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Abstract: Double deprotonation of the diamine 1,1'-
(tBuCH,NH)-ferrocene (1-H,) by alkaline-earth (Ae) or Eu"
metal reagents gave the complexes 1-Ae (Ae = Mg, Ca, Sr, Ba)
and 1-Eu. 1-Mg crystallized as a monomer while the heavier
complexes crystallized as dimers. The Fe--Mg distance in 1-Mg
is too long for a bonding interaction, but short Fe-Ae distances
in 1-Ca, 1-Sr, and 1-Ba clearly support intramolecular Fe---Ae
bonding. Further evidence for interactions is provided by
a tilting of the Cp rings and the related 'H NMR chemical-shift
difference between the Cp a and f3 protons. While electro-
chemical studies are complicated by complex decomposition,
UV/Vis spectral features of the complexes support Fe—Ae
dative bonding. A comprehensive bonding analysis of all 1-Ae
complexes shows that the heavier species 1-Ca, 1-Sr, and 1-Ba
possess genuine Fe— Ae bonds which involve vacant d-orbitals
of the alkaline-earth atoms and partially filled d-orbitals on Fe.
In 1-Mg, a weak Fe— Mg donation into vacant p-orbitals of the
Mg atom is observed.

Introduction

Rigid and redox-active ferrocene is often used as a build-
ing block for chelating ligands.'! The bidentate ligand 1,1-
bis(diphenylphosphino)ferrocene (dppf) has made history in
catalysis.”). One of the intriguing properties of 1,1'-bis-
(donor)ferrocene ligands is their ability to act as tridentate
pincer ligands.””! First observations of this unusual bonding
mode date back to the isolation of an apparent ligand-
deficient Pd complex (I).! The striking reluctancy of this
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complex to bind an additional donor was explained by Fe —
Pd dative bonding which was confirmed by its crystal
structure. This x’-coordination mode of ferrocene-based
ligands has been the subject of intensive studies. The majority
of these studies concern late transition-metal complexes (Ni,
Pd, Pt, Fe, Ru, Mn) and only few early d-block metal
complexes (Ti) have been discussed.* Lanthanide complexes
represent an exception and have been separately reviewed."!
In contrast, complexes of the main-group metals are hardly
known and Fe--metal interactions are only rarely and, as
expected for weak bonding, often carefully discussed.!*"* This
holds especially for Fe interactions with s-block metals.”**!
The Wagner group has reported a borate-bridged ferrocene
(IT), which is a highly efficient Li" scavenger likely because of
Fe-Li* interactions.”) Plenio etal. published cryptand-
bridged ferrocene complexes (IIN!' and observed that,
although Na* and Ca’* have nearly equal ionic radii (1.02 A
vs. 1.00 A),' its sodium complex!" shows a clearly longer
Fe--metal distance than its calcium complex (4.387(4) A vs.
3.658(6) A). It was concluded that “this may or may not be
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viewed as an indication for Fe—Ca®" interaction” but such Bu
bonding was not supported by UV studies.["] ;
Mg(nB [:>-N
Our interest in Fe —Ae*" bonding (Ae = alkaline-earth) is THE _72(::‘;20 c1h | \ _THF
motivated by the growing evidence that d-orbitals on the > fe Mg’

heavier Ae metals Ca, Sr, and Ba may play a crucial role in
bonding and molecule activation. Older theoretical work
underlines the subtle effect of d-orbital contributions.!"”!*!
Most recently, experimental evidence for Ae(CO)™” Ae-
(N,)s,? and Ae(C4Hy);"! complexes was reported. Also, in
these transition-metal-like complexes, bonding is explained
using Ae-metal d-orbitals. Although the latter species are
formally electron-rich Ae’ complexes, computational analy-
ses of the Ca?"+(C4¢H,) bond™ or a Ca’** hydride cluster™!
also suggest d-orbital participation.

Herein, we provide experimental evidence for Fe:-Ae
bonding and illustrate that, while for Mg such bonding is
essentially absent, heavier Ae metals display short Fe--Ae
contacts. Extensive bonding analysis with QTAIM (quantum
theory of atoms in molecules)?! and EDA-NOCV (energy
decomposition analysis with natural orbitals for chemical
valence)™! provides evidence for significant d-orbital contri-
butions of the Ae®" ions.

Results and Discussion

The magnesium complex 1-Mg was prepared by double
deprotonation of the diamine ligand 1-H,!'” by MgnBu, at low
temperature (Scheme 1). The heavier homologues 1-Ae
(Ae=Ca, Sr, Ba) were obtained by deprotonation of 1-H,
with the weaker bases Ae[N(SiMe;),], under more stringent
conditions. While the color of 1-Mg is a pale orange-red,
crystals of 1-Ae (Ae=Ca, Sr, Ba) are intensely bright red.
Since lanthanide(IT) complexes show structural features that
are remarkably similar to complexes of equally sized Group 2
metal ions (for example, Yb**/Ca®" and Eu®*/Sr**),*! we also
prepared 1-Eu. While the complexes 1-Ae (Ae = Ca, Sr, Ba)
are completely insoluble in aromatic solvents or in THF, the
Eu" complex is much better soluble and could therefore be
prepared in 49 % yield using the salt-metathesis route, that is,

-2 nBuH F e
8 [N
> Mg (74%)
@—NH B

Fe e |

~&

HN

Bu 1H, VNSMel:  Z5” \ .
THF, 125 °C, 1-2d \ \ /@
—_—

-2 HN(SiMes), Fe"'"'/"’!\ N
¢ \ Ny
Q\N (THF), tBu

tBuJ 1-Ca (49%) n =1

1-Sr (69%)n=1

1) 2KN(SiMeg),  2) Eul, 1-Ba (65%) n =2
THF,20°C,16h  THF, 20°C, 3d

1-Eu (49%) n = 1

-2HN(SIMeg),  -2KI

Scheme 1. Syntheses of alkaline-earth metal complexes 1-Ae (Ae=Mg,
Ca, S, Ba) and the Eu" complex 1-Eu with the chelating diamido ligand
1.

by reacting 1-K, with Eul, and extraction of 1-Eu from
insoluble KI with THF.

The magnesium complex 1-Mg crystallized as a monomer
with two THF ligands (Figure 1). Complexes with larger
metals crystallized as centrosymmetric dimers in which the
number of THF ligands increases with metal size (1-Ca, 1-Sr,
and 1-Ba). The M—N and M—O bonds are in the expected
range (for selected geometric parameters, see Table S1 in the
Supporting Information).

The M--Fe distances (Table 1) are a measure for potential
M:--Fe interactions. All complexes, apart from 1-Mg, show
M:--Fe distances that are similar to the sum of the covalent
metal radii.””! Although this method comes with limitations, it
is generally accepted for the assessment of metal-metal
interactions.’®! While Ba®" is nearly twice the size of Mg**
(Table 1), the Mg---Fe and Ba---Fe distances are similar. This is

Figure 1. Representative crystal structures: a) 1-Mg, b) 1-Ca, c) 1-Ba.
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Table 1: Selected data for 1-H, and metal complexes with the 1>~ ligand.
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NMR data for the diamagnetic
Fe" complexes 1-Ae support in-

Complex 1-H, 1-Mg 1-Ca 1-Sr 1-Ba 1-Eu

d(Fe--M) [A] 3.4255(6) 3.1129(6) 3.3204(5) 3.4537(4) 3.3229(5) creasing ferrocenyl bending with
(covalent radii) [A]" - 2.73 3.08 3.27 3.47 3.30 Ae metal size. The extent of Cp-
r(M?*) 6-coordinate [A" 0.72 1.00 118 136 117 ring tilting is related to the 'H NMR
d(M--Fe)—r(M>) [A] - 2.706 2113 2.140 2.094 2153 chemical-shift (8) difference be-
Cp/Cp tilt angle [] 0.00(3) 2.99(7) 7.09(8) 6.97(8) 15.23(11)  7.24(12)  tween the Cp a and 3 protons: large
dH,/0H; 3.82/3.89 3.86/3.96 3.83/3.98 3.73/411 3.60/4.15 - tilt angles cause a large AS.”) While
A [ppm]! _ .o 0.10 0.15 038 055 resonances for H, hardly change,
Absorbaﬁnce l{V/VIS [nm]¥ 450 455 506 479 474 447 those for H, shift upfield with
& [Lmol~'em™] 198 275 602 484 651 679 . d tiltine 2 M o 1
1% Ox. pot. vs. F¢/Fc™ [V]  —0.77 ~1.57 ~1.67 -1.75 -1.75 - increased tifting. =" Monomeric 1-
Fe--M DFT [A] - 3.259 3.061 3.198 3.442 - Mg dissolves well in CsDy/[Ds]THF
p(r) bep Fe-M [eA] - - 0.115 0.101 0.121 _ and the chemical-shift difference
V’o(r) bep Fe--M [eA™] - - 0.964 0.819 0.602 - between the Cp o and [ protons is
H(r) bep Fe--M - - —0.005 —0.002 —0.015 - only 0.10 ppm (Table 1). Dimers 1-

[Hartree A

Ae (Ae =Ca, Sr, Ba) are complete-

[a] Covalent radii taken from ref. [27]. [b] lonic radii for 6-coordinate M*" ions taken from ref. [16].
[c] Chemical-shift differences measured in 4D (1-H,), C4D¢/[Dg] THF (1-Mg) or [Ds]pyridine (1-Ca, 1-Sr,
1-Ba). [d] Measured in pyridine solution. The signal for 1-Eu is superimposed with the very strong

absorbance for Eu" which also forms intensely red metallocenes.

a clear indication for a prominent Ba--Fe interaction.
Subtracting the ionic radii for M*" from the M--Fe distance
gave a similar value of circa 2.1 A for all structures, except for
1-Mg where a value of circa 2.7 A was found. It can therefore
be concluded that in 1-Mg, there is insignificant Mg---Fe
bonding. For the heavier congeners, the M:-Fe distance
increases linearly with M*" ion size. As expected, the Eu--Fe
and Sr--Fe distances in 1-Eu and 1-Sr are equal within
standard deviations.

Another telltale for Fe---metal interactions is the tilt angle
between the two Cp least-squares planes which are perfectly
parallel in centrosymmetric 1-H, (Figure S17). The interpla-
nar Cp/Cp’ angles gradually increase with metal size: the tilt
angle in 1-Mg is 2.99(7)°, while the angle in 1-Ba is 15.23(11)°.
This distortion is accompanied by asymmetric Cp-Fe bond-
ing. The Fe—C bonds in 1-Mg vary from 2.027(2)-2.135(2) A
(mean: 2.059 A), while in 1-Ba, a broader range of 1.998(3)-
2.300(3) A (mean: 2.086 A) is found. The longest Fe—C
distance is observed for the substituted Cp carbon which also
shows a close contact to Ba (3.093(3) A). Forcing ferrocene to
bend with a tilt angle of 15° is endothermic by circa
7.5 kcalmol~.”’) Bending causes the HOMO frontier orbitals,
which are mainly of d-character (Scheme 2), to bulge out-
wards. This causes their energies to rise considerably and
improves the electron-donating abilities of the Fe center. The
energy needed for bending ferrocene is therefore compen-
sated for by additional Fe —Ba donor bonding.

Scheme 2. Bending of ferrocene causes deformation of the HOMO
frontier orbitals.
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ly insoluble in pure [Dg]THF and
NMR spectra could only be record-
ed in [Ds]pyridine at 100°C. It was
found that Ad increases gradually
with metal size. The largest chem-
ical-shift difference of 0.55 ppm has been measured in 1-Ba,
which shows the most extreme ferrocenyl bending.

Considering the aforementioned relatively short (Cp)C—
Ba distance, additional Cp-Ba bonding seems plausible and
would be in line with previous observations. The high-valent
Fe' dication [Cp*,Fe(CO)J*" does not show Fe—m*(CO)
backbonding, but a weakening of the CO bond should rather
be explained by a Cp—x*(CO) interaction.®” Along similar
lines, strong tilting in 1-Ba could be explained by Cp—Ba
instead of Fe —Ba bonding. Comprehensive bonding analysis
by DFT methods, however, does not show any indication for
Cp—Ba bonding and justifies the herein proposed Fe—Ba
donor bond (see below).

Fe—M Interactions can also be identified by UV/Vis
spectroscopy.’”! Complexes with a (ferrocene)Fe—M bonding
mode generally show strong absorption of green light around
500 nm with a high extinction coefficient ¢ related to Fe —M
charge transfer and are typically intensively red.'! The UV/
Vis data for 1-H, and all metal complexes dissolved in
pyridine are summarized in Table 1. While 1-H, and complex
1-Mg exhibit weak absorptions around 450 nm, complexes
with short Fe--Ae distances show red-shifted and stronger
absorptions around 500 nm.

The extreme sensitivity of these compounds towards
hydrolysis, combined with their very low solubility, pose
a challenge for electrochemical measurements. Meticulous
drying of the electrochemical cell with /BuLi in pentane as
well as extensive drying of solvents and the electrolyte are
strictly required. Measurements were performed inside
a glove box in THF using 0.1m [Bu,N*][PF,] as electrolyte
and the Fc/Fc' couple as reference. The diamine 1-H, and the
1-Ae complexes displayed a number of redox processes
(Figure S30, Table S8). All compounds show either a quasi-
reversible or an irreversible first oxidation step at very
negative potentials (Table 1) which is in line with their
electron-rich nature. Whereas 1-H, displays its first oxidation
step at —0.77 V, the first oxidation potential for 1-Mg is
clearly lower (—1.57 V) and becomes more negative for
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complexes with the larger metals (—1.75 V). DFT calculations
for 1-H, and all 1-Ae complexes show very similar HOMOs
(Figures S36-S40) that have substantial contributions from
the ferrocenylene unit and the N donor atoms. Since removal
of an electron from these systems occurs from a similar type
of orbital, the increasingly negative oxidation potentials down
the Ae metal group are in line with the increasing bond
ionicity. Electrochemical measurements also revealed a far
better redox stability for complexes with the heavier Ae
metals (Figures S31-S35). The mononuclear nature of 1-Mg
and the dinuclear nature of the other compounds make
further discussion of all oxidation potentials difficult.

The complexes 1-Ae (Ae=Mg, Ca, Sr, Ba) have been
studied using the BP86-D3(BJ)/def2-SVP method. The most
important calculated bond lengths and angles are in good
agreement with experimental values (Table S9). Deviations
for the Fe--Ae distances (Table 1) may partly be caused by
the influence of the intermolecular forces on these compara-
tively weak interactions. NBO calculations (Table 2) show
that the Fe and Ae atoms carry positive charges, which are
very high for the Ae atoms, while N and O have large negative
charges.

Table 2: Atomic partial charges g in 1-Ae complexes (BP86-D3(BJ)/def2-
SVP).

complex  q(Ae)  q(N1)¥  gq(N2)¥  q(Fe) q(O)

1-Mg 1.77 -1.06 -1.00 0.55 —-0.70

1-Ca 1.74 —0.85 —0.98 0.54 —0.69

1-Sr 1.74 —-0.83 —-0.97 0.55 —0.69

1-Ba 1.73 —0.82 —-0.93 0.56 —0.65 (—0.66)"

[a] See Figure 1 for atom numbering. [b] Slightly different values for the
O atoms are found.

The electronic structures of the four complexes were
analyzed with the QTAIM method.”” Figure S41 shows
molecular graphs for all 1-Ae complexes containing bond
critical points (bcp), ring critical points (rcp), and cage critical
points (ccp). For the heavier metals (Ca, Sr, Ba), there is a bcp
for the Fe--Ae interactions, while the Mg complex possesses
a rcp in the Fe-Mg fragment but not a bep. The shape of the
Laplacian distribution V*p(r) for 1-Ca is shown in Figure 2a.
Corresponding Laplacian distributions for 1-Sr and 1-Ba look
very similar (Figure S42). The QTAIM results clearly suggest
covalent Fe-Ae bonding in 1-Ae (Ae = Ca, Sr, Ba) but not in
1-Mg (Figure 2b).

Detailed insight into the nature of Fe--Ae bonding is
provided by EDA-NOCV™ calculations of 1-Ae. We calcu-
lated the adducts using a single Ae metal in different
oxidation states (0, + 1, +2) and the remaining fragment as
interacting species in order to identify the best description of
the electronic structures. This is indicated by the smallest
energy change of the fragments during the formation of the
chemical bond given by the AE,, value.”? The most faithful
representation comes from the Ae dications Ae’*" and the
dianion as interacting species (Tables S10-S13). This agrees
with the high positive charge of Ae atoms calculated by the
NBO method (Table 2). The EDA calculations suggest that

www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Contour plot of the Laplacian of the electron density, Vp(r),
in the Fe-Ae-N plane for a) 1-Ca and b) 1-Mg. The blue solid lines
indicate regions of charge depletion (V?o(r) >0) and red dotted lines
indicate regions of charge accumulation (V?p(r) <0). Small green
circles represent bond critical points.

the polar bonds between Ae’*" and the remaining dianion
have about two-thirds electrostatic character while circa 30 %
originates from orbital (covalent) interactions. The contribu-
tion of dispersion interactions is rather small, because one
fragment is only a monoatomic metal. Further inspection of
the covalent interactions using the EDA-NOCV approach
shows that the orbital term AE_, possesses a large number of
small pair interactions that provide the total covalent bonding
(Table S14).

Inspection of the orbitals that are involved in the pairwise
interactions in complexes 1-Ae (Ae=Ca, Sr, Ba) reveals
important information about the valence orbitals that are
involved in the covalent bonds. Figure 3 shows the shape of
the deformation densities Ap;y, Ap), and Ap, of 1-Ca and
the associated most important orbitals of the interacting
fragments, which come from the three relatively strong
pairwise orbital interactions AE1), AE ), and AEq4, of
direct Fe--Ca interactions contributing 34% to AE,,. The
deformation densities of 1-Sr and 1-Ba are very similar to
those of 1-Ca (Figures S43-S45). There are three contribu-
tions from Fe —Ca donation, all of which involve vacant d-
orbitals of Ca. The same result is obtained for 1-Sr and 1-Ba,
but not for 1-Mg (Figure S46). There is only one compara-
tively weak pairwise orbital term AE,s) coming from direct
Fe--Mg interaction. Figure S46 shows the shape of the
deformation density AE,s) and the associated most impor-
tant orbitals showing weak Fe —Mg donation into the vacant
3p-orbital of Mg, which contributes only 6% to the total
covalent bonding of the Mg atom in 1-Mg. This explains the

Angew. Chem. Int. Ed. 2020, 59, 14615—14620
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Figure 3. Shape of the deformation densities Ap( (5 4 and the associated orbitals in 1-Ca of the pairwise orbital interactions AE, ), AE,y ), and

AE ).

appearance of a bep for the Fe--Ae interactions in the heavier
Ae complexes while there is no Fe:--Mg bcp.

The QTAIM parameters of p(r) at the bep of the Fe--Ae
interactions in 1-Ae (Ca, Sr, Ba) are listed in Table 1. The p(r)
values are relatively small and the Laplacian of the electron
density values, V?o(r), are positive. More specific information
comes from the energy value H(r) at the bcp. It has been
shown before that negative values of H(r) indicate covalent
bonding, which may sometimes exhibit positive Laplacian
values, whereas positive or zero values of H(r) suggest
electrostatic or van-der-Waals interactions.’” The QTAIM
calculations thus agree with the EDA-NOCYV results that the
Fe---Ae interactions in 1-Ae (Ca, Sr, Ba) are mainly electro-
static. The covalent part of the Fe--Ae interactions comes
from Fe —Ae donation.

Conclusion

Direct deprotonation of ligand 1-H, led to ferrocene-
based chelate complexes 1-Ae (Ae =Mg, Ca, Sr, Ba), which

Angew. Chem. Int. Ed. 2020, 59, 14615—14620
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crystallize as orange to intensely red products (the color
deepens with metal size). Complex 1-Mg crystallized as
a monomer and complexes with the larger metals as dimers in
which empty coordination sites at the metals are filled by
THF ligands. Complex 1-Mg shows a long Fe--Mg distance,
but complexes with the larger Ae®" cations measure short
Fe---Ae distances that are similar to the sum of their covalent
metal radii. These contacts increase linearly with the Ae®"
ionic radii and should be considered as bonding. Due to the
similar ionic radii of Sr*" and Eu*", the Eu" complex 1-Eu is
isostructural with 1-Sr.

Further evidence for intramolecular Fe:--Ae bonding is
provided by a tilting of the Cp rings which increases with
metal size. This causes the ferrocene HOMO frontier orbitals
of mainly d-character to bulge outwards, increasing the Fe
donor capability. The energy needed for bending the ferro-
cene unit is compensated for by Fe —Ae bonding. Ring tilting
is also evident from the '"H NMR chemical-shift difference
between the Cp a and 3 protons which increases with metal
size.
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While electrochemical studies are complicated by decom-
position and formation of multimetallic dimers, the existence
of an Fe—Ae bonding interaction in the intensely red
complexes 1-Ca, 1-Sr and 1-Ba is supported by UV/Vis
spectroscopy. An absorption of green light around 500 nm
and very high extinction coefficients are typical for such
dative bonding.

Most convincing evidence for Fe—Ae bonding was
obtained by a comprehensive bonding analysis of 1-Ae
complexes using the QTAIM and EDA-NOCV methods.
These studies are in favor of the conclusion that the heavier
species 1-Ca, 1-Sr, and 1-Ba possess genuine Fe —Ae bonds
which involve vacant d-orbitals on the alkaline-earth atoms
and partially filled d-orbitals on Fe. In contrast, there is only
rather weak Fe —Mg donation into vacant Mg p-orbitals in 1-
Mg.

The crystal structures of 1-Ae (Ae=Mg, Ca, Sr, Ba)
provide experimental evidence for the growing awareness
that d-orbitals on the heavier Ae metals Ca, Sr, and Ba can
play an important role in bonding.
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