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2,2'-Bipyridine has been identified as a privileged ligand scaffold for photofunctional transition metal
complexes. We herein report on the synthesis and photoproperties of an insulated w-conjugated 2,2’-
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bipyridine with a linked rotaxane structure consisting of permethylated a-cyclodextrin (PM a-CD) and

oligo(p-phenylene ethynylene). The insulated m-conjugated 2,2’-bipyridine exhibited enhanced ligand
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Introduction

2,2'-Bipyridine ligand constructs m-conjugated systems con-
taining metal atoms through N,N'-chelating coordination,* and
is therefore widely used in photofunctional transition-metal
complexes including luminescent materials,> photosensi-
tizers,® and photocatalysts.* To effectively utilize visible light, -
extension of 2,2'-bipyridine has been adopted as a reliable
method to reduce HOMO-LUMO gaps.® However, open metal
coordination environments based on the planarity of 2,2’
bipyridine ligands facilitate intermolecular interactions,
including 7-7 and metal-metal interactions, as well as addi-
tional ligation to coordinatively unsaturated metal centers
(Fig. 1a),° resulting in the decreased performance of photo-
functional transition-metal complexes. Spatial isolation of -
conjugated molecules based on steric protection effectively
circumvents these problems.

In this context, three-dimensional insulation of 7m-conju-
gated molecules by nonconductive macrocycles is a promising
strategy owing to its high degree of steric protection.” We
previously reported on an insulated m-conjugated polymer
containing 2,2-bipyridine moieties that exhibits significant
solid-state luminescence with typical metal coordination.®” The
sandwich-structured 2,2’-bipyridine with linked rotaxanes con-
sisting of permethylated o-cyclodextrin (PM a-CD) and oligo(p-
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performance in the solid-state emitting biscyclometalated Ir complexes and visible-light-driven Ni
catalysts owing to m-extension and remote steric effects based on the linked rotaxane structure.

phenylene ethynylene) suppresses the interaction between -
conjugated chains while allowing metal ions to easily access the
coordination site. We thus designed an insulated m-conjugated
2,2'-bipyridine L1 with a linked rotaxane structure end-capped
by pivaloyl groups as a ligand for photofunctional transition-
metal complexes (Fig. 1b)."* This paper describes the
synthesis and characterization of L1, and its high ligand
performance in solid-state emitting biscyclometalated Ir
complexes and visible-light-driven Ni catalysts. Experimental
and computational studies indicate that the enhanced perfor-
mance is attributable to m-extension and remote steric effects
resulting from the linked rotaxane structure.

Results and discussion
Synthesis of insulated 7t-conjugated 2,2'-bipyridine

Fig. 1c shows the density functional theory (DFT)-optimized
model structure of L1. Two PM «-CDs are located outside the
carbon-carbon triple bond directly connected to the 2,2'-
bipyridine core, covering the diphenylacetylene units exten-
sively. Therefore, a size-limited but molecular accessible space
is around the coordinating N atom (ca. 11-12 A).

The synthesis of L1 is illustrated in Scheme 1. The Pd-
catalyzed Sonogashira coupling reaction between the PM a-
CD-tethered terminal alkyne 1 and 2-bromo-5-iodopyridine
produced bis(phenylene ethynylene)-conjugated pyridine 2. To
construct the 2,2’-bipyridine structure, sequential stannylation
and Stille coupling of 2 were conducted using Bu;Sn-SnBuj; in
the presence of [Pd(PPhj;),], affording 3. Following the reduc-
tion of the NO, group with Na,S,0,, heating NH,-substituted
2,2'-bipyridine 4 in a mixed solvent of H,O and MeOH (1:1)
induced the self-inclusion of phenylene ethynylene with PM a-
CD driven by hydrophilic-hydrophobic interactions.** Subse-
quent pivaloyl end capping of the terminal NH, group in 5
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(a) Conceptual diagrams illustrating issues encountered in w-extended 2,2’-bipyridine ligands. Red dotted lines show - and metal—

metal interactions, and additional ligation to the metal center. (b) Structure of insulated w-conjugated 2,2’-bipyridine L1 with the linked rotaxane
structure end-capped by pivaloyl groups. (c) Optimized molecular structure of L1 calculated using the B3LYP/6-31G(d,p) level.
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Scheme 1 Synthesis and structures of L1-L3.

8874 | Chem. Sci, 2024, 15, 8873-8879

furnished L1 as an air- and moisture-stable yellow-brown solid.
The insulated structure of L1 was confirmed by the nuclear
Overhauser effect (NOE) between the inner PM o-CD and phe-
nylene protons in 'H-'H ROESY NMR spectra.? The steric
hindrance of the pivaloyl group inhibits PM a-CD dethreading
on nonpolar solvents, such as CH,Cl, and toluene, favoring the
uninsulated structure. L2 prepared from 4 via direct piv-
aloylation in CH,Cl, and L3 with PM «-CDs removed served as
uncovered references.

Luminescent biscyclometalated Ir complexes

Our previous studies on the utility of linked rotaxane structures in
luminescent materials®**** prompted us to apply L1 to phospho-
rescent biscyclometalated Ir complexes.” The newly synthesized Ir
complex [Ir(ppy),(L1)]PFs (ppy = 2-phenylpyridine, Fig. 2a) exhibits
significant red-shift of absorption and emission peaks compared to
the parent complex [Ir(ppy).(bpy)[PFs (bpy = 2,2'-bipyridine)
(Fig. 2b and c), similar to uncovered 7-extended biscyclometalated
Ir complexes reported by Tatay** and Schanze.*” Notably, unlike
its uncovered counterpart [Ir(ppy)»(L3)]PFs, [Ir(ppy).(L1)]PFs
demonstrated a higher emission quantum yield (QY) in the solid
state than in the solution state (Fig. 2d). The linked rotaxane
structure effectively suppresses intermolecular - interactions,
even in the solid state where molecular aggregation is prominent
(Fig. 2e). Time-dependent density functional theory (TD-DFT)
calculations of [Ir(ppy),(L3)]" showed that the electronic transi-
tions of [Ir(ppy),(L1)]PFs around 413 nm have an intraligand charge
transfer (ILCT) character from the phenylene-ethynylenes to the
2,2-bipyridine moiety, mixed with some metal-to-ligand charge
transfer (MLCT) character from the Ir(m) center to the 2,2'-bipyr-
idine moiety and ligand-to-ligand charge transfer (LLCT) character
from the ppy ligand to the 2,2"-bipyridine moiety (Fig. 2f)."**

Visible-light-driven Ni catalysts

The preferred ILCT nature of the excited Ir-L1 system prompted
us to investigate the applicability of L1 as a ligand for visible-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Molecular structure of [Ir(ppy)2(L1)]PFg. (b) Absorption

spectra of [Ir(ppy)2(LL)IPFe, [Ir(ppy)2(L3)IPFe, and [Ir(ppy)2(bpy)]PFg (in
CH,Cl,, 1 x 107> M). (c) Emission spectra of [Ir(ppy)a(L1)IPFs,
[Ir(ppy)2(L3)IPFs, and [Ir(ppy)o(bpy)IPFg (in CHoClo, 1 x 107% M, under
a N atmosphere, excited at 405, 405, 365 nm, respectively). The
asterisk indicates the second order of excitation wavelength. (d)
Solution (I x 107® M in CH,Cl) and solid-state luminescence
quantum yields (QYs) of [Ir(ppy)>(L1)IPFg and [Ir(ppy),(L3)IPFg (excited
at 405 nm under a N, atmosphere). (e) Schematic of the aggregation
suppression of [Ir(ppy)2(L1)]PFe. (f) Natural transition orbitals (NTOs) of
lIr(ppy)2(L3)]* calculated using the CAM-B3LYP/6-31+G(d,p) (for C,
H, N, O) and LANL2DZ (for Ir) levels with the PCM (CH,Cl,) solvation
model.

light-driven Ni-catalyzed cross-coupling reactions,' classified

as metallaphotoredox catalysis,’”” merging transition metal
catalysis with photocatalysis. Pieber et al. proposed ILCT-
induced Ni-catalyzed carbon-heteroatom coupling using -
extended 2,2'-bipyridine sandwiched between two N-carbazolyl
groups,* generating catalytically active Ni(1) species through
single-electron reduction of bench-stable Ni(u)-bipyridine
complexes under visible-light irradiation without exogenous
photocatalysts.>>* Li et al. reported similar photocatalyst-free
metallaphotoredox systems based on 2-(pyridin-2-yl)quinoline-
based N,N'-chelating ligands.*

TD-DFT calculations of the model Ni complex NiCl,(L3) with
an uncovered phenylene-ethynylene structure show that the
375 nm band (onset ca. 450 nm) obtained in the experimental
spectrum of the Ni(u)-L1 complex in situ prepared from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NiCl,-DME (DME: 1,2-dimethoxyethane) and L1 in DMF (N,N-
dimethylformamide) is attributed to ILCT transitions from the
phenylene-ethynylene to 2,2’-bipyridine moieties (Fig. 3a). The
natural transition orbital (NTO) distribution of NiCl,(L3) was
similar to that of the carbazole-bipyridine Ni(u) complex re-
ported by Pieber et al. (Fig. 3b),>® implying that Ni(1) species
could be formed from the Ni(n)-L1 system via ILCT transitions
during the catalytic reaction.

The Ni(u)-L1 system was prepared in situ from NiCl,-DME
(1 mol%) and L1 (1 mol%), and applied to the C-O coupling of
4-bromobenzonitrile (6a, 0.1 mmol) and MeOH (4 mmol) in
DMF (0.2 M) under 427 nm LED irradiation for 20 h in the
presence of {Pr,EtN as a base with cooling fans.” To our
delight, the reaction proceeded smoothly without the use of an
exogenous photocatalyst, yielding 94% of 4-methoxybenzoni-
trile 7a (Table 1, entry 1). In contrast, no reaction was observed
in the dark (entry 2). The reaction did not proceed without the
nickel salt or L1 (entries 3 and 4). Using the simple parent 2,2’
bipyridine instead of L1 produced no reaction (entry 5).
Therefore, a combination of the nickel salt, L1, and visible light
irradiation is required.

In contrast to the results obtained using L1, the uncovered
counterparts L2 and L3 were less effective (27 and 0%, entries 6
and 7). This suggests that the steric effects of the linked rotax-
ane structure in L1 are critical. Furthermore, increasing L1
loading from 1 mol% (94%, entry 1) to 2 mol% (84%, entry 8)
did not significantly reduce reaction efficiency, whereas using
2 mol% L2 resulted in almost loss of activity (8%, entry 9). Based
on the optimal structure of L1 (Fig. 1c), we postulated that the
linked rotaxane structure, with fixed PM o-CD positions,
induced a remote steric effect that inhibited the coordination of
the secondary ligand molecules to the catalytically active
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Fig. 3 (a) Experimental (red solid line) and calculated (black dashed
line) UV/Visible spectra of NiCl,-DME/LL (1:1, in DMF) and NiCl,(L3),
respectively. A vertical line is assigned to an intraligand charge transfer
(ILCT) transition. (b) NTOs of NiCl,(L3) calculated using the CAM-
UB3LYP/6-31+G(d,p) (for C, H, N, O, Cl) and LANL2DZ (for Ni) levels
with the PCM (DMF) solvation model.
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Table 1 Visible-light-driven Ni-catalyzed C-O coupling between 6a
and MeOH*

Br
/©/ + MeOH
NC

NiCl,-DME (1 mol%)
L1 (1 mol%)

ProEtN (0.2 mmol) /@/OMQ
L —
DMF (0.5 mL) NG

427 nm LEDs, 20 h

6a 0.1 mmol 4 mmol 7a
Entry Variation Conv. of 6a” (%) Yield of 7a” (%)
1 None 97 94 (68)
2 No light 0 0
3 No NiCl,- DME 0 0
4 No L1 0 0
5 bpy instead of L1 1 0
6 L2 instead of L1 29 27
7 L3 instead of L1 1 0
8 L1 (2 mol%) 86 84
9 L2 (2 mol%) instead of L1 10 8

¢ Conditions: 4-bromobenzonitrile (6a, 0.1 mmol), MeOH (4 mmol),
NiCl,-DME (1 mol%), L1 (1 mol%), iPr,EtN (0.2 mmol), DMF (0.5
mL), 1,3,5-trimethoxybenzene (0.1 mmol) as an internal standard,
427 nm LEDs, 20 h, with cooling fans. ? Determined by 'H NMR using
an internal standard. The isolated yields are shown in parentheses.

monochelating Ni species. This assumption is supported by our
previous discovery of the mono-chelating properties of
dumbbell-shaped 2,2'-bipyridines with triarylmethyl substitu-
ents at the C5 and C5' positions.”

The Ni(n)-L1 system enabled efficient C-O coupling of several
aryl halides and alcohols (Scheme 2). An electro-deficient aryl
bromide, methyl 4-bromobenzoate, was an appropriate
substrate, yielding 7b in 73% isolated yield. Although the
reaction of 4-bromoanisole, which was electronically deacti-
vated by the MeO group, was less effective, the use of the cor-
responding aryl iodide, 4-iodoanisole, with increasing the
amount of MeOH and extending the reaction time (80 equiv., 48
h), allowed the coupling to produce 7c in 60% yield. The use of
n-hexanol as the nucleophile also resulted in the complete
consumption of 6a, yielding 7d in a reasonable yield with minor
formation of the hydration product 4-hydroxybenzonitrile (7f,
28%). A secondary alcohol, cyclopentanol, was coupled with 4-
iodobenzonitrile under the modified conditions (80 equiv, 48
h), yielding 7e in 50% yield.

H,O also contributes to C-O coupling at low catalyst load-
ings (Scheme 2). The reaction between 6a and H,O proceeded
smoothly with the 0.1 mol% Ni-L1 catalyst, yielding 7f in 88%
isolated yield. The 10 mmol-scale reaction of 6a with the
0.02 mol% Ni loading afforded 7f in 66% yield, corresponding
to the turnover number (TON) of 3300. The reaction efficacy
with L1 was comparable to those with other state-of-art visible-
light-driven Ni catalysts.”>*® An ortho-substituted aryl bromide,
2-bromobenzonitrile, also reacted with H,O in the presence of
0.2 mol% Ni loading, yielding 7g in 75% yield, and a minor
formation of the homocoupling product [1,1-biphenyl]-2,2'-
dicarbonitrile (24%).

Furthermore, L1 was applicable to Ni-catalyzed C-N coupling
under visible light irradiation (Scheme 3).'*»*” With L1, the
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with alcohol

SO T T 0

OMe 7c 92% (60%)? 7d 71%" (69%)2 7e 60%° (50%)@

7b 97% (73%)2 [ from 4-iodoanisole [48h | from 4-iodobenzonitrile
MeOH 80 eq, 48 h cyclopentanol 80 eq, 48 h

with H,0 7t 94% (88%)7
OH 10,1 mol% Ni/L1, 3 ] O 2q 76%e (75%)2
10 mmol scale (66%)%9 [0.2 mol% Ni/L1, 6 h]
NC N

[0.02 mol% Ni/L1, 17 h]

Scheme 2 Substrate scope in the visible-light-driven Ni-catalyzed C—
O coupling with L1. Conditions: aryl bromide (6, 0.1 mmol), HOR' (4
mmol), NiCl,-DME (1 mol%), L1 (1 mol%), iProEtN (0.2 mmol), DMF (0.5
mL), 1,3,5-trimethoxybenzene as an internal standard (0.1 mmol),
427 nm LEDs, 20 h with cooling fans. Determined by *H NMR analysis
using an internal standard. ? Isolated yields. ® Hydration product 7f was
also obtained in 28% NMR yield. © Some unreacted 4-iodobenzonitrile
remained in the crude product (83% conversion). Dehaloprotonation
product, benzonitrile, was also obtained in 20% NMR yield. ¢ 6a (10
mmol), H,O (40 mmol), NiCl,-DME (0.02 mol%), L1 (0.02 mol%),
iProEtN (20 mmol), DMF (7.5 mL), 427 nm LEDs, 17 h with cooling fans.
Complete conversion of 6a was observed. The dehaloprotonation
product, benzonitrile, was also formed. € The homocoupling product,
[1,1'-biphenyl]-2,2’-dicarbonitrile, was also obtained in 24% NMR yield.

NiCly'DME (1 mol%)
L1 (1 mol%) H

DABCO (0.2 mmol) /©/ NenCeHyr
—_—
DMA (0.5 mL) NG

427nmLEDs, 48h g, ggosa (81%, isolated)

cf. 21% with L2
0% with L3
0% with bpy

Br
O + HoN=nCgHy7
NC

6a 0.1 mmol 0.5 mmol

Scheme 3 Visible-light-driven Ni-catalyzed C—-N coupling. Condi-
tions: 4-bromobenzonitrile (6a, 0.1 mmol), H,N-nCgHy7 (0.5 mmol),
NiCl,-DME (1 mol%), L1 (1 mol%), DABCO (0.2 mmol), DMA (0.5 mL),
1,3,5-trimethoxybenzene as an internal standard (0.1 mmol), 427 nm
LEDs, 48 h with cooling fans. Determined by *H NMR analysis using an
internal standard. Isolated yields are shown in parentheses. # Hydration
product 7f was also obtained in 13% NMR yield.

reaction between 6a and n-octylamine was successful with
1 mol% Ni loading in the presence of 1,4-diazabicyclo[2.2.2]
octane (DABCO) as the base in N,N-dimethylacetamide (DMA)
under 427 nm LED irradiation, yielding 8a in 86% NMR yield
and a small amount of hydration product 7f (13%). In contrast,
the use of L2, L3, or 2,2"-bipyridine resulted in lower efficiency,
with either no reaction or only a low conversion reaction
occurring, emphasizing the importance of the linked rotaxane
structure.

Conclusion

The insulated 7t-conjugated 2,2'-bipyridine L1 bearing a linked
rotaxane structure consisting of PM o-CDs and p-phenylene
ethynylenes at the C5 and C5' positions was synthesized. L1
outperformed uncovered 2,2'-bipyridine ligands in the solid-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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state emitting biscyclometalated Ir complex and visible-light-
driven Ni-catalyzed C-O and C-N coupling without exogenous
photocatalysts owing to the m-extension and remote steric
effects based on the linked rotaxane structure. The validity of
ILCT processes from phenylene-ethynylene to 2,2’-bipyridine
moieties via photoexcitation was demonstrated via TD-DFT
calculations. This study provides new design guidelines for
photofunctional transition-metal complexes and contributes to
further development in the field of luminescent materials and
synthetic catalysis. Further investigation of applications of the
insulated m-conjugated 2,2'-bipyridines for photofunctional
transition-metal complexes is ongoing in our laboratory.
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