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We report an iridium system constructed around a long-tethered
PGeP ligand that facilitates access to the less common germylene
form, so far unreported for an ‘NHC-type’ Ge ligand. Its bonding is
substantiated by computational studies and we have demonstrated
its use for the catalytic dehydrogenation of formic acid, highlight-
ing the potential of this underdeveloped type of ligand.

The coordination of heavier tetrylenes (:EX,; E = Si, Ge, Sn, Pb)
to transition metals has attracted significant attention," in part
due to their ambiphilic character and thus the possibility to
develop processes based on metal/tetrylene cooperativity.>
However, in contrast to their lighter and well-known carbene
congeners, heavier tetrylene complexes exhibit comparatively
reduced stabilities. To circumvent this limitation, pincer-type
tetrylene scaffolds have emerged and a number of catalytic
applications have been developed,’ in several cases revealing
direct cooperation between the transition metal and the tetrel
site.? While silylene pincer frameworks have been widely
investigated,® germylene and stannylene analogues are com-
paratively underdeveloped.

Within the still-limited family of pincer-type germylene
ligands, PGeP compounds first reported by the group of Cabeza
have shown a rich coordination chemistry.®”® Not surprisingly,
the first of the series (A in Fig. 1)° shares its structural core with
N-heterocyclic carbenes (NHCs). However, its coordination to
transition metals is dominated by insertion of the germylene
into M-halide bonds to yield germyl ligands, thus losing their
exciting ambiphilic character.’ Although the halide substituent
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Fig. 1 Representative examples of PGeP-based transition metal com-
plexes (I'Pr = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene).

on A can be exchanged by other anionic groups, '’ its removal to
recover the germylene form has not been documented, most
likely due to reduced stability. Tobita and Watanabe disclosed a
nickel PGeP complex that retains the germylene ambiphilicity
(B, Fig. 1), though the ligand presents a tripodal coordination
due to the double bond character of the Ge=Ni bond."" The
use of an alternative dipyrromethane backbone by Cabeza and
co-workers recently provided access to the first pincer-type
PGeP complex in which the germanium center maintains its
electrophilic germylene character after binding to palladium(0)
(C, Fig. 1).*” This enabled cooperative reactivity between Pd and
Ge, which was demonstrated for a number of substrates.

On these bases, we aimed to design a PGeP system that while
sharing the classic NHC core, would still have an accessible
germylene form and thus maintain the potential for cooperativity.
To circumvent previous stability limitations, we hypothesized that
the use of longer arms for the pincer ligand would be beneficial by
providing higher coordination flexibility and larger P-M-P bond
angles (ie. reduced distortion from a square-planar geometry).
Yamashita and co-workers have demonstrated the catalytic
proficiency of iridium complexes constructed around long-
tethered PBP'> and PAIP"® ligands. Encouraged by their work,
we have now synthesized the analogous long-tethered PGeP
germylene and investigated its coordination chemistry towards
iridium, demonstrating that the longer arms ensure the for-
mation of a genuine PGeP-type iridium-germylene structure,
which we have fully characterized by experimental and
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computational methods. The catalytic usefulness of the system
towards formic acid dehydrogenation is illustrated.

We first synthesized the targeted PGeP germylene by a
similar approach to that described for its borane and alane PEP
(E = B, Al) analogues. Thus, reaction of bis-amido germylene
Ge[N(SiMe3),], with the bis-phosphino phenylenediamine pre-
cursor 1 in toluene (55 °C, 16 h) afforded the pincer-type
germylene 2 in 90% isolated yield as a waxy orange solid. At
variance with its group 13 counterparts, the need for external
base was avoided owing to the basicity of the silylamido ligands
on the Ge(n) precursor. A single *'P{'H} NMR resonance was
recorded at 26.2 ppm, only slightly shifted compared to 1
(27.2 ppm) and thus suggesting no interaction with germanium.

Next, we treated germylene 2 with one equivalent of Vaska’s
complex [IrC]l(CO)(PPh;),] in THF, leading to the isolation of
germyl compound 3 in 55% yield via insertion of germanium
across the Ir-Cl bond, with displacement of the two triphenyl
phosphines. Although the two phosphine donor atoms of 3 are
observed as a single broad *'P{'H} NMR resonance at 25 °C (57.7
ppm), lowering the temperature to —15 °C led to two doublets
(*Jop = 233 Hz) at 62.6 and 54.2 ppm due to the asymmetry of the
complex, with the two (CH,); arms being located at opposite
sides of the Ir-square plane (Fig. 2). To access a germylene pincer
complex we treated 3 with NaBAr" (BAr" = [B(CsHj3-3,5-(CF3)2)4] )
as a chloride abstractor. As hypothesized, the formation of the
germylene structure in 4, with a planar arrangement, leads to a
sharp *'P{"H} resonance at 64.8 ppm.

We confirmed the abstraction of the chloride by X-ray
diffraction studies after growing crystals of 4. The solid-state
structures of compounds 3 and 4 are depicted in Fig. 2 and
present some striking differences. The Ir-Ge bond distance
decreases upon chloride removal (2.510(1), 3; 2.435(1), 4), in
agreement with a stronger interaction. In turn, a slight reduction
in back-bonding from iridium to the carbonyl ligand is inferred
from an intense band in its IR spectrum at 1983 cm %, shifted by
almost 30 cm ' to higher frequencies compared to germyl
precursor 3 (Vo = 1955 cm™'). The planarization at germanium
upon chloride abstraction becomes evident, with the sum of the
three covalent bond angles around Ge in compound 4 accounting
for 359.9(1)°. Furthermore, the Ge atom in 4 is almost perfectly
located within the plane defined by the phenylenediamido frag-
ment (dge-conz(plane) Of only 0.036 A), while it is clearly bent out of
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Fig. 2 ORTEP diagrams for complexes 3 and 4. Hydrogen atoms and
counteranion (in 4) have been excluded, and tert-butyl groups are repre-
sented in wireframe format for clarity. Thermal ellipsoids are set at 50%
probability.
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that plane in compound 3 (dge-cenz(plane) = 0.420 A) (Fig. 2 and
Scheme 1).

We explored the bonding situation in 3 and 4 by means of
DFT/NBO calculations (B3PW91-D3B]J/6-31g(d,p)+SDD//B3PW91-
D3B]J/def2-TZVP). The optimized geometries of the complexes
reproduce their solid-state molecular structures, specifically the
angles between the N-Ge-N and iridium coordination planes,
and the decrease in Ge-Ir distance on going from germyl to
germylene (2.54 v. 2.44 A, respectively). Vibrational analyses
match the increase in CO stretching frequency (ca. 30 cm ™)
seen by IR. Interestingly, comparing complex 3 to complex 4 the
NBO charges of the Ge and Ir centers of 3 and 4 and the amount
of electron density donated from the PGeP ligand to the Ir-CO
fragment are quite similar. The population analysis suggests that
the NHGe fragment offsets the expected changes in the donor
properties of the PGeP ligand upon chloride abstraction. Focus-
ing on 4, the NBO analysis describes the Ge-Ir bond in terms of
one ¢ donor-acceptor interaction between the lone pair on Ge
with s (s°p) character and the o* Ir-CO bond. These results are
summarized in Fig. 3. The corresponding Natural Localized
Molecular Orbital (NLMO) has 71.2% Ge, 15.1% Ir, and 8.5% C
character. Interestingly, while Second order perturbation theory
analysis clearly accounts for Ir-CO m back-bonding by showing
strong delocalization of two d lone pairs on Ir onto the two m*
C-O bonds, with delocalization energies between 30 and
39 keal mol™?, the corresponding delocalization energies onto
the Ge-N linkage are below 2 kcal mol " (the NLMOs associated
to the mentioned d orbitals tail onto the carbonyl carbon and have
ca. 90% Ir, 7-8% C, but less than 1% Ge orbital contribution). This
is in line with the description of the Ge-N bonds obtained from the
NBO analysis as having significant © components and justifies the
relative tilt of the N-Ge-N and Ir coordination planes. The single
bond character of the Ge-Ir bond in 4 is further supported by its
similar Wiberg index to that of the same bond in 3 (0.46 v. 0.43
respectively, compared to ca. 0.48 for the Ir-P bonds) and by the
values of the electron density and related magnitudes at the bond
critical points as derived from AIM analysis (pp, = 0.077 v. 0.083 a.u.
for 3 and 4 respectively; see the ESIt for further details). Thus,
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Scheme 1 Synthesis of PGeP germylene pincer compound 2 and iridium
complexes 3 and 4.
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Fig. 3 Relevant localized orbitals calculated for 4. Upper left figure:
NLMO for the Ir-Ge o bond; upper right: one of the NLMO accounting
for Ir—=CO = back donation; lower left: NBO for one of the 1 Ge—N bonds.
The lower right figure shows the relative orientation of the N-Ge—N and
iridium coordination planes, dz> NBO on Ir and cartesian axes.

despite retaining its germylene form upon chloride abstraction in
4, n-donation to Ge from the adjacent nitrogen atoms seem to
prevent further donation from iridium.

We moved forward to investigate the reactivity and catalytic
potential of compound 4, particularly encouraged by the acces-
sibility of the germylene form of the PGeP ligand. In this
preliminary study, we focused on the dehydrogenation of
formic acid, given the interest in this transformation in the
context of a possible hydrogen economy,'* the well-known
proficiency of iridium complexes within the field'® and the
recent report that an osmium-germylene system acts as a
cooperative catalyst for this reaction.*® First, we examined the
stoichiometric reactivity of compound 4 with the most relevant
molecules involved in the process, namely dihydrogen, carbon
dioxide and formic acid. While compound 4 did not react under
CO, atmosphere (1 bar, 25 °C, 24h), it readily evolved upon
exposure to dihydrogen to yield dihydride 5 (25 °C, 1 bar;
Scheme 2). The loss of symmetry is attested by two broad *'P
resonances at 62.9 and 67.2 ppm that sharpen upon cooling to
—40 °C and reveal coupling (*/pp = 210 Hz). Two distinctive low-
frequency signals are observed in the "H NMR spectrum at
—11.50 (t, *Jup = 14.7 Hz) and —12.54 due to the two inequi-
valent hydride ligands. The IR stretching frequency for the
carbonyl ligand is now shifted to 2020 cm ™", as expected for
reduced back-donation upon oxidation from Ir(i) to Ir(m).

Attempts to isolate analytically pure samples of 5 were unsuc-
cessful due to its instability and the reversible H, loss upon
evaporation of solvent, which partially regenerates germylene 4

—| BAIF . BAr"
P'Bu,
[Py Ha (1 atm) [ o
N"’G _|/_CO Nv”Ge—h‘LH
@N’ e 25°C, CD,Cly, 5 min @N’ H
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Scheme 2 Oxidative addition of H, over 4 towards compound 5.
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alongside other unidentified species. Nonetheless, this reversi-
bility should be beneficial in the context of catalytic hydrogen
evolution from formic acid.

We did however obtain a small crop of crystals of 5 from a
slow diffusion of pentane into a saturated dichloromethane
solution. The structure of 5 (Fig. S16, ESIt) shows the rearran-
gement of the CO ligand to a cis-position with respect to the
germylene to accommodate the two hydride ligands. Oxidation
to Ir(m) results in shortening the Ir-Ge bond to 2.367(1) A. We
investigated the mechanism by computational studies, which
revealed that activation at Ir takes place along the Ge-Ir-CO
direction to yield the expected cis stereo isomer of 5, without
direct involvement of Ge or C atom (Fig. S21, ESIt), with a
barrier (AG*) of 13.3 kecal mol™" (activation along the P-Ir-P
direction has a higher barrier of 22.1 kcal mol ). We failed to
locate a transition state for the activation across the Ir-Ge
bond. Formation of the resulting species with one hydrogen
atom on both Ge and Ir would be endergonic by 17.8 kcal mol ™
relative to 4 + H,. Furthermore, migration of the H atom on Ge
to Ir to afford 5 requires an additional 8 kcal mol .

The stoichiometric reaction of 4 with formic acid led to
dihydride 5 in around 58% spectroscopic yield. The appearance
of a small "H NMR peak at 4.55 ppm further supported the
formation of H,, while the nature of other phosphorus-
containing species could not be identified. However, with the
formation of H, observed by "H NMR, we were set to investigate
its production under catalytic conditions. In particular, we
monitored the evolution of hydrogen after heating solutions
of iridium compounds 3, 4 and [IrC](CO)(PPhs;),] (0.02 mol%) in
neat formic acid at 90 °C (Table S1, see ESIf for details).
Germylene catalyst 4 exhibited superior reactivity, reaching a
maximum TON of 225 (entry 3), whereas iridium germyl 3 and
precursor [IrCl(CO)(PPhs),] reached lower TONs of 98 and 50,
respectively (entries 1 and 2; Table 1). The use of external bases
is common in formic acid dehydrogenation catalysis.'® In this
case, the addition of NEt; increased the TON with Vaska’s
complex to 504, but did not substantially affect the activities
of the Ge-containing catalysts (Fig. S19, ESIT). Nonetheless, we

Table 1 Formic acid dehydrogenation with [IrC(CO)(PPhs),l, 3 and 47

Q [
)J\ CO, + H,
OH 90°C, neat
Entry  Catalyst  Additive H, (mmol)’ TON  TOF (h ')
1 Vaska — 0.14 50 99
2 3 — 0.25 98 195
3 4 — 2.55 225 449
4 Vaska NEt; 1.45 504 1008
5 3 NEt; 1.25 452 904
6 4 NEt; 0.61 222 443
7 Vaska HCOONa 2.20 708 1416
8 3 HCOONa 12.35 4875 9750
9 4 HCOONa 0.96 390 779

¢ Conditions: neat formic acid (0.5 mL), catalyst (0.02 mol%), additive
(5 mol%), 90 °C. ? From monitoring gas evolution by a Man on the Moon
millireactor (see ESI for details). © TOF measured after 30 min.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Monitoring hydrogen evolution from formic acid using catalysts
[IrCUHCO)(PPhsz),], 3 and 4 without additives (dotted lines) or in the
presence of HCOONa (5 mol%; solid lines).

observed a dramatic increase in catalytic activity by using
HCOONa as base in the presence of catalyst 3 (Fig. 4). In that
case, a maximum TON of 4875 (TOF at 30 min of 9750 h™") was
recorded, two orders of magnitude superior than in the absence
of additive, and also considerably higher than for catalysts 4 and
[IrC](CO)(PPhs),], which exhibited TONs of 390 and 708 respec-
tively under identical conditions. Although the initial TOF
(30 min) values for the three complexes were comparable, the
maximum activity of 3 under these conditions is clearly higher.
Attempts to isolate an intermediate from stoichiometric reac-
tions between 3 and HCOONa were unfruitful. Although the
activity revealed by 3 is more than an order of magnitude below
current state-of-the-art catalysts,"” it demonstrates the potential
of using heavier tetrylene-based ligands. It is of note that the
three catalysts exchange their superior performance depending
on the conditions, with 4 being the best catalyst in the absence
of external bases, Vaska’s complex in the presence of NEt; and
compound 3 when using HCOONa.

In summary, we demonstrate that the use of long-tethered
arms within a PGeP framework facilitates access to its germy-
lene form, uncommon for this type of pincer ligand and so far
unreported for an ‘NHC-type’ Ge-core. This is achieved by
chloride abstraction from an iridium-germyl pincer precursor,
leading to a clear planarization of the GeN,C, heterocycle. Our
computational studies revealed only residual Ir — Ge back-
donation due to significant n-bonding between Ge and the N
atoms. The iridium complexes investigated are active precata-
lysts for the dehydrogenation of formic acid, with the best
catalyst being highly dependent on the additive used.
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