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Abstract: Dimethylgermylene ([Me2Ge]) group trans-
fer from the anthracene-based precursor dibenzo-7-
dimethylgermanorbornadiene (Me2GeA, A = CisH1o, an-
thracene) was investigated. Transfer of [Me2Ge| from MezGeA
to 2,3-dimethylbutadiene to give a dihydrogermole (2) was
mediated by a platinum metallagermacycle (1), formed by ox-
idative addition of the platinum(0) species (PhsP)2Pt(C2H4)
into the strained Ge—C bond of MeyGeA with concomitant
loss of ethylene. Metallagermacycle 1 was characterized by
multinuclear NMR spectroscopy, single crystal X-ray diffraction
and elemental analysis. The strained Ge—C bond of Me2GeA
was also found to undergo an addition reaction with pyridine,
resulting in the [2.2.3]-bicyclic compound 3. Kinetics experi-
ments on both the platinum- and pyridine-promoted systems
implicate low-valent dimethylgermylene-containing species as
reaction intermediates.

Group transfer is an important tool in chemistry, enabling
the synthesis of functional groups such as cyclopropanes,
aziridines, ? and epoxides.® An important strategy for group
transfer is loss of a stable neutral species, such as dinitrogen
or iodobenzene, from a precursor molecule with concomi-
tant formation of the desired product. Our group has a
long-standing interest in group transfer using anthracene-
based precursors, enabling the transfer of phosphinidenes,*
methylene,® sulfur monoxide,® P57 and single atoms such
as C-atom,® and N-mono-anion® and O-atom.'°

We recently prepared dibenzo-7-dimethylgermanorborna-
diene, (Me2GeA, Scheme 1), in a convenient high-yielding
reaction from magnesium anthracene (MgA-THF3)'! and
dichloro(dimethyl)germane, and explored its value as a
reagent for dimethylgermylene transfer.'> A number of
molecular precursors for dimethylgermylene have previously
been prepared, and the transfer of dimethylgermylene to un-
saturated substrates described. *® In some cases, transfer has
been facilitated by weak nucleophiles!* or transition-metal
compounds 1316 which has led to the speculation of the iden-
tity of various reactive intermediates, but these intermedi-
ates are rarely experimentally detected.®!” In the present
work, we describe experimental observation of intermediates
that have been speculated to play a role in dimethylgermy-
lene transfer chemistry.

Despite the formulation of MesGeA as a source of
dimethylgermylene, with loss of anthracene as a driving
force, heating MeaGeA (70-85 °C) in the presence of a va-
riety of unsaturated substrates such as 1,3-cyclohexadiene,
2,3-dimethylbutadiene or trans,trans-1,4-diphenylbutadiene
did not give rise to the anticipated germanium-containing
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Scheme 1. Synthesis of 1 from MeaGeA and subsequent group
transfer of dimethylgermylene to 2,3-dimethylbutadiene. Conditions:
(i) (PhaP)2Pt(C2Hy4), THF, 6 h, 23 °C. (ii): 2,3-dimethylbutadiene
(20 equiv), benzene-dg.

products (S1.2). Instead, formation of (Me2Ge)2 A'*!® was
observed by 'H NMR spectroscopy, resulting from formal
transfer of dimethylgermylene to MeoGeA, accompanied by
the formation of one equivalent of anthracene, according to
eqn. 1:

2M62G6A — (MegGe)zA + A (1)

(Me2Ge)2 A has been described previously, and one synthetic
route of note involves intercepting the transient tetram-
ethyldigermene (Me2Ge=GeMez) with anthracene in a [2+4]
cycloaddition. !° In the pursuit of observing dimethylgermy-
lene transfer to substrates other than MesGeA, we turned
to the elements of the d-block in search of a molecular
transition-metal complex that might facilitate dimethyl-
germylene transfer.

Treatment of MexGeA with one equivalent of
(Ph3P)2Pt(CeHy) 20 led to oxidative addition of platinum(0)
into the Ge—C bond of MexGeA to give metallagermacycle
1, isolated in 38% yield (Scheme 1). The low yield was in
part attributed to subsequent reactivity of the product (vide
infra). Compound 1 was initially identified by a characteris-
tic 'H NMR multiplet (Fig. 1B) assigned to the bridgehead
proton (located on C1 in Fig. 1A), arising from coupling
to two chemically inequivalent *'P nuclei (®*Jp-g = 8.3,
23.0 Hz) and displaying satellites due to the 195P¢ nuclei
(*Jpi-n = 99.7 Hz). Single crystals of 1 were grown from a
saturated diethyl ether solution at —35 °C, allowing for the
molecular structure to be determined by X-ray crystallogra-
phy. The solid-state structure of 1 features a square-planar
platinum center (sum of angles around Pt = 363.69(10)°),
and a flattening of the anthracene fragment compared to
Me2GeA; in Me2GeA the angle defined by the planes in the
two benzo- rings is 123° whereas this increases to 149° in 1.

Platinum-insertion product 1 displays reduced thermal
stability with respect to Me2GeA; while MexGeA is sta-
ble as a solution in benzene-ds at 60 °C for at least 24 h, 1
readily loses anthracene at 50 °C. The isolation and struc-
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Figure 1. A: Molecular structure of 1 with ellipsoids shown at
the 50% probability level. The hydrogen atoms have been omitted
for clarity. Selected bond distances (A) and angles (°): Pt1-
Gel: 2.4596(6); Pt1-C1: 2.177(1); Pt1-P1: 2.2789(4); Pt1-P2:
2.3161(6); Gel-C2: 2.038(1); C1-Pt1-Gel: 85.56(1); Pt1-Gel-
C2: 102.77(3). B: Selected region of the 'H NMR spectrum of 1,
corresponding to the resonance of the proton located on C1. The
multiplet arises from coupling to P1, P2 and Pt1. 3Jp g = 8.3,
23.0 Hz. 2Jpy-u = 99.7 Hz

tural characterization of 1 provides unequivocal evidence
that group-10 metallagermacycles are viable species, and are
plausible intermediates in, for example, palladium-mediated
dimethylgermylene transfer to unsaturated substrates.”
With 1 in hand, we set out to test its value for dimethyl-
germylene transfer. Heating a benzene-dg solution of 1
to 50 °C in the presence of excess 2,3-dimethylbutadiene
(20 equiv) led to the formation of the known?!' dihydroger-
mole 2 (Scheme 1) in ca. 50% yield, as determined by 'H
NMR spectroscopy. Having observed thermal loss of an-
thracene in the absence of a trap, we wondered if the reac-
tion pathway might proceed through a platinum-germylene
intermediate. Platinum-germylene compounds have been
described previously, and typically require sterically encum-
bering substituents on either germanium or the platinum-
bound phosphine ligands to permit isolation.?? The ther-
mal loss of anthracene from 1 was monitored by 'H NMR
spectroscopy to determine whether the intermediacy of a
platinum germylene was kinetically plausible. At 72 °C in
benzene-dg, the unimolecular decay of 1 displayed a first
order rate constant of 2.6(2) x 10™* s™! independent of 2,3-
dimethylbutadiene concentration (measured over the range
of 0-30 equiv of diene to Me2GeA, S1.6). This rate law
is consistent with a mechanism in which loss of anthracene
is the rate-determining step, and the so-formed platinum-
germylene intermediate undergoes a fast reaction with 2,3-
dimethylgermylene to eventually furnish dihydrogermole 2.
Interested in achieving catalytic dimethylgermylene trans-
fer to 2,3-dimethylbutadiene, MeoGeA was heated with ex-
cess 2,3-dimethylbutadiene (20 equiv) and 20 mol% of ei-
ther (PhsP)2Pt(C2Hys) or 1 in benzene-ds. In both cases,
(Me2Ge)2 A was observed as the major dimethylgermylene-

containing product, along with low (15-25%) yields of 2. As
development of free PPhs was observed during this reaction,
a control experiment was performed revealing that PPhs
alone catalyzes formation of (Me2Ge)2 A from MexGeA even
in the presence of a large excess of 2,3-dimethylbutadiene
(S1.9).
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Scheme 2. Pyridine catalyzed formation of (Me2Ge)2A from
Me2GeA, via a pyridine-insertion intermediate.

The weak nucleophilicity of PPhs prompted us to investi-
gate the ability of other weak bases to effect this transforma-
tion. When MesGeA was treated with pyridine (15 equiv)
in benzene-dg, an intermediate was observed by 'H NMR
spectroscopy, corresponding to the insertion of pyridine into
the germanium-carbon bond of MeaGeA to give compound
3 (Fig. 2). Evidence for the connectivity of 3 was pro-
vided by 1D and 2D NMR experiments (Fig. S11, S1.7),
showing five chemically inequivalent proton resonances that
were assigned to protons formerly composing the pyridine
molecule. Such 1,2-insertion reactions of pyridine into other
M-C bonds are known (M = p-block metal), and such re-
actions typically lead to stable, isolable products.?3 In the
case of pyridine reacting with Me2GeA, we were unable to
isolate 3, which was fully consumed at the end of the re-
action, pointing to its existence only as a relatively short-
lived intermediate. With the aim of isolating intermediate
3, substituted pyridines were tested under otherwise iden-
tical reaction conditions. The use of a more electron-rich
or -deficient (4-(dimethylamino)pyridine or pentafluoropyri-
dine, respectively), however, did not lead to the formation of
the corresponding analogs of 3 as determined by 'H NMR
spectroscopy. In the case of 4-(dimethylamino)pyridine
the reaction led to rapid formation of (Me2Ge)2A, while
for pentafluropyridine the reaction mixture remained un-
changed after 24 h at 23 °C.

Interested in the fate of the unanticipated [2.2.3] bicyclic
compound 3, its concentration over time and the overall
kinetics of the reaction were monitored by ‘H NMR spec-
troscopy. The reaction of MesGeA with varying equivalents
of pyridine to produce (Me2Ge)2A in benzene-dg at 72 °C
was found to be first order in both pyridine and MexGeA.
The concentration of Me2GeA and 3 could be suitably mod-
eled over the course of the reaction according to the following
elementary steps (eqns. 2 and 3) and rate laws (eqns. 4 and
5):

MezGeA + pyridine LN (2)
3 2, products (3)
d Lo
a[MegGeA] = k1[MezGeAl][pyridine] (4)
d -
a[3] = ki1[MezGeA|][pyridine] — k2[3] (5)

with rate constants k; = 1.066(36) x107* M st and ke =
1.31(43) x10% s™!, determined by fit with the experimental
data. Unimolecular decomposition of 3 via a retro-[4+2]



cycloaddition would presumably lead to anthracene and a
pyridine adduct of dimethylgermylene;?* such Lewis base-
supported germylene species have been implicated by UV-
Vis spectroscopy. 12
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Figure 2. Plot of the experimental kinetic data for the reaction

of MeaGeA to give (Me2Ge)2A in the presence of pyridine (10
equiv).

The observation of pyridine-accelerated loss of dimethyl-
germylene from MexGeA prompted us to investigate
whether pyridine might permit the transfer of dimethyl-
germylene from MexGeA to the 2,3-dimethylbutadiene.
Despite the use of an excess (10 equiv) of 2.3-
dimethylbutadiene, only formation of (Me2Ge)2A and
anthracene was observed. Clearly, MexGeA is a bet-
ter (kinetic) trap for dimethylgermylene than 2,3-
dimethylbutadiene. This result is in line with previous
discussions in the literature, where the naphthalene-analog
of MeaGeA was described as a “powerful germylene-
scavenger” '® by virtue of the large ring-strain-energy re-
sulting from the acute C-Ge—C angle (for example, 77.72°
in Me2GeA), enforced by the [2.2.1]-bicyclic framework.

The ring-strain-energy present in Mez;GeA provides a
clear thermodynamic driving force for addition reactions
across the Ge—C bond to generate [2.2.2]- or [2.2.3]-bicyclic-
containing products. These bicyclic structures were ex-
perimentally observed for the reaction of MesGeA using
(PhsP)2Pt(C2Hs) and pyridine, respectively. Extrusion
and aromatization of anthracene provides an additional
thermodynamic driving force for the release of low-valent
germylene-containing intermediates, implicated by kinet-
ics experiments (Fig. 2). With this work, we expand the
compounds available downstream from MesGeA and pro-
vide evidence for the existence of intermediates relevant to
germylene-transfer chemistry.
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