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General Introduction



1-1. Cyclopentadienyl (Cp) complexes

1-1-1. Discovery of ferrocene, the first example of Cp complexes

In 1951, Kealy and Pauson reported a paper titled “A New Type of Organo-Iron Compound”.! In
this report, the reaction of cyclopentadienylmagnesium bromide with iron chloride was reported
(Scheme 1-1). The authors aimed at oxidative coupling to afford fulvalene, however, they did not

get the desired compound but compound expressed as CigHioFe in chemical formula instead.

Scheme 1-1. The first report of synthesizing ferrocene

2 RMgBr + FeCl, — RFeR + MgBr, + MgCl, R = H QFe@
ﬁ; )

H

proposed structure of
RFeR

The structure of the obtained complex was suggested as described in Scheme 1-1 in the
first report. One year later, Wilkinson et al. proposed another structure in which two
cyclopentadienyl rings are parallel with an iron atom sandwiched between them, based on the
reactivity and physical properties of the organo-iron compound.? At the same time, Pfab and
Fischer also suggested the same structure as Wilkinson et al. did independently.® The proposed
sandwich-like structure was supported by x-ray-diffraction analysis of a single crystal, reported
preliminary by Pepinsky and Eiland,* and Orgel and Dunitz (Figure 1-1).5 In 1956, the structure

was confirmed based on the more precise analysis by Orgel, Dunitz, and Rich.®
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Figure 1-1. The first reported crystallographic structure of ferrocene

Ferrocene was not only the first example of cyclopentadienyl complexes but also the first
example of organo-iron compounds. It was remarkably stable and easily isolated, in contrast that
trials to prepare organo-iron complexes so far had been resulted in failure. Why is ferrocene so
stable? Kealy and Pauson mentioned in their first report that the stability came from the
aromaticity of the cyclopentadienyl anion.* After the structure was confirmed, it has been widely
accepted that the central iron atom satisfies 18 electrons rule, 6 d-electrons from Fe(ll) and 6 -

electrons from each of the cyclopentadienyl anions, which makes ferrocene stable.

1-1-2. Variety of Cp complexes
After the novel discovery of ferrocene, many kinds of cyclopentadienyl metal complexes have
been synthesized, which greatly contributed to the growth of organometallic chemistry. A wide
variety of metals have been incorporated in Cp complexes, not only transition-metals, but also
main group metals”®and lanthanides.’

Since Dunitz et al. described ferrocene as a “molecular sandwich” based on its structure
in their manuscript,® organometallic compounds with two Cp ligands like ferrocene are called
“sandwich complexes” nowadays. Metal complexes bearing only one Cp ligand are often
described as “half-sandwich complexes,” or “piano-stool complexes” according to their stool-like

structure in which the ligands other than Cp are regarded as legs.



Cp complexes are utilized in various ways because of the great stability of the Cp—Metal
bond, for example, as homogeneous catalysts,®*° redox reagents,® building blocks,'"8 electronic

and optical materials,'®*° bioactive compounds,?-?2 and so on.

1-1-3. Chiral Cp complexes

1-1-3-1. Class of chiral Cp complexes

There are lots of examples of Cp complexes possessing chirality. They can be classified into three
types:?® (i) Complexes with Cp ligand(s) bearing substituent(s) with central or axial chirality, (ii)
complexes composed of prochiral Cp ligand(s) arranged in either C, or C: symmetry, and (iii)

metal-centred chiral complexes with three different ligands other than Cp.

1-1-3-1-1. Complexes with Cp ligand(s) bearing substituent(s) with central or axial
chirality
In 1975, Leblanc and Moise reported preparation of cyclopentadienyl anion with a central-chiral
substituent by asymmetric reduction of 6,6-disubstituted fulvene in the presence of (—)-quinine or
(+)-cinchonine, which was treated with CpTiCls to afford a chiral Cp titanium complex.?* Chiral
Cp complexes with zirconium, ruthenium and iron complexes were also synthesized by the same
procedure.?>% In 1978 and later, cyclopentadienes bearing a substituent derived from natural
products such as menthol, camphor, and so on, were synthesized and used as precursors of chiral
Cp ligands.?=° In the last decade, annulated Cp ligands with several chiral centers were
developed.334

In 1989, the first example of axially-chiral Cp complexes was reported by Halterman
and Colleti.*® They synthesized titanium, zirconium, and iron complexes with this C,-symmetric

ligand (Figure 1-2).%6% Recently, iridium, rhodium, ruthenium, scandium, yttrium, and
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gadolinium complexes were also synthesized for the sake of homogeneous catalysis.

Y

I
O ML X,
c M =Ti, Zr, Fe

Figure 1-2. Cp complexes with axial chirality synthesized by Halterman et al.

1-1-3-1-2. Complexes composed of prochiral Cp ligand(s) arranged in either C, or C;
symmetry

Ansa-metallocene is a metallocene in which two of the Cp ligands are bridged. If an ansa-
metallocene has a substituent at appropriate position on each Cp ring, the complex is chiral. The
first example of an ansa-metallocene was reported by Brintzinger and Schnutenhaus in 1979
(Figure 1-3).3® The complex was prepared by deprotonation of 1,3-bis(2-tert-
butylcyclopentadienyl)propane to afford the corresponding dianion and the following treatment
with titanium trichloride. The complex was successfully resolved into enantiomers by selective
conversion of one of the enantiomers to the corresponding binaphtholate. After this report,
tremendous kinds of chiral ansa-metallocenes with early-transition metals, such as titanium,
zirconium, and hafnium were synthesized.?® Other than the central metals, bridging groups and
substituents on the Cp ring were also varied. Especially, C,-symmetrical bis-indenyl metal
complexes, whose first example was reported by Brintzinger et al. in 1982, have been vigorously

studied because they showed great potentials for stereo-selective polymerization (See 1-1-3-2-1).



t-Bu

Figure 1-3. The first ansa-metallocene

1,2-Disubstituted Cp complexes with two different ligands have planar chirality. The
first example was dimethyl(2-vinylferrocenyl)methylamine, reported by Hauser and Lednicer in
1959 (Figure 1-4a).*° The first reported enantiopure planar-chiral Cp complex was obtained by
resolution via diastereomer-salt formation (Figure 1-4b).*! Diastereoselective synthesis of planar-
chiral ferrocene by using a chiral directing group was reported by Nozaki et al. in 1969,%>*% and
by Ugi et al. in 1970.* With these two reports as a trigger, a number of 1,2-disubstituted
ferrocenes with various chiral directing groups have been synthesized. After 26 years from the
development of diastereoselective method, enantioselective lithiation of ferrocene by a chiral
lithium salt,* and using butyllithium in the presence of an optically-active compound*®#” was

reported.

Figure 1-4. Examples of planar-chiral Cp complexes

Asymmetric catalysts for synthesizing planar-chiral Cp complexes have been
developed.*® In 1990s, kinetic resolution of planar-chiral ferrocenes catalyzed by enzymes were

studied.* The first report of asymmetric synthesis of planar-chiral compound catalyzed by a non-
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enzymatic compound was reported by Schmaltz et al., in which one substituted ferrocene was
desymmetrized by stereoselective intramolecular cyclization (Scheme 1-2).% It was 9 years later
from the Schmaltz’s report that the first non-enzymatic kinetic resolution of 1,2-disubstituted
ferrocenes using Sharpless asymmetric dihydroxylation was reported.>! In recent 10 years, a
certain number of studies on catalytic asymmetric planar-chiral Cp complexes (mainly substituted
ferrocenes) have been reported. Ogasawara et al. used molybdenum- or ruthenium-catalyzed
olefin metathesis for catalytic kinetic resolution and desymmetrization of planar-chiral Cp
complexes.®%¢ Rhodium-catalyzed 1,4-addition to an o,B-unsaturated ketone,> ruthenium-
catalyzed reduction of ketone,®® and ortho-lithiation in the presence of catalytic amount of chiral
auxiliary ligand,®* were also used in the asymmetric catalytic synthesis of planar-chiral Cp
complexes. Most recently, palladium-catalyzed cross-coupling reactions and Heck reaction using
amino-acid derivatives as ligands have been developed.®?®® Organocatalysts also have been

employed for asymmetric synthesis of planar-chiral Cp complexes.®*5¢

Scheme 1-2. The first catalytic asymmetric synthesis of a planar-chiral ferrocene

5 mol% CuOTf
O 5.1mol%L @:O L:
Fe \ o Fe N _N
, CH,Cly, 40 °C <= Ph““&o O\)APh

72% yield, 78% ee

1-1-3-1-3. Metal-centred chiral complexes

The first organometallic compound with metal-centered chirality was a Cp manganese complex
with a carbonyl, a nitrosyl, and a phosphine ligand, synthesized by Brunner et al. in 1969 (Figure
1-5).5788 Their racemic mixture was treated with an optically-active nucleophile to afford a pair

of diastereomers, able to be separated on the basis of the different solubilities. Removal of the



auxiliary part gave an enantiopure metal-centered chiral complex. After this report, metal-
centered chiral Cp complexes possessing three different ligands other than Cp were synthesized
with iron, molybdenum, rhenium, and rhodium, and their chiroptical properties, stability of the

chirality, and reactivity with other molecules were investigated.®®

71®

=
Mnenco

ON
PPh;

Figure 1-5. The first metal-centered chiral Cp complex

Diastereoselective formations of a chiral metal center were also reported. The methods
can be classified into two ways; reaction of a bidentate ligand possessing a chiral substituent with
achiral Cp metal precursor,”"? and a ligand substitution of chiral Cp complex possessing a chiral
substituent on Cp or planar-chirality.>¢-*

All of the examples mentioned above in this section are three-legged piano-stool
complexes. It is notable that there is one example of a metal-centred chiral complex with four legs

showing square-pyramidal structure (Figure 1-6).798

= Y-
|

OC\\I‘Mn'\'lN N |

OoC N'>

Figure 1-6. Metal-centered chiral Cp complex with four legs

1-1-3-2. Use of chiral Cp complexes

Chiral Cp complexes are mainly applied in the field of stereo-selective catalysis. Representative
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examples are reviewed in this section.

1-1-3-2-1. Catalysts for stereoselective polymerization®!

Co-symmetric ansa-metallocenes with early-transition metals are widely used for stereoselective
polymerization.** Kaminsky et al. reported polymerizations of propylene with a racemic mixture
of a chiral zirconocene catalyst activated by methylaluminoxane.®? They found that the obtained
polymer was highly isotactic. Since this polymerization was reported, considerable numbers of
ansa-metallocenes with a group 4 metal were applied to polymerization of propylene. With
regards to the central metal, zirconium is the best choice in terms of cost, activity, stability of the
complexes. Hafnium is better suited for producing polypropylene with higher molecular weight,
while the catalytic activity is lower. The stereoselectivities of the polymerization are comparable
between zirconium and hafnium. Most of the reported ansa-titanocenes shows lower catalytic
activity and stereoselectivity compared to zirconocenes and hafnocenes, and are unstable under
high temperature. The abilities of catalysts also depend on the bridging moiety and the
substituents on the Cp ring.

In catalytic polymerization of propylene, C,-symmetric ansa-metallocenes give
isotactic polymer, while Cs-symmetric ones afford syndiotactic polymer. The stereoselectivity is
originated from the enantioface-selective insertion of propylene to the metal center; in the case of
a bis-indenyl complex for example, insertion of re-face of propylene is much likely to occur with
(R,R)-ansa-metallocene, which makes a stereocenter as (S).

Ansa-zirconocene have been applied for synthesis of isotactic polymers of 1-butene®?
and longer a-olefins.884 Kaminsky and his coauthors reported polymerization of cyclopentene
by a bis-indenyl zirconium catalyst,®® and later Collins et al. carefully studied the regio- and

stereo-selectivity in polymerization of cyclopentene by various ansa-zirconocenes.2®-% There are



also reports of stereoregular cyclopolymerization of non-conjugated dienes, such as 1,5-
hexadiene by ansa-zirconocene catalysts.®® For polymerization of styrene, bis-indenyl complexes

with yttrium and neodymium showed high isotactic selectivity.*®

1-1-3-2-2. Asymmetric catalysts for transformation of small molecules
In the 20" century, several examples of asymmetric catalytic reactions with chiral Cp complexes
were reported, such as hydrogenation, epoxidation, and isomerization of alkenes, reductions of
ketone, and aldol reactions, although they resulted in moderate selectivities.?®

In 2004, Gutnov and Heller et al. reported the first example of asymmetric reactions
catalyzed by an optically-active Cp late-transition metal complex. They used Cp cobalt complexes
with a menthyl substituent for asymmetric [2+2+2] cycloaddition reaction to afford axially chiral
compounds in a good enantioselectivity (Scheme 1-3).°%°2 The authors supposed that
cobaltacyclopentadiene was formed diastereoselectively as an intermediate, which originated the

enantioselective reaction.

Scheme 1-3. Catalytic enantioselective [2+2+2] addition using a chiral Cp cobalt complex

Z R
‘ |

1 mol% cat - thl
> menthy

OMe OMe |
OO THF, hv OO Co(cod)

82~93% ee

In 2012, Cramer and Ye reported enantioselective cycloaddition of olefin through
cleavege of a C—H bond, which was catalyzed by a Cp rhodium complex with chiral cyclohexane

annulated (Scheme 1-4).%9% The reaction afforded chiral dihydroquinolones in a good

10
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stereoselectivity. The authors mentioned about the mechanism of enantioselectivity-determining
step as follows: the two methyl substituents on the cyclohexane ring acted as “side wall” and
controled the orientation of the arene substrate, while the substituents on the acetal moiety woked
as “back wall” and controled the direction from which the olefin approached to the rhodium center
(Figure 1-7). Cramer and Ye also reported stereoselective catalytic reaction by a rhodium complex
with an axial-chiral Cp ligand.*® They achieved enantioselective C—H allylation of benzamides.
With these two reports as a trigger, asymmetric catalytic reactions by chiral Cp complexes were
developed at an accelerating speed.®® In addition to rhodium,® 22 iridium,'° ruthenium,** and
lanthanide (scandium, yttrium, and gadolinium)° complexes with chiral Cp ligands were applied

to asymmetric catalysis.

Scheme 1-4. Catalytic enantioselective cycloaddition using a chiral Cp rhodium complex

2 mol% cat o cat: Me
_ R" EtOH — Me |
R/ R/ R’ R Rh(coe),
Rll
77~94% ee

back wall:
- prevents attack ———»

side wall:

—=Y'H =Y Fn
Ph H
o b e
™oy cp © OfBu
lma,rar lmmor
0 o]
NH NH
vs .
Ph ‘Ph
(R)-4a (S)-4a

Figure 1-7. Mechanism of the enantioselective reactions catalyzed by a chiral Cp complex®
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1-1-3-2-3. Chiral ligands of organometallic complexes for asymmetric catalysis

Ferrocene derivatives have been widely used as a ligand for organometallic catalyst because of
its great properties such as low price, thermal and chemical stability, and high tolerance to
moisture and oxygen.® Especially chiral ferrocenes are useful ligands for asymmetric catalysis
(Figure 1-8).296-111 Some of them, for example, ppfa, Josiphos, Taniaphos, Fc-Phox, Trap, and
FerroTANE, have already been established and commercially available. Tremendous kinds of
other chiral ferrocene ligands were also reported, helped by a variety of general methods for its
functionalization. They are applied to various asymmetric reactions, such as hydrogenation of
unsaturated bonds, addition of hydrogen—heteroatom and heteroatom-heteroatom bonds to
unsaturated bonds, cross-coupling reactions, allylic substitutions, nucleophilic additions, and so

on.

12
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1-Substituted ferrocenes

1,1"-Disubstituted ferrocenes
) C F“
e o .
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Figure 1-8. Variety of chiral ferrocene ligands'%

1-1-3-2-4. Organocatalysts

Fu et al. reported asymmetric catalytic esterification by a chiral ferrocene possessing amine

moiety (Scheme 1-5).1%?

13



Scheme 1-5. Kinetic resolution by a organocatalyst possessing planar-chiral ferrocene moiety
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1-2. Phosphorescence from transition-metal complexes

Phosphorescence is an emission involving change in spin multiplicity, usually from triplet excited
state to the singlet ground state. Phosphorescent molecules can be thought as candidates for OLED
materials, chemical sensors, photovoltaics, and bio-imaging.t**-*6 From this point of view, the 2"
and 3" row transition metal complexes attract much attention because the heavy atom effect

enable them emitting phosphorescence. !>

1-2-1. Classification of excited states in organometallic complexesté11°

Excited states in organometallic compounds are classified based on the character of the electron
transitions; (i) metal-centered (MC) excited states arising from electron transition between the
metal’s d-orbitals, (ii) metal to ligand charge-transfer (MLCT) excited states derived from
electron excitation from a metal-centered d-orbital to a ligand-localized orbital, (iii) ligand to
metal charge-transfer (LMCT) excited states involving electron transition from a d-orbital to an
orbital of the ligand, (iv) intra-ligand (IL) excited states in which an electron transit between
orbitals localized on the ligand. For bimetallic complexes involving a metal-metal bond, (v) metal
to metal charge transfer (MMCT) excited states arising from electron transition between d-orbitals

of the different two metal, are possible.*?

14
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1-2-2. Representative examples of phosphorescent metal complexes!3
There are tremendous number of reports on photoluminescence from metal complexes. In this
paragraph, only selected examples showing strong phosphorescence enough to be observed at

room temperature will be mentioned (Figure 1-9).

Figure 1-9. Representative examples of phosphorescent metal complexes

In early days before 1970s, the photochemistry of metal carbonyl complexes were
widely studied because of their high reactivity for photochemical reactions.'#12122 Among them,
group 7 metal complexes exhibit a relatively strong emission. Especially, tricarbonylrhenium
o,0’-diimine complexes ([Re(N"N)(CO)s(L)]) are known to show phosphorescence at ambient
temperature (Figure 1-9a).1212* The emission originated from either *MLCT localized on diimine
ligand or IL 3z-* diimine excited state.

In 1971, Ru(bpy)s?* was found to act as a triplet photosensitizer, and show strong
phosphorescence (Figure 1-9b).1%12 From then, a variety of Ru(bpy)s** analogs have been
designed by introducing substituents or changing ancillary ligands.'?"1*2 Experimental'**-1%® and
theoretical®*®13° studies were conducted to disclose that the phosphorescence originates from the
SMLCT transition localized on one of the three bipyridine ligands. In addition to these cationic
ruthenium(ll) pyridyl complexes, neutral ones, such as bis(pyridyl pyrazolate)diphosphine

complexes and bis(benzo[h]quinolinate)carbonylphosphine complexes were also reported to

15



exhibit phosphorescence in the last decade.'“®242 The osmium analogues of these complexes were
also synthesized. Although simple osmium tris(a,o’-diimine) complexes, such as [Os(bpy)s]**
and [Os(phen)s]?* emit in near-IR region,#31# the emission wavelength could be blue-shifted by
introducing a diphosphine ligand instead of the diimine ligand (Figure 1-9c).}4

Iridium cyclometalated complexes, Ir(ppy)s and its derivatives, also exhibit intense
emission (Figure 1-9d).114146-149 The origin of phosphorescence is usually assigned to be SMLCT
excited state,’® but introducing electron-withdrawing ligands, which decrease the energy of IL
excited states, sometimes makes it mixed with IL character.151-152

From the late 1980s, cyclometalated platinum complexes were found to show
phosphorescence at room temperature (Figure 1-9e).13%%* While bipyridine or terpyridine
platinum complexes hardly exhibit emission because of radiationless deactivation from *MC
excited states, cyclometalated ligands, for example 2-phenyl pyridine, have strong electron-
donating ability to raise the energy of MC excited state, which makes the complex showing
emission from either IL or MLCT excited states.**

Other than the examples mentioned above, rhodium, palladium, silver, and gold
complexes were reported to show phosphorescence at room temperature.'* There are also several
examples of phosphorescent copper complexes, although the emission is weak due to smaller

spin-orbital coupling in the first-row transition-metals.*>®

1-2-3. Photoluminescence properties of Cp complexes
Despite tremendous kinds of Cp complexes have been synthesized as mentioned in 1-1, Cp
complexes showing strong phosphorescence can be hardly found except for some of the Cp

carbonyl group 6 bimetallic complexes.’>” For example, ruthenocene (Cp.Ru) showed very weak
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phosphorescence at 560 nm, in less than 3% quantum yield even at 28 K.'*® The nonradiative
deactivation of ruthenocene was known to occur partly through the C—H bonds on the Cp ring.*®
It is also reported that ruthenocene changes its structure largely along with electron excitation, in

which the metal-Cp bond is elongated. "> %

1-3. Helicenes

[n]Helicenes are ortho-fused aromatic rings with helical chirality (n = the number of fused rings).
Their beautiful helical structure, due to a distortion of the n-system imposed by an intramolecular
steric repulsion, makes them unique in optical properties, chiroptical properties, assembly, and so
on. Investigation of the racemization behaviors is also an intriguing topic. Based on the Helicity
Rule, ! enantiomer with clockwise helicity is denoted by P (“plus™), while the other enantiomer

showing anticlockwise helicity is denoted by M (“minus”) (Figure 1-10).

. | I
o o

(P)-(+)-[6]helicene (M)-(-)-[6]helicene

clockwise helicity clockwise helicity
right-handed right-handed

Figure 1-10. Two enantiomers of [6]helicenes

1-3-1. Early examples of helicenes
In 1903, Meisenheimer and Witte reported the first examples of helicenes, which contained

nitrogen atom(s) in their skeleton (Figure 1-11a,b).1%? The first example for helicene comprised

17



of only carbon and hydrogen atoms, [5]helicene, was synthesized by Weitzenbéck and Klingler
in 1918 (Figure 1-11c).1% Other than these two examples, only a small number of helicenes had
been reported in the first half of the 19" century (Figure 1-11c—€).1%+%%7 In 1955, Newman et al.
reported the synthesis of optically pure [6]helicene as the first example of helicene with stable
helical chirality, by using diastereomer salt complexation.'®” After this report, contributing to
much interest in chiroptical properties of enantiopure helicenes, a variety of helicenes and

helicene-like compounds have been synthesized so far.

(e)

Figure 1-11. Early examples of helicenes

1-3-2. Variety of helicenes
Nowadays, various kinds of helicenes have been synthesized. Selected examples will be

mentioned below.

1-3-2-1. Carbo-helicenes?®8169

With various methods such as Friedel-Crafts reaction,'’® photo-cyclization,*12 Diels-Alder
reaction,!”® [n]helicenes composed of ortho-fused n benzene rings have been synthesized. The
longest helicene reported so far is [16]helicene (Figure 1-12) reported by Fujita et al. in 2015,
synthesized by photocyclization.!”* When increasing the number of annulated rings, the helicene

starts to form additional layers; a double layer at n = 7-12, a triple layer from n = 13.17®
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Figure 1-12. The longest carbo-helicene, [16]helicene!’™

1-3-2-2. Hetero-helicenes!’®

In addition to helicenes whose aromatic rings consist of only carbon atoms, a number examples
were reported for hetero-helicenes containing hetero atom(s) in their skeletons (Figure 1-13). The
major family is composed of helicenes in which aromatic heterocycle(s), such as thiophene,!’’
pyrrole,}817 furan,1’®  phosphole,* pyridine,'®:8 Jactam,!84185 and so on, are fused between
or at the edge of ortho-fused arene rings. Other than this family, the synthesis of a [7]helicene

comprised of only fused thiophene rings was reported by Rajca et al.18:187

Figure 1-13. Selected examples of hetero-helicenes

1-3-2-3. Multi-helicenes

Aromatic compounds possessing more than one helicene moiety are difficult to be synthesized.
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Recently, synthesis of double helicenes®1% were achieved (Figure 1-14). There are also
examples of double-helicenes!®* and a quadruple helicene!® in which hetero-atoms were
incorporated. Such kind of multi-helicenes have diastereomers, whose kinetic and thermodynamic

stabilities and isomerization behavior are intriguing.1®3

Figure 1-14. Selected examples of multi-helicenes

1-3-2-4. Helicene-like compounds

There are several examples of helical-shaped molecules comprised of ortho-fused rings, but not
fully conjugated (Figure 1-15). They are often called “helicene-like compounds” because they are
not helicenes on the basis of the definition. Teply et al. synthesized a family of cationic partially-
hydrogenated helicenes in which nitrogen atoms are incorporated in their skeleton at the fused

points (Figure 1-15a).1%4197 Chen et al. synthesized tetrahydrogenated[5]helicenes (Figure 1-
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15b).1%8.1% Nozaki et al. synthesized [7]helicene-like compounds possessing either a fluorene

unit?® or silole moiety.?°* Helical molecules with silole rings were synthesized also by other

like compounds (Figure 1-15c,d).20%208

(a)

groups.2922% There are several reports on asymmetric catalytic reactions generating new helicene-
ON= —N

© 4 )
@ Q'O O‘O N-R
\ / / o—/ o) O O

Figure 1-15. Selected examples of helicene-like molecules

1-3-3. Properties of helicenes
Because of their unique structures, with helical chirality and extended m-conjugated system,
helicenes show intriguing properties. In this section, properties of only normal carbo[n]helicenes

(n = 5-13) will be mentioned.

1-3-3-1. Inversion behavior of helicenes

Racemization behaviors of helicenes were investigated based on both experimental and
theoretical ways. In 1956, experimental study on the thermal racemization of [6]helicene was
reported by Newman and Lednicer.t”® [5]-,2° [7]-, [8]-, and [9]helicenes were investigated by
Martin et al. in 1974.21° Comparing the estimated activation energies for their racemization (Table
1-1), they were enlarged as the number of aromatic rings increased from 5 to 7, however, the
values were very similar from [7]- to [9]helicene, around 42 kcal mol™*. Martin et al. commented
on this fact that “the helicenes are in fact much more ‘flexible’ than is generally believed.” This

trend of the racemization energies well matched with the result of theoretical calculations.?'

21



Table 1-1. Experimental and calculated activation barriers for racemization of carbo[n]helicene

(n=5-9)
AMI B3LYP/3-21G
AAH o TS! T5-GS T5-GS TS-G&¢
helicens [kecal mol™'] [kcal mol~'] [kcal mol~'] [kcal mol~'] [kcal mol™'] [kcal mol~']

1 22.9% 1043 1274 29 2802 2565
2 35.0n2 126.8 1582 314 40.50 38.16
3 405" 151.1 1838 347 4431 4204
4 41.0m 1759 210.8 349 4338 41.76
5 41 200.6 2346 340 40.80 30.72

“ Experimental results. * Heat of formation < BALYP/3-21G/VAMI. ¢ BALYP/3-21G/B3LYP/3-21G.

For the mechanism of the isomerization, there were three possible pathways; C-C bond
breaking, retro Diels—Alder reaction and Diels—Alder reaction, and reversible inversion of the
helical structure. Martin et al. denied the first two pathways from the experimental results.?2
Haufe et al. and Peyerimhoff et al. independently reported theoretical studies on inversion
pathway of helicenes.??13 In each report, it was suggested that the transition state of the
racemization of helicenes has Cs symmetry with the terminal rings bending to the same side

(Figure 1-16). The following reports supported this mechanism.?4

Reaction Coordinate

Figure 1-16. Mechanism of inversion of a helicene
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1-3-3-2. Chiroptical properties

Because of their helical shapes, helicenes show large optical rotations and intense responses in
circularly dichroism (CD). There is a general relationship between the absolute structure and
optical rotation; (P)-helicenes are dextrorotatory and (M)-forms are levorotatory.?*® The value of

specific rotation increases as the number of the aromatic rings becomes larger (Table 1-2).16°

Table 1-2. Optical rotation of (M)-carbo[n]helicene (n = 4-13)%°

n [a] (°) n [a] (°)
4 Low barrier of racemization 9 —8150
5 -1670 10 —8940
6 —3570 11 —9310
7 —-5900 12 Not available
8 =7170 13 -9620

In CD spectra, each enantiomer of carbo-helicenes shows two strong Cotton effects
(Figure 1-17). There is a general relation also between the absolute conformation and the shape
of spectrum; (P)-helicenes show a negative cotton effect at higher-energy region and a positive
one at lower-energy region, while (M)-forms exhibit the opposite pattern.’® A number of
theoretical studies were conducted to predict the CD spectra of helicenes. In earlier studies,
empirical and semiempirical methods were used because of the large size of helicenes, but
recently, TD-DFT calculations were performed.?'%2" More precise studies by the coupled cluster
method were also reported, in which the calculated CD intensity and the wavelength well-matched
with the experimental results.?!® It is also noted that the substitution on helicene was predicted to

have both electronic and steric effect on the CD spectra.?!9220
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Figure 1-17. Experimental and calculated CD spectra of carbo[n]helicene (n = 4-10)8

1-3-4. The use of helicenes??!

1-3-4-1. Chiral recognition

Several helicene derivatives interact with one enantiomer of a chiral compound selectively. The
first example of chiral recognition by a helicene was reported by Nakazaki et al. in 1983, in which
they reported the synthesis of crown ethers incorporating a methyl-substituted helicene moiety
(Figure 1-18).22222% They selectively transported one enantiomer of chiral amino acids through a
bulk organic solvent membranes. Interestingly, crown ether with (P)-[5]helicene and one with
(P)-[6]helicene showed the opposite selectivity to each other although they possessed the same
helical chirality. Chiral recognition by helicene derivatives using hydrogen bonds,?4?% and

stereoselective complexation of helicene derivatives with B-cyclodextrin?722 are also known.

f Oﬁo Ve
o ool
o/

Figure 1-18. Crown ethers possessing a helicene moiety for chiral recognition
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Recently, chiral molecular recognitions by helicenes have been studied in the field of
chemical-biology. In most of the research, DNA is the target molecules, and usually it favors a

helicene derivative possessing the same helical configuration.??

1-3-4-2. Asymmetric reactions!’6.2%0

There are some studies on stereoselective reactions performed with helicenes. In 1980’s, Martin
et al. developed diastereoselective reactions using helicene derivatives as substrates.’® The first
example of asymmetric catalysts possessing a helicene moiety was reported by Reetz et al. in
1997 (Scheme 1-6).2%! After that, several catalytic reactions were reported in which helicenes with
either hydroxy, phosphine, or phosphite moiety were used as a ligand for organometallic
catalyst.?®2 There are also examples of organocatalytic reactions performed with a helicene
possessing amine or nitroxide group.?*® Non-functionalized carbo-helicenes are able to be used as

a chiral-induced reagent for autocatalytic reactions developed by Soai et al.2%

Scheme 1-6. Asymmetric hydrogenation reaction by catalysts possessing a helicene part

3 mol% ligand

o,
y COOCJVCOOCH3 1 mol% [Rh(cod)]BF, 9y COOC/'\/COOCH3
3 H, (90 atm), DCM 3
96% ee

1-3-4-3. Optical materials
Although the normal carbo-helicenes do not show strong fluorescence because of their rapid

intersystem crossing,?*® some of the hetero-helicenes and helicene-like compounds exhibit intense
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emission. Especially circularly polarized luminescence (CPL) are notable, originating from their
helically chiral structures. In 2006, Barnes et al. succeeded in observation CPL of an individual
helicene molecule deposited on the surface of a polymer film.2*® [7]Helicene-like compounds
reported by Nozaki et al. 292! and Tanaka et al.184203208237 exhibited strong CPL in high
asymmetric factor. Hasbe et al. found that the quinoxaline-fused thia-helicenes with electron-
withdrawing groups showed good CPL property.2® Chen et al. developed a series of
tetrahydro[5]helicene derivatives with various substituents and achieved full-color

fluorescence,%°2%° which were applied to cell imaging?* and sensing of mercury.?

1-3-4-4. Liquid crystals
Katz et al. made great contribution in construction of helicene-based liquid crystals. In 1998, they
synthesized a helicene-bisquinone with long alkyl chains, which formed an anisotropic liquid-
crystalline phase at room temperature, and turned to an isotropic phase by heating at 85 °C.2%?
Applying an electric field to this material made it aggregated into helical columns, whose
orientation could be changed by the electric field, generating discotic nematic liquid-crystalline
phases.243*245

Some helicenes were also used as chiral dopants to convert a nematic liquid crystal to a

twisted nematic (cholesteric) phase.?4

1-3-4-5. Nonlinear optics

Nonlinear optical (NLO) effect is defined as “effect brought about by electromagnetic radiation
the magnitude of which is not proportional to the irradiance.”*’ One of the concepts to increase
the NLO properties is self-assembly of multiple molecules leading to an enhancement of the

properties beyond the sum of the individual molecular property. In this point of view, helicene-
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bisquinones, developed by Katz’s group as was mentioned in the previous paragraph, was studied
as a candidate for nonlinear optics. Verbiest and Katz et al. made Langmuir-Blodgett film with a
non-racemic helicene-bisquinone derivatives and found that it showed second-order NLOs.248:249
The NLO susceptibility of the material composed of optically-pure helicene was 30 times larger
than that of racemic material, because of the longer columnar assembled structure observed in

AFM images (Figure 1-19).

OC13Hzs

OC,-H
A~ I Kooy

OCzHzs

0 80nm 0 » 80 nm
helicene-bisquinone non-racemic film racemic film

Figure 1-19. AFM images of assembled optically-pure and racemic helicene-bisquinone?*

1-3-4-6. Molecular ratchet

Kelly et al. tried to build a molecular motor which rotates unidirectionally.?®® In this challenge,
they designed a molecular ratchet by employing a triptycene as the toothed wheel and a
[4]helicene as the pawl. According to Scheme 1-7, they succeeded in one-directional rotation by

120 ° around the C—C bond between the two units.?!

Scheme 1-7. One-directional rotation of a molecular ratchet incorporating [4]helicene moiety
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1-4. Helicene organometallic complexes?®?

Helicene is sometimes used as a ligand for metal complexes. In this part, representative examples

of helicene organometallic compounds possessing carbon—metal bond(s) will be mentioned.

1-4-1. Cp complexes

Katz et al. developed a family of helicene metallocenes with cobalt or iron as a central metal
(Figure 1-20). The complexes had Cp moiety(ies) at the edge of the helicene ligands. In 1979, the
authors reported synthesis of bimetallic complexes with two of [4]helicene or [5]helicene ligands,
which did not have rigid helical chirality.?®® Three years later, they reported [7]helicene
metallocene, in which the central metal was sandwiched by two Cp moieties at the both edges of
the same [7]helicene (Figure 1-20a).%>* These [7]helicene metallocenes could be synthesized in
their optically pure forms.?*® Furthermore, in 1993, Katz’s group reported cobaltocene with one
[8]helicene ligand (Figure 1-20b), with two [8]helicene ligands (c), and bimetallic cobaltocene
with a [9]helicene ligand (d).?® They also succeeded in synthesis of metallo-polymer with
[9]helicene ligands (Figure 1-20e).% This polymer showed reversible reduction and oxidation in
solution, which made significant changes in the CD spectrum.?® It can be thought as a redox-

triggered CD switching system.
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Figure 1-20. Family of helicene Cp complexes developed by Katz et al.

Thiel et al. synthesized metal complexes with dibenzo[c,g]fluorenyl anion, [5]helicene
possessing a Cp moiety at the middle of its skeleton (Figure 1-21). They reported the complexes
with various metals as a central metal, such as cobalt,?® iron,?6%26! ruthenium,?6? manganese,*
molybdenum,?®® and tungsten.?? Although the [5]helicene ligand in these complexes showed a
helical-chiral conformation in the crystal state due to the axial-chirality of the binaphthyl

backbone, racemization proceeded rapidly at room temperature in solution.?6!

OI
ML X,
( M : Co", Fe, Ru, Mn, Mo, W)

Figure 1-21. Family of [5S]helicene Cp complexes developed by Thiel et al.

Carreno et al. reported the synthesis of enantiopure ferrocen[4]helicenequinone by a

kinetic resolution using a stereoselective Diels-Alder reaction in 2011.2%4

29



1-4-2. Arene complexes

In 2011, Alvarez et al. reported the synthesis of metal complexes with a [6]helicene composed of
only 6-membered rings (Fiigure 1-22).25 They identify the three regioisomers of the iridium
[6]helicene complex A, B, and C, generated as a result of reaction of [6]helicene and the iridium
precursor. The metal on the ligand migrated over the helicene rings, and these isomers converted
to the most thermodynamically stable isomer C after several days in solution. Also in the case of
bimetallic [6]helicene complexes with iridium or ruthenium atoms, three isomers generated at
first, then they converged into the most stable isomer, in which each of two metals bound to the

arene ring at the edge of the helicene ligand.

Ir2+ Ir
~ b =
A B C

Figure 1-22. Arene complexes with a [6]helicene ligand

1-4-3. Cyclometalated complexes

Crassous et al. made grate contributions in synthesizing helicenes with a metal atom incorporated
in their skeleton, through cyclometalation reaction of phenylpyridine derivatives (Figure 1-23).2%¢
The authors used mainly platinum as a coordinated metal, and synthesized monometallic- and
bimetallic complexes (Figure 1-23a,b).%%® They also developed diplatinum complex with two
helicene ligands, in which a Pt-Pt bond exists (Figure 1-23c).2672%8 The complexes with bearing

helicene ligands possess two diastereomers; homochiral isomer and heterochiral isomer.
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Homochiral isomer of complex was found to convert to heterochiral one under 80 °C in toluene
solution, which suggested that the latter isomer was more thermodynamically stable. It was
notable that these platinum complexes showed circularly polarized luminescence (CPL) in high
gium Value (~1072),%° with which circularly polarized phosphorescent OLED was constructed.2”
Cyclometalated helicenes possessing iridium and osmium as a coordinated metal were also

synthesized. 266271272

cl
c o

O,
( >Pt< —>_Ph C
81 5 (0=
("R >—pn N
N" ¢ ©

Figure 1-23. Helicene cyclometalated complexes

1-4-4. Alkenyl and alkynyl complexes

There are several reports on synthesizing helicene metal complexes in which each helicene ligand
has alkenyl or alkynyl substituent(s) on the aromatic ring to coordinate to a metal. Crassous et al.
synthesized monometallic and bimetallic [6]helicene alkenyl complexes with either ruthenium?”
or osmium?’2 atom through hydrometallation of ethynyl[6]helicene (Figure 1-24a). With these
alkenyl complexes, reversible CD switching systems, which are like the metallo polymer reported
by Katz et al.,?® were developed: Reversible oxidation and reduction triggered a change in the
CD spectra of the ruthenium complex. In the case of the osmium complex, CD spectra changed
by reversible isomerization between alkenyl complex and carbene complex by addition of acid
and base (Figure 1-24b).2"2 Most recently, Crassous and Autschbach et al. reported the synthesis
of a [6]helicene alkynyl bimetallic complex with iron, which led to redox-triggered chiroptical

switching system active in the IR and near-IR regions.?’
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Figure 1-24. Helicene alkenyl metal complexes

Meanwhile, Licandro et al. reported the synthesis of tetrathia[7]helicene complexes
substituted with either a ferrocenylethynyl group or a {(n®-
cyclohexadienyl)tricarbonylmanganese }ethynyl group (Figure 1-25).27 It was suggested in the
report that the helicene-substituted ferrocene was more difficult to be oxidized comparing to non-

substituted ferrocene (CpzFe).

Figure 1-25. Synthesis of tetrathia[ 7]helicene metal complexes

1-5. Metal complexes with other curved n-conjugated molecules

There are some important examples of organometallic complexes in which the metal coordinated

to curved m-conjugated molecules other than helicenes.

1-5-1. Bucky metallocenes
Nakamura et al. developed “bucky metallocenes”, in which [60] or [70]fullerene and ferrocene
were combined.?® Because the five-membered ring in fullerene has only 5r-electrons, the authors

developed methods to functionalize fullerene at first.?’"?’® With a penta-substituted fullerene,
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bucky ferrocene and ruthenocene were synthesized, in which the fullerene was coordinated to a
metal in an m®manner (Scheme 1-8).2°2%0 They also synthesized rhenium and rhodium

complexes with the substituted fullerene.?!

Scheme 1-8. Synthesis of bucky metallocenes

1-5-2. Complexes with bowl-shaped molecule?®?
Bowl-shaped hydrocarbon molecules, corannulene and sumanene,?® are also able to form
organometallic complexes. In the coordination chemistry of such bowl-shaped molecules, there
are two intriguing selectivities; surface selectivity (concave or convex) and coordination-site
selectivity. Change in the depth of the bow! structure is also notable.

In 1997, Siegel et al. reported the first corannulene metal complex, in which the
corannulene was coordinated to a ruthenium atom in an n® manner.?®* The metal bound to concave

site in the crystal state, as predicted by theoretical calculations. The group 9 metal complexes,
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with rhodium and iridium, were also synthesized.?® It was found that the metal on the corannulene
migrated over the corannulene rings.?® Angelici et al. synthesized a bis-ruthenium complex with
corannulene.?®” Each of the two ruthenium atoms bound onto the opposite surface to each other.
It was found from the comparison of free-corannulene, monometallic corannulene complex, and

bimetallic one, that the coordination to the metal made the bowl-structure flatter.2%8

A L
® ®
K K

Ru

(M: Ru(l1), Rh(l), Ir(li)) ﬁ

Figure 1-26. Corannulene metal complexes

There are also several examples of n2-corannulene metal complexes. In 2003,
Petrukhina et al. synthesized n2-corannulene rhodium complexes.?®® In their packing structure of
in crystal, 1D polymer and 2D network structure were observed depending on the conditions of
complexation?®-2% |n the case of n?-corannulene silver complexes reported by Siegel et al., the
crystal packing motif was changed by the counter anion.?** With regards to both of the examples,
the depth of the bowl was not changed by the metal-coordination, although the bond length of the
metal-bound C=C bond was slightly elongated.

A family of organometallic complexes with sumanene as a ligand was developed by
Amaya and Hirao et al.?®*?% The first sumanene complex reported in 2007 was cationic n®-

sumanene iron complex.?®” In contrast to the corannulene complex, the iron bound onto the
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concave surface of the sumanene, and the bowl-depth was hardly changed by the coordination.
The surface-selective coordination of the iron atom was investigated also by theoretical
calculations.?®® Regarding to its ruthenium analogue, showing a longer metal-sumanene bond,
both concave and convex conformation were observed.? There were an equilibrium between
them, and the dynamic bowl-inversion behavior was studied. The authors also synthesized an iron
complex possessing a chiral substituent on the Cp ligand, and investigated its dynamic behavior
and chiroptical properties.3®

Most recently, a zirconium complex possessing an m°-sumanenyl ligand, and its
trinuclear version were synthesized.*** The zirconium atom(s) in the both mono- and trimetallic
complexes bound to the convex surface of the sumanene. The bowl-depth got larger than free-

sumanene.

1-6. The purpose of this study

A Cp ligand forms a stable metal-ligand bond with various metals (1-1). Meanwhile, helicene
shows characteristic properties because of its large helical aromatic structure (1-3). A Cp complex
bearing a helicene skeleton is expected to be a unique functional molecule involving an interaction
between the metal’s d-orbitals and the helical n-orbitals. However, the isolated optically-active
helicene Cp complexes are limited to be the ones reported by Katz et al., who pursued the research
concentrating on the CD spectra and developed a redox-triggered switching system (1-4-1). There
must be other possibilities of helicene Cp complexes with different structures. As seen in the case
with organometallic complexes with other curved-m molecules (1-5), coordination-site-selectivity,
structural change in the ligand caused by the complexation, and dynamic behaviors are also
intriguing.

This PhD study focuses on the synthesis of organometallic complexes with [7]helicene
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ligand(s) possessing a Cp moiety at the middle of its skeleton, aiming at development of novel
functional molecules. A helicene Cp complex with a Cp ring incorporated in the central part of
fused rings has never been isolated in an enantiopure form. In comparison with the inseparable
[5]helicene metal complexes reported by Thiel et al. (1-4-1), [7]helicene metal complexes have
extended helical structure, which will lead to more rigid chirality. In addition, not only the Cp
moiety but also arene parts can act as coordination sites (1-4-2). Here in this thesis, three kinds of
compounds are synthesized and their properties are investigated (Figure 1-27); complex 1
possesses one [7]helicene ligand and one iron or ruthenium atom, complex 2 is a monometallic
bis-helicene complex, and complex 3 has two ruthenium atoms on one [7]helicene ligand. It is
most notable in this thesis that the bimetallic complex 3 was found to exhibit strong
phosphorescence. This is the first example of phosphorescent Cp complex (1-2-3), which shows

a new direction of the Cp complexes serving as a photoluminescence material.

Figure 1-27. Synthesis of three kinds of [7]helicene metallocenes synthesized in this PhD study

- i _ JoTf
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In the chapter 2, the synthesis of these complexes and resolution of their enantiomers
are described. Their helical structures are discussed based on the x-ray single crystal structural

analysis. The chapter 3 focuses on the isomerization behavior especially for bis-helicene complex
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2. The Kinetic and thermodynamic parameters are estimated, and the mechanism is investigated.

In the chapter 4, electronic, optical, and chiroptical properties of the complexes are discussed

based on both experimental and theoretical ways. The chapter 5 describes the unique

phosphorescent property of bimetallic complex 3.
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2-1. Introduction

In this chapter, synthesis of group 8 metallocenes possessing [7]helicene ligand L will be
described. Structure of each complex will be discussed based on X-ray diffraction analysis of a
single crystal.

When there are multiple numbers of coordination sites exist in a large m-conjugated
ligand, selectivity of the coordination site should be considered. For example, in monometallic
and bimetallic complexes with a [6]helicene composed of only 6-membered rings, the metal
first bound to any ring of [6]helicene, and then migrated to the arene ring at the edge to afford
the most thermodynamically stable isomer.! As mentioned in 1-5-2, corannulene coordinates to
metals both in n®- and n2-manners depending on the kind of metal and other ligands.? In most
examples of sumanene complexes, the metals bound on arene rings of the sumanene ligand,®*
except that zirconium complexes showed coordination on the Cp rings.® The [7]helicene ligand
used in this study can serve one Cp moiety at the middle of its skeleton and the other 6 arene

rings as coordination sites.

2-2. Synthesis of [7]helicene metallocenes

Three ruthenocene derivatives 1, 2, and 3 were synthesized in the procedure described in
Scheme 2-1. First, a racemic mixture of LH® was used as a precursor, which was readily
deprotonated after the addition of potassium hydride. The following reaction with an equimolar
amount of [Cp*Ru(MeCN);]OTf afforded a mono-helicene ruthenocene bearing one helicene
ligand, rac-1, in 76% yield. Complex 1 is stable in air and water, and unstable on silica-gel. The
purification was done by extraction with dichloromethane and following recrystallization.

When two equivalents of [Cp*Ru(MeCN)3]OTf was added, a bimetallic ruthenium
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complex rac-3 was obtained in 49% vyield. The structure of the obtained complex was
determined by preliminary single crystal X-ray diffraction analysis (see 2-3); one ruthenium
atom bound to the Cp moiety in an n® manner, and the other to the arene moiety at the edge of
the helical ligand in an n® manner. These two metals were located at the opposite face of the
helicene ligand to each other. Although other isomers varying in the metal coordination to other
aromatic rings would have been possibly generated,® selective formation of 3 soon after the
addition of ruthenium precursor was confirmed by 'H NMR analysis. Because complex 3
decomposed in solution in air, it was purified by reprecipitation and recrystallization under inert
atmosphere.

The reaction of deprotonated rac-LH with a half equimolar of RuClx(dmso)s gave
bis-helicene ruthenocene 2 as a mixture of (P,P)- and (M,M)-2 (rac-2), and (P,M)-2 (meso-2) in
a 7:3 ratio, in 26% total yield. Two of the diastereomers were separable by the difference of
solubility; meso-2 was much less soluble in any organic solvent. The both isomers are so stable
even on silica-gel in air that | could isolated them by silica-gel column chromatography. The
yield of 2 was much lower than 1 and 3, and it was confirmed by proton NMR that the starting
material LH was recovered in 17% vyield. This fact suggested that the generated L anion was
subjected to one-electron oxidation by a metal chloride to afford L radical, which abstracted a

hydrogen radical from THF.’
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Scheme 2-1. Synthesis of the [7]helicene ruthenocenes.

KH [Cp*Ru(MeCN)3]OTf O/ < AO
(3 equiv) 1 equiv)3 9

Ru

ﬁ( —I oTf

rac-1 (76%)

rac-LH

Ru
Org. Lett.
2016, 18, 3654, [Cp*Ru(MeCN)3]OTf
(2 equiv)

rac-3 (49%)

~SI1 2~ S
e, < x5 @e
(0.5 equiv) :; Q 4 O <RDU SD
(P.P)2 'QD CQQ (MM)-2 4
) rac2 ’ meso-2

(26% total yield, rac-2:meso-2 = 68:32)

The [7]helicene metallocenes could be synthesized in their optically pure forms
(Scheme 2-2). Enantiopure (P)-LH obtained by separation of a racemic mixture using chiral
HPLC was converted to optically pure (P)-1, (P,P)-2, and (P)-3 by the same procedure as those
for the synthesis of their racemic mixtures. The opposite enantiomers were also prepared from
(M)-LH. It was confirmed that the complexation underwent without any loss of enantiopurity
by chiral HPLC for complex 1 and 3. It is notable that the [7]helicene ligand afforded
enantiopure helicene ruthenocenes, while the complexes with [5]helicene reported by Thiel et al.

could not be separated into enantiomers due to the rapid racemization.?
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Scheme 2-2. Synthesis of the [7]helicene ruthenocenes in optically-pure forms.

S

[Cp*Ru(MeCN)3]OTf <> A‘
(1 equiv)3 Q

= Ru

(P)-1

ﬁfu "ot

[Cp*Ru(MeCN)3]OTf

(2 equiv)
£,
RUCly(dmso), @g@
(0.5 equiv) !

The iron analogue of complex 1 was also synthesized by the similar procedure
(Scheme 2-3) in 3% isolated yield. There were several problems in the synthesis of 1r.. The first
one was the one-electron oxidation of L anion by the iron precursor, suggested by the fact that
the resulting mixture after the reaction contained LH, as well as the case with the synthesis of
complex 2. It is probably because iron(ll) is more likely to be reduced by one-electron than
ruthenium(ll). The second problem was purification. Because 1re is unstable on silica even
without oxygen, and very soluble to organic solvents, silica-gel column chromatography and
reprecipitation are not available. Finally, it was found that size exclusion column
chromatography under inert atmosphere is effective for purification of 1, and the desired

[7]helicene ferrocene was successfully isolated although the yield was very low.
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Scheme 2-3. Synthesis of [7]helicene ferrocene 1re.

H H
51
8'% oy e EZ LD
Fe
§) ~chr—
(M)-LH (M)-1ge (3%)

2-3. X-ray structural analysis
Single crystals of the obtained complexes were analyzed by X-ray diffraction (Figure 2-1, Table

2-1).

(d

Figure 2-1. X-ray structures of rac-1 (a), rac-2 (b), and meso-2 (c), (M)-1r. (d), rac-3 (e), and

the carbon numbering of L (f).
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Table 2-1. Crystal structure data.

rac-1 rac-2 meso-2 (M)-1re (M)-LH

C1-C2 (A) 1.412(7) 1.42(2) 1.426(4) 1.416(6) 1.495(5)
1.43(2) 1.430(5)

C2-C3(A) 1.452(8) 1.45(2) 1.469(5) 1.463(6) 1.408(4)
1.48(2) 1.459(4)

C3-C4 (A) 1.474(6) 1.50(1) 1.463(4) 1.483(6) 1.494(4)
1.49(1) 1.466(4)

C4-C5 (A) 1.463(7) 1.45(2) 1.458(5) 1.462(6) 1.408(4)
1.47(2) 1.461(6)

C5-C1 (A) 1.424(7) 1.43(2) 1.423(5) 1.414(7) 1.492(5)
1.42(1) 1.405(5)

M-Cp(L) (A) 1.850 1.846 1.848 1.689
1.832 1.840

M-Cp* (A) 1.793 - - 1.665

sum of five dihedral 77.0 83.6 79.6 77.6 86.5

angles (°) [

[a] The sum of £C9-C10-C11-C4, £C10-C11-C4-C3, £C11-C4-C3-C6, £C4-C3-C6-C7, and £
C3-C6-C7-C8.

Focusing on the bond length of the five-membered ring, it was found that the
cyclopentadiene moiety of LH was aromatized to Cp anion from the shorter C1-C2, C3-C4,
and C5-C1 bonds, and the longer C2—-C3 and C4—C5 bonds in the complexes. The ruthenium
atom coordinated to the Cp moiety in an n° manner. Taking a closer look at the bond lengths
however, these five bond lengths are not equal; C1-C2 and C5-C1 bonds are the shortest, and

the C3-C4 bond is the longest. The bond lengths in fused aromatic rings can be explained by
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their resonance structures. For example, the indenyl ligand on Ru(ind)Cp* showed two of the
shortest C-C bonds,® which could originate from the large contribution of resonance structure A
and A’ in Figure 2-3a, stabilized by the aromatic ring. In the case of fluorenyl ligand in
Ru(flu)Cp*, the bond lengths of the five-membered ring are almost uniform.° In
dibenzofluorenyl ligand reported by Thiel et al.,’° the resonance structure D, E, and E’ in Figure
2-3b, containing one or two aromatic benzene ring(s), seem to contribute largely. It was implied
by the crystal structure of rac-1 that E and E’ more contributed to the [7]helicene ligand than to
dibenzofluorenyl anion, which might be because the anion generated on C3 or C4 was stabilized

by the extended nt-conjugated system.

1.43 1.431(8) ~_1.407(8) 1.436(7) 1.437(3) 1.412(7)
1 .446(81 405(8) 1 .448(8 1 .444(3 1 .452(8
1.419(8) 1.447(8) 1.475(3) 1.474(6)

RuCp,  Ru(ind)Cp* Ru(flu)Cp* Ru(dbf)(PPh3),Cl rac-1

Figure 2-2. Bond length of the five-membered rings in ruthenium complexes.®**

" -3 -0 O - P
0 LTy~ Ty~ (R0~ 2D 00

D E F F* E'

Figure 2-3. Resonance structures of indenyl (a) and fluorenyl (b) anion

The distortion of the helical structure is one of the important factors in the structural
analysis of helicenes and helicene-like compounds, because it largely affects the stability of the

helical chirality and chiroptical properties. In the case with hetero[7]helicene and helicene-like
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compounds reported by Nozaki et al.,®*?>* possessing a five-membered ring at the middle in
their skeleton, the helical distortions was assessed by sum of the five dihedral angles that are
derived from the seven C-C bonds (£ C9-C10-C11-C4, £C10-C11-C4-C3, £ C11-C4-C3-C6,
/ C4-C3-C6-C7, and £C3-C6-C7-C8 in Figure 2-1f). According to this values, all of the
[7]helicene metallocenes obtained in this study showed less-distorted structure than that LH
(Table 2-1). The bis-helicene ruthenocene 2 were slightly more twisted than 1, which can be
caused by the steric repulsion between the two helicene ligands. The data of rac-3 was not
suitable for discussing its precise structure because of the bad R factor.

The distance between the metal and the five-membered ring in complex 1 was almost
the same as that of unsubstituted ruthenocene (CpzRu) (Figure 2-4).* On the other hand, the
metal-Cp bond in 1r. was slightly longer than Cp.Fe.® In the crystal structure of metallocenes
with a group 8 metal, there are two possible conformations; staggered and eclipsed. Although
unsubstituted ferrocene (CpzFe) is eclipsed according to the gas phase electron diffraction
analysis!® and theoretical studies in the gas phase,’’” it shows staggered configuration in its
crystal state,™® and most of the other ferrocene derivatives as well.?*?® As one of the
exceptions, 1,1°-ferrocenedicarboxylic acid showed eclipsed conformation in the crystal as a
result of forming intermolecular hydrogen bonds.?! It is notable that [7]helicene ferrocene 1re
showed eclipsed conformation in its crystal state Given that the iron complex with [5]helicene
and tetraisopropylcyclopentadienyl ligand reported by Thiel et al. showed staggered
conformation,? the eclipsed 1r. is probably because of the steric repulsion between the benzene

ring at the edge of the [7]helicene ligand and the methyl group.
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@")1-850/& @")1-85/& @:)1.665,& ?:)1.648,&

Ru ---- Ru ---- Fe -- -
1 CpoRu 1Fe CpoFe
eclipsed eclipsed eclipsed staggered

Figure 2-4. Comparison of the [7]helicene metallocenes 1 and 1ge with the corresponding

unsubstituted metallocenes.
According to the crystal packing structure of each complex, any intermolecular

interaction other than C-H-r was not observed (Figure 2-5). Unlike the case of some of other

helicenes,32% columnar structure was not formed.
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Figure 2-5. Packing structures of rac-1 (a), (M)-1 (b), (M)-1r. (c), rac-2 (d), and meso-2 (e).
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2-4. Conclusions

[7]Helicene metallocenes 1, 2, 3, and 1r. were successfully synthesized not only in racemic

mixture but also in their optically pure forms. Each of their structure was analyzed and

discussed especially focused on the distortion of the helical structure, the metal-ligand distance,

and the conformation of the metallocene moiety.
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3-1. Introduction
In this chapter, the isomerization behavior of the metal-bound [7]helicene will be discussed
based on the experimental results using bis-helicene metallocene 2.

Racemization behavior of simple carbo-helicenes was well-studied by both
experimental and theoretical ways, as mentioned in 1-3-3-1. Other reports on synthesizing
helicenes or helicene-like compounds (mentioned in 1-3-3-2~1-3-3-4) described the
racemization barrier of the compounds.**? For example, racemization behavior of the
hetero[7]helicenes with a five-membered ring at the middle of their skeleton (Figure 3-1),
which have similar structure with the [7]helicene ligand L, was experimentally investigated. For
oxa- and aza[7]helicenes,® racemization was observed at higher temperature than 100 °C, and
the each activation energy was estimated to be 31.5 kcal mol™* for oxa[7]helicene, 32.7 kcal
mol* for aza[7]helicene, and 33.7 kcal mol! for aza[7]helicene with a phenyl group on
nitrogen.®® On the other hand, the enantiopurity of A°>-phospha[7]helicenes remained intact after
heating at 150 °C,%° and the helicene-like molecules with a dimethylsilole moiety did not lost its

optical purity at all even at 220 °C.1t

o ot on on
&5 &8

Figure 3-1. Hetero[7]helicenes with a five-membered ring at the middle of their skeleton

Inversion of one helicene moiety in multiple-helicenes®®*? or multiple-helicene metal
complexes® with multiple chiral centers results in conversion from one diastereomer to the other.

In such cases, not only the activation barrier but also the energy difference between the
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Chapter 3. Isomerization Behavior of the Metal-Bound [7]Helicene

diastereomers is intriguing topics when discussing about dynamic behavior of helicenes. For
example, when synthesizing a quadruple helicene reported by Itami et al., only
(P,P)-(P,P)-form and its enantiomer were generated, which isomerized to (P,P)-(M,M)-form
under 80 °C within 2 days (Scheme 3-1).* Theoretical calculations also showed that the
(P,P)-(M,M)-form was the most stable of the possible nine stereoisomers. With regard to the
Crassous’ bis-helicene diplatinum complex, its heterochiral isomer fully converted into its

homochiral form after heating at 80 °C for 3 days.?

Scheme 3-1. Synthesis and thermal isomerization of a quadruple helicene

Scholl
reaction

3-2. Estimation of the isomerization barrier of the bis-helicene
ruthenocene

The thermal behavior of rac-2 in solution was investigated at 100, 110, 122, and 150 °C,
monitoring the ratio of the two isomers by *H NMR (Scheme 3-2). It was found that rac-2
slowly converted to meso-2 in solution at higher temperature than 100 °C, and the ratio of rac-
and meso-2 converged into a specific value depending on temperature. There should be an
equilibrium between the two isomers (Figure 3-3). The determined equilibrium constant (K) at

each temperature was plotted to Van’t Hoff plot (Figure 3-2a), from which the racemic form was

65



estimated to be more stable than its meso form by 2.3 kcal mol* at 400 K. Arrhenius plot[] was
also generated from the Kinetic constants (k) at the various temperature (Figure 3-2b) calculated
within the frame of reversible first-order kinetics (In([rac-2]/[rac-2]o) =—kt+C), and the
activation energy of isomerization from rac-2 to meso-2 was determined to be 33.9 kcal mol™ at

400 K.

Scheme 3-2. Heating experiments of rac-2

rac-2 : >  rac-2 + meso-2
in solvent (3 mM)

<('D’P)'2 * (M’M)-2> under Ar monitored by "H NMR
100, 110, 122, 150 °C

b
“ © Ink=—(AG/R)/T+C1 (O o Ty=—(aHIRYT+inkgh)Hn(aSTR)
06 -

T (OC) K k (hl) 1 y =-1125.5x + 1.9719 y =-17579x + 34.545
100 0.35 0.0014 R?=0.9981 i R?=0.9916
110  0.38 0.0034 o8 T

¥ -
122 0.42 0.0237 £ 5-10 T
150 0.50 0.3619 1T £ Ll
-1.2 I I -14 ; ' '
00022 0.0024 00026 0.0028 0.0023 0.0025 0.0027
T 1T (K7)

Figure 3-2. The equilibrium constants and the kinetic constants at various temperature (a), Van’t

Hoff plot (b), Arrhenius plot (c) based on the heating experiments
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AHT = +34.9 kcal mol™! [AH = +2.2 kcal mol™

AS* = +2.6 kcal mol- AS = +3.9 kcal mol™’!
AGF 400 k = +33.9 kecal mol-' AGyqo k = 0.7 kcal mol™!

Figure 3-3. Equilibrium between rac-2 and meso-2

The estimated activation energy from rac-2 to meso-2 was close to the racemization
barrier of [6]helicene composed of only 6-membered rings (36.2 kcal mol?),** and much higher
than the theoretically calculated value for the [5]helicene ligand reported by Thiel at al. (18.8
kcal mol?).’*> The AG' for the isomerization was comparable also to that of the
previously-reported oxa- and aza[7]helicenes possessing the similar structure with the
[7]helicene ligand.®®* However, it should be noted that the isomerization behavior of [7]helicene
metallocenes is different from hetero[7]helicenes, implied by the positive AS' values in
isomerization from rac-2 to meso-2. Not only the inversion of helicene ligand, but also the other
factors in the transition state, such as intramolecular interaction between two ligands and change
in M-Cp bond length, should be considered. The racemization barriers of complexes 1 and 3

could not be determined because of their unstability at high temperature in solution.

3-3. Mechanism of the isomerization of the bis-helicene ruthenocene
For the conversion from rac-2 to meso-2, two pathways are considerable; a flip of one of the
helicene units, and/or exchange of ligands between (P,P)- and (M,M)-2 (Figure 3-4). To clarify
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the mechanism, the author tested if the thermal isomerization could occur with enantiopure 2
(Scheme 3-3). If the isomerization of rac-2 to meso-2 took place via the ligand exchange, there
would be no isomerization starting from (P,P)-isomer. Upon heating (P,P)-2 at 122 °C, however,
meso-2 and (M,M)-2 were generated, suggesting that the epimerization occurred through the

helical inversion of the ligand.

Exchange

meso-2

Flipping

meso-2 (M,M)-2

Figure 3-4. Two possible pathways for isomerization of the bis-helicene ruthenocene

Scheme 3-3. Heating experiments of (P,P)-2

(P,P)-2 ) >  (P,P)-2 + meso-2 + (M,M)-2
in p-xylene (3 mM)
>99.5% ee under Ar 39:31:30
122 °C,61h

3-4. Conclusions
Because of its stable helical chirality, the isomerization barrier of the [7]helicene bound to a
metal was able to be estimated from heating experiments. The isomerization of the bis-helicene
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ruthenocene was confirmed to occur through the flipping of the helicene ligand.
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4-1. Introduction
In this chapter, physical properties, such as electronic, optical, and chiroptical properties of the
[7]helicene ruthenocenes will be discussed based on both experimental and theoretical studies.

When paying attention to the central metal, it is intriguing to know how the electronic
property changes by the coordination to a large aromatic molecule. Especially for group 8
metallocenes, redox potentials are often studied compared to the corresponding unsubstituted
metallocenes, which are typical redox reagents.! Licandro et al. reported that the
tetrathia[7]helicene complexes substituted with a ferrocenylethynyl group showed higher
oxidation potential than non-substituted ferrocene (CpzFe).2 The cobaltocenium complexes with
a helicene ligand reported by Katz et al.® and Thiel et al.* was found to show reduction potential
which is close to that of unsubstituted cobaltocenium ion (Cp.Co*) and lower than that of
bisindenylcobalt ion.

Taking a look at the helicene ligand, optical and chiroptical properties are attractive to
argue. Helicenes themselves show unique optical and chiroptical properties due to their extended
n-conjugated system and helical shape, which can be changed by the coordination of metal(s).®
Crassous et al. found that optical rotations of the ethynyl helicenes got much higher after the
complexation with ruthenium? or iron atom.® CD spectra also changed by the coordination of the
metal especially for the bimetallic complex. These chiroptical properties further changed by

reversible oxidation of the bound metal species.

4-2. Electronic properties
Cyclic voltammetry measurements of helicene ruthenocenes rac-1, rac-2, and rac-3 were
performed (Figure 4-1). The oxidation potentials of the two mono-helicene ruthenocenes rac-1
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and rac-2 were nearly the same, Eox12 = 0.08 V for rac-1, 0.07 V for rac-2, vs Fc/Fc*, respectively.
It is reported that decamethylruthenocene shows a much lower oxidation potential (0.11 V)’ than
that of ruthenocene (0.49 V)® because of the high electron-donating ability of
pentamethylcyclopentadienyl anion (Table 4-1). When the indenyl anion was used as one of the
ligand, the oxidation potential (0.12 V) was almost the same as that of decamethylruthenocene,
and the fluorenyl anion made the oxidation potential much lower (0.03 V),” which was probably
because the cation generated after oxidation was stabilized by delocalization over the conjugated
ligand. Compared to these examples, the oxidation potentials of [7]helicene complexes 1 (0.08
V) and rac-2 (0.07 V) are between those of ruthenocene with an indenyl anion and the one
possessing a fluorenyl anion. This fact implied that the expansion of the p-conjugated system does
not contribute to further stabilization by delocalization. Compared to these monometallic
[7Thelicene ruthenocenes, bis-ruthenium [7]helicene complex rac-3 showed higher oxidation
potential. This can be because of the lower electron density of the n-conjugated system with the

cationic ruthenium atom on the arene moiety.?

-0.2 -0.1 0 0.1 0.2 0.3 0.4
Potential (V) vs Fc/Fc+

Figure 4-1. Cyclic voltammograms of 1, rac-2, and 3 (10 mM in CHCl, containing 0.1 M of

BusNBF; as supporting electrolyte, 100 mV s™)
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Table 4-1. Oxidation potentials of reported ruthenocene derivatives’ and the [7]helicene

ruthenocenes
E1/2 (V) vs Fc/Fct

Cp2Ru 0.49

Cp*,Ru 0.11

Cp*(ind)Ru 0.12

Cp*(flu)Ru 0.03

1 0.08

rac-2 0.07

While rac-1 and rac-3 exhibited irreversible oxidation like most ruthenocene
derivatives,’ rac-2 showed a quasi-reversible wave like decamethylruthenocene.®° For complex
rac-2, the disproportionation of Ru(lll) species to Ru(ll) and Ru(IV), which is usually the cause
of the irreversible oxidation of ruthenocene derivatives,'! was probably suppressed by the steric

hindrance of the helicene ligands.

4-3. UV-vis absorption spectra

In each UV-vis absorption spectrum of the obtained [7]helicene ruthenocenes, a weak broad peak
was observed at longer wavelength than 400 nm, while the ligand precursor LH did not show any
peak at the low-energy range (Figure 4-2). When comparing the three complexes, the absorption

edge was red-shifted in the spectra of rac-2 and 3 than in that of complex 1.
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Figure 4-2. UV-vis absorption spectra of [7]helicene ruthenocenes and the ligand precursor LH.

4-4. Chiroptical properties

Specific rotation of (M)-1 showed [a]p?® of —1.0X10? (c = 0.1, CHClIs, the same hereinafter),

whose absolute value was smaller than that of enantiopure LH (2.7 X 10%), which could be

attributed to the less distorted structure of helical moieties in the complexes than in LH, as
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mentioned in 2-3. As was the case with the complexes possessing two helicene ligands reported
by Katz® and Crassous,*? (M,M)-2 exhibited larger optical rotation than (M)-1, —2.8 X 103. Optical
rotation of (M)-3 was —2.9 X 103, which was also greater than that of (M)-1.

The CD spectra of the complexes were mirror images to each enantiomer. All of the
[7]helicene ruthenocenes showed large cotton effect in the shorter wavelength range, and small

one at longer wavelength area than 400 nm (Figure 4-3).

300

200

250 300 350 400 450 500 550 600
wavelength (nm)

Figure 4-3. CD spectra of [7]helicene ruthenocenes and the ligand precursor LH.

4-5. Theoretical investigations

The experimental results mentioned above could be explained by theoretical calculations
(MO6/LANL2DZ for Ru, 6-31G* for others). First, the frontier orbitals of each complex were
depicted (Figure 4-4). The relative energy levels of HOMOs are in good accordance with

oxidation potentials estimated by CV (mentioned in 4-2); monometallic complexes 1 and rac-2
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showed similar values of HOMO levels, and 3 exhibit much lower. The energy difference between
HOMO and LUMO of rac-2 (3.3 eV) and 3 (3.1 eV) was narrower than that of 1 (3.9 eV), which
well matched with their red-shifted absorption edges. For complex rac-2, the n-orbitals of the
ligands were delocalized over the entire molecule through the central ruthenium atom, and its
LUMO was contributed largely by the metal’s d-orbital (26%). With regard to complex 3, the d-
orbital of the additional ruthenium on arene moiety was hybridized to the LUMO+1 of complex
1, which resulted in LUMO of complex 3 with low energy. The d-orbital contributed to LUMO

of complex 3 to a considerable extent (17%).

\'/\ o .
N
¢
S
1 rac-2 3
HOMO LUmMo HOMO LUMO HOMO LUMO
-5.02 eV -1.10eV -5.07 eV -1.80 eV -7.47 eV -4.36 eV
d: 7% d: 7% d: 28% d: 26% d(n®):34%, d(n%): 1% d(n°):3%, d(n°):17%

Figure 4-4. Energy levels and the d-orbital percentage of frontier orbitals of [7]helicene

ruthenocenes. (Calculated by MO6/LANL2DZ (Ru), 6-31G*)

TD-DFT calculations (M06/LANL2DZ for Ru, 6-31G* for others) were also conducted.
The computed UV-vis absorption and CD spectra of the helicene complexes well fitted to the
experimental data. According to the natural transition orbital analysis,*® it was found that the
metal’s d-orbitals significantly contributed to the weak broad peaks at long wavelength range in
the absorption and CD spectra, which did not appear in the spectra of LH. For complex 1, the first
six excitation states (Si1—Ss) were metal-centered d-d transition mixing with metal-to-ligand

charge transfer (MLCT) (Figure 4-5). With regard to complex rac-2, ligand-to-metal charge
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transfer (LMCT) was also found in singlet excited states (S4, S7) in addition to MLCT and d-d
(Figure 4-6). The LMCT detected for rac-2 was suggested to originate from the larger
contribution of the metal’s d-orbital to its LUMO (26%) than in the case of complex 1 (7%)
(Figure 4-4). In the case of complex 3, excitation states with low energy (S:—Ss) were described
as charge transfer transitions, in which the ruthenium atom on the five-membered ring worked as
an electron donor, and the other ruthenium acted as an acceptor, through the helicene ligand
(Figure 4-7). This can be because of the cationic character of the ruthenium on the arene ring. For
all complexes, as the energy level of an excited state became higher, the contribution of intra-

ligand r-n* transition was enlarged, and the oscillator strength increased.
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Figure 4-5. Experimental (solid line) and simulated (dotted line) UV-vis absorption and CD

spectra, and selected singlet excitations of (M)-1. (Calculated by M0O6/LANL2DZ (Ru), 6-31G*)
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Figure 4-6. Experimental (solid line) and simulated (dotted line) UV-vis absorption and CD
spectra, and selected singlet excitations of (M,M)-2. (Calculated by M06/LANL2DZ (Ru), 6-

31G*)
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Figure 4-7. Experimental (solid line) and simulated (dotted line) UV-vis absorption and CD

spectra, and selected singlet excitations of (M)-3. (Calculated by MO6/LANL2DZ (Ru), 6-31G*)

4-6. Conclusions

Electronic, optical, and chiroptical properties of [7]helicene ruthenocenes were investigated.
Experimental data well agree with the result of theoretical calculations. CV measurement showed
that the oxidation potential of the ruthenium atom was changed by the coordination of [7]helicene

ligand. Meanwhile, optical and chiroptical properties were affected by the interaction between r-
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orbitals of [7]helicene and d-orbitals of the metal. In the case of bimetallic complex 3, the cationic
ruthenium atom on the arene moiety has a significant effect on both electronic and optical

properties.
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5-1. Introduction
In this chapter, unexpected phosphorescence emission of [7]helicene bis-ruthenium complex 3
will be described.

As mentioned in 1-2-2, various kinds of phosphorescent transition-metal complexes
have been synthesized so far for the sake of application to optical materials. Although there are
a number of ruthenium complexes showing phosphorescence, represented by Ru(bpy)s?*,1> to
the best of the author’s knowledge, there is no precedents without any sp?-nitrogen based ligand
such as pyridine, phenanthroline, quinoline, and so on. For example, non-substituted
ruthenocene showed very weak phosphorescence, in less than 3% quantum yield even at 25 K °
partly because the nonradiative deactivation through the stretching vibration of C—H bonds on
the Cp ring.’

If an optically active compound shows photoluminescence, it is expected to show
circularly polarized luminescence (CPL). Indeed, some of helicenes and helicene-like
compounds exhibit CPL. Considering about the application of CPL to OLED materials,
phosphorescence is better than fluorescence because the theoretical maximum value of quantum
efficiency is much higher. Among several reports on circularly polarized phosphorescent OLED
(CP-PHOLED) device,® % one of the most successful examples was reported by Fuchter et al. in
2016.1° The authors developed a circularly polarized phosphorescent OLED device using the
Crassous’ optically chiral platinahelicene complex as a CPL dopant,***? and
poly(vinylcarbazole) and 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazol-5-yl]benzene as hole
and electron transport materials. This device showed the large g-value of 0.38, although the
luminance and the power efficiency was below the current state-of-art. In the end of this report,
Fuchter et al. stated the potential of helically chiral complexes as CP-PHOLED materials by
mentioning as follows: “By developing new helically chiral metal complexes, devices with
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Chapter 5. Phosphorescence from Bimetallic [7]Helicene Ruthenocenes

different colors and higher efficiencies could be obtained. Additionally, the development of
highly thermally stable complexes could allow the fabrication of vacuum sublimed devices.
Such improvements, leading to bright and highly dissymmetric CP-PHOLEDS, are likely to

have a large impact on future display technologies and other applications employing CP-light.”

5-2. Photoluminescence properties

Monometallic complexes 1 and rac-2 showed no luminescence at all even at 77 K like
non-substituted ruthenocene.® On the other hand, the bimetallic complex 3 was found to exhibit
a strong broad emission peak at around 650 nm at 77 K both in a butyronitrile solution and in a
solid state (Figure 5-1). The lifetime of this emission was in 10 ups order, which was long
enough to be characterized as phosphorescence. The quantum yield was 31% in a butyronitrile
solution, and 18% in a solid state, respectively. These values were much higher than that of

ruthenocene derivatives which have been reported so far.

S5
i'; & life time
= inBuCN  31% 71 ps, 43 ps (8:2)
§ crystal  18% 40 us,12 ps (6:4)
C
1 2 Il 'l Il

v T T T T T T

400 500 600 700 800

wavelength (nm)

Figure 5-1. Luminescence spectra of complex 3 (at 77 K, 4.0X10* M in nBUCN, excited at

360 nm (gray line) and 450 nm (black line))
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CPL measurement was also conducted. As a result of the measurement using a
dichloromethane solution of enantiopure 3 at room temperature, no significant peak was
detected, probably because of the low quantum yield the phosphorescence at ambient
temperature. Even the measurement with a ground solid of enantiopure 3 at 77 K, no larger peak

than the detection limit (g = 4.0 X 10) was observed.

5-3. Theoretical investigations

TD-DFT and A SCF calculations at triplet state structures were performed to obtain
mechanistic insight into the photoluminescent properties. It was suggested that the
electron-transition between T1 and Sp in both complexes was derived from MLCT excited state
of the ruthenium on the Cp moiety, involving the change in angular momentum of the d-orbital
(Figure 5-2). In addition, the ruthenium on the arene moiety in complex 3 contributes to the
electron-transition some extent. These characters of the electron transition are similar to those of
HOMO-LUMO transition in each complex. It is implied that, as the HOMO-LUMO gap of
complex 3 is smaller than that of 1, the energy difference between Ti and So is smaller in
complex 3 because of the contribution of d-orbital of the additional ruthenium on the arene ring.
The smaller energy gap possibly prevents the thermal deactivation of an excited electron,
leading to phosphorescence. Nonetheless, the magnitude of this contribution was largely

dependent on the method used in calculations.
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Chapter 5. Phosphorescence from Bimetallic [7]Helicene Ruthenocenes

Figure 5-2. Electron transition from T to Sp in complex 3, 1. (Calculated by M06/LANL2DZ

(Ru), 6-31G*)

5-4. Conclusions

Bimetallic ruthenium complexes 3 and 4 exhibited strong phosphorescence both in a solution

and solid state. These are the first examples of phosphorescent Cp complexes, which show a

new direction of Cp complexes serving as photoluminescence materials. Although the quantum

yield of the emission and the thermal stability of the complexes were not enough to apply them

to optical and chiroptical devices, designing new complexes based on this skeleton will improve

the properties (see 7-4).
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6-1. General methods

All air- and moisture-sensitive manipulations were carried out with standard Schlenk techniques
or in a glove box under argon. NMR spectra were recorded on JEOL JNMECS400 or BRUKER
Ascend500 spectrometers. Elemental analyses were performed by the One-stop Sharing Facility
Center for Future Drug Discoveries, Department of Chemistry, Graduate School of
Pharmaceutical Science, The University of Tokyo. Optical rotations were recorded on JASCO
P-1030 polarimeters. UV-VIS spectra were recorded on SHIMADZU UV-3150 spectrometer.

Cyclic voltammetry measurements were performed in CH.Cl; containing 10 mM of
substrate and 0.1 M of BusNBF4 as supporting electrolyte at a scan rate of 100 mV/s using
ALS/CHI 610C or 619Ep electrochemical analyzer. The counter and working electrodes were Pt
wires, and the reference electrode was Ag/Ag*. The potentials were corrected against Fc/Fc™.

In single crystal X-ray diffraction analysis, a single crystal was mounted with mineral
oil on a loop-type mount, and transferred to the goniometer of a Rigaku Saturn CCD
diffractometer. The radiation was performed with graphite-monochromated Mo K, (A =0.71075
A). The structures were solved by direct method with (SHELXT 2014)! and refined by
full-matrix least-squares techniques against F2 (SHELXL 2014). The intensities were corrected
for Lorentz and polarization effects. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed using AFIX instructions.

The computations were performed using workstation at Research Center for
Computational Science, National Institutes of Natural Sciences, Okazaki, Japan. All the
calculations were performed by using Gaussian 09 (revision C.1) program? by the B3LYP? the
CAM-B3LYP* or M06 method® with the LANL2DZ basis sets® (Ru) and the 6-31G* basis sets’
(others). All structures were optimized without any symmetry assumptions. Zeropoint energy,
enthalpy, and Gibbs free energy at 298.15 K and 1 atm were estimated from the gasphase
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Chapter 6. Experimental Details

studies.

Tetrahydrofuran (THF), hexane and toluene were purified by passing through neutral
alumina columns under argon. Potassium hydride was washed with pentane and dried in vacuo
before use. Pentane (Wako Chemicals), hexanes (Kanto Chemicals), toluene (Wako Chemicals),
diethylether (Et,O, Kanto Chemicals), dichloromethane (DCM, Asahi Glass), and chloroform
(CHCIs, Kanto Chemicals) were used as received. [Cp*Ru(MeCN)s]OTf,2 RuClz(dmso)s,® LH?

were synthesized following the literature procedures.

6-2. Synthetic procedures
(M)-(n>-Pentamethylcyclopentadienyl)(n®>-9H-cyclopenta[1,2-c:4,3-c']diphenanth
renyl)ruthenium (1).

S i

Q@

I
Ru

N

(M)-1
Potassium hydride (5.5 mg, 137 umol) was added to a solution of (M)-LH (>99.5% ee, 15.1 mg,
41 pmol) in THF (0.5 mL). After stirring the mixture at room temperature for 30 min, the
remaining solid was filtered off by a syringe filter and washed twice with THF (3 mL).
[Cp*Ru(MeCN)3]OTf (20.8 mg, 41 umol) was added to the resulting solution, and the mixture
was stirred for 1 h. Water was added and the solution was extracted with chloroform three times
and dried over magnesium sulfonate. The crude mixture was purified by recrystallization from

slow diffusion of pentane into a chloroform solution to afford (M)-1 (yellow crystal, >99.5% ee,
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19.2 mg, 78% vyield). The optical purity of (M)-1 was confirmed by chiral HPLC as written
below. A crystal (yellow block) suitable for an X-ray diffraction analysis was obtained by
recrystallization from slow evaporation of THF/hexanes solution. *H NMR (400 MHz, CDCls) &
7.90 (brd, J = 8 Hz, 1H), 7.83-7.77 (m, 4H), 7.76-7.70 (m, 2H), 7.56 (brd, J = 8 Hz, 1H), 7.47
(brd, J = 8 Hz, 1H), 7.42-7.38 (m, 2H), 7.16 (brd, J = 9 Hz, 1H), 7.10 (brt, J = 7 Hz, 1H), 6.98
(brt, J = 7 Hz, 1H), 6.27 (brt, J = 7 Hz, 1H), 6.15 (brt, J = 7 Hz, 1H), 5.43 (brs, 1H), 1.05 (s,
15H); ¥*C{*H } NMR (100 MHz, CDCls) & 132.1, 131.7 , 130.8, 130.7, 130.7, 130.2, 129.7,
128.5, 127.9, 126.6, 126.5, 126.2, 126.1, 125.9, 125.1, 125.0, 124.8, 124.7, 123.5, 122.3, 121.7,
121.4, 96.2, 93.9, 91.6, 82.4, 77.5, 66.3, 9.5; Anal. Calcd for CsHsRu (%): C, 77.84; H, 5.36.
Found: C, 77.57; H, 5.50; Melting point was not observed; decomposition temperature 132 °C;
UV-vis (DCM) hmax(€)=281 (3000), 320 (3000), 400 nm (450); CD (DCM) Amax(Ac)= 272 (+18),
303 (=51), 334 (—110), 388 (—12), 446 nm (5.4); [a]o® = —1044, [$]o= = —6282 (c = 0.1,
CHCIs). Synthesis of (P)-1 and rac-1 were accomplished by the same procedure using (P)-LH
and rac-LH as starting materials. Purification of rac-1 was done by recrystallization from slow
evaporation of dichloromethane/hexanes solution, by which a crystal (yellow block) suitable for
an X-ray diffraction analysis was obtained. The both enantiomers can be isolated by chiral
HPLC; a Daicel Chiralpak IF-3 column with hexanes/DCM = 3/1, flow = 0.75 mL min™,

Retention times: 6.1 min ((P)-1), 7.3 min ((M)-1).
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(M,M)-Bis(n®°-9H-cyclopenta[1,2-c:4,3-c']diphenanthrenyl)ruthenium (2).

o
S

(M,M)-2

Potassium hydride (15.1 mg, 376 umol) was added to a solution of (M)-LH (>99.5% ee, 40.1
mg, 109 umol) in THF (5 mL). After stirring the mixture at room temperature for 30 min, the
remaining solid was filtered off by a syringe filter and washed twice with THF (3 mL). The
resulting solution was poured into a solution of RuClz(dmso). (26.5 mg, 55 umol) in THF (1
mL), and the mixture was stirred for 1 h. The solvent was removed under reduced pressure and
the residue was extracted with benzene. The crude product was purified by silica-gel column
chromatography using hexanes/dichloromethane (3:1) as the eluent to afford (M,M)-2 (red
powder, >99.5% ee, 13.1 mg, 29% vyield). The optical purity of (M,M)-2 was confirmed by
chiral HPLC as written below. Further purification can be achieved by recrystallization from
slow diffusion of pentane to a chloroform solution. *H NMR (400 MHz, CDCls) 6 8.26 (brd, J =
9 Hz, 2H), 7.87-7.82 (m, 4H), 7.77 (brd, J = 9 Hz, 2H), 7.72-7.66 (m, 4H), 7.41 (brd, J = 9 Hz,
2H), 7.22-7.17 (m, 2H), 7.09 (brd, J = 9 Hz, 2H), 6.97-9.89 (m, 4H), 6.71 (brd, J = 9 Hz, 2H),
6.46 (brd, J = 9 Hz, 2H), 6.37-6.29 (m, 4H), 6.12-6.07 (m, 2H), 5.08 (brs, 2H); *C{*H } NMR
(100 MHz, CDCls) 6 132.0, 131.5, 131.1, 131.0, 130.8, 130.8, 130.3, 129.1, 128.8, 128.3, 126.5,
126.5, 126.4, 125.8, 125.7, 125.4, 124.9, 124.5, 123.1, 122.8, 122.5, 122.2, 92.7, 92.3, 88.5,
74.1, 63.9; Anal. Calcd for CsgHssRu (%): C, 83.73; H, 4.12. Found: C, 83.63; H, 4.51. Melting
point was not observed; decomposition temperature 180 °C; UV-vis (DCM) Amax(€)=339 (5100),
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431 nm (490); CD (DCM) hmax(Ac)= 241 (+263), 282 (~180), 321 (~214), 370 (-32), 427 (7.1),
481 nm(-7.3); [a]o® = —1667, [¢]o®® = ~13870 (c = 0.1, CHCIs). Synthesis of (P,P)-2 was

accomplished by the same procedure using (P)-LH as a starting material.

rac- and meso-2.

Potassium hydride (19.4 mg, 483 umol) was added to a solution of rac-LH (>99.5% ee, 48.2
mg, 13.1 umol) in THF (10 mL). After stirring the mixture at room temperature for 30 min, the
remaining solid was filtered off by a syringe filter and washed twice with THF (3 mL). The
resulting solution was poured into a solution of RuCl,(dmso)s (32.2 mg, 6.6 umol) in THF (1
mL), and the mixture was stirred for 1 hour. The solvent was removed under reduced pressure
and the residue was extracted with toluene. The resulting crude mixture contained rac-2, meso-2,
and LH in a 41:19:39 ratio, which was purified by silica-gel column chromatography using
hexanes/dichloromethane (3:1) as eluent to afford mixture of rac-2 and meso-2 (red powder,
14.0 mg, 26%). Slow diffusion of Et,O into a THF solution of the obtained mixture gave red
solid mainly containing meso-2 (solid A), and orange solution mainly containing rac-2 (solution
B). A crystal of meso-2 (red block) suitable for an X-ray diffraction analysis was obtained by
recrystallization from slow diffusion of diethyl ether into a toluene/THF solution of solid A.
Solid A was further purified by slow reprecipitation from dichloromethane/Et,O/pentane. The
obtained red powder was washed with Et,O and pentane three times and dried in vacuo to afford
pure meso-2 (0.8 mg). *H NMR (500 MHz, acetone-de/CS; (1:2)) & 8.61-8.53 (m, 2H), 8.00—
7.81 (m, 8H), 7.72-7.54 (m, 6H), 7.27-7.21 (m, 2H), 7.00-6.91 (m, 4H), 6.77-6.71 (m, 2H),
6.61-6.46 (m, 4H), 6.16-6.09 (m, 2H), 5.61-5.55 (m, 2H), 4.80-4.75 (m, 2H); *C{*H} NMR
(126 MHz, acetone-ds/CS; (1:2)) 6 132.2, 131.9, 131.4, 131.0, 130.8, 130.5, 129.9, 129.6, 129.0,

128.2, 127.1, 126.9, 126.8, 126.5, 126.4, 126.4, 125.7, 125.1, 123.7, 123.6, 123.0, 122.4, 122.1,
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93.4, 91.0, 87.6, 74.4, 66.0. A crystal of rac-2 (red block) suitable for an X-ray diffraction
analysis was obtained by recrystallization from slow diffusion of pentane into a chloroform
solution of the concentrated solution B. It was possible to separate both enantiomers of rac-2 by
chiral HPLC; a Daicel Chiralpak IF-3 column with hexanes/DCM = 3/1, flow = 0.75 mL min™.

Retention times: 9.4 min ((P,P)-2), 13.1 min ((M,M)-2).

(M)-(n®-Pentamethylcyclopentadienyl)(n°-9H-cyclopenta[1,2-c:4,3-c'|diphenanth
renyl)iron (1re).

S i

Q@

-
=g
(M)-1ge

[Cp*Fe(MeCN)3]OTf (156 umol) was added to a solution of deprotonated (M)-LH (>99.5% ee,
117 pmol) in Et2O (2 mL). After stirring the mixture at room temperature for 1 h, the remaining
solid was filtered off by a syringe filter and washed twice with Et2O (3 mL). The remaining
solution was concentrated and purified by size exclusion column chromatography (using
Bio-Beads S-X1 Support (BIO-RAD), under Ar atmosphere, THF) to afford (M)-1r. (red solid,
3% NMR vyield). Further purification was done by recrystallization from slow evaporation of
Et,O (red crystal). 'H NMR (400 MHz, THF-d8) & 8.50 (brd, J = 9 Hz, 1H), 7.91-7.80 (m, 5H),
7.76-7.71 (m, 3H), 7.66 (brd, J = 8 Hz, 1H), 7.62 (brd, J = 9 Hz, 1H), 7.17-7.14 (m, 1H), 6.96—
6.88 (m, 2H), 6.40-6.36 (m, 1H), 6.08-6.03 (m, 1H), 5.19 (brs, 1H), 1.11 (s, 15H); *C{*H }
NMR (125 MHz, THF-d8) 6 133.7, 133.6, 133.0, 132.8, 132.7, 132.5, 131.8, 131.5, 130.7,
129.1, 128.8, 128.4, 127.6, 127.5, 127.2, 127.1, 126.9, 126.1, 126.0, 125.8, 125.5, 124.2, 122.9,

122.2, 93.0, 90.2, 89.1, 78.1, 74.2, 64.5, 9.5; HRMS-ESI* (m/z) calcd for CagHzFe ([M])
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556.1853, found 556.1856.

rac-{u-[1(1—
4,4a,17f-n):2(8a,9,9a,17¢,17d-n)]-9H-Cyclopenta[1,2-c:4,3-c|diphenanthrenyl}

bis[(n°-pentamethylcyclopentadienyl)ruthenium(ll)] triflate (rac-3)

ﬁ _‘OTf'

[

<
Ru

=

rac-3
Potassium hydride (9.5 mg, 237 umol) was added to a solution of rac-LH (20.0 mg, 54 umol)
in THF (0.5 mL). After stirring the mixture at room temperature for 1 h, the remaining solid was
filtered off by a syringe filter and washed twice with THF (2 mL). [Cp*Ru(MeCN)3]OTf (55.6
mg, 109 umol) was added to the resulting solution, and the mixture was stirred for 1 h. Hexane
(10 mL) was added to the solution and the resulting solid was collected by filtration on Celite®.
The solid was extracted with toluene (20 mL) and concentrated to afford rac-3 (39.2 mg, 68%
yield). Further purification was done by recrystallization from slow diffusion of pentane into a
THF solution (red crystal, 26.6 mg, 49% yield). The obtained crystal was analyzed by x-ray
diffraction analysis. Contained solvent molecules were squeezed. 1H NMR analysis showed the
crystal contained 0.5 THF and 0.17 pentane for one rac-3. *H NMR (500 MHz, CDsCN) & 8.16—
8.11 (m, 2H), 7.99-7.90 (m, 3H), 7.80 (brd, J = 8 Hz, 1H), 7.70 (brd, J = 9 Hz, 1H), 7.56-7.53

(m, 2H), 7.50 (brd, J = 8 Hz, 1H), 6.50 (brt, J = 8 Hz, 1H), 6.30 (brd, J = 6 Hz, 1H), 5.69-5.67
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(m, 2H), 5.53 (brt, J = 6 Hz, 1H), 4.68 (brt, J = 6 Hz, 1H), 1.12 (s, 15H), 1.09 (s, 15H); *C{*H }
NMR (125 MHz, CDsCN) 6 133.35, 132.80,132.75,132.36, 131.61, 131.16, 130.38, 129.73,
126.59, 126.11, 124.85, 124.56, 123.55, 122.12 (q, J = 322 Hz), 121.30, 102.89, 98.51, 94.16,
93.52, 93.30, 92.49, 88.67, 85.17, 84.99, 83.83, 83.54, 77.96, 67.37, 9.61, 9.24; Anal. Calcd for
CsoHa7RU03SFs+0.5 THF+0.17 pentane (%): C, 61.31; H, 5.16. Found: C, 61.24; H, 5.22;
Melting point was not observed; decomposition temperature 140 °C; UV-vis (DCM)
Amax(£)=360 (19200), 450 (3325).

Synthesis of (P)-3 and (M)-3 was accomplished by the same procedure using (P)-LH
and (M)-LH as starting materials. Purification of enantiomers of 3 were done by
recrystallization from slow evaporation of THF/hexane solution (red block). CD of (M)-3
(DCM) Amex(A€)= 271 (+58), 315 (+51), 363 (—150), 450 (~14); [a]o? = —2900, [¢]o> = —28000

(c =0.1, CHCly)
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6-3. Estimation of the barrier of isomerization from rac-2 to meso-2.

A solution of rac-2 (3 mM) in a Schlenk tube was heated at a constant temperature under argon
atmosphere (Scheme 6-1). An aliquot was taken in the time course and the rac-2/meso-2 ratio
was analyzed by *H NMR spectroscopy. The equilibrium constant (K) was determined from the
ratio of the isomers converged after the specific time. The experimental variables were treated
by regression analysis and the corresponding kinetic constant (k) was calculated within the

frame of reversible first-order kinetics: In([rac-2]/[rac-2]o) =kt+C.

rac-2 - rac-2 + meso-2
in solvent (3 mM)
under Ar monitored by "H NMR
100 ~ 150 °C
-at 100 °C. in toluene. K=0.35.k=0.0014.
1.00 0.00
t(h) rac meso 0.05
0 L 0 0.80 + ' '--,_ y =-0.0014x - 0.0284
=010 + R2=0.9967
24 094 006 § 060 £ o015 L
0 = o.
9% 084 016 I .0 | @ -0.20 +
= —
192 074 026 O . £ 025 1
0.20 + .
264 077 023 o 0.30 + L
0.00 ® : : -0.35 | | |
0 100 200 30 50 100 150 200
time (h) time (h)
-at 110 °C. in p-xylene. K=0.38. k=0.0034.
1.00 0.00
t (h) rac meso
0.80 +
0 1 0 —~ 010 +4  vy=-0.0034x-0.1102
o R? =0.9659
55 089 011 § 060 t e
@ =020 T .
18 083 017 g 0.40 1 e
60 074 026 O . ) ¢ < o304 .
020 1 o : *
128 072 028 0
0.00 : : : -0.40 | | |
0 50 100 150 20 0 20 40 60 80
time (h) time (h)
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- at 122 °C. in p-xylene. K=0.42. k=0.0237.
t (h) rac meso
0 1 0
1.00 0.00
1 097 003 e
1 ..
2 093 007 080 ~-0.10 + . ¥=-00237x-0.0231
- 'g R?=0.9814
3 090 o010 5607 = .
@ ~-0.20 +
] =
6 0.85 0.15 2 0.40 + © .-
o [ ] [ ] —
9 078 022 © 1 o £-030 »
0.20 .
12 075 025 f
0.00 } } f -0.40 f f
24 0.70 0.30 0 20 .40 60 80 0 5. 10 15
time (h) time (h)
61 0.70 0.30
- at 150 °C. in mesitylene. K=0.50. k=0.3619.
t (h) rac meso ) 0.00
0 1 0
0.8 . -0.10 +
0.25 0.83 0.17 C‘_ y=-0.3619x - 0.1138
c 0.6 2 -0.20 + . R*=0.936
0.5 0.72 0.28 .E E
e (5] .
075 069 031 > 04 g 030 7 P
: . | =
= o ]
1 068 032 “ 2 040 1
4 0.68 0.32 o 4 ' ' : -0.50 | | |
18 0.67 0.33 0 5 10 15 20 0 0.25 0.5 0.75 1
time {h} time {h}

42 0.67 0.33

Summary of equilibrium constants and isomerization rate.

T K k(h)
373 0.35 0.0014
383 0.38 0.0034
395 0.42 0.0237
423 0.5 0.3619
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Van’t Hoff plot and Eyring plot.

o InK=-(AG/R)/T+C, . In(k/T)=—(AH/R)/T+In(kB/h)+AS"/R
07+ e - -1125.5x +1.9719 R
: v : s 4 y =-17579x + 34.545
-0.8 ¥+ — g 1
x g = .
= ", o 1 9
03 + .. =10
. 11 4
14 -
. 12 4 e
1.1 ' } t -13 } } t
0.0023 0.0024 _ 0.00 0.0026  0.0027 0.0023 0.0024 0,0025. 0.0026 0.0027
1/T (K’? 1/%%’1)

AH = 11255 KX 8.31 J K*mol* = 9353 J mol = 2.24 kcal mol™*

AS =1.9719X8.31 JK*mol? =16.4J K*mol?* = 3.8 cal K mol*

AG (400 K) = 9353 J mol™* - 16.4 J K*mol™* X400 K = 2793 J mol* = 667 cal mol*!

AH'= 17579 K X 8.31 J K'tmol™* = 146 kJ mol* = 34.9 kcal mol*

AS' = (=In(ke/h) + 34.545) X 8.31 J Kt mol* = +10.8 J mol™* = +2.6 cal K* mol*

AG' (400 K) = 146 kJ mol* — 10.8 J K’* mol™ X400 K = 142 kJ mol* = 33.9 kcal mol*

To clarify the isomerization mechanism, we tested if the thermal isomerization could occur with

enantiopure 2.

(P,P)-2 X (P,P)-2 + meso-2 + (M,M)-2
in p-xylene (3 mM)
>99.5% ee under Ar 39:31:30
122°C,61h

100



Chapter 6. Experimental Details

6-4. Investigation of phosphorescence from complex 3.

—em410

—— em650
em — ex360

Intensity (a.u.)
Intensity (a.u.)

250 300 350 400 450 500 550 600 350 400 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Excitation and emission spectra of 3 in concentrated solution (4.0 X10* M in nBuCN, 77 K)

—ex360
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ST em650 \J

> em705 P

z z

[ c

| g

= J=

250 300 350 400 450 500 550 600 350 400 450 500 550 600 650 700 750 800
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Excitation and emission spectra of 3 in diluted solution (4.0 X10° M in nBUCN, 77 K)
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em420
em715
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Intensity (a.u.)
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Excitation and emission spectra of 3 in solid state (77 K)
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Excitation and emission spectra of 1 (2.6 X 10“ M in nBUCN, 77 K)
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(a)
Aex =340 nm, A, = 650, 705 nm Sty Lot 0
1.00@+4 t--=-=-Hedraszzzmefremm e : : s
+ oouse ML T IR 55 === P 7=42.9 us (0.17), 70.5 us (0.83) |
1.00e+2 ------------ AW ----------------- e
WO B SN N IO |
ms
(b)
1.00e+4
1.00e+3
1.00e+2
1 .00e+1
i : : : L] AT
020 040 060 080 : 1.00
(c)
1.00e+4--
1.00e+3--
1.00e+2
1.00e+1

Lifetime measurement of emission from 3

(a) 4.0 10* M in nBUCN, 77 K. (b) 4.0 X10"° M in nBuCN, 77 K. (c) solid, 77 K.
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6-5. X-ray single crystal analysis
rac-1

50% thermal ellipsoid.
Hydrogen atoms are
omitted for clarity.

Formula

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Rint

Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

CsoH32Ru

601.72

93(2) K
0.71075 A
monoclinic
P2i/c
a=13.106(3) A
b =9.570(2) A
¢ =22.256(6) A
2750.2(11) A3
4

1.453 Mg/cm?®
0.598 mm
1240

0.10 x 0.08 x 0.01 mm?
1.86 t0 25.00 °
—15<=h<=15, —9<=k<=9, —26<=I<=26
35916

4595

0.0695

0.9940, 0.9427

4595/0/ 399

1.307

R; = 0.0598, wR, = 0.1006

R; =0.0636, wR, = 0.1043

a=90"°
£=99.867(3) °
y=90°

0.493 and —1.132 e/A3
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(M)-1
@
‘/r\/\} |/’\‘&____
1 <>
N N A\
~|/ 50% thermal ellipsoid.
p '\/ | Hydrogen atoms are
TN omitted for clarity.
Formula CagHz2Ru
Formula weight 601.72
Temperature 93(2) K
Wavelength 0.71075 A
Crystal system orthorhombic
Space group P212:2;

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Rint

Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

a=18.9794(14) A
b=13.414(2) A
c=23.349(4) A
2812.4(8) A3

4

1.421 Mg/cm?®
0.584 mm
1240

0.40 x 0.10 x 0.02 mm3

2.31t025.00 °

a=90°
£=90°
y=90°

—10<=h<=10, —15<=k<=15, —27<=I<=27

11109

4837

0.0261
0.9884, 0.7999
4837 /0/ 366
1.156

R:1 =0.0598, wR2 = 0.1006
R:1=0.0636, wR2 = 0.1043

-0.022(27)

0.440 and —0.506 e/A3




rac-2

50% thermal ellipsoid.
Hydrogen atoms are
omitted for clarity.

Formula

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Rint

Completeness to theta = 25.242
Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

CssHzsRu

831.98

93(2) K

0.71075 A

monoclinic

c2

a=238.88(2) A a=90°
b =8.126(4) A p£=115.831(8) °
¢ = 27.965(15) A y=90°
7952(7) A3

8

1.390 Mg/cm?®

0.436 mm

3408

0.28 x 0.13 x 0.01 mm3

2.187 to 27.500 °

—50<=h<=50, —10<=k<=10, —36<=l<=36
61644

18140

0.1109

99.9%

18140/ 37 /1079

1.097

R: =0.0879, wR, = 0.1404

R; =0.1030, wR, = 0.1485

0.87(3)

0.858 and —1.1650 e/A3
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meso-2 containing two THF atoms

Chapter 6. Experimental Details

o /J \

P =i -——*’-- 50% thermal ellipsoid.
j‘__ \'; Hydrogen atoms and two
7/ \]/ THFs are omitted for clarity.
g
Formula CesHsoRuU
Formula weight 976.13
Temperature 93(2) K
Wavelength 0.71075 A
Crystal system monoclinic
Space group P2
Unit cell dimensions a=9.9254(15) A a=90°
b =15.982(2) A £=107.910(2) °
c=14.882(5) A y=90°
Volume 2246.3(5) A3
z 2
Density (calculated) 1.443 Mg/cm?®
Absorption coefficient 0.400 mm
F(000) 1012
Crystal size 0.11 x 0.05 x 0.04 mm?3

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

2.877 t0 27.498 °

—12<=h<=12, —20<=k<=20, —19<=I<=19
27277

10077

99.5%

1.000, 0.906

10077 / 43/ 668

1.033

R; =0.0307, wR, = 0.0672

R; =0.0326, wR; = 0.0683

0.487(9)
0.315 and —0.684 e/A3
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(M)-1re

50% thermal ellipsoid.
Hydrogen atoms are omitted

for clarity.

Formula CaoHazoFe

Formula weight 556.49

Temperature 93(2) K

Wavelength 0.71075 A

Crystal system orthorhombic

Space group P212:2;

Unit cell dimensions a=8.727(3) A a=90°
b = 13.550(4) A B=90°
¢ =23.393(7) A y=90°

Volume 2766.2(15) A3

Z 4

Density (calculated) 1.336 Mg/m3

Absorption coefficient 0.572 mm-1

F(000) 1168

Crystal size 0.13 x 0.11 x 0.0 mm3

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242
Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

2.491 to 25.000 °
-10<=h<=10, -16<=k<=16, -27<=I<=27
36318

4866

97.2 %

4866 /0 / 366

1.095

R = 0.0487, WR, = 0.0934
R; = 0.0542, WR; = 0.0960
0.050(10)

0.301 and -0.345 /A3
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rac-3
30% thermal ellipsoid.
Hydrogen  atoms
triflate are omitted
clarity.
Formula Cs7Ha7F303RU2S
Formula weight 987.07
Temperature 93(2) K
Wavelength 0.71075 A
Crystal system ‘monoclinic’
Space group ‘P2i/c’
Unit cell dimensions a=12.569(5) A a=90°
b =22.7095(10) A S =95.332(9) °
¢ =16.208(7) A y=90°
Volume 4606(3) A3
z 4
Density (calculated) 1.423 Mg/cm?®
Absorption coefficient 0.753 mm
F(000) 2008
Crystal size 0.10 x 0.08 x 0.01 mm?3

Theta range for data collection

Index ranges

Reflections collected
Independent reflections

Rint

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

2.193t0 24.999 °

-14<=h<=14, -26<=k<=26, -19<=1<=19
47657

8094

0.1160

8094 /6 / 546

1.133

R1=0.1274, wR, = 0.2691
R1=0.1634, wR, = 0.2950

3.087 and —2.826 /A3

A disordered pentane molecule was squeezed by using PLATON.

109

and

for



6-6. NMR spectra
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Because of very low solubility of meso-2, we could not obtained its clear NMR charts.

solvent

H NMR spectrum of meso-2 (500 MHz, acetone-ds/CS; (1:2)).
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BC{*H } NMR spectrum of meso-2 (126 MHz, acetone-de/CS; (1:2)).
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'H NMR spectrum of (M)-1r. (400 MHz, THF-d8).
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BC{H } NMR spectrum of (M)-1g (125 MHz, THF-d8).
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Certain amount of pentane was remained.




Chapter 6. Experimental Details

6-7. HPLC traces

a Daicel Chiralpak IF-3 column with hexanes/DCM = 3/1, flow = 0.75 mL min™,

7.2p7
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a Daicel Chiralpak IF-3 column with hexanes/DCM = 3/1, flow = 0.75 mL min™,
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Chapter 7. Summary

Chapter 7.

Summary
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7-1. Summary of this thesis

In this thesis, the author accomplished the synthesis of optically pure group 8 complexes with
the new [7]helicene ligand, 1, 1, 2, and 3. According to their X-ray structures, the helical part
was aromatized and worked as an n?° ligand like Cp. Successful isolation of each enantiomer of
[7]helicene ruthenocenes enabled the investigation of their helical structures, isomerization
behaviors, and chiroptical properties. Theoretical calculations suggested that the d-orbitals of
the coordinated metals hybridized to the [7]helicene’s m-orbitals, which led to unique optical
and chiroptical properties. Furthermore, the bimetallic complex 3 was found to exhibit
phosphorescence in much higher yield than other reported ruthenocene derivatives, showing a

new direction of the Cp complexes serving as a photoluminescence material.
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