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Abstract: Multinuclear metal complexes have seen tremen-
dous progress in synthetic advances, their versatile structural
features, and emerging applications. Here, we conceptualize
Metal-to-Metal distance modulation in cyclophanyl metal
complexes by bridging ligand design employing the co-
facially stacked cyclophanyl-derived pseudo-geminal, -ortho,
-meta, and -para constitutional isomers grafted with N-, O-,
and P- containing chelates that allow the installation of
diverse (hetero)metallic moieties in a distance-defined and

spatially-oriented relation to one another. Metal-to-Metal
distance modulation and innate transannular “through-space”
ni-7t electronic interactions via the co-facially stacked benzene
rings in cyclophanyl-derived complexes as well as their
specific stereochemical structural features (element of planar
chirality) are crucial factors that contribute to the tuning of
structure-property relationships, which stand at the very
center from the perspective of cooperative effects in catalysis
as well as emerging material applications. )

1. Introduction

Controlling the electronic coupling of individual transition
metal centers as a function of their interatomic separation,
relative orientation, and charge over sub-nanometer length
scales has been a long-standing aspiration and research
objective in fields ranging from spintronics to catalysis and
optoelectronics. A fundamental understanding of the elec-
tronic structure of small multinuclear metal complexes, their
structure-property relationship and dependence on metal
centers separation (relative orientation and charge) enables
cooperative effects to be precisely tuned which could ultimately
translate into their catalytic, magnetic, and optical properties.”

Inspired by precise control and efficiency of metallo-
enzymes evidenced in biological systems that possess more
than one metal center (e.g., the homobimetallic catechol
oxidase (Cu—Cu);®’ methane monooxygenase (Fe—O—Fe);"”
(Mn—Mn) containing arginase;® or heterobimetallic metallo-
enzymes phosphatase (Fe-Zn)® and CO dehydrogenase
(Ni—Fe),”" synthetic chemists by mimicking biological principles
as a model have prepared a diverse library of multinuclear
complexes that leverage metal-metal cooperativity.® By identi-
fying different classes of homo- and heterometallic complexes
(for instance, A, AB, ABC, AB, and A; where A, B, and C
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designate different types of metal atoms bound through
bridging ligands as depicted in Figure 1), an outstanding
progress has been made addressing synthetic, catalytic, mag-
netic, optical, and other physico-chemical properties.” Using
appropriate bridging structures, a large number of bi-, tri-, and
multinuclear complexes with varying degrees of Metal-to-Metal
(M-to-M) interaction, based on the distance between the metal
centers, have been synthesized. Most complexes contain
transition metal sites known for their catalytic activity in
synthetic transformations, for instance, Rh: in hydrogenation,
hydroaminomethylation and cyclopropanation; Fe, Ru, Ir: trans-
fer hydrogenation; Au: hydroamination; Pd, Cu: decarboxylative
coupling; to name a few are well documented."”

Installing multinuclear moieties together on a single ligand
scaffold can allow each to perform functions and/or enhance
the existing efficiency of individual metal centers. This can lead
to advantageous “cooperative effects” that might not be
attainable with the individual metal centers."” Tuning multi-
nuclear metal complexes, among various contributing factors
based on the nature of the metal type, oxidation state, and
coordination capabilities, M-to-M distance modulation has been
a promising approach for identifying and optimizing structure-
property relationship from the perspective of cooperative
effects.'?

Ligand design is of utmost relevance in investigating
structure-property relationships and stands at the center from
the application perspectives of metalloarenes."”® Structural
features of the bridging ligand such as flexibility or rigidity,
steric, electronic effects, spatial orientation, and systematic
variation of M-to-M distances to comprise novel functionalities

AB

AB, ABC A,

y

e o &

Figure 1. Types of metal combinations in complexes (reproduced from SFB/
TRR 88 resources; Copyright 2018 3MET).
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are crucial contributing factors.'"" A careful selection of the
ligand with selected arrangements of donor atoms and geo-
metries allows precise M-to-M distance modulation. Despite the
tremendous progress, positioning multiple metal centers in a
predefined spatial separation, relative orientation, and elec-
tronic environment to achieve optimal interactions remains an
interesting synthetic challenge. This concept article based on
our recent advances and investigations on M-to-M distance
modulation by ligand design in the context of structure-
property relationship in cyclophanyl metal complexes could be
of particular interest to synthetic and structural chemists aiming
to work in the areas of cyclophane chemistry, focusing on the
design and development of new heterometallic catalysts. We
also believe this will inspire and aid in designing and under-
standing M-to-M interactions in metal complexes for emerging
applications.

2. Why Cyclophanyl-derived Ligands?

The general term “cyclophane” could be coined to name any
small or larger cyclic structure containing aromatic ring(s);
hence a structurally diverse library of molecules can be
referenced as cyclophanes. This report is confined to present a
case study of the smallest stable co-facially stacked constrained
cyclophane, that is [2.2]paracyclophane-derived complexes,
focusing on M-to-M distance modulation and their structure-
property relation. Mononuclear cyclophanyl complexes in which
the planar chiral [2.2]paracyclophane moiety is instrumental for
catalytic applications are reviewed in a tutorial,"™” and cyclo-
phanyl-derived complexes containing a metal-metal (M—M)
direct covalent bond, for instance, paddlewheel dirhodium
Rh,(S,-PCP), binuclear complexes"® are beyond the mandate of
this report.

[2.2]Paracyclophane (cyclophanyl; PCP) is a co-facially
stacked prochiral scaffold that features unusual characteristics
caused by the transannular m-rt electronic interactions of the
benzene rings stacked in close proximity and exhibits unique
stereochemical features (planar chirality) on selective
functionalization.'”” The modular nature of PCP core fulfills
some critical requirements for an ideal ligand. Rigidity, stability,
planarity, m-stacking, and electronic communication via
through-space and through-bond pathways within the PCP are
interesting aspects for consideration in metal complexes. Using
carefully chosen transformations, different functional groups
can be selectively incorporated on either benzene rings, that is,
mono-, and differently functionalized PCP regioisomers includ-
ing pseudo-para, -ortho, -meta, and -gem, derivatives depicted
in Figure 2 can be synthesized. The prefix pseudo (ps) is used if
the two substituents are positioned on different decks of the
PCP scaffold.

PCP with up to sixteen precisely defined substituents in
fixed positions allows the tuning of geometrical relationships
between the substituents. Metals can be linked to the PCP
scaffold by cyclometallation, or by grafting various coordina-
tion-capable ligands first followed by cyclometallation."®
Synthetic strategies in combination with versatile named
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oxazolinyl, phosphoryl, (non)metallated porphyrin, and other donor moieties

Figure 2. Common substitution patterns of mono-, di-, and tetra-substituted
PCP with their stereochemical descriptions and their post-synthetic trans-
formations

reactions, for instance, the Suzuki-Miyaura, Mizoroki-Heck, Stille-
Migita, Hiyama, Kumada-Corriu, Negishi, Buchwald-Hartwig, and
Sonogashira-Hagihara coupling reactions, can build PCP-derived
bridging ligands in an enormous variety of geometry and sizes
bearing coordination-capable different moieties including but
not limited to, pyridine, phenylpyridine, pyrimidine, oxazolyl,
phosphoryl, (non)metallated porphyrin, and other diverse N-, O-
, P- containing ligand derivatives that can form complexes of
distinct architectures and properties.!"”

The installation of (hetero)bimetallic moieties to the PCPs
scaffold could bring them a well-defined and spatially-oriented
relation to one another where M-to-M distance modulation can
be studied. The structure-activity relationship, particularly
through-space electronic communication and cooperative ef-
fects can be examined by employing cyclophanyl-derived
constitutional isomers. In the context of m-electronic communi-
cation through-space via the co-facially stacked benzene rings
and through-bond pathways, various constitutional isomers of
electroactive ruthenium (Ru) and ferrocenyl-substituted (Fc)
cyclophanyl complexes have been investigated. Comparing to
non-PCP analogs of phenyl or dibenzocycloheptene-derived
diruthenium complexes and transannular communication in
PCP-containing binuclear rhenium (Re) complexes have been
examined where electronic through-space coupling via stacked
benzene rings was more efficient than a through-bond pathway
(Figure 3).”” Platinum-based organometallic polymers,?" PCP-
derived molecular junctions in oligo(phenylenevinylene)s,”?
and other studies proving though-space charge transfer

15023  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Concept

Chemistry—A European Journal doi.org/10.1002/chem.202102336

Vinyl Ru-complexes, and vinyl Fc-substituted PCPs, Winter et al.,2°
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Figure 3. Electron delocalization via through-space and through-bond path-
ways in pseudo-para substituted cyclophanyl Ru, Re, and Fc complexes.

between the two cyclophane decks (interchromophore delocal-
ization) are well documented in literature.’”*

Our research group and others have investigated PCP-
derived metal complexes from various application perspectives,
including developing PCP-based planar chiral ligands and
catalysts employed in asymmetric transformations.*” Cyclo-
phanyl-derived model homobimetallic digold(l) complexes with
varying intramolecular Au—Au distances based on diphosphane
ligands of PhanePhos, xyl-PhanePhos, and Ph,-GemPhos have
been demonstrated . By single crystal X-ray diffraction, the —
distance in pseudo-geminal (2.98 A) and pseudo-ortho (5.23 A)
position, as well as the respective P-P distances of 4.068 A and
5.014 A, for the corresponding precursor diphosphane ligands
were determined. M-to-M distance modulation in (hetero)
bimetallic Au/Ru complexes have been realized by combining a
phosphinyl binding site to coordinate catalytic gold(l) compo-
nent together with C,N-chelating 2-phenylpyridine moiety for
the incorporation of a photon-capturing Ru(bpy),ppy moiety as
a photocatalyst where the PCP provides a central scaffold
(Figure 4). Their synthetic applicability was examined in a
visible-light mediated arylative Meyer-Schuster rearrangement,
transforming propargyl alcohols into o,B-unsaturated enones.*®
The photophysical and electronic ground-state properties of
the Au/Ru heterobimetallic cyclophanyl complexes supported
by ultrafast transient photodissociation spectroscopy in gas-
phase and TD-DFT calculations evidenced M-to-M interactions
and transannular communication. In this particular setup, a
systematic reduction in M-to-M distance between the Au(l) and
Ru(ll) moieties plays a crucial role, ultimately caused a reduction
in product yield.

Other recent examples include distance-modulated dinu-
clear cycloruthenation complexes using cyclophanyl-derived N-
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Figure 4. Heterobimetallic cyclophanyl complexes with varying M-to-M
distances in spatial organization.

donor ligands (pyridyl, pyrimidyl, and oxazolinyl) that hold the
two Ru-metals selectively either at only one or at both decks
with varying M-to-M distances and spatial orientation.”” Spacer
groups, for instance, multiple pyridyl units, increase chelating
ability and thus enable higher stability. Bidentate bipyridine
(bpy), phenanthroline, bisoxazoline (box), tridentate terpyridine
(tpy), tetradentate quaterpyridine (gpy), and cyclometallated
phenylpyridine can be constituted to tailor the cavity shapes,
sizes, and geometries which allow tuning of specific coordina-
tion environment for one or more metals, and M-to-M distance
modaulation at different-length scale.”® Similarly, PCP-porphyrin
conjugates as scaffolds allow convenient access to modular and
fixed-distance bimetallic Cu/Zn complexes.”” Some representa-
tives of cyclophanyl-derived structures are shown in Figure 5.

Other cyclophanyl complexes, such as dithia[3.3]
paracyclophane-bridged bimetallic ruthenium complexes (sim-
ilar to PCPs), have also been prepared which share similar
features arise from modular variations of the M-to-M distances.
Spectroelectrochemical experiments supported by theoretical
calculations have shown the influence of transannular m-m
interactions on their electronic properties.>”

Beyond simple small metal complexes, PCP bearing coordi-
nation-capable moieties as ligands in combination with metal
precursors have also been demonstrated in the development of
a new class of materials by self-assembly: namely metal-organic
cages,”" 1D organometallic polymer containing PCP,*? and
extended multinuclear 3D coordination frameworks that exhibit
highly ordered periodic arrangements with confined and
distance-defined metallic nodes.*® Such extended multinuclear
coordination-driven framework materials are ideal candidates to
be used as heterogenous catalysts with confined reactivity.

15024  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Cyclometallated cyclophanes, Brase et al.,2’ study, model heterometallic cyclophanyl complexes were

.Ru .Ru examined for their synthetic applicability in a visible-light
&y &y <) mediated arylative Meyer-Schuster rearrangement focused on
Ru Ru a exploring the structure-properties relation and cooperative
Ri effects in photoredox catalysis. Steric effects, electronic param-
CNj_g_ ) - ' eters can influence the chemical reactivity, and a systematic
= pyridyl, pyrimidyl and oxazolinyl groups

variation in M-to-M distance between the Au(l) and Ru(ll)

Cyclometallated modular cyclophanes L. . . . . .
moieties plays a crucial role. This demonstration inspire the

development of more efficient systems by merging transition
metals and photocatalysis to enable chemical synthesis employ-
ing naturally abundant visible light will significantly impact this
field.B¥

2) PCP derivatives have been promising platforms to study
the element of planar chirality.®™ Regioselective functionaliza-
tion and chiral resolution strategies give access to PCPs with
planar and central chirality.®® Another aspect of cyclophanyl-
derived ligand design is the ability to incorporate planar
chirality. Incorporating the element of chirality and preparing
enantiomerically pure planar and central chiral cyclophanyl
multimetallic complexes with M-to-M distance modulation
would be beneficial, especially for later use in asymmetric
transformations and promising precursor components in chi-
roptical material applications.

3) Along with synthetic progress, in silico calculations of
structures and properties of metal complexes have shown
tremendous progress.”” For higher accuracy, combining com-
putation of cyclophanes with experiments has become an
coordination-capable established powerful tool.”® Hence, structural optimization
porhyrin moiety aided by advanced computational studies would be beneficial

for screening large sets of ligands and fundamental under-
standing of complexes’ electronic structure and properties. 4)
Ph Beyond developing synthetic methods for various metal
complexes, capitalizing on collaborative research efforts com-
bining theoretical modeling, design/synthesis, characterization/

R
&
o)
o

PCP-porphyrin conjugates, Brase et al.,?°
Ph

Ph

M= Cu, Zn PCP as planar

chiral designer ligand  ph spectroscopy, and exploring catalytic, magnetic, and optical
properties of novel organometallic complexes would be reward-

Figure 5. Model cyclophanyl complexes with varying M-to-M distances and . . .
ing in countless ways for fundamental and practical explora-

coordination environments modulated via coordination-capable substituents
tions (Figure 6). This would aid in preparing efficient organo-

metallic complexes.

3. Summary and Outlook

We would like to summarize some points: 1) The field of
organometallic and coordination chemistry, each involving Synt S%% %

ere . . . . . D,
complexes of transition or lanthanide metals, is rapidly evolving >

from fundamental curiosity to practical applications in catalysis, é.s
optoelectronics, and other materials. While some of the P
. . . . . -1
fundamental relationships connecting metal center interactions 3 % Spectro
and the resulting molecular properties are gradually coming % %

into focus, many questions remain unanswered. Exploring
innovative ligands can open new ways. Synthesis of model
homo- and heterometallic cyclophanyl complexes with varying
M-to-M distances by using differently functionalized PCP
regioisomers including pseudo-para, -ortho, -meta, and -gem,

derivatives have been reallze.d. Small ve.arlatlons na PCI.) ligand Figure 6. Cooperative research efforts by theoretical modeling, design/
structure can cause changes in the sterics, and electronics have synthesis, and characterization of organometallic complexes (reproduced
a prominent influence on chemical reactivity. As in an initial ~ from SFB/TRR 88 resources; Copyright 2018 3MET). .
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For further diversification studies, methods of ultrafast time-
resolved laser spectroscopy in condensed and gas-phase
investigation of the dynamics and intermetallic cooperativity of
photophysical, photochemical, and transport processes in
transition metal-ligand systems could unveil more insights.*
This could provide exciting new findings of complexes about
the charge, spin, and energy, essential for controlling specific
structural, photochromic, luminescence, or photoreactive (cata-
lytic) properties. Our ongoing efforts aim to rationally tailor and
explore the influence and/or limits of cyclophane-derived
metallic complexes in catalysis as well as materials design.
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