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Synthesis of Triple-Stranded Diruthenium(ll) Compounds
Kate L. Flint,” David M. Huang,” Oliver M. Linder-Patton,” Christopher J. Sumby,” and

F. Richard Keene*?

A series of ligands containing a 1,4-disubstituted 1,2,3-triazole
unit have been used for the formation of triple-stranded
dinuclear Ru(ll) complexes. In contrast to the previously
reported complexes of labile metals, the use of inert Ru(ll)
enabled  stereoisomeric  mixtures  of triple-stranded
diruthenium(ll) complexes to be accessed. The chromatographic
resolution of the enantiomers of a reported helicate containing
a more rigid 1,4-xylyl spacer was carried out on cellulose. The

Introduction

The persistent presence of the helical motif in biology (in
polypeptides, nucleic acids, proteins, enzymes etc.) gives rise to
the possibility that artificial helical molecules, like metalloheli-
cates, may have potential in therapeutic applications." Alter-
natively, these molecules could be used to probe the mecha-
nisms of biological interactions, as analogues of the helical
motifs are present in biological molecules.

There has been interest in the biological efficacy of
ruthenium complexes as anti-tumour,? antimicrobial,®”’ anti-
parasitic and anti-fungal agents,” and we were interested in
developing helical species containing ruthenium centres. The
ruthenium(ll) metal centre is octahedral, and the simplest di-
metallic helical structure will necessarily be a double-stranded
helix should di(tridentate) ligands by employed, or triple-
stranded for di(bidentate) ligands (see Figure 1). In both cases
there is also the possibility of a mesocate diastereoisomer.

The earliest report of a homonuclear ruthenium helicate
was by Crane and Sauvage, utilising a di(tpy)-based ligand to
form a double-stranded assembly.” Following this a triple-
stranded species was reported by Pascu et al., synthesising a
diruthenium(ll) helicate from di(pyridylimine) ligands in 1%
yield after extensive purification.”” The ability of the Ru(ll)
compound to bind and coil DNA was demonstrated, as well as
anti-cancer and anti-viral activity.® Subsequently, Glasson et al.
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ligand spacer was modified and as the flexibility increased the
production of isomeric mixtures was detected; the mesocate
and helicate forms were separated when an n-propyl spacer
was used. This pair of diastereomers was found to exhibit
photoconversion, a unique observation for Ru(ll) compounds of
this type. Partial separation via chromatographic resolution was
achieved for compounds containing an n-butyl spacer, and the
presence of a mesocate/helicate pair confirmed.

QR

Figure 1. Schematic representations showing the chiral helicate and achiral
mesocate for double-stranded (LEFT) and triple-stranded (RIGHT) assemblies.

employed a quaterpyridine ligand to synthesise a triple-
stranded ruthenium helicate.” In this approach a significantly
higher yield of 36% was attained, and the chromatographic
resolution and DNA binding of the different enantiomers
studied. More recently, Kumar et al. have synthesised a triple-
stranded ruthenium helicate and explored the anti-bacterial
properties, describing activity against both Gram positive and
Gram negative bacteria as “extremely modest”."”

In all of these cases a single helicate product was obtained,
and the first Ru(ll) helicate/mesocate pair was only recently
reported by Allison et al, incorporating di(thiazole-bipyridine)
ligands, for which the diastereomers were chromatographically
separated and the anti-cancer activity of these compounds
assessed, showing promising selectivity and cytotoxicity.""
Since this initial study, we have reported the synthesis and
separation of an additional pair of Ru(ll) double-stranded
diastereomers.?

In general, mesocates are less commonly found than
helicates in the literature, with the first X-ray structure of a
mesocate only reported in 1995 by Albrect and Kotila."® Since
that time, several helicate/mesocate mixtures have been
observed in solution, with Zhang and Dolphin reporting the
first separation of a pair of helicate/mesocate diastereomers in
2009."" The ability to influence the formation of the chiral
helicate or achiral mesocate has become a point of considerable
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interest, with careful ligand design™ and anion binding'
being employed in attempts to control product distribution,
with the mixture being monitored by chromatographic
separation.!''1214

Ligands containing 1,4-disubstituted 1,2,3-triazole units
have been used in the synthesis of a wide variety of
supramolecular assemblies, most notably by Crowley and co-
workers,!'”" including for the formation of dinuclear helicates
and mesocates.'*'® Initially, Vellas et al. showed that [Fe,L;]*"
triple-stranded helicates could be formed from the assembly of
Fe(ll) and an extensive family of bis-2-(1-R-1H-1,2,3-triazol-4-yl)
ligands."” This family of ligands was further explored by Wu
etal. by varying the shape and size of the spacer moiety,
producing dinuclear compounds containing Zn(ll), Ni(ll), and
Fe(l).” The authors found that while all linkers assembled to
form discrete triple-stranded compounds other factors affected
whether a helicate or mesocate, or mixture of both, resulted.
Specifically, the orientation of the lone pairs on the non-
coordinated nitrogen of the triazole, which point towards the
interior of the assembled structure, destabilise the compounds
when short spacers are present, driving the formation of larger
assemblies. The length and flexibility of the spacer was also
crucial, following the selection rules for 2,2'-bipyridine and
catechol-based systems®" in which ligands containing an odd-
numbered spacer (for example an n-propyl chain) led to the
formation of mesocates, whereas for even-numbered spacers
helicates were favoured. However, the authors noted that once
the chain length reached C; (n-pentyl) a mixture of isomers was
observed.

The Fe(ll) complexes described above have been trialled in
biological settings; however, the applications of these are
limited by their poor stability in biological media.'” To improve
stability, Ru(ll) analogues”” including a triple-stranded
helicate,"” have been synthesised, although no attempts to
resolve these chiral assemblies have been reported.

Based on these findings, in this work a series of ligand
spacers (see Figure 2) of varying bulk and flexibility were
selected as potential candidates for the synthesis of
diruthenium(ll) compounds. While the Fe(ll) analogues had
been reported to follow the odd/even rules of helicate/
mesocate formation,*2%* it was proposed that by using the
relatively inert Ru(ll) node it may be possible to break these
rules and obtain alternative kinetically preferred products,
rather than the thermodynamically preferred option as in the
previous cases where labile metal centres were involved.
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Figure 2. Ligands used for the synthesis of Ru(ll) complexes, showing the
general ligand structure and specific spacer functionality.
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Results and Discussion
Using a 1,4-xylyl spacer ligand (1)

The synthesis of a triple-stranded Ru(ll) helicate species [Ru,(u-
1);]** utilising the ligand (1) containing the 1,4-xylyl spacer was
undertaken following the procedures outlined by Kumar et al.'”
The [Ru,(u-1);1*" helicate product was verified by 1D and 2D
NMR spectroscopy and single crystal X-ray diffraction (SCXRD).

Resolution of helicate

While the synthesis of a number of related supramolecular
assemblies incorporating the 1,4-xylyl spacer ligand (1) have
been reported,'%'7*18-2023-241 thare is no record of attempts to
resolve any of the helicates. Because of the potential interest in
probing the enantiospecific interactions of these types of
compounds with biological substrates, resolution of the triple-
stranded Ru(ll) helicate was pursued. Based on the resolution
achieved on a cellulose stationary phase for a number of triple-
stranded helicates by Hannon and co-workers,”” resolution of
the helicate [Ru,(u-1);1*" was initially attempted using chroma-
tography on a cellulose support with NaCl eluent solutions of
varying concentrations. Optimal separation was achieved for
[NaCl]=2 M, where a portion of yellow compound was found
to elute (F1), while the remainder was smeared down the
length of the column. This second fraction (F2) could be
removed by subsequent elution with 0.5 M sodium 4-toluene-
sulfonate, or 20% acetone/2 M NaCl. Circular dichroism analysis
of the two fractions (in CH;CN solution, once exchanged by
anion metathesis to their respective PF;~ salts by addition of
KPF¢ to the eluate samples) revealed equal and opposite CD
responses when normalised for concentration (see Figure 3)
with the highest magnitude of 157 M~'cm™ at ~276 nm.

The two fractions were further examined using NMR and
UV-VIS spectroscopy and found to have identical spectra.

Crystals of neither of the enantiomeric forms of [Ru,(u-1)5]**
could be obtained, and so the configurations of the fractions F1
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Figure 3. CD spectra of [Ru,(i-1);]** resolved on cellulose: F1 ( ) refers to
the first eluting fraction (ag. 2 M NaCl); F2 ( - - - -) refers to the second
eluting fraction (eluted with 20% acetone/2 M NaCl).
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and F2 were tentatively assigned based on comparison of CD
spectra  with mononuclear species with analogous
tris(bidentate)ruthenium coordination motifs with polypyridyl
ligands: based on the configurational assignments for [Ru-
(phen);I**  (phen=1,10-phenanthroline) and [Ru(bpy),]**
(bpy = 2,2"-bipyridine) by McCaffery et al.?® F1 was assigned as
the configuration as the M-helicate (AA), and F2 as the P-
helicate (AA). This assignment was in agreement with that
reported by Glasson etal. for the resolved triple-stranded
helicate containing quaterpyridine ligands, where there were
similarities in the direction of the Cotton effects for each
enantiomer.”

Presence of a secondary product

While in the majority of microwave syntheses a single product
was present based on the crude NMR spectrum, on occasion a
secondary set of peaks was observed, with analogous chemical
shifts and integrations to the helicate peaks (see Figure S1).
Interestingly, in the original synthesis of the helicate Kumar
et al. made no mention of a secondary product."”

The relationship of this unknown compound to the helicate
was probed by diffusion-ordered (DOSY) NMR experiments:
comparison of the diffusion coefficients for the two sets of
peaks revealed them to be the same size (see Figure S2),
suggesting that this second species was another dinuclear
compound - possibly a mesocate or some other Ru,l;
assembly.

Separation of the two species was attempted by fractional
crystallisation methods, with addition of NaBF, to an aqueous
solution of the CI™ salt of the crude product. It was found that
the pure helicate could be isolated from the reaction mixture,
precipitating as the BF,” salt, while a mixture of the helicate
and the unknown component remained in solution (see
Figure S3). The pure unknown compound was not able to be
isolated by this method.

The variation of the reaction conditions to control the initial
product distribution was investigated, and this investigation
revealed that the relative ratio of helicate to the secondary
product increased with longer reaction time (see Figure S4).
However, the secondary species did not always appear in the
crude product mixture, with some syntheses yielding only
helicate (in agreement with the earlier reports of Kumar
et al)." As such, the secondary product was not investigated
further, but may represent the corresponding mesocate species.

Using an n-propyl spacer ligand (2)

The synthesis of an analogous triple-stranded Ru(ll) compound
utilised the 1,3-bis{4-(pyridine-2-yl)-1H-1,2,3-triazol-1-yl}propane
ligand (2)*” under the same microwave conditions used for
[Ru,(u-1);]*" above. It was anticipated that the [Ru,(u-2),]**
product would favour formation of the mesocate; however,
characterisation by *C NMR spectroscopy revealed the presence
of two products. In the *C NMR spectrum many of the signals
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were overlapping (see Figure S5 and Figure S6), and when this
was accounted for 18 signals could be identified in total. The
notion of two separate products was supported by 2D HSQC
NMR studies, with the complicated multiplets appearing at 4.5
and 2.6 ppm belonging to the n-propyl spacer hydrogens
coupled to separate carbon signals (see Figure S7).

The "H NMR spectrum of the CI™ salt in D,0 also showed the
presence of the two species (see Figure S8). The PF,~ salt (in
CD,CN) and the ClI™ salt (in D,O) were found to be thermally
stable over a period of seven days at 50°C, with no changes in
chemical shift or relative integration of the signals, ruling out
degradation of the initial product as the source of the
secondary species (see Figure S9 and Figure S10). The relation-
ship of the two species was probed by DOSY NMR spectro-
scopy, using a sample of the crude mixture as the Cl™ salt in
D,0. Across the spectrum all signals corresponded to com-
pounds with a similar diffusion coefficient (see Figure S11),
suggesting that both were of a similar size, likely two dinuclear
species.

Further experiments were conducted in a range of solvents
using the crude product as either the PF;~ or CI™ salts and
fortuitously it was observed that for the CI~ salt the sample was
partially soluble in d,-DMSO: the soluble portion contained
predominantly one species by 'H NMR spectroscopy, while the
remaining DMSO-insoluble portion was dissolved in D,O and
found to contain the second species. The two species were fully
separated after two washes with DMSO, and when converted to
the PF,~ salts each showed a single set of resonances by 'H
NMR spectroscopy and only nine resonances by *C NMR (see
Figure 4). Upon examination of the C NMR spectra of the
purified species it was seen that many resonances were highly
overlapping in the aromatic region, but in the upfield region
the multiplets for the hydrogens on the n-propyl spacer
resolved into separate signals at 4.4 and 2.5 ppm. Intriguingly,
the n-propyl spacer hydrogen signals of the DMSO-soluble
compound appeared as a pair of multiplets (4.4 ppm) followed
by a quintet (2.5 ppm), whereas for the DMSO-insoluble
compound the pattern appeared to be reversed, with a
multiplet at 4.4 ppm followed by a pair of multiplets at
2.5 ppm, suggesting that the major differences in chemical
environment for these compounds must occur for hydrogens in
the n-propyl spacer region.

The possibility of the two species being conformers of the
expected mesocate was addressed using variable temperature
NMR experiments. '"H NMR spectra were collected at 5° incre-
ments, from 25 to 50°C, for the original mixture as the Cl™ salt
in D,O to monitor changes in the ratio of the two species. Over
this temperature gradient, sharpening of the peaks across the
aromatic region was observed, but comparison of the relative
integration of the two triazole signals showed negligible
change, suggesting that two species were unlikely to be
conformers (see Figure S12).

Crystals of the two species were grown as the PF,~ salts,
and the structure of each elucidated by SCXRD. The DMSO-
insoluble fraction of the CI™ salt was dissolved in H,0, and then
exchanged to the PF;~ salt by metathesis. Crystals suitable for
X-ray diffraction were grown by vapour diffusion of diisopropyl
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Figure 4. (LEFT) Partial "H NMR spectra (500 MHz, CD;CN, 298 K, PF¢™ salt) and (RIGHT) "*C NMR spectra (126 MHz, CD,CN, 298 K, PF,~ salt) showing the
separated [Ru,(p-2),]*" species: (1) DMSO-insoluble CI~ salt; (2) DMSO-soluble Cl” salt. (Peak at 2.5 ppm due to residual DMSO).

ether into a nitromethane solution of the compound, and the
resulting structure confirmed the formation of the mesocate of
the type [Ruy(u-2);]*" (4), shown in Figure 5a. The complex
crystallises in the space group P6;/m. Present in the asymmetric
unit are one-sixth of a ruthenium(ll) mesocate cation, one PF¢~
anion, one nitromethane, and one-third of a potassium cation

(b)

Figure 5. Crystallographic models showing the molecular structure of (a) the
purified ruthenium mesocate 4, and (b) the helicate 5 of [Ru,(1-2);1(PFe),.
Solvent molecules and counter ions have been omitted for clarity.

Eur. J. Inorg. Chem. 2022, 202200225 (4 of 11)

(remaining from conversion to the PF,~ salt using KPFy). The
presence of potassium was confirmed by scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX)
analysis of single and crushed crystals (see Figures S29, S30,
S31, and Table S2). The two octahedral ruthenium(ll) centres are
separated by 10.084(2) A and bridged by three ligands such
that the stereochemistry of the metal centres of each discrete
unit is AA. Inclusion of a van der Waals surface shows a central
cavity in the structure due to the spatial orientation of the n-
propyl spacer (see Figure S25).

To determine the identity of the DMSO-soluble portion of
the CI™ salt, an excess of H,0 was added to a solution of the
purified compound as the CI~ salt in DMSO and the sample
exchanged to the PF¢~ salt by metathesis. Crystals suitable for
X-ray diffraction were grown by vapour diffusion of diisopropyl
ether into an acetonitrile solution of the compound. The
resulting structure revealed the formation of a helicate of the
type [Ru,(u-2);1*" (5), shown as the P-helicate in Figure 5b. The
complex crystallises in the space group P-31c. Present in the
asymmetric unit are two-thirds of a ruthenium(ll) helicate cation
and 2°%/; PF¢~ anions. As the helicate has not been resolved, the
complex crystallises as a mixture of enantiomers which can be
differentiated in the extended crystal structure. In the solid-
state adjacent helicates have their pair of octahedral Ru(ll)
centres separated by different distances, in some molecules the
separation in 9.376(4) A, while in other the metal centres are
separated by 8.698(3) A (see Figure $26). The helicates are
packed in interdigitated AB layers with one layer consisting of
helicates with a short Ru—Ru distance and one of helicates with
alternating short and long Ru—Ru distance. Each long helicate
in the lattice is surrounded by six helicates with a short Ru
spacing (three in one layer above and three in a layer below).
These are both notably shorter than the equivalent distance in
the mesocate. Inclusion of a van der Waals surface shows a
central cavity similar to that seen for the mesocate, due to the
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manner in which the ligands wrap around the metal centres
(see Figure S27).

The two dinuclear Ru(ll) diastereomers containing the n-
propyl spacer ligand (2) showed significant structure variation,
aside from the obvious difference in chirality. The mesocate was
a slightly longer molecule in terms of the Ru(ll)-Ru(ll) distance
and possessed a central cavity ~ 17 A%. Due to the elongation of
the ligands down the sides of the structure, the cavity is
composed of two overlapping spheres. The helicate, despite
having a shorter inter-ruthenium distance, had a cavity that was
larger in volume (=30 A%), and was far more cylindrical in shape
than that of the mesocate due to the manner in which the
ligands wrap round the two metal centres. The volumes of the
central cavities of both structures were calculated from the
crystal structure using the program MoloVol.?®

The yellow colour of the helicate and mesocate synthesised
using the n-propyl spacer ligand (2) is typical for Ru(ll)
complexes containing ligands of this design, with the UV/Vis
absorption spectra showing an MLCT band at 382 nm (€ esocate
M 'em™'1=246x10% &reicae IM'ecm'1=3.17x10% see Fig-
ure S24).

As further confirmation, the HR ESI-MS of the two dinuclear
products showed ions of identical formula masses - m/z
300.2222 (corresponding to {[Ru,(2);].4PF¢}; see Figures S21 and
S22).

Isomer distribution

It was proposed that ligand flexibility may be important to
facilitate the formation of multiple dinuclear species, in contrast
to the single helicate formed from the more rigid 1,4-xylyl
spacer ligand described above. Given that both a mesocate (4)
and helicate (5) were found to be present using the n-propyl
spacer ligand, modelling was conducted using density func-
tional theory (DFT) to better understand the product distribu-
tion and relative energies of the species. The relative stability of
the two isomers was calculated in vacuo and in a dielectric
medium, using the dielectric constant of acetonitrile (see
Table S3). From these results, in vacuo the mesocate is a more
stable isomer than the helicate (4E=19.4 kJ/mol, and AG=
24.7 kJ/mol, respectively). This was also the case in a dielectric
medium; however, the difference in stability was greatly
decreased (where 4E=1.6 kJ/mol, and 4G=7.0 kJ/mol). These
findings agree with the experimentally observed product
distribution, in which both the mesocate and helicate can be
isolated in roughly equal proportions. It is proposed that the
small difference in stability for the two dinuclear species,
combined with the inert nature of the Ru(ll) metal centre,
allowed isolation of a helicate containing an odd-numbered
spacer, a compound not previously accessible using more labile
transition metals with this ligand.

Eur. J. Inorg. Chem. 2022, 202200225 (5 of 11)

Isomerisation

It was observed for the purified diasteroisomers in solution that
after hours or days mixtures were persistently visible in samples
when analysed by NMR spectroscopy, and given the small
difference in their relative energies, the possibility of isomer
interconversion was investigated.

Initially samples of the purified helicate and mesocate as
the CI™ salts were either re-exposed to reaction conditions
(microwave reactor: 200 W, 200 psi, 225 °C, five hours) or heated
in D,0 at 60 °C for seven days: in both cases it appeared that no
significant interconversion of the isomers occurred via thermal
pathways (see Figures S36, S37, S38, and S39).

Nevertheless, interconversion was observed for purified
samples left in solution for hours or days on the bench, and the
possibility of light-induced isomerisation was investigated. The
samples which had previously undergone heating as the ClI~
salts in D,O were left in ambient light at room temperature for
30 days, and the NMR spectra collected after this time. For both
the mesocate and helicate significant conversion between the
two isomers was observed. The interconversion was most
clearly seen in the aromatic region, where hydrogen resonances
for the purified compound (either mesocate or helicate)
diminished, and resonances corresponding to the other isomer
emerged (see Figures S40 and S41). In addition, the multiplets
corresponding to the n-propyl spacer hydrogens at 4.5 and
2.8 ppm greatly increased in complexity, indicating the pres-
ence of both dinuclear compounds.

The ability to control the formation of mesocates and
helicates has been a topic of great interest since the first
reported mesocate structures. While some studies have sup-
ported the odd/even mesocate/helicate rule proposed by
Albrecht et al."** there have been some exceptions reported.
Interconversion within families of coordination cages — due to
anion dependency, host-guest interactions, or post-assembly
mediation - has generally been seen for mesocates or helicates
converting to larger architectures. These interconversions have
been studied for a wide range of metal centres;”” however,
there are far fewer examples of simple mesocate-to-helicate
transformations. Goetz and Kruger reported the formation of
triple-stranded Fe(ll) compounds, where both the helicate and
mesocate existed in DMSO as the BF,” salts, but when Cl~ ions
were introduced conversion to the helicate was favoured.'*
The authors proposed that the preference for the helicate
isomer was likely due to two CI™ ions being bound within the
central cavity of the helicate, which does not occur in the
mesocate. Careful selection of anions was also shown by Cui
et al. to influence the product distribution in iron- and copper-
containing compounds, with larger tetrahedral anions favouring
mesocate formation, with smaller spherical or trigonal planar
anions favouring helicate formation."®”

Aside from these cases, interconversion of helicates and
mesocates has not been reported. For the first recorded
helicate/mesocate pairs, Zhang and Dolphin particularly noted
that interconversion was not possible, even upon heating to
high temperatures (155°C)."**® For the Fe(ll) mesocate incorpo-
rating the n-propyl spacer ligand Wu et al. made no mention of
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instability or interconversion of the mesocate in solution, and
the NMR spectra indicated a single product present.”” For the
only other Ru(ll) helicate/mesocate pairs reported in the
literature no isomer interconversion has been noted,!'™"?
making the isomer interconversion for the n-propyl spacer
compounds a unique observation.

Two possible mechanisms were considered for the meso-
cate-helicate conversion.

In work by Raymond and co-workers," the racemisation of
digallium(lll) triple-stranded helicate enantiomers (AA=AA)
has been proposed to proceed by a non-dissociative Bailar"
(or related Ray-Dutt""®) twist in which a meso (AA) intermediate
is formed. The proposed meso intermediate, formed by the
inversion at one metal centre, is considered to be of higher
energy, with the spacer adopting an unfavoured
conformation.®” However, the intermediate is sufficiently acces-
sible that the AA=[AA] =AA process occurs but its isolation
was not possible, and the helicate always remains a racemate in
view of the continuing inversion process. A similar mechanism
for helical inversion has also been proposed by Rancan et al. for
the racemisation of lanthanide quadruple-stranded helicates.®?
While these systems involve a thermal conversion, the principle
represents one possible pathway to photo-induced isomer-
isation in the present system. For the Ru(ll) structures contain-
ing the n-propyl spacer ligand, DFT calculations indicated that
the mesocate and helicate forms had similar stabilities.
Consequently, the conversion from AA/AA=AA may occur in
the same way but the mesocate form can be observed and
isolated. For this system, the helicate=meso interconversion
does not occur thermally (vide supra) so that resolution of the
helicate form is possible.

However, the light-induced isomerisation may instead
proceed via a bond-breaking mechanism, where at least one of
the Ru—N bonds at one of the Ru(ll) centres must break for the
inversion to occur. Photo-dissociation within Ru(ll) compounds
is not unknown, with the photochemical release of bpy ligands
from [Ru(bpy);]*" reported both in dilute acid (at 95°C)®* and
chlorinated solvents (at room temperature).*” Furthermore, the
photochemical release and rearrangement of ligands in mono-
nuclear ruthenium(ll) complexes containing the 4,4'-di-1,2,3-
traizolyl ligand, which are structurally similar to those described
above, has been described for the PF~ salts in acetonitrile.®*

For the n-propyl spacer compounds described herein.
meaningful interconversion of the two isomers was chiefly
observed upon irradiation with visible light, rather than
thermally, suggesting that isomerisation may proceed through
a ligand dissociation pathway, similar to that proposed for
mononuclear [Ru(bpy);]** compounds. However, a twist mech-
anism as proposed in the racemisation of helicates, which
avoids a bond-breaking process, cannot be fully discounted.

Using an n-butyl spacer ligand (3)
As explained above, the inclusion of an n-propyl spacer in the
ligand resulted in a mixture of dinuclear helicate and mesocate

products, indicating that it was possible to break the odd/even

Eur. J. Inorg. Chem. 2022, 202200225 (6 of 11)

rules of formation for isomers of this type by combining a
flexible ligand with a relatively inert metal centre, and
consequently attention turned to increasing the length of the
spacer further, where a mixture of isomers was again
anticipated. In this case, the ligand containing an n-butyl spacer
(3) was synthesised, and formation of Ru(ll) compounds under-
taken.

The synthesis of a triple-stranded diruthenium compound
utilising the 1,4-bis{4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl}butane
ligand (3) was undertaken using analogous conditions to the
previously-synthesised Ru(ll) compounds. The crude product
was found to be composed of two major components,
suggesting a mixture of dinuclear species (as had been seen for
n-propyl spacer compounds), as well as a number of minor side
products. It was found that by varying the reaction time the
product distribution could be influenced (see Figure S13), and
an extended reaction duration (ten hours) favoured formation
of two main compounds, likely the desired dinuclear species.

Purification of the two major products isolated from the
ten-hour reaction was first attempted chromatographically;
however, no separation was able to be achieved using either
silica or an ion-exchanger support.

The relationship of the two species was probed by a DOSY
NMR experiment, which revealed that both compounds had
similar diffusion coefficients, indicating that they were likely of
similar sizes (see Figure S14). Given the likely presence of a
mesocate and helicate pair, attention turned to exploiting the
differences in chirality to separate these compounds.

Attempted separation of helicate and mesocate forms

As direct chromatographic separation of the diastereomers
proved difficult, resolution of the helicate within the mixture of
products was attempted. Using a cellulose solid-phase support,
in conjunction with an eluent containing the chiral anion (—)-
0,0'-dibenzoyl-(L)-tartrate, resolution of the helicate was
achieved. The first-eluting fraction (F1) was found to contain
the two species (and small quantities of impurities) by '"H NMR
spectroscopy, while the second-eluting fraction (F2), removed
with either 0.5 M sodium 4-toluenesulfonate or 20% acetone/
2 M NaCl), contained a single species (see Figure 6).

The nature of the two fractions was ascertained by CD
spectroscopy, giving spectra of identical shape which were
opposite in sign throughout. The first-eluting fraction (F1) had
lower CD activity when adjusted for concentration, which is
consistent with the NMR results showing a mixture of species
present. For this sample higher absorbance was recorded by
UV/Visible spectroscopy, suggesting the presence of an achiral
component in the mixture, such as a mesocate. The second-
eluting fraction (F2) contained a single species as shown by
NMR spectroscopy and had higher relative CD intensities,
indicating that this fraction must contain a resolved chiral
compound, likely one hand of the purified helicate (see
Figure 6). By this method resolution of the two helicate
enantiomers was achieved, although the first-eluting fraction

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 6. (LEFT) Partial 'H NMR spectrum (500 MHz, CD;CN, 298 K) and (RIGHT) CD spectrum showing the fractions from the resolution on cellulose of [Ru,(u-
3),]*": () first-eluting fraction (containing a mixture of helicate/mesocate) eluted with 0.075 M sodium (—)-O,0'-dibenzoyl-(L)-tartrate; ( - - - - - ) second-
eluting fraction (containing one enantiomer of the helicate) eluted with 0.5 M sodium 4-toluenesulfonate.

(F1) still contained a mixture of other products, thought to be
chiefly the mesocate and one hand of the helicate.

For the second eluting fraction (F2) containing one
enantiomer of the purified helicate, 1D and 2D NMR experi-
ments allowed assignment of the hydrogen and carbon
resonances (see Figures S15, S16, S17, S18, and S19). Following
the same pattern as for the n-propyl spacer helicate, the
hydrogens on the ligand spacer appeared as a complicated
multiplet (at 4.4 ppm), and a pair of multiplets (at 1.8 ppm). The
appearance of complicated multiplets for the spacer hydrogens,
rather than the expected doublets, is due to the CH, groups
becoming chemical-shift inequivalent, as well as each pair of
geminal hydrogens becoming magnetically inequivalent. This
has been seen for other Ru(ll) mesocates," such as in the work
of Zhang and Dolphin,™ and agrees with the results of Wu
et al. for the synthesis of the Fe(ll) analogues of these types of
compounds, where broad multiplets corresponding to the
spacer hydrogens were reported.””

The identity of the dinuclear species was further confirmed
by HRMS, where the {[Ru,3;].2PF*" ion was present at m/z
766.1169 (see Figure S23). Attempts to obtain suitable crystals
of the isolated F2 were unsuccessful, so the enantiomeric
assignment was unable to be determined by X-ray crystallog-
raphy. As a result, tentative assignment of the isolated helicate
enantiomers containing the n-butyl spacer was attempted
based on previously reported resolutions of Ru(ll) compounds,
as described earlier. Based on the direction of CD bands shown
in Figure 6, the first-eluting fraction F1 (containing a mixture of
mesocate, one helicate enantiomer, and minor side products)
was proposed to contain the P-helicate, while the purified
second-eluting fraction F2 contained the M-helicate.

To achieve separation of the mesocate and helicate in the
first-eluting fraction a range of anions were screened for
fractional crystallisation. The most promising results were seen
for BF,”, where after two rounds of crystallisation, the
precipitated sample contained predominantly the helicate (with
small quantities of mesocate) with the mesocate, helicate, and
unidentified minor products remaining in solution (see Fig-
ure S20).
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Crystallisation of the soluble fraction (containing a mixture
of species), by vapour diffusion of diisopropyl ether into a
nitromethane solution of the mixture as the BF,” salt, provided
X-ray quality crystals. This enabled a single crystal structure to
be obtained, which confirmed the identity of the mesocate
[Ru,(u-3);1*" (6). The structure of the ruthenium(ll) mesocate (6)
is shown in Figure 7. The complex crystallises in the hexagonal
space group P6;/m, with half a ruthenium(ll) mesocate cation
and half an encapsulated nitromethane solvate guest molecule
in the asymmetric unit (lying on the mirror plane). The location
of the expected tetrafluoroborate anions could not be
determined but, along with further solvate molecules, are
presumably located in large hexagonal channels that are
surrounded by columns of the mesocate structure that extend
along the c-axis.

The two octahedral ruthenium(ll) centres are separated by
9424(2) A, a slightly shorter distance than that recorded for the
n-propyl spacer mesocate, and bridged by three ligands such
that the stereochemistry of the metal centres of each discrete
unit is AA. The four-carbon linker in the backbone of the ligand
adopts an unusual eclipsed arrangement (accentuated by the
disorder over the mirror plane) with all three ligands identically

Figure 7. Crystallographic model showing the molecular structure of the
ruthenium mesocate 6, [Ru,(11-2);](PF4),. Solvent molecules and counter ions
have been omitted for clarity.

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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displaced within an individual mesocate (either clockwise or
anticlockwise depending upon which end the mesocate is
viewed from). The larger but squat ligand spacer provides for
an internal cavity in the structure capable of including a
nitromethane guest molecule, with its methyl groups sur-
rounded by the triazole azine nitrogen atoms and the —NO,
moiety directed toward the butyl spacer of the remaining
ligand. Consideration of a van der Waals surface highlights the
central cavity in the structure, which is occupied by a nitro-
methane molecule (see Figure S28).

Despite incomplete separation of the mesocate and helicate
isomers (and other species), the product distribution of the
dinuclear compounds was investigated using DFT calculations.
The relative stability of the helicate and mesocate incorporating
the n-butyl spacer ligand (3) were calculated in vacuo and in a
dielectric medium, using the dielectric constant of acetonitrile
(see Table S4). From these results it was seen that the mesocate
was a more stable isomer than the helicate in acetonitrile, with
AE=16.0 kJ/mol and A4G=7.1 kJ/mol. This was not entirely
reflected in the product distribution with the helicate being the
primary product observed experimentally. The difference in
stability of the two compounds was small which, in conjunction
with the use of inert Ru(ll) ions, may allow the formation of
both isomers experimentally.

Given the challenges faced in the separation of the
dinuclear Ru(ll) species containing the n-butyl spacer ligand, no
investigations into potential isomerisation were undertaken.
Dinuclear compounds containing the n-propyl spacer ligand
showed photo-isomerisation, and so it is likely that those
containing the n-butyl spacer ligand may exhibit similar
behaviour. If isomerisation does occur, it may further compli-
cate the separation of compounds, which, coupled with the
presence of multiple unknown minor products, adds another
layer of complexity in predicting the product distribution for
supramolecular assemblies incorporating the n-butyl spacer
ligand.

Conclusions

This sequence of di(bidentate) ligands has been used to
generate a series of triple-stranded Ru(ll) helicates and meso-
cates. For the most rigid 1,4-xylyl spacer ligand (shortest
number of sp® carbons) an existing helicate structure was
synthesised, and resolution of the enantiomers achieved by
employment of a cellulose support. By employing a relatively
inert metal centre, such as Ru(ll), in conjunction with ligands
containing a flexible spacer, the odd/even rules of mesocate/
helicate formation may be broken, allowing new
supramolecular assemblies to be accessed. Of particular interest
were compounds containing an n-propyl spacer, where the
unusual isomerisation of the dinuclear assemblies was observed
upon irradiation with visible light; behaviour which has not
previously been reported for a mesocate/helicate pair. Increas-
ing the spacer length, and thus flexibility of the ligand, resulted
in the production of more complex product mixtures, which,

Eur. J. Inorg. Chem. 2022, 202200225 (8 of 11)

while difficult to separate fully, may provide insight into the
formation of larger assemblies.

Experimental Section

Materials. The ligands 1,4-bis{(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-
yhmethylibenzene"™ (1), 1,3-bis{4-pyridin-2-yl)-1H-1,2,3-triazol-1-yl}
propane'™ (2), 1,4-bis{4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl}butane®”
(3) and [Ru,(p-1);1(PF,),"® were synthesised by previously reported
methods. All other reagents were purchased from Sigma-Aldrich
and used without further purification.

General procedures and methods. High resolution mass spectrom-
etry (HRMS) (ESI, positive-ion mode) experiments of samples
dissolved in acetonitrile were performed using an Agilent Series
6230 TOF LC/MS. UV/Visible absorption spectra were acquired at
ambient temperature on a Cary 1E UV-Visible Spectrophotometer
(scan range: 600-200 nm, scan rate: 600.00 nm/min, SBW: 2.0 nm).
Circular dichroism (CD) spectra were measured at ambient temper-
ature using a Jasco J-715 spectropolarimeter (scan range: 600-
200 nm, resolution: 1 nm, bandwidth: 2.0 nm, sensitivity: 200 mdeg,
response: 1 sec, speed: 100 nm/min). Scanning Electron Microscope
(SEM) images were collected on a Quanta 450 scanning electron
microscope in secondary electron mode (spot size 4 and 15 KeV).
Samples for SEM analysis were wet loaded onto adhesive carbon
tabs and carbon coated (5 nm) prior to analysis. Electron Dispersive
X-ray Analysis was collected with an Oxford Instruments Ultim Max
170 EDX attachment on the Quanta 450. All '"H NMR and *C NMR
spectra were obtained using an Agilent 500 MHz NMR spectrometer
operating at 500/126 MHz or a Varian Inova operating at
600/151 MHz at 25°C, unless otherwise stated. Spectra of samples
were recorded in solutions of CDCl;, using TMS as an internal
standard, CD,CN, d,-DMSO, or D,0. The following abbreviations for
hydrogen multiplicities were used: s, singlet; d, doublet; t, triplet; m,
multiplet; and br, broad. 'H signals were assigned with assistance of
2D NMR experiments where required. Experiments under micro-
wave irradiation were performed with a CEM microwave reactor at
225°C (power 200 W, pressure 200 psi) for five or ten hours. All
compounds were anion exchanged using Dowex 1X-8 (Cl) 20-
50 mesh to form the chloride salts. Cellulose chromatography was
performed using Aldrich (20 micron) microcrystalline cellulose
powder.

Syntheses

[Ru,(u-2);1(PF,), mesocate (4) and helicate (5)

A solution of RuCl;-3H,0 (41 mg, 0.2 mmol; 2 equiv.) and 1,3-bis{4-
pyridin-2-yl)-1H-1,2,3-triazol-1-yl}propane (2; 100 mg, 0.3 mmol;
3 equiv) in ethylene glycol (16 mL) was irradiated in a CEM
microwave reactor at 225°C (power 200 W, pressure 200 psi) for
5 h. The solution was cooled to room temperature, deionised water
added (20 mL), and the mixture filtered through Celite. An aqueous
solution of KPFg (4%, 5mL) was added to the filtrate, and the
resulting precipitate isolated by centrifugation (10621 g, 5 min),
washed with water, and dried under vacuum to give the crude
product, as a yellow powder. The crude product was exchanged to
the CI™ salt (Dowex 1-X8) in H,O, the resulting yellow solution
filtered, and solvent removed. Partial dissolution of the resulting
solid in DMSO allowed separation of the mesocate and helicate,
where the mesocate was precipitated, while the helicate remained
in solution. The DMSO precipitate was collected by centrifugation
(10621 g, 20 min), washed vigorously with DMSO (20 mL), and
dissolved in H,0. Aqueous KPF, (4%, 5 mL) was added, and the
resulting precipitate isolated by centrifugation (10621 g, 5 min),
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washed with water, and dried under vacuum to give the mesocate
(4), as a yellow powder (0.11 g, 32%). X-ray quality crystals were
grown by vapour diffusion of diisopropyl ether into a nitromethane
solution of the compound as the PF~ salt. A, CH;CN/nm (g/
M~'em™") 382 (2.46x10%, 268 (1.06x10°), 237 (2.55x10%. &y
(500 MHz, CD;CN) 8.61 (s, 1H), 8.10 (d, J=7.5 Hz, 1H), 8.04-7.96 (m,
2H), 7.37 (t, J=6.1 Hz, 1H), 4.48-4.33 (m, 2H), 2.61-2.35 (m, 1H). O,
(126 MHz, CD;CN) 153.36, 152.37, 148.14, 142.25, 139.22, 126.78,
125.93, 123.18, 49.77, 31.75. m/z (ESI) 300.0639 {[Ru,(2);].4PF}. The
DMSO solution was diluted with H,0 (100 mL) and aqueous KPF
(4%, 5mL) added. The resulting precipitate was isolated by
centrifugation (10621 g, 5 min), washed with water, and dried
under vacuum to give the helicate (5), as a yellow powder (0.14 g,
40%). X-ray quality crystals were grown by vapour diffusion of
diisopropyl ether into an acetonitrile solution of the compound as
the PFs~ salt. A CHsCN/nm (e/M'em™') 382 (3.17x10%, 268
(1.39%10°), 233 (3.17x10%. &, (500 MHz, CD,CN) 8.63 (s, 1H), 8.10
(d, J=7.7 Hz, 1H), 8.02 (td, J=7.8, 1.4 Hz, 1H), 7.97 (d, J=5.6 Hz,
1H), 7.37 (ddd, J=7.4, 5.7, 1.4 Hz, 1H), 4.51-4.42 (m, 1H), 4.33-4.23
(m, 2H), 2.62-2.55 (m, 1H). d. (126 MHz, CD,CN) 153.29, 152.40,
148.34, 139.16, 126.74, 125.86, 123.12, 49.59, 28.79. m/z (ESI)
300.0651 {[Ru,(2);].4PF}.

[Ru,(u-3);1(PF,), (6)

A solution of RuCl;-3H,0 (39 mg, 0.19 mmol; 2 equiv.) and 1,4-bis
{4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl}butane (3; 100 mg, 0.29 mmol;
3 equiv.) in ethylene glycol (16 mL) was irradiated in a CEM
microwave reactor at 225°C (power 200 W, pressure 200 psi) for 5
or 10 h. The solution was cooled to room temperature, deionised
water added (20 mL), and the mixture filtered through Celite. An
aqueous solution of KPF, (4%, 5 mL) was added to the filtrate, and
the resulting precipitate isolated by centrifugation (10621 g, 5 min),
washed with water, and dried under vacuum to give the crude
product, as a yellow powder. The crude product was exchanged to
the CI~ salt (Dowex 1-X8) in H,O, the resulting yellow solution
filtered, and concentrated by removal of solvent. Cellulose was
mixed with H,0 to form a slurry and then packed onto a column of
~100 mm length, 10 mm diameter. The concentrated aqueous
solution containing the crude Ru(ll) product mixture was loaded
onto the column and eluted with aqueous 0.075 M sodium (—)-
0,0-dibenzoyl-L-tartrate, and the single eluting band collected. The
column was then washed with 0.5 M sodium 4-toluenesulfonate/
(20% acetone/2 M NaCl) to collect the remaining retained com-
pound. To remove the chiral anions both solutions were individu-
ally passed through a small column of silica gel and washed with
copious amounts of acetone and water. Each fraction was then
removed from the silica by elution with a solution of NH,PFg in
acetone (4%). Water (1 mL) was added to the eluate and the
acetone removed by rotary evaporation. In each case the resulting
solid was collected by centrifugation (10621 g, 5 min), washed with
cold water (3x), and dried under vacuum. The product from the first
eluted fraction (F1), containing a mixture of mesocate and one
enantiomer of the helicate, was then exchanged to the CI™ salt
(Dowex 1-X8) in H,0 and the resulting yellow solution filtered. An
aqueous solution of 0.5 M NaBF, was added to the aqueous crude
product CI~ solution in a dropwise manner, until precipitation was
observed. The solution was cooled to 5°C for 24 h, and the
resulting yellow precipitate filtered. The yellow precipitate (from
two rounds of crystallisation with BF,”) was washed with water and
dried to give a purified mixture of mesocate and helicate as the
BF,” salt. The compound remaining in solution (from two rounds of
crystallisation with BF,”) was isolated as the PF,~ salt by addition of
an aqueous solution of KPFs (4%, 5 mL). The resulting solid (as the
PF¢~ salt) was isolated by centrifugation (10621 g, 5 min), washed
with cold water, and dried under vacuum to give a complex
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mixture of dinuclear species and unknown side products, as a
yellow powder. Crystallisation of the soluble fraction (containing a
mixture of species), by vapour diffusion of diisopropyl ether into a
nitromethane solution of the mixture as the BF,” salt, provided X-
ray quality crystals of the mesocate (6). The second eluted fraction
from the resolution on cellulose (F2), was isolated as the PFy~ salt
and found to contain a single enantiomer of the helicate (7), as a
yellow powder. X, CH;CN/nm (e/M'em™') 382 (3.17x10%, 268
(1.39%10%), 233 (3.17x10%. &, (599 MHz, CDsCN) 8.63 (s, 1H), 8.08
(d, J=79Hz, 1H), 8.01 (td, J=7.8, 1.4 Hz, 1H), 7.97 (d, J=5.5 Hz,
1H), 7.35 (ddd, J=7.3, 5.7, 1.4 Hz, 1H), 4.41-4.27 (m, 1H), 4.33-4.23
(m, 2H), 1.86-1.67 (m, 2H). d. (126 MHz, CD,CN) 153.19, 152.27,
148.86, 139.03, 126.64, 125.60, 123.04, 52.21, 27.27. m/z (ESI)
{[RU233]}4+-

Crystal data and structure refinement for the purified complexes 5,
6 and 7 are given in Table S1.

Resolution of [Ru,(u-1);I**

Cellulose was mixed with H,O to form a slurry and then packed
onto a column of ~100 mm length, 10 mm diameter. A concen-
trated aqueous solution containing a racemic mixture of [Ru,(p-
1);]*" was loaded and the column eluted with aqueous 2 M NaCl
solution, yielding an eluate (F1) containing the M-helicate. The
residual material on the column was then washed with 0.5M
sodium 4-toluenesulfonate or 20% acetone/2 M NaCl allowing
elution of the P-helicate (F2). To remove the chiral anions both
solutions were individually passed through a small column of silica
gel and washed with copious amounts of acetone and water. Each
fraction was then removed from the silica by elution with a solution
of NH,PF¢in acetone (4%). Water (1 mL) was added and the
acetone removed by rotary evaporation. In each case the resulting
solid was collected by centrifugation (10621 g, 5 min), washed with
cold water (3x), and dried under vacuum.

Computational Studies. For each Ru(ll) compound, density func-
tional theory (DFT) calculations were performed with Q-Chem
version 5.1,°% using helicate or mesocate structural data from the
experimental X-ray crystal structures. In cases where the crystal
structure was not available, existing crystal structures containing
other transition metal centres, or ligands, were modified to allow
modelling of theoretical supramolecular assemblies. All geometries
were optimised at the wB97X-D/SRSC level®” in vacuo. Harmonic
frequencies were calculated for the optimised geometries in vacuo
at the same level of theory. The single-point energy was calculated
for each optimised geometry at the wB97X-D/SRSC level in a
dielectric medium using the CPCM method® and the dielectric
constant of acetonitrile (35.85).% The Bondi radius for ruthenium of
2.05 A was taken from Alvarez et al.'*® and multiplied by 1.2 as per
Q-Chem default, to give 2.46 A. The difference in Gibbs free energy,
AG, between two structures was calculated from the difference in
energy, AE, by adding AHyema—TASthermar Where AHyema and
ASiemal are the differences in the thermal (translational, rotational,
and vibrational) corrections to the enthalpy and entropy, respec-
tively, at temperature T=298.15K and pressure=1 atm. Default
parameters were used in all cases except for SCF convergence in
geometry and frequency calculations, which was set to 1077 instead
of 1078 due to difficulties in convergence.

Deposition Numbers 2165030 (for 4), 2165029 (for 5), and 2165031
(for 6) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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The product distribution in dinuclear
Ru(ll) triple-stranded complexes was
influenced by modifying the length
and flexibility of the ligands, allowing
previously unexplored helicate/
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mesocate pairs to be accessed. Full or
partial resolution of the enantiomers
of helicate products was achieved,
and photoisomerism of one pair of di-
astereomers was observed.
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