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ABSTRACT: The oxidative addition of catalytically relevant 
small molecules in molecular iron complexes poses a consid-
erable challenge in achieving ‘precious metal catalysis’ utiliz-
ing this Earth abundant metal. Here, we show that non-
innocent ligands based upon cationic heavier tetrylenes, EII (E 
= Ge, Sn), can work in synergy with a reactive iron center for 
the oxidative cleavage of inert bonds. Specifically, the open-
shell cationic stannylene-iron(0) complex 4 (4 = 
[PhiPDippSn·Fe·IPr]+; PhiPDipp = {[Ph2PCH2Si(iPr)2](Dipp)N}; 
Dipp = 2,6-iPr2C6H3; IPr = [(Dipp)NC(H)]2C:) cleaves dihydro-
gen under very mild conditions (1.5 bar, 298K), in forming  
bridging hydrido-complex 6, which features a [Sn-(μ-H)2-Fe] 
core. This reaction is readily reversible, with hydrogen being 
entirely extruded after simple freeze-thaw degassing of reac-
tion mixtures, regenerating 4. Computational investigation of 
the mechanism incites the necessity of both the Fe0 and SnII 
centers in the key H-H bond scission step. The related GeII 
system, 3, does not activate dihydrogen. However, one-
electron reduction of this species leads to clean oxidative ad-
dition of one C-P linkage of the PhiPDipp ligand in an interme-
diary Fe-I complex, leading to FeI phosphide species 7. In con-
trast, the same one-electron reduction reaction of 4 gives fac-
ile access to the iron(-I) ferrato-stannylene, 8. This presents 
strong evidence for the intermediacy of such a species in the 
reduction of 3, and represents an example of a covalently 
bound formal iron(-I) compound. EPR spectroscopy, SQUID 
magnetometry, and supporting computational analysis 
strongly indicate the high localization of electron spin density 
at Fe-I in this unique d9-iron complex. 

INTRODUCTION 

The seminal discovery of stable carbene complexes by E. O. 
Fischer marked a turning point in modern organometallic 
chemistry,1 our broader interest in the reactive capacity of 
carbene ligands blossoming since that time.2 Carbene centers, 
whilst bound to a metal, can be nucleophilic, electrophilic, or 
indeed ‘spectators’, as for now ubiquitous N-heterocyclic car-
benes (NHCs). Extending these concepts, bespoke pincer  

Figure 1. A: Known CO-free tetrylene complexes of Fe0; B: a 
recently reported CO-free ferrato-stannylene complex; C: acti-
vation of dihydrogen by a rhodium metallo-stannylene; D: this 
work. 

ligands incorporating nucleophilic carbene centers have the 
capacity to actively partake in well-defined bond scission pro-
cesses across the carbene metal linkage,3 in some cases re-
versibly.4 Moving beyond the lightest element of group 14, the 
heavier tetrylenes also have the capacity to behave in this 
manner.5 The past two decades have seen prolific research 
regarding the electronic nature of low-valent group 14 spe-
cies,6  and their bonding interactions with transition metals.5,7 
Due to the greater stability of lower oxidation states, and the 
decrease in electronegativity on descending group 14, their 
chemistry also deviates from that for carbon. Notably, the 
heavier tetrylenes have an amplified ambiphilicity, and are 
more Lewis acidic due to a lessened electronegativity. This 
allows such ligands to behave as electrophiles whilst simulta-



 

neously being strong σ-donors towards a transition metal,8 
opening up a new vista in ligand design. 

Exploration of bond activation with the abundant first-row 
transition metals is central to the development of a sustaina-
ble chemical economy,9 given our reliance on the heavier, 
precious metals of the d-block.10 Here, iron continues to be a 
core focus given that it is the second most abundant metal on 
our planet after aluminum.11 Although cross-coupling cataly-
sis is known for iron,12 known systems do not operate via 
oxidative addition/reductive elimination (OA/RE) processes 
typically invoked in palladium systems, with two-electron 
oxidative addition processes ubiquitous in transition metal 
catalysis.13 Key methods in enabling two-electron chemical 
processes at iron have revolved almost exclusively around 
ligand design.14 Utilizing chemically or redox non-innocent 
organic ligand systems, well-defined oxidative addition of 
catalytically essential bonds such as C-C, C-X (X = Cl-I),13 and 
H-H15 bonds have been realized. Given the aforementioned 
electronically unique nature of the heavier tetrylenes, it fol-
lows that such compounds may stand as effective ligands in 
promoting these important bond activation processes at iron. 

Heavier group 14-iron chemistry is certainly not unexplored. 
In pioneering work from Tilley, closely related ruthenium 
silylene complexes are postulated intermediates in alkene 
hydrosilylation catalysis.16 More recently, the same group has 
successfully accessed stable, base-free hydrido-silylene iron 
complexes via silane activation,17 which may also pertain to 
mechanistic aspects of hydrosilylation catalysis. A small num-
ber of base-free silylene,18 germylene,19 and stannylene 19(a),20 
complexes of iron(0) are now known, although it is noted that 
the vast majority involve the [Fe(CO)4] fragment or deriva-
tives thereof (Fig. 1, A), rendering reactivity involving the iron 
centre essentially nil. Closely related ferrato-tetrylenes have 
also seen considerable attention. Here, base-free derivatives 
bearing two-coordinate group 14 centers are also rare, almost 
exclusively based on the monoanionic [CpFe(CO)2]- fragment 
(Fig. 1, B).21 One very recent report on unique binding modes 
in ferrato-stannylene systems featuring the [Cp*(iPr2MeP)Fe] 
anionic fragment have been reported by Tilley et al.,22 whilst a 
Rh-I metallo-stannylene recently reported by Wesemann et al. 
was shown to activate H2 in the formation of a RhI metallo-
stannylene (Fig. 1, C),23 though a mechanistic investigation 
into the involvement of the SnII center was not carried out. 
Such systems are of interest in their relation to heavier alkyli-
dyne congeners, which have the two resonance ‘extremes’ of 
singly bonded metallo-tetrylenes, and triply bonded tetryli-
dynes, poignantly displayed in both aforementioned Rh-Sn 
and Fe-Sn complexes, and more broadly described in the work 
of Fillipou and Power, who have demonstrated interchangea-
bility between such resonance forms for a number of transi-
tion metals.24 

Our own efforts have focused on the development of chelating 
ligands featuring a tetrylene binding center, which remains 
highly Lewis acidic even when bound to Ni0, due to the lig-
and’s chelating nature.8,25 Herein we describe the extension of 
these systems to low-valent iron chemistry, in the facile ‘one-
pot’ synthesis of cationic germylene and stannylene complex-
es of iron(0). The resulting systems are electronically distinct, 
the SnII complex having an open-shell ground state which al-
lows for the facile and reversible activation of dihydrogen. 
The mechanism for this process is shown to involve both the 
SnII and Fe0 centers in the critical H-H bond activation step. 
These complexes are also convenient starting points for ac-
cessing hitherto unknown open-shell ferrato tetrylenes fea-
turing Fe-I centers. Whilst the target germanium system is 

unstable relative to ligand activation, the tin congener can be 
isolated as a stable, crystalline solid, which represents an 
open-shell, ferrato-stannylene featuring a Fe-I-SnII covalent 
bond.    

RESULTS AND DISCUSSION 

Cationic Tetrylene-Fe0 Complexes 

 

 

Figure 2. Synthesis and molecular structures of compounds 3, 
and 4. Only the cationic part is shown in molecular structures. 
Thermal ellipsoids at 25% probability, and hydrogen atoms 
omitted for clarity. Selected bond distance (Å) and angles (°) 
for 3: Ge1-Fe1 2.1978(6); Ge1-C32 2.049(2); Ge1-N1 1.845(2); 
P1-Fe1 2.2109(9); N1-Ge1-Fe1 137.75(6); N1-Ge1-C32 
119.77(7); Fe1-Ge1-C32 102.28(6); Ge1-Fe1-P1 94.17(3). For 
4: Sn1-Fe1 2.717(1); P1-Sn1 2.998(2); Fe1-C32 2.073(5); Sn1-
N1 2-140(3); C1-N1 1.396(7). 

Two-coordinate-tetrylene complexes of first-row transition 
metals are, as mentioned, very rare indeed. Furthermore, al-
most all low-valent group 14-iron complexes employ carbonyl 
ligands at iron, leading to electronic saturation and thus di-
minished reactivity. Our earlier reports regarding the synthe-
sis of reactive Ni0 systems bearing our cationic tetrylene lig-
ands relied upon the use of the commonly employed Ni0 
synthon, Ni(cod)2. Earlier reports on similar chemistry for Fe0 
systems utilized the elegant, but somewhat inaccessible met-
al-vapor synthesis of bis(η6-toluene)iron(0), used to generate 
the thermally labile (η6-tolulene)(η2-ethene)iron(0) com-
plex.20(c),(d) More recently, a handful of closely related bis-η2-
alkene Fe0 complexes were reported,26 stabilized by bulky N-
heterocyclic carbenes, which we believed may also readily 
undergo alkene substitution reactions.27 To this end, the addi-
tion of the cationic EII ligand precursors, [PhiPDippE][BArF4] (E 
= Ge (1), Sn (2);  PhiPDipp = {[Ph2PCH2Si(iPr)2](Dipp)N}; Dipp = 
2,6-iPr2C6H3; ArF = 3,5-(CF3)2C6H3),28,29 to deep green solu-
tions of IPr·Fe[η2-(vtms)]2  (IPr = [(Dipp)NC(H)]2C:; vtms = 
C2H3SiMe3) rapidly led to the formation of deep yellow-brown 
reaction mixtures (Fig. 2). In-situ 31P{1H} NMR spectroscopic 



 

analysis already suggested differing outcomes for the two 
reactions, that for the GeII system indicative of a single dia-
magnetic reaction product, and that for the SnII system being 
silent, thus indicative of a paramagnetic reaction product. 
Isolation of crystalline material from the two reaction mix-
tures revealed considerably different structures for the two 
ligand systems.  

The sole reaction product formed utilising the GeII ligand sys-
tem (viz. 3) shows Fe0 insertion into the Ge-P bond, forming 
our previously observed chelating ligand motif (Fig. 2). How-
ever, presumably due to the high Lewis acidity of the cationic 
GeII centre, the NHC ligand has migrated from iron to germa-
nium, the iron centre now forming an η6-arene interaction 
with one Dipp group of this NHC ligand. The Ge-Fe distance in 
3 (dGeFe = 2.1978(6) Å) is shorter than all bar one reported Ge-
Fe interactions, the one shorter example being found in a re-
markable (alkyl)(hydrido)germylene iron(II) complex.19(c) The 
GeII center in 3 has a perfectly planar coordination geometry 
(sum of angles = 359.8°), representative of a Ge→Fe dative 
interaction. The DFT derived HOMO (-9.16 eV) shows consid-
erable π-character, which would suggest a degree of Fe→Ge 
back-bonding in this interaction and some degree of multiple 
bond character. This is further borne out by both the Mayer 
Bond Order (MBO) and Wiberg Bond Index (WBI) for this 
bond, at 1.37 and 1.35 respectively. This, together with the 
short Ge-Fe bond distance, would suggest that this interaction 
is best described as a double bond. The average of the C-C 
bond distances in the Fe-bound arene (d = 1.419 Å) is slightly 
greater than the same value for the unbound arene of the NHC 
ligand (d = 1.390 Å), as is known in related arene complexes 
of low-valent iron.30 Considerable broadening of aliphatic sig-
nals in the 1H NMR spectrum of 3 indicates a fluxional charac-
ter in solution, which sharpen when THF-d8 solutions are 
heated to 60 °C (Fig. S5). Notably, at low temperature (i.e. -80 
°C) clear signals at δ = 4.5, 5.4, and 6.5 ppm can be seen, per-
taining to the Fe-bound Dipp group. The 57Fe Mössbauer spec-
trum of 3 (δ = 0.472 mm·s-1; ΔEQ = 1.349 mm·s-1; Fig. S48) is in  

 

Figure 3. Plots of μeff vs. T (left) and χmol vs. T (right) for para-
magnetic SnII-Fe0 complex 4. 

keeping with known Fe0 arene systems,30(b) aiding in confir-
mation of a low-spin, d8 Fe0 complex. This species, to the best 
of our knowledge, thus represents a unique example of a cati-
onic-tetrylene Fe0 complex, and indeed the first GeII-Fe0 com-
plex absent of carbonyl ligands. The structural and electronic 
nature of the closely related SnII system, 4 (Fig. 2), stands in 
stark contrast to the described GeII complex. The SnII center 
indeed binds the Fe0 center; surprisingly, however, insertion 
into the Sn-P bond is not observed, but rather the Fe0 center 
forms an η6-arene interaction with the Dipp group of the 
stannylene ligand, generating a highly strained conformation. 
This strain presumably leads to a significant weakening of the 
P-Sn interaction, which is longer than 98% of reported Sn-P 
single-bonded interactions (dSn···P = 2.999(2) Å; sum of cova-
lent radii = 2.51 Å). The ligand strain is exemplified by the 
acute Sn-Fe binding angle (∠NSnFe =81.32(1)°), and further 
borne out by the angles at the PhiPDipp ligand’s N-donor atom: 
the Sn-N-CDipp and Si-N-CDipp angles of 94.81(3)° and 
142.61(3)° deviate significantly from the ideal of 120°. Finally, 
the Sn-Fe bond distance of 2.717(1) Å is longer than all known 
terminal Sn-Fe bonding interactions. The low-coordinate SnII 
center appears to have some degree of stabilization from one 
aryl group of the NHC ligand bound to Fe0, with a distance of 
3.316 Å between the SnII center and the center of the arene 
plane. This is within the sum of the covalent radii for tin and 
carbon (3.87 Å), but considerably longer than such interac-
tions in related low-coordinate tetrylene cations.31 Electroni-
cally, SnII complex 4 also differs significantly to the GeII sys-
tem. Solutions of redissolved crystalline 4 yield highly broad-
ened 1H NMR spectra, indicative of a paramagnetic system. 
This paramagnetism is rationalized best assuming a high-spin 
configuration for the d8 Fe0 center, with S = 1. Consistent with 
this, complex 4 is silent when studied by X-band EPR spec-
troscopy, and shows the expected behavior for an S = 1 system 
in SQUID magnetometry measurements (Fig. 3). Here, the 
ambient temperature μeff value of 3.95 B is higher than would 
be expected for the spin-only value for two unpaired electrons 
(e.g. 2.83 B), which incites a degree of spin-orbit coupling in 4. 
Indeed, spin-orbit coupling between heavier group 14 ele-
ments and first-row transition metals is a known phenome-
non, allowing for ‘tailoring’ of the magnitude of these effects.32 
These SQUID data are also in good agreement with Curie-
Weiss paramagnetism, indicative of spin-density located at 
iron, with no indication of spin-coupling e.g. arising from lig-
and reduction. Density Functional Theory (DFT) calculations 
also suggest a high spin density at iron (Fig. S64), further sup-
porting the assignment of a high-spin d8 Fe0 complex. This 
spin state leads to a very narrow HOMO-LUMO gap in 4 of 
0.89 eV.33 Alongside the geometrically perturbed Sn-Fe inter-
action and low-coordination environment at the cationic SnII 
center, this provides a promising platform for synergistic 
bond activation in this complex. 

Cooperative bond activation 

The differing electronic nature of the described complexes 
stands as an exciting point of comparison, exemplified by their 
reactivity. One of our key aims in the development of am-
biphilic main group ligands (e.g. 1 and 2) seeks to access sys-
tems whereby the ambiphilic ligand has the capacity to bind 
incoming nucleophiles, with a focus on ammonia.34 This aims 
to activate ammonia in the coordination sphere of the transi-
tion metals, which is typically a highly challenging reaction.35 
Both complexes 3 and 4 rapidly react with ammonia. Addition 
of ~1.5 equiv. of ammonia to dissolved 3 led to dissipation of 
its characteristic deep golden-yellow color, and formation of 
deep red solutions. In-situ 1H and 31P{1H} NMR spectroscopic  



 

 

Figure 4. Above: the reactivity of 3 and 4 towards NH3 and H2, 
respectively, showing reversibility in the latter. Below: the 
molecular structure of the cationic part in NH3-activation 
product 5, and the DFT-derived structure of the cationic part 
in H2 activation product 6. Selected bond distance (Å) and 
angles (°) for 5: Ge1-Fe1 2.219(1); Ge1-N1 1.853(5); Ge1-N2 
1.870(7); Fe1-P1 2.210(3); Ge1···C32 3.520(9); N1-Ge1-N2 
98.8(3); Fe1-Ge1-N1 136.2(2); Fe1-Ge1-N2 124.8(2). 

analysis indicated the clean formation of a single reaction 
product, with a broad 2H singlet in the 1H NMR spectrum at-
tributable to an NH2 moiety (δ = 2.26 ppm). In contrast, the 
same reaction for the SnII system 4 led instead to a complex 
mixture of products,36 giving the first indication that this latter 
complex is considerably more reactive than the GeII congener. 
Deep red single crystals isolated from the former reaction 
indicated the activation of ammonia, through binding at GeII, 
and proton transfer to the NHC ligand, in the formation of 5 
(Fig. 4). This thus indicates that the GeII center in 4 is indeed 
of high Lewis acidity, and so capable of binding the incoming 
nucleophilic NH3. Compound 5 represents a rare example of a 
‘half-parent’ amido tetrylene-transition metal complex,37 and 
the first such complex for germanium. Remarkably, the now 
protonated imidazolium salt remains bound to the Fe0 center 
through an η6-arene interaction. The Ge-Fe distance of 
2.219(1) Å is slightly elongated relative to starting material 3, 
likely due to increased N→Ge donation, so reducing Fe→Ge 
back-bonding. As described, the NH2 ligand at Ge can be ob-
served in the 1H NMR spectrum (δ = 2.26 ppm), as well as in 
the IR spectrum of the powdered compound (ν = 3434 and 
3335 cm-1). Despite the persistent binding of the protonated 
NHC in 5, attempts to drive reversibility in this ammonia acti-
vation reaction failed, e.g. through application of heat and/or 
vacuum to dissolved 5. Still, this reaction demonstrates a 
unique cooperative ammonia activation mechanism, in which 
the low-valent group 14 element (e.g. GeII) interestingly main-
tains its low oxidation state. 

We then moved our sights to the activation of H2, expected to 
be more challenging given the apolar nature of this small mol-
ecule. Here, GeII complex 3 showed no signs of reactivity, even 
after prolonged heating and increased H2 pressures (e.g. up to 
3 bar). Complex 4, on the other hand, readily reacts with H2 
under 1.5 bar pressure, and at ambient temperature. Charging 
a gas-tight NMR tube containing a C6D6 solution of paramag-
netic 4 with H2 led to the formation of a single new diamag-
netic reaction product, showing a singlet in the 31P{1H} NMR 
spectrum at δ = -24.2 ppm. More poignantly, a broad signal is  

 

Figure 5. The DFT-derived reaction coordinate for the cooper-
ative activation of H2 by model cationic stannylene-iron(0) 
complex 4’, yielding 6’.  

observed in the 1H NMR spectrum, at δ = -13.63 ppm, integrat-
ing to 2H and bearing clear 117/119Sn satellites (1JSnH = 331 Hz; 
Fig. S18). Conducting the same reaction with D2 gives a 1H 
NMR spectrum identical to that described, but lacking the 
described high-field resonance (Fig. S26). The 2D NMR spec-
trum of these reaction mixtures reveals a resonance at δ = -
13.97 ppm, in keeping with the activation of D2 (Fig. S28). 
Remarkably, degassing these reaction mixtures leads to quan-
titative regeneration of the starting material, thus signifying 
the facile reversible H2 activation by 4. This point rendered it 
highly challenging to attain further analytical data on this 
complex, and indeed to crystallize pure samples of H2 activa-
tion product 6. Although crystalline material of this species 
could be isolated, high levels of disorder prevented refine-
ment to levels acceptable for publication; nevertheless, this 
did allow us to ascertain the connectivity in 6 (Fig. S60 in ESI). 
Furthermore, this data could be utilized for the computation-
ally derived lowest energy conformation of 6 (Fig. 4). Here, it 
is found that the hydride ligands in this complex symmetrical-
ly bridge the Sn and Fe centers, in keeping with the single 
resonance observed for these ligands in 1H NMR spectra of 
reaction mixtures. Indeed, although rare, known examples of 
stannane-iron complexes featuring bridging hydride ligands 
have similar shifts and coupling constants in their respective 
1H NMR spectra.38 At this stage, we were particularly curious 
as to whether the reversible activation of H2 in 4 proceeds via 
a cooperative mechanism, that is, involving both Sn and Fe. A 
DFT investigation of the potential energy surface for this reac-
tion mechanism suggests that this is indeed the case. Upon 
initial H2 addition an intermediary σ-bond complex is formed 
at Fe0 (IM1, 16.1 kcalmol-1). One H-atom can then form a 
bridging interaction with the cationic SnII center (TS2, 21.2 
kcalmol-1). This then proceeds by H-H bond scission, so form-
ing bridging hydride complex 6 (-4.0 kcalmol-1). This reaction 
coordinate therefore provokes the involvement of both Sn and 
Fe centres in the cleavage of H2, giving insights into the design 
of heteroelemental systems for the cooperative activation of 
inert bonds. The small exergonic value for the overall reaction 
(4.0 kcalmol-1) is in keeping with the observed reversibility in 
this process. An additionally important point here is the oxi-
dation state of iron in the formed hydride complex. Combined 
X-ray crystallographic studies and DFT calculations indicate a 
pseudo-octahedral iron centre in 6. This, in addition to the 
diamagnetic nature of this compound, would indicate a low-
spin d6 FeII electronic configuration, thus making this reaction 
a rare example of reversible two-electron oxidative addition 



 

at an iron centre.13-15 This further highlights the utility of the 
novel cationic tetrylene ligands employed here, in assisting 
otherwise challenging bond activation processes. 

Accessing Open-Shell Ferrato-Tetrylenes 

 

Figure 6. Cyclic voltammograms of complexes 3 (above) and 4 
(below), in THF/[N(n-Bu)4]PF6, at a scan rate of 100 mV·s-1. 

Despite the low-valent nature of both the tetryl and transition 
elements in complexes 3 and 4, we hypothesized that their 
reduction may be possible, given that sub-valent iron systems 
(viz. ferrates) are known.39 The most common such species 
are Fe-II species, which are stable due to their d10 electronic 
configuration.39(b) On the other hand, formal Fe-I complexes 
are very rare indeed. This compound class is largely repre-
sented by ion-separated alkali metal ferrates, such as Ellis’s 
[(η4-anth)2Fe][K(L)n].39(c) A number of reduced complexes 
derived from or relating to this ferrate involving redox active 
ligands are indeed known, whereby ligand reduction occurs, 
forming higher valent iron species.40 Further examples of salt-
separated anionic complexes, potentially featuring Fe-I centers 
have been reported by Peters et al., although the oxidation 
state at iron is not entirely clear, with potential reduction of 
employed ligands (e.g. borane, dinitrogen, and/or cyclic-
alkylaminocarbene).41 Covalently bound Fe-I species remain 
elusive. In this regard, one-electron reduction of both 3 and 4 
would lead to neutral ferrato-tetrylene complexes, featuring 
covalently bound, open-shell Fe-I centers.  

We first investigated the electrochemistry of complexes 3 and 
4, as THF solutions against the ferrocene reference electrode 
(Fig. 6). Both complexes show chemically reversible reduc-
tionevents (Ge: E1/2 = -1.65 V; Sn: E1/2 = 1.44 V). Given that 
these values are roughly within the reduction potential of 
Cp*2Co (Cp* = [Me5C5]-),42 we sought the chemical one-
electron reduction of both 3 and 4 with this soluble reducing 
agent. Reduction of the GeII system led to formation of a deep 
red solution, with the precipitation of a pale yellow powder 
presumed to be [Cp*2Co][BArF4]. Analysis of the reaction mix-
ture by NMR spectroscopy revealed only highly broadened 
spectra indicative of paramagnetism in reaction products. 
Good yields of a single reaction product could be isolated as  

Scheme 1. Reduction of complexes 3 and 4, forming 
ferrato-stannylene 8, and ligand-activation product 7 
(inset: molecular structure of 7). 

 

deep red crystals, found to be the ligand activated product 7 
(Fig. 7), formally a phosphido-iron(I) compound. We hypothe-
sise that this forms via an intermediary ferrato-germylene 7’, 
with an Fe-I centre, which oxidatively cleaves one P-Ph bond of 
the flanking ligand arm (Fig. 7).43 As such, this process repre-
sents another example of a formal two-electron oxidative ad-
dition at an Fe-I center. Complex 7 contains no formal Ge-Fe 
interaction (dGe···Fe = 3.432(2) Å); the NHC ligand has now 
migrated back to the iron(I) center, which also bears an η6- 
arene interaction with the phenyl group located at GeII. The 
formation of this product is testament to the high reactivity of 
the intermediate Fe-I species. Extending this chemistry to the 
SnII system, we were surprised to find that in fact the tin con-
gener of the target ferrato-tetrylene is indeed stable. Although 
reduction with Cp*2Co also led to the formation of a yellow 
precipitate, again presumably [Cp*2Co][BArF4], isolation of 
meaningful quantities of a pure product proved challenging 
from these reaction mixtures. However, direct addition of two 
equivalents of the Fe0 precursor to the cationic stannylene 2 
proved to be reducing enough to form the ferrato-stannylene  

 

 

Figure 7. The molecular structure of iron(-I) ferrato-
stannylene 8, with ellipsoids at 25% probability, and hydro-
gen atoms omitted for clarity (inset: HOMO-1, representing 
the Sn-centered lone electron pair). Selected bond lengths (Å) 
and angles (°) for 8: Sn1-Fe1 2.6489(9); P1-Fe1 2.238(1); Sn1-
N1 2.186(2); Sn1-C32 2.444(3); Sn1-Fe1-P1 96.06(2); Fe1-
Sn1-N1 107.59(6); Fe1-Sn1-C32 86.34(6); N1-Sn1-C32 
115.44(8). 



 

 

Figure 8. Above: the DFT optimized structure of 8, and a spin-
density plot of 8, orange showing areas of positive density, 
and purple negative. Below: the EPR spectrum of 8 as a frozen 
THF glass at 113K, overlaid with the simulated spectrum.  

8 in moderate crystalline yields, following separation from 
cationic by-products through extraction and crystallization 
from pentane. The molecular structure of compound 8 is simi-
lar to that for the cationic germylene complex 3, in that the 
ligand’s phosphine arm now chelates the formally Fe-I center, 
and the NHC is now located on SnII, with one Dipp fragment 
forming an η6-arene interaction with iron. The key difference 
is the coordination geometry at SnII, which is now trigonal 
pyramidal due to the presence of a stereo-active lone pair of 
electrons (sum of angles = 309.76 °). This contrasts with that 
of the GeII center in 3, the planarity of which indicates Ge→Fe 
electron donation (sum of angles = 359.8 °), and thus the ab-
sence of a formal bonding interaction. A notable contraction of 
the Sn-Fe bond distance is observed on moving from cationic 
4 to neutral 8, concomitant with a considerable decrease in 
the calculated polarization in this bond (Table 1). These ob-
servations point towards a formal covalent Sn-Fe bonding 
interaction in 8. The absence of any other redox-active ligand 
bound to the Fe center in this complex would lead to the for-
mal oxidation states of SnII/Fe-I. The paramagnetic nature of 8, 
ascertained by its 1H NMR spectrum (μeff = 2.38 μB using Evans 
method), indicates that this species is indeed an example of an 
open-shell metallo-tetrylene. To the best of our knowledge 
this represents the first example of such a compound, and 
indeed a unique example of a covalently bound iron(-I) com-
plex. To gain further insights into the electronic nature of fer-
rato-stannylene 8, and to ascertain the location of the free 
electron in this species, a combination of SQUID magnetome-
try, and EPR and Mössbauer spectroscopy were employed, 
supported by DFT calculations. The EPR spectrum of a frozen 
glass of 8 in toluene (5 mM) yields a rhombic spectrum (Fig. 
8). Supported by the simulated spectrum, three g-values of 
2.0126, 2.0410, and 2.3050 are found, giving a giso of 2.1195, 
fitting well for an iron-centered electron.44 Hyperfine coupling 
to 31P, 117Sn, and 119Sn is clearly observable, the scales of 
which also indicate negligible radical character at these cen-
ters (Table S10).45 Calculated spin-density plots of model  

Table 1. Selected metrical, analytical, and calculated 
parameters for 4 and 8. 

 4 

dSn-Fe, Å 2.717(1) 

Mössbauer 
Isomer Shift, δ  0.777 

ΔEQ, mm·s-1 1.349 

Fe-Sn Bond 
Polarisation 

Fe/Sn 24.23/75.77 

Spin popula-
tion, % 

Fe/Sn 70.97/11.13 

NPA charge Sn/Fe/C 0.59/0.53/0.15 

WBI Sn-Fe/Fe-C 0.52/0.57 

MBO Sn-Fe/Fe-C 0.53/0.77 

   

 
8 

dSn-Fe, Å 2.6489(9) 

Mössbauer 
Isomer Shift, δ  0.520 

ΔEQ, mm·s-1  1.574 

Fe-Sn Bond 
Polarisation 

Fe/Sn 58.19/41.81 

Spin popula-
tion, % 

Fe/Sn 77.95/16.36 

NPA charge Sn/Fe/P 0.65/-0.19/1.02 

WBI Sn-Fe/Fe-P 0.78/0.73 

MBO Sn-Fe/Fe-P 0.82/0.80 

 

complex 8’ also infer a high degree of spin density at Fe 
(77.95%; Fig. 8).  

The zero-field 57Fe Mössbauer spectrum of 8 exhibits an un-
symmetrical quadrupole doublet with an isomer shift of δ = 
0.520 mm·s-1, and a large quadrupole splitting of ΔEq = 1.574 
mm·s-1. Although the isomer shift is typically considered the 
key parameter for the assignment of the oxidation state, the 
lack of reported Fe-I compounds limits the applicability of this 
tool in the present case, especially given that isomer shifts 
have also been found to depend on various other factors (lig-
and properties, ligation etc.).46 In this regard, 8 is compared 
perhaps most reasonably with compound 3, which features a 
rather similar ligand scaffold around the iron center. Lower-
ing the oxidation state from Fe0 to Fe-I on going from 3 to 8 
would be expected to lead to a shift of the isomer shift into the 
positive region. The lengthening of the iron-tetryl element 
bond in 8 compared to that in 3 should also lead to a more 
positive isomer shift, which is indeed the case. However, even 
more factors change (replacement of Ge by softer Sn, and 
transformation of a donor/acceptor bond into a covalent 
bond), so that it is advisable not to overinterpret these data. 
The same holds true for the quadrupole splitting that is com-
parable for both compounds. Looking now a magnetometry 
data, the inverse of μeff, derived from SQUID measurements, 
shows a linear increase with increasing temperature (Fig. 
S46), in-keeping with Curie-Weiss magnetism, and again in-
dicative of an iron-centered electron. The SQUID-derived 
magnetic moment for 8 (μeff298 = 2.33 μB) is in keeping with 
that found in the solution state using the Evans method (2.38 
μB), and is considerably lower than that observed for cationic 



 

complex 4 (3.95 μB), as is expected following a one electron 
reduction. Again, as for 4, this is greater than the spin-only 
value expected for an s = ½ system, indicative of a degree of 
spin-orbit coupling in this compound.32 With these key data in 
hand, it is clear that 8 bears a single unpaired electron, which 
is localized at the iron center in this compound, demonstrated 
primarily through EPR spectroscopy, and supported by DFT 
studies. As such, the data discussed here strongly support the 
formation of a molecular, covalent Fe-I compound in 8, which 
is to the best of our knowledge the first example of such a 
species.  

CONCLUSIONS 

We have presented facile synthetic routes for gaining access 
to unprecedented cationic-tetrylene complexes of iron(0). 
Intrinsic differences in the electronic nature of the GeII and 
SnII ligands leads to considerably different electronic states in 
the formed complexes: the GeII system forms a low-spin, 
closed shell ground state, whilst the SnII complex is has a high-
spin, open shell ground state. The high reactivity of the latter 
open shell system is demonstrated through the activation of 
dihydrogen, a process which is in fact reversible, and proceeds 
via a cooperative mechanism involving both SnII and Fe0 in the 
key bond scission step. Further, the described tetrylene 
iron(0) complexes prove to be ideal synthons for accessing 
hitherto unknown iron(-I) ferrato tetrylenes. Whilst the ger-
manium system is unstable, undergoing ligand activation pre-
sumably through a two-electron oxidative addition process at 
iron, the SnII-Fe-I system is a stable, crystalline compound. 
Thorough analysis of this unique species suggests a high de-
gree of spin density at Fe, and highly covalent Sn-Fe bonding 
interaction, opening a new vista in low-valent d-block chemis-
try. Further expansion of this compound class is currently 
underway in our laboratories, to uncover the potential reac-
tivity of these unprecedented species, with a focus on two 
electron oxidative addition processes which are typically chal-
lenging in iron chemistry. 
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