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In natural photosynthesis, the protein backbone directs and positions primary and secondary electron donor and acceptor
moieties in the reaction center to control the yield and kinetics of the sequential electron transfer reactions that
transforms light energy into chemical potential. Organization of the active cofactors is mainly driven by noncovalent
interactions between the protein scaffold and the chromophores. Based on the natural system blueprint, several research
efforts have investigated m-m stacking, ionic interactions as well as formation of hydrogen and coordinative bonds as
noncovalent organizing principles for the assembly of electron donors and acceptors in artificial reaction centers.
Introduction of supramolecular concepts into the organization of electron donor-acceptor in artificial photosynthetic
models raises the possibility of applying template-directed synthesis techniques to assemble interlocked systems in which
the photo-redox components are mechanically rather than covalently linked. Rotaxanes and catenanes are the leading
examples of interlocked molecules, whose recent developments in synthetic chemistry have allowed their efficient
preparation. Introduction of mechanical bonds into electron donor-acceptor systems allows the study of the interlocked
components’ submolecular motions and conformational changes to order, regularly triggered by external stimuli, on the
thermodynamic and kinetic parameters of photoinduced processes in artificial reaction centers. This Tutorial discusses our
efforts in the synthesis and photophysical investigation of rotaxanes and catenanes decorated with peripheral electron
donors and [60]fullerene as the acceptor. The assembly of our rotaxanes and catenanes is based on the classic 1,10-
phenanthroline-copper(l) metal template strategy in conjunction with the virtues of the Cu(l)-catalyzed-1,3-dipolar
cycloaddition of azides and alkynes (the CuAAC or “click” reaction) as the protocol for the final macrocyclization or
stoppering reactions of the entwined precursors. Time-resolved emission and transient absorption experiments revealed
that upon excitation, our multichromophoric rotaxanes and catenanes undergo a cascade of sequential energy and
electron transfer reactions that ultimately yield charge separated states with lifetimes as long as 61 microseconds, thereby
mimicking the functions of the natural systems. The importance of the Cu(l) ion (used to assemble the interlocked
molecules) as electronic relay in the photoinduced processes is also highlighted. The results of this research demonstrate
the importance of the distinct molecular conformations adopted by rotaxanes and catenanes on the electron transfer
dynamics and illustrate the versatility of interlocked molecules as scaffolds for the organization of donor-acceptor moieties
in the design of artificial photosynthetic reaction centers.

More specifically, sunlight excites the natural antenna
Introduction chromophores to provide electronic excitation, which is
funneled to the reaction center with near unity quantum yield.
In the reaction center, the electronic excitation drives a
cascade of electron transfer reactions among primary and

In natural photosynthesis, a series of directional energy and
electron transfer reactions among several organic and

inorganic cofactors imbedded in transmembrane photoredox
secondary electron donors and acceptors to produce charge

separated states extending across the lipid bilayer membrane.
The lifetime of the final charge separated state is crucial to the
photosynthetic energy conversion process. The kinetic
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Nature’s solution to this problem is to isolate the charges at
large distances by moving the photogenerated electron and
hole produced in the primary photoexcitation step in opposite
directions to secondary donor and acceptor residues. The
protein backbone positions the primary and secondary donors
and acceptors in a very specific topology to allow efficient
orbital overlapping and consequent maximization of electronic
coupling. Accordingly, the charge shift reactions among the
chromophores are directional, short-range, and thereby fast,
and ultimately yield a large spatial separation of the electron
and hole in the photosynthetic protein. The large spatial
separation leads to weak electronic coupling between the
oxidized and reduced secondary donor/acceptor, thereby
slowing down the charge recombination processes. Such
cascade of vectoral, short-range and fast electron transfer
reactions also guarantees the high quantum efficiency of each
step when compared to a single long-range electron transfer
from the primary donor to the secondary acceptor.?
Noncovalent interactions such as hydrogen bonds,
stacking and ionic interactions among the redox-photoactive
subunits and the protein residues are the main driving force
behind the organization process of the natural photosynthetic
system. Such protein-cofactor interactions also modulate the
potentials of the donors and acceptors to achieve the redox
power necessary to drive the further chemical reactions that
transform light into biofuel. Therefore, the whole system is
fine-tuned both energetically and kinetically by noncovalent
interactions.>®

In the design of artificial reaction centers, early research
workers investigated chromophores structurally related to
those found in natural systems and replaced the protein
scaffold with covalent bonds as the organizing principle.

Tt-TU

Porphyrins were the natural choice as primary electron donors
instead of the synthetically demanding and relatively unstable
chlorophyll molecules, derivatives
commonly used as acceptors.” However, fullerenes have
proven to be superior electron acceptors in photoredox
arrays.®12 Their rigid structure and poor solvation in polar and
nonpolar solvents yields small values of the reorganization
energy (A) which, according to Marcus formalism,3 shifts the
exergonic back electron transfer reaction into the so-called
inverted region of the parabolic relationship between the free
energy change of the electron transfer process vs. A.
Therefore, the large free energy change associated with the
charge recombination reaction in fullerene-containing systems
results in reduced rates. On the other hand, the forward
electron transfer processes require small driving forces to
reach the apex of the Marcus parabolic profile, thereby
affording maximum rate constants for charge separation in
donor-acceptor systems incorporating fullerenes.3-12

Despite the progress achieved with the covalent-linked
artificial  photosynthetic  systems,'*°  organization of
photoredox arrays capable of absorbing light and generating
and transporting charges across large distances through
formation of covalent bonds is by its very nature inefficient.
The emergence of host-guest?? and supramolecular concepts??
sets the stage for molecular recognition to lead to self-

while quinone were
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assembly of simple molecular into large
aggregates  with Accordingly,

noncovalent interactions have been used as principles for the

components
well-defined  structures.
self-assembly of chromophores in artificial photosynthetic
models capable of mimicking the natural photo-induced
processes.??23 The supramolecular approach offers two main
advantages over the traditional covalent linkage as the
organizing principle; (i) of the
photoredox active moieties can be achieved from simple

complex arrangements

building blocks in a one-pot strategy instead of the stepwise
formation of each covalent bond necessary to organize the
array; (ii) higher order features such as the effects of molecular
topology on the kinetic and thermodynamic aspects of the
photoinduced processes these
supramolecular photosynthetic arrays.

Within this context, we and others have been interested in the

can be investigated in

investigation of interlocked photosynthetic models, in which
the photoredox active subunits are mechanically rather than
covalently linked.?427 A mechanical bond is an entanglement in
space between two or more component parts, such that they
cannot be separated without distorting or breaking chemical
bonds between atoms.?® Rotaxanes (a dumbbell shaped
molecular component in which a molecular ring is trapped)
and catenanes (two or more interlocked rings) are prime
examples of mechanically-linked systems.2® The appealing
feature of interlocked molecules as artificial photosynthetic
is the possibility of decorating and
catenanes with donor and acceptor moieties and to use the
inherent circumrotation, shuttling, pirouetting and rocking
motions?® of the entangled components to control through
external stimuli the relative position and orientation of the
chromophores in order to favor forward electron transfer and

models rotaxanes

charge shift reactions, while simultaneously retarding wasteful
charge recombination processes.

Efficient formation of mechanical bonds requires the use of
template synthesis techniques. The transition metal template
synthesis has proven to be a powerful strategy to prepare
interlocked molecules. The metal template synthesis of
interlocked molecules is based on the ability of metal ions to
bind component parts bearing coordination sites through
formation of coordinative bonds to create entwined metal
complex intermediates. The physical overlapping of the ligands
in the entwined complexes orients chemical functionalities in
an orthogonal fashion to favor introduction of stoppering
groups (to afford rotaxanes) or to effect macrocyclizations (to
afford catenanes) through irreversible chemical reactions.
Removal of the metal template ion from the systems then
reveals the mechanical bond.?33° In the design of artificial
photosynthetic models, the metal template approach also
offers a bonus, namely that the entwined metal complexes
which serve as building blocks to assemble the interlocked
systems can also act as electronic relays.3?

In this Tutorial, we discuss the design, synthesis and
photophysical investigations of a family of multichromophoric
interlocked molecules decorated with electron donor and
acceptor moieties. The powerful synthetic strategy developed
by us, which combine the virtues of Sauvage’s Cu(l)-1,10-

This journal is © The Royal Society of Chemistry 2019
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phenanthroline template technique?® with those of “click”
chemistry protocols,32 has enabled the kinetically controlled
syntheses of rotaxanes and catenanes whose size and shape of
the ring and thread components as well as the chemical
linkages that connect the photoredox active subunits are
identical. Therefore, the effects of the distinct molecular
topology provided by the two interlocked systems on the
electron transfer dynamics could be investigated. To illustrate
the versatility of interlocked structures as scaffolds to organize
multichromophoric systems, we also report rotaxanes
decorated with several distinct chromophores. Excitation of a
given subunit by choice of the excitation wavelength as well as
investigation of model compounds have enabled the
assignment of specific roles to entity in the
multicomponent interlocked structures, while the energy and
electron transfer rates have been determined by means of
ultrafast spectroscopic techniques. Charge separated states
with remarkably long lifetimes have been achieved, thus
demonstrating the advantages of using mechanical bonds as
the organizing principle in the design of artificial
photosynthetic systems.

each

1. Molecular Design and Efficient Kinetically
Controlled Syntheses of Rotaxanes and Catenanes
Decorated with Zinc(ll)porphyrinate as Electron
Donor and [60]Fullerene as Acceptor

At the outset of our research program, the main synthetic
challenge facing us was the combination of the kinetically
labile coordinative bonds that hold the component parts in the
entwined configuration required for rotaxane and catenane
syntheses with the reactivity/solubility issues associated with
[60]fullerene (Cg). The classical protocols used to functionalize
fullerenes required addition of strong bases to drive the
reactions.’> The presence of such chemical species in the
reaction medium was known to cause dissociation of the
complex precursors.?830 Conversely, the
reaction conditions for stoppering or for ring closing the
entwined complexes to respectively form rotaxanes and
catenanes commonly generation of
nucleophilic species in poor solvents?83° for the electrophile
Ceo group.!! Therefore, side reactions with the carbon cage
and/or its precipitation during the assembly of interlocked
molecules by metal template techniques precluded the
efficient preparation of our target Cgo-based interlocked
molecules using standard techniques.

To solve those we proposed3337 the
straightforward synthetic strategy depicted in Figure 1 to

entwined metal

involved in situ

synthetic issues,
prepare [Cu(phen),]*-based rotaxanes and catenanes with a
Ceo group as the acceptor
zinc(ll)porphyrinates (ZnP) as electron donors. Our synthetic
strategy was composed of three main steps, which were
designed to minimize the reactivity/solubility issues of the Cg
group and the relative kinetically liability of the [Cu(phen),]*
complex template. Firstly, the solubility issues related to the

peripheral electron and

This journal is © The Royal Society of Chemistry 2019

Cso synthon were overcome by first attaching the carbon cage
to the previously prepared phen-based macrocycle 1 using the
classical Bingel-Hirsch reaction!! to afford highly soluble Cgo-
based macrocycle 2. Secondly, the “threading” reaction of
phen-string-like fragment 3 through Cgo-macrocycle 2 was
accomplished using Cu(l) ion as the template species to yield
[Cu(phen),]*—Cso pseudorotaxane precursor 4.286 Finally,
pseudorotaxane 4 was submitted to “click”3? stoppering
reactions with monoalkynyl ZnP 5 for the preparation of
rotaxane 7, or with bis-alkynyl ZnP 6 for the “double click”
macrocyclization required for the synthesis of the analogous
catenane 8.

The hurdle of this strategy resided on kinetic control of the
irreversible final “click” reactions. To successfully prepare
rotaxane 7 and catenane 8 following our strategy, attachment
of the ZnP stoppering groups or the macrocyclization step had
to occur without disrupting the [Cu(phen)2]+ coordinative
bonds in pseudorotaxane 4. Otherwise, a detrimental
unthreading process would take place and the components
would react in a random rather than in a templated fashion to
yield noninterlocked byproducts. The distribution of
interlocked and noninterlocked products is controlled by the
relative stabilities of the corresponding transition states during
the “click” reaction. Therefore, our proposed strategy would
afford rotaxane 7 and catenane 8 with superior yields only if
the kinetics of the final “click” reactions were enhanced. In the
case of rotaxane 7, acceleration of the “click” stoppering
reactions was achieved by increasing the concentration of the
reactants and/or by adding a large excess of ZnP 5 relative to
pseudorotaxane 4 in the reaction medium. However, access to
catenane 8 required high-dilution and stoichiometric amounts
of pseudorotaxane 4 and ZnP 6 to avoid formation of other
cyclic and/or Equally, the typical
homeopathic reactant dilution necessary for the efficient

oligomeric structures.

catenanes synthesis, when applied to the preparation of
rotaxane 7, led to poor yields as the lower “click” reaction
rates allowed dissociation of pseudorotaxane 4.

To solve these conflicting reaction conditions and to afford
rotaxane 7 and catenane 8 from the common pseudorotaxane
precursor 4 under the same “click” conditions, which would
render our synthetic strategy more convenient and elegant,
we tested3® several reaction conditions to find the best
balance between stabilization of pseudorotaxane 4 and
acceleration of the final “click” reactions. It turned out that a
biphasic reaction medium at room temperature circumvented
the incompatible synthetic requirements mentioned above.
We demonstrated3437:40 that by dissolving equimolar amounts
of pseudorotaxane 4 and the corresponding ZnP building block
in a solvent mixture composed of CH,Cl,/CH3CN (7:3, v/v) at
standard concentration levels (~0.01 M), followed by addition
of an innovative homemade “click brew” catalyst composed of
copper(l)iodide, sodium  ascorbate (SA), sulfonated
bathophenanthroline (SBP) and
1,8-diaza[5.4.0]bicycloundec-7-ane (DBU) (Figure 1), all
previously dissolved in a solvent mixture composed of
H,O/EtOH (1:1, v/v), afforded rotaxane 7 and analogous
catenane 8 in excellent yields, 75% and 57% respectively.3437.40

Chem. Soc. Rev., 2019, 00, 1-3 | 3
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We rationalized®® that pseudorotaxane 4 was less susceptible

to unthreading in the CH,CI; phase as the

—_—

3

8 ~

Figure 1. Synthetic strategy for the synthesis of rotaxanes and catenanes using the Cu(l)-template-directed technique in combination with “click” reactions.>®

potentially harmful species present in the “click” brew catalyst
remained in the polar phase, while the reactions that connect
the pieces together occurred at the interface.

2. Structural Investigation of the ZnP-
[Cu{phen),]*-C¢s, Rotaxanes and Catenanes

A comparison between the 'H NMR spectra of the interlocked
molecules3® showed that the signals for the pyrrolic protons of
the ZnP moieties (8 =
rotaxane 7, while only one set of signals for the same nuclei

8-9 ppm) appeared in duplicate in

was observed for catenane 8. The two sets of resonances for
the pyrrolic protons informed that the two ZnP groups in
rotaxane 7 were not magnetically equivalent, experiencing
distinct chemical environments. Careful analyses of 'H NMR
spectra of 7 and 8 revealed that one set of pyrrolic signals in
rotaxane 7 appeared in the expected region of the spectrum
shifts
compared to those observed for catenane 8, while the second

for ZnP moieties and with very similar chemical

set of resonances was shifted upfield. This shielding suggested
that one of the ZnP stoppers was most likely engaged in n-n
secondary with the Cgo
[Cu{phen);]* subunit, while the other was not.

attractive interactions and/or
In time-resolved fluorescence experiments, we observed that
(1ZnP*)
biexponential decay with lifetimes of 61 ps and 400 ps for

the ZnP first singlet excited state presented a

rotaxane 7,% while a monoexponential decay with a lifetime of
500 ps was sufficient to fit the data for the same excited state

4 | Chemical Society Reviews, 2019, 00, 1-3

in catenane 8.37 Since the fluorescence lifetime is directly
related to the electronic coupling of the chromophores, the
1Znp*
rotaxane 7 confirmed that the ZnP stoppers were at distinctly

biexponential decay observed for the species in
different distances from the other chromophores. Thus, we
concluded that rotaxane 7 was conformationally flexible and
folded into a more compact structure in solution with one of
the ZnP stopper

groups positioned closer to the [Cu(phen),]* and Cgo subunits,
while the other is further away. Computational simulations
confirmed the folded structure for rotaxane 7 and also
informed that catenane 8 adopted an extended molecular
conformation with the chromophores far apart, as shown in
Figure 2.3° The more rigid structure proposed for catenane 8
precluded formation of secondary attractive intramolecular
interactions between the chromophores, which was congruent
with the single set of resonances observed for the pyrrolic
resonances in the *H NMR spectrum and the monoexponential

decay of the 1ZnP* excited state in 8.

3. Investigation of the Dynamics of Photoinduced
Processes in ZnP-[Cu(phen),]*—C¢, Rotaxanes and
Catenanes

There are a fair number of photophysical studies on
photoactive rotaxanes which have shown that minor structural
modifications in the rotaxane structure, such as changes on

the size, shape and the chemical linkages that connect the

This journal is © The Royal Society of Chemistry 2019
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chromophores to the rotaxane structure, significantly affect
the kinetics of the photoinduced processes.?* Conversely,
investigation of photoinduced processes on catenanes are

Figure 2. Molecular models of rotaxane 7 (top) and catenane 8 (bottom).*!
Adapted with permission from reference 40. Copyright (2012) American
Chemical Society.

extremely limited,?> probably due to the intrinsic synthetic
hurdles imposed by catenane synthesis when compared to the
more accessible rotaxanes. No longer constrained by the
synthetic difficulties that arise when preparing photoactive
Ceo-based catenanes, a strict comparison of the photophysical
with
parameters was at reach. Thus, we

properties of rotaxanes and catenanes identical
molecular structural
carried out a detailed and complete electrochemical and
photophysical study on rotaxane 7 and catenane 8 as well as
structurally related model compounds.37-40:42-44

Electrochemical and steady-state absorption and emission
spectroscopies informed that there were no significant
interactions between the chromophores of rotaxane 7%° and
8% in the

absorption37:40 time-resolved

catenane ground state. From transient

and electron paramagnetic
resonance®?%® experiments, we found that both interlocked
the

photoinduced processes (Figure 3) upon exclusive excitation of

systems presented identical main sequence of
the ZnP subunits at 420 nm.* However, the distinct behavior
of rotaxane 7 and catenane 8 became evident from the
investigation of the dynamics of the main photophysical decay
pathways depicted in Figure 3. Excitation of the ZnP moieties
at 420 nm yielded the 1ZnP* state (step 1), which was strongly
quenched in both interlocked molecules. The 1ZnP* quenching

process was independent of the solvent polarity, thereby

This journal is © The Royal Society of Chemistry 2019

signaling a singlet-singlet energy transfer process (EnT) from
the 1ZnP* to the [Cu(phen),]* subunit (step 2). In principle, EnT
should yield the singlet metal-to-ligand charge transfer excited
state (!MLCT*) in the complex. However, the *MLCT* is rapidly
converted (in a few hundreds of femtoseconds) into the triplet
MLCT state (3MLCT*), which was actually the species detected
in our experiments.37/4°

From the !ZnP* fluorescence lifetimes (t) presented in the
previous section, the energy transduction occurred with
constant rates of kg3 = 1.6 x 10° s* (1t = 500 ps) in catenane 8
and kgqr1 = 1.6 x 10%° 572 {1t = 61 ps) for the close and kg = 2.1
x 10° s'! (1 = 400 ps) for the distant ZnP stoppers in rotaxane 7.
From the rates,”” we calculated that the energy transfer
occurred with 79% for catenane 8 and 98% and 83% quantum
yields#® for the close and distant ZnP stoppers respectively.
The near quantitative yield determined for the EnT event of
the close *ZnP* and the almost identical one obtained for the
distant 1ZnP* analog when compared to that afforded for
catenane 8 nicely corroborated the structural analyses
described in the previous section.

The 3MLCT* manifold was oxidatively quenched by the Cg
group via electron transfer (ET) (step 3, Figure 3) in both
structures to afford the intermediate ZnP—[Cu{phen),]?*—Cg*~
charge separated state (CSS). This intermediate CSS could
decay to the ground state through charge recombination (CR)
(step 5) or undergo a charge shift (CSh) reaction (step 4),
which involves donation of an electron from the ZnP moiety to
the oxidized [Cu{phen),]?* complex to yield the final ZnP**—
[Cu(phen),;]*—Cgo*~ CSS. Although the intermediate ZnP—
[Cu{phen),]?*—C¢o*~ and the final ZnP**—[Cu(phen),]*—Cgy"~ CSSs
are isoenergetic, the final CSS was unambiguously observed in
both

signature transient absorption of ZnP** centered at Ama. = 680

interlocked molecules by detection of the strong
nm. The ZnP** lifetime matched the long component decay

observed for the biexponential rate law found for the
fingerprint absorption of the Cgy*~ species at Amax = 1040 nm.
The Ceo"~ short component decay was attributed to CR in ZnP—
[Cu{phen),]?*—Cgx*~ CSS to give the ground state (step 5), which
occurred virtually at the same rate (ke and kery ™~ 6.0 x 107 s7%)
in both These
demonstrate that CSh reaction (step 4) can kinetically compete
with CR (step 5) to give the final ZnP**—[Cu{phen);]*—Ceo*~ CSS

in both rotaxane 7 and catenane 8. Figure 4 shows the

interlocked molecules. findings clearly

differential absorption spectrum afforded from excitation of
catenane 8 in benzonitrile, which highlights the transient
formation of the ZnP** and Cg*~ radical ions.

However, the most dramatic effect of the distinct rotaxane
and catenane topology was the rates for the CR reactions of
the final ZnP**—[Cu(phen),]*—C¢,*~ states (step 6, Figure 3). The
lifetime of the final CSS in rotaxane 7 was 0.24 ps (kepy = 2.9 x
10% s1), while it was 1.1 ps (kcga = 9.1 x 10° s1) in catenane 8
the the
investigation, we attribute the longer lifetime observed for the
final ZnP**—[Cu(phen),]*—Cg,*~ CSS in catenane 8 to its rigid
structure, which keeps the active subunits further apart, thus

under same conditions. Based on structural

Chem. Soc. Rev., 2019, 00,1-3 | 5
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decreasing the electronic coupling of the radical ions when
compared to that in the analogous rotaxane 7.

To prove this hypothesis, we carried out the photophysical
rotaxane 7
(DABCO)

in the presence of 1,4-
which

investigation on

diazabicyclo[2.2.2]-octane transformed

EI.CE:

Kenry=1.6 X 10

kEm- 21 x10°
3MLCT*:

209 eV
1.62eV
Kosy= 1.3 x 1010
o+
*— 2+ 4 o—
1 ks, =5.0 x 108
cs2=

128 eV 128 eV

5
Kepy = 6.6 X 107

tmm e, —, e —————————

Kepy=29% 108 6

sty

0.00 eV

rotaxane 7 into the catenane-like structure 9 by coordination
to the two ZnP stoppers (Figure 5).° The 1:2 DABCO/ZnP ratio
was clearly demonstrated by steady state absorption and
fluorescence spectroscopies.

2.09eV

enrs = 1.6 x10°
\ SMLCT*
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D
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Figure 3. Energy level diagram, proposed decay pathways, and rate constants in s’ for rotaxane 7 (left} and catenane 8 (right} in benzonitrile following exclusive excitation of the

ZnP moiety at 420 nm.*
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Figure 4. Left: transient absorption spectra (visible and near-infrared} observed upon nanosecond flash photolysis (355 nm} of ZnP—[Cu{phen},]*—Cs; catenane 8 in benzonitrile with

a time delay of 100 ns at room temperature. Right: time-absorption profiles of the spectrum on the left at 1040 nm, monitoring the charge recombination process. Adapted with

permission from reference 37.

Time-resolved transient absorption experiments on 9 indicated
a monoexponential decay for the ZnP** transient absorption at
Amax = 680 nm with with a lifetime of 1.3 us, which was
practically the same as that found for catenane 8 (t = 1.1 us).
This finding confirmed that formation of coordinative bonds
between the ZnP groups and DABCO was sufficiently strong to
unfold the
secondary interactions between the chromophores originally
7.3%  Thus,
demonstrated for the first time that the more rigid catenane

interlocked structure by disrupting the =n-m

observed in rotaxane our investigation

structure was a more efficient platform than the parent

6 | Chemical Society Reviews, 2019, 00, 1-3

Copyright

(2010} American Chemical Society.

rotaxane to organize ZnP and C60 chromophores in such a way

so as to produce long-lived charge separated states.

This journal is © The Royal Society of Chemistry 2019
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Figure 5. Structure of catenane-like 9 derived from complexation of a DABCO molecule
to the ZnP groups of rotaxane 7.3

As described above, the [Cu{(phen),]* complex plays a central

role in the photophysical EnT and ET processes in our

and catenanes. our interest in
the the

components on the reorientation of the ZnP and Cg, groups on

rotaxanes However,

investigating relative motions of interlocked
the rates of the photoinduced processes led us to remove the
Cu(l) ion from the phen chelating ligands in our rotaxanes and
catenanes. However, removal of the Cu(l) cation from the

complex was problematic as the classical demetallation
protocol requires the use of nucleophilic cyanide as the active
species,”® which is not chemically compatible with the
electrophilic Cgo subunit.!* Therefore, we developed®® an
innovative procedure based on the use of aqueous ammonium
template ion from our

hydroxide to remove the Cu(l)

rotaxanes and catenanes. Inductively-coupled plasma mass
spectrometry (ICP-MS) revealed that our protocol provided Cu-
free interlocked molecules with virtual identical residual
copper content as that found for the ones demetallated with
cyanide (240 ppm vs 250 ppm for the cyanide and NH4OH
of the

reaction with NH4;OH was three-orders of

treatments, respectively). However, the kinetics
demetallation
magnitude slower {(kypaon = 1.6 x 103 mol? L s) than with
potassium cyanide {key = 0.2 mol Ls).4°

Surprisingly, excitation of the ZnP and/or the Cg, groups on the
Cu-free interlocked molecules yielded only the corresponding
triplet excited states. No evidence was found for ET reactions
even in highly polar solvents. *H NMR structural investigation
on rotaxane 10 (Figure 6, top) revealed that the phen-protons
on the macrocycle were strongly shielded, while those on the
phen moiety of the thread component were in the usual
spectral region. Those findings suggested that the phen group
on the macrocycle was in the range of the magnetic shielding
of the ZnP stoppers. Thus, the ring component seemed not to
pirouette about the thread upon demetallation as expected.
Instead, the tweezer-like configuration of the ZnP stoppers
formed a w-m stacked complex with the phen moiety of the
ring in between (Figure 6, bottom). The n-x intramolecular
secondary interactions preclude the expected pirouetting
motion promoted by demetallation of rotaxane 10, thus
keeping the Cgo away from the ZnP donors and shutting down
the ET processes. We therefore conclude that the [Cu{phen),]*
complex is needed to provide the necessary structural
organization as well as electronic properties to promote the ET
reactions between the ZnP electron donor and Cgy acceptor in

our interlocked molecules.?®

This journal is © The Royal Society of Chemistry 2019
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Figure 6. Molecular structure of Cu-free rotaxane 10

xpected

(top} and schematic
representation of the found and expected rotaxane conformational change upon
demetallation (bottom}.3®

4. Attempts to Improve the Yield and Lifetime of
the Photoinduced Charge Separated States in
Rotaxanes and Catenanes.

The lifetime of a specific CSS in artificial photosynthetic models
improved by three approaches: (1) altering the

the chromophores, (2)
modification of the reorganization energy value (A) of the

can be
electronic coupling between
system and (3) changing the driving force {AG®) of the ET
reactions.” In our case, the third approach was the easiest to
implement as (1) and (2) would require major structural
changes in our molecular design, which in turn could be
detrimental to the efficient preparation of the interlocked
molecules by our synthetic methodology. Accordingly, we
applied the methodology outlined in Figure 1 to introduce
the [Cu{phen),;]*—Cep-based
Ferrocene (Fc) has a low oxidation

other electron donors into
interlocked molecules.
potential and has proved to be an excellent electron donor for
Ceo—based systems. In a first attempt, we investigated the
photophysical properties of (Fc),—
(Figure 7),

following our synthetic method.5°

[Cu(phen),]*—Cgo rotaxane 11

which was isolated in impressive 92% yield
Excitation of rotaxane 11 at 387 nm simultaneously yielded the
1Ceo* and the 3MLCT* excited states (step 1, Figure 7), which
rapidly decay (kcss = 2.9 x 101 s1) to afford the intermediate
(Fc),—[Cu{phen),]>*—Cgy*~ CSS (step 2). The short component (t
= 15 ns) of the biexponential decay of the Cg,*~ signature
absorption at A = 1040 nm was easily assigned to CR in the
(Fc),—[Cu{phen),]>*—Cgp*~  CSS (step 3). Based on
thermodynamic grounds, the long component (t = 7.7 ps)
could be attributed to CR of the final Fc**—[Cu({phen),]*—Ceo"~
CSS, whose formation would involve an exergonic CSh reaction
(estimated by AG%g, = — 0.16 eV)

[Cu{phen),]?* complex to the Fc subunits. However, the long

from the oxidized

component was Oj-concentration dependent and was

Chem. Soc. Rev., 2019, 00, 1-3 | 7
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quenched to 121 ns in an Oj-enriched medium. Due to the
weak absorption of the Fc** species at Amax = 680 nm, which
was hard to detect in our experiments, we tentatively
postulate that the 7.7 ps lifetime corresponds to the decay of
the 3Cgo*, which was formed from the Cg* excited state by
intersystem crossing in competition with the ET reaction that
[Cu{phen),]?*—Cgy"~ CSS. The final (Fc),*—

[Cu(phen),]?*~C¢x*~ CSS was not completely ruled out, but its

produces the (Fc),—

lifetime, which was 121 ns at best, along with the negligible
yield estimated for eventual formation of the final state (at
best 0.001%) proved the disadvantageous replacement of the
ZnP stoppers by the Fc ones.5°

l’\oﬁoz\\

e

F
=

I' Fe
<
-
EI o MLCT*
- [
-
178 eV kcss—29x101° &
! 2 1.70 eV
1

0.00 eV

Figure 7. Structure of (Fc),—[Cu(phen},]*—Cs; rotaxane 11 (top} and its energy level
diagram, proposed decay pathways, and rate constants in s following simultaneous
excitation of the Cg and [Cu(phen),]* subunits in benzonitrile (bottom}.** No
unambiguous spectroscopic evidence for the charge shift reaction from the oxidized
[Cu(phen},]>* central complex to the ferrocene stoppers was found.>®

Turning our attention to the catenanes architectures, we
substituted (MgP) the
analogous free-base porphyrin (H;P) for the ZnP subunit to

magnesium(ll)porphyrinate and

afford catenanes 12 and 13 in 55% and 58% yields, respectively
8).44
electrochemical investigations, we established the energy level

(Figure From steady state spectroscopic and
diagrams (Figure 8) for the expected decay pathway of
catenanes 12 and 13. As one can see in the energy diagrams,
such porphyrin substitution changed the driving force (AG%,7)
for the EnT transduction from the porphyrin singlet excited
state to the 3MLCT* manifold (step 2) as well as the driving
forces for the ET (step 3) and CSh reactions (step 4) that yield

the intermediate and final CSSs, respectively.

8 | Chemical Society Reviews, 2019, 00, 1-3
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Figure 8. Molecular structures of catenanes 12 and 13 (top}. Energy level diagram,
proposed decay pathways, and rate constants in s for MgP catenane 12 and H,P
catenane 13 following excitation of the porphyrin units in benzonitrile (bottom}.3846

Energetically, MgP catenane 12 was designed so that the final
CSh reaction (step 4, Figure 8) would be exergonic (AG®g, = —
0.28 eV), while it was expected to be endergonic {AGCs, = +
0.13 eV) in H;P catenane 13. In ZnP catenane 8, the driving
force for step 4 was roughly zero (Figure 3). Interestingly, the
thermodynamic prohibitive CSh reaction in catenane 13 to
yield the H;P**—[Cu({phen),]*—Cep*~
the absorption of the H,P** radical cation was observed in our

CSS seemed to take place as

experiments. However, we found that the kinetics of step 5
was 10® times faster than step 4. This pointed to negligible
formation of the final H,P**—[Cu{phen),]*—C¢,*~ CSS in catenane
13. As expected, substitution of the H,P moiety for the ZnP
analog was detrimental for the yield and lifetime of the final
CSS. On the other hand, the downhill CSh reaction in MgP
catenane 11 occurred one order of magnitude faster (kegy, = 6.6
x 108 s1) than in the ZnP analog (kesn, = 2.2 x 107 s1).47
However, the efficiency of step 4 in ZnP catenane 8 was
estimated to be 46%, while it was only 26% in MgP catenane
12.48

This poorer performance of the MgP catenane 12 to produce
the final CSS was surprising and our rationale is as follows.
Introduction of the MgP moiety in our catenanes destabilizes
the MgP—[Cu{phen),]?*—C¢s*~ intermediate CSS (1.42 eV) by

0.14 eV compared to the ZnP—[Cu{phen),]**~Cg,"~ counterpart

(1.28 eV). As the 3MLCT* state is at 1.62 eV for both
catenanes, the driving force for step 3 is smaller in MgP
catenane 12 {AG%ss = — 0.20 eV) than in ZnP catenane 8
(AG%ss = — 0.34 eV). Using Marcus formalism, both ET

reactions are in the normal region as we estimate a
reorganization energy {A) of 0.57 eV for the intermediate CSSs

in our catenanes. Therefore, reduction of the driving force for

This journal is © The Royal Society of Chemistry 2019
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this ET reaction results in a slow rate and low yield for step 3 in
MgP catenane 12 compared to ZnP catenane 8.

On the other hand, CRs (step 5) for the intermediate CSSs are
in the inverted region (A = 0.57 eV) for both MgP catenane 12
(AGOk = — 1.42 eV) and ZnP catenane 8 (AG%g = — 1.28 eV).
Consequently, the larger driving force for step 5 results in a
longer lifetime for the intermediate CSS in MgP catenane 12 (t
= 60 ns) compared to ZnP catenane 8 (t = 15 ns). We expected
that this low CR rate in conjunction with the faster CSh
reaction would result in more efficient formation of the final
CSS in MgP catenane 12 than in ZnP catenane 8. Thus, the
anticipated decrease in the efficiency of step 3 that would be
compensated for by an increase in the efficiency of step 4 was
not observed.

IH NMR structural analyses indicated no conformational
changes upon substitution of MgP for ZnP, with MgP catenane
12 appearing to adopt the same extended conformational with
the chromophores far apart. Therefore, the electronic coupling
between the chromophores is similar if not identical in both
catenanes. These findings forced us to conclude that the initial
EnT process from the porphyrinates to the [Cu(phen),]*
complex to afford the 3MLCT* state was the efficiency
determining step (efficiency order 8 > 12 > 13). The ZnP*
excited state lies at 2.09 eV, while the parent IMgP* state is at
2.01 eV. The 3MLCT* was estimated to be at 1.62 eV for both
experiments, the ENnT
transduction occurred with rate constants of kg,r = 6.9 x 107 s1
and kgt = 1.6 x 10° s! for catenanes 12 and 8, respectively.
The quantum vyield for the EnT reaction was 42% for MgP
catenane 12, which was significantly lower than the 79% yield
determined for the ZnP catenane 8. Therefore, the large
driving force for step 2 in ZnP catenane 8 (AG%g = — 0.49 eV)
- 0.41 eV)
results in a higher efficiency for EnT in the former system.

catenanes. From the emission

compared to that in MgP catenane 12 (AG%{ =

Taken together, the results for the new family of catenanes
demonstrated that decreasing the energy level of the final CSS
relative to the level of the intermediate CSS to increase the
driving force of the CSh reaction led to faster kinetics.
However, the energetic and dynamics of our catenanes
pointed to the importance of step 2 in the overall yield of the
final CSS. Thus, ZnP was the better electron donor compared
to MgP and H,P for the efficient formation of the long-lived
final CSS in our catenanes. Our investigation proves that
decoration of [Cu(phen),]* catenanes structures with ZnP and
Ceo groups efficiently yields the final ZnP**—[Cu(phen),]*—Ceo"~
CSS, which preserves about 1.28 eV of the 2.09 eV originally
stored in the 1ZnP* excited state, and with lifetimes in the
microsecond time domain.

5. Exploring Rotaxanes Structures as Platforms to
Position Four Distinct Chromophores in Space

As previously described, the photoinduced processes between

the ZnP, [Cu(phen),]* complex and Cg that ultimately
generates the long distance and long-living ZnP**—
[Cu(phen);]*—Cgo*~ CSS in our interlocked molecules is

This journal is © The Royal Society of Chemistry 2019

sequential. In such systems, yields and lifetimes of the CSSs are
dictated by the the
corresponding forward ET reaction that moves the positive
and negative charges apart and the wasteful CR processes that
promote CR to the ground state. In our case, the lifetime of
the ZnP—[Cu(phen);]>*—Cqo"~ intermediate CSS is critical for the
efficient formation of the ZnP**—[Cu(phen),]*—Cgo°~ CSS.

Based on the classical work by Gust, Moore and Moore,” we
reasoned that introduction of an extra electron donor for the

kinetic competition between

ZnP subunits in our interlocked molecules would lead to the
same photophysical that produced the ZnP-
[Cu(phen),]>*—C¢o*~ intermediate CSS. However, judicious
choice of the electron donors might result in additional CSh
reactions that could compete with the CR reaction of the
intermediate CSS more efficiently. The first parallel reaction
would be direct CSh from the oxidized complex to the new
electron donor, which would work in parallel with the
previously described charge shift to the ZnP subunit. The
second one would be the CSh reaction from ZnP** to the new
electron donor. If the thermodynamic requirements were
satisfied, both parallel CSh reactions could converge to
generate the more stable and final CSS, characterized by the
oxidized new electron donor and the reduced fullerene. Thus,
longer-living CSSs could be achieved with better yields at the
expense of losing some of the original energy stored in the
porphyrin singlet excited states.

To explore this tactic, the rotaxane architecture was ideal as
the structural platform as two distinct electron donors could
function as stoppers. We designed a variety of rotaxanes,5!
assembled as before, i.e. through the [Cu(phen),]* complex
and with the Cgo acceptor on the ring component, but bearing
several combinations of zinc(ll)phtalocyanates, ferrocenes (Fc)
stopper
combinations yielded the proposed final CSSs with remarkable

events

and zinc(ll)porphyrinates (ZnP) as stoppers. All

lifetimes. For illustration,
rotaxane 18 (Figure 9) will be discussed here. Fc was chosen as
the extra electron donor due to its low oxidation potential,°
which allowed for the convergent decay of both Fc—ZnP-—
[Cu(phen),]?*—Ceo°*~ (1.31 eV) and Fc—ZnP**—[Cu(phen),]*—Ceo*~
(1.31 eV) intermediate CSSs to give the same Fc**—ZnP—
[Cu(phen),]*—Ceo°~ final and most stable CSS at 1.13 eV (Figure
10).

Rotaxane 18 was efficiently synthesized as depicted in Figure 9
using a slight variation of our original “click” strategy (Figure
1). In this case, a sequential stoppering-threading-stoppering
approach was used, which involved (i) performing an
esterification reaction between the hydroxyl functionality in 14
and monocarboxyphenyl Zn(ll)porphyrinate derivative 15 to
produce monostoppered phen-thread 16; (ii) threading of 16
through macrocycle 2 by means of the Cu(l) templation to
afford monostoppered pseudorotaxane 17, and (iii) a second
“click” stoppering reaction between the azide functionality on
pseudorotaxane 17 and ethynylferrocene. The excellent 90%
isolated yield obtained for multichromophoric rotaxane 18
highlighted the versatility of our stoppering-threading-
stoppering stepwise approach when incorporating multiple
chromophores on the rotaxane.

only Fc—ZnP—[Cu(phen),]*—Cso

Chem. Soc. Rev., 2019, 00, 1-3 | 9
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Exclusive excitation of the ZnP stopper at 425 nm yielded
1ZnP* (step 1, Flgure 10), which partially decayed by EnT (kg1 =

o™
N3
Ar
Hooc"Ar c
14 Y 15 A

.Q; ;ﬂé ﬁ,‘*

Ar

1.3 x 10° s) to the 3MLCT* centered on the [Cu{phen),]*

complex
l’\o 0/\\
17

PF;

-Ar

Figure 9. Sequential stoppering-threading-stoppering synthetic strategy for the synthesis of rotaxane 18.38
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Figure 10. Energy level diagram, proposed decay pathways, and rate constants in s*
following exclusive excitation of the ZnP subunit at 425 nm in Fc—ZnP—[Cu(phen},]*—Cg
rotaxane 18 in THF.4

(step 2) along with intersystem crossing to the 3ZnP* manifold
(not shown in Figure 10).>! Formation of the 3MLCT* state
triggered ET to produce the first Fc—ZnP—[Cu{phen),]?*—C¢p*~
CSS (step 3).
absorption (A = 1040 nm) required three components to fit

The decay of the Cg*~ fingerprint transient

the data. The short component with a lifetime of 55 ns
corresponded to the CR of the first Fc—ZnP—[Cu(phen),]**—Cgp"~
CSS (kery = 1.8 x 107 s%, step 4). The intermediate component
had a which matched the
determined for the ZnP** ion at Amax = 680 nm, and is therefore
assigned to CR of Fc—ZnP**—[Cu{phen);]*—Ceo"~ CS (kcr2 = 4.3 x
10° s, step 8). The longest and O,-concentration independent

lifetime of 2.3 us, lifetime

10 | Chemical Society Reviews, 2019, 00, 1-3

component with a lifetime of 61 ps was attributed to CR of the
target Fc**—ZnP—[Cu(phen),]*—Cgp*~ CSS (kerz = 1.6 x 10* s7,
step 9).47

From these data, the combination of Fc and ZnP stoppers
increased the lifetimes of the Fc—ZnP—[Cu{phen),]?*—Cg,"~ (T =
55 ns) and Fc—ZnP**—[Cu{phen),]*—Ce¢o*™ (T = 2.3 ps) CSSs when
compared to the analogous CSSs in the parent (ZnP),—
[Cu(phen);]*—Cso 15 ns and 0.24 ps,
respectively). We anticipated that both downhill {AG%sg, = —
0.18 eV) CSh processes from the [Cu{phen),]?* (step 6) and
ZnP** (step 7) subunits to the Fc moiety would rapidly occur to

rotaxane 7 (t =

quench the lifetimes of both CSSs in rotaxane 18. Our
explanation for this longer lifetime of Fc—ZnP—[Cu{phen),]?*—
Ceo'~ and Fc—ZnP**—[Cu{phen),]*—C¢,*~ CSSs in rotaxane 18
compared to rotaxane 7 was based on the inherent flexibility
of the rotaxane

backbone, which can fold into more compact structures in
solution, driven by intramolecular attractive ®-m secondary
the
observed in the structural investigation of rotaxane 7.

interactions between chromophores as previously
In rotaxane 18, the folding process most likely brings the ZnP
subunit closer to the [Cu{phen),;]* complex than the Fc moiety,
as the former (with a larger n-system) would establish stronger
-7 secondary interactions with the [Cu{phen),]* complex than
Fc {smaller m-system). Such close contact between the ZnP and
[Cu(phen);]* subunits allowed those two chromophores to
rapidly exchange the positive charge (step 5), which would
stabilize both the ZnpP** [Cu{phen),]*
complex, hence explaining the longer lifetimes observed for
the Fc—ZnP—[Cu{phen),]?*~C¢°~ and Fc—ZnP**—[Cu{phen),]*—
Ceo'~ CSSs. Such exchange of positive charges
thermodynamic penalty as the two CSSs appear to be

and the oxidized

has no

isoenergetic. The CShs from the [Cu({phen),]?** and ZnP** groups
to the Fc stopper (steps 6 and 7, respectively) both occur as
both
transfer processes take place with comparable rates as their
— 0.18 eV), while the

thermodynamically predicted. Furthermore, charge

driving forces are similar {AG®s, =

This journal is © The Royal Society of Chemistry 2019
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proposed folded rotaxanes structure keeps the ZnP and
[Cu(phen),]* subunits approximately equidistant from the Fc
stopper.

Confirmation of this plausible interpretation would come from
structural analyses. However, the 'H NMR spectrum of
rotaxane 18 was complex with multiple signals in different
solvents and temperatures. This complexity arose from the low
symmetry of the interlocked molecule in conjunction with the
proposed conformational flexibility. Despite the lack of
structural evidence for the folded conformation of rotaxane
18, we conclude that formation of the target Fc**—ZnP—
[Cu(phen),]*—Cgo*~ CSS occurs from two parallel CSh reactions
(steps 6 and 7, Figure 10), which is consistent with the
thermodynamic and kinetic parameters found. This state
conserves 1.13 eV and has the longest lifetime (t = 61 ps at
room temperature) ever reported for interlocked artificial
photosynthetic model systems.

Conclusions

From development of a mild chemical protocol compatible
with porphyrins, [Cu(phen),]* complexes and Cg, we were able
to efficiently prepare previously inaccessible photoactive
rotaxanes and catenanes that function as artificial
photosynthetic model systems. We expect that these advances
in the template-directed syntheses of interlocked molecules
will aid and abet the design and preparation of even more
complex photosynthetic model systems. Future investigations
should bring further insights about electron transfer reactions
in covalently unlinked but nonetheless well-associated donor-
acceptor systems with well-defined structures. Our family of
mechanically-linked photosynthetic model systems absorbs
light over a wide range of the visible spectrum to trigger rapid
energy transfer processes along with sequential electron
transfer reactions to afford highly energetic, but still long-lived
charge separated states. Those features indeed mimic the
early principal aspects of the natural photosynthetic energy
conversion process. We also demonstrated that the inherent
submolecular motions and conformational flexibility provided
by the mechanical bond can be used as tools to reposition and
reorient the chromophores on the interlocked molecules. As
the field of mechanically-linked molecules has matured to give
birth to elegant molecular machines, in which the interlocked
components can move relative to each other through the
influence of external stimuli, we reason that such external
control of the motions of interlocked components provides
interesting possibilities for the design of new interactive
donor-acceptor photosynthetic model systems.
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