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Pd-Oxazolone complexes conjugated to an
engineered enzyme: improving fluorescence and
catalytic properties†
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Different Pd-complexes containing orthometallated push–pull oxazolones were inserted by supramole-

cular Pd-amino acid coordination on two genetically engineered modified variants of the thermoalkalo-

philic Geobacillus thermocatenolatus lipase (GTL). Pd-lipase conjugation was performed on the solid

phase in the previously immobilized form of GTL under mild conditions, and soluble conjugated Pd-GTL

complexes were obtained by simply desorbing by washing with an acetonitrile aqueous solution. Three

different Pd complexes were incorporated into two different genetically modified enzyme variants, one

containing all the natural cysteine residues changed to serine residues, and another variant including an

additional Cys mutation directly in the catalytic serine (Ser114Cys). The new Pd–enzyme conjugates were

fluorescent even at ppm concentrations, while under the same conditions free Pd complexes did not

show fluorescence at all. The Pd conjugation with the enzyme extremely increases the catalytic profile of

the corresponding Pd complex from 200 to almost 1000-fold in the hydrogenation of arenes in aqueous

media, achieving in the case of GTL conjugated with orthopalladated 4a an outstanding TOF value of

27 428 min−1. Also the applicability of GTL-C114 conjugated with orthopalladated 4b in a site-selective

C–H activation reaction under mild conditions has been demonstrated. Therefore, the Pd incorporation

into the enzyme produces a highly stable conjugate, and improves remarkably the catalytic activity and

selectivity, as well as the fluorescence intensity, of the Pd complexes.

Introduction

Metalloenzymes are enzymes that contain at least one metal
incorporated into their structure, with the metal being necess-
ary to develop their function correctly.1 It is well known that
the binding sites at the cavities of the enzymes, usually N or S
atoms or carboxylate groups of the amino acids of the protein,

located at very specific positions in tight environments and
used as second coordination spheres, confer remarkable pro-
perties to the metals housed in these positions. The conju-
gation of Pd complexes with proteins and enzymes, generating
new types of artificial metalloenzymes, has shown to be an
interesting and efficient tool to obtain materials with improved
properties such as, among others, better stability, lumine-
scence, catalytic activity and selectivity.2–9 Additional advan-
tages are based on the applicability of chemical processes in
aqueous media, which represents more sustainable conditions
for Pd-chemistry.

Here we describe for the first time the conjugation of Pd
complexes, containing orthometallated 5(4H)-oxazolones as
ancillary ligands, with an enzyme in an aqueous media system
at room temperature. The aim of the work is the design and
development of stable but highly active Pd-catalysts, as well as
organometallic Pd-based fluorophores. Following our previous
interest in highly efficient Pd-catalyzed processes4 and in lumi-
nescent complexes,10 we have selected oxazolones as the poly-
functional ligands and a lipase as the enzyme. Oxazolones are
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strong C^N-chelates structurally analogous to naturally occur-
ring chromophores; therefore they impart fluorescent pro-
perties and chemical stability.11 More specifically, we have
employed (Z)-4-arylidene-5(4H)-oxazolones, which are precur-
sors of (Z)-4-arylidene-5(4H)-imidazolones, chromophores of
the Green Fluorescent Proteins (GFPs).12 We are also interested
in the thermoalkalophilic lipase from Geobacillus thermocate-
nulatus (GTL), which was chosen as representing an enzyme.
This enzyme presents an interesting characteristic as a lipase,
namely that the enzymatic mechanism is based on the move-
ment of an oligopeptide chain from a closed conformation,
which makes the active site inaccessible to the solvent, to an
open conformation where this active site is accessible
(Fig. 1).13 During this opening-closing mechanism two oligo-
peptides move at the same time, this fact being a particular
feature of this enzyme compared to others. In addition, this
enzyme also possesses extremely high hydrophobic active site
surroundings.14 This property allows the selective adsorption
of the enzyme in a hydrophobic material, thus fixing the open
conformation.15 This process involves the whole area sur-
rounding the active site. In this protein the N-terminal (the
most reactive NH2 group) and C-terminus group (the most
reactive COOH moiety) are on the opposite side of this hydro-
phobic phase, leaving it completely accessible to the solvent in
the immobilized form (Fig. 1), bringing thus advantages for
metal coordination.

The novel Pd–enzyme conjugates demonstrated an improve-
ment in fluorescence and catalytic capacity compared to the
free Pd complexes. This strategy allowed the successful use of
these unstable Pd complexes in aqueous media, making it
possible to work with these organometallic molecules in con-
ditions not possible in their free form.

Results and discussion
Synthesis and characterization of different Pd-oxazolones
complexes (4a, 4b, 5a) and their stability in aqueous media

Three Pd-complexes containing orthometallated oxazolones
(4a, 4b, 5a) were synthesized as shown in Scheme 1. The oxazo-
lones 1a and 1b were synthesized by the Erlenmeyer–Plöchl
method as reported.16–25 They were selected as complex
scaffolds due to their push–pull electronic nature, which
enhances charge separation and luminescence properties, and
also because of their different steric requirements (Fig. S1†).
The characterization of 1a and 1b showed that they have
Z-configuration for the exocyclic CvC bond and for 1b, the
styryl fragment had E-configuration. The incorporation of the
Pd atom at the ortho-position of the 4-arylidene ring of the oxa-
zolone skeleton was performed by C–H bond activation pro-
cesses, following methods developed in our group.10,11,26–29

The treatment of 1a (or 1b) with Pd(OAc)2 (1 : 1 molar ratio)
in CF3CO2H at room temperature for 40 min afforded 2a (or
2b) as deep red solids in good isolated yields. Further treat-
ment of 2a (2b) with excess of LiCl in MeOH at room tempera-
ture promoted the metathesis of the carboxylate bridges by
chloride bridges and the formation of dinuclear 3a (3b)
(Scheme 1) as very insoluble deep-red solids. Complexes 3a
(3b) react with a halide scavenger such as AgClO4 (1 : 2 molar
ratio) in a coordinating solvent (acetonitrile, ACN), allowing
the isolation of the bis-solvato derivatives 4a (4b) as bright red
solids, which are stable towards the oxygen and moisture even
in solution. The presence of labile ACN ligands in the coordi-
nation sphere of the Pd center is very convenient for our pur-
poses because it provides two masked vacant coordination

Fig. 1 Three-dimensional structure of the G. thermocatenulatus lipase
in open conformation. The protein structure was obtained from the
Protein Data Bank (pdb code: 2W22) and the picture was created using
Pymol v. 0.99. Scheme 1 Synthesis of Pd-oxazolones complexes.
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sites that are able to react with donor atoms present in the
cavity of the protein.

The reaction of 3a with Tlacac (1 : 2 molar ratio, acac =
acetylacetonate) in CH2Cl2 takes place with the precipitation of
TlCl and formation of 5a, which contains the acac ligand O,O′-
chelated. The molecular structure of 5a has been determined
by single-crystal X-ray diffraction methods. Fig. 2 shows a
molecular drawing of the complex, while crystallographic para-
meters and most relevant bond distances (Å) and angles (°) are
included in the ESI (Tables S1 and S2†).

The Pd atom is located in a square-planar environment,
slightly distorted with respect to the ideal geometry expected
for a Pd(II) complex. The acetylacetonate ligand (defined as the
best least-square plane containing the O5–C21–C20–C19–O6
atoms) is almost coplanar with respect to the best coordi-
nation plane defined by Pd–C1–N1–O5–O6 (dihedral angle =
0.44(4)°). However, the oxazolone ligand is severely distorted
and too far away to be coplanar with the coordination plane,
with the dihedral angle between the coordination plane and
the best plane defined by the C1–C6–C9–C10–N1 atoms being
143.54(4)°. The intramolecular repulsions between the Ph ring
at the 2-position of the oxazolone heterocycle and the frag-
ment O6–C19–C22 of the acac ligand seems to be responsible
for this severe deformation and loss of planarity. Internal
bond distances and angles show values similar to those found
in other complexes reported in the literature.27

Considering that conjugation of Pd complexes with the
enzymes must be performed in aqueous solution, the stability
of the complexes was evaluated in different aqueous solutions
by monitoring their UV absorbance under these conditions in
the range of 200–600 nm (Fig. 3). The study was performed
using compound 4a. The compound was dissolved in pure
acetonitrile at a concentration of 1 mg mL−1 and then 200 µL
of this solution was diluted in 2 mL of the different aqueous
solutions.

Complex 4a was stable in distilled water, distilled water
adjusted at pH 7 and also in an aqueous solution of aceto-
nitrile. However, the color was rapidly lost in aqueous solu-
tions containing different buffers (phosphate buffer, MES,

Tris) or directly in DMSO. Considering these results, we
selected the distilled water adjusted at pH 7 as the best con-
dition for continuing our studies.

Preparation and characterization of the new Pd-GTL enzymes

Two genetically modified variants of the native
G. thermocatenulaus lipase were used, the first one where the
two natural cysteines were removed and substituted by serines
in a conservative change (GTL), and another one where the
catalytic serine114 was modified by a Cys residue (GTL-C114),
generating a lipase containing a unique cysteine. These two
enzyme variants present as a unique difference the possible
coordination of Pd in the active site (Fig. S2†).

Firstly, enzyme variants were previously immobilized on a
C4-support (butyl-Sepharose) for a solid-phase modification.
This procedure allows the lipase to be selectively adsorbed
against other proteins in the extract.15 Thus, in addition to
having it fixed in a heterogeneous way, it allowed purification,
ensuring that we only have our protein on the solid support
before incorporating the complex (Fig. S3†).

Previous to the conjugation step, experimental conditions
to avoid any undesired unspecific adsorption of Pd complex
on the solid C4-support were studied. For this purpose, 4a was
dissolved in solutions containing different concentrations of
acetonitrile or surfactant (Triton X-100) in water adjusted at
pH 7. Solid butyl-Sepharose was added to the 4a solutions and
the adsorbance of the supernantant was measured at different
times (Fig. S4†). In this study, the addition of 20% ACN
resulted as the optimal conditions because after 30 min 85%
of 4a still was remaining on the supernatant. In this way, the
stability of the three complexes 4a, 4b and 5a was tested in
these optimized conditions, i.e. 20% ACN in water adjusted at
pH 7. In the three cases, more than 90% of the initial UV
absorption was preserved after 4 h of incubation. Thus, the
enzyme–metal bioconjugation was performed following a strat-
egy based on two steps (Fig. 4). The first step was the directFig. 2 Molecular structure of 5a.

Fig. 3 Stability of 4a in different aqueous solutions at room
temperature.
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supramolecular coordination of the Pd complexes to the
protein.

The incorporation of the Pd complexes was performed in
the two different enzymes immobilized on the C4-support in
these reaction conditions at room temperature (Fig. 4). The
chemical modification was followed by the disappearance of
the absorbance signal in the UV spectrum in the supernatant.
100 eq. of Pd complexes with respect to the protein was added
in all cases. The adsorption speed was slightly faster for 4b
and 5a although in all cases around 50% of the compound
offered was adsorbed after 4 h (Fig. 5). Longer incubation
times did not improve the results. Although the adsorption
effect was evaluated, the high amount of Pd offered indicated
that free Pd was also absorbed into the solid material.
However, the reduction in the amount of the compound pro-
duced worse results. The second step is the recovery of the
enzyme–Pd conjugate in solution. To achieve that, the modi-
fied immobilized enzymes were desorbed from the solid
support by incubation with water containing 40% ACN (Fig. 4).

Under these conditions, lipases can be desorbed from these
hydrophobic supports.15

After desorption, the sample was purified in order to elim-
inate all the free Pd compound desorbed also from the resin.
After the purification, yellow or red solutions from the
different conjugates were obtained (Fig. S5†). This strategy
afforded much better performance compared to the prepa-
ration of the conjugate in solution. The content of protein per
ml of solution in the conjugates was determined by the
Bradford Assay (Table 1). The Pd content in each solution was
determined by ICP-OES mass analysis (Table 1). The results
have shown a protein concentration around 0.1 mg mL−1 with
a Pd content of 0.3–0.5 ppm (Table 1). The determination of
nmols of protein and Pd, for example in the case of GTL-4a
and GTL-C114-4a, showed that in the former the ratio
nmolsGTL/nmolsPd was 1, whereas in the latter the ratio was 2
(Table 1).

This could indicate that coordination of the Pd complexes
took place, probably, in a selective way at the N-terminus of
the protein (the most reactive group at this pH) in GTL-4a,
whereas in GTL-C114-4a both the N-terminus and the S atom
of the cysteine in the active site are involved in the coordi-
nation, and two metallic centers can be captured by the same
protein. The 3D-analysis of the environments and neighbour-
ing residues surrounding both groups (NH2 at N-terminus and
S atom from the cysteine) on the protein structure (Fig. 6)
clearly suggests that in the case of GTL-C114-4a, the possible
coordination of the Pd complex in the active site would occur
between SH and some of the His around that group (His365),
which is one of the three amino acids of the catalytic triad and
therefore is more activated from its nucleophilic nature
(Fig. 6A).

However, analyzing the environment of the N-terminal
region we can observe that there is a proline (Pro4), and a car-
boxyl group. These could intervene together with the NH2

group of the N-terminal in the coordination to the Pd center,
the interaction being different from that observed in the active
site (Fig. 6B). In this case, different hydrophobic groups could
stabilize the structure of the complex (Fig. 6).

In order to demonstrate this hypothesis, a chemical modifi-
cation in the N-terminus30 of the two variants GTL and
GTL-C114 on the solid phase was performed following a strat-

Fig. 4 Strategy for the site-specific Pd-complex incorporation on GTL.
Enzyme lid oligopeptide (orange).

Fig. 5 Adsorption of the Pd complexes on the immobilized GTL
enzymes.

Table 1 Protein and Pd content of the new GTL-Pd conjugates

Sample

Protein
concentration
(mg ml−1)

Pd content
(mg ml−1)

Proteinb

(nmol)
Pdb

(nmol)

GTL-4a 0.125 0.31 × 10−3 2.90 2.92
GTL-C114-4a 0.08 0.35 × 10−3 1.86 3.3
GTL-4b 0.125 0.44 × 10−3 2.90 4.1
GTL-C114-4b 0.16 0.50 × 10−3 3.71 4.7
GTL-5aa 0.10 0.17 × 10−3 2.32 1.6
GTL-C114-5aa 0.06 0.21 × 10−3 1.39 2.0

a The conjugates were prepared using 0.4 g of immobilized enzymes.
b Amount of protein or Pd per mL of solution.
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egy recently reported31 by us using N-acetyl-tyrosine (Ac-Tyr) as
molecule (Fig. S6†). The carboxylic group of the molecule was
previously activated by the EDC/NHS activation step. Then, the
Pd orthopalladated 4a incorporation protocol was repeated in
the modified Ac-Tyr-variants (GTL and GTL-C114) and in both
cases no fluorescence emission signal was observed, with a
purified protein solution completely transparent (Fig. S7†),
demonstrating that the Pd coordination is performed by the
N-terminus in GTL and N-terminus and SH active site in
GTL-114.

Evaluation of Pd–GTL conjugates as mimics of fluorescent
proteins

The fluorescence properties of the Pd–enzyme conjugates were
studied (Table 2 and Fig. S5†), and the comparison of the
obtained results with those of the free species 4a, 4b, and 5a
was performed. The free organometallic complexes 4a, 4b and
5a showed strong fluorescent emission in pure organic sol-
vents such as ACN (Table S3 and Fig. S8†). They were also
tested in the previous specific aqueous conditions (water at pH
7 with 20% ACN) (Table S4 and Fig. S9†). In all of the studied
cases, the excitation wavelength was fixed at 450 or 475 nm,
and strong emissions were observed in the green region of the
spectrum (526–579 nm). Evaluation at concentrations of 0.1
and 0.25 mg ml−1 (100 or 250 ppm, respectively) showed the
expected differences of fluorescence intensity depending on

the type of complex and their concentration: compound 4a
showed the strongest fluorescence intensity under these con-
ditions followed by 5a, and 4b being the weakest fluorescent
molecule (Table S4†).

In the case of artificial Pd-proteins, samples with a concen-
tration of Pd in the range 0.17–0.50 ppm were evaluated. That
is, the content of Pd in the samples of the metalloenzymes is
200 times smaller than in the free organometallic complexes
4a, 4b, or 5a described in the last paragraph (100–250 ppm).
The fluorescence of the samples of the metalloenzymes was
compared with that observed for 4a, 4b, and 5a, prepared in
the same concentration (0.50 ppm) and in larger concen-
trations (100–250 ppm). In the case of the free complexes 4a,
4b, or 5a, no fluorescence signal at all was found at 0.50 ppm
concentration (Table 2). The proteins without the Pd complex
did not show any fluorescence intensity. However, the new Pd–
GTL enzymes showed strong fluorescence signals under these
conditions at the lowest concentrations (Fig. S10†).

The conjugation of Pd complexes with the enzyme
improved the fluorescence of the compounds to a different
extent. For example, the highest fluorescence intensity was
achieved using the bioconjugate enzyme-4b. In particular, the
insertion of 4b in the active site of GTL-C114 allows to obtain
the conjugate GTL-C114-4b as the representative showing the
strongest fluorescence, almost twice compared with that of the
conjugate GTL-4b (Table 2). This is quite interesting because
complex 4b gave the weakest fluorescence emission in free
form in aqueous solution (Table S4†).

In the other two Pd complexes (4a and 5a), the insertion in
the proteins also gave a fluorescence signal at these extremely
low concentrations, showing better results at both excitation
wavelengths (450 and 475 nm) using the conjugation with
GTL-C114 (Table 2). Besides the huge qualitative increase of
the intensity of the fluorescence of the Pd(oxazolone) fragment
after bioconjugate formation, it seems that there are not clear
correlations between such increases and other molecular para-
meters, such as the type of substituents and/or the nature of
the enzyme involved in each particular case. The lower inten-
sity in the case of GTL-C114-5a could be explained considering
that 5a presents a more rigid structure in the Pd coordination
in free form; may be the modification of the active site is
causing a conformational change in the whole protein struc-
ture affecting the final fluorescence signal of the bioconjugate.

Evaluation of the new Pd–GTL conjugates catalysis in water

The strong change in the environment around the metal
center from free complexes 4a, 4b, and 5a to the artificial
metalloenzymes most likely will also modify the catalytic pro-
perties of the palladium.32 In this respect, we have studied the
selective reduction of an aromatic derivative such as p-nitro-
phenol (pNP) in aqueous media at room temperature as the
model reaction for evaluating the catalytic capacity of these
new Pd bioconjugates in comparison with free molecules
(Table 3 and Fig. S11–S14†).

From the free Pd complexes, 4a showed the best catalytic
activity in the reduction of pNP with a TOF value of 137 min−1,

Fig. 6 Core sites in the GTL protein for Pd coordination. (A) Active site
of GTL-C114. (B) Structural environment around the N-terminus of GTL
enzymes. The protein structure was obtained from the Protein Data
Bank (pdb code: 2W22) and the pictures were created using Pymol v.
0.99.

Table 2 Fluorescence data of the different Pd–enzyme conjugates

Sample
Pd content
(ppm)

Excitation λ
(nm)

Emission λ
(nm)

Intensity
(counts)

GTL — 450 — 0
GTL-C114 — 450 — 0
4a 0.50 450 — 0
GTL-4a 0.3109 450 523.19 50.94
GTL-4a 0.3109 475 523.19 56.89
4b 0.50 450 — 0
GTL-4b 0.44 450 550 105
GTL-C114-4b 0.50 450 550 195
5a 0.50 450 — 0
GTL-5a 0.17 450 524.83 67.18
GTL-C114-5a 0.21 450 523.12 53.12
GTL-5a 0.17 475 524.83 71.53
GTL-C114-5a 0.21 475 523.12 58.23
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5 and 10 times faster than 4b and 5a, respectively. As for the
hybrids, the results showed how the conjugation of the three
Pd complexes on the protein extremely improved their catalytic
performance, exhibiting an increase in the TOF value of 200
times for GTL-4a conjugates compared with the free Pd mole-
cule. The best TOF value was achieved with GTL-4a,
27 428 min−1, which is, as far as we know, the highest TOF
value ever achieved by a transition metal catalyst in this
process.33–36 The improvement was even higher for the other
two compounds, with a TOF value enhanced almost 600 times
for 4b in GTL-4b, and almost 1000 times for 5a in GTL-5a
(Table 3). These results showed for the first time an extraordi-
nary improvement of a metal organometallic complex by
enzyme coordination.

Finally, GTL-114-4b was applied in a site-selective C–H acti-
vation reaction, by the C-2 aryl modification of N-acetyl-l-
tryptophan methyl ester37 under mild conditions (methanol/
water (1/1) as the solvent and at room temperature). These con-
ditions were recently reported by us as excellent for this modi-
fication by using other Pd–enzyme hybrids.38 The reaction was
performed using 4-methoxybenzenediazonium tetrafluoro-
borate, as an electrophilic arylating coupling partner, and
>99% of C-2′ arylated tryptophan was obtained after 16 h incu-
bation (Fig. S15†), showing the potential application of these
bioconjugates in selective complex reactions.

Experimental
General information

Butyl-Sepharose® 4 Fast Flow was from GE Healthcare
(Uppsala, Sweden). Sodium borohydride, Triton® X-100, di-
methylsulfoxide (DMSO), 4-methoxybenzenediazonium tetra-
fluoroborate (pOMe-BDTFB), p-nitrophenol (pNP), p-nitrophe-
nylpropionate (pNPP), p-aminophenol (pAP), N-acetyl-tyrosine,
N-hydroxysuccinimide (NHS), 2-dipyridyldisulfide (2-PDS) and

dithiothreitol (DTT) were from Sigma-Aldrich. 1-Ethyl-3-(3-di-
methylaminopropyl) carbodiimide (EDC) was purchased from
Tokyo Kasei (Japan). N-Acetyl-L-tryptophan methyl ester
(AcTrpOMe) was bought from Alfa Aesar. Inductively coupled
plasmaoptical emission spectrometry (ICP-OES) was per-
formed on a PerkinElmer OPTIMA 2100 DV equipment. C, H,
N and S elemental microanalyses were carried out on a
PerkinElmer 2400-B Series II Analyser. Electrospray Ionisation
(ESI) mass spectra were recorded using a Bruker Esquire 3000
plus™ ion-trap mass spectrometer equipped with a standard
ESI source. High-resolution mass spectra-ESI (HRMS-ESI) were
recorded using a Bruker MicroToF-Q™ equipped with an
API-ESI source and a Q-ToF mass analyzer, which allows a
maximum error in the measurement of 5 ppm. Acetonitrile
and methanol were used as solvents. For all types of MS
measurements, samples were introduced in a continuous flow
of 0.2 mL min−1 and nitrogen served both as the nebulizer gas
and the dry gas. Infrared spectra were recorded on a Spectrum
100 PerkinElmer FTIR Spectrophotometer, with a Universal
Attenuated Total Reflectance (UATR) accessory
(4000–250 cm−1). The 1H, 13C{1H} and 19F NMR spectra were
recorded on a Bruker Avance-300 spectrometer (δ in ppm; J in
Hz). All experiments were recorded on solution at room temp-
erature using CD2Cl2 or CDCl3 as the deuterated solvents.
Other conditions were specified on each particular case. The
1H and 13C{1H} spectra were referenced using the residual
solvent signal as internal standard, while 19F spectra were
referenced to CFCl3. The N-cinnamoylglycine used for the syn-
thesis of 1b was prepared by the Schotten–Baumann
method.39 Oxazolone 1b appears in Scifinder as commercially
available, but there are no references associated to its syn-
thesis nor to its characterization, so a complete description is
provided here.

Site-directed mutagenesis, cloning and expression of
Geobacillus thermocatenulatus lipase (GTL)

The gene corresponding to the mature lipase from
G. thermocatenulatus (GTL) was cloned into pT1GTL expression
vector as previously described.40,41 All site-directed mutagen-
esis experiments were carried out by PCR using mutagenic
primers. To introduce the amino acid change, the corres-
ponding pair of primers was used as homologous primer pair
in a PCR reaction using a specific plasmid as the template and
Prime Start HS Takara DNA polymerase. The product of the
PCR was digested with endonuclease DpnI that exclusively
restricts methylated DNA.40 E. coli DH10B cells were trans-
formed directly with the digested product. The plasmid with
mutated GTL were identified by sequencing and then trans-
formed into E. coli BL21 (DE3) cells to express the corres-
ponding proteins. Firstly, C65S was created, and the resulting
plasmid was used as the template to create the double mutant
C65S/C296S-GTL (GTL).41 This plasmid (pT1BGTLmutCys) was
used as the template to construct additional mutations
(S114C), creating the mutants GTL-C114, using the mutagenic
primers S114C-for CATCGCTCATTGCCAAGGAGGAC and
S114C-rev GTCCTCCTTGGCATGAGCGATG. The gene corres-

Table 3 Chemical reduction of p-nitrophenol (pNP) to p-aminophenol
(pAP) catalyzed by GTL-Pd conjugatesa

Catalyst
Pd content
(μg)

time
(min)

TOF valueb

(min−1) pNP conversionc

GTL — 1 — 0
GTL-C114 — 1 — 0
4a 0.75 1 137 95
GTL-4a 0.0047 1 27 428 80
GTL-C114-4a 0.0052 1 22 857 >95
4b 1 3 27 71
GTL-4b 0.0067 1 15 873 >95
GTL-C114-4b 0.0075 1 15 714 >95
5a 7.5 1 12 >95
GTL-5a 0.0026 3 13 605 65
GTL-C114-5a 0.0031 7 4892 63

a Reaction conditions: 1.0 mM (3 mg) nitroarene, 40 mM (3 mg)
NaBH4, 2 mL of distilled water, air and room temperature. b The TOF
value was defined as the μmols of pAP per μmol of Pd and per minute.
c pNP conversion was determined by UV spectrophotometer after
10 min reaction.
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ponding to the mature lipase from G. thermocatenulatus (GTL)
was cloned into a pT1 expression vector as previously
described.40,41 Cells carrying the recombinant plasmid
pT1GTL were grown at 30 °C and overexpression was induced
by raising the temperature to 42 °C for 20 h.

Enzymatic activity assay

The activities of the soluble and immobilized GTL variants
were analyzed spectrophotometrically measuring the incre-
ment in absorbance at 348 nm produced by the release of
p-nitrophenol (pNP) (∈ = 5150 M−1 cm−1) in the hydrolysis of
0.4 mM pNPP in 25 mM sodium phosphate at pH 7 and 25 °C.
To initialize the reaction, 0.05–0.2 mL of lipase solution or sus-
pension was added to 2.5 mL of the substrate solution.
Enzymatic activity is given as micromoles of hydrolyzed pNPP
per minute per milligram of enzyme (IU) under the conditions
described above.

Synthesis and characterization of compounds 1a–5a

Orthopalladated 2a. The synthesis of orthopalladated 2a has
been carried out following procedures identical to those pre-
viously reported by us.11,26–29 Therefore, treatment of oxazo-
lone 1a23,24 (700.0 mg, 2.26 mmol) with Pd(OAc)2 (508.0 mg,
2.26 mmol) in trifluoroacetic acid (8 mL) at 25 °C for 40 min
gave, after precipitation with water, 2a as a red solid.
Obtained: 960 mg (80% yield). Elem. anal. calculated for
C40H28F6N2O12Pd2: C, 45.52; H, 2.67; N, 2.65; found: C, 45.18;
H, 2.56; N, 2.31. 1H NMR (CD2Cl2, 300.13 MHz): δ = 8.05 (s,
1H, Hvinyl), 8.01 (m, 2H, Ho, C6H5), 7.62 (tt, 1H, 3JHH = 6 Hz,
4JHH = 1.5 Hz, Hp, C6H5), 7.52 (m, 2H, Hm, C6H5), 6.34, 6.28
(AB spin system, 2H, 4JHH = 2.1 Hz, H3 + H5, C6H2), 4.03 (s, 3H,
OCH3), 3.80 (s, 3H, OCH3).

13C{1H} NMR (CD2Cl2, 75.47 MHz):
δ = 165.54 (s, CvN), 164.00 (q, 2JCF = 38.5 Hz, CO2 bridging),
161.95 (s, C2–O, C6H2), 160.39 (s, CvO), 159.18 (s, C4–O,
C6H2), 139.39 (s, C, C6–Pd, C6H2), 133.98 (s, CH, Cp, C6H5),
132.45 (s, vCH, Cvinyl), 130.14 (s, CH, Co, C6H5), 128.32 (s, CH,
Cm, C6H5), 123.22 (s, Ci, C6H5), 119.06 (s, vC), 114.67 (q, 1JCF
= 288 Hz, CF3), 113.81 (s, C, C1, C6H2), 109.47 (s, CH, C5,
C6H2), 96.40 (s, CH, C3, C6H2), 55.93 (s, OCH3), 55.45 (s,
OCH3).

19F NMR (CD2Cl2, 282.40 MHz): δ = −75.31 (s, CF3). IR
(ν, cm−1): 1783 (vs, CvO), 1671, 1644 (vs, O2CCF3), 1572, 1534
(vs, O–CvN).

Orthopalladated 3a. Complex 2a (480 mg, 0.45 mmol) was
reacted with anhydrous LiCl (77.1 mg, 1.82 mmol) in methanol
(15 mL) for 2 h at 25 °C. The suspended solid (3a) was filtered,
washed with methanol (10 mL) and Et2O (20 mL), and dried by
suction. Obtained: 240 mg (59% yield). 3a was insoluble in the
usual NMR solvents, even in the presence of pyridine-d5, pre-
cluding its routine characterization in solution. Elem. anal.
calculated for C36H28Cl2N2O8Pd2: C, 48.02; H, 3.13; N, 3.11;
found: C, 47.87; H, 3.34; N, 3.08. IR (ν, cm−1): 1770 (CvO),
1620, 1562, 1534 (O–CvN), 314 (Pd–Cl).

Orthopalladated 4a. Complex 3a (150 mg, 0.166 mmol) was
reacted with AgClO4 (69 mg, 0.333 mmol) in dry CH3CN
(15 mL) for 30 min at 25 °C protected from light. The resulting
suspension was filtered through a Celite bed. The Celite was

washed with additional CH3CN (5 mL), and the clear com-
bined solutions were evaporated to a small volume (1 mL).
Addition of Et2O (25 mL) gave the precipitation of an orange
solid, which was filtered, washed with additional Et2O (10 mL)
and dried by suction. This solid was recrystallized from
CH2Cl2/Et2O, giving 4a as a red solid. Obtained: 150 mg
(75.5% yield). Elem. anal. calculated for C22H20ClN3O8Pd: C,
44.31; H, 3.38; N, 7.05; found: C, 44.10; H, 3.17; N, 6.84. 1H
NMR (CD2Cl2, 300.13 MHz): δ = 8.40 (m, 2H, Ho, C6H5), 8.12
(s, 1H, vCHvinyl), 7.80–7.68 (m, 3H, Hm, Hp, C6H5), 6.56 (d,
4JHH = 2.1 Hz, 1H, C6H2, H5), 6.29 (d, 4JHH = 2.1 Hz, 1H, C6H2,
H3), 3.92 (s, 3H, OCH3), 3.92 (s, 3H, OCH3), 2.44 (s, very broad,
3H, CH3CN), 2.26 (s, very broad, 3H, CH3CN).

13C{1H} NMR
(CD2Cl2, 75.47 MHz): δ = 165.81 (s, CvN), 162.85 (s, C2–O,
C6H2), 160.57 (s, CvO), 160.19 (s, C4–O, C6H2), 134.97 (s, Cp,
C6H5), 130.34 (s, vCH, Cvinyl), 129.17 (2s, overlapped, Co, Cm,
C6H5), 123.44 (s, Ci, C6H5), 119.46 (s, vC), 116.15 (s, CH, C5,
C6H2), 114.90 (s, C, C1, C6H2), 95.53 (s, CH, C3, C6H2), 56.06 (s,
OCH3), 55.99 (s, OCH3), 3.48 (s, very broad, CH3, CH3CN).
Signals due to the C6 carbon of the orthometallated C6H2 frag-
ment, as well as signals due to the 13C nuclei of CH3CN
ligands, were not observed, probably hidden in the baseline
due to their involvement in dynamic processes.

Orthopalladated 5a. A suspension of 3a (166 mg,
0.184 mmol) in CH2Cl2 (10 mL) was reacted with Tl(acac)
(112 mg, 0.368 mmol) for 2 h at 25 °C, then filtered through a
Celite pad to remove the TlCl formed during the reaction. The
Celite was washed with additional CH2Cl2 (10 mL). The com-
bined washings were evaporated to dryness, and the residue
treated with cold n-hexane and stirring. Compound 5a was
thus obtained as an orange solid, which was filtered and dried
by suction. Obtained: 114 mg (60% yield). Elem. anal. calcu-
lated for C23H21NO6Pd: C, 53.76; H, 4.12; N, 2.73; found: C,
53.48; H, 4.01; N, 2.84. 1H NMR (CD2Cl2, 300.13 MHz): δ = 8.36
(m, 2H, Ho, C6H5), 8.18 (s, 1H, vCHvinyl), 7.61 (m, 1H, Hp,
C6H5), 7.51 (m, 2H, Hm, C6H5), 7.00 (d, 1H, H5, C6H2,

4JHH =
2.4 Hz,), 6.24 (d, 1H, H3, C6H2,

4JHH = 2.4 Hz), 5.24 (s, 1H, CH-
acac), 3.94 (s, 3H, OMe), 3.91 (s, 3H, OMe), 2.02 (s, 3H, CH3-
acac), 1.21 (s, 3H, CH3-acac).

13C{1H} NMR (CD2Cl2,
75.47 MHz): δ = 187.39 (s, CO-acac), 185.66 (s, CO-acac), 164.19
(s, CvN), 162.38 (s, C2–O, C6H2), 162.24 (s, CvO), 160.08 (s,
C4–O, C6H2), 151.54 (s, C, C6–Pd, C6H2), 133.95 (s, vCH),
133.09 (s, Cp, C6H5), 130.10 (s, Co, C6H5), 127.82 (s, Cm, C6H5),
125.03 (s, Ci, C6H5), 119.77 (s, vC), 116.35 (s, C, C1, C6H2),
111.28 (s, CH, C5, C6H2), 99.63 (s, CH, C3H, acac), 95.23 (s, CH,
C3, C6H2), 55.69 (s, OMe), 55.42 (s, OMe), 27.06 (s, CH3-acac),
26.15 (s, CH3-acac).

4-((Z)-2,4-Dimethoxybenzylidene)-2-((E)-styryl)-5(4H)-oxazo-
lone (1b). 2,4-Dimethoxybenzaldehyde (850.3 mg, 5.12 mmol)
was reacted with NaOAc (400.0 mg, 4.87 mmol) and
N-cinnamoylglycine (1000.00 mg, 4.87 mmol) in refluxing
acetic anhydride (10 mL, 110 °C). The initial suspension
gradually dissolved and, after a few minutes, a deep orange
suspension was formed. The mixture was heated while stirred
for 3 h, then allowed to cool to room temperature. The solid
mass formed after cooling was treated with distilled water
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(30 mL), giving 1b as a deep orange solid, which was filtered,
washed with water (5 mL) and cold ethanol (10 mL), and dried
in vacuo. Obtained: 509.15 mg (31% yield). HRMS (ESI+) [m/z]:
calculated for C20H18NO4 336.1236 [M + H]+; found 336.1237.
1H NMR (CDCl3, 300.13 MHz): δ = 8.75 (d, J = 8.7 Hz, 1H, H6,
C6H3), 7.77 (s, 1H, vCHvinyl), 7.62 (d, J = 16.5 Hz, 1H,
vCHolef ), 7.57 (m, 2H, Ho, C6H5), 7.44–7.40 (m, 3H, Hm, Hp,
C6H5), 6.79 (d, J = 16.2 Hz, 1H, vCHolef ), 6.63 (dd, J = 8.7, 1.8
Hz, 1H, H5, C6H3), 6.43 (d, J = 2.1 Hz, 1H, H3, C6H3), 3.88 (s,
6H, OCH3).

13C{1H} NMR (CDCl3, 75.47 MHz): δ = 167.82 (s,
CvO), 164.10 (s, C2–O, C6H3), 161.78 (s, C4–O, C6H3), 161.06
(s, CvN), 142.31 (s, vCH, Colef ), 134.85 (s, vC), 134.35 (s,
CH, C6, C6H3), 130.49 (s, Ci, C6H5), 130.36 (s, CH, Cp, C6H5),
129.04 (s, CH, Co, C6H5), 127.97 (s, CH, Cm, C6H5), 125.75 (s,
vCH, Cvinyl), 116.21 (s, C1, C6H3), 113.69 (s, vCH, Colef ),
106.32 (s, CH, C5, C6H3), 97.68 (s, CH, C3, C6H3), 55.66 (s,
OCH3), 55.55 (s, OCH3).

Orthopalladated 2b. The synthesis of orthopalladated 2b has
been carried out following procedures related to those
reported by us.11,26–29 Reaction of 1b (205 mg, 0.61 mmol)
with Pd(OAc)2 (137.2 mg, 0.61 mmol) in CF3CO2H (5 mL) at
25 °C for 40 min gave 2b as a red solid. Obtained: 316.2 mg
(94% yield). HRMS (ESI+) [m/z]: calculated for C40H33N2O9Pd2
897.0256 [M − 2CF3COO + OH]+; found: 896.9991. 1H NMR
(CDCl3, 300.13 MHz): δ = 7.95 (s, 1H, Hvinyl), 7.56 (m, 2H, Ho,
C6H5), 7.44–7.39 (m, 4H, Holef, Hm + Hpara, C6H5), 7.08 (d, J =
15.9 Hz, 1H, Holef ), 6.23 (d, J = 1.8 Hz, 1H, H3, C6H2), 6.17 (d, J
= 2.1 Hz, 1H, H5, C6H2), 3.94 (s, 3H, OCH3), 3.53 (s, 3H,
OCH3).

13C{1H} NMR (CDCl3, 75.47 MHz): δ = 163.20 (s, CvN),
161.58 (s, C–O, C6H2), 160.46 (s, CvO), 158.82 (s, C–O, C6H2),
145.95 (s, vCH, Colef ), 139.08 (s, vC), 134.01 (s, Ci, C6H5),
131.57 (s, CH, Cp, C6H5), 130.87 (s, vCH, Cvinyl), 129.04 (s,
CH, Co, C6H5), 128.81 (s, CH, Cm, C6H5), 118.73 (s, C, C6H2),
113.68 (s, C–Pd, C6H2), 110.69 (s, vCH, Colef ), 108.97 (s, CH,
C6H2), 96.66 (s, CH, C6H2), 55.86 (s, OCH3), 55.21 (s, OCH3).
Signals due to the presence of the bridging C̲F3C̲OO ligand
were not found in this spectrum, despite the use of long
accumulation trials, probably due to the low solubility of this
compound. 19F NMR (282.40 MHz, CDCl3): δ = −74.49 (s, CF3).
IR (ν, cm−1): 1790 (CvO), 1662, 1571 (O–CvN), 1642 (CF3COO
bridging).

Orthopalladated 3b. Complex 3b was prepared as described
for 3a. Thus 2b (200 mg, 0.18 mmol) was reacted with anhy-
drous LiCl (30.6 mg, 0.72 mmol) in methanol (15 mL) at 25 °C
to give 3b as a red solid. Obtained: 126.5 mg (74% yield). 3b
was insoluble in the usual NMR solvents, even in the presence
of py-d5, preventing its characterization in solution. Elemental
analysis calculated for C40H32Cl2N2O8Pd2: C, 50.44; H, 3.39; N,
2.94; found: C, 50.13; H, 3.44; N, 3.08. IR (ν, cm−1): 1775
(CvO), 1637, 1560 (O–CvN), 314 (Pd–Cl).

Orthopalladated 4b. Complex 4b was prepared as described
for 4a. Thus 3b (100 mg, 0.105 mmol) was reacted with AgClO4

(45.7 mg, 0.22 mmol) in dry NCMe (15 mL) at 25 °C to give 4b
as a red solid. Obtained: 112.4 mg (93.6% yield). HRMS (ESI+)
[m/z]: calculated for C23H23N2O5Pd 513.0642 [M − NCMe −
ClO4 + CH3OH]+; found 513.0612. 1H NMR (300.13 MHz,

CD2Cl2): δ = 7.97 (s, 1H, vCHvinyl), 7.75 (d, J = 16.2 Hz, 1H,
vCHolef ), 7.72 (m, 2H, Ho, C6H5), 7.52–7.50 (m, 3H, Hm, Hp,
C6H5), 7.12 (d, J = 15.9 Hz, 1H, vCHolef ), 6.49 (s, broad, 1H,
C6H2, H5), 6.26 (d, J = 1.8 Hz, 1H, C6H2, H3), 3.91 (s, 3H,
OCH3), 3.85 (s, 3H, OCH3), 2.51–1.98 (very broad, 6H, CH3CN).
13C{1H} NMR (75.47 MHz, CH2Cl2): δ = 164.90 (s, C2–O, C6H2),
163.14 (s, CvN), 160.81 (s, CvO), 160.78 (s, C4–O, C6H2),
147.73 (s, vCH, Colef ), 135.02 (2C overlapped, vC + Ci, C6H5),
132.87 (s, vCH, Cvinyl), 132.61 (s, Cp, C6H5), 130.29 (s, Co,
C6H5), 129.91 (s, Cm, C6H5), 120.45 (s, Pd–C6, C6H2), 115.69 (s,
CuN, CH3CN), 112.05 (s, vCH, Colef ), 96.45 (s, CH, C3, C6H2),
56.95 (s, OCH3), 56.75 (s, OCH3), 23.59 (s, CH3, CH3CN).
Signals due to the C1 and C5 carbons of the orthometallated
C6H2 fragment, as well as signals due to the 13C nuclei of one
NCMe ligand, were not observed, probably being hidden in the
baseline.

X-ray crystallography

Single crystals of 5a of suitable quality for X-ray diffraction
were grown by slow evaporation of a saturated solution of 5a in
Et2O at 25 °C. One selected single crystal was mounted at the
end of a quartz fiber in a random orientation, covered with
magic oil and placed under a cold stream of N2 gas.
Crystallographic measurements were carried out at 100 K on a
Bruker Smart APEX CCD diffractometer, using graphite mono-
chromated Mo Kα radiation (λ = 0.71073 Å). A hemisphere of
data was collected in each case based on ω-scan or ϕ-scan
runs. The diffraction frames were integrated using the
program SAINT42 and the integrated intensities were corrected
for absorption with SADABS.43 The structures were solved and
developed by Patterson and Fourier methods.44 All non-hydro-
gen atoms were refined with anisotropic displacement para-
meters. The H atoms were placed at idealized positions and
treated as riding atoms. Each H atom was assigned an isotro-
pic displacement parameter equal to 1.2–1.5 times the equi-
valent isotropic displacement parameter of its parent atom.
For structure solving and refinement, SHELX-97 Software
Package was used. The structure was refined to Fo

2, and all
reflections were used in the least-squares calculations.45 CCDC
2045156 (5a)† contains the supplementary crystallographic
data for this paper.

Stability evaluation of Pd complexes

The different Pd complexes 4a, 4b and 5a were dissolved at
10 mg mL−1 in different solvents and aqueous solutions (phos-
phate buffer, water containing Triton X-100, SDS or acetonitrile
as co-solvent) and their UV absorbance was measured in a UV
spectrophotometer JASCO in the range of 340 to 600 nm.
Stability of the complex in aqueous solution was determined
by measuring the conservation of the absorbance (ΔAbs)
intensity.

Preparation of the Pd–enzyme conjugates

The GTL variant (GTL-NC or GTL-C114) crude extract from
E. coli (5 mL) was added to 15 mL of 25 mM sodium phos-
phate at pH 7.0 (obtaining a final enzyme concentration of
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8 mg ml−1 determined by the Bradford assay.46 Then, butyl-
Sepharose was added in a 1/10 (v/v) proportion and gently
stirred for 3 h at 25 °C. Periodically, the activity of the suspen-
sions and supernatants was measured by the pNPP assay
described above. After that, the adsorbed lipase preparation
was abundantly washed with distilled water. More than 95% of
the enzyme was adsorbed as confirmed by SDS-PAGE analysis
in both cases (Fig. S2†). Then, 0.5 g of the immobilized GTL
variant was incubated with 10 mL of a solution of acetonitrile/
water adjusted at pH 7 (2/8) with Pd complex, previously dissol-
ving 10 mg of Pd complex in 1.9 mL of acetonitrile and this
was added to 8.1 mL of water adjusted at pH 7. The mixture
was maintained in a roller-stirrer at room temperature for 4 h.
Then, the solid was transferred to a 50 mL syringe reactor con-
taining a filter, and the liquid was removed. The solid was
washed with acetonitrile/water adjusted at pH 7 (2/8) (3 ×
50 mL) and then 5 mL of a solution acetonitrile/water adjusted
at pH 7 (4/6) was added to the solid. The mixture was incu-
bated and maintained in the roller stirrer for 1 h. After that,
the mixture was filtered and the liquid (containing the des-
orbed modified proteins) was recovered. Finally, in order to
remove any amount of Pd complex that is free, the solution
was purified by centrifugation using Centrifugation filters
(Amicon® Ultra-4 mL, 10 K cut-off ), previously diluting the
initial solution of 4 ml with distilled water (4 ml) and centrifu-
ging at 8000 rpm for 10 min several times. Finally, 2 mL of the
pure Pd–enzyme conjugate was obtained in each case. The
content of Pd in each case was determined by ICP-OES
analysis.

Chemical modification of N-terminus of GTL variants

5 mg of N-acetyl-L-tyrosine (Ac-Tyr), 10 eq. of EDC (42.17 mg)
and 15 eq. of NHS (37.46 mg) were added in 5 mL of H2O
adjusted to pH 4.8–5.2.31 This solution was allowed to react for
1 h. Then, 0.5 mL (50 eq.) of the previous solution was added
to 3.5 mL of H2O adjusted to pH = 7 and 0.5 g of GTL or
GTL-C114 immobilized on butyl-Sepharose protein at r.t., and
the mixture was left to react overnight. Then, the mixture was
filtered and the solid was washed several times with distilled
water.

Then this solid was used as previously described in the pro-
tocol of modification with Pd complex (4a).

Protection of thiol in GTL-C114 by 2-PDS

In order to test if the free cysteine in GTL-C114 was also modi-
fied by this protocol, 0.2 g of the modified immobilized
protein was incubated in the presence of 2 ml of DTT solution
(50 mM in 25 mM sodium phosphate at pH 8) for 30. After
that, the solid was washed with distilled water until the DTT
smell disappeared. Then the solid was added to 3 ml of 2-PDS
solution (1.5 mM substrate in a mixture of DMSO (5%, v/v)-
25 mM phosphate buffer (95%, v/v) at pH 8.0) for 1 h. The
cysteine PDS activation was followed spectrophotometrically by
measuring the increase of the absorbance at 343 nm of the
solution. No modification was found in the GTL variant.

Fluorescence spectroscopy measurements

The steady-state excitation–emission spectra of 4a, 4b and 5a
and the corresponding Pd–enzyme conjugates in pure aceto-
nitrile or aqueous solution containing 20% acetonitrile was
determined in a PerkinElmer Fluorophotometer. The measure-
ments were carried out at room temperature using quartz cuv-
ettes of 1 cm path length. An excitation wavelength of 450 or
475 nm was used, and emission wavelengths were monitored,
registering the counts value in each case. A filter of 3.5% was
used.

Catalytic reduction of nitroarenes

p-Nitrophenol (pNP) was dissolved in 2 mL of distilled water to
1 mM concentration. Then, solid NaBH4 (3.2 mg) was added to
the solution. After this addition, the light yellow solution
changes to a strong yellow colour, generating the formation of
4-nitrophenolate ions (the substrate UV-peak undergoes an
immediate shift from 317 to 400 nm). After 30 s, 15 to 20 µl of
the complex free or bioconjugated was added under gentle stir-
ring at room temperature in an orbital shaker. The reaction
progress was monitored by taking out an aliquot of the solu-
tion (0.1 mL) at different times, diluting it with distilled water
(2 mL) and measuring the absorption spectrum between 500
and 300 nm in a quartz cuvette.

General procedure for C–H activation of AcTrpOMe37,38

0.0192 mmol (5 mg) of AcTrpOMe and 0.0192 mmol (4.2 mg)
of ionic liquid pOMe-BDTFB were added to a glass flask con-
taining 1.2 mL of pure GTL-114-4b (0.6 µg of pd) in 10% ACN/
90% water. Then 0.5 mL of methanol was added to the solu-
tion. The mixture was kept at room temperature for 18 h. Then
the conversion was monitored by TLC analysis of the reaction’s
sample. The eluent was 60% ethyl acetate and 40% hexane
and the product has a Rf of 0.35. The product was confirmed
using a pure standard sample.

Conclusions

In conclusion, we have prepared a new type of enzyme–Pd bio-
conjugate by the selective coordination of different palladium
complexes containing orthometallated oxazolones to geneti-
cally produced thermoalkalophilic lipases (GTL and
GTL-C114). The resulting Pd–metalloenzymes show outstand-
ing fluorescence properties and extraordinary catalytic
capacity. The amplification of the fluorescence is up to 600
times higher in the metalloenzyme with respect to the free
orthopalladated complex, in such a way that the metalloen-
zymes show strong emissions under conditions (0.2–0.5 ppm)
where free Pd complexes were not fluorescent at all. In
addition, the metalloenzymes showed catalytic activity from
200 to 1000 times higher than the corresponding free Pd com-
plexes, being able to obtain in one bioconjugate (GTL-4a), the
highest TOF value ever described for this reaction. The inser-
tion of these complexes on the protein—as we have demon-
strated—could open the applicability of these bioconjugate
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systems in different kinds of chemical reactions (formation of
C–C and/or C-heteroatom bonds through C–H bond activation,
for instance) in aqueous solution, conditions where in many
cases free Pd complexes cannot be used.
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