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"/ Me
Ru(PMej),(GeMej), |
HGeMe3 ————— CHy+ H Ge CHj;
25 °C, hours l\/}e
X

hydrocarbon solvents or neat germane to yield long-chain
polygermanes. The initial products of the reaction are identified
by 'H NMR as CH, and discrete oligogermanes, including
HGeMeGeMe;. In an NMR tube scale reaction, all HGeMe
has been consumed within 10 min. After. dah at 25°C, the
sharp resonances of oligogermanes are replaced with two broad
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As a result of &-conjugation”, polymers with extended

polygermane. GeH resonances are no longer observed in the
IH NMR. The gross shape of the peaks is invariant with further
reaction time. The reaction solution remains very pale yellow
and free of any visible precipitate. On preparative scales, the

backbones of the heavier group 14 elements exhibit unique polygermane is isolated as a colorless gum or flexible solid in

electronic and optical properties not normally associated with
saturated polymers, including a red shiftigf.x with increasing

80—90% vyield.
As catalystl is synthesized from HGeMeand Ru(PMeg)4-

chain length, narrow emission bands, and semiconducting be-Me; (2),2 it is not surprising that the latter can be used directly

havior. Potential applications of these polymers as photocon-

as a precatalyst. A short induction periagllc min) is observed

ductors, photoresists, and nonlinear optical materials have beerfollowing addition of 0.0+1 mol % of2 to neat HGeMg after

suggested.

which methane evolution ensues. This induction period is

As a class, polysilanes have been extensively studied, butassociated with conversion @fto 1, the active species.

polygermanes have received limited attention. Similar to

Molecular weights of the polygermanes were determined by

polysilanes, the principal method for preparing polygermanes GPC using two methods (Table 1). Use of eitih@r 2 had no

is the Wurtz-type coupling of dichlorogermanes with molten
sodium, which typically produces high molecular weight
polymers, but in extremely low (526%) yields? More

significant effect on the molecular weight distribution. The
common method of refractive index detection and calibration
against polystyrene standards yieMs ~ (1—4) x 10* and

recently, Mochida and co-workers have developed an alternativeM,, ~ (2—7) x 10* for the polygermanes. In a previous study

strategy based on the reaction of germanium diiodide with
Grignard or lithium reagenf§;3which produces lower molecular
weight polymers, but in better yields60%). Over the last

of poly(methylphenyl)silanes using SEC/light scattering, it was
concluded that the molecular weight of this particuiaear
polysilane is accurately determined with polystyrene calibrants.

decade, transition metal catalyzed dehydrogenative coupling ofHowever, polystyrene is not always a reliable model for
organosilanes has become well-established for the preparatiorinorganic polymers; it has been suggested that the molecular

of polysilane$ and polycarbosilanes. Although successfully
applied to secondary stannarfahe use of catalytic routes to
polygermanes has been limitédWe now report an efficient

weights of polysilanes can be underestimated by this méefthod.
The use of an inline viscometer is a more accurate technique
which can yield absolute values of molecular weight for each

catalytic process for preparing permethyl polygermanes in high retention volumé? In the present study,, values for the

yields from trimethylgermane. This appears to be the first
example of a catalyticdemethanatie coupling, in which
element-element bonds are produced with the concurrent
elimination of CH,.

The catalytic coupling of HGeMan the presence of 0.61
1.0 mol % of Ru(PMg4(GeMey), (1) proceeds at 25C in
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polygermanes determined by SEC/viscometry range from 2
10* to 2 x 10P; theseM,, values are up to 3-fold larger than
those determined using polystyrene standards.

The polygermanes obtained via Ru-catalyzed demethanative
coupling appear to possess highly branched structures, with
pendant (GeMgyGeMe; groups rather than only linear GeMe
subunits. Previous studies of polygermanes have suggested that
even short linear poly(dimethylgermane) chains are insoluble
in most solventd! In contrast, these polygermanes are freely
soluble in common hydrocarbon solvents. In addition, the
appearance of two distinct broad peaks in tHeNMR is not
consistent with simple linear GeMehains, instead indicating
two significantly different Ge-Me environments.

Conclusive evidence for a highly branched structure is found
in the intrinsic viscosities and also in a dynamic light-scattering
experiment. The polygermanes have extremely low intrinsic
viscosities (0.03-0.06 dL/g), commonly exhibited by high
polymers with small hydrodynamic volumes resulting from
branched microstructures. Absolute measurement of hydrody-
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Table 1. Summary of HGeMgPolymerization Dafa Scheme 1Proposed Mechanism for Linear Germane Chain
catalyst yield GPC-polystyrene viscometry Growth by Demethanative Coupling
(mol %) (%) 10'My 10'M,  10°M,, 10°M, [y](dL/g) R“C(i: “ggg)aﬁ:"fea)z
1°(1.0) 85 5.4 2.8 14.4 0.5 0.06 R = Me, (GeMez)Me
1(.1) 97 6.6 1.8 8.0 0.8 0.05 P =PMeg +PMeg || - PMes
2 (1.0) 82 38 1.9 8.4 1.4 0.06
2 (0.2) 92 7.4 3.7 205 1.0 0.06 CHy p
2(10) 81 20 0.9 25 05 0.03 P | BeMeaR a-Me
- - < - . Ru gration
2 All reactions run in neat HGeMen glass bombs equipped with ~ |
Teflon valves at 25C for 1 week (except where noted)Time = 1 R =Me p GeMes
day.cT = 60 °C. hIAe y ) GeMe,R
L . PeR“< : P3RU—Me
namic diametery,) of the material in entry 1 of Table 1 by | TGeMes P
dynamic light scattering confirms a smdll, value of the GeMeg -cH, | changrowth GeMe,
polymer (5 nm) relative to that of linear polystyrene of i A= (GeMegMe germyi
comparable molecular weighDg = 11 nm). Furthermore, the migration
high degree of branching implied by the sniaj| explains why HGeMes
theM,, values determined relative to linear polystyrene calibrants /Me | /Me
are low compared with the values from SEC/viscometry. The Paﬂu\ ; P3Ru
large polydispersity index and higW, (data not listed in Table GeMes e ' GeMezGeMesR
1) are not fully understood, but may indicate the presence of a |
small fraction £1%) of microgel in the polymers. In addition, PRI GeMe.GeMe R
the GPC traces do not indicate the presence of cyclic oligomers. HGeMs,GeMe,R | e HGeMey
chain transfer GeMes

The active catalystl is not stable in solution at room
temperature in the absence of HGeMad converts to HGeMg  gcheme 2 Proposed Mechanism for Formation of Linear or
oligogermanes, and Ru(PMe(;?-CH,PMe)(GeMe) (3)12in Branched Polygermanes
which a methyl group on a phosphine ligand has been metalated. Ve
Both the catalytic activity ofl and the decomposition dfto 3 a-Me | Me
are strongly inhibited in the presence of excess £klggesting migration ~ Ru=GeMe, R”\GeMe GeMe,GeMe.R
that the initial step in the catalytic process is loss of a labile GellesGebteqh ae
phosphine ligand from the coordinatively saturaied Ru/GeMes i | 1.3-Me migration
The catalytic coupling of HGeMseby 1 involves the cleavage “GeMe,GeMe,R P
of Ge—C bonds and the formation of G&e bonds. Intermo- h

linear

I

GeMe,

. . X L. a GeM 3
lecular cleavage of a GeC bond by direct oxidative addition migiation | o Me Ge-GeMe,R
of a free germane is unprecedented. However; Geleavage R G%GeMEZR F‘“\Me""e

. e \,
could be accomplished by aamethyl migration from a germyl e branched

ligand to form a metatmethyl-germylene complex. This type

of process has been observed in other organometallic systemsmigration yields a digermyl methyl complex. Addition of
including a-migrations of hydrogef? and carboff from alkyls HGeMe; produces a seven-coordinate methyl hydride complex,
yielding alkylidene complexes. Analogous organosilicon and from which CH, loss regenerates a bis(germyl) species.
-germanium systems also provide evidence for the intermediacyAlternatively, exchange of HGeMdor HGeMeGeMeR cor-

of silylene and germylene metal complexes wiglimination responds to a chain transfer step.

mechanism$® The most direct route to GeGe bond forma- The catalytic cycle can lead to either linear or branched
tion, reductive elimination, seems to be precluded by the absencepolygermanes (Scheme 2). The structure of the polymer will
of detectable amounts of @des in the reaction mixturé® As be influenced by the site of tlreMe migration: either a GeMe

an alternative, GeGe bond formation could be accomplished or an oligogermyl (Ge,GeMeR) group. Interconversion via
by the reverse of am-migration step: germyl to germylene  1,3-migration in the germytgermylene complex could also lead
migration. An analogous process, silyl to silylene migration, to branching. Related redistributions of alkyl groups in bis-
has been proposed in the photolysis of transition metal (silyl) and mixed germyl silyl systems have been observed and
substituted disilané%and in the reversible scrambling ofa@D  are thought to proceed via 1,3-migrations of substituents in
group between silicon atoms in (dcpe)Pt(H)(SH8iMes).18 In intermediate silylene (or germylene) complezes.

addition, the migration of a silyl group from a tantalum center  In summary, demethanative coupling of a tertiary germane
to an alkylidene has been observ8d.The reverse of this produces nearly quantitative yields of highly branched, high
process has also been indicated in many instaltc@hese key molecular weight polygermanes under very mild conditions.
steps are illustrated in the mechanism proposed in Scheme 1.
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