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Abstract: The germanium iron carbonyl complex 3 was
prepared by the reaction of dimeric chloro-
(imino)germylene [IPrNGeCl]2 (IPrN=bis(2,6-
diisopropylphenyl)imidazolin-2-iminato) with one equiv-
alent of Collman’s reagent (Na2Fe(CO)4) at room
temperature. Similarly, the reaction of chloro-
(imino)stannylene [IPrNSnCl]2 with Na2Fe(CO)4

(1 equiv) resulted in the Fe(CO)4-bridged
bis(stannylene) complex 4. We observed reversible
formation of bis(tetrylene) and tetrylene-tetrylone char-
acter in complexes 3 vs. 5 and 4 vs. 6, which was
supported by DFT calculations. Moreover, the Li/Sn/Fe
trimetallic complex 12 has been isolated from the
reaction of [IPrNSnCl]2 with cyclopentadienyl iron
dicarbonyl anion. The computational analysis further
rationalizes the reduction pathway from these chlorote-
trylenes to the corresponding complexes.

Introduction

Low-valent heavy Group 14 compounds are of great interest
in contemporary research, due to their intriguing bonding,
structures, and transition metal-like reactivity.[1] Monomeric
divalent compounds of the heavier Group 14 elements (also
known as tetrylenes), possess a lone pair of electrons and a
vacant p-orbital (Figure 1a, left), and as a consequence have

seen use in applications including small molecule activation,
catalysis, and coordination chemistry.[2] Zerovalent com-
pounds of Group 14 (tetrylones), in which the central tetrel
atom is stabilized by two ligands via a donor-acceptor
interaction, possess four valence electrons in the form of
two lone pairs of electrons (Figure 1a, right).[3] Over the past
two decades, the isolation and reactivity of tetrylones has
garnered much attention.

Figure 1 outlines recently reported low-valent germa-
nium and tin compounds supported by various donor
ligands.[4,5] For instance, in 2016, Driess and co-workers
reported the bis(silylenyl)pyridine-stabilized germylone iron
carbonyl complex A and its tin derivative (Figure 1b).[6] In
addition, two acceptor free E0 compounds (E=Ge (B), Sn
(C)) stabilized by a bis(imino)pyridine pincer ligand were
isolated by Nikonov, Fischer and Flock et al.,
respectively.[4e,j] More recently, Rivard and co-workers
reported on the synthesis of the dimeric GeII species E
(Figure 1b), in which the two Ge centers are linked by
anionic N-heterocyclic olefin (NHO) ligands.[4n]

Ligand design plays an integral role in modern main
group chemistry, with the use of functional ligands providing
access to various reactive low-coordinate compounds. N-
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Figure 1. a) Electronic structures of tetrylenes (left) and tetrylones
(right). b) Selected examples of low-valent germanium and tin
compounds.
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heterocyclic imine (NHI) ligands may act as a 2σ- and either
2π- or 4π electron donors.[7] Therefore, the imino group is an
excellent choice for thermodynamic stabilization of electron-
deficient species. For example, in 2015, the Rivard group
described the synthesis of a two-coordinate acyclic germy-
lene D supported by two NHI ligands.[8] Recently, we have
developed a number of synthetic methods to stabilize low-
coordinate Group 14 element compounds using NHIs as
supporting ligands.[9b,10] For example, we reported the
germylene iron carbonyl complex F with a trigonal planar-
coordinate germanium atom,[10b] and also a rare example of
the lithium bis(imino)stannylenoid G as a heavier carbenoid
congener.[9] To expand this chemistry, we were interested in
exploring the synthetic potential of dimeric chloro-
(imino)tetrylenes as a precursor for novel low-valent species
for applications in bond activation and catalysis.

We have previously reported the isolation of dimeric
chloro(imino)stannylene 2 (Scheme 1), but its reactivity has
not yet been explored.[9b,10g] Continuing this study, herein we
show a simplified route to the chlorotetrylenes 1 and 2, and
report on tetrylene-tetrylone complexes prepared by the
reaction of chlorotetrylenes with anionic iron carbonyls
(Na2Fe(CO)4 and M[Fe(CO)2(η5-C5H5)], M=Li, K).

Results and Discussion

The reaction of ECl2·dioxane (E=Ge, Sn) with one
equivalent of IPrNLi (IPrN=bis(2,6-
diisopropylphenyl)imidazolin-2-iminato) in THF at room
temperature led to the corresponding chlorotetrylenes
[IPrNECl]2 1 (E=Ge) and 2 (E=Sn) in high yields (1: 97%
and 2: 67%; Scheme 1). Compounds 1 and 2 are soluble in
polar solvents such as chloroform and acetonitrile, but
dissolve poorly in nonpolar hydrocarbons. The structure of 1
and 2 were both characterized by multinuclear NMR
spectroscopy and elemental analysis (EA).

Single crystal X-ray diffraction (SC-XRD) analysis of 1
revealed that the molecular structure in the solid state

comprises of a centrosymmetric dimer, with a planar and
rhombic N2Ge2 ring (sum of internal tetragonal angles: 360°,
Figure 2). The Ge� Cl bonds adopt a trans configuration
with respect to the Ge2N2 ring. In comparison, Rivard’s
NHO� GeII dimer E contains a puckered Ge2N2 ring, which
is capped by syn-arranged Ge� Cl bonds. The Ge� N bond
lengths of 1.956(7) Å and 2.003(7) Å are significantly longer
than that in [IPrN]2Ge (D) [1.8194(15) Å] and F [1.755
(2) Å]. They are comparable to that in imino-stabilized GeII

monocation[10b] [1.9694(14) Å] and B [Ge� Nimino 2.047(7) Å],
indicating a partial dative bond character for the germa-
nium-nitrogen interactions in 1. The structural features are
very similar to that seen in 2.[9b] However, further structure
discussion is restricted, due to enlarged thermal ellipsoids
and disorder resulting from data collection at 200 K.

Treating chlorogermylene 1 with Na2Fe(CO)4 (1 equiv)
results in the formation of germanium iron carbonyl
complex 3, isolated in good yield (82%) as a red crystalline
solid (Scheme 1). The CO-signal of the Fe(CO)4 moiety in
the 13C{1H} NMR spectrum (C6D6) appears at 217.7 ppm and
the solid state IR spectrum shows the characteristic CO
stretching vibration of 3 at 1975, 1909, 1877, and 1862 cm� 1,
which are comparable to those in complex A [1969, 1886,
1865, and 1830 cm� 1], but are red-shifted compared to those
in F [2039, 1965, and 1930 cm� 1],[10b] suggesting that the
carbonyl groups experience a strong electron back-donation.

The molecular structure and Density Functional Theory
(DFT) calculations revealed that complex 3 contains two
GeII atoms, bridged by a Fe(CO)4 moiety (Figure 3). The
Ge1 center adopts a trigonal-pyramidal geometry (sum of
the angles around the Ge1 atom: 260.33°), which is similar to
that in bis(N-heterocyclic carbene) supported germylone-
GaCl3 adduct (266.33°)[4g] and complex A (322.59°), but
different from the trigonal planar Ge moiety in F. The
Ge1� Fe1 bond length of 2.6968(6) Å is longer than that in A
[2.4987(5) Å] and F [2.3026(5) Å]. Moreover, the X-ray
structure of 3 revealed a Ge2···Fe1 distance of 2.9670(5) Å,
and a wider angle of C55� Fe1� C57 (144.23°) than the
expected 120°, thus indicating a weak interaction between

Scheme 1. Synthesis of Fe(CO)4-bridged germanium and tin complexes
3 and 4 from chloro(imino)tetrylenes 1 and 2, respectively.

Figure 2. Molecular structure of 1.[13] Thermal ellipsoids are shown at
30% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [Å] and angles [°]: Ge1� Cl1 2.385(7), Ge1� N1 1.956(7),
N1� C1 1.305(13), Ge1� N1# 2.003(7), Cl1� Ge1� N1 94.0(3),
Cl1� Ge1� N1# 89.5(3), N1� Ge1� N1# 79.5(3), Ge1� N1� C1 131.2(6),
Ge1� N1#� C1# 127.6(6), Ge1� N1� Ge1# 100.5(4).
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Fe1 and Ge2. The Ge1� N1 and Ge1� N4 bond lengths
[2.0601(12) Å and 2.0219(12) Å] are almost identical to that
in Nikonov’s germylone B [Ge� Nimino 2.047(7) Å]. Accord-
ingly, the Ge2� Nimino distances are increased with respect to
Rivard’s bis(imino)germylene D [1.9585(12) Å and 1.9888
(13) Å vs. 1.8194(15) Å]. The Ge1···Ge2 separation in 3
[2.7678 Å] is consistent with an absence of Ge1� Ge2
bonding (sum of two Ge covalent radii=2.44 Å).[11] In
addition, the N1� Ge2� N4 angle of 79.26(5)° is considerably
more acute than that in D [99.48(10)o].

To gain further insight into the electronic structure and
bonding of 3, DFT calculations were carried out at the
ωB97X� D/def2-TZVPP//B97-D/def2-SVP level of theory.
Natural Bond Orbital (NBO) analysis of 3 shows N centered
lone pairs and empty Ge orbitals (Table S8) indicating
donation from the nitrogen to the germanium center.
Analysis of the frontier orbitals (Figure 4) shows that
HOMO and HOMO-5 depict lone pairs of electrons on the
Ge centers while HOMO-1 and HOMO-5 feature out-of-
plane (π) and in-plane (σ) type contribution from the N
atoms.

Similarly, the chlorostannylene 2 was treated with
Na2Fe(CO)4 (1 equiv) to give the Fe(CO)4-bridged
bis(stannylene) complex 4 in 74% yield (Scheme 1). The
13C{1H} NMR spectrum (C6D6) of 4 displays one carbonyl
signal at 216.9 ppm. The characteristic iron-carbonyl vibra-
tions were found at 1976, 1899, and 1870 cm� 1 in the solid-
state IR spectrum. Analysis of the frontier orbitals (Fig-
ure 5) shows that the HOMO and HOMO-5 depict lone
pairs of electrons on the Sn centers.

SC-XRD analysis of 4 revealed that the Fe(CO)4 frag-
ment bridges the two tin(II) centers with bond lengths
2.8511(10) Å (Sn1� Fe1) and 2.9432(10) Å (Sn2� Fe1) (Fig-

ure 6). Notably, the imino groups link the two Sn atoms
almost symmetrically in the N2Sn2 ring [bond lengths for
Sn� N: 2.204(3) Å, 2.240(3) Å, 2.237(3) Å and 2.180(3) Å].
One signal (357.3 ppm, C6D6) was observed in the 119Sn{1H}
NMR spectrum, which is confirmed by Gauge-Independent
Atomic Orbital (GIAO) calculations (δcalcd. =360 ppm). This
indicates the Sn� Fe bond lengths equilibrate in solution.

In addition, NBO analysis shows only one Ge� Fe bond
in 3, whereas each Sn center has one bond with Fe in 4
(Table S8 and Table S9). Wiberg Bond Index (WBI)
indicates weak E� Fe (E=Ge or Sn) single bonds (�0.40–
0.58, Table S10) which are consistent with the large polar-
ization of the E� Fe bonds (Fe1 in 3: 65.50%; Fe1 in 4:
88.02% and 66.29%). Second order perturbation analysis of
the Ge2 vacant orbital and Fe1 lone pair of electrons shows
large donor-acceptor stabilization energy of 57.10 kcalmol� 1.
DFT analysis indicates an equilibrium between 3 and 4 with
their respective monocoordinated structures 5 and 6
(Scheme 2), whereby the Fe(CO)4 fragment sits almost
perpendicular to the N2E2 ring bound to only one tetrel

Figure 3. Molecular structure of 3.[13] Thermal ellipsoids are shown at
50% probability level. Hydrogen atoms and solvent molecules are
omitted for clarity. Selected bond lengths [Å] and angles [°]: Ge1� Fe1
2.6968(6), Ge2···Fe1 2.9670(5), Ge1� N1 2.0601(12), Ge1� N4 2.0219
(12), Ge2� N1 1.9585(12), Ge2� N4 1.9888(13), C1� N1 1.3066(18),
C4� N4 1.3042(18), Fe1� Ge1� N1 92.37(4), Fe1� Ge1� N4 91.80(4),
N1� Ge1� N4 76.16(5), N1� Ge2� N4 79.26(5), Ge1� N1� Ge2 87.03(5),
Ge1� N4� Ge2 87.27(5), Ge1� N1� C1 132.59(9), Ge1� N4� C4 134.85
(10), Ge2� N1� C1 126.98(9), Ge2� N4� C4 125.76(9), C55� Fe1� C57
144.23. Figure 4. Molecular orbitals of 3. Hydrogens are omitted for clarity.

Figure 5. Molecular orbitals of 4. Hydrogens are omitted for clarity.
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atom (see Supporting Information for calculated structures
of 5 and 6, Figure S55 and Figure S56, respectively). The
variable temperature (VT) 119Sn NMR analysis of 4 shows
the signal is high field shifted and broadens at lower
temperatures, possibly showing the monocoordinated 6
being “frozen out” at lower temperatures in solution (Fig-
ure S22). GIAO NMR calculations indicate that the values
for the different Sn centers in both the mono-coordinate and
bridged species are almost equivalent.

To investigate the reactivity of these complexes, 3 was
treated with two equivalents of GaCl3 in C6D6 which led to
the formation of complex [(IPrNGe)2(μ-Cl)][GaCl4] 7
(Scheme 3). The yellow-orange solid was identified by multi-
nuclear NMR spectroscopy and single-crystal X-ray diffrac-
tion (see Supporting Information for details). Compound 7
is comparable to that of Rivard’s complex, [{(MeIPrCH)Ge}2-
(μ-Cl)][BArF

4] [ArF =3,5-(CF3)2-C6H3].
[4n] Similarly, treat-

ment of 4 with GaCl3 (2 equiv) resulted in complex 8 as an
orange-red solid (Scheme 3). The 119Sn{1H} NMR spectrum
of 8 in THF-d8 shows a signal at σ=139.6 ppm that is shifted
to higher field compared to that of 4 (357.3 ppm, C6D6).

Motivated by the above results, we investigated the
reactivity of 1 and 2 towards K[Fe(CO)2(η5-C5H5)] (FpK).

Reaction of 1 with three equivalents of FpK resulted in a
complex product mixture which contains D, large amount of
free ligand IPrNH, and other undefined species. Similarly,
treatment of 2 with FpK (3 equiv) in THF led to the
formation of a complicated mixture of products. However,
the one-pot reaction of IPrNLi and GeCl2·dioxane with
three equivalents of FpK in THF, forms already reported
bis(imino)germylene D in reasonable yields (62%) con-
firmed by 1H NMR spectroscopy.[8] In comparison, the
reaction of 2 with FpK (3 equiv) in THF resulted in the Li/
Sn/Fe trimetallic complex 12 in 60% yield (Scheme 4). In
addition, the isolated yields of D and 12 did not significantly
deviate if isolated 1 and 2 reacted directly with Li[Fe(CO)2-
(η5-C5H5)] (FpLi, 3 equiv) instead of the in situ protocol.

The formation of bis(imino)germylene D can be ration-
alized by the release of Ge metal via the intermediate 9.
Notably, the reduction of E led to similar disproportionation
products (Ge metal and R2Ge:, R=NHO).[4n] It appears that
the plausible intermediate 10 readily decomposes to yield Sn
metal and the bis(imino)stannylene 11, which can react with
FpLi to yield complex 12 (Scheme 4). To clarify the
mechanism, we performed the reaction of isolated 11 with
FpLi (1 equiv) at room temperature, which formed the
desired product 12 in nearly quantitative yield. No reaction
was observed between D and FpLi even at elevated temper-
atures. All attempts to isolate 9 and 10 by reducing the
corresponding chlorotetrylenes 1 and 2 with common

Figure 6. Molecular structure of 4.[13] Thermal ellipsoids are shown at
50% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [Å] and angles [°]: Sn1� Fe1 2.8511(10), Sn2� Fe1 2.9432
(10), Sn1� N1 2.204(3), Sn1� N4 2.240(3), Sn2� N1 2.237(3), Sn2� N4
2.180(3), N1� C1 1.291(5), N4� C28 1.300(5), Sn1� Fe1� Sn2 64.65(2),
Fe1� Sn1� N1 86.97(8), Fe1� Sn1� N4 87.21(8), Fe1� Sn2� N1 84.13(8),
Fe1� Sn2� N4 86.03(9), Sn1� N1� Sn2 88.51(11), Sn1� N4� Sn2 89.05
(10), N1� Sn1� N4 75.80(10), N1� Sn2� N4 76.35(11), Sn1� N1� C1
130.2(2), Sn1� N4� C28 129.6(3), Sn2� N1� C1 129.5(2), Sn2� N4� C28
129.7(3).

Scheme 2. Temperature-dependent exchange of the E� Fe bonding
(E=Ge, Sn).

Scheme 3. Reaction of 3 and 4 with GaCl3 to 7 and 8.

Scheme 4. Reaction of chloro(imino)tetrylenes 1 and 2 with M[Fe(CO)2-
(η5-C5H5)] (M=Li, K), as well as proposed mechanism.
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reducing agents (such as K, KC8) have so far been
unsuccessful.

Computational analysis using DFT was carried out to
understand the reduction pathway from chloro-
(imino)tetrylenes [IPrNECl]2 (E=Ge, 1; Sn, 2) to bis-
(imino)tetrylenes [IPrN]2E (E=Ge, D; Sn, 11) and bulk E
metal (Figure S48). We found that the reduction of 1 and 2
to 9 and 10 is strongly favored in internal energy similar to
the Ge/Sn metal deposition (� 58.4/� 42.2 kcalmol� 1) that
drives the reaction toward D and 11 (Figure S48). In
addition, we have also studied possible intermediates with
different geometry and canonical forms during the reduction
reaction (Scheme 5). Interestingly, our calculations indicate
that both type II and III structures converge to I, which is
equivalent to 9 and 10 and has a more butterfly structure
compared to II and III, without having a local minimum for
type II and III structures. We have also considered Fp as a
substituent for 9 and 10 (Figure S48). Computations showed
the dissociation of the Fe-substituted dimer (IV) presumably
due to steric reasons, however the formation of its monomer
is thermodynamically favored, although it is less favorable
than the experimentally observed metal deposition. The
acyclic E(I) dimers (V) are less stable by more than
15 kcalmol� 1 than I.

Interestingly, the lithium stannylenoid (G) is energeti-
cally favored relative to the corresponding lithium germyle-
noid (� 1.6 kcalmol� 1 vs. +8.5 kcalmol� 1, Figure S48). In
addition, we found that the potassium derivative of 12 is less
stable than the lithium analogue (� 50.4 kcalmol� 1 vs.
� 63.4 kcalmol� 1). The product derived from insertion of the
Sn center in compound 11 into the Fe� Li bond of FpLi is
higher by +41.8 kcalmol� 1 in energy than its isomer 12
(Figure S48).

Complex 12 has a relatively high thermal stability in
C6D6, with no elimination of FpLi observed even after

heating to 80 °C for 16 hours. However, treatment of 12 with
N2O immediately resulted in the formation of 11, which then
further reacts with N2O leading to decomposition products.
The 119Sn{1H} NMR spectrum of 12 in C6D6 displays a singlet
at 314.0 ppm, which is significantly shifted to lower field as
compared to G [� 52.1 ppm, C6D6], but higher field shifted
compared to Power’s ferrio-stannylene ArSnFe(CO)2(η5-
C5H5) (Ar=2,6-(2,6-iPr2C6H3)2C6H3) [2951 ppm, C6D6].

[12c]

The iron-carbonyl (CO) signal in the 13C{1H} NMR spectrum
(C6D6) appears at 222.6 ppm. The CO stretching vibration
was found at 2006 and 1925 cm� 1 in the solid state IR
spectrum, which is comparable to that in ferrio-stannylene
[1970 and 1921 cm� 1] and Driess’s iron-stannylene complex
LSnFe(CO)2(η5-C5H5) (L=β-diketiminate) [1961 and
1907 cm� 1].[12b]

SC-XRD study revealed that 12 contains a four-
membered LiN2Sn ring, in which the sum of the internal
bond angles amounts to 354.83° (Figure 7). The Sn� N bond
lengths [2.1763(11) Å and 2.1717(11) Å] in 12 are compara-
ble to that in G [2.143(5) Å and 2.179(4) Å]. The Sn1� Fe1
bond length [2.7671(6) Å] is significantly elongated in
comparison to that in the ferrio-stannylene [2.5634(5) Å],
but shorter than those in 4 [2.8511(10) Å and 2.9432(10) Å].

Treatment of 12 with the nucleophilic reagent LiI
(1 equiv) afforded the iodo-substituted tin complex 13
(Scheme 6). The formation of 13 demonstrates the electro-
philicity of the tin(II) center in 12. In the 119Sn{1H} NMR
spectrum, one signal appears at σ=61.6 ppm (C6D6), which
is shifted upfield in comparison to 12 [314.0 ppm, C6D6],
presumably because the electron-donating capacity of the
iodide is higher than that of the Fp group.

The molecular structure of 13 was also determined by
single crystal X-ray diffraction analysis (Figure 8). The

Scheme 5. Potential intermediates in the reaction of 1 and 2 with FpM
(M=Li, K).

Figure 7. Molecular structure of 12.[13] Thermal ellipsoids are shown at
50% probability level. Hydrogen atoms and solvent molecules are
omitted for clarity. Selected bond lengths [Å] and angles [°]: Sn1� Fe1
2.7671(6), Sn1� N1 2.1763(11), Sn1� N4 2.1717(11), Li1� N1 1.950(3),
Li1� N4 1.945(3), C1� N1 1.2713(18), C4� N4 1.2650(18), Fe1� Sn1� N1
96.24(3), Fe1� Sn1� N4 100.66(3), Sn1� N1� C1 129.16(9), Sn1� N4� C4
132.68(9), Li1� N1� C1 141.33(12), Li1� N4� C4 134.92(12), Sn1� N1� Li1
89.40(9), Sn1� N4� Li1 89.66(9), N1� Sn1� N4 81.83(4), N1� Li1� N4
93.94(11).
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structural features are very similar to that seen in G and 12.
The Sn� I bond in 13 is oriented nearly perpendicular to
both Sn� N bonds, with I1� Sn1� N1 and I1� Sn1� N4 bond
angles of 98.13(5) and 88.86(5), respectively.

Conclusion

In summary, we have reported on the synthesis of the
centrosymmetric chloro(imino)tetrylenes [IPrNECl]2 (E=

Ge (1), Sn (2)), with a planar and rhombic N2E2 ring. The
reaction of [IPrNECl]2 with one equivalent of Na2Fe(CO)4

led to the corresponding germanium and tin iron carbonyl
complexes. Notably, the Fe(CO)4 fragment shows different
bonding situations in solution and solid state of these
complexes (E� Fe bonding: mono-coordinate vs. bridged,
E=Ge, Sn). Moreover, we isolated the Li/Sn/Fe trimetallic
complex 12 by the reaction of chloro(imino)stannylene 2
with K[Fe(CO)2(η5-C5H5)]. Further coordination chemistry,
bond activation and catalytic applications of these low-
valent compounds are currently under investigation.
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