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Abstract: Reaction of the CoI complex
[(TIMMNmes)CoI](PF6) (1) (TIMMNmes= tris-[2-(3-mesi-
tyl-imidazolin-2-ylidene)-methyl]amine) with mesityl
azide yields the CoIII imide [(TIMMNmes)CoIII(NMes)]-
(PF6) (2). Oxidation of 2 with [FeCp2](PF6) provides
access to a rare CoIII imidyl [(TIMMNmes)Co(NMes)]-
(PF6)2 (3). Single-crystal X-ray diffractometry and EPR
spectroscopy confirm the molecular structure of 3 and
its S= 1=2 ground state. ENDOR, X-ray absorption
spectroscopy and computational analyses indicate a
ligand-based oxidation; thus, an imidyl-radical electronic
structure for 3. Migratory insertion of one ancillary
NHC to the imido ligand in 2 gives the CoI N-
heterocyclic imine (4) within 12 h. Conversely, it takes
merely 0.5 h for 3 to transform to the CoII congener (5).
The migratory insertion in 2 occurs via a nucleophilic
attack of the imido ligand at the NHC to give 4, whereas
in 3, a nucleophilic attack of the NHC at the electro-
philic imidyl ligand yields 5. The reactivity shunt upon
oxidation of 2 to 3 confirms an umpolung of the imido
ligand.

Introduction

Late 3d transition metal imido complexes are appealing
synthetic targets as they are often implicated as critical
intermediates in metal-catalyzed N-group-transfer
chemistry.[1] These formal imides (R� N) could exist in a
number of electronic formulations, including (a) “classic”
closed-shell double- or triple-bonded, dianionic RN2�

ligands, (b) “imidyl” ligands with one unpaired electron
residing at the imido ligand, or (c) a metal coordinating
singlet- or triplet- “nitrene” with a formal electron-sextet at
the nitrogen atom.

In general, the reactivity of late transition metal terminal
imido complexes is controlled by the spin density at the
imido ligand, the formal oxidation- and spin state of the
metal ion, as well as its coordination number and geometry.
The accumulation of spin density at the imido ligand is
thought to be essential for high reactivity. Betley et al. have
demonstrated that oxidation of the iron imido complex
[(ArL)Fe(NAd)] (ArL=5-mesityl-1,9-(2,4,6-Ph3C6H2)-dipyr-
rin) to its imidyl redox isomer [(ArL)FeCl(*NAd)] results in
a C� H amination rate enhancement of two orders of
magnitude.[2] Examples of late transition metal imidyl/
nitrene radical complexes, however, remain scarce, and
structurally characterized examples in high oxidation states
are even rarer. While formal FeIII imidyl species are
known,[2,3] considerably fewer metal imidyl/nitrene radical
complexes of Co,[4] Ni,[5] and Cu[6] in mid to high oxidation
states have been reported. For example, cobalt complexes
with formal imido ligands have been structurally character-
ized, now, spanning various oxidation states and electronic
structures (CoII S=3/2, S=1/2;[7] CoII(*NR) S=2, S=1;[4]

CoIII S=0, S=1, S=2;[7b,8] CoIV S=1/2;[8n,9] and CoV S=0[9]).
Among them, low- to mid-valent CoII [7] and CoIII [7b,8] imidos
have been the subject of intensive studies. In contrast,
reactive formal CoIII imidyl/nitrene radical complexes have
been only proposed as transient intermediates (Figure 1, A
and B)[10,12] or observed via single-crystal-to-crystal trans-
formation (Figure 1, C).[13] Two investigations on formal CoII

imidyl radical species have been published in 2021 (Figure 1,
D and E).[4] In sight of the few structurally authenticated
nitrene- and imidyl-radical compounds, comparatively few is
known about their reactivity in regard to isoelectronic
carbenes and carbene radicals.[14] The homocoupling of
nitrenes or the cross-coupling with carbene surrogates seems
a convenient and complementary route to generate azo
compounds[15] and imines.[16] In previous studies, we reported
that TIMENAr-supported CoIII imido species rapidly form
CoII bis(carbene) imine complexes by intramolecular migra-
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tory insertion of the imido group into one of the NHC
pendant ligand arms.[8d]

The aforementioned prompted us to explore the elec-
tronic structure and migratory insertion chemistry of reac-
tive, formal CoIII imidyl radical complexes supported by a
recently developed, tripodal N-heterocyclic carbene (NHC)
ligand. Employing the methylene-bridged, N-anchored tri-
podal NHC ligand (TIMMNmes) has enabled the recent
isolation and characterization of a CoIV terminal alkylimido
complex [(TIMMNmes)CoIV(NAd)](OTf)2 by our group.[8n]

Note, the alkyl or aryl substituent (R) of the metal imido
unit (NR) has been proposed as a crucial element manipu-
lating the electronic structure.[8i, 17]

In this context, we report herein a pair of CoIII terminal
aryl imido/imidyl complexes, with the first example of a fully
characterized CoIII imidyl radical, including its solid-state
molecular structure. Both complexes show intramolecular
migratory insertion of the imido- with an NHC ligand.
However, whereas it proceeds through a closed-shell mech-
anism for the imide, it is mechanistically distinct for the
imidyl species; thereby, involving the transfer of only one
electron to the metal. Thus, this process is slow for the
former but fast and efficient for the latter.

Results and Discussion

Treatment of the four-coordinate CoI precursor [CoI-
(TIMMNmes)](PF6) (1), prepared by reducing divalent
[(TIMMNmes)CoII(Cl)](PF6)

[8n] with sodium amalgam
(1.2 equiv), with 1 equiv of mesityl azide in THF provided
the green CoIII imide [(TIMMNmes)CoIII(NMes)](PF6) (2) in
89% yield (Scheme 1).

Trivalent 2 is diamagnetic (d6 low-spin, S=0), and the
1H and 13C NMR spectra reveal C3 symmetry in solution.
The TIMMNmes ligand in 2 coordinates in a tridentate
fashion and the amine anchor does not interact considerably
with the cobalt ion (d(Co� N1)=3.236(2) Å). While the
room temperature 1H NMR spectrum of imido complex 2 is

consistent with a C3-symmetric structure, an unusually bent
N(anchor)� Co� N(imido) moiety is observed in its solid-
state molecular structure (Figure 2). The metrical parame-
ters in 2 are consistent with a distorted seesaw geometry
around the CoIII ion, composed of three carbon donors from
the tris-carbene chelate and a fourth nitrogen ligand from
the bound mesityl imido unit. The geometry index parame-
ter τ4 for 2 is 0.75, substantiating a seesaw geometry closer to
tetrahedral (τ4=1) than to square planar limits (τ4=0).[18] As
far as we are aware, this is the first of such a case in all
cobalt imido complexes to be crystallographically studied.

Figure 1. Reported (A–E) cobalt imidyl/nitrene radical complexes,
including this work.

Scheme 1. Synthesis of target complexes [(TIMMNmes)CoIII(NMes)](PF6)
(2) and [(TIMMNmes)Co(NMes)](PF6)2 (3).

Figure 2. A) Molecular structures of the cation in crystals of
[(TIMMNmes)CoIII(NMes)](PF6) * 2 CH2Cl2 (2), and dication in crystals
of [(TIMMNmes)Co(NMes)](PF6)2 * 5 C4H8O * 0.5 C5H12 (3). Hydrogen
atoms and solvent molecules were omitted for clarity. Thermal
ellipsoids are displayed at 50% probability. B) Core bond metrics of
[(TIMENmes)Co(NArOMe)]+,[8d] 2, 3, and copper nitrene [(EMindL)Cu(N-
(C6H4

tBu))].[6].
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The Co� N(imido) bond (d(Co� N8)=1.677(1) Å) is
within the range of previously reported CoIII aryl imidos
(1.65–1.68 Å).[7b,8a,b,d,j] The N(imido)� C(mesityl) bond of
1.369(2) Å is significantly shorter than that of an N� C single
bond (sum of the N and C covalent radii is 1.52 Å),
suggesting a substantial degree of electron delocalization
within the mesityl imido ligand.[1k] This situation is also
observed in other structurally characterized CoIII aryl imido
complexes.[7b,8a,b,d,j] Notably, the imido linkage in 2 deviates
significantly from linearity [(Co� N(imido)� C(mesityl):
158.0(1)°] compared to other structurally authenticated CoIII

aryl imido complexes (167.0–178.5°).[7b,8a,b,d,j] It is also
important to note that one of the mesityl groups of the
TIMMNmes chelate is positioned nearly parallel to the
mesityl group of the imido ligand, with a centroid-centroid
distance of 3.70 Å and an interplanar angle of only 10.34°,
indicating π–π interactions.[19] The deviation from linearity
for the Co� N� CMes linkages is either due to this interaction,
crystal-packing effects, or implies considerable lone-pair
character at the N-atom (see below).[5,20] Close inspection of
the C� C bond lengths within the imido mesityl unit of 2
(Figure 2) reveals an elongation of the Cipso� Cortho bonds
(1.426(2), 1.425(2) Å), analogous to what has been observed
for the closely related CoIII imido TIMEN derivative
[(TIMENmes)Co(NArOMe)]+ as well as for other CoIII aryl
imido complexes.[7b,8a,b,d,j] Further unusual is the short
distance between the imido nitrogen (N8) and one of the
coordinated carbene carbon (C6) donors: the N8� C6
distance of 2.795 Å is considerably smaller than the sum of
their van der Waals (VdW) radii (3.25 Å). Another remark-
able feature is the trigonal planar, sp2-hybridized amine N-
anchor in 2, with C� N� C angles summing up to 359.7(2)°,
which closely resembles that of the previously reported
[(TIMMNmes)CoIII(NAd)](BPh4) (357.8°).[8n] The average
C� N(anchor) bond (1.428(2) Å) in trivalent 2 also is
significantly shortened compared with that in CoI complex 1
(1.463(2) Å).

Cyclic voltammetry studies of 2 in THF revealed a
reversible oxidation with E1/2= � 0.52 V vs. [FeCp2]

0/+ (for
details, see the Supporting Information). Accordingly, and
in agreement with the electrochemical data, 2 is readily
oxidized by [FeCp2](PF6) (Cp� =η5� C5H5

� ) in a THF
solution. Regardless, all attempts to isolate the oxidized
complex at room temperature were complicated by the high
reactivity of the target compound, as quantified by a half-
life of fewer than 5 mins at 25 °C, according to UV/Vis
electronic absorption spectroscopy. The UV/Vis spectrum of
the oxidized product is distinctly different from that of 2,
with a broad band centered at λmax=515 nm (ɛ=

2860 M� 1 cm� 1; Figure S11). While the product is thermally
sensitive, it is sufficiently stable at low temperatures; thus,
allowing for its isolation and characterization. Accordingly,
brown [(TIMMNmes)Co(NMes)](PF6)2 (3) could be synthe-
sized in 89% yield from the precursor 2 by the reaction with
1 equiv of [FeCp2](PF6) at � 35 °C (Scheme 1, bottom).

Dark brown crystals, suitable for SC-XRD analysis, were
grown by slow diffusion of n-pentane into a THF solution of
3 at � 35 °C. The cobalt center in 3 is located in a distorted,
trigonal-bipyramidal environment of C2v symmetry, with the

three carbene entities forming the plane and the N-anchor
as well as the terminal imido ligand occupying the pseudo-
axial positions (Figure 2, 3). The crystallographic data reveal
remarkably few structural changes upon oxidation of the
CoIII precursor 2 (Table 1). The one-electron oxidation is
accompanied by an elongation of the Co� N(imido) bond
from 1.677(1) Å in 2 to 1.697(3) Å in 3, and a significant
shortening of the N(imido)� C(mesityl) bond from
1.369(2) Å in 2 to 1.310(5) Å in 3. Despite the different
substituents (aryl vs. alkyl), the Co� N(imido) bond length in
3 is close to the Co=N bond in the CoIV imido complex
[(TIMMNmes)CoIV(NAd)](OTf)2 (1.702(3) Å).[8n] However,
the N(imido)� C(mesityl) bond in 3 (1.310(5) Å) is consid-
erably shorter than that in [(TIMMNmes)CoIV(NAd)](OTf)2
(1.405(4) Å). This difference is likely due to electron
delocalization within the aryl imido fragments. In contrast to
2, the N-anchor in 3 binds to the cobalt ion (d(Co� N1)=

2.058(3) Å), and, consequently, pulls it deeper into the
electron-rich cavity of TIMMNmes. It is noteworthy that the
N(imido)� C(mesityl) and C� C bond lengths within the
mesityl group of 3 closely resemble those in the previously
reported triplet nitrene copper complex, in accord with
persistent radical delocalization (Figure 2).[6] Akin to 2, one
of the mesityl groups of the TIMMNmes ligand in 3 is nearly
parallel to the mesityl group of the imido ligand, with a
centroid-centroid distance of 3.62 Å and an interplanar
angle of only 4.57° (in 2: 3.70 Å, 10.34°), indicating a π–π
interaction.[19] Further remarkable is the fact that the Co� N-
(imido)� C(mesityl) bond angle of 174.6(3)° in 3 is closer to
linearity compared to that in the CoIII precursor 2 (158.0-
(1)°). The average Co� C bond length of 1.954(3) Å in 3 is
similar to the one determined in its precursor 2 (1.943(2) Å),
implying that the one-electron oxidation does not greatly
affect the Co� C(carbene) interaction. Also worth noting are
the short distances between the imido nitrogen (N8) and
two of the coordinated carbene carbon (C2, C10) ligands:

Table 1: Summary of important structural parameters of 2 and 3 in the
solid-state and as obtained by calculations at the TPSSh� D3/ZORA-
def2-SVP level of theory [in brackets].[a]

Parameter 2 3

d (Co=N8) 1.677(1) Å [1.652 Å] 1.697(3) Å [1.690 Å]
d (Co� N1) 3.236 Å [3.216 Å] 2.058(3) Å [2.077 Å]
d (C40� N8) 1.369(2) Å [1.357 Å] 1.310(5) Å [1.313 Å]
d (N8� Ccarbene)

[b] 2.795(3) Å [2.696 Å] 2.553(4) Å [2.521 Å]
av d (Co� C) 1.943(2) Å [1.913 Å] 1.954(3) Å [1.945 Å]
doop (Co) 0.882 Å [0.657 Å] 0.317 Å [0.487 Å]
∡ (Co� N8� C40) 158.0(1)° [153.7°] 174.6(3)° [174.1°]
Σ(C� N� C) 359.7(2)° [359.4°] 332.5(3)° [337.5°]

[a] A similar fit between experimental and computed structural
parameters is obtained with PBE� D3 (Table S7); a more detailed table
of metric parameters for complexes 1–3 and [(TIMENmes)Co-
(NArOMe)]+ [8d] as well as triplet nitrene [(EMindL)Cu(N(C6H4

tBu))][6] is
given in Table S4. The value doop denotes the “out-of-plane”-shift,
quantifying the distance at which the cobalt atom lies above or below
the plane of the three carbene ligands. [b] The shortest distance
between the imido nitrogen (N8) and one of the coordinated carbene
carbon ligands.
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the N8� C10 (2.618 Å) and N8� C2 (2.553 Å) distances are
smaller than the sum of their VdW radii (3.25 Å).

The EPR spectrum of 3 (Figure 3) displays an eight-line
signal centered at gav�1.98 with hyperfine coupling due to
the 59Co nucleus (I=7/2, 100% nat. abundance). The nitro-
gen super-hyperfine coupling is unresolved. The best
simulation of the experimental spectrum was obtained with
an effective spin S= 1=2, and effective g-values at g1=2.00,
g2=1.98 and g3=1.95, with a hyperfine coupling constant of

A3=63.5×10� 4 cm� 1 (6.79 mT). Computational analysis us-
ing the TPSSh functional reproduces the experimental
values well (g1=1.99, g2=1.98, g3=1.96, A3=53×10� 4 cm� 1

(5.67 mT). The small hyperfine coupling constant is more
similar to those for the putative CoIII mono- imidyl/nitrene
radicals[11,12] than to those reported for CoIV imido
complexes.[8n,9] This and the g-values near 2 suggest that
there likely is a significant amount of imido ligand-centered
spin density in 3. ENDOR studies were performed for 3 and
the previously published tetravalent Co imido
[(TIMMNmes)CoIV(NAd)](OTf)2

[8n] for comparison (Figure 4,
Figure S36). The spectrum of the CoIVNAd complex (black)
spans a relatively narrow frequency range of roughly 10 to
20 MHz with all signals being symmetric around the proton
Zeeman frequency (Table S2). The bands in the ENDOR
spectrum of 3 (red) are also symmetric around the proton
Zeeman frequency, but now span a range of 6 to 24 MHz
(Table S3). The increased spectral width indicates that the
unpaired electron is effectively closer to the ligand, giving
rise to larger proton hyperfine couplings in 3 as compared to
CoIVNAd. In addition, a very broad signal is present in the
ENDOR spectrum of 3 that spans a range from 0 to 45 MHz
with a maximum intensity at 33 MHz. As compared to the
calculated 14N hyperfine couplings of � 8, 2 and 52 MHz, the
14N ENDOR signal under neglect of quadrupole contribu-
tions would be expected in the range of 0 to 26 MHz. The
intensity maximum at 33 MHz is reasonably close to 26 MHz
and, thus, the broad signal is tentatively assigned to nitro-
gen. We conclude that EPR and ENDOR spectroscopic
data as well as structural parameters for 3 substantiate a
ligand-centered oxidation of 2; and thus, favor the formula-
tion of 3 as a cobalt-imidyl radical with a metal oxidation
state of + III. Despite multiple attempts, and due to the
pronounced thermal instability, reliable SQUID magnet-
ization data were not obtained for 3.

To provide further support for the formulation of 3 as a
cobalt-imidyl radical, high-energy resolution Kα-detected X-
ray absorption spectroscopy (HERFD XAS) was performed
at the Co K-edge. Complexes 2 and 3 were measured
(Figure 5), together with [(TIMMNmes)CoII(Cl)](PF6),
[(TIMMNmes)CoIII(NAd)](BPh4), and [(TIMMNmes)CoIV-
(NAd)](OTf)2 as references with known electronic struc-
tures (see Supporting Information, Figures S37–S41). The
pre-edge region is characterized by a main peak in the 7708–
7712 eV region, due to 1s to 3d transitions, and a weaker
feature at 7713–7716 eV, associated with 1s to ligand π*
transitions. The first moment of the 1s to 3d pre-edge
transitions in 2 and 3 are at nearly the same energies,
indicative of both cobalt centers having similar effective
nuclear charges. There are, however, changes in the 1s to
ligand π* transition energies, which may be attributed to the
low-lying tricarbene π* molecular orbitals experiencing
greater destabilization in 3. In addition, there are differences
in the rising edge, which likely reflect some anisotropy in the
electronic donation within the x, y and z axes of the
molecules. However, as observed in the pre-edge region, the
average edge energies are similar and accordingly disfavor a
metal-based oxidation in 3.

Figure 3. CW X-band EPR spectrum of [(TIMMNmes)Co(NMes)](PF6)2
(3), recorded as a 5 mM frozen THF solution at 6 K (black trace), and
its simulation (red trace). Experimental conditions: microwave fre-
quency ν=8.959 GHz, modulation width=0.01 mT, microwave
power=1.0 mW, modulation frequency=100 kHz, time con-
stant=0.1 s. Simulation parameters: effective spin S= 1=2, effective g-
values g1=2.00, g2=1.98 and g3=1.95, linewidths WFWHM,1=7.00 mT,
WFWHM,2=12.0 mT and WFWHM,3=3.00 mT. Voigt ratios (Lorentz=0,
Gauss=1) V1=V3=0.00; V2=1.00. Hyperfine coupling to one 59Co
(I=7/2, 100% nat. abundance) nuclei was determined as
A3=63.5×10� 4 cm� 1 (6.79 mT).

Figure 4. Davies ENDOR spectra recorded at 9.70 GHz on
[(TIMMNmes)CoIV(NAd)](OTf)2 (black trace) and [(TIMMNmes)Co-
(NMes)](PF6)2 (3) (red trace). Experimental conditions (for black
spectrum): T=10 K, B=335.0 T, MW (π/2)=100 ns, prep (π)=200 ns,
τ=400 ns, RF pulse=8 μs, repetition time=1 ms, 2 h acquisition time.
Experimental conditions (for red spectrum): T=10 K, B=348.2 mT,
MW (π/2)=100 ns, prep (π)=200 ns, τ=400 ns, RF pulse=8 μs,
repetition time=1 ms, 2 h acquisition time.
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The strong agreement between experiment and theory
(Figure 5, Figures S37–S41 in the Supporting Information)
lends credence to the interpretation of the experimental
data within the TDDFT framework.[21,22] The pre-edge peak
of 2 is dominated by transitions to orbitals with strong Co
d(xz) and d(yz) character, which are antibonding combina-
tions with Nmes 2p orbitals lying perpendicular and parallel
to the mesityl plane, respectively (Figure S40). The higher
intensity in 2 results from the larger Co 4p admixture (2–4%
vs. 1–2% in 3), as a consequence of an electric dipole
mechanism. Interestingly, the formal Co d(z2) acceptor
orbital in the first two excited states of 3 has a strong Nmes 2p
character, reaching 28% in the transition of the first β
electron. The analogous excitation in 2 has only 17% Nmes

character. This indicates that the low-energy side of the pre-
edge peak of 3 is largely a transition from Co 1s to N-radical
bearing a spin-up electron; thus, further corroborating the
imidyl assignment. Lastly, the high-energy side (3rd and 4th

excited states) is mainly due to excitation into cobalt’s
d(x2� y2) orbital, in which the acceptor orbitals have 49–
51% total d- and only 3–4% Nmes character. In summary,
the XAS data and TDDFT calculations of 3 are consistent

with a closed-shell CoIII ion bound to an imidyl radical
ligand.

Further quantum chemical analysis at the CASSCF level
was carried out. The cobalt ion in 2 features doubly
occupied d(z2), d(xy), d(x2� y2) orbitals and; hence, is best
described with a cobalt + III oxidation state (Figure 6). The
shape and position of the d-orbitals, which are not aligned
with the coordinate system, indicate a sizable pseudo-Jahn–
Teller effect.[23] The bonding with the imido ligand via the
two metal-centered π-interactions (Co:N=0.3:0.7; Löwdin’s
population analysis), is moderately covalent. Thus, the
electronic structure of 2 is to be understood as a mesomeri-
cally stabilized and nucleophilic imide-type complex, as is
also indicated by the bent imido linkage in the solid-state
structure. Geometry optimization using the PBE functional
and a truncated ligand system (substituting Mes for Me)
likewise predicts a bent Co=N� C linkage (156°). This
confirms that the bending of the imido group is an intrinsic
feature pertinent to the underlying electronic structure.

One-electron oxidation of 2 to 3 does not simply remove
an electron from the HOMO, the d(z2) orbital, as had been
obtained for the adamantyl congener.[8n] Instead, the ligand-
centered (Co:N=0.2:0.8), antibonding π*-orbital, which is
mesomerically stabilized by the mesityl substituent (i.e.,
iminyl electronic structure), is populated by one electron in
3 (Figure 7). This weakens the Co� N(imido) bond and
explains its counterintuitive elongation upon oxidation. In

Figure 5. Experimental Co K-edge HERFD XAS (a) and TDDFT calcu-
lated spectra (b) with key natural transition orbitals[21] of the dication in
3 associated from left to right with the pre-edge peak transitions shown
as red sticks. Energy shift: +93.2 eV; scale factor: 0.11; line shape:
Gaussian; FWHM: 1.3 eV.

Figure 6. Electronic structure of the ground state of the cation in 2
according to CASSCF(10,7) calculations (c=0.82; Figure S56). Se-
quence and spacing of the orbitals have been chosen for clarity and do
not reflect their energies. Hydrogen atoms and mesityl substituents of
the NHC ligands are omitted for clarity in this Figure.
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perfect agreement, Löwdin’s population analysis corrobo-
rates a spin density of 0.6 a.u. at the imido nitrogen atom
and a comparatively low Co� N bond order of BO=1.4 (2,
BO=1.8). Accordingly, the Co� N� C angle increases upon
oxidation, in line with a + III oxidation state of the metal
and a radical imido ligand. Note that the coordination of the
tertiary amine N1 to the cobalt ion in 3 switches the
coordination geometry from four-coordinate, distorted see-
saw geometry in 2, to five-coordinate distorted, trigonal-
bipyramidal in 3; thus, flipping the frontier orbitals.

The isolation of the cobalt imido/imidyl redox pair
provides a unique opportunity to compare their N-group
transfer reactivities without affecting the metal center’s
oxidation state. While 2 is stable in the solid-state at room
temperature and in solution at � 35 °C, stirring a THF
solution of 2 at ambient temperature overnight led to the
slow formation of the N-heterocyclic imine[24] [(TIMMNmes)-
*CoI(NMes)’](PF6) (4) (Scheme 2, top). Complex 4 was
characterized by SC-XRD analysis (Figure 8) as well as UV/
Vis electronic absorption and IR vibrational spectroscopy
(Figures S13, S14), SQUID magnetometry (Figure S15), and
CHN elemental analysis. This type of intramolecular imido
insertion reaction has been observed before for the related
CoIII imido TIMEN derivative [(TIMENmes)Co-
(NArOMe)]+.[8d] In the TIMEN ligand system, the proposed
intermediate, namely a CoI imine, is too unstable to be
isolated and further disproportionates to the CoII imine

[(TIMENaryl)*Co(NAr)’]2+, metallic Co0, and unidentified
organic byproducts.[8d]

In the molecular structure of cation 4, the modified
TIMMN* ligand coordinates the cobalt ion through two of
its remaining NHCs, the anchoring nitrogen atom, and the
newly formed imine. In the IR spectrum of 4, the character-
istic vibration of the imino group is observed at 1562 cm� 1

(Figure S13). Variable-temperature (VT) and variable-field
(VF) SQUID measurements of 4 revealed a magnetic
moment (μeff) of 3.10 μB at 300 K; thus, supporting the high-
spin S=1, CoI, d8 electronic structure assignment (Fig-
ure S15).

Unlike the CoIII imido 2, the isostructural imidyl 3 is
considerably more reactive, transforming at room temper-
ature in solution and even in the solid-state. In THF solution
at room temperature, the imidyl 3 quantitatively rearranges
to the CoII imine 5 within 0.5 h (Scheme 2). Complex 5 was
also fully characterized, including SC-XRD analysis, featur-
ing a similar coordination geometry as that of complex 4 but
with two well-separated PF6

� counter anions (Figure 8, 5).[25]

As expected for a divalent Co complex, 5 possesses an S=3/
2 spin state, which was experimentally validated by X-band
EPR spectroscopy (Figure S21) and VT-VF SQUID mag-

Figure 7. Electronic structure of the ground state of the dication in 3
according to CASSCF(11,8) calculations (c=0.84). Sequence and
spacing of the orbitals have been chosen for clarity and do not reflect
their energies. Ligand-centered bonding combinations regarding the
approximated d(z2)/d(x2� y2) orbitals (Figure S58), hydrogen atoms,
and mesityl substituents of the NHC ligands are omitted for clarity.

Scheme 2. Intramolecular migratory insertion reactions by complexes 2
and 3.

Figure 8. Molecular structures of the cation in crystals of [(TIMMNmes)-
*CoI(NMes)’](PF6)·C6H6 (4), and dication in crystals of [(TIMMNmes)-
*CoII(NMes)’](PF6)2·CH2Cl2 (5); hydrogen atoms and solvent molecules
were omitted for clarity. Thermal ellipsoids are displayed at 50%
probability.
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netization (Figure S22) and further confirmed by DFT
studies (see Supporting Information). VT-VF SQUID meas-
urements of a solid sample of 5 revealed a magnetic moment
(μeff) of 4.35 μB at 300 K. The observed room-temperature
moment falls within the range of 4.3 μB to 4.8 μB, which is
typical for high spin CoII complexes in pseudo-tetrahedral or
lower symmetry,[26] and is suggestive of a quartet spin
ground state for 5. Similar to 4, the characteristic vibration
of the imino group in 5 is centered at 1552 cm� 1 (Fig-
ure S18).

Reactivity studies of 2 and 3 with various reagents, such
as styrene, cyclohexene, 1,4-cyclohexadiene, triphenylphos-
phine, phenyl isocyanate, CS2 as well as CO2 and CO turned
out rather unproductive (Scheme S1, Figures S23–S29).
However, it is noteworthy that 2 undergoes imido/oxo
exchange in reaction with carbon dioxide (CO2) at room
temperature to give complicated mixtures of cobalt species
and free mesityl isocyanate (MesNCO).

The mechanism for the insertion reactions of 2 and 3 was
modeled by DFT calculations.[27] In the case of 2 (Figure 9,
top), where the adiabatic singlet/triplet energy gap was
calculated to be only +3 kJmol� 1, spin-crossover occurs
prior to the transition state. The calculated barrier for ts[2!
4]t of ΔG� = +95 kJmol� 1 (ts[2!4]s: ΔG� = +117 kJmol� 1)
is in excellent agreement with the experimental value of
ΔG� = +94 kJmol� 1 (ΔH� = +77 kJmol� 1 and ΔS� =

� 57 Jmol� 1K� 1) as obtained by VT-UV/Vis studies (Figur-
es S31, S32), which further corroborate first order kinetics.
For 3 (Figure 9, bottom), spin-crossover to S=3/2 occurs
after the transition state, which is lower in energy (ts[3!5]d:
ΔG� = +74 kJmol� 1; ts[3!5]q: ΔG� = +97 kJmol� 1) than
the one located for 2. VT-UV/Vis studies (Figures S34, S35)
revealed for the transformation of 3 to 5 in THF first-order
kinetics as well, with ΔG� = +88 kJmol� 1, ΔH� = +

47 kJmol� 1 and ΔS� = � 139 Jmol� 1K� 1.
Intrinsic bond orbitals (IBOs; Figures S48–S55)[28] were

calculated along the reaction coordinate[29] from 2 to 4 to
illustrate the electron flow during this transformation (Fig-
ure 10; Figures S53, S54). In agreement with the structure of
2 in the solid-state, the IBO associated with one of the two
π-bonds of the imido ligand reveals a weak interaction with
the π-acidic p(z) orbital of the electrophilic NHC ligand
(Figure 10, top left, 2.70 Å). During the reaction, this orbital
transforms into the σ-bond with the incoming NHC (Fig-
ure 10, top right, 1.34 Å). Consequently, this intramolecular
migratory insertion can be understood as a nucleophilic
attack of an imide-type ligand on the NHC. The two
electrons associated with the lone pair of the NHC migrate
to the metal-centered d(z2) orbital (Figure 10, bottom); thus,
formally reducing the metal by two electrons. The π-bond
within the N-heterocyclic imine ligand is derived from the
second MesN=Co π-bond (Figure S53). On the triplet
potential energy surface, homolytic cleavage of the
NHC� Co bond (Figure S54) and radical coupling of the
imido- and NHC ligand occurs. This is reasonable, since the
excitation of 2 (S=0) to 2 (S=1) involves an imido ligand-
to-metal charge transfer; consequently, giving an imidyl
radical electronic structure with a one-electron reduced
cobalt center.

The shape-changes of the IBOs for the transformation of
the imidyl 3 to 5 is substantially different, as illustrated in
Figure 11 (Figure S55). There, the electron in the singly-
occupied π-orbital migrates towards the metal instead of to
the NHC, thereby reducing the cobalt ion by only one

Figure 9. Mechanisms for the insertion reaction of 2 (top) and 3
(bottom), as calculated at the ZORA-TPSSh� D3/def2-TZVPP//ZORA-
PBE� D3/def2-SVP level of theory under consideration of solvation in
THF.

Figure 10. Changes of the IBOs (TPSSh//PBE) associated with one
imido-cobalt π-bond (top) and the NHC� Co σ-bond (bottom) along
the reaction coordinate (NHC-imido distance given) from 2 to 4
(S=0). Spin-crossover occurs close to the transition state, but all
orbitals relate to the singlet state for consistency. See Figure S53 for
more IBOs along the reaction path and Figure S54 for the triplet
potential energy surface.
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electron (Figure 11, top). The formation of the NHC-imine
σ-bond is best understood as a nucleophilic attack of the
NHC’s lone pair (Figure 9, bottom) at an electrophilic
imidyl ligand. Note, this NHC lone pair in starting material
3 is already weakly polarized towards the imidyl ligand
(Figure 11, bottom left, NHC� NMes=2.63 Å). This explains
the short imidyl-NHC distance observed in the solid-state
and the lower reaction barrier in line with the Hammond–
Leffler postulate.[30]

Conclusion

In summary, a CoIII imido/imidyl complex pair is presented.
The rare CoIII imidyl title complex [(TIMMNmes)Co(NMes)]-
(PF6)2 (3) was synthesized by oxidation of its CoIII imido
precursor [(TIMMNmes)CoIII(NMes)](PF6) (2). Diamagnetic
precursor 2 features a moderately bent Co� N(imido)� C-
(Mes) linkage and EPR, ENDOR, and high-energy X-ray
absorption spectroscopy suggest a d6 low-spin electron
configuration for 3 with most of the spin density residing on
the ligand. Calculations also indicate a formal oxidation
state of + III for both complexes and an imido-type
electronic structure for 2, whereas an imidyl-radical charac-
ter is found for 3. Both complexes show intramolecular
migratory insertion of the imido ligand into one Co� NHC
bond. For 2, the computational analysis substantiates a
mechanism based on the nucleophilic attack of the imide
onto the electrophilic NHC ligand, whereas 3 reacts by
nucleophilic attack of the NHC onto an electrophilic imidyl-
radical ligand. Thus, oxidation of 2 to 3 facilitates coupling
reactions by a switch of mechanism through umpolung of
the imido ligand.
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