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Cationic silyldiazenido complexes of the Fe(diphosphine)2(N2) 
platform: structural and electronic models for an elusive first 
intermediate in N2 fixation  

Adam D. Piascik,a Peter J. Hill,a Andrew D. Crawford,a Laurence R. Doyle,a Jennifer C. Greenb and 
Andrew E. Ashley*a 

The first cationic Fe silyldiazenido complexes, [Fe(PP)2(NN-

SiMe3)]+[BArF
4]– (PP = dmpe/depe), have been synthesised and 

thoroughly characterised. Computational studies show the 

compounds to be useful structural and electronic surrogates for 

the more elusive [Fe(PP)2(NN-H)]+, which are postulated 

intermediates in the H+/e– mediated fixation of N2 by Fe(PP)2(N2) 

species. 

The study of well-defined transition metal (TM) species 

capable of binding and fixing the inert N2 molecule has been 

the subject of research for over 50 years, with the last decade 

seeing increased interest in the use of Fe model complexes as 

potential nitrogenase mimics.1 Only a few Fe-containing 

compounds have been reported that are capable of mediating 

the catalytic reduction of N2 using chemical H+ and e– 

sources,2,3 and we recently reported that the simple Fe(0) 

phosphine complex Fe(depe)2(N2) [1; depe = Et2PCH2CH2PEt2] 

mediates the efficient catalytic reduction of N2 in conjunction 

with excess acid and reductant; this was the first system using 

a molecular TM compound which was selective for N2H4 

production over NH3.4 Nevertheless, mechanistic details for 

these N2 to N2H4/NH3 conversions remain scarce, mostly due 

to rapid reaction rates and the high lability of the various 

FeNxHy intermediates.5 In particular, examples which establish 

the structural and electronic changes upon mono-protonation 

of Fe-ligated N2 to form diazenide species (Fe-NN-H) remain 

elusive to date.  

 Functionalisation of TM-bound N2 with electrophiles other 

than H+ offers a valuable alternative strategy by which 

analogues of potential intermediates in the production of NH3 

and N2H4 can be isolated. Notably, silylium ions (R3Si+) are valid 

proton mimics in this regard since they are isolobal and 

isocharged with H+, yet impart an enhanced kinetic stability to 

the resultant silyldiazenides, which greatly facilitates the 

detailed characterisation of complexes relative to their 

protonated counterparts.3,6 However, structurally verified 

examples resulting from the direct monosilylation of FeN2 

species remain limited7-9 and, despite the proven competence 

of 1 in catalytic N2 fixation, none have yet been reported for 

this system.10 Accordingly, we sought to silylate the 

coordinated N2 fragment in 1 and its related congener 

Fe(dmpe)2(N2) (2; dmpe = Me2PCH2CH2PMe2), and herein we 

report the synthesis and characterisation of the first cationic 

Fe-silyldiazenido complexes: [Fe(PP)2(NN-SiMe3)]+ [PP = depe 

(3); dmpe (4)]. Furthermore, through the aid of computational 

calculations, we show that these isolated species emulate the 

electronic structure of their [Fe(PP)2(NN-H)]+ analogues.  

  

Scheme 1 Synthesis of cationic Fe-silyldiazenido complexes 3 and 4 

Addition of Me3SiCl11 to solutions of either 1 or 212 in DFB (1,2-

difluorobenzene) did not lead to any reaction, as evidenced by 
1H and 31P{1H} NMR spectroscopy. However, subsequent 

addition of K+[BArF
4]– [ArF = 3,5-(CF3)2C6H3; 1 eq.] as a Cl– 

abstracting agent resulted in an immediate colour change to 

dark red, concomitant precipitation of KCl, and appearance of 

a new singlet resonance in the 31P{1H} NMR spectrum (δ: 77.0 

and 58.6 ppm, from 1 and 2 respectively). After a 

straightforward work-up, these products were isolated in good 

yields as dark red, highly air-sensitive microcrystalline solids 

(Scheme 1) which gave elemental microanalyses consistent 

with their anticipated composition. Single crystals of each 

compound suitable for X-ray diffraction were grown from 

cooled (–30°C) Et2O solutions, which solved as 

[Fe(depe)2N2(SiMe3)][BArF
4] (3) and 

[Fe(dmpe)2N2(SiMe3)][BArF
4] (4) (see Figure 1). 
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Figure 1. ORTEP diagrams showing the solid-state structures of (a) 3 and (b) an 

expanded view of Fe-N-N-SiMe3 unit in 4, showing acute bending of N-N-Si angle. H 

atoms and [BArF
4]

– counterions omitted for clarity; ellipsoids shown at 50% probability. 

Refer to Table 1 for selected bond lengths and angles.  

4 crystallises with two independent Fe-containing cations in 

the asymmetric unit, which are virtually identical. 3 and 4 are 

isostructural and reveal a distorted trigonal bipyramidal 

geometry about the Fe centre [τ = 0.73 (3), 0.79 (4)].13 The Fe-

N bond lengths (see Table 1) are appreciably shorter, and N-N 

bond lengths notably longer, than in 1 (cf. 1.748(8) Å and 

1.142(7) Å respectively);14 together with the approximately 

linear Fe-N-N unit this is consistent with Fe-N and N-N π-

bonding transmitted along the triatomic framework.  

 Solution (DFB) IR spectroscopy of 3/4 revealed νNN values 

of 1732/1727 cm–1 (1669/1668 cm-1 for 3-15N2/4-15N2) which 

correspond to substantially weakened N-N bonds in 

comparison with those found for either 1 or Fe(dmpe)2(N2) (IR: 

1956 and 1975 cm–1, respectively).12 

 
Figure 2. Solution-phase 15

N {
1
H} NMR spectra of (a) 1 and (b) 3 (P = PEt2). 

The 15N{1H} NMR spectra of 15N2-3/4 (Figure 2) show signals at 

–9.4/–0.6 ppm (Nα) and –139.1/–130.1 ppm [Nβ; verified by 1H-
15N HMBC spectroscopy to couple with the 1H resonance of the 

(CH3)3Si group], with the chemical shift differences between Nα 

and Nβ (∆δ ≈ 130 ppm) being significantly larger than those 

seen for 1 and 2 (∆δ = 7.8 and 1.8 ppm, respectively). The 

downfield shift for the Nα resonances (ΔδNα: 3/4 = 35.2/46.4 

ppm), and concomitant upfield shift for the Nβ signals (ΔδNβ: 

3/4 = –86.7/–81.3 ppm) from the corresponding values of 1 

and 2 are consistent with previously reported changes upon 

silylation of TM-N2 species.8,15 Collectively these data correlate 

with an enhanced transfer of electron density from Fe into the 

NN fragment upon electrophilic attack at the terminal nitrogen 

(Nβ), which results in an increased Fe-N bond order attendant 

with a reduction in the N-N bond order. Recently, the borane 

adduct Fe(depe)2(NN·B(C6F5)3) has been structurally verified,16 

which permits a valuable comparison between electrophiles of 

differing Lewis acidity upon the extent of electron transfer 

from Fe to N2, using the same parent system 1. The lower IR 

stretching frequencies17 and higher 15N NMR shift separations 

seen for 3/4 relative to the B(C6F5)3 compound (νNN = 1830 cm–

1
; ∆δ = 109 ppm) are consistent with the greater Lewis acidity 

of [R3Si]+ 
vs

 B(C6F5)3,18 thus translating to augmented Fe→N2 

polarisation and a weaker N-N bond. 

Table 1. Experimental and calculated bond lengths and angles for [Fe(PP)2(N2-R)]+ (R = 

SiMe3, H) compounds. 

 

Compound 
Fe-N 

(Å) 

N-N  

(Å) 

FeNN  

(°) 

NN(Si/H) 

(°) 

[Fe(depe)2(N2SiMe3)][X] 

3a 

1.691(6) 1.194(8) 171.1(6) 133.8(5) 

[Fe(depe)2(N2SiMe3)]+ 3b 1.69 1.21 170 138 

[Fe(dmpe)2(N2SiMe3)][X] 

4a, c 

1.692(3) 

1.692(3) 

1.197(5) 

1.203(5) 

176.2(3) 

175.8(3) 

127.0(3) 

126.9(3) 

[Fe(dmpe)2(N2SiMe3)]+ 4b 1.69 1.20 173 133 

[Fe(depe)2(N2H)]+ 5b 1.68 1.22 175 113 

[Fe(dmpe)2(N2H)]+ 6b 1.68 1.22 172 113 

[X] = [BArF
4]–.a from solid-state X-ray diffraction; b determined by DFT calculations 

(BP86 functional and TZP basis sets, see ESI); c two independent cations in 

asymmetric unit. 

The Peters group have reported the structures of five-

coordinate neutral silyldiazenides {[o-(PiPr2)C6H4]3E}Fe(NN-

SiMe3) [E = B (I), Si (II)],7,8 which display comparable bond 

distances (Fe-N, I/II: 1.6952(2)/1.6960(8) Å; N-N, I/II: 

1.225(av)/1.195(3) Å) and IR stretching frequencies (νNN, I/II: 

1741/1748 cm–1). These similarities are somewhat surprising 

considering that the N2SiMe3 group in I/II is axially bound 

trans to a B/Si atom in contrast to the equatorial site found in 

3 and 4, and the different spin state of I (S = ½) vs the 

diamagnetic nature of II, 3 and 4.  

Figure 3. Structures of (a) silyldiazenide and (b) silyldiazenium compounds; (c) 

Fe-N-N-(SiMe3) π-bonding description within 3 and 4 (HOMO-1), showing the 
interplay between electronic and steric effects upon the N-N-SiMe3 bond angle. 

Nevertheless, a key difference between 3/4 and I/II are their 

considerably more acute N-N-Si angles [cf. I/II: 

164/165.6(3)°],19 which could indicate lone pair development 

on Nβ (trigonal sp
2 hybridisation) due to significant transfer of 
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electron density from the Fe centre to π*(N-N).7 This could 

have potential ramifications for the assignment of the formal 

oxidation state of Fe in 3 and 4. For example, the related 

complex {[o-(PPh2)C6H4]3Si]}Fe(NN-Ph) (III) shows a N-N-C 

angle of 122.5(5)° (close to that found in 3/4) and has been 

described as d
6 Fe(II), whereas the less bent II has been 

formulated as a d8 Fe(0) anion which backbonds strongly into 

the π* orbitals of the [N2SiMe3]+ fragment;8 on the basis of N-

N-Si bond angles alone, these suggest that 3 and 4 could be 

treated as Fe(II) rather than Fe(0) compounds. The structural 

and electronic features of TM-diazenido compounds has 

recently been comprehensively reviewed by Dilworth,20 who 

categorised these latter two examples using a simple valence 

bond treatment. III is termed a ‘singly-bent’ silyldiazenido 

with the N2SiMe3 fragment acting as a 3e– donor (LX; Nβ sp
2 

hydridised), whilst II is considered a rare example of a 

silyldiazenium adduct which displays a linear TM-N-N-Si 

geometry and the positively charged ligand donating 2e– (L; Nβ 

sp hydridised) (see Figure 3a and 3b).  

 In order to gain deeper insight into the electronic structure 

of the complexes 3 and 4, density functional theory (DFT) 

calculations were performed. Geometry optimisation of 

[Fe(PP)2(NN-SiMe3)]+ (PP = depe, dmpe) cations gave bond 

metrics in good agreement with those found experimentally 

(Table 1; see ESI for full details), although with slightly more 

obtuse N-N-Si bond angles than those observed from X-ray 

diffraction data. Whilst the HOMO and HOMO-2 of 3 and 4 are 

essentially non-bonding on Fe, the HOMO-1 and HOMO-3 of 

these species display significant Fe-N π-bonding character, 

indicative of multiple bonding between Fe and Nα (see Figure 

4(a) and ESI). To ascertain the degree of population of the 

N2SiMe3 π* orbitals, calculations were performed on separated 

[Fe(PP)2]+ and N2SiMe3 fragments.21 These revealed that the N-

N π* orbitals (LUMO and SOMO) are significantly occupied (the 

N2SiMe3 fragment bearing ca –0.15 e–
 charge) whilst the 

Fe(PP)2 moiety has ca +1.15 of positive charge spread across it, 

indicating highly effective back-donation from the latter.  

 Since the experimental and calculated parameters for 

[Fe(PP)2(NN-SiMe3)]+ correlate so well, we investigated 

whether 3 and 4 represented isolable structural and electronic 

models for their hitherto unobserved [Fe(PP)2(NN-H)]+ 

counterparts. Encouragingly, DFT calculations performed on 

[Fe(PP)2(NN-H)]+ [PP = depe (5); dmpe (6)22] provided 

analogously distorted trigonal bipyramidal geometries (τ = 

0.81) and very similar bond metrics to those of [Fe(PP)2(NN-

SiMe3)]+ (see ESI and Table 1); the four highest energy HOMOs 

and two lowest energy LUMOs display virtually identical Fe-

NNR bonding characteristics to 3 and 4. Thus, it would appear 

that isolable 3 and 4 are indeed close mimics of 5 and 6, which 

are postulated to be the first intermediates along the pathway 

to N2 fixed products upon protonation of the respective 

Fe(PP)2(N2) species. Interestingly, the slightly greater 

elongation of the N-N bond and more acute N-N-R angle found 

for 5/6 suggest a slightly more activated N2 unit; this is 

supported by the enhanced negative charge on the N2H 

fragment (ca –0.29), and respective positive charge residing on 

Fe(PP)2 (ca +1.29), from fragment calculations.   

 Szymczak has proposed that the energy of a π* orbital in N2 

can be lowered via interaction with B-based electrophiles, 

which leads to augmented back-bonding from a Fe(depe)2 

fragment. Using a Walsh-type analysis, it was shown that this 

interaction is optimised for a bent rather than linear N-N-B 

bond angle, as this maximises overlap between the B p-orbital 

and a lobe of the N2 π* MO; for the B(C6F5)3 adduct this was 

experimentally determined to be 137.0(3)°.16 The 

experimental and theoretical trends in N-N-R bond angles for 

the [Fe(PP)2(NN-R)]+ species appear to corroborate this theory, 

demonstrating the greater ability of H+ to achieve optimal N2 

π* overlap without leading to the steric penalties encountered 

by the considerably bulkier Me3Si+ group [or indeed B(C6F5)3], 

coupled with the higher electronegativity of H vs Si (χP = 2.1 

and 1.9, respectively); together these factors lead to more 

acute N-N-R angles in 5/6 vs 3/4 commensurate with amplified 

Fe→N2 polarisation. Thus, this series of compounds, which 

probe how different electrophiles affect the extent of N2 

activation in closely related Fe(PP)2(N2) systems, also reveals a 

correlation with N-N-R bending which is an interplay between 

the steric requirements and the electrophilicity of the R group 

(see Figure 3c).  

 Notably for all [Fe(PP)2(NN-R)]+ complexes examined here, 

the highest occupied orbitals have significant 3d content, and 

hence the trigonal bipyramidal structure characteristic of a 

five-coordinate d
8 FeL5 system [e.g. Fe(CO)5]. In conjunction 

with the diamagnetic behaviour of 3 and 4, these results 

suggest that their bonding is best described akin to that in II 

viz. a low-spin neutral Fe(0) Fe(PP)2 fragment which exhibits 

potent back-bonding and charge transfer into the 2e– donor 

ligand [N2SiMe3]+, that ultimately renders the Fe(PP)2 core as 

the principal acceptor of positive charge.  
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Conclusions 

The direct silylation of the terminal N atom in Fe(PP)2(N2) (PP = 

depe, dmpe) has enabled the synthesis and structural 

characterisation of [Fe(PP)2(N2-SiMe3)][BArF
4], the first cationic 

Fe species containing a silylated diazenido ligand, which 

feature substantial N-N bond weakening and unusually acute 

N-N-SiMe3 bond angles. Computational investigations show 

these formally Fe(0) d
8 species are effective structural and 

electronic mimics of the hitherto non-isolable [Fe(PP)2(N2-H)]+, 

postulated first intermediates in N2 fixation by protonation of 

Fe(PP)2(N2), thus validating the hypothesis that the [SiMe3]+ 

group is an instructive structural and electronic surrogate for 

H+. Further investigations into the use of silylated analogues to 

probe the mechanism of N2 fixation by Fe(PP)2(N2) are now 

underway.23  
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Crossland, D. T. Regan, C. T. Lopez and D. R. Tyler, Inorg. 

Chem., 2013, 52, 14178). We are currently investigating this 
divergent reactivity. 
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Functionalisation of Fe-bound dinitrogen affords novel cationic silyldiazenido complexes, which are 

structural surrogates for unstable protonated intermediates in N2 fixation. 
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