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Abstract 

This study reports the synthesis, single crystal X-ray crystallographic, NMR spectroscopic 

and magnetic characterization of a series of sodium ferrates using bis(amide) Fe(HMDS)2 as 

a precursor (HMDS= 1,1,1,3,3,3-hexamethyldisilazide). Reaction with sodium reagents 

NaHMDS and NaCH2SiMe3 in hexane afforded donor-solvent free sodium ferrates 

[{NaFe(HMDS)3}∞] (1) and [{NaFe(HMDS)2(CH2SiMe3)}∞] (2) respectively which exhibit 

contacted ion pair structures, giving rise to new polymeric chain arrangements made up of a 

combination of inter and intramolecular Na...Me(HMDS) electrostatic interactions. Addition 

of the unsaturated NHC IPr (IPr = 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene) to 1 

and 2 caused deaggregation of their polymeric structures to form discrete NHC-stabilized 

solvent-separated ion pairs [Na(IPr)2]+[Fe(HMDS)3]− (3) and 

[(THF)3•NaIPr]+[Fe(HMDS)2CH2SiMe3]− (4), where in both cases, the NHC ligand 

coordinates preferentially to Na. Contrastingly, when IPr is sequentially reacted with the 

single-metal reagents NaCH2SiMe3 and Fe(HMDS)2, novel heteroleptic ferrate 

(THF)3Na[:C{[N(2,6-iPr2C6H3)]2CHCFe(HMDS)2}] (5) is obtained. This contains an anionic 

NHC ligand acting as an unsymmetrical bridge between the two metals, coordinating through 

its abnormal C4 position to Fe and its normal C2 position to Na. The formation of 5 can be 

described as an indirect ferration process where IPr is first metallated at C4 position by the 

polar sodium alkyl reagent which in turn undergoes transmetallation to the more 

electronegative Fe(HMDS)2 fragment. Treatment of 5 with one molar equivalent of 

methyltriflate (MeOTf) led to the isolation and structural elucidation of neutral abnormal 

NHC (aNHC) tricoordinate iron complex [CH3C{[N(2,6-iPr2C6H3)]2CHCFe(HMDS)2}] (6) 

with the subsequent elimination of NaOTf, disclosing the selectivity of complex 5 to react 
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with this electrophile via its C2 position, leaving its Fe-C4 and Fe-N bonds intact. The 

magnetic susceptibility properties of compounds 1-6 have been examined. This study 

revealed a drastic change of magnetic susceptibility in replacing a pure j-donor from an 

idealized trigonal coordination environment by an NHC ヾ donating character.  

Introduction 

Over the past decade the chemistry of s-block heterobimetallic (ate) reagents, which combine 

metals of markedly different polarities has developed at a remarkable pace, with the 

realization of their synergic chemical profiles, which cannot be replicated by their single-

metal components.1 Switching on cooperative effects, these ates, usually made by pairing an 

alkali-metal with either Mg or Zn, can display enhanced reactivities, unique selectivities and 

superior functional group tolerance to traditional polar organometallic reagents such as 

organolithium and Grignard reagents.2 Finding widespread applications in a myriad of 

organic transformations, some of these multicomponent systems have emerged as versatile 

and potent deprotonating reagents, allowing  direct magnesiation or zincation of a wide range 

of aromatic substrates.3 Isolation of key organometallic intermediates involved in these 

transformations has provided new insights into how these bimetallic systems operate as 

recently shown for the unprecedented meta-meta’ dimagnesiation of N,N-dimethylaniline 

where the supramolecular structure of the mixed-metal base templates the regioselectivity of 

the deprotonation process.4 Extension of some of these studies to transition metal systems, 

replacing the low polarity s-block metal by another divalent metal such as Mn(II), Cr(II) or 

Fe(II) have already hinted at the potential of these systems to display related synergic 

chemistry.5 Focusing on Fe(II) ferrate complexes, direct ferration of substituted aromatic 

substrates has been reported using mixed lithium-iron bases which contain the bulky amide 

group TMP (TMP= 2,2,6,6-tetramethylpiperidide).6,7 Interestingly in some cases the in situ 

generated functionalized aryl ferrate intermediates can subsequently undergo Ni-catalyzed 

cross-coupling reactions with organic halides.6 In closely related work, Mulvey has shown 

that structurally defined sodium ferrate [(TMEDA)NaFe(TMP)(CH2SiMe3)2] (TMEDA= 

N,N,N’,N’-tetramethylethylenediamine) promotes the regioselective two-fold ferration of 

benzene at the sterically-optimal 1- and 4-positions affording a unique iron-host inverse-

crown complex.5a More recently Bedford has elegantly disclosed the key involvement of 

homoleptic aryl ferrates in iron-catalyzed Kumada coupling processes.8 Surprisingly, despite 

their synthetic relevance and the increasing attention that organoiron chemistry is currently 

being paid,9 the number of structurally defined alkali-metal ferrates still remains scarce.10 
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Running in parallel to this research has been that of iron complexes containing N-heterocyclic 

carbene ligands (NHC’s),11 which have found numerous applications in catalytic 

transformations, including C-C and C-N bond formation processes.12 Although in many cases 

the nature of the active iron species implicated in these transformations has not been made 

forthcoming, the involvement of low-coordinate Fe NHC-complexes has been postulated,13 

which have sparked widespread interest in the synthesis and reactivity of this particular type 

of compound.11,14  

Merging these two evolving fields in synthesis, namely cooperative bimetallics and NHC-Fe 

chemistry, together, here we report our findings on the synthesis of a new series of NHC-

stabilized sodium ferrates containing the unsaturated carbene IPr (IPr = 1,3-bis-(2,6-

diisopropylphenyl)imidazol-2-ylidene). Combining X-ray crystallography and spectroscopic 

studies with SQUID magnetization investigations, we assess the constitution and reactivity of 

this family of complexes, unveiling a method that grants access to a three-coordinate 

abnormal-NHC Fe complex.  

Results and Discussion 

Synthesis of donor-solvent-free sodium ferrates. Building on our previous studies on the 

synthesis of alkali-metal magnesiate and zincate complexes,15,16 we started our investigation 

assessing the co-complexation reaction between Fe(II) amide Fe(HMDS)2 (HMDS = 

1,1,1,3,3,3-hexamethyldisilazide, N(SiMe3)2)17 and the sodium amide NaHMDS or the 

monosilyl derivative NaCH2SiMe3
18 in the non-coordinating solvent hexane. Although both 

sodium compounds are sparingly soluble in hexane, addition of the Fe bis(amide) and gentle 

heating afforded dark green homogeneous solutions, that deposited green crystals of 

homoleptic and heteroleptic donor-solvent-free sodium ferrates [{NaFe(HMDS)3}∞] (1) and 

[{NaFe(HMDS)2(CH2SiMe3)}∞] (2) in an 80% and 73% yield respectively (Scheme 1). 

 

Scheme 1 Synthesis of donor-solvent-free sodium ferrates 1 and 2. 
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As determined by X-ray crystallography, the structures of contacted ion-pair ferrates 1 and 2 

were found to be based on a planar four-membered {NaNFeN} ring (Figures 1a and 2a 

respectively), where both metals are connected by two HMDS bridges, while the remaining 

anionic ligand (HMDS or CH2SiMe3 for 1 and 2 respectively) occupies a third (terminal) 

coordination site on Fe. Coordinatively unsaturated within these asymmetric units, the 

solvent-free sodium centers in 1 and 2 attain higher coordination numbers by forming 

intermolecular interactions with the HMDS groups of adjacent molecular units (via Na...Me 

electrostatic contacts), which afford in both cases new 1D polymeric chain structures (Figures 

1b and 2b respectively). Thus, for 1 each Na interacts with a single Me group from the 

terminal HMDS ligand of a neighboring {NaFe(HMDS)3} fragment [Na(1)-C18, 2.838(4) Å], 

giving rise to a linear head-to-tail arrangement (Figure 1b). This motif is in marked contrast 

to the discrete monomeric structure recently reported for the lithium analog of 1, 

[LiFe(HMDS)3],10g where Li attains a tetrahedral geometry by forming two intramolecular 

Li...Me(HMDS) contacts.19 Donor-free alkali-metal ate structures are rare in heterobimetallic 

chemistry,20 and as far as we are aware, the structure of 1 along with that of the lithium 

ferrate above mentioned, constitute the first examples of homoleptic HMDS-based ates 

containing a divalent transition metal.21 Understandably, the mean Fe-N bond length for the 

bridging HMDS ligands in 1 [2.034 Å] is slightly elongated compared to the terminal Fe1-N3 

[1.964(2) Å]. These values are in good agreement to those reported for THF adduct 

[(THF)NaFe(HMDS)3],22 which also exhibits a contacted ion-pair structure, with a three-

coordinated distorted trigonal planar Fe(II) center,23 and they show very little variation to 

those found in the solvent-free lithium ferrate mentioned above10g or in the neutral iron 

bis(amide) [{Fe(HMDS)2}2] (mean values of 2.084 and 1.925 Å for bridging and terminal Fe-

N distances respectively).17b Interestingly, this THF-solvate has been prepared using an 

alternative synthetic method to that described for 1, by reducing Fe(III) amide Fe(HMDS)3 

with the sodium silanide (THF)2Na(SitBu3) and co-formation of disilane tBu3Si-SitBu3.22 

Having a mean value of 2.497 Å, the Na-N distances in 1 show a noticeable variation from 

those in sodium dimeric complex [{(tBuCN)2Na(HMDS)}2] [2.405 Å],23 where the Na 

centres are also tricoordinated although in this case the NNaN bond angle is significantly 

more obtuse than in 1 [100.3(1) vs 84.03(9)°].25 These structural features can be rationalised 

considering the different nature of the metal-N bonds present in this heterobimetallic species. 

Thus, the shorter and more covalent anchoring Fe-N bonds provide the foundations for the 
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{Fe(HMDS)3}¯ units to which the sodium cations are affixed by a combination of weaker 

Na–N and Na橋CH3 ancillary bonds.26 

  

 

 

 

 

 

 

 

 

 
Figure 1: (a) Asymmetric unit of [{NaFe(HMDS)3}∞] (1). Hydrogen atoms omitted for 
clarity. Thermal ellipsoids displayed at 50% probability level. Selected bond distances (Å) 
and angles (°): Fe-N1 2.036(2), Fe-N2 2.032(2), Fe-N3 1.964(2), Fe...Na 3.0131(13), Na-N1 
2.502(3), Na-N2 2.492(3); N1-Fe-N2 110.48(10), N1-Fe-N3 124.93(10), N2-Fe-N3 
124.56(10), Na-N1-Fe 82.51(8), Na-N2-Fe 82.86(8), Na-Fe-N3 176.00(9), N1-Na-N2 
84.03(9). (b) Section of polymeric chain showing propagation and selected atom labelling, 
Na(1)-C18 2.838(4) Å 
 

Contrasting with the linear arrangement of 1, heteroleptic sodium ferrate 2 exists as a zig-zag 

chain polymer (Figure 2b) comprising {NaFe(HMDS)CH2SiMe3} units connected in a head-

to-head arrangement via Na...Me(HMDS) medium-long electrostatic interactions [Na(1)-C2 

2.854(2), Na1-C12(2) 3.041(2)Å] with the terminal alkyl groups attached to the Fe atoms and 

running along opposite edges of the chain in a staggered fashion. Illustrating the structural 

similarities of Mn(II) and Fe(II) in heterobimetallic chemistry, this motif is almost identical 

to that described by Mulvey and Klett for [NaMn(HMDS)2CH2SiMe3].27, 28 The propagation 

mode in 2, exclusively involving Na...Me bonds, contrasts with that found in the related 

magnesiate [{NaMg(HMDS)2Bu}∞], which polymerises via the anionic C of the butyl group 

giving rise to a linear chain.20c Contrastingly in 2 the monosilyl group binds terminally to Fe 

[Fe-C13 2.051(2) Å].28 The main geometrical parameters within the dinuclear {NaNFeN} 

ring show little variation to those discussed for 1, although in 2 the sodium atom receives 

additional stabilization within the asymmetry unit by forming two intramolecular Na...Me 

contacts [Na-C8, 2.7275(21); Na1-C6, 2.7013(21) Å] (Figure 2a), which are noticeably 

shorter than its propagating intermolecular interactions (vide supra). Thus while the Fe center 

in 2 has a similar distorted trigonal planar geometry to that of 1 [sum of the internal angles 

around Fe is 359.97°, ranging from 107.96(10) to 129.08(10)°], the sodium atoms in 2 reach 

(a) 
(b) 
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hexacoordination by bonding to two N’s and four Me(HMDS) groups (while in 1 Na exists in 

a tricoordinate environment).  

 
 
 

 

 

 

 

 

 

 

 

(a) 

 

(b) 

Figure 2: (a) Asymmetric unit of [{NaFe(HMDS)2(CH2SiMe3)}∞] (2). Hydrogen atoms 
omitted for clarity. Thermal ellipsoids displayed at 50% probability level. Selected bond 
distances (Å) and angles (°): Fe-N1 2.0308(17), Fe-N2 2.0306(17), Fe-C13 2.051(2), Na-C6 
2.7013(21), Na-C8 2.7275(21), Fe...Na 3.0401(9), Na-N1 2.4804(19), Na-N2 2.4702(19), N1-
Fe-N2 107.96(7), N1-Fe-C13 129.08(10), N2-Fe-C13 121.83(10), Na-N1-Fe 84.11(6), Na-
N2-Fe 84.38(6), Na-Fe-C13 165.55(7), N1-Na-N2 83.14(6). (b) Section of polymeric chain 
showing intermolecular and intramolecular Na-Me contacts Na(1)-C2 2.838(4) Å, Na(1)-
C12(2) 3.041(2) Å . 
 

Both, compounds 1 and 2, exhibit good solubility in C6D6, suggesting that their polymeric 

structures observed in the solid state are not retained in solution. The paramagnetic character 

of these heterobimetallic compounds is manifested in the broad paramagnetically shifted 

resonances observed in their 1H and 13C NMR spectra. Reflecting the ferrate constitution of 1, 

its 1H NMR spectrum shows a broad signal at -4.72 ppm for the SiMe3 groups, which is 

moved drastically upfield from the corresponding resonance found for the Fe(HMDS)2 

precursor in the same deuterated solvent (at 60.27 ppm). The solution-phase magnetic 

moment of 1 was found to be 4.72 µB (determined by the Evans method),30 which is close to 

the expected value (4.90 µB) for a high-spin (S = 2) Fe(II) centre.31 The 1H NMR spectrum of 

2 displayed two distinct SiMe3 resonances easily assignable for the HMDS groups (at -8.57 

ppm integrating for 36H) and for the monosilyl ligand (at 13.51 ppm integrating for 9H) (see 

Supporting Information for details).32-33 
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Reactivity studies using the NHC, IPr. Next we investigated the reactivity of sodium 

ferrates with unsaturated NHC IPr, finding that treating hexane solutions of each bimetallic 

compound with equimolar amounts of this carbene led to a significant color change (from 

green to light brown) and the formation of insoluble products. Addition of fluorobenzene in 

the case of 1 and THF for 2 afforded crystals of the NHC-stabilized sodium ferrates 

[Na(IPr)2]+[Fe(HMDS)3]− (3) and [(THF)3•NaIPr]+[Fe(HMDS)2CH2SiMe3]− (4) respectively, 

in a 35 and 70% yield (note that the yield of 3 can rise to 73% by employing two equivalents 

of IPr) (Scheme 2a-b). 

 

Scheme 2 – Synthesis of NHC-stabilized sodium ferrates: (a) 3; (b) 4 and (c) heteroleptic 

ferrate 5 via an indirect ferration approach.  

 

X-ray crystallographic studies established the molecular structures of 3 and 4. In each case 

the infinite polymeric arrangement of sodium ferrates 1 or 2 have deaggregated to form 

discrete monomeric solvent-separated ion pair structures where the NHC ligands act as 

neutral lone-pair donors stabilizing the alkali-metal (Figures 3 and 4). The molecular 

structure of 3 comprises a cationic moiety where the Na centre is solvated by two neutral IPr 

ligands in a near-linear disposition [C-Na-C bond angle 168.95(17)°] and an anionic ferrate 

moiety featuring a strictly planar tricoordinate Fe(II) centre (sum of N-Fe-N angles = 360°), 

with a mean Fe-N bond length of 1.993 Å. Consistent with its anionic constitution, this Fe-N 

bond distance is understandably longer compared to that found in the related neutral  Fe(III) 
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tris(amide) Fe(HMDS)3 [1.917(4) Å]34 which also exhibits a trigonal planar geometry around 

Fe. It should be noted that the anion moiety of 3 has been previously reported by Dehnicke 

and co-workers in the structure of [Na(12-crown-4)2]+[Fe(HMDS)3]−, but made in a different 

way by reduction of the Fe(III) precursor Fe(HMDS)3 with NaHMDS in the presence of the 

metal sequestering ligand 12-crown-4 ether.35  Interestingly, the structure of 3 bears a strong 

resemblance to the sodium magnesiate [Na(IPr)2]+[Mg(HMDS)3]− reported by Hill,36 which 

contains the same cationic moiety, with the Na and Mg centers exhibiting an almost identical 

coordination environment to those described above for Na and Fe respectively in 3.  

 

Figure 3: Molecular moieties of the X-ray crystal structure of compound 
[Na(IPr)2]+[Fe(HMDS)3]− (3) with selective atom labeling. Hydrogen atoms and disorder 
components in isopropyl groups omitted for clarity. Thermal ellipsoids displayed at 50% 
probability level. Selected bond distances (Å) and angles (°): Fe-N5 1.996(3), Fe-N6 
1.993(3), Fe-N7 1.990(3), Na-C1 2.445(4), Na-C29 2.460(4), C1-N1 1.360(5), C1-N2 
1.362(5), C29-N3 1.363(5), C29-N4 1.362(5); N5-Fe-N6 121.15(13), N5-Fe-N7 119.66(13), 
N6-Fe-N7 119.20(13), C1-Na-C29 168.95(17), Na-C1-N1 137.4(3), Na-C1-N2 120.2(3), N1-
C1-N2 102.3(3), Na-C29-N3 142.9(3), Na-C29-N4 114.7(3), N3-C29-N4 102.3(3). 
 
 

Diverging from 3, the Na centre in 4 binds to only one IPr ligand but completes a distorted 

tetrahedral geometry by coordinating three molecules of the donor solvent THF [average 

angle around Na, 108.7°, values ranging from 89.5(6) to 126.5(6)°]. Although the structure of 

this cation is not known the coordination around Na is almost identical to that described in 

the sodium zincate [(THF)3Na[:C{[N(2,6-iPr2C6H3)]2CHCZn(tBu)2}], which contains an 

anionic version of the NHC ligand IPr37 which coordinates to a {Na(THF)3} cation via its C2 

position forming a Na-C bond of 2.501(3) Å of similar strength to that found in 4 [Na-C2, 

2.551(3) Å]. The structure of 4 is completed by the new heteroleptic ferrate anion 

{Fe(HMDS)2CH2SiMe3}−, which as a consequence of its lack of interaction with the Na 

center, exhibits a significantly wider NFeN bond angle [123.40(10)°] and slightly shorter Fe-
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N bond distances [1.985 Å] than those observed in the contacted ion pair precursor 2 

[107.96(7)° and 2.031 Å].  

 

 

Figure 4: Molecular structure of [(THF)3•NaIPr]+[Fe(HMDS)2CH2SiMe3]− (4). Hydrogen 
atoms and disorder components in isopropyl, THF and SiMe3 groups omitted for clarity. 
Thermal ellipsoids displayed at 50% probability level. Selected bond distances (Å) and 
angles (°): Fe-N3 1.982(2), Fe-N4 1.989(2), Fe-C40 2.065(3), C40-Si1 1.831(3), Na-C2 
2.551(3), Na-O1 2.348(2), Na-O2 2.32(3), Na-O3 2.307(2), C2-N1 1.365(3), C2-N2 
1.363(3); N3-Fe-N4 123.40(10), N3-Fe-C40 119.56(11), N4-Fe-C40 116.84(11), Na-C2-N1 
121.30(16), Na-C2-N2 121.30(16), N1-C2-N2 101.9(2), C2-Na-O1 122.69(9), C2-Na-O2 
126.5(6), C2-Na-O3 110.69(9), O1-Na-O2 89.5(6), O1-Na-O3 101.60(9), O2-Na-O3 
101.3(5). 
 

The 1H NMR spectra of 3 and 4 in d8-THF (see Supporting Information) show well resolved 

sets of resonances assignable to the IPr ligands, appearing at almost the same chemical shifts 

as those found for the free carbene, suggesting that in this ethereal solvent, the sodium centre 

is solvated by d8-THF molecules rather than by the neutral sterically imposing NHC. In 

addition, for 3, a broad low frequency resonance is observed at −2.3λ ppm, which can be 

assigned to the HMDS groups bound to the paramagnetic Fe(II) centre. In the case of 4 the 

SiMe3 resonances appear at −3.77 and 7.80 ppm for the HMDS and monosilyl groups 

respectively. The solution phase magnetic moment of 3 and 4 (4.90 and 4.40 µB respectively) 

determined using the Evans method are consistent with a high spin S= 2 configuration. 

The formation of coordination products 3 and 4 in the reactions of sodium ferrates 1 and 2 

with IPr contrasts with our previous findings using a related family of amido-based 

bimetallic reagents, in particular sodium zincates, which can promote the deprotonation of 

several unsaturated NHCs at the “abnormal” C4 position of the imidazole ring under mild 

reaction conditions via a direct zincation process.37 Even under harsher reaction conditions, 

by heating the reaction mixtures at 70oC for 12 hours, only adducts 3 and 4 were obtained. 

We next attempted the synthesis of a ferrate complex containing an anionic NHC38 using an 



10 

 

indirect approach, by treating the three-coordinate NHC complex [(IPr)Fe(HMDS)2]39 with 

either of both sodium reagents, NaHMDS or NaCH2SiMe3. Interestingly these reactions also 

yielded complexes 3 and 4 respectively, revealing that under these conditions, not only do the 

polar sodium reagents fail to metallate IPr but also maintain the preference of the iron(II) 

bis(amido) fragment to coordinate to another anionic ligand (either HMDS or CH2SiMe3) 

rather than to the neutral NHC. Interestingly, similar reactivity has been noted by us for 

alkylzinc and alkylgallium NHC complexes that when treated with organolithium reagents 

form the relevant co-complexation lithium ate species, with the NHC ligand coordinated to 

Li.37,40 On the other hand, contrasting with these studies, Robinson has demonstrated that 

when the free IPr is treated with BuLi the straightforward selective lithiation of the NHC 

occurs at the C4 position of the imidazole ring, affording a novel anionic carbene lithium 

complex.41 Inspired by this pioneering metallating work, we first treated IPr in hexane with 

an equimolar amount of the sodium alkyl NaCH2SiMe3, leading almost instantaneously to a 

white solid which was subsequently reacted with one equivalent of Fe(HMDS)2. Introduction 

of THF afforded a green/brown solution which upon cooling to −30°C deposited green 

crystals of heteroleptic ferrate (THF)3Na[:C{[N(2,6-iPr2C6H3)]2CHCFe(HMDS)2}] (5) in a 

60% yield (Scheme 2c). 

 

Figure 5 - Molecular structure of complex 5 with selective atom labelling.  Hydrogen atoms 
omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond 
distances (Å) and angles (°): Fe-C4 2.085(4), Fe-N3 1.998(3), Fe-N4 1.973(3), Na-C2 
2.510(4), Na-O1 2.336(3), Na-O2 2.313(3), Na-O3 2.286(3), C2-N1 1.357(4), C2-N2 
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1.371(4); C4-Fe-N3 105.15(14), C4-Fe-N4 131.45(14), N3-Fe-N4 123.39(13), Fe-C4-N2 
139.3(3), Na-C2-N1 121.3(2), Na-C2-N2 136.9(3), N1-C2-N2 101.7(3). 

X-ray crystallographic studies established the contacted ion pair structure of 5 (Figure 5) 

where the carbene has now been incorporated into the ferrate scaffold acting as an anionic 

ligand, coordinating through its normal C2 position to Na [Na-C2 2.510(4) Å], whilst Fe 

occupies the position previously filled by an H atom, bonding to the C4 position [Fe-C4 

2.085(4) Å]. Understandably this distance is shorter than that reported for the abnormal 

complex [(aIPr)Fe(HMDS)2]42 which also displays a tricoordinate Fe atom connected to 

HMDS groups and to the C4 position of a neutral NHC ligand. In agreement with its anionic 

ate constitution, its Fe-N distances [Fe-N3, 1.998(3) Å; Fe-N4, 1.973(3) Å] are similar to 

those found for the homoleptic anion of 3 [average Fe-N 1.993 Å] and slightly elongated to 

those reported for [(aIPr)Fe(HMDS)2]42 [average Fe-N 1.962 Å]. Comparing the molecular 

structures of 4 and 5, it could be tempting to describe 4 as a pre-metallation complex of 5, 

however it should be noted that 4 is a stable species that does not evolve to 5 even under 

forcing reaction conditions (70°C, 5 hours) which makes this assumption very unlikely. This 

highlights the importance of the synthetic methods employed and the remarkable differences 

that can be realized in bimetallic chemistry by having the two metals operate either in a 

stepwise or synchronous manner.1 

 

The 1H NMR spectrum of 5 in C6D6 exhibits a series of broad resonances in the range 10.59 

to −6.λ4 ppm, including a signal at −4.21 ppm, which integrating for 36 H can be assigned to 

the HMDS hydrogen atoms. In addition, another broad low frequency resonance is observed 

at −26.37 ppm, which has been attributed to the CH fragment of the imidazolyl ring (see 

Supporting Information). The complexity and broadness of this NMR spectrum contrast with 

the relative simplicity and good resolution of the spectra recorded for 3 and 4, where neutral 

IPr is not attached to a paramagnetic Fe(II) centre. 

The formation of 5 can be rationalized in terms of a stepwise indirect ferration process.  

Initially IPr is deprotonated at its C4 position by the polar organosodium reagent to form 

Na+IPr−, which in turn undergoes transmetallation with the more electronegative iron 

bis(amide). Although the white powder obtained by reacting IPr with NaCH2SiMe3 cannot 

be characterized spectroscopically due to its complete lack of solubility in organic solvents 

such as THF or toluene, the isolation of 5 provides compelling proof that the metallation of 

the NHC has occurred.43  
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C4-deprotonation of unsaturated NHCs constitutes one of the main synthetic routes to access 

anionic (or ditopic) NHCs.38,44 To date, only two efficient metallating reagents have proved 

capable of selectively abstracting an H from the imidazole ring of IPr, monometallic 
nBuLi41,45 and the mixed metal system [(TMEDA)NaZn(TMP)tBu2].37,46 Our studies show 

that sodium alkyl NaCH2SiMe3 can also promote the selective metallation (Na-H exchange) 

reaction of the imidazole ring at its C4 position. Related to the synthesis of 5, it should be 

noted that Goicoechea has recently demonstrated the reduction of [Fe(IPr)(Mes)2] (Mes = 

mesityl) with potassium graphite which allows for the isolation of the iron complex 

K[{:C[N(2,6-iPr2C6H3)]2(CH)C}2Fe(Mes)] containing two anionic carbenes, both bound 

through their C4 position to Fe.47 This compound is formed in a 26% yield as a result of a 

redistribution process, with the concomitant formation of a tris(mesityl) potassium ferrate and 

H2. 

Abnormal NHC-Fe complex via electrophilic interception. Recent studies in main group 

chemistry have shown that certain anionic NHC complexes when treated with a suitable  

electrophile such as HClNEt3 or MeOTf can be transformed into their neutral abnormal 

adducts, where the imidazole ring of the NHC binds to the metal through its backbone (using 

its C4 position).48 Although within transition metals, abnormal carbene complexes are more 

abundant than with s- and p-block elements,49 the number of Fe complexes containing these 

ligands is still limited to just a few recent examples.50 Some of these studies employ pincer 

ligands,50a whereas Grubbs has used Bertrand’s isolable abnormal carbene (aNHC = 1,3-

bis(2,6-diisopropylphenyl)-2,5-diphenyl-imidazol-4-ylidene)51 to trap and stabilize an unique 

intermediate di-iron cyclo-octatetraenyl (COT) complex.50b More recently, Layfield has 

reported a thermally induced rearrangement of [IPrFe(HMDS)2] which after 3 hours in 

refluxing toluene solution evolves to its abnormal isomer [aIPrFe(HMDS)2].42 Intrigued by 

these precedents, we next pondered whether electrophilic interception of anionic NHC 

complex 5 could also allow access to neutral abnormal Fe complexes. Thus, 5 was treated 

with a molar equivalent of MeOTf at -78°C in toluene (Scheme 3). The reaction took place 

with the formation of a white precipitate (presumably NaOTf) affording neutral abnormal Fe 

NHC complex [CH3C{[N(2,6-iPr2C6H3)]2CHCFe(HMDS)2}] (6) as a yellow crystalline solid 

in a 28% isolated yield. Compound 6 is obtained as the result of the selective methylation of 

the C2 position of the anionic NHC ligand present in 5, leaving its Fe-C4 bond and more 

importantly the Fe-N bonds intact. This is particularly noteworthy as recent studies have 

shown that the amido groups in the related complex [IPr.Fe(HMDS)2] can display basic 

lability, metallating substrates such as PhSeH with the subsequent formation of HMDS(H).31c 
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Scheme 3 Electrophilic interception of anionic NHC complex 5 with MeOTf 

 

Figure 6 - Molecular structure of complex 6 with selective atom labelling.  Hydrogen atoms 
minor disorder components in SiMe3 groups omitted for clarity.  Thermal ellipsoids displayed 
at 50% probability level.  Selected bond distances (Å) and angles (°): Fe-C4 2.113(2), Fe-N3 
1.9732(19), Fe-N4 1.9459(19), C2-N1 1.330(4), C2-N2 1.341(3), C2-C40 1.491(3); C4-Fe-
N3 104.02(8), C4-Fe-N4 132.84(8), N3-Fe-N4 123.14(8), Fe-C4-N2 140.30(16), C40-C2-N1 
125.3(2), C40-C2-N2 126.9(2), N1-C2-N2 107.46(19) 

 

The molecular structure of 6 was established by X-ray crystallographic studies (Figure 6). 

The bond length of 1.491(3) Å for C2-C40 is consistent with a single bond while the Fe-C4 

bond length [2.113(2) Å] is only slightly elongated with respect to that in the anionic 

complex 5 [2.085(4) Å] and almost identical to that reported for [(aIPr)Fe(HMDS)2] 

[2.117(2) Å].42 Supporting previous studies that have described abnormal NHC ligands as 

stronger j-donors than their normal isomers,51 the Fe-C4 distance in 6 is shorter than in the 

related complex containing a normal NHC ligand [(IPr)Fe(HMDS)2] [2.182(2) Å] which also 

features a tricoordinate Fe center.39  

The 1H NMR spectrum of paramagnetic 6 in d8-toluene features a series of broad resonances 

in the range of 29.37 to −33.29 ppm. (Supporting Information). A distinctive very broad 

resonance for the C5 hydrogen atom on the imidazole ring can be seen at −33.29 ppm, which 



14 

 

is just slightly upfield to that observed for the same proton in ferrate 5 (at -26.37 ppm), whilst 

the resonances for the CH3 group attached to the C2 atom of the carbene and for these of the 

HMDS groups appear downfield at 29.36 and −5.05 ppm, respectively. Resonances for the 

aromatic protons are observed at 10.78, 9.64 and 8.58 ppm whilst the lack of symmetry in the 

imidazole ring is evidenced by the presence of two distinct sets of signals for the isopropyl 

substitutes  (h = 1.32 and 1.21 ppm for CH’s and h=4.53, 0.λ8, −3.40 and −6.96 for Me 

groups).  

Magnetic studies 

The electronic structure of the Fe(II) centres in 1-6 was studied through bulk magnetization 

measurements. Thus, molar paramagnetic susceptibility (ぬM) data were collected on 

microcrystalline samples in the 2 to 300 K temperature range, under a constant magnetic field 

of 0.5 T (0.1 T in the case of 3), in the warming mode. The results are represented in Figure 7 

in form of ぬMT vs T curves. In all cases, the ぬMT product at 300 K is slightly higher than the 

expected value (3.00 cm3 K mol–1 for g = 2.0) for one uncoupled high-spin (S=2) iron(II) 

centre (3.67, 3.53, 3.62, 3.39, 3.67 and 3.44 cm3 K mol–1 for 1-6 respectively) indicating that 

the ligand field is insufficient to force a violation of Hund’s rule. The estimated g values 

using the Curie Law for the room temperature data are g=2.21, 2.17, 2.20, 2.13, 2.21 and 2.14 

respectively, which suggests the presence of unquenched angular momentum, which in turn is 

coupled to the electronic spin, thus leading to susceptibility values larger than the calculated 

for "spin-only" systems. Inspection of the curves reveals that in lowering the temperature 

from 300 K, a slight increase of ぬMT takes place for all the compounds, which is attributed to 

a slight decomposition of the sample occurred upon warming (certainly involving the 

oxidation to Fe(III)). In analysing the ぬMT product below the almost imperceptible maximum 

(near 260 K) a very slightly positive slope is barely appreciable, most likely explained by the 

influence of a weak temperature-independent contribution to paramagnetism. Sharp decreases 

are observed for all the products at the lowest temperatures, leading to ぬMT values of 1.35, 

1.04, 1.30, 0.97, 1.45 and 1.59 cm3 K mol–1 (for 1-6 respectively) at 2 K. This very apparent 

decline is explained by the effect of zero-field splitting (ZFS) which is another consequence 

of the presence of spin-orbit coupling. The latter is explained by the nature of the electronic 

states of Fe(II) in this coordination environment, which in their ground state are expected to 

lack any orbital angular momentum (L = 0) that is however altered by mixing of electronic 

excited states with non-zero L. The effects of this mixing can be modeled using the 
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perturbation theory. Thus, the experimental data were fit using the program PHI52  by matrix 

diagonalization of the (perturbative) anisotropic spin Hamiltonian defined in equation 1: 

 茎撫 噺 経 岾鯨實佃態 伐  怠戴 鯨實態峇 髪 継 岾鯨實掴態 伐  鯨實槻態峇 髪 航喋 ゲ 岫鯨實掴訣掴稽掴 髪 鯨實槻訣槻稽槻 髪 鯨實佃訣佃稽佃岻         (1) 

 

In this equation, D and E stand for axial and rhombic ZFS parameters, respectively, 鯨 撫  is total 

spin operator and 鯨徹撫  (i = x,y,z) are the operators of its components. Bi (i=x,y,z) are the 

components of the magnetic induction and 航喋 is the Bohr magneton. The anisotropy of the g 

factor was considered by setting gx = gy ≠ gz, which takes into account the trigonal planar 

coordination environment around Fe(II). No intermolecular interactions where considered, 

given the large distance between paramagnetic centers. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 ぬMT vs T curves of compounds 1-6 (measurement setupμ 2s300 K)μ solid lines 

represent the results of the fits.  

 

The results from the fitting are collected in Table 1. For compounds 1 and 3, the best fits 

reveal the presence of axial zero-field splitting (D values of +7.5 and +8.3 cm挑1, respectively, 

and E = 0) with anisotropic g values where gx = gy > gz. These parameters are in accordance 

with the consistency criterion derived from perturbation theory defined as D = 0.5 そ(gz 挑 

gx),53 taking a value of the spin-orbit coupling parameter そ for Fe(II) close to the that of the 

free ion (挑102 cm挑1).54 Quite similar values were previously reported for the related 

compound [Li(15-crown-5)]+[Fe{N(SiMe3)2}3]−, which exhibits a higher degree of 

axiality.31d Heteroleptic compounds 2 and 4 follow almost an identical pattern of behaviour as 
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the above systems (D values of +9.6 and +10.2 cm挑1, respectively, and E = 0). These values 

of D suggest that replacing one [N(SiMe3)2]− ligand with [CH2SiMe3]− does not modify 

significantly the crystal field around Fe(II) ion, as can be expected bearing in mind the 

structural and electronic similarity of those ligands. The slightly differing effect on the 

magnetic properties, can however be interpreted in terms of the different donor character of 

the ligands (see below). 

In contrast to this, the fits for compounds 5 and 6 led to negative D values (挑15.5 and 挑17.7 

cm挑1, respectively) with the appearance of a rhombic zero-field splitting parameter, E (±4.2 

and ±0.7 cm挑1). The latter is the natural consequence of the deviation from the idealized 

trigonal environment around the metal ion resulting from the presence of NHC ligands, which 

introduce a new interaction with the metal d orbitals due to ヾ donating character of the 

heterocycles. In fact, this not only generates rhombicity but changes the sign of the 

anisotropy, turning axial instead of easy plane. A drastic change in anisotropy of 3d metals as 

a result of changes to the ヾ–donor properties of ligands as observed here, has been previously 

predicted theoretically.56 The anisotropy to the g factor (Table 1) is featured in these fits by 

components not differing significantly but leading to two qualitative distinct behaviors; for of 

6, gx = gy > gz while for 5 gz > gx = gy. This means that 6 does not comply with the above 

mentioned criterion, which could be explained by the presence of strong spin-orbit coupling 

interactions. The latter weakens the accuracy of the perturbative model assumed with the spin 

Hamiltonian of Eq. 1. In any case, the observations are perfectly in line with the behaviour 

revealed by other complexes of the [Fe(HMDS)2L] type (where L= neutral ligand such as 

PCy3, THF or IPr) previously reported, all exhibiting negative D parameters and moderate E 

values that can be fine-tuned by changing the substituents on the ligands employed (see Table 

S2 in Supporting Information for details).10g,31d,39,55 On the other hand, the important effect to 

the anisotropy caused by the ヾ bonding character of the NHC donors present in 5 and 6 is 

very significant and, to the best of our knowledge, it is revealed here for the first time. The 

gradation of D is also reflected in the values of ぬMT at low temperatures, which follow the 

ordering {Fe(HMDS)2CH2SiMe3}− ≈ {NaFe(HMDS)2CH2SiMe3} < {Fe(HMDS)3}− ≈ 

[{NaFe(HMDS)3}∞] < (THF)3Na[:C{[N(2,6-iPr2C6H3)]2CHCFe(HMDS)2}] < [CH3C{[N(2,6-

iPr2C6H3)]2CHCFe(HMDS)2}]. The negative D parameter values for 5 and 6 are consistent 

with this (which imply population of states with higher angular momenta at lower 

temperatures). For the other complexes, this is a consequence of the stronger j-donor 

character of the carbanion over the amido ligand, which, for a positive D parameter, implies a 

larger population of the diamagnetic ground state at lower temperatures. 
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Table 1. Fitting parameters for compounds 1-6 

Complex ȤMTa at r.t. (g) ȝeff
b

 at r.t ȤMTa at 2 K gx = gy gz D (cm-1) E (cm-1) 

1 3.67 (2.21) 5.42 1.35 2.30 2.12 7.5 0.0 

2 3.53 (2.17) 5.32 1.04 2.23 2.28 9.6 0.0 

3 3.62 (2.20) 5.38 1.30 2.30 1.97 8.3 0.0 

4 3.39 (2.13) 5.21 0.97 2.26 2.15 10.2 ±0.1 

5 3.67 (2.21) 5.42 1.45 2.17 2.35 -15.5 ±4.2 

6 3.44 (2.14) 5.25 1.59 2.21 2.12 -17.7 ±0.7 

acm3Kmol–1, bBohr magneton. 

Conclusions 

The new solvent-free sodium ferrates 1 and 2 have been synthesized straightforwardly by co-

complexation of Fe(HMDS)2 with the sodium reagents Na(HMDS) and NaCH2SiMe3 

respectively. The complicated polymeric arrangements of 1 and 2 can be broken down by 

introducing unsaturated carbene IPr to form the discrete NHC-separated ion pair ferrate 3 

and partially NHC-separated (THF is also needed) ion pair 4 respectively.  In these 

complexes the IPr neutral donor coordinates preferentially to the Na atom, while more Lewis 

acidic Fe is coordinated exclusively to anionic ligand sets.  Interestingly, 3 and 4 were also 

obtained when the NHC complex [IPrFe(HMDS)2] was treated with Na(HMDS) and 

NaCH2SiMe3 respectively. Contrastingly, sequentially reacting IPr with NaCH2SiMe3 then 

Fe(HMDS)2  allows the isolation of heteroleptic ferrate 5 where both metals are connected by 

an anionic NHC.  Compound 5 can be envisaged as a product of an indirect ferration process, 

where IPr is first metallated (sodiated) by the polar sodium reagent which in turn undergoes 

fast transmetallation with Fe(HMDS)2. Collectively these findings illustrate the significantly 

different outcomes that are possible in mixed-metal chemistry, when the synergy created by 

two metals operates simultaneously in the one molecule or in a stepwise manner in two 

molecules. Unveiling a new approach in transition-metal chemistry, treatment of 5 with 

equimolar amounts of MeOTf led to the isolation of the tricoordinate neutral iron abnormal 

NHC complex 6 together with NaOTf. Studies probing the magnetic susceptibility properties 

of 1-6 have revealed an important change to their anisotropy by replacing a pure j-donor 

from an idealized trigonal coordination environment (1-4) by an NHC that can offer ヾ 

donating character (5 and 6). 
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EXPERIMENTAL SECTION 

Full experimental details and characterization of compounds 1-6 are included in the Supporting 

Information. 

Supporting Information available: CIF files giving crystallographic results and full experimental 

details are available free of charge via the internet http://pubs.acs.org.  
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By comparing two alternative bimetallic approaches, two different types of sodium ferrate 

complexes have been realized. Reaction of NHC IPr with mixed Na/Fe bimetallic 

compounds, gives donor-acceptor coordination products. Contrastingly, illustrating how 

metal pairs can also work in an stepwise synergistic manner, sequential treatment of IPr with 

a sodium alkyl followed by the addition of an iron bis(amide) affords a novel ferrate 

containing a anionic NHC ligand, resulting from an indirect ferration of process. 


