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Tetrahedron 2003, 59, 10339–10598.

101. Biocatalysts in synthetic organic chemistry, S. M. Roberts,

Ed. Tetrahedron 2004, 60, 483–806.

102. Recent advances in the chemistry of zirconocenes, Keisuke

Suzuki and Peter Wipf, Eds. Tetrahedron 2004, 60, 1257–

1424.

103. Atropisomerism, Jonathan Clayden, Ed. Tetrahedron 2004,

60, 4325–4558.

104. Chemistry of biologically and physiologically intriguing

phenomena, Daisuke Uemura, Ed. Tetrahedron 2004, 60,

6959–7098.

105. Olefin metathesis: a powerful and versatile instrument for

organic synthesis (Tetrahedron prize for creativity in organic

chemistry 2003 – R. H. Grubbs), Stephen F. Martin and

Harry H. Wasserman, Eds. Tetrahedron 2004, 60, 7099–

7438.

106. From synthetic methodology to biomimetic target assembly

(Tetrahedron prize for creativity in organic chemistry
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Preface

Synthetic receptors as sensors
Synthetic receptors have been studied for decades. The
Nobel Prize given to Cram, Lehn, and Petersen represented
recognition of the importance of studying supramolecular
chemistry using synthetic receptors. The driving force for
these early studies, as well as many current endeavors, was
to decipher the underlying principles that Nature uses for
complex molecular assemblies and catalysis. However,
since its inception, the field of molecular recognition using
synthetic receptors has also been focused on practical
applications. In fact, many of the crown ether and cryptand
structures created by Cram, Lehn, and Petersen, as well as
variations inspired by their designs, have been put to
practical use. One such application is in the field of
molecular sensing.

In analytical chemistry, a sensor is defined as an instrument
that can detect and quantify the concentration of an analyte.
Hence, an HPLC instrument in an EPA lab, a mass spec
instrument at an airport, or even of course, a simple pH
meter and electrode, are considered sensors. In supra-
molecular chemistry, as well as biochemistry and molecular
biology, the term sensor is more closely associated with a
molecule or a molecular event. When a chemical receptor
gives a measurable signal in response to binding of an
analyte, the receptor itself is called the sensor. Incorporation
of this sensor into a device leads to an analytical protocol.

Some of the earliest organic sensors are simple pH
indicators. In fact, the use of synthetic receptors as sensors
commenced when chemists branched away from natural
products as pH indicators, and synthesized their own
designed pH indicators. Further, when chemists created
the complexone agents (indicators conjugated to metal
binding sites) for the optical signaling of metal cations, the
field of using designed synthetic receptors as sensors took
another leap forward. In addition, ion-selective electrodes
incorporating receptors such as crown ethers, polyaza
macrocycles, and calixarenes, took the field even further.
Therefore, the use of synthetic receptors to create measur-
able responses has a very long history.

However, with the greatest respect to the importance of the
contributions mentioned above, as well as others, I would
name four individuals whose design notions supramolecular
chemists now most closely associate with sensors: Anthony
Czarnik at Sensors for Medicine and Science, A. Prasanna
de Silva at Queen’s College Belfast, Roger Tsien at
U.C.S.D., and Seiji Shinkai at Kyushu University. In my
opinion, these four individuals took leading roles in the
1980’s and 1990’s to advance the notions of combining
0040–4020/$ - see front matter q 2004 Published by Elsevier Ltd.
doi:10.1016/j.tet.2004.08.090
synthetic receptors with signaling elements to detect and
quantify various analytes. Drs. Czarnik, DeSilva, and
Shinkai showed how photo induced electron transfer
(PET) mechanisms could be built into a wide variety of
synthetic receptors to detect various cations, anions, and
neutral analytes. Further, Anthony Czarnik coined the term
‘chemosensor’ to accentuate the difference between
designed chemical receptors and biosensors. The term is
now pervasive in the literature. Lastly, Dr. Tsien showed
that exquisitely designed complexone agents could achieve
the required specificity and sensitivity for analytes of
biological interest, even within a cellular environment. Two
of these individuals have contributed papers on their recent
advances to this Symposium in Print.

In the early twenty first century, the field of sensing using
synthetic receptors is exploding. A variety of synthetic
receptor designs with no resemblance to the early crown and
complexone agents dominate the field. In this symposium in
print we find work on cavities carved into dendritic hosts
from Steven Zimmerman, quinolyl-based receptors from
Christian Wolf and Paul Savage, membrane-bound
bimetallic receptors from Bradley Smith, chiral clefts
from Lin Pu, polymeric structures from Mario Leclerc,
Richard McCullough, and Pavel Anzenbacher, boronic-acid
based receptors from Tony James, Masayuki Takeuchi, and
Seiji Shinkai, as well as Binghe Wang, terpyrrole deriva-
tives from Jonathan Sessler, and trityl pinwheels from
Timothy Glass. Combinatorial chemical synthesis also now
plays an important role in creating receptors for sensing
applications, as was demonstrated early on by Clark Still. A
very nice contribution from Rob Liskamp herein shows the
great potential for this avenue of investigation. Clearly the
creation of synthetic receptors for sensing applications is
fertile ground for the creativity of supramolecular chemists.

However, just as important as receptor design is to a sensing
method, so is the signaling protocol. Because synthesis
allows chemists to incorporate their own novel and
imaginative concepts, there are a large number of protocols
being adapted to chemosensors. For example, in this
symposium in print alone there are numerous signaling
protocols successfully combined with synthetic receptors.
We find papers reporting on PET-based methods for sodium
and cadmium from Tetsuo Nagano and Thorfinnur
Gunnlaugsson respectively, intramolecular charge transfer
from Yun-Bao Jiang, a combination of PET and internal
charge transfer from A.P. de Silva, electrochemical
techniques being exploited by Willem Verboom and Paul
Beer, colorimetric methods for heavy metals from Jonathan
Tetrahedron 60 (2004) 11055–11056
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Sessler, indicator-displacement assays for phosphoesters
from our group, Fabry-Perot interference patterns explored
by Reza Ghadiri, and conformational changes to modulate
emission from Nathaniel Finney and Christoph Fahrni. The
sampling of methods in the symposium in print does not
give justice to the plethora of methods supramolecular
chemists are applying to sensing applications. There will
surely be increasingly novel approaches developed for the
signaling of molecular recognition events, and this
represents an important growth area for our field.

In addition, the use of synthetic receptors within array
sensing platforms is catching significant attention from the
groups of Thomas Schrader, Benjamin Miller, Andrew
Hamilton, Amit Basu, Ken Shimizu, our group, as well as
numerous others. The inherent cross reactivity and differ-
ential binding characteristics of synthetic receptors makes
them idea candidates for a variety of practical applications
in the analysis of complex mixtures. In this regard, a nice
contribution from Kenneth Suslick is found in this
symposium in print.

An important frontier for synthetic receptors as sensors is
the targeting of bio-relevant analytes. For example, Robert
Strongin has recently targeted cysteine and homo-cysteine.
In this symposium in print Dong Kim reports an alternative
approach to the creation of a selective sensor for cysteine,
Dmitry Rudkevick reports a method to detect NO, and Luigi
Fabbrizzi gives a method to detect glutamate. Irrespective of
such advances, it is still predominately true that researchers
in molecular biology turn to antibodies, enzymes, and
possibly aptamers, rather than considering synthetic recep-
tors, for there own sensing needs. As mentioned earlier,
Roger Tsien has made good progress in ‘breaking the ice’ in
this regard. However, it is of paramount importance that
supramolecular chemistry principles continue to be directed
toward this goal, because this is the context in which
synthetic receptors will make their greatest impact on
advances in science and medicine.

In summary, this Symposium in Print simply scratches the
surface of the incredible creativity applied to sensors derived
from synthetic receptors. The symposiumhas only included a
handful of the leading research groups in this field, but with
even this small sampling, it is evident that the ingenuity of
supramolecular chemists will increasingly lead to novel
receptor designs and fascinating signaling protocols. As
Anthony Czarnik first challenged the supramolecualar
chemistry field in his pioneering paper ‘Desperately Seeking
Sensors’, I continue to challenge our field to work towards
practical analytical protocols using synthetic receptors - the
field is truly just beginning to blossom.
Eric V. Anslyn
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Abstract—A series of three pinwheel sensors were constructed with 1, 2, and 3 binding sites. Binding of ZnC2 and CdC2 was monitored by
fluorescence over a range of temperatures. The data demonstrate that cooperative interactions generally increase the effective affinity of the
sensor. This effect is more pronounced in systems which have lower inherent affinity for the analyte.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescent chemical sensors are becoming an increasingly
valuable tool for the detection of many analytes in a wide
range of applications.1 As part of an ongoing project geared
toward creating more effective chemical sensors, we have
been exploring a novel class of cooperative receptors based
on bistrityl acetylene compounds, termed pinwheel recep-
tors (Scheme 1).2 The recognition elements appended to the
trityl skeleton bind the analyte across the receptor frame-
work producing three identical binding pockets. Coopera-
tive recognition is seen because binding of the first analyte
preorganizes the symmetrical receptor into a conformation
in which the second and third analyte can bind more
strongly. This mechanism of cooperativity is conceptually
similar to the restricted rotational freedom employed by
Rebek’s cooperative biphenyl bis-crown ether3 and
Shinkai’s cooperative porphyrin sandwich complexes.4

In fact, several artificial cooperative receptors have been
developed,5 though few have been applied toward chemical
sensor applications.6 From a design perspective, this method
of recognizing a guest is attractive. Many elegant (non-
cooperative) receptor designs have been developed over the
years in which two or more recognition elements are
displayed in a convergent fashion for binding of a guest.
Strong binding is most often observed when the recognition
elements are held rigidly apart such that there is little
entropic loss to the receptor upon binding the guest.7 The
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.048
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challenge of receptor design becomes one of creating the
optimal spacing and orientation of the recognition elements
in a rigid fashion.8 For receptors of the class depicted in
Scheme 1, there is a range of distances which the
recognition elements can span owing to free rotation
about the acetylenic axis. Binding of the first analyte rigidly
sets the correct distance between the remaining pairs of
binding groups. Thus, the entropic loss upon binding the
analyte is effectively averaged over three consecutive
binding events, diminishing the overall entropic penalty to
binding. This receptor design should be general for a range
of analytes of varying size within the outer limits of receptor
framework. The spacing between the recognition elements
need only be roughly adjusted to the size of the desired
guest. Upon binding of the first guest, the receptor is then
fully organized to match the size of the guest.

We have previously argued that the type of cooperative
recognition described above increases the affinity and
selectivity of a sensor for its analyte relative to a similar
non-cooperative sensor.2a These points were initially
addressed using sensors for metal ions2b and dicarboxyl-
ates.9 In this report, we explore these issues using a series of
Tetrahedron 60 (2004) 11057–11065
Scheme 1.
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metal ion sensors with varying numbers of binding sites.
Comparison of the recognition properties of sensors with
varying degrees of cooperativity provides insight into the
advantages and disadvantages of the cooperative recog-
nition method.
2. Results

The sensors used for this study are shown in Figure 1.
Compounds 2a–c are based on a bis-acetylene bis-trityl
system for ease of synthesis.10 The amino-methoxyquinal-
dine groups would serve not only as recognition elements,
but also as the fluorescent readout mechanism. Two
recognition elements (R) should bind a metal ion between
them, across the bisacetylene axis in a tetrahedral fashion
(as per Fig. 1). The benzylic amine will participate in
photoelectron transfer (PET)1b quenching of the fluorophore
in the unbound state. Upon metal chelation the amine will
no longer be able to quench the fluorophore and a significant
increase in fluorescence is anticipated. Receptor 2a, with
one set of binding groups, was designed to be a non-
cooperative receptor while receptors 2b and 2c were
designed to be two-fold and three-fold cooperative recep-
tors, respectively. Assuming that the binding pockets in the
three molecules are similar, this series of sensors should
provide information on the effect of cooperativity on the
recognition properties of the system.

2.1. Synthesis

The synthesis of receptors 2a–c is shown in Scheme 2. The
fluorophore portion was prepared by bromination of
methoxyquinaldine followed by substitution with methyl-
amine to give 5. Trityl chlorides 6a–c were reacted with
ethynyl Grignard to yield alkynes 7a–c. Dimerization of the
Figure 1. A series of three bis-trityl receptors.
alkynes was effected by copper chloride and N-methyl
pyrrolidine or TMEDA under aerobic conditions. Treatment
of butadiyne 8a–c with excess titanium tetrachloride and
a,a-dichloromethyl methyl ether regioselectively formyl-
ated only the anisole rings, yielding aldehydes 9a–c.
Reductive amination of the aldehydes with amine 5 using
triacetoxy sodium borohydride yielded sensors 2a–c.

2.2. Metal ion binding studies

2.2.1. UV/vis studies. Metal ion binding was first studied by
titrating sensors 2a–c with metal ions and following changes
in the UV/vis absorptions. All three sensors appeared to
bind many metals tightly including NiC2, CdC2, ZnC2,
MnC2, HgC2, and AgC1. Figure 2 shows a representative
example of the titrations of sensors 2a–c with Cd(ClO4)2 in
acetonitrile. All metals produced a red-shift in the major UV
band centered at 325 nm. With the exception of extinction
coefficient, which varied as per the number of chromo-
phores per molecule, all three sensors had similar UV
behavior indicating that the binding pockets are similar
between the various sensors.

Unfortunately, all of the binding constants were too high to
derive useful data from the UV/vis titrations. In fact,
titration curves based on Figure 2 showed near linear
responses which saturated at approximately the stoichio-
metric point for each sensor (1, 2, and 3 equiv of CdC2 for
sensors 2a, 2b, and 2c, respectively). These results verify
the expected stoichiometry of the sensors.

2.2.2. Fluorescence studies. The fluorescence titrations of
the sensors were much more informative as the concen-
tration of sensor required for such analysis was significantly
lower (0.3 mM). Of all of the metals tested, only zinc and
cadmium produced well behaved fluorescence modulation



Scheme 2.
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when added to the sensor. Figure 3 shows a representative
example in which 2a is titrated with ZnC2 in acetonitrile. As
anticipated, the sensor has little native fluorescence due to
the PET quenching of the benzylic amines. Binding of the
metal ions produced a substantial increase in fluorescence.
Generally, cadmium produced a 3–4 fold increase in
emission at 393 nm (excited at 336 nm) and zinc produced
a 7–9 fold increase in emission at the same wavelength. It is
likely that quenching metal ions such as silver did not give a
good response with this sensor because they quench the
fluorophore as they bind, retaining an ‘off’ state of the
sensor.

The binding isotherms for all three sensors with zinc are
shown in Figure 4. While the fluorescence experiment
allows the concentration of host to be very low, the apparent
dissociation constants of the receptors are still close to the
concentration of host. This implies that the concentration of
added guest does not really approximate the concentration
of free guest in solution very well. Since the binding
isotherms used to calculate the dissociation constants rely
on free guest concentrations, the data were corrected using
the known concentration of sensor so that the x-axis reflects
the equilibrium concentration of free zinc in solution. Using
this correction, more accurate dissociation constants and
Hill coefficients could be obtained. Therefore, this correc-
tion was applied to all titration data.

Binding constants for the three sensors with ZnC2 and CdC2

were determined by fitting the experimental data to the Hill
equation (Table 1). For the purpose of internal consistency,
sensor 2a was fitted to the Hill equation and in all cases gave
a Hill coefficient of very near 1.0, which is consistent with a
non-cooperative sensor.

The UV/vis titration data was used to determine the
stoichiometry of the sensors. In order to verify this in the
fluorescence mode, job plots were prepared. As expected,



Figure 2. UV/Vis titration of sensors 2a–c ([2]Z10 mM) with Cd(ClO4)2 in
CH3CN with 0.5 mM NaClO4 as a supporting electrolyte. (A) Sensor 2a.
(B) Sensor 2b. (C) Sensor 2c.

Figure 3. Fluorescence titration of compound 2a with Zn(ClO4)2 at 25 8C.
[2a]Z0.3 mM in CH3CN with 0.50 mM NaClO4 as a supporting electrolyte.
lexZ336 nm.

Figure 4. Binding isotherms for receptors 2a–c with Zn(ClO4)2 at 393 nm
in acetonitrile with 0.50 mM NaClO4 as a supporting electrolyte.
Concentration of ZnC2 is given as the equilibrium concentration of free
zinc in solution. (A) Receptor 2a. The best fit line (solid) is to a single site
isotherm. (B) Receptor 2b. The best fit line (short dash) is to a Hill equation.
(C) Receptor 2c. The best fit line (long dash) is to a Hill equation.
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each sensor gave a maximum change in fluorescence close
to its stoichiometric point for both metals tested. The Job
plot for the three sensors and CdC2 are overlaid in Figure 5.
Sensor 2a had maximal change in fluorescence at 48 mol%
fraction of CdC2, sensor 2b at 67% and sensor 2c at 73%.
Interestingly, sensors 2b and 2c show suppressed changes in
fluorescence at low mole fraction of metal, in keeping with
the cooperative nature of these receptors.
2.2.3. Variable temperature studies. Fluorescence
titrations were then conducted with receptors 2a–c and
Zn(ClO4)2 at different temperatures to investigate the effect
of cooperativity on apparent Kd. Figure 6 summarizes these
experiments. Generally, the Kd of the non-cooperative
sensor increased with increasing temperature, while the Kd

of the cooperative sensors was relatively unaffected.
3. Discussion

Shinkai has described a detailed study of five receptors
based on his cooperative cerium sandwich complexes with
1, 2, 3, and 4 sites.11 While the Hill coefficient correlated
nicely with the number of sites, the binding pockets
communicated with each other electronically such that it
was not possible to compare association constants in a
meaningful way. In this study, we attempted to make
comparisons of dissociation constants between sensors with



Table 1. Hill coefficients and dissociation constants for sensors 2a–c under conditions listed in Figure 4

Sensor Analyte Hill coeff. Kd (mM)a I/I0 max.b

2a ZnC2 0.97 0.85 9.2
2b ZnC2 1.9 0.54 7.3
2c ZnC2 2.9 0.33 7.2
2a CdC2 0.99 0.42 4.8
2b CdC2 2.0 0.26 4.7
2c CdC2 2.9 0.26 7.6

a Error in Kd is approximately G15%.
b The maximum fluorescence change of each sensor at saturation.
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different numbers of binding pockets. It has been shown
previously for a related pinwheel sensor, that two sets of
binding groups on one trityl unit cannot interact to bind a
metal, therefore binding must occur across the acetylene
axis as shown in Figure 1. In the case of sensors 2a–c, the
similarity of the three sets of UV titration data indicates that
the binding sites are similar between the three sensors. This
result is supported by NMR titrations of the three sensors
with metal ions (data not shown) in which similar behavior
is observed between all three sensors. Therefore, to a first
approximation, the binding pocket in 2a appears to be
equivalent to those of 2b and 2c.

To compare affinity between sensors, binding constants
were determined in terms of apparent dissociation constants
(Kd). This value is the half saturation value of the sensor, a
value that is commonly used in biological systems when the
number of binding sites is unknown.12 In this case, it allows
direct comparison of affinity between sensors with different
numbers of sites, since the actual association constants of
the three sensors have different units. This type of analysis is
also convenient in cases where the Hill coefficient is non-
integral implying a mixture of species of varying analyte
occupancy. Ultimately, this value is the most useful measure
of binding as it describes the concentration of analyte that
the sensor is capable of recognizing.

Visual inspection of the binding isotherms in Figure 4
supports our assertion that cooperativity enhances binding.
The cooperative sensors have steeper binding isotherms and
saturate much more quickly giving an overall lower
apparent Kd (higher binding) than the non-cooperative
Figure 5. Job plot for receptors 2a–c with Cd(ClO4)2. [Cd2C]C[host]Z
20 mM in CH3CN with 0.50 mM NaClO4 as a supporting electrolyte. The
lines are merely illustrative and do not represent a fit to the data.
sensor. Moreover, the 3-fold cooperative system (2c) has a
lower apparent Kd than the 2-fold cooperative sensor (2b).
Similarly, the effective range of analyte over which the
sensor is useful is larger for the non-cooperative system (2a)
than 2b which is again larger than the 2c. Thus, the
advantages and disadvantages of cooperativity are immedi-
ately evident.

As expected, the hill coefficients for sensors 2b and 2c
correlated to the number of binding sites indicating that the
multi-site sensors are binding in a cooperative mode. It is
evident from Figure 4 and Table 1 that for zinc, the
cooperative sensors bind more tightly than the non-
cooperative sensors. However, the differences in this case
(ca. 2.5-fold decrease in Kd for 2c vs. 2a) are small
compared to what we have observed previously (50-fold).2a

We believe that the difference arises from the high inherent
affinity of 2 for metal ions. The contribution of cooperativity
arises from the freezing out of rotational entropy upon
binding of the first metal ion. The higher affinity of the
second metal ion can be viewed in terms of free energy of
association in which the total free energy is a combination
of the inherent free energy of the recognition elements for
the metal plus the free energy of cooperativity12 (which
stems from preorganization of the sensor upon the first
binding event). Therefore, it stands to reason that in this
system where the inherent affinity of the sensor for zinc is
quite high (large free energy of association) the added free
energy of cooperativity makes less of an impact in terms of
higher affinity compared to a system with lower inherent
affinity for the analyte. This assertion is qualitatively
supported by the cadmium binding data (Table 1) in
which 2a binds CdC2 even more tightly than ZnC2 and
Figure 6. Apparent Kd of sensors 2a–c with Zn(ClO4)2 as a function of
temperature.
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the ratio of Kd for 2c and 2a is smaller. Thus, it is reasonable
to expect that cooperativity will have the biggest impact on
association in systems with relatively low inherent free
energy of association.

To explore these effects further, we examined the effect of
temperature on Kd. The plot of Kd versus temperature
(Fig. 6) has some scatter due to the error inherent in
calculation of Kd, however, the trends are very informative.
The non-cooperative sensor demonstrated the greatest
variability in Kd over the relatively small range of
temperatures explored. The increase in Kd (decrease in
affinity) as temperature increased is in agreement with
expectation since the organization of the sensor to bind the
metal is entropically disfavored. At higher temperatures,
binding affinity should be decreased. Interestingly, the
cooperative sensors showed little variation in apparent Kd

over the temperature range. Again this is consistent with the
picture of a sensor architecture in which the entropic loss in
organizing the system for binding is averaged over multiple
binding events. Thus the binding of the cooperative
receptors is expected to be dominated by the enthalpic
contribution of the metal–ligand bonds. It is evident that as
the binding affinity of the non-cooperative system decreases
(at higher temperature), the effect of cooperativity is more
pronounced. Thus the cooperative sensor 2c has a five-fold
greater effective binding constant for zinc than 2a at the
higher temperatures.
4. Conclusions

A series of three sensors for metal ions has been synthesized
which vary by the number of binding sites. The sensors
incorporate an amino-methoxyquinaldine moiety which
functions not only as a recognition unit but also as a PET
based fluorescent readout. Fluorescence studies were
performed at various temperatures and association was
measured in terms of apparent Kd. Binding data for zinc and
cadmium ions indicated that cooperative interactions
produced an increase in affinity by lowering the entropic
penalty for organizing the receptor for tight binding. The
extent of the increase in affinity depended on the inherent
strength of the recognition elements for the analyte. Taken
together, these studies highlight the advantages of coopera-
tive recognition.
5. Experimental

5.1. General procedures

NMR spectra were recorded on a Bruker WP-200, AC-200,
DPX-300, AMX-360, DRX-400 in CDCl3 with residual
protonated solvent or tetramethylsilane (TMS) as an internal
reference unless otherwise noted. Fluorescence titrations
were conducted on a Shimadzhu 5301PC spectrofluorimeter
using 0.5 or 1.0 mL sample volumes with 0.3 mM sensor and
0.5 mM NaClO4 as a supporting electrolyte. UV/vis
titrations were conducted on a Cary 1E spectrophotometer
using 1.0 mL sample volumes and 10 mM sensor and
0.5 mM NaClO4 as a supporting electrolyte. Dissociation
constants and Hill coefficients were determined by fitting
the experimentally determined binding isotherms to the Hill
equation using Kaleidagraph or by the standard linearization
techniques for cooperative systems.13

5.2. Synthesis

5.2.1. 2-Bromomethyl-6-methoxy-quinoline 4. A mixture
of 6-methoxyquinaldine (820 mg, 4.7 mmol) and NBS
(838 mg, 4.7 mmol) was refluxed in CCl4 (100 mL).
AIBN (40 mg, 0.24 mmol) was added to the solution. The
reaction was refluxed for an additional 3 h then cooled to
10 8C. The reaction mixture was filtered and the filtrate was
concentrated in vacuo. The resultant residue was purified
via chromatography (SiO2 1:1 DCM–hexanes) to give
compound 4 as a pink solid (732 mg, 62%). MpZ98–
100 8C dec. 1H NMR (300 MHz, CDCl3): 8.05 (d, JZ8.5 Hz,
1H), 7.96 (d, JZ9.2 Hz, 1H), 7.52 (d, JZ8.5 Hz, 1H), 7.37
(dd, JZ9.2, 2.8 Hz, 1H), 7.12 (d, JZ2.8 Hz, 1H), 4.69 (s,
2H), 3.93 (s, 3H). 13C NMR (50 MHz, CDCl3): 159.2,
155.3, 144.5, 136.9, 131.5, 129.2, 123.5, 122.3, 105.7, 55.9,
34.8. FTIR (neat): 2938, 1625, 1599, 1503, 1482, 1380,
1254, 1225, 1163, 1117, 1030 cmK1. HRMS (m/z):
calculated for C11H11BrNO [MCH]C: 252.0019, found:
252.0017.

5.2.2. (6-Methoxy-quinolin-2-yl-methyl)-methylamine 5.
Bromide 4 (362 mg, 1.4 mmol) was dissolved in THF
(2.0 mL) and added via syringe to a solution of MeNH2 in
EtOH (24.2 g, 5.7 mmol MeNH2/g solution) over 1 hr at
room temperature. It was found that using the commercially
available solutions of methylamine (40% in water or 1 M in
THF) gave poorer results. The reaction was stirred for an
additional 2 h. The solvent was removed and DCM (50 mL)
was added to the resultant solid. Aqueous NaOH (2.0 M)
was added via syringe to the stirred DCM suspension until
all solids were dissolved (ca. 800 mL). The organic layer
was separated and dried with MgSO4. The solvent was
removed and the remaining oil purified by chromatography
(SiO2, 15% TEA in EtOAc) to give compound 5 as a yellow
oil (262 mg, 93%). 1H NMR (360 MHz, CDCl3): 7.99 (d,
JZ8.5 Hz, 1H), 7.95 (d, JZ9.3 Hz, 1H), 7.39 (d, JZ8.5 Hz,
1H), 7.34 (dd, JZ9.2, 2.8 Hz, 1H), 7.05 (d, JZ2.8 Hz, 1H),
4.01 (s, 2H), 3.90 (s, 3H), 2.53 (s, 3H), 2.26 (br, 1H). 13C
NMR (90 MHz, CDCl3): 157.6, 157.4, 143.8, 135.1, 130.3,
128.1, 121.9, 120.8, 105.1, 57.7, 55.4, 36.3. FTIR (neat):
3321, 2937, 2837, 1622, 1601, 1568, 1501, 1461, 1380,
1233, 1163, 1111, 1030 cmK1. HRMS (m/z): calculated for
C12H15N2O [MCH]C: 203.1179, found: 203.1189.

5.2.3. 4-Methoxytrityl alkyne 7a. Chloride 6a (2.5 g,
8.1 mmol) was dissolved in argon-sparged toluene
(300 mL) and cooled to K78 8C. To this was added
ethynylmagnesium bromide (32 mL, 0.5 M in THF) via
syringe over 10 min. The reaction was allowed to warm to
room temperature and was stirred an additional 3 h. The
reaction was quenched with saturated aqueous NH4Cl and
extracted with EtOAc. The organic layer was dried with
MgSO4, filtered, and concentrated in vacuo. The residue
was purified via chromatography (SiO2, 1:5 DCM–hexanes)
to give compound 7a as a white solid (1.889 g, 78%). MpZ
100–103 8C. 1H NMR (300 MHz, CDCl3): 7.29–7.15 (m,
10H), 7.17–7.14 (m, 2H), 6.82–6.79 (m, 2H), 3.77 (s, 3H),
2.67 (s, 1H). 13C NMR (75 MHz, CDCl3): 158.4, 145.0,
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136.9, 130.1, 129.0, 127.9, 126.8, 113.3, 90.0, 73.2, 55.2,
54.8. FTIR (neat): 3301, 3054, 2986, 2306, 1606, 1509,
1490, 1445, 1421, 1264, 1180 cmK1. HRMS (m/z):
calculated for C23H19O [MCH]C: 299.1430, found:
299.1424.

5.2.4. 1,4-Bis-(4-methoxytrityl)-butadiyne 8a. Alkyne 7a
(1.02 g, 3.40 mmol) and CuCl (3.36 g, 34.0 mmol) were
added to DCM (35 mL) at room temperature. N-methyl
pyrrolidine (7.0 mL, 68 mmol) was added drop wise to the
reaction. O2 was bubbled through the reaction via a
dispersion tube for 8 h. The reaction was filtered through
a SiO2 plug with EtOAc to remove the copper salts. The
filtrate was concentrated and the residue purified via
chromatography (SiO2, 15% v/v DCM in hexanes) to give
compound 8a as an off white solid (626.7 mg, 61%). MpZ
187–188 8C. 1H NMR (360 MHz, CD2Cl2): 7.32–7.23 (m,
20H), 7.15–7.13 (m, 4H), 6.86–6.82 (m, 4H), 3.78 (s, 6H).
13C NMR (75 MHz, CD2Cl2): 159.1, 145.0, 136.7, 130.5,
129.3, 128.5, 127.4, 113.8, 84.9, 70.0, 56.0, 55.6. FTIR
(neat): 3057, 2954, 2835, 2037, 1954, 1901, 1605, 1582,
1508, 1489, 1462, 1445, 1298, 1251, 1178 cmK1. HRMS
(m/z): calculated for C44H35O2 [M]C: 594.2553, found:
594.2564.

5.2.5. 1,4-Bis-(4-methoxytrityl-3-carboxaldehyde)-buta-
diyne 9a. Bis-trityl 8a (280 mg, 0.47 mmol) and a,a-
dichloromethyl methyl ether (460 mL, 5.0 mmol) were
dissolved in DCM (60 mL) and the resulting solution
cooled to K5 8C. TiCl4 (660 mL, 6.0 mmol) was added drop
wise via syringe over 2 min. The reaction was allowed to
warm to room temperature and was stirred an additional
1 hr. The reaction was poured into aqueous HCl (100 mL,
2.0 M) and stirred for 2 min. The aqueous suspension was
extracted with EtOAc (3!100 mL). The organic extracts
were combined, dried with MgSO4 and concentrated. The
resultant residue was purified via column chromatography
(SiO2, 1:1 DCM–EtOAc) to give compound 9a as an off
white amorphous solid (300 mg, 98%). 1H NMR (300 MHz,
CD2Cl2): 10.4 (s, 2H), 7.56 (dd, JZ8.7, 2.7 Hz, 2H), 7.51
(d, JZ2.5 Hz, 2H), 7.35–7.20 (m, 20H), 7.01 (d, JZ8.7 Hz,
2H), 3.93 (s, 6H). 13C NMR (75 MHz, CD2Cl2): 189.4,
161.4, 144.2, 137.1, 136.8, 129.2, 128.7, 128.6, 127.7,
124.5, 112.3, 84.6, 70.4, 56.3, 56.0. FTIR (neat): 3058,
2942, 2861, 1684, 1604, 1579, 1490, 1446, 1417, 1393,
1282, 1254, 1205, 1180, 1110, 1025 cmK1. HRMS (m/z):
calculated for C46H35O4 [MCH]C: 651.2530, found:
651.2555.

5.2.6. 1,1,4,4-Tetraphenyl-1,4-bis(2-methoxy-benz-4-yl-
(6-methoxyquinolin-2-ylmethyl) methylamino)-buta-
diyne 2a. Aldehyde 9a (60 mg, 0.077 mmol) and amine 5
(60 mg, 0.30 mmol) were dissolved in DCM (3.0 mL). To
this was added HOAc (14 mL, 0.22 mmol) and
NaBH(OAc)3 (61 mg, 0.30 mmol). The reaction was
allowed to stir for 10 h. Aqueous NaOH (1 M, 2 mL) was
added and the reaction was stirred for 5 min. The organic
layer was separated and dried with MgSO4. The solvent was
removed and the resultant residue was purified via
chromatography twice (SiO2, 2% TEA/EtOAc then 2%
MeOH(NH3)/DCM) to give compound 2a as an amorphous
yellow solid (53 mg, 66%). 1H NMR (300 MHz, CD3CN/
CD2Cl2): 7.82 (d, JZ8.5 Hz, 2H), 7.78 (d, JZ9.2 Hz, 2H),
7.45 (d, JZ2.5 Hz, 2H), 7.32 (d, JZ8.5 Hz, 2H), 7.30–7.20
(m, 22H), 6.98 (d, JZ2.7 Hz, 2H), 6.97 (dd, JZ8.6, 2.5 Hz,
2H), 6.78 (d, JZ8.7 Hz, 2H), 3.83 (s, 6H), 3.73 (s, 6H), 3.69
(s, 4H), 3.55 (s, 4H), 2.14 (s, 6H). 13C NMR (75 MHz,
CDCl3): 158.3, 157.2, 156.6, 144.8, 143.3, 136.1, 135.1,
131.1, 130.2, 129.0, 128.4, 128.2, 128.0, 126.9, 126.6,
121.5, 121.3, 109.6, 105.2, 84.5, 69.8, 64.1, 55.7, 55.5, 55.3,
42.5. FTIR (neat): 2939, 2836, 1623, 1601, 1558, 1498,
1456, 1377, 1310, 1234, 1161, 1110, 1031 cmK1. HRMS
(m/z): calculated for C70H64N4O4 [MC2H]2C: 512.2458,
found: 512.2439.

5.2.7. 4,4 0-Dimethoxytrityl-alkyne 7b. Chloride 6b (2.5 g,
7.4 mmol) was dissolved in argon sparged toluene (300 mL)
and cooled to K78 8C. To this was added ethynylmagne-
sium bromide (20 mL, 0.5 M in THF) via syringe over
10 min. The reaction was allowed to warm to room
temperature and was stirred an additional 3 h. The reaction
was quenched with saturated aqueous NH4Cl and extracted
with EtOAc. The organic layer was dried with MgSO4,
filtered, and concentrated in vacuo. The residue was purified
via chromatography (SiO2, 1:4 DCM–hexanes) to give
compound 7b as a white solid (1.400 g, 57%). MpZ107–
108 8C. 1H NMR (300 MHz, CDCl3): 7.35–7.25 (m, 5H),
7.22–7.19 (m, 4H), 6.87–6.84 (m, 4H), 3.83 (s, 6H), 2.72 (s,
1H). 13C NMR (75 MHz, CDCl3): 158.3, 145.3, 137.2,
130.1, 128.9, 128.0, 126.8, 113.3, 90.2, 73.0, 55.2, 54.1.
FTIR (neat): 3053, 2986, 2305, 1607, 1509, 1421, 1422,
1265, 1179, 1034 cmK1. HRMS (m/z): calculated for
C23H21O2 [MCH]C: 329.1536, found: 329.1515.

5.2.8. 1,4-Bis-(4,4 0-dimethoxytrityl)-butadiyne 8b.
Alkyne 7b (691 mg, 2.1 mmol) and CuCl (2.0 g, 21 mmol)
were added to DCM (20 mL) at room temperature. N-
methyl pyrrolidine (4.4 mL, 42 mmol) was added drop wise
to the reaction. O2 was bubbled through the reaction via a
dispersion tube for 8 h. The reaction was poured into
100 mL dilute aqueous HCl and extracted with DCM. The
organic layer was dried with MgSO4, concentrated in vacuo
and the residue purified via chromatography (SiO2, 20% v/v
DCM in hexanes) to give compound 8b as an off white solid
(420 mg, 64%). MpZ172–173 8C. 1H NMR (360 MHz,
CD2Cl2): 7.35–7.23 (m, 10H), 7.18–7.16 (m, 4H), 6.86–6.84
(m, 4H), 3.80 (s, 6H). 13C NMR (75 MHz, CD2Cl2): 159.1,
145.4, 137.1, 130.5, 129.3, 128.5, 127.3, 113.8, 85.2, 69.9,
55.6, 55.4. FTIR (neat): 3055, 2955, 2836, 2042, 1960,
1894, 1734, 1606, 1583, 1507, 1464, 1444, 1415, 1300,
1251, 1177, 1033 cmK1. HRMS (m/z): calculated for
C46H39O4 [MCH]C: 655.2843, found: 655.2831.

5.2.9. 1,4-Bis-(4,4 0-dimethoxytrityl-3,3 0-di-carboxalde-
hyde)-butadiyne 9b. Bis-trityl 8b (420 mg, 0.64 mmol)
and a,a-dichloromethyl methyl ether (574 mL, 6.4 mmol)
were dissolved in DCM (60 mL) and the resulting solution
cooled to K5 8C. TiCl4 (840 mL, 7.6 mmol) was added drop
wise via syringe over 2 min. The reaction was allowed to
warm to room temperature and was stirred an additional
20 min. The reaction was poured into aqueous HCl (100 mL,
2.0 M) and stirred for 2 min. The aqueous suspension was
extracted with EtOAc (3!100 mL). The organic extracts
were combined, dried with MgSO4 and concentrated. The
resultant residue was purified via chromatography (SiO2,
1:1 DCM–EtOAc) to give compound 9b as a pink
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amorphous solid (505 mg, 98%). 1H NMR (300 MHz,
CD2Cl2): 10.45 (s, 4H), 7.61 (dd, JZ8.6, 2.7 Hz, 4H), 7.58
(d, JZ2.3 Hz, 4H), 7.45–7.25 (m, 10H), 7.08 (d, 8.6 Hz,
4H), 4.00 (s, 12H). 13C NMR (75 MHz, CD2Cl2): 189.4,
161.5, 143.8, 136.7, 129.9, 129.1, 128.8, 128.5, 127.9,
124.6, 112.4, 84.5, 70.1, 56.3, 55.3. FTIR (neat): 3057,
2943, 2864, 1683, 1604, 1578, 1491, 1463, 1418, 1393,
1282, 1255, 1205, 1180, 1112, 1023 cmK1. HRMS (m/z):
calculated for C50H39O8 [MCH]C: 767.2640, found:
767.2612.

5.2.10. 1,4-Diphenyl-1,1,4,4-tetra(2-methoxy-benz-4-yl-
(6-methoxyquinolin-2-ylmethyl)-methylamino)-buta-
diyne 2b. Aldehyde 9b (17 mg, 0.026 mmol), amine 5
(43 mg, 0.21 mmol) were dissolved in DCM (2.0 mL). To
this was added HOAc (10 mL, 0.17 mmol) and NaBH(OAc)3

(45 mg, 0.21 mmol). The reaction was allowed to stir for
10 h. Aqueous NaOH (1 M, 2 mL) was added and the
reaction was stirred for 5 min. The organic layer was
separated and dried with MgSO4. The solvent was removed
and the resultant residue was purified via chromatography
twice (SiO2, 2% TEA/EtOAc then 2% MeOH(NH3)/DCM)
to give compound 2b as an amorphous yellow solid (30 mg,
81%). 1H NMR (300 MHz, CDCl3): 7.86 (d, JZ9.2 Hz,
4H), 7.73 (d, JZ8.6 Hz, 4H), 7.44 (d, JZ2.2 Hz, 4H), 7.40
(d, JZ7.8 Hz, 4H), 7.35–7.15 (m, 14H), 7.06, (dd, JZ8.4,
2.4 Hz, 4H), 6.83 (d, JZ2.7 Hz, 4H), 6.66 (d, JZ8.7 Hz,
4H), 3.83 (s, 12H), 3.75 (s, 8H), 3.69 (s, 12H), 3.56 (s, 8H),
2.13 (s, 12H). 13C NMR (75 MHz, CDCl3): 158.2, 157.2,
156.5, 145.2, 143.3, 136.5, 135.1, 131.0, 130.2, 129.0,
128.4, 128.2, 127.9, 126.7, 126.5, 121.5, 121.2, 109.6,
105.2, 84.8, 69.7, 64.0, 55.4, 55.3, 55.3, 55.2, 42.5. FTIR
(neat): 2940, 2836, 1623, 1601, 1497, 1456, 1378, 1310,
1235, 1161, 1110, 1031 cmK1. HRMS (m/z): calculated for
C98H96N8O2 [MC2H]2C: 756.3670, found: 756.3661.

5.2.11. 4,4 0,4 00-Trimethoxytrityl alkyne 7c. Chloride 6c
(2.66 g, 7.14 mmol) was dissolved in argon sparged toluene
(200 mL) and cooled to K78 8C. To this was added ethynyl-
magnesium bromide (30 mL, 0.5 M in ether) via syringe over
10 min. The reaction was allowed to warm to room temperature
and was stirred an additional 3 h. The reaction was quenched
with saturated aqueous NH4Cl and extracted with EtOAC. The
organic layer was dried with MgSO4, filtered, and concentrated
in vacuo. The residue was purified via chromatography (SiO2,
40% DCM/hexanes) to give compound 6c as a white solid
(1.97 g, 76%). MpZ126–128 8C. 1H NMR (300 MHz,
CDCl3): 7.23–7.20 (m, 6H), 6.87–6.84 (m, 6H), 3.82 (s, 9H),
2.71 (s, 1H). 13C NMR (75 MHz, CD2Cl2): 158.3, 137.5, 130.0,
113.2, 90.3, 72.7, 55.2, 53.4. FTIR (neat): 3305, 3154, 2958,
2838, 2253, 1794, 1606, 1583, 1507, 1464, 1381, 1297, 1250,
1178, 1095 cmK1. HRMS (m/z): calculated for C24H22O3

[M]C: 358.1564, found: 358.1560.

5.2.12. 1,4-Bis-(4,4 0,4 00-trimethoxytrityl)-butadiyne 8c.
Alkyne 7c (500 mg, 1.39 mmol) and CuCl (3.45 g,
34.8 mmol) were suspended in DCM (5.0 mL). To this
was added TMEDA (5.85 mL, 38.7 mmol) via syringe over
10 min. The reaction was stirred for 2 days while being
vented to the atmosphere via an 18 gauge needle. The
reaction was quenched with saturated aqueous NH4Cl and
then extracted with DCM. The organic layer dried with
MgSO4 and the solvent removed. The residue was purified via
chromatography (SiO2, gradient elution from 30% DCM/
hexanes to 100% DCM then to 100% EtOAc) to give compound
8c as an off white solid (355 mg, 71%). MpZ265–266 8C. 1H
NMR (360 MHz, CDCl3): 7.14–7.12 (m, 12H), 6.83–6.80 (m,
12H), 3.79 (s, 18H). 13C NMR (50 MHz, CDCl3): 158.4, 137.2,
130.1, 113.3, 84.6, 69.4, 55.2, 54.3. FTIR (KBr): 2932, 2836,
2055, 2896, 1742, 1606, 1582, 1502, 1461, 1414, 1300, 1246,
1176, 1114, 1031 cmK1. HRMS (m/z): calculated for C48H42O6

[M]C: 714.2976, found: 715.2971.

5.2.13. 1,4-Bis-(4,4 0,4 00-trimethoxytrityl 3,3 0,3 00-tricarb-
oxaldehyde)-butadiyne 9c. Bis-trityl 8c (243 mg,
0.339 mmol) and a,a-dichloromethyl methyl ether
(570 mL, 6.1 mmol) were dissolved in DCM (30 mL) and
the resulting solution cooled to 0 8C. TiCl4 (872 mL,
7.7 mmol) was added drop wise via syringe over 2 min.
The reaction was allowed to warm to room temperature and
was stirred an additional 2 hr. The reaction was poured into
aqueous HCl (100 mL, 2.0 M) and stirred for 2 min. The
aqueous suspension was extracted with EtOAc (3!
100 mL). The organic extracts were combined, dried with
MgSO4 and concentrated. The resultant residue was purified
via column chromatography (SiO2, 1:1 DCM–EtOAc) to
give compound 9c as an off white amorphous solid (300 mg,
99%). 1H NMR (300 MHz, CDCl3): 10.39 (s, 6H), 7.55 (d,
JZ2.6 Hz, 6H), 7.49 (dd, JZ8.7, 2.6 Hz, 6H), 6.98 (d,
JZ8.8 Hz, 6H), 3.93 (s, 18H). 13C NMR (75 MHz, CDCl3):
189.4, 161.1, 136.4, 136.0, 128.3, 124.2, 112.0, 83.9, 70.5,
55.8, 54.1. FTIR (neat): 3157, 2944, 2868, 2041, 1682,
1603, 1494, 1462, 1418, 1393, 1281, 1258, 1181, 1113,
1023 cmK1. HRMS (m/z): calculated for C54H43O12 [MC
H]C: 883.2749, found: 883.2716.

5.2.14. 1,1,1,4,4,4-Hexa-(2-methoxybenz-4-yl-(6-methoxy-
quinolin-2-yl-methyl) methylamino)-butadiyne 2c. Alde-
hyde 9c (30 mg, 0.033 mmol), amine 5 (81 mg, 0.40 mmol)
were dissolved in DCM (2.0 mL). To this was added HOAc
(23 mL, 0.40 mmol) and NaBH(OAc)3 (85 mg, 0.40 mmol).
The reaction was allowed to stir for 10 h. Aqueous NaOH
(1 M, 2 mL) was added and the reaction was stirred for
5 min. The organic layer was separated and dried with
MgSO4. The solvent was removed and the resultant residue
was purified via chromatography twice on using (SiO2, 2%
TEA/EtOAc then 2% MeOH(NH3)/DCM) to give com-
pound 2c as an amorphous yellow solid (33 mg, 50%). 1H
NMR (360 MHz, CDCl3): 7.84 (d, JZ9.2 Hz, 6H), 7.67 (d,
JZ8.4 Hz, 6H), 7.47 (d, JZ2.3 Hz, 6H), 7.37 (d, JZ8.8 Hz,
6H), 7.24 (dd, JZ9.2, 2.8 Hz, 6H), 7.10 (dd, JZ8.3, 2.2 Hz,
6H), 6.77 (d, JZ2.5 Hz, 6H), 6.60 (d, JZ8.7 Hz, 6H), 3.81
(s, 18H), 3.69 (s, 12H), 3.63 (s, 18H), 3.52 (s, 12H), 2.09 (s,
18H). 13C NMR (90 MHz, CDCl3): 158.3, 157.2, 156.5,
143.3, 137.1, 135.0, 131.0, 130.3, 128.4, 128.1, 126.5,
121.4, 121.2, 109.7, 105.4, 85.2, 69.7, 64.0, 55.4, 55.3, 55.2,
54.7, 42.5. FTIR (neat): 2935, 2836, 2049, 1681, 1624,
1601, 1499, 1462, 1378, 1310, 1235, 1162, 1110, 1031 cmK1.
HRMS (m/z): calculated for C126H128N12O12 [MC2H]2C:
1000.4882, found: 1000.4865.
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Abstract—We have developed novel fluorescence probes for sodium cation based on photoinduced electron transfer (PeT). In this study, we
rationally designed new probes and succeeded in achieving fluorescence enhancement upon sodium ion binding by reducing the HOMO
energy level of the chelator group within the probe molecule. Our new probes show low pH dependency, possibly because of their simple
structures. Our results confirm the value of rational probe design based on PeT.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescein is highly fluorescent in aqueous media and
emits longer wavelength light upon excitation at 490 nm.
For these reasons, various fluorescein derivatives have been
used as fluorescent tags1 or fluorescence probes.2 For
example, many fluorescein-based fluorescence probes are
available for various cations, such as Fluo-3,3 ZnAF-24 and
CoroNa Red5 (Fig. 1). Most of these probes are based on an
aminofluorescein structure containing a selective chelator
for the target cation. Why has this structure been retained in
so many cation probes? One answer is that many chelators
consist of nitrogen atoms.6 However, another and more
important reason is that aminofluorescein is non-fluorescent
and becomes fluorescent upon formation of the amidoderi-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.06.108

Figure 1. Cation probes based on PeT. Solid lines indicate the aminofluorescein

Keywords: Photoinduced electron transfer; Rational design; Fluorescence probe;
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vative.7 In this sense, design of these fluorescence probes is
largely empirical, and this limits the design flexibility.

Recently, we showed that the fluorescein molecule is a
directly conjugated electron donor and acceptor system.8

Furthermore, the fluorescence properties of fluorescein
derivatives can be controlled by intramolecular photo-
induced electron transfer (PeT). PeT is a well-known
mechanism through which the fluorescence of a fluorophore
is quenched by electron transfer from the donor to the
acceptor.9 In a molecule in which two groups, a fluorophore
(electron acceptor) and its fluorescence quencher (electron
donor) are located in close proximity and have no ground
state interaction with each other, when the fluorophore is
photochemically excited, a single electron is transferred
Tetrahedron 60 (2004) 11067–11073
or aminorhodamine platform.

Sodium cation.
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Figure 2. On the left, the HOMO energy level of the electron donor moiety
is too low to allow electron transfer. Consequently, emission from the
singlet-excited fluorophore is not affected. On the right, the HOMO energy
level is enough high to allow electron transfer, so the fluorescence
decreases.
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from the electron donor to the excited fluorophore.
Consequently, the fluorophore loses its energy thermally
instead of by emitting fluorescence (Fig. 2).

Indeed, many fluorescence probes for cations as (Fig. 1) are
based on PeT. Furthermore, almost all probes that detect
cations are structurally based on aminofluorescein. The
aniline moiety within aminofluorescein quenches the
fluorescence of the singlet excited xanthene dye. However,
is aminofluorescein necessary for developing novel probes?
Our recent work suggests that the answer to this question is no.

Our report8 revealed that the rate of intramolecular PeT in
the fluorescein molecule follows the Marcus and Rehm–
Weller equations and that fluorescein derivatives have
characteristically small l and V values.

Marcus equation:

kPeT Z
4p3

h2lkBT

� �1=2

V2 exp
KðDG0

PeT ClÞ2

4lkBT

� �
(1)

l, reorganization energy; V, electronic coupling matrix
element between electron donor and acceptor; DG0

PeT, free
energy of electron transfer reaction.

Rehm–Weller equation:

DG0
PeT ZEox KEred KDE00 Kwp (2)
Figure 3. (A) Electron donors and TokyoGreens. (B) Tested analogues for rationa
benzene moiety (electron donor) versus the QE of TGs. HOMO energy levels wer
2,5-diMeTG, 2-OMeTG, 2-Me, 4-OMeTG, 2-OMe,5-MeTG, 2,4-diOMeTG, and 2
calculated HOMO energy levels of compounds (1) and (2), respectively. QE of (3)
best fit to the points on the graph.
Eox, oxidation potential of electron donor; Ered, reduction
potential of electron acceptor; DE00, singlet excitation
energy of fluorophore; wp, work term for charge separation
state.

We very recently found that the carboxyl group of
fluorescein molecule can be replaced with other substituents
such as methyl or methoxyl10 (Fig. 3). For example, the
methyl-substituted derivative called 2-MeTokyoGreen
(2-MeTG) was as fluorescent as the traditional fluorescein
molecule (Fig. 3). We synthesized many derivatives, and
found an excellent relationship10 between the HOMO
energy levels of the benzene moiety (electron donor) and
the quantum efficiency (QE) of TGs: a higher-HOMO-
energy-level benzene moiety diminishes the fluorescence of
xanthene more efficiently (Fig. 3), and the threshold HOMO
energy level for fluorescence off/on switching could be
precisely determined. Those findings enabled us to control
the fluorescence properties of xanthene without an aniline
moiety and gave great flexibility in designing novel probes.
Using these findings, we tried to develop novel cation
probes bearing only O atoms as ligands.
2. Results and discussion

We chose benzo-15-crown-5-ether derivatives as candidates
for the electron donor. We calculated the HOMO energy
levels of o-dimethoxybenzenes as analogues of the benzo-
crown-ether moiety. As shown in Figure 3, 3,4-dimethox-
ybenzoic acid (compound (1), whose HOMO energy level is
K0.220 hartrees, solid line) seems not to be a good electron
donor group; on the other hand, 3,4-dimethoxytoluene ((2),
K0.206 hartrees, dashed line) seems to be a good donor. So
compound (3) should emit strong fluorescence (in other
words, retention of the carboxyl group has prevented the
development of cation probes with a plain benzo-crown-
ether), while compound (4) should emit little fluorescence.
Thus, we synthesized the novel sodium probes, (10a) and
(10b) shown in Scheme 1. In general, the pKa value of the
phenolic hydroxyl group of xanthene is about 611 and that of
2,7-dichloroxanthene is about 4.5, so it is likely that (10b)
will be a better probe than (10a) under acidic conditions.
l design of novel probes. (C) The graph is a plot of the HOMO level of the
e calculated by B3LYP/6-31G. The points represent 2-MeTG, 2,4-diMeTG,
,5-diOMeTG, from left to right. The solid line and dashed line indicate the

and (4) can be estimated from the intersection of the respective lines with the



Scheme 1. Synthesis of compounds (10a) and (10b).

Figure 4. Panels A and B are emission spectra of (10a) and (10b) excited at 492 and 506 nm, respectively. Panel C and D are absorbance spectra of (10a) and
(10b), respectively. Each sample was measured in aqueous MOPS buffer, pH 7.0, containing 0.5% DMF as a cosolvent. Probes were added as stock solution in
DMF, finally 3 mM. [NaClO4] was 0, 200, 700, 1000, 1500, 2000 or 3000 mM. In panel A, Ffl([NaClO4]Z3000 mM)Z0.041, Ffl([NaClO4]Z0 mM)Z0.008.
In panel B, Ffl([NaClO4]Z3000 mM)Z0.025, Ffl([NaClO4]Z0 mM)Z0.005.
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Figure 5. Fluorescence intensity and absorbance were normalized to those at pH 8. Each sample was measured in aqueous MOPS buffer of various pH values,
adjusted with trimethylammonium hydroxide, containing 0 or 1000 mM NaClO4, and 0.1% DMF as a cosolvent. The final concentrations of (10b) and Sodium
Green are 3 and 0.5 mM, respectively. Panels A and C are normalized absorbance (open circle) and normalized fluorescence (closed circle) of (10b) in 0 and
1000 mM NaClO4, respectively. Panels B and D are normalized absorbance (open square) and normalized fluorescence (closed square) of Sodium Green in 0
and 1000 mM NaClO4, respectively.
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Absorption and emission spectra of (10a) and (10b) are
shown in Figure 4. For both probes, the fluorescence
intensity was enhanced by the addition of sodium
perchlorate while there was little change in the absorption
spectrum, which means that the fluorescence increases of
(10a) and (10b) resulted from increases of QE. The QE of
(10a) increased from 0.008 to 0.041, that is, about 5-fold,
upon binding NaC. The QE of (10b) also increased from
0.005 to 0.025, that is, also 5-fold. Quite similar results were
obtained in the case of NaCl addition, so the photochemical
properties of (10a) and (10b) are independent of the counter
anion. These fluorescence enhancements are large com-
pared with that of benzos (Böens et al.12), which has a plain
benzo-crown-ether as the chelator. Benzos may become
more or less fluorescent upon binding cations, but PeT-type
probes such as (10a) and (10b) always become more
fluorescent. The Kd values for NaC are about 0.38 and
0.44 M for (10a) and (10b), respectively. Fluorescence of
(10a) and (10b), which are distinct from aminofluorescein,
could thus be controlled through rational design based
on TGs.

We compared the pH dependency of the fluorescence
intensity and absorbance of (10b) with those of a well-
known NaC probe, Sodium Green.13 In panels A and C in
Figure 5, in the presence of 0 and 1 M NaClO4, (10b)
showed plateau profiles in the range of pH 5–8. On the other
hand, as shown in panels B and D, the absorbance of Sodium
Green decreased drastically below pH 6.5. This pH profile
of Sodium Green is distinct from that of dichlorofluorescein,
whose pKa was reported to be below 5; this indicates the
existence of the intramolecular stacking of the two
fluorophores. The pH dependency of Sodium Green’s
fluorescence is more complex. In panel B, the fluorescence
intensity peaked at pH 5.8 and decreased at lower pH. In
panel D, the fluorescence intensity tended to decrease in
lower pH. These data clearly show that the fluorescence
intensity of Sodium Green is dependent not only on the
concentration of NaC, but also on the pH. Some fluorescent
cation probes consist of one chelator and two fluorophores,
for example Calcium Green-214 and SBFI.15 The main aim
of using two fluorophores in one molecule is to achieve
greater fluorescence enhancement by unstacking of the
fluorophores upon cation binding. Indeed, Sodium Green
has two absorption peaks at 492 and 506 nm, of which the
former is thought to correspond to the molecule with
intramolecular stacking and the latter to the unstacked
molecule. Higher NaC concentration makes Abs492 lower
and Abs506 higher. This fluorescence enhancement mechan-
ism provides a low detection limit, but may cause
unexpected effects, for example undesirable pH depen-
dency. Our probe design is so simple that there is little
possibility of unexpected effects.

We obtained similar results in the case of adding potassium
ion (shown in Fig. 6). We employed potassium chloride as
the potassium salt. The Kd values for KC are 0.29 M for
(10a) and 0.25 M for (10b).

The cation affinity did not differ much between (10a) and
(10b) because the chelator moiety and the xanthene dye are
orthogonal and resonantly independent of each other. The
Kd values described above imply that the affinities of (10a)
and (10b) for KC are higher than those for NaC, and that
full binding to NaC enhances the fluorescence of (10a) and
(10b) about 5-fold while full binding to KC does so by only



Figure 6. Panels A and B are emission spectra of (10a) and (10b) excited at 492 and 506 nm, respectively. Each sample was measured in aqueous MOPS
buffer, pH 7.0, containing 0.5% DMF as a cosolvent. Probes were added as stock solution in DMF, finally 3 mM. [NaClO4] was 0, 200, 700, 1000, 1800 or
2700 mM. In panel A, Ffl([NaClO4]Z2700 mM)Z0.021, Ffl([NaClO4]Z0 mM)Z0.008. In panel B, Ffl([NaClO4]Z2700 mM)Z0.010, Ffl([NaClO4]Z
0 mM)Z0.005.

Table 1. Comparison of NaC addition and KC addition to (10a) and (10b).

Kd (M) Fmax/Fmin

For NaC For KC NaC KC

Compound (10a) 0.38 0.29 5.3 2.4
Compound (10b) 0.44 0.25 4.6 2.4

Fmax/Fmin, fluorescence saturated with MC/fluorescence in MC-free condition
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2–3-fold. Although (10a) and (10b) have higher affinity for
KC than NaC, the electron-withdrawing effect of NaC is
stronger than that of KC, so the oxidation potentials of
sodium-bound benzo-crown-ether are higher than those of
potassium-bound benzo-crown-ether. Consequently, (10a)
and (10b) are more fluorescent in the presence of
NaC than in the presence of the same concentration of
KC (Table 1).

To confirm the change of HOMO energy level of the benzo-
crown moiety as an electron donor upon NaC binding, we
measured Eox of 2,3,5,6,8,9,11,12-octahydro-16-methyl-
1,4,7,10,13-benzopentaoxacyclopentadecin (6b) in aceto-
nitrile containing various concentrations of sodium per-
chlorate (Fig. 7). The oxidation potential of (6b) was shifted
to the more positive with the increase of sodium perchlorate
content. This indicates that the oxidation potential of (6b)
was raised upon binding NaC. The oxidation potential
difference between the NaC-free form and occupied form
was about 0.10 V. Thus, we obtained the evidence that the
oxidation potential of the electron donors within (10a) and
(10b) was raised upon binding NaC.
Figure 7. Cyclic voltammetry of compound (6b) in acetonitrile containing various
with tetrabutylammonium perchlorate.
3. Conclusion

By predicting QE from the HOMO energy level of the
electron donor, we succeeded in easily designing reasonable
PeT-type cation probes. Compounds (10a) and (10b)
become more fluorescent upon binding NaC, and (10b)
shows a good pH profile (low pH-dependency). These
rationally designed probes are simple, having one chelator
as the electron donor and one fluorophore, so that stacking
should not be a problem. This strategy can be applied for
designing molecules containing other fluorescent dyes, for
example, BODIPY16 and rhodamine.17 Our strategy should
be useful not only for developing new probes, but also for
improving existing probes because the key factors for
obtaining better probes, for example, the extent of the
change of HOMO energy level upon the binding the target
and the selectivity of chelator itself, can be controlled by
means of minor structural modifications. We intend to
search for good pairs of electron donors and fluorophores
based on the estimated HOMO levels of electron donor
candidates and thereby to develop novel probes for various
biomolecules.
concentrations of NaClO4. Ionic strength was kept the same for all solutions
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4. Experimental

4.1. Materials and general instrumentation

General chemicals were of the best grade available, supplied
by Tokyo Chemical Industries, Wako Pure Chemical or
Aldrich Chemical Company, and were used without further
purification. Special chemicals consisted of dimethyl
sulfoxide (DMSO, fluorometric grade, Dojindo) and tetra-
butylammmonium perchlorate (TBAP, electrochemical
grade, dried over P2O5 before use, Fluka). Acetonitrile,
acetone, N,N-dimethylformamide (DMF), tetrahydrofuran
(THF), methanol, and ethanol were used after appropriate
distillation or purification. NMR spectra were recorded on a
JNM-LA300 (JEOL) instrument at 300 MHz for 1H NMR.
Mass spectra (MS) were measured with a JMS-DX300
(JEOL), for EI, an MS700 (JEOL) for FAB and a JMS-
T100LC (JEOL) for ESI-TOF. All experiments were carried
out at 298 K, unless otherwise specified.

4.2. Fluorescence properties and quantum efficiency of
fluorescence

Steady-state fluorescence spectroscopic studies were per-
formed on an F4500 (Hitachi). UV–visible spectra were
obtained on a UV-1600 (Shimadzu), with 0.1 mol LK1

NaOHaq (pH 13) as the solvent, unless otherwise specified.
Each solution contained up to 0.1% (v/v) DMF as a
cosolvent. For determination of the fluorescence (Ffl),
fluorescein in 0.1 mol LK1 NaOHaq (FflZ0.85) was used as
a fluorescence standard.18 The quantum efficiencies of
fluorescence were obtained with the following equation
(F denotes fluorescence intensity at each wavelength andP

[F] was calculated by summation).

F
ðsampleÞ
fl ZFðstandardÞ

fl AbsðstandardÞ=AbsðsampleÞ

�
X

½FðsampleÞ�=
X

½FðstandardÞ�
4.3. Cyclic voltammetry

Cyclic voltammetry was performed on a 600A electro-
chemical analyzer (ALS). A three-electrode arrangement in
a single cell was used for the measurements: a Pt wire as the
auxiliary electrode, a glassy carbon electrode as the working
electrode, and an Ag/AgC electrode as the reference
electrode. The sample solutions contained 1.0!10K3 M
sample and 0.1 M tetrabutylammonium perchlorate (TBAP)
as a supporting electrolyte in acetonitrile, and argon was
bubbled through the solution for 10 min before each
measurement.

4.4. Preparation

4.4.1. 4-Bromo-5-methylcatechol (3). To a solution of
4-methylcatechol (28 mmol) in CH2Cl2 (100 ml), a mixture
of bromine (31 mmol) and CH2Cl2 (20 ml) was added
dropwise at K80 8C. When a white solid precipitate
appeared, addition was stopped to avoid formation of the
dibromoderivative (about 15 mmol of bromine was added).
The reaction mixture was washed with 100 ml of satd
ascorbic acid solution in water, and 100 ml of brine. The
organic layer was dried over Na2SO4 and concentrated
under reduced pressure to give 4.1 g of white solid (yield
71%). 1H NMR (300 MHz, CDCl3) d 7.05 (1H, s, aromatic
H), 6.76 (1H, s, aromatic H), 5.16 (1H, s, OH), 5.14 (1H, s,
OH), 2.27 (3H, s, CH3); MS (EI) m/z (%) 204 [MC2], 202
[MC], 18 (100).

4.4.2. 2,3,5,6,8,9,11,12-Octahydro-15-bromo-16-methyl-
1,4,7,10,13-benzopentaoxacyclopentadecin (4a). A mix-
ture of 3-bromo-4-methylcatechol (5 mmol), tetra(ethylene
glycol) di-p-tosylate (5 mmol), CsF (33 mmol), and dry
acetonitrile (100 ml) was refluxed at 90 8C for 22 h.
Acetonitrile was removed under reduced pressure and the
residue was suspended in AcOEt, filtered to remove CsF,
and concentrated. The resulting residue was chromato-
graphed (NH-silica gel, AcOEt/MeOHZ20/1) to give 0.6 g
of white solid (yield 34%). 1H NMR (300 MHz, CDCl3) d
7.01 (1H, s, 17-H), 6.74 (1H, s, 14-H), 4.1 (4H, m, 2, 12-H),
3.9 (4H, m, 3, 11-H), 3.7 (8H, m, 5, 6, 8, 9-H), 2.30 (3H, s,
CH3); MS (EI) m/z (%) 362 [MC2], 360 [M], 228 (100).

4.4.3. 2,3,5,6,8,9,11,12-Octahydro-15-methyl-1,4,7,10,13-
benzopentaoxacyclopentadecin (6b). The synthesis of
(6b) followed that of (6a).

4.4.4. 3,3 0-Dichloro-2,2 0,4,4 0-tetrahydroxybenzophenone
(7b). Compound 7b was prepared according to the
literature.19

4.4.5. 3,6-Dihydroxyxanth-9-one (8a). Compound 8a was
prepared according to the literature.20

4.4.6. 2,7-Dichloro-3,6-dihydroxyxanth-9-one (8b).
Compound 8b was prepared according to the literature.20

4.4.7. O,O 0-Bis(tert-butyldimethylsilyl)-3,6-dihydroxy-
xanth-9-one (9a). Compound 9a was prepared according
to the literature.21

4.4.8. O,O 0-Bis(tert-butyldimethylsilyl)-2,7-dichloro-3,6-
dihydroxyxanth-9-one (9b). Compound 9b was prepared
according to the literature.21

4.4.9. 9-(2 0,3 0,5 0,6 0,8 0,9 0,11 0,12 0-Octahydro-16 0-methyl-
1 0,4 0,7 0,10 0,13 0-benzopentaoxacyclopentadecin-15 0-yl)-6-
hydroxy-3H-xanthen-3-one (10a). To a solution of (6a)
(150 mg) in dry 2-methyltetrahydrofuran (15 ml), a portion
of tert-butyllithium in n-pentane (1.54 N, 1 ml) was added
dropwise via a syringe at below K150 8C over 10 min. The
mixture was stirred for 30 min at below K150 8C, then a
solution of (9a) in dry 2-methyltetrahydrofuran (3 ml) was
added dropwise via a syringe over 10 min, and the reaction
mixture was allowed to warm to room temperature over 1 h.
A portion of 2 N HClaq was added, a solution of
tetra(n-butyl)ammonium fluoride in THF was added, and
the reaction mixture was refluxed at 80 8C for 1 h. The
mixture was evaporated under reduced pressure. The
residue was dissolved in CH2Cl2, and the solution was
washed with a portion of 2 N HClaq. The organic layer was
extracted with five portions of 2 N NaOHaq, and then
the aqueous solution was acidified with 2 N HClaq, and
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extracted with CH2Cl2. The organic layer was dried over
Na2SO4, and evaporated under reduced pressure. The
resulting residue was chromatographed (silica gel,
CH2Cl2/methanolZ10/2) to give orange-colored solid
(yield 8.0%). 1H NMR (300 MHz, CDCl3) d 7.09 (2H, d,
1, 8-H, JZ1.9 Hz), 7.05 (2H, d, 4, 5-H, JZ9.2 Hz), 6.91
(1H, dd, 2, 7-H, JZ1.9, 9.2 Hz), 6.86 (2H, s, 1, 14 0-H), 6.66
(1H, s, 17 0-H), 4.2 (2H, m, 12 0-H), 4.1 (2H, m, 2 0-H), 4.0
(2H, m, 11 0-H), 3.9 (2H, m, 3 0-H), 3.8 (4H, m, 5 0, 9 0-H), 3.77
(4H, s, 6 0, 8 0-H), 1.95 (3H, s, CH3) %). 13C NMR (300 MHz,
CDCL3) d 19.4, 68.2, 68.8, 69.6, 70.2, 103.1, 114.2, 115.4,
116.0, 121.5, 132.5, 159.0, 207.1; MS (FAB) m/z 515
[MNaC]; HRMS (ESI-Tof) [MNaC] 515.16819, found
515.16644 (K1.75 mmu).

4.4.10. 9-(2 0,3 0,5 0,6 0,8 0,9 0,11 0,12 0-Octahydro-16 0-methyl-
1 0,4 0,7 0,10 0,13 0-benzopentaoxacyclopentadecin-15 0-yl)-
2,7-dichloro-6-hydroxy-3H-xanthen-3-one (10b). The
synthesis of (10b) followed that of (10a) (yield 10%). 1H
NMR (300 MHz, DMSO) d 7.04 (1H, s, 14 0-H), 6.84 (1H, s,
17 0-H), 6.81 (2H, s, 1, 8-H), 6.26 (2H, s, 4, 5-H), 4.2 (2H, m,
12 0-H), 4.0 (2H, m, 2 0-H), 3.8 (2H, m, 11 0-H), 3.7 (2H, m,
3 0-H), 3.6 (4H, m, 5 0, 9 0-H), 3.6 (4H, s, 6 0, 8 0-H) 1.94 (3H, s,
CH3). 13C NMR (300 MHz, CDCL3) d 18.6, 68.0, 68.4,
68.5, 69.3, 70.1, 103.6, 109.3, 114.4, 115.3, 124.3, 126.9,
127.0, 128.1, 132.9, 146.1, 148.6, 149.8, 156.2; MS (FAB)
m/z 583 [MNaC], 585 ([MC2]NaC); HRMS (ESI-Tof)
[MNaC] 583.09024, found 583.08912 (K1.12 mmu).
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Abstract—Fluorescent chemosensors—molecules whose fluorescence emission changes in response to a reversible binding event—require
both a substrate binding domain and a reporting fluorophore. Our approach to chemosensor development is based on a combination of a new
signaling mechanism and a modular fluorophore synthesis. The latter feature has facilitated detailed study of the properties of
polyarylpyridine fluorophores, and has led to the identification of a visibly-emissive pyridine as a promising lead structure for chemosensor
development. The results of this study are described herein.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescent chemosensors—molecules whose fluorescence
emission changes in response to a reversible binding
event—require a substrate binding domain, a reporting
fluorophore and a signaling mechanism that allows the two
to communicate. We have previously described the develop-
ment of fluorescent chemosensors that rely on confor-
mational restriction as signaling mechanism.1–4 This effort
was driven by the hypothesis that it would combine two
important and often mutually-exclusive features of other
systems: simplicity of molecular architecture and generality
of signaling mechanism. While we have conducted
extensive photophysical studies on chemosensors based on
biphenyl and biarylacetylene fluorophores, the most promis-
ing of our systems are the biarylpyridine, which exhibit
several of desirable properties:
(1)
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Visible emission from a locally excited (LE) state that is
highly responsive to ion-binding induced conformational
restriction.
(2)
 A second, longer-wavelength visible emission band
arising from a charge transfer (CT) state induced by
coordination of an ion to the pyridine nitrogen.
(3)
 Modular synthetic assembly.
–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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(4)
 Tuning of the emission wavelength by remote sub-
stituents on the pyridine ring.
The simple architecture of these systems is self-evident
(Fig. 1).2 The generality of the signaling mechanism is
attested to by the perfect correlation between metal–ion
binding detected by 1H NMR and observed fluorescence
response—in all cases to date, ion binding produces a
detectable change in fluorescence emission.

In parallel with efforts to widen the variation of ligand
structure, we have synthesized numerous new arylpyridine
fluorophores with the objective of shifting both LE and CT
emission further into the visible region.2 We provide here a
detailed description of these efforts, including identification
of important structure–emission relationships, discovery of
a potentially serious limitation to our fluorophore design,
and a solution to this problem guided by an understanding of
structure–emission relationships.
2. Background

Fluorescent chemosensors allow fluorescence detection,
with all the associated benefits, of non-fluorescent analytes.1

The importance of fluorescent chemosensors in applications
as diverse as environmental monitoring, cellular imaging
and biomedical device construction is increasingly widely
appreciated. The majority of established chemosensors fall
into one of 3 categories:
(1)
 Systems based on direct interaction between the analyte
Tetrahedron 60 (2004) 11075–11087



Figure 1. An arylpyridine fluorescent chemosensor with dual visible emission.
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(almost always a metal ion) and a nitrogen atom lone
pair that is ‘wired into’ the fluorophore (Fig. 2-1).1,5
(2)
 Systems in which analyte binding displaces a fluor-
ophore or changes its microenvironment (Fig. 2-2).1,6
(3)
 Systems in which analyte binding alters the energy
transfer between a fluorophore/acceptor pair, where the
acceptor is either another fluorophore or a quencher
(Fig. 2-3).1,7,8
The first category, which represents the statistical
majority of reported fluorescent chemosensors, has the
significant advantage of relying on relatively simple
molecular architecture. Important examples of this
approach include Ca2C- and Zn2C-responsive chemo-
sensors with applicability for cellular imaging.5c,d The
central limitation of this approach is the requirement for
re 2. Broad overview of fluorescent chemosensor strategies.
lone-pair coordination. This generally constrains the
substrate scope to metal ions and dictates that the
fluorophore/receptor hybrid contain benzylic or anilinic
nitrogen atoms, which in turn restricts the design of new
fluorophores and/or binding domains.

In contrast, the third category, often based on fluorescence
resonant energy transfer (FRET) between donor and
acceptor fluorophores, typically relies on substantially
complex molecular architecture-polypeptides, oligonucleo-
tides or fusion proteins.7,8 Important embodiments of this
strategy include fusions of green fluorescent protein (GFP)
analogs and calmodulin that can be expressed in vivo to
facilitate Ca2C imaging in cells.7a Offsetting the limitation
of complexity is the generality of the signaling mechanism,
which places no constraint on the structure of the binding



Figure 3. Biarylpyridines with varying substituents at the 2 and 6-positions.
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domain beyond a requirement that binding induce a large
change in interchromophore distance.

The second category, initially based primarily on displace-
ment of covalently-tethered fluorophores from the cavity of
cyclodextrin hosts, are appropriately intermediate between
the first and third categories in terms of complexity and
generality.6 Embodiments typically rely on structures no
more complicated than cyclodextrin, and generality is
limited only by the requirement that there be sufficient
similarity between the fluorophore and the analyte that the
analyte can effectively compete with the fluorophore in
binding to the receptor. Important recent examples of this
strategy include systems for sensing ATP.6b
3. Results

3.1. Structural studies on ‘fourth category’ fluorophores

Fluorescent chemosensors based on conformational
Figure 4. Biarylpyridines with varying substituents at the 4-position.

Figure 5. Absorption and emission spectra of the chemosensor from Figure 1.
restriction represent a fourth category addition to the
above list. As mentioned above, the modular nature of
biarylpyridine fluorophores (our preferred member of this
fourth category) simplifies structure–property studies.2 The
goals of the present work were gaining a greater under-
standing of substituent effects and red-shifting the LE and
CT emission wavelengths. We initially focused on the
nature of the aryl substituents at the 2- and 6-positions
(Fig. 3), and subsequently investigated fluorophores with
varied 4-substituents in greater detail (Fig. 4). With regard
to LE and CT emission, the default emission of biarylpyri-
dines is that from the LE state. However, CT emission can
be induced by simple protonation of the pyridine (Fig. 5).
For both states, the longest wavelength absorption maxi-
mum correlates with the excitation maximum for fluor-
escence emission. In cases where the CT state is non-
emissive (vide infra) the formation of the CT state can still
be verified by characteristic changes in the absorption
spectrum (Fig. 5).

3.2. Synthesis of arylpyridine fluorophores

The syntheses of compounds 3 and 8–11 have been
described previously.2 Fluorophores 1, 2 and 4–6 were
prepared from 2,6-dibromopyridine, while 7 and 12 were
prepared from 2,6-dichloro-4-phenylpyridine and 2,6-
dichloro-4-carboxymethylpyridine, respectively (Scheme 1).
Central to all of these syntheses is the efficiency of palladium
catalyzed cross coupling of the required halopyridines.2,9,10
4. Discussion

4.1. Influence of the 2,6-substituents on optical
properties

Our first generation biarylpyridine chemosensors (cf. Fig. 1)
all contained as common features o,o 0-alkyl and p,p 0-OCH3

substituents on the aryl groups at the 2 and 6 positions. The
presence of the o,o 0 groups was presumed to be essential



Scheme 1. Synthesis of arylpyridine fluorophores.

A. G. Fang et al. / Tetrahedron 60 (2004) 11075–1108711078
based on our previous study of biphenyl systems. However,
the properties of biarylpyridines and biphenyls are suffi-
ciently different that this presumption warranted direct
evaluation. The p,p 0-substituents were initially included
based on the ready availability of the precursor aryl
fragments rather than deliberate design, and the inclusion
of these groups even more clearly required evaluation.

The spectroscopic properties of 1–6 (Table 1) reveal that
both the alkyl and OCH3 substituents are essential to the
function of our system. The inclusion of the o,o 0-alkyl
substituents is essential for lowering the LE quantum yield
to the point where it is subject to modulation by
conformational restriction. For instance, the fluorophore in
Figure 1 has an LE quantum yield of w0.02; in contrast,
fluorophores with LE quantum yields O0.10 no longer
respond strongly to binding-induced conformational restric-
tion. (This is one of the ironies inherent in an approach
based on using substrate binding to turn a poor fluorophore
into a good fluorophore—it is essential to start with a poor
fluorophore.) The presence of the polarizing OCH3

substituents provides a desirable red-shift in absorption
and emission but what would be, in the absence of the alkyl
substituents, an undesirable increase in LE quantum yield.

The addition of o,o 0-CH3 groups to 2,6-biphenylpyridine (1
vs 2) leads to a slight reduction in extinction coefficient and
quantum efficiency of emission from both the LE and CT
Table 1. Salient optical properties of 1–6

Compound 3 (!103)a F (LE)a,b F (CT)c

1 10.2 0.037 0.951
2 8.1 0.004 0.831
3 14.8 0.031 0.177
4 11.6 0.560 0.544
5 9.3 0.003 0.021
6 13.5 0.059 0.004

a Measured at LE excitation maximum.
b Quantum yield of LE emission.
c Quantum yield of CT emission.
d Excitation maximum for LE state.
e Emission maximum for LE state.
f Excitation maximum for CT state.
g Emission maximum for CT state.
states. The reduction in LE emission parallels that seen
when comparing biphenyl (fZ0.18) to the more twisted
derivative 2,2 0-dimethylbiphenyl (fZ0.01).11 Based on
previous work with biphenyls, we conclude that this
reduction in quantum yield is in large part due to the
increased efficiency of spin-orbit coupling (SOC) in twisted
biaryl excited states.12 While factors independent of biaryl
torsion might be considered, such as C–C twisting and C–H
stretching-mediated deactivation of the excited state, the
similarity of the quantum yields of biphenyl and 3,3 0-
dimethylbiphenyl (fZ0.21) argues against this.11 The ‘gap
rule’—the empirical observation that the rate of IC
decreases as excited state energy increases—also argues
against this possibility, in that the excited state energy is in
excess of 100 kcal/mol.3a,13,14 An additional consequence of
introducing o,o 0-CH3 groups is an undesirable blue shift in
both the LE (20 nm) and CT (5 nm) emission. This is also
consistent with reduced planarity and thus reduced conju-
gation in the excited state.

The addition of p,p 0-OCH3 substituents (2 vs 3) has a
dramatic impact on the efficiency of both absorption and
emission, almost completely compensating for the reduction
in quantum yield caused by introduction of the o,o 0-CH3

groups. In addition, it has a pronounced effect on the
absorption and emission wavelengths. Notably, the emis-
sion maximum for the LE state shifts more than 20 nm to the
red, while that of the CT state shifts by more than 60 nm.
The emission shifts are accompanied by smaller but still
significant red shifts in the LE and CT excitation maxima.
These indicate that both the LE and CT excited states are
highly polarized, with the flanking aromatic rings serving as
electron donors and the pyridine ring, consistent with its
electron deficient nature relative to a hydrocarbon, serving
as an electron acceptor. While this polarization is present in
the ground state, it is clearly more pronounced in the excited
states: the near doubling of 3 reflects a large increase in the
transition dipole for the excitation from ground to excited
state.15 A corresponding increase in the efficiency of
radiative decay of the LE state, shown by the increase in
f, is expected based on the proportionality of the Einstein A
and B coefficients (which govern emission and excitation)
for fluorophores of very similar structure.16 The red shifts in
emission wavelength indicate that the p-OCH3 groups serve
to stabilize both the LE and CT excited states, effectively
lowering their energy and reducing the energy gap between
excited and ground state. The effects on absorption and
emission are much more pronounced in the CT state, as
LEexc
d LEem

e CTexc
f CTem

g

302 338 322 393
280 320 307 388
290 352 342 449
315 359 366 459
272 342 324 450
303 378 359 480
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expected based on its greater charge separation relative to
the LE state.

The importance of the o,o 0-CH3 groups is underscored by
comparison to the corresponding m,m 0-dimethyl case (3 vs
4). Relocation of the flanking CH3 groups lowers the
absorptivity of the molecule while simultaneously increas-
ing the LE quantum yield by an order of magnitude and
doubling the CT quantum yield. In addition, the excitation
maxima for the m,m 0 isomer are significantly red shifted,
although there are only very small changes in the emission
wavelengths. The decreased absorptivity indicates that
removal of the o,o 0-CH3 groups leads to greatly increased
conjugation—and thus polarization—in the ground state,
while the smaller changes in the emission wavelengths
indicate smaller changes in the degree of polarization in the
excited state. The lower value of 3 for 4 is thus explained, as
3 should scale with the transition dipole which should in turn
vary with the difference in polarization of the ground and
excited states.15 That is, increasing the polarization of
the ground state without altering the polarization of the
transition state would be expected to decrease 3, in
the absence of other effects. The smaller red shifts in the
emission wavelengths are consistent with greater excited
state planarization, and the effect of removing the o,o 0-CH3

groups is similar in comparing 3 vs 4 and 2 vs 1.

The influence of deplanarization is further delineated by the
addition of a second pair of flanking CH3 groups (3 vs 5).
While deplanarization and polarization offset one another in
3, in 5 deplanarization almost fully compensates for the
ground state influence of polarization, and the values for 3
(reduced by w4!10K3) and the absorption maxima
(reduced by w20 nm) of 5 are even lower than those of 2,
which lacks both the OCH3 and additional CH3 groups.
Similarly, the quantum yield of both the LE and CT states
descend to values similar to those of 2. The emission
maxima provide valuable structural information. The
wavelength of LE emission shows a w20 nm blue shift
relative to 3, while that the CT emission remains unchanged
within measurement error. This indicates that the ground
and LE states of 5 are less planar and thus less conjugated
than those of 3, as would be expected based on increased
steric congestion. That this congestion does not influence
the CT emission wavelength suggests that the CT state is
Table 2. Salient optical properties of 7–12 (with 2, 3 and 5 for comparison)

Compound 3 (!103)a F (LE)b F (CT)c

7 4.9 0.005 0.803
8 9.3 0.200 0.182
9 38.3 0.210 0.016
10 4.4 0.230 —
11 14.6 0.140 —
12 4.7 0.070 —
2 8.1 0.004 0.051
3 14.8 0.031 0.282
5 9.3 0.003 0.021

a Measured at LE absorption/excitation maximum.
b Quantum yield of LE emission.
c Quantum yield of CT emission.
d Excitation maximum for LE emission.
e Emission maximum for LE excitation.
f Excitation maximum for LE state.
g Emission maximum for CT excitation.
twisted, such that the additional CH3 groups have relatively
little influence on the conformation and thus energetic
separation of the CT state and the corresponding twisted
conformation of the ground state. While this evidence in
indirect, it is consistent with the extensive literature on
twisted intramolecular charge transfer (TICT) states.17,18

There are two significant aspects of the spectroscopic
properties of bis(piperonyl) compound 6. First, the further
increase in polarization induced by two additional alkoxy
substituents (6 vs 3) leads to the longest LE and CT
emission wavelengths in the series (380 and 480 nm,
respectively, compared to 350 and 450 nm for 3).19 Second,
and of great practical importance, emission from 6 is a
presage of a trend that is more fully illustrated by 7–12: as
emission from biarylpyridines moves farther to the red, the
quantum yield of the CT state begins to drop off. The first of
these observations may be rationalized much as the
difference between 2 and 3, with electron donating
substituents stabilizing the polarized excited states and
reducing the energetic separation from the ground state. The
second and more problematic observation is again consist-
ent with the gap rule.14 For 6, the 480 nm CT emission is
equivalent to an energy gap of almost exactly 60 kcal/mol,
which correlates with significant decrease in CT quantum
yield (fZ0.06, vs 0.28 for 3). This energy (ca. 60 kcal/mol)
is apparently the upper limit at which IC begins to
contribute to nonradiative decay.
4.2. Influence of the 4-substituent on optical properties

The influence of the 4-substituent on the emission of
biarylpyridines is delineated by compounds 7–12 (Table 2).
Three prominent trends can be seen. First, increasing the
chromophore surface or polarization by substitution at the 4-
position can lead to a significant red shift in LE emission,
and in one case can alter the identity of the core fluorescing
unit. Second, the quantum yield for LE emission increases
as emission moves to longer wavelengths. Third, CT
emission decreases over the same series, leading quickly
to molecules with non-emissive CT states.

By itself, comparison of 2,6-bis(o-tolyl)pyridine and its 4-
phenyl counterpart (7 vs 2) would suggest that the 4-
substituent has a modest influence on most of the properties
LEexc
d LEem

e CTexc
f CTem

g

295 349 302 399
310 379 350 483
310 400 370 505
324 424 379 —
300 440 — —
300 457 360 —
280 320 307 388
290 352 342 449
272 342 324 450
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of these fluorophores. The quantum yields are virtually
identical, the extinction coefficient is actually slightly
reduced, and the emission wavelengths for the LE and CT
states shift to longer wavelength by 30 and 15 nm,
respectively. The longer emission wavelength is expected
based on the increase in fluorophore surface area, thus
delocalization and stabilization of the excited state. It is not
immediately obvious why the LE emission wavelength
responds more strongly than the CT state to the increased
delocalization, or why the CT quantum yield responds more
strongly that than of the LE.

Addition of a 4-phenyl group to the chromophore bearing
both o-CH3 and p-OCH3 groups (3) leads to a much more
dramatic change in spectroscopic properties (8 vs 3). The
extinction coefficient decreases, indicative of a lower
transition dipole that presumably results from an increase
in ground state polarization relative to the LE state. The LE
quantum yield increases substantially (fZ0.20 vs fZ0.03
for 3) while the CT quantum yield decreases (fZ0.09 vs
fZ0.28 for 3). Absorption and emission wavelengths for
both states shift to longer wavelength, the LE emission now
approaching the visible region of the spectrum. The reduced
CT emission efficiency is a consequence of the gap rule, as
described above. The increased LE efficiency must result from
the extended conjugation of the chromophore surface, and we
take this as evidence that the 2,6-substituents—and their
conformation mediated nonradiative decay—contribute less,
proportionally, to the properties of more extended chromo-
phores. (This is substantiated by 9 and 11; vide infra.)

Replacing the phenyl group with a benzofuran provides
further evidence that increased chromophore delocalization
diminishes the impact of nonradiative decay mediated by
the 2,6-aryl substituents (9 vs 3). Extension with benzo-
furan leads to a large increase in extinction coefficient, a
further increase in LE quantum yield and a further reduction
in CT quantum yield. In addition, the LE emission
maximum moves into the visible region (400 nm), and the
CT emission maximum moves from green into the green-
yellow (505 nm). The emission and quantum yield effects
may be rationalized as were those for 8. The near
quintupling of extinction coefficient is surprising but, like
the increased LE quantum yield, shows that the 4-
substituent makes an increased contribution to the character
of the excited state. This can be seen most readily by
comparing the absorption spectra of 8 and 9 (Fig. 6). The
Figure 6. Absorption spectra of 8 and 9.
absorption spectrum of 8 is similar to that of 3 and the 4-
vinyl derivative (Fig. 3). Immediate differences in peak
shape and the number and relative intensity of the
absorption maxima can be seen for 9. This demonstrates
that the benzofuran substituent is a powerful determinant of
the nature of the excited states, with commensurate
deemphasis of the 2,6-aryl groups.

Installation of a benzoxazole at the 4-position yields a
chromophore with absorption properties that no longer
resemble those of 1–10 (Fig. 7), and the absorption and
emission of which do not change noticeably upon addition
of excess TFA. This structural variation has thus altered the
fluorophore identity to the point that a CT excited state—
radiative or nonradiative—simply no longer exists.

As a counterpart to increasing the chromophoric surface,
placing a methyl carboxylate (which extends conjugation by
only 2 atoms) at the 4-position shows that direct polarization
of the pyridine, like polarization of the 2,6-biaryl groups,
also influences fluorophore behavior (10 vs 3). The
extinction coefficient decreases, consistent with a more
polarized ground state and less difference in polarization
between the ground and excited states. The LE emission
becomes slightly more efficient and moves further into the
visible, the 425 nm maximum representing a 100 nm Stokes
shift. The CT state—which can still be observed by
absorbance—is non-emissive.

The final variant on 4-substitution, 12, is the tetramethyl
analog of 10. It is notable in that while it has a shorter
wavelength LE absorption, as would be predicted by
sterically decreased conjugation, it has a longer emission
wavelength. The red shifted emission, which corresponds to
w62 kcal/mol, now runs afoul of the gap rule and accounts
for the reduced quantum yield, That a longer emission
wavelength results from increased deplanarization suggests
that the optimal conformation of the LE state is no longer as
near planar as was the case for 3. Although this suggests an
optimal geometry more suited to the CT state, which is
nonradiative and expected to be twisted, the CT state can
clearly be identified by the absorption spectrum and is
distinct from the LE state. The apparent change in optimal
LE state geometry remains unexplained, but coupled with
the reduced quantum yield it provides an opportunity for the
development of fluorescent chemosensors with visible
 

Figure 7. Comparison of the absorption spectra of 3 and 11.



A. G. Fang et al. / Tetrahedron 60 (2004) 11075–11087 11081
emission and geometrical constraints different from those
associated with 3.

4.3. The limitations of longer wavelength fluorophores

The properties of the pyridine fluorophores with visible LE
emission constitute a potential problem for the development
of fluorescent chemosensors based on conformational
control. The approach hinges on being able to start with a
poor fluorophore and induce increased LE emission
efficiency via binding induced conformational restriction.
This, in turn, means the approach is best suited for
fluorophores with low initial quantum yields-unlike the
visibly-emissive 8–11. In addition, the loss of the second
signaling channel—the CT emission—is a setback, in that
dual emission provided an additional level of discrimination
for distinguishing between bound metal ions.

The first of these concerns, reduced sensitivity at longer LE
emission wavelength, is ameliorated to an extent by the
observation that 13, the 4-carboxymethyl analog of the
chemosensor shown in Figure 1, still provides a visible
response to the presence of metal ions (Fig. 8). The w4-fold
increase in emission intensity translates to a fR0.90, which
is a record among the systems we have studied, and is easily
observed by eye. Offsetting this promising result are the lack
of response to Mg2C and Ca2C (cf. Fig. 1), which had
previously induced formation of the radiative CT state.
While treatment with TFA indicates that 13$HC possesses a
nonemissive CT state, neither Mg2C nor Ca2C induce
formation of this state, indicating that the pyridine ring is
now sufficiently electron deficient that the nitrogen atom
serves as a poor Lewis base. Related studies with the podand
derived from the 4-phenyl fluorophore (9) showed only
minimal metal ion response, an observation which suggests
that the response of 13 to LiC is the exception rather than
the rule. That said, it is worth noting that 13 still provides a
visible emissive readout of the presence of LiC.
5. Conclusion and recent progress

In summary, variation of the substituents at the 2, 4 and 6-
positions of polyaryl pyridines can have a profound effect
Figure 8. Titration of 13 (10K5 M in CH3CN) with LiC.
on the absorbance and emission of these fluorophores. With
regard to the 2,6-aryl groups, o,o 0-alkyl substitution was
shown to be essential for maintaining low initial quantum
yields, while p,p 0-alkoxy substitution was shown to provide
a beneficial red shift in emission without untoward increase
in emission efficiency. The influence of the 4-substituent on
absorption and emission wavelengths was dramatic, with
LE emission in the green region of the visible spectrum
being possible. An unfortunate side effect of increased LE
and CT emission wavelengths is the accompanying
variation in quantum yields. LE emission efficiency (ideally
low) increases with wavelength, while CT emission
efficiency (ideally high) decreases with wavelength. While
in certain cases we have found that fluorescent chemo-
sensors with relatively high initial quantum yields (e.g., fZ
0.23 for 13) retain useful metal ion response, this is not
generally the case.

Two recent observations represent promising leads for the
development of the next generation of pyridine-derived
fluorescent chemosensors. The first of these arose from
juxtaposing the 4-carboxylate substituent found in 10 and 13
with the 4-vinyl group found in the chemosensor from
Figure 1. By preparing vinylogous amide 14 (Fig. 9), we
have found a fluorophore that benefits from a red shift
induced by the carboxylate substituent, but does not suffer
from the increase in quantum yield seen in 10 or 13. The
second, and more belated, observation is that the importance
of the p,p 0-methoxy groups may have been overestimated.
Podand 15—similar to 13 and the podand of Figure 1—
responds strongly to presence of metal ions (Fig. 10). While
the absence of the methoxy groups leads to emission
wavelengths that are much shorter than desirable, the lower
initial quantum yield (f%0.01) allows for a much greater
dynamic range for the fluorescence response.

Our ongoing efforts focus on gaining a greater under-
standing the properties of 14, exploiting this fluorophore
for the development of fluorescent chemosensors, and
turning the luminescence of long wavelength CT
emission back on. In addition, based on evaluation of
15, it is clearly necessary to reinvestigate the influence
of the 4-substituent in the series of fluorophores lacking
the p,p 0-methoxy groups.



Figure 10. Titration of podand 15 (10K5 M in CH3CN) with metal ions. Emission maxima in broken box are Raman scattering from CH3CN.

Figure 9. Vinylogous amide 15 has desirable visible LE emission.
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6. Experimental

6.1. General notes

Melting points were obtained in open capillary tubes with a
Thomas Scientific Uni-Melt melting point apparatus and
are uncorrected. 1H NMR spectra were obtained on Varian
HG-400 (400 MHz) spectrometers. Chemical shifts (d) are
reported in parts per million (ppm) relative to residual
solvent (CHCl3), s, d, 7.26). Multiplicities are given as: s
(singlet), d (doublet), t (triplet), q (quartet), dd (doublet of
doublets), ddd (doublet of doublet of doublets), dt (doublet
of triplets) and m (multiplet). Proton-decoupled 13C NMR
spectra were obtained on Varian HG-400 (100 MHz)
spectrometers. 13C chemical shifts are reported relative to
CDCl3 (t, d, 77.0). IR stretches are given in cmK1; spectra
were obtained on a Nicolet 550 Series II Spectrophotometer.
MALDI-FT mass spectroscopic analyses were provided by
the facility at The Scripps Research Institute; all other mass
spectroscopic analyses were provide by the facility at
UCLA.

Fluorescence measurements were carried out in spectro-
scopic grade CH3CN on a PTI Quantamaster 2000, with
flash lamp excitation and 2 nm excitation and emission slit
widths. Solutions of fluorophore were prepared by succes-
sive dilution and were typically 1!10K5 M in CH3CN.
Solutions of metal perchlorate salts were prepared by
successive dilution and were typically 1 M. Fluorescence
titrations were carried out by sequentially adding 0.005 or
0.010 mL aliquots of metal solution via micropipette to
2.500 mL of fluorophore solution in a quartz cuvette. The
solutions were equilibrated by stirring prior to acquiring
fluorescence spectra. No efforts were made to exclude water
or air. Quantum yields and extinction coefficients were
determined by standard methods.20

Chromatographic purifications were performed by flash
chromatography with silica gel (Fisher Scientific, 32–
63 mm) packed in glass columns; eluting solvent for each
purification was determined by thin layer chromatography
(TLC). Analytical TLC was performed on glass plates
coated with 0.25 mm silica gel 60 F254 (EM Science) using
UV light for visualization.

Synthetic procedures were carried out under an inert
atmosphere, using standard Schlenk line techniques.
Where noted, solutions were degassed by evacuating and
backfilling with N2 several times. THF, CH2Cl2, and
benzene were dried by passage through a column of
activated alumina.21 Pyridine was distilled from CaH2. All
other reagents and solvents were used as received unless
otherwise specified.

6.2. Experimental procedures9,10

Compounds 3 and 8–11 were prepared as described
previously.2 Compound 1 is commercially available but
was prepared as described below for convenience. Com-
pound 14 was prepared in 5 steps and good yield from ester
10 (Scheme 2). Compound 13 and the fluorescent
chemosensor shown in Figure 1 (25) were prepared from
2-bromo-5-methoxytoluene (Scheme 3). Compound 15 was
prepared in analogy to 2 by variation of the boronic acid.



Scheme 2. Preparation of vinylogous amide 14. Reagents and conditions:
(a) DiBAl/THF, K78 8C, 89%; (b) DMSO, (COCl)2, NEt3, CH2Cl2, K78 8C,
94%; (c) (EtO)2P(O)CH2CO2Et, tBuOKKC, THF, 0 8C, 100%; (d)
LiOH$2H2O, THF, RT 85%; (e) BnNH2, DEPBT, THF, RT, 94%.

Scheme 3. Preparation of 13 and the chemosensor from Figure 1 (25).
Reagents and conditions: (a) NBS, AIBN, PhH, 86%;2 (b) CH3OCH2CH2-

OCH2OH, NaH, THF, 80%; (c) BuLi, B(OiPr)3, THF; NaOH, 70%; (d) 2,6-
dichloro-4-carboxy-methylpyridine, Pd2(dba)3, PtBu3, CsF, THF,2 52%; (e)
DiBAlH, THF, K78 8C, 99%; (f) DMSO, (COCl)2, NEt3, CH2Cl2, K78 8C,
90%; (g) Ph3PCH3

CIK, BuLi, THF, 0 8C, 60%.
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6.2.1. Compound 1. 2,6-Dibromopyridine (0.100 g,
0.422 mmol, 1 equiv), phenylboronic acid (0.155 g,
1.27 mmol, 3.00 equiv), [HPtBu3]CBF4

K (0.012 g,
0.040 mmol, 0.10 equiv), Pd2(dba)3 (0.019 g, 0.021 mmol,
0.050 equiv), and CsCO3 (0.756 g, 2.320 mmol, 5.50 equiv)
was suspended in THF (10 mL). The reaction mixture was
degassed and refluxed for 16 h. After cooling to room
temperature, H2O (50 mL) was added and the mixture
extracted with methylene chloride (2!50 mL). The com-
bined organic extracts were dried over Na2SO4 and
concentrated. Purification by column chromatography
(20% toluene/hexanes) produced 0.098 g (0.422 mmol,
48%) of 1 as a white solid, mp 78–80 8C. 1H NMR
(400 MHz, CDCl3): dZ8.18 (m, 4H), 7.82 (dd, 6.8, JZ7.0 Hz,
1H), 7.71 (d, JZ7.6 Hz, 2H), 7.52 (m, 4H), 7.46 (m, 2H). IR
(KBr): nZ3056, 2925, 1588, 1449, 758, 697. TLC (Rf)Z
0.11 (20% toluene/hexanes).

6.2.2. Compound 2. Procedure as for 1, except PtBu3 in
THF was used as the phosphine source. White solid, mp
68–70 8C, 65%. 1H NMR (400 MHz, CDCl3): dZ7.81 (t,
JZ7.6 Hz, 1H), 7.45 (m, 2H), 7.36 (d, JZ7.6 Hz, 2H), 7.27
(m, 6H), 2.43 (s, 6H). 13C NMR (100 MHz, CDCl3):
dZ159.24, 140.48, 136.11, 135.62, 130.50, 129.67, 128.01,
125.67, 121.83, 20.69. IR (KBr): nZ3030, 2951, 1562,
1457, 767. HRMS (EI): calcd for C19H16N [MC] 259.1361;
found 259.1349. TLC (Rf)Z0.4 (5% acetone/hexanes).

6.2.3. Compound 4. Procedure as for 2. White solid, mp
140–141 8C, 26%. 1H NMR (400 MHz, CDCl3): dZ7.95
(m, 4H), 7.72 (t, JZ7.6 Hz, 1H), 7.56 (d, JZ8.0 Hz, 2H),
6.94 (d, JZ8.8 Hz, 2H), 3.91 (s, 6H), 2.34 (s, 6H). 13C NMR
(100 MHz, CDCl3): dZ158.42, 156.41, 136.95, 131.74,
129.16, 126.56, 125.50, 117.06, 109.82, 55.47, 16.58. IR
(KBr): nZ2943, 1615, 1562, 1510, 1449, 1256, 1143, 1029.
HRMS (EI): calcd for C21H21NO2 [MC] 319.1572; found
319.1569. TLC (Rf)Z0.20 (10% EtOAc/hexanes).

6.2.4. Compound 5. 4-Bromo-3,5-dimethylanisole (0.25 g,
1.17 mmol, 2.00 equiv) was cooled to K78 8C in THF
(5 mL). n-BuLi (1.22 mL 1.20 M in hexanes, 1.46 mmol,
2.50 equiv) was added dropwise and stirred at K78 8C for
15 min. ZnCl2 (0.40 g, 2.92 mmol, 5.00 equiv) was trans-
ferred via cannula into the reaction mixture as a THF
solution (10 mL), and the reaction was stirred for an
additional 15 min. The reaction mixture was transferred via
cannula into a flask containing 2,6-dibromopyridine (0.14 g,
0.58 mmol, 1 equiv) and Pd(PPh3)4 (0.03 g, 0.03 mmol,
0.05 equiv). The reaction mixture was degassed then
refluxed for 20 h. The reaction was allowed to cool to
room temperature, H2O (25 mL) was added, and the mixture
was extracted with EtOAc (3!25 mL). The combined
organic fractions were washed with brine (1!25 mL), dried
over Na2SO4, filtered, and concentrated under vacuum.
Purification by column chromatography (20% EtOAc/
hexanes) produced 0.09 g (0.27 mmol, 46%) of 5 as a pale
yellow solid, mp 167–168 8C. RfZ0.24 (20% EtOAc/
hexanes). IR (KBr): nZ2961, 1602, 1575, 1463, 1315,
1194, 1160, 1074, and 838 cmK1. 1H NMR (CDCl3): dZ7.80
(t, JZ8 Hz, 1H), 7.17 (d, JZ8 Hz, 2H), 6.64 (s, 4H), 3.80 (s,
6H), and 2.06 ppm (s, 12H). 13C NMR (CDCl3): dZ159.7,
158.7, 137.1, 136.4, 122.7, 112.9, 112.7, 55.2, and
20.7 ppm. HRMS (DEI): calculated for C23H24NO2 (MK
HC): 346.180704, found 346.181374.

6.2.5. Compound 6. 2-Bromo-4,5-methylenedioxytoluene
(0.25 g, 1.16 mmol, 3.00 equiv) was cooled to K78 8C in
THF (5 mL). n-BuLi (0.67 mL/1.8 M, 1.20 mmol 3.10 equiv)
was added and the reaction stirred for 5 min, ZnCl2

(0.181 g, 1.65 mmol, 3.50 equiv) in THF (3.0 mL) was
added. The arylzinc chloride so generated was transferred
via cannula into a degassed solution of 2,6-dibromopyridine
(0.0920 g, 0.387 mmol, 1 equiv), Pd2(dba)3 (0.018 g,
0.019 mmol, 0.050 equiv, PtBu3 (0.56 mL, 0.14 M in THF,
0.077 mmol, 0.20 equiv), and refluxed for 16 h. Upon
cooling to room temperature, the reaction mixture was
diluted with EtOAc (1!50 mL), washed with H2O (1!
250 mL) and saturated NaCl (1!50 mL). The organic layer
was dried over Na2SO4, concentrated, and chromatographed
on silica gel (10% EtOAc/hexanes) to afford a white solid
(0.047 g, 35%), mp 149–151. 1H NMR (400 MHz, CDCl3):
dZ7.75 (t, JZ7.6 Hz, 1H), 7.28 (d, JZ7.6 Hz, 2H), 6.96 (s,
2H), 6.74 (s, 2H), 5.95 (s, 4H), 2.33 (s, 6H). 13C NMR
(100 MHz, CDCl3): dZ158.83, 147.20, 145.50, 135.98,
133.73, 129.43, 121.75, 110.45, 109.91, 100.85, 20.59. IR
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(KBr): nZ2925, 1562, 1510, 1449, 1047, 933. HRMS (EI):
calcd for C21H16NO4 [(MKH)C] 346.1079; found
346.1084. TLC (Rf)Z0.20 (12% EtOAc/hexanes).

6.2.6. Compound 7. Procedure as for 2. White solid, mp
129–130 8C, 75%. 1H NMR (400 MHz, CDCl3): dZ7.72
(dd, JZ1.6, 6.8 Hz, 2H), 7.60 (s, 2H), 7.51 (m, 5H), 7.29
(m, 6H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3):
dZ159.84, 148.55, 140.51, 138.27, 135.71, 130.52, 129.67,
128.95, 128.85, 128.07, 126.95, 125.68, 119.94, 20.75. IR
(KBr): nZ3039, 2925, 1588, 1545, 1396, 767. HRMS (EI):
calcd for C25H20N [(M–H)C] 334.1596; found 334.1592.
TLC (Rf)Z0.34 (5% EtOAc/hexanes).

6.2.7. Compound 12. 4-Bromo-3,5-dimethylanisole (0.25 g,
1.17 mmol, 2.00 equiv) was cooled to K78 8C in THF
(5 mL). n-BuLi (1.22 mL 1.2 M in hexanes, 1.46 mmol,
2.5 equiv) was added dropwise and stirred at K78 8C for
15 min. ZnCl2 (0.40 g, 2.92 mmol, 5.00 equiv) was trans-
ferred via cannula into the reaction mixture as a THF
solution (10 mL), and the reaction was stirred for an
additional 15 min. The reaction mixture was transferred via
cannula into a flask containing 2,6-dichloroisonicotinic acid
methyl ester (0.120 g, 0.58 mmol, 1 equiv) and Pd(PPh3)4

(0.03 g, 0.03 mmol, 0.05 equiv). The reaction mixture was
degassed then refluxed for 16 h. The reaction was allowed to
cool to room temperature, H2O (25 mL) was added, and the
mixture was extracted with EtOAc (3!25 mL). The
combined organic fractions were washed with brine (1!
25 mL), dried over Na2SO4, filtered, and concentrated under
vacuum. Purification by column chromatography (20%
EtOAc/hexanes) produced 0.02 g (0.06 mmol, 10%) of 12
as a yellow solid, mp 189 8C. RfZ0.20 (20% EtOAc/
hexanes). IR (KBr): nZ2960, 1732, 1607, 1439, 1396,
1345, 1316, 1245, and 1157 cmK1. 1H NMR (CDCl3): dZ
7.75 (s, 2H), 6.64 (s, 4H), 3.96 (s, 3H), 3.80 (s, 6H), and
2.05 ppm (s, 12H). 13C NMR (CDCl3): dZ165.7, 160.9,
158.9, 138.1, 137.0, 132.7, 122.1, 112.8, 55.3, 52.8, and
20.7 ppm. HRMS (DEI): calculated for C25H26NO4 (MK
HC): 404.186184, found 404.187089.

6.2.8. Compound 13. Procedure as for 1 except 22 was used
as the boronic acid, PtBu3 in THF as the phosphine and CsF
as the base. Colorless oil, 52%. 1H NMR (400 MHz,
CDCl3): dZ7.99 (s, 2H), 7.54 (d, 2H, JZ8.4 Hz), 7.20 (d,
2H, JZ2.8 Hz), 6.93 (dd, 2H, JZ2.8, 8.4 Hz), 4.72 (s, 4H),
3.98 (s, 3H), 3.87 (s, 6H), 3.57–3.54 (m, 8H), 3.35 (s, 6H).
13C NMR (100 MHz, CDCl3): dZ165.83, 160.12, 159.22,
142.50, 137.73, 131.55, 131.42, 120.07, 114.26, 113.45,
71.85, 71.40, 69.61, 59.17, 55.42, 52.73. IR (neat): nZ2890,
1737 (s), 1606, 1248, 1099. HRMS (MALDI): calcd for
C29H36NO8 [(MKH)C] 548.2255; found 548.2271. TLC
(Rf)Z0.20 (45% EtOAc/hexanes).

6.2.9. Compound 14. Carboxylic acid 19, (0.054 g,
0.139 mmol, 1 equiv), N,N 0-diisopropyl-N-ethylamine
(0.048 mL, 0.278 mmol, 2.00 equiv), and 3-(diethoxyphos-
phoryloxy)-1,2,3-benzotriazin-4(3H)-one (DEPBT)22 (0.083 g,
0.278 mmol, 2.00 equiv) was suspended in THF (2.5 mL).
After stirring for 5 min, benzylamine (0.018 mL,
0.167 mmol, 1.20 equiv) was added and the resulting
solution was stirred for 3 h at 23 8C. The solution was
diluted with CH2Cl2 (50 mL) and washed with H2O (2!
50 mL), and saturated NaCl (1!25 mL). The organic phase
was dried over Na2SO4 and was concentrated. Purification
by flash column chromatography (30% EtOAc/hexanes)
provided 0.063 g (0.131 mmol, 94%) of a yellow solid. 1H
NMR (CDCl3): dZ7.69 (d, 1 h, JZ15.6 Hz), 7.35 (m, 9H),
6.82 (m, 4H), 6.60 (d, 1H, JZ15.6 Hz), 5.98 (t, 1H, JZ5.6 Hz),
4.60 (d, 2H, JZ5.6 Hz), 3.84 (s, 6H), 2.44 (s, 6H). IR (KBr):
nZ3283 (b), 2934, 1676 (s), 1615, 1239, 1047, 741. HRMS
(EI): calcd for C31H30N2O3 [MC] 478.2256; found
478.2266. TLC (Rf)Z0.33 (35% EtOAc/hexanes)
6.2.10. Compound 15. Procedure as for 1. Pale yellow
viscous oil, 90%. 1H NMR (400 MHz, CD3CN): dZ7.89 (t,
1H, JZ7.6 Hz), 7.57 (s, 2H), 7.54 (m, 4H), 7.42 (m, 4H),
4.62 (s, 4H), 3.49–3.39 (m, 8H), 3.23 (s, 6H). 13C NMR
(100 MHz, CDCl3): dZ158.28, 140.10, 136.50, 135.99,
129.92, 129.00, 128.39, 127.59, 122.23, 71.86, 71.11, 69.41,
58.96. IR (neat): nZ2895, 1731, 1579, 1442, 1107. HRMS
(EI): calcd for C25H29NO4 [MC] 407.2097; found 407.2086.
TLC (Rf)Z0.30 (30% acetone/hexanes).
6.2.11. Compound 16. DiBAlH (5.43 mL, 1.0 M in
hexanes, 5.43 mmol, 3.00 equiv) was added dropwise to a
solution of methyl ester 10 (0.656 g, 1.81 mmol, 1 equiv) in
THF (10 mL) at K78 8C. After stirring for 5 min at K78 8C,
the reaction mixture was warmed to room temperature and
quenched by the addition of methanol (w2.5 mL), followed
by H2O (40 mL). After stirring for 10 min, the reaction was
extracted with EtOAc (3!40 mL) and the combined
organic extracts washed with saturated NaCl (1!25 mL).
The organic phase was dried over Na2SO4 and was
concentrated. Purification by flash column chromatography
(30% EtOAc/hexanes) provided 0.56 g (1.61 mmol, 89%)
of 16 as a white solid, mp 149–151 8C. 1H NMR (CDCl3):
dZ7.34 (dd, 2H, JZ0.8, 8.4 Hz), 7.18 (s, 2H), m (6.77, 4H),
4.62 (d, 2H, JZ4.4 Hz), 3.84 (s, 6 h), 2.75 (b, 1H), 2.38 (s,
6H). 13C NMR (CDCl3): dZ159.13, 158.92, 150.25,
137.27, 133.22, 130.95, 119.01, 115.85, 110.99, 63.55,
55.25, 21.04. IR (KBr): nZ3214 (b), 2934, 2838, 1606,
1457, 1300. HRMS (EI): calcd for C22H23NO3 [MC]
349.1678; found 349.1665. TLC (Rf)Z0.15 (30% EtOAc/
hexanes).
6.2.12. Compound 17. DMSO (0.25 mL, 3.50 mmol,
2.40 equiv) was added to oxalyl chloride (0.25 mL,
2.90 mmol, 2.00 equiv) in CH2Cl2 (15 mL) at K78 8C.
After stirring for 5 min, alcohol 16 (0.51 g, 1.45 mmol,
1 equiv) in CH2Cl2 (2.5 mL) was added via syringe and
the reaction stirred for 5 min at K78 8C. Triethylamine
(1.01 mL, 7.25 mmol, 5.00 equiv) was then added and the
reaction warmed to room temperature. Upon warming, the
solution was diluted with CH2Cl2 (50 mL) and washed with
H2O (2!50 mL) and saturated NaCl (1!25 mL). The
organic phase was dried over Na2SO4 and was concentrated.
Purification by flash column chromatography (25% EtOAc/
hexanes) provided 0.474 g (1.37 mmol, 94%) of a viscous
yellow oil. 1H NMR (CDCl3): dZ10.15 (s, 1H), 7.71 (s,
2H), 7.46 (d, 2H, JZ9.2 Hz), 6.85 (m, 4H), 3.86 (s, 6H),
2.45 (s, 6H). 13C NMR (CDCl3): dZ191.77, 160.52, 159.61,
142.10, 137.47, 132.21, 131.18, 119.91, 116.18, 111.32,
55.31, 21.20. IR (neat): nZ2969, 2838, 2733, 1711 (s),
1606, 1239, 1178, 1047. HRMS (EI): calcd for C22H20NO3
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[(MKH)C] 346.1443; found 346.1444. TLC (Rf)Z0.47
(30% EtOAc/hexanes).

6.2.13. Compound 18. Aldehyde 19 (0.046 g, 0.132 mmol,
1 equiv) and triethylphosphonoacetate (0.033 mL,
0.165 mmol, 1.25 equiv) was suspended in THF (5 mL)
and cooled to 0 8C. KOtBu (0.165 mL, 1.0 M in THF,
0.165 mmol, 1.25 equiv) was added via syringe and the
reaction stirred for 10 min at 0 8C. Upon warming to room
temperature, the solution was diluted with EtOAc (30 mL)
and washed with H2O (2!25 mL) and saturated NaCl (1!
15 mL). The organic phase was dried over Na2SO4 and was
concentrated. Purification by flash column chromatography
(25% EtOAc/hexanes) provided 0.055 g (0.132 mmol,
100%) of a highly viscous green/yellow oil. 1H NMR
(CDCl3):dZ7.69 (d, 1H, JZ15.6 Hz), 7.41 (d, 2H, JZ9.2 Hz),
7.38 (s, 2H), 6.83 (m, 4H), 6.64 (d, 1H, JZ16.0 Hz), 4.30
(q, 2H, JZ6.8 Hz), 3.85 (s, 6H), 2.46 (s, 6H), 1.37 (t, 3H,
JZ6.8 Hz). 13C NMR (CDCl3): dZ165.97, 159.82, 159.36,
142.22, 141.73, 137.33, 132.80, 131.00, 122.27, 119.61,
116.02, 111.16, 60.92, 55.28, 21.11, 14.39. IR (neat):
nZ2960, 2838, 1711 (s), 1606, 1239, 1178, 1047. HRMS
(MALDI): calcd for C26H28NO4 [(MKH)C] 418.2018;
found 418.2024. TLC (Rf)Z0.37 (25% EtOAc/hexanes).

6.2.14. Compound 19. Ester 18 (0.115 g, 0.275 mmol,
1 equiv) was suspended in THF (4 mL), LiOH$2H2O
(0.017 g, in 1.0 mL of H2O, 0.413 mmol, 1.50 equiv) was
added and the reaction stirred for 30 min at 23 8C. The
reaction mixture was neutralized by the addition of 1 M HCl
(0.413 mL, 0.413 mmol, 1.50 equiv) and extracted with
CH2Cl2 (3!25 mL). The organic phase was dried over
Na2SO4 and was concentrated to afford 0.091 g
(0.234 mmol, 85%) of a pure yellow solid. 1H NMR
(CDCl3):dZ7.78 (d, 1H, JZ16.4 Hz), 7.42 (d, 2H, JZ9.2 Hz),
7.39 (s, 2H), 6.83 (m, 4H), 6.65 (d, 1H, JZ16.0 Hz), 3.85 (s,
6H), 2.46 (s, 6H). 13C NMR (CDCl3): dZ170.58, 159.96,
159.48, 144.43, 141.42, 137.39, 132.61, 131.03, 121.51,
119.85, 116.08, 111.23, 55.32, 21.10. IR (KBr): nZ2934,
2838, 2593, 1711, 1615, 1291, 1248, 1047. HRMS
(MALDI): calcd for C24H24NO4 [(MKH)C] 390.1705;
found 390.1684.

6.2.15. Compound 20. 2-Bromo-5-methoxytoluene (5.00 g,
24.00 mmol, 1 equiv), N-bromosuccinimide (5.13 g,
28.8 mmol, 1.20 equiv), and AIBN (0.08 g, 0.48 mmol,
0.02 equiv) was suspended in benzene (100 mL). The
reaction mixture was heated to reflux for 1 h and then
cooled to 23 8C. The resulting mixture was filtered and the
filtrate was diluted with diethyl ether (75 mL) and washed
with H2O (2!100 mL) and saturated NaCl (1!50 mL).
The organic phase was dried over Na2SO4 and was
concentrated. The crude solid was triturated with diethyl
ether/hexanes (1:4) and filtered to yield 5.50 g (19.60 mmol,
86%) of a white solid, mp 80–82 8C. 1H NMR (400 MHz,
CDCl3): dZ7.45 (d, 1H, JZ8.8 Hz), 6.99 (d, 1H, JZ3.2 Hz),
6.74 (dd, 1H JZ2.8, 8.8 Hz), 4.55 (s, 2H), 3.80 (s, 3H). IR
(KBr): nZ2943, 2847, 1483, 1291, 1256, 1012, 811. TLC
(Rf)Z0.58 (10% EtOAc/hexanes).

6.2.16. Compound 21. 2-Methoxyethanol (1.13 mL,
14.30 mmol, 2.00 equiv) was added dropwise to a solution
of NaH (0.8, 60% w/w in mineral oil, 21.40 mmol,
3.00 equiv) in THF (50 mL) at 0 8C. After stirring for
10 min, benzyl bromide 20 (2.00 g, 7.14 mmol, 1 equiv) in
THF (3.0 mL) was added via syringe. The reaction mixture
was warmed to RT and stirred for 18 h. The solvent was
removed on the rotary evaporator and the residue dissolved
in diethyl ether (50 mL), which was subsequently washed
with H2O (2!50 mL) and saturated NaCl (1!25 mL). The
organic phase was dried over Na2SO4 and was concentrated.
Purification by flash column chromatography (25% EtOAc/
hexanes) provided 1.56 g (5.67 mmol, 80%) of a clear oil.
1H NMR (400 MHz, CDCl3): dZ7.40 (d, 1H, JZ8.8 Hz),
7.10 (d, 1H, JZ3.2 Hz), 6.70 (dd, 1H, JZ8.8, 3.2 Hz), 4.60
(s, 2H), 3.80 (s, 3H), 3.71 (m, 2H), 3.62 (m, 2H), 3.42 (s,
3H). 13C NMR (100 MHz, CDCl3): dZ158.79, 138.30,
132.72, 114.56, 113.92, 112.40, 72.24, 71.79, 69.92, 59.08,
55.41. IR (neat): nZ2890, 1580, 1475, 1291, 1108. HRMS
(MALDI): calcd for C11H15O3 [(MKNaC)] 297.0097;
found 297.0094. TLC (Rf)Z0.25 (10% EtOAc/hexanes).

6.2.17. Compound 22. n-BuLi (5.40 mL, 1.6 M solution in
hexanes, 8.60 mmol, 1.20 equiv) was added dropwise to a
solution of aryl bromide 21 (1.96 g, 7.14 mmol, 1 equiv) in
THF (50 mL) at K78 8C, and the resulting solution stirred
for 5 min. Triisopropyl borate (2.16 mL, 9.30 mmol,
1.30 equiv) was added via syringe and the flask warmed
to RT. The majority (w75%) of the solvent was removed
with the rotary evaporator and 1 M HCl (50 mL) was added
and the resulting solution was stirred for 4 h. The mixture
was extracted with ether (3!33 mL) and the combined
organic fractions were extracted with 1 M NaOH (3!
15 mL). The aqueous extracts were combined and neutral-
ized with HCl (conc.) until acidic to litmus. The aqueous
layer was then extracted with EtOAc (3!33 mL) and the
combined organic phases were dried over Na2SO4 and
concentrated. This produced a colorless oil (1.20 g,
5.00 mmol, 70%) that hardened upon standing. This
material was used in subsequent reactions without further
purification. 1H NMR (400 MHz, CDCl3): dZ7.88 (d, 1H,
JZ8.4 Hz), 6.89 (dd, 1H, JZ8.4, 2.4 Hz), 6.81 (d, 1H,
JZ2.4 Hz), 6.27 (b, 2H), 4.63 (s, 2H), 3.83 (s, 3H), 3.65 (m,
2H), 3.55 (m, 2H), 3.37 (s, 3H). IR (KBr): nZ3362 (b),
2917, 1606, 1370, 1265, 1073.

6.2.18. Compound 23. Procedure as for 1 except 22 was
used as the boronic acid, PtBu3 in THF as the phosphine and
CsF as the base. Colorless oil, 52%. 1H NMR (400 MHz,
CDCl3): dZ7.99 (s, 2H), 7.54 (d, 2H, JZ8.4 Hz), 7.20 (d,
2H, JZ2.8 Hz), 6.93 (dd, 2H, JZ2.8, 8.4 Hz), 4.72 (s, 4H),
3.98 (s, 3H), 3.87 (s, 6H), 3.57–3.54 (m, 8H), 3.35 (s, 6H).
13C NMR (100 MHz, CDCl3): dZ165.83, 160.12, 159.22,
142.50, 137.73, 131.55, 131.42, 120.07, 114.26, 113.45,
71.85, 71.40, 69.61, 59.17, 55.42, 52.73. IR (neat): nZ2890,
1737 (s), 1606, 1248, 1099. HRMS (MALDI): calcd for
C29H36NO8 [(MCH)C] 548.2255; found 548.2271. TLC
(Rf)Z0.20 (45% EtOAc/hexanes).

6.2.19. Compound 23. Procedure as for 16. Colorless oil,
99%. 1H NMR (400 MHz, CDCl3):dZ7.57 (d, 2H,JZ8.4 Hz),
7.55 (s, 2H), 7.12 (d, 2H, JZ2.4 Hz), 6.93 (dd, 2H, JZ2.4,
8.4 Hz), 4.72 (d, 2H, JZ6.8 Hz), 4.61 (s, 4H), 3.91 (b, 1H),
3.86 (s, 6H), 3.65–3.60 (m, 8H), 3.40 (s, 6H). 13C NMR
(100 MHz, CDCl3): dZ159.53, 157.65, 150.80, 136.88,
133.21, 131.36, 119.64, 114.47, 113.59, 72.08, 71.60, 69.60,
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63.99, 59.12, 55.41. IR (neat): nZ3441 (b), 2908, 1606,
1431, 1239, 1082, 872. HRMS (MALDI): calcd for
C28H36NO7 [(MKH)C] 498.2486; found 498.2475. TLC
(Rf)Z0.19 (60% THF/hexanes).

6.2.20. Compound 24. Procedure as for 17. Colorless oil,
90%. 1H NMR (400 MHz, CDCl3): dZ10.18 (s, 1H), 7.93
(s, 2H), 7.58 (d, 2H, JZ8.4 Hz), 7.18 (d, 2H, JZ2.8 Hz),
6.95 (dd, 2H, JZ2.8, 8.4 Hz), 4.69 (s, 4H), 3.88 (s, 6H),
3.61–3.54 (m, 8H), 3.36 (s, 6H). 13C NMR (100 MHz,
CDCl3): dZ192.30, 159.98, 159.32, 142.51, 137.62,
131.64, 131.39, 120.06, 114.26, 113.48, 71.89, 71.36,
69.63, 59.08, 55.45. IR (neat): nZ2908, 1711 (s), 1615,
1553, 1248, 1099, 889. HRMS (MALDI): calcd for
C28H34NO7 [(MKH)C] 496.2330; found 496.2318. TLC
(Rf)Z0.33 (35% EtOAc/hexanes).

6.2.21. Compound 25. A suspension of methyl triphenyl-
phosphonium iodide (0.175 g, 0.433 mmol, 2.90 equiv) in
THF (5 mL) was cooled to 0 8C. n-BuLi (0.271 mL, 1.60 M
in hexanes, 0.433 mmol, 2.90 equiv) was added via syringe
and the mixture stirred for 30 min. Aldehyde 24 (0.075 g,
0.151 mmol, 1 equiv) in THF (1 mL) was added via syringe
and the reaction stirred for an additional 30 min. The
reaction was warmed to RT and stirred for 5 h. The solution
was diluted with CH2Cl2 (20 mL) and washed with H2O
(2!25 mL) and saturated NaCl (1!10 mL). The organic
phase was dried over Na2SO4 and was concentrated.
Purification by flash column chromatography (45%
EtOAc/hexanes) afforded 0.045 g (0.091 mmol, 60%) of
25 as a pale yellow viscous oil. 1H NMR (400 MHz,
CDCl3): dZ7.50 (d, 2H, JZ8.4 Hz), 7.44 (s, 2H), 7.18 (d,
2H, JZ2.4 Hz), 6.91 (dd, 2H, JZ2.4, 8.4 Hz), 6.77 (dd, 1H,
JZ11.2, 17.6 Hz), 6.06 (d, 1H, JZ17.6 Hz), 5.51 (d, 1H,
JZ11.2 Hz), 4.71 (s, 4H), 3.86 (s, 6H), 3.60–3.52 (m, 8H),
3.36 (s, 6H). 13C NMR (100 MHz, CDCl3): dZ159.55,
158.17, 145.12, 137.51, 135.06, 132.58, 131.10, 118.79,
118.31, 113.62, 113.21, 71.89, 71.19, 69.50, 59.05, 55.39.
IR (neat): nZ2882, 1597, 1501, 1248, 1099, 1038, 881, 811.
HRMS (MALDI): calcd for C29H36NO6 [(MKH)C]
494.2537; found 494.2560. TLC (Rf)Z0.20 (35% EtOAc/
hexanes).
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Abstract—Hexaphyrin(1.0.1.0.0.0) (isoamethyrin) undergoes a significant color change in the presence of UO2
2C, PuO2

2C, and
NpO2

2C. The complexation of the first of these dioxo actinide cations was studied in semi-quantitative fashion in 1:1 MeOH–
CH2Cl2. Under these conditions, the detection limit for UO2

2C was found to be ca. 5.8 ppm by naked eye monitoring and !28 ppb by UV–vis
spectroscopy. Isoamethyrin does not undergo a color change in the presence of most transition metals or when exposed to Gd(III). Isoamethyrin
thus constitutes an attractive alternative to 2,20(1,8-dihydroxy-3,6-disulfonaphthylene-2,7-bisazo)-bisbenzenarsonic acid (AzIII) and 2-(5-bromo-
2-pyridylazo)-5-(diethylamino)phenol (BrPADAP), systems currently used as actinide cation sensors.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Nuclear weapon production and the use of nuclear
electricity have created a high amount of enriched uranium
and plutonium worldwide. Weapons programs in the United
States and Russia for instance, have led to the production of
nearly 200 metric tons of purified plutonium.1 Likewise,
nuclear energy production, accounting for 25–30% of the
world’s electrical power supply, has generated something in
the order of 7000 metric tons of plutonium and uranium,
with a large portion of it as spent reactor fuel.1 In addition to
any concerns associated with stockpiling and transporting
this radioactive material, the prospects for nuclear weapons
smuggling between countries, arms proliferation and the
threat of a ‘dirty bomb’ has made the possibility of uranium
or plutonium being released into the environment a
frightening possibility. In the event of a spill or an accident,
a fast, easy, and accurate method of uranium and plutonium
detection would be beneficial. At present, detection of
plutonium and uranium is mainly effected via a-scintillation
counting methods. However, these techniques rely on
instrumentation, such as Geiger counters, that may not be
suitable in certain situations. Hence, a colorimetric sensor
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.055
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system based on chemical principles is expected to be
particularly useful. It could provide an easily deployable
alternative to more conventional scintillation counting
based approaches, provided it showed little in the way of
false positives due to other species. Currently, such a sensor
does not exist, although two generalized metal sensing
systems, 2,2 0-(1,8-dihydroxy-3,6-disulfonaphtylene-2,7-
bisazo)-bisbenzenarsonic acid (AzIII)2,3 and 2-(5-bromo-
2-pyridylazo)-5-(diethylamino)phenol (BrPADAP)4,5 have
been used to sense uranyl and plutonyl. While both dyes,
AzIII and BrPADAP, display relatively low limits of UO2

2C

detection (46 ppb for AzIII2 and 200 ppb for BrPADAP4 in
aqueous media and ethanol, respectively, at a standard O3:1
UV–vis spectroscopic signal-to-noise level), both suffer from
drawbacks that do not make them ideal candidates for actinide
detection.
Tetrahedron 60 (2004) 11089–11097



Figure 1. Color change seen upon addition of uranyl acetate to solutions of
isoamethyrin. Left: acid salt of isoamethyrin; Middle: after addition of
10 equiv Et3N; Right: UO2

2C complex. Both solutions (UO2
2C and

isoamethyrin) were made up using a 3:4 (v/v) mixture of methanol and
dichloromethane.
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For instance, AzIII has a low selectivity for the actinides and
displays similar molar absorptivities for Th(IV) and the
trivalent lanthanides. In fact, it has a lower detection limit
for the lanthanides (20 ppb with Gd(III)) than for UO2

2C.
This is problematic since the lighter lanthanides are
produced in fission events.6 Thus, to avoid detection of
the lanthanides rather than actinides, under simple ‘field
use’ conditions, a pre-purification step to remove the
lanthanides is necessary.2 BrPADAP also complexes
Th(IV) strongly and displays reduced detection accuracy
for uranium and plutonium in the presence of Th(IV).4 Also,
this dye is not water-soluble and gives rise to only a very
slight color change upon metal complexation. Clearly, there
exists a need for better actinide-sensing dyes. Such
improvements could come from an increased understanding
of the chemistry of the actinides.

As a result of 50 years of study, a significant amount has
been discovered about the chemistry of the actinides, even
though much of the chemistry remains far from understood.
Upon exposure to air, for instance, U commonly forms the
(VI) dioxo cation (uranyl, UO2

2C), while Pu prefers the IV,
V or VI oxidation state, with the latter being mobile in
water.7 Thus, an efficient sensor must be able to ‘sense’
these dioxo, or ‘yl’ cations. It is known that the actinides,
hard Lewis acids, interact strongly with hard donor atoms
such as O or F, but interact in a more covalent fashion with
softer donor atoms such as N, S and Cl.8,9 By exploiting the
weaker interaction produced with nitrogen, we have been
able to characterize a number of expanded porphyrin-
actinide complexes.10–12 Some of these expanded porphyrin
complexes displayed dramatic color changes upon com-
plexation of the metal, with hexaphyrin(1.0.1.0.0.0) (‘iso-
isoamethyrin’; 1) producing the most dramatic change.

This impressive color change came as no surprise to us as
porphyrins and expanded porphyirns are known for the
range of colors their complexes produce. Indeed, since the
early 1990’s metalloporphyrins have been employed as part
of arrays designed to act as ‘electronic noses’ and
‘electronic tongues’. In the context of this work, they have
demonstrated their utility in the detection of numerous
analytes.13,14 Most notably, Rakow and Suslick have used
metalloporphyrin dyes to detect vapors ranging from
alcohols to phosphates to halocarbons.13 Also, Di Natalie
and co-workers have demonstrated the utility of metallo-
porphyrins in analytical applications ranging from food
freshness14a,b to wine.14c However, metal cations have
remained relatively unexplored as targeted analytes in the
porphyrin-based sensor field. This is especially true for the
actinides.

Figure 1 shows the color change observed when uranium is
added to isoamethyrin. In this particular system, it was
observed that the molar absorptivity increases roughly by a
factor of five upon addition of this metal cation.11 This has
led us to consider that this species could serve as an
excellent actinide sensor. In this paper, we report the results
of studies that provide support for this hypothesis. In
particular, we show that isoamethyrin allows for the so-
called naked eye detection of the uranyl, neptunyl, and
plutonyl cations under appropriately chosen solution phase
conditions. We also report the result of more quantitative
studies carried out in 95:5 MeOH–CH2Cl2 (v/v) in the
presence of the uranyl cation that have allowed the dynamic
range of this prospective sensor system to be assessed.
2. Results and discussion

2.1. Qualitative analysis

Previously, we have characterized the interactions of
isoamethyrin with uranyl (UO2

2C), neptunyl (NpO2
2C)

and plutonyl (PuO2
2C) and reported the solid state

crystal structures of the uranyl and neptunyl complexes
as proof of complex formation.11,12 It was also reported
that the acid salt of isoamethyrin exhibits three Soret-
like bands 384 nm (3Z24,000 dm3 molK1 cmK1),
497 nm (3Z59,000 dm3 molK1 cmK1) and 597 nm (3Z
25,000 dm3 molK1 cmK1). Upon complexation with
uranium, the macrocycle undergoes spontaneous oxidation.
This results in a change in the overall electronic structure
from antiaromatic to aromatic (Scheme 1). This process,
which is believed to be air based, causes a significant change
in the UV–vis spectra. In particular, one sharp, Soret-like
transition at 530 nm (3Z330,000 dm3 molK1 cmK1) and
two smaller Q-like bands at 791 nm (3Z56,000 dm3 molK1

cmK1) and 832 nm (3Z81,000 dm3 molK1 cmK1) are seen
for the uranyl complex (2). The intensity (molar absorptiv-
ity) of the single Soret-like band in the uranium complex
increases by a factor of 5 when compared with the acid salt
of isoamethyrin. The free base form of isoamethyrin, the
species that coordinates uranyl cation, has been found to
have a molar absorptivity of 50,000 dm3 molK1 cmK1

(472 nm), which is more than six times lower than that of
the uranyl complex. This sharp difference has engendered
the present study, leading us, in particular, to suggest that
it could be used to detect actinide complexation, both by
UV–vis spectroscopy and, more importantly, the naked eye.

As might be expected, similar color changes are observed
when the Np(VI) or Pu(VI) cations are added to 1:1 (v/v)
MeOH–CH2Cl2 solutions of isoamethyrin, as shown in
Figure 2. Unfortunately, as a result of limitations associated
with highly radioactive species, we were not able to obtain
molar absorptivities of these complexes. On the other hand,



Scheme 1. Addition of uranyl acetate to hexaphyrin(1.0.1.0.0.0) and subsequent oxidation of the ring.

Figure 2. Color change seen upon addition of NpO2
2C and PuO2

2C to solutions of isoamethyrin. Far left: acid salt of isoamethyrin; 2nd from left: solution after
addition of 10 equiv Et3N 3rd from left: after the further addition of plutonyl chloride; Far right: after addition of neptunyl chloride to a solution of isoamethyrin
containing Et3N. All solutions consist of 1:1 (v/v) methanol–dichloromethane.
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it was noted that complexation was extremely facile. In
particular, while the U(VI) complex requires about 24 h to
show a significant color change, the addition of Pu(VI) or
Np(VI) to a solution of isoamethyrin and Et3N induces an
instant color change, producing essentially the same rose
color seen in the case of the uranium–isoamethyrin
complex.

For storage and stability, the plutonyl and neptunyl species
were stored as the chloride salts in 1 M HClO4. The plutonyl
salt was used in the form of a 0.2 M solution while the
neptunyl salt was available as a 0.3 M solution. It is believed
that the isoamethyrin system is pH sensitive, coordinating
cations effectively only at higher pH. Since we were forced
to add plutonyl and neptunyl salts at a pH of 0, more than
10 equiv of Et3N were added to these solutions. Despite the
lower pH, both the neptunyl and plutonyl complexes form
immediately upon addition of the metal, further supporting
the assertion that isoamethyrin may serve as an actinide
sensor.

The increased rate of colorimetric response (and presum-
ably complexation) has been attributed to the fact that
neptunyl and plutonyl cations are stable in the (V) oxidation
state, while the (VI) state is preferred in the case of uranyl.15

It is believed that upon addition of the metal, the Np(VI) and
Pu(VI) ‘yl’ cations are readily reduced to the corresponding
(V) oxidation state, thus facilitating oxidation of the
isoamethyrin ligand, either in a stoichiometric or catalytic
sense (i.e. by shuttling between the (VI) and (V) oxidation
state). Consistent with this hypothesis is the finding that
although it is the Np(V) complex that is obtained regardless
of the oxidation state of the metal before addition (V or
VI)12 the rates of metal complex formation differ. In the
case of the uranyl, such a presumed metal cation redox
enhanced insertion process is not possible and oxidation of
the ring most likely occurs via direct air-based oxidation.
This, it is proposed, results in a slower overall reaction time.

2.2. Quantitative analysis

2.2.1. Interactions of isoamethyrin with uranyl acetate.
In an attempt to understand isoamethyrin better and to
compare it to previously reported actinide sensors, we set
out to determine an effective ‘dynamic range’ associated
with the formation of its actinide complexes. Due to the
limitations inherent when working with radioactive
material, such as neptunyl and plutonyl, the associated
quantitative studies (see below) were made using depleted
uranium acetate, which can be easily studied on the
benchtop.

Prior to analyzing in detail the uranyl–isoamethyrin
complex and its formation, the stability of the macrocycle
itself was investigated. It has been shown that the uranyl
complex may exist for many weeks in solution without
decomposition,11 and when the macrocycle exists as the
acid salt (containing two HCl molecules in its core) a similar
stability has been observed. However, as inspection of
Figure 3 reveals, this is not the case for the free base form of
isoamethyrin. In fact, slow decomposition occurs over 5
days as judged from a bleaching of the UV–vis



Figure 3. Changes in the UV–vis spectral features of a solution of free-base isoamethyrin (2.0!10K5 M) that occur over time. The isoamethyrin solution in
question was made up in methanol–dichloromethane 95:5 (v/v) and contained 4 equiv of Et3N. It was stored in the dark when not being subject to UV–vis
spectral analysis.
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spectroscopic features. Unfortunately, since it is the free
base form of isoamethyrin that complexes the uranyl cation,
any metal insertion reaction requiring more than 1 day to
complete has to be considered against a ‘background’ of
possible macrocycle decomposition. Evidence for such a
competition may be seen by comparing Figures 4 and 5.

As can be seen from Figure 4, the addition of 0.5 equiv of
uranyl acetate dihydrate to a solution of 1 leads to formation
of the uranyl-complexed isoamethyrin, as is evidenced by
the slight red shift in the Soret band from 473 to 525 nm, as
well as the growth of a Q-like band at 830 nm. However,
Figure 4. Changes in the UV–vis spectral features of a solution of isoamethyrin co
isoamethyrin solution in question was made up in methanol–dichloromethane 95:5
subject to UV–vis spectral analysis. The isoamethyrin concentration is 2.0!10K
these spectral changes are also accompanied by decompo-
sition, as is evidenced by the bleaching of the Soret band.
The extinction coefficient of the uranyl–isoamethyrin
complex is 6 times greater than that of the free base
aromatic form of isoamethyrin (3Z330,000 vs.
52,000 dm3 molK1 cmK1). For this reason, a growth in the
Soret band intensity is expected to accompany complexa-
tion. This is in fact observed in the presence of 3 (as opposed
to 0.5) equiv of uranyl acetate (Fig. 5). In this case, not only
is the intensity of the Soret band increased, a new Q-like
band is seen to grow in that is nearly three times as large as
that seen in the presence of 0.5 equiv (3Z18,000 vs.
ntaining 0.5 equiv uranyl acetate observed over the course of six days. The
(v/v) and contained 4 equiv of Et3N. It was stored in the dark when not being
5 M and the uranyl concentration is 1.0!10K5 M.



Figure 5. Changes in the UV–vis spectral features of a solution of isoamethyrin containing 3 equiv of uranyl acetate as observed over the course of six days.
The isoamethyrin solution in question was made up in methanol–dichloromethane 95:5 (v/v) and contained 4 equiv of Et3N. It was stored in the dark when not
being subject to UV–vis spectral analysis. The isoamethyrin concentration is 2.0!10K5 M and the uranyl concentration is 6.0!10K5 M. The molar
absorbtivity (3) is in units of dm3 molK1 cmK1.
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6500 dm3 molK1 cmK1). This confirms, as expected, that
more of the uranyl–isoamethyrin complex is formed in the
presence of an increased uranyl cation concentration.

2.2.2. Dynamic range of uranyl detection. In order to
identify the dynamic range for uranium detection by naked-
eye-detectable visual response, titrations of the uranyl
cation into an isoamethyrin solution were carried out; the
results are shown in Figure 6. Both the Soret and Q-like
bands increase with increasing concentrations of uranium.
For this experiment, an isoamethyrin concentration of
Figure 6. Growth of the Soret and Q-like bands with increasing equivalents of uran
dichloromethane 95:5 (v/v) and contained 4 equiv of Et3N. Twenty-four individu
subject to UV–vis spectral analysis. The isoamethyrin concentration remained c
concentration was increased from 0 to 17 equiv, with the specific concentrations be
8.64!10K6, 1.12!10K5, 1.63!10K5, 2.13!10K5, 2.75!10K5, 3.36!10
1.00!10K4, 1.20!10K4, 1.45!10K4, 1.69!10K4, 1.96!10K4, 2.26!10K
1.69!10K5 M was chosen so as to produce a solution
with an absorptivity (1 cm cuvette) that was optimal for
UV–vis spectroscopic study. As can be seen from an
inspection of Figure 6, significant changes were seen in both
the Soret and Q-band regions. While the first of these bands
is more intense and hence more sensitive to uranium
concentration, it does not allow for a unique determination
since it appears at the same wavelength in the case of both
the complexed and uncomplexed forms, albeit at different
molar absorptivities. The Q-like band, however, only
appears when uranyl is present, and, based on independent
yl acetate. The isoamethyrin solution in question was made up in methanol–
al samples were made up and stored in the dark for 1 week before being
onstant at 1.686!10K5 M. Over the course of this ‘titration’, the uranyl
ing: 0 M, 8.71!10K7, 1.74!10K6, 2.61!10K6, 4.34!10K6, 6.06!10K6,
K5, 4.15!10K5, 4.94!10K5, 6.09!10K5, 7.20!10K5, 8.64!10K5,
4, 2.58!10K4 and 2.91!10K4 M.



Figure 7. Color change observed in the presence of varying concentrations of uranyl acetate. The solutions in question have an isoamethyrin concentration of
1.686!10K5 M and contain 4 equiv of Et3N; they were made up in methanol–dichloromethane 95:5 (v/v). The vials were stored in the dark for 9 days before
the photo. The uranyl cation concentrations in the vials shown, labeled 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, and 14, were 4.34!10K6, 6.06!10K6, 8.64!10K6,
1.12!10K5, 1.63!10K5, 2.13!10K5, 2.75!10K5, 3.36!10K5, 4.16!10K5, 4.94!10K5 and 6.09!10K5, respectively.
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synthesis and characterization,11 is believed to indicate
complexation of uranyl by the oxidized form of iso-
amethyrin. An easily discernible change in the Q-like
band occurs after the addition of 0.1 equiv of uranyl have
been added, or at a concentration of 1.74!10K6 M UO2

2C.
At a uranyl concentration of 7.2!10K5 M uranyl, or after
roughly 4.3 equiv have been added, the spectral changes are
maximal. Adding additional uranyl acetate does not
increase the height of the Q-like band, leading us to suggest
that under these conditions the equilibrium between the
complexed and uncomplexed species now fully favors the
uranyl complex. Therefore, the dynamic range for com-
plexation of uranium can be set at 0.1–4.3 equiv uranyl. For
isoamethyrin at a concentration of 1.69!10K5 M, this
translates to a dynamic range of 1.74!10K6 M through
7.2!10K5 M uranyl, or a detection limit of 2.3 ppm, as
judged by UV–vis spectroscopic analysis at this wave-
length. If the Soret band (3Z330,000) is used instead of the
Q-like band, and a O10:1 signal-to-noise detection standard
is applied, an isoamethyrin concentration as low as 1.02!
10K7 M produces a response in the presence of 1 equiv of
UO2

2C. This translates to a UV–vis spectroscopic detection
of 27.5 ppb. However, if the current, more ‘favorable’ O3:1
signal-to-noise detection standard used by others2 is
applied, a detection limit approaching 9 ppb could be
expected.
Figure 8. (a) Picture of the color change observed upon the addition of uranyl catio
and the vial on the right shows an equivalent solution after the addition of 1.4 equi
recording the photographs. The isoamethyrin concentration is 5.012!10K6 M in
absorbance at 524 nm observed with time after the addition of 1.4 equiv uranyl
dichloromethane 95:5 (v/v) and contained 4 equiv of Et3N. It was stored in the d
As would be anticipated, detection by the naked eye is less
sensitive, and a color change, indicating the formation of the
complexed species, is not seen until roughly 1.3 equiv of
uranium have been added, or for an isoamethyrin concen-
tration of 1.686!10K5 M in methanol–dichloromethane
95:5 (v/v) containing 4 equiv of Et3N, 2.13!10K5 M in
UO2

2C, yielding an uranyl detection limit of roughly
5.8 ppm. This color change can be seen in Figure 7,
between vials 8 and 9.

To test further the limits of detection, a solution of
isoamethyrin with an absorbance of 0.1 (1 cm cuvette)
was prepared. This solution, at a concentration of 5.012!
10K6 M, is a barely visible peach color. With the addition of
1.4 equiv of uranyl acetate (6.785!10K6 M or 1.8 ppm) in
the same solvent mixture, a pink hue first becomes evident
within a day and then more so over time, as shown in
Figure 8a.

Figure 8b shows the growth in the Soret band observed over
time (indicating complex formation). While it would be
difficult to detect uranium with the naked eye at any lower
isoamethyrin concentrations, the use of a standard UV–vis
spectrophotometer as above is expected to permit much
lower concentrations to be detected. In any event, as would
be expected, more dilute samples were found to slow the
n to isoamethyrin. The vial on left shows the free-base form of isoamethyrin
v of uranyl acetate. The solutions were stored in the dark for 6 days prior to
both cases and the uranyl concentration is 6.785!10K6 M. (b) Increase in
acetate. The isoamethyrin solution in question was made up in methanol–
ark when not being subject to UV–vis spectral analysis.



Table 1. Reactivity of isoamethyrin with metal salts

Metal Equivalents Color lmax
a ESI-MS

UO2
2C 2 Pink 530, 791, 832 Yes

Cu(II) 2 Pink 494, 525, 800, 880 Possibleb

Gd(III) 2 Orange 497, 719 No
Zn(II) 2 Orange 497, 719 No
Cd(II) 2 Orange 490, 836 (br) Yes
Mn(II) 2 Brown/orange 500 Yes
Ni(II) 2 Orange 493, 749 (br), 979 (br) Slight
Ce(IV) 10 Purple 527, 438 No
Cr(VI) 20 Orange 356 Possibleb

Fe(III) 10 Orange 433 No
Mg(II) 2 Purple/brown 394, 488, 956 No
La(III) 2 Red/brown 485, 956 No
Sm(III) 2 Purple/pink 493 No
Pb(IV) 2 Red 498, 811 (br) Yes

a All UV–vis spectra were recorded in 95:5 (v/v) MeOH–CH2Cl2.
b In the case of Cu(II) and Cr(VI), a high degree of fragmentation accompanied the peak assumed to represent an isoamethyrin complex containing one copper

or chromium atom.
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complexation process. As can be inferred from an inspec-
tion of Figure 8b, complexation appears complete after
roughly 65 h. However, at higher concentrations of
isoamethryin, regardless of the uranyl concentration,
formation of the uranyl–isoamethyrin complex appears
complete after only 24 h, as judged by the absence of further
time-dependent spectral changes.
2.2.3. Isoamethyrin complexation with other metals. In
order to assess more fully the ability of isoamethyrin to
serve as an actinide sensor, the spectroscopic changes (if
any) produced by other cations were briefly investigated.
Complexation was determined by UV–vis spectroscopic
and ESI-mass spectrometric analysis. A range of transition
metals was chosen. In addition the lanthanide species
Ce(IV), Sm(III), La(III) and Gd(III), were tested, since these
cations are known to compete with other actinide sensors.2–5

The observed color changes, lmax values, and ESI results are
presented in Table 1. As a quick assessment, a large excess
of the metal was added to solution of isoamethyrin. The
metal cations that induced a color change or produced any
sign of complexation as judged from ESI-MS analysis were
taken and subject to a more precise study wherein 2 equiv of
the cation in question were added to a similar isoamethyrin
solution.

Figure 9 displays the color changes observed upon the
addition of each metal cation. As can be seen from
inspection of this figure, the only species that might be
Figure 9. Colors of solutions of isoamethyrin (1.02!10K4 M) containing 4 equi
isoamethyrin and then from left to right after the addition of 2 equiv of, respectiv
acetate, nickel(II) acetate, lead(IV) tetraactetate, manganese(II) acetylacetate, and
isoamethryin.
construed as giving a false positive is Cu(II). While the
color produced upon the addition of 2 equiv of uranyl
acetate and Cu(II) acetate is very similar, the uranyl species
displays more of a pink color and the copper appears more
purple. According to UV–vis spectroscopic analysis, a
Q-like band is seen after addition of not only the copper
acetate but also cadmium nitrate, nickel acetate and lead
tetraacetate to solutions of isoamethyrin, (as well as, of
course, uranyl acetate). However, the Q-like band for the
presumed Cu(II), Cd(II), Ni(II) and Pb(IV) complexes is
very different from that of the uranyl–isoamethyrin complex
and could represent not only complex formation, but also
production of oxidized, protonated species as the result of,
e.g., metal-based solvolysis. In any case, the spectra
produced by the addition of these metal cations are distinct
from those seen in the case of the uranyl cation. For
instance, the spectra produced upon addition of Cd(II) is
characterized by a broad peak between 700 and 900 nm,
while the spectra produced with Cu(II) contains a somewhat
shifted Q-like band as compared to the spectra of the uranyl
complex (lmaxZ800 and 880 nm). In addition, while
525 nm, the Soret band seen upon addition of Cu(II)
(lmaxZ525 nm) appears to overlap the Soret band of U(VI)
spectra at 530 nm, it possesses only half the height as the
uranyl complex. In fact, the only spectra with Soret bands
similar to that of the uranyl complex are those generated
upon the addition of Gd(III) and Zn(II). However, with only
a minor peak at 719 nm, neither of these spectra displays a
Q-like band, thus making them easily distinguishable from
v of Et3N in a MeOH–CH2Cl2 (95:5 v/v) solution. Far left: the acid salt of
ely, uranyl(VI) acetate, copper(II) nitrate, gadolinium(III) acetate, zinc(II)
cadmium(II) nitrate. The vial on the far right contains the free base form of
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those recorded for the uranyl complex. These preliminary
results show that isoamethyrin can act as a selective
colorimetric sensor for the actinides as judged both from
the color change produced upon addition of the metal
cations and the UV–vis spectra of the complexes that are
presumably formed. A more detailed analysis of these latter
species is currently ongoing.
3. Conclusions

Nuclear weapons production and the use of nuclear powered
electricity has increased the possibility of radioactive
elements, such as uranium or plutonium, being released
into the environment. For this reason, a simple, fast and
accurate means of identifying these elements is important.
The current ‘dyes’ found to change color in the presence of
uranium or plutonium suffer from a number of drawbacks
including low selectivity for the actinides. However, as
reported here, the expanded porphyrin, isoamethyrin
(hexaphyrin(1.0.1.0.0.0)), could provide an attractive
alternative. It undergoes a readily discernable color
change in the presence of the uranyl, neptunyl and plutonyl
cations.11,12 Semi-quantitative studies carried out with
uranyl–actetate in a 1:1 mixture of methanol and dichloro-
methane (v/v) indicate a detection limit of less than 28 ppb
as judged from UV–vis spectroscopic analysis of the Soret-
like band, and ca. 5.8 ppm using one’s naked eye. These
detection limits are competitive with those of AzIII and
BrPADAP, dyes currently used as colorimetric sensors for
the actinides (detection limits of 46 and 200 ppb, respec-
tively). Further, and as importantly, preliminary results
indicate that hexaphyrin(1.0.1.0.0.0) is not as sensitive to
other metals that may be present in actinide-rich samples.
This latter attribute means that the risk of a ‘false positive’
would be potentially reduced were the present expanded
porphyrin used to analyze sample under field use conditions.
Further development of isoamethyrin and related species as
potential actinide sensors is thus actively underway.
4. Experimental

4.1. General data

All chemicals (obtained from Aldrich Chemical Co. and
Strem Chemical) and solvents were of reagent grade quality
and used without further purification unless otherwise
stated. Neptunyl chloride and plutonyl chloride solutions
were prepared as previously reported.16 Isoamethyrin was
synthesized as previously reported.11 Spectroscopic grade
methanol and dichloromethane were used for the uranyl
titrations and used without further purification. Electronic
absorption spectra were recorded on a Beckman DU-7
spectrophotometer, using 1 cm quartz cells. Mass spectra
were measured with either a Finnigan-MAT 4023, Bell and
Howell 21-491 or VG Analytical ZAB E/SE instrument.

4.2. UV–vis titration experiments

UV–vis titrations analogous to those of the present study
have been previously described by the Sessler group.17

While the general procedures as reported were followed,
rather than recording the spectrum of the same solution
before and after uranyl addition, identical solutions contain-
ing both host and guest were prepared one week prior to
recording the spectra. This procedure was required due to
the slow coordination of the uranyl with isoamethyrin. Thus,
for the study shown in Figure 6, 24 vials containing 1.5 mL
of an isoamethyrin solution in 95:5 (v/v) methanol–
dichloromethane solution with 4 equiv of Et3N were
prepared. Concentrations of uranyl acetate ranging from
8.9!10K7 M to 2.9!10K4 M were added to the above
solution, while keeping the isoamethyrin concentration
constant at 1.68!10K5 M. The vials were sealed and stored
in the dark for 1 week in order to allow for complete
complexation. At this juncture, the UV–vis spectra of all
vials were recorded.

4.3. Metalation of isoamethyrin

Initial ‘quick and dirty’ experiments were performed with a
number of different metal salts in high excess in order to
assess the ability of isoamethyrin to coordinate the metal.
Those found worthy of further investigation were subject to
more precise study. Two equivalent of the metal solution
were added to a solution of isoamethyrin containing 4 equiv
of Et3N in 95:5 dichloromethane–methanol (v/v) solution.
The solutions were monitored by UV–vis spectroscopy until
no further changes were observed. All metalations were
found to be complete within 24 h. For the UV–vis spectra,
20 mL of the presumed isoamthyrin–metal complex was
added to 2.0 mL methanol to produce a final solution with
an absorptivity suitable for study. (1.02!10K5 M).
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Abstract—The fluorescence emission energy of donor–acceptor substituted biphenyls is highly sensitive towards conformational changes of
the interannular twist angle. By integrating 4-dimethylamino-4 0-cyano-biphenyl into the ligand backbone of a thioether-rich metal receptor
we designed a fluorescence sensor that exhibits high selectivity towards copper. Upon metal binding the ligand undergoes a significant
conformational change, which induces a strong hypsochromic shift of the photoinduced charge-transfer emission. Steady-state absorption
and fluorescence spectroscopy revealed a high affinity towards Cu(I) with a well-defined 1:1 metal–ligand complex stoichiometry. The nature
of the conformational changes upon Cu(I) coordination were analyzed in detail by 1H NMR and 2D NOESY experiments. The spectroscopic
data provide a coherent picture, which is consistent with a Boltzmann ground-state distribution of several rotamers that are locked into a more
flattened geometry upon coordination of Cu(I).
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Cation-specific fluorescence sensors are powerful tools for
the measurement of metal ion concentrations in environ-
mental and biological samples. They typically combine high
optical sensitivity with excellent cation selectivity, and are
therefore particularly well suited for the non-invasive
visualization of labile metal pools in a biological environ-
ment.1 Perhaps the largest class of fluorescence sensors
function as simple cation-responsive switches.2 The linear
relationship between intensity and cation concentration
allows for quantitative measurements; however, the
emission intensity depends also on the sensor concentration,
which is often not known with sufficient accuracy in
biological samples. Fluorescence sensors which undergo a
spectral shift upon binding of the cation inherently provide
concentration information of the metal-free sensor and are
principally suitable for accurate quantitative measurements
via ratiometric fluorescence imaging.3 Despite their useful-
ness, only a handful of ratiometric sensors have been
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.056
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developed, indicating the considerable challenges in the
probe design.4

Upon excitation into a charge transfer state the electronic
structure of the fluorophore is significantly altered, which
typically gives rise to considerable structural changes such
as alteration of bond angles and distances, or twisting of
conformationally flexible bonds.5 In particular the latter
relaxation mode could be effectively utilized to achieve a
spectral shift, either via cation-induced changes of the
ground-state geometry or through interference with an
excited-state conformational relaxation pathway. Despite
being a promising approach for the design of ratiometric
probes, there are currently only few sensors which are based
on a cation-induced conformational switching mechanism.6

Among suitable fluorophore platforms 4-dimethylamino-4 0-
cyanobiphenyl derivatives stand out due to their spectral
sensitivity towards conformational changes of the inter-
annular C–C bond (Chart 1).7,8 For example, the methyl
substituents in DMDCB enforce a near perpendicular
ground-state geometry, which results in a large bath-
ochromic shift compared to the more flattened unsubstituted
fluorophore DCB.7 To take advantage of this conformational
sensitivity we thought to integrate the DCB fluorophore
structure into a ligand backbone, such that cation binding
Tetrahedron 60 (2004) 11099–11107



Chart 1.
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would induce a significant conformational change of the
interannular twist angle (Scheme 1). Because our current
interest is focusing on the development of copper-selective
fluorescence sensors, we used a thioether-rich ligand
environment as metal-receptor for the design of chemosen-
sor 1. However, this approach could be readily adapted for
selective fluorescence sensing of other metal cations by
attaching different coordinating motifs.
Scheme 1.

Scheme 2.
2. Results and discussion
2.1. Synthesis

While symmetrically substituted biphenyl derivatives are
accessible from a single precursor via reductive coupling,9

the synthesis of unsymmetrically substituted donor–accep-
tor biphenyls such as 1 requires two different building
blocks and is therefore significantly more laborious. To
achieve sufficient synthetic flexibility, we were looking for a
suitable precursor that could be functionalized with a wide
range of metal-coordinating motifs. Key intermediate 9
fulfills these requirements and is readily obtained via
palladium-catalyzed Suzuki-coupling of the corresponding
reaction partners 5 and 8 (Scheme 2). While the aldehyde
group is stable towards Suzuki-coupling conditions,10 it is
readily functionalized via reductive amination or conden-
sation with amines to yield the corresponding Schiff bases.
Furthermore, upon reduction and conversion to the
corresponding halide or tosylate, it can serve as a versatile
precursor for substitution with a wide range of nitrogen,
sulfur or oxygen nucleophiles. For the synthesis of ligand 1



Table 1. Spectroscopic data for 1, 1-Cu(I), DCB,a and DMDCBa in anhydrous EtOH at 298 K

Absorption
lmax (nm),

3 (MK1 cmK1)b

Emission
lmax (nm)

Quantum
yieldc Ff

Stokes’ shift
(cmK1)

HWem
d

(cmK1)

Ligand 1 319 (CT), 4630 512 0.08 11,800 5000
239 (A)

1C2 equiv [Cu(CH3CN)4]PF6 326 (CT), 5770 473 0.026 9550 4300
240 (A)

DCBa 345 (CT) 456 0.81 7100 3400
DMDCBa 312 (CT) 535 0.04 13,400 6200

a From Ref. 7.
b Molar extinction coefficient.
c Aerated solution, quinine sulfate in 1 N H2SO4 as quantum yield standard.12

d Fluorescence emission band half-width.

Figure 1. Absorption (left) and fluorescence emission (right, excitation at isosbestic point) spectra for the titration of ligand 1 (100 mM in EtOH, 298 K) with
0.1 molar equiv aliquots of [Cu(CH3CN)4]PF6. For clarity the absorption spectra are only shown for 0.2 molar equiv aliquots.
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the aldehyde groups were reduced with sodium borohy-
dride, chlorinated with thionyl chloride, and finally
substituted with thiol 11. The donor building block 5 was
synthesized in four steps starting from commercially
available 3-(dimethylamino)-benzoic acid 2. Aldehyde 3
was obtained in 77% overall yield via reduction with lithium
aluminum hydride followed by oxidation with manganese
dioxide in anhydrous dichloromethane. The regioselective
ortho-bromination of aldehyde 3 was accomplished in 87%
yield using 1,3-dibromo-5,5-dimethylhydantoin as reagent.
Finally, palladium-catalyzed borylation11 of aryl-bromide 4
provided the boronate 5 in 35% yield. For the synthesis of
the acceptor moiety 8 commercially available 4-bromo-3-
methyl-benzonitrile was converted via radical bromination
to the dibromomethyl derivative 7, which was then
hydrolyzed under mild conditions to give 8 in 60% overall
yield. Although the current study is focusing on thioether
ligand 1, the synthetic strategy outlined in Scheme 2 should
be suitable to provide access to a wide range of other donor–
acceptor substituted biphenyl ligands.
2.2. Complexation studies with [Cu(I)(CH3CN)4]PF6
Figure 2. Mol-ratio plot of the UV–vis absorbance at 326 nm (B) and the
fluorescence intensity at 512 nm (C) for the titration shown in Figure 1.
2.2.1. Steady state absorption and emission spectra. A
compilation of the photophysical data for ligand 1 and its
Cu(I) complex are given in Table 1. Because the absorption
and emission properties of D–A substituted biphenyls are
strongly dependent on the interannular twist angle F, the
published photophysical data7 for DCB (FgasZ398) and
DMDCB (FgasZ788) provide a valuable reference for the
interpretation of the photophysical properties of ligand 1.
The absorption spectrum of the free ligand in absolute
ethanol shows two broad feature-less bands centered around
239 and 319 nm (Fig. 1, left). Using DCB and DMDCB as
reference compounds, the bands can be unambiguously
assigned to a locally excited state of the 1La type (A), and a
charge-transfer state (1CT), which involves p-electron



Figure 3. Normalized fluorescence emission spectra of 1 and 1-Cu(I) as a
function of the excitation wavelength (300–380 nm; 100 mM 1 in EtOH,
298 K). (a) Free ligand; (b) ligand 1 in the presence of 2 molar equiv of
[Cu(CH3CN)4]PF6.
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delocalization from the dimethylamino to the cyano group.
The relative intensities and positions of the two bands
resembles strongly the published absorption spectrum for
DMDCB,7 suggesting a similar twist angle of approxi-
mately 808 for the ground state equilibrium geometry. The
highly Stokes’ shifted fluorescence emission of the free
ligand exhibits a peak wavelength of 512 nm (Fig. 1, right),
which is only slightly higher in energy compared to the
published value of 535 nm for the peak emission of
DMDCB in ethanol.7 The Stokes’ shift of the fluorescence
emission of 1 is by 1600 cmK1 smaller compared to the
value for DMDCB, suggesting a slightly smaller degree of
geometrical reorganization in the emissive 1CT state.

Upon addition of [Cu(I)(CH3CN)4]PF6 the CT absorption
band of ligand 1 undergoes a bathochromic shift by 7 nm
(670 cmK1), whereas the peak emission moves to
Figure 4. Unrelaxed gas-phase ground-state potential energy curve for 12 as a f
represent single point energies of the corresponding unrelaxed molecular geometri
by variation of F. The vertical dotted line indicates the dihedral angle of the low
significantly higher energy by 39 nm (1600 cmK1) and
decreases in intensity (Fig. 1). The UV–vis absorption traces
form a set of sharp isosbestic points throughout the entire
titration range, indicating a stoichiometrically well-defined
equilibrium which involves only two UV–vis active species,
the free ligand and its Cu(I)-coordinated form.

The mol-ratio plot of the absorbance at 326 and the
fluorescence emission at 510 nm reveals for both saturation
after addition of 1 molar equiv of Cu(I), which is consistent
with a 1:1 complex stoichiometry (Fig. 2). Furthermore, the
linearity of the absorbance increase and emission decrease
up to 1 molar equiv of Cu(I) suggests a high binding affinity
with near-quantitative fractional saturation at each copper
concentration. Because reliable binding constants can be
only obtained from titration data with a fractional saturation
of less than 80%,13 the mol-ratio plot is not suitable to
extract an accurate binding affinity. A comparison of the
fluorescence emission band half-width shows a significant
decrease by 700 cmK1 for the Cu(I)-bound ligand (Table 1)
and directly reflects the reduced conformational flexibility
upon complexation. The greater band half-width of the free
ligand is presumably due to the presence of several
energetically similar rotamer conformations, which com-
prise a dynamic ground-state Boltzmann distribution. This
interpretation is further corroborated by the observation that
the peak emission position depends strongly on the
excitation wavelength in the case of the free but not the
Cu(I)-bound ligand (Fig. 3). The free ligand shows a broad
distribution of the peak emission wavelength, which
undergoes a hypsochromic shift by more than 30 nm when
excited at increasingly lower energy. In contrast, the
fluorescence emission of the Cu(I)-bound ligand is essen-
tially independent of the excitation energy, thus suggesting
conformational ‘locking’ upon Cu(I) coordination.

To gain further insights into the energetics of the ground-
state rotamer equilibrium, we performed density functional
calculations at the B3LYP/6-31G* level of theory with
model compound 12 (Fig. 4). The gas-phase ground-state
potential curve for rotation about the inter-annular C–C
bond reveals indeed a very shallow well with a minimum at
FZ82.08. Although compared to DMDCB the ortho-
substituted methyl groups in 12 are expected to generate a
unction of the biphenyl dihedral angle F (B3LYP/6-31G*). The potentials
es, which were obtained from the geometry-optimized structure (FZ82.08)
est-energy rotamer.



Figure 5. Aromatic region of the 1H NMR spectra for the titration of ligand 1 (20 mM in CD3OD) with [Cu(CH3CN)4]PF6 at 298 K. The concentration of
added Cu(I) is indicated as molar equivalents of total ligand present. The proton numbering scheme is provided with the structure to the right.

Figure 6. NOESY spectra of (a) ligand 1 and (b) ligand 1 in the presence of 2 molar equiv of [Cu(CH3CN)4]PF6 in CD3OD at 298 K. For clarity the graph is
reduced to the spectrum section which shows the cross-correlation signals between the benzylic (H2C-2/2 0), the dimethylamino (N(CH3)2), and the aromatic
ring protons (H-6/6 0).

Figure 7. Emission intensity of ligand 1 at 510 nm (excitation at 320 nm) in
response to various metal cations (100 mM in EtOH, 2 molar equiv metal,
298 K).
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similar energy barrier for rotation about the interannular
C–C bond, the potential curve for 12 is not symmetrical. As
illustrated in Figure 4 rotation by 128 from the equilibrium
geometry towards a more acute dihedral angle increases the
potential energy by 5.3 kJ molK1, whereas a rotation of 368
is necessary to create an isoenergetic potential in the
opposite direction. Nevertheless, the calculated dihedral
angle of the lowest-energy conformation is very similar
compared to DMDCB, for which a lowest energy
conformation with FZ788 has been reported based on
semi-empirical AM1 calculations.7 Hence, the spectro-
scopic data combined with the computational study suggests
that the ground-state equilibrium is dominated by rotamers
with a near perpendicular dihedral angle. At the same time,
the observed hypsochromic shift of the peak emission is
consistent with the presence of a subpopulation of rotamers
with a more flattened geometry (FO908). With increasing
flattening of the biphenyl ring-system, the CT absorption
energy moves gradually towards lower energy. Upon
excitation at the red-edge of the UV–vis CT band, the
contribution of the flattened rotamers to the emission
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spectrum becomes increasingly important due to their
increased cross-section at lower energy.
2.2.2. NMR studies. To explore the ground-state structural
changes of the ligand backbone upon coordination of Cu(I),
we performed a series of NMR experiments. The 1H NMR
spectra for titration of ligand 1 with [Cu(I)(CH3CN)4]PF6 in
CD3OD revealed significant changes in the chemical shift of
the aromatic proton resonances of the biphenyl ring system
(Fig. 5). Throughout the entire titration range a single set of
sharp resonances was observed, indicating fast metal
exchange kinetics compared to the NMR time scale.
Therefore, the chemical shifts reflect directly the fractional
contribution of free and Cu(I)-bound ligand. As already
observed for the UV–vis and fluorescence titrations the
resonances shift linearly up to 1 molar equiv of Cu(I) and
undergo no further changes at higher concentrations. It is
noteworthy that the slope of the chemical shift changes is
essentially identical for the corresponding ortho-(H-6/6 0)
and meta-proton (H-3/3 0 and H-5/5 0) resonances, thus
suggesting a symmetrical coordination of Cu(I) to both
thioether branches and no involvement of the dimethyl-
amino group in metal coordination.
2.3. NOESY (Nuclear Overhauser Enhancement
Spectroscopy) experiment

The NOESY experiment is the two-dimensional equivalent
of a NOE difference experiment and yields correlation
signals which are caused by dipolar cross-relaxation
between nuclei in a close spatial relationship. Because the
intensities of the cross-peaks are proportional to the sixth
power of the proton–proton distances, this technique is well
suited to investigate structural differences between the free
and Cu(I)-bound ligand. As shown in Figure 6 the
conformational differences of the biphenyl backbone are
best reflected in the changes of the cross-correlation signal
intensities of the benzylic (H2C-2/2 0) and ortho-protons
(H-6/6 0). If the integrated intensities are normalized for each
spectra using the correlation signals between the H-5/H-3
and dimethylamino protons, qualitative information of the
distance changes associated with Cu(I) coordination can be
directly extracted from the spectra. Hence, upon addition of
excess Cu(I) the cross correlation signals for H2C-2/H-6 0

and H2C-2 0/H-6 increase by a factor of 2, whereas the signal
for the cross-relaxation of H-6/H-6 0 decreases by a factor of
10 (not included in Fig. 6). These data unambiguously
indicate that upon Cu(I) coordination the dihedral angle of
the biphenyl backbone increases (FO908) to yield a more
flattened conformation.
2.3.1. Selectivity. To evaluate the selectivity of ligand 1 we
measured its fluorescence response in the presence of
various metal cations (Fig. 7). Among the tested mono- and
divalent metal cations only Cu(I) and Cu(II) induced a
significant change of the emission intensity. Although
Cd(II) and Hg(II) are both members of the ‘copper triangle’,
neither metal resulted in a change of the emission intensity.
Similarly, the UV–vis spectra displayed no changes upon
addition of either cation (data not shown), suggesting a
surprisingly weak interaction with the thioether ligand.
3. Conclusions

The absorption and emission spectroscopic data combined
with the 1H NMR and 2D NOESY experiments provide a
coherent picture of the conformational changes which occur
in the ground-state equilibrium upon coordination of Cu(I)
to ligand 1 at room temperature. While the free ligand shows
an equilibrium distribution of rotamers in the ground-state,
Cu(I) complexation imposes conformational locking and
results in a flattened geometry with respect to the two aryl
moieties. Detailed studies by Maus et al. unequivocally
established that the photoinduced charge transfer state of
DMDCB undergoes flattening distortion in non-polar
solvents, but adopts a near perpendicular geometry in
polar solvents such as acetonitrile or ethanol.7,8,14 The
similarities of the emission quantum yield and the spectro-
scopic data of 1 compared to DMDCB suggests, that the
free ligand 1 might also adopt a near-perpendicular
geometry in the charge transfer state. However, it is
important to keep in mind that the different positioning of
the ortho-substituents on the biphenyl ring system results in
an unsymmetrical potential energy surface for ligand 1, thus
providing a better opportunity for relaxation of the charge
transfer state towards a more open dihedral angle. In either
case, conformational locking by Cu(I) would inhibit this
rotational relaxation pathway and result in reduced
geometrical distortion, which is consistent with the smaller
Stokes’ shift and higher emission energy for the Cu(I)-
complex. The reduced quantum yield of the Cu(I) bound
form might be due to the presence of an additional non-
emissive excited state (1ET), which could be accessed via
reductive electron transfer from Cu(I) to the biphenyl
fluorophore. At present, conclusions regarding the excited
state conformational dynamics and non-radiative deactiva-
tion pathways remain rather speculative and require more
detailed photophysical studies.

In summary, this study demonstrates that cation-induced
conformational locking of the ground or excited state can
yield substantial shifts of the emission energy and represents
therefore an attractive strategy for the design of ratiometric
cation-responsive fluorescence sensors.
4. Experimental

4.1. Materials and reagents

All starting materials, reagents and solvents were purchased
from Aldrich (Milwaukee, WI) or Fisher Scientific
(Pittsburgh, PA) and used without further purification.
NMR: d in ppm vs. SiMe4 (0 ppm, 1H, 400 MHz). MS:
selected peaks; m/z. Melting points are uncorrected. Flash
chromatography: Merck silica gel (240–400 mesh). TLC:
0.25 mm, Merck silica gel 60 F254, visualizing at 254 nm or
with 2% KMnO4 solution.

4.2. Synthesis

4.2.1. 2-Bromo-5-(dimethylamino)-benzaldehyde (4).
Solid lithium aluminum hydride (5.75 g, 152 mmol) was
added in portions to a stirring solution of acid 2 (10.0 g,
61 mmol) in anhydrous THF at 0 8C. The reaction mixture
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was stirred for 1 h at room temperature and then quenched
by addition of H2O (4 equiv relative to LAH). The
precipitate was filtered off, washed with THF, and the
combined filtrates were concentrated under reduced
pressure to yield 3-(dimethylamino)-benzylalcohol as a
yellow oil (8.22 g, 90%). Rf 0.15 (hexane/EtOAc 4:1); 1H
NMR (CDCl3, 400 MHz) d 2.62 (s, 1H broad), 2.90 (s, 6H),
4.55 (s, 2H), 6.62–6.71 (m, 3H), 7.19 (t, JZ7.7 Hz, 1H); 13C
NMR (CDCl3, 100 MHz) d 40.6, 65.5, 111.2, 111.9, 115.2,
129.0, 141.8, 150.7; MS (70 eV) 150.1 (MC, 25), 148.1
(100), 77 (25); FAB HRMS m/e calcd for (MCH) C9H11NO
149.0841, found 149.0827.

A mixture of the crude alcohol (5.15 g, 34 mmol) and
activated MnO2 (35.5 g, 409 mmol) in anhydrous CH2Cl2
was stirred for 4 h at room temperature. The solid was
filtered off (Celite) and washed with CH2Cl2. The combined
filtrates were extracted with aq NaHCO3, dried over
anhydrous MgSO4, and concentrated under reduced
pressure to yield aldehyde 3 as a yellow-green oil (4.32 g,
85%). Rf 0.34 (8:1 hexane/EtOAc); 1H NMR (CDCl3,
400 MHz) d 2.99 (s, 6H), 6.94 (dd, JZ2.2, 1.6 Hz, 1H), 6.97
(dd, JZ2.7, 1.1 Hz, 1H), 7.17 (d, JZ1.6 Hz, 1H), 7.37 (t,
JZ7.7 Hz, 1H), 9.94 (s, 1H); 13C NMR (CDCl3, 100 MHz)
d 40.3, 111.5, 118.2, 118.8, 129.5, 137.1, 150.7, 193.2; MS
(70 eV) 149.1 (MC, 97), 148.1 (100), 77 (25). FAB HRMS
m/e calcd for (MCH) C9H11NO 149.0841, found 149.0827.

To the crude benzaldehyde (4.36 g, 29 mmol) in CH2Cl2
was added 1,3-dibromo-5,5-dimethylhydantoin (3.77 g,
13 mmol). The mixture was then allowed to reflux overnight
and subsequently diluted with H2O and extracted with
CH2Cl2. The organic layers were then dried with MgSO4,
filtered and concentrated under reduced pressure. The
reaction mixture was purified on silica gel (8:1 hexanes/
EtOAc) to yield 4 as a bright yellow solid (5.80 g, 87%)
with an overall yield from 2 of 67%. Mp 55–58 8C; Rf 0.39
(8:1 hexanes/EtOAc); 1H NMR (CDCl3, 400 MHz) d 2.98
(s, 6H), 6.80 (dd, JZ8.8, 3.3 Hz, 1H), 7.19 (d, JZ3.3 Hz,
1H), 7.43 (d, JZ8.8 Hz, 1H), 10.31 (s, 1H); 13C NMR
(CDCl3, 100 MHz) d 40.4, 112.1, 113.0, 119.0, 119.2,
133.2, 133.9, 192.7, MS (70 eV) 228 (MC, 98), 227 (100),
156 (24). EI HRMS m/e calcd for (MCH) C9H10BrNO
226.9946, found 226.9950.

4.2.2. 5-Dimethylamino-2-(4,4,5,5-tetramethyl-[1,3,2]-
dioxaborolan-2-yl)-benzaldehyde (5). 4,4,5,5-Tetra-
methyl-[1,3,2]-dioxaborolane (950 mL, 6.55 mmol) was
added to a Schlenck tube containing a solution of bromide
4 (0.5 g, 2.18 mmol) in dioxane. Triethylamine (950 mL,
6.82 mmol) and PdCl2(PPh3)2 (46 mg, 3 mol%) were added
and the solution was flushed with a light stream of argon.
The tube was then heated for 3 h at 100 8C. The reaction
mixture was then diluted with H2O and extracted with
EtOAc. The organic layers were dried with MgSO4, filtered,
and concentrated under reduced pressure. The product was
purified on silica gel (hexane/EtOAc 10:1) to yield boronate
ester 5 as a yellow oil (209 mg, 35%). Rf 0.35 (8:1 hexane/
EtOAc); 1H NMR (CDCl3, 400 MHz) d 1.35 (s, 12H), 3.03
(s, 6H), 6.86 (dd, JZ8.8, 2.7 Hz, 1H), 7.28 (d, JZ2.7 Hz,
1H), 7.80 (d, JZ8.8 Hz, 1H), 10.68 (s, 1H); 13C NMR
(CDCl3, 100 MHz) d 24.9, 40.1, 83.6, 108.9, 115.7, 137.7,
142.7, 151.8, 195.8; MS (70 eV) 275.2 (MC, 63), 261.0
(18), 217.2 (100), 176.1 (16). EI HRMS m/e calcd for (MC
H) C15H22BNO3 275.1693, found 275.1759.

4.2.3. 4-Bromo-3-formyl-benzonitrile (8). A solution of
4-bromo-3-methylbenzonitrile 6 (4.0 g, 20 mmol),
N-bromosuccinimide (7.63 g, 43 mmol), and benzoyl per-
oxide (250 mg, 1.0 mmol) was heated at reflux for 4 h. The
reaction mixture was diluted with H2O and extracted with
EtOAc. The organic layers were dried over anhydrous
MgSO4, filtered, and concentrated under reduced pressure.
The product was purified on silica gel (hexane/Et2O 20:1) to
yield 5.85 g of dibromide 7 as a white powder (17 mmol,
81%). Mp 149–151 8C; Rf 0.17 (20:1 hexane/Et2O); 1H
NMR (CDCl3, 400 MHz) d 7.00 (s, 1H), 7.44 (dd, JZ8.2,
1.6 Hz, 1H), 7.66 (d, JZ8.2 Hz, 1H), 8.31 (d, JZ1.6 Hz,
1H); MS (70 eV) 354.8 (MC, 9), 273.9 (100), 114.0 (46). EI
HRMS m/e calcd for (MCH) C8H4Br3N 350.7894, found
350.7892.

The crude bromide 7 (5.85 g, 17 mmol) was added to a
solution of sodium acetate (5.98 g, 73 mmol), calcium
carbonate (3.70 g, 37 mmol), and tetrabutyl ammonium
bromide (1.26 g, 3.9 mmol) in 500 mL of H2O. The reaction
mixture was heated under reflux for 12 h, cooled to room
temperature, and extracted with CH2Cl2. The organic layers
were dried with MgSO4, filtered, and concentrated under
reduced pressure. The product was purified on silica gel to
yield aldehyde 8 as a white powder (2.57 g, 12 mmol, 74%)
with an overall yield from 6 of 60%. Mp 124–126 8C; Rf

0.12 (hexane/Et2O 20:1); 1H NMR (CDCl3, 400 MHz) d
7.72 (dd, JZ8.2, 2.2 Hz, 1H), 7.84 (d, JZ8.2 Hz, 1H), 8.18
(d, JZ2.2 Hz, 1H), 10.35 (s, 1H); 13C NMR (CDCl3,
100 MHz) d 112.6, 116.8, 131.5, 133.3, 134.2, 135.1, 137.2,
189.5; MS (70 eV) 210 (MC, 100), 129.1 (30), 101 (42), 50
(38). EI HRMS m/e calcd for (MCH) C8H4BrNO 208.9476,
found 208.9476.

4.2.4. 4-Dimethylamino-2,2 0-diformyl-4 0-cyano-1,1 0-
biphenyl (9). 4-Bromo-3-formylbenzonitrile 8 (161 mg,
0.77 mmol) was added to a Schlenck tube containing a
solution of boronate ester 5 (209 mg, 0.76 mmol), CsF
(281 mg, 1.9 mmol), and Pd(PPh3)4 (5 mol%) in 8 mL of
dimethoxyethane. The mixture was heated under reflux
overnight at which point a bright orange precipitate was
formed. The reaction mixture was diluted with H2O and
extracted with CH2Cl2. The organic layers were dried over
anhydrous MgSO4, filtered, and concentrated under reduced
pressure. The crude product was purified on silica gel
(CH2Cl2/MeOH 4:1) to yield 135 mg of the coupling
product 9 as an orange crystalline solid (0.49 mmol, 64%).
Mp 189–191 8C; Rf 0.33 (hexane/EtOAc 2:1); 1H NMR
(CDCl3, 400 MHz) d 3.11 (s, 6H), 6.97 (dd, JZ8.2, 2.7 Hz,
1H), 7.14 (d, JZ8.8 Hz, 1H), 7.28 (d, JZ2.7 Hz, 1H), 7.44
(d, JZ8.2 Hz, 1H), 7.84 (dd, JZ7.7, 1.7 Hz, 1H), 8.28 (d,
JZ1.7 Hz, 1H), 9.80 (s, 1H), 9.81 (s, 1H); 13C NMR
(CDCl3, 100 MHz) d 40.6, 112.3, 113.1, 116.6, 117.9,
125.0, 131.8, 133.0, 133.3, 135.0, 135.5, 135.6, 147.0,
150.9, 189.7, 191.4; MS (70 eV) 278.1 (MC, 88), 249.2
(100), 221.2 (25) EI HRMS m/e calcd for (MCH)
C17H14N2O2 278.1055, found 278.1058.

4.2.5. 2,2 0-Bis(chloromethyl)-4-(dimethylamino)-4 0-
cyano-1,1 0-biphenyl (10). A solution of the aldehyde
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(55 mg, 0.20 mmol) in MeOH was added slowly to a
solution of NaBH4 (17 mg, 0.45 mmol) in MeOH. The
solution was then allowed to stir at room temperature for
1 h. The reaction mixture was then quenched with H2O and
extracted with Et2O. The organic layers were dried with
MgSO4, filtered, and concentrated under reduced pressure.
The product was purified on silica gel (2:1 hexane/EtOAc)
to yield 4 0-(dimethylamino)-2,2 0-bis(hydroxymethyl)-1,1 0-
biphenyl-4-carbonitrile as a yellow solid (0.16 mmol, 81%).
Mp 132–135 8C; Rf 0.21 (2:1 hexane/EtOAc); 1H NMR
(CDCl3, 400 MHz) d 3.09 (s, 6H), 4.98 (s, 2H broad), 6.71
(d, JZ2.7 Hz, 1H), 6.82 (dd, JZ8.2, 2.7 Hz, 1H), 6.98 (dd,
JZ8.8, 2.7 Hz, 1H), 7.44 (d, JZ8.8 Hz, 1H), 7.79 (dd, JZ
8.2, 1.7 Hz), 8.20 (d, JZ1.7 Hz, 1H); 13C NMR (CDCl3,
100 MHz) d 40.8, 68.8, 70.6, 112.0, 114.9, 116.6, 118.9,
130.3, 130.5, 131.9, 132.3, 133.7, 135.2, 136.7, 142.6,
151.1; MS (70 eV) 282.2 (MC, 100), 263.2 (23), 233.1 (33),
190.1 (17). EI HRMS m/e calcd for (MCH) C17H18N2O2

282.1368, found 282.1378.

Thionyl chloride (31 mL, 0.42 mmol) was added cautiously
to a solution of the alcohol (30 mg, 0.11 mmol) in CH2Cl2.
The reaction was then allowed to stir for 1.5 h at room
temperature. The reaction mixture was then diluted with
CH2Cl2 and washed with sat. NaHCO3. The organic layers
were dried with MgSO4, filtered, and concentrated under
reduced pressure. No further purification was necessary and
the chloride 10 was isolated as a pale yellow solid
(0.07 mmol, 68%). Mp 115–117 8C; Rf 0.25 (1:1 hexane/
EtOAc); 1H NMR (CDCl3, 400 MHz) d 2.97 (s, 6H), 4.12–
4.36 (m, 4H), 6.67 (dd, JZ8.2, 2.7 Hz, 1H), 6.75 (d, JZ
2.7 Hz, 1H), 6.98 (d, JZ8.8 Hz, 1H), 7.32 (d, JZ7.7 Hz,
1H), 7.57 (dd, JZ7.7, 1.7 Hz, 1H), 7.80 (d, JZ1.7 Hz, 1H);
13C NMR (CDCl3, 100 MHz) d 40.2, 43.1, 44.8, 112.0,
112.2, 113.3, 118.3, 124.9, 130.3, 131.3, 131.9, 133.5,
135.6, 138.1, 144.8, 150.7; MS (70 eV) 318.1 (MC, 100),
234.2 (48), 190.1 (19). EI HRMS m/e calcd for (MCH)
C17H16Cl2N2 318.0691, found 318.0704.

4.2.6. 2-Mercaptoethylethyl sulfide (11). A mixture of
thiourea (2.0 g, 26 mmol) and 2-chloroethylethyl sulfide
(3.2 g, 26 mmol) was heated at 100 8C under N2 atmo-
sphere. After all thiourea had dissolved a very viscous fluid
was formed at which point the reaction was allowed to cool
to room temperature. The mixture was hydrolyzed by
addition of 5 mL of 5 M NaOH and then stirred overnight.
The mixture was acidified with 6 M HCl to pH 3 and
extracted with ether. The organic extract was dried over
anhydrous MgSO4 and concentrated in vacuo yielding
2.14 g of thiol 11 as a colorless liquid (17.5 mmol, 68%). 1H
NMR (CDCl3, 400 MHz) d 1.27 (t, JZ7.1 Hz, 3H), 2.53–
2.62 (m, 2H), 2.71–2.78 (m, 4H), 5.31 (s, 1H); 13C NMR
(CDCl3, 100 MHz) d 14.7, 24.6, 25.7, 35.6; MS (EI) 122
(MC, 90), 75 (100), 61 (54), 47 (50). EI HRMS m/e
calculated for (MC) C4H10S2 122.0224, found 122.0225.

4.2.7. 4-Dimethylamino-2,2 0-bis-(2-ethylsulfanyl-ethyl-
sulfanylmethyl)-4 0-cyano-1,1 0-biphenyl (1). A solution of
the chloride 10 (52 mg, 0.16 mmol) in EtOH was added
dropwise to a solution of the thiol 11 (58 mg, 0.48 mmol) in
EtOH containing NaOH (20 mg, 0.50 mmol). The reaction
mixture was then allowed to stir at room temperature for
1 h. The reaction mixture was then diluted with H2O and
extracted with CH2Cl2. The organic layers were dried with
MgSO4, filtered, and concentrated under reduced pressure.
The product was purified via Chromatron (1:1 hexane/
EtOAc) to yield 1 as a viscous yellow oil (0.11 mmol, 65%).
Rf 0.22 (1:1 hexane/EtOAc); 1H NMR (CD3CN, 400 MHz)
d 1.20–1.30 (m, 6H), 2.47–2.61 (m, 12H), 3.02 (s, 6H),
3.36–3.63 (m, 4H), 6.67 (dd, JZ8.8, 2.7 Hz, 1H), 6.76 (d,
JZ2.7 Hz, 1H), 7.00 (d, JZ8.2 Hz, 1H), 7.35 (d, JZ
7.7 Hz, 1H), 7.55 (dd, JZ7.7, 1.7 Hz, 1H), 7.83 (d, JZ
1.7 Hz, 1H); 13C NMR (CDCl3, 100 MHz) d 14.7, 25.9,
30.2, 30.9, 31.2, 31.3, 32.0, 33.5, 34.7, 38.5, 40.3, 110.9,
111.1, 113.1, 118.7, 125.8, 129.9, 130.3, 131.8, 132.9,
136.0, 138.8, 145.6, 150.2; MS (70 eV) 490.2 (MC, 76),
247.2 (100), 89.1 (87). EI HRMS m/e calcd for (MCH)
C25H34N2S4 490.1605, found 490.1605.

4.3. Steady state absorption and fluorescence
spectroscopy

All sample stock solutions and buffer solutions were filtered
through 0.2 mm Nylon membrane filters to remove inter-
fering dust particles or fibers. UV–vis absorption spectra
were recorded at 25 8C using a Varian Cary Bio50 UV–vis
spectrometer with constant-temperature accessory. Steady-
state emission and excitation spectra were recorded with a
PTI fluorimeter and FELIX software. Throughout the
titration the sample solution was stirred with a magnetic
stirring device. For all titrations the path length was 1 cm
with a cell volume of 3.0 mL. All fluorescence spectra have
been corrected for the spectral response of the detection
system (emission correction file provided by instrument
manufacturer) and for the spectral irradiance of the
excitation channel (via calibrated photodiode). Quantum
yields were determined in aerated, anhydrous ethanol using
quinine sulfate dihydrate in 1.0 N H2SO4 (FfZ0.507G0.03
as fluorescence standard.12

4.4. NMR spectroscopy

All NMR spectra (1H, 13C, 1H–1H NOESY) were recorded
on either a Bruker DRX 500 or Mercury VX 400. For all
titrations the total sample volume was 700 mL containing
20 mM ligand solution in CD3OD. The titrations were
performed by adding 0.1 molar equiv aliquots of a solution
of [Cu(I)(CH3CN)4]PF6 in CD3CN to a solution of ligand 1
in CD3OD.

4.5. Quantum chemical calculations

The geometry of the ground-state structure for 12 was
optimized by the density functional method using the
B3LYP hybrid functional with the split-valence polarized
6-31G* (6-31G(d)) basis set as implemented in the
Q-Chem15 electronic structure calculation suite of pro-
grams. The calculation of the ground-state potential curve is
based on unrelaxed geometries using the corresponding
dihedral angles for rotation around the interannular C–C
bond.
Acknowledgements

Financial support from the National Institutes of Health



J. Cody, C. J. Fahrni / Tetrahedron 60 (2004) 11099–11107 11107
(R01GM67169) and the Georgia Institute of Technology is
gratefully acknowledged. Computations were supported by
the Center for Computational Molecular Science and
Technology at the Georgia Institute of Technology and
partially funded through a Shared University Research
(SUR) grant from IBM and the Georgia Institute of
Technology. We also thank D. Bostwick for mass spectral
data and Dr. L. Gelbaum for performing the NOESY
experiments.
References and notes

1. Mason, W. T. Fluorescent and Luminescent Probes for

Biological Activity, 2nd ed.; Academic: San Diego, 1999.

For recent reports on the visualization of labile Zn(II) in

mammalian cells see for example: Zalewski, P. D.; Millard,

S. H.; Forbes, I. J.; Kapaniris, O.; Slavotinek, A.; Betts,

W. H.; Ward, A. D.; Lincoln, S. F.; Mahadevan, I. J.

Histochem. Cytochem. 1994, 42, 877. Budde, T.; Minta, A.;

White, J. A.; Kay, A. R. Neuroscience 1997, 79, 347. Nasir,

M. S.; Fahrni, C. J.; Suhy, D. A.; Kolodsick, K. J.; Singer,

C. P.; O’Halloran, T. V. J. Biol. Inorg. Chem. 1999, 4, 775.

Pearce, D. A.; Jotterand, N.; Carrico, I. S.; Imperiali, B. J. Am.

Chem. Soc. 2001, 123, 5160. Hirano, T.; Kikuchi, K.; Urano,

Y.; Nagano, T. J. Am. Chem. Soc. 2002, 124, 6555. Burdette,

S. C.; Frederickson, C. J.; Bu, W.; Lippard, S. J. J. Am. Chem.

Soc. 2003, 125, 1778. Kimura, E.; Aoki, S.; Kikuta, E.; Koike,

T. Proc. Natl Acad. Sci. U.S.A. 2003, 100, 3731.

2. DeSilva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.;

Huxley, A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice,

T. E. Chem. Rev. 1997, 97, 1515.

3. Grynkiewicz, G.; Poenie, M.; Tsien, R. Y. J. Biol. Chem. 1985,

260, 3440.

4. Haugland, R. P. Handbook of Fluorescent Probes and

Research Products; Molecular Probes: Eugene, OR, 2002.

Recent developments for ratiometric measurement of Zn(II):

Maruyama, S.; Kikuchi, K.; Hirano, T.; Urano, Y.; Nagano, T.

J. Am. Chem. Soc. 2002, 124, 10650. Gee, K. R.; Zhou,

Z. L.; Ton-That, D.; Sensi, S. L.; Weiss, J. H. Cell Calcium
2002, 31, 245. Henary, M. M.; Fahrni, C. J. J. Phys. Chem. A,

5210. Taki, M.; Wolford, J. L.; O’Halloran, T. V. J. Am. Chem.

Soc. 2004, 126, 712. Chang, C. J.; Jaworski, J.; Nolan,

E. M.; Sheng, M.; Lippard, S. J. Proc. Natl Acad. Sci. U.S.A.

2004, 101, 1129.

5. Rettig, W.; Maus, M. Conformational Changes Accompanying

Intramolecular Excited State Electron Transfer; Waluk, J.,

Ed.; Wiley: New York, 2000; p 1.

6. McFarland, S. A.; Finney, N. S. J. Am. Chem. Soc. 2001, 123,

1260. Mello, J. V.; Finney, N. S. Angew. Chem. Int. Ed. Engl.

2001, 40, 1536. Morozumi, T.; Anada, T.; Nakamura, H.

J. Phys. Chem. B 2001, 105, 2923. Costero, A. M.; Andreu, R.;

Monrabal, E.; Martinez-Manez, R.; Sancenon, F.; Soto, J.

J. Chem. Soc. Dalton Trans. 2002, 1769. Lee, D. H.; Im, J. H.;

Lee, J. H.; Hong, J. I. Tetrahedron Lett. 2002, 43, 9637.

McFarland, S. A.; Finney, N. S. J. Am. Chem. Soc. 2002, 124,

1178. McFarland, S. A.; Finney, N. S. Chem. Commun. 2003,

388.

7. Maus, M.; Rettig, W.; Bonafoux, D.; Lapouyade, R. J. Phys.

Chem. A 1999, 103, 3388.

8. Maus, M.; Rettig, W. Chem. Phys. 2000, 261, 323.

9. Hassan, J.; Sevignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.

Chem. Rev. 2002, 102, 1359.

10. Kumar, S. J. Chem. Soc. Perkin Trans. 1 2001, 1018.

11. Murata, M.; Oyama, T.; Watanabe, S.; Masuda, Y. J. Org.

Chem. 2000, 65, 164.

12. Demas, J. N.; Crosby, G. A. J. Phys. Chem. 1971, 75, 991.

13. Deranleau, D. A. J. Am. Chem. Soc. 1969, 91, 4044.

14. Maus, M.; Rettig, W. J. Phys. Chem. A 2002, 106, 2104. Maus,

M.; Rettig, W. Phys. Chem. Chem. Phys. 2001, 3, 5430. Maus,

M.; Rettig, W. Chem. Phys. Lett. 2000, 324, 57. Maus, M.;

Rettig, W. Chem. Phys. 1997, 218, 151.

15. Kong, J.; White, C. A.; Krylov, A. I.; Sherrill, C. D.; Adamson,

R. D.; Furlani, T. R.; Lee, M. S.; Lee, A. M.; Gwaltney, S. R.;

Adams, T. R.; Ochsenfeld, C.; Gilbert, A. T. B.; Kedziora, G.

S.; Rassolov, V. A.; Maurice, D. R.; Nair, N.; Shao, Y.; Besley,

N. A.; Maslen, P. E.; Dombroski, J. P.; Dachsel, H.; Zhang, W.

M.; Korambath, P. P.; Baker, J.; Byrd, E. F. C.; Voorhis, T. V.;

Oumi, M.; Hirata, S.; Hsu, C. P.; Ishikawa, N.; Florian, J.;

Warshel, A.; Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.;

Pople, J. A. Q-Chem; 2.0 ed.; Q-Chem Inc.: PA, 2000.



Ratiometric dual fluorescent receptors for anions under
intramolecular charge transfer mechanism

Zhen-Chang Wen and Yun-Bao Jiang*

Department of Chemistry and the MOE Key Laboratory of Analytical Sciences, Xiamen University, Xiamen 361005, China

Received 29 January 2004; revised 5 July 2004; accepted 19 August 2004

Available online 15 September 2004

Abstract—A series of the intramolecular charge transfer (ICT) dual fluorescent receptors with anion binding site in the electron acceptor
were designed and synthesized. These receptors exhibited dual fluorescence in acetonitrile and the charge transfer (CT) emission energy was
found to correlate linearly with the Hammett constant of the substituent existing in the electron acceptor, which is the basis for anion sensing.
Dual fluorescence of these receptors was found to be sensitive to the presence of anions such as fluoride and acetate and the receptors can be
employed as ratiometric fluorescent sensors for anions.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Anion recognition and sensing have received increasing
recent attention in supramolacular, organic and inorganic
chemistry.1 Because of the high sensitivity of fluorescence
detection, many fluorescent receptors for anions have been
developed. Similar to a cation fluorescent receptor,2 an
anion receptor includes two important moieties, i.e. a
recognition binding site and a signal reporter that are either
integrated directly or connected by a flexible spacer. A
major fluorescent signaling mechanism hitherto employed is
photo-induced electron transfer,3 while other mechanisms
such as competitive binding,4 metal-to-ligand charge
transfer,5 excimer or exciplex formation,6 excited-state
proton transfer (ESPT)7 and proton coupled electron
transfer (PCET)8 have also been reported.

It is known that the ICT photophysics and emission are
highly dependent of the electron donor/acceptor strength
and in many cases dual fluorescence can been observed with
the ICT fluorophores.9 This suggests that a sensitive
ratiometric dual fluorescent anion receptor could be
constructed if the dual fluorescent ICT fluorophore is
appropriately linked to an anion-binding site. This is
significant for a fluorescent sensor since normal fluorescent
sensing based on intensity change suffers from the
excitation source fluctuation as the emission intensity is
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.045
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proportional to the excitation intensity. It should be pointed
out that receptors operating under the ICT signaling
mechanism for cation sensing, either single2,10 or dual
fluorescent,11 have been exploited, whereas received much
less attention in anion sensing.8

We understand that a ratiometric ICT dual fluorescent anion
receptor replies heavily on the choice of a spacer that links
the ICT fluorophore and the anion binding site to allow for a
highly efficient communication of the anion binding
messages to the fluorophore. As with the ICT fluorophore
the photophysics and emission of the CT state are subject to
the electron donor/acceptor strength, the anion binding site
is assumed to be better incorporated in either electron donor
or acceptor moiety. We have been investigating to employ
the ICT photophysics of p-dimethylaminobenzonitrile
(DMABN) and its family molecules in constructing anion
receptors. We showed that, with p-dimethylaminobenz-
amide (I, Scheme 1),8a N-(p-dimethylaminobenzoyl)
thiourea (II, Scheme 1),8b and N-(p-dimethylaminobenz-
amido)thiourea (III, Scheme 1)8c in which the anion binding
sites incorporated in the electron acceptors are amide and
thiourea, respectively, their ICT dual fluorescence was
sensitive to the presence of anions such as AcOK, FK, and
H2PO4

K etc. In those cases, however, the CT emission band
position showed essentially no shift upon anion binding.
This might suggest that the sensing is not due to the
variation in the electron accepting strength of the acceptor.
We therefore continue to search for ICT dual fluorescent
receptors that respond to anions due to variations of the
electron donor/acceptor strength as would be indicated by
shifted CT emission upon anion binding. Previously we
Tetrahedron 60 (2004) 11109–11115



Scheme 1. Molecular structures of p-dimethylaminobenzamide and
p-dimethylaminobenzoate derivatives.

Figure 1. Plots of –NH proton chemical shifts against Hammett constants
of the substituent, sR.14
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showed that, with substituted phenyl p-dimethylamino-
benzoates (IV, XZO, Scheme 1)12a and p-dimethylamino-
benzalinides (IV, XZNH, Scheme 1),12c the CT
fluorescence depends on the substituent at the ester and
amido phenyl moieties, respectively. In the former case a
linear correlation was found between the CT emission
energy and the Hammett constant of the substituent but the
dependence was weak in particular in highly polar solvent,
whereas in the latter case an additional benzanilide-like CT
channel complicated the charge transfer photophysics.
These results, however, suggested that new ICT dual
fluorescent receptors for anions could be constructed within
this framework.

We therefore, came to DGTU-Rs (Scheme 2) in which the
p-dimethylaminobenzamide moiety is the ICT fluorophore
with dual fluorescence emission while the thiourea moiety is
a well-known anion binding site. These two parts are
conjugated by an iminoyl group, hopefully to enhance the
substituent (R) effect than in their ester counterparts (IV,
XZO, Scheme 1). Substituent was introduced in the
phenylthiourea moiety of DGTU-R for the purposes of
understanding the sensing mechanism and modulating the
acidity of the thioureido –NH protons3c,d important for
anion binding.
Scheme 2. Synthesis of DGTU-Rs. Reagents and conditions: substituted
isothiocyanate, CH2Cl2, room temperature.
2. Results and discussion

DGTU-Rs were easily prepared from the reactions of DG
with isothiocyanates at room temperature (Scheme 2), while
DG was obtained according the reported method.13 It was
expected that in DGTU-Rs with an iminoyl linker the
thiourea anion-binding site was electronically conjugated to
the ICT fluorophore, p-dimethylaminobenzamide. Substi-
tuent effect on the NMR signals of the four –NH protons in
DGTU-Rs was examined and linear correlations were found
with varied slopes, Figure 1. It was found that with three of
the –NH protons the NMR signals were correlated with
Hammett substituent constant14 with positive slopes of
0.311, 0.401, and 0.538, respectively. The NMR signal of
the fourth –NH proton, however, appeared at far downfield
and showed a negative linear dependence of the Hammett
substituent constant by a slope of K0.388. These obser-
vations suggested a completely different electronic environ-
ment of this –NH proton that it is involved in an
intramolecular six-membered ring hydrogen bond15

(Scheme 2). This was also supported by the AM1
calculations. This negative yet sensitive dependence of the
chemical shift indicated that the substituent effect could
indeed be communicated into the carbonyl oxygen atom,
meaning that the thiourea moiety is conjugated with the ICT
fluorophore, the dual fluorescence signal reporter in the
anion receptors.
The absorption and fluorescence spectra of DGTU-Rs were
recorded. It was found that the absorption spectra were
independent of the substituent within the series with
maximum wavelength of 344 nm and molar absorption
coefficients of 104 MK1 cmK1 order of magnitude (Table 1).
The transitions responsible for the absorption could then be
assigned as of the (p,p*) character. Dual fluorescence
typical of the occurrence of the ICT with electron donor/
acceptor para-substituted benzenes, such as p-dimethyl-
aminobenzonitrile9 and p-dimethylamino-benzamide,8a was
observed with all of the DGTU-Rs in highly polar solvents
such as acetonitrile. As an example, fluorescence spectra of
DGTU–m-CF3 in ethyl acetate–acetonitrile binary solvents
are shown in Figure 2. It was noted that, while the short-
wavelength LE (locally excited state) emission showed very
weak dependence on the solvent composition, a continuous
red-shift occurred in the long-wavelength emission with
increasing solvent polarity, which is in line of the CT nature
of its emissive state. Similar observations were made with
other DGTU-Rs and detailed spectral parameters are
summarized in Table 1.

Different from the absorption spectra of the DGTU-R



Table 1. Absorption and fluorescence spectral parameters of DGTU-Rs in acetonitrile in the absence and presence of anions

R labs
max (nm) 3 (104 MK1 cmK1) lLE (nm) lCT (nm) ICT/ILE F

H 344/326a/336b 3.47/4.28a/3.40b 385/385a/385b 507/501a/501b 0.43/0.04a/0.34b 0.0051
p-Cl 344/329/339 4.18/5.00/4.23 388/388/388 516/510/514 1.03/0.05/0.69 0.0045
m-Br 344/327/336 3.39/4.44/3.45 388/388/388 526/516/522 2.62/0.08/1.26 0.0031
m-CF3 344//327/329 3.47/4.54/4.12 388/388/388 530/520/524 1.31/0.04/0.29 0.0026
p-CN 344/330/332 3.74/4.39/4.12 385/385/385 550/524/535 0.85/0.07/0.20 0.0021

a In the presence of fluoride anion.
b In the presence of acetate anion.
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series, the fluorescence emission in particular the long-
wavelength CT emission showed a sensitive dependence on
the substituent at thiourea moiety. As can be seen in
Figure 3a, the CT emission of DGTU-R in acetonitrile
shifted to the red when the substituent (R) became
increasingly electron-withdrawning from H to p-CN,
which is in the same trend as that observed with
substituted-phenyl p-dimethylamisnobezoates.12a This
observation also confirms that the substituent is located in
the electron acceptor moiety.

We previously established12 that, in case of a series of CT
fluorophores of similar structure and practically the same
absorption spectra, the CT emission energy correlated
linearly with the Hammett constant of the substituent
existing in the electron donor/acceptor. Obviously these
criteria were fulfilled with the DGTU-R series. As seen in
Figure 3b, a linear correlation indeed existed between the
CT emission energies of DGTU-Rs and the Hammett
substituent constants. This indicated that the electron
acceptor strength was monotonically enhanced with
increasing electron-withdrawing ability of the substituent
in the phenylthiourea moiety. The slope in acetonitrile of
K0.273 eV was much higher in its absolute value than those
observed with substituted-phenyl p-dimethylaminobenzo-
ates in solvents of much lower polarity, for example,K0.180,
K0.169, and K0.138 eV in DEE, THF, and ethyl acetate,
respectively.12a This means that a higher substituent effect
on the CT emission occurs with DGTU-Rs than that in their
ester counterparts. This can be readily ascribed to the higher
conjugating efficiency of the iminoyl linker in comparison
with the oxygen bridge (–O–) present in the ester
molecules.12a Also noted in Table 1 and Figure 3a was
that the CT to LE intensity ratio (ICT/ILE) became lower in
Figure 2. Fluorescence spectra of DGTU–m-CF3 in ethyl acetate–
acetonitrile binary solvents. Excitation wavelength was 298 nm. [DGTU–
m-CF3]Z2.0!10K5 M.
case of lower electron acceptor strength. It was therefore
expected that sensitive receptors for anions could be
achieved based on the dual fluorescent DGTU-Rs, since it
has been shown that anion binding to the thiourea moiety
increases its electron donating ability3c,d which will
consequently decrease the strength of electron acceptors in
these dual fluorescent receptors.

The ICT dual fluorescence of all DGTU-Rs was found to be
sensitive to the presence of anions such as FK and AcOK, to
extents depending on the substituent R. Figure 4a shows the
fluorescence spectra of DGTU–m-CF3 in ACN in the
presence of FK. It was found that addition of FK resulted in
a substantial quenching of the long-wavelength CT emis-
sion and an obvious blue shift in its band position, for
instance, from 530 to 520 nm in the presence of 3 equiv of
FK. Meanwhile, only small changes were observed in the
LE emission in both its position and intensity. An
isoemissive point at 425 nm was noted, which means that
Figure 3. (a) The CT-emission normalized fluorescence spectra of DGTU-
Rs in acetonitrile with excitation wavelength of 298 nm and (b) plot of the
CT emission energy against Hammett substituent constant.



Figure 4. (a) Fluorescence spectra of DGTU–m-CF3 in ACN (2.0!
10K5 M) in the presence of FK with excitation wavelength of 298 nm, an
isosbestic wavelength, and (b) plot of the ICT/ILE ratio versus anion
concentration. Data points in (b) are experimental results and the lines
through them are nonlinearly fitted curves.

Scheme 3. Schematic diagram for the binding of DGTU–m-CF3 with FK.

Figure 5. Job plot for binding of FK to DGTU–m-CF3 in acetonitrile.
A(obs) and A(receptor) are absorbances at 327 nm of the anion/receptor
mixture and receptor, respectively. The total concentration of FK and
DGTU–m-CF3 is 4.0!10K5 M.
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the excited-state LE to CT reaction equilibrium was shifted
upon anion binding. Similar variation but to a less extent
was observed when AcOK was introduced, whereas other
anions such as H2PO4

K, HSO4
K, ClK and BrK led to much

less change or no change in the fluorescence spectrum of
DGTU–m-CF3. Within DGTU-R series there are four –NH
proton donors, of which the one with its NMR signal
appears at far downfield of around 13.2 ppm is involved in
an intramolecular hydrogen bond with the carbonyl
oxygen15 (Fig. 1 and Scheme 2). There are hence three
–NH protons in DGTU-Rs available for hydrogen bonding
with anions. Inspection of the structure of the receptors it
can be supposed that DGTU-Rs may bind anions via two
thioureido –NH protons and/or two guanidino –NH
protons.3c,d,8,13,16 Control molecule DG (Scheme 2) that
has only guanidino –NH protons, however, showed not any
response to anion in both its absorption and fluorescence
spectra. It was therefore assumed that DGTU-Rs bind
anions such as FK via two thioureido –NH protons with
additional contribution from the other free guanidino –NH
proton (Scheme 3). Job plot (Fig. 5) supported this by
confirming a 1:1 stoichiometry between DGTU–m-CF3 and
FK. Further evidence for this binding was obtained from 1H
NMR data. In DMSO-d6, the NMR signals of thioureido
–NH protons in DGTU–m-CF3, originally appeared at
9.020 and 9.209 ppm, were shifted and broadened in the
presence of 0.25 equiv of AcOK to appear as a broad band
peaked at 9.201 ppm, whereas those of the guanidino –NH
protons experienced much less changes. Variation in the
absorption spectra confirmed the formation of well-defined
binding complexes between receptors and anions. Figure 6a
shows the absorption spectra of DGTU–m-CF3 in aceto-
nitrile in the presence of FK. The absorption spectrum of
DGTU–m-CF3, originally peaked at 344 nm, was blue
shifted to 327 nm with increasing FK concentration, which
was accompanied by the appearance of three distinct
isosbestic points at 336, 298, and 277 nm, respectively.

The fluorescence response observed here can be accounted
for under the ICT mechanism that the CT photophysics and
emission are highly subject to the electron donor/acceptor
strength.9,11,12 In Figure 3 it is shown that with DGTU-Rs a
decrease in the electron acceptor strength results in a blue
shift in the CT emission and a lowered CT to LE intensity
ratio. Indeed, anion binding to the thiourea moiety in the
electron acceptor of DGTU-Rs led to a blue shift in the CT
emission and a decrease in the CT to LE intensity ratio
(Table 1 and Fig. 4). Accordingly, the CT to LE intensity
ratio of the DGTU-R–FK complex was found lower than
that of the DGTU-R–AcOK complex (Table 1), which is
obviously due to the higher charge density of FK because of
its smaller size.

Sensing of anions such as AcOK, FK, H2PO4
K, HSO4

K, BrK,
and ClK using DGTU-R receptors was then examined via
both the ICT dual fluorescence intensity ratio and absorption
titrations. Figures 4b and 6b show the titration curves of the
spectral parameters of DGTU–m-CF3 against anion



Figure 6. (a) Trace of absorption spectra of DGTU–m-CF3 in ACN (2.4!
10K5 M) upon addition of increasing concentration of FK and (b) plot of
the absorbance at 344 nm versus anion concentration. Data points in (b) are
experimental results and the lines though them are nonlinearly fitted curves.
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concentrations in acetonitrile. Sensitive and selective
sensing of anions can be achieved with this receptor. With
other receptors anion sensing was also possible. The anion
binding constants of DGTU-Rs were evaluated by nonlinear
fitting of the plots of the CT to LE intensity ratio and the
absorbance at 344 nm of the receptor against anion
concentration,7c,8c,17 assuming a 1:1 stoichiometry. The latter
was confirmed by the nice fitting shown in Figures 4b and 6b as
examples. The obtained binding constants are listed in Table 2.
The binding constants ranging from 104 to 106 MK1 varied in
general in the order of FKOAcOKOH2PO4

K[HSO4
K, BrK,

ClK, in agreement with that observed with other neutral
thiourea-based receptors.3c,d,8b–d With the same anion, the
binding constants varied in the order of DGTU!DGTU–p-
Cl!DGTU–m-Br!DGTU–p-CF3!DGTU–p-CN, as
Table 2. Binding constants (Kb) of anions with DGTU-Rs in acetonitrile from ab

R Kb (abs), 105 MK1b

FK AcOK

H 0.12G0.02 ndd

p-Cl 0.18G0.03 ndd

m-Br 0.24G0.03 ndd

m-CF3 1.47G0.32 1.58G0
p-CN 25.8G7.1 3.60G0

a Anions exist in their tetrabutylammonium salts.
b Binding constant obtained from absorption titration.
c Binding constant obtained from fluorescence titration.
d Not determined because of minor spectral change that did not allow for an acc

anions examined such as H2PO4
K, HSO4

K, BrK, and ClK.
expected from the increasing acidity of the thioureido
–NH protons.
3. Conclusion

In summary, we developed a series of the ICT dual
fluorescent anion receptors in which the phenylthiourea
anion-binding site was electronically conjugated via an
iminoyl linker to the electron acceptor moiety of the
CT fluorophore p-dimethylaminobenzamide. With the aid
of substitution at the phenylthiourea moiety it was
established that the substituent electronic effect could be
efficiently transmitted to the CT fluorophore and hence
influenced its CT dual fluorescence. This formed the basis of
anion sensing by these receptors. The anion sensing was
signaled by a blue shift in the CT emission and by a decrease
in the CT to LE intensity ratio. The CT dual fluorescent
receptors (I–III, Scheme 1) previously reported from this
group responded anions with decreases in the CT to LE
intensity ratio, but no shift in both the CT and LE band
positions.8 The present receptors therefore represent, to the
best of our knowledge, the first set of ratiometric CT dual
fluorescent anion receptors with emissive CT state that
sense anions due to variations in the electron acceptor
strength. The ICT signaling mechanism outlined here could
be applicable for extended investigations of optimal
combinations of the CT fluorophore, anion-binding site,
and conjugating linker between them.
4. Experimental

4.1. Materials

Solvents employed in organic syntheses were market
available AR reagents. Solvents used for spectral study
were of spectroscopic grade and were further purified before
use so that no fluorescent impurity was detected at the
employed excitation wavelength of 298 nm. Tetra(n-butyl)
ammonium salts of anions were prepared by neutralizing the
corresponding acids by tetra(n-butyl)ammonium hydroxide.
DG was synthesized according to a reported method13 and it
further reacted with substituted phenylisothiocyanate in
CH2Cl2 at room temperature afforded individual receptor,
DGTU-R (Scheme 1). The crude products were purified on
silica-gel column chromatography using petroleum ether
(m.p.60–90 8C) and ethyl acetate mixture (2:1, v/v) as eluent
and the purified products were fully characterized. 1H
sorption (344 nm) and fluorescence (ICT/ILE) titrationsa

Kb (flu), 105 MK1c

FK AcOK

0.22G0.03 ndd

0.40G0.04 ndd

4.73G0.55 1.33G0.11
.14 9.74G1.57 1.95G0.36
.80 16.8G5.2 8.41G1.55

urate evaluation of the binding constant. This was also the case with other
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(500 MHz) and 13C (125 MHz) NMR data were acquired in
DMSO-d6 on a Varian UnityC 500 MHz NMR spectrometer
using TMS as the internal reference. ESI-MS data were
obtained on a Bruker ESQUIRE-3000plus LC-MS/MS
spectrometer and HRMS data obtained on a Micromass
LCT time-of-flight mass spectrometer configured with a
standard Z-spray electrospray interface.

4.1.1. DGTU. 1H NMR, d (ppm): 3.036 (6H, s), 6.818 (2H,
d, JZ9 Hz), 7.045 (1H, s), 7.272 (2H, s), 7.679 (2H, s),
7.925 (2H, d, JZ9 Hz), 8.863 (1H, s, NH), 9.099 (1H, s,
NH), 10.156 (1H, s, NH), 13.507 (1H, s, NH). 13C NMR, d
(ppm): 39.985, 111.087, 117.557, 121.903, 123.295,
123.935, 128.209, 129.893, 139.751, 153.545, 157.029,
167.085. ESI-MS: m/z 342.0 (MCHC, MeOH). HRMS
found: m/z 342.1387; calcd for [C17H20N5OSC]: 342.1389.

4.1.2. DGTU–p-Cl. 1H NMR, d (ppm): 3.038 (6H, s), 6.820
(2H, d, JZ8.5 Hz), 7.295 (2H, d, JZ6.5 Hz), 7.748 (2H, d,
JZ9 Hz), 7.929 (2H, d, JZ8 Hz), 8.997 (1H, s, NH), 9.169
(1H, s, NH), 10.245 (1H, s, NH), 13.426 (1H, s, NH). 13C
NMR, d (ppm): 40.009, 111.081, 117.492, 123.366,
125.749, 126.815, 128.019, 129.919, 138.678, 153.564,
157.264, 167.108. ESI-MS: m/z 375.9 (MCHC, MeOH).
HRMS found: m/z 376.0999; calcd for [C17H19ClN5OSC]:
376.0999.

4.1.3. DGTU–m-Br. 1H NMR, d (ppm): 3.041 (6H, s),
6.844 (2H, d, JZ9 Hz), 7.221 (2H, s), 7.828 (2H, s), 7.928
(2H, d, JZ8 Hz), 9.020 (1H, s, NH), 9.188 (1H, s, NH),
10.254 (1H, s, NH), 13.311 (1H, s, NH). 13C NMR, d (ppm):
39.997, 111.090, 117.475, 121.012, 123.873, 125.886,
129.949, 130.214, 141.277, 153.572, 157.337, 167.125.
ESI-MS: m/z 421.8 (MCHC, MeOH). HRMS found: m/z
420.0490; calcd for [C17H19BrN5OSC]: 420.0494.

4.1.4. DGTU–m-CF3.
1H NMR, d (ppm): 3.040 (6H, s),

6.820 (2H, d, JZ8.5 Hz), 7.369 (1H, s), 7.495 (H, d,
JZ7.5 Hz), 7.918 (1H, s), 7.934 (2H, d, JZ9 Hz), 8.164
(1H, s), 9.020 (1H, s, NH), 9.209 (1H, s, NH), 10.392 (1H, s,
NH), 13.233 (1H, s, NH). 13C NMR, d (ppm): 40.002,
111.053, 111.095, 117.445, 123.042, 125.205, 128.837,
129.433, 129.918, 140.322, 153.568, 157.364, 167.109.
ESI-MS: m/z 409.9 (MCHC, MeOH). HRMS found: m/z
410.1265; calcd for [C18H19F3N5OSC]: 410.1262.

4.1.5. DGTU–p-CN. 1H NMR, d (ppm): 3.043 (6H, s),
6.826 (2H, d, JZ9.5 Hz), 7.684 (2H, d, JZ8.5 Hz), 7.926
(2H, d, JZ9 Hz), 8.005 (2H, d, JZ8.5 Hz), 9.250 (1H, s,
NH), 9.315 (1H, s, NH), 10.441 (1H, s, NH), 13.290 (1H, s,
NH). 13C NMR, d (ppm): 40.002, 111.058, 117.352,
118.788, 119.236, 121.420, 123.788, 129.949, 132.587,
143.655, 153.591, 157.932, 167.156. ESI-MS: m/z 366.9
(MCHC, MeOH). HRMS found: m/z 367.1338; calcd for
[C18H19N6OSC]: 367.1341.

4.2. Absorption and fluorescence spectral studies

The absorption and fluorescence spectra were recorded on
Varian Cary 300 absorption spectrophotometer and Hitachi
F-4500 fluorescence spectrophotometer, respectively. Solu-
tions were measured in 1-cm quartz cell. The solvent
employed for spectral titrations was acetonitrile (ACN).
Fluorescence quantum yields were measured using quinine
sulfate as a standard (0.546 in 0.5 M H2SO4).18

Spectral titrations were carried out by introducing aliquot of
anion solution into the receptor solution of fixed
concentration.

4.3. Determination of anion-receptor binding constants

The binding constants of anions with receptors were
evaluated by nonlinearly fitting both the variations of the
absorbance at 344 nm and the CT to LE fluorescence
intensity ratio of the receptors against anion concentration,
assuming a 1:1 binding stoichiometry.
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Abstract—The binding affinities of host 1 towards different phosphoesters were studied. An indicator-displacement assay was also
performed, which was able to detect the host–guest interactions with a small visual color change. The degree of substitutions of the
phosphate, the functionality of the substituents, and the steric bulk of the substituents, all affect the phosphoester affinities with the host
molecule.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphate esters play a dominant role in the physiology of
cells, and hence are essential to many organisms. They are
structural and functional elements in DNA, RNA, and their
monomeric building blocks. Further, they participate in
post-translational signaling in proteins and as a head group
in phospholipids.1,2 Therefore, the design and synthesis of
receptors that have high selectivities and affinities for
phosphate esters in aqueous media is a current goal of
molecular recognition studies. Receptors functionalized
with guanidinium groups,3–8 polyaza groups,9–27 amides,28

and ureas (including thiourea)29–31 have been found to have
high affinities towards phosphate esters through multiple
hydrogen bonding and ion-pairing interactions. However,
most of the previously reported receptors either lack high
affinities or have low selectivities towards these guest
molecules in aqueous media at neutral pH. To design an
effective phosphate ester receptor that would have both high
selectivities and high affinities at biological pH in water
provides the impetus for the work described herein. As a
secondary goal, we demonstrate that an indicator-displace-
ment assay makes for a simple optical technique for
detecting phosphoesters.

Our group previously reported the design and synthesis of
the C3v metallo-host molecule 1.32–34 Via a combination of
electrostatic interactions, hydrogen bonding interactions,
coordination bonds, and geometrical complementarity in the
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.059
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receptor design, the binding properties of the host showed
both high affinities and selectivities towards tetrahedral
inorganic anions in aqueous solutions at neutral pH
(Table 1). Specifically, phosphate and arsenate were the
guests of choice.

Herein, we report binding affinities of this receptor towards
organic phosphate esters. Indicator-displacement assays
gave us a more sensitive analysis technique than direct
UV–vis spectral changes of 1 upon phosphoester binding,
giving a more sensitive detection limit for determining
phosphoester binding constants. Our goal with these studies
was to expand the possible targets for 1, and to determine to
what extent phosphoesters would enhance or diminish
binding relative to phosphate. Our long term goal is to create
specific receptors that can signal mono-phosphorylation
events by kinases in biological systems.
2. Results and discussions

2.1. Synthesis

A synthesis of 1 has been previously reported.33 However,
in the previous route several low yielding steps and difficult
chromatographic separations were involved. Due to interest
our group has in expanding the capabilities of 1 and future
analogous designs, we sought a higher yielding and easier
route. We now report such a route (Scheme 1).

The synthesis of receptor 1 started with commercially
available 2,6-dihydroxymethyl pyridine 2. A CH2Cl2

suspension of 2, silver oxide, and potassium iodide was
brought to K20 8C, followed by addition of tosyl chloride as
Tetrahedron 60 (2004) 11117–11124



Table 1. Design of host 1, and previously reported affinity constants in buffered water at pH 7.4

Guests Binding constants (Ka) (MK1)

HPO4
2K 1.5!104

HAsO4
2K 1.7!104

ReO4
2K, AcOK, NO3

K, HCO3
K, ClK !100

All data were measured at [1]Z1.17 mM.
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a solid. The reaction system was slowly warmed to room
temperature and stirred for 3 h. The mixture was filtered
through a pad of silica gel, and the filtrate was washed with
EtOAc.35 A flash column, first with CH2Cl2, then EtOAc,
gave monosubstituted 3 at a 75% yield as a pink solid. To
compound 3 was then added NaN3 in DMF, and the solution
was heated at 80 8C for 5 h. A greenish yellow solid of 4 was
obtained. The second tosylation was carried out using
NaOH36 as a base. Compound 5 was obtained as a yellow oil
in 93% yield (using the reagents in step (i) gave near a 100%
yield). Na2CO3 was found to be the better reagent than
K2CO3 in the amine alkylation step to obtain the pale yellow
Scheme 1. New synthetic route to 1. (i) 1.5 equiv Ag2O, 0.1 equiv KI, 1.1 equiv
(iii) NaOH, TsCl, THF, H2O, 0 8C, 4 h, 93%; (iv) NH4OAc, Na2CO3, CH3CN, rt, 2
2-imidazoline, EtOH, HOAc, 50 8C, 4 h, 45%; (vii) a. TFA, CH2Cl2, rt, 12 h; b.
oil 6, in a 72% yield. The rest of the steps were the same as
previously reported to afford apo-1.32 The complexation of
cupric ion occurred upon addition of 1 equiv of cupric
chloride into a water solution of apo-1. Compound 1 was
then obtained in situ.

2.2. Binding studies

Eleven different phosphate esters were studied in pure water
solution. Their binding affinities to 1 were monitored by
UV–vis absorbance changes (Table 2). UV–vis titration
studies were based on the modulations of the cupric ion
TsCl, CH2Cl2, K20 8C to rt, 3 h, 75%; (ii) NaN3, DMF, 80 8C, 5 h, 100%;
days, 72%; (v) PPh3, THF, H2O, rt, 4 h, 70%; (vi) N-(t-Boc)-2-thiomethyl-

ClK column exchange.



Table 2. Association constants obtained by UV-titrations at different
temperatures

Guest Ka (1!103 MK1) 25 8C

9 5.7G0.4
10 1.0G0.1
11 —
12 2.5G0.3
13 4.5G0.8
14 6.3G0.8
15 2.3G0.2
16 2.1G0.3
17 1.3G0.2
18 4.6G0.6
19 3.9G0.5
20 11.4G2.9

All data were measured at [1]Z1.92 mM.
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absorptions at 775 nm. Small but reproducible changes in
the molar absorbtivities of the host were observed for all the
phosphate esters due to modulations of the d–d forbidden
transitions. All phosphate esters showed distinct 1:1 binding
curves (see Fig. 1 for one example).

Clear trends are evident in Table 2 indicating the differences
in the ability of 1 to bind various phosphoesters. We first
examined 4-nitrophenyl phosphate esters. Unsubstituted
inorganic phosphate 9 binds the strongest, whereas 4-
nitrophenyl phosphate 10 shows reduced binding.
Figure 1. (A) Small but reproducible changes in the UV–vis spectra upon addition
constants.
Phosphodiesters, such as bis(4-nitrophenyl) phosphate 11
show no evidence of binding.

These differences were attributed to three possible effects.
One is the lower charge on a phosphomonoester than with
phosphate, and even a further decrease in charge with a
diester. A second effect derives from the electron with-
drawing nature of nitrophenyl ring, which further reduces
the charge density on the phosphate group itself. A third
possible effect derives from sterics between the host and the
guest. The phenyl rings on the 4-nitrophenyl esters might
not fit into the cavity of the host, and hence lower the
association constant. We probed these various issues by
examining parent phenyl groups, alkyl phosphoesters, and
primary and secondary alkyl groups.

Monosubstituted phenyl phosphate 12 showed stronger
binding than monosubstituted 4-nitrophenyl phosphate 10.
Therefore, the strong electron withdrawing nitro group on
the para position of 10 did indeed lower the electron density
on the phosphate oxygen, thus weakening the ion-pairing
driven association with 1.

To examine alkyl phosphoesters, a handful of biologically
relevant phosphate monoesters were studied. The binding
affinities of D-glucose 6-phosphate and adenosine 5 0-
monophosphate were particularly interesting. Importantly,
these primary phosphate esters showed almost as strong
of phosphoesters. (B) Example of the titration data used to determine affinity



Figure 2. UV–vis titration data of o-phospho-L-serine and serine.
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binding as inorganic phosphate. Apparantly, the sterics
introduced by a single primary alkyl group does not
influence the binding. This is consistent with previous
evidence that indicated inorganic phosphate binds to 1 in
primary its dianionic monoprotic form,34 and hence HPO4

2K

is analogous to a phosphomonoester (RPO4
2K).

The branching of the alkyl groups also affected the binding
Figure 3. (A) Binding affinity changes with host 1 concentrations. (B) Calculated a
10 mM Tris buffer.
strengths. Primary phosphate esters had stronger binding
than those with secondary alkyl groups (15, 16, 17).
This must be a steric effect, indicating that the host does
not accommodate branching in the alkyl groups when
burying the phosphate group in the cavity. This
discovery prompted us to examine the binding difference
between phosphoserine 18, phosphothreonine 19, and
phosphotyrosine 20.
ctivity coefficients dependence on the host concentrations in the presence of



Figure 4. (A) Reproducible changes in the UV–vis spectra of host-indicator solution upon addition of phosphoesters. (B) Example of the titration data used to
determine the competing affinity constant. (C) Competition displacement algorithm.37
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We first determined the binding site of these three
compounds, because all of these three have terminal
amine and carboxyl groups that could also coordinate to
the cupric center. Serine as a control was chosen for UV–vis
titration to investigate the binding to the host molecule
(Fig. 2). It is clear from the figure that serine was not bound
to the host 1. Thus, phosphate is the binding site to 1, even it
is known that cupric ion has a strong affinity to ligands with
lone pair nitrogen atoms.

The affinities of these three amino acid phosphates for 1
were similar but not identical compared to our previous
discussion. o-Phospho-L-threonine binds less effective than
o-phospho-L-serine, again reflecting a steric influence.
However, o-phospho-L-tyrosine 20 showed the strongest
binding compared to the other two amino acid phosphates
(18 and 19).

A concentration dependence of the Ka values was also
studied. The binding constants at different concentrations of
host molecule (3.84, 2.69, 1.92, 1.54, 0.96, 0.61 mM)
towards inorganic phosphate anion were measured at room
temperature. It was clear that the lower the host concen-
tration, the larger the binding constants. Because the
accuracy of our UV–vis studies is dependent upon the
detection limit of the UV–vis spectrometer, at the lower host
concentrations there is a larger error. Yet, this is not the
source of the concentration trend.

The trend was unexpected at first, but can be readily
explained by an effect of ionic strength. The Debye–Huckel
equation 1 for determining ionic strength has a large
dependence on multiply charged species. The host is
formally positive five, with five negative chloride counter-
ions. The activity coefficient (g) for a specific ion can be
calculated by Eq. 2. The size of each ion (a) is not known in
this case. However, with concentrations in millimolar range
or less, the denominator of Eq. 2 would be near 1. Therefore,
Eq. 2 can be simplified as shown in Eq. 3. The host–guest
binding equation 4 and its dependence upon concentrations
and activity coefficients 5 are shown. The observed binding
constant (Kobs), which was calculated in our study, is
proportional to the activity coefficients of those three
species in Eq. 4 since the theoretical binding constant (K)
does not change with concentrations (Eq. 6). Therefore, the
activity coefficient dependence upon host concentration
should have the same trend as the Kobs dependence upon
host concentration. Similar trends were obtained from Kobs

versus [1] (Fig. 3A) and gHgG/gHG versus [1] (Fig. 3B).
This supports the notion that host concentration decreases, a
smaller binding constant should be obtained.

mZ ð1=2Þ
X

Cz2 (1)

log gZ
K0:51z2m1=2

1C ðam1=2=305Þ
(2)

log gZK0:51z2
m

1=2 (3)

½H�5CC ½G�2K#
K
½HG�3C (4)
K Z
½HG�3CgHG

½H�5CgH½G�2KgG

Z
½HG�3C

½H�5C½G�2K
gHG

gHgG

ZKobs

gHG

gHgG

(5)

Kobs ZK
gHgG

gHG

(6)

To create optical sensing methods for detecting the
phosphoesters, we turned to indicator-displacement assays.
We previously reported the use 5(6)-carboxyfluorescein as
an indicator in a 50:50 methanol/water (v:v) solution to
quantitate inorganic phosphate in serum and saliva using 1
as the host.32 In a similar manner to this previous report,
clear color changes of light orange to bright yellow were
observed upon addition of the phosphate esters 9, 10, 12, 13,
14, 15, 16, 17 into a solution of a host–indicator complex
(Fig. 4). Compounds 13 and 14 were chosen for quantitative
indicator displacement UV-titrations because they showed
strong binding in the other UV–vis titrations. In each case,
the indicator-displacement by phosphoesters proceeded
with a 1:1 stoichiometry. The binding constants calculated
from the curving fitting results were 1.2!105 and 1.1!
105 MK1, respectively, at [1]Z25.0 mM. They are compar-
able to those obtained from host only titrations: 3.6!104

and 1.5!104 MK1, respectively, at [1]Z1.92 mM, but we
observed a much larger absorbance change. These results
confirmed that the binding strength between host and guest
were dependent upon both the host concentrations and the
solvents. Also, the indicator-displacement assay gave us an
opportunity to detect the guests at lower concentrations and
with a higher optical response.
3. Conclusion

In summary, the binding affinities of the host 1 towards
different phosphoesters were studied. An indicator-displace-
ment assay was also performed, which was able to detect the
host–guest interactions with small visual color changes. The
degree of substitution of the phosphate, the functionality of
the substituents, and the size of the substituents, all affected
their interactions with the host molecule. The success of
using this C3v host to bind the phosphomonoesters has given
us the opportunity to further exploit this host to monitor
phosphorylated organic molecules in vivo, which is the
direction we are pursuing.
4. Experimental

4.1. General considerations

All chemicals used were obtained from Aldrich or Acros
and were used without purifications unless noted. Flash
chromatography was performed on Whatman 60 Å 230–400
mesh silica gel. 1H (400 MHz) and 13C (75 MHz) spectra
were measured by Varian Unity Plus spectrometer. Mass
spectra were recorded on a Finnigan VG analytical ZAB2-E
spectrometer. UV–vis spectra were collected on a Beckman
DU-640 at various temperatures.
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4.2. Synthesis

4.2.1. Compound 3. A CH2Cl2 (50 mL) suspension of 2,6-
dihydroxymethyl pyridine 2 (1.00 g, 7.19 mmol), silver
oxide (2.84 g, 10.78 mmol), potassium iodide (0.24 g,
1.44 mmol) was brought to K20 8C, tosyl chloride
(1.51 g, 7.91 mmol) was then added as a solid. The reaction
system was slowly warmed up to room temperature and
stirred for 3 h. The reaction mixture was filtered through a
pad of silica gel, and washed with ethyl acetate. A flash
column, first with CH2Cl2, then ethyl acetate, gave mono-
substituted pink solid 3 (1.58 g, 75%). Mp 56–57.5 8C. 1H
NMR (CDCl3, 300 Hz) d 2.44 (3H, s), d 4.68 (2H, s), d 5.13
(2H, s), d 7.21 (1H, d), d 7.32 (3H, m), d 7.69 (1H, t), d 7.83
(2H, d). 13C NMR (CDCl3, 75 Hz) d 21.54, d 63.69, d 71.30,
d 120.15, d 120.49, d 127.93, d 129.84, d 132.60, d 137.70, d
145.08, d 152.41, d 158.89. HRCI C14H16NO4S (MC1)
294.079214 (calcd 294.079214).

4.2.2. Compound 4. To compound 3 (1.58 g, 5.38 mmol)
was added NaN3 (1.05 g, 16.16 mmol) in a DMF (40 mL)
solution, and the solution was heated at 80 8C for 5 h. The
DMF was removed by high vac. The residue was
redissolved in ethyl acetate. The precipitate was removed
via filtration through a pad of celite. Evaporation of the
solvent gave a pure greenish yellow solid 4 (0.88 g, 100%).
1H NMR (CDCl3, 300 Hz) d 4.35 (2H, s), d 4.66 (2H, s), d
7.15 (1H, d), d 7.20 (1H, d), d 7.62 (1H, t). 13C NMR
(CDCl3, 75 Hz) d 54.92, d 63.89, d 119.63, d 120.25, d
137.57, d 154.50, d 159.54. HRCI C7H9N4O (MC1)
165.078323 (calcd 165.078323).

4.2.3. Compound 5. Compound 4 (0.54 g, 3.29 mmol) was
dissolved in THF (1.6 mL) and H2O (1.6 mL), and brought
to 0 8C. NaOH (0.39 g, 9.87 mmol) was added. A THF
(2.7 mL) solution of tosyl chloride (0.69 g, 3.62 mmol) was
added to the previous suspension dropwise while stirring.
The system was kept at 0 8C and stirred for 4 h, and then
extracted with CH2Cl2. The combined organic layer was
washed with brine and dried with Na2SO4. Evaporation of
the solvent gave compound 5 as a yellow oil (0.97 g, 93%).
1H NMR (CDCl3, 300 Hz) d 2.37 (3H, s), d 4.33 (2H, s),
d 5.07 (2H, s), d 7.21 (1H, d), d 7.33 (3H, m), d 7.65 (1H, t),
d 7.77 (2H, d). 13C NMR (CDCl3, 75 Hz) d 21.39, d 54.94, d
71.35, d 120.77, d 121.37, d 127.81, d 129.74, d 132.44, d
137.77, d 144.96, d 153.56, d 155.28. HRCI C14H15N4O3S
(MC1) 319.85414 (calcd 319.85414).

4.3. UV–vis titrations

A typical titration is described below, through concen-
trations varied from experiment to experiment. A stock
solution of receptor (15.37 mM) was prepared, and buffered
with Tris (10.04 mM) at pHZ7.4. A similar solution of the
guest (w50 mM) was also prepared and buffered with Tris
(10.04 mM). To a quartz cuvette was added 875 mL of a Tris
(10.04 mM) solution and scanned as the blank reading.
125 mL of the stock solution was introduced to the same
cuvette (receptor concentration after dilution 1.92 mM), and
the absorbance was recorded. Aliquots of a solution
containing the receptor (1.92 mM) and each guest
(w38 mM) in Tris buffer were then added to the cuvette
and the absorbance was recorded after each addition. At a
chosen wavelength of cupric d–d transition, the delta
absorbances were calculated relative to the first absorbance
reading. These values were then plotted versus the
concentration of the added guest for each aliquot. The
binding isotherm from this raw data was curve fit using a 1:1
binding algorithm in Origin.
4.4. Indicator-displacement assay

All titration solutions contained 10.90 mM Tris buffer in
50/50 (v:v) methanol/water. A stock solution of receptor
(99.8 mM), and 5(6)-carboxyfluorescein (99.8 mM) was
prepared in Tris (10.90 mM) buffered at pHZ7.4. A similar
solution of the guest (w2.5 mM) was also prepared and
buffered with Tris (10.90 mM). To a quartz cuvette was
added 750 mL of a Tris (10.90 mM) solution and scanned as
the blank reading. 250 mL of the stock solution was
introduced to the same cuvette (receptor and 5(6)-carboxy-
fluorescein concentrations after dilution 25.0 mM), and the
absorbance was recorded. Aliquots of a solution containing
the receptor (25.0 mM), 5(6)-carboxyfluorescein (25.0 mM)
and each guest (499 mM) in Tris buffer were then added to
the cuvette and the absorbance was recorded after each
addition. At a chosen wavelength of 5(6)-carboxyfluores-
cein absorptions, the delta absorbances were calculated
relative to the first absorbance reading. These values were
then plotted versus the concentration of the added guest for
each aliquot. The binding isotherm from this raw data was
curve fit using the 1:1 binding equation in Origin.32
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Abstract—Two leading designs of fluorescent sensors are combined to yield the novel hybrid system of the ‘Fluorophore–Receptor1–
Spacer–Receptor2’ format. We use 4-(dialkylaminoalkylamino)-7-nitrobenzo-2-oxa-1,3-diazoles as examples. The emission from internal
charge transfer excited states in the present instances are highly responsive to N–H deprotonation as well as being quenched by
intramolecular tertiary amine groups via photoinduced electron transfer (PET). When applied to pH sensing, this leads in favourable cases to
two steps in the fluorescence-pH profile which can be viewed as a multi-stable photoionic device, even though single steps are more usual.
The former situation is favoured when the two proton-associated equilibria are sufficiently separated on the pH scale and when the PET
process is of moderate efficiency. These systems have the added feature of excitation/emission wavelengths in the visible region. As a
secondary theme, we point out that caution is required when designing sensors for transition metal ions from systems with intrinsically
proton-sensitive fluorescence due to receptors either integrated with or spaced from the fluorophore.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescence sensors and switches are proving to be useful
across the range of sciences from medicine to materials.1

The sensing of chemical species via fluorescence is growing
rapidly thanks to two distinct design principles.2 One of
these is based on the integrated ‘Fluorophore–Receptor’
format where the two components overlap considerably and
give rise to internal charge transfer (ICT) excited states. The
energy of these states can be perturbed by guest species
complexed nearby and guest-induced wavelength shifts are
produced.3 The other design principle employs the supra-
molecular4 ‘Fluorophore–Spacer–Receptor’ format where
the two terminal components largely preserve their proper-
ties, that is, predictability of many parameters is built-in.
Nevertheless, photoinduced electron transfer (PET) can be
arranged between the terminal components to switch ‘off’
fluorescence emission. The PET process can be further
arranged to stop upon guest complexation and fluorescence
can be recovered.5 These two design principles have
complementary strengths and it would be profitable to
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.057
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combine them within a single sensor system. At a
conceptual level this would be a novel ‘Fluorophore–
Receptor1–Spacer–Receptor2’ format6 (Fig. 1) which is
quite different from ‘Lumophore–Receptor1–Spacer–
Receptor2’ systems involving lanthanide complexes.7 This
would also be quite distinct from the ‘Fluorophore–
Spacer1–Receptor1–Spacer2–Receptor2’ format where both
receptors participate according to PET mechanisms.8

Importantly, ‘Fluorophore–Receptor1–Spacer–Receptor2’
systems can give rise to photochemical molecular devices9

which display two distinct ‘on’ states besides the ‘off’ state.
Such multi-state systems are of current interest.10 Absorp-
tiometric photoionic devices with two receptors have been
recently shown to have unusual computational
capabilities.11

At a more specific level, we choose simple amines as
receptors (for protons) and the 4-amino-7-nitrobenzo-2-oxa-
1,3-diazole fluorophore for the sensors 1. Even though the
classical amine–proton pairing is perhaps the simplest
possible receptor-target combination, they allow the
simplest demonstration of new possibilities in sensor
design.2 The choice of fluorophore has several underlying
reasons. First, this will allow us to build sensors with visible
excitation and emission wavelengths which are much
sought after for reduced interference from the matrix,
Tetrahedron 60 (2004) 11125–11131



Figure 1. The ‘Fluorophore–Receptor1–Spacer–Receptor2’ format of fluorescent sensors and its parentage.

J. F. Callan et al. / Tetrahedron 60 (2004) 11125–1113111126
especially if such excitation can be provided by inexpensive
light emitting diode sources12 increasingly used in sensor
equipment.13 Second, 4-amino-7-nitrobenzo-2-oxa-1,3-
diazoles have been known to show polarity-sensitive
emission spectra.14 Therefore the potential exists for
developing two-dimensional fluorescent sensors15 which
allow simultaneous monitoring of properties like polarity
via emission wavelength and chemical species such as
protons via emission quantum yield.16 Third, 1c has been
recently proposed as a fluorescent PET sensor for several
transition metal ions, for example, chromium(III).17 This
work and some related studies18,19 are very interesting since
fluorescence switching ‘on’ with d-block metal ions is
reported. Now we demonstrate that the sensitivity of the
fluorescence of these systems to protons demands caution
concerning the interpretation of these observations.
Figure 2. pH dependence of electronic absorption spectra of 1b in the
acidic/neutral pH range. The pH values in order of decreasing absorbance at
470 nm are: 7.1, 5.6, 5.0 and 4.5.
2. Results and discussion

4-Amino-7-nitrobenzo-2-oxa-1,3-diazoles have seen exten-
sive use as fluorescent labels in biology20 besides being a
suitable fluorescent derivative of amines for analytical
purposes.21 The photophysics of these fluorophores has also
received attention.14 Ion sensors based on 4-amino-7-
nitrobenzo-2-oxa-1,3-diazoles are also available. Shanzer’s
extensive program uses such sensors which respond to
Fe(III) with fluorescence switching ‘off’.22 Street and
Krause23 as well as Forst and Pacey,24 and more recently,
Resch et. al.25a and Boiocchi et al.25b have elaborated the
4-amino nitrogen into azacrown ether or cyclam receptors
for the purpose of ion capture. 1c is included within a
large series of compounds examined by Onoda et al.26

to elucidate the influence of spacer length on PET
efficiency.

The thermodynamic driving force for PET (DGPET) from
triethylamine to 4-amino-7-nitrobenzo-2-oxa-1,3-diazole
fluorophore is K1.1 eV,17b according to the Weller
equation.27 Corresponding amines when protonated will
naturally give rise to a large positive DGPET value. So we
can expect the fluorescence to be weak for compounds 1 and
strong for protonated 1.
 

 

 

The absorption spectra of compounds 1 are slightly but
significantly dependent on pH in the acidic/neutral pH
range. They are strongly dependent on pH in the alkaline
range. The case of 1b in these two pH ranges is shown in
Figures 2 and 3, respectively. The behaviour in the acidic/
neutral range is as expected of a fluorescent PET sensor for
protons,28 but the behaviour in the alkaline range is more
typical of an ICT sensor.1a The resulting parameters are
given in Table 1. Bearing in mind that multiple protonation–
deprotonation equilibria may be involved, these absorbance
(A) changes can be analyzed according to Eq. (1)29 to give
the pKa values shown.

log½ðAmax KAÞ=ðAKAminÞ�Z pHKpKa (1)



Figure 3. pH dependence of electronic absorption spectra of 1b in the
alkaline pH range. The pH values in order of decreasing absorbance at
470 nm are: 7.4, 9.0, 9.4, 9.7 and 11.5.

Figure 4. pH dependence of fluorescence emission spectra of 1d. The pH
values in order of decreasing intensity at 535 nm are: 5.4, 6.3, 6.7, 7.4, 8.0,
9.1, 9.7 and 10.6. The excitation wavelength is 441 nm.

Figure 5. Fluorescence intensity (at 535 nm)—pH profile of 1d. The
excitation wavelength is 441 nm.
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The pH dependence of fluorescence intensity(IF) (e.g., for
1d in Figs. 4 and 5) can also be analyzed with equation 228

to give the pKa values listed in Table 1.

log½ðIFmax
K IFÞ=ðIF K IFmin

Þ�Z pHKpKa (2)

The pKa value of receptors unconjugated with the
fluorophore are expected to be similar whether determined
absorptiometrically or fluorimetrically. Such similarity is
not expected when the receptor is integrated with the
fluorophore.30

The massed data in Table 1 show many notable features.
The absorption maxima (lmax.Abs) are determined by the
energy of the ICT excited state which carries significant
positive charge on the 4-amino unit. So it is gratifying to
find that the tertiary nitrogen at the 4-position (within 2)
gives the highest value (500 nm). This also implies that
methylation of the 4-N does not introduce steric crowding
which could have caused twisting of the 4-N-aromatic C
bond leading to blue-shifts. Within the 4-NH series, a propyl
side-chain (within 3) produces the highest value (480 nm).
The next highest value (471–474 nm) is seen for 1d and 1e
where the s-electron-withdrawing amino terminal is three
Table 1. Optical and acid/base properties of systems 1a–e, 2–4a

Property 1a 1b 1c

lmax.AbsCHC (nm) 461 459 456 4
lmax.Abs (nm) 467 470 465 4
lmax.Abs-HC (nm) 399 400 401 3
lisosbestic (nm) 436,486c 379,459c 416,460c 3

439e 441e 440e 4
pKa.side-chain(Abs) 8.1 5.3 6.9 6
pKa.N–H(Abs) 9.9 9.3 9.3 9
lmax.Flu(nm) 524 526f 523 5

530g 5
pKa.side-chain(Flu) 7.5 5.6 7.5 6
FE O100 10 40 2
pKa.N–H(Flu) —h 9.0 —h 9
FE —h 10 —h 3

a In MeOH–H2O (1:4, v/v) solution. Unless noted otherwise the fluorescence emi
Fluorescence experiments are performed with excitation at a suitable isosbestic

b Not present and not expected.
c Protonation equilibrium.
d No sharp isosbestic points.
e De-protonation equilibrium.
f Protonated form.
g Neutral form.
h Not observed.
methylene units away from the 4-amino unit. The last in line
is the set 1a–c (465–470 nm) where the amino terminal is
only separated by two methylene units from the 4-amino
unit. Similar trends (2O1d,eO1a–c) can be discerned in the
absorption maxima of the protonated series (lmax.Abs-H

C ). The
presence of a protonated amine two (or three) methylene
groups away from the 4-amino unit gives blue shifts of
1d 1e 2 3 4

66 471 479 —b 354,371,393
74 471 500 480 349,366,388
97 394 —b 391 —b

94,470c —d 391,476c 439c 351,360.
368,381,390

41e —d

.8 ca. 9.2 8.0 —b 8.1

.2 ca. 9.2 —b 9.3 —b

35f 530 532 534 398,420,443
35g

.7 ca. 8.9 7.5 —b 8.2

.7 80 7.7 —b 45

.3 ca. 8.9 —b 8.8 —b

0 80 —b 45 —b

ssion is so low in basic solution that a lmax.Flu value cannot be determined.
wavelength.
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6–11 nm. Similar, though larger, effects are seen upon side-
chain protonation of 4-(2 0-aminoethyl)amino-1,8-naphthali-
mides31 for the same reasons. The exception of no blue shift
for 1e is clearly a combination of (a) the larger distance from
the 4-amino unit to the protonated amine and (b) the low
charge density on the aliphatic amino terminal due to the
presence of the two ethyl groups.

The 4-NH series show a large blue-shift in sufficiently basic
media which can be ascribed to deprotonation of this rather
acidic proton. Considerable redistribution of electron
density is to be expected in such an event. The absorption
maximum in all cases (1a–e, 3) lie in the range 391–401 nm.
Unsurprisingly, such a base-induced blue-shift is absent for
2 lacking a 4-NH group. This deprotonation of the 4-NH
group naturally introduces an extra proton-associated
equilibrium into the spectral studies. The observation of
sharp isosbestic points therefore required that the pH
variations be conducted in two separate pH ranges.
Furthermore, the determination of pKa values involved
larger uncertainties than usual (G0.1) in some cases owing
to this complication.

The pKa values of the 4-NH group is largely constant in all
cases (1a–e, 3). The deviation seen in 1a is probably
because its side-chain pKa value is close enough to cause
some interference. The pKa values of the side-chains largely
follow the trend seen in simpler amines32 and expected in
physical organic chemistry.33 The electron releasing
tendency of Et2NOMe2NOmorpholino is borne out in the
two series of pKa values: 1aO1cO1b and 1eO1d. The
chromophore acts as an electron withdrawing unit which is
naturally more effective if only two methylene groups away,
hence the pKa orders: 1eO1a and 1dO1b. The electron
withdrawing ability of the chromophore is somewhat
attenuated with methylation of the 4-N, hence the larger
pKa value of 2 (8.0) c.f. 1c (6.9).

Being a simple hydrocarbon chromophore, 4 is expected to
possess a pp* excited state with no ICT contribution.
However, protonation of the aminomethyl side-chain
induces a noticeable degree of ICT character which is
evidenced by the 5 nm red-shift. This red-shift permitted the
determination of a pKa value (8.1), a feat which is not
possible for several fluorescent PET sensors with hydro-
carbon chromophores.2,34

The examination of fluorescence spectra of these com-
pounds as a function of pH showed the fluorescence
switching ‘on’ upon protonation of the side-chain amine
as commonly expected. Large proton-induced fluorescence
enhancement (FE) factors (2.7–O100) are found. The
smallest FE value is naturally seen for 1d with the longer
three-methylene spacer which retards PET rates compared
to the cases with dimethylene spacers (Figs. 4 and 5). Also,
the influence of the electron withdrawing substituents on the
electron donor side-chain amine makes PET thermo-
dynamically less favourable. Hence the FE order: 1aO
1cO1b. The case of 1e is complicated by the overlap of the
side-chain protonation and the 4-NH deprotonation equi-
libria. The fluorescence quenching process arising from the
4-NH deprotonation may be attributable to strong coupling
of the deprotonated fluorophore with solvent O–H
oscillators.15

As expected, the fluorimetrically determined pKa values of
the side-chain amines are not much different from those
obtained absorptiometrically. The pKa values of the 4-NH
group is not always determinable in this way because the
fluorescence is already quenched when the alkaline pH
range suitable for 4-NH deprotonation is reached. The
clearest case where both equilibria are seen by fluorescence
switching is that of 1d. In this case, the pKa value of the
side-chain amine is moved into the acidic range due to the
electron withdrawing oxygen within the morpholine group.
Additionally, the fluorescence quenching by the PET
process is only moderate owing to the longer spacer.
Thus there is sufficient fluorescence left to be quenched by
the 4-NH deprotonation. This fluorescence-pH profile thus
displays three plateaux which can be interpreted as a three-
state molecular photoionic device.10

A second theme of this paper emerged for the following
reason. Samanta et al. have observed large fluorescence
enhancements for 1c when treated with chromium(III)
chloride hexahydrate and other hydrated transition metal
salts in acetonitrile.17 Many other related reports18,19 have
accumulated since then. Samanta et al. immediately noted
the significance of this observation since d-block ions often
open deexcitation pathways via electronic energy transfer
(EET) and/or PET involving the metal centre. In fact,
Fabbrizzi’s team have an extensive catalogue of sensors
whose luminescence is switched ‘off’ upon encountering
d-block ions or other redox-active species for some of which
DGPET rationalizations are available.5c,1c

During their analysis, Samanta et al. have carefully
discussed the possibility of protonation arising from
adventitious protons since these cause powerful fluor-
escence switching ‘on’ in 1 as we have detailed above.
However it is also important to analyze the possibility of
protonation arising from the hydration shell of transition
metal ions. So we have examined this possibility carefully.
The acidity of the water molecules in the hydration shell of
highly charged metal ions is well appreciated.35 Thus
chromium(III) chloride hexahydrate can potentially switch
‘on’ the fluorescence of 1c by transfer of a proton from the
coordinated waters to the dimethylamino side chain. To test
this hypothesis, we synthesized a sterically hindered tertiary
monoamine 4 which would signal local proton sources via
fluorescence enhancement. Importantly, the fluorophore
within 4 is a simple anthracene unit which is nowhere as
electron deficient as that in 1c. The reduction potentials of 4
and 1c are K2.036 and K0.6 V17b (vs. SCE) respectively.
Compound 4 is a simple fluorescent PET sensor for protons.
Its pKa value in H2O–MeOH (4:1, v/v) is 9.2, which is to be
compared with the side-chain of 1c (7.5). It should be a
rather poorer ligand for CrIII than 1c given the lack of
chelation possibilities and the congested nature of the amine
centre. Nevertheless, as Figures 6 and 7 show, 4 is about as
efficient as 1c in responding to chromium(III) chloride
hexahydrate in acetonitrile solution. Thus we can conclude
that protonation can give rise to the observation of
fluorescence enhancement in 1c with chromium(III)
chloride hexahydrate. A referee has also pointed out the



Figure 6. Fluorescence emission spectra of 1c with and without added
chromium(III) chloride hexahydrate. The concentrations of chromium(III)
chloride hexahydrate in order of decreasing intensity at 523 nm are: 5!
1!10K5, 5!10K5 and 0.0 M. The excitation wavelength is 440 nm.

Figure 7. Fluorescence emission spectra of 4 with and without added
chromium(III) chloride hexahydrate. The concentrations of chromium(III)
chloride hexahydrate in order of decreasing intensity at 420 nm are: 5!
1!10K5, 5!10K5 and 0.0 M. The excitation wavelength is 368 nm.
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long-known kinetic inertness35 of chromium(III) which
would prevent ligation of 1c to the CrIII centre.

FeIII is even less likely than CrIII to bind to amine ligands,
especially when water is present.35 So we have tested the
response of 4 and 1c to iron(III) chloride hexahydrate. The
fluorescence enhancements are as large as those seen with
the chromium version. Evidently, protons arising from the
hydration shell are again exerting their influence by binding
to the strongly basic aliphatic amine units and retarding PET
from these groups to the two fluorophores. Care is warranted
in this kind of situation because related problems have
emerged in boric acid sensors.37,38

Nevertheless, there are a few examples of redox-active
guests unequivocally switching ‘on’ fluorescence where the
fear of proton-induced effects is less likely. The oldest of
these is Verhoewen’s acridinium-phenylazacrown system
from 198939 whose behaviour we rationalized in a 1993
review.5a When metal-free, 5 suffers PET from the
phenylazacrown receptor to the acridinium fluorophore.
Cation entry suppresses this particular PET process. The
AgC guest would encourage a new PET towards itself
whereas the electron deficient acridinium fluorophore
opposes this and vice versa. Deexcitation based on guest-
centred PET is therefore energetically expensive. Addition-
ally the d10 ion is bereft of low-lying excited states to induce
EET processes. Much more recently, Kollmansberger et
al.40 report a closely related case which responds to Hg2C

with a large fluorescence enhancement. Several more papers
have appeared on this topic very recently.41 Kubo et al. have
also reported a case of luminescence enhancement in the
presence of redox-active pyridinium guests.42 The
rationalization is probably similar to that of 5.

A sensor based on an anthracene-cryptand system due to
Bharadwaj and coworkers also possesses easily protonat-
able amino groups which can lead to fluorescence enhance-
ments.43 Nevertheless, after several control experiments,
they concluded that the metal ion effects were not
artifactual. Importantly, they also found that the transition
metal ion was electrochemically inactive once buried in the
cryptand cavity. The distance from the fluorophore of an
easily protonatable amino group precludes rapid PET and
hence, any significant proton-controlled fluorescence
effects. This argument has also been nicely applied by
Reymond et al. to design a ‘on–off’ fluorescent Cu2C

sensor.44 Samanta et al. have also used persuasive
arguments to rule out protonation from being responsible
for metal-induced fluorescence ‘off–on’ and ‘on–off’
switching of a pyridine derivative45 of lower basicity than
those encountered among the amine cases such as 1.
Generally, higher the basicity the more caution is required,
that is, aromatic amines or pyridines will be less
problematic (though not zero) than aliphatic amines. The
fears about coordinated waters are expected to disappear
when the studies in the field shift from organic solvents to
pH-buffered water.
3. Conclusion

Fluorescent sensors 1 of the ‘Fluorophore–Receptor1–
Spacer–Receptor2’ type give insights into the overlapping
of PET and ICT mechanisms. The pH sensing involves
overlapping of two protonation/deprotonation equilibria in
some of these instances. In others, fluorescence-pH profiles
with two steps is found. The pH response can cloud the
ability of 1 to accurately measure hydrated transition metal
ions in aprotic media.
4. Experimental

4.1. General

UV–visible absorption and fluorescence emission spectra
were recorded on Perkin–Elmer Lambda 9 and Perkin–
Elmer LS-5B instruments. The general conditions are given
under Table 1. A General Electric GNU500 nuclear
magnetic resonance spectrometer and VG MS902 mass
spectrometer were also employed. Compounds 1c17 and 346

are known.

4.1.1. N,N-Diethyl-N 0-(7-nitrobenzo-2-oxa-1,3-diazol-4-
yl)-1,2-ethanediamine (1a). To a solution of 4-chloro-7-
nitrobenzo-2-oxa-1,3-diazole (0.49 g, 2.5 mmol) in ethanol
(30 mL) at 0 8C, N,N-diethyl-1,2-ethanediamine (0.31 g,
2.7 mmol) was added over 30 min. The solvent was
evaporated under vacuum. The residue was re-dissolved in
dichloromethane and washed with saturated aqueous
sodium bicarbonate solution. The aqueous layer was further
extracted with dichloromethane and the combined organic
layers were dried (MgSO4) and concentrated when the
***product crystallized. Yield 29%. Mp 94–95 8C. 1H NMR
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(CDCl3): dZ8.43 (d, JZ8 Hz, 1H, ArH), 6.12 (d, JZ8 Hz,
1H, ArH), 3.44 (b, 2H, NHCH2), 2.82 (t, JZ6 Hz, 2H,
NHCH2CH2), 2.60 (q, JZ7 Hz, 4H, N(CH2CH3)2), 1.11 (t,
JZ7 Hz, 4H, N(CH2CH3)2); MS: m/z(%): 279(3%)[MC],
264(2), 144(2), 131(5), 117(10), 103(7), 86(100); HRMS
m/z calcd for C12H17N5O3 279.1331; found 279.1335.

4.1.2. N-(2 0-Morpholinoethyl)-N-(7-nitrobenzo-2-oxa-
1,3-diazol-4-yl)amine (1b). The preparative procedure
was the same as that for 1a except that 2-morpholino-1-
ethanamine was the amine used. The work-up was different
in that the residue was chromatographed on a silica column
with hexane–dichloromethane (1:6, v/v). Yield 36%. Mp
140–141 8C. 1H NMR (CDCl3): dZ8.50 (d, JZ9 Hz, 1H,
ArH), 6.15 (d, JZ9 Hz, 1H, ArH), 3.80 (t, JZ4.5 Hz, 4H,
N(CH2CH2)2), 3.55 (b, 2H, NHCH2), 2.82 (t, JZ6 Hz, 2H,
NHCH2CH2), 2.58 (b, 4H, N(CH2CH2)2); MS: m/z(%):
293(2%)[MC], 250(3), 243(2), 219(1), 180(12), 165(7),
117(3), 108(17), 100(100); HRMS m/z calcd for
C12H15N5O4 293.1124; found 293.1120.

4.1.3. N-(3 0-Morpholinopropyl)-N-(7-nitrobenzo-2-oxa-
1,3-diazol-4-yl)amine (1d). The preparative procedure
was largely the same as that for 1a except that
2-morpholino-1-propanamine was the amine used and it was
added over 1 h at room temperature followed by stirring for
a further 24 h. The work-up was different in that the residue
was crystallized from ethanol. Yield 68%. Mp 251–252 8C.
1H NMR (CDCl3): dZ9.88 (b, 1H, NH), 8.47 (dd, JZ9,
0.6 Hz, 1H, ArH), 6.03 (d, JZ9 Hz, 1H, ArH), 3.93 (t, JZ
4.5 Hz, 4H, O(CH2CH2)2), 3.60 (d, JZ1 Hz, 2H, NHCH2),
2.72 (t, JZ5 Hz, 2H, NHCH2CH2CH2), 2.61 (b, 4H,
O(CH2CH2)2), 1.99 (m, 2H, NHCH2CH2); MS: m/z(%):
307(21%)[MC], 291(13), 263(5), 249(5), 217(6), 151(7),
119(19), 91(43), 57(100); HRMS m/z calcd for C13H17N5O4

307.3070; found 307.3064.

4.1.4. N,N-Diethyl-N 0-(7-nitrobenzo-2-oxa-1,3-diazol-4-
yl)-1,3-propanediamine (1e). The preparative procedure
was largely the same as that for 1a except that N,N-diethyl-
1,3-propanediamine was the amine used and it was added
over 1 h at room temperature. The work-up was different in
that the residue was crystallized from ethanol. Yield 57%.
Mp 182–183 8C. 1H NMR [(CD3)2CO]: dZ8.50 (d, JZ
9 Hz, 1H, ArH), 6.53 (d, JZ9 Hz, 1H, ArH), 3.88 (b, 2H,
NHCH2), 3.57 (q, JZ7 Hz, 4H, N(CH2CH3)2), 3.21 (t, JZ
6 Hz, 4H, NHCH2CH2CH2), 2.38 (m, 2H, NHCH2CH2),
1.15 (t, JZ7 Hz, 4H, N(CH2CH3)2); MS: m/z(%):
293(42%)[MC], 278(5), 256(3), 193(3), 117(6), 100(7),
86(100); HRMS m/z calcd for C13H19N5O3 293.1487; found
293.1496.

4.1.5. N,N,N 0-Trimethyl-N 0-(7-nitrobenzo-2-oxa-1,3-dia-
zol-4-yl)-1,2-ethanediamine (2). The preparative pro-
cedure was largely the same as that for 1a except that
N,N,N 0-trimethyl-1,2-ethanediamine was the amine used
and it was added over 1 h at room temperature followed by
refluxing for 1 h. The work-up was different in that the
residue was chromatographed on a silica column with
hexane–ethyl acetate (2:3, v/v). Yield 85%. Mp 129–
130 8C. 1H NMR [(CD3)2SO]: d8.62 (d, JZ8 Hz, 1H, ArH),
6.63 (d, JZ8 Hz, 1H, ArH), 4.39 (t, JZ6 Hz, 2H,
CH3NCH2CH2), 3.61 (t, JZ6 Hz, 2H, CH3NCH2CH2),
2.74 (s, 6H, N(CH3)2), 2.60 (s, 3H, CH3NCH2CH2); MS:
m/z(%): 265(46%)[MC], 243(8), 218(12), 160(43), 152(40),
119(18), 91(9), 58(100); HRMS m/z calcd for C11H15N5O3

265.1175; found 265.1185.
4.1.6. 9-N,N-Di(prop-2 0-yl)-aminomethylanthracene (4).
9-Bromomethylanthracene47 (0.5 g, 1.9 mmol) was refluxed
with disiopropylamine (15 ml, 109 mmol) for 8 h. The
reaction mixture was concentrated and partitioned between
toluene and dilute aqueous HCl. The product was
precipitated from the aqueous layer with NaOH and
crystallized from ethanol. Yield 28%. Mp 130–130.5 8C.
1H NMR (CDCl3): dZ8.75 (d, JZ8 Hz, 2H, ArH), 8.4 (s,
1H, ArH), 8.00 (d, JZ8 Hz, 2H, ArH), 7.49 (m, 4H, ArH),
4.71 (s, 2H, ArCH2N), 3.02 (m, 2H, (CH(CH3)2)2), 1.23 (d,
JZ7 Hz, 12H, (CH(CH3)2)2); MS: m/z(%): 291(20%)[MC],
276(10), 249(20), 191(100).
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Abstract—The development of colorimetric sensor arrays for the detection of volatile organic compounds is reported. Using an array of
chemo-responsive dyes, enormous discriminatory power is created in a simple device that can imaged easily with an ordinary flat-bed
scanner. High sensitivities (ppb) have been demonstrated for the detection of biologically important analytes, including amines, carboxylic
acids, and thiols. By the proper choice of dyes and substrate, the array can be made essentially non-responsive to changes in humidity.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The generalized detection of volatile organic compounds
(VOCs) is often referred to as electronic nose technology,
and has generally been based on sensors that detect
adsorption into a set of polymers or on electrochemical
oxidations at a set of heated metal oxides.1,2 In spite of some
successes with such systems, the discrimination of com-
pounds at low concentrations or within a given chemical
class and the absence of interference from changes in
humidity remain challenging goals. We have previously
reported the colorimetric array detection of a wide range of
odorants using metalloporphyrins.3–6 The importance of
including Lewis acids in such an array is emphasized by the
recent indications that the mammalian olfactory receptors
are in fact metalloproteins.7 Here we review extensions of
that concept to the development of an expanded colori-
metric array detector.
2. The colorimetric sensor array

Fundamentally, molecular recognition involves the inter-
actions between molecules: i.e. bond formation, acid–base
interactions, hydrogen-bonding, dipolar and multipolar
interactions, p–p molecular complexation, and last and
least, van der Waals interaction and physical adsorption.
Nearly all prior sensor technology relies essentially
exclusively on van der Waals and physical adsorption, the
weakest and least selective of forces between molecules. We
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.007
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believe this to be a fundamental flaw in the development of
sensors with both high sensitivity and high selectivity. In
many ways, our colorimetric sensor array revisits the earlier,
pre-electronic era of analytical chemistry,8 with the addition
of modern digital imaging.

The design of the colorimetric sensor array is based on two
fundamental requirements: (1) the chemo-responsive dye
must contain a center to interact strongly with analytes, and
(2) this interaction center must be strongly coupled to an
intense chromophore. The first requirement implies that the
interaction must not be simple physical adsorption, but
rather must involve other, stronger chemical interactions.
Chemoresponsive dyes are those dyes that change color, in
either reflected or absorbed light, upon changes in their
chemical environment. The consequent dye classes from
these requirements are (1) Lewis acid/base dyes (i.e. metal
ion containing dyes), (2) Brønsted acidic or basic dyes (i.e.
pH indicators), and (3) dyes with large permanent dipoles
(i.e. zwitterionic solvatochromic dyes) (Fig. 2). In addition,
we have incorporated our own bis-pocketed metallo-
porphyrins9 to provide an aspect of shape-selective sensing
to the array.

Disposable colorimetric arrays of chemoresponsive dyes
have been created by printing the dyes on various inert solid
supports, e.g. reverse phase silica gel plates, acid-free paper,
or porous membranes of various polymers (e.g. nylon,
PVDF). The specific array used in this work (Fig. 1) was
spotted on C2 reverse phase silica gel plates using 0.1 mL
microcapillary pipettes. Arrays are commercially available
from ChemSensing, Inc., Northbrook, Illinois (www.
chemsensing.com), part number CSI.042 (Fig. 2).

For recognition of analytes with Lewis acid/base
Tetrahedron 60 (2004) 11133–11138
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Figure 2. The components of colorimetric sensor arrays are inherently
nanoscale.

Figure 3. Silylether bis-pocket porphyrin synthesis.

Figure 1. A colorimetric sensor array.

Figure 4. Molecular models of Zn(Si6PP) (left column) and Zn(Si8PP)
(right column). The pairs of images from top to bottom are cylinder side-
views, side-views, and top-views, respectively; space filling shown at 70%
van der Waals radii; with the porphyrin carbon atoms shown in purple,
oxygen atoms in red, silicon atoms in green, and Zn in dark red. The X-ray
single crystal structure of Zn(Si8PP) is shown;9 for Zn(Si6PP), an energy-
minimized structure was obtained using Cerius 2 from MSI.

K. S. Suslick et al. / Tetrahedron 60 (2004) 11133–1113811134
capabilities, the use of porphyrins and their metal
complexes are a natural choice. Metalloporphyrins are
nearly ideal for the detection of metal-ligating vapors
because of their open coordination sites for axial ligation,
their large spectral shifts upon ligand binding, and their
intense coloration. A series of metalated tetraphenyl-
porphyrins (TPP) was used to provide differentiation
based on metal-selective coordination.

Common pH indicator dyes change color in response to
changes in the proton (Brønsted) acidity or basicity of their
environment. Solvatochromic dyes change color in response
to changes in the general polarity of their environment,
primarily through strong dipole–dipole interactions. To
some extent, all dyes inherently are solvatochromic,
although some are much more responsive than others;
among the most responsive are Reichardt’s Dye and Nile
Red.

In addition, our array incorporates a series of Zn-substituted,
bis-pocketed porphyrins, based on ortho-substitution of the
tetraphenylporphyrin core to differentiate analytes based on
size and shape. These compounds include a family of
silylether porphyrins with large, medium, and small pockets
on both faces of the porphyrin (Figs. 3 and 4). These have
been previously shown to exhibit extremely selective
binding of organic ligands (Fig. 5).9
3. Discrimination of VOCs

In order to demonstrate the ability of the sensor array to
discriminate among different volatile organics, the sensor
array responses were determined for a series of different
volatiles representing the common organic functionalities:
amines, arenes, alcohols, aldehydes, carboxylic acids,
esters, halocarbons, ketones, phosphines, sulfides, and
thiols. These patterns are shown in Figure 6. Excellent
discrimination among these analytes is observed even
without any chemometric manipulations.



Figure 6. Colorimetric array responses for 18 common volatile organic
compounds at saturation vapor pressure at 300 K.

Figure 7. Dendrogram of the colorimetric array responses to 32 common organic
unweighted pair-group average agglomerative hierarchical cluster analysis.

Figure 5. Ligand binding constants for siloxyl porphyrins compared to
Zn(TPP) for a series of amines. The binding constants of silylether
porphyrins are remarkably sensitive to the shape and size of the substrates
relative to Zn(TPP) and can be controlled over a range of 101 to 107 relative
to Zn(TPP). These selectivities originate from strong steric repulsions
created by the t-butyldimethylsiloxyl substituents. The steric congestion
caused by these bulky silylether groups is pronounced even for linear
amines and small cyclic amines.
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An Epson Perfection 1250 flatbed scanner was used for
scanning. The ‘before’ image was first acquired on the
flatbed scanner; an array was then exposed to a flowing
stream of N2 containing the analyte of interest, and the array
was then scanned again after equilibration. The center of
each dye spot (w700 pixels, 15 pixel radius) was averaged
and the value from the before image subtracted; this can be
done with Photoshope or with a customized software
package, ChemEyee (ChemSensing, Inc.). The arrays are
disposable and are not meant for re-use, especially after
exposure to high analyte concentrations.

Gas streams containing the vapor of interest were generated
by flowing nitrogen through the neat liquid analyte in a
thermostated, glass-fritted bubbler. To vary analyte con-
centrations, serial dilution in nitrogen using digital mass-
flow controllers was utilized. Vapor pressures were
calculated using published data.10 All liquid analytes were
obtained from Aldrich or Fisher Scientific and used as
received.

Each analyte response is represented as the red, green, and
blue values of each of the 24 dyes, i.e. a 72 dimensional
vector. To examine the multivariate distances between the
analyte responses in this 72-dim. RGB color space, a
hierarchical cluster analysis (HCA) was performed; this
analysis makes use of only the digital data representing the
observed difference maps—no chemical information is
included. The resulting dendrogram for the responses to
saturated analyte vapors is shown in Figure 7. Remarkably,
the clusters formed are in keeping with the qualitative
structural and electronic properties of the VOCs. The
familial similarities among compounds of the same
functionality are exceptional: amines, alcohols, aldehydes,
esters, etc. are all easily distinguished from each other. The
only exception to this appears to be the pair of ketones,
methyl ethyl ketone and 4-hexanone (methyl amyl ketone),
which overlap into the ester and ether subgroups, respect-
ively. This slight intergroup confusion may reflect the
inclusion of too few ketones (i.e. two) to form a
recognizable class out of sample of 32 VOCs.
compounds at full vapor pressure at 300 K. XLStat analysis package, v. 5.1,
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A principal component analysis (PCA) of the full set of the
VOC patterns reveals a surprisingly high degree of
dispersion among the independent dimensions created by
linear combinations of the RGB responses of the 24 dyes
used in these arrays. The PCA shows that 95% of the
discriminatory range requires 12 dimensions and 99%
requires 20 dimensions. This extremely high dispersion
reflects the very wide range of chemical-properties space
being probed by our choice of chemoresponsive dyes. In
comparison, most prior electronic nose technology is
dominated by only a two or three independent dimensions
(one of which, hydrophobicity, often accounts for 90% of
the discrimination);1,2 this is the inherent result of relying on
van der Waals interactions for molecular recognition.

With a 24-dye array, each of the 72 dimensions (i.e. 24
RGB’s) can take on one of 256 possible values (for
inexpensive 8 bit scanners or digital cameras). The
theoretical limit of discrimination, then, would be the
number of possible patterns, i.e. (256)72. Realistically,
however, the RGB vector components do not range over the
full 256 possible values; we do observe R, G, and B values
vary over a range of 40. To discriminate patterns, let us
assume a change of at least four is needed in the R, G, or B
value (we can actually easily discriminate with changes of
two). From the PCA, not all of the 75 dimensions are
equally important. In fact, roughly 95% of all information is
contained in w12 specific dimensions (i.e. linear combi-
nations of the 72 different R, G, and B values). This implies
a ‘practical’ limit of discrimination that is still immensely
large: (40/4)12Z1012 distinct patterns should be recogniz-
able in a 24-dye colorimetric sensor array.
4. Interference from humidity

One of the most serious weaknesses in current electronic
nose technology is sensitivity to changes in humidity.
Water vapor ranges in the environment from !2000 to
O20,000 ppm; if one is interested in few ppm concen-
trations of VOCs, even a very low level of interference from
water is therefore intolerable. Because the colorimetric
array has been selected from hydrophobic, water insoluble
dyes, these arrays are essentially impervious to changes in
relative humidity. As shown in Figure 8, the dyes are
essentially unresponsive to water vapor. The water–vapor
Figure 8. The colorimetric array is insensitive to changes in relative
humidity. Similarly, changes in humidity do not significantly affect the
color fingerprints of other analytes.
insensitivity of our technology gives it a substantial
advantage.
5. Sensitivity

Our colorimetric array sensor technology is based on strong
and relatively specific interactions between the analytes and
a chemoresponsive dye library. This is in marked contrast to
prior electronic nose technology that relies on weak and
extremely non-specific interactions (e.g. physical adsorp-
tion into polymers) between the analytes and the detectors.
For example, the prior use of adsorption into polymer arrays
(e.g. conductive polymer arrays, quartz microbalance or
surface acoustic wave detectors coated with a variety of
polymers, or polymers doped with single indicating
fluorophore) depends upon weak matrix–analyte inter-
actions to provide limited selectivity and relatively poor
sensitivity. A major advantage of our sensor arrays is that
they are able to provide unique patterns for the identification
of odors even at extremely low vapor concentrations
because we rely on strong interactions between analyte
and sensor dyes for molecular recognition.

Metal–ligand (i.e. metal–analyte) bonds range in their bond
enthalpies from w40 to w200 kJ/mol. In non-coordinating
solvents (e.g. alkanes), equilibrium binding constants are
often O106 MK1. For pyridine, the vapor pressure is
0.02 atm at room temperature, so we have a Raoult’s
constant of w2!10K3 atm MK1. For a binding constant of
w106 MK1, this is equivalent to w2 ppb vapor. In contrast,
the enthalpy of physical adsorption (e.g. into polymers) is
only w5 to 20 kJ/mol (i.e. roughly a tenth of a metal bond).
Therefore, the equilibrium constant for adsorption will
typically be only about 5!10K5 as large as that for ligation
to metal ions. Therefore, ligation is intrinsically w20,000-
fold more sensitive than adsorption into polymers. Differ-
ences in the sensitivity of detection techniques, of course,
can either enhance or diminish this intrinsic advantage of
ligation and other strong interactions over physical adsorp-
tion and other weak interactions (e.g. van der Waals).

As shown in Figure 9, this expectation of improved
sensitivities is realized experimentally. Even GC-MS
achieves typically only ppm to 100 ppb sensitivities for
VOCs in the absence of pre-concentration. Figure 9 shows,
however, that sub-ppm discrimination is not a problem with
our colorimetric array detection for functionalized analytes
such as thiols, amines and carboxylic acids. In fact, we can
extend our sensitivities down to the low ppb regime for
many such analytes. Extension of sensitivity by improved
imaging technology (e.g. true 16-bit or 24-bit color
resolution in place of our currently used 8-bit scanners)
may improve our sensitivity by a thousand-fold.

It is worth noting that for these colorimetric arrays, every
analyte at a different concentration is best thought of as a
different analyte. For each analyte, a specific dye will begin
to change color at some concentration and as the
concentration of the analyte increases, the color change
will saturate asymptotically; some dyes change at low
concentrations of any given analyte but some only at very
high concentrations. Quantitative analysis of single analytes



Figure 10. Colorimetric array analysis of a complex mixture: headspace
analysis of various beers compared to 4% ethanol in water.

Figure 9. Colorimetric array sensitivity to low molecular weight analytes.
Limits of recognition are well below 1 ppm.
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(or of a single analyte changing in a constant background)
can be done easily by comparison with a library of analyte
patterns as a function of concentration.
6. Complex mixtures

Electronic nose techniques, in general, give a composite
response to complex mixtures, as indeed does the
mammalian olfactory system. Chemists very naturally
tend to assume that for any complex mixture, the single
analytical goal is a complete component-by-component
analysis. But in fact, multiple analytic goals for complex
mixtures are conceivable: comparison to a standard (e.g.
quality control, counterfeit detection), identification of
chemical class or family of an unknown VOC, correlation
of odors to properties (e.g. ‘good smelling’ as determined by
a human sensory evaluation panel), changes in concen-
trations of a few components against a constant background,
and of course, a complete component by component (CBC)
analysis. Separation techniques (e.g. GC, HPLC, CE, etc.)
excel at CBC analyses. For many other applications,
however, a composite response may not only be sufficient,
but actually preferred. Too much data is often only slightly
better than not enough.

For rapid determination of identity of a complex mixture,
for example, we find that colorimetric array sensors can fill
an important niche. As a closing example, consider the
results of Figure 10 as an interesting comparison among
complex odorants.
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Abstract—Derivatives of 8-hydroxyquinoline were used as model compounds to probe the pathways of non-radiative relaxation of
fluorophores in two fluorescent chemosensors. Results suggest that both photo-induced proton transfer and photo-induced electron transfer
contribute to quenching the fluorescence of the chemosensors. Crystal structures of an 8-hydroxyquinoline-containing chemosensor
complexed to various metal ions indicate that a proton shift occurs concomitant with complex formation. This proton shift precludes both
photo-induced proton and electron transfer allowing fluorescence emission from chemosensor-metal ion complexes.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The realization of the potential hazardous effects that
specific metal ions can play on human health has led,1 in
part, to the development of ion-selective chemosensors for
transition and post-transition metal ions.2 Chemosensors are
molecules that associate with a target analyte and provide a
measurable response indicative of binding. Particular
attention has been paid to fluorescent chemosensors,
because fluorescence modulation may provide a means of
detecting very low concentrations of targeted metal ions.3

Multiple strategies have been used in the development of
chemosensors that modulate their fluorescence upon
association with metal ions. One of the most successful
methods takes advantage of photo-induced electron transfer
(PET) from an amino group to an excited fluorophore.2

While an amino group appended to a fluorophore retains its
lone pair of electrons, it effectively quenches fluorescence.
However, upon complexation with a metal cation, the lone
pair is no longer free to quench fluorescence and chelation-
enhanced fluorescence4 is observed. This approach is
advantageous because it provides an ‘off–on’ sensing
response to metal ion binding, which decreases the
likelihood of false positive results. Another strategy that
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.062
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has been used by us5 and others,6 involves appending
8-hydroxyquinoline (8-HQ) derivatives to metal ion chelat-
ing groups. Alone, 8-HQ is only very weakly fluorescent; in
its excited state, intramolecular proton transfer (oxygen to
nitrogen) provides a route for non-radiative relaxation.7

Chelation of metal ions can decrease the pKa values of the
hydroxyl proton, and once this proton is lost, 8-HQ becomes
highly fluorescent.8 Consequently, chemosensors using
8-HQ also provide an ‘off–on’ sensing response to metal
ion binding.

The first potential chemosensor we reported that contains
8-HQ displayed very high affinity for Ba2C;9 however, the
pKa of the hydroxyl group on 8-HQ in the Ba2C complex
was not sufficiently lowered to allow deprotonation below
pHZ8.8 Consequently, this compound did not prove to be a
useful chemosensor. In contrast, compounds 1 and 2 (Fig. 1)
proved to be effective chemosensors for Mg2C and Hg2C,
Tetrahedron 60 (2004) 11139–11144
Figure 1. Structures of chemosensors 1 and 2.



Figure 2. Structures of model compounds 3–10.
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respectively, because they not only display high affinity for
their target metal ion, but in their metal ion complexes the
pKas of the hydroxyl groups on 8-HQ moieties are lowered
sufficiently that the complexes become fluorescent even in
slightly acidic solutions.5a,d

In chemosensors 1 and 2, the 8-HQ groups and the amines to
which they are appended are in an arrangement similar to
that found in chemosensors that employ PET to ‘turn off’
fluorescence in the uncomplexed forms.4 Therefore, we
became interested in discovering if the amino groups in 1
and 2 play a role in quenching fluorescence and how they
are involved in complex formation. To study the roles of
these amino groups, we prepared a series of model
compounds (3–10, Fig. 2), from which we were able to
establish the relative roles of the amine and hydroxyl groups
in 1 and 2 in quenching fluorescence. We also were able to
determine the crystal structures of 2 complexed with Hg2C,
Mg2C, and Zn2C. These structures preclude direct involve-
ment of the amino groups in complex formation, but suggest
that the amino groups act as general bases and facilitate
formation of fluorescent complexes by deprotonating the
hydroxyl groups on the fluorophores.
2. Results and discussion

The rationale for the use of model compounds was to
determine the relative roles of 8-hydroxyl groups and
2-aminomethyl and 7-aminomethyl groups on the quench-
ing of fluorescence of substituted quinolines and to use this
information for a better understanding of the fluorescent
properties of the chemosensors 1 and 2. The photophysical
properties of 8-HQ and 8-methoxyquinoline (8-MeOQ)
derivatives have been studied in some detail.7,10 In their
fluorescence spectra, 8-HQ and 8-MeOQ present a non-
structured fluorescence band in the 360–460 nm region,
whose intensity and wavelength are strongly affected by the
nature of the solvent.7 As discussed, 8-HQ derivatives are
weakly fluorescent, due to intermolecular photo-induced
proton transfer (PPT). In addition, in protic media
intermolecular PPT processes involving solvent molecules
Scheme 1. Synthesis of model compounds 3, 4, and 6. Reagents (yields in parent
CCl4; Et2MJ, K2CO3, MeCN (2% overall).
can also occur, further decreasing the fluorescence quantum
yield. Typically, 8-MeOQ derivatives show higher quantum
yields, since intermolecular PPT is not possible. Never-
theless, in protic solvents intermolecular PPT processes can
occur. It was anticipated that aminomethyl groups at either
C2 or C7 in 8-HQ or 8-MeOQ derivatives would also
quench fluorescence via PET. Because fluorescence of
chemosensors 1 and 2 could potentially be quenched by
both PPT and PET, the key question was: how do both of
these methods of fluorescence quenching become inactive in
the formation of their fluorescent metal ion complexes? The
model compounds were expected to provide a clear picture
of the roles of PPT and PET in fluorescent quenching.

Methods used in the syntheses of the model compounds
were largely developed in the syntheses of chemosensors
reported previously.5 Compound 5 was prepared according
to literature procedure.11 Attempts to selectively methylate
the hydroxyl group in 5 to generate 6 failed, and a more
circuitous route to 6 was required (Scheme 1). Reduction of
the quinolinyl C–N bond in 5 gave 3 in modest yield,
followed by methylation of the hydroxyl group to give 4.
Radical bromination of 4 and nucleophilic displacement of
the bromide by diethylamine gave 6 in only very small
amounts. However, only milligram quantities of 6 were
required, and the conversion of 4 to 6 was not optimized.
Compound 7 is commercially available, and 8–10 were
prepared using reported methods.9

On going from 3 to 4 or 7 to 8, no large changes were
expected in the absorption spectra, and they are in fact
qualitatively very similar (see lmax and 3 values in Table 1).
As expected, on going from 3 to 4 or 7 to 8 significant
increases in quantum yields (Table 1) were observed in both
protic and aprotic solvents presumably due to PPT effects in
3 and 7. There is also a notable difference in the
fluorescence behaviors of 3 and 7 in methanol, with a
40-fold loss of fluorescence in 7. These two compounds
differ in the position of methyl group substitution with 3
substituted at C7 and 7 substituted at C2, but the source of
this loss of fluorescence is unclear. Nevertheless, it should
heses): a) Pd/C, H2, MeOH (43%); b) MeI, KOH, THF (93%); c) NBS, hn,



Table 1. Photophysical properties of 3–10

Solvent Absorbance Fluorescence

lmax (nm) 3 (MK1 cmK1) lmax (nm) F t (ns)

3 CH3CN 307 2350 408 2.7!10K2 1.3
3 MeOH 306 2200 415 4.5!10K2 3.0
4 CH3CN 295 2900 410 7.6!10K2 1.2
4 MeOH 294 3200 410 1.0!10K1 3.0
5 CH3CN 315 3200 505 2.0!10K1 11.5
5 MeOH 315 2500 506 5.0!10K4 2.4
6 CH3CN 286 3200 390 1.0!10K3 0.7
6 MeOH 290 3800 390 1.3!10K3 0.6
7 CH3CN 304 2600 388 9.3!10K3 9.5
7 MeOH 305 2400 420 1.2!10K3 !0.5
8 CH3CN 307 4400 401 3.9!10K1 7.4
8 MeOH 309 4550 410 1.3!10K1 2.6
9 CH3CN 300 2900 398 !1!10K4 0.7
9-HC CH3CN 318 2100 435 3.2!10K4 0.8
9 MeOH 308 2550 438 5.4!10K4 0.6
10 CH3CN 306 4550 445 3.0!10K2 2.2
10 MeOH 311 4900 440 4.6!10K2 7.7
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be taken into account during the design of chemosensors
based on 8-HQ.

Due to PPT, 3 and 7 are only weakly fluorescent (see F in
Table 1), and if PET occurs in the excited state, quantum
yields of 5 and 9 would be expected to decrease as compared
to 3 and 7. Indeed, upon addition of a aminomethyl group to
7 (giving 9), a significant decrease in fluorescence is
observed, and among these control compounds, the weakest
fluorescence is observed with 9. In addition, protonation of
the amine (addition of 1 equiv of triflic acid) leads to an
increase in quantum yield in acetonitrile. Comparison of the
quantum yields of 3 and 5 is more complicated. Among all
of the control compounds, the photophysical behavior of 5
is unique. For example, in the absorption spectrum the lmax

is red-shifted, as is, to a much higher extent, the
fluorescence band. This unique behavior may be rational-
ized in terms of the formation in the ground state of an
intramolecular hydrogen bond involving the nitrogen of the
amine and the hydroxy group, thus resulting in a six-
membered, hydrogen bond-containing ring. Formation of
this ring is expected to stabilize the charge transfer
transition responsible for the lower energy absorption
band and the fluorescence band, as observed. In addition,
this process should decrease the effects of PPT involving the
quinoline nitrogen, and the experimental results are
consistent with this idea as evidenced by the high quantum
yield of 5 in acetonitrile where the hydrogen bond is
expected to be the strongest. The results obtained upon
addition of triflic acid to 5 give additional support to the
Figure 3. Crystal structure of 2-Hg2C (two perchlorate ions have been
removed for clarity). Colors: whiteZH; grayZC; violetZN; redZoxygen;
greenZHg.
hypothesis of formation of ground state hydrogen bond. The
addition of 1 equiv of acid alters the absorption spectrum
leading to a blue shift of the charge transfer band. A shift of
the fluorescence band at ca. 500 nm in both methanol and
acetonitrile to the 360–440 nm region is also observed, and
the quantum yields are lowered by protonation. These
findings suggest that the first protonation, occurring on the
amine, causes the photophysical properties of 5 to become
similar to those of 3, as a result of interference with formation
of the hydrogen bonded ring. The second protonation, that
involves the quinoline nitrogen, leads to spectra that are
similar to those found for the protonated form of 3.

While the above comparisons support the hypothesis that
both PPT and PET quenching can occur with substituted
quinolines, the key comparisons are the quantum yields of 4
to 6 and 8 to 10. In these compounds, intramolecular PPT is
not possible, so the effects of PET should be clearly
manifest. The fluorescence quantum yield of 6 is much
lower than that of 4, suggesting that PET is operative.
Similarly, 10 is much less fluorescent than 8.

Results from studies of the photophysical behaviors of 3–10
are consistent with the hypothesis that both PPT and PET
processes can quench fluorescence of substituted quinolines
and confirm earlier studies on quinoline-containing calix-
arenes. Chemosensors 1 and 2 are only weakly fluorescent
alone, yet become highly fluorescent in the presence of their
target metal ions (Mg2C and Hg2C, respectively). There-
fore, both PPT and PET processes must be inhibited in the
fluorescent complexes. Information indicating how this may
occur comes from crystal structures of 2 complexed to
Hg2C, Zn2C, and Mg2C and the behavior of 5 discussed
previously.

X-ray quality crystals of 2 were grown in the presence of
salts of either Hg2C, Zn2C, or Mg2C by slow evaporation of
acetonitrile solutions. Coordinates for these structures have
been archived at the Cambridge Crystallographic Data
Center. The structures are shown in Figures 3–5. Initial
inspection of these structures reveals a notable feature: the
macrocyclic rings are not directly involved in complex
formation (i.e. they are not chelated to the metal ions).



Figure 4. Crystal structure of 2-Zn2C (two perchlorate ions have been
removed for clarity). Colors: whiteZH; grayZC; violetZN; redZoxygen;
greenZZn.
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Rather, it appears that the macrocyclic rings serve as a
scaffold for the quinolines to impinge upon the metal ions.
In the case of Hg2C, a pseudotetrahedral coordination
sphere is generated, and in the cases of Zn2C and Mg2C

octahedral coordination spheres are formed with water
molecules at the apical positions.

Upon closer inspection, a key role for the amino groups in
the macrocyclic ring becomes apparent. These amino
groups act as general bases and serve to deprotonate the
8-HQ hydroxyl group in the metal ion complexes. This
deprotonation inhibits both PPT and PET processes and
yields fluorescent complexes. In the 2-Zn2C and 2-Mg2C

structures the protons in question were found on the nitrogen
atoms of the amino groups in the macrocycle. It should be
noted that the structures shown are dicationic (two
perchlorate counterions have been deleted for clarity), and
therefore, the hydroxyl protons must be found within the
complex. Proton exchange, from the hydroxyl group to
the amine, results in a significant decrease in the length of
the C–O bond in the 8-HQ groups as compared to 8-HQ in
uncomplexed 1 or a closely related 8-HQ containing
compound. The averages of the two 8-HQ C–O bond
lengths in the 2-Zn2C and 2-Mg2C structures are 1.283 and
1.284 Å, respectively, while the length of those in the free
ligand (1) are 1.365 Å. The protons in question were not
identified in the 2-Hg2C complex, although the complex is
dicationic. Nevertheless, the 8-HQ C–O bond length is
1.269 Å, comparable to the C–O bond lengths in structures
in which the protons were found on the amino groups in the
macrocycles, suggesting that proton transfer occurred.

Results from the crystal structures in Figures 3–5 are
Figure 5. Crystal structure of 2-Mg2C (two perchlorate ions have been
removed for clarity). Colors: whiteZH; grayZC; violetZN; redZoxygen;
blueZMg.
consistent with the unique behavior of 5 among the control
compounds described. That is, the amino groups in 5 and in
chemosensors 1 and 2 are well situated to engage in
hydrogen bonding to the hydroxyl groups in 8-HQ
derivatives, and, as metal chelation lowers the pKa values
of these hydrogens, these amino groups can act as general
bases and deprotonate the hydroxyl groups.
3. Conclusions

We have demonstrated that both PPT and PET processes
can cause fluorescence quenching in aminomethyl-substi-
tuted 8-HQ, and that these processes likely play an
important role in the ‘on–off’ sensing properties of
chemosensors 1 and 2. In addition, crystal structure data
suggest that proton transfer concomitant with complex
formation inhibits both of these quenching mechanisms in
cases where the aminomethyl group is at C7 in 8-HQ
derivatives and can readily access the hydroxyl proton. As
chemosensors incorporating 8-HQ are further developed,
the relative roles of these quenching mechanisms will
necessarily be taken into account and used to improve the
responses of chemosensors to their target metal ions.
4. Experimental

4.1. General methods

1H NMR, 13C NMR spectra were recorded on Varian Unity
500 MHz, Varian Unity 300 MHz, or Varian Gemini
200 MHz instruments. Mass spectrometric data were
obtained on a JEOL SX 102 A spectrometer. Tetrahydro-
furan (THF) and CH2Cl2 were dried over Na8 or CaH2.
Chemicals were obtained from Fluka, Aldrich, and Sigma
and were used as received unless otherwise noted.

4.1.1. 8-Hydroxy-7-methylquinoline (3). In methanol
(125 mL) 7-diethylaminomethyl-8-hydroxyquinoline (5)
(5.98 g, 26.0 mmol) and Pd/C (1.00 g, 10%, 9.40 mmol)
were stirred under hydrogen gas atmosphere (3 one liter
balloons) at room temperature for 6 h. After filtering and
removal of solvent, 3 (1.79 g, 43%) was isolated using flash
chromatography on silica gel (100:1 of CH2Cl2/Et3N) as a
white solid (mpZ69–70 8C); 1H NMR d 8.73 (d, JZ4.4 Hz,
1H), 8.8–8.2 (brs, 1H), 8.06 (d, JZ8.4 Hz, 1H), 7.4–7.2 (m,
3H), 2.47 (s, 3H); 13C NMR d 149.6, 148.0, 138.2, 136.1,
130.8, 127.0, 120.9, 119.9, 117.2, 15.9; HRMS (EI) calcd
for C10H9ON (MC): 159.0684, found: 159.0682.

4.1.2. 8-Methoxy-7-methylquinoline (4). Compound 3
(1.81 g, 10.4 mmol), KOH (2.53 g, 45.0 mmol), MeI
(2.24 g, 15.7 mmol), and THF (100 mL) were stirred at
room temperature for 12 h. After filtration and solvent
removal, 4 (1.81 g, 93%) was isolated following flash
chromatography on silica gel (2:1 of Hex/EtOAc) as a clear
yellow oil. RfZ0.3 (2:1 of Hex/EtOAc); 1H NMR d 8.91
(dd, J1Z4.0 Hz, J2Z1.8 Hz, 1H), 8.07 (dd, J1Z8.4 Hz,
J2Z1.8 Hz, 1H), 7.5–7.3 (m, 3H), 4.09 (s, 3H), 2.49 (s, 3H);
13C NMR d 153.7, 149.6, 142.9, 136.1, 130.6, 130.0, 128.4,
122.9, 120.4, 61.7, 16.4; HRMS (EI) calcd for C11H11ON
(MC): 173.0840, found: 173.0840.
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4.1.3. 7-Diethylaminomethyl-8-methoxyquinoline (6).
Compound 4 (1.81 g, 10.4 mmol), N-bromosuccinimide
(1.86 g, 10.4 mmol), and carbon tetrachloride (25 mL) were
stirred at reflux while irradiated by two 250 W infrared
lamps for 1.5 h. After filtration, the solvent was removed by
evaporation. The crude mixture was partly purified by flash
chromatography on silica gel (2:1 of Hex/EtOAc) resulting
in a mixture of two compounds both having an Rf of w0.5
(2:1 of Hex/EtAOc). This mixture (890 mg) was then
dissolved in CH2Cl2 along with diethylamine (2.56 g,
35.0 mmol) and stirred at room temperature for 12 h. The
solvent was then evaporated and product purified by flash
chromatography on silica gel (100:5:1 of CH2Cl2/MeOH/
NH4OH) to give 2–13 (45 mg, 2%) as a white solid. RfZ
0.5; mpZ193–94 8C; 1H NMR d 9.81 (brs, 1H), 8.95 (dd,
J1Z4.4 Hz, J2Z1.8 Hz, 1H), 8.20 (dd, J1Z8.4 Hz, J2Z
1.8 Hz, 1H), 8.09 (d, JZ8.8 Hz, 1H), 7.65 (d, JZ8.8 Hz,
1H), 7.48 (dd, J1Z8.8 Hz, J2Z4.4 Hz, 1H), 4.36 (s, 2H),
4.25 (s, 3H), 3.04 (q, JZ7.2 Hz, 4H), 1.41 (t, JZ7.4 Hz,
6H); 13C NMR d 155.4, 149.8, 142.1, 136.4, 130.3, 129.3,
123.8, 123.5, 122.0, 63.2, 50.1, 46.6, 9.6; HRMS (EI) calcd
for C15H21ON2 (MCHC): 245.1654, found: 245.1666.

4.1.4. 2-Diethylaminomethyl-8-hydroxyquinoline (9).
8-Hydroxyquinoline-2-carboxaldehyde (500 mg, 2.89 mmol),
diethylamine (233 mg, 3.18 mmol), NaBH(OAC)3 (674 mg,
3.18 mmol) were stirred at room temperature in 1,2-di-
chloroethane (25 mL) for 12 h. After filtering, solvent was
evaporated and the crude product purified by flash
chromatography on silica gel (100:5:1 of CH2Cl2/MeOH/
NH4OH) to give 9 (396 mg, 60%) as an orange solid; mpZ
82–83 8C. RfZ0.5; 1H NMR d 8.4–7.8 (brs, 1H), 8.05 (d,
JZ8.8 Hz, 1H), 7.64 (d, JZ8.4 Hz, 1H), 7.38 (dd, J1Z
8.4 Hz, J2Z7.2 Hz, 1H), 7.26 (dd J1Z8.0 Hz, J2Z1.4 Hz,
1H), 7.14 (dd, J1Z7.4 Hz, J2Z1.0 Hz, 1H), 3.85 (s, 2H),
2.58 (q, JZ7.1 Hz, 4H), 1.05 (t, JZ7.1 Hz, 6H); 13C NMR
d 159.4, 152.1, 137.5, 136.3, 127.6, 127.1, 122.1, 117.7,
110.0, 59.9, 47.7, 12.1; HRMS (FAB) calcd for C10H10ON
(MHC): 160.0762, found: 160.0762.

4.1.5. 5-Chloro-2-diethylaminomethyl-8-methoxyquino-
line (10). 2-Bromomethyl-5-chloro-8-methoxyquinoline
(250 mg, 0.87 mmol), diethylamine (70 mg, 0.96 mmol),
and Na2CO3 (184 mg, 1.74 mmol) were stirred in CH3CN at
reflux for 12 h. After filtering, solvent was evaporated and
the crude product purified by flash chromatography on silica
gel (100:1 of CH2Cl2/Et3N) as a yellow oil to give 10
(210 mg, 91%). RfZ0.5 (100:10:1 of CH2Cl2/MeOH/
NH4OH); 1H NMR d 8.47 (d, JZ8.8 Hz, 1H), 7.92 (d,
JZ8.8 Hz, 1H), 7.46 (d, JZ8.4 Hz, 1H), 6.93 (d, JZ
8.4 Hz, 1H), 4.06 (s, 3H), 3.99 (s, 2H), 2.61 (q, JZ7.2 Hz,
4H), 1.06 (t, JZ7.2 Hz, 6H); 13C NMR d 161.8, 154.4,
140.1, 133.4, 126.2, 125.8, 122.4, 122.2, 107.6, 60.5, 56.4,
47.7, 12.2; HRMS (FAB) calcd for C15H20

35ClON2 (MHC):
279.1264, found: 279.1262.

4.2. Photophysical measurements

UV–vis absorption spectra were taken with a Perkin–Elmer
lambda 40 spectrophotometer. Uncorrected emission and
corrected excitation spectra were obtained with a Perkin–
Elmer LS 50 spectrofluorimeter. The fluorescence lifetimes
(uncertainty G5%) were obtained with an Edinburgh
single-photon counting apparatus, in which the flash lamp
was filled with D2. Luminescence quantum yields (uncer-
tainty G15%) were determined using quinine sulphate in
0.5 M H2SO4 aqueous solution (FZ0.54612). In order to
allow comparison of emission intensities, corrections for
instrumental response, inner filter effects,13 and phototube
sensitivity were performed. Spectrophotometric and fluori-
metric titrations and data analysis were carried out as
previously described.14
4.3. X-ray structure determination

Single crystals suitable for X-ray structural studies were
prepared by slow evaporation of acetonitrile from solutions
of 2 with perchlorate salts of the indicated metal ions.
Crystal and intensity data were obtained using a Siemens
R3m/V automated diffractometer which utilized Mo Ka
radiation. The lattice parameters and orientation matrix for
each compound were obtained using a least squares
procedure involving several carefully centered reflections
for each crystal. Specific information about structures is
given in the structures archived at the Cambridge Crystallo-
graphic Data Centre.
References and notes

1. For example see: (a) National Research Council (U.S.) Board

on Environmental Studies and Toxicology, Toxicological

Effects of Methylmercury; National Academy Press:

Washington, DC, 2000. (b) Chaney, R. L.; Ryan, J. A. Risk

Based Standards for Arsenic, Lead and Cadmium in Urban

Soils.; Dechema: Frankfurt, 1994. (c) Cadmium in the Human

Environment: Toxicity and Carcinogenicity; Nordberg, G. F.,

Herber, R. F. M., Alessio, L., Eds.; Oxford University Press:

Oxford, 1992.

2. (a) Valeur, B.; Leray, I. Coord. Chem. Rev. 2000, 205, 3–40.

(b) Prodi, L.; Bolletta, F.; Montalti, M.; Zaccheroni, N. Coord.

Chem. Rev. 2000, 205, 59–83.

3. de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.;

Huxley, A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice,

T. E. Chem. Rev. 1997, 97, 1515.

4. Huston, H. E.; Haider, K. W.; Czarnik, A. W. J. Am. Chem.

Soc. 1988, 110, 4460.

5. For examples see (a) Prodi, L.; Montalti, M.; Zaccheroni, N.;

Bradshaw, J. S.; Izatt, R. M.; Savage, P. B. Tetrahedron Lett.

2001, 42, 2941. (b) Bronson, R. T.; Bradshaw, J. S.; Savage,

P. B.; Fuangwasdi, S.; Lee, S. C.; Krakowiak, K. E.; Izatt,

R. M. J. Org. Chem. 2001, 66, 4752. (c) Lee, S. C.; Izatt, R. M.;

Zhang, X. X.; Nelsen, E. G.; Lamb, J. D.; Savage, P. B.;

Bradshaw, J. S. Inorg. Chim. Acta 2001, 317, 174. (d) Prodi,

L.; Bargossi, C.; Montalti, M.; Zaccheroni, N.; Su, N.;

Bradshaw, J. S.; Izatt, R. M.; Savage, P. B. J. Am. Chem.

Soc. 2000, 122, 6769. (e) Prodi, L.; Bolletta, F.; Montalti, M.;

Zaccheroni, N.; Savage, P. B.; Bradshaw, J. S.; Izatt, R. M.

Tetrahedron Lett. 1998, 39, 5451–5454.

6. For examples see: (a) Moon, S. Y.; Cha, N. R.; Kim, Y. H.;

Chang, S.-K. J. Org. Chem. 2004, 69, 181. (b) Casnati, A.;

Sansone, F.; Sartori, A.; Prodi, L.; Montalti, M.; Zaccheroni,

N.; Ugozzoli, F.; Ungaro, R. Eur. J. Org. Chem. 2003, 1475.

(c) Shults, M. D.; Pearce, D. A.; Imperiali, B. J. Am. Chem.

Soc. 2003, 125, 10536. (d) Pearce, D. A.; Jotterand, N.;



R. T. Bronson et al. / Tetrahedron 60 (2004) 11139–1114411144
Carrico, I. S.; Imperiali, B. J. Am. Chem. Soc. 2001, 123, 5160.

(e) Walkup, G. K.; Burdette, S. C.; Lippard, S. J.; Tsien, R. Y.

J. Am. Chem. Soc. 2000, 122, 5644.

7. (a) Goldman, M.; Wehry, E. L. Anal. Chem. 1970, 42, 1178.

(b) Bardez, E.; Devol, I.; Larrey, B.; Valeur, B. J. Phys. Chem.

1997, 101, 7786.

8. Prodi, L.; Montalti, M.; Zaccheroni, N.; Bradshaw, J. S.; Izatt,

R. M.; Savage, P. B. J. Incl. Phenom. 2001, 41, 123–127.

9. Bordinov, A. V.; Bradshaw, J. S.; Zhang, X. X.; Dalley,

N. K.; Kou, X.; Izatt, R. M. Inorg. Chem. 1996, 35, 7229.
10. Schulman, S. G. Anal. Chem. 1971, 42, 1178.

11. Phillips, J. P.; Fernando, Q. J. Am. Chem. Soc. 1953, 75, 3768.

12. Meech, S. R.; Phillips, D. J. Photochem. 1983, 23, 193.

13. Credi, A.; Prodi, L. Spectrochim. Acta, Part A 1998, 54,

159.

14. (a) Charbonnière, L. J.; Ziessel, R.; Montalti, M.; Prodi, L.;

Zaccheroni, N.; Boehme, C.; Wipff, G. J. Am. Chem. Soc.

2002, 124, 7779. (b) Prodi, L.; Montalti, M.; Zaccheroni, N.;

Pickaert, G.; Charbonnière, L.; Ziessel, R. New J. Chem. 2003,

27, 134.



Selection of synthetic receptors capable of sensing the difference
in binding of D-Ala-D-Ala or D-Ala-D-Lac ligands by screening

of a combinatorial CTV-based library

Cristina Chamorro and Rob M. J. Liskamp*

Department of Medicinal Chemistry, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, P.O. Box 80082,

3508 TB Utrecht, The Netherlands

Received 23 January 2004; revised 24 June 2004; accepted 20 August 2004

Available online 7 October 2004

Abstract—Screening of a combinatorial CTV-based artificial, synthetic receptor library 1 {1-13, 1-13, 1-13} for binding of a variety D-Ala-
D-Ala and D-Ala-D-Lac containing ligands (6–11) was carried out in phosphate buffer (0.1 N, pHZ7.0). After screening and Edman
sequencing, synthetic receptors were found containing amino acid sequences, which are either characteristic for binding dye labeled D-Ala-D-
Ala or D-Ala-D-Lac containing ligands. For example, receptors capable of binding D-Ala-D-Ala containing ligands 6, 7, 9 and 11 contained—
almost in all cases—at least one basic amino acid residue—predominantly Lys—in their arms. This was really a striking difference with the
arms of the receptors capable of binding D-Ala-D-Lac containing ligands 8 and 10, which usually contained a significant number of polar
amino acids (Gln and Ser), especially in ligand 8, but hardly any basic amino acids. Use of different (fluorescent) dye labels showed that
the label has a profound, albeit not decisive, influence on the binding by the receptor. A hit from the screening of the CTV-library with
FITC-peptidoglycan (6) was selected for resynthesis and validation.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The identification of artificial synthetic receptor molecules
capable of binding specific peptide sequences has attracted
considerable interest.1 Many of these receptors have been
designed, prepared and screened for their ability to bind
resin attached peptides from combinatorial libraries.

Combinatorial solid phase synthesis offers an attractive
strategy for the generation of libraries of synthetic receptor
molecules capable of binding specific peptide sequences.2
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.074
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Abbreviations: Boc, tert-butoxycarbonyl; BOP, benzotriazol-tris-(dimethyl-

amino)phosphonium hexafluoro-phosphate; tBu, tert-butyl; Cbz, benzyl-
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TFA, trifluoroacetic acid.
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Recently, we have prepared a 2197-member split-mix3

combinatorial library of artificial tripodal receptors 1{1-13,
1-13, 1-13} on the solid phase,4 using cyclotriveratrylene
(CTV)5 as a scaffold (Scheme 1). Thus, every bead contains
one unique CTV-based receptor with three peptide arms,
one of them attached to the solid phase and different from
the other two identical peptide arms. Selectivity and affinity
for ligands might be enhanced, since the CTV-scaffold is
clearly capable of aligning peptide arms.6

The CTV-based receptors were attached to Argogelw-NH2

resin, therefore an ‘on-bead screening assay’3c,7 for binding
of different peptide sequences by the CTV-based combi-
natorial library 1{1-13, 1-13, 1-13} can be performed.
Beads containing receptors capable of binding particular
ligands are visually identified and removed for structural
elucidation by Edman degradation.8 In order to visualize the
best CTV-receptor binders, fluorescence or staining of the
library beads resulting from binding a specific peptide
sequence or ligand in solution is an attractive approach.
For this purpose labeling with a (fluorescent) dye of these
peptides or ligands is required.

As a still very challenging example of screening for binding
of specific peptide sequences by the CTV-based library
1{1-13, 1-13, 1-13}, peptide sequences D-Ala-D-Ala and
Tetrahedron 60 (2004) 11145–11157



       

 

 

Scheme 1. Combinatorial synthesis of a 2197-member library of CTV-based tripodal receptors 1{1-13, 1-13, 1-13}.4
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D-Ala-D-Lac were chosen. Vancomycin and other closely
related glycopeptide antibiotics9 bind to the D-Ala-D-Ala
end of the Gram-positive bacterial peptidoglycan cell wall
precursor thereby interfering with its cross-linking, resulting
in an incomplete bacterial cell wall, leading to osmotic lysis
and bacteria death.10 Unfortunately, the terminal D-alanine
is substituted by D-lactate in vancomycin-resistant bacterial
strains, resulting in a 1000-fold decrease in affinity and
essentially useless antibiotic activity of vancomycin.11

Thus, identification of synthetic receptors capable of
binding with high affinity to the above mentioned sequences
could have a potential application for overcoming vanco-
mycin resistance problems. This is nevertheless an extre-
mely difficult problem to address, since the number of
interactions of the small D-Ala-D-Ala and D-Ala-D-Lac
ligands with either ‘synthetic’ or ‘natural’ receptors (viz.
vancomycin) is very limited. Despite this, Nature managed
to come up with the natural ‘receptor’ vancomycin having a
high affinity for D-Ala-D-Ala (Kaw106 MK1).12

In this report a 2197-member library of CTV-based
synthetic tripodal receptor 1{1-13, 1-13, 1-13} attached to
the solid phase was screened for binding of D-Ala-D-Ala and
D-Ala-D-Lac containing ligands, in phosphate buffer (0.1 N,
pHZ7.0). So far there are not many examples of screening
for binding properties by synthetic receptors in aqueous
systems.2a–b,13 However, this was deemed absolutely
essential for moving ultimately to biologically relevant
systems and finding hits for these. We found that it is no
longer difficult to find hits of synthetic receptors with good
to excellent binding properties in organic solvents.1c,f,h,2b–c

The challenge, however, is to discover molecules with good
binding properties in an aqueous environment, since
intermolecular interactions (hydrogen bond, electrostatic)
between ligand and receptor are much weaker here than in
apolar solvents.

Since D-Ala-D-Ala or D-Ala-D-Lac ligands are relatively
small, the influence of the (fluorescent) dye was evaluated
by varying it from fluorescein (FITC), dansyl (Ds), or
7-nitrobenz-2-oxa-1,3-diazol (NBD), to disperse red (DR).
The best synthetic receptors were selected and subjected to
Edman degradation8 and the binding sequences were
analyzed. Validation of ‘hits’ by resynthesis on the solid
phase of the selected library member has been carried out.
The resynthesized receptors have been tested in vitro against
Staphylococcus aureus Newman.

One can philosophize how Nature did find such a good
candidate for binding as vancomycin. However, it seems
plausible that the ‘natural’ equivalent of combinatorial
approaches, i.e. evolution led to the emergence of such a
good binder for binding D-Ala-D-Ala. Similarly, we propose
that ultimately combinatorial approaches will lead to new
binders and possibly antibiotics. Here, we describe the
screening of a CTV library as a step in this direction.
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2. Results and discussion

In order to investigate the binding properties for D-Ala-D-
Ala and D-Ala-D-Lac containing ligands by the fully
deprotected recently described CTV-based receptor library
1{1-13, 1-13, 1-13}4, fluorescent FITC-peptidoglycan,14

(6), NBD-(CH2)5-C(O)-Gly-D-Ala-D-Ala-OH (7), and
Ds-Gly-D-Ala-D-Ala-OH (9), as well as red-colored ligand
DR-C(O)–(CH2)2–C(O)-Gly-D-Ala-D-Ala-OH (11) were
prepared corresponding to cell wall precursors of vanco-
mycin sensitive bacteria. In addition, fluorescent NBD-
(CH2)5-C(O)-Gly-D-Ala-D-Lac-OH (8), and Ds-Gly-D-Ala-
D-Lac-OH (10) were synthesized as a small parts of cell wall
precursors of vancomycin resistant bacteria. The (fluor-
escent) dye labels were chosen to study their possible
influence on binding.

2.1. Synthesis of the (fluorescent) dye labeled D-Ala-D-
Ala and D-Ala-D-Lac containing ligands (7–11)

The D-Ala-D-Ala containing ligands (7, 9 and 11) were
prepared by attachment of the different fluorescent or dye
labels to H-Gly-D-Ala-D-Ala-OtBu (4) (Scheme 2). The
common intermediate 4 was obtained by BOP coupling15 of
commercially available Cbz-D-Ala-OH and H-D-Ala-OtBu
and hydrogenolysis to the dipeptide H-D-Ala-D-Ala-OtBu
    

   
     

    
  

 
     

  

   
 

 
 

 

   
 

  
  

   
 

Scheme 2. Synthesis of the (fluorescent) dye labeled D-Ala-D-Ala and D-Ala-D-L
(2) (92%), followed by BOP coupling of Cbz-Gly-OH to 2,
and again hydrogenolysis.

NBD-(CH2)5-C(O)-Gly-D-Ala-D-Ala-OH (7) was syn-
thesized by BOP coupling of fluorescent 6-(7-NitroBenzo-
2-oxa-1,3-Diazole) hexanoic acid to 4 and cleavage of the t-
Bu-ester under acidic conditions. Treatment of 4 with a
slight excess of dansyl chloride in the presence of NaHCO3

and cleavage of the t-Bu-ester led to the dansylated D-Ala-D-
Ala containing ligand (Ds-Gly-D-Ala-D-Ala-OH) 9. Similar
approaches were used, for the preparation of the NBD and
Ds-labeled D-Ala-D-Lac containing ligands 8 and 10. For
these ligands H-Gly-D-Ala-D-Lac-OtBu (5) was used as a
precursor. This precursor was synthesized analogously to 4,
but using H-D-Lac-OtBu instead of H-D-Ala-OtBu (Scheme 2).

Disperse red D-Ala-D-Ala containing ligand (11) was
synthesized by treatment of 4 with succinic anhydride
under basic conditions followed by BOP coupling of
disperse red-NH2

16 and final cleavage of t-Bu-ester.

2.2. Screening of library 1{1-13, 1-13, 1-13} for binding
of D-Ala-D-Ala or D-Ala-D-Lac containing ligands

The fully deprotected CTV-based receptor library 1{1-13,
1-13, 1-13} was screened for binding of the dye containing
   
 

   
 

   
 

 

  
     

ac containing ligands (7–11).



Figure 1. Screening for binding for D-Ala-D-Ala and D-Ala-D-Lac containing ligands (6–11) by the CTV-based receptor library 1{1-13, 1-13, 1-13}.
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D-Ala-D-Ala or D-Ala-D-Lac ligands (6–11) in phosphate
buffer (0.1 N, pHZ7.0). Although this aqueous system is a
biologically more meaningful environment, peptide recog-
nition by the artificial receptors is more difficult than in the
frequently used apolar organic systems due to the ability of
water molecules to compete for hydrogen bonding by
solvation and thus disruption of these non-covalent
interactions between peptides and synthetic receptors. For
the fluorescent dyes the overexposure mode of the Leica
DC-100 digital camera system and image analysis was used
for estimation of the relative fluorescence intensities in a
semi-quantitative manner. Different ligand concentrations
were used to determine the optimal selectivity, as judged
by the number of highly fluorescent beads against either
no or slightly fluorescent beads. For NBD- or Ds-labeled
Table 1. Identity of the peptide arms as obtained by Edman degradation of the s

NF, non-fluorescent bead.
ligands (7–10), no selectivity of binding at higher
concentrations than 50 mM was observed. At concen-
trations lower than 10 mM, fluorescent beads were barely
visible. Good discrimination between fluorescent and
non-fluorescent beads was possible at 50 mM, and there-
fore this concentration was used for screening experiments
with fluorescent ligands (7–10). FITC-labeled peptido-
glycan fragment ligand (6) was tested at concentrations of
10, 1 and 0.1 mg mLK1, leading to the best discrimination
when a concentration of 1 mg mLK1 was used. The best
discrimination between red and colorless beads was
obtained when 5 mM of the disperse-red labeled ligand 11
was used. In general, the observed fluorescence intensity
was slightly higher for D-Ala-D-Ala containing ligands
than for D-Ala-D-Lac containing ligands. This might be
elected solid phase attached CTV-based receptors
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a qualitative indication of stronger binding of the
D-Ala-D-Ala sequence. A higher fluorescence intensity
was generally observed when NBD-label ligands were
used instead of the Ds-label. The best selectivity was
found when FITC-peptidoglycan (6) was used as ligand
(Fig. 1).

For every independent screening nine or ten of the most
intensively fluorescent beads were selected and sequenced
by Edman degradation.8 Edman sequencing was carried out
in all the cases for a fourth cycle, which always showed no
amino acid for all the beads, thus confirming the tripeptide-
identity of the library members. In addition, a non-
fluorescent bead was selected and sequenced as a negative
control.

Table 1 shows the identity of the peptide arms of the
selected solid phase attached CTV-based receptors. In
Figure 2, the relative abundance of amino acids at each
residue position of the receptor is shown. The general trends
are very clear and can be summarized as follows. First, the
negative controls, i.e. the selected non-fluorescent or non-
Figure 2. Relative abundance of amino acids at each residue position of the CTV
colored beads, contained amino acids especially Glu and
Asp in their receptors, which were not found in the
fluorescent or colored beads. Second, the receptors capable
of binding of D-Ala-D-Ala containing ligands 6, 7, 9 and 11
contained—almost in all cases—at least one basic amino
acid residue (indicated in blue in Table 1)—predominantly
Lys—in their arms. This was really a striking difference
with the arms of the receptors capable of binding D-Ala-D-
Lac containing ligands 8 and 10, which usually contained a
significant number of polar amino acids (Gln and Ser),
especially in binding ligand 8, but hardly any basic amino
acids. Although there was a significant influence of the label
(vide infra) on binding of the ligand to the synthetic
receptors, fortunately, the labels did not conceal the
differences in binding of D-Ala-D-Ala or D-Ala-D-Lac
ligands, i.e. they did not obscure the selectivity of binding.
The differences in the sequences of the receptors in binding
of D-Ala-D-Ala or D-Ala-D-Lac remained manifest irrespec-
tive of the (fluorescent) dye label. Nevertheless, there were
appreciable differences in sequences of receptors capable of
binding the D-Ala-D-Ala with the various labels. For
example, the synthetic receptors capable of binding
-based receptor.
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‘NBD-D-Ala-D-Ala’ (7) contained—in addition to Lys—
virtually only hydrophobic amino acids (Leu, Phe, Val),
whereas the synthetic receptors capable of binding ‘Ds-D-
Ala-D-Ala’ (9) contained—in addition to Lys—a number of
more polar Ser residues as well as the smaller hydrophobic
amino acids such as Ala. The behavior of synthetic receptors,
which bound ‘DR-D-Ala-D-Ala’ (11) was somewhat
intermediate: Lys residues, large hydrophobic amino acids
(Leu, Phe) but also the smaller hydrophobic amino acid Ala
was found, but no polar amino acids like Ser. Thus, we found
synthetic receptors selective for binding either the D-Ala-D-
Ala or the D-Ala-D-Lac sequence. As such these compounds
can be considered as ‘sensors’ for these particular peptide
sequences and synthetic receptors acting as sensors for other
peptide ligands might be accessible using this combinatorial
approach. Possibly, by simply screening this library with
another peptide ligand one might even uncover synthetic
receptors acting as sensors for other peptides. The binding
behavior of the synthetic receptors—as reflected in the amino
acid sequences—was influenced by the character of the
(fluorescent) dye label, but the selectivity remained.

In order to reduce the influence of the label, which is
required for screening, different labels which have a
minimal influence on binding, are called for. Alternatively,
the relative influence of the label on binding by a particular
synthetic receptor can be diminished by screening synthetic
receptors capable of binding larger ligands as compared
to the size of the label. The found selectivities for binding
D-Ala-D-Ala vs. binding D-Ala-D-Lac are quite remarkable
considering the fact that the only difference between these
ligands is present in the linkage connecting the two resi-
dues: an amide ‘N–H’ in D-Ala-D-Ala and an ester ‘–O’ in
D-Ala-D-Lac.

It is revealing to look at the relative abundance of the
various amino acids at each residue position of the receptor
shown in Figure 2. In 89% of the sequenced synthetic
receptors capable of binding fluorescein labeled D-Ala-D-
Ala (FITC-peptidoglycan, 6), Lys is found at the first
position (AA1), closest to the CTV-scaffold. Lys in this
position is also found in 44% of the receptors capable of
binding ‘NBD-D-Ala-D-Ala’ (7). Although in 44% of the
receptors binding FITC-peptidoglycan (6), Lys is found at
the third position (AA3), Lys can also be present at the
second position (AA2) in 33% of the receptors binding
‘NBD-D-Ala-D-Ala’ (7), in 30% of the receptors binding
‘Ds-D-Ala-D-Ala’ (9) and in 33% of the receptors
binding ‘DR-D-Ala-D-Ala’ (11). As was discussed above,
the absence of Lys residues in synthetic receptors capable of
binding D-Ala-D-Lac in ligands 8 and 10 is remarkable.

Likewise, the combination of the basic Lys residue with
hydrophobic amino acids indicated in green in the receptor
sequences, when a varying hydrophobic amino acid is
found. Especially with the NBD-ligands 7 and 8, Phe was
found in 33% of the receptors binding D-Ala-D-Ala (in
ligand 7) and in 80% (40% AA1 and 40% AA2) of the
receptors binding D-Ala-D-Lac (in ligand 8). The presence of
this particular amino acid may point to a special
contribution of the NBD label on binding, since this
amino acid was not in majority present in the receptors
binding the other ligands. Nevertheless the presence of
hydrophobic amino acids was very striking in the receptors
capable of binding D-Ala-D-Lac, i.e. 8 and 10. In the latter
case even 50% of the sequenced receptors contained
hydrophobic amino acids at each of the three amino acid
positions and a good 70% had at least two hydrophic amino
acids, i.e. at the third (AA3) and second (AA2) position of
the synthetic receptors. Finally, the presence of Ser in the
third position in 50% of the synthetic receptors binding
‘Ds-D-Ala-D-Ala’ (9) was also surprising and in 30% of the
receptors the consensus sequence Ser-Lys-AA1 was found.
This cannot be solely ascribed to an effect of the Ds-label, as
the corresponding Ds-containing D-Ala-D-Lac ligand did not
bind to receptors containing Ser residues.

2.3. Validation by resynthesis

Validation of ‘hits’ by resynthesis of the selected synthetic
receptors and reproducing the properties for which the
library (1{1-13, 1-13, 1-13}) was screened is essential in
any combinatorial approach towards finding compounds
with desired—in this case binding—properties. A hit from
the screening of the CTV-library with FITC-peptidoglycan
(6) was selected, which was found twice (Table 1, beads 1
and 2, screening with 6), corresponding to the consensus
sequence Lys-AA2-Lys found in 44% of the sequenced
beads. In addition the ‘negative control’, i.e. a sequenced
non-fluorescent bead giving the CTV-based synthetic
receptor sequence Ser-Ala-Glu, (AA3-AA2-AA1) was
synthesized on Argogelw-NH2 resin (a) as well as on the
Argogelw-Rink resin (b) (Scheme 3). Resynthesis of the
CTV-based receptors 19a and 20a, covalently attached to
Argogelw-NH2 resin, and 17b and 18b on the Argogelw-
Rink resin, was performed analogously to the preparation of
the CTV-based receptor library 1{1-13, 1-13, 1-13}4 except
for the use of the compatible (Fmoc)2-CTV-OH scaffold 14
on the acid labile Argogelw-Rink resin, instead of the
(Boc)2-CTV-OH scaffold 13. The different peptide-binding
arm was built up by three subsequent BOP couplings/Fmoc-
deprotection of Fmoc-L-Ala-OH on both, Argogelw-NH2

and Argogelw-Rink-NH2 resin to obtain 12a and 12b,
respectively (Scheme 3). Then, either the Boc-protected
CTV-scaffold (13) or the Fmoc-protected CTV-scaffold
(14) was coupled to the first peptide-binding arm to give 15a
or 15b. Cleavage of the Boc groups under acidic conditions
from 15a led to 16a, while Fmoc-cleavage under standard
conditions from 15b led to 16b. The construction of the two
identical peptide arms was performed as depicted in Scheme
3. After three coupling/Fmoc-deprotection cycles involving
subsequently Fmoc-L-Lys(Boc)-OH, Fmoc-L-Leu-OH and
Fmoc-L-Lys(Boc)-OH, resin bound synthetic receptors 17a
and 17b were obtained. The same procedure involving the
use of subsequently Fmoc-L-Glu(OtBu)-OH, Fmoc-L-Ala-
OH and Fmoc-L-Ser(tBu)-OH led to resin bound synthetic
receptors 18a and 18b. Treatment of 17a and 18a with TFA
led to the—still resin bound—deprotected synthetic recep-
tors, 19a and 20a, respectively (Scheme 3). In contrast,
treatment with TFA of 17b or 18b led to deprotection and
cleavage of the receptors from the Argogelw-Rink-resin to
afford the trifluoroacetate salts of [Lys-Leu-Lys]-containing
or [Ser-Ala-Glu]-containing synthetic receptors 21 and 22,
respectively (Scheme 3). ES-MS showed the identity of the
trifluoroacetate salts receptors 21 and 22. The purity of them
was 94% purity in both cases, as shown by HPLC. The



   
    
      

      

   

  

  

 

   

  

    

     

    

   

  

    

         

   

          

         

        

       

        

       

  

  

      

  

   

Scheme 3. Resynthesis of resin bound (19a and 20a) and cleaved synthetic receptors (21 and 22).
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overall yields (76 and 69%, respectively) were very good
considering the eight steps performed for their solid-phase
synthesis (corresponding to 97 and 95% average yield per
step). Finally, desalting using either Amberlyst–A21 or
Figure 3. Screening for binding for D-Ala-D-Ala and D-Ala-D-Lac containing ligan
Dowex-HC ion exchange resins led to receptors 21 and 22,
respectively (Scheme 3).

Binding experiments of the resynthesized CTV-based
ds (6, 7, 9, and 11) by the resynthesized CTV-based receptor 19a and 20a.
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receptors 19a and 20a was carried out by incubation with a
1 mg mLK1 suspension of FITC-peptidoglycan (6). Homo-
geneous fluorescent beads were observed for receptor 19a,
clearly showing affinity for FITC-peptidoglycan while no
fluorescence was observed for the control receptor 20a (Fig.
3). These findings independently confirmed the identity of
the receptors as obtained by the split-mix procedure.

In order to investigate whether the affinity of the
resynthesized CTV-based receptor 19a was due to either
their interaction with D-Ala-D-Ala or with a different part
from the FITC-peptidoglycan ligand (6), the binding of
resin bound receptor 19a for NBD, Dansyl- and disperse-
red-D-Ala-D-Ala containing ligands 7, 9, and 11 was tested.
For that purpose the [Lys-Leu-Lys]-containing CTV
receptor 19a and the ‘control’ [Ser-Ala-Glu]-containing
CTV-based receptor 20a were incubated with a 50 mM
solution of ligands 7 or 9 or a 5 mM solution of ligand 11.
Homogeneous fluorescent beads were observed in all cases
involving synthetic receptor 19a, while no fluorescent beads
were observed with control synthetic receptor 20a (Fig. 3).
Thus, binding is independent from the (fluorescent) dye
label and really seems to involve recognition of the D-Ala-D-
Ala sequence.

In view of these results, it was attempted to inhibit bacterial
growth by the resynthesized [Lys-Leu-Lys]-containing
CTV-receptor 21. [Ser-Ala-Glu]-containing CTV-receptor
22 was also included in the experiments. A range of
concentrations from 0 to 100 mM of 21 or 22 were used to
determine a possible minimal inhibitory concentration
(MIC) against Staphylococcus aureus Newman. Vanco-
mycin was used as a positive control. Unfortunately,
no inhibition of bacterial growth was observed for the
CTV-based receptor 21 indicating no cell wall disruption
and therefore no bacterial death. Negative control synthetic
receptor 22 was also inactive. Although a possible
explanation for the absence of antibacterial activity by
synthetic receptor 21 might be too low a binding affinity
for the D-Ala-D-Ala sequence, an alternative explanation is
proteolytic degradation of the peptide arms of synthetic
receptor 21.
3. Conclusions

Thus by screening a CTV-based library containing tripep-
tide arms, one attached to the solid phase and two identical
varying arms, we were able to find synthetic receptors
containing amino acid sequences, which are either charac-
teristic for binding dye labeled D-Ala-D-Ala or D-Ala-D-Lac
containing ligands. This opens up possibilities for finding by
combinatorial approaches synthetic receptors, which can act
as ‘sensors’ for particular peptides. By attachment of
fluorescent groups to these sensors or by immobilizing
them to suitable surfaces one might be able to devise read-
out systems for monitoring the extent of binding of peptide
or other ligands. Selectivity of binding by synthetic
receptors as sensors might be conveniently determined by
exposing them to for example to a library of peptides,
followed by measuring the relative binding affinity by mass
spectrometry.
Use of different (fluorescent) dye labels showed that the
label has a profound, albeit not decisive, influence on the
binding by the receptor. In view of the facts that D-Ala-D-
Ala as well as D-Ala-D-Lac are only small ligands, with very
limited of interactions and that the only difference between
these ligands is present in the linkage connecting the two
residues: an amide ‘N–H’ in D-Ala-D-Ala and an ester ‘–O’
in D-Ala-D-Lac, underlines the significance of the findings.
Nevertheless, a resynthetisized receptor based on the
sequences found in the library screening was inactive
against Gram-positive bacteria. If degradation of the
synthetic receptor by proteases is largely responsible for
this observation, then synthetic receptors containing
D-amino acids might be more promising, which is under
study now.
4. Experimental

4.1. General

All reagents were purchased from commercial sources and
used without further purification. Argogelw-NH2

(0.40 mmol gK1, average bead diameter 178 mm), Argo-
gelw-Rink-NH-Fmoc (0.33 mmol gK1, average bead
diameter 164 mm) resins were purchased from Argonaut
Technologies, Inc., Amberlys-A21 ion exchange resin
(4.8 mmol gK1) from Aldrich, and Dowex 50!8 (HC

form, 20–50 mesh) from Fluka. The Argogelw-NH2 resin
was dried over P2O5. The protected amino acids were
purchased from Alexis Corporations (Läufelfingen,
Switzerland) and Advanced Chemtech Europe (UK). All
reactions on the solid phase were performed in standard
glassware or poly(ethylene) glycol (PE) syringes with PE
frits. Peptide grade solvents, dried on molecular sieves were
used for reactions and resin washing. Kaiser and bromo-
phenol blue (BPB) tests were used for detection of primary
amines on the solid phase.17,18 Analytical thin layer
chromatography (TLC) was performed on Merck pre-coated
silica gel 60 F254 (0.25 mm) plates. Spots were visualised
with UV light, ninhydrine, or Cl2-TDM.19 Column chro-
matography was carried out using Merck Kieselgel 60
(40–63 mm). 1H NMR and 13C NMR were obtained on a
Varian 300 MHz spectrometer. Chemical shifts are given in
ppm with respect to internal TMS for 1H NMR. 13C NMR
spectra were recorded using the attached proton test (APT)
pulse sequence. ES-MS experiments were performed on a
Shimadzu LCMS QP8000 system. HPLC analyses were
performed on a Shimadzu-10Avp (Class VP) using
PL-ELS-1000 detector and UV detector operating at 220
and 254 nm. An Adsorbophere XL C18, 300 Å (4.6 mm!
250 mm, 5 mm) was used; flow rate 1 mL minK1; two
mobile phases (mobile phases A, 99.9% water, 0.1% TFA;
mobile phase B, 5% water, 95% acetonitrile, 0.085% TFA)
with a standard protocol, 0% B for 5 min to 100% B in
20 min, 100% B for 5 min to 0% B in 5 min and
reequilibrated at 0% B for 5 min.

4.1.1. H-D-Ala-D-Ala-OtBu (2). To a solution of Cbz-D-Ala-
OH (1.16 g, 5 mmol) and HCl$H-D-Ala-OtBu (0.91 g,
5 mmol) in DCM (30 mL), BOP (2.21 g, 5 mmol) and
DiPEA (2.61 mL, 15 mmol) were added. After stirring at rt
for 3 h, the reaction was evaporated to dryness in vacuo and



C. Chamorro, R. M. J. Liskamp / Tetrahedron 60 (2004) 11145–11157 11153
the residue was dissolved in EtOAc (60 mL). The solution
was washed with Na2CO3 (1 M), KHSO4 (1 M), H2O, and
brine. After drying (Na2SO4) and evaporating the solvent,
Cbz-D-Ala-D-Ala-OtBu (1.61 g, 92%) was obtained as white
solid and used without further purification. RfZ0.56 (DCM/
methanol, 10:1). 1H NMR (CDCl3, 300 MHz) d: 7.33 (s, 5H,
Ph), 6.42 (bs, 1H, NH(CO)), 5.29 (bs, 1H, NH(CO)O), 5.10
(s, 2H, CH2Ph), 4.40, 4.22 (2m, 2H, CHa), 1.44 (s, 9H,
C(CH3)3), 1.37, 1.34 (2d, 6H, CH3b, JZ6.9 Hz). 13C NMR
(CDCl3, 75 MHz) d: 171.8, 171.5 (COO, NH(CO)), 155.8
(NH(CO)O), 136.2 (Ar-C), 128.5, 128.1, 128.0 (Ar-H), 82.1
(C(CH3)3), 66.9 (CH2Ph), 50.4, 48.6 (Ca), 27.9 (C(CH3)3),
18.4 (CH3b).

To a cooled solution (ice bath) of Cbz-D-Ala-D-Ala-OtBu
(1.40 g, 4 mmol) in methanol (200 mL), Pd on charcoal
(10%) (20% w/w) was added and the suspension was stirred
under H2 pressure from a balloon at rt for 2 h. The reaction
was filtered and the solvent was evaporated to give 2
(0.86 g, 99%) as a colorless syrup. RfZ0.14 (DCM/
methanol, 10:1). 1H NMR (CDCl3, 300 MHz) d: 7.67 (bs,
1H, NH(CO)), 4.40, 3.46 (2m, 2H, CHa), 1.43 (s, 11H, NH2,
C(CH3)3), 1.34, 1.30 (2d, 6H, CH3b, JZ6.9 Hz). 13C NMR
(CDCl3, 75 MHz) d: 175.2, 172.4 (COO, NH(CO)), 81.7
(C(CH3)3), 50.6, 48.1 (Ca), 27.9 (C(CH3)3), 21.7, 18.4
(CH3b).

4.1.2. H-D-Ala-D-Lac-OtBu (3). A solution of Cbz-D-Ala-
OH (1.16 g, 5 mmol), H-D-Lac-OtBu (0.73 g, 5 mmol) and
BOP (2.21 g, 5 mmol) in DCM (30 mL) was cooled to
K20 8C and DiPEA (2.61 mL, 15 mmol) was added. After
stirring for 3 h, the reaction was evaporated to dryness in
vacuo and the residue was dissolved in EtOAc (60 mL). The
solution was washed with Na2CO3 (1 M), KHSO4 (1 M),
H2O, and brine. After drying (Na2SO4) and evaporating the
solvent, the crude 3 was purified by column chromatography
using DCM/methanol, 30:1 to give Cbz-D-Ala-D-Lac-OtBu
(1.55 g, 88%) as a colorless syrup. RfZ0.52 (DCM/
methanol, 10:1). 1H NMR (CDCl3, 300 MHz) d: 7.34–
7.29 (s, 5H, Ph), 5.26 (bs, 1H, NH(CO)O), 5.11 (d, 1H,
CH2aPh, JZ12.2 Hz), 5.06 (d, 1H, CH2bPh), 4.97 (m, 1H,
CHa-Lac), 4.42 (m, 1H, CHa-Ala), 1.51, 1.45 (2d, 6H,
CH3b, JZ6.9 Hz), 1.43 (s, 9H, C(CH3)3). 13C NMR
(CDCl3, 75 MHz) d: 172.5, 169.4 (2COO), 155.6
(NH(CO)O), 136.2 (Ar-C), 128.5, 128.1, 128.0 (Ar-H),
82.2 (C(CH3)3), 69.7 (Ca-Lac), 66.9 (CH2Ph), 49.4 (Ca-
Ala), 27.9 (C(CH3)3), 18.6, 16.8 (CH3b)b). Hydrogenolysis
of Cbz-D-Ala-D-Lac-OtBu (1.40 g, 4 mmol) was performed
following the same procedure as was used for Cbz-D-Ala-D-
Ala-OtBu. 3 (0.76 g, 87%) was obtained as a colorless
syrup. RfZ0.33 (DCM/methanol, 5:1). 1H NMR (CDCl3,
300 MHz) d: 4.94 (m, 1H, CHa-Lac), 4.11 (m, 1H, CHa-
Ala), 2.30 (bs, 2H, NH2), 1.45 (d, 3H, CH3b-Lac, JZ
7.7 Hz), 1.43 (s, 9H, C(CH3)3), 1.34 (d, 3H, CH3b-Ala, JZ
6.9 Hz).

4.1.3. H-Gly-D-Ala-D-Ala-OtBu (4). Coupling (see prep-
aration of 2) of Cbz-Gly-OH (0.79 g, 3.8 mmol) to 2 (0.82 g,
3.8 mmol) gave Cbz-Gly-D-Ala-D-Ala-OtBu (1.38 g, 89%)
as a white foam without further purification. RfZ0.76
(DCM/methanol, 5:1). 1H NMR (CDCl3, 300 MHz) d: 7.32
(s, 5H, Ph), 6.82 (d, 1H, NH(CO), JZ7.1 Hz), 6.73 (d, 1H,
NH(CO), JZ7.4 Hz), 5.60 (bs, 1H, NH(CO)O), 5.09 (s, 2H,
CH2Ph), 4.53, 4.38 (2m, 2H, CHa), 3.87 (d, 2H, CH2-Gly,
JZ5.2 Hz), 1.43 (s, 9H, C(CH3)3), 1.35, 1.33 (2d, 6H,
CH3b, JZ6.9 Hz). 13C NMR (CDCl3, 75 MHz) d: 171.8,
171.3, 168.6 (COO, 2NH(CO)), 156.6 (NH(CO)O), 136.1
(Ar-C), 128.5, 128.2, 128.1 (Ar-H), 82.1 (C(CH3)3), 67.2
(CH2Ph), 48.8 (Ca), 44.4 (Ca-Gly), 27.9 (C(CH3)3), 18.7,
18.3 (CH3b). ES-MS (m/z)Z430.35 (100%, [MCNa]C),
408.30 (9%, [MCH]C), 352.25 (42%, [MKtBuCH]C).

Hydrogenolysis of Cbz-Gly-D-Ala-D-Ala-OtBu (1.30 g,
3.19 mmol) gave 4 (0.85 g, 98%) as a colorless syrup.
RfZ0.06 (DCM/methanol, 5:1). 1H NMR (CDCl3,
300 MHz) d: 7.71 (d, 1H, NH(CO), JZ7.7 Hz), 7.04 (d,
1H, NH(CO), JZ6.9 Hz), 4.51, 4.33 (2m, 2H, CHa), 3.29
(s, 2H, CH2-Gly), 1.39 (s, 11H, NH2, C(CH3)3), 1.33 (d, 3H,
CH3b, JZ6.9 Hz), 1.28 (d, 3H, CH3b, JZ7.1 Hz). 13C
NMR (CDCl3, 75 MHz) d: 172.7, 171.8, 171.7 (COO,
2NH(CO)), 81.7 (C(CH3)3), 48.6, 48.2 (Ca), 44.6 (Ca-Gly),
27.8 (C(CH3)3), 18.4, 18.1 (CH3b).

4.1.4. H-Gly-D-Ala-D-Lac-OtBu (5). Overnight coupling
(see preparation of 2) of Cbz-Gly-OH (0.67 g, 3.2 mmol) to
3 (0.70 g, 3.2 mmol) gave Cbz-Gly-D-Ala-D-Lac-OtBu
(1.28 g, 98%) as a colorless syrup after column chromatog-
raphy using a gradient DCM/methanol from 40:1 to 20:1.
RfZ0.77 (DCM/methanol, 10:1). 1H NMR (CDCl3,
300 MHz) d: 7.33 (s, 5H, Ph), 6.51 (d, 1H, NH(CO), JZ
7.4 Hz), 5.40 (bs, 1H, NH(CO)O), 5.12 (s, 1H, CH2Ph),
4.95, 4.62 (2m, 2H, CHa), 3.88 (s, 2H, CH2-Gly), 1.45, (2d,
6H, CH3b, JZ7.1 Hz), 1.43 (s, 9H, C(CH3)3). 13C NMR
(CDCl3, 75 MHz) d: 172.2, 169.3, 168.5 (2COO, NH(CO)),
156.6 (NH(CO)O), 136.1 (Ar-C), 128.5, 128.2, 128.1 (Ar-
H), 82.3 (C(CH3)3), 69.8 (Ca-Lac), 67.2 (CH2Ph), 47.9 (Ca-
Ala), 44.4 (Ca-Gly), 27.9 (C(CH3)3), 18.3, 16.8 (CH3b).
Hydrogenolysis of Cbz-Gly-D-Ala-D-Lac-OtBu (1.20 g,
2.94 mmol) gave 5 (0.52 g, 64%) as a colorless syrup.
RfZ0.16 (DCM/methanol, 10:1). 1H NMR (CDCl3 with a
few drops of CD3OD, 300 MHz) d: 4.88, 4.47 (2m, 2H,
CHa), 3.97 (d, 1H, CH2a-Gly, JgemZ14.0 Hz, Ja,NHZ
6.9 Hz), 3.92 (d, 1H, CH2b-Gly, Jb,NHZ6.9 Hz), 1.39
(d, 6H, CH3b, JZ7.1 Hz), 1.39 (s, 9H, C(CH3)3).

4.2. Synthesis of D-Ala-D-Ala and D-Ala-D-Lac containing
ligands (7–11)

4.2.1. NBD-(CH2)5-C(O)-Gly-D-Ala-D-Ala-OH (7). To a
suspension of 4 (0.27 g, 1 mmol), 6-(7-nitrobenzo-2-oxa-
1,3-diazole)-hexanoic acid (0.29 g, 1 mmol) and BOP (0.44,
1 mmol) in DCM (6 mL), DiPEA (0.35 mL, 2 mmol) was
added. After stirring the orange solution at rt for 3 h, the
reaction mixture was evaporated to dryness in vacuo and the
residue was dissolved in EtOAc (6 mL). The solution was
washed with KHSO4 (1 M), H2O, and brine. After drying
(Na2SO4) and evaporating the solvent, the crude product
was purified by column chromatography using a gradient of
DCM/methanol from 30:1 to 10:1 and NBD-(CH2)5-C(O)-
Gly-D-Ala-D-Ala-OtBu (0.45 g, 82%) was obtained as an
orange solid. RfZ0.49 (DCM/methanol, 10:1). 1H NMR
(CDCl3, 300 MHz) d: 8.45 (d, 1H, H-6-NBD, JZ8.8 Hz),
7.22 (bs, 1H, NH), 6.93 (d, 1H, NH(CO)-Ala, JZ7.1 Hz),
6.65 (d, 1H, NH(CO)-Ala, JZ7.1 Hz), 6.43 (t, 1H,
NH(CO)-Gly, JZ5.1 Hz), 6.14 (d, 1H, H-5-NBD), 4.52,
4.40 (2m, 2H, CHa), 4.00 (dd, 1H, CH2a-Gly, JgemZ
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16.7 Hz, Ja,NHZ5.5 Hz), 3.92 (dd, 1H, CH2b-Gly, Jb,NHZ
5.5 Hz), 3.52 (m, 2H, CH2NH-NBD), 2.29 (t, 2H, CH2C(O)-
NBD, JZ6.7 Hz), 1.83–1.48 (m, 6H, CH2-NBD), 1.41 (s, 9H,
C(CH3)3), 1.38, 1.34 (2d, 6H, CH3b, JZ6.9 Hz). 13C NMR
(CDCl3, 75 MHz) d: 173.4, 171.7, 171.5, 168.5 (COO,
NH(CO)), 144.3 (C-NBD), 136.7 (C-6, 5-NBD), 82.3
(C(CH3)3), 53.4 (Ca-Gly), 48.9 (Ca-Ala), 43.0, 35.7 (CH2-
NBD), 27.9 (C(CH3)3), 27.9, 26.2, 24.6 (CH2-NBD), 18.8,
18.3 (CH3b). ES-MS (m/z)Z572.40 (100%, [MCNa]C),
550.25 (45%, [MCH]C), 4.94.35 (96%, [M-tBuCH]C).

Treatment overnight of NBD-(CH2)5-C(O)-Gly-D-Ala-D-
Ala-OtBu (0.30 g, 0.54 mmol) with DCM/saturated HCl(g)
in ether (1:1) (20 mL) led to an orange precipitate. Filtration
and washing of the precipitate with cold ether gave to 7
(0.19 g, 70%) as an orange solid. RfZ0.04 (DCM/methanol,
5:1). 1H NMR (DMSO, 300 MHz) d: 8.51 (d, 1H, H-6-NBD,
JZ9.1 Hz), 8.33 (d, 1H, NH(CO), JZ6.9 Hz), 8.06 (t, 1H,
NH, JZ6.0 Hz), 7.98 (d, 1H, NH(CO), JZ7.4 Hz), 6.42
(d, 1H, H-5-NBD), 4.34–4.19 (m, 2H, CHa), 3.67 (d, 2H,
CH2-Gly, JZ5.5 Hz), 3.35 (bs, 2H, CH2NH-NBD),
2.14 (m, 2H, CH2C(O)-NBD), 1.66, 1.54, 1.35 (3m, 6H,
CH2-NBD), 1.27, 1.19 (2d, 6H, CH3b, JZ7.1 Hz). 13C
NMR (CDCl3, 75 MHz) d: 174.4, 173.1, 172.4, 169.3
(COOH, NH(CO)), 144.2 (C-NBD), 137.0 (C-6,5-NBD),
58.0 (Ca-Gly), 48.0, 47.9 (Ca-Ala), 42.4, 35.3, 30.3, 26.0,
24.6 (CH2-NBD), 17.7, 16.9 (CH3b). ES-MS (m/z)Z516.30
(40%, [MCNa]C), 494.15 (100%, [MCH]C). HPLC (RtZ
17.75 min, 99% purity).

4.2.2. NBD-(CH2)5-C(O)-Gly-D-Ala-D-Lac-OH (8). The
same procedure as was used for the preparation of 7 was
followed. 5 (0.14 g, 0.5 mmol) gave NBD-(CH2)5-C(O)-
Gly-D-Ala-D-Lac-OtBu (0.22 g, 80%) as an orange solid.
RfZ0.59 (DCM/methanol, 10:1). 1H NMR (CDCl3,
300 MHz) d: 8.46 (d, 1H, H-6-NBD, JZ8.5 Hz), 6.87,
6.60, 6.30 (3bs, 3H, NH), 6.14 (d, 1H, H-5-NBD), 4.66–4.53
(m, 2H, CHa), 3.97 (s, 2H, CH2-Gly), 3.50 (m, 2H, CH2NH-
NBD), 2.29 (t, 2H, CH2C(O)-NBD, JZ6.9 Hz), 1.86–1.70
(m, 4H, CH2-NBD), 1.56–1.49 (m, 2H, CH2NBD), 1.49,
1.46 (2d, 6H, CH3b, JZ7.1 Hz), 1.42 (s, 9H, C(CH3)3).
ES-MS (m/z)Z573.35 (100%, [MCNa]C), 517.30 (45%,
[MKtBuCNa]C), 495.13 (30%, [MKtBuCH]C).

Cleavage of the tBu ester of NBD-(CH2)5-C(O)-Gly-D-Ala-
D-Lac-OtBu (0.18 g, 0.33 mmol) led to 8 (0.11 g, 65%) as an
orange solid. RfZ0.03 (DCM/methanol, 10:1). 1H NMR
(CD3OD, 300 MHz) d: 8.69 (d, 1H, H-6-NBD, JZ8.8 Hz),
6.53 (d, 1H, H-5-NBD), 5.12, 4.66 (2m, 2H, CHa), 4.09 (d,
2H, CH2a-Gly, JgemZ16.7 Hz), 4.02 (d, 2H, CH2b-Gly),
3.72 (bs, 2H, CH2NH-NBD), 2.49 (t, 2H, CH2C(O)-NBD,
JZ7.3 Hz), 1.98, 1.89, 1.66 (3m, 6H, CH2-NBD), 1.63, 1.62
(2d, 6H, CH3b, JZ7.4, 7.1 Hz). ES-MS (m/z)Z517.45
(100%, [MCNa]C), 495.19 (25%, [MCH]C). HPLC (RtZ
18.98 min, 94% purity).

4.2.3. Ds-Gly-D-Ala-D-Ala-OH (9). To a solution of 4
(0.27 g, 1 mmol) in 3% NaHCO3, (10 mL), a solution of
dansyl chloride (0.30 mL, 1.1 mmol) in aceton (10 mL) was
added. After stirring the fluorescent solution in the absence
of light overnight, the reaction mixture was evaporated to
dryness in vacuo and the residue was dissolved in EtOAc
(10 mL). The solution was washed with H2O, dried
(Na2SO4) and the solvent was evaporated. The crude
product was purified by column chromatography using a
gradient of DCM/methanol from 50:1 to 30:1 to give
Ds-Gly-D-Ala-D-Ala-OtBu (0.41 g, 82%) as a light-green
solid. RfZ0.48 (DCM/methanol, 9:1). 1H NMR (CDCl3,
300 MHz) d: 8.51, 8.30 (2d, 2H, Ar, JZ8.5 Hz), 8.21 (d,
1H, Ar, JZ7.4 Hz), 7.50, 7.47 (2d, 2H, Ar, JZ16.0 Hz),
7.36, 7.26 (2d, 2H, NH(CO), JZ7.7 Hz), 7.13 (d, 1H, Ar),
6.92 (bs, 1H, NHSO2), 4.52, 4.36 (2m, 2H, CHa), 3.61 (s,
2H, CH2-Gly), 2.85 (s, 6H, N(CH3)2), 1.44 (s, 9H,
C(CH3)3), 1.30, 1.13 (2d, 6H, CH3b, JZ7.0 Hz). ES-MS
(m/z)Z529.35 (16%, [MCNa]C), 451.35 (100%,
[MKtBuCNa]C).

After the cleavage of the tBu ester of Ds-Gly-D-Ala-D-Ala-
OtBu (0.17 g, 0.33 mmol), the reaction mixture was
evaporated in vacuo and KHSO4 (1 M), was added. The
pH of the aqueous layer was adjusted to 3–4 by addition of
NaOH (1 N) and extracted with EtOAc (70 mL) three times.
The combined organic layers were washed with brine, dried
(Na2SO4) and concentrated to afford 9 (0.11 g, 65%) as a
light-green solid. RfZ0.52 (methanol/chloroform/NH4OH,
60:45:20). 1H NMR (CD3OD, 300 MHz) d: 8.57, 8.34
(2d, 2H, Ar, JZ8.5, 8.8 Hz), 8.21 (d, 1H, Ar, JZ7.4 Hz),
7.54–7.63 (m, 2H, Ar), 7.27 (d, 1H, Ar, JZ7.7 Hz), 4.93–
4.22 (m, 2H, CHa), 3.54 (s, 2H, CH2-Gly), 2.86 (s, 6H,
N(CH3)2), 1.37, 1.17 (2d, 6H, CH3b, JZ7.4, 7.1 Hz). 13C
NMR (CD3OD, 75 MHz) d: 177.3 (COOH), 174.1, 170.7
(2NH(CO)), 153.3, 135.98 (Ar-C), 131.6 (Ar-H), 131.2,
130.9 (Ar-C), 130.6, 129.6, 124.3, 120.2, 116.7 (Ar-H), 50.3
(Ca-Ala), 46.4 (Ca-Gly), 45.8 (N(CH3)2), 18.0, 17.8
(CH3b). ES-MS (m/z)Z451.35 (100%, [MCH]C). HPLC
(RtZ15.93 min, 99% purity).

4.2.4. Ds-Gly-D-Ala-D-Lac-OH (10). The same procedure
as was used for 9 was followed for the preparation of 10. 5
(0.14 g, 0.5 mmol) gave Ds-Gly-D-Ala-D-Lac-OtBu as a
light-green solid. Cleavage of the tBu ester of Ds-Gly-D-
Ala-D-Lac-OtBu led to 10 (0.17 g, 75% over 2 steps) as a
light-green solid. RfZ0.63 (methanol/chloroform/NH4OH,
60:45:20). 1H NMR (CDCl3, 300 MHz) d: 8.52 (2d, 2H, Ar,
JZ8.5 Hz), 8.28 (d, 1H, Ar), 8.20 (1d, 1H, Ar, JZ7.1 Hz),
7.74–7.56 (m, 2H, Ar), 7.19 (1d, 1H, Ar, JZ7.7 Hz), 7.13
(d, 1H, NH(CO), JZ7.4 Hz), 6.49 (bt, 1H, NHSO2), 5.92
(bs, 1H, COOH), 5.01 (1m, 1H, CHa-Lac), 4.45 (1m, 1H,
CHa-Ala), 3.59 (bs, 2H, CH2-Gly), 2.88 (s, 6H, N(CH3)2),
1.48, 1.21 (2d, 6H, CH3b, JZ7.1, 7.4 Hz). 13C NMR
(CDCl3, 75 MHz) d: 173.6 (COOH), 172.2, 169.0
(2NH(CO)), 151.4, 133.6 (Ar-C), 130.7, 130.0 (Ar-H),
129.7, 129.4 (Ar-C), 128.8, 123.4, 118.8, 115.2 (Ar-H), 69.6
(Ca-Lac), 48.0 (Ca-Ala), 45.6 (Ca-Gly), 45.4 (N(CH3)2),
17.0, 16.6 (CH3b). ES-MS (m/z)Z452.3 (100%, [MC
Na]C). HPLC (RtZ15.90 min, 99% purity).

4.2.5. DR-C(O)–(CH2)2–C(O)-Gly-D-Ala-D-Ala-OH (11).
To solution of 4 (0.27 g, 1 mmol) in DCM (2 mL), succinic
anhydride (0.1 g, 1 mmol) and TEA (0.15 mL, 1.1 mmol)
were added. After stirring the mixture at rt for 2 h, the
reaction mixture was evaporated in vacuo and the residue
was dissolved in butanol (3 mL). The solution was washed
with KHSO4 (1 M), H2O, and brine. After drying (Na2SO4)
and evaporation of the solvent, HOOC–(CH2)2–C(O)-Gly-
D-Ala-D-Ala-OtBu (0.32 g, 87%) was obtained as a white
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solid. RfZ0.23 (DCM/methanol, 10:1). 1H NMR (DMSO,
300 MHz) d: 12.16 (bs, 1H, COOH), 8.16 (d, 2H, 2
NH(CO), JZ6.6 Hz), 7.94 (d, 1H, NH(CO), JZ7.7 Hz),
4.30, 4.07 (2m, 2H, CHa), 3.66 (d, 2H, CH2-Gly, JZ
5.7 Hz,), 2.41–2.35 (m, 4H, CH2), 1.36 (s, 9H, C(CH3)3),
1.23, 1.19 (2d, 6H, CH3b, JZ7.4, 7.1 Hz). 13C NMR
(DMSO, 75 MHz) d: 174.1, 172.1, 171.8, 171.8, 168.6
(COOH, COO, NH(CO)), 80.5 (C(CH3)3), 48.5, 47.78 (Ca-
Ala), 42.3 (Ca-Gly), 30.0, 29.3 (CH2), 27.8 (C(CH3)3), 18.5,
17.0 (CH3b). ES-MS (m/z)Z396.25 (100%, [MCNa]C),
374.25 (7%, [MCH]C), 318.10 (18%, [MKtBuCH]C).

HOOC–(CH2)2–C(O)-Gly-D-Ala-D-Ala-OtBu (0.31 g,
0.83 mmol), Disperse red-NH2

16 (0.26 g, 0.83 mmol),
BOP (0.37 g, 0.83 mmol) and DiPEA (0.29 mL,
1.66 mmol) were dissolved in DCM (50 mL). After stirring
the dark red solution at rt overnight, the solvent was
evaporated in vacuo and the residue was dissolved in EtOAc
(10 mL). This solution was washed with KHSO4 (1 M),
H2O, and brine. After drying (Na2SO4) and evaporating the
solvent, the crude product was purified by column
chromatography using a gradient of DCM/methanol from
50:1 through 30:1 to 10:1 and DR-C(O)–(CH2)2–C(O)-Gly-
D-Ala-D-Ala-OtBu (0.28 g, 51%) was obtained as a dark red
solid. RfZ0.58 (DCM/methanol, 10:1). 1H NMR (CDCl3
and a few drops of CD3OD, 300 MHz) d: 8.27, 7.87 (2d, 4H,
Ar, JZ9.1 Hz), 7.84 (d, 2H, Ar, JZ9.9 Hz), 7.39 (bs, 2H, 2
NH(CO)), 7.09 (d, 1H, NH(CO), JZ7.4 Hz), 6.92 (bs, 1H,
NH(CO)), 6.75 (d, 2H, Ar, JZ9.3 Hz), 4.42, 4.32 (2m, 2H,
CHa), 3.95, 3.76 (d, 2H, CH2-Gly, JZ16.8 Hz,), 3.51–3.38
(m, 6H, CH2-N), 2.48 (s, 4H, CH2–C(O)), 1.40 (s, 9H,
C(CH3)3), 1.35, 1.31 (2d, 6H, CH3b, JZ7.1 Hz), 1.21 (t,
3H, CH3, JZ7.1 Hz). ES-MS (m/z)Z691.50 (70%, [MC
Na]C), 669.50 (100%, [MCH]C).

Cleavage of the tBu ester of DR-C(O)–(CH2)2–C(O)-Gly-D-
Ala-D-Ala-OtBu (0.20, 0.3 mmol), as was described above
except for the use of dioxane instead of DCM, gave 11
(0.14 g, 75%) as a dark red solid. RfZ0.05 (DCM/methanol,
10:1). 1H NMR (CDCl3 and a few drops of CD3OD,
300 MHz) d: 8.06, 7.64 (2d, 4H, Ar, JZ9.1 Hz), 7.62 (d,
2H, Ar, JZ9.3 Hz), 6.57 (d, 2H, Ar, JZ9.1 Hz), 4.06, 3.90
(2m, 2H, CHa), 3.66 (s, 2H, CH2-Gly, JZ16.8 Hz,), 3.26–
3.10 (m, 6H, CH2-N), 2.35–2.19 (m, 4H, CH2C(O)), 1.16,
1.09 (2d, 6H, CH3b, JZ7.1 Hz), 0.97 (t, 3H, CH3, JZ
7.1 Hz). 13C NMR (CD3OD, 75 MHz) d: 179.3 (COOH),
175.5, 174.9, 173.7, 171.7 (COO, NH(CO)), 158.1, 153.0,
148.5, 144.7 (Ar-C), 127.2, 125.6, 123.4, 112.5 (Ar-H),
51.8, 50.6 (Ca-Ala), 46.3, 43.6, 38.1, 32.0, 31.9, 30.6
(CH2N, CH2C(O), Ca-Gly), 19.3, 17.9 (CH3b), 12.5 (CH3).
ES-MS (m/z)Z635.40 (15%, [MCNa]C), 613.45 (100%,
[MCH]C). HPLC (RtZ21.70 min, 99% purity).

4.3. General procedure for coupling Fmoc amino acids,
(Boc)2-CTV-OH (13) or (Fmoc)2-CTV-OH (14) on the
solid phase

The resin (1 equiv) was swollen in NMP (2 min) and, after
draining the solvent, BOP (4 equiv), the desired Fmoc
amino acid (4 equiv) and NMP (15 mL/mmol) were added.
The mixture was shaken until complete dissolution and then
DiPEA (8 equiv) was added. For coupling of 13 or 14,
2 equiv of 13 or 14, 2 equiv of BOP, and 4 equiv of DiPEA
were used and the reaction was shaken at rt overnight.
After 3 h of shaking, the resin was washed with NMP (5!
15 mL/mmol, each 2 min) and DCM (5!15 mL/mmol,
each 2 min). Negative Kaiser and BPB tests indicated
completion of the coupling. The loading of the resin was
determined by Fmoc-spectrophotometric quantification,
after drying the resin under vacuum overnight.

4.4. General procedure for Na-Fmoc deprotection

The Na-Fmoc-protected resin was swollen in NMP (2 min)
and, after draining the solvent, the resin was shaken with
20% piperidine in NMP (3!20 mL per mmol, each
10 min). The resin was washed with NMP (5!10 mL per
mmol, each 2 min) and DCM (5!10 mL per mmol, each
2 min). Positive Kaiser and BPB tests indicated Fmoc-
deprotection.

4.4.1. Loading of Argogelw-NH2 or Argogel
w-Rink-NH2

(16a, 16b). Fmoc-L-Ala-OH$H2O (1.05 g, 3.2 mmol) was
coupled to Argogelw-NH2 resin (a) (2 g, 0.8 mmol) or to
Fmoc-deprotected Argogelw-Rink-NH2 (b) (2.42 g,
0.8 mmol). Then the Na-Fmoc group was cleaved, follow-
ing the general procedure and coupling of Fmoc-L-Ala-
OH$H2O was repeated twice. Prior to the last Na-Fmoc
deprotection step, the loading was determined to be 0.31 and
0.25 mmol gK1, respectively. After Na-Fmoc deprotection,
12a was coupled to 13 to give 15a, and 12b was coupled to
14 to give 15b. Treatment of 15a with 50% TFA in DCM,
(7 mL) for 45 min and additional washing of the resin with
NMP (3!7 mL, each 2 min), 25% DiPEA in NMP (4!
7 mL, each 2 min), NMP (5!7 mL, each 2 min), and finally
DCM (5!7 mL, each 2 min) led to resin 16a. Fmoc-
deprotection of 15b using the general procedure gave resin
16b.

4.4.2. Resynthesis of receptors 19a and 20a on Argogele-
NH2 resin and 17b and 18b on the Argogelw-Rink resin.
Resins 16a and 16b (each containing 0.051 mmol of amino
groups) were dried overnight under vacuum and were
separately swollen in NMP (for 2 min). After draining the
solvent, three subsequent coupling/Na-Fmoc deprotection
cycles were carried out of Fmoc-L-Lys(Boc)-OH, Fmoc-L-
Leu-OH and Fmoc-L-Lys(Boc)-OH following the general
procedures to give 17a and 17b. The same procedure was
followed for the synthesis of 18a and 18b, except for the use
of Fmoc-L-Glu(OtBu)-OH, Fmoc-L-Ala-OH, and Fmoc-L-
Ser(tBu)-OH as amino acids. The Boc groups from 17a and
18a were cleaved using 95% TFA in H2O, 95:5. The resin
was washed with NMP (3!1.5 mL, each 2 min), 25%
DiPEA in NMP: (4!1.5 mL, each 2 min), NMP (5!
1.5 mL, each 2 min), DCM (5!1.5 mL, each 2 min),
dioxane (4!1.5 mL, each 2 min), dioxane/H2O, 1:1 (4!
1.5 mL, each 2 min), H2O (4!1.5 mL, each 2 min), and
Et2O (5!1.5 mL, each 2 min) to give the receptors 19a and
20a, respectively.

4.4.3. Deprotection of the acid labile side-chains and
cleavage of the receptors 17b and 18b from the
Argogelw-Rink resin. Receptors 17b and 18b on the
Argogelw-Rink resin were swollen in DCM (2!2 min) and
the solvent was drained. After addition of 95% TFA in H2O
(20 mL/mmol), resins were shaken at rt for 4 h, removed by
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filtering and washed with TFA/H2O, 95:5. The filtrates were
combined and Et2O was added to give suspensions of the
cleaved synthetic receptors. After centrifugation
(3500 ppm, 5 min) of the suspensions, the volatiles were
removed and the white solids were dissolved in H2O
followed by lyophilization to give trifluoroacetate salt of 21
(86 mg, 76%); HPLC: RtZ17.80 min, 94% purity, ES-MS
(m/z)Z766.95 (100%, [MC2H]2C), 511.50 (100%, [MC
3H]3C), 383.75 (58%, [MC4H]4C), and trifluoroacetate
salt of 22 (56 mg, 69%); HPLC: RtZ17.68 min, 94%
purity; ES-MS (m/z)Z1390.00 (25%, [MCNa]C), 1368.30
(100%, [MCH]C), 684.60 (60%, [MC2H]2C),
respectively.

4.5. Procedure for liberation of the amine from the TFA-
salt

A solution of trifluoroacetate salt of 21 (6.6 mmol) in
acetonitrile/H2O (1:1) (1.2 mL) was added to Amberlyst
A21-ion exchange resin (264 mmol) and the resin was
shaken for 45 min. After filtration, the solution was
lyophilized to give quantitatively 21. In case of the
trifluoroacetate salt of 22, Dowex 50!8 (HC form) ion
exchange resin (1 g) was used. The resin was shaken for 4 h
and the solvent was drained. 25% NH3 in H2O was added to
the resin and shaking was continued for 1 h. After filtration
the solution was lyophilised to give 22.

4.6. Screening of library 1{1-13, 1-13, 1-13} with D-Ala-D-
Ala and D-Ala-D-Lac containing ligands (6–11)

A 1 mg mLK1 suspension of 6, a 50 mM solution of 7–10,
and a 5 mM solution of 11 in phosphate buffer (0.1 N, pHZ
7.0) (1.3 mL) were added to different portions of library
1{1-13, 1-13, 1-13} (14 mg, w11.000 beads, w4 copies/
receptor) and incubated at 20 8C for 72 h. The resin was
drained and was washed with phosphate buffer (0.1 N, pHZ
7.0) (5!1.3 mL, each 2 min). Next, the resin was poured
into a petri dish and spread into a monolayer. The beads
were viewed under a fluorescence microscope. By use of a
long needle, most fluorescent or colored beads were isolated
(w100 beads). The fluorescence of the preselected beads
was reevaluated using the overexposure mode of the Leica
DC-100 digital camera system and image analysis to
estimate the relative fluorescence intensities semi-quanti-
tatively. Reevaluation of the red colored beads in the case of
11 was judged by eye. Only nine to ten best fluorescent or
colored beads were selected and analysed by independent
Edman degradation together with a non-fluorescent bead
from each screening.

4.7. Binding affinity for with D-Ala-D-Ala containing
ligands (6, 7, 9 and 11 by 19a and 20a)

A 50 mM solution of 7 or 9 (1.45 mL) or a 5 mM solution of
11, or a 1 mg mLK1 (433 mL) suspension of 6 in phosphate
buffer (0.1 N, pHZ7.0) was added to the resynthesized
receptors 19a or 20a (0.6 mg, w480 beads) and incubated at
20 8C for 72 h. The resins were drained and washed with
phosphate buffer (0.1 N, pHZ7.0) (5!1.3 mL, each
2 min). The resin was poured into a petri dish and spread
into a monolayer. The beads were viewed under a
fluorescence microscope.
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Abstract—A dicopper(II) octamine cage includes selectively the L-glutamate ion in water at pH 7, establishing Cu2C/–COOK coordinative
interactions. In particular, L-glutamate is able to displace the quenched rhodamine indicator from the cage, whose fluorescence is then fully
restored. Other typical neurotransmitters (glycine, GABA) and some related amino acids are discriminated.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction In the way of the rational design of a fluorescent sensor for
There exists a broad interest on the development of methods
for the detection of neurotransmitters in biological fluids
(intra- and extra-cellular).1 In this perspective, fluorescent
molecular sensors are especially convenient since they allow
real time and real space monitoring of the activity of the
desired analyte with the use of a fluorescence microscope.2 We
describe here the design of a selective receptor suitable for the
fluorescent detection of the L-glutamate ion. L-glutamate is a
major excitatory transmitter in the central nervous system,3

and its selective determination in presence of other neuro-
transmitters is strongly required by neurophysiologists.4 Some
biosensors based on enzyme immobilisation on an optical fiber
have been developed in the past few years.5 An artificial
system based on a CuII–pyrene–cyclodextrin complex for the
fluorescent detection of L-glutamate has been recently
reported.6 Anslyn et al. used a coordinatively unsaturated
ZnII–terpy complex for the optical sensing of L-glutamate and
L-aspartate in a 1:1 water/methanol mixture.7
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.102
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L-glutamate in pure water, we considered that, at a
physiological pH, L-glutamate exists as an anion of charge
K1 (two carboxylate groups plus one ammonium group).
Synthetic receptors for anions are expected to provide a
cavity of suitable shape and size, containing positively
charged groups (e.g., ammonium, guanidinium, or pyridi-
nium groups).8 However, the electrostatic interactions
which are established between the receptor and the substrate
are rarely strong enough to compensate the endothermic
dehydration terms, and recognition studies are often
restricted to non-aqueous media (e.g., MeCN, DMSO). On
the other hand, metal–ligand interactions are usually more
intense and allow the occurrence of selective interactions
with anions displaying coordinating tendencies in pure
water. In this sense, cyclic and polycyclic amines containing
transition metal centers may act as effective receptors for a
variety of anions.9 In particular, we have shown that the
dicopper(II) complex of the bis-tren cage 1 is able to include
ambidentate anions like N3

K and NCOK, which are
recognized on the basis of their bite (i.e., the distance
between terminal donor atoms).10 Thus, we considered the
opportunity to use as a receptor of the L-glutamate ion a
dimetallic complex with a bis-tren cage displaying a cavity
of suitable size for selective inclusion and recognition.
2. Results and discussion

On designing a dimetallic receptor for L-glutamate, we
considered that the –COOK group shows a good affinity for
the CuII ion. Thus, we placed two copper(II) ions inside the
octamine cage 2 (see Scheme 1), in which two tripodal
tetramine subunits (tren) are linked by diphenyl spacers.
Each tren compartment is expected to coordinate a metal
center according to a trigonal bipyramidal geometry, in
Tetrahedron 60 (2004) 11159–11162



Scheme 1. Cascade mechanism for the consecutive inclusion of two CuII

ions and a dicarboxylate ion (e.g., glutamate) within a bis-tren cage with
diphenyl spacers.

M. Bonizzoni et al. / Tetrahedron 60 (2004) 11159–1116211160
which one of the two axial positions is left available for the
interaction with a further ligand (a solvent molecule, an
anionic group). We guessed that a glutamate anion could
place two oxygen atoms of the two carboxylate groups in the
two available coordination sites, allowing inclusion within
the octamine cage, according to the cascade mechanism
illustrated in Scheme 1.

In order to sense glutamate inclusion and recognition, we
chose the ‘chemosensing ensemble’ paradigm.11 According
to this approach, the receptor must include first a fluorescent
indicator, whose emission is quenched due to the interaction
of its excited state with the receptor. Then, the desired
substrate is added, which displaces the indicator from the
cavity. When released to the solution, the indicator displays
its full fluorescence, thus signalling the recognition of the
substrate.

As a fluorescent indicator, we chose 6-carboxy-tetramethyl-
rhodamine, 5, which, when excited at 528 nm (isosbestic
point), emits at 571 nm (orange fluorescence). Compound 5
contains two carboxylate groups, which can bridge the two
CuII centers of the dimetallic cage complex3. In order to verify
the inclusion of 5 by 3, an aqueous solution 2.5!10K7 M in
the fluorescent indicator and buffered to pH 7 with HEPES
was titrated with a standard solution of the dimetallic
complex 3. Addition of 3 made the fluorescence intensity of
5 decrease, until complete quenching. Least-squares non-
linear fitting of the titration profile indicated the formation
of a 1:1 adduct between the dimetallic cage 3 and the
indicator 5, whose association constant log KI is 7.0G0.2. It
is suggested that the carboxylate bound CuII centers quench
the indicator through either an electron transfer or an
electronic energy transfer process.

Thus, we prepared the chemosensing ensemble solution,
which contained the cage complex 3 (2.5!10K6 M) and the
indicator 5 (2.5!10K7 M), whose fluorescence was com-
pletely quenched. Then, the solution, adjusted to pH 7 with
HEPES, was titrated with a solution of L-glutamic acid. On
titration, 6-carboxy-tetramethyl-rhodamine fluorescence
was progressively restored. Figure 1 reports the family of
emission spectra obtained in the course of the titration.

On non-linear least-squares treatment of the titration profile
(inset of Fig. 1: fluorescence intensity, IF vs molar
concentration of L-glutamate),12 using a reported algor-
ithm,13 a value of log KassZ6:9G0:2 (apparent association
constant, at pH 7) was obtained for the adduct-formation
equilibrium: 3Cglutamate$adduct. It is hypothesized that,
in the adduct, the glutamate zwitterion is included within the
cage and bridges the two CuII centers with two negatively
charged oxygen atoms of its carboxylate groups. Metal
coordination of both –COOK groups is corroborated by the
behavior of the homologous, amine-free, glutarate ion:
KOOC–(CH2)3–COOK. In particular, the equilibrium: 3C
glutarate$adduct, studied through the described spectro-
fluorimetric procedure, is characterized by the same value of
log Kass (7.0G0.2), within the experimental uncertainty.

Notice that, on titration of the chemosensing ensemble
solution with D-glutamic acid, the same spectrophotometric
pattern and the same titration profile were obtained. This is
the expected behavior in view of the achiral nature of the
cage.

Then, chemosensing ensemble solution was titrated with a
variety of neurotransmitters, which included glycine and
g-aminobutanoate, and with some related amino acids:
L-alanine, L-aspartate; d-aminopentanoate. Corresponding
titration profiles are reported in Figure 2 and compared to
that obtained for L-glutamate. In particular, a distinct



Figure 1. Emission spectra obtained during the titration with L-glutamic
acid of a solution containing the cage complex 3 (2.5!10K6 M) and the
indicator 5 (2.5!10K7 M). Inset: titration profile (fluorescence intensity, IF
vs molar concentration of glutamic acid).

Figure 2. Fluorescence intensity, IF, of the emission band of the rhodamine
indicator (lmaxZ571 nm), measured during the titration of an aqueous
solution of the chemosensing ensemble (3, 2.5!10K6 M; 5, 2.5!10K7 M;
pH 7) with standard solutions of neurotransmitters and related amino acids.
Black triangles: L-glutamate; grey triangles: L-aspartate; white triangles:
L-glycine; circles: d-aminopentanoate; squares: L-alanine; diamonds:
g-aminobutanoate.
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selectivity in favor of L-glutamate is observed. Such a
selectivity is ascribed to the fact that L-glutamate, like
glutarate, has the right ‘length’ for positioning its donor
oxygen atoms in each one of the positions required by the
two CuII ions (the axial sites of a trigonal bipyramid),
without inducing any endothermic rearrangement of the
cage. The best competitor is L-aspartate, which, like
L-glutamate, possesses two carboxylate groups for bridging
the two CuII ions, but is too ‘short’ to encompass the
intermetallic distance of the relaxed receptor. The two
g-aminobutanoic and d-aminopentanoic acids possess only
one carboxylate group for CuII binding. Thus, coordination
of the second metal ion, at pH 7, could occur with the
primary amine group, but this process involves the
endothermic deprotonation of the ammonium group of
the zwitterion, which drastically reduces the affinity for the
receptor. On the other hand, the relatively good affinity of
glycine for 3 has to be ascribed to the fact that two
molecules of the amino acid are included by the dimetallic
cage, with the formation of two regular CuII-carboxylate
coordinative bonds (b2Z7.7G0.2).

In conclusion, it has been shown that the dicopper(II) cage
complex 3 is a selective receptor for glutamate, even if it is
not able to perform enantioselective recognition. Selectivity
derives from the fact that glutamate possesses two
negatively charged groups (i) which display a good affinity
towards the two coordinatively unsaturated CuII centers and
(ii) whose distance encompasses quite well the metal–metal
distance within the cage. Such requirements are not met by
other neurotransmitters and related amino acids, which
possess only one carboxylate group or do not have the right
length to match the CuII–CuII distance. The use of a
fluorescent indicator displaying coordinative affinity for the
receptor (e.g., 6-carboxy-tetramethyl-rhodamine) compar-
able to that of the analyte provides a convenient sensing
procedure (OFF–ON switching of fluorescence).
3. Experimental
3.1. Data for compounds

The octamine cage 2 was prepared through a modification of
a described procedure.14 The dicopper(II) complex of 2 was
prepared by dissolving 0.32 g (1.33 mmol) of Cu(NO3)2$
3H2O in MeOH and adding this solution to a MeOH solution
of 0.50 g (0.6 mmol) of 2. The resulting solution was heated
to reflux, and after a few minutes a complex salt of formula
[CuII

2(2)](NO3)4$3H2O (3) precipitated as a bright blue
powder, which was collected by vacuum filtration. Yield:
75% (found: C, 51.57%; H, 5.82%; N, 13.42%, calcd for
C54H72Cu2N12O15: C, 51.63%; H, 5.78%; N, 13.38%).

Determination of apparent association constants between
[CuII

2(2)](NO3)4$3H2O and the indicator 5 was carried out
in a degassed water solution buffered at pH 7 with HEPES
0.05 M; concentration of the indicator was 2.5!10K7 M.
Aliquots of a fresh standard solution of Cu(NO3)2$3H2O
were added, and emission spectra of the indicator were
recorded (lemZ528 nm, isosbestic point; lemZ571 nm).
The chemosensing ensemble solution for competition
assays was prepared by adding Cu(NO3)2$3H2O to an
aqueous solution, buffered at pH 7 with HEPES 0.05 M,
containing the indicator 5. The concentration of
[CuII

2(2)]4C in the chemosensing ensemble solution was
2.5!10K6 M. The chemosensing ensemble solutions were
titrated with standard solutions of amino acids. All
spectrofluorimetric titration curves were fitted with the
HYPERQUAD program,12 to evaluate the apparent
association constant between receptor and indicator, and
between receptor and amino acids.
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Abstract—A new approach to sensing of aqueous phosphate-related anions based on chromogenic conductive polymers is demonstrated.
The anion-sensor affinity can be adjusted by externally applied voltage. Introduction of p-doping to the polymers results in augmented anion
sensitivity, which is ascribed to the effect of synergy between low-level p-doping in a polythiophene polymer and hydrogen bonding. The
chromogenic conductive polymer films display anion-specific changes in color, conductivity, and mass upon increasing concentration of
anions.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The design of reliable optical sensors for inorganic anions
remains a challenge even after more than a decade of efforts,
and reliable and selective sensors that can potentially be
applied in real-life applications are still relatively rare.1

Very few optical sensors exist that display high selectivity
and reliability, and function in aqueous media without
interference from endogenous substrates. This is because,
compared to isoelectric cations, anions often display high
energy of hydration, tautomerism, and possess low surface-
charge density, features that make the binding of anions less
effective.2 In order for a sensor to be able to compete for an
anion in the presence of water, the corresponding receptors
must display high substrate selectivity and affinity. The
increase in the receptor–anion affinity may be achieved by
incorporating a positive charge in the receptor moieties.
Unfortunately, electrostatic interactions are nondirectional
and, as a result, all anions present in the medium are
attracted to the receptor. It is, therefore, desirable to include
weak directional interactions such as hydrogen bonding to
improve the selectivity in receptor–anion association.2b,3

The synthesis of receptors that comprise both positive
charges and hydrogen bond donors acting in a synergistic
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.060
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manner is, by no means, a trivial task, and the few sensors of
this type, despite their elegant design and structures, are
difficult to synthesize and their practical use is limited.1 This
is because the focus on the supramolecular chemistry of
receptors usually results in a high cost of synthesis, decrease
in chemical stability, and a potential loss of the real-time
response due to slow dissociation of the substrate–receptor
complex.

The materials chemistry approach to the anion-sensor
design offers numerous advantages over the classical
supramolecular chemistry approaches, namely due to its
focus on the collective properties of materials that allow
harnessing the potential of materials for self-assembly, self-
organization, self-replication, and inter-component com-
munication. Additionally, the materials bulk properties offer
support and spatial definition to the material components
(e.g., preventing undesired receptor self-association). In
terms of the optical sensor development, the above features
are particularly useful in signal transduction because the
changes in conformation4 and inter-strand/component
association5 generate the optical output signal.

In the design of our sensor material, we decided to take the
material concept even further. We reasoned that the sensor
material could serve both as a receptor and signal transducer
at the same time. Perhaps, a conductive polymer with
incorporated receptors capable of hydrogen bonding, while
being able to be injected with positive charge (undergo an
Tetrahedron 60 (2004) 11163–11168



Figure 1. Schematic representation of the synergy between hydrogen-bonding and coulombic attraction in anion sensor materials based on a p-doped
conductive polymer.
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adjustable degree of p-doping), could provide an inexpen-
sive alternative to the complex multi-feature sensors
carrying a positive charge as well as hydrogen-bond donors
(Fig. 1).
2. Results and discussion

In order to utilize the synergy between hydrogen bonding
and coulombic interaction, we designed a conductive
polymer that combines both properties: the monomers are
hydrogen-bond donors and can bind anions, and the
resulting polymer can be p-doped, thus possessing a
positively charged backbone, which aids in anion binding.
We decided to utilize the propensity of thiophenes6 and
quinoxalines7 to yield conductive polymers. Additionally,
quinoxaline modified with two pyrrole units (DPQ) is
capable of binding anions via hydrogen bonding while more
or less pronounced color change occurs.8 Because DPQ
alone does not polymerize to yield a stable conductive
polymer, we modified it with two polymerizable ethylene-
dioxythiophene (EDOT)9 units to obtain monomer 1.
Monomer 1 was polymerized to yield poly-1, a sensor
material used in this study (see Fig. 2). In order to ensure
that the pyrrole moieties of DPQ are not involved in the
Figure 2. Schematic representation of the design of sensor materials poly-1 and
polymerization process, we also synthesized monomer 1C
and poly-1C with chloro-substituents blocking the pyrrole
alpha-positions.

The synthesis of monomers 1 and 1C is shown in Figure 3.
Treatment of 3,6-dibromo-1,2-benzenediamine (2)10 with
1,2-di(pyrrole-2-yl)ethane-1,2-dione (3)8a in acetic acid
yielded 5,8-dibromo-2,3-di(1H-2-pyrrolyl)quinoxaline (4).
Compound 4 was then coupled with (2,3-dihydrothieno-
[3,4-b][1,4]dioxin-5-yl)tributylstannane (6)11 to give mono-
mer 1. Monomer 1C was prepared by treatment of 4 with
sulfuryl chloride according to literature,12 providing
dichloro-dibromo intermediate 5. The intermediate 5 was
coupled with 6 using the same procedure for monomer 1.

We have tested the monomers 113 and 1C affinity for anions
in DMSO with various aqueous anions.14 Monomer 1 and,
even more so, 1C show changes in color upon binding of
pyrophosphate2K (PP), fluoride, and, to a lesser extent,
dihydrogenphosphate, and cyanide anions. Analysis of
anion-induced changes in the absorption spectra of 1 and
1C allowed for determination of the respective binding
constants that were found to be in the order of 106 MK1 for
fluoride and pyrophosphate and less than 102 MK1 for
chloride and sulfate. In the case of phosphate anion, the
poly-1C.



Figure 3. Synthetic sequence used to synthesize monomer receptor precursors 1 and 1C.
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binding constants calculated for 1 and 1C were significantly
different (!102 vs. 106, respectively). Such an increase in
the affinity for dihydrogenphosphate in receptors com-
prising halogenated pyrroles such as DPQ was previously
described.15

Encouraged by the anion binding properties of 1 and 1C, we
decided to subject the monomers to oxidative electropoly-
merization to form a film of conductive poly-1 or poly-1C
deposited on an ITO-modified transparent electrode.14

Poly-1 or poly-1C were deposited as green-colored poly-
mers on the ITO surface (Fig. 4). This poly-1 or poly-1C
modified transparent working electrode was rinsed and
immersed in the spectroelectrochemistry cell equipped with
a stirrer, a miniature Ag/AgC reference electrode, and
platinum wire auxiliary electrode. DMSO solution contain-
ing 0.1 M tetrabutylammonium perchlorate (TBAP) was
used as a supporting electrolyte. Spectroelectrochemical
analysis of the poly-1 and poly-1C films allowed for
investigation of the polymer electronic structure and
determination of the polymer band gaps (Fig. 4). The
band gaps for poly-1 and poly-1C were determined as the
onset of p–p* absorption peaks and were found to be 1.39
and 1.36 eV, respectively.
Figure 4. Left panel: Electrochemical polymerization of 1 in 0.1 M TBAP
Optoelectrochemical analysis of poly-1 at applied potentials (shown) varying wit
In order to test the anion sensing ability of the polymers,
poly-1 and poly-1C films were titrated at a constant
potential of 0.0 V by anions added as tetrabutylammonium
(TBA) salts (5.0 mM, pHz6.5) in water while vis-NIR
spectra were recorded. As expected, the addition of fluoride,
pyrophosphate, and, in the case of poly-1C, also phosphate
anions into the cell containing the sensor films resulted in
gradual changes in the absorption spectra (Fig. 5). The
respective binding isotherms that show well-defined satu-
ration were obtained, and apparent affinity constants were
calculated.16 The low-level p-doping (at 0.70 V) and a
corresponding positive charge in the polymer resulted in a
dramatic increase of the anion affinity. For example, the
apparent affinity constant (dm3/mol) for poly-1 and
pyrophosphate recorded at 0.70 V was calculated as
KPP(0.7 V)Z260,000 MK1, while the constant recorded at
0.00 V was KPP(0.0 V)Z61,100 MK1. The examples of
such vis-NIR spectroscopic titrations are shown in Figure 5.
The top panel shows poly-1 titrated by aqueous pyrophos-
phate at 0.00 V (KPPZ61,100 MK1) (Fig. 5A), the center
panel shows poly-1 titrated by aqueous pyrophosphate at
0.70 V (KPPZ260,100 MK1) (Fig. 5B). The lower panel
(Fig. 5C) shows the result of a control experiment, where
poly-1 was titrated by aqueous chloride. It is known that the
in ACN at 100 mV/s with Ag/AgC used as a reference; Right panel:
h an increment of 0.1 V in ACN.



Figure 5. Panel A: Changes in vis-NIR spectra of poly-1 during titration
with aqueous pyrophosphate (pHw6.0) at 0.00 V; Panel B: Titration of
poly-1 by aqueous pyrophosphate at 0.70 V; Panel C: Titration of poly-1 by
aqueous chloride at 0.70 V does not induce observable changes in vis-NIR
spectra.
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DPQ receptors do not bind chloride,8 and, therefore, we
were not surprised that poly-1 does not bind or respond to
chloride regardless of the applied voltage (0.00–0.70 V).
Poly-1C displays generally similar anion binding proper-
ties; however, stronger binding and higher affinity constants
compared to poly-1 are observed, which is not unexpected
given higher acidity of NH-bonds of the chlorinated pyrrole.

Additionally, to confirm that the changes in vis-NIR spectra
are due to the anion binding to poly-1 and poly-1C, we used
the electrochemical quartz crystal microbalance method
(EQCM).17 After the deposition of poly-1 on the EQCM
probe, aqueous solutions of the anions were added. The
addition of anions (pyrophosphate2K, fluoride, dihydrogen-
phosphate, but not chloride) caused a rapid increase in the
mass of the deposited polymer. EQCM titration experiments
resulted in a typical saturation profile, thus confirming that
the changes in vis-NIR spectra are, indeed, a result of anion
binding. In addition, EQCM provides an indispensable tool
for the number of control experiments. The role of water in
the anion sensing studies utilizing hydrogen bonding is
generally considered to be disruptive factor as it competes
for the coordination with anionic analytes.18 However, our
control experiments show that the addition of water does
change neither the mass of the deposited polymer nor its
vis-NIR spectrum. Conversely, the addition of aqueous
anion solutions leads to significant increase in sensor mass
as well as anion-induced change in vis-NIR spectra. From
these observations we conclude that the presence of water
does not significantly affect the binding. We ascribe this to
the effective synergy between the strong coulombic
attraction and the hydrogen bonding. EQCM titrations
offer a great potential for the quantitative characterization of
anion binding process by monitoring the mass accumu-
lation, and the corresponding studies are currently
underway.

In summary, the electropolymerized anion receptors yielded
uniform transparent thin films of conductive polymers
potentially useful for optical sensing of aqueous phosphate-
type anions. We demonstrated that the anion-sensor affinity
may be adjusted by external voltage. We believe that this
increase in anion-sensor affinity is a direct result of synergy
between low-level p-doping in a polythiophene polymer and
receptor–anion hydrogen bonding. The chromogenic con-
ductive polymers poly-1 and poly-1C show anion-specific
changes both in color and conductivity upon increasing
concentration of anions, namely fluoride, pyrophosphate
and, to a lesser extent, also dihydrogenphosphate.
3. Experimental

3.1. General

1H and 13C NMR spectra were recorded using a Varian
Unity 400 (400 MHz) spectrometer. The chemical shifts (d,
ppm) are referenced to a solvent. EI-DIP mass spectra were
recorded using a Shimadzu QP5050A spectrometer.
Absorption spectra were recorded using a Hitachi U-3010
and Hewlett Packard 8453 spectrophotometers. Optically
dilute solutions used for all photophysical experiments were
prepared in spectroscopic grade solvents.
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Electrochemical measurements were performed in DMSO
solutions containing 0.1 M recrystallized tetrabutylammo-
nium perchlorate (TBAP) as a supporting electrolyte. TBAP
was recrystallized from absolute ethanol. A BioAnalytical
Systems Epsilon controller was used to perform the
electropolymerization reaction and the electrochemistry
experiments. A platinum wire auxiliary electrode and
Ag/AgC nonaqueous reference electrode were used for all
measurements. A scan rate of 100 mV/s was typically
employed. Under these experimental conditions the ferro-
cene/ferrocenium couple was determined to be C0.124 V
versus Ag/AgC.

Anion titrations were carried out in DMSO solutions (0.1 M
tetrabutylammonium perchlorate) of the monomer by
adding the aqueous solutions of the following anions as
tetrabutylammonium salts 5.5 mM (for chloride sensing
attempts 180 mM solution was used). Data fitting was
performed using a quadratic equation for 1:1 binding model.
Spectroelectrochemical measurements were carried out in a
custom-built sealed stirred cell using indium–tin-oxide
(ITO) coated glass slide (50!7!0.9 mm3, Rs%100 U) as
a working electrode. Electrochemical quartz crystal micro-
balance (EQCM) experiments were carried out on CHI-430
electrochemical workstation equipped with time-resolved
EQCM from CH Instruments with AT-cut polished bound
100 A CrC1000A gold-coated quartz crystals.

3.1.1. 5,8-Dibromo-2,3-di(1H-2-pyrrolyl)quinoxaline (4).
3,6-Dibromo-1,2-benzenediamine (326 mg, 1.0 mmol) and
1,2-di(1H-2-pyrrolyl)ethane-1,2-dione (188 mg, 1.0 mmol)
were dissolved in glacial acetic acid (50 ml), and heated to
reflux for 24 h shielded from ambient light. The volume of
the reaction mixture was reduced to 10% in vacuum,
dissolved in chloroform–methanol (9:1, 300 ml), washed
with 1 M NaOH, brine, and dried over anhydrous Na2SO4.
The residue after evaporation was subjected to column
chromatography on silica gel using hexane–dichloro-
methane mixture (1:3, v/v). The product was obtained as
yellow powder (210 mg, 50% yield). Mp 229–230 8C. 1H
NMR (DMSO-d6, d): 6.19 (ddd, 2H, JZ2.5, 3.7, 4.7 Hz),
6.41 (ddd, 2H, JZ1.5, 2.5, 3.7 Hz), 7.09 (ddd, 2H, JZ1.5,
2.5, 4.1 Hz), 7.92 (s, 2H), 11.39 (br s, 2H). 13C APT NMR
(DMSO-d6, d): 109.38 CH, 113.08 CH, 121.96 C, 122.98
CH, 127.75 C, 132.32 CH, 137.58 C, 145.79 C. EI/MS
(70 eV): 418 (100) [MC], 336 (15), 256 (25). Anal. Calcd
(%) for C16H10Br2N2 (418.09): C, 45.96; H, 2.41; N, 13.40.
Found: C, 45.86; H, 2.41; N, 13.22.

3.1.2. 5,8-Dibromo-2,3-di(5-chloro-1H-2-pyrrolyl)quin-
oxaline (5). 5,8-Dibromo-2,3-di(1H-2-pyrrolyl)quinoxaline
(4) (100 mg, 0.239 mmol) was dissolved in chloroform
(50 mL) and cooled down to 0 8C. SO2Cl2 (20 mL) was
added to the reaction mixture in chloroform (15 mL). After
5 h the mixture was washed with a saturated aqueous
solution of sodium hydrogencarbonate, the organic layer
was collected, dried, and evaporated in vacuum. The residue
was subjected to column chromatography on silica gel using
hexane–dichloromethane mixture (1:3, v/v) as the eluent.
The product was obtained as a yellow powder (48 mg, 41%
yield). Mp O260 8C. 1H NMR (CDCl3, d): 6.14 (dd, 2H,
JZ1.0, 3.7 Hz), 7.18 (dd, 2H, JZ1.2, 3.7 Hz), 7.70 (s, 2H),
9.65 (br s, 2H). 13C APT NMR (DMSO-d6, d): 108.40 CH,
114.13 CH, 118.71 C, 122.59 C, 128.12 C, 133.35 CH,
138.25 C, 145.45 C. EI/MS (70 eV): 451 (100) [MC], 486
(55), 416 (50).

3.1.3. 5,8-Di(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-
2,3-di(1H-2-pyrrolyl)quinoxaline (1). 5,8-Dibromo-2,3-
di(1H-2-pyrrolyl)quinoxaline (50 mg, 0.12 mmol) and
2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)tributylstannane11

(258 mg, 0.6 mmol) were dissolved in dry THF (100 ml),
the solution was purged with argon for 15 min, and
PdCl2(PPh3)2 (15 mg, 0.02 mmol) was added at room
temperature under argon atmosphere. The mixture was
stirred at 100 8C under argon atmosphere for 15 h, cooled,
and concentrated on the rotary evaporator. The residue was
purified by column chromatography (DCM–hexane 3:1) to
afford an orange solid (31 mg, 48% yield). Mp O260 8C. 1H
NMR (CDCl3, d) 4.28–4.41 (m, 8H, ethylene); 6.29 (ddd,
2H, JZ2.6, 3.7, 5.4 Hz); 6.57 (s, 2H, EDOT), 7.09 (ddd, 2H,
JZ1.3, 2.5, 3.7 Hz); 7.26 (ddd, 2H, JZ1.3, 2.6, 3.6 Hz);
8.41 (s, 2H, H6); 10.03 (br s, 2H, NH). 13C APT NMR
(CDCl3, d): 65.74 CH2, 65.29 CH2, 102.20, 110.21, 113.48,
113.67, 122.10, 127.49, 127.86, 129.91, 135.90, 140.57,
141.14, 142.05. EI/MS (70 eV): m/z 540 (87) [MC], 269
(100), 267 (70). Anal. Calcd (%) for C28H20N4O4S2$0.5
H2O (549.1): C, 61.19; H, 3.85; N, 10.19; O, 13.10; S,
11.67. Found: C, 61.16; H, 3.71; N, 10.04.

3.1.4. 5,8-Di(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-
2,3-di(5-chloro-1H-2-pyrrolyl)quinoxaline (1C). The
title compound was synthesized from 5,8-dibromo-2,3-
di(5-chloro-1H-2-pyrrolyl)quinoxaline according to the
procedure described above for 1. The product was a red
solid (256 mg, 33% yield). Mp O260 8C. 1H NMR (CDCl3,
d) 4.28–4.41 (m, 8H, ethylene); 6.12 (dd, 2H, JZ1.0,
3.7 Hz); 6.59 (s, 2H, EDOT), 7.17 (dd, 2H, JZ1.0, 3.7 Hz);
8.36 (s, 2H, H6); 9.95 (br s, 2H, NH). 13C APT NMR
(DMSO-d6, d): 64.43 CH2, 65.42 CH2, 103.78 CH, 108.24
CH, 112.21 C, 113.30 CH, 117.51 C, 127.51 CH, 128.13 C,
128.59 C, 135.97 C, 141.05 C, 141.81 C, 142.06 C. EI/MS
(70 eV): m/z 608 (100) [MC], 610 (78), 573 (86). HRMS
(ESI) Calcd for C28H19Cl2N4O4S2 (MCHC): m/z 609.0225.
Found: m/z 609.0219.

3.1.5. Poly-5,8-di(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-
yl)2,3-di(1H-2-pyrrolyl)quinoxaline (poly-1). The title
compound was prepared potentiodynamically from
0.5 mM solution of 1 in TBAP/ACN. Monomer oxidation
potential (onset of polymerization current): EmZ0.40 V.
Polymer half-wave oxidation: E1/2,pZ0.70 V. Band gap as
determined from vis-NIR spectroelectrochemistry in the
reduced form: EgZ1.39 eV. Conductivity: sZ54 S/cm.

3.1.6. Poly-5,8-di(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-
yl)2,3-di(5-chloro-1H-2-pyrrolyl)quinoxaline (poly-1C).
The title compound was prepared potentiodynamically from
0.5 mM solution of 1C in TBAP/ACN. EmZ0.48 V. E1/2,pZ
0.72 V. EgZ1.36 eV. sZ23 S/cm.
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Abstract—Synthesis of fluorescent, chromic and postfunctionalizable poly[3-(N-succinimido(tetraethoxy)oxy)-4-methylthiophene] is
described. This polymer bears succinimidyl carbamate side-chains which are able to react with amine groups, affording new smart
polythiophene derivatives. Detection of different analytes (affinitychromism) was realized by UV–Visible and fluorescence means. In order
to develop biosensors, water-soluble cationic thiophene-based homopolymers and random copolymers were also investigated.
q 2004 Elsevier Ltd. All rights reserved.
Scheme 1. Synthesis of polymer 4 from 3-bromo 4-methyl thiophene as
starting material.
1. Introduction

Conjugated electroactive and/or photoactive polythiophenes
can be successfully utilized for the specific detection of a
large variety of analytes such as cations, anions, proteins,
nucleic acids.1–3 Recently, our group reported the synthesis
of postfunctionalizable poly[3-(N-succinimido-p-phenyl-
carboxylate(tetraethoxy)oxy)-4-methylthiophene]4 for col-
orimetric detection of interactions between various
combinations of ligands (covalently attached to the
polymeric transducer) and targets. The color changes were
related to a conformational transition of the polymer
backbone, between a planar (highly conjugated) and a
nonplanar (less conjugated) form, triggered by adequately
functionalized and responsive side chains. However, this
postfunctionalizable and chromic polymer, prepared by
electrochemical means, was obtained in poor yields (less
than 5%) and was insoluble in water. In order to improve the
preparation of this type of functional polymers, we describe
here the chemical synthesis of a new thiophene derivative
and its corresponding functional homopolymer. To increase
the solubility in water, a random postfunctionalizable
copolymer bearing positive charges on its side chain was
also designed and synthesized.
2. Results and discussion

2.1. Synthetic route

As shown in Scheme 1, monomer (3) was prepared in two
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.053
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steps. The first one involves the nucleophilic substitution
reaction between tetraethyleneglycol and 3-bromo-4-methyl
thiophene (1), catalysed by CuBr to obtain 3-methyl-
4(tetraethoxy)oxythiophene (2).5 The terminal hydroxy
group was activated by N,N 0-disuccinimidyl carbonate
(DSC) to form an activated ester group (3). The correspond-
ing homopolymer (4) was obtained by chemical polymeriz-
ation using FeCl3 as the oxidizing agent,6 followed by a
reduction step with zinc. It is important to note here that the
neutral polythiophene can only be obtained after a reduction
reaction, often performed with hydrazine.6 This is totally
inappropriate in this case because this reducing agent can
react with the succinimidyl carbonate (SC) group. A
comparative IR study between neutral polymer (4) prepared
by chemical polymerization and that prepared by electro-
polymerization was carried out. In both cases, the
characteristic peaks associated to the succinimide function
remain clearly visible (around 1740–1820 cmK1) after
electrochemical or chemical reduction and are comparable
to the fingerprints obtained with the starting monomer (3).
Tetrahedron 60 (2004) 11169–11173



Scheme 2. Synthesis of water-soluble copolymers (6).
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Water-soluble copolymers (6) were also synthesized
following procedures described in Scheme 2. Monomer
(5) was prepared, according to a previously published
procedure.3a An oxidative reaction of the mixture of
monomers (3) and (5) at the different proportions gave
copolymers (6) which became soluble in water, only with a
starting composition of more than 70 mol% of monomer (5).

2.2. Specific detection of alkali metal ions

Because of the succinimidyl carbonate (SC) group, homo-
polymer (4) can react with amines under very mild
conditions to form the corresponding carbamate derivatives
in high yields. In order to detect the alkali metal ions,
2-(aminomethyl)-15-crown-5 was added to a thin film of the
chemically-prepared polythiophene (4), yielding polymer
(P1) (see Scheme 3). The FTIR spectra7 recorded before and
after the binding show that all SC functions were replaced
by the crown-ether group (Supporting Information). Figure
1 displays the UV–visible absorption spectra when P1 was
tested with different alkali cations. The yellow solution of
15-crown-5 modified polymer (P1) exhibits a maximum of
absorption at 429 nm in THF (Fig. 1, a). This absorption
maximum at a relatively short wavelength should be related
to a random-coil conformation of the polythiophene
derivative, as any twisting of the conjugated backbone
leads to a decrease of the effective conjugation length. The
Scheme 3. Synthesis of functionalized polythiophene, P1.

Figure 1. UV–Vis absorption spectra of polymer (P1) (4.6!10K3 M based
onmonomeric units) in different THF solutions. (a) P1 alone; (b) 1!10K3 M
LiCF3SO3; (c) 1!10K3 M NaCF3SO3; (d) 1!10K3 M KCF3SO3.
same UV–visible spectrum was observed upon addition of
2!10K6 mol of LiCF3SO3 in 2 mL of THF (Fig. 1, b).
Under identical conditions, addition of NaCF3SO3 (Fig. 1,
c) or KCF3SO3 (Fig. 1, d) leads to a new absorption band
around 580 nm which is the optical signature of a coplanar
or aggregated structure of the polymer (P1). These results
are essentially the same as those observed on polythiophene
analogs:8 the sodium salt showing the weakest effect and the
potassium salt leading to the strongest ionochromic effect.
These optical changes can be explained by the formation of
a more stable complex between two 15-crown-5 ligands and
one potassium ion,8,9 which forces the aggregation of the
conjugated backbone. Interestingly, a fluorometric detection
of cation binding is also possible because the fluorescence
of polymer (P1) is quenched in the planar or aggregated
form. The yellow or random-coil form of P1 is fluorescent
with a maximum emission at 543 nm when excited at
429 nm (Fig. 2, a). Upon addition of different alkali cations,
the fluorescence intensity decreases in the following order:
KCONaCOLiC (Fig. 2, b–d), which are in good agree-
ment with the results obtained from UV–visible
measurements.
Figure 2. Fluorescence spectra of of polymer (P1) (4.6!10K3 M based on
monomeric units) in different THF solutions. (a) P1 alone; (b) 1!10K3 M
LiCF3SO3; (c) 1!10K3 M NaCF3SO3; (d) 1!10K3 M KCF3SO3.
2.3. Detection of nucleic acids

As a second example of the usefulness of functional
polythiophenes as sensors, polymer 7 was selected for the
detection of nucleic acids. Detection was carried out
following our previously published procedures3a (Scheme
4). The novelty here is to find new hybridization conditions
that allow the base-pairing reactions at room temperature.
For this purpose, we report the use of formamide as
denaturing agent to reduce reaction temperatures.10



Scheme 4. Schematic description of the formation polythiophene/single stranded nucleic acid duplex and polythiophene/hybridized nucleic acid triplex.
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Temperature of the detection is a particularly important
parameter for future technological applications using micro-
fluidic devices. Figure 3 exhibits the UV–visible absorption
experiments carried out with different oligonucleotides. For
instance, at 25 8C, aqueous solution (20% v/v of formamide
and 80 mM of EDTA) of the cationic polymer 7 is yellow
(lmaxZ405 nm; Fig. 3, a). This absorption maximum at a
short wavelength is again related to a random-coil
conformation of the polythiophene. As any cationic
polyelectrolytes, the polymer 7 is able to form a strong
complex with negatively charged oligonucleotides. For
example, upon addition of 1.0 equiv on a monomeric unit
basis (the concentrations of the 20-mer oligonucleotides
correspond therefore to the twentieth of those reported for
the synthetic polydisperse polythiophene which are given
per repeat unit) of capture oligonucleotide X1 (5 0-CAT-
GATTGAACCATCCACCA-3 0), the mixture becomes
immediately red (lmaxZ528 nm) (Fig. 3, b). This behaviour
Figure 3. UV–visible absorption spectra of (a) polymer 7 alone, (b) polymer 7/X1
mixture (two mismatches), and (e) polymer 7/X1/Y3 mixture (1 mismatch) after
can be explained by the formation of a so-called duplex
between the polythiophene and the oligonucleotide probe
(see Scheme 4). After 5 min of mixing at room temperature
in the presence of 1.0 equiv of the complementary
oligonucleotide Y1 (3 0-GTACTAACTTGGTAGGTGGT-
5 0), the solution becomes yellow (lmaxZ430 nm) (Fig. 3, c);
presumably due to the formation of a new complex termed
triplex (Scheme 4), formed by complexation of the polymer
with hybridized nucleic acids. To verify the specificity of
this polymeric optical transducer in presence of imperfect or
incomplete hybridization reactions, different oligonucleo-
tides (20-mers differing by only one mismatch (Y3: 3 0-
GTACTAACTTCGTAGGTGGT-5 0) (Fig. 3, e) or 2
nucleotides (Y2: 3 0-GTACTAACTTCGAAGGTGGT-5 0)
(Fig. 3, d) were investigated. In both cases, the color
change is partly inhibited. Therefore, it is possible to
distinguish one or two mismatches from no mismatch in
5 min at 25 8C.
duplex, (c) polymer 7/X1/Y1 triplex (perfect match), (d) polymer 7/X1/Y2
5 min of mixing at 25 8C in 0.08 M EDTA and 20% (v/v) formamide.
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To obtain a covalent attachment of the DNA probe on
water-soluble polymer (combination of succinimidyl car-
bonate and positive charge as side chain), a set of new
copolymers (6) (Scheme 2) at different concentrations of
monomers (3) and (5) was prepared for tentative detections
of nucleic acids. In order to determine the real percentage of
monomer (3) incorporated in the resulting copolymer, a
FTIR calibration curve was established. For example, a
mixture of 80/20 (in mole) of monomers (5) and (3)
respectively was chemically polymerized to afford a
copolymer (6) with less than 5% of monomer (3). This
water-soluble copolymer was used to graft an oligonucleo-
tide ended with an amine group (5 0-NH2-C6-CAT GAT
TGA ACC ATC CAC CA-3 0) as capture probe and
hybridized with its complementary strand Y1. Unfortu-
nately, under similar conditions as those described above,
the copolymer (6) functionalized with 20-mer oligonucleo-
tide did not show any change in absorbance after
hybridization with its complementary target. Further studies
are in progress in our laboratory to synthesize a homo-
polymer having on each repeat unit, one positive charge and
one succinimidyl carbonate group (Scheme 5). These new
structures should yield highly water-soluble and highly
functionalizable chromic polythiophenes.
Scheme 5. Example a polythiophene derivative bearing on each repeat unit,
cationic and NHS groups.
3. Conclusion

This article has shown that some conjugated polythiophenes
can detect and transduce chemical or biochemical infor-
mation into an optical signal. Indeed, using appropriate side-
chain ligands, these smart materials can provide new
platforms for the optical transduction of molecular binding
interactions, including molecules of biological importance.
In particular, it has been demonstrated that versatile
postfunctionalization or electrostatic approaches can easily
lead to a large number of different responsive (chromic)
polythiophene derivatives. It is firmly believed that these
novel optical chemo- and biosensors should find appli-
cations in the areas of diagnostics, therapeutics, and drug
screening.
4. Experimental

4.1. Materials

All chemical reagents were obtained commercially from
Aldrich and were used without further purification unless
otherwise noted. 1H and 13C NMR spectra were recorded
using a Varian 300 MHz. UV–Vis absorption spectra were
measured with a Hewlett–Packard spectrophotometer
(model HP 8452A). The fluorescence spectra were taken
on a Carry Eclipse (Varian Inc.) spectrofluometer. Molecu-
lar weights were evaluated by size exclusion chromato-
graphy (SEC) on PLGEL, KF804 columns in THF using a
Waters instrument equipped with an absorbance detector
(model 441). The calibration curve was obtained by using
polystyrene standards. FTIR spectra were recorded using a
Nicolet Magna 560 spectrometer with a resolution of 4 cmK1

from KBr pellets or films cast from CHCl3 or water solution
on NaCl or BaF2 disks.

4.1.1. 3-Methyl 4-(tetraethoxy)thiophene (2). The title
compound was synthesized as previously described.5.

4.1.2. 3-[N-Succinimido(tetraethoxy)oxy]-4-methyl thio-
phene (3). N,N 0-Disuccinimidyl carbonate (DSC) (0.6 g,
2.4 mmol) and triethylamine (0.48 g, 4.8 mmol) were added
to a stirred solution of 3-methyl 4-(tetraethoxy) thiophene
(2) (0.47 g, 1.6 mmol) in acetonitrile (10 mL), under argon,
at room temperature during 4 h. After evaporation of the
solvent, the crude product was washed with an aqueous
solution of NaHCO3 (1 M) and extracted with ethyl acetate.
The combined organic layers were dried over MgSO4,
filtered and evaporated. The final product was purified by
column chromatography on silica gel with ethyl acetate–
hexane (9/1) as a yellow oil (0.6 g, 90%). IR: 3113; 2922;
2871; 1813; 1789; 1743; 1560; 1474; 1100 cmK1. 1H NMR:
(CDCl3, 300 MHz) d 2.08 (s, 3H); 2.81 (s, 4H); 3.73 (m,
10H); 3.86 (t, 2H, JZ9.8 Hz); 4.11 (t, 2H, JZ9.8 Hz); 4.44
(t, H, JZ9.3 Hz); 6.17 (d, 1H, JZ3.3 Hz); 6.81 (d, 1H, JZ
2.8 Hz). 13C: NMR (CDCl3, 75 MHz) d 12.69; 25.43; 68.30;
69.65; 70.24; 70.59; 70.71; 70.84; 96.56; 119.91; 129.17;
151,64; 155.91; 168.68.

HRMS: Calcd for C18H25O9NS: 431.1250; exp.: 431.1255.

Chemical polymerization of monomer (3). A solution of
monomer (3) (0.26 g, 0.6 mmol) in chloroform (10 mL) was
added dropwise to a solution of iron trichloride (0.39 g,
2.4 mmol) in chloroform (10 mL) under argon. The mixture
was stirred at room temperature for a period of 24 h. The
resulting polymer was precipitated by addition of an excess
of acetone, washed by Soxhlet extraction with acetone until
the washing solvent was colorless. The oxidized polymer
was then reduced in chloroform (250 mL) in the presence of
zinc (100 mg) as reducing agent for 16 h with stirring. After
filtration, the neutral polymer, soluble in chloroform was
evaporated under reduced pressure to yield polymer (4)
(0.08 g, 30%). IR: 2926; 2875; 1813; 1789; 1743;
1100 cmK1. 1H NMR: (CDCl3, 300 MHz) d 2.30 (s, 3H);
2.81 (s, 4H); 3.72 (m, 10H); 3.95 (s, 2H); 4.01 (s, 2H); 4.44
(s, 2H). GPC: MwZ30,000.

Electropolymerization of monomer (3). A three-electrode
cell was employed. The working and counter electrodes
were platinum plates and the reference electrode was the
Ag/AgNO3 (0.01 M in 0.1 M Bu4NBF4) in acetonitrile. The
monomer (3) was electropolymerized at a concentration of
0.1 M in acetonitrile containing 0.1 M Bu4NBF4 by
successive scanning potential at 100 mV/s between K0.15
and 1 V. After the electropolymerization, the pellet polymer
(4) was rinsed with fresh acetonitrile and acetone. IR: 2921;
2871; 1813; 1789; 1743; 1089 cmK1. Yields: !5%.
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4.1.3. Copolymer (6). A solution of monomers (3) (0.086 g,
0.2 mmol) and (5) (0.24 g, 0.8 mmol) in chloroform (8 mL)
was added dropwise to a solution of iron trichloride (0.65 g,
4 mmol) in chloroform (18 mL) under argon. Themixturewas
stirred at room temperature for a period of 24 h. The resulting
polymer was precipitated by addition of an excess of diethyl
ether, washed by Soxhlet extraction with diethyl ether (to
remove low-molecular weight materials) until the washing
solvent was uncolored. After drying, the final polymer (6) is
neutral without reduction step as black powder (0.2 g, 61%).

4.2. Procedure for detection of alkali cations

A film of polymer (4) (4.6!10K6 mol based on monomeric
units) was prepared by evaporation of the corresponding
polymer solution (0.5 mL, 4 mg/mL). The resulting film
was put in contact on solid state with an excess of 2-
(aminomethyl)-15-crown-5 (0.1 M) in acetonitrile (HPLC
grade) for an optimized time of 5 min, washed with CH3CN,
dried and dissolved in THF.

4.3. General procedure for specific detection of nucleic
acids

In a quartz cuvette with an optical pathlength of 1.0 cm,
13.4 mL aliquot of a 7.3!10K4 M (on a repeat unit basis)
aqueous solution of polymer 7 was added to 100 mL of an
aqueous solution of 20% (v/v) formamide containing
80 mM of EDTA. 2 mL of a 2.4!10K4 M solution of the
capture oligonucleotide X1 (20 nucleic acids) was added to
the previous mixture, and the resulting red solution was kept
at room temperature for 5 min. The appropriate oligo-
nucleotide target (volume of 2 mL at concentration of 2.4!
10K4 M) was added to the duplex solution at room
temperature over 5 min.
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8. Boldea, A.; Lévesque, I.; Leclerc, M. J. Mater. Chem. 1999, 9,

2133–2138.

9. (a) Flink, S.; Boukamp, B. A.; Van der Berg, A.; Van Veggel,

F. C. J. M.; Reinhouldt, D. N. J. Am. Chem. Soc. 1998, 120,

4652–4657. (b) Kim, J.; McQuade, D. T.; McHugh, S. K.;

Swager, T. M. Angew. Chem., Int. Ed. 2000, 39, 3868–3872.

10. Hames, B. D.; Higgins, S. J. Nucleic Acid Hybridisation, a

Practical Approach; IRL: Oxford, Washington, DC, 1985; pp

64–65.

http://dx.doi.org/doi:10.1016/j.tet.2004.08.053


Binary and ternary phenylboronic acid complexes with
saccharides and Lewis bases

L. I. Bosch,a T. M. Fylesb,* and T. D. Jamesa,*

aDepartment of Chemistry, University of Bath, Bath BA2 7AY, UK
bDepartment of Chemistry, University of Victoria, Victoria, BC, Canada

Received 1 February 2004; revised 30 June 2004; accepted 19 August 2004

Available online 25 September 2004

Abstract—Cumulative formation constants for the association of three boronic acids (phenylboronic acid and its ortho-
anilinomethyl and ortho-benzylaminomethyl derivatives) with four saccharides (fructose, glucose, mannitol, and sorbitol) were
determined by potentiometric titration. Similarly, the constants for the formation binary complexes of the three boronic acids with
(hydrogen) phosphate, (hydrogen) citrate, or imidazole were determined. Finally, the formation of ternary complexes of the boronic
acids, phosphate, citrate or imidazole, and the saccharides were determined based on the determined values of the binary
complexes. The previously unrecognized ternary complexes are significant in all systems investigated, and under some solution
compositions, they can be the dominant species in solution over a wide pH range. A value of 15–25 kJ molK1 was determined for
the energy of the B–N interaction in the benzylmethyl derivative based on the relative stabilities of the ternary phosphate
complexes of the three boronic acids. The data are used to rationalize the medium dependence of stepwise formation constants and
the apparent acidity constants of previous literature reports.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Recognition of saccharides by boronic acids has a
unique place in supramolecular chemistry.1 Not only is
the pair-wise interaction energy large enough to allow
single-point molecular recognition, the primary inter-
action involves the reversible formation of a pair of
covalent bonds (rather than non-covalent attractive
forces). This interaction has been very widely
exploited,2 with a particular recent emphasis on using
the interaction in fluorescent and colorimeteric sensors3,4

and the sensing of saccharides and related species.5–12

Despite a long history—the first structural and quanti-
tative binding constant data were reported in the
1950s13–15—the structure of the boronic acid–saccharide
complexes in aqueous solution continues to be dis-
cussed.16–18 There is general agreement that boronic
acids covalently react with 1,2 or 1,3 diols to form five
or six membered cyclic esters. The adjacent rigid cis-
diols of saccharides form stronger cyclic esters than
simple acyclic diols such as ethylene glycol. With
saccharides the choice of diol used in the formation of a
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.046
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cyclic ester is complicated by the possibility of
pyranose to furanose isomerization of the saccharide
moiety. Lorand and Edwards first determined the
selectivity of phenylboronic acid towards saccharides,
and this selectivity order seems to be retained by all
monoboronic acids.15

The equilibria involved in phenylboronate binding of a diol
are conventionally summarized as a set of coupled
equilibria (1):15,18–21

(1)

In aqueous solution, phenylboronic acid reacts with water to
Tetrahedron 60 (2004) 11175–11190
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form the boronate anion plus a hydrated proton thereby
defining an acidity constant Ka.

† Values of about 8.8 have
been reported for the pKa of phenylboronic acid.23–25 The
formation of a diol boronate complex, defined by Ktet

formally liberates 2 equiv of water, but this stoichiometric
factor is usually ignored as a constant in dilute aqueous
solution. The magnitude of log Ktet varies with the diol,
ranging from about 3.8 for fructose, to about 1.2 for simple
diols such as ethylene glycol.15 In a formal sense,
phenylboronic acid could also bind diols to form a trigonal
complex (Ktrig), and this species would itself act as an acid
according to K 0

a. The ‘acidification’ of solutions containing
phenylboronic acid and diols is always discussed in terms of
the trigonal complex being a stronger acid than the parent
phenylboronic acid, that is, K 0

aOKa.
3,4 As a result, KtetO

Ktrig. The system of four equilibria as illustrated in Eq. (1) is
over-determined since any three of the constants will give a
value of the fourth, for example K 0

aZKaKtet/Ktrig.

Much of the reported data for values of the equilibrium
constants of Eq. 1 is in the form of apparent values
determined spectrophotometrically at a defined pH and
buffer composition. In addition, there is strong evidence of
‘medium dependence’21 presumably due to the direct
interaction of buffer components with the species of Eq. 1.
Our long-range goal is the design of new fluorescence and
membrane sensors for sugars. The purpose of this study is to
determine values of formation constants for simple
phenylboronic acid–saccharide interactions and to elucidate
the role of the buffer components. Accordingly, we chose a
range of simple compounds that would be indicative of the
complexes of interest. The parent phenylboronic acid (1)
has been studied by several authors15,21,24–26 and will
provide data for the simplest possible interaction. The
ortho-substituted derivatives 2 and 3 contain the basic
binding sites of reported colorimetric, fluorimetric, and
electrochemical sensors for sugars.4 Both systems offer the
potential for a B–N interaction, a feature that dominates the
solution chemistry of 3 as revealed by 11B NMR and pH
titration.27 The extent of the B–N interaction in 2 is likely
smaller than in 3 due to the lower basicity of an anilino
nitrogen relative to a secondary amino nitrogen.

Since multi-component equilibria are involved, the for-
mation constants were determined using the potentiometric
titration technique.28 This is a simple, sensitive and
quantitative method for the determination of formation
constants in complex equilibria which does not depend on
† Eq. 1 shows an explicit water molecule ‘coordinated’ to the trigonal

boronic acids. There is undoubtedly water in rapid exchange on the Lewis

acidic boron in the same way that hydrated Lewis acidic metal ions

exchange bound water. A good analogy is Zn2C (aq), which ionizes in

water to give a pKaZ8.8, that is, Zn–OH2/Zn–OHCHC.22 Coordi-

nated water is omitted in subsequent structures.
the spectroscopic properties of the species in solution. As
noted above, the various literature reports lead us to expect
additional associations of the boronic acids with buffer
conjugate bases. Binary boronate–X complexes were found
for several Lewis bases (X), together with ternary species
(boronate–X–saccharide). In some cases, these previously
unrecognized species persist into acidic solution and under
some stoichiometric conditions they can be the dominant
components of the solution. The data determined allow a
rationalization of apparent and medium dependent constants
previously reported and point to new directions in the
development of sensors and signaling systems.
2. Results and discussion
2.1. Titration method

In a system containing one or more weak acids that undergo
additional complex forming reactions, the existence of the
complex species, and the magnitude of the association
constants, can be determined from an acid–base titration
of solutions of known total concentrations of the com-
ponents.28 The method is commonly used to study metal–
ligand equilibria, but is equally applicable to the boronate–
diol equilibria considered here. Consider the direct
association of individual reactants (the conjugate base of a
boronic acid B, a second conjugate base X, a diol D, and
protons) to give a complex species of a particular
stoichiometry (HhBbXxDd). The direct equilibrium defines
the cumulative formation constant bhbxd for the complex
according to Eq. 2:

hHþ þ bB þ xX þ dD#HhBbXxDd;

bhbxd ¼
½HhBbXxDd�

½H�h½B�b½X�x½D�d

(2)

Note that bhbxd is defined in terms of concentration rather
than activity, since the required activity coefficients for the
complex species are unknown. Note as well that the defining
equilibrium is associative, thus the dissociative acidity
constant of an individual protonated species (e.g., Ka for the
species HB) is the reciprocal of the formation constant
(KaZ1/b1100). The cumulative constants for a system are
fundamental and fully describe the chemical speciation.
They can be used to derive stepwise constants (such as
Ktrig) and apparent constants such as those determined
spectroscopically.

The procedure starts from the acid–base titration of simple
systems containing only the protonated complexes of each
reactant in turn, to determine the relevant acidity constants.
Once these are known, the binary systems can be examined,
using the previously determined acidity constants as fixed
inputs to calculate the unknown b-values for the binary
complexes. Once cumulative formation constants are
known for binary systems, then ternary systems can be
examined using all previously determined values as fixed
inputs. A total of 63 systems (boronic acid, saccharide,
buffer base, solvent) was examined over a range of three or
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more concentrations and stoichiometric ratios. A subset of
12 systems was independently re-examined, starting from
new solid reagents, to assess the overall precision. A total of
205 cumulative constants were determined (27 individual
replicates). The overall precision of the values at the 95%
confidence level for log b is G0.05 for single component
systems, log bG0.15 for binary systems, and log bG0.2 for
ternary systems. The data in terms of log b is given in
Tables in the Experimental section. The subsequent
discussion uses conventional stepwise constants derived
directly from the cumulative formation constants.
Table 1. Logarithm of derived stepwise constants for saccharide bindinga

Diol 1b 1c 2c 3c

Fructose log Ktet 3.8 3.7 4.1 4.0
log Ktrig !K1.4 K0.5 1.1 2.0

Glucose log Ktet 2.3 2.2 2.4 2.1
log Ktrig K0.3 K0.8 0.3 1.0

Mannitol log Ktet 3.4 3.5 4.1 2.4
log Ktrig 0.3 0.7 1.8 1.2

Sorbitol log Ktet 3.9 3.8 3.2 2.6
log Ktrig 0.8 1.0 0.5 1.3

a At 25 8C; log KG0.2(fructose/glucose) or G0.15(mannitol/sorbitol).
b 0.5 M NaCl in water.
c 0.1 M NaCl in methanol/water 1:2 (vol/vol).

§ The mannitol and sorbitol systems have log KtetZlog b011 and log KtrigZ
log b111Klog b110 (boronic acid pKa). Fructose and glucose are

sufficiently acidic that their pKa values must be considered, thus
2.2. Protonation equilibria

The data are in good agreement with directly comparable
literature values. Stepwise pKa values are derived from the
difference between successive log b values. For example,
the literature value for ionization of H2PO4

2K (pK2Z6.57
at IZ0.5 M22) can be compared with log b21Klog b11Z
18.29–11.77Z6.52. The pK1 value for 1 (8.70) can be
compared with previously reported values of 8.92,25 8.86,23

8.83,24 and 8.821,29 in water (without added NaCl).‡ The
data also show the expected shift to more basic pKa as the
solvent shifts from water to methanol–water (1:2 v/v). Thus
the pKa value of 1 in 1:2 methanol/water (9.04) shows a
DpKaZ0.34 due to change in solvent, in good agreement
with a value of 0.32 interpolated from the data of Juillard.24

The first stepwise acidity constant of 2 determined from a
fluorimetric titration is 10.21,30 in good agreement the value
of 10.14 determined here by direct titration. The acidity
constants of 3 have been previously examined by Wulff,31

and independently by Anslyn, Canary, and co-workers:27

both report a value of 5.3 for the second stepwise
protonation in water. Our value in methanol/water is
fortuitously identical. More importantly, Ansyln et al.
showed by 11B NMR that the monoprotonated species (4)
was tetrahedral at boron.27 The equilibria can this be
formulated as Eq. 3:

(3)

The extent of any B–N interaction in the closely related 2
system is unknown. At the limit of no interaction, the
equilibria would be as shown in Eq. 4:

(4)
‡ We also determined pKa (1)Z8.78G0.06 (IZ0.05 M NaCl) and 8.79G

0.05 (IZ0.1 M NaCl). If the free boronic acid binds chloride ion, the

apparent 1:1 binding constant !0.5 MK1 from these data. Any chloro

complexes were ignored in the subsequent analysis.
To the extent that a B–N interaction occurs, it may be
formulated as a dehydration equilibrium of the boronate, or
a simple Lewis acid–Lewis base reaction of the boronic
acid. The general case is illustrated in Eq. 5, where acyclic
forms (5a, 6a) are shown in equilibrium with cyclic forms
(5c, 6c). The potentiometric titration technique cannot
distinguish between these pairs of structures, which have the
same stoichiometry or which differ only by a molecule of
water, since the water is taken to be at constant
concentration by definition. In the most general sense, the
2 and 3 systems are similar, with experimental evidence
favoring predominantly the cyclic forms over the acyclic
forms for 3.

(5)

2.3. Saccharide binding

The logarithm of the stepwise binding constants Ktet and
Ktrig (as defined in Eq. 1) for the three boronic acids can be
derived from the log b values to give the data in Table 1.§

The derived data for 1 compare well with some litera-
ture values. For example, log Ktet for 1Cfructose has been
reported as 3.55,25 3.64,15 and as a range of values up to
3.77.21 Other values for 1 in water with the remaining diols
are in good agreement with Lorand and Edwards’ values,
log Ktet for 1CfructoseZlog b111 (1Cfructose)Klog b101(fructose

pKa)Z15.72–11.95Z3.8 (in water), and log Ktrig (1Cfructose)Z
log b211(1Cfructose)Klogb101(fructose pKa)Klog b110(1 pKa)Z19.3K
11.95K8.70ZK1.4 (in water). The glucose systems, and the complexes

of 2 and 3 are calculated similarly.
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as is the agreement with the value of 0.6 for log Ktrig for 1C
mannitol.15 Our values lie within the ranges of log Ktrig

reported for glucose and sorbitol, but our value for the 1C
fructose complex is more negative than the lowest value
previously reported.21 The shift to methanol/water solvent
has very little effect on the values of log Ktet, as previously
assumed.32 All four saccharides show significant stabiliz-
ation of the trigonal complex for the shift to the less polar
solvent, consistent with a shift to weaker acidity of the
boronic acid as noted above.

The subsitituted phenylboronic acids 2 and 3 offer two
possible ways to formulate the Ktet and Ktrig equilibria
(Eq. 6), depending on the extent of the B–N interaction (no
B–N interactions 7a, 8a; full B–N interaction 7c, 8c). As
already noted, the potentiometric technique does not allow a
distinction between species of the same stoichiometry (8a,c)
or that simply differ in the number of water molecules
(7a,c).

There are some significant differences in values in Table 1
in the two trend directions between the three boronic acids
(rows) and four saccharides (columns). The mannitol and
sorbitol values of log Ktet are unexpectedly low for 3
relative to fructose and glucose or to 1 and 2. At the same
time, the values of log Ktrig for 3 with fructose and glucose
appear to be unexpectedly high. There must be specific
secondary structural effects beyond the simple diol–
boronate interaction, presumably related to the extent of
B–N interaction in the starting and final complexes. The
similarities between 1 and 2 relative to 3 suggest that
the B–N interaction is much less important in 2 than it is in
3, that is, that the complexes of 2 are better formulated as 7a
and 8a, while the complexes of 3 are better formulated as 7c
and 8c.

The available structural evidence in related systems
indicates that the extent of B–N interaction is a balance of
steric and electronic factors. Compound 9 shows a B–N
distance of 175.4 pm in the solid state,33 and 11B NMR
indicates substantial B–N interaction in compound 10.34

Conversely, 11 shows no B–N interaction in the solid-state
or in solution.20,35 An analysis of 144 solid state and gas
phase structures of coordinative B–N complexes concludes
that steric interactions and/or ring strain can elongate
the B–N bond with concomitant reduction in the tetrahedral
character at boron.36 Compound 9, which involves the same
type of chelate ring as postulated in 8c, shows a B–N
distance near the long end of the range observed for
boronate complexes.36 Thus the increased steric bulk and
the lower N basicity as benzyl is changed to phenyl between
3 and 2 could be sufficient to shift the complexes from 7c/8c
for 3 to 7a/8a for 2.

Species distribution diagrams calculated37 for individual
systems under comparable conditions illustrate the effects of
the competing equilibria. Figure 1 shows the distribution of
species formed at [B]Z[D]Z0.05 M as a function of pH for
the three boronates with fructose and mannitol. The
conditions presented were chosen to bring out the weaker
complexes, particularly the very minor trigonal fructose
complex of 1 (species 211). The key feature evident in
Figure 1 is the relative abundance of the monoprotonated
saccharide complexes of 2 and 3 relative to the analogous
species formed from 1. Since the monoprotonated boronates
in this pH region are tetrahedral,27 is likely that the
tetrahedral formulation persists into the diol complexes
where the B is expected to be more Lewis acidic. The
diprotonated species must be nominally trigonal at boron
(monoprotonated for 1), and these species only become
significant in acidic solution. The combined effect of the
boronic acid pKa and the stabilization afforded by diol
binding means that at pH 4, the fructose complexes of 1 are
negligible, and amount to only 18% of the total 3 speciation,
but amount to 40% of the total 2 speciation. In the
mannitolC2 system, complex 211 persists even at pH 2.
Thus the adjacent basic site significantly alters the pairwise
saccharide–boronic acid interaction despite the fact that this
diprotonated complex must be trigonal at boron, that is, the
anilino nitrogen is protonated and therefore not coordinated
to B (8a plus a proton on N).

The diol complexes are stronger acids than the parent
boronic acids. For a simple monoboronic acid such as 1
the apparent acidity constant of the complex is K 0

a as



Figure 1. Species distribution diagrams calculated37 for equimolar saccharideCboronate binary mixtures at a concentration of 0.05 M. Curve labels give the
hCbCd stoichiometry of the species.
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defined in Eq. 1, which is equal to KaKtet/Ktrig (or pK 0
aZ

pKaClog KtrigKlog Ktet). For 1 with fructose pK 0
aZ9.04C

(K0.5)K3.7Z5.2. More complex equilibria can be treated
similarly, but it is more useful to consider the conditions where
the free boronic acid has an equivalent concentration to the
saccharide complex for a given boronate–saccharide mixture.
From Figure 1 the 3Cfructose system gives a value of about
pH 4.8 while the 2Cfructose system gives a value of pH 4.0,
both for the crossing of the 210 (boronic acid) and 211
(complex) curves. Thus the fructose complexes of 2 can
collectively be considered as stronger acids than the 3C
fructose complexes under comparable solution compositions.
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2.4. Binary complexes of boronic acids with Lewis bases

Given the known medium dependence of boronate equili-
bria,21 it was not surprising to be able to detect binary
complexes of citrate, imidazole and phosphate with all three
boronic acids. The majority of the complexes detected can
be conceptually derived from a stepwise equilibrium of the
‘free’ boronic acid (hCbCx species 110) accepting a Lewis
base according to Eq. 7 to produce a species with hCbC
xZ111 stoichiometry. Over a range of pH in the titration, a
series of phosphate and citrate conjugate bases is formed
(phosphate, hydrogen phosphate, dihydrogen phosphate,
etc) which produces protonated forms of the complexes
illustrated. It is likely that these additional protonations
would occur on the citrate and phosphate oxygens. The
citrate complexes of Eq. 7 could be formulated as a single
Lewis acid–base interaction with one of the three carboxyl-
ates as in 14a, or as a chelate interaction of the central
hydroxy acid as in 14c. Although a bis-boronic acid is
reported to show high affinity for some a-hydroxy acids,38

the cyclic formulation 14c is incompatible with the ternary
complexes discussed below. Values computed for the
stepwise equilibria forming the various detected species
are given in Table 2 (log KstepZlog bn11Klog b110K
log b(nK1)01).

(7)

Additional species with hCbCxZ011 stoichiometry are
also detected in a few cases. For the imidazole complexes
these are simply derived by deprotonation of the 111
complex 13. For phosphate and citrate there is no
Table 2. Logarithm of derived stepwise constants for addition of Lewis
bases to neutral boronic acidsa

Lewis base 1b 1c 2c 3c

Citrate3K 1.5 nd 0.6 2.9
Hcitrate2K 1.8 1.6 2.0 4.2
H2citrateK 1.9 1.9 3.1 5.6
Imidazole 1.0 0.8 1.5 1.3
PO4

3K 4.1 5.0 4.5 2.6
HPO4

2K 1.3 2.0 2.5 1.9
H2PO4

K 1.0 1.3 2.1 1.2

a At 25 8C; log KG0.2.
b 0.5 M NaCl in water.
c 0.1 M NaCl in methanol/water 1:2 (vol/vol).
dissociable proton in the 111 complexes (12 and 14), so
these 011 complexes are best viewed as the product of a
substitution reaction that generates the same product species
as the above equilibrium (hCbCxZ111 stoichiometry) but
produces a hydroxide ion as well (Eq. 8). Hydroxide
‘subtracts’ acidity from the solution so free hydroxide is the
‘K100’ species: that is, for the observed 011 species of
phosphate with 1 the product is 111CK100 (sumZ011 in
the balanced equation). Other examples of this substitution
reaction are discussed below.

(8)

From a structural perspective, the postulated B–O–phos-
phate interaction in 12 is the basic building block of
borophosphate polyanions as found in the solid-state.39,40

There is also a report of the role of phosphate as a catalyst
for hydroxide exchange on fluorophenylboronic acids,
presumably via the substitution process in Eq. 8.41

Imidazolyl borate anions related to 13 are structurally
characterized in the solid state.42–44 Similarly, the B–O–
carboxylate interaction of 14 is known from stable
carboxylate esters of phenylboronic acids,27,45 and the
oxalateC1 complex has been recently characterized by
NMR.18

Species distribution diagrams for the phosphate and citrate
systems with 1 and 3 are given in Figure 2. Some qualitative
trends are evident. Firstly, the binary complexes are
generally minor, except for the citrate complexes of 3
(and 2 not illustrated). High values for stepwise complexes
involving PO4

3K are given in Table 2, but the species
produced occur only at basic pH and in competition with
hydroxide, so their overall contribution is small. Among the
phosphate complexes, the stability increases as the charge
on the incoming base, as expected for an increasing Lewis
base strength along this series. Paradoxically, the opposite
trend is observed for the citrate complexes, that is, the lower
charged Lewis bases have the higher stepwise binding
constants. The trend is statistically insignificant for 1, but is
well outside the expected experimental error for 2 and 3.
The species distribution diagrams show these complexes to
be abundant into acidic solution. In fact, the free boronic
acid is suppressed somewhat for 1 and virtually entirely for
2 and 3. Complexes 12–14 are formulated as tetrahedral.
The citrate anions thus allow the coordinated boronate form
to persist to below pH 2. The phosphate anions are not as
effective, even though the dihydrogenphosphate ion is
abundant in the correct pH range. One possibility is that the
cyclic form of the citrate complexes (14c) plays a significant
stabilizing role. There also may be a complementary
‘matching’ of pKa with the boronate in which the citrate
species pKas (5.94, 4.58, 3.17) cover the range (2 3.9, 3 5.3)
better than phosphate species (7.30, 2.34). Finally, the effect
may relate to the hardness of the boronic acid relative to the
various bases presented: base hardness increases in the order
imidazole!dihydrogenphosphate!carboxylate implying



Figure 2. Species distribution diagrams calculated37 for equimolar binary mixtures of boronates and citrate or phosphate at a concentration of 0.01 M. Curve
labels give the hCbCx stoichiometry of the species.
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that the boronic acid is a reasonably hard acid.46 All these
three factors act in the same sense and their relative
importance cannot be resolved by the data determined
here.

As with the other complexes of 2 and 3, there is the potential
for B–N interaction through hydration and Lewis acid–
Lewis base equilibria. Some examples for the phosphateC2
system are shown below. The hCbCxZ111 complex can
occur as either an acyclic (15a) or cyclic form (15c). The
fully protonated complex hCbCxZ411 complex 16a must
involve a protonated nitrogen, thus cannot involve B–N
coordination (Scheme 1).
Scheme 1.
2.5. Ternary complexes of boronic acids, Lewis bases,
and saccharides

Ternary complexes were detected for every combination of
the three boronic acids, four saccharides, and additional
Lewis bases. Under some conditions these complexes are
very abundant and dominate the speciation in solution.
These complexes can be rationalized as arising from the
three processes already discussed namely a Lewis acid form
of the diol complex adding a Lewis base, deprotonation of
an imidazole complex, or a substitution of hydroxide by an
incoming phosphate or citrate species. Equilibria that
involve the ionization of the complexes formed in one of



Table 3. Logarithm of derived stepwise constants for addition of Lewis bases to trigonal saccharide complexesa

Citrate3K Hcitrate2K H2citrate - Imidazole PO4
3K HPO4

2K H2PO4
K

1CFructose 2.9 2.8 2.7 3.1 9.6 4.1 nd
1CGlucose 2.4 2.5 nd 2.7 8.9 4 2.8
1CMannitol 2 1.9 nd 1.9 8.3 3.1 1.8
1CSorbitol 1.8 1.6 1.7 2.4 8.7 3.5 2.1
2CFructose 1.5 1.2 1.5 2.4 7.4 2.9 1.6
2CGlucose 1.7 1.6 2.4 2.1 7.1 2.7 1.6
2CMannitol 1.1 0.8 1.8 1.5 7 2.8 2.3
2CSorbitol 3.5 3.5 3.5 2.3 7.8 3.3 2.6
3CFructose 3.3 3.5 3.8 2.2 nd 2.4 1.3
3CGlucose 3.6 3.9 4.3 2 4.2 3.1 2.8
3CMannitol 4.1 4.4 4.8 2.2 4.1 3.1 2.8
3CSorbitol 4.3 4.5 nd 1.5 3.7 3.1 2.8

a At 25 8C; 0.1 M NaCl in methanol/water 1:2 (vol/vol); log KG0.3; ndZnot detected, not needed for adequate fit.
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the other processes can also be written, but like K 0
a, these

can derived from the more fundamental complexation
equilibria and the acidity of the reactants. Table 3 gives
values for the derived stepwise constants for addition of
Lewis bases to the acid forms of the diol complexes
(log KstepZlog bn111-log b2101-log b(nK2)010 for fructose/
glucose or log KstepZlog bn111Klog b1101Klog b(nK1)010

for mannitol/sorbitol). Table 4 gives values derived for the
substitution reactions observed (log KstepZlog b1111K
log b1101 for fructose/glucose or log KsubZlog b0111K
log b0101 for mannitol/sorbitol). Species distribution dia-
Table 4. Logarithm of derived stepwise constants for substitution reactions
to form 0111 (or 011) complexesa

Citrate3K Imidazole PO4
3K

1CFructose 0.0 3.0
1CGlucose 1.2 1.3 3.4
1CMannitol 1.0 3.4
1CSorbitol 1.0 3.7
2CFructose 2.2
2CGlucose 1.5
2CMannitol 0.7b 3.6
2CSorbitol 3.1 1.9
3CGlucose 2.7
3CMannitol 4.0 2.2 3.7
3CSorbitol 4.0 1.5 3.6
1 2.5
2 0.6 2.1 3.1

a At 25 8C; 0.1 M NaCl in methanol/water 1:2 (vol/vol); log KG0.3;
values left blank are not detected, not needed for adequate fit.

b log bG0.4.
grams calculated for a subset of the systems investigated are
given in Figure 3. A 1:1:3 ratio of boronate, phosphate, and
saccharide was used since this ratio produced a reasonable
separation of the curves across the six systems illustrated.

The trend noted for the binary complexes of citrate and
phosphate is still prevalent: the stability of the phosphate
complexes increases with the phosphate species charge, but
decreases with the citrate species charge. This is presumed
to be due to the factors discussed above, for example, a
suitable pKa matching with the available acids and bases
leads to a stabilization of the boronate (tetrahedrally
coordinated) forms into acidic solution. However, since
the saccharide complexes are more acidic than the parent
boronic acids, there is a better pKa matching with
phosphate, and ternary boronate–phosphate–diol complexes
are significant in acidic solution, especially for the 3C
phosphateCmannitol system. The reverse is also true
resulting in a poorer match with the citrate pKas. The net
result of all the competing complexes is that the system
tends to shift towards the ‘best possible’ boronate complex
available from the species present at a given pH. This is seen
in a comparison of the 3Cphosphate versus 3Ccitrate
complexes for the two saccharides. The binary 3Ccitrate
complexes are well matched, thus the ternary 3CcitrateC
saccharide complexes are suppressed at acidic pH relative to
the converse at basic pH. The comparable binary phosphate
species are weak, thus the ternary 3CphosphateCsacchar-
ide species are prevalent in acidic solution. Note as well in
Figure 3 that under these conditions, the ternary complexes
are the most significant species through a wide range of pH.

The ternary complexes must all be formulated without a B–
N interaction in order to limit the coordination at boron to
four as shown for a citrate complex 17a and a phosphate
complex 18a. A chelate interaction of the a-hydroxy acid in
citrate is clearly not possible in 17a.

Complexes 17a and 18a do form so the B–N stabilization
energy cannot be crucial. The data allow an estimate of the
energy of the interaction, through a comparison of the
following equilibria (Eq. 9):

(9)

Consider the two limiting possibilities—no B–N interaction



Figure 3. Species distribution diagrams calculated37 for ternary mixtures of boronates, phosphate or citrate, and saccharides at concentrations of 0.01, 0.01, and
0.03 M, respectively. Curve labels give the hCbCxCd stoichiometry of the species.
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in the starting state versus a fully developed bond in the
starting state. The data of Table 3 for phosphate binding
suggests that 2 lies close to 1 where no B–N bond is
possible. In contrast the data for the 3Cphosphate stepwise
constants is significantly less than for 1Cphosphate for the
three saccharides where both complexes are detected. If we
take the 2 case as the value for the ‘no-bond’ condition (19a)
and the 3 case as the value for the fully formed B–N bond
(21c), then the difference in log Kstep will be related to the
extent that the B–N bond breakage (21c to 22a) is
unfavorable relative to 19a to 20a (15 kJ/mol in Eq. 9).
There will be solvation differences between 2 and 3, but
these are likely to be minor as indicated by the constancy of
the values for the substitution reactions that form the ternary
boronateCphosphateCsaccharide complexes in Table 4.
Based on all possible 2–3 comparisons, the differences
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correspond to 15, 15, and 22 kJ/mol for the glucose,
mannitol, and sorbitol complexes, respectively. Using 1 as
the no-bond reference point gives values of 25, 22, and
26 kJ/mol for the three saccharides, respectively. Thus the
B–N interaction cannot be greater than w25 kJ/mol, and to
the extent that 21c reflects the fully formed interaction,
w15 kJ/mol must be about the lower bound. Thus, this
interaction energy is of about the same order of magnitude
as the other binding interactions observed throughout this
system. A recent computational exploration of the extent of
B–N interaction in a closely related system gave B–N
distances within the expected range36, and estimated the
interaction energy to be 13 kJ or less in the absence of
solvent.47 This is an important issue since the use of such
B–N interactions is a basis for sensing applications of
boronic acids. If this interaction were much weaker, then the
internal base would not compete successfully with external
bases and no signal would develop. On the other hand, if it
were much stronger, binding could not disrupt the quench-
ing, and no differential signal would develop.4 This balance
of energetics is essential to the sensor application, whatever
the photophysical quenching mechanism might be.47
2.6. Comparisons with constants determined by other
methods

As noted in various places above, the agreement between
stepwise formation constants calculated from our data and
comparable literature values is generally good. The latter
are, however, a subset of the available data. Much more
common are ‘apparent’ constants that depend upon the
concentrations of the reactants, the medium, and the
pH.7,8,10,21 It is clear from the data presented that the
medium dependence is related in part to the formation of
additional Lewis base adducts beyond those envisaged by
simple diol binding equilibria. As illustrated in the Figures,
under some stoichiometric conditions these additional
species can come to dominate the speciation in solution. If
our data and analysis is correct, it should be possible to
derive values for apparent constants from our values.
Figure 4. (Left) Species distribution diagram calculated37 for the 1CphosphateC
meta-23b11 ([1]Z3!10K5 M; [phosphate]Z0.1 M; [fructose]Z0.01 M). Cur
Experimental11 fluorescence intensity of meta-23 versus the calculated37 concentr
We illustrate the analysis using, as one example among
many, the monoboronic acid naphthalimide derivatives 23
previously reported.11,48 The formation constants (recipro-
cal of the reported dissociation constants) are about an order
of magnitude weaker than those reported for Ktet for 1 in
Table 1. The fluorescence titrations employed a 0.1 M
phosphate buffer at pH 7.511,48 thus we expect the amount of
free boronic acid available under these conditions to be
diminished through the formation of phosphate complexes
as well as through partial protonation of the boronate. The
combined extent of these perturbations can be seen in the
species distribution diagram, calculated using the concen-
trations reported for the titration (Fig. 4, left).

The fluorescence observed arises primarily from the free
boronic acid (species 1100), while the simple boronateC
fructose complex exhibits much weaker fluorescence due to
quenching by the boronate.48 It is reasonable to assume that
the excited states of the binary and ternary boronateC
phosphate complexes are at least as efficiently quenched as
the simple boronate, that is, that a coordinated phosphate
group is at least as effective as a hydroxyl group as a
quencher. We also assume that the fluorescence lifetimes
of the complexes are short relative to the complexation–
decomplexation rates, thus any effect of a differential
between ground and excited state binding constants would
not be evident in these steady-state fluorescence experi-
ments. The reported fluorescence lifetimes for 23 are in the
nano- to pico-second range. If the complexes form at a
diffusion controlled rate, the binding constants require
complex lifetimes of hundreds of nanoseconds or greater.
These assumptions can be collectively tested using the
reported emission intensities as a function of added sugar. If
fructose system under the concentrations of the fluorescence titration of
ve labels give the hCbCxCd stoichiometry of the species. (Right)
ation of the 1100 species for a range of saccharide concentrations at pH 7.5.
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the assumptions are good, then there should be a linear
relationship between the observed emission and the
calculated concentration of the 1100 species (free boronic
acid). If the assumptions are poor, and the phosphate
species make a significant contribution to the observed
fluorescence intensity or the excited state complex
binding constants play a significant role, then a non-
linear relationship of intensity with [1100] would be
expected since these processes vary independently of
[1100]. The right panel of Figure 4 shows the result for
both fructose and glucose calculated assuming that 23 will
behave the same way as 1. The total fluorescence intensity
is directly related to the calculated equilibrium concen-
tration of the boronic acid alone. Thus, even though
phosphate complexes dominate the solution speciation
over the entire pH range, these are effectively ‘invisible’
by the fluorescence technique utilized.
Table 5. Comparison of experimental and calculated apparent saccharide binding

Sensor Saccharide log K expt

2419 Fructose 3
Glucose 1.8

230 Fructose 2
Glucose 1.3

2348 Fructose 2.9
Glucose 1.3

2511 Fructose 2.7
Glucose 1.6

2649 Fructose 3
Glucose 2

2750 Fructose 2.2
Glucose 0.4

2851 Fructose 2.5
Glucose 1.5

2952 Fructose 2.2
Glucose 0.9

3053 Fructose 2.4

3154 Fructose 2.7
Glucose 1.4
At pH 7.5, the concentrations needed for the calculation of
the apparent stepwise association constant are indicated by
the points on Figure 4 (left): apparent KstepZ[1101]/
([1100][000l]) where the free fructose concentration
([0001]) is essentially the stoichiometric concentration
since it is present in a very large excess. The values
calculated (log KstepZ1.3 for glucose, 2.8 for fructose)
compare well with the experimental values reported for the
ortho isomer of 23 (log KstepZ1.24 for glucose, 2.79 for
fructose) or the meta isomer of 23 (log KstepZ1.34 for
glucose, 2.88 for fructose).48

This methodology involving the inclusion of the phosphate
complexes at a defined pH correctly reproduces the extent to
which the apparent formation constant is lower than the values
determined in Table 1 for a large number of similar studies
where the buffer concentrations are reported (Table 5). For
constants for previously reported systems

log K calcd ExptKcalc Reference compound

2.3 0.7 3
1.7 0.1 3

2.1 K0.1 2
1.6 K0.3 2

2.7 0.2 1
1.3 0 1

2.7 0 1
1.8 K0.2 1

3 0 1
1.8 0.2 1

2.1 0.1 1
0.4 0 1

2.2 0.3 2
1.6 K0.1 2

2.1 0.1 2
1.6 K0.7 2

2.5 K0.1 1

2.1 0.6 1
1.1 0.3 1
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each system, a suitable model compound was chosen (1, 2,
3) and the equilibrium speciation was calculated for a range
of saccharide concentrations.37 The computed equilibrium
concentration of the boronate complex, or of the free
boronic acid over the range of saccharide concentrations
was then fit to a 1:1 binding model to derive a value for the
apparent K. This method is a bit more complex than the
single point procedure indicated in the discussion of Figure 4
but avoids making any assumption about the free saccharide
concentration. Table 5 shows a few large discrepancies
between the experimental and the calculated values of the
apparent constants but the average difference over the set is
0.05 with an average absolute deviation of 0.2. This is well
within the precision of the input values. We conclude that
the formation constants determined here adequately repro-
duce the apparent constants reported previously by a
number of authors in a wide variety of systems. At the
same time, we recognize that the photophysics of the
individual systems might not support the assumptions made
in the analysis, but there is too little photophysical data to
evaluate this potential problem at this time.

Another experimental parameter that is frequently deter-
mined is the apparent pKa at a given saccharide concen-
tration. Returning to the example of 23, the left panel of
Figure 4 shows this pKa value as equal to the pH where the
free boronic acid concentration is equal to the boronate
complex concentration, that is, where [1100]Z[1101]. For
the 0.01 M fructose concentration in the Figure, the
apparent pKa is predicted to be 6.9. The pKa values reported
for ortho-23 are 6.0 at 0.05 M fructose and 7.2 for 0.2 M
glucose.48 Under directly comparable concentration con-
ditions the calculated values based on 1 (6.2 for fructose and
7.1 for glucose) are in reasonable agreement with
experiment. In principle we could determine these apparent
pKa values for a range of compounds, akin to the process
that lead to Table 5. This is not particularly useful, as
electronic effects on the pKa of the boronic acid are
significant, and our three model compounds are insufficient
to cover the range of cases.
Figure 5. (Left) Apparent pKa of 1 as a function of diol concentration. Data of ref
here. (Right) Apparent association constant for 1 and Alizarin Red S as a functio
described in text based on cumulative formation constants determined here.
An extensive set of data, of apparent pKa values of
saccharide complexes of 1 as a function of saccharide
concentration, has been reported.21 The experiment utilized
the change in absorbance at 268 nm due to a differential
molar absorbtivity between tetrahedral boronate complexes
and trigonal free boronic acid to determine apparent pKa

values by UV titration. Making the same assumptions as
above, that is, that the phosphate complexes behave
similarly to the hydroxo complexes allows computation of
a curve of apparent pKa as a function of saccharide
concentration using the appropriate cumulative constants.
The theoretical37 and experimental21 values are compared in
Figure 5 (left) which correctly reproduces the trends for the
three compounds with an offset of about 0.3 pK units. This
reflects the weakness of the assumption that the phosphate
and hydroxo complexes have similar molar absorbtivities.
Even with this caveat, this result further confirms that
apparent values can be derived from the cumulative
formation constants determined. We note as well that the
apparent asymptote of these curves was used as a surrogate
value for pK 0

a.
21 This is not correct, as the asymptotic value

depends on both the pH and the phosphate concentration,
whereas pK0

a should be completely independent of any
concentration term. As noted above, K0

aZKaKtrig/Ktet thus
pK0

aZ3.5, 5.6 and 6.1 for fructose, sorbitol, and glucose,
respectively. These must be compared with reported values of
4.6, 5.7 and 6.8 derived as in Figure 5, which are only apparent
values in 0.1 M phosphate buffer.21 The reasonable agreement
in the sorbitol case is simply due to the contribution of the
trigonal sorbitol complex (1101) that effectively suppresses
competition from phosphate complexes in this system. This
incorrect interpretation of the meaning of the asymptotic
values means the derived values ofKtet andKtrig reported21 are
also incorrect by an unknown factor. These cannot be re-
evaluated as was done in Table 8 without recourse to the
original titration data (unpublished).21

The effect of phosphate complexation on an apparent
formation constant (Fig. 5, right panel) has also been
reported.21 The diol in this case is Alizarin Red S (32), and
the apparent constants were determined from a fluorescence
erence;21 lines calculated using cumulative formation constants determined
n of total phosphate concentration. Data of reference;21 line calculated as
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titration (data given in the reference). At the pH of the
experiment, 32 is monoprotonated, so a minimum of three
constants are required to calculate the required concen-
trations for comparison with experiment: two pKas given as
5.5 and 10.021 and a value for the formation constant in the
absence of phosphate (log b2101). The latter value was
determined from the published titration data21 by calculat-
ing the concentration of free boronic acid expected ([1100])
at each concentration of total 1 in the titration experiment.
The published intensity curve21 as a function of calcu-
lated [1100] was then fit to a 1:1 binding isotherm to
generate a value for the stepwise constant for the
equilibrium (Eq. 10; KstepZ2800 MK1; log KstepZ3.45).
Thus log b2101Zlog KstepClog b1100Clog b1001Z3.45C
8.70C10.0Z22.15. These three additional values were
then used to determine the values of the apparent binding
constants for the 1CphosphateC32 system where KappZ
[2101]/([1001][1100]). This calculation makes the same
assumption as discussed above with respect to Figure 4,
namely that phosphate complexes are indistinguishable
from the hydroxo complexes of the boronates and therefore
are invisible. It also ignores any possible contribution by
phosphate complexes of the 1C32 complex. Given the
number of steps involved, the agreement between theory
(line) and experiment (points) in Figure 5 is remarkably
good. Certainly, the effect of competing phosphate com-
plexes is correctly reproduced, thereby confirming their role
in this system.

(10)
3. Conclusions

The species ‘detected’ in this study are not surprising as
many structural analogs are known. What was unexpected
was the extent to which competing ternary species
complicate otherwise simple boronate–saccharide binding
equilibria. We have shown that the cumulative formation
constants determined allow many apparent or ‘conditional’
constants for the simple equilibria to be ‘back calculated’
for a wide variety of compounds. This confirms that the
cumulative constants are consistent with much prior work,
and at the same time establishes the basis for the medium
dependence of such constants previously reported. Many
authors argue that these apparent or conditional values are
suitable for developing new applications and new sensor
materials. We agree, providing that the competing equilibria
do not so overwhelm the system that the changes of interest
are masked. The general effect of the competing equilibria
we determine here is to attenuate the response of the
sensor—either fluorimetric or colorimetric—through a
reduction in the concentrations of the key species needed
for signal production. In the cases discussed, the competing
species are invisible in the sense that they do not produce
unique signals of any sort. Their effect is indirect, but
nonetheless attenuating.

It is possible to avoid many of these competing species and
equilibria by avoiding buffers with significant concen-
trations of strongly Lewis basic components. The 1C32
complex stability is reported to be independent of the
concentration of HEPES buffer.21 Similar zwitterionic
buffers (MOPS, MES, etc.) are presumably only weakly
coordinating as well. Thus, it will be possible to work
around these limitations in the initial laboratory stages of
sensor development. At some point however, ‘real world’
samples will present inherently competing components
from the sample matrix. It is reasonable to conclude that any
boronic acid based sensor will potentially interact with
Lewis bases from the sample, thus detection schemes where
the signal is generated from the free boronic acid will be
inherently disadvantaged relative to schemes in which the
signal arises from a specific complex. Fluorimetric sensors
generally have a potential additional complexity related to
the quenching efficiency of the coordinated Lewis bases.
Our results and analysis at this stage suggest that this might
pose little practical difficulty since the competing species
we examined appear to be closely similar to the hydroxo
complexes of the boronic acid. If general, this is a very
encouraging result.
4. Experimental

4.1. Materials

Phenylboronic acid (1, Lancaster) was azeotropically dried
to the anhydride by successive removal of toluene in vacuo
(3 times). The other two boronic acids were prepared by
reductive amination of ortho-formylphenylboronic acid
with the corresponding amines as follows.

4.1.1. N-(2-Dihydroxyborylbenzyl)aniline (2). 2-Formyl-
phenylboronic acid (1.0 g, 6.7 mmol) was dissolved in a
mixture of EtOH and toluene (90:10 vol:vol, 50 ml) then
aniline (621.0 mg, 6.7 mmol) was added. A Dean–Stark trap
was fixed to the reaction vessel and filled with 25 ml of the
same solvent mixture. The reaction was stirred at reflux for
16 h. After cooling to 0 8C with an ice bath, sodium
borohydride (1.25 g, 33.3 mmol) was added slowly to the
mixture and stirred for 2.5 h at room temperature. The
solvent was removed under reduced pressure. Water
(100 ml) was added to the residue and the resulting solution
was extracted with chloroform (3!100 ml). The organic
phases were combined, washed with brine (150 ml) and
dried over MgSO4. The solvent was then removed in vacuo.
Precipitation from chloroform/n-hexane afforded 2 (813 mg,
54%) as a cream-colored powder. Mp 125–129 8C; 1H NMR
(300 MHz; CD3OD) 4.21 (2H, s, CH2), 6.6–6.7 (3H, m, ArH),
6.95–7.25 (6H, m, ArH); 13C NMR (75 MHz; CD3OD) 51.6,
117.4, 121.5, 126.9, 127.9, 129.8, 130.2, 132.7, 146.0, 149.1;
m/z (FAB) 497.3 ([MC2(3KHOCH2C6H4NO2)–2H2O]C,
100%). C13H14BNO2–H2O requires C, 74.72; H, 5.80; N,
6.70%; Found: C, 74.70; H, 5.97; N, 6.63.

4.1.2. N-(2-Dihydroxyborylbenzyl)-N-benzylamine (3).27

2-Formylphenylboronic acid (3.0 g, 20.0 mmol) was
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dissolved in a mixture of EtOH and toluene (90: 10, v:v;
100 ml) then benzylamine (2.1 g, 20.0 mmol) was added. A
Dean–Stark trap was fixed to the reaction vessel and filled
with 25 ml of the same solvent mixture. The reaction was
stirred at reflux for 10 h. After cooling, the solution was
diluted with EtOH (50 ml) and cooled 0 8C with an ice bath.
Sodium borohydride (3.8 g, 100.0 mmol) was then added
slowly to the mixture and stirred while warming overnight
to room temperature. The solvent was removed under
reduced pressure. Water (100 ml) was added to the residue
and the resulting solution was extracted with chloroform
(3!100 ml). The organic phases were combined, washed
with brine (150 ml) and dried over MgSO4. The solvent was
then removed in vacuo. Precipitation from chloroform/n-
hexane afforded sensor 3 (1.8 g, 37%) as a white powder.
Mp 118–125 8C; 1H NMR (300 MHz; CD3OD): 3.88 (2H, s,
CH2–NH), 3.99 (2H, s, CH2–NH), 7.07–7.11 (1H, m, ArH),
7.21–7.23 (2H, m, ArH), 7.35–7.49 (6H, m, ArH); 13C NMR
(75 MHz; CD3OD) 52.6, 54.6, 124.7, 128.1, 128.7, 129.9,
130.3, 131.2, 132.1, 136.6, 142.7; FAB MS (m-NBA, m/z):
512.2 ([MC2(3KHOCH2C6H4NO2)–2H2O]C, 34%);
HRMS Found: [MCHC2(3KHOCH2C6H4NO2)–2H2O]C,
512.1997, C28H27BN3O6 requires m/z 512.1993.

4.2. Potentiometric titrations

Solutions were prepared volumetrically using degassed
deionized and distilled water and HPLC grade methanol.
Stock solutions of sodium chloride, sodium hydroxide,
trisodium phosphate decahydrate, citric acid, fructose,
glucose, mannitol and sorbitol were prepared from the
solids obtained commercially in O99% purity. Hydro-
chloric acid titrant, diluted from concentrated HCl, was
standardized bi-weekly versus sodium borate. Sodium
hydroxide was prepared weekly and standardized against
the primary standard, potassium hydrogen phthalate
(phenolphthalein endpoint), and by direct titration with the
secondary standard HCl as titrant.

The titrations were performed using a Mettler DL21
automatic titrimeter with data collection to a custom
macro running under Microsoft Excel. The macro controlled
the functions of the titrimeter via a serial port to the
automatic titrimeter. The titrations were performed in a
closed jacketed cell at a temperature of 25.0G0.2 8C under
an atmosphere of nitrogen. The measurement circuit
consider of: glass electrode jtitration solutionjglass
fritj0.5 M NaCl in water or 0.1 M NaCl in 1:2 MeOH/water
jglass fritj saturated KCl in water jAgCl/Ag. The system
was designed to allow titration of 4.0 ml of solution. The
electrode system was calibrated daily, according to the
protocol outlined for the program GLEE55 modified for the
acid-into-base titration mode. Thus, electrolyte (0.5 M NaCl
in water or 0.1 M NaCl in 2:1 M/W, 4.0 ml) and a known
amount of sodium hydroxide was titrated with HCl, and the
resultant strong acid–strong base curve of potential versus
volume was converted via the standard concentrations to a
curve of potential versus p[HC]. The required pKw value for
0.5 M NaCl in water was taken from Martell22 (13.72). The
pKw value in 0.1 M NaCl in 1:2 M/W (13.82) was
determined by the procedure of Jameson and Wilson56

using the pH meter calibrated using buffers prepared in
33.3 wt% methanol.57 The curve of potential versus p[HC]
was linear between 2.4!p[HC]!11.4 in both solvent
systems, and gave a slope of O99% of the Nerstian value
and an intercept value for the electrode. Triplicate values of
the slope and intercept were determined daily for use in calcu-
lation of the formation constants determined that day. The
intercept value over time (weeks) was constant G1.6 mV,
taken as the standard error. The standard error in the titer
was determined from a series of gravimetric experiments to
be 0.0002 ml for an aliquot volume of 0.01 ml, using the
1.0 ml buret on the titrimeter.

Solutions for titration were prepared from stock solutions of
the using microliter syringes and calibrated 5.0 ml volu-
metric flasks. Solutions in methanol water utilized metha-
nolic stock solutions of the boronic acids, plus additional
methanol as required, made to the final volume with water.
All solutions included a sufficient volume of standard
sodium hydroxide to fully deprotonate the boronic acid, plus
the citric acid if present. A 4.0 ml sample was titrated within
2 h of solution preparation. Duplicate solutions prepared
independently from the same stock solutions were routinely
prepared. Each system involved at least two, and usually
three different concentrations (relative stoichiometries) of
the components. Concentrations and aliquot volumes were
chosen to produce 30–70 significant data points from each
titration to give 90–140 points per system including
duplicates/triplicates.

The titrimeter macro exported a formatted file for direct
input to HYPERQUAD.58 For each system, the individual
titration curves were examined to explore the possible
complexes to be considered, followed by a final compu-
tation involving one curve at each composition. The
duplicate data were then computed using the same model.
The refined parameters differed by less than the computed
standard deviations in all cases of direct duplicates prepared
from a common stock solution. HYPERQUAD produces a
goodness-of-fit statistic (chi-squared) that indicates if the
residuals (calculated-experimental) are normally distributed
relative to a determined measurement precision.58 The only
species included in the input model were those required to
generate a chi-squared value better than that expected for
the 95% confidence level. On a practical level this means
that the species usually must account for O20% of the total
boronic acid concentration for some range of data in the
titration curve. A preliminary survey allowed a choice of
concentrations and stoichiometric ratios to ensure that the
minor species fulfilled this requirement. The overall
reliability of the data was determined by comparison of
independently prepared replicates as discussed in the text.

At the high concentrations of saccharide required, a small
but significant amount of deprotonation was noted for
systems containing fructose and glucose (but not mannitol
or sorbitol). Accordingly an apparent pKa was determined
for these two sugars under conditions comparable to those of
the other titrations where they occur in large excess relative
to the other bases in the system. Sodium hydroxide,
equivalent to the highest concentration of basic species
expected (2 equiv for the boronate plus 3 equiv for the
phosphate or citrate), was added to a variable amount of the
sugar (in its protonated form). The extent of deprotonation
varied up to about 35% for the lowest sugar concentration.



Table 6. Logarithm of cumulative association constants for protonation
equilibriaa

System Species hx Waterb M/Wc

Citrate 11 5.36 5.94
21 9.16 10.52
31 11.25 13.69

Fructose 11 11.95 12.15
Glucose 11 11.98 12.16
Imidazole 11 7.16 6.71
Phosphated 11 11.77 12.22

21 18.29 19.52
31 20.12 21.86

1 11 8.70 9.04
2 11 ns 10.14

21 ns 14.03
3 11 ns 12.07

21 ns 17.37

a At 25 8C; log bhxG0.05; ns—not soluble at a concentration of 0.05 M.
b 0.5 M NaCl; [X] rangeZ0.015–0.05 M except [fructose] and [glucose] 0.

1–0.8 M.
c 0.1 M NaCl in methanol/water 1:2 (v/v), [X] rangeZ0.012–0.025 M

except [fructose] and [glucose] 0.2–0.4 M.
d Includes 1:1 complex NaCCPO4

3K; log bZ0.6 in water,22 log bZ1.1 in
M/W.

Table 7. Logarithm of cumulative association constants for binary systemsa

System, X
or D

Species,
hbx or
hbd

1b 1c 2c 3c

Fructose 111 15.72 15.88 16.29 16.03
211 19.3d 20.7d 23.41 26.27
311 na na nd 29.4d

Glucose 111 14.32 14.39 14.98 14.23
211 20.37 20.37 22.61 25.08

Mannitol 011 3.42 3.52 4.09 2.47
111 8.91 9.81 11.94 13.34
211 na na 15.3d nd

Sorbitol 011 3.91 3.85 3.24 2.63
111 9.49 10.0d 10.62 13.33

Citrate 111 10.20 nd 10.70 14.97
211 15.86 16.51 18.08 22.20
311 19.75 21.49 23.76 28.19
411 na na 27.87 32.37

Imidazole 011 nd nd 2.14 nd
111 9.68 9.58 11.66 13.38
211 na na 18.24 20.04

Phosphate 011 nd 2.48 3.11 nd
111 12.86 14.05 14.66 14.65
211 21.85 23.28 24.83 26.15
311 28.06 29.91 31.74 32.8
411 nd nd 35.58 nd

a At 25 8C; log bG0.15 except as noted; ndZnot detected, not needed for
adequate fit; naZcomplex of this stoichiometry not applicable.

b 0.5 M NaCl in water; [B] rangeZ0.025–0.05 M; [B]/[X]Z0.5–1.1; [B]/
[D]Z4–16.

c 0.1 M NaCl in methanol/water 1:2 (v/v); [B] rangeZ0.012–0.018 M;
[B]/[X]Z1–1.5; [B]/[D]Z15–50.

d log bG0.3.

Table 8. Logarithm of cumulative association constants for ternary
systemsa

System Species
hbdx

1b 1c 2c 3c

CitrateC
fructose

1111 17.3 nd nd nd
2111 23.3 23.6 24.9 29.5
3111 28.1 29.5 30.5 35.7
4111 nd 34.0 35.4 40.6

CitrateC
glucose

1111 15.9 15.6 nd 17.0
2111 23.2 22.8 24.3 28.6
3111 28.1 28.8 30.2 34.9
4111 nd nd 35.6 39.9

CitrateC
mannitol

0111 5.7 nd nd 6.4
1111 11.7 11.7 13.0 17.5
2111 16.7 17.7 18.7d 23.7
3111 nd 22.3 24.3 28.7

CitrateC
sorbitol

0111 5.7 nd 6.4 6.7
1111 11.7 11.8 14.2 17.7
2111 16.3 17.6 20.1 23.7
3111 nd 22.2 24.6 nd

ImidazoleC
fructose

1111 nd 15.9d 18.5 nd
2111 23.5 23.8 25.9 28.5
3111 na na 32.2 34.8

ImidazoleC
glucose

1111 nd 15.7 16.4 nd
2111 21.7 23.1 24.7 27.1
3111 na na 30.9 33.2

ImidazoleC
mannitol

0111 4.1 4.5 4.8d 4.6
1111 11.6 11.7 13.5 15.5
2111 na na 19.7 22.1

ImidazoleC
sorbitol

0111 4.3 4.9 5.1 4.2d

1111 12.1 12.0 12.9 15.4
2111 na na 19.3 21.9

PhosphateC
fructose

1111 18.7 18.9 nd nd
2111 28.9 30.4 30.8
3111 35.1 37.1 38.3 40.9
4111 nd nd 44.6 47.1
5111 na na nd 51.2

PhosphateC
glucose

1111 17.2 17.8d nd nd
2111 27.8 29.3 30.5 29.2d

3111 34.7 36.6 38.3 40.4
4111 nd 42.7d 44.5 47.5
5111 na na 48.5 52.1

PhosphateC
mannitol

0111 6.0 7.0 7.7 6.2
1111 16.8 18.1 19.0 17.5
2111 23.3 25.2 27.0 28.7
3111 nd 31.1d 33.7 35.6
4111 nd nd 37.1 40.0

PhosphateC
sorbitol

0111 6.6 7.5 nd 6.2
1111 17.3 18.7 18.5 17.1
2111 23.6 25.7 26.1 28.6
3111 nd 31.6 32.7 35.6
4111 nd nd 36.0 39.9

a At 25 8C; log bG0.2 except as noted; ndZnot detected, not needed for
adequate fit; naZcomplex of this stoichiometry not applicable.

b 0.5 M NaCl in water; [B]Z[X]Z0.025 M; [B]/[D]Z8–16.
c 0.1 M NaCl in methanol/water 1:2 (vol/vol); [B]Z[X]Z0.012 M; [B]/

[D]Z16–32.
d log bG0.3.
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Saccharide containing solutions were made basic and
titrated within 2 h to minimize any base catalyzed
decomposition. An additional complexity of phosphate
containing systems is the presence of a weak sodium
complex of PO4

3K.22 A value for the sodium-phosphate
association constant was determined from titrations involv-
ing progressive substitution of tetramethyl ammonium
chloride for NaCl to maintain the overall ionic strength
(IZ0.5 M in water; IZ0.1 in 1:2 M/W), and was included
with the analytical sodium concentration in all systems
containing phosphate

Values of the logarithm of cumulative association constants
for protonation equilibria are given in Table 6, for binary
systems in Table 7, and for ternary systems in Table 8.
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Abstract—Trifluoroacetylazo dye 1, a known chemosensor for amines, has been integrated into cross-linked dendrimer hosts. Thus, boronic
acid 16 was linked to iododye 9 via a Suzuki coupling reaction. In situ deprotection and alkylation with dendrons 3 and 4, containing 8
homoallyl or allyl ether groups, respectively, afforded dendrons 18 and 19 with chemosensor units at their focal point. Conversion of 18 (19)
to the bis-imine of butane 1,4-diamine, extensive cross-linking via the ring closing metathesis reaction with Grubbs catalyst 25, and
hydrolysis produced dendrimer hosts 28 and 29. Host-guest studies with a small library of amines and alcohols showed 28 and 29 to
selectively signal certain diamines but not due to template mediated imprinting.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Developing sensors that complex ions and molecules with a
distinct change in color or fluorescence (chemosensors) is a
topic of considerable current interest and technological
importance.2 A common approach is to covalently link a
recognition unit to a chromogenic reporter group.3 Alter-
natively, the chromogenic group may complex to the
recognition unit with the ligand of interest displacing it
and producing the sensor’s response.2c There are advantages
and disadvantages to both approaches.

We recently reported a cross-linked dendritic host for
diamines in which a chromogenic reporter group was
covalently integrated into the dendrimer framework.4 In this
case, the advantage of covalently linking the chromophore
within the binding unit was two-fold. First, the reporter
group was designed to signal binding by covalently
complexing the guest (vide infra), thus providing a direct
connection between the binding and signaling events.
Second, it was unclear what guests would bind making it
difficult to design a priori an appropriate displacement
assay. Herein we provide a full account of our efforts to
integrate reporter groups into cross-linked dendritic hosts,
including a comparison of two homologous dendritic
frameworks.
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.100

* See Ref. 1.
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2. Results and discussion
2.1. Design of dendrons with focal point chromogenic
recognition units

In an effort to improve the performance of molecularly
imprinted polymers (MIPs)5 we have taken a ‘bottom–up’
approach in which a single binding site is imprinted into the
interior of a dendrimer (i.e., MID approach).6,7 To extend
this approach to new guests and integrate a chromogenic
reporter group into the dendrimer, attention was turned to
azo dye 1. Building upon earlier work by Simon,8 Mohr and
co-workers have extensively developed 1 and its analogs as
optical sensors for amines and alcohols.9 Upon reversibly
forming hemiaminal 2, or the corresponding zwitterion, 1
undergoes a shift in lmax of about 50 nm, corresponding to a
visible color change from red-orange to yellow (Scheme 1).
In the course of developing sensor applications, 1 has been
covalently linked to several polymer matrices and imbedded
in a thin layer of polyvinylchloride (PVC).9
Tetrahedron 60 (2004) 11191–11204
Scheme 1.



Scheme 3.

Figure 1. ORTEP diagram from X-ray analysis of 13. Ellipsoids represent
50% probability and hydrogen atoms are removed for clarity.
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2.2. Synthesis of dendrons with focal point chromogenic
recognition units

A number of dendrimers are known in which azobenzene
units are present at the core, peripheral sites, and within the
branching units.10 In the present case, the first objective was
to link azo dye 1 to dendrons 3 and 4; 3 being the key
compound used to synthesize cross-linked and cored
dendrimers11,12 and to imprint porphyrins within dendri-
mers.6,7,13 Because allyl ether-based dendron 4 is easier and
less expensive to prepare14 and might produce a more rigid
imprint, there was interest in comparing its performance to
that of 3. To retain the planar conjugation of the donor and
acceptor groups essential to the function of 1 it was decided
to attach dendron 3 through an aryl substituent ortho to the
azo-group. The aryl attachment was envisioned to occur
through a Suzuki coupling15 of iodide 9 and boronic acid 10.

The synthesis of 9 is outlined in Scheme 2. Following the
procedure of Burton,16 4-fluorobromobenzene was con-
verted to the corresponding Grignard reagent which was
subsequently added to the lithium salt of trifluoroacetic
acid.17 The resulting ketone 5 was treated with ammonia to
afford amine 6.16 Iodination with iodine monochloride
afforded 7 with variable amounts of diiodide 8 which were
removed by chromatography. Diazotization and reaction
with N,N-dimethylaniline gave key intermediate 9.
Scheme 2.
The required boronic acid, 10, was envisioned to arise from
metal-halogen exchange of 11 followed by treatment with
triisopropyl borate. In the event, a modest yield of the
isomeric boronic acid 12 was obtained (Scheme 3).18 As a
model reaction 12 was coupled to 9 under Suzuki conditions
affording 13, whose X-ray structure analysis† (Fig. 1)
confirmed the structural assignment of both 9 and 13.
Although dendrons 3 and 4 might be linked to 13 through
the 2,6-dimethoxy functionality, the less sterically con-
gested 3,5-isomer was preferred. By carefully maintaining
the temperature of both the metal-halogen exchange and
boronylation reactions at K78 8C, the conversion of 11 to
10 was accomplished in 65% yield. Coupling of 9 and 10
under Suzuki conditions afforded 14 in 80% yield.
However, attempts to demethylate the phenolic groups
resulted in low yields of product and decomposition of the
starting material.

An alternative route used TBDMS protecting groups. Thus,
11 was deprotected with boron tribromide, protected with
TBDMS-Cl, and boronylated to give 16 (Scheme 4).19 The
absence of signals corresponding to the boronic acid group
in the 1H NMR spectrum of 16 combined with the FD-MS
spectrum showing an m/zZ1092 (3!MK3H2O) suggested
that 16 trimerized to give cyclic boroxime structure 16 0.
Cross-coupling of 16 with 9 gave 17.
† CCDC 231899 contains the supplementary crystallographic data for this

paper. These data can be obtained free of charge via www.ccdc.cam.ac.

uk/data_request/cif or by e-mailing data_request@ccdc.com.ac.uk.

mailto:data_request@ccdc.com.ac.uk
mailto:data_request@ccdc.com.ac.uk
mailto:data_request@ccdc.com.ac.uk
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The TBDMS groups in 17 could be removed in 77% yield
(TBAF, THF) and the resultant diol could be alkylated with
3 but in low yield despite exploring a range of conditions.
Ultimately, a deprotection—in situ alkylation protocol was
developed using KF and 18-crown-6 in THF (Scheme 5). By
this method, dendrons 18 and 19 were obtained in 44 and
54% yield, respectively. Evidence that the dye unit with-
stood the conditions of the alkylation reaction came from
the MALDI spectrum of 18, which indicated the correct
molecular weight (MWZ3004), with NaC and KC adducts
also present. Analytical size exclusion chromatography
(SEC) also indicated a molecular weight that was consistent
with alkylation product 18. 1H, 13C, and 19F NMR
spectroscopy indicated that 18 was formed with the
trifluoromethyl ketone group intact. Similarly, UV–Vis
spectroscopy indicated lmax of 18 to be 480.0 nm, consistent
with an unreacted trifluoromethyl ketone group.
Scheme 5.
2.3. Synthesis of didendrons using diamine templates

Two point covalent imprinting was examined by using 1,4-
diaminobutane (20) as a template. Although 20 likely
formed a 2:1 covalent complex with 18 (bis-carbinolamine,
see 2), it was not stable under the high-dilution conditions
needed for the intramolecular cross-linking reaction. It was
decided instead to link the two dendrons to the diamine core
through the bis-imine.20 A model study was undertaken to
find conditions under which butylamine (21) would react
with dye 1 (RZMe) to form imine 22. The most suitable
conditions found involved treating 1 with 21 and TiCl4 in
CH2Cl2,21 the product imine (22) obtained in 97% yield
(Scheme 6). Unfortunately, reaction of 18 with 1,3,5-
tris(aminomethyl)benzene in the presence of TiCl4 did not
produce the corresponding tris-imine dendrimer, rather
extensive degradation of 18 occurred.
In an attempt to find a more general way to attach templates
to 18 (19), an aza-Wittig strategy was chosen because of its
mild reaction conditions and compatibility with a variety of
functional groups.22 As shown in Scheme 7, this approach
was applied to 1,4-diazidobutane. The resultant didendron,
which would be imprinted with 1,4-diaminobutane, was
favored over the corresponding tridendron from 1,3,5-
tris(azidomethyl)benzene because of the known
rearrangement of aza-Wittig products of benzylamines.23

Furthermore, the smaller didendron would test the limits of
the monomolecular imprinting approach, determining
whether just two dendrons and two-point covalent binding
are sufficient for imprinting.

The synthesis of the target didendron and its subsequent
cross-linking is outlined in Scheme 7. Butane 1,4-diazide
was treated with triphenylphosphine and the resultant
bis(iminophosphorane) reacted immediately with either 18
or 19 to produce, respectively, bis-imines 23 and 24 in 69
and 32% yields. The didendrons were purified to homo-
geneity by first silica gel and then SEC. The ring closing
metathesis (RCM) mediated cross-linking of 23 and 24 was
performed at high dilution in benzene with Grubbs type I
catalyst 25. The cross-linked products, 26 and 27 were
purified by SEC giving product in 60 and 76% yield,
respectively. The extent of cross-linking in both 26 and 27
was examined by MALDI-MS. For 26 the highest
peaks corresponded to 14 cross-links (m/zZ5242.6,
MK14C2H4CNaC) and 15 cross-links (m/zZ5214.5,
MK15C2H4CNaC). In the MALDI spectrum of 26,
lower intensity peaks were also evident at m/z values
corresponding to 16 and 13 cross-links. The most intense
peak in the MALDI spectrum of 27 corresponded to 15
cross-links, while somewhat smaller peaks for 16 and 14
cross-links were also seen.
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Consistent with previous investigations of cross-linked
dendrimers,7,11 the 1H NMR spectrum of 26 and 27 showed
significant broadening of signals due to the large number of
isomers formed during alkene metathesis. A new, broadened
signal in the d 5.65–5.40 ppm range is particularly
indicative of formation of the cross-links, as this peak
corresponds to the alkene protons of newly cross-linked
homoallyl ether groups. Similarly, the UV–Vis and 19F
NMR spectra of 23 (24) and 26 (27) indicated that alkene
metathesis did not affect either the azobenzene chromo-
phore or the imine linkages between the dendrimer core and
the dendrons.

The 1,4-diaminobutane core in 26 (27) could be removed
under mild hydrolytic conditions (Scheme 7). Stirring a
solution of 26 (27) in THF with w1% aqueous HCl at room
temperature resulted in the hydrolyzed dendrimer 28 with
two unbound ketone groups in its core. The MALDI mass
spectrum of 28 was consistent with hydrolytic removal of
1,4-diaminobutane from the core of 26. MALDI also
revealed some degradation of the dendrimer’s cross-linked
periphery during the hydrolysis reaction. A distribution of
small peaks appeared below the molecular weight of fully
cross-linked isomers of 28. The molecular weight of these
peaks matches the mass of 28 with missing homoallyl
groups or their RCM counterparts. This impurity could not
be removed by silica gel chromatography, and it remained
in the sample of 28 used for complexation studies. In the
case of 27 it was found that a very short treatment with the
same aqueous acid fully removed the 1,4-diaminobutane
core, but without any degradation in the cross-linked allyl
ether periphery.

Two dendrimers were prepared as controls (Scheme 8). The
first was synthesized identically to 28 except that 1,3-
bis(amino-ethyl) benzene (30) was chosen as the template
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because diazide 31 could be readily synthesized in two steps
from commercially available 1,3-phenylenediacetic acid.4

More importantly, the availability of 28 and 32 would allow
application of a rigorous test of imprinting by comparing the
cross-reactivities of two dendrimers derived from different
templates, a method occasionally applied to MIPs.24

The second control dendrimer was prepared without a
template. Thus, cross-linking of 18 at a concentration of
10K3 M in benzene with catalyst 25 afforded a mixture of
cross-linked 18, cross-linked dimer 33, and cross-linked
trimer. Preparatory SEC readily separated the products, and
the MALDI-TOF spectrum of 33 confirmed its dimeric
structure and indicated 16 out of a possible 16 cross-links
(intermolecular and intramolecular) were formed. The
polystyrene-based molecular weight (MWPS) value of 33,
MWPSZ3646 is very close to that obtained for 28, MWPSZ
3620, and they exhibit nearly identical NMR spectra.
2.4. Complexation studies using small libraries of amine
and alcohol guests

Before performing complexation studies on the cross-linked
dendrimers, model titration experiments were carried out
using 1 (RZMe). Titration of a chloroform (CHCl3)
solution of 1 (RZMe) (15.6 mM) with 10,400 equiv of
butyl amine (21) in CHCl3 produced a 50 nm blue shift in
the dye’s absorbance spectrum. The overlaid spectra
obtained showed only an approximate isosbestic point at
438 nm, suggesting the presence of more than two discrete
species. The reactivity of 1 with 21 in CHCl3 appeared to be
quite low, and, without insuring full equilibration, a very
approximate 1:1 association constant (Kassoc) of 5 MK1 was
calculated in CHCl3.

Mohr and co-workers performed titration studies of dye 1
(RZC8H17) with primary amines in diethyl ether, and a
similar binding affinity was found.9 In our hands, titrations
of 1 (RZMe) in diethyl ether did not display clean
isosbestic behavior, possibly due to evaporation of solvent.
Ultimately THF was chosen for complexation studies
because titrations of 1 (RZMe) with butyl amine showed
both clean isosbestic points and strongly enhanced covalent
binding. Thus, addition of only 55 equiv of butyl amine to a
THF solution of 1 (RZMe) (29.6 mM) resulted in a 31.5 nm
blue shift in the absorbance spectrum of the dye. From
titration studies monitoring the loss of absorbance at lmaxZ
475 nm, a KassocZ790G210 MK1 was calculated. The
change in lmax and both 19F and 13C NMR spectra were
consistent with the formation of aminal 2 (RZMe).

In examining the cross-linked dendrimers, a simple screen-
ing assay was devised in which THF solutions of 28 were
prepared such that absorbance at 475 nm was ca. 0.4
(w20 mM). One equivalent of amine or alcohol guest was
added to each dendrimer solution, and the solutions were
mixed for 30 s. A UV–Vis spectrum was obtained for each
solution, and the increase in absorbance at 425 nm (DA425)
was recorded. As seen in Figure 2, a remarkably high level
of selectivity was observed for the simple alkyl diamine
guests.

Qualitatively, the binding profile for 29 with the same guests
and under the same conditions was very similar to that seen
in Figure 2. This result suggests that the allyl ether-based
dendrons, which are cheaper and easier to prepare,14 serve
as suitable substitutes for the homoallyl-based (Wendland-
type11) dendrons, at least in the systems studied here.

Evidence for two point covalent, but reversible, complexa-
tion through formation of a bis-aminal came from several
directions. First, a Job plot gave a maximum concentration



Figure 2. Guest binding selectivity profile for 28. See text for details.

Scheme 9.
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of complex with a 1:1 mixture of 20 and 28, consistent with
a 1:1 stoichiometry in the complex. A dilution study verified
the reversible nature of the 28$20 complex. A THF solution
of 28 (40.7 mM) and 35 (81.4 mM) gave lmax of 440 nm,
consistent with approximately 70% complexation. After the
addition of several aliquots of THF such that the
concentration of 28 was 5.1 mM and the concentration of
20 was 10.2 mM, the observed lmax shifted to 473.5 nm, near
to the lmax of uncomplexed 28. Finally, quantitative
determination of the binding constants showed a significant
increase in complex stability as a result of formation of the
second aminal.

In comparing the various Kassoc in Table 1, several trends are
apparent. First, 28 and 29 show very similar Kassoc values.
Although butyl amine appears to bind slightly stronger to
cross-linked dendritic host 29, its very slow reaction rate
with the dye chromophore (vide infra) meant that some
Table 1. Association constants (Kassoc) for 1, 28, and 29 and amine guestsa

Guest Kassoc (MK1) for hosts 1 (RZMe), 28, 29

1 28 29

BuNH2 (21) 790G210 780G200 2300G1200
34 28,000G6000 12,000b 15,000G3000
35 N.D. N.D. 26,000G3000
20 4200G2600 27,000b 33,000G2500

a At 25 8C in THF, monitoring lmaxZ475 nm with guest added to host and
waiting until full equilibration. Values for 1 taken from Ref. 25. Values
for BuNH2 complex with 28 and 29 assumed two independent binding
sites. N.D., not determined.

b Single determination.
variability can be attributed to the equilibration time used in
the binding titration. The enhanced stability of the 1$34
complex relative to 1$21 (butyl amine) was attributed to
an intramolecular hydrogen bond as in 39 and it is not
possible to rule out a 2:1 complex between 34 and 28 (29)
given the magnitude of the Kassoc for these host-
guest pairings (Scheme 9). On the other hand, the
increased stability of 28$20 and 29$20 relative to 1$20
and 28(29)$34 is consistent with two-point binding by 1,4-
diaminobutane.
Is the remarkable selectivity seen in Figure 2 a result of
highly effective imprinting? As a first step toward answering
this question the binding of the same small library of guests
was examined with cross-linked dendrimer 32, which was



Figure 3. Guest binding selectivity profile using the same guests as in Figure 2 for (a) 32 after 30 s mixing (b) 28 after 12 h mixing. In (b) bar heights are only
approximately correlated with Kassoc as a result of concentration and kinetic differences, etc. See text for additional details.
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synthesized from template 31. The imprinting of 32 with 31
would be expected to produce a very different selectivity
profile and, in particular, a higher affinity for 1,3-
bis(aminoethyl)benzene (30). In fact, the qualitative selec-
tivity profile for 32 (Fig. 3a) was very similar to that
observed for 28. More striking was the fact that a similar
selectivity trend (the entire library was not examined) was
seen with 33, whose preparation occurred without any
template.

The possibility that the binding selectivity observed in
Figures 2 and 3a was kinetic in origin was examined by
allowing the solutions in Figure 2 to stand for 12 h prior to
measuring the A425 value. As seen in Figure 3b many of the
diamines give enhanced signal and even some of the
monoamines and alcohols show binding. This result clearly
implicates a kinetic effect in the binding ‘selectivity’
observed at short time periods. A careful kinetic analysis25

confirmed this conclusion and further showed it to originate
in an intramolecular general base catalyzed reaction similar
to that reported by Jencks for the addition of alkane
diamines to acetyl imidazole.26 Thus, rigid diamines like 30
cannot enjoy the transition state stabilization optimized in
35 and illustrated in 40.

Molecular modeling of 28 (29) is challenging because there
are many isomers that may be produced in the RCM-
mediated cross-linking reaction. Nonetheless, preliminary
modeling of 28 suggests that the two dendrons may cross-
link while leaving the dye moieties at the surface. Indeed,
the fact that the azo-dye is linked to the dendron through a
biphenyl linkage means that unless this rotation is hindered
by the dendritic framework, the trifluoroacetyl groups can
very significantly adjust their separation. Under these
circumstances one would expect the relaxed selectivity
observed qualitatively. Thus, future improvements on these
systems may involve linking the dye unit more rigidly to the
dendrons or using larger (or more) dendrons to better imbed
the reporter chromophore within the imprint.
3. Conclusions

Azo dye 1, a useful chromogenic reporter group for amines,9

was successfully linked to the focal point of dendrons 18
and 19. Conversion to bis-imine dendrimers using an aza-
Wittig protocol, followed by cross-linking of the peripheral
alkenes and hydrolytic core removal created dendrimers
capable of reporting amine and alcohol binding at the
dendrimer core. The integration of chromogenic reporter
groups represents a compelling advance in the mono-
molecular dendrimer imprinting approach,6,7 although in
this particular case the dendrimers were too small to
produce imprinting. Another key finding is that the
dendrimers containing allyl ether peripheral groups
smoothly underwent RCM-mediated cross-linking and the
resultant dendritic structures behaved analogous to their
homoallyl ether derived analogs. The allyl ether based
systems are cheaper and more readily prepared.14

Cross-linked dendrimer hosts containing the (trifluoro-
acetyl) azobenzene dye described herein have the potential
to achieve selective guest binding based solely on molecular
imprinting. For this to occur, it is necessary to develop a
better understanding of the relationship between the
dendrimer size and structure, including the number and
placement of the cross-linking functionality, and the
subsequent ‘memory’ of the template molecule.

Once the rules of monomolecular imprinting with dye-
functionalized dendrimers are better understood, dendrimer-
based cross-linked hosts may find applications as sensors for
biologically significant amines such as amino acids, amino
sugars and alkaloid natural products. The strategies and



E. Mertz et al. / Tetrahedron 60 (2004) 11191–1120411198
synthetic pathways outlined in this report may be applied to
dendrimers containing other dye molecules which are able
to report on other functional groups. The goal of building
cross-linked dendrimer hosts capable of selectively recog-
nizing any guest molecule imaginable may indeed be within
reach.6
4. Experimental

4.1. General

All reactions were performed under N2 in glassware that
was oven dried at 105 8C prior to use. The full details of the
synthesis of 3 and 4 are described elsewhere.11,14 Reagents
and solvents used in reactions were obtained from
commercial sources and were used without further purifi-
cation except as follows: tetrahydrofuran (THF) was
distilled from sodium-benzophenone; N,N-dimethylform-
amide (DMF) was dried over 4 Å molecular sieves;
benzene, methylene chloride (CH2Cl2), chloroform
(CHCl3) and triethylamine were distilled from CaH2,
triisopropyl borate was distilled from sodium. All reactions
were monitored by TLC using silica gel 60 F254 plastic,
aluminum, or glass plates (Merck). Flash chromatography
was performed with 32–63 mm silica gel (Merck). Prepara-
tory size-exclusion chromatography (SEC) was performed
using a 2.25 ft!50 mm column of Bio-Beads S-X1 200–
400 mesh beads (Bio-Rad) with reagent grade toluene as the
eluent.

1H NMR, 13C NMR, and 19F NMR data were obtained on
either 400 or 500 MHz Varian U400, U500, and 500NB
instruments. 1H NMR spectra obtained in CDCl3 were
referenced to 7.26 ppm. 13C NMR spectra obtained in
CDCl3 were referenced to 77.23 ppm. 19F NMR data are
either unreferenced or referenced to an external 1.0%
solution of trifluoroacetic acid. Chemical shifts are reported
in parts per million (ppm) and coupling constants are
reported in Hertz (Hz). IR spectra were collected on a
Mattson FTIR 5000 with major bands reported in cmK1.
UV–Vis spectra were obtained using a Shimadzu UV-
2501PC recording spectrophotometer. Analytical SEC, used
to determine the purity of final dendrimer products, was
performed using a 2! styragel HR3, 1! styragel HR4E
column in THF with a 1.0 mL/min flow rate. Peak detection
was achieved using a Viscotek triple array 300 refractive
index detector, and SEC-derived molecular weights are
based on calibration with linear polystyrene. FDMS,
FABMS, EIMS data were collected by the mass spec-
trometry service at the University of Illinois, and MALDI-
TOF spectra were obtained using an Applied Biosystems
Voyager-DE STR mass spectrometer. The spectra of
dendrimers were obtained in a 2-(4-hydroxyphenylazo)-
benzoic acid (HABA) matrix. Elemental analysis was
performed by the microanalytical laboratory at the
University of Illinois. Melting points were measured with
a Thomas Hoover melting point apparatus and are
uncorrected.

Detailed procedures for the determination of Kassoc values
and for performing kinetic measurements can be found in
Refs. 4 and 25.
4.2. Synthetic procedures

4.2.1. 1-[4-(4-Dimethylaminophenylazo)phenyl]-2,2,2-
trifluoroethanone (1, RZMe). A suspension containing
120 mg (640 mmol) of 6 and 1 mL of 6 N aqueous HCl was
prepared and cooled in an ice bath for 15 min. A solution of
42 mg (609 mmol) of sodium nitrite in 500 mL of distilled
water was added slowly, dropwise to the cooled suspension.
The suspension cleared to a slightly yellow solution which
was stirred for 15 min in an ice bath. This diazonium
mixture was added slowly, dropwise to an ice-cold solution
of 810 mL (6.40 mmol) N,N-dimethylaniline in 3.5 mL of
ethanol. The ethanol solution became a deep purple-red
color. The mixture was stirred in an ice bath for 3 h. The
mixture was warmed to room temperature and stirred for an
additional 1 h. Solvent was removed under vacuum, and the
red oily residue was partitioned between 100 mL of CH2Cl2
and 100 mL of saturated aqueous Na2CO3. The organic
layer was dried over Na2SO4, filtered, and evaporated to
yield a purple oily solid which was dry-loaded onto silica
gel. Flash chromatography (5% EtOAc–petroleum ether
(PE) stepped to 25% EtOAc–PE) afforded 140 mg (69%) of
1 as a shiny, crystalline purple solid. Additional purification
was accomplished by recrystallization from 20% EtOAc–
hexane: mp 159–160 8C; 1H NMR (400 MHz, CDCl3) d
8.18 (d, 1.5H, JZ7.8 Hz), 7.94 (apparent dt of AA 0XX 0, 2H,
JZ8.6, 2.2 Hz), 7.92 (apparent dt of AA 0XX 0, 2H, JZ9.0,
2.2 Hz), 6.77 (apparent d of AA 0XX 0, 2H, JZ9.2 Hz), 3.14
(s, 6H); 13C NMR (125 MHz, CDCl3) d 157.6, 153.6, 144.1,
131.6, 129.6, 126.3, 122.8, 111.7, 40.5; 19F NMR
(400 MHz, CDCl3) d K71.79; IR (film) 1700.4, 1610.7,
1595.2; UV–Vis (EtOAc) lmaxZ472; MS (EI) m/zZ321.1
(MC); Anal. Calcd for C16H10F3N3O: C, 59.81; H, 4.39; N,
13.08. Found: C, 59.61; H, 4.19; N, 12.90.

4.2.2. 1-(4-Amino-3-iodo-phenyl)-2,2,2-trifluoroetha-
none (7). To a solution of 168 mg (890 mmol) 4-amino-
a,a,a-trifluoroacetophenone 6 in 8 mL of 3 N aqueous HCl
and 2 mL water was added 40 mL (800 mmol) of iodine
monochloride. The resultant mixture was stirred at room
temperature for 12 h, at which time TLC (1:4 EtOAc–PE)
indicated nearly complete consumption of 6. The reaction
mixture was partitioned between 30 mL of EtOAc and
30 mL water, and saturated aqueous NaHCO3 was added
slowly to the suspension to neutralize. The organic layer
was separated, and the remaining aqueous layer was
extracted with 30 mL of EtOAc. The combined organic
layers were dried over anhydrous MgSO4, and then dry
loaded onto silica gel. Flash chromatography (15% EtOAc–
PE stepped to 20% EtOAc–PE) was used to isolate 154 mg
(62%) of 7 as a white solid. Further purification was
accomplished by recrystallization from 10% EtOAc–PE:
mp 114–116 8C; 1H NMR (400 MHz, CDCl3) d 8.37 (d, 1H,
JZ1.0 Hz), 7.85 (dq, 1H, JZ8.6, 0.7 Hz), 6.74 (d, 1H, JZ
8.6 Hz), 4.96 (bs, 2H); 13C NMR (125 MHz, CDCl3) d 177.3
(q, JZ34 Hz), 164.7, 153.1, 142.6, 132.5, 121.5, 117.1 (q,
JZ291 Hz), 113.2; MS (EI) m/zZ315.0 (MC), 246.0
(MCKCF3); Anal. Calcd for C8H5F3NIO: C, 30.50; H,
1.60; N, 4.45. Found: C, 30.39; H, 1.44; N, 4.33.

1-(4-Amino-3,5-diiodo-phenyl)-2,2,2-trifluoroethanone (8)
was isolated as a faster eluting side product during flash
chromatography: 1H NMR (400 MHz, CDCl3) d 8.32 (d,
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2H, JZ0.7 Hz), 5.40–5.50 (bs, 2H); MS (EI) m/zZ440.9
(MC), 371.9 (MCKCF3).

4.2.3. 1-[4-(4-Dimethylaminophenylazo)-3-iodo-phenyl]-
2,2,2-trifluoroethanone (9). A solution of 50 mg
(720 mmol) of sodium nitrite in 5 mL of deionized water
was added slowly, dropwise to 10 mL of an ice-cold
solution of 235 mg (746 mmol) of 7 in a 6 N aqueous
solution of HCl. The resulting suspension was stirred at 0 8C
until it cleared to a yellow solution. This solution was added
slowly, dropwise to an ice-cold solution of 700 mL
(5.5 mmol) N,N-dimethylaniline in 25 mL of absolute
ethanol. During the addition process, the reaction mixture
became a deep red purple color. The mixture was warmed to
room temperature and stirred for 12 h. The mixture was
concentrated to a viscous dark red oil, which was partitioned
between 50 mL of CH2Cl2 and 50 mL of saturated aqueous
NaHCO3. The aqueous layer was extracted with two
additional 50 mL portions of CH2Cl2. The combined
organic layers were evaporated with silica (dry load).
Flash chromatography (15% EtOAc–PE stepped to 25%
EtOAc–PE) afforded 145 mg (44%) of 9 as a crystalline
purple solid. Additional purification was accomplished by
recrystallization from 30% EtOAc–PE to give purple
needles: mp 142–143 8C; 1H NMR (400 MHz, CDCl3) d
8.63 (d, 1H, JZ1.0 Hz), 8.06 (d, 1H, JZ1.0 Hz), 7.97 (dt,
2H, JZ9.3, 3.2 Hz), 7.67 (d, 1H, JZ8.6 Hz), 6.77 (dt, 2H,
JZ9.3, 3.2 Hz), 3.15 (s, 6H); 13C NMR (125 MHz, CDCl3)
d 179.0 (q, JZ35.9 Hz), 156.3, 153.9, 144.2, 141.8, 131.5
(q, JZ233 Hz), 130.9, 130.9, 127.1, 117.6, 111.7, 101.0,
40.5; UV–Vis (CHCl3) lmaxZ495.5; MS (EI) m/zZ447.2
(MC); Anal. Calcd for C16H13F3N3IO: C, 42.97; H, 2.93; N,
9.40. Found: C, 42.78; H, 2.90; N, 9.14.

4.2.4. 1-[4-(4-Dimethylaminophenylazo)-3-(2,6-dimeth-
oxyphenyl) phenyl]-2,2,2-trifluoroethanone (13). To a
solution of 150 mg (0.340 mmol) 9 in 16 mL of benzene
was added 8.2 mL of a 2 M aqueous solution of Na2CO3. To
the resultant emulsion was added 16 mg (14 mmol) of
Pd(PPh3)4. The reaction mixture was charged with nitrogen,
and a solution of 125 mg (690 mmol) 12 in 20 mL of ethanol
was added via syringe. The reaction mixture was heated at
50–55 8C for 12 h. The reaction mixture was cooled to room
temperature and stirred for 12 h. TLC (15% EtOAc–PE)
indicated little formation of a new product. An additional
125 mg (690 mmol) of 12 and an additional 16 mg
(14 mmol) of Pd(PPh3)4 were added to the reaction mixture
and stirring at 50 8C continued for 12 h. The reaction
mixture was cooled to room temperature and 1 drop of 15%
(v/v) aqueous H2O2 was added. The mixture was stirred at
room temperature for 1 h and partitioned between 50 mL of
water and 50 mL of diethyl ether. The aqueous layer was
extracted with 50 mL of EtOAc. The organic layer was
dried over MgSO4 and evaporated. The product was dry
loaded onto silica gel and flash chromatography (15%
EtOAc–PE) afforded 130 mg (84%) of 13 as a purple solid.
X-ray quality crystals were obtained by dissolving 13 in
20% EtOAc–PE and storing the resultant solution at 0 8C in
a capped vial for approximately 1 month. 1H NMR
(500 MHz, CDCl3) d 8.16 (s, 1H), 8.10 (dq, JZ8.6,
1.1 Hz, 1H), 7.79 (d, 1H, JZ8.6 Hz), 7.65 (AA ‘XX’,
apparent dt, JZ9.2, 3.2 Hz, 2H), 7.35 (t, JZ8.4 Hz, 2H)
6.67 (d, 2H, JZ10.0 Hz), 6.65 (d, 2H, JZ8.4 Hz), 3.64 (s,
6H), 3.07 (s, 6H); 13C NMR (125 MHz, CDCl3) d 180.2 (q,
JZ34 Hz), 158.1, 156.1, 153.0, 144.4, 135.5, 133.6, 130.0,
129.8, 129.2, 125.9, 117.8 (q, JZ292 Hz), 116.7, 111.5,
103.9, 56.0, 40.4; UV–Vis (CH2Cl2) lmaxZ460.5 nm; MS
(FAB) m/zZ458.2 (MCHC).

4.2.5. 1-[4-(4-Dimethylaminophenylazo)-3-(3,5-dimeth-
oxyphenyl)phenyl]-2,2,2-trifluoroethanone (14). To a
solution of 100 mg (223 mmol) 9 in 11 mL of benzene was
added 5.5 mL of a 2 M aqueous solution of Na2CO3. To the
resultant emulsion was added 21 mg (18 mmol) of
Pd(PPh3)4. The reaction mixture was charged with nitrogen,
and a solution of 160 mg (880 mmol) of 10 in 25 mL of
ethanol was added via syringe. The reaction mixture was
heated at 50–55 8C for 4 h at which time TLC (CH2Cl2)
indicated complete formation of product. The mixture was
cooled to room temperature and 2 mL of a 15% (v/v)
aqueous solution of H2O2 was added. The mixture was
stirred at room temperature for an additional 1 h, and then
partitioned between 50 mL water and 50 mL CH2Cl2. The
aqueous layer was extracted with 50 mL CH2Cl2. The
combined organic layers were dried over Na2SO4 and
evaporated over silica gel (dry load). Flash chromatography
with CH2Cl2 elution afforded 82 mg (80%) of 14 as a red
solid: mp 153–155 8C; 1H NMR (400 MHz, CDCl3) d 8.25
(s, 1H), 8.11 (dq, 1H, JZ8.5, 0.7 Hz), 7.79 (apparent dt of
AA 0XX 0, 2H, JZ9.3, 3.2 Hz), 7.79 (d, 1H, JZ8.5 Hz), 6.71
(apparent dq of AA 0XX 0, 2H, JZ9.5, 3.2 Hz), 6.64 (d, 2H,
JZ2.4 Hz), 6.54 (t, 2H, JZ2.2 Hz), 3.79 (s, 6H), 3.11 (s,
6H); 13C NMR (125 MHz, CDCl3) d 180.1 (q, JZ
180.1 Hz), 160.4, 155.0, 153.4, 144.5, 140.0, 139.9, 133.0,
130.2, 129.4, 126.5, 117.4, 117.0 (q, JZ29 Hz), 109.1,
100.5, 55.6, 40.5; MS (FAB) m/zZ458.2 (MCHC).

4.2.6. 1,3-Bis-(tert-butyldimethylsilyloxy)-5-iodobenzene
(15). A solution of 2.05 g (8.70 mmol) 5-iodoresorcinol,
5.0 g (33 mmol) of tert-butyldimethylsilyl chloride, 2.0 g
(29 mmol) of imidazole, and 25 mL of DMF was stirred at
room temperature for 36 h. The reaction mixture was poured
into 80 mL of 5 8C water and the resulting suspension was
extracted twice with 80 mL portions of methylene chloride.
The combined organic layers were dried over Na2SO4,
filtered, and evaporated to yield an amber colored oil. Flash
chromatography (5% EtOAc–PE) afforded 4.03 g (100%) of
15 as a clear, slightly yellow oil: 1H NMR (400 MHz,
CDCl3) d 6.83 (d, 2H, JZ2.2 Hz), 6.27 (t, 1H, JZ2.2 Hz),
0.96 (s, 19H), 0.86 (s, 12H); 13C NMR (100 MHz, CDCl3) d
157.2, 123.1, 112.2, 93.7, 25.8, 18.4, K4.3; MS (EI) m/zZ
464.1 (MC), 407 (MCKtert-butyl).

4.2.7. 1,3-Bis-(tert-butyldimethylsilyloxy)phenylboronic
acid (16). To a solution of 3.1 g (6.7 mmol) of 15 in
40 mL of THF cooled to K78 8C was added dropwise
15 mL (10.5 mmol) of a 1.3 M solution of n-butyl lithium in
hexane. The resulting solution was stirred at K78 8C for
30 min. The cold solution was added rapidly, dropwise via a
canula to a K78 8C solution of 7 mL of triisopropyl borate
in 4 mL of THF. Care was taken to avoid contamination of
reagents with frost building up on the canula during the
dropwise addition process. The mixture was stirred for
10 min at K78 8C and at room temperature overnight. The
mixture was partitioned between 25 mL of a 1% (v/v)
aqueous solution of HCl and 250 mL EtOAc. The organic
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layer was separated and the aqueous layer was extracted
with an additional 100 mL of EtOAc. The combined organic
layers were dried over Na2SO4, filtered, and evaporated to
yield an orange oily solid. The crude product was dry loaded
onto silica and flash chromatography (15% EtOAc-PE
stepped to 35% EtOAc–PE) afforded 1.44 g (56%) of 16 as a
white powder. Additional purification was accomplished by
precipitation from 1:1 EtOAc–PE: mp 234–240 8C; 1H
NMR (400 MHz, CDCl3) d 7.29 (d, 2H, JZ2.4 Hz), 6.59 (t,
1H, JZ2.4 Hz), 1.03 (s, 18H), 0.26 (s, 12H); 13C NMR
(100 MHz, CDCl3) d 156.7, 120.2, 117.0, 26.0, 18.5, K4.1;
MS (FD) m/zZ1092 (3!MK3!H2O); Anal. Calcd for
C54H99B3O9Si6: C, 59.32; H, 9.13. Found: C, 58.36; H,
9.06.

4.2.8. 1-[4-(4-Dimethylaminophenylazo)-3-(3,5-bis(tert-
butyldimethylsilyloxy)phenyl)phenyl]-2,2,2-trifluoroeth-
anone (17). To a solution of 500 mg (1.12 mmol) of 9 in
65 mL of benzene was added 32 mL of a 2 M aqueous
solution of Na2CO3. To the resultant emulsion was added
60 mg (52 mmol; 5 mol%) of Pd(PPh3)4. The reaction
mixture was charged with nitrogen, and a solution of
490 mg (1.28 mmol) of 16 in 25 mL ethanol was added via
syringe. The mixture was heated at 50–55 8C for 3 h. The
mixture was cooled to room temperature and stirred for
12 h. TLC (20% EtOAc–PE) indicated that some 9 still
remained so an additional 10 mg (8 mmol) of Pd(PPh3)4 and
50 mg (130 mmol) of 16 was added. Heating at 50–55 8C
resumed for 2 h. The reaction mixture was cooled to room
temperature and 1 mL of a 15% (v/v) aqueous solution of
H2O2 was added. The mixture was stirred at room
temperature for 1 h, and partitioned between 100 mL of
brine and 100 mL of diethyl ether. The ether layer was
washed with 100 mL water. The combined organic layer
was dried over Na2SO4, filtered, and evaporated to a red
film. The product was dry loaded onto silica and flash
chromatography (20% EtOAc–PE stepped to 25% EtOAc–
PE) afforded product which was further purified by
precipitation from PE to afford 660 mg (89%) of 17 as a
red powder: mp 100–102 8C; 1H NMR (400 MHz, CDCl3) d
8.18 (s, 1H), 8.09 (d, 1H, JZ8.6 Hz), 7.78 (dt, 2H, JZ3.2,
9.0 Hz), 7.74 (d, 1H, JZ8.6 Hz), 6.69 (dt, 2H, JZ3.2,
9.3 Hz), 6.58 (d, 2H, JZ2.2 Hz), 6.39 (t, 1H, JZ2.2 Hz),
3.10 (s, 6H), 0.96 (s, 18H), 0.18 (s, 11H); 13C NMR
(125 MHz, CDCl3) d 180.2 (q, JZ35.0 Hz). 156.2, 155.1,
153.3, 144.7, 139.9, 139.8, 133.1, 130.0, 129.4, 126.5,
117.4, 116.2, 117.0 (q, JZ291.8 Hz), 116.2, 111.6, 40.5,
27.2, 25.9, 18.4, K4.2; UV–Vis (CHCl3) lmaxZ495.5; MS
(FAB) m/zZ658.3 (MCHC); Anal. Calcd for C34H46F3-
N3O3Si2: C, 62.07; H, 7.05; N, 6.39. Found: C, 62.02; H,
7.10; N, 6.45.

4.2.9. 1-[4-(4-Dimethylaminophenylazo)-3-[{3,5-bis[3,5-
bis(3,5-bis(3-butene-1-oxy)benzyloxy)benzyloxy]benzyl-
oxy}phenyl]-2,2,2-trifluoroethanone (18). To a solution of
680 mg (500 mmol) of 3 in 35 mL of THF was added 32 mg
(550 mmol) of potassium fluoride, 54 mg (200 mmol) of 18-
crown-6, and 163 mg (248 mmol) of 17. The resultant
solution was stirred at 60 8C for 29 h. Twice over this
period, additional portions of 32 mg (550 mmol) of potas-
sium fluoride, and 54 mg (200 mmol) of 18-crown-6 were
added to the mixture. With minimal heating, the mixture
was evaporated over silica (dry-load). Flash
chromatography (PE stepped to 50% EtOAc–PE) afforded
660 mg (88%) of 18 as a viscous red oil. Additional
purification was accomplished using preparative SEC (yield
from prep. SEC was reduced to 44%): 1H NMR (400 MHz,
CDCl3) d 8.25 (s, 1H), 8.08 (d, 1H, JZ8.8 Hz), 7.79 (d, 2H,
JZ9.3 Hz), 7.76 (d, 1H, JZ8.6 Hz), 6.76 (d, 2H, JZ
1.9 Hz), 6.71 (t, 1H, JZ2.2 Hz), 6.65 (d, 8H, JZ2.0 Hz),
6.65–6.68 (m, 4H), 6.64 (d, 2H, JZ7.3 Hz), 6.55 (d, 19H,
JZ2.0 Hz), 6.52–6.55 (bt, 6H), 6.39 (t, 9H, JZ2.2 Hz),
5.87 (ddt, 18H, JZ17.1, 10.3, 6.6 Hz), 5.14 (ddt, 19H, JZ
17.1, 1.7, 1.2 Hz), 5.08 (dd, 19H, JZ10.3, 1.7 Hz), 4.96 (s,
4H), 4.92 (s, 25H), 3.97 (t, 36H, JZ6.8 Hz), 2.92 (s, 5H),
2.51 (q, 36H, JZ6.6 Hz); 13C NMR (126 MHz, CDCl3) d
180.0 (d, JZ35.0 Hz), 160.5, 160.3, 159.5, 155.0, 144.5,
139.9, 139.5, 139.4, 139.3, 134.6, 132.9, 129.4, 128.4,
126.5, 125.5, 117.3, 117.0 (d, JZ209 Hz), 111.6, 106.7,
106.6, 106.5, 106.1, 102.0, 101.8, 101.7, 101.1, 70.4, 70.2,
67.4, 40.3, 33.8; 19F NMR (400 MHz, CDCl3) d K71.79;
UV–Vis (CHCl3) lmaxZ480; MS (MALDI-TOF) m/zZ
3004.21 (MC); 3026.7 (MCNaC); 3043.8 (MCKC).

4.2.10. 1-[4-(4-Dimethylaminophenylazo)-3-[{3,5-bis-
[3,5-bis(3,5-bis(2-propene-1-oxy)benzyloxy)benzyloxy]-
benzyloxy}phenyl]-2,2,2-trifluoroethanone (19). To
2.55 g (2.0 mmol) of 4 in 100 mL of THF was added
340 mg (5.9 mmol) of KF, 110 mg (410 mmol) of 18-crown-
6, and 530 mg (810 mmol) of 17. The mixture was heated to
60 8C for 16 h and an additional 178 mg (3.1 mmol) of KF
and 54 mg (200 mmol) of 18-crown-6 were added. The
mixture was stirred for an additional 24 h. The solvent was
removed at reduced pressure and the resultant red oil was
loaded onto a silica gel plug and eluted with 30% EtOAc–
PE. The crude product was further purified by preparative
SEC to afford 1.20 g (54%) of 19 as a red oil: 1H NMR
(400 MHz, CDCl3) d: 8.25 (d, 1H, JZ1.2 Hz), 8.09 (dd, 1H,
JZ9.6, 1.2 Hz), 7.80 (dt, 2H, JZ9.6, 2.4 Hz), 7.78 (d, 1H,
JZ8.8 Hz), 6.77 (d, 2H, JZ2.4 Hz), 6.66 (d, 8H, JZ
2.0 Hz), 6.58 (d, 18H, JZ2.4 Hz), 6.58 (d, 1H, JZ2.4 Hz),
6.44 (t, 8H, JZ2.4 Hz), 6.03 (ddt, 16H, JZ17.2, 10.4,
5.2 Hz), 5.34 (ddt, 16H, JZ17.2, 1.6, 1.2 Hz), 5.27 (ddt,
16H, JZ10.4, 1.6, 1.2 Hz), 4.94 (s, 24H), 4.50 (dt, 32H, JZ
5.2, 1.6 Hz), 2.94 (s, 6H); 13C NMR (100 MHz, CDCl3) d:
160.3, 160.2, 160.1, 159.5, 153.3, 144.5, 139.5, 139.2,
133.3, 129.4, 118.0, 111.7, 106.7, 106.6, 106.5, 106.4,
101.8, 101.7, 101.5, 70.4, 70.2, 69.1, 40.3; 19F NMR
(500 MHz, CDCl3) d: K71.40; UV–Vis (THF) lmaxZ
480.5; MS (MALDI-TOF) m/z 2782.0 (MC), 2805.0 (MC
NaC), 2821.4 (MCKC); SEC (THF) calcd MWZ3380.
Additionally 207 mg (21%) of the monoalkylated product
was obtained as a red oil: 1H NMR d 8.25 (d, 1H, JZ
1.2 Hz), 8.09 (dd, 1H, JZ9.6, 1.2 Hz), 7.80 (dt, 2H, JZ9.6,
2.4 Hz), 7.78 (d, 1H, JZ8.8 Hz), 6.77 (d, 2H, JZ2.4 Hz),
6.66 (d, 4H, JZ2.0 Hz), 6.58 (d, 9H, JZ2.4 Hz), 6.58 (d,
1H, JZ2.4 Hz), 6.44 (t, 4H, JZ2.4 Hz), 6.03 (ddt, 8H, JZ
17.2, 10.4, 5.2 Hz), 5.34 (ddt, 8H, JZ17.2, 1.6, 1.2 Hz),
5.27 (ddt, 8H, JZ10.4, 1.6, 1.2 Hz), 4.94 (s, 12H), 4.50 (dt,
16H, JZ5.2, 1.6 Hz), 2.94 (s, 6H).

4.2.11. {4-[4-(1-Butylimino-2,2,2-trifluoroethyl)phenyl-
azo]phenyl}dimethylamine (22). To a solution of 150 mg
(467 mmol) of 1 in 8 mL of CH2Cl2 was added 150 mL
(1.52 mmol) of n-butyl amine. The resultant mixture was
cooled over an ice bath, and 260 mL (260 mmol) of a 1.0 M
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CH2Cl2 solution of titanium tetrachloride was added slowly,
dropwise. During the dropwise addition process, the
solution became a lighter orange-red color and much
vapor evolved. The mixture warmed to room temperature,
and stirred for 12 h. An additional 100 mL (1.00 mmol) of
n-butyl amine and 240 mL (0.240 mmol) of a 1.0 M titanium
tetrachloride solution in CH2Cl2 were added to the mixture
which was stirred at room temperature for 2 h. The mixture
was filtered through a celite plug, the solvent was
evaporated, and the orange-red residue was re-dissolved in
diethyl ether. The solution was passed through another
celite plug, and solvent was evaporated to afford 171 mg
(97%) of 22 as a waxy, semi-crystalline red solid: mp 73–
74 8C; 1H NMR (400 MHz, CDCl3) d 7.91 (d, 2H, JZ
8.1 Hz), 7.91 (d, 2H, JZ9.0 Hz), 7.35 (d, 2H, JZ8.3 Hz),
6.76 (apparent d of AA 0XX 0, 2H, JZ9.0 Hz), 3.44 (td, 2H,
JZ7.1, 1.7 Hz), 3.10 (s, 6H), 1.66 (quintet, 2H, JZ7.3 Hz),
1.31 (sextet, 2H, JZ7.8 Hz), 0.89 (t, 3H, JZ7.3 Hz); 13C
NMR (100 MHz, CDCl3) d 157.9 (d, JZ34 Hz), 154.1,
153.0, 143.7, 130.9, 128.8, 125.6, 123.1 (q, JZ300 Hz),
122.5, 111.6, 53.4, 40.5, 32.5, 20.6, 14.0; IR (film) 1700.4,
1610.7, 1595.2; MS (EI) m/zZ376.3 (MC).

4.2.12. N,N 0-Bis-{1-[4-(4-dimethylaminophenylazo)-3-
[{3,5-bis[3,5-bis(3,5-bis(3-buteneoxy)benzyloxy)benzyl-
oxy]benzyloxy}phenyl]-phenyl]-2,2,2trifluoroethylid-
ene}butane-1,4-diamine (23). A solution of 19 mg
(73 mmol) of triphenylphosphine in 1 mL of diethyl ether
was added in portions to a solution of 5 mg (40 mmol) of
1,4-diazidobutane in 1 mL of diethyl ether. The resulting
solution was stirred at 35 8C for 2.5 h. Ether was evaporated
and the residue was immediately combined with a solution
of 225 mg (75 mmol) of 18 in 5 mL of benzene. The
resultant mixture was refluxed for 17 h, cooled to room
temperature, and the solvent removed to afford an orange oil
which was partially purified on a silica plug eluting with a
solvent mixture of 40% EtOAc–0.5% triethylamine-PE. The
eluted orange-red material was further purified using
preparative SEC. SEC fractions containing pure dendrimer
were concentrated, and fractions containing impure den-
drimer were subjected to additional preparative SEC runs.
The combined purified fractions afforded 180 mg (69%) of
23 as an orange oil: 1H NMR (400 MHz, CDCl3) d 7.79 (d,
4H, JZ9.0 Hz), 7.73 (d, 2H, JZ8.3 Hz), 7.44 (s, 2H), 7.23
(dd, 2H, JZ6.8, 1.2 Hz), 6.76 (d, 4H, JZ2.2 Hz), 6.69 (bt,
2H, JZ1.8 Hz), 6.65 (d, 30H, JZ2.2 Hz), 6.64 (d, 4H, JZ
10 Hz), 6.55 (d, 36H, JZ2.2 Hz), 6.54 (t, 12H, JZ2.4 Hz),
6.40 (t, 18H, JZ2.2 Hz), 5.87 (ddt, 32H, JZ17.1, 10.5,
6.6 Hz), 5.15 (ddt, 34H, JZ17.1, 1.7, 1.5 Hz), 5.09 (ddt,
34H, JZ10.3, 1.7, 1.2 Hz), 4.94 (s, 8H), 4.92 (s, 50H), 3.97
(t, 72H, JZ6.6 Hz), 3.49 (bt, 4H), 2.89 (s, 12H), 2.50 (q,
72H, JZ6.6 Hz), 1.72 (m, 4H); 13C NMR (126 MHz,
CDCl3) d 160.5, 160.3, 159.5, 139.5, 139.3, 139.2, 134.6,
129.7, 125.9, 117.3, 111.6, 106.7, 106.1, 101.8, 101.6,
101.1, 70.4, 70.2, 67.4, 40.2, 33.8, 28.3; 19F NMR
(400 MHz, CDCl3) d K71.46; UV–Vis (CHCl3) lmaxZ
435.5; MS (MALDI-TOF) m/zZ6061.99 (MC); 6085.57
(MCNaC); 6100.91 (MCKC).

4.2.13. N,N 0-Bis-{1-[4-(4-dimethylaminophenylazo)-3-
[{3,5-bis[3,5-bis(3,5-bis(2-propeneoxy)benzyloxy)benz-
yl-oxy]benzyloxy}phenyl]-phenyl]-2,2,2-trifluoroethyli-
dene}-butane-1,4-diamine (24). 1,4-Butanediamine, N,N 0-
bis(triphenylphosphoranylidene) was prepared by dis-
solving 70 mg (500 mmol) of 1,4-diazidobutane in 20 mL
of diethyl ether and adding 260 mg (1.00 mmol) of
triphenylphosphine. The mixture was heated to 30 8C for
5 h, cooled to room temperature, and evaporated to afford
crude yellow crystals weighing 300 mg (100%): 1H NMR d
7.61 (m, 12H), 7.46 (m, 6H), 7.39 (m, 12H), 3.03 (dt, 4H,
JZ18.5, 3.5 Hz), 1.58 (q, 4H, JZ3.5 Hz); MS (FD) m/z 609
(MC). To a solution of 300 mg (110 mmol) of 19 in 10 mL
of benzene was added 33 mg (54 mmol) of the bis-phosphor-
anylidene. The mixture was heated at 65 8C for 24 h, cooled
to room temperature, and the benzene evaporated. The
crude product was subjected to a silica gel plug eluted with
50% EtOAc–PE. The crude product purified by preparative
SEC to afford 97 mg (32%) of 24 as an orange oil: 1H NMR
(500 MHz, CDCl3) d 7.76 (d, 4H, JZ9.0 Hz), 7.71 (d, 2H,
JZ1.5 Hz), 7.41 (dd, 2H, JZ8.0, 1.5 Hz), 7.22 (dd, 2H, JZ
8.0, 1.5 Hz), 6.74 (d, 4H, JZ2.0 Hz), 6.63 (d, 28H, JZ
2.0 Hz), 6.55 (d, 32H, JZ2.0 Hz), 6.51 (t, 14H, JZ2.0 Hz),
6.41 (t, 16H, JZ2.0 Hz), 6.00 (ddt, 32H, JZ17.5, 10.5,
5.5 Hz), 5.36 (ddt, 32H, JZ17.5, 1.5, 1.5 Hz), 5.24 (ddt,
32H, JZ10.5, 1.5, 1.5 Hz), 4.91 (s, 48H), 4.99 (s, 8H), 4.47
(dt, 64H, JZ5.5, 1.5 Hz), 3.47 (m, 4H), 2.88 (s, 12H), 1.70
(m, 4H); 13C NMR (100 MHz, CDCl3) d 160.3, 160.2,
160.1, 159.5, 139.4, 139.3, 125.9, 106.7, 106.4, 101.9,
101.6, 70.2, 69.1, 69.0, 40.2; 19F NMR (500 MHz, CDCl3) d
K70.869; MS (MALDI-TOF) m/z 5615.6 (MC), 5638.4
(MCNaC), 5650.8 (MCKC); SEC (toluene) MWPSZ
5616.

4.2.14. Cross-linking of dendrimer 23 (26). To a solution
of 110 mg (18 mmol) of 23 in 1.8 L of benzene was added
38 mg (46 mmol, 8 mol% per alkene) of 25. The resulting
solution was stirred at room temperature for 24 h. The
mixture was slowly poured through a silica gel plug with
benzene. A dark black layer remained on the top of the silica
plug. An orange band was eluted from this top layer with
500 mL of 5% EtOAc–CH2Cl2. The orange colored eluent
was collected and evaporated to a thick brown oil. The crude
product was redissolved in 250 mL of benzene and filtered
through another silica gel plug using 5% EtOAc–CH2Cl2 as
the eluent. Concentration of the orange colored eluent
afforded an orange oil. Two successive preparative SEC
columns afforded 60 mg (60%) of 26 as a yellow-orange oil:
1H NMR (400 MHz, CDCl3) d 7.80–7.60 (bs, 8H), 6.70–
6.20 (bd, 85H), 6.00–5.80 (bs, 8H), 5.70–5.40 (bs, 28H),
5.20–5.00 (bs, 13H), 5.00–4.40 (bs, 55H), 4.10–3.60 (s,
64H), 3.60–3.50 (bs, 12H), 2.90–2.60 (bs, 14H), 2.60–2.20
(bs, 61H); 19F NMR (400 MHz, CDCl3) dK70.93, K71.40;
UV–Vis (CHCl3) lmaxZ436.5; MS (MALDI-TOF) m/zZ
5640.0 (16 cross-linksCNaC), 5667.0 (15 cross-linksC
NaC), 5694.3 (14 cross-linksCNaC), 5706.6 (14 cross-
linksCKC).

4.2.15. Cross-linking of dendrimer 24 (27). To a solution
of 140 mg (25 mmol) of 24 in benzene was added 53 mg
(64 mmol, 8 mol% per alkene) of 25. The reaction was
stirred at room temperature for 24 h and slowly poured
through a 3 cm !3 in. silica gel plug equilibrated with
benzene. The column was eluted with 1.0 L of 5% EtOAc–
CH2Cl2. The brown colored eluent was collected and
evaporated to an brown oil which was redissolved in
500 mL benzene and filtered through another silica gel plug
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eluting with 5% EtOAc–CH2Cl2. The product was evapor-
ated to an orange oil. Two successive preparative SEC
columns afforded 98 mg (76%) of 27 as a yellow-orange oil:
1H NMR (400 MHz, CDCl3) d 7.80–7.60 (bs, 10H), 6.70–
6.20 (bd, 94H), 6.00–5.60 (bs, 32H), 5.20–5.00 (bs, 56H),
5.00–4.40 (bs, 64H), 3.60–3.10 (bs, 4H), 2.90–2.60 (bs,
12H), 1.80–1.60 (bs, 4H); 19F NMR (400 MHz, CDCl3) d
K70.88, K71.34; UV–Vis (THF) lmaxZ443.5; MS
(MALDI-TOF) m/zZ5186.4 (16 cross-linksCNaC),
5214.5 (15 cross-linksCNaC), 5230.6 (15 cross-linksC
KC), 5242.6 (14 cross-linksCNaC); SEC (toluene)
MWPSZ2460.

4.2.16. Cross-linked dendrimeric host 28. To a solution of
60 mg (11 mmol) of 26 in 20 mL of THF was added 10 mL
of 1% (v/v) aqueous solution of HCl. The mixture quickly
turned from orange-yellow to red and 1 mL of CHCl3 was
added to ensure homogeneity. The mixture was stirred at
room temperature for 15 h. The mixture was poured into
25 mL of a 10% (v/v) aqueous solution of HCl. The
resulting suspension was extracted three times with 20 mL
of CHCl3. The combined organic layers were washed with a
saturated aqueous solution of sodium bicarbonate. The
organic layer was dried over anhydrous Na2SO4, filtered,
and evaporated to 46 mg (65%) of 28 as a red film.
Purification (with some loss in yield) was accomplished by
silica gel flash chromatography using 10% EtOAc–CH2Cl2
as the eluent: 1H NMR (400 MHz, CDCl3) d 8.30–7.90 (bd),
7.80–7.60 (bs, 1H), 6.80–6.00 (bd, 27H), 6.00–5.70 (bs,
2H), 5.70–5.10 (bs, 8H), 5.20–5.00 (bs, 3H), 5.00–4.40 (bs,
16H), 4.10–3.50 (s, 20H), 2.90–2.60 (bs, 2H), 2.60–2.20 (bs,
20H); 19F NMR (400 MHz, CDCl3) d K70.62, K71.44;
UV–Vis (THF) lmaxZ480.0, 3 (475 nm)Z25,400 MK1;
MS (MALDI-TOF) m/zZ5585.4 (16 cross-linksCNaC),
5612.0 (15 cross-linksCNaC), 5639.7 (14 cross-linksC
NaC), 5667.7 (13 cross-linksCNaC).

4.2.17. Cross-linked dendrimeric host 29. To a solution of
17 mg (3 mmol) of 27 in 10 mL of THF was added 5 mL of a
1% (v/v) aqueous solution of HCl and 1 mL of CHCl3. The
reaction mixture was stirred at room temperature for 5 min.
The mixture was poured into 10 mL of a 10% (v/v) aqueous
solution of HCl. The resultant residue was extracted three
times with 10 mL of CHCl3. The combined organic layers
were washed with a saturated aqueous solution of sodium
bicarbonate, dried over sodium sulfate, filtered, and
evaporated. The crude product was loaded onto a silica
gel column (5!15 cm2) eluting with 1 L of 10% EtOAc–PE
to afford 14 mg (82%) of 29 as a red oil: 1H NMR
(400 MHz, CDCl3) d 7.80–7.20 (bs, 10H), 6.70–6.10 (bs,
94H), 6.10–5.70 (bs, 32H), 5.00–4.80 (bs, 56H), 4.80–4.40
(bs, 64H), 2.90–2.60 (s, 12H); 19F NMR (400 MHz, CDCl3)
d K70.62; UV–Vis (THF) lmaxZ477.0; MS (MALDI-
TOF) m/zZ5135.2 (16 cross-linksCNaC), 5162.2 (15
cross-linksCNaC), 5178.2 (15 cross-linksCKC); SEC
(toluene) MWPSZ2920.

4.2.18. 1,3-Bis(azidoethyl)benzene (31). To a solution of
1.9 g (5.9 mmol) of 1,3-benzenediethanol dimethane-sul-
fonate in 15 mL of DMF was added 0.95 g (15 mmol) of
sodium azide. The resultant mixture was stirred at 50 8C for
12 h, cooled to room temperature, and partitioned between
50 mL of ether and 100 mL of water. The aqueous layer was
extracted with 50 mL of ether, and the combined organic
layers were washed with 50 mL of a saturated aqueous
solution of sodium bicarbonate. The organic layers were
dried over Na2SO4, filtered, and evaporated to yield a
yellow oil. Flash chromatography using 25% EtOAc–PE as
the eluent isolated 820 mg (63%) 31 as a clear oil: 1H NMR
(400 MHz, CDCl3) d 7.28 (t, 1H, JZ7.6 Hz), 7.11 (dd, 2H,
JZ7.6, 1.5 Hz), 7.08 (t, 1H, JZ1.5 Hz), 3.51 (t, 4H,
JZ7.1 Hz), 2.89 (t, 4H, JZ7.1 Hz); MS (EI) m/zZ131.8
(MK2N3).

4.2.19. N,N 0-Bis-{1-[4-(4-dimethylaminophenylazo)-3-
[{3,5-bis[3,5-bis(3,5-bis(3-buteneoxy)benzyloxy)benzyl-
oxy]benzyloxy}phenyl]-phenyl]-2,2,2-trifluoroethylid-
ene}-1,3-bis(aminoethyl)benzene (32). A solution of
25 mg (95 mmol) of triphenylphosphine in 2 mL of diethyl
ether was added in portions to a solution of 10 mg (46 mmol)
of 31 in 1 mL of diethyl ether. The resulting solution was
stirred at 35 8C for 2.5 h. The solvent was evaporated and
the residue was immediately combined with a solution of
410 mg (136 mmol) 18 in 10 mL of benzene. The mixture
was refluxed for 24 h, cooled to room temperature and
concentrated to an orange oil which was partially purified on
a silica plug eluting with a solvent mixture of 30% EtOAc–
0.1% triethylamine-PE. The eluted orange-red material was
further purified using preparative SEC. SEC fractions
containing pure dendrimer were concentrated, and fractions
containing impure dendrimer were subjected to additional
preparative SEC runs. Combined purified fractions from all
SEC runs provided 120 mg (42%) of product as an orange
oil: 1H NMR (400 MHz, CDCl3) d 7.75 (d, 4H, JZ9.0 Hz),
7.57 (d, 2H, JZ8.1 Hz), 7.20 (s, 2H), 7.08 (t, 1H, JZ
7.4 Hz), 6.89 (d, 2H, JZ7.6 Hz), 6.84 (s, 1H), 6.76 (dd, 2H,
JZ8.3, 1.5 Hz), 6.69 (d, 5H, JZ2.0 Hz), 6.66 (bt, 2H, JZ
2.0 Hz), 6.63 (d, 27H, JZ2.2 Hz), 6.60 (d, 4H, JZ9.3 Hz),
6.53 (d, 35H, JZ2.2 Hz), 6.54 (m, 14H), 6.40 (t, 17H, JZ
2.2 Hz), 5.85 (ddt, 32H, JZ17.1, 10.3, 6.6 Hz), 5.13 (ddt,
35H, JZ17.1, 1.9, 1.5 Hz), 5.06 (ddt, 35H, JZ10.3, 1.9,
1.2 Hz), 4.94 (s, 8H), 4.92 (s, 48H), 3.97 (t, 70H, JZ
6.8 Hz), 3.67 (t, 2H, JZ6.9 Hz), 2.91 (t, 4H, JZ6.9 Hz),
2.87 (s, 10H), 2.51 (qt, 72H, JZ6.8, 1.4 Hz); 13C NMR
(126 MHz, CDCl3) 160.4, 160.3, 159.4, 152.8, 151.4, 144.2,
140.3, 139.5, 139.3, 139.2, 134.6, 130.5, 129.6, 128.8,
128.6, 127.3, 125.9, 117.3, 111.6, 110.6, 106.7, 106.1,
101.8, 101.6, 101.1, 70.3, 70.2, 67.4, 55.0, 40.2, 33.7, 27.2;
19F NMR (400 MHz, CDCl3) d K70.99; UV–Vis (CHCl3)
lmaxZ436.5; MS (MALDI-TOF) m/zZ6137.1 (MC);
6159.2 (MCNaC); 6174.1 (MCKC).

4.2.20. Cross-linked dendrimeric host 32. To a solution of
110 mg (18 mmol) of the dendrimer described in Section
4.2.19 in 1.7 L of benzene was added 38 mg (46 mmol, 8%
per mol alkene) of 25. The resulting solution was stirred at
room temperature for 24 h and slowly poured through a
3 cm !3 in. silica gel plug that was pre-equilibrated with
benzene. A dark black layer remained on the top of the silica
plug. An orange band was eluted from this top layer with
500 mL of 3% EtOAc–CH2Cl2. The orange colored eluent
was collected and evaporated to a thick brown oil. Two
successive preparative SEC columns afforded 31 mg (30%)
of cross-linked dendrimer as a yellow-orange oil: 1H NMR
(400 MHz, CDCl3) d 7.80–7.40 (bs), 6.90–6.00 (bd, 85H),
6.00–5.80 (bs, 1H), 5.70–5.40 (bs, 27H), 5.20–5.00 (bs, 3H),
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5.00–4.30 (bs, 42H), 4.10–3.00 (s, 64H), 3.00–2.60 (bs, 5H),
2.60–2.00 (bs, 48H); 19F NMR (400 MHz, CDCl3) d
K70.93; UV–Vis (CHCl3) lmaxZ438.5; MS (MALDI-
TOF) m/zZ5688.1 (16 cross-links), 5713.0 (16 cross-
linksCNaC), 5739.0 (15 cross-linksCNaC). To a solution
of 30 mg (5.2 mmol) of the dendrimer prepared above in
10 mL of THF was added 5 mL of a 1% (v/v) aqueous
solution of HCl. The mixture quickly turned from orange-
yellow to red and 1 mL of CHCl3 was added to ensure
homogeneity. The mixture was stirred at room temperature
for 4 h and poured into 10 mL of a 10% (v/v) aqueous
solution of HCl. The resulting suspension was extracted
three times with 30 mL CHCl3. The combined organic
layers were washed with a saturated aqueous solution of
sodium bicarbonate, dried over Na2SO4, filtered, and
evaporated to a red oil. Flash chromatography (10%
EtOAc–CH2Cl2) afforded 17.4 mg (60%) of 32 as a red
film: 1H NMR (400 MHz, CDCl3) d 8.40–7.80 (bd, 2H),
7.80–7.40 (bs, 5H), 6.80–6.00 (bd, 90H), 6.00–5.70 (bs,
3H), 5.70–5.10 (bs, 32H), 5.20–5.00 (bs, 4H), 5.00–4.40 (bs,
54H), 4.10–3.60 (s, 64H), 2.90–2.60 (bs, 8H), 2.60–2.20 (bs,
66H); 19F NMR (400 MHz, CDCl3) d K70.62, K71.44;
UV–Vis (THF) lmaxZ480.0, 3 (475 nm)Z25,400 MK1;
MS (MALDI-TOF) m/zZ5585.4 (16 cross-linksCNaC),
5612.0 (15 cross-linksCNaC), 5639.7 (14 cross-linksC
NaC), 5667.7 (13 cross-linksCNaC). 19F NMR (400 MHz,
CDCl3) d K70.64, K71.28; UV–Vis (THF) lmaxZ480.0, 3
(475 nm)Z26,000 MK1; MS (MALDI-TOF) m/zZ5558.8
(16 cross-links), 5582.9 (16 cross-linksCNaC), 5599.6 (16
cross-linksCKC), 5612.7 (15 cross-linksCNaC), 5628.9
(15 cross-linksCKC).
4.2.21. Cross-linked dimeric dendron (33). To a solution
of 110 mg (36 mmol) 18 in 15 mL of benzene was added
38 mg (46 mmol, 8 mol% per alkene) of 25. The resulting
solution was stirred under a reflux condenser at room
temperature for 24 h. Every 5–6 h, dry nitrogen gas was
bubbled into the reaction mixture for five to ten min. The
mixture was slowly poured through a 3 cm!3 in. silica gel
plug that was pre-equilibrated with benzene. A dark red
layer remained on the top of the silica plug. A red band was
eluted from this top layer with 500 mL of 20% EtOAc–
CH2Cl2. The red colored eluent was collected and
evaporated to a red film. Preparative SEC afforded 10 mg
of 33 as a red-oily film. Additional purification was
achieved using flash chromatography with 20% EtOAc–
CH2Cl2: 1H NMR (400 MHz, CDCl3) d 8.30–8.20 (bs, 1H),
8.15–8.00 (bs, 2H), 7.80–7.60 (bs, 4H), 6.80–6.00 (bd,
67H), 6.00–5.80 (bs, 3H), 5.70–5.40 (bs, 23H), 5.20–5.00
(bs, 3H), 5.00–4.30 (bs, 40H), 4.10–3.80 (s, 43H), 3.00–2.60
(bs, 12H), 2.60–2.20 (bs, 47H); 19F NMR (400 MHz,
CDCl3) d K71.33; UV–Vis (CHCl3) lmaxZ438.5; MS
(MALDI-TOF) m/zZ5560.6 (16 cross-links), 5584.9 (16
cross-linksCNaC), 5600.9 (16 cross-linksCKC), 5612.9
(15 cross-linksCNaC), 5629.5 (15 cross-linksCKC).
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Abstract—In our continuing efforts into designing boronic acid-based sensors that recognize cell-surface carbohydrates, it has been
necessary to examine various factors that affect the binding affinity between a boronic acid moiety and a diol. The current prevailing view is
that the strongest boronic acid/diol complexes are generated by a combination of high solution pH and a low boronic acid pKa. However,
there has never been a systematic examination of the relationship among the binding constants, boronic acid pKa, and the pH of the solution.
Herein we report our findings with a series of 25 arylboronic acids with various substituents and their binding affinities with diols. We have
found that (1) the relationship between the pKa of monosubstituted phenylboronic acid and its substituents can be described using a Hammet
plot; (2) the optimal pH for binding is not always above the pKa of the boronic acid, and is affected by the pKa values of the boronic acid and
the diol, and other unknown factors; and (3) the general belief that boronic acids with lower pKa values show greater binding affinities for
diols is not always true.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The formation of a boronic ester from a boronic acid and a
diol is likely the strongest single-pair reversible functional
group interaction in an aqueous environment among organic
compounds that can be readily used for the construction of
molecular receptors. The binding of phenylboronic acid
with catechol, for example, has an equilibrium constant of
about 800 MK1.1,2 Consequently, boronic acids have been
used as the recognition moiety in the construction of sensors
for saccharides,3–13 as nucleotide and carbohydrate trans-
porters,14–21 and as affinity ligands for the separation of
carbohydrates and glycoproteins.22–29 Appropriately
designed boronic acid compounds also have shown potential
as antibody mimics targeted on cell-surface carbo-
hydrates.30–32 Critical to furthering these efforts is an
understanding of the effect of various factors on the relative
stability of boronate esters.33 We are able to accurately
determine boronic acid/diol binding affinities through a
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.051
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recently developed fluorescent method that is not limited by
the requirement for a fluorescent boronic acid.1,2 This was
accomplished with the addition of a fluorescent reporter
compound, Alizarin Red S. This three-component, com-
petitive method allowed us to determine the binding
constants for a series of diols with phenylboronic acid and
corrected several literature mistakes regarding the strength
of boronic acid–diol interactions.

In our efforts to design boronic acid-based fluorescent
sensors that recognize cell-surface carbohydrates as bio-
markers, we are interested in examining various factors that
affect the binding affinity between a boronic acid and a diol.
Such information will undoubtedly assist our efforts to
optimize the binding affinity and specificity of potential
fluorescent sensors.

It has been commonly believed that the higher the pH, the
higher the binding constant between a boronic acid and a
diol. It is also assumed that boronic acids with lower pKa

values have higher affinities. Although some of our earlier
work has indicated that this is probably not true,1 there has
never been a systematic examination of the relationship
among the binding constants, boronic acid and diol pKa

values, and the pH of the solution. Herein we report our
findings with a series of 25 arylboronic acids with various
substituents and selected binding affinities with a series of
Tetrahedron 60 (2004) 11205–11209
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diols at varying pH values. We have found that: (1) the pKa

of monosubstituted boronic acids can be predicted based on
the substituent effect using a Hammet plot; (2) the optimal
pH for binding is not always above the pKa of the boronic
acid, instead it is related to both the pKa values of the
boronic acid and the diol, although in an imprecise manner
that cannot be directly predicted; and (3) the common belief
that boronic acids with lower pKa values have greater
binding affinities at neutral pH is not always true.
Table 1. The pKa values of a series of substituted phenylboronic acid
compounds

Arylboronic acid pKa

2-Methoxyphenylboronic acid 9.0
3-Aminophenylboronic acid 8.9
Phenylboronic acid 8.8
2. Experimental

2.1. General methods

Alizarin Red S and arylboronic acids were purchased from
Acros, Asymchem, Frontier Scientific and Aldrich, and
were used as received. Sugars, buffers, and diols were
bought from Aldrich and Acros, and were used as received.
Water used for the binding studies was doubly distilled and
further purified with a Milli-Q filtration system.

A Shimadzu RF-5301PC fluorometer was used for all
fluorescent studies. A Shimadzu UV-1601 UV–visible
spectrophotometer was used for the pKa determination.
Quartz cuvettes were used in all studies.

2.2. pKa and binding constant determination

The method for the binding constant determination has
been published before by our group.1 To a solution of
9.0!10K6 M ARS, enough boronic acid was added to keep
about 20% of the ARS in free form as measured by
fluorescence1 and the solution was brought to the correct pH
in 0.10 M phosphate buffer (Solution A). Then sugar was
added to a portion of solution A so that about 80% of the
ARS was in free form (Solution B). Solution B was then
titrated into solution A to make mixtures with a constant
concentration of ARS and PBA and a range of concen-
trations of diol. In general, eight different concentrations
were made in order to cover as much of the binding curve as
possible. Each mixture was allowed to stand for at least
5 min. Then 3.5 mL of the mixture was transferred into a
cuvette for fluorescence measurement.
Figure 1. The pKa of phenylboronic acid (PBA) can be determined by the
absorbance change at 268 nm that occurs upon conversion from the trigonal
form (low pH) to the tetrahedral form (high pH). %, PBA (1.0!10K3 M) in
0.10 M phosphate buffer.
The apparent pKa of each boronic acid was determined by
observing the UV absorption changes that occur upon the
hybridization change from the acidic trigonal form to the
basic tetrahedral form (Fig. 1).34
3. Results and discussions

3.1. Effect of substituents on pKa of boronic acids

To determine the effect of different boronic acid acidities
upon binding, we chose to examine a series of arylboronic
acids with different substituents and two N-alkylated
pyridinium boronic acids. At the extremes of this series
were the electron rich 2-methoxyphenylboronic acid with
the highest pKa at 9.0, and the cationic N-benzylpyridinium
boronic acid with the lowest pKa at 4.2 (Table 1). With the
pKa values of these boronic acids spanning about 5 pKa

units, its effect on the binding constants could be examined
over a wide range. As expected, electron-withdrawing
groups decreased the pKa and electron-donating groups
increased their pKa. However, it does seem that the effect of
electron donating groups is marginal compared with the
electron withdrawing groups. For example, the pKa of
2-methoxyphenyl boronic acid is only 0.2 pKa units higher
than that of phenylboronic acid (8.8), while the pKa of
3-nitrophenyl boronic acid is 1.7 pKa units lower than that
of phenylboronic acid (Table 1). In an effort to gain a
quantitative appreciation of the effect of different sub-
stituents, the Hammet values for different substituents35

were plotted against the experimentally determined
apparent pKa values. A linear correlation was observed,
and the measured slope of 2.1 is consistent with the
formation of an anionic species as the final product (Fig. 2).
Although the pKa values of many boronic acids have been
reported in the literature,12,36 there has never been a
systematic study examining such a large number of
4-Fluorophenylboronic acid 8.6
2,4-Dichlorophenylboronic acid 8.5
4-Bromophenylboronic acid 8.8
4-Aminomethylphenylboronic acid 8.3
3-Pyridinylboronic acid 8.1
4-Pyridinylboronic acid 8.0
4-Carboxyphenylboronic acid 8.0
3-Acetylphenylboronic acid 8.0
3-Chloro-4-fluorophenylboronic acid 7.8
3-Formylphenylboronic acid 7.8
4-Acetylphenylboronic acid 7.7
4-Formylphenylboronic acid 7.6
2,4-Difluorophenylboronic acid 7.6
3-Nitrophenylboronic acid 7.1
2,5-Difluorophenylboronic acid 7.0
3,4,5-Triflurophenylboronic acid 6.8
2,3,4-Trifluorophenylboronic acid 6.8
2,4,5-Trifluorophenylboronic acid 6.7
2-Dimethylaminomethylphenylboronic acid 6.7
2-Fluoro-5-nitrophenylboronic acid 6.0
N-Methyl-3-pyridiniumboronic acid 4.4
N-Benzyl-3-pyridiniumboronic acid 4.2



Figure 2. pKa versus s for substituted arylboronic acid compounds.
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analogues. The availability of these pKa data will serve as a
baseline reference for the future design of boronic acid
sensors with optimal affinity and specificity at physiological
pH.
3.2. Binding affinities between arylboronic acids and
sugars

As mentioned earlier, it has been generally believed
that37–40 (1) higher pH favors the binding between boronic
acid and a diol, (2) the pH needs to be above the pKa of the
boronic acid to see meaningful binding, and (3) more acidic
boronic acids bind more tightly with diols. However, in our
earlier studies the pH binding profile of phenylboronic acid
with Alizarin Red S showed an optimum at pHw7 (the
binding constant is 1500 MK1 at pH 7, 1100 MK1 at pH 7.5,
and 450 MK1 at pH 8.5).1 It is clear that at a pH above the
pKa of phenylboronic acid (8.8, Table 1), the binding
constant is expected to be much lower than the optimal
observed.1 To further explore the theoretical basis for the
pH dependence of the binding constants, we were interested
in acquiring a further understanding of the relationship
between proton concentration and the different equilibria
involved. There are three acids in this mixture of boronic
acid and diol. The first one is, of course, boronic acid itself
(Scheme 1). The second one is the ester, which is often
much more acidic than the acid, and the third is the diol.
Although simple alcohols have pKa values in the range of
16, vicinal diols are often much more acidic. For example,
Scheme 1. The relationships between phenylboronic acid and its diol ester.
Keq–tert and Keq–trig are the equilibrium constants of tetrahedral and trigonal
forms of the boronic acid.
the pKa of glucose and fructose is about 12.41 For catechol,
the pKa is about 9.3.41 The lower pKa of vicinal diols is
presumably due to a combination of the hydrogen-bonding
stabilization of the oxyanion in the deprotonated form by the
neighboring hydroxyl group and the inductive electron-
withdrawing effect of a neighboring oxygen. Based on these
acid-based equilibria, two independent laboratories37–40

have proposed that the optimal pH should be between the
pKa values of the boronic acid and diol (Eq. 1).

pHoptimal Z ðpKa�acid CpKa�diolÞ=2 (1)

The prediction from Eq. 1 for the optimal binding of
Alizarin Red S. with phenylboronic acid (6.4, the pKa of
Alizarin Red S. is 4 and the pKa of PBA is 8.8) is consistent
with the experimental data which reaches a maximum at
between pH 6.6–7.1 To further test this idea, the optimal pH
for the binding of several boronic acids and Alizarin Red S.
has been studied. The results shown in Table 2 demonstrate
two points. First, the optimal pH does not necessarily need
to be above the boronic acid pKa. As a matter of fact, the
optimal pKa in the binding of all boronic acids tested with
Alizarin Red S was below the pKa of the boronic acids due
to the low pKa of Alizarin Red S. Second, Eq. 1 does not
accurately predict the numerical values of the optimal pH.
This is understandable since the equation does not take into
consideration the effects of the solvent, buffer, and other
intermolecular interactions such as sterics, hydrogen bond-
ing, etc. Therefore, Eq. 1 can only be used as the basis to
make an approximate estimation of the optimal pH.
However, it is not suitable to be used for the quantitative
prediction of the optimal pH.

In an effort to examine the relationship among pKa, pH, and
binding constants in a broader sense, the binding constants
were determined for 6 substituted phenylboronic acids with
glucose, fructose, and catechol at different pH values, and
the results are summarized in Table 3. Figure 3 also shows a
typical set of plots for the determination of the binding
constants. These results show even more variation from the
commonly believed situations stated above and that
predicted by Eq. 1. First, the ranking of the binding
constants among different boronic acids with a given diol at
physiological pH does not always follow the trend of the
boronic acid pKa. For example, although 2,5-difluoro-
phenylboronic acid has a higher apparent pKa (7.6) than
3,4,5-trifluorophenylboronic acid (6.8), it also has a higher
Table 2. Optimal pH for binding between some phenylboronic acids and
Alizarin Red S

Boronic acid pKa Optimal
pH

Predicted
optimal

pH

3,4,5-Trifluorophenylboronic
acid

6.8 6 5.4

2-Fluoro-5-nitrophenylboronic
acid

6 6 5.0

2-Methoxyphenylboronic acid 9 7.5 6.5
N-Benzyl-3-pyridiniumphenyl-
boronic acid

4.2 4 4.1

o-Dimethylaminomethylphenyl-
boronic acid

6.7 6 5.4

3-Chloro-4-fluorophenylboronic
acid

7.8 6.5 5.9

4-Bromophenylboronic acid 8.3 6 6.2



Table 3. Binding constantsa of boronic acids and sugars

Boronic acid (pKa) PBA (8.8)b 4-Br-PBA (8.3) 3-Cl-4-F-PBA
(7.8)

2,5-DifluoroPBA
(7.6)

3,4,5-Trifluoro
PBA (6.8)

2-F-5-NitroPBA
(6.0)

Glucose (12.5)b

pH 6.5 0.84 5.6 7.6 33 17 25
pH 7.5 4.6 20 26 47 41 47
pH 8.5 11 2.4c 48 7.3c 52 56
Predicted optimal
pH

10.6 10.3 10.1 10.0 9.6 9.2

Fructose (12.3)
pH 6.5 29 123 562 237 545 1398
pH 7.5 210 495 1003 2136 2523 2062
pH 8.5 560 1194 1853 120 4443 378c

Predicted optimal
pH

10.4 10.2 9.9 9.8 9.4 9.0

Catechol (9.2)
pH 6.5 150 715 1646 8841 2137 3027
pH 7.5 830 1557 6100 4703 2896 4359
pH 8.5 3300 1966 7487 418c 5376 3792
Predicted optimal
pH

9.0 8.8 8.5 8.4 8.0 7.6

a Binding constants (MK1) were determined in 0.10 M phosphate buffer (see Section 2).
b The number in parenthesis is the pKa of the boronic acid or the diol.
c The experimental errors are in range of 20–40%, others are below 10%.
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binding constant with glucose at pH 7.5, which goes against
the conventional thinking. On the other hand, the ranking of
the binding constants for these two boronic acids with
fructose is reversed compared with binding with glucose. It
is also interesting to note that the binding constants of 2,5-
difluorophenylboronic acid and 3,4,5-trifluorophenyl-
boronic acid with fructose at pH 7.5 are higher than that
of 2-fluoro-5-nitrophenylboronic acid even though the latter
has the lowest pKa among all six boronic acids tested.

Second, the ranking of the binding constants among
different boronic acids with a given diol depends on the
pH of the solution. For example, the binding constant
between 2,5-difluorophenylboronic acid and fructose is
higher than that of 3-chloro-4-fluorophenylboronic acid at
Figure 3. Binding constant determination for 3,4,5-trifluoroPBA with
fructose at different pH values. PZ[L0]K1/QKeq1K[I0]/(QC1), QZ
[I]/[IL]; [diol]Ztotal diol concentration, IZindicator (ARS), [I0]Ztotal
indicator concentration, LZligand (PBA), Keq1Zassociation constant of
ARS–PBA complex. The Keq of boronic acid–diol complex can be
calculated by dividing Keq1 by the slope of the plot.
pH 7.5, but lower at pH 8.5. The binding of these two
boronic acids with catechol also exhibits the same kind of
pH-dependent reversal of ranking orders. Such results are
partially attributable to the different optimal pH for these
two boronic acids.

Therefore, when one discusses the relative binding con-
stants of various boronic acids with a particular diol, one has
to consider the specific conditions, particularly the pH of the
solution under which the binding constants were
determined.

Among the six boronic acids tested for their binding to
various diols, 2,5-difluorophenylboronic acid and 2-fluoro-
5-nitrophenylboronic acid showed especially large
‘deviations’ from that predicted by Eq. 1. For example,
the predicted optimal pH for the binding between 2,5-
difluorophenylboronic acid and glucose is 9.8. However, the
highest binding constant was observed at pH 7.5. A similar
situation with the binding to fructose was observed. In the
latter case, the predicted optimal pH is 9.8 and the highest
binding constant was observed at pH 7.5. Such results
further indicate that the pKa values of the boronic acid and
the sugars are not the only major determinants of the
binding constants and optimal pH. Buffer1 and steric
factors42 are all known to affect the binding constants. It
is conceivable that conformational changes, interactions
such as binding by a third hydroxyl,4,43 and sterics are all
idiosyncratic factors that affect binding.
4. Conclusions

Understanding the factors that affect the binding affinity
between boronic acid and diol moieties is important to the
future design of boronic acid based sensors. The results
reported indicate: (1) as expected, electron-withdrawing
groups can significantly lower the pKa of boronic acids and
a linear correlation can be used to predict the pKa of
monosubstituted phenylboronic acids using the Hammet
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values of the substituents; (2) the general belief that boronic
acids with lower pKa values show greater binding affinities
is not always true and many other factors affect the binding
constant; and (3) the optimal binding pH is not necessarily
above the pKa of the boronic acid.
Acknowledgements

Financial support from the National Institutes of Health
(CA88343, NO1-CO-27184, and DK55062), the North
Carolina Biotechnology Center (2001ARG0016), the
Georgia Cancer Coalition through a Distinguished Cancer
Scientist Award (BW), and the Georgia Research Alliance
through an Eminent Scholar endowment is greatly
acknowledged.
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tet.2004.08.
051
References and notes

1. Springsteen, G.; Wang, B. Tetrahedron 2002, 58, 5291–5300.

2. Springsteen, G.; Wang, B. Chem. Commun. 2001, 1608–1609.

3. James, T. D.; Sandanayake, K. R. A. S.; Iguchi, R.; Shinkai, S.

J. Am. Chem. Soc. 1995, 117, 8982–8987.

4. Eggert, H.; Frederiksen, J.; Morin, C.; Norrild, J. C. J. Org.

Chem. 1999, 64, 3846–3852.

5. James, T. D.; Sandanayake, K. R. A. S.; Shinkai, S. Angew.

Chem. Int. Ed. Engl. 1996, 35, 1910–1922.

6. Wang, W.; Gao, S.; Wang, B. Org. Lett. 1999, 1, 1209–1212.

7. Yoon, J.; Czarnik, A. W. J. Am. Chem. Soc. 1992, 114,

5874–5875.

8. Adhikiri, D. P.; Heagy, M. D. Tetrahedron Lett. 1999, 40,

7893–7896.

9. Arimori, S.; Bosch, L. I.; Ward, C. J.; James, T. D.

Tetrahedron Lett. 2001, 42, 4553–4555.

10. Cabell, L. A.; Monahan, M.-K.; Anslyn, E. V. Tetrahedron

Lett. 1999, 40, 7753–7756.

11. Yang, W.; He, H.; Drueckhammer, D. G. Angew. Chem. Int.

Ed. 2001, 40, 1714–1718.

12. Wang, W.; Gao, X.; Wang, B. Curr. Org. Chem. 2002, 6,

1285–1317.

13. Yang, W.; Yan, J.; Springsteen, G.; Deeter, S.; Wang, B.

Bioorg. Med. Chem. Lett. 2003, 13(6), 1019–1022.

14. Draffin, S. P.; Duggan, P. J.; Duggan, S. A. M. Org. Lett. 2001,

3, 917–920.

15. Gardiner, S.; Smith, B.; Duggan, P.; Karpa, M.; Griffin, G.

Tetrahedron 1999, 55, 2857–2864.
16. Karpa, M.; Duggan, P.; Griffin, G.; Freudigmann, S.

Tetrahedron 1997, 53, 3669–3678.

17. Mohler, L. K.; Czarnik, A. W. J. Am. Chem. Soc. 1993, 115,

2998–2999.

18. Paugam, M.-F.; Bien, J. T.; Smith, B. D.; Chrisstoffels,

L. A. J.; de Jong, F.; Reinhoudt, D. N. J. Am. Chem. Soc.

1996, 118, 9820–9825.

19. Riggs, J. A.; Hossler, K. A.; Smith, B. D.; Karpa, M. J.; Griffin,

G.; Duggan, P. J. Tetrahedron Lett. 1996, 37, 6303–6306.

20. Smith, B. D.; Gardiner, S. J.; Munro, T. A.; Paugam,

M. F.; Riggs, J. A. J. Incl. Phenom. Mol. Recogn. Chem.

1998, 32, 121–131.

21. Westmark, P. R.; Gardiner, S. J.; Smith, B. J. Am. Chem. Soc.

1996, 118, 11093–11100.

22. Adamek, V.; Liu, X.-C.; Zhang, Y. A.; Adamkova, K.;

Scouten, W. H. J. Chromatogr. 1992, 625, 91–99.

23. Bergold, A.; Scouten, W. H. Chem. Anal. (NY) 1983, 66,

149–187.

24. Bouriotis, V.; Galpin, J.; Dean, P. D. G. J. Chromatogr. 1981,

210, 267–268.

25. Liu, X.; Hubbard, J.; Scouten, W. J. Organomet. Chem. 1995,

493, 91–94.

26. Psotova, J.; Janiczek, O. Chem. Listy 1995, 89, 641–648.

27. Seliger, H.; Genrich, V. Experientia 1974, 30, 1480–1481.

28. Singhal, R.; DeSilva, S. Giddings, J., Grushka, E., Brown, P.,

Eds.; Advanced Chromatography; Marcel Dekker: New York,

1992; Vol. 31, pp 293–335.

29. Westmark, P. R.; Valencia, L. S.; Smith, B. D. J. Chromatogr.

A 1994, 664, 123–128.

30. Sugasaki, A.; Sugiyasu, K.; Ikeda, M.; Takeuchi, M.; Shinkai,

S. J. A.m. Chem. Soc. 2001, 123, 10239–10244.

31. Yang, W.; Gao, S.; Gao, X.; Karnati, V. R.; Ni, W.; Wang, B.;

Hooks, W. B.; Carson, J.; Weston, B. Bioorg. Med. Chem. Lett.

2002, 12, 2175–2177.

32. Yang, W.; Gao, X.; Wang, B. Med. Res. Rev. 2003, 23,

346–368.

33. Mulla, H. R.; Agard, N. J.; Basu, A. Bioorg. Med. Chem. Lett.

2003, 14, 25–27.

34. Soundararajan, S.; Badawi, M.; Kohlrust, C. M.; Hageman,

J. H. Anal. Biochem. 1989, 178, 125–134.

35. Corwin, H.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91,

165–195.

36. James, T. D.; Linnane, P.; Shinkai, S. Chem. Commun. 1996,

281–288.

37. Van Duin, M.; Peters, J. A.; Kieboom, A. P. G.; Van Bekkum,

H. Tetrahedron 1984, 40, 2901–2911.

38. Liu, X.; Scouten, W. J. Chromatogr. A 1994, 687, 61–69.

39. Singhal, R. P.; Ramamurthy, B.; Govindraj, N.; Sarwar, Y.

J. Chromatogr. 1991, 543, 17–38.

40. Sienkiewicz, P. A.; Roberts, D. C. J. Inorg. Nucl. Chem. 1980,

42(11), 1559–1575.

41. Albert, A.; Serjeant, E. P. The Determination of Ionization

Constants, 3rd ed.; London: Chapman and Hall, 1984.

42. Mulla, H. R.; Agard, N. J.; Basu, A. Bioorg. Med. Chem. Lett.

2004, 14, 25–27.

43. Bielecki, M.; Eggert, H.; Norrild, J. C. J. Chem. Soc., Perkin

Trans. 2 1999, 3, 449–456.

http://dx.doi.org/doi:10.1016/j.tet.2004.08.051
http://dx.doi.org/doi:10.1016/j.tet.2004.08.051


Mono- and oligosaccharide sensing by phenylboronic
acid-appended 5,15-bis(diarylethynyl)porphyrin complexes

Osamu Hirata, Yohei Kubo, Masayuki Takeuchi* and Seiji Shinkai*

Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University, Hakozaki 6-10-1, Higashi-ku,

Fukuoka 812-8581, Japan

Received 2 March 2004; revised 1 July 2004; accepted 20 August 2004

Available online 16 September 2004

Abstract—Porphyrin derivatives bearing a pair of boronic acid groups (1, 1$Zn, and 1$Cu) were designed and synthesized from 2 to
construct a saccharide sensing system. Compounds 1, 1$Zn, and 1$Cu have a diethynyl porphyrin rotational axis, which is expected to act as
a saccharide-binding modulator. Saccharide binding studies were conducted by UV–vis, fluorescence, and circular dichroism (CD)
spectroscopies. In a water–methanol 1:1 (v/v) mixed solvent, we have found that 1$Zn can bind mono- and oligosaccharides including Lewis
oligosaccharides to produce 1:1 host–saccharide complexes with the association constants of 102K103 MK1 range. This paper thus
demonstrates a new principle to design a boronic acid-based saccharide receptor.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The recognition of biologically important molecular species
by synthetic molecular receptors has gained momentum.
Since the chemistry of saccharides plays a significant role in
the metabolic pathways of living organisms, the detection of
biologically important saccharides is necessary in a variety
of medical and industrial contexts.1,2 Although it is not so
easy to ‘touch’ saccharides in water, it has been shown that
boronic acid–saccharide covalent interactions, which
readily and reversibly form in aqueous media, represent
an important binding force in the recognition of saccharides
and related molecular species.2,3 Diboronic acid deriva-
tives,2 which can react with four of the five OH groups of a
saccharide to form intramolecular 1:1 complexes, show a
stability order different from monoboronic acid deriva-
tives,4 which is related to the specific spatial position of two
boronic acid groups. This implies that the appropriate
manipulation of two boronic acids in a same host molecule
is of importance for sensing a specific oligosaccharide
guest. In the course of our research goal to construct a highly
sensitive and selective biologically important saccharide
sensing system, this idea has been tested with a few
diboronic acid systems bearing a long and rigid spacer:5,6

e.g. diphenyl-3,3 0-diboronic acid, stilbene-3,3 0-diboronic
acid, and cis-5,15-bis[2-(dihydroxyboronyl)phenyl]-10,20-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.061
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diphenylporphirin. These diboronic acid derivatives show
some selectivity for certain disaccharides but the selectivity
and the affinity observed so far are not so high.5,6 To
improve the affinity and the selectivity toward oligosac-
charides, we have planned to amalgamate two strategies,
diboronic acid receptor2 and positive homotoropic allo-
sterism7–9 which can be utilized as a new concept to achieve
both high guest selectivity and high guest affinity. With this
design scheme in mind, we have reported allosteric mono-
and oligosaccharide sensing by phenylboronic acids-
appended bis[porphyrinato]cerium(IV) double decker por-
phyrin10 and meso–meso porphryrin dimer.11 Recently, we
showed that a phenylboronic acids-appended 5,15-bis(tri-
arylethynyl)porphyrin 3 acts as an allosteric monosac-
charide receptor working in aqueous media.12 Compound 3
has a diethynyl porphyrin rotational axis and two pairs of
phenylboronic acids arranged around it. Through these
studies, it occurred to us that a pair of phenylboronic acids
arranged around the rigid rotational axis would bind
oligosaccharides without the aid of allosterism when the
distance between phenylboronic acids is adjustable to the
distance between cis-1,2-diols and/or 1,3-diols in oligosac-
charides. To test this working hypothesis, we designed and
synthesized compound 1. Compound 1 has a diethynyl
porphyrin rotational axis and the distance between two
phenylboronic acids can vary from 0.1 to 2.4 nm through the
rotation of ethynyl axis (Scheme 1). Metallation of 1
induces a change in porphyrin plane geometry, which would
influence the binding signal from host–saccharide complex.
We describe here the saccharide binding properties of
Tetrahedron 60 (2004) 11211–11218



Scheme 1. Schematic illustration of 1 for mono- and oligosaccharide. The distance between boronic acids can vary for monosaccharide sensing (0.2–0.3 nm)
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and for oligosaccharide sensing (w2.0 nm).
porphyrin derivatives 1, 1$Zn, and 1$Cu bearing a pairs of
phenylboronic acids. From this new receptor molecule, we
have found that 1$Zn is a useful receptor for mono- and
oligosaccharides.
2. Results and discussion

2.1. UV–vis and fluorescence spectroscopic studies

Compound 1 was previously synthesized by treatment of 2
with 2-(4-bromomethylphenyl)-1,3-dioxa-2-borinan in
DMF.12 Compounds 1$Zn and 1$Cu were synthesized
from compounds 2$Zn and 2, respectively. These com-
pounds were identified by 1H NMR, MS spectral evidence,
and elemental analyses.

Absorption spectra of 1, 1$Zn, and 1$Cu were measured in
water/MeOH mixed solvents at 25 8C. Recently, we found
that the significant spectral change in 1 was induced in
water–methanol mixed solvent above 30 vol% of water
content.12 A measurement condition was set to a water (pH
10.5 with 50 mM carbonate buffer)/MeOHZ1:1 (v/v)
mixture into which 1, 1$Zn, and 1$Cu were dissolved and
boronate anion (–B(OH)3

K) showed the better saccharide
affinity than those under the physiological conditions. The
lmax values of compounds 1, 1$Zn, and 1$Cu appear at 442,
450, and 433 nm, respectively (Fig. 1(a)). Judging from the
absorption bands appearing at around 300 nm assignable
to the peripheral diaryl moieties, no characteristic band
attributable to electronic transitions between mixed mol-
ecular levels of diaryl moieties and diethynyl porphyrin
exist. The Soret bands and Q bands of 1, 1$Zn, and 1$Cu
were scarcely affected by saccharide addition, indicating
that the saccharide binding does not induce any significant
aggregation under these conditions. The fluorescence
spectra of 1 and 1$Zn were almost same as those in the
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presence of saccharides. Thus, circular dichroism (CD)
spectroscopy, which is known to be more sensitive to the
saccharide binding event,2 was applied for the present study.
2.2. CD spectroscopic studies in the presence of
monosaccharides

In general, when a monosaccharide is bound to a boronic
acid group in a host, the resultant complex becomes
optically-active. It is already known that the complex can
yield a strongly CD-active species only when the boronic
acid groups form a macrocyclic structure with a sacchaide
intramolecularly.13 Thus, we used CD spectroscopy to
demonstrate the saccharide-sensing abilities of 1, 1$Zn, and
1$Cu. First, we chose L-fucose as a guest monosaccharide
because we recently found that 1 can bind L-fucose in 1:1
stoichiometry and the resultant complex yields a relatively
large CD signal among monosaccharides tested.12 Figure
1(b) shows CD spectra of the L-fucose complexes of 1, 1$Zn
or 1$Cu. Norrild et al.14 reported that the rearrangement of
the boronic acid–saccharide complex takes place in alkaline
aqueous solution, which should influence the shape of CD
spectra for host–saccharide complex. CD spectra observed
for 1$saccharide complexes were mostly unchanged in a day
and gradually decreased in its intensity in a few days
probably due to the slow decomposition of compound 1
under these conditions.15 The results imply that base-
promoted rearrangement of the boronic acid–saccharide
complex does not take place in the present system. Addition
of D-fucose to 1$Zn gives the CD spectrum symmetrical to
the corresponding L-isomer, showing that the spectral
patterns are derived from the absolute structure inherent to
each saccharide (Fig. 1(b)).

Since the shapes of CD spectra appearing at around 400 nm
for 1- or 1$Cu-L-fucose complex are similar to those of the
absorption spectra of 1 or 1$Cu, these spectra are regarded
to be the ICD spectra induced by the bound saccharide. The
Figure 1. UV–vis (a) and CD spectra (b) of 1 (5.0 mM), 1$Cu (5.0 mM) and
1$Zn (6.15 mM) in the presence of L-fucose (5.0 mM) in a water (pH 10.5
with 50 mM carbonate buffer)/MeOHZ1:1 (v/v) mixture. Cell lengthZ
1.0 cm.
exciton-coupling type CD bands for 1$Cu-L-fucose com-
plexes were also observed at around 300 nm, indicating that
the peripheral phenylboronic acid-appended biaryls in 1$Cu
can orientate in a chiral fashion. The rigid and square planer
configuration of porphyrin-Cu complex in 1$Cu would
contribute to this exciton-coupling-type CD band appear-
ance. In contrast to these complexes, 1$Zn-L-fucose
complex yields a split-type CD band at around 400 nm
and an ICD band at around 300 nm. The [q]obs value of
1$Zn-L-fucose complex is larger than those of 1- and 1$Cu-
L-fucose complexes, so that this band is suitable for
monitoring the saccharide concentration.

Upon addition of monosaccharides (D-xylose, D-glucose,
D-arabinose, D-mannose, D-galactose, and D-ribose) to 1,
1$Zn, or 1$Cu, their characteristic CD spectra appeared
(Fig. 2). These results indicate that two diol moieties in
monosaccharides are used to bind two boronic acid groups,
bridging two diarylmoieties. This view is further supported
by the fact that 4,6-O-ethylidene-a-D-glucose which has
only one useful diol moiety cannot yield the perceptible CD
band. The CD spectroscopic data in Figure 2 are
summarized in Table 1. The CD spectra of 1$Zn-
monosaccharide complexes feature the spectral pattern
inherent to each monosaccharide, whereas 1- and 1$Cu-
monosaccharide complexes show the almost same shape as
that observed for L-fucose complex. Furthermore, 1$Zn
gave the largest [q]obs among three host molecules and
yielded the split type of CD spectra useful for sensing and
discrimination of monosaccharides. Examination of Table 1
raises an intriguing coincidence between the CD sign of
Soret band region and the absolute configuration of 2-OH:
that is, when 2-OH has the (S)-configuration (D-glucose,
D-galactose, D-xylose, and D-ribose), the 1$Zn complex
shows the plus–minus–plus CD signal at the Soret band
region, whereas when 2-OH has the (R)-configuration
(L-fucose, D-arabinose, and D-mannose), it tends to show
the minus–plus–minus CD signal. Conceivably, the 2-OH
group would regulates the twisting direction of the
chromophoric porphyrin plane.

It is seen from Figure 2 and Table 1 that L-fucose, D-gulcose,
D-arabinose, D-xylose, and D-galactose gave the strong [q]obs

values with 1$Zn useful for the determination of their
association constants, whereas the [q]obs values with other
host complexes are not so large enough to evaluate the
binding process except for L-fucose complexes. Detailed



Figure 3. Change in the CD spectra of 1$Zn (5.0 mM) by the addtion of
L-fucose (0–5.0 mM) or D-glucose (0–1.3 mM); 25 8C; water (pH 10.5 with
50 mM carbonate buffer)/MeOHZ1:1 (v/v) mixture; cell lengthZ1.0 cm.

Figure 2. CD spectra of (a) 1 (5.0 mM), (b) 1$Cu (5.0 mM), and (c) 1$Zn
(6.15 mM) in the presence of monosaccharides (5.0 mM) in a water (pH
10.5 with 50 mM carbonate buffer)/MeOHZ1:1 (v/v) mixture. Cell
lengthZ1.0 cm.
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spectral studies were carried out for 1$Zn. The CD spectra
measured as a function of monosaccharide concentration
provided several isosbestic points maintaining the same
shape, indicating that the reaction consists of only two
species under one equilibrium (Fig. 3).

A plot of the [q]obs versus the monosaccharide concentration
gave a saturation curve (Fig. 4). The stoichiometry of the
CD-active complexes was corroborated by a Job plot.16 A
plot of [q]obs values at 456 nm against [1$Zn]/([1$Zn]C
[monosaccharide]) has a maximum at 0.50. From analysis
of the binding isotherm, the association constants (K) for
L-fucose, D-gulcose, D-arabinose, D-xylose, and D-galactose
with 1$Zn were evaluated to be 2100, 2800, 6100, 3800, and
3000 MK1, respectively. For 1- and 1$Cu-L-fucose com-
Table 1. CD spectral parameters for monosaccharides

1–Saccharide complex 1$Cu–Saccharid

[q]obs104/deg cm2 dmolK1

(lmax or min/nm)
[q]obs 104/deg cm

(lmax or min

L-Fucose 4.45 (278.5) K6.72 (426.5) 9.16 (278.0) K
D-Fucose
D-Arabinose (K)a (K)a (K)a (K
D-Mannose (K)a (K)a (K)a (K
D-Glucose (K) K2.42 (448.0) 0.559 (299.5) K
D-Galactose K0.570 (282.0) K1.73 (281.0) 3
D-Ribose (K)a (K)a (K)a (K
D-Xylose K0.928 (279.0) 1.69 (457.0) K1.63 (283.0) 4

a [q]obs is too small to obtain the correct value.
plexes, the K values were determined to be 1500 and
1700 MK1, respectively. There is no large difference in the
association constants for L-fucose among three host
molecules tested herein and 1$Zn showed the larger affinity
toward monosaccharides. It is a surprise for us that a subtle
structural change induced by metallation of porphyrin is so
effective to change the pattern of CD signals and to enhance
the [q]obs value useful for sacharide sensing.
2.3. CD spectroscopic studies in the presence of
oligosaccharides

Phenylboronic acid moieties in 1, 1$Zn, and 1$Cu can
adopt various angles with respect to the porphyrin plane
through ethynylene rotation and the distance between them
is adjustable from 0.1 nm to 2.4 nm, suggesting that these
three host molecules could be suitable for sensing
oligosaccharides (for example, the distance between two
diol moieties of maltose is estimated to be ca.1.0 nm). To
test this working hypothesis, we chose glucose dimers
(maltose, isomaltose, laminalibiose, gentiobiose, a,a-tre-
halose, and cellobiose) as disaccharide guests. With 1 or
1$Cu, the reproducible CD spectrum was obtained only
from isomaltose (Fig. 5 and Table 2).
e complex 1$Zn–Saccharide complex

2 dmolK1

/nm)
[q]obs 104/deg cm2 dmolK1 (lmax or min/nm)

14.1 (426.0) K9.20 (436.0) 20.0 (456.5) K8.26 (474.5)
9.58 (435.0) K21.0 (455.5) 9.06 (473.5)

)a K5.92 (437.0) 12.4 (456.0) K6.29 (473)
)a K0.925 (431.5) 1.59 (455.5) K1.14 (473.5)

1.60 (447.5) K0.115 (430.0) K16.9 (454.5) K0.262 (475.5)
.08 (424.0) 4.88 (437.5) K6.62 (457.0) 3.64 (473.5)

)a 0.641 (429.5) K1.84 (457.0) 0.563 (472.0)
.57 (437.0) 1.87 (438.5) K1.84 (454.0) 11.0 (469.5)



Figure 4. Plots of [q]obs versus monosaccharide concentrations for 1$Zn.
25 8C, water (pH 10.5 with 50 mM carbonate buffer)/MeOHZ1:1 (v/v)
mixture. Cell lengthZ1.0 cm.
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With 1$Zn, the stronger CD bands were observable for 1–6
D-glucose dimers, isomaltose and gentiobiose (Fig. 6 and
Table 2). The CD spectra for isomaltose and gentiobiose
cross the [q]obsZ0 line around the lmax of the Soret band as
Figure 5. CD spectra of 1 and 1$Cu (5.0 mM) in presence of isomaltose (5.0 mM)
lengthZ1.0 cm.

Table 2. CD spectral parameters for oligosaccharides

1 Saccharide complex 1$Cu Saccharide

[q]obs 104/deg cm2 dmolK1

(lmax or min/nm)
[q]obs 104/deg cm

(lmax or min

Gentiobiose (K)a (K)a (K)a (K
Isomaltose K0.67 (288.5) 5.07 (456.5) K1.22 (283.0) 2
Isomaltotriose (K)a (K)a (K)a (K
SLex 3.02 (286.0) K4.52 (428.5) 6.49 (281.0) K
Lex 3.58 (283.0) K5.26 (426.0) 7.57 (282.0) K

a [q]obs is too small to obtain the correct value.
already shown for monosaccharides. It is noteworthy that
1$Zn can discriminate disaccharides having a 1–6 linkage
among six disaccharides tested herein. The K value between
1$Zn and isomaltose is calculated to be 800 MK1 (Fig. 7).
In the titration of gentiobiose with 1$Zn, the shape of the
CD signal changed with the increase in the gentibiose
concentration, so that we could not evaluate the association
constant precisely. Comparing the results for D-glucose with
those for isomaltose, D-glucose showed the 3.5 times larger
association constant and the 4.4 times larger [q]obs values
(Tables 1 and 2). Isomaltotriose, which is a trimer of
D-glucose via a 1–6 linkage, shows the slightly smaller
[q]obs value than that of isomaltose (Table 2). These results
suggest that the more flexible guest gives the smaller [q]obs

value and shows the smaller affinity with 1$Zn. Since
disaccharides are conformationally more flexible owing to
the central glycoside linkage than monosaccharides, they
seem to have a scarce ability to immobilize two boronic
acids in host molecules.
in a water (pH10.5 with carbonate buffer)/MeOHZ1/1 (v/v) mixture. Cell

complex 1$Zn Saccharide complex

2 dmolK1

/nm)
[q]obs 104/deg cm2 dmolK1 (lmax or min/nm)

)a 3.96 (440.5) K2.39 (458.0) 1.97 (474.0)
.24 (442.0) 1.98 (434.5) K3.81 (456.0) 2.19 (474.0)

)a 1.90 (435.0) K1.73 (456.0) 1.44 (472)
8.55 (427.0) K4.05 (436.5) 9.92 (456.5) K3.46 (474.0)
10.7 (427.0) K5.85 (436.5) 14.2 (456.5) K5.29 (473.0)



Figure 8. CD spectra of 1 and 1$Cu(5.0 mM) in the presence of SLex
(2.44 mM) and 1$Zn (5.0 mM) in the present of SLex (2.37 mM) in water
(pH 10.5 with carbonate buffer)/MeOHZ1/1 (v/v) mixture. Cell lengthZ
1.0 cm.

Figure 6. CD spectra of 1$Zn (6.15 mM) in presence of disaccharides
(5.0 mM) in a water (pH 10.5 with 50 mM carbonate buffer)/MeOHZ1:1
(v/v) mixture. Cell lengthZ1.0 cm.
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Next, we investigated Lewis oligosaccharide guests,10c,17

such as LewisX (LeX) and sialyl LewisX (SLeX), which are
involved in the adhesion of leukocytes and neutrophils to
vesicular endothelical cells during normal and pathogenic
inflammatory responses.18 It is important to develop
rationally designed artificial synthetic receptors for such
oligosaccharides, which will lead to generation of small
molecular antagonists and design of specific sensory
systems. Undoubtedly, development of such artificial
receptors is useful for the sensitive and convenient detection
of these oligosaccharide antigens in the blood serum.19
Figure 7. Plots of [q]obs versus monosaccharide concentrations for 1$Zn.
25 8C; water (pH 10.5 with 50 mM carbonate buffer)/MeOHZ1:1 (v/v)
mixture; cell lengthZ1.0 cm.
Binding affinities of 1, 1$Zn, and 1$Cu toward Lewis
oligosaccharides were also evaluated by the CD spectro-
scopic method. Upon addition of LeX or SLeX to a solution
of 1, 1$Zn, or 1$Cu, ICD bands (for 1 and 1$Cu) and the
split-type CD bands (for 1$Zn) were clearly observed (Fig.
8 and Table 2). Judging from the fact that the boronic acid
group can interact only with the cis-1,2-diol or 1,3-diol
moiety in saccharides,2 it is undoubted that phenylboronic
acid groups in 1, 1$Zn, and 1$Cu interact with the 4,6-diol
group of the galactose moiety and the 3,4-diol group of the
fucose moiety in LeX and SLeX backbone. This is also
supported by the fact that the CD band of 1$Zn–LeX

complex is very similar to that of 1$Zn–SLeX complex.
From the analysis of the binding isotherm (Fig. 7), the K
values for LeX and SLeX with 1$Zn were obtained to be
1900 and 890 MK1, respectively, which are almost in the
same magnitude as those for monosaccharides. The large K
value of LeX with respect to that of SLeX would be
attributable to the bulkiness of sialyc acid moiety in SLeX.
3. Conclusion

In conclusion, we have demonstrated that 1 is useful as a
new scaffold for the design of a saccharide sensing system.
The findings obtained here clearly show that the saccharide-
binding subunits, which are arranged around the rigid
rotational axis, can bind mono- and oligosaccharides.
Moreover, a chromophore, porphrin in the axis efficiently
works as a reading-out functional moiety for the guest-
binding information to give the CD spectra and the binding
signal can be finely tuned by metallation of the porphyrin
chromophore. Further studies are currently continued in this
laboratory.
4. Experimental

4.1. General

All starting materials and solvents were purchased from
Aldrich, Tokyo Kasei Chemicals or Wako Chemicals and
used as received. The 1H NMR spectra were recorded either
on a Brucker AC 250 (250 MHz) or Brucker DRX 600
(600 MHz) spectrometer. Chemical shifts are reported in
ppm downfield from tetramethylsilane as the internal
standard. MALDO-TOF and ESI mass spectral data were
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obtained using a Perseptive Voyager RP MALDI TOF mass
spectrompeter and JEOL JMS-T100CS spectrometer,
respectively. UV–vis, fluorescent, and CD spectra were
recorded with a Shimadzu UV-2500 PC, Hitachi F-4500,
and JASCO 720W spectrophotometer, respectively.

4.2. Synthesis

Synthesis of compounds 1, 2, and 2$Zn was reported
previously.12

4.2.1. Compound 1$Zn. Compound 2$Zn12 (15 mg,
0.012 mmol) and 2-(4-bromomethylphenyl)-1,3-dioxa-2-
borinan20 (30 mg, 0.12 mmol) were dissolved in dehydrated
DMF (6 mL) and the mixture was heated at 50 8C for
overnight. The progress of the quarternization reaction was
monitored by a TLC method (alumina, acetone/methanol/
trifluoroacetic acidZ20:10:1 v/v/v). After confirming that
the reaction was completed, the solution was cooled and
evaporated to dryness, the solid residue being washed with
ether to afford 11 mg of 1$Zn as green powder. Yield 52%.
Mp O300 8C. 1H NMR (600 MHz, DMSO-d6, 27 8C, dZ
ppm, JZHz) 1.62 (t, JZ7.5 Hz, 6H), 3.47–3.51 (m, 8H),
3.62 (t, JZ4.6 Hz, 4H), 3.66 (d, JZ4.9 Hz, 4H), 3.74 (d,
JZ4.9 Hz, 4H), 3.96 (s, 4H), 4.42 (s, 4H), 5.97 (s, 4H), 7.42
(d, JZ8.2 Hz, 4H), 7.50 (d, JZ7.7 Hz, 4H), 7.70–7.77 (m,
8H), 7.82 (d, JZ7.82 Hz, 2H), 8.07 (s, 4H), 8.10 (d, JZ
7.9 Hz, 4H), 8.82–8.85 (m, 8H), 9.14 (d, JZ4.4 Hz, 4H),
9.38 (d, JZ6.3 Hz, 4H). Calcd for C90H86B2Br2ZnN6-
O12$4H2O: C, 61.33; H, 5.38; N, 4.77. Found: C, 61.40; H,
5.08; N, 4.80. UV–vis (water/MeOHZ1: 1 (v/v) mixture):
lmax (log 3)Z295 (4.48), 450 (5.26), 664 (4.65) nm. ESI-
MS (CH3OH): calcd for [tetramethylester of 1$Zn–2BrK]
2C792.32, found 792.28.

4.2.2. Compound 2$Cu. Copper acetate (250 mg,
1.25 mmol) in methanol (30 mL) was added to a solution
of 2 (30 mg) in dichrolomethane (20 mL). The resultant
mixture was stirred for 12 h. After confirming that the
reaction was completed by UV–vis spectroscopy, the
organic layer was washed with 3% NH4Cl aq. (50 mL!3)
and dried over anhydrous Na2SO4. After removal of the
solvent, the green residue was chromatographed (silica gel,
chroloform/methanolZ1/0–100/1 gradient) to give 25 mg
of 2$Cu as green powder (79%). Mp 171–173 8C. MALDI-
TOF-MS (matrix: dithranol): calcd (found) [M]C: 1257.47
(1257.46). Calcd for C76H70CuN6O8$2H2O: C, 70.49; H,
5.76; N, 6.49. Found: C, 70.69; H, 5.64; N, 6.35.

4.2.3. Compound 1$Cu. 2$Cu (20 mg, 0.016 mmol) and
2-(4-bromomethylphenyl)-1,3-dioxa-2-borinan20 (41 mg,
0.16 mmol) were dissolved in dehydrated DMF (8 mL)
and the mixture was heated at 60 8C for overnight. The
progress of the quarternization reaction was monitored by a
TLC method (alumina, acetone/methanol/trifluoroacetic
acidZ20:10:1 v/v/v). After confirming that the reaction
was completed, the solution was cooled and evaporated to
dryness, the solid residue being washed with ether to afford
24 mg of 1$Cu as green powder. Yield 85%. Mp 220–
222 8C. Calcd for C90H86B2Br2CuN6O12$4H2O: C, 61.39;
H, 5.38; N, 4.77. Found: C, 61.53; H, 5.11; N, 4.77. UV–vis
(water/MeOHZ1:1 (v/v) mixture) lmax (log 3)Z293 (4.67),
435 (5.27), 639 (4.59) nm. ESI-MS (CH3OH): calcd for
[tetramethylester of 1$Cu–2BrK] 2C791.83, found 791.77.
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Abstract—The use of simple calix[4]arenes 1a,b for NO2/N2O4 sensing and conversion is demonstrated, both in solution and in the solid
state. Upon reacting with these gases, compounds 1a,b encapsulate reactive NOC cations within their cavities with the formation of deeply
colored (lmaxw570 nm) charge-transfer complexes 2a,b. Further functionalization of the calix[4]arene platform is reported for attachment to
solid supports. Polymer-supported calixarene material 3 was prepared, which reversibly traps NO2/N2O4 with the formation of nitrosonium
storing polymer 4. Material 4 was effectively used for nitrosation of amides.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

NOX gases are the sum of NO, NO2, N2O3 (NO$NO2), N2O4

(NO2$NO2), and N2O5.1 These are atmospheric pollutants,
originated in large quantities from fuel combustion and
large-scale industrial processes. NOX are involved in the
formation of ground-level ozone.

They form toxic chemicals and acid rains, and participate in
global warming. NOX are also involved in various
nitrosation processes with biomolecules, causing cancers
and other diseases.2,3 According to the US Environmental
Protection Agency,1 national emissions of NOX have
increased over the past 30 years by w10%. Extensive
NOX circulation in the atmosphere, industry, and agriculture
requires their systematic monitoring and also necessitates
the development of improved methods for their conversion
and utilization. We specifically target nitrogen dioxide
(NO2). Current NO2 sensors are mostly electrochemical and
monitor changes of potential upon exposure metal surfaces
to the gas.4 In many cases, however, other vapors—H2O,
O2, HCl, HBr, SOX and NH3 significantly influence the
detection selectivity and, therefore, sensitivity. Optical
sensors, which are based on coloration reaction between
NO2 and certain organic compounds, are more selective as
the reactions are specific.5 At the same time, the
reversibility is difficult to achieve.
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.063
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We recently reported that simple calix[4]arenes such as 1a,b
reversibly interact with NO2/N2O4 and entrap reactive
nitrosonium cation (NOC) within their cavities (Fig. 1).6

NOC is generated from N2O4 upon its disproportionation.
Deeply colored charge-transfer complexes 2a,b formed. In
this paper, we further explore our findings. We submit the
solution studies of the NO2/N2O4 entrapment by calixarenes
for potential sensing applications, and also report on the
synthesis of functionalized calix[4]arenes for attachment to
polymeric supports. We further demonstrate the use of
calixarene-based materials 3 (Fig. 1) for detection, entrap-
ment and release of NOC. Finally, we show that polymeric
nitrosating reagent 4 can be effectively used in syntheses of
N-nitrosamides.
2. Results and discussion
2.1. Design and synthesis

NO2 is a paramagnetic gas of a brown-orange color. It
reversibly dimerizes into colorless dinitrogen tetroxide
(N2O4).7 The position of the equilibrium between NO2

and N2O4 varies with temperature. At the same time, N2O4

may disproportionate to ionic NOCNO3
K upon reacting with

aromatic compounds.7,8

Calix[4]arenes are popular building blocks in molecular
recognition. They are widely used in the construction of
various receptors, sensors and molecular containers.9

Calix[4]arenes in a 1,3-alternate conformation (see for
example, 1a,b) are ideally preorganized to complex NOC,
Tetrahedron 60 (2004) 11219–11225



Figure 1. Chemical fixation of NO2/N2O4 by calix[4]arenes; formation of calixarene–nitrosonium complexes.
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generated from NO2/N2O4. They possess a cylindrical,
p-electron rich inner tunnel, defined by two cofacial pairs of
phenol rings, which are oriented orthogonal along the cavity
axis (see 2a,b, Fig. 1). According to numerous X-ray
studies, this tunnel is w5–6 Å in diameter.10

For solution studies, 1,3-alternate tetrakis(O-alkyl)calix[4]-
arenes 1a,b were resynthesized. Their preparation includes
Scheme 1. (a) n-PrBr, K2CO3, MeCN, reflux, 59%; (b) AllBr, K2CO3, MeCN, reflu
NaOH, H2O2, 95%; (e) MeOCH2(CH2OCH2CH2)nOMs (10), t-BuOK, THF, w5
the two-step alkylation of parent calix[4]arene 5 with either
n-propyl or n-hexyl bromide, using successively K2CO3 and
then Cs2CO3 in boiling MeCN.6,11 The synthesis of
terminally functionalized calixarenes starts with mono-
alkylation of 5 with n-propyl bromide using K2CO3 as a
base in boiling MeCN (Scheme 1).

The resulting calixarene 612 was further alkylated with allyl
x, 67%; (c) n-PrBr, Cs2CO3, MeCN, reflux, 70%; (d) BH3$THF, THF, then
5%.
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bromide to afford diametrically substituted product 7
(K2CO3, MeCN, reflux, 67%). The next step includes
formation of calixarene 8, which is a CsC-templated
alkylation of 7 with an excess n-propyl bromide (Cs2CO3,
MeCN, reflux, 70%). This reaction proceeds with the
conformation conversion from a cone to a 1,3-alternate. The
allyl double bond in 8 was hydroxylated under the standard
hydroboration conditions (BH3$THF, THF, then aq NaOH,
H2O2) to afford calixarene 9 in 95% yield. Compound 9 is
the key derivative for preparation of polymer-supported
materials for NO2/N2O4 sensing and fixation. It has the
structural features of typical 1,3-alternates and also
possesses a terminal hydroxyl group for further
functionalization.
2.2. Solution studies

When a stream of NO2/N2O4 was passed through the CHCl3
solution of calix[4]arenes 1a,b, deeply colored, purple
nitrosonium complexes 2a,b formed within seconds (O95%
yield, Fig. 1).6,13

The 1H NMR spectra of 2a,b showed new sets of the
calixarene signals, different from 1a,b (Fig. 2). For
example, aromatic CH protons of guest-free 1b were seen
as a singlet at 6.95 ppm. In nitrosonium complex 2b, it was
transformed into a singlet at 7.02 ppm. The methylene
Figure 2. Portions of the 1H NMR spectra (500 MHz, CDCl3, 295G1 K)
of: (A) calix[4]arene 1b; (B) nitrosonium complex 2b prepared from 1b and
NO2/N2O; (C) nitrosonium complex, prepared upon addition of NOCSbF6

K

to calixarene 1b. The residual CHCl3 signals are marked ‘†’. Similar
spectra were obtained for calixarene 1a and complex 2a.
bridge CH2 protons of 1b were recorded as a singlet at
3.73 ppm. In complex 2b, this was seen at 3.60 ppm. The
methylene OCH2 triplet in 1b is situated at 3.38 (JZ
7.5 Hz), while it shifted to 3.77 ppm in complex 2b.
Spectral changes for 2a are analogous. Independent
structural evidence for 2a,b came from the complexation
experiments between calixarenes 1a,b and commercially
available NOCSbF6

K salt (CDCl3, 295 K).14 The corre-
sponding complexation induced changes were in agreement
with the data presented above for complex 2a,b (Fig. 2),
once again confirming the disproportionation of N2O4 to
NOCNO3

K by calixarenes. Addition of water destroys the
nitrosonium complexes, quantitatively recovering empty
calixarenes 1a,b.

The UV–vis spectra of2a,b showed broad charge-transfer14,15

band at lmaxw560–580 nm (3Z8!103 MK1 cmK1)
(Fig. 3). While neither calixarenes 1a,b nor NO2 absorb in
this region, addition of as little as w1 equiv NO2 (w5!
10K5 M in CH2Cl2) to the solution of 1a (6!10K5 M in
CH2Cl2) results in appearance of the charge-transfer band.
Its absorbance grows upon addition of larger quantities of
NO2 and reaches saturation when w10 equiv NO2 (e.g.,
5 equiv N2O4) is added. From the titration experiments,
the apparent Kassoc value of w104 MK1 was estimated.
Accordingly, calixarenes can detect NO2 already at
micromolar concentrations.
Figure 3. UV–vis spectroscopic titration experiments (CH2Cl2, 295G1 K)
with calix[4]arene 1a and NO2/N2O. [1a]Z6!10K5 M, [NO2]Z0K1.2!
10K3 M; lmaxw565 nm.
Importantly for potential sensing, the calix[4]arene–NO2

interactions (a) are reversible, (b) result in rapid and
dramatic color changes and (c) are unique and specific for
NO2. This should guaranty its detection in the presence of
such gases as H2O, O2, HCl, HBr, SOX, and NH3. Indeed,
calixarenes are chemoselective for NO2, and none of these
vapors/gases undergoes such reactions with calixarenes.
Neat nitric oxide (NO) gas also does not react with
calixarenes. In their excellent work on NO sensing,14

Kochi, Rathore and co-workers showed that calixarenes had
to be oxidized first, to form the corresponding cation-
radicals, prior complexing NO within their interiors.
2.3. Toward polymer-supported calixarenes

For potential application in sensing technology, receptor
molecules must be readily immobilizable on solid supports
or surfaces. Although a wide variety of polymers is now
commercially available, NO2 (and NOX in general) react
with many of them, causing destruction and aging.16 As a
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free radical NO2 readily attacks double bonds in poly-
butadienes, polyisoprenes and their copolymers, ester
groups in poly(methyl)methacrylate, and also amide frag-
ments in polyamides and polyurethanes. Furthermore,
NOC, generated from various NOX, reacts with alkenes
and other double bond containing structures.17

In these studies, the use of calixarene module 9 in the
preparation of NO2-sensitive and NO2-trapping materials
was demonstrated for polyethylene glycol (PEG) polymers.
Specifically, commercial PEG 5 0000 monomethyl ether
(w5000 Da molecular weight; Fluka) quantitatively reacted
with MeSO2Cl in CH2Cl2 to give the corresponding
a-methyl-u-mesyl derivative 10,18 which was then coupled
with 9 in THF using t-BuOK as a base to yield polymer 3
(Scheme 1). While the MALDI TOF spectra of 3 appeared
to be rather complex, the presence of a calix[4]arene
fragment was confirmed by the appearance of an intense
n(CHarom) absorption band at w2950 cmK1 in the FTIR
spectrum (KBr disks). By integrating the calixarene
aromatic signals vs the PEG OMe group in the 1H NMR
spectrum of 3 in CDCl3, the loading of w55% was
estimated. Such rather modest number may be due to the
steric bulkiness of the calixarene fragment.

Upon exposure to NO2/N2O4, material 3 turns deep purple,
both in apolar solution (chlorinated solvents, or even
Figure 4. NO2 entrapment experiments. The columns were prepared as
follows: (A) loaded with starting PEG monomethyl ether (Fluka);
(B) loaded with dry polymer 3; (C) loaded with 3 and flashed with
hexanes. All three columns were then flashed with NO2 for 30 s.

Figure 5. Nitrosation of amides 11a–c with polymer 4.
suspensions in hexanes) and in the solid state. Similar to
monomeric calixarenes 1a,b, the UV–vis spectrum of
mixtures of polymer 3 and excess NO2/N2O4 in CH2Cl2
showed broad charge-transfer band at lmaxw575 nm,
indicating the formation of calix–nitrosonium complex 4.
Starting PEG polymer does not exhibit any UV–vis spectral
changes upon addition of NO2/N2O4.

In the NO2 entrapment experiments, stream of the gas was
passed through the Pasteur pipettes, loaded with starting
PEG monomethyl ether and material 3 (Fig. 4). In one
pipette, dry polymer 3 was loaded; the other pipette with 3
was preliminary flashed with hexanes. Both pipettes
containing 3 instantly turned dark purple, indicating the
NOC complexation. The color of the wetted material
appeared to be deeper and it stayed for hours. The dry
material bleached faster. As expected, no coloration was
observed for the pipette loaded with the starting PEG
polymer. This once again emphasizes the role of calixarene
cavities in the described processes and directly points at the
use of polymer 3 for NO2 detection and separation of other
nitrogen oxides, especially NO, from NO2.
2.4. Nitrosation

We previously reported, that calixarene–nitrosonium com-
plexes 2a,b may release NOC and thus act as nitrosating
agents for secondary amides.13 Nitrosamides/amines are of
great biomedical interest as potential NO-releasing drugs.19

We are now exploring calixarene-containing polymer 3 for
synthetic purposes.

Among the advantages of reagents immobilized on
polymeric supports20 are the ease of their separation from
the reaction mixture, their recycling, and the simplification
of handling toxic and odorous chemicals. Particularly useful
are so-called soluble polymers, as they allow to overcome
problems associated with the heterogeneous nature of the
reaction conditions. At the same time, likewise with
insoluble polymers, isolation of these polymers from the
reaction mixture also includes precipitation.

Nitrosonium-storing polymer 4 (Fig. 5) was prepared upon
bubbling NO2/N2O4 through the solution of 3 in CH2Cl2 for
2–3 min, followed by flashing with N2 for 10 min to remove
the remaining NO2/N2O4 gases. Deeply colored material
formed (Fig. 4). When added to equimolar solutions of
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amides CH3(CH2)6C(O)NHR 11a–c (RZMe, Et, Pr,
respectively) in CH2Cl2, it reacted quickly (2–3 h) at room
temperature, yielding corresponding N-nitrosamides 12a–c
(Fig. 5). The solution’s color discharged, thus visually indi-
cating the reaction progress. Polymer 3 was subsequently
recovered by precipitating with hexanes and filtered off.
Yields of nitrosamides 12a–c were determined by 1H NMR
spectroscopy, integrating signals of the product vs the
starting compounds. Signals for amides 11a–c decrease, and
characteristic signals for N-nitrosamides 12a–c appear and
grow. For example, a triplet at w3.2 ppm (C(O)CH2) and a
singlet at w3.1 ppm (N(NO)–CH3) were clearly registered
for nitrosoamide 12a; these were identical to those obtained
upon nitrosation of 11a with neat NO2/N2O4 and different
from the starting amide 11a (Fig. 6).
Figure 6. Fragments of the 1H NMR spectra (500 MHz, CDCl3, 295G1 K):
(A) N-methylamide 11a; (B) N-methyl-N-nitrosamide 12a obtained from
11a and NO2/N2O4;13 (C) N-methyl-N-nitrosamide 12a obtained from 11a
and polymer 4.
After at least five runs, the averaged yields of 12 varied
between 40% for 12c to 60% for 12b and 80% for 12a,
indicating the preference for less bulky substrates. At the
same time, polymeric reagent 4 is obviously less size-shape
selective, compared to monomeric species 2, which showed
exclusive selectivity for smaller N-Me derivative 11a.13 In
control experiments, involving starting PEG polymer
and amide 11a, only trace amounts of 12a were detected
(!5%), again emphasizing the role of calixarene cavity in
the described reaction.
3. Conclusions and outlook

Calix[4]arene derivatives can be effectively used for
chemoselective colorimetric sensing of NO2/N2O4 gases
both in solution and in the solid state. They also convert
NO2/N2O4 into nitrosating reagents for organic synthesis.
Immobilization of calixarenes on solid supports opens even
wider opportunities for practical applications. We are
currently preparing various calixarene-based polymers for
NO2/N2O4 sensing and conversion and also exploring
synthetic capabilities of the calixarene modules. Of
particular interest are chiral calixarenes for stereoselective
nitrosation and also calixarene-based nanotubes for
NO2/N2O4 sensing and fixation. We are also looking at
other NOX gases.
4. Experimental
4.1. General

1H and 13C NMR spectra were recorded in CDCl3 at 295G
1 8C on a JEOL Eclipse 500 MHz spectrometer. Chemical
shifts were measured relative to residual non-deuterated
solvent resonances. FTIR spectra were recorded on a
Bruker Vector 22 FTIR spectrometer. UV–vis spectra
were measured on a Varian Cary-50 spectrophotometer.
HRMS MALDI spectra were obtained on an Ion Spec
Ultima FTMS. Elemental analysis was performed on a
Perkin–Elmer 2400 CHN analyzer. All experiments with
moisture- and/or air-sensitive compounds were run under a
dried nitrogen atmosphere. For column chromatography,
silica gel 60 Å was used (Sorbent Technologies, Inc.; 200–
425 mesh). Tetrahydroxycalix[4]arene 521 and 1,3-alter-
nates 1a,b6,11 were prepared according to the published
procedures. Amides 11a–c and N-nitrosamides 12a–c were
synthesized as reported earlier.13 NO2/N2O4 was generated
from copper and concd HNO3.
Caution 1:
 NO2 has an irritating odor and is very toxic!

Caution 2:
 N-Nitrosoamides are carcinogens3 and should

be treated with extreme care!
4.1.1. 5,11,17,23-Tetrakis(t-butyl)-25,26,27-trihydroxy-
28-(n-propyloxy)calix[4]arene 6. In the modified pro-
cedure, to the solution of t-butyl calix[4]arene 5 (10.0 g,
15.41 mmol) in MeCN (300 mL), K2CO3 (1.07 g,
7.71 mmol) was added. The mixture was refluxed for
15 min, and then n-propyl bromide (14 mL, 154.1 mmol)
was added. The mixture was further refluxed for 24 h, and
the solvent was evaporated under reduced pressure. The
residue was taken up with CH2Cl2 (200 mL), washed with
1 M HCl (2!200 mL) and H2O (200 mL), and dried over
MgSO4. The solvent was evaporated, and the residual solid
was recrystallized from CHCl3/CH3OH to afford product 6
as white crystals (59%). The spectral data are in agreement
with the previously published.12 1H NMR: dZ10.20 (s, 1H),
9.61 (s, 2H), 7.06 (m, 8H), 4.37 (d, JZ12.5 Hz, 2H), 4.27
(d, JZ12.5 Hz, 2H), 4.10 (t, JZ7.5 Hz, 2H), 3.44 (d, JZ
12.5 Hz, 2H), 3.42 (d, JZ12.5 Hz, 2H), 2.18 (m, 2H), 1.24
(t, JZ7.5 Hz, 3H), 1.21 (s, 9H), 1.19 (s, 27H).
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4.1.2. 5,11,17,23-Tetrakis(t-butyl)-25-allyloxy-26,28-
dihydroxy-27-(n-propyloxy)calix[4]-arene 7. To the solu-
tion of calixarene 6 (4.0 g, 5.79 mmol) in MeCN (150 mL),
K2CO3 (3.2 g, 23.16 mmol) was added, and the mixture was
refluxed under nitrogen for 15 min. Allyl bromide (9.5 mL,
10.58 mmol) was then added, and the mixture was further
refluxed for 24 h. The solvent was evaporated under reduced
pressure, the residue was redissolved in CH2Cl2 (100 mL),
washed with 1 M HCl (2!50 mL), H2O (50 mL), and dried
over MgSO4. The solvent was evaporated, and the residual
solid was recrystallized from CHCl3/CH3OH to afford 7
as white crystals in 67% yield; mp 187–190 8C; 1H NMR:
dZ7.64 (s, 2H), 7.03 (s, 4H), 6.83 (s, 2H), 6.82 (s, 2H), 6.23
(m, 1H), 5.75 (d, JZ15 Hz, 1H), 5.36 (d, JZ15 Hz, 1H),
4.52 (d, JZ2.0 Hz, 2H), 4.28 (d, JZ12.5 Hz, 4H), 3.95 (t,
JZ7.5 Hz, 3H), 3.29 (d, JZ12.5 Hz, 4H), 2.02 (m, 2H),
1.27 (s, 18H), 1.24 (t, JZ7.5 Hz, 3H), 0.98 (s, 18H); 13C
NMR: dZ150.8, 150.0, 149.9, 146.9, 146.8, 141.4, 133.2,
132.9, 127.9, 127.8, 125.6, 125.5, 125.1, 117.5, 33.9, 31.9,
31.8, 31.2, 23.5, 11.0; FTIR (KBr, cmK1): nZ3413, 2961,
2904, 1643, 1486, 1361, 1196. Anal. Calcd for C50H66O4:
C, 82.15; H, 9.10. Found: C 81.82, H 9.34; MALDI-FTMS,
m/z: 753.4837 [(MCNa)C, calcd for C50H66O4 753.4853].

4.1.3. 5,11,17,23-Tetrakis(t-butyl)-25-allyloxy-26,27,28-
tris-(n-propyloxy)calix[4]arene, 1,3-alternate 8. To the
solution of calixarene 7 (5.0 g, 6.84 mmol) in MeCN
(400 mL), Cs2CO3 (17.83 g, 54.74 mmol) was added, and
the mixture was refluxed under nitrogen for 15 min.
n-Propyl bromide (6.2 mL, 68.4 mmol) was then added,
and the mixture was further refluxed for 36 h. The solvent
was evaporated under reduced pressure. The residue was
redissolved in CH2Cl2 (100 mL), washed with 1 M HCl
(2!50 mL), H2O (50 mL), and dried over MgSO4. The
solvent was evaporated to afford calixarene 8 as white
crystals in 70% yield; mp 243–245 8C; 1H NMR: dZ6.97 (s,
2H), 6.95 (s, 2H), 6.94 (d, JZ2.5 Hz, 2H), 6.92 (d, JZ
2.5 Hz, 2H), 5.38 (m, 1H), 4.76 (d, JZ2 Hz, 1H), 4.72 (s,
1H), 3.79 (s, 4H), 3.78 (s, 4H), 3.71 (m, 2H), 3.33 (m, 6H),
1.26 (s, 18H), 1.22 (s, 18H), 1.08 (m, 6H), 0.66 (t, JZ
7.5 Hz, 9H); 13C NMR: dZ154.9, 154.7, 154.5, 143.6,
143.5, 135.1, 133.5, 133.3, 133.2, 133.1, 126.3, 126.0,
125.7, 114.5, 72.0, 71.9, 71.6, 70.6, 39.3, 29.1, 34.0, 31.7,
22.7, 22.4, 22.35, 10.1; FTIR (KBr, cmK1): nZ2961, 2900,
2872, 1482, 1211. Anal. Calcd for C56H78O4: C, 82.51; H,
9.64. Found: C 82.19, H 9.99; MALDI-FTMS, m/z:
837.5778 [(MCNa)C, calcd for C56H78O4 837.5792].

4.1.4. 5,11,17,23-Tetrakis(t-butyl)-25-(3 0-hydroxypropyl-
oxy)-26,27,28-tris-(n-propyloxy)-calix[4]arene, 1,3-alter-
nate 9. Solution of BH3$THF in THF (1.0 M, 36 mL) was
added dropwise to a stirred solution of compound 8 (3.0 g,
3.68 mmol) in dry THF (200 mL) at K10 8C under nitrogen.
The reaction mixture was stirred for 1 h while warming to rt,
then stirred for another 2.5 h. 1 M aq NaOH (20 mL) was
added dropwise over 10 min, followed by H2O2 (30%,
11 mL) and H2O (2 mL). The mixture was stirred at rt for
1 h and then at 40 8C for 12 h. Brine was added, and the
organic layer was separated. The aqueous layer was
extracted with THF (2!20 mL), and the combined organic
solution was washed with brine (3!30 mL) and dried over
MgSO4. The solvent was evaporated, and the residue was
crystallized from CHCl3/CH3OH to afford product 9 as
white crystals (95%); mp O275 8C; 1H NMR: dZ7.00 (d,
JZ2.5 Hz, 2H), 6.98 (m, 4H), 6.95 (s, 2H), 3.82 (m, 8H),
3.32 (m, 10H), 1.39 (m, 2H), 1.26 (s, 18H), 1.24 (s, 18H),
1.03 (m, 2H), 0.92 (m, 4H), 0.61 (m, 9H); 13C NMR: dZ
154.9, 154.6, 143.9, 143.8, 133.5, 133.3, 132.9, 126.1,
126.0, 125.8, 125.5; 72.0, 71.8, 68.6, 60.9, 39.4, 39.2, 34.0,
33.97, 33.95, 32.5, 31.7, 22.6, 22.1, 10.2, 10.0; FTIR (KBr,
cmK1): nZ3468, 2955, 2935, 2923, 2863, 1594, 1475,
1199, 1012. Anal. Calcd for C56H80O5$0.5H2O: C, 79.86;
H, 9.69. Found: C 79.70, H 10.01; MALDI-FTMS, m/z:
855.5886 [(MCNa)C, calcd for C56H82O5 855.5903].

4.1.5. Polymer 3. PEG monomethyl ether (10.0 g, 2 mmol)
was dissolved in dry CH2Cl2 (100 mL). The solution was
cooled to 0 8C, and then Et3N (0.54 mL, 4 mmol) and
methanesulfonyl chloride (0.5 mL, 4 mmol) were conse-
quently added. The reaction mixture was stirred at 0–5 8C
for 2 h, washed with water (2!40 mL) and treated with
brine (40 mL). The organic layer was separated and dried
with MgSO4, and the solvent was evaporated in vacuo. The
residue was washed with hexanes to afford product 10
(98%). 1H NMR: dZ3.65 (m, 513H), 3.36 (s, 3H), 3.07 (s,
3H). To the solution of calixarene 9 (1.0 g, 1.2 mmol) in dry
THF (100 mL) potassium tert-butoxide (0.81 g, 7.2 mmol)
was added under nitrogen, and the resulting mixture was
stirred at 50 8C for 20 min. After cooling to rt, polymer 10
(3.0 g, 0.59 mmol) in dry THF (100 mL) was added
dropwise, and the mixture was stirred at 50 8C for 60 h.
The solvent was evaporated; the residue was redissolved in
CH2Cl2 (50 mL), washed with water (2!20 mL), brine
(20 mL), and dried over MgSO4. The solvent was
evaporated under reduced pressure, and the residual solid
was washed thoroughly with diethyl ether to remove
unreacted calixarene (TLC control). The resulted product
3 was air dried and then dried in vacuo for 12 h. 1H NMR:
dZ6.96 (m, 4.39H), 3.36 (s, 3H), 1.24 (m, 21.7H), 0.97 (m),
0.59 (m); Calcd loading is 55%. FTIR (KBr, cmK1): nZ
2948, 2885, 2741, 2695, 2238, 1967, 1468, 1414, 1360,
1343, 1281, 1242, 1149, 1110, 1060, 962, 947, 842, 529.

4.1.6. Nitrosation. NO2/N2O4 was bubbled through the
solution of polymer 3 (1 g, 0.17 mmol calixarene) in dry
CH2Cl2 (10 mL) for 2–3 min, after which N2 was bubbled
through the solution for 10–15 min. The resulting dark
solution was divided into three equal parts. N-methyl
octanamide 11a (5.4 mg, 0.034 mmol), N-ethyl octanamide
11b (5.9 mg, 0.034 mmol), and N-propyl octanamide 11c
(6.3 mg, 0.034 mmol) were separately added to each
solution, and the reaction mixtures were kept at rt for
2–3 h. The solvent was evaporated at rt under reduced
pressure. Hexanes (10 mL) were added, and the mixture was
stirred for 10 min, followed by filtration of the recovered
polymer 3. The solvent was evaporated at rt under reduced
pressure, and the residue was dried for 3 h in vacuo. The
product yield was determined by 1H NMR spectroscopy,
using previously reported spectral data.13 Selected data:
N-methyloctanoylamide (11a). 1H NMR dZ6.13 (bs, 1H,
NH), 2.73 (d, 3H, JZ5 Hz, NCH3), 2.12 (t, 2H, JZ7.5 Hz,
CH2), 1.53–1.58 (m, 2H, CH2), 1.22–1.28 (m, 8H, 4!CH2),
0.83 (t, 3H, JZ7.5 Hz, CH3). N-Ethyloctanoylamide (11b).
1H NMR dZ5.41 (bs, 1H, NH), 3.24–3.32 (m, 2H, CH2),
2.13 (t, 2H, JZ7.5 Hz, CH2), 1.52–1.64 (m, 2H, CH2),
1.20–1.34 (m, 8H, CH2), 1.12 (t, 3H, JZ7.5 Hz, CH3), 0.68
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(t, 3H, JZ7.5 Hz, CH3). N-Propyloctanoylamide (11c). 1H
NMR dZ5.24 (bs, 1H, NH), 3.17–3.23 (m, 2H, CH2), 2.14
(t, 2H, JZ7.5 Hz, CH2), 1.63 (m, 2H, CH2), 1.47–1.56 (m,
2H, CH2), 1.20–1.34 (m, 8H, CH2), 0.93 (t, 3H, JZ7.5 Hz,
CH3), 0.84 (t, 3H, JZ7.5 Hz, CH3). N-Methyl-N-nitroso-
octanoylamide (12a). 1H NMR dZ3.19 (t, 2H, JZ7.5 Hz,
CH2C(O)), 3.12 (s, 3H, N(NO)CH3), 1.72–1.81 (m, 2H,
CH2), 1.26–1.41 (m, 8H, (CH2)4), 0.86 (t, 3H, JZ7.5 Hz,
CH3). N-Ethyl-N-nitrosooctanoylamide (12b). 1H NMR dZ
3.80 (q, 2H, JZ7.5 Hz, N(NO)CH2), 3.12 (t, 2H, JZ7.5 Hz,
CH2C(O)), 1.75–1.82 (m, 2H, CH2), 1.26–1.41 (m, 8H,
CH2), 0.96 (t, 3H, JZ7.5 Hz, CH3), 0.87 (t, 3H, JZ7.5 Hz,
CH3). N-Propyl-N-nitrosooctanoylamide (12c). 1H NMR
dZ3.72 (t, 2H, JZ7.5 Hz, N(NO)CH2), 3.13 (t, 2H, JZ
7.5 Hz, CH2C(O)), 1.75–1.82 (m, 2H, CH2), 1.36–1.42 (m,
2H, CH2), 1.26–1.41 (m, 8H, CH2), 0.87 (t, 3H, JZ7.5 Hz,
CH3), 0.81 (t, 3H, JZ7.5 Hz, CH3).

4.2. UV–vis spectroscopy measurements

The measurements with compounds 1–4 were performed at
295G1 K in CH2Cl2. In the titration studies, the UV–vis
spectra were recorded at 6!10K5 M concentration of
calixarene 1a and concentration of NO2 varied within
w5!10K5–1.2!10K3 M range. The apparent association
constant was estimated from the changes in the absorbance
at lmaxZ565 nm (charge-transfer band in complex 2a). All
measurements were performed at least in duplicate.
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Abstract—New heterodinuclear ruthenium(II) bipyridyl-transition metal dithiocarbamate macrocycles have been prepared in good yields
via metal directed self-assembly and shown to recognise anions. 1H NMR anion titration studies reveal the nature of the bipyridyl amide
metal dithiocarbamate spacer unit in the respective dinuclear metal macrocycle influences significantly the strength of chloride and bromide
complexation in DMSO solutions. Luminescence spectroscopy was used to sense anions in polar organic solutions via notable emission
enhancement and quenching of the respective ruthenium(II) bipyridyl groups in the receptors.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Anionic species are well known to play numerous funda-
mental roles in biology and chemical processes and their
detrimental effects as environmental pollutants is of
growing concern.1 In view of this, there is intense current
interest being shown in the design and syntheses of
receptors that are proficient at detecting anions in
solution.1,2 By incorporating redox- and photo-active
transition metal inorganic signalling probes into various
acyclic, macrocyclic and calixarene ligand frameworks, we
have produced a series of selective spectral and electro-
chemical responsive reagents for anions.2a,3 In an effort to
construct new types of luminescent responsive receptors for
anion recognition, we report here the synthesis of hetero-
dinuclear ruthenium(II) bipyridyl-transition metal dithio-
carbamate macrocycles using metal directed self-assembly.
2. Synthesis

We have exploited the positively charged ruthenium(II)
bipyridyl moiety in the construction of a variety of acyclic
and macrocyclic receptors for anion sensing.2a,3 The
preparation of these latter macrocyclic systems can be
problematic as their synthesis requires high dilution
conditions and often yields are moderate. These synthetic
problems may be over come by applying metal directed self-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.058
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assembly4 in producing novel heterodinuclear ruthenium(II)
bipyridyl-transition metal dithiocarbamate macrocyclic
receptors.

Recently, the dithiocarbamate (dtc) moiety has proven to be
a useful structural motif lending itself to the metal directed
assembly of a range of structures including nano-sized
resorcarene-based assemblies,5 catenanes,6 assorted macro-
cycles7 and cyptands.8 The dithiocarbamate ligand is simple
to prepare via reaction of carbon disulfide with a secondary
amine in the presence of base. Consequently, bipyridyl
ligands were functionalised initially with secondary amines,
and after chelation to the ruthenium(II) bis(bipyridyl)
moiety, transition metal directed self-assembly using the
dithiocarbamate ligand produced the target heterodinuclear
macrocycles.

Reductive amination of 4,4 0-diformyl-2,2 0-bipyridyl 1 with
butylamine afforded the bis amine 2 in 92% yield
(Scheme 1). Condensation of 4,4 0-bis(chlorocarbonyl)-
2,2 0-bipyridine 3 with 2 equiv of N-butyl-ethane-1,2-
diamine 4 produced the bis-amide-amine bipyridyl deriva-
tive 5 in quantitative yield (Scheme 2). Amide-amine
bipyridyl compound 9 was similarly prepared by conden-
sation of 4,4 0-bis(chlorocarboxyl)-2,2 0-bipyridine 3 with
2 equiv of a Boc-protected diamine (Scheme 3), which was
obtained from 4-nitrobenzaldehyde (see Section 6).

Refluxing the appropriate bipyridyl amine derivative with
cis-Ru(bpy)2Cl2 in aqueous ethanol solution followed by
Sephadex column chromatography eluting with acetonitrile/
methanol (95:5) and addition of excess NH4PF6 produced
Tetrahedron 60 (2004) 11227–11238
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the respective ruthenium(II) complexes 10–12 in good
yields (69–80%, Scheme 4).

One-pot macrocyclisation with 2 equiv of carbon disulfide,
KOH and transition metal acetate salt in acetonitrile/water
(9:1) or THF/water (9:1) solutions gave the target hetero-
dinuclear receptors 13–21 in good yields (48–95%,
Scheme 5). These macrocyclic systems were characterised
by 1H NMR spectroscopy (for diamagnetic derivatives),
electrospray mass spectrometry (ESMS) and elemental
analysis (see Section 6). No evidence from ESMS was
seen for dimeric or higher oligomeric structures.
3. Anion coordination studies

The interactions of anions with acyclic ruthenium(II)
bipyridyl receptors 11 and 12 and their corresponding
macrocycles 16–21 were investigated by a variety of
spectroscopic techniques.
3.1. NMR titrations

Solubility problems at NMR concentrations dictated that all
titration experiments were undertaken in d6-DMSO. The
addition of tetrabutylammonium anion salts to d6-DMSO
solutions of diamagnetic transition metal containing recep-
tors, in general, resulted in significant downfield pertur-
bations of the respective bipyridyl H3 and amide receptor
protons. EQNMR9 analysis of the resulting titration curves
suggested 1:1 receptor/anion stoichiometry in the majority
of cases and the calculated stability constant values are
shown in Table 1. Unfortunately with dihydrogen phosphate
and acetate anions, precipitation problems during the
titration experiment thwarted quantitative binding analysis
for the majority of the receptors.
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Table 1 shows that all three receptors containing ethyl
spacer units connecting the ruthenium(II) bipyridyl amide
unit to the respective secondary amine or transition metal
dithiocarbamate complex 11, 16 and 18 display the
selectivity preference ClKOBrKOIK, which suggests the
chloride anion is of complementary size to the receptors’
cavity. These halide binding results contrast those of 19 and
21 where weak binding of all three halide anions is
observed. Presumably, the aryl group containing macro-
cyclic cavity sterically hinders halide complexation.
Acyclic receptor 12 complexes BrK with similar strength
to 11, 16 and 18. However, the stability of the ClK complex
is significantly reduced in comparison.
3.2. UV–visible

The electronic spectral characteristics of the receptors are
shown in Table 2, where as noted previously,2a the electron
withdrawing characteristics of the amide groups causes a
lower energy MLCT transition compared to the MLCT
transition observed with [Ru(bpy)3]2C. The majority of the
electronic transitions associated with the transition metal
dithiocarbamate complexes are hidden beneath the ruthe-
nium(II) bipyridyl absorptions. The addition of anions to
acetonitrile solutions of the respective receptors resulted in
small perturbations of the electronic spectrum. In some
cases isosbestic points were observed (Fig. 1). However,
attempts to determine quantitative binding data using
Spectfit10 proved problematic.
3.3. Luminescence spectroscopy

The ability of [Ru(bpy)3]2C to act as a luminescent receptor
unit is well established.2 The emission spectra of all
receptors displayed a single broad emission maximum
which is red-shifted relative to Ru(bpy)3 PF6 (Table 3).
Again the amide substituents on the bipyridyl motif can
explain the energy decrease of the MLCT excited state. It is
interesting to note that the relative emission intensities of
the heterodinuclear macrocycles vary greatly depending
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upon the nature of the transition metal dtc complex. The
presence of redox-active transition metals nickel(II) 16 and
copper(II) 17, causes luminescence quenching of the
Ru(bpy)3

2C units. Figure 2 shows that the emission intensity
for zinc(II) dtc containing macrocycle 18 is much larger
than that of acyclic ruthenium(II) bipyridyl receptor 11 and
that emission quenching is clearly observed with 16 and 17
relative to 11. The effects of addition of anions in the
luminescence spectra of the receptors were investigated in
acetonitrile for 11, 16–18 and in DMSO for 12, 19–21 due to
solubility differences.

3.4. Emission binding studies in acetonitrile

The effect of anion addition on the emission spectra
depended on the receptor in question. For 11 there was
typically a marked increase in the intensity of the emission
upon addition of chloride, bromide, iodide, and acetate with



Table 1. Anion stability constant values K (MK1) in DMSO-d6

M(dtc)2 MZ H2PO4
K AcOK ClK BrK IK

11 — 1000 a 900 120 20
12 — b a 245 180 !10
16 Ni b 990 1000 190 0
18 Zn a b 920 140 0
19 Ni b b !10 !10 !10
21 Zn b b !10 !10 !10

Errors estimated to be %10%, tempZ298 K.
a EQNMR8 could not fit data.
b Precipitation occurred.

Table 2. UV–visible characterisation data in CH3CN at 1.25!10K5 M

Compound MLCT LC MLCT

Wavelength (nm) 3/103 MK1 cmK1 Wavelength (nm) 3/103 MK1 cmK1 Wavelength (nm) 3/103 MK1 cmK1

[Ru(bpy)3]2C 244 27.2 287 79.8 450 14.3
10 245 180.0 287 75.6 454 75.2
11 246 20.6 288 46.8 451 8.2
13 245 45.9 288 72.9 454 14.0
14 245 24.2 287 53.3 454 11.0
15 245 41.6 288 89.6 454 17.5
16 246 49.7 288 79.5 456 12.6
17 244 28.7 287 55.2 445 10.5
18 254 41.0 286 75.8 455 12.6

Figure 1. UV–visible titration of 16 and AcOK in CH3CN.
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a concomitant hypsochromic shift in the emission lmax

(Table 4). For example, the addition of excess chloride to 11
caused a 47% increase in intensity and a 4.5 nm blue shift in
the emission maximum (Fig. 3). The hypsochromic shift
indicates that the MLCT state moves to higher energy in the
Table 3. Emission data in CH3CN except for compounds marked ‘*’ were
in DMSO, 1.25!10K5 M, lexcit at maxima of MLCT

Receptor M(dtc)2 MZ Wavelength
(nm)

Intensity (arbi-
trary units)

[Ru(bpy)3]
[PF6]2

597 56

20 — 603 214
21 — 631 87
22* — 639 202
23 Ni 604 10
24 Cu 623 24
25 Zn 625 220
26 Ni 625 3
27 Cu 630 13
29 Zn 630 214
30* Cu 635 119
31* Zn 638 206
presence of an anion. The MLCT dp* state has the electron
formally residing on the bipyridine ligand, and this
configuration is presumably less favourable when a
negatively charged guest binds to the amide bipyridine
group. The emission enhancement is probably due to the
binding of an anion causing the receptor molecule to
become more structurally rigid, by restricting its vibrational
and rotational modes. This limits the pathways for
radiationless decay, and hence increases the observed
emission intensity.11

In contrast, macrocycle 18 displayed significant decreases in
emission intensity on addition of anions. The luminescence
quenching observed upon anion addition to the macrocyclic
receptor is more difficult to explain. One possible cause of
luminescence quenching is if the symmetry of the molecule
is altered upon complexation, destabilising the 3MLCT
excited state. Thus the emission would be quenched, and an
intensity decrease would be observed. This effect might also
cause a change in the energy levels involved, which would
be observed as a shift in the wavelength of the emission
maximum.12 Disappointingly, only small increases in



Figure 2. Emission spectra of 11 and 16–18 in CH3CN, 1.25!10K5 M.

Table 4. Percentage change in emission maxima intensity in CH3CN and change in wavelength maxima upon addition of excess anions

Anion AcOK H2PO4
K, ClK BrK IK

(11) C64% C39% C47% C38% C7%
Dlmax (nm) K12.5 K2.5 K4.5 K3.0 K3.0
(18) K65% K88% K45% K30% K30%
Dlmax (nm) K12.0 K2.0 K5.5 K4.5 K3.5

Figure 3. Luminescence titration of 11 with ClK in CH3CN, 1.25!10K5 M.
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emission intensity upon addition of anions to macrocycles
16 and 17 were observed.

Specfit10 analysis of the titration data enabled stability
constants to be determined (Table 5). The stability constants
in acetonitrile for receptor 11 are all very high in this solvent
and are quoted as log b1O6, which is approaching the upper
limit for log b1 values by Specfit.10 The halide anions
(chloride, bromide and iodide) were all bound by receptor
11 with similarly large stability constants, whereas macro-
cycle 18 showed a selectivity trend ClKOBrKOIK, as seen
in the 1H NMR titration experiments. Stability constants for
receptors 11 and 18 with dihydrogen phosphate could not be
determined due to the complexity of the emission responses,
and acetate was bound strongly by both receptors.

3.5. Emission binding studies in DMSO

The anion emission titration studies for receptors 12 and
19–21 were conducted in DMSO, due to their poor
solubility in acetonitrile. Addition of anions to the
ruthenium(II) receptor 12 in DMSO resulted in small
increases in the emission intensity and slight hypsochromic
shifts. However, the changes in the emission intensity in



Table 5. Stability constants determined by Specfit10 in CH3CN at receptor
concentrations of 1.25!10K5 M (TempZ298 K)

log b1 11 log b1 18

AcOK O6 O6
H2PO4

K a a

ClK O6 5.72G0.07
BrK O6 5.04G0.04
IK O6 4.76G0.06

a Specfit10 could not fit data.
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DMSO were much less than those observed in CH3CN for
compound 11. This is to be expected due to the competitive
nature of DMSO.13 Addition of anions to the macrocycles
19–21 caused only small decreases in emission intensity.

The only anion to cause significant changes in the emission
spectra was dihydrogen phosphate. For this anion stability
constants could be determined with a 1:1 stoichiometry and
are given in Table 6. The zinc(II) macrocycle 21 displayed
an enhanced binding affinity for dihydrogen phosphate
compared to its acyclic analogue 12.
Table 6. Stability constants determined by Specfit10, in DMSO at receptor
concentrations of 1.25!10K5 M (TempZ298 K)

log b1 12 log b1 21

H2PO4
K 4.2G0.1 5.28G0.06
4. Electrochemical investigations

The electrochemical properties of 10, 11 and copper(II) dtc
containing receptors 14 and 17 were investigated using
cyclic and square wave voltammetry with tetrabutylammo-
nium tetrafluoroborate as supporting electrolyte. As
expected the electrochemical data for 10 and 11 are similar
to Ru(bpy)3

2C, displaying four redox waves assigned to a
metal centred Ru(II)/(III) oxidation and three ligand centred
bipyridyl reduction processes (Table 7). The electrochemi-
cal properties of copper(II) dithiocarbamate complexes are
well-documented undergoing reversible one-electron oxi-
dation and reduction redox processes.14–16

The copper(II/III) couple in macrocycles 14 and 17 is
compared to the copper(II/III) couple in the model com-
pound, copper(II) diethyl dithiocarbamate (Cu(Et2dtc)2).
The electrochemical investigations of 14 and 17 were
limited to an electrochemical window of C1.25–0 V, in
order to avoid decomposition of the macrocycles. Under
more reducing conditions precipitation was observed and
irreproducible results were noted. Thus assignment and
Table 7. Electrochemical data for 10, 11, 14, 17 in CH3CN/0.1 M TBABF4, Ag/

Complex Ru(II/III) couple E1/2/
V

First 2,2 0-bpy
reduction E1/2/V

[Ru(bpy)3]2C C1.03 K1.61
10 C1.02 K1.60
11 C1.03 K1.51
14 C1.00 —
17 C1.02 —
Cu(Et2dtc)2 — —

E1/2Z(EpaCEpc)/2.
study of the 2,2 0-bpy reductions was rendered impossible
(Table 7).

For all receptors the ruthenium(II/III) redox wave was
observed at w1.0 V. For 11 the first bipyridyl ligand centred
reduction is assigned to the 4,4 0-amide-substituted bipyr-
idyl. The electron withdrawing amide group means that
this bipyridyl group is easier to reduce than its neighbouring
ones. The anodic shifts in the copper(II/III) couple for the
ruthenium macrocycles 14 and 17 compared to Cu(Et2dtc)2

may be a result of the close proximity of the positively
charged ruthenium(II) centre. All four systems investigated
displayed quasi-reversible behaviour for both the ruthenium
(II/III) couple and the copper(II/III) redox couples (for
receptors 14 and 17).

The addition of dihydrogen phosphate to receptor 10 caused
a small cathodic shift for the first bipyridyl reduction wave
(10 mV), but addition of acetate, chloride, bromide, and
iodide caused little change (!5 mV). Addition of anions to
11 also caused modest cathodic shifts of w10 mV for the
first bipyridyl wave. The shift was approximately the same
for addition of all anions, and little discrimination was
shown. For both receptors 10 and 11, no shifts were
observed for the ruthenium(II/III) couple or the second and
third bipyridyl reduction couples on the addition of anions.
Electrochemical studies on [Ru(bpy)3][(PF6)2] showed no
perturbations upon addition of anions to either the
ruthenium(II/III) oxidation wave, or the bipyridyl reduction
waves.

Cathodic shifts occur because the complexation of anions
increases the negative charge density adjacent to the binding
site.17 This in turn inhibits the reduction of the redox centre
and so a greater formal reduction potential is required to add
more electrons. As noted in previous systems, the fact that
no shifts were observed for the second or third bipyridyl
reduction couples or for the ruthenium(II/III) couple lends
support to the hypothesis that the binding of anionic guests
is centred in the vicinity of the substituted bipyridyl groups
in solution.

Electrochemical investigations of the macrocycles 14 and
17 and Cu(Et2dtc)2 upon addition of anions revealed no
perturbations of the ruthenium(II/III) redox wave. However,
significant cathodic shifts were observed in the copper(II/
III) redox wave (Table 8). The addition of dihydrogen
phosphate to macrocycle 14 resulted in a shift of 40 mV.
This shift was considerably larger than the shift observed for
Cu(Et2dtc)2 (!10 mV). Receptor 14 showed little inter-
action with acetate. However, the large cathodic shift in the
copper(II/III) redox potential of Cu(Et2dtc)2 upon addition
AgNO3 reference electrode

Second 2,2 0-bpy
reduction E1/2/V

Third 2,2 0-bpy
reduction E1/2/V

Cu(II/III) couple E1/2/
V

K1.82 K2.12 —
K1.83 K2.12 —
K1.80 K2.10 —

— — C0.29
— — C0.20
— — C0.19



Table 8. Cathodic shifts in Cu(II/III) redox wave upon addition of 5 equiv
of anion in CH3CN/0.1 M TBABF4

Cu(II/III) couple DE
(mV)

Cu(Et2dtc)2 14 17

H2PO4
K !10 40 a

AcOK 60 !10 a

a Precipitation occurred.
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of acetate anions may imply there is a coordinative
interaction between the copper(II) centre and the anion.

Unfortunately, no significant changes in oxidation poten-
tials were observed on addition of bromide or iodide to 14 or
17. At the concentrations used for the electrochemical
experiments, addition of dihydrogen phosphate and acetate
anions to receptor 17 caused precipitation, hindering further
investigation.
5. Conclusions

A series of new 4,4 0-amide-secondary amine substituted
ruthenium(II) bipyridyl derivatives were prepared initially,
which on applying metal directed self-assembly, using the
dithiocarbamate ligand, produced novel heterodinuclear
ruthenium(II) bipyridyl-transition metal dithiocarbamate
macrocycles in good yields. A variety of spectroscopic
and electrochemical techniques were employed to investi-
gate their anion recognition and sensing capabilities. It is
noteworthy that the nature of the spacer unit in the
respective dinuclear metal macrocycles crucially dictates
the strength of chloride and bromide binding in DMSO
solutions with ethyl spacer containing macrocyclic recep-
tors 16 and 18 forming much stronger complexes than the
corresponding aryl linked systems 19 and 21. Although
UV–visible absorption spectroscopy proved largely insen-
sitive to anion complexation, the luminescence spectra of
the receptors were significantly perturbed on anion binding.
Both anion complexation induced emission enhancement
and quenching effects were noted, respectively, with 11
and 18.

Voltammetric studies revealed modest anion induced
cathodic shifts of the respective first bipyridyl reduction
redox couple of acyclic receptors 10 and 11, whereas a
significant cathodic perturbation of the copper(II)/(III) dtc
redox couple of 14 was noted with dihydrogen phosphate
anion addition.
6. Experimental

6.1. General

NMR spectra were recorded on a Varian Mercury 300 or a
Varian Unity Plus machine 500. FAB Mass spectrometry
was carried out by the EPSRC mass spectrometry service,
Swansea. Elemental analyses were performed by the
Inorganic Chemistry Laboratory Microanalysis Service
and electrospray mass spectrometry (ESMS) were per-
formed on a Micromass ESI-TOF in the Inorganic
Chemistry Department, University of Oxford. Fluorescence
spectra were recorded on a Perkin Elmer Lamba 6 UV–
visible Spectrometer. Measurements were conducted at
25 8C using a 1!1 cm rectangular quartz cuvette. UV–
visible spectra were recorded on a PE Lamba 6 spectro-
meter. Electrochemical studies were performed on a
Princeton Applied Research potentiastat/galvanostat model
273 using a glassy carbon working electrode, a platinum
counter electrode and an Ag/AgNO3 reference electrode
(0.33 VG10 mV vs SCE). Kemet diamond sprays (1 mm
and 0.25 mm) were used to polish the working electrode.

4,4 0-Diformyl-2,2 0-bipyridine 1,18 4,4 0-bis(carboxy)-2,2 0-
bipyridine 3,19 and 4,4 0-bis(chlorocarbonyl)-2,2 0-bipyridine
4,18 were prepared according to literature procedures.

6.1.1. 4,4 0-Bis(butylaminomethyl)-2,2 0-bipyridine, 2.
4,4 0-Diformyl-2,2 0-bipyridine (0.20 g, 0.9 mmol) and n-
butylamine (0.13 g, 1.8 mmol) were dissolved in toluene
(100 ml). The mixture was refluxed under nitrogen for
45 min using Dean–Stark apparatus and then the solvent
was removed to yield an orange oil. This was dissolved in
MeOH (100 ml) and a fivefold excess of NaBH4 was
cautiously added and stirred for 1 h under nitrogen. HCl (aq)
(2 M) was added carefully until pHZ1. The mixture was
made basic (pHZ11) by the addition of KOH (aq) (2 M).
The product was extracted into CH2Cl2 (4!50 ml) and
dried over K2CO3. Solvent removal and drying in vacuo
yielded a yellow oil (0.27 g, 92%).

1H NMR in CDCl3 (d/ppm): 0.85 (t, 6H, 3JZ7.2 Hz, CH3),
1.30 (m, 4H, 3JZ7.2 Hz, CH2CH3), 1.45 (m, 4H, 3JZ7.2 Hz,
CH2CH2CH3), 2.58 (t, 4H, 3JZ7.2 Hz, NCH2CH2), 3.83 (s,
4H, bpyCH2NH), 7.27 (d, 2H, 3JZ4.8 Hz, bpy-H5,5 0), 8.27
(s, 2H, bpy-H3,3 0), 8.56 (d, 2H, 3JZ4.8 Hz, bpy-H6,6 0).

13C NMR in CDCl3 (d/ppm): 14.67 (CH3), 23.50 (CH2),
32.23 (CH2), 50.03 (CH2NH), 53.43 (bpyCH2), 120.71
(bpy-C), 123.27 (bpy-C), 139.01 (bpy-C), 149.34 (bpy-C),
150.77 (bpy-C).

ESMS: m/z 327.3 [MCH]C.

6.1.2. 4,4 0- Bis-[(2-butylamino-ethyl-carbamoyl] 2,2 0-
bipyridine, 5. N-Butyl-ethane-1,2-diamine (0.2 g,
1.7 mmol) was dissolved in CH2Cl2 (30 ml) under a
nitrogen atmosphere. To this rapidly stirred solution, a
solution of 4,4 0-di(chlorocarbonyl)-2,2 0-bipyridine 4
(0.24 g, 0.8 mmol) dissolved in CH2Cl2 (30 ml) was added
dropwise. A white precipitate formed immediately, but the
solution was stirred for a further 15 min to ensure com-
pletion of the reaction. The product was filtered, washed
with H2O (2!15 ml), Et2O (2!15 ml) and dried in vacuo
to give a highly insoluble white solid in quantitative yield
(0.38 g).

1H NMR in DMSO-d6 (d/ppm): 0.82 (t, 6H, 3JZ3.9 Hz,
CH3), 1.28 (m, 4H, CH2CH3), 1.52(m, 4H, CH2CH2CH3),
2.65 (m, 4H, NHCH2CH2CH2CH3), 2.81 (m, 4H, CH2NH),
3.54 (m, 4H, CH2NHCO), 7.88 (m, 2H, bpy-H5,5 0), 8.76 (s,
2H, bpy-H3,3 0), 8.83 (m, 2H, bpy-H6,6 0), 9.14 (m, 2H,
CONH).

ESMS: m/z 441.6 [MCH]C, 463.6 [MCNa]C.
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6.1.3. Butyl-(4-nitro-benzyl)-amine, 6. 4-Nitrobenzalde-
hyde (2 g, 13 mmol) and n-butylamine (0.96 g, 13 mmol)
were dissolved in toluene (100 ml). The mixture was
refluxed under nitrogen for 45 min using Dean–Stark
apparatus and the solvent was removed to yield an orange
oil. This was dissolved in MeOH (100 ml) and a five-fold
excess of NaBH4 was added cautiously and stirred for 1 h
under nitrogen. HCl (aq) (2 M) was added carefully until
pHZ1 and then NaOH (aq) (2 M) until pHZ11. The
product was extracted into CH2Cl2 (4!50 ml) and dried
over K2CO3. Solvent removal and drying in vacuo yielded a
yellow oil (1.76 g, 65% yield).

1H NMR in CDCl3 (d/ppm): 0.81 (t, 3H, 3JZ7.2 Hz, CH3),
1.19 (m, 2H, 3JZ7.2 Hz, CH2CH3), 1.40 (m, 2H, 3JZ7.2 Hz,
CH2CH2CH3), 3.11 (m, 2H, NHCH2CH2), 4.43 (s, 2H,
ArCH2), 7.30 (d, 2H, 3JZ7.8 Hz, Ar-H), 8.10 (d, 2H,
3JZ7.8 Hz, Ar-H).

ESMS: m/z 209.1 [MCH]C.
6.1.4. Butyl-(4-nitro-benzyl)-carbamic acid tert-butyl
ester, 7. Bis-(tert-butoxycarbonyl)anhydride (0.27,
1.2 mmol) was dissolved in 30 ml of dioxane. This was
added, over 2 1/2 h, to butyl-(4-nitro-benzyl)-amine (0.2 g,
1.1 mmol) (which was dissolved in 30 ml of dioxane). The
solution was stirred for 30 min, after which time the solvent
was removed in vacuo giving a white semi-solid. H2O
(50 ml) was added and the product was extracted into
CH2Cl2 (3!50 ml), dried with MgSO4, filtered and reduced
in vacuo leaving a clear, viscous oil (0.25 g, 74% yield).

1H NMR in CDCl3 (d/ppm): 0.85 (t, 3H, 3JZ7.8 Hz,
CH2CH3), 1.23 (m, 4H, 3JZ6.6 Hz, CH2CH2CH3), 1.44 (s,
9H, C(CH3)3), 3.14 (m, 2H, NBocCH2CH2), 4.46 (s, 2H,
ArCH2), 7.34 (d, 2H, 3JZ8.4 Hz, Ar-H), 8.13 (d, 2H,
3JZ8.1 Hz, Ar-H).

13C NMR in CDCl3 (d/ppm): 13.95 (CH3), 20.14 (CH2),
28.52 ((CH3)3C), 30.5 (CH2), 47.34 (CH2), 67.24
(ArCH2N), 80.24 ((CH3)3C), 123.88 (Ar-C), 128.22 (Ar-C),
128.26 (Ar-C), 147.32 (Ar-C).

ESMS: m/z 331.2 [MCNa]C.
6.1.5. (4-Amino-benzyl)- butyl-carbamic acid tert-butyl
ester, 8. The nitro compound 7 (6.20 g, 0.018 mol) was
reduced using Raney Nickel, 10 atm, 50 8C, 1 h in EtOH.
The solvent was removed and the product purified by
column chromatography on silica eluting with CH2Cl2 to
give the amine (3.62 g, 72% yield).

1H NMR in CDCl3 (d/ppm): 0.80 (t, 3H, 3JZ6.9 Hz, CH3),
1.11 (m, 4H, 3JZ6.6 Hz, CH2CH2CH3), 1.39 (s, 9H,
CCH3), 3.03 (br s, 2H, NH2), 3.68 (m, 2H, NBocCH2CH2),
4.21 (s, 2H, ArCH2), 7.15 (d, 2H, 3JZ8.1 Hz, Ar-H), 7.26
(d, 2H, 3JZ7.8 Hz, Ar-H).

13C NMR in CDCl3 (d/ppm): 13.98 (CH3), 20.16 (CH2),
28.61 ((CH3)3C), 30.21 (CH2), 45.85 (CH2), 67.15
(ArCH2N), 79.27 ((CH3)3C), 115.08 (Ar-C), 128.10 (Ar-C),
129.33 (Ar-C), 146.14 (Ar-C).
ESMS: m/z 301.2 [MCNa]C.

6.1.6. 4,4 00 Bis-[(4-butylaminomethyl-phenyl)-carba-
moyl]-2,2 0-bipyridine, 9. (4-Amino-benzyl)- butyl-carba-
mic acid tert-butyl ester 8 (4.88 g, 1.7 mmol) was dissolved
in CH2Cl2 (30 ml) under a nitrogen atmosphere. To this a
solution of 4,4 0-di(chlorocarbonyl)-2,2 0-bipyridine (2.03 g,
8.0 mmol) dissolved in CH2Cl2 (30 ml) was added drop-
wise. An orange precipitate formed immediately, but the
solution was stirred for a further 15 min to ensure
completion of the reaction. The product was filtered,
washed with H2O (2!15 ml), Et2O (2!15 ml) and dried
in vacuo to give an orange solid (5.88 g, 96% yield).
Interestingly during this reaction the amine protecting group
(Boc) was removed to yield the free amine.

1H NMR in DMSO-d6 (d/ppm): 0.93 (t, 6H, CH3), 1.22 (m,
4H, CH2CH3), 1.43 (m, 4H, CH2CH2CH3), 3.15 (m, 4H,
NHCH2CH2), 4.37 (s, 4H, ArCH2), 7.20 (d, 4H, 3JZ7.8 Hz,
Ar-H), 7.75 (d, 4H, Ar-H), 8.03 (d, 4H, 3JZ7.2 Hz, bpy-
H5,5 0), 8.94 (m, 4H, bpy-H6,6 0 and CONH), 10.86 (s, 2H,
bpy-H3,3 0).

ESMS: m/z 565.7 [MCH]C.

6.1.7. Ruthenium(II) (4,4 0-bis(butylaminomethyl)-2,2 0-
bipyridine)bis(2,2 0-bipyridine)-bis(hexafluorophos-
phate), 10. cis-Dichlorobis(2,2 0-bipyridine)ruthenium(II)
(0.12 g, 0.2 mmol) and 4,4 0-bis-(butylaminomethyl)-2,2 0-
bipyridine 2 (0.09 g, 0.2 mmol) were dissolved in EtOH/
H2O (50:50) (50 ml) and refluxed for 18 h. The solvent was
removed in vacuo leaving a shiny deep purple solid. The
crude product was purified by column chromatography on
Sephadexw LH-20, eluting with MeCN to remove excess
[Ru(bpy)2Cl2] and then 5% MeOH in MeCN to obtain the
product. Solvent removal gave a deep purple shiny, flaky
solid. It was noted that for this and all subsequent ruthenium
compounds that there was a thin green band, between the
purple of the cis-dichlorobis(2,2 0-bipyridine)ruthenium(II)
and the red of the product, attributed to a ruthenium(III)
complex. The chloride counteranion was exchanged for
hexafluorophosphate by dissolving the chloride salt in the
minimum amount of MeOH and adding a saturated solution
of NH4PF6 (aq). This gives the hexafluorophosphate salt as a
precipitate, which can be removed by filtration, washed with
H2O, then Et2O and dried under vacuum to yield a red solid
(typically 90–94% conversion from the chloride salt). The
red solid was isolated and dried under vacuum (0.16 g, 80%
yield).

1H NMR in CD3CN (d/ppm): 0.94 (t, 6H, 3JZ7.0 Hz, CH3),
1.40 (m, 4H, 3JZ7.5 Hz, CH2CH3), 1.63 (m, 4H, 3JZ7.5 Hz,
CH2CH2CH3), 2.96 (m, 4H, 3JZ7 Hz, NCH2CH2), 4.22 (s,
4H, bpyCH2NH), 7.44 (m, 6H, bpy-He and bpy-H5,5 0), 7.75
(m, 6H, bpy-H6,6 0 and bpy-Hf), 8.09 (t, 4H, 3JZ7.8 Hz,
bpy-Hd), 8.52 (d, 6H, 3JZ7.8 Hz, bpy-Hc), 8.59 (s, 2H, bpy-
H3,3 0).

13C NMR in CD3CN (d/ppm): 13.44 (CH3), 20.04 (CH2),
30.27 (CH2), 48.83 (CH2NH), 50.59 (bpyCH2), 124.56
(bpy-C), 125.01 (bpy-C), 127.87 (bpy-C), 127.92 (bpy-C),
138.19 (bpy-C), 151.76 (bpy-C), 151.85 (bpy-C), 152.03
(bpy-C), 157.07 (bpy-C), 157.17 (bpy-C).
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Elemental analysis: found: C 44.7%, H 4.8%, N 10.4%.

Calculated (C40H46N8RuP2F12$2H2O): C 45.0%, H 4.7%, N
10.5%.

ESMS: m/z 739.9 [MK2PF6]C, 884.9 [MKPF6]C, 1029.9
[M]C.

6.1.8. Ruthenium(II) 4,4 0- bis-[(2-butylamino-ethyl-
carbamoyl] 2,20-bipyridine bis(2,20-bipyridine)-bis(hexa-
fluorophosphate), 11. Procedure as for receptor 10,
using cis-dichlorobis(2,2 0-bipyridine)ruthenium(II) (0.19 g,
0.36 mmol) and 4,4 0-bis-[(2-butylamino-ethyl-carbamoyl]
2,2 0-bipyridine 5 (0.16 g, 0.36 mmol) The hexafluorophos-
phate salt was then isolated (0.29 g, 71% yield).

1H NMR in CD3CN (d/ppm): 0.96 (t, 6H, 3JZ7.2 Hz, CH3),
1.42 (m, 4H, 3JZ7.5 Hz, CH2CH3), 1.66 (m, 4H, 3JZ7.0 Hz,
CH2CH2CH3), 3.07 (t, 4H, 3JZ8.0 Hz, NHCH2CH2

CH2CH3), 3.28 (t, 4H, 3JZ5.1 Hz, CH2NHCH2CH2CH2),
3.71 (m, 4H, 3JZ7.0 Hz, CONHCH2), 7.44 (m, 4H,
3JZ5.7 Hz, bpy-He), 7.73 (m, 6H, bpy-H5,5 0 and bpy-Hf),
7.96 (d, 2H, 3JZ6.0 Hz, bpy-H6,60), 8.10 (m, 4H, 3JZ6.0 Hz,
bpy-Hd), 8.55 (m, 6H, bpy-Hc and 2CONH), 9.04 (s, 2H,
bpy-H3,3 0).

13C NMR in CD3CN (d/ppm): 13.24 (CH3), 19.74 (CH2),
28.15 (CH2), 37.41 (CH2), 48.57 (CH2), 48.92 (CH2),
124.97 (bpy-C), 125.66 (bpy-C), 126.20 (bpy-C), 128.33
(bpy-C), 138.80 (bpy-C), 141.97 (bpy-C), 152.28 (bpy-C),
153.30 (bpy-C), 157.21 (bpy-C), 157.34 (bpy-C), 158.10
(bpy-C), 165.76 (CO).

Elemental analysis: found: C 43.2%, H 5.0%, N 11.1%.

Calculated (C44H52N10RuO2P2F12$4H2O): C 43.5%, H
5.0%, N 11.5%.

ESMS: m/z 427.2 [MK2PF6]2C, 500.2 [MKPF6]2C, 573.2
[M]2C.

6.1.9. Ruthenium(II) (4,4 0 bis-[(4-butylaminomethyl-
phenyl)-carbamoyl]-2,2 0-bipyridine) bis(2,2 0-bipyri-
dine)-bis(hexafluorophosphate), 12. Procedure as for
receptor 10 using cis-dichlorobis(2,2 0-bipyridine)ruthenium
(II) (0.85 g, 1.6 mmol) and 4,4 0 bis-[(4-butylaminomethyl-
phenyl)-carbamoyl]-2,2 0-bipyridine 9 (1.25 g, 1.6 mmol)
The product was isolated as a deep purple shiny, flaky
solid. (1.40 g, 69% yield).

1H NMR in CD3CN (d/ppm): 0.94 (t, 6H, 3JZ5 Hz, CH3),
1.39 (m, 4H, CH2CH3), 1.46 (m, 4H, CH2CH2CH3), 3.05 (t,
4H, 3JZ7.8 Hz, NHCH2CH2), 4.17 (s, 4H, ArCH2NH), 7.32
(d, 2H, bpy-H5,5 0), 7.56 (m, 4H, 3JZ5.4 Hz, bpy-He), 7.77
(d, 2H, 3JZ5.4 Hz, bpy-H6,6 0), 7.88 (m, 4H, bpy-Hf), 7.96
(m, 4H, bpy-Hd), 8.19 (m, 8H, bpy-Hc and ArH), 8.91 (m,
2H, bpy-H3,3 0 and ArH), 10.09 (br s, 1H, NHCO), 10.44 (br
s, 1H, NHCO).

Elemental analysis: found: C 39.7%, H 4.1%, N 10.5%.

Calculated (C54H56F12N10O2P2Ru$3H2O): C 49.0%, H
4.7%, N 10.6%.
MALDI: m/z 978.2 [MK2PF6]C, 1122.8 [MKPF6]C.

6.2. General method for synthesis of macrocycles, 13–15

The macrocyclic receptors were synthesised in a one pot
reaction. To a stirred solution of the respective ruthenium
(II) receptor 10 in 10 ml MeCN/H2O mixture (9:1) was
added an excess of KOH(aq) (1 M). Two equivalents of
carbon disulphide were dropped into the solution and the
mixture stirred for 10 min allowing formation of the
potassium dithiocarbamate salt. This salt was not isolated
but reacted in situ by the addition of 1 equiv of nickel,
copper, or zinc (II) acetate. The mixture was stirred
overnight. Addition of water precipitated the product. The
mixture was stirred for a further 2 h before it was filtered
and dried to give the macrocycles.

6.2.1. Nickel(II) macrocycle, 13. Procedure outlined above
using receptor 10 (0.12 g, 0.1 mmol) and 1 equiv of
nickel(II) acetate tetrahydrate. Red/brown solid (0.06 g,
48%).

1H NMR in CD3CN (d/ppm): 0.87 (br m, 6H, CH3), 1.32 (m,
4H, CH2CH3), 1.62 (br m, 4H, 3JZ7.5 Hz, CH2CH2CH3),
(obscured by solvent, NCH2CH2), 5.69 (dd, 4H, 3JZ6.3 Hz,
4JZ1.5 Hz, bpyCH2N), 7.43 (m, 6H, bpy-H6,6 0 and bpy-
He), 7.73 (t, 2H, 3JZ7.5 Hz, bpy-Hf), 8.09 (m, 6H, bpy-
H5,5 0 and bpy-Hd), 8.55 (d, 4H, 3JZ7.5 Hz, bpy-Hc), 8.99
(s, 2H, bpy-H3,3 0).

Elemental analysis: found: C 39.9%, H 3.7%, N 8.8%.

Calculated (C42H42N8RuS4NiP2F12$2H2O): C 39.6%, H
3.6%, N 8.8%.

ESMS: m/z 474.2 [MK2PF6]2C.

6.2.2. Copper(II) macrocycle, 14. Procedure outlined
above using receptor 10 (0.12 g, 0.1 mmol) and 1 equiv of
copper(II) acetate monohydrate. Brown solid (0.077 g,
62%).

NMR broad, paramagnetic.

Elemental analysis: found: C 38.3%, H 3.4%, N 8.6%.

Calculated (C42H42N8RuS4CuP2F12$2H2O): C 39.6%, H
3.4%, N 8.8%.

ESMS: m/z 476.5 [MK2PF6]2C.

6.2.3. Zinc(II) macrocycle, 15. Procedure outlined above
using receptor 10 (0.12 g, 0.1 mmol) and 1 equiv of zinc(II)
acetate dihydrate. Red/brown solid (0.09 g, 72%).

1H NMR in CD3CN (d/ppm): 0.85 (br m, 6H, CH3), 1.25 (m,
4H, CH2CH3), 1.65 (br m, 4H, 3JZ7.5 Hz, CH2CH2CH3),
3.97 (m, 4H, 3JZ6.3 Hz, NCH2CH2), 5.69 (dd, 4H,
3JZ6.3 Hz, 4JZ1.5 Hz, bpyCH2N), 7.31 (d, 2H, 3JZ
4.2 Hz, bpy-H6,6 0), 7.40 (m, 4H, 3JZ5.5 Hz, bpy-He), 7.61
(t, 2H, 3JZ5.1 Hz, bpy-Hf), 7.76 (dd, 4H, 3JZ20.0 Hz,
4JZ4.5 Hz, bpy-H5,5 0), 8.05 (m, 4H, bpy-Hd), 8.50 (d, 4H,
3JZ7.5 Hz, bpy-Hc), 8.69 (s, 2H, bpy-H3,3 0).
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Elemental analysis: found: C 43.5%, H 3.9%, N 8.8%.

(C42H42N8RuS4ZnP2F12): C 42.0%, H 3.8%, N 8.5%.

ESMS: m/z 440.1 [MKCS2–2PF6]2C, 478.0 [MK2PF6]2C,
955.2 [MK2PF6]C.
6.2.4. Macrocycles, 16–21. General procedure the same as
for macrocycles 13–15, but in a THF/H2O (9:1) mix.
6.2.5. Nickel(II) macrocycle, 16. Procedure given above,
using ruthenium receptor 11 (0.08 g, 0.08 mmol) and
1 equiv of nickel(II) acetate tetrahydrate. The product was
isolated as red/brown coloured solid (0.03 g, 62% yield).

1H NMR in DMSO-d6 (d/ppm): 0.90 (t, 6H, 3JZ7.5 Hz,
CH3), 1.29 (m, 4H, CH2CH3), 1.53 (m, 4H, CH2CH2CH3),
2.94 (br m, 4H, NHCH2CH2CH2CH3), 3.10 (br m, 4H,
CH2NHCH2CH2CH2), 3.60 (m, 4H, CONHCH2), 7.74 (m,
4H, 3JZ4.5 Hz, bpy-He), 7.84 (d, 4H, 3JZ4.5 Hz, bpy-Hf),
7.84 (d, 3JZ5.4 Hz, 2H, bpy H5,50), 7.97 (d, 2H, 3JZ5.4 Hz,
bpy-H6,6 0), 8.20 (m, 4H, 3JZ6.3 Hz, bpy-Hd), 8.86 (d, 4H,
3JZ6.3 Hz, bpy Hc), 9.15 (s, 2H, bpy-H3,3 0), 9.25 (s, 2H,
CONH).

Elemental analysis: found: C 40.4%, H 4.4%, N 9.8%.

Calculated (C46H50F12N10O2P2RuNi$H2O): C 40.3%, H
3.8%, N 10.2%.

ESMS: m/z 531.2 [MK2PF6]2C, 1207.1 [MKPF6]C.
6.2.6. Copper(II) macrocycle, 27. Procedure given above,
using ruthenium receptor 21 (0.2 g, 0.18 mmol) and 1 equiv
of copper (II) acetate monohydrate. The product was
isolated as brown solid (0.14 g, 59% yield).

NMR broad, paramagnetic.

Elemental analysis: found: C 38.2%, H 4.1%, N 9.3%.

Calculated (C46H50F12N10O2P2RuCu$3H2O): C 39.1%, H
4.0%, N 9.9%.

ESMS: m/z 533.6 [MK2PF6]2C.
6.2.7. Zinc(II) macrocycle, 18. Procedure given above,
using ruthenium receptor 11 (0.2 g, 0.18 mmol) and 1 equiv
of zinc (II) acetate dihydrate. The product was isolated as
red/brown coloured solid (0.13 g, 55% yield).

1H NMR in DMSO-d6 (d/ppm): 0.85 (t, 6H, 3JZ7.5 Hz,
CH3), 1.24 (m, 4H, CH2CH3), 1.65 (m, 4H, CH2CH2CH3),
3.70 (br m, 4H, NHCH2CH2CH2CH3), 3.79 (br m, 4H,
CH2NHCH2CH2CH2), 3.97 (m, 4H, CONHCH2), 7.50 (br
m, 4H, bpy-He), 7.72 (d, 4H, 3JZ4.5 Hz bpy-Hf), 7.82 (d,
2H, bpy H5,5 0), 7.95 (d, 2H, 3JZ5.7 Hz, bpy-H6,6 0), 8.18
(m, 4H, 3JZ7.5 Hz, bpy-Hd), 8.84 (m, 4H, 3JZ6.3 Hz, bpy
Hc), 9.12 (s, 2H, bpy-H3,3 0), 9.32 (s, 2H, CONH).

Elemental analysis: found: C 39.7%, H 4.1%, N 9.3%.
Calculated (C46H50F12N10O2P2RuZn$3/2H2O): C 40.1%, H
3.8%, N 10.2%.

ESMS: m/z 535.2 [MK2PF6]2C.
6.2.8. Nickel(II) macrocycle, 19. Procedure given above,
using ruthenium receptor 12 (0.1 g, 0.07 mmol) and 1 equiv
of nickel(II) acetate tetrahydrate. The product was isolated
as red/brown coloured solid (0.095 g, 95% yield).

1H NMR in DMSO-d6 (d/ppm): 0.82 (t, 6H, 3JZ7.5 Hz,
CH3), 1.20 (m, 4H, CH2CH3), 1.49 (m, 4H, CH2CH2CH3),
3.29 (m, 4H, NBocCH2CH2), 4.77 (s, 4H, bpyCH2), 7.30 (d,
2H, bpy-H5,5 0), 7.55 (br m, 2H, bpy-Hd) 7.78 (m, 10H, Ar
and bpy-Hc), 7.97 (br m, 2H, bpy-H6,6 0), 8.19 (br m, 2H,
bpy-He), 8.87 (br m, 2H, bpy-Hf), 9.38 (br s, 2H, CONH).

Elemental analysis: found: C 44.0%, H 4.1%, N 9.4%.

Calculated (C56H54N10O2NiRuS4P2F12$3H2O): C 43.9%, H
4.0%, N 9.2%.

MALDI: m/z for PF6 salt, 1186.2 [MK2PF6]C, 1331.6
[MKPF6]C.
6.2.9. Copper(II) macrocycle, 20. Procedure given above,
using ruthenium receptor 12 (0.1 g, 0.07 mmol) and 1 equiv
of copper(II) acetate monohydrate. The product was isolated
as brown solid (0.09 g, 91% yield).

NMR broad, paramagnetic.

Elemental analysis: found: C 43.7%, H 4.0%, N 8.8%.

Calculated (C56H54N10O2CuRuS4P2F12.3H2O): C 43.8%, H
3.9%, N 9.1%.

MALDI: m/z for PF6 salt, 595.3 [MK2PF6]2C, 1191.6 [MK
2PF6]C.
6.2.10. Zinc(II) macrocycle, 21. Procedure given above,
using ruthenium receptor 12 (0.1 g, 0.07 mmol) and 1 equiv
of zinc (II) acetate dihydrate. The product was isolated as
red/brown coloured solid (0.058 g, 56%).

1H NMR in DMSO-d6 (d/ppm): 0.84 (t, 6H, CH3), 1.26 (m,
4H, CH2CH3), 1.66 (m, 4H, CH2CH2CH3), 3.29 (m, 4H,
NHCH2CH2), 5.01 (s, 4H, bpyCH2), 7.33 (br m, 2H, bpyH-
5,5 0), 7.51 (br m, 2H, bpy-Hd) 7.74 (m, 10H, Ar and bpy-
Hc), 7.89 (br m, 2H, bpy-H6,6 0), 8.15 (m, 2H, bpy-He), 8.83
(m, 2H, bpy-Hf), 9.29 (br s, 2H, bpy-H3,3 0), 10.75.(br s, 2H,
NHCO).

Elemental analysis: found: C 43.6%, H 3.9%, N 9.0%.

Calculated (C56H54N10O2ZnRuS4P2F12$3H2O): C 43.7%, H
3.9%, N 9.1%.

MALDI: m/z for PF6 salt, 607.2 [MK2PF6CH2O]2C,

1193.4 [MK2PF6]C.
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7. Protocol for 1H NMR titrations

A solution of the receptor (500 ml) was prepared at a
concentration typically of the order of 0.01 mol dmK3 in
dueterated dimethyl sulfoxide. The initial 1H NMR
spectrum was recorded and aliquots of anion were added
by gas-tight syringe from a solution made such that
1 mol equiv was added in 20 ml. After each addition and
mixing, the spectrum was recorded again and changes in the
chemical shift of certain protons were noted. The result of
the experiment was a plot of the displacement in chemical
shift as a function of the amount of added anion, which was
subjected to analysis by curve-fitting since the shape is
indicative of the stability constant for the complex. The
computer program EQMNR9 was used which requires the
concentration of each component and the observed chemical
shift (or its displacement) for each data point. Typically
these titrations experiments were repeated three times with
at least fifteen data points in each experiment.
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Abstract—The design, synthesis and photophysical evaluation of two new chemosensors 1 and 2 is described for the selective detection of
Cd(II) in water at pH 7.4. Both are based on the use of aromatic iminodiacetate receptors that connected to an anthracene fluorophore by
covalent methyl spacers. These are highly water-soluble sensors where the fluorescence is ‘switched off’ between pH 3–11, due to
photoinduced electron transfer (PET) quenching of the anthracene excited state by the receptor. Upon protonation of the receptor, the
emission was however, ‘switched on’. From these changes pKas of 1.8 and 2.5 were determined for 1 and 2 respectively. Both showed good
selectivity for Cd(II) over competitive ions such as group II and Zn(II), Cu(II), Co(II). For 1, having a single receptor, only a weak monomer
anthracene emission was observed for the free sensor at pH 7.4 (HEPES buffer, 135 mM NaCl). Upon Zn(II) titration, a broad red shifted
emission occurred, centred at 468 nm. In the presence of Cd(II), a similar red shifted emission was also observed, however, this time centred
at 506 nm. In contrast to these results, the fluorescence of 2 in the presence of Zn(II) gave rise to typical monomeric anthracene emission, due
to suppression of PET, that is, the anthracene emission was ‘switched on’. Nevertheless, in the presence of Cd(II) a broad emission centred at
500 nmwas observed, similar to that seen for 1. These ion induced long wavelength emission bands were assigned to the formation of charge-
transfer complexes (exciplexes) between the anthracene moieties and the ion-receptor complexes. Importantly, for both 1 and 2, a selective
detection of Cd(II) was possible, even in the presence of Zn(II).
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The development of luminescent sensors lies at the heart of
supramolecular chemistry.1 Several research groups have
recently reviewed work in this area.1–3 We have developed
various types of luminescent devices, some of which have
been developed as sensors for ions and molecules. These
include fluorescent4 and colorimetric5 sensors as well as
lanthanide luminescent6 chemosensors for cations such as
LiC, NaC, KC, Cu(II) and Zn(II) and anions such as FK,
AcOK, H2PO4

K, pyrophosphate, carboxylates, and aromatic
carboxylates such as salicylic acid. The main driving force
for this work has been the increased use of chemosensors for
medical diagnostics,7 and in particular for critical care
analysis.8 During the course of our research we initiated an
investigation into developing luminescent sensors for metal
ions such as Cd(II), but only a few examples of sensors for
Cd(II) have been reported.9 Furthermore, those reported to
date for Cd(II) detection suffer from several drawbacks such
as low aqueous solubility, poor sensitivity and selectivity, as
well unsuitability for use in the physiological pH range. The
need for developing ideal chemosensors for Cd(II), that
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.047
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satisfy the aforementioned criteria is thus currently of great
importance. In this paper we describe the design, synthesis
and the photophysical evaluation of two novel fluorescent
sensors, 1 and 2 for the selective sensing of Cd(II) under
physiological pH conditions.10

Cadmium, an ion that poses an increasing environmental
and health risk, has a naturally low abundance in nature
(0.1–0.5 ppm).11 However, cadmium levels as high as
500 ppm have recently been reported to accumulate in
sedimentary rocks and marine phosphates and phosphor-
ites.12 One of the reasons for this is that Cd(II) is use in Ni–
Cd batteries, as well as in feritilsers.13 In the former,
Cd(OH)2 is used as one of the two principal electrode
materials.14 Even though LiC based batteries are now
becoming more common, the disposal of unused Ni–Cd
batteries is, and will be, a major environmental problem,
particularly since cadmium has profound biological effects
such as inducing renal dysfunction, reduced lung capacity
and emphysema.15 The tendency of this toxic ion to
accumulate in organs such as the kidneys, hippocampus,
thyroid and spleen, results in severe physiological effects.16

Although only about 0.4% of the total amount of ingested
cadmium is retained in the human body, recent studies
indicate that high toxic levels of Cd(II) in the kidney and
thyroid glands can occur, particularly in miners.17
Tetrahedron 60 (2004) 11239–11249
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Furthermore, it has recently be suggested that Cd(II) affects
bone demineralisation by activating the osteoclast bone
cells.18 Moreover, cadmium is also thought to be a potential
carcinogen.19 All of these factors make the detection and
quantification of Cd(II) a vital area of research. With this in
mind we set out to develop the two chemosensors 1 and 2.
We designed these sensors on the fluorophore-spacer-
receptor and the receptor-spacer-fluorophore-spacer-recep-
tor models developed by de Silva et al. for PET sensors.20

Here we give a full account of our effort.10
Scheme 1. The synthesis of 1 and 2 from aniline. (i) CH3CN, KI, K2HPO4,
BrCH2CO2Et, reflux; (ii) 9-chloromethylanthracene, AlCl3, CHCl3, reflux;
(iii) 9,10-bischloromethylanthracene, KOH, H2O, MeOH, reflux.
2. Results and discussion

2.1. Synthesis and characterisation of 1 and 2

For the two chemosensors 1 and 2, we selected anthracene
as a fluorophore, and a simple aromatic iminodiacetate as
the receptor. The reasons for this were twofold. First, the
photophysical properties of anthracene in PET sensors is
well established.3,20 Secondly, the aniline based receptor
could be used under physiological pH conditions as the
nitrogen receptor moiety would only protonate under highly
acidic conditions.21 Moreover, this simple design would
overcome any competitive binding of any other physiologi-
cally important cations such as Mg2C and Ca2C.21 The use
of potassium salts of the carboxylates would impart high
water solubility to 1 and 2. In the case of 2, we predicted that
the presence of two receptor units would statistically
increase any PET rate quenching from the receptor to the
excited singlet state of the anthracene, resulting in effective
luminescent switching, where the emission would only be
switched on in the presence of Cd(II).

The synthesis of 1 and 2 is shown in Scheme 1. It began with
the synthesis of the iminodiester receptor 3, by reacting
aniline with ethyl bromoacetate, using potassium dihydro-
gen phosphate as a base in CH3CN in 89% yield. The two
sensors were made in two steps from this intermediate. For
1, this was achieved by Friedel–Crafts alkylation of 3 with
9-chloromethylanthracene (which was made in two steps
from 9-anthraldehyde by reduction followed by chlorin-
ation). This alkylation was very successful, giving the
desired product 4 in 70% yield using AlCl3 in CH3CN,
whereas using ZnBr2 as catalyst resulted in a low yield of
only 15%. The final product was purified using silica flash
column chromatography using ethyl acetate:hexane (2:3) as
eluant. In an analogous way, 2was made by reacting 2 equiv
of 3 with 9,10-bischloromethylanthracene (made by
chloromethylation of anthracene in a single step),24

yielding the tetraester 5, in 72% yield, after purification
by flash column chromatography using ethyl acetate:hexane
(2:3) as eluant. The final products were obtained by
alkaline ester hydrolysis of 4 and 5 using aqueous KOH in
refluxing MeOH solution, yielding 1 and 2 in 92 and 90%
yields respectively after precipitation from the cold
solution.

The structures of 1–4 were confirmed by the usual
spectroscopic methods (see the Section 4). In the 1H NMR
of 4, a singlet at 8.4 ppm and two multiplets at 8.21–8.24
and 8.02–8.05 ppm, respectively were attributed to the
anthracene protons, whereas two doublets at 6.98 and
6.47 ppm were observed for the phenyl protons. In
comparison, the 1H NMR of 1 showed two doublets for
the phenyl protons at 6.20 and 6.82 ppm, respectively. The
electrospray mass spectrum (ESMS) showed a peak at 476
mass units for MCHC (100%). In the 1H NMR of 5, the
phenyl protons appeared as doublets at 6.50 and 7.01 ppm
and a singlet was observed at 4.95 ppm for the two methyl
spacers. The symmetrical nature of the molecule was further
supported by the 13C NMR in which only 13 carbon
resonances were observed. Furthermore, the ESMS spec-
trum gave a peak at 733 mass units for MCHC. After
alkaline hydrolysis of 5 the 1H NMR spectrum of 2 (Fig. 1)
showed two double–doublet resonances for the anthracene
protons at 8.31–8.29 ppm and at 7.45–7.42 ppm whereas the
phenyl protons were observed as two doublets at 6.91 and
6.28 ppm. The two methyl spacers appeared as a singlet at
4.86 ppm and the two methyl iminodiester spacers as a
singlet at 4.86 ppm. The 13C NMR gave, as expected, rise to
only 11 resonances.



Figure 1. The 1H NMR of 2 (D2O, 400 MHz). The appropriate resonances have been assigned as a–f.
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2.2. Ground and excited state evaluation of 1 and 2

The photophysical properties of the two chemosensors 1,
and 2 were evaluated in water and in pH 7.4 HEPES
buffered solution in the presence of 0.135 M of NaCl to
maintain constant ionic strength.
2.3. The effect of pH

We first evaluated the pH response of 1 and 2 in water. The
absorption spectra of 1 exhibited five main absorption bands
centred at 314, 337, 365, 385 and 402 nm (3Z17.1!
103 MK1cmK1). The absorption spectra of 1 as a function of
pH is shown in Figure 2. When an alkaline solution of 1 was
titrated with acid, no absorption shifts were seen in the
positions of the above mentioned bands. However, a small
decrease in the absorption intensity (!5%) was observed.
This was most likely due to the electronic effect observed
between the anthracene fluorophore and positively charged
aniline moiety upon protonation (through space). These
small effects are well known and signify that no significant
ground state interactions occur between the fluorophore and
the receptor, due to the presence of the covalent spacer. The
absorption spectra of 2 as a function of pH were recorded in
a similar manner. The absorption spectra of 2 showed four
absorption bands at 343, 362, 381 and 402 nm (3Z18.6!
103 MK1cmK1) respectively. The absorption spectra gen-
erated during the pH titration showed only a negligible
decrease in the intensity similar to that seen for 1 in
Figure 2. This shows that under these conditions only minor
ground state interactions take place between the receptors
and the anthracene moiety, confirming the insulating role of
the two methylene spacers.
In contrast to the above changes the fluorescence emission
of 1 and 2was substantially changed upon protonation of the
amino moiety of the receptors (lexZ381 nm). For 1 in basic
solution (pHw12), the fluorescence was so minor that it can
be said that the emission was switched off. This is due to
PET quenching from the receptor to the excited state of the
fluorophore. However, upon titration with acid, a gradual
increase was observed for the anthracene emission, which
had three characteristic bands centred at 392, 415 and
439 nm and a weak shoulder at 466 nm respectively. This
fluorescence enhancement was approximately 60 fold. The
increase in fluorescence is due to the protonation of the
tertiary nitrogen atom of the receptor moiety, resulting in a
decrease in the reduction potential of the receptor, which is
typical PET behaviour. This prevents electron transfer from
the receptor to the excited state of the anthracene, thus
switching the emission on. Similar results were observed for
2 (lexZ385 nm), as seen in Figure 3. In basic solution, the
fluorescence of 2 was quenched, and in the pH range of
pHZ3.5–12 virtually no emission was observed. However,
at around pH 3.4, a broad band centered at 470 nm appeared
with an increase in the emission intensity (Fig. 3, insert).
Upon further acidification, between pHw3.3–1.0, the
normal anthracene emission with four main emission
bands at 405, 428 454 and 480 nm, respectively was
observed with concomitant increase in the fluorescence
intensity of ca. 600 fold.

We investigated these changes in some detail for 2. Our
studies revealed that from pH 12–3.5, the fluorescence of
the anthracene moiety is efficiently quenched via a PET
process from the receptors to the excited singlet state of the
anthracene. However, as the pH is decreased protonation of



Figure 2. The changes in the absorption spectrum of 1 upon titration an alkaline solution of 1 with diluted acid.
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the tertiary nitrogen of one receptor takes place, which
causes a weak charge transfer (CT)23 interaction between
the protonated receptor and the anthracene fluorophore. This
resulted in a charge transfer band at 470 nm. When the pH is
decreased further, both receptors become protonated. These
results in a repulsive interaction (RI), and to minimise it the
receptors move as far apart as possible in space. Conse-
quently, typical anthracene emission is observed in the pH
range of 3.3–1. We were unable to determine more than one
pKa from the changes, Figure 4. The reason for this is most
likely due to the fact that the changes in fluorescence
emission correspond to the protonation of only one of the
two receptors. Lippard et al. have reported similar
observations in the case of fluorescein based sensors for
Zn(II) ions, where the sensor also had two receptor moieties
that could be protonated.22
Figure 3. The changes in the fluorescence emission spectra of 2 upon
acidification. Inserted are the changes observed between pH 3.4 and 12.
Plotting the changes in the fluorescence emission as a
function of pH resulted in a sigmoidal curve that changes
over two pH units for both sensors. This pH dependent
fluorescence behaviour is a typical ‘on-off’ PET sensor
characteristic, indicating a simple acid-base equilibrium and
one to one binding. The fluorescence intensity changes at
415 nm versus pH are shown for 2 in Figure 4. These, and
the changes at any other wavelength, can be used to
determine the pKa of the protonation of the nitrogen moiety.
Data fitting analysis of the emission intensity changes at
404, 428 and 454 nm respectively resulted in pKa values of
2.4, 2.3 and 2.8 providing an average pKa value of 2.5G0.1
for 2. Similarly for 1, the changes at 392, 415 and 439 nm
gave pKa values of 1.75, 1.74 and 2.0 (G0.1), providing an
average pKa of 1.83G0.1 for the protonation of the aniline
receptor in 1. This makes both 1 and 2 particularly attractive
chemosensors for both physiological and environmental
monitoring of Cd(II), for instance in highly acidic soils
Figure 4. The plot of fluorescence intensity versus pH for 1 at 415 nm.
Fitting of these data points using non-linear regression gave the pKa.
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Figure 6. The changes in the fluorescence emission spectra of 1 upon
titration with Zn(II).
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where the pH 3–4 can be reached. Similarly, the pH
titrations of the two esters 4 and 5 switched the fluorescence
on for both of these molecules upon protonation of the
aniline amine.

2.4. The effect of group II and transition metal ions

The ability of 1 and 2 to recognise group II and various
transition metal ions was investigated at pH 7.4 in buffered
HEPES solution in the presence of 0.135 M of NaCl. We
first evaluated the ability of 1 and 2 to recognise group II
cations. The changes in the fluorescence emission spectra of
1 are shown in Figure 5 for titration with Ca2C. As can be
seen from this titration, the emission is very low in
comparison to the changes seen in the pH titration
(Fig. 3). The fluorescence is only minor and can be
considered as being switched off (identical experimental
settings were used for both measurements). Furthermore, no
significant changes occurred upon titration of 1 with Ca2C.
In fact, even at high concentrations (0.01 M) of Mg2C or
Ca2C, no significant spectral changes were observed in
either the absorption or the fluorescence emission of the two
sensors. This indicates that the receptors in these sensors
were not coordinating significantly to these ions to prevent
quenching by the receptors.21

We next evaluated the response of 1 and 2 towards various
transition metal ions such as Co(II), Ni(II), Cu(II), Zn(II),
Cd(II) and Hg(II) (as their ClK, NO3

K or ClO4
K salts). Of

these, only Zn(II) and Cd(II) gave rise to any significant
changes in the fluorescence emission spectra and the
absorption spectra. For 1, the changes in the fluorescence
spectra (lexZ370 nm) upon titration with Zn(II) are shown
in Figure 6. We foresaw that the coordination of the receptor
(via the nitrogen lone pair and the two carboxylates) would,
in a similar way to the protonation of the amino moiety,
increase the oxidation potential of the receptor and prevent
PET quenching. However, as can be seen from Figure 6, the
monomeric anthracene emission was not switched on in an
analogous way as previously shown for the pH titration in
Figure 5. The changes in the fluorescence emission of 1 at pH 7.4, in
0.135 M NaCl, upon titration with Ca2C, [Ca2C]Z0/0.01 M.
Figure 3. Here, however, the monomeric anthracene
emission was only slightly enhanced upon ion recognition,
with the concomitant formation of a new red shifted broad
emission band centred at 468 nm. Unlike that seen for the
protonation previously, the fluorescent enhancement was
much smaller for these changes. The affiliated changes in
the absorption spectra were also interesting, as at low and
medium concentration of Zn(II) the classical anthracene
absorption bands were observed at 335, 350, 365 and
389 nm. Furthermore, these were only slightly reduced in
intensity upon Zn(II) titration. Hence the classical PET
behaviour was observed. However, at higher Zn(II)
concentrations (w2 mM) dramatic shifts (DlZ14 nm)
were observed in the absorption bands, which now became
centred at 360, 376 and 404 nm, respectively. In conjunction
with the changes in the fluorescence emission spectra
(Fig. 6), one can deduce that these changes are due the
formation of an intramolecular charge-transfer complex23

(intramolecular exciplex) between the cation-bound accep-
tor and anthracene donor (see later) (Fig. 7).24

In comparison to these results we carried out an identical
titration using 2. The changes in the absorption spectra of 2
at low and high concentrations of Zn(II) are shown in
Figure 8. Here it is clear that no major changes took place
upon titration of 2 with Zn(II), with the three absorption
bands being shifted by only 2–3 nm. Hence, one can
conclude that in comparison to 1, there are no major ground
state interactions occurring between the fluorophore and the
receptor. The corresponding changes in the fluorescence
emission spectra are shown in Figure 9. They clearly
demonstrate that the monomeric emission of the anthra-
cence fluorophore is switched on, similar to that seen earlier
for the pH titration. This indicates that the Zn(II) ion was
able to coordinate to the carboxylates, as well as the aniline
nitrogen and hence increase the oxidation potential of the
receptors in a usual PET fashion. For these changes a
fluorescence enhancement factor of several hundreds was
observed. Most importantly, the Zn(II) recognition does not
lead to any charge transfer interactions as seen previously
for 1. Hence, 2 is behaving as a typical PET sensor for
Zn(II). A likely reason for this difference could be that the



Figure 9. The changes in the fluorescence emission spectra of 2 upon
titration with Zn(II).

   

Figure 7. The changes in the absorption spectra of 1 upon titration with
Zn(II).
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Zn(II) binding forces the receptor to further away from the
anthracene fluorophore possibly due to steric effecots.
However, we have not been able to obtain reliable
experimental proof for this.

We were able to evaluate the affinity of both 1 and 2 for
Zn(II) by plotting the relative intensity changes at 468 and
415 nm for 1 and 2 respectively, as a function of pZn
(pZnZKlog [Zn(II)]). For both, a sigmoidal curve was
observed, which switched on over two logarithmic units
between pZnw5–3. This can be seen in Figure 10 for 2.
Hence, these binding interactions can be determined to be
due to 1:1 binding between the two receptors of 2, and
Zn(II). This was indeed confirmed by using the Job plot
method. From these changes a binding constant log b of
3.8 (G0.1) was determined. Similarly, for 1, a log b of 3.8
(G0.1) was determined. Hence, both sensors have the same
Figure 8. The changes in the absorption spectra of 2 at low and high
concentration of Zn(II).
affinity for Zn(II). We were unable to obtain a reliable
binding constant from the absorption spectrum of 1, as these
changes were too small to give accurate binding.

In a similar manner we evaluated the affinity of 1 and 2 for
Cd(II). The absorption response of 1 to Cd(II) was quite
similar to that observed in the Zn(II) titration. Here, three
anthracene absorption bands were observed at 350, 365 and
389 nm, and a small decrease in the absorption intensity
was observed upon addition of Cd(II). However, at higher
concentrations of Cd(II), the absorption spectra was
gradually shifted to longer wavelengths with absorption
maxima at 360, 376 and 406 nm, with the formation of
isosbestic points at 370, 382 and 395 nm, respectively. As
explained earlier, these latter changes are probably due to
the charge transfer interaction occurring between the
anthracene and receptor-Cd(II) complex. From these
changes we were able to determine log b of 4.0 (G0.1).
Figure 10. The relative changes in the fluorescence emission of 2 at 415 nm
as a function of pZn.



Figure 11. The changes in the fluorescence emission spectra of 1 upon
titration with Cd(II).

Figure 13. The changes in the fluorescence emission of 2 upon titration
with Cd(II).
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The corresponding fluorescence emission changes for 1 can
be seen in Figure 11. From these changes it is evident that
the fluorescence emission is shifted to the red upon Cd(II)
recognition, and that the monomeric emission is reduced.
Furthermore, in contrast to the changes seen for the Zn(II)
titration the emission is substantially more shifted, now
centred at 506 nm. Moreover, the fluorescence enhance-
ments are substantially greater than seen for the Zn(II)
titration. Again, we suggest that these changes are due to the
formation of a charge transfer complex between the
anthracene moiety and the bound receptors, in a similar
manner to that seen for the Zn(II) titration. As previously
demonstrated it was possible to evaluate the binding affinity
of 1 towards Cd(II), by plotting the changes at 506 nm as a
function of pCd which gave rise to a sigmoidal curve that
changed over two pCd units. Fitting these fluorescence
Figure 12. The changes in the UV–Vis spectra of 2, upon titration with
Cd(II).
changes gave a log b of 4.2 (G0.1), indicating that selective
detection of Cd(II) over Zn(II) should be feasible. Same
results were observed when exciting at the isosbestic point.

The fluorescence response of 2 towards Cd(II) was similar
to that observed for 1. However, the absorption spectra were
somewhat different to that seen for the Zn(II) titration, as
seen in Figure 12. Here the recognition of the ion caused a
red shift of ca. 3 nm, with clear isosbestic points being
observed at 385 and 405 nm, respectively. From these
changes, we were able to determine a binding constant log b

of 4.1 (G0.2). In contrast to these results the fluorescence
emission was red shifted, as shown in Figure 13, with the
formation of a broad structure less red shifted band, centred
at ca. 500 nm As explained before, we believe that this is
due to the anthracene-Cd(II) charge transfer interaction, in a
similar manner to that seen for 1. The same trends and
spectral changes were observed upon excitation at the
isosbestic points.
Figure 14. The changes in the fluorescence at 500 nm as a function of pCd.
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A plot of fluorescence changes at 500 nm for 2 against
pCd(II) resulted in a sigmoidal curve with two logarithmic
unit changes, indicating a simple 1:1 equilibrium, Figure 14.
From these changes a binding constant log b of 3.9 (G0.1)
was determined. These results demonstrate that both 1 and
2 can be considered as fluorescence chemosensors for
Cd(II), as both have a marginally better selectivity for Cd(II)
over that of Zn(II). The binding results are summarised in
Table 1.
Table 1

Parameters 1 2

pKa 1.83 (G0.1) 2.5 (G0.1)
Log b Zn(II)abs — —
Log b Zn(II)flu 3.8 (G0.1) 3.8 (G0.1)
Log b Cd(II)abs 4.0 (G0.1) 4.1 (G0.1)
Log b Cd(II)flu 4.2 (G0.1) 3.9 (G0.1)

 

Figure 15. The titration of 2 with Cd(II) ([Cd(II)] 6 mM/2.0 mM) in the
presence of 2.0 mM of Zn(II) at pH 7.4.
In summary, we have demonstrated efficient fluorescent
sensing of Cd(II). For 1, the sensing of both Zn(II) and
Cd(II) gives rise to red shifts in the fluorescence spectra,
with relatively little changes in the monomeric emission.
However, there is a significant difference between these red
shifts, for example, 468 versus 506 nm for Zn(II) and Cd(II)
respectively. However, the largest contrast is seen for 2,
where the Zn(II) gives rise to large enhancements in the
monomeric anthracene emission, but Cd(II) gives rise to the
formation of the charge transfer band at long wavelengths.
Consequently, 2 is a particularly attractive chemosensor for
Cd(II) as it gives rise to a very different spectral response to
different competitive ions. Furthermore, this difference was
clearly visible under UV-light (lexZ366 nm) as at pH 7.4
the emission is switched off, whereas in the presence of
Zn(II) and Cd(II) the sensors emits in the blue and green part
of the electronic spectrum respectively. When these
titrations were repeated using the two esters 4 and 5, no
fluorescence enhancement, or red shift emission was
observed, indicating that these molecules were unable to
coordinate to these ions. But what gives rise the large red
shifted emission upon ion recognition? As we have
indicated previously we believe that these are due to
charge-transfer interactions between the metal bound
receptor and the anthracene moiety. Similar results have
recently been reported by Yoon et al.9c and Czarnik et al.9h

utilising the anthracene fluorophore and aliphatic Cd(II)
based receptors. Both researchers suggested that their
anthracene–Cd(II) interactions were initially due to p-
complex formation, which then gave rise to the formation of
a s-complex. However, for both of these examples the
fluorescence emission was centred on 446 nm. This is a
significantly smaller red shift than observed for either 1 and
2 upon recognition of Cd(II). Although, we do not predict
that such s-complex interaction can occur for either 1 or 2,
solely due to steric effects, as we, unlike Yoon et al. and
Czarnik et al.9h use aromatic based receptors, the
formation of the long emitting emission bands for both
1 and 2 strongly suggest the formation of p-complex
interactions. Moreover, as the concentration of the sensor
used in the titration studies is very low (1 mM),
intermolecular exciplex, excimer and mixed excimer for-
mation can be effectively ruled out. To the best of our
knowledge, 1 and 2 are the first examples of highly
selective fluorescent chemosensors for Cd(II), that can
operate under physiological pH conditions.
2.5. Competitive Cd(II) measurements of 1 and 2

To confirm the selectivity of 2 towards Cd(II) over Zn(II),
we performed a Cd(II) titration in the presence of excess
Zn(II). These results are summarised in Figure 15. A
1 mM solution of 2 was prepared in HEPES buffer at pH
7.4. Under this condition the emission can be said to be
switched off. This solution was adjusted to contain 3 mM
of Zn(II), which caused normal fluorescence emission to
be switched on. This Zn(II)-2 solution was then titrated
with Cd(II) in the same manner as described above. As
predicted the addition of Cd(II) induced a shift to longer
wavelength with the appearance of a new broad band at
500 nm, demonstrating that 2 is capable of selectively
signalling the presence of Cd(II) over Zn(II). Similar
effects were seen for 1, where the emission further red
shifted upon addition of Cd(II) to a solution of Zn(II).
These results clearly show the high selectivity that these
sensors have for Cd(II), even in the presence of highly
competitive ions such as Zn(II). Its possible that as the
binding constants for the two ions is so similar that this
selectivity is due to the formation of a more kinetically
stable complex in the case of Cd(II).
3. Conclusion

Herein we have presented the results of two novel
anthracene based fluorescent chemosensors 1 and 2 for the
selective recognition of Cd(II). These were designed on the
PET principle, using an anthracene fluorophore, connected
to either one or two iminodiacetate receptors via a
methylene spacer. These sensors were easily synthesized
in two steps from the receptor 3 in a good yield.
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The sensors exhibited high pH stability and aqueous
solubility, where the fluorescence was switched off above
pHw3, enabling the use of these sensors in competitive pH
media such as in physiological pH. The evaluation of the
ground and excited state responses of these sensors
demonstrated their capability to detect Zn(II) and Cd(II)
and to discriminate these ions from group 2 and other
transition metal ions. Whereas the recognition of Cd(II) at
pH 7.4, gave rise to the formation of charge transfer
complexes (s-complexes) for both sensors (lmax ca. 506 and
500 nm for 1 and 2 respectively), the recognition of Zn(II)
only switched on the (monomeric) anthracene emission of 2,
while for 1 it was red shifted (lmaxZ468 nm). A
discrimination test performed to evaluate the selectivity
for Cd(II) in the presence of Zn(II) proved very successful,
as the monomeric anthracene emission was red shifted upon
detection of Cd(II). These results strongly support the
possible application of these chemosensors as Cd(II) sensors
in physiological samples. This is particularly the case for 2
which exhibits the unique feature of emitting in the blue
upon detection of Zn(II), whereas upon the detection of
Cd(II) it emits in the green. In this context further evaluation
of 2 is required to determine the degree of toxicity, cell
permeability and real time response. To the best of our
knowledge these are the first examples of such highly
selective Cd(II) fluorescent chemosensors.
4. Experimental

4.1. General

Starting materials were obtained from Sigma Aldrich, Strem
Chemicals and Fluka. Columns were run using silica gel 60
(230–400 mesh ASTM) or aluminum oxide (activated,
Neutral, Brockmann I STD grade 150 mesh). Solvents were
used at GPR grade unless otherwise stated. Infrared spectra
were recorded on a Mattson Genesis II FTIR spectrophoto-
meter equipped with a Gateway 2000 4DX2-66 workstation.
Oils were analysed using NaCl plates, solid samples were
dispersed in KBr and recorded as clear pressed discs. 1H
NMR spectra were recorded at 400 MHz using a Bruker
Spectrospin DPX-400 instrument. Tetramethylsilane (TMS)
was used as an internal reference standard, with chemical
shifts expressed in parts per million (ppm or d) downfield
from the standard. 13C NMR were recorded at 100 MHz
using a Bruker Spectrospin DPX-400 instrument. Mass
spectroscopy was carried out using HPLC grade solvents.
Mass spectra were determined by detection using Electro-
spray on a Micromass LCT spectrometer, using a Shimadzu
HPLC or Water’s 9360 to pump solvent. The whole system
was controlled by MassLynx 3.5 on a Compaq Deskpro
workstation.

4.1.1. [(4-Anthracen-9-ylmethyl-phenyl)-ethoxycar-
bonyl-methyl-amino]-acetic acid ethyl ester (4). 9-Chloro-
methylanthracene (1.5 g, 6.64 mmol) and phenyliminodi-
acetic acid diethyl ester (3) (1.76 g, 6.64 mmol) and AlCl3
(0.91 g, 6.64 mmol) were dissolved in dry CHCl3 (50 mL) at
K5 8C. The solution was refluxed overnight. After the
reaction was complete (monitoring by TLC) the solution
was cooled and washed with three 100 mL portions of
water. The organic portion was dried over MgSO4. After
evaporation of the solvent, crude product was subjected to
column chromatography using ethyl acetate/hexane (2:3) as
eluant to yield pure 4 (1.89 g, 70%) as light yellow thick
liquid. MpZ140–142 8C. MS (ESC) m/zZ456 (MH)C.
Anal. Calcd for C29H29NO4: C, 76.46; H, 6.42; N, 3.07.
Found: C, 76.18; H, 6.28; N, 3.07. 1H NMR (400 MHz,
CDCl3): d, 1.25 (t, 6H, JZ7.0 Hz, NH2CH2CO2CH2CH3),
4.07 (s, 4H, NCH2CO2CH2CH3), 4.18 (q, 4H, JZ7.0 Hz,
NCH2CO2CH2CH3), 4.92 (s, 2H, CH2), 6.47 (d, 2H
JZ8.5 Hz, Ar–H), 6.98 (d, 2H, JZ8.5 Hz, Ar–H), 7.45–
7.48 (m, 4H, Ar–H), 8.03–8.05 (m, 2H, Ar–H), 8.22–8.25
(m, 2H, Ar–H), 8.43 (s, 1H, Ar–H). 13C NMR (100 MHz,
CDCl3): d, 170.50, 145.68, 132.03, 130.12, 130.04, 131.24,
128.57, 128.45, 125.82, 125.26, 124.54, 124.40, 112.26,
60.53, 53.06, 32.02, 13.72. IR (nmax, NaCl, cm

K1): 3345,
2977, 1895, 1931, 1854, 1765, 1676, 1615, 1568, 1521,
1480, 1447, 1386, 1355, 1334, 1274, 1177, 1065, 970, 879,
820, 786, 728, 691, 650, 635, 602, 570, 538, 517.

4.1.2. [(4-Anthracen-9-ylmethyl-phenyl)-ethoxycarbonyl-
methyl-amino]-acetic acid potassium salt (1). [(4-Anthra-
cen-9-ylmethyl-phenyl)-ethoxycarbonylmethyl-amino]-
acetic acid ethyl ester (4) (1 g, 2.19 mmol) was dissolved in
methanol (20 mL) while stirring. To this was added aqueous
KOH (1 mL, 3 M). The mixture was refluxed for 2 h. After
cooling to room temperature, the reaction mixture was kept
in the fridge, where the potassium salt precipitated. The
resulting solution was filtered and the precipitate dried in
vacuum to afford 1 as a pale yellow solid (0.96 g, 95%).
MpZ340 8C (decomp.). MS (ESC) m/zZ476 (MH)C.
Anal. Calcd for C25H19K2NO4.2H2O: C, 58.69; H, 4.53,
N, 2.74. Found: 57.80; H, 4.33; N, 2.56. 1H NMR
(400 MHz, D2O): d, 3.67 (s, 4H, NCH2CO2K), 4.65 (s,
2H, CH2), 6.20 (d, 2H, JZ8.5 Hz, Ar–H), 6.82 (d, 2H,
JZ8.53 Hz, Ar–H), 7.36–7.38 (m, 4H, Ar–H), 7.91 (d, 2H,
JZ5.5 Hz, Ar–H), 8.12 (d, 2H, JZ6.0 Hz, Ar–H), 8.30 (s,
1H, Ar–H). 13C NMR (100 MHz, D2O): d, 177.61, 144.74,
131.10, 129.26, 127.61, 126.89, 126.68, 126.55, 124.06,
123.95, 123.20, 122.57, 109.48, 53.54, 29.22. IR (nmax, KBr,
cmK1): 3400, 2877, 2844, 1964, 1915, 1723, 1660, 1500,
1445, 1336, 1256, 1186, 519, 535, 564, 601, 618, 656, 697,
758, 790, 819, 852, 1158, 1100, 987, 955, 903, 884.

4.1.3. [(4-{10-[4-(Bis-ethoxycarbonylmethyl-amino)-
benzyl]-anthracen-9-ylmethyl}-phenyl)-ethoxycarbonyl-
methyl-amino]-acetic acid ethyl ester (5). 9,10-Bischloro-
methyl anthracene (1.0 g, 3.63 mmol), phenyliminodi-
acetic acid diethyl ester (3) (1.93 g, 7.26 mmol) and AlCl3
(0.96 g, 7.26 mmol) were dissolved in dry CHCl3 (50 mL) at
K5 8C. The solution was refluxed under stirring overnight
(12 h). After the reaction was complete, (monitored by
TLC) the solution was cooled and washed with three
100 mL portions of water. The organic portion was dried
over MgSO4. After evaporation of the solvent, the crude
product was subjected to column chromatography and
yielded pure 5 (1.56 g, 58%) as light yellow solid. MpZ120–
122 8C. MS (ESC) m/zZ733 (MH)C. Anal. Calcd for
C44H48N2O8: C, 72.11; H, 6.60; N, 3.82. Found: C,
72.26; H, 6.45; N, 3.69. 1H NMR (400 MHz, CDCl3): d
1.27 (t, 12H, JZ7.6 Hz, NCH2CO2CH2CH3), 4.09 (s, 8H,
NCH2CO2CH2CH3), 4.19 (q, 8H, JZ7.0 Hz, NCH2CO2

CH2CH3), 4.95 (s, 4H, CH2), 6.50 (d, 4H, JZ9.0 Hz, Ar–H),
7.01 (d, 4H, JZ9.0 Hz, Ar–H), 7.44 (m, 4H, Ar–H), 8.27
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(m, 4H, Ar–H). 13C NMR (100 MHz, CDCl3, ppm): d,
170.52, 145.68, 131.35, 130.25, 130.00, 128.49, 125.19,
124.79, 112.29, 60.54, 53.07, 32.30, 13.74. IR (nmax, KBr,
cmK1): 3450, 2979, 1895, 1931, 1859, 1734, 1616, 1568,
1524, 1448, 1371, 1030, 969, 865, 812, 781, 763, 655, 601,
573, 543, 506.

4.1.4. [(4-{10-[4-(Bis-ethoxycarbonylmethyl-amino)-
benzyl]-anthracen-9-ylmethyl}-phenyl)-ethoxycarbonyl-
methyl-amino]-acetic acid potassium salt (2). [(4-{10-[4-
(Bis-ethoxycarbonylmethyl-amino)-benzyl]-anthracen-9-
ylmethyl}-phenyl)-ethoxycarbonylmethyl-amino]-acetic
acid ethyl ester (5) (1 g, 1.36 mmol) was dissolved in
methanol (20 mL) while stirring. To this aqueous KOH
(2 mL, 3 M) was added. The mixture was refluxed for 2 h.
After cooling to room temperature the mixture was kept in
the fridge, where the potassium salt precipitated out. The
resulting solution was filtered and the precipitate dried in
vacuum to afford 2 as a pale yellow solid (0.95 g, 90%).
MpZ320 8C (decomp.). MS(ESC) m/zZ773 (MCH)C.
Anal. Calcd for C36H28K4N2O8.3H2O: C, 52.28; H, 4.14; N,
3.39. Found: C, 52.46; H, 4.02; N, 3.23. 1H NMR
(400 MHz, D2O): d, 3.70 (s, 8H, NCH2CO2K), 4.86 (s,
4H, CH2), 6.28 (d, 4H, JZ6.1 Hz, Ar–H), 6.91 (d, 4H,
JZ6.1 Hz, Ar–H), 7.42–7.45 (m, 4H, Ar–H), 8.29–8.31 (m,
4H, Ar–H). 13C NMR (100 MHz, D2O): d, 179.22, 146.34,
129.27, 128.41, 128.15, 125.23, 124.95, 111.11, 55.11,
45.30, 31.13. IR (nmax, KBr, cmK1): 3450, 3006, 2005,
1851, 1660, 1574, 1515, 1446, 1404, 1320, 1209, 1043,
1029, 976, 913, 820, 790, 746, 706, 601.
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Abstract—A sensing ensemble for cysteine was assembled conveniently by simply mixing N,N,N 0,N 0-tetra-(2-pyridylmethyl)-p-
xylylenediamine (TPXD), cadmium perchlorate, and pyrocatechol violet in an 1:2:1 molar ratio in water of neutral pH. In the ensemble,
[Cd2(TPXD)]4C formed from TPXD and cadmium perchlorate serves as the receptor, and pyrocatechol violet functions as the indicator in
sensing the analyte. The detection can be made either spectroscopically from the decrease of the UV–visible absorbance at 665 nm or
visually from the color change to yellow upon addition of an aqueous solution of the analyte to the solution of the ensemble. The association
constant (Kass) for the binding of the indicator to the receptor was determined with an isothermal titration calorimeter to be (2.77G0.98)!
105 MK1 and that for the binding of cysteine to the receptor was obtained to have (1.62G0.97)!107 MK1 by the non-linear regression
analysis of the titration curve obtained by titration of the solution of the ensemble with cysteine solution. The chemosensor showed excellent
selectivity for cysteine over other amino acids including homocysteine.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Molecular recognition and selective detection of an amino
acid of interest have been the subjects of intensive
researches over several decades and remain to be challen-
ging tasks.1 Of twenty amino acids that are being used as
building blocks for proteins, only a few amino acids can be
probed by chemosensors. These include histidine2 aspartic
acid,3 and lysine,4 which bear in common an additional
functional moiety such as imidazole or carboxylate besides
the functionalities to be used for peptide bond formation.
Very recently, Rusin et al. reported a chromogenic as well
as fluorogenic detecting device for cysteine in an aqueous
solution of pH 9.5, but it failed to differentiate cysteine from
homocysteine.5 We report herein design of a chemosensor
that can detect free cysteine in aqueous solution of neutral
pH with a remarkable selectivity. Cysteine is an essential
amino acid for important biological motifs such as zinc-
fingers,6 cysteine-switch that is involved in the activation of
matrix metalloproteases,7 coenzyme A,8 and glutathione.9

The reversible oxidation–reduction reactions of the thiol
group of cysteine are essential process in many biological
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.043

Keywords: Chemosensor; Sensing ensemble; Cysteine; Homocysteine;

Isothermal titration calorimeter; Amino acids.
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systems.10 Furthermore, cysteine is the amino acid that
plays a major role in determining three dimensional
structure of proteins. Accordingly, detection of cysteine in
the biological systems is of considerable importance.

The design of the present cysteine probe is based on the
strategy developed by Anslyn, in which an analyte competes
for a receptor with a chromogenic indicator.11 The
successful displacement of the receptor-bound indicator
by the analyte results in to display an altered spectral feature
that can be communicated spectroscopically. Hence, in
designing chemosensors of this type, the following require-
ments should be satisfied: (i) the receptor can bind both the
Tetrahedron 60 (2004) 11251–11257



Figure 1. The schematic representation of the rationale used for designing a cysteine chemosensor. Cysteine displaces the indicator (1) that is bound to receptor
(2), whereby the UV–visible absorbance at 665 nm decreases and there develops yellow color. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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indicator and analyte, (ii) the binding affinity of the analyte
towards the receptor is greater than the indicator, and (iii)
the absorption spectrum of the indicator differs considerably
from that of the indicator$receptor complex. We take
Figure 2. UV–visible spectra obtained upon addition of receptor solutions (final c
aqueous buffer (HEPES, 10 mM) containing pyrocatechol violet (25 mM).
advantage of the strong metal–ligand interactions as the
binding forces in designing the probe.12 Such interactions
are known to be strong enough to overcome the solvation of
water molecules on the receptor metal ions, thus to enable
oncentrations: 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 mM) to the pH 7.0



Figure 4. Job plot for binding of pyrocatechol violet (2) with the receptor
(1) in a pH 7.0 (HEPES 10 mM) buffer solution. Aqueous solutions of the
receptor (50 mM) and pyrocatechol violet (50 mM) were mixed in varying
ratios and the changes of absorbance at 665 nm were measured.

M. S. Han, D. H. Kim / Tetrahedron 60 (2004) 11251–11257 11253
the detection of cysteine in an aqueous medium. Cysteine
bears three functional groups, i.e. carboxylate, sulfhydryl,
and amino groups. These groups can form a complex with a
receptor having two metal ions that are separated from each
other appropriately so that both the metal ions undergo
coordinative bond formations with the functional groups in
cystiene. With this in mind, we chose to use the metal
complex of N,N,N 0,N 0-tetra-(2-pyridylmethyl)-p-xylylene-
diamine13 (TPXD) as receptor and pyrocatechol violet (2), a
commercially available phenolic dye as the indicator for
the present sensing ensemble. Pyrocatechol violet is chosen
on the ground that its two ortho-positioned hydroxyls are
expected to bind the metal ions in the receptor. As to the
metal ions, Cd2C ion was found to be most satisfactory.12

According to the hard–soft acid–base theory,14 the soft-base
mercapto group is expected to form a strong bond with
Cd2C (soft-acid), but the interactions between the hard-base
phenolic hydroxyl groups in 2 and Cd2C ion are
comparatively weak, and thus the receptor-bound indicator
would be displaced by the analyte, which is expectedly
communicated by a change in the UV–visible absorbance.
The design concept is illustrated schematically in Figure 1.
2. Results and discussion

Firstly, The molecular ensemble generated from 1 and 2 was
evaluated. Figure 2 shows changes in the UV–visible
absorption when the aqueous solution of 1 was titrated into
the aqueous buffer containing 2 (25 mM).

While the absorbance at 444 nm decreases, the absorbance
at 665 nm increases as the indicator binds to the CdC2 ions
in the receptor to form the sensing complex. The association
constant of (2.77G0.98)!105 MK1 for the binding of 2 to 1
Figure 3. ITC plot for the titration of the receptor solution with indicator 2
in aqueous buffer (HEPES) pH 7.0 at 30 8C.
was determined by isothermal titration calorimetry (ITC)
(Fig. 3).15 From the ITC experiment the thermodynamic
parameters associated with the binding of 2 to 1 in the
aqueous solution of pH 7.0 were also obtained as the
following: DHZK(1.63G0.01) kcal molK1 and DSZC
1.95 eu, indicating that the binding is enthalpically driven.
The stoichiometric coefficient value (n) was determined to
be 1.33, but the 1:1 binding mode in the complex formation
is evident from the Job’s plot (Fig. 4).

Changes in the UV–visible absorption spectra upon
additions of cysteine to the solution of the ensemble are
shown in Figure 5: the absorbance at 665 nm decreases
progressively, while the peak at 444 nm increases. These
changes in absorbance of the solution demonstrates that the
cysteine displaces successfully the receptor-bound indicator
and binds to the Cd2C centers of 1 in line with the design
rationale. As expected from the design rationale, complexes
of TPXD formed with Fe2C, Cu2C, or Co2C failed to serve
as a receptor for the present sensor. The association constant
for the binding of cysteine to the receptor was determined to
be (1.62G0.97)!107 MK1 by the non-linear regression
analysis of the titration curve in Figure 5 using the software
Dynafit. The high affinity of cysteine shown to the receptor
is supportive for the proposition that all the three functional
groups in cysteine are involved in its coordination to the
metal ions in 1 to form a tightly bound ternary complex
having a pseudosymmetrical structure.

The effect of pH of the aqueous solution in the sensing of
cysteine was studied to find that the UV–visible absorbance
changes described above are in effect in the pH range of
7.0–8.5 as shown in Figure 6: both the binding affinities
of the indicator and analyte to the receptor increase in a
parallel fashion in that pH range. The present ensemble
exhibits remarkable selectivity towards cystenine over other
amino acids including serine, glutamic acid, and histidine as
can be seen in Figure 7. Sensors that can detect analyte of
interest by the naked eyes are of particular interest because
of the convenience in its use. As shown in Figure 8, cysteine



Figure 6. UV–visible absorbances of the aqueous solution of 1 (25 mM) and 1 with cysteine (25 mM) at various pHs. Compositions of the buffer solutions are as
the following: pH 6.0 (MES 10 mM), pH 6.5 (MES 10 mM), pH 7.0 (HEPES 10 mM), pH 7.5 (HEPES, 10 mM), pH 8.0 (HEPES 10 mM), and pH 8.5 (CHES
10 mM).

Figure 5. UV–visible spectra obtained by additions of cysteine solutions (final concentrations: 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 27.5, 30, 32.5, 37.5,
and 50 mM) to the pH 7.0 aqueous buffer (HEPES, 10 mM) containing the sensing ensemble, [Cd2(TPXD)(pyrocarechol violet)]2C (25 mM), and UV–visible
spectrum of 2 (25 mM). Inset: plot of absorbance at 665 nm against concentration of cysteine.
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Figure 7. UV–visible spectra of the sensing ensemble (25 mM) in the presence of a variety of amino acids (25 mM) in pH 7.0 aqueous buffer (HEPES) solution.

Figure 8. Color of the sensing ensemble (25 mM) in the absence and presence of amino acids (25 mM): from left to right; the sensor only, and the sensor with
Cys, Glu, Asp, His, Lys, Arg, Gly, Val and Ser.
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is readily detected visually with the sensing ensemble: The
color change of blue to yellow occurs only when the
ensemble is added to a solution containing cysteine.

In order to shed light on the binding nature of cysteine to the
receptor, we have examined the effects caused by homo-
cysteine and derivatives of cysteine on the absorbance of the
sensing ensemble. As can be seen in Figure 9, homocysteine
lowered the absorbace intensity at 665 nm but in a much less
extent (about 30% of the decrease caused by cysteine)
compared with that brought about by cysteine, demon-
strating the remarkable selectivity of the probe for cysteine.
This is a feature of considerable importance since the
concentration of homocysteine in human plasma is known
to be in the range of mM.16 As described earlier, the
chemosensor developed by Rusin et al.5 fails to differentiate
cysteine from homocysteine. It is worth noting that
methionine in which the mercapto group in cysteine is
converted into a methythio moiety failed to cause any
change in the absorbance. Cysteine methyl ester brings
about a much profound decrease in the absorbance than
N-acetylcysteine. These observations together suggest also
that all three functional groups in cysteine are involved in
the binding interactions of cysteine with 1 to form a
receptor–analyte complex as discussed in the design
rationale.

In summary, we have rationally designed and assembled a
sensing ensemble that can efficiently detect cysteine with
excellent selectivity in the aqueous medium of physio-
logical pH. The chemosensor probes the analyte from the
decrease of the absorbance at 665 nm or with naked eyes by
the color change from blue to yellow. The sensing ensemble
can be prepared easily by simply mixing TPXD, cadmium
perchlorate, and pyrocatechol violet in an 1:2:1 molar ratio
in water of neutral pH.



Figure 9. UV–visible spectral changes upon additions of cysteine, homocysteine and derivatives of cysteine (final concentration: 25 mM) to a pH 7.0 (HEPES
10 mM) buffer solution of the sensing ensemble (final concentration: 25 mM).
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3. Experimental
3.1. Reagents

All reagents used in this work were purchased from Sigma-
Aldrich Chemical Co. and were used without further
purification. Compound TPXD was prepared as described
in the literature.13
3.2. UV–visible spectrometric study

Buffer solutions were prepared with deionized water.
UV–visible spectra were obtained with a Hewlett-Packard
8453 diode array spectrophotometer.
3.2.1. Determination of the Kass value for the binding of
cysteine to 1. A 3.0 mL solution containing 1 (25 mM) in
pH 7.0 buffer (HEPES, 10 mM) was prepared, and its
UV–visible absorption was measured. Aliquots of cysteine
solution in pH 7.0 buffer (HEPES, 10 mM) were titrated
into solutions of 1 (25 mM) to give final concentrations of
2.5–32.5 (by 2.5 mM increments), 37.5 and 50 mM, and the
absorption spectra were recorded. The Kass value for the
binding of cycteine to 1 was determined by non-linear
regression analysis of the titration data (Fig. 5) using the
software Dynafit.
3.2.2. Determination of the stoichiometry for binding of
2 to 1 to form the sensing ensemble. Aqueous solutions of
1 (50 mM) and 2 (50 mM) in pH 7.0 buffer (HEPES, 10 mM)
were mixed in varying ratios and the changes of absorbance
at 665 nm were measured. The stoichiometry was obtained
from the titration plot (Job’s plot) of the absorbance at
665 nm (Fig. 3).
3.2.3. pH dependence of the sensing. Aqueous buffer
solutions (pH 6.0–8.5) containing 1 (25 mM) and 1 (25 mM)
with cysteine (25 mM) were prepared, and their UV–visible
absorbance at 665 nm was measured (Fig. 6) and plotted the
absorbance against pH to obtain Figure 6. The compositions
for the buffer solutions are as follows: pH 6.0 (MES
10 mM), pH 6.5 (MES 10 mM), pH 7.0 (HEPES 10 mM),
pH 7.5 (HEPES, 10 mM), pH 8.0 (HEPES 10 mM), and pH
8.5 (CHES 10 mM).
3.3. Determination of the thermodynamic parameters
for the binding of 2 to 1 with an isothermal titration
calorimeter

An aqueous solution (1.5 mL, pH 7.0, HEPES 10 mM) of 1
(0.2 mM) was added to the sample cell of an isothermal
titraton calorimeter and aqueous buffer solution (1.7 mL, pH
7.0, HEPES 10 mM) was added to the reference cell. Into
the solution in the sample cell was injected 7 mL portions of
aqueous solution of 2 (3.3 mM) in 30 times with 200 s
interval. Each mixture was continuously stirred at 300 rpm
and kept at an operating temperature of 30 8C. After each
addition of the aqueous solution of 2, the heat (mcal sK1)
released in the sample cell was measured with respect to a
reference cell. The data were analyzed using the software
Origin to give Figure 4.
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Abstract—Hybridization of DNA oligonucleotides in neutral aqueous solutions with complementary sequences immobilized on highly
doped p-type porous silicon matrix is shown to result in an unexpectedly large shift in the Fabry–Perot interference pattern to lower
wavelengths implying a decrease in effective optical thickness of the porous matrix. We have determined that the observed optical effects are
due to enhanced corrosion (oxidation–hydrolysis) of the porous silicon layer triggered by the formation of complementary DNA duplexes.
Scanning force microscopy and reflectance spectroscopy were employed at various stages of the signal evolution process to monitor and
establish the material changes induced by the DNA binding events. We postulate that the slow background corrosion process initiated at the
exposed Si–Hx groups is dramatically enhanced as a result of the change in carrier charge density of the porous silicon layer in response to the
local increase in the electrostatic field generated by the nucleic acid hybridization. The proposed mechanism is consistent with the
experimental observations that the characteristics of the porous silicon matrix and the charge density of the hybridized DNA complexes can
both influence the corrosion process. Functionalized porous silicon matrices prepared from highly doped silicon wafers (resistivity
1 mU$cm) produce large corrosion rates and improved signal to noise ratios. Moreover, the enhanced decrease in the effective optical
thickness could be prevented by either shielding the negative charges of the DNA duplex in the presence of Mg2C ions, or by using backbone
charge neutral peptide nucleic acids (PNA) in the DNA hybridization experiments. The observed phenomenon is thus an example of an active
sensor matrix in which the molecular recognition signal is transduced and amplified by a profound change in the chemical reactivity and
physical property of the solid support itself. With the signal amplification mechanism described, binding of unlabeled complementary DNA
oligonucleotides of approximately 0.1 amol/mm2 has been detected suggesting the potential utility of this new approach in DNA sensing.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The signal from the initial binding of a ligand to its cellular
receptor is typically amplified through signal transduction
pathways involving a cascade of subsequent biochemical
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.06.130
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steps. Typically very low ligand concentrations can induce
significant cellular responses, often much larger than
expected from a simple one to one binding event. Biological
ligand-receptor pairs, such as antibody–antigen,
DNA/DNA, and streptavidin–biotin, are usually used as
the central element in biosensor designs because of their
high specificity and association constants. However, in
contrast to living cells, biosensor devices seldom employ
built-in signal amplification mechanisms.1 Enzyme coupled
systems are the most commonly used approach to amplify
the signal caused by an analyte binding in solution.2 Other
examples include gold-nanoparticle capture,3 ligand-
induced enzyme activation,4 enzymatic recycling of the
substrate,5 and the use of transmembrane ion channels and
pore structures6 to transduce and amplify ligand binding
interactions. Here, we present a ligand-induced signal
amplification mechanism based on DNA-enhanced altera-
tion of porous silicon morphology and optical properties.
Tetrahedron 60 (2004) 11259–11267



Table 1. Properties of three different porous silicon films

pC pCC(A) pCC(B)

Current density 50–70
mA/cm2

100–150
mA/cm2

400–600
mA/cm2

HF-Concentration 25% 37.5% 37.5%
Porosity 65–75% 65–75% 80–90%
Pore radius 2–3 nm 2–5 nm 100–200 nm
Surface area 0.4 m2 0.4 m2 0.005 m2

Thickness 2–3 mm 2–3 mm 2–3 mm
Pore shape Filamentous

network
Filamentous
network

Cylindrical
pores

Porosity was determined by reflectance spectroscopy measurements. The
average pore radii were obtained from the BJH pore size distribution and in
the case of pCC(B) from SFM measurements. Five point BET analysis
provided the surface area in the case of pC and pCC(A). The surface area
for pCC(B) samples was estimated from thickness, porosity, pore radii and
pore shape. Thickness of the layers was obtained from SEM images and
profilometer measurements. Cross-section analysis performed by SEM and
SFM provides information about pore shape.
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Porous silicon is a high surface area material that can be
prepared to have a large variety of pore morphologies by
chemical or electrochemical etching processes.7 The
hydride terminated freshly etched porous silicon surface
can be modified by a number of methods, such as oxidation,
halogenation, nucleophilic substitution, and hydrosilyla-
tion.8 Once oxidized the porous silicon surface can be
further functionalized using common silane chemistry.
Because of its unique electrical and optical properties,
porous silicon has been used as the matrix and signal
transducer in a variety of biosensing applications.9

Recently, we reported that pore morphology of p-type
porous silicon could be tuned to meet the requirements for
biocompatibility by carefully choosing the etching con-
ditions and the silicon dopant concentration.10a By immo-
bilizing biotin on a porous silicon surface we were able to
detect the binding of streptavidin inside the pores by
interference spectroscopy. The induced red-shift in the
Fabry–Perot fringe pattern caused by an increase in the
refractive index of the medium upon molecular recognition
of the protein by its ligand was explained by the effective
medium approximations.11 Furthermore, in an earlier study
we described the observation that DNA hybridization to
complementary sequences immobilized on a p-type porous
silicon matrix resulted in an unexpected large decrease in
the effective optical thickness (blue-shift of the interference
spectrum).12 However, the observed effects were sub-
sequently attributed to simple background rates of porous
silicon corrosion in aqueous medium,10 thus effectively
retracting the earlier claims12 and the validity of the sensing
scheme. Here we show that in fact hybridization of DNA
oligonucleotides in neutral aqueous solutions to comp-
lementary sequences immobilized on highly doped p-type
porous silicon matrix can result in a large shift in the Fabry–
Perot interference pattern to lower wavelengths caused by
the enhanced corrosion (oxidation–hydrolysis) of the porous
silicon layer accelerated by the formation of complementary
DNA duplexes. Furthermore, we propose a plausible
mechanistic underpinning for this process and suggest the
potential scope and current limitations of this approach in
DNA sensing.
2. Results and discussions

2.1. Characterization of porous silicon layers

Porous silicon layers obtained from pC and pCC-type
silicon were characterized by means of scanning force/scan-
ning electron microscopy, reflectance spectroscopy, nitro-
gen adsorption (BET) isotherms, and profilometry. Fabry–
Perot layers differing in pore morphology and dopant
concentration were investigated. The etching conditions of
the two types of silicon wafers differing in resistivity were
adjusted in a way that crucial properties such as porosity,
pore radius, thickness and surface area are similar despite
different dopant concentrations (Table 1). pCC porous
silicon with larger pores were obtained as described
previously.10a

Scanning force microscopy (SFM) images of the porous
layers etched at low current densities revealed the same
predominant hillock structure for both the pC and pCC
sample.13 Pores were barely visible by SFM, and the surface
roughness was low (root mean square: 0.2–0.5 nm). In order
to determine the pore radii of these two kinds of etched
samples BET isotherms were recorded revealing pore radii
of 2–5 nm (Table 1) and an appearance typical for
mesoporous materials (type IV hysteresis between adsorp-
tion and desorption branch).14 SFM images of pCC samples
etched at higher current densities displayed large pore
diameters of about 200 nm and consequently smaller
surface areas. The layer thickness was adjusted by altering
the etching time and determined by profilometer measure-
ments. Porosities of the Fabry–Perot layers were obtained
by reflectance spectroscopy in conjunction with applying an
appropriate effective medium approximation.15 For this
purpose alteration of the effective refractive index was
achieved by filling the porous material with various organic
solvents differing in refractive index.10a

2.2. Functionalization of porous silicon

Diffuse reflectance FT-IR spectroscopy was used to monitor
the functionalization steps of the porous silicon support.
Bromine/air oxidized porous silicon samples display the
most prominent broad band of an oxidized porous silicon
layer at around 1110 cmK1 (Si–O–Si vibrational band) and
a large vibrational band diagnostic for Si–OH bonds
(876 cmK1). Moreover, bands at 2256 and 2110 cmK1

characteristic for O–Si–H and Si–H vibrational bands,
respectively indicate the existence of silicon hydride bonds.
Because of the large amount of Si–OH bonds due to
bromine/air oxidation in contrast to thermal oxidation this
surface can be easily functionalized with trimethoxysilanes.
After derivatization with trimethoxy-3-bromoacetamido-
propylsilane the FT-IR spectrum displays additional bands
characteristic of the linker molecule (the amide A band at
3295 cmK1, the amide I band at 1656 cmK1, and the amide
II band at 1546 cmK1).

2.3. Stability of porous silicon layers in aqueous solution

Freshly etched, hydride-terminated porous silicon hydro-
lyzes and oxidizes readily upon exposure to aqueous
solution accompanied by generation of H2 and a tremendous
decrease in effective optical thickness, EOTZ2nl, with n,
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the effective refractive index and l the thickness of the
porous layer.10a The porous silicon samples prepared
according to the procedure described in the experimental
section exhibit a greenish color which changed to blue after
prolonged exposure to an aqueous environment. The color
change is indicative of oxide formation as comparative
studies with thermal oxidation to porous silica revealed. The
decrease in EOT and formation of hydrogen might be
explained by conversion of silicon to silica leading to a
decrease in the effective refractive index of the porous
silicon layer (nSiz3.4; nSiO2

z2.2). For instance, the
effective optical thickness would decrease by 600 nm
employing the effective medium approximation of
Looyenga15 and assuming a change in the refractive index
of silicon from nSiZ3.4 to nSiZ3.0, nwaterZ1.33 and a layer
thickness of 2500 nm. Additionally, dissolution of the
porous layer can result in a thickness decrease of the layer
or an increase in porosity causing both a decrease in the
effective optical thickness. As shown previously, oxidation
and subsequent functionalization of porous silicon can
suppress considerably the oxidation and subsequent dissolu-
tion in aqueous solution.10 Besides freshly etched chips we
investigated the stability of bromine oxidized and deriva-
tized porous silicon layers. The stability toward corrosion in
an aqueous environment decreases in the following order:
monomethoxysilane linker modified [ trimethoxysilane
linker modified [ bromine oxidized O freshly etched
porous silicon sample. FT-IR-spectra of bromine oxidized
silicon chips still display Si–Hx and Si–OH bonds, which are
both susceptible to oxidation and dissolution giving rise to a
significant shift in EOT to smaller values. However, the
high stability of surfaces modified with monomethoxysilane
linker might be due to a higher surface coverage capping all
oxidation sensitive sites on the porous silicon surface.
Protection provided by the trimethoxysilane linker is less
effective, which is presumably due to insufficient coverage
of the surface.

2.4. Quantitative determination of hybridized DNA

The amount of single-stranded DNA that could be captured
by surface-immobilized DNA was determined by the
fluorescence decay occurring after hybridization of a
complementary, fluorescein-labeled DNA strand (Fig. 1).
Figure 1. Relative decrease in fluorescence intensity Pi versus concen-
tration of fluorescein labeled DNA (DNA-A0) in solution. The inset shows a
typical time course of the fluorescence intensity after addition of
complementary DNA (DNA-A). The DNA-derivatized porous silicon
chip was placed at the bottom of a cuvette and the fluorescence intensity
was measured over time after each addition of complementary DNA.
The amount of bound DNA was calculated from Eq. 1:

nZV!
Xn

i

PiCi: (1)

n denotes the mole number of bound DNA, V the volume of
fluorescein-labeled DNA, and Pi the ratio of the fluor-
escence decrease over the initial fluorescence intensity of
the i-th addition which is equivalent to dCi/Ci, with Ci, the
initial fluorescein-labeled DNA concentration. The maxi-
mum amount of DNA binding to a pC-type porous silicon
sample derivatized with a complementary DNA strand was
estimated to be 2!10K8 mol/cm2. This number is at least
two orders of magnitude higher than that of a monolayer on
a flat surface. However, compared to the actual surface area
of a porous silicon chip, which is increased by a factor of
4000 (Table 1) the surface coverage of bound DNA is only
approx 2% of the whole surface area of the porous silicon
layer. It remains to be elucidated if the low DNA surface
coverage is due to insufficient linker coverage or due to
restricted access of the molecules to the nanoporous
material. It should be mentioned that adsorption of DNA in
the porous matrix is diffusion-limited. This explains why even
at sufficiently high DNA-concentrations (10K7–10K5 M)
binding is not yet completed due to the slow mass transport
within the porous network. The pore size is only about 2–5 nm
in diameter thus retarding the DNA molecules.
2.5. DNA Hybridization

The change in EOT upon hybridization of single-stranded
DNA with the complementary DNA linked to a trimethoxy-
3-bromoacetamidopropylsilane functionalized pCC porous
silicon was monitored by continuously recording interfer-
ence reflectance spectra vs. time and subsequently perform-
ing Fourier transformation (FFT) to extract the EOT data
from each spectrum. Independent of the chosen DNA
sequences (DNA-A/A 0, DNA-B/B 0, DNA-C/C 0), the EOT-
course (slow rate of background corrosion) does not alter
after addition of non-complementary DNA up to a
concentration of 10K7 M. However, adding the comp-
lementary DNA to the derivatized porous silicon layer leads
to a considerable decrease in the effective optical thickness
(Fig. 2). The binding process is accompanied by an
immediate generation of H2 (bubble formation) and a slow
change in color (green to blue) upon addition of the
complementary DNA. The decrease in the effective optical
thickness does not continue as strongly after rinsing with
buffer, which can be explained in terms of diffusion
controlled adsorption of DNA in the porous network.
Mass transport of DNA molecules is very slow within the
chosen concentration regime; the system is far from thermal
equilibrium, so that rinsing with buffer removes DNA from
solution preventing continued corrosion induced by further
DNA-hybridization.

In order to rule out that the buffer composition does not
influence the response of the porous silicon chip, we
investigated the change in EOT under a variety of different
buffer conditions. The control experiments were performed
in 1 M NaCl(aq), and in 100 mM phosphate buffer, pH 7.0
with and without 1 mM EDTA indicating that varying the



Figure 2. Time plot of the change in effective optical thickness (D2nl) of a
DNA derivatized porous silicon chip. (A) Addition of 10K7 M non-
complementary DNA (DNA-A 0); (B) addition of 10K7 M complementary
DNA (DNA-B0); (C) washing with buffer. The measurement was carried
out on a pCC(A) porous silicon layer in 100 mM phosphate buffer, pH 7.0
functionalized with trimethoxy-3-bromoacetamidopropylsilane and DNA-
B. The arrows indicate when each sample was introduced.
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buffer composition does not influence the response of the
silicon chips.
Figure 3. SFM images (TappingMode) before and after exposure of the
surface to complementary DNA. Porous silicon samples (pCC(B)) were
anodized at 500 mA/cm2 in order to obtain larger pores which were easier
to image because of the larger surface features. The surface was derivatized
with trimethoxy-3-bromoacetamidopropylsilane and DNA-A. (a) Image of
the functionalized porous silicon layer before incubation with complemen-
tary DNA-A. (b) Porous silicon layer after 1 h incubation with DNA-A
(10K7 M). The effective optical thickness decreased by app. 400 nm. (c)
Porous silicon layer after 2 h incubation. No fringes could be observed after
the incubation time; the surface appeared to be matte. All images were 14!
14 mm2 in size.
2.6. Scanning force microscopy

Since the enhanced decrease in effective optical thickness
might be due to dissolution of silicon induced by
hybridization of DNA resulting in a decreased effective
refractive index and a decreased layer thickness, we
performed SFM in order to garner information about
morphological changes of the surface. Figure 3 shows a
sequence of SFM images of a derivatized pCC(B) chip
etched at 500 mA/cm2 with pore radii of 100–200 nm. The
chip was functionalized with DNA receptors (DNA-A)
linked to the trimethoxysilane linker. The porous silicon
surface was imaged before (Fig. 3(a)), after 30 min, after
1 h (Fig. 3(b)) and after 2 h (Fig. 3(c)) incubation with a
10K7 M solution of the complementary DNA-strand (DNA-
A 0). Exposure of the chip to complementary DNA for
30 min did not result in any detectable mesoscopic changes
in topography, although the effective optical thickness
decreased by 200 nm. However, after 1 h incubation
channel-like structures appeared on the porous surface
concomitant with a change in effective optical thickness of
400 nm. The channels can be interpreted in terms of fused
pores due to loss of complete pore walls. After 2 h
incubation the reflectance spectrum of the sample did not
display fringes anymore and the surface appeared matte.
Furthermore, the pore size increased tremendously showing
clefts or pores with lateral dimensions larger than 4 mm.
Eventually the porous layer dissolved completely leaving a
polished surface behind. In the case of a pC sample etched
at 50 mA/cm2 (25% ethanolic HF) DNA hybridization on
the surface caused similar structural changes leaving larger
holes of sometimes regular structures behind. The results of
the reflectance spectroscopy together with the SFM images
demonstrate that the specific binding of DNA to the porous
silicon surface led to a dramatic corrosion acceleration. We
postulate that the corrosion initiates presumably at spots
characterized by incomplete linker coverage and the
presence of Si–Hx groups.
2.7. Influence of charges

One parameter influencing the rate of oxidation and
dissolution induced by DNA hybridization might be the
dopant concentration (boron) in the silicon wafers—the
carrier charge influence. We investigated the change in
effective optical thickness upon binding of complementary
DNA on two different types of silicon wafers: pC (3–
6 U cm) and pCC (0.6–1.0 mU cm) (Fig. 4). Reflectance
spectroscopy could not be performed on n-type silicon since
the roughness of the top and bottom surface were too high to
obtain fringe patterns. In order to provide similar pore
diameters and surface areas for the two wafer types, we have
chosen appropriate etching conditions as reported pre-
viously (Table 1).10a In the case of the pC-silicon chip, the



Figure 4. Change in effective optical thickness of a functionalized silicon
chip (DNA-B) upon addition of non-complementary (DNA-A 0) and
complementary DNA (DNA-B0) in 100 mM phosphate buffer, pH 7.0.
(C) pC chip; (B) pCC(A) chip. (A) addition of non-complementary
DNA-A 0(10K7 M); (B) addition of complementary DNA-B0 (10K7 M).

Figure 5. Change in effective optical thickness of a functionalized
pCC(A)-silicon chip (DNA-C) upon addition of (A) 10K7 M PNA-C0 and
(B) 10K7 M DNA-C 0 in 100 mM phosphate buffer, pH 7.0. The arrow
indicates the time when the sample was introduced.
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slope of the initial change in EOT before addition of
complementary DNA was K0.17 nm/min. The negative
slope increased by a factor of 3.5 (K0.6 nm/min) upon
addition of complementary DNA. However, performing the
same experiment on a pCC(A) chip, the negative slope was
increased by a factor of 15 (K3.1 nm/min), although the
initial slope (K0.21 nm/min) was similar to that of the pC

chip.

Since the dopant concentration of the silicon wafer alters the
response of the chip upon binding of complementary DNA
considerably, we hypothesized that accumulation of surface
charges might be the key event. Given the fact that DNA is a
polyanionic molecule, a significant quantity of charges are
immobilized on the porous silicon surface upon hybridiz-
ation. In order to establish whether charge accumulation
indeed induces a higher surface oxidation rate, we
conducted hybridization experiments on porous silicon
surfaces using complementary PNA (peptide nucleic acid,
PNA-C 0) instead of DNA, which carries no backbone
phosphate charges and binds even stronger to the immobi-
lized DNA (DNA-C). pCC(A) silicon wafers were chosen to
attain the highest possible signal to noise ratio. In contrast to
the formation of the DNA duplex, the oxidation rate did not
alter upon addition of complementary PNA up to a
concentration of 10K7 M (Fig. 5).16 In order to confirm
that PNA was bound to the complementary DNA on the
surface and saturated all available DNA binding sites, we
added DNA-C after PNA hybridization to the chip. Again,
no change in EOT could be observed indicating that the
immobilized DNA binding sites were engaged in the PNA-
DNA assembly and thus were not available for further
hybridization with the DNA-C.

Further evidence for the hypothesis that immobilized
negative charges on the surface are the reason for the
observed acceleration of corrosion of the porous layer was
given by a DNA hybridization experiment performed in the
presence of 5 mM MgCl2 showing no significant decrease in
EOT upon binding. Since Mg2C ions bind to the DNA
duplex and neutralize the negative charges of the phosphate
groups, the shielding of negative charge accumulation at the
porous silicon surface prevents an increase in oxidation/-
dissolution rate upon addition of complementary DNA.
Moreover, removing the Mg2C ions from the DNA duplex
by rinsing the silicon chip with an EDTA containing buffer
reactivated the charge-induced acceleration of surface
oxidation/dissolution.

2.8. Outlook for biosensor applications

The discovery of these fairly dramatic structural and
consequently optical changes of the porous silicon layers
induced by molecular recognition of small DNA strands led
us to question, whether this mechanism has potential utility
in analytical applications. Reflectance spectroscopy is
typically not useful for the detection of small molecules
such as oligonucleotides, since such molecular interactions
cause only very small changes in the refractive index of a
thin layer. On the other hand, the corrosion enhanced by
DNA recognition amplifies the binding signal and thus
increases significantly the sensitivity for small molecule
detection by reflectance spectroscopy. For instance, the
expected increase in EOT for DNA binding with regard to
effective medium approximations is less than 0.1 nm, in
contrast to a decrease in EOT of about 200–400 nm in the
present case. In our studies, the first notable change in the
optical thickness of the porous film could be observed at
concentrations of about 10K11 M of complementary DNA
using a derivatized pCC(A) silicon wafer (Fig. 6). The
negative slope of the EOT versus time course increases by a
factor of 6 in the presence of 10K10 M DNA compared to
background corrosion. Further increasing the DNA concen-
tration in solution enhances the corrosion rate even more.
Compared to the initial oxidation rate of K0.18 nm/min, the
rate is enhanced by a factor of 20 at a DNA concentration of
10K7 M in solution. At first sight, a detection limit of
0.1 nM does not seem to be remarkably sensitive. But
considering the fact that the absolute surface area is about
0.4 m2 the number of molecules necessary for a complete
coverage exceeds by far the number of molecules available in
solution (6!1010 molecules at a concentration of 10K10 M
with a volume of 1 ml). Assuming a homogeneous
distribution of all molecules on the surface, this would
result in a coverage of about 106 mol/mm2. From this point



Figure 6. Change in effective optical thickness of a functionalized pCC(A)-
silicon chip (DNA-C) upon addition of increasing concentrations of
complementary DNA-C0 in 100 mM phosphate, pH 7.0. (A) DNA-B; (B)
10K12 M DNA-C; (C) 10K11 M DNA-C; (D) 10K10 M DNA-C and (E)
10K7 M DNA-C. The arrow indicates the time when the sample was
introduced.
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of view 0.1 amol of DNA seems to have been detected on
1 mm2 porous silicon chip.17 Even though our results
suggest that the corrosion-enhanced signal amplification can
provide a highly sensitive process for unlabeled DNA
detection, several practical limitations need to be overcome
before practical utility of this new sensing technology can
be fully realized. Although using the methods described
here, a skilled personnel can often minimize the batch-to-
batch materials differences that can cause significant
variations in DNA-enhanced porous silicon corrosion rates
and detection responses, we believe that the etching and
surface chemical modification methods are the two critical
areas that need to be further improved before reproducible
porous silicon sensor elements could be routinely fabricated
for use in biosensing applications.
2.9. Postulated mechanism of DNA-enhanced porous
silicon dissolution

The experiments described above show that the large
decrease in EOT are attributed to the corrosion of the porous
silicon layer accelerated by the binding of negatively
charged molecules. Moreover, our studies strongly suggest
that exposed Si–H bonds are required in this process.
Allongue et al. proposed a chemical reaction mechanism to
explain the dissolution of hydride terminated porous silicon
surfaces (Fig. 7).18 According to this formalism a water
molecule hydrolyses a Si–H2 group producing H2. This is
followed by the breakage of a Si–Si bond and generation of
a new Si–H bond by attack of a second water molecule.
Dissolution of the primary product HSi(OH)3 involves
attack of another water molecule. A second molecule of H2

is produced by decomposition of HSi(OH)3 in aqueous
solution. The most remarkable feature of this reaction
pathway is that the surface stays hydride terminated, which
opens the way for further chemical dissolution without
passivation. This mechanism is consistent with our observed
results of hydrogen evolution and the persistence of surface
Si–Hx FT-IR bands during the course of the corrosion
process. According to Allongue et al. a positive polarization
of the Si atom which has already bound an OH-group
facilitates the attack of the second water molecule to break
the Si–Si bond. We propose that the phenomena of DNA
induced dissolution of porous silicon can be explained on
this basis. Accumulation of negative charges on the silicon
surface due to DNA hybridization can enhance the
polarization of the silicon surface, for instance by the
attracting positive charges in the vicinity of the binding
event. The increase of majority carriers (depletion layer) at
the surface could facilitate the nucleophilic attack by water
molecules. This mechanistic model is also consistent with
the observed higher susceptibility of pCC type porous
silicon since more carriers are available to support the
nucleophilic attack in an aqueous environment.

It is known that hydroxide ions also serve as a catalyst for
the above described corrosion process of porous silicon. In
order to compare the surface morphology of the porous
silicon surface after DNA treatment with those treated with
aqueous NaOH (pH 11), we investigated the porous silicon
surfaces by SMF. The study revealed similar morphological
changes for both the DNA treated chips and the sodium
hydroxide treated samples involving the formation of
channels.

2.10. Conclusion

Our studies show that hybridization of DNA oligonucleo-
tides in neutral aqueous solutions with complementary
sequences immobilized on highly doped p-type porous
silicon matrix can result in a large decrease in effective
optical thickness due to enhanced corrosion (oxidation–
hydrolysis) of the porous silicon layer. The observed
phenomenon is an example of an active sensor matrix in
which the molecular recognition signal is transduced and
amplified by a profound change in the chemical reactivity
and physical property of the solid support itself. The
detection of unlabeled DNA oligonucleotides down to
concentrations below 0.1 nM by simple interferometric
measurements suggests potential applications of this
method in biosensing. Future advances in reproducible
etching and surface chemical functionalization methods are
needed before practical device applications can be realized.
3. Experimental

3.1. Etching procedure

Two different types of p-type silicon wafers (boron-doped,
orientation (100)) with resistivities in the range of 3–6 U cm
(pC) and 0.6–1.0 mU cm (pCC), respectively were used to
fabricate porous silicon by an anodic etch in ethanolic HF
solution. Prior to the etching procedure the silicon wafers
were rinsed thoroughly with ethanol and dried under a
stream of nitrogen. As reported previously,10a silicon wafers
with an exposed area of 1.5 cm2 were contacted on the
backside with a strip of aluminum foil and mounted in a
Teflon etching cell. A platinum mesh served as counter
electrode in order to provide a homogeneous electrical field.
PC wafers were etched in HF/ethanol 1:1 (v/v), and pCC

wafers in HF/ethanol 3:1 (v/v), prepared from 48% aqueous
HF. Galvanostatic anodization was performed in the dark
with current densities around 50–70 mA/cm2 (pC) and



Figure 7. The proposed mechanism for the corrosion enhancement by DNA hybridization on p-type porous silicon surfaces. The reaction pathway describing
the dissolution of silicon in an aqueous environment was first proposed by Allongue et al.18 The binding of DNA is postulated to result in the accumulation of
majority carriers in the vicinity of the molecular recognition event thus enhancing the polarization of the Si–H bonds and facilitating the nucleophilic attack by
water molecules.
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150–600 mA/cm2 (pCC), while the etching time was
adjusted in order to obtain the approximate same layer
thickness. After etching the samples were rinsed thoroughly
with ethanol and methylene chloride, then dried under a
stream of nitrogen.
3.2. Oxidation procedure

After anodization, the silicon surface is predominately
hydride-terminated. This surface is sensitive to oxidation
and dissolution upon exposure to aqueous solution. To
increase the surface stability, and further functionalize the
sample by silane chemistry the porous layers were exposed
to Br2 vapor for 1 h followed by air oxidation for 30 min.
The oxidized samples were rigorously rinsed with methyl-
ene chloride, acetone, and methanol and then dried under a
stream of nitrogen. These hydroxy terminated porous silicon
surfaces were stable under ambient conditions in air for
several days.
3.3. Functionalization of oxidized porous silicon

Functionalization of the bromine oxidized porous silicon
chips with a trimethoxysilane linker was performed by
placing the samples in 50 mM trimethoxy-3-bromoaceta-
midopropylsilane dissolved in toluene for 10 min. After-
wards, the samples were rinsed first with toluene, then
ethanol, water and finally acetone and subsequently dried
under a stream of nitrogen. The porous silicon samples were
then immersed in an aqueous solution of the desired 5 0-
thiophosphate oligonucleotide (DNA) in water/dimethyl
formamide/5% NaHCO3 (1/1/0.5) for 1 h to immobilize the
single-stranded DNA. After the reaction, the chips were
washed 5!with 2 ml DMF, DMF/water (1:1), and water.
3.4. DNA Sequences

All DNA sequences were purchased from Operon
Technologies, Inc. and HPLC purified. For hybridization
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experiments, three 5 0-thiophosphate terminated DNAs
(DNA-A sequence: 5 0-pGC CAG AAC CCA GTA GT-3 0,
DNA-B sequence: 5 0-pCC GGA CAG AAG CAG AA-3 0,
DNA-C sequence: 5 0-pTAG TTG TGA CGT ACA) and
their corresponding complementary strands (DNA-A 0,
DNA-B 0, and DNA-C 0) were chosen so that no hairpin
loop formation or self-dimerization can occur. For PNA-
DNA hybridization experiments, a purified PNA (PNA-C 0:
H-TGT ACG TCA CAA CTA-NH2, a gift from Prof. P.
Nielsen, University of Copenhagen, Denmark) complemen-
tary to DNA-C was used as received.

3.5. Fluorescence spectroscopy

Independent proof for DNA hybridization was obtained
from recording the fluorescence decay of a fluorescein-
labeled complementary DNA strand in solution due to
duplex formation on a porous silicon chip mounted at the
bottom of a regular fluorescence cuvette. The pC-type
silicon chip was etched at 50 mA/cm2 for 2 min. The
fluorescence of the fluorescein-labeled DNA in solution was
monitored on an Aminco/Bowman luminescence
spectrometer with 4 nm bandwith equipped with a water-
jacketed sample chamber thermostatted at 25 8C. Fluor-
escence was excited with 490 nm and the emission was read
at 520 nm.

3.6. FT-IR Spectroscopy

FT-IR spectra were acquired with a Nicolet Model 550
Magna Series II FT-IR instrument in diffused reflectance
mode (Spectra-Tech diffuse reflectance attachment). Diffuse
reflectance absorption spectra are reported in Kubelka-
Munk units. The FT-IR sample compartment was purged
with nitrogen.

3.7. Interferometric reflectance spectra

Interferometric reflectance spectra of porous silicon were
recorded by using an Ocean Optics spectrometer S 1000
fitted with a bifurcated fiber optic probe. A tungsten light
source was focused via one of the fibers onto the center of a
porous silicon surface with a spot size of approximately 1–
2 mm. Spectra were recorded with a CCD-detector in the
wavelength range of 400–1200 nm. The illumination of the
surface as well as the detection of the reflected light was
performed along an axis coincident with the surface normal.
The effective optical thickness was obtained using Fast
Fourier Transformation (FFT) of the spectra. The hybrid-
ization experiments were performed in a plexiglass fluid cell
and the DNA was injected by a syringe.

3.8. Scanning force microscopy

SFM images were obtained under ambient conditions using
a Nanoscope IIIa Multimode scanning probe microscope
(Digital Instruments, Santa Barbara, CA) operating in
TappingModee and contact mode. For TappingModee
silicon NanoProbee tips (TESP, Digital Instruments) were
used as purchased. Several tips were used to assure
reproducible results. Contact mode was performed using
microfabricated oxide sharpened V-shaped silicon nitride
tips with a nominal tip radius of about 5–20 nm and a
nominal spring constant of 0.06 N/m (NP-S, Digital
Instruments). The applied force was as low as possible.
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Abstract—Regioregular polythiophenes with pendant carboxylic acid functionality, poly(thiophene-3-propionic acid) (PTPA, 3) and
poly(thiophene-3-octanoic acid) (PTOA, 4), were prepared as water soluble conducting polymers and their chemosensory response was
studied. Treatment with aqueous base generated intensely colored water soluble conducting polymer salts, with the color varying both as a
function of counter ion size and length of the carboxyalkyl substituent. PTPA showed a different colorimetric response to each of the alkali
earth metals whereas the longer chain PTOA was only sensitive to ions larger than Et4NC. Distinct color changes were also noted in studies
of divalent cations known to selectively bind carboxylates, such as Zn2C, Mn2C, and Cd2C. Cast films of PTPA have been found to act as
sensors to acid vapor (Dlmax of up to 132 nm). IR shows that the polymer self-assembles upon HCl vapor exposure, and that the process is
completely reversible, leading to a good solid-state sensor for acids. This work demonstrates that regioregular polythiophenes containing acid
side-chains have tremendous potential in the development of new sensors.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their excellent electrical properties, regioregular
poly(3-alkylthiophene)s are rapidly being developed into
new products with applications such as field effect
transistors, sensors, solar cells and new electrostatic
dissipative coatings and materials.1–8 Their high con-
ductivities and low band gaps are a consequence of their
ability to self-assemble into p-stacked, planar aggre-
gates.9–11 Previous work in our lab has shown that both
conformational order and solid state organization in
regioregular polythiophene derivatives are remarkably
sensitive to the placement and nature of the substituent
chains.12,13 This sensitivity provides the opportunity to
design new conducting polymers in which self-assembly
(and hence the color) is controlled by environmental factors.
Changes in conformation of conjugated systems are readily
detected not only by conductivity changes, but also by
optical absorption changes. Various polythiophene deriva-
tives are known to show striking chromatic responses, such
as piezochromism (changes in pressure),6,14,15 photochro-
mism (changes in light),6,16,17 electrochromism (changes in
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.064
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electrical potential),18–20 thermochromism (changes in
temperature),6,21–25 ionochromism (changes in chemical
moieties),12,26–30 biochromism,6,31–35 and affinity
chromism.36 Chromatic responses are particularly useful
since discernable changes are generally apparent to the
human eye, obviating the need for expensive instrumenta-
tion and really represent an opportunity for chemists to
develop new sensors.6,37,38 We are particularly interested in
developing sensors based on head-to-tail regioregular
polythiophenes (rr-PTs).10 These polymers do not have
coupling defects, have a tendency to form elongated
supermolecular structures with optimal orbital overlap and
small HOMO–LUMO gaps,39–41 and should exhibit a very
wide response range between the minimally and maximally
perturbed states, providing for excellent sensitivity.
Of rr-PTs, the water soluble salts of carboxylic acid
functionalized regioregular polythiophenes demonstrate one
of the largest optical shifts in response to ions.26 Here, we
study the ionochromism of these polymers with the intent to
understand the underlying mechanism of chromatic
changes. Two representative polymers with differing
substituent lengths were selected: head-to-tail coupled
poly(thiophene-3-propionic acid) (PTPA) and head-to-tail
coupled poly(thiophene-3-octanic acid) (PTOA). The
synthesis, characterization, and studies of ion binding by
UV–vis and IR spectroscopy are reported.
Tetrahedron 60 (2004) 11269–11275



Scheme 1. Synthesis of the water soluble regioregular polythiophenes.

Table 1. UV/vis lmax (nm) of PTPA and PTOA in water with 1 equiv of base (RCOHK) per carboxylic acid residue

Polymer NH4
C Me4NC Et4NC Pr4NC Bu4NC LiC NaC KC CsC

PTPA (3) 550 486 476 446 426 546 532 512 506
PTOA (4) — 556 554 534 513 556 554 554 —

P. C. Ewbank et al. / Tetrahedron 60 (2004) 11269–1127511270
2. Results and discussion
2.1. Synthesis

Regioregular (rr) head-to-tail (HT) poly(thiophene-3-pro-
pionic acid) (PTPA, 3) was synthesized by Stille/CuO
polymerization of an oxazoline protected monomer
followed by acid hydrolysis to afford a violet solid in
yield of greater than 80%.26 Regioregular head-to-tail
poly(thiophene-3-octanoic acid) (PTOA, 4), was prepared
as previously described.42 Although the polymers were not
very soluble in common organic solvents, they were both
soluble in aqueous base (species 3a and 4a) (Scheme 1).
Figure 1. Polythiophene zipper sensors: analyte driven disassembly and
self-assembly.
2.2. Spectroscopic behavior in solution

Intensely colored solutions were formed when PTPA (3) or
PTOA (4) reacted with 1 equiv alkali metal hydroxide or
tetraalkylammonium hydroxide per carboxylic acid group,
with colors ranging from violet to yellow depending on the
size of the counter ion (Table 1). For PTPA, the observed
lmax varied over a range of w124 nm when the size of the
ammonium counterion increased from NH4

C to Bu4NC, and
over a range of w40 nm when the alkali metal size
increased from LiC to CsC. For PTOA, on the other hand,
the observed lmax did not deviate much from 556 nm (violet
color) until the ion size exceeded Et4NC. Even with the
larger Bu4NC, the lmax blue shifted by only 43 nm.

These results are explained as follows. Varying the size of
the counterion in the carboxylate polymer changes the
effective steric bulk of the substituent. Small cations favor a
planar, p-stacked purple phase while large cations can
prevent planarity and self-assembly to give a twisted,
isolated yellow phase (Fig. 1). When a longer alkyl side
chain was used, such as in PTOA, the chemoselectivity was
limited to the larger cations (Pr4NC and Bu4NC) because
longer chains can more easily accommodate the steric bulk
of the substituent without compromising the p-stacked
structure of the polymer.

The following results further support the role of steric bulk
in the observed ionochromism. (1) All the solutions (in
Table 1) became yellow when treated with a vast excess of
base. (2) In a separate experiment, the yellow phase was also
obtained by titrating a solution of PTPA and 1 equiv KOH
(per carboxylic acid residue) with 18-Crown-6. This
effectively changes the steric bulk of the cation (by
complexation) without changing the ionic strength of the
solution. A twisted, yellow phase became more pronounced
as the concentration of crown ether increased, while the
absorption at longer wavelength decreased. A clear
isosbestic point was observed around 420 nm.

All the solutions described in Table 1 were stable, except for
NH4

C. For solutions of PTPA with 1 equiv of NH4OH, the
polymer tended to precipitate when the solutions were left
undisturbed for several hours. This indicates that the
polymer forms large aggregates. We believe that the



Figure 2. UV/vis of PTPA in water as a function of added NH4OH. (A)
1 equiv; (B) 10 equiv; (C) 15 equiv; (D) 25 equiv of base per carboxylate
group.

Table 2. Summary of results obtained when we added divalent metals to a red solution of PTPA and Et4NOH

Divalent metal added Observations

Mn2C, Mg2C, Fe2C Solutions turned purple, formation of a purple precipitate
Cd2C, Cu2C, Zn2C, Hg2C, Co2C, Ni2C Solutions were red to purple, formation of magenta to brown solids

Figure 3. Titration of a 10 mM solution of PTOA in DMF with a 0.5 mM
aqueous solution of CdCl2. The amounts of added Cd2Cl2 went from 0.05
(- - -) to 0.4 equiv of Cd2Cl2. At 0.45 equiv of CdCl2, a precipitate was
formed.
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ammonium cation is involved in the assembly of this
ordered, aggregated phase, for example, by hydrogen
bonding or salt pairing, as indicated by IR experiments
(discussed later). One could argue that the NH4

C cation is
not large enough to disrupt the ordered phase. However,
solutions of PTPA with LiC, a smaller cation than NH4

C, are
quite stable.

The aggregates of PTPA with NH4
C can disassemble when

large excess of base are added to the solution. For example,
solutions that contain a large excess of NH4OH (w10 equiv
or greater) did not precipitate and solutions remained
homogeneous indefinitely. This suggests that at higher
concentrations of NH4OH, steric or ionic repulsive
interactions overcame some of the attractive inter-chain
interactions and allowed for the rapid solvation in water.
This is quite similar to deaggregation of proteins in water.
Figure 2 shows the titration of an aqueous solution of PTPA
with NH4OH. Upon addition of excess ammonium
hydroxide, the ordered purple phase is depleted and a
higher energy non-aggregated and/or twisted (coiled) phase
is produced. The conformational change from planar to
twisted appears to occur via a cooperative mechanism, as
shown by the presence of a clear isosbestic point. The UV–
vis spectra of PTPA with NH4OH also showed a significant
absorption past 800 nm, which slowly decreased with
increasing NH4OH concentration. The origin of this
absorption band was not studied, but suggests the presence
of self-doping in the aggregated phase.

We found that divalent metal cations can ‘zip up’ the
disordered solvated polymers back into an ordered phase
(Fig. 1). When divalent cations were added to an aqueous
basic solution of PTPA (or PTOA), a precipitate was
formed, indicating aggregation (Table 2). Divalent metal
cations can form coordination complexes with the polymers
by binding to two carboxylate groups either intra- or inter-
molecularly, and the latter is expected to drive self-
assembly. The inter-chain attractive force is therefore
quite strong and could be used as a qualitative sensor to
detect the presence of divalent cations.

In an effort to better understand the self-assembly by
divalent cations, we attempted to get X-ray spectra of the
filtered solids (for the samples in Table 2). While the X-ray
study revealed several peaks in all cases, we could not easily
discern structural order in any of the powder samples.
Alternatively, we also tried to study the aggregation by
UV–vis in solution, but this tended to be difficult due to the
formation and precipitation of coordination polymers at
very low cation concentrations. We were able to titrate a
solution of PTOA in DMF with small quantities of aqueous
CdCl2 without precipitation (up to 0.4 equiv). The UV–vis
spectra are shown in Figure 3. Aggregation was promoted,
as indicated by the increasing absorption at 610 nm, while
the proportion of disordered phase decreased. Polymer
PTOA could therefore be a potential candidate for
semiquantitative sensing of, for example, dangerous
divalent cations in drinking water.
2.3. Spectroscopic behavior in the solid state

Thin films of PTPA and PTOA with ammonium hydroxide
and with tetraalkylammonium hydroxide were prepared on
quartz and the UV–vis spectra were examined (Table 3).
Colors were similar to the parent solution, with larger ions
yielding a larger hypsochromic shift. We can therefore
conclude that the polymer structure in the films is similar to
that in solution.

In order to gain more information about the polymer
structure and the nature of chromatic changes discussed
earlier, we analyzed films of PTPA with the ammonium
salts by IR spectroscopy. In the case of tetraalkylammonium
salts of PTPA, the IR spectra (Fig. 4) showed the presence of
a carboxylate anion (1575 cmK1) and the absence of



Figure 4. IR spectra of films of PTPA with 1 equiv of (A) Me4NOH; (B)
Et4NOH; (C) Bu4NOH; and (D) Pr4NOH.

Table 3. UV/vis lmax (nm) of PTPA and PTOA thin filmsa

Polymer H4NC Me4NC Et4NC Pr4NC Bu4NC

PTPA (3) 531 504 489 450 428
PTOA (4) b 550 550 530 499

a Cast from solutions in water with 1 equiv of base (RCOHK) per carboxylic acid group.
b Not measured. We expect a value around 550 nm.

Figure 6. IR spectra of 3 with Bu4NOH (A) before and (B) after exposure to
HCl.
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hydrogen bonded carboxylic acid (1710 cmK1). These
results indicate that these films are completely deprotonated
and that hydrogen bonding does not play a significant role in
the structure.

We then exposed these disordered films to HCl vapor to see
if carboxylic acid groups would form hydrogen bonds and
cause the polymers to self-assemble. To our amazement, all
four films quickly changed from red, orange or yellow
(depending on the cation) to purple upon exposure to HCl
vapor, even though the polymers were in the solid state
(Fig. 5). Furthermore, IR showed that the carboxylate
stretch (1565 cmK1) disappeared and that the hydrogen-
bonded carbonyl stretch (w1725 cmK1) appeared upon
exposure to HCl (Fig. 6). Protonation of the carboxylate
groups therefore allowed the polymer chains to relax from a
twisted conformation to a violet p-stacked conformation
with H-bonding, essentially zipping the polymer up into an
ordered phase (Fig. 1). When the films were left in air, they
reverted back to their original color and IR characteristics
due to HCl desorption. Films could be cycled several times
Figure 5. UV–vis spectra of films of alkylammonium hydroxides after
exposure to HCl vapor. (A) Bu4NOH; (B) Pr4NOH; (C) Et4NOH.
through this color change (Dlmax up to 130 nm) without
noticeable degradation of the spectrum. This reversible self-
assembly and disassembly could provide a reliable, cheap
method for optical detection of acidic vapors.

In contrast, films made from a solution of PTPA with
1 equiv NH4OH were purple (ordered phase). Analysis of
the IR spectra revealed the presence of both hydrogen
bonded carboxylic acid (1709 cmK1) and carboxylate anion
(1550 cmK1) (Fig. 7A). Significant hydrogen bonding is
therefore present at equilibrium and influences the
molecular ordering.

To see if we could disassemble the ordered state with excess
base, dried films cast from the 1:1 solution of PTPA/NH4OH
were exposed to ammonia vapor. Exposing the films to NH3

vapor essentially temporarily adds more NH4
C into the film.

The IR spectra obtained showed that the carboxylate stretch
at 1550 cmK1 intensified while the carbonyl stretch at
1709 cmK1 was suppressed (Fig. 7B). These films reverted
Figure 7. IR spectra of PTPA with NH4OH (A) before and (B) after
exposure to NH3.
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to their original IR characteristics upon standing, due to
NH3 desorption. Exposure to ammonia therefore removed
the H-bonds. However, the film color did not change,
suggesting that the ordered phase was not affected. We
surmise that salt-pairing through the ammonium cation
might play a role in the ordered phase. The absence of a
chromatic change in this experiment is quite unlike the
behavior of aqueous solutions treated with excess NH4OH
(Fig. 2). This suggests that a change in solvation of the
polymer system is important in the disassembly process in
solution.
2.4. X-ray of PTPA and PTOA

Bao and Lovinger have previously reported PTPA to be
amorphous, though slight crystallinity could be obtained by
slow evaporation of a DMSO solution.43 They observed a
weak peak at 11.5 Å, attributed to the lateral separation of
polymer chains by substituents. We have found that
crystalline X-ray can be observed upon careful preparation
of the films, however most samples do not form good films
as the acid polymer. The X-ray spectra of a thin film of
PTOA (4) drop cast from DMF is shown in Figure 8. Three
peaks were observed in the 2q scan of the polymer. The
broad reflection, corresponding to 3.7 Å distance, is
assigned to the p–p stacking distance between the
polythiophene chains. Although this is smaller than the
3.8 Å reported for HT-PAT,44 the resolution is too poor to
draw any definitive conclusions. The two sharp reflections
correspond to the lamellar interlayer spacing of the
polymer chains. The observed distance of 20.5G0.2 Å
compares favorably with 20.8 Å previously reported for
HT-poly(3-octylthiophene).44
Figure 8. X-ray spectrum of PTOA drop cast from DMF.
3. Conclusions

In this work, we have explored the sensing properties of
PTPA and PTOA in both basic solutions and thin films. In
addition to ionochromism in basic solution with monovalent
cations, these polymers are also quite sensitive to the
presence of divalent metal cations. Furthermore, films cast
from a solution of PTPA and 1 equiv Bu4NOH underwent a
dramatic visual color change from yellow to purple upon
HCl vapor exposure. We expect that other detection
methods such as fluorescence, conductivity and FET
sensing could be used with these materials. Regioregular
polythiophene containing acid side-chains therefore show
tremendous potential for the development of new sensors.
4. Experimental

4.1. General

All reactions were performed under prepurified nitrogen,
using dry glassware. Glassware was either dried in an oven
overnight or flame dried and then cooled under a stream of
nitrogen. Tetrahydrofuran was dried over Na benzophenone
ketyl radical and freshly distilled prior to use. Diisopropyl-
amine was dried over CaH2 and distilled prior to use.

All UV–vis spectra were recorded using a Perkin–Elmer
Lamda 900 UV/vis/near-IR spectrometer. NMR spectra
were recorded on an IBM Bruker FT300 spectrometer.
Infrared spectra were obtained using a Nicolet 7199 FTIR.
The thin films of PTPA salts (3a) were prepared by casting a
solution of PTPA with 1 equiv of NH4OH per carboxylic
acid group onto 3M Teflon IR cards and dried overnight in
air. The GPC measurements were carried out on a Waters
2690 separation module with two 5 mm Phenogel columns
connected in series (guard, 1000 and 100 Å), and a Waters
2487 dual l absorbance UV detector. Analyses were
performed at 30 8C using chloroform as the eluent and the
flow rate was 1.0 mL/min. The calibration was based on
polystyrene standards (Polymer Standards Service). GC–
MS analysis was performed on a Hewlett–Packard 59970
GC–MS workstation with a HP fused silica capillary
column cross-linked with 5% phenyl-methylsilicone as the
stationary phase. The X-ray diffraction spectra were
obtained with a Rigaku q/q X-ray diffractometer utilizing
Cu Ka source operating at 35 kV and 25 mA, a curved
graphite diffracted beam monochromator and a NaI
scintillation detector. Data was gathered from 3 to 608,
with steps of 0.058 and 2 s. Elemental Analysis was
performed by Midwest Microlab, Indianapolis, IN.

4.2. Synthesis

The synthesis of HT-poly(3-(7-(4,5-dihydro-4,4-dimethyl-
2-oxazolyl)heptyl)thiophene) (1), and HT-poly(thiophene-
3-octanoic acid) (3) are reported in the literature.42

4.2.1. 2-Bromo-3-(bromomethyl)thiophene. Caution!
Repugnant, lachrymatory compound. This compound
has been described previously.45 This procedure has been
adapted to utilize benzene rather than CCl4 as the solvent.
NBS (75.85 g, 427 mmol) was suspended in anhydrous
benzene (250 mL) and heated to reflux. 2-Bromo-3-
methylthiophene (75.0 g, 424 mmol) and AIBN (0.97 g,
5.9 mmol) were added, and the suspension was heated to
reflux for 45 min. The crude reaction mixture was cooled to
K40 8C to precipitate some of the succinimide, and this was
filtered off. The solvent was removed from the filtrate,
causing more succinimide to precipitate. This crude oil was
redissolved in excess hexanes and filtered through a pad of
silica using hexanes as the eluent to remove remaining
succinimide. The solvent was removed and the crude oil was
distilled (64 8C, 0.5 T) to recover the product in 80% yield
(86.8 g, 339 mmol). 1H NMR (300 MHz, CDCl3): d 4.46
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(s, 2H), 7.00 (d, 1H) 7.26 (d, 1H). 13C NMR (75 MHz,
CDCl3): d 25.7, 113.0, 126.4, 128.2, 136.9.

4.2.2. 2-(2-(2-Bromothiophen-3-yl)ethyl)-4,5-dihydro-
4,4-dimethyloxazole. 2,4,4-Trimethyl-2-oxazoline
(7.0 mL, 54.7 mmol) was dissolved in THF (50 mL) and
cooled to K70 8C. Butyllithium (2.62 M, 20 mL,
52.4 mmol) was added dropwise over a 10 min period
while maintaining a temperature below K50 8C. After the
mixture was stirred for 15 min, 2-bromo-3-(bromo-
methyl)thiophene (14.37 g, 56.11 mmol) was added pre-
cipitously. The reaction was extremely exothermic, heating
to 25 8C despite the cooling bath. The color varied from red
to yellow. The cooling bath was removed and the reaction
mixture was stirred for 20 min. The reaction was quenched
with H2O and the solvent was removed. The crude oil was
poured into hexanes, the precipitated solids were filtered off,
and the filtrate was filtered through silica using hexanes as
the eluent. When TLC indicated no further elution of
precursor 2-bromo-3-(bromomethyl)thiophene, the column
was flushed with EtOAc to recover the product. (Note:
unreacted 2-bromo-3-(bromomethyl)thiophene catalyses
ring opening of the oxazoline upon heating.) The solvent
was removed and the remaining oil was distilled (80 8C,
0.01 T) to recover the product in 77% yield (12.15 g,
42.20 mmol). 1H NMR (300 MHz, CDCl3): d 1.24 (s, 6H),
2.52 (t, 2H, JZ8.2 Hz), 2.89 (t, 2H, JZ8.1 Hz), 3.91 (s,
2H), 6.84 (d, 1H, J4,5Z5.6 Hz), 7.19 (d, 1H, J4,5Z5.6 Hz).
13C NMR (75 MHz, CDCl3): d 25.9, 28.1, 28.3, 66.9, 79.0,
109.6, 125.4, 128.1, 139.7, 164.5. Anal. Calcd: C, 45.83; H,
4.86; N, 4.86. Found: C, 45.80; H, 4.84; N, 4.79.

4.2.3. 2-(2-(2-Bromo-5-(trimethylstannyl)thiophen-3-
yl)ethyl)-4,5-dihydro-4,4-dimethyloxazole. 2-(2-(2-
Bromothiophen-3-yl)ethyl)-4,5-dihydro-4,4-dimethyloxa-
zole (4.885 g, 16.96 mmol) was dissolved in THF (40 mL)
and cooled to K70 8C. LDA was prepared in a separate flask
from diisopropylamine (2.50 mL, 17.8 mmol) and butyl-
lithium (2.79 M, 6.10 mL, 17.0 mmol) in THF (10 mL).
This was added while maintaining a solution temperature
below K60 8C, and the reaction mixture was stirred at
K70 8C for 1 h. Trimethylstannyl chloride (1.0 M,
26.74 mL, 26.7 mmol) was added dropwise, maintaining
the temperature below K62 8C. The solution was stirred for
1 h, poured into 75 mL of aqueous KF and stirred for
20 min, then was partitioned between H2O and ether. The
organic layer was dried over MgSO4 and the solvent was
removed. The remaining oil was distilled (110–118 8C,
0.04 T) to recover the product (5.952 g, 13.20 mmol) in
78% yield. 1H NMR (300 MHz, CDCl3): d 0.32 (t, 9H, JSnZ
28.5 Hz), 1.23 (s, 6H), 2.51 (t, 2H, JZ8.2 Hz), 2.90
(t, 2H, JZ8.8 Hz) Hz, 3.89 (s, 2H), 6.89 (t, 1H, JZ
13.6 Hz); 13C NMR (75 MHz, CDCl3): d K8.4, 25.7, 28.2,
28.3, 67.0, 79.1, 114.2, 136.2 (t, JSnZ52.1 Hz), 138.3,
140.9, 164.8. Anal. Calcd: C, 37.28; H, 4.92; N, 3.11.
Found: C, 37.32; H, 4.95; N, 3.23.

4.2.4. HT-2,5-poly(3-(2-(4,5-dihydro-4,4-dimethyl-2-
oxazolyl)ethyl)thiophene) (1). Polymerization was done
using Gronowitz conditions for the formation of dimers.46

2-(2-(2-Bromo-5-(trimethylstannyl)thiophen-3-yl)ethyl)-
4,5-dihydro-4,4-dimethyloxazole (3.09 g, 6.86 mmol) was
dissolved in DMF (80 mL). Tris(dibenzylidene
acetone)dipalladium(0) (336 mg, 0.05 equiv) was added,
followed quickly by copper(II)oxide (367 mg, 1.0 equiv),
and triphenylphosphine (570 mg, 0.20 equiv). The solution
was warmed to 100 8C and allowed to stir for 2 days. The
reaction was quenched by pouring into methanol. The
resulting solid was filtered and transferred into a Soxhlet
thimble. The sample was extracted with methanol until the
eluent was colorless, then was recovered by extraction with
chloroform. The solvent was removed and the resulting
purple solid was dried under vacuum overnight to recover
the polymer (1.075 g, 5.19 mmol) in 76% yield. 1H NMR
(300 MHz, CDCl3): d 1.31 (s, 6H), 2.75 (t, 2H), 3.19 (t, 2H),
3.94 (s, 2H), 7.11 (s, 1H). 13C NMR (75 MHz, CDCl3): d
26.4; 29.2; 29.6; 68.0; 80.0; 129.8; 132.4; 134.4; 138.4;
166.7. MnZ8K, PDIZ1.2 (by GPC).

4.2.5. HT-2,5-poly(thiophene-3-propionic acid) (3). A
sample of 1 (404.4 mg) was dissolved in 3 N HCl (90 mL)
and heated to reflux for 12 h. The solution consisted of a
dark purple suspension at this point. The solid was filtered,
rinsed with H2O, and dried to recover the product in 82%
yield (248.4 mg). As prepared, most polymer samples
submitted for elemental analysis contained large amounts
of ash (10–15%). This suggests the presence of copper (II)
salts and other impurities, though this has not been
confirmed. A drastic reduction in the ash content was
achieved by dissolving polymer PTPA (3) in aqueous base,
re-precipitating it upon acidification, and recovering it by
filtration. Re-precipitating two to three times eliminated the
ash, giving elemental analysis results in reasonable agree-
ment with the theoretical composition of this polymer. 1H
NMR (300 MHz, CD3OD) (characterized as its cesium salt
by adding CsOH): d 7.05 (s, 1H); 3.92 (t, 2H); 2.35 (t, 2H).
Anal. Calcd: C, 54.54; H, 4.08. Found: C, 52.64; H, 4.08.
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Abstract—Benzylaminomethyl groups are introduced to the 3,3 0-positions of BINOL. The resulting compounds can be used to conduct the
enantioselective fluorescent recognition of mandelic acid and N-benzyloxycarbonylphenylglycine. In the presence of (S)-mandelic acid,
compound (R)-2 showed over 30-fold fluorescence enhancement with the ef [efZenantiomeric fluorescence difference ratioZ(ISKI0)/
(IRKI0)] up to 4.2. In the presence of D-N-benzyloxycarbonylphenylglycine, compound (RR)-4 showed up to 15-fold fluorescence
enhancement with the ef up to 5.0. These high fluorescence sensitivity and enantioselectivity make compounds (R)-2 and (RR)-4 practically
useful sensors for the recognition of the chiral acids in apolar solvents.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

1,1 0-Bi-2-naphthol (BINOL) and its derivatives have been
extensively used in asymmetric synthesis and chiral
recognition, and have exhibited outstanding chiral induction
in many processes.1–3 Recently, our laboratory has been
interested in developing BINOL-based enantioselective
fluorescent sensors for molecular recognition.4 These
sensors are potentially useful for real time assay of chiral
molecules.5 We have reported that both cyclic and acyclic
bis(BINOL) compounds could be used to carry out the
enantioselective recognition of a-hydroxycarboxylic acids
and a-amino acid derivatives.4 In this paper, we report our
new finding that even monomeric BINOL molecules could
also show high sensitivity and high enantioselectivity in the
fluorescent recognition of the chiral acids.
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.050

Scheme 1. Synthesis of the 3,3 0-benzylaminomethyl substituted BINOL (S)- and

Keywords: Enantioselective; Fluorescent sensors; Mandelic acid; Amino acids; B
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2. Results and discussion

The binaphthyl dialdehyde compound (S)-1 was readily
prepared from (S)-BINOL.6 Condensation of (S)-1 with
benzylamine followed by reduction gave the 3,3 0-benzyl-
aminomethyl substituted BINOL (S)-2 (Scheme 1). These
amino methyl groups were introduced to quench the
fluorescence of the BINOL unit through the photo-
induced-electron-transfer (PET) as demonstrated previously
in the analogous compounds.4,7 The specific optical rotation
of (S)-2 was [a]DZK70.4 (C6H6, cZ0.215). The UV–vis
spectrum of (S)-2 (2.0!10K5 M in benzene) gave absorp-
tions at lmax (3)Z282 (10,300), 294 (sh, 8600), 330
(sh, 7000), 342 (9000) nm. Its fluorescence spectrum
(1.0!10K4 M in benzene containing 2% DME) gave an
emission peak at 360 nm while excited at 320 nm.
Tetrahedron 60 (2004) 11277–11281
(R)-2.

INOL.

6n@virginia.edu



Figure 1. Fluorescence spectra of (S)-2 (1.0!10K4 M in benzene
containing 2% DME) with/without (R)- and (S)-mandelic acid (2.0!
10K2 M) (lexcZ320 nm).
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When (S)-2 was treated with (R)-mandelic acid, an
a-hydroxycarboxylic acid, a large fluorescence enhance-
ment was observed. As shown in Figure 1, the fluorescence
enhancement of (S)-2 in the presence of (R)-mandelic acid
was over 30-fold. This fluorescence enhancement was about
10 times greater than the previously reported fluorescence
responses of the bisbinaphthyl sensors to mandelic acid.4 It
demonstrates that this 3,3 0-diaminomethyl substituted
Figure 2. Fluorescence enhancement of (R)-2 (1.0!10K4 M in benzene/
2% DME) versus concentration of (R)- and (S)-mandelic acid (2.5!10K3–
2.0!10K2 M) (lexcZ320 nm).

Figure 3. Fluorescence enhancement of (R)-2 (1.0!10K4 M in benzene/2% DM
monomeric BINOL molecule is a much more sensitive
fluorescent sensor than those containing two binaphthyl
units. (S)-2 also showed high enantioselectivity in the
fluorescent recognition. When (S)-2 was treated with (S)-
mandelic acid, the fluorescence enhancement was much
smaller (Fig. 1).

We also prepared (R)-2, the enantiomer of (S)-2, by starting
from (R)-BINOL. This compound showed large fluor-
escence enhancement in the presence of (S)-mandelic acid
and much smaller one in the presence of (R)-mandelic acid.
Thus, a mirror image relationship was established between
(S)-2 and (R)-2 which confirmed the observed chiral
recognition. Figure 2 shows the fluorescence enhancement
of (R)-2 in the presence of various concentrations of (R)-
and (S)-mandelic acid. In the plot, the error bars were
obtained by four independent measurements. It showed that
as the concentration of (S)-mandelic acid increased, the
fluorescence intensity of (R)-2 could increase over 30 times,
but (R)-mandelic acid could only lead to much smaller
fluorescence enhancement. The enantiomeric fluorescence
difference ratio (ef) [efZ(ISKI0)/(IRKI0)] was 4.2 when
the concentration of the acid was 2.0!10K2 M.

(R)-2 was used to interact with N-benzyloxycarbonyl-
phenylglycine (D/L-3). As shown in Figure 3, D-3 enhanced
the fluorescence of (R)-2 greater than L-3 did. At
4.0!10K3 M of D-3, the fluorescence intensity of (R)-2
increased over 11.5 fold in the presence of D-3 and only 6.1
fold by L-3. Thus, the ef (D/L) was 2.0.

In order to study how the chirality of the amine groups in
(R)- or (S)-2 influenced the enantioselective fluorescent
recognition, we synthesized two diastereomeric compounds
(RR)-4 and (SR)-5 from the reactions of (R)- and (S)-1 with
(R)-a-methylbenzylamine followed by reduction, respec-
tively. The specific optical rotation of (RR)-4 was
[a]DZC19.3 (C6H6, cZ0.19) and that of (SR)-5 was
[a]DZK18.5 (C6H6, cZ0.205). Thus, the optical rotations
of these compounds were determined by the chirality of the
BINOL unit. Both of the compounds showed the same
emission peak at 365 nm when excited at 320 nm in benzene
containing 2% DME.
E) versus concentration of D/L-3 (lexcZ320 nm).
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Compound (RR)-4 (1.0!10K4 M in benzene/2% DME)
was interacted with the enantiomers of mandelic acid in the
concentration range of 2.5!10K3–2.0!10K2 M. At
0.02 M of (R)-mandelic acid, the fluorescent intensity of
(RR)-4 was enhanced by 4.8 fold. Under the same condition,
(S)-mandelic acid enhanced the fluorescence of (RR)-4 by
3.0 fold. The ef was 1.9. Both the fluorescence enhancement
and enantioselectivity of (RR)-4 decreased significantly in
comparison with (R)-2. The greatly decreased fluorescence
enhancement was probably due to the increased steric
hindrance at the nitrogen atoms of (RR)-4 which reduced
their binding with mandelic acid. It also inverted the
enantioselectivity of the sensor.

Compound (RR)-4 showed much greater enantioselectivity
in the fluorescent recognition of D/L-3 with an ef up to 5.1
(Fig. 4). At 4.0!10K3 M of D-3, the fluorescence enhance-
ment of (RR)-4 was about 14.8 fold. This fluorescence
Figure 4. Fluorescence enhancement of (RR)-4 (1.0!10K4 M in benzene/
2% DME) versus concentration of D/L-3 (lexcZ320 nm).

Figure 5. The Job plots of (R)-2 (a) with (S)-mandelic acid, (b) with D-3 (4.0!1
enhancement was close to that of (R)-2 by D-3. Under the
same condition, L-3 led to 3.6 fold fluorescence enhance-
ment for (RR)-4.

The fluorescence study of (R)-2 and (RR)-4 with mandelic
acid and 3 indicated that the a-hydroxycarboxylic acid
responded differently to the steric hindrance at the amine
substituents of the sensors than the N-protected amino acid.
Increasing the steric hindrance from (R)-2 to (RR)-4 led to
reduced as well as inverted enantioselectivity for the
interaction with mandelic acid, but it increased the
enantioselectivity for the interaction with 3. This is
consistent with the Job plots of (R)-2 in the presence of
mandelic acid and 3 (Fig. 5) as measured by using 1H NMR
spectroscopy.8 At a constant total concentration of
4.0!10K3 M, the 1H NMR spectra of (R)-2 with
(S)-mandelic acid or D-3 in a variety of ratios in benzene-
d6 containing 2% DME were taken. It was found that the
methine proton signal of (S)-mandelic acid at d 5.20 and that
of D-3 at d 4.96 underwent an upfield shift upon treatment
with (R)-2. Plotting DdX versus X (X: mole fraction of the
acid. Dd: chemical shift change of the acid methine proton.)
led to the Job plots as shown in Figure 5. Both of them
exhibited multiple binding modes, but these two acids
interacted with (R)-2 in a very different fashion. In addition,
(R)-2 responded to the chiral configurations of the two acids
in the opposite directions. While the S enantiomer of
mandelic acid enhanced the fluorescence of (R)-2 much
greater than the R enantiomer, the D (R) enantiomer of 3
enhanced much more than the L (S) enantiomer.

Compound (SR)-5 was interacted with both mandelic acid
and the amino acid 3. This diastereomeric isomer showed
much lower enantioselectivity than that of (RR)-4. When
(SR)-5 (1.0!10K4 M in benzene/2% DME) was treated
with (R)- and (S)-mandelic acid (2.5!10K3–2.0!10K2 M),
the fluorescence intensity of (SR)-5 was linearly increased
with the concentration of mandelic acid. (S)-Mandelic acid
caused 3-fold fluorescence enhancement, which was higher
than (R)-mandelic acid with an observed ef of up to 1.4.
Similarly, the amino acid 3 increased the fluorescence of
(SR)-5 up to 4.8-fold as the concentration increased from
1.0!10K3 to 4.0!10K3 M and the ef (L/D) was up to 1.9.
The much lower enantioselectivity as well as lower
fluorescence enhancement observed for (SR)-5 than
0K3 M total concentration in C6D6 containing 2% DME).



Scheme 2. Synthesis of the 3-alkylaminomethyl substituted BINOL (R)- and (S)-7.
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(RR)-4 indicated a mismatched chirality between the chiral
amine centers and the chiral BINOL unit.

Compounds (R)- and (S)-7 that contained only one 3-alkyl-
aminomethyl substituent were prepared from the reaction of
the monoaldehyde (R)- or (S)-69 with butylamine followed
by reduction (Scheme 2). When (R)- or (S)-7 (1.0!10K4 M
in benzene containing 1.25% DME) was used to interact
with mandelic acid (2.5!10K3–2.0!10K2 M), over 10
fold fluorescence enhancement at lemiZ363 nm (lexcZ
336 nm) was observed. However, the enantioselectivity was
low with ef less than 1.4. Thus the C2 symmetric sensors
(R)- and (S)-2 were much better than the C1 symmetric (R)-
and (S)-7 in the fluorescent recognition.

In summary, amino methyl substituted BINOLs have been
synthesized and their use in the fluorescent recognition of
chiral acids has been examined. We found that compound
(S)- or (R)-2 showed over 30 fold fluorescence enhancement
in the presence of mandelic acid with ef up to 4.2, and
compound (RR)-4 showed up to 15 fold fluorescence
enhancement in the presence of N-benzyloxycarbonyl-
phenylglycine with ef up to 5.0. These high fluorescence
sensitivity and enantioselectivity make these compounds
practically useful sensors for the recognition of the chiral
acids in apolar solvents.
3. Experimental

3.1. General

3.1.1. Preparation and characterization of (S)- and (R)-2.
The aldehyde (R)- or (S)-1 (200 mg, 0.58 mmol) and
benzylamine (248 mg, 2.32 mmol) were dissolved in
absolute ethanol (25 mL). The mixture was degassed with
nitrogen and then heated under reflux for one day. After
cooled to room temperature, the precipitate was separated
and washed with ethanol (ice cold) to afford the crude Schiff
base. The Schiff base was combined with NaBH4 (88 mg,
2.32 mmol) and ethanol (25 mL). The resulting reaction
mixture was degassed with nitrogen and heated at reflux for
4 h. The solvent was then removed, and methylene chloride
(30 mL) and HCl (0.2 N, aq, 30 mL) were added. After
stirred for 1 h, the organic layer was separated and washed
with 0.5 N NaOH aqueous solution, water, brine, and dried
over MgSO4. After removal of the solvent, the residue was
passed through a short silica gel column, and eluted with
hexanes/ethylacetate (2:3) to afford the product (S)- or
(R)-2: 1H NMR (CDCl3, 300 MHz) d 2.06 (s, 4H), 4.27 (dd,
4H), 7.20–7.29 (m, 16H), 7.67 (s, 2H), 7.80 (d, JZ7.5 Hz,
2H). 13C NMR (CDCl3, 75 MHz) d 52.39, 52.73, 116.68,
123.0, 124.83, 126.09, 127.56, 127.7, 127.96, 128.23,
128.57, 128.63, 133.88, 153.73. Mp 197–199 8C.
[a]DZK70.4 (C6H6, cZ0.215). MS (EI) (m/z) 525 (MC
H)C. Anal. calcd for C36H32N2O2: C, 82.41; H, 6.15; N, 5.3.
Found: C, 82.68; H, 6.08; N, 5.26. For (R)-2: [a]DZC73.4
(C6H6, cZ0.215).

3.1.2. Preparation and characterization of (RR)-4 and
(SR)-5. The procedures to prepare (RR)-4 and (SR)-5 were
the same as that for (S)- and (R)-2, but the Schiff base
intermediates were not isolated. NaBH4 was added directly
after the formation of the Schiff base to give the product.
(RR)-4: 1H NMR (CDCl3, 300 MHz) d 1.46 (d, JZ3.9 Hz,
3H), 3.93 (q, JZ4.2 Hz, 2H), 4.1 (dd, 4H), 7.15–7.32 (m,
16H), 7.58 (s, 2H), 7.75 (d, JZ4.8 Hz, 2H). 13C NMR
(CDCl3, 75 MHz) d 23.12, 51.21, 57.78, 116.67, 122.88,
124.92, 125.35, 125.94, 126.57, 127.53, 127.65, 128.21,
128.78, 133.82, 153.79. Mp 166–168 8C. [a]DZC19.3
(C6H6, cZ0.19). MS (EI) (m/z) 552 (MCH)C. Anal. calcd
for C38H36N2O2: C, 82.58; H, 6.57; N, 5.07. Found: C,
82.57; H, 6.44; N, 5.25. (SR)-5: 1H NMR (CDCl3,
300 MHz) d 1.43 (d, JZ4.5 Hz, 3H), 3.89–4.18 (m, 6H),
7.21–7.40 (m, 16H), 7.57 (s, 2H), 7.76 (d, JZ7.8 Hz, 2H).
13C NMR (CDCl3, 75 MHz) d 23.15, 51.02, 57.60, 116.63,
122.94, 124.77, 126.01, 126.60, 127.57, 127.68, 127.78,
128.25, 128.81, 133.81, 153.73. Mp 170–175 8C.
[a]DZK18.5 (C6H6, cZ0.205). MS (EI) (m/z) 552 (MC
H)C. Anal. calcd for C38H36N2O2: C, 82.58; H, 6.57; N,
5.07. Found: C, 82.50; H, 6.49; N, 5.17.

3.1.3. Preparation and characterization of (R)- and (S)-7.
Under nitrogen a mixture of the monoaldehyde (R)- or (S)-6
(0.314 g, 1.0 mmol) and butylamine (0.095 g, 1.3 mmol) in
absolute ethanol (25 mL) was heated at reflux for 12–16 h.
After removal of the solvent, the resulting Schiff base was
redissolved in ethanol (16 mL) and combined with NaBH4

(0.0699 g, 3.0 mmol). The mixture was stirred for 4–5 h and
the solvent was evaporated. The residue was dissolved in
methylene chloride which was followed by the addition of
HCl (1 N) to adjust the pH to 3–4. The organic layer was
separated. A saturated NaHCO3 solution was added to make
the aqueous layer basic, which was further extracted with
methylene chloride. The combined organic layer was
washed with water and brine, and dried over Na2SO4.
After removal of the solvent, the residue was purified by
column chromatography on silica gel eluted with 9:1
methylene chloride/acetone to afford (R)- or (S)-7 as a
white solid. (R)-7: 63% yield. Mp 83–84 8C. 1H NMR
(CDCl3, 300 MHz) d 7.77 (m, 2H), 7.68 (d, JZ7.8 Hz, 2H),
7.56 (s, 1H), 7.27 (d, JZ7.8 Hz, 1H), 7.19 (t, JZ7.2 Hz,
2H), 7.11 (t, JZ7.2 Hz, 2H), 7.04 (d, JZ8.4 Hz, 2H), 5.89
(bs, 1H), 4.10 (s, 2H), 2.56 (t, JZ6.9 Hz, 2H), 1.35 (m, 2H),
1.19 (m, 2H), 0.75 (t, JZ7.2 Hz, 3H). 13C NMR (CDCl3,
75 MHz) d 155.52, 151.47, 133.74, 133.65, 129.71, 129.21,
128.67, 128.29, 128.15, 127.72, 126.70, 126.29, 125.17,
124.96, 124.53, 123.43, 123.12, 117.68, 115.19, 112.91,
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52.94, 48.36, 31.27, 20.17, 13.77. MS m/z (relative
intensity) 371 (MC, 24), 370 (100). [a]DZK2.7 (CH2Cl2,
cZ0.95). Anal. calcd for C25H26NO2; C, 80.83; H, 6.78; N,
3.77. Found: C, 81.55; H, 6.99; N, 3.29. (S)-7: 52% yield.
Mp 86 8C (dec). MS m/z (relative intensity) 371 (MC, 22),
370 (100). [a]DZC2.5 (CH2Cl2, cZ0.95). Anal. calcd for
C25H26NO2: C, 80.83; H, 6.78; N, 3.77. Found: C, 80.99; H,
6.55; N, 3.81.

3.2. Preparation of samples for fluorescence
measurement

Materials. Sensors were purified by column chroma-
tography and then stored in refrigerator. The enantiomers
of mandelic acid were purchased from Aldrich and
recrystallized from methanol. They were then passed
through a short column of silica gel (eluted with diethyl
ether) and dried under vacuum. The enantiomers of
protected amino acids were purchased from Advanced
ChemTech and used without further purification. All the
solvents were HPLC grade. All the stock solutions were
freshly prepared for each measurement. A 0.1 M stock
solution of mandelic acid was prepared using benzene
containing 10% (V) DME. A 0.01 M stock solution of
N-protected amino acid was prepared using benzene
containing 5% (V) DME. DME was added to improve the
solubility of the acid in benzene.

For the fluorescence study: A sensor solution was mixed
with an acid solution at room temperature in a 5 mL
volumetric flask, and DME was added to maintain the
concentration. After diluted to the desired concentration,
the solution was allowed to stand at room temperature for
4 h before the fluorescence measurements.

3.3. Experimental procedure for the job plots

The solutions (4.0!10K3 M) of (R)-2, (S)-mandelic acid
and D-3 in 2% DME/C6D6 were freshly prepared. The sensor
and acid solutions were added to NMR tubes in ratios of
10:0, 9:1, 8:2. to 0:10, respectively. The resulting mixture
solutions were allowed to stand at room temperature for 4 h
before the 1H NMR measurements.
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Abstract—The synthesis and X-ray structural characterization of a new terpyrrolic analog of dipyrrolylquinoxaline (DPQ) is described that
contains two pyrrole anion recognition groups bridged by a central 1,2-linked pyrrole. Relative to the ‘parent’ DPQ system, this new
terpyrrolic scaffold acts as an improved colorimetric and fluorescent sensor for halide and dihydrogen phosphate anions in organic media.
This enhancement is particularly dramatic in the case of H2PO4

K (studied as its tetrabutylammonium salt); in CH2Cl2 it is bound with an
affinity constant, K, of 17,500 MK1 by the terpyrrole of this report vs. 80 MK1 in the case of DPQ. The present findings thus support the
emerging notion that a range of pyrrole-based anion recognition and sensing systems may be produced by replacing the central quinoxaline
spacer in DPQs by other bridging subunits and that these new receptors may have properties that differ dramatically from their DPQ
‘parents’.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, increasing attention within the supramole-
cular community has been devoted to the development of
neutral anion recognition systems.1–13 Interest in such
receptors is stimulated in part by the fact that anions play
critical roles in biology,14–22 medicine,23 catalysis,24,25 and
the environment,26,27 as well as the recent finding that the
so-called chloride ion channel (CIC) contains no charged
groups in its interior.28 Currently, a wide range of uncharged
synthetic anion receptors are known, with many of these
relying on hydrogen bonding interactions to effect the
critical anion recognition process.2–7,10–13,29–37 Here, sys-
tems based on pyrrole are particularly noteworthy.10

Originally suggested as an explanation for the fluoride
anion binding of sapphyrin (e.g. 1),38 a pentapyrrolic
‘expanded porphyrin’ species that binds anions in both its
mono- and diprotonated states,8 pyrrole–anion interactions
have recently been invoked to explain the mode of action of
prodigiosin, tripyrrolic natural products (e.g. 2) with
promising anticancer and immunosuppressive character-
istics.39–41
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.054

Keywords: Anion sensors; Pyrroles; Molecular recognition.
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One of the reasons that pyrroles are attractive as anion
binding motifs is that the pyrrolic NH groups are good
hydrogen bond donors that are able to interact with Lewis
basic anions. Also, in marked contrast to many other motifs,
such as amides and related functional groups, pyrroles are
free of a built-in hydrogen bond acceptors (e.g. carbonyls)
Tetrahedron 60 (2004) 11283–11291
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and this less prone to plagued by self-assembly or other
‘narcissistic’ interactions.42 Furthermore, the pyrrole
skeleton itself is relatively easy to functionalize, allowing
pyrroles to be incorporated into more elaborate structures or
combined with ion–dipole interactions to produce neutral or
minimally charged receptors that display high affinities for
anions.10 Not surprisingly, therefore, over the past few
years, we5,8,10,43–59 and others10,44,60–67 have exploited
these features to generate a range of pyrrole-based anion
receptors, including several categories of neutral anion
binding systems, such as the calix[n]pyrroles,5–10,43–50,60–62

calix[n]phyrins,51,52 dipyrrolylquinoxalines,45,53–58,63–65

and pyrrole amides.10,66,67 Depending on the conditions,
solvent, counter cation, substitution pattern, etc. these
systems show a varying range of affinities and selectivities
towards simple anions such as fluoride and dihydrogen
phosphate.

Among the various neutral, pyrrole-based anion receptors
produced to date, the dipyrrolylquinoxalines (DPQs) (e.g.
3–5) have received particular attention.45,53–59,63,64 This is
because this simple class of anion binding agent allows for
the facile detection of fluoride ions in dichloromethane and
DMSO solution under both so-called naked-eye (i.e. direct
visual) and fluorescence emission conditions. It has also
been demonstrated that the colorimetric response of DPQs
can be modified by appending substituents onto the receptor
backbone, to give systems such as 4,53 5,45 6,64 and 7,64 or
by ‘fusing’ them covalently to cation complexing agents (to
give metal-containing species such as 854 and 9.63).
Likewise, it was found that the inherent selectivities could
be modulated and the affinities increased by attaching
‘extra’ pyrrole recognition motifs to the a-pyrrolic positions
of 3 (to give, for instance, 10 and 11)56 or by generating
macrocyclic structures (e.g. 12).58
  
  

While at present the exact mechanism of the colorimetric
response remains to be elucidated, and could involve a range
of factors, including charge transfer effects, changes in
pyrrole NH bond polarization, and in the limit partial or
complete deprotonation of the pyrrolic subunit, the
conformational flexibility of the DPQ skeleton has led us
to suggest that much of the effect is due to changes in
geometry; specifically, it is proposed that anion binding
leads to a rigidification of the system and a modulation of
the pyrrole–quinoxaline–pyrrole orbital overlap that is
directly manifest in terms of differences in the light
absorbing and emitting properties of the chromophore as
whole (cf. Fig. 1).53 To the extent this mechanistic rationale
proves true, it leads to the consideration that the basic DPQ-
like approach to anion sensing could be generalized by
replacing the pyrrole-bridging quinoxaline motif, shown as
a box in Figure 1, with some other bridging chromophore.



Figure 1. Schematic representation of the DPQ-based approach to anion recognition and sensing. Here, it is proposed that the orbital overlap between the
pyrroles and the appended chromophore, quinoxaline in the original embodiment, but potentially a large range of chromophores, is perturbed as the result of
anion binding. This figure originally appeared in Ref. 53 and is reproduced with permission. Copyright 1999, American Chemical Society.
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Recently, such a strategy has been realized by Fang and
colleagues, wherein a bis-alkyne substituted naphthyridine
subunit was used to replace the quinoxaline bridge (cf.
structure 13),65 and by our own group by using pyrazine
instead of quinoxaline as the critical pyrrole–pyrrole
tethering element (e.g. 14).57 However, as implied by
Figure 1, a much greater range of bridging chromophores
can be anticipated. Towards this end, we report here the
synthesis, X-ray structure, and anion binding properties of a
Scheme 1.
new terpyrrolic analogue (15) of DPQ that relies on a fused
pyrrole bridging element. We also show that relative to the
‘parent’ DPQ system (3), compound 15 acts as an improved
anion receptor and fluorescent anion sensor in organic
media.
2. Results and discussion

Compound 15 was initially obtained in low yield (ca. 5%) as
a by-product when compound 16 was subject to iodination.
Appreciating its potential use as an anion receptor led us to
prepare it via a more rational route, as summarized in
Scheme 1. Briefly, pyrrole 16, obtained in accord with a
literature procedure,68 was reacted with di-tert-butyl
dicarbonate under conditions of basic catalysis to produce
the BOC-protected pyrrole 17 in nearly quantitative yield
(cf. Section 3). Direct iodination of pyrrole 17 with NaI and
I2 gave the iodopyrrole 18 in excellent yield. Two
equivalents of this pyrrole were then coupled with 1 equiv
of 16 to form terpyrrole 19 in ca. 70% yield. Acid-induced
cleavage of the BOC groups then gave the target compound
15 in almost quantitative yield.

Proton NMR analysis of 15 revealed the NH signal as a
broad singlet at 8.50 ppm that is shifted upfield by ca. 1 ppm
as compared to the corresponding resonance in 3 (dZ
9.54).53 In 15, the methyl protons of ethyl esters were found
to resonate as a set of multiplets between 1.31–1.41 ppm,
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whereas six different singlets, corresponding to the CH3

protons, were observed in the spectrum between 1.62 and
2.57 ppm. Presumably, this large number of signals reflects
the non-symmetric nature of terpyrrole 15, wherein the two
flanking pyrroles are connected to the central pyrrole via
direct a-carbon-to-a-carbon and a-carbon-to-nitrogen
linkages, respectively. On the other hand, the chemically
distinct methylene groups present in 15 were found to
resonate at the same frequency, appearing as a quartet at
4.25 ppm that integrates to the expected 6H. Similar 1H
NMR spectral features were seen for precursor 19. While,
fewer signals were observed in the 13C NMR spectra of both
Figure 2. Top: two views of the solid state crystal structure of 15 (thermal ellipsoid
for 15 showing the hydrogen bonding interactions between two adjacent molecul
terpyrroles 15 and 19 than were expected based on their
presumed structures, follow-up 1H–13C NMR correlation
experiments confirmed that this was simply due to a
coincident overlapping of signals.

A single crystal X-ray diffraction analysis of compound 15
served to confirm its expected structure. It also revealed that
15 forms aggregates in the solid state that are characterized
by intermolecular hydrogen-bonding interactions between
two pyrrole NH donor groups of a single terpyrrole and the
carbonyl substituents of two neighboring molecules (cf.
Fig. 2). Presumably, as the result of these interactions, the
s are scaled to the 50% probability level). Bottom: unit cell packing diagram
es.



Figure 3. Color changes induced by the addition of anions (1.5 mequiv) in the form of their tetrabutylammonium salts to dichloromethane solution of receptor
15 (concentrationZ1 mM). From left to right: 15; 15CFK; 15CClK; 15CBrK; 15CH2PO4

K.
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two NH groups of individual molecules of 15 are oriented in
opposite directions relatively to one another.

Based on the binding site analogy between DPQs 3–5 and
system 15, this latter terpyrrole system was expected to act
as a receptor for halide and phosphate anions in organic
media, displaying, as does DPQ itself, the highest relative
affinity for fluoride anion. Consistent with this supposition,
compound 15 when made up as a dilute dichloromethane
solution was found to undergo a visible color change when
treated with the tetrabutylammonium salts of fluoride,
chloride and dihydrogen phosphate, as illustrated in
Figure 3. Similar color changes were also seen in DMSO,
although only in the presence of a large excess of anionic
substrate.

The fluorescence intensity of 15 was also found to be
quenched when organic solutions containing it were titrated
Figure 4. Binding isotherm produced when receptor 15 (1!10K6 M) is
titrated with increasing quantities of fluoride in dichloromethane at 22 8C.
The points represents experimental values, while the line represents a least
squares fit to these points assuming a 1:1 binding stoichiometry.
with increasing quantities of the targeted anions (again, in
the form of their respective tetrabutylammonium salts). The
use of a Scatchard analysis, in accord with Eq. (1),69 then
allowed quantification of the results.

F=F0 Z ð1C ðkf =ksÞK½L�Þ=ð1CK½L�Þ (1)

Here, F and F0 refer to the fluorescence intensity, kf and ks

are proportionality constants for the bound complex and the
receptor, respectively, and K is the anion binding constant.
An example of the plot produced when receptor 15 is
titrated with fluoride in dichloromethane is presented on
Figure 4. Data and curve fits consistent with 1:1 binding
processes were obtained in all cases, with this stoichiometry
being independently confirmed by Job plot analysis (cf.
Fig. 5). The K values resulting from this combination of
experimental study and data analysis are given in Table 1.
3. Conclusions

Compared to that reported earlier for analogue 3, the
Figure 5. Job-plot analysis for a fluorescent titration experiment in
chloroform involving the interaction of receptor 15 with fluoride ion
(studied in the form of its commercially available tetrabutylammonium
salt). In this experiment, fluorescence (F) is measured as a function of the
mole fraction of fluoride anion. The observation of maximum fluorescence
when the mole fraction is 0.48 supports the proposed 1:1 binding
stoichiometry.



Table 1. Anion binding constants (K) for compounds 353 and 15 in
dichloromethanea

3 (MK1) 15 (MK1)

FK 18,200 182,000
ClK 65 160
BrK — 60
H2PO3

K 80 17,500

a Values obtained by fluorescent titration as detailed in the text; all errors
were !10%.
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fluoride anion affinity of receptor 15 is roughly an order of
magnitude higher for studies carried out under identical
conditions. While this increase can be ascribed to the
presence of three electron-withdrawing ester substituents
appended directly to the pyrrolic moieties of 15, the fact that
a dramatically increased affinity for dihydrogen phosphate
is displayed by 15 relative to 3 leads to the suggestion that
this new system could have a role to play as a selective
anion sensor. On a more fundamental level, the present
work serves to illustrate the potential versatility of the
generalized DPQ paradigm. By selecting different aromatic,
and perhaps non-aromatic, chromophores and using them to
bridge the pyrrolic recognition subunits, a range of new
receptors may be potentially obtained. It is to be anticipated
that changing the pyrrole-linking spacers in this way will
not only allow the inherent anion recognition selectivities of
DPQ-type systems to be modified, but also produce systems
wherein the nature of the optical signal used to monitor the
anion binding event is further optimized (e.g. from anion-
induced fluorescence quenching to anion-induced fluor-
escence enhancement). Accordingly, work on new DPQ
receptor systems containing alternative, non-quinoxaline
bridging elements is ongoing in our laboratory.
4. Experimental
4.1. General data

All chemicals (obtained from Aldrich Chemical Co.) and
solvent (purchased from EM Science) were of reagent grade
quality and used without further purification unless other-
wise stated. Spectroscopic grade dichloromethane used for
anion binding experiments was passed quickly through
activated aluminium oxide prior sample preparation. All
NMR solvents were purchased from Cambridge Isotope
Laboratories, Inc. SAI silica gel 60 (230–400 mesh) and
Aldrich aluminium oxide (activated, neutral, Brockmann I
standard grade, 150 mesh, 58 Å) were used for column
chromatography. Thin layer chromatography was per-
formed on silica gel 60 Å, 200 mm plates purchased from
Scientific Adsorbents, Inc. Electronic absorption spectra
were recorded on a Beckman DU-7 spectrophotometer,
using 1 cm quartz cells. Fluorescence excitation and
emission spectra were recorded using a Fluorog 3 (Jobin
Yvon-Spex) fluorimeter. Proton and 13C NMR spectra were
obtained on either Varian UNITYC300 or Varian 500 MHz
spectrometers. All NMR spectra were referenced to solvent.
Mass spectra were measured with either a Finnigan-MAT
4023, Bell and Howell 21-491 or VG Analytical ZAB E/SE
instrument. Elemental analyses were performed by Atlantic
Microlab, Inc.
4.2. Techniques and materials
4.2.1. 2,4-Dimethylpyrrole-1,3-dicarboxylic acid 1-tert-
butyl ester 3-ethyl ester (17). A mixture of 2,4-dimethyl-
1H-pyrrole-3-carboxylic acid ethyl ester 16 (0.8361 g,
5 mmol),68 di-tert-butyl dicarbonate (1.0913 g, 5 mmol)
and 4-dimethylaminopyrydine (0.0061 g, 0.05 mmol) in
30 ml of dichloromethane was stirred at room temperature
under argon atmosphere for 2 h. The solution was
concentrated in vacuo to give 17 as an oil (1.2960 g, 97%)
which gradually solidified and used without further
purification. 1NMR (CDCl3), d, ppm: 1.29 (t, 3H,
CH2CH3), 1.53 (s, 9H, tert-butyl), 2.10 (s, 3H, CH3), 2.69
(s, 3H, CH3), 4.22 (q, 2H, CH2CH3), 6.85 (s, 1H, CH); 13C
NMR (CDCl3), d, ppm: 12.3, 13.6, 14.1, 27.5, 59.3, 83.8,
116.3, 118.1, 121.2, 138.6, 148.8, 165.3; CI-MS (MC): 268.
4.2.2. 5-Iodo-2,4-dimethylpyrrole-1,3-dicarboxylic acid
1-tert-butyl ester 3-ethyl ester (18). Sodium bicarbonate
(1.008 g, 12 mmol) and water (20 ml) were combined in a
250 ml round-bottom flask equipped with a reflux con-
denser. The solution was stirred and heated to 50 8C. To this
was added 70 ml of 1,2-dichloroethane followed by 2,4-
dimethylpyrrole-1,3-dicarboxylic acid 1-tert-butyl ester
3-ethyl ester (17, 1.07 g, 4 mmol). At this point, iodine
(0.6731 g, 5.3 mmol) and sodium iodine (1.5 g, 10 mmol)
dissolved in water (25 ml) were added over 20 min. The
resulting dark solution was then heated at reflux for 3 h. The
mixture was then cooled to room temperature and crystal-
line Na2S2O3 added to discharge excess iodine. The mixture
was then transferred to a separatory funnel, and the aqueous
phase washed with CHCl3 (3!30 ml). The combined
organic layers were washed with a 5% solution of
Na2S2O3 (3!30 ml), a 5% solution of NaHCO3 (3!
30 ml), and then dried over Na2SO4 before the solvent was
removed on a rotary evaporator to leave an off-white solid
which recrystallized from CH2Cl2/hexanes to give (1.573 g,
72%) of 18. 1NMR (CDCl3), d, ppm: 1.37 (t, 3H, CH2CH3),
1.58 (s, 9H, tert-butyl), 1.97 (s, 3H, CH3), 2.15 (s, 3H, CH3),
4.35 (q, 2H, CH2CH3); 13C NMR (CDCl3), d, ppm: 10.7,
14.1, 24.7, 28.2, 61.5, 84.4, 89.7, 141.8, 143.3, 150.0, 162.5,
166.3; CI-MS (MC): 394.
4.2.3. 3,5,3 0,5 0,3 00,5 00-Hexamethyl-[2,1 0,2 0,2 00]terpyrrole-
1,4,4 0,1 00,4 00-pentacarboxylic acid 1,1 00-di-tert-butyl ester
4,4 0,4 00-triethyl ester (19). 2,4-Dimethylpyrrole-1,3-dicar-
boxylic acid 1-tert-butyl ester 3-ethyl ester (17, 0.317 g,
1.9 mmol) and NaHCO3 (1.008 g, 12 mmol) were dissolved
in 30 ml of acetonitrile. A solution of 5-iodo-2,4-dimethyl-
pyrrole-1,3-dicarboxylic acid 1-tert-butyl ester 3-ethyl ester
(18, 1.49 g, 3.8 mmol) in acetonitrile (15 ml) was added.
The resulting mixture was put under reflux for 12 h. The
solvent was then removed under reduced pressure and the
residue was redissolved in dichloromethane, filtrated and
washed with 1 M solution of HCl (3!50 ml), water (3!
50 ml) and dried over Na2SO4, concentrated in vacuo to
give oil. Column chromatography (silica gel, ethyl acetate/
hexanes/ 30:70, RfZ0.65) gave compound 19 (0.9347 g,
70.5%). 1NMR (CDCl3), d, ppm: 1.26 (br.s., 18H, tert-
butyl); 1.35 (m, 9H, CH2CH3); 1.53 (s, 3H, CH3); 1.92 (s,
6H, CH3); 2.75 (s, 6H, CH3); 3.09 (s, 3H, CH3); 4.28 (q, 6H,
CH2CH3); 13C NMR (CDCl3), d, ppm: 11.5, 14.1, 14.3,
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27.4, 27.9, 59.6, 83.7, 115.2, 121.7, 123.5, 139.3, 149.3,
165.7; CI-MS (MC): 698.

4.2.4. 3,5,3 0,5 0,3 00,5 00-Hexamethyl-1H,1 00H-[2,1,2 0,2 00]-
terpyrrole-4,4 0,4 00-tricarboxylic acid triethyl ester (15).
TFA (1.98 g, 17.4 mmol) in 15 ml of dichloromethane was
added to 3,5,3 0,5 0,3 00,5 00-hexamethyl-[2,1 0,2 0,2 00]terpyrrole-
1,4,4 0,1 00,4 00-pentacarboxylic acid 1,1 00-di-tert-butyl ester
4,4 0,4 00-triethyl ester (19, 0.9 g, 1.3 mmol) in a single
addition and the solution was stirred at room temperature
for 16 h. The solution was concentrated in vacuo,
redissolved in dichloromethane and washed with a 10%
solution of Na2CO3 (3!40 ml). The organic extract was
dried over Na2SO4 and concentrated on rotary evaporator.
The product (0.62 g, 96%) was obtained after purification by
column chromatography (silica gel, dichloronethane, RfZ
0.71). 1NMR (CDCl3), d, ppm: 1.31–1.41 (m, 9H, CH2CH3);
1.62 (s, 3H, CH3); 1.87 (s, 3H, CH3); 2.10 (s, 3H, CH3); 2.50
(s, 3H, CH3); 2.52 (s, 3H, CH3); 2.57 (s, 3H, CH3); 4.27 (q,
6H, CH2CH3); 8.50 (br.s., 2H, NH); 13C NMR (CDCl3), d,
ppm: 12.5, 14.0, 14.1, 14.2, 14.5, 14.7, 21.2, 59.2, 62.8,
89.0, 112.1, 118.7, 122.9, 138.1, 138.5, 141.3, 150.3, 165.7,
169.9; CI-MS (MC): 498. Anal. calcd. for C27H35N3O6, %:
C, 65.17; H, 7.09; N, 8.44; Found, %: C, 65.30; H, 7.11; N,
8.42.

4.3. Fluorescence titration studies

Fluorescence quenching experiments were performed as
described previously.70 Briefly, the procedure was as
follows: Solutions of receptor 15 in dichloromethane were
titrated with increasing quantities of concentrated solutions
of the anions (as the corresponding tetrabutylammonium
salts). The need to compensate for dilution effects was
obviated by preparing and using stock anion solutions
containing receptor 15 at its initial concentration. To
provide further confirmation of the proposed 1:1 binding
stoichiometry, separate titration studies were carried out at
two different concentrations of receptor 15, namely [15]Z
1!10K6 and [15]Z1!10K5 M, respectively, with con-
cordant results being obtained in both cases. Separate Job
plot analyses were also carried out in some instances (cf.
Fig. 5). Emission spectra were recorded between 350 and
600 nm, with excitation at lexZ335 nm. All titration
Table 2. X-ray experimental data for compound 15

Formula C27H35N3O6

Molecular weight 497.58
Crystal system Monoclinic
Space group C2/c
a/Å 25.6029(8)
b/Å 15.9471(6)
c/Å 14.1452(6)
a/8 90.0
b/8 109.988(2)
g/8 90.0
U/Å 5427.5(4)
Z 8
m/mmK1 0.086
T/K 153
Number of data measured 4604
Number of data with IO2s(I) 2199
R 0.110
Rw 0.245
experiments were performed in triplicate and the results of
individual determinations were found not to differ from one
another by more than 15%.
4.4. Crystal structure determination

Suitable single crystals of 15 were obtained in the form of
pale yellow needles by slow vacuum sublimation. The data
crystal was cut from a long needle and had approximate
dimensions; 0.24!0.10!0.06 mm3. The data were col-
lected on a Nonius Kappa CCD diffractometer using a
graphite monochromator with Mo Ka radiation (lZ
0.71073 Å). A total of 223 frames of data were collected
using u-scans with a scan range of 18 and a counting time of
319 s per frame. The data were collected at 153 K using an
Oxford Cryostream low temperature device. Details of
structure refinement, data collection, and crystallographic
data (excluding structure factors) for the structure reported
in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
number CCDC 223924. Copies of the data can be obtained,
free of charge, on application to CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK [fax: C44(0)-1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk]. A summary of the X-ray
experimental parameters is also given in Table 2.
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Abstract—The use of anti-1,8-bis(2,2 0-diisopropyl-4,4 0-diquinolyl)naphthalene, 1, for metal ion-selective fluorescence recognition has been
investigated. Employing CuCl2, ZnCl2, FeCl2, and FeCl3 in fluorescence titration experiments of 1 revealed formation of a bluegreen light
emitting bimetallic complex. A dramatic red-shift of the fluorescence maximum of 1 and metal ion-selective quenching was observed in the
presence of Cu(II), Fe(II), and Fe(III)chlorides in acetonitrile. By contrast, addition of ZnCl2 was found to result in fluorescence
enhancement, whereas Cu(I) did not induce any significant fluorescence change of 1. The sensor was found to undergo highly ion-selective
fluorescence quenching in aqueous solution. Screening of main group and transition metal ions showed excellent selectivity for FeCl3 even in
the presence of competing metal ions.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Because of the increasing demand in environmental and
clinical sciences for fluorosensors that are capable of
differentiating between metal ions and their oxidation states
the development of sensor molecules for the detection of
alkali, alkaline earth, and transition metals has recently
received considerable attention.1 Based on our previous
studies with selectively substituted 1,8-dipyridylnaphtha-
lenes2 and 1,8-diacridylnaphthalenes,3 we assumed that
incorporation of 2-isopropylquinolyl groups into the peri-
positions of naphthalene would afford a rigid and fluor-
escent bidentate ligand capable of selective metal ion
recognition. Highly selective chemosensors for detection of
Hg(II) and Zn(II) ions in aqueous solutions have recently
been reported.4 Herein, we wish to describe the design and
fluorescence behavior of anti-1,8-bis(2,2 0-diisopropyl-4,4 0-
diquinolyl)naphthalene, 1, a new chemosensor for highly
selective recognition of Fe(III) in aqueous solution (Fig. 1).
2. Results and discussion

The incorporation of two quinolyl rings into the peri
positions of naphthalene requires two consecutive Stille or
Suzuki cross-coupling steps of a 1,8-dihalonaphthalene and
2 equiv of a quinolyl-derived stannane or boronic acid,
respectively. The major obstacle of the formation of highly
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.07.053
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congested 1 is the severe steric hindrance in the second
cross-coupling reaction of intermediate 1-bromo-8-(2-iso-
propyl-4-quinolyl)naphthalene (Scheme 1). Screening of
various catalysts including Pd(PPh3)4, PdCl2(dppf),
Pd2(dba)3/P(t-Bu)3, and [(t-Bu)2P(OH)]2PdCl2 and optim-
ization of reaction conditions revealed that 1 can be formed
by CuO-promoted5 Pd-catalyzed Stille cross-coupling in
remarkable yields. Thus, cross-coupling of 2-isopropyl-4-
trimethylstannylquinoline, 2, and 1,8-dibromonaphthalene,
3, in the presence of 10 mol% of Pd(PPh3)4 and 2 equiv of
CuO in DMF gave anti-1,8-bis(2,2 0-diisopropyl-4,4 0-diqui-
nolyl)naphthalene, 1, in 36% yield after purification by
chromatography and recrystallization from ethanol
(Scheme 1).

The space filling model of sensor 1 obtained by PM3
computations shows the unique structure of this highly
congested bidentate ligand (Fig. 1). The antiparallel
Tetrahedron 60 (2004) 11293–11297
Figure 1. Structure and space filling model of 1,8-diquinolylnaphthalene 1.

Hydrogens are omitted for clarity.



Scheme 1. Reagents and conditions: 10 mol% Pd(PPh3)4, 4 equiv CuO,

DMF, 100 8C, 13 h, ratio: 2/3Z3:1.
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quinolyl moieties are almost perpendicular to the naphtha-
lene ring. To minimize steric interactions, through-space
Coulomb repulsion, and dipole–dipole interactions the two
quinolyl groups are twisted and slightly splayed away from
each other. The spatial arrangement of the 2-isopropylqui-
nolyl rings thus creates a well-defined binding environment
for metal ion-selective recognition. Our fluorescence studies
revealed an emission maximum of 380 nm for the syn- and
anti-isomers of 1 but different quantum yields. The quantum
yield of syn-1 and anti-1 were determined as 2.0 and 11.6%,
respectively. Because of its enhanced fluorescence we
decided to employ anti-1 in metal ion sensing studies. The
majority of fluorescent chemosensors reported to date
exhibit a chelating group physically separated from a
fluorophore by a spacer.6 However, smaller sensors such as
anti-1 may afford superior cell permeability properties and
are therefore particularly interesting with respect to
biomedical applications.

Fluorescence titrations using 1 and various transition metals
were performed in acetonitrile at room temperature. We
observed a striking change in the emission spectrum of the
sensor in the presence of equimolar amounts of Cu(II),
Fe(II), and Fe(III) chloride. Addition of these metal salts to a
solution of anti-1 was found to result in the formation of a
bluegreen light emitting complex with a red-shifted
emission maximum of 520 nm. Increasing the metal ion
concentration did not result in any further shift of the
emission maximum. By contrast, the fluorescence spectrum
of diquinolylnaphthalene 1 exhibiting a maximum at
380 nm did not change significantly upon addition of
Cu(I) and Zn(II) (Fig. 2). The remarkable difference in the
fluorescence maximum and intensity of the sensor molecule
Figure 2. Fluorescence of anti-1 in the presence of Cu(I), Cu(II), Zn(II), Fe(II), an

the metal ion concentration was 1.0!10K4 M. Excitation wavelength: 320 nm.
in the presence of Cu(I) and Cu(II) thus provides a new
venue for real-time detection of the oxidation state of copper
salts.

In addition to the remarkable red-shift of the fluorescence
maximum of anti-1 induced by CuCl2, FeCl2, and FeCl3, at
approximately equimolar concentrations and by ZnCl2
when employed in high excess, we observed metal ion-
selective quenching and enhancing effects. Fluorescence
titration experiments showed that CuCl does not signifi-
cantly enhance the fluorescence signal at 520 nm even at
high excess, whereas addition of CuCl2, ZnCl2, FeCl2, and
FeCl3 gave non-linear Stern–Völmer plots. Titration with
FeCl2 and FeCl3 resulted in strong fluorescence at 520 nm,
which reached a maximum at a metal ion-sensor ratio of
approximately 4:1 and 3:1, respectively. A further increase
in metal ion excess was found to decrease the fluorescence
intensity and ultimately caused quenching indicating co-
existence of different complex species in solution (Fig. 3).

Fluorescence titration experiments using CuCl2 revealed
formation of a 2:1 complex, which corresponds to a mol
fraction of Cu(II) of 0.67 (Fig. 4). Because of the geometry
of the diquinolylnaphthalene framework exhibiting cofacial
hetaryl rings, the sensor affords two remote quinolyl
nitrogens with a lone electron pair available for metal ion
coordination in the hetaryl plane (Fig. 1). Apparently, both
quinolyl nitrogens can undergo metal ion coordination,
which results in the formation of a Cu(II)2–1 complex.

Interestingly, Zn(II) remains a strong enhancer of the
fluorescence signal at 520 nm at high concentration,
whereas Cu(II), Fe(II), and Fe(III) induce fluorescence
quenching at high metal ion/sensor ratios (Fig. 5). Notably,
very effective quenching was observed at high Fe(III)-
sensor ratio (Fig. 6). The sigmoidal quenching curve
observed at high Fe(III)/anti-1 ratio indicates that different
quenching mechanisms and cooperative metal ion recog-
nition might be operative.7

The selective fluorescence response of sensor 1 opens a new
venue for real-time analysis of transition metal ions. The
different fluorescence response of the sensor to Cu(I) and
Cu(II) allows differentiation of the oxidation states of
d Fe(III) in acetonitrile. The concentration of anti-1 was 4.3!10K5 M and



Figure 3. Fluorescence enhancement of anti-1 induced by FeCl2 and FeCl3.

The concentration of anti-1 was 4.3!10K5 M. Excitation wavelength:

320 nm, emission wavelength: 520 nm.

Figure 4. Fluorescence titration of anti-1 using Cu(II). The concentration

of anti-1 was 4.3!10K5 M. Excitation wavelength: 320 nm, emission

wavelength: 520 nm.

Figure 5. Stern–Völmer plot of anti-1 in the presence of ZnCl2. The

concentration of anti-1 was 4.3!10K5 M. Excitation wavelength: 320 nm,

emission wavelength: 520 nm.

Figure 6. Stern–Völmer plot of anti-1 in the presence of FeCl2 and FeCl3
(ratio metal ion/anti-1O10). The concentration of anti-1 was 4.3!10K5 M.

Excitation wavelength: 320 nm, emission wavelength: 520 nm.

Figure 7. Stern–Völmer plot of anti-1 in the presence of CuCl and CuCl2
(ratio metal ion/anti-1O10). The concentration of anti-1 was 4.3!10K5M.

Excitation wavelength: 320 nm, emission wavelength: 520 nm.
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copper (Fig. 7). The fluorescence quenching observed with
CuCl2, FeCl2, and FeCl3 at high excess is probably a result
of photo-induced electron transfer. Because this quenching
mechanism is not available for d10-metal complexes, Cu(I)
and Zn(II) do not provide additional relaxation pathways for
excited anti-2 and are therefore inefficient quenchers.
Fluorescent enhancement induced by binding to Zn(II) or
other transition metals has been attributed to enhanced
conformational restriction upon metal complexation.8

We then employed sensor 1 in water/acetonitrile to assess its
use in aqueous solutions. The fluorescence spectrum of 1 in
the presence of metal ions was found to afford maxima at
390 and 520 nm in a 1:1 water/acetontrile (v/v) solution
(Fig. 8). Screening of a broad variety of main group and
transition metal chlorides revealed efficient fluorescence
quenching by FeCl3. It is noteworthy that ferric and ferrous
chloride reduce the fluorescence maximum at 520 nm,
whereas Na(I), K(I), Ca(II), Cr(II), Mn(II), Co(II), Ni(II),
Cu(I), Cu(II), Zn(II), Cd(II), and Hg(II) do not show any
significant quenching. The quenching effects on the
fluorescence maximum at 390 nm is even more dramatic.
We observed that addition of Fe(III) to an aqueous solution
of 1 decreases the emission intensity to less than 2%. The
fluorescence intensity at 390 nm decreased to approxi-
mately 30% in the presence of Cr(II) and Fe(II), whereas
other metal ions do not show any significant effects (Fig. 9).
Moreover, excellent selectivity for Fe(III) was found in the
presence of Cr(II), Mn(II), Cu(I), and Zn(II). The highly
selective quenching of 1,8-diquinolylnaphthalene 1 by
ferric and ferrous chloride in aqueous solutions may be
utilized for the diagnosis of various iron-related diseases.
The determination of iron levels in blood serum and other
body fluids is indispensable for the study and treatment of
nutritional and metabolic diseases that result in low or high
iron levels. Iron metabolism disorders have been reported to
cause iron-deficiency anemia and hemochromatosis which
might ultimately cause liver cancer, liver cirrhosis, arthritis,
diabetes or heart failure.9 Recent studies have linked late-
onset neurodegenerative disorders such as Parkinson’s
disease to elevated iron levels.10 The monitoring iron
levels in blood serum and cell extracts has become an
integral part of the diagnosis and treatment of cancer
because tumor cells require iron to grow and proliferate.
Iron also plays a crucial role in important infectious diseases
such as malaria.11



Figure 9. Fluorescence intensity of 1 in water/acetonitrile. The concen-

tration of anti-1 was 4.3!10K5 M. Metal ion concentration: 10K3 M.

Excitation wavelength: 320 nm, emission wavelength: 390 nm.

Figure 8. Fluorescence spectrum of 1 in the absence and presence of various metal ions in water/acetonitrile (1:1). The concentration of anti-1 was

4.3!10K5M. Metal ion concentration: 10K3 M. Excitation wavelength: 320 nm.
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3. Conclusion

1,8-Diquinolylnaphthalene 1 was found to exhibit a
complex fluorescence behavior in the presence of transition
metals. A significant red-shift of the fluorescence maximum
of 1 was observed upon addition of approximately
equimolar amounts of Cu(II), Fe(II), and Fe(III) in
acetonitrile and attributed to the formation of a bimetallic
complex. Quenching and non-linear Stern–Völmer plots
indicating co-existence of different metal complexes of 1
were observed at high excess of these metal ions. By
contrast, CuCl did not induce quenching or a red-shift of the
fluorescence maximum of 1 and ZnCl2 was found to
enhance the red-shifted emission maximum at high
concentration. The highly Fe(III)-selective quenching of
the fluorescence maxima in aqueous solution makes 1 an
attractive sensor for trace analysis and diagnosis of iron-
related diseases. The Fe(III)-selective quenching was
insensitive to the presence of Cr(II), Mn(II), Cu(I), and
Zn(II).
4. Experimental

4.1. General

All commercially available reagents and solvents were used
without further purification. Sensor 1 was purified by flash
chromatography on SiO2 (particle size 0.032–0.063 mm).
NMR spectra were obtained at 300 MHz (1H NMR) and
75 MHz (13C NMR) using CDCl3 as the solvent. Chemical
shifts are reported in ppm relative to TMS. Fluorescence
experiments were conducted using degassed solutions and a
Fluoromax-2 spectrometer from Instruments S.A. Inc. The
quantum yield of each isomer of 1 was determined in
acetonitrile following a procedure described by Jones and
co-workers.12 The diquinoline isomers were excited at
320 nm and relative integrated intensities of the emission
spectra were compared to naphthalene which has a quantum
yield of 0.2 in acetonitrile.

4.1.1. Preparation of anti-1,8-bis(2,2 0-diisopropyl-4,4 0-
diquinolyl)naphthalene, 1. To a solution of 1,8-dibromo-
naphthalene, 3, (0.3 g, 1.0 mmol), Pd(PPh3)4 (130 mg,
10 mol%) and CuO (0.30 g, 4.0 mmol) in 10 mL of
anhydrous DMF was added 2-isopropyl-4-trimethylstannyl-
quinoline, 2, (1.0 g, 3.0 mmol) in 5 mL of DMF. The
reaction was stirred at 100 8C for 13 h, cooled to room
temperature, quenched with aqueous NH4OH, and extracted
with diethyl ether. The combined organic layers were
washed with H2O, dried over MgSO4 and concentrated
under vacuum. Purification by flash chromatography
(hexanes/EtOAc/Et3NZ100:20:1) and crystallization from
ethanol gave 1 (168 mg, 0.36 mmol, 36%) as white crystals.

dH (CDCl3) 0.80 (d, JZ6.9 Hz, 6H), 0.98 (d, JZ6.9 Hz,
6H), 2.34 (sept, JZ6.9 Hz, 2H), 6.34 (s, 2H), 7.18 (dd, JZ
1.1, 8.2 Hz, 2H), 7.23–7.29 (m, 4H), 7.54 (ddd, JZ1.4, 6.7,
8.4 Hz, 2H), 7.62 (dd, JZ7.1, 8.2 Hz, 2H), 7.87 (d, JZ
8.5 Hz, 2H), 8.13 (dd, JZ1.4, 8.4 Hz, 2H). dC (CDCl3)
21.4, 21.5, 36.4, 120.2, 120.4, 125.6, 125.7, 126.9,
128.7, 129.7, 129.9, 130.7, 131.5, 134.7, 136.1, 147.1,
148.2, 165.8. EI/MS: m/z 466 (100%, MC), 451 (94, MCK
Me), 436 (5, MCK2Me), 423 (23, MCKi-Pr), 253 (5,
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MC-isopropylquinolyl). LC/APCI/MS: m/z 467 [100%,
(MCH)C]. Anal. Calcd for C34H30N2: C, 86.70; H, 7.68;
N, 5.62. Found: C, 86.27; H, 7.23; N, 5.87.
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Abstract—The synthesis and binding properties of resorcinarene-based cavitands functionalized with N-acylthiourea moieties towards
different cations are described. Extraction studies with metal (Pb2C, Cu2C, AgC, Hg2C, Cd2C, Eu3C, Fe3C, KC, NaC, and Ca2C) picrates
and the incorporation in ion selective electrodes (ISEs), show that there is more than a 40% increase of the AgC extraction for N-acylthiourea
ionophores (2, 3, and 8) in comparison with N-benzoyl-N 0-benzylthiourea (9). Ionophore 8, which has a C3 chain between the platform and
the ionophore, extracts two times more Cu2C than the more rigid one (2). Stoichiometry studies showed for ligand 2 a ligand/metal ratio of
1:1, while for model compound 9 a ratio of 1:2 was found. Potentiometric studies of electrodes revealed that cavitands 2, 3, and 8 induce a
significantly different selectivity pattern compared to the cation-exchanger used, as well as model compound 9. Especially, a considerable
enhancement of the selectivity towards AgC and Pb2C over KC, Ca2C, and Na2C ions was observed.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

N-Acylthioureas represent an important class of ionophores
which are already known for a long time as metal chelating
agents.1 They are very useful for the removal of heavy metal
cations from waste water2 and as selective extractants for
separation3 and concentration of precious metal cations
such as Pd2C and Pt2C.4 Several groups have reported their
strong binding with Cu2C.5,6 N-acylthioureas have also
been used as ionophores in ion selective electrodes for the
detection of Pb2C, Hg2C, and Cd2C.7

Complexation of transition and heavy metal cations is
favored by the presence of soft donor atoms such as
nitrogen, sulfur or phosphorus, but also ligands containing
the harder oxygen atoms can bind these cations. N-acyl-
thioureas have sulfur, nitrogen and oxygen as donor atoms,
allowing them to act as monodentate sulfur donors,
bidentate oxygen and sulfur, or oxygen and nitrogen donors.
They can also coordinate through the keto- or enol–thione
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.044
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form, depending of the ligands, the metal ions, and counter
anions present.8

For the coordination of a metal ion more than one N-acyl-
thiourea ligand is necessary. In the literature many examples
are known of preorganization of ligating sites on a
molecular platform, giving rise to improved complexation
properties.9 Appropriately functionalized calix[4]arenes10,11

are being used for the complexation of alkali and alkaline
earth metal ions and to a lesser extent heavy and transition
metal ions.12

In this paper we describe our results of the use of the more
rigid resorcinarene-based cavitand platform13 for the
attachment of N-acyl(thio)urea ligating sites. The com-
plexation, extraction, and sensing behavior of the resulting
ionophores (Chart 1) will be discussed.
2. Results and discussion

2.1. Synthesis

Reaction of tetrakis(aminomethyl)cavitand14 (1) with
ethoxycarbonyl isothiocyanate in chloroform gave N-acyl-
thiourea derivative 3 in 69% yield (Scheme 1). In the 1H
Tetrahedron 60 (2004) 11299–11306



Chart 1. N-Acyl(thio)urea derivatives.

Scheme 1.
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NMR spectrum the benzylic methylene hydrogens shifted
upfield from d 3.61 to d 4.75 due to the introduction of a
thiocarbonyl group.

In order to study the influence of a longer spacer between
the platform and the ligating site, tetrahydroxycavitand15 (5)
was reacted with 3-bromopropylphthalimide in the presence
of NaH as a base in DMF to give tetrakis[(phthalimido)-
propoxy]cavitand (6) in 65% yield. Subsequent removal of
the phthalimido groups with hydrazine hydrate and reaction
of the resulting tetrakis(aminopropoxy)cavitand (7) with
Scheme 2.
benzoyl isothiocyanate gave cavitand 8 in 50% yield
(Scheme 2). In the 1H NMR spectrum the methylene
group adjacent to the nitrogen shifts from d 3.25 in 7 to d
3.93 in 8.

In all the cases the introduction of the ligating sites clearly
followed from the mass spectra and satisfactory elemental
analyses. The other ionophores used, viz. 2,16 4,16 9,17 and
1018 were prepared by literature procedures.

2.2. Liquid–liquid extraction

With the different N-acyl(thio)urea containing ionophores,
2, 3, 4, 8, 9, and 10 extraction experiments were performed
with various heavy metal ions according to the standard
picrate extraction method.14,19 The results, expressed as a
percentage of extracted cation (%E), are summarized
graphically in Figure 1.

All tetrafunctionalized compounds exhibit high extraction
values for AgC, especially the N-acylthiourea derivatives 2,
3, and 8. The extraction levels are higher than those
observed for other sulphur-containing calix[4]arene-based
ionophores.20 Moreover, ionophores 2, 3, and 8 display high
AgC/Pb2C selectivities: SAgC/Pb2CZ26.3, 42.4, and 52.6,
respectively, in comparison with values of 11.4 and 8.1
reported for p-tert-butyldihomooxacalix[4]arene and a
p-tert-butylcalix[4]arene with phenylketones as ligating
sites, respectively.21

Surprisingly, both tetrakis[(benzoylthioureido)methyl]-
cavitand 2 and the corresponding model compound 9 have
more or less the same extraction profile. However, tetrakis-
[(benzoylthioureido)propoxy]cavitand 8, only having a
longer spacer than 2, is able to extract twice the amount
of Cu2C than 2 (29%) and model compound 9 (22%). It is
striking that 8 extracts two times more Hg2C than Cd2C,
since these cations have a similar ionic radius.22 Apparently,
the slightly improved extraction properties come from the
higher flexibility of the ligating sites, rather than the
preorganization.

In the case of compound 4 preorganization clearly plays a
role in the complexation of the alkali and alkaline earth
metal ions as follows from comparison of the data of 4 and
model compound 10. Model compound 10 shows almost no
extraction of KC (3%) and Ca2C (4%), and only 15% of
NaC was extracted, whereas 4 is able to extract KC (37%),



Figure 1. Extraction results of N-acyl(thio)urea derivatives. Conditions: [L]o,iZ10K3 M; [MnC]w,iZ10K3 M; [LiPic]wZ10K4 M; [HNO3]wZ10K3 M; pH 3.
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NaC (41%) and Ca2C (26%) in substantially higher
percentages. However, in general, 4 extracts the different
cations more or less to the same extent.

The stoichiometry coefficient p was determined using Eq. 1
taking into account that only one complex is present and
that the metal is unassociated in the aqueous phase.

log DZ log Kex Cn log½PicK�aq Cp log½L�org (1)

The representation of log D versus log [L] should be linear
with a slope of p, where p indicates the number of ligand
molecules involved per cation in the extracted species. Plots
of log D versus log [L] for the extraction of Cu2C by
compound 2 and model compound 9 are given in Figure 2.
For the complexation of 2 with Cu2C the plots are linear
with slopes close to one, in agreement with the formation of
1:1 complexes. In the case of model compound 9 the slope is
close to 2 indicating the formation of 1:2 complexes, which
is in agreement with the reported complexation behavior.23

The same stoichiometries were obtained for Pb2C.
Figure 2. Plots of log DCu2C versus log [L]o,i of 2 and 9. Conditions:
[Cu2C]w,iZ10K4 M; [LiPic]wZ10K3 M; [HNO3]Z10K3 M; pH 3.
2.3. Potentiometric studies

The N-acylthiourea derivatives 2, 3, 8, and 9 were examined
as ionophores in o-NPOE/PVC membranes containing also
30% mol of lipophilic anionic additives. To obtain unbiased
KI,J

pot values, the calibration plots for various cations were
collected starting from the most discriminating ones.24 The
preliminary selectivity order for each ionophore was
established after the preliminary screening of the electrode
selectivities. The electrodes exhibited a Nernstian or
near-Nernstian response in pure solutions of the moderate
and highly discriminating cations, at least within the range
10K3– 10K1 M. When a flattening (or a reversing) of the
calibration curves was observed, the selectivity coefficients
were obtained from the Nernstian part of the response curve
at lower activities.

The logarithmic values of the selectivity coefficients
calculated for Pb2C as the primary cation (log KPb,J

pot ) are
presented in Figure 3. Comparison of the results obtained
for membranes containing N-acylthiourea derivatives and
those for membranes containing only ion-exchanger
(KTFPB) revealed that ionophores 2, 3, 8, and 9 induce
selectivities significantly different from the so-called
Hofmeister series. This indicates that the compounds
studied are capable of selective interactions with cations
within the polymeric membrane phase. The incorporation of
N-acylthiourea cavitands 2, 3 or 8 into a polymeric
membrane containing KTFPB led to dramatic changes in
the electrode selectivity for Pb2C over NaC, KC, and Ca2C

ions. A less pronounced improvement of the selectivity over
NaC and Ca2C could be seen in the case of model
compound 9.

Due to the fact that compounds 2, 3, 8, and 9 possess a soft
ligating C]S group it was expected that they might exhibit
complexation properties toward soft metal cations. Indeed,
electrodes with membranes based on N-acylthiourea
ionophores showed an enhanced selectivity towards AgC

compared to membranes with cation-exchanger. Moreover,
the selectivity varied depending on the architecture of
the N-acylthiourea derivative. The largest value of
log KPb,Ag

pot was determined for ionophore 3. It was also
found that the electrodes with membranes containing
ionophores (except for compound 3) provided an increased
selectivity towards Cu2C compared to membranes without
ionophore. At this point it should be stressed that the value
of log KPb,Cu

pot for the electrodes based on 8 is only roughly
estimated, because during the very first calibration in copper
nitrate solutions the electrodes responded to Cu2C ion in a
super-Nernstian fashion. Moreover, after 24 h contact of
the membrane with 10K2 M copper nitrate solution, the
electrode lost its initial selectivity and the response to Cu2C.



Table 1. Formal complex formation constants, log bILn
;a obtained with ionophores 2, 3, 8, and 9 in PVC/o-NPOE (1:2) membranes, using the segmented

sandwich method

Cation log bILn
, Membrane

2b/KTFPB 3b/KTFPB 8b/KTFPB 9c/KTFPB

Pb2C 8.9 11.6 11.4 8.8
Cd2C 10.3 11.8 9.8 7.4
Cu2C 8.1 12.4 (18.7)d 11.3
AgC 7.2 10.1 8.0 6.4
NaC 4.9 4.9 4.4 5.3
UO2

2C 5.4 10.3 8.9 8.4

a Standard deviations %0.3 (from at least three replicate measurements).
b The stoichiometry of the ion–ionophore complexes was assumed to be 1:1.
c The stoichiometry of the ion–ionophore complexes was assumed to be 1:2.
d Standard deviation %1.3 (from at least three replicate measurements).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3. Selectivity coefficients for electrodes prepared with PVC/o-NPOE (1:2) membranes containing compounds 2, 3, 8, 9, and lipophilic sites (KTFPB) as
well as membranes with ion-exchanger only.

† It should be noted that no direct correlation can be made between the

extraction data (Fig. 1) and the formation constants (Table 1), since in the

first case the partitioning coefficient of the cations involved has to be

taken into account.
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Anionic response was observed in solutions more concen-
trated than 10K3 M. This could indicate very strong and
irreversible complexation of Cu2C by 8 or unidentified
interactions between Cu2C and the N-acylthiourea ligating
sites leading, for example, to changes in Cu2C oxidation
state or changes in ionophore structure (the membranes
become slightly greenish). Interestingly, this type of
behavior has not been noted for other N-acylthiourea
ionophores studied in this work. However, a similar
phenomenon was observed before for azothiacrown
ethers.25

It is well established that selectivity coefficients for neutral
carrier-based membranes are typically related to the
differences in the free energies of solvation of the ions in
the sample and membrane phase, the stability constants of
the ion–ionophore complexes in the membrane, and the
concentrations of the ionophore and ionic sites in the
membrane.26 However, the main factor that is primarily
responsible for the selectivity of polymeric membrane
electrodes is the selectivity of ion–ionophore interactions
that can be expressed by relative stability constants of
complexes formed by an ionophore with primary and
interfering ions within the membrane phase.
The complex formation constants were determined by
means of the segmented sandwich method.27 The values of
the complex formation constants for ionophores 2, 3, 8,
and 9 and chosen cations are collected in Table 1.† It was
found that cavitand 3 with [–NH–C(S)–NHC(O)OEt]
groups forms slightly stronger complexes than the one
with [–NH–C(S)–NHC(O)Ph] moieties (2) with most of the
examined cations. This can be explained by the fact that
ethoxycarbonyl moieties interact stronger than phenylcar-
bonyl groups with hard and soft Lewis acids.28 In addition,
the ethoxy substituents are smaller and more flexible than
the –C(O)Ph moieties.29

The complex formation constants, log bML, for 8 with Pb2C

and especially Cu2C are significantly larger than those for
2 (Table 1). This indicates that the presence of a longer
spacer (–C3H6– in 8 vs –CH2– in 2) might create a better
architecture of the cavity for complexation of these cations.
However, the value of log bCuL is given in brackets and
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should be treated as an approximation. This is due to the fact
that the reproducibility of the potential measurements was
much worse than in other cases (Dlog bCuL%G1.3) and, as
mentioned above, electrodes with membranes doped with 8
did not exhibit a linear response to the logarithm of the
Cu2C activity in sample solutions.

For ionophores 2 and 9, additional membranes with a
different amount of the ionophore (5–100 mmol/kg) and
constant content of anionic additives (1 mmol/kg) were
prepared in order to check the stoichiometry of the
complexes formed with chosen cations (Cu2C and Pb2C).

The results obtained for Cu2C are illustrated in Figure 4.
The linear relationships between the EMF and logarithmic
values of free ionophore concentration suggest that one sort
of complexes is predominant in the membrane.30 The slope
of the regression line close to 30 mV indicates a 1:1
2-Cu2Ccomplexation, while in the case of 9-Cu2C a
complexation with 1:2 stoichiometry can be expected (the
slope is close to 60 mV). The same behavior was found in
the case of Pb2C.
Figure 4. Dependence of the sandwich membrane electrodes’ potential
values on the content of ionophore: 2 and 9.
Comparison of the relative values of the stability constants,
log bML, and the hydrophobicity of the cations with the
respective selectivity coefficients, log KPb,M

pot , reveals that the
stronger Cu2C interference (higher values of log KPb,M

pot ) for
membranes with ionophores 8 and 9 as well as the AgC

interference in the case of the membrane containing 3 are
related to a higher affinity of these ionophores to Cu2C or
AgC than to Pb2C compared to cavitand 2 (see log bML for
Cu2C or AgC vs Pb2C).
3. Conclusion

We have demonstrated that N-acylthiourea tetrafunctiona-
lized cavitands are reasonable to good ionophores for the
extraction and detection of soft metal ions with a preference
for AgC. The attachment of four N-acylthiourea moieties to
a molecular platform clearly improves the complexation
behavior. In the case of ionophores 2, 3, and 8 a 40%
increase of the AgC extraction was observed, compared
with the corresponding model compound 9. The importance
of flexibility of the ligating sites clearly follows from the
different complexation behavior of ionophores 2 and 8, only
differing in length of the spacer between the platform and
the ligating site. The latter ionophore shows a very good
affinity for Cu2C. In all cases there is a good correlation
between the liquid–liquid extraction and ISE data.
4. Experimental

4.1. General

NMR experiments were performed using a Varian Unity
300 WB NMR spectrometer operating at 300 and 100 MHz
for the 1H and 13C nuclei, respectively. All spectra were
recorded in CDCl3. Residual solvent protons were used as
internal standard and chemical shifts are given in ppm
relative to tetramethylsilane (TMS). Fast atom bombard-
ment (FAB) mass spectra were measured on a Finnigan
MAT 90 spectrometer using m-nitrobenzyl alcohol (NBA)
as a matrix. All solvents were purified by standard
procedures. All other chemicals were analytically pure
and were used without further purification. All reactions
were carried out under an inert argon atmosphere. Melting
points (uncorrected) of all compounds were obtained on a
Reichert melting point apparatus.

4.1.1. Tetrakis[(ethoxycarbonylthioureido)methyl]cavi-
tand 3. A solution of tetrakis(aminomethyl)cavitand 1
(150 mg, 0.16 mmol) and ethoxycarbonyl isothiocyanate
(252 mg, 0.96 mmol) in acetonitrile (10 mL) was stirred
overnight at room temperature. The white precipitate was
filtered off and dried in vacuo to afford 3 (160 mg, 69%),
mp 143–146 8C; FAB-MS: m/z 1457.0 ([MCH]C, calcd
1457.0); 1H NMR (CDCl3) d 9.86 (s, 4H, CH2NHCO), 7.93
(s, 4H, CSNHCO), 7.05 (s, 4H, ArH), 6.01 (d, 4H, JZ
7.3 Hz, OCH2O), 4.75–4.80 (m, 12H, ArCHAr, ArCH2NH),
4.41 (d, 4H, JZ7.3 Hz, OCH2O), 4.21 (q, 8H, JZ7.3 Hz,
OCH2), 2.18–2.23 (m, 8H, CH2), 1.27–1.45 (m, 36H, CH2C
CH3), 0.94 (t, 12H, JZ6.2 Hz, CH3); 13C NMR (CDCl3) d
176.8, 151.8, 150.5, 136.3, 120.0, 118.4, 98.4, 61.0, 38.4,
30.1, 28.2, 20.7, 12.3, 12.2. Anal. calcd for C72H96N8O16S4:
C, 59.32; H, 6.64; N, 7.69; S, 8.80. Found: C, 59.16; H, 6.51;
N, 7.75; S, 8.75.

4.1.2. Tetrakis(phthalimidopropoxy)cavitand 6. A sus-
pension of tetrol 5 (500 mg, 0.57 mmol) and NaH (219 mg,
9.12 mmol) in dry DMF (50 mL) was heated for 30 min at
65 8C. Subsequently, bromopropylphthalimide (3 g,
11.4 mmol) was added and heating was continued for 3
days at 90 8C. After removal of the solvent, the residue
was dissolved in EtOAc (25 mL), whereupon 1 N HCl was
added till pH 7. The solution was washed with water (3!
25 mL) and brine (1!25 mL) and dried over MgSO4.
Evaporation of the solvent gave a brown oil, which was
further purified by flash chromatography (SiO2, EtOAc/
hexanes, 1:2) to afford pure 6 (373 mg, 65%) as a white
solid, mp 150–153 8C; FAB-MS: m/z 1629.7 ([MCH]C,
calcd 1629.3); 1H NMR (CDCl3) d 7.82–7.86 and 7.69–7.73
(2m, 4C4H, ArH), 6.79 (s, 4H, ArH), 5.90 (d, 4H, JZ
7.0 Hz, OCH2O), 4.70 (t, 4H, JZ8.0 Hz, ArCHAr), 4.43
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(d, 4H, JZ7.0 Hz, OCH2O), 4.02 (t, 8H, JZ5.8 Hz, OCH2),
3.91 (t, 8H, JZ5.4 Hz, CH2N), 2.14–2.19 and 2.04–2.13
(2m, 8C8H, CH2CCH2), 1.27–1.42 (m, 24H, CH2), 0.91
(t, 12H, JZ6.9 Hz, CH3); 13C NMR (CDCl3) d 167.7, 147.7,
143.8, 138.3, 133.3, 131.7, 122.6, 113.5, 99.0, 70.5, 36.5,
34.9, 31.6, 29.4, 28.9, 27.1, 22.1, 13.6. Anal. calcd for
C96H100N4O20: C, 70.75; H, 6.18; N, 3.44. Found: C, 70.78;
H, 6.40; N, 3.17.

4.1.3. Tetrakis(aminopropoxy)cavitand 7. A solution of
6 (608 mg, 0.38 mmol) and hydrazine hydrate (247 mg,
7.7 mmol) in a 9:1 mixture of EtOH (27 mL) and THF
(3 mL) was refluxed overnight. After addition of concen-
trated HCl (0.5 mL) refluxing was continued for another
hour. Upon cooling of the reaction mixture 2 M NaOH was
added till pH 10 to give a precipitate. The precipitate was
filtered off and was washed with H2O (5 mL). The residue
was dissolved in CH2Cl2 (15 mL) and the resulting solution
was dried over MgSO4. Evaporation of the solvent gave 7
(248 mg, 58%), mp 188–190 8C; FAB-MS: m/z 1109.7
([MCH]C, calcd 1109.7); 1H NMR (CDCl3) d 7.71–7.73
(m, 8H, NH2), 6.69 (s, 4H, ArH), 6.18 (d, 4H, JZ7.8 Hz,
OCH2O), 4.64 (t, 4H, JZ8.0 Hz, ArCHAr), 4.47 (d, 4H, JZ
8.0 Hz, OCH2O), 4.07 (t, 8H, JZ5.1 Hz, OCH2), 3.25–3.33
(m, 8H, CH2N), 2.02–2.21 (m, 8C8H, CH2CCH2), 1.27–
1.42 (m, 24H, CH2), 0.84 (t, 12H, JZ7.3 Hz, CH3). Anal.
calcd for C64H92N4O12$3CH2Cl2: C, 57.47; H, 7.34; N,
4.00. Found: C, 57.14; H, 7.10; N, 4.12.

4.1.4. Tetrakis[(benzoylthioureido)propoxy]cavitand 8.
A solution of 7 (200 mg, 0.18 mmol) and benzoyl
isothiocyanate (227.5 mg, 1.44 mmol) in chloroform
(10 mL) was stirred at room temperature for 3 days. The
solution was washed with H2O (2!20 mL) and dried over
MgSO4. The solvent was removed in vacuo and the crude
product was purified by flash chromatography (SiO2,
CH2Cl2/hexanes 3:2) to give 8 (159 mg, 50%) as a
yellowish solid, mp 90–92 8C; FAB-MS: m/z 1761.5
([MCH]C, calcd 1761.7); 1H NMR (CDCl3) d 9.02 (s,
4H, NH), 7.80 (d, 8H, JZ8.1 Hz, ArH), 7.30–7.64 (m, 12H,
ArH), 6.83 (s, 4H, ArH), 5.93 (d, 4H, JZ7.2 Hz, OCH2O),
4.74 (t, 4H, JZ8.4 Hz, ArCHAr), 4.50 (d, 4H, JZ6.9 Hz,
OCH2O), 4.04 (t, 8H, JZ5.1 Hz, OCH2), 3.93 (q, 8H, JZ
5.4 Hz, CH2N), 2.15–2.20 (m, 8H, CH2), 2.08 (q, 8H, JZ
5.4 Hz, CH2), 1.27–1.42 (m, 24H, CH2), 0.91 (t, 12H,
JZ6.9 Hz, CH3); 13C NMR (CDCl3) d 179.9, 166.8, 148.3,
144.2, 138.9, 133.4, 132.0, 129.1, 127.0, 114.3, 99.8, 71.1,
43.4, 37.0, 32.1, 29.9, 28.8, 27.7, 22.7, 14.1. Anal. calcd for
C96H112N8O16S4: C, 65.43; H, 6.41; N, 6.36; S, 7.28. Found:
C, 64.60; H, 6.15; N, 6.75; S, 7.05.

4.2. Picrate extractions

4.2.1. Solutions. The 10K4 M salt stock solutions were
prepared by dissolving the required amounts of the
appropriate metal nitrate MnC(XK)n and LiPic in 10K3 M
HNO3 adjusting the total volume of the solution to 100 mL
using volumetric glassware. The pH of the solutions was
close to pH 3, and adjusted to pH 3 by adding small amounts
of LiOH. The metal picrate solutions were prepared in situ
in the stock solutions. The 10K3 M stock solutions of the
ligands were prepared by dissolving the appropriate amount
of ligands in 20 mL of CH2Cl2.
4.2.2. Procedure. Equal volumes (1.0 mL) of the organic and
the aqueous solutions were transferred into a stoppered glass
vial and stirred at ambient temperatures (about 23 8C) for 17 h.
The solutions were disengaged by centrifugation (1600 rpm
for 10 min). The concentration of picrate ion in the aqueous
and organic phase was determined spectrophotometrically
(lmaxZ355 nm). Each measurement was repeated three times.
Blank experiments showed that no picrate extraction occurred
in the absence of ionophore. The percentage of the cation
extracted into the organic phase (%EZE!100%), defined as
the ratio of the activity in the organic phase (Ao) and the total
activity in both the organic and the aqueous phase (Aw), is
expressed by the following equation:

%EZ ðAo=ðAo CAwÞÞ100% (2)

4.3. Potentiometric measurements

4.3.1. Reagents. The membrane components potassium
tetrakis[3,4-bis(trifluoromethyl)phenyl]borate (KTFPB),
2-nitrophenyl octyl ether (o-NPOE), high molecular weight
poly(vinyl chloride) (PVC), and tetrahydrofuran (THF,
distilled prior to use) and all salts were purchased from
Fluka (Ronkonkoma, NY). Aqueous solutions were
obtained by dissolving the appropriate salts in Nanopure
purified water.

4.3.2. Membrane preparation. The polymeric membranes
used for the determination of stability constants contained
ionophore (20 mmol/kg) and KTFPB (2 mmol/kg) in
PVC/o-NPOE (1:2 by weight) polymeric matrix (total
140 mg), unless otherwise indicated in the text. The
membrane components were dissolved in freshly distilled
THF (1.4 mL). The solution was placed in a glass ring
(22 mm i.d.) mounted over a glass plate and then covered
with another glass plate to slow down the solvent
evaporation. After 24 h, the resulting membrane (of the
approximate thickness 130–140 mm) was peeled from the
glass plate and discs of 7 mm diameter were cut out.

The procedure for the preparation of polymeric membranes
evaluated for the potentiometric ion response was similar
to that described above. The total amount of membrane
components was 200 mg and the membranes consisted of
1 wt% of ionophore, 30 mol% of KTFPB and PVC/o-NPOE
(1:2 by weight).

4.3.3. Potentiometric response to cations and selectivity
measurements. Membrane discs were mounted in conven-
tional ISE electrode bodies (Type IS 561; Philips,
Eindhoven, The Netherlands) for electromotive force
(EMF) measurements. All measurements were performed
at ambient temperature (22G1 8C) using a galvanic cell of
the following type: Ag/AgCl(s)/3 M KCl/1 M CH3COOLi/
sample/ion-selective membrane/0.001 M NaCl solution/
AgCl(s)/Ag. The EMF values were measured using a custom
made 16-channel electrode monitor. Details of this equip-
ment have been described previously.31

The performance of the electrodes was examined by
measuring the EMF for aqueous solutions of examined
cations over the concentration range of 10K7–10K1 M.
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Potentiometric selectivity coefficients were determined by
the separate solution method (SSM) according to the
procedure described in literature.32 Selectivity coefficient
KI,J

pot values were obtained from adequate, unbiased E0

measurements for each cation, based on the equation:

K
pot
I;J Z exp

zIF

RT
ðE0

J KE0
I Þ

� �
(3)

where R, T, and F are the gas constant, absolute
temperature, and the Faraday constant, respectively. The
charge of primary ion, I, is indicated as zI and potentials
obtained by an extrapolation of the linear part of calibration
curve to log aZ0 for primary and interfering ions are put as
EI

0 and EJ
0, respectively.

Activity coefficients were calculated according to the
Debye–Hückel approximation.33
4.3.4. Potentiometric determination of stability con-
stants. The measurement setup was the same as described
above. Experiments were carried out according to the
procedure described in Ref. 27a,b. Two sets of membranes
were prepared: membranes with and without ionophore. A
series of 7 mm i.d. membrane discs were cut from the parent
membranes, and these disks were conditioned over 2–3 days
in appropriate salt solutions (10K1 M NaCl, 10K2 M CuCl2,
10K2 M CdCl2, 5!10K3 M PbCl2, 10K3 M AgNO3.

To determine the stability constants for a given ionophore
and a given cation, two measurements, for a membrane
without ionophores and then for a sandwich membrane,
were carried out. The sandwich membrane was made, after
drying of individual membranes, by attaching of the
membrane with ionophore to the membrane without
ionophore. The segmented membrane was then mounted
into a Philips electrode body (membrane with ionophore
faced the sample solution) and immediately immersed into
an appropriate salt solution (identical as for conditioning of
the membrane). The potential was recorded as the mean of
the last minute of a 10 min measurement period in the test
solution. The potential of the electrodes with sandwich
membranes remained free of diffusion-induced drifts for
20–50 min, depending on the ionophore incorporated within
the membrane and the ion measured. The membrane
potential values DEMF were calculated by subtracting the
cell potential for a membrane without ionophore from
that of the sandwich membrane. The formation constant,
bILn

; was calculated from Eq. 4:27a,b

bILn
Z LT K

n

zI
RK

T

� �Kn

exp
zIF

RT
DEMF

� �
(4)

where n is the complex stoichiometry, LT and RT are the
concentrations of ionophore and ionic site additives in the
membrane, respectively.
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Abstract—A series of Zn2C–2,2 0-dipicolylamine (Zn2C–DPA) coordination complexes with an attached NBD fluorophore are synthesized
and evaluated as fluorescent sensors. The sensors do not respond to vesicles composed of zwitterionic phosphatidylcholine, but the NBD
fluorescence emission is enhanced in the presence of anionic vesicles. A sensor with two Zn2C–DPA units and a hydrophilic
tris(ethyleneoxy) linker produced a larger emission enhancement than an analogue with a butyl linker, and titration with 1:1 POPC:POPS
vesicles lead to an apparent phospholipid association constant of 5.3!104 MK1. The sensor can detect the presence of vesicles containing as
little as 5% phosphatidylserine. The sensing effect apparently requires a membrane surface because the sensors do not respond to a
phosphatidylserine derivative that is monodispersed in aqueous solution.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

New and improved assays for the in vitro and in vivo
detection of apoptosis (programmed cell death) would be a
useful contribution to research in cell biology and clinical
medicine. Current methods used in detecting apoptosis
focus on changes in cytosolic biochemical events, degra-
dation of cell nuclear material, and changes in the cell
plasma membrane structure.1–4 Each assay has its own
inherent advantages and shortcomings. For example,
monitoring of cytosolic caspase activity and detection of
nucleic acid fragmentation are classic assays for apop-
tosis.5–8 However, these processes often occur too late in the
apoptosis process to allow other important events to be
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.052
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detected. Monitoring the appearance of phosphatidylserine
(PS, Fig. 1) on a cell surface is a more suitable assay for the
early stages of apoptosis.9–11 PS is maintained almost
exclusively in the inner monolayer of the plasma membrane
of healthy animal cells, but a scrambling effect is initiated
early in apoptosis which results in externalization of PS.
Figure 1. Head group structure of common phospholipids.
Detection of externalized PS is currently achieved using
annexin V, a member of a class of Ca2C-dependent
phospholipid binding proteins.12,13 Annexin V exhibits
high affinity for PS, and binding of fluorescent labeled
annexin V (e.g., annexin-FITC) to the cell surface is
currently used in microscopic and flow cytometric assays
for the detection of apoptosis. However, use of annexin V
is not without limitations. PS binding by annexin V is a
Ca2C-dependent process, which raises the concern of
Tetrahedron 60 (2004) 11307–11315



Figure 3. Modular design of PS sensor.
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activation of non-specific Ca2C-dependent phospholipid
scramblases within the membrane bilayer when Ca2C-rich
annexin binding buffers are used. Further, the protein is
susceptible to degradation and exhibits slow binding
kinetics.14,15 Low molecular weight synthetic mimics of
annexin V that bind rapidly to PS-enriched membrane
surfaces in a Ca2C-independent manner would be an
attractive alternative.

An X-ray crystal structure of an annexin–glycero-
phosphoserine complex shows that the phosphoserine head
group is coordinated to one of the four canonical binding
sites of the protein through two bridging Ca2C ions.16 This
picture suggested to us that synthetic metal complexes with
appropriate charge, geometry, and spatial orientation may
bind to the head group of anionic phospholipids preferen-
tially over zwitterionic phospholipids. In other words,
rationally designed coordination complexes may be useful
as mimics of annexin V. Several phosphate chemosensors
with Zn2C-coordinated binding sites have been described in
the literature.17–19 For example, Hamachi and co-workers
recently described an anthracene-based sensor with two zinc
dipicolylamine (Zn2C–DPA) units (Fig. 2).20 The sensor
binds to the dianionic phosphotyrosine groups in phos-
phorylated peptides with association constants of up to
107 MK1.

We subsequently demonstrated that this sensor, which we
call PSS-380, can be used to detect the presence of anionic
phospholipids, specifically PS, on the surface of vesicles
and cells.21 While the fluorescence emission of PSS-380
was unchanged upon treatment with vesicles composed
entirely of zwitterionic phosphatidylcholine (PC), a 10-fold
increase in fluorescence emission was observed upon
addition of anionic vesicles composed of 1:1 POPC:POPS
(Fig. 1). PSS-380 was successfully used to detect apoptosis
in Jurkat cells treated with camptothecin (an apoptosis
inducing agent) via fluorescence microscopy and flow
cytometry. Although PSS-380 is an attractive alternative
to annexin V-FITC, its wavelength of excitation (380 nm) is
in the UV range, which is not compatible with the lasers in
most flow cytometers. Replacing the anthracene unit with
fluorophores that absorb at longer wavelengths would
alleviate this drawback.

In an effort to develop second generation sensors, we have
chosen to pursue a modular design which allows us to
Figure 2. Structure of PSS-380.
systematically alter the three molecular components shown
in Figure 3: the PS binding group, the linker, and the
fluorophore. Herein, we report the design and synthesis of
the first examples of this series, namely, coordination
complexes 1–4 (Fig. 4). The design retains the Zn2C–DPA
affinity units, attached in a meta orientation to a phenyl
ring,18 which is in turn linked to a 7-nitrobenz-2-oxa-1,3-
diaza-4-yl (NBD) fluorophore. The NBD fluorophore is
excited at 470 nm and exhibits a broad emission centered at
530 nm, which limits its use in microscopy and flow
cytometry applications; nevertheless, its environmental
sensitivity makes it useful for the mechanistic experiments
performed here.
Figure 4. Coordination complexes 1–4 as potential PS sensors.
We examined two types of linkers, butyl (relatively
hydrophobic) and tris(ethyleneoxy) (TEO, relatively hydro-
philic), anticipating that upon binding, the nature of the
linker may influence the interaction between the fluorophore
and the bilayer membrane. We illustrate how sensor
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response to PS-enriched membrane surfaces is altered by
changes in the number of Zn2C–DPA binding units, as well
as the structure of the linker.
2. Results and discussion
2.1. Synthesis

The synthesis of 1 was achieved in eight steps starting from
commercially available 5-hydroxyisophthalic acid
(Scheme 1). The butyl linker was attached to 3,5-
bis(hydroxymethyl)phenol,22,23 using N-(4-bromo-
butyl)phthalimide and K2CO3 in acetonitrile, and the
product converted in high yield to the corresponding
dibromide 7 using CBr4 and Ph3P. The zinc binding groups
were introduced in the next step by treating 7 with DPA in
the presence of K2CO3 in DMF. The phthalimide protecting
group was removed using hydrazine hydrate and the
resulting amine was treated with NBD-Cl in the presence
of K2CO3 in dry THF to afford 9 in 70% yield. The
complexation of 9 with Zn(NO3)2 in methanol/water
mixture was quantitative and the complex was used for
the binding studies without further purification. Compound
2, with a TEO linker was synthesized using a similar
synthetic strategy (Scheme 2). In addition, the syntheses of
control compounds 3 and 4, each with one Zn2C–DPA unit
are depicted in Schemes 3 and 4.
Scheme 2. (a){N-Boc-{2-[2-(2-bromoethoxy)-ethoxy]-ethyl}monoamine,
K2CO3, acetonitrile, reflux (89%); (b) CBr4, Ph3P, CH2Cl2 (70%); (c) 2,2 0-
dipicolylamine, K2CO3, DMF (87%); (d) TFA, CH2Cl2 (85%); (e) NBD-Cl,
K2CO3, THF (70%); (f) zinc nitrate, MeOH/H2O (100%).

Scheme 1. (a) EtOH, concd H2SO4, reflux, (96%); (b) LiAlH4, THF, 0 8C to
rt, (96%); (c) N-(4-bromobutyl)phthalimide, K2CO3, acetonitrile, reflux,
(90%); (d) CBr4, Ph3P, CH2Cl2, (89%); (e) 2,2 0-dipicolylamine, K2CO3,
DMF, (91%); (f) hydrazine hydrate, CH2Cl2/EtOH, reflux, (90%); (g)
NBD-Cl, K2CO3, THF (70%); (h) zinc nitrate, MeOH/H2O, (100%).
2.2. Evaluation of vesicle sensing properties

The ideal candidate for apoptosis detection via externalized
PS should have a strong affinity for anionic PS embedded in
a membrane that is primarily composed of zwitterionic
phospholipids. The sensor binding, however, must not
disrupt the membrane structure. The effect of 1 on
membrane integrity was measured in two ways. The first
was vesicle leakage, where 1 was found to be incapable of
inducing bilayer permeabilization. Specifically, addition of
1 at concentrations up to 10 mM to vesicles composed of
either 100% POPC or 1:1 POPC:POPS failed to induce
carboxyfluorescein leakage. Furthermore, 1 and 2 do not
penetrate into vesicles. This was proved by adding sensors 1
or 2 at concentrations up to 2.0 mol% to a dispersion of
vesicles (25 mM total phospholipid) consisting either of
100% POPC or 1:1 POPC:POPS. Subsequent addition of the
membrane-impermeable reducing agent sodium dithionite
at 2 h after sensor addition resulted in greater than 95%
quenching of fluorescence. The near total quenching of
NBD fluorescence by sodium dithionite indicates that 1 and
2 do not cross the vesicle membrane and become protected
from chemical reduction. The ability of 1 and 2 to bind to
PS-enriched membranes (see below) and not disrupt the
membrane structure establishes the utility of the meta-aryl
bis (Zn2C–DPA) unit as a PS affinity group in modular
designs of PS-sensors.



Scheme 3. (a) N-(4-Bromobutyl)phthalimide, K2CO3, acetonitrile, reflux
(67%); (b) CBr4, Ph3P, CH2Cl2 (85%); (c) 2,2 0-dipicolylamine, K2CO3,
DMF (93%); (d) hydrazine hydrate, EtOH/CH2Cl2, reflux (90%); (e) NBD-
Cl, K2CO3, THF (72%); (f) zinc nitrate, MeOH/H2O (100%). Scheme 4. (a){N-Boc-{2-[2-(2-bromoethoxy)-ethoxy]-ethyl}monoamine,

K2CO3, acetonitrile, reflux (89%); (b) CBr4, Ph3P, CH2Cl2 (65%); (c) 2,2 0-
dipicolylamine, K2CO3, DMF (87%); (d) TFA, CH2Cl2 (85%); (e) NBD-Cl,
K2CO3, THF (76%); (f) zinc nitrate, MeOH/H2O (100%).
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The NBD fluorophore is known to exhibit an enhancement
in fluorescence intensity upon transfer from a polar
environment to an apolar environment.24,25 Thus, the
fluorescence emission from sensors 1 and 2 was expected
to increase upon binding to the surface of a bilayer
membrane. Indeed, titration of both sensors with anionic
vesicles produced moderate to large fluorescence enhance-
ments. While such an enhancement is not a necessary
feature for employment in apoptosis detection, the observed
NBD fluorescence enhancement upon membrane binding
provides insight into the interactions between the sensor and
the membrane surface. The titration experiments involved
addition of unilamellar vesicles composed of 1:1 POPC:-
POPS, 1:1 POPC:POPA, 1:1 POPC:POPG, or 100% POPC
to a 1 mM solution of 1 or 2. The resulting isotherms (Fig. 5)
were fitted to a 1:1 binding model, which allowed
calculation of apparent phospholipid binding constants.†

With sensors 1 and 2, the order of binding affinities to
vesicles was 1:1 POPC:POPSO1:1 POPC:POPGw1:1
POPC:POPA[100% POPC (Table 1). The sensors were
not expected to bind the zwitterionic POPC head group, and
this titration was performed as a control to determine
specificity of the sensors for anionic PS. Although 1 binds to
† At this point it is not known if the sensors induce lateral phospholipid

aggregation; however, control experiments showed that the meta-aryl bis

(Zn2C–DPA) unit does not promote phospholipid transmembrane flip

flop. The binding constants in Tables 1 and 2 are considered apparent

because they do not consider Zn2C dissociation from the DPA units in 1

and 2 in the absence of vesicles.
anionic vesicles with slightly higher binding constants than
2, the more important sensing property is the difference in
emission intensity for anionic vesicles versus 100% POPC.
In this case, the response with sensor 2 is much more
selective. For example, when the total phospholipid
concentration is 60 mM, the emission of butyl-linked sensor
1 with 1:1 POPC:POPS vesicles is about two times that
observed with 100% POPC vesicles, whereas, the intensity
ratio with the TEO-linked sensor 2 is about five.

Sensors 1 and 2 only respond to membrane-bound
phospholipids, as evidenced by the lack of response to the
short acyl chain phospholipids, dihexanoylphosphatidyl-
choline (DHPC) and dihexanoylphosphatidylserine
(DHPS), which exist as monomeric dispersions in aqueous
media. For example, addition of DHPC (100 mM) or a 1:1
mixture of DHPC:DHPS to a 1 mM solution of 2 results in
no detectable increase in NBD fluorescence intensity (data
not shown).

The effect of only one Zn2C–DPA unit in the sensor
structure was evaluated using control compounds 3 and 4.
Vesicles composed of 100% POPC or 1:1 POPC:POPS were
added to a 1 mM solution of 3 or 4. As in the case above, the
emission of butyl-linked sensor 3 with 1:1 POPC:POPS
vesicles (60 mM phospholipid) is about two times that
observed with 100% POPC vesicles, whereas the intensity



Figure 5. Fluorescence intensity upon addition of vesicles to a 1 mM
solution of 1 or 2 in 5 mM TES buffer, 145 mM NaCl, pH 7.4 at 25 8C. (A)
Addition of 1:1 POPC:POPS (B), 1:1 POPC:POPG (,),1:1 POPC:POPA
(!), or 100% POPC (%) to 1. (B) Addition of 1:1 POPC:POPS (B), 1:1
POPC:POPG (,),1:1 POPC:POPA (!), or 100% POPC (%) to 2.

Figure 6. Fluorescence intensity of a 1 mM solution of either 3 or 4 upon
addition of phospholipid vesicles consisting of 100% POPC (% for 3, ,
for 4), or 1:1 POPC-POPS (B for 3, ! for 4) in 5 mM TES buffer, 145 mM
NaCl, pH 7.4 at 25 8C. For comparison, the fluorescence intensity for 2
upon addition of vesicles composed of 1:1 POPC:POPS is represented by
(C). Fluorescence intensity of 2 upon addition of vesicles composed of 1:1
POPC:POPS in the presence of 1 mM Zn(NO3)2 is denoted by (6). All
experiments were reproduced at least three times.
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ratio with TEO-linked sensor 4 is about five. Thus, it is clear
that the hydrophilic TEO-linker is more useful for detecting
PS-containing membranes over PC-only membranes. The
emission of sensor 2 with two Zn2C–DPA units is
significantly higher than that obtained with 4, indicating
that the second Zn2C–DPA unit increases the polar
interactions that produce a stronger response to PS-
containing membranes.

The Hamachi group has measured association constants for
the two Zn2C in PSS-380 and found K1w7!106 MK1 and
K2w7!104 MK1.26 It is reasonable to think that sensors
1–4 have similar Zn2C association constants which means
that at 1 mM, the sensor concentration used in this study, a
Table 1. Sensor/phospholipid binding constants (Ka)

Sensor

100% POPC 1:1 POPC:P

1 !1 23.3G1
2 !1 5.3G2.
3 !1b 11.5G5
4 !1b 7.7G3.

a Values are average of at least three independent measurements.
b Values are average of two independent measurements.
significant fraction of 1 and 2 may exist as the correspond-
ing mononuclear Zn2C complexes. To test if Zn2C

dissociation induces a measurable effect on sensor perform-
ance, the titration of sensor 2 with 1:1 POPC:POPS vesicles
was repeated in the presence of 1 mM Zn(NO3)2. The
resulting titration isotherm (Fig. 6) shows a 20% increase in
fluorescence enhancement, but no measurable change in
binding constant. This is consistent with an equilibrium
picture that converts a less responsive mononuclear Zn2C

form of sensor 2 into a more responsive binuclear Zn2C

form.

The PS sensitivity of sensor 2 was evaluated by conducting
additional titration experiments with POPC vesicles
enriched with various amounts of POPS. Specifically, a
solution of 2 (1 mM) was titrated with vesicles composed of
POPC and 0–50% POPS (Fig. 7). The emission response of
2 increases with increasing fraction of PS, until about 20%
PS, after which there is a plateau. This trend is also reflected
by the apparent binding constants listed in Table 2. The data
in Figure 7 shows that sensor 2 can readily detect the
presence of bilayer membranes containing 5% PS. It is
worth noting that this is approximately the fraction of PS
that is externalized during the early-to-intermediate stages
of cell apoptosis.27

In conclusion, we have shown that coordination complexes
with Zn2C–DPA units do not respond to anionic
Ka!104 (MK1)a

OPS 1:1 POPC:POPG 1:1 POPC:POPA

.7 14.2G3.8 11G6.0
0 2.0G0.5 2.0G0.3
.5 — —
3 — —



Figure 7. Fluorescence intensity of 2 (1 mM) upon addition of POPC
vesicles enriched with 0% (%), 5% (B), 10% (,), 20% (!), or 50% (C)
POPS in 5 mM TES buffer, 145 mM NaCl, pH 7.4 at 25 8C.

Table 2. Sensor 2/phospholipid binding constants (Ka) for vesicles with varying PS content

95:5 POPC:POPS 90:10 POPC:POPS 80:20 POPC:POPS 50:50 POPC:POPS

Ka!104 (MK1)a 1.0G0.3 2.2G0.5 5.7G0.5 5.3G2.0

a Values are averages of at least three independent measurements.

Figure 8. Sensing of PS-containing membranes. PS is represented with
filled head group, PC is unfilled head group.
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phospholipids (such as PS) when they are monodispersed in
aqueous solution, but there is a significant fluorescence
enhancement when the anionic phospholipids are part of a
vesicle membrane (Fig. 8). The magnitude of the enhance-
ment depends on the structure of the linker between the
Zn2C–DPA affinity units and the NBD fluorophore. The
more hydrophilic TEO linker produces a sensor with
significantly enhanced emission response to anionic PS-
enriched membranes compared to zwitterionic PC-only
membranes. The results reported here show that the NBD
fluorophore can be used as a probe for rapid testing of new
sensor designs, and for investigating fundamental questions
in molecular recognition at the membrane surface. Future
studies will determine if analogous sensors with more
practically useful fluorophores can detect PS externalization
and cell apoptosis.
3. Experimental
3.1. Synthesis
3.1.1. Synthesis of compound 6. 3,5-Bis-hydroxymethyl
phenol (1.06 g, 6.88 mmol), N-(4-bromobutyl)phthalimide
(2.13 g, 7.57 mmol) and K2CO3 (4.75 g, 34.4 mmol) were
mixed in acetonitrile and refluxed for 24 h. The reaction
mixture was cooled to room temperature and the solvent
removed. The residue was redissolved in CH2Cl2 and the
insoluble residue filtered off. The filtrate was washed with
water, dried over MgSO4 and the solvent removed under
vacuum. The pure product was obtained as a semi-solid after
purification on a silica column using EtOAc. Yield 90%; 1H
NMR (300 MHz, CDCl3): d 1.82–1.88 (br, 4H), 3.73–3.78
(m, 2H), 3.99–4.03 (m, 2H), 4.63 (s, 4H), 6.81 (s, 2H), 6.90
(s, 1H), 7.70–7.73 (m, 2H), 7.83–7.85 (m, 2H); 13C NMR
(75 MHz, CDCl3): d 25.3, 26.6, 37.7, 64.7, 67.3, 112.0,
117.5, 123.2, 132.1, 133.9, 143.0, 159.2, 168.5.
3.1.2. Synthesis of compound 7. To a solution of
compound 6 (3.05 g, 8.62 mmol) and CBr4 (6.3 g,
18.96 mmol) in dry CH2Cl2 at 0 8C, was slowly added
Ph3P (4.85 g, 18.52 mmol) in dry CH2Cl2. The reaction
mixture was stirred at room temperature overnight. The
reaction mixture was concentrated under vacuum and the
pure product obtained as a white solid after silica gel
chromatography (EtOAc/hexanes (1:1). Yield 89%; 1H
NMR (300 MHz, CDCl3): d 1.86–1.89 (m, 4H), 3.78 (m,
2H), 4.00 (m, 2H), 4.42 (s, 4H), 6.83 (m, 2H), 6.98 (br, 1H),
7.71–7.74 (m, 2H), 7.84–7.87 (m, 2H); 13C NMR (75 MHz,
CDCl3): d 25.4, 26.6, 33.0, 37.7, 67.4, 115.3, 121.9, 123.3,
132.2, 134.1, 139.7, 159.4, 168.5.

3.1.3. Synthesis of compound 8. Compound 7 (1 g,
2.08 mmol), and K2CO3 (1.44 g, 10.4 mmol) were mixed in
dry DMF. 2,20-Dipicolylamine (1.04 g, 5.21 mmol) was
added and the reaction mixture stirred overnight. The DMF
was removed and the residue dissolved in CHCl3. The
insoluble residue was filtered off. The filtrate was washed with
water, brine and dried over MgSO4. Solvent was removed and
the residue chromatographed on a neutral alumina column
using CHCl3 as eluent to afford the pure product. Yield 91%;
1H NMR (300 MHz, CDCl3): d 1.85 (br, 4H), 3.62 (s, 4H),
3.74–3.79 (m, 10H), 3.97 (m 2H), 6.84 (s, 2H), 7.04 (s, 1H),
7.08–7.13 (m, 4H), 7.57–7.64 (m, 8H), 7.67–7.70 (m, 2H),
7.81–7.84 (m, 2H), 8.48–8.50 (m, 4H); 13C NMR (75 MHz,
CDCl3): d 25.6, 26.9, 37.8, 58.7, 60.2, 67.2, 113.6, 121.6,
122.1, 122.9, 123.3, 132.2, 134.1, 136.6, 140.8, 149.1, 159.2,
159.9, 168.6; FAB MS m/z 718 [MCHC].

3.1.4. Synthesis of compound 9.
3.1.4.1. Generation of free amine from compound 8.

Compound 8 (0.550 g, 0.77 mmol) was dissolved in a
mixture of CH2Cl2 and EtOH (25:75). Hydrazine hydrate
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(0.074 g, 2.31 mmol) was added and refluxed for 1 h. The
solvent was removed and the residue dissolved in CH2Cl2.
The insoluble residue was removed by filtration. The filtrate
was collected, solvent removed under high vacuum to afford
the free amine as a semi-solid. The free amine was directly
used in Section 3.1.4.2 without further purification. Yield
(90%); 1H NMR (300 MHz, DMSO-d6): d 1.60–1.70 (m,
2H), 1.76–1.84 (m, 2H), 2.78–2.83 (m, 2H), 3.28 (br, 2H),
3.63 (s, 4H), 3.79 (s, 8H), 3.93–3.97 (m, 2H), 6.23 (s, 2H),
7.05 (s, 1H), 7.10–7.14 (m, 4H), 7.56–7.64 (m, 8H),
8.48–8.50 (m, 4H).

3.1.4.2. Preparation of compound 9. Amine (0.75 g,
1.28 mmol) and K2CO3 (0.88 g, 6.4 mmol) was stirred in
dry THF under Ar atmosphere. NBD-Cl (0.28 g,
1.41 mmol) dissolved in dry THF was slowly added and
the reaction mixture stirred in dark for 36 h. The reaction
mixture was filtered to remove the K2CO3 and concentrated
under vacuum. The dark green semi-solid obtained was
dissolved in CH2Cl2, washed with water, brine and dried
over MgSO4. The crude product was purified on an alumina
column using CHCl3 as eluent. Yield 70%; 1H NMR
(300 MHz, CD3OD): d 1.86 (br, 4H), 3.52 (s, 6H), 3.66
(s, 8H), 3.98 (m, 2H), 6.20 (d, JZ9 Hz, 1H), 6.73 (s, 2H),
6.92 (s, 1H), 7.13–7.18 (m, 4H), 7.54–7.68 (m, 8H),
8.30–8.33 (m, 5H); 13C NMR (75 MHz, CDCl3): d 25.6,
26.7, 43.9, 58.6, 60.1, 67.3, 98.7, 113.7, 113.9, 122.2, 122.3,
123.0, 136.6, 140.7, 140.9, 144.2, 144.5, 149.2, 158.8,
159.9, 168.3; FAB MS m/z 751 [MCHC].

3.1.5. Synthesis of compound 1. A methanolic solution of
compound 9 (0.187 g, 0.25 mmol) and an aqueous solution
of zinc nitrate (0.1521 g, 0.512 mmol) were mixed and
stirred for 0.5 h. The solvent was removed and the residue
lyophilized to afford the complex 1 in quantitative yield.

3.1.6. Synthesis of compound 10. 3,5-Bis-hydroxymethyl
phenol (1.35 g, 8.74 mmol), N-Boc-{2-[2-(2-bromoethoxy)-
ethoxy]-ethyl}monoamine (3.0 g, 9.61 mmol) and K2CO3

(6.63 g, 48.05 mmol) were mixed in acetonitrile and
refluxed for 24 h. The reaction mixture was then cooled to
room temperature and the solvent removed. The residue was
dissolved in CH2Cl2 and the insoluble residue filtered off.
The filtrate was washed with water and dried over MgSO4.
The pure product was obtained as a semi-solid after
purification on a silica column using EtOAc. Yield 89%;
1H NMR (300 MHz, CDCl3): d 1.44 (s, 9H), 3.05–3.30 (br,
2H), 3.30 (br, 2H), 3.45–3.50 (m, 2H), 3.55–3.70 (m, 4H),
3.78 (m, 2H), 4.05 (m, 2H), 4.53 (s, 4H), 5.20 (br, 1H), 6.73
(s, 2H), 6.83 (s, 1H); 13C NMR (75 MHz, CDCl3): d 28.6,
40.8, 60.6, 65.1, 67.6, 70.0, 70.5, 71.0, 79.6, 112.3, 117.9,
143.1, 156.3, 159.4.

3.1.7. Synthesis of compound 11. Synthesized according to
procedure given in Section 3.1.2. Yield 70%; 1H NMR
(300 MHz, CDCl3): d 1.44 (s, 9H), 3.34 (m, 2H), 3.56 (m,
2H), 3.64–3.67 (m, 2H), 3.71–3.74 (m, 2H), 3.85–3.88 (m,
2H), 4.15–4.18 (m, 2H), 4.43 (s, 4H), 5.00 (br, 1H), 6.90 (s,
2H), 7.01 (s, 1H); 13C NMR (75 MHz, CDCl3): d 28.6, 33.0,
40.0, 67.6, 69.7, 70.5, 71.0, 115.6, 122.6, 140.0, 159.0.

3.1.8. Synthesis of compound 12. Synthesized according to
procedure given in Section 3.1.3. Yield 87%; 1H NMR
(300 MHz, CDCl3): d 1.42 (s, 9H), 3.32 (m, 2H), 3.54 (m, 2H),
3.63–3.66 (m, 6H), 3.70–3.73 (m, 2H), 3.80 (s, 8H), 3.86
(m, 2H), 4.14 (m, 2H), 5.05 (br, 1H), 6.89 (s, 2H), 7.07 (s, 1H),
7.10–7.15 (m, 4H), 7.56–7.65 (m, 8H), 8.49–8.52 (m, 4H);
13C NMR (75 MHz, CDCl3): d 28.6, 40.6, 58.8, 60.3, 67.4,
70.0, 70.5, 70.9, 113.8, 121.9, 122.2, 122.9, 136.6, 140.8,
149.2, 159.1, 160.0; FAB MS m/z 748 [MCHC].

3.1.9. Synthesis of compound 13.
3.1.9.1. Generation of free amine from 12. Compound

12 (1.073 g, 1.43 mmol) was dissolved in 6.9 mL of 50%
TFA in dry CH2Cl2 at 0 8C under N2 atmosphere. The
reaction mixture was stirred at room temperature for 2 h.
After removing TFA, the residue was taken in CH2Cl2 and
neutralized with satd Na2CO3. The aqueous layer was
extracted with CH2Cl2 (3!20 mL) and the combined
organic layer dried over MgSO4. The solvent was removed
under vacuum to yield the free amine (85%), which was
directly used for the next step.

3.1.9.2. Synthesis of compound 13. Synthesized accord-
ing to procedure given in Section 3.1.4.2. Yield 70%; 1H
NMR (300 MHz, CDCl3): d 3.64 (br, 6H), 3.74–3.78 (m,
12H), 3.85–3.92 (m, 4H), 4.16–4.19 (m, 2H), 6.11 (d, JZ
8.7 Hz, 1H), 6.85 (s, 2H), 7.07 (s, 1H), 7.11–7.20 (m, 5H),
7.55–7.64 (m, 8H), 8.39 (d, JZ8.7 Hz, 1H), 8.49–8.51 (m,
4H); 13C NMR (75 MHz, CDCl3): d 43.9, 58.7, 60.2, 67.5,
68.5, 70.1, 70.8, 71.1, 98.9, 113.8, 122.0, 122.2, 122.9,
128.7, 130.7, 136.5, 136.6, 140.7, 144.1, 144.4, 149.2,
158.9, 159.8; FAB MS m/z 811 [MCHC].

3.1.10. Preparation of compound 2. Synthesized accord-
ing the procedure given in Section 3.1.5.

3.1.11. Synthesis of compound 14. 3-Hydroxy benzyl-
alcohol (1 mmol), N-(4-bromobutyl)phthalimide
(1.01 mmol) and K2CO3 (5 mmol) were mixed in aceto-
nitrile and refluxed for 12 h. The work up and purification
were done according to procedure given in Section 3.1.1.
Yield 67%; 1H NMR (300 MHz, CDCl3): d 1.96–2.05 (m,
4H), 2.39 (br, 1H), 3.91 (m, 2H), 4.15 (t, JZ5.7 Hz, 2H),
4.80 (s, 2H), 6.93–6.96 (m, 1H), 7.05–7.07 (m, 2H), 7.36–
7.41 (m, 1H), 7.85–7.89 (m, 2H), 7.96–8.01 (m, 2H); 13C
NMR (75 MHz, CDCl3): d 25.4, 26.7, 37.7, 65.2, 67.2,
113.0, 113.8, 119.2, 123.3, 129.6, 132.1, 134.1, 142.8,
159.2, 168.6.

3.1.12. Synthesis of compound 15. Compound 14
(1 mmol), CBr4 (1.1 mmol) were dissolved in dry CH2Cl2
and Ph3P (1.05 mmol) dissolved in dry CH2Cl2 slowly
added over a period of 15 min. The reaction mixture was
stirred at room temperature for 12 h. The solvent was
removed and the residue chromatographed on a silica
column using gradient elution with EtOAc/Hex (1:1). Yield
85%; 1H NMR (300 MHz, CDCl3): d 1.83–1.92 (m, 4H),
3.78 (m, 2H), 4.00 (m, 2H), 4.45 (s, 2H), 6.79–6.83 (m, 1H),
6.90 (m, 1H), 6.94–6.96 (m, 1H), 7.20–7.25 (m, 1H),
7.70–7.75 (m, 2H), 7.84–7.87 (m, 2H); 13C NMR (75 MHz,
CDCl3): d 25.6, 26.8, 33.8, 37.9, 67.4, 114.9, 115.3, 121.5,
123.5, 130.0, 132.4, 134.2, 139.5, 159.4, 168.7.

3.1.13. Synthesis of compound 16. Compound15 (1 mmol),
K2CO3 (5 mmol) and 2,20-dipicolylamine (1.2 mmol) were
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mixed in dry DMF under N2 atmosphere and the reaction
mixture stirred for 5 h. The work up and purification were
carried out according procedure given in Section 3.1.3. Yield
93%; 1H NMR (300 MHz, CDCl3): d 1.86–1.91 (m, 4H), 3.67
(s, 2H), 3.75–3.79 (m, 2H), 3.83 (s, 4H), 3.97–4.01 (m, 2H),
6.74–6.77 (m, 1H), 6.97–7.00 (m, 2H), 7.12–7.23 (m, 3H),
7.59–7.74 (m, 6H), 7.83–7.87 (m, 2H), 8.51–8.53 (m, 2H);
13C NMR (75 MHz, CDCl3): d 25.6, 26.9, 37.9, 58.6, 60.0,
67.3, 113.3, 115.3, 121.4, 122.3, 123.2, 123.4, 129.5, 132.3,
134.2, 136.8, 149.1, 159.3, 168.7.

3.1.14. Synthesis of compound 17. Synthesized according
to procedure given in Section 3.1.4. Yield 72%; 1H NMR
(300 MHz, DMSO-d6): d 1.83 (br, 4H), 3.54 (br, 2H), 3.60
(s, 2H), 3.70 (s, 4H), 4.01 (m, 2H), 6.42 (d, JZ9 Hz, 1H),
6.68–6.81 (m, 1H), 6.95–6.97 (m, 2H), 7.19–7.26 (m, 3H),
7.56 (d, JZ7.5 Hz, 2H), 7.75–7.80 (m, 2H), 8.47–8.49 (m,
3H), 9.58 (m, 1H); 13C NMR (75 MHz, DMSO-d6): d 24.4,
26.1, 43.0, 57.3, 59.0, 66.9, 99.1, 113.0, 114.7, 120.7, 122.2,
122.5, 129.3, 136.6, 137.9, 140.1, 144.2, 144.4, 145.2, 148.8
158.6, 158.9; FAB MS m/z 540 [MCHC].

3.1.15. Preparation of Zn complex 3. A methanolic
solution of compound 17 (1 mmol) and an aqueous solution
of zinc nitrate (1.025 mmol) were mixed and stirred for
0.5 h. The solvent was removed and the residue lyophilized
to afford the complex 3 in quantitative yield.

3.1.16. Synthesis of compound 18. 3-Hydroxy benzyl-
alcohol (1 mmol), N-Boc-{2-[2-(2-bromoethoxy)-ethoxy]-
ethyl}monoamine (1.01 mmol) and K2CO3 (5 mmol) were
mixed in acetonitrile and refluxed for 12 h. The work up and
purification were done according to procedure given in
Section 3.1.6. Yield 89%; 1H NMR (300 MHz, CDCl3): d
1.46 (s, 9H), 2.01 (br, 1H) 3.32 (m, 2H), 3.56 3.58 (m, 2H),
3.61–3.76 (m, 4H), 3.87–3.90 (m, 2H), 4.12–4.20 (m, 2H),
4.65–4.69 (m, 2H), 5.09 (br, 1H), 6.85–6.88 (m, 1H), 6.95
(m, 2H), 7.26–7.31 (m, 1H); 13C NMR (75 MHz, CDCl3): d
28.6, 40.8, 65.4, 67.6, 70.0, 70.5, 71.0, 79.6, 113.3, 114.1,
119.6, 129.8, 143.0, 156.3, 159.3.

3.1.17. Synthesis of compound 19. Synthesized according
to procedure given in Section 3.1.12. Yield 65%; 1H NMR
(300 MHz, CDCl3): d 1.43 (s, 9H), 3.20 (br, 2H), 3.55 (m,
2H), 3.63–3.66 (m, 2H), 3.70–3.74 (m, 2H), 3.85–3.88 (m,
2H), 4.13–4.17 (m, 2H), 4.46 (s, 2H), 5.01 (br, 1H), 6.84–
6.88 (m, 1H), 6.95–7.00 (m, 2H), 7.23–7.27 (m, 1H); 13C
NMR (75 MHz, CDCl3): d 28.7, 33.7, 40.7, 67.7, 70.0, 70.6,
71.0, 115.1, 115.5, 121.8, 130.1, 139.4, 156.2, 159.2.

3.1.18. Synthesis of compound 20. Synthesized according
to procedure given in Section 3.1.13. Yield 87%; 1H NMR
(300 MHz, DMSO-d6): d 1.35 (s, 9H), 3.03–3.09 (m, 2H),
3.32–3.40 (m, 2H), 3.50–3.53 (m, 2H), 3.56–3.60 (m, 4H),
3.71–3.75 (m, 6H), 4.05–4.08 (m, 2H), 6.75–6.83 (m, 2H),
6.97–7.00 (m, 2H), 7.21–7.28 (m, 3H), 7.57–7.60 (m, 2H),
7.76–7.82 (m, 2H), 8.48–8.50 (m, 2H); 13C NMR (75 MHz,
DMSO-d6): d 28.2, 39.7, 57.3, 59.1, 66.9, 68.9, 69.2, 69.5,
69.9, 112.9, 114.6, 120.8, 122.2, 122.4, 129.3, 136.6, 140.4,
148.8, 155.6, 158.5, 159.1.

3.1.19. Synthesis of compound 21. Synthesized according
to procedure given in Section 3.1.9. Yield 76%; 1H NMR
(300 MHz, DMSO-d6): d 3.59–3.72 (m, 16H), 4.01–4.04
(m, 2H), 6.44 (d, JZ9 Hz, 1H), 6.75–6.78 (m, 1H), 6.94–
6.97 (m, 2H), 7.18–7.26 (m, 3H), 7.56 (d, JZ7.8 Hz, 2H),
7.75–7.80 (m, 2H), 8.45–8.49 (m, 3H), 9.44 (br, 1H); 13C
NMR (75 MHz, DMSO-d6): d 43.4, 57.3, 59.0, 66.9, 68.0,
69.0, 69.9, 99.5, 112.8, 114.6, 120.8, 122.2, 122.4, 129.3,
136.6, 137.8, 140.3, 144.4, 145.3, 148.8, 158.4, 159.1; FAB
MS m/z 600 [MCHC].

3.1.20. Synthesis of compound 4. Synthesized according to
procedure given in Section 3.1.15.

3.2. Vesicle preparations

All lipids were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL) and stored as 10 mg/mL stock solutions in
CHCl3 at K20 8C. Lipids were added in the appropriate
ratios to a 10 mL round bottom flask and solvent removed
by rotary evaporation. Residual solvent was removed under
oil pump vacuum for R1 h. Dried lipid was then rehydrated
in TES buffer (5 mM TES, 145 mM NaCl, pH 7.4). A glass
pyrex ring was added to the flasks to ensure complete
removal of lipid from the flask walls, and then flasks were
vortexed vigorously. The resulting lipid dispersion was then
extruded approximately 30 times through a 19 mm diameter
polycarbonate membrane with 200 nm pore diameter. All
vesicles were prepared at room temperature and used the
same day.

3.3. Fluorescence spectroscopy

All fluorescence spectroscopy was performed on a Perkin
Elmer LS50B fluorimeter with FT WinLab software using
standard 1!1!5 cm3 cuvettes. NBD fluorescence was
measured using excitation and emission wavelengths of 470
and 530 nm, respectively. A 515 nm cutoff filter was used in
all NBD acquisitions. Carboxyfluoresecin fluorescence was
measured with monochromater excitation and emission
wavelengths of 495 and 520 nm, respectively, with an open
filter. All measurements were performed at 25 8C without
degassing of samples.

3.4. Carboxyfluorescein leakage

Vesicles of the appropriate composition were prepared as
described, with the following exceptions. Lipids were
rehydrated after drying with TES buffer (5 mM TES,
100 mM NaCl, pH 7.4) containing 50 mM (5–6)carboxy-
fluorescein. Following extrusion, vesicles were separated
from excess carboxyfluorescein using a Sephadex G-45
column. The fluorescence intensity of a 3 mL sample of
50 mM vesicles was monitored for 400 s. At time 100 s, an
appropriate volume of a 1 mM solution of 1 in TES buffer
was added to the cuvette, followed by Triton X-100
detergent (0.5%) at time 300 s. Zero and 100% leakage
was determined from the initial fluorescence and the
fluorescence after addition of detergent, respectively.

3.5. Vesicle titrations

Stock solutions of compounds 1, 2, 3 or 4 were diluted in
TES buffer to a final concentration of 1 mM in a 5 mL
cuvette. With stirring, aliquots of 10 mM phospholipid
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vesicles of the appropriate composition were sequentially
added to the solution to give the desired phospholipid
concentration over the range 0–100 mM. After each
addition, the fluorescence intensity was measured after a
twenty-second incubation. Curves of fluorescence intensity
(l530) versus available phospholipid concentration (taken as
60% of the total phospholipid concentration) were gener-
ated and fitted to a 1:1 binding model.28 An iterative curve-
fitting method yielded the apparent binding constants listed
in Tables 1 and 2, all of which represent the average of at
least three independent measurements.

3.6. Sensor permeation

To a 45 mL solution of 25 mM phospholipid vesicles
composed either of 100% POPC or 1:1 POPC-POPS,
compound 1 or 2 was added to a final concentration of either
0.5 or 2.0 mol%. A 3.0 mL aliquot of the resulting solution
was removed at predetermined intervals over a two-hour
period and placed in a 5 mL cuvette. Fluorescence intensity
of each aliquot was monitored over a 200 s interval. At 50 s,
sodium dithionite was added to the cuvette to a final
concentration of 55 mM. At 150 s, 0.2% octaethylene glycol
monododecyl ether was added to disrupt vesicle membranes
and expose any internalized NBD-labeled compounds to the
aqueous environment.
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