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Keywords

The field of molecular catalysis has been an attractive area
of research for realizing efficient and new transformations in
the synthesis of functional molecules. The design of chiral
molecular catalysts has been recognized as one of the most
valuable strategies; therefore, a great deal of effort has been
dedicated to the developments. In general, “metals” have been
frequently used as the activation centers, and conformationally
rigid catalyst frameworks have been preferably components
for the catalyst design. To develop a new type of molecular
catalysis, we have focused on the use of non-metal elements as
activation centers and have incorporated non-covalent interac-
tions as organizing forces in the molecular design of catalysts.
This approach had not received much attention until recently.
We hope that our approach will open a new frontier in chiral
organic molecules to chiral molecular science from chiral
molecular chemistry.
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Figure 1. Hydrogen bonding network in chiral bis-phosphoric acid
catalyst derived from (R)-3,3’-di(2-hydroxy-3 -arylphenyl)binaphthol.
Hydrogen bond acts as activation unit for the substrate in asymmetric
reaction space and controls atropisomeric behavior in naphthyl—
phenyl axis.
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1. Design of Perfluorohalogenated Arenes

Halogens form attractive non-covalent interactions between
terminal halogen atoms in compounds of the type R—X (X =
Cl, Br, I) and Lewis bases. This non-covalent interaction is
known as either halogen bonding or c-hole bonding, which
occurs when “R” is a highly electronegative substituent, such
as perfluorinated alkyl or aryl substituents. Based on the
electrophilic feature of the halogen atom, we have investigated
two types of perfluorohalogenated arenes in their design and
synthesis: Perfluorohalogenated styrenes and naphthalenes,
aimed at creating functional molecules.!-?

The Wittig reaction of perfluorohalobenzaldehydes was
systematically studied to synthesize 2,3,5,6-tetrafluoro-4-
halostyrenes (TFXSs), functional monomers bearing halogen
bond donor sites.!) The reaction proceeded efficiently in
tetrahydrofuran using 1,1,3,3-tetramethylguanidine as the
organic base. Correlation analysis quantitatively identified
three key factors necessary for obtaining TFXS in reasonable
yields. This approach not only advances the study of halogen
bond-based functional molecules but also introduces digitali-
zation as a promising strategy in small molecule synthesis.
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Figure 2. Synthesis of perfluoroiodinated styrenes as halogen bond

donor site-introduced functional monomers.

Perfluorohalogenated naphthalenes (PFXNaPs) are unique
small molecules with great potential to exhibit a new type of
c-hole and n-hole bonding, owing to the incorporation of
multiple F atoms onto the naphthalene ring. We developed a
synthetic protocol for PFXNaPs, conduct crystal engineering
investigations, and explored the intermolecular interactions of
PFXNaPs through n-hole and c-hole bondings.?) We success-
fully synthesized PFXNaPs using Mg amide-mediated haloge-
nation reactions of electron-deficient F; and F¢ naphthalenes,
achieving good to excellent yields. Crystal structure analyses
of 3,6-1,F¢ naphthalene unveiled intermolecular n-hole stack-
ing between two C atoms in the naphthalene ring, in coopera-
tion with the o-hole bonding of two I atoms. This mode of
intermolecular interaction has not been classified in previous
reports. Computational studies show that the n-hole bonding in
PFXNaPs is substantially enhanced compared to correspond-
ing benzene molecules without diminishing the o-hole bond-
ing. The unique stacked interaction in PFXNaPs is primarily
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Figure 3. Synthesis and feature of perfluorohalogenated naphthalenes
as potential crystalline materials.

governed by electrostatic interaction and dispersion correction
energies, with the contribution of C---C contacts being 10
times greater than that in benzene analogs. The results enable
further applications of PFXNaPs in the fields of perfluoro-
halogenated arenes and organic crystalline materials.

2. Design of Halenium Complexes

In the filed of perfluorohalogenated arenes, the two-center-
two-electron (2c2e) bond is a key feature. Similarly, halogen(T),
generally X* (X =1, Br, Cl), acts as a strong halogen bond
donor site. In contrast to the 2c2e halogen bond, halogen(I)
simultaneously interacts with two Lewis bases. This bond is
recognized as a three-center-four-electron (3c4e) halogen
bond. Importantly, successful examples have consistently
required the use of stoichiometric amounts of 3c4e complexes.
Despite the utility of the 3c4e halogen bond in synthetic
chemistry, its potential for non-metallic complex catalysis had
not yet been thoroughly investigated until our report.3:

We discovered that the 3c4e halogen bond can serve as a
new driving force for catalysis.® By integrating halogen(I)
(X*: I* or Br"), the bis-pyridyl ligand NN, and a non-nucleo-
philic counter anion Y, we developed non-metallic complex
catalysts, [N---X---N]Ys, that exhibited outstanding activity
and facilitated the Mukaiyama—Mannich-type reaction of
N-heteroaromatics with parts-per-million-level catalyst load-
ing. NMR titration experiments, CSI-MS, computations, and
UV-vis spectroscopic studies suggest that the robust catalytic
activity of [N---X---N]Y can be attributed to the unique ability
of the 3c4e X-bond for binding chloride: i) the covalent nature
transforms the [N---X---N]* complexation to sp> CH as a
hydrogen-bonding donor site, and ii) the noncovalent property
allows for the dissociation of [N---X--*N]* for the formation of
[CI---X:--Cl]". This study introduces the application of 3c4e
X-bonds in catalysis via halogen(I) complexes.
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Figure 4. Halenium complex catalysis via three-center-four-electron
halogen bond enables non-metallic complex catalysis for Mukaiyama-
Mannich-type reaction.
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