolones,24 the presence
of two pyridines in cis arrangement as ancillary ligands for the
Pd (complex 8e) provides the highest performance, reflected in
a quantum yield value as high as 15%.

Aiming to provide a detailed explanation about the role of
Pd and the ancillary ligands in the recovery and amplification
of the fluorescence observed on going from 2e to 5e–9e, the
photophysical properties of the most important examples were
modelized using computational methods (DFT and TDDFT).
The absorption properties of compounds 5e, 7e, and 8e were
calculated using the M06-2X functional, as described in the
Computational Details section (see Experimental). The
obtained results for 5e, 7e and 8e are shown in Fig. 8.

The three studied compounds exhibit similar characteristic
behavior, for which the absorption properties correspond to
the excitation from the ground state (S0) to the first excited
singlet state (S1), predominantly involving a HOMO to LUMO
transition. In our previous studies in oxazolones,24 we
observed a correlation between the participation of Pd and the
orthopalladated carbon in the HOMO orbital with the
obtained quantum yield ΦPL. We aimed to verify if this pattern
extended to complexes with imidazolones. Fig. 8 depicts the
HOMO orbitals of the products, showing the percentage of the
participation of the Pd orbitals in black parentheses and that
for the metallated carbon in red. The comparison of complexes
5e and 7e reveals that the differences in Pd and C participation
are negligible, as are the differences in ΦPL. Moreover, the
lowest participation of both percentages in Pd and palladated
C are observed for 8e, which correlates straightforward with
the highest value of ΦPL measured for this compound.
Therefore, it seems that once again, data suggest a correlation
between the participation of the Pd–C fragment in the HOMO

orbital and the value of the quantum yield measured experi-
mentally, this behavior being parallel to that found for com-
plexes with oxazolones.

[2 + 2]-Photocycloaddition of dimers 4 and 11: synthesis of 1,3-
diaminotruxillic derivatives 10 and 12

Given the interesting photochemical reactivity previously
observed in 4-arylidene-5(4H)-oxazolones to yield bis-amino
acids of diaminotruxillic and diaminotruxinic types,16–19 and
considering the continued interest in this type of cyclobutanes
due to their exceptional pharmacological properties in the
treatment of type 2 diabetes,63–66 we have attempted to extend
this reactivity to free imidazolone substrates (2). However,
irradiation of (2a)–(2e) in a variety of solvents with blue light
(465 nm) does not lead to any detectable transformation
(Fig. 9a), while irradiation using near-ultraviolet light (365 nm)
gradually decomposes the sample, and it is not possible to dis-
tinguish cyclobutane-type products in either case. Since the
incorporation of Pd into the imidazolone skeleton produces a
clear red-shift in absorption, with absorption maxima in the
blue region for compounds 4, and dinuclear orthopalladated
oxazolones have also shown clear photochemical reactivity in
the visible region,31–34 the irradiation of dinuclear complexes
(4a)–(4e) with blue light has been attempted. The result of the
reaction is shown in Fig. 9b. In the case of thiazolones (3),
there is a single report of [2 + 2] photocycloaddition in non-
complexed substrates,42 but there are no precedents in the
case of orthopalladated thiazolones. For those reasons,
irradiation of dimers (11) has been carried out as well.

The irradiation with blue light (465 nm, Kessil lamps, 40
W) of CH2Cl2 solutions of dinuclear complexes (4a)–(4e), con-
taining orthometallated imidazolones and bridging trifluoroa-
cetate ligands, proceeds through [2 + 2] photocycloaddition of
the two CvC double bonds of the imidazolones and the selec-
tive formation of the corresponding cyclobutanes (10a)–(10c)
as the sole diastereoisomers (epsilon ε-isomer). The selectivity
of the reaction is dictated by molecular constraints, with the
dimer with an open-book structure acting as a molecular tem-
plate. The optimized reaction time is 24 h, notably shorter
than that observed for analogous oxazolones, usually in the

Fig. 8 Schematic structures of 5e, 7e and 8e (top), HOMO orbitals
(middle) with the corresponding Pd contributions (black) and orthopal-
ladated C atom (red) to HOMO in parentheses (bottom).

Fig. 9 Blue light-promoted [2 + 2]-photocycloaddition of orthopalla-
dated imidazolones (4) and thiazolones (11) to give cyclobutanes (10)
and (12), respectively.
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range of 48 h–72 h.33,34 The reaction proceeds with complete
conversion to a single product in the presence of electron-with-
drawing substituents (F 4a; Cl, 4b, 4c) but does not occur (zero
conversion) in the case of methoxide substituents (4d, 4e).
Despite this limitation, given the complete absence of reactiv-
ity in the irradiation of free imidazolones (2) with visible light,
the incorporation of Pd into imidazolone provides an advan-
tageous method for accessing new diaminotruxillic-type bis-
amino acids. Similarly, the irradiation of CH2Cl2 solutions of
dinuclear complexes with orthometallated thiazolones (11b)
and (11c) with blue light (465 nm) results in the [2 + 2] photo-
cycloaddition of the exocyclic CvCH fragments and the for-
mation of cyclobutanes (12b) and (12c), as shown in Fig. 9b. In
the case of complex (11a) a mixture of compounds was
obtained – the expected cyclobutane (12a) and another un-
identified species which could not be separated from (12a).
Due to this fact (12a) was not fully characterized. In all other
described cases, the reaction products (10) and (12) are iso-
lated in pure form and with very good yields (even quantitat-
ive) by simple evaporation of the solutions and collection of
the formed solid. Likewise, all isolated products (10) and (12)
are photostable towards further irradiation in the visible region,
and also are stable against thermal [2 + 2] retro-cycloaddition.

The observation of a single set of signals in the NMR spectra
of (10) and (12) shows that these derivatives are obtained as
unique isomers. The NMR signal set indicates that the two
orthopalladated ligands, as well as the two carboxylate groups,
behave as chemically equivalent, suggesting that (10) and (12)
have C2 symmetry. This symmetry, along with the transoid rela-
tive configuration of the orthometalated ligands determined in
their respective precursors (4) and (11) (Fig. 4–6), implies that
the photocycloaddition proceeds with 1,3-head-to-tail C–C coup-
ling, and the regio- and stereoselectively obtained isomer is the
epsilon ε-isomer. Key data supporting the formation of the
cyclobutane skeleton in (10) and (12) include the disappearance
of signals assigned to the vinyl fragment CvCH in their 1H and
13C NMR spectra, as well as the appearance of new signals in
the 4.9–5.1 ppm (CH) region of the 1H NMR spectra and in the
59 ppm (CH) and 71 ppm (C) regions (62 ppm and 84 ppm,
respectively in the case of thiazolones) in the 13C NMR spectra.
These changes are in perfect agreement with the Csp2–Csp3

hybridization change occurring in the photocycloaddition.

Experimental

Full details about materials and measurements, crystallogra-
phy and computational methods are given in the ESI.†

Synthetic procedures

General synthesis of new imidazolones 2a–2e. All (Z)-4-aryli-
dene-1-propyl-2-phenyl-5(4H)-imidazolones 2a–e have been
prepared from the corresponding oxazolones 1a–1e following
methods reported in the literature.21,47 This is exemplified
here with the synthesis of 2a. The synthesis and characteriz-
ation of 2b–2e are given in the ESI.†

(Z)-4-(4-Fluorobenzylidene)-1-(propyl)-2-phenyl-imidazol-5(4H)-
one (2a). (Z)-4-(4-Fluorobenzylidene)-2-phenyl-5(4H)-oxazolone
1a (2.11 g, 7.9 mmol) was suspended in pyridine (6 mL) and
treated with n-propylamine (0.65 mL, 7.9 mmol) with strong
stirring for 20 minutes at 25 °C. A white precipitate formed.
Then, bis(trimethylsilyl)acetamide (BSA, 3.85 mL, 15.8 mmol)
was added, and the resulting mixture was stirred while heating
at 110 °C for 15 h. The resulting dark suspension was allowed
to cool to room temperature and treated with 15 mL of ethyl
acetate. This mixture was washed with brine (5 × 15 mL), dried
over anhydrous MgSO4, filtered to remove any remaining solid,
and evaporated to dryness. The resulting brown oil was treated
with 10 mL of n-hexane giving 2a as an orange solid, which
was filtered, washed with additional n-hexane (10 mL) and
dried by suction. Orange solid. Obtained: 1.67 g, yield: 68%.
1H NMR (CDCl3, 400.16 MHz): δ 8.24 (dd, 2H, 3JHH = 8.5 Hz,
3JHH = 5.75 Hz, H2/H6, C6H4), 7.78 (dd, 2H, 3JHH = 8.1 Hz, 4JHH

= 1.6 Hz, Ho, C6H5), 7.58–7.52 (m, 3H, Hm, Hp, C6H5), 7.20 (s,
1H, vCH), 7.10 (dd, 2H, 3JHH = 8.7 Hz, H3/H5, C6H4), 3.74 (t,
2H, 3JHH = 7.5 Hz, NCH2), 1.59 (sext, 2H, 3JHH = 7.4 Hz, CH2),
0.84 (t, 3H, 3JHH = 7.4 Hz, CH3).

13C{1H} NMR (125.77 MHz,
CDCl3) δ 171.72 (CvO), 163.89 (d, 1JCF = 252.86 Hz, CF, C6H4),
163.00 (CN), 138.67 (Cv), 134.69 (d, 3JCF = 8.34 Hz, C2/C6,
C6H4), 131.46 (Cp, C6H5), 130.78 (d, 4JCF = 3.13 Hz, Ci, C6H4),
129.88 (Ci, C6H5), 128.99 (Cm, C6H5), 128.40 (Co, C6H5), 127.41
(d, 5JCF = 1.34 Hz, vCH), 115.99 (d, 2JCF = 21.88 Hz, C3/C5,
C6H4), 43.46 (NCH2), 22.68 (CH2), 11.11 (CH3).

19F NMR
(376.49 MHz, CDCl3) δ −108.42 (s, CF). HRMS (ESI+) m/z calcd
for C19H18FN2O [M + H]+: 309.1403, found: 309.1405.

General synthesis of thiazolones 3a–3e. All (Z)-4-arylidene-2-
phenyl-5(4H)-thiazolones 3a–3e have been prepared from
the corresponding oxazolones 1a–1e following reported
methods.42,49,50

General method for the orthopalladation of imidazolones 2
and thiazolones 3. All orthopalladation reactions have been
performed in the same way, following methods published in
the literature.20 In some instances, these procedures have been
adapted to a particular case, which will be detailed. The
general method is exemplified here for the synthesis of 4a.
The synthesis and characterization of 4b–4e and 11a–11d are
given in the ESI.†

Synthesis of orthopalladated 4a. To a suspension of
Pd(OAc)2 (0.218 g, 0.97 mmol) in CF3CO2H (4 mL), imidazo-
lone 2a (0.300 g, 0.97 mmol) was added. The resulting suspen-
sion was heated at 75 °C for 2 h. During this time, the color of
the suspension changes from orange–brown to yellow. After
the reaction time, the suspension was cooled to room tempera-
ture and treated with water (25 mL). The precipitated solid of
4a was filtered, washed with additional water (3 × 15 mL) until
the smell of CF3CO2H was not detected and dried by suction.
Yellow solid. Obtained: 0.412 g, yield 81%. 1H NMR (CDCl3,
500.13 MHz): δ 7.52 (t, 2H, 3JHH = 7.5 Hz, Hp, C6H5), 7.50 (s,
2H, vCH), 7.44 (t, 4H, 3JHH = 8.0 Hz, Hm, C6H5), 7.26 (dd,
3JHH = 8.4 Hz, 4JHF = 6.1 Hz, 2H, H2, C6H3), 7.17 (d, broad, 4H,
3JHH = 8.4 Hz, Ho, C6H5), 6.91 (ddd, 2H, 3JHH = 8.0 Hz, 3JHF =
8.0 Hz, 3JHH = 2.4 Hz, H3, C6H3), 6.86 (dd, 2H, 3JHF = 10.5 Hz,

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 8948–8957 | 8953

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/1
4/

20
25

 6
:3

1:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00730a


4JHH = 2.5 Hz, H5, C6H3), 3.46 (ddd, 2H, 2JHH = 14.0 Hz, 3JHH =
9.2 Hz, 3JHH = 5.7 Hz, NCH2), 3.19 (ddd, 2H, 2JHH = 14.4 Hz,
3JHH = 9.4 Hz, 3JHH = 6.1 Hz, NCH2), 1.28, 1.14 (m, 4H, CH2),
0.63 (t, 6H, 3JHH = 7.4 Hz, CH3).

13C{1H} NMR (125.77 MHz,
CDCl3) δ 165.24 (CvO), 164.87 (CN), 164.52 (q, 2JCF = 38.5 Hz,
CF3CO2), 161.44 (d, 1JCF = 259.7 Hz, CF), 138.75 (Cv), 134.90
(vCH), 134.15 (d, 2JCF = 8.7 Hz C2, C6H3), 132.67 (Cp, C6H5),
129.14 (Cm, C6H5), 128.69 (Co, C6H5), 128.33 (d, 3JCF = 2.6 Hz,
C6, C6H3), 126.51 (d, 4JCF = 1.6 Hz Ci, C6H3), 126.36 (Ci, C6H5),
121.00 (d, 3JCF = 22.0 Hz, C5, C6H3), 114.6 (q, 1JCF = 287.9 Hz,
CF3), 112.76 (d, 2JCF = 22.0 Hz, C3, C6H3), 43.67 (NCH2), 21.82
(CH2), 10.94(CH3).

19F NMR (470.55 MHz, CDCl3) δ −74.40 (s,
CF3), −106.10 (dt, 3JFH = 10.6 Hz, 4JFH = 7.0 Hz, CF). HRMS
(ESI+) m/z calcd for C42H32F8N4NaO6Pd2 [M + Na]+: 1075.0161,
found: 1075.0107.

Reactivity of orthopalladated 4e, synthesis of luminescent
mononuclear and dinuclear derivatives 5e–9e

Synthesis of orthopalladated 5e. A suspension of orthopalla-
dated 4a (0.100 g, 0.088 mmol) in CH2Cl2 (10 mL) was reacted
with pyridine (14.2 μL, 0.176 mmol) for 30 minutes at room
temperature. During this time the initial suspension gradually
dissolved. After the reaction time any remaining solid was fil-
tered, and the resulting solution was evaporated to dryness,
giving 5e as a deep red solid. Obtained: 0.086 g, yield: 93%.
Compound 5e was characterized in solution at 233 K as a
mixture of cis- and trans-isomers (1 : 1 molar ratio). Signals at
room temperature are broad and preclude a correct character-
ization. 1H NMR (CD2Cl2, 400.13 MHz, 233K): δ 9.73 (d, 3JHH =
5.6 Hz, 1H, Ho, py), 8.52 (d, 3JHH = 5.2 Hz, 1H, Ho, py), 8.10 (s,
1H, Hv), 8.00 (m, 2H, Ho, Ph), 7.85–7.72 (m, 4H, Ho + Hp, py),
7.67–7.58 (m, 3H, Hv + Ho Ph), 7.55 (m, 2H, Hp, Ph), 7.46–7.37
(m, 2H, Hm, py), 7.36–7.22 (m, 4H, Hm py + Hm Ph), 7.06–6.95
(m, 2H, Hm, Ph), 6.18 (s, br, 1H, C6H2), 6.16 (s, br, 1H, C6H2),
5.66 (s, br, 1H, C6H2), 5.64 (s, br, 1H, C6H2), 3.89, 3.87 (2s, 6H,
2 OMe), 3.66 (t, 3JHH = 7.6 Hz, 2H, NCH2, Pr), 3.59 (t, 3JHH =
7.6 Hz, 2H, NCH2, Pr), 3.51, 3.50 (2s, 6H, 2 OMe), 1.45 (q,
3JHH = 7.7 Hz, 2H, CH2, Pr), 1.33 (q, 3JHH = 7.6 Hz, 2H, CH2,
Pr), 0.73 (t, 3JHH = 7.6 Hz, 3H, CH3, Pr), 0.65 (t, 3JHH = 7.7 Hz,
3H, CH3, Pr). 13C{1H} NMR (CD2Cl2, 125.77 MHz, 233K)
δ 165.51, 165.12 (CvN), 162.47, 161.94 (CvO), 161.11, 160.82,
160.17, 159.29 (C–O, C3 + C5, C6H2), 153.13, 152.64 (Co, py),
148.76, 148.25 (vC), 139.47, 137.96 (Cp, py), 138.62, 132.10,
131.67, 131.41 (vCH + Cp Ph), 129.60, 129.24, 128.93, 128.48
(Co + Cm, Ph), 127.52, 127.46, 127.19, 126.45 (C1 + C2, C6H2),
126.69 (2C, Cm, py), 115.77, 115.56 (Ci, Ph), 114.75, 114.24 (C6,
C6H2), 94.48, 94.34 (C4, C6H2), 55.92, 55.76, 55.48, 55.34
(OMe), 43.55 (2NCH2, Pr), 22.68, 22.12 (CH2, Pr), 10.95, 10.85
(CH3, Pr). Peaks assigned to CF3CO2 in the APT spectrum
could not be assigned, despite the use of low temperatures
and long accumulation trials. 19F NMR (470.55 MHz, CDCl3)
δ −74.51, −74.94. HRMS (ESI+) m/z calcd for C28H25F3N3O5Pd
[M]+: 646.0781, found: 646.0801.

Synthesis of orthopalladated 6e. To a suspension of 4e
(1.11 g, 0.976 mmol) in MeOH (15 mL) at room temperature,
LiCl (0.340 g, 1.952 mmol) was added. The resulting mixture

was stirred for 30 min, then filtered. The orange solid collected
of 6e was washed with additional MeOH (5 mL) and Et2O (3 ×
5 mL) and dried by suction. Orange solid. Obtained: 0.599 g,
yield 63%. This resulting compound too was insoluble in the
usual NMR solvents; therefore it was characterized by IR and
HRMS. HRMS (ESI+) m/z calcd for C42H42Cl2N4O6Pd2 [M]+:
980.0551, found: 980.0567. IR (ν, cm−1): 1710 (νCvO, hetero-
cycle), 1570 (νCvN, heterocycle), 334 (νPd–Cl).

Synthesis of orthopalladated 7e. To a suspension of 6e
(0.100 g, 0.102 mmol) in CH2Cl2 (10 mL) pyridine (16.4 μL,
0.204 mmol) was added, and the resulting mixture was stirred
for 30 minutes at room temperature. Then, any remaining
solid was filtered, and the resulting solution was evaporated to
dryness, giving 7e as a deep red solid. Obtained: 0.091 g, yield:
98%. Compound 7e was characterized in solution at 233 K as a
mixture of the C-trans-Cl and C-trans-py isomers (4 : 1 molar
ratio). Only the major isomer could be fully characterized due
to extensive overlapping of peaks. Signals at room temperature
are broad and preclude a correct characterization. 1H NMR
(CD2Cl2, 400.13 MHz, 233K): δ 8.78 (dd, 3JHH = 4.8 Hz, 4JHH =
1.6 Hz, 2H, Ho, py), 8.18 (s, 1H, Hvinyl), 8.00 (m, 2H, Ho, Ph),
7.85 (t, 3JHH = 7.5 Hz, 1H, Hp, py), 7.51 (tt, 3JHH = 8 Hz, 4JHH =
1.2 Hz, 1H, Hp, Ph), 7.41 (m, 2H, Hm, py), 7.20 (d, 4JHH =
2.4 Hz, 1H, H6, C6H2), 6.98 (t, 3JHH = 8 Hz, 2H, Hm, Ph), 6.18
(d, 4JHH = 2.4 Hz, 1H, H4, C6H2), 3.89, 3.87 (2s, 2 OMe), 3.60 (t,
3JHH = 7.2 Hz, 2H, NCH2, Pr), 1.33 (q, 3JHH = 7.5 Hz, CH2, Pr),
0.66 (t, 3JHH = 7.2 Hz, CH3, Pr). 13C{1H} NMR (CD2Cl2,
100.4 MHz, 233 K) δ 165.39 (CvN), 161.00 (CvO), 160.19,
159.90 (C–O, C3 + C5, C6H2), 153.14 (Co, py), 150.25 (vC),
139.10 (Cp, py), 132.03, 131.38 (vCH + Cp Ph), 128.98 (Co, Ph),
127.93, 126.51 (C1 + C2, C6H2), 125.34 (Cm, Ph), 124.58 (Cm,
py), 117.30 (C6, C6H2), 115.95 (Ci, Ph), 94.78 (C4, C6H2), 55.76
(2C overlapped, OMe), 43.45 (NCH2, Pr), 22.25 (CH2, Pr), 10.89
(CH3, Pr). HRMS (ESI+) m/z calcd for C26H26N3O3Pd [M − Cl +
H]+: 534.1004, found: 534.1004.

Synthesis of orthopalladated 8e. To a suspension of 6e
(0.100 g, 0.102 mmol) in CH2Cl2 (5 mL) and acetone (1 mL),
AgBF4 (0.040 g, 0.204 mmol) was added. The resulting mixture
was stirred at room temperature for 30 min with exclusion of
light, and then filtered over Celite to remove the precipitated
AgCl. The clear solution thus obtained was treated with pyri-
dine (32.8 μL, 0.408 mmol) and further stirred at room temp-
erature for additional 30 minutes. Then, the resulting solution
was evaporated to dryness, affording an orange solid character-
ized as 8e. Obtained: 0.138 g, yield 97%. 1H NMR (CDCl3,
400.13 MHz, 233K): δ 8.79 (d, 3JHH = 5.4 Hz, 2H, Ho, py), 8.29
(s, 1H, vCH), 8.12 (d, 3JHH = 5.0 Hz, 2H, Ho, py), 7.73 (t, 3JHH =
7.7 Hz, 2H, Hp, py), 7.52–7.35 (m, 7H, Hm py, Ho + Hm + Hp,
Ph), 7.04 (dd, 3JHH = 7.8 Hz, 3JHH = 6.0 Hz, 2H, Hm py), 6.15 (d,
3JHH = 2.1 Hz, 1H, H6, C6H2), 5.78 (d, 3JHH = 2.2 Hz, 1H, H4,
C6H2), 3.88 (s, 3H, OMe), 3.63 (t, 3JHH = 7.6 Hz, 2H, NCH2),
3.51 (s, 3H, OMe), 1.39 (q, 3JHH = 7.7 Hz, 2H, CH2), 0.69 (t,
3JHH = 7.4 Hz, 3H, CH3). This product was too insoluble at low
temperature to obtain reliable 13C NMR data. 19F NMR
(470.55 MHz, CDCl3) δ −152.26 (s, BF4). HRMS (ESI+) m/z calcd
for C21H21N2O3Pd [M − 2py]+: 455.0587, found: 455.0606.
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Synthesis of orthopalladated 9e. Tl(acac) (0.062 g,
0.204 mmol) was added to a stirring suspension of the ortho-
palladate of (Z)-4-(2,4-dimethoxybenzylidene)-2-phenyl-1H-
thiazol-5(4H)-one (Cl) (0.1 g, 0.102 mmol) in CH2Cl2 (5 mL) at
room temperature. The mixture was stirred for 30 minutes,
then the precipitated TlCl was removed by filtration. The clear
solution was evaporated to dryness, and the solid residue was
washed with cold n-hexane (3 × 3 mL) and dried by suction.
Orange solid. Obtained: 0.088 g, yield 82%. 1H NMR (CDCl3,
500.13 MHz): δ 8.22 (s, 1H, vCH), 7.87 (dd, 2H, 3JHH = 7.6 Hz,
4JHH = 1.9 Hz, Ho, C6H5), 7.56–7.47 (m, 3H, Hp, C6H5, Hm,
C6H5), 7.03 (d, 1H, 4JHH = 2.3 Hz, H3, C6H2), 6.20 (d, 1H, 4JHH =
2.3 Hz, H5, C6H2), 5.05 (s, 1H, CH, acac), 3.90 (s, 3H,
OCH3(C4)), 3.84 (s, 3H, OCH3(C2)), 3.69 (t, 2H, 3JHH = 7.7 Hz,
NCH2), 1.94 (s, 3H, CH3, acac), 1.51 (sext, 3JHH = 7.6 Hz, 3JHH =
7.7 Hz, 2H, CH2), 1.18 (s, 3H, CH3, acac), 0.76 (t, 3H, 3JHH =
7.4 Hz, CH3).

13C{1H} NMR (125.77 MHz, CDCl3) δ 187.30 (C–
O, acac), 185.40 (C–O, acac), 166.16 (CN), 161.58, (C4, C6H2),
160.42 (CvO), 159.99 (C2, C6H2), 150.68 (Ci, C6H2), 131.51
(vCH), 131.17 (Cp, C6H5), 129.13 (Ci, C6H5), 128.92 (Co, C6H5),
128.68 (Cv), 126.39 (Cm, C6H5), 116.23 (C6, C6H2), 110.77 (C3,
C6H2), 99.05 (CH, acac), 95.88 (C5, C6H2), 55.74 (OCH3(C2)),
55.50 (OCH3(C4)), 43.70 (NCH2), 27.48 (CH3, acac), 26.22 (CH3,
acac), 22.34 (CH2), 11.12 (CH3). HRMS (ESI+) m/z calcd for
C26H29N2O5Pd [M + H]+: 555.1111, found: 555.1112.

General method for the [2 + 2]-photocycloaddition of ortho-
palladated complexes 4 and 11. Synthesis of cyclobutanes 10
and 12. All photocycloadditions have been performed in the
same way, following methods published in the literature.31–34

In some instances these procedures have been adapted to a
particular case, which will be detailed. The general method is
exemplified here for the synthesis of 10a. The synthesis and
characterization of 10b, 10c, 12b and 12c are given in the ESI.†

Synthesis of cyclobutane derivative 10a by [2 + 2] cyclo-
addition of orthopalladated 4a. A stirred suspension of ortho-
palladated 4a (0.300 g, 0.28 mmol) in 10 mL CH2Cl2 was irra-
diated with blue light (465 nm; Kessil lamp, 40 W) for 24 h.
During the reaction, the initial suspension gradually dissolved.
After the reaction time, any remaining solid was filtered
through a Celite bed. The resulting clear solution was evapor-
ated to dryness, giving 10a as a yellow solid. Obtained: 0.298 g,
yield 99%. 1H NMR (CDCl3, 500.13 MHz): δ 7.65 (t, 2H, 3JHH =
7.6 Hz, Hp, C6H5), 7.54 (t, 4H, 3JHH = 7.9 Hz, Hm, C6H5), 7.39
(d, 4H, 3JHH = 7.0 Hz, Ho, C6H5), 6.75 (dd, 2H, 3JHH = 9.5 Hz,
4JHF = 2.5 Hz, H2, C6H3), 6.72–6.64 (m, 4H, H3, C6H3, H5,
C6H3), 4.94 (s, 2H, CH cyclobut), 3.61 (ddd, 2H, 2JHH = 14.7 Hz,
3JHH = 8.1 Hz, 3JHH = 6.7 Hz, NCH2, Pr), 3.26 (ddd, 2H, 2JHH =
14.1 Hz, 3JHH = 9.0 Hz, 3JHH = 6.1 Hz, NCH2, Pr), 1.45–1.28 (m,
4H, CH2, Pr), 0.69 (t, 6H, 3JHH = 7.4 Hz, CH3, Pr).

13C{1H} NMR
(125.77 MHz, CDCl3) δ 179.36 (CvO), 172.91 (CvN), 159.45
(d, 1JCF = 252.9 Hz, CF), 138.17 (d, 2JCF = 5.9 Hz, C6, C6H3),
132.65 (Cp, C6H5), 129.11 (Cm, C6H5), 129.04 (C5, C6H3), 128.41
(Co, C6H5), 126.75 (Ci, C6H5), 125.42 (d, 4JCF = 2.6 Hz, Ci,
C6H3), 120.40 (d, 3JCF = 19.4 Hz, C2, C6H3), 112.12 (d, 2JCF =
22.3 Hz, C3, C6H3), 71.04 (C cyclobut), 58.87 (CH cyclobut),
44.16 (NCH2), 21.76 (CH2), 10.89 (CH3).

19F NMR (470.55 MHz,

CDCl3) δ −75.00 (s, 3F, CF3), −112.82 (tt, 3JFH = 14.9 Hz, 4JFH =
9.1 Hz, 1F, CF). HRMS (ESI+) m/z calcd for C42H32F8N4NaO6Pd2
[M + Na]+: 1075.0156, found: 1075.0154.

Conclusions

The incorporation of Pd into the molecular framework of 4-ary-
lidene-imidazolones (2) and thiazolones (3) through CH bond
activation processes generates platforms with remarkable
photophysical and photochemical properties. In the case of
imidazolones, new systems have been developed where the
fluorescence of the free ligands is amplified, achieving
quantum yields of orthopalladated complexes of up to 15%.
This fluorescence amplification has been explained based on
TD-DFT calculations and is related to the involvement of Pd in
the HOMO orbitals. However, no apparent amplification
occurs in the studied cases of thiazolones. Regarding photo-
chemistry, it has been shown that irradiation in the visible
region (blue light), both for orthopalladated imidazolones and
thiazolones, proceeds through the [2 + 2] photocycloaddition
of exocyclic CvC double bonds, leading to the stereoselective
generation of the corresponding diaminotruxillics, bis-amino
acids with a cyclobutane-type core. In summary, the incorpor-
ation of Pd into oxazolone, imidazolone, and thiazolone-type
heterocycles causes similar changes in photophysical and
photochemical properties, resulting in an amplification of the
luminescence of specific substrates and a clear increase in
photochemical reactivity due to the templating effect of Pd.
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