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TMPA-based Cavitary Cobalt (Il) Funnel Complexes

Nicolas Nyssen,™< Abdullah Abudayyeh,” Fedor Zhurkin, Pamela Aoun,”
Aleksandar Visnjevac,*® Benoit Colasson,” lvan Jabin,” and Olivia Reinaud*®

The synthesis of a series of mononuclear, dicationic Co" funnel
complexes is reported herein. Three ligands Calix-TMPA*
present a calix[6]arene cone closed at its small rim by a tris(2-
pyridylmethyl)amine (TMPA) unit and differ by the nature of
three cavity walls, anisole, phenol or quinone. The X-ray
diffraction  structure of [Co'"(MeCN)Calix-TMPA®"¢](CIO,),
displays a trigonal bipyramidal geometry, with Co bound to all
4 nitrogen atoms of the TMPA cap, and to one MeCN guest
molecule buried inside the calixarene cavity. All complexes
were fully characterized in solution as high spin 5-coordinate
species using various techniques, including '"H NMR spectro-
scopy. For comparison purpose, an analogous Co" complex

Introduction

It is now well recognized that supramolecular interactions play
a crucial role in controlling the reactivity of a metal center
embedded within a proteic cavity. Indeed, hydrogen-bonding,
dipole interactions, inductive effects, water molecule entrap-
ping, and the hydrophobic effect have all been shown to
drastically affect the stability, lability, and catalytic properties of
the metal ion(s) embedded within the active site. One area of
interest in bioinorganic chemistry is the supramolecular control
of metal complexes in a biomimetic environment. The use of
supramolecular chemistry associated to biomimetic coordina-
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based on the TMPA"*°" [igand, devoid of a calixarene core, was
synthetized. Its X-ray structure shows a dicationic 7-coordinate
cobalt(ll) center in the N,O; environment provided by the
ligand, leaving no space for exogenous ligand binding. This
contrasts with the 5-coordinate complexes obtained with the
calix-ligands that allow guest-ligand binding and exchange. A
brief overview of the coordination properties of the calix-
complexes, compared to those obtained with TMPA ligands,
devoid of a cavity, highlights major differences in terms of
complexation kinetics, geometry, coordination to the labile site,
anion affinity, nuclearity, and stability.

tion chemistry aims at replicating some aspects of the metal-
containing active sites found in metalloenzymes. One strategy
involves the confinement of a metal center in a macrocyclic
structure that is open to the solvent, thus allowing and
controlling guest ligand exchange! Ligands based on
calix[6]arenes covalently capped at the small rim by a nitrogen
core mimic the polyhistidine-rich environment found in
metalloenzymes.® The calix[6]arene core surrounding the guest
ligand site allows for a very fine tuning of the second
coordination sphere of the metal center. Out of the six aromatic
units forming a conic cavity, three are used to connect the
nitrogen-rich site that caps the small rim, whereas the three
others can bring various functionalities in the near environment
of the metal ion bound to the nitrogen cap, such as anisole,
phenol, or quinone.”

Biomimetic Zn" and Cu" complexes of calix[6]arenes capped
by a TMPA (tris(2-pyridylmethyl)amine) unit have been pre-
viously reported."™ The complexes allowed for the exploration
of the specific coordination properties of these metal ions when
embedded in macrocyclic architectures. Thermodynamics and
kinetics of guest-ligand exchange were explored in depth by
NMR spectroscopy with the Zn" complexes,*® while Cu"
complexes were studied as redox centers for O, activation.”
Wanting to explore reductive redox processes involving proton-
coupled multiple electron transfer, we decided to investigate
the coordination of Co" to these calixarene ligands. Indeed,
many Co complexes based on poly-aromatic aza ligands were
reported to display good to excellent activity in reductive
catalytic processes.*'™ With TMPA ligands specifically, Co"
complexes were described as active for electro- and photo-
catalytic reduction of small molecules such as CO,"*" and 0,*”
along with H, evolution.?'-*

Most of the reported Co" complexes coordinated to a TMPA
unit, devoid of cavitary control, are mono-cationic species due
to their propensity to bind anions: some are 5-coordinate with
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an anion (such as |7, CI7, Br~, TfO, SCN™ or carboxylates) bound
at the apical site of the trigonal pyramid or 6-coordinate with
anionic donors."*** ?* Many complexes have been reported
with  bidentate ligands such as hydroxamates or
carboxylates.®*¥ With neutral ligands, only few well-defined
complexes were reported, such as nitrilo dicationic
complexes.**** Some bridged TMPA-based Co complexes have
also been described. However, the Co cations are present in a
higher oxidation state. Dinuclear diamond bridged (nO~,uO")
Co" complexes were reported for C—H activation."**"

All these data encouraged us to explore the coordination
chemistry of Co" when constrained in the macrocyclic structure
provided by the calix[6]arene core capped by the TMPA ligand.
The idea is that the cone-like macrocycle would constrain the
metal ion in @ mononuclear state with a proximal environment
defined by the calixarene and its functionalization pattern
(Figure 1). Importantly, this type of cavity, although capped at
the small rim of the calixarene core by the nitrogenous donor,
would remain open to the solvent at the other side (large rim),
allowing guest ligand (G) exchange, essential for catalysis.
Variation of the functionalization pattern (X, see Figure 1) of 3
out of the 6 aromatic units at the small rim would allow fine-
tuning of the environment around the embedded metal center.
The present article reports the synthesis of these calixarene-
based Co" complexes and explores the general trends of their
chemical behavior in terms of coordination environment,
stability, and ligand exchange compared to their TMPA analogs
without the calixarene moiety.

l \j(mo‘t)z

@@E@E@

@ = Guest ligand

Figure 1. Host-guest properties of targeted calixarene-based complexes,
[Co"(G)Calix-TMPAX](CIO,), (X=0Me, OH, Q).
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Figure 2. Synthetic scheme (left) and XRD structure (right) of
[CO"TMPA2°"](ClO,),. H atoms (except OH ones) and counter ions are
omitted for clarity. Bond lengths (A): N1-CO1 2.092(4), N2-CO1 2.298(3), N3-
CO1 2.111(3), N4-CO1 2.107(3), 01-CO1 2.271(3), 02-CO1 2.233(3), 03-CO1
2.266(3). Bond angles (°): N1-CO1-N4 110.17(13), N1-CO1-N3 113.73(13), N1-
CO1-02 89.57(14), N4-CO1-03 73.15(11), N3-CO1-03 88.66(12), 02-CO1-03
80.58(12), N1-CO1-01 73.36(13), N4-CO1-O1 88.64(12), N3-CO1-O1
150.44(13), 02-CO1-01 78.91(13), 03-CO1-01 78.73(12), N1-CO1-N2
74.04(13), N4-CO1-N2 73.67(11), N3-CO1-N2 73.28(12), 02-CO1-N2
131.65(12), 03-CO1-N2 131.45(11), O1-CO1-N2 134.32(13).
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Results and Discussion

For the sake of comparison with calixarene-based TMPA
complexes, the Co" complex of ligand TMPA®?°" was first
synthetized (Figure 2). Reacting one equivalent of cobalt(ll)
perchlorate hexahydrate with the ligand under an inert
atmosphere in MeCN at room temperature led almost immedi-
ately to a dark pink solution, from which single crystals suitable
for X-ray diffraction analysis were obtained by diethyl ether
diffusion. The XRD structure shows a Co" center in a hepta-
coordinate environment in a distorted capped trigonal pris-
matic mode (Figure 2). The three hydroxymethyl arms occupy
the basal positions of the distorted prism and are relatively
weekly bound, as indicated by the long Co—O distances (>
22 A). The longer bond to the tertiary amine nitrogen N2
(230 A) caps the expanded triangular face formed by Co—N
bonds to the pyridyl nitrogen atoms N1, N3 and N4, at the apex
of the distorted prism. A similar coordination pattern was
previously reported for the Mn" complex of the very same
ligand."?

In solution, the complex was characterized by 'H NMR
spectroscopy in CD;CN. The G, symmetry of the complex is
reflected by the presence of three peaks for the coordinated
pyridyl donors, and two peaks for the methylene protons. The
formers are the most low-field shifted (6=167.1, 53.2 and
41.0 ppm), in accordance with their shorter coordination bonds.
Comparatively, the methylene protons connecting the four
other donors are less shifted (§=12.43 and 10.47 ppm), lying at
longer distances from the metal center. The UV-VIS absorption
spectrum displayed three bands at 486, 686 and 1000 nm with
€<50 M 'em™, which is consistent with a high coordination
number.”**! The characterization was completed with the IR
spectrum, confirming the presence of ClIO,” counter anions (5=
620 cm™'), and HRMS (see the SI).

The three Co"Calix-TMPA* complexes were synthesized in
good yields (>80%) in MeCN by reacting ligands Calix-TMPA*
with cobalt(ll) perchlorate hexahydrate (Figure 3). The reaction
required extensive heating to achieve full complexation of the
ligands, yielding [Co(MeCN)Calix-TMPAX][CIO,],. This stands in
strong contrast with TMPA ligands deprived of a calixarene
core, for which complexation proceeds within minutes at room
temperature. Furthermore, the reaction time varied with the
nature of the functionalization of the calix-core. With ligands
Calix-TMPA°"® and Calix-TMPA?, overnight heating at 80°C
was required to obtain full complexation, while with Calix-

O\o
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\
[Co(OH2 (ClO4),

MeCN, A /Q )

X =0OMe : 80%
X=0H:81%
X=Q:83%

Calix-TMPAX [Co'(MeCN)Calix-TMPAX|(CIO,),

Figure 3. Synthesis of calixarene-based complexes, [Co"(MeCN)Calix-
TMPAX](ClO,), (X=0OMe, OH, Q).
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TMPA®", the reaction was complete after only 6 hours at 80°C.
In each case, the reaction of Calix-TMPA* with the metal salt
first led to the mono-protonation of the TMPA cap, and heating
the solution was necessary to displace the equilibria {formally
TMPAH" + Co(OH)" & TMPA + Co(OH,)*" & TMPACo*" +

)

CEY

Figure 4. XRD structures of Co" complexes obtained with calix[6]arene-based
ligands providing a TMPA or a tris(imidazole) coordination site. H atoms and
counter ions are omitted for clarity. a) side view and top views of
[Co"(MeCN)Calix-TMPA®<]2*, Bond lengths (A): N1-Co1 2.097(10), N2-Co'l
2.157(10), N3-Co1 2.154(9), N4-Co1 2.149(9), N5-Co1 2.065(10). Bond angles
(%: N5-Co1-N1 179.1(3), N5-Co1-N3 102.0(3), N1-Co1-N3 78.9(4), N5-Co1-N2
101.1(3), N1-Co1-N2 78.6(4), N3-Co1-N2 117.4(3), N5-Co1-N4 102.4(3), N1-
Co1-N4 78.9(4), N3-Co1-N4 117.6(4), N2-Co1 N4-112.6(4). b) [Co"(EtCN)Calix-
tris(Imme)]*™. ¢) [Co"(MeCN),Calix-tris(Imme)]** !

H,0} in favor of the metal complex. Such a slow kinetic for the
complexation process is obviously related to the restricted
access to the TMPA site due to constraints imposed by its
connection to the calixarene core. The relatively faster process
observed with Calix-TMPA®" can be ascribed to transient
assistance of the oxygen donors phenol functions (X=OH)
present at the small rim of the calixarene, that are less bulky
than those of the anisole units (X=0Me) and better donor than
those of the quinones (X=Q)." All three Co" complexes
obtained with ligands Calix-TMPA* are highly stable either in
solution (at 80°C, for hours) or in the solid state (months). In
contrast, the complex synthetized with the simple TMPA ligand,
[Co"(MeCN)TMPA](CIO,),,*” decomposed in the solid state with-
in a few weeks.

Single crystals suitable for X-ray diffraction analysis were
obtained for [Co(MeCN)Calix-TMPA°"¢][CIO,], by diethyl ether
diffusion into a solution of the complex in MeCN. The XRD
structure reveals a 5-coordinate environment for the Co" center
due to its coordination to the TMPA cap, which, hence, acts as a
tetradentate ligand, and one intra-cavity bound acetonitrile
molecule (Figure 4 Top). The latter sits in the heart of the
calixarene cavity, along the non-crystallographic C; axis of the
trigonal bipyramidal (TBP) structure. The bipyramid is slightly
compressed as the tertiary nitrogen of TMPA and the MeCN
guest ligand lie at slightly shorter distances than the pyridyl
donors, which contrasts with [Co"(MeCN)TMPAJ** complexes
without a calixarene cavity attached (see Table 1), displaying an
elongated TBP geometry."®”*¥ Such an environment also
differs strongly from complex [CO"TMPA®M?°M1>* where the
oxygen donors are all bound, with no MeCN solvent coordi-

Table 1. Comparative data of Co" complexes.

[Co(MeCN),(Calix-tris(Imme))1[ClO,], '

[Co(TMPA™H[CIO,],

[Co(MeCN)(Calix-TMPA®™)][CIO,],

[Co(MeCN)(Calix-TMPAH)][CIO,],
[Co(MeCN)(Calix-TMPAY][CIO,],

[Co(H,0)(Calix-TMPA®M]ICIO,],

Complex Amax (NM) Bond distances (A) e Uetr (1Lg)
(e/M'em™) Ns=MeCN
[Co(MeCN)TMPA][CIO,], B 472 (85), 552 (72) in MeCN Co-N,,: 2.177 0.94 42
Co-Np,: 2.04-2.05
Co-Nyecn: 2.05
[Co(G)(Calix-tris(Imme))][ClO,], " G=H,0 in CH,Cl,: 523 (230), 564 (336), 592 (339) G=MeCN: Co-N,,;: 1.996, 2.002, 2.003 46

530 (170), 566 (260), 595 (230) in MeCN/CH,Cl,

486 (50), 686 (5), 1000 (11) in MeCN

346 (367), 484 (89), 618 (67) in MeCN

343 (556), 478 (122), 613 (93) in MeCN 35

369 (1849), 475 (733), 603 (256) in MeCN 3.8

453 (152), 480 (166), 602 (55), 635 (72) in acetone

Co-Nyecn encot 1.956

Co-N,,;: 2.046, 2.053, 2.061 (av.: 2.053) 0.69 /
Co-Npec endo: 2.078
Co-Nyecn exor 2.171

CoN,,: 2298 46
Co-Np,: 2092, 2.111, 2.107
Co-OH: 2.271, 2.233, 2.266

Co-N,;: 2.09 1.05 38
Co- N,,: 2,16, 2.14, 2.15
Co-Npyecn: 2.04
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nated. Such a difference stems from constraints imposed by the
calixarene skeleton that maintains the oxygen atoms at
distances longer than 4 A, whereas protecting the apical site for
guest binding in the center of the cavity. This cobalt complex
also differs from the one we previously reported with a related
calix[6]arene-based ligand, namely Calix-tris(Imme), presenting
three imidazolyl donors connected through the same
methylene linkers to the phenolic units.* With the cobalt
complex of Calix-tris(Imme), two different coordination sites
were available for exogenous ligands. Indeed, beside the endo-
coordinated guest ligand, a second site remained open to the
solvent, in the exo-apical position. The latter could be occupied
or not, leading to a Co" center that can switch from a 4-
coordinate tetrahedral environment to a 5-coordinate, distorted
and elongated TBP environment, depending on the conditions
(Figure 4 Bottom and Table 1). With Calix-TMPA®™, the apical
exo-position is occupied by the tertiary nitrogen atom of the
TMPA cap that prevents exo-binding of extra-donors along the
C; axis. Another important difference with the tris(imidazole)
system stems from the different conformation adopted by the
calixarene core. In both cases, the aromatic units adopt an
alternate in/out orientation relative to the center of the cavity.
However, whereas the oxygen atoms connected to the aza-
donors are projected toward the inner face of the cavity walls
for imidazoles, they are constrained in the opposite direction
(ie. toward the outer face) for the rigid TMPA cap. As a result,
the oxygen lone pairs of the anisole units are oriented toward
the metal center when bound to the 3 imidazole arms, whereas
they point toward the solvent, away from the metal center with
TMPA. Finally, the presence of the three methyl groups prevents
a change in orientation of the oxygen lone pairs, hampering
any assistance during the coordination of the Co" cation. This
rotation becomes possible with the phenol units of Calix-
TMPA®" and explains, as observed with Zn", the fastest kinetics
of complexation.

Lastly, the hereby presented crystal structure resembles the
one obtained with Cu" (5-coordinate center with MeCN as a
guest ligand), although bond distances differ significantly:
longer Cu-N,, bond (2.30 vs 2.15 R) and shorter Cu-N,.cy bond
(1.92 vs 2.07 A).®

The three [Co'(MeCN)Calix-TMPA*](CIO,), complexes were
characterized in solution by '"H NMR spectroscopy (Figure 5).
The three spectra show two H,, signals at low-field, whereas the
third H,, is high-field shifted, below 0 ppm. All the other signals
are located within the 0 to 8 ppm window. The similarity of the
'H NMR signatures and chemical shifts advocates for very
similar structures and is in accordance with the above-depicted
solid state G;, symmetrical structure. It is to be noted that none
of the methylene protons close to the Co" center (NCH,, OCH,)
could be detected, probably because of extensive broadening
of the corresponding signals due to the paramagnetism of the
metal ion.

Interestingly, in the case of ligand Calix-TMPA®™, the
coordination of a CH;CN guest could be clearly evidenced in
the '"H NMR spectrum recorded in CD;CN. Indeed, when the
spectrum was recorded shortly after the preparation of the Co"
solution of the isolated complex dissolved in dry CD,CN, an

Eur. J. Inorg. Chem. 2024, 27, €202400228 (4 of 8)
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Figure 5. "H NMR of [Co"(MeCN)Calix-TMPAX](CIO,), (500 MHz, 298 K) in
CD,CN. X=a) OMe, b) OH, ¢) Q. The NCH, and OCH, protons could not be
detected. *1,1-2,2-C,H,Cl, used as an internal reference. The assignments
were done by peak integration and comparison with the literature data (see
ref. [39]).

extra resonance at 26 ppm was detected (Figure 5). This
resonance integrated for approximately 3 protons and gradually
disappeared over time (after a few hours, see the SI). It could be
unambiguously assigned to one equivalent of CH,CN guest
ligand, originating from the solvent used for the synthesis of
the complex, which undergoes slow exchange with CD,CN
during 'H NMR analyses. With Calix-TMPA®" and Calix-TMPA®,
the CH;CN guest ligand could not be observed, which is
explained by a much faster exchange rate. These observations
qualitatively align with our previous studies with the analogous
Zn" complexes: very slow guest exchange in the case of Calix-
TMPA®M® much faster with Calix-TMPA®°" and Calix-TMPA2. The
mechanism of guest exchange has been the subject of in-depth
kinetic studies with the diamagnetic Zn" complexes.” They
revealed the key role played by a single molecule of water (due
to the presence of residual water in the solvent) that transiently
binds to the metal center, thereby catalyzing the expulsion of
the organic guest ligand.

The magnetic moments, measured by Evans method™”
(Table 1), indicate a high spin state for the three complexes in
MeCN (S=3/2)% The UV-VIS absorption spectra show the
presence of two main bands in the visible region, at ca. 480 and
630 nm, with extinction coefficients of ca. 50-80 M~'cm™'
(Figure 6). These absorptions are typical for 5-coordinate Co"
complexes™™¥ and are clearly different from those exhibited by
the 7-coordinate complex Co"TMPA2°" |R spectra of the three
complexes further confirmed the dicationic state of the cobalt
ion, with two perchlorates as counterions (see the SI).

Finally, it is worth to note that when Calix-TMPA®™® was
reacted with CoCl, in MeCN, the same 'H NMR signature was
obtained as for the perchlorate complex. This indicates the
formation of the dicationic [Co"(MeCN)Calix-TMPA®M]** species
with, most probably, the associated formation of CoCl,>” as
counterion (see the Sl). In contrast, the same reaction with
ligand TMPA yields a monocationic complex with a chloride
bound to the metal center.”®*"
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Figure 6. UV-Vis spectra stack of the [Co"(MeCN)Calix-TMPA*](CIO,), com-
plexes in MeCN (0.9 mM); X=0OMe: blue, X=OH: green, X=Q: red trace.

Aqua and DMF Complexes

Having noticed the exceptional stability of dicationic nitrilo-Co"
complexes within the calixarene core, we ought to synthesize
and characterize other species. For this purpose, we chose the
Calix-TMPA®" ligand for which complexation and ligand
exchange processes are faster than for the more sterically
encumbered Calix-TMPA®™® ligand. When Calix-TMPA®" was
reacted with cobalt(ll) perchlorate hexahydrate in the poorly
coordinating solvent acetone (instead of MeCN), a new complex
was isolated. The corresponding 'H NMR spectrum, recorded in
acetone, showed resonances clearly different from those of the
above-described MeCN complex in the same solvent (Figure 7).
UV-vis, IR and mass spectra indicated the formation of a
dicationic complex. By analogy to the Zn" complex, we assumed
that this dicationic complex is the aqua complex™ When
aliquots of MeCN were added to an acetone solution of this
complex, the '"H NMR spectrum showed the formation of the
corresponding MeCN complex. When DMF was added instead
of MeCN, a new signature was obtained. By comparison of the
three different spectra, peaks at 30.2 and 39.2 ppm could be
attributed to the methyl groups of the coordinated DMF
molecule sitting inside the cavity [for comparison, §(MeCN)=
29.5 ppm in the same solvent, Figure 7]. A titration experiment
of the DMF complex by MeCN showed a fast exchange process

Hpy Hey

NS Y | k

CH; pwe Hpy

&Jr\\______.._ -/
Hpy Hey CH,CN Hey

) A Ul

70 65 60 55 50 45 40 35 30 25 -1 2 -3
& (ppm)

CH; e

Figure 7. 'H NMR spectra of [Co(G)Calix-TMPA®"](CIO,), in acetone-dg: From
Top to Bottom: As synthesized in acetone: G =H,O; After addition of DMF :
G =DMF; As synthesized in MeCN: G=MeCN.
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at the experiment time scale, but slow at the NMR shift time
scale. Relative integration of the peaks corresponding to the
various species in solution yielded a relative affinity of Kyecnomr
of the Co" center of 841 (see the SI). This highlights a higher
affinity for MeCN than for DMF, in spite of the fact that it is a
less c-donating ligand. A similar value was previously reported
for the Cu" complex of Calix-TMPA®™® (Kyecnome=3), and was
attributed to the exceptional shape complementarity of the
calixarene core and the linear MeCN guest.™

Conclusions

Herein, we have described the synthesis and full character-

ization of four new Co" complexes, namely

[CO"TMPA®°H](ClO,),, and [Co"(G)Calix-TMPAX](CIO,), with the

anisole (X=0Me), phenol (X=0H) and quinone (X=Q) deriva-

tives of the calix[6]arene-based ligands. All complexes are
dicationic, associated to two perchlorate counter ions. When
isolated from acetonitrile, the calix-complexes present a nitrile
guest ligand that is strongly bound to the metal center, in the
heart of the calixarene cavity. When synthetized in a poorly
coordinating solvent such as acetone, the corresponding aqua-
complex is isolated. In solution, the water guest can be readily
displaced by MeCN or DMF that nicely fills the calixarene cavity.

The 5-coordinate environment is maintained despite the

presence of six oxygen donors on the calixarene ligands. This

contrasts with the hepta-coordinate [Co'"TMPA®*2°"]** complex
for which all three oxygen donors are bound to the metal ion,

leaving no space available for acetonitrile binding. Such a

coordination control is obviously due to the presence of the

calixarene core that maintains all the oxygen donors at remote

distance from the metal center (more than 4 A).

To sum up, the coordination behavior of the calix-
complexes showed number of differences with the Co"
complexes based on simple TMPA ligands, devoid of a
calixarene cavity:

— Complexation — Whereas coordination of Co" to TMPA occurs
almost instantaneously in acetonitrile, full complexation to
calix-ligands required extensive heating for several hours.
Such a slow kinetic is explained by the restricted access to
the nitrogen donors that are oriented toward the center of
the cavity to which they are connected.

- Stability - All Co" complexes herein characterized with
ligands Calix-TMPA* are highly stable both, in solution or in
the solid state. In contrast, the complex synthetized with the
simple TMPA ligand, [Co"(MeCN)TMPA](CIO,),*® decom-
posed in the solid state within a few weeks.

- Geometry - in all cases, the Co" center seats in a TBP
geometry with a high spin state. However, whereas its bond
to the apical N-donor of TMPA is much longer than the four
others, it is the converse situation with Calix-TMPA®"®: both
apical donors display shorter bonds than the three pyridine
residues.

- Coordination at the labile site - the Co" ion embedded in the
calix-ligands displays a much higher affinity for MeCN than
for chloride. The calixarene provides not only an oxygen-rich

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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environment around the coordination site that disfavors
anion binding, but also a remarkable complementary size
and shape for a linear ligand such as MeCN, as shown by a
higher relative affinity compared to DMF. Such a coordina-
tion behavior contrasts with TMPA with no calixarene,
whatever the substitution pattern is, as with these ligands,
only few dicationic Co" complexes have been reported.

— Nuclearity - In all conditions, the calix-complexes are
maintained in a mono-nuclear state, due to the protection by
the cavity surrounding the labile site. This also contrasts with
TMPA complexes that display a high propensity to form
dinuclear complexes by spontaneous deprotonation of water
or in the presence of potentially bridging anions.

All in all, the high stability of the calix-complexes combined
with the full control of the 2™ coordination sphere that is
tunable by various functions: anisole, phenol, quinone, possibly
acting as proton relay or electron reservoir, make them very
promising for reductive catalysis, which we are currently
exploring.

Experimental Section
Synthetic Procedures for the Co" Complexes

[CO"TMPA*"](ClO,),

In a double-neck round bottom flask (25 mL), TMPA**°" (53 mg,
139 umol) was dissolved in de-oxygenated MeCN (3 mL). An
acetonitrile solution (3 mL) of [Co"(H,0)¢](CIO,), (52 mg, 142 umol)
was then added under flow of Ar. The solution became dark pink,
and was stirred for 30 min. at room temperature. Ether diffusion
(10 mL) into the solution led to the formation of a pink crystalline
solid. The solid was filtered off and washed with ether (40 mg,
66 %).

'H NMR (500 MHz, CD,CN, 300K), § (ppm): 167.13 (bs, 3H, Hoy)s
53.22 (s, 3H, Hy,), 41.04 (s, 3H, Hy,), 12.43 (bs, 6H, CH,0), 10.17 (s, 6H,
CH,Py).

'"H NMR (500 MHz, CD,0OD, 300 K), & (ppm): 160.83 (bs, 3H, H,,),
51.35 (s, 3H, Hyy), 41.76 (5, 3H, Hy,), 14.82 (bs, 6H, CH,0), 11.08 (s, 6H,
CH,N).

ESI-MS in MeOH: m/z (M=[Co'"TMPA"*°"] = C,,H,,CoN,0; calc.
439.1180): 219.5578 (M*" calc. 219.5576), 538.0634 (IM+ClO,] *
calc. 538.0660).

IR-ATR, drop casting from MeCN solution, 7 (cm™')=3338.5 (O—H
alcohol), 2940.9 (C—H aliphatic), 1609.0 (C=C py), 1105.1, 620.7
(Cloy)

[Co"(MeCN)Calix-TMPA®™¢](CIO,),

Using a Schlenk tube under an argon flow, Calix-TMPA®™® (50 mg,
37 umol) was suspended in anhydrous deaerated MeCN (4 mL).
[Co"(H,0)](ClO,), (15 mg, 41 pmol, 1.1 eq) and additional MeCN
(2mL) were then added. After overnight heating at 80°C (the
solution color changed from colorless to turquoise), and cooling
back to room temperature, the reaction solution was layered with
deaerated diethyl ether (30 mL) and left 2 hours. A turquoise solid
then formed and was filtered off, washed with ether (5x5 mL),
affording [Co"(MeCN)Calix-TMPA®™¢](CIO,), (50 mg, yield: 80 %).
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'H NMR (500 MHz, CD,CN, 300K), & (ppm): (500 MHz, CD,CN,
298 K), 68.71 (3H, Hp), 30.62 (3H, Hy,), 26.45 (3H, CHiCNyue), 7.57
(6H, Ha), 7.41 (6H, H,y), 3.59 (6H, ArCH,), 3.27(6H, ArCH,), 1.51 (27H,
tBu), 1.35 (27H, tBu), 0.80 (6H, CH,N), —1.78 (3H, Hpy)

IR-ATR [Co"(MeCN)Calix-TMPA°¢](ClO,),, drop casting from MeCN
solution, ¥=2960.3 (C—H aliphatic), 1654.6 ((=N pyridine), 16124,
1481.3 (py), 1109.1, 622.0 (ClO,) cm™

ESI-HRMS: m/z (M =[Co"Calix-TMPA®] = C4H,0sCoN,O¢ = calc.
1399.7601): 720.3916 ([M+MeCNI** calc 720.3916), 1416.7627 (M
+OH]" calc. 1414.7628), 1539.7346 ([M+MeCN+CIO,]" calc.
1539.7351)

[Co"(MeCN)Calix-TMPA°"](ClO,),

Under argon using a Schleck tube, Calix-TMPA®" (33 mg, 25 pmol)
was suspended in anhydrous deaerated MeCN (4 mL). A solution of
[Co(H,0)6l[CIO,], (10 mg, 26 umol, 1.05 equiv.) dissolved in MeCN
(1 mL) was then added, and the mixture was heated at 80°C for
6 hours. The solution (initially pink) became turquoise and some
solid precipitated out. After cooling (back to RT), the solution was
layered by deaerated diethyl ether (15 mL). Turquoise needles were
then obtained from the solution, filtered off and washed with ether
(3x5 mL) affording [Co"(MeCN)Calix-TMPA°"](CIO,),, (32 mg, yield:
81%).

'H NMR (500 MHz, CD,CN/CDCl; 1:1 v/v), 300K), & (ppm): 66.48
(3H, s, Hp), 3131 (3H, s, H,), 7.45 (6H, s, Hy), 7.35 (6 H, 5, Hy), 3.59
(6H, s, ArCH), 3.15 (6H, s, ArCH), 1.47 (27H, s, tBu), 1.42 (27H, s, tBu),
—1.07 (3H, 5, Hp)).

'H NMR (500 MHz, CD5CN, 300 K), 8 (ppm): 66.97 (s, 3H, Hp,), 31.59
(s, 3H, Hpy), 7.50 (s, 6H, Hp,), 7.44 (s, 6H, H,,), 3.57 (s, 6H, ArCH,), 3.18
(s, 6H, ArCH,), 1.47 (s, 27H, tBu), 1.45 (s, 27H, tBu), —1.34 (s, 3H, Hp,).

IR-ATR [Co"(MeCN)Calix-TMPA®°"](CIO,),, drop casting from MeCN
solution, ¥=3328.5 (O—H phenol) 2957.1 (C—H aliphatic), 1613.9,
1481.0 (py), 1104.8, 1054.6 and 623.9 (ClO,") cm™.

ESI-HRMS: m/z (M=[Co"Calix-TMPA®"] = Cg,H,,CoN,Os = calc.
1357.7131): 699.3369 (M +MeCNJ** calc. 699.3686), 1497.6852 ([M
+MeCN+ClO,]™ calc. 1497.6876).

[Co"(MeCN)Calix-TMPA?](CIO,),

Calix-TMPA® (100 mg, 0.084 mmol) was solubilized by sonication
and heating in acetonitrile (10 mL). [Co"(H,0)s] (ClO,), (35 mg,
0.095 mmol, 1.1 equiv.) was then added under Ar and the reaction
mixture was heated at 70°C in a closed tube for 22 h. The reaction
was followed by 'H NMR and stopped when no more protonated
ligand was observed. The solvent was then removed in vacuo and
the brown residue was suspended in 50 mL of CH,Cl, and filtrated
on celite to give a very dark brown solid and a yellow/green filtrate.
The celite pad was washed two times with CH,Cl,. The filtrates were
evaporated, dissolved into a minimum of CH;CN, Et,0 was added
and the precipitation was continued in the fridge (4°C) overnight
to yield the desired complex as a yellow solid (104 mg, 83 %).

"H NMR (500 MHz, CD,CN, 300 K), 3 (ppm): 66.60 (s, 3H, H,,), 31.40
(s, 3H, H,,), 7.58 (s, 6H, Hy,), 6.88 (s, 6H, Hy), 3.28 (s, 6H, ArCH), 3.10
(s, 6H, ArCH) 1.59 (s, 27H, tBu), —1.05 (s, 3H, H,,).

IR-ATR (cm™") drop casting from MeCN solution: ¥=2968.0, 2901.1
(C—H aliphatic), 1654.7 (C=0 quinone), 1612.5, 1579.12 (py), 1092.1,
623.7 (CIO,) cm™’
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ESI-HRMS: m/z (M=[Co"Calix-TMPAY = C,;H,,CoN,0, = calc.
1231.4620): 636.2453 (M +MeCN]*" calc. 636.2443), 1371.4378 (M
+MeCN+ClO ] calc. 1371.4371).

CCDC 2259825 ([Co"TMPA®?°H](ClO,),) and CCDC2259838 ([Co'-
(MeCN)Calix-TMPA°¥][CIO,],) contain supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum  Karlsruhe at http://www.ccdc.cam.ac.uk/struc-
tures”.

Supporting Information

The authors have cited additional references within the
Supporting Information.”>*® Complementary characterization
data (spectra) and crystallography data can be found there.
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