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Utilization of CO:z is the subject of continuing importance in the
view of pfedictable energy shortage in near future and the increase of a green
house effect. Photo- and electro-chemical C0: fixation catalyzed by metal
complexes has a significant advantage for elucidation of the reaction
mechanism because of facile physical measurements for tracing reaction
intermediates. The design of the molecular catalysts based on the knowledge
concening the reaction intermediates would largely contribute for improving
the efficient utilization of CO2. Recent progress in the reduction of CO:
using metal complexes as catalyst precursors has disclosed for the formation
of CO and/or HCOO™ in some detail. It is generally accepted that metal-

n+2) +

carbony! complexes ([M-CO]° ) formed through an acid - base equilibrium

with [M-COOH] """ " and [M-4 '-C0°]"" in protic media play the role in CO

n +

evolution (eq 1). While the reductive disproportionation between [M(C0:)]

H H*
(M-n1-cog™ *————T (M-COOH)(M 1)+ M“BT [(M-COJin+2+ (1)

[M(COZ)]n+ / \ > [M'CO](n+2)+ (2)

[M(COR)I™ ,CO, [M(CO3))™2)*,CO42

and CO: or another [M(C0:)]"" becomes predominant pathways for the
[M-CO] “"**"* formation in aprotic media (eq 2). The mechanism of an oxide
transfer reaction of the terminal oxygen atom from 5 '-coordinated CO: to

another C0: (eq 3), however, has not been fully explored due to a limited

(n+2)+

—— M—C=0 + CO5% (3)

n+
o ]
0
C<o
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number of a well-characterized metal-y '-C0: complexes.

In chapter 2, to obtain a definitive evidence for the reductive
disproportionation the author discusses the oxide transfer reaction from C0s®~
to [Ru(bpy):(C0):1*" to afford [Ru(bpy):(CO) (5 '-C02)] which is well-known as
a stable 7‘—C0: complex. The reaction proceeds through two steps:. a
nucleophilic attack of COs*™ to the carbonyl ligand of [Ru(bpy):(C0):]*", and
the subsequent dissociation of C0: to afford [Ru(bpy):(C0) (5 '-C0:)] (Scheme 1).

Scheme 1
[(bpy)2Ru(CO)21* + coz M
o ‘—_‘ 0 —‘IO
eovcopecl L P 2, pocopec )+ 00
O—TC\ O
O

The observed rate constant of the first step (klobs) is followed by the first-
order with respect to the concentrations of both the complex and C0:°”, and
that of the second one (k:20bss) was essentially independent on the concen-
tration of CO0s®" under the pseudo-first order reaction conditions. The
similarities of '*C-NMR spectrum and the MLCT band of the intermediate (&=
201.7 and 205.2 ppm , and Amax = 390 nm) to those of [Ru(bpy):(C0O)(COOH)]"
(6=201.5 and 204.3, and Amax = 390 nm) also support the adduct formation
between [Ru(bpy):(C0):1*" with C0:°  prior to the oxide transfer from C0s3°” to
[Ru(bpy):(C0)2]°". The finding of the reverse reaction of eq 3 via the
proposed intermediate in eq 3 demonstrates the validity of eq 3 for the
reductive disproportionation of CO: under aprotic conditions.

The smooth conversion from [Ru(bpy) (trpy) (7 '-C02)] to [Ru(bpy) (trpy)
(COY1** (trpy = 2.2':6"', 2"-terpyridine) in EtOH/H:0 (eq 1), and the
subsequent reduction to [Ru(bpy) (trpy) (CHO)]" and [Ru(bpy) (trpy) (CH:0H)]" in
the same solvent has been applied to the first catalytic generation of HCHO,
CHs0H, HOOCCHO, and HOOCCH:0H in electrochemical reduction of CO:. Multi-
electron reduction of CO: using organic electrophiles instead of protons would
provide more versatile routes for the catalytic carbon-carbon bond formation

in the viewpoint of CO: as potential Cl sources for organic compounds. The



smooth conversion from CO: to CO under aprotic conditions, therefore, may be a
prornising gateway to the multi-electron reduction of CO: in the presence of
organic electrophiles. In contrast to the conversion from [M-y '2C0:1"" to
[M-C02] "** " assisted by proton (eq 1), strong basicity of [M-5'-C0:]1""
would be required for the facile reductive disproportionation of C0: under
mild conditions (eq 2). The basicity of 5 '-C0., species is estimated from the
pKa values of the hydroxycarbonyl complexes ([M-COOH] """ *) in eq. l. On the
basis of the pKa Of [Ru(bpy):(CO)(COOH)]* (9.6), and the wide range of pKa
values from over 14 to 2.5 of hydroxycarbonyl complexes reported so far, the
replacement of the carbonyl ligand in [Ru(bpy) 2 (CO) (4 '-C0z)] with an electron
donating group would greatly enhance the basicity of the 4 '-C0: moiety to
enable the smooth oxide transfer from y '-C0: to COz. In chapter 3, the
author discusses the first catalytic formation of acetone and acetoacetic acid
in electrochemical CO: reduction by [Ru(bpy):(qu) (CO)]*" (qu = quinoline)
under aprotic conditions, which is composed of two key reactions. The first
is the double methylation of the two electron form of [Ru-C0]J** to afford CH:C
(0)CH: where [Ru-C0]®" is regenerated through the oxide transfer from [Ru-
‘VI-COz]O,to C02 (eq 3). The second is the subtraction of the proton from
resulting CHsC(0)CHs by [Ru-5 '-C0:] to give [Ru-COOH]" and CHsC(0)CH:-, the
latter of which further undergoes carboxylation to produce CHsC(0)CH:C00".
Tetramethyl ammonium as an electrolyte was proved to function as the methyl
source for the methylation of [Ru-C0]°. Current efficiencies of CO, HCOO™,
CH:C(0)CHs, and CHsC(0)CH:C00™ were 42,7,16 and 6% respectively, after 60
passed. The first catalytic formation of ketones and ketoacids by double
alkylation of metal-carbonyl species resulting from reductive disproportion-
ation of CO: demonstrates the feasibility of C0: as a building block in
organic synthesis, although the main products of the C0: reduction is still CO.

As mentioned above, one of the advantage of homogeneous reactions
using molecular catalysts is facile physical measurements for tracing reaction
intermediates. Another advantage is the capability of the modification of the
reaction sites to suit to the reaction by choosing appropriate ligands. 1In
homogeneous catalytic reactions, site opening of catalysts only when reactions

take place would be preferable for stabilization of the catalysts, inhibition
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of side reactions, and promotion of eliminating the products from a reaction
center. Metal complexes with the ligands which can vary their coordination
modes reversibly with a little configurational barrier would serve to
construct such a reaction system. Taking into account that some metal-1,
8-naphthyridine (népY) complexes undergo fast isomerization reactions between
7'~ and 5 ’-modes in solutions, napy is expected to be a suitable ligand for
the design of homogeneous catalysts provided with the function of site-opening
and -closing in catalytic cycles. In chapter 4, dynamic behavior of [Ru (bpy) 2
(5 '-napy) (solvent)]"* and [Ru(bpy):( *-napy)]"* (n = I and 2) is discussed
in connection with the efficient catalytic activity of the analogous [Ru(bpy) 2
(qu) (C0)1*" for electro-chemical reduction of CO: as described in chapter 3.
The detailed study revealed that relative stability between Ru- '~ and 7 -
napy complexes is largely dependent on the charges of the complexes and
temperatures, which gives fundamental knowledge of controlling '~ and 5 °*-
modes of napy directed toward effective site-opening and -closing system in
homogeneous electrochemical catalysis.

Based on the achievements of the smooth oxide transfer from
[Ru(bpy)z(qu) (y '-C02)] to CO: (chapter 3) and the control of the coordination
modes of the napy ligand in [Ru(bpy):(y '-napy) (solvent)]"* and [Ru(bpy):
(7 %-napy)]"" (n =1, 2) (chapter 4), activation of the carbony!l moiety of
[Ru(bpy)z (% "-napy) (CO)]°" resulting from the reductive disproportionation of
the COz ligand of [Ru(bpy)z(y '-napy) (5 '-C0:)] was conducted by taking
advantage of the smooth inter conversion of the coordination modes of the napy
ligand. In chapter 5, the author discussed the Reversible conversion from the
carbonyl moiety to the metallacyclo ring driven by the [Ru(bpy):(# '-napy)
(C0)1**7" redox reaction. One-electron reduction of [Ru(bpy):( 7 ' -napy)
(CO)1*" takes place on a molecular orbital localized in the napy ligand .
The increase in the electron density in the napy ligand results in intra-
molecular nucleophilic attack of the free nitrogen atom of the ligand against
the carbonyl group to afford a five-membered carbamoyl ring (Ru-C(0)-N-C-N),
which can be opened to regenerate [Ru(bpy):(y '-napy)(C0)]1*" quantitatively
upon the reoxidation. Thus, the participation of a well designed ligand in

the activation of the carbonyl group is expected to afford new methodology for
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the smooth conversion from CO: to organic carbonyl groups without accompanying
an unfavorable CO dissociation due to an M-CO bond cleavage in the reduction

of CO:.

— 140 —



HEEHEROER

AR XD FTHEIELBEEMELZHAVAERBTIABEOMAETH S, LXK IOHAET
B, BBV ADPO REETFLREEELCCAHBILAY R L2 BRLAME. Kb
PDERBEEANBITRLTVE, KETEYHIToh/A DX, 70 P HOFHEEH
W, CO: %M L& B MmIMC02)1EC0: 25 [M-COl2D< Y, EHLIXThEBTLLT
HBILAMEBIILTIVDTH B, 70 HBEBRPTHOC0D 5 CONDE T KT
W EAEE LTIMCO)]DBEEILDL ) —2DC0:DREFFHFES L -adduct2FHT 5
PEIZOLRTVEY, FOBBRERTEL > KBRXTIRIM-COJECO: 25
adduct%# 2 < D, BILARYZ PIVE'C-NMRIZE o CHEE SN BEZHRAL. RIDER
YBHOLMIC L. 2VT, ¥/ VRGO ALTF oy AHBEEAVCT I PY VBT
CORIBERITV, EHLA[Ru-COI* 2 L (CO) N L EDILERBETTAET LMY, T
EMEEMO LS 20, CALEMABORBE I L2 RVELL,

COEIERERLELZ L ECEBEMBIARMELBHRL., FERLECRIBELS &
SieTERrE, REOBRRMEMBEORERIMETZ EHFEENRL, FEFIXL.8
-naphthyridine(napy) SNV F =7 AT A0, 1 EREMLL 2ERVZOEMEGEE 2L
BT L EXBEERN, ESR, 2 FHBEGFEREIC I o THAL, Z0oRHOTRE R
FWsL7ze T/, napyx MM F L LTAELVF =7 4K [Rulnapy) (Co) 1" A EHEET
KEoTE&E%R 55 AB-RU-N-C-N-COO) -2 TMMICAERTEIEERVWAEL, 2D
W h XN, "PC-NMRZEOFHETHRET AL BT, TOBELFIA L TIM(CO0:)]
PO TELM-COIFDCOREREILTE2H L wAHEOTRRME ZRIEL 2,

COXIN, FAELHEXRISELWEARENERMEL, T, CEFTEILWETFE
PHAWT, BHALZEOMERRETAI LI THEEZREREH 2D E6 2T
bDTHb, T/, Can>DILEWORTOZBILRERELCH - ERZOLLL,
Eo, BREFORMREOENICLZ L) BIAMOFTRICOTiREELERHT L2 L,
TALTREEFEITTVS,

AHXRBEBETELPNATBY, Z2OXE - RAFLL OV THMERZV, Lo T, X
AXEELOREMEEZAICAEDLDLVARRZERZTWAEHE L,

¥/, FRT7E12825H, 13:30%Y, 2EBEbTYChAo THERR?R
EW L7, BRRBEZIHXCEPNHEOFTELAFTLERL., FEZAVEMN
THEVWIRCHbR A, REOHAFIBHT, HEENFFREAFTLTSEEL. £4
B REETon s b ABELLTH D, T2, BEEFZFREOEMICH LTS, BHIR, 22
FHLIEER L, ANETFT < LEETAANOMBEMETZ2EWNYy 2757V F 2

— 141 —



FoTwasZb2RlLL, PFHRESFEITAZIBLEMEALABRERZIBVTY, F
BIZZAGHMBEOLZVWRER, Rt BIlok, doT, RBHERBRIEBTH o 7,

— 142 —





