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Abstract: By using a “complex as
ligand approach,” the metal-ion-tem-
plated self-assembly of heterometallic
teteranuclear metallomacrocycles con-
taining kinetically locked Ru" centers
is described. Depending on the metal-

crystal structure of a kinetically inert
Ru,Re, macrocycles reveals a structur-
ally complex palmate anion-binding
pocket. Host—guest studies carried out
with the same macrocyle in organic sol-
vents reveals that the complex func-

anions and that binding affinity and lu-
minescent modulation is dependent on
the structural nature and charge of the
guest anion. Computational density
functional theory (DFT) studies sup-
port the hypothesis that the lumines-

ion template employed in the self-as- tions as a
sembly process, the final macrocycle
can be kinetically labile or inert. Elec-
trochemical studies reveal that the ki-
netically inert macrocycles display re-

versible Ru™" oxidation couples. The

lations -

Introduction

Currently there is a great deal of interest in the metal-coor-
dination-templated construction of 2D and 3D architec-
tures.!! Much of this work has centered on kinetically labile,
square-planar metal geometries,” (e.g., Pd"). The advantage
of using such moieties is that the self-assembly process is
under thermodynamic control. Therefore, unlike conven-
tional covalent chemistry—which typically yields kinetic
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sensor for cence of the macrocycle is from a

*MLCT state and further suggests that
the observed guest-induced lumines-
cence changes are most likely due to
modulation of nonradiative decay pro-

CESSses.

product—entropy—enthalpy compensation effects predomi-
nate, thus yielding discrete, often highly complex architec-
tures. The disadvantage of using such an approach is that
the final product is, by definition, an equilibrium product
and, as such, is not kinetically robust. Therefore, changes to
equilibrium conditions may result in disassembly of the pre-
viously thermodynamic product.” This can be problematical
as, in many cases, the construction of molecular devices for
hosts, sensors, and molecular electronics will require kineti-
cally robust architectures. Fujita and colleagues have shown
that Pt" centers, which in normal ambient conditions are ki-
netically inert, become relatively labile at elevated tempera-
tures and in highly polar media or in the presence of a suita-
ble template. Using this effect, they have isolated macrocy-
clic, catenated, and nanosized cage architectures. Unlike
their Pd"-based analogues these structures are remarkably
stable. For example, the isolated catananes do not dissociate
at temperatures as high as 100°C; furthermore, addition of
excess [Pt(en)(NOs;),] (en=ethylene diimine) to the square
macrocycle constructed in this manner does not lead to any
sign of subsequent product redistribution.! However, this
approach has yet to be systematically applied to metals that
form octahedral complexes. The inclusion of such metal cen-
ters in kinetically locked architectures is appealing as, apart
from supplying a structurally more complex connecting
motif, octahedral centers can also possess attractive photo-
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physical, electrochemical, and catalytic properties that can
be exploited in the design of molecular devices. For exam-
ple, the Hupp group and others have used octahedral d® Re'
metal centers to construct photophysically active host struc-
tures that have a variety of possible device applications, in-
cluding luminescent sensing of anions.’! However, despite
their rich optical and electrochemical properties, other d°
metals centers are much less reported, with examples of
Ru'-based systems, in particular, being scarce. Lees et al.
have described the synthesis of large heterometallomacrocy-
cles that incorporate polypyridyl Ru" and Os" fragments.!
Although these structures are not hosts, they possess inter-
esting energy-transfer properties. Similarly, Long and collea-
gues have reported the synthesis of [Ruy(cyclen),(pz),]°*
(cyclen=1,4,7,10-tetraazacyclododecane, pz=pyrazine), a
metallomacrocyclic square analogue of the well-studied
Creutz-Taube ion.”

We have investigated systematic methods for the targeted
construction of architectures incorporating kinetically
locked Ru" building blocks. In one such approach, we use
[Ru([r]-ane-S,)] centers to both add functionality and act as
the “assembler” (that is, the template during the assembly
process). We recently reported on the electron-transfer
properties of a triangular, kinetically robust, Ru"™"" mixed-
valence bowl produced by this methodology.®

In another approach to such architectures, we have used
kinetically locked mononuclear Ru" complexes containing
suitable ligands such as 2,2":4,4":4' 4""-quarterpyridyl (qtpy)
as building blocks in a “complex as ligand” methodology™
to yield heterometallomacrocycles'” such as 1°* and 2*F.
Here the assembler is another metal center with an estab-
lished templating function.

nt

1, M =[Pd(en)]**,n=8
2, M= [ReCI(CO);]";n—4
3, M=[Pt(en)*";n=8

The ligand qtpy!™!! was chosen as a suitable moiety for
these studies as it allowed the construction of architectures
containing previously reported [Ru(bpy),(qtpy)]**!'? frag-
ments, which are related to the well-studied luminescent
[Ru(bpy);]** ion. Additionally, unlike simpler metalloma-
crocycles based on 4,4-bpy,'”” the bi- and monodentate co-
ordination modes of qtpy means that structures such as 1%+
have two different “corner” angles. This was expected to
create a structurally more complex central cavity. Previous
work has revealed that due to efficient energy-transfer pro-
cesses, luminescent emission of 13+ and 2** is exclusively

Chem. Eur. J. 2006, 12, 2188 -2195

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

from the Ru" *MLCT.!"") We now report further on the prop-
erties of 1 and 2, and a newly synthesized Pt" analogue (3),
self-assembled by using [Pt(en)CL,]" as the assembler. The
X-ray structural data obtained on 2 has also allowed us to
carry out density function theory (DFT) calculations on the
energetics of this system.

Results and Discussion

Complex [3](PF); was obtained through the reaction of
[Ru(bpy),(qtpy)]** with [Pt(en)(NO;),] in the same high-
salt concentration conditions employed by Fujita and collea-
gues in the construction of homometallic Pt" complexes.™
This led to the isolation of the complex in moderate yield
with no need for any elaborate workup. As might be expect-
ed from previous studies, complex 3 is more kinetically
robust than its Pd" analogue. Evidence of this effect can be
seen in a comparison of 2D COSY spectra of the two com-
plexes.

The spectrum of [1](PFy); in [D3]MeCN shows only sig-
nals associated with the complex and no impurities
(Figure 1). It can be seen that the signals at §=8.52 (B3,
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Figure 1. Aromatic region of the 'H-COSY spectrum for [1](PFy)s in
[D;]CH;CN showing cross-coupling between bpy (light) and qtpy (bold)
ligands.

B3'), 8.07 (B4, B4'), 7.72 (B6, B6'), 7.43 (BS5), and 7.36 ppm
(B5’) correspond to bipy protons. The signals are more com-
plex than expected due to the inequivalence of the two bipy
rings. The signals at 0 =8.80 (Q3), 7.89 (Q6), and 7.72 ppm
(Q5) correspond to the protons on the inner gpy rings,
whilst those at 6=9.02 (Q2', Q6") and 8.03 ppm (Q3’, Q5')
correspond to protons on the pendant pyridyl rings of gpy.
A peak at 0=2.85 ppm, corresponding to the CH, units of
the en ligand, is also observed. Although the NMR spec-
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trum of the isolated complex in [D;]MeCN did not change,
even after periods of days at room temperature, it was no-
ticed that the spectrum of [1](PFg); contained relatively
broad signals and very little fine structure. This is due to the
kinetic lability of the Pd" metal center, with Pd—N bonds
forming and breaking rapidly within the NMR timescale.

In contrast, the equivalent spectrum for the more kineti-
cally robust [3](PFg)s shows much sharper, more well-de-
fined signals (Figure 2). However, details of assignments are
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Figure 2. Aromatic region of the 'H-COSY spectrum for [3](PF;)s in
[D;]CH;CN showing cross-coupling between bpy (light) and qtpy (bold)
ligands.

very similar to that of 1: the signals at 6=8.55 (B3, B3'),
8.10 (B4, B4'), 7.82 (B6), 7.76 (B6'), and 7.44 ppm (BS5, B5')
correspond to bipy protons, while peaks at d=9.04 (Q3),
8.04 (Q6), and 7.81 ppm (Q5) are assigned to the protons on
the inner qpy rings. Signals at =891 (Q2, Q¢’) and
8.45 ppm (Q3', Q5’) correspond to those on the pendant pyr-
idyl rings and again an up-field signal, in this case at 6=
2.92 ppm, is assigned to the CH, units of the en ligand.

Electrochemical studies: There have been comparatively
few studies on electroactive metallomacrocycles, particularly
those containing Ru" centers.*” This is reflected by their
scarcity in the literature. The electrochemical properties of
the hexafluorophosphate salts of 1, 2, and 3 in acetonitrile
were studied using cyclic voltammetry (Table 1).
Characteristic ligand-centered reductions were observed
for each of the macrocycles. In all three complexes, the first
and second observed waves are chemically reversible or
quasi-reversible. Additionally, complexes [1](PFy)s and [2]-
(PF), display a third reduction within the MeCN voltage
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Table 1. Electrochemical data for the metallomacrocyclic complexes.!?!
Oxidation E, [V] (AE, [mV])  Reduction E,, [V] (AE, [mV])

1 +1.47M —0.96(60), —1.27 (70), —1.50 (130)
2 41.50 (90) —0.99, (80) —1.25 (130)
3 4+1.53(80), +1.65 (80) —0.85 (100), —1.07 (130), —1.41"

[a] Carried out at a scan rate of 100 mVs™' in acetonitrile containing
0.1m TBAP as supporting electrolyte. Potentials were measured vs Ag/
AgCl. E,, quoted, associated stripping peak at E,=1.40 V. [b] Peak not
fully chemically reversible, therefore E, is given.

-1

window, which is chemically irreversible for [2](PF,),. No
comparable reduction is observed for [3](PFy);. While all
three macrocycles display oxidations at approximately 1.5V,
which are consistent with Ru™"-based couples, closer analy-
sis of these processes reveal considerable differences
(Table 1, Figure 3).

05 Envoits !

current (arbitrary scale)

Figure 3. Cyclic voltammetry data for the oxidation of [1](PFy)s, [2](PF),,
and [3](PFy)s.

The simplest behavior is exhibited by [3](PFs)s, which dis-
plays a single reversible oxidation couple (AE <100 mV, |,/
I.|=1) centered at 1.50 V (vs Ag/Agcl); this signal is anodi-
cally shifted by >200 mV with respect to the Ru™" couple
for [Ru(bpy),(qtpy)](PFs),."? As might be expected for two
remotely connected metal centers, this result indicates that
both of the Ru" centers of 3** are oxidized at the same po-
tential.

By contrast, although [1](PF,)s displays an analogous
cathodic wave at E,,=1.54V, the return sweep reveals a
stripping peak at 1.40 V. This indicates that on oxidation to
1'°* the macrocyle decomposes, presumably resulting in a
Ru™ species that is adsorbed onto the working electrode. It
seems likely that the conversion of electron-donating Ru"
centers into electron-withdrawing Ru'™ centers means that
the monodentate pyridyl donor sites of the coordinated qtpy
ligand become poorer donors for the kinetically labile Pd"
centers, thus leading to the disassembly of the macrocycle—
a process that cannot occur in kinetically locked macrocy-
cles 2 and 3.

The oxidation of 2** is different to that of 3%, as in this
case, two close-lying reversible couples at 1.53 and 1.65V
are observed (Figure 3). The potential of the first couple is
consistent with the simultaneous oxidation of Ru' centers,
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also observed for the other two macrocycles. However,
unlike 1 and 3, [2](PF,), incorporates two different redox-
active metal centers. Hence, we assign the second process
observed for this complex to the simultaneous oxidation of
the two Re' centers. It is tempting to conclude that the sepa-
ration between the Ru- and Re-based couples is due to an
interaction between the adjacent redox-active metal centers.
However, comparisons of mononuclear complexes involving
the same ligand reveal that Re™ couples usually occur at
potentials that are more anodic, often by several hundred
millivolts, than their Ru'™" analogues.'! Thus, in reality, the
two different metal centers are probably not interacting
electrochemically to any large extent.

Structural studies: Very few structural studies on mixed-
metal metallomacrocycles have been reported. To obtain
further structural information on intermetallic distances and
possible guest cavity sizes, we attempted to grow crystals of
the metallomacrocycles using various counterions and sol-
vent systems. We obtained crystals of [2](PFg), by means of
vapor diffusion of diethyl ether into a solution of the sample
in nitromethane. Attempts to obtain crystals of the other
macrocycles by using similar methods were unsuccessful. Al-
though the crystals of [2](PF), were extremely weakly dif-
fracting, it was possible to collect acceptable diffraction data
by using a synchrotron radiation source (Table 2, Figure 4).

Table 2. Summary of crystallographic data for [2](PFy),.

formula CyHgoCLF, N, ;OP,Re;Ru, a [A] 22.499(2)
M, 2638.82 b[A]  22733(2)
crystal system triclinic c[A] 25.470(2)
space group P1 a ] 111.001(2)
crystal size [mm]  0.06x0.06x0.02 AN 90.186(2)

o [Mgm ] 1.457 7 [ 97.788(2)
R1 [1>20(])] 0.0691 VA  120302(19)
wR2 [I>20(I)]  0.2066 z 4

R1 (all data) 0.0939 F(000) 5136

wR2 (all data) 0.2194

The structure shows that all metal centers possess octahe-
dral geometries with the quaterpyridyl ligand binding in a
bidentate fashion to the Ru" metal centers and in a mono-
dentate fashion to the Re' metal centers. Details of bond
lengths and angles are summarized in Table 3.

It should be pointed out that, while the Ru" centers are
chiral and can be found as A or A helices and the Re—Cl
units can theoretically take up syn or anti configurations,
only the configuration seen in Figure 4 is observed in the
crystal structure. This structure may be the thermodynamic
result of solution self-assembly processes, or perhaps it pref-
erentially crystalizes due to optimal packing forces.

A distance of 14.70 A separates the two Ru'' centers,
whilst the corresponding intermetallic distance between the
two Re' centers is slightly shorter at 13.10 A. To accommo-
date the contrasting bite angles of the bidentate Ru" coordi-
nation site and the Re' coordination site, the macrocycle
takes up “puckered” boatlike geometry, reminiscent of a

Chem. Eur. J. 2006, 12, 21882195
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Figure 4. Crystal Structure of the cation of [2](PF),. Hydrogen atoms re-
moved for clarity. Top: View down Re-Re axis. Bottom: Orthogonal
view showing hexafluorophosphate anion residing in central cavity.

cupped palm, with the axes occurring about the Re' centers
(Figure 4, top).

Interestingly, although three of the hexafluorophosphate
ions are disordered between macrocyclic cations, the central
cavity of the host is occupied by one of the PF;~ counterions
(Figure 4, bottom). This anion is precisely located in the
center of the palm-like cavity, exactly bisecting the Re—Re
plane.

Binding studies involving 2‘*—sensing anions: Previous
work with water-soluble salts of 1 and 2 have revealed that
they function as hosts for polyaromatic molecules.'”! How-
ever, in this case, the recognition process has no effect on
the emission properties of the macrocycles.

The X-ray structure of [2](PF), reveals that this macrocy-
cle also functions as a host for anions and that the binding
pocket of this receptor is considerably more complex than
that of previously reported 4,4-bpy-based metallo-square
complexes. Therefore the anion binding properties of 2 in
acetonitrile were investigated.

The absorption spectrum of [2](PF;), in acetonitrile is vir-
tually identical to that of the previously reported [2](NO;),
in water and, as expected, photoexcitation at 480 nm leads
to broad unstructured emission from the Ru—MLCT state
centered at 665 nm. We then investigated the effect of anion
concentration on this luminescence.

It was found that, although there was no shifting of emis-
sion wavelength, titration of NH,BF, into a solution of [2]-

www.chemeurj.org — 2191
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Table 3. Selected bond lengths [A] and angles [°] for complex [2](PFy),.

Re(1)-C(81) 1.902(11)  Re(2)-C(84) 1.906(11)
Re(1)-C(82) 1.902(10)  Re(2)-C(85) 1.916(11)
Re(1)-C(83) 2.064(11)  Re(2)—C(86) 2.131(13)
Re(1)-N(7) 2218(7)  Re(2)-N(8) 2.231(8)
Re(1)-N(16) 2223(8)  Re(2)-N(15) 2.209(8)
Re(1)-CI(1) 2436(4)  Re(2)-Cl(2) 2.435(4)
C(82)-Re(1)-C(81) 89.8(5) C(83)-Re(1)-N(16)  89.8(3)
C(82)-Re(1)-C(83) 89.7(5) N(7)-Re(1)-N(16) 81.3(3)
C(81)-Re(1)-C(83) 88.1(5) C(82)-Re(1)-CI(1) 88.0(4)
C(82)-Re(1)-N(7) 177.7(4) C(81)-Re(1)-CI(1) 95.7(4)
C(81)-Re(1)-N(7) 92.3(3) C(83)-Re(1)-CI(1)  175.6(3)
C(83)-Re(1)-N(7) 91.4(2) N(7)-Re(1)-CI(1) 90.8(2)
C(82)-Re(1)-N(16)  96.6(3) N(16)-Re(1)-CI(1) 86.70(19)
C(81)-Re(1)-N(16)  1732(3)

N(5)-Ru(1)-N(2) 95.1(3) N(6)-Ru(1)-N(3) 94.7(3)
N(5)-Ru(1)-N(6) 78.3(3) N(1)-Ru(1)-N(3) 96.9(3)
N(2)-Ru(1)-N(6) 90.3(3) N(5)-Ru(1)-N(4) 95.3(3)
N(5)-Ru(1)-N(1) 1732(3) N(2)-Ru(1)-N(4) 98.4(4)
N(2)-Ru(1)-N(1) 78.7(4) N(6)-Ru(1)-N(4) 169.9(3)
N(6)-Ru(1)-N(1) 98.2(3) N(1)-Ru(1)-N(4) 88.5(3)
N(5)-Ru(1)-N(3) 89.5(3) N(3)-Ru(1)-N(4) 76.9(3)
N(2)-Ru(1)-N(3) 1731(3)

Ru(1)-N(1) 2.062(8)  Ru(2)-N(9) 2.054(9)
Ru(1)-N(2) 2.046(9)  Ru(2)-N(10) 2.056(11)
Ru(1)-N(@3) 2.065(9)  Ru(2)-N(11) 2.058(10)
Ru(1)-N(4) 2077(7)  Ru(2)-N(12) 2.051(9)
Ru(1)-N(5) 2.029(7)  Ru(2)-N(13) 2.065(9)
Ru(1)-N(6) 2.055(7)  Ru(2)-N(14) 2.038(8)
C(84)-Re(2)-C(85) 88.2(5) C(86)-Re(2)-N(8) 90.9(2)
C(84)-Re(2)-C(86) 92.3(5) N(15)-Re(2)-N(8) 83.8(3)
C(85)-Re(2)-C(86) 87.4(4) C(84)-Re(2)-CI(2) 91.9(4)
C(84)-Re(2)-N(15)  177.0(3) C(85)-Re(2)-CI(2) 92.2(3)
C(85)-Re(2)-N(15) 94.1(3) C(86)-Re(2)-Cl(2)  175.8(3)
C(86)-Re(2)-N(15) 89.8(3) N(15)-Re(2)-CI(2) 86.1(2)
C(84)-Re(2)-N(8) 94.0(3) N(8)-Re(2)-CI(2) 89.2(2)
C(85)-Re(2)-N(8) 177.3(3)

N(14)-Ru(2)-N(12)  97.4(3) N(9)-Ru(2)-N(10) 80.0(5)
N(14)-Ru(2)-N(9) 176.0(4) N(11)-Ru(2)-N(10)  175.0(4)
N(12)-Ru(2)-N(9) 86.1(3) N(14)-Ru(2)-N(13)  78.8(3)
N(14)-Ru(2)-N(11)  85.8(4) N(12)-Ru(2)-N(13)  174.9(3)
N(12)-Ru(2)-N(11)  80.6(4) N(9)-Ru(2)-N(13) 97.8(3)
N(9)-Ru(2)-N(11) 96.7(4) N(11)-Ru(2)-N(13)  95.6(3)
N(14)-Ru(2)-N(10)  97.6(4) N(10)-Ru(2)-N(13)  88.6(4)
N(12)-Ru(2)-N(10)  95.3(4)

(PF), in acetonitrile led to a progressive enhancement in lu-
minescence intensity of the host macrocycle (Figure 5). This
enhancement was of a similar magnitude to that observed
for a Rel-based luminescent macrocycle reported by Hupp
et al.”*®! This interaction is not due to simple, nonspecific
electrostatic ion-pairing effects, as titrations involving the
[Ru(bpy),(qtpy)]*" ion resulted in no detectable lumines-
cent changes.
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Figure 5. Representative luminescent titrations of anion guest with [2]-
(PF;);. A) m=BF,”, A=BPh,"; B) ©«=S0,*". Concentration of host=
5.75x107°Mm.
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To further investigate this effect, the binding of a larger
anion (BPh,”) and a dication (SO,?") were investigated.
These studies revealed that in both cases, and especially for
BPh,~, addition of anion to solutions of [2](PF), in MeCN
resulted in a more pronounced luminescent enhancement
relative to that observed with to BF,~ and that, particularly
for SO,>", the effect saturates at lower anion concentration
(Figure 5).

Estimates of binding affinities were obtained through fits
of the changes in luminescence to a 1:1 binding model
(Table 4).

Table 4. Estimates of binding constants for selected anions with [2]-
(PFy)..

Anionic guest K, [M7] Anionic guest K, [M7]
BF, 1575 BPh,- 2895
S0, 7135

The binding affinity of 2 for SO,*" is higher than those re-
ported for simple homometallic systems based on 4,4'-
bpy,*® being almost five times that for BF,”. Since both
these anions are of similar size and geometry, it is clear that
electrostatics do play an important part in the host-guest in-
teraction of 2. However, a comparison of the data obtained
for the two mono-anions reveals that BPh,” is bound with
almost double the affinity for BF,”, indicating that factors
other than electrostatics also contribute. Previous work has
established that in water, 2" is a host for polycyclic aromat-
ic molecules. Therefore, we conclude that, even in acetoni-
trile, m—s interactions also play a significant part in the rec-
ognition of BPh,".

Chem. Eur. J. 2006, 12, 2188 -2195
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Figure 6. Pictorial representation of the HOMOs of a) the *MLCT state and c) the 'A state of [2]*" and the

HOMOs of b) the *MLCT state and d) the 'A state of [24+PFJ**.

Computational studies: The highest occupied molecular or-
bitals (HOMOs) of [2]** and [24+PF** are plotted in
Figure 6. This figure clearly shows that excitation can be
characterized as metal-to-ligand charge transfer (MLCT),
with the electron excited from the ground-state singlet state
('A) to the first excited triplet state *"MLCT). The calcula-
tions, indicating that the HOMO is a Re'-based state while
the triplet state involves the Ru"-center, are consistent with
previous experimental studies that have revealed that photo-
excitation of any MLCT or n—n* excited state results in re-
laxation to the lowest lying Ru—"MLCT state. Although no
contribution from PF,~ is noticeable, the HOMOs of the

*MLCT states in panels a and b in Figure 6 are slightly dif-
ferent. This effect is due to the fact that in 2**, the lowest
unoccupied molecular orbitals (LUMOSs) in the 'A state lie
very close together. As a result, a small disturbance in the
electric field surrounding the molecule results in large
mixing of the orbitals without a large change in electronic
energy; however, the differences in the HOMOs (shown in
Figure 6a and b) are not thought to be a significant.

This effect is also clear through an examination of the
energy differences between the 'A and *MLCT states
(Table 5). These numbers were calculated by using the
ASCF  approach.'™ In this
method, the energy difference
between the 'A and *MLCT

FULL PAPER

bottom line the calculations are
done in vacuo. The results show
that the emission wavelength
changes by only 0.00141096 au
or 12nm between [2]** and
[2+PF]**, thus confirming the
experimental observation that
the addition of PF,~ has little
or no effect on the measured
emission wavelength. Although
the overall emission wave-
lengths found are shorter than
the 665 nm measured in the ex-
periment, given the inaccuracies
in the calculation—particularly
the (partial) neglect of electron
correlation and the use of
pseudo potentials—the figures
obtained show an excellent
agreement between theory and
experiment.

Even though the addition of
PF¢™ has only a small effect on
the emission wavelength, the
experiments show an increase
in the intensity of the steady-
state emission upon addition of
PF ™. Thus, it seems likely that PF~ changes the ratio be-
tween the rates of radiative and nonradiative decay of the
*MLCT state. Enhancement of the rate of radiative decay
upon addition of PF,~ would be indicated by an increase in
the oscillator strength for the transition. Unfortunately, it is
not straight forward to calculate this quantity with the
ASCF method, since the singlet and triplet wave functions
are not orthogonal as they were optimized separately. This
quantity would normally be calculable by means of the
time-dependent DFT method, which would also give the sin-
glet—triplet splitting. However, it fails for long-distance
charge-transfer transitions, as in our case.'! Nonetheless,
the lack of change in the excitation wave length upon addi-
tion of PF;~ suggests that the oscillator strength for the tran-
sition is unperturbed, indicating that the enhancement of
the quantum yield is caused by a reduction in the rate of
nonradiative decay. Hupp and co-workers suggested that a
similar effect observed in kinetically labile Re/Pd, 4,4'-bpy-
based systems is due to an electrostatic effect, whereby the
bound anion affects Pd"-based quenching of the
Re—*MLCT-centered emission.’* An alternative explanation
is that the addition of an ion in the middle of the macrocycle
stiffens the torsions of the pyridine rings, thereby making

Table 5. Transition energies and emission wavelengths for the *"MLCT-'A transition.

states is obtained by optimizing
the two states separately. The

[21** [2+PF[**
AECMLCT-'A) [au]

ACMLCT-'A) [nm] AECMLCT-'A) [au] ACMLCT-'A) [nm]

0.07620299
0.11077651

solvent

top line in Table 5 includes sol- S
n vacuo

597.92
410.56

0.07479203
0.09587523

609.20
475.24

vent effects, whereas in the
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nonradiative transfer less favorable. The fact that the largest
anion, BPh, ™, induces the greatest enhancement in lumines-
cence and not the anion that is bound with the highest affin-
ity, SO,*", suggests that this latter hypothesis is more likely.
However, we are currently investigating the origin of the in-
crease in the quantum yield in more detail.

The difference between the top and bottom lines of
Table 5 also clearly shows that inclusion of the solvent in
the calculations is imperative in obtaining reasonable agree-
ment with experimental data. Moreover, the comparison of
the two lines also shows that the influence of addition of
PF is clearly mitigated by the effect of the solvent.

Conclusions

By using a “complex as ligands” approach it is possible to
construct kinetically inert metallomacrocycles from mono-
nuclear Ru" complex building blocks. The inclusion of such
complexes into macrocyclic host architectures results in sys-
tems with rich photophysical and electrochemical properties.
It has been found that through recognition processes driven
by a combination of electrostatic and w—m interactions, these
macrocycles can function as prototypical luminescent anion
Sensors.

Our calculations offer confirmation of luminescence ex-
perimental results and have given us an insight into their
origins. Work is ongoing to further elucidate the experimen-
tal findings, in particular the origin of the increased quan-
tum yield upon addition of an ion into the macrocycle.

More detailed studies on the photophysics, electrochemis-
try and host-guest chemistry of all the reported Ru"-based
macrocycles are underway and will be reported in due
course. We will also extend the outlined synthetic methods
to construct other, more complex, architectures and devices.

Experimental Section

Materials: Commercially available materials were used as received.
227444 4"-Quarterpyridyl  (qtpy)," [Ru(bpy)»(qtpy)](PFy),*  [1]-
(PFy)s, [2](PFy),,"" and [Pt(en)Cl,]" were all synthesized by means of
adapted published procedures.

Instrumentation: 'H NMR spectra were recorded on a Bruker AM250
machine working in Fourier transform mode. Mass spectral data was col-
lected on a Micromass Prospec spectrometer operating in positive-ion
fast-atom-bombardment (FAB*) mode with a NOBA matrix. UV-visible
spectra were recorded on Unicam UV2 or Varian-Carey bio-3 UV-visible
spectrometers in twin-beam mode. Spectra were recorded in matched
quartz cells (Helmer) and were baseline corrected. Emission spectra
were recorded on a Hitachi F4500 spectrophotometer operating in lumi-
nescence wavelength scan mode. Elemental analyses were obtained using
a Perkin—Elmer 2400 analyzer working at 975°C.

Cyclic voltammograms were recorded by using an EG&G Versastat 11
potentiostat with the Electrochemistry Powersuite software package. A
three-electrode cell was used with an Ag+/AgCl reference electrode sep-
arated from a Pt disk working electrode and Pt wire auxiliary electrode.
Tetra-n-butylammonium hexafluorophosphate in acetonitrile (0.1 mdm?),
doubly recrystalized from ethyl acetate/diethyl ether, was used as the
support electrolyte.
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Synthesis and characterization of [3](PFy)s: [Pt(en)Cl] (0.165 g,
0.5 mmol) and AgNO; (0.17 g, 1 mmol) were stirred overnight in a 1:1
MeOH/H,0 solvent mixture (10 mL). The resulting AgCl that formed
was removed by filtration through Celite. An aqueous solution of [Ru-
(bpy),(qtpy)]Cl, (0.40 g, 0.5 mmol) was added to the resulting [Pt(en)-
(NOs3),] solution and enough KNO; was also added so that a SM KNO;
solution was formed. This mixture was then heated at reflux for 24 h. A
red/orange solid was precipitated by the addition of NH,PF,; the solid
was collected by filtration and washed successively with H,O (2x25 mL),
EtOH (2x25 mL) and diethyl ether (4 x20 mL). The solid was then redis-
solved in a minimum quantity of MeCN and re-precipitated with diethyl
ether, collected by centrifuge, and dried in vacuo. Yield 0.61 g (39%);
'HNMR ([D;]MeCN): 6=9.04 (d, 4H), 8.91 (d, 8H), 8.55 (d, 8H), 8.45
(d, 8H), 8.10 (m, 8H), 8.04 (d, 4H), 7.82 and 7.75 (d, 8H) 7.81 (d, 4H),
7.45 (m, 8H), 4.35 (s, 8H), 2.92 ppm (s, 8H); elemental analysis calcd
(%) for Ru,Pt,CgH;sNy PgFuq: C 32.34, H 2.52, N 8.98; found: C 32.77, H
2.81, N 8.58.

Crystal structure determination: Crystals of [2](PF;), were obtained by
means of vapor diffusion of diethyl ether into a solution of the sample in
nitromethane. Data were collected at 150(2) K on Station 9.8 at the
Daresbury Laboratory on a Bruker SMART 1K CCD diffractometer
equipped with an Oxford Cryostreams low-temperature attachment using
silicon 111 monochromated synchrotron radiation (A=0.6942 A). In all
77077 reflections were collected, 39962 were unique. All were used in
the calculations. Although a number of crystals were tried, due to twin-
ning, only one crystal gave a sensible unit cell. Even in this case, a careful
examination of the diffraction pattern shows the presence of a second
pattern at about 10% of the intensity of the main pattern —see cif file
(available from CCDC; details given below) for full refinement details.

CCDC-234751 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational methods: All calculations were performed by using the
SMP version of the Gaussian 03 program package!'” with the B3LYP
density functional method.' Gaussian 03 was compiled by using the
Intel ifc compiler version 7.1 with ATLAS version 3.6.0!°0 and the
GOTO implementation of BLAS.*"

The results turn out to be very sensitive to the basis sets employed. How-
ever, a rigorous discussion of basis set effects falls outside the scope of
this paper and will be reported on elsewhere.?! Thus, all calculations re-
ported on here were performed by using Stuttgart/Dresden effective core
potentials (SDD) on Ru and Re®! and the 6-31G(d,p) basis set on all
other atoms. As a result, the calculation contained 1992/2094 basis func-
tions and 818/898 electrons for [2]** and [2+PF,]**, respectively. Overall
symmetry was C,. All calculations were performed with the crystal struc-
ture geometry and the assumption was made that the addition of PF,~ to
the macrocycle does not greatly affect its structure. Comparing the size
of PF,™ to the size of the cavity suggests that this was a reasonable ap-
proximation. We also performed geometry optimizations for [2]** and
[24PF]**, but again they will be reported on elsewhere.”!! All calcula-
tions involving solvent were performed by using the Polarizable Continu-
um Model (PCM)™! and the United Atom Topological Model®! applied
to radii optimized at the Hartree—Fock 6-31G(d) level of theory. This set
of radii was used to retain compatibility with the implementation of
PCM in earlier versions of Gaussian. The PCM equations were solved
iteratively.
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