
Third-Generation Method for High-Throughput Quantification of
Trace Palladium by Color or Fluorescence
Lydia Lukomski, Ivanna Pohorilets, and Kazunori Koide*

Department of Chemistry, University of Pittsburgh, 219 Parkman Avenue, Pittsburgh, Pennsylvania 15260, United States

*S Supporting Information

ABSTRACT: Chemists frequently encounter problems associated with trace palladium in synthetic samples because palladium
is widely used in synthetic organic chemistry. We previously reported a colorimetric method for trace palladium quantification,
the only high-throughput method implemented in the pharmaceutical industry. However, slight changes from the published
reaction conditions have caused reproducibility problems, with little understanding of underlying molecular mechanisms. In the
current study, we took a combinatorial approach to investigate the method and found that excess NaOH was a culprit for the
lack of reproducibility. We changed the reaction conditions and procedure accordingly, which substantially improved
reproducibility. The reaction under current conditions followed Michaelis−Menten kinetics, allowing for predicting reaction
rates on the basis of the substrate concentrations. The current method showed 57 and 72% average error, respectively, when
drugs spiked with known amounts of palladium and synthetic samples with unknown amounts of palladium were analyzed. The
trend of palladium concentrations determined by the current method boded well with actual palladium concentrations.
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■ INTRODUCTION

To comply with government’s regulations (e.g., USP ⟨232⟩ in
the United States),1 the pharmaceutical industry must ensure
that heavy metals are below their toxic levels in active
pharmaceutical ingredients (APIs). Among heavy metals,
palladium is the most frequently used transition metal in
chemical synthesis2 and must be below 10 ppm in APIs,
according to USP ⟨232⟩. Therefore, process chemists must
develop a specific and highly efficient palladium-scavenging
protocol for each API to meet the safety regulation. This is
accomplished through screenings of dozens of potential
workup protocols and scavengers, among other purification
techniques.3−10 This process generates several dozens of
samples in which to quantify palladium. Meanwhile, new
scavengers continue to emerge,7,11−15 adding options to
explore.
As the Procedure and Detection Technique section of

USP⟨233⟩ states, trace metal analysis has been performed
using inductively coupled plasma mass spectrometry (ICP-
MS).16−20 Unfortunately, ICP-MS is a highly specialized,
costly method for analyzing palladium. The instrument is large
and expensive, requires highly skilled experimentalists, a long
calibration time upon starting, and expensive materials to
maintain operation. Additionally, ICP-MS often becomes the
bottle neck of the entire API purification process because
scavenger screenings are high-throughput, while ICP-MS is low
throughput, thus slowing the process. It should be noted that
neutron activation analysis has been recently employed for
palladium quantification.21

As such, high-throughput platforms are needed to streamline
the API production process. A grand challenge is to shift from
the established, but time-consuming, paradigm to high-
throughput experimentation, even at the expense of accuracy
to some extent.22 Fluorometric and colorimetric methods are

high-throughput and easy to master. Moreover, fluorescence
and/or UV−vis plate readers are inexpensive, robust, and do
not require calibration. Due to the ease of use and portability
of fluorometers, a colorimetric or fluorometric method can be
employed on site (i.e., in the laboratory where APIs are
purified), eliminating the need to transport synthetic samples.
We developed a high-throughput method for quantifying

trace palladium in APIs by fluorescence or color (Scheme
1).23,24 In this method, resorufin allyl ether (RAE) undergoes
palladium-catalyzed allylic C−O bond cleavage (Tsuji−Trost
type reaction) to produce fluorescent, magenta resorufin in its
anion form. The correlation between the resorufin concen-
tration and fluorescence signals with our instrument (see the
experimental procedure section for detail) is shown in Figure
1. The reaction is accelerated by tri(2-furyl)phosphine (TFP)
and sodium borohydride (NaBH4). The roles of TFP are 2-
fold: first, it binds to palladium to form catalytically active
species;25−27 second, it acts as a nucleophile.28 The reaction
autonomously stalls due to the air-oxidation of palladium(0)
when NaBH4 is used up and can be restarted upon the addition
of more NaBH4, broadening the dynamic range with respect to
palladium concentration. This is convenient when the signal
intensity continuously increases over time because it is difficult
to start and analyze dozens of reactions in wells. In other
words, autonomous stalling provides unorthodox, time-
independent data after a certain period for the catalysis-
based method. This method has been implemented in the
multiwell-format23 and in flow chemistry in the pharmaceutical
industry.24 Others have used similar O-deallylation reactions
with different fluorophores or prodrugs as analytical29 or
biological tools.30−38
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DMSO was used in our previous and current methods
because it dissolves most APIs and thus is frequently used to
prepare stock solutions for trace metal analysis. However,
excess DMSO was avoided because it decelerated the
deallylation reaction in the previous system, although the
upper limit of the DMSO amount was not specified.23 We
chose EtOH as the majority of the assay mixture to
accommodate both aqueous and organic layers during the
extraction process after a palladium-catalyzed synthetic
reaction is employed. A small fraction of water is necessary
to dissolve NaBH4. Resorufin is strongly fluorescent only above
pH 4.8,39 necessitating buffering or basifying the assay
solutions. Although phosphate ions accelerate the palladium-
catalyzed allylic C−O bond cleavage,29 phosphate reagents are
not sufficiently soluble when the assay solution contained only
a small fraction of water. Instead, NH4OAc was chosen to
neutralize acids that may be part of palladium-contaminated
organic polymers after sample digestion with acid.23

The concentrations for most components were optimized by
evaluating one component at a time.23 Recently, our group
began applying the technology to real-world samples. These
studies required perturbations of components’ concentrations

and the order of addition of chemicals, which afforded
nonreproducible results. These problems made us realize that
the reaction conditions might not be optimal because some
reagents react with each other, necessitating the simultaneous
perturbation of multiple parameters. Therefore, we decided to
develop a more robust method while investigating how the
relative concentrations of reagents impact reproducibility and
sensitivity. This work has resulted in a more sensitive method
for quantifying palladium. It has also provided a blueprint for
reproducibility, and no experiments failed during this study
after the blueprint emerged.

■ RESULT
Problems with the Previous Method. Our original aims

were to improve the sensitivity of the previous colorimetric
method and to improve the reproducibility. Our previous
conditions are summarized in entry 1 (Table 1). At the outset
of this study, we performed experiments with lower
concentrations of NH4OAc because this salt is difficult to
dissolve in EtOH. Specifically, the reactions were performed
under the reaction conditions shown in entry 2.1 (Figure 2a,
circles); although the signals were weak, a linear correlation
between the palladium concentration and fluorescence signal
(excitation 525 nm, emission 580−640 nm) was observed.
After 16 min, the reactions autonomously stalled. Because the
color change was not visibly obvious, as shown in the
photograph, we restarted the catalysis with additional NaBH4
(stop-and-go). As expected from our previous work,23 both the
color and fluorescence signals intensified (entry 2.2). The
second addition of NaBH4 further increased both the color and
fluorescence intensities (entry 2.3). However, in the 0−0.8 nM
palladium range (the first three columns), the solutions
changed from yellow to purple, making it difficult to visibly
distinguish the magenta color from the purple color. We were
also aware that too many parameters, such as time and the
concentrations of NaBH4, NaOH, and H2O, varied in entries
2.1, 2.2, and 2.3. When the NaBH4 concentration was 50 mM

Scheme 1. Pd-Catalyzed Deallylation of Resorufin Allyl Ether

Figure 1. Standard curve for resorufin sodium salt with 180 μM TFP
and 200 mM NH4OAc in 6:17:77 v/v dimethyl sulfoxide (DMSO)/
H2O/EtOH. F = fluorescence intensity (arbitrary unit) using a filter
for 525 nm excitation and 580−640 nm emission on a plate reader.

Table 1. All of the Reactions were Performed at 24 °C with 0−250 nM PdCl2

entry RAE (μM) TFP (μM) NaBH4 (mM) NaOH (mM) NH4OAc (mM) DMSO (% v/v) H2O (% v/v) EtOH (% v/v) time (min)

1 29 200 2−75 235 626 7 12 81 60
2.1 30 200 10 50 300 6 12 82 16
2.2 27 181 45 405 272 5.5 20 74.5 16
2.3 23 167 75 700 250 5 26 69 16
3 30 200 50 500 300 6.5 12 81.5 16
4 30 180 50 20−420 250 6 20 74 16
5 30 180 50 70 0−375 6 9 85 16
6 30 180 50 120 0−375 6 10 84 16
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Figure 2. (a) Sequential additions of NaBH4. (b) Starting with a high concentration of NaBH4. Fluorescence values refer to emission signals in the
580−640 nm range with excitation at 525 nm.

Figure 3. (a) Effect of NaOH concentration. (b) Effect of NH4OAc concentration with 70 mM NaOH. (c) Effect of NH4OAc concentration with
120 mM NaOH. Fluorescence values refer to emission signals in the 580−640 nm range with excitation at 525 nm.

Figure 4. (a) Combinatorial screening for NaOH, NH4OAc, and NaBH4. Fluorescence intensities in the 580−640 nm range are shown in color.
(b) and (c) Combinatorial screening for NaOH and NaBH4 with 200 mM NH4OAc. (c) Photograph of (b). (d) 24 h after the screening in (b).
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from the beginning (entry 3), all of the solutions turned purple
(Figure 2b).
Because the observations above were not easily interpreted,

we redesigned an experiment so that only the NaOH
concentration would vary (entry 4 and Figure 3a). Both the
lower and higher NaOH concentrations decelerated the
deallylation reaction. We initially thought that at lower
NaOH concentrations, NaBH4 degraded rapidly and thus
was unable to reduce air-oxidized palladium species. At higher
NaOH concentrations, once again, the reactions turned purple.
If the method can tolerate only a narrow range of NaOH
concentrations, this would make the method difficult to
employ. As we discuss below, this was not the case.
With the tentatively optimal NaOH concentration (70 mM),

we investigated the effect of the NH4OAc concentration (entry
5 and Figure 3b). When the NH4OAc concentration was above
100 mM, there was no difference between palladium-free
solutions and 30 nM palladium solutions. When the NH4OAc
concentration was below 100 mM, 30 nM palladium solutions
showed increased signals. Importantly, the lower NH4OAc
concentrations increased the background signals with no
palladium and turned the solutions purple. When the NaOH
concentration was increased from 70 to 120 mM (entry 6 and
Figure 3c), we observed the same trend. Figure 3b,c shows that
the reaction was faster when the NH4OAc concentration was
lower. However, for visual estimation of the relative palladium
concentration, the palladium-independent purple color with
less NH4OAc was unfavorable because the readout of this
system with higher palladium concentrations is magenta color.
Therefore, NH4OAc must be at a certain concentration to
prevent background signal increase.
Three components are at play: (1) NH4OAc reacts with

NaOH to form NH3, NaOAc, and H2O, (2) NaOH is
necessary to stabilize NaBH4 in water,40 and (3) NaBH4 reacts
with NH4OAc to form NaBH3OAc, NH3, and H2. At this point
in this study, we realized that the traditional approach through
optimizing one parameter at a time might not be the best. As
such, we simultaneously titrated NH4OAc, NaOH, and NaBH4
using ten 96-well plates (Figure 4a). It is important to note
that we started reading the 96-well plate with 1.6 M NaOH
and ended with the 0.16 M NaOH plate, for which ∼4 min gap
between plates was inevitable. Palladium-free reaction mixtures
showed stronger signals over time. Apparently, NaOH converts
RAE to a purple compound in the absence of palladium. Also,

within a 96-well plate with the same NaOH concentration,
higher NH4OAc concentrations slowed the NaOH-mediated
formation of a purple compound more effectively, presumably
because NH4OAc neutralizes NaOH. Because the reaction
times of the plates on the right side of the figure were longer,
the signals were stronger despite the lower NaOH concen-
trations. With 200 nM palladium, fluorescence signals were
higher with more NaBH4. Particularly, with 80 mM NaBH4
and 1.6 M NaOH, the signals were the highest in the entire
panel. However, the same panel showed the greatest sensitivity
to the NaBH4 concentration. This is undesirable for the
development of robust and reproducible technology for
palladium quantification because NaBH4 in aqueous solution
degrades even when stabilized by NaOH,40 and the actual
NaBH4 concentration in reaction solutions may vary in day-to-
day operations.
It is crucial to neutralize acids stemming from palladium-

containing solutions for reproducibility. Therefore, although
lower concentrations of NH4OAc show stronger signals, we
chose 200 mM NH4OAc. With this concentration, we
performed the next round of a combinatorial assay for
NaOH and NaBH4 (Figure 4b); lower signals were observed
with the combination of low NaBH4 concentration and high
NaOH concentration. We also found that when the NaOH
concentration was above the NH4OAc concentration, the
result depended too highly on the NaBH4 concentration,
which is undesirable for the reason we stated above. Therefore,
we conclude that the NaOH concentration must be below the
NH4OAc concentration, which is also corroborated with the
photograph in Figure 4c; palladium-free solutions showed a
purple color when the NaOH concentration was higher than
the NH4OAc concentration.
One of the advantageous features of the stop-and-go method

is that the users can analyze the data many hours later or even
the next day because once the assay stalls, the signals remain
the same afterward. This is not the case when the NaOH
concentration is above the NH4OAc concentration, because in
the presence of palladium, the solutions turned blue (Figure
4d). The UV−vis spectrum of the solution in well E5 (200 nM
PdCl2, 1.6 M NaOH, 360 mM NH4OAc) suggested that the
blue color may be due to the formation of resazurin by the
palladium-O2 catalysis. Therefore, although these reaction
conditions showed an expected signal immediately after the

Figure 5. [NaBH4]-dependent autonomous stalling. Fluorescence values refer to emission signals in the 580−640 nm range with excitation at 525
nm. Conditions: 180 μM TFP, 30 μM RAE, 0, 0.625, 1.25, 2.5, 5, 10, 20, or 40 mM NaBH4, 100 mM NaOH, 200 mM NH4OAc, 6:15:79 v/v
DMSO/H2O/EtOH, 31 nM PdCl2, 24 °C, 87 min (read fluorescence every 3 min), n = 2. (a) Time-dependence is shown. (b) [NaBH4]-
dependence is shown at the 40 min point. F40−F0 values are shown as the y-axis (F40 or F0 = fluorescence signal at t = 40 or 0 min). (c) Reaction
conditions: 0−300 μM TFP, 30 μM RAE, 1.0 mM NaBH4, 100 mM NaOH, 200 mM NH4OAc, 5−17.5:20:75−42.5 v/v DMSO/H2O/EtOH, 30
nM Pd, 24 °C, 60 min, n = 1.
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assay was complete, we recommend the users not to add more
NaOH than NH4OAc.
Order of Addition. For convenience, the deallylation

should start as soon as the last solution is added to wells.
Because NaBH4 gradually reacts with water or NH4OAc to
become inactive, NaBH4 must be added last. Although the
palladium-catalyzed deallylation of RAE is accelerated by TFP
and NaBH4, the reaction slowly proceeds in the absence of
NaBH4 because kinetically inferior TFP can still reduce
oxidized palladium species to palladium(0). Therefore, we
decided that the last solution to add (starter solution) would
be a mixture of TFP, NaBH4, and NaOH. In the new order of
addition, each well would be treated with (1) a mixture of RAE
and NH4OAc, (2) palladium, and (3) a mixture of TFP,
NaBH4, and NaOH in this order. This order of addition has
substantially improved reproducibility throughout the remain-
der of this study.
Autonomous Stalling. Next, we aimed to determine the

NaBH4 concentration range in which the deallylation
autonomously stalls (Figure 5a). When the NaBH4 concen-
tration was ≤2.5 mM, the reaction stalled in 45−78 min. When
higher sensitivity is desired, the NaBH4 concentration should
be ≥5 mM. Figure 5b shows that when the NaBH4
concentration is above 10 mM, the reaction rates remain the
same.
DMSO and TFP Concentrations. DMSO is an excellent

solvent to dissolve APIs with a wide range of polarity and is
convenient for storage due to its low volatility and high
stability. However, excess DMSO may be detrimental to the
current method because DMSO can bind to palladium to form
resting-state palladium species. Therefore, we hypothesized
that tolerable DMSO concentrations might depend on the
TFP concentration. To determine the optimum concentration
range for these two components, we titrated them in a
combinatorial manner (Figure 5c) to find that 5−10% DMSO
and 100−220 μM TFP were acceptable.
Metal Selectivity and Interference. When a palladium-

catalyzed reaction is employed, palladium is obviously the
major concern with respect to metal contamination. However,
other metal contaminations may be present because other
reagents, glassware, or water used during purification may
contain copper and iron, among other heavy metals. The
previous method was fairly selective for palladium, but
platinum produced approximately one-fifth of the signal
compared to palladium.23 Figure 6a shows that the current
method is more selective for palladium (41810 AU), with
platinum (9242 AU) being second most reactive. More
specifically, after the background (no metal; 5677 AU)
subtraction, we determined that the selectivity between
palladium and platinum was 10:1.
We then tested whether other metals would interfere with

the quantification of palladium. In the presence of other metals
at 345, 30 nM palladium was detected fairly accurately, with
the exception of silver ions (Figure 6b,c). The reason for the
interference is currently unknown. Given the aforementioned
reactivity of platinum, it was not surprising that the mixture of
30 nM palladium and 345 nM platinum generated a stronger
signal than 30 nM palladium alone. Therefore, in instances
where both palladium- and platinum-catalyzed reactions are
performed in the same synthetic sequence, it would be prudent
that a more palladium-selective fluorometric method41 or a
platinum-selective fluorometric method (manuscript in prep-
aration) be employed. Also, if silver is suspected as a

contaminant in large excess relative to palladium, ICP-MS
analysis for silver ions may be necessary.

Quantification. Synthetic samples prepared by palladium-
catalyzed reactions may contain 10−2000 ppm palladium in
the solid state. If 1 mg of synthetic material as the solid is
dissolved in 1 mL liquid, the resulting palladium concen-
trations will be 10−2000 ppb. In the metal analysis, if an
aliquot (20 μL) is added to an assay solution (180 μL), the
resulting mixture will contain 1−200 ppb (9.4−1880 nM)
palladium.
With this in mind, we examined the correlation between

palladium concentrations and fluorescence intensities. First,
with 180 μM TFP, 30 μM RAE, 1.0 mM NaBH4, 200 mM
NH4OAc in 5:17:78 v/v DMSO/H2O/EtOH, the reactions
were carried out for 1 h in the 0−2000 nM palladium range
(Figure 7a), revealing that the method was quantitative up to
250 nM. By lowering the NaBH4 concentration from 1 to 0.5
mM, the dynamic range broadened, at the expense of
sensitivity (Figure 7b). The sensitivity could be improved by

Figure 6. (a) Fluorescence values refer to emission signals in the
580−640 nm range with excitation at 525 nm. Metal selectivity.
Conditions: 180 μM TFP, 30 μM RAE, 1.0 mM NaBH4, 100 mM
NaOH, 200 mM NH4OAc, 5:17:78 v/v DMSO/H2O/EtOH, Metal:
no metal or 30 nM Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd,
Ag, Cd, Re, Ir, Pt, Au, Hg, Pb, 24 °C, 60 min, n = 3. (b) Fluorescence
values refer to emission signals in the 580−640 nm range with
excitation at 525 nm. Metal interference. Conditions: 180 μM TFP,
30 μM RAE, 1.0 mM NaBH4, 100 mM NaOH, 200 mM NH4OAc,
5:17:78 v/v DMSO/H2O/EtOH, Metal: 30 nM Pd and no metal or
345 nM Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Cd,
Re, Ir, Pt, Au, Hg, or Pb, 24 °C, 60 min, n = 3. (c) UV−vis data of b at
560 nm.
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the second addition of NaBH4 (stop-and-go) to increase the
NaBH4 concentration to 19 mM. To omit the second addition
of NaBH4 for procedural simplicity, we started the reactions
with 20 mM NaBH4, with the expectation that the data at
earlier points might be more linear because less substrate
(RAE) would be consumed. However, even the 5 min data
point showed a nonlinear trend (Figure 7c). These data were
reproducible; Figure 7d shows the result under the same
conditions on a different day. This figure also compares the
current method with our previous method,23 indicating that
the current method is 54 times more sensitive in the 0−32 nM
palladium concentration range.
We hypothesized that this reaction might follow Michaelis−

Menten kinetics because there may be pre-equilibrium among
palladium, TFP, and RAE to form the catalyst−substrate
complex. To test this hypothesis, we measured the velocity as a
function of substrate concentration (Figure 8). To slow the
reaction to measure fluorescence intensities for the first several
minutes accurately, we lowered the NaBH4 concentration to
0.5 mM. Indeed, we observed the saturation kinetics,
indicating that the palladium-catalyzed deallylation fits
Michaelis−Menten kinetics.
Validation of the Method. The purpose of implementing

a high-throughput screening method for palladium is not to
accurately measure the absolute concentrations of palladium in
APIs but to estimate the relative concentrations of palladium
when process chemists screen for dozens of scavenging
methods. One of the major challenges is to semiquantify
palladium at as low as 10 ppm and as high as 2000 ppm. We
must consider the solubility of APIs and stability of palladium
when solutions of APIs are prepared for analysis. If an API

substance (1 mg) with X ppm palladium in the solid state is
dissolved in 500 mM HCl in 1:4 DMSO/H2O (1.0 mL), the
resultant concentrations are 1 mg API/mL and X ppb (9.4X
nM) palladium. When this solution (20 μL) is added to a
reaction mixture (180 μL) in a well, the palladium
concentration is 0.1X ppb (0.94X nM). Therefore, when the
palladium concentration in the well is determined to be Y nM,
the palladium content in the original solid API is Y/0.94 ppm.
To target the 0−250 nM palladium range in the assay

solutions with various amounts of palladium in mock APIs, we
chose to subject 1.0 and 0.1 mg/mL mock API solutions to the
reaction conditions. In a double-blinded manner, a member in
our research group, who was not part of this study, prepared
solutions of drugs spiked with known amounts of palladium.
Four or five days after the samples were prepared, we analyzed
these samples in three separate experiments. We used freshly
diluted palladium solutions with known concentrations to

Figure 7. Correlation between palladium concentration (0−2000 nM) and fluorescence intensity. Fluorescence values refer to emission signals in
the 580−640 nm range with excitation at 525 nm. Common conditions for the four graphs: 180 μM TFP, 200 mM NH4OAc, 5−9:17:78−74 v/v
DMSO/H2O/EtOH, 24 °C. Variables: (a) 30 μM RAE, 1.0 mM NaBH4, 100 mM NaOH, 24 °C, 1 h, n = 3. (b) 30 μM RAE, 0.5 mM NaBH4, 25
mM NaOH, 30 min, n = 4. Then add more NaBH4. (c) 60 μM RAE, 20 mM NaBH4, 75 mM NaOH, 60 min, n = 3. (d) 60 μM RAE, 20 mM
NaBH4, 75 mM NaOH, 30 min, n = 3.

Figure 8. Saturation kinetics. Fluorescence values refer to emission
signals in the 580−640 nm range with excitation at 525 nm.
Conditions: 7.5−960 μM RAE, 180 μM TFP, 0.5 mM NaBH4, 75
mM NaOH, 200 mM NH4OAc, 8.7:17:74.3 v/v DMSO/H2O/EtOH,
31 nM PdCl2, 24 °C.
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create a calibration curve. The results are summarized in Table
2. On average, the error was 57%. An origin of error may stem

from the age of the samples; we compared 4- to 5-day old
palladium solutions with freshly prepared palladium standard
solutions. Nonetheless, the graph shown in Figure 9 indicates
that our method is an enabling technology to determine the
relative concentrations of palladium.
Finally, we analyzed synthetic samples that were produced

by palladium-catalyzed reactions in our laboratory for
unrelated projects. The same stock solutions of these samples
were also analyzed by ICP-MS as a reference. Table 3 and

Figure 10 summarize the results. In general, the current
method is not yet optimal for samples containing more than

1000 ppm palladium. The plateaus we observed in Figure 7 are
due to the full consumption of RAE (cf. Figure 1). We
recommend that palladium-rich samples should be further
diluted prior to analysis. Otherwise, the current method
showed the correct trend for relative palladium concentrations.
There were three samples (PLM3108A, PLM3108B, and
PLM3109B) that must be contaminated with trace palladium
because they were synthesized by Pd/C-catalyzed hydro-
genation reactions. ICP-MS could not detect the metal, but the
current method could. The average error (72%) was greater
with synthetic samples than with mock samples (57%) because
unlike spiked mock samples, the synthetic compounds may
bind to palladium ions during long periods of storage. This
hypothesis warrants further extensive studies in the future.

Table 2. Evaluation of the Current Method with Mock APIs

material ID
Pd (ppm) in solid determined

by the current method

actual Pd
(ppm) in
solid

%
error

6-bromoindole A 95 45 111
6-bromoindole B 85 405 79
6-bromoindole C <1 0
tyrosine A 19 15 27
tyrosine B 4 5 20
tyrosine C 73 45 62
shikimic acid A 10 15 33
shikimic acid B 209 405 48
shikimic acid C 871 1215 28
uridine A <1 0
uridine B >2000 1215
uridine C 96 45 113
biotin A 9 15 40
biotin B 225 405 44
biotin C 4 5 20
brucine A <1 0
brucine B 219 135 62
brucine C 53 45 18
yohimbine A >2000 1215
yohimbine B 116 135 14
yohimbine C 3 5 40
progesterone A 33 45 27
progesterone B 44 135 67
progesterone C 12 5 140
imatinib A <1 5
imatinib B 140 135 4
imatinib C 1210 405 199
average % error 57

Figure 9. Correlation between ICP-MS and the current method with
mock API samples.

Table 3. Comparison between the Current Method and
ICP-MS Using Actual Synthetic Samples with Unknown
Amounts of Palladiuma

sample ID
Pd (ppm) in solid measured

by the current method
Pd (ppm) in solid

measured by ICP-MS
%

error

BMK1030 1149 600 92
RKB9101
crude

1306 648 102

RKB9101
after CC

438 365 20

RKB9102
impure

3293 3321 1

RKB9102
after resin

594 146 307

PLM3108A 3 <1
PLM3108B 2 <1
PLM3109A 1 1 0
PLM3109B 2 <1
RKB9019 135 63 114
JAB7140 5808 9776 41
JAB7140
purified

175 237 26

JAB7141 9480 5979 59
JAB7141
purified

113 159 29

average %
error

72

aThe values were calculated for palladium concentrations in synthetic
compounds in the solid state.

Figure 10. Correlation between ICP-MS and the current method with
synthetic samples.
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■ DISCUSSION

We set a goal of understanding how the multiple components
in the fluorometric/colorimetric method may influence the
outcome. The addition of NaOH was inevitable because
NaBH4 was essential for the palladium-catalyzed allylic C−O
bond cleavage under air atmosphere,23 and NaBH4 must be
stabilized by NaOH in water. NaBH4 and NaOH react with
NH4OAc, and the resulting basicity influences the stability of
NaBH4. NH4OAc was found to retard the reaction because it
quenches NaBH4, but it was necessary to avoid acidic
conditions in the assay. We titrated multiple components in
a combinatorial manner for the first time since we began
developing and applying fluorometric or colorimetric methods
for palladium.23,24,27,30,41−50 When there was more NaOH
than NH4OAc, the excess NaOH turned the solution purple in
the absence of palladium. Although the UV−vis spectrum of
the purple solution resembled that of resorufin, RAE was not
converted to resorufin because neutralization with additional
NH4OAc or acid reversed the UV−vis spectrum back to that of
RAE. The reversible reaction between RAE and NaOH was
further supported by 1H NMR analysis. Unfortunately, we
were unable to determine the structure of the transient product
under basic conditions due to its poor solubility in DMSO-d6,
CD3OD, and D2O. Based on the previously observed mode of
reactivity of related resorufin derivatives,51 we speculate that
NaOH undergoes reversible conjugate addition to form keto-1,
which may be in equilibrium with its tautomer, enol-1
(Scheme 2).
Although the hypothesized mechanism may be intriguing,

this is detrimental to achieving the goal of developing a
palladium-specific quantification method. Thus, it is important
to ensure that the NH4OAc concentration exceeds the NaOH
concentration. Our palladium stock solutions were stored in
500 mM HCl, which partially eliminated NaOH in assay
solutions. Because of this background reaction identified in the
current study, we changed the order of addition of reagents to
avoid such an undesired reaction.
The stop-and-go strategy is convenient for those who have

no access to continuous monitoring of the assay. For the
current study, because we had access to an instrument that
could read a 96-well plate every few minutes, we chose to opt
for procedural simplicity. Figure 5b shows that the reaction

rate (i.e., the sensitivity of the assay) can be fine-tuned by
changing the NaBH4 concentration. The optimum ranges of
TFP and DMSO concentrations were 100−220 μM and 5−
10% v/v, respectively. Too much TFP slowed the reaction,
presumably because TFP began to form coordinatively
saturated (i.e., unreactive) palladium species in situ.29

DMSO can bind and form catalytically inactive palladium
species, which is likely why more than 10% DMSO
substantially retarded the reaction.
Although platinum showed reactivity under the reaction

conditions, palladium was about 10 times more reactive. Only
silver (12 equiv relative to palladium) showed significant
interference, the molecular mechanism of which is currently
unknown.
Achieving a broad dynamic range for any fluorometric or

colorimetric method is a formidable challenge in chemistry and
biology. For example, a commercial kit for hydrogen peroxide
by fluorescence can be effective between 0.1 and 1 mM
concentrations. Our method was quantitative in the 2−250 nM
palladium concentration range. Therefore, if the palladium
concentration in an API is expected to be above 250 ppm in
the solid state, we recommend that the stock solutions of the
sample should be diluted to 0.1 mg/mL or lower. Comparison
of the current method and our previous method23 revealed that
the initial reaction rate is 54 times faster (i.e., the current
method is 54 times more sensitive; Figure 7d).
We evaluated the current method with drugs or drug-like

compounds spiked with known amounts of palladium. Possibly
because the spiking was performed 4−5 days prior to the
assays, the current method underestimated palladium concen-
trations in some instances. It is important to note that the
method showed the expected relative concentrations of
palladium, which may fulfill users’ needs in high-throughput
screenings of palladium scavenging to determine the relative
efficiency of the scavengers. With 14 synthetic samples
prepared by palladium-catalyzed reactions, we compared the
current method with ICP-MS. In this case study, the average
percent error value was slightly greater than that of the study
with mock samples. Nonetheless, the relative concentrations of
palladium boded well with ICP-MS. We believe that these
results are remarkable, considering the fact that the samples
were not digested. If we develop a protocol to fully restore the
palladium reactivity under the reaction conditions through

Scheme 2. Proposed Mechanism for the Reaction of RAE with NaOH

Scheme 3. (a) Typical Enzyme-Catalyzed Reactions with Michalis−Menten Kinetics; (b) Analogy of the Current Method to
(a)
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digestion (e.g., microwave digestion52), the accuracy may be
further improved.
Finally, we discovered that the palladium-catalyzed Tsuji−

Trost reaction under the current reaction conditions fit
Michaelis−Menten kinetics. Michaelis−Menten kinetics in
transition-metal-catalyzed reactions were discussed in the
literature, although scarcely.53−55 This is surprising since
Pirrung and co-workers stated that there might be many such
reactions.54 The saturation kinetics experiment depicted in
Figure 8 shows that increasing the RAE concentration up to
∼120 μM will linearly increase the reaction rate. Scheme 3a
(general equation for Michaelis−Menten kinetics) can be
applied to Scheme 3b, in which the π-allylpalladium complex is
equivalent to an enzyme−substrate complex depicted in the
original paper by Michaelis and Menten.56,57

■ CONCLUSIONS
We developed a robust method with lower background signals
to semiquantify palladium at nanomolar concentrations. The
method may prove to be useful for real-world samples. We also
discovered that the reaction follows Michaelis−Menten
kinetics.
Representative Experimental Procedure. Preparation

of 0.5 M HCl in 1:4 v/v DMSO/Water (Solution B). DMSO
(10.0 mL) and 625 mM HCl in water (40.0 mL) were mixed
in an amber glass bottle.
Preparation of 85.7 μM RAE/286 mM NH4OAc in 10.7:89.3

v/v DMSO/EtOH. RAE (25.3 mg) was dissolved in DMSO
(20.00 mL) in an amber vial to prepare 5.0 mM RAE in
DMSO. Subsequently, an aliquot of this solution (8.0 mL) was
diluted with EtOH (42.0 mL) in an amber bottle to prepare an
800 μM RAE in 4:21 v/v DMSO/EtOH solution. The 800 μM
RAE solution in DMSO (32.14 mL) was mixed with 500 mM
NH4OAc (171.6 mL) and EtOH (96.26 mL) in a 500-mL
amber bottle. All of the solutions were stored at −20 °C.
Preparation of 0, 19.6, 39.1, 78.1, 156, 313, 625, 1250,

2500, 5000, 10 000, and 20 000 nM Pd Solutions. A 1000
ppm (9.4 mM) palladium standard solution in 10% w/v HCl
(2.7 M HCl) for atomic absorption spectroscopy was
purchased from Fisher and stored at 24 °C. This solution
(240 μL) was diluted with 0.7 M trace metal HCl in water

(896 μL) to prepare a 2.0 mM Pd solution (1.136 mL). This
solution can be stored at 24 °C for at least 3 months. An
aliquot of the 2.0 mM Pd solution (100 μL) was diluted with
solution B (900 μL) to prepare 200 μM Pd. A portion of this
resulting solution (100 μL) was diluted with solution B (900
μL) in row H, column 12 of a deep 96-well plate to prepare 20
μM Pd. Solution B (500 μL per well) was added to row H,
columns 1−11 of a deep 96-well plate (1 mL per well). A 2-
fold serial dilution was performed in the deep 96-well plate
until 19.6 nM Pd was prepared in column 2, row H. In each
dilution step, the solutions were mixed thoroughly. Solution B
(500 μL; Pd-free) was added to column 1, row H. With an 8-
or 12-channel pipette, an aliquot of each Pd or Pd-free solution
(150 μL) was transferred to row A columns 1−12 of a black
96-well plate with a clear bottom (Figure 11a). We
recommend that Pd solutions below 2 mM should be used
within 6 h.

Preparation of Synthetic Samples in Solution B (1.0 and
0.05 mg/mL). Solid synthetic samples were dissolved in
DMSO to prepare 5.0 mg/mL solutions. An aliquot of each
solution (20 μL) was diluted with 625 mM HCl (80 μL) to
prepare 1.0 mg/mL in a black 96-well plate. An aliquot of each
of these solutions (5.0 μL) was diluted with solution B (95
μL) to prepare 0.05 mg/mL solutions.

Preparation of 900 μM TFP/100 mM NaBH4/375 mM
NaOH in 6:44:50 v/v DMSO/EtOH/Water. One NaBH4 pellet
(1.00 g; 26.4 mmol) was dissolved in cold aqueous 10 M
NaOH (9.91 mL) to prepare 2.67 M NaBH4 and 10 M NaOH
in water, which was kept on ice for up to 8 h. We recommend
that this solution should be prepared within 8 h prior to use.
CAUTION: Do not store the solution in a refrigerator due to
the evolution of hydrogen gas.
Separately, butylated hydroxytoluene (BHT; 12.5 mg) was

dissolved in DMSO (50 mL) in an amber bottle to prepare 250
ppm BHT in DMSO. The BHT solution in DMSO (6.667
mL) was used to dissolve TFP (23.2 mg; 100 μmol) in an
amber bottle to prepare 15.0 mM TFP in DMSO. This
solution could be stored at 24 °C for at least 6 months.
Immediately after palladium-containing solutions were

added in the assay, a solution of 2.67 M NaBH4 and 10 M
NaOH in water (1.80 mL) was diluted with water (10.20 mL)

Figure 11. Plate map for the assay.
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in a 15-mL conical centrifuge tube to prepare 400 mM NaBH4
and 1.5 M NaOH in water. Subsequently, this solution (3.00
mL), cold EtOH (5.28 mL), 15.0 mM TFP in DMSO (720
μL), and water (3.00 mL) were mixed in a reservoir to prepare
900 μM TFP/100 mM NaBH4/375 mM NaOH in 6:44:50 v/v
DMSO/EtOH/water (12.00 mL).
Final Assay Conditions in Wells. 180 μM TFP, 60 μM

RAE, 20 mM NaBH4, 75 mM NaOH, 200 mM NH4OAc,
8.7:17.0:74.3 v/v DMSO/water/EtOH, 0−2000 nM Pd, total
volume = 200 μL, 24 °C, 30 min, n = 3.
With an 8- or 12-channel pipette, the solution of 85.7 μM

RAE/286 mM NH4OAc in 10.7:89.3 v/v DMSO/EtOH (140
μL per well) was transferred from the reservoir to rows C−H,
columns 1−12 on the black 96-well plate with a clear bottom
(Figure 11b).
With an 8- or 12-channel pipette, 0, 19.6, 39.1, 78.1, 156,

313, 625, 1250, 2500, 5000, 10 000, and 20 000 nM Pd (20
μL) were transferred from row A to rows C−E of the plate
(triplicate; Figure 11c).
With an 8- or 12-channel pipette, 1.0 and 0.05 mg/mL

synthetic samples (20 μL) were transferred to rows F−H,
columns 1−12 of the plate (triplicate; Figure 11d).
With an 8- or 12-channel pipette, the solution of 900 μM

TFP/100 mM NaBH4/375 mM NaOH in 6:44:50 v/v
DMSO/EtOH/water (40 μL per well) was transferred from
the reservoir to rows C−H, columns 1−12.
Absorbance signals (560 nm) or fluorescence signals

(excitation 525 nm, emission 580−640 nm) were measured
after 30 min. All fluorescence measurements (excitation 525
nm, emission 580−640 nm) in this study were carried out
using a Promega Biosystems Modulus II Microplate Reader.
Data Analysis. Signals would be a function of palladium

concentration. For unknown samples, palladium concentra-
tions could be determined by the signal intensities.
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