A monomeric, heterobimetallic complex with an unsupported Mg—Fe bond
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Abstract: The phosphinimine, trimethylsilyl-substituted BIPM ligand [BIPM =
bis(iminophosphorano)methanide] has been used to stabilise CH(Ph,PNSiMes),MgFe(n?’-
CsHs)(CO)2 (1), which is a structurally authenticated complex exhibiting a direct, unsupported
bond between an alkaline earth metal and a transition metal. The FTIR-measured carbonyl
stretching frequencies for this complex suggest that there is a polarisation of charge from the
transition metal fragment to the magnesium centre. The presence of a polar metal-metal bond
in 1 is confirmed by DFT calculations, which suggest that the Mg—Fe bond is predominantly

ionic in nature.
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Introduction

The investigation of compounds featuring metal-metal bonds is an area of intense research
interest, both from a fundamental structure and bonding viewpoint, and also in areas such as
catalysis and bioinorganic chemistry.! In terms of structure and bonding, the investigation of
metal-metal bonds within heterobimetallic complexes is particularly attractive due to the
differing electronegativities of the metal centres resulting in ionic contributions to the bonding.?
Despite the potential cooperative reactivity between two metal centres with very different
electronic configurations, heteronuclear compounds with highly polar metal-metal bonds have
historically proven challenging to study as the differing redox properties of these metals have
often prevented their synthesis and isolation.? It is the investigation of such heterobimetallic
compounds which do not exhibit bridging ligands which is a particular area of interest as the
degree of covalent contributions to the bonding in heteronuclear metal-metal bonds cannot be

predicted.*

For unsupported bonds between a transition metal and an element from elsewhere in
the periodic table, much recent progress has been made in the p-block,® lanthanides® and
actinides,*” which is facilitating the systematic study of the nature of the bonding between
these elements. There is, however, a paucity of analogous complexes of the s-block elements,
and it is only in the last few years that the number of compounds with direct, unsupported
bonds between an alkaline earth (Ae) metal and a transition metal (TM) has started to gather
pace in the literature,®” and complexes featuring a Be—~TM bond*'!® and a Ca—TM bond*? are
incredibly scarce. The expansion of the scope of complexes featuring an unsupported bond
between an alkaline earth and transition metal will aid the understanding of the fundamental
structure and bonding within this family of heterobimetallic compounds. Herein we report the
synthesis and characterisation of a complex possessing an unsupported Mg—Fe bond along with

DFT calculations, providing insight into the nature of the bonding in this complex.



We have chosen to utilise the phosphinimine, trimethylsilyl-substituted BIPM ligand
[BIPM = bis(iminophosphorano)methanide],*® given the ready access it provides to
CH(Ph,PNSiMe3),Mgl(THF) (THF = tetrahydrofuran).l® With its synthetic utility for the
stabilisation of complexes with highly reactive metal centres, it is surprising that this ligand
has been little exploited in the stabilisation of complexes containing unusual metal-metal

bonds, with only a handful of cases of its use in this context being reported.

Experimental Section
General

All manipulations were performed under an argon or dinitrogen atmosphere using standard
Schlenk line or glove box techniques. Toluene was pre-dried over Na wire and freshly distilled
over sodium under argon, degassed and stored over a potassium mirror prior to use. Benzene-
ds (Goss) was dried over potassium and degassed with three freeze-pump-thaw cycles prior to
use. Starting materials CH(Ph2PSiMes):MgI(THF)!® and Na[Fe(n®>-CsHs)(CO)2]** were
prepared according to literature methods. NMR spectra were recorded on a Bruker AV 400
spectrometer, and chemical shifts are quoted in ppm relative to TMS (*H, ®C{*H} and
29Si{*H}) and 85% HsPO4 solution in H.0 (**P{*H}). IR absorption spectra were recorded on
a Bruker Tensor 27 FTIR spectrometer over a frequency range of 500-4000 cm™. Elemental
analysis was performed by Mr Stephen Boyer at the Microanalysis Service, London

Metropolitan University.

Synthesis and spectroscopic data for 1: A mixture of CH(Ph2PSiMes).MgI(THF) (0.21 g,
0.27 mmol) and Na[Fe(n>-CsHs)(CO)2] (0.06 g, 0.28 mmol) in toluene (20 mL) was stirred for

24 hours at room temperature. The toluene solution was filtered, concentrated and cooled to —
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35 °C for 16 hours, whereupon 1 was isolated as a brown microcrystalline solid. Further
concentration and storage at —35 °C afforded a second crop of 1 (total yield 0.15 g, 71%).
Single crystals of 1 suitable for X-ray diffraction were grown from a concentrated toluene
solution at 7 °C. *H NMR (400 MHz, CgDs, 25 °C): & (ppm) = 0.52 (s, 18H, SiMes), 2.02 (br,
1H, PCHP), 4.93 (s, 5H, n®-CsHs), 7.06 (br, 12H, Phmetapara), 7.79 (br, 8H, Phortho). *C{*H}
NMR (100 MHz, C¢Ds, 25 °C): & (ppm) = 4.0 (SiMes), 37.3 (PCHP), 78.4 (n3-CsHs), 130.8
(Cpara), 131.5 (Cieta), 131.6 (Cortno), 136.4 (Cipso, d, *Jcp = 100 Hz), 221.4 (CO). **P{*H} NMR
(161 MHz, C¢Dg, 25 °C): & (ppm) = 23.6. Si{*H} NMR (79 MHz, C¢Dg, 25 °C) & (ppm) =
—3.25. FTIR (Nujol mull, cm™2): 1924, 1860 (v(CO)). Anal. Calc’d for CagHasFeMgN202P,Siy:

C, 60.15; H, 5.85; N, 3.69. Found: C, 59.98; H, 6.00; N, 3.75 %.

Crystal structure refinement and data for 1: Single crystal X-ray diffraction data was
collected on a Rikagu Oxford Diffraction SuperNova operating at 90 K and using Cu Ka
radiation (1 = 1.54184 A). The structure was solved via direct methods and refined by full-
matrix least-squares in SHELXL-97.22 Positional disorder was identified for atoms C(33),
C(35), C(36) and C(37): the occupancies of the two components were refined competitively,
converging at a ratio of 0.704(14):0.296(14). Extensive restraints were applied to the
anisotropic  displacement parameters in the affected region. CCDC-898156.
CasHasFeMgN202P2Si>. Monoclinic, space group P2:/n (No. 14), a=9.7075(9), b = 19.283(2),
c=20.563(2) A, p=93.503(8)°, V = 3842.1(7) A3, T = 90(2) K, Z = 4, Dearc = 1.312 g cm™3,
= 4.967 mm?, F(000) = 1592. Of the 16703 reflections collected, 6793 were unique, with Rint
= 0.094. Final Ry (WR2) = 0.0944 (0.302) with GOF = 1.04. Max. and min. electron densities:

0.86, —0.68 e A3,



Details of Calculations for 1: Geometry optimisations were performed for 1 using coordinates
derived from the X-ray crystal structure of this complex. No constraints were imposed on the
structure during the geometry optimisations. The calculations were performed using the
Amsterdam Density Functional (ADF) suite version 2014.22* The DFT geometry
optimisations employed all-electron Slater type orbital (STO) triple-C-plus polarisation basis
sets from the ZORA/TZP database of the ADF suite. Scalar relativistic approaches were used
within the ZORA Hamiltonian for the inclusion of relativistic effects and the local density
approximation (LDA) with the correlation potential due to VVosko et al.? was used in all of the
calculations. Gradient corrections were performed using the functionals of Becke?® and
Perdew.?” The Atoms in Molecules analysis?® was carried out with ADF2014 and Xaim-1.0%°

and a Natural Bond Orbital (NBO) analysis by NBO 6.0.%°

Results and Discussion

CH(Ph2PNSiMes),MgFe(n®>-CsHs)(CO). (1) has been synthesised via a salt-elimination
strategy, similar to that for CH[C(Me)CNDipp].Mg(THF)Fe(1>-CsHs)(CO). (Dipp = 2,6-
'Pr,CsHs).1 The reaction between CH(Ph2PNSiMes),MgI(THF) and Na[Fe(n°-CsHs)(CO):]
was performed in toluene, according to Scheme 1. A pure sample of 1 was obtained as a brown
microcrystalline solid by the slow cooling of a concentrated toluene solution to —35 °C in good
yield. *H, BC{*H}, 2°Si{*H} and 3P{*H} NMR data for 1 confirm the presence of
bis(iminophosphorano)methanide, cyclopentadienyl and carbonyl ligands. The NMR signals
of the BIPM ligand exhibited by 1 are broadly similar to those in

CH(Ph2PNSiMes)2Mgl(THF).®
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Scheme 1. Synthesis of CH(Ph,PNSiMes).MgFe(n°-CsHs)(CO). (1). Reaction conditions: (i)

Toluene, 24 hours, room temperature, —Nal.

The carbonyl ligands in 1 provide a probe of the bonding between these two metal
centres via the inspection of their stretching frequencies: at 1924, 1860 cm ™ (FTIR; nujol mull)
they are consistent with the absence of bridging isocarbonyl linkages in the solid state and
suggest the presence of an Mg—Fe bond. The magnitude of the polarisation of the electron
density from the [(n°>-CsHs)Fe(CO)]~ moiety to the magnesium centre is expected to lead to
higher v(CO) values due to lower iron-carbonyl n-backbonding.* We have used the Av(CO)as
parameter - the shift to a higher frequency of the asymmetric carbonyl stretch, v(CO)as in
relation to that for the anion in our complex with reference to the K[(n°-CsHs)Fe(CO); salt
(V(CO)as = 1770 cm™),”® to infer the acceptor strength of [(1>-CsHs)Fe(CO)2] % For 1
AV(CO)ss = 90 cm™t, which is similar to that for CH[C(Me)CNDipp].Mg(THF)Fe(n°-
CsHs)(CO)2 (Dipp = 2,6-'Pr2CsHs) [V(CO)as = 1857 cm ™%, Av(CO)as = 87 cm™Y],** and higher
than that for the neodymium complex L{N(SiMes3)2} NdFe(n°>-CsHs)(CO) (L = 'BUNCH2CH>-
{C(NCSiMesCHN'BU)}) [V(CO)ss = 1845 cm™, Av(CO)ss = 75 cm 1] and actinide (An)
complexes CpsAnFe(n°-CsHs)(CO)2 [An = Th: y(CO)as = 1855 cm ™2, Ay(CO)as = 85 cm™L; An
= U: v(CO)as = 1847 cm ™%, Av(CO)as = 77 cm1].32 These data would suggest that the interaction
between the iron and magnesium centres is best described by a donor/acceptor model with a
large ionic contribution, and slightly more electron withdrawing than the neodymium and
actinide fragments in these complexes,®3? although this difference is small. The Av(CO)as

value of 90 cm™! for 1 is lower than that in the early transition metal complexes (3,5-'Pr2-2,6-



Trip2CeH)Cr—Fe(n®-CsHs)(CO)2 [v(CO)as = 1879 cm ™!, Ay(CO)as = 109 cm™!; Trip = 2,4,6-
'PrsCsHz],2 and Me(CH2SiMesN)sTi—Fe(n®-CsHs)(CO)2 [V(CO)as = 1916 cm ™!, Av(CO)as = 146
cm'].3® As a reference point, typically covalent systems such as alkyl-Fe(n®-CsHs)(CO); have
Av(CO)as ca.170-185 cm™! 3134 while the values for analogous boryl complexes which feature

appreciable Fe-B multiple bond character have yet higher Av(CO)as Values.>®®

Figure 1. Crystal structure of 1, with displacement ellipsoids set at 50% probability. Hydrogen

atoms are omitted for clarity.

Single crystals of 1 suitable for X-ray diffraction were grown from a concentrated
toluene solution at 7 °C. The X-ray crystal structure of 1 (Fig.1; relevant bond lengths and
angles can be found in Table 1) shows that it features an unsupported Mg—Fe bond, and is
monomeric in the solid state. The structure of 1 displays the expected half sandwich geometry
at the iron centre. The magnesium centre sits in a plane created by the two ligand nitrogen
atoms and the iron atom in a trigonal planar environment (¥ angles around Mg = 359.6°).
Additionally there is a close approach of the central methanide of the [CH(Ph2.PNSiMe3)2]™
ligand to the magnesium centre [Mg(1)---C(1) = 2.471(8) A], which causes the MgN2P.C ring

to adopt a pseudo-boat conformation. The adoption of this conformation can be ascribed to the



Lewis acidity of the Mg?* ion'® and has been observed previously.® The Mg---C(1) distance
in 1 is shorter than that for the halide complex CH(Ph2PNSiMes).Mgl(THF) [2.573(6) A] and
is similar to that for [HC(Ph.PNSiMes)2Mg(u-Cl)]2 [2.460(8) A]. This short Mg---C distance
suggests a highly electropositive Mg centre and lends further credence to the presence of a
primarily ionic interaction between the magnesium and iron centres. The Mg—Fe distance of
2.530(3) A lies within the sum of the covalent radii for these two elements (2.55 A).%® This
distance is significantly shorter than that for (Piso-H)Fe(u-H)Mg(THF)(CH[C(Me)CNMes]2)
[2.741 A; Piso™ = (DippN)2C'Bu, Mes = 2,4,6-MesCsH2]*" and (THF)2MgCl(u-N-PNP)Fe(u-
H)N, [2.6026(15) A; PNP~ = bis(2-(diisopropylphosphanyl)-4-methylphenyl)amido],*® which
feature magnesium-iron interactions supported by bridging hydrides, and the direct,
unsupported  (THF)2(Br)Mg—Fe(n®>-CsHs)(dppe)  [2.593(7) A] (dppe = 1,2
bis(diphenylphosphino)ethane)® and CH[C(Me)CNDipp]-Mg(THF)Fe(n*-CsHs)(CO)

[2.6326(4) A]* presumably due to the lower coordination number in 1.

Table 1. Selected bond lengths (A) and angles (°) for 1 derived from the experimental X-ray

crystal structure and by DFT calculations.

Bond Length (A)/ Angle (°)  Experimental ~ Calculated

Fe(1)-Mg(1) 2.530(3) 2525
Fe(1)-C(31) 1.721(9) 1.728
Fe(1)-C(32) 1.710(9) 1.732
P(1)-N(1) 1.593(7) 1.617
P(2)-N(2) 1.598(6) 1.617
Si(1)-N(1) 1.733(7) 1.763



Si(2)-N(2) 1.717(7) 1.758

Mg(1)-N(1) 2.076(7) 2.116
Mg(1)-N(2) 2.112(8) 2.135
Mg(1)---C(1) 2.471(8) 2.545
Mg(1)---C(31) 2.898(9) 2.996
Mg(1)---C(32) 3.018(9) 2.876
C(32)-Fe(1)-C(31) 92.0(4) 93.5

C(32)—Fe(1)-Mg(1) 88.6(3) 82.8

C(31)-Fe(1)-Mg(1) 83.7(3) 87.5

N(1)-Mg(1)-N(2) 107.4(3) 107.6
N(1)-Mg(1)~Fe(1) 123.7(2) 124.1
N(2)-Mg(1)~Fe(1) 128.5(2) 127.1
Fe(1)-C(31)-0(1) 178.9(8) 176.9
Fe(1)-C(32)-0(2) 176.7(8) 177.3

Inspection of the crystal structure of 1 also affords a detailed analysis of the nature of
any interactions between the highly electropositive magnesium centre and the iron-bound CO
ligands in the solid state. The Fe—C—O moieties are linear [178.9(8)° and 176.7(8)°] and the
Fe—C distances [1.721(9), 1.710(9) A] are typical for terminal Fe—CO bonds.3® Furthermore,

the bridge asymmetry parameter, o, for the Mg(1)---C interactions, has been calculated as 0.68



for C(31) and 0.76 for C(32), indicating that the ligands are essentially terminal (a value of >

0.6).40

In order to probe further the bonding in 1, DFT calculations were performed on the
optimised structure of this complex using coordinates derived from the X-ray crystal structure.
The principal features of the coordination spheres about the Mg(1) and Fe(1) centres, as
revealed by X-ray crystallographic studies of 1, are reproduced in the DFT calculations. These
include the relatively short Fe(1)—Mg(1) interaction and the metal-ligand distances about each
metal centre that are reproduced to within ca. 0.03-0.04 A of the experimental values. Thus,
given the similarities between the calculated and experimental structures we conclude that the

DFT calculations of 1 can provide a qualitative description of the electronic structure of 1.

The DFT calculations reveal a Nalewajski-Mrozek bond index* of 0.2093 for the Fe-
Mg interaction in 1 and we examined the nature of this interaction using the energy
decomposition analysis (EDA) method that is incorporated within the ADF code.?*?* In using
this approach, the interaction energy AE; between two fragments is decomposed into AE; =
AEsteric T AEoi, where AEstric IS the steric interaction energy between the two fragments in
geometries that are identical to those in the parent molecule and AEq; is the orbital contribution
to the interaction energy. AEsweric cOmprises the destabilising repulsive interactions between
occupied MOs (AEpaui) and the classical electrostatic interaction (AEeistat) between the
fragments; AEq; accounts for electron pair bonding, charge transfer, and orbital polarisation. In
order to perform the EDA analysis we constructed [(n°-CsHs)Fe(CO)2]- and
[MgCH(Ph2PNSiMes).]* fragments in identical geometries to those in 1. The results of the
EDA analysis for the Mg—Fe interaction in 1 are shown in Table 2 and reveal a dominant
electrostatic contribution; 69% of the total attractive interaction derives from AEeistat

interactions.
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We carried out a topological analysis of the electron density of 1 using Bader’s Atoms
in Molecules (QTAIM)? to provide further insight into the Fe-Mg interaction in 1. In QTAIM,
a chemical bond is defined by the presence of a line of locally maximum electron density [p(r)]
along a bond path between two atoms and a bond critical point (BCP) which is the minimum
in the electron density along this line. The Laplacian of the electron density [V2p(r)] is the
scalar derivative of the gradient vector field of the electron density; V2p(r) < 0 describes an
area where the electronic charge is locally concentrated whereas V2p(r) > 0 defines a region of
electronic charge depletion. The electronic energy density H(r) of the charge distribution is
defined as H(r) = G(r) + V(r) where G(r) is the kinetic energy density and V/(r) is the potential
energy. For a covalent shared-shell interactions V2p(r) < 0 and H(r) < 0 and for purely closed-
shell interactions V2p(r) > 0 and H(r) > 0. For interactions where V2p(r) > 0 and H(r) <0, the
negative value of H(r) may be considered as reflecting a degree of covalency in the
interaction.*> QTAIM identifies a BCP between the Fe and Mg centres in 1 (Figure 2) with
values of [p(r)], [V%(r)], and H(r) at this point of 0.0325, 0.0682 and -0.0052, respectively,
and support a predominantly ionic interaction with between these centres as revealed by the
results of the EDA (see above). The calculated Wiberg bond index between the Fe and Mg
centres (0.4212) and the natural charges (-0.4486 and 1.6940, respectively) derived from a
Natural Bond Orbital (NBO) analysis® of 1 lend further support to this description. NBO also
identifies the key donor-acceptor (bond-antibond) interaction that represents the covalent
contribution to the bonding between Fe and Mg in 1. This interaction involves a non-bonded
(lone-pair) Fe 3d orbital and an unfilled non-bonded 3s Mg orbital, and second-order
perturbation theory provides an estimate of this donor-acceptor interaction in the NBO basis of

58.2 kcal mol™.
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Table 2. Energy Decomposition Analysis (EDA) for the Fe—Mg interaction in 1.

Term Energy /kcal mol™
AEpaui 56.7
AEgeistat -129.5

AEsteric = AEpauli + AEeistat -72.8

AEoi '572

AE; -130.2

Figure 2. A molecular graph derived from a QTAIM analysis of 1. Bond critical points (BCP)
and ring critical points (RCP) are shown as red and green spheres, respectively, the atom critical
points are shown as grey spheres scaled by electron density and the solid lines connecting the
nuclei are the bond paths. The contour plot of the Lapacian of the electron density V2p(r) is
plotted for the plane containing the C(31), Fe(1) and Mg(1). The contour lines (in hartrees) are
10 for the outermost line and then 10" (n = -4.5, -4.0, -3.5....). The contour lines in blue and

red represent areas where V2p(r) > 0 and < 0, respectively.
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Conclusions

We have synthesised and characterised CH(Ph2PNSiMes).Mg—Fe(n°>-CsHs)(CO)2 (1), which
features an unsupported Ae—TM bond. The FTIR-measured carbonyl stretching frequencies
for 1 suggest that there is a polarisation of charge from the [(>-CsHs)Fe(CO)] fragment to the
magnesium centre. The presence of the polar metal-metal bond in 1 is confirmed by DFT

calculations, which suggest that the Mg—Fe bond is predominantly ionic in nature.
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