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be for the discrimination of
oxidation states of palladium†‡

Lijun Jiang, §abc Ho-Nam Mak, §abc Edward R. H. Walter, a Wing-Tak Wong,*c

Ka-Leung Wong *b and Nicholas J. Long *a

Palladium-based catalysts are widely used in pharmaceutical industries, which can sometimes cause

palladium contamination in pharmaceutical drug manufacture. It is important to separately quantify the

different oxidation states of palladium (Pd0 and Pd2+) in pharmaceuticals as they react with scavengers

differently. Although palladium sensors have been under intense investigation, oxidation state

differentiators are very rare. Here, we report a simple porphyrin–coumarin conjugate, PPIX-L2, that can

selectively discriminate between the oxidation states of palladium. The reaction of PPIX-L2 with Pd0

showed a 24-fold fluorescence increase of the coumarin emission, meanwhile, the presence of Pd2+ led

to a 98% quenching of the porphyrin emission. Fluorescent responses of PPIX-L2 towards Pd0 and Pd2+

are specific, and its sensitivity towards both palladium species is significantly increased with a detection

limit of 75 nM and 382 nM for Pd0 and Pd2+ respectively.
Introduction

Palladium-catalysed reactions have become an indispensable
tool in organic synthesis due to their strong ability and high
efficiency in building versatile organic compounds.1 This has
realized a vast number of applications, not only in the research
laboratory, but also in pharmaceutical industries.2,3 In recent
years, alternative non-precious metal-based catalysts including
copper, nickel, and iron, have been developed.4,5 However,
palladium-based catalysts oen offer signicantly shorter
routes towards the desired products due to their relatively
higher activity in enabling the conversion of less reactive
substrates, or at lower temperatures.6,7 Shorter synthetic routes
reduce the formation of side-products and waste, both of which
are important points that have to be taken into account by
pharmaceutical factories to minimize the plant costs.

However, when using ‘precious metals’ such as palladium
for the production of pharmaceuticals, additional points have
to be considered e.g. the possibility of contaminating the
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products with metal. Residual palladium in the body is highly
toxic as it can bind to thiol-containing proteins or other bio-
macromolecules.8–10 Usually, the amount of heavy metals in an
active pharmaceutical ingredient has to be controlled to levels
below 5–10 ppm.11,12 If higher, specic scavengers are applied to
remove the metal, thus substantial efforts are required to
analyse residual metals. As Pd0 and Pd2+ bind to scavengers
differently,12,13 it is necessary to separately detect and quantify
the palladium species in active pharmaceutical ingredients.

Small molecule-based uorescent probes are versatile tools
which are frequently explored as metal sensors.14–16 Although
probes with novel structures or improved properties are
routinely developed, it remains a very active research area. For
example, two uorescent rotaxane probes have been recently
identied in Goldup's group as a selective Zn2+ and Pt2+

sensor.17,18 As for palladium, there are also numerous probes
designed for detecting Pd0 (sometimes appeared as Pd2+ with
reducing agents such as carbon monoxide and sodium boro-
hydride)19–25 or Pd2+.26–31 However, to the best of our knowledge,
very few reports have described the discrimination of Pd0 and
Pd2+ within one uorescent probe.32,33 Koide's group developed
an elegant uorescein-constructed sensor to discriminate
between Pd0 and Pd2+ in a reaction-based manner in 2008.32

Incubation of the sensor with Pd0 and Pd2+ caused a uores-
cence intensity increase at 526 nm and 535 nm respectively. The
sensor is able to detect 10 ppm Pd0, and its detection limit for
Pd2+ was calculated as 3.9 mM. Although the maximum emis-
sion wavelength caused by Pd0 and Pd2+ is different, specically
526 nm by Pd0 and 535 nm by Pd2+, the 9 nm difference in the
maximum wavelength is insignicant in the broad uorescein
emission, decreasing its sensitivity to discriminate Pd0 and Pd2+
Chem. Sci., 2021, 12, 9977–9982 | 9977
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Fig. 1 Proposed detection strategy for Pd0 and Pd2+.

Scheme 1 Synthetic route and chemical structure of PPIX-L2.
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in pharmaceutical drugs. A more recent example describing
a non-reaction based colorimetric and anthraquinone-
imidazole probe was reported by Kim and co-workers, where
both Pd0 and Pd2+ demonstrated a quenching effect on the
emission of the probe, with a calculated detection limit of 2.84
mM and 1.65 mM respectively.33 However, the discrimination
between Pd0 and Pd2+ relied on the colour change of the probe,
which is hard to quantify. Higher concentrations of palladium
species are also required for an observable readout (in the
micromolar range), making it impractical for analysis of the
oxidative states of Pd0 and Pd2+ in active pharmaceutical
ingredients, where concentrations are generally much lower.

Here we report an alternative strategy to differentiate
between Pd0 and Pd2+ by using a simple porphyrin–coumarin
conjugate PPIX-L2 (Fig. 1). Although porphyrins are known to
bind metal ions, porphyrin derivatives have not been exploited
as a probe for the discrimination of palladium species. The
designed conjugate showed a signicant increase of coumarin
uorescence at 440 nm and a quenching of porphyrin uores-
cence at 631 nm towards Pd0 and Pd2+ respectively. Changes in
coumarin and porphyrin uorescence caused by Pd0 and Pd2+

are independent and have no interference on each other. PPIX-
L2 also demonstrated a much lower detection limit towards Pd0

(75 nM) and Pd2+ (382 nM), which are as great as 38-fold and 10-
fold lower, respectively, compared to the previously reported
differentiators.
Results and discussion
Design and synthesis of PPIX-L2

The synthesis of PPIX-L2 started from the substitution reaction
of commercially available 7-amino-4-methylcoumarin and 3-
bromo-1-propanol. The hydroxyl group in 3-bromo-1-propanol
was rst protected with tert-butyldimethylsilane (TBS), as it
was found that it reacts with allyl chloroformate preferentially
in the second step, due to the steric hindrance presented
around the nitrogen atom in compound 1 (Scheme 1). Another
route was also attempted towards the synthesis of 1, by reacting
7-amino-4-methylcoumarin with a halogenated alcohol rst (n
¼ 2, 3; X ¼ Cl, Br, I), followed by alcohol protection with TBSCl
(presented in pink in Scheme 1). Here, it was found that the
halogenated alcohol starting material underwent an intra-
molecular reaction under these conditions, forming an ether
bond, and signicantly decreasing the reaction yield of the
9978 | Chem. Sci., 2021, 12, 9977–9982
desired product. The length of the carbon chain and halogen
reactivities in the TBS-protected alcohol towards 1 were also
investigated. The three-carbon chain showed a better reactivity
compared to the two-carbon chain as it further decreased the
electron donating effect from the oxygen to the halogen, and
hence increased its reactivity. Bromide was shown to have
a higher reactivity than chloride. Given these observations, (3-
bromopropoxy)-tert-butyldimethylsilane was chosen, and the
nalized synthetic route was determined shown in the black
route of Scheme 1 (characterization data shown in Fig. S6–
S16‡).
Distinctive uorescence responses of PPIX-L2 to Pd0 and Pd2+

To study the behaviour of PPIX-L2 as a responsive sensor for
Pd0, a uorescence titration with Pd(PPh3)4 was conducted. To
avoid Pd0 oxidation, N2 was bubbled through the solution
during the measurements. The addition of Pd0 to PPIX-L2 in
MeOH led to a gradual increase of the coumarin emission
centred at 440 nm, as well the coumarin absorbance centred at
around 353 nm, based on the well-studied Pd0-catalyzed Tsuji–
Trost reaction (lex: 361 nm, Fig. 2a, S1 and S2‡).19–25,34 Increase
of the coumarin uorescence is time-dependent, a bar graph
describing changes of uorescence intensity over time is shown
in Fig. 2b. PPIX-L2 was shown to quickly respond to Pd0, dis-
playing a 1.5-fold uorescence increase immediately aer the
addition of Pd0. A signicant uorescence increase can be
observed in the rst three hours, where the fourth hour dis-
played only a mild increase. A nal 24-fold increase of the
uorescence intensity of PPIX-L2 at 440 nm was caused by Pd0.
To verify the interaction of Pd0 with PPIX-L2 occurs through the
Tsuji–Trost reaction mechanism, a MALDI-TOF mass analysis
was performed for PPIX-L2 upon Pd0 addition. The product with
expected mass of PPIX-L0 was clearly shown in the mass spec-
trum, which conrmed the Pd0 sensing mechanism (Fig. S3‡).
In contrast, titrations of other investigated metal ions (M),
including Pd2+, revealed no change of the uorescence spectra
aer 4 h (Fig. 2c).

Having conrmed the responsive increase in coumarin
emission of PPIX-L2 towards Pd0, we extended our investigation
of PPIX-L2 to Pd2+ (Fig. 3, PdCl2 was used as the source of Pd2+).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fluorescence profile of PPIX-L2 (MeOH, 2 mM, lex ¼ 361 nm) to
Pd0. Changes of (a) fluorescence spectra, (b) coumarin fluorescence
intensity at 440 nm of PPIX-L2 on Pd0 (10 mM) over time. (c) Metal
selectivity. The selectivity of PPIX-L2 to Pd0. [M] ¼ 10 mM. The y-axis is
coumarin fluorescence intensity of PPIX-L2 at 440 nm.
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Addition of Pd2+ resulted in the striking decrease in porphyrin
uorescence of PPIX-L2 and had no effect on the coumarin
uorophore (Fig. 3a). The decrease was determined to be time-
dependent (Fig. 3b). The rapid decline of the porphyrin uo-
rescence up to 81% was seen immediately aer the addition of
Pd2+, and plateaued at a time point of 1 h, with an almost total
quenching of the porphyrin uorescence presented. A further
titration was performed, focusing on changes of porphyrin
Fig. 3 Fluorescence profile of PPIX-L2 (2 mM, MeOH, lex ¼ 400 nm) to
intensity at 630 nm of PPIX-L2 on Pd2+ (10 mM) over time. (c) Changes of
the addition of Pd2+ (10 mM). (d) Metal selectivity and (e) Metal competitive
¼ 10 mM. The y-axis is fluorescence intensity at 630 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
uorescence in the rst one hour following addition of Pd2+

(Fig. 3c), conrming the fast and efficient detection of Pd2+ by
PPIX-L2. Pleasingly, all other metal ions produced no or a much
smaller variation of the porphyrin uorescence of PPIX-L2
(Fig. 3d). As the porphyrin core can act as a cavity for different
metal ions, a competition experiment was also performed
(Fig. 3e). Pd2+ was shown to be able to displace metal ions from
PPIX-L2 in all cases; addition of M followed by Pd2+ to PPIX-L2
led to a rapid and signicant decrease of the porphyrin uo-
rescence. Thus, the porphyrin–coumarin system can serve as
a simple and effective system for the discrimination of palla-
dium species.
Improved detection limit of PPIX-L2 to Pd0 and Pd2+

Having identied PPIX-L2 as a uorescent differentiator for Pd0

and Pd2+, we then measured its detection limit towards the two
palladium species. Correlations between uorescence of PPIX-
L2 and concentrations of Pd0/Pd2+ are demonstrated in Fig. 4. A
linear relationship was observed in the concentration range of
0–1 mM at 2 hours aer addition of Pd0 and 0–4 mM at 1 hour
aer addition of Pd2+ (Fig. 4a and b). Using the 3smethod,35 the
detection limit towards Pd0 and Pd2+ was determined as 75 nM
and 382 nM respectively. Importantly, both values are much
lower than the previously reported palladium species differ-
entiators. Furthermore, we investigated the ability of PPIX-L2 to
quantify the concentration for Pd0 and Pd2+ in one mixed
sample. Therefore, a Pd0 and Pd2+ mixed ion solution ([Pd0] ¼
0.25 mM, [Pd2+]¼ 2 mM) was prepared. The emission intensity of
PPIX-L2 with the mixed sample was recorded and used for the
Pd2+. Changes of (a) fluorescence spectra, (b) porphyrin fluorescence
porphyrin fluorescence spectra of PPIX-L2 within the first one hour of
ly (intensity was measured at 1 h after the addition of M/Pd2+). [M/Pd2+]

Chem. Sci., 2021, 12, 9977–9982 | 9979
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Fig. 4 Fluorescence analysis of PPIX-L2 against various concentra-
tions of Pd0 and Pd2+ in MeOH for the determination of detection limit.
(a) Linear correlation between coumarin fluorescence intensity of 5 mM
PPIX-L2 at 440 nm and [Pd0]. Fluorescence intensity was recorded at 2
hours after the addition of Pd0 (lex ¼ 361 nm). (b) Linear correlation
between porphyrin fluorescence intensity of 2 mM PPIX-L2 at 631 nm
and [Pd2+]. Fluorescence intensity was recorded at 1 hour after the
addition of Pd2+ (lex ¼ 400 nm).
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View Article Online
calculations. The calculated concentration is 0.23 mM and 2.17
mM for Pd0 and Pd2+ respectively (Table S1‡). Both values are
having only 8% error to the actual concentration, suggesting
PPIX-L2 is able to quantitatively determine the two ions at the
same time in onemixed sample solution. Besides, an additional
detection limit measurement using the mixed sample solution
was also conducted (Fig. S4‡). The detection limit for Pd0 and
Pd2+ under this condition was calculated as 97 nM and 390 nM
respectively. Although both value increases a little bit compared
to that in the single sample, it is still far lower than the previ-
ously reported differentiators.
Selectivity mechanism of PPIX-L2 to Pd2+

To study the mechanism by which PPIX-L2 possesses the high
selectivity towards Pd2+, a portion-wise titration of Pd2+ with
a longer treatment time of 8 h to allow for a complete interac-
tion, was performed and analyzed with the Stern–Volmer
equation (Fig. 5).36 The linear relationship between the relative
uorescence intensity of the probe under low concentrations of
Fig. 5 Study of the interaction details of PPIX-L2 with Pd2+. (a) Fluo-
rescence profile of PPIX-L2 (5 mM) with various concentrations of Pd2+

(treatment time, 8 h). (b) Stern–Volmer analysis and (c) double loga-
rithmic of the Stern–Volmer analysis of the decrease of fluorescence
intensity at 631 nm on [Pd2+]. (d) Absorption profile of PPIX-L2 (2 mM)
on Pd2+ (10 mM) over time. Measurements were performed in MeOH.

9980 | Chem. Sci., 2021, 12, 9977–9982
the quencher (Pd2+), allows an easy graphical determination of
Stern–Volmer quenching constant (Ksv), which denes the
quenching efficiency. The linear relationship is shown in
Fig. 5b, with the determined Ksv as 10

6 M�1, demonstrating Pd2+

is an effective quencher of the porphyrin uorescence of PPIX-
L2. Double logarithmic of the Stern–Volmer plot further
revealed the binding of PPIX-L2 with Pd2+ is extremely strong,
with a binding constant (Kb) of 1.41 � 107 M�1 calculated for
a 1 : 1 binding stoichiometry. Therefore, the strong binding
between Pd2+ and PPIX-L2 is the likely underlying mechanism
of the excellent selectivity of PPIX-L2 towards Pd2+ (Fig. 5c). The
binding of Pd2+ is likely to occur by coordinating with the four
pyrrolic nitrogens in the porphyrin cavity. To corroborate this,
an absorption titration with Pd2+ was conducted, given that
metal-chelated porphyrin are more symmetrical with the
production of a simplied Q band patterns to form only two Q
bands (a spectral characteristic of porphyrin coordinated with
ametal ion).37 In particular for palladium(II) porphyrins, the two
Q bands have been well described to appear at around 525 and
560 nm in the literature.38–40 The absorption titration results are
consistent with these descriptions, the four Q bands of PPIX-L2
at 506, 540, 576 and 630 nm gradually diminished with a nal
appearance of only two Q bands at 519 and 555 nm (Fig. 5d).
Furthermore, a MALDI-TOF analysis was performed to conrm
the binding of the Pd2+ into the porphyrin cavity of PPIX-L2 to
form Pd-PPIX-L2 with expected mass which matches the
proposed detecting strategy (Fig. S5‡). These results demon-
strate the formation of Pd2+–porphyrin complex, suggesting the
uorescence decrease of PPIX-L2 on Pd2+ is due to the heavy
metal effect which leads to the phosphorescence emission.41

Conclusions

In conclusion, we have identied a simple porphyrin–coumarin
system PPIX-L2 that can serve as an effective differentiator to
discriminate the oxidation states of palladium (Pd0 and Pd2+)
through the independent uorescence changes of coumarin
and porphyrin uorophores, respectively. Importantly, we
conrmed that PPIX-L2 can impart not only the independent
optical responses towards Pd0 and Pd2+, but also a degree of
selectivity. Detection of Pd0 by PPIX-L2 is through the well-
studied Tsuji–Trost reaction, therefore, the selectivity mecha-
nism of PPIX-L2 towards Pd2+ was examined in detail. Stern–
Volmer analysis of the uorescence titration results suggested
that the strong binding between PPIX-L2 and Pd2+ contributes
to the selectivity. Absorption titration experiment and MALDI-
TOF mass spectrum further conrms the formation of a Pd2+–
porphyrin complex. It is also noteworthy that PPIX-L2 can
demonstrate not only different optical responses towards Pd0

and Pd2+, but a much lower detection limit towards these
palladium species (75 nM for Pd0, 382 nM for Pd2+) compared to
the previously reported palladium differentiators. Crucially, the
detection limit of PPIX-L2 towards Pd0 meets the requirement
of palladium contamination set by European Agency. From
a practical viewpoint, the next step is to further lower the
detection limit of PPIX-L2 for Pd2+. Additionally, we are
currently investigating the application of PPIX-L2 in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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pharmaceutical drugs to detect palladium contamination,
especially the new chemical entities developed in the pharma-
ceutical industry. More generally, the results presented here
demonstrate a new and simple system that can be exploited as
effective palladium differentiators.
Data availability

Further details of the experimental procedures, photophysical
measurements, and structural characterization are available in
the ESI.
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