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T-shaped Ni’ Systems Featuring Cationic Tetrylenes: Direct
Observation of L/Z-type Ligand Duality, and Alkene Hydrogenation

Catalysis

Annika Schulz, Till L. Kalkuhl, Philip M. Keil, and Terrance J. Hadlington*

Abstract: We report a facile synthetic method for
accessing rare T-shaped Ni’ species, stabilised by low-
coordinate cationic germylene and stannylene ligands
which behave as Z-type ligands toward Ni’. An in-depth
computational analysis indicates significant Ni‘—E”
donation (E=Ge, Sn), with essentially no E—Ni dona-
tion. The tetrylene ligand’s Lewis acidity can be
modulated in situ through the addition of a donor
ligand, which selectively binds at the Lewis acidic
tetrylene site. This switches this binding centre from a
Z-type to a classical L-type ligand, with a concomitant
geometry switch at Ni’ from T-shaped to trigonal planar.
Exploring the effects of this geometry switch in catalysis,
isolated T-shaped complexes 3a—c and 4a—c are capable
of the hydrogenation of alkenes under mild conditions,
whilst the closely related trigonal planar and tetrahedral
Ni’ complexes 5, D, and E, which feature L-type chloro-
or cationic-tetrylene ligands, are inactive under these
conditions. Further, addition of small amounts of N-
bases to the catalytic systems involving T-shaped com-
plexes significantly reduces turnover rates, giving evi-
dence for the in situ modulation of ligand electronics for

catalytic switching. )

Introduction

The coordination chemistry of the heavier tetrylenes has
formed an important corner-stone in modern organometallic
chemistry. Even before the seminal discovery of N-hetero-
cyclic carbenes (NHCs) as stable divalent carbon species,!"
Lappert had shown that related heavier congeners can be
readily accessed through non-trivial protocols.* Since that
time, a diverse array of coordination complexes of these
stable L-type Si" Ge",”! Sn", and even Pb"[" ligands
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with transition metal (TM) fragments have been developed.
Classically, TM fragments behave as Lewis acids (i.e. Z-type
ligands), so forming dative interactions with tetrylene-
centred lone electron pairs. For low-coordinate tetrylenes
(i.e. non-base stabilised), back-bonding from the transition
metal to the tetrylene centre forms a degree of E-TM n-
bonding (E=Si, Ge, Sn), as per Fischer-type carbenes. This
is perturbed on addition of a base to the E centre,®” or
further strengthened on forming cationic tetrylene-TM
complexes, whereby a linear alkylidyne-type structure is
favoured, pertaining to E-TM triple bond interactions.”
Although rare, TM centres can also behave as Lewis basic,
L-type ligands,'! culminating, for example, in metal-only
Lewis pairs,['” and even TM-only “frustrated” Lewis pairs.['’]
Until recently, L-type bonding was unknown for Ni’, despite
its electron-rich d" ground state, and the well-established
Lewis basicity of d'” Pd and Pt compounds."! Classical base-
free tetrylene complexes of Ni have been known for some
time, typically featuring trigonal planar geometries at the E"
centres, and tetrahedral or trigonal planar geometries at Ni°,
for 3-coordinate and 4-coordinate systems,
respectively.*1®l However, it has additionally been shown
that heavier tetrylenes have the capacity to switch the
coordination nature of the bound Ni’, from a classical Lewis
acceptor to a Lewis donor (i.e. TM—E; Figure 1a). In 3-
coordinate Ni° species, this has led to the discovery of
geometrically distinct T-shaped Ni’ complexes, in which the
Ni centre in fact behaves as a Lewis basic donor to the
vacant p-orbital of the E" centre, i.e. the E" centre behaves
as a Z-type ligand.'’"! Ni’ complexes bearing this structural
motif remain extremely rare, the only reported examples
being the bis-NHC-supported Cl,Ge:Ni complex A reported
by Roesler et al.,'”! and both neutral and cationic silylene
complexes B and C reported by Kato et al. (Figure 1b).[5)

The propensity for a nickel(0)-tetrylene complex to
adopt a T-shaped geometry increases with the heightened
Lewis acidity and reduced nucleophilicity of the tetrylene
centre. Indeed, heavier EX, fragments (E=Ge, Sn; X=Cl,
Br) are known to behave as electrophiles in the coordination
sphere of TMs,” whilst even N-heterocyclic plumbylenes
can behave as Lewis acidic Z-type ligands,”! in stark
contrast to strongly nucleophilic, c-donating NHCs. Still,
despite their high Lewis acidity, utilising cationic tetrylenes
does not typically favour Z-type ligand behaviour, but rather
leads to the formation of alkylidyne complexes, featuring E-
TM triple bonds.'"” In fact, TM complexes featuring
formally cationic tetrylene ligands are very rare indeed, and
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Figure 1. a) L/Z-type ligand duality in tetrylene-Ni® complexes, and its
effect on geometry at Ni; b) Known examples of T-shaped Ni°
complexes (A-C); c) Our previously reported cationic tetrylene Ni°
complexes (D, E); d) This work.

are largely exemplified by our own earlier work (viz. D and
E, Figure 1).?>% The cationic tetrylene centres in those
systems behave as strong c-donor ligands, whilst remaining
highly Lewis acidic. They can therefore selectively bind
incoming nucleophiles at the ligand’s binding centre, so
quenching their Lewis acidity. Given the small calculated
barrier between T-shaped and trigonal planar geometries in
silylene-nickel(0) complexes,” we hypothesised that this
ligand-centred nucleophile binding may act as a switch for
Ni-centred conformational exchange.

Here, we report our efforts toward this end, in the
development of a family of three-coordinate T-shaped Ni’
complexes bearing low-coordinate, cationic tetrylene li-
gands. In these complexes, the Ni-centre acts as a Lewis
basic donor towards the cationic E" centres (E=Ge, Sn).
These complexes react with classical n-acceptor ligands (e.g.
RNC:, CO) through binding at Ni, whilst N-donor ligands
bind selectively at the E" centres. This latter site-selective
binding leads to a geometry switch at Ni, from T-shaped to
trigonal planar, in line with the reduced Lewis acidity of the
tetrylene centres upon base-coordination. Steps towards
employing such switchability in a catalytic regime are also
outlined, in alkene hydrogenation catalysis which can be
halted through addition of small amounts of N-donor
ligands, and “restarted” through donor removal.
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Results and Discussion
Accessing T-Shaped Ni° Complexes

In order to investigate the potential non-innocent behaviour
of low-coordinate tetrylene ligands, we have developed a
range of chelating phosphine-functionalised tetrylene sys-
tems, which we have previously shown to form 4-coordinate
Ni’ complexes (e.g. D and E, Figure 1).?2? Extending this
to lower coordinate Ni’ complexes, we have utilised the
readily accessible NHC-Ni’ species, IPr-Ni[n’-(vtms)], (IPr=
[(Dipp)NC(H)],C; vtms=C,H,SiMe;),”™ which behaves as
an efficient [IPr-Ni] transfer reagent.”’ One-pot reaction of
this Ni” precursor with equimolar amounts of halo-tetrylenes
RRDippEX (E=Ge, X=Cl (1a—c); E=Sn, X=CI (2a), X=
Br (2b—c)); *¥Dipp ={[R,PCH,Si(R"),](Dipp)N}; R/R'=Ph,
Pr; Dipp=2,6-Pr,C4H;) and Na[BAr",] (Arf=3,5-
(CF;),C¢H;) leads to elimination of vtms, and formation of
deep purple reaction mixtures, which we believed to be
indicative of the formation of cationic tetrylene-Ni’ com-
plexes 3a—c (Ge) and 4a—c (Sn; Scheme 1). *'P{'H} NMR
spectra of crude reaction mixtures indicated the formation
of a single new species in all cases (e.g. for 1a: §=7.0 ppm;
for 3a: §=10.4 ppm).”” Following filtration of reaction
mixtures, solvent removal, and addition of pentane to
resulting purple oils, deep red-purple crystalline solids could
be obtained. UV/Vis analysis of 3a and 4a revealed strong
absorptions at 363 nm (¢=17940 Lmol'cm™") and 365 nm
(e=7420 Lmol 'cm™), respectively. Upon structural charac-
terisation of these products, it was found that, remarkably,
all examples bare a T-shaped geometry at Ni’ (Figure 2),*!
rather than the trigonal planar geometry typically observed
for 3-coordinate Ni’ species.'! Such a geometry for Ni’ is
only known for three reported species, i.e. A—C,['* whilst
no examples have been observed previously featuring Sn"
ligands. This geometry is observed due to the cationic
tetrylene centres behaving as Z-type ligands, driving Ni’—
E" donation, as opposed to the typical E"—Ni’ donation
observed in tetrylene complexes of transition metals. The T-

X
E’ IPr-Ni-(vtms), ® BAr4F
Na[BAr,] E\ /IPr
I > Ni
-NaCl VA

P., - vtms P.,

‘ /R lI,R
R

1a-c, E = ,X=ClI
2a,E=Sn,X=Cl 3a-c, E = Ge (59 - 80%)

2b-c, E = Sn. X = Br 4a-c, E = Sn (64 - 93%)

2R i - DPP
® ‘ J
a:R=Ph, R =Pr L
b: R =Ph, R = Ph . Dipd

c:R='Pr,R"=Ph

Scheme 1. One-pot synthetic access to T-shaped Ni° complexes 3a—c
(Ge) and 4a—c (Sn).
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Figure 2. Molecular structures of the cationic part in a) 3a and b) 4a
with hydrogen atoms omitted, and thermal ellipsoids at 25%
probability. Selected bond length [A] and angles [°] for 3a: Gel—Nil
2.269(1); P1=Ni1 2.185(1); C32—Ni1 1.923(4); Ge1—N1 1.846(4);
C32-Ni1—P1 170.3(1); N1—Ge1—Ni1 109.7(1); Ge1—Ni1—P1 89.94(5);
Gel—Ni1—C32 98.2(1). For 4a: Sn1—-Ni1 2.473(1); P1-Ni1 2.182(2);
C32-Ni1 1.940(5); N1-Sn1 2.082(4); C32—Ni1—P1 163.6(2);
N1-Sn1-Ni1 107.4(1); P1-Ni1-Sn1 91.08(5); C32—Ni1-Sn1 103.7(1).

shaped structural motif in these species is exemplified by the
near linear CN"“-Ni—P angles at their cores (e.g. 3a: 170.3-
(1)°; 4a: 163.6(2)°). As in our previously reported systems
featuring the [**DippE]* ligands,”*" the E and P centres
chelate the Ni’ centre. However, due to the reversed
electronic nature of the E"-Ni’ bonding interaction, the
E—Ni bonds in these T-shaped Ni’ systems are elongated
relative to their higher coordinate counterparts D and E
(e.g. dyige: D=2.1908(9) A, 3a=2.269(1) A; dyis,: E=2.4024
(9) A, 4a=2.473(1) A). The N-E-Ni bending angles in 3
and 4 are also significantly more acute (e.g. /ngenit D=
133.0(1)°, 3a=109.7(1)°; /nsani: E=124.3(1)° 4a=107.4(1)°),
indicative of reduced sp-mixing in these E—Ni interactions,
and prominent lone-pair character at the E" centres. As a
whole, these observations indicate an even lower E-Ni bond
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order in complexes 3 and 4 compared to our earlier reported
examples, in which the geometrically enforced N—E—Ni
bending angle already significantly reduces metal to ligand
back bonding, so amplifying the Lewis acidity at E. In the
present case, the apparent Lewis acidity at E is great enough
to favour Z-type ligand character.

To gain further insights into the electronic nature of
complexes 3 and 4, Density Functional Theory (DFT) and
Natural Bond Order (NBO) analyses were carried out on
model complexes [""™XylE-Ni-IPr]* (E=Ge, 3; E=Sn, 4;
PiMex yl = {[Ph,PCH,SiMe,](Dipp)N~). Metrical parameters
for optimised structures in 3’ and 4’ are in good agreement
with those for structurally characterised examples. For both
species, the HOMO (3: —9.78 eV; 4: —9.76 eV) and LUMO
(3: —2.86eV; 4: —2.98 ¢V) represent a lone electron pair at
E, and the o*-orbital of the E—Ni bonding interaction,
respectively (Figures S134 and S135 in ESI). The former
orbital further reiterates the Ni—E bonding situation in
these species. Notably, the described LUMO shows consid-
erable localisation at both E and Ni, which would indicate
that both are viable binding sites for additional Lewis basic
ligands (see below). In addition, the LUMO+1 (3"
—2.56 eV; 4: —2.85 eV) represents a further vacant p-orbital
at E. Calculated bond orders for 3" and 4 (MBO: 3'=1.00
4'=0.79) are again in keeping with relatively weak E—Ni
bonding, and are not indicative of multiple bond character.
An NBO-derived second order perturbation theory analysis
does not dissect the Ge—Ni interaction in 3" as a donor-
acceptor bond. In 4, however, the Sn—Ni interaction is
treated as a dative interaction; a lone electron pair and two
vacant p-orbitals are observed at Sn (Figure 3a—c), whilst a
high d-character lone electron pair and the P-Ni ¢-bond are
key donor orbitals (Figure 3d—f). The donation of the
described Ni-centred d-character lone-pair to a vacant p-

Figure 3. Orbitals involved in the Ni—Sn bonding interaction in 4’, derived from an NBO second order perturbation theory analysis. (a) Sn-centred

lone pair of electrons; (b), (c) Sn-centred vacant orbitals; (d)
(h) = (e) + (g) [interaction energy of 46.22 kcal mol™].
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-(f) Ni-centred electron density; (g) =

(d) + (c) [interaction energy of 88.40 kcal mol™'];
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orbital on Sn (Figure 3g) shows a high interaction energy of
88.40 kcalmol'. Additional donation is found from the
described P-Ni o-bonding orbital, with a further
46.22 kcalmol ' binding energy (Figure 3h). Importantly, no
significant Sn—Ni interactions are found. As such, these
findings give key insights into the nature of the E-Ni bonds
in these unique cationic Ge™ and Sn" complexes featuring L-
type Ni” donor centres.

Ligand-Induced Geometry Switching

Following the isolation of T-shaped complexes 3 and 4, we
sought to further define the importance of the Lewis acidity
at E in accessing this unusual geometry in Ni’ complexes.
Our initial attempts to achieve this were in the synthesis of
chloro-tetrylene complexes 5 (Ge) and 6 (Sn), through the
addition of chloro-tetrylenes ™*DippECI (E=Ge, Sn) to
IPrNi[n’-(vtms)], (Figure 4). Under these conditions, no
reaction was observed. However, generating IPr-Ni(cod)
(cod=1,5-cyclooctadiene) at low temperatures,”” followed
by addition of the desired chloro-tetrylene did lead to the
formation of dark green reaction mixtures. On warming to
ambient temperature, the germanium system retained its
deep green colour, the formation of one major product
indicated by *P{'H} NMR spectra of crude reaction
mixtures. Reactions involving the chloro-stannylene, on the
other hand, formed intractable mixtures at ambient temper-
ature, and as such chloro-stannylene complex 6 could not be
isolated. The related Ge system, 5, was readily isolated as a
dark green crystalline solid (Figure 4). Structural analysis of
5 rather interestingly indicates a trigonal planar Ni° centre,
in which the Ge" centre has now switched from a Z-type to
an L-type ligand, which we attribute to a reduction in the
Lewis acidity of this Ge" binding centre relative to that in 3.
This leads to a contraction of the Ge—Ni interaction (dgen =
2217(1) A) relative to 3 (e.g 3a: dgep;=2269(1) A), and a
lessened bending angle at Ge (/ygen; in 5: 120.9(1)°; in 3a:

Ni(cod),
IPr N
—_— Ni=tpr
P. Tol. P’ @
l//Ph "/ph T
Ph Ph
& P1 I
5,57% | PP W
& — %o %
& /it ®
GENTfﬁqu
o3 ‘

. @cn
ds
Figure 4. Synthetic access to trigonal planar Ni’-chlorotetrylene com-
plex 5, and the molecular structure of 5. Selected bond length [A] and
angles [°] for 5: Ge1—Ni1 2.217(1); C56—Ni1 1.940(6); P1-Ni1 2.138(2);

N1—Gel 1.891(5); C56—Ni1—P1 128.1(2); P1-Ni1—-Gel 94.89(5);
C56-Ni1—Gel 136.6(2); N1-Gel—Nil 120.9(1).
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109.7(1)°). Notably, this case is quite different to that
observed in closely related silylene-Ni’ complexes recently
reported by Kato etal. (viz. B and C, Figure 1), in which
both the cationic and chloro silylene complexes are T-
shaped at Ni. The ability for the geometry at Ni° to switch in
direct relation to the nature of the germylene in complexes
described here thus has exciting potential for outer-sphere
ligand effects in complex switchability.

To further probe this concept, we focused our efforts on
forming adducts of cationic complexes 3 and 4 with differing
donor ligands. This focused on the N-donor ligands NH; and
N,N-dimethylaminopyridine (DMAP), and the n-acceptor
ligands CO and CyNC (Scheme 2). This also raises the
question: can site-selective ligand binding be observed,
based upon the differing electronic nature of cationic E"
centres and Ni’ centres in these complexes? DFT-derived
binding energies of differing N-donor ligands, CO, and
MeNC to the E" centre or Ni’ centre in model complexes 3’
and 4 have been calculated, and are summarised in
Table 1.°% For both 3’ and 4' the binding of CO and MeNC
at Ni’ is significantly favoured, by up to 69.9 kJmol ', which
is perhaps not surprising given that tetrylene adducts of CO
are extremely rare.’ In contrast, the binding of ammonia in
3 is in fact favoured at the Ge site by 10.5 kJmol™', whilst

- ©
IPr |AN
E© Ni
— [T}
_ 2 CO G C
P CO
<z
_R R 7,E=
8,E=Sn
DMAP
s B £® An®
- CyNC ( N \\\IPr
|\ 4 Ni
E AR
AY L R
Ni~-IPr 9. E-=
10, E =Sn
I
R
M,E=

Scheme 2. Adduct formation in complexes 3a and 4a (An=BAr",).

Table 1: Binding energies for ligands (L) to either Ni or Ge/Sn centres
in model cationic-tetrylene Ni® complexes.”

L 3 4 D' E'
Ni Ge Ni Sn
binding binding binding  binding

co -47.0 13.7 -43.8 134 - -

CNMe -75.2 53 -713 -18.4 - -
NHs3 -17.0 -27.5 -47.0 -42.0 -32.301 -37.9

NMes -7.6 -22.2 - - - -

DMAP  -556 -72.8 - - - -

Py 277 -31.6 - - - -

[a] Calculated at the ®B97XD//def2-SVP level of theory for all atoms.
All energies given in k| mol™". [b] Value taken from ref. [22a].
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for 4 binding at Sn or Ni has a similar energy. Ge-centred
binding can be further favoured in employing the strong
nitrogen base, DMAP, with a binding affinity at Ge of
72.8 kImol ™', compared to 55.6 kJmol! at Ni. Experimen-
tally, the site-selective ligand binding capacities of 3 and 4
are satisfyingly in-keeping with computational results. The
addition of CO to solutions of 3a or 4a leads to binding of
CO at the Ni centres in these complexes. Using an excess of
CO rather leads to complete elimination of the group 14
ligands, ["*DippE|[BAr",], as shown by *P{'"H} NMR
spectroscopic analysis.®! Careful addition of =2 equiv
instead allows for the isolation of bis-CO complexes 7 (Ge)
and 8 (Sn), with the chelating phosphine arm in these
species now binding the cationic tetrylene centres, as
indicated by structural analysis (Figures 5a and S121). These
species therefore bear 4-coordinate tetrahedral Ni’ centres,
and 3-coordinate E" centres, with E-Ni distances in keeping
with those expected for dative E—Ni single bonds. Moving
to the sterically larger isocyanide, CyNC, facilitates mono-
addition at Ni, in the formation of complexes 9 and 10, in
which the chelating phosphine arm remains bound to the Ni
centre. Again, structural analysis of these species reveals
tetrahedral Ni’ centres, with low-coordinate cationic E"
centres similar to those found in our previously reported
complexes D and E (Figures5b and S121). A notable
contraction in E-Ni bond lengths is now observed (9:
2.1890(9) A; 10: 2.422(1) A), as well as an opening of the
N—E—Ni angles (9: 128.29(8)°; 10: 118.42(9)°), both indica-
tive of a switch to L-type tetrylene bonding centres, and a
degree of donor-acceptor bonding between E and Ni in
these moieties, as described in our earlier reports.?*!

In contrast to the addition of m-acceptor ligands, and
again in line with calculated binding values, N-donor ligands
selectively bind at the cationic tetrylene centres. Addition of
ammonia to solutions of 3a or 4a at low temperature leads
to the formation of deep green solutions, similar in colour to
chloro-germylene complex 5. In situ *'P{'H} spectra for the
addition of NH; to 3a at —40°C (6=18.7 ppm) suggest the
formation of a single species (Figure S88 in Supporting
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Information). Whilst complex mixtures form upon warming
to RT, this gave us early circumstantial evidence for binding
at Ge/Sn. Moving to an aprotic N-base, addition of DMAP
to solutions of 3a leads only to binding at the Ge site, in the
formation of 11.5 This compound crystallises as deep blue-
purple plates, structural analysis of which indicates a single
DMAP ligand bound at the Ge" centre in this compound.
'"H NMR spectra of dissolved 11 are highly broadened
(Figure S82 in Supporting Information), presumably due to
hindered rotation caused by the introduction of considerable
steric hinderance at the Ge centre in this compound.
Nevertheless, one clear signal can be observed in the *'P{'H}
NMR spectrum for this compound (6 =18.9 ppm, Figure S83
in Supporting Information), in keeping with that observed
for the above described NH; adduct, albeit also somewhat
broadened. Importantly, the Ni" centre in 11 now bears a
trigonal planar geometry (Figure 5c), in line with our
hypothesis that reduced ligand Lewis acidity can trigger such
a geometric switch. As with chloro-germylene complex 5, a
contraction of the Ge-Ni distance (2.208(2) A), and an
opening of the N—Ge-Ni angle (120.5(2)°) are both
indicative of Ge—Ni donation, in line with a now L-type
germylene ligand. These ligand binding studies in complexes
3 and 4 indicate that the Lewis acidic E" binding site can
indeed play a role in geometry modulation at Ni’, through
site selective binding.

Alkene Hydrogenation Catalysis

Due to their unique, readily tuneable electronic nature, low-
valent p-block species are extremely promising targets as a
new generation of bespoke ligand systems,"*®! particularly
regarding metal-ligand cooperativity.>* Using these con-
cepts for the development of novel catalytic systems based
upon Earth-abundant elements forms a key aspect of our
endeavours in the development of chelating tetrylene
ligands, in which the tetrylene binding sites are strongly
ambiphilic. As described, we have shown that small ligand
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Figure 5. Molecular structure of a) 7, b) 10, and c) 11, with hydrogen atoms omitted, and thermal ellipsoids at 24 % probability. Selected bond
lengths and angles for 7: GeT1—Ni1 2.260(1); C32—Ni1 1.971(6); C59—Ni1 1.824(6); C60—Ni1 1.784(6); P1—Gel 2.542(2); N1-Gel 1.866(4);
N1—-Gel—P1 86.9(1); P1—Gel—Nil 128.71(4); N1-Ge1—Ni1 128.61(1); C32—Ni1—Ge1 132.8(2); C59—Ni1—C60 118.5(3). For 10: Sn1—Ni1 2.422(1);
PT1—Ni1 2.185(1); C32—Ni1 1.975(3); C59—Ni1 1.839(5); N1-Sn1 2.071(3); N1-Sn1-Ni1 118.42(9); Sn1—Ni1—-P1 85.00(3); C32—Ni1-P1 133.3(1);
C32-Ni1-Sn1 111.8(1). For 11: Gel—Ni1 2.208(2); N1-Ge1 1.866(3); N4-Gel 2.084(6); P1—Ni1 2.12(2); C32—Ni1 1.951(9); N1—-Ge1—Ni1 120.5(2);
N1-Gel—N4 102.1(3); Nil—Ge1—N4 119.1(2); Ge1-Ni1—P1 94.9(5); Gel—Ni1—C32 133.2(2); P1-Ni1—C32 131.7(5).
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variations can lead to pronounced electronic differences at
the TM centre. This, in turn, may affect the catalytic efficacy
of a complex, highlighting the importance of ligand design in
catalysis. Our previously reported complexes D and E
showed the capacity to catalyse the hydrosilylation of
unactivated alkenes. Here, we sought to extend this to more
challenging catalytic alkene hydrogenation, using mild
conditions (1.5 bar H,, 60°C, Table 2). Firstly, screening the
addition of H, to vtms using either D or E as catalysts
showed no catalytic turnover. Moving to the trigonal planar
Ni’ complex §, in which the germylene behaves as an L-type
ligand, again essentially no catalytic turnover was
observed.’ Quite remarkably, in contrast, all T-shaped Ni’
complexes (i.e. 3a—c¢, 4a—c) were indeed found to be active
in the described catalytic regime, in the clean formation of
(ethyl)trimethylsilane with up to 99 % conversion (entries 1—-
8, Table 2). Reaction optimisation revealed complexes 3a
and 4a, bearing the ["*Dipp] ligand, to be the most active
catalysts, with a modest 2.5 mol % loading. We note that for
all systems, no reaction is observed when an excess of either
H, or vtms is added to solutions of these complexes. Further,
heating samples of pure 3a and 4a in the reaction solvent
mixture (i.e. a 3:1 mixture PhF/C,D4) at 60°C for 6 days
showed no signs of catalyst decomposition (Figures S89-S92
in Supporting Information). Monitoring 'H and *'P{'H}
NMR spectra of catalytic reactions also showed that 3a—c
and 4a—c are the only observable species (Figures S97, S98
in Supporting Information), which would suggest that these
are the resting state in the catalytic process.

Exploring substrate scope, both complexes were found
to hydrogenate a range of terminal, internal, and branched
alkenes. As observed with our earlier hydrosilylation
studies, 1-hexene is both hydrogenated and isomerised to 2-
and 3-hexene, with full consumption of 1-hexene observed
within 1h (entries 9 and 10, Table 2). Approximately 50 %
of the hydrogenation product (i.e. hexane) is observed after
this time. Bulky and highly substituted alkenes (e.g.
diphenylethylene, tetramethylethylene, entries 19, 20, 27,
and 28, Table 2) proved challenging for our systems, perhaps
not surprising given the steric bulk of their ligand substitu-
ents. Nevertheless, more highly substituted alkenes (e.g. a-
and B-methylstyrene) could be hydrogenated, as well as the
bulky terminal alkenes, vtms and 3,3-dimethyl butene. We
note that these catalysts do not compete with the state-of-
the-art TM systems.’® As a proof-of-concept study, how-
ever, these results indicate that the cationic tetrylene ligands
developed here (viz. [**DippE]™"), which in fact remain of
great of fundamental interest in their own right, are capable
of directing challenging hydrogenation catalyses in conjunc-
tion with nickel. Given the importance of developing new
catalysts for transformations which rely on precious TMs,?"!
this forms a promising foundation for further developing
novel main-group systems for affecting catalysis with Earth-
abundant metals.

We then sought to investigate the effect of external N-
donors on catalytic efficiency (Table3, Figure S125 in
Supporting Information). Given the observation, both
computationally and experimentally, that such species bind
the germylene centre in 3a, switching from Z- to L-type
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ligand character, we hypothesised that addition of an N-
donor to the catalytic system should lead to a decrease in
activity. Indeed, conducting catalysis in donor solvents (i.e.
THF-dg) greatly hampers catalysis, potentially for similar
reasons (viz Figure S94 in Supporting Information). As N-
donor ligands, we investigated triethyl amine (NEt;) and
2,6-lutidine (Lut).’ As for NH,; and DMAP, NMe; and
pyridine, which are employed as models for NEt; and Lut,
respectively, are computationally found to bind favourably
at the Ge centre in model complex 3’ (Table 1). Addition of
either NEt; or Lut to 3a does not lead to obvious adduct
formation, as ascertained by NMR spectroscopy,”! presum-
ably due to the large steric profile of these donor species.
We note, however, that the 'H NMR signal for the Me-
groups in Lut, when in the presence of 3a, is highly
broadened, likely indicating a rapid binding equilibrium
(Figure S124 in Supporting Information). Catalytic hydro-
genation of vtms with 3a (2.5 mol %) was then conducted in
the presence of NEt; (S5mol %) or Lut (5 and 50 mol %).
Firstly, the donor-free system leads to a conversion of 77 %
after 6 h. In the presence of 5mol% NEt;, a modest
reduction in catalytic activity is observed after the same
time, with conversion of 58 % (Figure S121 in Supporting
Information). Lut, on the other hand, showed a much more
pronounced effect: in the presence of 5 mol % Lut, just 17 %
conversion is observed after 6 h (Figure S122 in Supporting
Information), whilst addition of 50 mol % Lut leads to 11 %
conversion after the same time (Figure S123 in Supporting
Information). Whilst these results are indeed interesting, we
note that this does not necessarily correlate with binding of
the base at Ge, and could be due to alternative catalyst
deactivation mechanisms.

In order to probe the true switchability of these systems,
we wished to removed Lut from the catalytic systems and
“restart” catalysis. Two methods were investigated here,
coordination of Lut with Lewis acidic BPh; (Table 3,
entry 5), and removal of Lut in vacuo (Table 3, entry 6). In
both cases, catalysis was first carried out in the presence of
5mol % Lut for 2h, leading to ~5 % alkene conversion.
The addition of BPh; to these solutions, followed by
repressurising with H, and heating for 6 h, led only to a
modest increase in conversion (viz. 29 %) when compared to
the BPh;-free system (viz. 17 %; Figure S126 in Supporting
Information). In contrast, removal of Lut in vacuo had a
much more pronounced effect (FiguresS127, S128 in
Supporting Information). Here, Lut was removed in vacuo
at 60°C for 30 min. The catalyst residue was then redissolved
and its identity confirmed by 'H and *'P{'"H} NMR spectro-
scopy. Alkene and H, were once again added to the sample,
and the mixture heated for 6 h. After this time, 64 % alkene
hydrogenation was observed, comparing well to the 77 %
overserved in the blank donor-free reaction. It is worth
noting here that described T-shaped Ni’ complexes are
highly oxygen sensitive, and, given the small scale of these
reactions, it can assumed that some catalyst decomposition
occurs during removal of volatiles and redissolution. Over-
all, then, this set of results incites a switchable character in
the catalytic hydrogenation achieved by these T-shaped Ni’
complexes. As mentioned above, whilst this does not
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Table 2: Catalytic alkene hydrogenation utilising T-shaped Ni° complex-
es.

Research Articles

Cat.
(2.5 mol%)
60°C H H
Rz_ Rs 1.5 bar Hy
e
Ry R4 Rq R4
conversion
entry  catalyst substrate t(h) product (yield)®
1 3a 8 81
2 3b 8 24
3 3c 8 19
4 4a 8 47
MesSi” X Messi”
5 4b 8 34
6 4c 8 39
7 3a 10 99
8 4a 11 99
9 3a 1 99 (50)
CHE CHE ™S
10 4a 05 99 (46)
11 3a 12 o 99 (38)
\/(C4Hs)v/ \/( 4 8)\/
12 4a 8 99 (42)
13 3a 48 99 (83)l
P Ph N
14 4a 48 99 (76)!
15 3a 72 79
P N P N
16 4a 72 42
17 3a /k 72 J\ 83
18 4a Ph 72 Ph 53
19 3a /FQ 72 Ph 18
20 4a Ph 72 Ph 25
21 3a 72 o 12
P NP1 Ph N
22 4a 72 13
23 3a 48 99
B X SN
24 4a 48 97
25  3a )\K 72 49 (12)1n
26 4a 72 99 (30)1
27 3a 72 16
)ﬁ/ )Y
28 4a 72 15

[a] Conducted in gas-tight NMR tubes, as solutions in 0.4 mL (3:1
PhF/C¢Dg), 2.5 mol% cat., 60°C, 1.5 bar H,, and 0.02 mmol mesity-
lene as an internal standard. All reactions were run in triplicate;
[b] Conversion denotes % consumption of substrate. Yield denotes %
formation of given product, where other products were observed.
Details of other products given in each case. All values are determined
by integration of '"H NMR spectra. [c] The remainder of 1-hexene is
isomerised to 2- and 3-hexene. [d] The remainder of the octadiene is
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Table 2: (Continued)

isomerised to internal alkenes. [e] We presume that the remaining
styrene is polymerised. [f] The reminder of converted butadiene forms
2,3-dimethyl-1-butene (Ge: 26 %, Sn: 29%) and 2,3-dimethyl-2-butene
(Ge: 11%, Sn: 40%).

Table 3: The effect of N-donors on catalytic efficiency in alkene
hydrogenation.”

additive .
entry (mol %) substrate  t (h) product conversion
1 - 6 7
2 NEts (5) 6 58
3 Lut (5) 6 17
4 Lut (50) MesSiTN 6 pesio N 11

Lut (5) +
5 BPhs (5)®! 6 2
5 Lut (5), 5 64

vacuumf!

[a] Conducted in gas-tight NMR tubes, as solutions in 0.4 mL of a 3:1
mixture PhF/C¢Dg, with 0.02 mmol mesitylene as an internal standard,
and the given donor added via micropipette. [b] Catalysis was run for
2 h in the presence of Lut, BPh; subsequently added, and catalysis
continued for 6 h. [c] Catalysis was run for 2 h in the presence of Lut,
and all volatiles removed in vacuo. The catalyst was then redissolved,
and catalysis restarted (i.e. alkene and H, added), and monitored for
6 h.

directly correlate with a “geometry switch” in the presence
of Lut, it is an interesting outcome which we believe to be
related to the non-innocent character of single-centre
ambiphile ligands, such as the cationic tetrylenes in 3 and 4.

Conclusion

We disclose straight-forward methods for accessing a range
of T-shaped Ni’ complexes, stabilised by low-coordinate
cationic tetrylene ligands built into chelating binding scaf-
folds. The Ni° centres in these species are shown to behave
as donors towards the cationic E" centres (E=Ge, Sn)
through observation of solid-state metrical parameters, and
supporting computational analyses. The small energy differ-
ence between T-shaped and trigonal planar Ni’ geometries
allows for geometry switching through in situ modification
of ligand electronics. That is, addition of a donor ligand at
the cationic tetrylene centre switches the Ni’ geometry from
T-shaped to trigonal planar. Further, all T-shaped complexes
are shown to be effective in the catalytic hydrogenation of
alkenes. Addition of N-donor ligands to the catalytic systems
leads to a significant reduction in catalytic efficiency. Taken
as a whole, these results provide evidence for switchable
molecular catalysis through site-selective donor binding. We
continue to investigate key mechanistic aspects of these
systems, as well as broader catalytic applications.
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