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Abstract: Divalent lanthanide and alkaline-earth complexes  dimesitylimidazol-2-ylidene (IMes) ligand yielded

supported by N-heterocyclic carbene (NHC) ligands have
been accessed by redox-transmetalation between air-stable
NHC-Agl complexes and the corresponding metals. By using
the small ligand 1,3-dimethylimidazol-2-ylidene (IMe), two
series of isostructural complexes were obtained: the tetra-
NHC complexes [Lnl,(IMe),] (Ln=Eu and Sm) and the bis-NHC
complexes [MIl,(IMe),(THF),] (M=Yb, Ca and Sr). In the former,
distortions in the NHC coordination were found to originate
from intermolecular repulsions in the solid state. Application
of the redox-transmetalation strategy with the bulkier 1,3-

[Srl,(IMes)(THF);], while using a similar procedure with Ca
metal led to [Cal,(THF),] and uncoordinated IMes. DFT
calculations were performed to rationalise the selective
formation of the bis-NHC adduct in [Srl,(IMe),(THF),] and the
tetra-NHC adduct in [Sml,(IMe),]. Since the results in the gas
phase point towards preferential formation of the tetra-NHC
complexes for both metal centres, the differences between
both arrangements are a result of solid-state effects such as
slightly different packing forces.

J

Introduction

Since the discovery of isolable free N-heterocyclic carbenes
(NHCs) by Arduengo and co-workers in 1991, the versatility of
these ligands has been evidenced by their ability to coordinate
to almost all elements of the periodic table. Although early
studies mainly focused on NHC complexes of transition metals
(TMs) in various oxidation states” NHCs have also been
successfully used to stabilise main-group compounds®~ and
coordinate to f-block elements.”! They have been incorporated
in functional or adaptable architectures,® and the correspond-
ing complexes have found applications in catalysis,”” medicinal
and materials chemistry.” Several routes have been established
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to access metal-NHC complexes, the most general one corre-
sponding to the metalation of free carbenes, the latter either
isolated or generated in situ by deprotonation of the corre-
sponding imidazolium salts (Scheme 1, route a)."®® However,
free NHCsare generally sensitive towards air and moisture and,
in some cases, thermally unstable or decompose over time,
which restricts the scope of this methodology.” Alternatively,
the reaction of an imidazolium salt with a metal precursor that
possesses a coordinated base is also a common way to
synthesise TM-NHC complexes (Scheme 1, route b). In this
context, a variety of metal precursors with built-in basic ligands
has been used, such as [Pd(OAc),],"” [M(u-OMe)(cod)], (M=Rh,
Ir; cod=1,5-cyclooctadiene),"” [M{N(SiMe,),},] (M=Fe, Co)"? and
[Cu(Mes)ls.™ This route is especially useful when the free
carbene is not stable under typical reaction conditions,"* but it
requires an appropriate metal precursor which preparation may
be tedious, as is the case for the highly air-sensitive complexes
[M{N(SiMe,),},] (M=Fe, Co)."”

An alternative and well-established procedure to synthesise
TM-NHC complexes is by transmetalation from NHC-Ag' com-
plexes (Scheme 1, route ). The latter are accessible by the
straightforward reaction of Ag,0 with the corresponding
imidazolium salts and have the advantage to be usually air
stable, which simplifies their purification. This transmetalation
procedure is especially adapted for NHC transfer to late TMs but
does not proceed well with electropositive metal centres
including early TMs, main-group metals and lanthanides."**'®
Although carbene transfer reactions from NHC-Ag' complexes
to TMs typically proceed without any change in the oxidation
states of the involved metals, in rare cases, oxidation of the TM
precursor has been observed while the Ag' centre was reduced
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Scheme 1. Simplified representation of the routes to access NHC-metal
complexes: metalation of free carbene (route a), reaction of an imidazolium
salt with a metal precursor featuring a coordinated base (route b), standard
transmetalation from an NHC-Ag' complex (route c) and redox-transmetala-
tion between an NHC-Ag' complex and a zero-valent metal (route d).

to elemental silver. For example, in 2004, Arnold and co-workers
reported the synthesis of a Ru"-NHC complex upon reaction of
the corresponding NHC-Ag' complex with a Ru" precursor."”
One vyear later, the synthesis of Rh" and Ir'" complexes upon
transmetalation of NHC-silver complexes with the monovalent
metal precursors [MCl(coe),], (M=Rh, Ir; coe =cyclooctene) was
reported by Peris and co-workers."® Two other examples of
reactions between NHC-Ag' complexes and metal precursors
that resulted in the oxidation of the latter with formation of
elemental silver were reported, leading to the formation of
oxidised Cr" and Au" NHC complexes."” In all these examples,
the observed redox-transmetalation reactivity was unexpected
and found to highly depend on the nature of the ligands. To
the best of our knowledge, in only one previous report, this
unusual reactivity of NHC-Ag' compounds has been suggested
as a possible way to synthesise late TMs (Fe—Cu) complexes
supported by functionalised bis-NHC ligands.”® In addition, the
successful redox-transmetalation between an NHC-Hg" complex
and a Pd° species has been reported by Baker et al., leading to
the corresponding NHC-Pd" complex.?"” However, further exam-
ples of rational application of the redox-transmetalation
procedure with NHC ligands (Scheme 1, route d) are still
missing, especially examples involving electropositive metal
centres. It should be noted that redox-transmetalation (and
possible further protolysis) processes have been a common way
to synthesise lanthanide complexes with a variety of ligands,’*?
such as cyclopentadienyls”  amides® aryloxides,
pyrazolates® and thiolates.””” While most studies, pioneered by

25]

26]
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Deacon, Junk and co-workers, have focused on organometallic
thallium(1),***" mercury(I)*® and tin transfer reagents,*** a
very recent interest has been directed to the use of less toxic
bismuth and silver organometallics as partners in redox-trans-
metalation/protolysis reactions with lanthanide metals.®”

In this context, in a previous communication, we reported
the viability of the redox-transmetalation procedure for the
synthesis of Ln"-IMes (Ln=Eu, Yb; IMes = 1,3-dimesitylimidazol-
2-ylidene) complexes directly from the corresponding lantha-
nide metals and NHC-silver complexes.®" Herein, we investigate
the generality of this procedure using two different NHC ligands
and its applicability to access divalent lanthanide (Sm, Eu, Yb)
and alkaline-earth (Ca, Sr) NHC complexes, which cannot
typically be obtained using standard (non-redox) transmetala-
tion procedures from NHC-Ag' complexes. Through different
series of isostructural complexes, a detailed analysis of the
coordination behaviour of the NHC ligands has been performed
and DFT calculations were carried out to evaluate the differ-
ences in the bonding of the IMe ligand between Sm" and Sr"
metal centres.

Results and Discussion
Synthesis of divalent lanthanide IMe complexes

To investigate whether the redox-transmetalation procedure
could be generalised to other monodentate NHC ligands and
electropositive metal centres, the small 1,3-dimethylimidazol-2-
ylidene (IMe) ligand was selected for the synthesis of divalent
lanthanide and alkaline-earth NHC complexes. Using solid and
air-stable NHC silver(l) complexes as a carbene source is
especially attractive in the specific case of the IMe ligand, taking
into consideration that free IMe is an oily liquid at room
temperature that, in addition, slowly decomposes when stored
in a neat form.” In the redox-transmetalation methodology,
reductive cleavage of the M—C"'“ bond occurs,*? resulting into
the in situ generation and metalation of a free NHC ligand.®"
The silver iodide complex 1 (Scheme 2) was obtained by
reaction of dimethylimidazolium iodide with silver(l) oxide,
following the typical conditions for the synthesis of NHC-Ag'
complexes."***Y The virtual insolubility of 1 in common organic
solvents such as THF and CH,Cl, supported the formation of a
charge-separated complex. On the basis of elemental analysis
data, 1 is best formulated as the ion pair [Ag(IMe),]*(Agl,)~, in
contrast with the formulation [Ag(IMe),l,(Ag,ls), which was
reported upon further recrystallisation from hot DMSO.5¥ The
formation of similar ion pairs, before and after an additional
recrystallisation step, was also observed in the synthesis of [Agl
(IMes)] (2).2"*4 Stirring a mixture of 1 with a slight excess (1.10
molar equiv.) of freshly filed europium or samarium metal
afforded the highly air-sensitive divalent lanthanide complexes
[Lnl,(IMe),] (Ln=Eu (3), Sm (4)) (Scheme 2). Although both
starting materials were insoluble in THF, successful reaction
could be evidenced by the formation of a fine black precipitate,
presumably of elemental silver, along with orange-red and
dark-green solutions in the case of europium and samarium,
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Scheme 2. Synthesis of the lanthanide and alkaline-earth IMe complexes 3-7
by redox-transmetalation from 1.

Figure 1. Molecular structures of 3 (left) and 4 (right) in the solid state. H
atoms have been omitted for clarity. Selected bond lengths (A) and angles
[°] for 3: Eu1-11 3.3228(8), Eu1-12 3.3072(8), Eu1-C1 2.811(8), Eu1-C6 2.799(9),
Eu1-C11 2.815(8), Eu1-C16 2.811(8); I1-Eu1-12 174.91(2), C1-Eu1-C11 170.6(3),
C6-Eu1-C16 170.6(3); for 4: Sm1-11 3.236(2), Sm1-12 3.254(2), Sm1-C1 2.74(3),
Sm1-C6 2.85(2), Sm1-C11 2.79(3), Sm1-C16 2.83(3); 11-Sm1-12 177.69(7), C1-
Sm1-C11 168.2(9), C6-Sm1-C16 171.2(9). The asymmetric units of 3 and 4
contain three independent molecules with similar metrical data (see Table 1
and Supporting Information).

respectively. It is worth noting that highly coloured blue-green
solutions are typical of Sm" species, such as Sml,, in ether
solvents.®™ After decantation and careful filtration of the
respective solutions, crystals of 3 and 4 suitable for X-ray
diffraction studies were obtained upon concentration of the
solutions by slow evaporation. The crystals were washed with a
small amount of THF to remove the highly soluble [Lnl,(THF),]
complex that is presumably formed as a by-product. The
molecular structures of 3 and 4 in the solid state (Figure 1)
revealed isomorphous complexes that crystallised in the
orthorhombic space group /ba2 with three independent
molecules in the asymmetric unit.

In these tetra-NHC adducts of Lnl,, the divalent lanthanide
centre is lying in an almost ideal octahedral coordination
geometry. The two iodides are located axially, trans to each
other, forming I-M-l angles in the range 172.20(2)-178.18(2)°
and with a mean value of ca. 175°, taking into account all the
independent molecules in the asymmetric unit (see Table 1).
The Ln"-C""® bond lengths (2.73(3)-2.871(8) A, with an average
of ca. 2.80 A) are in line with the distances reported for Eu" and
Sm" NHC complexes.®'*? Overall and within experimental error,
3 and 4 are isomorphous (identical metrical data, Table 1),
which is consistent with the almost identical ionic radii of
hexacoordinated Eu" and Sm" metal centres (ca. 1.17 A).57 It is
worth noting that 3 is only the second example of a Eu'-NHC
complex, the other example corresponding to [Eul,(IMes)(THF)],
described in our previous communication.”" In the solid-state
structures of 3 and 4, an approximate, non-crystallographically
imposed D, symmetry is observed, with the NHC ligands
arranged in a propeller-like fashion. The NHC rings are not
coplanar with the idealised MC""¢, plane but form, with respect
to the latter, an average torsion angle 6,,,,=44° (Figure 2).
Such a torsion angle may allow to minimise the steric repulsion
of the methyl NHC wingtip substituents both with each other
(maximum repulsion for 6,,,,,,=0°) and with the iodide ligands
(maximum repulsion for 0,,,5,,=90°).2¥ As a result, the mole-
cule presents axial chirality or helicity,®” the two possible
enantiomers being depicted in Figure 3. It should however be
stressed that 3 and 4 are obtained as racemic mixtures, which
can be explained by the presence of symmetry operations of
the second kind, namely glide planes, in the non-centrosym-
metric achiral space group /ba2.*” Consequently, within the
complete unit cell, each motif is accompanied by its mirror

Table 1. Comparison of selected bond lengths (A) and angles (deg) for complexes 3-10."

Compound 3 (Eu) 4 (Sm)" 5 (Yb) 6 (Ca) 7 (Sr) 8 (Sn) 9 (Eu)¥ 10 (Yb)*
general formula [ML,(IMe),] [MI,(IMe),(THF),] [MI,(IMes)(THF);]

ionic radius® 1.17 1.17 1.02 1.00 1.18 1.18 1.17 1.02

M-, 3.27+0.04 3.27+0.04 3.137£0.002 3.159+0.003 3.266 +0.006 3.237+£0.012 3.218£0.004 3.111£0.005
M-0,,, - - 2.436£0.008 2.393£0.015 253£05 2.5514+0.012 2.560£0.013 2.46+0.02
M-, 2.80+0.03 2.80+0.03 2.61+0.02 2.61+0.02 2.7544+0.012 2.779(4) 2.749(6) 2.650(3)
I-M—| 175+3 175+3 176.67(4) 176.98(6) 177.60(5) 177.26(2) 177.01(2) 177.46(1)
Brorsion 44+ 4 44+ 4 40+8 40+7 41+6 - - -

Opitch 94+£57 89+6.0 39+34 5.7£3.1 38+24 23 2.7 1.9

Oyaw 1.8+1.1 1.7+11 2.7+0.5 2.1£0.2 1.3+1.7 0.3 0.05 0.2

[a] The + values correspond to the standard deviations from the mean values. [b] lonic radii (A) for the divalent six-coordinate metal centres, taken from
Ref. [37a] (for Sm(ll), the same value as for Eu(ll) was taken). [c] Presence of three independent molecules in the asymmetric unit. [d] Taken from Ref. [31].

Chem. Eur. J. 2021, 27, 12857 - 12865 www.chemeurj.org

12859  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202101923

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper
doi.org/10.1002/chem.202101923

Chemistry—A European Journal

torsion

pitching yawing

oy |
Hyaw\ 1
v

'

gy P

- N,
4 T - ﬁ?ﬁa

Opitch = (90° - p) Opaw =112 (a- p)

Figure 2. Schematic representation of the torsion angle between the NHC
ring and the MC"", coordination plane (left), the pitch angle corresponding
to out-of-plane tilting (middle) and the yaw angle describing in-plane tilting
of the coordinated NHC ligand (right).

image. Moreover, the two possible enantiomers of [Lnl,(IMe),]
(Figure 3) are present in the asymmetric units of 3 and 4 (which
feature three independent molecules, see Supporting Informa-
tion for more details). Tetra-NHC arrangements featuring
monodentate NHC ligands have, so far, not been reported with
lanthanide metal centres but have been mostly restricted to
mid-to-late TMs, especially group 7 (Tc, Re),“" group 8 (Fe,*?
Ru™) and group 9 (Co,** Rh™) metals. In addition, very rare
examples of similar tetra-NHC complexes of molybdenum®®
and aluminium™ have been reported.

A close inspection of the solid-state structures of 3 and 4
revealed further distortions of the coordinated IMe ligands from
the idealised and symmetrical trigonal planar coordination
geometry at the C""“ atoms. Such deviations can be described
in terms of pitch and yaw angles,”*” corresponding to out-of-
plane and in-plane tilting of the NHC ligands, respectively, as
depicted in Figure 2. The extent of the pitching and yawing
distortions was found similar in 3 and 4 (Table 1) with an
average yaw angle of ca. 1.8° (with values ranging from 0.1 to
4.2°) and pitch angle of ca. 9° (with values spanning a much
larger range of angles, from 2.1 to 20.6°). The largest observed
deviations, 0,.,=20.6° and 0,,,=4.2° are quite remarkable;
although slight geometrical distortions (6,, and 6,,, below
10°) are common among TM-NHC complexes,”® they are usually
much more pronounced in the case of main-group and f-block
elements,**** especially when using chelating functionalised
NHC ligands.">>"

When bulky NHC ligands are used, intramolecular repulsive
interactions have been found as a major contributing factor for
in-plane (yawing) and out-of-plane (pitching) tilting of the NHC

7 e
< /NT\ /tN\
~Lr"'”’l
1 I v N
S Y
P helix

ligands.”® However, the small size of the IMe ligand and the
large distribution of pitching angles in 3 and 4 suggest that the
observed distortions do not originate from intramolecular steric
repulsion. In the case of gallium(l) bis-NHC complexes, secon-
dary attractive interactions involving an unusual form of o-
back-donation from the filled gallium(l) s-type lone-pair to the
vacant p-type orbital of the NHC ligand was found to account
for the high pitching angles.**® However, in the Eu" and Sm"
complexes 3 and 4, the metal electronic configuration [Xe]4f"
(n=6 and 7, respectively) does not feature any filled 6s orbital
to engage in such a o-back-bonding interaction. Another type
of electronic back-donation from the lone pairs of the ligands
located in cis position, rather than from the metal itself, to the
NHC empty p-orbital has also been suggested in the case of
high-valent d° metal (VY, Nb¥) complexes,®” but such inter-
actions were found negligible,*? especially in the case of NHC
adducts of samarium(lll) chloride.®® Therefore, intramolecular
attractive interactions may not be either the origin of the
distortions displayed in 3 and 4. Careful analysis of the crystal
packing in the corresponding X-ray structures revealed short
contact interactions between the backbones of the most tilted
NHC rings and those of adjacent [Lnl,(IMe),] molecules,
suggesting that the high pitching and yawing angles arises
from intermolecular packing effects. The optimised calculated
structure of 4 in the gas phase (see Supporting Information for
details) does not reproduce these distortions, which further
supports solid-state effects (packing forces influencing intermo-
lecular interactions) as the origins of the bending of the NHC
ligands.

The very poor solubility of 3 and 4 in suitable solvents (e.qg.
toluene, THF), which seems to be typical for complexes of the
type [MX,(IMe),] (X=halide or hydride),"**" and the para-
magnetic nature of the complexes precluded analysis by NMR
methods. In contrast, IR spectroscopy has proved to be a useful
probe to investigate the coordination of the IMe ligand to
paramagnetic lanthanide metal centres.*? In the IR spectra of 3
and 4 (see Supporting Information, Figures S11-12), an intense
absorption band was observed in the range 1574-1575cm™'
and is associated with the v(C=N) stretching vibration of the
coordinated NHC ligand.

The same redox-transmetalation procedure with metallic
ytterbium afforded the highly air-sensitive Yb" complex
[Ybl,(IMe),(THF),] (5) (Scheme 2), which was isolated in 45%
yield as red crystals suitable for X-ray diffraction studies. The X-
ray structure of 5 (Figure 4) displayed a slightly distorted
octahedral coordination geometry around the Yb" metal centre

Figure 3. Representation of the two enantiomers of [Lnl,(IMe),] with in grey the idealised MC"", coordination plane.

Chem. Eur. J. 2021, 27, 12857 - 12865 www.chemeurj.org
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Figure 4. Molecular structure of 5 in the solid state. H atoms have been
omitted for clarity. Selected bond lengths (A) and angles [°]: Yo—I1
3.1358(13), Yb—I2 3.1380(13), Yb—O1 2.442(10), Yb—02 2.430(10), Yb—C1
2.626(14), Yb—C6 2.603(14); 11—Yb—I2 176.67(4), O1-Yb—C6 163.1(4),
02-Yb—C1 167.1(4).

with two axial and mutually trans iodides forming an I-Yb—I
angle of 176.67(4)°. The equatorial coordination plane is
composed of two IMe and two THF ligands in a cis arrange-
ment, resulting in an overall C,-symmetric complex in the solid
state. The Yb-C™' bond distances (2.603(14)-2.626(14) A) are
within the typical range for Yb"-NHC complexes (from 2.552(4)
to 2.710(5) A).B'3d54 The Yb—| separation in 5 is ca. 0.13 A
shorter than that in 3 and 4, which is consistent with the
contraction of ca. 0.15 A in the ionic radius from Sm" to Yb'
(Table 1).

Contrary to 3 and 4, the Yb" complex 5 crystallised in the
monoclinic centrosymmetric space group P2,/n and does not
exhibit pronounced pitching or yawing angles (Table 1), which
further supports packing effects as the main contributing factor
to the distortions observed in the former complexes. The NHC
rings in 5 are forming an angle of ca. 40° with respect to the
C",0, equatorial coordination plane, resulting in a chiral
helical arrangement. However, both enantiomers are present in
the unit cell and related by the crystallographic inversion centre
of P2,/n, leading to an overall racemic mixture "’

In contrast to 3 and 4, the Yb" complex 5 is diamagnetic
and presents an increased solubility in THF, which allowed
characterisation by NMR spectroscopy. In its '"H NMR spectrum,
the methyl NHC wingtip substituents gave rise to a singlet at &
3.90 ppm. Unfortunately, the coordinated C""“ resonance could
not be detected in the "C{'H} NMR spectrum. An intense
absorption band was observed at 1573 cm™ in the IR spectrum
(see Supporting Information, Figure $13), confirming coordina-
tion of the IMe ligand.””

Although identical reaction conditions were used for the
synthesis of all Ln"-IMe complexes, the bis-NHC adduct 5 was
exclusively obtained in the case of Yb" while tetra-NHC arrange-
ments were isolated with Sm" and Eu" metal centres. Steric and
electronic considerations may be invoked to rationalise this
different coordination behaviour. The smaller ionic radius of the
Yb?* ion (Table 1) may result in an increased steric pressure and
higher charge density at the metal centre, favouring coordina-
tion of the relatively “harder” (in the sense of Pearson’s HSAB

Chem. Eur. J. 2021, 27, 12857 - 12865 www.chemeurj.org
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concept)® and slightly less sterically encumbered THF ligand
(see below for an additional discussion).

Synthesis of divalent alkaline earth IMe complexes

With the successful synthesis of Ln" IMe complexes by redox-
transmetalation, we were interested to evaluate whether the
same procedure would also be applicable to access heavier
divalent alkaline-earth NHC complexes. Indeed, the correspond-
ing metals are highly reducing, with redox potentials associated
with the M2*/M° couples (—2.87 for Ca and —2.90V for Sr)
similar to the values for Eu, Yo and Sm (—2.81, —2.76 and
—2.68 V, respectively).”® In addition, the ionic radii of the Eu?*,
Sm?* and Sr** cations are very close (1.17-1.18 A for six-
coordinate metal centres), as are those of the Yb’* and Ca**
ions (1.02 and 1.00 A, respectively, for six-coordinate metal
centres).®’? Because of the similar sizes of divalent lanthanide
and heavier alkaline-earth metal centres and their high electro-
positive character, strong similarities in their coordination
chemistry have been observed.*****5l The bonding of these
oxophilic M** ions with coordinating ligand is mainly governed
by electrostatic and steric factors.®™™

Reaction of 1 with calcium and strontium metal afforded,
after crystallisation, the divalent alkaline-earth complexes [M-
(IMe),(THF),] (M=Ca (6), Sr (7)) in moderate isolated yields (48—
71%) (Scheme 1) and the complexes were characterised by IR
and NMR spectroscopy. In their IR spectra, a strong absorption
band is observed at ca. 1573 cm™' (see Supporting Information,
Figures S14-15), consistent with IMe coordination.”*” The NMR
spectra of 6 and 7 confirmed the presence of coordinated THF
molecules, although the relative IMe vs. THF integrations in 7
indicate partial decoordination of THF upon drying the complex
under vacuum.

The alkaline-earth complexes 6 and 7 are isomorphous with
the Yb" complex 5, crystallising in the same monoclinic space
group P2,/n. Analysis of the X-ray structures of 6 and 7
(Figure 5) revealed slightly distorted octahedral coordination

Figure 5. Molecular structures of 6 (left) and 7 (right) in the solid state. H
atoms have been omitted and only one disordered position for the one THF
ligand in 7 has been depicted for clarity. Selected bond lengths (&) and
angles [°] for 6: Ca—I1 3.157(2), Ca—12 3.161(2), Ca—O1 2.382(6), Ca—02
2.403(6), Ca—C1 2.597(8), Ca—C6 2.632(8); 11—Ca—12 176.98(6), O1—-Ca—C1
169.4(2), 02—Ca—C6 165.2(3); for 7: Sr—I1 3.270(2), Sr—12 3.262(2), Sr—01
2.528(10), Sr—C1 2.762(13), Sr—C6 2.745(12), Sr—O2A 2.49(4); I1-Sr—I2
177.60(5), 01-Sr—C1 167.7(3), O2A—Sr—C6 164(3).
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geometries around the metal centres with two mutually trans
iodides in an almost perfect linear arrangement (I-M—I angles
in the range of 176.98(6)-177.60(5)°). The overall metrical data
in the Ca" complex 6 are similar to those in the isostructural Yb"
complex 5 (Table 1) with an average M—C™ bond length of
2.61 A, which reflects the similar ionic radii of hexacoordinated
Ca** and Yb*" ions.’” In the case of the Sr' complex 7, the
average Sr-C"¢ bond length (2.754 A) is ca. 0.14 A longer,
consistent with the larger ionic radius of Sr** (Table 1).
Although the ionic radii of hexacoordinated Eu**, Sm** and
Sr** ions are very close,””® their complexes with the IMe ligand
are not isostructural: the divalent lanthanide IMe complexes 3
and 4 adopt a tetra-NHC arrangement while the Sr' complex 7
was exclusively isolated as a bis-NHC adduct under similar
experimental conditions. This discrepancy indicates that mere
hard/soft considerations based on ionic radius differences
cannot solely explain the selectivity in the formation of bis- or
tetra-NHC complexes. Interestingly, computational studies on
the nature of the metal-ligand interaction in [Sm(C;Me;),] and
[Sr(C;Me;),] by Clavaguéra, Nief and co-workers revealed an
increased electronic charge at the metal centre in the latter
complex, supporting a more ionic interaction in the case of
strontium in comparison to samarium.®? A corollary is that Sm'-
ligand interactions may in some cases present a partially
covalent character.

Therefore, dispersion corrected® RI-DFT calculations were
performed using the BP-86 functional (see Table S2 in the
Supporting Information) to investigate the bonding properties
in the different [MI,(IMe),] and [MI,(IMe),THF,] molecules and
try to rationalise the selective formation of the tetra- and bis-
NHC complexes.®™ Within the two series of isostructural
complexes, we focussed on the comparison of the Sr' and Sm"
compounds; the theoretical structural results are in very good
agreement with the experimental values. The basis sets were of
def2-SV(P) quality for all atoms as given in the program package
TURBOMOLE.®? For iodine, samarium and strontium effective
core potentials (ecp) of 46, 52 and 28 core electrons were used.

The calculated molecules are of symmetry D, ([Ml,(IMe),]
with M=Sm, 4, and the hypothetical complex with M=Sr, 7’)
and G, ([MI(IMe),THF,] with M=Sr, 7, and the hypothetical
complex with M=Sm, 4’), respectively. A good overview on the
bonding situation is obtained from an energetic comparison of
the compounds. The formation of the respective tetra-NHC
adduct from the bis-NHC adduct according to Equation (1)
indicates a slightly stronger bond of the IMe ligand compared
to THF.

[MI,(IMe),THF,] + 2 IMe = [MI,(IMe),] + 2 THF

(M=Sm: =55, Sr: —56kJ/mol) )

The theoretical formation of [MI,(IMe),] starting from the
uncoordinated diiodides and IMe according to Equation (2)
results in a bond dissociation energy of 147 and 148 kJ/mol for
the Sm-IMe and the Sr-IMe bond, respectively. These values
give a strong indication that bonding in 4 and hypothetical 7’
are of comparable character.

Chem. Eur. J. 2021, 27, 12857 - 12865 www.chemeurj.org

[MI;] + 4 IMe = [MI,(IMe),]
(M=Sm: —588, Sr: —593kJ/mol)

To evaluate the partial charges of the atoms and the extent
of covalency of the M—C bonds, population analyses based on
occupation numbers were performed according to the method
of Ahlrichs and Heinzmann.®® In contrast to the not-negligible
covalent bonding in samarocene [SmCp*,] (Cp*=1’—CsMes)
compared to that in [SrCp*,] found in the work by Clavaguéra,
Nief and co-workers,”” predominantly ionic bonding is found
for the tetra-NHC complexes 4 and 7’, or the bis-NHC adducts 4’
and 7. Strong indication is given by the partial charges at the
metal centres, which are almost of the same size as for the
uncoordinated molecules Sml, and Srl,. In 7 and 4’, a stronger
donor property of THF is found compared to IMe, evident from
the total sum of partial atomic charges of the ligands. This
effect increases polarization of the M—C bond, but not to an
extent of a change of the qualitative bonding scheme within
the bis-NHC and tetra-NHC adducts. The shared electron
number (SEN) of the M—C bonds in all molecules under
discussion is calculated to be less than 0.35 giving hint of only
minor covalent bonding.

Moreover, as an even more convincing proof, the energies
of the theoretically calculated metal-carbon stretching vibra-
tions in these molecules represent another very sensitive
measure of their bonding forces that can directly be compared
to each other. Since all M—C stretching vibrations for all
compounds discussed here are in the close range between 317
and 320 cm™', it can be convincingly assumed that the bonding
in these compounds is of comparable ionic character. In
summary, calculations show that tetra-NHC arrangements
should be favoured for both Sm and Sr, at least in the gas
phase. However, the energy differences between both species
are moderate and in THF solution the equilibrium is influenced
by the high concentration of the solvent. In THF, which is the
only solvent we found as suitable for NMR studies, we could
not detect any dynamic processes - maybe because they are
too fast. ESI-MS measurements out of solution showed only
fragments. For the product formation, it must be considered
that also the crystallisation step shifts the equilibrium. Further-
more, different crystal packing forces in the solid state may
influence the selective formation of the Sr" bis-NHC complex 7,
considering that 4 and 7 crystallise in different crystal systems.

Synthesis of divalent alkaline earth IMes complexes

To investigate the generality of the redox-transmetalation
procedure using alkaline-earth metals, the reaction of [Agl
(IMes)] (2) with excess of freshly filed strontium metal was
performed under similar reaction conditions, as described
above (Scheme 3). It should be noted that the silver complex 2
exists as an equilibrium mixture between two structural
isomers, the heteroleptic [Agl(IMes)] and the homoleptic ion
pair [Ag(IMes),] " (Agl,)~.""*** After filtration of the insoluble
black precipitate, slow evaporation of the solvent afforded

12862 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 3. Redox-transmetalation of 2 with alkaline-earth (Ca, Sr) metals and
previously reported reaction with lanthanide metals (Eu, Yb).®"

colourless crystals of [Srl,(IMes)(THF);] (8) suitable for X-ray
diffraction studies and isomorphous to the divalent lanthanide
complexes [Lnl,(IMes)(THF);] (Ln=Eu (9) and Yb(10)),®" all of
them crystallising in the centrosymmetric orthorhombic space
group Pbca.

Analysis of the crystal structure of 8 (Figure 6) revealed a
slightly distorted octahedral coordination environment around
the Sr** ion, the latter surrounded by one IMes ligand, three
THF donors and two mutually trans iodides. The IMes com-
plexes 8-10 feature negligible pitching and yawing distortions
for the coordinated NHC ligand (Table 1). The Sr—C"" bond
length of 2.779(4) A is close to that in the Eu" complex 9
(2.749(6) A)B" in line with the similar ionic radii of both metal
centres. Similarly, the average Sr—I and Eu—l separations in 8
and 9, ca. 324 and 3.22 A, respectively, are very close. No
obvious elongation of the Sr-O™ bond distance in trans
position relative to the NHC donor was observed. The 'H and
BC{'"H} NMR spectra of 8 in C¢D, are similar to those of the
isostructural and diamagnetic Yb" complex 10 and, in both
case, the C™¢ resonance could not be detected in the
corresponding "*C{'"H} NMR spectra.k"

Figure 6. Molecular structure of 8 in the solid state. H atoms and non-
coordinating solvent molecules have been omitted for clarity. Selected bond
lengths (A) and angles [°]: Sr—11 3.2284(5), Sr—2 3.2458(4), Sr—01 2.549(3),
Sr—02 2.541(3), Sr—03 2.564(3), Sr—C1 2.779(4); 11-Sr—12 177.258(15),
03-Sr—C1 177.12(11), O1-Sr-02 154.46(10).

Chem. Eur. J. 2021, 27, 12857 - 12865 www.chemeurj.org

Interestingly, the redox-transmetalation reaction of 2 with
elemental calcium did not result in the formation of the Ca"
analogue of 8-10 (Scheme 3). Instead, [Cal,(THF),] was isolated
from the reaction mixture, indicating preferential coordination
with the alkaline-earth metal centre of the “harder” THF donors
compared to the “softer” IMes ligand, which is also consistent
with the formation of the bis-NHC Sr" adduct 7.

Finally, synthesis of the Sm"' analogue of 8-10 was
attempted by reaction of 2 with samarium metal following the
same procedure as described above. Although a deep blue
solution was initially formed, supporting formation of Sm"
species in solution,*” the reaction mixture repeatedly evolved
into an intractable brown oil at room temperature even in a
sealed glass ampoule. This behaviour is probably linked to the
high reductive character of Sm" and the labile coordination of
the relatively bulky IMes ligand, in contrast with stronger
coordination of the smaller IMe ligand in 4. It should also be
noted that successful formation of 3-10 was only possible using
silver iodide NHC complexes as redox-transmetalation partners.
Attempts to perform the same reactions with chloride ana-
logues of 1 and 2 or with [Ag(NHC),](BPh,) (NHC=IMe, IMes) did
not lead to any conversion of the starting materials, revealing
the importance of the nature of the halide anion in these
redox-transmetalation reactions. The lack of reactivity in the
absence of iodide counter anion, although surprising, may be
linked to the higher size and facility of exchange of iodide
compared to chloride anions, which may facilitate the electron
transfer. In turn, the choice of the anion may also tune the
reduction potential of the NHC—Ag(l) complex.

Conclusion

Divalent lanthanide (Ln=Sm, Eu, Yb) and alkaline-earth (M=Ca,
Sr) complexes supported by NHC ligands have been successfully
obtained by using a redox-transmetalation strategy involving
reaction of the corresponding zerovalent metals with air-stable
Ag-NHC complexes. Different series of isostructural complexes
were isolated, which allowed a precise comparison of the NHC
bonding in these complexes to be drawn. Preferential formation
of the tetra-NHC complexes [Lnl,(IMe),] (Ln=Eu (3), Sm (4)) was
observed in the case of Eu" and Sm'", in contrast to the
formation of [Srl,(IMe),(THF),] (7), despite the similar sizes or
hexacoordinated Eu", Sm" and Sr' ions. Similarly, preferential
coordination of the IMes ligand to Yb" in comparison to Ca" was
observed. Although DFT calculations support the easy forma-
tion of the tetra-NHC adducts for both Sm" and Sr', the
coordination differences observed experimentally certainly arise
from subtle energetic differences in the solid state (different
packing forces for example).

The redox-transmetalation procedure highlighted in this
article may find applications in the synthesis of other NHC
complexes of f-block elements or highly electropositive metal
centres, in which the usual, non-redox transmetalation method-
ology from Ag'-NHC complexes fails to proceed.

12863 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202101923

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202101923

Experimental Section

See the Supporting Information for the synthesis and character-
isation of all compounds, the NMR and IR spectra, as well as X-ray
crystallography and DFT calculation details.

Crystallographic data: Deposition Numbers 2086921 (for 3),
2086922 (for 4), 2086923 (for 5), 2086924 (for 6), 2086925 (for 7),
and 2086926 (for 8 THF) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service www.ccdc.ca-
m.ac.uk/structures.
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