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Adiabatic ionization energies for a series of acyclic and cyclic
compounds containing M—-M and M=M (M = C, Si, Ge, and
Sn) bonds were calculated using DFT-TPSS/D3/def2-TZVPP
and DFT-PBEO-DH/def2-TZVPP. Their changes when
moving down group 14, as well as the influence of the
substituent nature on them, were discussed.
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The elements of group 14 (silicon, germanium, tin and lead) are
known as carbon analogs. Despite the fact that they have a bright
and diverse own chemistry coming from a more developed
electron shell compared to carbon, the properties typical of
carbon do indeed appear in them. For a century and a half, one of
its main properties has been catenation, i.e, the tendency of
carbon atoms to form bonds with each other. It is not typical for
most other elements of the Periodic table, but it is quite
characteristic of carbon analogs. The latter, however, differ, in
particular, by the presence of c-conjugation® in them, which
makes polysilanes and polygermanes promising materials, for
example, for use in microelectronics.? At the same time, this
application is somewhat limited by the relatively greater
vulnerability of Si-Si bonds to oxidation, compared to the C-C
bond. However, the same property allows us to consider catenates
of carbon analogs as promising compounds participating in
oxidative addition and insertion of small molecules, for example,
oxygen,? olefins,* hydrogen® and CO,.6 Such catenanes may also
be available and highly active precursors of silyl radicals’ and
their heavier analogs, as well as cations, including silyl ones.
The chemistry of silyl cations as highly active Lewis acids is
currently intensively developed in the field of both the synthesis
of organosilicon compounds® and the creation of promising
catalysts.®

The basic quantitative parameter that determines the relative
thermodynamic ease or difficulty of the oxidation of a compound
is the ionization energy (potential) (IP).1% The development of
electron impact mass spectrometry, photoelectron spectroscopy,
etc., in the last 70 years has made it possible to obtain IP values
for a vast number of organic and organoelement compounds.
However, IP values are largely limited to compounds with a
relatively small molecular weight. In addition, at present,
sufficiently accurate and reliable results can be obtained by
calculation methods.™* In our opinion, it would be interesting to
establish how the oxidizability of the catenates changes in group
14 from top to bottom, depending on the substituent nature as
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well. Despite the available information, it is impossible to do this
in full relying only on literature data. This communication is
devoted to this problem.

Table 1 shows the adiabatic ionization potentials obtained
using DFT-TPSS/D3/def2-TZVPP31-38 for a series of derivatives
of ethane 1-7, ethylene 8-14, cyclobutane 15-19 and cyclobutene
20-24 structures containing various substituents, along with
their silicon, germanium and tin analogs. The IPs were
determined as the difference between the free energies of the
neutral and radical cation forms of the optimized structure of the
compounds (see Online Supplementary Materials). The table
also contains the known values of experimentally obtained
vertical energies for some particular compounds. These two data
sets are compared graphically in Figure 1. Despite the fact that in
general one cannot expect a certain quantitative dependence
between them (the electron transfer is accompanied by a
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Figure 1 Correlation between the calculated adiabatic ionization energies
and the vertical values available from the literature (see Table 1). The grey
dashed lines show oxidation potentials vs. Ag/Ag* in MeCN estimated using
the equation 1P = 1.39 E9* + 5.27 (see ref. 39).
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Table 1 Adiabatic ionization energies (eV) of model compounds 1-24 obtained using DFT-TPSS/D3/def2-TZVPP. The experimental values of the vertical

energies available from the literature are given in parentheses.

M M
Compound ) Compound )
C Si Ge Sn C Si Ge Sn
H H cl cl
b 10.82 9.28 9.09 8.52 . 8.66 7.84 8.70 8.85
1 H-M—-M-H 1 13 14 13 M=M 24
o (11.56)2  (10.53) (9.00) o (9.51)
Me Me 8.14 7.44 7.39 7.16 RF 9.49 8.65 9.84 9.80
2 Me—M—M-Me : 17 : 18 : 19 : 18 14 /M=M\ : 28 ’ : )
o e (9.80) (8.68) (859)° (8.20) AN (10.52)
A K 9.19 8.25 8.11 7.70
3 HN-M-M-NH, 7,04 6.58 6.93 6.99 15 H-M—M-H 052 : : '
H,N  NH, :
HoN - NH; I\I/Ie I\I/Ie
4 Me-M-M-Me 612 6.54 6.68 6.74 16 Me-M-M-Me 7.79 7.17 7.07 6.87
HoN  NH, L
Ph P Me Me
5 Ph-1-t1-ph a 65'3606 L 660 6.53 ;7 Me-M-M-Me 263 203 6.92 641
Ph Ph ( 1 ) Me Me
Me Me
cl cl HN  NH,
P 9.83 9.34 9.56 9.52 Vo
6 cl-M—-M—Cl i »5 18 H,N-M-M-NH, 552 6.43 6.49 6.56
oy (11.10)%  (10.40) L
7 F—I\';I—I\I;I—F 1157 10.99 1146 1118 19 N 400 5.93 602 603
'Y (13.60)%  (13.20)7 MeN=M~M=NMe, = : : :
H H
o Rt 10.12 7.80 777 750 20 oty 889 850 840  7.95
S 15 16 30
Y (10.51)15  (8.09) N (9.59)
Me Me Me Me
9 M=M res 623 638 642 2 Me-M-M-Me 835 738 729 7.3
/ N (8.46)
Mé Me I
HN  NH, e Me
10 M=M 5.68 5.75 b b 22 Me—M—M-Me 754 7.17 706 6.82
H,N NH, Me Me
MeN NMe, HoN - NH;
1 M=M 46-8173 , 2% b b 23 HN—-M—M-NH,  4.09 6.58 6.65 6.73
Me,N NMe;, (6.13) [—|
Ph /Ph Me,N  NMe;
12 /\M:M ?7-4820)23 5.78 5.90 6.11 24 MeN-M—M—NMe, 3.14 6.08 6.15 6.03
P Ph : —

aThe molecule breaks down into radicals PhyC*. P The structure is unstable.

reorganization of the resulting radical cation, and the latter
contributes to the adiabatic energy and does not affect the vertical
one), there is a correlation in the presented Figure. It can also be
noted that the obtained values of the adiabatic potentials are
naturally slightly lower than the vertical values, which is
associated with reorganization.®® In addition, IPs of these
compounds were calculated using the PBEO-DH functional (see
Online Supplementary Materials); however, the correlation was
not fundamentally improved, and the values obtained using the
two functionals turned out to be quite close.

It has recently been shown that the adiabatic ionization
energies of permethylated germanium catenates calculated using
this approach correlated well with the experimental oxidation
peak potentials obtained (in the range of 1.0-2.7 V) in acetonitrile
using the voltammetry method with the dependence
IPad = 1,39 ES* + 5.27 (potentials vs. Ag/Ag*).% Figure 1 shows
the levels of adiabatic energies of 6.66, 8.05 and 9.44 eV
corresponding to the oxidation potentials of 1, 2 and 3 V obtained
according to this equation. In the context of discussion, this may
be illustrative and important from a practical point of view. First
of all, compounds with oxidation potentials higher than 3V are
unavailable for electrochemical oxidation*® (or rather, require

special conditions, such as working in liquid sulfur dioxide*?).
The 2-3 V oxidation range may be called rather hard; compounds
oxidizing in this range are relatively weak electron donors.
Quantitative results obtained using quantum chemical and
electrochemical methods are qualitatively transferred to
practically significant chemical processes in which the oxidation
of a compound plays a key role. As an example, in the potential
range of 0.5-1.5V biological and technical antioxidants are
oxidized.*? This range contains also analogs of carbenes*
considered as potential participants in oxidative addition,**45
common oxidation mediators such as nitroxide radicals,*
transition metals,*” etc. Thus, the proposed qualitative levels
may be considered when discussing the obtained values of
ionization energies in the context of ‘easy’ or ‘difficult’ oxidation
of compounds.

As can be seen from Table 1, the simplest group 14 catenates
1 (ethane, disilane, digermane and distannane) are characterized
by high (151, 1C¢, 157) or very high (1€) ionization energies. As
expected, this parameter is the highest for ethane and approaches
11 eV. On going to silicon, the energy drops sharply, by more
than one and a half eV (down to 9.28 eV). For digermane, it
continues to decrease, but by a sharply smaller value, less than
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0.2 eV (down to 9.09 eV); and again sharply, although not as
much as in the case of the C-Si transition, the energy decreases
on going to tin (down to 8.52 eV). The same trend persists on
going to permethylated analogs 2, although it becomes smoother
(the total change from C to Sn is about 1 eV instead of ~2.5 eV).
The IP values for series 2 are sharply smaller than those for
series 1, and they are in the range of moderate energies (7-8 eV).
The appearance of substituents that are donors of an electron
pair, in particular nitrogen (3-4) or halogens (6-7), removes the
general pattern of a decrease in ionization energies down group
14. Amino derivatives 3-4 are oxidized easily or very easily,
while the presence of chlorine and especially fluorine leads to
hard energies that are higher compared to those for analogs
substituted with hydrogen (1) in all cases except for the pair
6C/1C. In the case of hexaphenyl derivatives 5, the 5 structure
does not exist according to calculations, while 551, 56¢ and 55"
are characterized by similar ionization energies.

Compared to saturated derivatives 1, ethylene and its analogs
8 are oxidized by about 1 eV more easily, but with a similar
trend, namely, a sharp drop in ionization energies on going from
C to Si, weak from Si to Ge, and more pronounced from Ge to
Sn. In this case, the appearance of methyl groups (9) as
substituents, as in case of 2, sharply reduces the energies to
moderate for 9€ and soft, relatively close to each other, for 95,
9%¢ and 95". Amino (10) and dimethylamino groups (11) shift the
oxidation to a very soft energy range (5-6 eV, see Figure 1),
while the values down group 14 increase rather than decrease.
The reason for this may be that in other compounds, the HOMO
distribution area and the oxidation center are the M—M bond,
which is affected by the substituent, while in amine derivatives,
on the contrary, this centre is the substituent, which is affected by
the M-M fragment. In the case of chlorine (13) and fluorine (14)
derivatives, the energies are lower compared to 8 for 13 and
14C, and are higher for the other pairs, while 13 is difficult to
oxidize, and 14 is very difficult. Phenyl derivatives 12 are
characterized by a sharp decrease in IP from C to Si, followed by
a gradual increase in the Si-=Ge->Sn series. All compounds of
the 12 series are oxidized very easily.

Derivatives of cyclobutane and its analogs 15-19, as well as
cyclobutene and its analogs 20-24, are of interest in that they are
rather strained which potentially increases the reactivity of the
M-M bond. In addition, the digermacyclobutene derivative is
known to be capable of oxidative addition (insertion of oxygen
into the Ge-Ge bond),® which is interesting from a practical
point of view. As can be seen from Table 1, derivatives of
cyclobutane and its analogs 15, as well as their methylated forms
16-17 generally demonstrate the same behaviour as the acyclic
forms: a sharp decrease in ionization energies from C to Si and a
smoother decrease on going to tin. Methyl groups reduce
energies down to very low ones. The electron pair donors, amino
(18) and dimethylamino (19) groups, sharply decrease the
energies compared to 15-17; however, in the sequence from C to
Sn, the corresponding compounds show an increase in IP, rather
than a decrease (similar to 3—4 and 18-19). In the whole, trends
similar to those of 15-19 are observed for cyclobutene derivatives
20-24.

It can be noted that in almost all cases both for M=M and
M-M derivatives, pyramidization (trans-folding) can be
found.*8-%0 Most likely, it is associated with the second-order
Jahn-Teller effect (pseudo-Jahn-Teller)>® (see  Online
Supplementary Materials for details). With an increase in atomic
mass, the effect is more pronounced.

In conclusion, we can say that the M—M bonds in catenates,
consisting of two atoms from group 14, are themselves not
extremely vulnerable to oxidation. However, by varying the
substituents, this property can be effectively and significantly

enhanced to practically accessible values or, conversely, stability
can be increased.
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Supplementary data associated with this article can be found
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