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Three azobenzenes CN(CgH4)-N=N-(CsH4N) (py-iso), CN(CgH4)-N=N-(CgH4)CN (cyano-iso) and CN
(CgH4)-N=N-(CgH4)NC (iso—iso) with good coordinating groups (pyridine, phenylcyano or phenyliso-
cyano) at the ends of the diazenyl unit have been synthesized and fully characterised. These compounds
have been used as ligands in the synthesis of water-soluble metallic species by coordination to
{Fe"(CN)s>7} units, either in one or two of the anchoring groups of the derivatives. Both the azo derivatives
and their complexes are photochemically active with respect to their trans-to-cis isomerisation process.
Their cis-to-trans reverse thermal reaction has been thoroughly studied as a function of the donor
groups, solvent, temperature and pressure, in order to gain insight into the rotation or inversion mecha-
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nisms involved in the process. A comparison of the isomerisation mechanism between the iron com-
plexes and the corresponding free ligands revealed an interesting fine tuning of the process on coordi-
nation of the {Fe'"(CN)s>7} moieties, which may even produce, in some cases, non-photoswitchable

Published on 21 December 2022. Downloaded by Universidad de Valladolid Biblioteca on 5/26/2025 7:11:37 PM.

rsc.li/dalton

Introduction

Azobenzene derivatives are historical compounds that exhibit
reversible and robust photochemical isomerisation reactions
around their central diazene unit (Scheme 1)." There are many
studies dealing with these photochemical processes, both
occurring at high energies (producing the cis isomer from the
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1 Electronic supplementary information (ESI) available: Experimental procedures
for the preparation and characterisation of the azo ligands. Observed rate con-
stants for the thermal cis-to-trans spontaneous process of the iron derivatives
studied as a function of the different variables. Observed rate constants for the
peroxodisulfate oxidation of the Nas[(NC);Fe"CN(CsH,)-N=N-(CsH,N)] complex
as a function of the different variables. CCDC 2216961. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d2dt03790d
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species containing typically photoactive units.

trans thermodynamically stable form) as well as the lower
energy back reaction; these have been comprehensibly studied
and reviewed.”

The complementary back cis-to-trans thermal isomerisation
reaction has also been thoroughly studied, given the impor-
tance of the process involved in photoswitching materials.**
The thermal process has been found dependent on a wealth of
factors that, ultimately, relate to structural characteristics that
favour rotation (charge-separated) or inversion (non-charge-
separated) transition states.”® These characteristics have been
mostly tuned by push-pull functionalisation of the diazene-
containing molecule in order to achieve a desired switching
response time.” Nevertheless, the choice of solvent has also
been found to be crucial for the establishment of the isomeri-
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Scheme 1 Isomerisation processes in azobenzene derivatives.
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sation mechanism underlying the process.® In all cases, the
comprehensive solvent, temperature and pressure dependence
of the isomerisation kinetics, including the determination of
the thermal (AH+ and AS*) and pressure (AVﬁ activation
parameters,”'® has been found to be an ideal tool for this
purpose.'’ ™3

The simplest coordination of these compounds to metal
centres usually involves the nitrogen donors of the diazene
moiety to the metals." These reactions normally produce
photochemically inactive mono- and dinuclear-cyclometalated
derivatives."”° Nevertheless, functionalisation of the phenyl
rings of these derivatives with different donor groups has also
been conducted, with the aim of having a photoactive dangling
azo moiety coordinatively attached to a transition metal.>'™’
The possible implication of these appended photoswitches in
biologically relevant interactions has also been reported.**?’
Furthermore, the incorporation of derivatives having both
phenyl rings modified with suitable donors has also been
explored for its inclusion in transition metal 2D and 3D
frameworks.?*~*

In view of the latter, and given our interest in the assembly of
discrete mixed valence cyanido-bridged Co™/Fe" compounds,***>
we decided to explore the incorporation of para-isocyanide
substituents to azo derivatives for the construction of
{Fe"(CN)5(CN-R,,0)* "} units as photoactive building blocks for the
assembly of molecular species of high nuclearity (Scheme 2). The
exact determination of their isomerisation mechanisms and
solvent dependence has also been established with the aim to
ultimately determine the possible photochemical/thermal switch-
ing of the cavity size of the structures generated. This is a fact that
is extremely relevant, given the importance of the cavity and
portal size involved in catalysis, encapsulation, and encapsula-
tion-derived properties of discrete molecular structures.*>****
Furthermore, the hindrance of some thermal cis-to-trans switch-
ing behaviours, due to the rotational mechanisms operating on
the assembled structures generated, distinct from the inversion
mechanism actuation on the free ligand, also poses a new chal-
lenge for the design of such assemblies.
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Scheme 2 Free isocyanide-appended azo derivatives and

{Fe"(CN)5(CN-R,,0)*"} complexes.

This journal is © The Royal Society of Chemistry 2023
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Results and discussion
Bridging azo ligands

Both the 4-((4-isocyanophenyl)diazenyl)pyridine, CN(CsH,)-
N=N-(C5;H,N) (py-iso), and the 4-((4-isocyanophenyl)diazenyl)
benzonitrile, CN(CgH,4)-N=N-(C¢H,;)CN (cyano-iso), com-
pounds (Scheme 2) have been prepared by the standard con-
densation of aniline and 4-aminopyridine or 4-aminobenzoni-
trile with NaNO,.*® The formation of the amido derivative and
its dehydration using phosgene have been conducted, optimis-
ing the established method.*>*”*® The two new compounds
have been characterised by 'H and *C NMR, IR, and UV-Vis
spectroscopy and ESI MS, as indicated in the Experimental
section; single crystal XRD of CN(CgH,)-N=N-(CcH,)CN has
also been conducted and the structure corresponds to the
spectroscopic assignment (Fig. S11). The already reported 4,4'-
diisocyanoazobenzene, CN(CgH,)-N=N-(CcH,)NC (iso-iso)
(Scheme 2), compound was prepared using similar procedures
to those indicated above, and its characterisation agrees with
the literature data.*® Electrochemical experiments were carried
out in acetonitrile solutions of all the azo derivatives; two fully
reversible signals at —60 and —105 mV (versus the SHE) were
obtained in all cases, in agreement with the expected data
from the literature.>>>!

As indicated in the Experimental section, the 'H NMR
spectra of the irradiated solutions at 365 nm feature the set of
signals assigned to the cis isomers apart from the major trans
isomeric thermally dominant form. Thus, all these com-
pounds undergo the typical photochemical ¢rans-to-cis isomer-
isation process around the diazenyl unit,® the yield and exten-
sion of which are out of the scope of this work and have not
been quantified.

Alternatively, the spontaneous cis-to-trans thermal conver-
sion of the solutions of all these compounds, after photoche-
mical excitation, was studied kinetically as a function of
solvent, temperature and pressure (Table $11).5''™'% Fig. 1a
shows some selected standard changes observed in the UV-Vis
spectra after irradiation, and Fig. 1b shows the Eyring and In &
versus P plots obtained from the variation of the observed rate
constants in toluene and methanol solutions. The full set of
derived activation parameters is provided in Table 1.

From the data in Table 1, it is clear that the azo derivatives
prepared have different isomerisation mechanisms. While for
the new py-iso derivative the process is solvent-dependent,
with a negative activation volume in the polar solvent studied,
for the also new cyano-iso derivative the process is completely
solvent-independent and slower, with a practically zero acti-
vation volume. The data for the already known iso-iso diazenyl
compound also indicate the solvent independence of the
process and a ca. zero activation volume. These results clearly
indicate that the azo compounds prepared behave in distinct
ways, as far as the cis-to-trans thermal conversion mechanism
applies."”> While for the py-iso derivative the collected data
clearly point to a mechanism involved in the charge-separated
rotational transition state, stabilised by a polar solvent,>* for
the cyano-iso and iso-iso analogues the process was seen to

Dalton Trans., 2023, 52,1720-1730 | 1721
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Fig. 1 (a) UV-Vis spectral changes observed during 4 h of spontaneous thermal cis-to-trans isomerisation (after photoexcitation of a 10~> M solu-
tion of the cyano-iso compound) in toluene at 50 °C. (b) Eyring (top) and ln k versus P (bottom) plots for the spontaneous thermal cis-to-trans pro-

cesses of the non-symmetric py-iso and cyano-iso azo ligands studied.

Table 1 Kinetic (interpolated at 313 K) and activation parameters of the spontaneous thermal cis-to-trans isomerisation after photoexcitation of the
compounds studied in this work (Scheme 2) as a function of the solvent used

Compound Solvent Beistotrans!S AHT /kJ mol™* Ast /] K~ mol™ AV"|=/cm3 mol ™!
py-iso Toluene 1.2x107* 72+4 -93+13 Not determined
Methanol 3.9%x107* 61+3 —118+ 10 —25 +2 (40 °C)
cyano-iso Toluene 5.4%x107° 95+ 10 —26 +30 Not determined
Methanol 7.3x107° 97 +4 -17+13 ca. 0 (48 °C)
iso-iso Toluene 5.7x107° 98+ 6 -16 + 18 Not determined
Methanol 4.4x107° 93+6 —-34+18 ca. 0 (60 °C)
py-isoFe" Methanol 6.1x107* 78+ 8 —60 + 27 ca. 0 (25 °C)
Water 1.2x107° 76 + 4 —61+12 ca. 0 (35 °C)
cyano-isoFe" Methanol 1.6x107° 89+3 -17 +11 19 =2 (25 °C)
Water 4.2x107" 48+ 6 —160 + 20 Not determined
iso-isoFe" Methanol 9.1x107* 40+ 5 -178 £ 17 Not determined
Water 6.9x 107" 52+5 —142 + 12 -6.8 + 0.2 (35 °C)
py-isoFe™ Water 1.9%x107° 85+6 -28+19 16 =1 (30 °C)
Fe"iso-isoFe" Water 3.3x107* 69 +2 -94+6 ca. 0 (45 °C)

clearly occur via an inversion mechanism, with higher enthal-
pic requirements and no polar transition state (no ordering/
contraction in polar solvents).”*

Fe" azo-pentacyanido complexes

The  Naj[(NC);Fe"CN(CeH,)-N=N-(CsH,N)]
Na;[(NC)sFe"CN(C4H,)-N=N-(C¢H,)CN] (cyano-isoFe™) and
Na;[(NC)sFe"CN(C¢H,)-N=N-(C¢H,)NC]  (iso-isoFe"™) com-
pounds have been prepared using the reaction of [Fe
(CN)5(NH;)]>~ with a slight excess of the azo ligand to avoid
undesired bridged derivatives (see the Experimental section).
The final compounds, which are highly soluble in water, can
be easily separated from the excess of ligand by washing with
diethyl ether. *C NMR clearly shows the attachment of an
electron-withdrawing centre to the isocyanide moiety of the
azo ligands; for example, on coordination of the azo deriva-
tives, significant signals shift by ca. 20 ppm to lower fields
(Fig. $2-541).%>27*% Similarly, in the IR spectra, apart from the
signals of the {Fe"(CN)s;*7} unit, the isocyanide stretching

(py-isoFe"),

1722 | Dalton Trans., 2023, 52,1720-1730

signal at ca. 2130 cm™' moves to lower wavenumbers (ca.

2070 cm™") on Fe'" coordination.

The UV-Vis spectra of the complexes prepared in methanol
and water show interesting features related to the existence of
intense CT bands from the metal to the ligand (Fig. 2). These
add up to the band on the azo ligand in the 450-500 nm
region, producing a rather high intensity at these wavelengths
when compared with the free azo derivative. As indicated in
the following redox reactivity section, the intensity of that
band diminishes, as expected, on Fe' to Fe" oxidation by per-
oxodisulfate or electrochemistry. As observed for the free
ligands, the "H NMR spectra of the irradiated solutions at
365 nm (see Experimental section) show the set of signals that
correspond to the cis isomer of the diazenyl moiety, apart from
the major trans isomeric thermally dominant form. The spon-
taneous back cis-to-trans thermal conversion of the solutions
of these new complexes having a {Fe"(CN);*"} fragment
attached to the isocyanide group was thus studied, for com-
parison with that of the free azo ligands, as a function of
solvent, temperature and pressure (Table S17). Fig. S5at shows

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) UV-Vis spectra of the py-iso ligand (black) and its py-isoFe'" derivative (red) in methanol solution. (b) UV-Vis spectra of the cyano-isoFe

derivative in aqueous (blue) and methanol (red) solutions.

the selected standard changes observed in the UV-Vis spectra
after irradiation; it is evident that the UV-Vis spectral changes
relate mainly to the MLCT band in the 450-500 nm region,
with very little influence on the more intense band around
315 nm. Fig. S5bf shows the corresponding Eyring and Ink
versus P plots obtained from the variation of the observed rate
constants in aqueous and methanol solutions. The derived
activation parameters are provided in Table 1, together with
the data for the free azo ligands for comparative purposes.
From the data provided in Table 1, it is clear that important
changes must occur in the molecular orbital system of the azo
derivatives during the {Fe"(CN);*"} attachment to their isocya-
nide group. For all the systems studied, a changeover in the
thermal switching mechanism takes place, from charge-separ-
ated to inversion (py-iso), or from inversion to charge-separ-
ated (cyano-iso and iso-iso), on coordination of the pentacya-
nidoiron(i) moiety. For the py-iso derivative, the arrangement

of the substituents of the starting ligand, which favours a
switching mechanism with charge separation, seems to be
compensated by the coordination of the {Fe'(CN);*"} negative
moiety (the activation volume changes from AVE #0 to AVT »
0 for all solvents). For the cyano-iso and iso-iso derivatives, the
already symmetric (or quasi-symmetric) arrangement of the
substituents in the initial diazenyl compound is disturbed by
the coordination of the same {Fe"(CN);*~} moiety, favouring a
change of mechanism to the one showing a charge-separated
transition state (the activation volume changing from AVF~ 0
to AVT # 0). By these rearrangements, the possible generation
of charged transition states in the cis-to-trans back thermal
reaction of the azo derivatives (Scheme 3) is hampered or
favoured, respectively.

In this respect, the lower contraction observed on going
from the free ligands to the {Fe"(CN);* }-coordinated species
(less negative activation volume, see Table 1) merits some

+

_%ngNEC—{Fe'(CN)ﬁ

\_/

N

— —t

QN:@—NEC-{Fe”(CN)f}
%

Rotational transition-state

Scheme 3 Rotational and inversion transition states.
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comment. While charge separation on the free molecules
creates compression of the surrounding polar solvent (AV+ =
—25 cm® mol ™" for the py-iso ligand), the same process taking
place on a {Fe"(CN)s* }-attached derivative results in a local
decrease in positive charge at the isocyanide side of the ligand.
This fact implies a lesser degree of compression of the polar
solvent molecules (see Scheme 3). As shown in Table 1, this
effect is much more pronounced for cyano-isoFe" (AV+ =
+19 cm® mol™) than for the analogous iso-isoFe" (AVT =
-6.8 cm® mol™"). The reason is probably related to the fact
that for the latter, an extra dipole compensation occurs due to
the presence of the dangling isocyanide (Scheme 3).

Fe'" azo-pentacyanido complexes

Cyclic voltammetry experiments conducted on the Fe" azo-
pentacyanido complexes prepared indicate that the three new
compounds can be reversibly oxidised to their Fe'™ derivatives
(Fig. 3a). Furthermore, the spectroelectrochemical forward and
back titrations of the complex [(NC)sFe"CN(C¢H4)-N=N-
(CsH4N)*~ were also conducted (Fig. 3b) to measure the neat
and fully reversible nature of the process.
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In view of this well-behaved redox process, and our interest
in the use of these Fe" azo-pentacyanido derivatives as build-
ing blocks for mixed-valence polynuclear species,®*® the
chemical oxidation of [(NC);Fe"CN(CeH,)-N=N-(CsHN)J*~
with S,04>~ was also studied as a model of the other two azo
ligand coordination derivatives prepared in this work.>*”>® The
process thus monitored results in neat UV-Vis spectral changes
that parallel those observed in the spectroelectrochemical
Fe"-to-Fe™ titration (Fig. S61). From these changes, and under
pseudo-first order conditions (see the Experimental section),
the set of k,ps values provided in Table S21 were derived at
different S,05>” concentrations, temperatures and pressures.
Fig. 4a shows a summary of the changes observed for the
values of kops on [S,05°7]; Fig. 4b shows the temperature and
pressure dependence of the slopes of these plots.>”*® The
thermal activation data derived (AH+ =64 +5 k] mol™; AST =
-58 + 16 J K~' mol ™) lie within the expected values for these
types of processes, where an {outer-sphere precursor complex}-
non-limited rate law applies (ie kops = ke X
Kos[S,05°7]).*%°7°%%° On the other hand, the value of the acti-
vation volume for the second-order rate constant (i.e. ket X Kog)

b)

Absorbance /a.u.

300 400 500 600
A/nm

Fig.3 (@) CV of aqueous solutions of Nas[(NC)sFe"CN(CgH4)-N=N-(CsH4N)] (black), Nas[(NC)sFe"CN(CgH,)-N=N-(CgH4)CN] (red), and
Naz[(NC)sFe'"CN(CgH,)-N=N-(CcH4)NC] (blue) at 200 mV s~ (conditions stated in the Experimental section). (b) Spectroelectrochemical back titra-
tion at 0.500 V for the [(NC)sFe""CN(CgH4)-N=N-(CsH4N)I*~ compound obtained after electrochemical oxidation of a Nas[(NC)sFe"CN(CgH,)-N=N-

(CsH4N)] solution.
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Fig. 4 (a) Dependence of the pseudo-first order rate constants observed for the oxidation of [(NC)sFe"CN(CgH,4)-N=N-(CsH4N)I*~ with 5,04>" at
different temperatures and / = 0.20 M (NaClO,). (b) Eyring (top) and ln k versus P (bottom) plots for the same reaction.

1724 | Dalton Trans., 2023, 52,1720-1730

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2dt03790d

Published on 21 December 2022. Downloaded by Universidad de Valladolid Biblioteca on 5/26/2025 7:11:37 PM.

Dalton Transactions

is clearly negative (AV' = —29 + 3 cm® mol™"), which is oppo-
site to all the values determined so far for these types of
{outer-sphere precursor complex}-non-limited reactions, where
AVT = AV + Avtt).4°’57 Only for reactions occurring under
the {outer-sphere precursor complex}-limited rate law (ie.
kobs = ket X Kog[S2087 J/(1 + Kos[S205°7]),°>®° the values have
been found to be negative when derived from the isolated first-
order rate constant (i.e. AV?;), k.).*” In our case, this rate law
is not observed and the negative value obtained has to be
associated with a practically zero value of AV for Kos (making
AVTx AVtt)), thus corroborating the importantrole of the
dangling azo ligand in the process.

In view of the neat process observed, the important redox
reactivity of the mixed valence compounds containing {Fe
(CN)e} units, and the differences observed in the cis-to-trans
thermal isomerisation mechanism on metal coordination to
the isocyanide substituents, the in situ preparation of the
[(NC)sFe™CN(CeH,)-N=N-(CsH,N)]*~ oxidised derivative was
pursued. Effectively, following the above results (Fig. 4a and
Table S21), a 1 x 107> M aqueous solution of [(NC)sFe"CN
(CeH4)-N=N-(C;H,N)]>~ was maintained in a 5 x 10~* M solu-
tion of Na,S,05 for 24 h at 35 °C (checked for completion by
monitoring the UV-Vis spectral changes, see Fig. S6t). The
final solution obtained was irradiated at 365 nm, and the back
cis-to-trans thermal switching process was kinetically moni-
tored at different temperatures and pressures (Table S17). The
values thus obtained are indicative of the extremely important
role played by the moieties attached to the isocyanide group of
the azo derivative (Fig. 5). A summary of these values is pro-
vided in Table 1 for comparison with the remaining data
available.

From the data, it is clear that a shift in the isomerisation
mechanism has occurred on going from the {Fe"(CN);*7} to
the {Fe"(CN)s>7} coordination to the CN(CgH,)-N=N-(C5H,N)
azo ligand. The process clearly reverts to a charge-separated
isomerisation process, as indicated by AVT # 0 (Fig. 5b). The
value of the activation volume again indicates an expansion, as
for the Fe'-coordinated derivative, and the same reasons indi-
cated in the previous section apply. The generated positive
charge is absorbed by the negative {Fe"™(CN)s>"} moiety, thus
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producing an expansion of the polar solvent molecules and a
positive activation volume (see Table 1).

(Fe™), azo-pentacyanido complexes

In view of the robustness of the water soluble Fe azo-penta-
cyanido complexes obtained, plus that the compounds derived
from the py-iso and iso-iso azo ligands are capable of facile
coordination to two {Fe'(CN);*"} moieties, the preparation of
bimetallic compounds Fe"py-isoFe" and Fe'iso-isoFe" was
pursued. As indicated in the Experimental section, the desired
compounds can be prepared in a straightforward manner
using either a 2:1 mixture ratio of the iron:azo compounds,
or a 1:1 mixture of the py-isoFe" or iso-isoFe" species and the
[Fe"(CN)s(NH;)]>~ precursor. For the Fe'iso-isoFe" complex,
the "H and ">C NMR spectra (Fig. S71) clearly indicate the full
symmetric nature of the species prepared, while electro-
chemical experiments show the presence of two quasi-revers-
ible oxidation processes at 840 and 1080 mV (Fig. 6a). The
UV-Vis spectrum is also indicative of the coordination of two
Fe" centres to the azo ligand, as the band MLCT at ca. 435 nm
has a higher intensity than the one for the iso-isoFe"™ deriva-
tive (Fig. 6b). For the Fe"py-isoFe" complex, the 'H NMR
obtained immediately on dissolution in D,O, produces the
expected signals (Fig. S8at) and the electrochemical experi-
ments clearly indicate the occurrence of two distinct and
differentiated iron oxidation processes at 480 and 840 mV for
the pyridine- and isocyanide-attached iron centres, respectively
(Fig. S8bt). Nevertheless, on standing for ca. two hours the 'H
NMR also shows signals of the py-isoFe" complex, thus indi-
cating that, although the desired Fe"py-isoFe" species is kine-
tically formed, it evolves to the thermodynamically more stable
py-isoFe" and [Fe"(CN)s(H,0)]’~ on standing. Effectively, the
BC NMR spectrum of a D,O solution of the aged sample
shows the signals associated with the py-isoFe” and
[Fe"(CN)5(H,0)]*~ components (Fig. S8ct). Given the fact that
the UV-vis spectroscopic study of the actual Fe"py-isoFe" — py-
isoFe" + [Fe"(CN)s(H,O)]>~ reaction (Fig. S91) shows that the
ejection of the {Fe"(CN)s*>} moiety from the complex takes
place at the same, or even shorter, time scale than that of the
expected cis-to-trans thermal reactions studied in this work, we
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z -14.01 A py-isoFe"
-14.5- v py-isoFe" .80
-15.0 °
-85 T e
-15.5 o . °
-16.0 r ; T : ; ; ; ; : . ,
0.00300 0.00315 0.00330 0.00345 0 200 400 600 800 1000 1200 1400 1600
7 K! Platm

Fig. 5 Variation of the thermal (a) and pressure (b) activation parameters for the cis-to-trans isomerisation process occurring on the CN(CgH4)-

N=N-(CsH4N) azo ligand depending on its coordination (free, Fe' or Fe'").

This journal is © The Royal Society of Chemistry 2023
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b)
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—— iso-isoFe" in water
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20000+

15000

EM'em”
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o
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;
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Fig. 6 (a) CV of aqueous solutions of Nagl(NC)sFe""CN(CgH4)-N—=N-(CsH4)NCFe"(CN)s] and Naz[(NC)sFe'"CN(CgH4)-N=N-(CgH4)NC] at 200 mV s™*
(conditions stated in the Experimental section). (b) UV-Vis spectra of the same compounds.

did not further consider the photoswitching of this new
compound.

In contrast, as observed in the NMR spectra, the photoche-
mical excitation of the dinuclear Fe"iso-isoFe" compound at
365 nm is, again, easily achieved and the cis isomeric form
obtained shows notable differences in the UV-Vis spectrum
that allow the monitoring of the back thermal cis-to-trans reac-
tion. Similarly to the py-isoFe", cyano-isoFe", iso-isoFe", and
py-isoFe™ derivatives (see for example Fig. S5at), these differ-
ences are mainly related to the increase in the intensity of the
MLCT band at 435 nm, as seen in Fig. S10,f without the
typical changes observed for the free azo ligands (Fig. 1a). The
changes of the first-order rate constants for this thermal
switching process, with respect to temperature and pressure,
produce the set of activation parameters that are also provided
in Table 1 for comparison. From the data, it is clear that the
thermal cis-to-trans isomerisation process occurring for this
doubly substituted highly charged {6+} complex has the same
mechanistic characteristics as those of the original symmetric
iso-iso azo ligand, i.e., an inversion transition state [AV+ =0).
Even so, the differences in the thermal activation parameters
are rather important and can be attributed to the dramatic
changes in the charge of the bis-{Fe"(CN);*>"} azo species,
which changes from {0} to {6+}.

Conclusions

The design and preparation of new azo derivatives with good
coordinating groups at the para positions of their phenyl rings
is feasible, and compounds having pyridine, cyano and iso-
cyano groups have been synthesized and fully characterised.
Their use as linkers in the formation of water-soluble metallic
compounds has been achieved by coordination to {Fe"(CN);*>7}
units, in one or two of the anchoring groups of the organic
derivatives. The coordination occurs in such a manner that the
standard trans/cis photoisomerisation is still possible, as the
diazenyl group is not involved in the coordination of the
metals, thus providing a switching capability of the assem-
blies. The back cis-to-trans thermal isomerisation process of

1726 | Dalton Trans., 2023, 52,1720-1730

these metal complexes has been studied thoroughly as a func-
tion of the donor groups, solvent, temperature and pressure,
in order to gain insight into the rotational or inversional
mechanisms involved in this reaction. This mechanism has
been compared with that occurring on the free azo derivatives.
Surprisingly, a relevant tuning of the process is observed on
coordination of the {Fe'(CN);*>~} moieties to a single or both
phenyl groups of the diazenyl-containing molecules, or on oxi-
dation of the iron centre to obtain {Fe"(CN);* }-attached com-
pounds. These differences are especially relevant as some of
these processes could be hindered on formation of polymetal-
lic structures, depending on the thermal cis-to-trans isomerisa-
tion mechanism actuated, thus producing non-photoswitch-
able entities that have been generated from photoactive
linkers.

Experimental
Physical methods

The "H and "*C{'H} NMR spectra were recorded on a Bruker-
400 or 500 spectrophotometer at 25 °C; the infrared spectra
were recorded on an FT-IR 5700 Nicolet spectrophotometer;
and the ESI mass spectra were recorded on an LC/MSD TOF
Agilent Technologies 61969A instrument in methanol or aceto-
nitrile solutions. Photochemical trans-to-cis excitation of the
azo derivatives was carried out using an ASAHI MAX-303 light
source equipped with the desired filters.

Electrochemical CV experiments were carried out at 25 °C
and 100 or 200 mV s~*, using a BioLogic SP-150 instrument. A
glassy carbon working electrode, an Ag/AgCl (saturated KCl)
reference electrode and a platinum wire counter electrode were
used in 1 x 107> M solutions of the sample, and 0.1 M NaClO,4
was used as the supporting electrolyte for aqueous solutions.
For acetonitrile solutions, a glassy carbon working electrode,
an Ag/AgNO; (acetonitrile) reference electrode, and a platinum
wire counter electrode were used in 1 x 10> M solutions of the
sample. 0.1 M BuyNCIO, was used as the supporting electro-
Iyte, and the potentials were referenced externally against the
ferrocene/ferrocenium pair (+640 mvV).*" All potentials are

This journal is © The Royal Society of Chemistry 2023
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given against the NHE, once corrected for the reference elec-
trode used.

Spectroelectrochemical titrations were performed in 7 X
10~° M solutions of the iron complexes in H,0 (pH = 7.0, I =
0.1 M NaClO,) at 0.92 V vs. the NHE, according to the CV indi-
cated in Fig. 2a, using a platinum flag working electrolyte, an
Ag/AgCl/sat. KCI reference electrode and a platinum counter
electrode. The UV-Vis spectra were recorded using a Helma
661.202-UV All Quartz Immersion Probe set in the titration
vessel and connected to a Cary50 instrument with optical
fibres; the full spectra were fitted using Reactlab.®® Back titra-
tions were conducted at 0.500 V using the same setup.

The kinetic profiles for the reactions under atmospheric
pressure were followed by UV-Vis spectroscopy in the
900-300 nm range using a Cary50 or an Agilent HP8453A
instrument equipped with thermostated multicell transports
at 0.2 M ionic strength (NaClO,). For runs at elevated press-
ures, the previously described high-pressure set-up'*®® was
used, connected to a J&M TIDAS S300 instrument. The full
operative system and software®®* used for the determination
of the first order rate constants involved have already been
described.®"**> All post-run fittings were carried out using the
standard available commercial programs. In all instances, the
rate constants were the average of two or three replicates with
an error between 10 and 15%.

XRD measurements were conducted on an orange needle-
like specimen (ca. 0.044 x 0.079 x 0.412 mm); the X-ray inten-
sity data were measured on a D8 Venture system equipped
with a multilayer monochromator and a Mo microfocus (4 =
0.71073 A). The frames were integrated with the Bruker SAINT
software package using a narrow-frame algorithm.®®> The inte-
gration of the data using a monoclinic unit cell yielded a total
of 11 648 reflections to a maximum 6 angle of 30.59° (0.70 A
resolution), of which 3143 were independent (average redun-
dancy: 3.706, completeness = 100.0%, Rip = 3.10%, Ry, =
2.85%) and 2705 (86.06%) were greater than 26(F*). The final
cell constants a = 4.6702(3) A, b = 10.4251(7) A, ¢ = 11.8640(8)
A, g =98.307(3)°, and volume = 571.57(7) A® are based on the
refinement of the XYZ centroids of reflections above 20 o(1).
Data were corrected for absorption effects using a multi-scan
method (SADABS).®® The calculated minimum and maximum
transmission coefficients (based on the crystal size) were
0.6846 and 0.7461, respectively. The structure was resolved and
refined using the Bruker SHELXTL software package,®” using
the space group Pc, with Z = 2 for the formula unit, C;,HgN,.
The structure was resolved and refined using the Bruker
SHELXTL software package, using the space group Plcl, with
Z = 2 for the formula unit, C;,HgN,. The final anisotropic full-
matrix least-squares refinement on F* with 164 variables con-
verged at Ry = 4.16% for the observed data and wR, = 11.35%
for all data. The goodness-of-fit was 1.027. The largest peak in
the final difference electron density synthesis was 0.336 e~ A~
and the largest hole was —0.250 e~ A~ with an RMS deviation
of 0.047 e~ A3, On the basis of the final model, the calculated
density was 1.349 g cm ™ and F(000), 240 e". CCDC code:
2216961.71

This journal is © The Royal Society of Chemistry 2023
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Materials and compounds

All chemicals and solvents used in the preparations were of
analytical grade, commercially available and used as received.
All the azo ligands have been prepared by optimisation of the
literature methods*”®® and the details are shown in the ESLt

Synthesis of iron compounds

Na;[(NC)sFe"CN(C¢H,)-N=N-(C;H,N)], py-isoFe". 300 mg
(1.4 mmol) of CN(Ce¢H,4)-N=N-(C;H,4N) was dissolved in a
purged 60 mL MeOH and 6 mL H,O mixture in a Schlenk
tube. After complete dissolution, 325 mg (1.0 mmol) of solid
Nas[Fe"(CN)5(NH;)]-3H,0°"° was added and the mixture was
left stirring overnight, protected from light under a nitrogen
atmosphere. The resulting solution was dried to obtain a deep
red residue, which was thoroughly washed several times with
diethyl ether, yielding the final Nas[(NC);Fe"CN(C¢H,)-N=N-
(CsH4N)] compound (300 mg, 65% yield). 'H NMR (D,O,
400 MHz): § (trans) 8.77 (d, Jun = 6.4 Hz, 2H, Hy.p,), 8.04 (d,
Jun = 8.7 Hz, 2H, H,,,,,PhNC), 7.82 (d, Jun = 6.4 Hz, 2H, Hy,),
7.72 (d, Juu = 8.7 Hz, 2H, Hy,PhNC); (cis after irradiation)
9.18 (d, Jun = 6.8 Hz, 2H, Hepy), 7.65 (d, Jun = 6.7 Hz, 2H),
7.54 (d, Juq = 6.8 Hz, 2H). "H NMR (CD;OD, 400 MHz): §
(trans) 8.76 (d, Juu = 6.2 Hz, 2H, Hypy), 8.02 (d, Juu = 9.0 Hz,
2H, H,e:aPhNC), 7.85 (d, Jun = 6.2 Hz, 2H, Hp.py), 7.62 (d, Jun =
9.0 Hz, 2H, H,,,PhNC). *C NMR (D,0, 100.6 MHz): § (trans)
182.9 (FeCNpyiqge), 168.8 (FECNierminat)y 157.8 (Cqnen), 150.5
(Copy)s 150.4 (Cqn—=n), 132.8 (C4-NC), 127.2 (CorenoPhNC), 124.4
(CrmetaPhNC), 116.5 (Cppy)- IR (y(ony): 2135, 2070 em™'. MS
(ESI+) m/z: {[(NC)sFe"CN(CeH,)-N=N-(C;H,N)]>~ + 4H'}",
398.05 (calc. 398.06); {[(NC)sFe"CN(CeH4)-N=N-(C;H,N)]>~ +
Na® + 3H'}", 420.04 (calc. 420.04); {[(NC)sFe"CN(C¢H,)-N=N-
(CsHAN)P™ + 2Na™ + 2H™Y, 442.02 (calc. 442.02). UV-viS [Amax,
nm (e, M~ cm™)] (water) 305 (11 500), 430 (6000); (methanol)
318 (14 300), 490 (6600). CV (aqueous solution, E° vs. NHE):
835 mV plus the irreversible reduction wave at —570 mV.

Na;[(NC)sFe"CN(C¢H,)-N=N-(C¢H,)CN], cyano-isoFe". This
compound was prepared following the same procedure indi-
cated for the Nas[(NC)sFe"CN(C¢H,)-N=N-(CsH,N)] analogue
but doubling the MeOH volume due to solubility issues. From
300 mg (1.3 mmol) of CN(C¢H,)-N=N-(CsH,4)CN and 325 mg
(1.0 mmol) of Nas[Fe"(CN);(NH3)]-3H,0, 320 mg of the desired
compound was obtained (66% yield. 'H NMR (DO,
400 MHz): § (trans) 8.03-7.99 (m, 6H, H,;,¢;,;PhCN + H,,,.;,PhNC
+ HypenoPhCN), 7.70 (d, Juu = 8.9 Hz, 2H, H,,,PhNC); (cis) 7.75
(dy Juu = 8.6 Hz, 2H, H,,.,,PhCN), 7.43 (d, Juu = 8.8 Hz, 2H,
H,netePhNC), 7.11 (d, Juy = 8.7 Hz, 2H, H,.,,PhCN), 7.03 (d,
Jun = 8.8 Hz, 2H, H,,,,PhNC). "H NMR (CD;0D, 400 MHz): &
(trans) 8.09-8.05 (m, 4H, H,,.,PhCN + H,,.,,PhNC), 7.96 (d,
Juu = 8.8 Hz, 2H, H,;PhCN), 7.69 (d, Juy = 8.7 Hz, 2H,
HrnoPhNC); (cis) 7.70 (d, Juyu = 8.7 Hz, 2H, H,,,,PhCN), 7.34
(d, Jum = 8.7 Hz, 2H, H,,.,,PhNC), 7.02 (d, Juu = 8.5 Hz, 2H,
HonoPhCN), 6.90 (d, Ji = 8.7 Hz, 2H, Hy,oPhNC). *C NMR
(CD;0OD, 125.7 MHz): 6§ (trans) 192.9 (FeCNprigge), 167.8
(FeCNierminal)y 167.6  (FeCNierminat)y 156.0 (Cqn—n), 151.5
(Cgn—n), 1354 (C¢NC), 134.6  (ConoPhCN),  127.9
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(CorthoPhNC), 125.5 (CpretqPhNC), 124.5 (CpersPhCN), 119.3
(CN), 115.2 (C4-CN). IR (y(cw): 2244, 2133, 2071 cm™". MS
(ESI-) m/z: {[(NC)sFe"CN(CeH,)-N=N-(C¢H,)CN]*~ + 2H'}",
420.04 (calc. 420.04); {[(NC);Fe""CN(CeH,)-N=N-(C¢H4)CNJ*~ +
Na® + H'}", 442.02 (calc. 442.02). UV-Vis [Anao DM (g, M
em™Y)] (water) 325 (12500), 428 (6600); (methanol) 330
(11500), 486 (4800). CV (aqueous solution, E° vs. NHE):
815 mV plus the irreversible reduction wave at —680 mV.
Na;[(NC)sFe"CN(CgH,)-N=N-(C4H,)NC], iso-isoFe". 115 mg
(0.5 mmol) of finely powdered CN(CgH,4)-N=N-(C¢H,)NC was
stirred in 80 mL of purged MeOH in a Schlenk flask. Then,
35 mg (0.1 mmol) of solid Naj[Fe'(CN);(NH;)]-3H,O0 was
added in little portions and the mixture was left stirring for
30 min, protected from light under a nitrogen atmosphere.
The resulting solution was dried to obtain a red residue, which
was thoroughly washed several times with diethyl ether, yield-
ing the final Na,[(NC);Fe""CN(CsH,)-N=N-(C¢H,)NC] com-
pound (20 mg, 41% yield). '"H NMR (D,0, 500 MHz): § (trans)
7.98 (m, 4H, H,,,,,PhNC), 7.71 (m, 4H, Hg,,PhNC); (cis) 7.47
(d, Juu = 8.7 Hz, 2H, H,,,,,PhNC), 7.43 (d, Juu = 8.8 Hz, 2H,
H,netePhNC), 7.05 (d, Juy = 8.8 Hz, 2H, Ho,,PhNC), 7.02 (d,
Jun = 8.7 Hz, 2H, H,,;;,,PhNC). "H NMR (CD;0D, 400 MHz): §
(trans) 8.02 (d, Jy = 8.7 Hz, 4H, H,,e,,PhNC), 7.96 (d, Jiyp; = 8.8
Hz, 2H, H,e:oPhNC), 7.65 (d, Jun = 8.7 Hz, 2H, HonPhNC),
7.60 (d, Jun = 8.7 Hz, 2H, H,.,,PhNC); (cis) 7.43 (d, Jun = 8.5
Hz, 2H, H,,,,PhNC), 7.35 (d, Jun = 8.7 Hz, 2H, H,,,,PhNC),
6.96 (d, Jun = 8.6 Hz, 2H, H,.;,,PhNC), 6.89 (d, Juy = 8.7 Hz,
2H, H,.s,PhNC). *C NMR (D,0, 100.6 MHz): § (trans) 182.3
(FeCNpyidge)y 169.1 (FeCNierminat), 169.0 (FeCNierminal), 161.9
(NC), 152.0 (Cqn—n), 150.3 (Cqn—n), 132.1 (C4NCFe), 127.9
(CorenoPhNC), 127.2 (CorpoPhNC), 123.9 (Cpper, PhNC), 123.6
(CimetaPhNC). IR (yieny): 2133, 2065 cm™'. MS (ESI-) m/z:
{[(NC)5Fe" CN(CeH,)-N=N-(CsH,)NC]*~ + 2H"}", 420.04 (calc.
420.04); {[(NC)sFe"CN(CeH,)-N=N-(CcH,)NC]*~ + Na* + H'}",
442.02 (calc. 442.02); {[(NC);Fe""CN(CeH,)-N=N-(CcH,)NC]*~ +
2Na'}", 464.00 (calc. 464.00). UV-viS [Amax, DM (5, M™* cm™)]
(water) 323 (15 000), 308 (11 000); (methanol) 330 (11 500), 470
(5500). CV (aqueous solution, E° vs. NHE): 835 mV plus the
irreversible reduction wave at —680 mV.
Nag[(NC)sFe"CN(CH,)-N=N-(C¢H,)NCFe"(CN);],  Fe"iso-
isoFe™. This compound was prepared following the same pro-
cedure indicated for the Na,[(NC);Fe""CN(CeH,)-N=N-(CsH,N)]
analogue but doubling the MeOH volume due to solubility
issues. From 100 mg (0.43 mmol) of CN(C¢H,)-N=N-(CsH,)NC
and 280 mg (0.86 mmol) of Naj[Fe"(CN);(NH;)]-3H,0, 240 mg
of the desired compound was obtained (75% yield). "H NMR
(D,O, 400 MHz): & (trans) 7.98 (d, Juny = 8.8 Hz, 4H,
H,netePhNC), 7.70 (d, Juy = 8.8 Hz, 4H, Ho,PhNC). "H NMR
(CD;0D, 400 MHz): § (trans) 7.94 (d, Juu = 8.8 Hz, 4H,
HnetaPhNC), 7.57 (d, Jun = 8.7 Hz, 4H, H,.,,PhNC) (cis after
irradiation) 7.35 (d, Juyu = 8.6 Hz, 4H, H,,,.,,PhNC), 6.90 (d, Juu
= 8.6 Hz, 4H, H,.;,,PhNC). *C NMR (D,0, 100.6 MHz): §
(trans) 181.8 (FeCNpyigge), 169.2 (FeCNierminal)y 169.1
(FeCNeerminal)y 150.6  (Cqn—n); 131.8 (CqNC), 127.2
(CorenoPhNC), 123.7 (CpnerPhNC). IR (y(on): 2131, 2064 cm ™.
MS  (ESI-) mjz:  {[(NC)sFe™CN(CeH,)-N=N-(CcH,)NC
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NCFe™(NC)s]* 7}, 150.99 (calc. 150.99); {[(NC)sFe™CN(CcH,)-
N=N-(C¢H,)NCFe"(CN);]*~ + H'}*~, 201.66 (calc. 201.66);
{[(NC)sFe™CN(CeH4)-N=N-(CcH,)NCFe™(CN);]*~ + Na'}*",
208.99 (calc. 208.99). UV-viS [Amax, NmM (¢, M™* em™ )] (water)
320 (16900), 435 (16000); (methanol) 325 (16000), 475
(15 000). CV (aqueous solution, E° vs. NHE): 840, 1008 mV plus
the irreversible reduction wave at —680 mV.

Nag[(NC)sFe"CN(CgH,)-N=N-(C5H,N)Fe"(CN);], Fe"py-
isoFe™. 100 mg (0.2 mmol) of Nas[(NC)sFe"CN(C¢H,)-N=N-
(CsH4N)] was dissolved in a purged 100 mL MeOH and 0.5 mL
H,O mixture in a Schlenk tube. After complete dissolution,
65 mg (0.2 mmol) of solid Nas[Fe"(CN);(NH;)]-3H,0 was
added and the mixture was left stirring for 30 min, protected
from light. The resulting solution was dried to obtain the
desired compound as a deep brown solid (130 mg, 90% yield).
'H NMR (D,0, 500 MHz): § (trans) 9.18 (d, Jun = 6.9 Hz, 2H,
Hepy), 8.02 (d, Jun = 8.8 Hz, 2H, H,,¢,,PhNC), 7.70 (d, Juu = 8.8
Hz, 2H, H,4,PhNC), 7.54 (d, Jun = 6.9 Hz, 2H, Hp ). 'H NMR
(CD;0D, 400 MHz) § 9.50 (d, Jun = 5.3 Hz, 2H, Hy.py), 8.00 (d,
Jun = 8.3 Hz, 2H, H,,,,PhNC), 7.60 (d, Juy = 8.5 Hz, 2H,
H,r1oPhNC), 7.43 (d, Jun = 6.0 Hz, 2H, Hp,,). '*C NMR (D,0,
100.6 MHz): 6 (trans) 185.3 (FeCNpridge), 182.5 (FeCNpepy),
171.8 (FeCNierminal)y 161.3 (Copy), 159.1 (Cqn—n), 153.4
(Cgn—=n), 1355 (C¢NC), 130.1 (ComnoPhNC), 127.2
(CrmetaPhNC), 117.9 (Cppy). IR (yen): 2131, 2059 cm™. MS
(ESI+) m/z: {[(NC)sFe"CN(CeH,)-N=N-(CsH,N)Fe"(NC);]>~ +
4Na'}™, 671.92 (cale. 671.93). CV (aqueous solution, E° vs.
NHE): 480 and 840 mV plus the irreversible reduction wave at
—570 mV.
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