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ABSTRACT: Rhodium complexes bearing a pincer-type ligand containing nickel were successfully synthesized. Through single-
crystal X-ray diffraction analyses and theoretical calculations, the electronic structures of the bimetallic complexes were elucidated.
Notably, this represents the inaugural synthesis of a bimetallic complex featuring a distinct nickel-rhodium bond. The reactivity of
these synthesized complexes was probed through catalytic arene C—H borylation reactions.

Metalloligands have been found to exhibit properties
distinct from conventional ligands based on main group
elements, such as strong electron-donicity due to their low
electronegativity and unique catalysis facilitated by metal-
ligand cooperation.! In particular, metalloligands based on
transition-metals have received considerable attention due to
their unique electronic properties.? For example, paddlewheel-
type dinuclear RhRh complexes are known to exhibit high
catalytic activity in cyclopropanation and C-H insertion
reactions through rhodium carbenoids stabilized by a high-
energy m* orbital resulting from the interaction of the two
rhodium’s d-orbitals.> The diverse orbital interactions such as
-, m-, and/or d-bonding through d-orbitals have been
exploited in several dinuclear complexes.>*!® Their unusual
redox properties and bimetallic cooperative catalysis are
noteworthy.

The concept of metallopincer ligands is often useful for
incorporating metalloligands. Because metallopincer ligands
can form thermodynamically stable dinuclear complexes by
chelating effects, the synthesis of various dinuclear complexes
and their catalysis have been reported.! For instance, our group
reported the synthesis of a rhodium complex bearing a PAIP
pincer ligand'!, enabling site-selective C—H functionalization

of pyridine'"'? as well as C—F'> and C—O'"* activation reactions.

Its reactivity arises from low electronegativity and an empty p-
orbital of the aluminyl ligand. The former causes high o-
donicity and polarized metal-metal bonds, while the latter
provides Lewis acidity. Metallopincer ligands have
conventionally been based on main group metals, whereas few
examples based on transition-metals, which are anticipated to
control the reactivity of coordinating transition-metal center
through their diverse orbital interactions and offer robust
metal-metal bonds, have been reported.”® Here we report the
synthesis of a PNiP pincer ligand and its corresponding
rhodium complexes.

A novel PNNNP ligand 1 was successfully synthesized in
10% yield over 6 steps (see Scheme SI in the Supporting
Information). The reaction of 1 with 1.0 equivalent of
NiCly(dme) (dme: 1,2-dimethoxyethane) in CH,Cl,, followed
by the addition of 0.50 equivalents of [RhCl(nbd)], (nbd: 2,5-
norbornadiene), resulting in the formation of rhodium—nickel

bimetallic complex 1-NiRh in 63% yield (Scheme 1). The
complex exhibited paramagnetic behavior, and its formation
was confirmed by ESI-HRMS. The solid-state structure of 1-
NiRh was elucidated through single-crystal X-ray diffraction
analysis (Scheme 1). In 1-NiRh, nickel adopts a trigonal
bipyramidal geometry, while rhodium exhibits a square planar
configuration. The measured distance between nickel and
rhodium (2.5733(5) A) closely approximates the sum of their
covalent radii (2.66 A).!"® The formal shortness ratio (FSR),
defined as the ratio of the distance between the two metal
centers to the sum of their single-bond covalent radii, is 0.97
for 1-NiRh, suggesting bonding interaction between nickel
and rhodium.!”

Scheme 1. Synthesis of rhodium complex bearing a pincer-
type ligand containing nickel 1-NiRh.
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Crystal structures of 1-NiRh with thermal ellipsoids set at 50%
probability; H atoms except for N2H were omitted for clarity.

To determine the spin state of 1-NiRh, geometry
optimization and energy calculation were carried out by DFT
calculations for three assumed spin states: singlet, triplet, and
quintet. Comparing the sum of electronic and thermal free
energy for each spin state, the energy for the triplet state was
approximately 25~27 kcal/mol lower. Furthermore, comparing
the optimized structures to the crystal one, the bond distances
around the metals in the triplet state also appeared to be the
most reasonable. The calculation results are consistent with 1-
NiRh being paramagnetic. The molecular orbitals depicting
the interaction of the d-orbitals of nickel and rhodium are
illustrated in Figure 1a. HOMO and HOMO-1 are formed by
the antibonding interaction between the d-orbitals of the two
metals. As a result of these antibonding interactions, there is
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an increase in the energy level of the orbitals. HOMO-9 and
HOMO-36 are predominantly localized on nickel, rhodium,
chlorines, and N2, primarily comprising o¢-bonding
interactions between nickel and rhodium. To investigate the
metal-metal interactions, NBO (Natural Bond Orbital)
analysis was conducted for 1-NiRh. The Wiberg bond index
for the nickel-rthodium bond of 1-NiRh was 0.2567,
suggesting the bonding interactions. Moreover, the high spin
density of nickel in 1-NiRh has also been revealed (Table 1).
The visualization of molecular orbitals identified that the
SOMO of 1-NiRh was dz? and dx’>—y* of nickel (Figure 1b).
This observation is consistent with the high spin density
values associated with the dx>~y? and dz? orbitals of the nickel.
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Figure 1. (a) Molecular orbitals depicting the interaction between
nickel and rhodium. (b) SOMO of 1-NiRh (NBO).

Table 1. Spin densities of 1-NiRh.

Ni Rh
dxy —0.00002 0.00206
dxz 0.00412 0.00186
dyz 0.15761 0.10706
dx?>-y? 0.69583 0.03349
dz? 0.58659 0.02940

Next, reduction of 1-NiRh to form a reduced bimetallic
complex was investigated. The incorporation of nickel and
rhodium to 1 followed by the addition of 2.3 equivalents of
KCs, resulted in the formation of 2-NiRh in 36% yield
(Scheme 2). The complex exhibited diamagnetic behavior, and
was characterized by 'H, '*C, and >'P NMR spectroscopies and
CSI-HRMS. A signal observed in the '"H NMR spectrum (at —
21.72 ppm, dt, J = 27.7, 13.4 Hz P-Rh-H) indicated a
rhodium hydride. The solid-state structure of 2-NiRh was also
identified through single-crystal X-ray diffraction analysis
(Scheme 2). Remarkably, the structure of 2-NiRh shows
dearomatization caused by the loss of the benzylic hydrogens
of 1-NiRh. Additionally, it was observed that one chlorine
atom (CI3) was removed from nickel, while another chlorine
atom (Cl2) was displaced with a hydrogen atom. This
intriguing transformation would proceed possibly through
two-electron reduction of nickel and oxidative addition of N—
H (Scheme 3). Subsequently, reductive elimination of H, and
isomerization to form enamine was followed by B-hydride
elimination, and lastly, hydride migration provided 2-NiRh.'
2-NiRh was not obtained when 1-NiRh reacted with 3.0

equivalents of KO'Bu (see the Supporting Information), which
supports the notion that two-electron reduction is crucial in
this reaction. As evidenced by the flattening of the ligand
backbone, the dearomatization process can be driven by the
extension of the m-conjugation. Both nickel and rhodium in 2-
NiRh exhibit a square planar configuration, with their distance
measured at 2.5279(5) A. The FSR value of 0.95 for 2-NiRh
implies a single bond between nickel and rthodium. The shorter
metal-metal distance observed in 2-NiRh compared to 1-
NiRh suggests stronger bonding interactions in 2-NiRh.

Scheme 2. Synthesis of rhodium complex bearing a pincer-
type ligand containing nickel 2-NiRh.
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Crystal structures of 2-NiRh with thermal ellipsoids set at 50%
probability; H atoms except for RhH were omitted for clarity.

Scheme 3. Mechanism of transformation from 1-NiRh to 2-
NiRh.
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Geometry optimization by DFT calculation for 2-NiRh was
employed to determine the location of the hydrogen atom on
rhodium. Two types of structures, with rhodium exhibiting
either a square planar or trigonal bipyramidal configuration,
were considered. Each of these structures was utilized as the
initial configuration for geometry optimization (Figure 2a). As
a result, both optimized structures converged to the former.
The stretching frequency of the rhodium-hydride bond
estimated from the optimized structure was v(Rh—H) = 1782.3

https://doi.org/10.26434/chemrxiv-2024-61vv7 ORCID: https://orcid.org/0000-0001-7903-4091 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-61vv7
https://orcid.org/0000-0001-7903-4091
https://creativecommons.org/licenses/by-nc-nd/4.0/

cm!. This was experimentally confirmed, with the observed
value of v(Rh-H) = 1863.7 cm™! obtained from infrared
spectroscopy, providing strong evidence for a distinct Rh—H
bond. Several molecular orbitals exhibiting bonding or
antibonding interaction between the metals were found (Figure
2b). Although all orbitals that involve interactions between
metals cannot be enumerated because of the complexity
induced by participation of the orbitals of the other ligands, it
is sufficient to explain the electronic perturbation arising from
d-orbital interactions. HOMO comprises dz? of rhodium and
dxz of nickel, indicating an antibonding interaction.
Additionally, HOMO—4 and HOMO-6 also form 6* and =*
molecular orbital, respectively. Thus, the energy levels of the
rhodium d-orbitals are elevated by those of the nickel ligand.
c-, m-, and 8-Bonding interactions between the metals are
found in HOMO-2, -8, —-10, —12, —13, and, —32, suggesting
the presence of a metal-metal bond. These diverse
bonding/antibonding interactions are distinctive of the
metalloligands based on transition-metals. NBO analysis was
also conducted for 2-NiRh. The Wiberg bond index for the
nickel-rhodium bond was 0.3020, suggesting bonding
interactions between the metals. Considering these values in
addition to the earlier discussion on bond distances and the
molecular orbitals, it can be concluded that 2-NiRh has a
definite nickel-rhodium bond. As far as our search in The
Cambridge Crystallographic Data Centre (CCDC) reveals, this
is the first instance of a bimetallic complex where nickel and
rhodium are bonded.
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Figure 2. (a) Determination of the location of the hydride via
DFT calculations. (b) Characteristic interactions between nickel
and rhodium (red: antibonding, blue: bonding).

To investigate the catalytic activity of the synthesized
complexes, an arene C—H borylation reaction was attempted."
The reaction of benzene (5.6 mmol) with B,pin, (0.10 mmol,
Bopiny: bis(pinacolato)diboron) in the presence of 2-NiRh (5
mol% of Bopin,) and KO'Bu (6 mol%) in neat conditions at
120 °C for 30 h afforded PhBpin in 69% yield based on B,pin,
(Table 2, entry 1). The reactivity of 2-NiRh deteriorated
without the addition of KOBu (entry 2). The base likely acts

as an activator by facilitating the reductive elimination of HCI
atoms from the rhodium in 2-NiRh to form an active
catalyst.?’ 1-NiRh exhibited lower yields than 2-NiRh (entries
3 and 4). Although the complexes have similar structures, it is
remarkable that the slight differences in the interaction of the
metals affect the catalyst reactivity. PNNNP ligand 1 with
NiCly(dme) did not show any catalytic activity (entries 5 and
6), whereas 1 with [RhCl(nbd)], resulted in the formation of
PhB(pin) in moderate yield (entries 7 and 8). Based on these
results, it is presumed that this reaction takes place at the
rhodium center. The synthesized complexes, especially 2-
NiRh, exhibited superior catalytic activity than the
corresponding mononuclear complexes. The tuning of the
electronic state, as seen in the conversion from 1-NiRh to 2-
NiRh, led to a dramatic change in reactivity.

Table 2. Catalytic C—H borylation of benzene with various
catalysts.

H
© + szinz

cat. (5 mol%) Bpin
KO'Bu (x mol%)

n-decane (10 pL)
neat, 120 °C, 30 h

5.6 mmol 0.10 mmol yield (GC)

KO'Bu 0 i

entry  cat. (xmol%) Egz‘;)’i~n2)( %) E’Ol/i;d

1 2-NiRh 6 100 69

2 2-NiRh 0 40 7

3 1-NiRh 6 22 2

4 1-NiRh 0 8 n.d.

52 1+NiCly(dme) 6 27 n.d.

6? 1+NiCly(dme) 0 0 n.d.

7° 1+[RhCl(nbd)], 6 90 32

8b 1+[RhCl(nbd)], 0 61 17

21 (6 mol%) and NiCly(dme) (5 mol%) were used. 1 (6 mol%)
and [RhCl(nbd)], (5 mol%/Rh) were used.

In conclusion, rhodium complexes with nickel-based
metallopincer-type ligands have been successfully synthesized
and characterized. Theoretical calculations have highlighted
the electronic perturbation effect of the nickel ligand on the
coordinating rhodium center through various orbital
interactions derived from their d-orbitals. Additionally, their
potentials as catalysts for C-H functionalization were
evaluated through arene C-H borylation reactions. Further
explorations in harnessing the complexes for valuable catalytic
reactions are in progress.
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