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Catalytic COz reduction into liquid fuels and commodity chemicals under
benign condition has drawn tremendous attention, not only as a means to decrease the
competition for limited fossil fuel reserves but also help to reduce the concentration of
atmospheric COz. The conversion of CO3 into small molecules such as carbon monoxide
(CO) and formic acid (HCOOH) is economically desirable. This is because CO can be
used to synthesize methanol (CHsOH) with existing Fischer-Tropsch technology, while
HCOOH represents as a promising reversible hydrogen carrier and other applications.

In this context, we are interested in exploring transition metal complexes
containing redox-active ligand(s) as catalysts for CO2 reduction. Redox-active ligands
with extensive conjugated systems can store reducing electrons in their n-network and
help to stabilize transition metals in low oxidation states. These features can suppress
the purely metal-centered reduction that is usually energetically more demanding. In
addition, transition metal centers of the complexes can adopt several oxidation states
and act as active sites for CO2 reduction. These metal complexes are also expected to
exhibit selective COz reduction activity over the competing proton reduction reaction.
Therefore, this class of complexes should accumulate multiple reducing equivalents at
as low a potential as possible, which is at least thermodynamically sufficient to catalyze
the reaction, and can serve as excellent catalysts for CO2 reduction.

In this doctoral thesis, after the General Introduction, the low-overpotential
electrochemical CO; reduction by a phosphine-substituted Ru polypyridyl complex is
reported in Chapter 1. In the previously reported electrocatalytic CO2 reduction system
based on Ru polypyridyl complexes, a large potential is applied to in order to achieve a
significant rate of the reaction. This large overpotential, which corresponds to as an
activation energy of the reaction, has been one of drawbacks of the system. Therefore,
the development of an electrocatalyst that can operate at low-overpotential is of utmost
importance to improve the performance of the system. In this study, I have succeeded
in developing a Ru complex that can promote electrocatalytic COz reduction to CO
(TOF = 4.7 s7') at low-overpotential (] = 0.4 V) by the introduction of a phosphine
ligand at the position zrans to the labile ligand. A Ru complex with a mixed phosphine-
pyridine ligand, trans(P,MeCN)-[Ru(tpy)(pqn)(MeCN)]** (pgn = 8-



(diphenylphosphanyl)quinoline) was employed as a catalyst in this study. Detailed
investigations including cyclic voltammetry, bulk electrolysis, spectro-electrochemical
measurement, and DFT-calculation, were performed to shed light on the catalytic
activity and the reaction mechanism, I also revealed that the o-donation character of
phosphine destabilizes the Ru—N(MeCN) bond, while n-back donation character of
phosphine participates in stabilizing the Ru~C(COQ2) bond of CO; adduct. As a result,
the Ru complex can bind CO: at the one-electron reduced state and catalyze CO»
reduction with low-overpotential, which is different from conventional Ru polypyridyl
complexes that bind CO, at its two-electron reduced state. DFT calculation supported
that the electron is stored in the redox-active tpy ligand during the first reduction. The
work provides a new strategy to reduce the overpotential of electrocatalyst for CO»
reduction.

In Chapter 2, I extend the work in Chapter 1 to study the photocatalytic CO»
reduction activity of the phosphine-substituted Ru polypyridyl complex. Generally, dye-
sensitized photocatalytic CO2 reduction has been widely reported using a combination
of photosensitizer (light-absorbing unit) and catalyst (active center). In this regard, Ru
polypyridyl complexes were commonly used as photosensitizer to drive photoreactions,
and they were also known to active for CO2 reduction. However, to our surprise, there
have been no example of a non-sensitized mononuclear Ru complex that can function
as both the photosensitizer and catalyst for COz reduction. Non-sensitized photocatalyst
exhibits several advantages over the dye-sensitized photocatalytic system because the
non-sensitized photocatalyst require less component, lower cost, easier reaction
optimization, and also reduces number of the intermolecular electron transfer events. In
this study, I successfully developed the first example of non-sensitized mononuclear Ru
photocatalyst for CO2 reduction driven by visible-light. The key to success is the Ru
polypyridyl scaffold that allows visible-light harvesting, ability to bind COz upon first
reduction, and a monodentate labile site for substrate binding and product dissociation.
This Ru photocatalyst showed excellent stability and activity as compared to current-
best-in-class counterparts. I also found that the selectivity of the product can be tuned
depending on the acidity of the reaction media. Under slightly acidic condition, >94 %
of CO was selectively produced, while >99 % of HCOOH was selectively formed under
slightly basic environment. I have successfully isolated and characterized an essential
catalytic intermediate, carbonyl-coordinated Ru complex, and proposed the plausible
catalytic mechanism. This novel non-sensitized Ru photocatalyst open new avenues for
photoelectrochemical cell and other photocatalysis application.



In Chapter 3, I demonstrate the visible-light driven CO:; reduction by Ni
complexes containing redox-active ligands. The construction of molecular catalysts
based on abundant and cheap first-row transition metals is beneficial for economically
viable application. In nature, Ni-containing carbon monoxide dehydrogenase (CODH)
can carry out selective COz reduction to CO, which is assisted by a precisely positioned
redox-active ferredoxin unit. As inspired by CODH and results from Chapters 1 and 2,
I newly designed Ni complexes with redox-active iminopyridine moieties in order to
promote multi-electron CO2 reduction. These Ni complexes exhibit two reversible redox
waves within —2.0 V vs. ferrocene/ferrocenium that is attributed to the Ni center and
iminopyridine-based reduction. The complexes could promote selective photocatalytic
CO; reduction to produce CO under visible-light irradiation with the assistance of Ru
photosensitizer, [Ru(dmb)3]** (dmb = 4,4’-dimethyl-2,2’-dipyridyl). Previously, Ni
complexes containing redox-active iminopyridine moieties showed poor faradaic
efficiency for electrochemical CO: reduction to CO and no photochemical study has
been reported. Current work showed for the first time that redox-active iminopyridine
ligand can assist Ni complex for selective photochemical CO; reduction to produce CO
under visible-light.
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Bae ABEAEET S LX) F -8 - REWHE - HIREBRLELEVW S EANTAEERER
THEDD—D20HFRELT, KBATRNF—2LPFIRIF-ANCEBRARERZALL
AREBNKERFEBEZBRUITNS, Db, ZBEKRFE (CO2) BxRpidr U —»
BIFANVF—ROBIHE CO HHBOMBI EEZRMRFICERTESATIERTHINTD
%, ZEMMILTH, BREFHNEVWEIN 2R _BLRELECT2&BHEAMBED
MREEZOEMEL, B2O0&REAOMBERELZS T ZOREHEBICEATSHEICD
WTHRELTWS, IFTIBEEZRT.

FERICHE, S1BETR. VFo v LEREEE A VEERILEN COBRRAIID L
TELEDHDTWVS, FMETIE, VCEFOEALLIEEEORMEEZHGL, &) YFEF
RAEFEALENTZULEE (RuP) 2K E L TERLZ. RuP OMEFRIZIDONT
ERBREEREICLDFMET L, RuP M EBEEET CO: 2 —Elix#E (CO) ~N&E
RERKBILTELZEERAMULE. £, AABLSLEERELRSTICETFLEFREICHE
DNl ICEEOMRBICHRIIL TS, TORE., @BEEEAFIIBALLY VETF
MIVTFoTLTAERE (CO2) OREERETHILET. REFSMBEEENARERTS
ZEMBLMhER S, :

E2ETIZ, BMEFEW CO: BTMBEOREIIOVWTEHELTWS, K%M COBILT
i, RIS OETICHER 2 D20RE (ERIEBIVILZERIE) 2. 1 DO0F (B8
MEBME) THS Z&ENTENE, BIFAMEORBENREELRD, TOXIREBERK
HO<KMBEOERBEICNE TR HRINTEEN.EEZHEMIHML . KELREETCO:
BETRIGERETEE.EHMACDEDEERMEORBIIER SN TRV AL TH.
ARIBICHRNBINZTRT RuP OXFM CO BTMEE L TORMET > 2. TOH R,
RuP M NETRBHE SN HEKSE CO BREMBEDO P TROATARIGHER SV
WA ERREERT I EMPASN IR, BREBEHF TOSNERR S T KIS H H
ROBBERTL, FHARKAN A LAEREBELTY S,

EIETH, BB Y REMTEET A v S NNEED CO:BIEBIZDWTHREL
TWwad, BRAFARLBWTHZw PNV #EZAT 24 EBE %, carbon monoxide
dehydrogenase (CODH) BE{LBAEHELR I IONIBELEFANWICERT S I ETCOE
TREZETSERIEBHOENTVNSE, FITEMETE., BLLELEERZII/EY
VUM ERETAIy FIVHAERZERICAEL., ToMEBRIIDODWTHRNET 2. B5
NESEECODLWTIREER XSEERFICIOBEZHS M Lk, EABERLERNE 2
Tolkels, ERFOLEVNKEMAFHMICHRT 2BIETHEIER SN, $HENLE
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