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Abstract

This review focuses on the photophysical properties of bisporphyrin systems held in a face-to-face configuration by covalent bonds via flexible or
rigid spacers and metal-metal bonds. The cofacial arrangement induces intramolecular bismacrocycle interactions promoting basic photophysical
events such as excitonic interactions and energy and electron transfers. These events are relevant to mimic light harvesting and reactor devices
known for photosynthesis in plants, and can be monitored by luminescence and flash photolysis methods.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that photosynthetic organisms convert solar
energy into chemical energy with a very good efficiency. Since
the discovery of the right structures of light-harvesting devices
(LH1, LH2 and LH3) such as in the purple bacteria [1-7], many
research groups have devoted efforts to mimic them (see for
example Refs. [8—11]). The most common and versatile chro-
mophore used in such studies is the porphyrin (Scheme 1).
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This planar aromatic macrocycle is composed of four pyr-
role residues held together by four meso-carbon atoms which
can allow the metallation via four M—N coordination bonds onto
the corresponding dianion and the functionalization at the meso-
and B-positions. The LH1, LH2 and LH3 units exhibit wheel-
shaped protein structures where side-by-side and almost cofacial
arrangements (similar to J-aggregates or slipped dimers) of the
chromophores (here chlorophyll) are observed. Investigations
of the photophysical properties of dimers, trimers and larger
oligomers held together by covalent and coordination bonds are
numerous [8] and cover a whole series of various structures
and arrangements going from assemblies to arrays. The key
parameter of this geometry is the face-to-face configuration. This
particular arrangement provides a unique way to place two chro-
mophores at a given distance, inducing a through space energy
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transfer as the shortest pathway for inter-macrocycle interac-
tions and communications. We now wish to present an overview
of the field, specifically devoted to the photophysical properties
of cofacial systems.

2. Previous related reviews

There are several reviews (1999—today) [11-25], book chap-
ters [8,26,27] and also a book [28] on the photophysics of free
and metallated porphyrins, including electron (et) and energy
transfers (ET), excitonic interactions, and photosensitization.
During this recent period, most popular topics included polypor-
phyrin arrays (covalently bonded) [20,22,23,11] and assemblies
built upon coordination linkages [12—19]. Other more general
reviews have also appeared [21,25], and a more specific review
on face-to-side dimers held together by a coordination bond was
published in 2002 as well [24]. There is no review on covalently
linked cofacial bisporphyrins so far. The reason probably lies in
the very few examples reported, but many recent advances on
the topic now justify an overview of these interesting bismacro-
cyclic systems. There are two categories of cofacial bisporphyrin
molecules. First, the systems that are held together by flexi-
ble carbon chains, for which the photophysics were reported
between 1985 and 1994, and secondly those using rigid spa-
cers. The investigations of the photophysical properties of this
“rigidly held bisporphyrins” series appeared more recently in
the literature (a few papers in early 1990s, but many since
2001). The properties of these bisporphyrin macrocycles will

be detailed. A review on the syntheses of these systems, more
particularly focusing on improved routes for rigidly held bis-
porphyrins and related systems, was published in 2000 [28],
and so no detail on the syntheses is presented in this review. This
article also excludes bisporphyrin systems that are held together
by M—X-M bridges (X =0 and O,, for instance) because any
inter-macrocycle interactions are mediated by the coordination
bridge, and also systems where the distance between the two
macrocycles is more than 8-9 A.

3. Review

3.1. Cofacial bisporphyrins held by flexible chains and
“the early days”

The oldest report, excluding works on chlorophyll and bac-
teriochlorophyll, was published in 1977 by Chang [29], and
concerns the bisporphyrins 1a—3a (Scheme 2).

The complexation of these free bases 1la—3a with Cu(Il)
provides 1b—3b and the zero-field splitting constants were mea-
sured by EPR spectroscopy of the paramagnetic Cu(Il) centers.
The data indicate that these metals are interacting with each
other. These constant values (0.0415, 0.0205 and 0.011cm™!
for 1b—3b, respectively) led to the evaluation of the M- - -M se-
parations (4.2, 5.4 and 6.4 A, respectively). The former value
for 1b corresponds to that estimated using a CPK model. The
fluorescence quantum yield, @f, for 1a-3a are 0.007, 0.021 and
0.035, respectively, which are smaller than the standard mono-
porphyrin used, 4 (®r=0.094) (Scheme 3) [29]. The decrease
in @g with the decrease in inter-macrocycle distance indicates
self-quenching of the lowest energy excited state associated with
intramolecular collisions and interactions. Evidence for excitons
in 1a-3a (2000-6000 cm™!) based on the analysis of the Soret
band was provided corroborating the presence of inter-porphyrin
interactions.

Using the free base 1a, the electron transfer dyad, 5, and
the corresponding model donor—donor dimer, 6, were prepared
(Scheme 4) [30].

The Mg-center is the electron donor and the free base is
the acceptor. In these systems, attempts to measure the singlet
excited state lifetime were made by flash photolysis. Because
the charge separated species was formed well within the laser

1a(M = Hy), 1b(M = Cu) 2a(M = Hy), 2b(M = Cu)

3a(M = Hy), 3b(M = Cu)

Scheme 2.
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pulse (FWHM=6ps), the rate for this intramolecular et is
higher than 10! s~!. The lifetime of the charge transfer (CT)
is 620£20ps. Such a value is typical for efficient et in the
singlet excited state [27]. These same research teams of Netzel
et al. confirmed these excited state assignments by adding
iodobenzene (heavy atom effect to populate the triplet state via
an increase in intersystem crossing rate) and p-benzoquinone
(as a competitive reaction test) to solutions containing the
Mg/H; derivative 7 (Scheme 5) [31].

Dimer models 8 and 9 were also synthesized and characte-
rized in order to investigate the cofacial trimer 10 (Scheme 6)
[32]. The UV—vis spectrum of 10 in a toluene/pyridine (1:100)
mixture and DMF consists approximately of a superposition of
two Zn-containing porphyrins and a metal free porphyrin. The
luminescence of 10 appears exclusively at 627 nm, a fluores-
cence attributed to the free base chromophore only. This result
implies a rapid energy transfer from the Zn-containing chro-
mophore to the free base acceptor.

Experiments were performed to demonstrate that the per-
turbation of the donor can be observed from the change in
energy transfer rate and acceptor lifetime. Addition of C1~ ions,
as tetra-n-butyl ammonium salts in CH>Cl»/1% pyridine mix-
tures, was made. The ®g data for 10 are as follow: 0.046,
0.024, 0.014, and 0.018 for toluene/1% pyridine, CH>Cl»/1%
pyridine/0.1 M TBAP (tetra-n-butyl ammonium perchlorate),
CH,Cl,/1% pyridine/0.1 M TBAC (tetra-n-butyl ammonium
chloride), and DMF, respectively. The tf data are 15.2, 12.5,
8.2, and 11.0ns, respectively. Both series of data show that the

Scheme 5.

fluorescence is quenched as the dielectric constant of the solvent
increases, and that the fluorescence of 10 is mostly quenched by
CI™ ion-containing solutions. This observation implies that the
quenching is due mainly to non-radiative depletion of the S|
population of 10 rather than a large change in the radiative rate
constant. Based on flash photolysis experiments, the triplet for-
mation for 10 remains roughly constant.

In an attempt to model the efficient electron transfer and
charge separation processes in photosynthesis, triad 11 as well
as the model compounds 12 and 13 were prepared and investi-
gated by means of fluorescence lifetimes (Scheme 7) [33]. One
of the problems to be solved was the role of pair of chlorophylls,
which are placed face-to-face in green plants and photosynthetic
bacteria. In the charge separated state, the positive charge on the
chlorophyll is believed to be delocalized over the pair of chloro-
phylls.

Triads 11-13 were synthesized and characterized such as
the symmetrical dimer 13 which shows characteristic features
of the special pair chlorophyll (P700; i.e. blue-shifting of the
Soret band, red-shifting of the Q-bands, and lower redox poten-
tials compared to monoporphyrin 14 (Scheme 8)). However, the
interactions between the two macrocycles appear minimal [33]
as the interchromophore distance is in the order of 5.4-6.4 A
[29]. The quinone acts as the electron acceptor in this triad
model. No appreciable difference between 350 and 700 nm in
the absorption spectra of 11-13 indicates that there is no interac-
tion between the bisporphyrin fragment and the pendant group.
Compound 11 exhibits in various solvents such as THF, dioxane,

Scheme 4.
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acetone, and benzene, a fluorescence intensity that is much less
than that of 13, suggesting the presence of an efficient pho-
toinduced et from the bismacrocycle donor to the quinone. The
latter bismacrocycle exhibits a tg of 10.1 ns in THF, while 11
exhibits a decay trace with three components (130ps (100),

CoH50,C

CO,CsH5

14

Scheme 8.

1.21ns (10), 8.10 ns (8)), attributed to different conformers. The
relative weights in parentheses seem to be affected, to some
extent, by the nature of the solvent. For example, in benzene
the data are 140 ps (100), 1.04ns (22) and 6.76ns (11), while
in acetonitrile they are equal to 60 ps (100), 1.10ns (30) and
5.12ns (4).

The problem of orientations and conformers was revisited by
Sanders and co-workers 3 years later [34]. The face-to-face and
side-by-side triads 16 and 17, respectively, along with model 15
were investigated by means of ps transient absorption and emis-
sion experiments using the pyromellitimide as electron acceptor
(Scheme 9). Both the excited singlet and charge separated states
were established in 16 and 17 from ps transient absorption spec-
troscopy.

By setting a relative @f of 1.0 for compound 15, the @ data
for 16 and 17 are 0.005 and 0.24, respectively, indicating the
importance of the relative orientation of the pair. The rate for
the charge separation in 16 ((1.1-3.6) x 10'! s=1) is about 1000
times faster than that found for 17 ((3.8-6.5) x 108 s™1). Energy
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Scheme 9.

transfer between the two porphyrin centers occurs. However,
it is assumed to be fast in both cases. No evidence for multi-
ple components in the decays and increases in charge separated
intermediates were reported.

Itis only in 1988 that it was recognized that the use of flexible
spacers in bisporphyrins could lead to aggregates; stacking of the
porphyrin rings being due to m—r interactions [35]. Compounds
18 and 19 exist as meso and racemic, and syn and anti isomers,
respectively (Scheme 10).

Based on 'H NMR, including NOE experiments and geome-
try computations, the structures for the cofacial dimers 18 (meso
form) and 19 (syn form) were addressed (Scheme 11), and an
offset was found (slipped dimers).

The broadening (about 57 nm wide), and blue- and red-shift
of the Soret and Q-bands, respectively, relative to related mono-
porphyrins, confirm the presence of inter-macrocycle inter-
actions, also called exciton coupling. The ®@g data are 0.47
(Aem =626 nm), 0.54 (Aemy =624 nm), 0.15 (Aem =586 nm), 0.20
(Aem =570nm) for 18a, 19a, 18b and 19b, respectively. In a
subsequent work, the disaggregation of 18b and 19b by basic
ligands has a small electronic component, but is dominated by
steric factors [36].

Dimers 20-22 are closely spaced quadruply bridged meso-
substituted bisporphyrins (Scheme 12) [37]. Based upon com-
puter modeling, notably on 20a and 21a, a face-to-face geo-
metry with no offset is assigned. Some weak exciton coupling
is noticed from the FWHM of the Soret band for 20a and 22a
in CHCl3 and DMSO. These values are about 19 nm while the
m-(bromomethyl)tetraphenylporphyrin exhibits a FWHM value
of 12nm. The cavity is found to be too small to let a solvent
molecule penetrate it.

Exciton couplings were also investigated for dimer 24 and
trimer 25 (Scheme 13). The aim was to elucidate whether a
pure exciton coupling effect or (and) a charge-transfer process
could account for the change in photophysical properties in free
base dimers and trimers with respect to the monoporphyrin 23
(Scheme 13) [38].

Indeed, the FWHM of the Soret band for 23, 24 and 25 in
DMSO for example, are 14.4, 21.8 and 27.0 nm, respectively.
The @ data are 0.13, 0.077 and 0.055, respectively, illustra-
ting the correlation with the FWHM. However, the lifetimes,
7, only slightly decreases from 23 (11.6 ns in DMSO) to 24 to
25 (both 11.3ns in DMSO). This result is consistent with the
lower quantum yield of the triplet formation, @, for 24 and 25

18a(M = H,), 18b (M = Zn)

19a(M = Hy), 19b(M = Zn)

Scheme 10.
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(both at 0.40 £ 0.05 in DMSO) with respect to 23 (0.85 %+ 0.05
in DMSO).

The rate for photoinduced et (charge separation (CS) and
charge recombination (CR)) in 7, was investigated by means
of ps transient absorption spectroscopy using different solvents
[39]. The CS process is rapid (kcs >2 x 10! s=1) for all cases,
but kcg is much slower (around 108 s~!) and solvent-dependent.
The slowness of CR, when compared to CS, was attributed to CR
occurring in the inverted region of Marcus theory [31,40], but
the rate constant for the CR does not correlate any common pro-
perties of the solvent such as the polarity. Instead, a nearly linear
correlation between kcr and 1/t, where g is the microscopic
solvent relaxation time, is observed, even though kcr (108571
is much slower than the time scale for 7, (10! to 1012 s~1). This
result is a predictable consequence of the reorganization energy
when et and CR occur.

This dynamical solvent effect of the CR in the inverted
region of Marcus theory was further investigated using
dimers 7 (Scheme 5), 26-28 where chlorin residues were
incorporated as electron acceptors in 26-28 (Scheme 14)
[39,41]. The dimers exhibit different driving force for the CR
(AGcr=—1.9¢V for 7 and 26, and —1.6¢eV for 27 and 28).
The rate constants, kcr, are strongly solvent-dependent for

all systems (7, (0.6-4.0) x 10°s~1; 27, (1.6-8.3) x 101057 1;
28, (1.0-4.6) x 10'°s~1) and show a linear correlation with
the solvent relaxation time (1.5 x 10'° to 1.6 x 10!12s~1) for a
same series of solvents. This solvent-dependence finds its origin
in dynamic effects, with kcr being governed by a diffusional
activation barrier.

Sapphyrin is a macrocycle related to porphyrin, except it
contains five pyrrole rings, and so, its absorption properties are
expected to be different from its porphyrin congener. The pseudo
dimer 29 exhibits a dyad structure where the donor, the por-
phyrin, and an acceptor, the sapphyrin, have a 0.19eV energy
difference between the S; excited states (Scheme 15) [42]. Exci-
tation at 408 nm, where absorption of sapphyrin is minimal,
gives rise to virtually no porphyrin fluorescence, but instead fluo-
rescence from sapphyrin residue is observed. This photoprocess
is attributed to an efficient S1—S; ET from the porphyrin chro-
mophore to the sapphyrin rings. Based on the observed intensity
of the porphyrin donor and time-resolved fluorescence studies,
the kgt can only be estimated as >2 x 10'9s~1, The emission
of the donor fluorescence was too weak to justify significant
comments.

A recent original application is the host—guest properties of
metallated bisporphyrin 30, which exhibits a flexible ethane

i —E 7N\ 20a (M = Hy)

- 1\ 20b(M = Zn)

0 14 21a(M = Hy)

Re —$ 7 X 21b(M = Zn)
0]

.. 10 22a(M = Hy)

i 22b(M = Zn)

Scheme 12.



P.D. Harvey et al. / Coordination Chemistry Reviews 251 (2007) 401-428

23

24

407

Scheme 13.

spacer, towards chiral molecules [43]. Indeed, 30 is capable of
binding a guest molecule, 1,2-diaminocyclohexane (both R,R-
and S,S-isomers), as verified by circular dichroism (CD) and
UV-vis spectroscopy (Scheme 16).

30-Guest was investigated by polarized fluorescence spec-
troscopy [43]. The induced chirality sign remains the same as
that measured by CD spectroscopy in the region of the Q-band
region. In addition, the fluorescence and absorption g factors
are very similar, indicating the similarity of the host—guest
structures of the ground and singlet excited states. Evidence
for conformational stability is provided from the linearity
of the mono-exponential fluorescence decay. A lifetime of

1.62 ns is measured, which is different from the non-coordinated
monomer (1.79 £0.05 ns for OEP(Zn) in 2-MeTHF at 298 K
[44]).

3.2. Cofacial bisporphyrins held by rigid spacers

The first photophysical study on rigidly held cofacial bis-
and polyporphyrins appeared in 1991 [45,46]. Again, the inves-
tigation of the mechanism of the primary et processes in the
photosynthetic materials and the role of the special pair (dimeric
bacteriochlorophylls) was the purpose of these studies. The
dyads and polyads 31a-33b were prepared and investigated

R= n-CgHﬁ

27

Scheme 14.
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Scheme 15.

Guest = 1,2-diaminocyclohexane
30°Guest

Scheme 16.

(Scheme 17). The benzoquinone (bq) acts as the electron accep-
tor while the p-dimethoxyethylbenzene (hqge) acts as a redox
inactive pendant group (the reduction potential is too high for
this fragment to be involved). The effect of this pendant group
is very similar to that of bq such that the quantitative impact of
its presence on the photophysical parameters (loose bolt effect),
beside et, is the same.

As preliminary results, the splitting of the Soret bands under-
score strong and increasing exciton coupling going from 31a to
32a to 33a indicates that this coupling is strongly related to the
adjacent porphyrin unit more than the cofacial pair [45,46]. The
@r varies as <0.0005, 0.0019 and 0.0048, respectively. The fluo-
rescence arising from the macrocycle adjacent to the quinone is
significantly quenched [45]. This result corroborates the effect of
the adjacent covalently bonded structure on the exciton coupling.
In comparison with 32b (®r =0.024) and 33b (®r=0.025), the
large decrease in @ for 31a—33a is clear evidence of quenching
of all porphyrins (proximal and distal). This result means that et
affects the whole molecule, including the cofacial pair and the
adjacent chromophore to the quinone residue. The ps transient
absorption study demonstrates the presence of rapid charge se-
paration, CS (within the 24 ps duration of the YAG laser pulse),
and rapid charge recombination, CR, for all cases in THF as
the solvent (10!! s~1). The presence of multi-components in the
CR is attributed to competitive back et between the proximal
and distal porphyrins. For example, the two components in the
CR processes of 31a, are 15 and 70 ps, respectively. For 33a, the
decay profile exhibits a 15- and a 500-ps component. The slower

31a (R=bq)31b(R = hqe)

32a(R = bq),32b (R = hge)

OCH, 0

33a(R = bq),33b (R = hge)

Scheme 17.
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35

Scheme 18.

component is attributed to a CR process occurring between the
quinone and the distal porphyrin.

In a related study, dimers 34 and 35 were synthesized in
which the electron acceptor quinone was placed face-to-face
with a rigidly held cofacial bisporphyrin dimer (Scheme 18)
[47]. The particularity of these complexes is that the two por-
phyrin macrocycles are different, and so an ET process can
occur in addition to et from two possible donors. Again, the
absorption spectra of 34 and its model compound 35 are almost
superimposable demonstrating the minimal electronic effect of
the quinone on the chromophores. However, the spectra are not
a simple superposition of spectra of the isolated porphyrins with
the same substitution patterns. For example, the Soret bands of
34-35 for each chromophore are blue-shifted showing the inter-
macrocycle electronic interactions between the two porphyrin
units.

The relative @ data (34 versus 35) which are 42% in n-
hexane, 7% in toluene, and 2.5% in CH;Cl,, corroborate the
change of 7f in the same solvent. However, it was not possible to
separate singlet—singlet inter bisporphyrin ET and bisporphyrin-
quinone et. No subsequent report appeared since.

The first exhaustive photophysical study on cofacial bis-
porphyrins held by rigid spacers came only recently [48]. The
series 36-42 (Scheme 19) in EtOH at 298 and 77 K exhibit w—m"
fluorescence arising from the free base and (GaOR)porphyrin
moieties, while the (Co)porphyrin and (Ru(CO))porphyrin chro-

mophores are not fluorescent. For example, 36 exhibits a vibra-
tionally structured fluorescence band where the 0-0 band is
located at 620 nm. g and @ are 14.2 ns and 0.020 at 298 K, and
24.0ns and 0.044 at 77 K in ethanol; these parameters compare
favourably to that of the unsubstituted monoporphyrin (15.3 ns
and 0.054 in benzene at 298 K [49]).

Dyads 38 and 39 exhibit fluorescence arising from both the
free base and the (GaOR)porphyrin macrocycles where the 0-0
peaks are depicted at ~620 and ~580nm, respectively. This
places the latter and former chromophores as singlet energy
acceptor and donor, respectively. While the tr and @ parame-
ters remained about the same for the free base moiety in 38 and
39, &r of the (GaOR)porphyrin decreased with respect to that of
37 (by about an order of magnitude), suggesting the presence of
singlet—singlet ET. At 298 K, no tf data could be reported for
the (GaOR)porphyrin chromophore due to the limitation of the
instrument (ns photon counting; FWHM =3.0 ns), which only
indicates that tg <0.3 ns (which is the limit of value obtained
by this method after deconvolution). Dimer 37 exhibits tf in
the order of several ns (see below). The comparison of tg of 37
with those of 38 and 39 indicates a decrease from ns time scale
values to values < 0.3 ns. This decrease is also consistent with the
decrease in @ and supports the intramolecular singlet—singlet
ET process hypothesis.

As stated, no fluorescence arising from the (Ru(CO))-
porphyrin and (Co')porphyrin fragments was detected in

M 2H Ga(OMe) Ga(OMe) Ga(OH) Ga(OH)

M 2H Ga(OMe) 2H 2H
36 37 38 39

Ga(OMe)  Ga(OH)
Ru(CO) Ru(CO)(MeOH) Co"
40 41 42

Scheme 19.
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Scheme 20.

40-42 (Schemes 19 and 20). Instead, fluorescence from the
(GaOR)porphyrin residue is observed at both 298 and 77K
where the 0-0 peak is observed at the typical position of 580 nm.
40 is phosphorescent at 77 K (Apmax =709 nm; tp =0.65 ps in 2-
MeTHF), a phenomenon assigned to the (GaOH)porphyrin. The
presence of phosphorescence in 40 may be due to spin—orbit cou-
pling of the heavy Ru atom. For 42, the presence of low-lying
d—d states, from which molecules find ways to deactivate in a
non-radiative way, is attributed to the lack (or large weakness)
of phosphorescence and fluorescence.

Dimer 37 is particularly unusual since a double fluorescence
is detected where the 0-0 peaks are located at 580 and
620 nm at 298 K in ethanol, corresponding to 0-0 bands in the
absorption (572 and 600 nm). The ns time scale lifetimes (3.5
and 4.4 ns) observed for both signals confirm the fluorescence.
No explanation was provided but the possibility of two isomers,
depending on how the OR groups are placed outside—outside
versus outside—inside, may be at the origin of this unusual
behaviour. X-ray structures of 40 and 41 strongly support this
hypothesis in which OH and OMe/L (L = MeOH), respectively,
are found inside the cavity.

Subsequently, dyad 43, dimer 44, and monomer 45
were investigated with respect to O, binding and detection
(Scheme 21) [50]. The unusual feature was found in 43 where,
at 77 K in 2-MeTHEF, very weak peaks at 552 and 590 nm were
observed. The nature of these weak signals was quickly assigned
by comparing them to spectra of 44 and 45. These weak emis-
sions (®@g =0.00028 and 0.00027, respectively, for 44 and 45)
are due to (Co)porphyrin fluorescence, a photophysical property
never observed before for such a chromophore. But in all cases,
TF is very short (<0.3 ns).

46 47, (Pd)OEP

43 (M'= 2H), 44 (M = Co) 45

Scheme 21.

However, upon oxidation by O in the presence of imi-
dazole as a coordinating ligand, complete quenching of the
Co(porphyrin) fluorescence is observed. In this case, the Oy
binding is accompanied by an oxidation of Co!!(porphyrin) to
Col(porphyrin). Again, the presence of low-lying d—d states
may be responsible for the absence of luminescence.

A good O3 sensor is found for dimer 46 (Scheme 22) [51].
Fluorescence was unambiguously detected for 4648 for the
first time for such a chromophore at both 298 and 77 K. Imme-
diately located after the Q-bands, the vibrationally structured
fluorescence exhibits a mirror image with the absorption where,
at 77K, the 0-0 peaks are found at ~445nm (rg=0.81ns;
Pp=3.0x10"%), ~555nm (rg=0.75ns; Pp=1.6x 107,
and ~580nm (tg=0.47ns; Pp=0.9 x 10_4) for 47, 48 and 46,
respectively. At 298 K, the tr and @r data are very similar to that
at 77 K illustrating the presence of rigidity in these macrocycles.
These Pd-containing species are also phosphorescent where the
0-0 peaks are depicted at ~655nm (rp =2.07 ms; @p =0.40),
~660 nm (tp = 1.69 ms; @p =0.14), and ~685 nm (tp =2.09 ms;
@p=0.013), for 47, 48 and 46, respectively (at 77 K for exam-
ple), matching the weak singlet—triplet absorption bands are seen
at 610, 590 and 622 nm (at 298 K), respectively.

Delayed fluorescence was detected for 47 and 48 at 298 K,
but not for 46, presumably because this signal is too weak. Both
fluorescence and phosphorescence bands for 46 at 298 and 77 K
are broader than for 47 and 48, indicating the presence of inter-
macrocycle interactions in 46. The presence of these interactions
results also from the observation of the smaller g, @p and tf
in 46 with respect to 47 and 48.

The sensitivity of 46—48 towards O, was examined for both
fluorescence and phosphorescence under Ar, air, and O, atmos-
pheres at 298 K [51]. The significant data are listed in Table 1.
Two parameters are important in evaluating the sensing perfor-

48, (Pd)TPP

Scheme 22.
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Table 1
Oxygen effect on the photophysical parameters [51]

@k (TF in ps) Dp

Ar Air 0O, Ar Air 0O,
46 335 x 107 (432) 1.15 x 107* (212) 0.44 x 107 (62) 0.0034 Not detected Not detected
47 3.73 x 107* (685) 1.69 x 10~ (554) 1.08 x 10~ (477) 0.102 42 %1074 5.5x 107
48 4.11 x 107* (665) 1.06 x 107* (479) 0.54 x 107* (330) 0.058 0.12 x 107% Not detected
Table 2 Table 3
Phosphorescence quenching data of 48-52 in 2-MeTHF at 298 K [52] Photophysical data for 48, 52-55 in 2-MeTHF (fluo=fluorescence,

kg (x10°M~1s™1) Ksv (x10°M~1)  Lowest [0;]

detectable (ppm)

Tp (s)

48 895 258 2.31 0.73
49 2098 258 0.77 22

50 6.94 440 291 0.58
51 895 210 1.88 0.90
52 399 506 2.02 0.83

mance of a luminescent molecule, @, and the variation of @,
and 7. with [O;]. Table 1 indicates that 47 and 48 are better
sensors than 46 based on ®p.

A graph of @2 /@, or rg /Te versus [O2] (Stern—Volmer plots)
gives a straight line where the slope (Ksy) relates the sen-
sitivity of the emissive molecule towards O, [51]. By calcu-
lating the @p(Ar)/®g(air), Tr(Ar)/tr(air), Pr(Ar)/®p(0;), and
Tr(Ar)/Tp(0y) ratios, one finds an equal or better sensitivity for
46 with respect to 47 and 48. One concludes that the bimolecu-
lar quenching process could be more efficient if the trapping of
O; inside the cavity is possible; this process must compete with
all other unimolecular deactivation processes. This method of
sensing O3 is only applicable for fluorescence if adequate equip-
ments are available. The use of the phosphorescence intensity is
still the most convenient method to determine [O3].

Further investigations on O; sensors included 48—52 demons-
trating a collision-controlled phosphorescence quenching [52].
The bimolecular excited-state deactivation rate constants (kg)
for quenching by O; and the Stern—Volmer constant (Ksy) for
48-52 are shown in Table 2. The very low value for 49 is easily
explained by the mutual screening of the closely spaced macro-
cycles where there is no room for O; to penetrate inside the
cavity and interact with the inner faces of the chromophores.

phos = phosphorescence) [52]

Amax (nm) Dem T (ns), p (ms)

298K 77K 298K 77K 298K 77K
48 (phos) 696,772 680,755 0.020 0.17 258.7 1320
52 (phos) 699 688 0.0371 0.1551 506 1388
53 (fluo) 655,719 615,715 0.0686 0.1310 12.43 13.34
54 (fluo) 602,654 611,670 0.0284 0.0574 2.46 1.45
55 (phos) - 729 — <0.0001 - 45.5

This relationship between kg and the surface area available
for collision processes is also apparent for 51 and 52. Fig. 1
shows the computed surface based on van der Waals radii for
these two dimers where steric hindrance is clearly seen from
the mesityl and tolyl groups, reducing the accessibility of the
porphyrin chromophores to O,.

For sensing purposes, Ksy (relative sensitivity with [O3],
Ksy =1pkq) is larger for 48 and 50 than for 49, 51 and 52. The
lowest [0, ] detectable with these sensors are 0.73,2.2,0.58,0.90
and 0.83 ppm for 48-52, respectively. While the best sensor is
dimer 50, the monomacrocycle 48 is still the most appealing
option, considering the number of steps and chemical yields
necessary to synthesize 50.

Dimer 52 (Scheme 23), along with 53—-55 (Scheme 24), were
also prepared and characterized by emission spectroscopy and
photophysical methods [52]. Their photophysical properties are
presented in Table 3.

No evidence for Cul'-Cu'! interactions was observed by EPR
spectroscopy when analyzing the signal at half-field transition
of 55, suggesting that the Cu- - -Cu distance is greater than 6-7 A
[53]. This observation is consistent with the C,,c50—Cieso dis-
tance observed for the dibenzothiophene spacer [52], and the

Fig. 1. Computed surfaces for 51 (left) and 52 (right) (PC-Model).
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49

50

52

Scheme 23.

steric interactions between the meso-groups preventing macro-
cycle close contacts.

A study of the effect of the rigid spacer on the photophy-
sical properties of the free base bisporphyrins 36, 56-59 has
been recently described (Scheme 25) [54]. A clear variation
of Tg and @ is observed in Table 4. The trend is that both
tr and @f decrease as the distances between the two por-
phyrin centers (Cpeso—Cpeso (c—d) and CCe50—CCipeso (a—b)
distances) decrease. These parameters are obtained from ave-
rages obtained by X-ray structures for free base and metallated
bisporphyrins. So the radiative (kg) and non-radiative (kpr) rate
constants are directly related to the structural parameters. As the
rings get closer to each other, they interact more strongly, and so
deactivate one another more. The presence of inter-macrocycle
interactions is evident from the comparison of the absorption
and fluorescence bands. Indeed, the bands get broader as one
goes from 59 to 58 to 36 to 57 to 56.

=1

56

(2
O

57

Scheme 25.

Mes =

Tol =

53(M = 2H), 54 (M = Zn),55 (M = Cu)

36

Tol

Tol

Tol

58

51

Tol

Scheme 24.
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Photophysical parameters and bimolecular O, quenching data of 36, 56-59 in 2-MeTHF at 298 K [54]

g (ns) DF kp (x100s™1) kor (x107 s71) kg (x100s~1 M1
56 10.0 0.0040 0.40 10.0 0.9
57 12.4 0.011 0.80 8.0 1.4
36 14.1 0.020 14 6.9 1.7
58 16.9 0.035 22 5.7 1.6
59 17.7 0.045 25 5.4 1.4

The rates for bimolecular fluorescence quenching (kg) by O;
can be divided into two families, 56 and 36, 57-59, respectively.
The lower kg value observed for 56 suggests that the cavity
is not accessible to O,. This observation corroborates the data
discussed above for the phosphorescence quenching of 49-51
(i.e. kg follows 49 <50 <51 (Table 2) as well as 56 <57 <58
(Table 4)).

Although the photophysics of the related series of cofacial
dimers 60—66 was not reported in the article on optical properties
and electronic structures described by Fletcher and Therien [55]
(Scheme 26), their relevance to this review is obvious. These bis-
macrocycles were cleverly prepared from the [2 + 2 + 2] cycload-
dition of the corresponding ethynyl-bridged (zinc)bisporphyrins
with 1,6-heptadiene in the presence of Co,(CO)g. The B— iso-

mers may exists as two atropisomers (E and Z) and the meso—3
one can exist as two enantiomers.

It is interesting to note that previous to this work, X-ray
structures of related 1,2-phenylene-bridged porphyrin macro-
cycles (such as 67, for example [55-59]) indicate the presence
of largely cofacial conformations when non-coordinating sol-
vents are used to obtain crystals suitable for X-ray analysis
[55-59]. Computer modeling and X-ray structures indicate sub-
van der Waals contacts with distances of less than 3 A [55].
Shifts in the 1-electron oxidation and reduction waves in the
cyclic voltamograms between the dimers (60—-66) and the corres-
ponding monoporphyrins, are observed [55]. The three series of
isomers (meso—meso, meso—f3 and B—) exhibit perturbations
of the properties when comparing monomers with dimers. For

R = (3-methoxy-3-methylbutoxy)phenyl

60 61 (B-B, Z-/ E-isomers)

64 (B-B, Z-/E-isomers)

CF3

65 (B-B, Z-/E-isomers)

62 (meso-f) 63 (meso-P)

Tol

Tol

Tol = —@-

66 (B-p, Z-/E-isomers) 67

Scheme 26.
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Fig. 2. Qualitative frontier MO descriptions based on Gouterman models [60].

Table 5
Fluorescence data for 57, 59, 68-71 in CH,Cl, at 298 K [61]
Aem (NM) Dr 7F (nS)

57 637,671,703 0.0298 + 0.0090 10.55 £ 0.01
59 628, 658, 694 0.087 + 0.010 10.70 + 0.10
68 591, 640 0.0084 + 0.0010 1.35 £ 0.01
69 578, 631 0.0541 £ 0.0010 1.50 + 0.02
70 623, 649, 674, 689 0.1200 £ 0.0080 11.50 £ 0.10
71 572, 625 0.0298 £ 0.0090 1.45 £ 0.01

example, the degree of stabilization due to porphyrin—porphyrin
interactions for the second steps of the first oxidative process
is 130, 95, and 70mV for 60-62, respectively. The data were
qualitatively interpreted with the description of the macrocycle-
localized four Gouterman orbitals (Fig. 2) [60]. The ay, and ay,
are the HOMO and HOMO-1. The a, orbital is the HOMO and
ajy the HOMO-1 when the meso-position is substituted by an
aryl group. For H or an alkyl group in meso-position, the order
is reversed. The LUMO is the e, orbital in both cases. Close
contacts clearly favour HOMO-HOMO and LUMO-LUMO
interactions.

Nocera and collaborators reported the spectroscopic and pho-
tophysical data for the homo-dimers 57, 59, 68-71 in CH,Cl, at
298 K as listed in Table 5 (Scheme 27) [61]. The comparison of
the absorption and fluorescence spectra of 71 versus 69 versus
68 shows an increase in bandwidth, particularly for 68, consis-
tent with two strongly interacting porphyrins (exciton coupling).
The photophysical data of Table 5 also show a decrease in tf

68 (M = Zn, (Zn2)DPX)

69 (M = Zn, (Zn,)DPO)

Table 6
Quantum yields for Scheme 28 for four phosphites in benzene at 298 K [61]
Phosphite Cone angle (°) [61] Quantum yield

(Fe,O)DPX 72 (Fe,O)DPO 73
P(OMe); 107 9.0(1) x 10~8 7.4(7) x 1074
P(OEt)3 109 5.0(1) x 1078 3.2(4)x 1074
P(O'Pr); 130 No reaction 22(2)x 1073
P(OSiMe3);3 >172 No reaction 223)x 107°

and &g for the DPX series (57 and 68) relative to the DPO and
monoporphyrin congeners.

The p-oxo dimers 72 and 73 were also prepared and inves-
tigated for their photoinduced oxidation reaction of phosphites
(Scheme 28) [61]. Both dimers are thermally inert towards the
phosphites, but upon irradiation an atom transfer reaction occurs.
The presence of the phosphine oxide is demonstrated by 3!'P
NMR. The quantum yields of photoreaction are presented in
Table 6. First of all, dimer 72 is much less reactive than 73, indi-
cating that the smaller cavity slows down the reaction by steric
hindrance. The quantum yield is also dependent of the phos-
phite cone angle [61]; the reaction is slower as the cone angle
increases, which is consistent with the steric hindrance model.

This steric hindrance hypothesis was supplemented by a
contribution coming from a spring mechanism created by the
spacer-(iron)porphyrin-oxo-(iron)porphyrin ring stress [62].
By examining the UV-vis spectra of (Fe,O)DPX 72 and
(Fe,O)DPO 73, for instance, a broad absorption appears at
360 nm which is due to a LMCT arising from a charge transfer

70 (M = 2H)
71 (M = Zn)

Scheme 27.
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72 (spacer = xanthene, (Fe,O)DPX)
73 (spacer = dibenzofuran, (Fe, O)DPO)

Scheme 28.

going from the oxo-bridge to one of the iron(Ill) centers. In
doing so, an Fe(Il)/Fe(Ill) intermediate is generated in which
the *O-Fe(Il) bond is weaker compared to *O-Fe(IIl). This
intermediate evolves through a second et from the Fe(III) center
to the *O atom forming a ferryl/ferrous, O=Fe(IV)/Fe(1l),
intermediate. This assignment is based on an examination of the
ps transient absorption spectra in the 20 ps to several ns range
(the time duration of the laser pulse is 100 fs at 405 nm), and
transient Raman studies where a v(Fe!V=0) band is observed
at 852cm™!. This intermediate is formed within 20 ps, a
fast rate consistent with the spring effect. This time frame is
called Tgpring. In addition to 72 and 73, dimers 74 and 75 were
examined in order to verify the spring effect in the presence of
bulky substituents at the meso-positions (in 74) and the absence
of ring stress (in 75) (Scheme 29).

In all cases, no photoinduced decomposition is observed upon
prolonged exposure to laser irradiation. The time of recovery of
the bleached Soret band, which represents the time necessary
to regenerate the starting material (Treclamp)s 1S 1.26(5), 1.36(3),
1.27(9) and 0.97(3) ns for 7275, respectively. This corresponds
to rates of reclamping (Kreclamp = 1/Treclamp) 0f 7.9(3) x 10851,
7.4(2) x 108571, 7.9(6) x 108s~1, 10.3(4) x 108s~!, respec-
tively. This is a surprise since these values are essentially iden-
tical. No explanation is available yet. The overall photophysical
process is shown in Scheme 30.

In the presence of a substrate, such as P(OPh)s, the
rate for photoinduced oxygen atom transfer reactivity (koaT;

74

Scheme 28) was measured for dimers 74 and 75 and was com-
pared to 72 and 73. These are respectively, 9(1) x 10%s~!,
1.3(1) x 107 s~ 1, 1.4(1) x 103 s~ ! and 1.1(1) x 107 s~!, which
allows to place koar in an increasing order according to
72>74>73>75. This trend exactly follows the size of the
cavity in the non-coordinated systems (extracted from X-ray
data of other metallated bismacrocycles; see Ref. [62]). For the
unbridged species 75, the photo-cleaved fragments are unable
to escape the solvent cage and retain the face-to-face geome-
try. In that respect, a Pacman-like pocket is retained even when
the two porphyrins are not covalently attached. The vertical
span of the pocket formed by the two monoporphyrins prob-
ably resembles that of the solvent cage in the DPO system
(73), and is responsible for the lack of decomposition. It is also
interesting to note the 10,000-fold increase in koar from 72 to
73; i.e. DPX to DPO-systems illustrating steric hindrance and
spring effects on the reactivity of these cofacial bisporphyrin
scaffolds.

The photoinduced oxidation of sulfides at 298 K can also be
performed [63]. Indeed, 72, 73 and 75 can be used to cataly-
tically convert dimethyl sulfide (DMS) into dimethyl sulfoxide
(DMSO) in the presence of air in the same manner as presented
in Scheme 28 (except PR3 is SMe; and O=PRj3 is O=SMe;; see
Scheme 30). The identity of the final bisporphyrin photoproduct
is confirmed by the comparison of the resulting UV—vis spec-
trum after complete photochemical reaction with the spectrum
of the independently prepared (Fe,)DPO-(DMS),. The presence

Scheme 29.
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Aimer

Treclamp ~ NS

Tspring < 20 ps

Scheme 30.

of DMSO is demonstrated by 'H NMR and GC-MS. The quan-
tum yield for the appearance of the photoproducts is 1 x 1078,
2 x 1073 and 1 x 10~ for 72, 73 and 75, respectively; a range
that spans over three orders of magnitude. The turnover num-
ber (TON) follows this same trend (280 14, 610431 and
350 £ 18, respectively). This comparison illustrates the spring
effect in these cofacial bismacrocycles. The resemblance in

quantum yields and TON between 72 and 75 is also consistent
with the data described above for the Me3P and the solvent cage
effect. A small amount of dimethyl sulfone (Me;SO,, 5-12%)
is also detected (1 atm of Oy).

The cofacial p-oxo bisporphyrin dimer, 76, also exhibits a
catalytic photoinduced atom transfer reactivity, useful to oxidize
olefins in epoxy molecules (Scheme 31) under mild conditions

Scheme 31.
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Scheme 32.

and visible light irradiation (Aexc >425nm) [64]. The use of B-
or meso-perfluorophenyl groups enhances the oxidizing proper-
ties of the metalloporphyrins and the possible oxidative damage
to the porphyrin ring. For comparison purposes, 76 is also capa-
ble of catalyzing the oxidation of Me,S into Me;S=0, with
an unprecedented TON (9635 £ 165 (~100% conversion)). No
Me;SO5 is detected in this case.

In the case of olefin substrates, Scheme 31 does not pro-
ceed cleanly, but secondary products are observed after 4h
of photolysis at Aexc >425nm [64]. For cyclohexene, the pho-
toproducts are cyclohexene oxide (15%, TON =89 +17), 2-
cyclohexen-1-ol (12%, TON =69 £ 12), and 2-cyclohexen-1-
one (73%, TON =437 £ 74). For styrene, these are styrene oxide
(2%, TON =37 £ 6), benzaldehyde (87%, TON = 1609 +£ 340),
acetophenone (8%, TON =150+ 27) and phenylacetaldehyde
(3%, TON=54+11). The product distribution is consistent
with radical type reactivity for organics. Scheme 32 presents
the “proposed” photoinduced catalytic cycle that accounts for
the presence of the epoxide and aldehyde products. These two
products result from a competitive process between ring closure
to form the epoxide product and the bimolecular reaction with
O; ultimately leading to benzaldehyde.

76 and 77 fail to oxidize bulkier substrates such as cis-
cyclooctene and trans-stylbene, illustrating the role of steric
hindrance to tune this reactivity. The absence of photo-oxidation
of trimethylamine (cone angle of 132°) by 76 confirms this
hypothesis. By comparing the X=0 bond strength (P=0, S=0,
styrene oxide) of the photoproducts as a function of whether
oxygen atom transfer (OAT) reactivity is observed or not, the
O=Fe(IV) bond strength is evaluated to lie between 65 and
85 kcal/mol.

Excited dynamics in cofacial bisporphyrins were analyzed
for 50 versus the bisporphyrin 78 and the two monoporphyrins
79-80 (Scheme 33) [65]. The photophysical data of these phos-
phorescent species are listed in Table 7.

Table 7
Photophysical data for 50, 78-80 in CH,Cl, at 298 K [65]

Aphos (nm) Pp (X 103) Tp (s)
50 678 29(1) 102(3)
78 673 4.6(12) 18.2(2)
79 669 64(4) 321(12)
80 673 0.72(5) 1.14(1)
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Scheme 33.

The phosphorescence band for 50 is red-shifted in compa-
rison with the model compound 80, which is indicative of an
exciton coupling in 50. For 78, the smaller red-shift of the emis-
sion (and taking into account the solvent effect) indicates only
a little exciton coupling in this case [65]. The exciton split-
tings have been evaluated at 5950 and 1410cm™! for 50 and
78, respectively, which is consistent with the greater proximity
for 50. However, 78 should have had exhibited greater @p and
7p with regards to 50 because of inter-macrocycle interactions,
similar to that reported for the corresponding free bases, 59 and
57, respectively [54].

The presence of two absorption maxima in the ns transient
spectra arising from triplet states is interpreted by the presence
of two triplet states exhibiting planar and non-planar geometries
[65]. This hypothesis was confirmed by DFT calculations. It is
proposed that the excited state distortion about the Cyes0—Caryl
bond is more accentuated for 78 than 50 leading to more deac-
tivation in the triplet excited states.

The effect of host—guest chemistry on the excited state pro-
perties of 69 was recently investigated by X-ray crystallography,
'H NMR (in CD,Cl,), UV=-vis (in CH>Cl,), and ns transient
absorption spectroscopy (FWHM = 3 ns at 532 nm) (Scheme 34)

[66]. Addition of 2-aminopyridine (2-ampyr) to 69 induces
changes in the UV—vis and 'H NMR spectra where isosbestic
points are obvious in the formers, and new resonances appear
in the latter’s. The X-ray data confirm the presence of the
host—guest complex, 69-(2-ampyr).

The comparison of the association constants (Kp) of
69 for 2-aminopyrimidine (9.6(7) x 10’ M~1), pyrimidine
(4.02) x 10* M~1), 2-chloropyrimidine (6.2(1) x 10> M~1), 2-
bromopyrimidine (7.0(1) x 10> M), and 5-aminopyrimidine
(7.0(1) x 10* M~ 1) indicates that the relative basicity of the sub-
strates alone does not explain the trend. Subtle cavity effects are
believed to play a role in the host—guest stabilization.

The ns transient absorption spectra of 68, 69, 69-(2-ampyr),
81 and 82 exhibit the traditional T{-T; absorption known for
such a chromophore (Scheme 34). The presence of an inter-
mediate in the triplet state was confirmed by the quenching by
0O;. The maxima and lifetimes of the transient absorption are
443 nm and 21.4(12) ws for 69, and 451 nm and 227(8) s for
69-(2-ampyr). The large increase in transient lifetimes is con-
sistent with an increase in scaffold rigidity. Indeed, the rotation
about the Cye50—Caryl promoting excited deactivation, is pre-
vented when the guest molecule blocks the motion. The closer
resemblance with the data for dimer 68 (7 =169(9) j.s) and the
monoporphyrin 82 (t =161(5) ws) confirms this hypothesis.

The role of the spacer on the singlet—singlet ET rates and
mechanisms (Forster versus Dexter) in cofacial bisporphyrins
83-87 was recently reported (Scheme 35) [67]. Based on the
position of the 0-0 absorptions in the Q-region, the donor and
acceptor are the zinc(Il) porphyrin and free base chromophores,
respectively.

The rate for ET, kgT, can be calculated from kgt = (1/tf) —
(1/7p), where tr and 17 are the fluorescence lifetimes of the
donor—acceptor dyad and donor—donor dimer [8]. The use of
homo-dimers (donor—donor dimer) is necessary since the rate of
excited deactivation is also function of intramolecular torsional
motion as demonstrated above. For 83-87, the corresponding
donor—donor dimers are 89, 68, 88, 90 and 69, respectively
(Scheme 36). The comparison of the fluorescence spectra of
the donor—acceptor dyads with the homo-dimers shows a large
decrease in donor fluorescence intensity. The blue-shifted 0—0
peak of the donor is still perceptible, despite the weak intensity
as shown in Fig. 3 for the free base 58, 86 and 90. In this exam-

69+(2-ampyr)

81 82

Scheme 34.
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ple, the total @ of 86 is approximately the sum of both @ for
58 and 90, unambiguously demonstrating the presence of ET.

Table 8 compares the photophysical data for 83-87. There is
adecrease in tf going from the donor—donor dimer (in parenthe-
ses) to the donor—acceptor dyad by about one order of magnitude
at 298 and 77 K. These data allow to assign the ET process to
a through space mechanism (not through bond) because dyads
84-87 exhibit the same number of chemical bonds between the
two chromophores. There is clearly a trend between kgt and
the C,es0—Cimeso distance. The rate increases as the distance
decreases.

86 ceses —Pp.

Corrected Intensity (cps)

T T T v T v T
550 600 650 700 750
Wavelength (nm)

Fig. 3. Fluorescence spectra of the homo-dimers donor—donor 90 (@ = 0.0203),
acceptor—acceptor 58 (¢r=0.0887), and dyad 86 (Pr=0.1070 total) in 2-
MeTHEF at 298 K (modified from Ref. [67]).

The kpr data were analyzed according to the Dexter and
Forster theories [68-70]. These singlet—singlet mechanisms
involve a dipole—dipole interaction (Forster) and exchange pro-
cess (double et; Dexter) that can be expressed as Eqgs. (1) and
(2) [68-70]:

ket (Forster) = kpdS(1/d)® 1)
ket (Dexter) = (27r/ h)K J exp(—2d/L) 2)

where kp is the emission rate constant for the donor, dp
the Forster radius, the distance at which transfer and spon-
taneous decay of excited donors are equally probable, d the

Table 8

7r and kgt data for 83-87 in 2-MeTHF*
TF (ns)b kET (US_I) Cme.m_cm@m
298K 771K 208K 77K (A)*

83(89)  0.05(0.63) 0.06 (1.80) 20.8 15.4 3.80

84(68)  0.10(1.73) 0.09 (1.94) 9.8 109 432

85(88)  0.14(1.700¢  0.13 (1.94) 6.4 7.2 4.94

87(69)  0.18 (1.69) 0.16 (2.01) 5.0 59 553

86(89)  0.19(1.95) 0.19 (1.85) 47 46 633

? The corresponding tr values for the donor-donor bismacrocycles are in
parentheses [67].

b The uncertainties are +10%.

¢ From X-ray data listed in Ref. [67], except for 87 and 69. In these cases, this
value is from both computer modeling and X-ray data.

4 The values in parentheses are those for (5-phenyl-2,8,13,17-tetracthyl-
3,7,12,18-tetramethylporphyrin)zinc [67].
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Fig. 4. kgt at 77 K for 83-87 in 2-MeTHF reported against exp(—2d/4.8), i.e.
Dexter scale (modified from Ref. [67]).

distance between the two chromophores, J the integral overlap,
K an experimental constant, and L is the average Bohr radius
(L=4.8 A for porphyrin [71]). Fig. 4 reports kg at 77K for
83-87 in 2-MeTHF reported against exp(—2d/4.8) (Dexter scale
for example).

This graph shows two distinct regions (86-87; long
Cineso—Cmeso distance) and (83—84; short C,,050—Cyeso distance)
with 85 being an intermediate. If the ET process was solely due
to a Dexter mechanism, Fig. 4 would show a linear relation-
ship. Instead, it indicates the presence of a second mechanism
(i.e. Forster). A graph of kgt versus 1/d° exhibits the same
double region behaviour. These plots clearly indicate that the
ket (total) = kg (Forster) + kg (Dexter) where the change in the

donor [

OMe

O- O~
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dominant mechanism is found at d ~ 5 A. The evaluation of the
critical distance where one mechanism turns over the other is
unprecedented.

By changing the nature of the donor, here replacing Zn by
GaOMe as in 91-93, a similar behaviour is observed [67]. For
example, kgt (77 K) are 7.0, 4.8 and 6.0 ns~ L, respectively. In
these cases, the fluorescence lifetime of the donor—donor dimer
was not employed because of the presence of a double fluores-
cence as indicated for 37. Instead, monomer 94 was used for all
three Ga-containing materials (Scheme 37).

The rate measured at 298 K for 83 (~21 ns™!), which is the
fastest in this series, is a bit less than an order of magnitude
for one of the fastest rates observed so far for the linear dimer
95 (~286ns~!) [72]. In this case, a through bond mechanism
operates and the linearity of this dyad certainly helps the transfer.
Can the ET rate be rendered faster in cofacial dyads? The answer
relies on the capacity of synthesizing spacers that compress the
donor and acceptor further as in 60—-67 (Scheme 38).

The triplet—triplet ET was also investigated using series
49-51, 56-58, 68, 83-84, 86, 8990 and 96-108 (Scheme 39),
where the population of triplet states are promoted by the heavy
atoms [73]. With M =Pd and Pt, it is reasonably assumed that the
quantum yield for triplet formation is nearly unity. The unique
feature here is that the Forster mechanism does not operate in
the triplet state due to the diradical-type excited state.

Clear evidence for triplet—triplet ET is obtained by examining
97 and 100. The free base monoporphyrin chromophore, such as
105 for example, is non-phosphorescent. In 97 and 100, a (weak)
phosphorescence is observed at about 800 nm. More striking,
when the excitation spectra are measured at 650 (Appos of the
donor) and 800 nm (Aphes Of the acceptor), the former exhibits
signals attributed only to the donor, while the latter shows signals

acceptor
91 92 93 94
Scheme 37.
Mes Mes
Mes O Mes Mes =
Mes Mes
95

Scheme 38.
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Wiy

DPX

DPS

spacer DPB DPB DPB DPX DPX DPX DPX DPS DPS
M Pt 2H 2H Pt 2H 2H Zn 2H Zn
M Pt Pt Pd Pt Pt Pd Pd Pd Pd

96 97 98 99

100 101 102 103 104

Monoporphyrin:105 (M = 2H), 106 (M = Zn), 107 (M = Pd), 108 (M = Pt)

Scheme 39.

arising from both chromophores. Only an ET process can ade-
quately explain these experimental results (and not heavy atom
effect). Based on the position of the phosphorescence 0-0 peaks,
the Pd- and Pt-metallated chromophores act as triplet donors,
whereas the free base and Zn-containing materials are the energy
acceptors. The energy diagram is depicted in Fig. 5. By compa-
ring the emission spectra of the donor—acceptor dyads with the
donor—donor and acceptor—acceptor dimers (similar to Fig. 3),
an evident decrease of the donor phosphorescence is observed,
as well as the apparition of the acceptor phosphorescence.

The triplet—triplet kgt’s are extracted in a similar manner as
the singlet—singlet one (kg = (1/7p) — (1/7p)). Table 9 lists the
key photophysical data necessary for extracting kgt (data for
the free bases and Zn-containing chromophores are not listed
for convenience) [73]. The room temperature data are not consi-
dered in the evaluation because some data indicate an apparent
absence of transfer. The fact that the excited state is distorted as
indicated above may generate different conformations making
the donor—donor dimers and donor—acceptor dyads geometri-
cally different. In such cases, the comparison may be wrong. On
the other hand, the conformation change in the triplet state is
much more prevented in frozen matrices so that the comparison
is possible.

A

S¢ (donor)

S, (acceptor)

) k L2T1 (donor)
E o Ty (acceptir‘)ysf
LT Kisc

ET >~——
Phosphorescence

So

Absorption

Y

Fig.5. Energy diagram showing the various photophysical event in triplet—triplet
energy donor—acceptor dyads (kisc = intersystem crossing).

The kpr data presented in Table 9 can be divided into
two groups: DPB- and DPX-containing dyads where transfer
occurs, and DPS-containing materials where no sensitive trans-
fer occurs or is detected. The switch where ET operates or
not is found between DPS (Cpneso—Cmeso =6.33 A) and DPX
(Chieso—Creso =4.32 A). These two spacers are precisely those
where the singlet-singlet ET occurs via a Forster and Dexter
mechanism, respectively. In the triplet state the Forster process
does not operate. The switch in mechanism is translated by an
“all or nothing” or “on/off” situation. Such concept opens the
door for the design of molecular switches based on the distance
separating the donor from the acceptor.

3.3. Cofacial bisporphyrins held by the calix[4]arene
spacer

The concept of designing molecular switches based on
donor—acceptor separation is certainly interesting because it
opens the door to applications such as measuring distances based
on photophysical data and as sensors for given substrates. The
calix[4]arene spacer is a flexible device but different from what
is presented above. The flexibility is limited to a unique form:
“open mouth” versus “closed mouth” [74,75].

Recently, compounds 109 and 110 were prepared and char-
acterized (Scheme 40) [76]. From VT "H NMR (using CD,Cl,
as solvent), clear evidence for “open-closed” equilibrium is
found in 110 based on the behaviour of the meso-protons
(chemical shifts and resonance widths). At low temperature
(183 K), the conformation is closed where the two macrocycles
are placed face to face, whereas the conformation is open at
298K (Fig. 6). About 10nm red-shift of the Soret band is
observed in the UV—vis spectra of 110 going from 298 to 77K,
a result consistent with a slipped cofacial organization of the
two metalloporphyrins similar to a J-aggregate [8].

Based on VT '"H NMR and UV-vis spectroscopy findings,
compound 109 does not exhibit this “open-closed” equilibrium.
It is believed to be linked to the relative flexibility of the free
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Table 9
Photophysical data for the cofacial triplet—triplet ET dyads [73]*
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D-A dyad (D-D dimer) Donor Acceptor 57" (ps)/298 K (tp D-D dimer) 5" (s)/77 K (p D-D dimer) ker (s7Y/77K
97 (96) Pt 2H 24(32) 122(136) 840
98 (49) Pd 2H 368(258) 1690(2170) 133
100 (99) Pt 2H 40.6 (46) 126 (175) 2220
101 (50) Pd 2H 568 (440) 1440 (2240) 247
102 (50) Pd Zn 548 (440) 1670(2240) 151
103 (51) Pd 2H 98(210) 1920(1920) 0
104 (51) Pd Zn 98(210) 1920(1920) 0
107 Pd - 25 1870 -
108 Pt - 18 128 -

 In parentheses are the tp data for the homo-dimers. The solvent is 2-MeTHF.

109 (M = 2H), 110(M = Zn)

Scheme 40.

base macrocycle, preventing good “sliding” into place. The pre-
sence of methyl groups inside the cavity cause some hindrance
that may cause ring deformation when the two macrocycles are
close to each other. For the more rigid metalloporphyrin, such a
situation is unlikely.

Another piece of evidence arises from the photophysical data
(Table 10). The increase in @ and 7 in 105, 106 and 109 going
from 298 to 77 K is consistent with a typical increase in medium
rigidity at low temperature. The @ datum for 105 at 77 K may
need to be revisited. On the other hand, for 110, both @f and tf
unexpectedly decrease at 77 K, instead of increasing. The close
proximity promotes a small (but sensitive) excited singlet state
deactivation similar to what was described for 36 and 56-59
above.

With regards to the design of molecular switches, the first
problem with these systems is the proximity of the $-methyl

Fig. 6. “Open” to “closed” equilibrium for 110 based on computer modeling
(modified from Ref. [76]).

groups to the calix[4]arene macrocycle. These substituents force
the porphyrin residues to be oriented at an angle with respect
to the rectangular shape of the calix[4]arene macrocycle. As
a consequence, the good behaviour of the molecular device is
strongly bonded to steric factors. For example, 109 cannot act
as a molecular switch. The second problem is the nature of the
stimuli necessary to induce the conformational change. Tempe-
rature is an obvious stimuli but it is not an interesting one when
one considers the temperature span necessary for this change
in geometry. The wide spread in temperature observed for 110
also indicates that this system is likely not appropriate for this
purpose.

In order to overcome these problems, two simple modifica-
tions can be incorporated in these “Pacman’ molecules. First, the
use of ethynyl groups separating the calix[4]arene aryls from the
porphyrin chromophores prevents steric hindrance between the
two macrocycles. Second, the use of crown ethers at the lower
rim of the calix[4]arene allows to freeze the macrocycle con-
formation (cone shape or 1,3-alternate [74,75]) by complexing
alkali cations. In this respect, arecent application in bisporphyrin
chemistry was reported [77]. Indeed 111 adopts a cofacial con-
formation when additions of Na* and K* ions are made, where
binding constants of 50 and 160 M~! (\H NMR), respectively,
are reported, respectively. Although the fluorescence spectra
remain the same before and during additions (A =648 nm;
FWHM =21nm), @ decreases with the alkali concentration
until complete quenching. In the absence of alkali cations,
the dimer is “open” but when complexation occurs, the face-
to-face geometry is adopted to allow strong complexation
(Scheme 41).

One step in this direction, the model compound 112 and the
calix[4]arene-bisporphyrins 113-115 were recently designed

Table 10
Fluorescence data for the calix[4]arene-containing dimers and their correspond-
ing monoporphyrin model compounds (2-MeTHF)

Molecule D Tp (ns)

298K 77K 298 K 77K
109 0.087 0.14 17.5 23.2
105 0.089 0.086 17.3 23.3
110 0.040 0.018 1.72 1.20
106 0.0214 0.0266 1.7 1.94
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Ph

111

Scheme 41.

and investigated by UV-vis and electrochemical methods
(Scheme 42) [78]. The X-ray structure of 113 exhibits an “open
mouth” conformation due to crystal packing.

However, binding studies of 113-115 with diazabicy-
clo[2.2.2]octane (dabco) and 1,4-pyrazine demonstrate the abi-
lity to “close the mouth” allowing host—guest complexation

Mes =

112

Mes

114

423

via Zn—-N coordination bonding [78], similar to 69-(2-ampyr)
[66]. The binding constants measured for the molecular tweez-
ers 113 and 114 with these two guest substrates, in a 1:1 ratio,
varies from 0.9 x 10° to 7 x 108 M~!. This trend shows the re-
latively strong association where dabco acts as a stronger binder
than 1,4-pyrazine. These systems closely resemble to those
reported for the more rigid DPA-containing tweezers 116 and
117 (Scheme 43) [79]. The complex 117-(1,4-pyrazine) exhibits
an association constant of 10>6 M~! (UV-vis titration), a lower
constant (107 M~1) compared to the dabco one.

All in all, the 113-115 tweezer systems exhibit great poten-
tial for alkali cation sensing, but studies and analyses of the
photophysical properties have yet to be performed.

3.4. Cofacial bisporphyrins held by a metal-metal bond

The M; bond is a special spacer since this covalent linking
mode does not involve carbon-based architecture, and yet
dm—dw and do-do interactions can potentially provide the
necessary electronic communication between the m-systems to

113

Mes

Mes

115

Scheme 42.
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tBu Ar
Ar=
tBu
116 (M = 2H), 117 (M = Zn) 117+(1,4-pyrazine)
Scheme 43.

promote strong coupling, in opposition to saturated aliphatic
spacers. In addition, because the M, bond length is significantly
shorter than the sum of the van der Waals radii of the carbon
atom, strong cofacial —m contacts are clearly possible. If so,
then broadening of the absorption and emission bands should be
observed as described for the series 36 and 56-59. This is par-
ticularly well exemplified with dimers 118-119 (Scheme 44),
where a Ru=Ru triple bond is established by X-ray crystal-
lography (118: d(Ruj)=2.166(1) A) and resonance Raman
spectroscopy (119: v(Ruz)=317 cm~!) [80,81]. Both the Soret
and Q-bands are unusually broad [81], even at 77K (Fig. 7)
where the position of the 0—0 absorption in the Q-region cannot
be localized whatsoever. Although the spectra in Fig. 7 have yet
to be analyzed, the apparition of a second strong absorption band
at338 nm, beside the Soret band at 402 nm, suggests the presence
of a strong exciton coupling (4710 cm™") [44], which would be
among the largest known in polyporphyrins and arrays [8,82].
Bisporphyrins held by a M, bond, as either single or multiple
bonds, were known for quite a long time [83]. Surprisingly, the
photophysics and photochemistry of such species have not been
explored in detail. The few rare examples are described below.
The dative Rh(I) — In(IIT) dyads 120-123 exhibit easy pho-
tochemical decomposition at room temperature (Scheme 45)
[84-87]. For example (OEP)Rh—In(OEP) 123 photoreacts with
CHj31 to produce (OEP)Rh—CHj3 and I-In(OEP). This reaction is
much slower when performed in the absence of light [87]. Based

Scheme 44.

on the UV-vis spectral monitoring of the time necessary to
observe complete decomposition of 120-123, the relative bond
strength was evaluated to be 123 <121 <122 <120 [84,86]. It is
believed that the excited state of the (TPP)Rh—In(TTP) molecule
is the highest, and so the Rh—In bond is stronger.

121, which appears not to be luminescent at 298 K, was inves-
tigated by means of ps—s transient spectroscopy at 355 nm exci-
tation [85]. The homolytic photoinduced bond cleavage appears
within 20 ps of the laser pulse. Using CH,Cl,, the scavenging
of the radical intermediates at 600 nm (forming the correspond-
ing chlorometallo-monoporphyrins) occurs at an evolving rate
with a constant of 4.1 x 1019M~!s~!, a value that is at the
sub-diffusion limit. Because the rate constant for recovery is
concentration-dependent, recombination and scrambling reac-
tions of the photo-fragments occur (i.e. formation of the parent
homo-dimers). The absence of luminescence was, with reserve,
suggested to be related to the photoinduced M-M’ bond scission
in the excited state.

To our knowledge, the only work on the photophysics of
M-M'-bonded species appeared this year [88]. Indeed, dyad

r
—

[ 208K

300 400 500 600 700
Wavelength (nm)

Fig. 7. UV-vis spectra of 119 in 2-MeTHF at 77 K and 298 K (an arbitrary value
of 0.2 was added to the 77 K spectrum for better comparison) [80].
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Scheme 46.

124 (rhodium meso-tetraphenylporphyrin-tin(2,3,7,13,17,18-
hexamethyl-8,12-diethylcorrole)) exhibits a Rh-Sn bond,
presumably of the same type as the Rh(I)— In(IIl)
(i.e. Rh(I) - Sn(IV)), with a bond length of 2.5069(7)/0\
(Scheme 46) [89]. The average separation between the macro-
cycle planes is 3.4 A; a distance below the sum of the van der
Waals radii (3.54 A). Strong inter-macrocycle interactions are
anticipated.

The compound is not luminescent at 298 K, presumably
for the same reason as that suspected for 120-123. In frozen
77 K matrices, 124 is weakly phosphorescent, again presumably
because the photoinduced M-M’ bond scission is much less effi-
cient in more rigid media. The emission bands, as well as 7,
and @, at 77K (in 2-MeTHF as solvent), were compared to
those of 125 and 126 (Scheme 46), which are the two chemical
precursors of 124. Using the absorption, fluorescence and phos-
phorescence spectra, the energy diagram has been established
(Fig. 8).

Based on this diagram, one notes that the TPP- and corrole-
containing chromophores are, respectively, the energy donor and
acceptor, in both the singlet and triplet excited states. Because
of the presence of heavy atoms, the triplet states are strongly po-
pulated during excitation, presumably with quantum efficiency
near to 1.0. The total absence of fluorescence in 124 (while
weak fluorescence is observed in the tin derivative 126) indicates
efficient excited state deactivation due to intramolecular ET.
The large decreases in tp and @p of the Rh(TPP) chromophore
going from 125 to 124, indicate a significant intramolecular

triplet—triplet ET in 124 with an estimated kgt ranging between
10° and 108 s~! (Table 11).

The comparison of triplet—triplet kgt for 124, with those for
97, 98, 100 and 101, for which a through space mechanism
was demonstrated, is presented in Scheme 47. kgt for 124 is
much larger than the others by three to five orders of magnitude.
This difference cannot be explained by a simple change in inter-
chromophore distances since the change in kgt is only two- to
three-ofolds between the DPB- and DPX-spacers (3.80 A versus
4.32A).

Fig. 8. Qualitative energy diagram for 124 showing the various observed radia-
tive processes (straight line arrows) and non-radiative paths (wave-lines) [88].
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d(Cmeso-Cmeso) = 3.80 A

ker(Pd) = 0.13 x 103 57"
ket(Pt) = 0.84 x 10° 5™

97 (M = Pt), 98 (M = Pd)

d(Creso-Crmeso) = 4.32 A

ket(Pd) = 0.25x 10% s
ker(Pt) =222 x 10% 57"

d(plane-plane) ~ 3.4 A

108 < kgt < 108 571

100 (M = Pt), 101 (M = Pd) 124

Scheme 47.

127 128

R ='Bu

Scheme 48.

Instead, a through-bond mechanism is invoked to explain the
fast rate; a rate that is one of the fastest triplet-triplet ET ever
reported [8]. For example, 127-129 in 2-MeTHF at 80 K exhibit
triplet—triplet kgt (Zn-porphyrin =D; free base = A) of 4 x 104,
2 x 10°, and <0.1s™!, respectively (Scheme 48) [90,91]. This
comparison helps assigning a through bond versus through space
ET for systems exhibiting very similar D—A distances, but also
shows the large change in kgt (>5 orders of magnitude), similar
to that seen in 124.

Also, the closely placed cofacial systems (97, 98, 100, 101,
and 124) show triplet—triplet through-space and through-bond
kgt rates that are two to three orders of magnitude faster than
that of 127-129, illustrating the importance of the proximity

Table 11

7. and @, data for 124-126 (2-MeTHF/77 K) [88]

Compound Do (X 1073) Pppos (X 1073) TFluo (PS) TPhos (1S)
1242 _b 0.42 + 0.04 _b 120+ 5
125 b 42 + 4 b 300 £ 5
126 94409 1.1 £0.1 140 £ 50 —c

2 The luminescence arises from the Rh(TPP) only.
b Not observed.
¢ Too weak to be measured.

of the D-A fragments. Such a comparison may be helpful in
predicting kgt for unknown systems.

All in all, 124 is the first and only example of an ET dyad
where the process takes place through a M—M bond.

4. Conclusion

Cofacial bisporphyrin systems have been exhaustively inves-
tigated. Originally, the aim was to model the primary photo-
physical biological events occurring in LH1, LH2 and LH3
and the reaction center, where energy and electron transfer pro-
cesses take place. Over the years, these “simple” bimolecular
devices were modified for the design of molecular tweezers via
supramolecular interactions and molecular recognition. These
molecular devices were also used as photo-catalysts, but only
a limited number of such systems were investigated. In addi-
tion, a through Mj-bond ET process was recently discovered
and much more research is expected in this area, mainly from
a theoretical stand point. This could be used to determine the
difference between a transfer occurring through a carbon- and
metal-based architecture. Applications in sensors, particularly
for metallic cations such as lanthanides and actinides through
the measurement of kgt in crown ether-containing devices, are
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also anticipated. Finally, the eventual and particularly useful
estimation of the D—A separations as a function of various expe-
rimental conditions (such as various solvents and temperatures)
using this type of measurements and the comparison with appro-
priate standards can be foreseen as the next step to be taken in
this area.
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