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SYNTHESIS AND STRUCTURE
OF SUPRAMOLECULAR GLUCONATOGERMANATES(1V)
WITH NITROGEN-CONTAINING ORGANIC CATIONS

Optimal methods of synthesis of germanium(IV) complexes with gluconic acid (H,Gluc) and
exo-ligands niacin (Nic), niamide (Nad) and isoniazid (Ind) in aqueous solution were developed.
The structure and stereochemistry of the presented complexes were stated by elemental
analyses, thermal analysis, IR spectroscopy and single crystal X-ray analysis. It was shown the
formation of supramolecular salts of the composition (NicH),[Ge,(OH),(u-H,Gluc),]-3H,0
(1), (NadH),[Ge,(OH),(u-H,Gluc),]-3H,0 (2), (IndH),[Ge,(OH),(u-H,Gluc),] (3).

It was established that complex 2 consists of two protonated niamide molecules and a
complex anion in which two germanium atoms are coordinated by two bridging ligands
of deprotonated gluconic acid H,Gluc*. The trigonal-bipyramidal polyhedron of Ge(IV) is
additionally formed by the coordination of the hydroxyl group. In the crystalline phase, the
complex exists as a trihydrate.

Key words: germanium, gluconic acid, coordination compounds, niacin, niamide, isoniazid,
IR spectroscopy, X-ray analysis.

Gluconic (pentahydroxyhexanoic, H,Gluc) acid occurs naturally in plants, fruits,
wine, honey, rice and other natural sources. Its physiologically active D-form, formed at
microbial oxidation of glucose, is a non-toxic organic compound that readily decomposes
in soil (98% within 2 days) [1].

The interaction of this acid with alkaline earth and 3d-metals is actively studied, as
its salts and coordination compounds exhibit pharmacological properties. Thus, calcium
gluconate normalizes the disturbed balance of potassium and sodium in the myocardium
in coronary insufficiency and exhibits an antiarrhythmic effect in heart ischemia [2], and
also has a positive effect on the activity of enzymes of the brush border of the intestines
of animals [3]. The copper(Il) complex [Cu(DPQ)(H,Gluc)]-2H,O (DPQ — pyrazino-
[2,3-f][1,10]-phenanthroline) is able to bind to DNA by intercalation and exhibits better
antitumor activity against liver cancer cells than cisplatin in vitro [4].

A number of complex compounds of gluconic acid with f-elements have been obtained
and investigated by potentiometry, mass-spectrometry, UV—Vis spectrophotometry, Raman
and 'H and *C NMR [35, 6]. It has been proved that the ligand is coordinated to Pr(IIT) and
NdA(IIT) by deprotonated carboxyl and two hydroxyl groups at C2 and C3. At the same
time, neodymium forms compounds with bi- ([Nd,(H,Gluc),]*, [Nd,(H,Gluc),(H,Gluc)]*,
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[Nd,(H,Gluc),(H,Gluc),]*) and mononuclear ([Nd(H,Gluc),(H,Gluc)]*, [Nd(H,Gluc)
(H,Gluc)]*) anions [6].

The existence of 2 to 10 forms of aluminum(I1I) complexes with D-gluconic acid in
solution has been demonstrated, and the compound [AlI(H,Gluc)(H,Gluc)]-2H,O with
tridentate coordination of ligand molecules has been characterized in the solid state [7].
Potentiometric and voltammetric measurements in the Sn **— H Gluc system have been
determined the existence of complexes of the composition [SnH Gluc]* [Sn(H,Gluc),]
and [Sn(OH)(H,Gluc)] with the highest formation constant for the first [8].

Based on the above data, it can be concluded that the advantages of gluconic acid
are not only high biological activity, low toxicity, but also its features as a polydentate
chelating ligand. The presence of many donor centers in the molecule and their spatial
organization selective for each metal ion, contribute to the formation of complexes of
various forms and structures, in particular, mono- and binuclear complexes.

However, at present, the number of investigated metalochelates with gluconic acid
is not large. There is no information about essential germanium, whose biocoordination
compounds with polyhydropolycarboxylic acids (tartaric, malic, xylaric, citric) the authors
have been engaged in for many years [9-11].

The presented work is a logical continuation of these studies, its goal is to develop
methods and obtain coordination compounds of germanium(IV) with gluconic acid and
exo-ligands, to determine their composition, structure and properties.

Materials and methods

The starting reagents for the synthesis — germanium(IV) oxide (GeO,, CAS1310-53-38,
99.99%), gluconic acid (50% aqueous solution, CAS527-07-1), niacin (nicotinic acid,
C,H.NO,, CAS59-67-6, 99%), niamide (nicotinamide, C, HN,O, CAS98-92-0, 99.5%),
isoniazid (C.H.N,O, CAS54-85-3, 99%) (all were purchased from Sigma Aldrich).

Synthesis. A portion of GeO, (6.2 mmol, 0.65 g) was dissolved in 200 ml of distilled
water (90 °C), then 2.05 ml (6.2 mmol) of a 50% aqueous solution of gluconic acid was
added, stirred and slowly evaporated at 80 °C to volume 20 ml. After cooling to 25 °C
(pH =2.5-3), an equimolar amount of Nic (Nad, Ind) was added and stirred till the reagent
was completely dissolved. Precipitates of complex compounds were formed a day after
the addition of 10 ml of ethanol, they were separated on a glass Schott filter and dried in
air at 20-25 °C. Yield: 62-70%.

Single crystals of compound 2 for X-ray analysis were grown by the method of slow
diffusion of ethanol vapors into an aqueous solution of the complex.

Elemental analysis was performed in the C, N, H-analyzer Elemental Analyzer
CE-440. Germanium content was determined inductively coupled plasma atomic emission
spectroscopy with an Optima 8000 PerkinElmer.

Calculated for C,, H, Ge N, O,, (1) (%): C —33.28, H —4.16, Ge — 16.78, N — 3.24.
Found (%): C —33.65, H — 4.24, Ge — 16.60, N —3.16.

Calculated for C,, H,.Ge N, O, (2) (%): C —33.34, H — 4.40, Ge — 16.81, N - 6.48.
Found (%): C —33.23, H — 4.34, Ge — 16.75, N — 6.33.

Calculated for C,,H,,Ge,N,O  (3) (%): C —34.31, H - 4.05, Ge — 17.30, N — 10.01.
Found (%): C —34.21, H — 4.00, Ge — 16.99, N — 9.92.

Thermoanalytical curves (DTA, DTG, TG) were obtained on the Q-1500 D derivatograph
of the Paulik-Paulik-Erdey system. Sample heating rate — 10 degrees/min, sample loading —
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150 mg, standard — calcined aluminum oxide, platinum crucible, static air atmosphere,
temperature range 20—1000°C.

The IR spectra in the range of 4000—400 cm™' were recorded as potassium bromide
pellets on a Frontier spectrometer (PerkinElmer). IR spectra were interpreted based on
literature data on the characteristic absorption bands of organic molecules and complex
compounds of germanium(IV) [9-12].

IR spectrum 1 (v, cm™): 3409 v(OH), 1689 v_(COO"), 1589 v(C-N), 1440 v (COO"),
1260 8(C-OH), 1135 §(C-0), 1080 v(C-0), 822 3(Ge-OH), 669 v(Ge-O).

IR spectrum 2 (v, cm™'): 3443 v(OH), 1687 v_(COO"), 1641 3(NH,), 1604 v(C-N),
1459 v (COO7), 1263 S(C-OH), 1132 §(C-0), 1075 v(C-O), 819 &(Ge- OH),
680 v(Ge-0).

IR spectrum 3 (v, em™): 1693 v (COO"), 1640 6(NH,), 1579 v(C-N), 1438 v (COO"),
1262 §(C-OH), 1130 &(C-0), 1078 v(C-0), 820 3(Ge-OH), 672 v(Ge- O).

X-ray structural analysis. Crystals of compound 2 (C_H Ge O *2CHNO",
3H,0) are monoclinic, at 294 K, a = 8.1501(18), b = 20.098(5), ¢ = 11.021(2) A,
£ =94.19(2)°, V=1800.4(7) A3, M =863.76,Z =2, space group P2 ,d_ =1.593 g/cm?’,
WMoKy) = 1.757 mm ', F(000) = 884. The unit cell parameters and intensity of
15440 reflections (7792 independent, R, =0.0942) were measured on an Xcalibur-3
diffractometer (graphite monochromated MoKa radiation, CCD detector, w-scanning,
20 =55°).

The structure was deciphered by the direct method using the SHELXTL complex
of programs [13]. Full-matrix least-squares refinement against F2 in anisotropic ap-
proximation was used for the non-hydrogen atoms to wR, = 0.191 to 7792 reflection
(R, = 0.074 to 6025 reflection with F>4 o(F), S = 1.061). Positions of the hydrogen
atoms were located from electron density difference maps and refined by the “riding”
model with U, =nU_ of the carrier atom (7 = 1.5 for hydroxyl groups and water mol-
ecules and n = 1.2 for other hydrogen atoms). Atomic coordinates as well as complete
tables of bond lengths and valence angles have been deposited with the Cambridge
Crystallographic Data Bank (e-mail: deposit@ccdc.cam.ac.uk) and are available under
reference number CCDC 2324990.

RESULTS AND DISCUSSION

According to the results of the elemental analysis, the molar ratio of the elements in
the compounds is Ge : N =1:1 (1), 1:2 (2), 1:3 (3), so they have the same molar ratio of
Ge : gluconate : Nic (Nad, Ind) = 1:1:1.

Thermal decomposition of compounds 1 and 2 (fig. 1a) begins with an endother-
mic effect in the temperature range of 80-150°C at which three molecules of water
of crystallization are eliminated into the gas phase (Am = 6.50%, Am = 6.24% (1),
(Am = 6.50%, Am = 6.25% (2)), the presence of which is confirmed by IR spectroscopy
data (bands v(H O) at 3409 and 3443 cm, for 1 and 2, respectively). Compound 3 (fig.
1b) is not a crystal hydrate, as evidenced by the absence of effects on thermogravigram
of the complex up to 220°C.

Subsequently, the thermal decomposition of the complexes occurs in the same way:
an endo-effect is observed in the range of 200-300°C, accompanied by the removal of
Nic, Nad, Ind molecules, which turns into a number of exo-effects corresponding to the
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oxidative thermal destruction of the organic part of the molecules of the complexes. The
final product at 1000°C is GeO (Am = 78.00%,

Am =75.83% (1), Am = 77.00%, Am = 75.77% (2), Am = 75.00%,

Am = 75.08% (3)).
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Fig. 1. Thermogravigrams of complexes 1 (a) and 3 (b)

IR spectra of compounds 1-3 are similar in the area of the bands corresponding to
bond vibrations in the germanium coordination polyhedron. The presence of v (COO™)
and v(COO™) bands, typical for carboxylate ions, indicates the deprotonation of
the COOH group of gluconic acid and its binding to Ge, which is confirmed
by the appearance of the v(Ge—O) band. The presence of bands 3(C-0O), v(C-O) of
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alcoholate type and preservation 8(C—OH) indicate the non-equivalence of hydroxyl
groups in the complexes — free and coordinated to germanium. In the compounds the
hydrolyzed form of Ge is realized, which correlates with the presence of deformation
vibrations 8(Ge—OH).aA comparative analysis of the IR spectra of complexes 1-3 and
the original nitrogen-containing molecules Nic, Nad, Ind showed that the formation
of supramolecular salts occurs due to the protonation of the nitrogen atom of
the pyridine ring. There is an increase in the frequencies of its vibrations v(CN) by
19-24 cm (1570, 1580, 1555 cm™ for Nic, Nad, Ind and 1589, 1604, 1579 cm™ for 1,
2, 3, respectively), at the same time, there are no changes in the region of the band of
deformation oscillations 5(NH,) at 1640 cm for complexes 2 and 3.

According to X-ray structural analysis, the complex (NadH),[Ge, (OH),(u-
H,Gluc),]-3H,0 (2) is a supramolecular salt with a complex anion [Ge,(OH), (u-
H,Gluc),]*"and two protonated molecules of nicotinamide NadH" as cations (fig. 2).
In the crystal, the complex exists in the form of a trihydrate.

Fig. 2. Molecular structure of the anion [Ge,(OH), (u-H,Gluc),]* (@)
and the cation NadH" () in structure 2
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In the complex anion each of the two partially deprotonated gluconic acid molecules
is coordinated to two Ge atoms. The coordination polyhedrons of Gel and Ge2 atoms
are distorted trigonal bipyramid, which formed in the equatorial position by atoms
03, 011, O15 (atom Gel) or atoms O4, 010, O16 (atom Ge2). In the axial position in
the coordination polyhedron of Gel there are atoms O1 and O12, and atoms O5 and
08 of Ge2. Thus, each Ge atom connects with two deprotonated hydroxyl groups of
one ligand and deprotonated hydroxyl and carboxyl groups of the second ligand, as
well as a hydroxo-group (fig. 2). Bond lengths Ge—O vary within 1.813(8)+1.851(8)
A and 1.911(7)+2.003(7) A for the equatorial and axial positions respectively (tab. 1).

It should be noted that the described dimeric the gluconatogermanate anion is
similar to the complex tartrate and xylaratogermanate anions were characterized earlier
[12].

Table 1
Selected bond lengths (A) in structure 2
Connection Length, A Connection Length, A
Gel—O1 2.003(7) Ge2—04 1.848(7)
Gel—O3 1.836(8) Ge2—05 1.911(7)
Gel—O11 1.822(8) Ge2—08 1.977(7)
Gel—O12 1.912(7) Ge2—O010 1.851(8)
Gel—O15 1.813(8) Ge2—O016 1.833(8)

In the crystalline phase, anions, cations, and water molecules are connected by
numerous hydrogen bonds (tab. 2) and form a three-dimensional network.

Table 2
Geometric characteristics of hydrogen bonds in structure 2 (symmetry
operations (i) -x+1, y+1/2, -z+1; (ii) -x+2, y+1/2, -z ; (iii) x-1, y, z; (iv) X, y, z-1)

D—H- A He A, A DA A D—H- A, deg
013—HI3---016' 1.98 2.800(12) 177
Ol14—H14---019" 2.14 2.870(15) 148
016—H16---02" 2.20 2.807(11) 128
019 H194:--017 2.04 2.867(18) 140
019—H19B---020 2.05 2.789(15) 143
020—H20B:--06 2.14 2.861(16) 142
021 H214---018 2.02 2.805(14) 152

N2—H24---012 1.89 2.741(12) 172
N3—H3B:--09" 2.02 2.863(13) 167
N4—H44-+-05 1.87 2.713(12) 168
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Thus, based on the results of a set of research methods, including X-ray

diffraction, it can be concluded that complexes 1-3 are supramolecular salts of the
stable complex acid H,[Ge,(OH),(u-H,Gluc),] existing in solution. This opens up the
prospects of obtaining on its basis coordination compounds with cations of various
biometals, researching their pharmacological action and determining directions of
medical application.
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CHUHTE3 TA BYJTOBA CYIIPAMOJIEKYJ/IAPHUX
INTIOKOHATOT'EPMAHATIB(1V) 3 HITPOTEHBMICHUMMHA
OPIAHIYHUMH KATIOHAMMA

Po3pobneHo onTUMalIbHI METOJMKN CHHTE3y KOMIUIeKciB repmaHito(IV) 3 TIIFOKOHOBOIO KHC-
notoro (H,Gluc) Ta exso-niranaamu HikoruHOBOIO Kuciotoo (Nic), nikorunaminom (Nad) Ta
i3oHia3noM (Ind) y BoqHOMy po3unHi. [TokazaHo, 10 yTBOPIOIOTHCS CYyNPaMOJICKYIISIPHI COJIi
cknagy (NicH),[Ge,(OH),(u-H,Gluc),]-3H,0 (1), (NadH),[Ge,(OH),(u-H,Gluc),]-3H,0 (2),
(IndH),[Ge,(OH),(u-H,Gluc),] (3).

Tepmiunuii poskian cnonyk 1 1 2 po3MOYMHAETHCA 3 CHAOTEPMIYHOTO e(eKTy B iHTepBaii
temneparyp 80-150°C, mpu sikoMy BinOyBaeTbCs elliMiHamisi B ra3oBy (aszy TpbOX MoO-
JIeKyn KpucTamizaumiiHoi Bogu. Crodyka 3 He € KpUCTaJorigpaTroM, MpO LIO CBiIYUTH
BIZICYTHICTh edekTiB Ha TepMmorpasirpami xomruiekcy o 220 °C. B mopanbemomy Tepmo-
PO3KJIa[ KOMIUIEKCIB BiOYBa€TbCs ONHOTHUITHO: CIIOCTEpIraeTbcsi eHAOCPEKT B iHTEpBasi
200-300 °C, mo cynpoBomKyeThest BuaideHHs M Moinekyn Nic, Nad, Ind, sxwmii nepexo-
JUTh B AR €K30€(EKTIB 3 OKHCHOI TEPMOJCKCTPYKIIE€I0 OPraHidHOi YaCTHHU MOJIEKYI
komIuiekciB. [Y- crmekrpu crnoimyk 1-3 ananoriuni B 0o0nacTi CMyT, IO BiJIIOBIAIOTH KOJH-
BAaHHAM 3B’A3KIB B KOOpAMHawiidHoMmy monienpi I'epmaniro. Hassnicts cmyr v, (COO") Ta
v (COO"), TnnoBux it KapOOKCHIIATHUX iOHiB, BKasye Ha jaenpotoHyBanHs COOH-rpymu
DJIFOKOHOBOI KHCJIOTH Ta ii 3B’s13yBaHHSA 3 l'epMaHieM, IO MiATBEPAKYETHCS MOSBOIO CMYTH
v(Ge-0). Ipucyrhicts cmyr §(C-0), v(C-O) anmkoromstHoro Tumy Ta 36epexenHs 6(C-OH)
CBiI4aTh PO HEPIBHOLIHHICTH T1IPOKCUIBHUX I'PYH B KOMIUIEKCAX — BUIBHUX Ta 3B S3aHUX
3 Tepmaniem. Y cnomykax peanizyerscs TrimpoiizoBana ¢opma [epmaniio, mo Kopeoe
3 HasBHiCTIO JedopmaniiHux koimBaHb O(Ge-OH). IlopiBHsnmbHuil anamiz [Y-crexrpis
KOMIUIEKCiB 1-3 Ta BHXIJHHX €K30-JIIraHAIB II0Ka3aB, N[0 YTBOPEHHS CyNPaMOJICKYISIPHHUX
coneil BinOyBa€eThCs 32 paxXyHOK MPOTOHYBAHHS aTOMy HITPOTeHY MipUAMHOBOTO KUIBIIA.

B pesyibTaTi peHTreHOCTPYKTYpPHOTO aHANi3y BCTAHOBIICHO, IO KOMIUIEKC 2 CKIIQaE€Thes 3
JIBOX IIPOTOHOBAHMX MOJICKY/I HIKOTHHAMilly Ta KOMIUIEKCHOTO aHIOHY, B SIKOMY [[Ba aTOMH
I'epmaHiro KOOPIMHOBAHI ABOMA MICTKOBHMH JIITaHAaMH JEIPOTOHOBAHOI IIIIOKOHOBOI KUCIIO-
™ H,Gluc* i rizpoxco-rpynoro. B kpucraniuniii dpasi kommexc icHye y BUNIAI TpUTiapary.

KirouoBi ciioBa: repmaniif, IIIOKOHOBA KHCIIOTa, KOOPAMHALIMHI CIONYKH, HITKOTHHOBA
KHCJIOTa, HIKOTUHAMIJI, 130Hia3u1, [U creKkTpocKoris, peHTICHOCTPYKTYPHUIT aHai3.
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