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A 1,8-diazaanthracene based ligand (®“PN-NP) is introduced as a
platform that can combine metal-ligand cooperativity with long
range metal-metal cooperativity. The scaffold enforces a well-
defined, large Cu---Cu separation while retaining sites capable of
reversible dearomatization. This arrangement enables cooperative
small-molecule activation across spatially separated metal centres,
exemplified by formation of a nitrile-derived p-bridged
cyanomethyl fragment.

Homogeneous transition metal catalysts play a central role in
modern synthetic chemistry, enabling the selective formation of C—
C, C-N, and C-O bonds."" 2 Historically, most advances in
homogeneous catalysis have relied on mononuclear complexes,
where careful ligand design allows tuning of the steric and electronic
environment around the reactive metal center to optimize catalytic
performance.® Over the past decades, increasing attention has
shifted toward cooperative approaches, in which multiple
components of a metal complex participate directly in substrate
activation and bond-forming processes. Among the various forms of
cooperative approaches, metal-ligand cooperativity (MLC) or metal—-
metal cooperativity (MMC) have emerged as particularly powerful
strategies.* For example, ligands capable of undergoing reversible
aromatization/dearomatization can participate directly in bond
activation through MLC, enabling chemical bond cleavage across the
metal-ligand framework without requiring metal-centered redox
changes.’ Likewise, multimetallic complexes can activate substrates

Arie J. H. Multem™, Vishal Chugh™, Annemijn M. van Koten?, Mick J. Zomer?, Martin Lutz® and

The dinucleating ligands utilized in these multimetallic systems can
broadly be divided into two classes: those that position metal centers
within bonding distance, thereby enabling direct metal-metal
interactions (class A), and those that prevent direct bonding
interactions by geometrically enforcing metal-metal separation
beyond the covalent bonding range (class B).® Previous work from
our group has focussed on a class A dinucleating ligands based on the
widely employed 1,8-naphthyridine scaffold, a privileged platform
for the construction of bimetallic complexes owing to its ability to
support closely spaced metal centers (Scheme 1, top-left). In
particular, our work has focused on the RPNNP ligand platform
(Scheme 1, top-right), which combines reversible dearomatization of
the 1,8-naphthyridine  backbone to
cooperativity?> 26 while the bimetallic core enables metal-metal

enable metal-ligand
cooperativity.?”- 28 However, the geometry imposed on the metals by
the 1,8-naphthyridine backbone allows for the formation of
stabilizing 3c-2e bonds (Scheme 1, top-middle), which can effectively
tame otherwise highly reactive organometallic fragments, including
copper-carbenes?, -boryls*® and -hydrides®!, leading to diminished
reactivity. While such stabilization can be beneficial in isolating well-
defined intermediates, or enable particular pathways®, it can also
suppress the intrinsic reactivity required for bond activation and
catalytic turnover.

Class A: 1,8-naphthyridine backbone enabling M-M bonding

. . — -, — {5 — -
through synergistic interactions between two or more metals, LR P v W ReP Lo /PR2
. - . 6 s Ns s Ns N
enabling modes of reactivity inaccessible to mononuclear systems. P Py P

7 Renewed interest in multimetallic reactivity has stimulated the
development of multinucleating ligands that enable the selective
synthesis of well-defined multimetallic complexes and systematic
investigation of their cooperative properties.® These systems display
distinct stoichiometric®'7 and catalytic!®%° reactivity and have been
used to mimic surface facets relevant to heterogenous catalysis.?*"?*
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« Distinct reactivity « Stable 3c-2e bonds » Aromatization/dearomatization
Class B: Schematic of ligand designs preventing M-M bonding
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* Various forms of MLC

This work:

« Rigid, bidentate BYPN-NP

« Aromatization/dearomatization

* Long-range MMC

Scheme 1: Top: Graphical representatations of a bimetallic complex of a 1,8-
naphthyridine-based class A type ligand, their 3c-2e bonding, and the RPNNP scaffold.
Bottom: Distinction between reported class B ligand designs and the presented 1,8-
diazaanthracene based ®“PN-NP.
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We hypothesized that a class B analogue of ®PNNP ligand can
circumvent the formation of these stabilizing 3c-2e bonds and
generate more reactive metal-ligand fragments, enabling both MLC
and long-range MMC. While class B ligands capable of supporting
MLC and long range MMC have been reported, these differ in key
structural aspects and coordination topology from the rigid
dinucleating "PNNP framework (e.g. with flexible backbones® 12, or
higher denticity coordination motifs33, Scheme 1, bottom-left). To
address this, we designed a 1,8-diazaanthracene based ®YPN-NP
ligand that features two spatially separated PN coordination pockets,
while retaining the acidic methylene linkers within the P-N binding
pockets. This ligand therefore provides a new platform to investigate
long-range  MMC in combination  with  aromatization-
dearomatization-based MLC (Scheme 1, bottom-right).

Inspired by the synthesis of the previously reported ®'PNP3* and
tBUPNNP?® ligands, we envisioned that double deprotonation of 2,7-
dimethyl-1,8-diazaanthracene (DMDA), followed by the reaction
with a corresponding chlorodialkylphosphine, would afford the
desired ligand. While the synthesis of DMDA has been reported as a
five-step procedure starting from m-xylene, > we modified several
reaction steps to improve yields or reproducibility (see $2.1-5S2.5 for
more detail). As anticipated, double deprotonation of DMDA using
n-Buli in THF and a subsequent reaction with two equiv ‘Bu,PCl
afforded *™YPN-NP as a brown solid in 72% vyield (Scheme 2a).
The 'H, 13C and 3!P{*H} NMR spectra of ®“PN-NP in CD,Cl, at room
temperature show the expected number of resonances for a
G,y symmetric species. The 3P{*H} NMR spectrum shows a single
resonance at 33.5 ppm, similar to the 3!P resonances found for the
related ®BYPNP (6=35.2 ppm in C¢D¢) and BPNNP (6=35.8 ppm in
CD,Cl) ligands.?® 3% Reacting ™®YPN-NP with two equiv of
Cu(MeCN)4(PFg) in CH,Cl, results in selective formation of dicopper(l)
complex 1, which was isolated in 98% yield. (Scheme 2b). Besides the
expected small downfield shift of the 'H resonances of the
heterocyclic scaffold, no significant changes are observed in the *H
NMR spectrum in comparison with the ®YPN-NP ligand. In contrast,
a clear upfield shift is observed in the 3'P{*H} NMR spectrum of 1 in
CD,Cl; (6=30.3 ppm) compared to *BYPN-NP (6=33.5 ppm in CD,Cl,),
accompanied by the characteristic linebroadening arising from
quadrupolar relaxation of the #3Cu and ®°Cu nuclei (both S= 3/2).3¢

a) Synthesis of BYPN-NP

PBu,
74 \N 1. n-BuLi (2.1 eq.) 74 \N
5 steps 2. 'BugPCI (2.05 eq.)
[
- THF, -78 °C tor.t.
\ ’ \
7\ 7 N
PBu,

Quast and Schén (1972) BUPN.NP (72%)
b) Synthesis of [BYPN-NPCu,(MeCN), 34l[2PFg] (1)
P'Bu, PBu,

74 \N 4 \N-Cu'N:
2 Cu'(MeCN),(PFg) ~

- >

DCM, rt.
\ s
7 SN 4
P'Bu, P'Bu,
BupN.NP 1 (98%)

Scheme 2. (a) Multistep synthesis of ®UPN-NP from m-xylene. (b) Synthesis of
[Cu,(MeCN),PN-NP][2PF¢] (1).
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Crystals suitable for single-crystal X-ray diffraction analysis were
obtained from a MeCN/Et,0/pentane solution of 1. The solid state
structure shows both copper atoms coordinated to the PN pockets
and separated by 5.1013(10) A (Figure 1a). Whereas the NMR data
indicate the formation of a symmetrical complex in solution, the two
copper centers are non-equivalent in the solid state. To
accommodate both copper atoms within the ligand framework, one
copper adopts a distorted trigonal geometry while the second
coordinates two MeCN atoms in a tetrahedral environment.* This is
in contrast with 'H NMR analysis in CD,Cl,, which places a total of
2.34 MeCN molecules per complex. This assignment of ~2
coordinated MeCN molecules per complex is further supported by
elemental analysis, which showed good agreement between the
calculated and experimental values for [Cu(MeCN),PN-NP][2PFg]. As
the crystals were grown from MeCN solution, the coordination of
three MeCN ligands is not surprising. In a CD,Cl; solution, the species
containing two trigonal copper centers is proposed to be dominant
and to exist in rapid exchange with the structure shown in Figure 1a,
explaining the total of 2.34 MeCN molecules in 1. We observed
similar fluxional related dicopper—
acetonitrile complexes supported by the RPNNP ligand that binds two

behavior in structurally

metals within bonding range.?°

Figure 1. Molecular structures of [Cu,(MeCN)3®'PN-NP][2PF] (1, left) and [Cu,(p-
CH,CN)PN-NP**][K(18-crown-6)(THF),] (3, right) in the crystal (50 % displacement
ellipsoids, tBu groups shown in wireframe). Counterions (2 PFg for 1; K(18-c-6) for
3) and solvent molecules are omitted for clarity. Only the major disorder form of
the coordinated acetonitrile molecules is shown. Selected bond lengths (A) for 1:
Cul---Cu2: 5.1013(10). Selected bond lengths for 3 (A): Cul---Cu2: 5.1178(9), Cu2-
€28:1.989(4), C27-C28: 1.386(5), C27-N2: 1.166(5).

To probe the ability of the 1,8-diazaanthracene backbone to
dearomatize upon deprotonation of the methylene linkers, we
reacted a suspension of [Cu,(MeCN),PN-NP][2PF¢] (1) in THF with
one equivalent of the strong base potassium hexamethyldisilazide
(KHMDS). This resulted in a rapid color change from yellow to purple.
IH NMR analysis of the crude reaction mixture indicated the
formation of a mixture of species. Only upon the addition of a second
equivalent of KHMDS did the reaction converge to two species, 22"
and 2°"(Scheme 3), which are formed in a 83:17 ratio. For both
species, a loss of Coy symmetry is observed, evident by an increase
from four to six signals in the aromatic region of the *H NMR for
either of the two species. Deprotonation of one of the methylene
linkers is evident by a diagnostic splitting of the four methylene
protons in 1 (64 = 3.58 ppm, 4H) to a methine (6y = 4.32, 4.53 ppm,

This journal is © The Royal Society of Chemistry 20xx
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1H, for 22* and 2°* respectively) and a methylene signal (6, = 2.63,
2.57 ppm, 2 H, for 22* and 2* respectively). This is further
corroborated by the 3P{*H} NMR spectrum in THF-dg which shows
two 3P resonances for either species, as the 3'P resonance of the
CH,-P'Bu; moiety (6p = 20.57, 31.21 ppm, for 2°* and 2b*
respectively) differs from the =CHP'Bu, moeity (6p= 15.57, 2.00 ppm
for 22* and 2°* respectively). Overall, the loss of C,y symmetry,
accompanied by the diagnostic methyne is consistent with a partially
dearomatized 1,8-diazaanthracene backbone for both species in
solution. Interestingly, the H resonance formely associated with
MeCN in 1 (64 = 2.44), shows a large upfield shift in 22* and 2°* (6=
1.63, 2.03 ppm, respectively) and integrates for 2H. This suggests
that the second equivalent of KHMDS deprotonates the end-on
coordinated MeCN in 1 and forms a anionic cyanoalkyl (\CH,CN)
ligand. This proposal is further supported by the observation of a
distinct resonance at 8. = -9.67 ppm in the *C{*H} NMR spectrum.
This is characteristic of aliphatic organocopper species®” 38, and the
observed splitting pattern is consistent with the expected three-
bond coupling to the adjacent phosphine donor (Jc.cy-p = 35.8 Hz). The
ATR-IR spectrum of 2 displays a weak absorption band at v = 2194
cm?, consistent with the C=N stretching vibration of copper-
cyanomethyl, which is shifted to lower wavenumbers in comparison
to the nitrile stretching band in 1 (v(C=N) = 2282 c¢m’). Based on H,
13C{*H} NMR and ATR-IR we propose the formation of a bridged
dicopper species, [Cuy(u-CH,CN)®BUPN-NP*], which can exist as two
isomers (22" and 2°*, Scheme 3) that differ in the orientation of the
cyanomethyl ligand due to partial dearomatization of the ®“PN-NP
ligand. Consistent with this proposal, the addition of one additional
equivalent of KHMDS and 18-crown-6 to this mixture of isomers
results in an immediate color change from purple to pink and clean
formation of 3. 'H NMR analysis of 3 in THF-ds shows two sets of
methine resonances at 3.45 and 3.30 ppm, and a further upfield shift
of the aromatic resonances, indicative of double deprotonation and
concomitant dearomatization of the ligand. Both *H and 3!P{*H} NMR
indicate the presence of one nonsymmetric product, suggesting that
the non-symmetric bridging cyanomethyl ligand remains intact upon
double dearomatization. Layering a THF solution of 3 with pentane

ple K(18-c-6)
\  (THF)as
N—Cu'

1 KHMDS
18-crown-6

JE——

THF, r.t.

P'Bu,
22+ (83%) 3 (99%)
Scheme 3. Synthesis of [Cu,(u-MeCN)®UPN-NP*] (2*), which consists of two isomers (22*
and 2°*) (left) and synthesis of [Cu,(u-MeCN)®BUPN-NP**][K(18-crown-6)(THF);s] (3)
(right).

25% (17%)

Upon stepwise dearomatization of the diazaanthracene backbone
during the converstion of 1 to 2 and subsequently to 3, the color of
the complexes changed from brown to intense purple and finally to
pink, respectively. These optical properties motivated further
investigation of the electronic structure using UV-Vis spectroscopy
to determine whether the observed color changes are due to ligand-
centered or metal-centered transitions. To distinguish between
these possibilities, the optical properties of the free ligand were first
investigated. Reacting a brown suspension of ®“PN-NP in THF with 1
equivalent of KHMDS and 18-crown-6 at room temperature, resulted
in immediate formation of a intense blue solution, associated with
the formation of ®BYPN-NP*(Scheme 4). The resonances observed in
'H and 3'P{*H} NMR spectra are consistent with an nonsymmetric
diazaanthracene backbone and partial dearomatization (See Figure
S14). The intense blue color of ®YPN-NP* is reflected by multiple
strong absorbance bands around 600 nm, which are absent in the
UV-Vis spectrum of ®BUYPN-NP (Figure 2, top). ®BYPN-NP* is best
prepared in situ due to the gradual decomposition of the material in
the solid state. *H NMR analysis of a reaction mixture of *8“PN-NP
with 2 equivalents of KHMDS and 18-crown-6 showed a mixture of
BUPN-NP* and the doubly dearomatized analogue (B“PN-NP**).
However, the addition of an excess of KHMDS (17 equiv.), or two
equivalents of the stronger alkali base BnK, resulted in full conversion
of tBYPN-NP to BUPN-NP**(Scheme 4). This observation indicates a
significantly higher pK, for the second deprotonation step, and the
pronounced basicity of BYPN-NP** is reflected in its decomposition
upon solvent removal.

-? afforded red crystals, suitable for single-crystal X-ray diffraction
sl analysis. The solid-state structure (Figure 1b) confirms
dearomatization on both sides of the 1,8-diazaanthracene, as P'Bu, pigy, | K(18-c:6) PBu, | 2K(18-c-6)]
evidenced by the shortening of the C-C bondos between the methine 7\ 1 KHMDS excess KHVDS
and diazaanthracene carbon atoms by 0.13 A (C1-C2 and C7-C8, see 118-c-6 excess 18-c-6
figure S21) compared the bond lenghts in the percursor 1. The solid y THF, rt THF, rt
state structure further confirms the presence of a bridging, A ) ) )
. P'Bu, P'Bu, P'Bu,
cyanomethyl ligand between both copper centers. In 3, the Cu---Cu BupnNP PP (i sit) PP (n sit)

separation is slightly increased relative to 1 (5.1178(9) vs. 5.1013(10)
A, respectively). While the X-ray crystal structure shows significant
shortening of the carbon-carbon bond of u-CH,CN in 3 compared to
the MeCN molecules in 1, the C-N bond distance does not change
significantly, indicating that the triple bond remains intact (see Figure
S21). This My(u-n*(C):n*(N)-CH,CN) motif is rare: only thirtheen
related structures reported in the Cambridge Structural Database®
(accessed 29-05-2026), all corresponding to aggregates of
mononuclear complexes, and none containing copper. This
illustrates the ability of the YPN-NP ligand framework to support a
unique bimetallic core with large metal-metal separation, thereby
enabling stabilization of reactive fragments such as "CH,C=N.

This journal is © The Royal Society of Chemistry 20xx

Scheme 4. Synthesis of K(18-c-6)®“PN-NP* (top) and of K,®“PN-NP** (bottom) through
deprotonation with KHMDS.

THF solutions of BYPNNP** exhibit an intense red color,
corresponding to a new absorption band at 480 nm. This is
accompanied by a red-shift of the Amax of the partially dearomatized
compound from 607 nm to 570 nm in the UV-Vis spectrum (Figure 2,
top). Similar to the non-coordinated ligand system, the stepwise
deprotonation from 1 to 2, and subsequently 3 is accompanied by
pronounced color changes from brown-yellow to deep purple and
finally to intense pink, suggesting a similar evolution in the
absorption properties. To investigate these changes, UV-Vis spectra

J. Name., 2013, 00, 1-3 | 3
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of the dicopper complexes 1-3, which span the three possible
protonation states of the dinucleating ligand, were recorded in THF
solution. Comparing the UV-Vis spectra of ®“PN-NP to 1 only shows
a slight red-shift of the characteristic 1,8-diazaanthracene absorption
bands in the 300-400 nm region,*> while no new absorbance bands
appear (Figure 2, black traces). This indicates that coordination of the
copper centers in 1 only has a minor influence on the electronic
transitions of the ligand framework. Upon partial dearomatization of
the 1,8- diazaanthracene backbone in ®PN-NP*, new low-energy
absorption bands emerge in the UV-Vis spectra with Amaxat 610 nm,
which are also found in 2, but slightly blueshifted to 570 nm,
respectively (Figure 2, blue traces). Double dearomatization of the
free ligand to form BUPN-NP** results in a further red shift of this
feature to 570 nm in comparison with ®“PN-NP*. Although less
pronounced, similar changes in absorption features are observed
upon conversion from 2 to 3, showing a subtle red shift of
approximately 50 nm (Figure 2, red traces) Together, these
observations indicate that the intense visible absorption bands in the
dicopper complexes are primarily ligand-centered m—mt* transitions.

3,04

25 —— BPN-NP
—— K®'PN-NP*
— K,®'PN-NP**

Absorbance

T T T T 1
300 400 500 600 700 800
Wavelength (nm)

—— [Cu,(MeCN),*PN-NP][2PF ]
—— [Cu,(-CH,CN)®PN-NP*]
—— [Cu,(u-CH,CN)®PN-NP*|[K(18-c-6)]

-
1

Absorbance

300 4(I)O 5(I)O 6(])0 7(|)0 8(|)0
Wavelength (nm)

Figure 2. Top: UV-Vis spectra of 0.16 mM solutions of B“PN-NP, KBUPN-NP*, K,®BUPN-NP**

in THF, generated by the in situ deprotonation of BYPN-NP with KHMDS/18-c-6 (1 equiv)

and BnK (2 equiv), respectively. Bottom: UV-Vis spectra of 0.01 mM solutions of

[Cuy(MeCN),tBPN-NP][2PFg] (1), [Cup(p-MeCN)®BUPN-NP*] (22* and 2b*), [Cu(p-

MeCN)®BUPN-NP**][K(18-crown-6)] (3) in THF.

In conclusion, the 1,8-diazaanthracene-supported dinucleating
ligand framework reported here enables the combined study of long-
range metal-metal cooperativity and metal-ligand cooperativity in
small-molecule activation. Coordination of two copper centres
within the ®BYPN-NP scaffold gives a rigid bimetallic structure with a
well-defined, large Cu--Cu separation. This platform was
demonstrated to enable the generation of a nitrile-derived, bridged
cyanomethyl fragment, highlighting how remote metal centres can
act cooperatively to generate a reactive intermediate.

4| J. Name., 2012, 00, 1-3

View Article Online
DOI: 10.1039/D6CC03416K

Conflicts of interest
There are no conflicts to declare.

Data availability

CCDC 2557890-2557891 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge
www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic Data Centre via
The spectroscopic data related to the work described in this paper is
available free of charge in the Yoda data repository

at https://doi.org/10.24416/UU01-HIG7Q0

Acknowledgements

We want to thank Javier Sastre Torafio for performing HR-MS
measurements. Former Broere Group members Roel Bienenmann
and Errikos Kounalis are acknowledged for insightful discussions and
practical supervision of A. M. van Koten during her MSc. thesis
project, wherein ®UPN-NP was first synthesized. Funded by the
European Union (ERC, N2-CONVERT, 101116543). Views and
opinions expressed are however those of the author(s) only and do
not necessarily reflect those of the European Union or the European
Research Council. Neither the European Union nor the granting
authority can be held responsible for them.

Notes and references

¥ The two coppers in the molecular structure of (1) in the crystal
are disordered with a major disorder form: Cul tetrahedral, Cu2
trigonal and a minor disorder form: Cul trigonal, Cu2 tetrahedral.

1. J. F. Hartwig, Nature, 2008, 455, 314-322.

2. A. A. Bhat, M. A. Mumtaz, J. Singh, A. Hameed, M. I. Khan
and A. K. Wani, Polyhedron, 2026, 118045.

3. Hartwig, J. F. Organotransition metal chemistry: from
bonding to catalysis. 2010. ISBN 978-1-891389-53-5.

4, M. A. Stevens and A. L. Colebatch, Chemical Society
Reviews, 2022, 51, 1881-1898.

5. T. P. Gongalves, I. Dutta and K.-W. Huang, Chemical

Communications, 2021, 57, 3070-3082; Khusnutdinova, J.
R.; Milstein, D. Angewandte Chemie International edition
2015, 54, 12236-12273

6. J. Campos, Nature Reviews Chemistry, 2020, 4, 696—702.

I. G. Powers and C. Uyeda, Acs Catalysis, 2017, 7, 936—958.

Q. Wang, S. H. Brooks, T. Liu and N. C. Tomson, Chemical

Communications, 2021, 57, 2839-2853.

9. J. M. Fernandez, A. V. Nguyen, M. Gharaee, A. H. S. Javadi,
T. R. Cundari and T. D. Tilley, Journal of the American
Chemical Society, 2026, 148, 3455-3461.

o N

10. T. Liu, J. E. Gonder, R. P. Murphy, A. M. Bacon, M. R. Gau
and N. C. Tomson, Chemical Science, 2026, 17, 7203-7210.
11. A.J.Chavez, W. Buratto, P. N. Phu, A. Wu, G. Wu, P. C. Ford,

N. G. Léonard and M. M. Abu-Omar, Inorganic Chemistry,
2025, 64, 21859-21868.

12. S. P. Rumi, J. M. Laddusaw, L. N. Zakharov, P. H.-Y. Cheong
and A. N. Desnoyer, Inorganic Chemistry, 2025, 64, 23215—
23224,

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 6


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc03416k

Open Access Article. Published on 24 June 2026. Downloaded on 6/25/2026 3:27:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

HlEEEs s ChemEomm =izl

Journal Name

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

B. J. Knight, K. J. Anderton, J. F. Torres, V. J. Catalano, R.
Garcia-Serres and L. J. Murray, Inorganic Chemistry, 2025,
64, 8052-8063.

A. R. Delaney, A. A. Kroeger, M. L. Coote and A. L.
Colebatch, Chemistry—-A European Journal, 2023, 29,
€202302366.

S. I. Mozzi, D.-H. Manz, N. Ostermann, R. A. Schulz, P.-C.
Duan, T. Kothe, M. Diefenbach, S. Dechert, S. Demeshko
and V. Krewald, Journal of the American Chemical Society,
2025, 147, 33679-33690.

S. Deolka, O. Rivada-Wheelaghan, S. L. Aristizdbal, R. R.
Fayzullin, S. Pal, K. Nozaki, E. Khaskin and J. R.
Khusnutdinova, Chemical Science, 2020, 11, 5494-5502.
T. Liu, R. P. Murphy, P. J. Carroll, M. R. Gau and N. C.
Tomson, Journal of the American Chemical Society, 2022,
144, 14037-14041.

C. Uyeda and C. M. Farley, Accounts of chemical research,
2021, 54, 3710-3719.

I. Fujii, R. Seki, H. Kido, L. Jauffret, K. Semba and Y. Nakao,
Angewandte Chemie, 2026, 138, e18631.

Y. Wang, W. Shi, W. Tao, J. Zhang, D.-C. Zhong and T. Lu,
Science China Chemistry, 2025, 68, 974-979.

T. Liu, M. R. Gau and N. C. Tomson, Journal of the American
Chemical Society, 2020, 142, 8142-8146.

Y. J. Son, D. Kim, J. W. Park, K. Ko, Y. Yu and S. J. Hwang,
Journal of the American Chemical Society, 2024, 146,
29810-29823.

A. W. Beamer, K. S. Zimmerman and J. A. Buss, Journal of
the American Chemical Society, 2026.

T. S. John, D. Singh, V. Maurel, R. Garcia-Serres and L. J.
Murray, Inorganic Chemistry, 2025, 64, 10488—-10495.

S. Melnikov, P. N. Oostenbrug, M. Lutz and D. L. Broere,
2026.

E. Kounalis, M. Lutz and D. L. Broere, Chemistry-A
European Journal, 2019, 25, 13280-13284.

C. B. van Beek, H. Choi, M. L. Hilberts, M. M. Lammertink,
B. Park, M. Lutz, M.-H. Baik and D. L. Broere,
Organometallics, 2025, 44, 2786-2795.

C. B. Van Beek, N. P. Van Leest, M. Lutz, S. D. De Vos, R. J.
K. Gebbink, B. De Bruin and D. L. Broere, Chemical Science,
2022, 13, 2094-2104.

R. L. Bienenmann, M. R. de Vries, M. Lutz and D. L. Broere,
Chemistry—A European Journal, 2024, 30, e202400283.

P. Rios, M. S. See, R. C. Handford, S. J. Teat and T. D. Tilley,
Chemical Science, 2022, 13, 6619-6625.

R. L. Bienenmann, A. J. Schanz, P. L. Ooms, M. Lutz and D.
L. Broere, Angewandte Chemie International Edition, 2022,
61, 202202318.

R. L. Bienenmann, A. O. Loyo, M. Lutz and D. L. Broere, ACS
catalysis, 2024, 14, 15599-15608.

M. Li, S. K. Gupta, S. Dechert, S. Demeshko and F. Meyer,
Angewandte Chemie International Edition, 2021, 60,
14480-14487.

T. Simler, L. Karmazin, C. Bailly, P. Braunstein and A. A.
Danopoulos, Organometallics, 2016, 35, 903—912.

H. Quast and N. Schon, Liebigs Annalen der Chemie, 1984,
1984, 133-146.

A. Marker and M. J. Gunter, Journal of Magnetic Resonance
(1969), 1982, 47, 118-132.

H.-C. Chang, Y.-F. Chang, S.-H. Lin, T.-H. Lin and W.-Z. Lee,
Inorganic Chemistry, 2018, 58, 22-26.

This journal is © The Royal Society of Chemistry 20xx

38.

39.

S. K. Nahar, H. P. Nur, M. T. Rahman, M. Nilsson and T.
Olsson, Journal of organometallic chemistry, 1991, 408,
261-270.

C. R. Groom, I. J. Bruno, M. P. Lightfoot and S. C. Ward,
Structural Science, 2016, 72, 171-179.

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc03416k

Open Access Article. Published on 24 June 2026. Downloaded on 6/25/2026 3:27:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm Page 6 of 6

View Article Online
DOI: 10.1039/D6CC03416K

Data availability

CCDC 2557890-2557891 contain the supplementary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

The spectroscopic data related to the work described in this paper is available free of charge in the Yoda data repository
at https://doi.org/10.24416/UU01-HIG7QO



https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.24416%2FUU01-HIG7QO&data=05%7C02%7Ca.j.h.multem%40uu.nl%7Cc59aadc305ff4331ac5008dec096fe65%7Cd72758a0a4464e0fa0aa4bf95a4a10e7%7C0%7C0%7C639159951892035101%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=IIwZdoF5RySubsP1CFBgnE%2F7EJL9%2Fd7%2Bx79rM1oa3Gk%3D&reserved=0
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc03416k

