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Palladium is a rare transition metal that plays a pivotal role in oR ‘Nu N .
. . . . A —» OR| ———> A~ Nu + OR
materials and chemistry. Palladium (Pd)-catalyzed reactions such A pd“ c D
as the BuchwalgHartwig, Heck, Sonogashira, and Suzuki ﬁ B

Miyaura reactions are becoming increasingly important because of Ar

the power of making difficult covalent bond$iowever, even after “ X“X
purification, residual palladium is often found in the final product, kg0 O O . O ° ‘ o
which may be a health hazatdVhile the proposed dietary intake F

is <1.5 to 15 ug/day per person(10 ppm of Pd in active ”O"f’UOfesce"f fluorescent
pharmaceutical ingredients as a threshéleiji-catalyzed reactions ~ Figure 1. Correlation between palladium-catalyzed allyl ether cleavage
often produce materials contaminated with Pd at a much higher @ this work: X=H, F, Cl, etc.; Y= CO.H, efc.

level requiring extensive purifications and analy3e#lthough Scheme 1. Preparation of Pd Sensor 2 and Pd-Catalyzed
typical analytical methods for Pd detection require the use of Transformation of 2 to 3

expensive spectrometers (atomic absorption spectroscopy, X-ray Q DIBALH:
fluorescence, plasma emission spectroscopy), a more desirable CoR then DDQ DDQ o1 Pd( Pd(PPhs)y
approach would rely on detection with the naked eye in a high- O O o 80w \Lc' O O “quant. © O O °

throughput fashion. Here we report that we have developed aR®

fluorescein-based Pd sensor that relies on fluorescence emission. RCF': a,,y, jReHO quant. nonﬂuorescent f[uorescent
We found that with a standard fluorometer, less than 1 ppm of Pd
can be quantified from a 1-mg sample. In the next stage, we studied the metal-specificity of this

Pd(0) is capable of catalyzing the allylic oxidative insertion to  fluorescent sensing system (Figure 2). We found that the conversion
cleave the allylic GO bond of allylic ethersA to form Pd of 2 to 3 in pH 10 borate buffer using PRlas a reducing agent
complexesB (Figure 1)° These complexes then react with various  and a ligand was particularly efficient with Pd and to a lesser extent
nucleophiles to form compounds and byproduct®, which is with Pt. It is noteworthy that othet-philic metals such as Ag, Ni,
known as the TsujtTrost reactior. Therefore, ifA is nonfluo- Au, Rh, Co, Hg, and Ru did not catalyze the deallylation reaction
rescent andD is fluorescent, such a system could be used to (2 to 3).
specifically detect the presence of Pd(0). Moreover, since Pd(ll)  We then proceeded to develop a quantitative method to sense
can be readily reduced to Pd(0), Pd(ll) could also be detected by Pd. In the pharmaceutical industry, 5 mg samples are routinely used
the same principle. for Pd analyses. Thus, we set out to develop a fluorescent method

Fluorescein compounds are nonfluorescent when the phenolicthat allows for the detection ak50 ng of Pd €10 ppm for a
hydroxy group is alkylatedH) while strongly green fluorescent 5 mg sample). The final solutions in each pH 10 borate buffer
(P =~ 0.9) when the hydroxy group is deprotonatd9.§ This solution contained Pd(PB) in various quantities and Pd sensor
principle has been used for various purposes, primarily in biology at 10uM. After 1 h incubation at 24C, the fluorescent signal of
for fluorescent imaging We hypothesized that this same chemical each sample was measured. As Figure 3a shows, fluorescent signals
principle could be used for Pd sensing in a scenario where were linearly correlated®2 = 0.993) to the Pd concentrations from
compoundsA andD correspond td&e andF, respectively. 3 to 300 nM (0.95 to 95 ng). To verify that this system can detect

As shown in Scheme 1, allyl eth@r(corresponding tA and Pd(Il) with the same sensitivity, we compared a Pd@polution
E) was prepared in two steps from commercially availab|@&2 with a PdC}—PPHh solution. As Figure 3b indicates, both samples
dichlorofluorescein (DCF) in multiple gram quantities via the known exhibited nearly the same fluorescence intensity, and Rei€iout

compound 1.1° Compound 2 was converted to compound PPh did not conver® to 3 efficiently (almost negligible; data not
(corresponding tdD and F) using 0.5 mol % of Pd(PRJ in shown). These results support the generality of the Pd sensor system
quantitative yield. The same efficient conversion was achieved when for both Pd(0) and Pd(Il) under reducing conditions.

Pd(OAc) and PPhwere used in lieu of Pd(PRBhk. Compound3 To determine whether this fluorescent sensor could be applied
was 442 times more fluorescent than compouhdt leym = to Pd analyses in pharmaceutical products, we prepared a sample

526 nm (pH 10 borate buffer) and was as fluorescent as fluorescein.that contained a commercially available aspirin tablet and PaiCl
Because both of the Pd oxidation states (0 and Il) could be presentthe 10 ppm level. A solution of this sample containing 1 mg of the
in fine chemicals and pharmaceutical ingredients after Pd-catalyzeddrug and 10 ng of Pdgiwas added to the pH 10 borate buffer
cross-couplings, these successful transformatiozstof3 and the solution of Pd sensd2 and PPk The fluorescent intensity of the
distinct fluorescent signals were quite encouraging and would allow resulting solution was then measured (Figure 3c) and compared to

for fluorescent detection of Pd species. Compo@nsl soluble in a positive control (aspirin-free Pd solution) and a negative control
both water and organic solvents and might prove to be useful for (Pd-free aspirin solution). The signals from the Pd-contaminated
fluorescein-based sensor developnmiént. aspirin solutions were nearly the same as the positive controls,
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N Stillwater Mining. Rock stock solutions (50 each) were prepared
g o8 and mixed with Pd sensor solutionrfd h at 24°C and the
ggu_s fluorescent intensity of the resulting solutions was measured (see
%504 Supporting Information). Rock B contains Pd/Pt (3.4:1, 120 ppm),
%EDE an economically viable quantity. Rock D contains 30% of Pd/Pt
e o compared to rock B. Rock A contains no transition metals and rock
0 Pd Pt Fe Ag Ni Pb Mn Cd Au Rh Cu Mg K Cr Co Hg Ru C contains Au/Ag but no .Pd/Pt..OnIy rocks B and D convezed
— — — to 3 and the fluorescent intensity was relative to the amount of
’Xgu’e_zA 'K'ga' S"\E’Ieci'clilt?’u P?:b Edl%(Ng) —'aLCb ',:v‘lenc_l Fecci}* Pd/Pt in the sample. Rock samples A and C exhibited negligible
=ngCl2, 9Au,,3’: AuCls, “Rh — RNCI(PPh)s, U = CUCh, §Ag _ fluorescence demonstrating the viability of our sensor in Pd/Pt
MgSQ,, “K” = KClI, “Cr" = CrCl, “Co” = CoCb, “Hg” = HgCl, “Ru” detection at mining sites via a simple hand-held UV lamp (Figure
= RuCk. 4b).
2 b i To demonstrate that Pd can be detected even without a UV lamp,
8 ( (“1 we prepared four Pdgkolutions (Figure 4c). The Pd sensor was
S 1 os added to vials 2 and 4, and dimet.hylgl)./oxime was added to vials
sm A= 0920 g: 06 1 and 3. At a lower Pd concentration (vials 3 and 4; [RHiEl 10
1200000 i 04 | uM), only the solution containing our sensor (vial 4) exhibited a
b 02 D'E Al color change detectable with the naked eye showing the usefulness
800000 .
. 0 2 w £ of our sensor.
600000 o N % 8 O = . . .
400000 ¥ i el In conclusion, we have developed a highly sensitive and robust
] 100 200 300 e = .
Bl s 8 fluorescent method to detect small quantities of Pd regardless of
£ its oxidation state. Sens@rwas readily synthesized and may find

Figure 3. Quantitative fluorescent analysis of Pgraxis = relative other applications such as monitoring the presence of Pd(0) during
;:UOfescent int(%r;sité'-( 0(33) chlle clji(ne)arhcorrelaticlm Eetween Pd quJant(iItyﬂ;\nd Pd-catalyzed reactions. Although each sample was incubated for
uorescence. P and Pd(Il) show nearly the same signals: (left) no ; ; " ; :
Pd reagent. (center) [Pdgl= 2.0 «M: (right) [PA(PPR) = 2.04M. (c) 1 hin thls stu_dy, Pd quantities can be determlned af’fgt(Smln
incubation using a fluorescent plate reader. This user-friendly sensor

pharmaceutical and mining industries by enabling colorimetric

] Christopher J. Welch, and Professor Peter Wipf for helpful
discussions and Professors Stephen G. Weber and Stephane Petoud
for allowing us to use their instruments. This work was in part

Proof of concept for Pd detection in drugs: (left) no Pd; (center) PAOCI e . :
ng); (right) PAC} (10 ng)+ aspirin (1 mg). technology should greatly aid in the detection of Pd in both the
analysis of Pd that can be performed even by untrained scientists.
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Figure 4. Further appllcatlons ak. (a) Detection of Pd on the surface of
lassware: (left) The solution in a vial not exposed to Pd reagents; (right . . . .

?he solutlon(ln :Zwal exposed to Rdba, (10 rr)ng) in THE andgwashédg ) Supporting Information Available: Experimental procedures for

extensively. The photo was taken above a hand-held UV lamp (365 nm). Scheme 1, Figures 2, 3, and 4. This material is available free of charge

(b) Photo of Pd/Pt detection in rocks: rock A, no metals; rock B, 120 ppm Via the Internet at http://pubs.acs.org.

Pd/Pt; rock C, only Au/Ag; rock D, 35 ppm Pd/Pt (PdARt3.4:1). The

photo was taken above a hand-held UV lamp (365 nm). (c) Naked eye References
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