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redox center. The author hopes that this basic work described in this
thesis contributes to the further development of the efficient catalytic
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General Introduction

A smooth redox process is one of the essential factors necessary to
develop new systems for materials and catalytic redox reactions. Redox
system based on reversible redox of transition metal complexes has been
developed in this respect. Since ligand coordination greatly contributes to
redox process, the ligand design is essential in the construction of a
versatile catalytic system.

Catalytic oxygenation based on redox of transition metal complexes
is of importance from synthetic and biological viewpoints. A variety of
catalystsl and complex models2 for cytochrome P-450 and other
metalloenzymes including porphyrin, Schiff base, and polycyclic amine
complexes have been investigated to elucidate the oxygenation
mechanism and to develop an efficient system.3 Oxygen source for shunt
path is hydrogen peroxide, ¢-butyl hydroperoxide, iodosylbenzene, sodium
hypochlorite, and so on depending on the system. Our system for
oxygenation has been addressed by the design of ligands; the coordination
interaction between Mn(OAc)g or VO(OEt)Clg and the N-heterocyclic
multidentate podand ligand, N,N’'-bis{2-(4-imidazolyl)ethyl}-2,6-
pyridinedicarboxamide (BIPA), is revealed to play an important role in
the oxygenation reactions of styrenes with iodosylbenzene or molecular
oxygen in the presence of a co-reductant.4 The requisite complex is
considered to be formed for the efficient epoxidation. Imidazoles are
proven to serve as an axial N-ligand to increase the activity of porphyrin
complex catalysts.2a, i Effect of various additives has been intensely
studied to attain the more efficient oxygenation. The rate acceleration is

observed in the presence of lipophilic carboxylic acids and lipophilic



heterocyclic bases,3d or aldehyde.3P We have also demonstrated that o-
quinones mediate the Mn(III)TPPCl-catalyzed epoxidation reaction with
hydrogen peroxide.5 Monooxygenase model reactions with molecular
oxygen are achieved by reductive activation with an electron donor.1l, 2¢
Only few systems without the need for a co-reductant have been reported
in hydroxylation® or epoxidation.” From synthetic viewpoints, such an
epoxidation reaction has quite recently been reported to be promoted by
addition of excess amounts of cyclic ketones8 or methyl-2-oxocyclopentane
carboxylate.?

Tyrosinase is a typical monooxygenase. A variety of tyrosinase
models have been investigated so far to address its mechanism19 and a
more efficient oxygenation system.l! Since chelate Co(II) complexes are
known to catalyze the oxygenation of phenols to p-benzoquinone, extensive
studies have been focused on the complexes of Schiff bases,12
porphyrines,13 and so on.14 However, these catalysts are not always
synthetically useful partly due to the stability of these ligands.
Construction of a more synthetically versatile oxygenation system
consisting of transition metal and ligand is desired.

The quinone functional group is able to construct an efficient
system including the possible preparation of switching materials.15 A
variety of models consisting of porphyrin complexes and quinones have
been investigated for electron transfer in photosynthesis.1® The redox
interaction of quinones is performed using low valent transition metals.17
Its efficiency contributes to a catalytic system with synthetic potential.18
If ligands form a reversible redox cycle, the redox interaction between
ligands and transition metals is envisaged to raise the catalytic efficiency.
In a previous paper,19 the trimethyl ester of coenzyme PQQ has been
revealed to serve as a ligand forming a reversible redox cycle under

oxygen atmosphere in the palladium-catalyzed oxidation of an olefin and



o,B-epoxysilane. Further development of this concept is considered to
require an investigation of the transition metal complexes with quinone
ligands.

The molecular recognition of particular molecules20 or ions21 by
organometallic ligands containing one or more metallocene units has
been an area of great interest in both organic and inorganic chemistry.
Ferrocene receptors are envisaged to construct a specific molecular
recognition site, since ferrocene has an easily reversible redox couple and
the two coplanar cyclopentadienyl rings of ferrocene which can rotate
- with respect to each other. Extensive studies have been focused on
ferrocene receptors so far.20, 21 Transition metal complexes with
ferrocene ligands are expected to construct an efficient redox system.
Investigation of complexation behavior of ferrocene ligands is required for
construction of efficient system.

The redox interaction between ligands and transition metals is
considered to play an important role in a smooth redox process. Since
ligand coordination greatly contributes to redox process, the ligand
design is essential in the construction of a versatile redox system.
Flexible ligands permit us to construct the more efficient catalytic system
rather than the rigid ligand such as porphyrin. Such a system is
considered to be formed by use of multidentate ligands. The ligand
should be stable under the redox reaction conditions. So N-heterocyclic
multidentate ligands could be a candidate from these points of view. If
the ligands possesse a redox moiety, the redox interaction between
transition metal and ligand contributes to the more smooth electron
transfer. The interaction has not been investigated so far although it is
expected to expand the catalytic system in oxidation reactions. We
investigated the character of the multidentate N-heterocyclic podand

ligand.



In Chapter 1, the catalytic oxygenation with molecular oxygen

catalyzed by transition metal complex of multidentate N-heterocyclic

podand ligand is described. In Chapter 2, the complexation behavior of

quinone ligands bearing N-heterocyclic coordination sites are stated.

Chapter 3 deals with the complexation behavior of ferrocene ligands

bearing N-heterocyclic coordination sites.
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Chapter 1. Catalytic Oxygenation with Molecular Oxygen
Catalyzed by Transition Metal Complex with
Multidentate N-Heterocyclic Podand Ligand

1-1. Introduction

Smooth electron transfer based on reversible redox of transition
metal complexes is required for efficient catalytic cycle. Since ligand
coordination greatly contributes to redox process, the ligand design is
essential for construction of a versatile catalytic system. Our system for
oxygenation has been addressed by the design of multidentate flexible
ligands; the coordination interaction between Mn(OAc)s or VO(OEL)Cl,
and the N-heterocyclic podand ligand, N,N'-bis{2-(4-imidazolyl)ethyl}-2,6-
pyridinedicarboxamide (BIPA), is revealed to play an important role in
the oxygenation reactions of styrens with iodosylbenzene or molecular
oxygen in the presence of a co-reductant (eq. 1).1 The requisite complex
catalyst is considered to be formed for the efficient epoxidation. We have
also demonstrated that o-quinones mediate the Mn(III)TPPCl-catalyzed

epoxidation reaction with hydrogen peroxide (eq. 2).2

1
cat. Mn(OAc)a—BIPA 1 ><Me o ] o
R' / PhSiHs, Oz rRZ  OH H
(1)
> N N
1 I\ ‘\9
R2 \cat. VO(OECl, - BIPA >=o N
- H

PhSiH3z, O2

R2 BIPA



'\____ + HoO, cat. MnTPPCI,o—Qumone: N\ (2)

@)
_ % - R
% o) R R
0
H M = Mn(lil)
. H i R = Pheny!
R
MnTPPCI

Monooxygenase model reactions with molecular oxygen are
vachiev>ed by reductive activation with an electron donor.3 Only few
systems without need for a co-reductant have been reported in
hydroxylation4 or epoxidation.5 This chapter describes a catalytic
oxygenation with molecular oxygen catalyzed by the transition metal

complexes of the multidentate N-heterocyclic podand ligand.

1-2. Results and Discussion

1-2-1. Oxygenation of Olefins

Treatment of 2-norbornene (1) with a catalytic amount of FeCly and
BIPA in DMF under molecular oxygen (1.0x103 kPa) led to the
stereoselective formation of exo-2,3-epoxynorbornane (2, eq. 3). The endo-
isomer was not detected by H-NMR analysis. Catalyst turnover was
more than 20 under the conditions employed here although not optimized.

The results including other catalysts are listed in Table 1.

cat. Metal salt — Podand ligand 0 3)
DMF, 24 h -

1 2




Table 1. Catalytic Epoxidation of 2-Norbornene 2

Ligand Metal sait

Temp. (°C) Atmosphere (103kPa)  TurmoverP

BIPA FeCla 70 02(1.0) 22
— FeCla 70 02(1.0) 4
BIPA FeClp 70 02 (0.1) trace
BIPA FeClo 70 Ar(1.0) no reaction
BIPA FeCly 70 Air (1.0) trace
BIPA FeClz it 02(1.0) 1
2-BPEPA  FeClp 70 02(1.0) 17
BPHEPA  FeCly 70 02 (1.0) 5
2-BPPA FeCliy 70 02(1.0) 17
3-BPPA FeClo 70 02(1.0) 18
BPHPA FeClo 70 02(1.0) 2
3-PPA FeClo 70 02 (1.0) 13
BIPA FeCls 70 02(1.0) 6
— FeClg 70 02(1.0) 2
BIPA Co(OAc)2 70 02(1.0) 24
— Co(OAc)2 70 02 (1.0) 4
BIPA CoCly 70 02(1.0) 13
—_ CoCly 70 02(1.0) 3
BIPA CrClp 70 02 (1.0) 11
o CrCl» 70 02(1.0) 5
BIPA RhCl3 70 02(1.0) 6
BIPA RuCl3 70 0, (1.0) 4
BIPA Ni(OAc)2 70 02 (1.0) 1
BIPA Mn(OAc)2 70 02 (1.0) trace
BIPA Cu(OAc)2 70 02 (1.0) trace
a Metal salt, 0.02 mmol; ligand, 0.02 mmol; 1, 2.0 mmol.
b Turnover was determined by GLC based on a catalyst.
s ~r =
o JAdp ol ol
N N
HN NH HN NH HN N
N N—e =N N=
/N» "N\ %/) \ 7 %} C;
H H
BIPA 2-BPEPA BPHEPA
oo akdp okl Gae
N N N
HN NH HN NH HN NH NH
SN N* N 7 Z
2-BPPA 3-BPPA BPHPA 3-PPA



The involvement of BIPA as a ligand is essential for the efficient
epoxidation. The reaction under air (1.0x103 kPa) or atmospheric
molecular oxygen gave only a trace amount of 2. No oxidized product was
obtained under argon and consumption of molecular oxygen was almost
in accord with the amount of epoxide, suggesting the incorporation of
molecular oxygen to 2. On the basis of these observations, other podand
ligands derived from 2,6-pyridinedicarboxylic acid were examined. With
the podand ligand, 2-BPEPA, bearing 2-pyridyl group instead of 4-
imidazolyl one the FeClg-catalyzed epoxidation reaction of 1 was also
performed although the yield was decreased a little. On the contrary,
BPHEPA with the phenyl group was no more efficient ligand, indicating
that the coordinating heterocyclic moieties of BIPA and 2-BPEPA are
essential for epoxidation. 2-BPPA or 3-BPPA was also found to work not
so efficiently as BIPA. The serious decrease in the yield of 2 was observed

with BPHPA as predicted.

A combination with Co(OAc)y was similarly efficient, but CoCls was
less active than Co(OAc)s. Use of RhCls, RuCls, Ni(OAc)e, Mn(OAc)s, or
Cu(OAc)2 resulted in low yield even in the presence of BIPA.

The present epoxidation reaction did not formally require a co-
reductant. If DMF worked as an electron donor,® FeCls should have
worked similarly as FeCly. The fatal decrease in the yield of 2 was
observed with FeCl3-BIPA, which indicates the different reaction course
rather than the reported monooxygenase mechanism.32,4,5,7

trans-B-Methylstyrene (3) also underwent the present epoxidation
reaction although oxidative cleavage of the carbon-carbon double bond was
accompanied to give benzaldehyde (6) as a byproduct (eq. 4). A trace
amount of the diketone 5 was also obtained. The results including other
catalysts are listed in Table 2. In ﬁhis epoxidation reaction, the ligand

effect of BIPA is also observed and the catalytic epoxidation reaction

11



proceeded in the absence of a co-reductant. The reaction under air
(1.0x103 kPa) or atmospheric molecular oxygen gave only a trace amount
of 4. Co(OAc)2 was found to work almost similarly as FeCly, but no

efficient catalyst was formed with CoCls.

PR, cat Metal salt—BIPA " . Ph ) Ph 4
\ DMF, 24 h <O7\ n—ﬂ >=o (4)
O O H

3

Table 2. Catalytic Epoxidation of trans-B-Metylstyrene 2

Metal salt Ligand Temp. (°C)  Atmosphere (103 kPa) Turnover P

4 5 6
FeCly BIPA 70 02 (1.0) 16 3 40
FeCly — 70 02 (1.0) 7 1 28
FeCl, BIPA 70 0, (0.1) 02 — 1
FeCly — 70 02(0.1) — — 1
FeCly BIPA t 02 (1.0) 5 5 39
FeClo — it 05 (1.0) 02 01 6
Co(OAc),  BIPA 70 02 (1.0) 14 7 36
Co(OAc)y — 70 02 (1.0) 9 7 28
CoCly BIPA 70 02 (1.0) 04 03 5
CoCly — 70 02 (1.0) 08 03 6

8 Metal salt, 0.02 mmol; BIPA, 0.02 mmol; 3, 2.0 mmol.
b Turnover was determined by GLC based on a catalyst.
€ Only trans-isomer.

A combination of podand ligands and transition metals is
important in the efficient epoxidation reaction (eq. 5 and Table 3). Use of

2-BPEPA and Co(OAc)g gave a poor result in the epoxidation reaction of 1

possibly due to the difference of the coordination interaction. The decrease

in the yield of the epoxide was also observed with FeCly-2-BPEPA in the
case of 3 or trans-stilbene (7). DMAC and NMP were more suitable in the

epoxidation reaction, but ¢trans-stilbene oxide (8) was not obtained in

12



) _ ( cat. Metal sait — BIPA
2 05(1.0x10° kPa), DMF, 70 °C, 24 h

©)

R R4 rZ O ‘gé
Table 3. Catalytic Epoxidation of Olefins @
Olefin Metal salt Ligand Solvent Product Turnover ®
Co(OACc), BIPA DMF .
Co(OAc); 2-BPEPA DMF ' 7
Co(OAc)» BPHEPA DMF o 5
Co(OAC), — DMF 4
1 CoCl> BIPA DMF 2 13
CoClz 2-BPEPA DMF 2
CoCly — DMF 3
FeCly BIPA DMF Ph 16 (40)
d
— FeCly 2-BPEPA DMF 9 (35)
FeCly ' BPHEPA DMF o 5 (23)
3 FeCly — DMF 4 7 (28)
FeCl, BIPA DMF ) 21 (23)
PR, FeCly BIPA DMAC®e T\ 23 (32)
FeCl, BIPA NMP f o 31 (20)
Ph Fecl, BIPA pyridine Ph 0(0)
7 FeCl, 2.BPEPA DMF 8 3(5)
FeCly BPHEPA DMF 1(3)
FeCly — DMF 1(2)
Co(OAc)2 BIPA DMF 2(5)
Co(OAc)2 — DMF trace(1)
FeCly BIPA DMF Ph Ph 0(0)
MM Fech — DMF —" 0(0)
Co(OAc), BIPA DMF o 0(0)
9 Co(OAc),  — DMF 10 0(0)
@ FeCly BIPA DMF OO 03(7
FeCl, — DMF 0.3 (6)
1 12

2 Metal saft, 0.02 mmol; ligand, 0.02 mmol; olefin, 2.0 mmol.

b Based on a catalyst. The number in parentheses isturnover for the preparation

of benzaldehyde.
¢ Only exo-isomer.
9 Only trans-isomer.

€ DMAC = N,N-dimethylacetamide.
ENMP = 1-methyl-2-pyrrolidinone.
9 The number in parentheses is turnover for the preparation of cyclohexenone.



pyridine as a solvent. Although cis-stilbene (9) is known to be more
reactive than 7 in the epoxidation reaction, the oxidation reaction of 9 did
not proceed under the conditions employed here. Cyclohexene also
showed the lower susceptibility to epoxidation.

Cyclic voltammetry verified that BIPA forms a complex with an
equimolar amount of FeCly in methanol, leading to the shift of the iron -
reduction wave from +0.35 to -0.35 V. A facile reduction of molecular
oxygen was observed with the more electron-rich iron species when it was
introduced into the solution. The similar activation was attained with
BIPA in the presence of Co(OAc), but not with 2-BPEPA . These findings
are consistent with the above-mentioned results.

The p-peroxodiiron intermediate seems to be involved in this system

as reported in the aromatic hydroxylation (Scheme 1).8 Although the iron

Scheme 1

o [Fe(n)] o

I:Fe=0] [Fe(lll)—O-O-Fe(III)_—J

complex with BIPA has not been isolated yet, the flexible heterocyclic
multidentate ligand is considered to contribute to an efficient non-heme
system for oxygenation. In the presumed octahedral geometry with two

iron-nitrogen (amide) bonds, four nitrogen atoms of BIPA appear to exist

14



approximately on the same plane as iron does. The optimized geometry
based on ZINDO calculation (CAChe system) also refers to this structure.
The second 4-imidazolyl group is capable of behaving as an anchored
axial ligand to facilitate the oxidation process. The presence of excess
amounts of the imidazole ligand has been reported to increase the activity

of P-450 model catalysts.7¢i

1-2-2. Additive Effect on Epoxidation of Olefins

As described above, complexation of FeClg with the flexible
multidentate podand ligand, BIPA, has been revealed to permit the
epoxidation reaction with molecular oxygen even in the absence of a co-
reductant. An intramolecular coordination interaction of the axial N-
ligand is considered to participate in forming an efficient catalytic system.
These findings prompted us to develop an oxygenation method under
milder conditions. An additive effect has been investigated in the catalytic
epoxidation reaction with molecular oxygen (eq. 6).

The presence of 4-ethoxycarbonyl-3-methyl-2-cyclohexen-1-one (13)
in the reaction of 7 with molecular oxygen catalyzed by FeCls and BIPA in
DMF led to the facile oxidation to 8 under the mild conditions. The
reaction proceeded even at room temperature under molecular oxygen
(1.0 x 103 kPa). Furthermore, 8 was obtained under an atmospheric
pressure of molecular oxygen when the reaction temperature was raised
to 50 °C. The results are listed in Table 4. The involvement of BIPA is
essential for the efficient epoxidation as described above. The similar
effect of 13 was observed in the case of 3. The cis-olefin 9 showed the lower
susceptibility to oxidation under the conditions employed here than 7 to
give only the trans-isomer 8 in a lower yield. This finding suggests that a

simple radical mechanism is not operating here.
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me—— P

R2/ \R4 O, DMF, 24 h

1 3 1 .
R \ /R cat. FeClp - BIPA, OGCozEt (13) R : R o
rZ O R4

Table 4. Effect of 13 on the Catalytic Epoxidation of Olefin 2

Olefin Ligand Temp. (°C) O,(10%kPa) 13 Product  Turnover ©
Molar equiv. °
BIPA it 1.0 10 P 9 (14)
Pr\=\ — rt 1.0 10 \_7\ 0(0)
Pn BIPA n 1.0 20 0"\, 12019
7 BIPA it 1.0 100 8 11(17)
BIPA 50 0.1 10 10 (3)
— 50 0.1 10 trace (0)
BIPA 50 0.1 2 22 (5)
BIPA 50 0.1 50 30(7)
BIPA® 50 0.1 50 11(3)
BIPA 50 0.1 100 10 (4)
P BIPA 50 0.1 20 Ph 10 (10)
\—\ BMEIPA 50 0.1 20 \?\ 13f(14)
3 —_ 50 0.1 20 1 1(6)
H&__/Ph H’\w\
— BIPA rt 1.0 10 4(4)9
9 O Ph

2 FeCly, 0.01 mmol; BIPA, 0.01 mmol; olefin, 1.0 mmol.

b Based on a catalyst.

¢ Based on a catalyst. The number in parentheses is turnover for the formation of
benzaidehyde.

d Only trans-isomer.

¢ FeClg was used instead of FeCly.

f ee~(

9 The cis-epoxide 2¢ and the isomerized olefin 1a were not detected by H-NMR.

=

0 YQ\(/O

Meooc\Hﬁ; NHcooMe
) N'g

'y ¢ \

N) LN

H H
BMEIPA [olp=-64.2°
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The formation of 8 is dependent on the amount of 13 as shown in
Figure 1. When the reaction was carried out under an atmospheric
pressure of molecular oxygen, the epoxidation yield was raised by the

increase of 13, but lowered by addition of more than 70 molar equiv. of 13.

x10
4

Turnover of 8
[\
1

0+ T 1 T T
0 50 100

Molar equiv. of 13 to the iron(lt) complex

Figure 1. Effect of 13 on the epoxidation
at 50 °C under an atmospheric pressure of
molecular oxygen.

It remains obscure why 13 facilitates the epoxidation reaction, but
there must exist an electrical interaction between the iron species and 13.
The peak at 530 nm in the UV-vis. spectra attributable to the iron complex
with BIPA in DMF disappeared on the addition of 13 (5 molar equiv.) as
shown Figure 2. Such an interaction is assumed to enhance one of the
catalytic cycle steps. On the contrary, the epoxidation reaction was
disturbed by excess amounts of 13 to prevent an olefin from coordination.
Use of dimethyl maleate or 2-cyclohexen-1-one instead of 13 resulted in no
epoxidation, indicating that the role of 13 is not simply based on the

characteristic of an electron-deficient olefin.
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0.4 1
<3}
§ T 13 added
£
2
Kol
< 0.24
0.0 T T
500 600
nm

Figure 2. UV - vis. spectra of FeCl, — BIPA with 13.
[FeCl, — BIPA] = 1.0x10° M;
[13] =0, 1.0, 2.0, 3.0, 5.0x10°3 M;
solv. DMF; under nitrogen.

Another possibility to be checked is that 13 serves as an electron
donor. If so, FeCls could be used as a catalyst with equal ease. The
serious decrease in the yield of 8 was, however, observed with FeCls-
BIPA. The dehydrogenation product, 4-ethoxycarbonyl-3-methylphenol,
was not detected in the reaction mixture, suggesting that the contribution
of 13 only as an electron donor is not always reasonable. 2-Cyclohexen-1-
one was not oxidized to phenol under the similar conditions without
formation of the epoxide (vide supra). Since 13 is found to be oxidized to 4-
ethoxycarbonyl-4-hydroxy-3-methyl-2-cyclohexen-1-one with molecular
oxygen,? molecular oxygenk is assumed to be activated in the presence of 13
to afford a peroxide at the a-position of the ethoxycarbonyl group.
Although almost half amounts of 13 or 2-cyclohexen-l-one (50 molar
equiv. were used in each case) were only recovered, a small amount of the
oxygenated alcohol was observed as a sole detectable product by GLC and

1H-NMR.
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These findings imply that only one of the interaction and paths
mentioned above is not necessarily the case operating here. It is not
deniable that these roles are considered to cooperate each other to
construct a real catalytic oxygenation system.

Although the mechanism on the additive effect of 13 has to wait for
further studies, the iron(II) complex with the multidentate N-heterocyclic
podand ligand forms an efficient catalyst for epoxidation in cooperation

with the cyclohexenone 13.

1-2-3. Oxygenation of Phenols

We examined the catalytic phenolase and catecholase properties of
the cobalt(II) complex with the multidentate N-heterocyclic podand
ligand. Treatment of 2, 6-di-t-butylphenol (14a) with 5 mol% of Co(OAc),
and 2-BPEPA in DMF under an atmospheric pressure of molecular
oxygen resulted in the selective formation of the corresponding p-
benzoquinone 15a in a good yield with a small amount of th’e
dehydrogenative coupling product 16a (eq. 7). DMF was superior to N, N-
dimethylacetamide and 1-methyl-2-pyrrolidinone as a solvent (Table 5).
Cu(OAc)!! did not induce the oxygenation reaction only giving the
diphenoquinone 16a even in the presence of 2-BPEPA.

It should be noted that the oxygenation depends on the podand
ligands. Use of BIPA bearing the 4-imidazolyl group, which is effective in
the FeCly- or Co(OAc)y-catalyzed epoxidation reaction with molecular
oxygen, drastically decreased the conversion to 14a with the predominant
formation of 15a. A combination of 2-BPEPA and Co(OAc)y gives a poor
result in the epoxidation. Taking them into consideration, the 4-
imidazolyl and 2-pyridyl groups are considered to play a respective
important role in each oxygenation possibly due to the difference of the

coordination interaction. It is consistent with the observation that
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BPHEPA bearing the phenyl group instead was no more efficient ligand

for the oxygenation.

The pendant length is also a key factor as

exemplified by a combination of 2-BPMPA or 2-BPPA and Co(OAc)s giving

a poor result in the oxygenation reaction of 14a.

RZ R3 R?
H cat. Co(OAc), — Podand ligand
O,, DMF, 60 °C, 24 h -
R' RS R!
14a : R'=R2=Bu-t, R3=H 15
b : R'=R%-Me, R3=H
¢ : R'=R3=Me, R%=H
Table 5. Catalytic Oxidation of Phenols 2

14 Ligand Solvent Yield (%) ®

15 16

a BIPA DMF 10 41

2-BPEPA DMF 86,82° 9

2-BPEPAY  DMF @ 6

BPHEPA DMF 0 3

2-BPMPA DMF 3 3

2-BPPA DMF 0 0

—_ DMF 0 45

2-BPEPA DMAC © 54 10

2-BPEPA NMP f 76 7

b BIPA DMF 1 0

2-BPEPA DMF 77,71 1

BPHEPA DMF 0 0

— DMF 0 0

c BIPA DMF 0 0

2-BPEPA DMF ) 0

BPHEPA DMF 0 0

— DMF 0 0

8 Co(OAC)2, 0.01 mmol; ligand, 0.01 mmol; 14, 0.20 mmol.

b GLC yields based on 14.
¢ Isolated yield.
d Use of the isolated complex.

€ DMAC = N,N-dimethylacetamide.

*NMP = 1-methyl-2-pyrrolidinone.

R2 R3 R3 R2

R1 R3R3 R1

=

ol L o

N

HN NH

=N N=
N\ 7/ \ 7

2-BPEPA

s
o o)
HN  NH

=N N=
N\ 7/ \ 4

2-BPMPA



A substituent on a phenol ring is known to markedly influence the
rate of oxidation due to redox potential. More distinct efficiency of the
podand ligand 2-BPEPA was observed in the oxygenation of 2, 6
dimethylphenol (14b) to the quinone 15b. Furthermore, the Co(OAc)y-
catalyzed oxygenation of 2, 3, 5-trimethylphenol (14c¢) to 15¢ was almost
quantitatively accomplished by 2-BPEPA. A combination of Co(OAc)s and
2-BPEPA is only effective. In contrast, with BIPA or BPHEPA, the
oxygenation reaction did not proceed under the conditions employed here.

The phenol 14d blocked at the para position underwent the selective
catalytic oxygenation to the o-benzoquinone 15d in the presence of
Co(OAc)2 and 2-BPEPA. The activity difference of the podand ligands was
huge only giving poor results with BIPA and BPHEPA as shown in Table
6.

OH
Bu-t cat. Co(OAc), — Podand ligand
Y O,, DMF, 60 °C, 24 h
t+Bu
O O OH OH OH OH
14d t-Bu Bu-t
Bu-t + Bu-t + O O (8)
t-BU t-BU t—BU t—BU
15d 17d 18d

Table 6. Catalytic Oxidation 2,4-Di-t-butylphenol 2

Ligand Yield (%) P

15d 17d 18d
BIPA 0 0 9
2-BPEPA 72,69¢ 5 trace
BPHEPA 0 0 0
2-BPMPA 0 0 0
2-BPPA 0 0 0
— 0 0 0

8 Co(OAC)z, 0.01 mmol; ligand, 0.01 mmol; 14d, 0.20 mmol.
b GLC yields based on 14d.
¢ Isolated yield.
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Facile dehydrogenation of 3, 5-di-t-butylcatechol (17d) to 15d was
achieved by the catalytic system consisting of Co(OAc)s and 2-BPEPA or
BIPA under the milder conditions (eq. 9). This finding suggests that the
introduction of the hydroxyl group is the rate determining step in the

oxygenation reaction of 14d.

cat. Co(OAc), — Podand Iigand‘

17d
Oo, DMF, 1t., 24 h

©

Podand ligand :BIPA 96 % BPHEPA 33 %
2-BPEPA 93 — 34

A substituent on a pyridyl ring of podand ligands is expected to
influence the efficiency of the catalyst. A substituent effect on a pyridyl
ring of 2-BPEPA in the oxygenation of phenols was investigated. The 4-
substituted derivatives of 2-BPEPA were easily prepared as follows.12
Treatment of chelidamic acid chloride with two equivalents of 2-(2-
aminoethyl)pyridine in the presence of triethylamine afforded N, N'-bis{2-
(2-pyridyl)ethyl}-4-hydroxy-2, 6-pyridinedicarboxamide (2-BPEHPA) in 22%
yvield and N, N'-bis{2-(2-pyridyl)ethyl}-4-chloro-2, 6-pyridinedicarboxamide
(2-BPECPA) in 16% yield. We could obtain N, N'-bis{2-(2-pyridyl)ethyl}-4-
methoxy-2, 6-pyridinedicarboxamide (2-BPEMPA) in 59% yield by
displacement of 2-BPEPA with methanol-sodium hydroxide (Scheme 2).

2-BPEMPA, which bears an electron-releasing methoxyl group,
gave a better result than 2-BPEPA (Table 7). 2-BPEHPA bearing a

hydroxyl group was found to be the less efficient ligand.



Scheme 2 OH (o]

oLl o OYQ\(O
Q\/\ (2.0 equiv.)
SOCl, NH, HN NH HN NH
+
CcooH M. 45h EtgN, CH,Cly, 0°C, 4 h
n., 40 h = =
\ 7 \ 7

2-BPEHPA 2-BPECPA
22 % 16 %
Cl OMe
HN NH NaOH HN NH
MeOH, 50 °C, 48 h
- rx., 3 h =N
\ 7 7
2-BPECPA 2-BPEMPA
59 %
Table 7. Catalytic Oxidation of Phenols 2
14 Ligand Yield (%) P
15 16
b 2-BPEPA 77 1
2-BPEMPA 82 0
2-BPEHPA 60 trace
2-BPECPA 78 trace
c 2-BPEPA 70 0
2-BPEMPA 69 0
2-BPEHPA 23 0
2-BPECPA 59 0

4 Co(OACc)2, 0.01 mmol; ligand, 0.01 mmol; 14, 0.20 mmol.
b GLC yields based on 14.

1-Naphthol (14e) underwent the catalytic oxygenation to the p-
quinone 15e in the presence of Co(OAc)es and 2-BPEPA derivatives

although yields were not so good (eq. 10 and Table 8).



OH 0O

cat. Co(OAc)z — Podand ligand O‘ (10)
Oo, DMF, 1., 24 h

@)
14e 15e

Table 8. Catalytic Oxidation of 1-Naphthol 2

Ligand Yield (%) ®
2-BPEPA 36
2-BPEMPA 45
2-BPEHPA 36
2-BPECPA 37

— 0

a Co(OAc)2, 0.01 mmol; ligand, 0.01 mmol;
14e, 0.20 mmol.
b GLC yields based on 14e.

The complexation of Co(OAc)y with 2-BPEPA was verified by the
following observations. Cyclic voltammetry of Co(OAc)y with an
equimolar amount of 2-BPEPA in methanol gave the new cobalt reversible
reduction wave at -0.07 V. This potential is reasonable for the efficient
catalyst of tyrosinase model.13 The reduction potentials of the cobalt(II)
complexes depend on the podand ligands possibly due to the difference of
the coordination interaction, other podand ligands did not give the
reversible reduction wave as 2-BPEPA. These findings are consistent
with the above-mentioned results. A new absorption at 317 nm also
appeared in the UV-vis. spectrum of Co(OAc)y and 2-BPEPA in DMF. The
cobalt complex was isolated by treatment of Co(OAc), with an equimolar
amount of 2-BPEPA in methanol. The spectral data showed the
substitution of cobalt with two amide moieties and the different
coordination sites of two podand 2-pyridyl groups. One of them is

assumed to serve as an intramolecular axial ligand as proposed in the
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Fe(II)-BIPA complex. This coordination mode is likely to contribute to
the efficiency of the catalyst. The higher catalytic activity was attained by

use of thus isolated complex in the oxygenation of 14a to 15a (Table 5).

1-3. Conclusion

The complexation of FeCly with the flexible multidentate podand
ligand, BIPA, is revealed to permit the epoxidation reaction with
molecular oxygen even in the absence of a co-reductant. Furthermore,
the addition of 4-ethoxycarbonyl-3-methyl-2-cyclohexen-1-one (13) results
in the facile epoxidation reaction with molecular oxygen under the milder
conditions. The cobalt(Il) complex with 2-BPEPA serves as an efficient
catalyst for the selective oxygenation of phenols to the corresponding
quinones. A combination of podand ligands and transition metals is a key
factor for the construction of efficient non-heme systems of oxygenation,

possibly due to the difference of the multidentate coordination interaction.

1-4. Experimental

General

Melting points were measured using Yanagimoto micromelting
point apparatus and are uncorrected. Infrared spectra were recorded on
a Perkin-Elmer FT-IR 1605 infrared. 1H-NMR spectra were recorded on a
Bruker AM-600 (600MHz) spectrometer and a JEOL JNM-GSX-400
(400MHz) spectrometer with tetramethylsilane as an internal standard.
UV-vis. spectra were recorded using a Hitachi U-3000. The X-ray
crystallography was made on Rigaku AFC5R diffractometer. The fast
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atom bombardment mass spectra were run on a JEOL JMS-DX303HF
spectrometer. Recycling preparative HPLC analysis was performed on a
JAI LC-908. The standard electrochemical instrumentation consisted of a
Hokuto Denko potentiostat / galvanostat HA-301S and a Hokuto Denko
function generator HB-104S with a three-electrode system consisting of a
glassy carbon working electrode, a platinum auxiliary electrode, and a
KCl-saturated calomel reference electrode. Cyclic voltammograms were
recorded with Graphtec WX 1000.

BIPA, 2-BPEPA, BPHEPA, 2-BPMPA, 2-BPPA, 3-BPPA, BPHPA, 3-
PPA, and BMEIPA were prepared according to the method reported in a
previous paper.l

Synthesis of N, N'-Bis{2-2-pyridyl)ethyl}-4-hydroxy-2,6-
pyridinedicarboxamide (2-BPEHPA) and N, N'-Bis{2-(2-pyridyl)ethyl}-4-
chloro-2,6-pyridinedicarboxamide (2-BPECPA). Chelidamic acid (2.197 g,
12.0 mmol) was treated with thionyl chloride (58 mL) at reflux
temperature for 48 h. Excess thionyl chloride was removed under the
reduced pressure to give the corresponding acid chloride as a white solid.
To a solution of 2-(2-aminoethyl)pyridine (2.8 mL, 24.0 mmol) and
triethylamine (7.0 mL, 50.0 mmol) in dichloromethane (15 mL) was slowly
added a solution of the acid chloride in dichloromethane (35 mL) at 0 °C.
The mixture was stirred at 0 °C for 4 h and at room temperature for 40 h.
The resulting mixture was diluted with dichloromethane (30 mL),
washed with saturated NaHCOj3 aqueous solution and brine, and dried
over MgSO4. White solid was obtained by evaporation of the
dichloromethane solution in vacuo. 2-BPEHPA and 2-BPECPA were
isolated by recycling preparative HPLC and recrystallized from
dichloromethane.
2-BPEHPA: Mp 101-103 °C (uncorrected); Rr= 0.45 (ethyl acetate-methanol
v/v 5:1); IR (KBr, cm-1) 3312 (NH), 1661 (C=0); 1H NMR (400 MHz, CDCl3) §
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8.86 (br, 2H, NH), 8.45 (ddd, 2H, J = 5.0, 1.8, 1.0 Hz, Py), 7.61 (s, 2H, Py),
7.59 (dt, 2H, J = 7.7, 1.8 Hz), 7.21 (dt, 2H, J = 7.8, 1.0 Hz, Py), 7.11 (ddd, 2H,
J =17.8,5.0, 1.0 Hz, Py), 3.81(q, 4H, J = 6.4 Hz, CHy), 3.13 (t,4H, J = 6.4 Hz,
CHy); MS (EI) m/z 391 (M*).

2-BPECPA: Mp 164-166 °C (uncorrected); Rf= 0.47 (ethyl acetate-methanol
v/v 5:1); IR (KBr, cm-1) 3259 (NH), 1664 (C=0); 1H NMR (400 MHz, CDCl3) §
8.78 (br, 2H, NH), 8.49 (ddd, 2H, J = 5.0, 1.8, 0.9 Hz, Py), 8.30 (s, 2H, Py),
7.63 (dt, 2H, J = 7.7, 1.8 Hz), 7.22 (dt, 2H, J = 7.7, 0.9 Hz, Py), 7.16 (ddd, 2H,
J=177,5.0,0.9 Hz, Py), 3.93 (q, 4H, J = 6.5 Hz, CHy), 3.15 (t,4H, J = 6.5 Hz,
CHy); MS (EI) m/z 409 (M*).

Synthesis of N, N'-Bis{2-(2-pyridylethyl}-4-methoxy-2,6-
pyridinedicarboxamide (2-BPEMPA). To a solution of 2-BPECPA (0.408,
1.0 mmol) in methanol (50 mL) was added a solution of NaOH (0.623 g,
15.0 mmol) in methanol at room temperature. The mixture was stirred at
50 °C for 48 h and at reflux temperature for 3 h. After evaporation of the
solution, the mixture was extracted with dichloromethane (20 mL) and
dried over MgSO4. White solid was obtained by evaporation of the
dichloromethane solution in vacuo. 2-BPEMPA was isolated by recycling
preparative HPLC and recrystallized from dichloromethane.
2-BPEMPA: Mp 95-97 °C (uncorrected); Rr= 0.38 (ethyl acetate-methanol
v/v 5:1); IR (KBr, cm-1) 3296 (NH), 1656 (C=0); *H NMR (400 MHz, CDCl3) §
8.71 (br, 2H, NH), 8.51 (ddd, 2H, J = 4.9, 1.8, 1.1 Hz, Py), 7.82 (s, 2H, Py),
7.62 (dt, 2H, J = 7.7, 1.8 Hz), 7.22 (dt, 2H, J = 7.7, 1.1 Hz, Py), 7.16 (ddd, 2H,
J=17.17,4.9, 1.1 Hz, Py), 3.96 (s, 3H, OMe), 3.92 (q, 4H, J = 6.4 Hz, CHy), 3.15
(t, 4H, J = 6.4 Hz, CHy); MS (EI) m/z 405 (M*).

General Procedure for the Epoxidation of Olefins. Metal salt (0.02
| mmol) was treated with the podand ligand (0.02 mmol) in DMF (0.8 mL)
in a glass vessel under nitrogen for 24 h. After the addition of olefin (2.0

mmol) in DMF (0.2 mL) to the resulting solution, the vessel was put in a
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stainless steel autoclave. The epoxidation reaction was carried out under
molecular oxygen (1.0x103 kPa) at 70 °C for 24 h. The mixture was diluted
with ether (30 mL), washed with 1.5 M HCI1 solution and brine, dried over
MgSOQy, and concentrated. The formation of products was detected by 'H-
NMR and GLC. Mp and spectral data for all products were identical with
those of authentic samples.

1-Phenyl-1,2-propanedione (5): 1TH NMR (270 MHz, CDCl3) 6 8.02 (4, 2H, J =
7.6 Hz, Ph), 7.65 (t, 1H, J = 7.6 Hz, Ph), 7.50 (t, 2H, J = 7.6 Hz, Ph), 2.53 (s,
3H, CHy).

Epoxidation of Olefins in the Presence of 4-Ethoxycarbonyl-3-methyl-
2-cyclohexen-1-one. To a mixture of olefin (1.0 mmol) and BIPA (0.01
mmol) was added FeCly (0.01 mmol) in DMF (0.8 mL). The resulting
mixture was stirred under nitrogen at room temperature for 24 h. 4-
Ethoxycarbonyl-3-methyl-2-cyclohexen-1-one (13) was added to the
resultant mixture. After the reaction vessel was substituted with
molecular oxygen, the mixture was stirred under an atmospheric
pressure of molecular oxygen at 50 °C for 24 h. The mixture was diluted
with ether (30 mL), washed with 1.5 M HCI solution and brine, dried ovér
MgSOy4, and concentrated. The formation of products was detected by 1H-
NMR and GLC. Mp and spectral data for all products were identical with
those of authentic samples.

General Procedure for the Oxygenation of Phenols. To a mixture of
the phenol 14 (0.2 mmol) and the podand ligand (0.01 mmol) was added
Co(OAc)2 (0.01 mmol) in DMF (0.2 mL). The resulting mixture was
stirred under an atmospheric pressure of molecular oxygen at 60 °C for 24
h. The mixture was diluted with ether (30 mL), washed with 1.5 M HCI
solution and brine, and dried over MgSO4. GLC analysis (1.0 m 10% SE-30
column, 50-250 °C) of the concentrated residue showed the formation of 15-

18 (eq.5, eq. 6, Tables 5, and 6). The quinone 15 was isolated by
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chromatography on a silica gel column. Mp and spectral data for all
products were identical with those of authentic samples.14
2,6-Di-t-butyl-1,4-benzoquinone (15a): mp 65-66 °C (uncorrected); Rf=040
(hexane-chloroform v/v 1:1); IR (KBr, cm-1) 1654 (C=0); 1H NMR (600
MHz, (CD3)2CO) 8 6.49 (s, 2H, CH), 1.29 (s, 18H, CH3); MS (EI) m/z 220
(M+).14a

3,3',5,5"-Tetra-t-butyldiphenoquinone (16a): mp 242-243 °C (uncorrected);
Rf = 0.55 (hexane-chloroform v/v 1:1); IR (KBr, cm-1) 1608 (C=0); 1H NMR
(600 MHz, (CD3)2CO) 3 7.87 (s, 4H, CH), 1.34 (s, 36H, CH3); MS (EI) m/z 408
(M+).15a

2,6-Dimethyl-1,4-benzoquinone (15b): mp 70-72 °C (uncorrected); Rf = 0.25
(hexane-chloroform v/v 1:4); IR (KBr, cm-1) 1656 (C=0); 1H NMR (600
MHz, (CD3)2CO) 6 6.59 (s, 2H, CH), 2.02 (s, 6H, CHs); MS (EI) m/z 136
(M+)_14a

3,3',5,6'-Tetramethyldiphenoquinone (16b): mp 208-210 °C (uncorrected);
Rf = 0.10 (hexane-chloroform v/v 1:4); IR (KBr, cm-1) 1594 (C=0); 1H NMR
(600 MHz, (CD3)2CO) & 8.09 (s, 4H, CH), 2.08 (s, 12H, CHgy); MS (EI) m/z 240
(M+).14a

2,3,5-Trimethyl-1,4-benzoquinone (15¢): mp 29-30 °C (uncorrected); Rf=
0.40 (chloroform); IR (KBr, cm-1) 1650 (C=0); 1H NMR (600 MHz, CDClg) &
6.56 (s, 1H, CH), 2.04 (s, 3H, CHj3), 2.03 (s, 3H, CHj3), 2.01 (s, 3H, CHj3); MS
(EI) m/z 150 (M+).15a

3,5-Di-t-butyl-1,2-benzoquinone (15d): mp 113-114 °C (uncorrected); Rf=
0.35 (chloroform); IR (KBr, cm-1) 1656 (C=0); 1H NMR (600 MHz,
(CD3)2CO) 8 7.10 (d, 1H, J = 2.3 Hz, CH), 6.14 (d, 1H, J = 2.3 Hz, CH), 1.27
(s, 9H, CH3), 1.25 (s, 9H, CHjy); MS (EI) m/z 222 (M++2).14b
3,3',5,5'-Tetra-t-butyl-2,2'-dihydroxybiphenyl (18d): mp 188-190 °C
(uncorrected); RBf = 0.75 (chloroform); IR (KBr, cm-1) 3540 (OH); 1H NMR



(600 MHz, (CD3)2CO) 8 7.38 (4, 2H, J = 2.4 Hz, CH), 7.09 (d, 2H, J = 2.4 Hz,
CH), 1.46 (s, 18H, CHjy), 1.32 (s, 18H, CHgy); MS (EI) m/z 410 (M+),14b

Dehydrogenation of 3,5-Di-¢-butylcatechol 17d. To a mixture of the
3,5-di-¢-butylcatechol (17d, 0.2 mmol) and the podand ligand (0.01 mmol)
was added Co(OAc)z (0.01 mmol) in DMF (0.2 mL). The resulting mixture
was stirred under an atmospheric pressure of molecular oxygen at room
temperature for 24 h. The mixture was diluted with ether (30 mL),
washed with 1.5 M HCI solution and brine, and dried over MgSO4. GLC
analysis (1.0 m 10% SE-30 column, 50-250 °C) of the concentrated residue
showed the formation of 15d (eq 7). The quinone 15d was isolated by
chromatography on a silica gel column.

Oxygenation of 1-Naphthol 14e. To a mixture of the 1-naphthol (14e,
0.2 mmol) and the podand ligand (0.01 mmol) was added Co(OAc)y (0.01
mmol) in DMF (0.2 mL). The resulting mixture was stirred under an
atmospheric pressure of molecular oxygen at at room temperature for 24
h. The mixture was diluted with ether (30 mL), washed with 1.5 M HCIl
solution and brine, and dried over MgS0O4. GLC analysis (1.0 m 10% OV-
17 column, 50-250 °C) of the concentrated residue showed the formation of
15e (eq. 7 and Table 8). The quinone 15e was isolated by chromatography
on a silica gel column. Mp and spectral data were identical with the
authentic samples.15
1,4-Naphthoquinone (15e): mp 120-121 °C (uncorrected); Rf = 0.45
(chloroform); IR (KBr, cm-1) 1661 (C=0); 1H NMR (600 MHz, CDCl3) & 8.11
(dd, 2H, J = 5.8, 3.4 Hz), 7.78 (dd, 2H, J = 5.8, 3.4 Hz), 7.63 (s, 2H); MS (EI)
m/z 158 (M+).15

Isolation of Co-2-BPEPA Complex. A mixture of 2-BPEPA (0.1
mmol) and Co(OAc)2 (0.1 mmol) in methanol (1.0 mL) was stirred under

nitrogen at room temperature for 24 h. After evaporation of the methanol



solution in vacuo, the complex was separated by chromatography on a
silica gel column.

Co-2-BPEPA Complex: mp 205-207 °C (uncorrected); Rf= 0.08
(chloroform-methanol v/v 1:1); IR (KBr, cm-1) 1594 (C=0); 1H NMR (600
MHz, CD30D) 8 9.57 (dd, 1H, J = 5.9, 1.5 Hz, Py), 8.33 (t, 1H, J = 7.8 Hz, Py),
8.15(dd, 1H, J = 7.8, 0.9 Hz, Py), 8.11 (dt, 1H, J = 7.7, 1.5 Hz, Py), 8.01 (dd,
1H,J = 5.9, 1.5 Hz, Py), 7.90 (dd, 1H, J = 7.8, 0.9 Hz, Py), 7.72 (ddd, 1H, J =
7.7,5.9, 0.9 Hz, Py), 7.71 (dt, 1H, J = 7.7, 1.5 Hz, Py), 7.56 (dd, 1H, J = 7.7,
0.9 Hz, Py), 7.25 (dd, 1H, J = 7.7, 0.9 Hz, Py), 7.14 (ddd, 1H, J = 7.7, 5.9, 0.9
Hz, Py), 4.2-4.1 (m, 2H, CHj), 4.07 (dd, 1H, J = 13.1, 9.0 Hz, CHy), 3.27 (dt,
1H, J = 14.3, 2.6 Hz, CHy), 3.16 (dt, 1H, J = 14.3, 2.6 Hz, CHjy), 3.00 (dd, 1H,
J =15.0, 6.4 Hz, CHy), 2.47 (ddd, 1H, J = 15.0, 11.9, 9.0 Hz, CHy), 2.18 (dt,
1H, J = 14.3, 4.0 Hz, CHy); 13C NMR (150 MHz, CD30D) § 172.0 (C=0), 171.7
(C=0), 165.1 (Py), 163.1 (Py), 158.2 (Py), 157.0 (Py), 151.7 (Py), 142.0 (Py),
141.5 (Py), 141.1 (Py), 128.9 (Py), 127.2 (Py), 125.4 (Py), 125.2 (Py), 125.0 (Py),
124.5 (Py), 41.5 (CHy), 40.5 (CHy), 37.4 (CHy), 36.7 (CHg); MS (FAB) m/z 433;
UV-vis. 317nm ([Co-2-BPEPA complex]=4.0x10-4 M, solv. DMF, under
nitrogen); Cyclic voltammetry Ep=-0.07 V vs. SCE ([Co-2-BPEPA
complex]=2.0x10-3 M, [BuyNC104]=0.1 M, solv. MeOH, scan rate=50 mV/s,
glassy carbon working electrode).

UV-vis. Spectra Measurements. UV-vis. spectra were taken under
nitrogen atmosphere at 30 °C after keeping the DMF solutions of the metal
salt and the podand ligands.

Electrochemical Experiments. Cyclic voltammograms were
obtained in MeOH solution containing 0.1 M BuyNC1Oy4 as a supporting
electrolyte (2 x 10-3 M). Potentials were determined with reference to a

KCIl saturated calomel electrode at 50 mVs-1 scan rate.
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Chapter 2. Complexation Behavior of Quinone Ligands
Bearing N-Heterocyclic Coordination Sites

2-1. Introduction

In a previous chapter, the coordination interaction between
transition metals and the N-heterocyclic multidentate podand ligands is
revealed to play an important role in the oxygenation reaction with
molecular oxygen. A facile reversible redox process of transition metals
is required to realize efficient catalytic redox reactions. In a previous
paper,l the trimethyl ester of coenzyme PQQ, a novel coenzyme involved
in a variety of dehydrogenases,? has been revealed to serve as a ligand
forming a reversible redox cycle under oxygen atmosphere in the
palladium-catalyzed oxidation of an olefin and «,B-epoxysilane. Further
development of this concept is considered to require an investigation of the
transition metal complexes with quinone ligands. This chapter describes
the complexation behavior of quinone ligands bearing N-heterocyclic

coordination sites.

2-2. Results and Discussion

The quinones 3 were prepared from the corresponding

chloroanthraquinones (1) and amines (2) as shown in Scheme 1.3
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Complexation of 3b with palladium(II) acetate in acetonitrile

afforded the 1:1 blue palladium(II) complex 4b (eq. 1). The formation of 4b



was supported by spectrophotometric titration. A new absorption at 647
nm increased with isosbestic points up to the 1:1 ratio of [8b] / [Pd(OAc)s],
being accompanied by the disappearance of the absorption of 3b at 505 nm
(Figure 1). The saturated titration curve indicates that the 1:1 complex 4b
was formed (Figure 2). A similar spectral change was observed when 3a
was employed, 3a was also found to form the 1:1 complex 4a with

palladium(II) acetate in acetonitrile (eq. 1, Figures 3, and 4).

0]
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MeCN, rt., 24 h (M
R O

under N
R OH in the dazrk \_/
Ne quantitative AcO/ Pf:\j _
\_7 \ /
3a R=H 4a R=H
b R=Cl b R=Cl
3.0 =
Jeodll
Q
c
(3]
Ke}
S l T
D
Q
< 1.0+
0.0 T 1 | 1
300 500 700 900

nm
Figure 1. UV-vis. spectra of 4b on treatment of 3b with Pd(OAc)».
[3b] = 1.0 x 1074 M; [Pd(OAc)2] = 0, 0.4, 0.6, 1.0 x 104 M; solv. MeCN; under
nitrogen atmosphere.
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Figure 2. Spectrophotometric titration of 4b at 647 nm.
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Figure 3. UV-vis. spectra of 4a on treatment of 3a with Pd(OAc),.
[3a] = 1.0 x 104 M; [Pd(OAc)2] = 0, 0.4, 0.6, 1.0 x 104 M; solv. MeCN; under

nitrogen atmosphere.
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Figure 4. Spectrophotometric titration of 4a at 638 nm.

The structure of the isolated complex 4a and 4b were elucidated by
1H-NMR. Only one acetoxyl group was detected, indicating the
displacement of palladium(II) acetate with the amino nitrogen of quinone
ligands. The down-field shift of the pyridyl protons implies the
coordination of the pyridyl nitrogen to palladium.

Further structural information of 4b was obtained by X-ray crystal
structure determination (Figure 5 and Table 1). The quinone oxygen and
pyridyl nitrogen coordinate frans to the palladium. The coordination
geometry is a nearly square planar with the palladium-bonded amino
nitrogen in a position trans to the acetoxyl group. Another interesting
feature is the bent anthraquinone skeleton of 4b, being in sharp contrast

with the planar one of 3b (Figure 6 and ’i‘able 1).



Figure 5. ORTEP view of the X-ray crystal structure of 4b
(40% probability ellipsoids). Ho0 is omitted for clarity.

Figure 6. ORTEP view of the X-ray crystal structure of 3b
(40% probability ellipsoids).



Table 1. Crystallographic Data for 3b, 4b, and 4i

3b 4b 4l
formula C21H15N202CI C23H1gN20sCIPd  C31H27N304Pd
mol wt 362.81 545.27 611.97
cryst system monoclinic monoclinic monoclinic
space group P24/n P24/c P2¢/a

a A 7.054(3) 10.212(9) 11.000(7)
b, A 10.605(3) 8.004(4) 14.747(10)
¢, A 22.582(2) 26.005(3) 31.89(1)

B, deg 94.02(2) 93.91(2) 90.36(5)

V, A3 1685.0(7) 2120(1) 5172(4)

Z 4 4 8

Dcajed, g cm3 1.430 1.708 1.572
WMo Ko), em™ 245 10.41 7.62

T, °C 23 23 23

A (Mo Ka), A 0.71069 0.71069 0.71069

R 0.068 0.043 0.078

Rw 0.108 0.030 0.068

Selected bond distances and angles of 3b and 4b are summarized in
Table 2. The bond angle C(13)-0(2)-Pd is 127.7(3)°. No typical difference
was observed in the O(1)-C(6) bonds of 3b and 4b, but the coordinated
carbonyl bond distance of 4b is 0.04A longer than the non-coordinated one.
These findings are supported by the IR spectral difference (vc-o0 3b: 1659,
1635 cm1; 4b: 1654, 1624 cm™1). In this connection, the bond distances of
both N(1)-C(11) and C(12)-C(13) are shortened upon complexation, which

is correlated to the conjugated 6-membered palladacycle.



Table 2. Selected Bond Distances (A) and Bond Angles (deg)
for 3b, 4b, and 4l

3b 4b 4i

Bond Distances

Pd-0O(2) —-———= 1.970(3) 1.964(9)
Pd-0O(3) ———— 2.030(3) 2.050(2)
Pd—N(1) -———— 1.974(3) 1.940(2)
Pd—N(2) —-———- 2.009(4) 1.990(1)
O(1)-C(6) 1.214(7) 1.216(6) 1.220(2)
0(2)-C(13) 1.222(7) 1.263(5) 1.300(2)
N(1)-C(11) 1.363(8) 1.327(5) 1.350(2)
C(10)-C(11) 1.421(9) ' 1.447(6) 1.420(3)
C(11)-C(12) 1.425(9) 1.457(6) 1.440(2)
C(12)-C(13) 1.476(8) 1.414(6) 1.420(3)
C(13)-C(14) 1.507(8) 1.504(6) 1.450(2)
Bond Angles
O(2)-Pd-0O(3) ———— 85.6(1) 90.8(5)
O(2)-Pd-N(1) ———— 90.8(1) 88.5(5)
O(3)—-Pd-N(2) ———— 89.3(2) 85.0(5)
N(1)-Pd-N(2) ———— 94.3(2) 95.6(6)
O(2)-Pd-N(2) ———— 172.6(2) 175.1(4)
O(3)-Pd-N(1) —-———- 176.3(1) 176.9(8)
C(13)-0(2)-Pd —_——— 127.7(3) 128.0(1)
C(11)-N(1)-Pd ———— 124.1(3) 124.0(1)
0O(2)-C(13)-C(12) 121.5(5) 125.3(4) 122.0(1)
C(11)-C(12)-C(13) 120.5(5) 122.3(4) 122.0(1)
C(12)-C(11)-N(1) 122.3(5) 124.9(4) 122.0(2)
C(10)-C(11)-N(1) 120.0(6) 119.8(4) 121.0(1)
C(11)-N(1)-C(15) 123.3(5) 117.4(4) 114.0(1)
0O(2)-C(13)—-C(14) 119.6(5) 113.8(5) 114.0(1)

On the basis of these observations, the effect of the pendant moiety at

the 8-position was examined. The quinone ligand 3i bearing the
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phenethyl group at the 8-position was also found to form the 1:1 complex
4i with palladium(II) acetate in acetonitrile (eq. 2).

Pd(OAc), (1 equiv. )

MeCN, 1., 24 h
under Nj NH o N

NH O HN in the dark
N= quantitative AcO N--
\_7/ \ /
3i

The formation of 4i was checked by spectrophotometric titration as

observed with 4b. The spectral change with isosbestic points was observed
up to the 1:1 ratio of [3i] / [Pd(OAc)s] (Figures 7 and 8). In the 1TH-NMR
spectra of the isolated complex 4i, the down-field shift of the pyridyl
protons and no shift of the phenethyl group indicated that the amino
nitrogen of the phenethylamino group does not contribute to the

coordination.

3.0" Vv
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300 500 700 900
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Figure 7. UV-vis. spectra of 4i on treatment of 3I with Pd(OAc)2.

[31] = 1.0 x 104 M; [Pd(OAc)2] = 0, 0.4, 0.6, 1.0 x 1074 M; solv. MeCN; under

nitrogen atmosphere.
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Figure 8. Spectrophotometric titration of 4i at 675 nm.

X-ray crystal structure determination of 4i also showed the same
conformation as 4b (Figure 9, Tables 1, and 2). It should, however, be
noted that the calculated position of the para phenyl hydrogen atom is |
located almost facing the zw-electrons of the pyridyl ring of the neighboring
molecule in the crystal structure of 4i (Figure 10). The distance between
the hydrogen and the center of the pyridyl ring is 2.78 A, which suggests
the existence of a = hydrogen bond4 (edge-to-face interaction) between the
phenyl hydrogen and pyridyl ring of the other molecule in the crystal
structure. The dihedral angle between the least-square planes of the
phenyl and pyridyl groups is 76.3°. These distance and angle values are

reasonable for the edge-to-face interaction.



Figure 9. ORTEP view of the X-ray crystal structure of 4i
(40% probability ellipsoids).
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Figure 10. Unit cell of 4i.



A similar spectral change based on such a complexation was

observed to give the complex 4h when 8h was employed (eq. 3).

O 0
O“ Pd(OAc), (1 equiv.) O‘O @)
4 MeCN, rt., 24 h
NH O HN ;jnn&‘:rc'!qazrk NH O'.PgN
% C_% quantitative %ACO/ “N—
\ 7/
3h 4h

Although 3¢ bearing two 2-pyridyl groups was expected to form the
1:2 complex, 3¢ was also found to form the 1:1 complex 4¢ with
palladium(II) acetate in acetonitrile (eq. 4). The formation of 4c was
checked by spectrophotometric titration as observed with 4b. The spectral
change with isosbestic points was observed up to the 1:1 ratio of [3e] /

[Pd(OAc)q] (Figure 11).

O O
OO momiem, (13
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Figure 11. UV-vis. spectra of 4c on treatment of 3¢ with Pd(OAc)2.
[3¢] = 1.0 x 1074 M; [Pd(OAc)2] =0, 0.4, 0.6, 1.0 x 10™* M; solv. MeCN; under

nitrogen atmosphere.

The quinone 3¢ showed the different complexation behavior with
palladium(II) chloride as shown in eq. 5. Only the pyridyl nitrogens

coordinated to the palladium.

Q PdClz(MeCN)g Q
T e
C‘O MeCN, it 24h ®)
under N NH HN
NH O HN inthed:rk ©
. . l
Ne quantitative _ 9 _
\ 7/ U/ \_NRENG Y
Cl
3c 5c

The formation of 5¢ was checked by spectrophotometric titration.
The spectral change with isosbestic points was observed up to the 1:1 ratio

of [4c]/ [PdCly] (Figure 12).
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Figure 12. UV-vis. spectra of 5¢ on treatment of 3¢ with PdCly.
[3¢c] = 1.0 x 104 M; [PdClo] = 0, 0.4, 0.6, 1.0 x 104 M; solv. MeCN; under
nitrogen atmosphere.

The structure of the isolated complex 5¢ was elucidated by 1H-NMR.
The down-field shift of the pyridyl protons implies the coordination of the
pyridyl nitrogen to palladium. The down-field shift of the pyridyl protons
and no remarkable shift of the anthraquinone group indicated that the
quinone oxygen does not contribute to coordination and only the pyridyl
nitrogens coordinate to palladium. IR spectra also showed that the
pyridyl nitrogens coordinate trans to palladium.

In comparison with 3¢, the quinone oxygen of 3g bearing two 4-
pyridyl groups did not coordinate and only the pyridyl nitrogens
coordinate to palladium of both palladium(II) acetate or palladium(II)
chloride (Scheme 2). Complexation behavior of quinone ligands depends
on the coordination site, the cis complex 3g was formed with

palladium(II) chloride.
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Further structural information of 5g was obtained by X-ray crystal
structure determination (Figure 13, Tables 3, and 4). Only the pyridyl
nitrogens coordinate cis to the palladium, being in sharp contrast with 4b.
The coordination geometry is a nearly square planar with the palladium-

bonded amino nitrogen in a position ¢rans to the acetoxyl group.

Figure 13. ORTEP view of the X-ray crystal structure of 5g
(40% probability ellipsoids). CH3CN is omitted for clarity.
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Table 3. Crystallographic Data for 5g Table 4. Selected Bond Distances (A)
and Bond Angles (deg) for 59

5g
formula C3gH2o7NsO2CloPd 59
mol wt 666.90 Bond Distances
cryst system triflinic Pd-CI(1) 2.300(2)
space group A1 Pd-CI(2) 2.291(3)
a A 11.384(7) Pd-N(3) 1.992(8)
b, A 16.766(4) Pd—-N(4) 2.061(7)
c, A 8.100(2) O(1)-C(86) 1.21(1)
a, deg 102.59(2) 0O(2)-C(13) 1.243(10)
B, deg 105.01(1) N(1)-C(1) 1.37(1)
y, deg 76.23(2) N(2)-C(11) 1.35(1)
v, A3 1430.0(5)
7 2 Bond Angles
Dcajods g €M 1.453 CI(1)-Pd—Cl(2) 92.17(9)
Mo Ko), cm™? 858 CI(1)-Pd-N(3) 87.8(2)
T, °C 23 Cl(2)-Pd—N(4) 89.3(2)
A(MoKa), A 0.71069 N(3)-Pd-N(4) 90.6(3)
R 0.071 Cl(1)-Pd-N(4) 176.1(3)
Ry 0.063 Cl(2)-Pd-N(3) 177.4(2)
C(15)-N(4)-Pd 122.5(6)
C(19)-N(4)-Pd 120.4(6)
C(20)-N(3)-Pd 125.0(7)
C(24)-N(3)-P 121.0(7)

On the basis of these observations, the quinone ligand bearing the
pendant moieties at both the 1- and 5-position was examined. The
quinone ligand 3e bearing two 2-(2-pyridyl)ethyl groups at the 1- and 5-
positions was found to form the 1:1 complex 5e and the 1:2 complex 6e
with palladium(II) acetate in acetonitrile (Scheme 3). The formation of e
and 6e was supported by spectrophotometric titration. The spectral

change with isosbestic points was observed up to the 1:1 ratio and up to the

1:2 ratio of [31] / [Pd(OAc)s2] (Figures 14 and 15).



Scheme 3

N
NH NH O
Pd(OAc),
(1 equiv.)
MeCN, rt., 24 h
. /N under N O HN
}’d in the dark
AcO  N= quantitative N=
\
4e 3e

Absorbance

Pd (OAC) 2
(2 equiv.)

MeCN, ., 24 h
under N,
in the dark

quantitative

AcO’ ‘N=
\ 7

Ge

nm

900

Figure 14. UV-vis. spectra of 4e and 6e on treatment of 3e with Pd(OAc),.
[3e] = 1.0 x 104 M; [Pd(OAc)2] = 0, 0.4, 0.6, 1.0, 1.4, 1.6, 2.0 x 10 M; solv.

CH2Clp; under nitrogen atmosphere.
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The redox properties of 4 were investigated by cyclic voltammetry
using 0.1 M BusNCIO4 as a supporting electrolyte in acetonitrile at a 50
mVs-1 scan rate (Table 5). Four separate reversible redox couples were
observed depending on the palladium and quinone redox, indicating the
smooth redox interaction between them. These results are also consistent

with the structures of 4. On the contrary, 5 only showed two separate

T

2

[Pd(OAc),] / [3e]
Figure 15. Spectrophotometric titration at 691nm.

reversible redox couples depending on the quinone redox.

Table 5. Redox Potential

Ligand and Complex Eq2®
3a -0.98 -~1.43
4a -0.83 -1.00 -128 -1.49
3b ~0.93 -1.42
4b -0.79 -093 -121 -142
3c -1.06 -1.55
4c -090 -1.04 -128 -1.47
3e ~1.05 -1.58
4e 087 -1.05 -131 -157
3h -1.07 -1.59
4h -091 -1.05 -137 -1.60
3i -1.05 -1.59
4i -091 -105 -133 -155

a8V yvs. SCE
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2-3. Conclusion

Synthesis and characterization of the Pd(II)-quinone complexes
bearing a heterocyclic pendant functional group are presented here. The
complexation behavior of quinone ligands is disclosed to depend on the
coordination sites or gegen ions. In the case of palladium(II) complexes
in which the quinone oxygen coordinates to palladium, four separate
reversible redox couples based on the smooth redox interaction between
palladium and quinone are observed. Both these complexes and the Pd(0)-
quinone complexes® are indispensable to each other for elucidating the

redox interaction via electron transfer.

2-4. Experimental

General

Melting points were measured using Yanagimoto micromelting
point apparatus and are uncorrected. Infrared spectra were recorded on
a Perkin-Elmer FT-IR 1605 infrared. 'H-NMR spectra were recorded on a
Bruker AM-600 (600MHz) spectrometer and a JEOL JNM-GSX-400
(400MHz) spectrometer with tetramethylsilane as an internal standard.
UV-vis. spectra were recorded using a Hitachi U-3000. The X-ray
crystallography was made on Rigaku AFC5R diffractometer. The fast
atom bombardment mass spectra were run on a JEOL JMS-DX303HF
spectrometer. Recycling preparative HPLC analysis was performed on a
JAI LC-908. The standard electrochemical instrumentation consisted of a
Hokuto Denko potentiostat / galvanostat HA-301S and a Hokuto Denko
function generator HB-104S with a three-electrode system consisting of a

glassy carbon working electrode, a platinum auxiliary electrode, and a
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KCl-saturated calomel reference electrode. Cyclic voltammograms were
recorded with Graphtec WX 1000.

Synthesis of 1-{2-(2-Pyridyl)ethylamino}anthraquinone (8a). A
mixture of 1-chloroanthraquinone (la, 2.43 g, 10.0 mmol), 2-(2-
aminoethyl)pyridine (2a, 3.05 g, 25.0 mmol), and a catalytic amount of 4-
dimethylaminopyridine (49 mg, 0.40 mmol) in the presence of
triethylamine (10.1 g, 100 mmol) was stirred in toluene (100 mL) at 110 °C
for 3 days. After evaporation of the toluene solution in vacuo, the
resulting mixture was diluted with chloroform (60 mL), washed with
saturated NaHCOg3 aqueous solution and brine, and dried over MgSOyj.
Red solid was obtained by evaporation of the chloroform solution in vacuo.
The quinone 3a was isolated in 43 % yield by silica-gel column
chromatography eluting with ethyl acetate and purified as a red needle by
recrystallization from chloroform-hexane (1:3 v/v).
3a: Mp 119-120 °C (uncorrected); Rf = 0.45 (ethyl acetate); IR (KBr, cm'1)
1664, 1629 (C=0); 1H-NMR (400 MHz, CD3CN) & 9.77 (br, 1H), 8.55 (dd, 1H,
J =4.9,1.9 Hz), 8.22 (dd, 1H, J = 7.6, 1.5 Hz), 8.16 (dd, 1H, J = 7.6, 1.5 Hz),
7.82 (dt, 1H, J = 7.6, 1.5 Hz), 7.76 (dt, 1H, J = 7.6, 1.5 Hz), 7.68 (dt, 1H, J =
7.7, 1.8 Hz), 7.60 (dd, 1H, J = 8.6, 7.3 Hz), 7.51 (dd, 1H, J = 7.3, 1.2 Hz), 7.32
(dd, 1H, J = 7.8, 1.2 Hz), 7.26 (dd, 1H, J = 8.6, 1.2 Hz), 7.20 (ddd, 1H,J=17.17,
4.9, 1.2 Hz), 3.80 (q, 2H, J = 6.9 Hz), 3.19 (t, 2H, J = 6.9 Hz); MS (E]) m/z 328
(M+); Anal. Caled. for Co1H1¢N2O9: C, 76.81; H, 4.91; N, 8.53. Found: C,
76.69; H, 4.90; N, 8.43.

Synthesis of 1-{2-(2-Pyridyl)ethylamino}-8-chloroanthraquinone (3b)
and 1,8-Bis{2-(2-pyridyl)ethylamino}chloroanthragquinone (8¢). A mixture
of 1,8-dichloroanthraquinone (1b, 0.554 g, 2.0 mmol), 2-(2-
aminoethyl)pyridine (2a, 1.22 g, 10.0 mmol) and a catalytic amount of 4-
dimethylaminopyridine (2 mg, 0.16 mmol) in the presence of

triethylamine (2.05 g, 40 mmol) was stirred in toluene (30 mL) at 110 °C
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for 2 weeks. After evaporation of the toluene solution in vacuo, the
resulting mixture was diluted with chloroform (30 mL), washed with
saturated NaHCO3 aqueous solution and brine, and dried over MgSQOy.
The quinone 3b (red needles) and 3¢ (reddish purple needles) were isolated
in 60 % and 10 % yield, respectively, by silica-gel column chromatography
and purified by recrystallization from chloroform-hexane (1:3 v/v).

3b: Mp 168-170 °C (uncorrected); Br = 0.45 (ethyl acetate-chloroform 1:1
v/v); IR (KBr, cm-1) 1659, 1635 (C=0); 1H-NMR (400 MHz, CD3CN) & 9.60
(br, 1H), 8.55 (dd, 1H, J = 4.9, 1.9 Hz), 8.18 (dd, 1H, J = 7.8, 1.4 Hz), 7.82 (dd,
1H, J =17.8, 1.4 Hz), 7.68 (ddd, 1H, J = 7.8, 7.6, 1.9 Hz), 7.66 (t, 1H, J = 7.8
Hz), 7.58 (dd, 1H, J = 8.7, 7.4 Hz), 7.46 (dd, 1H, J = 7.4, 1.0 Hz), 7.32 (dd, 1H,
J=17.8,1.1Hz), 7.27 (dd, 1H, J = 8.7, 1.0 Hz), 7.20 (ddd, 1H, J = 7.6, 4.9, 1.1
Hz), 3.79 (q, 2H, J = 6.8 Hz), 3.18 (t, 2H, J = 6.8 Hz); MS (EI) m/z 362 (M?*);
Anal. Caled. for C91H15N209Cl: C, 69.52; H, 4.17; N, 7.72; Cl, 9.77. Found:
C, 69.26; H, 4.09; N, 7.64; Cl, 9.86.

3c: Mp 178-180 °C (uncorrected); By = 0.19 (ethyl acetate); IR (KBr, cm-1)
1661, 1624 (C=0); 1H-NMR (400 MHz, CD3CN) & 9.61 (br, 2H), 8.56 (dd, 2H, |
J =49, 1.8 Hz), 7.68 (dt, 2H, J = 7.7, 1.8 Hz), 7.51 (dd, 2H, J = 8.6, 7.9 Hz),
7.42(dd, 2H,J =7.9, 1.1 Hz), 7.33(dd, 2H, J = 7.7, 1.2 Hz), 7.21.(ddd, 2H, J =
7.7,4.9, 1.2 Hz), 7.19 (dd, 2H, J = 8.6, 1.1 Hz), 3.75 (q, 4H, J = 6.7 Hz), 3.18 (4,
4H, J = 6.7 Hz); MS (EI) m/z 448 (M+); Anal. Calcd. for CogHosN409-H50:
C, 72.09; H, 5.62; N, 12.01. Found: C, 72.29; H, 5.25; N, 11.65.

Synthesis of 1-{2-(2-Pyridyl)ethylamino}-5-chloroanthraquinone (3d)
and 1,5-Bis{2-(2-pyridylethylamino}chloroanthraquinone (3e). A mixture
of 1,5-dichloroanthraquinone (le, 1.39 g, 5.0 mmol), 2-(2-
aminoethyl)pyridine (2a, 3.05 g, 25 mmol) and a catalytic amount of 4-
dimethylaminopyridine (0.05 g, 0.40 mmol) in the presence of
tripropylamine (7.16 g, 50 mmol) was stirred in toluene (70 mL) at 110 °C

for 1 weeks. After evaporation of the toluene solution in vacuo, the
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resulting mixture was diluted with chloroform (30 mL), washed with
saturated NaHCOg3 aqueous solution and brine, and dried over MgSOj.
The quinone 3d (red needles) and 3e (reddish purple needles) were
isolated in 60 % and 12 % yield, respectively, by silica-gel column
chromatography and purified by recrystallization from chloroform-
hexane (1:3 v/v).
3d: Mp 166-167 °C (uncorrected); Rr = 0.45 (ethyl acetate); IR (KBr, cm-1)
1664, 1626 (C=0); 1H-NMR (600 MHz, CDCl3) § 9.73 (br, 1H), 8.61 (dd, 1H, J
= 4.8, 0.9 Hz), 8.28 (dd, 1H, J = 7.7, 1.1 Hz), 7.69 (dd, 1H, J = 8.1, 1.1 Hz),
7.64-7.60 (m, 2H), 7.55-7.53 (m, 2H), 7.26 (dd, 1H, J = 7.6, 1.1 Hz), 7.17 (ddd,
1H, J = 7.5, 4.8, 1.1 Hz), 7.10 (dd, 1H, J = 6.3, 6.0 Hz), 3.79 (q, 2H, J = 7.0
Hz), 3.22 (t, 2H, J = 7.0 Hz); MS (EI) m/z 362 (M*); Anal. Calcd. for
C21H15N209Cl: C, 69.52; H, 4.17; N, 7.72; Cl, 9.77. Found: C, 69.18; H, 4.23;
N, 7.84; Cl, 9.69.
3e: Mp 169-170 °C (uncorrected); RBr = 0.30 (ethyl acetate); IR (KBr, cm-1)
1611 (C=0); tH-NMR (400 MHz, CD3CN) & 9.70 (br, 2H), 8.54 (dd, 2H, J =
4.9,1.8 Hz), 7.69 (dt, 2H, J = 7.7, 1.8 Hz), 7.55 (dd, 2H, J = 7.7, 7.5 Hz), 7.45
(dd, 2H, J = 7.5,.1.0 Hz), 7.31 (dd, 2H, J = 7.7, 0.9 Hz), 7.21 (ddd, 2H, J = 7.7,
4.9,0.9 Hz), 7.15(dd, 2H, J = 7.7, 1.0 Hz), 3.76 (q, 4H, J = 6.9 Hz), 3.17 (t, 4H,
J = 6.9 Hz); MS (EI) m/z 448 (M*); Anal. Calcd. for CogHo4N405-0.56H,0: C,
74.98; H, 5.39; N, 12.49. Found: C, 73.29; H, 5.33; N, 12.15.

Synthesis of 1-{2-(4-Pyridyl)ethylamino}-8-chloroanthraquinone (3f)
and 1,8-Bis{2-(4-pyridyl)ethylamino}chloroanthraquinone (3g). A
mixture of 1,8-dichloroanthraquinone (1b, 1.39 g, 5.0 mmol), 4-(2-
aminoethyl)pyridine (2b, 2.44 g, 20.0 mmol) and a catalytic amount of 4-
dimethylaminopyridine (0.05 g, 0.40 mmol) in the presence of
triethylamine (5.06 g, 50 mmol) was stirred in acetonitrile (50 mL) at 85 °C
for 10 days. After evaporation of the acetonitrile solution in vacuo, the

resulting mixture was diluted with chloroform (830 mL), washed with
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saturated NaHCOj3 aqueous solution and brine, and dried over MgSQy.
The quinone 3f (red needles) and 3g (reddish purple needles) were isolated
in 57 % and 15 % yield, respectively, by silica-gel column chromatography
and purified by recrystallization from chloroform-hexane (1:3 v/v).

3f: Mp 155-156 °C (uncorrected); R = 0.23 (ethyl acetate); IR (KBr, cm-l)
1661, 1626 (C=0); 1TH-NMR (400 MHz, CDsCN) § 9.52 (br, 1H), 8.51 (4, 2H, J
= 5.9 Hz), 8.18 (dd, 1H, J = 7.8, 1.2 Hz), 7.82 (dd, 1H, J = 8.1, 1.2 Hz), 7.66
(dd, 1H, J = 8.1, 7.8 Hz), 7.59 (dd, 1H, J = 8.5, 7.7 Hz), 7.48 (dd, 1H, J = 7.7,
1.0 Hz), 7.30 (d, 1H, J = 5.9 Hz), 7.25 (dd, 1H, J = 8.5, 1.0 Hz), 3.68 (q, 2H, J =
7.1 Hz), 3.05 (t, 2H, J = 7.1 Hz); MS (EI) m/z 362 (M+*).

3g: Mp 184-185 °C (uncorrected); Rf = 0.53 (methanol); IR (KBr, cm-1) 1655,
1616 (C=0); 1H-NMR (600 MHz, CDCl3) 6 9.60 (br, 2H), 8.56 (d, 4H, J = 5.3
Hz), 7.58 (dd, 2H, J = 7.6, 1.0 Hz), 7.50 (dd, 2H, J = 8.4, 7.6 Hz), 7.23 (d, 4H,
J =5.3 Hz), 7.04 (dd, 2H, J = 8.4, 1.0 Hz), 3.62 (q, 4H, J = 7.1 Hz), 3.05 (t, 4H,
J =17.1 Hz); MS (EI) m/z 448 (M*).

Synthesis of 1-{2-(2-Pyridyl)ethylamino}-8-
(hexylamino)anthraquinone (3h). The quinone 3h was prepared by
treatment of 3b (0.36 g, 1.0 mmol) with hexylamine (2¢, 0.25 g, 2.5 mmol)
in the presence of tripyropylamine (1.43 g, 10 mmol) and a catalytic
amount of 4-dimethylaminopyridine (0.01 g, 0.10 mmol) in xylene (20 mL)
at 140 °C for 1 weeks. The quinone 3h was isolated in 53 % yield by silica-
gel column chromatography eluting with ethyl acetate-chloroform (3:1
v/v) and purified as a purple needle by recrystallization from chloroform-
hexane (1:1 v/v).
3h: Mp 117-118 °C (uncorrected); Rf = 0.50 (ethyl acetate); IR (KBr, cm-1)
1659, 1619 (C=0); IH-NMR (600 MHz, CDyCly) 6 9.71 (t, 1H, J = 5.4 Hz), 9.54
(t, 1H, J = 5.1 Hz), 8.55 (br, 1H), 7.60 (dt, 1H, J = 7.6, 1.8 Hz), 7.47-7,42 (m,
4H), 7.24 (dd, 1H, J = 7.6, 0.7 Hz), 7.15 (ddd, 1H, J = 7.6, 5.7, 0.7 Hz), 7.10
(dd, 1H, J = 6.6, 1.9 Hz), 7.00 (dd, 1H, J = 7.7, 1.9 Hz), 3.73 (dt, 2H, J = 7.0,
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5.4 Hz), 3.28 (td, 2H, J = 7.1, 5.1 Hz), 3.18 (t, 2H, J = 7.0 Hz), 1.77-1.72 (m,
2H), 1.51-1.46 (m, 2H), 1.40-1.35 (m, 4H), 0.92 (t, 3H, J = 7.1 Hz); MS (EI)
m/z 427 (M*); Anal. Caled. for Co7Ho9N309: C, 75.85; H, 6.84; N, 9.83.
Found: C, 75.25; H, 6.76; N, 9.69.

Synthesis of 1-{2-(2-Pyridyl)ethylamino}-8-(2-
phenylethylamino)anthraquinone (3i). The quinone 3i was prepared by
treatment of 3b (0.36 g, 1.0 mmol) with 2-phenethylamine (5, 0.30 g, 2.5
mmol) in the presence of tripropylamine (1.43 g, 10 mmol) and a catalytic
amount of 4-dimethylaminopyridine (0.01 g, 0.10 mmol) in xylene (20 mL)
at 140 °C for 1 week. The quinone 3i was isolated in 53 % yield by silica-gel
column chromatography eluting with ethyl acetate-chloroform (3:1 v/v)
and purified as a purple needle by recrystallization from chloroform-
hexane (1:1 v/v).
3i: Mp 183-184 °C (uncorrected); Rr = 0.44 (ethyl acetate-chloroform 3:1 v/v);
IR (KBr, cm'1) 1663, 1622 (C=0); 1TH-NMR (600 MHz, CDCl3) 8 9.73 (br, 1H),
9.69 (br, 1H), 8.62 (dd, 1H, J =4.7, 1.7 Hz), 7.63 (dt, 1H, J = 7.5, 1.7 Hz), 7.54
(dd, 2H, J = 7.6, 0.7 Hz), 7.49-7.46 (m, 2H), 7.37-7.32 (m, 4H), 7.29-7.26 (m,
2H), 7.19 (dd, 1H, J = 7.5, 4.7 Hz), 7.10 (dd, 1H, J = 8.5, 0.8 Hz), 7.03 (dd, 1H,
J =8.5,0.8 Hz), 3.77 (q, 2H, J = 7.0 Hz), 3.58 (q, 2H, J = 7.3 Hz), 3.25 (t, 2H, J
= 7.0 Hz), 3.08 (t, 2H, J = 7.3 Hz); MS (EI) m/z 447 (M+); Anal. Calcd. for
Co9Ho5N309-1/4H0: C, 77.06; H, 5.69; N, 9.30. Found: C, 77.04; H, 5.57; N,
9.29.

Preparation of the Complex 4a. To 3a (9.9 mg, 0.03 mmol) in
acetonitrile (9 mL) was added palladium(II) acetate (6.8 mg, 0.03 mmol)
in acetonitrile (1.2 mL) under nitrogen atmosphere. Stirring at room
temperature for 24 h in the dark afforded a blue solution. After
evaporation of the solution, the complex 4a (blue needles) was isolated

almost quantitatively by recrystallization from acetonitrile.
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d4a: Mp 123-127 °C (decomp.); IR (KBr, cm-1) 1658, 1615 (C=0); 1H-NMR
(400 MHz, CD3CN) 6 8.51 (dd, 1H, J = 5.8, 1.5 Hz), 8.13 (dd, 2H, J = 7.7, 1.4
Hz), 7.93 (dt, 1H, J = 7.8, 1.5 Hz), 7.78 (dt, 1H, J = 7.7, 1.4 Hz), 7.73 (dt, 1H, J
= 7.7, 1.4 Hz), 7.53 (dd, 1H, J = 7.8, 1.2 Hz), 7.40 (dd, 1H, J = 6.7, 1.1 Hz),
7.33 (ddd, 1H, J = 7.8, 5.8, 1.2 Hz), 7.31 (dd, 1H, J = 9.2, 6.7 Hz), 7.24 (dd,
1H, J = 9.2, 1.1 Hz), 3.57 (t, 2H, J = 5.2 Hz), 3.28 (t, 2H, J = 5.2 Hz); MS
(FAB) m/z 433 (M+-OAc); Anal. Calcd. for CosH18N204Pd-H0: C, 54.08; H,
3.95; N, 5.48. Found: C, 54.07; H, 3.88; N, 5.65.

Preparation of the Complex 4b. To 3b (10.9 mg, 0.03 mmol) in
acetonitrile (9 mL) was added palladium(II) acetate (6.8 mg, 0.03 mmol)
in acetonitrile (1.2 mL) under nitrogen atmosphere. Stirring at room
temperature for 24 h in the dark afforded a blue solution. After
evaporation of the solution, the complex 4b (blue plates) was isolated
almost quantitatively by recrystallization from acetonitrile.
4b: Mp 234-235 °C (decomp.); IR (KBr, cm'1) 1654, 1624 (C=0); 1H-NMR (400
MHz, CD3CN) 8 8.49 (dd, 1H, J = 5.8, 1.6 Hz), 8.14 (dd, 1H, J = 7.8, 1.4 Hz),
7.93 (dt, 1H, J = 7.7, 1.6 Hz), 7.79 (dd, 1H, J = 8.0, 1.4 Hz), 7.63 (dd, 1H, J =
8.0, 7.8 Hz), 7.53 (d, 1H, J = 7.7 Hz), 7.36-7.30 (m, 3H), 7.27 (dd, 1H, J = 8.8,
1.8 Hz), 3.57 (t, 2H, J = 5.4 Hz), 3.30-3.26 (m, 2H); MS (FAB) m/z 469 (M+*-
OAc); Anal. Caled. for C93H17N204CIPd-H0: C, 50.66; H, 3.51; N, 5.14; Cl,
6.50. Found: C, 50.74; H, 3.51; N, 5.38; Cl, 6.55.

Preparation of the Complex 4c. To 3¢ (112 mg, 0.25 mmol) in
acetonitrile (70 mL) was added palladium(II) acetate (56.1 mg, 0.25 mmol)
in acetonitrile (10 mL) under nitrogen atmosphere. Stirring at room
temperature for 48 h in the dark afforded a blue solution. After
evaporation of the solution, the complex 4c¢ (blue plates) was isolated
almost quantitatively by recrystallization from acetonitrile.
4¢: Mp 215-220 °C (decomp.); IR (KBr, cm-1) 1654, 1598 (C=0); 1H-NMR (400
MHz, CD3CN) & 8.71 (br, 1H}), 8.53(dd, 1H, J = 4.5, 1.8 Hz), 8.52 (dd, 1H, J =
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4.9, 1.5 Hz), 7.93 (dt, 1H, J = 7.7, 1.5 Hz), 7.67 (dt, 1H, J = 7.6, 1.8 Hz), 7.52
(dd, 1H, J = 7.7, 1.0 Hz), 7.47 (dd, 1H, J = 8.5, 7.3 Hz), 7.40 (dd, 1H, J = 7.3,
1.4 Hz), 7.37-7.32 (m, 2H), 7.29 (dd, 1H, J = 6.8, 1.5 Hz), 7.25 (dd, 1H, J = 8.7,
6.8 Hz), 7.21-7.15 (m, 3H), 3.74-3.68 (m, 2H), 3.53 (t, 2H, J = 5.5 Hz), 3.16 (t,
2H, J = 5.5 Hz), 3.11-3.07 (m, 2H); MS (FAB) m/z 553 (M*+-OAc).
Preparation of the Complex 4e. To 3e (44.9 mg, 0.10 mmol) in
dichloromethane (55 mL) was added slowly palladium(II) acetate (22.5
mg, 0.10 mmol) in dichloromethane (25 mL) under nitrogen atmosphere.
Stirring at room temperature for 24 h in the dark afforded a purple
solution. After evaporation of the solution, the complex 4e (purple
needles) was isolated almost quantitatively by recrystallization from
acetonitrile.
4e: Mp 118-123 °C (decomp.); IR (KBr, cm-1) 1620, 1596 (C=0); TH-NMR (600
MHz, CD3CN) § 9.70 (br, 1H), 8.54 (dd, 1H, J = 4.6, 1.6 Hz), 8.51 (dd, 1H, J =
5.1, 1.8 Hz), 7.91 (ddd, 1H, J = 7.7, 5.3, 1.8 Hz), 7.67 (ddd, 1H, J = 7.6, 6.8,
1.6 Hz), 7.54-7.48 (m, 2H), 7.43 (d, 1H, J = 7.2 Hz), 7.35-7.29 (m, 3H), 7.27-
7.17 (m, 2H), 7.11 (d, 1H, J = 8.4 Hz), 7.10-7.07 (m, 1H), 3.74 (q, 2H, J = 6.8
Hz), 3.53-3.48 (m, 2H), 3.21-3.13 (m, 4H); MS (FAB) m/z 553 (M*-OAc).
Preparation of the Complex 4g. To 3g (2.24 mg, 0.005 mmol) in
acetonitrile (0.5 mL) was added palladium(II) acetate (1.12 mg, 0.005
mmol) in acetonitrile (0.1 mL) under nitrogen atmosphere. The stirring
was stopped after 1 h and the mixture was allowed to stand for 1 h under
nitrogen atmosphere. Then, purple solid 4g precipitated out. The purple
solid 4g was filtrated and washed with ether.
4g: Mp > 300 °C (decomp.); IR (KBr, cm-1) 1657, 1613 (C=0); tH-NMR (600
MHz, CD3CN) & 9.06 (br, 2H), 8.41 (d, 4H, J = 6.0 Hz), 7.57 (dd, 2H, J = 8.5,
7.2Hz), 749 (d, 2H, J = 7.2 Hz), 7.22 (d, 2H, J = 8.5 Hz), 7.17 (d, 4H, J = 6.0
Hz), 3.70-3.63 (m, 4H), 3.03-2.98 (m, 4H); MS (FAB) m/z 554 (M*-20Ac).



Preparation of the Complex 4h. To 3h (8.97 mg, 0.02 mmol) in
dichloromethane (16 mL) was added palladium(II) acetate (8.98 mg, 0.04
mmol) in dichloromethane (4 mL) under nitrogen atmosphere. Stirring
at room temperature for 48 h in the dark afforded a blue solution. After
evaporation of the solution, the complex 4h (blue needles) was isolated
almost quantitatively by recrystallization from acetonitrile.
4h: Mp 100-105 °C (decomp.); IR (KBr, cm-1) 1651, 1600 (C=0); 1H-NMR
(400 MHz, CD3CN) & 8.60 (br, 1H), 8.50 (dd, 1H, J = 5.8, 1.6 Hz), 7.92 (dt, 1H,
J =1.7,1.6 Hz), 7.52 (dd, 1H, J = 7.7, 1.4 Hz), 7.47 (dd, 1H, J = 8.6, 7.4 Hz),
7.40 (dd, 1H, J = 7.4, 1.2 Hz), 7.33 (ddd, 1H, J = 7.7, 5.8, 1.4 Hz), 7.28 (dd,
1H, J = 6.8, 1.5 Hz), 7.25 (dd, 1H, J = 8.7, 6.8 Hz), 7.16 (dd, 1H, J = 8.7, 1.5
Hz), 7.11(dd, 1H, J = 8.6, 1.2 Hz), 3.52 (t, 2H, J = 5.5 Hz), 3.33-3.27 (m, 2H),
3.15 (t, 2H, J = 5.5 Hz), 1.91-1.80 (m, 2H), 1.67-1.62 (i, 2H), 1.42-1.32 (m,
4H), 0.90 (t, 3H, J = 7.0 Hz); MS (FAB) m/z 532 (M+-OAc).

Preparation of the Complex 4i. To 3i (22.4 mg, 0.05 mmol) in
acetonitrile (20 mL) was added palladium(II) acetate (11.2 mg, 0.05 mmol)
in acetonitrile (6 mL) under nitrogen atmosphere. Stirring at room
temperature for 24 h in the dark afforded a blue solution. After
evaporation of the solution, the complex 4i (blue plates) was isolated
almost quantitatively by recrystallization from acetonitrile.
4i: Mp 243-248 °C (decomp.); IR (KBr, cm1) 1646, 1620 (C=0); TH-NMR (400
MHz, CDyCly) 6 8.73 (br, 1H), 8.58 (ddd, 2H, J = 5.9, 1.5, 0.8 Hz), 7.83 (ddd,
1H,J =17.6, 7.4, 1.5 Hz), 7.46-7.43 (m, 2H), 7.41 (dd, 1H, J = 7.6, 1.4 Hz), 7.32
(dd, 1H, J =6.9, 1.1 Hz), 7.31-7.20 (m, 7H), 7.08 (dd, 1H, J = 9.1, 1.1 Hz), 7.05
(t, 1H, J = 6.0 Hz), 3.56-3.51 (m, 4H), 3.16-3.14 (m, 2H), 2.98-2.94 (m, 2H);
MS (FAB) m/z 522 (M+-OAc); Anal. Calcd. for C3;Ho7N304Pd: C, 60.84; H,
4.45; N, 6.87. Found: C, 60.22; H, 4.55; N, 7.04.

Preparation of the Complex 5¢. To 3¢ (22.4 mg, 0.05 mmol) in
acetonitrile (35 mL) was added (acetonitrile)spalladium(II) chloride (13.0
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mg, 0.05 mmol) in acetonitrile (5 mL) under nitrogen atmosphere. The
stirring was stopped after 1 h and the mixture was allowed to stand for 1
h under nitrogen atmosphere. Then, the purple solid 5¢ precipitated out
and was filtrated and washed with ether.

5c: Mp 250-260 °C (decomp.); IR (KBr, cm-1) 1660, 1614 (C=0); 1H-NMR (600
MHz, dg-DMSO) 6 9.88 (br, 2H), 9.24 (d, 2H, J = 5.8 Hz), 8.03 (dd, 2H, J =
7.2, 6.7 Hz), 7.83 (d, 2H, J = 7.2 Hz), 7.54 (dd, 2H, J = 8.4, 7.2 Hz), 7.47 (d,
2H, J = 8.4 Hz), 7.34 (dd, 2H, J = 6.7, 5.8 Hz), 7.00 (d, 2H, J = 7.2 Hz), 3.74-
3.71 (m, 4H), 3.16-3.12 (m, 4H); MS (FAB) m/z 590 (M+-Cl).

Preparation of the Complex 5g. To 3g (22.4 mg, 0.05 mmol) in
acetonitrile (35 mL) was added (acetonitrile)opalladium(II) chloride (13.0
mg, 0.05 mmol) in acetonitrile (56 mL) under nitrogen atmosphere. The
stirring was stopped after 1 h and the mixture was allowed to stand for 1
h under nitrogen atmosphere. Then, the purple solid 5g precipitated out
and was filtrated and washed with ether. The complex 5g (purple plates)
was isolated almost quantitatively by recrystallization from acetonitrile.
5g: Mp > 300 °C (decomp.); IR (KBr, cm1) 1659, 1613 (C=0); 1H-NMR (600
MHz, dg-DMSO) 6 9.04 (br, 2H), 8.61 (d, 4H, J = 6.0 Hz), 7.62 (dd, 2H, J =
8.5,72Hz),741(,2H,J=7.2Hz),7.34(d, 2H, J = 8.5 Hz), 7.29(d, 4H, J =
6.0 Hz), 3.77-3.70 (m, 4H), 3.00-2.96 (m, 4H); MS (FAB) m/z 590 (M+-Cl).

Preparation of the Complex 6e. To 3e (22.4 mg, 0.05 mmol) in
acetonitrile (40 mL) was added palladium(II) acetate (566.1 mg, 0.25 mmol)
in acetonitrile (10 mL) under nitrogen atmosphere. Stirring at room
temperature for 24 h in the dark afforded a blue solution. After
evaporation of the solution, the complex 6e (blue plates) was isolated
almost quantitatively by recrystallization from acetonitrile.
6e: Mp 242-249 °C (decomp.); IR (KBr, cm-1) 1618 (C=0); 1H-NMR (400
MHz, CDoCly) 5 8.57 (dd, 1H, J = 5.9, 1.5 Hz), 7.81 (ddd, 1H, J = 7.7, 7.5, 1.5
Hz), 7.39 (dd, 1H, J = 7.5, 1.3 Hz), 7.35 (d, 1H, J = 6.9 Hz), 7.26-7.20 (m, 2H),
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7.01(d, 1H, J = 8.8 Hz), 3.57-3.53 (m, 2H), 3.24-3.19 (m, 2H); MS (FAB) m/z
658 (M+-20Ac).

UV-vis. Spectra Measurements. UV-vis. spectra were taken under
nitrogen atmosphere at 30 °C after keeping the acetonitrile solutions of the
quinone ligands and palladium(II) salt in the dark for 24 h.

Electrochemical Experiments. All electrochemical measurements
were carried out at 25 °C under an atmospheric pressure of nitrogen,
which was previously passed through a solution of the same composition
as the electrolysis solution. Cyclic voltammograms were obtained in
acetonitrile solution containing 0.1 M BuyNClO4 as the supporting
electrolyte (2 x 10-3 M). Potentials were determined with reference to a
KCl saturated calomel electrode at 50 mVs-1 scan rate.

X-ray Structure Determination of 3b. A red prismatic crystal of 3b
with approximate dimensions of 0.50 x 0.50 x 0.50 mm was mounted on a
glass fiber. The measurement was made on Rigaku AFC5R
diffractometer with graphite-monochromated Mo-Ka radiation and a
12kW rotating anode generator. | Cell constants and an orientation matrix
for data collection were obtained from a least-square refinement using the
setting angles of 25 carefully centered reflections in the range 26.99 < 26 <
27.48 ° corresponded to a primitive monoclinic cell with dimensions. The
data were collected at a temperature of 23 + 1 °C using the ®-26 scan
technique to a maximum 260 value of 55.0 °. Totals of 4417 independent
reflections were obtained and 4094 were unique (Rint = 0.089). The
structure was solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. The
final cycle of full-matrix least-squares refinement was based on 3438
observed reflections (I > 3.000(I)) and 235 variable parameters. R = 0.068,
R, =0.108. Cystallographic details appear in Table 1.



X-ray Structure Determination of 4b. A blue plate crystal of 4b with
approximate dimensions of 0.50 x 0.40 x 0.10 mm was mounted on a glass
fiber. All measurement were made on Rigaku AFC5R diffractometer
with graphite-monochromated Mo-Ka radiation and a 12kW rotating
anode generator. Cell constants and an orientation matrix for data
collection were obtained from a least-square refinement using the setting
angles of 25 carefully centered reflections in the range 27.12 < 28 < 27.50 °
corresponded to a primitive monoclinic cell with dimensions. The data
were collected at a temperature of 23 + 1 °C using the w-20 scan technique
to a maximum 260 value of 55.0 °. Totals of 56520 independent reflections
were obtained and 5234 were unique (Rint = 0.018). The structure was
solved by direct methods and expanded using Fourier techniques. The
non-hydrogen atoms were refined anisotropically. The final cycle of full-
matrix least-squares refinement was based on 3007 observed reflections (I
> 3.000(1)) and 289 variable parameters. R = 0.043, R,, = 0.030.
Crystallographic details appear in Table 1.

X-ray Structure Determination of 4i. A blue plate crystal of 4i with
approximate dimensions of 0.05 x 0.50 x 0.30 mm was mounted on a glass
fiber. The measurement was made on Rigaku AFC5R diffractometer
with graphite-monochromated Mo-Ko radiation and a 12kW rotating
anode generator. Cell constants and an orientation matrix for data
collection were obtained from a least-square refinement using the setting
angles of 25 carefully centered reflections in the range 25.77 < 26 < 27.36 °
corresponded to a primitive monoclinic cell with dimensions. The data
were collected at a temperature of 23 = 1 °C using the ®-20 scan technique
to a maximum 26 value of 55.2 °. Totals of 10768 independent reflections
were obtained and 7898 were unique (Rint = 0.003). The structure was
solved by direct methods and expanded using Fourier techniques. The

non-hydrogen atoms were refined anisotropically. The final cycle of full-
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matrix least-squares refinement was based on 2265 observed reflections (I
> 3.0006(I)) and 352 variable parameters. R = 0.078, R, = 0.068.
Crystallographic details appear in Table 1.

X-ray Structure Determination of 5g. A blue plate crystal of 5g with
approximate dimensions of 0.20 x 0.20 x 0.10 mm was mounted on a glass
fiber. The measurement was made on Rigaku AFC5R diffractometer
with graphite-monochromated Mo-Ka radiation and a 12kW rotating
anode generator. Cell constants and an orientation matrix for data
collection were obtained from a least-square refinement using the setting
angles of 25 carefully centered reflections in the range 26.91 < 26 < 27.51°
corresponded to a primitive monoclinic cell with dimensions. The data
were collected at a temperature of 23 £ 1 °C using the w-26 scan technique
to a maximum 20 value of 55.0 °. Totals of 6909 independent reflections
were obtained and 6578 were unique (Rint =’0.046). The structure was
solved by direct methods and expanded using Fourier techniques. The
non-hydrogen atoms were refined anisotropically. The final cycle of full-
matrix least-squares refinement was based on 4275 observed reflections (I

> 3.000(I)) and 362 variable parameters. R = 0.071, R,, = 0.063.

Crystallographic details appear in Table 1.
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Chapter 3. Complexation Behavior of Ferrocene Ligands
Bearing N-Heterocyclic Coordination Sites

3-1. Introduction

In a previous chapter, quinone ligands bearing N-heterocyclic
coordination sites is revealed to show a specific complexation behavior.
Complexation of particular molecules! or ions2 by organometallic ligands
containing one or more metallocene units has become a great interest
area in both organic and inorganic chemistry. ' For this purpose, the
design and synthesis of ligands having redox center are considered to be a
convinced approach. Ferrocene receptors are considered to construct a
specific molecular recognition site based on redox couple and two rotatory
coplanar cyclopentadienyl rings. A variety of ferrocene receptors have
been investigated to develop an efficient system.l: 2

This chapter describes the synthesis and the complexation behavior

of ferrocene ligands bearing N-heterocyclic coordination sites.

3-2. Results and Discussion

3-2-1. Synthesis of Ferrocene Ligands
The ferrocene ligands were easily prepared from 1, 1'-
ferrocenedicarboxylic acid chloride and the corresponding amines (eq. 1

and 2, Tables 1, and 2).
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Table 2. Synthesis of Fermocene Ligand
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2 4-DMAP = 4-Dimethylaminopyridine.

It should be noted that in the case 2-aminopyridine, the imide-
bridged [3]ferrocenophane, 2-pyridy1-1,1'-ferrocenedicarbbximide
(PFDCI), was synthesized directly and predominantly in one stage in 57%
yield (Scheme 1). The diamide, 2-BPFA, was obtained in only 4% yield.
PFDCI appears to be the first example for the imide-bridged
[31ferrocenophanes to our best knowledge. This result is in sharp
contrast with the finding that N,N’'-bis(4-pyridyl)-1,1'-

ferrocenedicarboxamide (4-BPFA) was produced exclusively in 74% yield



in the case of 4-aminopyridine. No intramolecular imide formation was
observed. This difference is referred to the site of the pyridyl nitrogens,
suggesting the involvement of an acylpyridinium intermediate in the
cyclization step to PFDCI.

Metallocenophanes are structurally interesting aromatics and
redox of transition metals permits potential utilization as materials and
catalysts.3 Synthesis of [nJmetallocenophanes has been addressed from
these points of view.4 The internal strain is a key factor to design
[nJmetallocenophanes. A bridging unit containing heteroatoms expands

the scope of metallocenophane chemistry.

Scheme 1
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The X-ray crystal structure determination of PFDCI indicated the
distortion of the ferrocenophane ring (Figure 1 and Table 3). The
important bond distances and angles are listed in Table 4. The dihedral
angle (16.4°) between the least-squares planes of two cyclopentadienyl
rings is unexpectedly large as compared with those of the known
[31ferrocenophanes;4 - 7 the rings of [3]ferrocenophane-1,3-dione and
cationic 2-N,N-dimethylammonium-[3]ferrocenophane iodide are tilted by

9.8° and 12.2°, respectively, with respect to each other.6
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Figure 1. ORTEP view of the X-ray crystal structure of PFDCI
(50% probability ellipsoids).

Table 3. Crystallographic Data for PFDCI

formula C17H12N202Fe v, A3 1350.2(5)
mol wt 332.14 Z 4

cryst system monoclinic Dzaled, g cm 1.634
space group P24/c (Mo Koy, cm™ 11.24

a A 9.708(3) T, °C 23

b, A 8.697(3) A (Mo Ko), A 0.71069
¢, A 16.641(2) R 0.063

B, deg 106.07(1) Ry 0.073




Table 4. Selected Bond Distances (A) and Bond Angles (deg) for PFDCI

Bond Distances

Fe-C(1) 1.971(6) Fe-C(10) 2.014(7)
Fe-C(2) 2.011(7) C(1)-C(11) 1.482(9)
Fe-C(3) 2.069(7) C(6)-C(12) 1.493(9)
Fe—-C(4) 2.085(6) C(11)-0(1) 1.217(8)
Fe—C(5) 2.037(6) C(12)-0(2) 1.214(8)
Fe-C(6) 1.974(6) C(11)-N(1) 1.446(8)
Fe—C(7) 2.043(7) C(12)-N(1) 1.408(8)
Fe—C(8) 2.079(6) C(13)-N(1) 1.446(8)
Fe-C(9) 2.080(7)
Bond Angles

C(1)-C(11)-N(1) 117.0(5) 0O(2)-C(12)-N(1) 120.9(6)
C(1)-C(11)-0(1) 123.5(6) ' C(11)-N(1)-C(12) 124.8(5)
O(1)-C(11)-N(1) 119.5(6) C(11)-N(1)-C(13) 115.8(5)
C(6)-C(12)-N(1) 118.0(5) C(12)-N(1)-C(13) 119.4(5)
C(6)-C(12)~-0(2) 121.1(6)

The PB-angle defined as the angle between the plane of the
cyclopentadienyl ring and C(ipso)-CO(bridging) bond is 34.6° for C(1)-C(2)-
C(3)-C(4)-C(5) and C(1)-C(11)O(1) and 45.7° for C(6)-C(7)-C(8)-C(9)-C(10)
and C(6)-C(12)0(2). The B-angle effect was supported by the 13C-NMR
spectrum that the up-field chemical shift for the C(ipso) atom and the
down-field shift for the C(a) and C(B) atoms of the cyclopentadienyl rings
were observed in comparison with those of 2-BPFA.

Another interesting feature is that the staggered orientation of the
two cyclopentadienyl rings is accompanied by the twisting of the bridge in
the imide system. The staggering degree 35.5° was defined here as the
angle between the mean planes through the atoms Fe-C(1)-C(11) and Fe-
C(6)-C(12). The two rings are approximately staggered, being in contrast
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with the eclipsed ones of the known [3]ferrocenophanes.2 -5 This unique
distorted structure including the above-mentioned larger tilt angle is
considered to be attributed to the imide linkage.

It should be also noted that the calculated position of the hydrogen
atom on the cyclopentadienyl C(a) atom is almost located to face =-
electrons of the pyridyl ring of the neighboring molecule in the crystal
packing of PFDCI (Figure 2). The distance between the hydrogen and the
center of the pyridyl ring is 2.97 A, suggesting a © hydrogen bond8 in the
crystal structure (edge-to-face interaction). The dihedral angle between
the least-square planes of the cyclopentadienyl and pyridyl rings is 90.4°,

which is reasonable for the edge-to-face interaction.

Figure 2. Molecular packing of PFDCI.

The preferred orientation of the imide linkage would seem to be
perpendicular to the cyclopentadienyl ring planes leading to an eclipsed
orientation of the rings. Because of steric interactions between the oxygen
atoms, O(1) and O(2), and the pyridyl nitrogen atom and hydrogen atom at
C(14) of the pyridyl ring, the orientation of the pyridyl ring would be
within a limited range of parallel to the cyclopentadienyl ring. The
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packing interaction, however, requires a rotation of the pyridyl ring away
from this orientation, which is considered to induce a twist in the imide
bridge, resulting in the observed staggered conformation and the tilted
rings at the bridgehead carbon atoms to set the observed dihedral angle.
An alternative explanation might involve the larger angle at the
bridging nitrogen atom, which would lead to the two cyclopentadienyl.
rings being further apart in a favored eclipsed orientation. The most
likely explanation might be based on a combination of these two effects.
The strained imide bridge is predicted to effect the electronic state.
The electrochemical properties of the above-obtained ferrocene derivatives
were studied by cyclic voltammetry. A reversible oxidation wave of the
Fct/Fc couple was observed at Eq/2 1018 (PFDCI), 947 (2-BPFA), or 904 (4-
BPFA) mV vs. SCE, respectively. PFDCI showed the large anodic shift of
71 mV in comparison with 2-BPFA. The difference is probably due to the
distortion of the [3lferrocenophane with the electron-withdrawing imide

linkage.

3-2-2. Complexation with Palladium(II) Chloride

We investigated the complexation behavior of ferrocene derivatives.
Although a wide range of relative orientations of the podand ligand, 2-
BPEFA, is pdssible, a specific coordinating behavior was observed. 2-
BPEFA formed a 1:1 complex with an equimolar amount of dichloro-

bis(acetonitrile)palladium(II) (eq. 3).

Pd(CH3CN),ClI
(CH3CN)2 2 Cl. ..Pd—CI (3)
: CH3CN, rt., 1h @\(

2-BPEFA

2-BPEFA-PdCl2

ZT

Z=
\/\/
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The structure of the isolated 2-BPEFA-PdCly complex was
elucidated by 1H-NMR. The down-field shift of the pyridyl protons implies
the coordination of the pyridyl nitrogens to palladium.

The single-crystal X-ray structure determination indicated C2
symmetry of 2-BPEFA-PdCle complex, being consistent with two
equivalent pyridyl groups in !H-NMR (Figure 3 and Table 5). The two
intramolecular pyridyl nitrogens coordinate trans to palladium. The
coordination geometry is a nearly square planar with the palladium-

bonded chloride.

2 Ci2

Figure 3. ORTEP view of the X-ray crystal structure of 2-BPEFA —PdCl,
(40% probability ellipsoids).
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Table 5. Crystallographic Data for 2-BPMFA, 2-BPMFA — PdCl,, and 2-BPEFA-PdCl,

2-BPMFA 2-BPMFA-PdCly 2-BPEFA—-PdCly
formula C25H23N4O2C|3 Co4HogN4O4CloFePd CogH3agN4Q4CloFePd
mol wt 573.69 667.65 695.70
cryst system monoclinic triclinic triclinic
space group P2y/c Pl Pl
a A 10.132(3) 11.691(3) 12.333(4)
b, A 23.907(3) -13.980(3) 12.390(5)
c, A 10.399(3) 8.329(2) 11.880(6)
a, deg ’ 100.01(2) 111.09(4)
B, deg 91.03(3) 109.06(2) 118.31(3)
y, deg 88.17(2) 97.21(3)
v, A3 2518(1) 1266.4(6) 1390(1)
b4 4 2 2
Deajed, g cM™ 1.513 1.751 1.661
wMo Ka), cm™' 947 15.32 13.99
T,°C pA 23 23
A(Mo Ko), A 0.71069 0.71069 0.71069
R 0.071 0.048 0.076
Ry 0.078 0.058 0.088

2-BPMFA bearing the 2-pyridylmethyl group instead of the 2-
pyridylethyl one also formed a 1:1 complex with an equimolar amount of

dichloro-bis(acetonitrile)palladium(II) (eq. 4).

3 L7
S Y saonone @*
Fe N Pd(CHsON)Cl2 | Clown Pd--CI (4)
N, =}  CHsCN, rt, 1h
0
2-BPMFA 2-BPMFA —PdCly

The pyridyl protons were down-field shifted and the two pyridyl
groups were equivalent in 1H-NMR as observed in 2-BPEFA-PdCly
complex. X-ray crystal structure determination of 2-BPMFA-PdCl,

complex also showed the same coordination as 2-BPEFA (Figure 4 and

74



Table 5) and the two intramolecular pyridyl nitrogens coordinate trans to
palladium. The two cyclopentadienyl rings of 2-BPMFA-PdClg are
staggered, being in contrast with the eclipsed conformation of 2-BPMFA
(Figure 5).

Figure 4. ORTEP view of the X-ray crystal structure of 2-BPMFA ——’PdClg
(40% probability ellipsoids).

Figure 5. ORTEP view of the X-ray crystal structure of 2-BPMFA
(40% probability ellipsoids). CHCIg is omitted for clarity,
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2-BPMFA-PdCls was found to be the strained complex based on

distortion of the molecule.

The extent of the strain is evaluated by

deviation of the X-ray structural parameters. The dihedral angle (9) of tilt

r

&

Fe

Figure 6. Notation of structural parameters in molecular geometry.

Table 6. Selected Bond Distances (A), Bond Angles (deg), and
Structural Parameters '

2-BPMFA

2-BPMFA - PdCl,

2-BPEFA-PdCly

Pd-N(3)
Pd-N(4)
Pd-Ci(1)
Pd-Ci(2)
Fe-Pd

N(3)—Pd-N(4)
N(3)-Pd-Cl(1)
N(3)-Pd—Cl(2)
N(4)-Pd—CI(1)
N(4)-Pd—Ci(2)
Cl(1)-Pd-Cl(2)

r(A)
6 (°)
o (°)

2.039
1.3
05

Bond Distances
2.013(5)
2.027(5)
2.298(2)
2.304(2)

6.35

Bond Angles
178.7(2)
89.4(2)
90.3(2)
91.6(2)
88.6(2)
178.31(7)

Structural Parameters
2.045
34
24.7

2.02(1)
2.03(1)
2.307(4)
2.303(4)
7.42

176.1(5)
89.9(3)
90.2(3)
90.3(3)
89.5(3)

1795(2)

2.036
0.9
3.9

between the two cyclopentadienyl rings, the average distance (r) of the

metal from the ring carbons, and the rotation (w) of the two

cyclopentadienyl rings about the Cp-Fe-Cp axis are shown in Figure 6.

The selected bond distances, bond angles, and structural parameters of 2-

BPMFA, 2-BPMFA-PdCl; complex, and 2-BPEFA-PdCly; complex are

summarized in Table 6. The length of methylene chain affects the
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complexation. The two cyclopentadienyl rings of 2-BPEFA-PdCl; are
eclipsed, being in contrast with the staggered conformation of 2-BPMFA-
PdClg complex. The redox interaction between the palladium and iron
does not exist since the distance between them is longer than 6 A.

The redox properties of the ferrocene ligands and corresponding
palladium complexes were investigated by cyclic voltammetry using 0.1 M
Bu4yNCl104 as a supporting electrolyte in acetonitrile at a 50 mVs-1 scan
rate (Table 7). Cyclic voltammetry verified that the redox of ferrocene was

not affected even if the palladium coordinates to the pyridyl moieties.

Table 7. Redox Potential

Ligand and complex Eyp? Ligand and complex Ei?
Ferrocene 0.330 BMEIFA 0.788
2-BPEFA 0.770 2-BPMFA 0.743
2-BPEFA — PdCl, 0.772 2-BPMFA — PdCl» 0.754
4-BPEFA 0.734 2-PEFA 0.556
BPHEFA 0.716 - 4PEFA 0.564
BBFA 0.705 2-PMFA 0.569

28V vs SCE.

On the basis of these observations, the effect of the position of pyridyl
nitrogen was examined. Interestingly, 4-BPEFA bearing the 4-
pyridylethyl group was found to form the 2:2 macrocyclic complex maybe
due to the difficulty in the intramolecular coordination as shown in eq. 5.

All pyridyl protons were equivalent in 1H-NMR.

@)\ /_bN Pd(CHsCN),Cl,
() CHeON. 1
@\n/ cl
4BPEFA @/& _/—C \ — N
cl
3i
P- -
i
cl

v Fe
@YHx@-.. ”» Nyh‘v@
O == = O
4-BPEFA -PdCi,

i



To clear the character of complexation behavior of ferrocene
ligands, then, 2-PEFA bearing only one pendant group was investigated.
2-PEFA was found to form the 2:1 complex with dichloro-
bis(acetonitrile)palladium(II) as shown in eq. 6. Two different kinds of
peaks due to cis and trans-isomers were observed in 1H-NMR. The

rotational barrier of isomer, Ea, was calculated as 14.9 kcal mol-1.

@YL ®
N~ Pd(CHZCN),Cl,
CH3CN, rt., th
@ 2 equiv. 8

2-PEFA
< <
Fe H S Fe H
@\r"\_@ ©YN_\—©
0 o ¢
cl- -Pd-Cl S cl- 'Pd—Cl

EN_/—O Ea = 14.9 kcal mol™! @_\ E

(2-PEFA), — PdCl,

(6)

In the case of 4-PEFA bearing the 4-pyridyl group instead of the 2-
pyridyl one, only one isomeric 2:1 complex was obtained as shown in eq. 7.
The barrier of rotation of the pyridyl groups was not detected under the

conditions employed here.

@)k %N PA(CHaCN),Cly -

CH3CN, 1t 1h
@ 2 equiv. )
Cl
4-PEFA D H ;
=" 1 =/ =N
Fe H Cl H Fe

= =2

(4-PEFA), ~ PdCl,
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3-2-3. Interaction with p-Quinones

Ferrocene ligands bearing N-heterocyclic coordination sites were

found to afford the specific coordination site.

These complexation

behaviors are characteristic of the pondant pyridyl coordination sites.

The interaction with p-quinones was examined.

The CT complex was observed in UV-vis. spectra by irradiation

(>490 nm) of a mixture of 2-BPEFA and p-chloranil as shown in Figure 7.

Such a complexation was not observed in the dark. The efficient

interaction between the pyridyl moieties and p-chloranil is considered to

contribute to the complexation since the

down-field shift of the pyridyl

protons and no remarkable shift of the others were observed in 1TH-NMR.

4.0

3.0
in the dark

p-chloranil

Absorbance

2-BPEFA

1.0

2-BPEFA — p-chloranil
Xe Lamp > 490 nm irradiation, 10 min

2-BPEFA — p-chloranil

0.0 T
300 600
nm

T T
400 500

T ] *
700 800 800

Figure 7. UV - vis. spectra of ligand and complex.
[2-BPEFA] = 1x10"3M; [p-chloranil] = 1x10°3M;
[2-BPEFA] = 1x103M — [p-chloranil] = 1x103M;

solv.MeCN; under nitrogen.

Such a complexation was observed when 2,6-dichloro-p-quinone

was employed instead of p-chloranil.

2-BPEFA interacts with 2,6-

dichloro-p-quinone to result in a blue shift of the broad CT band as

compared with p-chloranil (Figure 8).
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support the charge transfer interaction. The similar down-field shift of

the pyridyl protons was also observed in 1H-NMR.

4.0
2-BPEFA - 2,6-dichloro-p-quinone
Xe Lamp > 490 nm irradiation, 10 min
3.0
2-BPEFA - 2,6-dichloro-p-quinone
® in the dark
2
3 2.0 2,6-dichloro-p-quinone
(o]
0
2 2-BPEFA
1.0
0.0 T T T T T
300 400 500 600 700 800 900

nm

Figure 8. UV - vis. spectra of ligand and complex.
[2-BPEFA] = 1x10°3M; [2,6-dichloro-p-quinone] = 5x10°3M;
[2-BPEFA] = 1x10"3M — [2,6-dichloro-p-quinone] = 5x103M;
solv.MeCN; under nitrogen.

Furthermore, BBFA which has no n-system did not form a CT
complex even after irradiation. Although the CT complex has not been
isolated yet, a combination of the ferrocene and aromatic n-system is
considered to be a kvey factor for the novel photoinduced CT complexation.
Since 2-PEFA bearing only one pendant group did not show such an
interaction, two pendant group is alsokessential for the present

interaction.



3-3. Conclusion

Synthesis and characterization of the complexation behavior of the
ferrocene ligands bearing N-heterocyclic coordination sites are presented
here. It has been disclosed that the imide-bridged [3]ferrocenophane, 2-
pyridyl-1,1'-ferrocenedicarboximide, is synthesized directly in one stage
and the ferrocene ligands afford the specific coordination sites based on

two rotatory coplanar cyclopentadienyl rings.

34. Experimental

General

Melting points were measured using Yanagimoto micromelting
point apparatus and are uncorrected. Infrared spectra were recorded on
a Perkin-Elmer FT-IR 1605 infrared. 1H-NMR spectra were recorded on a
Bruker AM-600 (600MHz) spectrometer, a JEOL JNM-GSX-400 (400MHz)
spectrometer, and a JEOL JNM-EX-270 (270MHz) spectrometer with
tetramethylsilane as an internal standard. 13C-NMR spectra were
recorded on a Bruker AM-600 (600MHz) spectrometer. UV-vis. spectra
were recorded using a Hitachi U-3000. The X-ray crystallography was
made on Rigaku AFC5R diffractometer. The fast atom bombardment
mass spectra were run on a JEOL JMS-DX303HF spectrometer.
Recycling preparative HPLC analysis was performed on a JAI LC-908.
The standard electrochemical instrumentation consisted of a Hokuto
Denko potentiostat / galvanostat HA-301S and a Hokuto Denko function
generator HB-104S with a three-electrode system consisting of a glassy

carbon working electrode, a platinum auxiliary electrode, and a KCl-
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saturated calomel reference electrode. Cyclic voltammograms were
recorded with Graphtec WX 1000.

Synthesis of N,N'-Bis{2-(2-pyridyl)ethyl}-1,1"'-
ferrocenedicarboxamide (2-BPEFA). To a stirred mixture of 2-(2-
aminoethyl)pyridine (1.4 mL, 12 mmol), 4-dimethylaminopyridine (0.0369
g, 0.3 mmol), and triethylamine (8.6 mL, 60 mmol) in dichloromethane
(20 mL) was dropwise added 1,1'-ferrocenedicarboxylic acid chloride (1.87
g, 6.0 mmol) in dichloromethane (40 mL) under nitrogen at 0 °C. The
mixture was stirred at 0 °C for 7 h and at room temperature for 17 h. The

resulting mixture was diluted with dichloromethane (30 mlL), washed

with saturated NaHCOg3 aqueous solution and brine, and dried over
MgSO4. The solvent was evaporated in vacuo, and the residue was
chlomatographed over alumina and eluted with dichloromethane.
Orange solid, 2-BPEFA, was isolated in 85 % yield and purified as an
orange prism by recrystallization from dichloromethane.

2-BPEFA. Mp 132-134 °C (uncorrected); IR (KBr, cm-1) 3264 (NH), 1644
(C=0), 1554 (C=C); 1H NMR (270 MHz, CDCl3) & 8.59 (ddd, 2H, J = 5.0, 1.7,
1.0 Hz, Py), 7.65 (dt, 2H, J = 7.6, 1.7 Hz, Py), 7.46 (br, 2H, NH), 7.26 (dt, 2H,
J =17.6,1.0 Hz, Py), 7.18 (ddd, 2H, J = 7.6, 5.0, 1.0 Hz, Py), 4.49 (t,4H, J = 2.0
Hz, Cp), 4.28 (t, 4H, J = 2.0 Hz, Cp), 3.81 (q, 4H, J = 6.6 Hz, CHy), 3.13 (4,
4H, J = 6.6 Hz, CHy); MS (FAB) m/z 483 (M++1). Anal. Caled for
CosHoeN4 OgFe: C, 64.74; H, 5.43; N, 11.62. Found: C, 64.52; H, 5.47; N,
11.63.

Synthesis of N,N'-Bis{2-(4-pyridyl)ethyl}-1,1'-
ferrocenedicarboxamide (4-BPEFA). To a stirred inixture of 4-(2-
aminoethyl)pyridine (1.2 mL, 10 mmol), 4-dimethylaminopyridine (0.0305
g, 0.25 mmol), and triethylamine (7.0 mL, 50 mmol) in dichloromethane
(20 mL) was dropwise added 1,1'-ferrocenedicarboxylic acid chloride (1.56
g, 5.0 mmol) in dichloromethane (40 mL) under nitrogen at 0 °C. The
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mixture was stirred at 0 °C for 7 h and at room temperature for 17 h. The
resulting mixture was diluted with dichloromethane (30 mL), washed
with saturated NaHCOj3; aqueous solution and brine, and dried over
MgSO4. The solvent was evaporated in vacuo, and the residue Wa‘s
chlomatographed over alumina and eluted with dichloromethane.
Orange solid, 4-BPEFA, was isolated in 80 % yield and purified as a
microcrystalline orange solid by recrystallization from dichloromethane.
4-BPEFA. Mp 169-170 °C (decomp); IR (KBr, cm-1) 3232 (NH), 1650 (C=0),
1548 (C=C); 'H NMR (270 MHz, CD3CN) & 8.49 (d, 4H, J = 5.9 Hz, Py), 7.29
(d, 4H, J = 5.9 Hz, Py), 7.11 (br, 2H, NH), 4.40 (t, 4H, J = 2.0 Hz, Cp), 4.26 (1,
4H, J = 2.0 Hz, Cp), 3.58 (q, 4H, J = 6.9 Hz, CHy), 2.92 (t, 4H, J = 6.9 Hz,
CHy); MS (FAB) m/z 483 (M*+1). Anal. Calcd for CogHogN4OoFe: C, 64.74;
H, 5.43; N, 11.62. Found: C, 64.61; H, 5.50; N, 11.74.

Synthesis of N,N'-Bis(2-phenethyl)-1,1'-ferrocenedicarboxamide
(BPHEFA). To a stirred mixture of phenethylamine (1.1 mL, 9 mmol), 4-
dimethylaminopyridine (0.0306 g, 0.25 mmol), and triethylamine (6.5 mL,
45 mmol) in dichloromethane (20 mL) was dropwise added 1,1'-
ferrocenedicarboxylic acid chloride (1.40 g, 4.5 mmol) in dichloromethane
(30 mL) under nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h
and at room temperature for 17 h. The resulting mixture was diluted
with dichloromethane (30 mL), washed with saturated NaHCO3; aqueous
solution and brine, and dried over MgSO4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted
with dichloromethane. Orange solid, BPHEFA, was isolated in 84 % yield
and purified as an orange prism by recrystallization from
dichloromethane.

BPHEFA. Mp 176-177 °C (uncorrected); IR (KBr, cm-1) 3236 (NH), 1628
(C=0), 1554 (C=C); 1H NMR (400 MHz, CDCl3) § 7.37-7.23 (m, 12H, Ph),
6.68 (br, 2H, NH), 4.37 (t, 4H, J = 1.8 Hz, Cp), 4.30 (t, 4H, J = 1.8 Hz, Cp),
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3.69 (q, 4H, J = 7.0 Hz, CHj), 2.98 (t, 4H, J = 7.0 Hz, CHy); MS (FAB) m/z
481 (M++1). Anal. Calcd for CosH9gN202oFe: C, 70.01; H, 5.88; N, 5.83.
Found: C, 69.95; H, 5.91; N, 5.87.

Synthesis of N,N'-Bis(n-butyl)-1,1'-ferrocenedicarboxamide (BBFA).

To a stirred mixture of butylamine (0.395 mL, 4.0 mmol), 4-
dimethylaminopyridine (0.0121 g, 0.1 mmol), and triethylamine (2.8 mL,
20 mmol) in dichloromethane (10 mL) was dropwise added 1,1'-
ferrocenedicarboxylic acid chloride (0.62 g, 2.0 mmol) in dichloromethane
(20 mL) under nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h
and at room temperature for 17 h. The resulting mixture was diluted
with dichloromethane (20 mL), washed with saturated NaHCOg3 aqueous
solution and brine, and dried over MgSO4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted
with dichloromethane. Orange solid, BBFA, was isolated in 82 % yield
and purified as a microcrystalline orange solid by recrystallization from
dichloromethane.
BBFA. Mp 156-158 °C (uncorrected); IR (KBr, cm1) 3328 (NH), 1634 (C=0),
1554 (C=C); 1H NMR (600 MHz, CD3CN) & 7.04 (br, 2H, NH), 4.52 (t, 4H, J =
1.8 Hz, Cp), 4.35 (t, 4H, J = 1.8 Hz, Cp), 3.28 (q, 4H, J = 7.2 Hz, CHy), 1.57
(quit, 4H, J = 7.2 Hz, CHy), 1.42 (sext, 4H, J = 7.2 Hz, CHy), 0.96 (t, 6H, J =
7.2 Hz, CH3); MS (FAB) m/z 385 (M*+1). Anal. Calcd for CooHgagN9O9Fe:
C,62.51; H, 7.34; N, 7.29. Found: C, 62.50; H, 7.40; N, 7.29.

Synthesis of N,N'-Bis{1-methoxycarbonyl-2-(4-imidazolyl)ethyl}-1,1'-
ferrocenedicarboxamide (BMEIFA). To a stirred mixture of L-histidine
methyl ester dihydrochloride (2.4212 g, 10 mmol), 4-
dimethylaminopyridine (0.0304 g, 0.25 mmol), and triethylamine (10.5
mL, 75 mmol) in dichloromethane (20 mL) was dropwise added 1,1'-
ferrocenedicarboxylic acid chloride (1.55 g, 5.0 mmol) in dichloromethane

(40 mL) under nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h
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and at room temperature for 17 h. The resulting mixture was diluted
with dichloromethane (30 mL), washed with saturated NaHCO3 aqueous
solution and brine, and dried over MgSQO4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted
with dichloromethane. Orange solid, BMEIFA, was isolated in 63 % yield
and purified as an orange prism by recrystallization from
dichloromethane.

BMEIFA. [a]p = -64.8 °; Mp 107-109 °C (uncorrected); IR (KBr, cm-1) 3248
(NH), 1742, 1642 (C=0), 1540 (C=C); 1H NMR (600 MHz, CDCl3) 8 7.79 (br,
2H, NH), 7.62 (s, 2H, Im), 6.90 (s, 2H, Im), 4.93 (q, 2H, J = 7.1 Hz, CH), 4.75
(s, 2H, Cp), 4.71 (s, 2H, Cp), 4.42 (s, 4H, Cp), 3.74 (s, 6H, CHjy), 3.27-3.19 (m,
CH3); MS (FAB) m/z 577 (M*+1). Anal. Calcd for CogHogNgOgFe-H20: C,
52.54; H, 5.09; N, 14.14. Found: C, 52.22; H, 4.92; N, 13.76.

Synthesis of N,N’'-Bis{(2-pyridyl)methyl}-1,1'-
ferrocenedicarboxamide (2-BPMFA). To a stirred mixture of 2-
(aminomethyl)pyridine (0.722 mL, 7 mmol), 4-dimethylaminopyridine
(0.0429 g, 0.35 mmol), and triethylamine (4.9 mL, 35 mmol) in
dichloromethane (20 mL) was dropwise added 1,1'-ferrocenedicarboxylic
acid chloride (1.09 g, 3.5 mmol) in dichloromethane (30 mL) under
nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h and at room
temperature for 17 h. The resulting mixture was diluted with
dichloromethane (30 mL), washed with saturated NaHCO3 aqueous
solution and brine, and dried over MgSQO4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted
with dichloromethane. Orange solid, 2-BPMFA, was isolated in 79 %
yield and purified as an orange prism by recrystallization from
dichloromethane. 7
2-BPMFA. Mp 236-237 °C (decomp); IR (KBr, cm-1) 3280 (NH), 1650 (C=0),
1554 (C=C); 1H NMR (400 MHz, CD3CN) 6 9.39 (br, 2H, NH), 8.59 (ddd, 2H,
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J =49, 1.7, 0.7 Hz, Py), 7.78 (dt, 2H, J = 7.8, 1.7 Hz, Py), 7.40 (ddd, 2H, J =
7.8, 1.0, 0.7 Hz, Py), 7.30 (ddd, 2H, J = 7.8, 4.9, 1.0 Hz, Py), 4.69 (t, 4H, J =
2.0 Hz, Cp), 4.45 (d, 4H, J = 6.1 Hz, CH)), 4.37 (t, 4H, J = 2.0 Hz, Cp); MS
(FAB) m/z 455 (M*+1). Anal. Calcd for Co4HgaN4OoFe: C, 63.45; H, 4.88;
N, 12.33. Found: C, 63.22; H, 4.92; N, 12.28.

Synthesis of 2-(2-Pyridyl)ethylferrocenecarboxamide (2-PEFA). To a
stirred mixture of 2-(2-aminoethyl)pyridine (0.24 mL, 2 mmol), 4-
dimethylaminopyridine (0.0060 g, 0.05 mmol), and triethylamine (1.4 mL,
10 mmol) in dichloromethane (10 mlL) was dropwise added
ferrocenecarboxylic acid chloride (0.50 g, 2.0 mmol) in dichloromethane
(20 mL) under nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h
and at room temperature for 17 h. The resulting mixture was diluted
with dichloromethane (20 mL), washed with saturated NaHCOg3 aqueous
solution and brine, and dried over MgS0O4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted
with dichloromethane. Orange solid, 2-PEFA, was isolated in 85 % yield
and purified as an orange needle by recrystallization from
dichloromethane.
2-PEFA. Mp 143-144 °C (uncorrected); IR (KBr, cm-1) 3300 (NH), 1628
(C=0), 1556 (C=C); 1H NMR (400 MHz, CDCl3) 6 8.63 (ddd, 1H, J = 4.9, 1.8,
0.7 Hz, Py), 7.86 (dt, 1H, J = 7.7, 1.8 Hz, Py), 7.24 (ddd, 1H, J = 7.7, 1.1, 0.7
Hz, Py), 7.20 (ddd, 1H, J = 7.7, 4.9, 1.1 Hz, Py), 6.91 (br, 1H, NH), 4.65 (t,
2H, J = 1.8 Hz, Cp), 4.31 (t, 2H, J = 1.8 Hz, Cp), 4.11 (s, 5H, Cp), 3.81 (q, 2H,
J = 6.0 Hz, CHy), 3.10 (t, 2H, J = 6.0 Hz, CHy); MS (FAB) m/z 335 (M++1).
Anal. Caled for C18H18N9OFe: C, 64.69; H, 5.43; N, 8.38. Found: C, 64.52;
H,547; N, 8.44.

Synthesis of 2-(4-Pyridyl)ethylferrocenecarboxamide (4-PEFA). To a
stirred mixture of 4-(2-aminoethyl)pyridine (0.35 mL, 3 mmol), 4-
dimethylaminopyridine (0.0092 g, 0.075 mmol), and triethylamine (2.1
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mL, 15 mmol) in dichloromethane (10 mL) was dropwise added
ferrocenecarboxylic acid chloride (0.75 g, 3.0 mmol) in dichloromethane
(20 mL) under nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h
and at room temperature for 17 h. The resulting mixture was diluted
with dichloromethane (20 mL), washed with saturated NaHCO3 aqueous
solution and brine, and dried over MgS0O4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted
with dichloromethane. Orange solid, 4-PEFA, was isolated in 86 % yield
and purified as an orange plate by recrystallization from
dichloromethane.
4-PEFA. Mp 153-155 °C (uncorrected); IR (KBr, cm'l) 3300 (NH), 1632
(C=0), 1544 (C=C); 1H NMR (400 MHz, CDCl3) 6 8.58 (dd, 2H, J = 4.6, 1.7
Hz, Py), 7.21 (dd, 2H, J = 4.6, 1.6 Hz, Py), 5.68 (br, 1H, NH), 4.60 (t, 2H, J =
2.0 Hz, Cp), 4.34 (t, 2H, J = 2.0 Hz, Cp), 4.15 (s, 5H, Cp), 3.69 (q, 2H, J = 7.0
Hz, CHy), 2.94 (t, 2H, J = 7.0 Hz, CHy); MS (FAB) m/z 335 (M*+1). Anal.
Caled for C138H138N2OFe-0.25H20: C, 63.83; H, 5.51; N, 8.27. Found: C,
63.61; H, 5.51; N, 8.30.

Synthesis of (2-Pyridyl)methylferrocenecarboxamide (2-PMFA). To
a stirred mixture of 2-(aminomethyl)pyridine (0.206 mL, 2 mmol), 4-
dimethylaminopyridine (0.0060 g, 0.05 mmol), and triethylamine (1.4 mL,
10 mmol) in dichloromethane (10 mL) was dropwise added
ferrocenecarboxylic acid chloride (0.50 g, 2.0 mmol) in dichloromethane
(20 mL) under nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h
and at room temperature for 17 h. The resulting mixture was diluted
with dichloromethane (20 mL), washed with saturated NaHCO3 aqueous
solution and brine, and dried over MgSQ4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted

with dichloromethane. Orange solid, 2-PMFA, was isolated in 93 % yield
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and purified as an orange needle by recrystallization from
dichloromethane.

2-PMFA. Mp 144-145 °C (uncorrected); IR (KBr, cm-!) 3332 (NH), 1638
(C=0), 1548 (C=C); 1H NMR (400‘MHz, CDCl3) 6 8.61 (ddd, 1H, J = 4.9, 1.8,
0.6 Hz, Py), 7.70 (dt, 1H, J = 7.8, 1.8 Hz, Py), 7.37 (dt, 1H, J = 7.8, 0.6 Hz,
Py), 7.23 (ddd, 1H, J = 7.8, 4.9, 0.6 Hz, Py), 6.98 (br, 1H, NH), 4.75 (t, 2H, J =
1.8 Hz, Cp), 4.69 (d, 2H, J = 5.3 Hz, CHy), 4.36 (t, 2H, J = 1.8 Hz, Cp), 4.18
(s, 5H, Cp); MS (FAB) m/z 321 (M*+1). Anal. Calcd for
C17H16N2OFe-0.56H20: C, 62.03; H, 5.21; N, 8.51. Found: C, 62.06; H, 5.26;
N, 8.53.

Synthesis of 2-Pyridyl-1,1'-ferrocenedicarboximide (PFDCI) and
N,N'-Bis(2-pyridyl)-1,1'-ferrocenedicarboxamide (2-BPFA). To a stirred
mixture of 2-aminopyridine (0.377g, 4.0 mmol), 4-dimethylaminopyridine
(0.0122g, 0.1 mmol), and triethylamine (2.8 mL, 20 mmol) in
dichloromethane (10 mL) was dropwise added 1,1'-ferrocenedicarboxylic
acid chloride (0.62 g, 2.0 mmol) in dichloromethane (30 mL) under
nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h and at room
temperature for 17 h. The resulting mixture was diluted with
dichloromethane (20 mL), washed with saturated NaHCOjs aqueous
solution and brine, and dried over MgSO4. Orange solid was obtained by
evaporation of the dichloromethane solution in vacuo. PFDCI and 2-
BPFA were isolated by recycling preparative HPLC and recrystallized
from dichloromethane.

PFDCI. Orange prisms; yield, 57%; mp 215-219 °C (decomp); IR (KBr, cm-
1) 1702, 1655 (C=0), 1587 (C=C); 1H NMR (400 MHz, CDCl3) & 8.62 (ddd, 1H,
J =4.9, 2.0, 0.7 Hz, Py), 7.86 (dt, 1H, J = 7.7, 2.0 Hz, Py), 7.38 (ddd, 1H, J =
7.7, 1.0, 0.7 Hz, Py), 7.33 (ddd, 1H, J = 7.7, 4.9, 1.0 Hz, Py), 4.82 (t,4H, J =
2.0 Hz, Cp), 4.58 (t, 4H, J = 2.0 Hz, Cp); 13C NMR (150 MHz, CDCl3) § 1714
(C=0), 153.2 (Py), 149.7 (Py), 138.4 (Py), 123.1 (Py), 122.9 (Py), 76.9 (ipso Cp),
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75.3 (Cp), 72.8 (Cp); MS (FAB) m/z 333 (M*+1). Anal. Calcd for
C17H12N2OgFe: C, 61.48; H, 3.64; N, 8.43. Found: C, 61.27; H, 3.67; N, 8.38.
2-BPFA. Orange prisms; yield, 4%; mp 158-161 °C (decomp); IR (KBr, cm-
1) 3362 (NH), 1664 (C=0), 1576 (C=C); TH NMR (400 MHz, CDCl3) § 8.66 (bs,
2H, NH), 8.26 (ddd, 2H, J = 4.9, 2.1, 1.1 Hz, Py), 8.24 (dt, 2H, J = 8.3, 1.1 Hz,
Py), 7.65 (ddd, 2H, J = 8.3, 7.3, 2.1 Hz, Py), 7.02 (ddd, 2H, J = 7.3, 4.9, 1.1
Hz, Py), 4.91 (t, 4H, J = 2.0 Hz, Cp), 4.53 (t, 4H, J = 2.0 Hz, Cp); 13C NMR
(150 MHz, CDClg)  168.1 (C=0), 151.5 (Py), 147.6 (Py), 138.4 (Py), 119.5 (Py),
114.2 (Py), 77.7 (ipso Cp), 72.7 (Cp), 70.4 (Cp); MS (FAB) m/z 427 (M*+1).
Anal. Calcd for CooH18N4O9Fe-0.25H20: C, 61.34; H, 4.33; N, 13.01.
Found: C, 61.27; H, 4.42; N, 12.54.

Synthesis of N,N' '-Bis(4-py1'idyl)-1,1'-ferrocenedicarboxamide (4-
BPFA). To a stirred mixture of 4-aminopyridine (0.847g, 9.0 mmol), 4-
dimethylaminopyridine (0.0274g, 0.23 mmol), and triethylamine (6.5 mL,
45 mmol) in dichloromethane (20 mL) was dropwise added 1,1'-
ferrocenedicarboxylic acid chloride (1.40 g, 4.5 mmol) in dichloromethane
(60 mL) under nitrogen at 0 °C. The mixture was stirred at 0 °C for 7 h
and at room temperature for 17 h. The resulting mixture was diluted
with dichloromethane (30 mL), washed with saturated NaHCO3 aqueous
solution and brine, and dried over MgSO4. The solvent was evaporated in
vacuo, and the residue was chlomatographed over alumina and eluted
with dichloromethane. Orange solid, 4-BPFA, was isolated in 74 % yield
and purified as a microcrystalline orange solid by recrystallization from
dichloromethane.
4-BPFA. Mp 174-177 °C (decomp); IR (KBr, cm-1) 3234(NH), 1675(C=0),
1581(C=C); tH NMR (400 MHz, CDCl3) 3 8.88 (bs, 2H, NH), 8.58 (dd, 4H, J =
4.9, 1.6 Hz, Py), 7.73 (dd, 4H, J = 4.9, 1.6 Hz, Py), 4.69 (t, 4H, J = 1.8 Hz, Cp),
456 (t, 4H, J = 1.8 Hz, Cp): 13C NMR (150 MHz, CDCly) § 170.0 (C=0), 150.9
(Py), 145.2 (Py), 113.7 (Py), 78.4 (ipso Cp), 71.9 (Cp), 71.5 (Cp); MS (FAB)
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m/z 427 (M++1). Anal. Calcd for Coo0H18N4OoFe-Ho0: C, 59.48; H, 4.54; N,
12.61. Found: C, 59.73; H, 4.41; N, 12.46.

Preparation of 22BPEFA-PdCly. A mixture of 2-BPEFA (0.0242 g,
0.05 mmol) and dichloro-bis(acetonitrile)palladium(II) (0.0130 g, 0.05
mmol) was stirred in acetonitrile (3.0 mL) under nitrogen atmosphere at
room temperature for 1 h. The reaction mixture was filtered to remove
impurities. After evaporation of the solution, orange solid, 2-BPEFA-
PdCl;, was isolated in 80 % yield and purified as an orange prism by
‘recrystallization from a chloroform/acetonitrile (1:1 v/v).
2-BPEFA-PdCls: Mp 215-217 °C (decomp.); IR (KBr, cm-1) 3312 (NH), 1634
(C=0), 1548 (C=C); TH-NMR (400 MHz, CD3CN) 8 9.01 (ddd, 2H, J = 5.7, 1.6,
0.7 Hz, Py), 7.88 (dt, 2H, J = 7.7, 1.6 Hz, Py), 7.52 (dt, 2H, J = 7.7, 1.6, 0.7 Hz,
Py), 7.39 (ddd, 2H, J = 7.7, 5.7, 1.6 Hz, Py), 7.10 (br, 2H, NH), 4.70 (t,4H, J =
2.0 Hz, Cp), 4.45 (t, 4H, J = 2.0 Hz, Cp), 4.37-4.32 (m, 4H, CHjy), 3.94-3.88
(m, 4H, CHy); MS (FAB) m/z 660 (M*+1). Anal. Caled for
CoeHoeN4OoFePdCly-2H0: C, 44.89; H, 4.35; N, 8.05; Cl, 10.19. Found: C,
44.70; H, 4.37; N, 8.21; Cl, 10.44.

Preparation of 4-BPEFA-PdCla. A mixture of 4-BPEFA (0.0242 g,
0.05 mmol) and dichloro-bis(acetonitrile)palladium(II) (0.0130 g, 0.05
mmol) was stirred in acetonitrile (20 mL) under nitrogen atmosphere at
room temperature for 1 h. The reaction mixture was filtered to remove
impurities. After evaporation of the solution, orange solid, 4-BPEFA—-
PdClg, was isolated in 58 % yield and purified as a microcrystalline
orange solid by recrystallization from acetonitrile.
4-BPEFA-PdCl;: Mp >300 °C (decomp.); IR (KBr, cm1) 3308 (NH), 1622
(C=0), 1534 (C=C); 'H-NMR (600 MHz, dg-DMSO) & 8.66 (d, 8H, J = 6.5 Hz,
Py), 7.99 (t, 4H, J = 6.8 Hz, NH), 7.45 (d, 8H, J = 6.6 Hz, Py), 4.63 (t, 8H, J =
1.7 Hz, Cp), 4.25 (t, 8H, J = 1.7 Hz, Cp), 3.48 (q, 8H, J = 6.8 Hz, CH2), 2.95 (t,
8H, J = 6.8 Hz, CHg); MS (FAB) m/z 1320 (M*+1).
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Preparation of 2-BPMFA-PdCla. A mixture of 2-BPMFA (0.0226 g,
0.05 mmol) and dichloro-bis(acetonitrile)palladium(II) (0.0131 g, 0.05
mmol) was stirred in acetonitrile (3.0 mL) under nitrogen atmosphere at
room temperature for 1 h. The reaction mixture was filtered to remove
impurities. After evaporation of the solution, orange solid, 2-BPMFA-
PdClg, was isolated in 83 % yield and purified as an orange prism by
recrystallization from acetonitrile.
2-BPMFA-PdCly: Mp 194-196 °C (decomp.); IR (KBr, cm-1) 3332 (NH), 1648
(C=0), 1534 (C=C); TH-NMR (400 MHz, CD3CN) 6 9.10 (ddd, 2H, J = 5.7, 1.6,
0.7 Hz, Py), 7.93 (dt, 2H, J = 7.7, 1.6 Hz, Py), 7.59 (ddd, 2H, J = 7.7, 1.6, 0.7
Hz, Py), 7.38 (br, 2H, NH), 5.58 (d, 4H, J = 5.0 Hz, CHy), 4.81 (t,4H, J = 2.0
- Hz, Cp), 4.37 (t, 4H, J = 2.0 Hz, Cp); MS (FAB) m/z 1264 (2M+*+1). Anal.
Calced for Co4H9oN4O9FePdCly-2H20: C, 43.18; H, 3.93; N, 8.39; Cl, 10.62.
Found: C, 43.47; H, 3.97; N, 8.49; Cl, 10.48.

Preparation of (2-PEFA)-PdCly. A mixture of 2-PEFA (0.0134 g,
0.04 mmol) and dichloro-bis(acetonitrile)palladium(II) (0.0052 g, 0.02
mmol) was stirred in acetonitrile (2.0 mL) under nitrogen atmosphere at
room temperature for 1 h. The reaction mixture was filtered to remove
impurities. After evaporation of the solution, yellow solid, (2-PEFA)o—
PdCly, was isolated in 84 % yield and purified as a yellow needle by
recrystallization from a chloroform/acetonitrile (1:1 v/v).
(2-PEFA);-PdCly: Mp 158-161 °C (decomp.); IR (KBr, cm-!) 3230 (NH),
1621 (C=0), 1544 (C=C); TH-NMR (600 MHz, CD3sCN) 6 9.29 (4, 2H, J = 5.6
Hz), 9.05 (d, 2H, J = 5.6 Hz), 7.90-7.84 (m, 4H), 7.60 (d, 2H, J = 7.8 Hz), 7.54
(d, 2H, J = 7.8 Hz), 7.42-7.36 (m, 6H), 6.90 (br, 2H), 4.78 (t, 4H, J = 1.7 Hz);
4.73 (t,4H, J = 1.7 Hz), 4.32 (t, 8H, J = 1.7 Hz), 4.27-4.23 (m, 8H), 4.19-4.15
(m, 4H), 4.12-4.01 (m, 24H); MS (FAB) m/z 846 (M*+1). Anal. Calcd for
C36H36N4O02FeaPdCly-0.5CHCl3: C, 48.42; H, 4.06; N, 6.19; Cl, 13.71.
Found: C, 48.25; H, 4.10; N, 6.22; Cl, 13.80.
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Preparation of (4-PEFA);-PdClz. A mixture of 4-PEFA (0.0133 g,

0.04 mmol) and dichloro-bis(acetonitrile)palladium(II) (0.0052 g, 0.02
mmol) was stirred in acetonitrile (2.0 mL) under nitrogen atmosphere at
room temperature for 1 h. The reaction mixture was filtered to remove
impurities. After evaporation of the solution, yellow solid, (4-PEFA)o—
PdCly, was isolated in 72 % yield and purified as a yellow needle by
recrystallization fromacetonitrile.
(4-PEFA);-PdCly: Mp 207-210 °C (decomp.); IR (KBr, cm-1) 3259 (NH),
1619 (C=0), 1535 (C=C); 1H-NMR (600 MHz, dg-DMSO) 4 8.62 (d, 4H, J = 6.5
Hz, Py), 7.91 (t, 4H, J = 6.8 Hz, NH), 7.45 (d, 4H, J = 6.5 Hz, Py), 4.73 (t, 8H,
J = 1.7 Hz, Cp), 4.32 (t, 8H, J = 1.7 Hz, Cp), 3.47 (q, 8H, J = 6.8 Hz, CHy),
2.94 (t, 8H, J = 6.8 Hz, CHs); MS (FAB) m/z 846 (M++1). Anal. Calcd for
C3e¢H3eN4OoFesPdClo: C, 51.13; H, 4.29; N, 6.63; Cl, 8.38. Found: C, 51.05;
H, 4.28; N, 6.66; Cl, 8.13.

UV-vis. Spectra Measurements. UV-vis. spectra were taken
under nitrogen atmosphere at 30 °C after keeping the acetonitrile
solutions of 2-BPEFA and p-quinone.

Electrochemical Experiments. All electrochemical measurements
were carried out at 25 °C under an atmospheric pressure of nitrogen,
which was previously passed through a solution of the same composition
as the electrolysis solution. Cyclic voltammograms were obtained in the
dichloromethane solutions containing 0.1 M BuyNClO4 as a supporting
electrolyte ([ferrocene derivatives] = 1 x 10-3 M). Potentials were
determined with reference to a KCIl saturated calomel electrode at 100
mVs-1 scan rate.

X-ray Crystal Structure Determination of PFDCI. An orange
crystal of PFDCI with approximate dimensions of 0.50 x 0.30 x 0.30 mm
was mounted on a glass fiber. The measurement was made on Rigaku

AFC5R diffractometer with graphite-monochromated Mo-Ka radiation
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and a 12kW rotating anode generator. Cell constants and an orientation
matrix for data collection were obtained from a least-square reﬁnemént
using the setting angles of 25 carefully centered reflections in the range
27.15 < 20 < 27.43 ° corresponded to a primitive monoclinic cell with
dimensions. The data were collected at a temperature of 23 + 1 °C using
the ©-26 scan technique to a maximum 20 value of 55.1 °. Totals of 3513
independent reflections were obtained and 3325 were unique (Rint =
0.061). The structure was solved by direct methods and expanded using
Fourier techniques. The non-hydrogen atoms were refined
anisotropically. The final cycle of full-matrix least-squares refinement
was based on 2161 observed reflections (I > 3.000(I)) and 217 variable
parameters. R = 0.063, R, = 0.073. Crystallographic details are given in
Table 3.

X-ray Crystal Structure Determination of 2-BPMFA. An orange
crystal of 2-BPMFA with approximate dimensions of 0.30 x 0.30 x 0.30 mm
was mounted on a glass fiber. The measurement was made on Rigaku
AFC5R diffractometer with graphite-monochromated Mo-Ko radiation
and a 12kW rotating anode generator. Cell constants and an orientation
matrix for data collection were obtained from a least-square refinement
using the setting angles of 24 carefully centered reflections in the range
27.00 < 26 < 27.40 ° corresponded to a primitive monoclinic cell with
dimensions. The data were collected at a temperature of 23 + 1 °C using
the 0-26 scan technique to a maximum 26 value of 55.0 °. Totals of 6256
independent reflections were obtained and 5936 were unique (Rint =
0.040). The structure was solved by direct methods and expanded using
Fourier techniques. The non-hydrogen atoms were refined

anisotropically. The final cycle of full-matrix least-squares refinement

was based on 3714 observed reflections (I > 3.00c(1)) and 398 variable



parameters. R = 0.071, R, = 0.078. Crystallographic details are given in
Table 5.

X-ray Crystal Structure Determination of 2-BPMFA-PdCl;. A n
orange crystal of 2-BPMFA-PdCly with approximate dimensions of 0.70 x
0.50 x 0.20 mm was mounted on a glass fiber. The measurement was
made on Rigaku AFC5R diffractometer with graphite-monochromated
Mo-Ka radiation and a 12kW rotating anode generator. Cell constants
and an orientation matrix for data collection were obtained from a least-
square refinement using the setting angles of 25 carefully centered
reflections in the range 27.10 < 26 < 27.45 ° corresponded to a primitive
monoclinic cell with dimensions. The data were collected at a
temperature of 23 + 1 °C using the ©-20 scan technique to a maximum 20
value of 55.0 °. Totals of 6122 independent reflections were obtained and
5831 were unique (Rint = 0.036). The structure was solved by direct
methods and expanded using Fourier techniques. The non-hydrogen
atoms were refined anisotropically. The final cycle of full-matrix least-
squares refinement was based on 4701 observed reflections (I > 3.00c(1))
and 417 variable parameters. R = 0.048, R,, = 0.058. Crystallographic
details are given in Table 5.

X-ray Crystal Structure Determination of 2-BPEFA-PdCl2. A n
orange crystal of 2-BPEFA-PdACly with approximate dimensions of 0.10 x
0.20 x 0.30 mm was mounted on a glass fiber. The measurement was
made on Rigaku AFC5R diffractometer with graphite-monochromated
Mo-Ka radiation and a 12kW rotating anode generator. Cell constants
and an orientation matrix for data collection were obtained from a least-
square refinement using the setting angles of 25 carefully centered
reflections in the range 27.10 < 20 < 27.46 ° corresponded to a primitive
monoclinic cell with dimensions. The data were collected at a

temperature of 23 + 1 °C using the ®-28 scan technique to a maximum 26
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value of 55.0 °. Totals of 6661 independent reflections were obtained and
6364 were unique (Rint = 0.048). The structure was solved by direct
methods and expanded using Fourier techniques. The non-hydrogen
atoms were refined anisotropically. The final cycle of full-matrix least-
squares refinement was based on 3438 observed reflections (I > 3.000(1))

and 343 variable parameters. R =0.076, R,, = 0.088. Crystallographic

details are given in Table 5.
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Conclusion

In this thesis, novel transition metal complexes with N-heterocyclic
multidentate ligands for efficient redox systems are studied. The
complexation of transition metals with the flexible multidentate podand
ligands is revealed to permit the construction of efficient non-heme
systems of oxygenation. It has been disclosed that the multidentate N-
heterocyclic ligands with the redox center afford the specific coordination
sites.

In Chapter 1, the complexation of FeClg with the flexible
multidentate podand ligand, BIPA, is revealed to permit the epoxidation
reaction with molecular oxygen even in the absence of a co-reductant.
Furthermore, the addition of 4-ethoxycarbonyl-3-methyl-2-cyclohexen-1-
one leads to the facile epoxidation reaction with molecular oxygen under
the milder conditions. The cobalt(II) complex with 2-BPEPA serves as an
efficient catalyst fof the selective oxygenation of phenols to the
corresponding quinones. A combination of podand ligands and transition
metals is a key factor for the construction of efficient non-heme systems of
oxygenation, possibly due to the difference of the multidentate
coordination interaction (Scheme 1).

In Chapter 2, the complexation behavior of quinone ligands is
disclosed to depend on the coordination sites or gegen ions. In the case of
palladium(II) complexes in which the quinone oxygen coordinates to
palladium, four separate reversible redox couples based on the smooth

redox interaction between palladium and quinone are observed.



Scheme 1

1 3
R . R cat. FeCl, — Podand ligand
R) <R4 0, (1.0x10% kPa), DMF, 70 °C, 24 h

R2 RS
cat. Co(OAc)2 — Podand ligand

HO O,, DMF, 60 °C, 24 h

R' R3

X =H, OMe, CH, Ci

In Chapter 3, it is disclosed that the

imide-bridged

[3lferrocenophane, 2-pyridyl-1,1'-ferrocenedicarboximide, is syrithesized

directly in one stage and the ferrocene ligands afford the specific

coordination sites based on two rotatory coplanar cyclopentadienyl rings.

Ligand coordination greatly contributes to redox process, and the

ligand design is a key factor for the construction of a versatile catalytic

system.
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