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uential polyphosphide
rearrangement upon metallatetrylene addition†‡

Xiaofei Sun, a Alexander Hinz, a Stephan Schulz, b Lisa Zimmermann,c

Manfred Scheer c and Peter W. Roesky *a

Insertion and functionalization of gallasilylenes [LPhSi–Ga(Cl)LBDI] (LPh = PhC(NtBu)2; LBDI = [{2,6-

iPr2C6H3NCMe}2CH]) into the cyclo-E5 rings of [Cp*Fe(h5-E5)] (Cp* = h5-C5Me5; E = P, As) are reported.

Reactions of [Cp*Fe(h5-E5)] with gallasilylene result in E–E/Si–Ga bond cleavage and the insertion of the

silylene in the cyclo-E5 rings. [(LPhSi-Ga(Cl)LBDI){(h4-P5)FeCp*}], in which the Si atom binds to the bent

cyclo-P5 ring, was identified as a reaction intermediate. The ring-expansion products are stable at room

temperature, while isomerization occurred at higher temperature, and the silylene moiety further

migrates to the Fe atom, forming the corresponding ring-construction isomers. Furthermore, reaction of

[Cp*Fe(h5-As5)] with the heavier gallagermylene [LPhGe–Ga(Cl)LBDI] was also investigated. All the isolated

complexes represent rare examples of mixed group 13/14 iron polypnictogenides, which could only be

synthesized by taking advantage of the cooperativity of the gallatetrylenes featuring low-valent Si(II) or

Ge(II) and Lewis acidic Ga(III) units/entities.
Introduction

Cooperativity between two metals has offered signicant oppor-
tunities in the areas of bond activation and catalysis.1 Bimetallic
complexes oen show unique transformation pathways which is
ascribed to the synergy between the two elements, such reactions
are difficult to achieve using amonometallic reagent. Cooperative
effects may not only occur if a metal–metal bond is present but
also if the twometal centers are in close spatial proximity. During
recent decades, a great variety of homo- and heterobimetallic
transition-metal species were developed that enable extraordinary
chemical transformations.2 Not only for transition-metals but
also when main group elements participate, cooperative effects
are observed. Well established systems are for example frustrated
Lewis pairs (FLPs)3 or mixed alkali metal/main group element
systems.1a,4 As for homobinuclear low-valent main group systems,
Driess' bis(silylenes)5 and Jones' Mg(I) dimers6 are for example
well-developed compounds, showing unexpected chemical
transformations owing to the synergy created between the two
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low-valent elements. Very recently, the synthesis of metal-
latetrylene systems which combine a low-valent tetrylene site and
a Lewis acidic group 13 metal functionalization has been re-
ported.7 Initial reactions with white phosphorus (P4) resulted in
unprecedented [2 + 1 + 1] fragmentations of the P4 tetrahedron
and formation of rare mixed group 13/14 phosphorus chain
species.7a Those transformation and fragmentation reactions of
P4 are unique and cannot be obtained using classical mono(-
tetrylenes).8 Such heterometallic group 13/14 systems provided
new avenues for cooperative transformations which are worth
exploring reagents in the area of polypnictogenide chemistry.

Since the pioneering synthesis of the air-stable pentaphos-
phaferrocene [Cp*Fe(h5-P5)] by Scherer,9 it has been used as
a well-established building block in coordination10 and supra-
molecular chemistry.11 The reactivity has been investigated
extensively with reactive transition metal complexes,12 and with
highly reducing lanthanide compounds.13 Redox reactions with
[Cp*Fe(h5-P5)] oen involve the cyclo-P5 moiety without alter-
ation of the ring itself. The reactivity towards a low-valent p-
block compound was discovered recently (Scheme 1), this can
be accompanied by selective substitution and insertion reac-
tions.14 For example, when using Si(I) or Si(II) species, selective
insertion and substitution reactions of the cyclo-P5 moiety are
observed, leading to unusual [4 + 1] fragmentation (cyclo-SiP4-
SiP) or Si–P substitution (cyclo-SiP4) ring products (Scheme
1a).15 Using different Al(I) nucleophiles, either an Al-
functionalized bent cyclo-P5 moiety or a cage-type structural
motif was observed, the latter one was formed by [4 + 1] frag-
mentation (Scheme 1a).16 Molecular main group poly-
pnictogenides are indeed an interesting class of compounds
Chem. Sci., 2023, 14, 4769–4776 | 4769

http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc00806a&domain=pdf&date_stamp=2023-05-08
http://orcid.org/0000-0003-1675-5523
http://orcid.org/0000-0002-7831-1410
http://orcid.org/0000-0003-2896-4488
http://orcid.org/0000-0003-2182-5020
http://orcid.org/0000-0002-0915-3893
https://doi.org/10.1039/d3sc00806a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00806a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014018


Scheme 1 (a) Previous work: Reactivity of [Cp*Fe(h5-P5)] towards low-
valent p-block species;15,16 (b) overview of this work.

Fig. 1 Molecular structures of complexes 1 (left) and 2 (right) in the
solid state. Selected bond distances [Å] and angles [°] in 1: Ga–Si
2.4293(11), P1–P2 2.1583(15), P2–P3 2.148(2), P3–P4 2.133(2), P4–P5
2.145(2), P1–P5 2.1682(14), P1–Si 2.2516(14), Fe–P2 2.3096(12), Fe–P3
2.3305(13), Fe–P4 2.3245(13), Fe–P5 2.3063(12); P1–P2–P3 109.04(6),
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View Article Online
with growing interests. However, the reactivity of [Cp*Fe(h5-E5)]
(E = P, As) with low-valent p-block compounds is still
limited,14–17 and most of the examples only utilizing
monometallic/mononuclear reagents.

In this work, the cooperativity of heterobimetallic gallate-
trylenes is showcased by selective coordination, and insertion in
the iron-coordinated polypnictogenes [Cp*Fe(h5-E5)] (E= P, As).
By controlling the reaction temperature, a consecutive isomer-
ization pathway took place, enabling to identify different
isomers, representing rst examples of mixed group 13/14
polypnictogenides.
P2–P3–P4 103.87(6), P3–P4–P5 104.41(7), P4–P5–P1 108.56(6), P2–
P1–P5 94.68(6). In 2: P1–P2 2.2403(9), P2–P3 2.1467(10), P3–P4
2.1619(10), P4–P5 2.1565(10), Si–P1 2.1771(9), Si–P5 2.1985(9), Ga–P1
2.3062(7), Fe–P2 2.2653(7), Fe–P3 2.3266(8), Fe–P4 2.3471(7), Fe–P5
2.2595(7); P1–P2–P3 100.56(4), P2–P3–P4 105.26(4), P3–P4–P5
108.18(4), P4–P5–Si 106.33(4), P1–Si–P5 113.40(4), Si–P1–P2
95.90(3).
Results and discussion

The reaction of equimolar amounts of [Cp*Fe(h5-P5)] and
[LPhSi–Ga(Cl)LBDI] [LPh = PhC(NtBu)2]; L

BDI = [{2,6-iPr2C6H3-
NCMe}2CH] at room temperature immediately resulted in
Scheme 2 Reactivity of pentaphosphaferrocene [Cp*Fe(h5-P5)] towards

4770 | Chem. Sci., 2023, 14, 4769–4776
a dark red reaction mixture (Scheme 2). Monitoring the reaction
under these conditions by 31P{1H} NMR spectroscopy revealed
the formation of two sets of 31P{1H} NMR patterns, indicative of
two different products. The minor component 1 shows one
broad featureless resonance at 57.0 ppm, and the major species
2 shows an AMXYZ spin system, with ve signals at 86.0, 44.8,
28.7,−3.6, −219.2 ppm, and large P–P coupling constants (314–
414 Hz) pointed to a classical polyphosphide structure. In
solution, the signals of the minor product 1 decreased rapidly
and within about 30 min, the dark red solution turned brown
and only the major product 2 is visible, indicating an isomeri-
zation from 1 to 2. Crystallization from n-hexane gave orange
prisms of the reaction product 2 in 41% yield. The results of the
single crystal diffraction measurements reveal an insertion of
the [LPhSi] moiety into the P5-ring of [Cp*Fe(h5-P5)]. Complex 2
thus consists of a unique six-membered silapentaphospha-ring
with one of the phosphorus atoms P1 additionally coordinated
by the [LBDIGaCl] fragment (Fig. 1). In this reaction, the Ga–Si
bond is cleaved and subsequently, complex 2 is formed through
insertion of the silylene [LPhSi] moiety into one P–P bond. In the
polyphosphide moiety, the [Cp*Fe]+ unit is h4-coordinated to
gallasilylene [LPhSi–Ga(Cl)LBDI].

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00806a


Fig. 2 31P{1H} NMR spectrum at 193 K of 1 measured in tol-d8 with
nuclei assigned to an AA′MM′X spin system; insets: extended signals
(upward) and simulations (downward); [Fe] = Cp*Fe; [Si] = LPhSi–
Ga(Cl)LBDI.

Fig. 3 Molecular structure of complex 3 in the solid state. Selected
bond distances [Å] and angles [°]: Ga1–Cl1 2.2108(11), Ga1–P1
2.3117(12), Fe1–Si1 2.2081(14), Si1–P5 2.255(2), P1–P2 2.218(2), P2–P3
2.149(2), P3–P4 2.111(2), P4–P5 2.318(2), P1–P5 2.187(2); P2–P1–P5
101.74(5), P1–P2–P3 103.72(7), P2–P3–P4 99.07(7), P3–P4–P5
107.78(6), P4–P5–P1 102.12(6).
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P2–P5 and within this moiety, all P–P bond lengths (P2–P3
2.1467(10) Å, P3–P4 2.1619(10) Å, P4–P5 2.1565(10) Å) are
between P–P single and double bonds.18 In contrast, the longer
P1–P2 bond of 2.2403(9) Å indicates a classical single bond. The
Si–P1 (2.1771(9) Å) and Si–P5 (2.1985(9) Å) bond distances are
between the reported distances of Si–P single (2.24–2.27 Å) and
double bonds (2.06–2.09 Å).8c,18 Moreover, the Ga–P1 bond
length (2.3062(7) Å) agrees with the Ga–P single bonds found in
[LBDIGa(O3SCF3)(PPh2)] (2.312(3) Å)19 and is considerably longer
than in the gallaphosphene [LBDI(Cl)GaPGaLBDI] (2.1613(6) Å,
2.2688(5) Å).20 The 1H NMR spectrum shows four sets of
CH(CH3)2 signals of the iPr groups in the LBDI ligand pointing to
their inequivalency in solution due to restricted rotation.
Similarly, two distinct singlets of the tBu groups were found at
0.74 and 1.37 ppm, respectively. The 29Si{1H} NMR spectrum
exhibited a single resonance at 57.1 ppm, which is slightly
upeld shied compared to the gallasilylene (65.1 ppm). The
reactivity observed in this case is different from the previously
known reactions of pentaphosphaferrocene [Cp*Fe(h5-P5)]
(Scheme 1), as a ring expansion occurred without fragmentation
of the P5 moiety. This selective insertion of the silylene into P–P
bond which led to ring expansion and P-functionalization
reaction is indeed unprecedented, compared to the chlor-
osilylene [LPhSiCl], which gave the substitution product and
thus forming a tetraphosphasila-ve-membered heterocycle.
The effect of the Ga-functionalization in the silylene is crucial,
since the additional Lewis-acidic center associates the redox-
reaction process.

Now that the molecular structure of the reaction product 2
has been established, the identity of the short-lived interme-
diate 1 still had to be elucidated. Therefore, an NMR-scale
experiment between the two starting materials [Cp*Fe(h5-P5)]
and [LPhSi–Ga(Cl)LBDI] at low temperatures was carried out. In
order to prevent the fast isomerization from 1 to 2, toluene-d8
was condensed into a J. Young NMR tube containing solid
mixture of two starting materials at −196 °C. The mixture was
carefully warmed up to −80 °C and a 31P{1H} NMR spectrum
was taken immediately at this temperature (Fig. 2). The 31P{1H}
NMR spectrum of 1 reveals three sets of multiplets for the ve P
atoms, an apparent AA′MM′X spin system, which is typical for
envelope-shaped cyclo-P5 rings.13b,c,14,15,21 Simulations of the 31P
{1H} NMR spectra were performed using gNMR simulation
soware22 by an iterative tting process (Fig. 2 and see ESI,
S21‡). Since [LPhSi–N(SiMe3)2] forms with [Cp*Fe(h5-P5)] the P–
Si adduct [{LPhSi(N(SiMe3)2)}{(h

4-P5)FeCp*}] (Scheme 1a),15 we
anticipated that in the present investigation the strong nucle-
ophilic divalent silicon center of [LPhSi–Ga(Cl)LBDI] attacks the
P5-ring of [Cp*Fe(h5-P5)] in the rst step and coordinates
towards one P atom (see below for DFT calculations).

This hypothesis was unambiguously corroborated by single
crystal X-ray diffraction analysis. During NMR experiments,
compound 1 could be crystallized as red prism, which then
decomposes within a few min in solution. The molecular
structure of 1 is depicted in Fig. 1 and as proposed by the 31P
NMR results, the cyclo-P5 unit reveals a bent envelope-shaped
conformation with P1 deviating out of the plane. The bonding
metrics in the polyphosphide moiety is comparable to that in
© 2023 The Author(s). Published by the Royal Society of Chemistry
[{LPhSi(N(SiMe3)2)}{(h
4-P5)FeCp*}].15 Further reaction of 1 was

monitored by 31P{1H}-VT NMR studies (see ESI, Fig. S1‡) and
while increasing the temperature, the signals of 1 become
broader and already at −10 °C, small amounts of the isomeri-
zation product 2 are visible.

Furthermore, we noticed that even compound 2 is stable at
room temperature both in solid state and in C6D6, it slowly
decomposes at higher temperatures. When a solution of 2 was
heated for more than 24 h to 80 °C, all signals belonging to 2
disappeared and a new set of signals appeared (224.8, 89.3, 12.8,
−56.8, −66.8 ppm), exhibiting an AMNXZ spin system char-
acter. Crystallization from C6D6 led to the isolation of green-
colored prisms, which could be identied by single crystal X-
ray diffraction analysis (Scheme 1 and Fig. 3). The isolated
complex 3 is the thermodynamically most favored isomer of
complexes 1 and 2 which is formed by P1–P5 bond formation
along with the P1–Si1 bond cleavage. Thus, in this step the P5Si
ring in 2, contracts back to a bent P5 ring. The [LPhSi]+ moiety
migrates along the polyphosphide moiety to the iron atom, and
Chem. Sci., 2023, 14, 4769–4776 | 4771
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Fig. 4 Molecular structures of complexes 4 (left) and 5 (right) in the
solid state. Selected bond distances [Å] and angles [°] in 4: Si–As1
2.2787(10), Si–As2 2.2985(9), As1–As4 2.3764(5), As2–As3 2.3623(5),
As3–As5 2.4563(4), As4–As5 2.4641(5), Ga–As5 2.4046(5); As1–Si–
As2 105.00(4), Si–As1–As4 102.03(3), Si–As2–As3 105.34(3), As2–
As3–As5 103.27(2), As1–As4–As5 107.12(2), As3–As5–As4 74.030(14).
In 5: As1–As2 2.4467(4), As2–As3 2.3669(5), As3–As4 2.3222(5), As4–
As5 2.5375(5), As1–As5 2.3986(4), Ga1–As1 2.4080(4), Si–As5
2.3711(8); As1–As2–As3 103.59(2), As2–As3–As4 97.33(2), As3–As4–
As5 107.00(2), As1–As5–As4 103.31(2), As2–As1–As5 99.135(15).
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further inserts into an Fe–P bond, resulting in an unusual h3-
coordination mode of the P5 ring to the [Cp*Fe]+ moiety. One of
the phosphorus atoms (P1) is further functionalized by the
gallylene moiety [LBDIGaCl]+. Similar coordination modes are
extremely rare and have only been found in a bis(germylene)-
functionalized polyphosphide species.17 However, in contrast
to this bis(Ge)-functionalized polyphosphide, which was
formed by thermolysis and could not be isolated in pure form,
the present thermolysis reaction is highly selective and quan-
titative (monitored by 31P{1H} NMR) and the Si/Ga-
polyphosphide species 3 could be isolated in a pure form. In
the 29Si{1H} NMR spectrum of 3, the signal was observed at
63.4 ppm, slightly downeld-shied compared to the signal of 2
(57.1 ppm).

The three isomeric mixed metallic Ga/Si/Fe polyphosphides
1–3 are unique compounds and the ndings highlight the role
of the additional Lewis-acidic Ga center in the transformation
pathway, as the reactions which were observed did not resemble
those with classical NHSi and NHC.15,23 Having ascertained the
reaction pathway between pentaphosphaferrocene and the
gallasilylene, the question came up whether similar reactivity
can be observed for the pentaarsaferrocene as well.24 Compared
to the redox chemistry with its lighter phosphorus analog, the
chemistry of [Cp*Fe(h5-As5)] is still in its infancy and the
reduction is known to be less selective. Oen, a mixture of
arsenic-rich products is formed. For example, while the reduc-
tion of [Cp*Fe(h5-P5)] with KH gave selectively the dipotassium
salt,25 the reaction with [Cp*Fe(h5-As5)] led to the unselective
formation of a mixture of arsenic rich species.26 Keeping this in
mind, the reaction between [LPhSi–Ga(Cl)LBDI] and [Cp*Fe(h5-
As5)] was monitored by 1H NMR spectroscopy. Interestingly,
already aer a few minutes reaction time, the reaction is
complete, a single reaction product 4 is selectively formed and
no intermediate could be detected (Scheme 3). Aer recrystal-
lization from n-hexane, the product 4 forms red prisms in 49%
yield which were analyzed by single crystal X-ray diffraction
analysis to determine the solid-state structure.

The molecular structure depicted in Fig. 4 shows that a ring
expansion occurred to give a novel six-membered silapentaarsa-
ring. Interestingly, it should be pointed out that the insertion
and ring-expansion reaction behaves differently compared to
that with [Cp*Fe(h5-P5)] as the gallylene moiety [LBDIGa] is not
coordinated to the same pnictogen atom as the silicon atom. In
the As5Si fragment, the As4 (As1–As2–As3–As4) unit is nearly
planar with the atoms As5 and Si deviating out of the plane. The
Scheme 3 Reactivity of pentaarsaferrocene [Cp*Fe(h5-As5)] towards
gallasilylene [LPhSi–Ga(Cl)LBDI].

4772 | Chem. Sci., 2023, 14, 4769–4776
six-membered SiAs5-ring shows two shorter As–As bonds (As1–
As4 2.3764(4) Å, As2–As3 2.3623(5) Å) and two longer As–As
bonds (As3–As5 2.4565(4) Å, As4–As5 2.4641(5) Å), all of which
are in the range of As–As single bonds.18 The Si–As bond lengths
of 2.2783(9) Å (Si–As1) and 2.2985(9) Å (Si–As2) are in-between
Si–As single (2.359 Å) and double bonds (2.168 Å).18,27 In the
29Si{1H} NMR spectrum, a single signal was detected at
−4.7 ppm, high-eld-shied as compared with the poly-
phosphide compound 2 (57.1 ppm). Compound 4 is not stable
in solution (C6D6) at room temperature. Already within 12 h,
traces of several additional signals are formed (see ESI,
Fig. S13‡) and the intensity of the new signals increases faster
upon heating the NMR tube at 80 °C (Scheme 3).

Aer 6 h, the thermal decomposition reaction is complete
and one major product 5 is formed, which identity could be
identied unambiguously by crystallization from n-hexane.
Single crystal X-ray diffraction analysis revealed that 5 is an iron-
arsasilylene complex which is isostructural to complex 3 (Fig. 4).
In the reaction, a ring contraction occurred and a ve-
membered As5 ring is formed again, accompanied by migra-
tion of the Si-fragment. The As–As distances are between 2.322 Å
and 2.537 Å and the Fe–Si bond distance of 2.2224(11) Å is only
marginally longer that the corresponding bond length in 3.
Upon thermal isomerization and coordination of the silicon
nucleus to the iron center, the respective 29Si{1H} signal is
observed at signicant lower eld (37.1 ppm).

Given the aforementioned reactivity of the polypnictogen
precursors towards the gallasilylene, which are highly selective
in terms of the ring-expansion reaction and thermal isomeri-
zation to form unprecedented Si/Ga functionalized iron-
polyphosphides and -polyarsenides, we turned our interest to
the reactions with the heavier germylene analogues. Compared
to highly reactive silylenes, the divalent Ge species are less
prone to be oxidized. Thus previously was reported that the
chloro-germylene [LPhGeCl] did not show any reactivity with
[Cp*Fe(h5-P5)].17 To enhance the reactivity of the germylene and
to induce cooperative activation and transformation, the galla-
germylene [LPhGe–Ga(Cl)LBDI] (6) was synthesized conveniently
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of the gallagermylene [LPhGe–Ga(Cl)LBDI].

Fig. 5 Molecular structures of complexes 6 (left) and 7 (right) in the
solid state. Selected bond distances [Å] and angles [°] in 6: Ga–Ge
2.5512(10), Ga–Cl 2.3481(9); Ge–Ga–Cl 120.67(3), N1–Ge–N2
65.33(10), N3–Ga–N4 92.72(10). In 7: As1–As2 2.4345(10), As2–As3
2.3638(12), As3–As4 2.3210(11), As4–As5 2.5510(10), As1–As5
2.4027(10), Ga1–As1 2.4014(9), Ge1–As5 2.4325(9); As1–As2–As3
103.04(4), As2–As3–As4 98.62(4), As3–As4–As5 107.50(4), As1–As5–
As4 101.91(3), As2–As1–As5 101.23(3).
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from [LPhGeCl] and [LBDIGa] in toluene (Scheme 4). Complex 6
was isolated as yellow crystals in 85% yield and the molecular
structure is shown in Fig. 5. The molecular structure resembles
that of the silicon analog,7a and the Ga–Ge bond distance is
2.5514(10) Å, similar to that of the recently reported Ga-
functionalized germylene comprising an arylsilylamido
substituents (2.5533(2) Å).7a Complex 6 results from the oxida-
tive addition reaction of the chloro-germylene towards the Ga(I)
species and represents a rare example of a gallagermylene.

In contrast to [LPhSi–Ga(Cl)LBDI], the heavier analogue of
gallasilylene, [LPhGe–Ga(Cl)LBDI], does not react with
[Cp*Fe(h5-P5)], even aer heating the reaction mixture at 80 °C
for 24 h. These ndings are in agreement with the lower
reactivity of the heavier tetrylenes. In contrast, when equi-
molar amounts of the arsenic analog [Cp*Fe(h5-As5)] were
reacted with [LPhGe–Ga(Cl)LBDI] at room temperature, a clean
formation of compound 7 (Scheme 5) was observed during the
course of two days.
Scheme 5 Reactivity of pentaarsaferrocene [Cp*Fe(h5-As5)] towards
gallagermylene [LPhSi–Ge(Cl)LBDI].

© 2023 The Author(s). Published by the Royal Society of Chemistry
The reaction product 7 was isolated in 53% yield as green
crystals. Single crystal X-ray diffraction analysis showed that
complex 7 is an iron–germylene complex that is indeed similar
to the iron-silylenes 3 and 5. Complex 7 results from cleavage of
the Ga–Ge bond and coordination of the [LBDIGaCl]+ and
[LPhSi]+ fragments towards the Fe-polyarsenide. Complex 7
crystallized in the monoclinic space group P21/c with two
independent molecules in the asymmetric unit. Therefore, the
bondingmetrics will be only discussed for one of the molecules.
The Fe–Ge bond lengths of 2.2912(11) is slightly longer than
that observed in the bis(germylene) functionalized iron-
polyphosphide (2.2768(5) Å).17 The [Cp*Fe] fragment is h4-
coordinated to the cyclo-As5 unit and in the polyarsenide
moiety, the As–As bond distances are between 2.323 Å and
2.551 Å which are typical for polyarsenides.14a,26a The Ga–As
bond length (2.4014(9) Å) is comparable to that in the [LBDI(Cl)
Ga]-functionalized diarsides [LBDIGa(Cl)As]2 (2.3957(5) Å).28 The
1H and 13C{1H} NMR spectra of 7 show good similarities of the
b-diketiminate and amidinate ligand signals as for the ther-
molysis species 3 and 5, which hinted the formation of a similar
product already at room temperature. Interestingly, the reaction
leading to the iron-germylene species 7 already proceeds
smoothly at room temperature without identiable intermedi-
ates, whereas for silylenes, the reactions leading to the iron-
silylenes 3 and 5 requires higher temperatures and different
unstable intermediates could be identied and isolated.

To rationalize the observed behavior, DFT calculations
(Gaussian16,29 PBE0,30 def2-SVP,31 GD3 32) regarding the
mechanism of the rearrangement reaction in the
gallasilylene/pentaphosphaferrocene system were initiated
with model compounds with cyclopentadienyl (C5H5

−)
instead of penta-methylcyclopentadienyl (C5Me5

−) and only
methyl substituents on all heteroatoms (Fig. 6). The calcula-
tions provide comprehensive explanations of the observed
reactivity. In case of the reaction of [CpFe(h5-P5)] with the
gallasilylene (data in black), the sequence starts with
a nucleophilic attack of the silylene on one P atom of the P5
cycle. This leads to the rst intermediate Int1 which has two
pathways with moderate activation barriers (>92 kJ mol−1),
sufficient to allow its isolation at low temperature. Upon
warming to room temperature, the reaction cascade proceeds
forward (Int2–6). The highest barrier within this cascade
amounts to 92.2 kJ mol−1. The initial step of the molecular
rearrangement is a gallyl shi from Si to P, followed by sily-
lene migration from the gallyl-P across the P5 scaffold.
Subsequently, the silylene shis towards the gallyl-P but then
inserts into a P–P(Ga) bond to reach an intermediate (Int7)
that is considerably more stable than the initial one-bond-
intermediate (Int1) which could also be isolated. The high-
est activation barrier of 159.3 kJ mol−1 is encountered in the
subsequent coordination of Si to Fe. Heating the sample to
80 °C allowed to overcome this computed activation barrier,
and lead to a P4Si moiety coordinated to Fe, but from this
intermediate (Int8) there is a smaller activation barrier that
leads to the thermodynamic minimum species, ProductM.
Thus, all intermediates whose isolation is apparently feasible
were achieved for this reaction.
Chem. Sci., 2023, 14, 4769–4776 | 4773
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Fig. 6 Computed reaction pathway for model compounds with methyl substituents on N (black: [CpFe(h5-P5)] + arsasilylene, red: [CpFe(h5-As5)]
+ gallasilylene, grey: [CpFe(h5-P)] + gallagermylene, blue: [CpFe(h5-As5)] + gallagermylene). Transition states are given for P5/Si. The highlighted
intermediates/products were isolated and the corresponding complex numbers are indicated in the boxes. TS10M conntects Int2 and Int6.
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Interestingly, for the analogous reaction of [CpFe(h5-As5)] with
the gallasilylene (data in red), Int4 is more stable than Int1 and
Int7, hence this isomer is dominating the cascade from Int1 to
Int7. A thermally induced rearrangement is still possible and
leads to ProductM. When the reaction between [CpFe(h5-P5)] and
the gallagermylene was experimentally investigated (data in
grey), no reaction could be observed. Thus, the nucleophilicity of
the germylene is insufficient for the activation of the P5 cycle.
This is also reected in the calculated thermodynamic parame-
ters of the reaction, which show Int1 as global minimum species.

In contrast, [CpFe(h5-As5)] reacts with the gallagermylene
(data in blue). This is in line with a shallower potential energy
pathway. The reaction cascade smoothly proceeds and Pro-
ductM is observed as sole product without isolated intermedi-
ates. Two features of the gallatetrylenes are likely to contribute
to the distinctly different behavior of these silylenes and ger-
mylenes towards pentaphospha- and pentaarsaferrocene
compared to previously employed ambiphiles (silylenes, alu-
minylenes). The bond between gallium and another electro-
positive element (Si, Ge) is rather weak and is cleaved in favor of
a Ga–P bond early in the cascade and stays in place for the
remainder of the reaction sequence.

Consequently, the P5/As5 scaffold is more polarized than in
reactions with monofunctional tetrylenes. At the same time, the
Ga atom bears a bulky b-diketiminato substituent which
prevents the attack of another tetrylene and thus, the reaction
stays in strict 1 : 1 stoichiometry.
Conclusions

In summary, we present a full account/study of sequential pol-
ypnictogenide transformations of the sandwich compounds
4774 | Chem. Sci., 2023, 14, 4769–4776
[Cp*Fe(h5-E5)] (E = P, As) by gallatetrylenes. Using the Ga-
functionalized silylene, different isomers could be identied,
which were formed by nucleophilic attack, ring expansion and
ring construction reactions. However, when the respective ger-
mylene was employed, no intermediate was observed and only
an iron-germylene complex was isolated. In the respective
transformations the reaction mechanism was deduced by the
isolation and characterization of different isomers. The results
showcase the importance of main group element–element
cooperativity in polypnictogenide chemistry and indicate future
possibilities to discover novel structure motifs, which are diffi-
cult to access by other routes.
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