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1. Introduction

Multiple bonded complexes of late transition metals and their
application in catalysis and group transfer chemistry are a
thriving area of research. Especially complexes with highly
covalent metal-ligand bonds, previously believed to be too
reactive to be studied at room temperature, now find increasing
attention. These complexes, which are in many cases only
formally multiple bonded and often feature occupied anti-
bonding molecular orbitals, show peculiar electronic structures.
Hence, they activate strong C—H, C—C and C—F bonds, arguably
paralleling heterogeneous catalysts, and some have been
studied as single molecular magnets. In this review, we present
a comprehensive, yet concise, update to Ray and coworkers’
analysis on terminal oxo- and imido complexes of the groups 9
to 11 from 2013."" The chemistry of bridged complexes has
been summarized elsewhere.”!

This article is divided into subsections, starting with a very
detailed discussion of nomenclature and the electronic struc-
ture of late transition metal imido complexes using computa-
tions. Readers with a dedicated interest in the coordination
chemistry and synthesis are thus directly referred to the
subsequent chapters. The multiple bonds with the group 9
elements will be summarized in section 3, whereas section 4
relates to the group 10 and section 5 to the group 11 elements.
Section 6 addresses gas-phase and matrix studies of groups 9-
12 terminal nitrido complexes. Beyond the aged, yet still
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leading, reviews on the electronic structure of multiple bonded
complexes,” we further would like to draw the attention of the
dedicated reader to recent summaries on terminal sulfido-*
and oxo- complexes of the late 3d transition metals in the
context of 0—O bond formation and activation.” This is likewise
the case for a perspective on functional group transfer with
coordinatively unsaturated, charge-separated multiple bonded
transition metal complexes (“vicinal zwitterions”).””

2. Imido-, Imidyl- or Nitrene Ligand?

The electronic structure of formally N-, O-, P-, S-, etc., m-donor
multiple bonded complexes of the early transition metals is well
established.®>*”" This is even more true for carbene ligands,
which are typically classified as nucleophilic, “Schrock-type”
alkylidenes, electrophilic “Fischer-type” carbenes including
ubiquitous N-heterocyclic carbene (NHC) ligands, or carbene
radicals.®! However, the electronic structure of formally N-, O-,
P-, multiple bonded complexes of the late transition metals is
less clear,”*® though analogies with carbene chemistry have
been pointed out."” The nomenclature used for, in particular,
imido complexes easily leaves the reader puzzled. For instance,
Hillhouse’ covalently bonded, d® configured, linear (NHC)
Ni=NAr complex with a triplet ground state (vide infra) was
referred to as a “nickel imido complex that engages in nitrene-
group transfer”."" Contrarily, the related (dtbpe)Ni=NAr (dtpbe:
1,2-bis(di-tert-butylphosphino)ethane) complex, which shows a
singlet ground state, was referred to by the same group as a
“nickel nitrene” in sight of its “nitrene transfer reactivity”."?
Indeed, basic or rather nucleophilic complexes are often
associated with an “imido-“ ligand, whereas open-shell reac-
tivity and electrophilicity are commonly connected with a
“nitrenoid-" (in the sense of “nitrene-like”), “nitrene-" or “imidyl-
“ electronic structure of the ligand. Hence, the terms “imido”,
“imide”, “nitrene” “nitrenoid”, “imidyl” and “iminyl” are fre-
quently used to describe complexes with an equivalent
electronic structure. Similar ambiguity has been outlined for
naming carbenes, alkylidenes, carbenoids and carbene
radicals.”® We hence wish to clarify the connection between
nomenclature and electronic structure including the terms
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“imido/imide”, “iminyl/imidyl”, “nitrene”, “nitrenoid” and “ni-
trene radical”.

A nitrene is a monosubstituted nitrogen atom with an
electron sextet (Figure 1, left). It may assume a triplet ground
state, as is the case for imidogen (NH), or alternatively may be a
singlet as found for acylnitrenes."” Azanidyl or imidyl relate to
the monoanionic, seven-electron radical congeners, as is also
the case for iminyl radicals. The latter term emphasizes a formal
double bond to an adjacent sp* configured carbon atom
(Figure 1, middle)."™

Azandiides (or imides) are the dianionic congeners with an
electron octet (Figure 1, right). Classically, RN ligands, formally
(sic/) double bonded to metals, are referred to as “imido”
ligands."® Imido ligands of the early and thus electropositive
transition metals are understood by their bisanionic electronic
structure RN>". In these complexes, the ligands can be up to
triply bonded due to the interaction of the p(z) (sp hybrid,
respectively) orbital (0-bond) as well as the p(x) and p(y) orbitals
(m-bond) with the metal’s vacant valence d-orbitals of appro-
priate symmetry. In case of high triple-bond character, they are
electrophilic; for lower bond orders, nucleophilic reactivity
dominates in the absence of open-shell character. Since the
ligand centered orbitals in these early transition metal com-
plexes are comparably low in energy, they are well separated
from the d-orbitals (Figure 2A). Accordingly, the electronic
structure is well approximated by common ligand-field splitting
diagrams and an ionic donor-acceptor picture, respectively.

However, the energies of the valence d-orbitals decrease
when moving to the late transition metals (Figure 2B); the same
is true when moving from the 3d to the 4d or 5d elements of
the late transition metals'” or for high-valent complexes of the
group 8 and 9 metals. This renders the bonds with the ligands
increasingly covalent and reduces the formal bond order due to
the population of anti-bonding molecular orbitals. Conse-
quently, a myriad of resonance structures may be of relevance
for such imido complexes."® Note that, although commonly
found in the literature, simplified ligand field splitting diagrams
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Figure 1. Resonance structures and nomenclature of RN ligands.

are only moderately illustrative for the underlying electronic
structures.

Eventually, the p-orbitals of the N-donor ligands will end up
higher in energy than the metal’s occupied d-orbitals (Fig-
ure 2C), giving rise to an orbital inversion or an “inverted ligand
field”." This may lead to a nitrene-ligand electronic structure,
or, in case of paramagnetic complexes, to an imidyl ligand, i.e. a
nitrogen ligand centered radical in first approximation, isoelec-
tronic with the radical oxyl ligand.”® However, the assignment
of a simplified electronic structure to a covalently bound ligand
is fairly arbitrary and depends strongly on the chosen computa-
tional method.

Methods relying on a selected active space of orbitals for a
number of electrons (“complete active space SCF”, CASSCF)
usually show a strong dependence on the choice of the active
space. In case of such multiconfigurational calculations, config-
urations associated with “nitrene”, “imido” and “imidyl” charac-
ter may contribute considerably to the overall electronic
structure (vide infra), which further complicates the assignment
of an approximate Lewis structure.

Overall, we conclude that “imido” ligand appears formally to
be a good designation for any of the above discussed electronic
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Figure 2. Idealized orbital interactions in transition metal imido complexes. Non-bonding d(x*y?) and d(xy) orbitals are omitted for clarity.

structures. Additionally, “imide” seems useful to emphasize
nucleophilic reactivity. Further, we suggest not to use “nitre-
noid”, since it is, in analogy to the misleading usage of the term
“carbenoid”," not clearly defined. The term “iminyl” should be
used with caution since the (formal) double bond to an a-
carbon atom (“imine”) could be confused with the (formal)
double bond to the metal. We discourage the term “nitrene” to
generally refer to open-shell reactivity, but instead recommend
using it deliberately for an electronic structure with two ligand
centered radicals (“triplet-nitrene ligand”). Eventually, we would
like to highlight that in cases of high covalency, the assignment
of these simplified electronic structures becomes arbitrary to
quite some extent.”"

According to simplified ligand field considerations, some
formally multiple bonded late transition complexes should have
a bond order of zero. However, the mixing of metal-based
orbitals reduces their anti-bonding character. For instance,
mixing of a formally occupied 3d(z%) orbital with the 4s orbital
reduces the extension of the axial lobes in the z-direction
(Figure 3, left), whereas mixing with the 4p(z) orbital polarizes
the axial lobes towards one direction (Figure 3, right).

It is important to note that the polarization of d-orbitals is
not a computational artefact and symmetry allowed mixing is,
of course, well founded in molecular orbital- (MO-) and group
theory.”? For instance, s/d mixing is responsible for unusual
structures, defying Valence Shell Electron Pair Repulsion (VSEPR)

®

-

4p(z)

—_—

3d(z%) 7 4s 3d(z%) 3d(z%) / 4p(z)

Figure 3. Mixing of an occupied d(z?) orbital with a vacant s or vacant p(z)
orbital may attenuate its anti-bonding character.
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theory of d° configured metal complexes.”® Further experimen-

tal indication for such hybridization comes from K-edge 1 s—3d

X-Ray absorption spectroscopy (XAS)*? of terminal iron(IV)

nitrides.” Similarly, non-bonding d -orbitals may mix, as was

shown by Electron Paramagnetic Resonance (EPR) and Electron

Nuclear Double Resonance (ENDOR) spectroscopies for Smith’s

iron(V) nitrido complex.” The interplay of Jahn-Teller distortion

and spin-orbit coupling induced orbital mixing has been also
investigated in detail for a handful of iron complexes in
threefold symmetry.”!

In the following sections, we will present a detailed
discussion on the electronic structures sketched above in
Figure 2, using representative early and late transition metal
imido complexes from the literature.

1) Niobium(V): Coordinative Triple Bond: The yellow d°
configured tris-amido imido niobium complex 1 serves as
an example for an early transition metal imido complex in
pseudo-tetrahedral coordination with a metal-imido triple
bond (Figure 4, left).”® The o-interaction can be under-
stood as a coordinative interaction, whereas the two -
bonds show significant covalency (ligand:metal =8:2). The
HOMO-1 is stabilized (in reference to the HOMO) due to
significant mixing with the m-system of the phenyl
substituent. This complex shows a large singlet-triplet gap
AE*" exceeding 3 eV and the weight of the lead config-
uration in a CASSCF calculation amounts to 70%, where
the remaining configurations relate essentially to m-m*
excitations within the imido substituent.

2) Palladium(ll): Strongly Covalent, Zwitterionic Single Bond:
An example of high covalency is the diamagnetic terminal
sulfonimido complex 2, supported by a functionalized
cyclic (alkyl)(amino) carbene ligand (“"CAAC; see also
Figure 27 below).”” According to simplified ligand-field
considerations, this imido complex should feature a bond
order of zero and hence be thermodynamically unstable.
However, not only the bonds with the imido ligand, but
also the o- as well as m-bonding interactions with the
ancillary carbene- and imine- ligand are highly covalent,

© 2021 The Authors. European Journal of Inorganic Chemistry published
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Figure 4. Molecular orbitals in truncated niobium(V)- [left; sa-CAS(6,9); 1"*™]
and truncated palladium(ll)-imido [right; sa-CAS(18,12); 2"*"] model com-
plexes. Hydrogen atoms are omitted for clarity.

and further mixing between the 4d and 5s orbital is
computationally obtained (Figure 4, right). This renders the
assignment of a formal oxidation state challenging, yet a
formal d® configuration seems to describe the electronic
structure of this compound best. Also, constructing a
concise molecular orbital diagram reveals a fairly compli-
cated mixing pattern. It was experimentally shown that the
interaction with the labile oxygen-donor site is comparably
weak, which is also corroborated by few orbital admixtures
related to the imido- or metal-centered molecular orbitals
as well as the strong positive partial charge at the metal.””
The HOMO relates to the imido-ligand centered (li-
gand:metal =0.7:0.3), anti-bonding combination of the -
bond with the metal, combined with some overlap with
the mt-system of the imino ligand in para-position (0.04) as
well as (negative) hyperconjugation with the sulfonyl
group (0.06). This mixing with orbitals of higher energy
weakens the anti-bonding character of the HOMO, which
overall results in a (weakly) bonding interaction with the
imido’s p(z) orbital. It is interesting to note that such
mixing with the m-acidic imino ligand in para-position was
also suggested by Limberg to be important for the
stabilization of late transition metal terminal oxo
complexes.”™® A bonding o-orbital forms through the
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overlap of the metal’s d(z?) with the p(x) orbital of the
imido ligand. The anti-bonding character of the related o*-
orbital is attenuated through mixing with the 5s orbital of
the palladium ion. Further minor bonding interactions are
obtained through lateral interaction (the O-Pd-N angle is
only 73°) of the imido nitrogen centered p(x) orbitals with
the d(xy) orbital. Eventually, the computations corroborate
the presence of a o-bond with the sulfur atom involving
the p(y) orbital of the nitrogen atom, in combination with
another lone pair at the imido nitrogen atom residing in
the 2s orbital. Overall, all orbital interactions give rise to a
single bond between the metal and the imido ligand and
strong vicinal zwitterionic character as has been
discussed®" in the context of Frustrated Lewis Pair (FLP)
type chemistry. Negligible open-shell character is corrobo-
rated by the large singlet-triplet gap (AE¥'=2.6 eV) and
the high weight of 0.82 for the lead closed-shell config-
uration ¢® in the CASSCF calculations, whereas the
diradical resonance structure ¢ accounts only for 0.05
(Figure 5, left). This stands in stark contrast to Hillhouse's
bisphosphine- (3™ Figure 5 middle) and di(NHC) (4"
Figure 5 right) supported imido complexes.®? For 3™ and
4™ at the same level of theory, the radical configurations
c relating to the (excited) triplet state are predicted to
mix considerably with the lead closed-shell configuration
%" of the ground state (3"":0.47:0.46, AE*=08eV;
4r<:0.79:0.15; AE¥*=1.3 eV).®¥ Thus, the imido ligands in
these complexes share high to moderate triplet-nitrene
character. In any case, 2 also features weak electrophilic
properties as proven by the formation of iminophosphor-
anes in reaction with phosphines (vide infra).

3) Cobalt(ll): Covalent Multiple Bond, Metal-Centered Radical:
The trisphosphine-coordinated cobalt complex 5 (see also
Scheme 6 below) illustrates the electronic structure of an
imido ligand bonded to an open-shell metal ion of the late
transition metals (Figure 6, left).®* The vacant 3d(z%) orbital
is anti-bonding. It hence admixes the 4s as well as to a
much minor extent the 4p(z) orbital, which mitigate its
anti-bonding character (d:s:p=7:2.9:0.1). Of the two x-
bonds, the one without conjugation with the phenyl ring is
very covalent (ligand:metal=6:4). In absence of conjuga-
tion with the phenyl ring, the anti-bonding orbital is higher
in energy and hence vacant. The other n-bond is margin-

"(1,1)"

Zai\id
, . <
N \P_:‘ N%
do \,. {  Ni=N
»—Pd==0: /Nl:N N\(
N[ P C
| iIN—S(O)Me VS ASUN
ztrunc 3trunc 4lrunc
¢'?0" 0.82 c'@0r: 0.47 c'@0:0.79
¢'(:1": 0.05 c':1": 0.46 ¢ 0.15
AESt=26eV AESt=0.9eV AESt=13eV

Figure 5. CASSCF/NEVPT2 calculations indicate that palladium complex 2™
[sa-CAS(18,12)] is a vicinal zwitterion ion, whereas the nickel complexes 3"
[sa-CAS(16,12)] and 4™ [sa-CAS(16,12)] share triplet-nitrene character.?¥
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density at the metal, was suggested to lean rather towards
the nickel(lll) side.

5) Nickel Triplet-Nitrene Complex: Hillhouse’ formally d®
configured (NHC)Ni(NAr) imido complex 8" is the seminal
example for a covalently bonded imido ligand with strong
nitrene character, viz. a nickel supported triplet-nitrene
(Figure 7, left). The two m- as well as two m*-orbitals are
populated by overall six electrons giving rise to an S=1
ground state. These orbitals are essentially evenly distrib-
uted between the metal and imido ligand (ligand:metal =
5:5), thus suggesting strong triplet-nitrene character for
the imido ligand. Also here, the nitrene is stabilized
through conjugation with the aryl substituent. Of further
note, the 3d(z) orbital shows admixture of s character
(s:d=3:7), which attenuates its anti-bonding nature. In
case of Betley’'s copper supported triplet-nitrene 7 (cf.
Figure 27), an analogous electronic structure was com-
puted. Yet, even stronger ligand-centered character of the
two anti-bonding molecular orbitals of z-symmetry (li-
gand:metal =6:4) is found for the latter, thus giving rise to
a “genuine” triplet-nitrene ligand.®”

6) Platina Triplet-Nitrene: Schneider’s platinum nitride com-
plex 9 is a bona fide platina triplet-nitrene (Figure 7,
right).”® Both m*-orbitals are singly occupied and clearly

SN
o' 5 / N N// sAd,lrunc

Figure 6. Molecular orbitals in cobalt(ll) imido [left; CAS(13,9); 5] and nickel
(I1) imidyl [right; CAS(13,8); 6**™"] model complexes. Hydrogen atoms in 5,
as well as adamantyl substituents in 6**™" are omitted for clarity.

ally covalent (ligand:metal=9:1), stabilized through inter-
action with the m-system of the aryl substituent, and the
anti-bonding, metal-centered combination of predomi-
nantly d(yz) character is populated by one electron. Overall,
this electronic structure is consistent with a d’ configured
cobalt(ll) ion. Yet, this compound shares small imidyl
character in its ground state as corroborated by a
calculated population of 0.3 e~ of the m* orbital, which
translates into a Lowdin spin density of —0.1 a.u. at the
imido nitrogen atom.

4) Nickel Imidyl Complex: Betley and colleagues reported
mesityl- and adamantyl (Figure 6, right) imido complexes
of nickel, supported by a dipyrrinato ligand (6™ and 6"
see also Figure 22 below).*® Compound 6" can be under-
stood as nickel imidyl complex and features an unpaired
electron at the nitrogen ligand. The two m-bonding
interactions in 6**™™ reveal high covalency. The m-orbital
involving the d(xz) orbital is rather metal-centered (li-
gand:metal=4:6), and the anti-bonding combination,
occupied by one electron, is accordingly ligand centered
(ligand : metal=6:4). The doubly occupied m-orbital
relating to the d(yz) orbital is as well ligand centered
(Iigand:metaI:6:4), which overall leads to a formal d° Figure 7. Molecular orbitals in nickel triplet-nitrene [left; CAS(12,8); 8" and
electron configuration of the nickel ion. Contrarily, the planar platina triplet-nitrene [right; sa-CAS(18,12); 9™ model complexes.
electronic structure of 6™, which shows predominant spin- ~ Hydrogen atoms are omitted for clarity.
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ligand centered (ligand:metal=8:2), whereas the o-inter-
action is considerably covalent. The anti-bonding combina-
tion, which relates mostly to the 5d(z%) orbital, combines
with the nitrene’s 6p(z) orbital and shows large (20%)
admixture of the metal’s 65 orbital.

Ylidic Stabilization: It is well known that formally cationic
substituents such as imidazolium- groups stabilize anions
through mesomeric effects. Prominent examples for this
effect are the N-heterocyclic imines (Figure 8). Thus, these
scaffolds have also been applied as “masked” imido-
ligands with comparatively tamed nucleophilicity. Note
that the group 14 congeners, namely N-heterocyclic
olefins, have received considerable attention as well.®”
Although no open-shell derivatives have been isolated to
the best of our knowledge, their electronic structure seems
to be similar to the above-discussed iminyl complexes.
Since the chemistry of these complexes has been compre-
hensively covered elsewhere, we refer the interested reader
to these reviews."”

Mesomeric Effects in Arylimido Complexes: As outlined
above and emphasized by the designation “iminyl”, imido
complexes benefit from conjugative stabilization with aryl
substituents. In the case of nucleophilic, diamagnetic imido
complexes, the aryl group delocalizes the negative partial
charge, whereas spin density is distributed in case of
iminyl/imidyl or nitrene ligands. The structural parameters
of the arene substituents as obtained by single crystal X-
ray diffraction (SC-XRD) analysis allow to approximate the
degree of delocalization through the shortening of the
N—CP* and elongation of the CP*—C°"™ bonds (Figure 9).

N N+

DippN 7 "NDipp ~ DippN” “NDipp
\—/ \—/

Figure 8. Ylidic imido- ligands
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Figure 9. Averaged bond lengths in the solid state (values are given in [AD
and calculated (PBE—D3/def2-SVP) Léwdin spin densities in open-shell
arylimido complexes (bottom).
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For instance, the niobium complex 1 shows a much smaller
N—CP° bond length (N—CP°=1.389 A) than the nickel
imidyl complex 6*¢ (N—-C"*°=1.456 A); the N—C"*° bonds in
the late transition metal imido complexes 4™ (N—CP =
1.345 A) and 5 (N—C*°=1.348 A) are even shorter. This is
likewise the case for the imidyl complex 6™ (N—CP
=1.348 A) as well as the nitrene complexes 8 (N-CP°=
1.351 A) and particularly 7 (N-CP*°=1.310 A). Among the
latter three complexes, only little spin density is localized
at the aryl substituent in 6" (5%), whereas high spin
delocalization is calculated for 8 (56 %) and 7 (77 %).
Metal—Nitrogen Bond Lengths: Triply bonded (vide supra)
niobium(V) imido complex 1 has a Nb—N bond length of
1.794(2) A (Figure 10),%® which is longer than that found
for the 3d vanadium complex 10 (1.638(4) A)"
The Co—N bond of neutral terminal cobalt(ll) imido
complex 5 measures 1.7089(15) A,** whereas the one of
dicoordinate 119™ is shorter W|th 1.691(6) A Formal
cobalt(lll) imido complexes tentatively exhibit shorter Co—N
bonds as illustrated by 12™ (1.6668(18) A)*, 13
(1.658(2) A*9 and 14 (1.632(3) A, whereas the Co—N
bond length in anionic cobalt(ll) complex 15
(1.7067(12) A), which shares imidyl character, is of similar
magnltude B9 Jmportantly, the oxidation of 16%
(1.649(1) A) to 162+ (1.702(3) A) resulted in considerable
elongation of the Co—N bond." This observation, contra-
dicting the common shortening of metal-ligand bonds
upon oxidation, was computationally rationalized by
enhanced imidyl- and even partial nitrene character for
16°*. Indeed, cobalt(lV)- and cobalt(V) diimido complexes
17 and 177 feature shorter Co—N bonds of 1.665(3) and
1.640(3) A, respectively.® Moving down the group to
tetracoordinated 4d rhodium(lll) complex 18, which is
isostructural with 12™, reveals a larger Rh—N distance of
1.780(2) A" This effect is enhanced for the hexacoordi-
nated nitrene complex 19 (2.303(4) A).7® Moving to the
5d element iridium reveals arguably similar bond lengths
as found for rhodium. The tetracoordinated iridium(lll)
imidyl complex 20 shows an Ir—N bond length of 1.805(2),
which also here further elongates upon oxidation to 207"
(1.868(2) A) due to enhanced nitrene character.*
Tricoordinated nickel(ll) imido complexes such as 3¢
(1.657(5) A)”" and imidyl complex 6* (1.642(7) A)*9 show
Ni—N bonds in the range of 1.64-1.70A 5% The strongly
bent nickel(ll) imido 4™-Y** with unusual strong closed-
shell character exhibits a significantly longer Ni—-N bond
(1.732(3) A).2 The Pd" imido complex 2 features a Pd—N
single bond (2.0423(19) A) due to hyperconjugation of the
imide ligand with the electron-withdrawing tosyl moiety.*”
In line with its nitrene electronic structure, copper complex
7 exhibits in comparison to the cobalt- and nickel
complexes a long copper—nitrogen bond of 1.759(2) A.%”
Imido Complexes - Bent or Linear? Generally, imido ligands
are linear except the nitrogen atom bears considerable
lone-pair- or mono-radical character (Figure 11). Thus, triply
bonded imido ligands of complexes with a low d-electron
number as well as nitrene ligands are linear or close to
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Figure 10. Metal-imido bond lengths (values are given in [A]) of selected
examples in the solid state.

linearity, respectively. Examples are the complexes 1 (M-N-
R=167.4(2))" and 8 (M-N-R =171.6(3)°)"". Also the
cobalt imido complex 5, where the bonding interaction is
due to m-interactions only, features a close-to-linear imido
linkage (M-N-R=177.85(14)°).% The same is true for nickel
complex 3, where the singlet ground state shows strong
admixture of open-shell excited states (viz. nitrene
character).®® The picture is less clear for imidyl complexes.
For instance, 6*! (M-N-R=164.8(17)°)°® and 7" (M-N-R=
168.9(1)°)®” are at best moderately bent. On the contrary,
the linkage in complex 6", where the metal-ligand bond
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Figure 11. Angles of imido linkages of selected examples in the solid state.

is perturbed through spin-delocalization into the conju-
gated m-system of the mesityl substituent, is strongly bent
(M-N-R=146.5(2)°). Imido complexes with populated anti-
bonding orbitals of m-symmetry are strongly bent in case
of a singlet ground state devoid of strong admixture of
excited states. This is the case for the palladium complex
2(M-N-R=79.54(9)°)® where the intramolecular sulfonate
chelate further biases the bent structure.”” For the closed-
shell nickel complexes 4™-PPP and 4™-M with significant
triplet-nitrene character (vide supra), angles of 147.0(2)°
and 127.3(3)° were reported.®*

11) Acylnitrenes: While organic azides are commonly used for
the synthesis of terminal imido complexes, (di)-oxoazo-
lones have become popular nitrene sources for catalytic
C—N and N—N bond formation.? The key intermediate of
these group 8-11 metal catalyzed reactions are believed to
be metalated N-acyl-nitrenes (Scheme 1). Acyl nitrenes
profit from extensive mesomeric stabilization by the
carbonyl substituent. For more details beyond Warren's
copper complex and one example in iridium catalysis (vide
infra, Scheme 16, Scheme 24), we refer the interested
reader to a recent review."*?
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Scheme 1. Formation of imido intermediates by light-induced elimination of
CO, from dioxoazolones.

3. Group 9 Metals
3.1. Cobalt

Cobalt imido complexes are known since the early 2000s and
comparatively well studied.”** Prior to 2013, most complexes
featured cobalt in the oxidation state +Ill and strong-field
ancillary ligands, and thus exhibited closed-shell electronic
structures (Figure 12, 1214, 21-25)."3*" Compounds 1214, 21-
23 were found to be rather unreactive, which was attributed to
their steric protection and the low-spin ground state.®” Weak
electrophilic character was attributed to 129 and 23"°*'¥ in
sight of a sluggish reaction with carbon monoxide. Complexes
21, where the imido group inserted into the NHC-metal bond
likely via initial attack at the p(z) orbital of the carbene, proved
also electrophilic.“*¥

Complexes 23%%°Y and 14“*°7 showed thermally accessible
open-shell excited states, and 14" exhibited even an inter-
mediate-spin ground state of (S=1). Complex 25 is diamagnetic
with an almost linear terminal cobalt imide bond (Co-N-Ad:
172.1°).5% The combination of a low coordination number and a

@ R’ @ N-R T?Ph
Ph—B_ Co=NR Mes N9°:NR N—Co:N@R
) Cyd
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Figure 12. Isolated terminal cobalt imido complexes known until 2013.
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Scheme 2. Intramolecular conversion of alkyl azides to pyrrolidines catalyzed
by 14 in pyridine (py). HAA: H-atom abstraction.

weak ancillary ligand in 14 results in a compressed ligand field
which favors open-shell electron configurations. In 2012, nitrene
transfer to phosphine was shown for 14®, and intramolecular
H-atom abstraction was found for 14" ¥ Their applications in
catalysis and intermolecular C—H functionalization were not
reported before 2019. The intramolecular amination of activated
benzylic C—H bond in aliphatic azides catalyzed by 14 allowed
accessing substituted pyrrolidines (Scheme 2) and illuminated
the crucial role of pyridine as solvent. Pyridine coordination
prevents the formation of cobalt tetrazene complexes and
accordingly enhances the catalyst longevity. Additionally, the
presence of pyridine increases the amination rate (k°*), which
overall improved the yields from below 10% to 93 %.5?

The catalytic C—H amination proved to be sensitive to the
steric demand of the ancillary ligand. Exchanging the 2,4,6-
triphenylphenyl side groups of 14 by a sterically more
encumbering trityl substituent (26) pushes the imido group
into a perpendicular position regarding the plane defined by
the dipyrrinato ligand (Figure 13). While the bulky trityl
substituents prevent catalyst inhibition in the form of cobalt
tetrazido complex, the bent geometry enhances the C—H
amination efficiency. The unusual perpendicular arrangement
between the imido- and dipyrrinato ligands leads to increased
oxidation potential and higher reaction rates.*”

Arguably taking inspiration from previous work with iron,*”
Mindiola and colleagues targeted to synthesize the cobalt(IV)
imido complex 27 (Scheme 3).*® Complex 27 contains an

Mes
~= X
Ad.
\ N\\ N Mes
N\c’ IS
R I R N=Co-N
NMes Ph—&Ph Ph
Ph Ph™ Npp,
25Mes 26

R = 2,4,6-triphenylphenyl

Figure 13. Left: 25", “in-plane” imido ligand. Right: 26, “out-of-plane” imido
ligand.
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Scheme 3. Proposed cobalt(lV) imido intermediate 27.

unpaired electron in the imido’s st*-anti-bonding orbital, thus
rendering it more reactive. Indeed, 27 proved to be unstable at
room temperature, and instead an intramolecular C—H insertion
product was isolated (Scheme 3).

The presence of a transient four-coordinated cobalt imido
intermediate (28) was further proposed by Caulton and
colleagues®™ who isolated the product of intramolecular
insertion of the imido group into the cobalt—phosphorus bond
(Scheme 4).

The first isolable square planar cobalt(ll) imido complex was
reported by Chirik and co-workers in 2021.5¥ The solid-state
structure revealed a long Co—N bond (1.716(2) A) and a near-to-
linear Co—N—C linkage (176.46 (19)°) (Scheme 5). An intermedi-
ate spin state (S=1) was found and further corroborated by
CASSCF(12,8) calculations, which suggest ferromagnetic cou-
pling of a cobalt(ll) ion with a radical predominately residing on
the imidyl nitrogen. Complex 29 is surprisingly stable; yet,
heating to 80°C for 30 minutes leads to the selective N-
migratory insertion into the Co—P bond.

%y %) %
\ N,S'—\PIB Si S ey
Uo ’ 2
\k.SLi/ oo PhN; ‘Si/N\C PiBu, _\er\c N
R — | g - o *Ph
[=] N, LP/ \\NPh LP/
tBu, tBu, tBu,
28

= = =
) PiBU, N PtBu, . = TRiBuy
\Co\/ MesN; \Co\\ o N\CO/NMes
SN NS / NMes 80°C P/
tBu, N Bu, tBu,
2gprecursor 29 29insenion

Scheme 5. Synthesis and reactivity of square-planar cobalt imido complex
29.
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Werncke and co-workers isolated the anionic cobalt(lll)
imido complex 15 with two bistrimethylsilylamido ancillary
ligands (Figure 14, left).®™ With 1.7067(12) A, complex 15
exhibits a rather long Co—N bond. For comparison, in 14®"
which represents the shortest bond, 1.609(3) A was found.*"
The authors attributed the longer bond length to the anionic
charge of the complex and the intermediate-spin triplet ground
state (S=1). Further note the Co—N-C angle of 160.78(12)°,
which deviates considerably from linearity.

Analogous to complexes 14, also 15 abstracts H-atoms from
C—H bonds (BDE <92 kcalmol™").*¥ In a subsequent combined
experimental and computational study, related aryl congeners
30 were described (Figure 14, right).®” The electronic structure
of these complexes was interpreted as imidyl complexes based
on a low (0.6) Co—N and high (1.3) N—C bond order and high
spin density at the imido nitrogen atom (0.8 a.u.). These
complexes also feature near-to-linear Co—N—C linkages (Co-
NpessC: 168.9(1)°; Co-Np,-C: 178.8(2)°), remarkably long Co—N
bonds (Co—NYe: 1.752(2) A, Co—N°"": 1.751(2) A), and abstract
hydrogen atoms from cyclohexadiene (BDE=76 kcalmol<™>
1)'[60]

The d’ configured cobalt complexes are rather unusual. The
first low-spin trisphosphine cobalt(ll) imido complex 5 was
reported in 2017 by Deng and colleagues.”” (For a detailed
discussion on the electronic structure see Figure 6 above).
Complex 5 shows ambiphilic reactivity and N-group transfer
with trimethylphosphine as well as with carbon monoxide.
Additionally, interesting imido/oxo and imido/sulfido exchange
reactions were observed in the presence of benzaldehyde and
carbon disulfide (Scheme 6).

Following the nickel complex 8, linear, di-coordinated
cobalt(ll) imido complexes 11 were isolated (Figure 15).

The d’ configured complexes are stabilized by the NHC
ancillary ligand IPr (11).*? For the derivatives 11’ and 11",
unsaturated NHCs were chosen. Solution magnetic susceptibil-
ity measurements assigned an $=3/2 ground state to com-
plexes 11, which was further corroborated by DFT

K{crypt.222
SiMes —|K{crypt.222) /SiMe3 —| {cryp }
Me3Si—N Dipp—N
’ \c N * \c
o= o=N
) ~tBu . / SAr
Me3S|—N\ Dipp—N
SiMe3 SiM93
15 30
Ar = Dipp, Mes

Figure 14. Anionic cobalt(lll) imido complexes 15 and 30.

Dipp + PhCHO
’L . Dipp—N=CHPh + "CoO"
I}
.-Co’ +CS
MesP" "™\ 2 . -
Mesp” PMes Dipp—N=C=S + "CoS

Scheme 6. Exchange reactions of imido ligand in 5 with benzaldehyde and
carbon disulfide.

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


www.eurjic.org

EurJIC Review

European Journal of Inorganic Chemistry

doi.org/10.1002/ejic.202100410

Chemistry
Europe

European Chemical
Societies Publishing

Dlipp Mes D/ipp Mes
N N
[ P—Co=N 11 [ P—Co=N 1’
N N
\
Dipp Mes Dipp Mes
Dipp Mes
N
»—Co=N 1"
N
Dipp Mes

Figure 15. Two-coordinated d ” cobalt imido complexes.

calculations.”? The high-spin configuration is in agreement with

fairly long Co—N bonds (average for 11: 1.68 A).*? The imido
ligand in 11 gives isocyanate with carbon monoxide, reacts
with terminal alkynes and silanes via 1,2-addition, and shows
C—H insertion with ethylene (Scheme 7).1*?

Compounds 11 excel with their magnetic properties and
represent a new class of single-molecular magnets (SMMs) that
exhibit metal-ligand multiple bonds (Figure 16). In fact, 11" set a
new record for transition metal-based SMMs in terms of the
effective relaxation barrier (413 cm™).?
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Scheme 7. Bond activation with 11.

Figure 16. Complexes are single-molecule magnets (SMMs).
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Figure 17. Cobalt(IV)- and cobalt(V) bisimido complexes.
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The steric bulk of the imido ligand'’s substituent is thereby
crucial to avoid the formation of bisimido complexes. Accord-
ingly, Deng’s group pushed the field through isolating formal
cobalt(V) (17) and cobalt(V) (177) bisimido complexes, both of
which showed low-spin ground states (Figure 17).*9 The
pentavalent complex, stabilized by two m-donating imido
ligands, thereby proved remarkably unreactive.

In fact, intramolecular C—H activation was observed only for
the d° configured (S=1/2) cobalt(lV) complex and DFT
calculations suggested significant covalent character only for
the formal cobalt(IV)-, but not the cationic cobalt(V) complex.

Although the focus is arguably shifting to imido complexes
in two-fold symmetry, complexes in trigonal symmetry continue
to attract attention. Thomas and colleagues reported the
bimetallic zirconium(lV)/cobalt(ll) diimido complex 31, which
was obtained upon treating the reduced heterobimetallic
complex with two equivalents of mesityl azide (Scheme 8).*)

A remarkable achievement was the isolation of a pair of
formal cobalt(lll/IV) terminal imido complexes (16) by Meyer
and co-workers.* Switching from an ethylene- (cf. 21) to a
methylene bridged, amino-anchored trisNHC ligand rendered
the formal cobalt(lV) complex sufficiently stable to be isolable
in the cold at —25°C (Figure 18).

iPr. Pr .
iPro_\—PiPr. N3 Pr_\~PiPry
= N—=PiPr, 2 = N—=PiPr,
4 g1 Tol » v
Zr=—=C0—N=N ——— Tol-N=Zr~ *Co=N-Tol
N —3N, \
N—~PiPr, N—~PiPr,
. e
iPr iPr 31

Scheme 8. Mixed zirconium cobalt diimido complex 31.

4

d(xy) d(x?-y?)

+ +/%

Figure 18. Complexes 16 and 16% (top) and the electronic structure of
16> (bottom). Adamantyl- and mesityl substituents as well as hydrogen
atoms are omitted for clarity.
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Both these complexes share a low-spin ground-state (167:
S=0; 16°": S=1/2). In 16, the amine of the supporting ligand
assumes an unusual trigonal-planar structure due to negative
hyperconjugation with the methylene groups and repulsive
electrostatic interaction with the cobalt’s d(z?) orbital, which
mixes with the 4s and 4p(z) orbitals. Upon oxidation of 16* to
16°*, one electron is removed from the d(z%) orbital, which
attenuates its anti-bonding interaction with the imido ligand,
and thus also allows the ligand’s nitrogen atom to approach
the metal ion closer. Complex 16** is a “textbook” example for
a highly covalent imido—metal bond, which is transitioning
from a “classic” cobalt(lV) imido- to a triplet-nitrene ligand
electronic structure. According to CASSCF calculations, the -
bonds, which are composed of the imido’s p(x) and p(y) and the
metal’s d(xz) and d(yz) orbitals, are evenly distributed between
the metal and ligand (metal:ligand=1:1). Thereby, the anti-
bonding combination is essentially as much populated as the
bonding interaction (0.5 a.u. each). This translates, as likewise
indicated by a weight of the “imido” lead configuration of only
46 %, into substantial nitrene- (30%) and imidyl (18%) charac-
ter.

The k-N ligated nitrilimido cobalt complex 32 was reported,
which formed through salt metathesis of a cobalt(ll) precursor
(32PN with the lithium salt of trimethylsilyl diazomethane
(Scheme 9).%7 In line with a long Co—N bond of 1.914(2) A,
comparable to that of complex 30™="" the DFT analysis
suggests weak multiple bond character with a bond order of
only 1.2. The desilylation of 32 triggered the rearrangement to
the isocyanoamido complex 32" in contrast to the iron
congener, which formed the terminal nitrido complex.
Related k-N bonded diazene ligands have also been reported
for iridium.”® Note in this context that N-N bond activation of
hydrazido complexes has been studied in the context of
“masked metallanitrene” ligands of early transition metals;”
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Scheme 9. Synthesis of nitrilimido complex 32 and rearrangement to
isocyanoamido complex 32",
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however, to the best of our knowledge, this concept has not
found application for late transition metals yet.

Hitherto, only one square-planar, tetracoordinated cobalt
imido complex (29) is known and complexes in octahedral
geometry proved to be too reactive to be stable at room
temperature.!*"” However, their transient existence has been
invoked in catalysis and photochemistry.®® In 2011, Zhang, de
Bruin and colleagues reported the first spectroscopic indication
for the presence of a porphyrin cobalt(lll) imido complex in
square-pyramidal coordination geometry (33) by in-situ EPR
spectroscopy (Scheme 10). According to calculations, the un-
paired electron resides almost exclusively on the nitrogen atom
of the imido moiety.*

A more detailed characterization of 33, the radical key
intermediate for the catalytic C—H bond amination of benzylic
C—H bonds with organic azides, followed in 2015.%" In addition
to the mono-radical complex with structural similarity to 33, the
authors also invoked the formation of radical complexes
starting from iminoiodanes (Scheme 11).

Interestingly, organic azides led to the mono-radical 34, but
the iodine(lll) reagents afforded the octahedral cobalt(lll) bis-
nitrene complexes 35 instead. The non-innocence of the
porphyrin ligand is essential for the formation of 35 which
incorporates, as 34, a cobalt(lll) core and additionally a one-
electron oxidized ligand. The nature of the ligand L of
compound 34 is unclear, but was proposed to be an amino
donor ligand. The mono- and bis-imido complexes were studied
by DFT methods, EPR and X-ray Absorption Near Edge

Ns

Iz

+ Npt

Ns = pNO,(CgH4)SO,
R' = phenyl

wRE

Scheme 10. Proposed square-pyramidal cobalt imido intermediate.

R’ R' R'=Ph
L (N-donor), NsN3

PhI=NNs

N Phl

Scheme 11. Cobalt(lll) mono- and bis-imido complexes obtained from
organic azide (34) or N-nosyl iminoiodane (35), respectively.
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Spectroscopy (XANES).®*7% The DFT calculations predict that
the spin density is predominantly localized on the imido
nitrogen atoms. The EPR signal of the bis-imido complex 35 is
hence more complicated and shows a multiline spectrum with
hyperfine interactions with two imido- and four porphyrin N-
atoms and resembles a (net) doublet spin state. Note, DFT
suggested nearly equal energies for the doublet (S=1/2) and
quartet (S=3/2) spin states. The intensities of the mono-imido
signals in 34 were found to be high and further increased upon
heating. Under the same conditions (45°C, 12 h) the bis-imido
complex 35 seemed to decompose in the absence of substrates
such as styrene. XANES data suggest a six-coordinated complex
and similar average bond distances between cobalt and the
ligands, in both cases. This observation rationalizes why
additives were found to have little influence on the catalytic
properties of 33,16806%-71

Another bis-imido complex (36) was reported by de Bruin
and colleagues (Figure 19) along with a reactivity study, which
established these complexes as efficient catalysts for chemo-
and diastereoselective aziridination of styrene derivatives, cyclo-
hexene and 1-hexene. The catalytic reactions were performed
under aerobic conditions.®*

For complex 38,"? Piers and co-workers observed a similar
EPR signal as had been found for 33.*9 Accordingly, it was
suggested that complex 38 is the key intermediate for the
formation of the octahedral cobalt(lll) amido complex 39 from

NS ] PPhs

(0]
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Figure 19. Bis-imido cobalt(lll) intermediate 36.
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Scheme 12. Proposed octahedral cobalt imido intermediate 38.
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7 (Scheme 12). While the Co(lll) imido complex 38 could not
be isolated, its presence was further substantiated by DFT
calculations.”

3.2 Rhodium

In contrast to cobalt, only a few terminal imido complexes of
rhodium are known. Based on previous work,” the catalytic
amidation of 2-phenylpyridine in the presence of tosyl azide via
the cationic rhodium complex 40°°“*" was reported
(Scheme 13).7" The proposed key intermediate [(Cp*)Rh=NTs]
(40) parallels a compound discussed in an early study by
Hursthouse and colleagues.”

Hitherto, three isolable terminal rhodium imido complexes
have been reported (Scheme 14).”"' All incorporate an anionic
trisphosphinoborane ancillary ligand, which has also been
utilized to isolate the isoelectronic, diamagnetic d® configured
cobalt complexes 12. Indeed, complexes 18 and 12 share
comparable electronic structures. In both cases, M-N-C (M =Rh
or Co) is arranged linear and DFT calculations indicate two -
bonds and additional symmetry allowed mixing of the vacant
metal’s p(z) with the occupied d(z%) orbital (vide supra, Figure 3).
Overall, the authors suggested to consider the M—N interaction
as a triple bond.”

Transient (di)-rhodium imido complexes are alleged key
intermediates in catalytic C—H bond amination in organic
synthesis®®’® and the isolation of these complexes had been a

— N-Ts
\ /N H TsN3
— N2
ZCQ — 2-Ph-py
\ N

Scheme 13. Catalytic C—H amination via transient rhodium imido complex
40.

4oprecursor

40

OCN-R

y
PPh
/// Hw\ 2 H,

Ph—B_  Rh=NR ———— NH~R
PPh; CgHsN
6M151N3 /[Rll]
1889 R=Ag CeHs—N_  N—CeHs
18PiPP R = Dipp N=

18C6F% R = CoF5

Scheme 14. Terminal rhodium imido complexes 18 react with carbon
monoxide, dihydrogen and potentially a further equivalent of organic azide.
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long-standing challenge. Until 2018, only a desorption ioniza-
tion mass spectrometry experiment’” and computational
studies gave indication for their intermediacy.”® Powers and
colleagues presented spectroscopic proof’® for the formation
of a rhodium imido complex in 2018 and managed to crystallize
the adamantyl imido compound 19 one year later (Figure 20).”

Compound 19 proved to be inactive for C—H amination.
However, the authors managed to “follow” the in-crystallo
synthesis of carbazole from biphenyl azide through intra-
molecular C—H bond amination via the dirhodium imido
complex 41. For that purpose, a single crystal of 41 was
photolyzed at low temperature (100 K) and refined X-ray crystal
structures were periodically obtained using synchrotron radia-
tion (Scheme 15)."

3.3. Iridium

Succeeding the early reports by Stone, Basolo and co-
workers,®™ Bergman and colleagues presented evidence for a
diamagnetic d® iridium(lll) complex in 1989. The solid-state
structures of compounds 42 revealed a linear coordination of a
pentamethylcyclopentadienyl (Cp*) and the imido moieties.
These complexes are characterized by short Ir—N bonds
(average: 1.74 A) and a near-to-linear Ir-N-C linkage (average:
174.2°), which is indicative of strong multiple bonding, inferred
by the authors as a triple bond (Figure 21).%*

N-Group transfer to carbon monoxide, iodomethane or
pivalonitrile, [2+ 2]-cycloaddition with carbon dioxide or
alkynes, and the addition of 1,2-bis(diphenylphosphanyl)ethane

Figure 20. Structure of dirhodium adamantyl imido complex 19.

0 O e
N”N//N O NH
N
<0 | <O, I — 0|
G—Rh O —Na G—Rh:C_ . ‘6=Rh Q|
(0. | O eYas o, | Yo/
—Rh )((O Rh & %( "Rhm
O o o— \O o- ~
41azido M

Scheme 15. In-crystallo conversion of 41 to amine complex.

428 R=1Buy

425Me3 R = siMe,
Ir=NR 420PP R = Dipp

429" R=xyl

Figure 21. Iridium(lll) imido complexes known until 2013.
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(dppe) were later reported.®™ The exchange reaction with aryl
azides afforded the diisopropylphenyl (42°") and 2,6-xylyl
(42™") imido complexes. The addition of excess tert-butyl azide,
as well as mesityl azide”, led to the corresponding metalla
tetrazenes.®”

(Cp*)Ir complexes entered C—H amidation catalysis of arenes
and alkenes in 2013,® and a variety of aromatic and aliphatic
azide precursors were applied for the same (Scheme 16). All
these complexes share the electron withdrawing acyl motif
(vide supra), which balances the nucleophilicity of the alleged
terminal imido intermediate 43.

Chang and colleagues further succeeded in the catalytic
amidation of sp® configured C—H bonds using, e.g., p-toluene-
sulfonyl azide as nitrogen source and [(Cp*)IrCl,], as catalyst
(Scheme 17). Note that the nucleophilic imido group is also in
this case stabilized by an electron-withdrawing, namely sulfonyl,
group. This catalytic protocol allowed for convenient late-stage
C—H amidation with high functional group tolerance.®®

The catalytic intramolecular C—H amination of aryl azides by
iridium(lV) complexes with tetradentate salen (N,N-bis
(salicylidene)-ethylenediamine) ligands 44" was reported
in 2019.%” The authors suggested the presence of an iridium
imido intermediate based on high-resolution ESI-MS analysis
(Scheme 18).

Intriguingly, 44 would exhibit a highly unusual octahedral
geometry. Scheme 24 displays the proposed reaction mecha-
nism. Compound 44 mediates nitrene insertion into the C—H
bond followed by iridium catalyzed dehydrogenation and the
release of quinazolinones.

Scheme 16. Iridium catalyzed C—H amidation via the transient iridium(IV)
terminal imido complex 43 with a Cp* ancillary ligand.

RiO [CPHIrCll, (5mol%)  R,Q
N o) AgNTf, (20 mol%) \
RZQS_‘C N3—§@ AgOAC (10mol%) g
1}
o 1,2-DCE
R ’ R
*Ry H Ts 60 °C, 24 h 3 R, NHTs

Scheme 17. C—H amidation via transient iridium imido complex.
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Scheme 18. Iridium catalyzed conversion of aryl azides to quinazolinones.

Apart from Bergman'’s linear iridium(lll) imido complexes 42,
another ligand platform has found application, namely the PNP
pincer shown in Scheme 19.7°%%

Using this supporting ligand, a redox series containing
iridium in the oxidation states +IIl to +V was established. The
imido ligand in 20 was interpreted as a triplet-nitrene, and DFT
calculations further corroborated that 20 feature two unpaired
electrons in the two nearly degenerate n*-orbitals.®® The one-
electron oxidation gives monocationic 20%, best described as
imidyl complex. Further oxidation led to the dicationic complex
2059 Complexes 20 and 20 were characterized by single-
crystal diffractometry and confirmed the unusual near-to-
square-planar coordination geometry. The shorter Ir—N bond
and a rather linear Ir-N-C group in 20 [1.805(2) A/171.3(3)°] are
in agreement with the presumed electronic structure and a
stronger m-bonding in 20* compared to 20 [1.868(2) A/
157.2(2)°]. Despite the radical nature of 20, it was found to be
remarkably inert, while N -group transfer to carbon dioxide and
trimethylphosphine were observed for 20.

(\PtBuz

|
Ir NBu

N—
\ P, 201"
+ 7‘
PtBu /™~ PiBu +
Wi gree |
N-Ir—Cl N-Ir=NtBu
</|3t|3u2 <\/PtBu2 20* IV
787
7Py, K
N—‘IrENtBu
\PtBu,
20% Y

Scheme 19. Iridium(lll/IV/V) imido redox series.
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4. Group 10 Metals
4.1. Nickel

In analogy to group 9, where cobalt received the most
attention, the majority of reports for group 10 relate to the 3d
element nickel. This is well-illustrated by the work of Hillhouse
and colleagues (3; Scheme 20, top left)***¥ as well as the work
by Warren (45; Scheme 20, top right).** In particular, the nickel
() imido complexes 3 showed rich transfer reactivity
(Scheme 20, bottom).220< 4720

In 2013, Harrold and Hillhouse contributed the bent nickel
(I imido complexes 4™-°"P and 4™ stabilized by a bulky
chelating di(NHC) ligand with tert-butyl “wingtips” and likewise
bulky trityl imido substituents (Scheme 21).5% The solid-state
structures of 4™-M and 4™-PPP revealed, compared to 6" and
6" (vide infra), slightly elongated Ni-N bonds (47"
1.732(3) A; 4™-P*P. 1.718(2) A) and a remarkably bent Ni-N-C
arrangement (47-Me: 127.3(3)°; 4™ -P"P: 147.0(2)°; cf. Figure 10).
The attempted synthesis of the nickel(lll) complex through one
electron oxidation of 4™ |ed to dehydrogenative C-C
coupling at the para-position of the diisopropylphenyl sub-
stituents and the formation of the dimer 4™ (Scheme 21).5%
Notably, equivalent reactivity had been reported by Sharp on
bridging rhodium imido complexes.”"

Betley and co-workers reported rare examples of nickel(lll)
imido complexes featuring a bidentate ancillary ligand and an

adamantyl-(6*) or mesityl-imido (6*) moieties(Figure 22).5

Ph
tBu  tBu Ph@
P N, Ph
[ Ni=NR /
P N| NAd
wf Bu N" pn
Ph@
3PP R = Dipp b
39mp R = 2 6-dimesitylpheny!
3Ad R=Ad 45
N Dipp
OCN-Di LN+ N
PP A
LNI(COZ Dipp
/ N
gs
}' LNI\0>:O
3Dipp PhCOH IIDipp
N
LNi{_CHPh
OCCPh, o
Dlpp
Dlpp
C\\ N
e LNl\O/Cth

Scheme 20. Top: Nickel imido complexes 3 and 47, which were reported
prior to 2013. Bottom: Small molecule reactivity of 3%,
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complex (Scheme 22). The authors attributed the lower reac-

\(/LNJBU \%}N/tBu tivity of 6 to the larger spin concentration on nickel.

N2 N Catalysts 6 allow for C—H amination and share similar

( Ni=N A <N NN R reactivity with the previously studied cobalt imido complexes

T\ig R@ /§N R 14 (cf. Scheme 2). Subsequent work established the catalytic

/S/ “MBU NBu conversion of aliphatic azides bearing a benzylic position via

C—H amination, intramolecular ring closure and elimination of

4Ter_Dipp R= Dipp 4Ter_Mes R= o)

_________________________________________________________________________________ pyrrolidine derivatives.t
4Ter_Dipp Betley and co-workers introduced the nickel imidyl catalyst

46 with a monoanionic bisoxazoline (BOX) ligand featuring

[Cp2Fe](B(CgFs)a) . . . 193] :
bulky trityl-substituents (Figure 23).”* The solid-state structure
_ _ of 46™ showed a Ni—N bond length of 1.680(8) A, similar to
\Q\N/tBu those of 6" and 6"*. The asymmetric unit of 46*! contained
N{ Dipp two molecules with strongly differing Ni-N-C angles, 139.5(7)°
< Ni:,\f__ and 152.8(8)°, which the authors attributed to crystal packing
Nﬁ( Dipg effects. The observed structural data are in line with the
/%/N\,Bu calculated radical character with the spin density residing
_ predominately on the imido nitrogen atom (SOMO: Ni 33 %, N*
Jf.,osH " 52%). In analogy to complexes 6 and 18, 46™ catalyzes the

. 2

enantioselective intramolecular conversion of alkyl azides to

2 B(CgFs)s . . .
\/L _tBu Bu J\§/ pyrrolidines. However, contrarily to the former complexes, it
N “N
)

Dipp, Dipp }N does so enantioselectively (ee up to 79%) due to the chiral BOX

N{ + + .
0.5 < NiNNNi > gdimer ligand.
N N
\ig Dipp Dipp EF/
tBu tBu”
4.2. Palladium

i T 1, Ter_Di 1 i . . . . . . .
Scheme 21. Dimerization of 4" upon oxidation. Palladium imido species are the suggested key intermediates in

catalytic C—H amination transformations.”¥ The first isolated
palladium(ll) imido complex was reported in 2018 following a

2 Ad a Ad detailed computational investigation on how to tame palladium
N, y N terminal oxo and imido complex.” The elucidated trends of
CeFs / /NiiN\Ad CeFs Ni==N i this study suggested an ancillary strong-field ligand in combina-
JN JN O tion with an electron-withdrawing imido moiety for attenuation
4
d

Al gAd = A of the imide’s nucleophilicity. Accordingly, a cyclic(alkyl)(@amino)

carbene (CAACQ) ancillary ligand, being a strong o-donor and 7t-
acceptor, and an electron-withdrawing sulfonyl substituent, as
had been previously applied for C—H amidation catalysis,*® was
chosen. In the solid state, a weak coordinative interaction
between the palladium metal and one oxygen atom of the

GMES

Figure 22. Nickel complexes 6** and 6" share mixed imido and imidyl
characters.

The dipyrrinato ligand contains two bulky adamantyl side

chains and additionally a pentafluorophenyl substituent. The

Ni—N bond lengths (6™ 1.696(2) A and 6"%: 1.642(7) A) are in CH, H. _NAd
the same range as found in Hillhouse’ NHC supported
complexes,®**=9 with a Ni-N-C angle in 6™ of 146.5(2)° and
164.8(17)° in 6" (cf. Figure 11). Accordingly, a shorter metal-
nitrogen bond along with a more linear Ni-C-N linkage of
164.8(17)°, indicating stronger multiple bonding, is displayed by
the mesityl imido complex 6*Y. The mesityl complex can be

H
a_iiag —— [NiI—N_ +
+ 2 [Ni]=NAd e

gAd

Scheme 22. C—H functionalization by 6**.

understood as “in between a nickel(lll) imido and a nickel(ll) H

iminyl complex”, while the adamantyl complex was designated OT/\TO

to be a nickel(ll) imidyl complex (vide supra, Figure 6). N‘\ /NJ_ 46Ad
The aliphatic imidyl complex 6*¢ proved more active in C—H PhsC Nli E;ph3

amination than the aryl congener 6“*. For instance, 6" "NAd

activated the benzylic position in toluene to give the
corresponding imine as product, along with the nickel amido  Figure 23. Enantiopure bisoxazoline ligated nickel imidyl catalyst 46™.
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sulfonyl group (Pd—O bond: 2.1027(17) A, calculated bond
order: 0.5) was found, which further stabilizes 2 (Figure 24).*

The closed-shell d® complex 2 features a populated n-anti-
bonding HOMO and an unusual zwitterionic electronic structure
(cf. Figure4). The imido complex is very nucleophilic as
evidenced by the swift coordination of potassium cations to the
imide,®”” yet was shown to give the iminophosphorane as well
with trimethylphosphine. The activation of H—H, O—H, N—H and
C—H bonds via 1,2 addition as well as catalytic hydrogenation
of azides with dihydrogen was demonstrated.”””

4.3. Platinum

Formal multiple bonds with platinum are exceedingly rare.”® In
2019, the platinum(ll) complex 47 with two ketimide ligands
was isolated.” It represents not only the first linear two-
coordinated platinum(ll) complex, but also shows remarkable
short Pt—N bonds of 1.815(4) A and 1.818(4) A (Figure 25). The
stability of the linear coordination geometry was ascribed to
the strong-field ketimide ligands, which allow for a highly
covalent Pt—N interaction due to strong mt-donor and m-accept-
or properties. The short Pt—N bond and the significant
deshielding in the NMR experiment observed for platinum (Pt
chemical shift: 6 "= —629 ppm; normal range for Pt' complexes
with nitrogen-based ligands —2700 to —1700 ppm) along with
a large coupling constant (J P™N=537 Hz) indicate non-negli-
gible multiple bond character. Note, while Hillhouse’s linear
nickel(ll) imido complexes exhibits a triplet ground state, (cf.
Figure 7),"" a diamagnetic ground state was found for 46.°"

5. Group 11 Metals

Among coinage metals, copper seems better studied in
comparison to silver and gold. Copper-imido intermediates
have been proposed and studied in catalytic nitrene transfer;
yet!'™ isolated examples remain exceedingly rare. Bertrand and
co-workers reported copper- and silver bisimido complexes 48
(Figure 26),® which however profited from excessive stabiliza-
tion through conjugation with the imido’s substituent, render-
ing the singlet-nitrene ligand even stable in its free form."*"

\QL(tBU
— N
N N-Dipp

Dipp” g Dipp
PN - — A
N/':\._,.',O N/\ 0
$0 s0
Tol 2 Tol

Figure 24. Zwitterionic palladium(ll) imido complex 2.

tBu, tBu
>:N7Pth=< 47
tBu tBu
Figure 25. Linear platinum(ll) bis(ketimide) complex 47
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Figure 26. Copper and silver bisimido complexes 48.

Warren and colleagues observed the formation of a
dinuclear copper(ll) complex (49%™") from copper(l) S-diketimi-
nate in the presence of an arylazide and suggested a
mechanism via the copper imido intermediate 49
(Scheme 23).°2 The triplet biradical character of 49%™" was
corroborated by EPR and reactivity studies, which revealed N-
group transfer to trimethylphosphine, tert-butyl isocyanide and
the benzylic C—H bond of ethylbenzene. Accordingly, the
authors suggested 499™" as a “masked” terminal copper
nitrene.

[-Diketiminato stabilized copper nitrene complexes 50 and
51 were also suggested as key intermediates in catalytic C—H
functionalization reactions and catalyst-controlled site-selective
C—H amination, respectively (Scheme 24).

50P=*" was found to form an isolable dicopper alkylni-
trene; however, kinetic studies indicated terminal nitrene 50 as
the catalytically competent species"®™ As per this report,
bulkier ligands prevent the formation of dinuclear compounds
and hence increase the turnover frequency. Acylimido complex
51 does not require directing groups for high regioselectivity in
C—H amination catalysis. The sterically demanding $-diketimina-
to ligand (with ortho-diphenylmethyl and para-tert-butyl sub-
stituents) leads to preferential activation of the stronger, yet
more exposed, primary or secondary C—H bonds in comparison
to the weaker, yet less accessible tertiary C—H bonds."®"

Betley and co-workers employed a weak-field dipyrrinato
ligand, previously used for cobalt and nickel (vide supra), as the
backbone for complex 7, yet incorporated significantly en-
hanced steric bulk (Figure 27).5”

Dipp iPr iPr
/ ; H
2 N3Di s
/N cu—Newm P et L N
2\ e -2 NCMe H
\ —2N, iPr iPr
Dipp 4gdimer
iPr
2 [[Cul=N
iPr
49

Scheme 23. Formation of dicopper diketimide 49%™" via the intermediate
copper imido complex 49.
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Scheme 24. Cu-nitrenes involved in catalytic C—H functionalization.
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Figure 27. Copper imido complexes 7.

The use of an aryl imido moiety allowed for the stabilization
by delocalizing electron density into the aryl substituent.
Computational studies indicated a multiconfigurational ground
state with 25% iminyl ligand character and a 58 % contribution
of a copper(l) triplet-nitrene complex where one radical is
located on the imido nitrogen and the second being delocal-
ized within the aryl ligand. Although the short Cu—N bond
(1.759(2) A) in the solid-state indicates at least some multiple
bond character, XAS spectroscopy corroborated in agreement
with calculations a monovalent copper ion bonded to a
subvalent nitrogen atom, viz. nitrene (vide supra).

The reactivity of complexes 7 can be increased by
exchanging the electron-withdrawing 3,5-ditrifluorometh-
ylphenyl- by a mesityl substituent and using electron-poor
azides such as hexafluorophenyl azide. Indeed, catalytic nitrene
transfer was obtained and the aziridination of styrene, as well
as C—H amination of alkanes, was observed.”” It is interesting to
note that this trend is opposed to the common notion that
electron withdrawing imido substituents stabilize their com-
plexes (vide supra), which thus highlights the electrophilicity of
these nitrenes.
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Figure 28. Group 9 metal fluoro nitrenoid 52 and nitride complexes 53.

6. Gas-Phase and Matrix Studies

Metal oxides and their C—H bond activation reactivity have
been intensely studied by mass spectrometry.'®’ Among them,
CuO™* has found special attention,® and it was shown that the
coordination of a further acetonitrile ligand strengthens the
Cu—0 bond through weakening of the biradical character of the
oxygen atom in favor of an oxyl electronic structure."™ This
shift in electronic structures correlates with reduced H-atom
abstraction activity. Intriguingly, another study by Schwarz and
co-workers established that, contrarily to CuO* and AgO~,
AuO™* reacts with methane exclusively via oxygen atom
insertion (OAT) and not H-atom abstraction (HAT).'®®

Studies by Schwarz, Beckers and Franger'® corroborate
weak oxygen-metal bonds with calculated bond orders typically
below one and significant triplet oxygen character. For the
mercury(ll) oxyfluoride OHgF, the spin density was calculated to
reside exclusively at the oxygen atom. Conversely, dominant
oxyl character was found for the group 10 congeners OMF and
OMF, (M=Ni, Pd, Pt).M"” This very detailed study gauged as
well computationally the degree of covalency and orbital
inversion in the O—M m-interaction, when moving down the
group (3d—4d—5d) and across the period (group 9—group
10—group 11) for isoelectronic complexes. Thereby, a very high
degree of inversion was found for group 11, leading to
exclusive spin-density at the oxygen ligand. The trends (spin
density on oxygen atoms, d-electron population) when moving
down the group were not entirely consistent and thus suggest
a subtle interplay with the enhanced influence of relativistic
effects. It seems here interesting to note that a similar reciprocal
relationship has been found for group 11 carbene complexes
without heteroatom stabilization.!""

Following previous work on the coinage metals, also
fluoroimido- 52 and nitrido complexes 53"'¥ of the group 9
were matrix isolated."™ Fluoroimido complexes of excited
cobalt- (rhodium, respectively) atoms with trifluoroammonia
NF; were trapped in frozen neon or argon (Figure 28).
According to high-level calculations, the metal-nitrogen inter-
action is very covalent and a single bond in case of cobalt,
whereas it is a double bond for rhodium. When moving from
cobalt to rhodium and especially iridium, the rearrangement of
the fluoroimido- to the nitrido complexes becomes increasingly
exothermic. Thus, both imido- and nitrido complexes could be
studied in case of rhodium, whereas only the latter was
obtained for iridium (53").

2]
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8. Summary and Outlook

The 2010s have brought remarkable progress in the field of
imido complexes of late transition metals. Arguably driven by
terminal oxo ligands in the bioinorganic chemistry of iron and
manganese, and emphasizing open-shell chemistry for catalytic
C—H functionalization, the focus was mainly put on the 3d
metals cobalt, nickel and copper. However, the last few years
have seen considerable growth in the chemistry of the heavier
4d and 5d elements. Whereas N-group transfer catalysis by their
complexes is emerging, the isolation of the respective reactive
intermediates remains largely elusive. Eventually, taking inspira-
tion from £, s- and p-block- chemistry""™® as well as gas-phase-
and matrix experiments, we think that time has come to also
consider the group 12 elements and heavy p-block metals for
certainly exciting synthetic endeavors.
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