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Linear 3d-metal complexes with open-shell metal ions have fascinated coordination chemists for
decades. Originally the focus was on metal() species, yet the synthetic possibilities to acquire their
reduced analogues, together with the introduction of NHCs as stabilizing co-ligands, have expanded the
structural knowledge and feasible oxidation states to +| and even 0. Despite a certain wealth of
structural data, insights into the reactivity or even catalytic applications of such compounds remained
comparably thin for a long time given the intrinsic lability of these coordinatively and electronically
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unsaturated compounds. In this feature article we review the emerging chemistry and reactivity of
silylamide based species, as mostly for these a comprehensive, broader picture of their reactivity
DOI: 10.1039/d5cc02761f patterns has been developed in recent years. Together with related, selected reactivity examples of
other linear metal complexes, this review will serve as an entry point for interested molecular organic/

rsc.li/chemcomm inorganic chemists to join the scientific endeavours within this field.
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Introduction

Low-coordinate open-shell 3d-metal complexes, more precisely
linear complexes, have fascinated inorganic chemists for decades,
as reflected in a number of reviews over time."” The interest is
founded foremost in acquiring a fundamental understanding of
an electronically and coordinatively highly unsaturated metal ion.
Furthermore, these molecules may provide general insights into
elusive low-coordinate intermediates in catalysis. Seminal research
on low-coordinate 3d-metal complexes dates back to the 1960s
when Biirger and Wannagat used the hexamethyldisilazanide
ligand (-N(SiMe;),) for the synthesis of the di- or trivalent 3d-
transition metal complexes (M"(N(SiMe;),),) (1 = 2, 3).>* They were
unaware at the time that the divalent (M(N(SiMe;),),) actually
forms dimers (Mn-Co)>® or solvent adducts (Cr-Ni)®™? but can
occur as monomeric in solution.'®*>™** Evidence for actual linear
open-shell 3d-metal complexes was obtained in the gas phase via
electron diffraction studies in 1985 for Mn(CH,'Bu),."” In the same
year Mn(C(SiMe;)s), (Fig. 1, left) was structurally characterized by
single-crystal X-Ray diffraction analysis."® In the following decades
a variety of two-coordinate 3d-metal(n) complexes bearing different
sterically encumbering anionic ligands X~ such as terphenyls,"”
(thio)phenolates,'® primary arylamides®>" or secondary (aryl)silyl-
amides (Fig. 1) were reported.”** These complexes are often
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stabilized by intramolecular metal-arene interactions,” with inter-
ligand dispersion forces being a further contributing factor.>®
Despite the well-developed synthetic access, comprehensive
reactivity studies on linear complexes is still lacking. For a long
time it allowed only for a fragmented insight into the reactivity
of a two-coordinate metal(u) ion. A fundamental problem is
associated with maintaining the integrity of the central MX,
fragment. The reaction with substrates is often associated with
insertion into the M-X bond, subsequent rearrangements and/
or redox state dis/comproportionation, often in an unpredict-
able manner. A representative example is the reaction of
Fe(Aryl), with CO (Scheme 1): it leads amongst others to purely
organic products and aryl free metal carbonyls.**
Furthermore, the coordinatively and electronically deficient
nature of a two-coordinate 3d-metal() ion lacks to a certain
degree the electrons/reducibility for many bond activation and
cleavage processes. This was overcome by reduction of the
metal ion to the monovalent and even zerovalent state, aided
by N-heterocyclic carbenes (NHC) as well as cyclic amino alkyl
carbenes (cAAC, Fig. 2).>> Here the m-accepting capabilities of
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Fig. 1 Seminal examples of linear open-shell 3d-metall() compounds.
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Scheme 1 Deconstruction of a linear iron(i) aryl complex by reaction
with CO under M—-L bond insertion, redox disproportionation and com-
plete ligand rearrangement.
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Fig. 2 Seminal examples of linear open-shell 3d-metal() complexes.

carbenes stabilize the low-valent metal center via back donation
into the empty p-orbital of the carbene.*”?® The electron-
accepting nature of especially cAACs is exemplified for
Mn(cAAC),:*” Here, the metal is not zero-valent but adopts the
oxidation state +I with a 4s'd’® configuration. The metal(i) ion
couples antiferromagnetically with an electron that resides
equally on both cAAC ligands. For Fe and Co, delocalisation of
spin density onto the carbene ligands is less pronounced
(approx. 0.25¢)*®*? and is mostly absent for Ni due to its stable
d'® configuration.*® For cationic complexes [ML,]" (L = NHC or
CAAC; M = Cr, Fe-Ni)**?! the spin density is predicted to be
metal centered due to charge-dependent d-orbital contraction.

Scope

In this perspective we will give an overview of the synthesis of
linear metal(i/1) complexes, their electronic properties and
emerging reactivity patterns. We will mostly regard compounds
containing silylamide ligands (=X), namely those of the type
[MX,]”~ and MX(NHC). The focus on silylamide complexes is
due to the fact that reports on respective metal complexes as
stable platforms for substrate activation are the most prevalent
and recent, thus allowing the extraction of predictable knowl-
edge for future endeavours. Suitable studies on related and
other complexes will be addressed where appropriate or at the
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end. By that we aim to inspire interested chemists to further
exploit the chemistry of these seemingly simple and intriguing
yet synthetically challenging class of molecules.

Synthesis

Homoleptic metal(u/1) amides. The formation of neutral
linear metal(n) complexes bearing two anionic ligands in general,
and those using amide ligands in particular, is straightforward
(Scheme 2). Reaction of a metal(u) halide in Et,O (or other weakly
coordinating solvents) with two equivalents of the respective alkali
metal (Ay) salt of the ligand yields the envisioned complexes.>>™*°
To prevent dimerization via bridging ligands sterically bulky
disilylamide -N(SiRs), (R = Me, 'Pr and/or Ph) or aryl/silylamide
L = -N(Dipp)SiR; (R = Me, 'Pr, Ph and/or 2-propenyl)*”** ligands
are used. This works generally well for Mn to Ni, whereas for the
early transition metals V and Cr intramolecular C-H bond activa-
tion is observed.>**® For the heavier Cu", the reaction leads to
reduction of the metal by the amide ligands to yield the diamag-
netic, monovalent [Cul,] . Only by the unintuitive use of Cu'Cl
the isolation of the highly unstable, paramagnetic [CuL,] was
achieved under redox disproportionation of the metal.*” Reduction
of divalent [ML,] to the anionic metal(r) derivatives with commonly
KCg is performed in the presence of suitable chelating agents, such
as crown-ethers, crypt.222 or even donor solvents (THF or DME), to
mask the potassium cation and prevent decomposition. Only for
aryl/silylamides it was found that K" can be stabilized via the arene
rings in an intra- or intermolecular fashion.**** Lighter alkali
metals can be used as reductants too. However, rapid degradation
in the absence of suitable chelators was observed which is likely
due to insufficient stabilisation via Ay, —arene interactions.*®

M(NR,), type complexes (R = SiMe;) with comparably less bulky
disilazanide ligands form dimers in the solid state (Mn-Co) or are
isolated as mononuclear solvent adducts (Cr-Cu®'%*%), yet exist in
part as monomers in solution (Scheme 3). This behaviour allows
for their reduction with KCg to [M(NR,),]~ (= [M']” for R = SiMe;)
for Cr-Ni in the presence of crypt.222 or 18¢6."**>%° The masking
agents are mandatory as otherwise oxidation state redistribution to
metal(n) and metal(0) species is observed:* it is likely induced
by the competition between the 3d-metal(r) and Ay cations for the
amide ligands. For [Ni(NR;),]” a different synthetic approach
proved synthetically more viable, given the notoriously labile
Ni(NR,), precursor.**® In monovalent [Ni(PPh;),NR,], which is
obtained from reduction and ligand exchange of [Ni(PPh;),Cl,]
with LiNR,, both phosphines can be easily replaced by KNR, in the
presence of 18-crown-6 or crypt.222 (Scheme 3)."* The synthesis of
these unencumbered metal(r) complexes can be performed in THF
without solvent coordination, which hints to the electron rich
nature of the metal(i) ion in these anionic complexes. Further-
more, the anionic charge (partially) compensates the reduced
steric encumbrance of the ligands and gives an open metal site
for substrate activation. The reduced steric protection leads for
[Mn(NR,),]” to dimerization in the solid state with formation of an
unsupported Mn-Mn bond.** This kind of behaviour is in stark
contrast to the amide bridged neutral parent compounds. It can be
reasoned by the electron configuration of 3d°4s* for Mn', and is in
line with the observations made for the few other Mn(1)}-Mn(i)
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Scheme 3 Overview over the synthesis of two-coordinate 3d-metal() hexamethyldisilazanides (R = SiMesz).

dimers.”” It hints to the decomposition pathway of these less
encumbered metal(r) silylamides: dimerization may initiate amide
ligand loss to give [My(NR,)y(12-NR,)]” (Scheme 3), which was
isolated in case of nickel."* Subsequent redox disproportionation

and ligand distribution then yield in [M(NR;);]~ and amorphous

Cationic linear metal amide complexes. One-electron oxida-
tion of the above-shown neutral amide based complexes into
their cationic form was possible for chromium.
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Scheme 4 Top: General synthetic pathways to neutral, linear 3d-metal()
(silyDamides depicted using IDipp (IDipp = 1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene). Bottom: Effect of N, atmosphere on the reduction of 1.
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Oxidation of [Cr(N(Dipp)Si'Pr;),], 55,%* leads to cationic
[¥5]" that displays a shorter metal-amide bond with a persistent
strong secondary metal-arene interaction due to its electronic
deficiency (Scheme 6). The seemingly very similar [Cr(N(Dipp)*-
Bu),], 5,”” does not exhibit such secondary interactions — even
upon oxidation ([5]"). Here, it is attributed to a stronger n-donating
effect of the alkyl amide ligands. Oxidation of the heteroleptic
complexes Ni(IDipp)(NHDipp*), 6 (Dipp* = 2,6-Dipp-Ce¢Hs),>
stronger secondary metal-ligand interactions ([6]",
Scheme 7, top), overall illustrating nicely the impact of the com-
plexes’ charge and oxidation state of the metal on its electron
deficiency in these linear complexes. Reducing the steric bulk for
the nickel complexes Ni(IDipp)(NHAryl) results in a C-H bond
activated complex ([9]", Aryl = Mes* =2,6-Mes-CsH;)> or for Aryl =
Dipp in disruption of the aromaticity of the arylimido ligand and an
allyHike coordination of the ligand ([10]").>* For the silylamide
complex [Ni(IDipp)N(SiMes),], 11, oxidation effectuates a methyl-
shift from the ligand to the metal ([12]", Scheme 7, bottom).>>
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Structural features and electronic as well as magnetic
properties of two-coordinate metal complexes

Structure and ligand field considerations. For linear 3d-
metal complexes a (near) linear L-M-L would be initially
expected, due to the absence of Jahn-Teller distortion for linear
molecules. Nonetheless, deviations from linearity were shown
to require little energy.>* Perfect linearity is rarely observed in
the solid state and is mostly a result of a crystallographic
inversion centre on the metal atom. As such the L-M-L angles
range from 165 to 179°, and were commonly imposed by
secondary metal-ligand or inter-ligand dispersion interactions.
The low-coordinate nature of the metal ion results in a small
ligand field splitting. It is computed between 4000 to 8000 cm ™
and results in exclusively high-spin metal ions.******°® The
general d-orbital order of linear metal(ir) complexes of the type
MX, (X = anionic c-donor ligand) is shown in Fig. 3A. The non-
bonding, energetically degenerate d,, and d,, orbitals are the
lowest, followed by the likewise degenerate d,2_> and d,,.” The
d,- orbital is expected to be the highest in energy as it is aligned
with the principal bond axis. However, the d,: is overall close to
d,,/d,; due to varying amounts of mixing with the 4s orbital
(Fig. 3B).>**"®! Depending on the electron count it can create
orbitally degenerate states and by that spin-orbital coupling is
maintained.””®> This behaviour is in contrast to higher-
coordinate metal ions where orbital degeneracy is mostly
quenched due to Jahn-Teller distortions. Even more remark-
able, the weak ligand field can effectuate a non-Aufbau configu-
ration as the energy separation between the orbitals is less than
the electron-electron repulsion. It was first shown for the linear
cobalt(i) methanide complex Co(C{SiMe,ONaph};), (Fig. 3C)
which exhibits an orbital angular momentum of L = 3 - the
theoretical maximum for 3d metals.>*®® With reduction to the
monovalent state, the 3d/4s mixing becomes more pronounced,
and leads to a partially inverse orbital situation with the 3d,> +
4s now being the lowest. This kind of situation was computed
for [Fe(C{SiMe;}3),]” (Fig. 3D), and experimentally supported by
electron density analysis.®® Changing to silylamide ligands as
in [Fe(NR,),] , the degeneracy of the d,, and d,, orbitals is
partially lifted due to the interaction with the co-planar amide
ligands (Fig. 3E).** Artificial bending of the principal ligand
axis in [Fe(NR,),]  type complexes was shown to have little
impact down to 140°.%® For smaller angles, the AILFT orbitals no
longer coincide with the N-M-N pseudo axis, and the orbital
order associated with the linear ligand field is lost.”* Compar-
ison of the computed ligand field splitting for the different
metals in the amide complexes further shows the effect of a
stronger spin-orbit coupling: when going to the heaver elements
(Cr - Co) the ligand influence onto the magnitude of the orbital
splitting is lowered.** Ligand field analysis of linear metal(0)
ions is missing so far, yet even stronger 4s/3d-mixing is likely.

Magnetism. The magnetic free ion behaviour, resembling
the situation of lanthanide ions,?®**>**%** was exploited for
creating 3d-metal based single-ion magnets (SIMs). In short,
SIMs are paramagnetic compounds that display slow relaxation
of magnetisation that originates from the intrinsic properties of
a molecular, mononuclear system.®® The core feature of SIM’s

Chem. Commun., 2025, 61, 14324-14339 | 14327
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silylmethanide Fe(C{SiMes}s), under consideration of 4s orbital involvement.?® (C) Non-Aufbau electron configuration of a d’-ion calculated for
[Co"(C{SiMe,Onaph}s),].>° (D) Calculated d-orbital splitting of the iron() silylmethanide [Fe(C{SiMez}s),]~.>8 (E) d-Orbital splitting of the metal()
silylamides [M'(N{SiMez}s),]~ (M = Cr—Co).5® (F) Magnetic relaxation pathways (depicted for a My = £7/2 system).

is the presence of large magnetic anisotropy that arises from
partially filled, energetically degenerate orbitals or low-lying
excited states. As such the overall spin of the molecule can be
oriented in the presence of an external magnetic field. The
magnetisation persists after removal of the external field if a
considerable barrier (Ueg) is present. For 3d-metal based SIM’s
the effective barrier for spin reversal is generally defined as
Ut = D x S*> where D denotes the axial zero-field splitting
parameter.®® If D < 0 it creates a double well situation (Fig. 3E)
with lowest-lying +Mg and —Mg states being separated by the
barrier Ueg. Substantial efforts have been spent on 3d-metal
based SIMs to maximize D, while maintaining a high S.
Furthermore, non-Kramers half-integer systems are deemed
superior due to suppression of through-barrier tunnelling.
For linear metal complexes it was however shown that the
relaxation barrier corresponds directly to the energy spacing
between the ground and first excited spin-orbit coupled M;
states (Fig. 3F). The seminal example of a linear SIM consti-
tuted [Fe(C{SiMe;};),]” with an effective relaxation barrier of
Uege = 226 cm ™ -.>®% 1t aligns with the energy gap between the
two lowest magnetic states (M; = £7/2, £5/2) of approximately
240 cm~'. The gap correlates directly with the spin orbit
coupling constant { via 2D = {/Ms ({ = 361 em ! and Mg = 3/2)
for a free iron(1) ion. [Fe(C{SiMe;};),]” showed magnetic block-
ing (at 4.5 K) - unprecedented by a mononuclear 3d-metal
complex at the time. In a similar vein the ground-breaking S =
3/2 complex Co(C(SiMe,ONaph);), exhibits an even higher U of
450 cm™*,* which also corresponds to the ground/first excited
state energy spacing (M; = £9/2, £7/2). The presence of a S = 3/2
ion in a linear environment is however not a sufficient criterion
for a high U.g: for the related [Fe(N{SiMe;},),]” a reduced Ues
(only up to 64 cm™') and no magnetic blocking was determined
although the computed energy spacing between the ground and

14328 | Chem. Commun., 2025, 61, 14324-14339

first excited M; states was close to that of [Fe(C{SiMe;};);] >
Subsequently, steric encumbrance was revealed as a further crucial
factor (as in [Fe(N{SiMePh,},),]” or [KFe(N{Dipp}SiMe;)] with its
ligands being interlocked by secondary K'-coordination) which
mitigates vibrational distortions perpendicular to the X-Fe-X
axis.***® For the cationic cyclic alkyl amino carbene iron(r) complex
[Fe(cAAC),]" the negative impact of m-interactions was discussed
for the observed absence of a sizable relaxation barrier Uy <
20 cm™').*” The related cobalt complex [Co(IMes),]" (IMes = (1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)) exhibits also a rather
low barrier (Ueg = 22.4 cm ™ 1).%®

Reactivity

General coordination behaviour. As intuitively expected, the
general coordination behaviour of linear complexes should be
dictated by their coordinative and electronic unsaturation.
Indeed, in the neutral and moreover cationic state the complexes
behave mostly as Lewis acids. This property is however lost in the

A + B —_— PPh,|”
N‘ N‘ | NRy| PhgP PPhy RoN ~\H_|
Mes™ XA ~Mes | - ,
Fe' Fe--
I — 4
Fe'—thf | RN "
NR; THF, PR3,
Mes\N N,Mes IMes PPh,
— M-
oy
A —N N<p;
Dipp Dipp Dipp’N\(N\Dipp
H CNXyl
H ' aNil! —>» BBy /Ni'
,!, 7T )—N CNXyl
Nipy THE PR,  d Vp
pyridine
O 12 13

Scheme 8 Examples for the general coordination behaviour of linear
open-shell metal() complexes towards donor ligands.
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anionic state, a difference that can be nicely illustrated for the three
metal(r) complexes shown in Scheme 8. The cationic [Fe(IMes),]"
readily forms Lewis-base adducts with THF ([10]", Scheme 8A).%°
In contrast, the anionic [Fe(NR,),| is indifferent towards any
regular donor ligands (e.g phosphines or NHCs).”” Moreover, in
the interaction with the ethylene bridged diphosphine 1,2-
bis(diphenylphosphine)ethylene the metal in [Fe(NR,),]  does not
bind via the P-donors but the ethylene backbone ([11]~, Scheme 8B).

The neutral Ni(1) amidate complex 12 (Scheme 8C) displays
bis(o-C-H)-agostic interactions between the amidate’s tert-
butyl function and the nickel(i) ion due to its coordinative
unsaturation. On the other hand, the complex is inert towards
donor-ligands with the exception of isonitriles that are also
capable of M — L backbonding (13). This observation empha-
sizes the role of the overall charge of the complex, irrespective
of a low oxidation state of the central metal ion. The second
effect of a low-coordinate state is the strong preference for
higher spin-states. It was nicely demonstrated in the case of
CO: its reaction with [M']” at low temperatures yields in the
isolation of monocarbonyl adducts ([13]” and [14]", Scheme 9,
top).”! Despite considerable M — ligand m-backbonding the
high-spin state is maintained. The monocarbonyl complexes
are however highly labile and undergo dismutation reactions
(e.g. for cobalt it gives [Co(CO)4]~ and [Co(NR,);]7).”* In the
case of the neutral chromium(i) complex 15 the coordination of
two CO ligands are sufficient to invoke the low-spin state (16,
Scheme 9, bottom).

C=C/C=C/C=N bond activation. Besides CO, alkenes
and alkynes are known to interact strongly with low-valent 3d-
metals in organometallic chemistry. The group of Tilley
reported first on the heteroleptic iron(r) complex [(IDipp)Fe(N
{Dipp}SiMe;)] as a catalyst for cyclotrimerisation of terminal and
internal alkynes (Scheme 10).*° Detailed studies of the reaction
mechanism and isolation of intermediates gave a bimetallic
pathway under carbene dissociation (17).”> At 60 °C oxidative
coupling takes place resulting in the dimetalla(u) butadienediyl
complex 18 as evidenced by isolation of both reaction inter-
mediates. At this point a third alkyne likely coordinates and
subsequently inserts into a metal-carbon bond to generate a
dimetalla cycloheptatriene that finally undergoes ring closure
to produce the aromatic ring. The metal(i) silylamide fragment
is either captured by the previously liberated NHC ligand or re-
enters into the catalytic cycle by alkyne coordination. In the
case of anionic complexes [M']” (Cr-Co) the interaction with

1equiv. CO RoN

1

_ -120°C torrt. — =Co Co™(CO),
MNRy) 20 w—co  ———= 199 (PO
N [Et,0] [Co™(NRp)3]
M = Fe, Co RoN
[3]” (Co, h.s.), (14" (Fe, h.s.)
Mes ) Mes
/ i 2 equiv. CO ! oc CO
N SiPrs _420°Ctort. NS »
[ > Cr'-N —_— | >">Cf\ _Si'Pr;
b Et,0] N
N Dipp [Et N I
Mes Mes Dipp
15 16 (.s.)

Scheme 9 Reaction of linear metal(l) complexes with CO.
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Scheme 10 [(IPr)Fe(N{SiMez}Dipp)], 1, as a precatalyst for cyclotrimerisa-

tion of terminal and internal alkynes, and isolable reaction intermediates 17
and 18.

alkynes leads mostly only to m*alkyne complexes ([M19%7],
Scheme 11, top).”® For cobalt alkyne coordination is weak and
reversible, yet becomes stronger when going to the lighter metals
(Co — Cr). CASSCF calculations on these complex series revealed
their primary electronic structure as metal(n) radical anions
(Scheme 11, bottom), whereas the textbook dichotomy of such
compounds as n-complexes or metallacyclopropenes are a lesser
factor. One has to bear in mind that the classic description of
n-complexes along the Chatt-Dewar-Duncanson concept was
originally adopted for closed-shell/low-spin organometallics.
Here, the n-backbonding proceeds from a doubly occupied metal
centered orbital with no substantial unpaired spin transfer. The
observed deviation for the [M']” complexes shown herein is
likely a result of their high-spin state in conjunction with the
anionic charge that facilitates the electron transfer to the m*-
orbital of the substrate. Steric factors are also in play as for the
more encumbered [Fe'(N{Dipp}SiMe;),]” alkyne coordination is
labile.** A similar bond trichotomy is formulated for side-on
bound organo nitrile iron complexes ([20%]", Scheme 11, top).”*
The radical anionic nature of the bound alkyne rationalizes
subsequent reduction to bismetallated alkene dianions in the
case of manganese ([21]°7) and chromium.”® Moreover, for
manganese a series of C=C bond activation processes results
in alkyne cyclotrimerisation and the formation of the rare
manganese(—1I) arene [Mn(n®Cg¢Phg)(n*PhCCPh)].”*

RN RlT M=mn
R—=n N\ | [Mn'(NRy), I
3> M___
_ | Co:R'=Ph /
NR; Fe:R'=Ph Et ReN R' o
L Mn: R' = Ph M19R- M"}<_Ph |
"i' — cr: R’ = SiMe, |
B Ph "
NR, — RoN N ] ” 2[ ]
L =, Fe—o| [21]
R' = Adamantyl, R N/
Me, Xylyl 2 [20R]- R
"""" e & T E T
[[M']---m -~ [M"]zi—:l - [M"']QL }
SN
R R R’

E=N,CR'

Scheme 11 General reaction of alkynes with linear metal() silylamides
(top) and electronic resonance structures obtained from CASSCF
calculations.
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Scheme 12 Reaction of [KM(N{Dipp}SiMes),] (M = Fe, Mn) with PhCCPh.

Complex dismutation is more pronounced for the overall
neutral, more encumbered [KM(N{Dipp}SiMe;),] (M = Fe, Mn)
where the alkali metal cation is not separated from the complex
(Scheme 12).** [KMn(N{Dipp}SiMe;),] undergoes redox dispropor-
tionation, formation of a dinuclear manganese(0) complex (20) and
incomplete alkyne cyclotrimerisation (21). For iron the complete
cyclotrimerisation by isolation of the arene iron(—I) complex
[K(Fe(CoPhg)(PhCCPh))], 19, is observed. Together with the inter-
mediates 17 and 18 by Tilley (Scheme 10), 20 and 21 provide
snapshots into the cyclotrimerisation steps which seems dinuclear
in nature for these low-coordinate systems. For the anionic metal(r)
complexes only K{m}{Fe(N{Dipp}SiMe;),]~ proved competent in
cyclotrimerization of diphenyl acetylene (Scheme 13A), likely by
in situ complex disproportionation. The reaction of terminal alkynes
with [Fe(NR,),]~ resulted not in the cyclotrimerisation, but simple
side-one coordination.”” Contrastingly, the neutral [Fe(NR,),] facil-
itates the selective cyclotrimerisation of terminal alkynes to the
1,2,4-substituted benzene regioisomers (Scheme 13B).”® However,
the reaction presumably occurs under ligand exchange via depro-
tonation of the alkyne by the silylamides, and likely the formation of
multinuclear iron alkinyl species. In the special case of terminal
benzyl alkynes [Fe(NR,),]  catalyses its transformation to phenyl

Ph
A Ph
10|mcl)l%_ Ph Ph
I | [Fe'(N),]
N'= N(Dipp)SiMe; ~ Ph Ph
Ph Ph

1 mol% Ph Ph

° 7
RaNQ [Fe((NR;),]” Ph [Fe"(NR,);]
/Fe---|t -~ % r»
RoN Ph [Fe~CCPh] PH
c
tIFENYT o N t. [Fe'(N'),I”
Ph/\ cat. [Fe'(N')]” o, Cx cat. [Fe'(N'),] Ph\
5 min 24 h

Scheme 13 Linear iron silylamides as precatalysts for alkyne trimerisation
of internal alkynes (A), their oxidation state dependent coordination or
cyclotrimerisation of terminal alkynes (B) and use for catalytic isomeriza-
tion of terminal to internal alkynes (C) (N’ = N(Dipp)SiMes).
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Scheme 14 Effect of oxidation state on the metal—alkene interaction in
quasi-linear complexes with alkenyl substituents (top). Reaction of the
linear iron() complex [Fe(NRy)o]™ with alkenes. Inset: Isolable stilbene
radical anion complex 24 (bottom).

allene within minutes (Scheme 13C)” and to the internal alkyne
within 24 hours. For the interaction of alkenes with divalent metals
reports are restricted to intramolecular interactions with a C—C
double bond as in [M(N{Dipp}Si{Me,}C;H;),] (Scheme 14, top).*”
The interaction is purely electrostatic with marginal C—C bond
elongation. It changes upon reduction as exemplified for cobalt:
shortening of the Co-(C=C) distance is observed (4 = —0.4 A) with
a widening of C=C-bond (4 = 0.03 A). Akin to the situation for
metal alkynes (Scheme 11), the stronger metal-alkene interaction
is likely attributed to the situation as predominantly a metal(u)
alkene characteristic. It becomes more obvious for chromium where
intermolecular C-C-coupling via one of the alkene functions
is observed.” In the reaction of the iron() silylamide [Fe(NR),]”
with external substrates, that bear an internal C—C bond, side-on
complexes are formed ([25% ]~ and [26% ], Scheme 14, bottom).”>””
Interestingly, Z-substituted substrates undergo rapid isomerisation
to the thermodynamically more stable E-isomer. This observation
gives evidence for the metal(i) alkenes as actual iron(n) bound
radical anions (Scheme 11, bottom), which was supported by *’Fe
Mbssbauer spectroscopy analysis.”® The isomerisation can be per-
formed in a catalytic fashion with either aromatic or aliphatic
substituted simple alkenes such as 3-hexene. By comparison with
the behaviour of the prototypical E-stilbene radical anion,”” whose
first isolation was achieved by encapsulation between two K{18¢c6}"
moieties (27), it was concluded that the isomerisation takes place in
the coordination sphere of the metal and not by intermittent
decoordination of alkene substrates as “free” radical anions.

Radical anions stabilized by linear complexes. The pro-
nounced reduction characteristics of the anionic metal(r) com-
plexes were further exploited to generate other, electronically
more defined metal(u)-bound radical anions. In this context we
have reported the formation of metal(u) stabilized bipyridyl
radical anions [M28]" (M = Cr-Co) starting from 2,2’-bipyridine
(Scheme 15, top).”®

This journal is © The Royal Society of Chemistry 2025
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Scheme 15 Reaction of 2,2’-bipyridine with (top) and reductive coupling
of pyridine by (bottom) linear metal() complexes.

The reduction is remarkable in the case of cobalt where the
reduction potential of the metal(1) precursor is 1 V less negative
than that of free bipyridine (Eeq([Co(NR,),] ) = —1.47 V vs. [Fc/Fc'],
E,»(bipyridine): approx. —2.67). With pyridine, the formation of
binuclear metal(n) complexes [29]*~ (M = Cr-Fe, Scheme 15,
bottom) occured.”® Here, pyridine underwent reversible reductive
C-C coupling forming a bridging 4,4’-dihydrobipyridyl ligand via a
transient monomeric metal(n) complex bearing a pyridyl radical
anion. Benzophenone was also used in combination with linear
anionic complexes of iron and cobalt to produce metal(u)
stabilized ketyl radical anions ([M30], Scheme 16), supported
by Mossbauer spectroscopic and computational analysis. This
approach was extended to unprecedented metal bound ketiminyl
(™31]7) and aldiminyl radical anions ([32]),*° with the reductive
coordination being in part found to be reversible. Finally, [Fe']”
can act as an Et,O-soluble one-electron reductant in the isolation
of the first diarsene radical anion [Mes*As=AsMes*| ™ ([33]7).%*

C-Halide bond cleavage. 3d-Metal mediated cross-coupling
(e.g. with iron) plays an important role in organic coupling
reactions, with recent mechanistic insights having revealed
the importance of low-valent, low-coordinate species.>*® In this
context Hillhouse showed for the linear nickel() complex
(IDipp)Ni(CH{SiMe;},) radical homocoupling of a benzyl bromide
derivative and formation of the trigonal nickel(n) bromide 34
(Scheme 17, top). A similar reactivity was observed in the case of
an analogous linear chromium() complex to yield the chromium
halide 35.°° The nickel(1) complex [KNi(N{Dipp}SiMe;),] exhibits
different reactivity when combined with methyl iodide (Scheme 17,
bottom). It yields the rare Ni(m) alkyl complex [Ni(Me)(N{SiMe;}

RoN -
Ph” “Ph “Nyi—x l
- X =0, NH 4 R\
R.N—M'—NR,l —M=Fe Co R2N >\ph
Ph
As;Mes™, X =0: [M30]~; NH: M31]"
-Fe(NR2)2 )h]l\Me
- R,N Me |
MesTl H—Ph> \Fe"—N/ _l
AS=Aé M=F / \‘ o—
Mes*/ =Fe RoN H
[33] [32] Ph

Scheme 16 Reduction of diaryl ketones, ketimines, aldimines and a
diarsene with [M(NR;),]~ complexes. (Mes* = 2,6-Mes,-CgHs3).
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Scheme 17 Formation of methyl bis(amido) nickel complexes.

Dipp),] (36) via a two-electron oxidative addition, which is unusual
for open-shell 3d metal ions.?® 36 decomposes at room temperature
over the course of 24 hours to Ni(N{Dipp}SiMe;), and ethane,
however does not engage in cross-coupling reactions. In contrast
Ni(N{SiMe;}Dipp), mediates the coupling between aryl chlorides/
bromides and Grignard reagents at ambient conditions.*®
Mechanistic studies revealed the involvement of radical intermedi-
ates as well as the presence of trigonal organo nickel(u/m)
intermediates ([36] and [36]). [Fe']” reacts with organo halides
instantaneously even below —80 °C (Scheme 18),%* which yields
stoichiometric mixtures of the organo iron(n) ([37%]") and iron(m)
halide ([37%]") complexes under involvement of organic radicals.
Bond cleavage is also feasible for aromatic and even aliphatic C-F
bonds, however at ambient or elevated temperatures and longer
reaction times. For an excess of benzyl halides, selective formation
of the iron(n) halide ([37%]") and subsequently the iron(m) dihalide
([38"]7) is observed together with the organic homocoupling
products. In a similar fashion aliphatic isonitriles can be cleaved
to yield 1:1 mixtures of alkyl iron(u) and cyanido iron(u) complexes
(Scheme 18).”* The capability of linear metal(1) to activate aromatic
C-F bonds was further explored for fluoropyridines (Scheme 19).

NR,| R'-X
| or alkyl-NC

T T

Fe! ———— > R,N—F¢! + R,N—Fe!
X=F-1
NR, R =Bn, Ph, alkyl NRa NR,
[377] 37X

x T Bn-X [X=cl, Br

| x Bn-X
R,N—Fe/'~ <«——— [37% + Bn-Bn

X =Cl, Br
XE‘RZ - Bn-Bn
[387]

Scheme 18 Reaction of [Fe'(NRy),]™ (R = SiMes) with benzyl, phenyl and
alkyl halides as well as aliphatic isonitriles.
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Depending on the degree of fluorination of the pyridine its
reaction with [Co"]” yields either a 1:1 mixture of cobalt(u)
pyridyl ([39%Y]7) and cobalt(u) fluoride ([39"]") complexes, or
homocoupling to fluorinated 4,4'-bipyridines.”® The selective
formation of metal(u) fluorides is observed as well in the case of
[Mn']” and [Fe']” using perfluoropyridine.”

Imido metal complexes. Lately 3d-metal imido complexes
have attracted significant interest due to their ability to cataly-
tically transfer the metal-bound [NR] unit to organic substrates,
e.g. in C-H bond amination or aziridation of alkenes.®® Despite
the growing use of such reactions, the fundamental electronic
and structural factors that dictate the reactivity of the [MNR]
unit are still not well resolved.®® A higher spin state appears to
increase the electrophilicity and reactivity of the metal-nitrogen
bond by an increased population of antibonding m*-orbitals of
the M-N interaction. As such, linear metal(i) complexes were
employed as for the resulting imido complexes higher spin states
could be expected. The neutral linear chromium(i) complex 40
was reacted with MesNj; to give the trigonal high-spin metal(m)
imide 41 (Schemes 20 and 21, top), that showed however only
marginal H atom abstraction capabilites.>® Trigonal high-spin
chromium(iv) imides also proved to be rather stable (42,
Scheme 20, top).>” Attempts for isolobal oxido complexes yielded
so far only the chromium(vi) dioxide (43)°” and by that shows the
range of oxidation states that can be supported by these amide
ligands. In contrast, the iron silylamide [Fe(NR,),] mediated the
intramolecular C-H amination of aliphatic azides (Scheme 21,
top)®” with low catalyst loading (1 mol%) yet at high reaction
temperatures (120 °C). Insights into the catalytic conversion were
gained by isolation and characterization of coordinatively labile
aliphatic azide adducts to the two-coordinate (Fe(NR,),)

N—Mes
. | /D|pp MesN; X Iﬁ
IDipp—Cr'=N ID|pp—>Cr\ .
\_ _N N-Dipp
SiMes 2 i
40 MesSi 41
f f
. N/Bu tBu\N,Dipp . N/Bu
Dipp RN; I, 2Mes;NO PP\ L0
=N-R ~— Cr
. / - N2 l = N2 R / \0
Dipp—N, ) N Dipp-N,
Bu Bu Dipp Bu
42 (R = Ph, Adamantyl) Cr(N{Dipp}/Bu), 43

Scheme 20 Formation of trigonal chromium imides and a chromium
dioxide.
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Scheme 21 Intramolecular C—H amination catalysed by Fe'(NR.), (top)
and detection of a trigonal imido iron complex by irradiation of an iron(i)
organo azide adduct (bottom).

fragment (44, Scheme 21, bottom).®** Subsequent N, liberation
resulted in the imido complex 45, which proved however too
reactive for its isolation. It immediately underwent nitrene
insertion into a C-H bond of the ancillary silylamide ligand
(46). In-crystallo irradiation of the azide adducts 44 effectuated
N,-extrusion and gave spectroscopic and structural information
about the elusive imido iron species 45 in the solid state matrix.
Depending on the substituent, an intermediate®® or a high-
spin®® situation with imidyl or even nitrene character was
discussed. Reaction of Mes-N; with the more encumbered
Fe(N{EMe;}Dipp), (E = C, Si) yielded isolable high-spin aryl
imido iron complexes (®47, Scheme 22).***° Computational
analysis gave for [Fe(NMes)(N{CMe;}Dipp),] (“47)*° an imidyl
type situation. In slight contrast, for [Fe(NMes)(N{SiMe;}Dipp),]
(%47, Scheme 22)°° spectroscopic examination in conjunction
with calculations predicted a very covalent Fe-N bond with
shared nitrene, imidyl and imide characteristics. For
adamantyl-N; an analogous elusive species was obtained,*° that
facilitated intramolecular C-H amination as seen for the less
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Scheme 22 Reaction of [Fe(N{EMez}Dipp)-1®~ (E = C, Si) with RNs.
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Scheme 23 Formation and behaviour of trigonal imidyl cobalt

complexes.

encumbered [Fe(NR,),]. Using the linear iron(i) precursor
[Fe(N{SiMe;}Dipp),]~ resulted in isolation of [Fe(NMes)-
(N{SiMe;}Dipp),]~ ([¥47]7).%° Together with the neutral counter-
part 547 it gave the first pair of isostructural high-spin imido
metal complexes in two oxidation states, which further could be
interconverted by chemical reduction/oxidation. [$47] proved
computationally as an iron(u) imidyl, yet reacted as an iron(u)
imide with CS, by insertion of the latter into the M-NR bond
([48]", Scheme 22). This behaviour was not observed for the
neutral 47 which contrastingly facilitated electrophilic nitrene
transfer to PEt;. Corresponding studies on [Co'(N{SiMes}-
Dipp),]~ with N;Dipp yielded the first example of a high-spin
(S = 2) imido cobalt species ([49] , Scheme 23, top).”* X-ray
absorption and EPR spectroscopy as well as computational
studies led to the formulation of [49]" as a cobalt(u) imidyl.
For the smaller substituent mesityl the analogous imidyl
complex [50]" unexpectedly underwent SiMe;-group migration
from the co-ligand to the imidyl nitrogen. Again, it implicated a
nucleophilic character of these anionic imido complexes. Sub-
sequent intramolecular C-H bond activation resulted in the
formation of cobalt(m) alkyl species [51] . The less encumbered
[Co']” enabled the isolation of the highly reactive alkyl imido
complex [52] for which an intermediate-spin state (S = 1) was
proposed (Scheme 24, bottom).** [52] facilitated intermolecular
C-H abstraction from external substrates - so far not seen for
cobalt imidos. The resulting cobalt(i) amide [53]" also engaged
unprecedentedly in H atom abstraction (HAT) via direct transfer
or a stepwise deprotonation/Co-C bond cleavage mechanism

RaN h
I - N;'Bu \Co"'—N _|
R:N—Co'—NR; | T By
-N; R,N
. +[C-H] 1821 (S=1)
. _ 1
. SHNBU - atom [ + o1
-G Hatom™-[Cl  fransfer| - [C]
transfer
R2N +[C-H ™ R2N H_l
\ e.g. fluorene N /
Jpo'—[0] <——— Co'—N_
RoN - HNBu RZN/
[54] (531

Scheme 24 Formation and reactivity of trigonal imido cobalt complexes.
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MesSiw, _Dippl i) N,Ph N(SiMe,)Dipp

’}l ii) SiMej shift \1e.si ]

s .
NI — e l\[I]/N\\ = [55]" (S = 1/2)
— N2

,L\ Ph N

Me;Si~~ Dipp Dipp

Scheme 25 Formation of a T-shaped low-spin imido nickel(i) complex.

(via [54]7) to regenerate [Co'|”. For the nickel() complex
[Ni'(N{SiMe;}Dipp),]~ imido complex formation was only possi-
ble for the smallest aromatic azide PhN;.”*> The resulting
T-shaped low-spin nickel(mr) complex [55] was found to possess
a [Ni=NDipp] imide unit (Scheme 25) that originated from
a SiMe; shift from a co-ligand, as seen for cobalt ([50],
Scheme 23).

Element activation and cluster formation. Last but not least,
two-coordinate complexes are predestined for the bottom-up
construction of like-wise low-coordinate 3d-metal/main group
units. These can give insights into the electronic situation of
small metal/main group clusters motifs, and may serve as
structural and/or functional models for small biological clus-
ters (e.g. ferredoxins). The reaction of the iron(i) complex
[Fe(N{Dipp}SiMe;),]~ with 0.5 equivalents of sulfur gave the
diiron compound [56]*~ bearing an unsupported sulfide bridge
(Scheme 26A).°* [56]> could subsequently be oxidized in a
stepwise fashion to monoanionic, mixed-valent [56] and neu-
tral, diferric 56. The mixed valent [56] is particularly interest-
ing as it shows almost complete valence localisation despite
identical iron sites. This unprecedented series of an unsup-
ported, low-coordinate [Fe-S-Fe] unit in three-oxidation states
resembles one of the belt sulfide functions in the iron/sulfur/
molybdenum co-factor (FeMoCo) of the nitrogenase enzyme
(Scheme 264, inset),”” which is supposed to open up during
substrate turn-over.”® [56]°~ and [56] could be cleaved by CS,
which yielded the mononuclear iron thiocarbonates [57]>~ and
[57]" under decoordination of the second [FeL,] fragment.**
The facile rupture of a [Fe-S-Fe] unit by CS, gives insights into
how CS, might act as an inhibitor of nitrogenase FeMoco (and
other iron-sulfur clusters) - a behaviour that is not yet fully
understood.”” An analogous study with red selenium gave the
dianionic complex [59]*~ (Scheme 26B).°® Variation of the
Fe:Se ratio resulted in the mononuclear iron(m) di- (58°7)
and triselenides (60°7). It is contemplated that elemental
selenium is initially reduced by [Fe(N{Dipp}SiMe;),]” to anio-
nic polyselenides. Subsequently, the chalcogenide anions
recombine with the now Lewis-acidic iron(ir) complexes - with
or without further oxidation to iron(i) - to yield monomeric
iron polyselenides or dimeric diiron monoselenides depending
on the Fe: Se ratio. Accordingly, pre-reduced polychalcogenides
can be used like-wise in conjunction with divalent complexes
(Scheme 26B).°® If the steric demand of the silylamide ligands
of the employed iron(1) complex is lowered, a bis-p-S bridged
complex with an [Fe,S,] diamond core was obtained (61,
Scheme 26C).”° It corresponds to the central [Fe,S,] motif of
well-known Rieske-type clusters. 61 could be deconstructed
using CS, to yield the mononuclear iron(m) thiocarbonate 62.
Reaction of 61 with additional [Fe(NR,),]™ lead to reduction of
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Scheme 26 (A) Reaction of a bulky linear iron() silylamide with elemental sulfur and subsequent oxidation and Fe—S bond cleavage with CS,. Inset: Iron/

sulfur/molybdenum co-factor (FeMoCo) of the nitrogenase enzyme. (B) Reaction of bulky linear iron(i) and iron(i) silylamides with selenide sources. (C)
Reaction of the less encumbered K{18c6}[Fe{NR.},] (R = SiMes) with elemental sulfur and subsequent cleavage of a [Fe,S,]%* cluster with CS..

the iron sulfur complex and was accompanied by decoordina-
tion of one silyl amide ligand per iron (63). Two other synthetic
super-reduced [Fe,S,]° clusters were so far known, which how-
ever retained the four-coordinate coordination environment due
to the use of chelating ligands.'® 63 thus represents the first
example of a super-reduced [Fe,S,]° complex with only three-
coordinate iron. It is important to note that formation of 63 does
not occur using the K{crypt.222} salt of [Fe']” or KCs in the
presence of 18-crown-6. It reveals a dual role of the employed
[Fe(NR,),]*: it acts first as a 1e -reductant in the oxidation
state +I and then as a strong Lewis acid in the divalent state. The
approach of combining a linear metal(u) fragment with unusual
polyanions is also applicable for Zintl anions (Scheme 27).'%*
Reaction of Mn(NR,), with K{crypt.222}[TIBi;], which is only
soluble in very polar solvents such as ethylene diamine or
NHj(), allowed for the unprecedented reactive dissolution of
Zintl ions in regular solvents such as THF. The integrity of the
Zintl ion remains in formed [64]*”, which is also rather

[Mn"(NRy),] + [TrBiz]*

Tr=TI Tr=Ga, In| — 1,0
Tr=Ga In 30 min| - [Mn"(NR)3]~
5 min o
RoN TIZBIC «NR 2 RaN.. ||/B ~p; i=-NR2
M ||-' I \| N2 Mn | Mn
~ TBi” NR;
R SBi—Bi” NR; R,N” 2
2 [64]2‘ [65]
\ /NR2 2-
/B _
(667 - '\ / VB,,M,, + IM'(NR,)]
+ HTrOH

N/ n\BI

Scheme 27 Reaction of Mn(NRy), with tetraatomic trielbismuthates
[TrBis]>~ (Tr = In, Ga, Ta). K{crypt.222} cations are omitted.
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uncommon. This was emphasized for [TrBi;[>~ (Tr = Ga, In),
where a [Bi,]> bridged dinuclear complex ([65]*7) is observed
with concomittant’® elimination of the triel metal. Moreover,
the reaction with [TrBi;]>~ also yielded additional ligand
exchange and redox state changes of the Mn(NR,), fragment,
as shown for the tetranuclear cluster [66]*. [66]* is a mixed
[MnjMnj}] complex, thus underscoring the ease of redox state
changes in these low-coordinate high-spin metal ions.

Other reactivities involving linear metal amides. The cobalt()
complex (IPr)Co(N{SiMe;}Dipp) reacts with diazoalkane to give
the respective adduct 67, which is formulated as a cobalt(u)
diazoalkane radical anion (Scheme 28A).>°

In the presence of an excess of the diazoalkane the catalytic
homocoupling to an alkene under N, liberation is observed in
non-polar solvents. The reactivity switches to hydrazine formation
when donor solvents are employed. This is attributed to blocking
of the metal site by the solvent and by that prevents complete
metal-mediated N, liberation.>® Metal(n) hexamethyldisilazanides
have also been used in a number of hydro-elementation reactions
using silanes or boranes (Scheme 28B-D). These transformations
rely on the loss of complex integrity via amide/hydride exchange
and redox-processes: the cobalt(n) amide Co(NR,), or their NHC
adduct (Scheme 28B) catalyses the hydrosilylation of a variety of
terminal alkenes with tertiary silanes.'®* Stoichiometric studies on
NHC adducts revealed reduction to the linear cobalt(r) amide 69
via presumed hydride formation (68) and subsequent reductive
H, liberation. The linear hydride 70, as inferred from the isolable
arene complex 71 (or the silyl derivative), are likely the active
alkene hydrosilylation agents. The neutral iron and manganese
complexes M"(NR,), were found to be active in the hydrosilylation
or hydroboration of carbonyl compounds at room temperature

This journal is © The Royal Society of Chemistry 2025
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(Scheme 28C and D).'® Under catalytic conditions M"(NR,),
serves as a precatalyst and initially forms mono- or polymeric
metal hydrides.’®*'% The latter was evidenced exemplarily for
Mn(NR;),, that reacted with HAI'Pr, to form the hexameric, sheet-
like [MngHg(NR,)s] (72, Scheme 28E).'*

Beyond linear metal amides: notable examples of other
linear 3d-metal complexes. As mentioned in the introduction,
some linear complexes bearing other ligands were successfully
employed in chemical transformations, mostly in catalysis. For
example, linear Fe"" and Mn" terphenyls served as precatalysts
in hydroamination (Scheme 29A)'°® and hydrophosphination
(B)'%” of isocyanates as well as cyclotrimerisation of isocyanates
(C)'°® and alkynes.'® However, the reaction conditions and
substrate types implicate in situ transformation of the central
two-coordinate metal fragment into higher-coordinate metal
species. For manganese(n) aryl compounds the amineborane
dehydrogenation was also reported (Scheme 29D), which

A)
2 mol% .Q
IDlpp—>Co —N'
[CeDel
=T
via: F O
IN/
IDipp~ ,7NI NoFlu T.z N, T_ N,
Co
| 67 + excess THF
N
B) (NHC)
0.1 mol% ‘
CO"
~
R + HSIRY RoN NRy R1/\/SiR'3
+ Co(NRy)(IDipp),
-RoN-SiR'; rt.
i ) IDipp
IDipp ipp IDipp Y
¥ ¥ , _HSiR3 ¥ | CeHs _.Co
/Co" Y Co - Co' > \H
RoN Sul —08H2 ,LRZ -R;N-SiR's |L
68 69 70 7
E) '''''''''''''''''''''' cat. T
0 . Fe'(NR,), OSiPh,H
J . +PhSH, ———
R!”” "R2 R!” "R?

b o T cat oy
)]\OE 2 HBpin Mn' (NRZ)Z + EtOBpin
. P’ OBpin

E) Rz
\
6HBp|n 0 i e 1
o, S 4\/\/\%
- pinB-NR;,
IH\‘ \
Rz

Scheme 28 (A) Cobalt mediated coupling of diazoalkanes to either
alkenes or hydrazine derivatives. (B) Hydrosilylation of a variety of terminal
alkenes with tertiary silanes catalysed by [(NHC)Co(N{SiMes},),] via linear
cobalt(l) intermediates. (C) Iron-mediated hydrosilylation of ketones. (D)
Manganese mediated hydroboration of esters. (E) Isolation of a polymeric
manganese hydride cluster intermediate.
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Scheme 29 Application of linear aryl and alkoxide metal complexes as
precatalysts for isocyananate hydroamination (A), hydrophosphination (B)
as well as cyclotrimerisation (C), for amine-borane dehydrocoupling (D)
and for ring opening polymerisation (E).

proceeds by either a homogenous or heterogeneous (via

in situ nanoparticle formation)

mechanism.’® A two-

coordinate iron alkoxide served as a precatalyst for stereospe-
cific ring-opening metathesis polymerization of norbornene
(Scheme 29E)."™ An increase in the polymerization rate was
observed by in situ addition of one equivalent of a more acidic
fluorinated alcohol, by presumed intermittent formation of a
linear heteroleptic alkoxide complex. Purely NHC based linear
complexes should also be mentioned. Mn(cAAC), is able to
cleave H, under ambient conditions, yielding the Mn(u) bisalkyl
complex 73 (Scheme 30).>” For Fe(cAAC), reversible coordina-
tion of N, was reported.’** The labile N,-adduct 74 can be
stabilized by further reduction with KCg and 18c6 to the anionic
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Scheme 30 Reactivity of linear, cAAC based
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75, which allows for subsequent (catalytic) N, silylation.
Co(cAAC), serves amongst others as a coordination site for
diazoalkanes (76) or alkynes (77).''* Computational analysis of
the alkyne complex 77 revealed only marginal n-backdonation
to the alkyne (or even its reduction). It contrasts the calculated
situation for the anionic [Co'(NR,),(n>PhCCPh)]~ ([€°19"],
Scheme 11), despite Co(cAAC), having a lower oxidation state.

Conclusion

For decades, linear open-shell 3d-metal complexes have been a
curiosity and synthetic challenge in coordination chemistry.
However, in recent years their potential as single ion magnets,
as reaction partners and even as (pre)catalysts, has been devel-
oped. Of these, silylamide based complexes have gained pro-
minence, either in the divalent or monovalent state. Divalent
metal silylamides can serve most notably as platforms for
imido metal species. They exhibit intriguing electronic struc-
tures of mixed metal(m) imidyl and metal(u) nitrene character-
istics, which were further exploited for catalytic C-H amination
catalysis. In this context, the pronounced Lewis acidity of
M(NR,), helped in the isolation of weakly bound organoazide
adducts as the initial species in the catalytic cycle. These
adducts can be irradiated in-crystallo under N, liberation and
metal imido formation, which were otherwise too reactive in
solution chemistry. Looking also to other linear, mainly aryl-
based metal(n) complexes, they served as precatalysts for a
variety of transformations. However, the employed compounds
are subject to intricate transformation reactions that can
involve substrate insertion into the original metal-ligand
bonds as well as substantial redox state changes.

The chemistry of the monovalent siblings, either anionic
and homoleptic or neutral and heteroleptic with NHC ligation,
exhibits a larger reactivity variety due to a more electron-rich
metal centre. The most salient features of linear metal(r) com-
plexes are a pronounced loss of Lewis acidity despite the
coordinatively unsaturated state. Furthermore, the interaction
of these compounds with substrates is characterized by one-
electron transfer processes. This property is most pronounced
for anionic complexes ([M(NR,),]") and was exploited for the
generation of a number of metal(n) stabilized radical anions. It
was exemplified for carbonyl or iminyl based substrates and
could also be extended to alkynes and alkenes. Complexes with
the latter could undergo radical-anion based bond transforma-
tions, such as cis — trans isomerisation. Here, certain limits of
linear metal(r) based chemistry with m-accepting ligands also
became evident as the interaction with C=C triple bonds can
lead to complex dismutation driven by the formation of com-
parably stable 18 VE organometal complexes. Like for the
neutral metal(u) species, anionic and neutral linear metal(r)
complexes are suitable platforms for imido metal complexes in
higher spin states using organo azides as transfer agents. This
allows for catalytic applications, with evidence that the
employed metal silylamide fragments remains intact. For simi-
lar diazo methane derivatives, they can be catalytically coupled

14336 | Chem. Commun., 2025, 61, 14324-14339

View Article Online

Feature Article

by a linear cobalt(i) complex under N, extrusion to give either
alkenes or hydrazine derivatives.

A very different area is the bottom-up construction of small
metal/main-group clusters, in which the dual role of metal
silylamides is emphasized. Anionic iron(i) silylamides can
activate elemental chalcogenes, that likely proceeds via initial
single-electron-transfer from the metal to yield chalcogenide
(poly)anions. These immediately recombine with the now Lewis
acidic iron(u) silylamides to unusual metal sulfide or selenide
motifs. Accordingly, neutral metal(u) silylamides can directly be
combined with main-group polyanions (e.g. zintl ions). In all
cases, further redox state changes can be observed, yielding
highly unusual clusters with low-coordinate metal ions.

Outlook

Despite the presented knowledge for linear metal silylamides, it is
evident that for this compound class alone a multitude of
combinations with already examined substrates are still open
for discovery. Possible variations concern for example other
main-group element/metal combinations or advancing the field
of catalytically relevant imido metal species. Furthermore, the
flurry of intriguing organic transfer-agents in recent years, such as
diazoolefins (NHC=C=N,)""* or the carbon atom transfer agent
Ph,S=C=N,,""*> might pose unchartered territory with regards to
metal-main group multiple bonds in higher spin state.

Looking beyond, the introduction of NHC ligation further
opened up the variability in terms of charge and gave access to
formally zero- or even subvalent compounds. Here, the non-
innocence of alkyl amino carbene ligands is prospective to
facilitate multi-electron bond activation processes. These
NHC complexes were so far only little examined in a broader
fashion, which would be needed to address the integrity and
stability of the employed two-coordinate [M(NHC),]" fragments
during bond activation processes. In this context, the NHC based
metallates, namely [Fe(cAAC),(N,)]” or the higher coordinate
[Co(IMes),(N,)]” **® with their labile N, ligation, are possible
candidates. These can serve as M~ synthons, similar to arene
metallates such as [Fe(anthracen),]”,""” yet with more persistent
ancillary ligands. The anionic charge might prevent unwanted
decomposition or aggregation reactions, enhance the likelihood
of higher spin states and provide beneficial crystallisation prop-
erties as seen for anionic metal(r) silylamides. In conclusion, the
chemistry of linear open shell complexes still leaves a wide open
chemical space. Its further exploration is promising for uncover-
ing new and unusual reactivity patterns, which we and others
will continue to address.
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