|

) <

The University of Osaka
Institutional Knowledge Archive

Title Synthesis, Structures, and Properties of
Terphenyl Diamido Complexes of Cobalt(I)

Author (s) | Kobavashi, Suiho; Yamada, Yuka; Hatanaka,
Tsubasa et al.

Citation |European Journal of Inorganic Chemistry. 2025

Version Type|AM

URL https://hdl.handle.net/11094/100218

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



WILEY . vcH

Synthesis, Structures, and Properties of Terphenyl Diamido

Complexes of Cobalt(l)

Suiho Kobayashi,® Yuka Yamada, ! Tsubasa Hatanaka,* ¥ Motohiro Nakano,® and Yasuhiro

Funahashi* @

[a] S. Kobayashi, Y. Yamada, Prof. Dr. T. Hatanaka*, Prof. Dr. Y. Funahashi*
Department of Chemistry, Graduate School of Science, Osaka University
1-1 Machikaneyama, Toyonaka, Osaka, 560-0043, Japan
E-mail: hatanakat13@chem.sci.osaka-u.ac.jp
E-mail: funahashi@chem.sci.osaka-u.ac.jp

[b] Prof. Dr. Motohiro Nakano

Research Center for Thermal and Entropic Science, Graduate School of Science, Osaka University

1-1 Machikaneyama, Toyonaka, Osaka, 560-0043, Japan

Supporting information for this article is given via a link at the end of the document.

Abstract: To obtain a novel type of low-coordinate, low-valent
complexes of cobalt, we performed synthesis and reactions of cobalt
complexes supported by TDAR ligands, which possess highly
electron-donating amide groups with a terphenyl framework.
Synthesis of TDARCo(l) complexes 3 and 4 was successfully achieved
by reducing Co(ll) precursors 1 and 2 with potassium graphite. X-ray
crystallography revealed that the cobalt centers are located close to
the central aromatic rings of the TDAR ligands, and the reduction of
Co(ll) to Co(l) strengthens this Co—arene interaction. Reaction of the
cobalt(l) complexes with pyridine or DMAP provided N-donor ligated
complexes 5 and 6. Surprisingly, the Co—aromatic ring interactions in
these complexes were found to be even stronger than those in 3 and
4. These interactions with the aromatic rings were investigated in

detail using computational methods.

Introduction

Monovalent cobalt species are among the most promising
chemical species in the field of small molecule transformations
mediated by first-row transition metals, with numerous
stoichiometric and catalytic reactions having been reported.?!
These reactions were typically achieved using in situ generated
Co(l) species by the action of simple cobalt(ll) salts and Grignard
reagents or well-defined Co(l) complexes bearing phosphines or
carbonyls as ancillary ligands. While understanding the full
mechanistic scenario of these reactions opens pathways to
improving the established reactions and discovering novel
reactions, studying the true reactive species—coordinatively
unsaturated Co(l)—poses considerable difficulties. This is due to
the fact that such reactive Co(l) species are generally high-spin
paramagnetic compounds, making their characterization difficult
unless isolated as crystals. Furthermore, stabilizing their low-
coordinate states to prevent aggregation or decomposition is
challenging, and their extreme sensitivity to air and moisture
further complicates isolation. Thus, while elucidating the
properties and reactivity of coordinatively unsaturated Co(l)
species is a compelling goal, their full nature and behavior remain
largely unraveled in the field.

Bulky anionic amide ligands are known to be useful for
facilitating the synthesis of low-coordinate transition metal

complexes.®! However it is only in recent years that the synthesis
of low-valent cobalt amide complexes has been unveiled,
beginning with the 2014 work of G. J. Long and P. P. Power et al.
on [Co{N(SiMes)Dipp}2]~ (Dipp = 2,6-diisopropylphenyl). Since
then, (NHC)Co{N(Ar*)(SiPh3)} (NHC = :C{N(Pr)C(Me)}, Ar* =
CesH2{C(H)Ph2}2Me),®!  [Co{N(SiMes)2}2]~,[®! (IPr)Co{N(SiMes)2}
(IPr = :C{N(Dipp)C(H)}2),"" [Co(TIPSDAX)]™ (TIPSDAX: xanthene-
based tridentate NON ligand),®®! (IPr)Co{N(SiMes)Dipp},® and
[Co{N(SiMe2zR)Dipp}2]~ (R = Ph, allyl)l"® have been reported,
except for amide complexes stabilized by t-acidic phosphine
ligands. Notably, the extensive studies by Werncke group have
recently shed light on the reactivity of the cobalt(l) bisamide
complexes.['"" These investigations are invaluable as they
provide new insights into small molecule activation using low-
coordinate cobalt(l) centers.

To further expand the scope of this class of compounds, we
decided to employ a terphenyl diamide (TDAR) ligand (Figure 1),
which features a terphenyl backbone with two amide groups, and
bulky aryl substituents, Mes (2,4,6-trimethylphenyl) or Dipp,
attached to the nitrogen atoms. The electronic properties of
[TDAR]? (R = Mes, Dipp) render the cobalt center electron-rich,
owing to the strong electron-donating ability of the amide groups.
In terms of steric characteristics, the bulky aryl substituents
kinetically stabilize the coordinatively unsaturated cobalt center
by preventing undesired dimerization through bridging by the
amide ligands. Most notably, the central aromatic ring of the
terphenyl skeleton can weakly coordinate to the cobalt center by
using its - or Tr*-orbitals, providing slight stabilization of the low-
coordinate metal center. These features are expected to facilitate
the synthesis and isolation of reactive, low-coordinate cobalt(l)
complexes supported by amide ligands.

Herein, we describe the synthesis of novel low-coordinate
Co(l) complexes supported by terphenyl-based bisamide ligands,
which were characterized through crystallographic,
electrochemical, magnetochemical, and computational studies.
Additionally, we briefly examine their reactivity with N-donor
ligands, highlighting the potential versatility of these cobalt(l)
complexes in coordination chemistry.
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Figure 1. Important features of TDAR ligand.

Results and Discussion

Synthesis of the H2TDAMes ligand using Buchwald—Hartwig
coupling reaction!'? has been previously reported by A. S. Veige
et all'"¥ Modifying the synthetic procedure, we prepared the
ligands H2TDAR (R = Mes, Dipp). Specifically, terphenylene
dibromidel'¥ was allowed to react with trimethyl or diisopropyl
aniline in toluene at 100 °C to provide H2TDAR, which were
isolated in 70% yield for R = Mes and 37% yield for R = Dipp,
respectively. The NMR features of TDAR are indicative of highly
symmetric structures, as only one set of aryl and terphenyl
resonances are present (Figure S1, S2).

The reaction of H2TDAR with a strong base KN(SiMes)2 and
cobalt chloride followed by addition of 15-crown-5 ether afforded
anionic [(TDAR)Co"CI]” complexes 1 and 2, respectively (Scheme
1). A similar procedure without crown ether provided neutral
(TDARYCO"(THF) complexes 1" and 2', in which a THF molecule
coordinates cobalt center instead of the chloride ion. Notably, it
was difficult to obtain these THF complexes with both good yield
and purity, and unoptimized crystallization always resulted in a
mixture containing a white powder, presumed to be KCI.

3)2eq. 15-¢c-5

R R r.t.

K(15-c-5),
R
1) 2 eq. K{N(SiMes),} Y
2) CoCl, R P
N—Co—cl

1:R = Mes, 74%
2: R = Dipp, 60%

O R
\
N

. R
1) 2 eq. K{N(SiM /
) 2 eq. K{N(SiMe3)} \N/C,'O—THF

\ 2) CoCl, H
THF Q
r.t.
1" R = Mes, 51%
2": R = Dipp, 38%

Scheme 1. Synthesis of cobalt(ll) complexes having TDAR, where R = 2,4,6-
trimethylphenyl (Mes) or 2,6-diidopropylphenyl (Dipp). 15-c-5 denotes 15-
crown-5 ether.

X-ray crystallography revealed that all four complexes have
monomeric structures supported by two amide groups of [TDAR]?~
ligand and one chloride ion for 1 and 2 or one THF molecule for
1"and 2’ (Figure 3, S6, S10, S13, S15). In the chloride complexes
1 and 2, potassium ions are captured by two 15-crown-5 ether
molecules and have no marked interactions with the anionic
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[TDARCO'CI]" part. Most notably, the central arene rings
coordinates to cobalt centers in n'-fashion as represented by the
Co—C distances of 2.3243(16) A (1), 2.312(3) A (1"), 2.347(4) A
(2), and 2.302(2) A (2") (Table 1, S1), which are typical bond
lengths for the Co(ll) Tr-arene complexes with n'- or n?-fashion.!%!
Including the Co-C interaction, each of the cobalt centers adopts
four-coordinate, distorted tetrahedral structures where 14
values!'® are 0.88 (1), 0.86 (1'), 0.79 (2), and 0.72 (2",
respectively. The Co—N(amide) bond lengths of 1.9395(15),
1.9690(15) A (1), 1.902(2), 1.923(2) A (1"), 1.939(3), 1.969(3) A
(2), and 1.913(2), 1.935(2) A (2') are comparable to those of
previously reported 3-coordinate cobalt(ll) bisamide complexes
such as [CoX{N(SiMes)2}2] (X = F, Cl, Br) (1.923(2)-1.935(4)
A),11E11971 [CoBr{N(Dipp)SiMes}z]~ (1.914(2), 1.917(2) A),1"1
Co{N(SiMes)2}2(THF) (1.9000(15) Ay, el and
Co{N(SiMe2Ph)2}2(THF) (1.9219(10), 1.9251(10) A).[9

To assess the accessibility of Co(l) species, we conducted
cyclic voltammetry on the Co(ll) complexes 1, 2, 1, and 2'. The
THF complexes 1" and 2' exhibited reversible redox processes in
the negative side, respectively (Figure 2). The waves at E12 =
2.15V (1°)and 1.96 V (2') versus Fc*? is assignable to the Co'/Co
redox couple, indicating the reduced derivatives of 1' and 2’ are
chemically accessible. In contrast, the anionic chloride complexes
1 and 2 showed no obvious redox waves within the measurable
range on the negative side (Figure S7, S11), likely due to their
formal charge of —1, which results in electron enrichment at the
cobalt centers.

TDAVesCo(THF) (1) \2-23

J} =

. . -1.90Y .
-0.5 -1.0 -1.5 -2.0 -2.5 -3.0

Potential / V (vs Fc/Fc*)

Figure 2. Cyclic voltammograms of 1" and 2' in a THF solution of 0.2 M
["BusN][PFs] as the supporting electrolyte, with Au working electrode.

According the results of cyclic voltammetry, we carried out
chemical reduction of the Co(ll) complexes. Despite differences
in redox behaviors between the chloride and THF complexes,
reduction of all the Co(ll) complexes with 1 equivalent of KCs was
found to afford cobalt(l) complexes 3 or 4 in good yields,
respectively (Scheme 2). The fact that reduction of 1 and 2 was
possible despite no clear redox events in the CV indicates that the
potassium atom assists dissociation process of chloride anion
from the cobalt center. As a side note, synthesis of these Co(l)
complexes from the H2TDAR ligands, without isolation of the Co(ll)
complexes, was also performed, allowing isolation of the desired
complexes in high yields of 74% for 3 and 84% for 4, respectively



(see Experimental in Supporting Information). 'H NMR spectra of
3 and 4 showed paramagnetically shifted signals (Figure S16,
S22), clearly suggesting high-spin (S = 1) configuration of Co'
atoms while common cobalt(l) complexes have low-spin (S = 0)
configuration due to presence of relatively strong m-back bonding.
The temperature-dependent magnetic susceptibilities were
investigated for solid-state of 3 and 4, and magnetic moment of
1.62 to 4.08 ws for 3 and 2.27 to 5.11 us for 4 were obtained at 2
to 300 K (Figure S17, S23). These values also obviously indicate
that Co', d8, high-spin, S = 1 electronic configuration is ground
state. The larger peff values at 300 K than spin-only value (uso =
2.83 pg) are not uncommon for low-coordinate cobalt(l)
Complexes_[4—10,11e,11i]

K(15-c-5),

1) KCq
2)2eq. 15-¢c-5
_—
DME or THF
r.t.
1,1,2,2' 3: R = Mes,
(X =ClorTHF) 46% (from 1), 74% (from 17)

4: R = Dipp,

46% (from 2), 73% (from 27)

Scheme 2. Synthesis of TDAR complexes of cobalt(l).

The solid-state structures revealed that the complexes 3
and 4 are monoanionic, with one potassium ions serving as a
counter cation, solvated by two 15-crown-5 ether molecules,
confirming that the complexes are indeed reduced. The cobalt
centers in these complexes lack of coordination of THF molecule
or chloride ions (Figure 3, S24), likely due to electron enrichment
at cobalt center upon reduction. Such low coordination preference
of Co(l) over Co(ll) bis-amide complexes is well-documented in
previous studies.®27°89 The coordination geometry around the
cobalt centers adopts a planer T-shaped structures, with N1-Co—
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N2 bond angle of 169.22(7)° for 3 and 167.57(8)° for 4 (Table 1,
S2, S3). As noted in the introduction, examples of two-coordinate
Co(l) bisamide complexes are scarce while the Co—N distances
of 1.8916(17), 1.8969(16) A for 3 and 1.8762(19), 1.8893(17) A
for 4 are comparable to those reported in the literature (1.878(2)—
1.8979(11) A).#6%l The T-shaped geometry and the structural
similarity to two-coordinate bisamide complexes suggest that the
interaction with the aromatic ring is weak and does not notably
influence to the cobalt-amide bond. However, contrary to
expectations from such weak interactions, the one-electron
reduction of cobalt strongly affects cobalt-aromatic ring
interactions. This reduction shortens the Co-C distances
(2.191(2) A (3), 2.093(2) A (4)) by approximately 0.1-0.2 A
compared to the corresponding Co(ll) precursor, likely due to
enhanced back-donation from the metal to the ligand. The
shortened Co-C bond distances resemble that of the sole
reported three-coordinate Co(l) complex featuring n'-arene
interaction (2.103(2) A), as described by C. Jones et al.”

Although the condition is not yet clear, crystallization of
complex 4 was found to sometimes yield crystals of a structurally
different complex. The X-ray diffraction of the crystals exhibited
that the complex, denoted as 4', possesses the almost similar
structure but the position of cobalt is slightly shifted toward the
center of the aromatic ring, depicted by superimposed structure
in Figure 4. On the basis of the structures, the cobalt center in 4
was tentatively presumed to interact with C—H bond via agostic
interaction (Co—H = 1.76(2) A, Co—C = 2.093(2) A) while in 4’ with
Tr-orbitals in aromatic ring (Co---H = 2.31(3) A, Co-C = 2.217(4)
A) (Table 2, S3). Since only former type complex was obtained
regarding the complex 3 having Mes groups (Co-H = 1.90(2) A,
Co—-C = 2.191(2) A), bulky Dipp group possibly generates
bistability system providing the two kinds of crystals. The details
of interaction between the cobalt center and the central aromatic
ring will be discussed later in theoretical study section.

Figure 3. Solid-state structures of TDAMes Co(ll) and Co(l) complexes 1, 1’, 3, and 5 with thermal ellipsoid plots displayed at 50% probability level. For ionic
compounds, only the anionic part is shown. All hydrogen atoms except for H1 and one of disordered pairs is omitted for clarity.

Table 1. Summary of selected bond distances /A and angles /°. Experimental data collection was performed at 193 K for 1, and 113 K for 3 and 5.

1: Exp. 1: Calc. 3: Exp. 3: Calc. 3 Calc. 5: Exp. 5: Calc.
S=3/2 S=1 S=0 S=1 S=1 S=0
Co-Nzamide /A 1.9690(15) 1.96 1.8916(17) 1.91 1.87 1.88 1.9814(16) 1.99 1.90
1.9395(15) 1.95 1.8969(16) 1.92 1.88 1.89 2.0294(16) 2.03 1.96
Co-NPY /A 2.0097(18) 2.00 1.90

Co-ClI 2.2486(5) 2.28

Co-C1/A 2.3243(16) 2.28 2.191(2) 2.19 1.91 2.08 1.9930(19) 2.01 2.00
Co-C1-C4 /° 105.34(8) 102.5 132.87(13) 101.5 154.7 138.5 100.60(9) 98.3 107.2




Figure 4. Structural overlay of 4 (coloured by elements) and 4’ (colored in
green).

Table 2. Summary of selected bond distances /A and angles /°.

4 4
Co-Namide /A 1.8893(17) 1.913(4)
1.8762(19) 1.904(4)
Co-C1 /A 2.093(2) 2.217(4)
Co-C1-C4/°  138.17(11)  109.31(15)

In the Introduction section, we presented previous examples
of low-coordinate, low-valent cobalt bisamide complexes. While
certain properties of these complexes remain unclear, the
complexes synthesized in this study exhibited two critical
differences compared to the previously reported examples. First,
whereas all previously reported Co(ll)/Co(l) redox processes are
irreversible, % our complexes demonstrate high reversibility.
Second, regarding thermal stability, [Co{N(SiMe3)2}2]", due to its
labile nature, gradually decomposes in solution at room
temperature,®®'1¢l whereas the complexes synthesized in this
study remain stable in solution at room temperature and show
minimal changes even after heating at 65 °C for 72 hours. The
exceptional redox behavior and thermal stability of our low-valent
cobalt complexes with amide ligands are likely due to interactions
with the central arene ring of the terphenyl framework. There are
two illustrative examples of low-valent transition metal complexes
stabilized by Tr-orbital of a terphenyl: Holland’s bisthiolate
complexes of Fe(-l)-Fe(l)?® and Agapie’s diphosphine
complexes of Ni(0)-Ni(Il).2"" Each study has shown that the
interaction between the aromatic ring and the metal center
changes flexibly depending on the oxidation state and
coordination number of the metal center. When the metal center
is in a low-valent state, the bond strength is enhanced by
increased back-donation from the metal to the central aromatic
ring. Our complexes exhibit a similar trend, suggesting that in the
case of monovalent cobalt, stabilization occurs via back-bonding
with the aromatic ring. This stabilizing effect enabled the facile
isolation of the complex, even when the central metal became
electron-rich due to the electron-donating amide ligands.

With the unique cobalt(l) complexes in hand, we explored
the fundamental reactivities of them with donor ligands. Reaction
of the complex 3 with pyridine (Py) or 4-dimethylaminopyridine
(DMAP) allowed gradually color changes of solution from
greenish brown to brown. From the reaction mixtures, N-donor
coordinated cobalt(l) complexes, [K(15-c-5)2][(TDAMes)Co'(Py)]
(5) and [K(15-c-5)2][(TDAMes)Co!(DMAP)] (6) were isolated as
dark brown crystals, respectively (Scheme 3). Unfortunately,
TDAP®P analogues were not isolated from the reaction of 4 with
the N-donor ligands because of high solubilities of the products.
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The complexes 5 and 6 still exhibited paramagnetic features in 'H
NMR (Figure S28, S33), and magnetic moments were determined
to perr = 3.99 s (5) and perr = 3.76 us (6) at 300 K with SQUID
magnetometry, indicating the high-spin d® configurations (Figure
S29, S34).

K(15-c-5), K(15-c-5),
Mes\
Py or DMAP
—_—
THF or DME

r.t.

5: L =Py, 56%
6: L = DMAP, 54%

Scheme 3. Reactions of the TDAMesCo(l) complex 3 with pyridine (Py) or 4-
dimethylaminopyridine (DMAP).

X-ray analysis exhibited that one pyridine or DMAP
molecule coordinates to the cobalt center providing pseudo
tetrahedral geometry around the cobalt centers (12 = 0.87 (5), 0.80
(6)) (Figure 3, S35). To the best of our knowledge, only square
planar complexes have been reported for Co(l) complexes having
pyridines, and no appropriate example for comparison exists but
the Co—N(donor) distances (2.0097(18) A, 2.038(2) A) in the
complex 5 and 6 (Table 1, S4, S5) are slightly longer than those
of the known complexes such as
[{bis(iminoethyl)pyridine}Co'(Py)]* (Co-N(Py): 1.946(3) A)?? and
{MesCCC)}Co(Py)  (MesCCC =  bis(mesityl-benzimidazol-2-
ylidene)phenyl) (Co—-N(Py): 1.962(3) A).[?% This difference in the
bond lengths arises from the spin states, with the bonds being
longer in the present complexes due to their high-spin state.
Generally, increase of coordination number makes the metal—
ligand bond longer because of electron enrichment of the metal
center. In contrast, the distances between the cobalt atom and the
carbon atoms (C1) of the central aromatic ring in the complexes
5 (1.9930(19) A) and 6 (1.961(3) A) become significantly shorter
than that in the precursor complex 3 (2.191(2) A). Reflecting the
strong interaction, the bond lengths between C1 and its adjacent
carbon atoms are elongated by approximately 0.03-0.05 A
compared to those in complex 3 (Figure S36). Curiously, the Co—
C distances are also shorter than the reported Co—C single bond
lengths (1.996(2)-2.053(8) A) in tetrahedral Co(l) or Co(ll) aryl
complexes.?Y Such strong cobalt-arene interactions are known
only for polyaromatic complexes?® or multinuclear Co(l)
complexes, #4261 where back-donation from metal to ligand is
especially favored. On the other hand, the strong metal-aromatic
interactions in the complexes 5 and 6 are intriguing in that they
are achieved by a mononuclear cobalt center rendered electron-
rich by the amide ligands.

To gain insights into the electronic structures, DFT
calculations were performed for the Co(ll) complex 1 bearing
TDAMes| the Co(l) complex 3, and its pyridine adduct 5. A full
description of the calculation methods employed can be found in
the Supporting Information. Regarding 3 and 5, the structural
optimization was performed for both singlet and triplet states, and
confirmed that the triplet states of complexes 3 and 5 were more
stable than the singlet states by 19.1 and 21.2 kcal/mol,
respectively (Figure S37). In triplet states of these complexes, the
Co centers were in +1-oxidation states with a high-spin d®
configuration, and the spin density was predominantly localized



on the cobalt (Figure S38). The high-spin preferences in these
complexes are good agreement with the results from the SQUID
measurements mentioned above.

The structural optimization closely reproduced the
experimentally obtained structures for the Co(ll) complex 1 and
the pyridine complex 5, including the Co—N bond lengths and the
distance between the Co center and the carbon atom in the
aromatic ring (Table 1). However, the computed structure for the
complex 3 differed somewhat from the experimental data,
particularly in the relative position of the cobalt center with respect
to the central aromatic ring. Adopting the angle 2Co-C1-C4 (C1,
C4: carbons at the 1- and 4-positions of the central aromatic ring
(Figure 5a)) as a parameter of the relative position, the
experimental value was 132.87(13)°, while the optimized
structure showed 101.5°. To investigate how the stability varies
with the position of the cobalt center, a relaxed scan was
performed by varying the 2Co-C1-C4. Interestingly, the cobalt
center was found to occupy relatively free positions on the
aromatic ring without significant energy barriers or gaps. The
potential energy surface took a broad double-well shape, with only
a difference within ca. 2 kcal/mol in the Co—C1-C4 angle range
of 80-150° (Figure 5b, black). This minimal energy difference
suggests that the actual molecular structure in the solid state is
likely influenced by relatively weak interactions, such as packing
effects. Upon closer inspection of the crystal structure, the
terphenyl moiety was found to be brought closer to the crown
ether of the counter cation by C—H-r interactions (Figure S21),
causing the mesityl group to bend slightly in the endo direction.
Thus, by fixing the two Ca—Cb—N-C; torsion angles (as defined in
Figure 5a) corresponding to the endo bending to the experimental
values and re-optimizing the structure, we successfully obtained
the desired structure, designated as 3f, that reproduces the
experimentally obtained structure well (Table 1). Furthermore,
partially relaxed scan holding this constraint yielded a broadly flat
potential surface with a minimum at 138.5° (Figure 5b, red).

&
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=)

ARelative Energy kcal/mol

60 80 100 120 140 160 180
£Co-C1-C4 angle /°
= NE-)
° "
| ]
. 10 4
2
H
- -2.0
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-4.0
-5.0

-180 -160 -140 -120 -100 -80 -60 -40 -20
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Figure 5. (a) Side-view of the molecular structure of 3, depicting 2Co—-C1-C4.
The methyl groups and the hydrogen atoms are omitted for clarity. (b) The fully
relaxed (black) and partially relaxed (red) potential energy scans for the
Co-C1-C4 angle. In the npartially relaxed scan, two torsion angles
corresponding bent of mesityl groups in the endo-direction were frozen. (c)
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experimentally observed 2Co—C1-C4 in 3-5 at 113, 173, and 223K. Solid lines
in (b) and (c) are shown as a guide to the eye.

To experimentally verify the fact that the cobalt center can
move freely over the aromatic ring with minimal energy barriers,
temperature-dependent single-crystal X-ray structure analyses
were performed. If the asymmetric energy surface obtained from
the calculation is correct, the average molecular structure
observed by X-ray diffraction should change with increasing
temperature (due to the asymmetric broadening of the probability
distribution of accessible molecular conformations), leading to a
decrease in the C—C-Co angle. Indeed, X-ray measurements at
—-160°C, —100°C, and -50°C confirmed that, as predicted, the
position of the Co center shifted toward the center of the aromatic
ring at higher temperatures in the TDAMs complex 3 (Figure 5c,
for the details, see Figure S18-20, Table S2). In contrast,
temperature-dependent measurements of the TDAPPP complex 4
(Figure S24-26, Table S3) and the pyridine complex 5 (Figure
S30-32, Table S4) showed little change in the cobalt position. For
the complex 4 and 5 in crystalline state, the energy barriers
associated with changes in the Co-C1-C4 angle are likely
relatively high, suggesting that the Co center cannot move
noticeably within the accessible temperature range. This may also
explain why two different crystalline forms 4 and 4', each with a
different cobalt position, were obtained upon crystallization from
solution. Specifically, in the case of 4, the energy barrier at the
center of the double-well potential is presumed to be relatively
high, allowing it to be overcome in the solution state but not in the
crystalline state.

Regarding the interaction between the cobalt center and the
aromatic ring, QTAIM analysis®”! indicated the presence of
bonding interactions, as evidenced by the observation of a bond
critical point between Co and C (Figure 6). The Laplacian of the
electron density (V?p) was 0.14 for 1, 0.13 for 3, and 0.13 for 5
(Table S7), suggesting ionic bonding. Additionally, Wiberg Bond
Index (WBI)?8 and Mayer Bond Index (MBI)?®! further supported
the presence of Co—C bonding (1: 0.35 (WBI), 0.25 (MBI), 3: 0.45
(WBI), 0.33 (MBI), 5: 0.62 (WBI), 0.51 (MBI)) (Table S8). The
order of magnitude of the bond indices is consistent with the order
of experimentally observed bond lengths. As mentioned above,
based on the solid-state structure, the presence of a C—H agostic
interaction was anticipated. However, QTAIM analysis revealed
that, regardless of the position of the cobalt center, the interaction
occurred primarily with the carbon atoms of the aromatic ring, and
no interaction with the hydrogen atoms was found.

In this series of complexes, it is noteworthy that all bonds
between the cobalt center and the ligands exhibit less covalent
character. Consequently, orbital interactions corresponding to
back-donation from the cobalt center to the aromatic rings were
scarcely observed in the calculated molecular orbitals, except for
one case discussed later (Figure S39, S40, S43, S44, S47, S48).
To systematically evaluate the interaction between cobalt and the
aromatic ring across the complexes, we performed second-order
perturbation theory (SOPT) analysis® of the Fock matrix in NBO
analysis. SOPT analysis provides insights for Lewis donor-
acceptor interaction between NBOs, and is also useful for
evaluating the degree of back-donation from metal to ligand. As a
result, the analysis revealed that the donation from the aromatic
ring to cobalt provides a stabilization energy of 2 kcal/mol (a spin)
and 8 kcal/mol (B spin) in 1, and 2 kcal/mol (a spin) and 9 kcal/mol
(B spin) in 3 (Figure S42, S46). In contrast, stabilization energy



caused by the back-donation from cobalt to the aromatic ring is 2
kcal/mol (a spin) and 1 kcal/mol (B spin) for 1, and 5 kcal/mol (a
spin) and 4 kcal/mol (B spin) for 3 (Figure 7a). While all of these
values are small for a stabilization energy, these findings clearly
demonstrate that the reduction of the cobalt center significantly
enhances the relative strength of the back-donation interaction.
Notably, for 5, the relative magnitudes of stabilization energies
switch, with the stabilization from ligand-to-metal donation being
3 kcal/mol (a spin) and 4 + 4 kcal/mol (B spin) and that from metal-
to-ligand donation reaching 9 kcal/mol (a spin) and 25 kcal/mol (8
spin) (Figure 7a, S50). This means that coordination of the
pyridine induces umpolung of the Co—aromatic ring interaction,
allowing the aromatic ring to act as a weak Z-type ligand.®" The
B-spin metal-to-ligand electron donation was also observable in
the molecular orbitals depicted in Figure 7b, which were primarily
derived from a cobalt d orbital interacting with the aromatic ring’s
T orbital. However, this molecular orbital has the highest energy
among the molecular orbitals derived from the three occupied
d-orbitals, indicating that orbital stabilization through the metal-to-
arene donation is limited even in the case of complex 5. This
computational result is quite unexpected, considering that the
Co-C distances in the pyridine and DMAP complexes fall into the
shortest category among the previously reported Co(l)-arene
distances. The small stabilization energies for the cobali—
aromatic ring interactions observed in all of the complexes can be
attributed to the low-coordinate, low-valent cobalt having d
orbitals that are either doubly or singly occupied and energetically
low-lying (an electronic factor), as well as the rigid coordination
framework of the TDA ligand and the small ionic radius of cobalt
(steric factors), both of which hinder effective interactions with the
T or TT* orbitals of the aromatic ring. As a result, in the ligand field
provided to cobalt, the Co—arene interaction is considered to play
a secondary role compared to the interactions with amide and
pyridine ligands.
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Figure 7. (a) Donor — acceptor NBO interactions in 3 and 5, relevant to the
back bonding of Co — aromatic ring. (b) HOMO (#166) of B molecular orbital of
5.
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Figure 6. Topological QTAIM-derived plots of V2p for 1, 3, 3f (constrained 3), and 5. Solid, black contours where V?p > 0. Blue dots are BCPs, orange dots are
RCPs, brown bold lines are bond paths, and blue bold lines are interbasin paths.

Conclusions

In conclusion, we synthesized and reduced cobalt complexes with
terphenyl diamide (TDA) ligands, where the central aromatic ring
can interact with the metal center, to obtain novel low-coordinate,
low-valent cobalt complexes. This work successfully yielded a
low-valent cobalt bis-amide complex as crystals. Furthermore,
pyridine and DMAP complexes were also obtained, revealing a
relatively stronger stabilization effect from the aromatic ring.



This study provided valuable insights into the interaction
between low-valent cobalt centers and aromatic rings. Notably,
the TDA ligand system enabled cobalt to exhibit reversible
Co(Il)/Co(l) redox behavior, an unprecedented feature for low-
coordinate cobalt amides. In addition, the Co(l) bisamide
complexes were found to be thermally stable in both solution and
solid states. Meanwhile, temperature-dependent crystallographic
and theoretical analyses demonstrated that the cobalt center
does not receive significant stabilization from the aromatic ring.
While aromatic interactions commonly offer some stabilization,
their effect on low-coordinate low-valent cobalt centers is limited,
suggesting that these cobalt complexes may exhibit high
reactivity. The reactivity of the Co(l) bis-amide complexes
described in this study is currently under investigation and will be
reported in future work.

Experimental Section

General Procedures: All manipulations were carried out under an argon
atmosphere using standard Schlenk techniques and glove boxes unless
otherwise stated. Dried solvents were purchased from Kanto Chemical Co.
Inc. (for DME (ethylene glycol dimethyl ether), toluene, and hexane) and
FUJIFILM Wako Pure Chemicals Co. (for THF). Et2O was freshly distilled
from Na/benzophenone ketyl. All the dried solvents were tested for H20
and O2 using a standard solution of potassium benzophenone ketyl radical
anion, and kept over potassium and 4 A molecular sieves. Benzene-ds and
THF-ds were dried and degassed over a potassium mirror, and vacuum
transferred prior to use. Elemental analyses were performed on Yanaco
MT-6 microanalyzers. Cyclic voltammograms were recorded on a BSA-
612E electrochemical analyzer using a Au working electrode and 0.2 M
(BusN)(PFs) as the supporting electrolyte. All samples were prepared at a
concentration of 0.2 mM and measurements were performed under argon
atmosphere at room temperature. 'H and '®C{'H} NMR spectra were
acquired on a JEOL ECS 400 or ECA 500. The 'H NMR signals were
referenced to the residual proton peak of the deuterated solvent. The '3C
chemical shifts were relative to the carbon signals for the deuterated
solvents. The data were corrected at room temperature. Temperature-
dependent magnetic DC susceptibility of microcrystalline samples, sealed
in a quartz tube with small amount of Helium gas, were collected on a
Quantum Design MPMS-XL7AC SQUID magnetometer in the range from
300 to 2.0 K under a dc magnetic field of 1.0 T. The experimental data
were corrected by using Pascal’s constant.[*2 The experimental data were
simulated by assuming the spin Hamiltonian:
T = ugBgS+D [52 - %5(5 + 1)]

where pp is the Bohr magneton, Bis a magnetic flux density, g is the g-
tensor, D is the uniaxial zero-field splitting parameter, Sis the spin
operator, $, is the z-component of spin operator, and S is the spin
quantum number. The powder magnetization M(B,T) is evaluated with
conventional powder average procedure using 43-point Lebedev grid. For
every magnetic field direction, spin energy eigenvalues and directional
magnetizations were obtained by full-matrix diagonalization of the spin
Hamiltonian. Model parameters were optimized by using the built-in
nonlinear least squares algorithm of IGOR Pro. Infrared spectra were
recorded on a Themo Scientific Nicolet iS5 FT-IR spectrometer. 2,4,6-
Trimethylaniline (MesNH), 2,6-diisopropylaniline (DippNH2), and 15-
crown-5 ether (denoted as 15-crown-5 or 15-c-5) were dried and degassed
over a CaH2 (for aniline) or a potassium mirror (for crown ether), and
vacuum transferred prior to use. KCs was prepared by heating potassium
and graphite at 150 °C under an argon atmosphere. Other chemicals were
used as received.

Synthesis of N2N?2"-bis(2,4,6-trimethylphenyl)-[1,1":3',1"-terphenyl]-
2,2"-diamine (H2TDAMes): Synthetic procedures and spectral data of 2,2"-
dibromo-1,1"3",1"-terphenyl (TDBr) and H2TDAMes have been already
reported.['413] TDBr was prepared according to the literature procedure,
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and H2TDAMes was prepared with modified method as below: In a 100 mL
PTFE-stoppered flask were introduced PdCl2 (1.3 mol%, 41 mg, 0.23
mmol), DPEPhos (2.0 mol%, 192 mg, 0.356 mmol), 2,4,6-trimethylaniline
(2.4 eq., 5.9 mL, 42 mmol), and toluene (3 mL) under an argon atmosphere.
The mixture was heated up to 80 °C for 2 hours, during which time a yellow
precipitate was formed. After the mixture was cooled to room temperature,
toluene (40 mL) was added to the solution, followed by addition of TDBr (1
eq., 6.79 g, 17.5 mmol). The mixture was stirred for 15 minutes, then
sodium tert-butoxide (2.9 eq., 4.87 g, 50.7 mmol) was added. The resulting
reddish-brown suspension was stirred at 100 °C for 48 hours. The reaction
mixture was allowed to cool to room temperature, then water (20 mL) was
added to quench the reaction under an open-air atmosphere. After the
solvent was carefully removed under reduced pressure, the water (100
mL) was added to the residue, and aqueous layer was extracted with
dichloromethane (3 x 100 mL). The organic layer was washed with water
(100mL) and brine (100 mL), dried over anhydrous MgSQu, filtered, and
evaporated. The resulting brown oil was passed through a short column of
silica gel with dichloromethane as eluent. After the solvent was removed
on a rotary evaporator, a large amount of hexane (ca. 150 mL) was added
to give H2TDAMes as pale-yellow crystals in 70% yield (6.13 g, 12.3 mmol).
Synthesis of N2,N2"-bis(2,6-diisopropylphenyl)-[1,1':3',1"-terphenyl]-
2,2"-diamine (H2TDAP®P): H,TDAP®P was prepared by following a similar
procedure to that for H-TDAMes, The reaction was carried out with PdCl2
(1.3 mol%, 39 mg, 0.22 mmol), DPEPhos (2.0 mol%, 189 mg, 0.351 mmol),
2,6-diisopropylaniline (2.4 eq., 7.9 mL, 42 mmol), 2,2"-Dibromo-1,1"3",1"-
terphenyl (1 eq., 6.80 g, 17.5 mmol), and sodium tert-butoxide (2.9 eq.,
4.72 g, 49.1 mmol). The titled compound was isolated as colorless crystals
in 37% vyield (4.32 g, 7.44 mmol).

Synthesis of [K(15-crown-5)2][(TDAMes)Co!'CI] (1): H2TDAMes (102 mg,
0.205 mmol) was dissolved in THF (15 mL) and KN(SiMes)2 (82 mg, 0.41
mmol) was added to the solution. The mixture was stirred for 1 h, and then
the solvent was removed under reduced pressure. The orange residue
was dissolved in DME and CoCl2 (27 mg, 0.21 mmol) was added to the
solution to give a reddish-brown solution. The reaction mixture was stirred
for 1.5 h, and then filtered and concentrated to ca. 3 mL to give reddish-
brown solution. 15-crown-5 ether (99 mg, 0.45 mmol) was added to the
solution followed by addition of n-Hexane (ca. 1 mL), and the solution was
cooled to —30 °C to give 1 as reddish-brown crystals in 74% yield (176 mg,
0.152 mmol).

Synthesis of [K(15-crown-5)2][(TDAPPP)Co''CI] (2): H2TDAPPP (73 mg,
0.13 mmol) was dissolved in THF (15 mL) and KN(SiMes)2 (51 mg, 0.25
mmol) was added to the solution. The mixture was stirred for 1 h, and then
the solvent was removed under reduced pressure. The orange residue
was dissolved in 1,2-dimetoxyethane (DME) and CoCl2 (17 mg, 0.13
mmol) was added to the solution to give a reddish-brown solution. After 4
h stirring, the reaction mixture was filtered and concentrated to ca. 5 mL to
give reddish-brown solution. 15-cronwn-5 ether (62 mg, 0.28 mmol) was
added to the solution, and the solution was stored at ambient temperature
to give 2 as reddish-brown crystals in 60% yield (97 mg, 0.078 mmol).
Synthesis of (TDAes)Co!'THF (1°): To a solution of HoTDAMes (181 mg,
0.364 mmol) in 10 mL of THF was added KN(SiMes)2 (2.2 eq., 160 mg,
0.80 mmol), it immediately turned orange. After stirred for 1 h, CoCl2 (47
mg, 0.36 mmol) was added to the solution. The mixture was stirred for 3 h,
and then the solvent was removed under reduced pressure. The resulting
residue was extracted with THF (7 mL) and centrifuged. The supernatant
was concentrated to ca. 5 mL, hexane (ca. 1 mL) was added to the solution,
and the solution was cooled at —35 °C to 1" as reddish-brown crystals in
51% yield (117 mg, 0.187 mmol).

Synthesis of (TDAPPP)Co'THF (2'): Complex 2' was prepared by
following a similar procedure to that for 1°. The reaction was carried out
with HoTDAPPP (151 mg, 0.260mmol), KN(SiMes)2 (2.2 eq., 114 mg, 0.571
mmol), and CoClz (34 mg, 0.26 mmol). The titled compound was isolated
as reddish-brown crystals in 56% yield (104 mg, 0.147 mmol).

Synthesis of [K(15-crown-5)2][(TDAMes)Co'] (3): Method A (from 1): To
a DME (5 mL) solution of 1 (46 mg, 0.040 mmol) was added a DME
suspension of KCs (5.9 mg, 0.044 mmol) under stirring, leading to a
gradual color change from reddish-purple to greenish-brown. The reaction
mixture was stirred for 1 h, and then filtered and concentrated to ca. 3 mL
to give brown solution. n-Hexane (ca. 1 mL) was added to the solution,



and the solution was cooled to —30 °C to give 3 as brackish-brown crystals
in 46% yield (19 mg, 0.018 mmol).

Method B (from 1°): To a DME (5 mL) solution of 1" (266 mg, 0.425 mmol)
was added a powder of KCs (63 mg, 0.47 mmol) at —=30 °C. The reaction
mixture was allowed to warm up to room temperature with stirring for 2 h,
and centrifuged. The solution was then concentrated to ca. 10 mL under
reduced pressure. Hexane (ca. 1 mL) and 15-crown-5 ether (186 mg,
0.860 mmol) were added to the solution, and the solution was cooled at —
35 °C to give 3 as brownish-green crystals in 74% yield (327 mg, 0.320
mmol).

Method C (from H2TDAMes): To a THF (10 mL) solution of HoTDAMes (238
mg, 0.480 mmol) was added a powder of KN(SiMes)2 (191 mg, 0.958
mmol). The mixture was stirred for 3 h, and then the solvent was removed.
The orange residue was dissolved in THF and CoCl2 (62 mg, 0.48 mmol)
was added to the solution to give a reddish-brown solution. After overnight
stirring, the reaction mixture was filtered and evaporated, followed by
washing with n-hexane to give a reddish-brown powder. The powder was
dissolved in DME (5 mL) and a powder of KCs (57 mg, 0.42 mmol) was
added to the solution under stirring at =30 “C, warmed up to r.t. leading to
a gradual color change from reddish-brown to greenish-brown. The
reaction mixture was stirred for 2 h, and then filtered and concentrated to
ca. 3 mL to give greenish-brown solution. To the solution were added 15-
crown-5 ether (190 mg, 0.860 mmol) and n-Hexane (ca. 1 mL), and then
cooled to —30 °C to give 3 as dark brown crystals in 74% yield (367 mg,
0.355 mmol).

Synthesis of [K(15-crown-5)2][(TDAP®P)Co'] (4): Method A (from 2): In
this method, complex 4 was prepared by following a similar procedure to
method A for 3. The reaction was carried out with 2 (90 mg, 0.072 mmol),
KCs (10 mg, 0.072 mmol), and 15-crown-5 ether (35 mg, 0.16 mmol) in a
THF solution. The titled compound was isolated as dark brown crystals in
46% yield (37 mg, 0.033 mmol).

Method B (from 2): In this method, complex 4 was prepared by following
a similar procedure to method B for 3. The reaction was carried out with
2' (57 mg, 0.080 mmol), KCs (12 mg, 0.089 mmol), and 15-crown-5 ether
(35 mg, 0.16 mmol) in a THF solution. The titled compound was isolated
as dark brown crystals in 73% yield (65 mg, 0.058 mmol).

Method C (from H2TDAP¥P): In this method, complex 4 was prepared by
following a similar procedure to method C for 3. The reaction was carried
out with H2TDAPPP (243 mg, 0.419 mmol), KN(SiMes)2 (167 mg, 0.838
mmol), CoCl2 (565.3 mg, 0.426 mmol), KCs (58 mg, 0.43 mmol), 15-crown-
5 ether (189 mg, 0.860 mmol) in a THF solution. The titled compound was
isolated as dark brown crystals in 84% yield (397 mg, 0.355 mmol).
Synthesis of [K(15-crown-5)2][(TDAMes)Co!(Py)] (5): To a THF (5 mL)
solution of 3 (46 mg, 0.044 mmol) was added pyridine (18 pL, 0.22 mmol,
5.1 eq.) under stirring, leading to an gradual color change from greenish-
brown to brown. The reaction mixture was stirred for 2 h, and then filtered
and concentrated to ca. 3 mL to give brown solution. n-Hexane (ca. 1 mL)
was added to the solution, and the solution was cooled to —30 °C to give 5
as dark brown crystals in 56% yield (27 mg, 0.025 mmol).

Synthesis of [K(15-crown-5):][(TDAMes)Co(DMAP)] (6): To a DME (5
mL) solution of 3 (45 mg, 0.043 mmol) was added a DME solution of DMAP
(6.0 mg, 0.049 mmol) under stirring, leading to an gradual color change
from greenish-brown to brown. The reaction mixture was stirred for 7 hours,
and then filtered and concentrated to ca. 3 mL to give brown solution. The
solution was cooled to —30 °C to give 6 as dark brown crystals in 54% yield
(29 mg, 0.023 mmol).

X-ray crystallographic study: Intensity data for single-crystal X-ray
structure determination were collected using a Rigaku XtaLAB Synergy
Custom (Detector: Hypix-6000HE) or a Rigaku R-AXIS RAPID 191R
diffractometer with Mo-Ka radiation (A = 0.71073 A). Measurement, data
reduction, and absorption correction were performed with CrysAlisProl33]
or Rigaku Rapid Autol®! program package. Structure solution and
refinement were performed with the Olex2 ver. 1.5 software package.l%%!
All structures were solved by intrinsic phasing method within SHELXT
programt®! or charge flipping method within olex2.solve programl®”l, and
refined on F? by the full-matrix least-square technique using version
2018/3 of ShelXL[8. The details of each crystal structure are provided on
page S-31 of the Supporting Information.
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A ' n'-Arene Interaction )

Novel low-coordinate Co(l) bisamide complexes featuring n'-arene interaction were synthesized and characterized. These complexes
exhibit significant Co—C bond shortening upon one-electron reduction or N-donor ligation, offering new insights into cobalt—-aromatic
interactions and electronic structures of low-coordinate low-valent amide complexes.
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