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Iconic Lappert's heavier tetrylenes E{N(SiMes),}, (E = Ge (1), Sn (2), Pb (3)) have been efficiently prepared
from GeCl,-(1,4-dioxane), SnCl, or PbCl, and Li{N(SiMes),} via a completely solvent-free one-pot
mechanochemical route followed by sublimation. This fast, high-yielding and scalable approach (2 has

been prepared in a 100 mmol scale), which involves a small environmental footprint, represents
Received 29th May 2023 kable i t theti t ted the last five d d bei P
Accepted 24th September 2023 a remarkable improvement over any synthetic route reported over the last five decades, being a so far
rare example of the use of mechanochemistry in the realm of main group chemistry. This solventless

DOI: 10.1039/d35c02709k route has been successfully extended to the preparation of other heavier tetrylenes, such as EClI
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Introduction

Over the last two decades the main group arena has experienced
a renaissance, from fundamental structural studies, through
bonding and reactivity, to applications in catalysis and mate-
rials,"” and the development of new synthetic approaches has
proven fundamental to the advancement of chemistry and its
neighbouring fields.?

In this context, mechanochemistry represents an effective
alternative to classical solution-based methods since it allows
for chemical transformations to proceed with minimal (or no)
solvent involvement, which has a profound impact, not only
reducing solvent waste, but also eliminating time- and energy-
consuming solvent purification and removal steps. Hence,
mechanosynthesis has been growing as powerful alternative to
solution-based thermochemistry for the last two decades* in
a wide range of fields.>*> However, it remains underrepresented
across the main group element arena.***

On the other hand, heavier carbene analogues, also known
as heavier tetrylenes (HTs), are currently receiving increasing
attention, not only for their rich and unique fundamental
chemistry (small molecule activation, insertion into c-bonds,
catalysis, etc.)'*** but also for their rising use as ligands in
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coordination chemistry and homogeneous catalysis.'*"” In fact,
HT species can be very strong electron-donating ligands,"®
stronger than NHCs, being also able to cooperate with the metal
in substrate activation processes.’

With these two precedents in mind, we decided to revisit the
currently used synthetic routes to E{N(SiMe3),}, (E = Ge (1), Sn
(2), Pb (3)), reported by both Lappert and Zuckerman (only 2) in
1974.*° These are some of the first HTs ever reported different
from the long-known heavier group 14 (Ge, Sn and Pb) diha-
lides. Notably, compounds 1-3 have an extensive chemistry
(e.g., materials chemistry,*** metal-free catalysis,*** CH acti-
vation,¢ coordination chemistry*®#??) as well as being
popular precursors to other HTs.**»™m1223 Ag proof of their
synthetical value, compounds 1-3 are commercially available
from various chemical suppliers (CAS numbers 55290-25-0,
59863-13-7 and 55147-59-6).

In addition to the original reports (in the 70's), several routes
have been described for the synthesis of 1-3 (see Table S1 in the
ESI{).2*** In all cases, the solution-based transmetalation
process comprises the reaction of Li{N(SiMe;),} (prepared in
situ from nBuLi and HN(SiMe;), or commercially obtained) with
the corresponding tetrel dichloride (i.e., ECl,, E = Ge, Sn and
Pb), followed by one or more purification steps (i.e., solvent
evaporation, addition of a different solvent, filtration, solvent
evaporation®®**? and distillation/sublimation;*** filtration,
solvent evaporation and distillation/sublimation;***“¢ or solvent
evaporation and distillation/sublimation®*) to remove the LiCl
produced and other impurities. In addition, these syntheses
require environmentally hazardous solvents (e.g., diethyl ether,
tetrahydrofuran, hexane, toluene or benzene) that need to be
previously dried and deoxygenated (see Fig. 1).
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Fig.1 Conventional solution-based (ref. 24c) vs. mechanochemical syntheses (this work) for compounds 1-3.

Herein, five decades after their first report, we demonstrate
that Lappert's homoleptic heavier tetrylenes E{N(SiMe;),}, (E =
Ge (1), Sn (2), Pb (3)) as well as the heteroleptic derivatives ECl
{N(SiMez3),} (E = Ge (4), Sn (5)) can be efficiently prepared in the
absence of any solvent using a novel mechanochemical approach
(see Fig. 1).

Results and discussion
Synthesis of E{N(SiMe;),}, (E = Ge (1), Sn (2) and Pb (3))

Firstly, a 2:1 mixture of solid Li{N(SiMe;),} and GeCl,-(1,4-
dioxane) was ball-milled at 30 Hz at room temperature. After
15 min, an aliquot of the crude reaction mixture was analysed
by ex situ 'H NMR in Cg¢Ds, showing almost quantitative
formation of compound 1 (Fig. S1;1 sharp singlet at 0.33 ppm
(ref. 25)). In contrast, under analogous conditions, the reaction
of Li{N(SiMe;),} with SnCl, afforded a 22 : 78 mixture of 2 and Li
{N(SiMe3;),} (determined by the integral ratio of the singlets at
0.30 (ref. 25) and 0.13 (ref. 26) ppm in the "H NMR spectrum of
the crude mixture, Fig. S47) after 15 min. Given the incomplete
conversion, longer reaction times were attempted. However,
only a slight increase in the amount of 2 was observed after 16 h
(reaching a 24 : 76 ratio between 2 and Li{N(SiMej3),}; Fig. S67).

The absence of a 1,4-dioxane solvate molecule in SnCl, was
claimed as responsible for the slow progress observed for the
formation of stannylene 2 compared to that of germylene 1, in
which one equivalent of 1,4-dioxane is present in the reaction
medium. In order to assess if the presence of 1,4-dioxane
improved the reaction outcome, the synthesis of 2 was
attempted using a minute amount of 1,4-dioxane (n = 4 X
10~%).7 still, this approach did not produce any improvement
after 15 min of ball-milling (Fig. S71). However, it significantly
accelerated the reaction conversion after 5 h, leading to an 86:
14 mole ratio between 2 and Li{N(SiMe;),} (Fig. S87), ¢f. 24:76
mole ratio for neat grinding after 16 h.

12478 | Chem. Sci, 2023, 14, 12477-12483

Considering the importance of solvent molecules and
solvated species in the main-group arena,*®*° together with the
concept of “solvate-assisted grinding”, recently proposed by
Hanusa et al.,** we mimicked the solvation conditions existing
throughout the formation of 1 by using n-solvate (1°°"), which
we outlined as the formal number of solvate molecules per
metal centre. Hence, the synthesis of 2 was carried out by
adding one equivalent of 1,4-dioxane to the mixture of reagents
(nsolv — 1)‘

To our delight, this approach allowed the formation of 2
almost quantitatively after 15 min of ball milling at 30 Hz (an
aliquot of the crude was analysed by "H NMR, showing a sharp
singlet at 0.30 ppm; Fig. S91). The external addition of an
amount of liquid additive for 2 equals the formal intrinsic
solvation value, determined by using the GeCl,-(1,4-dioxane)
starting material, which allowed to mimic the faster reaction
kinetics observed for the synthesis of 1. Notably, while 7*°"
value remains constant on descending the group, n decreases
due to the increased atomic weight of the tetrel element (0.21
and 019, for 1 and 2, respectively). In this manner, °°" allows to
readily quantify the amount of solvent additives involved when
solvated and unsolvated species are directly compared.
However, whether 1,4-dioxane increases reaction kinetics via
changes in the rheology of the reaction mixture and/or the
formation of more reactive solvate species requires further
investigation.

To complete the triad, plumbylene 3 was obtained under the
same experimental conditions used for 2. Thus, a 2:1:1
mixture of solid Li{N(SiMe;),}, PbCl, and 1,4-dioxane (i.e., 500
uL, n°°" = 1, which corresponds to 1 = 0.16) was ball-milled at
30 Hz at room temperature. After 15 min, an aliquot of the crude
reaction outcome was analysed by "H NMR in C¢Dg, showing the
formation of 3 (singlet at 0.25 ppm (ref. 25)) and an unknown
species (singlet at 0.28 ppm), exhibiting signals of similar
intensity (Fig. S131). Longer reaction times (45 min) greatly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Side-by-side comparison of the 10 and 100 mmol scale reactions (left and right, respectively) for the synthesis of Sn{N(SiMez),}» (2). The
inserts display the crude product obtained in 10 mL and the 250 mL stainless steel jars, and the resulting isolated product stored in a 20 mL vial
and a 100 mL Schlenk tube for the small and large scales, respectively. See ESIT for expanded NMRs.

increased the amount of 3 (Fig. S147t), with no further evolution
after 2 h of ball-milling (Fig. S151).

Having developed a new optimised mechanochemical
method for the formation of 1, 2 and 3 as major products, these
species were isolated by distillation/sublimation of the crude
reaction outcomes in yields of 92%, 84% and 67%, respectively,
and characterised employing multinuclear NMR (Fig. 2, S2, S3,
S10-S12, S16-S18+t).>

Comparative assessment of the environmental footprint

Sustainability and environmental footprint has become
increasingly important in synthetic chemistry.**-** However,
detailed comparisons between mechanochemical and conven-
tional solution-based methodologies remain rare, especially for
the chemistry of main group elements.**** Therefore, we
compared our approach to compounds 1-3 with a contrasted
solution-based synthetic route published recently (2018) in
Inorganic Syntheses.”* Qualitatively, a step-by-step comparison
of the different steps required to prepare 1-3 indicates the
advantages of the mechanochemical solventless route (fewer
steps, less complexity, fewer hazards, shorter times, less waste
management and less energy consumption to achieve compa-
rable or better product yields).

In a quantitative manner, a green chemistry metrics (GCM)**
approach was used for comparison. The environmental factor
(E-factor),”” atom economy (AE), process mass intensity (PMI),
and reaction mass efficiency (RME) for both synthetic routes

Table 1 Comparison of green metrics between mechanochemical
and a model conventional solution-based route for 1-3

Compound  E-factor PMI RME (%) AE (%) Yield (%)
Mechanochemical route (this work)

1 0.57 1.57 63.9 69.4 92

2 0.70/0.45“ 1.70 70.4 83.8 84

3 1.06/0.79 2.06 57.7 86.2 67
Solution-based route**

1 2.53 18.07 52.1 69.4 75

2 1.48 12.42 61.2 83.8 73

3 1.56 12.62 59.4 86.2 69

¢ Treating 1,4-dioxane as a “solvent”.

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

were calculated (see Table 1; and ESIt). Under mechanochem-
ical conditions, lower E-factors were observed (0.57, 0.70 and
1.06 vs. 2.53, 1.48 and 1.56) even though the energy consump-
tion of the solvent purification and deoxygenation steps of the
solution route was not taken into account. In the case of 2 and 3,
if the liquid additive used is considered as a solvent, the E-factor
is further reduced (from 0.70 and 1.06 to 0.45 and 0.79,
respectively). The PMI for the mechanochemical synthesis
showed much lower values (1.57, 1.70 and 2.06) than their
solution-based counterparts (18.07, 12.42 and 12.62). However,
since both approaches use the same reagents, RME and AE
values are comparable (depending on the yield of isolated
products) and equal, respectively, for both processes.

Upscaled synthesis of Sn{N(SiMe;),}, (2)

Currently, one of the major challenges for the broader adoption
of mechanochemical methodologies is its ability to be imple-
mented at large preparative scales.?® This is especially needed in
the main group field, where examples of compounds,
complexes and materials at large scales are scarce.*

Based on this, we set off to upscale the route to compound 2,
which is the most used precursor of the series to prepare other
HTs (stannylenes in this case),'*»™™®%23 using a scale-up batch
approach employing a planetary ball mill. A 250 mL jar was used
to produce 2 in a 100 mmol scale by milling SnCl, (18.96 g, 100
mmol) with Li{N(SiMe;),} (33.46 g, 200 mmol) in the presence of
1,4-dioxane (10 mL, = 0.19 and 7**" = 1, respectively) for
30 min. To our delight, the reaction was successfully scaled 10-
fold, maintaining an almost quantitative conversion as illustrated
by the "H NMR of the crude products (see Fig. 2). The larger scale
preparation allowed the isolation of 2 by distillation (see Fig. S20-
S22t) in a remarkable 88% yield (38.6 g), ¢f 73% yield for the
100 mmol scale solution-based synthetic route published in
Inorganic Syntheses,”* demonstrating the suitability of the
solventless designed methodology for multigram preparations.

Mechanochemical derivatisation of Lappert's heavier
tetrylenes: synthesis of ECK{N(SiMe;),} (E = Ge (4) and Sn (5))

The successful solventless synthesis of 1-3 prompted us to
extent our mechanochemical approach to the preparation of
other heavier tetrylenes, in particular, the heteroleptic deriva-
tives EC{N(SiMe3),} (E = Ge (4), Sn (5) and Pb (6)).

Chem. Sci., 2023, 14, 12477-12483 | 12479
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Chloroamido-stannylene 5 was first isolated by both Lappert
and Zuckerman in 1974 (ref. 20a and ¢) as a white solid in ca.
50% yield (latter improved to 87% in 1991).*> Compound 5 is
conventionally obtained following a solution-based*® redistri-
bution reaction between SnCl, and 2 (ref. 20 and 39) ora 1:1
transmetalation reaction of SnCl, and Li{N(SiMe;),}.>*“*

Chlorogermylene 4 has never been isolated, although it has
been proposed as a reaction intermediate during the thermal
decomposition of germacyclopentenes as a route to
germaisonitriles.*!

Lastly, in contrast to the lighter Ge and Sn counterparts,
which identities have been fully confirmed® and proposed
using photoelectron spectroscopy,** respectively, chlor-
oplumbylene 6 is unknown, to the best of our knowledge.

We chose the synthesis of 4-6 (Scheme 1) by the redistribu-
tion approach because no reaction subproducts were expected
as well as it will demonstrate the viability of the mechano-
derivatisation of compounds 1-3, which will prove the broad
applicability of mechanochemistry towards the synthesis and
derivatisation of tetrylene species.

Therefore, a 1:1 mixture of solid 1, 2 or 3 and the corre-
sponding tetrel dihalide ECl,-L (E = Ge, Sn, Pb; L = 1,4-dioxane
for E = Ge; nothing for E = Sn, Pb), in the presence of one
equivalent of 1,4-dioxane for E = Sn, Pb (n*" = 1), was ball-
milled at 30 Hz at room temperature. After 2.5 h, aliquots of
the crude reaction mixtures were analysed by ex situ "H NMR in
CeDs. For E = Ge and Sn, these spectra displayed sharp singlets
at different chemical shifts from those of 1 and 2, which had
entirely disappeared, indicating the formation of 4 (Fig. S237)
and 5 (Fig. S267), respectively, as the major reaction products.
Both compounds were isolated in 94% yield after evacuating the
small amount of 1,4-dioxane present in the reaction medium
(see Fig. S24 and S25 for 4 and S27-S297 for 5). The NMR data of
5 is consistent with that reported in the literature,*>** being the
™98n chemical shift at 124 ppm (Fig. S291) particularly infor-
mative (note that the "'*Sn NMR spectrum of 2 shows a singlet
at 769 ppm; Fig. S127).

In contrast, for the heavier tetrel counterpart (E = Pb), no
reaction took place after 2.5 h, with homoleptic 3 being the only

E{N(SiMe3),}> + ECly'L
coloured solids white solids

E = Ge; L = 1,4-dioxane
E = Sn, Pb; L = nothing*

2 | ECHN(SiMes)s}

E = Ge (4; 94 %) pale orange solid
E =Sn (5; 94 %) off-white solid
E = Pb (6; no formation)

*one equivalent of
1,4-dioxane was added

25h
30 Hz

Scheme 1 Mechanochemical reactions of homoleptic E{N(SiMez),}>
(E = Ge (1), Sn (2) and Pb (3)) with the corresponding tetrel dihalide to
produce heteroleptic ECI{N(SiMez),}, (E = Ge (4) and Sn (5)).

12480 | Chem. Sci, 2023, 14, 12477-12483
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species observed by NMR analysis (Fig. S30-topt). An alternative
direct mechanochemical synthesis of heteroleptic 6 was
attempted by the 1:1 reaction of PbCl, and Li{N(SiMes),}.
Unfortunately, the 1:1 reaction only led to the formation of 3
(Fig. S30-bottomt) and unreacted PbCl,. The presence of
unreacted PbCl, was evidenced by the existence of a large
amount of unsoluble white solid in C¢Dg.

The efficient transformation of the homoleptic diamido-HTs
1 and 2 to the heteroleptic chloroamido-HTs 4 and 5, respec-
tively, encouraged us to seek for further mechano-
derivatisations that could show the full potential of mechano-
chemical approaches in main group chemistry. In this context,
since chloroamidostannylene 5 has been utilised in several
reports as a precursor to prepare other HTs**** employing
conventional solution-based protocols; as a proof of concept, we
set out to mechanochemically synthesise chlor-
oguanidinatostannylene SnCI['PrNC{N(SiMe;),}NPr] (7), previ-
ously carried out in diethylether by Ruzicka et al.,*¥ by reacting 5
with the carbodiimide ‘PrNCN'Pr. To our delight, 20 min of ball-
milling at 30 Hz of a 1:1:1 mixture of 5, {PrNCNPr and 1,4-
dioxane led to the nearly quantitative formation of 7 (Fig. S311),
which was isolated in 72% yield (see Fig. S32-S34%).*

Conclusions

In summary, a novel mechanochemical approach has been used
to prepare heavier tetrylenes, allowing the efficient isolation of
Lappert's diamidogermylene 1, -stannylene 2 and -plumbylene 3
and their subsequent transformation to the chlor-
oamidogermylene (4) and -stannylene (5) derivatives. Addi-
tionally, further —mechano-derivatisations are possible
(synthesis of 7). These reactions can be readily upscaled, as
demonstrated by the preparation of a 100 mmol batch of Sn
{N(SiMe3),}, (2) in 88% yield.

The solvent-free routes reported in this study surpass all of the
solution-based methods reported for their synthesis in the past
five decades, as they deliver a rapid, high-yielding, and environ-
mentally benign processes that represent a milestone in the
development of mechanochemical methods in the main group
arena. The efficient syntheses of 1-5 and 7 anticipate that
mechanochemistry holds great potential for a more sustainable
synthesis of other homoleptic (i.e., amino-/alkyl-/aryl-/phophino-)
and heteroleptic HTs, a field that currently remains unexplored.

We hope our manuscript encourages more main group and
synthetic chemists to incorporate mechanochemical method-
ologies in their synthetic toolbox throughout their studies.
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