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Development of Novel Catalytic Organic 
Transformations

Department of Life and Coordination-Complex Molecular Science
Division of Complex Catalysis

Our research interests lie in the development of catalytic 
reaction systems toward ideal (highly efficient, selective, green, 
safe, simple, etc.) organic transformations. In particular, devel
opment of a wide variety of the heterogeneous aquacatalytic sys
tems, continuous flow catalytic systems, and super active cata
lysts working at ppm-ppb loading levels, have been achieved. 
Furthermore, we have recently been developing a novel photo
catalysis where, for example, the carbonyl groups underwent 
two successive one-electron reduction to generate carbinol anion 
species achieving electrophilic carbonyl substitution.

Figure 1.  The outlined concept of photocatalytic reductive activation 
of substrate through two successive one-electron transfer process (e.g. 
carbonyl reduction to carbinol anion).
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1.  Umpoled Carbonyl Chemistry

Carbonyl chemistry is dominated by nucleophilic addi
tions in which a carbonyl compound (an aldehyde or ketone) 
serves as an electrophilic carbinol cation synthon to form a 
secondary or tertiary alcohol product [Figure 2(a)]. In contrast 
to the well-investigated conventional chemistry of carbonyl 
compounds, their umpoled nucleophilic reactivity has been 
less-well explored [Figure 2(b)]. Symmetrization of the car
bonyl reactivity, which would permit carbonyl compounds to 
react as nucleophilic carbinol anions (i.e., carbinol cation/
anion umpolung), could open a new avenue in synthetic 
organic chemistry.

Figure 2.   Carbonyl Reactivity: Conventional vs. Umpoled.

In previous report, we have developed a novel photo
catalytic carboxylation of aromatic aldehydes and ketones to 
give mandelic acid derivatives [Figure 3(a)]. In this reaction, 
nucleophilic carbinol anion species were generated under 
visible light that subsequently reacted with carbon dioxide. 
Here, in 2023, we developed photocatalytic cross-pinacol 
coupling between two different carbonyl compounds to afford 
the unsymmetric 1,2-diols, where the resulting carbinol anions 
reacted with second carbonyl compounds [Figure 3(b)]. We 
also achieved the photocatalytic 1,4-addition of carbonyl 
compounds with electron-deficient olefins to give the corre
sponding γ-substituted alcohols [Figure 3(c)].

Figure 3.   Photocatalytic Eelectrophilic Substitution of Carbonyls: (a) 
carboxylation, (b) cross-pinacol coupling, (c) 1,4-addition.

1-1.  Cross-Pinacol Coupling1)

We have developed the first photocatalytic cross-pinacol 
coupling between two different carbonyl compounds, promoted 
by a CO2 additive. The cross-pinacol coupling took place with a 
various combination of two aldehydes, two ketones, or an alde
hyde and a ketone in the presence of an iridium photocatalyst 
and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole 
(DMBI) as a reductant under visible-light irradiation to afford 
the corresponding unsymmetric vicinal 1,2-diols in up to 91% 
yield [Figure 3(b)]. In the coupling reaction, an umpoled carbi
nol anions are generated in situ through successive one-electron 
reduction and the resulting anions attack the more-electron-rich 
carbonyl compounds serving as electrophiles. CV and DFT 
calculations revealed that the CO2 additive plays a key role in 
the second reduction to suppress undesired dimerization.

1-2.  Conjugate Addition of Carbonyls to Electron-
Deficient Olefins2)

A 1,4-addition reaction of aromatic aldehydes and ketones 
to electron-deficient olefins was achieved under photocatalytic 
conditions [Figure 3(c)]. In the reaction, an umpoled carbinol 
anion generated in situ through two successive one-electron 
reductions of the carbonyl compound reacted nucleophilically 
with the electron-deficient olefin. Various electron-deficient 
aromatic aldehydes and ketones successfully underwent the 
reaction to afford the corresponding γ-functionalized alcohols.

2.  Transition Metal Catalysis Forming 
C–H, C–C, C–N, C–S Bonds3,4)

We have developed transition metal-catalyzed C–H, C–C, 
C–N, C–S bond forming reactions. A phenylboronic ester-
activated aryl iodide-selective Buchwald−Hartwig-type C–N 
bond forming reaction using Ni(acac)2 catalyst was developed. 
This reaction does not proceed in the absence of phenyl
boronic ester.3) C–S bond formation was achieved in the 
reaction of 2,2’-dithiobis(benzenamine)s with various alde
hydes in the presence of CuOAc catalyst under air without any 
additives to afford the corresponding benzothiazoles.4) We 
recently developed in-water C–H bond forming catalysis with 
PS-PEG supported palladium nanoparticles using tetrahydroxy
diboron (B2(OH)4) as a water-compatible reducing agent.
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