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Abstract: The aim of this work was to understand the main structural features and ways of formation
of Ge-O bonds in organogermanium compounds under the conditions of Ar,GeHaly., (Hal = halide)
hydrolysis. The structural types of these compounds were considered, providing 11 blocks (A-K).
The molecular structures of the novel compounds [(p-FCgHy)3Ge],0 (1), [(p-F3CCeHy)3Ge],O (2), and
cyclo-[(p-F3CCgHy)p,GeOly (3) were studied through XRD (X-ray diffraction) analysis. The molecular
structure of [(p-F3CCeHy4)3GeOl4Ge (4), representing a novel structural type, was also investigated.
The data presented in this study will be important in the design of materials with useful properties
based on group 14 element derivatives with element-oxygen bonding.

Keywords: group 14 elements; organogermanium compounds; germoxane; XRD analysis; organometallic
materials

1. Introduction

Derivatives of group 14 elements (E = Si, Ge, Sn, and Pb) with E-O-E bonds are
one of the most important classes of the main group compounds. Silicones [1,2] and
organosilsesquioxanes, [RSiO1 5] [3,4], containing Si-O-5i bonds, attract significant atten-
tion from researchers due to their unique properties (including their chemical stability
and low toxicity) and high potential in the field of material chemistry [5,6]. There are
several structural types of these compounds, such as linear polymers, ladders, cages, and
sheet-like structures. The Ge analogs of organosilsesquioxanes [7] and germanates [8-10]
have attracted less attention. It is evident, however, that the introduction of germanium,
instead of silicon, atoms (with a larger atom size and more acute bond angles) would
significantly modify the structural features of compounds and their properties. Thus, the
pentacyclic germasilsesquioxane cage may behave as a zeolite analog to form an inclusion
compound with anions (usually with fluorides F~) [11,12], while other germanates may
form complexes with metal cations [13], or provide ionic liquids [14], organo—-inorganic
frameworks [15], nanoporous materials [16], reagents in organic synthesis (in different
cross-coupling reactions) [17,18], and biologically active substances [19]. Furthermore,
compounds with Ge-O-Ge building blocks may behave as highly viscous biocompatible
oils [20], ligands for transition metal ions [21], optical temperature [22] or organic vapor [23]
sensors, Lewis acids, and catalysts. The problem underlying the directed synthesis of Ge-
O-Ge-type compounds, and in establishing their properties and mechanisms of formation
deserves significant attention. Introduction of a functionally substituted organic group
to the Ge atom significantly changes the properties and structural features of the whole
molecule.
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The aim of this work was to synthesize several Ge-O-Ge derivatives with acceptor aryl
groups (Ar = p-FCgHy and p-F3CCgHy), investigate their structure through the employment
of XRD (X-ray diffraction) analysis, and review the known Ge-O structures to understand
their main features and principles of formation. Interestingly, the reactivity of organogerma-
nium derivatives containing aromatic electron-withdrawing substituents has been scarcely
studied to date, though their unusual chemical behavior has been demonstrated on several
examples (e.g., the scission of Ge-C bonds in C¢Fs5 derivatives using nucleophiles [24]).
At the same time, the effect of organic electron-withdrawing substituents on the Ge atom
in related compounds strongly affects the structure of the molecule (causing a change in
conformation; as a rule, a decrease in the values of valent bonds and angles; packing in
more ordered structures) [25], which makes it important to study the impact of electron-
withdrawing substituents on the structure and properties of the Ge-O-Ge molecule. This
article is a continuation of our research program [26-28] on the effect of substituents on
group 14 element derivatives on their structures and properties.

2. Results

Compounds [(p-FCcHy4)3Ge],O (1) and [(p-F3CCHy)3Ge],O (2) were formed on the ba-
sis of ArzGeHal (i.e., through hydrolysis of Ar3GeBr); the presence of these aromatic groups
with substituents in the p-position strongly promotes crystallization to form monocrystals
that are suitable for XRDanalysis. An effective way of germoxane synthesis consists of the
action of aqueous NaOH on Ar;GeBr in THF (tetrahydrofuran) (Scheme 1); the hydroxide
anion is a strong nucleophile for the Ge atom in the substitution of bromide. Water and
THF were mixed, providing a homogeneous solution. Germoxane-type species, Ge-O-Ge,
were subsequently formed due to the low stability of intermediate Ge-OH derivatives [29],
which is typical of group 14 elements in the case of sterically unhindered substituents at
the central atom. Among other known methods for the synthesis of R3Ge-O-GeR3 [29],
the actions of aqueous NaOH [30] or Ag,COs [31] on R3GeHal is the simplest method. It
should be noted that the high yields of the isolated products 1 and 2 (84-86%) indicate the
high stability of Ge-C bonds in these Ar derivatives.

NaOH TN
(p-XC6H4)3GeBr I [(p-XC6H4)3Ge]20 X@Ge
H,0 — THF o N\ /90060
X = F, CFy 1:X=F (84%) "o

2: X = CF, (86%)

Scheme 1. Synthesis of the germoxanes [(p-FCsH4)3Ge],O (1) and [(p-F3CCgHy)3Ge],O (2); conven-
tions for carbon atoms in the Ar rings.

Due to the high sensitivity of the Ge-Hal bond (Hal = Cl or Br), even to the trace
of water, arylgermanium compounds are easily hydrolyzed, yielding different germox-
anes, which may be observed at the isolation stage during the slow crystallization pro-
cess. As stated earlier [32], the classical Grignard synthesis of arylgermanium halides
via GeCly / ArMgHal interactions (especially aimed at the synthesis of Ar;GeHal) usually
yields an in situ complex mixture of differently substituted germanes, [(p-XCcH4)nGeHalyp,]
(n varies within the range from one to four), due to the high reagent reactivity, high con-
centrations, and the orders and rates of reagent mixing. In this study, we found that the
mother liquids, following the crystallization of the reaction mixtures in the synthesis of
(p-XC¢Hy4)3GeHal [32], yielded trace amounts of germoxanes (Scheme 2). Thus, the com-
pounds cyclo-[(p-F3CCsH4)2GeOly (3) and [(p-F3CCgHy)3GeOlsGe (4) were isolated; their
molecular structures were studied through single crystal XRD analysis. It should be noted
that the synthesis of cyclo-[(p-F3CCgHy)2GeOly (3) under hydrolysis of intermediate [(p-
XC¢Hy)2GeHal,] (Hal = Cl or Br) represents an expected process. The formation of a specific
compound strongly depends on the structure of the initial derivative (i.e., the steric size and
the electronic properties of Ar or R) and, to a lesser extent, on the conditions used. Usually,
cyclic [RyGeOl, (n = 3 or 4) species are formed in diluted solutions following the hydrolysis
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of RyGeHal, by NaOH/H,O in acetone [33] or in xylene [34], EtsN/H,O [23,35,36], or
through the thermal actions of Ag,CO3; on RyGeHal, [37]. The synthesis of cyclo-[PhyGeOls
was observed by Glockling et al. at a rare cleavage of (Cl3CCO,)Ph;Ge-GePh,(0O,CCCl3)
by NaOH/H;O [38]. Interestingly, analysis of the data available in the literature showed
that the four-membered cyclo-[R,GeO], cycles were not formed under R;GeHal, hydrol-
ysis; other methods were used in this case, including the oxidation of the digermenes,
Ry,Ge=GeR; [39-41], or the germynes, RGe=GeR [42].

H,O0 (traces)

cyclo-[(p-XCgH,;)2GeO],
n-CeHqgq
M GeCl = 3: X =CF3 (<1%; t t
p-XCeHyBr — = [p-XCeHsMgBr] —— [(p-XCgHa)GeHal, ] — M=2 3 (<1%; trace amounts)
THF THF
-MgHal, n=1-4 GeCly, (traces)
X=F, CF3 (Hal = Cl, Br) H,O0 (traces)
> [(p-XCgHy)3Ge0],Ge
n-CgHu4
n=3 4: X = CF3 (<1%; trace amounts)

Scheme 2. Synthesis of the germoxanes cyclo-[(p-F3CCgHy),GeOly (3) and [(p-F3CCgHy)3GeO]1Ge (4).

The synthesis of the unusual [(p-F3CCgH4)3GeO]4Ge (4) was attributed to the interac-
tion of intermediate [(p-XCgHa4)3GeHal] (Hal = Cl or Br), formed in situ during Grignard
synthesis, with GeCly present in the mother liquids with random water; here, we ob-
served the tendency to form Ge-O-Ge species under equilibrium conditions. It should
be emphasized that reactions of such a type, where a germoxane structural block forms
from different Ge sources, are highly scarce. To the best of our knowledge, only Draeger
et al. described the hydrolysis of PhGeClz /PhyGeCl, (2:3) using aqueous AgNO3, forming
bicyclo-[PhGe(PhyGeO;)3;GePh] [43].

Generally, [Ar,Ge(OH)4_n] compounds (n = 2 or 3) are the evident intermediates that are
observed during the synthesis process in the hydrolysis reactions. The real existence of such
molecules is only possible in the case of sterically huge groups (e.g., --BuyGe(OH), studied
with the aid of XRD analysis by Puff et al. [34]; [Fc(Ph)Ge(OH)],O, by Pannell et al. [36]; [(t-
Bu)Ge(OH)],0, by Jurkschat et al. [44]; and [(Me,NCH;Fc)Ge(OH)O]J3, by Lorenz et al. [45])
and, more intriguingly, for electron-withdrawing groups (e.g., (F5C2),Ge(OH); [37] and
(F5C5)3GeOH [31], investigated by Hoge et al.). As an obvious proof of this statement,
the synthesis of compound 4 can be considered, where Ar;Ge-O-H species reacted with
the Ge-Cl compound (GeCly), formingg thermodynamically favorable Ge-O-Ge bonds. As
emphasized by different researchers, including Draeger et al. [46], the hydrolytic condensation
of molecular compounds (R3GeX; X = Hal, OR, etc.) may result in the formation of cyclic
trimers or tetramers or polymeric materials (with terminal a OH for R,GeX3), or in cage and
polymer structures (for RGeX3 derivatives).

The composition and identity of compounds 1-4 was confirmed using mass spectrom-
etry and elemental analysis data; for germoxanes 1 and 2, their structures were also studied
using multinuclear NMR spectroscopy (‘H, *C, and !°F; for details, see Supplementary
Materials, Figures S1-S6). The 1*C NMR spectral data of Ar signals for compounds 1 and 2
and related compounds [32] for comparison purposes are given in Table 1.
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Table 1. Aromatic (Arc) 13C NMR spectral signals for [(p-FCsHy)3Ge],0 (1), [(p-F3CCsHy)3Gel,O (2),
and related (p-FCgHy)3GeX, and (p-F3CCgHy)3GeX compounds (X = Cl, Br, or H) (in ppm, CDCl3) 2.

Compound X ipso-Arc 0-Arcy ipso-Arcge m-Arcy
(p-FCeHy)3GeX X=Cl 164.59 (251.0) 136.00 (8.1) 129.73 (3.7) 116.15 (20.8)
X =Br 164.52 (251.0) 136.11 (8.1) 129.64 (3.3) 116.09 (20.5)
X=H 163.87 (248.7) 136.75 (7.6) 130.22 (3.8) 115.75 (20.6)
[(p-FCsH4)3Gel,0O
1) 164.37 (250.3) 135.93 (7.6) 130.81 (3.8) 115.92 (19.8)
(this work)
(p-F3CCeHy)3GeX X=Cl 133.86 (32.8) 133.13 138.74 125.76 (3.8)
X =Br 133.11 (32.9) 134.49 137.80 125.60 (3.7)
X=H 131.98 (32.5) 135.36 138.65 125.25 (3.7)
[(p-
F 3CC6%;3G3120 132.59 (32.6) 134.21 139.76 12525 (3.7)
(this work)

2 Data for the known compounds were obtained from the data published by the authors of [32]; values in
parentheses indicate the spin coupling constant Ji3c.19r (in Hz).

The data presented in Table 1 indicate a high level of similarity in the chemical shifts for
both series of compounds (i.e., (p-FCgH,)3GeX and (p-F3CCgHy)3GeX), making it difficult
to identify them accurately and solely from the NMR spectroscopy data. From this point of
view, the investigation of compounds 1-4 through XRD analysis may be regarded as an
important result for derivatives of the organic group 14 elements.

The compounds studied, 1-4, were isolated as colorless crystals. Their molecular
structures, according to the XRD analysis, are shown below (Figures 1-4; for details of the
XRD experiments that were performed, see Supplementary Materials).

Figure 1. The molecular structure of the [(p-FCgH4)3Ge]2O (1) complex. Displacement ellipsoids
are shown at a 30% probability level. Hydrogen atoms have been omitted for clarity. Labels for
fluorine atoms and minor components of disorder are not displayed. Minor components of disorder
have been drawn using open and dashed lines. The selected bond lengths (A) and angles (deg)
comprised the following: Ge(1)-O(1) 1.7784(17), Ge(1)-C(21A) 1.789(11), Ge(1)-C(11A) 1.838(8), Ge(1)-
C(31A) 2.045(11); Ge(1)-O(1)-Ge(1) 132.4(2), O(1)-Ge(1)-C(31A) 99.3(4), O(1)-Ge(1)-C(11A) 110.9(3),
O(1)-Ge(1)-C(21A) 114.6(4), C(21A)-Ge(1)-C(11A) 115.4(5), C(21A)-Ge(1)-C(31A) 106.7(6), and C(11A)-
Ge(1)-C(31A) 108.4(5).



Int. . Mol. Sci. 2023, 24, 13575

50f 15

Figure 2. The molecular structure of complex [(p-F3CCsHy4)3Ge],O (2). Displacement ellipsoids are
shown at a 50% probability level. Hydrogen atoms have been omitted for clarity. Labels for fluorine
atoms and minor components of disorder are not displayed. Minor components of disorder have been
drawn using open and dashed lines. The selected bond lengths (A) and angles (deg) comprised the
following: Ge(1)-O(1) 1.771(2), Ge(2)-O(1) 1.775(2), Ge(1)-C(31) 1.941(3), Ge(1)-C(21) 1.942(3), Ge(1)-
C(11) 1.946(3); Ge(2)-O(1)-Ge(1) 133.63(12), O(1)-Ge(1)-C(31) 104.59(11), O(1)-Ge(1)-C(21) 110.03(11),
O(1)-Ge(1)-C(11) 109.32(11), C(21)-Ge(1)-C(11) 110.82(13), C(31)-Ge(1)-C(11) 110.46(13), and C(31)-
Ge(1)-C(21) 111.43(12).

Figure 3. The molecular structure of the cyclo-[(p-F3CCgHy),GeOly (3) complex. Displacement
ellipsoids are shown at a 40% probability level except for the disordered fluorine atoms that were
drawn isotropically for clarity. Hydrogen atoms have been omitted for clarity. Labels for fluorine
atoms and minor components of disorder are not displayed. Minor components of disorder have been
drawn using open and dashed lines. The selected bond lengths (A) and angles (deg) comprised the
following: Ge(1)-O(1) 1.766(6), Ge(1)-O(1A) 1.766(6), Ge(1)-C(11) 1.931(9), and Ge(1)-C(21) 1.934(9);
O(1)-Ge(1)-O(1A) 108.8(4), Ge(1)-O(1)-Ge(1A) 124.7(3), O(1A)-Ge(1)-C(11) 107.3(3), O(1)-Ge(1)-C(21)
107.4(3), O(1)-Ge(1)-C(11) 110.6(3), O(1A)-Ge(1)-C(21) 111.0(3), and C(11)-Ge(1)-C(21) 112.7(4).
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Figure 4. The molecular structure of the [(p-F3CCgHy4)3GeO]4Ge (4) complex. Displacement ellipsoids
are shown at a 40% probability level. Hydrogen atoms and solvated benzene molecules are omitted
for clarity. Labels for fluorine atoms and minor components of disorder are not displayed. Minor
components of disorder have been drawn using open and dashed lines. The selected bond lengths
(A) and angles (deg) comprised the following: Ge(3)-O(1) 1.730(4), Ge(3)-O(2) 1.735(4), Ge(1)-O(1)
1.781(4), Ge(2)-O(2) 1.781(4), Ge(1)-C(11) 1.936(6), Ge(1)-C(31) 1.948(6), Ge(1)-C(21) 1.951(6), Ge(2)-
C(51) 1.936(6), Ge(2)-C(61) 1.938(6), and Ge(2)-C(41) 1.945(6); Ge(3)-O(1)-Ge(1) 132.7(2), Ge(3)-O(2)-
Ge(2) 133.8(2), O(1)-Ge(3)-O(1A) 113.7(3), O(1)-Ge(3)-O(2) 107.4(2), O(1)-Ge(3)-O(2A) 107.2(2), O(2)-
Ge(3)-O(2A) 114.2(3), O(1)-Ge(1)-C(11) 101.9(2), O(1)-Ge(1)-C(31) 112.2(2), O(1)-Ge(1)-C(21) 109.0(2),
C(11)-Ge(1)-C(31) 114.3(3), C(11)-Ge(1)-C(21) 110.1(2), and C(31)-Ge(1)-C(21) 109.1(2).

In a crystal of [(p-FCcH4)3Gel,O (1) (Figure 1), the aryl rings are somewhat disordered
due to the differing conformations of the aryl groups. Molecules in the crystal lie on the
2-fold axis passing through the O atom.

Interestingly, aryl substituents in [(p-FCgHa4)3Ge],O (1) were in an eclipsed conforma-
tion (Scheme 3); Ca-Ge-Ge-Cp, torsions were found to be within a 2.4-2.7° range. This
was deemed to have been caused by the effects of packing; there was no stacking between
the rings on the neighboring Ge atoms. The conformations of two Ar rings on each Ge atom
were determined to be propeller-like (Ca-Car-Ge-O torsions are 26.6/53.0 deg; the ideal
torsion is 60 deg), whereas the plane of the third ring was deemed to be near coplanarity
with the Ge-O bond (Ca-Ca,-Ge-O torsion is 12.5 deg).

Ar Ar
Ar Ar
AN O /oA o Ar
Ge Ge
| ’ Ar Ar
Ar Ar
Ar

Scheme 3. Eclipsed conformation for the germoxanes.

In the molecular structure of [(p-F3CCsHy)3Gel,O (2) (Figure 2), all the F3C groups
were found to be rotationally disordered over two or three positions. It is obvious that such
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a strong disorder is an immanent property of the crystal packings of this specific class of
compounds, and it was therefore decided that they must be displayed in these figures.

The two halves of the molecule in compound 2 were structurally very similar but
not equivalent, which could be attributed to crystal packing; as a result, the structural
parameters underlying the Ge(1) and Ge(2) atoms slightly differ. The Ca,-Ge-Ge-Ca,
torsions were in the more typical range of 27.0-38.0°. The torsions at Ge(1) and Ge(2)
(30.7/33.0/74.9 and 33.3/51.6/82.5 deg, respectively) were distorted.

In both compounds 1 and 2, the Ge-O-Ge angle (132.4 and 133.62°, respectively)
were more obtuse than in the ideal germoxanes (120°), indicating the presence of an n-o-
conjugation between the O and Ge atoms. Another interesting feature of these compounds is
a decrease in the O-Ge-C angle values (99.3 and 104.54°) in comparison with the tetrahedral
(ideal value 109.5°) ones. Interestingly, in compound 3 (see below), the geometry around
the Ge atoms could be described as being more typical.

The molecular structure of cyclo-[(p-F3CCgHi)2GeOly (3) (Figure 3) is characterized by
a high disorder of both the F3C and aryl groups, resulting in a diminished quality of the
XRD experiment. At the same time, the structural parameters were clearly determined.

The eight-membered [GeOl4 ring in molecule 3 is in a distorted boat-chair [47] con-
formation, which enables the reduction in the intracyclic tensions between the Ar rings.
It should be noted that Bent’s rule was satisfied (angles O(1)-Ge(1)-O(1) 109.0° vs. C(11)-
Ge(1)-C(21) 112.5°, respectively), but this small difference may be indicative of the similarity
in the electron acceptor properties of the O and p-F3CCgHy groups on the Ge atoms.

Unlike structures 1-3, three types of the non-equivalent Ge atoms, the central GeOj, and the
terminal GeC30 (with a 2-fold molecular symmetry) were observed in [(p-F3CCgH4)3GeO]sGe
(4) (Figure 4). This leads, for instance, to the difference in the Ge-O bond lengths; thus, for the
central GeOy fragment, this distance is smaller than for the organogermanium C3;Ge-O node
(1.733 vs. 1.781 A, respectively), which, in classical cases, may be explained by the introduction of
a more sterically huge ligand. Similar to compounds 1 and 2, the Ge-O-Ge angles in compound
4 were found to be obtuse (132.73 and 133.86°), which may indicate a high degree of conjugation
between the Ar groups and the Ge and O atoms, which provides a perspective for the design
and synthesis of functionalized materials.

In general, the molecule of compound 4 loses its high symmetry; small differences
in the structural parameters were observed, which could be attributed to the packing
forces. The conformations of the Ar rings along the Ge-O bond were found to be different
for the two types of Ge atoms: Ge(2) may be characterized as a real propeller-like atom
(Car-Car-Ge-O torsions are 39.2/55.2/56.5 deg), whereas Ge(1) is distorted (Ca,-Ca-Ge-O
torsions are 10.0/35.6/75.8 deg).

It is interesting to note that compounds 1 and 2 crystallize in the monoclinic crystal
system, with the C2/c and P2;/c space groups, respectively. Compounds 3 and 4, in
crystals, are characterized by the tetragonal system (with the I4;/a and P452;2 space
groups, respectively). As a unique property of the compounds studied, we should add
that the achiral compound [(p-F3CCgHy)3GeO]4Ge (4) was crystallized in a chiral crystal
(with the P43212 Sohncke space group, Z = 4); the Flack parameter was 0.001(13). The
emerging chirality of the crystal was attributed to the spiralization of the Ar rings (their
propeller-like “angulation” in one direction), while the presence of the central “symmetric”
GeOy core also seemed to be important. This allows a cautious conclusion to be made that
the modification of the substituents in the aryl groups (especially, in ortho-positions to the
Ge atom) may, in future works, lead to a more pronounced chirality for the germoxanes,
which is promising for the design of chiral materials.

As a common feature for compounds 1-4, the geometry of the germanium atoms
in a crystal may be described as a distorted tetrahedral. As an additional structural
feature of the germoxanes, we could describe the Ge. . .Ge separation in the structures of
compounds 1-4. It is evident that this distance strongly depends on the Ge-O-Ge angle,
where greater angle values result in an increase of Ge. . .Ge separation, which was evident
when comparing the compounds 1 (3.255 A; 132.4°), 2 (3.261 A; 133.6°), 3 (3.130 A; 124.5°)
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and 4 (3.217/3.235 A; 132.4/133.86°). Other factors may also had an impact, as was evident
in the case of compound 4; first and foremost, the steric size of their substituents on the Ge
atoms; their decrease at the central Ge atom resulted in a decrease in the Ge. . .Ge separation.
The packing effects in a crystal are also taken into account.

3. Discussion

Analysis of the known structures of organogermanium compounds with Ge-O bonds
enabled the formulation of 10 structural crystal types, A-J (Scheme 4). They differ in three
main features: (1) the number of Ge atoms; (2) that of the O atoms; and (3) the number of
intramolecular cycles. These known structures are also presented in Table 2. It is necessary
to say that we added two structural types to the carbon-substituted germanes, containing
other groups: (1) B* represents the OH-substituted derivatives; and (2) H* represents the
partially heteroatom-substituted compounds (i.e., *Ge atoms contain Cl or OH) with a
ladder-type structure. We added these unusual structural types to the full representation
of a wide variety of Ge-O species. In general, it could be stated that compounds of the
H*, 1, and J structures are referred to as the cage type, and I and J are germasesquioxides.
Analysis of these germoxane structures through XRD analysis is especially important, as
the Ge nucleus ("> Ge) is not a good object for solution NMR spectroscopy due to its low
content and quadrupole moment.

Ge = Ge(IV) == R;Ge, R,Ge, RGe; R = Alk, Ar

G -Ge
o G ge o2 e\o 0" q,° °
Ge” “Ge Ge Ge N e e
b-o A J-ceo GegBe X OF"
A B* c D £ Ge
2-1-0 2-1-1 2-2-1 2-2-2 2.3.1 F
4-4-1
Oo- _ -Ge
G€\0 v erck e-Q /o o\ Ge
e\ / [0} o € \e C-,‘e 0/
oo JGe 0-Ge o Geo \ |
%e-0. \ Ge'? Ge.  BR0"
0-7¢-0) O o-Ge 2 7 S0 N
Ge \ 9°C¢  Gejo / 0 0 o )
G G¢e O 0o/ Ge o/ Ge
5-6-2 0—*Ge  GeO o\°@o
H* /
1 Ge ge K
6-8-3 |
9. 5-4-0
6-9-4 0.0
J
8-12-5

Scheme 4. Organogermanium Ge-O derivatives of the known structural types (A-J) and those that
were first established in this work (K). These structures are classified by three numbers indicating the
number of Ge atoms, that of the O atoms, and the number of cycles.

The molecular structures of the germoxanes 1, 2, and 3 refer to the known types A and
F, respectively. Moreover, the structural parameters of 1-3 are close to the known ones (see
Table 2 below). In contrast, the molecular structure of 4 represents a novel type of Ge-O
species (type K, Scheme 4).

Analyzing the types of the germoxanes that were formed under the hydrolysis of
RyGeHaly, it is important to note that the formation of four-membered cycles, C, is possible
in the case of the voluminous substituents at the Ge atoms; otherwise, the tendency of the
six- and eight-membered cycles, E and F, respectively, was observed. The predominance of
the six- or eight-membered cycles depends on the steric size of the R substituents, whereas
a smaller R favorably gives larger rings [48] with significant amounts of polymers. Draeger
et al. [46] stated that the phenyl-substituted derivatives cyclo-[PhyGeO]; and [Ph,GeOl,
could be thermally (228-263 °C) transferred into more thermodynamically stable cyclo-
[PhyGeOl]s. Thus, the germoxanes of large cycles were determined to be kinetic products
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that were formed under mild conditions in diluted solutions, which was observed, in this
case, for cyclo-[(p-F3CCgHy)»,GeOl4 (3).

Table 2. The main structural types of the organogermanium Ge-O derivatives (according to XRD
analysis; structural features are given for the Scheme 4 bonds).

Main Structural Parameters (Average Values)

Structural Linear Formula of the
Type Ge-Containing Fragment CCDS Code d(Ge-0), A Ge-0-Ge 0-Ge-O Angle, Reference
’ Angle, deg deg
A 1,1-Fc[cyclo-GeCsMey ],O BIPVOL 1.752 136.5 - [49]
[(PhCH;)3Ge],O BZGEOX10 1.730 180.0 - [50]
[Mes, (2-Flu)Ge],O KIXWAP 1.787 151.0 - [51]
[1,1'-Naphth-2-GeMe; ],O ROGMAB 1.789 119.6 - [52]
[Ph3Ge],O TPGERO 1.752 137.9 - [53]
[Ph3Ge],O TPGEROO1 1.767 135.2 - [54]
[(F5C)3Ge],O UKUBAF 1.742 150.2 - [31]
[(p-FC¢Hy)3Gel,0 (1) - 1.778 132.4 - This work
[(p-F3CCsHy4)3Gel,0 (2) - 1.774 133.6 - This work
B trans-cyclo-[DippGe(OH)O],O CEDNIJ 1.752 110.8 - [55]
cyclo-[cyclo-
C . EYEBEP 1.821 94.5 85.5 56
((CH,C(SiMe3)2)2Ge)Ol, (361
cyclo-[Mes;GeOl, MEYPEL 1.812 92.0 88.0 [40]
cyclo-[(2,6-Et,C¢Hj3),GeOl, VALKIC 1.817 92.1 87.6 [39]
trans-cyclo-[Fc(Tip)GeOl, WEPDAY 1.816 92.8 87.2 [57]
trans-cyclo- )
[Mes(Tbt)GeOl,*CeHi g XIXNUN 1.813 94.2 85.7 [41]
trans-cyclo-[Mes(Tbt)GeOl, XIXPAV 1.810 96.0 84.0 [41]
cis-cyclo-[Mes(Tbt)GeO], XIXPEZ 1.810 92.2 86.1 [41]
bicyclo-[2,6-Dipp,CsH3Ge(O)Ol, XAMQIN 1.802 84.2 87.1 [42]
E cyclo-[PhyGeOl3 BECHEW 1.769 128.6 107.4 [33]
cyclo-[(tBu),GeOl3 BUDVIF 1.781 133.2 106.8 [58]
cyclo-[(+-Bu),GeOl3 BUDVIF10 1.781 133.0 107.0 [34]
cyclo-[(Me4Si(O)(CH;),Ge)Ol3 DUBZEF 1.758 127.2 109.4 [59]
cyclo-[PhyC4GeOl3 EGULAT 1.768 132.5 107.6 [35]
cyclo-[(F5C2)2,GeOlz*phen ? EKEGOS 1.735 125.7 113.5 [37]
cis-cyclo-[Fc(Ph)GeOls VAHNUO 1.771 127.5 107.8 [36]
trans-cyclo-[Fc(Ph)GeOls VAHPAW 1.776 123.2 105.9 [36]
F cyclo-[PhyGeOly CIRBIO 1.756 134.2 109.0 [46]
cyclo-[(2,8-Et,CgH,Ge)Oly PAFHEM 1.762 126.96 105.9 [23]
cyclo-[(CH2)5GeOly SONHAE 1.775 125.8 107.7 [60]
cyclo-[(p-F3CCsHy4)2GeOly (3) - 1.769 124.5 109.0 This work
G bicyclo-[PhGe(Ph,GeO,)3GePh] CUPHIE 1.76 130.9 109.1 [43]
H* trans-tricyclo-[(t-BuGe)sOsCly ] FOTCAS 1.76 129.7 107.7 [61]
trans-tricyclo-[(t-BuGe)sOsCl;] FOTCASO01 1.76 126.5 107.0 [62]
tricyclo- )
[(Me;NCH, FeGe)sOs (OH), ] MUSYUU 1.766 125.6 108.2 [45]
I tetracyclo-[(t-BuGe)sOo] CATFEI 1.750 132.7 108.3 [63]
tetracyclo-[(MesGe)sOo] GIHSAR 1.751 131.0 107.8 [64]
tetracyclo-[(i-PrGe)Og] GIHSEV 1.760 129.7 108.4 [64]
tetracyclo-[(i-PrGe)¢Og] GIHSEV01 1.755 130.5 108.0 [65]
tetracyclo-[(i-PrGe)sOo] GIHSEV02 1.756 131.0 108.0 [62]
tetracyclo-[(CyGe)sOg] GIHSIZ 1.748 131.9 108.5 [64]
tetracyclo-[(CyGe)sOg] GIHSIZ01 1.758 133.3 108.6 [62]
pentacyclo-
J [(VinSiMe,0GeO)sO4 Bt NF VOFZIC 1.721 133.8 113.9 [12]
K [(p-F3CCsHy4)3GeO]4Ge (4) - 1.757 133.3 110.6 This work

a Tetracoordinated Ge atom is described.

As evident from Table 2, the Ge-O bond length in germoxanes varies within the range
of 1.73-1.82 A irrespective of whether a cyclic or acyclic species is formed, whereas a
slight increase was observed for the four-membered cycles, C, due to the ring-bond angles’
strains. Introduction of sterically voluminous substituents to the Ge atom also resulted in
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some lengthening of the Ge-O bonds. The average value for d(Ge-O) was 1.761 A. Related
tendencies were observed for the bond angles; thus, the angle values were more sensitive
to cycle formation, and, as is evident, for the small-membered cyclic structures (like C and
D), they were determined to be smaller compared to the acyclic species (Ge-O-Ge 84-96°
vs. 119-180°, respectively). The germoxane [(PhCH;)3Ge],O, with a Ge-O-Ge angle of 180
deg, is a typical example of the effect of the steric volumes underlying the substituents. As
a rule, the general value of the Ge-O-Ge angle in acyclic compounds is 130.6°. The O-Ge-O
angles are sensitive to the steric sizes of the substituents on the Ge atom; an increase in their
sizes resulted in an increase of these geometric parameters. Its typical value is 108.4 deg.

Introduction of the aryl electron-withdrawing groups in compounds 1 and 2 in
comparison with [PhzGe],O resulted in a weak Ge-O bond elongation (1.774-1.778 vs.
1.752-1.767 A, respectively); the Ge-O-Ge angles were expectedly decreased (132.4-133.6
vs. 135.2-137.9°, respectively), indicating a o-n-conjugation between the Ge and O atoms.
The same features were observed when comparing cyclo-[(p-F3CCsH4),GeOls (3) with
cyclo-[PhyGeOly.

Compound 4 may be regarded as a molecular analog of inorganic germanates, the
precursor of germanium zeolites. The presence of organic substituents at peripheral Ge
atoms in compound 4 enables the formation of chiral monocrystals that are suitable to
undergo XRD analysis. It is known that germanium zeolites [66] and molecular Ge com-
pounds [67] of similar structures may be used for the sorption of hydrocarbons. Special
interest will be paid to the organogermanium compounds, including these and other (ab-
sorption/emission optical [68] and semiconducting [69]) properties caused by the different
types of conjugation (o-, -, and d-) [70] between the structural blocks, which stimulates in
future novel research on germanium-heteroatom derivatives.

4. Materials and Methods

General methods and instrumentation. "H NMR (400.130 MHz), '*C NMR (100.613 MHz),
and '9F (376.498 MHz) spectra were recorded with either a Bruker 400 or Agilent 400 spec-
trometer at 295 K. Chemical shifts were given in ppm relative to internal Me,Si (‘H and 3C
NMR spectra) or external CFCl3 (F spectra). Elemental analyses were carried out using a
HeraeusVarioElementar instrument. MALDI mass spectra were recorded on an Autoflex II
Bruker spectrometer (fwhm resolution: 18,000) equipped with a nitrogen laser operating at a
wavelength of 337 nm and with a time-of-flight mass analyzer operating in reflection mode.
The accelerating voltage was 20 kV, and anthracene (“Acros”, 99%) was used as the matrix.
Starting materials. The initial compounds (p-FCgH4)3GeBr and (p-F3CCgHy)3GeBr were
obtained following the procedure outlined in the literature [32]. Other compounds that
were used, including GeCly and NaOH (“Aldrich”), are commercially available and were
used as received. Deionized water was used for hydrolysis. Solvents were purified using
the usual procedures. n-Hexane was refluxed over sodium and then distilled off. THF was
refluxed and distilled off over KOH. Deuterated solvent (CDCl3) was dried over CaHy,
distilled, and stored under argon.

General procedure for the synthesis of the target compounds [(p-FCsHy)3Gel,0 (1)
and [(p-F3CCgHy)3Ge]»0 (2). NaOH powder (0.41 mmol, 2 eq.) was added to the solution
of Ar3GeBr (0.20 mmol) in THF (8 mL) at 0 °C; then, H,O (0.20 mL, 11.10 mmol, and
55.6 eq.) was added. The reaction mixture was stirred at room temperature for 48 h.
Following this, all the volatile materials were removed under a reduced pressure; the
residue was dissolved in ether (20 mL), washed with water (3 x 10 mL), and dried over
NaySOy. After evaporation, the residue was recrystallized from the minimal amount of an
n-heptane/CH,Cl, mixture to yield the crystal materials.

Germoxane [(p-FCeHy4)3Gel>0 (1). Yield: 0.0615 g (84%). Colorless prisms.

TH NMR (5, ppm, CDCls): 7.58-7.52, 7.16-7.10 (2 m, each 12H, Arp).

13C NMR (8, ppm, CDCl3): 164.37 (d, 1J13c.19r 250.3 Hz, ipso-Arc), 135.93 (d, *J13c.19F
7.6 Hz, 0-Arcy), 130.81 (d, *J13c.19r 3.8 Hz, ipso-Arcge), and 115.92 (d, ?J13c.19r 19.8 Hz,
m—ArCH).
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19F NMR (8, ppm, CDCl3): —109.53—(—109.60) (m, 6F, 6 p-C¢H,F).

MALDI, m/z (rel %): 732 (IM]*, 100).

Anal. calcd for C3¢HpsFgGe, O (731.8456): C, 59.08; H, 3.31. Found: C, 58.86; H, 3.22.

Germoxane [(p-F3CCgHy)3Ge]0 (2). Yield: 0.0887 g (86%). Colorless blocks.

"HNMR (5, ppm, CDCl3): 7.55 and 7.50 (2d, ®Ji.13 8.1 Hz, each 12H, Ary).

13C NMR (8, ppm, CDCl3): 139.76 (ipso-Arcge), 134.21 (0-Arcp), 132.59 (q, 2J13c-19F
32.6 Hz, ipso-Arc), 125.25 (q, 3J13c.19r 3.7 Hz, m-Arcy), and 123.69 (q, 'J13c.19r 271.3 Hz)
(CF3).

19F NMR (5, ppm, CDCl3): —63.34 (s, 18F, 6 p-CsH4CFj3).

MALDI, m/z (rel %): 1032 ([M]*, 100).

Anal. caled for C4pHpsF13GeyO (1031.8906): C, 48.89; H, 2.34. Found: C, 48.78; H, 2.41.

Target compounds cyclo-[(p-F3CCsHy)2GeOls (3), [(p-F3CCsHyg)3GeO]1Ge (4). Com-
pounds 3 and 4 were obtained in trace amounts under the slow crystallization of the mother
liquids (n-hexane or n-hexane/benzene mixture) during the synthesis of the germanes (p-
FC¢H4)3GeHal and (p-F3CCgHy)3GeHal (Hal = Cl or Br), as described by Zaitsev et al. [32],
based on the standard procedure (98.00 mmol of GeCly).

Germoxane cyclo-[(p-F3CCgHy)2GeOly (3). Yield: 0.0179 g (<1% based on GeCly),
trace amounts). Colorless plates.

MALDI, m/z (rel %): 1515 (IM]*, 100).

Anal. calcd for Cs¢HzpFouGegOy4 (1515.3726): C, 44.39; H, 2.13. Found: C, 44.54; H,
2.22.

Germoxane [(p-F3CCsHy)3GeOlsGe (4). Yield: 0.0043 g (<1% based on GeCly, trace
amounts). Colorless blocks.

MALDI, m/z (rel %): 2168 ([M]*, 100).

Anal. caled for CggHygF36GesO04*2C¢Hg (2324.6437): C, 49.60; H, 2.60. Found: C, 49.24;
H, 2.48.

X-ray diffraction study. Experimental intensities were collected on a Bruker Smart
Apex II diffractometer (for compounds 1, 3, and 4) and a Gemini Ultra machine (for com-
pound 2) using graphite monochromatized Mo-Ko radiation (A = 0.71073 A). Absorption
corrections based on measurements of the equivalent reflections were applied. The struc-
tures were solved using direct methods and refined with the full matrix least-squares on
F? (Shelxtl) with anisotropic thermal parameters for all non-hydrogen atoms except for
the disordered -CF; groups; they were refined with restrained C-F and F. . .F distances. In
compounds 1 and 3, benzene rings were found to be disordered over two or three positions;
they were refined using FLAT instructions. All H atoms were placed in calculated positions
and refined using a riding model. Details are listed in Tables S1-53, Supporting Information.
Crystallographic data have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. 2281822-2281825.

5. Conclusions

Germanium compounds with Ge-O-Ge bonds may be regarded as organic models of
inorganic GeO, or anionic [OGe(O);],2"~ species, making these compounds convenient
for investigation. The structural features of Ge-O derivatives described in this work are
important for the design and construction of novel materials, including porous, nanostruc-
tured (cages, ladders etc.), optoelectronic, and chiral compounds. Substitution of the silicon
compounds with the germanium analogs may be promising in the design of new materials
with improved physical properties. An important result of the work was the establishment
of the structural features of four germoxanes with aryl electron-withdrawing substituents,
indicating the impact of the Ar group on the structural characteristics. The characterization
of germoxane K on the novel structural type has prospects in the construction of novel
Ge-O-Ge compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms241713575/s1.
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