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Abstract

Introduction

Synthesis of metal complexes is usually based on direct reaction of metal sources and ligands. However, this one-
step method is not always useful because kinetic control is difficult. In contrast, stepwise synthesis can provide a
variety of structures with high selectivity through kinetically controlled pathways. This method has been widely
employed for some inert metal complexes,' but rarely used for labile metal complexes. Herein, I report two new
methods of highly selective syntheses of relatively labile metal complexes through kinetically controlled, stepwise
reactions: (1) a heterometallic tetranuclear Co"Ni"; complex and (2) an enantiopure tetrahedral chiral-at-metal Zn"
complex with achiral ligands.

Heterometallic Co"Ni''; complex
Heterometallic multinuclear complexes have great
potential to exhibit unique chemical and physical
properties based on the cooperation of different metal
ions.” However, most examples previously reported
depend on one-step methods or are based only on 4d-

or 5d-metal ions. In this work, a new strategy toward

an otherwise difficult arrangement of different 3d-  + .

|

|

| . Site-selective
| oxidation
|
|
|

metal ions has been achieved by site-selective redox
switching and transmetalation (Figure 1).

In my master course study, I have found that the
porphyrin-based ligand L1 can construct a

tetranuclear complex, [Zn";L15Xs] (X = solvent or

counterion), by self-assembly with Zn" ions. This

' Site-selective |

} [CoCo'l3L13Xe]
reductio

complex possessed chemically inequivalent Zn" sites,
which prompted me to initiate the stepwise synthesis
of heteronuclear 3d-metal complexes with this
structural framework.

First, 1 introduced Co" as a redox-active
component to construct a tetranuclear complex,
[Co"4L15X,], by self-assembly of L1 and Co" ions.
This complex contained two different Co" centers,
one Co"(bpy)s; and three Co'"(bpy).X> sites. Then, [ColNilsL15Xe] [ColMNilsL15Xs]
site-selective oxidation at the Co'(bpy); site was ——
found possible by addition of 1 equiv. of oxidant. This Figure 1. Synthetic scheme of heterometallic tetranuclear Co'™Nil'3
site selectivity is due to the stronger coordination complex.
field provided by the three bpy ligands of the Co"(bpy); site. In the next step, the remaining Co"(bpy)»X sites were
site-selectively transmetalated by Ni' ions. This is possible because the thermodynamic affinity of bpy to Ni" is
intermediate between Co™" and Co". Finally, site-selective reduction at the Co™(bpy); site afforded a [Co'"Ni'’sL.15X¢]
complex. Each complex was well-characterized by 'H NMR spectroscopy and ESI-MS, and some of them by single-
crystal XRD and XPS.

Notably, the last complex [Co'Ni'sL1;Xs] cannot be synthesized directly from L1, Co", and Ni" because a
Ni"(bpy); motif is thermodynamically favored. The synthesis of this complex is not possible without the kinetically
controlled stepwise method developed in this work.



Tetrahedral chiral-at-metal Zn"' complex

L . Octahedral Tetrahedral
A metal center of a metal complex can be a chirality center in some L2 ,
. . - L
cases, which are called chiral-at-metal complexes. The usefulness of ~ Chirality center | L%, - | o \
) . . . ——N Mg
chiral-at-metal complexes has been demonstrated in enantioselective o7 | e R
. . . . o, . 5
catalysis, chiroptical materials, and so on. Therefore, it is necessary to L
develop an excellent method to synthesize enantiopure chiral-at-metal Separation v v
complexes, desirably with a catalytic center. Historically, separation  Diastereoselective v v
. C . . synthesis
of enantiomers was initially employed, and it was a little later that : y :
. X . X . . . Enantioselective v Difficult
diastereoselective synthesis with chiral ligands/counterions was synthesis

developed as a more efficient method. At last, enantioselective Figure 2. Preparation methods for enantiopure
synthesis with a transiently usable chiral reagent was invented, which chiral-at-metal complex
is useful to obtain complexes free from chiral ligands/counterions (Figure 2).?

Note that this development has been focused chiefly on octahedral, relatively inert metal complexes. Although
tetrahedral complexes are common in coordination chemistry, enantioselective synthesis has been rarely reported for
chiral-at-metal tetrahedral complexes. Therefore, it remains as a challenging task to develop their enantioselective
synthetic methods for highly labile tetrahedral chiral-at-metal complexes. It is a key here to avoid fast racemization
of the labile tetrahedral complexes.

Herein, I report enantioselective synthesis of a tetrahedral chiral-at-metal complex by kinetically suppressing

racemization. In addition, the practical utility of the complex was demonstrated in application to enantioselective

catalysis.
Design of a tetrahedral chiral-at-metal complex NHMes

In this study, I newly designed a tridentate ligand, L2, to y ';2' )|( i
suppress racemization while leaving one labile site for chirality W P -2H Mesl(}l/M:"’\'ll\Pl':' 7>
induction and catalytic application (Figure 3). In the presence /K/<
of a tridentate ligand, racemization pathways of a tetrahedral Q
complex are limited to dissociation or planarization of the NTI [ML2X]

HaL2 e Racemization pathways -

tridentate ligand. To block both pathways, I designed ligand

® Tridentate

: [ :
i ] o e Strong coordination ieg) X ); e.qg. :
deprotonated nitrogen donors and with a rigid non-planar e Rigidly non-planar <ﬁ> \ 5 i(/ \LL) 5

x— UL N

. . P . . \
structure by steric crowding. In addition, wide bite angles are ~ ® Widebiteangles | * X . =

provided by the 6- and 7-membered chelate rings, in order to Figure 3. Design of a tridentate hgand 12 to form a
tetrahedral chiral-at-metal complex stable against

racemization.

. .. .. . Dissociation | Planarization
L2 with strong coordination ability by negatively charged, 1

favor a tetrahedral geometry.

. Ph NCBu
tetrahedral chiral-at-metal Zn" complex ﬁ .
Zn'Ets rBuCN MesN-Z T

Ligand H,L2 was synthesized in 5 steps in 7—» Mesn-Z X NT . ,.‘NNT
52% overall yield. Enantioselective synthesis of Q O Q

Enantioselective synthesis of a
/ELNHMes

1 Ph Ph w
a tetrahedrali metal complex using L2 WE.IS HaL2 \) N ZL2(( s) dop)] H N (HznL2NCBu)]
conducted in three steps: (1) racemic (s) dpp SS:RS = 42:1 72% V;ZI% (/3 steps)
>99.5% ee
complexation; (2) asymmetric induction with a (after crystallization)

chiral ligand; (3) removal of the chiral ligand. Figure 4. Enantioselective synthesis scheme of (S)-[Zn"L2(NC'Bu)].
Zn" was used as a metal ion and a weakly acidic monodentate ligand, (S)-dpp, was chosen as a chiral ligand.

First, complexation of the ligand H,L2 with Zn"Et, was conducted to give racemic (R*,R*)-[Zn",L2,]. Then, (S)-
dpp was added to give a diastereomeric mixture of [Zn"L2((S)-dpp)] in the ratio of SS:RS = 42:1 (Figure 4). The
structure of the SS isomer was revealed by 'H-'"H NOESY NMR and single-crystal XRD. This isomer exhibited two
NH-O hydrogen bonds and one OH-r interaction, which suggest that the high diastereoselectivity may arise from
these intramolecular interactions in combination with steric repulsion.

il



Next, the diastereomeric mixture was treated with an excess amount of pivalonitrile (‘BuCN) to replace the (S)-
dpp ligand. After crystallization in benzene/HMDSO, (S)-[Zn"L2(NC'Bu)] complex was successfully obtained in
72% yield with enantiopurity of over 99.5% ee. The structure of this complex and the S absolute configuration was
confirmed by single-crystal XRD.

In this way, enantioselective synthesis of (S)-[Zn"L2(NC'Bu)] complex was achieved by the three-step sequence.
This is the first example of enantioselective synthesis of a tetrahedral chiral-at-metal complex composed of achiral
ligands using a chiral ligand as a chiral auxiliary.

Racemization kinetics of the Zn""L2 complexes

o
v
S

The racemization rate of (S)-[Zn"L2(NC'Bu)] in solution state was - \@\
examined using "F NMR (Figure 5). (S)-[Zn"L2(NC'Bu)] was (S-zn'L2(NCBu)] o Chra s )
dissolved in benzene-ds, and then the solution was incubated at 24 °C 24°Cor70°C  reagent) 1op MR
or 70 °C for 0 h or 24 h, followed by addition of a chiral shift reagent. Ohor24h

o Figure 5. Measurement of the racemization rate
The "F NMR spectra showed slight racemization in the proportions of = for (§)-[Zn"L2(NC'Bu))].

0.02% at 24 °C and 0.35% at 70 °C after 24 h. This result shows
. . . [ . Phﬁ O
exceptional kinetic stability of this complex.

Interestingly, the intermediate [Zn"L2((S)-dpp)] diastereomers showed a (S)-dpp  [ZniL2((S)-dpp)]
contrastive behavior. When Zn"Et, and (S)-dpp were added to H,L2 stepwise, the S5:RS =224
diastereomer ratio gradually changed from 1:1 to 22:1 during heating (Figure 6). LLp 2R

2 —_—
A similar experiment with (S)-mdp, which have a methoxy group instead of a F”\;‘ﬁo?
e

hydroxy group, showed no changes in the diastereomer ratio from 1:1. These (S-mdp [znL2((S)-mdp)]
results indicate that the weakly acidic hydroxy group of (S)-dpp accelerated SRS =111

. . . . . Figure 6. Effect of (S)-dpp on
stereoinversion temporarily and eventually enabled asymmetric induction. stereoinversion.
Application of the ZnHLZ compleX to ~Plausible mechanism-,

. . . ome (S)-1Zn"L2(NCBuU)] 20 3 : :
enantioselective catalysis _ (1mol%)  TFA(eat) o O

Catalytic activity of (S)-[Zn"L2(NC'Bu)] mso’< A O
was examined for oxa-Diels-Alder reaction, 9(200) A0 E
which is generally catalyzed by Lewis acids. T e ) [zniL2(@)) (SC-XRD) |

Diene 8 was reacted with aldehyde 9 in the Figure 7. Enantioselective catalysis by (S)-[Zn"L2(NC'Bu)].

presence of 1 mol% (S)-[Zn"L2(NC'Bu)] (Figure 7). After acidic treatment, the product (R)-10 was obtained in 78%
yield and 88% ee. To examine the cause of enantioselectivity, a catalyst—substrate complex [Zn"L2(9)] was prepared
and analyzed by single-crystal XRD and '"H-'H NOESY NMR. These analyses indicated that the Si-face of aldehyde
9 was effectively shielded by the structural framework of Zn"L2. The observed enantioselectivity can be well
explained by the face-selective attack of diene 8. This result demonstrates that a tetrahedral chiral-at-metal complex
with achiral ligands is practically useful when the racemization rate is extremely slower than that of the reaction.

Conclusions

In this work, two metal complexes were synthesized using the kinetically controlled stepwise reactions. Firstly, a
Co"-Ni" heterometallic complex was synthesized by site-selective redox switching and transmetalation. Secondly,
an enantiopure tetrahedral Zn" complex was synthesized using the rigid tridentate ligand. While both complexes are
not accessible by the direct reactions of the ligands and metal ions, the stepwise methods shown here were effective
with high selectivity. Notably, although both complexes contain labile metal ions, kinetic control was achieved by
the appropriate designs of the systems. These results are expected to expand the structural variety and usability of
metal complexes.
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Abbreviations and symbols

a, b, c, a, B, y lattice constants

Abs.
Ac
ATR
A.U.
bpy
br

Bu
calcd.
CCDC
CD
COSY

Deale

de
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d-Fourier
DMF
DMSO
ee

eq.
equiv.
ESI

Et

FT

Fw

Zem

GOF
HMDSO
HPLC
HR

IR

5 > 0 RS
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acetyl

attenuated total reflection
arbitrary unit
2,2’-bipyridine

broad

butyl

calculated

Cambridge Crystallographic Data Centre
circular dichroism
correlation spectroscopy
doublet

chemical shift

calculated density
diastereomeric excess
diastereomer ratio
differential Fourier
N,N-dimethylformamide
dimethyl sulfoxide
enantiomeric excess
equivalent

equivalent

electrospray ionization
ethyl

Fourier transform
formula weight
dissymmetry factor for emission
goodness of fit
hexamethyldisiloxane
high-performance liquid chromatography
high resolution
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coupling constant
formation constant

cell length

ligand

wavelength

multiplet
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m mass
M metal

M formula weight

u linear absorption coefficient

Me methyl

Mes mesityl

m.p. melting point

MS mass spectrometry

MS molecular sieves

" normal-

n normal

NBS N-bromosuccinimide

NIR near infrared

NMR nuclear magnetic resonance

NOE nuclear Overhauser effect
NOESY nuclear Overhauser effect correlated spectroscopy
ORTEP Oak Ridge thermal-ellipsoid plot
)4 para

p decimal cologarithm of

Ph phenyl

ppm parts per million

Pr propyl

0 angle

O angle

o Weiss constant

Pealc calculated density

R reliability factor 1

Rint internal consistency of equivalents
RT room temperature

S singlet

SC-XRD single-crystal X-ray diffraction

t triplet

! tert-

T temperature

Tc Curie temperature
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid
THF tetrahydrofuran
TMS tetramethylsilane
TOF time-of-flight

Ts p-toluenesulfonyl
uv ultraviolet

vii



vis
WR»
XPS
XRD

volume

visible

weighted reliability factor 2

X-ray photoelectron spectroscopy
X-ray diffraction

charge number

number of formula units in the unit cell
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1. General introduction



1-1. Selective synthesis of metal complexes

Metal complexes, comprised of metal atom(s) and coordinating ligand(s), reside in the cross section
of organic and inorganic chemistry fields. Metal complexes exhibit many attractive chemical and physical
properties based on the combination of the diverse properties of metal elements with the high designability
of organic ligands. For example, metal complexes show unique assembled structures (host compounds,
porous materials), physical properties (optical properties, magnetism, conductivity), and chemical reactiv-

ities (catalysis, photosensitization, enzyme mimicry).'

To synthesize a metal complex, typically, a direct one-step reaction between the inorganic part (metal
source) and the organic part (ligands) of the target complex is employed (Fig. 1-1-1a). This process, called
complexation, is usually rapid and under thermodynamic control because metal-ligand coordination bonds
are labile. However, in some cases with heteroleptic, heterometallic, or isomeric complexes, the products
can be a cumbersome mixture of multiple complexes (Fig. 1-1-1b). In such a case, development of a selec-

tive synthesis method is desired to spare the difficulty and labor of separation.

(@) Complexation
Q-+ o =

Metal Ligand

Metal complex

(b)

Heteroleptic complex

A 20K

Heterometallic complex

Isomeric complex

3 3¢

Figure 1-1-1. (a) Schematic diagram of typical metal complexation. (b) Examples of metal complexes whose synthe-

sis can possibly produce multiple products.



One method to achieve selective synthesis is to modify the system so that the desired product will be
thermodynamically more stable than the other possible products. Then, the desired complex can be selec-
tively obtained by thermodynamically controlled one-step synthesis (Figure 1-1-2a). This can be realized
by elaboration of organic ligands,** metals with complementary properties,® and/or specific interactions
with counterions®’ or guest species® (Figure 1-1-2b). For example, selective syntheses of some heterolep-

ic,>* heterometallic,” and isomeric®’ complexes based on this method are reported (Figure 1-1-2b). How-

ever, the requirement of thermodynamic stability poses limitations on the design of ligands and the choice

of metals.
(a)
Q+0+0— [
(b)
Elaboration of ligand Metals with complementary properties

Heteroleptic

Heterometallic

Interactions with counterions

c 17 cl
CI S mﬁm
‘ CI ST ] cl o) (]
N S NFJ WNg 20:@0,,, l\j .0
Fe2+ + — ) .
“y /I\ SNTINY )
‘ C A /N‘ LA Cl o cl
CI N cl Cl
Cl Cl
Isomeric

Figure 1-1-2. Thermodynamically controlled one-step synthesis of metal complexes. (a) Schematic representation.
(b) Examples where selective syntheses of heteroleptic, heterometallic, and isomeric complexes were conducted
based on elaboration of ligand,* metals with complementary properties (X = a solvent molecule or counterion),” and

interactions with counterions,’ respectively.



An alternative method is to divide the synthesis process into a few steps to enable kinetic control, just
as organic synthesis does (Figure 1-1-3a).” This method includes sequential addition of different ligands'?
or metals,'' post-modification of metal redox states or ligand structures after complexation,'? and tempo-
rary introduction of auxiliary component followed by its removal'®!* (Figure 1-1-3b). In every case, the
initial steps are under thermodynamic control, but the final step is under kinetic control to give a different
selectivity from thermodynamic control. Here, a selective reaction under kinetic control is easier than the
one-step complexation because the final step will involve less changes in the structure of the complex and

11,12 and

require milder conditions. For example, selective syntheses of the heteroleptic,'® heterometallic,
isomeric'®!* complexes which cannot be selectively obtained by the thermodynamic one-step method have

been reported (Figure 1-1-3b).

(a)
-
o 2%

o
(b) %

Sequential addition of ligands Sequential addition of metals

F
rRER] OBR rRE]
~ . 1 r 3 o
@g (Nj/\Q G/q b Bal o o e _taomy SRR
~N \ @ \ ‘ KZr,(OR e OR-pa—I~p4 RO OR 4~ RO QRBa=Omal
. A AN /CI\|| - N | AN [KZr2(OR)o] RO pRrBammBally o O, prBaTg A
s - (AN BN = " F Zr—OR RO—2r z—0rR R OR
| i NN | / N v
Ng L~ Ny RG oRR RRo
‘ & ‘ ~ F

. Heterometallic
Heteroleptic

Post-modification of a ligand structure

e e S
\ — \

(NH,),0sClg ——=_ Br /_\Nf/Os\;_Arxlg\i}
=N N
\ / 4 7\

Isomeric

Figure 1-1-3. Kinetically controlled stepwise syntheses of metal complexes. (a) Schematic representation. (b) Exam-
ples based on sequential addition of ligands'® or metals,'' post-modification of a ligand structure,'? and temporary

introduction of an auxiliary component.'*



1-2. Target scope of Kkinetically controlled stepwise synthesis

Despite its utility, the target scope of kinetically controlled stepwise synthesis has been severely lim-
ited. Previous examples are focused mainly on 4d or 5d metals (Figure 1-1-3b),!%!11214 octahedral Crit' 15
or Co''6 or non-Werner-type complexes'’ (Figure 1-2-1). This is because these complexes are relatively

inert,'® which makes kinetic control easier.

Octahedral Cr'l

EuN. /N 13+
N N—
Y N2
— — > X
0 \ A
Et,N -N N" 5N

EDTA*- =N..,, C{ N O
— Lyes
YN ST
Z

NN
N A
\ N=
-~ N
/ °N
= o O™ \et,
Et,N
Isomeric
Octahedral Co'!!
N NH
SN 2 +
N N (\THZ | (\TH o (\TH o
or NH |~ cog Hsz e Hel Hsz _cl
Co S Co o —— Co
2 H
co™ N | HN/‘\O% HN | e
L_NH, NH, L_NH,
Isomeric

Non-Werner-type

@OQ

TiClg

Enantiomeric

Figure 1-2-1. Examples of the kinetically controlled stepwise selective syntheses of octahedral Cr'™ "> and Co™ '® and

non-Werner-type'’ complexes.



Other kinds of metal complexes are usually more labile,'® so kinetic control is more difficult. Only a

limited number of examples have been reported: lanthanide complexes with octadentate ligands,”!'® Cu'

complexes with bulky ligands,?® and polynuclear complexes?'2>?? (Figure 1-2-2).

Lanthanide with an octadentate ligand

o o} o} 0
HO%N/L % 0N 00 %/L % O0-N_ 00
L S>—OH HO N 3 //)‘OH
)L oH WP NH )L on W0 O NH
NHaNH N/#N 0 Oj’ NH NHaNH N/#N 0 Y NH
J/: j/ /J; — I J/: \_4 j/ i \_<NHHN I
O "OH N Tb3+ 0”0 NHHNO H+ O” OH NH Eud+ oo 0
o] O NH Q O NH o. o ONH
Ho ob(/NT >\ /T ob(NT
(16 e (16
A [ i AP0
N_N__oH J:N /4N\_<\O / N0 //J:N /JN%O
OJ/:OH 0”0 o oio Y 070 0

Cu' with bulky ligands

Polynuclear framework
3 e
N"=0 N

N
Y v = |
A ot e ) s
Cut * orN~  —> ;0 0

/ \ / /
H vCu CuO
11

C oy

Heterometallic

Figure 1-2-2. Examples of the kinetically controlled stepwise selective syntheses of Werner-type complexes of other

metals based on lanthanide with an octadentate ligand," Cu' with bulky ligands,*® and a polynuclear framework.”

Therefore, it is desired to expand the target scope of kinetically controlled stepwise synthesis for com-

plexes of labile metal ions, by developing new methodologies and design principles. Such development

will provide a greater freedom to the design of metal complexes, which can be used as functional chemicals.



1-3. Overview of this study

In this work, I aimed at development of kinetically controlled stepwise synthesis of complexes of
labile metal ions in two distinct fields (Figure 1-3-1): (i) a heterometallic complex and (ii) a chiral-at-metal

complex, which is a particular kind of an isomeric complex.

For the heterometallic complex, I propose “site-selective redox switching and transmetalation” as a
new stepwise method and applied it to a labile Co' and Ni'! complex. As a result, selective synthesis of the
heterometallic complex [Co''Ni'3L.15Xs] (X = solvent molecule or counteranion) was achieved in four steps.
This method showed kinetically controlled selectivity against a thermodynamic mixture of complexes such

as [Ni'4L15Xs]. This topic is discussed in Chapter 2.

For the chiral-at-metal complex, I propose the use of a strong and non-planar tridentate ligand in com-
bination with acidic chiral ligand and applied it to a tetrahedral Zn' complex, which is typically highly
labile. As a result, selective synthesis of the chiral-at-metal complex (S)-[ZnL2(NC'Bu)] was achieved in
three steps. This strategy gave kinetically controlled selectivity against a thermodynamic mixture with (R)-

[ZnL.2(NC'Bu)]. This topic is discussed in Chapter 3.

These ideas would be useful in preparation of new heterometallic or chiral-at-metal complexes which
have been difficult to achieve. Such complexes can be expected for unique physical or chemical properties.

As an example, enantioselective catalysis by the resultant complex is demonstrated in the latter topic.



[ —>: Thermodynamic control —>: Kinetic control }

Chapter 2. Heterometallic complex

Co!l —e- Nil! +e-
L1 —> [Co'4L13Xeg] —> [C0"'C0''5L15Xs] —> [Co!NillsL13Xe] —>

"Site-selective redox switching and transmetallation"

Selectivity vs. [Ni'4sL13Xg] etc. [CO”\'\l’i“sUsXe]
Chapter 3. Chiral-at-metal complex NCBu
Zni (S)-dpp BUCN  pesN /’g@u'ﬁ%
Hol2 —> [ZnoL2)] ——> (S-1ZnL2(S)qdpp)] —> 4 N~ & )
"Strong and non-planar tridentate ligand" & "Acidic chiral ligand" Q
Selectivity vs. (R)-[ZnL2(NCBu)] (S)-[ZnL2(NCBu)]

Figure 1-3-1. Summary of this study. For abbreviations, refer to each chapter.
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2. Heterometallic Co"'Ni''; complex
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2-1. Introduction

Heterometallic complexes are complexes containing several different metal elements. Such complexes
are attractive because interactions between the metal atoms can lead to unique chemical and physical prop-
erties such as luminescence,!?3*° magnetism,>*%7 and catalysis®>®*!? (Figure 2-1-1a—). Heterometallic

complexes are also seen in biological systems, especially in metalloenzymes (Figure 2-1-1d).!!12

N —|3+
| .
Y N Y
o o_ | o o
uII Ln'" CU"
7/ N\
(0]

Eull

Figure 2-1-1. Examples of heterometallic complexes. (a—c) Heterometallic complexes which exhibit (a) lumines-
cence,’ (b) magnetism,” and (c) catalytic activity.'® (d) Heterometallic enzyme, Cu-Zn human superoxide dismutase

(PDB: 2C9V)."
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To obtain a desired heterometallic complex, complexation between ligands and several different metal
sources should be controlled.'*!* If no care was taken, a complex with an undesired number of metal atoms
or an isomer with an undesired positioning of the metal atoms can be generated (Figure 2-1-2a). Conven-
tionally, thermodynamic control has been widely employed to achieve selective formation of the desired
heterometallic complex (Figure 2-1-2b). A typical strategy is to use ligands and metals with orthogonal
affinities based on their hard/soft characters.!® In some other cases, difference between metals in the pre-

ferred coordination number/geometry'® or ionic charge!” is utilized.

(a) (b)
Metals
: 09 % e %o %o : 09
r(\ () ‘0 vo \./o vo (\F\(\ ‘0 o.o
2 Nocontol K  \O__/ Themodynamic \&@ _/
No control | _©®@ o o j ermodynamic
. & & control _
Ligand R — Selective
Mixture
()

o]
OH '|'il\:I PhyP O
Pd |
—— > |Br-pd''Br
Ph,P OH |

PhyP
il

&

Figure 2-1-2. Synthesis of heterometallic complexes. (a,b) Typical schemes of (a) non-selective synthesis without
any control and (b) selective synthesis under thermodynamic control. (c—¢) Examples of selective syntheses under
thermodynamic control based on (c) hard/soft ligands and metals,'® (d) different preferred coordination numbers/ge-

ometry,'® and (e) different ionic charges.'”



However, the selective synthesis based on thermodynamic control sometimes fails, especially when
the metals have similar thermodynamic properties, for example, in the cases of some transition metals or
lanthanides. As discussed in Chapter 1, stepwise kinetic control is a good solution in such a case. As for
the syntheses of heterometallic complexes, sequential addition of metals to each coordination site of a het-
ero-ditopic ligand is frequently used, which is called a metalloligand approach (Figure 2-1-3a).!%1%20 On
the other hand, site-selective transmetalation of a preformed homometallic complex is emerging in recent
years as an alternative strategy to achieve kinetic control, especially when the metalloligand approach is

21,22,23,24.25.26 Gill, it is sometimes difficult to kinetically differentiate the

not applicable (Figure 2-1-3b).
metal sites in homometallic complexes, resulting in a low yield or selectivity.?”-?%2° Therefore, it is desirable
to develop a method of precisely controlling the transmetalation process for the synthesis of a heterometallic

complex with high selectivity.

(@)
Ph | X Ph PhMph
0 0
o o O U™ Hoo\ll\ﬂo o Pd! Hoo\l|\7|o\ ||/O
—_— —U —_— 20—UV' Pd
PhT 7N e e’ /5% on 6% o
|
Ph” N7 N pp PhWPh
(b)

Lo Lo

| Y = | U =

& cyl o Cu CuN y Nil o Cu Nivun )
o/ N / 4 O\ /o / —_— / / O\ /O p

Ox N Ox=<-N
T g
Figure 2-1-3. Examples of syntheses of heterometallic complexes under kinetic control adopting (a) a metalloligand

approach®® and (b) a transmetalation approach.?
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In this work, I employed redox switching of metal centers because it is well known to affect the prop-
erties of metal centers.’*3! From this viewpoint, I propose a stepwise strategy combining site-selective re-
dox switching and transmetallation for kinetically controlled, highly selective synthesis of heterometallic
complexes (Figure 2-1-4). In this method, a ligand with inequivalent coordination sites, a redox-active
metal, and another metal are used. Firstly, a homometallic complex of the redox-active metal is constructed
by normal complexation with the ligands. Secondly, some of the chemically inequivalent metal centers are
site-selectively oxidized. Thirdly, the non-oxidized metal centers are site-selectively transmetalated with
another metal. Finally, the oxidized metal center(s) are reduced back to their original states. Among these
four steps, the early three steps can be conducted under thermodynamic control. The last step needs to be
conducted under kinetic control to give the desired complex selectively, and this can be guaranteed by

kinetic stability of the polynuclear framework and by a relatively mild condition required for reduction.

. ’ Redox-active metal

‘ Another metal

1. Complexation

o ”
o O L, “\ 2. Site-selective
\ a / \ “ / oxidation
_e—

Ligand with inequivalent
coordination sites ‘

\\\ ‘ Kinetic control ’ “
; V

4. Reduction

\ / 3. Site-selective
transmetalation

Figure 2-1-4. Schematic of the strategy proposed in this research for highly selective synthesis of heterometallic

complexes.
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The effectiveness of this strategy was demonstrated in the synthesis of a Co'"-Ni" heterometallic com-
plex (Figure 2-1-5). I employed ligand L1 as a ligand with inequivalent coordination sites, Co™" as a
redox-active metal, and Ni'! as another metal. Starting from ligand L1, the homometallic complex
[Co'4L13X6] (1-Co's; X = a coordinated solvent molecule or counteranion), the site-selectively oxidized
complex [Co™Co"5L15Xe] (2-Co'Co''3), the site-selectively transmetalated complex [Co"™NisL15Xe] (3-
Co'"!Ni''y), and the final, reduced complex [Co"™Ni'3L15X¢] (4-Co'"Ni''s) were successfully prepared step-

wise with high selectivities and characterized well.

[Co!Ni'3L15Xe] (3-CoNils) [Co'NillsL13Xs] (4-ColNills)

Figure 2-1-5. Synthetic scheme of a Co"-Ni" heterometallic complex, [Co"Ni';L15Xs] (4-Co"Ni'";), demonstrated

in this research using the aforementioned strategy.
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2-2. Step 1: Complexation with a redox-active metal

As a ligand with inequivalent coordination sites, I employed ligand L1, which I previously synthesized
in my master-course study (Figure 2-2-1).3% I found therein that ligand L1 can self-assemble with Zn'! ions
to form an unsymmetrical tetranuclear complex, [Zn'4L15Xs] (X = a coordinated solvent molecule or coun-
teranion). In this complex, two kinds of chemically inequivalent metal centers were arranged by the in-
equivalent coordination sites of L1: Zn'(bpy)s and Zn'"(bpy)>X> (bpy = 2,2’-bipyridine) (Figure 2-2-1b).

This structure seemed suitable to perform site-selective oxidation.

J

Figure 2-2-1. Ligand L1 and complex [Zn"4L15Xs] (X = a coordinated solvent molecule or counteranion) developed
in my master-course study.** (a) Reaction scheme of self-assembly of L1 with Zn" into [Zn"4L15X¢]. (b) Molecular
structure of [Zn"4L.15X¢] from top and side views. Insets show the partial structures around the chemically inequiva-

lent metal centers, Zn"(bpy); and Zn"(bpy).Xo.
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As a redox-active metal, Co™ was chosen because it is well-known that the labile nature of Co"
dramatically changes into an inert nature when it was oxidized to Co'.3%3! Therefore, as the first step,
complexation of L1 with Co'! was conducted. Treatment of L1-OTf with Co(OTf), (1.33 eq.) in
CD3CN/D>0 = 19:1 at 70 °C successfully afforded complex [Co'4L.13X¢] (1-Co''s) as the major product in
65% yield (estimated from 'H NMR) (Figure 2-2-2a). A coordinated solvent molecule or counteranion
denoted by X could not be determined in solution state due to the fast exchange. The yield was calculated

as a sum of every species with different Xs.

(@)

(OTf)z (1.33 eq.)

CD3CN/D20 = 19:1
70 °C, 4 days
65% ('H NMR)

>
>

[ColaL13Xs] (1-Colla)
(b)

Figure 2-2-2. Preparation and characterization of complex [Co"4L1;X¢] (1-Co"4). (a) Reaction scheme. The number-
ing of positions is shown in one of the bpy moieties. (b) Paramagnetic 'H NMR spectrum (CD;CN/D,O = 19:1, 343
K, 500 MHz). (c) Single-crystal XRD structure of a MeOH adduct in top and side views. Hydrogen atoms, disorder,
non-coordinated anions, and solvent molecules are omitted for clarity. Color code: Co", cyan; Zn, grey; C, black; N,

blue; O, red. Lines are drawn between Co centers to guide the eye.

18



The paramagnetic '"H NMR spectrum at 343 K showed three sets of signals with the 1:1:1 integral
ratio in the 30-110 ppm region, which can be assigned to three bpy moieties of one molecule of L1 coor-
dinated to paramagnetic Co" ions (Figure 2-2-2b). Each signal was assigned to 6,6’-, 3,3’-, and 5-positions
of bpy, respectively, comparing the spectrum at 300 K with the literature of [Co"(bpy)s]**,**** because the
through-bond proximity to paramagnetic metal atom is known to dominate downfield shifting.3>-%37 Some
signals of hydrogens at the 5-, 6-, and 6'-positions were broadened to different degrees, probably due to
the dynamic exchange of X. The two chemically equivalent bpy moieties in L.1 became inequivalent be-
cause the connection to the Co''(bpy)s moiety (C3 symmetry) lowers the symmetry of L1 (Czy) to Ci. In the
diamagnetic region, the signal of methyl protons was assigned by its characteristic high intensity derived
from 3 protons and relatively non-shifted chemical shift around 5 ppm. The presence of only one set of
signals for L1 is consistent with the C3-symmetric structure of 1-Co''4. The ESI-MS measurement predom-
inantly showed a series of signals for [Co'4L.13(OTf)11-4]"". The single-crystal XRD analysis showed the
detailed molecular structure of 1-Co''y (Figure 2-2-2¢). 1-Co''4 had a triangular-pyramidal framework
formed by inequivalent Co!! centers, analogous to the aforementioned [Zn"4L.13X¢]. The apex site was con-

stituted by a Co''(bpy)s motif, while the other basal sites were constituted by a Co''(bpy)>X> motif.

In this way, the first step, construction of homometallic complex with a redox-active metal at chemi-
cally inequivalent sites, was accomplished. As all attempts to obtain pure 1-Co''s in a preparative scale
were not successful, the sample was used for the next step without purification and the isolated yield could
not be calculated. For similar reasons, the following complexes were also used without purification unless

otherwise noted and only NMR yields were calculated as a sum of every species with different Xs.
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2-3. Step 2: Site-selective oxidation

Next, site-selective oxidation of chemically inequivalent metal centers was conducted. In 1-Co''4, the
Co''(bpy)s site is expected to be more easily oxidized than Co"(bpy).X: sites in thermodynamic equilibrium
because the electron donation from bpy ligands should lower the redox potential of Co™, Attempts to
electrochemically determine the redox potential of each Co!" site of 1-Co''4 failed because of high irrevers-
ibility of these redox couples and interference of redox reaction at the porphyrin core of L1 at high poten-
tials. Nonetheless, the literature values of the standard redox potentials of [Co™"(OH)] (+1.92 V)*® and

[Co"™(bpy)s] (+0.32 V)* supported the hypothesis of electron donation from the bpy moiety.

As an initial screening, various oxidants were tested to site-selectively oxidize the Co'/(bpy)s site of
1-Co'4. H>O: showed extensive decomposition probably due to too strong oxidization power. DDQ indi-
cated simultaneous oxidation at the Co''(bpy)»X: site with coordination of OH formed by the basicity of
reduced species. AgNO3 and 1,8-naphthoquinone showed no redox reactions probably due to a thermody-
namic or kinetic reason. Finally, a stoichiometric amount of cerium(I'V) ammonium nitrate was found to be

effective for site-selective oxidation.

Accordingly, 1-Co'4 was treated with cerium(IV) ammonium nitrate (0.333 eq. to L1) in CD;CN/D,O
= 19:1 at room temperature to afford [Co"'Co"3L15Xs] (2-Co"'Co''3), where only the Co''(bpy); site was
oxidized to Co"(bpy)s (Figure 2-3-1a). A paramagnetic 'H NMR spectrum of the product showed that one
set of bpy signals shifted from the paramagnetic region (30—110 ppm) to the diamagnetic region (7—11
ppm), while the other two sets of bpy signals remained in the paramagnetic region (Figure 2-3-1b). Oxida-
tion at the Co'l(bpy); site can only explain such shift of one bpy signal sets maintaining the symmetry of
the framework. The ESI-MS measurement predominantly showed the signal series of
[Co™MCo'5L13(NO3)(OTH)11-4]"". The single-crystal XRD analysis showed that the framework of 1-Co'l4
was maintained (Figure 2-3-1c). In comparison with 1-Co'l, the average Co-N bond distance at the
Co(bpy); site was significantly shorter (2.002(4) A vs. 2.046(6)A), while that at the Co(bpy).X> sites was
similar (2.106(6) A vs. 2.122(6) A). In literature, Co-N bond distances are known to be shorter in
[Co'l(bpy)s] than in [Co'(bpy)s] (1.938 A vs. 2.128 A as median values in Cambridge Structural Data-

base*?). Thus, this contraction of bond distances suggests that only the Co''(bpy); site was oxidized.
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(a)

(NHa4)2[CeV(NOs)e]
(1eq.)
[CollsL13X6] (1-Coll4) >
CDsCN/D20 = 19:1
RT, 2 days
83% ('H NMR)

[Co'lICo''3L13X6] (2-Co!'Coll3)

(b) ¢
Ny °
= u °
oot —
50 o pom 5 0

Figure 2-3-1. Preparation and characterization of complex [Co™Co";L1;X¢] (2-Co™Co"3). (a) Reaction scheme. (b)
Paramagnetic '"H NMR spectrum (CD;CN/D>,O = 19:1, 343 K, 500 MHz). (c) Single-crystal XRD structure of a
MeOH adduct. Hydrogen atoms, disorder, non-coordinated anions, and solvent molecules are omitted for clarity.
Color code: Co"™, dark blue; Co", cyan; Zn, grey; C, black; N, blue; O, red. Lines are drawn between Co centers to

guide the eye.

In this way, oxidation of 1-Co'4 into 2-Co"'Co''; was site-selectively completed. The yield was 83%
as estimated from '"H NMR. Although 14% of 1-Co''4 remained, the reaction yield was not improved even
when an additional amount of the oxidant was added. It seems that there was an equilibrium with other
oxidized species. When a large excess of the oxidant was used, a complex mixture was generated presum-
ably via oxidation at the Co'(bpy).X: sites. As shown later, the remaining 1-Co''y was found to be con-

verted similarly to 2-Co™ Co!. Therefore, the sample was used for the next step without further treatment.
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2-4. Step 3: Site-selective transmetalation

Next, site-selective transmetalation at the unoxidized Co'(bpy).X> sites was conducted. In 2-
Co'"'Co'3, the Co'"(bpy); site is expected to be more stable against transmetalation than the Co''(bpy).Xa

'is much higher than that to Co'! as

sites. From a thermodynamic point of view, the affinity of bpy to Co
can be seen in the formation constant of [Co(bpy)s] complexes (10430 for Co™ vs. 10!> for Co'" in H>0, as
calculated from the redox potential of [Co™(OH>)s]*® and [Co"""(bpy);]*° and the formation constant of
[Co'(bpy)s]*"). From a kinetic point of view, octahedral Co'™ complexes are known to be kinetically much

more inert than Co" ones,33!

and the Co(bpy)s site has more bridging to the other Co centers than the
Co(bpy)2X: sites. I selected Ni'! as another metal to introduce because the thermodynamic affinity of bpy
to Ni' is intermediate between Co'' and Co!" (the formation constant of [Ni(bpy)s] is 10?2 in H,0).*!
Accordingly, 2-Co™Co''; was treated with Ni(OTf)2 (2 eq. to L1) in CD;CN/D,O = 19:1 at 70 °C to afford

[Co"™Ni'3L15X6] (3-Co™Ni'l3) (Figure 2-4-1a).

The paramagnetic '"H NMR spectrum showed the disappearance of the Co"(bpy).X: signals and ap-
pearance of new broad signals with different chemical shifts, typical for Ni''~bpy complexes (Figure 2-
4-1b).>* In the diamagnetic region, the signal of methyl group of L1 initially changed into a complicated
pattern, and then converged to one signal (Figure 2-4-1c). These results indicate that all the three
Co''(bpy)2X» sites were stepwise transmetalated with Ni''. The ESI-MS measurement showed the signal
series of [Co™"Ni'sL3(NO3)(OTf)11-4]™, supporting that transmetalation did not occur at the Co!!(bpy); site.
The XPS measurement after removal of free metal ions by reprecipitation showed that the atomic ratio of
Co:Ni was 1:3.1. The single-crystal XRD analysis showed that the framework of 2-Co"'Co"'3 was main-
tained (Figure 2-4-1d). The average Co—N bond distance at the Co"(bpy); site was 1.936(3) A, and the
average Ni-N bond distance at the Ni''(bpy).X sites was 2.056(4) A. These values agree well with typical
values of Co'™ (1.938 A) and Ni"' (2.086 A), but not with Co" (2.128 A as median values of [M(bpy)3] in
Cambridge Structural Database).*® This crystal was obtained as an adduct of chloride ions, which probably

came from decomposition of CDCI; used for crystallization.*?
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Figure 2-4-1. Preparation and characterization of complex [Co"Ni";L15Xs] (3-Co™Ni"). (a) Reaction scheme. (b)
Paramagnetic 'H NMR spectrum (CD;CN/D,O = 19:1, 343 K, 500 MHz). (c¢) Time-course 'H NMR spectra
(CD3CN/D>O = 19:1, 300 K, 500 MHz). (d) Single-crystal XRD structure of an adduct with DMSO and chloride.
Hydrogen atoms, disorder, non-coordinated anions, and solvent molecules are omitted for clarity. Color code: Co™,

dark blue; Ni", yellow-green; Zn, grey; Cl, light yellow-green; C, black; N, blue; O, red. Lines are drawn between
the Co and Ni centers to guide the eye.

In this way, transmetalation of 2-Co'"'Co''3 into 3-Co'Ni''; was site-selectively completed. The yield
was 97% from 1-Co"'4 as estimated from '"H NMR. This yield indicates the remaining 1-Co"4 (14%) in the

sample of 2-Co"™Co''3 was also converted to 3-Co'"!Ni''3, probably via oxidation by other oxidized species.

23



2-5. Step 4: Reduction

As the final step, reduction of the initially oxidized metal center was conducted. Since the thermody-
namic affinity of bpy to Ni'' is higher than Co'!, the reduction product of 3-Co™'Co!'3 would be thermody-
namically unstable against metal exchange between the Co'(bpy); site and the Ni'(bpy).X: sites. Nonethe-
less, considering the kinetic stability of the polynuclear framework consisting of multiple coordination
bonds, it may be possible to conduct reduction under kinetic control without causing metal exchange. From
this viewpoint, 3-Co™ Co''3 was treated with "BusN-I (1.5 eq. to L1) in CD3;CN/D,O = 19:1 at 70 °C to
afford [Co"™i'5L13X¢] (4-Co"'Ni''3) (Figure 2-5-1a). "BusN-1 was chosen as a reductant because it is

known to be effective for similar complexes.?!

The paramagnetic '"H NMR spectrum showed the re-appearance of one set of sharp Co''-bpy signals,
while the signals of the Ni''(bpy).X> sites were unchanged (Figure 2-5-1b). In the diamagnetic region, the
methyl signal of 3-Co''Co!'3 disappeared and a new signal appeared. This result indicates that the Co™
center was reduced to Co'! without affecting the other parts of the structure. The ESI-MS measurement
showed a series of signals for [Co''™Ni'5L13(NO3)2(OTf)9-,]"". The UV-Vis absorption spectrum of 4-Co'"
Ni''s was similar to that of 1-Co''y but markedly different from those of 2-Co™Co''3 and 3-Co™'Ni'l3,

111

suggesting the absence of Co™" character (Figure 2-5-1c¢).

In this way, reduction of 3-Co™Ni''; to 4-Co!"Ni''3 was successfully confirmed. However, the yield
in an initial attempt was 48% as estimated from 'H NMR. This result suggests that the reaction was not
completely under kinetic control, and that decomposition of the product occurred in part. To prevent pos-
sible decomposition, the sample of 3-Co™Ni''y was partially purified by reprecipitation from MeCN/H>O
= 1:2 with NH4PFs (50 eq. to L1), and the amount of the reductant was decreased to 0.417 eq. to L1. In this
case, the yield was improved to 95% as estimated from '"H NMR, which means reduction surely proceeded

under kinetic control.
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Figure 2-5-1. Preparation and characterization of complex [Co'Ni';sL1;Xs] (4-Co"Ni";). (a) Reaction scheme. (b)
Paramagnetic '"H NMR spectrum (CD;CN/D,O = 19:1, 343 K, 500 MHz). (¢c) UV-Vis absorption spectra (MeCN,
298 K, /= 0.10 cm). Each sample prepared in CD;CN/D,O = 19:1 was diluted to 25 times with CH3CN. The total

concentration of L. was 40 uM. The asterisks denote the absorption bands of triiodide ion.

Overall, the heterometallic complex 4-Co''Ni''; was selectively obtained in 92% yield from 1-Co'ly
via stepwise site-selective redox switching and transmetalation.
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Surprisingly, 4-Co"'Ni''; prepared by the modified procedure showed no sign of decomposition when
heated at 70 °C in CD3CN/D>O = 20:1 for 21 h, or even in CD3CN/D>,O/DMSO-ds = 20:1:2 for 24 h (Figure

2-5-2). This high kinetic stability would come from the polynuclear framework consisting of multiple co-

ordination bonds.

() 4-Co'Nils |
" _/\MJ\J/AML
(b) | CD:CN/D:0 =20:1,70°C, 21 h n ]
@ W

(c) CD3sCN/D>0, DMSO-ds = 20:1:2, 70 °C, 14 h

Figure 2-5-2. Stability test of 4-Co"Ni";. Paramagnetic 'H NMR spectrum ((a,b) CD;CN/D,O = 20:1; (c)
CD;CN/D>,O/DMSO-ds = 20:1:2, 300 K, 500 MHz).
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2-6. Comparison with other strategies

To confirm the effectiveness of the strategy used here, I conducted three control experiments using

other strategies.

Firstly, the one-step strategy was examined. L1-OTf was treated with Co'(OTf), (0.33 eq.) and
Ni''(OT1) (1 eq.) simultaneously in CD3;CN/D,O = 19:1 at 70 °C (Figure 2-6-1a). The paramagnetic 'H
NMR spectrum showed only signals of Ni''-bpy but no discernable signals of Co'-bpy (Figure 2-6-1b). In
the region of methyl protons, many weak signals were observed. This result indicates non-selective for-
mation of Ni'l-containing complexes. This failure would be caused by the higher thermodynamic stability
of a Ni'!(bpy)s motif than Co'(bpy)s. The one-step strategy could not provide the kinetic control necessary
to afford 4-Co'"'Ni''; selectively.

@ (OTf2 (0.33 eq.)
OTf (1eq.)

CD3CN/DQO =19:1

\ 4

70 °C, 5 days
[Co!'NillsL13X6] (4-Co!Nill3)
(b) Me protons
Nill—bpy
ppm 80 70 60 50 40 30 20 10  ppm 5.0 45 4.0

Figure 2-6-1. Control experiment of the one-step strategy. (a) Reaction scheme. (b) Paramagnetic '"H NMR spectrum

(CDsCN/D,0 = 19:1, 300 K, 500 MHz).
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Secondly, the transmetalation strategy without redox switching was examined. 1-Co''y was treated
with Ni(OTf)2 (2 eq. to LL1) in CD3CN/D,O = 19:1 at 70 °C (Figure 2-6-2a). Similarly to the previous
experiment, the paramagnetic '"H NMR spectrum showed only signals of Ni''-bpy but no discernable sig-
nals of Co''-bpy (Figure 2-6-2b). In the region of methyl protons, some weak signals were observed. This
result indicates transmetalation at the Co'(bpy); site and non-selective formation of Ni'-containing com-
plexes. This failure would be caused by the insufficient kinetic control. The transmetalation condition was
harsher than that of reduction, because a longer reaction time was necessary, and because a high concen-
tration of free metal ions was present in solution. Although the transmetalation strategy works in some

cases,>! 26

combination with redox switching was necessary in the case of 4-Co"Ni''3.

[CollsL15Xe] (1-Colla) [CO'NisL13Xe] (4-Col'Nills)
Me protons
A MMM
ppm 80 70 60 50 40 30 20 10 ppm 50 45

Figure 2-6-2. Control experiment of the transmetalation strategy without redox switching. (a) Reaction scheme. (b)

Paramagnetic 'H NMR spectrum (CD;CN/D,O = 19:1, 300 K, 500 MHz).
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Thirdly, the redox-switching strategy without transmetalation was examined. Since 3-Co''Ni'3 is ex-
pected to be thermodynamically stable, direct synthesis of 3-Co'Ni'!; from L1 and subsequent reduction
might be another route to 4-Co'Ni'';. Accordingly, L1-OTf was treated with Co"(OTf), (0.33 eq.) and
Ni''(OT1) (1 eq.) in CD3sCN/D>O = 19:1 at 70 °C, and then (NH4)2[Ce!V(NOs)6] (0.33 eq.) was added to
the reaction mixture at 70 °C (Figure 2-6-3a). In-situ oxidation of Co" was employed here because prepa-
ration of Co'™(OTf)3 is not known. The '"H NMR spectrum showed many weak signals, indicating non-
selective formation of some complexes (Figure 2-6-3b). This failure would be caused either by the high

kinetic barrier to ligand exchange at a Co'!

center or by the thermodynamic instability of 3-Co™Ni''; due
o the smaller size of Co an that of Co". It seems that redox switching and introduction of another meta
to th 11 f Co'"! than that of Co'’. It that red tching and introduct fanoth tal

should be separately conducted to avoid complexity.

e [Co!INillsL13X6]
>

(4-Co''Ni'l3)
(b)
Me protons
T T I T I T T T T T I T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45
ppm

Figure 2-6-3. Control experiment of the redox switching strategy without transmetalation. (a) Reaction scheme. (b)

"H NMR spectrum (CD;CN/D,O = 19:1, 300 K, 500 MHz).
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2-7. Conclusions

In this chapter, I have proposed a novel kinetically controlled, stepwise strategy for highly selective
synthesis of heterometallic complexes. This strategy uses a redox-active metal and a ligand with inequiva-
lent coordination sites and consists of four steps: complexation with a redox-active metal, site-selective
oxidation, site-selective transmetalation, and reduction. In this strategy, the early three steps proceed under
thermodynamic control, and the fourth step needs kinetic control. This kinetic control can be provided by
the relatively mild condition of reduction and the high kinetic stability of polynuclear framework consisting

of multiple coordination bonds.

The effectiveness of this strategy was demonstrated in the synthesis of a new heterometallic complex,
4-Co"Ni'l. In this synthesis, Co'"™ worked as a redox-active metal whose affinity to ligand was dramati-
cally increased upon oxidation. Tris-bipyridine ligand L1 was employed to construct an [M4L13Xs] frame-
work with inequivalent metal sites. Ligand L1 was treated with Co'" to yield 1-Co'y, and then it was site-
selectively oxidized to give 2-Co™'Co''3, and it was site-selectively transmetalated to give 3-Co''Ni'l3, and
finally it was reduced to give 4-Co'"'Ni''y selectively. In contrast, this complex could not be selectively
obtained either by the conventional one-step strategy or by the simple transmetalation. Therefore, this “site-
selective redox switching and transmetalation” strategy is an excellent way to construct novel heterometal-

lic complexes, which can exhibit functions specific to the combination of metals.

As an extension of this strategy, it may be possible to synthesize a hetero-trimetallic complex. As
discussed in section 2-4, the introduction of Ni'l ions were observed in a stepwise manner. This may allow
introduction of less Ni'! ions and subsequent transmetalation with another metal ion. Meanwhile, complex
4-Co"Ni"'3 may be useful as a catalyst by binding a substrate at the Ni'! site and providing electron transfer

from the Co" site.
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2-8. Experimental section

Materials and methods

Unless otherwise noted, solvents and reagents were purchased from TCI Co., Ltd., FUJIFILM Wako
Pure Chemical Corporation Ltd., Kanto Chemical Co., and Sigma-Aldrich Co., and used without further

purification.

Elemental analysis was conducted in the Microanalytical Laboratory, Department of Chemistry,

School of Science, the University of Tokyo.

'H, 13C, F, and 2D NMR spectra were recorded on a Bruker AVANCE III-500 (500 MHz) spectrom-
eter. Wide-sweep paramagnetic NMR spectra were recorded with a spectral width (SW) of 200 ppm, a
transmitter frequency offset (O1P) of 50.00 ppm and a line width of 10.0 Hz unless otherwise noted. NMR
yield estimation using an internal standard was conducted in a normal measurement method for the dia-
magnetic region. Tetramethylsilane was used as an internal standard (50 ppm) for 'H and '*C NMR meas-
urements when CDCls was used as a solvent. A residual solvent signal was used for the calibration of 'H
NMR measurements when CD3;CN (6 1.94 ppm), DMSO-ds (6 2.50 ppm), or mixed solvents with them
were used as a solvent. No corrections were conducted for '°F NMR measurements. Abbreviations: s, sin-

glet; d, doublet; t: triplet; br, broad; m, multiplet.

ESI-TOF MS data were recorded on a Micromass LCT Premier XE mass spectrometer. Unless other-
wise noted, experimental conditions were as follows (Ion mode, positive; Desolvation temperature, 150 °C;

Source temperature, 80 °C).

UV-vis spectra were recorded on a JASCO V-770 UV—vis—NIR spectrophotometer. The experimental
conditions were as follows (0.10 cm glass cell; 1 =250-800 nm; scanning rate, 100 nm/min; data acquisition

intervals, 0.5 nm).

Single-crystal X-ray crystallographic analyses were performed using a Rigaku XtaLAB PRO
MMO07DW PILATUS diffractometer, and obtained data were processed by using CrysAlisPro 1.171.39.7¢
(Rigaku OD, 2015) software and analyzed by Olex? 1.2.10 (OlexSys Ltd., 2018) software*} and SHELXL-
2017/1 software.* Crystallographic data in this chapter can be obtained free of charge from the Cambridge
Crystallographic Data Centre (http://www.ccdc.cam.ac.uk/data_request/cif).

XPS spectra were recorded using an Ulvac-Phi PHI 5000 VersaProbe III spectrometer and an Al Ka
X-ray source (hv = 1486.6 eV).
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Synthesis of compounds

Synthetic route to L1-OT{-3H20
L1-OTf-3H,0 was synthesized via the route below according to my master thesis (Scheme 2-8-1).3

1) t-BuLi, -78 °C
2) ZnCl,, -78 °C ->rt

N
 IPIPPRas— N \BS
| N EDTA-2Na AIBN CaCO4
=
THF Na,CO4 CCl, DMSO
Br H,O reflux 145 °C
73% 55%
3 6
o)
N
/ N
H —
Pyrrole Zn(0OAc),2H,0 EDTA-2Na
EtCO,H CHCI3/MeOH = 10:1  CHCI3/MeOH/H,0 = 10:1:8
140 °C rt rt
4.7%
7
Mel AgOTf
CHCI3/MeOH = 10:1 DCM/MeOH = 5:1
30 °C rt
57%

L1-OTf-3H,0

Scheme 2-8-1. Synthetic route of L1-OTf-3H,O.

5-Methyl-2,2'-bipyridine (5)
This compound was prepared according to a previous report.*> The 'H NMR data of the compound

were identical with those reported.*

'H NMR (CDCl, 300 K, 500 MHz): 58.66 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.50 (dt, J=2.2, 0.7 Hz,
1H), 8.36 (dt, J= 8.0, 1.1 Hz, 1H), 8.28 (dd, J= 8.1, 0.3 Hz, 1H), 7.79 (ddd, J = 8.0, 7.5, 1.8 Hz, 1H), 7.62
(dd, J=8.1, 1.7 Hz, 1H), 7.27 (ddd, J = 7.4, 4.9, 1.2 Hz, 1H), 2.38 (s, 1H) ppm.
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5-Formyl-2,2'-bipyridine (6)

This compound was prepared by a procedure modified from a previous report.*> A three-necked 1 L
flask was equipped with a reflux condenser and a magnetic stirring bar, and to the flask were added 5-
methyl-2,2'-bipyridine (5) (7.50 g, 44.1 mmol, 1 eq), NBS (19.6 g, 110 mmol, 2.49 eq) and CCls (600 mL).
The mixture was degassed and bubbled with Ar gas. To the mixture was added AIBN (0.867 g, 5.28 mmol,
12.0 mol%). The reaction mixture was degassed, and the flask was replaced with Ar gas. The reaction
mixture was stirred and heated at reflux for 6 h. The resulting precipitate was removed with suction and
washed with CCls. The filtrate and wash liquid were combined and evaporated to afford a brown solid. The
solid was dissolved in CH>Cl; (200 mL) and the solution was washed with Na,CO3 aqueous solution (pH
9,200 mL x 2). The organic layer was evaporated to afford a brown solid. The solid was dissolved in Et,O
(100 mL) and the solution was filtered through SiO; short-path column with suction. The filtrate was evap-
orated to afford a yellow solid (12.5 g) containing 5-bromomethyl-2,2'-bipyridine, 5-dibromomethyl-2,2'-

bipyridine as a desired intermediate and 5-tribromomethyl-2,2'-bipyridine.

A 1L three-necked flask was equipped with a reflux condenser and a magnetic stirring bar, and to the
flask were added the resultant solid (12.5 g), DMSO (370 mL) and CaCOs (15.6 g, 155 mmol, 2.1 eq to Br
atom). The reaction mixture was degassed and bubbled with Ar gas. The reaction mixture was stirred at
145 °C for 4.5 h. To the reaction mixture was added H,O (1.85 L) and Et:O (400 mL). The mixture was
filtered with suction and washed with Et;O. The organic layer of the filtrate was separated. The aqueous
layer was extracted with EtO (400 mL x 4). The organic layers were combined, evaporated and the result-
ant solid was dissolved in Et;O (150 mL). The solution was washed with brine, dried over Na;SO4 and
evaporated to afford a pale-yellow solid containing 5-formyl-2,2'-bipyridine (6) as a main product. Recrys-
tallization of the solid from hot n-hexane gave 6 as a pale-yellow solid (4.43 g, 24.0 mmol, 55%). The 'H
NMR data were identical with those reported.*’

"HNMR (CDCl3, 300 K, 500 MHz): §10.18 (s, 1H), 9.13 (dd, /= 2.1, 0.8 Hz, 1H), 8.73 (ddd, /= 4.8,
1.8, 0.9 Hz, 1H), 8.62 (dd, J = 8.2, 0.6 Hz, 1H), 8.52 (dt, /= 8.0, 1.1 Hz, 1H), 8.29 (dd, J = 8.2, 2.1 Hz,
1H), 7.87 (ddd, J=7.9, 7.6, 1.8 Hz, 1H), 7.39 (ddd, J= 7.5, 4.8, 1.2 Hz, 1H) ppm.
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5,10,15-Tri([2,2'-bipyridin]-5-yl)-20-(pyridin-4-yl)porphyrinatozinc(II) (7)

Pyrrole and 4-pyridinecarboxaldehyde were distilled under reduced pressure before use. A 500 mL
round-bottom flask was equipped with a reflux condenser and a magnetic stirring bar. To the flask were
added 6 (2.772 g, 15.0 mmol, 2 eq) and EtCO>H (91 mL). The mixture was heated up to 140 °C, and then
to the solution were added 4-pyridinecarboxaldehyde (0.708 mL, 7.52 mmol, 1.00 eq) and pyrrole (1.59
mL, 22.9 mmol, 3.05 eq). The mixture was stirred at 140 °C for 45 min under aerobic and dark conditions,
and then cooled to room temperature. H-O (182 mL) was added and the mixture was stood for 5 h. The
precipitate was collected with suction, washed with H,O and then CH30H, and dried in vacuo to give a

purple solid (0.697 g) as a crude mixture of porphyrin derivatives.

A 2 L round-bottom flask was equipped with a magnetic stirring bar. To the flask were added the
aforementioned mixture of porphyrin derivatives (0.697 g, 0.798 mmol as porphyrins, 1 eq), CHCI3 (520
mL), CH30H (52 mL) and Zn(OAc)>-2H>0 (1.493 g, 6.78 mmol, 8.5 eq to porphyrins). The mixture was
stirred at room temperature for 4.5 h under dark conditions. To the flask was added a 50 mM EDTA-2Na
aqueous solution (400 mL, 20 mmol), and the mixture was stirred for 30 min. The organic layer was sepa-
rated, washed with a 50 mM EDTA-2Na aqueous solution (400 mL) and H>O (400 mL x 2), dried over
NazS04 and evaporated. The obtained solid was adsorbed onto neutral Al,O3 (4 g) by evaporation of a THF
solution, and purified by neutral Al,03 column chromatography (Merck 40-230 mesh, ¢ =4 cm, H = 12
cm, THF/n-hexane/pyridine = 100:50:1 to 100:33:2, 100:17:2, 100:0:2). The late fractions were checked
by ESI-MS to ensure exclusion of bis(4-pyridyl)porphyrin derivatives. The obtained solid was reprecipi-
tated from CHCIl3/CH3;0OH = 10:1 adding acetone. The obtained solid was triturated in refluxing CHCls/ac-
etone = 3:5 for 23 h. The resultant solid was dried in vacuo to afford 7 as a purple solid (215 mg, 0.236
mmol, 4.7%).

"H NMR (DMSO-ds, 300 K, 500 MHz): 6§9.51 (s, 1H), 9.42 (s, 2H), 9.01 (d, J= 4.5 Hz, 2H), 8.98 (d,
J=4.5 Hz, 2H), 8.84-8.79 (m, 6H), 8.72-8.67 (m, 6H), 8.60 (br, 2H), 7.99-7.92 (m, 3H), 7.50 (br, 2H),
7.45-7.40 (m, 3H), 6.32 (br, 2H) ppm.

BC NMR (DMSO-dg, 300 K, 126 MHz): & 155.3, 154.5, 152.7, 150.5, 149.7, 149.7, 149.6, 149.6,
148.8, 148.0, 142.0, 138.6, 137.7, 132.3, 132.2, 132.2, 132.1, 129.4, 124.6, 121.0, 118.9, 118.1, 117.1,
117.0 ppm.

mp: > 400 °C.

HR-ESI-MS (positive, CHCI3;/CH3;OH/HCO,H = 10:1:1, Capillary voltage: 1500 V, Sample cone volt-
age: 80 V): [7-H]" (CssH34N11Zn) m/z 912.224 (required, 912.228).
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®: solvent impurities
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Figure 2-8-1. '"H NMR spectrum of 7 (DMSO-ds, 300 K, 500 MHz).

ppm 200 150 100 50

Figure 2-8-2. "C{'H} NMR spectrum of 7 (DMSO-ds, 300 K, 126 MHz)
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1-Methyl-4-(10,15,20-tri([2,2'-bipyridin]-5-yl)porphyrinatozinc(II)-5-yl)pyridin-1-ium trifluoro-
methanesulfonate trihydrate (L1-OTf-3H,0)

The solid compound 7 (0.215 g, 0.236 mmol, 1 eq) was evaporated from its CHCl;/CH30H = 10:1
solution to convert it into a film-like morphology for fast dissolution. A 30 mL pressure tube was equipped
with a magnetic stirring bar. To the tube were added the aforementioned film-like solid of 7 (0.215 g, 0.236
mmol, 1 eq) dissolved in CHCI3/CH30OH = 10:1 (20 mL) and Mel (1.47 mL, 23.6 mmol, 100 eq). The tube
was sealed and heated at 30 °C for 24 h under dark conditions. The resultant solution was evaporated to
dryness. The obtained solid was adsorbed onto neutral Al,O3 (1.25 g) by evaporation of a CH>Cl,/CH30H
=10:1 solution and purified by neutral AlO3; column chromatography (Merck 40-230 mesh, ¢ =4 cm, H
=12.5 cm, CH2Cl/CH30H = 30:1 to 10:1 gradient). The resultant solid was dried in vacuo to afford crude
L1-T as a green-purple solid (0.162 g, 0.153 mmol, 65%).

A 200 mL round-bottom flask was equipped with a magnetic stirring bar. To the flask were added the
aforementioned solid of L1-1(0.162 g, 0.153 mmol, 1 eq), CH>Clo,/CH30H = 5:1 (53 mL), and AgOTf (44.5
mg, 0.173 mmol, 1.13 eq). The mixture was stirred at room temperature for 18 h under dark conditions.
The resultant suspension was evaporated to give a dark solid. The obtained solid was extracted with
CHClo/CH30H = 5:1 (10 mL) by filtration and recrystallized by vapor diffusion of Et;O. The solid was
collected by suction and washed with Et;O/CH3OH = 10:1 and then Et;O. This extraction-recrystallization
sequence was repeated once again. The obtained solid was extracted again by centrifugation to strictly
exclude any insoluble particles and recrystallized again. The resultant solid was dried in vacuo at 100 °C

for 24 h to afford L1-OTf-3H>O as a purple solid (0.154 g, 0.136 mmol, 57% from 7).

'H NMR (CDCL/CD;OD = 1:1, 300 K, 500 MHz): § 9.49 (s, 3H), 9.27 (d, J = 6.4 Hz, 2H), 9.08 (d,
J=4.7Hz, 2H), 9.03 (d, J = 4.7 Hz, 2H), 9.02 (d , J = 4.7 Hz, 2H), 8.96 (d, J = 4.7 Hz, 2H), 8.89 (d, J =
6.5 Hz, 2H), 8.85 (t, J = 4.3 Hz, 3H), 8.80 (d, J= 8.0 Hz, 3H), 8.77 (d, J= 7.9 Hz, 3H), 8.67 (d, /= 7.8 Hz,
3H), 8.11-8.07 (m, 3H), 7.59-7.56 (m, 3H), 4.78 (s, 3H) ppm.

BCNMR (CDCI:/CD3;0OD = 1:1, 300 K, 126 MHz): §162.0, 156.3, 156.3, 155.7, 155.7 153.46, 153.43,
151.5, 151.01, 150.84, 149.91, 149.89, 148.8, 143.5, 142.8, 142.8, 139.54, 139.52, 138.4, 138.4, 133.82,
133.63, 133.1, 132.8, 131.1, 125.02, 125.01, 122.6, 122.6, 120.24, 120.21, 119.3, 118.3, 113.3, 48.4 ppm.

The resonance from the carbon of TfO anion was not observed, probably due to the slow relaxation and

splitting by coupling with the '°F nuclei.
19F NMR (CDCLy/CDsOD = 1:1, 300 K, 471 MHz): 5-79.2 ppm.
m.p.: > 400 °C.

IR: 574.683 (CF3), 637.358, 717.39, 750.174, 790.671, 862.989, 993.16, 1029.8, 1066.44, 1157.08

(CFs), 1206.26, 1222.65 (CF3), 1254.47, 1339.32, 1367.28, 1433.82, 1457.92, 1525.42, 1546.63, 1571.7,
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1587.13, 1636.3 (H,0), 3053.73 (C-H), 3378.67 (broad, H,0) cm".

HR-ESI-MS (positive, CH2Cl,/CH30H = 1:5, Capillary voltage: 250 V, Sample cone voltage: 80 V):
[LI]Jr (C56H36N11Zn+) m/z 926.245 (required, 926.244).

HR-ESI-MS (negative, CH2Cl,/CH30H = 1:5, Capillary voltage: 100 V, Sample cone voltage: 60 V):
[OTf] (CF303S") m/z 148.951 (required, 148.953).

Elemental analysis (calcd., found for Cs7H42F3N1106SZn [L-OTf-3H>0]): C (60.51, 60.77), H (3.74,
3.72), N (13.62, 13.61).

@ : impurities from apparatus
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Figure 2-8-3. '"H NMR spectrum of L1-OTf-3H,0 (CDCL:;/CD;0D = 1:1, 300 K, 500 MHz)
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Figure 2-8-4. '"H-'"H COSY NMR spectrum of L-OTf-3H,O (CDCl3/CD;0D = 1:1, 300 K, 500 MHz)

37



r7.5

r8.0

8.5

9.0

r9.5

r T T T T T 100
ppm 9.5 9.0 8.5 8.0 7.5 7.0

Figure 2-8-5. '"H-'H ROESY NMR spectrum of L-OTf-3H,O (CDCIl;/CD;0D = 1:1, 300 K, 500 MHz)
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Figure 2-8-6. *C{'H} NMR spectrum of L1-OTf-3H,O (CDCIl;/CD;0D = 1:1, 300 K, 126 MHz)
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Figure 2-8-7. ”F NMR spectrum of L1-OTf-3H,0O (CDCl3/CD;OD = 1:1, 300 K, 471 MHz)
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Figure 2-8-8. UV-vis absorption spectrum of L1-OTf-3H,O (CH3;CN, 1.0 uM, 293 K, /=1.0 cm).

39



800 T

700 -
600 |
A =631.0 nm
500 | max

400 -

A.U.

300 -
200 -

100 -

0 \/\ A ! ! | }
450 500 550 600 650 700 750 800
A [nm]

Figure 2-8-9. UV—vis emission spectrum of L1-OTf-3H,O (CH3;CN, 1.0 uM, 293 K, /= 1.0 cm, Aex = 434 nm). The

solvent used for the measurement was air-saturated.
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Co'"'(0OTf),:6H0

This compound was prepared according to a reported procedure.’” The product purity was confirmed

by elemental analysis.

Elemental analysis (caled., found for CoH12CoFO12S2 [Co(OTf)2-6H20]): C (5.16, 5.16), H (2.60,
2.63), N (0.00, 0.00).
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1-Co'y

To an NMR tube were added a suspension of L1-OTf-3H>0 (0.500 pumol, 1 eq) in CD3CN (100 uL),
D>0 (25.0 pL), a solution of Co(OTf)2:6H>0 in CD3CN (30.0 uL, 0.667 umol, 22.2 mM, 1.33 eq) and
CD;CN (345 pL). The mixture was heated at 70 °C for 4 days.

The yield was estimated to be 65% using p-dimethoxybenzene as an internal standard in '"H NMR.

*: Contaminants from apparatus
#: Other species

At 300 K with internal standard (x) PN
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Figure 2-8-10. Paramagnetic 'H NMR spectrum of the resultant solution containing 1-Co"y (CD;CN/D,O = 19:1,
300 K, 500 MHz). The right inset shows a magnified diamagnetic region. The left inset shows the normal measure-

ment at 300 K with p-dimethoxybenzene as an internal standard for the yield determination.

42



Cteal + .
’[flrsnn]. [Co"4La(OThH11.2.CI(CD3CN)(D20)nl* 100, 782_6322 783237 Simulated
: Smaller species 782433 783.433
100, *: Other species [5000] N 783.636
] 782.237
3 783.839
=1 782,034 784 034
781.639 784237
] 784.433
| 781.636 o 839
0 T T
100+ 76263683043 Observed
[6000] 782.436._ 783444
782.250 783.644
| 043\ 783.844
= [6010] m h 784.052
[8010] 14000] | 781843 784.252
| 781650 784.445
1[8D20] [7000] |780273 784.853
0 \ \ I I T T /
| 180301 | (7010 [4010] 781 782 783 784 785 786
[7020] [5100]
[7100]
i \ [6100](][6020] [4011]
[8000] [4100]
| I # [3000]
[8100] | ooy # [3011]
\
O e e e e e H‘w‘”w‘”‘\""\H“\“H\‘A“)"ﬁ”‘w“w”‘w”‘w”” m/z
500 600 700 800 900 1000 1100 1200 1300 1400

Figure 2-8-11. ESI-MS spectrum of the resultant solution containing 1-Co"4 (CD3;CN/D>O = 19:1, positive, Capillary
voltage: 1200 V, Sample cone voltage: 80 V). The chloride ions are supposed to come from the ESI-MS apparatus.
The smaller species may be a product of fragmentation under the measurement condition. Inset shows comparison

of simulated and observed isotope patterns for the signal of [Co"4L1;(OTf)s]>".
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Z-COHIC0H3

To a solution of 1-Co'ly prepared in the above-mentioned procedure was added a solution of

(NH4)2[Ce(NO3)g] in CD3CN (10.0 uL, 0.167 umol, 16.7 mM, 0.333 eq to L.1). The mixture was kept at

room temperature for 2 days.

The yield from 1-Co''4 was estimated to be 83% using p-dimethoxybenzene as an internal standard in

"H NMR. The amount of remaining 1-Co''4 was also estimated to be 14% in the same manner.
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Figure 2-8-12. Paramagnetic 'H NMR spectrum of the resultant solution containing 2-Co""Co"; (CD;CN/D,O = 19:1,
300 K, 500 MHz). The right inset shows a magnified diamagnetic region. The left inset shows the normal measure-

ment at 300 K with p-dimethoxybenzene as an internal standard for the yield determination.
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Figure 2-8-13. ESI-MS spectrum of the resultant solution containing 2-Co"'Co"; (CD;CN/D,O = 19:1, positive,
Capillary voltage: 3000 V, Sample cone voltage: 60 V). The reduced species may be a product of reduction under

the measurement condition.*® Inset shows the comparison of simulated and observed isotope patterns for the signal
of [COHICOH3L13(NO3)2(OTf)5]5+.
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3-C OHINiH 3

To a solution of 2-Co"Co'"'3 prepared in the above-mentioned procedure was added a solution of

Ni(OTf), in CD3CN/D20 = 9:1 (20.0 pL, 1.00 umol, 50.0 mM, 2.00 eq to L1). The mixture was heated at
70 °C for 3 days.

The yield from 1-Co'4 was estimated to be 97% in two steps using p-dimethoxybenzene as an internal
standard in '"H NMR.
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Figure 2-8-14. Paramagnetic 'H NMR spectrum of the resultant solution containing 3-Co""Ni"; (CD;CN/D,O = 19:1,
343 K, 500 MHz). The right inset shows a magnified paramagnetic region with weakened baseline correction to
clarify the broadened signals. The middle inset shows a magnified diamagnetic region. The left inset shows the

normal measurement at 300 K with p-dimethoxybenzene as an internal standard for the yield determination.
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Figure 2-8-15. ESI-MS spectrum of the resultant solution containing 3-Co""Ni"; (CD;CN/D,O = 19:1, positive, Ca-
pillary voltage: 3000 V, Sample cone voltage: 60 V). The monocationic species are supposed to come from excess
Ni" and byproducts Co" and Ce"'. The reduced species may be a product of reduction under the measurement condi-
tion.** Inset shows the comparison of simulated and observed isotope patterns for the signal of

[COHINiH3L13(NO3)(OTf)5]6+.
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For XPS measurement and improved synthesis of 4-Co"!Ni''3, the following procedure was added:
The resultant solution was evaporated to dryness. The obtained solid was re-dissolved in a mixed solvent
of CH3CN (150 pL) and H>O (50 pL). To the solution was added an aqueous solution of NH4PFs (250 pL,
25.0 umol, 100 mM, 50.0 eq to L.1). The formed precipitate was collected and washed with H>O (800 pL
x 2) by centrifugation. The solid was dissolved in dry CH3CN (500 pL) and all the volatiles were removed

under reduced pressure.

*: Contaminants from apparatus
#: Other species
x: Internal standard

*

I v v I i | v |
ppm 100 80 60 40 20 -0 -20 -40

Figure 2-8-16. Paramagnetic 'H NMR spectrum of the resultant solid containing 3-Co"™"Ni"; (CD;CN/D,O = 20:1,
300 K, 500 MHz). MeOH was added as an internal standard for the yield determination of 4-Co"Ni'";. The right inset
shows a magnified paramagnetic region with weakened baseline correction to clarify the broadened signals. The
middle inset shows a magnified diamagnetic region. The left inset shows the normal measurement for the yield de-

termination of 4-Co"'Ni'%;.
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[zImn]: [Co"Ni"5L3(PFg)12-5.F (CH3CN)(Z),]?* (Z = Unknown compound with mass 80 Da)
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Figure 2-8-17. ESI-MS spectrum of the resultant solid containing 3-Co™Ni"; (CH;CN, positive, Capillary voltage:

3000 V, Sample cone voltage: 80 V). The unknown compound Z is supposed to come from the ESI-MS apparatus.

The fluoride ions are supposed to be a decomposition product of PFs under the measurement condition. The reduced

species may be a product of reduction under the measurement condition.*® The right inset shows the comparison of

simulated and observed isotope patterns for the signal of [Co"Ni";L13(PFs)]*".
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Figure 2-8-18. Core-level XPS spectrum of the resultant solid containing 3-Co""'Ni";
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4-Co"Ni'l;

Initial attempt: To a solution of 3-Co"Ni'!; prepared in the above-mentioned procedure was added a
solution of "BusN-I in CD3CN (37.5 uL, 0.750 umol, 20.0 mM, 1.50 eq to L.1). The mixture was heated at

70 °C for 8 h. The yield from 3-Co™Ni''; was estimated to be 48% using p-dimethoxybenzene as an internal

standard in '"H NMR.

x: Internal standard
#: Other species

At 300 K with narrow-sweep
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Figure 2-8-19. Paramagnetic 'H NMR spectrum of the resultant solution containing 4-Co"Ni"; (CD;CN/D,O = 19:1,
343 K, 500 MHz). The right inset shows a magnified paramagnetic region with weakened baseline correction to
clarify the broadened signals. The middle inset shows a magnified diamagnetic region. The left inset shows the

normal measurement for the yield determination.
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Figure 2-8-20. ESI-MS spectrum of the resultant solution containing 4-Co"Ni"; (CD;CN/D,O = 19:1, positive, Ca-

pillary voltage: 3000 V, Sample cone voltage: 80 V). Numerous monocationic species were observed, presumably

because of the excess Ni" and byproducts "BusN*, Co", and Ce'". The right inset shows the comparison of simulated

and observed isotope patterns for the signal of [Co"Ni'sL13(NO3)(OTf)4]*>".
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Improved procedure: The purified sample of 3-Co''Ni''; prepared in the above-mentioned procedure
was dissolved in a mixed solvent of CD3CN (500 pL) and H>O (25.0 puL). To the solution was added a
solution of "BusN-T in CD3;CN (12.5 pL, 0.625 umol, 50.0 mM, 0.417 eq to the initial amount of L.1). The
reaction mixture was heated at 70 °C for 2 days. The yield from 3-Co"Ni''; was estimated to be 95% using

CH3OH as an internal standard in '"H NMR.
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Figure 2-8-21. Paramagnetic 'H NMR spectrum of the resultant solution containing 4-Co"Ni'"; in the improved pro-
cedure (CD3CN/D,O = 20:1, 300 K, 500 MHz). The right inset shows a magnified paramagnetic region with weak-
ened baseline correction to clarify the broadened signals. The middle inset shows a magnified diamagnetic region.

The left inset shows the normal measurement for the yield determination.
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Figure 2-8-22. ESI-MS spectrum of the resultant solution containing 4-Co"Ni"; in the improved procedure

(CD3CN/D>O = 20:1, positive, Capillary voltage: 3000 V, Sample cone voltage: 80 V). The right inset shows the

comparison of simulated and observed isotope patterns for the signal of [Co"Ni";L3(PFe)s]’*-di. The deuteration of

the ligand was supposed to occur at the pyridinium N-methyl position under the reaction or measurement condition.
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Miscellaneous experiments

Stability test of 4-Co'"Ni''

A solution of 4-Co'"'Ni''; prepared in the above-mentioned improved procedure (464 pL, starting from
0.431 pumol of L1) was heated at 70 °C for 21 h. DMSO-ds (51.6 uL) was added to the solution followed
by heating at 70 °C for 14 h.

Examination of a one-step strategy

To an NMR tube were added a suspension of L1-:OTf-3H,0 in CD3CN (100 pL, 0.500 umol, 1 eq),
D>0 (25.0 puL), a solution of Co(OTf)2:6H>0 in CD3CN (5.00 pL, 0.167 umol, 33.3 mM, 0.333 eq), a
solution of Ni(OTf), in CD3;CN/D>0O =9:1 (20.0 puL, 0.500 umol, 25.0 mM, 1.00 eq), and CD3CN (352 uL).

The reaction mixture was heated at 70 °C for 5 days.

Examination of a transmetalation strategy without redox switching

To a solution of 1-Co''4 prepared in the above-mentioned procedure was added a solution of Ni(OTf),
in CD3CN/D20O = 9:1 (40.0 uL, 1.00 umol, 25.0 mM, 2.00 eq). The reaction mixture was heated at 70 °C
for 6 days.

Examination of a redox-switching strategy without transmetalation

To an NMR tube were added a suspension of L1-:OTf-3H,0 in CD3CN (100 pL, 0.500 umol, 1 eq),
D>0 (25.0 puL), a solution of Co(OTf)2:6H>0 in CD3CN (5.00 pL, 0.167 umol, 33.3 mM, 0.333 eq), a
solution of Ni(OTf), in CD3;CN/D>0O =9:1 (20.0 puL, 0.500 umol, 25.0 mM, 1.00 eq), and CD3CN (352 uL).
The mixture was heated at 70 °C for 5 days. To this solution was added a solution of (NH4):[Ce(NO3)s] in
CD3CN (23.0 uL, 0.167 umol, 7.26 mM, 0.333 eq). The reaction mixture was heated at 70 °C for 4 days.
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Single-crystal XRD analyses

1-Co'ly

A single crystal of 1-Co''4 was not obtained from the sample mentioned above. Crystals suitable for

X-ray analysis was obtained as described below.

To an NMR tube were added a solution of L1-OTf-3H>0 in CDCl3/CD;0D/D>0O = 10:10:1 (100 uL,
0.500 umol, 5.00 mM, 1 eq), a solution containing Co(NO3)2-6H>0 in the same mixed solvent (30.0 pL,
0.690 umol, 23.0 mM, 1.38 eq), and the same mixed solvent (370 uL). The reaction mixture was heated at
50 °C for 2 days. The solution contained 1-Co''4 as the main product as confirmed by the '"H NMR and
ESI-MS measurements. To the mixture was added a solution of La(OTf)3-xH>O in CH30OH (10.0 uL, 0.250
pmol, 25.0 mM, 0.500 eq) to facilitate crystallization. Slow vapor diffusion of Et2O to this solution afforded

some single crystals suitable for X-ray analysis which were found in the powdery crude product.

Crystal data for [CosLL13(OH2)s(HOCH3)3][La(NO3)s]0.5(OTf)9.5: Cis9.96H113.88C04L2a0.5N36016.96Z13,
Fw=13433.04, violet, plate, 0.099 x 0.366 x 0.400 mm?, trigonal, space group P-3c1 (#165), a=21.3538(4)
A, b=21.3538(4) A, c =58.2741(18) A, a=90°, B=90°, y=120°, V =23012.1(11) A3, Z = 4, peaica =
0.991 g-em3, T=93 K, A(CuKa)=1.54184 A, 2 Gnax = 136.502°, 65158/14055 reflections collected/unique
(Rint = 0.0395), R1 = 0.1058 (I > 20(1)), wR> = 0.3319 (for all data), GOF = 1.372, largest diff. peak and
hole 1.23 /-0.54 e-A3. CCDC deposit number 1896478.

At one of the pyridine rings, thermal parameter restraints (RIGU) were applied to facilitate anisotropic
refinement. The zinc atom in the porphyrin ring was modelled as disordered over inside and outside posi-
tions. The axial CH3OH molecule bound to the zinc center was modelled in the same occupancy as the zinc
atom, although the axial ligand of the minor disorder component could not be located on a d-Fourier map.
The NOs' ligand and the nearby N-methylpyridinium and porphyrin moieties were modelled as disordered
over two positions. Due to the close positions of the disordered components, the bond lengths and angles
were restrained to be similar to each other (SAME), and thermal parameter restraints (SIMU, RIGU) were
applied to facilitate anisotropic refinement. Although 11 anions should be contained as shown in the chem-
ical formula, only 0.5 [La(NO3)¢]* ion was found. The remaining anions were supposed to be so heavily
disordered that they could not be located on a d-Fourier map. After successive trials, solvent accessible
voids of 9544.7 A3 in total (calculated by solvent mask) were left unfilled, in which anions and solvents
(CHCI3, CH30H, H-O, and Et,0) were supposed to be heavily disordered. At the last stage of refinement,
the reflection data modified by solvent mask were used. The solvent accessible void contained 3215 elec-
trons per unit cell. This equates to 10.9 TfO™ (each with 74 electrons) for each molecule of 1-Co''y, where

Z = 4. This diffuse electron density exceeds well the 9.5 TfO™ anions necessary to satisfy the 11+ charge of
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1-Co'l, leaving some room for the contribution of solvent molecules.

Figure 2-8-23. Crystal structure of [Co4L13(OH2)s(HOCH3)3][La(NO3)s]o.s(OTf)os. Thermal ellipsoids set at 50%
probability. The atoms are colored based on CPK coloring. Color code; C grey, N blue, O red, Co deep blue, Zn blue-
gray, La sky-blue.
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Z-COHIC0H3

A single crystal of 2-Co''Co''; was not obtained from the sample mentioned above. Crystals suitable

for X-ray analysis was obtained as described below.

To an NMR tube were added a solution of L1-OTf-3H>0 in CDCl3/CD;0D/D20 = 10:10:1 (100 pL,
0.500 umol, 5.00 mM, 1 eq), a solution of Co(NO3),-6H>0 in the same mixed solvent (30.0 puL, 0.690 umol,
23.0 mM, 1.38 eq), and the same mixed solvent (370 puL). The reaction mixture was heated at 50 °C for 3
days to obtain a dark green solution. To the mixture was added a solution of (NH4)2[Ce(NO3)s] in CD30D
(10.0 uL, 0.167 pumol, 25.0 mM, 0.333 eq). The mixture was kept at room temperature for 5 h. The solution
was found to contain the expected complex as the main product as confirmed by the 'H NMR and ESI-MS
measurements. Slow vapor diffusion of Et2O to this solution afforded some single crystals suitable for X-

ray analysis which were found in the powdery crude product.

Crystal data for [Cos4LL13(OH2)s(HOCH3)3][Ce(NO3)s]0.5(OT1)10.5: Ci70.68H116.03Ce0.5C04N36017.67Zn3,
Fw=13455.80, violet, plate, 0.067 x 0.188 x 0.420 mm?, trigonal, space group P-3c1 (#165), a =21.2460(4)
A, b=21.2460(4) A, ¢ = 58.2102(12) A, a=90°, B=90°, y=120°, V = 22755.4(10) A3, Z = 4, peaica =
1.009 g:cm 3, T=93 K, A(CuKa)=1.54184 A, 2 Onax = 136.376°, 54339/13847 reflections collected/unique
(Rint = 0.0491), R1 = 0.0994 (I > 25(1)), wR> = 0.3230 (for all data), GOF = 1.147, largest diff. peak and
hole 0.99/-0.89 e-A3. CCDC deposit number 1896498.

At one of the bipyridine moieties, thermal parameter restraints (RIGU) were applied to facilitate ani-
sotropic refinement. The zinc atom in the porphyrin ring was modelled as disordered over inside and outside
positions. The axial CH3OH molecule bound to the zinc center was modelled in the same occupancy as the
zinc atom, although the axial ligand of the minor disorder component could not be located on a d-Fourier
map. The NO3™ ligand and the nearby N-methylpyridinium and porphyrin moieties were modelled as dis-
ordered over two positions. Due to the close positions of the disordered components, the bond lengths and
angles were restrained to be similar to each other (SADI, SAME), and thermal parameter restraints (SIMU,
RIGU) were applied to facilitate anisotropic refinement. Although 12 anions should be contained as shown
in the chemical formula, only 0.5 [Ce(NOs)6]*” ion was found. The remaining anions were supposed to be
so heavily disordered that they could not be located on a d-Fourier map. After successive trials, solvent
accessible voids of 9360.8 A3 in total (calculated by solvent mask) were left unfilled, in which anions and
solvents (CHCI3;, CH30H, H>O, and Et:O) were supposed to be heavily disordered. At the last stage of
refinement, the reflection data modified by solvent mask were used. The solvent accessible void contained

3352.4 electrons per unit cell. This equates to 11.3 TfO™ (each with 74 electrons) for each molecule of 2-

Co'"'Co'';, where Z = 4. This diffuse electron density exceeds well the 10.5 TfO™ anions necessary to satisfy
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the 12+ charge of 2-Co'™Co'3, leaving some room for the contribution of solvent molecules.

Figure 2-8-24. Crystal structure of [Co4LL13(OH2)s(HOCH3)3][Ce(NO3)s]o.5(OTf)105. Thermal ellipsoids set at 50%
probability. The atoms are colored based on CPK coloring. Color code; C grey, N blue, O red, Co deep blue, Zn blue-
grey, Ce pale yellow.
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3-C 0IIINiII 3

A single crystal of 3-Co™Ni''; was not obtained from the sample mentioned above. Crystals suitable

for X-ray analysis was obtained as described below.

To a glass vial was added L1-OTf-3H>0 (23.2 mg, 20.5 umol, 1 eq), CH>Cl,/CH30H = 5:1 (5 mL)
and BusN-NOs3 (65 mg, 0.21 mmol, 10 eq). The solution was filtered and washed with CH>Clo,/CH30H =
5:1. Vapor of Et;O was slowly diffused to the combined filtrate. The solid was collected by filtration,
washed with Et;O/CH>Cl> = 5:1 and then CH>Cla, and dried in vacuo to give crude L.L1-NOs as a dark violet
solid (20.8 mg).

To an NMR tube were added a solution of L1-NO3 in CDCl3/CD30OD/D,O = 10:10:1 (250 uL, 0.500
pmol, 2.00 mM, 1 eq), a solution of Co(NO3)2:6H20 in the same mixed solvent (18.9 uL, 0.667 umol, 35.3
mM, 1.33 eq) and the same mixed solvent (231 pL). The mixture was heated at 50 °C for 27 h to obtain a
dark green solution. To the mixture were added a solution of (NH4)2Ce(NO3)s solution in the same mixed
solvent (10.0 uL, 0.167 umol, 16.7 mM, 0.333 eq) and a solution of Ni(OTf), in CD3OD/D,0O = 1:1 (10.0
pL, 0.500 umol, 50.0 mM, 1.00 eq). The reaction mixture was heated at 50 °C for 3 days. To the solution
was added one more aliquot of the same Ni(OTf), solution (10.0 pL, 0.500 umol, 1.00 eq). The reaction
mixture was heated at 50 °C for 2 days. The solution contained 3-Co"Ni''; as the main product as confirmed
by '"H NMR spectroscopy and ESI-MS. To the aliquot of the solution (432 uL) was added DMSO-ds (100
pL). Slow vapor diffusion of Et;O to this solution afforded some single crystals suitable for X-ray analysis

which were found in the powdery crude product.

Crystal data for [CoNi3L13Cl3(dmso)s](OTf)o- DMSO: Ci79.77H140.32C13C0F3N33Ni1309.7S6 30Zn3, Fw =
3717.33, violet, plate, 0.1 x 0.1 x 0.02 mm?, trigonal, space group R-3 (#148), a = 21.5526(5) A, b =
21.5526(5) A, ¢ = 83.834(3) A, a=90°, B=90°, y=120°, V=33725(2) A3, Z= 6, peatca = 1.098 g-cm3,
T=93K, A(MoKa)=0.71073 A , 2Gnax = 57.67°, 46042/16339 reflections collected/unique (Rine = 0.0485),
R1 =0.0595 (I > 256(1)), wR> = 0.1797 (for all data), GOF = 1.051, largest diff. peak and hole 0.80/-0.71
e-A3. CCDC deposit number 1898214,

As Co and Ni atoms have similar electron densities, assignment of these atoms was conducted by

consideration of the M—N bond distances as discussed in the main text.

At the methyl group of the N-methylpyridinium moiety, thermal parameter restraints (RIGU) were
applied to facilitate anisotropic refinement. The zinc atom in the porphyrin ring was modelled as disordered
over inside and outside positions. Due to the close positions and the highly biased occupancy of the disor-
dered atoms, the bond lengths and angles were restrained to be similar to typical values (DFIX, DANG),

and a thermal parameter constraint (EADP) was applied to facilitate anisotropic refinement. The axial
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DMSO bound to the zinc center was modelled in the same occupancy as the zinc atom with disorder over
two positions. Due to the close positions of the disordered components, thermal parameter restraints (SIMU,
RIGU) were applied to facilitate anisotropic refinement. The axial ligand of the minor disorder component
of zinc could not be located on a d-Fourier map. One of the ligands coordinating to the nickel center was
modelled as disordered over H>O and DMSO molecules. Due to the diffuse electron densities of the disor-
dered components, the bond lengths and angles were restrained to be symmetric (SAME), and thermal
parameter restraints (RIGU) were applied to facilitate anisotropic refinement. The DMSO molecule located
inside the complex was modelled as disordered around the 3-fold axis. Due to the severe overlapping of
electron density around the 3-fold axis, the bond lengths were restrained to be similar to typical values
(DFIX) and the molecular geometry to be symmetric (SAME), and thermal parameter restraints (SIMU,
RIGU) were applied to facilitate refinement. Although 9 anions should be contained as shown in the chem-
ical formula, only one TfO ion was found. For this ion, thermal parameter restraints (RIGU) were applied
to facilitate anisotropic refinement. The remaining anions were supposed to be so heavily disordered that
they could not be located on a d-Fourier map. After successive trials, solvent accessible voids of 11136 A3
in total (calculated by SQUEEZE) were left unfilled, in which anions and solvents (CHCI3, CH30H, H>O,
DMSO, and Et;O) were supposed to be heavily disordered. At the last stage of refinement, the reflection
data modified by SQUEEZE were used. The solvent accessible void contained 4196 electrons per unit cell.
This equates to 9.45 TfO™ (each with 74 electrons) for each molecule of 3-Co'!Ni''3, where Z = 6. This

diffuse electron density exceeds well the 8 TfO anions necessary to satisfy the 12+ charge of 3-Co'™Ni'l;,

leaving some room for the contribution of solvent molecules.
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Figure 2-8-25. Crystal structure of [CoNi3L1;Cl3(dmso)s](OTf)e: DMSO. Thermal ellipsoids set at 50% probability.
The atoms are colored based on CPK coloring. Color code; C grey, N blue, O red, F yellow-green, S yellow, CI green,
Co deep blue, Ni blue-green, Zn blue-grey.
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4-1. Conclusions

Kinetically controlled stepwise synthesis is a useful method for preparation of metal complexes with
intricate structures. However, its applicable scope has been limited chiefly to the inert metal complexes. In
this thesis, I presented two new strategies to expand the target scope of kinetically controlled stepwise
synthesis toward the labile metal complexes. These strategies belong to two distinct fields: a heterometallic

complex and a chiral-at-metal complex (Figure 4-1-1).

Heterometallic complexes show interesting properties based on interactions between different metal
ions. However, it is difficult to selectively synthesize a heterometallic complex which contains analogous
metal ions in desired numbers and positions. In Chapter 2, I proposed “site-selective redox switching and
transmetalation” as a new stepwise method to selectively arrange different metals. This method consists of
four steps: homometallic complexation, site-selective oxidation, site-selective transmetalation, and reduc-
tion. Using this method, selective synthesis of a Co''-Ni'! heterometallic complex was achieved, which is
normally difficult because of the lability and similarity of Co' and Ni"! complexes. This result gives wider

access to novel heterometallic complexes, which can exhibit functions specific to the combination of metals.

Chiral-at-metal complexes are useful as enantioselective catalysts or chiroptical materials because of
coupling of their chirality and metal-based functions. However, tetrahedral chiral-at-metal complexes with-
out chiral ligands are difficult to synthesize enantioselectively because of their fast stereoinversion. In
Chapter 3, I proposed an unsymmetrical tridentate ligand with strong and non-planar coordination ability
as a ligand design to kinetically stabilize a metal complex against stereoinversion. Using this ligand in
combination with an acidic chiral auxiliary ligand, enantioselective synthesis of a tetrahedral chiral-at-Zn'"
complex was achieved, which is normally difficult because of the lability of Zn"! complexes and tetrahedral
complexes. In addition, the utility of the resultant complex was demonstrated in enantioselective catalysis.
These results revealed the overlooked utility of the tetrahedral chiral-at-metal complexes composed of achi-

ral ligands.

The expanded scope of kinetically controlled stepwise synthesis will be useful in preparation of metal
complexes with new structures, which can be suitable for a particular purpose such as catalysis or material

applications.
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