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Abstract: We report on the synthesis of a variety of trigonal
imido cobalt complexes [Co(NAryl)L2]

� , (L = N-
(Dipp)SiMe3), Dipp = 2,6-diisopropylphenyl) with very long
Co�NAryl bonds of around 1.75 �. Their electronic structure
was interrogated using a variety of physical and spectroscopic
methods such as EPR or X-Ray absorption spectroscopy
which leads to their description as highly unusual imidyl cobalt
complexes. Computational analyses corroborate these findings
and further reveal that the high-spin state is responsible for the
imidyl character. Exchange of the Dipp substituent on the
imide by the smaller mesityl function (2,4,6-trimethylphenyl)
effectuates the unexpected Me3Si shift from the ancillary ligand
set to the imidyl nitrogen, revealing a highly reactive,
nucleophilic character of the imidyl unit.

Late 3d transition-metal imido complexes are of fundamen-
tal interest in coordination chemistry, as the metal-bound
nitrene unit [NR] can be potentially transferred to unreactive
substrates. This is increasingly employed for the catalytic
amination of unfunctionalized C�H bonds or the aziridation
of olefines.[1–12] Despite the resulting high demand for under-
standing late 3d-transition metal imido species, comprehen-
sive knowledge about the electronic and structural factors
that contribute to their properties and bond activation

reactivity is still lacking. Whereas most isolable imido metal
complexes are found in a low-spin state, those with higher
spin-states tend to be more reactive.[13–52]

In recent years substantial advances were made concern-
ing more unusual bond situations of the [MNR] unit in higher
spin states via structural and spectroscopic identification of
singular examples of iron[28] and nickel imidyl complexes (also
referred to as metal iminyl species)[29] or a nitrene copper
compound[32] (Figure 1) using ancillary weak field ligands.

Herein we report on the synthesis of trigonal arylimido
cobalt complexes, which contain very long Co�Nimide bonds of
1.75 �. The use of a variety of analytical techniques reveals
these compounds are best described as high-spin imidyl
complexes, unprecedented for cobalt. Computational analy-
ses corroborate these findings and clearly show the spin-state-
dependent imidyl/imide interplay with the high-spin state
evoking the radical imidyl character. Reduction of steric
demand of the imide substituent results in an unexpected
intramolecular shift of a Me3Si unit from a silylamide ligand
and reveals a nucleophilic character of the imidyl nitrogen.

The linear cobalt(I) silylamides K{18c6}[CoL2], K{18c6}-
[1], (L =-N(Dipp)SiMe3)

[53] or its derivate K{cryp.222}[1] that
contain weak field silylamide ligands[30, 53, 54] and exhibit
magnetically free cobalt(I) ion behavior were reacted with

Figure 1. Top: Simplified description of the different bonding modes
of [MNR] units. Bottom: Bond lengths of known low-coordinated
nitrene/imidyl complexes (Mes: 2,4,6-trimethylphenyl).

Scheme 1. Synthesis of K{m}[2] (m = none, crypt.222, 18c6) and K{m}-
[3] (m = none, 18c6) starting from K{m}[1] (Tripp = 2,4,6-triisopropyl-
phenyl).
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Dipp-N3 or Tripp-N3 (Scheme 1) at �35 8C in Et2O/THF. This
resulted in an immediate color change from green to dark
brown and concomitant N2 evolution. Isolation yielded dark
yellow crystals of K{m}[2] (Dipp; m = crypt, 18c6)
K{crypt.222}[2] and K{18c6}[3] (Tripp). In solid state, the
complex anions of all compounds exhibit similar structural
metrics (Figure 2), for which the K{18c6}[2] is chosen as
a representative for discussion. The complex anion shows
a trigonally coordinated cobalt ion with a Co�Nimide bond
length of 1.751(2) �. This is by at least 0.05 � longer than in
all other known aryl imido cobalt complexes (Co�Nimide from
1.61 �–1.70 �).[13,14, 16, 23–25,34]

It resembles those of the known 3d-metal imidyl/nitrene
compounds (Figure 1) and a matrix-isolated fluoronitroid
cobalt species (Co�N 1.77 �), for which imidyl/nitrene
character was discussed.[12] Given these comparably long C�
Nimide bonds found for complexes [2]� and [3]� we were
curious if this was connected to the unique anionic character
of these imido complexes,[46] as nearly all comparable 3d-
metal imido complexes are either neutral or cationic. Thus,
the overall neutral cobalt(I) complex K[1][55] was reacted with
Dipp-N3 and Tripp-N3 which gave the respective complexes
K[2] and K[3]. X-Ray analysis revealed (Figure 2) an

intriguing direct potassium interaction, as cation coordination
to imide metal units (such as Sc3+) is suggested as an
important factor in modulating their properties, although
direct structural evidence is lacking.[56, 57] However, in the
presented case no impact on the central arylimido cobalt unit
was perceived (K[2]: Co�Nimide 1.750(3) �, K[3] Co�Nimide

1.754(2) �). Determination of the magnetic moment in
solution by the Evans method gave meff = 4.65 mB

(K{crypt.222}[2]) and meff = 4.90 mB (K{18c6}[2]). This is in
approximate agreement with susceptibility measurements on
K{18c6}[2] in solid state (meff = 4.64 mB at 300 K) revealing
a linear 1/c vs. T slope with no apparent spin-crossover
(Figure 3a). The magnetic susceptibility at room temperature
is higher than that of the related intermediate spin imido
cobalt(III) complex [Co(NtBu)(N(SiMe3)2)2]

� (3.52 mB),[30] (as
well as of any other paramagnetic imido cobalt(III) com-
plex[16, 31, 35]) and approaches the spin-only value of 4.92 mB of
a quintet state. X-band EPR spectroscopy of K{18c6}[2] (d10-
MeTHF, 8 K) gave decisive insights as it showed a broad
signal at around g1 = 5.0 and a sharper signal at g2 = 2.05,
which is split due to the presence of hyperfine coupling
(Figure 3b). These features could be modeled as a cobalt(II)
ion bound to an organic radical anion (see Figure S27), where
the high-field signal (Figure 3b, inset) represents the imide-
based radical with moderate coupling to cobalt, the imide
nitrogen and one hydrogen atom (presumably Hpara ; A(1H) =

6.8 G, A(59Co) = 4.3 G, A(14N) = 5.0 G). For more direct
insight into the oxidation state of the metal, X-Ray absorption
spectroscopy (XAS) was employed (Figure 3c). For that we
examined the pre-edge and edge regions of the Co 1s!3d*
transition of K{18c6}[2] as well as K[2] and the trigonal
cobalt(II) amide K{crypt.222}[4] (high-spin CoII, synthesis see
below) for comparison (solid state or frozen Me�THF
solution). XANES shows similar edge positions for all
compounds as well as a considerable pre-edge feature. In
some cases a shoulder is observed in the edge rise, which,
together with a shallow or even lacking edge maximum, is
indicative of a low local coordination symmetry for all
complexes. This is supported by EXAFS data which also
gives congruent features in solid and solution state. Using
cobalt oxides as references XANES suggests an oxidation

Figure 2. Molecular structure of K{18c6}[2] (left) and K[2] (right) in the
solid state.[58] The K{18c6} cation, solvent molecules as well as
H atoms are omitted for clarity. Selected bond lengths (�) and angles
(8): K{18c6}[2]: Co1�N1: 1.751(2); Co1�N2: 1.935(2); Co1�N3: 1.932-
(2); N1�C1: 1.347(2); Co1-N3-C31: 178.8(2); K[2]: Co1�N1 1.750(3);
Co1�N2 1.916(2); Co1�N3 1.920(2); N1�C1 1.338(4); Co1-N1-C1
174.9(3).

Figure 3. a) Variable-temperature susceptibility of K{18c6}[2] collected at 1 T, with cMT = 2.33 cm3 mol�1 K (300 K) and neff = 4.635(4) mB. Inset:
Reciprocal molar magnetic susceptibility(c�1) for compound K{18c6}[2] . b) X-Band EPR spectra of K{18c6}[2] in frozen Me�THF solution at 8 K
(black) and simulated spectrum (red). K{18c6}[2]: S1 =3/2, g11 = 5.0, g12 = 1.4; S2 = 1/2, g21 = 2.9, g22 = 2.05, A22(

1H) = 6.8 G, A22(
14N) = 5.0 G,

A22(
59Co) = 4.3 G. Hyperfine splitting for signal g22 =2.05. c) Solid-state X-ray absorption spectroscopy (XANES): K{18c6}[2] (red), K[2] (green),

K{crypt.222}[4] (blue), CoII reference Co(H2O)6(NO3)2 (black). Inset: Pre K-edge absorption.

Angewandte
ChemieCommunications

15377Angew. Chem. Int. Ed. 2021, 60, 15376 –15380 � 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


state of + 2.0 for [2]� (and K[2]). This is only slightly higher
than the corresponding cobalt(II) amide [4]� (+ 1.7) and
overall supports a non-innocent character of the imido/imidyl
unit.

For further understanding of the experimental findings we
turned to computational analysis of the seminal K{18c6}[2].
All electronic structures in their various possible spin states
(high-, intermediate- and low-spin) were studied through
dispersion-corrected density functional theory (DFT-D3)
whereas various density functionals including the generalized
gradient approximation (GGA) functionals BLYP and BP;
hybrid functional B3-LYP; meta-hybrid functional M06; and
the meta-GGA functional M06-L were used for determining
the electronic energy differences between different spin
states. For all functionals the high-spin state was found to
be the most stable for [2]� with the intermediate spin slightly
higher in energy (7 kJ mol�1 to 38 kJ mol�1) and an unfavored
low-spin configuration (67 kJ mol�1 to 157 kJmol�1). The
differences of the computed spin states of [2]� are visualized
best using the Co�Nimide bond which is shortened significantly
from 1.75 � (high-spin), 1.72 � (intermediate-spin) to 1.67 �
(low-spin; Table 1), whereas the high-spin case represents
best the experimental structural features. The analysis of the
bond order, a valuable tool for considering contributions
made by occupied levels, gives for the high-spin configuration
a Wiberg Bond Index (WBI) of 0.79 for the cobalt imidyl
bond (Co1�N1), and thus reflects a single-bond character.
When going to lower spin states the WBI successively
increases (intermediate spin: 1.02, low spin: 1.48) and,
together with the shortening of the Co�Nimide bonds, leads
to a more double-bond character. The N�Caryl bond lengths,
sometimes used as an indicator for the electronic structure of
a metal-bound aryl imide,[28] are more or less unaffected by
the spin state in the present case.

In comparison with the lower spin states, slightly higher
Mulliken atomic charges on the cobalt ion in the high-spin
state could be observed, which indicates a moderately
decreased covalent character of the Co�Nimide bond
(Table 2). The spin density plot, obtained from population
analysis of high-spin [2]� , shows not only the involvement of
the aryl imido unit but also further contributions from the
ancillary ligand set (Figure 4, left). The SOMO is mainly
localized on the cobalt atom as well as on the imide nitrogen
(Figure 4, right). Additional unpaired spin density is found at
the ortho and para positions of the aromatic ring, which
reflects well the situation derived from EPR spectroscopy.

SOMO�1, SOMO�2, SOMO�3 and HOMO are of mixed
character with unpaired spin density on the supporting aryl
imido ligands as well (see SI). In comparison, for the
intermediate-spin state the unpaired spin density is located
almost exclusively on the cobalt ion (Table 2). Together with
the increased WBI of 1.02 it gives the triplet state a distinct
imide character. Overall, calculated electronic and structural
parameters of high-spin [2]� are in accord with the exper-
imental findings and thus validate the description of [2]� as an
imidyl complex. This further shows that only in case of the
high-spin state the imidyl radical character is present.

Having the first authenticated imidyl cobalt complexes in
hand we examined their H atom abstraction capability.
Reaction of K{18c6}[2] with 1,4-cyclohexadiene (1,4-CHD,
BDE: 76� 2 kcalmol�1) showed clean but slow formation of
benzene and the cobalt(II) amide K{18c6}[CoL2(NHDipp)],
K{18c6}[4], which subsequently undergoes amide ligand
scrambling to complex {18c6}[CoL(NHDipp)2], K{18c6}[5].
To reduce steric factors concerning the observed moderate
reactivity of [2]� , Mes�N3 (Mes = 2,4,6-trimethylphenyl) was
reacted with [1]� . This gave the mesitylimido cobalt complex
K{18c6}[2] (Scheme 2), which also has an enlarged Co�Nimide

bond (1.752(2) �). K{18c6}[6] is highly reactive and could not
be isolated in pure form as it facilitates intramolecular C�H
bond activation of one of the MeiPr groups. It led to the alkyl/
amido cobalt(III) complex K{18c6}[3], which co-crystallized
in varying ratios (Figure 5). Closer inspection of the molec-
ular structure of K{18c6}[7] showed that the mesityl nitrogen
is now carrying a Me3Si unit which originates from the
-N(Dipp)SiMe3 ligand set. This likely occurs starting from [6]�

with a Me3Si shift from the silyamide ligand to the mesityl

Table 1: Comparison of selected bond lengths and angles of [2]�

calculated at the level of DFT-D3/M06-L with the experimental values.[a]

Bond lengths [�]
and angles [8]

Experimental
values

Calculated

h.s. i.s. l.s.

r(Co1-N1) 1.751 1.758 1.723 1.673
r(Co1-N2) 1.935 1.951 1.928 1.858
r(Co1-N3) 1.932 1.954 1.924 1.977
r(N1-C1) 1.347 1.332 1.337 1.352
a(Co1-N1-C1) 178.8 172.39 172.53 162.76

[a] h.s. = high-spin, i.s. = intermediate-spin, l.s. = low-spin.

Table 2: Mulliken atomic charges and spin densities on the selected
atoms of complex [2]� at the level of DFT-D3/M06-L.

Atom Mulliken atomic charges (spin density)
h.s. i.s. l.s.

Co1 0.767
(2.620)

0.720
(1.975)

0.688

N1 �0.650
(0.814)

�0.657
(�0.029)

�0.649

N2 �0.963
(0.133)

�0.940
(0.086)

�0.905

N3 �0.968
(0.128)

�0.945
(0.065)

�0.923

Figure 4. Left: Total spin density distribution of the complex [2]� in
high-spin state. An isosurface value of 0.003 a.u. is chosen. Right:
SOMO of complex [2]� (calculated with DFT-D3 using the density
functional M06-L).

Angewandte
ChemieCommunications

15378 www.angewandte.org � 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 15376 –15380

http://www.angewandte.org


imide unit which gives the transient cobalt complex [CoL-
(NDipp)(N(Mes)SiMe3)]� ([6#]�).It points to a nucleophilic
imide nitrogen in [6]� that contrasts the general electrophilic
behavior of late 3d-transition metal imides.[17,28, 32, 34, 42–47]

Subsequently, intramolecular C�H bond activation in
[6#]� leads to the highly labile organocobalt complex K{18c6}-
[7]. Intramolecular C�H bond activation is usually an
unwanted phenomenon for late 3d-metal imido complexes
and mainly occurs under insertion of the [NR] unit into a C�
H bond of the imide substituent or the ancillary ligand
set.[33,41] However, the formation of a metal�carbon bond was
only observed for a mesityl imido cobalt(III) complex[16] and
a transient aryl imido iron(II) complex.[36] There, a recombi-
nation of the formed carbon radical with the metal center and
not the imide nitrogen was proposed. This is also plausible in
the presented case, although a formal addition of the C�H
bond along the Co�N unit or a deprotonation mechanism
cannot be excluded. Overall, the experimental observations
hint to a high reactivity of the imidyl cobalt(II) function and
may explain its elusive character.[15, 16, 27, 35]

We herein reported the synthesis and characterization of
a variety of anionic and formally neutral trigonal arylimido
cobalt complexes. They all exhibit by far the longest reported

Co�Nimide bonds of around 1.75 �. Comprehensive examina-
tion of the physical and spectroscopic properties led to their
description as high-spin imidyl cobalt complexes. This is
corroborated by computational analysis which connects the
imidyl character to the complexes� high-spin state. With the
smaller mesityl azide a mesitylimido cobalt complex was
observed which underwent an unusual Me3Si-group shift from
the ancillary amide ligand set to the imidyl nitrogen. Overall,
this study underscores the impact of the spin state on the
central Co�Nimide bond, and reveals a nucleophilic and highly
reactive character of the cobalt imidyl unit.
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