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Abstract: A novel non-innocent ligand class, namely cationic
single-centre ambiphiles, is reported in the phosphine-func-
tionalised cationic tetrylene Ni’ complexes, [T DippENi
(PPh;);]* (4a/b  (Ge) and 5 (Sn); "™ Dipp=
{[Ph,PCH,SiR,](Dipp)N}~; R=Ph, Pr; Dipp =
2,6-'Pr,CsH;). The inherent electronic nature of low-coordi-
nate tetryliumylidenes, combined with the geometrically con-
strained [N—E—Ni] bending angle enforced by the chelating
phosphine arm in these complexes, leads to strongly electro-
philic E" centres which readily bind nucleophiles, reversibly
in the case of NH; Further, the Ge" centre in 4a/b readily
abstracts the fluoride ion from [SbFs]~ to form the fluoro-
germylene complex ""*DippGe(F)Ni(PPh;); 9, despite this
Ge' centre simultaneously being a o-donating ligand towards
Ni’. Alongside the observed catalytic ability of 4 and 5 in the
hydrosilylation of alkynes and alkenes, this forms an exciting
introduction to a multi-talented ligand class in cationic single-
centre ambiphiles.

Introduction

Singlet tetrylenes are by their nature single-centre ambi-
philes, and can thus act as both o-donor ligands and
simultaneously accept electron density at the tetryl element
centre.['l Classical Fischer carbenes demonstrate this charac-
ter through forming often reactive double-bonds with a
transition metal,” due to the high m-acceptor character of
the vacant p-orbital at carbon. On the contrary, electroni-
cally saturated N-heterocyclic carbenes, stabilized by consid-
erable N—C donation, act as strong o-donors but poor
electron acceptors, and hence behave as innocent spectator
ligands.”! Heavier tetrylenes, due to an increased HOMO-
LUMO separation, have a lessened propensity to partake in
multiple bonding;¥! nevertheless a number of multiply
bonded heavier group 14 element—transition metal com-
plexes are now known,"™ the seminal examples of which
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were reported by the group of Power, and were accessed
through the expedient salt metathesis of halo-tetrylenes with
anionic metal fragments.! Similar complexes have been
accessed recently by the same group through the metathesis
of E-E and Mo—Mo triple bonds (E =Ge, Sn, Pb), akin to
alkyne metathesis.l" In search for a ligand class which can
behave both as a Lewis base (i.e. a o-donor) and a Lewis
acid (i.e. an electron acceptor), we sought to further amplify
the Lewis acidity of heavier tetrylene ligands through
generating tetryliumylidene species, which are cationic and
hence have a second vacant p-orbital when compared with
their neutral counterparts. Given their high electrophilic
character, they could thus form a novel ligand class, that is
highly Lewis acidic o-donor ligands.

Cationic transition metal complexes bearing two-coordi-
nate Ge" ligands, a number of which have been reported by
Fillippou (Figure 1), typically demonstrate linear L-Ge—M
geometries in line with considerable M—Ge back donation,
and hence a high degree of multiple bond character
pertaining to triple bonds.”) This, in turn, significantly
reduces the Lewis acidity of the Ge centre. In these systems
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Figure 1. Known examples of cationic TM complexes bearing tetrylene
E" fragments (E=Ge, Sn), and the concept of “constrained bending”
leading to a cationic E" centre.
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the favourable formation of a triple bond will lead to the
cationic charge residing largely on the TM centre or
ancillary ligand, sequestering the Lewis acidity of the Ge
centre. Whilst less explored, the bonding situation is similar
for Sn. In rare cases for both Ge and Sn, multiple bonding is
not favoured, and instead a metallotetrylene is formed
(Figure 1), again lacking Lewis acidity at the tetryl centre
due to the presence of a lone electron pair. It is surprising
that the further reactivity of the described species has not
yet been forthcoming, although there is a growing interest in
the development of mixed-element systems for synergistic
bond activation processes. "

To circumvent sequestration of reactivity at the tetryl
centre, we sought novel chelating tetryliumylidene ligands
with a geometrically constrained, sub-180° L-E—M angle
(Figure 1), reducing M—E back-bonding and lending a high
degree of Lewis acidity to the E centre. This should allow
for strong electrophilic reactivity at this centre, hence
opening a new vista in ligand design. Herein we describe
such a chelating ligand system bearing E" centres which act
simultaneously as c-donors and strong Lewis acids. The
Lewis acidic nature of the E" centres has been demonstrated
through the binding of nucleophilic substrates such as
ammonia, as well as fluoride abstraction from [SbF]™. These
novel systems have also been employed in the catalytic
hydrosilylation of alkenes and alkynes, thus introducing a
new ligand class for key transition metal catalysed processes.

Results and Discussion

We recently reported the chloro-germylene Ni° complexes 3a
and 3b (Scheme 1), which are accessible in gram-scale from
phosphine-chelated chloro-germylenes, """ DippGeCl and ™*-
DippGeCl ("""Dipp = |[Ph,PCH,Si(Ph),](Dipp)N}~; """Dipp =
{[Ph,PCH,Si(*Pr),](Dipp)N}~; Dipp =2,6-Pr,CsH;).""! Addition
of NaBAr", (Ar"=3,5-(CF;),CsH,) to red-brown fluoroben-
zene solutions of 3a/b led to an immediate colour change to
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Scheme 1. Synthesis of cationic complexes 4 and 5 through chloride
abstraction from isolated Ni° complexes 3, or a “one-pot” pot method
utilising chloro-germylenes (1) or -stannylene (2).
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deep purple. For both species, in situ *P{'H} NMR analysis
indicated the formation of a single new compound, with a
considerable increase in the %Jpp coupling of the two P-
environments relative to 3 (e.g. for 3a: 2Jpp=18.2 Hz; for 4a:
2Jop=51.5 Hz), concomitant with a shift towards coalescence of
these signals (Figures S8 and S18 in the Supporting Informa-
tion). Following work-up, deep purple-orange crystals of
cationic species 4a/b could be isolated, the 'H and *'P{'H}
NMR spectra of which match those for crude reaction
mixtures. UV/Vis analyses of toluene solutions of 4b show a
blue-shift of the main absorbance from 362nm (e=
9160 Lmol 'em™) in 3b to 346 nm (¢=9870 Lmol 'cm™) in
4b, as well as a red shift and broadening of a second significant
absorbance (486 nm, £=2310 Lmol'cm™'; Figure S24 in the
Supporting Information). A TD-DFT analysis suggests that the
major absorptions leading to the intense colour of 4b are
centred at 455 and 435 nm, and arise from HOMO—LUMO
transitions which are essentially metal-to-ligand charge transfer
processes (Figure S114 in the Supporting Information). The
molecular structures of both 4a (Figure S102 in the Supporting
Information) and 4b (Figure 2) reveal cationic single-centre
ambiphile ligated Ni’ complexes, containing two-coordinate
Ge" centres bound to Ni’"” Tn 4b, the Ni’ centre pertains
towards a trigonal-pyramidal geometry, the trigonal “base”
formed by the three phosphine ligands (sum of [P—Ni—P]
angles =350.43°), capped by the germyliumylidene arm. The
Ni—Ge—N angle of 132.96(1)° deviates considerably from
linearity due to the chelation through the phosphine arm of
the ligand scaffold, leading to considerable charge localization
on Ge (see below), in stark contrast to previously reported
cationic tetrylidyne transition-metal complexes, which contain
multiply-bonded, linear L-Ge—M interactions, and hence bear
considerable charge at M.*! Reflecting this, the Ge—Ni distance
in cationic 4b (dg.n;=2.1908(9) A) is essentially unchanged
when compared to that in neutral 3b (dg.x=2.1877(7) A),
indicating a negligible increase in Ni—Ge back-bonding in
forming the cationic complex. The frontier orbitals of cationic
model complex 41+ (Figure 2; 41" =
[(™eXylGe-Ni(PPh,),]"; P™<Xyl=[(Ph,PCH,SiMe,)(Xyl)N];
Xyl=2,6-Me,CsH;) calculated using DFT (Density Functional
Theory) methods suggest that both the LUMO and LUMO +
1 are high p-character orbitals localized at Ge (Figure 2 b and
c), whilst the MBO (Mayer Bond Order) for the Ge—Ni
interaction of 1.11 is similar to that for the related neutral
model chloro-germylene complex 3 (MBO=1.13) and further
related germylene complexes described herein (Table S3 in the
Supporting Information).”™ An NBO analysis suggests that the
largest contributions to the Ge-Ni interaction are Ge—Ni
donation, ~ with  energies of 5298 kcal-mol”  and
95.45 kcal-mol™' (Figures S104 and S105 in the Supporting
Information). Three back-donation interactions can also be
found, amounting to 64.55 kcal-mol™" (Figures S106-S108 in
the Supporting Information). This reiterates the notion that
the Ge—Ni bonding interactions in 4a/b are dominated by o-
donation, but also indicates that the chelate effect in these
complexes does not entirely prevent Ni—Ge back-donation.
We also note that, unlike a number of low-coordinate cationic
main group species reported previously,” no arene contacts
between flanking ligands in 4a/b and the Ge" in these species
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Figure 2. a) The molecular structure of the cationic part of 4b, with hydrogen atoms omitted and thermal ellipsoids at 30% probability. b) The
LUMO and ¢) LUMO +1 of [2]*. d) The molecular structure of the cationic part of 5, with hydrogen atoms omitted and thermal ellipsoids at 30%
probability. e) The LUMO and f) the LUMO +1 of [5]". Selected distances [A] and angles [°] for 4b: Ni1-Gel 2.1908(9), Ge1-N1 1.851(3); Nil-
Gel-N1133.0(1), P1-Ni1-P2 123.42(4), P1-Ni1-P3 117.28(4), P2-Ni1-P3 109.73(4). Selected distances [A] and angles [°] for 5: Ni1-Sn1 2.2.4024(9),
Sn1-NT1 2.068(5); Ni1-Sn1-N1 124.3(1), P1-Ni1-P2 125.51(6), P1-Ni1-P3 118.42(6), P2-Ni1-P3 111.48(6).

are apparent in their solid-state structures,"” but N—Ge
donation does aid in stabilizing the Ge" centre in these
complexes (viz. HOMO-21, Figure S111 in the Supporting
Information)."®!

As cationic complexes 4a/b are diamagnetic, and so
formally d'° at Ni, they are best described as bearing a
cationic one-coordinate germylene in the coordination
sphere of neutral Ni°, and as such represent a novel ligand
binding motif when compared with any previously reported
species."'” We were thus curious as to whether the related
Sn" complex could be accessed, given that such complexes
for this element are also unknown. Sn'" derivatives of 3a/b
proved unstable, and could not be isolated. However, the
one-pot reaction between first the chloro-stannylene 2 and
NaBAr",, with subsequent addition of Ni(cod), and 2 equiv-
alents PPh; led to deep purple reaction mixtures, similar to
dissolved 4a/b. *'P{'H} NMR spectroscopic analysis of crude
reaction mixtures suggested remarkably clean conversion to
a single product, with a shift and splitting pattern mirroring
that for 4b. Filtration, removal of volatiles, and addition of
small amounts of pentane led to a large crop of dark purple
crystals, an X-ray diffraction analysis of which revealed the
formation of the cationic stannylene Ni’ complex 5 (Fig-
ure 2d). The high yield (78 %) and expedient nature of this
reaction led us to synthesise Ge" complex 4b in a similar
manner, giving access to this species in 80 % yield.

Due to the larger radius of Sn, the Sn—Ni distance in 5
(d, i =2.4024(9) A) is elongated relative to the Ge-Ni
interaction in 4b (dg. ;=2.1908(9) A). The internal N—Sn—Ni
angle of 124.3(1)° is slightly contracted compared to the
Ni—Ge—N angle in 4b most likely due to reduced sp-mixing in
the Sn derivative, as in known more broadly for the heavier
tetrylenes."® The Ni’ centre in 5, is coordinated in a near
trigonal planar fashion by its three phosphine ligands (sum of
[P-Ni—P] angles=355.41°), and is capped by the Sn" ligand
centre to form a distorted trigonal-pyramidal geometry at
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nickel. The "*Sn NMR spectrum of 5 presents a broad peak at
6=1342 ppm, and so reveals no */g,p coupling information. As
for 4b, a computational NBO analysis of model complex [5']*
is indicative of both Sn—Ni donation (32.59 kcalmol™") and
back donation from Ni (43.75 kcalmol™), both of these
interactions being weaker than for the comparable Ge system
and leading to a decreased MBO of 0.79 for this interaction.
Both the LUMO and LUMO +1 represent vacant orbitals at
Sn" (Figure 2e and f), again in keeping with the Ge derivative,
suggesting this centre too should bear a considerable degree of
Lewis acidity.

Metrical and electronic parameters in 4a/b and 5§
suggested to us that the electrophilicity at the Ge'/Sn"
centres should be high when compared with related multi-
ply-bonded or metallotetrylene species. The first evidence
for this was given by the coordination of DMAP to the Ge"
centre in 4b, leading to brown-purple reaction mixtures,
from which deep blue-purple X-ray quality crystals could be
isolated. The molecular structure of 4b-DMAP (Figure 3)
confirms binding at Ge", with coordination in the N—-Ge-Ni
plane forming a trigonal-planar Ge centre (sum of angles=
359.45°). Relative to 4b, only a small increase in the Ni—-Ge
distance is  observed  (dgen;=2.228(1) A).  Adduct
4b-DMAP is unstable in solution, giving complex *'P{'H}
NMR spectra upon dissolution of pure crystalline material
at ambient temperature. Dissolving samples at —80°C in Dg-
THF, however, allows for the observation of *P{'H} NMR
spectra which contain three signals pertaining to the three
phosphine ligands (Figure S50 and S51 in the Supporting
Information), presumably separated due to “freezing out” of
ligand exchange/rotation processes. Slow warming leads to
initial broadening of the signals, up to —20°C, followed by
the appearance of a number of new resonances due to
complex decomposition.

Addition of an excess of NH; to solutions of 4a led to
the clean formation of a single new species as ascertained by

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Reactivity of cationic 4 and 5 towards NH; and DMAP. Below:
The molecular structure of 4a-DMAP, with hydrogen atoms eliminated
and thermal ellipsoids at 30% probability. Selected distances [A] and
angles [°] for 4a-DMAP: Ge1-Nil 2.228(1), Ge1-N1 1.871(3), Ge1-N2
2.114(4), P1-Ni1 2.259(1), P2-Ni1 2.217(1), P3-Ni1 2.258(2); N1-Ge1-
N2 101.0(1), Ni1-Ge1-N1 133.5(1), Ni1-Ge-1-N2 124.97(9).

'P{'H} NMR spectroscopy, in the formation of orange
solutions. The *'P{'H} NMR spectra of these samples show a
considerably reduced “Jpp coupling value akin to those in
chloro-germylene Ni’ complex 3a, i.e. with a three-coordi-
nate Ge" centre. Addition of between 0.5 and 3 equivalents
of NH; leads to the gradual formation of the same species,
whilst removal of volatiles in vacuo, followed by redissolving
the residue regenerates the starting material, 4a (Figure 4a).
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Figure 4. a) *'P{"H} NMR spectra of i) compound 4a, ii) 4a+0.5 equiv
NHj, iii) 4a+1 equiv NH;, iv) 4a+3 equiv NH;, and v) removal of all
volatiles followed by redissolving in CHsF (all other spectra also as
CgHsF solutions). b) A schematic representation of the LUMO and
LUMO+1 in 4a/b, and the formation of an in-plane donor-acceptor
complex (R=anionic ligand; M =transition metal, D= Lewis basic
donor). ¢) The LUMO of NH, adduct of [4"]*.
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Resonances for solutions treated with 0.5 and 1 equivalent
of NH; show signal broadening, which we hypothesise is due
to a rapid equilibrium between 4a and the ammonia adduct,
4a-NH;. Attempts to crystallise this adduct were unsuccess-
ful, leading only to the isolation of 4a.'! Nevertheless, the
above observations, alongside the favourable DFT-derived
binding energy of NH; to the Ge" centre in [4]" (AG=
—33 kJmol™"), give strong evidence for a reversible ammo-
nia binding process. We also note that the DFT-optimized
geometry of [4]*-NH; shows in-plane binding, akin to that
observed structurally for 4a-DMAP, with one remaining
vacant p-orbital at Ge" (Figure 4b and c).?"

To further investigate the reversibility in ammonia
binding, the previously reported amido-germylene Ni’ com-
plex 6b (Scheme2) was reacted with the oxonium salt,
HBAr", (HBAr",=[(Et,0),H][BAr",]), in order to proto-
nate the NH, group in the loss of NH;. This reaction
proceeds remarkably cleanly, forming deep purple solutions
with 'H and *'P{'H} NMR spectra matching samples of 4b
(Figure S27 in the Supporting Information). The facility of
this reaction was further extended, in addition of HBAT1", to
the hydroxy-germylene Ni’ complex 7b, as well as to the
unprecedented hydrido-germylene Ni’ complexes 8a and
8b, synthesized through salt-metathesis of chloro-germylene
complexes 3a/b with Li[*Bu;BH] (Scheme 2, Figure 5). The
former presumably leads to initial formation of the adduct
4b-OH,, which eliminates H,O to form the free cation 4b
(Figure S28). The related reaction is considerably clearer for
the hydride complexes 8a and 8b. The "H NMR spectra for
these species show considerably down-field shifted Ge-H
resonances when compared with known Ge" hydride
species, indeed more so than any Ge" hydride reported to
date,?" indicative of the electron-deficient nature of the Ge"
centres in 8a and 8b.”? This clear down-field shift, alongside
their characteristic doublet-of-triplets splitting pattern (e.g.
for 8b: 6=11.17 ppm, *Jyp=37.7, 6.5 Hz; Figure S23 in the
Supporting Information) makes the disappearance of these
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Scheme 2. Synthesis of hydrido-germylene complexes 8a/b, conversion
of complexes 6b, 7b, and 8a/b to cationic 4a/b with loss of NH;, H,0,
and H,, respectively, and fluoride abstraction from [SbF¢]™ by 4a/b.
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Figure 5. Molecular structures of a) 8a and b) 9b, with hydrogen atoms
(aside from the H1 in 8a) omitted, and thermal ellipsoids at 30%
probability. Selected distances [A] and angles [°] for 8a: Ge1-Ni]l
2.228(2), Gel-H1 1.64(6), Gel-N11.881(7); N1-Gel-Nil 127.7(2), P1-
Ni1-Gel 100.22(6). For 9b: Ni1-Ge1 2.1758(8), Ge1-N1 1.852(3),
Gel-F1 1.798(2); Ni1-Ge1-N1 133.03(9), F1-Ge1-N1 97.7(1), Ni1-Gel-
F1129.18(7), P1-Ni1-Gel 98.33(3).

signals quite clear. Addition of HBATr, to C¢Dj solutions of
8a and 8b eliminates H,, observable in the '"H NMR spectra
of reaction mixtures as a singlet at 6=4.47 ppm (Figur-
es S15, S16, S25, and S26 in the Supporting Information),
with concomitant disappearance of the distinct Ge-H
resonances. As a whole, this set of experiments firstly
demonstrates the reversible binding of NH; (and H,0) to
cations 4a and 4b, whilst also giving a range of synthetic
routes to these novel cationic complexes which we are
currently exploring in related main-group systems.

We also sought to employ chemical probes to access the
Lewis acidity of 4a/b and 5 (e.g. Gutmann-Beckett,™!
Childs,” and nitrile-binding methods).”! In all cases,
extreme signal broadening or divergent chemical reactivity
was observed, a common issue with such methods in more
complex chemical systems.” Given that the benchmark for
Lewis superacidity is the FIA (FIA =Fluoride Ion Affinity)
of SbF,,?" it so follows that F~ abstraction from the [SbF,]~
anion indicates a high degree of Lewis acidity, pertaining to
Lewis superacidity. It was thus very promising to find that
cation 4b reacts with [SbFy][PPh,] in the formation of
neutral fluoro-germylene Ni’ complex 9b, SbFs, and
[BAr",][PPh,] (Scheme 2).”®! The molecular structure of 9b
is isostructural to chloride derivative 3b in the solid state
(Figure 5), showing a doublet in its ’F NMR spectrum. The
'P{'"H} NMR spectrum of this compound indicates that only
the chelating P-arm couples with the Ge-F centre, presenting
as a doublet of triplets (3/pp=16 Hz; *Jpr=108 Hz), and a
doublet for the two Ph;P ligands (Figure S57 in the
Supporting Information). The instability of the stannylene
Ni’ complex "*DippSnCl-Ni(PPh,), negates the isolation of
a fluoro-stannylene complex through reaction of § with
[SbF4][PPh,], although this reaction does produce SbF; and
[BATF,][PPh,], suggesting fluoride abstraction does indeed
occur (Figure S36 and S37 in the Supporting Information).

The calculated FIA and HIA (HIA =Hydride Ion Affin-
ity) values have become a standard measure of the hard and
soft Lewis acidity of a system, respectively,”*! whilst more
recently the AA (Ammonia Affinity) and WA (Water
Affinity) have been employed to take account for steric
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effects.”™ This set of affinities thus gives a multidimensional
view of the Lewis acidity of electrophiles accounting for hard
and soft Lewis acidity (i.e. FIA and HIA), as well as steric
effects (i.e. AA and WA). These values were calculated for the
Ge'! systems 41" and 41" (141" =
[""™XylGe-Ni(PMe,),] "), and for the Sn" system [5"]", at the
®B97XD/def2SVP (Ni, Ge, Sn: def2TZVPP) level of theory in
the gas phase.”!! Reference values were also calculated for
SbFs and BCF (BCF=B(CFs);) at the same level of theory
due to the experimentally observed reaction between [SbF]~
and 4b, and BCF being a common reference point for Lewis
acidity, which were found to correlate well with literature
values obtained with more intensive computational methods
(Table 1). Values were additionally calculated for the known
[Mes;Si]* system, as an established cationic strong Lewis
acid.’”! Both the FIA (636 kJmol™') and HIA (639 kJmol™)
values for [4’]* are greater than those for SbFs; (FIA:
495 kJmol *; HIA: 571 kJmol ') and BCF (FIA: 457 kJmol ;
HIA: 493 kImol ™), corroborating the experimental observa-
tion that 4b abstracts F~ from [SbF,]~, and further supporting
the notion of a high degree of Lewis acidic character in this
complex. Similarly high FIA and HIA values are observed for
the model Sn" complex [5]F (FIA: 618 kJmol™'; HIA:
622 kJmol™"). The favourable AA (24kJmol™') and WA
(17 kJmol ™) values for [4’]" are in keeping with the observed
binding of NHj; to the Ge" centre in 4a. Still, comparing to the
well-established cationic Lewis acid [Mes;Si]*, which has
considerably higher FIA, HIA, AA and WA values (Table 1),
it is clear that potential Lewis acidity in 4a/b and 5 is quenched
to some degree, most likely through the aforementioned N—E
donation. The inclusion of more sterically demanding Ph
groups at the R;P ligands in [4]* in fact improves the AA
value (33 kJmol™"), which we postulate is due to increased
dispersion interactions. Notably, however, these AA and WA
values are considerably lower than those for SbFs, BCF, and
[Mes;Si] ", and perhaps reflect the considerable steric conges-
tion in 4b relative to those classic Lewis acids. Still, this
collection of calculated values, alongside the experimental
observations of DMAP and ammonia binding, and fluoride
abstraction, give strong evidence that 4b can behave as a
universal Lewis acid, aiding in defining a new ligand class in
the chelating cationic single-centre ambiphiles.

Table 1: DFT-derived ion fluoride and hydride ion affinities (FIA and
HIA, respectively) and ammonia and water affinities (AA and WA,
respectively).?

Lewis Acid  FIA HIA AAL! WAP!
(LA)

41" 639 643 33 11

4 636 639 24 17

51" 618 622 16 11
B(CeFs); 457 (448)9 493 (484)9 100 (122)¢ 39 (54)¢
SbF; 495 (496)9 571 (535)4 143 (163) 84 (99)
[Mes,Si]* 841 859 50 57

[a] at the wB97XD/def2-SVP(Ni,Ge,Sn: def2-TZVPP) level. [b] AA and
WA values are calculated as free energies. [c] Values in parentheses
are taken from Ref.[29c]. [d] Values in parentheses are taken from
Ref. [30].
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To probe the tetrylene-like reactive character in 4a/b
and 5 we sought to observe oxidative chemistry at their E"
centres, reactivity which has been observed for low-
coordinate tetrylene systems in the past.’® Ethylene and
diphenylacetylene, which may be expected to undergo [2+1]
cycloaddition processes, showed no reaction. Silanes and
boranes, which may undergo oxidative cleavage, also
showed no reaction.’ These observations give further
evidence of the formal donor nature of the E" centres in
these complexes. Remarkably, however, cationic complexes
4b and 5 proved to be active catalysts for the hydrosilylation
of alkynes and alkenes. Given the importance of hydro-
silylation in both an academic and industrial setting,™
alongside the need for the development of systems utilizing
benign and abundant elements, this is an exciting finding.
In an initial test, a mixture of 1 mol% 4b, PhCCPh, and
PhSiH; led to selective formation of trans-(Ph)(H)C=C-
(SiH,Ph)(Ph), with 68 % conversion at 60°C after 16 h.
Increasing catalyst loading to 2.5 mol% led to full conver-
sion after 18 h. Screening a number of alkynes under similar
conditions (Table2) demonstrates this protocol can be
extended, allowing hydrosilylation of even the bulky
Me;SiCCMe. In all cases, the only species observable in the
*'P{'H} NMR spectra was 4b, suggesting that this is the
catalyst resting state. Sn" complex 5 also proved to be an
active catalyst for alkyne hydrosilylation, generally showing
an improved activity relative to 4b as exemplified by the
described reaction of PhCCPh being complete in 4h,
comparing to 18 h for similar conditions using 4b.

The scope of the reaction was then extended to alkenes.
This was initially optimized for 1-hexene, which surprisingly
seemed to proceed much more rapidly than for alkynes under
similar conditions (Table 3). Addition of PhSiH; to 1-hexene
in the presence of 2.5mol% 4b gave 90% consumption of
PhSiH; in forming the anfi-Markonikov 1-silylhexane after
12h at ambient temperature, and 4h at 60°C. As a side

Table 2: The hydrosilylation of alkynes catalyzed by 4b or 5.7

H H H H
4b or56(02a.gmo\%) H T o Ph~‘ N H
R—=— r PhSiH, >_< . >_<
R R' R R'
A B
Catalyst R, R’ t Conversion, [%]"
(A:B)

4b Ph, Ph 18 h 99
4b Ph, Me 3h 98 (1:1.3)
4b SiMe,, Me 72h 74 (1:0)
4b "Pr, "Pr 72h 64
5 Ph, Ph 4h 98
5 Ph, Me 5h 93 (1:1.4)
5 SiMe,, Me 72h 86 (1:0)
5 "Pr, "Pr 77h 77
- Ph, Me 24 0

[a] Conducted in 0.4 mL C¢,Dg in gas-tight NMR tubes, with 1.0 equiv
of alkyne. [b] Determined by relative integration of Si-H signals in 'H
NMR spectra of reaction mixtures, and based upon consumption of
PhSiH; starting material.; [c] Carried out in the absence of catalyst.
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Table 3: Optimisation of 1-hexene hydrosilylation using complex 4b."

4b (1-5 mol%) F{:\H o
RT- 60°C — "Pr, npp
/= PhSiHg /_/ +  PhySiH, + \=\ + \—/
"Bu By
P A B-E B-Z
Catalyst loading T t Conversion  Ratio  Ratio
(mol%) ec® [h (9 p:Ad p:gH
1 RT 4 75 209:1  3.8:1
1 RT 48 94 72:1 4.5:1
2.5 RT 4 80 203:1  5.9:1
2.5 RT 12 90 98:1 6.5:1
5 RT 4 76 126:1  4.2:1
5 RT 12 91 65:1 4.8:1
1 60 4 88 35:1 4.7:1
2.5 60 4 90 34:1 5.0:1
5 60 4 91 23:1 5.5:1
5 60 90 99! - —(2.7:1)
) 60 24 0 - -
2.5 RT 12 17 -
2.50 RT 05 65 - 5
12 80 - 5.5:1

[a] Conducted in 0.4 mL C;Dg in gas-tight NMR tubes. [b] RT defined
as 22°C. [c] Determined by relative integration of Si-H signals in 'H
NMR spectra of reaction mixtures, and based upon ratio of PhSiH; to
P. [d] Determined by integration of Si-H peaks for P and A in '"H NMR
spectra of crude reaction mixtures. [e] Determined by integration of
the Si-H peak for P and alkenyl C—H peaks for B in '"H NMR spectra of
crude reaction mixtures. [f] Conducted in the absence of PhSiH,,
showing full isomerisation to B. [g] Ratio in parentheses refers to the
cis:trans ratio for the formed 2-hexene. [h] Carried out in the absence of
catalyst. [i] Ni(cod),/PPh; (1:4) was employed as the catalyst.
[)] Complex 3b used as the catalyst. N.B. Catalytic activity is not
hampered by the addition of 0.1 mL Hg.

reaction, up to 17% of the 1-hexene substrate undergoes
isomerization to a mixture of cis- and trans-2-hexene, with this
process being more prominent at lower catalyst loadings. In
the absence of PhSiH,, full isomerization of 1-hexene to 2-
hexene is achieved (5 mol%, 60°C, 80 h), a promising observa-
tion for the future scope of this catalytic system. The
undesirable catalyzed redistribution of PhSiH; to Ph,SiH, (and
presumably SiH,) is also observed, exacerbated at higher
temperatures and catalyst loadings. To assess the importance
of the cationic single-centre ambiphile ligand in the catalytic
activity of 4b, Ni(cod),/PPh; (1:4 mixture) was employed as a
catalyst, showing a low conversation of 17% at 2.5 mol%
loading after 12 h (Figure S95 in the Supporting Information),
suggesting that the Ge" centre indeed imparts activity in our
system. Utilising the neutral chloro-germylene complex 3b as a
catalyst in fact led to an extremely high initial activity, reaching
65 % after 30 min at ambient temperature. This catalyst proved
highly unstable, however, and had largely decomposed after
this short time, as shown by *P NMR spectroscopy, with little
further conversion after 12 h (Figures S96-S98 in the Support-
ing Information). These observations are somewhat surprising;
whilst they indicate the benefits of the presence of the
germylene/germyliumylidene species for catalytic turnover, the
increased activity and instability in the neutral system certainly
warrants further investigation in future studies.

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Extending this protocol to a range of alkenes showed
selective conversion to the anti-Markovnikov 1-silylalkanes
(Table 4). In the majority of cases mono-insertion products are
favoured (i.e. yielding PhRSiH,); for ethylene, double-insertion
leading to the formation of PhEt,SiH is prominent when the
reaction is conducted at 60°C, and is complete after just 1 h.
Conducting the same reaction at room temperature leads to
selective formation of the mono-insertion product, PhEtSiH,.
The related Sn" system, 5, was also screened as a catalyst in
the hydrosilylation of alkenes (Table 4). In contrast to the
increased reaction rates for the Sn" system in alkyne hydro-
silylation, alkene hydrosilylation is considerably slower, whilst
the competing isomerization reaction for 1-hexene is seemingly
more pronounced. The hydrosilylation of ethylene with § is
selective for the formation of the mono-insertion product at
60°C, in contrast to the Ge" system. In light of these
differences, we are presently developing further ligand systems,
to conduct an in-depth mechanistic study to determine any
involvement of the developed cationic ligands in the catalytic
regime. Finally, whilst the activities reported here are rather
modest when compared with reported Ni hydrosilylation
catalysts,"¥ we note that this is the first demonstration of the
utility of our novel ligand class in catalysis, opening the door
for future developments.

Table 4: Hydrosilylation of terminal alkenes with complexes 4b and 5.7

Cat. ) F{\\H
(0.5 é,osngqow ~_Ph
/= PhS Hy /_/
R R
Catalyst  Catalyst loading R t Conversion
(mol %) R

4b 2.5 H Th 994
4b 2.5 H 24h 971
4b 0.5 CyCH, 4h 69
4b 1 CyCH, 1h 92
4b 2.5 CyCH, 20 min 99
4b 0.5 SiMe, 4h 62
4b 1 SiMe, Th 85
4b 2.5 SiMe, 20 min 90
4b 2.5 p-CF,CsH,CH, 17h 75
4b 2.5 PhCH, 72 h 65
4b 2.5 ‘Bu 72 h 44
4b 2.5 "Pr 24 h 16
5 2.5 "Pr 48 h 71
5 2.5 H T1h 99
5 2.5 CyCH, 48 h 59
5 2.5 SiMe; 20h 86
5 2.5 p-CF,CH,CH, 24 h 79
5 2.5 PhCH, 72 h 43
5 2.5 ‘Bu 72 h 20

Research Articles

[a] Conducted in 0.4 mL C¢Dg in gas-tight NMR tubes, with 1.3 equiv
of alkene. [b] Determined by relative integration of Si-H signals in 'H
NMR spectra of reaction mixtures, and based upon consumption of
PhSiH; starting material. [c] The only product formed under these
conditions is PhEt,SiH. [d] The reaction was carried out at RT. [e] The
reaction was carried out in the presence of 250 mol% PPh.
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Conclusion

We have developed a chelating ligand system based upon
reactive low-coordinate cationic E" centres (E=Ge, Sn),
which, due to the electronic ground state of singlet tetrylenes,
act as o-donor ligands whilst remaining highly electrophilic.
This unique ligand system has been employed in the formation
of Ni’ complexes 4a/b and 5, in which the binding of Lewis
bases, namely 4-N,N-dimethylaminopyridine and ammonia,
can readily occur at the E" centre. Formation of the described
cationic complexes is also possible through protonation of
amido-, hydroxy-, and hydrido-germylene Ni’ complexes 6-8,
in the loss of NH;, H,O, and H,, respectively. Remarkably, the
E" centres in these Ni” complexes even pertain towards Lewis
superacidity, capable of abstracting the fluoride ion from
[SbFy] ™ in the formation of fluoride-germylene complex 9. The
capacity for these complexes to affect catalysis has also been
demonstrated; the hydrosilylation of alkenes and alkynes, as
well as the isomerization of 1-hexene to 2-hexene, is reported.
As a whole, this collection of results thus demonstrates the
utility of single-centred ambiphilicity in readily accessible low-
valent main group ligands, the further reactivity of which we
are presently fervently pursuing, towards defining multi-
centred synergistic bond activation processes and catalysis.
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