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The photochemical reactions of aryl-substituted digermanes were investigated by trapping experiments and a

laser flash photolysis technique.
bond homolysis to give a pair of two germyl radicals.
tetrachloride to give chlorogermanes.
precursor of the germylenes.

The photochemistry of organopolysilanes having a
0(Si-Si)-n(C=C) conjugated system has been the subject
of considerable attention because of their unexpected
reactivities as well as in the resulting products.2—%

The photolysis of an aryldisilane was first reported by
Boudjouk, Roberts, Golino, and Sommer® for penta-
phenylmethyldisilane. The generation of a silicon—
carbon double-bonded species is the characteristic fea-
ture of the reaction (type 1 in Scheme 1). Later,
Ishikawa, Fuchigami, Sugaya, and Kumada® have
reported on another type of reaction in which a rather
unusual silicon-carbon double-bonded species is postu-
lated as a key intermediate (type 2). The generation of
a silylene has also been noted (type 3). Recently,
Sakurai, Nakadaira, Kira, Sugiyama, Yoshida, and
Takiguchi have presented a free radical mechanism for
the photolysis of aryldisilanes. Okinoshima and
Weber® have also reported the formation of silicon—
oxygen double-bonded species by the photolysis of aryl-
disilanes in dimethyl sulfoxide (DMSO).

However, there has been few papers on photochemi-
cal studies of the germanium analogues.? We pre-
viously reported on the photolysis of phenylpentame-
thyldigermane, in which the generation of a pair of
germyl radicals was indicated.’® In this paper, we
described the photoreactions of phenylated digermanes
studied via trapping experiments and a laser flash pho-
tolysis technique.

The photolysis of phenylated digermanes resulted in germanium-germanium
The germyl radicals abstracted a chlorine atom from carbon
The pair of germyl radicals also underwent ipso-substitution, which was a
The mechanism for the photochemistry of phenylated digermanes is discussed.

Results and Discussion

Photoreaction of the Phenylated Digermanes. Four
kinds of phenyl-substituted digermanes, (Ph,Me3—,Ge)2
(1—3, n=1-3, respectively) and MesGeGePhs (4), in
cyclohexane or in tetrahydrofuran (THF) were investi-
gated with a 110-W low-pressure Hg arc lamp at room
temperature under an argon atmosphere for 1—2 h.
The photolysis of 1 and 2 in cyclohexane gave
PhMe.GeH (11%), PhaGeMes (17%), and (MezGe)s
(4%) for 1, and PhaMeGeH (20%) and PhsGeMe (17%)
for 2, as main products. The photolysis of 4 in cyclo-
hexane mainly afforded MesGeH (15%), PhaGeH (32%),
and PhGeMes (19%). High-boiling unidentified prod-
ucts containing germanium were also formed in the
photoreactions of 1, 2, and 4. The formation of
octamethylcyclotetragermane (MezGe)s for 1 strongly
suggests the intermediacy of a dimethylgermylene.lV
In order to detect possible reaction intermediates, cyclo-
hexane solutions of 1, 2, and 4 containing a large excess
of 2,3-dimethylbutadiene, a germylene trapping agent,!?
were similarly irradiated for 1—2 h. Monogermanes
(PhMe2GeH and PhyGeMez) and (MexGe)s were
produced for 1, regardless of the presence of 2,3-
dimethylbutadiene. No 1,l-dimethylgermacyclopent-
3-ene was formed. The rate of cycloaddition of 1,1,2,2-
tetramethyldigermene (Me2Ge=GeMez) formed by a
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Table 1. The Results of Photochemical Reactions of the Phenylated Digermanes, 1, 2, and 4
Digermane Substrate Main products (yield/ %)
(PhMexGe): None PhMe;GeH (11), PhoGeMe, (17), (MezGe)s (4)
1 CCls PhMe;GeCl (94)
-
>\ PhMeoGeH (21), PhaGeMes: (5), (Me2Ge)s (4)
(PheMeGe): None PhyMeGeH (20), PhsGeMe (15)
2 CCly Ph:MeGeCl (95)
>i PhMeG<I o)
MezGeGePhs None MesGeH (12), PhsGeH (32), PhGeMes (19)
4 CCl MesGeCl" PhsGeCP”

a) The yield of products could not be determined by GLC.

dimethylgermylene may be much faster than that of
the dimethylgermylene with 2 3-diemthylbutadiene
under these reaction conditions. On the other
hand, 1-methyl-1-phenylgermacyclopent-3-ene (1%)
was formed together with mongermanes (PhaMeGeH
and Ph3GeMe) in the photolysis of 2 and 2,3-
dimethylbutadiene. 3-Butenylgermyl derivatives were
also detected by means of CC-MS in the photolysis of 1
and 2.

RZC:e—Ci'.eRZ

R2Ge-GeR2

————> R,Ge=GeR

2 2

No 1,1-diphenylgermacyclopent-3-ene and octaphenyl-
cyclotetragermane (Ph2Ge)s derived from diphenyl-
germylene were formed in the photolysis of 4.

In the presence of carbon tetrachloride, the photolysis
of 1, 2, and 4 in cyclohexane afforded chlorogermanes
quantatively, together with hexachloroethane. The
formation of chlorogermanes seems to indicate the
intermediacy of the germyl radicals produced by germa-
nium-germanium bond homolysis of the phenylated
digermanes. The germyl radicals are known to
abstract a chlorine atom from carbon tetrachloride to
give the corresponding chlorogermanes and a trichlo-
romethyl radical:13)

RsGe -+ CCly——> R3GeCl +- CCls.

The germyl radicals add to 2,3-dimethylbutadiene to
produce 3-butenylgermyl derivatives.

Hydrogermanes were formed in the absence of trap-
ping agents. Germyl radicals do not abstract a hydro-
gen atom from solvents, such as THF or cyclohexane.
This was confirmed by the fact that THF-ds or
cyclohexane-dss solutions containing 1 upon being ir-

radiated gave no PhMeyGeD but PhMe;GeH. It is
unlikely that they can abstract a hydrogen atom from
precursor C-H bonds, which are even stronger.
Another route to the formation of hydrogermanes may
be via a disproportionation of germyl radicals.’¥) Ger-
menes are also expected to form by the disproportiona-
tion of germyl radicals. The germenes are known to
react with methanol to give methoxygermanes.'® No
methoxygermanes were formed in the photolysis of
cyclohexane solutions of phenylated digermanes, 1, 2, 4
with methanol. At present, the formation processes of
hydrogermanes are unclear.

The photolysis of 3 did not proceed since 3 was very
difficult to dissolve in cyclohexane or in THF. The
results of photochemical reactions of 1, 2, and 4 in
cyclohexane are summarized in Table 1. Similar
results regarding the photochemical reactions of 1, 2,
and 4 in THF were obtained.

In order to obtain more information concerning the
reaction intermediates and primary photochemical
processes, laser flash photolysis at 293 K studies of
phenylated 1—3 were also carried out.

Laser Flash photolysis Studies. Nanosecond tran-
sient absorption spectra measurements were performed
on degassed solutions containing 1—3 at 293 K using
the fourth-harmonic pulse of a Nd: YAG laser as the
exciting light source.1®

The time dependence of the transient absorbance,
A(?), was measured using each of the THF solutions
containing 1-—3. The A(¢) curves were measured in the
wavelength region 300—700 nm. Appreciable signals
of two well-separated transient bands were obtained, as
shown in Fig. 1. The signals show a fast rise and a
following slow decay. The rise time was about 10 ns,
the time resolution of the present apparatus. As a
typical example, the A(?) curve and the log A(f) curve
observed with 2 at 320 nm for kinetic studies are shown
in Fig. 2. Such a curve can be computer analyzed
regarding composition of two components through the
decay of pseudo first-order kinetics. The A(f) curve
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Fig. 1. Transient absorption spectra at 50 ns after

photoexcitation of (Ph,Mes-, Ge)z, 1—3 (n=1—3)
(103 M) in degassed THF solutions. Insert (3): a
first-order plot for decay of the absorption at 320 nm.
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Fig. 2. Representative data displays from laser flash
photolysis kinetic spectroscopy experiments: (a)
absorbance at 320 nm as a function of time upon
irradiation of (PhaMeGe); (2) (2.6 mM) in degassed
THF solution, (b) log absorbance at 320 nm as a
function of time upon irradiation of 2 (the slope of
linear plot is first-order rate constant).

and the log A(¢) curve of the short-lived component,
excluding those of the longer-lived one, is shown in Fig.
3. Thus, a careful examination of the transient peak at
shorter wavelengths shows that it comprises two compo-
nents (half lifetimes, #;,2<<S§ ps and #;2>20 ps, respec-
tively, for 1 and 2 in THF and hydrocarbon media).
On the other hand, the transient peak at shorter wave-

Table 2. Rate Constants for Disappearance of the Shorter-Lived Transients at Shorter Wavelength
in the Photolysis of 1—3 in THF (103 M) at 293 K

Rate constant/ M~1s—1

Digermane Amax/ DM
None” CcCl 02 2,3-Dimethylbutadiene

(PhMe:Ge): 315 4.3X105 2.2X108 5.3X10° b)

1
(PhoMeGe): 325 3.2X108 4,7X108 4.0X10° b)

2
(PhsGe): 330 1.9X105 5.8X108 3.8X10° b)

3

a) s7L. b) The transient decays too fast to be observed.
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Fig. 3. Representative data displays from laser flash

photolysis kinetic spectroscopy experiments: (a)
absorbance of short-lived component at 320 nm as a
function of time upon irradiation of (PhaMeGe): (2)
(2.6 mM) in degassed THF solution, (b) log absorb-
ance of short-lived component at 320 nm as a func-
tion of time upon irradiation of 2 (the slope of linear
plot is first-order rate constant).

lengths arising from 3 has only the short-lived compo-
nent. This component has been reasonably assigned to
that of the phenyl-substituted germyl radicals,
Ph,Mez—,Ge - (n=1—23), from a comparison of the spec-
tral characteristics with those reported for germyl radi-
cals.!” The experimentally determined decay con-
stants of these transient species are summarized in Table
2. The transient arising from 1—3 decayed under
pseudo first-order kinetics and are dependent on the
concentrations of the employed phenylated digermanes.
Such kinetics can be explained by the addition of the
generated germyl radical to the aromatic ring on a
germanium atom. This is very different from the situa-
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Fig. 4. Representative data displays from laser flash
photolysis-kinetic spectroscopy experiments: (a)
absorbance of short-lived component at 320 nm as a
function of time upon irradiation of (PhMeqGe): (1)
(2.6 mM) in degassed THF solution containing CCly
(10 mM), (b) log absorbance of short-lived compo-
nent at 320 nm as a function of time upon irradiation
of 1 containing CCls.

tion reported regarding the addition of germyl radicals
to aromatic compounds in solutions.’®) The assign-
ment of a shorter-lived transient has been further sub-
stantiated by quenching experiments with carbon
tetrachloride, oxygen, and 2,3-dimethylbutadiene. The
addition of carbon tetrachloride, an effective germyl
radical scavenger, quenched the transient absorption
(Table 2). The quenching-rate constants observed
nicely agree with the values reported for germyl radi-
cals.!” Similarly, oxygen quenched the shorter-lived
transient very quickly (Table 2). Representative data
displays from laser flash photolysis-kinetic spectroscopy
experiments are shown in Fig. 4.

What is the latter carrier of the longer-lived transient
at shorter wavelengths? The concentration of this spe-
cies appeared to be correlated with that of the shorter-
lived species assigned to the germyl radicals as well as
that of the longer-wavelength transient arising from the
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germylene described below. Furthermore, the change
in the intensity of the transient was examined in iso-
octane as well as in more viscous solvents, such as
dodecane. Figure 5 shows the intensity of the longer-
lived transient in isooctane tends to increase in do-
decane. This implies that this transient species may be a
product of a radical which had escaped from the cage.
Accordingly, the longer-lived species may be tentatively
assigned to a coupling product of the germyl radicals at
the ipso-position, as described in Scheme 2. The possi-
bility of germenes and digermenes, suggested as another
species, is excluded the UV data of germenes and diger-
menes are below 300 nm!? and above 370 nm?20
respectively.

The experimentally determined decay constants of
longer-lived transients are summarized in Table 3.

On the other hand, the transient at the longer wave-
length (Fig. 1) could be assigned to that of a germylene
by comparing its chemical and spectral properties with
those reported.21=23) These transients arising from 2
and 3 in THF decayed with first-order kinetics. How-
ever, the transient arising from 1 in THF is too weak to
observe its decay constant. This kinetic behavior
implies that the germylene reacts with THF in a similar
as do the silylenes.2# In contrast, in inert solvents,
such as isooctane, the transient due to the germylene
decayed with second-order kinetics, suggesting the for-
mation of digermenes. This was further substantiated
by quenching experiments with a germylene trapping
agent, 2,3-dimethylbutadiene, which gives the corre-
sponding germacyclopentenes. The transient from 2
and 3 in THF in the presence of large excess amounts of
the diene decayed with pseudo first-order kinetics; the
obtained rate constants are summarized in Table 4.
The fact that these transients were not quenched by
ethanol is in accord with the observed chemical
property.

Photoreaction Mechanism of Phenylated Diger-
manes. The results of photochemical reactions and
laser flash photolysis studies of 1-—4 are best rational-
ized as a pair of germyl radicals according to the path
described in Scheme 2. The photolysis of aryldiger-
manes cleaves the germanium-germanium bond to give
a pair of germyl radicals. The generated germyl radi-
cals readily abstract a chlorine atom from carbon

Photochemical Reactions of Phenylated Digermanes
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Fig. 5. Plots of the absorbance at 320 nm against ¢
observed with the isooctane (A) and dodecane (B) of
1.

Table 3. Rate Constants for Disappearance of the Longer-
Lived Transients at Shorter Wavelength in the Photolysis
of 1—3 in THF (103 M) at 293 K

Rate constant/ M—1s71

Digermane - -
CCly (02} 2,3-Dimethylbutadiene
(PhMe2Ge): a) 5.8X108 a)
1
8.5X104

(PheMeGe)2  3.8X107  2.1X108
2

(PhsGe)s a) a) 1.5X108
3

a) The transient decays too fast to be observed.

Table 4. Rate Constants for Disappearance of the Transient at Longer Wavelength
in the Photolysis of 1-—3 in THF (102 M) at 293 K

Rate constant/ M—1s—1

Digermane Amax/ M - ;
None? 2,3-Dimethylbutadiene O: EtOH

(PhMe2Ge)2 440 b) b) b) c)

1
(PhzMeGe): 450 1.1X10% 4.5X106 2.3X108 c)

2
(PhsGe)e 470 2.0X105 1.0X108 1.8X10¢# c)

3
a) sl. b) The absorption of 1 is too weak to determine rate constants. c¢) Not quenched.
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tetrachloride to give the corresponding chlorogermanes
and trichloromethyl radical. The formation mecha-
nism of hydrogermanes are unclear.

The germyl radicals couple at the ipso-position to give
germyl-substituted cyclohexadienyl type radicals. The
germyl-substituted cyclohexadienyl type radicals
undergo further elimination to produce a gemylene and
arylgermanes. The photo-generated germylene dimer-
ize to give digermenes or react with 2,3-dimethyl-
butadiene to give germacyclopentenes. The arylger-
manes produced by elimination processes are PhoGeMeg
for 1, PhsGeMe for 2, and PhGeMes for 4. In contrast
to the case of the aryldisilane, we have no concrete
evidence for the presence of formal 1,3-germyl migra-
tion products in the photolysis of 1, 2, and 4. This
difference in the photochemical behavior between an
arydigermane and an aryldisilane may be accounted for
in terms of the following reasons. The bond dissocia-
tion energy of a germanium-carbon bond (318 kJ mol—1)
is less than that of a silicon—carbon bond (343 kJ mol~1),
and m-bonding of carbon must be formed more effec-
tively with a silicon atom than with a germanium
atom.1®

In addition, organogermylene is more thermodynami-
cally stable than is silylene. All of those factors favor
the formation of germylene and germylene elimination
products from the coupling products of germyl radicals
at the ipso-position over the formation of germyl migra-
tion products.

The formation of germylenes and arylgermanes can-
not necessarily be explained by a 1,2-phenyl shift of the
phenylated digermanes, since the transient signal of the
germylenes was observed with that of the germyl radi-
cals immediately after photoexcitation of the phenylated
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digermanes. Taking the results of the trapping experi-
ments with carbon tetrachloride, the 1,2-phenyl shift
proceeds as a minor path.

Experimental

'H NMR spectra were recorded on a Varian FT 80A, with
tetramethylsilane as an internal standard. GC-MS spectra
were obtained with a JEOL JMX-DX 303 mass spectrometer.
Infrared spectra were recorded on a Hitachi 260-10 spectrom-
eter. Gas chromatography was performed on a Shimadzu
GC-6A and 8A with 2 m 20% SE30 and 1 m 10% SE columns.

Materials. 2,3-Dimethylbutadiene, CCly, and ethanol were
commercially available. PhMe;GeGeMezPh, bp 170—
174°C/4 mmHg (1 mmHg=133,322 Pa),? PhaMeGeGe-
MePhz, mp 132—133°C,2 Ph3GeGePhs, mp 335—340°C,2)
MesGeGePhs, mp 108—109 °C,26) PhMe.GeH, bp 65—66°C/
20 mmHg,2" MesGeH, bp 26°C,2 PhsMeGeH, bp 105—
106°C/6 mmHg,? PhsGeH, mp 39.5°C3% MesGeCl, bp
98 °C,28PhMe»GeCl, bp 90°C/10 mmHg,3PhsMeGeCl, bp
140°C/14 mmHg,32 Ph3GeCl, mp 145°C,33) PhoGeMez, bp
145°C/14 mmHg3% PhsGeMe, mp 71°C3 PhGeMes, bp
80°C/20 mmHg3® 1-methyl-1-phenylgermacyclopent-3-
ene,3” and (MeGe)4l!) were prepared as described in the cited
references.

Solvents. Cyclohexane, isooctane, dodecane, and THF
were distilled from sodium-benzophenone under an argon
atmosphere.

Photochemical Reactions of the Phenylated Digermanes.
The digermanes (ca. 200 mg) were dissolved in dry cyclo-
hexane (6 cm3) in a quartz tube. The tube was degassed in a
vacuum and charged with argon. The sample was irradiated
with a 110-W low-pressure Hg arc lamp at room temperature
for2h. Afterirradiation, the photoproducts were verified by
comparing the retention times on GLC and GC-MS with those
of authentic samples.

Photochemical Reactions of the Phenylated Digermanes
with Various Trapping Agents. As a representative example,
photolysis of a cyclohexane solution containing 1,1-
diphenyltetramethyldigermane with CCly is described. Com-
pound 1 (200 mg, 0.56 mmol) and CCl, (0.45 g, 30 mmol) were
dissolved in dry cyclohexane (6 m?®) in a quartz tube. The
sample tube was degassed in a vacuum and charged with
argon. The sample was irradiated at room temperature for
20 min.  After irradiation, the photoproducts were verified by
comparing the retention time on GLC and GC-MS with those
of authentic samples.

Time-Resolved Optical Absorption. Samples in quartz
cells with an optical length of 5 mm were degassed by four
freeze-pump-thaw cycles. The concentrations of the phenyl-
ated digermanes were ca. 1073 M (1 M=1 moldm=3). Laser
flash photolysis experiments were performed at room temper-
ature (293 K) by using the fourth-harmonic (266 nm) of a
Quanta-Ray DCR-1 Nd:YAG laser as the exciting light
source. The laser pulse was about 5 ns. Details concerning
the laser flash photolysis apparatus have been published else-
where.1® The signals were monitored by a Tektronix 485
oscilloscope (350 MHz) and recorded by an Iwatsu DM-901
digital memory (10 ns/point, 8 bit) controlled by an NEC PC
8801 microcomputer.
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