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Supervisor’s Foreword

Metal complexes bearing m-conjugated chelating ligands are fascinating not only
in basic science focusing on their unique physical and chemical properties but also
in application to molecular-based devices. For example, photophysical properties
of metal complexes are valuable for fabrication of dye-sensitized solar cells and
light-emitting devices, and redox-active metal complexes of their two oxidation
states reversibly switchable by electronic stimuli are useful in application to
nanotechnology such as molecular electronics. Our group has been constructing a
single molecular system made of copper complexes bearing a bidentate ligand
with a rotatable pyrimidine moiety. This system exhibits an electrochemical
potential shift by the motion of the artificial molecular rotor.

Dr. Nishikawa has introduced photofunctions into the copper-pyrimidine
molecular rotors in the course of his study for the Ph.D. Two of his remarkable
achievements are development of a new class of luminescence, that is, dual
emission caused by rotational isomerization, and construction of a new photo-
electronic conversion system caused by the redox potential switching based on
photoinduced-electron-transfer-driven rotation.

He started his Ph.D. research by investigating the rotational equilibrium in newly
synthesized copper(I) complexes bearing two bidentate ligands, pyridylpyrimidine
and bulky diphosphine, using NMR spectroscopy and single crystal X-ray structural
analysis. He analyzed ion-pairing sensitivities of rotational bistability of the copper
complexes from the viewpoint of both thermodynamics and kinetics, leading to
discovery of evidence for the intramolecular process of interconversion and the
suitability of a common organic solution state for the desired function. Next, he
developed a molecular system that exhibits heat-sensitive dual luminescence
behavior caused by the pyrimidine ring rotational isomerization in copper(I)
complexes. This peculiar photochemical process was examined in detail by tran-
sient emission spectral measurement. Dr. Nishikawa’s finding is valuable for
designing a promising way to handle the photo-processes of transition metal
complexes. Additionally, he created a novel process for conversion of light stimuli
into electrochemical potential via reversibly working artificial molecular rotation.
This was realized by two strategies, a redox mediator system and a partial oxidation
system. In both systems, photoinduced electron transfer from the copper complex
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to the electron acceptor played a key role for the photo- and heat-driven rotation.
In conclusion, his research provides novel electronic and photonic functions of
copper-pyrimidine complexes based on repeatable conversion of external stimuli
into redox potential signals.

Dr. Nishikawa’s Ph.D. thesis comprises descriptions of his three research
achievements noted above together with a general introduction and concluding
remarks. The thesis demonstrates the excellence of his research concept, molecular
design, experimental plan, and discussion of the results. I hope that the publishing
of this thesis will stimulate researchers in the field of molecular science.

Tokyo, August 2013 Hiroshi Nishihara
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Chapter 1
General Introduction

Abstract I described general introduction for importance of metal complexes,
well-established unique nature of copper complexes bearing diimines, and the
previous research of our group on stimuli-responsive pyrimidine ring rotation in
copper complexes. An advantage of our system is that we can extract useful
electric responses from a simple multistable molecule. The aim of studies in my
Ph.D course on development of new types of emission and photoresponsivity by
photofunctionalization of the copper complex system is described.

Keywords: Metal complex - Molecular switch . Copper complex - Redox -
Luminescence

1.1 Metal Complexes Bearing n-Conjugated Ligands

Metal complexes bearing m-conjugated ligands, such as chelating polypyridines,
play an important role in both application and novel phenomena not only for their
varieties of molecular structures and metal-ligand bond strengths but also their
electrochemical, photophysical, magnetic, and other unique properties (Fig. 1.1).
Ease of tuning for these functions by choosing metal and ligand components is one
of the significant advantages for this class of materials. I described herein several
examples to show the importance of the metal complexes.

1.1.1 Photophysics of Metal Complexes Bearing
n-Conjugated Chelating Ligands

The photoprocesses of metal complexes bearing n-conjugated chelating ligands
are of interest for their potential use in dye-sensitized solar cells [1-5], light-
emitting devices [6-9], and photocatalysts [10-13] due to a combination of high

M. Nishikawa, Photofunctionalization of Molecular Switch Based on Pyrimidine 1
Ring Rotation in Copper Complexes, Springer Theses,
DOI: 10.1007/978-4-431-54625-2_1, © Springer Japan 2014



2 1 General Introduction
Metal atoms or metal ions n-conjugated ligands

® |

Fe(ll), Fe(lll). Co(lll), Ni(l1), Cu(ll), Cu(l),
Ag(l), Ru(ll), Eu(llny, PY11), ... Bipyiridine, terpyridine, phenanthroline...

Metal complexes bearing n-conjugated ligands

Desired functions
- Photophysics
- Redox activities

Fig. 1.1 Metal complexes bearing n-conjugated chelating polypyridine ligands

thermal stability, reversible redox activity, intense visible absorption, and the
formation of a long-lived charge transfer (CT) excited state. Investigation of
luminescence is important not only for luminescence itself but also properties
related to photoexcited state.

For example, tris(bipyridine)ruthenium(II) complex ([Ru(bpy);]**, bpy = 2,2'-
bipyridine) and their derivatives such as A have significant advantages for dye-
sensitized solar cells (Fig. 1.2). Efficient injection of an electron into the conduction
bond of the titanium oxide is achieved, because the lowest electronic excited state of
them is of a metal-to-ligand-charge-transfer (MLCT) nature, involving the elec-
tronic transitions from a metal d orbital to a n* antibonding orbital centered on the
diimine ligand [5]. For another example, hydrogen production using light energy
through photocatalytic ability of the complexes has been investigated [11].

The photophysics of metal complexes with other metals and ligands such as
platinum(II) and iridium(III) have been well-studied. The emissive excited state of
these complexes can be either MLCT or ligand centered (LC) depending on the
ligand environment. Whatever the electronic nature, it is invariably triplet states,
because of a consequence of the high spin-orbit coupling of the second and third
row transition metal atom. Utilization of the triplet state has advantages for light-
emitting devices. Unlike fluorescence dyes, an emission of materials doped with
platinum(II) porphyrin (B) [5] results from both singlet and triplet excited states. It
was also reported that nearly a maximum internal efficiency 100 % was achieved
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Fig. 1.2 Well-employed (a)
metal complexes for
promising photofunctions

RI.I“ |rlll '

[Ru(bpy)sl2+ [lr(ppy)s]

COOH

by employing the host organic materials doped with fac-tris(2-phenylpyri-
dine)iridium(IIl) (Ir(ppy)s in Fig. 1.2) [6].

A single, dominant and lowest-energy-emissive excited state in ruthenium(Il)
complexes and most other chromophores is observed in a fluid solutions at room-
temperature, due to a breakdown of the standard nonradiative decay pathways.
One of the recent topics in photo-functional molecules is to build simple metal
complexes, which exhibit dual phosphorescence derived from the two independent
excited states [14—16].

Tor et al. have reported that a family of heteroleptic ruthenium(II) coordination
complexes containing substituted 1,10-phenanthroline (phen) ligands with exten-
ded conjugation [15]. They found that ruthenium(I) complexes containing
4-substituted phen ligands exhibit two simultaneously emissive excited states at
room-temperature in a fluid solution. The short-lived, short wavelength component
is essentially bipyridine-based, while the long-lived, long wavelength component
is localized predominantly on the more conjugated phen ligand. They concluded
that an asymmetry in the phen facilitates the production of these two nonequili-
brated emissive states.

Dual emission of cyclometalated iridium(III) polypyridine complexes was
reported by Tang et al. [14]. The complexes showed dual emission in a fluid
solution at room temperature. They assigned the higher energy band to a triplet
intraligand °IL excited state, and the low energy feature to an excited state with
high *MLCT/’LLCT character. The latter should also possess substantial amine to
a ligand charge transfer *NLCT. They showed an environmental-sensitivity of the
emission, and concluded that the use of these compounds led to a new luminescent
probe.



4 1 General Introduction

1.1.2 Molecular Switches Based on Metal Complexes
Bearing n-Conjugated Ligands

Multistable molecules (Fig. 1.3) that are capable of intramolecular structural or
chemical transitions form a subclass of molecules useful in nanotechnology
applications, such as in molecular electronics [17-30], magnetic ordering [31, 32],
artificial photosynthesis [10-13, 33, 34], photochromic materials [35-56], and
molecular machines [57-73]. These devices are often based on organic molecules
and/or metal complexes bearing n-conjugated ligands. Redox-active molecules, in
which oxidation states are reversibly switched by electronic stimuli, are one of the
key components in these molecular devices (Figs. 1.3 and 1.4); ferrocene (Fc),
decamethylferrocene (DMFc), other ferrocene derivatives, and polypyridine metal
complexes, such as bis(terpyridine)iron(Il) complexes, are a common class of
redox-active molecules due to ferrocenium ion/ferrocene (Fc*/Fc) and corre-
sponding reactions [18, 23-30, 39-41]. Photochromic molecules, such as azo-
benzene [42-45] and diarylethene [35-38, 55, 56], have attracted considerable
attention among available photoresponsive materials because of the reversible
light-convertible bistable states with significant color changes occurring in these
molecules (Figs. 1.3 and 1.5) [35-56].

Park et al. have reported that the redox-active metal complexes are involved in
charge injection of electrode-bridged redox-active single molecules in single-
electron transistors, using cobalt(III/IT) redox in bis(terpyridine)cobalt complex
derivatives [18]. Our group has reported the bottom-up fabrication of bis(terpyr-
idine) metal complex wires on Au/mica electrodes, intra-wire redox conduction by
successive electron hopping between neighboring redox sites, and the long-range
electron transport abilities of such wires [23—30]. The fabrication of complex wires
on semiconducting silicon electrodes shows dopant-dependent and photo-switch-
able intra-wire redox conduction [23-30].

Several groups have reported that redox-active molecule can be functionalized
with photo-switchable ability by attaching photochromic molecules [39-56], such
as azobenzene [42-45] and diarylethene [55, 56]; Our group has demonstrated
photo-chrome coupled metal complexes with collaborative properties [39-54] such
as molecular photomemory with controllable depth [45] and redox-conjugated
reversible isomerization with a single green light (Fig. 1.6) [42], including systems
in a modified electrode [43] and a polymer particle [44]. Moreover, our group has
developed an artificial molecular system which exhibited reversible photoelectronic
signal conversion based on photoisomerization-controlled coordination change by
azobenzene-appended bipyridine through ligand exchange at the copper center
(i.e., the transition was not intramolecular), considering the function of visual
sense [46—48]. Our group recently has developed this system with acid and
base-controllable function [47].

Redox-active molecular machines are often employed as an imitation of muscle,
where redox-signal from brain can be repeatedly converted into macroscopic
motions. I note that redox-driven molecular motion based on organic molecules can
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be applicable in molecular-level memory devices based on electromagnetic
responses [22] and conversion into macroscopic mechanics [62]. Redox reactions
such as copper(Il/T) [68-83] are widely used as input stimuli to drive molecular
machines that display linear and rotational motions using supramolecule such as
rotaxanes and catenanes, reported by Sauvage et al. [68-73]. Some molecular
machines are fueled by light through photoelectron transfer (PET) processes [65-73],
although the induced displacement does not persist without introduction of a
potential trap or irreversible process, and conformational switching induced by PET
is inherently transient.
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1.2 Copper Complexes Bearing Two Bidentate Ligands
Including Diimines

Copper complexes bearing two bidentate ligands including diimines have well-
established unique relationship between reversible redox activities, photophysics, and
coordination structures in these compounds [46-48, 68—133]. The copper(I) state
prefers a tetrahedral geometry, whereas the copper(Il) state favors a square planar
geometry or a 5- or 6-coordinated form due to Jahn-Teller effects [68—83]. The
structural changes associated with electron transfer events turn out to play a significant
role not only in the function of copper blue proteins [84—87] but also applications in
nanoscience such as molecular machines that are based on supramolecular structures
[46-48, 68-73]. As a result, crowded coordination geometry generally renders the
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Fig. 1.7 Conceptual diagram showing the well-established unique relationship between
reversible redox activities and coordination structures

oxidation of copper(I) to copper(Il) thermodynamically less favorable due to
destabilization by steric repulsion in the copper(Il) state (Fig. 1.7) [74]. For example,
the oxidation potential of [Cu(dmp),]* (dmp = 2,9-dimethyl-1,10-phenanthlorine,
E® = 0.64 Vvs SCE)in 0.1 M tetrabutylammonium hexafluorophosphate CH,Cl, is
much more positive than that of [Cu(phen),]” (phen = 1,10-phenanthlorine,
E° = 0.19 V vs SCE) [74, 75]. Furthermore, bidentate diimines on copper undergo
ligand substitution reactions at minute-scale rates at ambient temperatures [68-83,
88-93].

In addition, bis(diimine)copper(I) complexes, [Cu(diimine),]", basically exhibit
an absorption band in the visible light region due to the metal-to-ligand charge
transfer (MLCT) transition [94-96]. Introduction of a bulky substituent into the
coordination sphere is known to elongate the lifetime of the MLCT excited state of
copper(I) complexes (Fig. 1.8) [94-96] because of two reasons as follows.
(i) Inhibition of structural rearrangement contributes to the large energy difference
between ground and photoexcited states, therefore, the nonradiative decay constant
is small due to energy gap law. (ii) The additional solvent coordination, which
affords nonluminessive 5-coordinated photoexcited species, can be effectively
prevented by crowded coordinated structure. Typical examples for this substituent
effects are reviewed by McMillin et al. [96]. Application of the emissive copper(I)
complexes into optical devices has been developed by considering the steric effect
around the copper center [97]. Additionally, these copper(I) complexes, especially
[Cu(dmp),]*, have been found to exhibit thermally enhanced emission, known as
delayed fluorescence, derived from thermal activation between close levels in fast
equilibrium, 'MLCT and low-lying *MLCT excited states [103, 104]. The MLCT
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Fig. 1.8 Conceptual diagram showing the well-established unique relationship between
photophysics and coordination structures. GS: ground state. FC: Franck—Condon state. Physical
parameters, k;, kn,, and kq indicate radiative, nonradiative, and solvent quenching rate constants,
respectively. Inhibition of structural rearrangement in a crowded coordinated structure contribute
to the larger energy difference between ground and photoexcited states, therefore, k. decreased
due to energy gap law. The additional solvent coordination, which afford nonluminessive
5-coordinated photoexcited species with a small energy gap, can be effectively prevented by
a crowded coordinated structure

state facilitates the photoelectron transfer (PET) process [74, 75], as in ruthe-
nium(II) polypyridyl complexes [5].

Furthermore, the photophysics of heteloleptic copper(I) complexes bearing dii-
mine and diphosphine ligands has attracted significant attention not only for fun-
damental studies pertaining to their intense luminescence [94-96, 106—111] but also
for use in applications that include light-emitting devices [113—117], oxygen sensors
[118], and dye-sensitized solar cells [119]. A family of [Cu(diimine)(DPEphos)]*
(DPEphos = bis[2-diphenylphosphino)phenyl]ether) complexes has been particu-
larly well studied owing to their intense luminescence [106—111]. The luminescence
of [Cu(diimine)(dppp)]* (dppp = 1,3-bis(diphenylphosphino)propane) derivatives
has also been examined in detail [112]. The photophysics of [Cu(diimine)(diphos-
phine)]” can be explained according to slightly modified models for the
bis(diimine)copper(I) complexes described above [94-96, 106—111]. The lowest-
lying light-excited state of [Cu(diimine)(diphosphine)]* is often found to have
nature of a mixture of MLCT and LLCT (ligand to ligand charge transfer, in this case
from diphosphine to diimine) [109, 117]. The complex shows heat-enhanced
emission, which is discussed as delayed fluorescence derived from 'CT and *CT
excited state [106, 107, 116].

Properties of bis(diimine)copper(I) complexes, where 2- and 9-positions on
1,10-phenanthroline are proton, methyl, butyl, pentyl, phenyl, and other upto ten
kinds of groups, have been reviewed (Fig. 1.9) [94, 95]. Bis(diimine)copper(I)
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complexes bearing monomethylphenanthroline [100], bpy [80], 6,6'-dimethyl-2,2’-
bipyridine [80], and recently 2,9-ditertiallybutyl,1,10-phenanthroline [101, 102],
which is known to afford heteroleptic complexes described later using normal
synthetic method [105], have been examined. Photophysics of a family of
[Cu(diimine)(PPh3),]* has been investigated [94-96], where phen [121], dmp
[121], bpy [120], 6-methyl-2,2’-bipyridine [120], 4,4’-dimethyl-2,2'-bipyridine
[120], and 6,6'-dimethyl-2,2'-bipyridine [120] are employed as a diimine ligand.
Several types of heteroleptic copper diimine complexes bearing two different
bidentate ligands have been well-investigated. Schmittel et al. have developed a
useful method for synthesis of heteroleptic copper(I) complexes, [Cu(diimi-
ne)(L,)]", using 2,9-dianthracenylphenanthroline (Ln), 2,9-dimesityl-1,10-phe-
nanthroline (Lyes), and their derivatives as an auxiliary ligand, because bulky
groups at the 2- and 9-positions impede homoleptic complexation [122—125]. The
ligand, 2,9-ditertiallybutyl,1,10-phenanthroline, has been also reported to afford
this type of heteroleptic copper(I) diimine complexes [105]. Sauvage et al. have
developed many sophisticated molecular machines using supramolecular struc-
tures based on [Cu(diimine)(Lcro)]* derivatives [68-73]. Additionally, a family
of [Cu(diimine)(diphosphine)]* has been often employed. For example, McMillin
et al. and several groups have employed bis[2-(diphenylphosphino)phenyl]ether
(DPEphos) [106-111, 113-119], and Tsubomura et al. have used 1,3-bis(diphen-
ylphosphino)propane (dppp) and 1,2-bis(diphenylphosphino)ethane for investiga-
tion of luminescence [112]. 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene
(xantphos) has been employed [118].
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DPEphos behaves as a tridentate ligand using two phosphorus and one oxygen
atoms, especially for hexagonal metal complexes such as rhenium(IIl) [134]. In
contrast, DPEphos has been found to be basically a bidentate ligand using two
phosphorus atoms in a family of [Cu(diimine)(DPEPhos)]*. For example, the ether
oxygen atom of DPEphos in crystal structure is generally at a nonbonding distance
>3.0 A) [106, 107, 114, 116], which is longer than sum of van der Waals radii of
oxygen and copper atoms (2.92 A), to the metal center in a family of
[Cu(diimine)(DPEPhos)]*, such as phen [105, 106], bpy [107, 108], 2,9-dimethyl-
1,10-phenanthroline (dmp) [105, 106], 2,9-dibutyl-1,10-phenanthroline [105, 106],
2,9-diphenethyl-1,10-phenanthroline [114], 2,9-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline [114], 2-pyridyl-pyrrolide derivatives [116]. Additionally, this type of
coordination structure is reported in many [Cu(diimine)(DPEPhos)]* complexes,
where 4,4'-dimethyl-2,2’-bipyridine [110], 6,6’-dimethyl-2,2-bipyridine [110],
2-(2'-quinolyl)benzimidazole [111], 2,9-diisopropyl-1,10-phenanthroline [118],
2,2-bipyrimidine [119], 2,2-biquinoline [117], and other ligands are used. The
'H NMR spectra of these [Cu(diimine)(DPEPhos)]* complexes in a solution state
show one set of signals without contamination of other species. For example, the
chemical shifts of '"H NMR signals in [Cu(bpy)(DPEPhos)]" are similar to those in
[Cu(bpy)(PPhs),]", which does not have an oxygen atom [110]. Judging from these
reports, coordination structure in copper complexes bearing two phosphorus atoms
on DPEphos unit in both solid and solution states have been well-established.

1.3 Metal Complexes Bearing Pyridylpyrimidine
Derivatives

Several groups have reported the metal complexes bearing 2-(2’-pyridyl)pyrimi-
dine (pmpy) derivatives (Fig. 1.10) [135—-143]. The ruthenium(II) complexes, such
as [Ru(Mepypm);]** (Mepypm = 4-methyl-2-(2/-pyridyl)pyrimidine), [Ru(1);]**,
[Ru(bpy)z(l)]2+ and [Ru(bpy)(1)2]2+ have been investigated [135—-137]. An iron(II)
complex bearing 2 [138] and a copper(Il) complex bearing 5 [139], have been
reported. Vrieze et al. have reported pyrimidine ring rotation in palladium(II)
complex bearing tridendate ligand, 3 [142]. Spiccia et al. have discussed linkage
isomers due to orientation of unsymmetrically substituted pyrimidine ring, based
on heteroleptic ruthenium(II) complexes bearing diimine and bidantate 4 deriva-
tive [143]. The acid sensitivities based on uncoordinated nitrogen atoms on
pyrimidine unit have been often investigated by using these complexes [140, 143].

Because copper complexes have unique relation between steric effects in
coordination sphere and properties (Sect. 1.2), the effects of pyrimidine ring
rotation on the properties of the copper complexes were much larger than those of
other metal complexes. Copper complexes bearing pmpy derivatives enable us to
design a molecule whose structural responses could be converted into a different
signal form, described in the next section.
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1.4.1 The Aim of Our Previous Work

The activities of multi-stable molecules as functional units within single molecules
are frequently observed in natural systems. The aim of our previous work is related
to single molecular system which imitates function of five senses [144], where
external stimuli are repeatedly converted into redox potential signal through
gigantic molecular structure change (Fig. 1.11). Additionally, our system is related
to harnessing the natural motor functions of molecules that can convert proton
gradient energies across membranes into useful ATP molecules via rotational
motion of the Fy unit of ATPase [145-147]. I note that well-established redox-
active molecular machines are rather related to an imitation of muscle, where
redox-signal from brain can be repeatedly converted into macroscopic motions
[57-73].

1.4.2 Essential Points of this System

Unique properties of copper complexes, described in Sect. 1.2, have advantages to
design a molecule whose structural responses can be converted into a different
signal form. Our group has demonstrated repeatable photoelectron conversion
using intermolecular ligand exchange in copper complexes, considering visual
sense (Sect. 1.1.2) [46]. To embed the ligand exchange within a single molecular
process, we introduced a bidentate ligand consisting of a coordinated pyrimidine
moiety that could effectively alternate between two possible coordination
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geometries at the copper center via rotational isomerization [148—151]. When the
groups alpha to the alternate pyrimidine nitrogen atoms differed, rotational
isomerization altered the steric interactions within the coordination sphere of the
copper center. The interconversion between two stable isomers in copper(l) state is
described in Fig. 1.12, where the notation of inner (i-Cu") and outer (o-Cu") iso-
mers indicates the direction of the pyrimidine ring. Such steric effects induced
shifts in the copper(II/I) redox potential as well as the photophysics of the resulting
complex [74, 75].

The shifts arising from ring rotation have been exploited for the modulation of
the electrode potential of [Cu(Mepypm)(Lanm)]BFs (Mepypm = 4-methyl-2-(2’-
pyridyl)pyrimidine, Lapg = 2,9-bis(9-anthryl)-1,10-phenanthroline) (Figs. 1.13
and 1.14) [148]. The key point for the function, rest potential switching, is the
isomer ratio change of four stable isomers related to copper(Il)/(I) states and
rotational isomeric states, i-CuI, o-CuI, i—CuH, and o-CuH, by external-stimuli-
induced switching from equilibrium and metastable states, where heating and
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Fig. 1.13 Chemical structures of i-Cu' in copper complexes bearing unsymmetrically substituted
pyridylpyrimidine derivatives

adding chemical redox agents are performed as input stimuli. Additionally, the
present redox potential response can be progressed into other types of signals via
intramolecular electron transfer using [Cu(FcMpmpy)(Lang)]BF, (Figs. 1.13 and
1.15) [149].

Consequently, pyrimidine ring rotation in copper complexes is a powerful way
to obtain functionality which can repeatedly convert input stimuli into useful
output responses (Fig. 1.12).

1.4.3 Details of this System

Our group has reported details of rotational equilibrium in several copper(I)
complexes bearing two bidendate diimines including pyridylpyrimidine deriva-
tives (Fig. 1.13) [148-151]. The simplicity of the system enables us to design the
motion more accurately. Mepypm was employed as a ligand in copper(I) com-
plexes; in addition, 2,9-dianthracenyl-1,10-phenanthroline was embedded in the
complex to lock the ring rotation by means of the steric effects of two anthracene
planes ([Cu(Mepypm)(Lanm)]BF,, see Fig. 1.13) [148]. Because bulky groups at
the 2- and 9-positions impede homoleptic complexation, the heteroleptic copper(I)
complex was formed selectively. Another heteroleptic copper complex containing
a macrocyclic ligand, [Cu(Mepypm)(Lyjacro)]BF4, was synthesized as a reference
with a different steric effect on ring rotation [148].
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The redox potential, E°, for the copper(Il/I) redox reaction in i-isomer
(i—CuH/i-CuI or i-CuH/I) is more positive than that in o-isomer (o-CuH/O-CuI or
o-CuH/I) [148]. In other words, oxidation of o-Cu' to 0-Cu" is thermodynamically
more favorable than that of i-Cu' to i-Cu". The reason for the redox potential shift
can be explained by low relative stability of i-Cu™ according to features [148, 149]
of copper complexes (Sect. 1.2), considering two factors as follows. (i): Both i-Cu'"
and o-Cu' are comparably stable in a tetrahedral geometry (preferred by copper(I)).
(ii): In monooxidized state, o-Cu' is thermodynamically much more stable than
i-Cu™ in a square planar geometry (5- or 6-coordinated form preferred by cop-
per(Il)), considering the unstable crowded structure of i-Cu'". Rotational isomeri-
zation of the bidentate ligand therefore displays dual redox potentials, the electric
signal of which can be detected in the cyclic voltammogram for the copper (II/T)
couple.

X-ray structural analysis has revealed that all complex cations exist as i-Cu' in
the single crystals of both [Cu(Mepypm)(L sn)]BF4 and [Cu(Mepypm)(Lan)I1BF4
[148]. On the other hand, 'H NMR signals derived from two rotational isomers,
i-Cu! and o-Cul, are observed in both [Cu(Mepypm)(L o) IBF4 and [Cu(Me-
pypPmM)(Lpacro)]BF4 in the solution states [148]. Two sets of '"H NMR signals at
room temperature in [Cu(Mepypm)(Lans)]BF4 are much more sharpened than
those of [Cu(Mepypm)(Lyacro)]BF4, suggesting that the rotational interconversion
between i-Cu! and o-Cu! of [Cu(Mepypm)(L anm)IBF4 is much slower than that of
[Cu(Mepypm)(LMdcro)]BF4

A simulated fit of experimental cyclic voltammograms at several temperatures
enables us to obtain electrochemical properties as well as rotational behaviors
[148]. Results of [Cu(Mepypm)(Lan)IBF, are summarized as follows. (I): Both
i-Cu' and o-Cu' coexist in solution (K; = [0-Cu']/[i-Cu'] = 0.61). (I): In mono-
oxidized state, o-Cu' is much more preferred than j-Cul! (K = [o-Cully/
[i—CuH] > ca. 102). (IIT): Redox potential of i-Cu™ is more positive than that of
o-Cu™ (E”for i-Cu™ = 0.55 V, E”for o-Cu™ = 0.38 V). (IV): The rate for
interconversion between i-Cu' and o-Cu' is sufficiently slow at low temperature to
trap metastable state (ky;_, = 1 s~1). (V): The rate for interconversion between
i-Cu™ and o-Cu" is slower than that between i-Cu' and o-Cu'. The results of
[CuMepypm)(Lyacro)IBFs are basically similar to those of [Cu(Mepypm)
(Lanm)]BF4 [148]. A remarkable difference between two complexes is that the rate
constant of the interconversion from i-Cu' to o-Cu' at 293 K for [Cu(Me-
pypm)(Lyacro)1BF4 is ca. 150 times larger than that of [Cu(Mepypm)(Lanm)]BF4.
[Cu(Mepypm)(Ltacro)]BF4 is found to be not suitable to trap the metastable state.

Here, I describe how we can extract electric signal from chemical energy via
pyrimidine ring rotation in copper complexes, in other words, rest potential
switching (Fig. 1.14) [148]. When the system is a mixture of copper(I) and cop-
per(Il) states upon partial oxidation, the rest potential of electrode (El.q) is
dominated by Nernst equation which includes the ratio of rotational isomers. Since
the rotational process of [Cu(Mepypm)(L.,)IBF, is frozen at low temperature,
adding chemical oxidative agents sufficiently induces metastable state in partially
oxidized state. Therefore, isomer ratio change of four isomers, i-CuI, 0—CuI, i—CuH,
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and 0-Cu!! is induced by switching between metastable, where E.g is dominated
by the ratio of i-Cu' and i-Cu", and equilibrium, where E . is dominated by the
ratio of 0-Cu' and o-Cu", states. The partial oxidation (0.7 equiv.) at low tem-
perature using [Cu(Mepypm)(Lann)]”™ leads repeatable changes in rest potential,
dominated by ratio of i-Cul:0-Cul:i-Cu™:0-Cu"l, as follows:

(1) Initial: i-Cu':0-Cu':i-Cu™:0-Cu'! = ca. 7:3:0:0;

(2) After 0.7 equiv. oxidation: dual oxidation abilities {0-0.3 equiv. mainly
0-Cu' —e” - o-Cu (E” = more negative), 0.3-0.7 equiv. mainly
i-Cu' — e” - i-Cu" (E” = more negative)} enable us to trap i-rich meta-
stable state in a mixture of Cu' and Cu", because both i-Cu! — o-Cu' and i-
Cu! > o-Cu! are kinetically frozen;

(3) After heating: o-rich state in a mixture of Cu' and Cu'! due to thermal acti-
vation of i- — o- rotation;

(4) Reduction restores the system into initial state.

The well-established oxidation triggered rotation [68—73], which corresponds to
i-Cul—e™ = 0-Cul (i-Cul:0-Cu:i-Cu':0-Cu'! = ca. 7:3:0:0 to ca. 0:0:0:10) in our
system, requires the redox reaction to drive the motion. In contrast, the key process
of rest potential switching, (3), proceeds without redox reaction, therefore, we can
extract the rest potential response from the motion.

The present redox potential response can be progressed into other types of
signals via intramolecular electron transfer (Fig. 1.15) [149]. [Cu(FcMpmpy)
(Lanm)]BF, is employed, because redox potential of Fc*isina range from those
of i-Cu™ and o-Cu™. The 1 equiv. oxidation at low temperature using
[Cu(FcMpypm)(L ons)]" enable us to manipulate intramolecular electron transfer
as follows.

(1) Initial: i-Cu'Fc%:0-Cu'Fc® = ca. 1:0.4;

(2) After 1 equiv. oxidation: dual oxidation abilities (0-0.4 equiv. 0-Cu'Fc® —e™
— 0-Cu"Fc’, 0.4-1 equiv. i-Cu'Fc” — e~ — i-Cu'Fc*) enable us to trap i-rich
metastable state in the oxidized state, because i-Cu'Fct —
0-Cu"Fc is kinetically frozen;

(3) After heating: o-rich state in the oxidized state, which is accompanied by
rotation-triggered intramolecular electron transfer, i-Cu'Fc* — o-CuFc’.

Oxidation of the sample at low temperature affords metastable i-Cu'Fc* in
divalent state, where the ferrocene unit is oxidized. Upon heating of this solution,
the rotational isomerization from i-Cu'Fc™ to o—CuHFcO, where the ferrocene unit is
neutral, proceeds via electron transfer from copper to ferrocenium ion units. This
process is accompanied with the changes in the charge transfer absorption from the
copper to the ferronenium as well as magnetic responses.

A redox active ferrocene moiety is used as the rotative unit instead of methyl
group, using a family of [Cu(Rpmpy)(Lanw)IBFs [150, 151] and
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[Cu(Fevipmpy)(Lans)IBFs [151] (Fig. 1.13). The ratio of o-Cu', [o-Cu"l/([i-
Cul] + [o—CuI]), in the solution state of [Cu(HFcpmpy)(Lana)]™ is nearly 100 %,
which is much higher than that of [Cu(Mepypm)(Lanm)]* (ca. 30 %), because the
destabilization of i-Cu' compared to o-Cu' by steric repulsion between the L,
moiety and the substituent on the pyrimidine moiety in [Cu(HFcpmpy)(Lane)]" is
much larger than that in [Cu(Mepypm)(Lanw)]™. [Cu(Tolvipmpy)(Lanm)]BF4
[151] is investigated as a reference. Although the difference in copper(II/) redox
potential between i- and o-isomers in a family of [Cu(Rpmpy)(L anm)]BF4 is small,
that in ferrocenium-ion/ferrocene is sufficiently large to demonstrate oxidation-
triggered rotation [150]. The intramolecular electron transfer arrangement,
described in previous paragraph, is achieved using [Cu(Fcvipmpy)(Lanm)IBF4
[150]. The notable feature is that this electron transfer process was accompanied
by the movement of the ferrocene to the outer section of the complex.

1.5 The Aim of this Work

Our group has demonstrated that a collaboration of electrochemistry and rotational
bistability using the pyrimidine ring rotational isomeric system, described in
Sect. 1.5, is a powerful way to extract useful output responses from multistable
molecule (Sects. 1.1, 1.2).

The aim of studies in my Ph.D course is to develop new types of properties by
photofunctionalization of this molecular system (Fig. 1.16).

I studied on details of the rotational equilibrium between i-Cu' and o-Cu' for
rational molecular design. In Chap. 2, 1 describe the rotational equilibrium in
newly synthesized copper(I) complexes bearing a pyridylpyrimidine and a bulky
diphosphine, 1-BF; (1" = [Cu(Mepypm)(DPEphos)]*, Mepypm = 4-methyl-2-
(2'-pyridyl)pyrimidine, DPEphos = bis[2-(diphenylphosphino)phenyl]ether) and
2-BF, (2" = [Cu(Mepypm)(dppp)]*, dppp = 1,3-bis(diphenylphosphino)propane).
I elucidate ion-pairing sensitivities of the rotational dynamics, Nature of intra-
molecular ligating atom exchange for the interconversion between i-Cu' and o-Cu',
and suitability of the common organic solution state for desired function.

Collaboration of photophysics and rotation enables me to develop a new class
of emission, dual luminescence caused by the pyrimidine ring rotational isomer-
ization (Chap. 3, using 1*), which can be a promising way to handle photophysics
of metal complexes bearing n-conjugated ligand, described in Sect. 1.1.1. Whereas
2.BF, showed negligible luminescence in acetone, 1-BF, exhibited heat-sensitive
dual luminescence. Both i-Cu' and o-Cu' coexist and exhibit emission at room
temperature with different emission lifetime. Other properties of 1-BF, and 2-BF,
are also described.

I demonstrated that combination of photophysics, redox activities, and rota-
tional dynamics provides a new class of photoresponsivity, PET-driven rotational
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Fig. 1.16 Conceptual
diagram showing the studies
in my Ph.D course
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isomerization with redox potential switching {Chap. 4, using 3-BF, (3" =
[CuMepmMepy)(Limes)]", MepmMepy = 4-methyl-2-(6'-methyl-2’-pyridyl)pyrim-
idine, L5 = 2,9-dimesityl-1,10-phenanthroline)}. The present photo- and heat-
driven isomerization between i-Cu' and o-Cu' provides repeatable conversion of
visible light illumination into a responsive electric signal via molecular motion. This
finding is valid for electronic, magnetic, and other promising molecular signaling

systems.
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Chapter 2

Details of Molecular Bistability Based

on Pyrimidine Ring Rotation in Copper(I)
Complexes

Abstract The rational molecular design requires a detailed investigation for the
equilibrium between two rotational isomers derived from orientation of pyrimidine
ring. I studied on chemistry of rotational equilibrium in newly synthesized
copper(I) complexes bearing two bidentate ligands, pyridylpyrimidine and bulky
diphosphine, using '"H NMR and single crystal X-ray structural analysis. I found
that ion-pairing sensitivities of rotational bistability in the view point of both
thermodynamics and kinetics, evidence for intramolecular process of intercon-
version, and suitability of common organic solution state for the desired function.

Keywords Copper complex - Molecular rotation - Isomerization - Ion pairing -
Dynamic NMR

2.1 Introduction
2.1.1 Ion Paring in Metal Complexes

An ion pair consists an equilibrium between several different states that include the
anion and cation present as a solvated contact ion pair (CIP), a solvent-shared ion
pair, a solvent-separated ion pair (SSIP), and as unpaired solvated ions (Fig. 2.1)
[1]. Since ion pairing between the metal complex cation and counter anion [2]
(Fig. 2.1.) has often been found to play a key role in functionalization of molecular
systems, detailed studies [2—10] on the solvation are valid for the development of
promising materials. The ion-pairing behavior of transition metal complexes has
been extensively investigated using nuclear magnetic resonance (NMR) tech-
niques such as diffusion-ordered spectroscopy and pulsed gradient spin-echo dif-
fusion studies [2—6]. Ion-paring causes signal splitting in the '"H NMR spectra of
enantiomers of metal complexes bound to a chiral anion [7-10]. In addition, the
rate of the chemical exchange between such enantiomers can be determined from
the peaks in the spectra at several temperatures [7—10].

M. Nishikawa, Photofunctionalization of Molecular Switch Based on Pyrimidine 25
Ring Rotation in Copper Complexes, Springer Theses,
DOI: 10.1007/978-4-431-54625-2_2, © Springer Japan 2014
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Fig. 2.1 Conceptual diagram showing transition-metal ion pairs. a The two contact ion pairs as
outer-sphere ion pairs (CIP), b solvent-shared, and ¢ solvent-separated ion pairs (SSIP)

2.1.2 The Aim of this Study

As I described in Sect. 1.5, pyrimidine ring rotation in copper(I) complexes is a
promising system which exhibits the desired functions. The aim of this study is to
examine the details of the rotational equilibrium, including ion pairing sensitivi-
ties, based on a family of [Cu(diimine)(diphosphine)]* complexes.

2.1.3 Molecular Design

As described in Sect. 1.2, a family of [Cu(diimine)(diphosphine)]* complexes has
been particularly well studied owing to their intense luminescence; therefore, this
class of compounds can be promising candidate for photofunctionlaiztoin of our
rotational system. I describe here rotational equilibrium in newly synthesized
copper(I) complexes bearing a bidentate pyridylpyrimidine and a bulky diphos-
phine, 1-BF; (1* = [Cu(Mepypm)(DPEphos)]*, Mepypm = 4-methyl-2-(2'-pyri-
dyl)pyrimidine, DPEphos = bis[2-(diphenylphosphino)phenyl]ether), 1-B(CgFs).,
2.BF; (2" = [Cu(Mepypm)(dppp)]*, dppp = 1,3-bis(diphenylphosphino)pro-
pane), and 2-B(C4Fs), (Fig. 2.2). I employed 4-BF, (4" = [Cu(bpy)(DPEphos)]*,
bpy = 2,2'-bipyridine) as a reference compound. Two kinds of non-coordinative
counterions are considered [11-14], BF,~ and B(CgFs)4, where the latter is much
larger than the former. The chemical equilibrium of the coordination isomers is
illustrated in Fig. 2.2, where the notation of the inner (i-Cu") and outer (0-Cu")
isomers describes the orientation of the pyrimidine ring.

2.1.4 Contents of this Chapter

In the present study, I investigated ion pair effects on a metal complex bistability
caused by intramolecular ligating atom exchange using newly synthesized
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heteroleptic copper(I) complexes bearing an unsymmetrically substituted pyr-
idylpyrimidine and a bulky diphosphine ligand, 1-BF,, 1-B(C¢Fs)4, 2-BF,, and
2-B(C¢Fs)4. 1 found that the complex exhibited the rotational bistability in com-
mon organic solvent, and the ratio of i-Cu' and o-Cu' was solvent- and counterion-
sensitive (Fig. 2.2). Two rotational isomers of 2* were separately obtained as
single crystals, and the structure of each isomer was examined in detail from X-ray
structural analysis. The values of enthalpy and entropy for rotational equilibrium
between i-Cu' and o-Cu' are strongly dependent on the geometry of the diphos-
phine, polarity of the solvent, and the size of the counterion. Consideration of
solvated counter ion pairing is a key point for rationally accounting for the effect
of the weak interaction on rotational equilibrium. Since the major part of the
copper center bonding surface was occupied by ligands, the position of the
counterion affects the orientation of the pyrimidine moiety. I elucidate kinetics of
rotational equilibrium between i-Cu' and 0-Cu'. The interconversion between the
two rotational isomers is generally an intramolecular process, as confirmed by 'H
NMR analysis of a mixed solution of two kinds of complexes.

2.2 Experimental Section

Materials. Tetrakis(acetonitrile)copper(I) tetrafluoroborate ([Cu(MeCN)4]BF,)
[11], tetrakis(acetonitrile)copper(I) tetrakis(pentafluorophenyl)borate ([Cu(Me
CN)4]B(C¢Fs),) [12], and 4-methyl-2-(2'-pyridyl)pyrimidine(Mepypm) [15, 16],
were prepared according to literature protocols. Bis[2-(diphenylphos-
phino)phenyl]ether (DPEphos) was purchased from Wako Pure Chemical
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Industries, Ltd. 2,2'-Bipyridine (bpy) and 1,3-bis(diphenylphosphino)propane
(dppp) were purchased from Kanto Chemicals. Other chemicals were used as
purchased.

Synthesis of [Cu(Mepypm)(DPEphos)]BF, (1-BF4) (Scheme 2.1). A new
compound, 1-BF,, was synthesized according to a modified literature procedure
[17, 18]. In this synthesis, [Cu(MeCN)4]BF, (64 mg, 0.20 mmol) was added to
DPEphos (121 mg, 0.23 mmol) in 5 mL of dichloromethane. Mepypm (34 mg,
0.20 mmol) in 5 mL of dichloromethane was then added, upon which the reaction
solution immediately turned yellow. The reaction mixture was subsequently stirred
for an additional 30 min. Diethyl ether was then added to the solution in order to
precipitate the product as a yellow solid, which was filtered and washed with diethyl
ether. Reprecipitation from a dichloromethane and diethyl ether mixture afforded
1-BF, as a yellow solid with a yield of 68 % (116 mg, 0.14 mmol). '"H NMR
(500 MHz, CDCl3, 253 K) 6 8.86 (d, J = 5 Hz, i-1H), 8.77 (d, / = 8 Hz, o-1H),
8.69 (d, J = 8 Hz, i-1H), 8.65 (d, J = 5 Hz, o-1H), 8.36 (d, / = 5 Hz, i-1H), 8.32
(d, J = 5 Hz, o-1H), 8.04 (t, J = 8 Hz, o-1H), 8.00 (t, J = 8 Hz, i-1H), 7.5-6.5
(m), 2.66 (s, 0-3H), 2.31 (s, i-3H). Elemental analysis. Calculated for
C46H37N30P,CuBE,: C 64.24, H 4.34, N 4.89, found C 64.19, H 4.48, N 4.78.

Synthesis of [Cu(Mepypm)(DPEphos)]B(C¢Fs); (1:B(CgFs)4) (Scheme 2.2).
A new compound, 1-B(C¢Fs)4, was synthesized using a procedure similar to that
described for 1-BF4 with the exception that hexane was used in place of diethyl
ether. [Cu(MeCN)4]B(Cg¢Fs); (80 mg, 0.088 mmol), DPEphos (59 mg,
0.11 mmol), and Mepypm (14 mg, 0.082 mmol): Yellow solid (70 %, 83 mg). 'H
NMR (500 MHz, CDCl;, 253 K) 6 8.76 (m, o-1H + i-1H), 8.68 (d, J = 7.7 Hz,
i-1H), 8.37 (d, J=55Hz, o-1H), 829 (d, J=55Hz, o-1H), 826 (d,
J =4.8 Hz, i-1H), 7.99 (t, J = 7.8 Hz, 0-1H), 7.95 (t, / = 7.6 Hz, i-1H), 7.4-6.7
(m, i-30H + 0-30H), 2.63 (s, 0-3H), 2.29 (s, i-3H). Elemental analysis. Calculated
for C7oH37N30P,CuBF,,: C 57.89, H 2.57, N 2.89, found C 58.16, H 2.87, N 2.77.

Synthesis of [Cu(Mepypm)(dppp)]BF,4 (2-BF,) (Scheme 2.3). A new com-
pound, 2-BF,, was synthesized using a procedure similar to that described for
1-BF,;. [Cu(MeCN)4]BF, (67 mg, 0.20 mmol), dppp (104 mg, 0.25 mmol), and
Mepypm (34 mg, 0.20 mmol): Yellow solid (56 %, 82 mg). "H NMR (500 MHz,
CDCl;, 253 K) 6 8.97 (d, J = 5.0 Hz i-1H), 8.93 (d, J = 7.9 Hz, i-1H), 8.85 (d,
J =7.9 Hz, o-1H), 8.79 (d, J = 5.5 Hz, 0-1H), 8.47 (d, J = 5.1 Hz, o-1H), 8.35
(d, J = 5.2 Hz, i-1H), 8.20 (t, J = 7.8 Hz, i-1H), 8.11 (t, J = 7.7 Hz, o-1H), 7.69
(dd, J =17.5, 5.1 Hz, i-1H), 7.62 (dd, J = 7.5, 5.2 Hz, o-1H), 7.5-7.1 (m, i-
29H + 0-29H), 2.88 (m, br), 2.69 (s + br), 2.45 (t, br), 2.32 (s, i-3H), 2.10 (m, br).
Elemental analysis. Calculated for C37H3sN3P,CuBF,: C 60.54, H 4.81, N 5.73,
found C 60.52, H 4.92, N 5.49.

Synthesis of [Cu(Mepypm)(dppp)IB(C¢Fs)4 (2-B(CgFs)s) (Scheme 2.4). A
new compound, 2-B(CgFs)4, was synthesized using a procedure similar to that
described for 1.-B(C¢Fs); by employing [Cu(MeCN)4]B(CeFs)s (185 mg,
0.20 mmol), dppp (92 mg, 0.22 mmol), and Mepypm (35 mg, 0.21 mmol). Yellow
solid (40 %, 108 mg). "H NMR (500 MHz, CDCls, 253 K) 6 8.91 (d, J = 8.0 Hz,
i-1H), 8.88 (m, i-1H + o-1H), 8.29 (d, J = 5.1 Hz, o-1H), 8.26 (d, J = 4.7 Hz,
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i-1H), 8.18 (d, J/ = 5.5 Hz, o-1H), 8.14 (t, J = 7.8 Hz, i-1H), 8.09 (t, J/ = 7.9 Hz,
0-1H), 7.59 (dd, J = 7.4, 5.3 Hz, i-1H), 7.50 (dd, J = 7.3, 5.4 Hz, 0-1H), 7.4-7.1
(m, i-30H + 0-30H), 2.87 (m, br), 2.69 (s + 0-3H), 2.57 (m, br), 2.35 (m, br), 2.23
(s, i-3H), 2.14 (m, br). Elemental analysis. Calculated for Cg;H35sN3P,CuBF,(:

C 55.24, H 2.66, N 3.17, found C 55.10, H 2.86, N 3.13.

Synthesis of [Cu(bpy)(DPEphos)]BF, (4-BF,) (Scheme 2.5). [Cu(bpy)(DPE-
phos)]BF, was prepared according to literature methods [19]. [Cu(bpy)(DPE-
phos)|BF, was synthesized using a procedure similar to that described for
1-B(CgFs)4 by employing [Cu(MeCN)4]BF, (32 mg, 0.10 mmol), DPEphos
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(59 mg, 0.11 mmol), and bpy (16 mg, 0.10 mmol). Yellow solid (78 %, 66 mg,
0.078 mmol). 'H NMR (500 MHz, CDCl; 293 K) § 8.49 (d, J = 7.6 Hz, pys),
8.33 (d, ] = 5.2 Hz, pys), 8.04 (t, J = 8.0 Hz, pyy), 7.3-6.7 (m, Ph and pys).
Elemental analysis. Calculated for C4cH3¢N,OP,CuBF,: C 65.38, H 4.29, N 3.31,
found C 65.17, H 4.50, N 3.27.

X-ray Structural Analysis. Yellow single crystals of o0-1-BF;-CHCl;,
0-1-B(CgFs)4-1.5hexane, 0-2-BF4-0.5MeOH, and i-2-B(C¢Fs), were obtained by
slow diffusion of diethyl ether into a chloroform solution of 1-BF,, slow diffusion
of hexane into a dichloromethane solution of 1-B(C¢Fs),, diethyl ether into a
methanol solution of 2-BF,, and hexane into a chloroform solution of 2-B(CgFs)4,
respectively. Diffraction data were collected on an AFC10 diffractometer with
monochromated MoK, radiation (4 = 0.7107 A). Lorentz polarization and
numerical absorption corrections were performed with the Crystal Clear 1.3.6
program. The structure was solved by the direct method using SIR 92 software
[20] and refined against F? using SHELXT.-97 [21]. WinGX software was used to
prepare the material for publication [22]. Crystallographic data are listed in
Table 2.1. Disordered counterions in 0-2-BF, were analyzed by PART, SIMU, and
SADI options. The disordered methanol molecule in 0-2-BF, was analyzed by
PART, EADP, and SADI options.

Instruments. NMR spectra at several temperatures in the dark were recorded
on a Bruker DRX 500 spectrometer, using a ca. 20 min data-recording interval.
The experimental '"H NMR spectra were simulated using iNMR 2.6.5 software.
The reported chemical shifts of the solvent peaks were used for calibration of the
NMR spectra in CDCl; (tetramethylsilane 6 = 0 ppm), CD,Cl, (6 = 5.32 ppm),
acetone-dg (0 = 2.05 ppm) and acetonitritrile-d; (CD;CN, § = 1.94 ppm) [23].

Thermodynamic and Kinetic Analysis. The analysis was performed using the
aromatic "H NMR signals of the Mepypm moiety. The results of 1.BF, in CDCls,
acetone-dg, and CD3CN were comparable with values, which were based on the
methyl group of the Mepypm moiety. The solution state molar ratios of the isomers
at several temperatures were determined from 'H NMR signal integration.
The broad spectra acquired at room temperature were excluded from the thermo-
dynamic analysis. The generated van’t Hoff plots [24] were based on an equilibrium
constant corresponding to the value of [0-Cu']/[i-Cu']. The molar ratios of the
o-Cu, X,, which is equal to 100 x [o—CuI]/([i—CuI] + [o—CuI]) %, at variable
temperatures were calculated by extrapolating the van’t Hoff plots. The values of
X908 Were estimated from predicted value of “In K at “1/T” = 1/298 K™! using
single linear regression of van’t Hoff plots. Root-mean-square error, s, which
reflects the error of the predicted value (In K), is less than 0.017 in all data as we
tested. The value, 0.017, corresponds to the 0.5 % in x,,0g. Since the value of x,,9g
is an extrapolation number, we performed ¢ test to consider the error of x,,9s.
The value is within x,593 — 1 % < X098 < Xo208 + 1 % in 95 % significance level,
even if in the case of the largest error data. The thermodynamic parameters for
the i-Cu! — o-Cu! rotation (AH, AS, AG), K, and x, can be represented by the
following van’t Hoff equations:
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Table 2.1 Crystallographic data of 0-1-BF4-CHCl3, 0-1-B(CgFs)4-1.5hexane, 0-2-BF4-0.5MeOH,
and i-2-B(CgFs)4

0-1-BF,- 0-1-B(CgFs)4- 0-2-BF,- i-2-B(CgFs)4
CHCl; 1.5hexane 0.5MeOH
Molecular formula C47H33BCl15Cu C,9HsgBCu C37.5H365BCu Ce1H35BCu
F4N;0P, F2N;0P, F4N300.5P2 F2oN3P;
Mw/g mol ™’ 979.44 1581.57 749.49 1326.21
Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group P-1 P-1 P-1 P21/c
T/K 113 113(2) 93(2) 113(2)
alA 9.661(4) 12.822(3) 12.179(5) 9.2522(12)
b/A 13.796(5) 15.851(4) 15.881(6) 35.880(5)
c/A 19.080(7) 19.419(5) 19.374(7) 16.941(2)
of° 96.296(5) 78.530(10) 99.093(5) 90
pre 94.822(3) 84.282(12) 95.012(2) 105.400(2)
y/° 107.981(6) 67.436(9) 107.070(7) 90
VIA® 2385.5(16) 3570.5(15) 3502(2) 5422.1(13)
Z 2 2 4 4
Reflections collected 18299 28309 28206 42927
Independent reflections 10336 15651 15429 12256
Rint 0.0194 0.0541 0.0619 0.0431
Peatea/g cm™> 1.36 1.471 1.62 1.62
A 0.7107 0.7107 0.7107 0.7107
pem™! 0.746 0.452 0.77 0.577
R} 0.094 0.0900 0.0988 0.0642
WRS 0.2827 0.2046 0.2381 0.1416
GOF* 1.039 1.101 1.174 1.174

TR =3IF° | — IFF WEIF° | (I > 20(])
Y WRy = [ZW(F? — F2 )2 [Sw(F? )2 112 (I > 26(D)
° GOF = [EW(F? — FZ ) /[S(N" — NP )*]

In{x,/(100 —x,)} = InK = —AG/RT = —AH/RT + AS/R (2.1)

Here, T corresponds to the absolute temperature and R is gas constant
(8.314 ] K™! mol_l). The rate constants for the i-Cu' — 0-Cu' isomerization, k, at
several temperatures were determined from simulation analysis of the NMR
spectra using the equilibrium constants determined from the van’t Hoff plots. k at
variable temperatures was calculated from the extrapolations of the Arrhenius
plots [24]:

Ink = —E,/RT +1In(A) (2.2)

Here, E, and A correspond to the activation energy and frequency factor of the
i- — o-isomerization, respectively.
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2.3 Synthesis and Characterization of Rotational
Equilibrium in Solution

New compounds, 1-BF,, 1-B(C¢Fs)4, 2-BF,4, and 2-B(CgFs)4, were synthesized
using a modified literature method (Sect. 2.2) [17-19]. In this approach, tetra-
kis(acetonitrile)copper(I) salt was reacted with a diphosphine ligand and a
Mepypm ligand in dichloromethane at room temperature. The obtained com-
pounds were characterized by '"H NMR and elemental analysis.

The rotational bistability of 1-BF, in CDCl;, CD,Cl,, acetone-ds, CD;CN and
1-B(C¢Fs)4 in CDCl;, 2-BF, in CDCl;, dichloromethane-d, (CD,Cl,), acetone-d,
acetonitrile-d; (CD;CN), and 2-B(C¢Fs), in CDCI; was characterized using 'H
NMR analysis to monitor chemical exchange (Figs. 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9,
2.10, 2.11, 2.12, 2.13). Integration of '"H NMR spectra along with line-shape
analysis are well-established methods [25, 26] for investigating the thermody-
namics and kinetics of a chemical equilibrium [25-36].

For example, two clearly resolved sets of signals were observed in the '"H NMR
spectrum of 2-BF, in CDClj; at 253 K. A major singlet peak at 6 = 2.69 ppm and a
minor one at § = 2.32 ppm were assigned as a methyl group of o-Cu' and i-Cu',
respectively, because of considerations as follows. (i) The chemical shift of the
methyl group of 0-Cu' is expected to resemble that of Mepypm (6 = 2.67 ppm,
CDCl; at 293 K), owing to an absence of shielding effects caused by a copper
center and phenyl groups on a diphosphine moiety. (ii) The shielding effects on
i-Cu' methyl group, which is close to both the copper and the diphosphine moieties,
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Fig. 2.4 a Experimental "H NMR spectra of 2-BF, in CDCl5 at 253 K. The signals derived from
i-Cu" and o-Cu' are represented as red and blue, respectively. b Experimental (leff) and simulated
(right) '"H NMR spectra at 313, 303, 293, and 283 K. ¢ Experimental '"H NMR spectra at 273,
263, 258, 253, and 248 K

are expected to cause an upfield shift of the signal. Signal splitting was also
observed in the aromatic proton signals of the Mepypm ligand (Fig. 2.3). The ratio
of 0-Cu', estimated from integration of the minor and major signals, is represented
as x,%. The ratio of i-isomer is thus (100 — x,) %. Consider for instance that at
253 K, the x, value was determined to be 60 %; the reason of higher x, values at
higher temperature is described in later sections. Upon heating, these signals
broadened, indicating that two isomers, i-Cu' and 0-Cu', interconverted in solution
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Fig. 2.5 a Experimental '"H NMR spectra of 2-BF, in CD,Cl, at 253 K. b Experimental (left)
and simulated (right) '"H NMR spectra at 308, 303, 298, 293, and 288 K. ¢ Experimental '"H NMR
spectra at 263, 258, 253, 248, and 243 K

on a timescale that is commensurate with that of the '"H NMR measurement
(Fig. 2.3). The rate constant for the i-Cu' - 0-Cu'isomerization, k, was estimated
from simulated fittings of the broadened 'H NMR spectra (Fig. 2.3). For example,
the value of k was 100 s~ ' at 303 K; faster rate of the rotation at higher temperature
is normal for chemical equilibrium. These parameters, at several temperatures and
under various conditions, were determined by the same analysis as that described
above.
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Fig. 2.6 a Experimental "H NMR spectra of 2-BF, in acetone-dg at 253 K. b Experimental (left)
and simulated (right) '"H NMR spectra at 298, 293, 288, 283, and 278 K. ¢ Experimental '"H NMR

spectra at 253, 248, 243, and 238 K

'"H NMR spectra of [Cu(bpy)(DPEphos)]BF, (4-BF,), which does not undergo
rotation, show only one set of signals, supporting that the signal separation

mentioned above is derived from rotational isomers.

The i-Cu' to o-Cu' ratios and their heat-sensitivities, along with isomerization
rates, are dependent on the solvent and counterion (Figs. 2.4, 2.5, 2.6, 2.7, 2.8, 2.9,
2.10, 2.11, 2.12, 2.13). However, a complete description of the observed effects
requires a close consideration of the geometry of the complexes, as highlighted in

later sections.
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Fig. 2.7 a Experimental 'H NMR spectra of 2-BF, in CD;CN at 238 K. b Experimental (left)
and simulated (right) '"H NMR spectra at 273, 268, 263, 258, and 253 K ¢ Experimental '"H NMR
spectra at 248, 243, 238, and 233 K

2.4 Characterization for Intramolecular Process

The interconversion between two isomers, i-Cu' and 0—CuI, is generally an intra-
molecular ligating atom exchange process, as confirmed by '"H NMR analysis of a
mixed solution of [Cu(Mepypm)(DPEphos)|BF, (1-BF;) and [Cu(bpy)(DPE-
phos)]BF, (4-BF,), which does not undergo rotation [19]; This strategy is based on
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Fig. 2.8 a Experimental '"H NMR spectra of 2-B(C¢Fs); in CDCl; at 273 K. b Experimental
(left) and simulated (right) 'H NMR spectra at 313, 308, 303, 298, 293, and 288 K.
¢ Experimental '"H NMR spectra at 278, 273, 268, 263, 258, and 253 K

modified method described in literature reported by Shionoya et al. [28]. The rate
of interconversion between i-Cu' and o-Cu' (k) via intramolecular process is
denoted as ki, that via intermolecular process is as kiner (K = Kinga + Kinter)- The
value of ki, is evaluated from the rate of interconversion between 4-BF, and
1-BF,, because both processes require intermolecular diimine ligand exchange.
A "H NMR spectrum of 4-BF, in acetone-ds at room temperature displayed one
set of signals (Fig. 2.14b). Two sets of broadened signals derived from i-Cu' and
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Fig. 2.9 a Experimental "H NMR spectra of 1-BF, in CDCl; at 253 K. b Experimental (/eft) and
simulated (right) '"H NMR spectra at 318, 313, 308, 303, 298, 293, and 288 K. ¢ Experimental 'H
NMR spectra at 273, 263, 253, 248, and 243 K

o-Cu' were observed in a "H NMR spectrum of 1-BF, under the same conditions
(Fig. 2.14a). A "H NMR spectrum of a mixed solution of 4-BF, and 1-BF, under
the same conditions was simply a superposition of the two spectra (Fig. 2.14c),
including signals derived from diphosphine moieties, suggesting that the inter-
molecular interconversion between 4-BF, and 1-BF, via diimine ligand exchange
reaction was extremely slow compared with the timescale of the '"H NMR mea-
surement (Fig. 2.14d). In addition, the "H NMR of the solution showed no signal
broadening derived from 4-BF, at 313 K (Fig. 2.15), where the estimated value of
k was 300 s™'. The rate constant for the intermolecular process under the given
condition (ki) was smaller than ca. 10° s™! (k > kiyer), because signal fusion
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Fig. 2.10 a Experimental 'H NMR spectra of 1-BF,4 in CD,Cl, at 253 K. b Experimental (/eft)
and simulated (right) 'H NMR spectra at 303, 298, 293, and 288 K. ¢ Experimental 'H NMR
spectra at 273, 263, 258, 253, 248, and 243 K

derived from two species is observed when rate of chemical exchange between
them is over a time scale of '"H NMR (ca. 10° s™'). Therefore, interconversion
between i-Cu' and o-Cu' in typical organic solvents at ambient temperature is
dominated by intramolecular process (Kinga > kiner). Possibilities of faster inter-
molecular process (Kinga ~ Kinter OF Kingra << Kinter) can be denied from small dif-
ference in signal broadness between three species derived from i-, o-isomers of
1-BF, and 4-BF,. This interpretation is supported by the fact that the shape of the
peaks in the "H NMR spectra of 1-BF, in acetone-ds at room temperature dis-
played no dependence on concentration (Fig. 2.16).
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Fig. 2.11 a Experimental 'H NMR spectra of 1.BF, in acetone-dg at 243 K. b Experimental
(left) and simulated (right) '"H NMR spectra at 303, 298, 293, 288, and 283 K. ¢ Experimental 'H
NMR spectra at 263, 258, 253, 248, and 243 K

This conclusion, intramolecular nature of interconversion between two rota-
tional isomers, is additionally evidenced from similar experiment using a mixed
solution of [Cu(Mepypm)(dppp)]BF,4 (2-BF4) and [Cu(Mepypm)(DPEphos)]BF,
(1-BE,), which are different in diphosphine units. A "H NMR spectrum of a mixed
solution of 2-BF, and 1-BF, (Fig. 2.17c) under the same conditions was simply a
superposition of the two spectra of 2-BF, and 1-BF, (Fig. 2.17a, b), including
signals derived from Mepypm moieties.
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Fig. 2.12 a Experimental 'H NMR spectra of 1.BF, in CD3;CN at 248 K. b Experimental (leff)
and simulated (right) 'H NMR spectra at 298, 293, 288, 283, 278, 273, and 268 K.
¢ Experimental '"H NMR spectra at 258, 253, 248, and 243 K

2.5 Crystallography

I performed single crystal X-ray structural analysis of 1-BF,, 1-B(C¢Fs),, 2-BF,,
and 2-B(C¢Fs), (Figs. 2.18, 2.19, 2.20, 2.21, 2.22, 2.23 and Table 2.1). The ratio of
the complex cation to the counterion in the asymmetric unit was 1:1, suggesting
that the oxidation state of the metal atom was copper(I) in the single crystal. The
geometric parameters of the complex cations in 1-BF,, 1-B(C¢Fs)4, 2-BF,, and
2.B(C¢Fs5), bond lengths were in agreement to the ones of the family of
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Fig. 2.13 a Experimental 'H NMR spectra of 1-B(C¢Fs), in CDClj at 248 K. b Experimental
(left) and simulated (right) '"H NMR spectra at 308, 303, 298, 293, and 283 K. ¢ Experimental 'H
NMR spectra at 263, 253, 248, and 243 K

[Cu(diimine)(diphosphine)]* (Table 2.2) [17, 18]. I note that the distance between
oxygen and copper atoms in 1-BF, is found to be non-bonding region (3.18 A),
which is consistent with well-established geometries in copper(I) complexes
bearing two phosphine ligating atoms in the DPEphos unit and two nitrogen
ligating atoms in diimine unit; for details, see Sect. 1.2. The methyl group of the
Mepypm moiety in 2-BF, is oriented outward of the metal center, and no disorder
was found in the coordination mode. This result suggests that all 2* species in the
single crystal exist solely as the o-isomer, which corresponds to a pyrimidine
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Fig. 2.14 a-—c Partial '"H NMR spectra of 1-BF, (a), 4-BF, (b), and a mixture of 1-BF, and 4-BF,
(c) in acetone-dg in the dark at room temperature. d Illustration of the interconversion between
species in a mixed solution of 1-BF, and 4-BF,

moiety orientation that is identical to a crystal structure of 1-BF, (Figs. 2.18a, c).
In contrast, the methyl group in 2-B(C¢Fs), is directed toward the metal center,
indicating that all 2* species exist as the i-isomer in the single crystal (Fig. 2.18b).
Furthermore, all 1" species in 1-B(CgFs)4 exist as the o-isomer (Fig. 2.18d), which
is identical to 1-BF, from the viewpoint of pyrimidine orientation. Based on the
orientation of pyrimidine in the crystal as well as considering the solvents to have
negligible interaction with the complex cation, the four single crystals are denoted
as 0-2-BF4-0.5MeOH, i-2-B(CgF5s)4, 0-1-BF4-CHCl3, and 0-1-B(CgFs)4-1.5hexane.

In the case of 0-1-BF,-CHCl;, the copper center is surrounded by the coordi-
nating nitrogen atoms, a bulky diphosphine moiety, and a BF, ion. The interaction
of the BF,” ion with the copper center in 0-2-BF;-0.5MeOH is significantly
stronger than in o-1-BF,-CHCI;, considering the Cu-B distance. These results
reflect the reduced bulkiness of dppp, owing to the presence of fewer phenyl
groups, compared with DPEphos. In contrast, the methyl group in i-2-B(CgFs), is
located nearer to the copper atom rather than the counter anion. B(C¢Fs)y is distant
from the copper center owing to a large steric repulsion between B(CgFs); and the
complex cation. Because of a similar coordination geometry to 0-2-BF,4-0.5MeOH,
the proximity of the counterion is seemingly the primary cause for destabilization
in the i-isomer. On the other hand, the methyl group did not cover the copper
center in 0-1-B(CgFs)4-1.5hexane, which is similar to 0-1-BF,4-CHCl;. The results
suggest that the position of the counterion has a small effect on the orientation of
pyrimidine in 1%, due most likely to the bulkiness of the diphosphine moiety. As a
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Fig. 2.16 Experimental 'H NMR spectra of 1.BF, in acetone-d, at room temperature.
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2.5 Crystallography 45

(@) [Cu(Mepypm)(DPEphos)]BF, (1BF,) (d) Mixed solution of 1.8F, and 4BF,

J 1 -BF4 Intramolecular : Fast
|

m (Rotatlon]
_ghe MeTinge
(b) [Cu(bpy)(DPEphos)JBF, (4-BF,) gj% P@ — é

-Cu' o- Cu'

| [ .

Intermolecular : Extremely slow

(c) Mixed solution of 1.BF, and 4.BF,, (Diimine ligand exchange)
\ 4.BF, ?
[l | "] ‘ 1 2
f
A iy p
95 90 85 8.0 75 70 65
&1 ppm

Fig. 2.17 a-—c Partial '"H NMR spectra of 2-BF, (a), 1.BF, (b), and a mixture of 1-BF, and 2-BF,
(c) in acetone-dg in the dark at room temperature. d Illustration of the interconversion between
species in a mixed solution of 1-BF, and 2-BF,

result, the effects of the counterion on the rotational dynamics of 2* are expected to
be more significant than those operative in 1. The aforementioned trend is
characteristic of the [Cu(Mepypm)(diphosphine)]* family because of the geometry
of the diphosphine ligand. Such behavior was not observed when bulky diimines
were employed as the auxiliary ligand, such as in [Cu(Mepypm)(Lans)1™ [371.
Examination of the crystal packing in the presented complexes reveals that the
proximity of other species, such as solvent molecules or another complex salt, was
less than that of the nearest counterion described above (Figs. 2.20, 2.21, 2.22,
2.23). The obtained crystal structures enable us to effectively construct a reason-
able model for the sensitivity of rotational equilibrium on a weak-interaction in a
solution state, which is described in the following section.

2.6 Thermodynamics of Rotation in Solution
2.6.1 Results

The thermodynamics of the rotational equilibrium of 1-BF,4, 1-B(C¢Fs)4, 2-BF,,
and 2-B(C¢Fs)4 was examined. The values of enthalpy (AH), entropy (AS), and
Gibbs free energy (AG) for the i-Cu' — o-Cu' rotation were obtained using van’t
Hoff plots that were estimated from integration of the '"H NMR spectra at various
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Fig. 2.18 Front (a, c,

e, g) and side (b, d, f,

h) views of the crystal
structures of
0-2-BF;-0.5MeOH (a, b),
i-2-B(C¢Fs)4 (c, d),
0-1.BF4-CHCl; (e, f), and
0-1-B(CgFs)4-1.5hexane

(g, h). The carbon atoms in
the Mepypm moiety are
colored as blue or red, which
correspond to o- and
i-isomers, respectively.

The Mepypm moiety, the
copper atom, and the
counterion are drawn as a
space-filling model, whereas
the diphosphine moiety is
included as a capped stick
model. For clarity, some
molecules are omitted: a, b a
complex cation, a BF4~ ion,
and a methanol molecule,

e, f a chloroform molecule,
g, h hexane molecules

(a) o-2BF,0.5MeOH

(€) i-2B(CFo),

(g) 0-1-B(C;F3) 1.5hexane

2 Details of Molecular Bistability

(b) o-2-8F,-0.5MeOH
p

k.

{

(d) i2:B(C4Fo),

(h) 0-1-B(C4F5),-1.5hexane

temperatures in different solvents (Fig. 2.24). A negative AG corresponds to a
predominance of the o-Cu' compared with the i-Cu'; In this case, the ratio of o-Cu',
X, = [o-CuI]/([o-CuI] + [i-CuI]), is more than 50 %, and equilibrium constant,
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Fig. 2.19 ORTEP views (a) 0-2.BF, Disordered
of 0-2-BF;-0.5MeOH (a), Methanol
i-2-B(CgFs)4 (b), Disordered @@
0-1-BF4-CHCl; (c), and .

0-1-B(CgF5)4-1.5hexane (d).
The displacement ellipsoids
are drawn at 50 % probability
level. H atoms are omitted for
clarity

K = [0-Cul)/[i-Cu'], is more than 1. A positive AH value corresponds to an
enthalpic stabilization of i-Cu' and a positive AS value to an entropic stabilization
of 0-Cu'. The significant heat-sensitivity of the isomer ratios (Fig. 2.3) indicated
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Fig. 2.20 Crystal structure
of 0-2-BF;-0.5MeOH viewed
along a-axis (a), b-axis (b),
and c-axis (c). The Mepypm
moiety, the copper atom and
the BF, ™ ion are drawn as a
space filling model, whereas
the diphosphine moiety as a
capped stick model

Fig. 2.21 Crystal structure
of i-2-B(CgFs), viewed along
a-axis (a), b-axis (b), and
c-axis (c¢). The Mepypm
moiety, the copper atom and
the BF; ™~ ion are drawn as a
space filling model, whereas
the diphosphine moiety as a
capped stick model

the large value of AH. I denote AG, x,, and K at 298 K as AGyog X298, and Krog,
respectively, and those at 233 K as AG»33 X033, and Kj33, respectively. Selected
parameters are tabulated in Table 2.3.

The results reveal two key points: (a) the values of both AH and AS of 2-BF, in
CDCl; were large and positive, and (b) the values of x,9g were reduced in more
polar solvents or by making use of a larger counterion.

The values of AH and AS of 1-BE, in CDCls, CD,Cl,, acetone-ds, CD3;CN, and
1.B(C¢Fs), in CDCl; fell within a range of 0—1 kJ mol ™" and 6-11 J K~! mol ™",
respectively. In contrast, both the enthalpy and entropy values for the rotation of 2-BF,
in CDCl; (AH = 6 kJ mol™', AS =25 J K" mol™") were more positive than
that tested under other conditions (Table 2.3), such as in more polar solvents
CD,Cl, (AH = 4 kJ mol™!, AS = 15 J K™ " mol™"), acetone-dg (AH = 3 kJ mol ",
AS =10J K~ ' mol™!), and CDsCN (AH = 3 kI mol™!, AS = 10J K™' mol™).
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Fig. 2.22 Crystal structure
of 0-1-BF;-CHCl; viewed
along a-axis (a), b-axis (b),
and c-axis (c). The Mepypm
moiety, the copper atom and
the BF, ™ ion are drawn as a
space filling model, whereas
the diphosphine moiety as a
capped stick model

(@) st 5 i (b)

Fig. 2.23 Crystal structure
of 0-1-B(C¢Fs)4-1.5hexane
viewed along a-axis (a),
b-axis (b), and c-axis (c).
The Mepypm moiety, the
copper atom and the BFy ion
are drawn as a space filling
model, whereas the
diphosphine moiety as a
capped stick model

The parameters of 2-B(CgFs)s in CDCl; (AH = 3 kJ mol™, AS = 13 T K™ mol™)
were more negative than those of 2-BF,. indicating that the solvent and counterion
effects on the values of both AH and AS of 1" were less than those of 2*. In all tests, the
values of AH and AS of 2¥, particularly AH, were more positive than those of 1*. These
results suggest that the diphosphine moieties considerably affect the enthalpy and
entropy for the rotational isomerization.

A lower population of the o-Cu', which corresponds to a higher value of x,, was
found in the polar solvent. The values of x50 of 1-BF, were 74 % in CDCls, 70 %
in CD,Cl,, 70 % in acetone-de, and 65 % in CD3;CN. This trend was found not
only for 1-BF, but also for 2-BF4. The values of x,,93 for 2-BF, in CD,Cl,,
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Table 2.2 Selected bond lengths (A), bond angles (°), a dihedral angle (°), a torsion angle (°) of
0-1-BF,4-CHCl;, 0-1-B(CgFs)4-1.5hexane, 0-2-BF4-0.5MeOH, and i-2-B(CgFs)4

0-1.BF,-CHCl; 0-1.B(C4Fs)s-1.5hexane 0-2-BF,-0.5MeOH  i-2-B(C4Fs),

Cu—N’;‘,m/A 2.061(5) 2.062(4) 2.059(5) 2.070(3)
2.063(5)

Cu-NEy/A 2.068(4) 2.092(4) 2.051(5) 2.079(3)
2.048(5)

Cu-P(1)/A 2.2394(16) 2.2336(15) 2.2267(18) 2.2453(9)
2.2249(18)

Cu-P(2)/A 2.2675(16) 2.2731(15) 2.2463(19) 2.2561(9)
2.246(2)

N-Cu-N/° 81.09(18) 80.24(17) 80.7(2) 79.73(10)
80.6(2)

P-Cu-P/° 114.37(5) 114.88(6) 103.45(7) 102.06(3)
103.79(7)

Dihedral anglec/® 87.21 79.04 86.6 86.22
87.96

Torsion angled/®°  9.07 17.36 4.01 54
6.24

¢ A nitrogen atom of pyrimidine coordinating to a copper center

> A nitrogen atom of pyridine

Z A dihedral angle between a N-Cu—N plane and a P-Cu—P plane

A torsion angle between a pyrimidine plane and a pyridine plane

acetone-dg, and CD;CN were 56, 53, and 58 %, respectively, which are less than
the values obtained in CDCl; (68 %). A lower population of the o-Cu', particularly
in 2*, was observed when a larger counterion was employed. The x,0g values of
2-BF, and 2-B(C4Fs)4 in CDCl; were 68 and 57 %, respectively. Significant
counterion effects were not observed in 1%; the ratio of 1-B(CgFs), in CDCl;
(X208 = 71 %) is slightly less than that of 1-BF, in CDCl; (x93 = 74 %). These
trends are approximately observed in the full temperature range (see the van’t Hoff
plots in Fig. 2.24). The values of x, of 1" under the conditions as we tested are
almost constant over a temperature range from 233 K to 298 K. The heat-sensi-
tivities of 2" are much larger than those of 1*. For example, the population of the
entropically favored o-Cu' of 2% in CDCl5 at 233 K is reduced at lower temper-
ature (x, = 54 %, AG = —0.3 kJ mol™"). Because the values of AH under the
other conditions were relatively small, the temperature dependence of x, and
AG were less significant than for 2-BF, in CDCls.

The parameters AH, AS, AG»og, and x93 were plotted against the Kirkwood
function [1], (¢, — 1)/(2¢; + 1), where ¢, corresponds to the relative permittivity of
the solvent (Fig. 2.25, &, = 4.89 for CDCl3, 8.93 for CD,Cl,, 20.56 for acetone-ds,
and 35.94 for CD3;CN). Roughly linear relationships between the parameters and
(e; — 1)/(2¢; + 1) indicate that solvent polarity contributes considerably to the
thermodynamics of the systems considered. The slopes of the four 2-BF, plots,
based on a linear least square regression fitting, were much larger than those
of 1-BF,, suggesting that 2" is more sensitive to solvent selection than 1*. The
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Fig. 2.24 van’t Hoff plots for rotational equilibrium with the equilibrium constant, K, set equal
to [o-isomer]/[i-isomer]

slopes of AG»og for both 1:BF, and 2-BF, are positive, indicating that the mech-
anism of the solvent dependency is similar throughout the [Cu(Me-
pypm)(diphosphine)]* family. There seems to be almost no relationship between
AG,9g and coordination ability of solvents (negligible donating ability for CDCl3
and CD,Cl,, 17 for acetone-dg, and 14.1 for CD;CN) [1].

The aforementioned weak interaction dependence of the parameters AH, AS,
AGaog, and x,,95 cannot be explained by simple consideration of chemical structures
alone. For completeness, with the aid generated crystal structures, I constructed a
model that considers the geometries of both the ion pair and the six-membered
chelating dppp moiety, as highlighted in the following section.

2.6.2 Discussion

The geometric features of 17 and 2* are illustrated at Fig. 2.26a. The major
bonding surface of the copper center in both 1* and 2" is occupied by the coor-
dinating nitrogen atoms and the diphosphine moiety. The bonding area taken up by
coordination in 2* is reduced compared with that in 1*, which provides additional
space that a counterion or a methyl group on the pyrimidine moiety can occupy.
Contributions of the CIP state in CDCl; are larger than in more polar solvents such
as CD3;CN (Fig. 2.26b) [1]. In other words, the population of the SSIP state in
polar solvent is larger than that in less polar solvent. For clarity, I focus on the
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Table 2.3 Selected thermodynamic parameters for the rotational equilibrium of [Cu(Me-
pypm)(diphosphine)]* complexes under various conditions

Solvent AS®  AGSes  Xgoos  KBos  AGSys  xipys Kb
1-BF, CDCl3 0.0 —2.6 74 2.8 -2.0 74 2.8
1.BF, CD,Cl, 13 11 —21 70 23 —13 67 2.0
1-BF, Acetone-dg 0.0 7 —-2.1 70 2.3 —1.6 70 2.3
1-BF, CD;CN 0.2 6 -1.6 65 1.9 —-1.2 65 1.8
1.B(C(Fs), CDCls 02 6 —22 71 24 17 71 2.5
2-BF, CDCl; 56 25 -1.9 68 2.2 -0.3 54 1.2
2-BF, CD,Cl, 40 15 —0.6 56 1.3 0.4 45 0.8
2-BF, Acetone-dg 2.5 10 -0.3 58 1.4 —0.1 51 1.0
2-BF, CD;CN 3.0 10 0.0 50 1.0 0.7 41 0.7
2-B(CgFs);  CDCl; 33 13 -0.7 57 1.3 0.2 48 0.9
2 Enthalpy for i-Cu' — 0-Cu' rotation/kJ mol™'
° Entropy for i-Cu' — o-Cu' rotation/J K™' mol™
> Gibbs free energy for i-Cu' — 0-Cu' rotation at © 298 K and ¢ 233 K/kJ mol™
 Molar ratio of o-Cu' at © 298 K and © 233 K/ %
&0 Equilibrium constant, [o-Cu' }/[i-Cu’ ] at & 298 K and " 233 K
Fig. 2.25 C0r¥elati0n (a) e a o1 (b)30, o1
between the Kirkwood ~ o2 o a2
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. =} ~ o 204 g
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CDsCN 0.3 0.4 0.5 13 0.4 05
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Z 0 o 70+ g e~9
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representative two ion-pairing states, and omit the others. It should be noted that
ion pairing between a monovalent metal complex cation and a monovalent counter
anion is strengthened in CDCl;, moderate in CD,Cl,, and weakened in more polar
solvent such as acetone-dg, reported by several groups [2—6]. On the other hand,
with respect to the size of the anion, BF, is significantly smaller than B(CgFs)4,
which is comparable with the size of the copper complex cation.
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Fig. 2.26 Illustrations of the effect of ion pairing on the rotational bistability of a
[Cu(Mepypm)(diphosphine)]* family. a Geometric features of the diphosphine moieties of 1*
and 2*. b The Cu(I) complexes in a contact ion pair (CIP) state and a solvent-separated ion pair
(SSIP) state

The value of AH for solvated i-Cu' and o-Cu" is linked to intrinsic preference
caused by induction effect of the methyl group, electrostatic interactions, solva-
tion, electrostatic attraction between the electron cloud of the methyl group and the
positively charged metal core of the complex, and other enthalpic factors present.
The AS values are a reflection of their respective freedom of rotation of functional
groups, along with the vibrational freedom of the ligand moieties, the solvent, and
the counterion. For example, the large positive values of 2-BF, in CDCl; indicate
that the behavior of the solvated i-Cu" differs significantly from the solvated o-Cu'.
In addition, the relatively small absolute values of both AH and AS of other
conditions, 2-BF, in polar solvent, 1-BF, in all solvents as we tested, 2-B(C¢Fs)4 in
CDCl3, and 1-B(CgFs)4 in CDCl;, indicate that the differences in the behaviors
between the solvated i- and o-isomers are trivial.

The rotational equilibrium in solution is represented as a model, displayed in
Fig. 2.27. Six conditions are represented: (a) 2-BF, in CDCl;, (b) 2-BF, in
CD3CN, (C) 2B(C6F5)4 in CDC13, (d) 1BF4 in CDC13, (e) 1BF4 CD3CN, and
(f) 1-B(C4Fs)4 in CDCl3. The equilibrium behaviors in CD,Cl, and acetone-dg can
be interpreted as a range from those in less polar CDCl; to those in more polar
CD;CN, considering their moderate thermodynamic parameters and relative per-
mittivity. Each result has two points: (i) AH and AS, (ii)) AG,eg and x,9g.

The six conditions a—f are explained as follows. (a-i) The values of AH and
AS of 2-BF, in CDClj; are larger in magnitude and more positive than those under
other conditions. In the CIP state of solvated o—CuI, there are no steric repulsion
between the counterion and the methyl group (Fig. 2.27a). In contrast, the CIP
state of the solvated i-Cu' competes for the counterion, BF,~, and the methyl group
on the pyrimidine unit as a result of steric repulsion. This repulsion can be cor-
related to destabilization of the solvated i-Cu', which corresponds to more positive
values of AS, owing to loss of freedom in the complex cation as well as the
counterion. The larger difference in solvation between i-Cu' and o-Cu' can cause
more positive AH. Enhanced solvated i-Cu' preference based on a combination of
several enthalpic factors described above can contribute to AH because its
movement is strongly limited by the competition. (a-ii) The negative value of
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Fig. 2.27 Illustrations of the effect of ion pairing on the rotational bistability of a
[Cu(Mepypm)(diphosphine)]* family. Selected chemical equilibrium between the solvated
i- and o-isomers: a 2-BF, in CDCl;, b 2-BF, in CD3;CN, ¢ 2-B(C¢Fs), in CDCls, d 1-BF, in
CDC13, e 1BF4 in CD3CN, and f 1B(C6F5)4 in CDC13

AG,og indicates that the population of the entropically-favorable solvated o-Cu',
mentioned in (a-i), is larger than that of i-Cu' at 298 K. At low temperature such as
233 K, where the entropic factor is less dominant, both isomers have comparable
stability; absolute value of AG,s3 is nearly zero. The comparable stabilization
effects in the viewpoint of enthalpy and entropy cause the rotational bistablity.
(b-1) The effects of solvent polarity are described in this paragraph. The AH and
AS of 2-BF, are positively small in polar solvents such as CD;CN (Fig. 2.27b).
The steric repulsion between the methyl group on the pyrimidine moiety and the
counterion, mentioned in paragraph (a-i), is relatively small in the SSIP states of
both the solvated i-Cu' and 0-Cu'. Because difference in solvation between i-Cu'
and o-Cu' is relatively small, the absolute values of AH and AS are also small.
(b-ii) The x,,95 values of 2-BF, in CD3;CN are smaller than in CDCl; because the
destabilization of the solvated i-Cu', mentioned in paragraph (a), is considerably
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minimized in the SSIP state. The more positive value of AG,9g in CD;CN com-
pared to that in CDClj3 also reflects this trend.

(c-1) The effects of the counterion size are explained in this paragraph. The
AH and AS of 2-B(C4Fs), in CDCl; are more negative than those of 2-BF, in
CDCl; (Fig. 2.27¢). Because the B(C¢Fs); ion causes a small destabilization of the
i-Cu' in the CIP state, as described in paragraph (a), derived from its size, the small
difference in solvation between two isomers contributes to small absolute values of
AH and AS. (c-ii) The inhibition of the destabilization of the i-Cu' also causes a
decrease in x,98 for the B(C¢Fs)4 ion compared with the BF, ion; The more
positive value of AG,9g with B(CgFs)3 ion compared to BF,™ ion also reflects this
trend.

(d-i) The effect of the geometry of the diphosphine ligand is described in
paragraphs (d), (e), and (f). Despite the absolute values of AH and AS of 2-BF, in
CDCl; being relatively large, those of 1-BF, in CDCl; are small since the bulki-
ness of the diphosphine of 1" reduces the steric repulsion between the methyl
group of the solvated i-isomer and the counterion, as mentioned in (a-i)
(Fig. 2.27d). The reason of nearly zero AH value of 17 can be interpreted as small
difference in solvation between i-Cu' and o-Cu' (Fig. 2.27d). (d-ii) The value of
AG,9g is negative because the bulkiness of the diphosphine contributes to a
destabilization of i-Cu' via steric repulsion between the methyl group and the
diphosphine moiety. The bulkiness is also the reason why x,,9g of 1-BF, in several
solvents is larger than that of 2-BF,.

(e-1) The absolute values of both AH and AS of 1-BF; in CD3CN are small
because of a combination of phenomena described in (b-i) and (d-i) (Fig. 2.27e).
(e-ii) The negative AG stems from the steric bulk of the diphosphine as described
in (d-ii). The lower x,59g of 1-BF, in polar solvents compared with 1-BF, in CDCl;
was attributed to ion pairing effects, as highlighted in the above comparison of (a)
and (b).

(f-i) The absolute values of both AH and AS of 1-B(C¢Fs)4 in CDCl; are small
due to a combination of (c-i) and (d-i) phenomena (Fig. 2.27f). (f-ii) Since the ion
pairing effects are slightly retained, the x,595 of 1-B(CgFs), was lower than that of
1-BF,.

The values of both AH and AS contain a contribution of the effects mentioned
above as well as the following intrinsic factors. Several factors can contribute to
the values. For example, the stabilization of i-Cu' stemming from the electronic
structure of Mepypm, which can be derived from induction effects, and thus
contribute to positive AH values. A stabilization of i-Cu' caused by an easing of
the C-H interaction between the methyl group and the phenyl groups on the
diphosphine, can also contribute to positive AH values. The entropy loss of i-Cu'
originates from a crowded coordination geometry, which reduces the freedom of
motion of the ligand moiety, thus contributing to positive values of AS. These
intrinsic factors also contribute to the values of x,.

Consequently, all results related to thermodynamics can be reasonably under-
stood based on the proposed model, suggesting that the present rotational bista-
bility, particularly in 2%, arises from solvated ion-pairing.
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2.6.3 Notes About the Model

I note that the 'H NMR signals can be the average of many kinds of conforma-
tions, such as the solvent, the counterion, and the ligands including the diphos-
phine moiety. The conceptual diagrams, displayed in Fig. 2.27, are representative
of the real equilibrium.

Since the crystal structures of a family of [Cu(Mepypm)(diimine)]* [37-40],
including a complex in Chap. 4, were very different from those of the present
complexes, particularly from the viewpoint of coordination structure and location
of the counterion, the ion-pairing sensitivity derived from model mentioned above
is characteristic of [Cu(Mepypm)(diphosphine)]* structures.

Changes in dipole moment, hydrogen bonding interaction, and hydrophobic
interactions between two states are often attributed to solvent-sensitivity not only
in traditional conformational equilibrium such as axial/equatorial forms in
cyclohexane derivatives' but also in chemistry for promising nanomaterials such
as molecular machines based on supramolecules [27-36]. Because the complex
cations of the two isomers are similar with respect to coordination structure, the
polarity differences between i-Cu' and o-Cu' are expected to be small. On the other
hand, the absolute value of the dipole moment of the solvated copper(I) com-
pounds is expected to be proportional to the distance between the copper atom and
the counterion center (Cu-X). Therefore, the polarity of the i-isomer in the CIP
state is expected to be larger than that of the o-isomer, considering that the Cu-X
distance is determined by steric repulsion. This is an additional effect caused by
ion pairing as described in Fig. 2.27. The difference in polarity between the two
isomers in the CIP state can contribute to the preference of the i-Cu' for more polar
solvent. This rationale is incomplete for three reasons: (1) the population of the
CIP state in polar solvent is small, (2) the difference of the Cu-X distance between
i- and o-isomers in the SSIP state is small, and (3) the large AH and AS of 2-BF, in
CDCl; cannot be appropriately explained by this reasoning.

If a solvent molecule, such as CD3;CN which has high affinity to copper(l) state,
coordinates to the copper(I) center of present complexes, steric repulsion between
the methyl group and the solvent molecule would cause a decrease of i-Cu' ratio in
CD;CN compared with CDCl;. This assumption can be totally denied, because of
both experimental results and electronic configuration; The copper(I) center has
already the coordination number of 4, so that it cannot accommodate any addi-
tional ligand.

I assume that the volume where BF,~ ion is present, displayed in Fig. 2.27a,
can be occupied by a CDCl; molecule instead of the counterion, which can
destabilize i-Cu' via steric repulsion between the methyl group and the solvent
molecule. Since this assumption does not explain the decrease in the o-Cu' molar
ratio when a larger counterion is used, the effects of the size of the solvent
molecule are small.
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2.7 Rate for the Isomerization in a Solution State

The rate constants for the i-Cu' — o-Cu' isomerization, k, at variable temperature
were estimated from Arrhenius plots based on simulation of the broadened 'H
NMR spectra (Figs. 2.4, 2.5,2.6,2.7,2.8,2.9,2.10, 2.11, 2.12, 2.13 and 2.28). The
values of k at 298 K, k,9g, which are the parameters most representative of the
solvent- and counterion-sensitive kinetics, are also summarized in Fig. 2.28. Other
parameters are tabulated in Table 2.4.

The kinetics analysis supports the validity of the thermodynamic analysis. The
magnitude of the k values at the given temperature, where "H NMR spectra for the
thermodynamic analysis were conducted, falls within a range from 107> to 10° s~
(Fig. 2.29). Qualitatively, the values indicate that the system reaches equilibrium
within 10 s. For the 'H NMR spectra conducted with ca. 10° s intervals, the
signal integrations reflect the ratio of i-Cu' and o-Cu' in equilibrium. Signal
broadening is observed when k exceeds ca. 10" s™'. The 'H NMR spectra at high
temperature are not employed for the thermodynamic analysis.

The much larger ky9g values obtained in coordinating solvent such as CD;CN,
compared with non-coordinating solvent such as CDCl;, were observed not only
for 1-BE, (30 s~ ! in CDCls, 30 s~ ! in CD,Cl,, 80 s~ in acetone-de, and 300 s~
in CD5CN) but also for 2-BF, (50 s~! in CDCls, 20 s~! in CD,Cl,, 200 s ! in
acetone-d, and 500 s~' in CD;CN). The promotion of the isomerization by high
affinity of coordination of a solvent molecule to copper(I) ion, which assists the
dissociation of the pyrimidine nitrogen atoms from the copper center, was
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Table 2.4 Selected kinetic parameters for the rotational equilibrium of a family of
[Cu(Mepypm)(diphosphine)]* in several conditions

Solvent E: log(A)° So8
1-BF, CDCl, 100 19 30
1-BF, CD,Cl, 100 19 30
1-BE, Acetone-dg 70 14 80
1-BF, CD;CN 70 15 300
1-B(CeFs)4 CDCl; 90 18 40
2-BF, CDCl, 80 16 50
2-BF, CD,Cl, 100 19 20
2-BF, Acetone-dg 100 19 200
2-BF,4 CD;CN 60 13 500
2-B(C4Fs)4 CDCl, 90 16 10

2 Activation energy for i-Cu' — o-Cu' rotation/kJ mol™"
® Logarithm of frequency factor for i-Cu' — o-Cu' rotation
© Rate constant for i-Cu’ — o-Cu' rotation at 298 K/s™'

(a)4 - (b)4 -
x
5 -2
1-BF,. CDCl, 2-BF,. CDCI
! 1-BF,, CD,CI 2.BF,, CD.CI
® 1:BF,. acetone-d, i 2-BF,, acetone-d,
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i 1-B(C,F.),. CDCI 2-B(C,F;);, CDCl,4
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Fig. 2.29 The rate constants, k, for the i-Cu! > 0-Cu! rotational isomerization of 1* (a) and 2*
(b) in several conditions as a function of temperature, estimated from the Arrhenius plots.
Regression curves of the Arrhenius plots are indicated by lines

generally found throughout the [Cu(Mepypm)(diphosphine)]* family. The value of
koog in a CDCl; solution of 2-B(C¢Fs), is 10 s~!, which is smaller than that of
2.BF,. The decrease of kyog resulting from the use of a bulky counter anion
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suggests that the weak coordination ability of BF; can slightly assist in Cu-N
bond dissociation. This behavior seems to be consistent with the model describing
the BF4 ion approach in the CIP state. 1.B(CgFs), in CDCl; (ka9 = 40 sfl) is
very similar to 1-BF, in CDCl;. The resemblance also seems to relate to the model
provided in Fig. 2.27. The rate constant associated with 1-BF; in CD,Cl, was
comparable with that of 1-BF; in CDCl3, because the coordination abilities of
CD,Cl, and CDCl; are similarly weak. In contrast, a small decrease of kyog in
CD,Cl, compared with CDCl; was observed for 2-BF,. The solvent sensitivity
seems to be consistent with the model illustrating that the ion-pairing sensitivity of
2* is larger than that of 1%, shown in Fig. 2.27. This result can be interpreted as a
promotion of rotation by enhancement of coordination ability of BF,™ ion in CIP
state. These CIP effects can contribute to the kinetics of rotation, but this effect
seems to be smaller than that of the solvent coordination.

A tricoordinated intermediate, where the nitrogen atom on the pyrimidine unit
is dissociated from the copper center, is one of the possible intermediates. One of
the another possible intermediates is a tetracoordinated intermediate, which is
coordinated by one nitrogen atom on pyridine unit, two phosphine atoms, and one
solvent molecule, because the rate of rotation in the coordinative solvent such as
CD;CN, which has high coordination affinity to copper center, is found to be much
faster than that in the non-coordinative solvent such as CDCl;.

On the other hand, viscosity of CHClz;, CH,Cl,, acetone, and CH5CN is 0.5357,
0.449, 0.3029, and 0.341 cP, respectively. Rate constants for i-Cu! - o-Cu! at
298 K (ky9g) in CDCl3, CD,Cl,, acetone-dg, and CD;CN are 50, 20, 200, and
500 s™', respectively (Table 2.4). Additionally, viscosity of CH;OH is 0.5513, and
kyog in CD;0D is 150, estimated from preliminary experiment. Contribution of
viscosity seems to be much smaller than that of coordination affinity to copper(l),
because rate constants in CDCl; and CD;0D, which have similar values of vis-
cosity, are significantly different.

The solvent sensitivity trends, mentioned above, are basically observed over the
full temperature range tested (see Arrhenius plots in Fig. 2.28). The k value varied
from 107° (frozen motion) to 10° s~' over the temperature and solvent ranges
considered (Fig. 2.29).

2.8 Conclusion

A series of simple copper(I) complexes bearing a Mepypm and a diphosphine
ligand, [Cu(Mepypm)(diphosphine)]*, namely, 1-BF,;, 1-B(C¢Fs)s, 2-BF,, and
2-B(C¢Fs)4 was synthesized. Two rotational isomers, i-Cu' and o-Cu', coexist and
interconvert in solution via intramolecular ligating atom exchange of the pyrim-
idine ring in all complexes as I tested. The interconversion between i-Cu' and
o-Cu' is generally an intramolecular process, as confirmed by "H NMR analysis of
a mixed solution of 1-BF4 and [Cu(bpy)(DPEphos)|BF,. Both the enthalpy and
entropy values for i-Cu' > o-Cu' rotation of 2-BF, in CDCl; (AH = 6 kJ mol ™,
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AS =25 J K" mol™") were larger than that tested under other conditions. The
absolute values of both AH and AS significantly decreased in more polar solvents,
such as CD,Cl,, acetone-ds, and CD3;CN. The reduced contact of the couteranion
to the complex cation in polar solvent contributes to the relative stability of the
isomers: The values of Xx,p05 = [0-Cu'l/([i-Cu'] + [0-Cu']) are 68 % (2-BF, in
CDCl3), 50 % (2-BF, in CD;CN), 74 % (1-BF, in CDCl3), and 65 % (1-BF, in
CD;CN). This speculation based on solvated ion pairing was further confirmed by
considering the rotation behavior with a bulky counterion, B(C¢Fs);. Crystal
structures of o-Cu' (1.BE4, 1-B(CgFs), and 2-BF,) and i-Cu' (2-B(C¢Fs),) are
helpful to construct the model. The findings described herein are valuable for the
design of photo- and/or redox-active molecular mechanical units that can be
readily functionalized via weak electrostatic interactions. The rate constants for
interconversion between i-Cu' and o-Cu' varied from 107° (frozen motion) to
10° s7! over the temperature and solvent ranges considered.

The slow rate of rotation plays a key role for functions of our rotational system.
For example, in the previous report, we have developed switching systems by
trapping metastable states. This strategy enables me to construct PET-driven
rotation system, described in Chap. 4. For another example, I have demonstrated
dual emission caused by ring rotational isomerization, described in Chap. 3.
Common organic solution state is found to be suitable for these desired functions.
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Chapter 3
Dual Emission Caused by Ring Rotational
Isomerization of a Copper(I) Complex

Abstract Photophysics of metal complexes is valid for photofunctional devices.
Transient emission spectra measurement is a powerful way to find difference in
photoprocesses between two rotational isomers which interconvert and coexist in
the solution. I developed a molecular system which exhibited heat-sensitive dual
luminescence behavior caused by the pyrimidine ring rotational isomerization in
copper(I) complexes. This finding is valuable for the novel way to handle the
photoprocesses of transition metal complexes.

Keywords Luminescence - Photophysics - Copper(I) complex - Molecular
rotation - Equilibrium

3.1 Introduction
3.1.1 The Aim of this Study

Our group has developed that the pyrimidine ring rotational isomeric system,
described in Sect. 1.4, whose function is based on a collaboration of electro-
chemistry and rotational bistability. The aim of this study is development of a
system which exhibits functions based on collaboration of photophysics with
rotation dynamics.

As I described in Sect. 1.1.1, the photoprocesses of transition metal complexes
are of interest for their potential use in promising devices. Recently, photofunc-
tional molecules have been synthesized using simple metal complexes that exhibit
dual phosphorescence as a result of the presence of two independent excited states
[1-3]. Unfortunately, methods for selectively preparing one of the two states have
thus far been limited. The state selection requires a system characterized by well-
defined bistability via a reversible chemical process. Photofunctionalization of a
pyrimidine ring rotational system enables me to develop the system mentioned
above (Fig. 3.1).

M. Nishikawa, Photofunctionalization of Molecular Switch Based on Pyrimidine 63
Ring Rotation in Copper Complexes, Springer Theses,
DOI: 10.1007/978-4-431-54625-2_3, © Springer Japan 2014
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Fig. 3.1 Conceptual diagram Dual emission
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3.1.2 Molecular Design

The investigation mentioned above revealed that the complexes, 1-BF, and 2-BF,,
exhibited rotational bistability in acetone (Chap. 2), which is suitable for devel-
opment of desired functions. Whereas 2-BF, showed negligible luminescence in
solution (Sect. 3.7), 1-BF, exhibited luminescence in acetone, because the cop-
per(I) complexes coordinated by diimine and DPEphos are known to exhibit a
strong emission from a long-lived CT excited state [4, 5]. Therefore, I examined
the emission properties of 1-BF, in solution. Since two rotational isomers are
expected to be different in the emission properties due to well-established rela-
tionship between coordination structure and photophysics in copper(I) complexes
(Sect. 1.2) [6, 7], dual luminescence behaviors can be expected.

3.1.3 Contents of this Chapter

I described dual emission behaviors in Sects. 3.3-3.7 and other properties related
to 1* and 2% in Sect. 3.8. 1-BF, exhibited mechanical bistability based on the
rotational motion of the pyrimidine ring, leading to dual luminescence behavior in
a solution state. "H NMR spectra in acetone-d at several temperatures revealed
that the two rotational isomers, i-Cu' and 0-Cu', interconverted in solution, and the
motion was frozen below 200 K. The complex showed characteristic CT
absorption and emission bands in solution. Emission lifetime measurements
demonstrated that the emission could be deconvoluted into two components. The
fast and slow components were assigned to 0-Cu! and i-Cul, the excited states of
which were characterized by different structural relaxation process and/or addi-
tional solvent coordination properties. The emission properties of the two isomers
differed not only in lifetime and wavelength but also in heat sensitivity. This study
would be useful not only for a way to handle photophysics of metal complexes but
also construction of a single molecular system for light-energy processing.
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3.2 Experimental Section

Materials, instruments, and analysis for rotational dynamics are same as those
described in Chap. 2.

UV-vis absorption spectra and emission spectra UV-vis absorption spectra
were recorded with a JASCO V-570 spectrometer a Hewlett Packard 8453 spec-
trometer. Steady-state uncorrected emission spectra at several temperatures
(Figs. 3.5 and 3.6) were recorded with a HITACHI F-4500 spectrometer equipped
with UNISOKU USP-201-A cryostat. Steady-state corrected emission spectra in
the solid state (Fig. 3.17) were recorded with the same spectrometer. Solid-state
luminescence images were measured under blue light excitation using an Olympus
BXS51 fluorescence microscope. The luminescence quantum yield was estimated
from tris(2,2'-bipyridine)ruthenium(Il) hexafluorophosphate in acetonitrile under
air (1.8 %) as a standard. Electrochemical measurements were acquired with an
ALS 750A electrochemical analyzer. The working electrode was a 0.3 mm-o.d.
glassy carbon electrode; a platinum wire served as the auxiliary electrode, and the
reference electrode was an Ag*/Ag electrode (a silver wire immersed in 0.1 M
BuyNC10,4/0.01 M AgClO4/CH3;CN). The solutions for electrochemical measure-
ments were deoxygenated with argon prior to measurement.

For time-resolved fluorescence spectrum measurement, the output of a dye laser
(FL3002, Lambda Physik) pumped by a XeCl excimer laser (LEXTRA 50,
Lambda Physik) was used as a pump beam. The pump beam was focused onto the
sample solution by a convex lens (f = 150). The fluorescence emitted perpen-
dicularly to the pump beam from the sample was collected and collimated by
another convex lens, and then focused and introduced to a streak camera (C4334,
HAMAMATSU) equipped with a monochrometer (C5905, HAMAMATSU). The
measured instrument response function had a full-width at half-maximum of ca.
7 ns. The emission transients were fit to a sum of two exponentials convoluted
with the measured instrument response function. The experimental emission decay
profiles except Fig. 3.9c were integrated at 630 £ 10 nm. The rising points in the
decay profiles were standardized to 0 ns. The time-resolved spectra for the faster
and slower components were obtained by integration of the data in O ns after
excitation (15 &+ 5 ns) and in 85 ns after excitation (100 £ 50 ns), respectively.

3.3 Rotational equilibrium

Synthesis and characterization of 1-BF, are described in Chap. 2. I briefly sum-
marize the rotational equilibrium of 1-BF, in acetone-dg; for detail, see Chap. 2.

The "H NMR peaks of 1-BF, in acetone-dg at 243 K could be clearly assigned
to either i-Cu' or o-Cu' without evidence for other coordination species (Fig. 3.2).
The chemical shifts of these signals were affected by the shielding effects of the
copper and the phenyl group of DPEphos moiety, and the major and minor peaks
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were assigned, respectively, to o-Cu' and i-Cu'. These signals broadened upon
heating, indicating that two rotational isomers, i-Cu' and 0-Cu', interconverted in a
solution state, which occurred on the time scale of the 'H NMR experiment
(Fig. 3.2). The molar ratio of i-Cu' and 0-Cu' in acetone remained 30:70 over the
temperature range from 203 to 293 K (Fig. 3.3). The rate of interconversion
between i-Cu' and o-Cu' varied from 10™* to 10* s™' over the temperature range
above (Fig. 3.4). I note that the rate of interconversion between o-Cu' and i-Cu' is
negligibly slow compared to the timescale of luminescence decay (2 and 40 ns),
described in Sects. 3.5, 3.6 and 3.7.
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3.4 Absorption Spectra and Steady-State Emission Spectra

The UV-vis absorption spectrum of 1-BF, in acetone showed the characteristic CT
absorption bond (A, = 378 nm, ¢ = 2.7 X 10> M~ em™!) of the [Cu(diimine)
(diphosphine)]*™ family (Fig. 3.5). The absence of an absorption around 450 nm
and the independence of the absorption profile on the concentration of 1-BF,
suggested that the formation of other species, such as [Cu(Mepypm),]*, was
negligible [4, 5]. The steady-state emission spectrum of 1-BF, in acetone (Fig. 3.5)
exhibited emission at A.,, = 635 nm from the CT state. These results indicate that
the wavelengths of maximum absorption and the emission energies of the i-Cu'
and 0-Cu' were comparable. Figure 3.6 shows the steady-state emission spectra of
1-BF, in acetone from 193 to 293 K. An increase in the emission intensity and a
blue-shift with heating were observed; the details are discussed in the later
sections.
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3.5 Time-Resolved Emission Spectra

Emission lifetime measurements of 1-BF, in acetone at room temperature revealed
that the decay curve could be deconvoluted into two components (Fig. 3.7). The
[Cu(diimine)(diphosphine)]* family in a fluid solution state is known to show a
single decay [4-7]. Therefore, the two components could be reasonably assigned
to the i- and o-isomers. The faster (t = 2 ns) and the slower (t = 40 ns) com-
ponents were attributed to emission from two rotational isomers, 0-Cu' and i-Cu',
respectively (Fig. 3.7), because introduction of a bulky substituent into the coor-
dination sphere is known to elongate the lifetime of the excited state of copper(I)
complexes by inhibiting structural relaxation and/or preventing additional solvent
coordination (Sect. 1.2) [4-7]; details are described in Sect. 3.7. This assignment
was further supported by the similarities between the emission lifetimes of the
o-Cu' and [Cu(bpy)(DPEphos)]* (bpy = 2,2’-bipyridine), which does not contain
bulky groups near the metal center (Fig. 3.8). The emission spectra of two isomers
were deconvoluted using time-dependent spectral measurements. The faster
component was slightly red-shifted relative to the slower component, implying
that the long-lived excited state of i-Cu' has the higher-energy (Fig. 3.9a). The
energy difference was also confirmed from the fact that the differential spectrum,
obtained by subtracting the faster component from the slower one, displays the
positive values from 500 to 600 nm and the negative values from 650 to 750 nm
(Fig. 3.9b). Additionally, the relative intensity of the slower component in 580 nm
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Fig. 3.8 Experimental
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response function
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emission decay profile (Fig. 3.9c green dots) is slightly larger than that in 730 nm
one (Fig. 3.9¢ red dots), supporting that luminescence maximum wavelength of
i-Cu' is blue-shifted from that of o-Cu".

3.6 Temperature Dependence of Time-Resolved Emission
Spectra

The differences between emission behaviors of these isomers were clearly
reflected in the heat sensitivity. The emission decay profile showed that the relative
intensity of the slower component decreased upon cooling and became almost
negligible at 203 K (Fig. 3.10). The lifetimes of the two components were almost
temperature-independent, as demonstrated by the best fits of the decay profiles at
each temperature (203-293 K) (Fig. 3.11). The deconvoluted emission spectra of
the slower component, where contribution of emission from i-Cu' is large, were
blue-shifted and showed an increase in the emission intensity upon heating
(Fig. 3.12a). The emission spectra of the faster component, where contribution of
emission from o-Cu' is large, were relatively insensitive to temperature
(Fig. 3.12b). In other words, steady-state emission at low temperature and room
temperature can be interpreted as emission mainly from o-Cu' and that from two
isomers (i-Cu' and o-Cu"), respectively.

3.7 Energy Diagram

I interpret these differences by the Jablonski diagram (Fig. 3.13), considering the
well-established photoprocesses of copper(I) complexes (Sect. 1.2) [4—7]. Physical
parameters, k;, k,., and k, indicate radiative, nonradiative, and solvent quenching
rate constants, respectively. Energy difference between ground (GS) and Franck—
Condon (FC) states in i-Cu' is similar to that in 0-Cu', considering small difference
in absorption between two isomers. Inhibition of structural rearrangement by
crowded coordination structure contributes to the larger energy difference of i-Cu'


http://dx.doi.org/10.1007/978-4-431-54625-2_1
http://dx.doi.org/10.1007/978-4-431-54625-2_1

70

Fig. 3.9 Time-resolved
emission measurement of
1-BF, in acetone at room
temperature. a Time-resolved
emission spectra for the
slower component 7 = 40 ns
(red) and for the faster
component t = 2 ns (blue).
b The differential spectrum
obtained by subtracting the
faster component from the
slower one. ¢ Experimental
emission decay at

580 & 10 nm (green dots)
and 730 £ 10 nm (red dots)
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between GS and singlet charge transfer ('CT) excited states compared to that of
o-Cu'. Therefore, ky, in 'CT of i-Cu' is smaller than that of 0-Cu' due to energy gap
law, leading to longer lifetime and higher energy emission of i-Cu' compared to
those of o-Cu'. Inhibition of solvent coordination quenching also contributes to
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Fig. 3.10 Experimental
630 nm emission decay of
1-BF, in acetone at 293 K
(red), 263 K (green), 233 K
(blue), and 203 K (purple)
excited at 425 nm
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longer lifetime emission of i-Cu', because the additional solvent coordination,
which affords nonemissive 5-coordinated photoexcited species with a small energy
gap, can be effectively prevented by the crowded coordinated structure. On the
other hand, heat-enhanced emission of i-Cu' can be explained by thermal activa-
tion from nonemissive triplet charge transfer (3 CT) into emissive ICT states 4,5,
8, 91.

Because the luminescence of a family of the copper complexes bearing diimine
around room temperature is assigned as delayed derived from small energy dif-
ference between 'CT and >CT (AE), those of both i-Cu' and 0-Cu' are also same
photoprocesses. Smaller temperature dependence of emission of 0-Cu' compared
to i-Cu' can be interpreted as the contribution of one or both of two factors as
follows. (1) The value of AE of o-Cu' is smaller than that of i-Cu'; (2) The
thermally activated quenching of the photoexcited state of o-Cu', such as solvent
coordination quenching, is more significant than that of i-Cu', considering the
difference in coordination sphere between two isomers. I explain the details of the
factor (1). The emission quantum yield of the delayed fluorescence is proportional
to the rate of delayed fluorescence, k, which obey Arrhenius plot, k = Aexp(E/RT)
[9], where E indicates activation energy, T indicates absolute temperature, and
R indicates gas constant. The value of AFE is almost same as E because there is no
activation required beyond reaching the energy of singlet state. Therefore, small
value of AE reflects the small temperature dependence of the emission. The
inhibition of the structural rearrangement in the crowded coordination sphere in
bis(diimine)copper(I) complexes is known to reduce the value of AE.

3.8 Other Physical Properties

In our previous systems, [Cu(Mepypm)(L,,n)]" and their derivatives were found to
exhibit reversible copper(Il/I) redox activities that were synchronized with rota-
tional isomerization (Sect. 1.5). Cyclic voltammograms of 1-BF, as well as 2-BF, in
0.1 M BuyNBF,-CH,Cl, show irreversible oxidation waves at approximately 0.7 V
versus Ag'/Ag (1.0 V vs. DMFc*/DMFc, DMFc = decamethylferrocene)
(Fig. 3.14a). This irreversibility seems to be caused by an instability of the oxidized
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Fig. 3.11 Experimental
(dots) and simulated (orange
line) 630 nm emission decay
of 1-BF, in acetone at 293 K
(a), 263 K (b), and 233 K
(c) excited at 425 nm
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[Cu(Mepypm)(diphosphine)]*, which can undergo rapid adverse chemical reac-
tions. Redox irreversibility is also observed in some [Cu(diimine)(diphosphine)]*
complexes [10]. The redox potential in a solution comprising of 2-B(C¢Fs),in 0.1 M
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Fig. 3.12 Time-resolved emission spectra of 1-BF, in acetone at several temperatures for the
slower (t = 40 ns) component (a) and the faster (t = 2 ns) component (b)

BuyNB(CgFs5),—CH,Cl, is more positive than that of 2-BF4 in 0.1 M BuyNBF,—
CH,Cl,, and the reversibility of the redox wave in the solution with of B(CgFs)s
(Fig. 3.14b) is better than that with BF,~ (Fig. 3.14a). The stabilization of oxidized
form by non-coordinative bulky B(C¢F5); could attribute to these results. The
electrolyte effects of B(CgFs); on reversibility of some simple redox-active mole-
cules have been reported in literature [11].

The environment-sensitive molar ratio of rotational isomers can cause negligible
change in absorption in solution. The UV-vis absorption spectrum of 2-BF, in
acetone displayed a CT absorption band characteristic of [Cu(diimine)(diphos-
phine)]* complexes (Fig. 3.15). The maximum wavelength (1.,) and the molar
extinction coefficient (&) at A, of the CT absorption were 401 nm and 2.4 x 10°
M~ em ™, respectively. The red-shift of the absorption maximum of 2-BF, com-
pared with 1-BF, (Amax = 378 nm) is caused by previously reported diphosphine
effects [12, 13]. Absorption maximum wavelengths of 2-BF, and 2-B(CgFs)4 in
acetone were identical. Since the effects of methyl substitution on the absorption
maxima of copper(I) diimine complexes are known to be within a few nanometers
[14—16], the difference in absorption between i-Cu' and o-Cu' is also expected to be
small. The small difference in color is consistent with previous findings pertaining to
the methylpyrimidine-based rotational isomers [17].

The luminescence of 2-BF, and 2-B(C¢Fs), in acetone at room temperature,
which is the same experimental condition as described for the luminescence of 1*
(Sects. 3.3-3.7), was not detected; luminescence quantum yields of 1-BF, and 2-BF,
were 0.02 % and less than 0.002 %, respectively. The negligible luminescence of 2*
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Fig. 3.13 Jablonski diagram showing difference in luminescence properties between i-Cu' and o-
Cu!, based on well-established relationship between coordination structure and luminescence in
copper(l) diimine complexes. GC: ground state. FC: Franck—Condon state. Physical parameters,
ki, kn, and kg indicate radiative (orange line), nonradiative (gray dotted line), and solvent
quenching (green line) rate constants, respectively

Fig. 3.14 Cyclic (a)
voltammogram of a 2-BF,

(0.4 mM) and b 2-B(C4Fs),

(0.4 mM) in 0.1 M {5,

BuyN-BF,;-CH,Cl, at room
(b) ; )

temperature
r T 1

0.0 0.5 1.0
Potential / V vs. Ag*/Ag

compared with 17 is attributed to the different steric demands of the two diphos-
phines; DPEphos offers an enhanced protection towards structural deformations both
in the ground and the excited state and additionally blue-shifts the absorption
through electronic effects leading to a better emission performance for 1*.> The
values of luminescence quantum yields are consistent with well-established
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Fig. 3.15 Absorption 3 -
spectrum of 2-BF, in acetone
at room temperature
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Fig. 3.16 Fluorescence
microscope images of solids
of 2-BF, (a, ¢) and
2-B(CFs)4 (b, d) in bright
field (a, ¢) and under blue
light excitation (b, d) at room
temperature

' (b)

photophysics of a family of [Cu(diimine)(diphosphine)] because of the large
structural rearrangement that occurs in the photoexcited state of complexes con-
taining less bulky Mepypm ligands compared with bulky diimines such as 2,9-
dimethyl-1,10-phenanthlorine, and the high possibility of solvent coordination
quenching due to the presence of the less bulky Mepypm [4, 5].

Solids of 2-BF, and 2-B(C¢Fs)4 were yellow on appearance (Fig. 3.16a, c), and
exhibited orange luminescence under UV and blue light excitation (Fig. 3.16b, d).
The emission spectra of 2-BF, and 2-B(C¢Fs)4 solids displayed CT luminescence
characteristic of [Cu(diimine)(diphosphine)]” systems (Fig. 3.17) [6]. The maxi-
mum emission wavelength of 2-BF, (4.« = 597 nm) was blue-shifted compared
with that of 2-B(CgFs)4 (Amax = 620 nm) (Fig. 3.17). An enhancement in the
solid-state luminescence over the solution luminescence, which is typical for
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Fig. 3.17 Emission spectra
of 2-BF, (blue) and
2-B(C¢Fs)4 (red, dotted line)
at room temperature
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emissive copper(l) diimine complexes, was observed. The enhancement is
attributed to inhibited structural relaxation in the solid state and/or additional
solvent coordination to photoexcited species that occur in solution [6, 18-20]. The
packing effects could outweigh the methyl group direction effects on emission.
With a simple consideration of direction of pyrimidine in crystal structure
(0-2-BF4 and i-2-B(C¢Fs),), the emission of 2-B(Cg¢Fs), in the solid state is
expected to be blueshifted than that of 2-BF,, because the methyl group near the
copper center can prevent structural rearrangement in the photo-excited states and
thus loss of energy according to well-established relationship between coordina-
tion structure and photophysics [6, 18-20]; we confirmed that both compounds
appear to have similar dihedral angles in the ground state (Chap. 2). Since this
simple discussion could not explain the blue-shift of 2-BF, relative to 2-B(C¢Fs),4
(Fig. 3.17), there are possibilities that contribution of packing effects on emission
wavelength could be larger than that of orientation of pyrimidine ring [21, 22]. The
contribution of small structural difference caused by the packing effect to emission
has been reported in some of Cu(I) complexes [21, 22].

3.9 Conclusion

I investigated photophysics of 1-BF, in acetone (i-Cu':0-Cu' = 30:70) by time-
resolved emission spectra. The rate of rotational interconversion between i-Cu' and
o-Cu' is sufficiently slow, suggesting that it may be possible to control the ring
rotational motions. I conclude that the photoprocesses of the two isomers, i-Cu' and
0-Cu', are different in the identity of the excited state. Emission lifetime of i-Cu"
(tr = 40 ns) is much longer than that of 0-Cu' (1 = 2 ns) because of inhibition of
both steric rearrangement and solvent-coordination quenching in the photo-
excited state. Emission wavelength of i-Cu' is blue-shifted from that of o-Cu'.
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Heat-sensitivity of emission of i-Cu' is larger than that of o-Cu' due to difference in
photoprocesses between isomers. Both i-Cu' and 0-Cu' coexist in the solution, and
emit around room temperature.

Dual phosphorescence using metal complexes often requires the presence of
two independent excited states. Our methods, selectively preparing one of the two
states, provide dual emission caused by ring rotational isomerization, which can be
a powerful way to handle promising photophysics and photoelectron devices based
on metal complexes bearing m-conjugated chelating ligands.
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Chapter 4

Repeatable Copper(II)/(I) Redox Potential
Switching Driven Visible Light-Induced
Coordinated Ring Rotation

Abstract Repeatable PET-driven rotational isomerization is described. I dem-
onstrated the conversion of light stimuli into electrochemical potential via
reversibly working artificial molecular rotation, using two strategies, DMFc*
system and partial oxidation system. In both systems, photoinduced electron
transfer from copper complex to electron acceptor plays a key role for the photo-
and heat-driven rotation.

Keywords Redox - Photochromism - Copper complex - Molecular switch -
Photodriven rotation

4.1 Introduction
4.1.1 The Aim of this Study

As I described in Chap. 1, the aim is to harness the functions of molecules that can
convert the energy of external stimuli into useful responses based on the capacities
of molecular motion. Our group has developed an electrochemical potential
response from an artificial molecular rotor, pyrimidine ring rotation in copper
complexes, with a stimulus-convertible function, based on adding chemical
reagents (Sect. 1.4). The major problem to be solved in this system is how best to
drive the pyrimidine rotational isomerization in the energetically uphill direction
to extract a responsive electric signal repeatedly. The aim of this study is to drive
this system with light stimuli. I succeeded in driving this rotational isomeric
system using visible light illumination through a PET process (Fig. 4.1).
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Ring Rotation in Copper Complexes, Springer Theses,
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Fig. 4.1 Conceptual diagram Light-Induced Coordinating Ring Rotation via PET
showing the photo- and

. L . No Color Change
heat-driven pyrimidine ring 2
rotational isomerization of
3-BF, Potential Shift

AE*"'=-0.14V
-C:ui o-Cuf
E* for i-Cu"/i-Cu' = 0,62 V E* for 0-Cuo-Cu' = 0.48 ¥ Meg = ;:

4.1.2 Molecular Design

It should be noted that both 1-BF, and 2-BF,, described in Chaps. 2, and 3 did not
exhibit reversible redox activities; therefore, electronic signals cannot be extracted
from rotation in these complexes.

I employed a 4-methyl-2-(6'-methyl-2'-pyridyl)pyrimidine (MepmMepy)
ligand, which is similar to our previously described ligand, Mepypm, but includes
an additional methyl group at the 6-position of the pyridyl moiety. The additional
methyl group is expected to extend the MLCT excited state lifetime (Sect. 1.2) [1].
2, 9-Dimesityl-1,10-phenanthroline (Lys.s) Was used as an auxiliary ligand because
the bulky mesityl group yielded a similar MLCT lifetime extension; Ly also
helps to prevent undesirable formation of a homoleptic complex [2-5]. I employed
a novel copper(I) complex bearing two bidentate diimines, 3-BF,
(3* = [Cu(MepmMepy)(Lyes)]™) (Fig. 4.1).

4.1.3 Contents of this Chapter

I here describe the molecular system in which electrochemical signals can be
repeatedly extracted by converting bistable states related to an intramolecular
ligand rotational motion, which is driven by visible light illumination, using newly
synthesized 3-BF,. The molecular structure for relating a redox reaction and a
motion consists of a copper center and a coordinated unsymmetrically substituted
pyrimidine derivative, whose rotational isomerization causes a redox potential
shift. The thermodynamic and kinetic parameters of rotational and redox reactions
were analyzed by electrochemical measurements at several temperatures, by con-
sidering four isomers related to copper(I)/(I) states and rotational isomeric states.
The important feature of this system is that the pyrimidine ring rotation is frozen in
the copper(I) state (rate constant for the rotation, ky;_,, = 10~* s7") but is active in
the copper(Il) state (kyj;—, = 107" s at 203 K. The compound makes a bypass
route to the isomeric metastable copper(I) state, via a tentative copper(Il) state
formed by photoelectron transfer (PET) in the presence of a redox mediator,
decamethylferrocenium ion (DMFc™), or upon a partial oxidation of the complex.
Photodriven and heatdriven rotation in the copper(I) state with a repeatable
potential shift (AE® = 0.14 V) was monitored by cyclic voltammograms in the


http://dx.doi.org/10.1007/978-4-431-54625-2_2 
http://dx.doi.org/10.1007/978-4-431-54625-2_2 
http://dx.doi.org/ 10.1007/978-4-431-54625-2_3
http://dx.doi.org/10.1007/978-4-431-54625-2_1
http://dx.doi.org/10.1007/978-4-431-54625-2_1

4.1 Introduction 81

electrolyte organic solution of the complex. Considering both absorption spectra
changes upon chemical oxidation and literatures, a color change caused by rota-
tional isomerization is negligible in this new type of photoswitchable system, unlike
well-known photoresponsivity using photochromic molecules. A significant redox
potential shift associated with the copper(Il)/(I) transition accompanied the rota-
tion, thereby providing a new type of molecular signaling system.

4.2 Experimental Section

Materials. 6-Methyl-2-pyridinecarboximidamide monohydrochloride [6, 7], tet-
rakis(acetonitrile)copper(I) tetrafluoroborate [8], 2,9-dimesityl-1,10-phenanthro-
line (Lpes) [2, 3], and decamethylferrocenium tetrafluoroborate [9] were also
prepared according to methods described in the literature. Other chemicals were
used as purchased.

Synthesis of 4-Methyl-2-(6'-methyl-2'-pyridyl)pyrimidine (MepmMepy)
(Scheme 4.1). MepmMepy was newly synthesized by Nomoto et al., who are co-
author of a report related to this chapter, according to modified method described
in literature [10]. I contribute to characterization of this compound. Under a
nitrogen atmosphere, 6-methyl-2-pyridinecarboximidamide (1.0 g, 5.8 mmol) was
dissolved in an ethanol solution of sodium ethoxide (prepared from 175 mg of
sodium and 60 mL of ethanol) at room temperature. Acetylacetoaldehyde
dimethylacetal (1 mL, 8 mmol) was added to the mixture. The reaction mixture
was refluxed for 3 days. The reaction mixture was cooled to room temperature and
acidified with acetic acid. The solvent was evaporated and the residue dissolved in
water and extracted with CH,Cl,. The organic layer was dried over sodium sulfate,
filtered, and evaporated. The residue was chromatographed on an alumina gel
column eluted with ethyl acetate-hexane (1:1 v/v). The solvent was evaporated to
obtain a colorless powder: yield, 0.285 g (1.54 mmol, 27 %). '"H NMR (500 MHz,
CDCly): 68.76 (d, J = 5.1 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 7.74 (t,J = 7.7 Hz,
1H), 7.26 (d, 1H), 7.16 (d, J = 5.1 Hz, 1H), 2.72 (s, 3H), 2.65 (s, 3H). '*C NMR
(100 MHz, CDCl5): 6 24.7, 25.1, 119.9, 121.0, 124.7, 137.2, 154.7, 157.5, 159.1,
163.8, 168.0. Elemental analysis. Calculated for C;;H;;N3: C 71.33, H 5.99, N
22.69. Found C 71.53, H 6.19, N 22.40.

Synthesis of [Cu(MepmMepy)(Lyies)IBF4 (3:-BF4) (Scheme 4.2). Under a
nitrogen atmosphere, [Cu(MeCN)4]BF, (28.3 mg, 0.0900 mmol) was added to
Lves (37.1 mg, 0.0891 mmol) in 5 mL CH,Cl,. To the resultant orange solution,
MepmMepy (15.7 mg, 0.0848 mmol) was added, and the color of the solution
changed immediately to dark red. The reaction mixture was stirred for 30 min. The
solution was filtered, and diethyl ether (15 mL) was added to the solution to pre-
cipitate the product, a deep red solid of 3-BF,: yield, 42 mg (0.055 mmol, 65 %).
"H NMR (500 MHz, CD,Cl, 273 K): 6 8.71—8.66 (m, i-3H + 0-2H), 8.30 (d,
J =17.7 Hz, i-1H), 8.24 (d, J = 7.7 Hz, o-1H), 8.20 (s, i-2H), 8.19 (s, 0-2H), 8.14
(d, J =54 Hz, o-1H), 7.87—7.80 (m, i-3H + 0-3H), 7.30 (d, J/ = 4.1 Hz, i-1H),
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Scheme 4.2 Synthesis of 3-BF,

7.29 (d,J = 7.7 Hz, 0-1H), 7.25 (d, J = 5.6 Hz, 0-1H), 7.22 (d, J = 4.8 Hz, i-1H),
6.39 (s, i-2H), 6.33 (s, i-2H), 6.32 (s, 0-2H), 6.28 (s, 0-2H), 2.64 (s, 0-3H), 2.05 (s, i-
3H), 1.97 (s, 0-3H), 1.95 (s, 0-6H), 1.93 (s, i-6H), 1.90 (s, i-3H), 1.77 (s, 0-6H), 1.69
(s, i-6H), 1.68 (s, 0-6H), 1.61 (s, i-6H). Elemental analysis. Calculated for
C41H39N5CUBF4'CO.1H0.2C10'2: C 6490, H 519, N 9.21. Found C 6471, H 533,
N 8.92.

X-ray Structural Analysis. A red single crystal of 3-BF4-CH,Cl,-0.5hexane
was obtained by diffusing hexane into a dichloromethane solution of 3-BF,. Dif-
fraction data were collected with an AFC10 diffractometer coupled with a Rigaku
Saturn charge-coupled device (CCD) system equipped with a rotating-anode X-ray
generator producing graphite-monochromated MoKu radiation (1 = 0.7107 A).
Lorentz polarization and numerical absorption corrections were performed with
the program Crystal Clear 1.3.6. The structure was solved by the direct method
using SIR 92 software [11] and refined against F? using SHELXL-97 [12]. WinGX
software was used to prepare the material for publication [13]. The crystallo-
graphic data are listed in Table 4.1. The isomeric structures were almost identical,
except for the position of the methyl group. Occupancy refinement of the cyrs-
tallographic disorder gave a i-:0- = 3:7 isomer ratio, as analyzed by the PART
option of the SHELX-97 program. The disorders of the BF,~ molecules in the
crystals were analyzed by the PART, ISOR, DELU, and SIMU options of the
SHELX-97 program.

Instrumentation. Nuclear magnetic resonance (NMR) spectra at several tem-
peratures in the dark were recorded using a Bruker DRX 500 spectrometer, using a
ca. 20 min data-recording interval. The '>*C NMR spectrum of MepmMepy was
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Tl 1, oo
Hexane Molecular formula 2(C41H35CuN5s), CgHy4, 2(BFy),
2(CH,Cl,)
Mw/g mol ™" 1758.27
Crystal system Triclinic
Space group P-1
T/IK 113
alA 14.4589(16)
blA 14.9720(18)
clA 21.711(3)
of° 87.903(5)
pre 76.771(4)
y/° 70.003(4)
VIA? 4294.9(9)
Z 2
Reflections collected 34,468
Independent reflections 18,855
Rint 0.0293
Pealed! cm™? 1.426
MA 0.7107
wem™! 0.812
R} 0.0805
wRS 0.2408
GOF° 1.055

AR, = ZIF°I=IFCWZIF°l (I > 20(]))
"WRy = [EW(F2=F2 ) /Sw(FO*)* 1Y% (I > 20(1))
°GOF = [S(W(F2—F°2)?/Z(N* —NP)?]

recorded using a JEOL ECX 400 spectrometer. The reported chemical shifts of the
solvent residual peaks were used for calibration of the NMR spectra in chloroform-
d, (CDCls, 6 = 7.26 ppm for 'H, & = 77.16 ppm for '*C) and dichloromethane-d,
(CD,Cl,, § = 5.32 ppm for 'H) [14]. UV-vis absorption spectra in the dark were
recorded with a JASCO V-570 spectrometer and a Hewlett-Packard 8453 spec-
trometer equipped with a USP-203-A UNISOKU cryostat, using a quartz cell with
a 1 cm optical path length. Steady-state corrected emission spectra were recorded
with a HITACHI F-4500 spectrometer. Electrochemical measurements were
recorded with an ALS 750A electrochemical analyzer (BAS. Co., Ltd.) and a HZ-
3000 electrochemical analyzer (Hokuto Denko Co. Ltd.), each equipped with a
UNISOKU cryostat. The working electrode was a 0.3 mm o.d. glassy carbon
electrode; a platinum wire served as the auxiliary electrode, and the reference
electrode was an Ag*/Ag electrode (a silver wire immersed in 0.1 M Buy,NCIO,/
0.01 M AgClO4/CH3CN). The solutions were deoxygenated with pure argon prior
to the electrochemical measurements. Light irradiation was performed using a
MAX-302 xenon lamp (ASAHI SPECTRA) equipped with an optical fiber with a
long-pass filter (cut-on 400 nm) or a bandpass filter (central wavelength 450 nm,
full width at half-maximum 80 nm).
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Thermodynamic and Kinetic Analysis. The molar ratios of isomers of 3-BF,
in solution at several temperatures were determined from the "H NMR signal
integration in the methyl group on the basis of pyrimidine moieties. The broad
spectra at around room temperature were excluded from the thermodynamic
analysis. The experimental cyclic voltammograms were simulated using BASi
Digisim 3.03a software, based on two independent double-step electron transfer
systems. The isomer equilibrium constants in the copper(Il) state were derived
from the experimentally obtained equilibrium constants of isomers in the copper(I)
state and the two redox potentials of i- and o-isomers. The van’t Hoff plots were
based on an equilibrium constant of [o-isomer]/[i-isomer]. The molar ratios of
isomers at variable temperatures were calculated from extrapolations of the van’t
Hoff plots. The rate constants for rotational processes from the i- to o-isomer were
determined from the simulation analysis of the cyclic voltammograms. The rates
of the rotations at various temperatures were calculated from the slopes and
intercepts of the Arrhenius plots. The good fit of simulated curves with the
experimental voltammograms confirmed the validity of the analyses.

Monitoring of Photorotation from i-Cu' to o-Cu' in the Redox Mediator
System. The electrochemical cell, shielded from room light by covering with
aluminum foil, was equipped with electrodes, a cryostat, and the optical fiber
connected to the xenon lamp. The electrochemical cells were interfaced with a
cryostat container, whose size and shape fitted the cells. The opening between the
cell and the container is filled with methanol. The electrochemical measurements
were performed in the static solution at 203 K in the dark after vigorous stirring.
Under an argon atmosphere, a 2 mL 0.1 M BuyNBF,—~CH,Cl, solution of 3-BF,
(0.45 mM) was cooled at 203 K in the dark, followed by electrochemical mea-
surements. Then, the solution was stirred and photoirradiated with visible light
(4 > 400 nm) at 203 K for 60 min, followed by further measurements, which
showed a negligible change in the voltammograms. Then, a 100 pL. deoxygenated
CH,Cl, solution of DMFc-BF, (1.8 mM, 4 equiv to 3-BF,) was added to the
solution at room temperature. The solution was cooled at 203 K in the dark,
followed by measurements in the initial state. Then, the solution was stirred at
203 K in the dark for several minutes, followed by measurements to check that no
changes were detected in the voltammogram with time. Then, the solution was
stirred and photoirradiated with visible light (4 > 400 nm) at 203 K for 60 min,
followed by measurements which showed considerable voltammogram changes.
The solution was stirred at 203 K in the dark for several minutes, followed by
measurements for the persistence of the irradiated state. After a 2 min heating of
the solution to 250 K in the dark with stirring, the solution was cooled to 203 K in
the dark, followed by measurements in the warmed state. The operations were
repeated three times, with a 60 min photoirradiation at 203 K and a 2 min heating
in the dark at 250 K, to achieve repeatable voltammogram changes. Then, the
operations were performed using blue light (1 = 450 £ 40 nm) instead of visible
light. The solution was heated to 225 K in the dark, followed by measurements
performed at 225 K instead of at 203 K. The solution was stirred and
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photoirradiated with 20 min of visible light (4 > 400 nm) at 225 K, followed by
measurement at 225 K, which showed a negligible change.

Monitoring of Photorotation from i-Cu' to 0-Cu' in the Partially Oxidized
System. The measurements were performed using the same electrochemical cell
mentioned above. Electrochemical measurements were performed for the static
solution at 225 K in the dark after vigorous stirring. Under an argon atmosphere, a
100 uL of a deoxygenated acetone solution of ammonium hexanitratocerate (IV)
(0.3 mM, 0.4 equiv to 3-BF,) was added to 2 mL of 0.1 M BuyN-BF,~CH,Cl,
solution of 1-BF, (0.75 mM) at room temperature. Then, the solution was cooled
to 225 K in the dark, followed by measurements in the initial state. The solution
was stirred and photoirradiated with visible light (4 > 400 nm) at 225 K for
3 min, followed by measurements in the irradiated state, which gave a consider-
able voltammogram change. The solution was stirred for 20 min at 225 K in the
dark, followed by the measurements. The operation was repeated 10 times, with
3 min of visible light (4 > 400 nm) irradiation at 225 K followed by a 20 min
interval at 225 K in the dark, to achieve a repeatable voltammogram change.

4.3 Synthesis and Characterization

MepmMepy was newly synthesized by a condensation of a reported amidine [8, 9]
with acetylacetoaldehyde dimethylacetal, according to the modified procedure
described in the literature [10]. A new compound, [Cu(MepmMepy)(Lyes)|BF4
(3-BF,), was synthesized by a reaction of tetrakis(acetonitrile)copper(l) tetra-
fluoroborate ([Cu(MeCN),]BF,) with MepmMepy and Ly [2, 3] in dichloro-
methane at room temperature, according to the slightly modified procedures
described in our previous literature (see Sect. 4.2) [15]. The sample of 3-BF,,
which contained a slight amount of CH,Cl,, was employed for the experiments in
the manuscript, considering the elemental analysis results; the weight ratio of
CH,Cl, to 3-BF, is 1 %. '"H NMR measurement in CD,Cl, revealed a presence of
the residual dichloromethane, considering the reported values [14]. For clarity, 1
omitted the remained solvent.

X-ray structural analysis of 3-BF4-CH,Cl,-0.5hexane reveals that both i- and
o-coordination forms were present in the same crystal (Fig. 4.2 and Table 4.1).
The crystal structure was treated as a disorder between the i- and o-forms, con-
sidering that the isomeric structures are almost identical, except for the position of
the methyl group. Occupancy refinement of the disorder gave a i-Cu':0-Cu' isomer
ratio = 30:70.

The rotational behavior of 3-BF, in a solution state was investigated by nuclear
magnetic resonance (NMR) spectroscopy. The '"H NMR spectrum in dichloro-
methane-d, at 273 K shows two sets of signals, which were assigned to i-Cu' and
o0-Cu' according to their chemical shifts, after consideration of the shielding effects
of the copper and Ly moieties (Figs. 4.3 and 4.4). Chemical shift of two methyl
groups of MepmMepy is found at § = 2.73 and 2.66 ppm. I assigned the signals in
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Fig. 4.2 ORTEP view of 3-BF,-CH,Cl,-0.5hexane. The displacement ellipsoids are drawn at a
50 % probability level. Hydrogen atoms are omitted for clarity
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Fig. 4.3 Temperature dependence of the methyl signal on the pyrimidine moiety in the "H NMR
spectrum of 3-BF, in CD,Cl, in the dark



4.3 Synthesis and Characterization 87

-G

co-Cu'

8.0 B85 8.0 7.5 T0 6.5 60 30 25 20 15
&1 ppm &1 ppm

Fig. 4.4 '"H NMR spectrum of 3-BF4 in CD,Cl, in the dark at 273 K
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Fig. 4.5 The ratios of 0-Cu' at variable temperatures, estimated from the signal integration of 'H
NMR spectra in CD,Cl,. The experimental values are shown as the dots, and the regression curve
of van’t Hoff plot is drawn in line

3-BF4 at 6 = 2.66 and 1.99 ppm as o-Cu' and 6 = 2.07 and 1.93 ppm as i-Cu',
respectively, because the shielding effects on signal of methyl group on pyrimidine
in o-Cu' are expected to be small. Broadening of the peaks upon heating indicates
that the two isomers coexisted and interconverted via rotational motions (Fig. 4.3).
The molar ratio of i-Cu' and o-Cu', estimated from signal integration, remained
fixed at 30:70 over the range 200-300 K (Fig. 4.5).
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Fig. 4.6 a Cyclic voltammograms of 3-BF, (0.45 mM) in 0.1 M BuyNBF,-CH,Cl, at a scan rate
of 250 (purple line) and 50 mV s~' (black line) at 203 K. b Differential pulse voltammogram
under the same condition as (a)

4.4 Electrochemistry

Two points are required to manipulate an electron transfer via rotation processes:
(i) the copper(I/I) redox potential between i- and o- isomers is different, and
(i1) the rotational interconversion can be frozen and activated at an accessible
temperature range [15-18]. I conducted cyclic voltammetry, as it provides infor-
mation on both redox properties and rotational behaviors.

A voltammogram at low temperature (203 K) in BuyNBF,~CH,Cl, at a scan
rate of both 250 and 50 mV s~ ' showed two reversible waves derived from the
0-Cu™" and i-Cu™" redox reactions at E” = 0.48 and 0.62 V versus Ag*/Ag,
respectively (Fig. 4.6a) (E°° = 0.89 and 1.03 V vs. DMFc*"°). The value of E® for
i-Cu™" is more positive than that of o-Cu"™", because a bulky substituent around the
copper center shifted the potential toward positive values by preventing the square
planar geometry favored in the copper(Il) state (Sect. 1.2) [19, 20]. The promi-
nence of the wave at E° = 0.48 V compared with that at E® = 0.62 V was
consistent with the molar ratios (i-CuI:O—CuI = 30:70) estimated from '"H NMR
measurements. A differential pulse voltammogram showed both o-Cu™ and i-Cu"
" waves, where the peak currents reflect i-Cu':0-Cu' (Fig. 4.6b). Repeated potential
sweeps in cyclic voltammetry gave identical current ratios of the isomers. The nice
reversibility of these two waves suggests that four states, i—CuI, o-CuI, i—CuH, and
o0-Cu", are sufficiently stable without subsequent chemical degradation. A reduc-
tion wave of 3-BF, was not observed with potential sweeps down to —1.8 V versus
Ag*/Ag (Fig. 4.7).

As the temperature was increased to 225 K at a scan rate of 250 mV s~
(Fig. 4.8a, purple line), the cathodic wave (i-Cu™ + e~ — i-Cu') slightly decreased;
the decrease was more apparent at a scan rate of 50 mV s~ (Fig. 4.8a, black line).
Further warming to 275 K caused a transformation of the entire voltammogram, as if
there was one cathodic wave (o-Cu"l + e~ — 0-Cu) (Fig. 4.8b, purple line).

1
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Fig. 4.7 Cyclic voltammograms of 3-BF, (0.45 mM) in 0.1 M BuyNBF,~CH,Cl, at a scan rate
of 50 mV s~! at 203 K
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Fig. 4.8 Cyclic voltammograms of 3-BF, (0.45 mM) in 0.1 M BuyNBF,~CH,Cl, at a scan rate
of 250 (purple line) and 50 mV s~ (black line) at 225 K a and 275 K b in the dark

The convergence into a single wave suggests that oxidation promotes a rotation
from i-Cu"" to o-Cu'" on the time scale of the potential sweep (i-Cu'-e”™ — i-
Cu" — 0-Cu™) [21-25]. The preference of the square planar geometry in the cop-
per(Il) state converted i-Cu'" into 0-Cu" because of steric repulsion of the methyl
group via a thermally activated process. From the voltammograms at a scan rate of
50 mV s™', it appears as if there is a single reversible redox process when both
interconversions in copper(Il) and copper(]) states are sufficiently rapid (Fig. 4.8b).
This trend was continuously observed in voltammograms at 203, 215, 225, 235, 245,
255, 265, 275, and 285 K at a scan rate of 25, 50, 100, 250 mV s7! (Fig. 4.9).

As described above, I deduced that the shape of the voltammogram is mostly
determined by the competence of the potential sweep and the nature of the rota-
tional dynamics. A quantitative simulation analysis using cyclic voltammograms
(Fig. 4.9 and Table 4.2) provides further constraints on the experimental condi-
tions at which photodriven i-Cu' > 0-Cu! rotation can be achieved [21-25].
I assumed a square scheme between four stable isomers, i-Cu', 0-Cu', i-Cu", and
o-Cu", and reproduced the experimental voltammograms at several temperatures.
These simulations provide thermodynamic and kinetic parameters for the redox
potentials and rotations in both copper(I) and copper(Il) states, as described in
Fig. 4.9 and Table 4.2 [21-25].
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Fig. 4.9 Experimental and simulated cyclic voltammograms of 3-BF, (0.45 mM) at several
temperatures in 0.1 M BuyNBF,~CH,Cl, in the dark at the scan rate of 250, 100, 50, and

25mV s~!
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Fig. 410 The thermodynamics and kinetics for rotational equilibrium in 0.1 M BusNBF,—
CH,Cl, in the dark. a Illustration for an aim of the simulation analysis based on the square
scheme comprising the redox reaction (vertical) and the pyrimidine ring rotation (horizontal).
b The van’t Hoff plots for K; = [o-Cu")/[i-Cu"] (green dots) and Ky = [0-Cu™)/[i-Cu™] (purple
dots). ¢ The Arrhenius plots for the &y, (i-Cu' > o-Cul, green dots) and ky;_o
(i—CuII - o-Cu", purple dots). d The logarithm of ky;_,, (green dots) and kyy;_,, (purple dots)
as a function of temperature, estimated from the Arrhenius plots. Values determined from a
simulated fit to the experimental cyclic voltammograms are shown as dots. Regression curves of
the Arrhenius plots are indicated by lines

4.5 Thermodynamics and Kinetics for the Rotation

Since the strategy for PET-driven rotation is based on the light-induced switching
between equilibrium and metastable states, detail analysis of thermodynamic and
kinetic analysis using square scheme is important (Fig. 4.10a).

The equilibrium constant for the rotation in the copper(I) state (K; = [o-Cul)/
[i—CuI]) remained 2.3 (same as i-Cu/o-Cu' = 30:70) over the temperature range
200-300 K (Fig. 4.10b). This result indicates that the two isomers were compa-
rably stable. In contrast, a much larger equilibrium constant in the oxidized
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Fig. 4.11 Conceptual diagram showing summary for thermodynamics and kinetics for the
rotation in 0.1 M BuyNBF,—CH,Cl,, described in this chapter

(copper(Il)) state (Ky = [o-CuH]/ [i—CuH]), obtained from the electrochemical
analysis, indicates that nearly all molecules were present as the o-isomer under
equilibrium, when the system is oxidized from initial copper(I) state (Fig. 4.10b).

The rate constant for the i-Cu' — o-Cu' rotation estimated from the Arrhenius
plots (ki;_,), was less than 10~* s~! at 203 K, which indicates that the rotational
motion was substantially frozen, which I call the “OFF state” (Fig. 4.10c, d).
When the temperature was raised to 250 K, ky;_,, increased to 107 7, indicating
that the rotation was sufficiently activated from OFF to ON in the copper(l) state.
At the intermediate temperature of 225 K, ky;_,, was 10~ s, implying that the
rotation proceeded slowly over a period of several minutes, which enabled me to
trace the time progression of the rotational conversion. In contrast, the rate con-
stant for the i-Cul > 0-Cu" rotation (kmi-,) Was 107! s7!, even at 203 K, indi-
cating that the rotation was active on the time scale of 1 min (ON state)
(Fig. 4.10c, d). The activation energies, E,, for i-Cu' > 0-Cu' and i-Cu! > o-
Cu", estimated from the slope of the Arrhenius plots, are 67 and 35 kJ mol ™!,
respectively.

These results suggest that I can thermally capture a metastable copper(I) state
out of the i-/o- equilibrium at 203 K, if light converts a coordination isomer into
another form (Fig. 4.11). The value of inverse of ky;_,,, (kL) reflects the time for
trapping this metastable state. For example, at 203 K, it takes ca. 2 h (10* s), and
the heat-driven rotation is frozen. At 250 K, it takes only 10 s and the rotation is
active. Also, the metastable state can be reset to its initial state by heating to
250 K, at which thermal rotation proceeds to the equilibrium state within several
seconds. The unique heat-induced ON-OFF switching of the rotation process in
the copper(I) state is a key phenomenon for photoinduction of our rotational
system.

As described above, the rate constant from i-Cu' to o-Cu' qualitatively reflects
the restoring time from light-induced metastable state into initial state. Next, I
describe the quantitative explanation of the heat-driven rotation.
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The isomer ratio of 0-Cu' and i-Cu' is denoted as follows.
[o-Cu'] = x (4.1)
[i-Cu'l =1—x (4.2)

The light and heat stimuli induce the isomer ratio change as follows: (i)
x = 0.70 (initial isomer ratio of o-Cu"), (ii) x = 0.88 (metastable state after light
irradiation). The chemical equilibrium between o-Cu' and i-Cu' can be represented
as following equations.

o-Cu' — i-Cu' (ky, ;) (4.3)
i-Cu' — o-Cu' (ky;,) (4.4)

Therefore, the reaction rate can be estimated from rate constants.

d[o-Cu'] /dt = —ki,—i[0-Cu'] + ki, [i-Cu'] (4.5)
d[i-Cu'] /dt = kio—i[0-Cu'] — ki, [i-Cu'] (4.6)

Therefore,
dx/dt = —(Kiio + kio—i )X + Kiiso (4.7)

The differential equation can be solved.

kii—o

kii—o n
kiio + kio—i

— 4.8
kiio + kio—i (4.8)

x = (xz_o + ) exp(—(kii—o + kip—i)t)

The values of ky ,_,; and ki ;_,,, at valuable temperature can be determined from
Arrhenius plots, shown in Sect. 4.5. The isomer ratio changes from light-induced
metastable state into the initial state, which are caused by heat-driven rotation
from o-Cu' to i-Cu' during several minutes, are negligible at 200 K (Fig. 4.12a),
gradual at 225 K (Fig. 4.12b), and immediately at 250 K (Fig. 4.12c¢).

The rotational behavior in acetone was also very similar to that in dichloro-
methane (Figs. 4.13 and 4.14, and Table 4.3).

4.6 Photophysical Properties

To fuel the rotational isomerization of 3-BF, by light illumination, I examined the
absorption and luminescence spectra of 3-BF,. The absorption spectrum of 3-BF,
in CH,Cl, at room temperature is shown in Fig. 4.15a. Absorption bands in the
UV (Jmax = 276 nm) and the visible region (Amax = 456 nm, ¢ = 4.8 x 10> M~
cm™ ') were attributed to transitions from the ground state to the 7-7* and to the
singlet MLCT excited state, respectively, which appear generally in the
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Fig. 4.12 The time profile of the amount of each species after light irradiation at 203 K (a),

225 K (b), and 250 K (¢) in 0.1 M BuyNBF,~CH,Cl, in the dark. Parameters for rotational
equilibrium in Table 4.2 were used
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Fig. 4.13 Experimental and simulated cyclic voltammograms of 3-BF, (0.45 mM) at several
temperatures in 0.1 M BuyNBF,-acetone in the dark at the scan rate of 250, 100, 50, and
25 mV s™!
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Fig. 4.14 The thermodynamics and kinetics for rotational equilibrium in 0.1 M BuyNBF,-
acetone in the dark. a The van’t Hoff plots for K; = [o-Cu")/[i-Cu] (green dots) and
Ki = [0-Cu™/[i-Cu™] (purple dots). b The Arrhenius plots for the ky;_,, (i-Cu' — o0-Cu', green
dots) and ky;_, (i-Cum —> o-Cu"l, purple dots). ¢ The logarithm of ky;_,, (green dots) and kyy;_,,
(purple dots) as a function of temperature, estimated from the Arrhenius plots. Values determined
from a simulated fit to the experimental cyclic voltammograms are shown as dots. Regression
curves of the Arrhenius plots are indicated by lines

bis(diimine)copper(I) complex family. The absorption spectra of 3-BF, in acetone
at both 293 K and 193 K were similar to those in dichloromethane.*

The difference between the absorption spectra of 0-Cu' and i-Cu' was exam-
ined, on the basis of spectral changes upon chemical oxidation of 3-BF,, as fol-
lows. The absorption spectral changes of 3-BF, upon addition of 0, 0.14, 0.29,
0.43, 0.57, 0.71, 0.86, and 1.0 equiv (NH4),[Ce(NO3)¢] (ammonium hexanitrato-
cerate (IV)) [26] in acetone at 193 K are shown in Fig. 4.15b. The redox potential
of cerium(IV)/(IlIT) in water is known to be 1.36 V versus DMEc*? in CH,Cl,,
which is enough positive to oxidize the copper(I) complexes [26]. The oxidation
diminished the MLCT absorption band of copper(I) complexes and increased a
weak d—d transition band of copper(Il) complexes [19]. The oxidation reaction of
i-Cu' and o-Cu' (with the ratio, 30:70) proceeded almost independently, because
the rotation was frozen at 193 K. As 0-Cu' is oxidized more easily than i-Cu', the
early (from O to 0.7 equiv) and later (from 0.7 to 1.0 equiv) spectral changes
qualitatively show absorption changes of o-Cu' and i-Cu' upon oxidation,
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Fig. 4.15 a UV-vis spectra of 3-BF, in CH,Cl, at room temperature: absorption spectrum in the
dark (black); absorption spectrum in the dark, x 10 (dashed black); emission spectrum (purple).
b Absorption spectra of 3-BF, in the dark upon addition of 0, 0.14, 0.29, 0.43, 0.57, 0.71, 0.86,
and 1.0 equiv. of (NH4),[Ce(NO;)] in acetone at 193 K. (¢, d) Differences in absorption spectra
of 3-BF, in acetone at 193 K in the dark upon oxidation with (NH,4),[Ce(NO;)s] between 0.14
equiv. and 0.29 equiv. ¢, and between 0.71 equiv. and 0.86 equiv. (d)

respectively. The changes in the region from 400 to 500 nm reflect the absorption
of 0-Cu' and i-CuI, as MLCT absorption is much more intense than that of the
d—d transition of copper(Il) complexes.

Figure 4.15¢c, d display the differences in absorption spectra upon oxidation in
the early (0.14 — 0.29 equiv, where only o-Cu' is oxidized, Ama = 466 nm) and
later (0.71 — 0.86 equiv, where only i-Cu' is oxidized, Amax = 465 nm) spectral
changes, respectively. As the absorption change is constant during the addition of
(NH4),[Ce(NO3)g], the difference in absorption between o-Cu' and i-Cu' would be
very small. The small absorption difference is similar to that in our previous
rotational system, based on [Cu(Mepypm)(L anm)IBF,4 [15]. It should be noted that
introducing methyl substituents into ligands of a bis(diimine)copper(I) family
slightly affects their absorption spectra, within several nanometers of the
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Fig. 4.16 Absorption spectra of 3-BF, in acetone at 193 K in the dark (green line), after adding
1.0 equiv (NHy4),[Ce(NOs)s] into the solution (brown line), and after adding 1.0 equiv DMFc°
into the oxidized solution (black dotted line)

maximum absorption change [27, 28]. The absorption spectra of the solutions were
reversed by chemical reduction using decamethylferrocene (DMFc?), suggesting
that oxidation of 3-BF, proceeds without the subsequent chemical degradation
(Fig. 4.16).

Definition of photochromism is a reversible transformation of a chemical
species induced in one or both directions by absorption of electromagnetic radi-
ation between two forms, A and B, having different absorption spectra [29]. As
described in later sections, i-Cu' and o-Cu' are photo- and heat-switchable.
Therefore, photoresponsivity without significant color change, described in this
chapter, provides a further methodology to construct photodriven materials
(Fig. 4.17).

The redox potential of the excited state of 3-BF,, which is important for con-
structing a strategy for photodriven i-Cu' — o-Cu' rotation, can be estimated using
its luminescence spectra. The redox potential in the excited state was estimated
according to well-established method [30]. A broad emission band from 3-BF, in
CH,Cl, was observed in the red region (4,.x = 750 nm) (Fig. 4.15a). It should be
noted that this emission band may have arisen predominantly from the i-isomer, as
the steric hindrance among substituents around the copper(I) center significantly
increases the emission efficiency [1, 19].
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Fig. 4.17 Conceptual diagram showing photoresponsivility using (a) photochromic molecule
and (b) photo- and heat-driven rotation, described in this chapter
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Fig. 4.18 Energy diagram for estimation of redox potential of photoexcited state of 3-BF,

The energy difference between the ground and excited states was estimated at
ca. 1.6 eV from the maxima of the emission spectra (Fig. 4.18) [30]. The redox
potential of the ground state of i-Cu™" was 0.62 V versus Ag*/Ag at 203 K; thus,
the redox potential of the excited i-Cu' state (i—CuH/i—CuI*) was ca. —1.0 V, suf-
ficient for oxidation by the decamethylferrocenium ion (DMFc*) with a reduction
potential of —0.4 V at 203 K. The transiently formed copper(I) complex would be
expected to return to the copper(I) state by the subsequent back electron transfer
process. The copper(Il)/(I) redox potential values for both the i- and o-isomers
(0.62 V and 0.48 V vs. Ag*/Ag at 203 K) were sufficiently positive to reoxidize
DMFc” (—0.4 V vs. Ag*/Ag at 203 K). This estimation was also supported by the
fact that similar copper(I) complexes bearing diimines undergo PET fairly effi-
ciently,19 and DMFc*™® works as an excellent redox mediator [31].
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4.7 Photodriven and Heat-Driven Rotation with Redox
Mediator

4.7.1 Results

First, I summarize data in BuyNBF,~CH,Cl,, described in Sects. 4.2—4.6. (I) Ratio
in initial state under equilibrium: i-Cu":0-Cu' = 30:70 from 200 to 300 K. (II)
Rate in initial state: rate constant for i-Cu' — o-Cu' is frozen at 203 K
(kii—o = 107* s71) but active at 250 K (k;_,, = 10~ s71). (IIT) Redox potentials:
copper(II/I) redox potentials between two isomers are different (AE” = 0.14 V,
E°for i-Cu™" = 0.62 V, E”for o-Cu™ = 0.48 V versus Ag*/Ag at 203 K). (IV)
The ratio in the oxidized state under equilibrium: 0-Cu" is much more stable than
i-Cu'. (V) Rate in the oxidized state: i-Cu" — o-Cu" is active from 200 to 300 K
(kijmo > 107" 571,

The above results provide a basis for controlling a photoinduced rotation. The
PET process is likely to form a tentative copper(Il) state, which can make a bypass
from i-Cu' to 0-Cu', as the activation energy for rotation in copper(Il) is less than
that in copper(I). In addition, DMFc can be a potential electron acceptor to
complete the PET scheme.

The voltammograms of 3-BF, in BuyNBF,—CH,Cl, at several temperatures in
the dark were not altered by addition of 4 equiv DMFc-BF,, suggesting that
DMFc* does not disturb thermal rotational dynamics (Fig. 4.19). Since DMFc*
does not oxidize 3-BF, considering their redox potentials, the ratio of rotational
isomers, i—CuI:O—CuI:i—CuH:O—CuH, is 30:70:0:0. For clarity, I hereafter describe
only the rotational isomer ratio i-Cu':0-Cu'.

In the presence of 4 equiv of DMFc-BF, (1.8 mM), the cyclic voltammogram of
a solution containing 3-BF, (0.45 mM) was significantly altered upon photoirra-
diation in BuyNBF,—CH,Cl,. The experimental procedures and results of this
DMFc" system are summarized in Fig. 4.20. Prior to photoirradiation (Fig. 4.20a,
purple lines), two redox waves, one each for i-Cu™" and 0-Cu™in a ratio of 30:70,
were observed. The peak currents of the waves reflect the isomer ratio (i-Cu':
0-Cu' = 30:70). The shape of the voltammograms remained constant in the dark,
demonstrating that there were no ongoing processes in the absence of photoirra-
diation (Fig. 4.22a). At 60 min, with photoirradiation with visible light
(4 > 400 nm) at 203 K, the redox waves gradually converged to a wave corre-
sponding to o-Cu™" (Fig. 4.20b). The ratio of i-Cu' to o-Cu" in this metastable state
is i-Cu':0-Cu' = 12:88, estimated from a simulated model fit to the cyclic vol-
tammograms (Fig. 4.21b). The shapes of the voltammograms after photoirradia-
tion did not change with incubation at 203 K in the dark for 10 min, reflecting the
persistence of the irradiated state (Fig. 4.22b). Subsequent heating for 2 min at
250 K in the dark recovered the initial voltammogram (i-Cu":0-Cu' = 30:70),
indicating thermal relaxation of the metastable state (Fig. 4.20c, pink lines).
Changes in the differential pulse voltammograms of the solution during the process
corresponded to the changes in the cyclic voltammograms (Fig. 4.21d, f).
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Fig. 4.19 Experimental and simulated cyclic voltammograms of 3-BF, (0.45 mM) containing
1.8 mM DMFc-BF, at several temperatures in 0.1 M BuyN-BF,—CH,Cl, in the dark at the scan
rate of 250, 100, 50, and 25 mV s~!. Parameters in Table 4.2 were used for simulations

Figure 4.23 displays the changes in the peak current for the o-Cu

WL anodic

wave in the experimental cyclic voltammograms (Fig. 4.24) upon repeated oper-
ations with alternating light irradiation and heating. The process worked repeat-
edly, demonstrating that the photoinduced isomerization and the redox switching
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Fig. 4.20 Photorotation experiments in the DMFc* system with notes about the procedures.
Experimental cyclic voltammograms at a scan rate of 50 mV s™'. Investigated DMFc* systems
comprise 3-BF, (0.45 mM) in 0.1 M BuyNBF,—~CH,Cl, containing 1.8 mM DMFc-BF, at 203 K
in the dark. a initial state (purple lines). b after 60 min visible light irradiation (4 > 400 nm) at
203 K (green lines). ¢ after 2 min heating at 250 K in the dark (pink lines). (d, e, f) The
reversible changes in the molar ratios of the isomers upon light irradiation and heating

were reversible. These results clearly demonstrate a reversible change in the molar
ratios of isomers based on photo- and heat-driven rotational isomerization.

The convergence of redox waves at 203 K in the DMFc" system with visible
light irradiation was negligible after 5 min, considerable after 20 min, and nearly
saturated after 60 min (Table 4.4 and Figs. 4.25, 4.26, 4.27, 4.28). As selective
irradiation with blue light (4 = 450 £ 40 nm) also induced isomerization from
the i- to the o-isomer, isomerization could have resulted from excitation of the
MLCT absorption band (Table 4.4). Because photoisomerization did not occur in
the absence of DMFc™, a reaction pathway through PET from copper(I) complexes
to the electron acceptor (DMFc*) appeared to be a key step for the i- to o-
conversion (Table 4.4). It should be noted that 20 min of visible light irradiation at
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Fig. 4.21 Photorotation experiments in the DMFc* system under the same condition as
Fig. 4.7.2 with notes about the procedures. Simulated cyclic voltammograms at a scan rate of
50 mV s~! (a, b, ¢) and differential pulse voltammogram (d, e, f). Parameters in Table 4.2 with a
modification for initial ratio of i-Cu' and o-Cu" were used for simulation

225 K did not alter the voltammogram (Table 4.4); these results are discussed in
the final section.

4.7.2 Mechanism

The schematic representation of PET driven rotation from i-Cu' to 0-Cu' in the
DMFc" system (Fig. 4.29) is described as follows.

(i) i-Cu' + hv - i-Cu'*

(i) i-Cu'* + DMFc* — i-Cu"! + DMFc°
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Fig. 4.22 Photorotation experiments in the DMFc* system with notes about the procedures.
Cyclic voltammograms at a scan rate of 50 mV s7!of 3-BF; (0.45 mM) in 0.1 M BuyNBF,—
CH,Cl, containing 1.8 mM DMFc-BF, at 203 K in the dark. a, purple line: initial state. a, grey
line: after 10 min interval of the initial state in the dark at 203 K. b, green line: after 60 min
visible light irradiation (4 > 400 nm) at 203 K. b, grey line: after 10 min interval of the
irradiated state in the dark at 203 K
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Fig. 4.23 Changes in the anodic peak current at 0.55 V in the experimental cyclic voltammo-
grams of 3-BF, (0.45 mM) in 0.1 M BuyNBF,~CH,Cl, containing 1.8 mM DMFc-BF, at 203 K.
The voltammograms are shown in Fig. 4.24

(iii) i-Cu"t > o-Cu'
(iv) o-Cu™ 4+ DMFc® — o-Cu' + DMFc*

The observed photo- and heat-driven isomerization mechanisms can be inter-
preted in terms of the kinetics of the transition between the preferred ligand
geometries of the copper(I) and copper(Il) states, obtained from simulation fits to
the voltammograms (Sect. 4.5). The two isomers, i-Cu' and o—CuI, are present in the
initial copper(I) state in a ratio of 30:70 (K; = [o-Cu')/[i-Cu'"] = 2.3). Photoillu-
mination of the solution induces PET from the light excited i-Cu' state (*i-Cu') to
the redox mediator (DMFc*), as the oxidation potential of *i-Cu' is —1.0 V.
The transiently formed i-Cu'! isomerizes to 0-Cu™ because of two reasons: (i) the
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«Fig. 4.24 Photorotation experiments in the DMFc* system with notes about the procedures.
Cyclic voltammograms at a scan rate of 50 mV s™! of 3-BE, (0.45 mM) in 0.1 M Bu,NBF,—
CH,Cl, containing 1.8 mM DMFc-BF, at 203 K in the dark upon repeated operations with the
60 min visible light irradiation (4 > 400 nm) at 203 K and the 2 min heating at 250 K in the dark

Table 4.4 Photorotation experiments under several conditions using cyclic voltammograms

Entry t/min* J/nm® DMFc*/equiv. © T/K? Changes in i-Cu':0-Cu" ©
1 5 400 4 203 Negligible

2 20 >400 4 203 30:70 — 15:85

3 60 >400 4 203 30:70 — 12:88

4 60 450 £ 40 4 203 30:70 — 20:80

5 60 >400 0 203 Negligible

6 20 >400 4 225 Negligible

#Irradiation time

®Irradiation wavelength

¢Chemical equivalent of DMFc-BF, to total 3-BF,

dTemperature

®Changes in i-Cu':0-Cu' upon light irradiation, judging from a simulated model fit to the
experimental cyclic voltammograms of 3-BF; (0.45 mM) containing 1.8 mM DMFc-BF, in
0.1 M BuyNBF,~CH,Cl, at a scan rate of 50 mV s~ in the dark at T K before and after light
irradiation. All voltammograms are displayed from Figs. 4.25, 4.26, 4.27, 4.28
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Fig. 4.25 Photorotation experiments in the DMFc* system with notes about the procedures.
Experimental (a) and simulated (b) cyclic voltammograms at a scan rate of 50 mV s™'.
Investigated DMFc* systems comprise 3-BF, (0.45 mM) in 0.1 M BuyN-BF,~CH,Cl, containing
1.8 mM DMFc-BF, at 203 K in the dark. Purple line: initial state. Pink, blue, and green: after
x min visible light irradiation (4 > 400 nm) at 203 K, x = 5 (pink), x = 20 (blue), and x = 60
(green)
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Fig. 4.26 Photorotation experiments in the DMFc* system with notes about the procedures.
Experimental (a) and simulateive (b) cyclic voltammograms at a scan rate of 50 mV s™'.
Investigated DMFc* systems comprise 3-BF, (0.45 mM) in 0.1 M BuyNBF,—~CH,Cl, containing
1.8 mM DMFc-BF, at 203 K in the dark. Purple line: initial state. Green line: after 60 min
visible light irradiation (4 > 400 nm) at 203 K
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Fig. 4.27 Photorotation experiments in the DMFc" system with notes about the procedures.
Experimental cyclic voltammograms at a scan rate of 50 mV s7h Investigated DMFc* systems
comprise 3-BF, (0.45 mM) in 0.1 M BuyNBF,~CH,Cl, without DMFc-BF, at 203 K in the dark.
Purple line: initial state. Green line: after 60 min visible light irradiation (A > 400 nm) at 203 K

rotational isomerization within the copper(I) state was active (ky;_,, = 1071 s,
in the ON state); and (ii) i-Cu" was not thermodynamically preferred as compared
with 0—CuH, on account of large steric repulsion (K = [o-CuH]/[i—CuH] > 102).
Then, the transiently formed o-Cu" is reduced to o-Cu' through an electron transfer
with DMFEc’. The net process proceeds through the photoinduced conversion of
i-Cu' to 0-Cu". If the forward conversion rate (from i-Cu' to o-Cu' by light illu-
mination) is sufficiently faster than the thermally activated reverse rate (from o-Cu'
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Fig. 4.28 Photorotation experiments in the DMFc* system with notes about the procedures.
Experimental cyclic voltammograms at a scan rate of 50 mV s™'. Investigated DMFc* systems
comprise 3-BF, (0.45 mM) in 0.1 M BuyNBF,—CH,Cl, without DMFc-BF, at 225 K in the dark.
Purple line: initial state. Green line: after 20 min visible light irradiation (1 > 400 nm) at 225 K
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Fig. 4.29 a Schematic representation of the PET-driven i-Cu' to o-Cu' ligand geometry
isomerization of 3-BF, in the presence of DMFc*. The reversible changes in the molar ratios of
the isomers upon light irradiation and heating are illustrated in the right panel. b, ¢ The expected
ratio changes in the molar ratio of isomer using well-established oxidation-triggered rotation
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to i-Cu, ky,; = 10~* s~ ' at 203 K, in the OFF state), the photodriven i-Cu! - o-
Cu' isomerization proceeds. Therefore, the rate of i-Cu' — o-Cu' photodriven
rotation is greater than 10~* s™' in the DMFc* system at 203 K. The photodriven
rotation induces the change in a ratio of i-Cu:0-Cu' (in the conditions of
Sect. 4.7.1, from 30:70 to 12:88). The reversion from the light-induced metastable
state by the thermal process at 203 K would take on the order of 10* s, judging from
the rate constant value, k;,_,; = 107471 Heating to 250 K (ky,_,; = 107! s in
the ON state) provides sufficient thermal energy to the copper complex that the
initial isomer ratio is restored through back-isomerization from o-Cu' to i-Cu'.
Consequently, the results show that the i-Cu' — o-Cu' rotation via the redox
potential shift in the DMFc* system can be driven by light.

It is considered that the several undesired reactions can contribute to a deac-
tivation for the i-Cu' — 0-Cu' photorotation. For example, the back electron
transfer process, i-Cu! + DMFc¢® — i-Cu' + DMFc*, can compete the rotation in
the copper(Il) state, i-Cu" — o-Cu". For another example, both radiative and non-
radiative transition of the photo-excited state, #i-Cu' > i-Cu' 4+ hv/'or heat, can
compete the PET process, *i-Cu' + DMFc* — i-Cu" + DMFc". Energy transfer
in the photo-excited states also contributes to the deactivation. One or more of
them can be reasons why the i-Cu' — o-Cu' photorotation is slow, considering that
the sufficient light-induced voltammograms changes requires long (60 min) irra-
diation time in the DMFc* system. However, these deactivation processes are not
critical to stop the photo-driven rotation.

I would like to emphasize the remarkable difference between photodriven
i-Cu' — 0-Cu' rotation and well-established oxidation-triggered rotation based on
supramolecules developed by Sauvage et al. The present pyrimidine system
exhibits the well-established oxidation-triggered rotation (i-Cu'-e~ — i-Cu" —
o-Cu™; Cu' to CuH), which is similar to Sauvage’s system. Additionally, well-
established oxidation-triggered rotation via PET (in this system,
i-Cu' + A + hy > i-Cu"l + A™, i-Cu" > 0-Cu", A~ - other products; Cu' to
Cu") is also expected to be achieved like Sauvage’s system. Adding reductive
agents is required to reverse the Cu" state to the Cu' state. The present photodriven
i-Cu' - 0-Cu' rotation (CuI to Cul), however, is not the oxidation-triggered
rotation; both i-Cu'"" and o-Cu" are only transient species.

4.8 Photodriven and Heat-Driven Rotation Under Partial
Oxidation

I next attempted to construct a combined photodriven-rotation-redox switching
system without the need for a redox mediator, to show its high versatility. The
mechanism described above predicts that a more efficient repeatable transition is
expected if the copper(Il) complex itself acts as an electron acceptor
(E°” = 0.48 V), in place of the relatively weaker DMFc* state (E® = —0.41 V)
(Fig. 4.30).
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Fig. 4.30 Schematic representation of the PET-driven i-Cu' to o-Cu' ligand geometry
isomerization of the partial oxidation of 3-BF, by (NH4),[Ce(NOj3)¢]. The reversible changes
in the molar ratios of the isomers upon light irradiation and heating are illustrated in the right
panels

To test this speculation, 3-BF, in BuyNBF,~CH,Cl, was partially oxidized by
0.4 equiv (NH4),[Ce(NO3)e]. The changes in the partially oxidized system with
light illumination and heating were basically similar to those of the DMFc* sys-
tem, judging from the anodic waves in the voltammograms.

In this case, the sample contains four components, i-Cu', o-Cu', i-Cu", and
o-Cu", as it includes copper(Il) species even in the dark condition. The ratio of
each component was estimated as follows.

1 —a = [o-Cu'] + [i-Cu'] (4.9)

x(1 —a) = [o-Cu'] (4.10)

a = [o-Cu"] + [i-Cu"] (4.11)

[0-Cu'] + [i-Cu'] + [o-Cu"] + [i-Cu"] =1 (4.12)

Here, the total amount of copper(Il) species is expressed as a, which is identical
to an equivalent amount of oxidative agent. The ratio of 0-Cu' to total copper(I)
species is expressed as x. Because the rotation in the copper(Il) state is always
under equilibrium, the molar ratio of i-Cu" is negligible, considering its large
equilibrium constant (Ky; = [O—CuH]/[i-CuH] > 102). Therefore,

a = [o-Cu"] + [i-Cu"] = [0 — Cu"] (4.13)
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Since K; = [0-Cu']/[i-Cu'] = 2.3 remains constant over a temperature range
from 203 to 250 K, x in the initial state is

x=K/(1+K)=07 (4.14)

In the case of @ = 0.4, the molar ratio in the initial state of the partially
oxidized system is i-Cu":0-Cu":i-Cu":0-Cu™ = 30:70:0:66. For clarity, I describe
the rotational isomer ratio only as i-Cu":0-Cu', considering that the copper(II) state
is always under equilibrium and that i-Cu" can be set to 0. Thus, oxidation of
0.75 mM of 3-BF, by 0.4 equiv (NH4)>[Ce(NOs)s] (0.30 mM) in BuyNBF,—
CH,Cl, yields 0.45 mM of 3-BF, solution with copper(Il) complexes (0.30 mM)
as redox mediator.

Cyclic voltammograms of the partially oxidized system noted above showed
two anodic waves at 225 K, one each for the i- and o-isomers, in a ratio of 30:70,
whose peak currents reflect the molar ratio (i-CuI:O-CuI) in the solution
(Fig. 4.31a, purple line). No deformation of cyclic voltammograms in the dark
occurred, suggesting that the expected self-exchange electron transfer between the
copper species induced negligible changes in the i-Cu%:o-Cu' isomer ratio
(Fig. 4.32a). The redox waves converged into a single wave corresponding to the
o-isomer upon 3 min of photoirradiation with visible light (A > 400 nm) at 225 K
(Fig. 4.31b, green line). It should be noted that present irradiation time (3 min) is
much shorter than that for DMFc* system at 203 K (60 min). The convergence can
be qualitatively explained by a change in molar ratio from i-Cu':0-Cu' = 30:70 to
ca. 12:88, since the light-induced changes in the voltammograms resemble those of
the DMFc™ system from the viewpoint of anodic waves; simulation of the anodic
waves also supported the isomer ratio changes (Fig. 4.33 and Table 4.5). The
cyclic voltammograms gradually recovered to the initial state in the dark
(Fig. 4.32b), and were restored after a 20 min interval (Fig. 4.31c, purple).
Fig. 4.34 displays the changes in anodic peak currents of the o-isomer in the
voltammograms at 225 K in the partially oxidized system for 10 repeated opera-
tions of 3 min light illumination at 225 K and 20 min interval in the dark
(experimental voltammograms are displayed in Fig. 4.35). The result shows the
excellent repeatability of the photodriven and heatdriven rotation accompanied
with redox potential switching.

The PET process of the partially oxidized system can be described as follows
(Fig. 4.30).

(i) i-Cu' + hv - i-Cu'
(ii) i-Cu"™ + o-Cu™ - i-Cu" + o-Cu'
(iii) i-Cu" - o-Cu"

Photoillumination of i-Cu' followed by PET to o-Cu" yields i-Cu" and o-Cu',
leading to a rapid rotational isomerization from i-Cu" to 0-Cu". The net scheme is
i-Cu' to o-Cu! without back-electron transfer to o-Cu'l, unlike in the DMFc*-
mediated system. It should be noted that the photodriven rotation proceeds even at
225 K, unlike in the DMFc" system, and in a very short time frame. The rate
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Fig. 4.31 a—c Experimental cyclic voltammograms at a scan rate of 100 mV s~' of 3-BF,
(0.75 mM) in BuyNBF,~CH,Cl,/acetone (v/v 20:1) upon addition of 0.4 equiv.
(NHy4),[Ce(NO3)6] (0.3 mM) at 225 K in the dark. a, (purple line): initial state. b, (green line):
after 3 min visible light irradiation (4 > 400 nm) at 225 K. ¢, (purple line): after a 20 min
interval at 225 K in the dark. The reversible changes in the molar ratios of the isomers upon light
irradiation and heating are illustrated in the right panel

constant of i-Cu' — o-Cu' photodriven rotation is larger than 10~ s™' in the
partially oxidized system at 225 K, coincident with the competitive thermal back-
isomerization process (o-CuI - i-CuI), with rate constant ky,_,; = 1073 s7!. The
scheme contributes considerably to changes in the isomer ratio, i-Cu':0-Cu', from
initial to metastable states (in Fig. 4.31, from 30:70 to ca. 12:88). The rate constant
of thermal reversion at 225 K is kj,_,; = 107> s~ !, which qualitatively suggests
that the metastable state is restored to equilibrium after 10° s. The estimation is
consistent with the 20 min recovery process displayed in the voltammogram at
225 K. Consequently, partial oxidation turns out to be a powerful way to achieve
the conversion of light stimuli to redox potential signals through i-Cu' — o-Cu'
photodriven rotation.
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Fig. 4.32 Photorotation experiments in the partially oxidized system with illustrations for
procedures. (a, b) Experimental cyclic voltammograms at a scan rate of 100 mV s~' of 3-BF,
(0.75 mM) in BuyNBF,~CH,Cl,/acetone (v/v 20:1) upon addition of 0.4 equiv.
(NHy),[Ce(NO3)6] (0.3 mM) at 225 K in the dark: the initial state (a, purple line), after
10 min interval of the initial state in the dark at 203 K (a, grey line), after irradiation state (b,
green line), after 1 (b, grey line), 3(b, grey line), 5(b, grey line), and 10 min (b, purple line)
interval of the irradiated state in the dark at 203 K
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Fig.4.33 Experimental (a, b) and simulated (¢, d) cyclic voltammograms at a scan rate of
100 mV s~ ! of 3-BF, (0.75 mM) in BuyNBF,~CH,Cl,/acetone (v/v 20:1) upon addition of 0.4
equiv. (NHy),[Ce(NOs5)6] (0.3 mM) at 225 K in the dark. (a, ¢), (purple line): initial state. (b, d),
(green line): after 3 min visible light irradiation (4 > 400 nm) at 225 K. (e, f) The changes in the
molar ratios of the isomers upon light irradiation
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Fig. 4.34 a Changes in the anodic peak current at 0.50 V at 225 K in the experimental cyclic
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Fig. 4.35 Photorotation experiments in the partially oxidized system with illustrations for
procedures. Experimental cyclic voltammograms at a scan rate of 100 mV s™' of 3-BF,
(0.75 mM) in BuyNBF,~CH,Cl,/acetone (v/v 20:1) upon addition of 0.4 equiv.
(NHy),[Ce(NO3)6] (0.3 mM) at 225 K in the dark upon repeated operations with 3 min visible
light irradiation (4 > 400 nm) at 225 K and 20 min interval at 225 K in the dark
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4.9 Factors Dominating Photorotation Rate

Rate of photodriven rotation in partially oxidized system is much faster than that in
the presence of DMFc*. The rate difference is beyond that attributable to con-
centration or temperature and, therefore, must originate from the rotation
mechanism.

When Iused DMFc* with 20 min of visible lightirradiation at 225 K and at200 K
(Table 4.4), the light-induced voltammogram changes at 225 K were negligible,
because the rate of 0-Cu! — i-Cu' thermal reversion at 225 K (ki = 107 sfl)
overcomes that of photodriven i-Cu' - o-Cu'. Photodriven rotation in the DMFc*
system, on the other hand, requires cooling to 203 K (ki,_,; = 1074 sfl). As the
conditions were identical, with the exception of temperature, I determined that
the rate increment of kg, _,; due to heating is larger than that of photodriven rotation.
In other words, the slow thermal reversion rate is a determining factor for photo-
driven rotation at 203 K in the DMFc™ system.

On the other hand, i-Cu! > o-Cu' photodriven rotation was observed at 225 Kin
a partially oxidized system (Fig. 4.30). Possible variables in the experimental
conditions of the DMFc* and partially oxidized systems related to photorotation
behavior are as follows: (i) temperature (225 K), (ii) concentrations of total cop-
per(l) species (0.45 mM)), (iii) light irradiation time (3 or 20 min), (iv) concentration
of the redox mediator (0.30 or 1.8 mM), and (v) type of redox mediator (copper(Il)
complex or DMFc*. Conditions (i) and (ii) are identical in both systems. Conditions
(iii) and (iv) are considered to work against rapid rotation in a partially oxidized
system, by decreasing the density of photons and the probability of collisions during
intermolecular electron transfer. Therefore, enhancement of the photorotation
rate must be related to redox mediator processes. In a comparison of the two
i-Cu' — 0-Cu' photorotation schemes (Figs. 4.29 and 4.30), the partially oxidized
system does not require back electron transfer processes, which correspond to
o-Cu" + DMFc” — o-Cu' + DMFc* in DMFEc* system, to complete the scheme.
Also, the highly reducing driving force of o-Cu® can contribute to the higher effi-
ciency of photodriven rotation in the partially oxidized system, as compared with
the case in the DMFc* system. The expected slow rate of electron transfer in
copper(II/T) species may contribute to the efficiency of rotation processes.

Consequently, I succeeded in establishing two kinds of systems in which light
stimuli are reversibly converted into copper(Il/I) redox potentials via molecular
rotation, but which exhibited different photorotation behaviors.

4.10 Conclusion

I demonstrated that light stimuli can be repeatedly converted into electrochemical
potential via artificial molecular rotation. I synthesized a novel copper(I) complex,
3.BF4. Two rotational isomers, i-Cu' and o-Cu', coexist and interconvert in the
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solution. The rotational interconversion between i-Cu' and o-Cu' is found to be
frozen at 203 K and active at 250 K. Two redox reactions, i-Cu™ and o—CuH/I, are
different in potentials (AE® = 0.14 V). The interconversion of oxidized rotational
isomers, i-Cu" and o0-Cu',, is faster than that of copper(I) state, and o-Cu" is
thermodynamically more preferred than i-Cu'’. Both i-Cu' and o-Cu' absorb visible
light in solution, and redox potential of light excited state is sufficiently large to
induce PET with redox mediator, DMFc*. Repeatable electrochemical potential
switching based on photodriven rotation, i-Cu' — o-Cu' and heat-driven rotation,
0-Cu' — i-Cu' was demonstrated. Here, external stimuli induce isomer ratio
switching between initial state (i-Cu":0-Cu' = 30:70) and metastable state
(i-Cu":0-Cu' = 12:88). PET processes can take a bypass route in the rotation of the
copper(I) complex (i—CuI + hy > i-Cu'*, -Cu"* + DMFc* — i-Cu'' + DMFc°,
i-Cu' > o-CuH, 0-Cu" + DMFc® — o-Cu' + DMFc*). Difference in absorption
between i-Cu' and 0-Cu' is very small, considering the results of UV—-vis spectra
upon chemical oxidation at low temperature. The system works not only with a
redox mediator but also upon partial oxidation, in which the copper complex itself
considerably assists the photorotation, in contrast to the role of DMFc* in the
DMFc™" system.

Generally, photodriven bistable material changes, based on photochromic
molecule, are accompanied by significant color changes, which involve light
absorption efficiency and reconstruction of the electronic state [29]. Our present
photo- and heat-driven rotation system works without a significant color change or
copper(I) 'MLCT absorption, but it can induce electron transfer. It is a repre-
sentative feature for a new type of photoresponsivity.

Since molecular electronics components such as transistor [32, 33] and memory
[34] work by charge injection, the present redox potential response can be pro-
gressed into other types of signals via intramolecular electron transfer. The
function of the light-driven redox-synchronized molecular rotor can provide
electronic, magnetic, and other molecular signaling characteristics.
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Chapter 5
Concluding Remarks

As I described in Chap. 1, metal complexes bearing m-conjugated chelating
ligands are valid for both application and novel properties (Sect. 1.1). Their unique
photophysics, derived from a formation of long-lived charge transfer excited state,
is of much interest for dye-sensitized solar cell, light-emitting devices, and pho-
tocatalyst. Reversible redox activities of metal complexes are useful in nano-
technology applications such as in molecular electronics, photoelectronic
functions, and molecular machines, where the function of muscle is well-imitated
at the molecular level. I have rather aimed to develop a single molecular system
which imitates five senses of human being. Our group has developed molecular
systems exhibiting an electrochemical potential response from an artificial
molecular rotor with a stimulus-convertible function, using two rotational isomers,
i-Cu' and 0-Cu', in copper complexes bearing two bidentate ligands including
unsymmetrically substituted pyridylpyrimidine derivatives (Sect. 1.4). Functions
of our previous system are based on a collaboration of electrochemistry and
rotational bistability, considering well-established unique relationships between
structure and properties in copper complexes (Sect. 1.2).

The aim of studies in my Ph.D course is to develop new properties by photo-
functionalization of this molecular system. I developed new classes of lumines-
cence (Chap. 3) and photoresponsivity (Chap. 4).

In Chap. 2, I described details of the equilibrium between i-Cu' and 0-Cu' in a
series of copper(I) complexes bearing two bidentate ligands, Mepypm and
diphosphine, for rational molecular design. 1-BF,;, 1.B(CgFs)4, 2-BF4, and
2-B(C¢Fs)4 were newly synthesized and characterized. The rotational bistability of
these complexes in common organic solvent was characterized using '"H NMR
analysis at several temperatures. The interconversion between i-Cu' and o-Cu' is
generally an intramolecular process, as confirmed by 'H NMR analysis of a mixed
solution of 1-BF, and [Cu(bpy)(DPEphos)]BF4. The isomer ratio of i-Cu! and
0-Cu' was solvent- and counterion-sensitive, because the reduced contact of the
counterion to the complex cation in polar solvent seems to contribute to the
relative stability of i-Cu' and o-Cu'.

M. Nishikawa, Photofunctionalization of Molecular Switch Based on Pyrimidine 121
Ring Rotation in Copper Complexes, Springer Theses,
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In Chap. 3, I described development of system which exhibits dual emission
caused by ring rotational isomerization, using 1-BE,. The excited states of i-Cu' and
0-Cu' were characterized by different structural relaxation process and/or additional
solvent coordination properties. In other words, both i-Cu' and o-Cu' emit at room
temperature with different emission lifetime. The emission properties of the two
isomers differ in lifetime, wavelength, and heat sensitivity. This finding is a novel
way to handle the photoprocesses of metal complexes bearing n-conjugated che-
lating ligands.

As I mentioned above, collaboration of photophysics and rotational bistability
enable me to develop a new type of emission. Therefore, combination of photo-
physics, redox ability, and rotation must provide another new type of function.

In Chap. 4, I described repeatable copper(II/) redox potential switching driven
by visible light-induced coordinated ring rotation. Since 1-BF, and 2-BF, did not
exhibit reversible redox activities, I designed and prepared a novel copper(])
complex, 3-BF,. The rotational bistability of 37 was characterized in a similar
method to 17 and 2. Prior to photoirradiation (i-Cu":0-Cu' = 30:70) at 203 K in
the presence of a redox mediator, decamethylferrocenium ion (DMFc™), two redox
waves, one each for the i-Cu™ (0.62 V vs Ag*/Ag) and o-Cu™" (0.48 V vs Ag*/
Ag) were observed in the cyclic voltammogram. Photoirradiation with visible light
at 203 K, the redox waves gradually converged to a wave corresponding to the
0-Cu™". The ratio of i-Cu" to o-Cu' in this metastable state is i-Cu":0-Cu' = 12:88.
Subsequent heating for 2 min at 250 K in the dark recovered the initial voltam-
mogram (i-Cu':0-Cu' = 30:70), indicating thermal relaxation of the metastable
state. Consequently, photodriven rotation, i-Cu' - 0-Cu, and heat-driven rotation,
0-Cu' - i-Cu', are demonstrated. PET processes can take a bypass route in the
rotation of the copper(I) complex (i-Cu' 4+ hv — i-Cu™, j-Cu"* 4+ DMFct — i-
Cu" + DMFc?, i-Cu™ - o-Cu", o-Cu"™ + DMEC® - o-Cu' + DMFct). The
system works not only with a redox mediator but also upon partial oxidation, in
which the copper complex itself considerably assists the photodriven rotation,
i-Cu' — 0-Cu'. Generally, photodriven molecular switch based on photochromic
molecule are accompanied by significant color changes. This photodriven and
heatdriven rotational isomeric system works without a significant color change,
which is a representative feature to show a new type of photoresponsivity.

In conclusion, I developed a new type of emission, dual emission caused by
ring rotational isomerization. This strategy is applicable not only for luminescence
itself but also for properties related to light excited state such as photocatalysis
ability and photoelectron conversion in solar cell. Moreover, I developed a new
type of photoresponsivity, PET-induced rotation with redox potential switching.
This can provide stimuli-convertible functions at a single molecular level, which
are related to functions of five senses and motor protein, because of repeatable
conversion of external stimuli into redox potential signals.
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