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Metallabenzenes are recognized as a unique class of aromatic compounds, not
only of structural and theoretical interest but also as platforms to design
powerful transformations. Here, we report the successful transmutation of a
metallabenzene for pyridine synthesis. This ‘metal-to-nitrogen swapping’
process utilizes readily available ruthenabenzene phosphonium salts and
commercially available 2-aminopyridines under mild conditions. The isolation
of ruthena-azepines, containing a planar seven-membered aza-metallacycle,
along with DFT calculations, supports the nitrogen insertion/metal deletion

cascade driven by aromatization. Additionally, we investigate the tunable
photophysical properties of the resulting pyridine phosphonium salts.

The emergence of single-atom skeletal editing has significantly spurred
efficient and accurate synthetic approaches to ring system, which enables
straightforward diversification of core ring structures of complex mole-
cules (Fig. 1A)"®. For example, replacing a carbon atom in benzene rings
with a nitrogen, starting from aryl azides, has been developed to yield the
corresponding pyridine derivatives’™. As shown in Fig. 1B, 2-amino-
azepines species, generated by the initial nitrogen insertion of the
sequence, can undergo the formal “para”, or “meta’-carbon deletion® to
produce aminopyridines and even “jpso”-carbon deletion” to realize site-
directable carbon-to-nitrogen transmutations. Given the multifaceted
roles of pyridine core in biological and materials sciences™”, aromatic
nitrogen scanning offers a compelling strategy for directly modifying late-
stage ring systems to access variously substituted pyridines. Generally,
the functionalization of N-heterocyclic aromatics is relatively challenging,
owing to the electron-deficient nature and the coordinative power of the
nitrogen™. Traditional functionalization strategies of pyridines, such as
direct C-H functionalization'", have mainly provided access to 2- or 4-
substituted pyridines due to their electronically biased reactivity. There-
fore, it's not surprising that functionalization of pyridines at 3- or
5-possition is far less explored, although several elegant studies add to the
success story very recently'®”. In recent late-stage functionalization (LSF)
of pyridine area, formation of pyridine phosphonium salts and sub-
sequent transformations are considered to be one of the most powerful
methods to obtain a diverse array of valuable azine derivatives 2,
Metallabenzenes® %, organometallic compounds consisting of
one metal and five carbons in a six-membered aromatic ring, are an

important chemical stepping stone for exploring the area of aromatic
chemistry. The synthesis, structural characterization and theoretical
studies in conjunction their aromaticity have been extensively
documented®*”. Notably, recent examples of their use can be found in
stoichiometric or catalytic processes, where metallabenzenes have
served as transient intermediates®®*’ or even as catalysts®™ to generate
polysubstituted carbocycles. Our group has developed a family of
metallaaromatics with interesting aromatic and organometallic
properties® . In terms of their structural characteristics, we envisage
that metallabenzene can be utilized as starting heterocyclic aromatics
of single-atom skeletal editing. In particular, if 3,5-disubstituted
metallabenzenes can be exploited, this approach may enable het-
eroatom scanning to construct the 3,5-disubstituted pyridine motif.
Herein, we describe this metal-to-nitrogen transmutation strategy to
afford the corresponding 3,5-disubstituted pyridine phosphonium
salts (Fig. 1C). During the course of this reaction, we isolate the stable
metalla-azepine intermediate, leading to a comprehensive mechanistic
investigation. The photophysical properties of pyridine phosphonium
salts, tuned by the electronic perturbation with several substituents,
are also investigated.

Results and Discussion

Synthesis and characterization of metalla-azapines (3) by
nitrogen insertion into metallabenzene (1)

Our design originated from the well-documented strategy that aryl azides
could undergo a nitrene-internalization reaction to generate the seven-
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Fig. 1| Background and motivation. A Classification of single-atom skeletal editing. B Examples of nitrogen scans for the conversion of benzenes to pyridines. C Outline
of metal-to-nitrogen transmutation allowing access to 3,5-bis(triphenylphosphonium) pyridines with tunable fluorescence.

membered azepines with the aid of the introducing amine nucleophile
(Fig. 1B)’™. Although the archetypal metalla-cycloheptatrienes or aza-
metalla-cycloheptatrienes have been identified as key intermediates in
the transition-metal-catalyzed [2+2+2] cycloaddition process®* the
related metalla-azepines are scarcely isolated in literature. We initially
hypothesized that the aromatic nucleophilic substitution reaction (SyAr)
of metallabenzene with amine nucleophile, followed by the nitrogen
insertion, might be used to produce the desired metalla-azepines. Initial
attempts to access metalla-azepines via reactions of metallabenzene 1
with alkylamine, such as diethylamine and triethylamine, or aniline
proved unsuccessful, leading to decomposition of the metallacyclic fra-
mework and yielding complicated metal complexes along with a mixture
of organic products. We anticipated that the use of pyridylamine instead
could facilitate the intramolecular nucleophilic attack of amino group by
coordination of pyridyl to the metal center, thus avoiding the decom-
position of metallabenzenes.

We commenced our studies by using ruthenabenzene 1 and
2-aminopyridine 2a as the model substrates to establish the optimal
reaction conditions. To our delight, the reaction of 1 with 2a in the
presence of iodine and triethylamine led to the exclusive formation of
the desired metalla-azapine 3a, which could be isolated as reddish-
brown solid in 87% yield. As shown in Fig. 2A, under the above con-
ditions, ruthenabenzene 1 readily reacted with a number of commer-
cially available 2-aminopyridines to provide the corresponding
substituted metalla-azapines in 73-87% yields. Electron-rich amino-
pyridines, such as alkylpyridines and alkoxypyridines gave satisfactory
results (3b to 3 h), although the yield slightly dropped when the pyr-
idine was substituted at the 3-position (3 d and 3e). The reaction also
tolerates a phenyl group on the C4 carbon (3i), even with electron-
withdrawing group, i.e., ester group (3j). In all cases, the yields are
influenced by both electronic and steric factors. This discrepancy is
likely due to the lower nucleophilicity of the amino group ascribed to
the decreasing electron density and increasing steric hindrance of the
substituted pyridines. 6-Substituted 2-aminopyridines or those

bearing strong electron-withdrawing groups such as nitro, tri-
fluoromethyl and cyano do not yield appreciable amounts of products,
supporting this hypothesis.

The crystal structures of 3 were determined by X-ray crystal-
lography. The OLEX drawings of 3a, 3c, 3e, 3 f and 3i are depicted in
Fig. 2B including partial numbering scheme with 50% thermal ellip-
soids and selected bond lengths provided in the figure caption. It is
clear that the complex has a seven-membered metalla-azepine core
with two substituted phosphonium groups. Each metal center was
bound in a distorted octahedral coordination geometry, including two
pyridyls, a PPh; ligand and an iodine ligand. The planar geometric
structures of metallacycles 3 were completely different from those of
the nonplanar seven-membered aza-ruthenacycles described in the
literature***. However, obviously different planarities of them
deserve attention. The ruthena-azepine ring in 3a has a very small
deviation from the least-squares plane of best fit (the maximum
deviation is 0.035 A shown by C4). In contrast, the decreased planarity
was observed in other analogues derived from substituted
2-aminopyridines (mean deviation from the least-squares plane:
0.090 A for 3c, 0.067 A for 3f, and 0.091A for 3i). This observation
implies that the steric hinderance of the substituents in pyridyls has
significant influence on the planarity of metallacycles. Additionally, the
excellent planarity of 3e—the mean deviation from the least-squares
plane is only 0.028 A, is likely attributed to the intramolecular hydro-
gen bonding interaction between the hydrogen of «-carbon and the
alkoxy oxygen. The tethered four-membered metallacycle causes
elongation of the bond lengths, but the Rul-N3 bond length of
metalla-azepine core remains within the range of single bonds (2.048
to 2.068 A). The distances of the Ru—C bond and the C-C bonds
within the seven-membered metallacycle are in a similar range to those
of the ruthena-aromatics®****. The bond lengths among these rings
are notably averaged, indicating considerable electron delocalization.
To the best of our knowledge, there is only one example of planar
seven-membered conjugated aza-metallacycles in literature *.
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Fig. 2 | Synthesis and characterization of metalla-azepines 3a-3j. A Synthesis of
metalla-azepines 3a-3j by reactions of metallabenzene 1 with different
2-aminopyridines 2. B X-ray structures for the cations of compounds 3a, 3c, 3e,

3 fand 3i (thermal ellipsoids drawn with 50% probability level, the phenyl groups in
PPh; groups are shown as wireframe model for clarity) and the selected bond
lengths (A).

Aromaticity evaluation of metalla-azapines (3)

Ruthena-azepines 3a-3j display H5 and H3 signals of metallacycles
in the range of 7.9-8.3 and 6.6-6.8 ppm, respectively. Compared to
aromatic ruthenabenzene 1”, these signals are substantially upfield
shifted, indicating nonaromatic or weak aromatic character (vide
infra). To gain further insight into the aromatic character of the
ruthena-azepines 3, we performed nucleus-independent chemical
shift (NICS)***° and anisotropy of the current (induced) density
(ACID)***" analyses calculations at the B3LYP/def2-TZVP//B3LYP/6-
31G(d) (SDD for Ru, I, P, CI) using model systems in which the
phosphonium substituents of metallacycles were replaced with
hydrogen atoms (see Fig. S4 in the Supplementary Information).
Negative values of the out-of-plane NICS value (NICS(1),,) and
clockwise ring currents visualized by ACID plots have been
demonstrated as the effective computational descriptors for
diagnosing the aromaticity of metallacycles’™®*. The parent
ruthenabenzene 1 has a highly aromatic metallacycle core with a

large negative NICS(1),, value of -13.39 ppm, whereas the metal-
lacycle ring of ruthena azepines 3a displays weak aromaticity with
weakly negative NICS(1),, value (-2.54 ppm). In addition, the ACID
plot for ruthena-azepines 3a show random density vectors, making
the ring current direction unrecognizable (See Fig. S4 in the Sup-
plementary Information). The ACID plots are in agreement with the
small negative NICS(1),, values noted above, thus suggesting the
nonaromatic (or weak aromatic) character of ruthena-azepines 3a.
A ring-current analysis using the gauge-including magnetically
induced current (GIMIC) method* ™’ has also been performed (See
Fig. S5 in the Supplementary Information), a method particularly
effective for current patterns in complicated transition metal-
containing m-conjugated structures®®¢!. A diatropic (paratropic)
ring current strength is assigned to a positive (negative) value.
Compared with distinctly aromatic ruthenabenzene 1, of which a
net diatropic ring current of 7.09 nA/T is found, the diatropicity of
3ais obviously attenuated (2.31 nA/T).
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Fig. 3 | Control experiments and proposed mechanism. Control experiments and proposed mechanism for the formation of 3a.

Mechanism exploration experiments for the formation of
metalla-azapines (3)

Generally, the seven-membered aza-metallacyclic intermediate is
believed to be formed through the coordination and insertion of CN/
CC multiple bonds into either a metallacyclopentadiene-like inter-
mediate or an azametallacyclopentadiene-like intermediate in the
metal-catalyzed [2 +2+2] reactions®***. However, the formation of
ruthena-azepines 3 presumably proceeds through a ring expansion
reaction via nitrogen insertion. To gain further insights into the reac-
tion mechanism, we carried out control experiments. As shown in
Fig. 3, green solutions of ruthenabenzene 1 were found to rapidly turn
brownish to afford a triply iodide bridged dimer (4) in nearly quanti-
tative yields in presence of excess I,. The isolation and characterization
of 4 indicate that the reaction initially undergoes oxidation of metal
center (see Fig. S2 in the Supplementary Information). Reaction of 4
with excess 2-aminopyridine afforded the complex 5a at room tem-
perature as the sole product, which has been fully characterized,
including X-ray diffraction analysis (see Fig. S3 in the Supplementary
Information). Notably, complexes 5a proved to be competent in a
nitrogen insertion with the aid of triethylamine, which delivered the
desired ruthena-azepine product 3a. In the absence of triethylamine,
3a could not be detected, demonstrating the importance of base in
enabling the reaction.

Based on the mechanistic studies, a plausible mechanism for the
formation of ruthena-azepines 3 is proposed as depicted in Fig. 3. The
reaction begins by the oxidation of ruthenabenzene 1 by I, yielding
dimer 4, which opens some space of the metal center simultaneously.
Subsequently, pyridyl coordination and nucleophilic addition of
amino group produce Int A, which then undergoes elimination to form
Int B along with the generation of H,. The released H, gas is detected
by residual gas analysis (see Fig. S3 in the Supplementary Information).
The coordination and nucleophilic substitution reaction of the second
2-aminopyridine produces 5a. The dehydrogenation by triethylamine
leads to the formation of nitrogen anion in Int C, facilitating the
nitrogen insertion into the metallabenzene ring to form the corre-
sponding metalla-benzazirine Int D. Finally, intramolecular rearran-
gement could generate metalla-azepine 3a. We hypothesize that the
second nitrogen insertion cannot occur in parallel due to the desta-
bilizing effect associated with the antiaromaticity of the corresponding
eight-membered ruthenacycle. The DFT calculations support our
prediction by demonstrating that the eight-membered ruthenacycle is
anti-aromatic. This is indicated by positive NICS values and the pre-
sence of a counterclockwise current density flow in the ACID isosur-
face plot (see Fig. S4 in the Supplementary Information). A weak yet
negative value of paratropic ring current indeed existed in the eight-
membered ruthenacycle, as quantified via current-density studies
using the GIMIC method (See Fig. S5 in the Supplementary

Information). Therefore, the resulting antiaromaticity of the eight-
membered ring would override the nucleophilicity of the nitrogen
anion with the remaining of nonaromatic character of the seven-
membered structure.

Synthesis and characterization of pyridine phosphonium salts
(7) by metal deletion of metalla-azapines (3) with AgOAc

The structural motif of ruthena-azepines 3 opens the possibility for
subsequent metal deletion and thus the synthesis of pyridine phos-
phonium salts. To accomplish this, we used AgOAc to facilitate the
desired reductive elimination to release the C—N coupled product.
Indeed, when complexes 3 were treated with AgOAc in
1,2-dichloroethane (DCE) solvent at 60 °C followed by anion metath-
esis with excess NaBF,, reductive elimination occurred smoothly and
provided the organic product 6 (Fig. 4A). Compounds 6 are soluble in
common solvents and were unambiguously verified by spectroscopic
and single-crystal X-ray analyses (see Fig. S7 in the Supplementary
Information). As shown in Fig. 4B, the solid-state molecular structure
of 6b features a six-membered ring in which two phosphonium sub-
stituents located at C2- and C4-possition. Notably, the ring carbon
atom C5 have an oxygen atom attached, and the C5 — O1 bond distance
(1.231(2) A) is typical of carbonyl double bonds. An isotope labeling
experiment was conducted using H,'®0 to verify the oxygen of C5 was
originated from trace water in the reaction system; and the isotope
incorporation was confirmed by HRMS of *¥0-6a (see Figs. S8 and S9 in
the Supplementary Information). Thus, the carbonyl of ring is attrib-
uted to the over oxidation in the presence of silver(I) oxidant. Based on
the isotope labeling experiment results, we think the oxidative dehy-
drogenation in the presence of AgOAc, is the driving force for this
demetallization process (details see Fig. S6 in the Supplementary
Information).

Compound 6 is only one electrophilic addition step away from
the anticipated pyridine phosphonium derivative. Treatment with
trimethyloxonium tetrafluoroborate (Me3OBF,) in DCE followed by
workup gave compound 7 in moderate yield (see Fig. 4A). Alter-
natively, compound 7 can be prepared in one pot from ruthena-
azepines 3 with sequential addition of AgOAc and Me;OBF,. The
X-ray crystal structure analysis of compound 7 revealed the pre-
sence of a central planar six-membered heterocyclic system
(Fig. 4B). A pyridyl group had migrated from ring nitrogen atom N1
to the substituted amino-pyridinyl nitrogen N2. The ring nitrogen-
carbon bond lengths are quite different from those of the pre-
cursors 6. Compounds 7 all feature a delocalized six-electron -
system within the central pyridine moiety. The C - N bond length of
7 (1.309(4) - 1.354(4) A) matches well with typical pyridine system.
In line with the C — N bond length descending trend, the C - C bond
length equalization increase from 6 to 7, which suggests increasing
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without the isolation of 6a-6j (black). B Selected X-ray structures for the cations of
compounds 6 and 7 (thermal ellipsoils drawn with 50% probability level, the phenyl

bond lengths (A). C Isolation of intermediate 8a and 9a, and the conversion to 7a by
stepwise heating up.
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compounds. A Ambient and fluorescence images of selected N-heterocycles 6 (6a,
6f, 6j, and 6i (upper) in DCM under natural light; (bottom) in DCM irradiated at
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at 365 nm. C Normalized emission spectra of selected N-heterocycles 6 (6a, 6 f, 6j,
and 6i). D Normalized emission spectra of 7a, 7b, 7d, 7f, 7g, 7h, 7i.

T-conjugation of the phosphonium substituted pyridine core from
6 to 7. It is noteworthy that the three N-heterocycles, i.e., methy-
lated-pyridinium, phosphonium-substituted-pyridine skeleton,
and linked N-heterocycle are conformationally twisted. The cal-
culation (B3LYP/def2-TZVP//B3LYP/6-31G(d) (SDD for P) gave
negative NICS(1),, values of -14.50 ppm(7a), consistent with its
aromaticity. Alternative electrophile beyond Me;OBF, was also
investigated. When Et;OBF, was added as electrophile, metalla-
azepine 3a, and alkoxy or phenyl-containing substrates (3 g and 3i)
displayed excellent efficiency, offering corresponding products in
moderate yields (54-62%).

The successful isolation of 8a and 9a provides direct evidence
that compounds 7 are formed through a intramolecular substitution
reaction of methylated-pyridinium ring (see Fig. S11 in the Supple-
mentary Information). As shown in Fig. 4C, compound 6a initially
undergoes an electrophilic addition reaction with Me;OBF, to give a
methylation product 8a. Compound 8a could evolve to the pyridine
derivative 9a via the intramolecular substitution of the pyridyl to the
methylated pyridinium ring (Fig. S11). Further reaction of 9a with
another molecule of Me;OBF, would give the expected aromatization
product 7a. Our computations reveal that the formation of 7 from 8 is
exoergic by —48.5 kcal/mol (details see Fig. S11 and S12 in the Supple-
mentary Information).

The tunable photophysical properties of the pyridine phos-
phonium salts (7)

Polycyclic aromatic compounds with twisted conjugation skeletons
have been designed to alter the electronic density and regulate the
extent of m-conjugation, leading to unique photophysical
properties®*®*. Consequently, the UV-vis absorption spectra and the
fluorescence emission spectra of pyridine phosphonium salts 7 were
studied (Fig. 5 and Fig. S13). For further comparisons, data for the
selected examples of non-aromatic N-heterocycles 6 are also given in
Table 1. The UV and fluorescence properties of 6a, 6f, 6g, 6i are
almost identical, while the characteristic absorption bands of 7 were
observed from 380 nm to 420 nm in DCM (see Fig. S13 in the Supple-
mentary Information). The absorption maxima of selected compounds
are noted in Table 1. In comparison to 6, 7 exhibited distinct fluor-
escent emissions, with the fluorescent intensities and wavelengths of
twisted m-conjugate systems varying widely depending on the sub-
stituents on the pyridinium core. The compounds with electron-
donating group (-OMe: 7 g, —OEt: 7 h) exhibited enhanced fluorescent
emissions with comparison to 7a. The fluorescence of 7j, with electron-
withdrawing carboxylate group, is greatly quenched. The tunable
fluorescence behavior suggests that the three linked N-heterocycle
core could serve as a fluorophore for further application in biosensing
and bioimaging.
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Table 1 | Photophysical properties of selected compounds 6
and pyridine phosphonium salts 7

Aabs:  Aexe Aemi @em(%) Aabss  Aexe  Aemi @em(%)

nm nm nm nm nm nm
6a 369 369 473 19.36 7d 393 424 507 4.45
6f 367 367 476 25.45 7f 394 394 508 13.94
6g 353 353 470 20.18 7g 382 382 466 21.05
6i 328 333 478 26.38 7h 382 398 464  23.05
7a 395 395 531 477 7i 410 410 549 9.92
7b 401 432 531 8.97

2The absolute quantum yield (@) was collected on the Edinburgh FLS1000 at room tem-
perature using a calibrated integrating sphere (coating with a PTFE-like material with a reflec-
tance >99%) as the chamber.

In summary, we developed an effective method for preparing a
series of 3,5-disubstituted pyridine phosphonium salts and have
investigated their structural characteristics and photophysical prop-
erties. Furthermore, we notably show an unusual nitrogen insertion to
metallacycles resulting in very rare examples of planar metalla-azepine
species. DFT calculations and the isolation of the key intermediates
demonstrate that the aromatization is the driving force for the skeletal
editing process. The transformation of aromatic metallabenzene
phosphonium salts into the aromatic pyridine phosphonium salts
achieves a metal to nitrogen swapping for the first time and lead to the
peripherical editing of pyridine rings, resulting in tunable photo-
physical properties. Given the structural diversity and abundant
properties of metalla-aromatics, we anticipate that our current results
would open attractive opportunities for skeletal and peripherical dual
editing and provide fresh eyes on tunable photophysical properties of
twisted linked N-heterocyclic skeletons.

Methods

General information

Details of the synthesis and characterization of metallacycles (3a-3j,
4a, 5a) and N-heterocyclics compounds (6b, 6 d, 6j, 7a-7m, 8a and 9a)
can be found in the Supplementary Information, pp. 5-41. For X-ray
data of all the described compounds (3a, 3c, 3e, 3 f;, 3i, 5a’, 6b, 6 d, 6j,
7a, 71, 7g, 7i, 7j, 8a, 9a and [Ru]) see supplementary, pp. 104-128. For
HRMS, 'H, *'P{1H} NMR, and “C{1H} NMR spectra of compounds in this
article, see Supplementary Information, pp 44-103 and supplementary
Figs. 14-132.

General preparation procedure of compounds 3

A mixture of complex 1 (659 mg, 0.5mmol), 2 (2.5mmol), iodine
(508 mg, 2.0 mmol), and Et;N (253 mg, 2.5 mmol) in dichloromethane
(20 mL) was stirred at room temperature for 3h to give a reddish
brown solution. The volume of the mixture was reduced to ca. 2 mL
under vacuum. The solution was purified by column chromatography
on silica gel with dichloromethane/methanol =50:1 as eluent to give
the desired as solid.

General preparation procedure of compounds 6

To a Schlenk tube were added 3 (0.3 mmol), silver acetate (501 mg,
3 mmol) and 20 mL of 1,2-dichloroethane in nitrogen atmosphere.
The reaction mixture was stirred for 12 h at 60 °C under nitrogen
atmosphere. And then sodium tetrafluoroborate (329 mg, 3 mmol)
was added to the reaction mixture for the counteranion exchange.
The reaction system was collected by filtration and the volume of
the filtrate was reduced to ca. 5mL under vacuum. The filtrate
was purified by column chromatography on silica gel with
dichloromethane/methanol =40:1 as eluent to give the desired
as solid.

General preparation procedure of compounds 7

Procedure A (step by step): According to the corresponding pre-
paration procedure of complexes 6, we first synthesized and isolated
the complexes 6. And then we carried out next procedure to obtain
complexes 7. To a Schlenk tube were added 6 (0.1 mmol), trimethy-
loxonium tetrafluoroborate (74mg, 0.5mmol) and S5SmL of
1,2-dichloroethane in nitrogen atmosphere. The reaction mixture was
stirred for 12 h at 85 °C under nitrogen atmosphere. The reaction sys-
tem was reduced to ca. 2mL under vacuum, and then purified by
column chromatography on silica gel with dichloromethane/ metha-
nol =20:1 as eluent to give the desired as solid. Procedure B (one pot):
To a Schlenk tube were added 3 (0.1 mmol), silver acetate (167 mg,
1 mmol), sodium tetrafluoroborate (110 mg, 1 mmol) and 10 mL of 1,2-
dichloroethane in nitrogen atmosphere. The reaction mixture was
stirred for 12 h at 60 °C under nitrogen atmosphere. And then the
reaction mixture was allowed to return to room temperature, without
further purification. To the reaction mixture, trimethyloxonium tet-
rafluoroborate (148 mg, 1 mmol) was injected. The reaction mixture
was stirred for 12 h at 85 °C under nitrogen atmosphere. The reaction
system was collected by filtration and the volume of the filtrate was
reduced to ca. 2mL under vacuum and then purified by column
chromatography on silica gel with dichloromethane/ methanol =20:1
as eluent to give the desired as solid.

Data availability

All data relating to the full experimental procedures, spectral data
for new complexes, crystallographic details, computational
details, and Cartesian coordinates are provided in the Supple-
mentary Information/ Supplementary Data file. The X-ray crystal-
lographic coordinates data generated in this study have been
deposited have been deposited at the Cambridge Crystallographic
Data Centre (CCDC), under deposition numbers 2370478 (3a),
2370486 (3¢), 2370474 (3e), 2370485 (3 f), 2370483 (3i), 2370470
(5a’), 2370475 (6b), 2370479 (6d), 2370473 (6j), 2370482 (7a),
2370476 (7f), 2370477 (7 g), 2370481 (7i), 2370484 (7j), 2370472
(8a), 2370471 (9a) and 2370480 ([Ru]). The X-ray crystallographic
data are available free of charge from The Cambridge Crystal-
lographic Data Center via https://www.ccdc.cam.ac.uk/structures/.
All data are available from the corresponding author upon request.
Source data are provided in this paper.
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