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Mesoionic Imines (MllIs): Strong Donors and Versatile Ligands for
Transition Metals and Main Group Substrates

Richard Rudolf, Nicolds I. Neuman, Robert R. M. Walter, Mark. R. Ringenberg, and

Biprajit Sarkar*

Abstract: We report the synthesis and the reactivity of
1,2,3-triazolin-5-imine type mesoionic imines (MIIs).
The MIIs are accessible by a base-mediated cyclo-
addition between a substituted acetonitrile and an
aromatic azide, methylation by established routes and
subsequent deprotonation. C=O-stretching frequencies
in MII-CO, and —Rh(CO),Cl complexes were used to
determine the overall donor strength. The MIIs are
stronger donors than the N-heterocyclic imines (NHIs).
MIIs are excellent ligands for main group elements and
transition metals in which they display substituent-
induced fluorine-specific interactions and undergo C—H
activation. DFT calculations gave insights into the
frontier orbitals of the MIIs. The calculations predict a
relatively small HOMO-LUMO gap compared to other
related ligands. MIIs are potentially able to act as both
n-donor and m-acceptor ligands. This report highlights
the potential of MIIs to display exciting properties with
a huge potential for future development. )

Introduction

N-heterocyclic carbenes (NHC) represent a group of com-
pounds that are irreplaceable since their first isolation in
1991 by Arduengo et al.! The variety of applications stem
from homogeneous catalysis,”” material science® and medic-
inal chemistry™ to name a few. Replacement of the free
electron pair in NHCs with an organic moiety or atom X
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(X=CR’5,, NR', PR/, O, S, Se, ...) results in compounds with
novel properties and a reduced propensity towards back
bonding due to a high electron population on the exocyclic
fragment X.F7' Formulation of mesomeric structures
(Scheme 1) shows that the exocyclic C—X bond is strongly
polarised towards the exocyclic fragment. As the imidazo-
lium moiety is highly capable of stabilising the resulting
positive charge, the mesomeric structures Ila and IIb are
stabilised, hence a high electron density is observed on the
X-fragment.

The resulting compounds for X=NR are generally
called N-heterocyclic imines (NHIs). Formally, the structure
of NHIs can be formulated as an NHC-stabilised nitrene
(Scheme 1, bottom). According to this consideration, NHIs
can be described as NHC-analogues of iminophosphoranes
and neutral amides. And indeed, NHIs show similar donor
capacity as iminophosphoranes®™” while they are better
donors compared to NHCs!"! or nitrogen-based ligands like
pyridines and imines."!! NHIs are therefore found to
stabilise late transition metal complexes!”'?! and main group
element fragments.™'¥! Mesoionic carbenes (MICs) of the
1,2,3-triazol-5-ylidene type are a relatively new class of
ligands that belong to the broader NHC family.">!*! Even
though the use of the term MICs for these classes of
compounds can be controversially discussed, there is indeed
some justification for using the term MICs for such
compounds.”” Their much stronger donor abilities com-
pared to classical NHCs, and their relatively tuneable n-
acceptor properties,” make them an exciting class of
compounds in their own right in transition metal and main
group chemistry.!'®'! Recent prominent applications of MIC
containing compounds have been, amongst others, in redox
chemistry,*?"! photochemistry,!”**! electrocatalysis,*>¥
cooperative catalysis,” and redox-switchable catalysis.*!
Considering the current interest in MIC ligands and their
compounds, it is certainly worthwhile to look for access to
compounds of the mesoionic olefin (MIOs) and mesoionic
imine (MIIs) with a 1,2,3-triazolium core. Both these types
of compounds are likely to deliver exciting chemistry that
will be comparable to, but also intriguing and often different
from, their NHO and NHI congeners. That this can be
expected is corroborated by looking at the chemistry of
MICs vis a vis classical NHCs. In this regard, the synthesis,
isolation and characterisation of MIOs and their compounds
were recently reported.?"*!

Since the term “mesoionic” was defined in the mid
twentieth century,” the chemistry of MIIs has been a
widely established field in heterocyclic chemistry with a
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Scheme 1. Top: Mesomeric structures of NHC-main group element fragment X adducts. Bottom: Formal contemplation of the bonding situation in

N-heterocyclic imines and their analogues.

focus on the synthesis and gauging of the reactivity.’*3!

Many of the studied compounds were only proposed as
intermediates in reactions®™ or decomposed upon
generation®® > while stable MIIs were almost exclusively
isolated with an electron-withdrawing moiety on the exocy-
clic N (Scheme 1, bottom: R=EWG, L=
heterocycles).* 37 The stable MIIs were found to act as N-
nucleophiles® and react as 1,3-dipoles in numerous cyclo-
addition reactions.® The electronic properties go beyond
the intriguing formulation of structures “on paper” as the
mesoionic character strongly influences many of the inves-
tigated physical properties. In this regard, quantum chemical
calculations,*! crystallographic data,*! heteronuclear NMR
studies™*!! and intense colouring!*’ of the compounds point
to the mesoionic property. Applications in coordination
chemistry of MIIs besides the “classical” and non-mesoionic
NHI has been to the best of our knowledge not reported
yet.

In this contribution, we report on the synthesis, isolation
and characterization of MIIs. The focus of this work here is
on the development of a modular synthetic route for MIIs of
the 1,2,3-triazolin-3-imine type, exploration of their donor
properties, and the investigations of their reactivity towards
transition metals and main group substrates, with an aim of
establishing this new class of compounds in synthetic
chemistry with potential applications.

Results and Discussion

The synthesis of the first MII with a 1,2,3-triazolin core was
reported recently by Haraguchi et al. by a fluoride mediated
amination of 4-chloro-1,2,3-triazolium salts followed by
deprotonation.*! In parallel to this development, we identi-
fied 5-amino-1,2,3-triazoles as versatile building block for
MIlIs, which we therefore aimed to construct. The 5-amino-
1,2,3-triazoles 1a—d were obtained based on a reported
base-mediated cycloaddition®! of a substituted acetonitrile
derivative with an aromatic azide (Scheme 2).
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Subsequent methylation with methyl iodide yielded the
desired triazolium iodides 2a-c¢ in satisfying to nearly
quantitative yields. Methylation of 1d with Mel yielded a
product mixture from which no products could be identified.
We therefore conducted the methylation of 1d with MeOTH.
The methylation of the C4-pyridyl substituted triazole 1d
with MeOTf was not selective towards either the triazole or
the pyridyl moiety and a product mixture with the respective
mono- and bismethylated triazolium salts was obtained.
Only the bismethylated product 2d could be isolated
(Scheme 2). Protection of the pyridiyl-moiety via the
respective N-oxide with m-CPBA™! prior to methylation
yielded the desired product 1d-O (Figure S69™') but iso-
lation attempts of the pure form failed (Scheme 3).

The molecular structure of 3al*! in the crystal shows a
dimeric structure resulting from hydrogen-bonding interac-
tions from the exocyclic N-fragment with the proton of
another 3a molecule and vice versa incorporating a
(N4—H4--N4'—H4'--)-parallelogram (Figure 1). The solid
state structure of 3¢ shows a monomeric molecular structure
in the crystal® with the mesityl moieties nearly ideally
perpendicular to the triazole ring (Figure 2). The distinct
C1-N4 bond length for 3a and 3¢ is in the range of reported
bond length of NHIs.*"! Beside intermolecular interactions,
intramolecular interactions of N4 with the o—H atoms of the
phenyl moieties (H10 and H8A) are apparent in the
obtained molecular structure of 3a, which is further
discussed in the Supporting Information. It is noticeable that
the C1-N4 bond order significantly increases in the series of
1a-3a as the C1-N4 bond significantly shortens in the series
and the respective C1-N4 vibrational are blueshifted in the
series (Table 1), which is also observed in the respective
bismesityl substituted congeners 1-3c.

Reaction of a solution of 3a with CO, gas in non-polar
solvents yielded a colourless precipitate after several
minutes (Scheme 4). According to '"H NMR -spectroscopy
removal of the CO, atmosphere resulted in CO, loss and
regeneration of the free ligand 3a. Indication for the
reformation of the free ligand 3a was observed as the
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Scheme 3. Generation of the N-oxide from 1d.

Figure 1. X-ray solid-state structure of 3a. Ellipsoids are all set at 50%
probability. Selected bond parameters in [A] and [°]: C1-N4 1.296(2),
N4- - -H4 2.72(2), N4—H4- - N4 121.8(1), H4—N4- - -H4 58.2(1),
N4—H10 2.32(2), H10-N4—C1 94.8(4), N4—H8A 2.90(2), H8A—N4—C1
75.7(3).
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Figure 2. X-ray solid-state structure of 3 c. Ellipsoids are all set at 50%
probability.*e!

colourless solid was redissolved after removal of the CO,-
atmosphere and a bright yellow solution was obtained.

The apparently reversible CO, fixation was further
investigated by NMR- and IR-spectroscopy. '"H NMR spec-
troscopic measurements after reaction of a solution of 3a
with CO, gas in deuterated acetonitrile show that a selective
reaction occurs and a well-defined product was obtained
(Figure S42). ®C NMR spectroscopic measurements lead to
the same result (Figure S43). Flushing the solution with
argon afforded the '"H NMR -spectrum of the free ligand 3a
again, confirming the reversibility of the CO, fixation by 3a.
IR-experiments show a strong band rising at ~1613 cm™
(Figure S44). This characteristic band can be assigned to the
symmetrical C=0 stretching frequency of 3a-CO, as analo-
gous compounds show similar IR-spectra.™ The C=0O
stretching frequency of 3a-CO, is found to be red shifted
compared to imidazolin-2-imine carboxylates which were
reported to be in the range of 1670-1650 cm™! for different
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Table 1: Selected bond lengths and spectroscopic data for selected
compounds™*¥ and reported imine-B(C¢Fs); adducts 6a—c.

Compound  dcy_s [A] dN4~B'I[A] Vs [em P 0" (N=H) [ppm]
1a 1362(2) - 1598 41214
4,651
1b - - - 4,08
4474
1c 1.359(4) - 3.391
4.40"
2a 1.353(3) - 1613 5.074
5.47¢
2b - - - 5.321
5.40M
5.540
2c 1.363(7) - - 5.281
5.53H
3a 1.296(2) - 1719 4,784
5.49!1
3c 1.3003) - - 2.33H
3.48!"
3a-B(CsF5); 1.343(6) 1.581(7) 1646 4,931
6al” 1.297(6) 1.642(8) 1646 -
6bt! 1.293(2) 1.640(2) 1651 -
6l 1.285(2) 1.627(3) - -

[a] Powder. [b] ref. [48]. [c] No data from ref. [48].
CDCl;. [e] Recorded in CD;CN. [f] Recorded in Cg¢Ds.

[d] Recorded in

substituted imines.'? This behaviour would follow the
general trend of triazolylidene based ligands being stronger
donors compared to imidazolylidene based ligands. As the
N-CO, bond of the adduct breaks easily after exposure to
either argon or ambient conditions, attempts to isolate 3a-
CO, failed.

The reaction of B(C4Fs); with 3a yielded the borane
complex 3a-B(C¢Fs); (Scheme 4). The complex was charac-
terised by spectroscopic methods and by single crystal X-ray
diffraction.”! Examination of the molecular structure in the
crystal shows, that 3a coordinates via the exocyclic N-
fragment as expected (Figure 3). Upon coordination, the
C1-N4 bond is elongated but still shorter than if the BRs-
fragment is formally exchanged with a proton (2a) (Ta-
ble 1). This behaviour was validated as the respective
symmetrical vibrational frequencies of the C1-N4 bond is
red shifted in moving from 3a to 3a-B(CgFs); to 2a. It is
apparent that the C1-N4 is best characterised as intermedi-
ate between a double and single bond.

o)

//< coz(gi
3a
NN
rllt C02
N\® argon, vacuum
3a-CO.
Scheme 4. Reaction of 3a with CO,

B(CeFs)s-
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The C1-N4 bond length in the analogous, acyclic, imine-
B(C4F5); complexes 6a—¢ were found to be in the same
range as in 3a (Figure S50 and Table 1)." 3a-B(CFs); does
not follow this trend as the C1-N4 bond is much longer in
3a-B(C(Fs); compared to 6a—c. On the other hand, the
N4-B1 bond in 3a-B(CFs); is significantly shorter com-
pared to the acyclic derivatives (Table 1). The boron center
in 3a-B(C¢Fs); shows a nearly ideal tetrahedral coordination
geometry. The N4-B1 bond length with 1.58(1) A is
between reported N—B bond lengths of model compounds
with purely dative (dy_s~1.76 A) or purely covalent (dy_g
~1.49 A) bonds.” Considerable N4-B1 covalence in 3a-
B(C6F5) should therefore be assigned, which is supported
by DFT calculations described below. Deviation from ideal
tetrahedral bonding angles are attributed to n(C¢Fs)-n-
(C¢Hs)-interactions.

We conclude that 3a acts as a strong N-donor by shifting
electron density of the heterocyclic backbone onto the
exocyclic N-fragment, yielding an electron-rich donor.

To check the viability of the MIIs as ligands for
transition metals we employed both the reactions of the
corresponding amino-triazolium salts with a suitable metal
fragment either in the presence of a base or the direct
reaction of isolated MIIs with metal fragments. The reaction
of 2a with [Ir(Cp*)Cl,], under basic conditions (Scheme 5)
resulted in a cyclometallated MII complex with the C—H
activation taking place exclusively at the phenyl ring of the
N1-substituent. This observation is consistent with previous
results on related 1,2,3-triazol-5-ylidene based
complexes.”™ A similar reaction with 2b resulted in
exclusive C—H activation at the phenyl ring of the C4-
substituent (Scheme 5). This is to be expected as the N1-
atom in 2b has a mesityl substituent.’ Surprisingly, the
reaction of [Ir(Cp*)Cly], with 2d under basic conditions
(NaOAc) selectively yielded the cyclometallated product 5d
via C—H-activation of the N1-phenyl substituent according
to the obtained molecular structure and 'H NMR -spectro-
scopy. Interestingly, Sa was obtained in higher yields (75 %)
than 5b (40%). The observed intramolecular hydrogen
bonding in 3a (Figure 1) implies that the hydrogen-bonding
of the exocyclic N-fragment with the ortho-protons of the N-
bound phenyl moiety is the driving force of the observed
regioselectivity.

The molecular structures of the obtained iridium com-
plexes 5a, 5b and 5d show that the iridium atom is
coordinated in a highly distorted piano stool fashion (Fig-
ure 4).! For all three complexes, most structural parame-

S)
HN~ B(CeFs)s
B(CeFs)s Ny N
| Ph

\

3a-B(C6F5)3
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Figure 3. X-ray solid-state structure of 3a-B(C¢Fs);. Ellipsoids are all set at 50% probability. Hydrogen-atoms were omitted for clarity. Selected bond
parameters in [A] and [°]: C1—N4 1.343(6), N4—B1 1.581(7); C1-N4-B1 132.8(4), N4-B1-C22 105.6(3), N4-B1-C16 110.3(4), N4-B1-C22 109.4(4),
C16-B1-C22 104.6(4), C16-B1-C28 104.6(4), C22-B1-C28 112.2(4) C10-C33 3.468(7), C11—-C28 3.606(7), C12—C29 3.812(7), C13—C30 3.914(9),
C14—C31 3.798(9), C15—C32 3.545(8). Left: Selected atoms were omitted to highlight 7t(C4Fs)-t(CsH;)-interactions.

[I(Cp*)Clz],, NaOAc
MeCN, 65°C, 16-72 h

Scheme 5. Regioselectivity of the ligands 2a, 2b and 2d towards C—H-
activation with [IrCp*Cl,],.

ters are in the same range (Table S1). The C1-N4 bond is
elongated in the row Sa-5d. All three values are in between
those of the free ligand 3a and the triazolium salt 2a
(Table 1). The C1-N4 bond in all complexes is therefore
best characterised as intermediate between an imine and an
amine C—N bond like already presented for 3a-B(CgFs);.
While in 5a and 5b a more iminic-bond is observed, the
smaller C1-N4—-Ir1 angle and the significantly longer C1-N4

Angew. Chem. Int. Ed. 2022, 61, €202200653 (5 of 10)

bond length in 5d suggest a more pronounced amidic
bonding mode in Sd.

The auxiliary ligand MeCN in Sd can be removed by
dissolving § in acetone according to CHN-analysis and
single-crystal X-ray diffractometry (Figure 5). This disso-
ciation results in a coordinatively unsaturated Ir™ complex
5d-acetone (Scheme 6). This transformation is reversible,
and the stability of 5d-acetone with a coordinatively
unsaturated Ir'" center points to the strong n-donor ability
of the MII ligand.

The reaction of 3a with [Ir(COD)CI], (Scheme S53)
yielded a product mixture according to 'HNMR -spectro-
scopy (Figure S50) from which no product could be unequiv-
ocally determined. High-resolution mass spectrometry did
provide evidence for the formation of a MII-Ir(COD)Cl
complex. The expected complex 3a-Ir(COD)Cl was de-
tected as either [M—H]" (Figure S51) or [M—(HCl)-H]*
(Figure S52). Storage of this mixture in deuterated benzene
overnight at room temperature yielded single crystals
suitable for X-ray diffractometry, revealing a cyclometal-
lated species 4 (Figure S71) coordinated in a bidentate
fashion by the imine ligand like in 5a.*! Cyclometallation

‘| 2® 2®
<2 (Me)CO  MeCN %\
C/Ir—NCMe ~ C/Ir
\ MeCN &/\N

N
5d 5d-acetone

Scheme 6. Reversible MeCN coordination and release of 5d-acetone.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. X-ray solid-state structure of MII-IrCp*-complexes. Ellipsoids are all set at 50% probability. Selected Hydrogen-atoms were omitted for
clarity. Selected bond parameters in [A] and [°]. Left: 5a: C1—N4 1.312(3), C1-N4—Ir1 123.6(2), N4—Ir1 2.069(2), I1—Ir1 2.711(1), C11-Ir1 2.053(2),
Cp—Ir1 1.820(1); N4-Ir1-C11 86.9(1), C11-Ir1-11 87.7(1), N4-Ir1-11 89.6(1), Cp-Ir1-N4 126.2(1), Cp-Ir1-C11 130.1(1), Cp-Ir1-11 123.6(1). Middle: 5b:
C1-N4 1.307(3), C1—N4—Ir1 123.1(2), N4—Ir1 2.055(2), 11—Ir1 2.702(1), C9—Ir1 2.062(3), Cp—Ir1 1.820(1); N4-Ir1-C9 88.3(1), C9-Ir1-11 88.0(1), N4-
Ir1-11 87.8(1), Cp-Ir1-N4 127.2(1), Cp-Ir1-C9 128.6(1), Cp-Ir1-11 128.6(1). Co-crystallised solvent (CH,Cl,) was omitted. Right: 5d: C1-N4 1.322(3);
C1-N4-1r1 117.4(2), N4—Ir1 2.096(2), N6—Ir1 2.045(2), C11—Ir1 2.062(3), Cp—Ir1 1.808(1); N4-Ir1-C11 84.9(1), C11-Ir1-N6 91.9(1), N4-Ir1-N6
86.2(1), Cp-1r1-N4 127.1(1), Cp-Ir1-C11 126.7(1), Cp-Ir1-N6 126.7(1), N5-C4-C2-C1 71.3(3), N5-C4-C2-N3 —115.8(3). Counter-anions were omitted

for clarity.1*®

Figure 5. X-ray solid-state structure of 5d-acetone. Ellipsoids are all set
at 50% probability. Selected Hydrogen-atoms were omitted for
clarity."*d

reactions with Ir-triazolylidene complexes bearing a NI1-
substituted phenyl-moiety are known reactivities and it is
generally assumed that the cyclometallation is an equili-
brium between a cyclometallated and a monodentate
species.”

We therefore investigated whether analogous behaviour
is observed in the system of 3a and [Ir(COD)CI],. The
addition of either triethylamine or an ethereal HCl-solution
resulted in the selective formation of one species respec-
tively: Addition of triethylamine into the aforementioned
product mixture in CD,Cl, resulted in the disappearance of
one set of signals compared to the native "H NMR -spectrum
(Figure S53). The aromatic region of the resulting solution
showed four distinct pyridine-type signals and one phenyl-
moiety suggesting the formation of the cyclometallated

Angew. Chem. Int. Ed. 2022, 61, €202200653 (6 of 10)

species 4. The addition of an ethereal HCl-solution into the
product mixture in CD,Cl, on the other hand yielded
aromatic signals of two inequivalent phenyl moieties com-
parable to the aromatic signals in the "H NMR-spectrum of
2a (Figure S10). The suspicion of a triazolium-type species
was further confirmed by the magnitude of the signals
arising from the exocyclic protons. The integral shows that
the exocyclic protons of this species have the magnitude of 2
relative to the N-CHj;-moiety. Interestingly, the obtained
product after HCl-addition is not equivalent to the triazo-
lium chloride 2a(Cl), as we initially thought (Figure S57).
Temperature dependent 'H NMR-measurements show that
the concentration of the triazolium salt 4’ increases upon
cooling while the concentration of 4 decreases in a linear
fashion (Figure S54, S55 and S56), thus confirming the
presence of an equilibrium and a reversible HCl-addition/
abstraction. Through van’t Hoff analysis, thermodynamic
parameters of this equilibrium were determined (Table S3).
As the entropy change was found to be positive, a
dissociative mechanism (Scheme 7) is proposed.

We conclude that the cyclometallation is the result of a
preactivation of corresponding phenyl-coordination site by
ligand-centred effects in 3a. We therefore used 3¢ as the
ligand of choice to determine the TEP (Tollmann-Elec-
tronic-Parameter) of the MII ligands. By the addition of
[Rh(CO),Cl], into a solution of 3¢ in THF at room temper-
ature the desired complex 3¢-Rh(CO),Cl was obtained
(Scheme 8). The complex was isolated in a pure form
according to CHN-analysis and "H NMR -spectroscopy (Fig-
ure S35) after filtration of the residue in diethylether over a
pad of cellite. The identity of the product and the
connectivity within the molecule was confirmed by single-
crystal X-ray diffractometry of a single crystal (Figure S72)
of poor quality besides CHN-analysis, NMR-technqiues, IR-
spectroscopy and ESI-MS. The poor data quality was found
to be unsuitable for discussion of bond lengths in the
molecular structure.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 7. Expected reactivity of 3a towards [Ir(COD)Cl], and proposed
further reactivity of 3a-Ir(COD)CI.

oc_ co
NH /Rh\
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\ \N\®
3c

3¢-Rh(CO),Cl

v(CO) = 2067 cm™”
v(CO) = 1985 cm™
vay =2026 cm™
TEP =2041cm™

Scheme 8. Reaction of 3 ¢ with [Rh(CO),Cl], and characteristic CO-
bands of 3¢c-Rh(CO),Cl.

The resulting IR-spectrum of 3 ¢-Rh(CO),Cl shows three
characteristic bands at 1597 cm ™' ((C-N,,)), 1985 cm ™! and
2067 cm™' (Figure S40). The latter two are assigned to the
respective C=O-stretching frequencies, from which the TEP-
values were determined.’™ The obtained TEP indicates that
MIIs are stronger donors than the respective benzimidazole
based NHL® analogous neutral amides® and generally
MICs™! while mesoionic olefins are better donors than
MIIs.”")

Density Functional Theory calculations at the PBE0/
def2-TZVP/SMD(CH,CL,) level, performed with Orca,
version 4.2.1,°) were employed to analyse the electronic
characteristics of some of the reported compounds. Figures 6
and 7 show the frontier orbitals (HOMO and LUMO) of
compounds 1a-3a and MIC-a, and 3¢, 3a, 3a-B(C(Fs); and
3a-CO,, respectively, as well as the HOMO-LUMO gaps
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31363

Figure 6. Energy levels, HOMO-LUMO gaps (incm™') and frontier
orbitals, including the HOMO and LUMO, isosurfaces (isovalue=0.03)
for 1a, 2a, 3a and MIC-a. For 3a and MIC-a the HO orbitals of 0 and &
symmetry are shown.
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3c 3a 3a-B(C¢Fs)s 3a-CO,

Figure 7. Energy levels, HOMO-LUMO gaps (incm™') and HOMO and
LUMO orbital isosurfaces (isovalue=0.03) for 3¢, 3a, 3a-B(C4F;); and
32-CO,.

incm™. For 3a and MIC-a, the HOMO-2 and HOMO-1
orbitals, respectively, are shown. The HOMO orbitals in all
cases except MIC-a, have a noticeable n-character on the
NH, moiety (x=1, 2). The HOMO and HOMO-1 orbitals of
MIC-a have ¢ and n symmetry, respectively, while the
opposite is the case for the HOMO and HOMO-2 orbitals
of 3a. In both cases this indicates that these ligands can act
as o- and n-donors. In all cases it can be observed that the
LUMO is centered on the (Ar),MIC moiety, indicating that
these compounds could also potentially act as m-acceptors.
In particular, 3a has a lower HOMO-LUMO gap compared
to MIC-a, suggesting the former to be a better m-acceptor
than the analogous carbene. Complexation of 3a with
B(C¢F5); and CO, slightly perturbs the HOMO orbital, with
delocalisation into the Lewis acid fragment, while it does
not affect the LUMO orbital, which remains (Ar),MIC-
centered. This suggests that in both cases there is a n-donor
effect but not a n-acceptor one. This is reasonable given the
strongly electron-withdrawing nature of the C4F5 groups and
of the carbonyl atoms in CO,. Additionally, the fact that the
Ir'™ complexes tolerate cyclometallated carbanionic donors
despite the presence of the strongly donating MIIs, likely

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

Figure 8. Electron density difference isosurfaces, obtained by subtract-
ing the electron density of the fragments 3a and B(C4Fs); from that of
the complex 3 a-B(C4Fs);. Red indicates a region of positive (excess),
and green one of negative (defect) electron density. Left: isoval-
ue=0.005; right: isovalue=0.001.

also indirectly points to the operation of additional n-
acceptor character of the MIIs. In order to unequivocally
test if 3a could act as m-acceptor, complexes with relatively
electron-rich metal centers should be studied.

More insight into the bonding between 3a and B(CFs);
can be obtained by plotting the electron density difference
between the 3a-B(C4Fs); complex and its composing parts."’!
This electron density difference plot is shown in Figure 8,
where red indicates positive (excess) and green indicates
negative (defect) electron density.

The plots indicate that upon complexation, electron
density from the MIC moiety is delocalized into the B(CFs);
moiety, particularly the CgFs carbon n-orbitals. This is
congruent with a n-donor behaviour of 3a, and with the
strong electron-withdrawing character of the C¢F; fragments.
Additionally, the electron density excess (red) in the region
between the N and B atoms shows the covalent bond of ¢
character, as earlier suggested by the N—B bond lengths.

Conclusion

In summary, we have established a general synthetic route
for MIIs. First reactivity tests towards complexation with
main group substrates and transition metals have shown that
these MII based ligands exceed their imidazolylidene
derived NHI counterparts in donor strength. The reactivity
of the MIIs with main group substrates displayed their
potential in CO, activation, as well as their ability to induce
fluorine-specific interactions. Their reactions with late
transition metals showed their ability to induce C-H
activation, and their propensity to stabilize coordinatively
unsaturated Ir complexes. These are also very rare examples
of the coordination of any NHI (in our specific case the
MIIs) to late transition metals, and to the best of our
knowledge, the only examples with such imines in which the
ligands additionally undergo C—H activation. DFT calcula-
tions predict a small HOMO-LUMO gap, and the ability of
the MIIs to act as both n-donors as well as m-acceptors.
These ligands are thus potentially electronically ambivalent,
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and should be able to adjust electron densities at the
coordination partner on demand. In view of the modular
synthetic route reported for the access of these Mlls, and
their rich chemistry towards both main group substrates and
transition metals, we expect this new ligand class to play a
major role in several branches of chemistry in the near
future.

Acknowledgements

We want to thank Dr. Falk Lissner and Dr. Wolfgang Frey
for the measurement of X-ray diffraction data. We further
want to thank Barbara Fortsch for elemental analyses and
the analytical department of the Institute of Organic
Chemistry of the University of Stuttgart for recording mass
and NMR spectra. The present work made use of computa-
tional resources of the Pirayu cluster, acquired with funds of
the Agencia Santafesina de Ciencia, Tecnologia e Innova-
cion (ASACTEI), Gobierno de la Provincia de Santa Fe. N.
I. N. is a member of CONICET. Funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion) — Project-ID 387284271 — SFB 1349. Open Access
funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the Supporting Information of this article.

Keywords: C—H Activation - Electronic Ambivalence - Fluorine
Specific Interactions - Mesoionic Imines - Strong Donors

[1] A.J. Arduengo, R. L. Harlow, M. Kline, J. Am. Chem. Soc.
1991, 113, 361.

[2] a) W. A. Herrmann, Angew. Chem. Int. Ed. 2002, 41, 1290,
Angew. Chem. 2002, 114, 1342; b) W. A. Herrmann, C. Kocher,
Angew. Chem. Int. Ed. Engl. 1997, 36, 2162; Angew. Chem.
1997, 109, 2256; c) D. Bourissou, O. Guerret, F. P. Gabbai, G.
Bertrand, Chem. Rev. 2000, 100, 39; d)J. C. Garrison, W.J.
Youngs, Chem. Rev. 2005, 105, 3978.

[3] a) A.J. Boydston, K. A. Williams, C. W. Bielawski, J. Am.
Chem. Soc. 2005, 127, 12496; b) K. M. Lee, C.K. Lee, 1. J. B.
Lin, Angew. Chem. Int. Ed. Engl. 1997, 36, 1850; Angew.
Chem. 1997, 109, 1936; c) K. Oisaki, Q. Li, H. Furukawa, A. U.
Czaja, O. M. Yaghi, J. Am. Chem. Soc. 2010, 132, 9262; d) L.
Mercs, M. Albrecht, Chem. Soc. Rev. 2010, 39, 1903.

[4] a) K. M. Hindi, M. J. Panzner, C. A. Tessier, C.L. Cannon,
W.J. Youngs, Chem. Rev. 2009, 109, 3859; b) W. Liu, R. Gust,
Chem. Soc. Rev. 2013, 42, 755; ¢) W. Liu, R. Gust, Coord.
Chem. Rev. 2016, 329, 191.

[5] a) N. Kuhn, A. Al-Sheikh, Coord. Chem. Rev. 2005, 249, 829,
b) C.J. Carmalt, A.H. Cowley in Advances in Inorganic
Chemistry, Academic Press, New York, 2000, pp. 1-32; ¢c) M.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

Cica¢-Hudi, S.H. Schlindwein, C.M. Feil, M. Nieger, D.
Gudat, Chem. Commun. 2018, 54, 7645; d) N. Kuhna, H.
Bohnena, G. Henkel, J. Kreutzberg, Z. Naturforsch. B 1996,
51,1267.

[6] J. Beerhues, H. Aberhan, T.-N. Streit, B. Sarkar, Organo-
metallics 2020, 39, 4557.

[7] A.Doddi, M. Peters, M. Tamm, Chem. Rev. 2019, 119, 6994.

[8] H. Bruns, M. Patil, J. Carreras, A. Véazquez, W. Thiel, R.
Goddard, M. Alcarazo, Angew. Chem. Int. Ed. 2010, 49, 3680;
Angew. Chem. 2010, 122, 3762.

[9] P. Imhoff, C.J. Elsevier, C. H. Stam, Inorg. Chim. Acta 1990,
175, 209.

[10] a) M. Mayr, K. Wurst, K.-H. Ongania, M. R. Buchmeiser,
Chem. Eur. J. 2004, 10, 1256; b) W. A. Herrmann, K. Ofele,
D. V. Preysing, E. Herdtweck, J. Organomet. Chem. 2003, 684,
235; ¢) K. Denk, P. Sirsch, W. A. Herrmann, J. Organomet.
Chem. 2002, 649, 219.

[11] a) E. M. Campi, W.R. Jackson, J. Organomet. Chem. 1996,
523,205; b) B. T. Heaton, C. Jacob, J. T. Sampanthar, J. Chem.
Soc. Dalton Trans. 1998, 1403.

[12] a) X. Wu, M. Tamm, Coord. Chem. Rev. 2014, 260, 116; b) Z.
Wang, X. Shu, H. Zhang, L. Cao, Y. Li, Z. Cai, Eur. Polym. J.
2021, 150, 110426; c) T. Gloge, K. Jess, T. Bannenberg, P. G.
Jones, N. Langenscheidt-Dabringhausen, A. Salzer, M. Tamm,
Dalton Trans. 2015, 44, 11717; d) S.-A. Filimon, D. Petrovic, J.
Volbeda, T. Bannenberg, P. G. Jones, C.-G. Freiherr von Rich-
thofen, T. Glaser, M. Tamm, Eur. J. Inorg. Chem. 2014, 2014,
5997.

[13] a) Y. K. Loh, M. Angeles Fuentes, P. Vasko, S. Aldridge,
Angew. Chem. Int. Ed. 2018, 57, 16559; Angew. Chem. 2018,
130, 16797; b) F. Hanusch, D. Munz, J. Sutter, K. Meyer, S.
Inoue, Angew. Chem. Int. Ed. 2021, 60, 23274; Angew. Chem.
2021, 133, 23462; c) T. Ochiai, D. Franz, X.-N. Wu, S. Inoue,
Dalton Trans. 2015, 44, 10952; d) D. Franz, S. Inoue, Chem.
Eur. J. 2014, 20, 10645; e) D. Franz, S. Inoue, Chem. Asian J.
2014, 9, 2083; f) N. Kuhn, M. Gohner, M. Grathwohl, J.
Wiethoff, G. Frenking, Y. Chen, Z. Anorg. Allg. Chem. 2003,
629, 793; ¢) M. W. Lui, N.R. Paisley, R. McDonald, M.]J.
Ferguson, E. Rivard, Chem. Eur. J. 2016, 22, 2134.

[14] L. F. B. Wilm, T. Eder, C. Miick-Lichtenfeld, P. Mehlmann, M.
Wiinsche, F. BuB, F. Dielmann, Green Chem. 2019, 21, 640.

[15] a) D. Schweinfurth, L. Hettmanczyk, L. Suntrup, B. Sarkar, Z.
Anorg. Allg. Chem. 2017, 643, 554; b) A. Vivancos, C. Segarra,
M. Albrecht, Chem. Rev. 2018, 118, 9493; c¢) G. Guisado-
Barrios, M. Soleilhavoup, G. Bertrand, Acc. Chem. Res. 2018,
51, 3236.

[16] R. Maity, B. Sarkar, JACS Au 2022, 2, 22-57.

[17] a) R. H. Crabtree, Coord. Chem. Rev. 2013, 257, 755; b) G. P.
Moss, P. A. S. Smith, D. Tavernier, Pure Appl. Chem. 1995, 67,
1307; c) W. Ollis, S. P. Stanforth, C. A. Ramsden, Tetrahedron
1985, 41, 2239; d) A. Schmidt, S. Wiechmann, T. Freese,
Arkivoc 2013, 2013, 424; e) C. A. Ramsden, Tetrahedron 2013,
69, 4146.

[18] a) G. Dubey, S. Awari, T. Singh, S. C. Sahoo, P. V. Bharatam,
ChemPlusChem 2021, 86, 1416; b)P. Eisenberger, B.P.
Bestvater, E. C. Keske, C. M. Crudden, Angew. Chem. Int. Ed.
2015, 54, 2467; Angew. Chem. 2015, 127, 2497, c) F. Stein, M.
Kirsch, J. Beerhues, U. Albold, B. Sarkar, Eur. J. Inorg. Chem.
2021, 2417; d)J. Stubbe, N.I. Neuman, R. McLellan, M. G.
Sommer, M. NoBler, J. Beerhues, R. E. Mulvey, B. Sarkar,
Angew. Chem. Int. Ed. 2021, 60, 499; Angew. Chem. 2021, 133,
505; e) T. Maulbetsch, D. Kunz, Angew. Chem. Int. Ed. 2021,
60, 2007; Angew. Chem. 2021, 133, 2035; f) P. Pinter, C. M.
SchiiBlbauer, F. A. Watt, N. Dickmann, R. Herbst-Irmer, B.
Morgenstern, A. Griinwald, T. Ullrich, M. Zimmer, S. Hohloch
etal., Chem. Sci. 2021, 12, 7401; g)L.Y.M. Eymann, R.
Scopelliti, F. F. Tirani, K. Severin, Chem. Eur. J. 2018, 24,

Angew. Chem. Int. Ed. 2022, 61, €202200653 (9 of 10)

Research Articles

Angewandte

intemationaldition’y) Chemie

7957; h) M. Vaddamanu, G. Prabusankar, Eur. J. Inorg. Chem.
2020, 2403.

[19] T. Bens, P. Boden, P. DiMartino-Fumo, J. Beerhues, U.
Albold, S. Sobottka, N.I. Neuman, M. Gerhards, B. Sarkar,
Inorg. Chem. 2020, 59, 15504.

[20] a) L. Suntrup, S. Klenk, J. Klein, S. Sobottka, B. Sarkar, /norg.
Chem. 2017, 56, 5771; b)J. Beerhues, M. Neubrand, S.
Sobottka, N. I. Neuman, H. Aberhan, S. Chandra, B. Sarkar,
Chem. Eur. J. 2021, 27, 6557.

[21] L. Suntrup, F. Stein, G. Hermann, M. Kleoff, M. Kuss-
Petermann, J. Klein, O. S. Wenger, J. C. Tremblay, B. Sarkar,
Inorg. Chem. 2018, 57, 13973.

[22] a) P. Boden, P. DiMartino-Fumo, T. Bens, S. Steiger, U.
Albold, G. Niedner-Schatteburg, M. Gerhards, B. Sarkar,
Chem. Eur. J. 2021, 27, 12959; b) P. Chdbera, Y. Liu, O.
Prakash, E. Thyrhaug, A. E. Nahhas, A. Honarfar, S. Essén,
L. A. Fredin, T. C. B. Harlang, K. S. Kjer et al., Nature 2017,
543, 695; c) B. Sarkar, L. Suntrup, Angew. Chem. Int. Ed. 2017,
56, 8938; Angew. Chem. 2017, 129, 9064; d)J. Soellner, T.
Strassner, Chem. Eur. J. 2018, 24, 5584; e) S.S. Nair, O. A.
Bysewski, S. Kupfer, M. Wichtler, A. Winter, U. S. Schubert,
B. Dietzek, Inorg. Chem. 2021, 60, 9157; f) A. Baschieri, F.
Monti, E. Matteucci, A. Mazzanti, A. Barbieri, N. Armaroli, L.
Sambri, Inorg. Chem. 2016, 55, 7912.

[23] L. Suntrup, F. Stein, J. Klein, A. Wilting, F. G. L. Parlane,
C.M. Brown, J. Fiedler, C.P. Berlinguette, I. Siewert, B.
Sarkar, Inorg. Chem. 2020, 59, 4215.

[24] a) M. van der Meer, E. Glais, 1. Siewert, B. Sarkar, Angew.
Chem. Int. Ed. 2015, 54, 13792; Angew. Chem. 2015, 127, 13997,
b) S. Frides, S. Realista, C.S.B. Gomes, P. N. Martinho, B.
Royo, Molecules 2021, 26, 6325.

[25] R. Maity, B. S. Birenheide, F. Breher, B. Sarkar, ChemCatCh-
em 2021, 13,2337.

[26] a) L. Hettmanczyk, S. Manck, C. Hoyer, S. Hohloch, B. Sarkar,
Chem. Commun. 2015, 51, 10949; b)L. Hettmanczyk, L.
Suntrup, S. Klenk, C. Hoyer, B. Sarkar, Chem. Eur. J. 2017, 23,
576; ¢) S. Klenk, S. Rupf, L. Suntrup, M. van der Meer, B.
Sarkar, Organometallics 2017, 36, 2026.

[27] M. M. Hansmann, P. W. Antoni, H. Pesch, Angew. Chem. Int.
Ed. 2020, 59, 5782; Angew. Chem. 2020, 132, 5831.

[28] Z. Zhang, S. Huang, L. Huang, X. Xu, H. Zhao, X. Yan, J.
Org. Chem. 2020, 85, 12036.

[29] W. Baker, W. D. Ollis, V. D. Poole, J. Chem. Soc. 1949, 307.

[30] V.G. Yashunskii, L. E. Kholodov, Russ. Chem. Rev. 1980, 49,
28.

[31] a) I. A. Cherepanov, S. K. Moiseev in Advances in Heterocyclic
Chemistry (Eds.: E.F. Scriven, C. A. Ramsden), Academic
Press, New York, 2020, pp.49-164; b) W.D. Ollis, C.A.
Ramsden in Advances in Heterocyclic Chemistry, Elsevier,
Amsterdam, 1976, pp. 1-122; c) F. H. C. Stewart, Chem. Rev.
1964, 64, 129.

[32] a) W.E. McEwen, I.C. Mineo, Y.H. Shen, G.Y. Han,
Tetrahedron Lett. 1968, 9, 5157; b) A. W. Bridge, M. B. Hurst-
house, C. W. Lehmann, D. J. Lythgoe, C. G. Newton, J. Chem.
Soc. Perkin Trans. 1 1993, 1839; c) R. L. Cobb, W. E. McEwen,
J. Am. Chem. Soc. 1955, 77, 5042.

[33] a) P. Brookes, J. Walker, J. Chem. Soc. 1957, 4409; b) A.
Chinone, S. Sato, T. Mase, M. Ohta, Bull. Chem. Soc. Jpn.
1969, 42, 2310.

[34] K. T. Potts, S. Husain, J. Org. Chem. 1970, 35, 3451.

[35] M. Ohta, K. Yoshida, S. Sato, Bull. Chem. Soc. Jpn. 1966, 39,
1269.

[36] H. Chosho, K. Ichimura, M. Ohta, Bull. Chem. Soc. Jpn. 1964,
37, 1670.

[37] a) T. Shiba, H. Kato, Bull. Chem. Soc. Jpn. 1971, 44, 1864; b) T.
Shiba, H. Kato, Bull. Chem. Soc. Jpn. 1973, 46, 964; c) K.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

Ichimura, M. Ohta, Bull. Chem. Soc. Jpn. 1965, 38, 707; d) L. L.
Fershtat, E. S. Zhilin, Molecules 2021, 26, 5705.

[38] a) G. Maas, R. Koch, Z. Naturforsch. B 2020, 75, 1065; b) H. U.
Daeniker, J. Druey, Helv. Chim. Acta 1962, 45, 2441.

[39] a) P. A. Champagne, K. N. Houk, J. Org. Chem. 2017, 82,
10980; b) M. Riomet, K. Porte, L. Madegard, P. Thuéry, D.
Audisio, F. Taran, Org. Lett. 2020, 22, 2403; c) S. Perrin, K.
Monnier, B. Laude, M. Kubicki, O. Blacque, Chem. Informa-
tionsdienst 1999, 30; d) K. Monnier, G. Schmitt, B. Laude, F.
Theobald, N. Rodier, Tetrahedron Lett. 1992, 33, 1609; ¢) W. E.
McEwen, A.V. Grossi, R.J. MacDonald, A.P. Stamegna, J.
Org. Chem. 1980, 45, 1301.

[40] C. A. Ramsden, W. P. Oziminski, Struct. Chem. 2021, 32, 2075.

[41] J. Jazwinski, O. Staszewska-Krajewska, J. Mol. Struct. 2004,
687, 23.

[42] a) M. Ohta, M. Sugiyama, Bull. Chem. Soc. Jpn. 1963, 36, 1437,
b) M. Ohta, M. Sugiyama, Bull. Chem. Soc. Jpn. 1965, 38, 596;
c) W.D. Ollis, C. A. Ramsden, J. Chem. Soc. D 1971, 1223;
d) W. D. Ollis, C. A. Ramsden, J. Chem. Soc. D 1971, 1224.

[43] D. Kase, R. Haraguchi, Org. Lett. 2022, 24, 90-94.

[44] a) N. Kore, P. Pazdera, Curr. Org. Synth. 2018, 15, 552,
b) A. B. Shashank, S. Karthik, R. Madhavachary, D. B. Ram-
achary, Chem. Eur. J. 2014, 20, 16877, c) G. L’Abbé, K.
Vercauteren, W. Dehaen, Bull. Soc. Chim. Belg. 1994, 103, 321,
d) T.P.C. Gomes Ana, P.R.C. Martins, D.R. Rocha,
G.P. M. S. Neves Maria, V. F. Ferreira, A. M. S. Silva, J. A. S.
Cavaleiro, F. D. C. Da Silva, Synlett 2013, 24, 41.

[45] A. Bolje, J. Kosmrlj, Org. Lett. 2013, 15, 5084.

[46] Deposition Numbers 2082293 (for 1a), 2120117 (for 1c),
2082294 (for 1d), 2082105 (for 1d-0O), 2082308 (for 2a),
2085140 (for 2c), 2082090 (for 3a), 2082106 (for 3b-2b),
2093977 (for 3c¢), 2082091 (for 3a-B(C¢Fs);), 208378 (for 4),
2082129 (for 5a), 2082128 (for 5b), 2082093 (for 5d) and
2114162 (for 5d-acetone) contains the supplementary crystallo-
graphic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures
service.

Research Articles

Angewandte

intemationaldition’y) Chemie

[47] M. Tamm, D. Petrovic, S. Randoll, S. Beer, T. Bannenberg,
P. G. Jones, J. Grunenberg, Org. Biomol. Chem. 2007, 5, 523.

[48] J.M. Blackwell, W.E. Piers, M. Parvez, R. McDonald,
Organometallics 2002, 21, 1400.

[49] K.-A. Ostby, G. Gundersen, A. Haaland, H. Noth, Dalton
Trans. 2005, 2284.

[50] K. F. Donnelly, R. Lalrempuia, H. Miiller-Bunz, M. Albrecht,
Organometallics 2012, 31, 8414.

[51] a) A. Poulain, D. Canseco-Gonzalez, R. Hynes-Roche, H.
Miiller-Bunz, O. Schuster, H. Stoeckli-Evans, A. Neels, M.
Albrecht, Organometallics 2011, 30, 1021; b) R. Saravanaku-
mar, V. Ramkumar, S. Sankararaman, Organometallics 2011,
30, 1689.

[52] R. Lalrempuia, N. D. McDaniel, H. Miiller-Bunz, S. Bernhard,
M. Albrecht, Angew. Chem. Int. Ed. 2010, 49, 9765; Angew.
Chem. 2010, 122, 9959.

[53] H. V. Huynh, Chem. Rev. 2018, 118, 9457.

[54] a) Q. Shi, R. J. Thatcher, J. Slattery, P. S. Sauari, A. C. Whit-
wood, P. C. McGowan, R. E. Douthwaite, Chem. Eur. J. 2009,
15, 11346; b) M. E. Doster, S. A. Johnson, Angew. Chem. Int.
Ed. 2009, 48, 2185; Angew. Chem. 2009, 121, 2219; c) R.J.
Thatcher, D. G. Johnson, J. M. Slattery, R. E. Douthwaite,
Chem. Eur. J. 2012, 18, 4329.

[55] K. F. Donnelly, A. Petronilho, M. Albrecht, Chem. Commun.
2013, 49, 1145.

[56] a) F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2018, 8,
e1327; b) F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci.
2012, 2, 73.

[57] A. Kundu, S. Chandra, D. Mandal, N. I. Neuman, A. Mahata,
S. Anga, H. Rawat, S. Pal, C. Schulzke, B. Sarkar et al., J. Org.
Chem. 2021, 86, 12683.

Manuscript received: January 13, 2022
Accepted manuscript online: March 14, 2022
Version of record online: April 19, 2022

Angew. Chem. Int. Ed. 2022, 61, €202200653 (10 of 10)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202200653
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202200653
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202200653
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202200653
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202200653
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202200653
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures

