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Intramolecular Electron Transfer between
Noncovalently Linked Donor and Acceptor in a
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Scheme 1.Sequence of Reactions Leading to [2]Catenane
and Complex8 (L = 4,4-Dimethyl-2,2-bipyridine)
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The photosynthetic reaction center represents an evolutionary N 0\_/0\_/0\_/0\_/

optimized organized assembly where vectorial photoinduced

electron transfer leads to effective charge separdtidfany of

the more hotly debated issues in the biological electron-transfer
(ET) systems involve questions of how electron-transfer events

proceed through noncovalently linked protein pathwaySub-

stantial efforts were directed to prepare noncovalently linked
photosynthetic model systems that might allow for the study of

ET processes in formally unlinked but still well-associated denor
acceptor aggregatésWith regard to the design of model systems
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for the photosynthetic reaction center, many transition-metal . L »
complexes including rotaxanes and catenanes have been invesdorotaxane-type assemblies) by the application of donor-modified
lecular components have been prepared and charactétiged. diads with the electron acceptor via don@cceptorz—m

recent years we have deve'oped a nove' approach for Organizindnteracuong.&l Tlme-l’eSO|Ved StUdIeS haVe been Carl’led outina

chromophore-electron acceptor diad assemblies (especially pseucollaboration project with Willne#:™' In this paper, we report
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for the first time (1) the template-directed assembly of a novel
[2]catenane &) incorporating a rutheniumtris(2,2-bipyridine)
complex (sensitizer) and a cyclobis(paragoighenylene) (BXV,
acceptor) (Scheme 1) and (2) photoinduced intramolecular electron
transfer in this catenane complex.

The syntheses of the catenane ligahdand the catenane
complex 8 are shown in Scheme 1. 1,4-Bis[@-{olylsulfon-
yloxy)-3,6,9-trioxaundecyloxy]benzen#)f was reacted with 4.4
bis(hydroxymethyl)-2,2bipyridine @) in the presence of NaH
to give the macrocyclic polyethérin 51% yield. Reacting the
macrocyclic polyether6 with 1,1'-[1,4-phenylenebis(methyl-
ene)]bis-4,4bipyridinium bis(hexafluorophosphatej)(and 1,4-
bis(bromomethyl)benzen&)(in MeCN at ambient temperature
and pressure afforded the [2]catend@PFs, which was isolated
as a red solid in 50% yield after column chromatography on
neutral alumina (methanol-saturated methanol solution ofQNH
(2:1 v:v)) and counterion exchange. Reacting the chloride salt
of 7 with cis-dichloro-bis(4,4dimethyl-2,2-bipyridine)ruthe-
nium(ll) (5) in ethanol under reflux and Natmosphere afforded
the ruthenium comple&-6CIl. The catenane-type compl&6CI
was isolated as a dark solid in 40% vyield after size exclusion
chromatography (Sephadex G-15,3). For our study, the
counterion of8 was changed t®F¢- to increase its solubility in
CH3;CN. Reference compleS was prepared by reacting crown
ether 6 with ruthenium complexs under refluxing and K in
ethanol for 3 days. CompleXwas obtained in 65% vyield after
column chromatography (silica, GBI,—CH3;OH (92:8/v:v)).

The interlocking of the two macrocycles in catenane ligand
and in the comple8 was comfirmed by the X-ray crystal structure
of 7. In the single-crystal structut®of 7-4PF; (Figure 1), the
hydroquinone ring is positioned in the cavity (inside) of the
tetracationic cyclophane and the 2i#2pyridine component is on
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Figure 1. The crystal structure af-4PF6 (ball-and-stick representation).

the “outside”. The molecular complex has ) crystal point
symmetry, the 2-fold axis running through three C bonds and
the center of the-O—CsHs;—O— unit. The tilt angle of the
—0GCsH,O— axis of the “inside” hydroquinone ring to the mean
plane of the tetracationic cyclophane is’4&hereas that of the
outside 2,2bipyridine ring system is 12 The inside hydro-
quinone ring, forced by symmetry, is exactly centrally located
within the tetracationic cyclophane, which has a length and
breadth of 10.24 A and 6.90 A, respectively. The mean
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Table 1. Absorption and Emission Properties of the Compounds
Studied in Acetonitrile

compound  Amax(nm) (loge)  Adem(nmM) Pem Eo—o (eV)
7 475 (2.85)
8 463 (4.13) 644 0.0021 2.16
9 461 (4.11) 635 0.049 2.17

the reduction of both subunits to yield the neutral molecule. The
energy for the 6-0 transition E;—o) of 8in CH;CN was measured

to be 2.16 eV (Table 1). Therefore, the thermodynamic driving
force for the photoinduced electron transfeBifrom the excited
metal center to the noncovalently linked tetracationic cyclophane
was calculated to be-0.62 eV, ignoring Coulombic terms
(according to eq 1) This indicates that the intramolecular
electron transfer ir8 is thermodynamically favored.

AG = F*E(S*/S") — E(AJA7)] (1)
Further evidence for the intramolecular electron transfer in
catenan& comes from spectroscopic studies. The spectroscopic
properties o8 and the referenc@ are shown in Table 1. Both
8 and9 absorb strongly around 462 nm, which is associated with
the metal-to-ligand charge-transfer (MLCT) transitions. Never-
theless, the peak half-width 8f(118 nm) is much broader than
that of 9 (79 nm), due to the presence of the charge-transfer
absorption band associated with the [2]catenane, which is clearly
evident in7 as a broad band centered around 475 nm (peak at
half-width =132 nm). Comparison of the emission spectr8 of

interplanar separations between the inside hydroquinone ring andand9 (7 is nonluminescent) in Nsaturated acetonitrile showed

the outside and the inside bipyridinium units are 3.49 A and 3.41
A. The centroid-centroid separation between the outsidé€-2,2
bipyridine and the inside bipyridinium unit is 3.39 A, indicating
strong 7— interaction between these two units. Secondary
stabilization of ther—z—m—a [2]catenane structure is achieved
by a combination of (1) edge-to-face {&---t] interactions
between the inside hydroquinone CH hydrogen atoms and the
two p-xylene spacers of the tetracationic cyclophane:«{{t,
2.95 A; [C—H---7], 164°) and (2) [C-H::-O] hydrogen bonds
between bipyridinium protons and the central oxygen of each
polyether linkage ([&-0], 3.14 A; [H-++0], 2.24 A; C-H---O
angle, 162.%. The 2,2-bipyridine system adopts a trans-
conformation, and the torsion angle between the two pyridine
planes is—12.5°. The crystal contains two enantiomeric forms
possible for7-4PF; (Figure 1).

Electrochemical studies made with caten8re deoxygenated

that, in the catenane comple®)(i.e., association with BX¥",

the emission maximum shifted from 635 n®) (o 644 nm 8),

and the emission quantum yield was reduced from 0.@}%0(
0.0021 B). Measurements at different concentrations reveal that
the emission quenching i8 is intramolecular. Clearly, the
marked decrease in emission quantum yield results from the
intramolecular electron transfer i from the excited R
complex (MLCT state) to BX¥". Thus, the electron-transfer
rate in8 can be roughly estimated according to eq 2:

ker = (Uro)(@d/p — 1) )

In this equationg and¢, are the emission quantum yield &f
and the referenc®, respectively, and, is the emission lifetime
of 9. With 7o = 867 ns (obtained by single-photon-counting),

acetonitrile showed that the metal center undergoes a reversiblghe value found foker is 2.6 x 10’ s%, which is comparable to

one-electron oxidation step corresponding to a half-wave potential
of Eruzri3+ = 1.20 V (vs SCE). The potential difference between
the peaks of the oxidation and reduction waves Was= 64

mV. For Ru(bpy)(PR)2, AE was 60 mV. Upon reductive scans,
two sets of redox waves characteristic with the linked tetracationic
cyclophane can be observed before the appearance of the coupl
RW/RuU™ (—1.39 V; AE = 60 mV). The first redox couple at
—0.34 V (AE = 111 mV) corresponds to the reduction of both
paraquat units within the tetracationic cyclophane fréid to

+1 state. The second a0.71 V (AE = 64 mV) corresponds to
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that obtained for pseudorotaxane-type —Ruis(bipyridine)—
BXV4+ assemblieg. It is expected that association of BXVin

8 may extend the bridging chains due to electrostatic repulsion
and as a result the photogenerated redox product can be stabilized
against back electron transfer. Studies with the reference complex
g and BXV** revealed that a distinct luminescence and lifetime
quenching occurred only at higher concentrations of the acceptor
(9:BXV4t > 1:100). Dynamic quenching was predominant. Thus,
we conclude that the Rt—polypyridine catenan& can undergo
efficient intramolecular electron transfer.
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