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Palladium contamination has potential danger in the
environment, and the biological safety study is still on the way.
Here, a fluorescent and colorimetric probe (compound 1)
containing oxime-ether for Pd** has been developed. 1 can
detect Pd’" in aqueous samples with high selectivity and
sensitivity. 1 can also works well in biological samples, which
give a choice to value Pd** in an organism.

As one of the most important noble metal catalysts, palladium
is widely used in organic synthesis. A lot of organic reactions,
such as cross-coupling reaction and carbonyl reaction can
perform smoothly with palladium catalysts." When palladium
catalysts are applied widely, some problems occur at the same
time. The palladium catalysts used in these organic reactions
cannot be completely recovered, and it will be discharged into
the environment with the wastewater. Palladium is also used
widely in the vehicle exhaust catalyst systems to reduce
emissions of gaseous pollutants such as CO and NO.? Therefore,
Palladium emission from vehicle catalytic converters increase
the contamination in the environment. The residue palladium in
the environment will eventually appear in our diet through the
food chain and may cause potential danger to human health.
For instance, palladium may disturb a variety of cellular
processes by binding to the thiol-containing amino acids,
proteins, DNA, and other biomolecules.> A very low doses of
Pd*" can sufficiently cause allergic reactions in susceptible
individuals.* Therefore, it is very meaningful to detect residual
palladium in food, environment and living organisms.

Some well-known methods such as atomic absorption
spectrometry (AAS), inductively coupled plasma optical
emission spectrometer (ICP-OES) and inductively coupled
plasma mass spectrometry (ICP-MS) are used in metal element
analysis, but they need expensive instruments with high
maintenance costs, complex sample pretreatments and
professional technicians.” Moreover, these methods are difficult
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to be used in biological samples. An optical (colorimetric and
fluorescent) probe has the characteristics of good selectivity, high
sensitivity and convenient operating.® Besides, it does not require
expensive facilities and can be used in biological detection.
Owing to the advantages of optical probe, some fluorescent and
colorimetric probes for palladium have been developed in recent
years. On the basis of the coordination ability of palladium with
O, N, P, S and Se, the coordination type sensors are designed,
such as azo compounds,’ oxime compounds,® hydrazone
compounds,’ thioether compounds,'® thiourea compounds,'!
dithiomaleonitrile ~ compounds,'>  thiophene  compounds,'
selenadiazole compounds.'* and so on. On the basis of the
catalytic ability of palladium, the chemical reaction type sensors
are explored, such as Pd-catalysed spiroring-opening of
xanthenes,'” Pd-catalysed cyclization of heterocyclic,'® Pd-
catalysed depropargylation,'” Pd-catalysed Tsuji—Trost reaction,'®
Pd-catalysed coupling reaction'?, Pd-catalysed desulfurization®
and so on. Although there are many probes for palladium are
reported, most of them need to be operated in a mixture of water
and organic solvent, and only few of them can be applied to do
sensing in living cells. Therefore, the development of a practical
probe for palladium ions remains an urgent job.

According to the previous literature reports,® probes based on
oxime derivatives for Pd*" have the characteristics of quick
response and high sensitivity, but most of them can only detect
Pd** by colorimetry, and the selectivity of them also needs to be
improved. So we hope to further develop the oxime derivatives
and design more excellent probe for Pd**. By introducing
coumarin as a fluorophore and changing oxime to oxime-ether,
we have developed a fluorescent and colorimetric probe
containing oxime-ether (compound 1). 1 can detect Pd*" in
aqueous samples, such as surface water and underground water,
and it can also be applied to detect Pd*" in living cells. Compared
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with the reported sensors, oxime ether is applied to detect Pd*"
for the first time.

Probe 1 can be easily synthesized according to Scheme 1:
coumarin aldehyde (compound 3) reacted with hydroxylamine
hydrochloride in EtOH at room temperature to form coumarin
(compound 2). Then compound 2 and 2-
(chloromethyl)pyridine hydrochloride was refluxed in MeCN to
obtain compound 1. Compound 1 was confirmed by 'H NMR,
3C NMR and HRMS (Fig. S1).

oxime

Journal Name

probe for Pd*". Finally, a pH investigation indicated that 1 could
detect Pd*" in a wide pH span of 4-10 (Fig. S5).

In order to investigate the selectivity of the probe toward Pd*",
we researched the response of 22 kinds of cations with 1. As
showed in Fig. 2 and Fig. S6, among the 22 kinds cations, only
Pd*" could quench the fluorescence of 1 almost completely.
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Scheme 1 Synthetic route of 1 and the proposed mechanism for 1 to identify Pd*".
(a) hydroxylamine hydrochloride, K,CO3, EtOH, room temperature, 94%; (b) 2-
(chloromethyl)pyridine hydrochloride, K,CO3;, MeCN, reflux, 68%.
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Fig. 1 (a) Fluorescence spectra of 1 (10 x M) in water solution in response to the
presence of Pd*" (0.0 to 1.5 equiv.), Aex = 435 nm. Inset: fluorescence images of 1
and 1 + Pd*". (b) UV-Vis spectra of 1 (10 # M) in response to Pd*" (0.0 to 1.2
equiv.) in water solution. Inset: color images of 1 and 1 + Pd*".

Compared with the reported insoluble sensors for Pd*", 1 can
detect Pd*" in pure water without the aid of any organic solvent.
As shown in Fig. la, 1 has a strong green fluorescence in water
with an emission peak at 505 nm. When Pd*" was gradually
added into the aqueous solution of 1 (10 # M), the fluorescence
intensity at 505 nm decreased consistently. It could be clearly
observed by naked-eyes that the fluorescence of the solution
changed from green to almost no fluorescence during the
fluorescence titration procedure. When the concentration of Pd*"
achieved to 10 4 M, the fluorescence intensity of the solution at
505 nm decreased by about 96%. The fluorescence response of 1
towards Pd>* was calculated to cover a linear range from 0 4 M to
6 1 M (R*=0.9909), with the limitation of detection as low as 55
n M (Fig. S2). Compared to some previously reported fluorescent
probes'3**<4 for Pd*", Probe 1 is not the most sensitive probe,
one reason for this is that Probe 1 is a “turn off” type sensor (a
“turn off” type sensor is usually less sensitive than a
one **), another reason might be that probe 1 works in pure water
rather than a mixture of water and organic solvent. But according
to the WHO specified threshold limit for palladium content in
drug chemicals [5.0 ppm to 10.0 ppm (47.0 u M to 94.0 u M)],’
the sensitivity of 1 can satisfy the requirement. 1 can also detect
Pd*" in pure water by naked eyes. With the fluorescent changes
of 1 from strong to weak in the titration procedure, the color of
the solution has an obvious change from green to yellow, and this
phenomenon is in accordance with the absorption of 1. The peak
at 425 nm decreased consistently while the absorption at 478 nm
increased consistently upon the gradual addition of Pd** (Fig. 1b
and Fig. S3). When 1.0 equiv. of Pd*" was added to a water
solution of 1 (10 x M) one-time, the fluorescence of the solution
was quenched almost completely within 30 seconds and
remained stable within 30 minutes (Fig. S4), so 1 is an effective

“turn on”

2 |Analyst, 2015, 00, 1-3

Au** and Cu?' had a certain quenching effect on the probe
when 2.5 equiv. of them were added respectively. However, they
did not show significant interference effect because the solution
of 1 still had a strong green fluorescence as showed in Fig. S6.
The rest of competitive cations including Ag", Ba**, Ca®', Cd*",
C02+, Cr3+’ Fez+, Fe3+’ Hg2+, K+, Li+, Mg2+’ Mn2+, Ni2+’ Na+, Pb2+’
P>, Rh*', Zn* and Zr*" (each of them was added by 5.0 equiv.)
showed little or almost no interference. More importantly, even
in the presence of the above-described competitive cations, Pd>*
still kept the similar fluorescence response. The selectivity of the
probe toward Pd*" can also be judged by the color change, as
showed in Fig. S7, with the other competing cations only Pd**
can cause an obvious color change (from green to yellow) of the
water solution of 1. All these results indicate that 1 is a highly
selective probe for Pd*".
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Fig. 2 Fluorescence intensity of 1 (10 u M) in water solution at 505 nm after
addition of various cations (green bars) and those after further addition of 1.0
equiv. of Pd*" (black bars). Au*" and Cu®" were added by 2.5 equiv., other
competing cations including Ag®, Ba*", Ca*", Cd*", Co*', Cr’", Fe*", Fe**, Hg*", K",
Li", Mg?, Mn*", Na*, Ni**, Pb>", Pt*", Rh*", Zn?", Zr*" were added by 5.0 equiv.
Aex = 435 nm.

Practical application ability is also an important factor to judge
a probe. Three experiments are done to evaluate the practical
application ability of 1. In the first experiment, the actual water
samples were used as a solvent instead of distilled water. As
showed in Fig. S8, in the surface water and underground water, 1
could still work well as a sensor for Pd*". In the next experiment,
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the living cells fluorescence imaging experiment was conducted
to study whether 1 could penetrate the cell membrane to detect
Pd>" in living cells. As shown in Fig. 3, when Hela cells were
incubated with 1 (10 x M) for 30 min at 37 °C, the cells showed
strong green fluorescence (Fig3a, 3c). After treated with Pd*"
(10.0 # M) for 15 min at 37 °C, the cells showed almost no
fluorescence (Fig. 3d, 3f). The changes of the images of Hela
identified that 1 could probe Pd*" in organism samples. Finally,
the preliminary results of cytotoxicity assays of 1 show that 1 is
not toxic to cells within the range of 0-100 uM. The results of
these experiments indicate that as a probe for Pd*", 1 can work in
a relatively complex environment and has the potential to detect
Pd>" in biological samples.

Fig. 3 Fluorescence images of Hela cells incubated by 1 (10 # M) for 30 min at
37 °C (a, from dark field; b, from bright field; ¢, merged image of a and b) and
further treated with Pd*" (10.0 # M) for 15 min at 37 °C (d, from dark field; e,
from bright field; f, merged image of d and e).

For better understanding the detection mechanism of the probe,
an reversible experiment was performed by adding 4.0 equiv. of
S* into a solution of 1-Pd** (10 x M 1+ 10 u M Pd*"), it could be
observed that the fluorescence of the solution recovered its
original green fluorescence (the fluorescence intensity of the
solution at 505 nm restored by 95.5%), accompanied with the
color changed from yellow to green (Fig. S9a). The result of the
reversible experiment indicated that the interaction between 1 and
Pd*" was on the basis of coordination effect. Then Job’s-plot
measurements were carried out to quantify the complexation ratio
between 1 and Pd*’. As shown in Fig. S9, UV-Vis measurements
and fluorescence emission measurements all showed that the
molar fraction of [Pd*'] / [1 + Pd*'] was about 0.5, which

indicates that the coordinated ratio between Pd>" and 1 is about 1 :

1. The results of '"H NMR and HRMS spectra provide additional
evidences that 1 and Pd** can form a 1: 1 coordination compound
(Fig. S1). Based on these results, we proposed the possible
mechanisms of 1 detecting Pd*" as shown in Scheme 1. When
Pd*" is added into the water solution of 1, a 1:1 coordination
complex with 1 is formed. Owing to the electron-withdrawing
effect of palladium, an intramolecular charge transfer (ICT)
effect within 1 is induced. As a result, the fluorescence of 1 is
quenched, accompanied with a red shift of the maximum
absorption wavelength (from 435 nm to 478 nm) of 1. When S*
is further added, it snatches Pd** from the 1-Pd*" complex and
forms the more stable compound PdS. As a result, the
fluorescence of the mixture solution recovers. So 1 is a reversible
probe for Pd*".

In summary, by changing oxime to oxime-ether, a fluorescent
and colorimetric probe for Pd*" has been reported for the first
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time. Compared with the oxime derivatives probes for Pd**, the
novel oxime-ether derivative (probe 1) showed more excellent
properties. 1 can detect Pd*" in pure water with high selectivity
and sensitivity. More importantly, 1 can be applied to detect Pd>*
in real water samples and living cells. We hope these results will
contribute to the rational design of more excellent probe for Pd**
in the future.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (J1210064)

Notes and references

Department of Chemistry, China Agricultural University, Beijing 100193,

P.R. China, Fax:+86 10 62736777, Tel: +86 10 62736957, E-mail:
whmd@cau.edu.cn

qinzhaohai@263.net

+ Electronic ~ Supplementary  Information

DOI: 10.1039/6000000x/

1 (a) R. Jana, T. P. Pathak and M. S. Sigman, Chem. Rev., 2011, 111,
1417; (b) E. M. Beccalli, G. Broggini, M. Martinelli and S.
Sottocornola, Chem. Rev., 2007, 107, 5318; (c) X.-F. Wu, H. Neumann
and M. Beller, Chem. Soc. Rev., 2011, 40, 4986.

2 (a) H. Li, J. Fan and X. Peng, Chem. Soc. Rev., 2013, 42, 7943; (b) L.
D. Prockop and R. I. Chichkova, J. Neurol. Sci., 2007, 262, 122.

3 International Programme on Chemical Safety, Palladium, Environ-
mental Health Criteria Series 226, World Health Organization,
Geneva, 2002.

4 J. Kielhorn, C. Melber, D. Keller and I. Mangelsdorf, /nt. J. Hyg. Envir.

Heal., 2002, 205, 417.

5 L. Duan, Y. Xu and X. Qian, Chem. Commun., 2008, 47, 6339.

6 (a) X. Chen, T. Pradhan, F. Wang, J. S. Kim and J. Yoon, Chem. Rev.,
2011, 112, 1910; (b) K. P. Carter, A. M. Young and A. E. Palmer,
Chem. Rev., 2014, 114, 4564.

7 M. Blanco and S. Maspoch, Microchim. Acta, 1983, 81, 11-20.

8 (a) W. J. Holland and J. Bozic, Anal. Chem., 1968, 40, 433; (b)
D. M. Rao, K. H. Reddy and D. V. Reddy, Talanta, 1991, 38, 1047.

9 (a) S. Mukherjee, S. Chowdhury, A. P. Chattapadhyay and A.
Bhattacharya, Inorg. Chim. Acta, 2011, 373, 40; (b) S. Mukherjee, S.
Chowdhury, A. P. Chattopadhyay and H. Stoeckli-Evans, Polyhedron,
2010, 29, 1182.

10 (a) A. Tamayo, L. Escriche, J. Casabo, B. Covelo and C. Lodeiro, Eur.
J. Inorg. Chem., 2006, 2006, 2997; (b) K. Kubo, Y. Miyazaki, K.
Akutsu and T. Sakurai, Heterocycles,1999, 51, 965.

11 (a) R. Sahu, S. M. Sondhi and B. Gupta, Talanta, 1995, 42, 401; (b) E.
Unterreitmaier and M. Schuster, Anal. Chim. Acta, 1995, 309, 339.

12 (a) T. Schwarze, C. Dosche, R. Flehr, T. Klamroth, H.-G.
Lohmannsroben, P. Saalfrank, E. Cleve, H.-J. Buschmann and H.-J.
Holdt, Chem. Commun., 2010, 46, 2034; (b) T. Schwarze, W. Mickler,
C. Dosche, R. Flehr, T. Klamroth, H.-G. Loéhmannsroben, P.
Saalfrank and H.-J. Holdt, Chem.-Eur. J., 2010, 16, 1819.

13 J. R. Matthews, F. Goldoni, H. Kooijman, A. L. Spek, A. P. H. J.
Schenning and E. W. Meijer, Macromol. Rapid Commun., 2007, 28,
1809.

14 (a) T. G. Bunting and C. E. Meloan, Anal. Chem. 1968, 40, 435; (b) H.
K.Y.Lauand P. F. Lott, Talanta, 1970, 17, 717.

15 (a) S. Sun, B. Qiao, N. Jiang, J. Wang, S. Zhang and X. Peng, Org.
Lett., 2014, 16, 1132; (b) M. Wang, X. Liu, H. Lu, H. Wang and Z.
Qin, ACS Appl. Mater. Interfaces, 2015, 7, 1284; (¢) S. Cai, Y. Lu, S.
He, F. Wei, L. Zhao and X. Zeng, Chem. Commun., 2013, 49, 822; (d)
H. Li, J. Fan, M. Hu, G. Cheng, D. Zhou, T. Wu, F. Song, S. Sun, C.
Duan and X. Peng, Chem.-Eur. J., 2012, 18, 12242; (e) S. Goswami,
D. Sen, N. K. Das, H.-K. Fun and C. K. Quah, Chem. Commun., 2011,
47,9101; (f) H. Li, J. Fan, F. Song, H. Zhu, J. Du, S. Sun and X. Peng,
Chem.-Eur. J., 2010, 16, 12349; (g) M. E. Jun and K. H. Ahn, Org.
Lett., 2010, 12, 2790; (h) Q. Huang, Y. Zhou, Q. Zhang, E. Wang, Y.

(ESI)  available.  See

Analyst, 2015, 00, 1-3 | 3



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Analyst

Min, H. Qiao, J. Zhang and T. Ma, Sensor. Actuat. B-Chem., 2015,
208, 22; (i) L. Zhou, Q. Wang, X.-B. Zhang and W. Tan, Anal. Chem.,
2015, 87, 4503.

16 (a) E. Pershagen, J. Nordholm and K. E. Borbas, J. Am. Chem. Soc.,
2012, 134, 9832; (b) Q. Wu and E. V. Anslyn, J. Am. Chem. Soc.,
2004, 126, 14682; (c) W. Chen, B. D. Wright and Y. Pang, Chem.
Commun., 2012, 48, 3824.

17 (a) R. Balamurugan, C.-C. Chien, K.-M. Wu, Y.-H. Chiu and J.-H. Liu,
Analyst, 2013, 138, 1564; (b) H. Chen, W. Lin and L. Yuan, Org.
Biomol. Chem., 2013, 11, 1938; (c) B. Liu, H. Wang, T. Wang, Y.
Bao, F. Du, J. Tian, Q. Li and R. Bai, Chem. Commun., 2012, 48,
2867; (d) M. Santra, S.-K. Ko, I. Shin and K. H. Ahn, Chem.
Commun., 2010, 46, 3964; (¢) G. Wei, L. Wang, J. Jiao, J. Hou, Y.
Cheng and C. Zhu, Tetrahedron Lett., 2012, 53, 3459; (f) B. Zhu, C.
Gao, Y. Zhao, C. Liu, Y. Li, Q. Wei, Z. Ma, B. Du and X. Zhang,
Chem. Commun., 2011, 47, 8656.

18 (a) F. Song, A. L. Garner and K. Koide, J. Am. Chem. Soc., 2007, 129,
12354; (b) J. Jiang, H. Jiang, W. Liu, X. Tang, X. Zhou, W. Liu and R.
Liu, Org. Lett., 2011, 13, 4922; (c¢) K. Xiang, Y. Liu, C. Li, B. Tian
and J. Zhang, RSC Adv., 2015, 5, 52516; (d) Z.-Y. Xu, J. Li, S. Guan,
L. Zhang and C.-Z. Dong, Spectrochim. Acta A, 2015, 148, 7.

19 (a) S. Yu, H.-W. Rhee and J.-I. Hong, Tetrahedron Lett., 2011, 52,
1512; (b) R. M. Yusop, A. Unciti-Broceta, E. M. V. Johansson, R. M.
Sanchez-Martin and M. Bradley, Nat. Chem., 2011, 3, 239.

20 R. J. T. Houk, K. J. Wallace, H. S. Hewage and E. V. Anslyn,
Tetrahedron, 2008, 64, 8271.

4 |Analyst, 2015, 00, 1-3

Page 4 of 4

This journal is © The Royal Society of Chemistry 2012



