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Abstract

The photochemistry of octaisopropylcyclotetragermane was studied by laser flash photolysis and trapping experiments. Upon irradi-
ation of the cyclotetragermane, the main reaction was a ring opening to form octaisopropyltetragermane-1,4-diyl biradical (kmax = 310
and 550 nm), but generations of diisopropylgermylene and tetraisopropyldigermene are negligible.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The photochemistry of cyclic oligosilanes has been stud-
ied extensively because these compounds are important
sources for reactive intermediates such as silyl radicals, sil-
ylenes, and disilenes [1–7]. However, there are few reports
on the photochemistry of the corresponding cyclic oligo-
germanes. In 1992, Mochida and Tokura proposed three
pathways for the photochemical reaction of octaisopropyl-
cyclotetragermane (1) (Scheme 1): a ring contraction to
give diisopropylgermylene (2), a ring opening to form octa-
isopropyltetragermane-1,4-diyl biradical (3), and forma-
tion of tetraisopropyldigermene (4) [8]. Laser flash
photolysis revealed an anomalous transient absorption
peak at a kmax value of 560 nm with a lifetime of 56 ns.
The peak was tentatively assigned to germylene 2 [8]. How-
ever, the absorption peaks of dialkylgermylenes are gener-
ally reported to fall in the 420–490 nm range, although a
wide scatter of kmax values has been reported [9–16]. Thus,
0022-328X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.jorganchem.2007.03.017

* Corresponding author. Tel.: +81 488583382; fax: +81 488583909.
E-mail address: mwakasa@chem.saitama-u.ac.jp (M. Wakasa).
the assignment of the photochemical intermediate at
560 nm is still an open question.

To determine the reaction intermediates and primary
photochemical process of 1, we recently carried out laser
flash photolysis and trapping experiments in the presence
of various quenchers. In this paper, we report that ring
opening to form octaisopropyltetragermane-1,4-diyl birad-
ical 3 is the main reaction upon irradiation of 1 and that
germylene 2 and digermene 4 are generated in minor or
negligible quantities.
2. Results and discussion

Laser flash photolysis of 1 in deoxygenated cyclohexane
was performed at 295 K in an apparatus that was essen-
tially the same as the apparatus described elsewhere [17].
Using the fourth harmonic (266 nm) of a Nd:YAG laser
as the exciting light source, we measured the time profiles
of the transient absorption, A(t), in the wavelength range
of 300–700 nm. From the observed A(t) curves, transient
absorption spectra at 10, 30, 50, and 100 ns after laser
excitation were obtained and are shown in Fig. 1. Each
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Fig. 1. Transient absorption spectra observed at 295 K at delay times of
10 ns (d), 30 ns (}), 50 ns (¤), and 100 ns (s) after laser excitation of
deoxygenated cyclohexane solution containing octaisopropylcyclotetrag-
ermane (1.7 · 10�3 mol dm�3).
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Fig. 2. The A(t) curves observed at 540 nm in cyclohexane and CHCl3 for
deoxygenated solutions containing octaisopropylcyclotetragermane
(1.7 · 10�3 mol dm�3).
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Fig. 3. (a) A(t) curve observed at 310 nm. (b) D(t) + R(t), D(t), and R(t)
curves calculated from with If = 0.0192, Ic = 0.0148, and k = 2.05 · 107 s�1.
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spectrum has two transient absorption peaks, at 300–320
and 540–560 nm. The A(t) curve at 540 nm rapidly decayed
with first-order kinetics as shown in Fig. 2. Its lifetime, s,
was observed to be 50 ± 5 ns. On the other hand, the
A(t) curve at 310 nm has a fast decay component and a
nearly constant component as shown in Fig. 3.

As mentioned previously, the peak at 540–560 nm has
been tentatively assigned to diisopropylgermylene 2 [8], in
spite of the fact that dialkylgermylenes are reported to
absorb in the 420–490 nm range [9–16]. In addition, the
lifetimes of dialkylgermylenes in inert solvents such as
cyclohexane are usually as long as several microseconds,
and the decay of dialkylgermylenes show second-order
kinetics because dialkylgermylenes dimerize to form tetra-
alkyldigermenes [11–15].

2R2Ge :! R2Ge ¼ GeR2 ðR ¼ alkylÞ ð1Þ
In the present study, however, the transient absorption at
540 nm decayed rapidly with first-order kinetics. Moreover,
in the presence of 2,3-dimethylbuta-1,3-diene (0.7 mol
dm�3), a well-known trapping agent of germylenes, no
change in the A(t) curve was observed (s = 50 ± 5 ns). These
results indicate that the transient absorption observed at
540–560 nm cannot be assigned to germylene 2.
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Two other possible assignments for the absorption,
digermene 4 and the excited state of 1 (e.g. triplet–triplet
absorption), can be easily excluded. The transient absorp-
tion peaks of tetraalkyldigermenes are reported at 380–
400 nm [11–15]. As shown in Fig. 1, however, no transient
absorption peak was observed in this range. Therefore,
digermene 4 was not formed by the primary photochemical
process that occurred in the present reaction. Moreover,
upon irradiation of 1 in a 3-methylpentane (3 MP) matrix
at 77 K, a similar UV–Vis spectrum with an absorption
peak at 550 nm was observed. Fig. 4 shows the spectrum
observed at 10 min after irradiation of 1 in 3 MP at 77 K
[18]. Because excited states do not usually have very long
lifetimes, the peak cannot be assigned to an excited state
and must instead correspond to a reaction intermediate.

To assign this transient absorption, we carried out laser
flash photolysis in the presence of CHCl3 and CCl4, which
are well-known trapping agents of trialkylgermyl radicals.
The typical A(t) curve observed at 540 nm in deoxygenated
CHCl3 is shown in Fig. 2, along with the curve obtained in
cyclohexane. The A(t) curve in CHCl3 decayed much faster
than the curve in cyclohexane. The lifetimes observed in
various solvents are listed in Table 1. Acceleration of the
decay in the presence of halogenated hydrocarbons is
ascribable to the chlorine abstraction by germyl radicals:
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Fig. 4. UV–Vis spectrum observed at 10 min after irradiation of 1

(1.6 · 10�3 mol dm�3) in a 3-methylpentane matrix at 77 K.

Table 1
Lifetimes of the transient absorption observed at 540 nm in various
solvents

Solvent Lifetime (ns)

Cyclohexane 50
Cyclohexane in the presence of DMBa (0.7 mol dm�3) 50
Cyclohexane in the presence of CHCl3 (0.3 mol dm�3) 37
CHCl3 15
CCl4 19

a 2,3-Dimethylbuta-1,3-diene.
R3Ge� þ CHCl3 ! R3GeClþ �CHCl2 ð2Þ
Chlorine abstraction is a well-known reaction of silyl and
germyl radicals with halogenated hydrocarbons. From
these results, we concluded that the transient absorption
at 540–560 nm was due to a radical-like reaction
intermediate.

In addition to laser flash photolysis, we analyzed the
products of the photochemical reactions of 1. In the pres-
ence of various trapping agents, cyclohexane solutions con-
taining 1 were irradiated with a 500-W Xe lamp. When
EtOH and 2,3-dimethylbuta-1,3-diene were used as trap-
ping agents, products resulting from the trapping of germ-
ylene 2 were observed, as has been reported previously [8].
However, it is noteworthy that germylene trapping prod-
ucts, for example, 1,1-diisopropyl-3,4-dimethyl-1-germacy-
clopent-3-ene, were not observed in the early stage of the
photochemical reaction (that is, at irradiation time < 30 -
min). This result indicates that germylene 2 was not formed
by the primary photochemical process.

Irradiation of 1 in CHCl3 led to the formation of dii-
sopropyldichlorogermane (Ge1) [19], tetraisopropyldichlo-
rodigermane (Ge2) [20], hexaisopropyldichlorotrigermane
(Ge3) [20], octaisopropyldichlorotetragermane (Ge4) [21],
and tetrachloroethane (TCE). The same dichlorogermanes
and hexachloroethane (HCE) were observed when CCl4
was used as a trapping agent. Here, Ge4 can be regarded
as a product of the trapping of octaisopropyltetrager-
mane-1,4-diyl biradical 3, and TCE and HCE can be
regarded as products of coupling of dichloromethyl and tri-
chloromethyl radicals, respectively:

3
���!2CHCl3

ClGeiPr2ðiPr2GeÞi2Pr2GeCl ðGe4Þ þ 2�CHCl2 ð3Þ

3
��!2CCl4

ClGeiPr2ðiPr2GeÞi2Pr2GeCl ðGe4Þ þ 2�CCl3 ð4Þ

The generation of Ge4 is consistent with the results of the
quenching experiments by laser flash photolysis, in which
the A(t) curve observed at 540 nm was effectively quenched
by CHCl3 and CCl4. Thus, the transient absorption can be
assigned to octaisopropyltetragermane-1,4-diyl biradical 3.

The yields of Ge1–Ge4 showed a marked time depen-
dence. We carried out detailed quantitative analyses of
the yields of Ge1–Ge4. Fig. 5 shows the temporal variation
of the yields of Ge1, Ge2, Ge3, Ge4, and TCE together with
the consumption of 1. The time dependence of the yields of
products and TCE can be summarized as follows: (1) Ge4

formed quickly in the early stage of the reaction and then
decreased; (2) Ge3 formed slowly and then decreased; (3)
Ge2 also formed slowly but did not decrease during the per-
iod from 60 to 180 min [22]; (4) Ge1 was not observed ini-
tially, but the yield continually increased throughout the
reaction period; and (5) formation of TCE started early
in the reaction and continued after when 1 was almost
completely consumed. Moreover, no transient absorption
peak was observed at 380–400 nm, indicating that digerm-
ene 4 was not formed directly from 1. Thus Ge2 cannot be
regarded as a trapped product of digermene 4. From these



0

20

40

60

80

100

0 50 100 150 200

% / dlei
Y

Time / min

1

Ge4 Ge2

Ge3

Ge1

0

20

40

60

80

100

0 50 100 150 200

0

0.2

0.4

0.6

0.8

1

%/
dlei

Y

Time / min

01/
]

E
C

T[
3-

md lo
m

3-

1
TCE

Fig. 5. (a) The time dependence of the consumption of octaisopropylcy-
clotetragermane (s, 1) and the yields of the following dichlorooligogerm-
anes: diisopropyldichlorogermane (·, Ge1), tetraisopropyldichloro-
digermane (¤, Ge2), hexaisopropyldichlorotrigermane (n, Ge3), and
octaisopropyldichlorotetragermane (+, Ge4), during the photolysis of 1 in
CHCl3. (b) The time dependence of the consumption of 1 (s) and the yield
of tetrachloroethane (n, TCE) during the photolysis of 1 in CHCl3.
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results, we concluded that Ge4 was the primary photo-
chemical product and that it decomposed to form Ge3,
Ge2, and Ge1.

To study these secondary reactions of Ge4, we carried
out photochemical reaction of authentic Ge4 in CHCl3
under conditions similar to those used for the photolysis
of 1. Dichlorogermanes Ge1–Ge3 and TCE were generated
in this reaction, and a clear time dependence of the yields
was observed:

Ge4 ����!
hm=CHCl3

Ge1 þGe2 þGe3 ð5Þ
These results show that Ge3, Ge2, and Ge1 are photochem-
ical products from the secondary reactions of Ge4.
Finally, let us consider the transient absorption spec-
trum of 3. Because alkyl-substituted silyl, germyl, and stan-
nyl radicals usually have two absorption bands and their
shorter wavelength bands appear at 300–320 nm [23–25],
we measured the A(t) curves in the shorter wavelength
range in detail. As seen in Fig. 3a, the A(t) curve observed
at 310 nm has a fast decay component and a nearly con-
stant component. The constant component, R(t), may be
due to the product generated from the fast decay compo-
nent, D(t). Because the rate constant, k, of the fast decay
component is the same as the rate constant of the genera-
tion of the product, the observed A(t) curve was analyzed
by the nonlinear least-squares method in terms of the fol-
lowing equations:

AðtÞ ¼ DðtÞ þ RðtÞ ð6Þ
DðtÞ ¼ I f expð�ktÞ ð7Þ
RðtÞ ¼ Icð1� expð�ktÞÞ; ð8Þ

where If and Ic are the pre-exponential factors of the fast
decay component and the nearly constant component,
respectively. When the A(t) curve at 310 nm was analyzed
in terms of Eqs. (6)–(8), If, Ic, and k were determined to
be 0.0192, 0.0148, and 2.05 · 107 s�1, respectively. Using
these values, we calculated D(t) + R(t), D(t), and R(t) and
plotted them in Fig. 3b. As clearly seen in the figure, the
A(t) curve at 310 nm can be reproduced from the calculated
D(t) and R(t) curves. The lifetime (s = 1/k) of the fast de-
cay component was calculated to be 49 ± 10 ns, which is
similar to the lifetime of the absorption at 540–560 nm.
These results indicate that the photochemical intermediate
in the present reaction has two absorption bands, at 300–
320 and 540–560 nm, and that the intermediate can be as-
signed as a germyl radical such as 3.

However, the absorption peak in the longer wavelength
range (540–560 nm) and the spectral pattern are somewhat
different from those previously reported for trialkylgermyl
radicals. These differences may be due to the through-bond
interaction of two radicals in the 1,4-biradical. To predict
the electronic spectrum of 3, we carried out electronic
structure calculations for 3 based on hybrid and non-
hybrid density-functional calculations. Firstly, we have
performed geometry optimization for 3 both in triplet
and singlet states at the B3LYP/6-31G(d) level of theory.
Fig. 6 shows optimized structures of 3 both in cis- and
trans-forms in the triplet state. It was found that the cis-
form is slightly stable than the trans-form by 2.6 kcal/mol
at this level. In both cases, it is interesting to note that
the Ge–Ge–Ge–Ge structures are significantly deformed
from a planar structure. This may be due to the combina-
tion of strong repulsion between two unpaired electrons
localized in the terminal Ge atoms and limited Ge–Ge–
Ge–Ge angles. Notice that the Ge–Ge–Ge angles are in
the range of about 90–110� and are smaller than the carbon
analog. We have also performed geometry optimization of
3 in the singlet biradical state using the broken-symmetry
prescription. Although we have succeeded in optimizing



Fig. 6. The optimized structures of triplet biradical 3 (a) in cis-form and (b) trans-form obtained at the B3LYP/6-31G(d) level of theory.

Table 2
The excitation wavelength (oscillator strength) of the triplet biradical 3 in
the cis-form obtained from single-point time-dependent DFT calculationsa

PBE BLYP

539 nm (0.0002) 564 nm (0.0002)
474 nm (0.0029) 491 nm (0.0023)
456 nm (0.0016) 473 nm (0.0015)

a Calculated with 6-31G(d) basis set.
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the geometry in the trans-form, we have failed to obtain the
optimized structure in the cis-form. It was found that the
optimization of the cis-form always leads to the four-mem-
bered cyclic structure (1), which is the most stable con-
former in this molecular system. This is not surprising
since the electronic structure obtained by the broken-sym-
metry approach generally contains both triplet and singlet
characters. However, it should be emphasized that the sin-
glet optimized structure of 3 in the trans-form is essentially
the same as the triplet optimized structure of 3; the geomet-
rical difference between them was found to be extremely
small. This suggests that the biradical molecules in singlet
and triplet states have a very similar structure. Presumably,
the multi-configurational method such as a CASSCF
approach would give a reliable geometry; however, such
a method cannot be applied to the present complicated
system.

Since the cis-form is stable than the trans-form, we have
performed single-point time-dependent DFT (TD-DFT)
calculations using the optimized geometry of the triplet
biradical in the cis-form to obtain lowest electronic transi-
tions [26]. First, we have examine the basis set dependence
for the B3LYP functionals with the 6-31G(d), 6-31G(d, p),
6-31+G(d,p), and 6-31++G(d,p) basis sets. It is found that
the change of the basis set does not largely affect the tran-
sitions energies. Then, we have carried out TD-DFT calcu-
lations with the PBE and BLYP functionals. Table 2
summarizes computed results. The calculated values show
that the triplet biradical 3 has the transient absorption
bands at 460–560 nm. Since the singlet biradical 3 should
be stabilized more than the triplet one by the through-bond
interaction, the transient absorption bands of the singlet
biradical 3 may appear at slightly higher wavelength. To
clarify the spin multiplicity of the biradical, we are
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currently carrying out low-temperature (20 K) and time-
resolved ESR measurements.

3. Conclusions

The results observed in the present study are best ratio-
nalized in terms of the reactions shown in Scheme 2. Upon
irradiation, 1 undergoes a ring opening to form tetrager-
mane-1,4-diyl biradical 3 as the main reaction. The tran-
sient absorption at 550 nm can be assigned to biradical 3,
which has another transient absorption peak at 310 nm.
TD-DFT calculations suggested triplet or singlet biradical
3 formation.

4. Experimental

Laser flash photolysis was performed on deoxygenated
cyclohexane containing 1 (1.7 · 10�3 mol dm�3) at 295 K
using the fourth harmonic harmonic (266 nm, 7 ns) of a
Quanta-Ray DCR-11 Nd:YAG laser as an exciting light
source. The cyclohexane solution was deoxygenated by
bubbling argon through it. To avoid secondary reactions,
the solution was pumped through a quartz flow cell
(1 mL/min).

The steady-state irradiation was carried out with a
500-W Xe lamp (Ushio UXL-500D). A deoxygenated
cyclohexane solution containing 1 (2.7 · 10�3 mol dm�3)
was irradiated, and the photoproducts were analyzed by
GC (Shimadzu GC-17A), GC–MS (Shimadzu QP5000,
JEOL JMS700AM), and NMR (Bruker AM 300).
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