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The reaction of a non-innocent ligand 2,7-di-tert-butyl-pyrene-4,5,9,10-tetraone (pyrene® %, Q =
quinone), Co,(CO)g, and tris(2-pyridylmethyl)lamine derivatives (Me,tpa) gave rise to a series of dinuclear
cobalt—tetraoxolene compounds formulated as {[Co(Me,tpa)l.(pyrene>d=S}[Co(CO)4l»-S (Sq = semiqui-
none; n = 0, S = 2CgHsCH3 for 3; n = 1 for 4, n = 2, S = 2CHClz for 5). Magnetic measurements and
single-crystal X-ray diffraction studies revealed that compound 3 underwent incomplete valence tauto-
meric transition, while compounds 4 and 5 maintained in the steady electronic structure of {Co""°-
pyrenesq'sq—Co”'HS} in the whole temperature range. Remarkably, strong ferromagnetic interactions in
both 4 and 5 were confirmed by experimental and theoretical studies. Theoretical calculations showed
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that the successive introduction of methyl groups enhanced the steric rigidity of tpa, and hence the
{Co"HS—pyrene®=59-Co" "5} state was stabilized sterically and electronically, which in turn altered the
energetic order and gap among the different electronic states, which resulted in distinct magnetic
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Introduction

Molecule-based materials displaying switchable physical and
chemical properties are potentially applicable in molecular
switches, information storage devices, displays, and
sensors;'” thus, they have attracted widespread attention. In
particular, there exists an escalating interest in designing
novel molecule-based materials with switchable magnetic pro-
perties among the scientific community. Exemplary cases
include spin-crossover (SCO) compounds and valence tauto-
meric (VT) compounds. The former typically refer to tran-
sition-metal compounds featuring 3d*-3d” electronic configur-
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ations that can switch between low-spin (LS) and high-spin
(HS) states, and the latter engage in a successive intra-
molecular electron transfer and spin transition process.
Interestingly, the switching of magnetic properties in both
cases can be controlled by external stimuli, such as heat, light,
pressure, electric field, magnetic field, soft X-ray, hard X-ray,
and others.®™"’

Over the past two decades, a plethora of VI compounds
with new structures and properties have been reported in
which the central metal ions are mainly focused on V, Mn, Fe,
Co, Ni, Cu, and Ru with Co being the most common.'®2°
Specifically, cobalt-dioxolene compounds are perhaps the
most well explored VT system, where the dioxolene ligands can
interconvert between the catecholate (Cat*~) and semiquino-
nate (Sq™”) oxidation states with the concomitant change of
cobalt spin state from Co™" to Co"™™S together with vari-
ations in bond lengths as well as optical, electrical, and mag-
netic properties. Apart from valence tautomerism, the cobalt-
dioxolene system itself is quite intriguing as it engenders mag-
netic coupling between radical ligands and metal ions, which
provides valuable insight for designing materials with conduc-
tivity and magnetism that are indispensable for future techno-
logies.”” In fact, introducing strong magnetic coupling
between paramagnetic metal ions and radical ligands has long
been adopted as an effective strategy to establish long-range
magnetic ordering and slow down magnetic relaxation in
single-molecule magnets (SMM:s).?%>°
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In the cobalt-dioxolene system, the nitrogen-containing
ancillary ligands have a profound impact on VT transition
behaviours and should be thoroughly considered when design-
ing VT compounds. For example, if the ancillary ligand has a
rigid structure or contains bulky substituents, the increasing
steric strain will favour longer Co-N bond lengths, thereby sta-
bilizing Co"™* and lowering the VT transition temperature. In
addition, substitution on the ancillary ligand can alter the
Co™™ redox potential, thus dictating the charge distribution
within the cobalt-dioxolene scaffold. In 2008, Beni et al
reported that the VT transition behaviour can be controlled by
introducing methyl groups into the 6-position of pyridine
rings of the tripod-type ligand tris(2-pyridylmethyl)amine
(tpa).?® They revealed that the VT transition temperature of [Co
(Me,tpa)(diox)]PFs-sol (n = 0, 2, and 3; diox = 3,5-di-tert-butyl-
1,2-dioxolene; sol = ethanol and toluene) gradually decreased
with increasing number of methyl groups. Thereafter, methyl-
substituted tpa ancillary ligands had been widely utilized to
obtain desirable VT properties but majority of the related
studies were focused on mononuclear VI compounds with
limited reports concerning dinuclear VT systems, especially
those with two-step VT behaviours. One such case was based
upon the redox-active bis(dioxolene) ligand 3,3,3',3"-tetra-
methyl-1,1"-bis(indane-5,5',6,6"-tetrol) (spiroH,), with which a
series of dinuclear cobalt compounds [Co,(spiro)(Me,tpa),]**
(n =0, 1, 2, and 3), [Co,(spiro)(tpa),]*" and [Co,(spiro)(tpa),]**
were synthesized.>'* Magnetic susceptibility measurement
indicated that [Co,(spiro)(Me,tpa),]** exhibited a rare two-step
incomplete VT transition in the temperature range of 2-320 K,
while the rest displayed distinct magnetic properties.

Very recently, we reported two dinuclear cobalt-tetraoxolene
compounds {[CoL,],(pyrene’¥S4)}[Co(CO),],-solvent
(pyrene®®™4 = semiquinone form of 2,7-di-tert-butyl-pyrene-
4,5,9,10-tetraone (pyrene??, Scheme 1); L = 1,10-phenanthro-
line (phen) for 1, and 2,2"-bipyridine (bpy) for 2).>* Due to the
difference in steric rigidity and m-accepting capability of phen
and bpy, compound 1 exhibited a one-step partial VT tran-
sition, while 2 showed a rare two-step VT transition.
Importantly, the study manifests that two-step VT transition is
accessible in a fully n-conjugated tetraoxolene system featuring
efficient electronic communication between the two dioxolene
halves, and the n-expanded tetraoxolene core exhibits a rare
diradical character likely stabilized by coupling interaction
with the Co™® ions. Despite the ubiquity of radical-bridged
paramagnetic systems present in the literature, diradical
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coupled systems are considerably less common presumably
due to their intrinsic high reactivity. Such a unique system pro-
vides us an ideal platform to construct a more thorough under-
standing of the correlation between molecular and electronic
structures, which offers chemical insights beyond the narrow
scope of valence tautomerism. We envision that the structural
modulation of the ancillary ligand can serve as a convenient
strategy to control the overall electronic distribution with the
intention to tune the VT behaviour and magnetic exchange
interactions within the system. In this regard, we synthesized
three new dinuclear cobalt-tetraoxolene compounds {[Co
(Me,tpa)]x(pyreneI 5} [Co(CO),],-S (n = 0 and S = 2C¢H5CH;
for compound 3, n = 1 for compound 4, and n = 2 and S =
2CHCI; for compound 5) using the same redox-active pyrene-
based tetraoxolene ligand (Scheme 1). Whereas the previous
report leans more towards the discovery of a novel two-step VT
complex, the present work delves into the maneuvering/tuning
of the electronic structure of VI compounds via ancillary
ligand derivatization. These compounds were thoroughly
investigated by single-crystal X-ray diffraction, magnetic and
photomagnetic measurements, and DFT studies. Compound 3
features an incomplete VT transition, while 4 and 5 retain the
{Co"™5-pyrene®¥59-Co™%}>* electronic states in the entire
measured temperature range. Remarkably, 4 and 5 display
large ground spin states enabled by two Co™™" ions bridged by
a strongly ferromagnetically coupled diradical dianion.
Detailed experimental and theoretical studies have been
carried out, which reveals how subtle changes around the
cobalt coordination sites can profoundly affect the charge dis-
tribution both sterically and electronically and how these com-
pounds behave differently from those incorporating more tra-
ditional tetraoxolene ligands with little or no magnetic/elec-
tronic communications.

Results and discussion
Synthesis

Compounds 3-5 are obtained by one-pot synthesis starting
from pyrene?? and Co,(CO)s in the presence of tetradentate
N-donor co-ligands. We propose that pyrene? ? is reduced to
pyrene®359 by Co,(CO)s, and the zero-valent cobalt in Co,(CO)s
disproportionates to produce Co(u) ions and the diamagnetic
[Co(CO),]” anion at the same time.***® Dark-brown plate-
shaped crystals suitable for X-ray diffraction measurement can
be obtained by layer diffusion in CgHs;CH3/CH,Cl, or
C¢H;CH,/CHCl; using 14 mM Co,(CO)s, 14 mM pyrene? <,
and 28 mM Me,tpa, respectively. Desolvated samples were
obtained by heating the fresh crystals in a vacuum. It should
be emphasized that the as-synthesized crystals desolvate and
turn into dull powders readily after being removed from the
solvent. Moreover, excess reactants or prolonged reaction time
leads to the formation of large amounts of amorphous un-
identified impurities. In any case, these impurities mixed with
crystals easily in the growing process and needed to be washed
with the mother liquor before subsequent measurements. We
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also note that compounds 3-5 in the solid state are sufficiently
air stable and can be stored immersed in the mother liquor
under ambient conditions for weeks, whereas solutions of 3-5
are air sensitive and need to be handled under an inert
atmosphere.

Infrared and electronic absorption spectroscopy

The infrared spectra for the three compounds were measured
at room temperature using KBr pellets (Fig. S1f). All com-
pounds show a strong band at around 1885 c¢m™', which
corresponds to the C=O0 stretching vibration of the [Co(CO),]~
anion,*®*” and a medium band at around 1606 cm™! associ-
ated with pyridyl C-N stretching vibration of the Me,tpa
ligand.*®*° In the literature, the characteristic semiquinone C-
O stretching vibration is generally found in the range of
1400-1550 cm ™" and the fully reduced catecholate C-O stretch-
ing band is observed within the range of 1250-1300 cm ™.
In compound 3, the bands at 1480 cm™" and 1276 cm ™" can be
ascribed to C-C ring and C-O stretching bands of the catecho-
late ligand.***” In addition, the weak bands in the region
between 1450 and 1400 cm™" are identified as the C-O stretch-
ing band of the semiquinone group.*”*
semiquinone and catecholate characters implies that com-
pound 3 is intrinsically mixed valence at room temperature,
consistent with the single-crystal structure and magnetic data
(vide infra). For compounds 4 and 5, the two obvious bands at
around 1440 and 1470 cm™ " can be assigned to the semiquino-
nate C-O stretching vibrations. The band at 1200-1300 cm™"
could be due to the C-N stretching vibrations of the auxiliary
ligand. Importantly, in contrast to 3, the band at 1276 cm™"
belonging to catecholate C-O stretching is absent in 4 and 5,
which indicates that both 4 and 5 are in the {Co"™"-
pyrene®?51-Co""™5)12" gpin state. The calculated frequencies
(Table S1t) by the DFT method are in good agreement with
our above assignments.

UV-vis absorption spectra for the three compounds dis-
solved in desiccative CH;CN were measured at room tempera-
ture (Fig. 1, see Fig. S2t for solid-state UV-vis diffuse reflec-
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Fig. 1 UV-vis absorption spectra of 3-5 in CHzCN at room
temperature.
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tance spectra). At first sight, the absorption spectrum of 3 is
more characteristic of Co™™-Cat species, which shows a weak
and broad absorption band around 750 nm that can be
assigned to the ligand-to-metal charge transfer (LMCT) tran-
sitions.** In addition, the weak band between 550 and 630 nm
can be assigned to the metal-to-ligand charge transfer (MLCT)
transitions arising from Co"™5-Sq species in minor pro-
portions. In contrast, the spectra of 4 and 5 appear to resemble
that of the congener compound 2 incorporating a bipyridine
ancillary ligand as reported previously. Both 4 and 5 possess
several strong absorption bands between 500 and 700 nm,
which correspond to the MLCT transitions from Co™™* to the
7* orbital of semiquinone.*>*® The broad shoulders between
700 and 900 nm can be attributed to internal semiquinone
ligand transitions within the pyrene®¥™1 ligand.***>*” The
assignments of LMCT and MLCT bands are in reasonable
agreement with TD-DFT results except for internal semiqui-
none transitions, which are more problematic for DFT calcu-
lations (Fig. S3-S57). These features indicate that compounds
4 and 5 are predominantly {Co™*-pyrene®159-Co™™5}** in
MeCN at room temperature. Closer scrutiny of the electronic
absorption spectra reveals that the bands of compound 5
between 500 and 700 nm undergo a slight blue shift compared
to 4, which may be due to the electron-donating and/or steric
effects of the methyl group on the Me,tpa ligand. Overall, the
electronic absorption of 4 and 5 is substantially stronger than
that of 3, which further confirms their {Co""-pyreneS59-
Co"™™MS12" electronic structures.

Structural description

Single-crystal X-ray crystallographic studies revealed that com-
pound 3 crystallized in the monoclinic space group P2/c
(Table S2t). The asymmetric unit is composed of half a cat-
ionic species {[Co(tpa)],(pyrene®59)}** (room temperature,
RT), a [Co(CO),]” counter-ion, and a C¢HsCH; molecule. As
shown in Fig. 2, each cobalt atom is coordinated with three
pyridyl-N atoms and one tertiary amine N atom of the tpa
ligand and two cis-oriented O atoms from the tetraoxolene

Fig. 2 Perspective view of the dinuclear cation of 3 with 50% thermal
ellipsoids. Hydrogen atoms, solvent molecules, and counter-ions are
omitted for clarity. Symmetry code: (a) —x, -y, 1 — z.
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ligand, thus forming a slightly distorted octahedral coordi-
nation geometry. At 100 K, the Co-O and Co-N bond lengths
range from 1.868(2) to 1.879(2) A and from 1.920(3) to 1.965(3)
A, respectively, consistent with a Co"™"® metal center.'* The
C1-01 and C2-02 bond lengths are 1.358(4) and 1.352(4) A,
respectively, which fall in the range of 1.33-1.39 A typically
observed for catecholate ligands.*®*° The octahedral distortion
parameters are X = 32.81° and O = 88.85° (Table S3t), where X
is the deviation of a metal ion from an ideal octahedron, while
O indicates the distortion of the MX4 geometry from a perfect
octahedron to a trigonal tetrahedron.”® Metrical oxidation
state (MOS) by least-squares fitting of dioxolene C-C and C-O
bond lengths reveals a MOS value of —1.8 (catecholate and
semiquinone have a MOS of around -2 and -1,
respectively).’'*> Cobalt oxidation state is further established
as +3 by charge balance considerations and bond valence sum
(BVS) calculations (Table S41).*>° Together, the charge distri-
bution of 3 at 100 K can be unambiguously assigned as
{Co"""S(tpa)-pyrene“®*-Co"S(tpa)}>*. At 298 K, the Co-N
bond lengths vary from 1.967(3) to 2.008(3) A and the Co-O
bond lengths are 1.896(3) and 1.930(3) A. The C1-O1 and C2-
02 bond lengths are 1.342(4) and 1.330(4) A, respectively,
corresponding to a MOS value of —1.6. BVS analysis reveals a
decrease of the apparent oxidation state of cobalt (Table S47).
Distortion parameters X and @ are calculated to be 49.7° and
135.9° (Table S37), indicating higher degree of geometry dis-
tortion. At 360 K, the Co-N and Co-O bond lengths further
increase to 1.997(4)-2.061(4) and 1.933(3)/1.976(3) A, respect-
ively, elongated by 0.087 and 0.081 A compared to 100-K data.
The octahedral distortion parameters are X~ = 62.32° and @ =
175.6°, larger than those at 100 K and 298 K (Table S37), con-
sistent with the transition from Co™ to Co™ with more devi-
ation from octahedron geometry. The C1-O1 and C2-O2 bond
lengths are 1.301(6) A and 1.327(5) A, respectively. This is
further confirmed by oxidation state analysis, which reveals a
MOS value of —1.4, borderline between catecholate and semi-
quinone. The oxidation state of cobalt ion is established based
on charge balance and BVS calculations (Table S47). Therefore,
the electronic structure of the cation in 3 is best described as
{Co"""S(tpa)-pyrene“* 59-Co""S(tpa)}** at 360 K. That is to
say, 3 undergoes an incomplete VT conversion between a
{Co III- Lb(tpa) pyreneCat—Cat_COHI-Ls(tpa)}2+ and a {COIII-LS(tpa)_
pyrene“S9-Co"MS(tpa)l>" electronic state, in which Co™"S-
Cat and Co™™5-Sq components are crystallographically indis-
tinguishable as a result of rapid electronic transfer or crystal
disorder (Scheme 2).

Compound 4 also crystallized in the monoclinic space
group P24/c (Table S5%). The asymmetric unit is composed of
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Scheme 2 One-step VT transition of compound 3.
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half a cationic species {{Co(Metpa)],(pyrene®?59)}** and a [Co
(CO)4]™ anion (Fig. S6at). The cation is also centrosymmetric
and the cobalt ion is six-coordinated with three pyridyl-N
atoms and one tertiary amine N atom from the Metpa ligand
and two cis-oriented O atoms from the tetraoxolene ligand,
giving rise to a distorted octahedral coordination geometry. At
100 K, the Co-N and Co-O bond distances are 2.074(6)-2.150
(3) and 2.006(6)-2.076(8) A, respectively, consistent with Co""*
centers.”” The C1-O1 and C2-02 bond lengths range from
1.274(9) to 1.290(7) A, which are within the range of
1.26-1.32 A for Sq ligands.**® The octahedral distortion para-
meters are X = 94.58° and @ = 285.5° (Table S6t). The MOS
value of the tetraoxolene ligand is —1.05, assigning the ligand
oxidation state as semiquinone. Cobalt oxidation state is
further verified as divalent by charge balance considerations
and BVS calculations (Table S7t). Therefore, the electronic
structure of 4 is {Co™5(Metpa)-pyrene®?*I-Co™ ™5(Metpa)}**
at 100 K, ruling out the occurrence of VT transition.

Compound 5 crystallized in the triclinic space group P1,
distinct from the above two compounds where a two-fold screw
axis is present along the ¢ axis (Table S51). The asymmetric
unit is composed of half a cationic species {[Co
(Me,tpa)],(pyrene®d59)}**, a [Co(CO),]” anion, and a CHCI,
molecule (Fig. S6b¥). The central cobalt ion locates in a dis-
torted octahedral coordination environment with an average
Co-N distance of 2.171 A and an average Co-O bond length of
2.072 A. Furthermore, the C-O bond distances are 1.291(4) and
1.272(4) and the intra-ring C1-C2 distance is 1.449(5) A. The
octahedral distortion parameters are X = 104.8° and 6 =
267.1°, commensurate with a larger deviation from octahedral
geometry (Table S61). These metrics closely resemble those of
compound 4. The calculated MOS value (—0.96) and BVS calcu-
lations (Table S77) indicate that compound 5 is analogous to
4, with an electronic structure of {Co"™$(Me,tpa)-pyrene®d 51~
Co™5(Me,tpa)}** at 100 K.

In the crystal lattices, the cations of compounds 3-5 stack
in a different style. As shown in Fig. 3, the cationic species of 3
at 100 K parallelly stack along the a-axis direction, interacting
with each other through two kinds of intermolecular inter-
actions, ie., Tpy-+-mpy and Cpy—H---wp,. The centroid---centroid
distance of np, -,y interaction increases from 3.867 A at 100 K

~. 4 f-. /]

VA

Fig. 3 One-dimensional supramolecular chain formed with the cationic
species of compound 3.
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to 4.008 A at 360 K, and the Cpy~H---m,, distance varies from
3.554 A (156.7°) at 100 K to 3.785 A (151.9°) at 360 K, respect-
ively (Table S8t). These one-dimensional (1D) supramolecular
chains then arrange parallel to the g-axis through weak inter-
chain van der Waals interactions, forming 1D void channels
that are occupied by anions and guest solvent molecules
(Fig. S71).

Different from compound 3, the cationic species of com-
pounds 4 and 5 interact with each other to form two-dimen-
sional (2D) layers. As for compound 4 (Fig. 4a), the cation
{Co™"5(Metpa)-pyrene’d®I-Co™ ™(Metpa)}** interacts with
adjacent ones through two sets of mp,---m,, and Cpy—H- -7y,
interactions, which are d; and d; and d, and d;. At 100 K, the
centroid---centroid distances of d; and d, are 3.748 and
3.667 A, and the d; value (Cp,~H--m,,) is 4.081 A and 138.5°.
Such layers are stacked along the ag-axis directions, generating
ladder-shaped 1D channels that are resided by anions and
guest solvent molecules (Fig. S81). On the other hand, for com-
pound 5 (Fig. 4b), the intermolecular interactions are more
interesting. Besides the intermolecular n,y--m,, (d; = 3.666 Aat
100 K), the cation  {Co""S(Me,tpa)-pyrene’1 -
Co"™5(Me,tpa)}*" shows two-fold Cp-H--mpy (d,) and Cpy—
H--Tpyrene (d3) interactions. At 100 K, the d, distance and angle
are 4.030 A and 139.5°, and those of d; are 3.734 A and 171.5°,
respectively. This 2D layer stacks in the ABCABC mode via
weak inter-layer van der Waals interactions, resulting in the
formation of irregular parallelogram channels that encapsulate
anions and solvent molecules (Fig. S9%).

Magnetic properties

Magnetic susceptibilities of compound 3 were measured on a
SQUID magnetometer in the temperature range of 300-2-

Fig. 4 Perspective view of the intermolecular interactions between the
cationic species in compounds 4 (a) and 5 (b).
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Fig. 5 ymT versus T plot for compound 3. Applied field: 5000 Oe.

390 K; the sample was cooled from 300 K to 2 K and then
heated to 390 K (Fig. 5).

The yyT value is 1.23 ecm® mol™ K at 300 K, much lower
than those of 4 and 5 (5.62 and 5.52 cm® mol ™" K, respectively,
vide infra). Without a good grasp of the y\T value of the pure
{Co"8-pyrene®151-Co" '} state, accurate determination of
the HS-Co"-Sq/Ls-Co™-Cat
Nevertheless, given the close resemblance among compounds
3, 4, and 5, we deduce that the HS-Co"-Sq fraction is more
than half if the y\,T values of 4 and 5 are treated as references
for the {Co"™5-pyrene®159-Co"™5} state. Upon lowering temp-
erature, the y\7T value gradually decreases and attains a value
of 0.55 cm® mol™ K and 0.54 cm® mol™ K at 200 K and 30 K,
respectively. The non-zero y\7T value at temperatures below
200 K most likely comes from a small, trapped fraction of
HS-Co"-Sq and temperature independent paramagnetism
(TIP) of Co™, as commonly seen for other VT cobalt-dioxolene
complexes.’>?**” In the heating cycle, compound 3 undergoes
an incomplete and reversible VT transition between 2 and
300 K. When the temperature exceeds 300 K, the sample
begins to lose guest solvent molecules (Fig. $107), and the yT
versus T plot shows a point of inflection that is followed by the
second-step VT transition. The yyT value is 2.99 ecm® mol™" K
at 345 K, which rises abruptly to 4.37 cm® mol™ K at 390 K,
indicating that the occurrence of VT transition in compound 3
is incomplete. Because the loss of guest solvent molecules
ends at approximately 440 K (Fig. S107), the VT transition in
the high-temperature range may be induced by both desolva-
tion and temperature. When we measured back from 390 K to
2 K, the curve did not overlap with that of the heating, which
may be caused by the loss of solvent and crystallinity
(Fig. S117).

The magnetic susceptibilities of compounds 4 and 5 were
measured in the 2-300 K temperature range and are shown in
Fig. 6. At 300 K, the y\T values of 4 and 5 are 5.62 and
5.52 cm® mol ™" K, respectively, which are much larger than the
expected spin-only value (4.50 cm® mol™" K) for two HS-Co"
ions (S = 3/2, 1.875 cm® mol ™" K) and two organic radicals (S =
1/2, 0.375 cm® mol™" K) located on the pyrene bridge,*>*
implying significant orbital contribution or presence of strong

fraction is not feasible.
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Fig. 6 Magnetic susceptibilities of compounds 4 and 5 under an
applied field of 5000 Oe. Solid black lines represent the fitting results by
the PHI program based on eqgn (1). Inset: the magnetic coupling para-
meters of 4 and 5.

ferromagnetic exchange at room temperature.’® *® Upon temp-
erature decrease, no VT transition occurs, while instead, the
T value gradually increases to a maximum of 7.96 cm?
mol™ K at 24 K and 8.87 cm® mol™" K at 32 K for 4 and 5,
respectively. This could be due to ferromagnetic coupling
between the HS-Co" ions and the pyrene radicals.*>**°°"%* The
sharp decrease at lower temperature is indicative of magnetic
anisotropy (D), depopulation of low-lying excited states and/or
intermolecular antiferromagnetic interactions.®*** Indeed, the
magnetization (M) vs. isothermal field (H) plots show that the
M values are 6.76Nug for 4 and 6.32Nug for 5 at 2 K under 7 T
field, which indicate the near saturation for two Co(u) ions
with effective spin Seg = 1/2 ®*°° and two radicals (Fig. S12 and
S131). To unravel the intramolecular magnetic exchange
mechanism, the magnetic susceptibility data of compounds 4
and 5 were fitted using the PHI program®” based on the follow-
ing spin Hamiltonian (eqn (1)):

H = — 2JSradiSrad2 — 2J1(Sco1Srad1 + ScorSrad2)

2
a 1.
+D ; (SCoz,i2 - ESCO,iZ) (1)
+ ﬂBgRadB(AéRadl + SRadz) + MBchB(S'cm + §Col)~

The first two terms in H correspond to the isotropic radi-
cal---radical and Co---radical magnetic exchanges. Note that
the long-range coupling interactions are omitted to avoid over-
parameterization. The third term describes the axial zero-field
splitting parameter. The last two terms represent Zeeman
interactions, where up stands for the Bohr magneton, and gc,
and graq correspond to electronic Landé factor for Co™ and
pyrene radical, respectively. To avoid overparameterization,
Zraq is fixed to 2.0. Reasonable fits can be obtained with temp-
erature-independent paramagnetism (TIP) introduced and
intermolecular magnetic interactions taken into account
within the molecular field model (z/' term) (Table 1). These
results indicate ferromagnetic exchange interactions between
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Table 1 Parameters obtained from PHI fitting and DFT calculations for
compounds 4 and 5

DFT

PHI fitting calculations

4 5 4 5
Zco 2.10 2.00 — —
D(ecm™) 44.9 20.0 — —
J(em™ 160.9 161.7 173 181
Ji(em™) 27.7 40.9 83 83
TIP(cm® mol ™) 6.9 x 107" 7.0x107* — —
zJ' (em™) -0.06 —-0.01 — —

HS-Co" ions and pyrene radicals (J = 27.7 em™" and J =

40.9 cm™" for 4 and 5, respectively) with coupling constants
comparable to other Co"-semiquinonato systems reported in
the literature.®*®*® Remarkably, semiquinone moieties within
the pyrene ligand are strongly ferromagnetically coupled (J =
160.9 cm™" and J = 161.7 cm ™" for 4 and 5, respectively), which
resemble the coupling constant (J = 116 cm™') in a similar
dinuclear Fe" compound.” Similar coupling parameters were
also obtained by Density Functional Theory (DFT) calculations
(vide infra), lending credence to the fitting results. The large
positive D values are commonly observed for octahedral Co"
ions arising from low-lying excited states and spin-orbit coup-
ling, substantiating the presence of magnetic anisotropy, as
suggested by the M ~ H plots at different temperatures
(Fig. S12 and S137).

Photomagnetic studies

Photo-induced VT transition experiments were carried out
with compound 3. Its ground sample was exposed to 410, 465,
532, 607, 660, 750, 880, and 1064 nm lasers, respectively, until
the y\T values saturate at 5 K, among which the photoconver-
sion efficiency is the largest under excitation at 880 nm,
similar to what we have observed for desolvated compound 2
where bpy was used instead of tpa derivatives (Fig. 7).** Under
laser irradiation at 880 nm at 5 K, the yyT value slowly
increases from 0.29 to 1.33 cm® mol ™" K, corresponding to a
conversion of 24%. The significant increase of y,T value indi-
cates a clear photoinduced VT transition, i.e., intramolecular
electron transfer from pyrene®“* to LS-Co™, and simul-
taneously the electron-gaining LS-Co™ is converted to HS-Co™.
The lower conversion ratio is reasonable and can be attributed
to limited penetration of laser due to low sample opacity as
well as the significant energy difference between the ground
state {Co"""S-pyrene“®“*-Co"™"5} and photoinduced meta-
stable state {Co""™-pyrene“*59-Co"™51.%® After the light is
switched off and the sample is heated at a rate of 1 K min™",
the yyT value firstly increases to 1.71 cm® mol ™" K at 29 K due
to the non-Curie nature of the photoinduced HS-Co" ion,*®
and then decreases rapidly, which coincides with the unirra-
diated curve at 86 K. The Tygsst value (the critical temperature
of light-induced excited spin-state trapping) is estimated to be
55 K according to the d(yT)/dT versus T plot (Fig. 7, inset).
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Fig. 7 Photo-induced ymT data for the ground sample of compound 3
with different lights at 5 K. Black balls: the ymT data of the ground
sample of compound 3 on adhesive tape. Inset: d(ymT)/dT versus T plot.

Computational study

To compare the metal-ligand interaction strengths between
cobalt ions and tpa ligands, ligand field analysis has been
carried out using the ab initio ligand field theory implemented
in the ORCA computational program.”* The calculated ligand-
field splitting of cobalt ions is shown in Fig. 8. The d-orbital
splitting is characteristic of an elongated octahedron with a
large splitting of e, orbitals stemming from the longer bond
lengths to the axial tpa nitrogen atoms (Co-N2 and Co-N3)
than equatorial ones. Overall, the successive introduction of
methyl groups to the tpa ligand results in a slight decrease in
the ligand field splitting (10D,) from 8718 cm™" to 8289 cm™,
in good agreement with the stronger preference for HS-Co"
upon introducing the steric demanding methyl group. The
mutual repulsion between d electrons is quantified by the

Racah B parameter, which is calculated to be 1068 cm™,

12000.0
4
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Fig. 8 Comparison of the ligand-field splitting of compounds 3-5. The
ligand field parameter 10D, has been extracted from the AILFT calcu-
lations with a CAS (7,5) along with the NEVPT2 correction.
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1071 em™', and 1060 cm™" for 3, 4, and 5, respectively,
suggesting similar metal-ligand bond covalence among the
three compounds.

To gain a deeper insight into the electronic structure and
magnetic behaviour of the compounds 3-5, a DFT compu-
tational study has been performed. As follows from the results
of calculations, the ground state of compound 3 is presented
by the diamagnetic {Co™™5(tpa)-pyrene“**“**~-Co™"5(tpa)}
species (Tables S10 and S117). The calculated bond lengths in
the coordination sites and dioxolene moieties of this state
(Fig. S167) closely reproduce the X-ray structure of compound
3 at 100 K. The electronic state {Co"""S(tpa)-pyrene“®51-
Co"™MS(tpa)} on the quintet PES is destabilized as compared to
the ground state by 2.8 kcal mol™'. According to the spin
density distribution (Fig. 9), the unpaired electrons are loca-
lized at the cobalt ion and the dioxolene moiety adjacent to
this metal centre and interact ferromagnetically (Table S127).
The {Co"™(tpa)-pyrene®19-Co"S(tpa)} electronic state is
predicted to have a relative energy of 7.4 kcal mol™' and is
therefore unlikely to form in an accessible temperature range.
Therefore, the DFT calculations predict a {Co""5(tpa)-
pyrene®Co™"S(tpa)} ground state with a thermally
induced VT transition to the {Co™"5(tpa)-pyrene® 9~
Co"™M(tpa)}, consistent with experimental results.

Calculations for compound 4 revealed the {Co
pyrene®-Co"S(Metpa)},  {Co™"¥(Metpa)-pyrene
Co"™S(Metpa)}, and {Co""8(Metpa)-pyreneS159-
Co"™™MS(Metpa)} charge distributions to be approximately iso-
energetic (Tables S11 and S12f). However, taking zero-point
harmonic vibrations into account results in stabilization of the
{Co""S(Metpa)-pyrene®I59-Co"S(Metpa)} state due to the
entropic term. As thermally induced VT is an entropy-driven
process, no VT transition is expected in compound 4, which

II1-LS (Metpa)—

Cat-Sq_

Fig. 9 Spatial structure and spin density distribution (contour value =
0.03 e A of compound 3 in the {Co""S(tpa)-pyrene“®-Sa_
Co'"MS(tpa)} (top) and {Co"S(tpa)-pyrene>d=59—Co'""S(tpa)} (bottom)
charge distributions, as calculated by the DFT UTPSSh/6-311++G(d,p)
method. Hydrogen atoms and counter-ions are omitted for clarity.
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will exist in the form of {Co"™"$(Metpa)-pyrene®dSI-
Co"™5(Metpa)} electronic structure. The calculated bond
lengths in the metal coordination sites of this electromer
exceed 2 A (Fig. S171) and are consistent with X-ray data at
100 K. Commensurate with the experimental data (vide supra),
the estimated values of the J parameters (Tables 1 and S127)
indicate ferromagnetic exchange interactions between the
HS-Co™ and semiquinone radical, while spin coupling within
the redox-active pyrene ligand bears strong ferromagnetic
nature. Magnetic orbital analysis confirmed that unpaired
electrons of the HS-Co" ion and Sq interact ferromagnetically
(Fig. S18t). The only antiferromagnetic pathway exhibits a
small overlap integral (S,s = 0.075) arising from the inter-
actions of d, + d,, orbitals on HS-Co" and semiquinone =
orbital. Close inspection of the magnetic orbitals reveals a
symmetry mismatch between the two components. There is no
straightforward way to explain the strong ferromagnetic coup-
ling between the two dioxolene halves by magnetic orbital cal-
culations. The pyrene-based tetraoxolene diradical belongs to
the type of non-Kekulé delocalized molecules.””> For structu-
rally symmetric tetraoxolene diradicals plausible predications
can be made according to the distributions of their degenerate
nonbonding molecular orbitals (NBMOs).”® Whereas diradicals
with disjoint (sharing no atoms in common) NBMOs show no
strong spin-state preference,”* those with nondisjoint NBMOs
usually have a triplet ground state due to less electron repul-
sion in the triplet state than in the singlet state (electron
pairing). The NBMOs of the pyrene®d4 diradical in 4 and 5
are of nondisjoint type (Fig. S19t), which makes the ferromag-
netically coupled spin state (triplet) more favoured.

A subsequent increase in steric bulkiness of the tpa ligand
created by methyl groups in the pyridine rings (compound 5)
leads to further elongation of the coordination bond distances
(Fig. S20%), thus lowering the stability of the electromers
{Co™"5(Me,tpa)-pyrene“? “*-Co™ " 5(Me,tpa)} and
{Co"""S(Me,tpa)-pyrene“*S9-Co" M5 (Me,tpa)} bearing the low-
spin metal ions. As a result, the high-spin electronic state
{Co™5(Me,tpa)-pyrene®d59-Co™5(Me,tpa)} corresponds to
the ground state of compound 5, and no VT transitions are
expected. Variation of the number of methyl substituents in
the ancillary ligands does not exert significant impact on the
computed J values: ferromagnetic interactions are predicted
for the Co"™5-Sq1 and Sq1-Sq2 pairs (Table $121). Similar to
the results obtained for 4, analysis of the corresponding orbi-
tals (Fig. S18f) indicates the ferromagnetic nature of the
exchange between the HS-Co" ion and Sq moieties (Sq = 0.057
for the major antiferromagnetic pathway).

As in previous works,**?*7>7% it can be stated that differ-
ences in magnetic behaviors of compounds 3-5 are mostly
conditioned by the steric rigidity of the cobalt coordination
sites. The latter can be controlled by the number of methyl
groups in the pyridine rings of the tpa ligand. Along with
steric factors, electronic effects of the ancillary ligand also take
place. As the ancillary ligand changes from tpa (compound 3)
to bpy (compound 2) to phen (compound 1),** the {Co™-
pyrene®¥%9-Co™** and {Co™-pyrene“**®4-Co"}** electromers
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Fig. 10 Plots of relative energies calculated for compounds 1-5 with
different charge distributions (no entropic considerations).

decrease in energy relative to the {Co"'-pyrene®® “*-Co"}**

electromer (Fig. 10). As a result, one-step, two-step, and partial
VT interconversions are possible for {[Co(tpa)],(pyrene)}*’,
{[Co(bpy)].(pyrene)}**, and {[Co(phen)],(pyrene)}*" species,
respectively. Insertion of methyl groups into the tpa ligands,
i.e., compounds 4 and 5, hinders the formation of Co-N bonds
at shorter lengths, as typically required for the LS-Co™ ion
(Fig. S17 and S20%), thus stabilizing the {Co"-pyreneSeS9-
Co"*" charge distributions with no VT transitions.
Surprisingly, the type of the ancillary ligands virtually does not
affect the magnetic exchange interactions. Nevertheless, a
recent study integrating detailed theoretical and experimental
results has shown that the exchange in Co(u)-semiquinonate
systems is not simply ferromagnetic or antiferromagnetic in
nature and contains significant contributions from spin-orbit
coupling.?”

Conclusion

To conclude, three dinuclear cobalt-tetraoxolene compounds
with ancillary tpa-type ligands have been synthesized and
characterized. Variable-temperature magnetic susceptibility
and single-crystal X-ray diffraction measurements indicate that
modulating the steric hindrance of ancillary ligands by vari-
ations in the number of methyl groups can manipulate the
charge distribution and magnetic properties of the studied
compounds. Compound 3 exhibits incomplete VT transition in
the high temperature range, whereas compounds 4 and 5
retain the electronic structures of {Co"™"S-pyreneS159-Co""5}
in the entire measured temperature range. Remarkably, 4 and
5 exhibit significant ferromagnetic coupling interactions
arising from the magnetic coupling between Co' and semiqui-
none radical together with the strong magnetic interaction
between the two dioxolene halves. Theoretical calculations
were carried out to rationalize the above observations, reveal-
ing that successive introduction of methyl substituents can
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increase the steric rigidity of the cobalt coordination sites,
which stabilizes the {Co™"®-pyrene®¥®1-Co™™5} state both
sterically and electronically. This in turn alters the energetic
order and gap among the different electronic states, which
results in distinct magnetic behaviors. Comparison between
compounds with spiro-conjugated tetraoxolene ligands® and
those in the present work implies the pivotal role of the brid-
ging redox-active ligand in the nature and strength of the
exchange interactions, which indirectly affects the relative
stabilities of the electromers. Strong ferromagnetic spin coup-
ling in pyrene compounds likely arises from efficient electronic
communication of polycyclic n-conjugated system of the redox-
active ligand that stabilizes the {Co"-pyrene®151-Co"}*"
charge distribution. In the case of compounds with tetraoxo-
lene comprising a spiro linker, the electronic coupling is vir-
tually absent, which does not offer additional stabilization of
the electromers bearing non-interacting semiquinone moi-
eties. On the other hand, diradicals featuring the triplet group
state represent a popular research frontier in molecular mag-
netism. The pyrene-based ligand possesses diradicaloid
feature with strong ferromagnetic coupling and such systems
can potentially serve as single-molecule magnets. The present
work offers new chemical insights beyond the scope of valence
tautomerism alone and lays a solid foundation for future
application of n-conjugated redox-active ligands in designing
magnetically switchable systems with molecular precision.

Experimental
Materials and methods

All reagents were purchased from commercial sources and
used without further purification. Elemental analyses of C, H,
and N were performed on a EUROVECTER EA3000 analyzer.
Thermogravimetric analysis (TGA) was carried out from 318 to
1073 K on a Hitachi TG-DTA 7200 instrument with a heating
rate of 10 K min~* under N, flow. Fourier transform infrared
(FT-IR) spectra were measured on a Thermo IS5 FT-IR spectro-
meter with KBr pellets in the range of 4000-400 cm™". Solid-
state UV-Vis spectra were measured on a TU-1901 dual-beam
UV-visible spectrophotometer with BaSO, as the reference in
the range of 200-800 nm. We noted that both compounds
were highly air sensitive and hence all the solution characteriz-
ation was carried out under nitrogen. UV-vis spectra in CH;CN
at a concentration of 1 mM were recorded on a TU-1901 dual-
beam UV-visible spectrophotometer in the range of
450-900 nm.

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction (SCXRD) data of 3-5 were col-
lected on a Rigaku Oxford XtaLAB PRO diffractometer with Mo
Ka radiation at different temperatures. All structures were
solved by direct methods and further refined by full-matrix
least-squares techniques on F* with the SHELXT package.””
Non-H atoms were refined anisotropically, and all H atoms
were generated geometrically and refined isotropically. The
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single crystal of 3 was sealed in a capillary containing mother
liquor for structural determination. Attempts to define all
highly disordered solvent molecules in 3-5 were unsuccessful,
so the reflection contributions of highly disordered solvent
molecules were removed using SQUEEZE embedded in
PLATON.”®

Magnetic measurements

Variable-temperature magnetic susceptibilities were measured
on a Quantum Design MPMS XL7 magnetometer under a mag-
netic field of 5000 Oe in the temperature range of 300-2-390 K
(2-300 K for compounds 4 and 5) with a sweeping rate of 2 K
min~". The crystals of 3-5 are, respectively, sealed in an NMR
tube with the mother liquor for magnetic measurements.
Photomagnetic experiments were performed for ca. 4 mg of
freshly made compound 3 adhered to commercial Scotch tape.
In terms of the LIESST effect, the sample was exposed to 410,
465, 532, 607, 660, 750, 880, and 1064 nm lasers with the
power at the sample surface adjusted to 18 mW cm™ at 5 K
until the y\T value reached a constant, and then the light was
switched off and the magnetic susceptibilities were collected

with the temperature increasing at 1 K min™".

AD initio AILFT calculations

Ab initio calculations were performed using the ORCA
quantum chemistry software version 4.2.1.”° A state average-
CASSCF (Complete Active Space Self-Consistent Field)
method®®* with an active space composed of seven active
electrons in five active d-orbitals (CAS (7,5)) along with the
implemented Ab Initio Ligand Field Theory (AILFT) module
was employed to analyze the local ligand field. With this active
space, all 10 quartet and 40 doublet states were computed in
the configuration interaction procedure. The def2-TZVP basis
set is employed on the metal ion and def2-SVP for the rest of
the atoms.®® On top of the converged CASSCF wave function,
NEVPT2 (n-electron valence state perturbation theory) calcu-
lations were performed to account for dynamic correlation
effects.®*® Since the AILFT is restricted to monomeric
systems, one of the Co(u) centers has been replaced by Zn(u).

Density functional theory (DFT) calculations

The DFT calculations were performed using the Gaussian 16
(Revision A.03) program package with the UTPSSh
functional®®® and the standard 6-311++G(d,p) basis set
including diffuse and polarization functions on all atoms.
This methodology was shown to provide a good reproduction
of the energetic characteristics and magnetic properties of
magnetically bistable transition metal compounds,’® ™ in par-
ticular cobalt compounds with redox-active ligands.*****"7>
As calculated (Mulliken, Lowdin, NBO, Hirshfeld, and AIM)
charges do not provide reliable conclusions about the oxi-
dation state of the central ion in compounds with redox-active
ligands,”® the charge distributions of compounds 3-5 were
assigned to the corresponding electronic states on the basis of
spin density distribution and analysis of the bond lengths. It
has been earlier demonstrated®***7:7>9% that calculations of
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cationic structures of such types of compounds had led to the
significant underestimation of energies of the low-spin electro-
mers. Therefore, the calculations have been performed with
inclusion into the computational scheme of outer-sphere
counter-ions. The stationary points on the potential energy
surfaces were localized by full geometry optimization with cal-
culation of force constants and were checked for the stabilities
of the DFT wavefunction. The estimation of exchange coupling
parameter J (in cm™") was carried out by calculation of all poss-
ible charge distributions in the framework of the “broken sym-
metry” (BS) formalism®® with the use of the generalized spin-
projection method developed by Yamaguchi.’® For the search
of the BS states, the Gaussian 16 procedure (Guess = Fragment
= N) has been employed. This technique implies a possibility
to assume spin states and signs along with charges for separ-
ate parts of a molecule on the stage of generation of the initial
guess. To investigate the nature of the Co™™°-Sq exchange
interactions, the analysis of the corresponding orbitals in the
electromers {Co""(Metpa)-pyrene“* 59-Co"""S(Metpa)} and
{Co"™"5(Me,tpa)-pyrene“59-Co™ S(Me,tpa)} was performed.
Structural visualizations were prepared using the ChemCraft
software [Chemcraft: version 1.7, 2013. https://www.chemcraft-
prog.com.] with the calculated atomic coordinates as input
parameters.

Synthesis of {[Co(tpa)],( pyrene®? 59)}[Co(CO)4],-2CcH5CH; (3)

A toluene solution (5 mL) of Co,(CO)g (0.0239 g, 0.07 mmol)
was placed at the bottom of a test tube, and then a dichloro-
methane solution (5 mL) of tpa (0.0407 g, 0.14 mmol) and
pyreneQ, (0.0262 g, 0.07 mmol) was carefully layered on the
top under a N, atmosphere. After two days dark-brown plate-
shaped crystals were formed. The crystals were removed and
immersed in a 5 ml vial containing the mother liquor. Then
the crystals were rinsed several times with the mother liquor,
and the floating unreacted flocs were removed from the solu-
tion using a pipette, leaving the crystals at the bottom (yield:
17.5 mg, ~36% based on Co,(CO)g). Note that fresh samples
were transferred to filter paper for 1-2 minutes to absorb extra
solvent and then characterized. Desolvated samples obtained
by heating the as-synthesized crystals in a vacuum at 80 °C for
6 h were used for elemental analysis. IR (cm™") for 3: 440, 468,
502, 554, 614, 645, 698, 731, 747, 768, 844, 883, 905, 1051,
1131, 1147, 1276, 1287, 1311, 1362, 1402, 1442, 1462, 1481,
1564, 1606, 1667, 1882. Elemental analysis (%) for desolvated
sample of 3: C: 57.39; H: 4.34; N: 8.03. Caled for
CesHs53C04NgO4,: C: 57.72; H: 4.13; N: 7.92.

Synthesis of {{Co(Metpa)],( pyrene>?59)}[Co(CO),], (4)

A chloroform solution (5 mL) of Co,(CO)g (0.0239 g,
0.07 mmol) was placed at the bottom of a test tube, and then a
buffer layer of chloroform/toluene (v/v = 1:4, 5 mL) was
added. A toluene solution (5 mL) of Metpa (0.0426 g,
0.14 mmol) and pyreneQ, (0.0262 g, 0.07 mmol) was carefully
layered on the top under a N, atmosphere. After about one
week dark-brown plate-shaped crystals were formed. The crys-
tals were purified by the same procedure as that of 3 (yield:
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10.3 mg, ~18.4% based on Co,(CO)g). Note that fresh samples
were transferred to filter paper for 1-2 minutes to absorb extra
solvent and then characterized. Desolvated samples obtained
by heating the as-synthesized crystals in a vacuum at 80 °C for
6 h were used for elemental analysis. IR (cm™) for 4: 468, 491,
555, 645, 669, 697, 767, 842, 858, 891, 964, 979, 1021, 1052,
1099, 1157, 1239, 1282, 1366, 1441, 1467, 1574, 1606, 1885.
Elemental analysis (%) for desolvated sample of 4: C: 58.34; H:
4.31; N: 7.40. Caled for C;oHg,Co4NgO;,: C: 58.26; H: 4.33; N:
7.76.

Synthesis of {[Co(Me,tpa)],(pyrene®451)}[Co(CO),4],-2CHCI; (5)

A chloroform solution (5 mL) of Co,(CO)s (0.0239 g,
0.07 mmol) was put at the bottom of a test tube, and then a
buffer layer of chloroform/toluene (v/v = 1:4, 5 mL) was
added. A toluene solution (5 mL) of Me,tpa (0.0446 g,
0.14 mmol) and pyreneQ, (0.0262 g, 0.07 mmol) was carefully
layered on the top under a N, atmosphere. After about one
week dark-brown plate-shaped crystals were formed. The crys-
tals were purified by the same procedure as that of 3 (yield:
14.2 mg, ~25% based on Co,(CO)s). Note that fresh samples
were transferred to filter paper for 1-2 minutes to absorb extra
solvent and then characterized. Desolvated samples obtained
by heating the as-synthesized crystals in a vacuum at 80 °C for
6 h were used for elemental analysis. IR (cm™") for 5: 466, 483,
555, 646, 669, 697, 736, 786, 843, 890, 1020, 1053, 1098, 1164,
1240, 1271, 1283, 1368, 1441, 1467, 1537, 1576, 1606, 1885.
Elemental analysis (%) for the desolvated sample of 5: C:
58.97; H: 4.41; N: 7.85. Caled for C,HeoC04N5O1,: C: 58.78; H:
4.52; N: 7.62.
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