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A combined kinetic and computational study of the reactions
of transient germylenes with oxiranes and thiiranes in
solution
Svetlana S. Kostina and William J. Leigh

Abstract: The reactions of dimethyl- and diphenylgermylene (GeMe2 and GePh2, respectively) with cyclohexene oxide (CHO) and
propylene sulfide (PrS) have been studied in hydrocarbon solvents at 25 °C by laser flash and steady-state photolysis methods
using appropriately substituted germacyclopent-3-ene derivatives as germylene precursors. GeMe2 reacts with CHO and PrS with
rate constants in the range of 1.2–1.7 × 1010 M−1 s−1 in hexanes at 25 °C to form new transient products that are assigned to the
corresponding Lewis acid-base complexes of the germylene with the substrates. The complexation reactions were found to be
reversible and are characterized by equilibrium constants of KC = (3.7 ± 0.8) × 103 M−1 and (3 ± 1) × 104 M−1 for complexation of
GeMe2 with CHO and PrS, respectively. The complexes decay over approximately 10 �s with the concomitant formation of
tetramethyldigermene (Ge2Me4), identifiable by its characteristic UV-vis spectrum centered at �max = 370 nm. Diphenylger-
mylene behaves analogously, reacting rapidly and reversibly with the two substrates to form the corresponding Lewis acid-base
complexes (�max ≈ 355 nm) that decay over several tens of microseconds with the concomitant growth of the characteristic UV-vis
spectrum of tetraphenyldigermene (Ge2Ph4) (�max = 440 nm). Steady-state photolysis of the germylene precursors in the presence
of CHO afforded germanium-containing oligomers but showed no evidence of oxygen abstraction or the formation of substrate-
derived product(s). Similar photolyses in the presence of PrS also afforded germanium-containing oligomers, but as well yielded
propene in 20%–30% yield and (in the case of the GePh2 precursor) minor amounts of low molecular weight compounds that
appear to be derived from the corresponding germanethione. Density functional theory calculations of the chalcogen abstrac-
tion reactions of GeMe2 with oxirane and thiirane in the gas phase have been carried out at the B3LYP/6-311+G(d,p) level of theory
and are in good qualitative agreement with the experimental data.

Key words: germylene, dimethylgermylene, diphenylgermylene, oxirane, thiirane, laser flash photolysis, chalcogen abstraction.

Résumé : Nous avons étudié les réactions du diméthyl- et du diphénylgermylène (GeMe2 et GePh2 respectivement) avec l’oxyde
de cyclohexène (OCH) et le sulfure de propylène (PrS) dans des solvants hydrocarburés à 25 °C par les méthodes de photolyse
éclair au laser et à l’état d’équilibre, en utilisant comme précurseurs germyléniques des dérivés de germacyclopent-3-ène
adéquatement substitués. Le GeMe2 réagit avec l’OCH et le PrS à des constantes de vitesse de l’ordre de 1,2 à 1,7 × 1010 M–1 s–1 dans
l’hexane à 25 °C pour former de nouveaux produits intermédiaires que l’on attribue aux complexes acide-base de Lewis du
germylène avec les substrats. Les réactions de complexation se sont révélées réversibles et sont caractérisées par des constantes
d’équilibre KC de (3,7 ± 0,8) × 103 M–1 et de (3 ± 1) × 104 M–1 correspondant à la complexation du GeMe2 avec l’OCH et le PrS
respectivement. Les complexes se dissocient en environ 10 �s, et on observe simultanément la formation de tétraméthyldiger-
mène (Ge2Me4) identifiable par sa bande caractéristique en UV-vis centrée à �max = 370 nm. Le diphénylgermylène se comporte
de façon analogue et réagit rapidement et de façon réversible avec les deux substrats pour former les complexes acide-base de
Lewis correspondants (�max ≈ 355 nm) qui se dissocient sur une période de plusieurs dizaines de millisecondes, et on observe
simultanément l’augmentation de l’intensité de la bande caractéristique en UV-vis du tétraphényldigermène (Ge2Ph4) (�max =
440 nm). La photolyse à l’état d’équilibre des précurseurs germyléniques en présence d’OCH a révélé la formation d’oligomères
contenant du germanium, mais n’a indiqué aucun signe d’arrachement de l’atome d’oxygène ou de formation de produits
dérivés des substrats. Des réactions similaires de photolyse en présence de PrS ont également produit des oligomères contenant
du germanium, mais aussi du propène avec un rendement de 20% à 30% et (dans le cas du précurseur GePh2) des composés de
faible poids moléculaire en quantités minoritaires qui semblaient être dérivés de la germanethione correspondante. Des calculs
théoriques de la fonctionnelle de la densité appliqués aux réactions d’arrachement du chalcogène de l’oxirane et du thiirane en
phase gazeuse par le GeMe2 ont été effectués au niveau B3LYP/6-311+G(d,p) de la théorie et concordent bien avec les données
expérimentales sur le plan qualitatif. [Traduit par la Rédaction]

Mots-clés : germylène, diméthylgermylène, diphénylgermylène, oxirane, thiirane, photolyse éclair au laser, arrachement du
chalcogène.
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Introduction
Chalcogen abstraction reactions by silylenes and germylenes

are amongst the most commonly used methods for the synthesis
of compounds possessing tetrel–chalcogen double bonds. For ex-
ample, stable silacarbonyl compounds have been synthesized by
reactions of silylenes with N2O,1–6 CO2,1 O2

1,7 and H2O·B(C6F5)3,8

whilst the first two stable germanones to be reported were pre-
pared by reaction of sterically protected germylenes with trial-
kylamine N-oxides.9,10 Stable silane- and germanethiones have
also been prepared by abstraction reactions involving sterically
encumbered or donor-stabilized tetrylenes, for example with
phenyl isothiocyanate or styrene episulfide11 as sulfur donors;12

the desulfurization of sila- and germatetrathiolanes is another
commonly used method for the preparation of stable M=S bond-
containing compounds.13–15

Silanones are suspected intermediates in the reactions of tran-
sient silylenes with substrates such as N2O,16–21 CO2,22 aryl nitrile
oxides,23 aryl- and alkylisocyanates,11 dialkylsulfoxides,24–26 and
oxiranes;27–31 formal oxygen abstraction from oxiranes has also
been found to proceed with transient germylenes in the presence
of amines.32–36 The only tetrylene-derived method for the forma-
tion of transient silane- and germanethiones that has been re-
ported is sulfur abstraction from thiiranes.31,34–37 With transient
derivatives, the usual fate of the initially formed M=X-containing
species is trimerization or (when prepared by abstraction from
oxiranes or thiiranes) insertion into a second molecule of the
substrate to form five-membered heterocycles.

Kinetic studies of the reactions of transient silylenes with oxi-
ranes have been carried out in the gas phase38 and in solution31

and are supported by numerous theoretical studies.31,39–41 The
formation of silanethiones via sulfur abstraction from thiiranes
has also been addressed computationally.31,39,41 The reaction
proceeds via the initial formation of the corresponding silylene–
oxirane complex, of which several have been detected and
characterized in solution.31 This first stage of the reaction takes
place with rate constants approaching the collisional limit in the
gas phase for SiH2 + oxirane42 and at close to the diffusional rate
for the reactions of SiMe2 and SiPh2 with propylene and cy-
clohexene oxide (PrO and CHO, respectively) in hexanes solution
at 25 °C (i.e., k ≈ (1–2) × 1010 M−1 s−1).31 The complexes, which exhibit
UV-vis spectra typical of silylene–O–donor Lewis acid-base com-
plexes,43–45 are stabilized strongly enough relative to the free
silylenes that they are formed as discrete, nonequilibrating inter-
mediates in solution where they decay with clean first-order ki-
netics and rate constants in the (3–4.5) × 106 s−1 range at 25 °C.31

The dominant mode of decay is presumably via reaction to
yield the corresponding silanone and alkene, which density func-
tional theory (DFT) calculations suggest occurs via a stepwise
mechanism involving a (singlet) 1,4-biradical intermediate.31,41

The variations in the decay rate constants of the four silylene–
oxirane complexes with substituent are not particularly large, but
they are nevertheless consistent with the stepwise mechanism
(eq. 1).

(1)

Sulfur abstraction from thiiranes has also been shown to proceed
via the initial, diffusion-controlled formation of the correspond-
ing silylene–thiirane Lewis acid-base complex.31 The complexes of

SiMe2 and SiPh2 with propylene sulfide (PrS) are significantly
shorter lived than the corresponding complexes with PrO. Calcu-
lations for SiH2 and SiMe2 reproduce the higher reactivity of
the thiirane system compared to the oxirane and predict that
the complexes proceed to propene and the corresponding silanethione
directly via a concerted two-bond cleavage mechanism.31,39–41 The
SiPh2–PrS complex decays with a rate constant of approximately
2 × 107 s−1 (hexanes, 25 °C) to yield a new transient product that
exhibits �max = 275 nm and has been assigned to diphenyl-
silanethione (Ph2Si=S) based on its reactivity toward MeOH,
tBuOH, AcOH, and nBuNH2.31

Transient silanones and silanethiones generated by oxygen/sulfur
abstraction from oxiranes and thiiranes by silylenes have been
trapped by 1,1,3,3,5,5-hexamethylcyclotrisiloxane (D3; eq. 2).28,29,31

(2)

or MeOH,31 the products of which are formed along with the
corresponding alkenes in yields of 50%–70% relative to consumed
silylene precursor. Transient silanones have also been shown to
react with dienes27 and oxiranes30 to form stable products.

In this paper, the results of a laser flash photolysis study of the
reactions of dimethyl- and diphenylgermylene (GeMe2 and GePh2,
respectively) with CHO and PrS in hexanes solution are presented.
The goals of the study were to compare the kinetic and spectro-
scopic behaviors of GeMe2 and GePh2 in the presence of these
substrates to those of the corresponding silylenes to see whether
any indication of reaction could be obtained, and if so, to deter-
mine the course of reaction and obtain kinetic and (or) thermody-
namic details relating to the mechanism(s). The laser photolysis
studies are supplemented with product studies of the reactions of
the two species with CHO and PrS in cyclohexane-d12 solution. We
also carried out DFT calculations of the reactions of GeMe2 with
oxirane and thiirane and compare the results to the experimental
data for GeMe2 and to earlier DFT calculations on the analogous
reactions of the silicon homolog (SiMe2).31

Results
The two transient germylenes were generated by laser pho-

tolysis of rapidly flowed, deoxygenated hexanes solutions of
the germacyclopent-3-enes 1a, 1b, and 2, respectively, using a KrF
excimer laser (248 nm, 90–105 mJ, approximately 25 ns) for exci-
tation and time-resolved UV-vis spectroscopy to monitor the ger-
mylenes and their reaction products. Laser photolysis of these
compounds leads to the prompt formation of readily detectable
transient absorptions centered at �max = 470 nm46,47 for GeMe2
and �max = 300 and 500 nm48 in the case of GePh2, which decay on
the microsecond timescale with second-order kinetics to yield the
corresponding digermenes Ge2Me4 (Me2Ge = GeMe2, �max =
370 nm)46–48 and Ge2Ph4 (Ph2Ge = GePh2; �max = 440 nm),48 respec-
tively. As reported previously,46 the GeMe2 precursors 1a and 1b
afford very similar time-resolved spectroscopic behavior, the only
real difference being that 1a gives rise to somewhat stronger tran-
sient absorptions than 1b (all else being equal) owing to a larger
quantum yield for reaction. In the experiments with the GePh2
precursor (2), the rate coefficients for decay of the germylene were
determined using absorbance–time data recorded at 500 nm, cor-
rected for the underlying contribution of the digermene absorp-
tion at this wavelength following the protocol established in
earlier work.48,49

436 Can. J. Chem. Vol. 93, 2015

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

M
cM

as
te

r 
U

ni
ve

rs
ity

 o
n 

12
/2

8/
15

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



In the presence of submillimolar concentrations of CHO or PrS,
transient decays recorded for GeMe2 were bimodal, consisting of a
rapid initial decay component and a slowly decaying residual ab-
sorbance. The initial decay became more rapid and the intensity
of the residual absorbance was reduced as the substrate concen-
tration was increased (Fig. 1), behavior that is consistent with a
reversible reaction characterized by an equilibrium constant in
the approximate range of 1 × 103 M−1 < KC < 3 × 104 M−1.45,50 The fast
initial decay is the (pseudo-first-order) approach to equilibrium;
the kinetics are described (approximately) by eqs. 3 and 4:

(3) �At � �Ares � (�A0 � �Ares) exp(�kdecayt)

(4) kdecay � k�C � kC[Q]

where �A0, �At, and �Ares are the values of the germylene tran-
sient absorbance immediately after the laser pulse, at time t after
the pulse, and at the end of the initial decay, respectively, kdecay is
the pseudo-first-order rate coefficient for decay of the germylene,
and kC and k−C are the forward and reverse rate constants for
reaction with the substrate (Q). The slow decay of the residual
absorption is due to dimerization of the germylene, in equilib-
rium with the product of the reversible germylene–substrate
reaction. Its detection allows for the equilibrium constant
(KC = kC/k−C) to be determined from analysis of the data according
to eq. 5:

(5) (�A0)0/(�Ares)Q � 1 � KC[Q]

where (�A0)0 is the �A0 value due to the germylene in the absence
of substrate and (�Ares)Q is the value of �Ares in the presence of a
given concentration of substrate Q; the latter was typically esti-
mated by visual inspection of the decay profile (as the breakpoint
in the bimodal decay). The forward rate constants were estimated
from plots of kdecay versus [CHO] or [PrS], which displayed good
linearity in both cases (see Fig. 2a); analysis of the data according
to eq. 4 yielded rate constants of kC = (1.2 ± 0.3) × 1010 M−1 s−1 and
kC = (1.7 ± 0.2) × 1010 M−1 s−1 for the reactions with CHO and PrS,
respectively. The plots of (�A0)0/(�Ares)Q versus [PrS] and [CHO]
were also linear in both cases (see Fig. 2b), and regression analysis
afforded equilibrium constants of KC = (3 ± 1) × 104 M−1 and KC =

(3.7 ± 0.8) × 103 M−1, respectively. As will be shown below, the
products of these reversible reactions are the corresponding
germylene–substrate Lewis acid-base complexes.

Bimodal decay kinetics were also observed of the (corrected)
germylene absorbance–time profiles obtained from solutions of
2 in hexanes containing submillimolar concentrations of CHO,
which is again consistent with reversible reaction between the
germylene and the substrate. Analysis of the data according to
eqs. 4 and 5 afforded rate and equilibrium constants of kC = (8 ± 1) ×
109 M−1 s−1 and KC = (2.4 ± 0.5) × 104 M−1, respectively (Fig. S1) (see
Supplementary material section). In contrast, addition of PrS to a
hexanes solution of 2 caused the (corrected) germylene absorp-
tion to decay with clean first-order kinetics completely to baseline
at even the lowest concentration studied (0.1 mmol L−1). A plot of
kdecay versus [PrS] yielded a straight line with a slope of kC = (8 ± 2) ×
109 M−1 s−1.

Transient absorption spectra were recorded with solutions
of 1a and 2 in hexanes containing either PrS (approximately
5 mmol L−1) or CHO (10–50 mmol L−1). New promptly formed tran-
sient absorptions were observed in all four cases, which were
centered in the 270–310 nm range for the GeMe2-derived species
(see Fig. 3) and at �max ≈ 355 nm for the GePh2-derived ones
(Fig. S2). The absorptions decay over several tens of microseconds
with second-order decay kinetics with the concomitant growth of
longer-wavelength absorption bands due to the corresponding
digermenes (Ge2Me4 and Ge2Ph4). The spectra and kinetic behav-
ior are quite similar to those reported previously for the Lewis
acid-base complexes of the two germylenes with tetrahydrofuran
(THF) and tetrahydrothiophene (THT) under similar experimental
conditions45,51 and are thus assigned to the corresponding Lewis
acid-base complexes with CHO and PrS. In addition to the signals
due to the GePh2–CHO complex and Ge2Ph4, another even longer-
lived product (�max ≤ 280 nm) was also detected, its growth kinet-
ics indicating that it is most likely associated with a higher GePh2

oligomer. A long-lived transient with similar characteristics was
also evident in the transient spectra from a solution of 2 in hex-
anes containing 5 mmol L−1 PrS, although the signal was less
intense (Fig. S2).

Time-resolved UV-vis spectra were also recorded with hexanes
solutions of 1a and 2 containing approximately 5 mmol L−1 diethyl
sulfide (Et2S) for comparison to the spectra of the complexes of
the two germylenes with thiirane and THT45 and to see whether
similar long-lived product absorptions are obtained in the pres-
ence of the acyclic dialkyl sulfide as with the cyclic ones. The
addition of submillimolar concentrations of Et2S to the solutions
caused the germylene absorptions to decay completely to pre-
pulse levels with clean first-order decay kinetics; complexation

Fig. 1. Absorbance–time profiles for GeMe2 in deoxygenated hexanes containing (a) 0 and 0.5 mmol L−1 CHO and (b) 0 and 0.2 mmol L−1 PrS at 25 °C.
The data were recorded at a monitoring wavelength of 470 nm using 1a as precursor for the experiments with CHO and 1b for those with PrS.
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rate constants of kC = (1.8 ± 0.2) × 1010 M−1 s−1 and (8.3 ± 0.4) ×
109 M−1 s−1 were obtained from the slopes of (linear) plots of kdecay
versus [Et2S] for GeMe2 and GePh2, respectively (Fig. S3a). Tran-
sient absorption spectra in the presence of 5 mmol L−1 Et2S
(Figs. S3b, and S3c) show absorptions centered at �max = 300 and
345 nm, respectively, which are assigned to the corresponding
complexes. The data for the GePh2–Et2S system reveal a long-lived
absorption below 300 nm that grows in on a similar timescale as
the decay of the digermene, analogous to the behavior observed
for the GePh2–PrS system.

Table 1 lists the rate and (or) equilibrium constants determined
in this work for the complexation of GeMe2 and GePh2 with CHO,
PrS, and Et2S in hexanes at 25 °C and the UV-vis absorption max-
ima of the corresponding complexes. The table also contains the
corresponding kinetic and spectroscopic data for complexation of
the two germylenes with Et2O, THF, and THT under similar con-
ditions to emphasize the similarities between the behaviors of the
two species with CHO and PrS and with the larger ring cyclic ether
and sulfide.

Product studies
Initial steady-state photolysis experiments were carried out

on deoxygenated 0.05 mol L−1 solutions of 1b in cyclohexane-d12
containing CHO or PrS (approximately 0.2 mol L−1) and Si2Me6
(0.01 mol L−1) as internal integration standard, monitoring the

course of 254 nm photolysis by 1H NMR spectroscopy (Figs. S4 and
S6). Both product mixtures appeared to be quite complicated, the
spectra showing complex collections of signals in the � 0.3–
0.6 range of the spectrum that are indicative of the formation of
several germanium-containing products, in addition to the char-
acteristic resonances due to diene 3. Cyclohexene was not formed
in detectable amounts in the photolysis with CHO (eq. 6), but
propene (4) could be conclusively identified in the PrS-containing
photolysate (eq. 7):

(6)

(7)

Concentration versus time plots constructed for 3 and the two
substrates (Figs. S5 and S7) indicate the rates of substrate con-
sumption to be similar to (in the case of CHO) or higher than (in

Fig. 2. Plots of (a) kdecay versus [Q] and (b) (�A0)0/(�Ares)Q versus [Q] for GeMe2 in deoxygenated hexanes containing varying concentrations of
CHO (�) and PrS (Œ) at 25 °C; the solid lines are the linear least-squares fits of the data to to eqs. 4 (Fig. 2a) and 5 (Fig. 2b). Absorbance–time
profiles were recorded at 470 nm using 1a as the precursor for experiments with CHO and 1b for those with PrS.

Fig. 3. (a) Transient absorption spectra recorded 0.16–0.80 �s (Œ) and 4.96–5.60 �s (e) after the laser pulse by laser photolysis of 1a in
deoxygenated hexanes containing 0.05 mol L−1 CHO at 25 °C; (b) Transient absorption spectra recorded 0.00–0.64 �s (Œ) and 5.60–6.24 �s (e)
after the laser pulse, from a similar experiment with 1a in deoxygenated hexanes containing 0.005 mol L−1 PrS. The insets show transient
decay traces recorded at 310 and 370 nm.
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the case of PrS) the rate of diene formation. The NMR spectra of
the photolysed mixtures, the CHO photolysate in particular, also
showed broad baseline absorptions, consistent with polymer for-
mation. Compound 1b could not be quantified in these experi-
ments because of spectral overlap between its NMR resonances
and those due to photoproducts, and thus, product yields relative
to consumed germylene precursor could not be determined. Nev-
ertheless, propene (4) was formed at roughly one third of the rate
of diene 3 in the photolysis with PrS as substrate over the photol-
ysis period monitored.

The reaction with PrS was repeated using 1a as GeMe2 pre-
cursor, as this compound’s vinylic hydrogen provides a well-
separated signal in the NMR spectrum to allow quantitation
throughout the photolysis. Irradiation of a C6D12 solution of
1a (0.047 mol L−1) containing PrS (0.07 mol L−1) and Si2Me6

(0.012 mol L−1) for 15 min (approximately 17% conversion of 1a;
Fig. S8) resulted in the formation of diene 5 and propene (4) in
yields of 70% and 20% relative to consumed 1a, respectively (eq. 8),
based on the relative slopes of concentration versus time plots
(Fig. S9):

(8)

A spiking experiment in which a small quantity of an auth-
entic sample of the anticipated oligomerization product of
dimethylgermanethione, cyclic trimer 6,34–36 showed that this
compound was not present in the photolysis mixture after 15 min
of irradiation (Fig. S10). GC/MS analysis of the photolysate verified
the presence of 5 as the major photoproduct and also showed at
least eight additional products formed in minor amounts. The
mass spectra (Fig. S11) indicated that seven of these contained at
least two germanium atoms, while the remaining one contained

none. The seven germanium-containing compounds share the
same fragment with m/z = 119, which is consistent with a GeMe3

+

unit. Unfortunately, none of these compounds could be identified
conclusively.

Similar results were obtained in steady-state photolysis experi-
ments carried out with cyclohexane-d12 solutions of 2 (approxi-
mately 0.06 mol L−1) in the presence of CHO (0.085 mol L−1) or PrS
(0.08 mol L−1); these experiments were carried out in parallel with
a third one in which a 0.05 mol L−1 solution of 2 in cyclohexane-d12

was irradiated in the absence of an added substrate. All three
photolyses produced 2,3-dimethyl-1,3-butadiene (7) as the major
identifiable product, along with (presumably oligomeric) materi-
als giving rise to broad, ill-defined resonances in the � 6.7–7.7 and
0.5–2.5 regions of the spectrum (Figs. S12 and S14). No consump-
tion of CHO was evident in the experiment with that substrate
after approximately 17% of conversion of 2 (Fig. S13), and no cy-
clohexene was formed in detectable amounts (Fig. S12). On the
other hand, photolysis of 2 in the presence of PrS resulted in the
formation of 7 and 4 in approximate yields of 80% and 32%, re-
spectively, relative to consumed 2 (eq. 9; Fig. S15):

(9)

The rates of consumption of PrS and 2 were approximately equal.
Removal of the volatile components of the PrS-photolysate and
redissolution of the residue in C6D12 resulted in an NMR spec-
trum that showed four weak but well-defined multiplets in the
� 7.5–7.9 region of the spectrum, superimposed on broad baseline
absorptions due (presumably) to oligomeric materials. GC/MS
analysis of the mixture indicated the presence of three new com-
pounds in minor amounts, the mass spectra of which are consis-
tent with 1:1 adducts of GePh2 and PrS (e.g., 8), Ph2Ge=S and DMB
(e.g., 9), and Ph2Ge=S and PrS (e.g., 10). Products of this type all
have precedence from early studies of the reactions of so-called

Table 1. Bimolecular rate and equilibrium constants and free energiesa for complexation of GeMe2

and GePh2 with oxygen and sulfur donors in hexanes at 25 °C and UV-vis absorption maxima of the
corresponding complexes, also in hexanes at 25 °C.

System kC (1010 M−1 s−1) KC (103 M−1) �G (kcal mol−1) �max (nm)a

GeMe2−CHO 1.2±0.3 3.7±0.8 −3.0±0.1 ≤300b

GeMe2−THF 1.1±0.2b 10±4b −3.5±0.3 310b

GeMe2−Et2O —c,d 0.11±0.01d −0.9±0.1 300d

GeMe2−PrS 1.7±0.2 30±10 −4.2±0.2 ≤300b

GeMe2−THT 1.7±0.2d >30d <−4.1 320d

GeMe2−Et2S 1.8±0.2 >30 <−4.1 300a

GePh2−CHO 0.8±0.1 24±5 −4.1±0.1 355a

GePh2−THF 0.63±0.06b 23±5b −4.0±0.1 360b

GePh2−Et2O —c,d 0.16±0.01d −1.1±0.1d 360d

GePh2−PrS 0.8±0.2 >30 <−4.1 355a

GePh2−THT 1.0±0.2d >30d <−4.1 350d

GePh2−Et2S 0.83±0.04 >30 <−4.1 350a

aStandard state is the gas phase at 1 atm pressure and 298.15 K; calculated from the solution phase equilibrium
constants or the lower limit.

bLeigh et al.50

ckC indeterminable.
dKostina et al.45
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“germylene–amine complexes” with thiiranes under thermolytic
conditions.34–36

Computational studies
Thermochemical parameters for the formation of the com-

plexes of GeMe2 with oxirane and thiirane and of the first step in
the transfer of the chalcogen atom to germanium were modeled
using DFT employing the B3LYP hybrid exchange-correlation
functional52,53 in conjunction with the 6-311+G(d,p) basis set. This
is the same level of theory as was used in our earlier study of the
reactions of SiMe2 with these substrates to allow direct compari-
sons.31 Starting structures for geometry optimization of the com-
plexes and the transition states for their decomposition were
constructed from the homologous structures from our earlier
study, applying reasonable adjustments to bond distances and
angles involving the heavy group 14 element to account for the
substitution of silicon with germanium.45 The transition states
were optimized using the unrestricted procedure with HOMO–
LUMO mixing in the initial guess leading to unrestricted wave
functions and were confirmed to be first-order saddle points on
the basis of their vibrational frequencies. Intrinsic reaction coor-
dinate calculations starting at the saddle points were carried
out in the reverse direction to verify the connection with the
complexes and in the forward direction to establish starting struc-
tures for the final geometry optimizations of the primary decom-
position products. The intrinsic reaction coordinate calculations
were also carried out using the unrestricted procedure with
HOMO–LUMO mixing, as were the final geometry optimizations
and frequency calculations for the biradical intermediate found
in the GeMe2 plus oxirane reaction system (vide infra). The reported
thermodynamic data (vide infra) were computed at 298.15 K from
unscaled vibrational frequencies.

Figure 4 shows the calculated (B3LYP/6-311+G(d,p)) structures of
the Lewis acid-base complexes of GeMe2 with oxirane and thiirane
(CX, X = O or S), the transition states for C–X bond cleavage in the
complexes (TSX), and the primary products of the reactions: the
Me2GeOCH2CH2 biradical from the GeMe2–oxirane complex (BRO)
and ethylene and dimethylgermanethione from the GeMe2–

thiirane complex. The two reaction systems both behave analogously
to the corresponding SiH2 and SiMe2 systems.31,41 Only the anti-
conformer of each of the complexes was located; relaxed scans in
which the C3–Ge–X–C2 dihedral angle was driven in 10° steps
confirmed the anti-conformer to be the only minimum-energy
conformer at this level of theory in both cases. Table 2 lists the
B3LYP/6-311+G(d,p) electronic energies, standard enthalpies, and
free energies of the various species investigated relative to those
of the isolated germylene and substrate. The two most likely de-
composition products of the Me2GeOCH2CH2 biradical (Me2Ge=O
plus C2H4 and 1,1-dimethylgerma-2-oxetane) were also modeled,
but the more complex task of locating transition states for
the formation of these products from the biradical was not at-
tempted.

Figure 5a summarizes the results of the B3LYP/6-311+G(d,p) cal-
culations for the GeMe2–oxirane and GeMe2–thiirane systems as
free energy reaction coordinate diagrams. Included for compari-
son is the analogous set of diagrams for the corresponding
SiMe2–oxirane and SiMe2–thiirane systems at the same level of
theory, from our earlier study.31

Discussion
The present work represents the first experimental study to

be reported of the reactivity of simple, transient dialkyl- and
diarylgermylenes with oxiranes and thiiranes under neutral
ambient conditions, conditions under which the corresponding
silylene derivatives react rapidly via formal oxygen or sulfur ab-
straction to afford the corresponding alkene and silanone27–31,38

or silanethione,31 respectively, in good chemical yields. The only
related existing studies of the reactivity of Ge(II) systems with
substrates of this type are those of Satgé and co-workers, who
examined the reactions of a series of amine-coordinated ger-
mylenoids with oxiranes and thiirane.32–35 Their experiments
withthesecompounds, thecrystallineproductsofreactionofEt2GeHCl,
PhMeGeHCl, and Ph2GeHCl with pyridine/triethylamine in pentane
(and formulated as the corresponding germylene-triethylamine

Fig. 4. Calculated (B3LYP/6-311+G(d,p)) structures and selected bond distances (in Å) and angles (in degrees) of the GeMe2–oxirane and
GeMe2–thiirane complexes (“CX”), the transition states for C–X bond cleavage (“TSX”), and the first-formed products of the reaction;
“	” denotes the C3–Ge–X–C2 dihedral angle (X = O or S). The methyl hydrogens have been omitted from the structures for clarity.
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complexes 11 (eq. 10))54 involved thermolysing the materials with
2–3 equiv. of substrate in sealed tubes at 130–150 °C:

(10)

This typically afforded mixtures of the corresponding (R2Ge=X)
trimer (12) and the (2+3)-cycloadduct of R2Ge=X with a second
molecule of substrate (13; eq. 10).32–35 The formation of R2Ge=X
was proposed to occur via elimination of ethylene from a germox-
etane or thietane intermediate derived from insertion of GeR2
into a C–X bond of the substrate:

(11)

The high temperatures required for these reactions are undoubt-
edly needed, at least in part, because of the presence of the amine,
which binds to the free germylene many orders of magnitude
more strongly than oxygen or sulfur donors45 and (presumably)
must be disengaged from the Ge(II) species in order for reaction to
occur. As well, the barrier(s) to reaction of the free germylenes are
significantly higher than in the silicon systems,21,55,56 which may
also contribute to the need for rather severe conditions to effect
reaction.

The results of our experiments indicate that at room tempera-
ture in hydrocarbon solvents, neither GeMe2 nor GePh2 abstracts
oxygen from the representative oxirane derivative CHO with an
overall rate constant large enough to compete with the germylene
oligomerization processes that occur in the absence of reactive

substrates.45–48,50 The laser photolysis experiments provide clear
evidence of a rapid, nearly diffusion-controlled reaction between
the two germylenes and the substrate to afford the corresponding
Lewis acid-base complexes, which appear to be virtually inert to
further (unimolecular) reaction; they exist in equilibrium with
the free germylenes and the substrate and appear to play no role
in the chemistry other than mediating germylene dimerization
and the formation of higher oligomers. The complexes exhibit
nearly identical UV-vis spectra and kinetic behavior to those of
the complexes of GeMe2 and GePh2 with less potentially reactive
oxygen donors such as THF and Et2O (see Table 1).45,50,57 The equi-
librium constants for complexation of GeMe2 and GePh2 with
CHO are similar to or slightly smaller than those with THF in each
case (and much larger than those with Et2O) and indicate bind-
ing free energies of �G ≈ –3.0 and –4.1 kcal mol−1, respectively
(Table 1), where the standard state has been converted to the gas
phase at 1 atm and 298.15 K. The larger KC value exhibited by
GePh2 compared to GeMe2 is also observed for complexation of
the two species with Et2O and THF under similar conditions and
reflects the enhancement in germylene Lewis acidity that results
from phenyl-for-methyl substitution at the Ge(II) center.45

On the other hand, generation of the two species in the pres-
ence of approximately 0.1 mol L−1 PrS under lamp photolysis
conditions affords propene in yields of 20%–30%, indicating signif-
icantly greater reactivity with this substrate than with the oxirane
derivative. However, reaction with the substrate is still inefficient
compared to oligomerization, even at the extremely low steady-
state transient concentrations that characterize our lamp photol-
ysis experiments. This means that under the conditions of our
laser photolysis experiments, where micromolar concentrations
of germylene are produced within the approximately 25 ns laser
pulse, dimerization should be the only reaction pathway accessi-
ble. Indeed, the time-resolved behavior of the two species in the
presence of PrS shows evidence only of Lewis acid-base complex-
ation and the formation of the corresponding digermenes and
higher oligomers absorbing below 300 nm (see Scheme 1). The
GeMe2–PrS and GePh2–PrS complexes exhibit UV-vis absorption

Table 2. Electronic energies (�Eelec), zero-point-corrected electronic energies (at 0 K, �E0), standard enthalpies (�H°),
and free energies (�G°) of stationary points on the potential energy surfaces for reaction of GeMe2 with oxirane and
thiirane, in kcal mol−1 relative to the energies of the free reactants, calculated at the B3LYP/6-311+G(d,p) level of theory.

GeMe2 + oxirane (X = O) GeMe2 + thiirane (X = S)

�Eelec �E0 �H° �G° �Eelec �E0 �H° �G°

anti-Complex (CX) −9.3 −7.7 −7.6 +2.7 −11.3 −9.6 −9.6 +1.2
Transition state (TSX) +7.4 +7.5 +7.4 +18.9 +0.5 +0.9 +1.1 +11.8
Biradical (BR) −3.6 −3.6 −3.2 +6.6 — — — —
R2Ge=X + C2H4 −26.5 −27.5 −26.9 −27.7 −34.8 −34.9 −34.3 −35.0

Fig. 5. Free energy reaction coordinate diagrams for the oxygen and sulfur abstraction reactions of (a) GeMe2 and (b) SiMe2 with oxirane and
thiirane calculated at the B3LYP/6-311+G(d,p) level of theory.
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maxima of �max = 300 and 345 nm, respectively, similar to the
spectra of the corresponding germylene–THT45 and germylene–
Et2S complexes under the same conditions. The kinetic data are
consistent with an estimated upper limit of approximately 104 s−1

for the unimolecular rate constant for the second step in the
sulfur abstraction process (i.e., collapse of the complexes to prod-
ucts), which corresponds to a reaction free energy barrier of
approximately 12 kcal mol−1 or greater. The response of the ger-
mylene absorbance–time profiles to added PrS (vide supra) is con-
sistent with binding free energies of approximately 4.2 kcal mol−1

(for GeMe2) or greater (for GePh2), where the reference state is
again the gas phase at 1 atm and 298.15 K. The higher binding
energies for the complexes with PrS compared to CHO is also
consistent with previous observations for other oxygen and sulfur
donors of homologous structures.45

The DFT calculations, which focus on the first steps in the
oxygen and sulfur abstraction reactions of GeMe2 with oxirane
and thiirane, respectively, were carried out at the same level of
theory as was used in our earlier study of the reactions of SiMe2
with these two substrates to enable direct comparisons. Figure 5
shows the calculated free energy reaction coordinate diagrams for
the reactions of oxirane and thiirane with GeMe2 (Fig. 5a) and
SiMe2 (Fig. 5b), the latter constructed from the data reported in
our earlier study.31 As expected,40,58–62 the calculations for the
Si(II) and Ge(II) systems are closely analogous to one another, the
main differences being the higher reaction barriers and lower
product stabilities for the Ge(II) systems than were found for the
corresponding Si(II) ones. The calculations predict Lewis acid-base
complexation to be the first step in all cases and that the reaction
of a given tetrylene with thiirane should be significantly faster
than that with oxirane, in good qualitative agreement with the
experimental data. Comparison of the calculated binding free en-
ergies of the complexes to the corresponding experimental val-
ues, calculated from the measured equilibrium constants or their
lower limits (Table 1), indicates that the calculations underesti-
mate the stabilities of the intermediate complexes relative to the
isolated reactants by about 5 kcal mol−1 in free energy; they do,
however, correctly predict that the sulfur donor complexes enjoy
slightly greater stability relative to the free tetrylene and sub-
strate than the corresponding oxygen donor complexes for both of
the tetrylene systems. For both SiMe2 and GeMe2, chalcogen ab-
straction is predicted to proceed via different mechanisms de-
pending on the identity of the substrate, the MMe2–oxirane
complexes reacting via a nonconcerted mechanism involving
cleavage of a single O−C bond in the first step to afford the corre-
sponding Me2MOCH2CH2 biradical, whilst C−S bond cleavage in
the MMe2-thiirane system is predicted to proceed concertedly to
form Me2M=S and ethylene directly. Testing the validity of these
mechanistic predictions, for the reactions of both silylenes and
germylenes with oxiranes and thiiranes, is the subject of future
work.

Summary and conclusions
The transient germylenes GeMe2 and GePh2 react with CHO and

PrS reversibly to form the corresponding Lewis acid-base com-

plexes, which have been detected and characterized in all four
cases by laser flash photolysis. Under the conditions of the laser
photolysis experiments, the complexes decay over several tens
of microseconds with second-order kinetics to generate the
corresponding digermenes as the only detectable mode of de-
cay. No first-order decay component could be detected in the
transient absorbance–time profiles due to the germylene–CHO
and germylene–PrS complexes, from which it is concluded that
unimolecular X–C bond cleavage in the complexes is too slow to
compete with germylene dimerization at room temperature under
the conditions of pulsed laser excitation. Steady-state photolysis ex-
periments verify the absence of reactivity of the two germylenes
with CHO but indicate that formal sulfur abstraction from PrS, lead-
ing to the formation of propene, proceeds in low (approximately
20%–30%) chemical yield from both transient germylenes in solution
at ambient temperatures and is only modestly competitive with oli-
gomerization under these conditions.

DFT calculations of the complexation of GeMe2 with oxirane
and thiirane in the gas phase and of the first step in the oxygen
and sulfur abstraction reactions within the complexes have been
carried out at the B3LYP/6-311+G(d,p) level of theory. The calcula-
tions underestimate the stabilities of the complexes by approxi-
mately 5 kcal mol−1 based on comparisons to the experimentally
determined equilibrium constants for complexation of the two
germylenes with CHO in hexanes at 25 °C, but they nevertheless
correctly reproduce the ordering of stabilities found experimen-
tally, and also the relative reactivities of the GeMe2-PrS and
GeMe2-CHO complexes with respect to C–O and C–S bond cleav-
age, leading ultimately to the corresponding transient germanone
and germanethione.

Further kinetic and mechanistic studies of the chemistry of
transient heavy group 14 carbene analogs are in progress.

Experimental
1H NMR spectra were recorded on Bruker AV500 or AV600 spec-

trometers in cyclohexane-d12 and were referenced to the residual
solvent proton. GC/MS analyses were carried out on a Varian Sat-
urn 2200 GC/MS/MS system equipped with a VF-5 ms capillary
column (30 m × 0.25 mm, 0.25 �m) (Varian, Inc.). High-resolution
electron impact mass spectra and exact masses were determined
on a Micromass TofSpec 2E mass spectrometer using electron
impact ionization (25 eV).

PrS, Et2S, and CHO were purchased from Sigma-Aldrich and
purified by distillation from anhydrous sodium sulphate (PrS and
Et2S) or CaH2 (CHO). THF (Caledon Reagent) was refluxed over
calcium hydride for 2 h, distilled into a flask containing sodium,
and refluxed further for several days and then finally distilled
under nitrogen. Hexanes (EMD OmniSolv) were dried by passage
through activated alumina under nitrogen using a Solv-Tek sol-
vent purification system (Solv-Tek, Inc.).

The germacyclopentene derivative 1b was prepared following
the reported procedure.46 It was purified by column chromatog-
raphy on silica gel using hexanes as eluent, which afforded the
compound in >98% purity as determined by GC/MS. Compound 1a
was available from an earlier study.45 Compound 2 was synthe-
sized via the two-step procedure reported previously48 and was
purified by silica gel chromatography with hexanes as eluent fol-
lowed by multiple recrystallizations from hexanes to remove
traces of biphenyl.

Hexamethylcyclotrigermathiane (6) was prepared from lithium
sulfide and dimethyl germanium dichloride using an adaptation
of the method of Herzog and Rheinwald.63 Li2S was prepared
by treating lithium (0.38 g of a 30% dispersion in mineral oil,
13.7 mmol) with elemental sulfur (0.19 g, 5.8 mmol) in dry THF
(approximately 2 mL) under N2. Refluxing for 12 h yielded a black
solution to which was added a solution of Me2GeCl2 (1.01 g,
5.8 mmol) in THF (2.5 mL, distilled from LiAlH4) dropwise via a

Scheme 1.
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plastic syringe. The resulting tan solution was then stirred for
4 days at room temperature. The solvent was removed under high
vacuum and 10 mL of benzene was added to yield a brown suspen-
sion, which was filtered by gravity filtration. An additional 15–
20 mL of hexane was added to the benzene solution and the
mixture was filtered. Evaporation of the solvent yielded the crude
product as a green oil (0.50 g, 64% yield), which was distilled under
vacuum to afford a yellow oil (bp = 83–84 °C, 0.05 mm Hg) that
solidified to an oily solid upon standing at room temperature.
The product was identified on the basis of its 1H NMR (� (CDCl3)
0.98 (s)), 13C NMR (� (CDCl3) 10.6), and GC/MS spectra.63 Although
the 1H NMR spectra of the product indicated the presence of some
impurities in the sample, further purification by column chroma-
tography was not carried out.

Laser flash photolysis experiments were carried out using a
Lambda Physik Compex 120 excimer laser filled with F2/Kr/Ne
(248 nm, 25 ns, 98–110 mJ pulse–1) and a Luzchem Research mLFP-
111 laser flash photolysis system, modified as described previ-
ously.48 The solutions were prepared in deoxygenated anhydrous
hexanes such that the absorbance at 248 nm was between 0.4 and
0.7. The solutions were flowed rapidly through a 7 mm × 7 mm
Suprasil flow cell connected to calibrated 100 or 250 mL reservoirs,
which contain a glass frit to allow bubbling of argon gas through
the solution for 40 min prior to and throughout the experiment.
The flow cell was connected to a MasterflexTM 77390 peristaltic
pump fitted with Teflon tubing (Cole-Parmer Instrument Co.),
which pulls the solution through the cell at a constant rate of
2–3 mL min–1. The glassware, sample cell, and transfer lines were
dried in a vacuum oven (65–85 °C) before use. Solution tempera-
tures were measured with a Teflon-coated copper/constantan
thermocouple inserted into the thermostatted sample compart-
ment in close proximity to the sample cell. Substrates were added
directly to the reservoir by microlitre syringe as aliquots of stan-
dard solutions.

Transient absorbance–time profiles were recorded by signal av-
eraging of data obtained from 10–40 individual laser shots. Decay
rate constants were calculated by nonlinear least-squares analysis
of the transient absorbance–time profiles using the Prism 5.0 soft-
ware package (GraphPad Software, Inc.) and the appropriate user-
defined fitting equations, after importing the raw data from the
Luzchem mLFP software. Rate and equilibrium constants were
calculated by linear least-squares analysis of transient absorbance
data that spanned as large a range in transient decay rate or initial
signal intensity as possible. Errors are quoted in all cases as twice
the standard error obtained from the least-squares analyses.

Steady-state photolysis experiments were carried out in quartz
NMR tubes using a Rayonet® photochemical reactor (Southern
New England Ultraviolet Co.) equipped with two RPP-2537 lamps
and a merry-go-round apparatus, monitoring the solutions over
selected time intervals by 1H NMR spectroscopy. Cyclohexane-d12

solutions containing the desired combinations of germylene
precursor and substrate and hexamethyldisilane (approximately
0.01 mol L−1, internal integration standard) were prepared in 1 mL
volumetric flasks. The solutions were then transferred to quartz
NMR tubes, sealed with rubber septa, and then deoxygenated with
a slow stream of dry argon for 5 min prior to irradiation over a
total time period of 12–15 min. GC/MS analyses were carried out
for each sample prior to and at the end of the photolysis period.

Theoretical calculations were carried out using the Gaussian09
suite of programs.64

Supplementary material
Supplementary material is available with the article through

the journal Web site at http://nrcresearchpress.com/doi/suppl/
10.1139/cjc-2014-0401.
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