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Bis(triazole) derivatives of organodigermanes:
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The synthesis and molecular structure of the triazole-
containing  organodigermane  [(4,1-BnC,HN3)Ph,Ge],
(C,HN; is 1,2,3-triazole-4,1-diyl) obtained under various
conditions of the copper(I)-azide/alkyne cycloaddition are
reported. Effective o,n-conjugation in the compound
between Ge-Ge, aryl and heterocyclic groups was established.
The optical properties (absorption and fluorescence) of the
digermane in MeCN and MeCN/H,O were evaluated,
indicating the influence of the solvent.

N
P ph . PN PP Ney
=Ge—Gi—= —g ’\\‘/>—GE G~ 1
P Ph SN Ph Ph ._-Ph

—Synthes's
— Structure
—UV/VIS Absorption
—Fluorescence

&,7-conjugation

Keywords: organogermanium compounds, click chemistry, group 14 elements, XRD analysis, optical properties.

Organogermanium compounds attract considerable attention
due to broad fundamental interest'> as well as due to their
application in organic synthesis,®° catalysis,’® medicine,112
ligand design,’® activation of small molecules,’* material
chemistry,!> organic electronics,’® production of optical and
electrical devices.1 19 A special place among these derivatives is
occupied by oligoorganogermanes,2° molecular compounds with
Ge-Ge bonds possessing o-conjugation. Introduction of aryl
groups at the Ge atoms makes it possible to increase conjugation
in the molecule (o,m-conjugation), which is promising for
practical applications (changes in the electronic states of the
molecule, the energies of their frontier orbitals).22?2 The
development of efficient syntheses for obtaining functionalized
organogermanium compounds is of high current interest. The
use of [3+2] cycloaddition click-chemistry reaction2324 for
construction of heterocyclic organogermanium compounds? is a
powerful strategy in the chemistry of group 14 elements, which
allows one to access organometallic heterocyclic compounds
hard-to-obtain by other methods.

The purpose of this work was the synthesis of a model
bistriazolyl digermane 1, [(4,1-BnC,HN3)Ph,Ge], (C,HNj; is
1,2,3-triazole-4,1-diyl), using CUAAC (copper catalyzed azide—
alkyne cycloaddition) catalyst systems, alternative to those
previously used, and to study its structure and optical properties
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Scheme 1 Reagents and conditions: i, CH,CI,, Et;N, CuBr (10 mol%);
ii, Cu(OAc) (10 mol%), THF; iii, sodium ascorbate (20 mol%),
CuS0O,-5H,0 (10 mol%), H,O0-THF (1:1).
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in polar solvents. Previously,2® we developed an effective method
for the synthesis of bis(triazole) derivative of organodigermanes
as a result of [3+2] cycloaddition of [(HC=C)Ph,Ge], and
RCH,N; (R = Alk, Ar) (Scheme 1, conditions i). The procedure
involved the use of a CuBr/Et;N/CH,CI, catalytic system, which
ensured the homogeneity of the mixture and the controlled
character of the reaction. As alternatives, in this work we tested
CuOAc and CuSO,-5H,0 (see Scheme 1, conditions ii and iii,
respectively). A common feature of these syntheses is the
formation of a 1,4-substituted triazolyl ring.

The use of CuOAc allows the reaction to be carried out
without an external base.?827 It turned out that the target
compound 1 was isolated in moderate yield (41%) only after
flash column chromatography (in contrast to our conditions
found earlier?® when simple recrystallization was sufficient for
the synthesis of a pure substance) due to the complex composition
of the reaction mixture. Under typical CUAAC conditions
(CuS0,-5H,0, sodium ascorbate, water, THF),28 final column
chromatography afforded the target product 1 also in moderate
yield (28%). In this case, the conversion (80%) is due to the
heterogeneity of the reaction mixture. A comparison of the three
catalytic systems (see Scheme 1) clearly indicates that the use of
CuBI/EtzN/CH,CI, is the best choice for CUAAC reactions in
the case of group 14 elements derivatives.

The molecular structure of compound 1 was studied in crystal
by XRD analysis (Figure 1)." In general, the molecular structure

T Crystal data for 1. CyH;sGeN; (M =384.97), monoclinic, space
group P2,/n, Z =4, dgye = 1.395 g cm™3, abs. coeff. 1.678 mm, F(000)
788, T = 295(2) K, a = 12.5847(8), b = 9.0929(5) and ¢ = 16.1645(9) A,
B =97.697(3)°, V = 1833.06(19) A3. A total of 24403 reflections (0 range
2.200-26.999°) were collected, and 3995 independent reflections,
R, =0.0511, wR, = 0.0808, goodness of fit on F2 0.889. The structure
was solved and refined using the SHELXTL program package. The
structure was defined by direct statistical methods and refined by full-
matrix anisotropic approximation for F2 for all non-hydrogen atoms with
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Figure 1 Molecular structure of [(4,1-BnC,HN;)Ph,Ge], (1). Selected
bond lengths (A) and angles (°): Ge(1)-Ge(i) 2.4303(11), Ge(1)-C(10)
1.943(5), Ge(i)-C(16) 1.949(5), Ge(1)-C(1) 1.962(5); C(10)-Ge(1)-C(16i)
108.8(2), C(10)-Ge(1)-C(1) 106.3(2), C(16i)-Ge(1)-C(1) 109.7(2), C(10)—
Ge(1)-Ge(i) 113.05(16), C(16)-Ge(i)-Ge(1) 110.72(14), C(1)-Ge(1)-Ge(i)
108.21(14).

of compound 1 is similar to those of other triazolyl-
containing oligoorganogermanes {[4,1-(RCH,)C,HN;]Ph,Ge},
(R = C6H4Br-p, CH20C6H4CHO'p, CH20C6H4COOMe-p)
studied  previously,®  where  I(Ge-Ge) = 2.4303(11) A,
1(Ge-Cpp)ay = 1.946(5) A and 1(Ge—Cryiazo) = 1.962(5) A. The
molecule of 1 in the crystal is centrosymmetric (the center of
symmetry lies on the Ge-Ge bond) with two identical parts;
triazolyl rings are in the N-transoid conformation (dihedral
Cn—Ge-Ge-Cy angle, 180°). In space, the molecule has
staggered (anti-planar) conformation (torsion angles C-Ge-
Ge-C are 59.06/60.94°; ideal torsion 60°). Interestingly, triazolyl
rings and symmetrical Ph rings lie in parallel planes. Analysis of
the bond angles between Phcy, planes and triazolyl rings
(74.40°) may indicate conjugation (ideally 90°), which was
previously established?® by electrochemical and optical methods.
So, ingeneral, in the molecule there is a o,t-conjugation between
Ge-Ge, Ph and triazolyl groups.

The optical properties of compound 1 were studied in a
polar solvent (MeCN) and in MeCN/H,O mixtures to
investigate the effect of solvent polarity. The UV/VIS
absorption spectra of 1 in MeCN and in MeCN with added
water (up to 40%) are presented in Figure 2. Despite the
nonpolar nature of 1 (oligoorganotetrelanes are analogues of
alkanes), it is soluble in these mixtures in quantities sufficient
to record spectra under these homogeneous solutions. It can
be seen that an increase in water content led to a decrease in
molar absorption due to a decrease in concentration.
Interestingly, absorption in MeCN is observed at
Amax =234 nm (e =1.3x10*dm® mol-t cm?), 263 nm
(e = 0.1x10* dm3 mol-* cm1), which is close to the data
for 1in CH,Cly [A sy = 234 nm (e = 3.4x10* dm® mol-1 cm™1),
262 nm (e = 0.3x10* dm® mol-! cm~1)]. The transition from
CH,CIl, to MeCN only resulted in a decrease in molar
absorptivity.

ShelXL program. The hydrogen atoms were localized by direct method
and refined in the isotropic approximation.

CCDC 2363351 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via https://www.ccdc.cam.ac.uk.
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Figure 2 Normalized UV/VIS absorption of compound 1 in acetonitrile
and in acetonitrile/water mixtures.
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Figure 3 Normalized fluorescence spectra of compound 1 in MeCN and in
MeCN/water mixtures.

Fluorescence of bistriazolyl digermane 1 in MeCN is observed
at Adpax =385nm (A, =277 nm) (Figure 3); with increasing
water content, luminescence intensity decreases, but increasing
water content does not significantly change the emission
parameters. Indeed, the fluorescence quantum yield in MeCN is
6.7% and remains virtually unchanged with increasing water
content. However, this value exceeds the quantum yield in
CH,CIl, (0.2%), which indicates the influence of
increasing solvent polarity on luminescence efficiency for
oligoorganogermanes; this phenomenon was revealed for the
first time. In addition, in CH,CI, fluorescence of 1 is observed in
the bluer region at 4,5, 0f 320 and 359 nm (4, = 280 nm).

To summarize, among various reported CUAAC procedures
for the synthesis of germanium triazoles, the CuBr/Et;N/CH,CI,
system is optimal in terms of yield of the target compounds.
Changing the substituent at position 4 of the triazolyl ring in
bis(triazole) derivatives of organodigermanes has little effect on
geometric parameters of the molecule; this leads to the need for
the synthesis of aryl derivatives, where Ar is conjugated with
other chromophores. In this work, it was established that a polar
solvent (acetonitrile and its mixtures with water) significantly
changes the emission properties of molecular triazolyl
oligoorganogermanes (increased Stokes shift and quantum yield).
Further research is ongoing on the synthesis of functionalized
organogermanium compounds and the study of their promising
properties (optical, semiconductor, and nonlinear optic).

This work was financially supported by the Russian Science
Foundation (grant no. 25-23-00027). The registration of NMR
spectra in this work was supported in part by M. V. Lomonosov
Moscow State University Program of Development.
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Supplementary data associated with this article can be found in
the online version at doi: 10.1016/j.mencom.2024.10.016.
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