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ABSTRACT: A conformationally twisted N-arylbenzotriazole
was designed as a fluorescence turn-on molecular probe.
Under ambient conditions, metal-catalyzed deallylation re-
actions restore an intense blue emission. This reaction scheme
is applicable exclusively to Group 10 transition metal ions and
optimized, in particular, for nickel to allow sub-micromolar
detection with no competition from other first-row transition-
metal ions.

Research on sustainable catalysis with earth-abundant
metals is becoming an active area in contemporary

chemistry.1 For quality control in large-scale metal-catalyzed
processes, it is imperative to detect residual metal species in the
reaction batches in routine fashion.2 As a cheap and abundant
first-row transition metal, nickel could serve as a surrogate for
its rare and expensive (yet much more popularized) congeners,
palladium and platinum.3 With an increasing number of nickel-
mediated chemical transformations joining the mainstream
chemistry,4 straightforward detection methods are in need for
its high-throughput on-site analysis. Within this context,
reaction-based fluorescence turn-on detection of nickel has
both conceptual appeal and operational simplicity, but has yet
to be realized. We disclose its first example here.
Our entry into this chemistry was prompted by the

serendipitous discovery of the rather peculiar light-emitting
properties of 1 and 2, prepared according to Scheme 1. Unlike
the prototypical benzotriazole fluorophore 3 (λmax,abs = 310 nm;
λmax,em = 430 nm; fluorescence quantum yield (ΦF) = 100% in
MeCN; t = 298 K),5 compound 1 is completely nonfluorescent
(Figure 1). Both 1 and 3 are built upon the same benzotriazole
π-skeleton yet differ by the N-aryl substituent. While 3 has a
freely rotating N-phenyl ring, the bulky 2,6-diisopropyl
substituents in 1 enforce an essentially orthogonal arrangement
(with torsional angles of 84.7° and 85.9° determined for two
chemically equivalent but crystallographically independent
molecules in the unit cell) between the N-aryl group and the
benzotriazole portion of the molecule (Scheme 1, Figure S1).
Intriguingly, installation of an amino group onto the

benzotriazole ring of 1 restores the blue emission of the
“twisted” N-arylbenzotriazole 2 (Figures 1 and S2; λmax,em = 420
nm; ΦF = 33% in MeCN; t = 298 K),6 but its protonated form
[2·H]+ becomes nonfluorescent, just like 1 (Figure 1). In stark
contrast, conformationally unconstrained analogues 3 and 4 are
both emissive, regardless of the absence/presence of the amino

group (Figure S3). Moreover, protonated [4·H]+ is fluorescent
as well (λmax,abs = 315 nm; λmax,em = 380 nm; ΦF = 46% in
MeCN; t = 298 K) (Figure S3).
Findings made on 1−4 indicate that an interplay between (i)

conformational restriction and (ii) covalent modification
profoundly impacts the photophysical properties of N-
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Scheme 1. Chemical Structures of 1−6 and Synthetic Routes
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arylbenzotriazoles. The fluorescence ON−OFF behavior of 2
(Figure 1), in particular, suggests that the availability of amine
lone-pair electrons, conjugated directly to the benzotriazole π-
system, dictates the emissive properties of the twisted molecule.
Without such conformational restriction, optical switching
could not be implemented (Figure S3).
In order to turn this empirical observation into useful

applications, we prepared compound 5 (Scheme 2; Figure S4)
by converting the amino group in 2 to the allyl carbamate
functionality (Scheme 1).

This structural engineering resulted in systematic shifts in the
excitation/emission profile (Figure S5), so that 5 is essentially
nonfluorescent upon excitation at λexc = 335 nm. In contrast, its
precursor 2 has the most intense fluorescence when excited at
λexc = 335 nm (Figure S6). An important practical implication
of this fortuitous situation is that a large enhancement in
emission is anticipated to occur upon 5-to-2 chemical
transformation. Indeed, under standard Tsuji−Trost deal-
lylation conditions using palladium (Scheme 2),7 5 cleanly
coverts to 2 to elicit a net fluorescence turn-on response
(Figure 2a).
In 2007, the Koide group reported reaction-based detection

of palladium by deallylation of a “masked” fluorophore.11a Since
then, this strategy has widely been implemented with various
allyl ethers,8 carbamates,9 and carbonates;10 some of these
systems also respond to platinum11 or rhodium as well.12 Our
initial studies have shown that the deallylation reaction of 5

with palladium(II) (see Figure 2a caption for detailed reaction
conditions) is complete within 5 min to quantitatively produce
2 (Scheme 2). This process is accompanied by a large (>150-
fold) enhancement in blue emission at λmax,em = 445 nm (Figure
2a); formation of 2 as the reaction product was confirmed by
HPLC analysis (Figure S7).
Our subsequent studies revealed that 5 responds not only to

palladium(II), but also to other Group 10 metals, such as
nickel(II) and platinum(II) (Figure 2b). The normalized
emission spectra confirmed that these reactions produced the
same product, 2. Under similar conditions, however, other
transition metals showed no reactivity (Figure S8) and no
interference (Figures S9 and S10).
As Group 10 congeners, palladium and nickel could operate

through similar mechanistic manifolds involving d10 metal(0)
species, generated in situ under reducing conditions to function
as a nucleophile (Scheme 2). Indeed, nickel-mediated deal-
lylation protocols are known for allyl ether,13 carbamate, and
carbonate substrates.14 This intuitive connection between
palladium and nickel chemistry immediately suggested the
feasibility of repurposing palladium-responsive systems for
reaction-based fluorescence turn-on detection of nickel, for
which no literature examples exist.
Toward this objective, we have screened various combina-

tions of solvents, ligands, reducing equivalents, and reagent
concentrations to maximize the conversion of 5 to 2 using
nickel(II). Unlike palladium-catalyzed deallylation, electron-rich
P(p-Tol)3 or PPh3 performed better than electron-deficient
TFP or P(4-FPh)3 (Figure 3a), although they are sterically
comparable (cone angle = 133° for TFP;15 145° for P(4-
FPh)3,

16 P(p-Tol)3,
17 and PPh3

18).
Under optimized reaction conditions (see Figure 3a caption

for details), > 90% conversion was achieved within 15 min at 25
°C, with > 120-fold enhancement in the fluorescence intensity
at λmax,em = 450 nm, and visually detectable blue emission of the
deallylation product 2 (Figure 3b). The high sensitivity of 5
under this condition allows for sub-micromolar-level detection
of nickel(II). A plot of I450 nm vs metal concentration shows a
linear relationship down to the value of [Ni2+] = 100 nM
(Figure S11). Formation of 2 in the reaction was confirmed by
HPLC analysis as well (Figure S12).
Among the first-row transition metals that we have screened,

this fluorescence turn-on reaction manifold (Scheme 2) works

Figure 1. Fluorescence emission spectra of 1 (λexc = 280 nm; black
dashed lines), 2 (λexc = 335 nm; blue solid lines), and [2·H]+ (λexc =
280 nm; red dashed lines) in MeCN (sample concentrations = 20 μM)
at 298 K. Protonated [2·H]+ was generated in situ by treating 2 with
an excess amount (50 mM) of TFA. Digital images in the inset were
obtained with a hand-held UV lamp (λexc = 365 nm).

Scheme 2. Metal-Catalyzed Deallylation Reaction of 5 as the
Signal Transduction Mechanism for Fluorescence Turn-on
Detection

Figure 2. (a) Fluorescence turn-on of 5 (20 μM) in the presence of
palladium(II) ion (10 μM) in MeCN/H2O (7:3, v/v) containing tri(2-
furyl)phosphine (TFP) (100 μM) and NaBH4 (100 μM). The
emission spectrum (λexc = 340 nm; blue dashed lines) of the reaction
mixture was taken 5 min after mixing (t = 298 K). The overlaid
spectrum of 2 (green solid lines; measured independently for a 20 μM
solution sample) confirms quantitative formation of 2 by deallylation
of 5 (Scheme 2). (b) Fluorescence response of 5 toward different
Group 10 metal ions (sample concentrations = 10 μM) under the
same reaction conditions as in (a).
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exclusively for nickel (Figure 4), with no or little interference
observed when equimolar mixtures of nickel and other metals
were allowed to compete.19 The reactivity is maintained
consistently across various nickel(II) sources of different
counteranions (AcO−, Cl−, NO3

−, and SO4
2−; Figure S13),

thus ruling out the involvement of trace metal contaminants in
the response pattern that we observe.
Under the conditions that work best for nickel, its heavier

Group 10 congeners palladium and platinum also elicit turn-on
response (Figure S14). The reactivity pattern (Ni > Pt > Pd),
however, is entirely reversed compared to the conditions
developed initially for palladium (Pd > Pt > Ni; Figure 2b).
Reaction optimization is thus key to our success in fluorescence
turn-on detection of nickel. In retrospect, this seems to be the
most logical next step beyond the already mature palladium-
detection methodology. We could only speculate why no
intentional efforts seem to have been made in this direction
before.
While cheap and earth-abundant metals are less susceptible

to supply fluctuations, controlling the level of such elementary
impurities poses a significant challenge in fine chemicals
industry. In fact, the regulatory requirements are becoming
increasingly difficult to meet, necessitating rigorous and
iterative purification and analytical processes. Nickel is a
Class 1 metal, which is defined as metals of significant safety

concerns by the European Medicines Agency (EMA).20

Biological and environmental toxicity of nickel is also well-
known.21 As a human carcinogen, the exposure limit of nickel
in the active pharmaceutical ingredient (API) is 2.5 ppm for
parenteral exposure and as low as 100 ng/day for inhalation
exposure.22

Previous efforts have employed ligand-appended fluoro-
phores23 or chromophores24 to detect nickel(II). Such
chelation-based strategy, however, often suffers from interfer-
ence with other first-row metal ions,25 in particular, copper-
(II).26 A higher binding affinity of copper(II) toward what is
designed to be a nickel(II) binding site27 often leads to
complete fluorescence quenching.28 As an alternative, a
reaction-based fluorescence detection scheme should suffer
less from such limitations but has not been realized before.
To the best of our knowledge, compound 5 represents the

first example of reaction-based fluorescence turn-on probe for
nickel. For process control in which the concoction of each
reaction batch is already known and the detection of trace
metal is important, this approach should have the largest
impact. Efforts are currently underway in our laboratory to
improve on the sensitivity as well as spectral window of this
first-generation prototype.
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