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ABSTRACT ARTICLE HISTORY
This study addresses the often-overlooked chemistry of germa- Received 17 September 2024
nium compared to the extensively researched carbon and silicon. Accepted 23 October 2024

Using advanced DFT methods, we investigated the thermal

decomposition of germolane (germacyclopentane). The suggested =~ KEYWORDS
mechanisms include a 1,2-H shift and 1,1-H, elimination to form a Germ‘",a”ef ge"_“ylene;
pentacyclic germylene (1A*-germolane). The other pathway g;izﬁt’;?sli'ﬁgg’ nta};itrir:ril
involves a stepwise [3+ 2] cycloreversion to form a diradical fol- mechanism; Kinetics
lowed by ethene and germirane. Under M062X/def2-TZVP level of

theory, the activation barriers in terms of Gibbs energy (AG*,sg)

for the 1,2-H shift and 1,1-H, elimination pathways were 240.9

and 236.3 kJ/mol, respectively. The reaction energies (AG°,9g) for

the initiative steps in the 1,2-H shift and 1,1-H, elimination mech-

anisms were 102.9 and 96.2 kJ/mol, indicating a thermodynamic

and kinetic competition between the two routes. Temperature

dependence analysis from 300 to 1200K reveals that the 1,1-H,

elimination dominates at higher temperatures and is expected to

become spontaneous above 1000 K.

GRAPHICAL ABSTRACT

diradical

1. Introduction

Unlike the chemistry of carbon and silicon, which has been extensively researched,
germanium chemistry has received less attention [1,2]. However, interest in
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germanium and its organic derivatives is on the rise—driven by a variety of applica-
tions, including biomedicine, electronics, and catalysis [3-7].

Because it is a good semiconductor, germanium is widely used in the electronics
industry, encompassing applications in night-vision devices, infrared optics, and optical
fibers [8,9]. Recently, germanium has become important in the development of super-
conductors and quantum dots [10]. Since inorganic germanium is hydrophobic, it is
rarely used in the biomedical industry [5]. Nonetheless, recent attempts to create
water-soluble organogermanium compounds have been successful. These substances
have physiological, anesthetic, antiviral, antioxidant, and antitumor properties.
Particularly, antitumor capability has been demonstrated by germanium sesquioxide
[4,9]. Organogermanium compounds have proven their value across different applica-
tions, particularly in catalysis [11-13]. For example, Ge-containing compounds have
been prepared as redox catalysis, used in the conversion and activation of small mole-
cules, including NHs, CO,, CHy, and H, [12,14,15].

Of special interest are divalent species of germanium (germylenes) which are ana-
logues of carbenes [16-18]. The simplest germylene (GeH,) is a divalent molecule that
is widely used as a precursor for the development of Ge-containing thin films via
chemical vapor deposition (CVD) [19-21]. Many germylenes also exhibit transition-
metal-like frontier orbitals on a single site, allowing them to act as efficient catalysts
[3]. Germylenes differ from carbenes and silylenes in both their electronic and chem-
ical behavior; while carbenes have typically triplet ground states, small germylenes are
singlet. This is attributed to the strong separation of valence s- and p-orbitals [3,22].
Also, carbenes and silylenes are very reactive and rarely isolated. In 1999, however,
Kira et al. isolated the first solid state stable germylene (Scheme 1) in its monomoric
form [23]. The title compound (germolane) is inspired by Kira’s first germylene.

Despite this growing significance of organogermanium-based catalysis, and germy-
lenes in particular, fundamental research in this area remains limited, leaving many
unanswered questions: How does organogermanium chemistry differ from that of car-
bon and silicon? Do the decomposition mechanisms and reaction kinetics follow simi-
lar trends? How do differences in electronic properties of C, Si, and Ge compounds
impact their reactivity? These questions motivated us to investigate germolane
(Scheme 2), also known as germacyclopentane.

With its unique five-membered heteroatomic structure, germolane offers valuable
insights into the chemistry of organogermanium compounds. Furthermore, the 1,1-
hydrogen elimination from germolane generates a germylene, formally named 1A*-
germolane according to IUPAC nomenclature (Scheme 2). 1A*-germolane can also be

Me;Si SiMe;
Ge.
Me;Si SiMe;

Scheme 1. The first solid state germylene isolated by Kira et al. [23].
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Scheme 2. Molecular structure of germolane and 1A%-germolane.

formed upon a 1,2-shift reaction from Ge to C. To the best of our knowledge, there
are no prior studies on the reactions of germolane, aside from research on its vibra-
tional spectra [24] and structural parameters [25].

In this work, we employed high-level density functional theory (DFT) to investigate
the thermal decomposition of germolane. Specifically, we were interested to explore
the 1,1-H, elimination and the 1,2-H shift to form 1kz-germolane, and the ring open-
ing to form stable olefin species. The functional M062X from the Minnesota group was
selected due to its excellent performance in similar studies [26-29]. The def2-TZVP
basis set was chosen as recently recommended for similar chemical structures, as well
as its ability to describe the electronic structure of the Ge-containing structure
[30-35].

This paper is organized as follows: details on the computational methods are pro-
vided first, followed by a discussion of germolane decomposition pathways. The dis-
cussion includes a thorough examination of the transition states, intermediates, and
decomposition products. The mechanism is then analyzed based on the activation
energies (AH* and AG") and reaction energies (AH° and AG®). Finally, a thermal ana-
lysis that investigates the effect of temperature dependence from 300 - 1200K is
presented.

2. Computational methods

All geometry optimizations were done by employing the M062X functional [36] and
the def2-TZVP [37] basis set. This level of theory showed excellent performance in
similar studies [26-35]. All species, intermediates, and transition states were optimized
using their singlet ground states, unless stated otherwise. Frequency calculations were
requested after each optimization to ensure that all species exist in their ground
states. Transition states (TS) were located either by optimizing educated guesses of
their structures, or by performing a relaxed potential energy surface (PES) scan along
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the desired reaction coordinate, followed by a TS optimization for the highest point in
the PES. All TS were confirmed to have one and only one imaginary frequency along
the reaction coordinate. Intrinsic reaction coordinate (IRC) was used to confirm the
authenticity of all transition states. No scaling was done for the vibrational frequencies
nor the zero-point energies. Enthalpies (H,og), Gibbs free energies (G,gg), and entropies
(S208) at room temperature (298 K) were computed as described in our previous work
[38-41]. All calculations were done using ORCA 5.03 software [30-35] and viewed in
Avogadro [42]. Other graphs were constructed using OriginPro [43]. Data were proc-
essed using a user script written by R statistical language [44].

3. Results and discussion

The thermal decomposition of germolane was investigated by exploring different
decomposition pathways. This includes a ring opening initiated either by a Ge-C bond
rupture or a 1,2-H shift from Ge to the adjacent carbon. The other pathway is hydro-
gen elimination from the Ge atom to produce a germylene. Herein, the different
mechanisms are discussed in detail.

3.1. Mechanism 1: Ring opening via Ge-C bond cleavage

Ring opening in five-membered heterocyclic compounds containing Si and Ge atoms
is well known [40,41,45-47]. The ring opening, which can be viewed as a cyclorever-
sion reaction, plays a considerable role in chemistry [48-50]. The reaction can proceed
via either a [3 + 2] cycloreversion in a concerted single step or a stepwise mechanism
initiated by a Ge-C bond rupture followed by another C-C bond rupture to produce
at least one olefin.

In the case of germolane, we have not been able to locate a transition state for the
concerted [3 + 2] cycloreversion—at least under the level of theory used in this work.
From a molecular orbital perspective, [3+2] cycloreversion is thermally allowed.
However, the nature of the heteroatom and the substituents can dramatically

500
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Figure 1. Energy level diagrams for mechanism 1, initiated by a ring opening via Ge-C bond cleav-
age. Values represent Gibbs free energies at room temperature (G,gg), as obtained at M062X/def2-
TZVP level of theory.
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Figure 2. Optimized structures for the transition states, intermediates, and products involved in
mechanism 1. Red = Ge atom, gray =C atom, white=H atom. All obtained at M062X/def2-TZVP
level of theory.

influence both the symmetry and regiochemistry of the cycloreversion [41,50]. This
might explain our inability to locate such TS. Nevertheless, we located the transition
state (TS1) for the stepwise route (noted mechanism 1) initiated by a Ge-C bond rup-
ture, as illustrated in Figure 1. An optimized structure of TS1 along with other species
involved in this mechanism is shown in Figure 2. Optimized structure of all transition
states and stable species involved in this work are also available online free-of-charge
in xyz format (see data availability statement). TST was characterized by its imaginary
vibrational frequency of 167i cm™' corresponding to Ge-C bond stretching (Figure 2a).
The room-temperature enthalpy of activation (AH*,95) and Gibbs free energy of activa-
tion (AG¥,9g) Of this step were determined to be 309.5 and 310.0 kJ/mol, respectively.
As AG¥,95 encompasses both the enthalpy and entropy components it will be consid-
ered for the rest of this discussion. The ring opening through TS1 will yield to the for-
mation of the eCH,—(CH,);—GeH,e diradical, as shown in Figure 1. The Gibbs free
energy of reaction (AG°,9g) for this step is 294.1 kJ/mol. The value is in close agree-
ment with the reported Ge-C bond dissociation energy (284.0 kJ/mol) in (CH3)3Ge-CHs
[51]. It is worth noting that the Ge-C bond length increased from 1.983 A in germo-
lane to 3.023A in TS1 before reaching to 3.543 A in diradical 1 (cf. Figure 2). This
agrees with the course of the ring opening of germolane.

Due to its high instability, diradical 1 can decompose further to ethene and germi-
rane through a C-C bond rupture as shown in Figure 1. The decomposition of the dir-
adical proceeds through a transition state (TS2) with an activation barrier AG*zgg =
422.5kJ/mol. As seen in Figure 2¢c, TS2 has a C-C bond stretching imaginary frequency
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of 303i cm™" corresponding to the reaction coordinate. The ethene and germirane
products lie above the parent germolane molecule by 170.7 kJ/mol; the entire mech-
anism is endergonic. One could argue that the formation of ethene and germirane
from the diradical decomposition should involve both bond dissociation and ring clos-
ure, and therefore cannot occur in a single step. Our intrinsic reaction coordinate (IRC)
analysis has showed that TS2 does show the formation of a germirane ring, rather
than an open-chain dimethylgermane. Because of the very small energy barrier
between dimethylgermane and germirane, the ring closure proceeds spontaneously.

We also located a transition state (TS3) that connects germirane to ethene and A*-
germane (the simplest germylene). Interestingly, our success in finding this transition
state contrasts with the suggestion that this reaction proceeds without a barrier [23].
The decomposition of germirane has a AG*,0g and AG°,es of 32.4 and 58.9 kJ/mol,
respectively. It was also found that the decomposition through TS3 is endothermic
(AH°398 = 32.4kJ/mol). This agrees with the fact that addition reactions for similar sys-
tems are usually exothermic [40,46,52]. The low values of AG¥,95 and AG°,eg indicate a
favorable reaction both thermodynamically and kinetically, which is attributed to weak
Ge-C bonds in cyclic compounds [52]. It is also interesting to observe that ethene can
be a product of two termination steps in this mechanism, and therefore is expected to
be a major product of germolane thermal decomposition. One of the termination
products of mechanism is A*>-germane (GeH,). Figure 2f depicts the optimized struc-
ture with a Ge-C bond distance of 1.595A and a nearly right angle of 91.0° between
H-Ge-H. The values are consistent with the reported values of 1.593A and 91.3
degrees [19].

3.2. Mechanism 2: Ring opening via 1,2 H-shift

The ring opening in germolane can also proceed via a 1,2-H shift from the Ge atom to
the adjacent C atom as depicted in Figure 3 (mechanism 2). The reaction forms
another germylene, namely, butyl-A*>-germane, through a transition state TS4. The
transition state is identified by an imaginary frequency of 1196/ cm™', which shows H

300
4 Mechanism 2 240.9
250 — 1,2-H shift 3 y ‘ a Y
1 3 TS4
200 — / . N H)[\‘?EH
b / R 1571

150 7 / "\ 7 TSs TNl 1204

; N 1029 .- —_
H s
100 — s/
i ~u butyl-»>-germane , GeH,

Relative Gibbs Energies (kJ/mol)

50 — : Tsj/
7 0.0 .‘I 2-ethylgermirane
0] ‘/> +  iGeHp
1 Germolane )
-50 - 1-Butene A~-germane

Figure 3. Energy level diagrams for mechanism 2, initiated by a ring opening via 1,2-H shift.
Values represent Gibbs free energies at room temperature (G,9g), as obtained at M062X/def2-TZVP
level of theory.
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Figure 4. Optimized structures for the transition states, intermediates, and products involved in
mechanism 2. Red = Ge atom, gray=C atom, white=H atom. All obtained at M062X/def2-TZVP
level of theory.

vibrating towards the adjacent carbon, as seen in Figure 4a. Under the level of theory
used in this work, the activation barrier (AG*,qg) for the 1,2-H shift was 240 kJ/mol.
The reaction is also endergonic at room temperature by 102.9 kJ/mol. Thus, the reac-
tion barrier for mechanism 2 is lower than that of mechanism 1, and the product’s
energy, butyl-A2-germane, is lower than that of diradical 1. This makes mechanism 2
more kinetically and thermodynamically favorable than the previous mechanism.

Once butyl-A*>-germane is formed, it can isomerize to 2-ethylgermirane as shown in
Figure 3, via ring-closing and H-shift. The transition state for this step (TS5, Figure 4c)
has an imaginary frequency of 725i cm™'. As illustrated in the potential energy dia-
gram in Figure 3, the AG*,55 and AG°,o for the isomerization step are 157.1 and
120.1 kJ/mol, respectively. Clearly, the decomposition of butyl-A*-germane is rapid, as
the activation barrier between the germylene and TS5 is only 54.2 kJ/mol.

Finally, our calculations revealed that the cyclic product, 2-ethylgermirane, is
unstable and can decompose further to 1-butene and GeH, (A* germane) through
another transition state (TS6). An optimized structure of TS6 is shown in Figure 4f. The
activation barrier (AG*zgg) and the reaction energy (AG°,0g) of the last step were 152.3
and 49.1 kJ/mol, respectively, based on the energy of 2-ethylgermirane.

3.3. Mechanism 3: 1,1-H, elimination

Figure 5 shows a third mechanism for germolane’s thermal decomposition, as
explored at M062X/def2-TZVP level of theory. A concerted 1,1-H, elimination from the
Ge atom can occur through a transition state TS7, resulting in the formation of 1A%
germolane—plus H, molecule. TS7 (Figure 6a) has an imaginary frequency of 1216i
cm™' that clearly shows H-H stretching towards the formation of H, molecule. The
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Figure 5. Energy level diagrams for mechanism 3, initiated by 1,1-H, elimination from germolane.
Values represent Gibbs free energies at room temperature (Gyog), as obtained at M062X/def2-TZVP
level of theory.
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—
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¢

Figure 6. Optimized structures for the transition states, intermediates, and products involved in
mechanism 3. Red = Ge atom, gray =C atom, white=H atom. All obtained at M062X/def2-TZVP
level of theory.

optimized structures for the transition states and species involved in mechanism 3 are
shown in Figure 6. Under our level of theory, the calculated AG*,05 and AG° 5o for 1,1-
H, elimination are 236.3 and 96.2 kJ/mol, respectively. The first activation barrier in
1,1-H, elimination is close to that of 1,2-H shift (mechanism 2). Similarly, the values of
AG°,9g for the formation of butyl-A*-germane (mechanism 2) and 1i%-germolane
(mechanism 3) are close to each other. This suggests that, at least at room tempera-
ture, mechanisms 2 and 3 compete. In our previous work on silacyclobutanes
[40,41,53,54], we observed a similar trend between concerted H, elimination and 1,2-H
shift in silicon-containing cyclic compounds to form silylenes.
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According to our third mechanism, germylene (1A%-germolane) is indeed unstable
and can undergo isomerization through a 1,2-H shift forming a double bond in germa-
cyclopent-3-ene. The last step proceeds through TS8, which has an imaginary fre-
quency of 737i cm™'. The optimized structures for the transition state and the cyclic
olefin are depicted in Figure 6. Compared to the 2nd step in mechanism 2, the forma-
tion of germacyclopent-3-ene comes at high energy of AG*,o5 of 293.8 kJ/mol, and the
reaction is endergonic by 194.2 kJ/mol. This makes the possibility of forming germacy-
clopent-3-ene less likely.

3.4. Thermal analysis and temperature dependence

In the previous sections, we discussed the thermal decomposition of germolane via
three different routes. The discussion was based on changes in enthalpy (AH,qg) and
Gibbs free energy (AGygg) at room temperature. We demonstrated that all reactions
are extremely endothermic as well as endergonic at 298 K. This makes sense because
the thermal decomposition of organic molecules is typically not spontaneous under
ambient conditions. In reality, such decomposition occurs at elevated temperatures. To
better understand the reaction mechanism and place it in context with experimental
data, we repeated the calculations at temperatures from 300 to 1200 K. The vibrational
frequencies were recalculated at the same level of theory (M062X/def2-TZVP) at differ-
ent temperatures in ORCA, and the new enthalpy, Gibbs free energy, and entropy cor-
rections were used to determine the thermodynamic and kinetic parameters at the
corresponding temperatures. The calculations were focused only on the first step of
each mechanism, because it is the most important for the fate of the reaction. The
results of the thermal analysis are shown in Figure 7.

First, the temperature dependence of the enthalpy of activation (AH*) through the
transition states (TS1, TS4, and TS7) is shown in Figure 7a. Clearly, increasing the tem-
perature from 300 to 1200K has little effect on the values of AH*. This is not surpris-
ing given the weak temperature dependence of activation barriers when they are
expressed in terms of enthalpy. Although the enthalpy of a single molecule increases
with temperature due to the rise in heat capacity, the difference in enthalpy tends to
cancel out between the reactant and the TS [41,55,56].

By comparison, the Gibbs free energy of activation (AG") as a function of tempera-
ture is shown in Figure 7b. While AG* values for the decompaction through TS4 and
TS7 tend to show no significant change, the one for TS1 decreases slightly as tempera-
ture increases. This can be explained based on two factors: a) the nature of the transi-
tion state (loose vs. tight) and b) the reaction temperature. Given that AG* combines
both the enthalpy and entropy terms (AG* = AH* — TAS*), and AH* did not signifi-
cantly change over the temperature range, and the temperature (T) is fixed for both
the reactant and the transition state, the term TAS* becomes the key factor here. In
terms of the optimized structures of the transition states, we can see that TS1 has the
most loose structure, allowing it to have higher entropy than TS4 and TS7. As a result,
the term TAS* becomes more negative as temperature increases, resulting in a
decrease in AG*.
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Figure 7. Kinetic and thermodynamic parameters for the thermal decomposition of germolane as
a function of temperature. All obtained at M062X/def2-TZVP level of theory.

Next, we present the results of our thermal analysis on the values of AH® and AG°.
The trend of AH° did not show a significant change up to 1200K (Figure 7c). This can
be explained on similar grounds that were applied to AH*. Conversely, the thermal
dependence of AG®° showed a different trend as shown in Figure 7d. The AG® values
for mechanism 1 (forming diradical) and mechanism 2 (forming butyl-kz-germane)
remained almost constant with increasing temperature, while AG° values for mechan-
ism 3 (forming 1A*-germolane and H,) decreased. This can be rationalized by the
changes in translational entropy associated to the formation of two products (mechan-
ism 3) rather than one (mechanisms 1 and 2).

Based on these findings, we conclude that, while mechanisms 2 and 3 compete at
room temperature, the decomposition of germolane via mechanism 3 (H, elimination)
becomes more favorable at elevated temperatures, and is expected to be spontaneous
around 1000 K.

4. Conclusion

The thermal decomposition of germolane was investigated at the M062X/def2-TZVP
level of theory. Three different decomposition pathways were explored including a
stepwise cycloreversion initiated by Ge-C bond cleavage, ring opening by 1,2 H-shift,
or 1,1-H;, elimination. The transition state for concerted [3+ 2] cycloreversion could
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not be identified at the level of theory used in this study. Rather, germolane cyclore-
version proceeds though a stepwise mechanism forming a diradical that decomposes
rapidly into ethene and germirane.

The ring opening by 1,2 H-shift led to the formation of an open-chain germylene
(butyl-A2-germane), which is highly unstable and decomposes quickly to 1-butene and
GeH,. As for the 1,1-H, elimination, the reaction forms a cyclic germylene (1A*-germo-
lane) and H, molecule. Apparently, 11*-germolane is more stable than the intermedi-
ate of the first mechanism (butyl-A%>-germane) as its isomerization to germacyclopent-
3-ene is hindered by a high activation barrier.

The calculations revealed a thermodynamic and kinetic competition between the
1,2 H-shift and 1,1-H, elimination routes, which have similar first-step activation bar-
riers and reaction energies.

A thermal analysis was done to investigate the effect of temperature on the reac-
tion mechanism. It was found that the enthalpy term, whether activation barrier (AH¥)
or reaction energy (AH°), were impervious to temperature changes. In contrast, activa-
tion (AG®) or reaction energy (AG°) in terms of Gibbs free energies show significant
changes as temperature increases due to entropy changes. Consequently, it was found
that the decomposition of germolane via H, elimination becomes more favorable as
temperature increases, and becomes spontaneous above 1000 K.
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