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A dinuclear Rh(—1)/Rh(i)) complex bridged by biphilic
phosphinine ligandsf

Koichiro Masada, © Kiyosumi Okabe, © Shuhei Kusumoto® and Kyoko Nozaki @ *

Bimetallic complexes have enabled precise control of catalysis by accumulating two discrete metal centres.

In these complexes, bridging ligands are essential to combine multiple metals into one molecule. Among
some bridging modes, an unsymmetric bridging mode will differentiate the electronic structures of the
two metal centres. In this study, a dinuclear Rh(—1)/Rh() complex bridged by tridentate phosphine—
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phosphinine—phosphine ligands was prepared by reduction of the corresponding Rh() complex. Single-

crystal X-ray analysis and DFT calculations suggest that the phosphinine ligands adopt an unsymmetric

DOI: 10.1039/d3sc02292g

rsc.li/chemical-science

Introduction

Combining multiple metals is an attractive method to accumulate
more than one function in one complex enabling precise tuning
of the reactivity of each metal centre."” Bridging ligands play
a crucial role in constructing a rigid multimetallic skeleton and
facilitating electronic communication between metals. The
coordination mode of bridging ligands can be classified into the
following three types (Fig. 1a). Two electron donors, such as
a hydride anion and carbanions, form three-centre two-electron
bonding (Type I).® Anionic ligands with lone pairs, such as halide
or dianionic ligands, can donate four electrons via two ¢ bonds
with each metal centre (Type II).* When a ligand simultaneously
has a lone pair and an electron-accepting orbital, the bridging
ligand enables an unsymmetric coordination environment where
two electrons are donated from a ligand to an electron-poor metal,
and two electrons are accepted from an electron-rich metal (Type
III). For example, the carbonyl ligand (CO) bridges two or more
metal centres, and it has some bridging modes (Fig. 1b);” Type I
with a lone pair on the C atom, Type II where CO donates four
electrons by both o- and m-donation,® and Type III where the
carbon atom coordinates to one metal centre with a o-type lone
pair and accepts two electrons from the other metal centre using
the m*-orbital. Since a Type III bridging mode was found in
a dinuclear iron carbonyl complex in 1961,° this bridging mode
has been observed in some dinuclear metal carbonyl

complexes.'*™
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bridging mode wherein phosphinine accepts d-electrons from one Rh centre and, at the same time,
donates lone pairs to the other Rh centre.

Phosphinine (phosphabenzene) is a well-studied equivalent to
carbon monoxide in organometallic chemistry since
phosphinine exhibits o-donating and strong -accepting
properties due to its low-lying 7* orbital on the P atom."*™ To
date, numerous phosphinine metal complexes have been
synthesized, exhibiting various coordination modes, reactivities,
and physical properties, derived from the mw-acidity of
phosphinine ligands."*** Thanks to their strong m-accepting
properties, phosphinine ligands often show biphilic reactivity,
such as nucleophilic attacks at the P atom'*** and metal-ligand
cooperative C=O bond cleavage of CO,.*® Phosphinine
compounds form multinuclear complexes by the bridging of the
P atom like the carbonyl ligand while the use of multidentate
ligands also afforded multinuclear complexes.>>* Phosphinine
can exhibit all three bridging modes illustrated in Fig. 1¢;*” Type I
with a lone pair on the phosphorus atom,?®** Type II with
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Fig.1 Classification of the electronic structures of bridging ligands; (a)
general description; (b) carbonyl ligands; (c) phosphinine ligands.
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Fig. 2 Previous reports on unsymmetrically bridging phosphorus
ligands and this work, a Rh(—1)/Rh(i) dinuculear complex bridged by
phosphinine pincer ligands.

a phosphide-like resonance structure®®**=” or 8e donor character
where both the lone pair on the P atom and w-electrons of the
phosphinine ring are donated,***® and Type III utilizing the lone
pair and the low-lying 7* orbital.*>** Mathey, Le Floch, and co-
workers reported that a dinuclear ruthenium complex with
bisphosphinine ligands showed Type III bridging mode (Fig. 2).**
Recently, Miiller and co-workers reported that an n°-phosphinine
chromium complex acted as a Type III bridging ligand to form
dirhodium complexes (Fig. 2).* Geometrically constrained tri-
coordinate phosphorus compounds are another class of biphilic
phosphorus compounds.*> They exhibited phosphorus-centred
bond activation reactions and related catalytic activities,
although their coordination chemistry is less explored than that
of phosphinine ligands. Radosevich and co-workers reported that
geometrically constrained tricoordinate phosphorus ligands
show electrophilic reactivity”® and form an iridium dinuclear
complex in a Type III manner (Fig. 2).** Although the acid/base
bifunctional character is quite beneficial to construct an
unsymmetric multimetallic environment, to the best of our
knowledge, there is no example where a phosphinine ligand is
employed to bridge two metal centres in different electronic
states.

Recently, we reported a phosphinine pincer ligand bearing
two phosphine pendants.* The phosphine ligands stabilize the
coordination of the phosphinine moiety. The phosphinine
ligand formed a dinuclear complex when coordinated to silver
centres.”® Here, in this report, we present syntheses and
structural analysis of a dinuclear Rh(—1)/Rh(1) complex bridged

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by phosphinine pincer ligands (Fig. 2). Unlike the precedents
shown in Fig. 2, the two rhodium centres are non-equivalent,
where one rhodium centre can be regarded as a two electron-
accepting Rh(1) centre, and the other can be regarded as a two
electron-donating Rh(—1) centre.

Results and discussion

The pincer ligand 1 was synthesized following our previous
report.”* By treating ligand 1 with [RhCl(cod)],, an orange
powder was obtained. The powder was insoluble in common
solvents, which suggests that a bimetallic or polymetallic
structure was formed in the solid. The product was reduced by
sodium naphthalenide to afford dinuclear Rh complex 2 in 43%
yield (Scheme 1). The structure of complex 2 was determined by
single-crystal X-ray crystallographic analysis (Fig. 3). Further
reduction to dinuclear Rh(—1)/Rh(—1) complex 3 was observed in
the reaction by using an excess amount of metallic sodium (see
the ESIt for details). The structure of 3 was determined by X-ray
crystallography (Fig. 4) although 3 was too unstable to be fully
characterized by spectroscopic methods.

Complex 2 has an unsymmetric structure where both
phosphinine rings tilt to one Rh centre (£ C3-P1-P4 = 160.9°
and £C50-P4-P1 = 165.0°). One Rh centre (Rh1) adopts
tetrahedral geometry (t, = 0.83), whereas the other Rh centre
(Rh2) adopts distorted square planar geometry (t, = 0.39)" (vide
infra for detailed discussions on the unsymmetric structure of
complex 2). Complex 3 also has an unsymmetric structure
where one phosphinine ring tilts to one Rh centre (£ C50-P4-
P1 = 156.9°) and the other phosphinine ring shows symmetric
coordination (£C3-P1-P4 = 178.0°). In complex 3, both Rh
centres adopt tetrahedral geometry (t, = 0.67 and 0.78). DFT
calculations (calculated at the PBE0-D3/def2-SVP level) suggest
that the unsymmetric coordination of phosphinine is due to the
perturbation by the contact of the Na cations. The calculated
structure of complex 3 matched with the experimental result
(Fig. S101). When the geometry optimization of complex 3 was
conducted without the contacting Na cations, the resulting
structure showed symmetric coordination of both phosphinine
rings (Fig. S117). These results suggest that the unsymmetric
coordination in complex 3 is mainly derived from the
contacting Na cations.

The geometries of complex 2 can be rationalized as follows.
The distorted square planar geometry of Rh2 suggests that it

Ph
X 1) [RhCl(cod)], (0.5 eq)

| THF, r.t, 1h
P

TP
(2.0 eq) =
THF, rt, 1h PH
1 2
yield 43%

Scheme 1 Formation of complex 2.
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Fig. 3 (a) X-ray crystal structure of complex 2 (thermal ellipsoids are drawn with 50% probability; the hydrogen atoms are omitted, and the
phenyl groups and the phenylene linkers are simplified for clarity); (b) and (c) geometries around rhodium and phosphorus atoms. Selected bond
lengths [A] and bond angles [deg]: Rhl-:-Rh2, 2.8493(3); Rh1-P1, 2.2262(8); Rh1-P4, 2.2182(8); Rh1-P3, 2.2848(8); Rh1-P5, 2.2840(8); Rh2-P1,
2.2731(8); Rh2-P4, 2.2884(8); Rh2-P2, 2.2554(9); Rh2-P6, 2.2569(9); P1-C1, 1.758(3); P1-C5, 1.763(3); C1-C2, 1.387(5); C2-C3, 1.411(5); C3~
C4, 1.408(4); C4-C5, 1.384(4); P4-C48, 1.767(3); P4-C52, 1.758(3); C48-C49, 1.377(4); C49-C50, 1.399(4); C50-C51, 1.408(4); C51-C52,
1.392(4); P1-Rh1-P5, 112.40(3); P3—Rh1-P5, 130.89(3); P1-Rh2-P6, 152.26(3); P2—Rh2-P4, 152.65(3).

has Rh(1) character. The unsymmetric coordination mode of the  consistent with Rh(—1) character. The P-Rh-P angles (£P3-
phosphinine ligands suggests that the phosphinine ligands Rh1-P5 = 130.9° for complex 2 and /ZP-Rh-P = 138.6° for
behave as Z-type ligands on the Rh1 centre. In comparison with  [Rh(PMe;),(BMes),| ) and the geometry indices (t, = 0.83 for
the computed structure of a model ML,Z,-type Rh(—1) complex, Rh1 in complex 2, 7, = 0.76 for [Rh(PMe;),(BMe;),] ") resemble
[Rh(PMe;),(BMej;),]~ (Fig. S127), the geometry around Rh1 is each other (see the ESIT for further discussion). Consequently,

(L = Et,0)
3

Fig. 4 (a) X-ray crystal structure of complex 3 (thermal ellipsoids are drawn with 50% probability; the hydrogen atoms are omitted, and the
phenyl groups and the phenylene linkers are simplified for clarity); (b) and (c) geometries around rhodium and phosphorus atoms. Selected bond
lengths [A] and bond angles [deg]: Rh1---Rh2, 2.7436(4); Rh1-P1, 2.3335(10); Rh1-P4, 2.3666(11); Rh1-P2, 2.2375(10); Rh1-P5, 2.2785(10); Rh2-
P1, 2.2278(10); Rh2-P4, 2.2275(11); Rh2-P3, 2.2575(11); Rh2-P6, 2.2440(10); P1-C1, 1.802(4); P1-C5, 1.804(4); C1-C2, 1.377(5); C2-C3,
1.426(6); C3-C4, 1.403(6); C4-C5, 1.384(6); P4-C48, 1.799(4); P4-C52, 1.793(4); C48-C49, 1.372(6); C49-C50, 1.409(6); C50-C51, 1.391(6);
C51-C52, 1.398(5); P1-Nal, 3.149(3); Nal-C1, 2.993(5); Nal-C2, 2.947(5); Nal-C3, 2.911(5); Nal-C4, 2.731(5); Nal-C5, 2.708(5); Nal-C30,
2.732; Nal-C31, 3.015(5); Nal-C35, 2.793(5); P4-Na2, 2.976(3); Na2-C37, 2.848(6); Na2-C83, 2.987(5); Na2-C84, 2.818(8); P1-Rh1-P4,
101.59(4); P2—Rh1-P5, 113.64(4); P1-Rh2-P4, 109.67(4); P3—Rh2-P6, 119.85(4).

8526 | Chem. Sci., 2023, 14, 8524-8530 © 2023 The Author(s). Published by the Royal Society of Chemistry
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the electronic structure of complex 2 is an unsymmetric Rh(—1)/
Rh(1) dinuclear structure, as shown in Scheme 1. This descrip-
tion is also supported by the bond lengths between Rh centres
and phosphorus atoms. Rh1 had shorter distances from the P
atoms on the phosphinine rings (Rh1-P1 = 2.2262 A and Rh1-
P4 = 2.2182 A) than Rh2 (Rh2-P1 = 2.2731 A and Rh2-P4 =
2.2884 A) whereas Rh1 had longer distances from P atoms on
the phosphine moiety (Rh1-P3 = 2.2848 A and Rh1-P5 = 2.2840
A) than Rh2 (Rh2-P2 = 2.2554 A and Rh2-P6 = 2.2569 A).
Phosphinine ligands act as a strong -acceptor and weak
o-donor, so P atoms on the phosphinine rings have stronger
interaction with the Rh(—1) centre, which acts as a strong
electron-donor.

In addition, the X-ray photoelectron spectroscopy (XPS)
analysis of complex 2 was conducted to obtain more information
on the electronic states of the Rh centres (Fig. 5). The XPS
spectrum showed that complex 2 contains both Rh(i) species
(311.7 and 307.0 eV) and Rh(—1) species (310.8 and 306.1 eV). For
the binding energy of Rh 3ds,, the higher value (307.0 eV)
is slightly lower than that of referential Rh(i) species
([RhCI(C,Hy),]o: 307.3 eV; RhCI(PPh;);: 307.4 eV).*® The lower
value (306.1 eV) is lower than that of metallic Rh (307.0 eV)* and
a reported Rh(—1) species, [K(18-crown-6)][Rh(CO)(PPh;)s]*
(306.8 eV, see Fig. S8t for the XPS spectrum measured in this
work). These results strongly support that the Rh centres in
complex 2 have unsymmetric Rh(—1)/Rh(1) character.

The *'P NMR spectrum of complex 2 (Fig. 6) showed two
peaks with complex coupling patterns by Jpp and Jprn, which
accords with the dinuclear structure observed in the solid state.
The 'H, C, and *'P NMR spectra suggest that all the PPh,
moieties are chemically equivalent, possibly due to the flipping
of the phosphinine rings that is faster than the timescale of
NMR (vide infra for the calculation of the stability of the
unsymmetric structure). Under more concentrated conditions,
*'P NMR showed complicated NMR spectra, probably due to
aggregation (see Fig. S6 in the ESIT for details).

DFT calculations were employed to obtain deeper insight
into the electron donation from the Rh(—1) centre to the

Original spectrum
Rh(1) 3d3/2
----- Rh(-1) 3d3/2
—-—-=Rh(l) 3d5/2

Rh 3d,,
310.8 eV

— — ~Rn(-l) 3d5/2
----- Sum
—_ |----- Background Rh" 3ds,
3 306.1 eV
= Rh' 3ds),
2 307.0 6V
c
2
1=

314 312 310 308 306 304
Binding energy [eV]

Fig. 5 The XPS spectrum of complex 2. The continuous black line
indicates the original spectrum; the blue and purple dashed lines
indicate the deconvoluted signals; the red dashed line is the sum of the
deconvoluted signals; the grey dashed line is the background signal.
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Fig. 6 >'P NMR spectrum of complex 2 (202 MHz, THF-dg).

phosphinine ring in complex 2. The calculation in the gas phase
reproduced the unsymmetric structure of complex 2, which was
observed in the solid state. In addition, a symmetric structure
could not be located as a stable intermediate but exists as
a transition state of the flipping of the phosphinine rings
(Fig. 7). The activation energy is 9.0 kcal mol " (calculated at the
wB97XD/def2-TZVP//PBE0-D3/def2-SVP level), which supports
the discussion that fast flipping of the phosphinine rings
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Fig.7 (a) Energy diagram of the flipping of the phosphinine rings (unit:
kcal mol™); (b) calculated geometries around rhodium and phos-
phorus atoms of complex 2; (c) calculated geometries around
rhodium and phosphorus atoms of the transition state.
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Vacant p-orbital on P Vacant p-orbital on P

Fig. 8 Calculated NBOs of complex 2: (a) and (b) occupied d-orbitals
on the Rh atom; (c) and (d) vacant p-orbitals on P atoms (hydrogens
and phenylene linkers are omitted for clarity).

occurred in the solution state. This result suggests that the
unsymmetric structure of complex 2 is favourable compared
with the symmetric structure. Therefore, the unsymmetric
structure was considered for further discussion.

In the NBO analysis of complex 2 shown in Fig. 8 (calculated
at the PBEO-D3/def2-TZVP//PBE0-D3/def2-SVP level), the vacant

Fig. 9 Calculated molecular orbitals of complex 2 (hydrogens and
phenylene linkers are omitted for clarity).
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Fig. 10 UV/vis spectrum of complex 2 (black line, experimental, 1 x
107> M in THF), along with the oscillator strengths of complex 2 (red
bars) obtained by the TD-DFT calculations.

p-orbital of the phosphorus atom on phosphinine (Fig. 8a and
b) and the occupied d-orbital of the Rh centre are overlapping
each other (Fig. 8c and d). Second-order perturbation analysis
suggested strong donation from the occupied d-orbital of the
Rh centre to the vacant p-orbital of the P atoms on the phos-
phinine rings (see the ESI} for details). Interaction of these
orbitals can be found in HOMO—40, HOMO—39, the HOMO,
and the LUMO (Fig. 9). In HOMO—40 and HOMO-39, the
bonding interaction of the square planar rhodium centre with
the P atoms on the phosphinine rings also has some contri-
bution. The existence of these orbitals accords with the elec-
tronic structure shown in Scheme 1, where the Rh(—1) centre
donates d-electrons to the P atoms on the phosphinine rings
and the lone pairs on the P atom are donated to the Rh(1) centre.

The UV/vis absorption spectrum of complex 2 is shown in
Fig. 10. The absorption spectrum of complex 2 (1 x 10> mol

LUMO LUMO
63% 32% 33% 61%
670 nm 615 nm
HOMO HOMO
——— HOMO-2 — HOMO-2
HOMO-2 HOMO
(-0.1768 eV) (-0.1594 eV)

Fig. 11 Molecular orbitals of complex 2 (hydrogens and phenylene
linkers are omitted for clarity) and major contributions to the
absorption at 670 nm and 615 nm based on TD-DFT calculations (in
THEF).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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L") showed maximum absorption at 669 nm. TD-DFT calcu-
lations (calculated at the PBEO0-D3/def2-TZVP//PBE0-D3/def2-
SVP level) showed that the absorption of complex 2 at 669 nm
can be assigned to the HOMO-to-LUMO and HOMO-—2-to-
LUMO transition (Acajc = 670 nm (feac = 0.1999) and Acyye = 615
nm (feae = 0.2548), Fig. 11). As shown in Fig. 11, this transition
involves a d-d transition process (HOMO — LUMO), as well as
an MLCT process (HOMO—2 — LUMO) like the previous
reports on the photochemical properties of phosphinine metal
complexes.’>1-*

Conclusions

This study presented the syntheses and structural analysis of
dinuclear Rh(—1)/Rh(1) complex 2 bridged by phosphinine
pincer ligands. The single-crystal X-ray crystallographic analysis
showed an unsymmetric structure of complex 2 where the
phosphinine ligands bridged two Rh centres in an unsymmetric
mode. This suggests that complex 2 consists of a Rh(—1) centre
and a Rh() centre. This electronic structure was supported by
the DFT calculations, where back-donation from the tetrahedral
Rh centre to the P atoms on the phosphinine rings was observed
in the NBO analysis. As shown in this study, the phosphinine
ligand gave rise to the unsymmetric electronic structure of
a dinuclear metal complex. It will enable more precise control of
the catalysis of dinuclear metal complexes.
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