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Correlations between ligand field 4, spin
crossover Ty, and redox potential E, in a family of
five dinuclear helicatesf
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A family of five new bis-bidentate azole—triazole Rat ligands (1,3-bis(5-(azole)-4-isobutyl-4H-1,2,4-triazol-
3-yl)benzene), varying in choice of azole (2-imidazole, 4-imidazole, 1-methyl-4-imidazole, 4-oxazole and
4-thiazole), and the corresponding family of spin-crossover (SCO) and redox active triply bridged dinuclear
helicates, [FellLs]**, has been prepared and characterised. X-ray crystal structures show all five Fe()
helicates are low spin at 100 K. Importantly, DOSY NMR confirms the intactness of these SCO-active
dinuclear helicates in D3-MeCN solution, regardless of HS fraction: yps(298 K) = 0-0.81. Variable
temperature *H NMR Evans and UV-vis studies reveal that the helicates are SCO-active in MeCN
solution. Indeed, the choice of azole in the Rat ligand used in [Fe,Ls]** tunes: (a) solution SCO Ty, from
247 to 471 K, and (b) reversible redox potential, Ep(Fe'"), from 0.25 to 0.67 V for four helicates, whilst
one has an irreversible redox process, Ep, = 0.78 V, vs. 0.01 M AgNOs/Ag. For the four reversible redox
systems, a strong correlation (R? = 0.99) is observed between Ty, and Epa. Finally, the analogous Ni(n)
helicates have been prepared to obtain 4., establishing: (a) the ligand field strength order of the ligands:
4-imidazole (11 420) ~ 1-methyl-4-imidazole (11 430) < 2-imidazole (11 505) ~ 4-oxazole (11 516) < 4-
thiazole (11 804 cm™Y), (b) that 4, (INi";L3]*") strongly correlates (R? = 0.87) with Ty, ([Febls]*"), and (c)
interestingly that 4, strongly correlates (R = 0.98) with Ep, for the four helicates with reversible redox,
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Introduction

Spin crossover (SCO) is a phenomenon seen in 3d*-3d” octa-
hedral metal complexes when the ligand field is ‘just right’ so
that the application of an external stimulus, including
temperature, pressure, light irradiation and guest molecules,
causes a reversible switch of spin state, from HS to LS.*” This
conversion is accompanied by a pronounced change in colour,
volume, mechanical, electrical and magnetic properties of the
materials; which gives rise to a multitude of potential applica-
tions, in sensing, data storage, actuators, thermometers and
display devices."*®

The study of self-assembled coordination complex architec-
tures® (metallosupramolecular chemistry)” has become very
popular in the last few decades, not least because of interesting
host-guest chemistry, catalysis and sensing ability.>*° Discrete
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so the stronger the ligand field strength, the harder it is to oxidise the Fe(i) to Fe(i).

polynuclear iron(u) supramolecular architectures are particu-
larly interesting for SCO,"** as (a) intramolecular interactions,
electronic and steric, between the metal centres can influence
the SCO, amongst other things enhancing the potential for
polynary rather than binary information storage through
multistep SCO,*** and (b) host-guest interactions can influence
the SCO."** Nevertheless, prior to this study, only 12 ligands
(Fig. S1.1, ESL} L1-L12), comprising either azole-pyridine or
azole-imine coordinating pockets (Fig. 1), had been employed
to form SCO-active dinuclear iron(u) helicates.'"** The first
example of an SCO-active dinuclear helicate, [Fe,L15]*"
(Fig. S1.1, ESIt) was reported by Williams and co-workers in
1998." Since then this field has been expanded on by various
authors, including Hannon,* Li,'***?* Kruger and Clérac,?**
Sunatsuki,?*** and Aromi.?

Despite considerable interest in redox properties, especially
of iron complexes due to potential relevance to understanding
the function of heme-based metalloproteins, in which spin state
changes are also crucial,”?® studies of SCO and redox in
families of complexes are rare:**** Drago,* Kadish**** and
Kuroda-Sowa*' studied mononuclear complexes, whilst Sunat-
suki and co-workers have reported the only examples involving
dinuclear iron(u) helicates® (or tetranuclear cages®). Of these,
only the Drago® and Kadish®*** studies (Fig. S1.2, ESIT) involved

Chem. Sci,, 2021, 12, 10919-10929 | 10919


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc01458g&domain=pdf&date_stamp=2021-08-14
http://orcid.org/0000-0002-9123-8182
http://orcid.org/0000-0002-5878-8238
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01458g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012032

Open Access Article. Published on 28 June 2021. Downloaded on 12/5/2025 11:57:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

2
=Y, X N
N, N “Fe

L4NHIm-meta(X = NH)
L40Im-lneta(x =0)
LANMeIm-meta(X: NMe)
LASIm-meta(X =S)

H 3
N N
(<
N__ _N-
Fe

L2NHIm-meta(X= NH)

\
Fé
=,
XIY = NHICH, CHINCHj, M\}'T 2

SICH N,

‘\\\‘N\
L2-L8, L10-L11 gL j:
|y
Y- l
A Yad ““%//Nﬁ
=N A ’Xm

X/Y = CH/NCH3;, N/CH
L1, L9

Fig.1 Summary of the common features (black box) of the bidentate
binding pockets in the 12 ligands employed to generate the dinuclear
SCO-active triply bridged Fe,Lz helicates reported in the literature to
date (left, L1-L12, see also Fig. S1.1 ESI{),* and in the five new ligands

presented in this work (right, violet box), L2NHIm-meta | 4NHIm-meta
L4NMeIm-meta L4OIm—meta and L4SIm-meta

solution SCO, which is the most relevant for comparison with
the redox potential, also determined in solution.

In the solid state, crystal packing, co-crystallised solvent and
intermolecular cooperativity can obscure the electronic modi-
fications imposed by variation of the ligand. In contrast, solu-
tion SCO opens the door to investigating the electronic effect
arising from ligand modification,*** including from a ‘tail’,***
as well as the effects of solvent polarity,** concentration*" and
pH.45

1,2,4-Triazole ligands, which can be substituted at the C3, N*
and/or C° positions on the triazole ring (Fig. 2), provide an
appropriate ligand field strength for generating Fe(u) spin
crossover materials.**-*®

Such ligands have included (Fig. 2): mono- and bis-dentate
Rdpt,*® bis-terdentate PMRT/PSRT'"*' and the related
PMTD/PMOD*~** or TMTD"* all of which have been reported in
the literature to form SCO active Fe(i1) complexes. Recently, we
reported that our general synthetic strategy for accessing Rdpt
ligands®**® could be extended to access the first examples of
ditopic azine-triazole analogues® and of azole-triazole mono-
topic Rat ligands.*® The first four ditopic azine-triazole ligands
prepared, L"™PYM™e@ and L"PY™PYC (Rig, 2)% featured n-
pyrimidine-triazole binding sites linked by either meta- (for
helicates) or para- (for tetrahedral cages) substituted phenylene
linkers. All four of the structurally characterised iron(u)
complexes, both helicates and cages, of these first ditopic Rat
ligand systems were found to be LS.’ Clearly, the ligand field of
these new robust ditopic Rat ligands needs to be reduced in
order to enable SCO. With this goal in mind, very recently, we
reported the first examples of monotopic azole-triazole L*N™¢/
SIm Jjoands (Fig. 2), which, as expected, imposed a weaker ligand
field: [Fe(L*™™™),](BF,), is HS whereas [Fe(L*™);](BF,), is
SCO-active in both the solid state and in MeCN solution.*®

The focus herein is on the development of a new family of
robust yet easily modified ligands for the assembly of SCO-
active triply bridged iron(u) dinuclear helicates. Hence the
ditopic versions of these weaker fields azole-triazole ligands
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Fig. 2 Generic 1,2,4-triazole numbering (top left), Rdpt ligand (top
middle),  bis-terdentate  PMRT/PSRT/PMTD/PMOD/TMTD  (top
right and second row left), bis-bidentate azine-triazole Rat ligands
(L3/4pym-metalpara) i qantate azole-triazole Rat ligand (L*NM€/S'™) and
bis-bidentate azole—triazole Rat ligands used in this work (bottom;
violet box).

(L*NMe/SImy are prepared, using a meta-phenylene linker, to
enable access to a new class of SCO-active [FeyL;]*" dinuclear
helicates. Specifically we report the synthesis of five new ditopic
Rat ligands (L*°'*™““ Fig. 2, violet box) and the synthesis,
structural, spectroscopic, solid and solution spin crossover and
redox characterisation of the corresponding triply bridged
dinuclear helicates, [Fe}(L**°'¢™) |(BF,),. Furthermore, to
determine the ligand field strengths of these new Rat ligands,
the corresponding Ni(u) helicates are also synthesised, two are
structurally characterised and all five are studied by UV-vis
spectroscopy.

This study of five helicates provides a rare demonstration of
the expected, often said but seldom shown, correlation between
the SCO switching temperature (7T,) and the ligand field
splitting energy (4,) for a family of complexes. Somewhat less
intuitive is that a connection is also established between these
spin crossover properties (4,, Ty/,) and the oxidation potentials
(Epa), @ combination of properties not often studied together
(see above).

Results and discussion
Synthesis

In contrast to the previously published azine-triazole dinuclear
helicates featuring a 1,3-phenylene linker ligand, both of which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular structure of the cation of the triply bridged dinuclear
helicate, [Fe,L2NHIM-met.1.2CH.CN-solvent (1-solvents). The other
four helicates are isostructural with this one (see Fig. S7, ESIT). For
clarity, the hydrogen atoms, counter-anions and iso-butyl groups are
not shown. Colours: Fe orange; N blue; C grey.

were LS,”” herein the ligand field induced by the ditopic ligands
is reduced. So, whilst the same linker is used, both bidentate
ligand binding sites are changed from featuring azine-triazole
to azole-triazole binding pockets. The five new ditopic ligands
of azole-triazole, 2-imidazole L*N"™™¢t 4 imijdazole L*N"™-
meta 1-methyl-4-imidazole L*M™™¢% 4 oxazole L*°"™ ™" and
4-thiazole L*™™¢ ere synthesised by refluxing the previ-
ously reported ethylated bis-thioamide®” and appropriate azole
carbohydrazide in n-butanol for three days, and were obtained
as analytically pure powders in 31-56% yield (Scheme S1, ESIT).

Next, the dinuclear Fe(u) helicates were prepared by a one-
pot synthesis at room temperature, reacting a 2 :3 ratio of
Fe(BF,4),-6H,0 and the appropriate ligand L>NFI™™ete op
LXmmete (v — NH, NMe, O and S), in acetonitrile except for
LANHIm-meta where nitromethane was used. In addition, nitro-
methane was used to obtain a solvatomorph of [Fe,-
L0 meta) (BR,), (crystal structure determined at 100 and 253
K, see below). Similarly, the five [Ni,L;](BF,), helicates were
obtained, in order to determine 4, from the UV-vis spectra, by
using Ni(BF,),-6H,0 and acetonitrile as the solvent.

All five [FeyL;](BF,), complexes were obtained as single
crystals suitable for X-ray crystallography (Fig. S4, ESIt), by slow
vapour diffusion of diethyl ether into the reaction solutions:
dark orange blocks of [Fe, (L™ ™€) (BF,),-2CH;CN solvent
(1-solvents), light brown plates of [Fe,(L*N™™™¢) |(BF,),-
-solvent (2-solvent), light orange-yellow irregular blocks of

View Article Online
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[Fe,(LANMeImmeta) 1BR,),-6CH3CN - C4H;00 (3-6CH;3CN-C4Hj -
0), violet-pink  needles of  [Fe,y(L*®™™“),](BF,),
-6CH;CN-solvent (4-solvents), and dark orange blocks of
[Fe,(L*S™ ™) 1(BF,), - solvent (5-solvents). After air drying,
compounds 1-5 were obtained, as analytically pure powders
(Fig. S6, ESIt), as the following solvatomorphs, all hydrates, in
30-87% yield: 1-4H,0 (orange, 73%), 2-6H,O (brown, 30%),
3-5H,0 (orange, 87%), 4-6H,0O (grey, 37%) and 5-2.5H,0
(orange, 87%).

In the same way, the analogous dinuclear Ni(u) helicates
were prepared and isolated by vapour diffusion of diethyl ether
into the MeCN reaction solutions. After air drying, 1™V-5™
obtained, as analytically pure pale violet/pink powders (Fig. S9,
ESIY), as the following solvatomorphs, all hydrates, in 50-96%
yield: 1M-6H,0 (62%), 2™-4H,0 (50%), 3™':5H,0 (92%),
4N.2 5H,0 (62%) and 5™ 3H,0 (96%).

were

Crystal structure descriptions

Single crystal X-ray data for all five of the Fe(u) dinuclear heli-
cates were collected at 100 K. In all but one case data collection
at higher temperatures was not possible due to loss of crystal-
linity: the exception was 4-5.5NO,CHj3, which on warming to
253 K appeared to lose about half a molecule of nitromethane of
crystallisation, becoming 4-5NO,CH; for which data was able to
be collected. Modelling of the disorder of some iso-butyl
groups, and of some anions, is detailed in ESL{ Due to
solvent disorder that could not be modelled satisfactorily, the
SQUEEZE™ routine in PLATON* was applied to five of the
datasets: 1-solvents, 2-solvents, 4-solvents 4-5NO,CH; and
5-solvents, (see ESIT for details).

All of the dinuclear helicates (Fig. 3) crystallised in centro-
symmetric space groups: 1-solvents (triclinic P1), 2-solvents
(orthorhombic  Phca), 3-6CH53CN-C,H;,0 (triclinic P1),
4-solvents (triclinic P1), 4-5.5NO,CH; (100 K, triclinic P1),
4-5NO,CH; (253 K, triclinic P1) and 5-solvents (monoclinic C2/
¢). The entire helicate, [Fe,L;](BF,),- solvents, was present in the
asymmetric unit for all of them, except 5-solvents in which half
of the helicate, [FeL, 5](BF,),-solvents, was present with the
other half generated by a 2-fold axis.

In all cases, the formation of the desired triply bridged
dinuclear helicate is confirmed. The Ny coordination sphere
forms a distorted octahedral geometry at Fe(u) centre, and
comprises the pair of donors from one end of each of the three

Table1 Selected geometric parameters of dinuclear Fe'' and Ni" (green rows) helicates at 100 K, except for 4-5NO,CHsz at 253 K. HS Fe(n) in bold

text, octahedral Ni(i) in blue text

Complexes Space group (Fe-N) (A) ° Spin state M:--M (A)
1-solvents Pl 1.967, 1.962 60.9, 59.7 LS, LS 10.0361(6)
1V solvents P24/n 2.097, 2.076 75.2, 70.2 s=1 10.313(1)

2-solvents Phca 1.972,1.971 58.7, 57.8 LS, LS 10.1619(9)
2M. solvents Ibca 2.083 69.7 S=1 10.3891(8)
3-6CH;CN-C,H;,0 P1 1.980, 1.980 62.0, 61.5 LS, LS 10.3227(7)
4-solvents P1 1.973, 1.964 57.0, 56.8 LS, LS 10.018(1)

4-5.5NO,CH; P1 1.967, 2.058 62.0, 77.2 LS, mixLS/HS 10.1554(7)
4-5NO,CH; (253 K) Pi 1.980, 2.181 63.0, 95.3 LS, HS 10.2281(9)
5-solvents C2/c 1.953 57.0 LS 9.9711(9)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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distinct bis-bidentate azole-triazole Rat ligands (Fig. 3 and S7,
ESI?).

Excluding the nitromethane solvatomorphs of 4 (see later),
at 100 K all of the Fe-N,,oje/triazole distances fall in the range of
1.934-2.000 A (Table S1, ESIt), which is consistent with LS Fe(n).
The octahedral distortion parameters (sum of deviations of the
12 cis angles from 90°) of the Fe(u) centres in 1-5 lie in a narrow
range, 56.8-62.0° (Tables 1 and S1, ESIf) that is close to those
seen for the LS azine-triazole Fe(u) dinuclear helicates [Fe,-
pApymometa (B ), (56.7°) and [Fe,L*PY™ ™ ](BF,), (60.3°), and
falls in the range seen for all of the SCO-active helicates reported
in the literature (51-70°)."*” The intrahelicate Fe---Fe distances
in 1-5 lie between 9.971-10.323 A (Table 1), which falls in the
range of 9-12 A reported for seven of the literature examples
SCO-active Fe(n) helicates'”'>21255 (exception ~ 4 A (L7/L8),***
~15 A (L10/L11)* and 19 A (L12),'® Fig. S1.1, ESIt).

Only for the nitromethane solvates of the oxazole-triazole
helicate could datasets be collected at two temperatures:
4-5.5N0O,CHj; at 100 K and 4-5NO,CH; at 253 K (some nitro-
methane lost on warming). The resulting parameters (Tables 1
and S1f) are consistent with the helicate being in a [LS-
mixedLS/HS] state at 100 K and a [LS-HS] state at 253 K (Fig. 4,
Table 1). At 100 K, the [LS-mixedLS/HS] state is proposed as the
average Fe-N bond distances and > ° are 1.967 A and 62° for Fel
(LS) and 2.058 A and 77° for Fe2 (mixedLS/HS). The $_° value for
mixedLS/HS Fe2 is higher than is usual for LS Fe(u) in Fe,L;
helicates (51-70°)," and is close to that seen for mixedLS/HS
[Fel(L2);](BF4),-2MeCN (3°° = 76°).*%® The average intra-
ligand N,,01e~Fe—Niiazole angles are 80.7 (LS) and 78.5°(mixedLS/
HS). At 253 K, 4-5NO,CH3; is in the [LS-HS] state as the SCO at
Fe2 is now complete, whilst Fel remains LS (Table 1), as shown
by the Fe-N and 3_° values 1.980 A and 63.0° for Fel versus 2.181
A and 95.3° for Fe2 (Table 1 and Fig. 4). On conversion to LS-HS,
the average intraligand N,,oe—Fe-Niaz0le angles are 80.3 (LS)
and 75.8° (HS, a reduction of ~3°; similar to 75.7° seen for the
mononuclear HS 1-methyl-4-imidazole complex®® [FeL;](BF,)s,
Table S1, ESIT). The Fe---Fe distance expands from 10.1554(7)
[LS-mixLS/HS] to 10.2281(9) A [LS-HS].

Fig. 4 Overlay of the structures (all atoms fitted) of the nitromethane
solvates, [LS—mixedLS/HS] 4-5.5NO,CHj3 at 100 K (blue) and [LS—HS]
4-5NO,CHs at 253 K (orange), emphasising the lengthening of the
Fe2—-N bond (in the black dashed ellipse) and increased distortion
around the Fe2 > Fel.
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The structures of two of the dinuclear Ni(u) helicate analogues,
those of the 2- and 4-NH imidazole ligands L* ™™™ and
LANHImmeta - were also obtained at 100 K. The Ni-N distances
(2.069-2.103 A)** and octahedral distortion values (3° = 69.7-
75.2°) are in between those expected for HS and LS Fe(u). In both
cases, the average intraligand N,,oje—Fe—Nyiazole angle (78.3/78.7
and 78.8°, Table S1, ESI) falls in between those seen for HS and
LS Fe(u), and an increase of 2-3% in M---M distance was observed
on LS Fe(n) — Ni(u) (Table 1).

ESI-MS and 'H DOSY NMR spectra

The ESI-MS and "H DOSY NMR spectra both showed the dinu-
clear helicates 1-5 are intact in acetonitrile solution (Fig. S67-
S95 and S62-S66, ESIT), confirming the robust nature of these
[Fe,Ls]*" helicates. Specifically, the ESI-MS spectra showed the
presence of [Fe,Ls]*", [Fe,L;](X)*" and [Fe,L;](X),>" (X = F or
BF,) species.

Diffusion ordered "H NMR spectroscopy (DOSY) was initially
developed for use in characterising aggregates such as micelles,
protein fragments and coordination polymers.®*** Further
development led to its widespread use in determining the
molecular weights®® and size of polymers®® and to study
molecular interaction between frustrated Lewis acid-base pairs
in solution.®*® Indeed it is now the ‘go to’ technique in supra-
molecular chemistry for determining the molecular weight and
hence n for large diamagnetic self-assembled architectures, as
is exemplified by the huge Pd,L,, (n = 12, 24 and 30) cages
assembled by Fujita and co-workers.***7*

Maury, Giraud and co-workers were the first to use DOSY to
characterise paramagnetic lanthanide complexes.” Later on, Byers
and co-workers successfully extended the use of DOSY to the
determination of molecular weights of paramagnetic 3d transition
metal complexes.” Building on that report, DOSY is used here to
analyse the intactness of this family of five paramagnetic dinuclear
helicates, 1-5, in MeCN solution at 298 K. The 'H DOSY signals

80
7.5

o 7.0
o

Q 604
5.5 4
5.0 4

4.5+

T T T T
2500 3000 3500 4000

M /g mol™

T T T
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Fig.5 Correlation (dark blue line, R? = 0.98) of diffusion coefficient (D)
with molecular weight (M) observed at 298 K for LS Febls helicates
(blue circles) and FeliLg cages (blue squares),s” and the SCO-active
Fells helicates reported here (violet circles). When the two mono-
nuclear Fe''Ls complexes, one HS and one SCO, are included in the fit,
the R? only drops to 0.93 (green line), despite them not being
members of the Fe,, Lz, family.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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revealed the same diffusion coefficients (D ~ 6 x 10™° cm® s~ ;
range 6.4-6.7 x 107° em® s7') for all five dinuclear helicates,
regardless of the variation in HS fraction at 298 K (from 0 to 0.80,
see next section). This confirms the ESI-MS finding that all five
helicates are robust in MeCN solution.

Regardless of the spin state at 298 K, a plot of the diffusion
coefficients vs. molecular weight (Fig. 5), for these five SCO
active dinuclear helicates (1-5), along with the previously re-
ported LS helicates [Fe,(L>*PY™™¢*) |(BF,), and cages [Fe (L
Apympara) 1(BF, )¢ 57 gave an excellent correlation (R> = 0.98, dark
blue line). The results for the pair of mononuclear HS and SCO
[Fe(L*™NMe/SIm) (BF,), complexes are also shown (stars, Fig. 5)
for completeness. Whilst these are not expected to lie on this
correlation line (dark blue line, Fig. 5), as they are not members
of the Fe,,Ls, family, including them in the correlation only
drops the R® to 0.93 (green line, Fig. 5).

Variable temperature "H NMR Evans method

The magnetic response in solution is not affected by crystal
packing effects, intermolecular cooperativity or co-crystallised
solvents. The absence of all of these effects in the solution
enables the effect of ligand modifications on the ligand field
strength imposed on the Fe(u) centres to be clearly seen.**”*7
Hence, the spin state of the five new dinuclear helicates 1-5 is
monitored in acetonitrile solution at variable temperatures
using both the "H NMR Evans method and by UV-vis spectros-
copy (discussed in this and the following sections).

The Evans method was used to determine magnetic
susceptibility of dinuclear helicates 1-5 in accurately prepared,
approximately 6 mM CD;CN solution in the temperature range
243-343 K (Fig. S36-540, ESIT), expected error associated with
Ty is 5-10% (Fig. S31-S35, ESIf). Four of the complexes,
1-4H,0, 2-6H,0, 3-5H,0 and 4-6H,0, undergo partial SCO
whereas the fifth complex, 5-2.5H,0, remains mostly LS (Fig. 6).
Fitting the data to the regular solution model,”® as a one-step
SCO (Fig. 6), gave Ty, values of 331 K (1-4H,0), 267 K
(2-6H,0), 247 K (3:5H,0), 249 K (4-6H,0) and 471 K
(5-2.5H,0).

For 1-4H,0, the x,T value (per Fe" ion) increased from 0.37
to 1.91 cm® K mol ' on increasing the temperature from 243 to
333 K (Fig. 6, black), which corresponds to an increase in high
spin fraction (ygs) of 0.1 — 0.5, whilst for 2-6H,0 the x,,T (per
Fe' ion) increased from 1.38 to 2.67 cm® K mol ' (Fig. 6, red),
which corresponds to an increase in yys of 0.37 — 0.72. The Ty,
, of the 2-imidazole helicate 1-4H,0 (T4, = 331 K) is higher
than that of the 4-imidazole helicate 2-6H,0 (T4, = 267 K)
which implies that the ligand field imposed by 2-imidazole is
stronger than that imposed by 4-imidazole, consistent with the
Kruger's L10 and L11 dinuclear helicates (Fig. S1.1, ESI}),** and
with the relative ligand field strengths calculated from the UV-
vis of analogous Ni(u) helicates of L>NHIm™ete gpq ANHIm-meta
(see later). The x,T value (per Fe' ion) for 3-5H,0 at 243 K of
1.73 cm® K mol " increased to 3.36 cm® K mol " at 343 K (Fig. 6,
blue), which corresponds to an increase in yyg of 0.47 — 0.91.
The only difference between the ligands in 2-6H,0 (Ty,, = 267
K) and those in 3 (T4, = 247 K) is the methylation of the non-

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

4.0 q
L2NHIm-meta (1)
3.5 L4NHIm—meta (2)
L4NMeIm-meta (3)
3.0 1 L40|m-meta (4)
- 4SIm-meta
5 25 L (5)
€
x
mE 2.0+
[&]
F 154
E 1.5
=
1.0+
0.5 1
0.0 ! T - T — T T
0 100 200 300 400 500
T/ K

Fig. 6 Plot of xm,T vs. T for 1-4H,0 (black), 2-6H,0 (red), 3-5H,0
(blue), 4-6H,0 (green) and 5-2.5H,0 (purple) in CD3zCN solution, as
determined by Evans method.”””® The curves correspond to the best fit
found for a complete one-step SCO using the regular solution model
(see ESIT for details).**7®

coordinated 4-imidazole NH to give the NMe, but this change
significantly decreases the ligand field imposed in 3-5H,0.
Halcrow previously commented on the hydrogen bonding by 4-
imidazole, increasing the acidity of the -NH hydrogen which
increases the electron-density of the coordinated N, strength-
ening the o bond donation in the N-Fe bond and favouring the
LS state, relative to the methylated analogue,* and the present
findings are consistent with this.

Almost identical behaviour to the 1-methyl-4-imidazole helicate
3-5H,0 (T4, = 247 K) is observed for the 4-oxazole helicate 4-6H,0
(Fig. 6, green). The latter, 4-6H,0, had a x,,,T value (per Fe" ion) at
243 K of 1.61 which increased to 3.30 cm® K mol " at 323 K (Ty, =
249 K), which corresponds to an increase in yys of 0.44 — 0.89.

In contrast to 1-4, the 4-thiazole helicate 5-2.5H,0 remains
practically diamagnetic, with a x,,7 = 0.14 cm® K mol " at 298 K
which increased to 0.33 cm® K mol™' at 343 K, which corre-
sponds to an increase in yyg from 0.04 — 0.09. Measurements
at higher temperatures were not possible due to the boiling
point of CD3;CN (354 K). The fit to the regular solution model
gave Ty, = 471 K (which should be taken with caution as it
involves extrapolation of the data), which is consistent with the
4-thiazole ligand imposing the strongest field ligand of the five
studied herein (see later).

In summary, the observed T;,, values for 1-5, in increasing
order, is as follows (3 ~4 <2 <1 <5):

L4NMeIm-metu (247) ~ L4Olm-meta (249) < L4NHIm-mera (267)
< LZNHIm-meta (331) < L4Slm-meta (471 K)

Variable temperature solid state magnetic measurements

In contrast to the above, the magnetic studies of the hydrates of
these five helicates in the solid state (Fig. S142-146, ESIf)
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showed that both the 2NH-imidazole L>N™™7™¢ (1.4H,0) and
4-thiazole L*S™™¢* (5.2 5H,0) based helicates remain mostly
LS, with only small fractions of HS above 300 K. The other three
helicates, of the 4NH-imidazole L*N""™"™¢ (3.6H,0), 4-oxazole
L0 et (4.6H,0) ligands and 4NMe-imidazole L*NMe™mete
(3-5H,0), undergo incomplete SCO with T;,, values of 200, 230
and 280 K, respectively. These Ty, values place the helicates in
a different order, 2-6H,0 < 3:-5H,0 < 4:6H,0 < 1-4H,0
~5-2.5H,0, from the above solution studies, once again
demonstrating the often confounding impact of lattice solvent
and crystal packing on solid state SCO.

Variable temperature UV-vis studies

UV-vis spectra of 1-5 in acetonitrile solution were obtained at
variable temperatures in our cryostat, in 10 K steps from 253 to
303 K, to probe the SCO of each of these helicates (Fig. S41-S51,
ESIY), and the data compared with the Evans NMR method data
(Tables S9-S11, ESIt). The spectra of the four complexes at 253
K are shown in Fig. 7, with the Laporte forbidden, spin allowed
d-d transition of the LS Fe(u) centres, 'A;; — Ty, clearly seen
at approximately 540 nm in the case of 2-6H,0, 3-5H,0 and
4-6H,0, and at 524 nm for 5-2.5H,0. In contrast, in the case of
1-4H,0, a charge transfer transition (Fig. S41, ESIt), at room
temperature 446 nm (e = 5646 L mol ' cm™ ') obscured this d-
d transition, so this charge transfer transition was monitored
instead, as such bands have also been used by others to monitor
SCO.”™

For the four complexes that undergo a significant amount of
SCO in this temperature range (all but 5-2.5H,0, see later), the ¢
values obtained from the variable temperature UV-vis study
were plotted against the yyg values from the Evans method
NMR analysis, enabling a calibration line to be fitted, and in
turn conversion of the ¢ values into yys values (Table S11, ESIT).
In turn, this enables the calculation of an estimated value for
the true ¢ value for the fully LS complexes, émax (Fig. S52 and
S54, ESIT). With that value in hand, the & vs. T values can be

250

N - )

o (4] o

o o o
1 1 1

¢ per Fe'/ L mol" cm™

a
o
1

T T T T T T 1
450 500 550 600 650 700 750 800
Wavelength/ nm

Fig. 7 UV-vis spectra at 253 K in acetonitrile solution, highlighting the
d—d transition, of 2:6H50 (Anax = 540 Nnm, e = 174, red), 3-5H50 (Amax
=540 nm, ¢ = 82, blue), 4-6H,0 (Anax = 540 nm, e = 102, green) and
5-2.5H,0 (¢ = 225, purple), and lack of a distinct d—d transition for
1.-4H,0 (charge transfer band at 446 nm, e = 5642). Note: ¢ is
calculated per Fe' ion.
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Fig. 8 Variable temperature UV-vis spectroscopy study of a 2 mM
acetonitrile solution of 3-5H,0. Note: ¢ is calculated per mole of Fe'.

fitted with the regular solution model,*”® to a full SCO from
[LS-LS] — [HS-HS], to obtain the Ty, values (Fig. S53 and S55,
ESIt).

Considering the spectrum of 0.032 mM of the 2-imidazole
complex 1-4H,0 in acetonitrile, the charge transfer transition
band observed at A;,.x = 446 nm with extinction coefficient per
Fe" ion of 8597 L mol ' em ™" at 253 K (Fig. S42, ESI{) which
dropped to 4863 at 303 K, with Ty, = 306 K. In contrast, d-
d transition band were seen at Ap.x = 524 to 540 nm for the
other four complexes (Fig. 7). In the case of the 4-imidazole
complex 2-6H,0, the temperature dependence band at 540 nm,
& (per Fe" ion) dropped from 174 — 107 L mol ' cm ™" while
heating from 253 K to 303 K, respectively, T;,, = 267 K (Fig. 544,
ESIT). Similarly, for 1-methyl-4-imidazole complex 3-5H,0 d-
d band at 540 nm e value per Fe' ion vary from 82 to 35 L
mol ' em ™" (T4, of 251 K) (Fig. 8). Further, monitoring of the
540 nm band of 4-oxazole complex (4-6H,0), the ¢ value (per
Fe" ion) of 102 L mol™* em™ ' at 253 K decreased to 58 L
mol ' em ™" at 303 K, Ty, = 265 K (Fig. $47, ESI¥).

In the 4-thiazole helicate 5-2.5H,0 (Fig. 7), the d-d transi-
tion occurs at slightly higher energy (524 nm) than for 2-4, and
only a small change is observed in the ¢ value. The apparent ¢
(per Fe" ion) decreased from 225 to 198 L mol ' ecm ' on
warming from 253 K to 303 K (Fig. S51, ESIt). As this temper-
ature range does not overlap with that of the Evans method data
in the region where a non-zero Af and hence x,T value was
observed, this could not be analysed in the same way as for the
other four complexes.

Ligand field strengths of L***'*™“*“ ligands

The analogous Ni(u) helicates, 1V'-5™, have been prepared and
characterised (see the experimental section, ESI-MS in Fig. S96-
S1157 and crystal structures of two in Fig. S10, ESIT for details)
as analysis of the UV-vis spectra of them (Fig. S56, ESIT) enables
the ligand field splitting energy, 4, (10Dg), to be obtained, and

compared with the T;,, values observed for the Fe(u) helicates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-vis spectra of precisely known but approximately 3 mM of
dinuclear Ni(i) helicates in acetonitrile solution; 1N-6H,O (black),
2N 4H,0 (red), 3¥"5H,0 (blue) and 4N 2.5H,0 (green), and 5N 3H,0
(purple). NB. Grating change was at 700 nm.

Octahedral Ni*" (d®) has a *A,, ground state, which gives rise
to three spin allowed d-d transitions,*® from highest to lowest
energy: *Ayy — *Tyg (P) = 400-310 nm, *Ayy — *Tyy (F) = 715-
550 nm, and Ay, — Ty, (F) = 1000-800 nm (near IR). This last
band corresponds to 4,, but it is often weak and broad, and
sometimes the spin forbidden *A,;, — 'E, transition (which
gains some intensity through spin-orbit coupling with *T,,) can
be seen as a shoulder on this band, further complicating the
analysis.®®® Indeed, when 4, is close to 12 000 cm™ ", as it is
herein, mixing of these two bands, *A,; — *T,, (F) and *A,, —
'E,, becomes more significant and it is not possible to correctly
analyse them. To deal with this issue, Hart, Boeyens and Han-
cock®* developed an empirical relationship:

10Dgq (corrected) = 10630 + 1370¢,/¢,

where ¢,/¢, is the ratio of the extinction coefficients of the lower
to higher wavelength components of this near IR band.

Using this equation on the ratio of the extinction coefficients
corresponding to the shoulder (e,)/peak (e,) in the near IR band
observed in each of the spectra of 1™-5™ (Fig. 9), the “corrected
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Fig. 10 Good correlation (R? = 0.87) of Ao(corry Obtained from UV-vis

studies of the Ni(i) helicates with solution Ty, obtained for the anal-
ogous Fe(i) helicates.
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10Dg” values, dgcorr), have been determined for these five
helicates (Table S12, ESIY).

In summary, the resulting Adgcor.) values, in order of
increasing ligand field strength, as follows (cm™"):

L4NHIm-mctu (11 420) ~ L4NHIm-meta (11 430)
< LZNHlm—mem (11 505) ~ L4Olm—mem (11 516) < L4Slm—mem (11 804)

This analysis of the UV-vis spectra of the Ni(u) helicates
shows that the effect of changing from -NH, -NMe and -O in
the non-coordinating position of the azole moiety in the ligand
leads to relatively minor changes in the field strength, whereas
changing to -S provides a significant increase in the ligand field
strength. The ligand field strengths of these five ligands 4dycorr,)
are not entirely consistent with the T, values of the corre-
sponding Fe(i1) complexes, but despite this there is a good linear
correlation (R* = 0.87) between them (Fig. 10).

Electrochemical studies

The magnetic response of 1-5 varied considerably with small
modifications to the ligand strands, clearly reflecting the effect
of changing the heteroatom present in the azole rings of these
Rat ligands on the Fe(u) centres, we also expected to see tuning
of the Fe"™ redox potentials.

Cyclic voltammetry was performed on 1 mM MeCN solutions
of 1-5, vs. 0.01 M Ag/AgNO;. These solutions also contained
0.1 M TBACIO,, except in the case of 4-thiazole helicate
5-2.5H,0, which was insoluble in 0.1 M TBACIO, but was

L2NHIm-meta

L4N Him:meta

L4NMe|m4meta

Current/ pA

L4SIm—meta
T 1 1 T ' 1 » 1
00 02 04 06 08 1.0 1:2
Potential/ V

Fig. 11 Cyclic voltammograms of 1 mM solutions (top to bottom

):
[Feb(L2NHIm-meta) 1(BF ),-4H,0 (1-4H,0, black),
[Fel(LANHIm-meta) 1(BF ), .6H,0 (2-6H,0, red),
[Feli(L4NMelm-meta)_|BE ), .5H,0 (3-5H,0, blue) and

[Feli(L4C!m-meta)_|(BF,),-6H,0 (4-6H,0O, green), in MeCN (0.1 mol L™t
TBACIO,) and [Fel(L*S'™mmet) |(BF,),-2.5H,0 (5-2.5H,0, purple)
(0.1 mol L~ TBAPFg) versus 0.01 mol L~ Ag/AgNOs at 200 mV s~ .
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Fig. 12 (a) Strong correlations of oxidation potential (Epa) for the four

helicates that show reversible redox, 1-4H,0 (black), 2-6H,0 (red),
3-5H,0 (blue) and 5-2.5H,0 (purple), with (a) Ty/» (R = 0.99), (b) yus
(R? = 0.91), (C) do(corr) (R? = 0.98). But please note that the 4-oxazole
helicate with the irreversible redox event,
[Fel(L4Cm-meta) 1(BF,),-6H,O (4-6H,0; green, lime circle), is a clear
outlier in all three cases, so when it is included in the linear fit the R?
drops to (a) 0.20, (b) 0.10 and (c) 0.49.

soluble in 0.1 M TBAPF;. Four of the five complexes, 1-4H,0 (E,
= 0.39 V), 2-6H,0 (E,, = 0.27 V), 3-5H,0 (E,, = 0.25 V) and
5-2.5H,0 (E,, = 0.67 V), showed a reversible Fe(u)/Fe(m) redox
process. In the case of the 4-oxazole helicate 4-6H,0, an irre-
versible oxidation event, at higher E,, = 0.78 V than the others,
was observed (Fig. 11).

The five helicates, identified by ligand, in order of decreasing

E,,, are as follows:

pas

4-6H,0 (Ep, = 0.78 V) ~5-2.5H,0 (Ep, = 0.73 V) > 1-4H,0 (Epq
=0.44 V) > 2-6H,0 (Epq = 0.33 V) ~3-5H,0 (Ep, = 0.30 V)

In general, the presence of an electron donating group
pushes more electron density onto a metal centre making it

View Article Online
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easier to oxidise, and vice versa. Therefore, the oxidation
potential (Ey,) for 1-methyl-4-imidazole helicate 3-5H,0 (0.30 V)
is lower than 4-imidazole helicate 2-6H,0 (0.33 V), which is
attributed to the presence of the electron donating group -NMe
in 3-5H,0, making the Fe(u) centre easier to oxidise.>**

Correlations of SCO T,,, versus 4, versus Ey,

Interestingly, the four helicates with the reversible redox events,
1-4H,0, 2-6H,0, 3-5H,0 and 5-2.5H,0, show a strong linear
correlations between the (a) oxidation potential Ep, vs. the SCO
Ty, (R* = 0.99, Fig. 12a, red line), and (b) yus (298 K) vs. Ep, (R?
= 0.91, Fig. 12b, red line). But when the helicate with the irre-
versible redox event, 4-oxazole helicate 4-6H,0, included in the
linear fit the R* drops to just 0.20 (Fig. 12a, green line) and 0.10
(Fig. 12b, green line). Given the above, unsurprisingly there is
also a strong linear correlation (R* = 0.98) of 4, and E,,, for the
four reversible complexes (Fig. 12c, red line), which when
4-6H,0 is included again drops, to R* = 0.49 (Fig. 12c, green
line), i.e. in all cases the inclusion of the 4-oxazole helicate
4-6H,0 which shows irreversible redox in these correlations
leads to a big drop in R?, to 0.10-0.49.

In summary, for the four complexes with reversible redox,
Epq(Fe™™) is strongly positively correlated with Ty, and 4, (R* =
0.91-0.99), and strongly negatively correlated with the 7yys
fraction at 298 K. This shows that as the ligand field (4,) and
hence fraction LS increases, it gets harder to oxidise, i.e. Epa(FeH/
"™ increases (Fig. 12 and Table 2).

As noted in the introduction, studies of both redox and SCO
across a family of complexes are not common.****** In the
1980's, in a family of nine solution SCO-active Fe(ur) complexes,
Kadish and co-workers observed the same trend as is seen here,
the lower the yyg the easier it was to reduce (higher Ej,,
Fig. S1.2, ESI}).***® On the other hand, in 1975 Drago and co-
workers®® had studied a family of four solution SCO-active
mononuclear Fe(u) complexes of hexadentate ligands varying
in number of ortho-methyl groups present, and showed the
opposite: the complexes with the highest vy, rather than those
with least electron-donating methyl groups (perhaps due to
steric factors), were the most difficult to oxidise.*® Simplistically,
SCO Ty, values are expected to increase with increasing 4,
whereas redox potentials E;, are expected to increase with
decreasing HOMO energy level. So the observation of some
correlations between these two distinct properties is intriguing
and warrants further attention. Hence a collaborative study

Table2 Summary of cyclic voltammetry data obtained for dinuclear iron(i) helicates, 1-5, in MeCN (0.1 mol L=t TBACIO,4 unless indicated with *
in which case, for solubility reasons, 0.1 M TBAPFs was used) versus 0.01 mol L~* Ag/AgNOs at 200 mV s~%, along with the Ty, and y5(298 K) in

MeCN solution, and the 4, for the nickel(i) analogues

Complexes Epa (V) Epe (V) Em (AE) (V) Ty (K) Tus 298 K 4o (cm ) (NizLs)
LANHImmeta (4. 4H,0) 0.44 0.34 0.39 (0.10) 331 0.33 11 505
LANHImmeta (5. 6H,0) 0.33 0.22 0.27 (0.11) 267 0.61 11 420
LANMelmmeta (3. 51.0) 0.30 0.20 0.25 (0.10) 247 0.81 11 430
LAOTmmeta (4. 6H,0) 0.78 Irrev Irrev 249 0.81 11 516
HISImmeta (5.5 5H,0) 0.73 0.61 0.67 (0.12) 471 0 11 804
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probing this family of interesting helicates in detail, using
arange of theoretical models, will be carried out in the future in
order to better understand the basis of the correlations
observed.

Conclusion

The previously reported ditopic Rat ligands consisted of a pair
of pyrimidine-triazole pockets linked through meta-phenylene
which resulted in Fe(u) dinuclear helicates that were trapped in
the LS state.”” So herein, the strong ligand field pyrimidines
(azines) were replaced by lower ligand field azoles. Five such

ligands have been prepared (Lazole-meta: L2NHIm—meta, L4NHIm-metu
L4NMeIm-meta, L4OIm-meta an d L4SIm-meta)

’
along with the corre-
sponding triply bridged dinuclear helicates [MjL;](BF,)s-
-solvents with M = Fe or Ni. Single crystal X-ray structures of the
iron(u) helicates (1-5) confirmed that they are indeed helicates,
and are in the [LS-LS] state at 100 K.

ESI-MS and 'H DOSY NMR spectroscopy studies confirmed
the robustness of 1-5 in MeCN solution. Indeed, a strong linear
correlation (R* = 0.98) was seen between the diffusion coeffi-
cient and the molecular weight for the nine Fe,L; helicates (7)
and Fe,L¢ cages (2) prepared to date,”” regardless of the yyg at
298 K ranging from 0 to 0.81.

VT-NMR Evans method studies of 1-5 in CD;CN solution
(243-343 K) revealed that all of the complexes undergo incom-
plete SCO within this temperature range, with T;, values
ranging from 247 to 471 K. The SCO was also followed by VT-UV-
vis spectroscopy (253-303 K) in CH3CN solution, by monitoring
changes in the absorbance of either the charge transfer band for
1, or of the d-d band for 2-5.

UV-vis spectra of the corresponding Ni(u) helicates revealed
the ligand field splitting energy 4q(corr.) for four of the pazolemeta
ligands falls in the range 11 420-11 516 cm ™' (azole = 2-imid-
azole, 4-imidazole, 1-methyl-4-imidazole and 4-oxazole)
whereas the fifth ligand imposes a significantly stronger ligand
field, 11 804 cm " (azole = 4-thiazole).

Cyclic voltammetry studies in acetonitrile solution showed
a Fe(u)/Fe(m) redox process that was reversible for four of the
helicates, but irreversible for the 4-oxazole helicate 4-6H,0. For
the four reversible cases, excellent linear correlations of: Ej,
with Ty, (R* = 0.99), Ep, with yus (R = 0.91) and Ep, with
Aocor) (R? = 0.98) are observed.

This is a unique study, as it determines all three properties,
ligand field splitting energy 4,, SCO T;,, and oxidation potential
E,, across a family of complexes - here for a family of five robust
triply bridged dinuclear helicates differing in the choice of non-
coordinated diazole heteroatom. In doing so it provides a rare
illustration of the textbook statement that the stronger the
ligand field (4, 1) the more the LS state is stabilised over the HS
state (T}, T; strong correlations, R* > 0.87). Also, less intuitively,
a connection is made between the SCO and redox properties of
this family of helicates: for the four reversible systems the
stronger the ligand field (4,1) and higher the Ty, (1), the
harder the Fe(u) helicate is to oxidise to Fe(ur) (Ep, 1). Future
studies will include collaborative theoretical studies to probe
these interesting helicates in more detail.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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