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Highly sensitive, efficient, and quenchable fluorochromes
have become essential for acquiring genomic and proteomic
data from biological samples.[1] Fluorescent compounds also
have many other useful applications in medicine, biotechnol-
ogy, and biological science.[2,3] Specifically, fluorochromes
attached to various ligands have been used for detecting
nucleic acid hybridization (molecular beacons),[4,5] in drug
discovery,[6] for sensing molecular interactions,[7,8] and for
deciphering biological pathways.[9] Typically, molecular DNA
beacons[4,5] and enzyme-sensing probes[10] primarily rely on
the fluorescence resonance energy transfer (FRET) between
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other stabilizers), the yield of the isolated high-quality
spherical resin was rather low, too low to allow economic
adaptation for use with complex functional co-monomers.
However, it was realized that a major contribution to the
seeding of aggregation was irregular agitation at the liquid±
gas interface, especially when this interface was located too
close to one of the oscillating baffles. Accordingly, therefore
the two baffle set arrangement was designed, built, and
commissioned and the volume of the total liquid phase
adjusted to be sufficiently remote from the upper baffle to
allow for efficient suspension within the bulk of the liquid and
yet to avoid induction of particle aggregation at the surface.
Since evaporative losses were also significant with an aqueous
phase volume of only 25 mL, the level of liquid was
maintained during the reaction by gradual addition of more
aqueous phase (5 mL). These simple design and operational
changes led to a significant improvement in the yields of the
isolated high quality beads, despite the polymerization being
performed with only approximately 2g of comonomers (for
example, G4, G7, and G8, Figure 3e±g). The most robust
stabilizer used was poly(vinyl alcohol) (PVA, 88% hydro-
lyzed, Mwt¼ ca. 125000 Aldrich) at 0.75 wt%, with 3.3 wt%
of NaCl in the aqueous phase, and with a baffle oscillation
frequency of 6 Hz. Xanthan gum was also a useful stabilizer
(G5) but a higher oscillation frequency, 8 Hz, was required
because of the larger viscosity of this aqueous solution. By
using the optimized procedure 2% cross-linked gel-type resin
G9 was prepared using functional co-monomer 1, with a good
yield of isolated quality beads of about 1.5 g (ca. 75%;
Figure 3h). Resins G1±G9 are all lightly cross-linked
(DVB� 5 vol%) and have been prepared in the absence of
any porogen. Each would therefore be expected to have a gel-
type morphology and a correspondingly very low dry-state
surface area. This was confirmed for resin G8 whose dry-state
surface area is less than 5 m2g�1. The volume swelling of G4,
G7, and G8 with cross-link ratios of 5, 2, and 1%, respectively,
in toluene are 3.05, 4.52, and 7.59 mLg�1, which is again
consistent with the gel-type morphology of these species.
Interestingly the corresponding swelling figure for the 2%
cross-linked functional resin G9 is 3.37 mLg�1, which suggests
that the presence of the residues from the functional co-
monomer 1 reduces somewhat the ability of toluene to solvate
this resin.

In summary, we have developed a robust small-scale
experimental procedure for synthesizing both macroporous
and gel-type high-quality spherical particulate styrene±di-
vinylbenzene resins in good yield. The methodology is
tolerant to the use of functional co-monomers, and now offers
the prospect of exploiting complex, structurally well-charac-
terized monomers in suspension polymerization to produce
resins for use in high-throughput discovery programs.
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a fluorochrome and a quencher. The vast majority of sensors
fluoresce in the visible light range (400±650 nm) and com-
monly consist of organic fluorochrome or semiconductor
materials.[11] The most commonly used quencher to pair with
those fluorochromes is 4-(4’-dimethylaminobenzeneazo)ben-
zoic acid (DABCYL), which has a broad absorption spectrum
between 360 and 560 nm.

More recently fluorochromes fluorescing in the near-infra-
red (NIR) range have been developed to either 1) extend the
number of color probes available for simultaneous sensing or
encoding,[12,13] or 2) to image molecular interactions in vi-
vo.[14±21] Most reported near-infrared fluorochromes contain
bi- or tricarbocyanine rings and exhibit fluorescence between
650 and 900 nm.[20±22] One particular challenge, however, is the
development of efficient, biocompatible, and conjugatable
quenchers, analogous to DABCYL but with absorptions in the
near-infrared range. We describe here the synthesis and
properties of a generic type of compound that efficiently
quenches NIR fluorescence. We furthermore show how
derivatives of this model compound can be used for protease
sensing in the near-infrared spectrum.

Based on prior observations that certain azulene precursors
of antibacterial and anti-inflammatory agents[23] have strong
absorption in the 500 to 600-nm range,[24] we hypothesized
that it should be feasible to extend the conjugated p system to
a linked bicyclic system resulting in higher wavelength
absorption. We furthermore postulated that such compounds
should be stable, biocompatible, and suitable for either solid-
phase or aqueous chemistry, and also have a single attachment
moiety for bioconjugation. Another consideration for con-
structing a bis-azulenyl compound was that the chemical
reactivity of azulene has been studied extensively.[25±29]

Absorbance of derivatives can be fine-tuned by replacing
the substituents on the azulene rings.[24]

The synthesis of a nonfluorogenic near-infrared quencher
(NIRQ) started from 1,4-dimethyl-7-isopropylazulene (1,
Scheme 1). First a carboxylic acid handle was attached to
the cycloheptatriene ring prior to condensation. The methyl
group at the 4-position was deprotonated by the method
developed by Schrott et al.[30] The nucleophilic moiety was
generated by nBuLi at �40 8C in the presence of diisopropyl-
amine. The subsequent in situ nucleophilic substitution was

carried out by reaction with bromoacetic acid to make the
carboxylic acid intermediate 2. Two moles of 2 were then
condensed with one mole of squaric acid by refluxing in the
presence of BuOH. The dominant product of this reaction was
the desired monosubstituted dimer NIRQ. Under the opti-
mized conditions a disubstituted by-product was formed in
less than 4% yield and was removed conveniently by flash
column chromatography.

As expected, upon dimerization we observed a significant
shift in absorption from 550 nm for 2 to a broad peak around
700±800 nm for NIRQ (Figure 1). The absorption maximum
changed little with different solvents; however, the extinction
coefficient was solvent dependent (Table 1).

In order to test the utility of the NIR quencher we designed
an activatable NIR-fluorescent caspase-3 substrate. NIRQ
activated with HBTU/HOBt was directly anchored to the N-
terminus of a capase-3 cleavable peptide substrate
GDEVDGSGC (cleavage site in italics, Scheme 2). The
labeled peptide was then cleaved from the solid support and
purified by reversed-phase HPLC. NIRQ retained its optical
property despite the harsh acid treatment during peptide
cleavage and deprotection. Thereafter, a near-infrared fluo-
rochrome, Alexa-680 C2 maleimide (lex¼ 679 nm and lem¼
702 nm), was reacted with the cystein residue of the opposite
end of the peptide chain. Alexa-680 was chosen as the
fluorescence donor because its emission spectrum overlaps
with the absorption spectrum of NIRQ (Figure 1). Two other
probes containing Alexa-680, either without the quencher (7)
or with DABCYL (8), were also prepared as controls
(Figure 2a).

The HPLC-purified NIRQ probes were tested against
caspase-3 with and without an inhibitor of the enzyme in
pH 7.2 buffer (20 mm PIPES, 100 mm NaCl, 10 mm DTT, 1 mm

EDTA, 0.1% CHAPS, 10% sucrose).[31] Within 180 min the
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Scheme 1. Preparation of the azulene-based NIR quencher NIRQ.

Table 1. Absorption maximum and extinction coefficient of NIRQ.

Solvent lmax [nm] e [m�1 cm�1]

acetonitrile 760 69000
MeOH 757 82000
DMF 768 50000
DMSO 773 41000

Figure 1. Absorption spectrum of quencher NIRQ (solid line) and
emission spectrum of fluorochrome Alexa-680 (dashed line).



fluorescence signal of 6 had increased about fourfold while no
activation was observed when the caspase-3 specific inhibitor
was present (Figure 2b). Since DABCYL is not an ideal
quencher in this range of wavelengths, the fluorescence signal
of probe 8 was only increased by 2.4-fold (Figure 2c, Experi-
ment E). As expected, the fluorescence signal of both
negative controls, probe 7 with enzyme (Experiment D) and
probe 6 without enzyme (Experiment A), were unchanged.
The result indicates that these probes are stable in DTT-
containing buffer. An initial study relying on a Stern±Volmer
plot suggests that fluorescence quenching is caused by
resonance energy transfer.[2]

Overall, our results show that the bis-azulenyl compound
developed is an extremely stable and efficient generic NIR-
quenching molecule. Its maximum absorption is in the range
around 700 to 800 nm, the best window for in vivo imaging.[32]

Transformation of the carboxylic acid group into a hydrox-
ysuccinimide ester allows ready conjugation to peptides,
oligonucleotides, and potentially other target ligands. The
material can be synthesized in 53% yield, and synthesis can be
scaled up easily. Additional modifications to side chains and
unsaturated spacers are conceivable to further fine-tune
absorption maxima and/or shift them further into the near-

infrared region. While the current compound was designed to
be lipophilic (primarily for solid-phase coupling), additional
modification of side chains (e.g. by sulfonation, pegylation,
hydroxylation) could render the material hydrophilic. With
the extension of fluorochromes into the near-infrared spec-
trum for broader coverage and in vivo applications this
quencher should find widespread use in imaging molecular
targets in vivo and in multiwavelength sensing.
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Scheme 2. Synthesis of NIR-fluorescent caspase-3 substrates. HBTU¼O-
benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium hexafluorophosphate,
HOBt¼ 1-hydroxy-1H-benzotriazole, TFA¼ trifluoroacetic acid.

Figure 2. Activation of various NIR probes with caspase-3. a) List of tested
probes. b) Fluorescence observed on activation of probe 6 with (square)
and without (circle) specific caspase-3 inhibitor. c) Changes (n-fold) in the
intensity of the NIR fluorescence signal at 180 min for a series of
experiments: A) 6, B) 6þ caspase-3, C) 6þ caspase-3þ inhibitor, D) 7þ
caspase-3, E) 8þ caspase-3.



Single-Step Assembly of a C2-Symmetrical
Palladium(iv) Spirocyclic Complex

YoshihikoYamamoto,*TakuyaOhno, and Kenji Itoh

Palladium is an extensively studied transition element in
organometallic chemistry as a versatile promoter of various
stoichiometric and catalytic organic transformations.[1] Al-
though palladium generally prefers low oxidation states 0,
þ 1, and þ 2, the involvement of organopalladium(iv) inter-
mediates have been claimed in important catalytic proces-
ses.[2,3] In contrast to platinum, which has an extensive
organometallic chemistry in the þ 4 oxidation state,[4] organo-
palladium(iv) complexes had hardly been studied until the
first unequivocal trialkylpalladium(iv) complex, [PdIMe3(b-
py)], was isolated and characterized by X-ray analysis.[5] Since
this report, various polyalkylpalladium(iv) complexes 2 were
synthesized from dialkylpalladium(ii) precursors 1 by oxida-
tive addition of alkylhalides, or oxidation by H2O, halogens,
dichalcogenides, etc., and most of them are thermally labile
with the reductive elimination of an alkane readily occuring at
or below room temperature to produce the corresponding
palladium(ii) fragments 3 [Eq. (1)].[6] In striking contrast, we
found that the reaction of a readily available palladium(0)
complex, [Pd2(dba)3 (dba¼ trans,trans-dibenzilideneacetone),
with tetrachloro-1,2-benzoquinone (o-chloranil) and bicy-
clo[2.2.1]hept-2-ene (norbornene) directly produced a novel
spirocyclic palladium(iv) dialkyl complex 4 in high yield
[Eq. (2)].

Quinones have received considerable attention in coordi-
nation chemistry as redox-active, strongly electron-accepting
ligands. Various transition metals have been shown to
coordinate to p-quinones at their localized ring olefinic
bonds.[7] On the other hand, o-quinones usually form com-
plexes containing semiquinone or hydroquinone chelate
ligands with the concomitant oxidation of transition-metal
centers.[8] This was the case for palladium. The reaction of the
Pd0±phosphane complex [Pd(PPh3)4] with o-chloranil has
already been reported to furnish a palladium(ii) catecholate
complex [(Ph3P)2Pd(O2C6Cl4)].[9] Remarkably, the treatment
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