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Abstract: In coordination chemistry and materials science,
terpyridine ligands are of great interest, due to their ability to
form stable complexes with a broad range of transition metal
ions. We report three terpyridine ligands containing different
perfluorocarbon (PFC) tails on the backbone and the corre-
sponding Fe" and Co" complexes. The Co" complexes display
spin crossover close to ambient temperature, and the nature
of this spin transition is influenced by the length of the PFC
tail on the ligand backbone. The electrochemical properties
of the metal complexes were investigated with cyclic
voltammetry revealing one oxidation and several reduction
processes. The fluorine-specific interactions were investigated

by EPR measurements. Analysis of the EPR spectra of the
complexes as microcrystalline powders and in solution reveals
exchange-narrowed spectra without resolved hyperfine split-
tings arising from the *Co nucleus; this suggests complex
aggregation in solution mediated by interactions of the PFC
tails. Interestingly, addition of perfluoro-octanol in different
ratios to the acetonitrile solution of the sample resulted in
the disruption of the F---F interactions of the tails. To the
best of our knowledge, this is the first investigation of
fluorine-specific interactions in metal complexes through EPR
spectroscopy, as exemplified by exchange narrowing.

/

Introduction

In the last decades, 2,2':6',2"-terpyridines have become
popular ligands in coordination chemistry due to their ability
to form stable complexes with different transition-metal ions.!
The synthesis of 2,2":6',2"-terpyridine and its derivatives has
been extensively studied for the past decades. However, there
are limitations regarding the synthesis of new terpyridine
ligands, especially those bearing electronically different sub-
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stituents on the pyridine units.”) The metal complexes bearing
terpyridine ligands were investigated for various applications
as photosensitizers,”” gel systems' ion sensors,”
supramolecular polymers,”” redox shuttles for dye sensitized
solar cells (DSSC),” and catalysis for proton and CO,
reduction® and water oxidation.”

Moreover, metal-terpyridine complexes were reported to
exhibit spin-crossover behavior. Spin-crossover (SCO), first
described in the 1930s by Cambi et al.,"” usually occurs in d”
(n=4-7) transition metal complexes providing transitions
between the high-spin (HS) and low-spin (LS) states.'" This
phenomenon is most commonly observed in Co" and Fe"
complexes.!'?

Because of their potential use in information storage,
sensors, electro-optical devices and spintronics, multifunc-
tional molecular materials (materials that exhibit synergistic
coexistence of two or more properties) are currently
popular.’™® Among these, liquid crystals (LC) are considered as
fascinating functional materials." Metallomesogens, liquid
crystals of transition metal complexes, which show multi-
functionality (spin-crossover, mixed-valence etc.), have at-
tracted significant attention due to the co-occurrence of
physical properties (magnetic, optical and electrical
properties).!'*'*! A new class of functional materials was found
as SCO metallomesogens, where LC properties and SCO are
synchronized."'® In addition, other multifunctional molecule-
based materials are SCO compounds that are coupled with
nonlinear optical (NLO)"” and/or luminescence properties."®

One way to control SCO properties and the cooperativity
in such molecules is the introduction of long alkyl chains."™
Along this line, Hayami and co-workers reported a number of
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terpyridine Co-complexes containing long alkyl chains display-
ing interesting magnetic and LC properties."'*'%? The
alkylated cobalt complexes published from the group of
Hayami displayed not only “reverse spin transition” between
the HS and LS state," but also abrupt,"™ multi-phase®" and
gradual SCO" properties. Additionally, a structural phase
transition was shown to trigger a thermal hysteresis loop."”
The flexibility of these complexes can directly influence
cooperative interactions through structural changes, or indi-
rectly, through random packing structure, and therefore play
an important role in the aforementioned magnetic
properties.!'%'%

In general, per- and polyfluoroalkyl substances (PFAS) are
extremely stable physically, chemically and biologically, due to
the carbon-fluorine bond, which results in a high resistance to
degradation and a high potential of bioaccumulation.”?
Furthermore, their use in a variety of industrial applications
and consumer products has led to widespread global
contamination.”” However, the area of research of fluorine
chemistry is continuously developing, as there are various
applications for metal complexes with perfluorocarbon (PFC)
tails such as in catalysis, supramolecular chemistry, synthesis
and separation technologies and novel technological
developments.”) Therefore, the use of perfluorinated alkyl
chains is very interesting, but only a handful of examples of
metal complexes bearing fluorous tails exist in the
literature.*” Usually, these systems were mostly investigated
towards their gelation properties, as the perfluorinated
compounds are typically lipophobic and hydrophobic at the
same time and therefore show self-assembly behavior.**! The
self-assembly can be controlled not only by H-bonds but also
by halogen bonding (between appropriate partners) and weak
interactions, like fluorine-fluorine (F-F) interactions,?” which
can also be of great significance for hysteretic SCO behavior.”*”

Electron paramagnetic resonance (EPR) is a widely used
technique to investigate radical species. One phenomenon
observed in EPR is exchange narrowing, first suggested by
Gorter and Van Vleck.” Exchange narrowing can be due to
chemical interconversion between species with different
magnetic parameters, for example caused by thermal motion
of atoms in liquids and some solids, or due to exchange
interaction between the unpaired spins in different para-
magnetic centers in an extended system.”*?! Different
mathematical methods were developed to model the narrow-
ing of the resonance lines.”® In diluted systems the line shape

N NaOH,NH; (aq.. 25%)
+ LN —» N
EtOH/H,0 (2:1)
rt,24h

Scheme 1. Synthesis of ligand L1 and complexes 1 and 2.
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can be influenced by dipole-dipole interactions between
paramagnetic centers,”*>** as well as partially resolved fine
and hyperfine splittings. Meanwhile, in magnetically undiluted
systems the isotropic exchange interaction may be dominant,
resulting in a single resonance for each magnetic field
orientation, with a linewidth determined by the interplay of
exchange narrowing and the broadening produced by all
anisotropic magnetic interactions (anisotropic exchange, dipo-
lar interaction and hyperfine splittings, for example).*® The
narrowing effect is mediated by an exchange frequency,
related to the exchange parameter J, coupling the magnetic
centers of neighboring molecules. If the exchange frequency is
much smaller than the hyperfine splittings in each magnetic
center, a well resolved spectrum may be observed. As the
exchange interactions increase, the individual resonance lines
broaden and merge into the “gravity center” of the spectra.
Finally, if the exchange is larger than the separation between
individual resonances, a single resonance is obtained, which
becomes narrower with the increase of J.*" To the best of our
knowledge, exchange narrowing has not been investigated in
the context of molecular aggregation mediated by fluorine-
specific interactions (weak noncovalent interactions involving
at least one F unit).

As part of our recent interest in metal complexes of
fluorinated terpyridine ligands,”® we report here on several
complexes of iron and cobalt centers containing terpyridine
ligands with PFC tails (Figure 1). These complexes were
investigated through SQUID magnetometry with a focus on
SCO behavior. Furthermore, the exchange narrowing in the
EPR spectra was investigated towards F- - -F interactions of the
PFC tails. Regarding this, also DFT calculations were per-
formed.

Results and Discussion
Synthesis, crystal structures and magnetic properties

The ligands were synthesized by adapting previously pub-
lished routes.**¥ The ligand L1 was synthesized according to a
known synthetic route for terpyridine ligands (Scheme 1).5%
The ligands L2 and L3 were synthesized over two different
routes by adding either 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooc-
tyl trifluoromethanesulfonate (R{Oct-OTf) or
3,3,44,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl tri-

—l (BF4)2
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Figure 1. Terpyridine containing complexes with Co" and Fe" metal centers.

fluoromethanesulfonate (R{Dec-OTf) to a basic solution of
2,2":6',2"-terpyridin-4"-ol (route 1, Scheme 2) or 4-hydroxyalde-
hyde (route 2, Scheme 2) under basic conditions in acetone.”
The aldehyde was further reacted to the corresponding
terpyridine ligand. These ligands were then used to synthesize
the respective iron or cobalt metal complexes.

T BF:

T @Fa:

6 O =CeF13
O =CgF17

All complexes were purified by precipitating a solution of
the complexes in acetonitrile with diethyl ether. The ligands as
well as the complexes were characterized by NMR spectro-
scopy, mass spectrometry and elemental analysis.

For complexes 1, 2 and 5, suitable single crystals for X-ray
diffraction analysis were obtained (Figures 2 and 3). While the
data for other complexes were not of sufficient quality to

Figure 2. Perspective view of cobalt complex 1 (top) and iron complex 2 (bottom). Ellipsoids are at a probability level of 50%. H atoms, anions and solvent

molecules are omitted for clarity.
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Route 1:
H_O o)
o N Me NaOH,NHj; (aqg.. 25%)
—_—
~.N N
EtOH/H,0 (2:1)
OH rt, 24 h
28%
Route 2:
H_O H_O

1) KoCOg, 18-crown-6
acetone, r.t,, 1h

2) R{Oct-OTf/R{Dec-OTf, A

OH o\/o

57-70%

o —_—

\_O MeOH, rt., 7 d

Scheme 2. Synthesis of ligands L2 and L3 and complexes 3-6.

M(BF,)2 * 6H0 L\
o

1) K,COg3, 18-crown-6
acetone, r.t., 1h

2) R{Oct-OTf/RDec-OTf, A

6-16%

L2/L3 O =CgF13/CgFy7

NaOH,NH; (aq.. 25%)
JE— .
EtOH/H,0 (2:1)

rt., 24h

16-23%

L2/L3 O =CgF13/CeFy7

" (BF

17-85%
M =3 Co!l -
O 4Fe! O =Cef1o
M =5 Co'l O =CgF17
6 Fel

Figure 3. Perspective view of cobalt complex 5. Ellipsoids are at a probability level of 50%. H atoms, anions and solvent molecules are omitted for clarity.

obtain good solid-state structures, as the complexes crystallize
in small plates leading to a broad range of difficulties during
the refinement processes. In this regard, there is precedence
that crystallizing compounds with long fluorous tails is
comparatively complicated.” In spite of that, the data of
complex 5 was of sufficient quality to prove the desired
connectivity, intermolecular interactions and the discussion of
the metal-ligand distances.

Chem. Eur. J. 2023, 29, e202301246 (4 of 15)

Complexes 1 and 2 crystallize in the triclinic P1 space
group and show the expected coordination motif: three
nitrogen atoms of each ligand coordinate in a distorted
octahedral fashion to the metal center. The phenyl rings with
the PFC tag on the backbone are twisted out of the plane of
the terpyridine unit. Selected bond lengths are depicted in
Table 1. The bond lengths between 1.874 (2) and 2.144 (2) A,
indicate a LS Co" center in the complexes 1 and 5.2 Similarly,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Selected bond lengths of complexes 1,2 and 5 in A.

M—N1 M—N2 M—N3 M—-N4 M—N5 M—-N6
1 2.000(2) 1.874(2) 2.013(2) 2.136(2) 1.921(2) 2.144(2)
2 1.973(2) 1.875(2) 1.975(2) 1.962(2) 1.874(2) 1.973(2)
5 1.980(9) 1.87(1) 1.99(1) 2.17(1) 1.93(1) 2.14(1)
Co[TPYOC ,H,sl, (BF,), 2 2.137(4)/ 1.910(3) 2.114(4) 1.977(4) 1.844(3) 1.976(4)
Fe[N;P5(OPh)s(OPhTPY)],(PF), ! 1.886(3) 1.987(3) 1.995(3) 1.878(4) 1.976(3) 1.979(4)
[a] Complex with a LS Co" center. [b] Complex with a LS Fe" center.

the bond lengths between 1.874 (2) and 1.975 (2) A point
towards a LS Fe" center in complex 3. These measurements
were carried out at 100 K.

The angle between the planes of the tridentate ligands are
nearly perpendicular to one another with values of 87.1° for
complex 1, 85.8° for complex 2 and 89.2° for complex 5. The
packing of the complexes is as observed for previously
reported complexes with terpyridine ligands.®*? Packing
diagram reveals face-to-face orientation of the terpyridine
units, while the BF,” anions and solvent molecules are found
between the sheets (Figures S30 and S32 in the Supporting
Information). In complexes 1 and 2 the OCF; tails are aligned
with the OCF; groups of the neighboring molecule (Figur-
es S31 and S34).

For the complexes described here, different spin states can
exist and in principle reversible switching between these spin
states by external stimuli can be possible. SQUID magneto-
metry is an excellent method to probe the temperature

;
08}
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o
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x Temperature sweep up
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dependent SCO behavior of Fe" and Co" compounds. If the
energy difference between HS (S=2 or S=3/, for Fe" and Co"
respectively) and LS (S=0 or S="/,) states is small, SCO can
occur as a function of temperature due to the higher vibra-
tional entropy of the HS state.’” For this, complexes 1-6 were
investigated by the means of SQUID magnetometry in the
temperature (T) range of 1.8 to 300 K. The T dependence of
the xT product is depicted in Figure 4, where y is the molar
static magnetic susceptibility, which at low fields can be
approximated as the ratio between the molar magnetization
and the applied magnetic field.

As can be seen from Figure 4, for the cobalt complex 1, no
SCO was observed, and the temperature dependence of the T
product hints towards the simultaneous existence of LS as well
as HS Co". This is supported by the curvature at low temper-
atures, which indicates a significant ZFS. On the basis of the
Curie Law, a %T of about 2 cm®*Kmol™' at high temperatures
for a g,,=2.3 is expected. The value of 0.75 cm*Kmol™" at

o
~
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Figure 4. Temperature dependency of the y,T product for 1 (top left), 3 (top right) and 5 (bottom) in an applied magnetic field of 1000 Oe as well as the

corresponding LS spin Hamiltonian simulations.
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300 K is significantly lower than this, which is consistent with
parallel existence of LS and HS state. Indeed, the obtained
simulation was found to be in good agreement with the
experimental data, if a composition of 18% HS state and 82%
LS state is assumed. The spin Hamiltonian parameters for the
LS species (g,,=2.08(2), g,=2.15(2)) are in good agreement
with the values found by EPR. In the case of the HS species,
values of g,,=2.0(1) and g,=2.5(1) as well as zero-field
splitting parameters of D= —44(2) cm ' and E=0.25(5) D were
found. Additionally, the prominent decrease of y,T below 5K
might indicate towards a non-negligible intermolecular anti-
ferromagnetic interaction. Following this assumption, the
intermolecular coupling strength was quantified to be 0.17
(3) cm™". A large contribution of the LS state is in agreement
with the structural data described above, in which the Co—N
bond lengths better better with a LS state of the Co" center.

For complex 3 a gradual thermal SCO behavior is observed
from 210K onwards with increasing temperature. The yuT
value for complex 3 increases from 0.35 cm*Kmol ™" at 1.8 K to
0.42 cm®*Kmol™" at 75K and remains almost constant at
0.42 cm®*Kmol ™" up to 200 K. From 200 K, the start of the SCO
is observed with a gradual increase of the yyT value from
0.42 cm*Kmol™" at 200 K to 0.6 cm®*Kmol ™" at 300 K.

Complex 5 displays a similar SCO behavior as complex 3. In
contrast the yuT value remains almost constant at
0.42 cm*Kmol™' with growing temperature, until it starts
increasing upon heating at 200 K. The curve is gradually
increasing up to 300 K with a y,T value of 0.76 cm*Kmol ™.

Spin-Hamiltonian simulations of the temperature depend-
ence of yyT of 3 and 5 based on the parameters obtained by
powder EPR of the LS species are displayed in Figure 4. While
for 5, the simulated y,T values between 5 and 100K are in
good accordance with the experimental data, a strong
deviation in the case of 3 is found. In the case of 3, the
measured curve also shows a bending to smaller y,T values
below 5K, hinting towards an interaction, which is not
covered by the simulation. An explanation for this is a residual
of HS species at low temperatures, which is significantly higher
in the case of 3 than it is for 5. In the case of the three cobalt
complexes investigated here, it is seen that the percentage of
the HS form observed at ambient temperatures steadily
increases with the size of the PFC tail on the terpyridine
backbone.

In the case of Fe" complexes, no SCO and a minor yuT
value was observed from 1.8 up to 300 K. The LS state of Fe" is
$=0 and hence it does not possess any magnetic moment.
Nevertheless with 0.015, 0.0125 and 0.06 cm*Kmol™, a non-
zero value of yuT is found at 300 K. This is even lower than the
theoretical value for a S='/, system with g=2
(0.375 cm®*Kmol™). As in the case of all Fe" compounds, this
moment is attributed to a minor Fe" HS amount in the sample
(Figure S1), which we also observed in complexes that we
investigated earlier.?*

Complexes 3-6 were investigated towards their liquid
crystalline properties. However, none of the complexes show a
phase transition under the POM in the temperature rate from

Chem. Eur. J. 2023, 29, e202301246 (6 of 15)

room temperature to 350°C, as the compounds stayed solid
over the measured temperature range.

Cyclic voltammetry

In order to investigate the electrochemical properties of the
complexes cyclic voltammetric measurements of complexes 1-
6 were performed (Figure 5). The measurements were per-
formed in a 0.1 M NBu,PF; dichloromethane or acetonitrile
solution. For most of the complexes only one oxidation
process could be observed. For the cobalt complexes the first
oxidation is reversible and similar to the potential of —0.07 V
of the Co(TPY),”*? complex (—0.11 for 1; —0.16 V for 3 and
—0.17 V for 5 in MeCN). The peak-to-peak separation for the
first oxidation step is rather large for complex 1 with AE, of
111 mV, while values of 79 mV for complex 3 and 75 mV for 5
were obtained. At ambient temperatures, these Co" complexes
are expected to exist in the HS state in solution (as indicated
by the observed paramagnetic shift in NMR spectroscopy).
Oxidation of the complexes is expected to result in a LS Co"
center. The large structural change required for this trans-
formation likely demands a large reorganization energy, which
is reflected in the large peak-to-peak separation for the
oxidation steps of these complexes.

Compared to the cobalt complexes, the iron complexes
display a strongly anodically shifted first oxidation step (Fig-
ure 5 and Table 2). The difference in the oxidation potentials
on changing the metal center is likely related to the removal
of an electron from a highly stabilized formally t,, orbital in LS
Fe' complexes. For the HS Co" complexes an electron is
removed from the destabilized e, orbitals, which requires less
energy.

In contrast to the first oxidation step, the potentials for the
first reduction step are anodically shifted for the Co" com-
plexes (1, 3 and 5) in comparison to the Fe' complexes (2, 4
and 6). As has been reported earlier for similar systems, the
first reduction step in such iron complexes is tpy centered and

—Ml
— 2]

[3] =
—1[4

— 18]
— 6] ~

Normalized Current
I ~

E/V vs FcH/IFcH*

Figure 5. Cyclic voltammograms of complexes 1-6 in dichloromethane/
NBu,PF; measured with a glassy carbon working electrode; FcH =ferrocene,
FcH™ =ferrocenium.
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Table 2. Redox potentials versus FcH/FcH™ measured in acetonitrile at 100 mVs ' with 0.1 M Bu,NPF; at room temperature.”
Solvent Ep? E B Efes? E? Efos Efe®® Efece

1 MeCN - —0.11 —1.13 —1.93 —2.26 —2.59 - -

2 MeCN - 0.72 —1.57 —1.68 —2.30 —2.48 —2.63" —3.12"
3 MeCN - —0.16" —1.18 —2.01 —2.39" - - -

4 MeCN - 0.69 —1.41 —1.63" —1.70" —2.04" —2.45" -

5 MeCN - -0.17 -1.19 -2.02 —235 - - -

6 MeCN - 0.68 —1.71 —245 - - - -

[a] All measured with a glassy carbon electrode. [b] Forward peak potential at 0.1 V.

. . . Powder:

that in the cobalt complexes is either cobalt centered or of a simulated

mixed metal-ligand nature.®**¥ We attribute the differences in
the potentials of the first reduction step to the operation of a
similar phenomenon for the complexes described here. The
effect of the PFC tail on the redox potentials of the complexes
is marginal. On changing the solvent from CH,Cl, to CH,CN
(Figure S2), additional redox steps are observed. The observ-
ance of additional reduction peaks at large cathodic potentials
can be attributed to the larger solvent potential window of
acetonitrile in comparison to dichloromethane (Tables 2 and
S1). Additionally, some irreversible reduction peaks are
observed, which are likely related to the dissociation of one or
more of the tpy arms and the coordination of acetonitrile to
the metal center. Even though the effect of the PFC tails on
the redox potentials of the metal complexes is minimal, they
do have a strong effect on the forms of the cyclic voltammetric
responses. This effect is most prominent for complexes 5 and
6 that contain the longest PFC tail on the tpy ligands
(Figure 5). A likely explanation is perhaps the movement of
the PFC tails during redox processes, which would demand a
large reorganization energy.

We also tried to investigate the UV-vis-NIR signatures of
these metal complexes in the different redox states, and these
data are summarized in the Supporting Information. Unfortu-
nately, the redox processes for most of the metal complexes
were not reversible on the spectro-electrochemistry timescale.
Hence no detailed discussion on the redox processes will be
given here. Despite the irreversibility of the redox steps in the
spectro-electrochemical timescale, the data are quantitatively
similar to what was recently reported by us for related Fe" and
Co" complexes.® This aspect would also support the assign-
ment of the redox steps, which was done above indirectly
from electrochemical data.

Table 3. Simulation parameters of 1 and 3: g values, hyperfine A values
[MHZ], anisotropic Gaussian broadening HS [MHz] and isotropic Gaussian
and Lorentzian broadenings [mT].
EPR spectroscopy 1 3
Acetonitrile  Powder Acetonitrile  Powder
For further investigations of the electronic structure, EPR 9\ 5003 2008 5075 2087
spectra of the cobalt complexes 1, 3 and 5 were measured. g, 2.152 2172 2.075 2.017
Spectra of all the complexes were recorded both, in the 9 2.202 2189 2219 2.267
powder form as well as in acetonitrile solution A MHz] a4 47 ? 27
' X ’ " ) A, [MHz] 93 94 10 ~0
Complex 1 displays an anisotropic EPR signal in frozen A, [IMHZ] 283 287 194 132
solution and in the solid state at 93 K, with partially resolved HS, [MHz] 2.38 0.24 - -
h i litti (Fi 6), which arises fi interacti p HS, [MHz] 90.57 121.3 - -
yperfine spli !ngs. |gure59 , Which arises 7rom in erac |on. o HS, IMHz] 18736 175.4 _ B
the electron spin with the *>Co nucleus (/="/). The simulation line width for isotropic  [1.8 2.6] [02.0] [1550.5] [12.1 43]
of the EPR spectra obtained from powdered samples of 1, 3 broadening [mT]

Chem. Eur. J. 2023, 29, €202301246 (7 of 15)

experimental

Solution:

simulated

EPR signal (a.u.)

experimental

250 300 350
B/mT

Figure 6. Experimental (gray) and simulated (red) EPR spectra of 1, top:
powdered sample at —180 °C; bottom: in acetonitrile at —180°C.

and 5 were performed with rhombic g and A matrices (values
given in Tables3 and 4). In agreement with the Co—N
distances determined from X-ray diffraction, the g values in
the 2.00-2.20 range are consistent with a low-spin Co" center.
A metal-centered spin is clearly indicated for 1 by the rhombic
g matrices, deviating from the free-electron value of 2, as well
as the large hyperfine splitting. The unpaired electron would
reside in the degenerate e, orbitals in a perfectly octahedral
geometry. This degeneracy is lifted by Jahn-Teller distortions,
which might result in the unpaired electron being either on a
d,._,. or d,. orbital, or a mixture of the two, where the z-axis is
that of the axial Jahn-Teller distortion.®” It is indicated that

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 4. Simulation parameters of 5: g values, hyperfine A values [MHz],
anisotropic Gaussian broadening HS [MHz], axial A-strain and isotropic
Gaussian and Lorentzian broadenings [mT].
5
Acetonitrile/ Acetonitrile Powder
PFO 1:2
O« 2.056 2.085 2.048
9, 2.091 2.085 2.107
9, 2.199 2.170 2.182
A, [MHz] 133 11.5 36
A, [MHZ] 29 ~0 18
A, [MHz] 293 158.3 136
HS, [MHz] 104 - -
HS, IMHz] 32 - -
HS, [MHz] 0 - -
AS, [MHz] 40
line width for isotropic [1.0 2.0] [8.32.2] 8.4
broadening/mT

the magnetic orbital is an admixture of the d,._,. or d,. orbitals
due to the rhombic nature of the g values in complex 1. For
more than half-full d shells, if g,>g,~g, (usually called an
axial spectrum even if there is a slight rhombicity) the
unpaired electron is located in a d,._,. orbital; on the other
hand, if g,~2.00<g,~g, (usually called an inverted axial
spectrum), the magnetic orbital is the d,..*” The latter is the
most common case in low-spin Co" complexes and most 3d’
systems.”" This is observed for 1, indicating a mostly d,
magnetic orbital.

The spectra of 3 and 5 recorded in the solid state and in
solution have similar g values while the A values differ
(Tables 3 and 4). These differences are in accordance with
small changes in the solution and solid-state structures,
probably due to packing effects in the latter. The spectra in
acetonitrile solution appear to be axial, suggesting a d,.
based SOMO, while in the powder samples the rhombicity is
higher, which could be compatible with a d,. based SOMO
with a certain degree of d,. . admixture. In all these cases the
unresolved nature of the spectra limits the certainty with
which the individual g values can be obtained. DFT calcu-
lations performed on a truncated version of complex 5
suggest a d, ground state. These calculations will be
discussed in the following section and in the Supporting
Information.

For complexes 3 and 5, no hyperfine splittings could be
observed, and the spectra resembled those of exchange-
narrowed extended magnetic systems (Figures 7 and 8).5%%44
This phenomenon is suggestive of aggregation in solution,
likely due to the F---F interactions of the PFC tails. To
investigate this further, complexes 3 and 5 were measured in
pentafluorobenzonitrile or a solution of acetonitrile/penta-
fluorobenzonitrile, respectively (Figure S24). For complex 5
additional measurements were performed in a mixture of 1:1
acetonitrile/1,2-difluorobenzene and in pure acetonitrile (Fig-
ure S25). As can be observed in the spectra, the diluted
samples in acetonitrile, or in a mixture of acetonitrile and an
aromatic fluorinated solvent, show a partially resolved hyper-
fine structure. This suggests that aggregation is partially

Chem. Eur. J. 2023, 29, e202301246 (8 of 15)

Powder:
simulated

experimental

simulated

EPR signal (a.u.)
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250 300 350 400
B/mT

Figure 7. Experimental (gray) and simulated (red) EPR spectra of 3 top:
powdered sample at —180 °C; bottom: in acetonitrile at —180°C.

Powder:
simulated

experimental

simulated

EPR signal (a.u.)

experimental

250 300 350 400
B/mT

Figure 8. Experimental (gray) and simulated (red) EPR spectra of 5 left:
powdered sample at —180°C; right: in acetonitrile at —180°C.

avoided in these conditions, and further supports the associa-
tion of the aggregation effect with the exchange-narrowed
characteristics of the spectra. Finally, the measurements were
performed with different ratios of an acetonitrile/perfluorooc-
tanol (PFO) solution. Already with 1% of PFO a disruption of
the complex aggregates is apparent and at a 3:1 (acetonitrile/
PFO) ratio hyperfine splitting is observed for both investigated
complexes, which leads to the assumption that the fluorine-
specific interactions between the complexes are inhibited
(Figure 9). For higher ratios of PFO only marginal changes in
the spectra can be observed. Comparing these results to
complex 1 where no exchange narrowing was observed, the
fluorine-specific interactions of the PFC tails seem to have a
huge impact on the aggregation of the molecules, thus
leading to the observed exchange narrowing. To the best of
our knowledge, this is the first time that aggregation-
mediated exchange narrowing has been observed with
reference to fluorine-specific interactions of fluorinated alkyl
chains.
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MeCN
1% PFO
5% PFO

——3:1 MeCN:PFO
——1:1 MeCN:PFO
——1:2 MeCN:PFO
//_/_/\/f ,_.._//\//' —— 1:3 MeCN:PFO

T T T T T T
280 300 320 340 360 280

B/mT

T T T T
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Figure 9. EPR measurements of 3 (left) and 5 (right) with different ratios of acetonitrile/PFO.

Density functional theory calculations

DFT calculations, performed using the ORCA program
(version 5.0),"* were applied to a truncated form of complex 5
(see the Supporting Information for further details). In order to
calculate the exchange coupling between neighbouring mole-
cules of complex 5, two different truncated forms of the
complex where designed based on the crystal structure of 5.
In one case, 5, (Figures S26 and S27), the fluorinated portion
of the fluoroalkane chain was removed, leaving only the first
—CF, group, which was capped with another F atom, following
approximately the same bond distances and angles as the
capping —CF; in the original complex. The monomer 5, was
separately optimized (TPSSh/def2-SVP) in order to obtain the
energies and orbitals around the SOMO-LUMO gap and
determine the occupation of the 3d orbitals (Figure S26). For
the dimer composed of two nonoptimized 5, complexes, the
BF,~ counter ions were maintained, and the molecular cluster
had a net charge of zero. The following truncated form, 5,
(Figure S28), was terminated with a —OCH; group, and in this
calculation the counter ions were removed, giving a system
with +4 charge. For the calculation of exchange interactions
between neighbours, the geometries were not optimized, as
the purpose was to estimate the exchange coupling in the
crystal, and the truncation of the long fluoroalkyl chains would
have undoubtedly perturbed the packing considerably. As we
believed the exchange coupling to be transmitted through
weak m-m interactions, which are very sensitive to the distance
and the eclipsed area between aromatic fragments, any small
change in structure would have large effects in the exchange
coupling, and we considered the unperturbed crystal structure
to be the safest model. The calculation of [5,,]*" revealed that
the unpaired electron resides in a 3d, orbital (Figure S26), as
do the spin densities for the broken symmetry calculations
(Figures S27 and S28), although with a certain degree of
admixture with the 3d,._,. orbital. Calculated g matrices using
TPSSh (10% HF exchange) or TPSSO (25% HF exchange)
functionals (Figure S29 and Table S4) reveal highly rhombic g
matrices, although with smaller g deviations from the free
electron g value, which is a known limitation of DFT methods
in the case of anisotropic transition metal complexes. The
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calculations predict that the smallest g value is roughly in the
direction of the 3d, orbital, while the highest is roughly
directed along the shortest Co—N distances, corresponding to
the central pyridine composing the ligand. An in-depth
analysis of the EPR properties of Co" terpyridine complexes,
containing long alkyl chains, was performed by Murray
et al.?® The authors were able to simulate EPR spectra in
solution quite similar to the one shown in Figures 9 and 10
with a very rhombic g matrix and A matrix, and concluded
that the lowest g value was associated with the direction of
tetragonal elongation in the complex, and compatible with a
3d,. magnetic orbital aligned with the elongated axis, in
agreement with our DFT results. While Murray et al. in general
found resolved hyperfine splittings in solution, we observed
for 3 and 5 exchange narrowed spectra, and needed to add
fluorinated solvents to observe partially or totally resolved
hyperfine splittings. In order to estimate the very small
exchange couplings, presumably mediated by m-m interac-
tions, that could lead to the exchange narrowing in solution,
we had to perform calculations with a good theory level, tight
convergence settings and accurate integration grids. Table S1
shows the results of Broken Symmetry calculations performed
with Orca on the [5,(BF,),l, and [5,,],"" models, using the

simulated

experimental

EPR signal (a.u.)

300 325 350

BImT

275

Figure 10. EPR measurement of 5 in a 1:2 acetonitrile/PFO mixture, together
with the corresponding simulation (Table 4).
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hybrid meta-GGA functional, TPSSh, with def2-TZVP basis sets
on all atoms. Calculations were performed using TightSCF and
DefGrid3 options in Orca. The calculated exchange coupling
constants are both ferromagnetic, with values of 0.17 and
0.10 cm™, respectively, which amount to ~180 and ~107 mT.
These values should be considered approximate, since they
correspond to very small energy differences between the
high-spin and broken symmetry states, on the order of 107°-
1077 Ha. Furthermore, even if the values are accurately
calculated for the crystal, there are no guarantees that the
same values are obtained for aggregated molecules in
solution. However, the small values of the exchange constants
are one order of magnitude larger than the hyperfine splitting
of complex 5 in an MeCN/PFO mixture, and therefore appear
to be enough to cause exchange narrowing of the EPR signals
of the complex when this is aggregated in pure MeCN. The
magnitude of the exchange coupling (~0.1-0.2cm™') trans-
mitted through m-;t interactions between the terpyridine
ligands, is much smaller than the values found for systems
where the magnetic centers are connected through extended
covalent pathways, and even small compared to exchange
couplings transmitted through pathways involving H-
bonds.*® These values are too small to be observed by
standard magnetic measurements, and are usually only
revealed by EPR spectroscopy, which is especially suitable to
observe very small magnetic interactions. It has been shown
before that m-mt interactions are able to transmit very weak
exchange interactions between magnetic metal centers
ligated by polypyridyl“? and phenanthrolyl ligands.?"™**! As
summary, we have observed the exchange narrowing effect in
solution, which happens for the Co" bis-terpyridine complexes
with long fluoroalkyl chains and not for the —OCF; substituted
one, nor the alkane substituted complexes reported by Murray
etal, and therefore is highly suggestive of aggregation
induced by F---F interactions. The exchange narrowing
phenomenon is caused by very small exchange interactions
between neighboring Co" centers communicated by non-
covalent, it-7t interactions.

Conclusion

We have successfully synthesized terpyridine ligands with
different PFC tails and the corresponding homoleptic Co" and
Fe' complexes. The cyclic voltammograms show marginal
differences in the redox potentials upon changing the
substituents in the ligand backbone. However, changing the
metal centers as well as using different solvents leads to
different redox potentials and additional processes. This is
probably due to the coordination of acetonitrile molecules
during the measurement. For complexes 1, 2 and 5 we were
able to obtain solid-state structures that showed the intermo-
lecular interactions in the crystal packing. The bond distances
of the complexes indicate a LS center at 100 K. The SCO
behavior of the complexes was investigated through SQUID
magnetometric measurements. Complex 1 does not exhibit
SCO behavior, but the measurements indicate that the
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measured sample contains Co" molecules in the HS as well as
the LS state. The Co" centers in complexes 3 and 5 display an
incomplete SCO, while the Fe" complexes remain in the LS
state over the measured temperature range. This is also
supported by 'H NMR spectroscopy, which indicates a Fe'" LS
center at room temperature. The magnetic properties of the
cobalt complexes are influenced by the length of the PFC tails.
To further determine the fluorine-specific interactions,
several EPR experiments were performed. An exchange
narrowing was observed during the measurement of com-
plexes 3 and 5 as powdered samples, as well as in frozen
acetonitrile solution. By adding different amounts of PFO, the
aggregation of the complexes could be disrupted, as con-
firmed from by hyperfine coupling. To the best of our
knowledge, this is the first time that fluorine-specific inter-
actions of the PFC tails and the influence thereof on exchange
narrowing have been investigated by EPR measurements.

Experimental Section

Compounds: Ligands 2 and 3 were synthesized following published
procedures.”! Commercially available chemicals were used without
further purification. Dry solvents were available from MBRAUN MB-
SPS-800 solvent system. All solvents were degassed by standard
techniques prior to use. Column chromatography was conducted
using aluminium oxide (aluminium oxide basic, Macherey-Nagel,
50-200 um). 'H NMR, proton decoupled "C and 'FNMR were
recorded on JEOL ECS 400 spectrometer and JEOL ECZ 400R
spectrometer at 20 °C. Chemical shifts are reported in ppm (relative
to the TMS signal) with reference to the residual solvent peaks.”
Multiplets are reported as follows: singlet (s), doublet (d), triplet (t),
quartet (g), quintet (quint), septet (sept), and combinations thereof.
Mass spectrometry was performed on an Agilent 6210 ESI-TOF.
Elemental analysis was performed on a Perkin Elmer Analyser 240.

Electrochemistry: Cyclic voltammograms were recorded with a PAR
VersaStat 4 potentiostat (Ametek) by working in anhydrous and
degassed acetonitrile or dichloromethane with 0.1 M NBu,PFg
(dried, >99.0%, electrochemical grade, Fluka) as supporting
electrolyte. Concentrations of the complexes were about 1-107* M.
A three-electrode setup was used with a glassy carbon working
electrode, a coiled platinum wire as counter electrode, and a coiled
silver wire as a pseudoreference electrode. The ferrocene/ferroce-
nium or decamethylferrocene/decamethylferrocenium couples
were used as internal reference.

UV/Vis spectra were recorded with an Avantes spectrometer
consisting of a light source (AvaLight-DH-S-Bal), a UV/VIS detector
(AcaSpec-ULS2048), and an NIR detector (AvaSpec-NIR256-TEC).
Spectro-electrochemical measurements were carried out in an
optically transparent thin-layer electrochemical (OTTLE) cell (CaF2
windows) with a gold working electrode, a platinum mesh counter
electrode, and a silver-foil pseudoreference electrode.® Anhydrous
and degassed acetonitrile or dichloromethane with 0.1 M NBu,PF,
as supporting electrolyte was used as solvent.

Electron paramagnetic resonance: EPR spectra at X-band fre-
quency (ca. 9.5 GHz) were obtained with a Magnettech MS-5000
benchtop EPR spectrometer equipped with a rectangular TE 102
cavity and TC HO4 temperature controller. The measurements were
carried out in synthetic quartz glass tubes.

X-ray diffraction: X-ray data were collected on a Bruker Smart AXS
or Bruker D8 Venture system at 100(2) K, respectively, using
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graphite-monochromated Moo, radiation (Ao=0.71073 A). Using
the Smart software or using the APEX2 software, respectively,
evaluated the strategy for the data collection. The data were
collected by the standard omega scan or omega+phi scan
techniques, and were scaled and reduced using Saint+and
SADABS software. Direct methods or intrinsic phasing using
SHELXT-2014/7 solved the structures. Structures were refined by
full matrix least-squares using SHELXL-2014/7, refining on F2. Non-
hydrogen atoms were refined 40 anisotropically.””” Deposition
Number 2201104 (for 1), 2201105 (for 2), and 2201107 (for 5)
contains the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.

SQUID magnetometry: All susceptibility measurements were
carried out on a Quantum Design MPMS3 SQUID magnetometer.
The measurements at a constant magnetic field of 1000 Oe in a
temperature range from 1.8 to 50K and at 10 000 Oe in a
temperature range from 40 to 300 K. The measured data in the
intersection of the temperature ranges served to compensate for
possible ferromagnetic impurities. Samples were pounded with
little pressure and mixed with eicosane. The mixture was melted in
a capsule with a hot air gun maximized to a temperature of 50°C
(323.15 K) and the capsule was then fixed in a plastic tube. The
temperature dependent measurements were limited to a temper-
ature of 300K due to the melting of the used eicosane matrix
(melting point of eicosane: 311 K). Data were corrected for the
diamagnetic contribution to the susceptibility by means of Pascal’s
constants."®

DFT calculations: All calculations were performed using the ORCA
program.”® Geometry optimizations were carried out using the
TPSSh functional“” with def2-SVP basis sets®” on all atoms, starting
from the X-ray determined structures. The optimized structures
were used for single point and frequency calculations with the
TPSSh functional and def2-TZVP basis sets. A particular calculation
of the g and A matrices was also performed using the TPSSO
functional® (with 25% HFx) and a def2-QZVP basis set on the Co
atom. The resolution-of-the-identity (RI) approximation®® with
matching basis sets (def2/J),°* as well as the RIJCOSX approxima-
tion (combination of RI and chain-of-spheres algorithm for
exchange integrals) were used to reduce the time of calculations.
The optimized structures were confirmed to be minima by the
absence of imaginary vibrational frequencies. Orbital and electron
density isosurfaces were plot with Chemcraft. (Chemcraft-graphical
software for visualization of quantum chemistry computations.
http://www.chemcraftprog.com).

Synthesis: 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl trifluorometha-
nesulfonate and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-
decyl trifluoromethanesulfonate were synthesized according to
literature known procedures.®

Benzaldehyde R;Oct
H__O

O\/\Ce':m

The synthesis was performed according to a literature known
procedure” 4-Hydroxy benzaldehyde (500 mg, 4.09 mmol,
1.0 equiv.) was placed in a 100 mL round bottom flask and
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dissolved in acetone (60 mL). Then, K,CO; (1.13g, 8.18 mmol,
2.0 equiv.) and 18-crown-6 (541 mg, 2.05 mmol, 0.5 equiv.) were
added and the suspension was stirred at RT for 30 min. Afterwards,
the alkyl triflate (2.44 g, 4.91 mmol, 1.2 equiv.) was added and the
reaction mixture was refluxed for additional 48 h. The precipitate
was filtered off, the solvent was removed and the crude product
was purified by column chromatography (SiO,, n-pentane—n-
pentane/EtOAc 5:1), affording the product (1.10 g, 2.3 mmol, 57 %)
as a colorless solid. "H NMR (401 MHz, CDCl,): 6=9.91 (s, 1H), 7.86
(d, J=8.8 Hz, 2H), 7.02 (d, J=8.7 Hz, 2H), 4.36 (t, /=6.7 Hz, 2H), 2.68
(tt, J=18.2, 6.7 Hz, 2H) ppm. "°F NMR (377 MHz, CDCL,): 6 =-80.6 (tt,
J=10.0, 24Hz), —-113.1-(-133.3) (m), —121.5-(—122.0) (m),
—122.7-(—122.8) (m), —123.4-(—123.4) (m), —126.0-(—126.1) (m)
ppm. CNMR (151 MHz, CDCl;): 6=190.9, 163.1, 132.2, 130.7,
114.9, 60.5, 31.3 (t, J=21.7 Hz) ppm. The signals of the fluorinated
carbon atoms are missing due to poor signal-to-noise ratio. HRMS
(ESI): caled. for [CisHoF;30,Nal® [M—Nal*: m/z 491.0287; found
491.0361. Anal. calcd, for C,sHgF150,:0.1CoHy,: C 39.16, H 2.16, N 0;
found: C 39.02, H 1.98, N 0.03.

Benzaldehyde R{Dec
H (0]

o\/\CBF17

The synthesis was performed according to a literature known
procedure  4-Hydroxy benzaldehyde (122 mg, 1.00 mmol,
1.0 equiv.) was placed in a 50 mL round bottom flask and dissolved
in acetone (15 mL). Then, K,CO; (276 mg, 2.00 mmol, 2.0 equiv.) and
18-crown-6 (132 mg, 500 umol, 0.5 equiv.) were added and the
suspension was stirred at RT for 30 min. Afterwards, the alkyl triflate
(894 mg, 1.50 mmol, 1.5 equiv.) was added and the reaction mixture
was refluxed for additional 48 h. The precipitate was filtered off, the
solvent was removed and the crude product was purified by
column chromatography (SiO,, n-pentane—n-pentane/EtOAc 5:1),
affording the product (399 mg, 0.7 mmol, 70%) as a colorless solid.
'HNMR (401 MHz, CDCl;): 6=9.91 (s, 1H), 7.86 (d, J=8.6 Hz, 2H),
7.02 (d, J=8.6 Hz, 2H), 4.36 (t, J/=6.7 Hz, 2H), 2.68 (tt, J=18.1,
6.6 Hz, 2H) ppm. "F NMR (377 MHz, CDCl;): 6 =-80.6 (t, J=9.9 Hz),
—113.2 (p, /=177 Hz), —121.3-(—=121.6) (m,), —121.6-(—121.9) (m),
—122.5-(—122.9) (m), —123.2-(—123.4) (m), —125.8-(—126.1) (m)
ppm. “CNMR (151 MHz, CDCl;): 6=190.9, 163.1, 132.2, 130.7,
114.9, 60.5, 31.4 ppm. The signals of the fluorinated carbon atoms
are missing due to poor signal-to-noise ratio. HRMS (ESI): calcd. for
[CisHoF130,Nal ™ [M—Nal*: m/z 591.0223; found 591.0231. Anal.
caled. for Cy;HoF,,0,0.1CH,»0.25 CH,Cl,: C 3573, H 1.81, N 0;
found: C 36.11, H 2.19, N 0.03.

TPYPhOCF,L1

OCF,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202301246
http://www.ccdc.cam.ac.uk/structures

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301246

The synthesis was performed according to a literature known
procedure.® 4-Trifluoromethoxy benzaldehyde (0.90 mL, 6.3 mmol,
1.0 equiv.) was placed in a 50 mL round bottom flask and dissolved
in EtOH/H,O (2:1, 15 mL). 2-Acetylpyridine (1.4 mL, 12.6 mmol,
2.0 equiv.), NH; (ag. solution, 25 wt.%, 20 mL) and NaOH (957 mg,
23.9 mmol, 3.8 equiv.) were added and the solution was stirred at
RT for 48 h. The formed viscous residue was filtered off, dissolved in
a minimal amount of EtOH, and the crude product was precipitated
by slowly adding water to the solution. The solid was filtered off
and washed with a mixture of EtOH/H,0 (1:1, 5%20 mL) to afford
the product (1.20 g, 3.0 mmol 48%) as a pale yellow solid. 'H NMR
(600 MHz, CDCly): 6=8.73 (d, J=4.4 Hz, 2H), 8.71 (s, 2H), 8.67 (d, /=
7.9 Hz, 2H), 7.92 (d, J=8.6 Hz, 2H), 7.88 (td, J=7.7, 1.7 Hz, 2H), 7.38-
7.33 (m, 4H) ppm. '°F NMR (565 MHz, CDCl,): 5 =-57.6 ppm. *C NMR
(151 MHz, CDCly): 6 =156.3, 156.2, 150.0, 149.3, 149.1, 137.4, 137.1,
129.0, 124.1, 121.5, 121.4, 119.8, 118.9 ppm. HRMS (ESI): calcd. for
[Cy,H,sFsN301*: m/z 394.1162; found 394.1148. Anal. calcd. for
CyHyFsN5O: C 67.17, H 3.59, N 10.68; found: C 67.29, H 3.63, N
10.79.

TPYPhOH
OH
X
P
l X N | X
A N~

The synthesis was performed according to a literature known
procedure.’¥ 4-Hydroxybenzaldehyde (1.2g, 10 mmol) was dis-
solved in 15mL EtOH/H,0 (2:1) and 2-acetylpyridine (2.4 g,
20 mmol) was added, followed by NaOH (1.5g, 26 mmol) and
30 mL of ammonia solution (25%). The mixture was stirred at room
temperature overnight, the white precipitate was filtered and
washed with water (5x10 mL) and ethanol (3x5 mL) yielding a
white solid (920.5 mg, 2.8 mmol, 28%). '"H NMR (DMSO, 401 MHz,
21°C): 0=8.74 (d, J=5.0 Hz, 2H), 8.62 (d, J=7.9 Hz, 2H), 8.55 (s, 2H),
7.99 (td, J=7.8, 2.2 Hz, 2H), 7.66-7.27 (m, 4H), 6.39 (d, J=8.7 Hz,
2H) ppm.

TPYPhRfOct L2

N\
N /
N, o
N= F,C-CF,
F,C—CF,
\_7 F,C—CF,

Route 1: The synthesis was performed according to a literature
known procedure TPYPhOH (650.7 mg, 2.0 mmol), K,CO,
(420.0 mg, 3.0 mmol) and 18-crown-6 (264.0 mg, 1.0 mmol) were
dissolved in acetone (45 mL) and stirred at room temperature for
one hour. Afterwards ROct-OTf (1.5 g, 4 mmol) was added and the
mixture was stirred at 60°C overnight. After cooling to room
temperature the white precipitate was filtered and the solvent was
removed under reduced pressure. The crude product was purified
by column chromatography (basic Al,O;, DCM) yielding in a yellow
solid (86.6 mg, 0.1 mmol, 6 %).
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Route 2: 2-Acetylpyridine (0.50 mL, 4.44 mmol, 2.0 equiv.) and
TPYPhROct (1.04 g, 2.22 mmol, 1.0 equiv.) were placed in a 50 mL
round bottom flask and dissolved in EtOH/H,0 (2:1, 12 mL). Then,
NH; (aqg. solution, 25 wt.%, 6 mL) and NaOH (340 mg, 8.50 mol,
3.8 equiv.) were added and the solution was stirred for 48 h at
60°C. The formed precipitate was filtered off and washed with
water (3x15mL) and EtOH (3x15mL), affording the product
(350 mg, 1.0 mmol, 23%) as a colorless solid. '"HNMR (CDCl,,
400 MHz, 20°C): 6 =8.80-8.72 (m, 2H), 8.71 (s, 2H), 8.67 (dt, J=8.0,
1.0 Hz, 2H), 7.35 (ddd, J=7.4, 4.8, 1.2 Hz, 4H), 7.07-7.01 (m, 2H),
436 (t, J=6.9 Hz, 2H), 2.68 (ddd, J=24.8, 18.2, 6.7 Hz, 2H) ppm.
BCNMR (CDCl,, 101 MHz, 0°C): §=159.1, 157.3, 150.6, 149.3, 137.8,
128.8, 123.9, 122.0, 119.6, 115.7 ppm. F NMR (CDCI3, 376 MHz,
0°C): 6=-80.6, —113.11 (q, J=17.3, 155Hz), —121.7, —122.7,
—123.4, —125.99 (dq, J=13.8, 6.9 Hz) ppm. HRMS (ESI): calcd. For
[CyoH15F13NsONal *: m/z 694.1134; found 694.1106. Anal. Calcd for
CooH15F13N;0-0.1 CsHyp: C 52.21, H 2.85, N 6.19; found: C 52.04, H
3.15, N 6.26.

TPYPhRfDec L3

F,C—CF,
F,C—CF,
F,C-CF,
F,C—CF3

Route 1: The synthesis was performed according to a literature
known procedure TPYPhOH (3254mg, 1.0mmol), K,CO,
(210.0 mg, 1.5 mmol) and 18-crown-6 (132.0 mg, 0.5 mmol) were
dissolved in acetone and stirred at room temperature for one hour.
Afterwards R{Dec-OTf (1.2 g, 2 mmol) was added and the mixture
was stirred at 60°C overnight. After cooling to room temperature
the white precipitate was filtered and the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography (basic Al,O;, DCM) yielding in a yellow solid
(127.5 mg, 0.16 mmol, 16 %).

Route 2: 2-Acetylpyridine (0.40 mL, 3.56 mmol, 2.0 equiv.) and
TPYPhR{Dec (1.01 g, 1.78 mmol, 1.0 equiv.) were placed in a 50 mL
round bottom flask and dissolved in EtOH/H,O (2:1, 12 mL). Then,
NH; (ag. solution, 25%, 6 mL) and NaOH (270 mg, 6.75 mol,
3.8 equiv.) were added and the solution was stirred for 24 h at
60°C. The formed precipitate was filtered off and washed with
water (3x15mL) and EtOH (3x15mL), affording the product
(187 mg, 0.57 mmol, 16%) as a pale yellow solid. '"H NMR (CDCl;,
400 MHz, 20°C): 6=8.73 (d, J=4.8 Hz, OH), 8.70 (s, 2H), 8.67 (d, J=
7.9 Hz, 2H), 7.93-7.84 (m, 4H), 7.36 (dd, J=6.9, 5.4 Hz, 2H), 7.03 (d,
J=87Hz, 2H), 435 (t, J/=6.8Hz, 2H), 2.68 (ddd, J=25.1, 18.2,
6.7 Hz, 2H) ppm. CNMR (CDCl;, 101 MHz, 20°C): 6=159.1, 156.4,
156.0, 149.3, 137.1, 128.9, 124.0, 121.6, 118.5, 115.9 ppm. "F NMR
(CDCl;, 377 MHz, 21°C): 6=-80.84 (s), —113.35-—113.73 (m),
—121.87 (d, /=83.8 Hz), —122.89 (d, J=82.7 Hz), —123.64 (d, J=
84.2 Hz), —126.19 ppm. HRMS (ESI): calcd. For [C5,H,oF,,N;017; m/z
772.1251; found 772.1212. Anal. Calcd for C;;H;gF;;N;0-1.3H,0: C
46.84, H 2.61, N 5.29; found: C 46.54, H 2.28, N 5.45.
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[Co(TpyPhOCF;),](BF,), 1

F4CO

Co(BF,),-6 H,O (17.0 mg, 0.05 mmol) was dissolved in 10 mL meth-
anol and TPYPhOCF; (39.3 mg, 0.10 mmol) was added. The mixture
was stirred for four days. The solvent was evaporated and the
product was purified by crystallization in MeCN/Et,O vyielding in
dark orange crystals (32.0 mg, 0.03 mmol, 62%). HRMS (ESI): calcd.
for [CugH,sCoFgNO,1*+ [IM—(BF,),12*: m/z 422.5749; found 422.5780.
Anal. calcd. for C,,H,B,CoF;,Ns0,-0.5C,H;N-0.25C,H,,0: C 52.21, H
3.05, N 8.60; found: C 52.11, H 3.12, N 8.67.

[Fe(TpyPhOCF,),1(BF,), 2

Fe(BF,),-6 H,O (16.8 mg, 0.05 mmol) was dissolved in 10 mL meth-
anol and TPYPhOCF; (39.3 mg, 0.10 mmol) was added. The mixture
was stirred for four days. The solvent was evaporated and the
product was purified by crystallization in MeCN/Et,O yielding in
dark violet crystals. (36.0 mg, 0.03 mmol, 73%). 'H NMR (600 MHz,
CD;CN): 6=9.19 (s, 4H), 8.62 (d, J/=7.9 Hz, 4H), 8.42 (d, /=8.6 Hz,
4H), 7.92 (t, J/=7.3 Hz, 4H), 7.74 (d, J/=8.2 Hz, 4H), 7.20 (d, J=5.4 Hz,
4H), 7.10 (t, J=6.4 Hz, 4H) ppm. "°F NMR (377 MHz, CD;CN): 6=
—58.3, —151.5, —151.5 ppm. *C NMR (151 MHz, CD,CN): 6=161.4,
159.0, 154.1, 151.7, 150.0, 139.8, 136.9, 131.0, 128.4, 125.0, 123.1,
122.8, 122.5, 120.8 ppm. One more signal than expected is
observed. This might be due to poor signal-to-noise ratio, so that
no full resolution of the quartet expected for C—F coupling is
possible. HRMS (ESI): calcd. for [CoyH,sFsFeNsO,1° T [M—(BF,),1**: m/z
421.0758; found 421.0826. Anal. calcd. for C,H,gFsFeN,O,: C 52.01,
H 2.78, N 8.27; found: C 52.06, H 2.99, N 8.40.

[Co(TpyPhOROct),](BF,), 3

CF3—CF, @R
F.C—CF»

F2C—CF2 _

=N\ /
o} CSN—Co—N
=N
F2C-CF>
F2C—CF»
F2C—CFj3

Co(BF,),-6H,0 (20.57 mg, 0.06 mmol) was dissolved in 10 mL
methanol and 4'-(4-((3,3,4,4,5,5,6,6,6-nonafluorohexyl)oxy)phenyl)-
2,2':6,2"-terpyridine (81.10 mg, 0.12 mmol) was added. The mix-
ture was stirred for one week, the solvent was evaporated and the
crude product was dissolved in acetonitrile and precipitated in
EtOH, yielding in a red solid (16.4 mg, 0.01 mmol, 17 %). HRMS (ESI):
caled. For [CsgH36CoF,6NgO,1* " [M—(BF,),)*": m/z 700.5903; found

Chem. Eur. J. 2023, 29, €202301246 (13 of 15)

700.5934. CggH16B,COF54Ng0,+1.2 CHsN-1.75 H,0:0.4 CH,Cl,: C 43.21, H
2,62, N 5.97; found: C 43.09, H 2.49, N 6.08.

[Fe(TpyPhOROct),](BF,), 4

CF3—CF2 ] BFa
F.C—CF,
F,C—CF,
<
S N%Fe*N
S
F2C—CF2
F2C—CF,
F,C—CFs3

Fe(BF,),6H,0 (17.12mg, 0.05 mmol) was dissolved in 10 mL
methanol and 4'-(4-((3,3,4,4,5,5,6,6,6-nonafluorohexyl)oxy)phenyl)-
2,2":6/,2"-terpyridine (68,10 mg, 0.01 mmol) was added. The mix-
ture was stirred for four days, the solvent was evaporated and the
crude product was dissolved in acetonitrile and precipitated in
EtOH, yielding in a red solid (30.90 mg, 0.02 mmol, 39%). 'H NMR
(500 MHz, CD5CN): 6 =9.15 (s, 4H), 8.61 (s, 4H), 8.32 (s, 3H), 7.91 (s,
4H), 7.37 (s, 3H), 7.19 (s, 5H), 7.09 (s, 5H), 4.54 (s, 4H), 2.84 (m, 4H)
ppm. °F NMR (471 MHz, CD,CN): 6 =-81.4, —113.4, —122.1, —123.2,
—123.9, —126.4, —151.4 ppm. *C NMR (151 MHz, CD,CN): 6 =161.4,
161.1, 159.0, 153.9, 150.7, 139.5, 130.3, 130.3, 128.1, 124.6, 121.8,
116.6, 61.5, 31.6 (t, J=21.3Hz) ppm. HRMS (ESI): calcd. For
[CogHs6F26FeNGO,1* " [IM—(BF,),I*": m/z 699.0912; found 699.0909.
Anal. Calcd for CsgH;6B,F34FeN0,-2.3 C,H;N-1 C,H,,0: C 45.95, H 3.06,
N 6.68; found: C 46.33, H 2.67, N 6.29.

[Co(TpyPhORDec),1(BF,), 5

CF3—CF
F,.C-CF, ] @R
F2C-CF2
F,C—CF, N
—" /
o} ) N—,ci—N
N F.C—CF,
F.C-CF2
F2C—CF2
F,C—CF;

Co(BF,),-6H,0 (12.20 mg, 0.04 mmol) was dissolved in 10 mL
methanol and 4'-(4-((3,3,44,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl)oxy)phenyl)-2,2":6',2" "-terpyridine (74.60 mg,
0.07 mmol) was added. The mixture was stirred for two days, the
solvent was evaporated and the crude product was dissolved in
acetonitrile and precipitated in EtOH, yielding in a red solid
(35.20 mg, 0.02 mmol, 55%). Crystals suitable for X-ray diffraction
were grown by slow evaporation of an acetonitrile solution of the
complex. HRMS (ESI): calcd. For [Cg,H35CoF3,NgO* " [M—(BF,),1**: m/
z 800.5839; found 800.5877. Anal. Calcd for Cg,H3¢B,F4,CoNO,: C
41.94, H 2.04, N 4.73; found: C 41.95, H 2.12, N 4.84.

[Fe(TpyPhORDec),l(BF,), 6

CF3—CF>

F2C-CF2 T @R
F2C—CF,
F,C—CF
O
F2C-CF,
F2C—CF,
F2C—CF,

F,C—CF,

Fe(BF,),-6H,0 (18.37 mg, 0.05mmol) was dissolved in 10 mL
methanol and 4'-(4-((3,3,44,5,5,6,6,7,7,8,8,8-

tridecafluorooctyl)oxy)phenyl)-2,2":6',2"-terpyridine (84.00 mg,
0.11 mmol) was added. The mixture was stirred for one week, the
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solvent was evaporated and the crude product was dissolved in
acetonitrile and precipitated in EtOH, yielding in a purple solid
(50.60 mg, 0.03 mmol, 57%). '"H NMR (401 MHz, CD;CN): 6=9.14 (s,
3H), 8.60 (d, J=8.4 Hz, 4H), 8.31 (d, /=8.4 Hz, 3H), 7.94-7.86 (m,
5H), 7.36 (d, J=8.7 Hz, 3H), 7.18 (d, J=6.1 Hz, 5H), 7.07 (t, J=5.8 Hz,
5H), 4.54 (t, J=6.0 Hz, 2H), 3.75(t, J=6.1 Hz, 2H), 2.97-2.70 (m, 4H)
ppm. "F NMR (377 MHz, CD;CN): 6 =—81.4, —113.5 (d, J=68.8 Hz),
—122.1 (d, J=85.0Hz), —123.1, —123.9 (d, J=77.8Hz), —126.5,
—151.4 ppm. *CNMR (151 MHz, CD,CN): 0=161.4, 161.1, 159.0,
154.0, 150.7, 139.6, 130.4, 130.3, 128.1, 124.6, 121.8, 116.6, 63.4,
615 316 (t, J=217Hz) ppm. HRMS (ESI): «calcd. For
[CoHssFeF5NO2* [M—(BF,),**: m/z 799.0848; found 799.0855.
Anal. Calcd for Cg,H5¢B,F,,FeNgO5-2H,0-1.4 C,H;N: C 41.71, H 2.39, N
5.55; found: C 41.74, H 2.44, N 5.51.

Supporting Information

The Supporting Information contains SQUID magnetometry,
cyclic voltammetry, spectro-electrochemistry, EPR spectro-
scopy, DFT calculations, X-ray crystallography, NMR spectro-
scopy, and polyrized optical microscopy results. Additional
references are also cited in there 5>
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