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Introduction

Inspired by nature’s fundamental biological processes
involving enzyme—substrate or receptor—guest interac-
tions, which are regulated via light, ions, or small molecule
concentrations, and with the aim of advancing chemical
sensor technology, considerable recent attention has
focused on a new generation of abiotic host molecules
that contain signaling or responsive functional groups as
an integral part of a host macrocyclic framework.! The
incorporation of a redox and/or optical signaling moiety
in close proximity to a host binding site enables the host
to be used as a prototype sensor for a target guest species
as binding will perturb its electrochemical and/or pho-
tophysical properties (Figure 1). Although we!? and
others® have incorporated transition-metal and organic
redox-active centers into a variety of crown ether, and
cryptand, structural frameworks and shown some of these
compounds to selectively electrochemically recognize
cationic guest species, the development of responsive
ligand systems for anionic* guest species is only now being
realized.® This is surprising in view of the numerous
indispensable roles anions play in biological and chemical
processes® and the importance of detecting/extracting
anionic pollutants’ such as phosphate and nitrate, excess
amounts of which lead to eutrophication and consequent
disruption of aquatic life cycles. Radioactive pertechne-
tate® anions also cause a pollution problem in the nuclear
fuel cycle.

Since the birth of the field of anion coordination
chemistry in the late 1960s,° the main strategies in the
design of synthetic anion complexing reagents have
focused on cationic polyammonium,® polyguanidinium,*
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FIGURE 1. Depiction of the concept of electrochemical/optical
recognition. The binding of guest species in close proximity to a
redox and/or optical signaling moiety leads to an electrochemical
and/or spectral response.

FIGURE 2. Bis-cobaltocenium macrocyclic receptor 1.

guaternary ammonium,? expanded porphyrin®® host sys-
tems, and a variety of Lewis acidic containing receptors
such as tin, silicon, boron, mercury,’ and uranyl.*®
Neutral organic receptors which bind anions solely via
favorable hydrogen bonding interactions have also been
recently exploited.’®> We have initiated a research program
aimed at the design and construction of innovative
spectral and electrochemical sensory reagents for anions
based on novel transition-metal organometallic and co-
ordination receptor systems. Incorporating these inor-
ganic signaling probes into various acyclic, macrocyclic,
and calixarene ligand frameworks leads to new receptor
systems capable of responding to anion recognition. This
Account reviews our current progress in this field and
highlights the major factors which dictate the anion
selectivity trend and sensing proficiency a particular
receptor exhibits.

Charged and Neutral Organometallic
Metallocene Receptor Systems

Cobaltocenium-Based Receptors. The first redox-respon-
sive class of anion receptor based on the redox-active
positively charged cobaltocenium moiety was reported by
us in 1989.1® The ester functionalized bis-cobaltocenium
macrocyclic receptor 1 (Figure 2) bound and electro-
chemically sensed the bromide guest anion solely on
favorable electrostatic interactions. Appending secondary
amide functionalized “arms” to the cobaltocenium moiety
introduced neutral hydrogen bond donor groups capable
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FIGURE 3. Acyclic, mono-, bis-, and tripodal amide-linked cobaltocenium receptors.

of coordinating anions. This synthetic strategy was used
to prepare a variety of acyclic mono-, bis-, and tripodal
amide-linked cobaltocenium receptors'’ (Figure 3). On
titration with tetrabutylammonium anion salts, proton
NMR spectroscopy revealed large downfield shifts of
receptor protons in polar aprotic solvents such as aceto-
nitrile and dimethyl sulfoxide. Particularly perturbed was
the amide proton, indicative of strong host amide -CO-
NH- - anion guest hydrogen bond formation. In the case
of hosts where the amide was tertiary however, no anion
binding was observed, thus highlighting the essential
nature of the amide proton in the anion-binding process.
This class of receptor therefore binds anions through a
combination of hydrogen bonding with amide protons
and electrostatic interaction with the positively charged
cobaltocenium center. This is again featured in the crystal
structure of receptor 2 with bound bromide anion, show-
ing Br~ hydrogen bonding to the amide proton and also
to Cp, and aryl protons®® (Figure 4). Cyclic voltammetric
experiments demonstrated that these cobaltocenium re-
ceptors had the capability of electrochemically recognizing
anions; the redox potential of the reversibly reducible

72 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 31, NO. 2, 1998

Br{1")

HO3) cp1zy  cprz)

Br(1)

FIGURE 4. Structure of the bromide complex of 2.

cobaltocenium moiety was significantly cathodically per-
turbed (Figure 5). The complexed anion effectively sta-
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FIGURE 5. Cyclic voltammograms in acetonitrile of 2 in the absence
(@) and presence (b) of excess chloride ion.
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FIGURE 6. Ditopic bis-cobaltocenium receptors.
bilizes the positive charge, making the cobaltocenium unit
more difficult to reduce. Large magnitudes of cathodic
perturbations of up to AE = 240 mV were observed with
the H,PO,~ anion guest, which complemented the stability
constant data in which the highest K values were obtained
with this anion.!8
In an attempt to further selectivity and enhance
complex stability with this class of anion receptor, a series
of ditopic bis-cobaltocenium systems with alkyl linkages
were prepared and shown, from *H NMR titration studies,
to form 1:1 complexes with halide anions® (Figure 6).

PFg Co* j

PFg Co*

FIGURE 7. Macrocyclic amide-linked receptor 3 and acyclic
receptor 4.

FIGURE 8. Bis-cobaltocenium calix[4]arene receptors 5 and 6.

Stability constant evaluations indicated that, as the length
of the alkyl chain increased, the general stability of the
complex decreased, as did the degree of selectivity for
chloride over bromide and iodide. The former observa-
tion provides experimental evidence for the existence of
an anionic chelate effect. All the bis-cobaltocenium
systems displayed electrochemical anion recognition with
H,PO,~, once again producing the largest magnitude of
cathodic perturbation (AE = 250 mV).

A macrocyclic receptor 3 has also recently been pre-
pared® (Figure 7), and in comparison with its acyclic
analogue 4, an anion macrocyclic effect was observed, the
stability constants for chloride complex formation in
DMSO being K =250 M~ 3 and K =20 M 4.

The unique topological calix[4]arene?! host structural
framework has been recently modified for the recognition
of anions.’®?? In particular, Atwood and co-workers, in a
novel approach, have capped calixarene aromatic faces
with positively charged transition-metal organometallic
arene centers to produce a range of 7-metalated calixarene
anion receptors,*2%¢ one of which can recognize halide
anions in agueous media.??d The bis-cobaltocenium calix-
[4]arene receptor’® 5 (Figure 8) was shown to form
extremely stable 1:1 anion complexes in polar DMSO
solutions as well as with the adipate anion in acetone. It
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FIGURE 10. Structure of the chloride complex of 7.

is noteworthy that this receptor displayed an uncommon
selectivity preference for chloride (K = 5035 M) over
H,PO,~ (K = 2800 M~1). Modifying the functionality on
the lower rim of this receptor, however, dramatically
altered the anion selectivity properties.® For example,
receptor 6 exhibits selectivity for H,PO,~ over Cl~, the
reverse of 5. Presumably, the bulky tosyl groups alter the
topology of the upper rim anion-binding site in favor of
phosphate complexation. This result shows the capacity
for facile-binding site manipulation in this class of recep-
tor. This is further exemplified by the upper-rim cobal-
tocenium bridged calix[4]arene receptor 7, which by virtue
of its unique topology exhibits remarkable carboxylate
anion selectivity?* (Figure 9). For example, 7 complexes
acetate with a stability constant of 41520 M1, which
compares with K = 70 M~ for chloride in DMSO solution.
This has been attributed to the cobaltocenium bridging
unit creating an ideal bidentate amide (CO-NH) hydrogen
bond donor environment of complementary topology for
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FIGURE 11. New classes of charged and neutral transition-metal
organometallic and coordinated anion receptors.
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FIGURE 12. Schematic representation of the anion-binding protocol.

FIGURE 13. Ferrocene-based anion receptors.

recognizing the bidentate carboxylate anion. The X-ray
crystal structure of the chloride complex of 7 corroborates
this postulation (Figure 10). All of these receptors have
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FIGURE 14. Polyaza ferrocene macrocycles.

been shown to electrochemically recognize the presence
of anions through cathodic shifts in their cobaltocenium
redox waves.

In an extension to the cobaltocenium anion receptor

(0]
N
H Oj
H (o]

O (PF),2H,0

protocol, experiments in our laboratory led to the syn-
theses of a series of new anion receptors which combined
positively charged and neutral organometallic and coor-
dinated transition-metal Lewis acidic units with secondary
amide-binding sites?® (Figure 11). Proton NMR anion
titration experiments provided evidence for anion binding
and established the generality of the principles of opera-
tion for this novel class of metal-based hydrogen-bonding
anion receptors (Figure 12). This protocol for develop-
ment of hydrogen-bond-based inorganic receptors has
been of considerable general utility, as the following
sections demonstrate.

Ferrocene-Based Receptors. Ferrocene units ap-
pended with secondary amides have been utilized for
anion recognition? (Figure 13). Because of their neutral-
ity, these receptors have no inherent electrostatic attrac-
tion with anions and consequently stability constants are
much lower in magnitude than for the analogous posi-
tively charged cobaltocenium systems. Electrostatic in-
teractions can, however, be switched on by oxidation of

OMe
13
R=— (CH,), OMe

(6]
(PFg),.2H,0

FIGURE 15. Acyclic, macrocyclic, and calix[4]arene ruthenium(ll) bipyridyl receptors.
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FIGURE 17. Structure of the dihydrogen phosphate complex of 14.
In the solid state, the anion hydrogen bonds to another anion
molecule.
ferrocene to ferrocenium, and as a result, these receptors
exhibit interesting electrochemical anion recognition ef-
fects and have a potential as amperometric anion sensors.
Of interest to this development of sensor technology were
the novel results of electrochemical competition experi-
ments. These results demonstrated that 8—10 were
capable of detecting H,PO,~ anions in the presence of 10-
fold excess of HSO,~ and CI~ ions. Interestingly, in
contrast, receptor 11 displays the reverse selectivity,
binding HSO,™ selectively in the presence of H,PO,~. This
novel anion selectivity is due to the presence of the basic
amine functionality, which is protonated by the acidic
hydrogen sulfate anion. This protonated receptor then
shows a high binding affinity for the dinegative sulfate
anions produced, which invoke a marked electrochemical
reductive stripping response.

We have reported a series of water-soluble polyaza
ferrocene macrocycles which are able to electrochemically
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FIGURE 18. Ruthenium(ll) bipyridyl—ferrocene receptor 15.

recognize phosphate anions (HPO,?~, ATP) in an aqueous
environment at pH 7 and below when they are partially
protonated?’ (Figure 14). Ferrocene has also recently been
combined with the guanidinium moiety to produce
receptor 12.28 This molecule has been shown to electro-
chemically recognize the biologically important pyrophos-
phate anion in 50:50 water/methanol, with significant
cathodic redox shifts of 70 mV. The ability of these
receptors to function as sensors in biologically important
media is of great importance.

Anion Complexation through Second-Sphere
Coordination

Transition-Metal Bipyridyl Based Receptors. Another
way of interpreting and hence exploiting the protocol for
the development of hydrogen-bond-based inorganic anion
receptors (Figure 12) is through using the second coor-
dination sphere of metal complexes as a basis for anion
recognition. Surprisingly, little attention has been paid
to this approach and rare studies have mainly focused on
the complexation of anions with cobalt amine com-
plexes.?

We recently incorporated the redox-active and photo-
active ruthenium(ll) bipyridyl moiety, in combination with
secondary amide groups, into acyclic, macrocyclic, and
lower-rim calix[4]arene structural frameworks to produce
a new class of anion receptors capable of optical and
electrochemical sensing® (Figure 15). Single-crystal X-ray
structures of the chloride complex of 13 (Figure 16) and
H,PO,~ complex of 14 (Figure 17) highlight again the
importance of hydrogen bonding to the overall second-
sphere anion complexation process. In the former com-
plex (Figure 16), six hydrogen bonds (two amide and four
C-H groups) stabilize the chloride, and in the latter, three
hydrogen bonds (two amide and one calix[4]arene hy-
droxyl) effect H,PO,~ complexation (Figure 17). Stability
constant determinations in DMSO demonstrated that the
acyclic receptors form strong complexes with Cl~ and
H,PO,~ anions, typically K = 200—500 M~! for CI~ and
8000 M~? for H,PO,~. The ruthenium ion is dipositive,
and hence, electrostatic interactions are particularly favor-
able. The macrocyclic receptors form highly selective and
thermodynamically stable complexes with H,PO,~.
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FIGURE 19. Effect of dihydrogen phosphate on the emission
spectrum of 15. Emission is induced most strongly at 690 nm by
anion addition.

Electrochemical anion recognition experiments showed
substantial anion-induced cathodic perturbation of the
ligand-centered amide-substituted 2,2'-bipyridine reduc-
tion redox couple, with 14, in agreement with stability
constant values (K = 28 000 M~ for H,PO;”) in DMSO,
capable of selectively sensing H,PO,~ in the presence of
10-fold excess amounts of HSO,~ and CI~. Fluorescence
emission measurements were also undertaken to probe
the anion-binding process. All receptors exhibited sig-
nificant blue shifts in the metal—ligand charge transfer
(MLCT) Amax emission band on addition of CI~ and H,PO,",
with 14 displaying the largest perturbation (16 nm). These
shifts are not observed with unfunctionalized [Ru(bipy)s]**
and were accompanied by large increases in emission
intensity (higher quantum yields). This may be a conse-
quence of the bound anion rigidifying the receptor and
inhibiting vibrational and rotational relaxation modes of
nonradiative decay.

We also prepared an acyclic mixed-ruthenium(ll) bpy-
ferrocene receptor 15 (Figure 18), whose emission of the
ruthenium center in the free receptor is quenched by the
ferrocene units.3® However, on addition of dihydrogen
phosphate anion, the emission increases 20-fold, being
switched on by the presence of the anion (Figure 19). This
effect was not observed with CI= or HSO,  ions. A
competition experiment conducted in the presence of 5
equiv of both CI~ and HSO,~ reproduced the emission
increase on addition of H,PO,~, confirming the property
of 15 as a H,PO, -selective luminescent anion sensor.

Novel dinuclear rhenium(l), ruthenium(ll), and os-
mium(ll) bipyridyl cleft-type receptor systems also exhibit
remarkable selectivity for H,PO,~ over halide anions
dependent upon the nature of the bridging linkage and
the transition-metal Lewis- acidic center®? (Figure 20).
Simply altering the linkage from m-phenylene to p-
phenylene increased the magnitude of the stability con-
stant of H,PO,~ by nearly a 100-fold from K = 55 M~ to
K = 4320 M~ in DMSO, with the halide stability constant
values remaining virtually unchanged. From electrostatic
considerations, it was somewhat predictable that the
neutral bis-rhenium(l) receptors form relatively weaker
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FIGURE 20. Dinuclear rhenium(l), ruthenium(ll), and osmium(ll)
bipyridyl cleft-type receptors.
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FIGURE 21. Macrocyclic bis(ruthenium(ll) bipyridyl) 16 and ruthe-
nium(ll) bipyridyl—metallocene receptors 17 and 18.
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FIGURE 22. Larger ring sized bis(ruthenium(ll) bipyridyl) macrocyclic
receptors.

anion complexes than the charged ruthenium(ll) and
osmium(Il) analogues. However, what was unexpected
was, in comparison with the ruthenium(ll) receptors, the
dramatic increase in the magnitude of the stability con-
stants for the osmium-containing receptors by over
twofold for CI~ (K = 825 M%) and H,PO,~ (K = >30 000
M~1), suggesting that the (bpy), Os*" moiety is a particu-
larly efficient Lewis-acidic center.

It is noteworthy that few of the receptors discussed so
far exhibit specific binding and sensing of the chloride
anion, yet this substrate is crucial for a large number of
biological processes. We have recently prepared the novel
macrocyclic bis[ruthenium(ll) bipyridyl] and ruthenium-
(1) bipyridyl—metallocene receptors 16—183%33 (Figure 21).
The H NMR titrations indicated that each receptor

formed an extremely stable 1:1 stoichiometric complex
with chloride in DMSO-d; solutions. In fact, the magni-
tudes of the stability constants are among the largest
known for any anion—abiotic amide receptor complex (for
16, K = 40 000 M™1), 2 orders of magnitude greater than
observed for the acyclic analogue. The *H and 3!P NMR
experiments proved that there was no or extremely weak
dihydrogen phosphate anion binding in DMSO solution.
This unique and remarkable selectivity may be attributed
to the inherently rigid structures of the macrocycles, as
the acyclic analogue binds H,PO,~ more strongly than CI~.
MM2 molecular modeling calculations suggest that the
minimized structure of 16 has all the amide and 3,3'-
bipyridyl protons lying in a coplanar arrangement, creat-
ing a host cavity of dimensions similar to those of the
chloride anion. The larger size and tetrahedral shape of
the H,PO,~ make this anion honcomplementary for the
receptor’s cavity.

Fluorescence studies indicated a blue-shift response to
chloride with significant intensity enhancement but no
response to H,PO, . Receptors 16—18 are therefore
prototype chloride-selective sensory reagents. Interest-
ingly, increasing the size of the macrocyclic cavity by two
or four methylene units dramatically reverses the anion
selectivity trend;®* 19 and 20 (Figure 22) selectively
complex H,PO,~ over CI-.

Recently, we have prepared the smaller pyridyl-linked
macrocyclic receptor 21, which exhibits the noteworthy
selectivity trend AcO~ > CI~ > H,PO,.3* The crystal
structure of the chloride complex of 21 (Figure 23) shows

FIGURE 23. Structure of the chloride complex of 21.
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the halide anionic guest in the cavity stabilized by
hydrogen bonding to amide, pyridyl, and bipyridyl pro-
tons.

Concluding Remarks

This Account has described a variety of transition-metal
organometallic and coordination receptor systems capable
of selectively recognizing and sensing anionic guest spe-
cies by electrochemical and spectroscopic methods. We
have seen that the incorporation of hydrogen bonding into
these inorganic-based receptors is crucial to the anion
recognition process. Their topological positioning in
combination with the transition-metal Lewis-acidic cen-
ters prescribes anion complex thermodynamic stability
and novel anion selectivity orders being observed. The
optical/electrochemical sensing proficiency of each recep-
tor is obviously dependent upon the nature of the redox-
active/photoactive transition metal and the signaling
unit’s proximity to the anion-binding site. With these
basic concepts now realized, the anion coordination
chemist is now in a position to fabricate these types of
systems into membranes, electronically conducting poly-
meric supports, and optical fibers to produce first-
generation prototype sensory devices of prospective com-
mercial interest.
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you goes to Dr. Michael G. B. Drew for his numerous structure
determinations and molecular modeling expertise. | gratefully
acknowledge the financial support of EPSRC, The Royal Society,
Kodak Limited, British Petroleum, Serpentix, and the Ministry of
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