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Two porphyrin-based optoelectronic gates and several prototypical redox-switching
components of gates have been synthesized for studies in molecular photonics. Linear and
T-shaped molecular optoelectronic gates contain a boron-dipyrrin (BDPY) dye as the input
unit, a zinc (Zn) porphyrin as the transmission unit, a free base (Fb) porphyrin as the output
unit, and a magnesium (Mg) porphyrin as the redox-switching unit. The linear gate and T
gate were synthesized using a molecular building block approach. In the linear gate synthesis,
a BDPY-Zn porphyrin dyad was coupled with a Fb porphyrin-Mg porphyrin dimer. The
synthesis of the T gate utilized a Zn porphyrin bearing four different meso substituents:
mesityl, 4-iodophenyl, 4-[2-(trimethylsilyl)ethynyl]phenyl, and 4-[2-triisopropyl)ethynyl]-
phenyl. Attachment of the three different groups to the Zn porphyrin was accomplished
using successive Pd-mediated coupling reactions in the following sequence: Fb porphyrin
(output unit), BDPY dye (input unit), and Mg porphyrin (redox-switching unit). Both the
linear gate and T gate syntheses introduce the Mg porphyrin at the final step to minimize
demetalation of the Mg porphyrin. Refinements to various components of these gates were
investigated through the preparation of a ferrocene-porphyrin, a ferrocene-phthalocyanine,
and a ferrocene-porphyrin-phthalocyanine. A dyad motif for studies of optically based redox
switching was prepared that contains a derivative of Ru(bpy)3X2 coupled to a porphyrin.
From these and related studies have emerged a number of design considerations for the
development of refined optoelectronic gates.

Introduction

The development of molecular-scale information pro-
cessing systems requires a variety of molecular devices,
including wires, switches, logic elements, memory ele-
ments, and input/output components. As a first step in
our research program toward realization of a functional
molecular device, we developed a molecular photonic
wire.1 The wire is shown in Chart 1 and is composed of
a BDPY dye, three Zn porphyrins, and a Fb porphyrin.
Excitation of the BDPY unit results in excited-state
energy transfer followed by fluorescence from the Fb
porphyrin. We subsequently sought designs that would
enable the flow of excited-state energy and/or the
fluorescence output in the molecular wire to be switched
off/on in a reversible manner.

We elected to investigate oxidation/reduction as a
means of controlling the excited-state energy-migration
process in the molecular wire. The addition of a redox-
switching unit to the wire affords an optoelectronic gate

(Figure 1). The attractions of a redox-switching unit
include the absence of moving parts (other than electron
transfer) and the prospect that the molecular architec-
ture could be tethered to an electroactive surface and
switched without involving molecular diffusion pro-
cesses. In contrast, the vast majority of molecular
switches designed to date employ conformational2-6 or
diffusive motion7 as their basis of action. Though a
variety of switches have been designed that employ
redox changes as a means of altering the fluorescence
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(c) Lainé, P.; Marvaud, V.; Gourdon, A.; Launay, J.-P.; Argazzi, R.;
Bignozzi, C.-A. Inorg. Chem. 1996, 35, 711-714. (d) Walz, J.; Ulrich,
K.; Port, H.; Wolf, H. C.; Wonner, J.; Effenberger, F. Chem. Phys. Lett.
1993, 213, 321-324. (e) Endtner, J. M.; Effenberger, F.; Hartschuh,
A.; Port, H. J. Am. Chem. Soc. 2000, 122, 3037-3046.

(5) (a) Ashton, P. R.; Balzani, V.; Becher, J.; Credi, A.; Fyfe, M. C.
T.; Mattersteig, G.; Menzer, S.; Nielsen, M. B.; Raymo, F. M.; Stoddart,
J. F.; Venturi, M.; Williams, D. J. J. Am. Chem. Soc. 1999, 121, 3951-
3957. (b) Deans, R.; Niemz, A.; Breinlinger, E. C.; Rotello, V. M. J.
Am. Chem. Soc. 1997, 119, 10863-10864. (c) Canevet, C.; Libman, J.;
Shanzer, A. Angew. Chem., Int. Ed. Engl. 1996, 35, 2657-2660. (d)
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of an appended luminophore or the conductivity of an
electronic wire,8 few switches have been developed that
employ redox control over an excited-state energy-
transfer process. One close analogy to our design (albeit
still requiring diffusion) is a molecular photonic wire
in which binding/liberation of a redox-active analyte
causes suppression/enhancement of signal transmission
and fluorescence.9 One notable example of a redox-based
switch that lacks any moving parts is built around a
molecule composed of two one-electron donors attached
to a single two-electron acceptor. Optical excitation of
the donors results in spectral changes upon transfer of
one or two electrons to the acceptor. This system
functions as an all-optical intensity-dependent photo-
chromic switch.10

The redox-switching unit in an optoelectronic gate
must meet the following criteria: (1) The redox-switch-
ing unit must possess the lowest redox potential of all
components of the gate to ensure that redox chemistry
occurs selectively at this site. (2) In the neutral form,
the redox-switching unit must have a singlet excited-
state energy that is higher than that of the output unit.
This ensures that the excited-state energy remains on
the output unit and does not flow to the redox-switching
unit. (3) In the redox-activated form, the switching unit
must have a manifold of low-lying excited states. These
states serve as a trap for the excited-state energy. (4)
Finally, the redox-switching unit must undergo revers-
ible electrochemistry with no side reactions.

On the basis of the above criteria, we chose a Mg
porphyrin for use as the redox-switching unit in the
molecular photonic wire. The singlet excited-state en-
ergy of neutral Mg porphyrins lies above that of the Fb
(output unit) analogues. The redox potential for gener-
ating a Mg porphyrin π-cation radical is quite low, and
considerably lower than that of any of the other por-
phyrins in the molecular wire.11 Porphyrin π-cation
radicals in general exhibit an extensive manifold of low-
lying excited states, as evidenced by their weak absorp-
tion spectra that extend into the near-IR region.12

Porphyrin π-cation radicals are also relatively stable
and can undergo facile reduction back to the neutral
state. (The absorption spectrum of the cation radical of
magnesium tetramesitylporphyrin as well as the spec-
trum of the porphyrin formed upon reduction of the
cation radical with triethylamine are shown in the
Supporting Information.) Collectively, these consider-
ations led to two different designs, the T gate and the
linear gate (Chart 2).13 In the T gate, the Mg porphyrin
is attached to the transmission unit, while in the linear
gate the Mg porphyrin is attached to the output unit.

The T gate and linear gate were anticipated to
function in quite different ways. In the T gate, the redox-
switching unit was anticipated to function by intercept-
ing the excited-state energy prior to passage to the
output unit. The operation of the T gate was anticipated
to be quite demanding, as the residence time of the
excited state at the Zn porphyrin was likely to be ≈20
ps (based on similar Zn porphyrin-Fb porphyrin
dimers).14 In the linear gate, the redox-switching unit
was required only to quench the excited state of the
output unit. This process should be facile given that the
excited state of the Fb porphyrin output unit exhibits a
lifetime of ≈10 ns.
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Chart 1

Figure 1. (A) Energy flow in a molecular photonic wire. (B)
Energy flow in a molecular optoelectronic gate.
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Recently, we studied the dynamics of the energy-
transfer processes in the linear- and T-shaped optoelec-
tronic gates and their component parts.15-17 These
studies have elucidated the dynamics and mechanism
of energy flow in the gates, both of which are more
complex than we originally anticipated: (1) Energy
transfer occurs very rapidly (ktrans ) (9 ps)-1) from a
Zn porphyrin to a Mg porphyrin joined via a diphenyl-
ethyne linker.15 Accordingly, the majority of the energy
in the T gate initially flows to the site of switching
rather than to the output unit. (2) Electronic com-
munication in diphenylethyne-linked multiporphyrin
arrays can proceed via superexchange among distant
sites, such as from a Mg porphyrin to a Fb porphyrin
in an array of Mg, Zn, and Fb porphyrins (i.e., like the
T gate).16 Thus, in the T gate, the excited-state energy
that initially reaches the Mg porphyrin then proceeds
to the Fb porphyrin via superexchange. Qualitatively
similar superexchange processes also occur between
nonadjacent neutral and π-cation radical porphyrins in
multiporphyrin arrays.17 This process makes quenching
of the excited Fb porphyrin by the distant, oxidized Mg
porphyrin essentially as effective as the quenching
between these adjacent sites in the oxidized linear gate.

Recently, we sought to make a series of refinements
to the molecular optoelectronic gates. (1) We wanted to
use a much brighter far-red emitter as an output unit.
This led to the investigation of phthalocyanines for the
output unit. These molecules have much larger quan-
tum yields of emission than do porphyrins. (2) We
sought to employ a redox-switching unit that was less

labile than a Mg porphyrin. Thus, we investigated the
use of ferrocene as a redox-switching unit. Ferrocene
undergoes reversible electrochemistry and does not
absorb substantially in the visible region. (3) We sought
to employ a chromophore that could undergo a photo-
induced internal charge-transfer process, thereby serv-
ing the same function as the redox-switching unit. This
latter modification would provide the basis for the
development of an all-optical gate. In this paper we
describe the synthesis of the linear gate, T gate, and
the modified prototypical redox-switching units. We also
characterize the electrochemical and spectroscopic prop-
erties of the prototypical redox-switching units.

Results and Discussion

The linear gate and T gate both incorporate a BDPY
dye, Zn porphyrin, Fb porphyrin, and a Mg porphyrin.
We have previously prepared arrays composed of mul-
tiple BDPY dyes and one porphyrin,18 multiple Mg
porphyrins and one Fb porphyrin,19 and multiple Zn
porphyrins and one Fb porphyrin.19,20 Some of the
constraints in preparing the linear and T gates have
emerged from these prior syntheses. For example, the
BDPY dyes are stable to the Pd-coupling conditions and
are generally quite robust, but are susceptible to nu-
cleophilic reagents such as fluoride used for deprotection
of the trimethylsilylethyne functionality. While the Zn
porphyrins and Fb porphyrins are readily handled with
current methods for preparing multiporphyrin arrays,
Mg porphyrins present two challenges. First, Mg por-
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phyrins are readily demetalated by weak acids or silica
gel.21 Second, Mg porphyrins are somewhat polar and
tend to streak upon adsorption chromatography; this
problem becomes more acute with multiporphyrin ar-
rays containing one or more Mg porphyrins. Fortu-
nately, the Mg porphyrin building blocks are stable to
the Pd-coupling conditions and the trimethylsilylethyne
deprotection conditions, both of which employ neutral
to basic conditions.22 These constraints led to the
synthetic routes employed.

I. Synthesis of the Linear Gate and T Gate

Linear Gate. The linear gate contains the following
components in a linear sequence: BDPY dye, Zn por-
phyrin, Fb porphyrin, Mg porphyrin. A linear synthesis
beginning with the Mg porphyrin switching unit would
require multiple chromatography operations, and would
need to be done without altering the metalation state
of the Mg porphyrin.23 Alternatively, a stepwise syn-
thesis of the linear gate beginning with the BDPY unit
was not viewed as practical due to the susceptibility of
the BDPY unit to attack by the nucleophilic TBAF.24

We therefore outlined a synthetic route that involved
the preparation of a BDPY-porphyrin dyad (Scheme 1)
and a Mg-Fb porphyrin dimer (Scheme 2), which are
then joined to give the desired linear gate. This route
had the following advantages: (1) requires four syn-
thetic steps as compared to a stepwise route that would
have involved six synthetic steps (three Pd-coupling
reactions, three trimethylsilylethyne deprotection reac-
tions) and (2) minimizes the synthetic and chromatog-
raphy operations involving both the Mg porphyrin and
the BDPY unit.

A mixed condensation of the BDPY-benzaldehyde
1,18 5-mesityldipyrromethane 2,25 and 4-iodobenzalde-
hyde afforded a mixture of three porphyrins (Scheme
1). The mixture was freed from non-porphyrinic impuri-
ties via silica gel chromatography. The mixture of
porphyrins was separated by a second silica gel column.
The BDPY-Fb porphyrin dyad 3 was obtained as the
second porphyrin-containing band in 15% yield. Meta-
lation of 3 with Zn(OAc)2 gave the corresponding Zn
porphyrin Zn-3.

The Pd-mediated coupling26,27 of Fb porphyrin 430

with Mg porphyrin Mg-519 afforded Mg-Fb porphyrin
dimer 6 in 66% yield (Scheme 2). Purification of 6 was
safely effected by chromatography on grade V alumina
(Mg porphyrins readily demetalate upon exposure to
silica gel21). Treatment of 6 with TBAF gave the dimer
7 bearing a free ethynyl group.

With these two halves in hand, the linear gate was
readily prepared (Scheme 2). The Pd-mediated coupling
of Zn-3 and 7 proceeded smoothly, affording a final
reaction mixture consistent with that of a typical dimer-
forming reaction. The chromatography on grade V
alumina proceeded poorly because of streaking, which
is characteristic of multiporphyrin arrays containing a
Mg porphyrin.19 Nonetheless, the linear gate was ob-
tained in 50% yield.

T Gate. The T gate molecular architecture is com-
prised of a short molecular wire with the switching unit
appended to the Zn porphyrin transmission unit. Sev-
eral synthetic routes can be envisaged to this molecular
architecture. We initially prepared the T gate via a
mixed Pd-mediated coupling of 11,31 14,32 and a trans-
diethynyl Mg-Zn porphyrin dimer (not shown, see
Supporting Information), obtaining by extensive chro-
matography a few mg of the target compound for
physical studies. To overcome the extensive chromatog-
raphy and low yields associated with the mixed Pd-
coupling approach, we have employed a stepwise syn-
thesis of the T gate that employs an ABCD porphyrin
building block (8, Scheme 3). The latter building block
has recently become available via a new rational
synthesis of ABCD porphyrins.33 The building block 8
bears three functionalities for Pd-coupling reactions:
iodo, trimethylsilylethyne, and triisopropylethyne, which
are employed in this order. We chose the pattern of
three functional groups to introduce the three units in

(21) Lindsey, J. S.; Woodford, J. N. Inorg. Chem. 1995, 34, 1063-
1069.

(22) Wagner, R. W.; Ciringh, Y.; Clausen, P. C.; Lindsey, J. S. Chem.
Mater. 1999, 11, 2974-2983.
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methanol) could have been employed, but the solubility of larger arrays
in several solvents examined was insufficient for use with these
solvents. Thus, for expediency we employed the unoptimized conditions
described.
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reactions with non-porphyrinic compounds were performed using
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(28) Yang, S. I.; Li, J.; Cho, H. S.; Kim, D.; Bocian, D. F.; Holten,
D.; Lindsey, J. S. J. Mater. Chem. 2000, 10, 283-296.
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the following order: Fb porphyrin, BDPY dye, and the
Mg porphyrin. There was no ideal sequence of reactions
that resolved the competing constraints of the different
components, given the limitations posed by extensive
chromatography of multiporphyrin arrays containing
Mg porphyrins, and the susceptibility of BDPY dyes to
attack by the nucleophilic deprotecting agents required
for removal of the TMS group or TIPS group. We chose
to incorporate the BDPY dye in the penultimate step
and the Mg porphyrin in the last step.

The first step in the synthesis of the T gate involved
the Pd-mediated coupling of 8 and ethynyl porphyrin 5
using our recently modified Pd-mediated coupling con-
ditions (Scheme 3).22,27 Isolation of dimer 9 in 53% yield
was achieved by sequential chromatography (silica,
SEC, silica). The TMS protecting group was selectively
removed in the presence of the TIPS group by treatment
of 9 with K2CO3, affording dimer 10 in 87% yield. The
BDPY unit was attached via Pd-mediated coupling of
11,31 affording the triad 12. Deprotection of the TIPS
group in the presence of the BDPY in triad 12 was
problematic, as expected. Removal of the TIPS group
using TBAF on silica was found to be sluggish; upon
prolonged reaction a baseline impurity appeared on
silica TLC analysis, which was consistent with decom-
position of the BDPY dye. Workup after the complete
consumption of starting material (36 h) gave the desired
triad 13 in 37% yield. Attempts to improve the yield by
a shorter reaction time (4.5 h) and resubmitting the
recovered starting material did not give better results,
affording 13 in a total yield of 36%. Use of a solution of
TBAF in THF gave 13 in 10% yield. During the course
of these studies, a total of 30 mg of 13 was accumulated.
This material was then used in a final Pd-mediated
coupling with Mg(II)-5,10,15-trimesityl-20-(4-iodophe-
nyl)porphyrin (Mg-14),22 affording the desired T gate
in 36% yield following chromatographic purification
(alumina, SEC, alumina). The photodynamics of gating
have been thoroughly investigated for the linear and T
gates.17

II. Prototypes of Refined Optoelectronic Gates

Molecular Design. (i) Redox-Switching Unit. In
the linear gate and T gate a Mg porphyrin serves as

the redox-switching unit. The Mg porphyrin π-cation
radical has a manifold of low-lying excited states. These
excited states provide a channel for nonradiative decay
of the energy initially imparted to the wire via photo-
excitation. While use of the Mg porphyrin has yielded
functional gates, there are several drawbacks to these
complexes. (1) Mg porphyrins are somewhat labile
toward demetalation; (2) streaking upon chromatogra-
phy of multiporphyrin arrays containing Mg porphyrins
can complicate purification; and (3) the Mg porphyrin
in the neutral ground state can act as an energy-
transfer acceptor with an adjacent Zn porphyrin (as in
the T gate). Thus, we sought to investigate potential
replacements for the Mg porphyrin for redox switching.
We turned to the investigation of ferrocene as a redox-
switching unit. Ferrocene exhibits reversible electro-
chemistry, a low oxidation potential (lower than that
of the Mg porphyrin), has been widely used in electro-
chemical studies, and has a well-developed synthetic
chemistry.

(ii) Output Unit. The linear gate and T gate were
based on our original design for a molecular photonic
wire. To refine this basic design, we have constructed
wires that employ a phthalocyanine rather than a Fb
porphyrin as the output unit.34 The phthalocyanine is
superior to a Fb porphyrin as an output unit for the
following reasons. (1) The phthalocyanine emission is
red-shifted compared with that of the porphyrin regard-
less of metalation state, enabling use of the Fb porphy-
rin as an energy-transfer component rather than only
as an emitter.28 (2) The fluorescence quantum yields of
phthalocyanines are typically 6-10 times higher than
those of porphyrins.35,36 (3) The emission spectra of
phthalocyanines do not significantly overlap with those
of porphyrins. (4) Phthalocyanines are much harder to
oxidize than the corresponding porphyrins. The latter
feature enables electrochemical oxidation of a wide
variety of porphyrin or other (i.e., ferrocene) gating units
in the presence of a phthalocyanine.

(34) Miller, M. A.; Lammi, R. K.; Prathapan, S.; Holten, D.; Lindsey,
J. S. J. Org. Chem. 2000, 65, 6634-6649.

(35) Leznoff, C. C.; Lever, A. B. P. Phthalocyanines-Properties and
Applications; VCH: New York, 1989; Vol. 1, p 291.

(36) Teuchner, K.; Pfarrherr, A.; Stiel, H.; Freyer, W.; Leupold, D.
Photochem. Photobiol. 1993, 57, 465-471.
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(iii) Design Targets. We sought to prepare a fer-
rocene-porphyrin, a ferrocene-phthalocyanine, and a
ferrocene-porphyrin-phthalocyanine for fundamental
studies of gating. A large number of ferrocene-porphy-
rins37 but relatively few ferrocene-phthalocyanine dy-
ads have been reported.38 Similarly, relatively few
arrays containing porphyrins and phthalocyanines have

been constructed.28,39,40 The dearth of phthalocyanine-
containing arrays reflects the difficulty of preparing
phthalocyanine building blocks with specific patterns
of substituents. We recently prepared a mono-ethynyl
hexaheptyl substituted phthalocyanine.28 This useful

(37) Gryko, D. T.; Zhao, F.; Yasseri, A. A.; Roth, K. M.; Bocian, D.
F.; Kuhr, W. G.; Lindsey, J. S. J. Org. Chem. 2000, 65, 7356-7362.

(38) (a) Jin, Z.; Nolan, K.; McArthur, C. R.; Lever, A. B. P.; Leznoff,
C. C. J. Organomet. Chem. 1994, 468, 205-212. (b) Cook, M. J.; Cooke,
G.; Jafari-Fini, A. J. Chem. Soc., Chem. Commun. 1995, 1715-1716.
(c) González, A.; Vázquez, P.; Torres, T. Tetrahedron Lett. 1999, 40,
3263-3266. (d) Poon, K.-W.; Yan, Y.; Li, X.-y.; Ng, D. K. P. Organo-
metallics 1999, 18, 3528-3533.

(39) (a) Gaspard, S.; Giannotti, C.; Maillard, P.; Schaeffer, C.; Tran-
Thi, T.-H. J. Chem. Soc., Chem. Commun. 1986, 1239-1241. (b) Tran-
Thi, T.-H.; Desforge, C.; Thiec, C.; Gaspard, S. J. Phys. Chem. 1989,
93, 1226-1233. (c) Tran-Thi, T.-H.; Ali, H.; Lipskier, J. F.; Gaspard,
S.; van Lier, J. E. J. Chim. Phys. 1991, 88, 1151-1158. (d) Li, L.; Shen,
S.; Yu, Q.; Zhou, Q.; Xu, H. J. Chem. Soc., Chem. Commun. 1991, 619-
620. (e) Tian, H.; Zhou, Q.; Shen, S.; Xu, H. J. Photochem. Photobiol.
A: Chem. 1993, 72, 163-168. (f) Dou, K.; Zhang, J.; Xu, W.; Huang,
S.; Yu, J.; Xu, X. J. Lumin. 1994, 465-468. (g) Tian, H.; Zhou, Q.;
Shen, S.; Xu, H. Chin. J. Chem. 1996, 14, 412-420. (h) Li, X.; Zhou,
Q.; Tian, H.; Xu, H. Chin. J. Chem. 1998, 16, 97-108.
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building block avoids the problem of regioisomers, which
is common in phthalocyanine chemistry.41 Each por-
phyrin, phthalocyanine, and ferrocene building block
bears a peripheral iodo or ethyne group, which provides
the basis for array construction.

Synthesis. The synthesis of the ferrocene-porphy-
rins and ferrocene-phthalocyanines is best done through
the use of appropriate ferrocene building blocks. Fer-
rocene readily undergoes arylation with a variety of
diazonium salts.42 Treatment of ferrocene with a 2-fold
excess of the diazonium salt of 4-iodoaniline afforded
4-iodophenylferrocene (15) in 30% yield (Scheme 4). The
Pd-mediated coupling of 15 with trimethylsilylacetylene
afforded the TMS-protected ethynylphenylferrocene (16)
in 92% yield. Cleavage of the trimethylsilyl group in 16
using K2CO3 gave ethynylphenylferrocene 17 (previ-
ously synthesized using a less efficient procedure43).

The Pd-mediated coupling of Zn porphyrin Zn-526

with (4-iodophenyl)ferrocene (15) afforded the ferrocene-

Zn porphyrin dyad Zn-18 in 42% yield (Scheme 5).
Demetalation of Zn-18 with trifluoroacetic acid afforded
the corresponding Fb dyad 18 in 95% yield.

A phthalocyanine-ferrocene dyad 20 was synthesized
in a fashion similar to that of the porphyrin-ferrocene
dyad 18 (Scheme 6). The mono-ethynyl phthalocyanine
building block 19 was prepared from the statistical
reaction of excess 4,5-diheptylphthalonitrile and 4-(3-
hydroxy-3-methyl-1-butynyl)phthalonitrile followed by
deprotection.28 The Pd-mediated coupling of phthalo-
cyanine 19 and (4-iododophenyl)ferrocene (15) gave the
diphenylethyne-linked ferrocene-phthalocyanine dyad
20 in 43% yield.

A triad containing a Zn porphyrin input unit, a
phthalocyanine output unit, and ferrocene as the redox-
switching unit was prepared to investigate the perfor-
mance of the two new components in an integrated
structure. For expediency we employed a mixed Pd-
coupling reaction of the Zn porphyrin 21, ethynyl
ferrocene 17, and phthalocyanine 19. A mixture of
trimeric, dimeric, and monomeric materials was ob-
tained (Scheme 7). The purification scheme involved
three chromatography procedures [silica, SEC (toluene),
SEC (THF)] and afforded the desired triad 22 in 15%
yield.

Electrochemistry. The solution electrochemical be-
havior of the ferrocene-porphyrins (18, Zn-18), fer-
rocene-phthalocyanine (20), and ferrocene-porphyrin-
phthalocyanine (22) was investigated and is summarized
in Table 1. In all cases, the potentials observed for the
arrays are very similar to those observed for the
individual components.44,45 This characteristic is indica-
tive of the relatively weak coupling between the con-
stituents of the arrays, as has been observed for other

(40) (a) Li, J.; Diers, J. R.; Seth, J.; Yang, S. I.; Bocian, D. F.; Holten,
D.; Lindsey, J. S. J. Org. Chem. 1999, 64, 9090-9100. (b) Li, J.;
Lindsey, J. S. J. Org. Chem. 1999, 64, 9101-9108.

(41) (a) Linssen, T. G.; Hanack, M. Chem. Ber. 1994, 127, 2051-
2057. (b) Leznoff, C. C.; McArthur, C. R.; Qin, Y. Can. J. Chem. 1993,
71, 1319-1326.

(42) (a) Nesmeyanov, A. N.; Perevalova, E. G.; Golovnia, R. V.;
Nesmeyanova, O. A. Dokl. Akad. Nauk S.S.S.R. 1954, 97, 459-462.
(b) Broadhead, G. D.; Pauson, P. L. J. Chem. Soc. 1955, 367-370. (c)
Weinmayr, V. J. Am. Chem. Soc. 1955, 77, 3012-3014.

(43) Simionescu, C.; Lixandru, T.; Mazilu, I.; Tataru, L. J. Orga-
nomet. Chem. 1976, 113, 23-28.
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multiporphyrin arrays constructed with these types of
linkers.44

Fluorescence Characterization. The fluorescence
properties of the ferrocene-containing porphyrin and
phthalocyanine dyads and triads were examined. Il-
lumination of the ferrocene-Zn porphyrin Zn-18 at 550
nm resulted in typical Zn porphyrin fluorescence but
the fluorescence quantum yield was only 0.014, in
comparison with 0.033 for that of ZnTPP. The Fb
porphyrin analogue (18) also exhibited a diminished
fluorescence output, with fluorescence quantum yield
of 0.033 in comparison with 0.11 for that of H2TPP.
Thus, the porphyrin fluorescence emission in Zn-18 and
18 was diminished by >50% because of the presence of
the neutral (unoxidized) ferrocene. Similar quenching
has been observed in other ferrocene-tethered multi-
component systems.46 The emission characteristics of
the ferrocene-phthalocyanine 20 were similar to those
observed for the ferrocene-porphyrins. In particular,
excitation of 20 at 662 nm resulted in a typical phtha-
locyanine emission spectrum, but the fluorescence quan-
tum yield was only 0.090. In contrast, the standard (tert-
butyl)4phthalocyanine exhibits a fluorescence quantum

yield of 0.77.36 Thus, the neutral ferrocene causes
quenching of 88% of the emission of the phthalocyanine
output unit. However, excitation of the ferrocene-
porphyrin-phthalocyanine triad 22 in the phthalocya-
nine absorption band (662 nm) resulted in typical
phthalocyanine emission with a quantum yield of 0.79.
In this case, the location of the ferrocene quite distant
from the phthalocyanine resulted in little if any quench-
ing of the fluorescence output unit.

The fluorescence characteristics of the ferrocene-
porphyrins (18, Zn-18), ferrocene-phthalocyanine (20),
and ferrocene-porphyrin-phthalocyanine (22) arrays
were next examined under conditions where the fer-
rocene units were oxidized. For each of the arrays,
oxidation of the ferrocene unit resulted in essentially
complete quenching of the fluorescence emission from
the output unit. This result indicates the ferrocene
cation radical serves as an extremely efficient trap for
the excited-state energy (albeit in the case of the
ferrocene-Fb porphyrin and ferrocene-Zn porphyrin
arrays, much of the intrinsic emission of the output
units is already quenched by the neutral ferrocene unit
(vide supra)). Accordingly, a ferrocene unit could serve
as a viable redox-based switch in architectures wherein
this component can be spatially removed from the
energy-transfer train, as in the ferrocene-porphyrin-
phthalocyanine triad 22.

The quenching of the excited phthalocyanine output
unit by the distant oxidized ferrocene redox-switching
unit in 22 must occur via superexchange involving the
intervening Zn porphyrin. The alternative two-step
mechanism involving first energy transfer from the
excited phthalocyanine to the ground-state zinc porphy-
rin cannot occur because this step is uphill by about 0.17
eV (≈6.6 kBT). Superexchange-mediated quenching of
a distant excited output unit such as a phthalocyanine
by the ferrocene redox-switching unit is analogous to
the operation of the T gate (and related triads contain-
ing Mg, Zn, and Fb porphyrins). In these architectures,
an oxidized Mg porphyrin effectively shunts the distant
photoexcited free base porphyrin output unit using the
intervening zinc porphyrin as a superexchange media-
tor.17 However, the finding that ferrocene can serve the
same redox-switching function as porphyrins if distant
from the output unit offers additional flexibility in
design, whereby differences in redox, optical absorption,
and other properties of the redox-switching units can
be taken into account.

III. Toward an All-Optical Gate

Molecular Design. The gating process in the linear
gate and T gate involves the introduction of an oxidized
species in close proximity to the components of the
molecular wire. In all of the gates prepared previously,
oxidation is achieved chemically or electrochemically.
In an effort to develop an all-optical gate, we sought to
generate an oxidized species in a transient manner via
the use of light rather than by chemical or electrochemi-
cal means. Inorganic coordination compounds in which
a strong metal-to-ligand charge-transfer (MLCT) transi-
tion occurs upon photoexcitation are excellent candi-
dates as components in an optical gate. For example,
in Ru(bpy)3X2, photoexcitation results in charge transfer
from the Ru2+ ion to the bpy ligands, effectively creating

(44) (a) Seth, J.; Palaniappan, V.; Johnson, T. E.; Prathapan, S.;
Lindsey; J. S.; Bocian, D. F. J. Am. Chem. Soc. 1994, 116, 10578-
10592. (b) Seth, J.; Palaniappan, V.; Wagner, R. W.; Johnson, T. E.;
Lindsey, J. S.; D. F. Bocian, J. Am. Chem. Soc. 1996, 118, 11194-
11207.

(45) The reported electrochemical potentials for phthalocyanine
monomers often reflect aggregation, making direct comparisons with
porphyrins and ferrocene difficult. (See: Lever, A. B. P.; Milaeva, E.
R.; Speier, G. In Phthalocyanines, Properties and Applications; Leznoff,
C. C., Lever, A. B. P., Eds.; VCH Publishers: New York, 1993; Vol. 1,
pp 1-69.) Nevertheless, the oxidation potential of a phthalocyanine
is expected to be higher than that of a corresponding porphyrin,
consistent with the trends in measured redox properties of the arrays.

(46) Giasson, R.; Lee, E. J.; Zhao, X.; Wrighton, M. S. J. Phys. Chem.
1993, 97, 2596-2601.
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a Ru3+-(bpy)- charge-separated state.47 The Ru3+ state
is an extremely strong oxidant that could potentially
promote facile oxidation of an adjacent porphyrin (via
charge transfer to the Ru3+ ion).48 This process obviously
requires that the rate of electron transfer from the
porphyrin to the Ru3+ ion is significantly faster than
the rate of charge recombination of the Ru3+-(bpy)-

charge-separated state in the complex. To investigate
this possibility and to determine whether this basic
molecular design could function as an optically driven
redox switch, we sought to develop a scheme whereby
a Ru(bpy)3X2 derivative is placed adjacent to a porphy-
rin. To spatially remove the electron initially photo-
transferred from Ru2+ to the bpy ligands from proximity
with the porphyrin, we elected to use a derivative of
Ru(bpy)3X2 in which the two nonlinking ligands are
substituted with electron-withdrawing substituents. A
variety of such heteroleptic ruthenium coordination
compounds have been prepared.48,49 The appropriate
choice of substituents also leads to a red-shift of the
main absorption band of the Ru(bpy)3X2 derivative into
the window between the B- and Q-bands of the porphy-
rin.

Synthesis. We sought to prepare a dyad comprised
of a Ru(bpy)3X2 derivative attached to a porphyrin for
studies of optical gating phenomena. Although such a
dyad alone would not comprise an all-optical gate, a
dyadic motif exhibiting suitable photochemical behavior
could be incorporated as an optical-switching unit in a
larger all-optical gate architecture. A sizable number
of dyads (or larger architectures) comprised of a por-
phyrin and a Ru(bpy)3 complex,49 Ru(tpy)3 complex,50

or other metal complex51 have been synthesized. The
photochemical properties of a number of such complexes
(with identical ligands at the metal center) have been
reviewed.52 The prior synthetic work suggested two
possible routes for the preparation of the Ru(bpy′)3X2-

(47) Meyer, T. J. Acc. Chem. Res. 1989, 22, 163-170.
(48) Wacholtz, W. F.; Auerbach, R. A.; Schmehl, R. H. Inorg. Chem.

1986, 25, 227-234.

(49) (a) Toma, H. E.; Araki, K. Coord. Chem. Rev. 2000, 196, 307-
329. (b) Chichak, K.; Branda, N. R. Chem. Commun. 2000, 1211-1212.
(c) Lintuluoto, J. M.; Borovkov, V. V.; Inoue, Y. Tetrahedron Lett. 2000,
41, 4781-4786. (d) Allwood, J. L.; Burrell, A. K.; Officer, D. L.; Scott,
S. M.; Wild, K. Y.; Gordon, K. C. Chem. Commun. 2000, 747-748. (e)
Harriman, A.; Hissler, M.; Trompette, O.; Ziessel, R. J. Am. Chem.
Soc. 1999, 121, 2516-2525. (f) Hamachi, I.; Tanaka, S.; Tsukiji, S.;
Shinkai, S.; Oishi, S. Inorg. Chem. 1998, 37, 4380-4388. (g) Sessler,
J. L.; Capuano, V. L.; Burrell, A. K. Inorg. Chim. Acta 1993, 204, 93-
101. (h) Hamilton, A. D.; Rubin, H.-D.; Bocarsly, A. B. J. Am. Chem.
Soc. 1984, 106, 7255-7257.

(50) (a) Collin, J.-P.; Dalbavie, J.-O.; Heitz, V.; Sauvage, J.-P.;
Flamigni, L.; Armaroli, N.; Balzani, V.; Barigelletti, F.; Montanari, I.
Bull. Chem. Soc. Fr. 1996, 133, 749-754. (b) Harriman, A.; Odobel,
F.; Sauvage, J.-P. J. Am. Chem. Soc. 1995, 117, 9461-9472.

(51) (a) Leininger, S.; Olenyuk, B.; Stang, P. J. Chem. Rev. 2000,
100, 853-908. (b) Wojaczynski, J.; Latos-Grazynski, L. Coord. Chem.
Rev. 2000, 204, 113-171. (c) Solladié, N.; Chambron, J.-C.; Sauvage,
J.-P. J. Am. Chem. Soc. 1999, 121, 3684-3692. (d) Aspley, C. J.;
Lindsay Smith, J. R.; Perutz, R. N. J. Chem. Soc., Dalton Trans. 1999,
2269-2271. (e) Darling, S. L.; Goh, P. K. Y.; Bampos, N.; Feeder, N.;
Montalti, M.; Prodi, L.; Johnson, B. F. G.; Sanders, J. K. M. Chem.
Commun. 1998, 2031-2032. (f) Slone, R. V.; Hupp, J. T. Inorg. Chem.
1997, 36, 5422-5423. (g) Slone, R. V.; Benkstein, K. D.; Bélanger, S.;
Hupp, J. T.; Guzei, I. A.; Rheingold, A. L. Coord. Chem. Rev. 1998,
171, 221-243. (h) Alessio, E.; Macchi, M.; Heath, S. L.; Marzilli, L. G.
Inorg. Chem. 1997, 36, 5614-5623. (i) Funatsu, K.; Kimura, A.;
Imamura, T.; Ichimura, A.; Sasaki, Y. Inorg. Chem. 1997, 36, 1625-
1635. (j) Harriman, A.; Sauvage, J.-P. Chem. Soc. Rev. 1996, 41-48.
(k) Rowley, N. M.; Kurek, S. S.; Ashton, P. R.; Hamor, T. A.; Jones, C.
J.; Spencer, N.; McCleverty, J. A.; Beddard, G. S.; Feehan, T. M.; White,
N. T. H.; McInnes, E. J. L.; Payne, N. N.; Yellowless, L. J. Inorg. Chem.
1996, 35, 7526-7534. (l) Collin, J.-P.; Harriman, A.; Heitz, V.; Odobel,
F.; Sauvage, J.-P. J. Am. Chem. Soc. 1994, 116, 5679-5690.

Scheme 7

Table 1. Half-Wave Potentials of the Arraysa

ferrocene porphyrin phthalocyanine Ru(L)2L′c

array Fc/Fc+ P/P+ P+/P2+ Pc/Pc+ Ru2+/Ru3+ L/L- L′/L′-

18 0.23 0.68 b 1.16
Zn-18 0.23 0.59 0.88

20 0.24 1.16
22 0.19 0.56 0.90 1.17
30 0.56 0.90 1.19 -1.12 -1.31

a Obtained in CH2Cl2 (except for 30, BuCN) containing 0.1 M
TBAH using techniques and instrumentation previously de-
scribed.44 Potentials vs Ag/Ag+; E1/2(Fc/Fc+) ) 0.20; scan rate 0.1
V/s, values are (0.01 V. b Wave not observed, but probably
overlaps with wave for the phthalocyanine. c The L and L′ refer
to the 2,2′-bipyridyl and diester-substituted 2,2′-bipyridyl ligands,
respectively.
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Zn porphyrin dyad: (1) The dyad could be constructed
by the Pd-mediated coupling of a porphyrin with an
iodo- or ethynyl-substituted heteroleptic Ru-based com-
plex; (2) a porphyrin-bipyridyl moiety could be pre-
pared first and then reacted with a suitable (bpy′)2RuCl2
complex. While both routes have merits, the former
route was pursued first.

The requisite dimethyl bipyridyl-4,4′-dicarboxylate
(23)53 and 4-bromobipyridyl (25)54 were prepared from
4,4′-dimethylbipyridyl and bipyridyl, respectively, fol-
lowing literature procedures. Refluxing a 1:2 mixture
of RuCl3‚3H2O and dimethyl bipyridyl-4,4′-dicarboxylate
(23) in 95% ethyl alcohol for 50 h under argon afforded
the complex 24 in 78% yield (Scheme 8). Reaction of the
latter with 4-bromobipyridyl (25) gave the desired
heteroleptic ruthenium complex 27 in 29% yield. How-
ever, the final Pd-catalyzed coupling reaction of 27 with
a zinc mono-ethynyl porphyrin (Zn-5) did not yield the
desired 30 because of decomposition of the ruthenium
complex.

Next, we interchanged the functionalities required for
the Pd-coupling reaction. Accordingly, the reaction of
the bipyridyl complex 24 with ethynyl bipyridyl 2655 (in
a manner similar to that employed for the synthesis of
27) afforded the ruthenium complex 28. However, the
Pd-mediated coupling of the ruthenium complex 28 with
zinc(II)-5-(4-iodophenyl)-10,15,20-trimesitylporphyrin (Zn-
14)22 also failed to give the target molecule 30.

Subsequently, the second synthetic route was inves-
tigated. The Pd-mediated coupling of 4-bromobipyridyl
(25) and the Zn porphyrin Zn-5 afforded the corre-
sponding Zn porphyrin bearing a bipyridyl moiety (29)
in 48% yield (Scheme 9). A mixture of porphyrin 29,
ruthenium complex 24, and NH4PF6 in anhydrous
dichloroethane was heated for 50 h under argon in the
dark, affording the crude dyad containing the Fb por-
phyrin (due to demetalation). Treatment of the latter
with methanolic zinc acetate gave the desired optical
gate 30 in 29% yield.

Electrochemistry. The redox properties of ruthe-
nium complex 24 were investigated and are summarized
in Table 1. The value of the Ru2+/Ru3+ couple for the
complex is ≈1.19 V. This value is consistent with that
expected for a Ru(bpy′)3X2 complex with similar ligands.48

The potential of the Ru2+/Ru3+ couple is well positive
of that of the Zn porphyrin constituent (≈0.56 V). Thus,
considering only the redox properties, the complex has
the requisite characteristics to facilitate generation of
a porphyrin π-cation radical upon photoexcitation of the
ruthenium complex. This would both quench the fluo-
rescence of the porphyrin and allow the oxidized por-
phyrin to quench nearby excited states in larger archi-
tectures.

(52) Flamigni, L.; Barigelletti, F.; Armaroli, N.; Collin, J.-P.; Dixon,
I. M.; Sauvage, J.-P.; Williams, J. A. G. Coord. Chem. Rev. 1999, 190-
192, 671-682.

(53) Elliott, M. C.; Hershenhart, E. J. J. Am. Chem. Soc. 1982, 104,
7519-7526.

(54) (a) Jones, R. A.; Roney, B. D.; Sasse, W. H. F.; Wade, K. O. J.
Chem. Soc. B 1967, 106-111. (b) Maerker, G.; Case, F. H. J. Am. Chem.
Soc. 1958, 80, 2745-2748.

(55) Grosshenny, V.; Romero, F. M.; Ziessel, R. J. Org. Chem. 1997,
62, 1491-1500.
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Absorption and Fluorescence Characterization.
The absorption spectrum of the Zn porphyrin-ruthe-
nium complex 30 in dichloromethane is shown in Figure
2. The absorption spectrum of a monoethynyl Zn por-
phyrin is also shown for comparison purposes. The
spectrum of 30 shows the typical porphyrin B and Q
absorption bands at 421 and 551 nm, respectively. In
addition, a broad featureless absorption is observed in
the window between the B- and Q-bands. The latter
absorption is due to the ruthenium complex. The
magnitude of the absorption at 470 nm (ε ) 63 000 M-1

cm-1), although much weaker than that of the porphyrin
B band, is sufficient for relatively selective excitation
of the ruthenium complex in the presence of the por-
phyrin.

The fluorescence behavior of ruthenium complex 30
was investigated. The emission from the Zn porphyrin
component (Φf ) 0.0012) was reduced by 28-fold from
that of zinc tetraphenylporphyrin (Φf ) 0.033). The
apparent quenching of the excited zinc porphyrin by the
Ru(bpy′)3X2 complex prompted us to carry out transient
absorption studies in which the Zn porphyrin unit in
30 was excited with a 120-fs flash at 550 nm. This
results in complete deactivation to the ground state in
tens of picoseconds, in full accord with the fluorescence
quenching behavior. In fact, the time-resolved optical
data show that the quenching process involves two very
fast steps. These steps most likely involve charge
transfer from the photoexcited Zn porphyrin to the
ground-state Ru(bpy′)3X2 complex in <1 ps followed by
rapid charge recombination, giving the ground state in
≈10 ps. Such charge-transfer processes indicate the Ru-
(bpy′)3X2-Zn porphyrin complex is well suited for use
as an optical-switching unit in a larger molecular device.
However, the extremely fast and efficient quenching of
the photoexcited porphyrin by the adjacent ground-state
Ru(bpy′)3X2 complex precludes direct attachment of the
Ru(bpy′)3X2 complex to a Zn porphyrin component of the
energy-transfer train in an all-optical gate. On the other
hand, placement of the ruthenium complex at a site
more distant from the energy-transfer train (as done
with the ferrocene in 22) should substantially mitigate
the problem of excited-state quenching. For example,
the Ru(bpy′)3X2 unit could be attached to a Zn porphyrin

(or Mg porphyrin) unit, which is in turn attached to a
Fb porphyrin output unit in the linear gate design.

IV. Outlook

The results obtained from preparation and examina-
tion of these gates can be used to design refined
molecular optoelectronic gates. A T-gate architecture
remains quite attractive, whereby quenching of the
excited state is achieved by a redox-switching unit
located on the wire component of the device (rather than
on the output unit as in the linear gate). A key design
objective is to employ a redox-switching unit that cannot
accept excited-state energy from the energy-transfer
train in the molecular wire unit of the device. Refined
T gates that meet this objective are shown in Chart 3.
These designs also incorporate features from a molec-
ular wire that we recently synthesized, which is com-
posed of a perylene-monoimide dye, two intervening
porphyrins, and a phthalocyanine.34

The energy-transfer train in the refined T gates is
comprised of a perylene mono-imide (input unit), a Fb
porphyrin (transmission unit), and a Fb phthalocyanine
(output unit). The redox-switching unit is comprised of
either a Zn porphyrin, a ferrocene-Zn porphyrin, or a
Ru(bpy′)3X2-Zn porphyrin. The advantages of each of
these components are as follows: (1) A perylene-
monoimide dye of the type shown in Chart 3 exhibits a
monophasic excited-state lifetime and nearly unity
fluorescence quantum yield. In contrast, the BDPY dye
exhibits a biphasic lifetime and rather low fluorescence
yield.18 The existence of the dual lifetime, which stems
from two excited-state conformers, renders interpreta-
tion of kinetic data concerning energy-transfer dynamics
in BDPY-porphyrin arrays rather difficult. A perylene-
monoimide-porphyrin dyad exhibits fast and efficient
energy transfer from perylene to porphyrin.34 (2) The
Fb phthalocyanine exhibits a very high fluorescence
quantum yield (≈0.7-0.8) and is exceptionally resistant
to oxidation. In addition, the red-shifted absorption and
emission spectra of the phthalocyanine compared with
that of the porphyrin (Zn or Fb) enable use of a Fb
porphyrin as an energy-transfer donor. (3) Fb porphy-
rins are excellent energy-transfer donors and are ex-
ceptionally resistant to oxidation in the ground and
excited states. We have prepared porphyrin-phthalo-
cyanine dyads and found that the all-free base system
affords rapid energy transfer from porphyrin to phtha-
locyanine.28 In addition, the use of a Fb porphyrin as
the transmission unit enables the use of a Zn porphyrin
as one (or the sole) component in the redox-switching
unit. The Zn porphyrin is more easily oxidized than a
Fb porphyrin. (4) The main advantages of the Zn
porphyrin compared with a Mg porphyrin in the redox-
switching unit are as follows. First, the Zn porphyrin
is less labile toward demetalation. Second, energy
transfer does not occur from the Fb porphyrin to the
Zn porphyrin (in contrast with rapid energy transfer
from the Zn porphyrin to the Mg porphyrin in the
original T gate). The redox-switching unit can consist
of the Zn porphyrin alone, a ferrocene-Zn porphyrin
(as in 22), or a Ru(bpy′)3X2-Zn porphyrin. The ferrocene
enables oxidation at lower potential than that of the Zn
porphyrin, whereas the Ru(bpy′)3X2-Zn porphyrin should

Figure 2. Absorption spectra of 30 (solid line) and Zn(II)-5-
[4-[2-(trimethylsilyl)ethynyl]phenyl]-10,15,20-trimesitylpor-
phyrin20 (dashed line) in CH2Cl2 at room temperature. The
absorption spectra are normalized at the B-band.
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enable the Zn porphyrin cation radical to be formed
photochemically. The ferrocene and Ru(bpy′)3X2 com-
ponents can be used effectively without causing quench-
ing (in the neutral/ground state) of excited-state energy
migration along the energy-transfer train in the molec-
ular wire unit of the device. This is true because these
redox-switching components are located at sites distant
from the energy-transfer train and are attached to a Zn
porphyrin which cannot accept energy from the Fb
porphyrin component of the energy-transfer train. These
design considerations should lead to optoelectronic gates
with enhanced performance and stability.
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