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The formation of a supercomplex between the Ru(bpy)@&Njopy = 2,2-bipyridine) complex and the [32]-
ane-NHg8™ macrocycle 1) has been studied in water and in acetonitrile. In acetonitrile, supercomplex formation

is accompanied by (i) large hypsochromic shifts in the absorption spectrum (color changes from deep violet to
yellow) and in the emission spectrum, (ii) large anodic shifts in standard oxidation (0.73 V) and reduction (0.37
V) potentials, (iii) typical shifts ofH-NMR signals for the macrocycle N-bound protons and the complex bipyridine
protons, and (iv) a large increase in the MLCT excited-state lifetime of the complex. In water, the spectral shifts
and the changes in standard potential are much less pronounced, but supercomplex formation is evidenced by
13C-NMR (and'H-NMR) and by emission lifetime changes. In both solvents, supercomplex formation is complete

in 1:1, 1.0x 10~* M solutions, indicating very large stability constant values. A structure of the supercomplex
with the macrocycle bound in a “boat” conformation to the four cyanide ligands of the complex, plausible in
terms of molecular models, is consistent with all the experimental data. In water, the supercomplex further
associates with added negative species containing carboxylate functions, as shown by partial reversal of the lifetime
changes. When the added species is also a potential electron transfer quencher (such as, e.g? Ri¢deb)
4,4-dicarboxy-2,2bipyridine), however, association is not accompanied by quenching. This behavior is attributed

to the structure of the supercomptequencher adduct, in which the macrocycle acts as an insulating spacer
between the excited complex and the quencher.

Introduction modify redox spectroscopigohotochemicaland photophysical

| . | f lexa properties of a metal complex by supercomplex formation with
IecSulIJgrers(poeTi%se)?ﬁsvSh(i:ngg ?;(ergcgg&prg)ée?; Silsjpgngncg by an appropriate macrocydieWithin the class of supercpmplexes

. . " - ~.~2involving polyaza macrocycles and metal cyanides, clear
noncovalent interactions to a.tran5|t|on-metal coordmatlop examples of changes iredox properties have been reported,
compound. The name emphasizes the role of the macrocycllce.g_’ for the adducts between [32]ang-RF* (1) and Fe(CNY

species as a second-sphere "92"?‘”“ the metal complex. or RU(CN}*.° These metal complexes, however, lack interest-
Notable examples of such species are the supercomplexes

formed between hexacyanometalate ions and polyaza macro- H

cycle$* and between ammine metal complexes and crown |

etherss™7 H </\ T " 8+
As for most hostguest systems, two aspects are interesting \N H v

in the chemistry of supercomplexes: (i) formation from “H e /j

individual molecular components (stability constants, structural

complementarity, and chemical forces involved in the bindirfg) H—N—H H—=NH
and (ii) specific properties of the adduct arising to the mutual H
- . H \
perturbationof the two molecular componems.Taking the N OH N\
second viewpoint, of particular relevance is the possibility to H/<\/’L\/> H
|
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change irphotochemicapropertie¥’ is noted in the supercom-
plex between [32]anegilg® and the Co(CN§$~ complex ion,

for which the quantum yield for photochemical CNelease
(followed by solvation) is 70% smaller relative to that for the
free complex. The effect was attribut@do the mechanical
constraining effect of the macrocycle which can bind effectively
four of the six cyanide ligands of the complex, most probably
in an equatorial geometft. With this metal complex, however,

Rampi et al.

propanediamine as the starting material. The macrocycle was prepared
and used as either the chloride ([32]ang8¥CI) or the perchlorate
([32]ane-N+8HCIO,) salt. Spectrograde organic solvents (Merck
Uvasol) and triply distilled water were used. Other chemicals were
all of reagent grade quality.

Apparatus and Procedures. The instruments and procedures used
to obtain UV~vis absorption, emission, and excitation spectra were as
described in a previous pap#r.

Emission lifetimes were measured using a previously described time-

redox properties and photophysical parameters are not experiorrelated single-photon counting apparafusll measurements were
mentally accessible and, in addition, effects on spectroscopiccarried out on deaerated solutions.

properties were almost negligible.

Cyclic voltammetry measurements were carried out on Ar-purged

We would like to present here a case in which supercomplex solutions containing O.l_ M [TBA]PFusing a previously describ_ed
formation with a polyazamacrocycle induces wide changes in apparatu and a conventional three-electrode cell assembly (platinum,
the redox, spectroscopic, and photophysical properties of theworking, saturated calomel electrode (SCE), reference; sweep rate, 100

complex. In designing the system, the following lines were

followed. As the metal complex, the ideal candidate would be
a Ru(ll) polypyridine system. These complexes are the pro-
totypal “photosensitizers” of inorganic photochemistry, and have

mV s1).

!H- and *C-NMR spectra were measured using a Bruker AM200
spectrometer (200 MHz). Chemical shifty) @re reported referenced
to MesSi as the internal standard.

In water, the chloride salt of [32]anegNg®" and the potassium salt

well characterized redox, spectroscopic, and photophysical of Ru(bpy)(CN)?~ were used. The experiments were always performed

propertiest213 To provide binding sites for a polyaza macro-

on aqueous solutions containing XA0* M HCI. In these conditions,

cycle, however, cyanides should be present as ancillary ligandsRu(bpy)(CN)?~ is completely unprotonated both in the ground and in
in the complex (possibly to the extent to give an overall negative the excited stat& while [32]ane-NHg®" is present in the fully
charge to the complex). Therefore, attention was focussed onprotonated fornf.

the Ru(bpy)(CNy?~ complex ion R),whose redox, spectro-
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scopic, and photophysical properties have already been

studied*~17 As to the macrocycle, [32]anegNg®" was chosen

on the basis of its optimal size for binding octahedral metal

cyanides® 11 With such complexes, the binding probably
involves four cyanide ligands in the equatorial plane (“belt”

arrangement), but the flexible nature of the macrocycle was
expected to allow a meridianal coordination (“boat” arrange-

ment) as well!

Experimental Section

Materials. Kz[Ru(bpy)(CN}],* [Rh(Mebpy)]Cls (Mebpy = 4,4-
dimethyl-2,2-bipyridine)}® and KjRh(dcb}] (dcb = 4,4-dicarboxy-
2,2-bipyridine)® complexes were available from previous studies. The
macrocycle [32]ane-j 1,5,9,13,17,21,25,29-octaazacyclodotriaeicon-
tane, was synthesized following a literature procetfuusing 1,3-

(11) Parola, A. J.; Pina, K. PhotochemPhotobiol A: Chem 1992 66,
337.

(12) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord Chem Rey. 1988 27, 4587.

(13) Kalyanasundaram, ®hotochemistry of Polypyridine and Porphyrin
ComplexesAcademic: New York, 1992.

(14) Bignozzi, C. A.; Chiorboli, C.; Indelli, M. T.; Rampi Scandola M.
A.; Varani, G.; Scandola, Rl. Am Chem Soc 1986 108 7872.

(15) Scandola, F.; Indelli, M. TPure Appl Chem 1988 60, 973.

(16) Indelli, M. T.; Bignozzi, C. A.; Marconi, A.; Scandola, F. In
Photochemistry and Photophysics of Coordination Compgu¥eisin,
H., Vogler, A., Eds.; Springer-Verlag: Berlin, 1987; p 159.

(17) Indelli, M. T.; Bignozzi, C. A.; Marconi, A.; Scandola, . Am Chem
Soc 1988 110, 7381.

(18) Dietrich, B.; Hosseini, M. W.; Lehn, J. M.; Sessions, RHRlv. Chim
Acta 1983 66, 1262.

(29) Indelli, M. T.; Bignozzi, C. A.; Pavanin, L.; Scandola, F. Manuscript
in preparation.

For solubility reasons, the perchlorate salt of [32]aneh¥%" and
the tetrabutylammonium salt of Ru(bpy)(CRf) were used in aceto-
nitrile. In this solvent, there is no need for added acid to ensure full
protonation of the macrocycle.

Unless otherwise noted, all the experiments refer to room temperature
(298 K) solutions.

Results

The spectroscopic, redox, and photophysical properties of
Ru(bpy)(CN)2~ are known to be extremely dependent on
solvent!*1” To keep track of these effects, which depend on
second-sphere doneacceptor interactiods between the sol-
vent and the cyanide ligands, two solvents of widely different
acceptor properties were chosen for this study: water and
acetonitrile.

Absorption Spectra. The absorption spectrum of Ru(bpy)-
(CN)#2~ (1.0 x 10* M) in aqueous solution exhibits a
maximum at 400 nm?* Addition of an equivalent amount of
[32]ane-NHg® (nonabsorbing in the whole spectral range)
resulted in a slight but reproducible blue shift (ca. 2 nm) in the
absorption spectrum of the complex. Further addition of [32]-
ane-NHg8" did not bring about any further changes.

The absorption spectrum of Ru(bpy)(GR) (1.0 x 1074 M)
in acetonitrile is shown in Figure 1 (curve 1). Addition of
increasing amounts of [32]anegMg®" resulted in a strong blue
shift in the absorption spectrum of the complex (Figure 1, curves
2—6). No further spectral changes were observed after addition
of 1 equiv of [32]ane-NHg®" (curve 6). It should be noted
that isosbestic points are maintained in the early stages of this
spectrophotometric titration (curves-4, [[32]ane-NHg?")/[Ru-
(bpy)(CN)2] ratios from O to ca. 0.2).

Redox Behavior. Cyclic voltammograms of Ru(bpy)(Ch)
in aqueous solution show a reversible oxidation wave@B80
V vs SCE. The wave was not appreciably shifted on addition
of 1 equiv of [32]ane-NHg8".

In acetonitrile, a reversible oxidation wave -40.27 V vs
SCE AE, = 60 mV) and a reversible reduction wave-4.95
V vs SCE AE, = 100 mV) are observed for Ru(bpy)(CR).
When 1 equiv of [32]ane-pHg®" is added, the waves shift to

(20) Indelli, M. T.; Bignozzi, C. A.; Harriman, T.; Schoonover, J. R.;
Scandola, FJ. Am Chem Soc 1994 116, 3768.

(21) Bignozzi, C. A.; Roffia, S.; Chiorboli, C.; Davila, J.; Indelli, M. T.;
Scandola, Flnorg. Chem 1989 28, 4350.
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Figure 1. Absorption spectra in acetonitrile solutions: Ru(bpy)(€&N . -
(1?; Ru(bpy)(CNp)Z‘ anz [32]ane-MHg®* in molar ratios 1(0%)% (2)), solutions of Ru(bpy)(CN}~ (1 x 10°* M) as a function of the
1:0.125 (3), 1:0.205 (4), 1:0.44 (5), and 1:1 (6). Molar absorptivity concentration of added [32]Janeft®" (®o is the quantum yield in
scale based on Ru(bpy)(CRl). Concentration of Ru(bpy)(Ch): 1.0 the absence of macrocycle).

X 4 M.
1M Ru(bpy)(CN)?~ and [32]ane-NHg®t (Figure 2d) exhibits a
superposition of the resonances of parts a and b of Figure 2,
d N 'U'l | J' but with substantial shifts: the 8,protons shift upfield to 9.30
S | Jd‘L_MJm.WMW_ ppm; the 3,3 4,4, and 5,5 protons shift downfield to 8.32,
\ 8.05, and 7.76 ppm, respectively; the macrocyclie N-bound
J\ protons move downfield to 7.58 ppm. In Figure 2c, the
{‘ bipyridine 5,5 proton resonance signals and the broad band of
‘ the macrocycle overlap considerably. A clean spectrum of the
A bipyridine protons in the 1:1 mixture, free from such an overlap,
o] J M 'j'tl | is obtained in the presence obO (Figure 2d), in which the
AR N-bound protons of the macrocycle are exchanged, leading to
the disappearance of the corresponding signals.
/ The effect of temperature on tRE-NMR spectrum of a 1:1
| mixture of Ru(bpy)(CNy?~ and [32]ane-NHg8" was examined
) in a deuterated methanol solution. In this solvent, the spectrum
b j \ at room temperature (2Z) was almost identical to that in,D-
A containing acetonitrile (Figure 2d), with the same resonance
pattern of the bipyridine protons, but slightly shifted owing to
the solvent change (9.42, 8.41, 8.02, and 7.64 ppm). Upon
lowering the temperature te60 °C, no change in théH-NMR
spectrum was observed, except for a general very small

downfield shift (0.03-0.08 ppm) of all the bands.
a M M ﬁ} W 13C-NMR spectra were measured in@at room temperature.
e NJ‘L\J S The spectra were assigned on the basi&bf13C HETCOR
O ML o o e s experiments. The spectrum of Ru(bpy)(GN) shows two
9 8 om 7 resonances at 165.98 and 164.20 ppm corresponding to the

Fi > H-NMR ra in deuterated acetonitrile: (a) Ru(bpy) cyanide carbons and bipyridine carbon resonances at 155.74
ure 2. F-NMR spectra in deuterated acetonitrile: (a) Rubpy)- (3 7y 152 80 (6,6, 137.06 (4,9, 126.05 (5,9, and 122.63
(CN)E;T; (b) [32]ane-Nig’ . _(C) 11 Ru(bpy)(CgT‘)?j and [32Jane- é)pm) (3,3). Tk(1e ?3C-NMR s(pe?;trum of tﬁmesl:l mixture of
NoHs™": (d) 1:1 Ru(bpy)(CNy™ and [32]ane-bH™" with added RO. Ru(bpy),(CN)F* and [32]ane-NHg8" displays cyanide carbon
+1.0 V vs SCE AE, = 80 mV) and—1.58 V vs SCE (cathodic resonances at 165.69 and 163.77 ppm, shifted upfield with
peak, poorly reversible). The [32]aneMik®" macrocycle is :esp(relctnto th(\);erof f;ﬁ;‘ Fé“ébe’r)lng@ g%egbz'py”?n'ﬂ‘;’%a?r%%”
electrochemically inert in acetonitrile in thel.5 to—1.6 V vs esonances were shifted downfield (155.92 ppm’; o
SCE range. ppm, 4,4, 126.39 ppm, 5,5 123.06 ppm, 3,3 except for the

NMR Spectra. H-NMR spectra in the region-79.5 ppm, 6,6 carbons (_152'60 ppm)_. .
measured in deuterated acetonitrile, are shown in Figure 2. In Photophyszlgal ) Behavior. In aqueous solutl_on,
the spectrum of Ru(bpy)(Ch¥ (Figure 2a) resonance signals Ru(bpy)(CN)* " emits ‘."MT“E‘X:. 61.0 nm, with a quantum yield
are assigned to the bipyridine protéhas follows: 9.55 ppm, of 0.0068 ar:;)jr an emission I|_fet|me_of .101 HSAd.d't.'on of .
6,6 protons; 8.13 ppm, 3,Jrotons; 7.75 ppm, 4,4rotons; [32]ane-NHs"" caused negligible shifts in the emission maxi-
7.32 ppm, 5.5 protons. The spectrum of [32]anesks* mum but sizable changes in the emission intensity and lifetime.

(Figure 2b) shows the resonances of the N-bound protons as al e intensity of the emission increased with the concentration

inale broad band tered at 6.87 " The 1:1 mixt ¢ Of [32]ane-NHg®t (Figure 3); an upper limiting quantum yield
single broad band centered & bpm © mixiure o value of 0.012 was obtained after addition of 1 equiv of the

(22) Lytle, F. E.; Petrosky, L. M.; Carlson, L. Rnal. Chim Acta1971, macrocycle. In SO'PtiQnS with [[32]aneBN88+]/[RU(ppy)'.
57, 239. (CN)427] = 1, the emission decay was monoexponential with a
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Volmer kinetics) was observed for the 1:1 mixture of
©=0022 ¢=0.0087 @ = 0.0003 Ru(bpy)(CN)?~ and [32]ane-NMHg®" in the presence of meth-

. A \ ylviologen (N,N-dimethyl-4,4-bipyridinium dication); the quench-
ing constant is 7x 10° M~ s71 at 0.02 M ionic strength.
Finally, a control experiment was carried out with Ru(bpy)-
(CN)42~, in the absence of the macrocycle, using Rhyg):*
as an electron acceptor. Under these conditions, fast quenching
of the excited state of Ru(bpy)(GN~ occurred with a bimo-
lecular quenching constant value 062101 M~1s71 (0.001M
ionic strength).

Normalised Intensity

Discussion

Formation, Structure, and Properties of the Supercom-
plex. In acetonitrile, the interaction of Ru(bpy)(CR) with
the macrocycle shows up visually as a sharp change in color,
A, M from deep violet to yellow. Indeed, huge blue shifts are
Figure 4. Emission spectra of acetonitrile solutions: Ru(bpy)(@N)  hoticeable in the absorption (Figure 1) and emission (Figure 4)
(1); Ru(bpy)(CN)?~ and [32]ane-NHg®" in molar ratios 1:0.205 (2) spectra upon addition of [32]anegMNg®* to the complex. The
and 1:1 (3). excited states responsible for these spectral features have metal-
to-ligand charge transfer (MLCT) charactérblue shifts in
constant lifetime of 180 ns. In contrast, complex nonexponential MLCT transitions are expected when the charge density at the
decays were observed in the intermediate concentration rangeRu(ll) center is decreased. Direct proof of the electron-

1 n 1 n 1
600 700 800

0 < [[32]ane-NsHg®)/[Ru(bpy)(CN)?] < 1. withdrawing effect of the macrocycle is provided by the
In acetonitrile, Ru(bpy)(CN¥~ emits atlmax = 790 nm, with electrochemical experiments, which show that upon interaction
an emission lifetime of 7 ns and a quantum yield of 30417 with [32]ane-NHg®" the Ru(lll)/Ru(ll) redox potential of the

Addition of [32]ane-NHg8" led to spectral changes (Figure 4) complex becomes more positive by as much as 0.77 V. This
similar to those observed in absorption: strong blue shifts up is indicative of an interaction predominantly made of hydrogen
to the addition of 1 equiv of the macrocycle (curvei3ax = bonding between the azamacrocycle and the N-end of the
640 nm); no changes upon further addition. The effects of addedcyanide ligands of the complex. Qualitatively similar effects
macrocycle on the emission intensity were also very pronounced,were observed previously by protonation of Ru(bpy)(€N)
as shown by the very different quantum yields for the three with HCIO4¢ and by substitution of the CNligands with
emissions reported in Figure 4. The behavior with respect to CNCHz.1” The interaction in this system is thus of the same
the emission decay was relatively complex. In the early stagestype as that hypothesized in the formation of other supercom-
of the spectrofluorimentric titration (for [[32]anesNg®"]/[Ru- plexes between metal cyanides and azamacroc¥€les.
(bpy)(CN)2] ratios from O to ca. 0.2, i.e. for emission spectral The spectral effects are much less marked in water, where
changes from curve 1 to curve 2), the 790-nm emission is only very small blue shifts are noted. This is not unexpected,
replaced@ by an emission aflmax = 665 nm, which is of as the Ru(bpy)(CN§~ is extremely solvatochromic. The
increasing intensity. In this concentration ratio range, the mechanism of solvatochromism is similar to that of supercom-
emission aflmax = 665 nm has a constant excitation spectrum plex formation, being based on second-sphere deaoceptor
peaking at 450 nm and exhibits a single-exponential decay with interactions at the cyanidés8® Thus, in water strong hydrogen
a lifetime of 130 ns. On the other hand, in the portion of the bonding to the cyanides already withdraws charge from the
spectrofluorimetric titration going from spectrum 2 to spectrum metal, shifting the Ru(lll)/Ru(ll) potential to substantially
3 (i.e. for [[32]ane-NHg")/[Ru(bpy)(CN)?"] ratios from ca. positive values and bringing the MLCT absorption and emission
0.2 to 1), the emission maximum and emission intensity features to higher energy. Thus, any further blue shifts are not
continuously shift and the emission decay is complex. For [[32]- expected to be significant upon interaction of the complex with
ane-NHg*/[Ru(bpy)(CN)Y2"] = 1, the decay is again single- the macrocycle. It should be pointed out, however, that, despite
exponential with a lifetime of 330 ns, which remains unchanged the negligible spectral shifts, evidence for supercomplex forma-
upon further addition of the macrocycle. tion in water comes from emission intensity (Figure 3) and
The behavior of the 1:1 mixture of Ru(bpy)(G&) and lifetime measurements.
[32]ane-NHg8* was also investigated in aqueous solution in In both water and acetonitrile, the changes in absorption
the presence of added species. Addition of EDTA to the 1:1 spectra (Figure 1), emission spectra (Figure 4), emission
mixture of Ru(bpy)(CNY~ and [32]ane-NHg@" caused a guantum vyields (Figures 3 and 4), and emission lifetimes
decrease in the emission lifetime. With 1 equiv of EDTA, a observed upon addition of [[32]anesM:®*] to Ru(bpy)(CN)?~
lifetime of 142 ns was observed. Further addition of EDTA reach alimitata 1:1 ratio, and subsequently undergo no further
caused no further decrease in the lifetime. Similar results were change. This is strong indication that a definite species having
observed by addition of the tris(4;dicarboxy-2,2bipyridine)- the stoichiometry
rhodium(lil) complex, Rh(dchf~, to the mixture. A decrease
in the emission lifetime was also observed, that saturated sharply {[Ru(bpy)(CN)]+[[32]ane-N;H 8]}6+
at a concentration of Rh(dc) equivalent to that of the 1:1
Ru(bpy)(CN)}2—: [32]ane-NHg8" mixture. The limiting life-

. : : is formed. Formation of this species is practically quantitative
time was 120 ns. In contrast, fast bimolecular quenching (Stern- P P y4a

in 1 x 10* M solution of the reactants, implying that the

. . . — stability constant of this adduct is larger tharf M~ in both

(23) A gradual decrease in the intensity of the 790-nm emission is likely golyents. Large stability constants have been estimated from
to take place, although, because of its much smaller intensity, such Lo .
emission is barely detectable after addition of very small amounts of PH-metric titrations for supercomplex formation between [32]-

the macrocycle. ane-NHg8" and Co(CNg®~ (log K = 6.0) and Fe(CNy~ (log
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enhancesr-donation from bipyridine and decreasgsback-
r‘h bonding from the metal, leading to decreased electron density

on the bipyridine ligand and to deshielding of its protons. At
variance with observations for the other protons of bipyridine,
the shift is slightly upfield for the 6;6rotons. These protons,
however, are unique in their close proximity (Figure 5) to the
equatorial cyanides and to the macrocycle which may provide
additional shielding effects.

The equivalence of tha,n’ positions in the bipyridinéH-
NMR spectrum is retained in the spectrum of the supercomplex.
This is as expected for a symmetric structure such as that
illustrated in Figure 5; however, the presence of other less
symmetric structures averaging rapidly on the NMR time scale
is not precluded by our observations. A fast association
dissociation equilibrium is inferred by the retention of the
equivalence of all the NH protons of the macrocycle in the
supercomplex (Figure 2c). In favor of the symmetrical structure
is the observation that tHél-NMR spectrum of the supercom-
plex in the bipyridine region does not change appreciably by
lowering the temperature, at least down—+&0 °C (unfortu-
nately, the N-H protons of the macrocycle cannot be looked
at under the same conditions, because of their exchange with
the deuterated methanol solvent).

The13C-NMR spectra also confirm hydrogen bonding at the
cyanide ligands as the main interaction responsible for the
binding. Upon supercomplex formation, the cyanide carbon
signals shift upfield, whereas the bipyridine carbon signals
(except for the 6,9 shift downfield, with the same trend as
seen previously for the protons. The increased shielding of the
cyanide carbon is as expected on the basis of the increase in
their m-acceptor character and consequent shift of electron
Figure 5. Computer generated (Alchemy 11) space-filling model of ~density from the metal. Charge withdrawal from the metal then
the proposed supercomplex structure: side (top), front (middle), and reflects on the bipyridine ligand, where a general deshielding
top (bottom) views. (except, again, for the 6,&arbons) is observed.

] ) ) - The photophysical results indicate a general tendency to
K = 8.9) in aqueous solutioh.For systems of this type, stability  jncreases in lifetimes and in emission quantum yields upon
constants are expected to increase in going from water tosypercomplex formation. This observation is common for
acetonitrile, on the basis of both electrostatic and hydrogen- complexes derived from Ru(bpy)(CRY, in which an increase
bonding arguments. The spectral changes in acetonitrile, injn the MLCT excited-state energy caused by second-sphere
which an isobestic point is first maintained (up to [32]ane- gonor-acceptor interactions at the cyanides (solvent effects,
NgHg®*/Ru(bpy)(CN)?~ molar ratios of ca. 0.2) and then lost,  protonation, substitution of cyanide with methyl isocyanide) is
indicate that the formation of the 1:1 supercomplex takes place always accompanied by an increase in excited-state life-
through various intermediate species. In the initial steps, the tjme 141517 This effect has been attributed mainly to the energy-
formation of a neutral species with 1:4 stoichiometry is plausible. gap law!* Of interest is the fact that the increase in lifetime

In the absence of structural data, the geometry of {Rei- observed on going from free Ru(bpy)(CR) to the 1:1
(bpy)(CN)]-[[ane-NsHg]} °* supercomplex can only be pre-  gypercomplex takes place through an intermediate regime of
sumed on the basis of the following considerations. The high nonexponential behavior. This shows that the various species
stability constant tends to indicate binding interactions similar existing in this intermediate regime (free Ru(bpy)(GN) the
to those with the hexacyano complexes, i.e., four strong 1:1 supercomplex, and species of intermediate molar ratios) do
hydrogen bonds between the cyanide ligands and the macromet undergo rapid exchange on the time scale of the excited-
cycle® In the hexacyano complexes, the cyanides involved state decay. This is largely as expected in acetonitrile, where
are equatorial, with the macrocycle in a “belt” arrangent@nt.  gych related processes (e.g., proton transfer) are known to be
For the presentis-tetracyano complex, this type of coordination  gjow24 but is also true in water, where such processes are
is not available but, as shown by space-filling models, a structure potentially much faster.
of the type shown in Figure 5 with the macrocycle in a *boat” ~ genavior of the Supercomplex in Oxidative Quenching.
arrangement is entirely plausible. As shown by the electrochemical and photophysical results, both

The changes noted in thel-NMR spectra of the complex  the ground-state redox properties and the excited-state energies
and the macrocycle when the supercomplex formed are con-change upon supercomplex formation (substantially in aceto-
sistent with the above structural hypothesis. The marked piyrile and much less in water). As a consequence, the excited-
downfield shift (0.5 ppm) of the broad signal corresponding to  state redox properti#are also expected to change. Owing to
the NH protons of the macrocycle (Figure 2b,c) is indicative of {he parallel shift in the ground-state redox potential and excited-
hydrogen bond formation. The supercomplex formation is also g;ate energy, however, such changes are relatively small. The

clearly associated with shifts in the signals of the bipyridine pLcT excited state, which is a very powerful reductant for
protons (Figure 2a,d). The downfield shift of the'544, and

3,3 protons is as expected on the basis of the eleCtrc_m' (24) Davila, J.; Bignozzi, C. A.; Scandola, . Phys Chem, 1989 93,
withdrawing effect of the macrocycle on the metal. This 1373.
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Ru(bpy)(CN)2~ (E°(Ru(ll/*Ru(ll) = —1.60 V in water and adding Rh(dckf~ to aqueous solutions of the supercomplex
—1.57 V in acetonitrile, vs SCE¥), remains so also in the are very similar to those obtained with EDTA: the lifetime
supercomplex E°(Ru(ll)/*Ru(ll) = —1.60 V in water and undergoes a moderate decrease, saturating sharply at a 1:1
—1.29 in acetonitrile, vs SCB. It should be stressed that, Rh(dcb}*~: supercomplex molar ratio, with a limiting lifetime
although the thermodynamics for photoinduced electron transferof 120 ns. Thus, a{[Ru(bpy)(CN)]-[[32]ane-NsHg]-[Rh-
do not change substantially upon supercomplex formation, the (dcb)]} 3" speciess formed, but intramolecular electron transfer
kinetics may change. First of all, the large change in electric quenching doesottake place in this species. It should be noted
charge (from 2 in the complex to 6 in the supercomplex) is  that related processes taking place in the absence of the
expected to bring about drastic changes in the bimolecular macrocyclic component look as expected: e.g. bimolecular
reaction rates with charged quenchers, with a reversal in thequenching of Ru(bpy)(CN3~ by Rh(Mebpy)®" is diffusion
kinetic discrimination between cations and anions. It should controlled (implying32 a unimolecular rate constant in the
also be noted that the attached macrocycle, which in the encounter complex greater thanx2 1(® s%). On the other
proposed structure (Figure 5) is shaped as a cavity, retainshand, processes taking place in the presence of the macrocyclic
residual hydrogen-bonding capability. The possibility that component but with positively charged quenchers also behave
negatively charged, hydrogen-bonding substrates undergo spenormally: e.g., quenching of thg Ru(bpy)(CN}]-[[32]ane-
cific host-guest interactions at this cavity should also be NgHg]}®" supercomplex by methylviologen is diffusion con-
considered as a possible factor affecting electron transfertrolled (implying?l32 a unimolecular rate constant in the
quenching. encounter complex greater than46™1). Clearly, there must
The ability of the{[Ru(bpy)(CN)]-[[32]ane-NsHg]]} 6" su- be some peculiar effect unfavorable to photoinduced electron
percomplex to further associate with highly charged anions is transfer, related to thstructureof the { [Ru(bpy)(CN)][[32]-
witnessed by the effects observed with polycarboxylate ions. ane-NHg]-[Rh(dcb}]}** species.
For instance, addition of EDTA to aqueous solutiong [&fu- Tentatively, one could envision the three-component species
(bpy)(CNY]“[[32]ane-NsHg]} ¢+ causes a decrease in emission as having the Rh(dck)™ anion partially inserted into the cavity
lifetime. The decrease saturates sharply at a 1:1 EDTA: of the{[Ru(bpy)(CN)]-[[32]ane-NsHg]}¢" supercomplex, prob-
supercomplex molar ratio. The limiting lifetime, 142 ns, is ably using carboxylate groups to form hydrogen bonds with
distinctly lower than that of the supercomplex (180 ns) and the macrocycle. In any case, a structure in which the macro-
higher than that of free Ru(bpy)(CN) (101 ns). The results  cyclic cation is simultaneously bound to, and interposed
indicate that a three-component supramolecular spe(dies; between, the two complex anions is likely. In this view, the
(bpy)(CN)]-[[32]ane-NsHg]] - [EDTA]}?+,%6 is formed under reason for the observed lack of electron transfer quenching could
these conditions. As EDTA has no ability to quench the excited be attributed to small electronic coupling between the centers
state by either energy or electron transfer, the decrease in thenvolved in the process. Remembering that the excited state to
excited-state lifetime must be viewed as a perturbation effect. be quenched is MLCT in character and that the site of reduction
This is likely caused by the competition between EDTA and in Rh(lll) polypyridine complexes is the met#,the redox
Ru(bpy)(CN)2~ for the macrocycle in the three-component orbitals involved in the process are the lowastMO of the
species. Binding with EDTA weakens the interaction between bipyridine ligand on Ru(ll) and ange d-orbital of Rh(lll). In
the macrocycle and Ru(bpy)(CNJ, thus partially reversing  a structure of this type, the through-space overlap between such
the lifetime changes observed upon supercomplex formation. orbitals is certainly quite small. On the other hand, through-
By analogy, one would expect that negatively charged bond electronic couplif§ 3’ is expected to be relatively
electron acceptoruipon association with the supercomplex inefficient owing (i) to the saturated nature of the macrocyclic
induce efficient oxidative quenching of the Ru(bpy)(GN) “spacer” and (i) to the noncovalent nature of the bonding
excited state. This possibility has been verified using the between the “spacer” and the metal complex units.
Rh(dch}3~ complex?” Electron transfer from excitel[Ru-
(bpy)(CNY]-[[32]ane-NsHg]} 6™ to this rhodium(lll) complex is Conclusions
exergonic by ca. 0.70 e%f, and is thus expected to be very
fast?®30 Quite unexpectedly, however, the results obtained by  This work provides a further example of how supercomplex-
ation with an azamacrocycle can be used to substantially modify
(25) Values of the excited-state redox potentials are obtained using thethe properties of a transition metal cyano complex. The
ground-state redox potentials and excited-state energies estimated ffonbomplex chosen for this study, Ru(bpy)(GR), couples chro-
tshpeeéi?:ét (5% relative intensity) of the room-temperature emission ) ric and luminophoric properties with macrocycle binding
(26) For simplicity, an overall charge corresponding to fully deprotonated Capability. Thus, at variance with previously reported cases,
EDTA is indicated. At the experimental pH, EDTA is present as a supercomplex formation shows up visually (in acetonitrile) as

mixture of 2- and 3- species. ; ;
(27) Spectrophotometric titrations indicate that the complex is present asa sharp color change, and brings about large changes in the

the fully deprotonated Rh(dc§) form at pH > 4.
(28) E°(Rh(dcb}*/Rh(dcb}*") = —0.90 V vs SCEY It could be said (30) Creutz, C.; Keller, A. D.; Sutin, N.; Zipp, A. B. Am Chem Soc
that the excited-state redox properties to be used in this estimate are 1982 104, 3618.

is neither those of free Ru(bpy)(CIR) nor those of the [Ru(bpy)- (31) The unimolecular rate constant in the encounter complex can be
(CN)4][[32]ane-NsHg]} 6" supercomplex, but rather those of f{Ru- evaluated (as an actual or limiting value) from the bimolecular electron
(bpy)(CN)]-[[32]ane-NsHg]-[Rh(dcb)]} 3t species. However, since transfer rate constant, provided that accurate values of the rate constants
the properties of [Ru(bpy)(CN)]-[32]ane-NHg]-[Rh(dcb)]}3+ are for diffusion and cage escape are availaile.

expected to be intermediate between those of Ru(bpyCNjnd (32) Chiorboli, C.; Indelli, M. T.; Scandola, M. A.; Scandola, FPhys
{[Ru(bpy)(CN)]-[32]]ane-NsHg]} ¢+, and these two species are only Chem 1988 92, 156.

slightly different in this respect, the above procedure is deemed correct. (33) Mc Connell, H. M.J. Chem Phys 1961, 35, 508.
(29) With this driving force, photoinduced electron transfer processes (34) Hoffmann, R.; Imamura, A.; Here, W.J.Am Chem Soc 1968 90,

between Ru(ll) and Rh(lll) complexes are likely to be nearly 1499.
activationles® and have been found to be very fast in other systems: (35) Oevering, H.; Verhoeven, J. W.; Paddon-Row, M. N.; Warman, J. M.
diffusion-controlled, as bimolecular processes between Ru(ll) and Rh- Tetrahedron1989 45, 4751.

() complexes in solutiof? in the picosecond time domain, as  (36) Richardson, D. E.; Taube, H. Am Chem Soc 1983 105, 40.
unimolecular processes in weakly coupled covalently-linked Ru(ll) (37) Balzani, V.; Scandola, Supramolecular Photochemistijorwood:
Rh(lll) systemg0 Chichester, England, 1991; Chapter 5.
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photophysical parameters (emission energy, lifetime, and quan-this type as excited-state reactants with built-in receptor capabil-

tum yield) of the complex. A structure of the supercomplex ity are currently under scrutiny.

with the [32]ane-NHg8™ macrocycle hydrogen-bound in a

“boat” conformation to the four cyanide ligands of

Ru(bpy)(CN)?2~, plausible on the basis of molecular models,

is consistent with all the experimental data. The supercomplex

exhibits peculiar properties (relative to the naked metal complex)

in excited-state quenching by added electron acceptors. This .

behavior seems to be related not only to the change in the overallthe INICT (Portugal) is gratefully acknowledged. ‘A.J.P. and
. F.P. thank NATO for an NCR Grant (No. 920629).

charge but also to the detailed structure of the precursor for the

quenching process. The perspectives for the use of systems 0fC951590I
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