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It was proved by means of NMR spectroscopy that in aqueous solutions
D-ribose, D-talose, D-glycero-D-talo-heptose, and D-glycero-L-talo-heptose
form with ammonium molybdate the molybdate complexes. In these com-
plexes the saccharides are preferably in pyranoid structures, the conforma-
tion being preferably close to B and C, and hydroxyl groups on carbon
atoms C-2, C-3, and C-4 being involved in complexation. Aldoses belonging
to the arabinose homomorphous series, D-arabinose, D-galactose, D-glycero-
-D-galacto-heptose, and D-glycero-L-galacto-heptose form in two conforma-
tions of acyclic structures binuclear tetradentate molybdate complexes
preferably involving hydroxyl groups on carbon atoms C-2, C-3, C-4, and
C-5. The octoses D-erythro-L-talo-octose and D-erythro-L-galacto-octose
preferably produce molybdate complexes involving hydroxyl groups bound
to carbon atoms C-5, C-6, C-7, and C-8 with the forced furanoid structures
of the aldooctoses.

C nomompio AMP cniekTpockonuu noka3zaHo, YTO B BOOHBIX PacTBOpax
D-pubo03a, D-Tano3a, D-24uyepo-D-maio-rento3a W D-2auyepo-L-maao-
-rento3a obpa3yroT ¢ MOJIHOIEHATOM aMMOHHS MOJHOOATHBIE KOM-
TUIEKChI. B 3THX KOMILIEKcax caxapuAbl HMEIOT NpEANOYTHTENbHO MHpa-
HOMIHYIO CTPYKTYpPY ¢ KoH(popmMarmeit 6u3koii B umu C, mpH4eM B KOM-
MJIEKCO0Opa30BaHNH IPUHUMAIOT Y4aCTHE THAPOKCHIIbHBIE IPYIIIBI HA aTO-
Max yraepona C-2, C-3, n C-4. Anpo3bl U3 roMoMOp¢HOro psga apabu-
HO3bl, D-apa0HHO3a, D-rajlakTo3a, D-2auyepo-D-2a4aKkmo-TenTo3a H D-
-2AuYepo-L-264;iakmo-rento3a obpa3yroT B ABYX KOHGOPMAaLHUAX aLUKIHYEC-
KO GOpMBI ABYXbAAEPHBbIE TETPAACHTATHBIE MOJTHOAATHBIE KOMILJIEKCHI C
HPeAnOYTUTEIbHBIM YYaCTHEM MM IPOKCHIIbHBIX TPYII HA YIEPOIHBIX 4TO-
max C-2, C-3, C-4 n C-5. OxT03bI D-3pumpo-L-mai0-0KT03a U D-3pumpo-L-
-2a1aKMO-0KTO3a TPEHMYLIECTBEHHO OOpa3yloT MOJMOHATHbIE KOM-
IUIEKCHI, BKJIIOYAIOLINe THAPOKCHIIbHbIE TPYIINbI Ha aToMax yraepona C-5,
C-6, C-7 u C-8 ¢ BrIHYX/IeHHO ¢ypaHOMAHO# (HOPMO# aNbIOOKTO3.

*For Part XXXVIII see Ref. [6].
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By means of '"H NMR [1] and *C NMR [2] spectroscopy investigations of the
aqueous solutions of the complexes formed with ammonium molybdate by some
aldopentoses, -hexoses, and -heptoses of lyxose homomorphous series were
carried out. These aldoses join the molybdate complexes preferably in pyranoid
form with the hydroxyl groups bound to the carbon atoms C-1, C-2, and C-3.
Hemiacetal hydroxyl group as well as that one at C-2 in the molybdate complex
are cis. D-erythro-L-manno-Octose joins the complex in furanoid form and the
molybdate complex preferably forms at the acyclic part of the molecule [3].
Analysis of the *C NMR spectra [2] and of the values of specific rotation [4] of
L-ribose, D-talose, and D-allose revealed that these aldoses play in the molybdate
complexes a role of tridentate donors involving hydroxyl groups bound to the
carbon atoms C-2, C-3, and C-4. Geraldes et al. investigated using NMR
spectroscopy the molybdate complexes of D-mannose, D-lyxose, D-ribose, D-
-arabinose, D-galactose, D-xylose, and D-glucose, as well as their complexes with
W(VI) and U(VI) [5]. They confirmed that in molybdate complexes b-mannose,
D-lyxose, resp. D-ribose occur in the cyclic forms with the donor hydroxyl
groups bound to the carbon atoms C-1, C-2, C-3 and C-2, C-3, C-4, respectively
[5]. Concerning D-arabinose, D-galactose, D-xylose, and D-glucose (mole ratio
aldose : Mo(VI) = 1:8, pH = 5.8) it was found that they formed weak biden-
tate molybdate complexes also in cyclic forms with the hydroxyl groups attach-
ed to the carbons C-1 and C-3 of the aldose [5]. The molybdate complexes of
alditols were studied by means of NMR spectroscopy as well [6].

In this paper we deal with NMR study of the molybdate complexes of the
aldoses of ribose homomorphous series, i.e. D-ribose (1), b-talose (II), b-glycero-
-D-talo-heptose (I11), D-glycero-L-talo-heptose (IV), D-erythro-L-talo-octose (V),
D-threo-L-talo-octose (V1), as well as those of the aldoses of arabinose homo-
morphous series, i.e. D-arabinose (VII), D-galactose (VIII), D-glycero-D-galacto-
-heptose (/X), D-glycero-L-galacto-heptose (X), D-erythro-L-galacto-octose (X1),
and D-threo-L-galacto-octose (X1I).

Analyses of 'H and '*C NMR spectra of aldopentoses, -hexoses, and -hep-
toses of ribose homomorphous series in molybdate complexes (Tables 1 and 2)
show that these aldoses occur in the molybdate complexes in pyranoid form
involving hydroxyl groups bound to carbon atoms C-2, C-3, and C-4. Long-
-range coupling constant value “J,, = 2.0Hz in 'H NMR spectra of D-ribose
and D-talose indicates the W-type orientation among the protons H-2 and H-4.
Similar values of these coupling constants were observed for ralo-heptoses 111
and V. From the changes of optical rotation of the aldoses of ribose homomor-
phous series in molybdate solutions it can be deduced that the anomeric hy-
droxyl group is in trans position to the hydroxyl group at the carbon C-2[4]. The
atypical value of the coupling constant between protons H-1 and H-2~
J,» = 5.8 Hz estimated for the S-anomer of D-ribose implies that D-ribose in
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13C NMR data of the molybdate complexes of the aldoses of ribose homomorphous series

Table 1

Chemical shift /ppm Aldose
Aldose conformation Ratio of complexes
C-1 C-2 C3 C4 C-5 C-6 C-7 in the complex
I 1028  80.5 86.5 76.3 66.5 B, p )
992 787 80.5 84.6 634 'C, B,:'C,=10:1
I 103.8 80.5 87.1 76.7 YL ad 64.4 4B 4B .4C. = 3:2
99.7 79.4 81.0 84.9 75.4 63.6 o o T
I 103.1 80.3 87.2 76.2* 76.0* 71.5 64.2 1“B UB.4C =21
99.7 79.2 80.3 84.8 74.3 71.5 64.2 ‘G T AL
w 1038 804 87.4 76.6 76.6 71.8 63.8 B,, e 1O 48
99.7 79.3 81.0 84.8 75.0 71.8 63.5 'C, A

* Signals can be interchanged.
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'"H NMR data of the molybdate complexes of the aldoses of ribose homomorphous series

Table 2

Chemical shift/ppm Aldose
Aldose conformation
H-1 H-2 H-3 H-4 H-5 H-5 H-6 H-6' H-7 H-7 in the complex
1 6.11 4.80 4.88 4.53 4.22 4.10 B,
I/ 6.15 4.83 4.87 4.61 4.08 4.16 3.97 4B
5.63 493 5.03 4.93 * * * ‘C,
mr 6.17 4.78 491 4.62 * * * * iap
5.61 4.88 * * * * * * €
w 6.12 4.73 4.90 4.58 . * * * B,
5.65 4.84 * * * * * * 'c,
Coupling constants J/Hz Aldose
Aldose conformation
iz Joy J34 Jus Jss Other s in the complex
I 5.8 49 2.5 <0.2 Jus 5.7, Js5 —11.5 2.0 B,
i 5.8 4.8 2.2 42 8.2 Jsg 4.2; Jo — 10.4 2.0 4B
1.8 * * * * * * i
i 6.0 * 22 4.4 * * 2.1 4p
1.8 * * * * * * i,
v 6.1 x 2.2 4.5 * * 2.1 B,
1.8 * * * * * * 'Cd

* Not assigned or not resolved.
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molybdate complex preferably occurs in conformation close to B, ,. A similar
situation is with D-talose (II) and talo-heptoses III resp. IV, which occur in
molybdate complexes in @-anomeric form and the corresponding conformations
close to "B for II and III and B,, for IV. Along with the signals of this
prevailing complex NMR spectra of I—IV contain the signals of an additional
complex. On the basis of the values of coupling constants J, , = 1.8 Hz which are
characteristic of diequatorial arrangement of the protons H-1 and H-2 and on
the basis of chemical shift values of protons H-2, H-3, and H-4 estimated from
the homocorrelated 2D NMR spectra (COSY-45) it can be suggested that in this
case we deal with the complex with donor hydroxyl groups at the carbon atoms
C-2, C-3, and C-4, having however conformation close to 'C, for I and IV, or
*C, for II and II1. Conformations of D-talose in the molybdate complexes are
demonstrated in Scheme 1.

OH H OH oH
OH OH CH,OH
H—A CH,0H od Z_+o
\ 2 H
HO, H
0
H H
H H H OH

Leg ‘e,

Scheme |

Conformations of a-D-talo-pyranose in the molybdate complexes are close to the conformation '*B
and *C, (hydroxyl groups involved in molybdate complex are graphically emphasized).

Table 3

3C NMR data of the molybdate complexes of the aldoses of arabinose homomorphous series

Chemical shift /ppm Complex Ratio of

Aldose type complexes
cl c2 ¢3 c4 ¢cs5 c6 c1 P P

vie 923 816 87 917 703 A, Aid =312

90.5 848 91.5 830 728 A, T

vir 923 816 914 829 825  63.8 A, PP

90.5 845 91.0 830 787  64.7 A, 1A=L

IX 923 817 916 828 818 718 644 A, A i o B

90.5 846 911 83.0 793 728  64.7 A, S

X 923 815 915 88 824 742 638 A, A A, =302

90.5 84.6 91.1 83.1 79.6 75:2 63.5 A,
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13C and 'H NMR spectra (Tables 3 and 4) of the acyclic form of the aldoses
of arabinose homomorphous series in the part of the molecule involved in the
complexation, are in good agreement with the 'H and C NMR spectra of
corresponding alditols in molybdate complexes [6]. Alditols form binuclear
complexes of four types involving four vicinal hydroxyl groups. In two of these
types, the shape of the carbon chain remains close to zig-zag arrangement,
whereas in two other types carbon chain is forced to a sickle arrangement [6].
In the case of arabinitol the complex is formed involving four vicinal hydroxyl
groups attached to carbon atoms C-2, C-3, C-4, and C-5 (arabino configura-
tion). This type of the complexes we designated as type 4 (Scheme 2) [6]. In 'H
NMR spectra of this complex of arabinitol characteristic splitting of H-5" signal
(6 = 4.07) with the long-range coupling constant *J,, = 2.0 Hz is observed, as
well as the coupling constant *J, s < 0.2 Hz, which causes characteristic doublet
splitting of H-5 signal (6 = 4.35). For the preferable molybdate complex of
arabinose the values of '"H and "C NMR chemical shifts and of the coupling
constants coincide well with the corresponding values for arabinitol in type 4
molybdate complex. That implies that D-arabinose occurs in this molybdate
complex in acyclic form, and hence we will designate such binuclear tetradentate
molybdate complex of D-arabinose also as type 4 complex. NMR spectra of
D-arabinose molybdate complexes contain also the signals indicating the
presence of additional aldose complex with acyclic structure.

OH OH oH
l I
OH
l\ |
 C
I
H
Scheme 2

Acyclic structures of the aldoses of arabinose homomorphous series in molybdate complexes
(hydroxyl groups involved in molybdate complex are graphically emphasized). R = H for arabi-
nose, CH,OH for galactose, and CHOHCH,OH for galacto-heptoses.

Theoretically it could be expected that this complex of the second type might
involve in the formation of tetradentate binuclear molybdate complex the
hydrated carbonyl group and hydroxyl groups bound to carbon atoms C-2, C-3,
and C-4, with the carbon chain having an arrangement close to zig-zag. We
found that in the case of D-xylose and D-glucose formation of tetradentate
binuclear molybdate complex took place in which hydrated carbony! group as
well as three adjacent vicinal hydroxyl groups were involved, and the aldoses
had acyclic structures with the carbon chain close to zig-zag arrangement.
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'H NMR data of the molybdate complexes of the aldoses of arabinose homomorphous series

Table 4

Chemical shift/ppm

Aldose Complex

H-1 H-2 H-3 H-4 H-5 H-5' H-6 H-6' H-7 H-7 type
Vil 5.07 4.17 4.90 4.76 4.34 4.07 A,
5.21 4.03 * * * * A,
2014 5.08 4.07 4.86 4.68 4.53 3.87 3.75 A,
5.21 4.17 4.76 493 4.35 3.70 3.70 A,
X 5.08 4.02 4.88 4.99 4.28 3.97 3.68 3.63 A,
5.23 4.16 491 4.96 * * * A,
X 5.08 4.04 *x *k 4.42 3.90 3.75 3.60 A,
5.21 4.16 % *% 4.27 3.87 3.75 3.60 A,

Coupling constants J/Hz '

Aldose Cotmplex

Ji2 23 J34 Jas Jss Jo Other ype
12/ 73 <0.2 44 <0.2 Jus 2.3; J55 — 10.3; s 2.0 A,
7.3 * * * * A,
Vi 7.5 <0.2 4.6 <0.2 8.1 Js¢ 5.8; Jo — 11.6 A,
7.5 <0.2 4.6 <0.2 6.9 Jse 6.9; Joe* A,
X 7.3 <0.2 4.3 <0.2 9.0 6.6 Jor 575077 — 123 A,
7.6 <0.2 4.3 <0.2 8.3 * A,
X 72 <0.2 * * * * * A,
7.4 <0.2 * * * * A,

* Not assigned: ** Signals arc overlapped in the range 4.75- -4.95 ppm.
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Molybdate complexes of these aldoses are the item of our further studies. For
D-xylose or D-glucose in the molybdate complex the observed value of the
chemical shift of C-1 carbon of the hydrated carbonyl group was 99.7 ppm and
the chemical shift value of H-1 was 5.44 ppm (D-xylose) or 5.48 ppm (D-
-glucose). These results point out that it is necessary to re-estimate the structures
of the molybdate complexes of the aldoses which can be in cyclic structures
exclusively in furanoid form (D-erythrose, 5-deoxy-L-ribose, D-threose, 5-deoxy-
-L-arabinose) [7]. The named aldoses occur in molybdate complexes not in
cyclic, but in acyclic structures in which a role of donor hydroxyl groups is
played by the hydrated carbonyl! group and three vicinal hydroxyl groups at the
carbon atoms C-2, C-3, and C-4. The chemical shift value of C-1 carbon with
the hydrated carbonyl group involved in complexation was 99.6 ppm for b-thre-
ose and 99.8 ppm for 5-deoxy-L-arabinose. For 5-deoxyaldopentoses and 5-O-
-methylaldopentoses which can adopt cyclic structures only in furanoid forms
also acyclic aldehydrol and aldehyde forms were detected in aqueous solutions
[8].

The chemical shift value of C-1 carbon of the hydrated carbonyl group of the
aldoses lies in the range 90.0—91.8 ppm, and that of H-1 proton in the range
5.01—5.17 ppm [8—10]. The analysis of these results implies that the chemical
shift values of the hydrated form of the molybdate p-arabinose complex of the
second type (for C-1 6§ = 90.5 and for H-1 6 = 5.21) do not mean that this
hydrated form is involved into the formation of the molybdate complex. Besides
that, the shift of C-5 carbon signal to the lower magnetic field (6 = 72.8) testifies
that the primary hydroxyl group is involved in the complexation. All these facts
mean that the type 4 complex exists as two conformers which we will designate
as complexes of type 4, and type A4, (Tables 3 and 4).

In the case of galactitol an extremely stable molybdate complex is formed
with the participation of all four secondary hydroxyl groups of the galactitol
arrangement. The complex of this type has its carbon chain in the sickle shape
and from this point of view is similar to D-arabinose molybdate complex
(Scheme 2) [6].

From the analysis of 'H and '*C NMR spectra it follows that aldoses VIII,
IX, and X form the molybdate complexes with acyclic structures and these are
analogous to those of galactitol, but having two different conformations which
we will designate as type 4, and type A, complexes. NMR data of the preferable
type 4, complex are in good agreement with those of galactitol molybdate
complex [6]. In the molybdate complexes of VIII, IX, and X the values of 'H and
C NMR chemical shifts of the hydrated carbonyl group coincide well with
those of the hydrated carbonyl group of D-arabinose in molybdate complex
(Tables 3 and 4). In these spectra chemical shift values of the carbon atoms
bearing primary or secondary hydroxyl groups not involved in the molybdate
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complex of VIII, IX, and X do not significantly differ from those of the
corresponding alditols measured in the aqueous solutions. That implies that the
donor hydroxyl groups are attached to the carbon atoms C-2, C-3, C-4, and C-5
of the type 4, conformer as well as of the type 4, one. Coupling constants values
in '"H NMR spectra of both conformers are in good concordance in the site of
complexation (Table 4). Simultaneously it means that the conformers differ
from each other in the spatial orientation only of those parts of aldose molecule
which are not involved in complexation (Scheme 2).

From the total content of the molybdate complexes of both types 4, and 4,
in the case of D-galactose (30 %) approximately 5% represents molybdate
complex with nonhydrated carbonyl group. The presence of this form is proved
in '"H NMR spectra by the signal of aldehyde form proton with § = 9.77 and the
signal with § = 209.8 in *C NMR spectra.

The value of single-bond coupling constant 'J., ., for D-galactose is
166.3 Hz for 4, conformer and 162.0 Hz for 4, conformer. In aqueous solutions
the corresponding values for the acyclic hydrated forms of D-threose and
D-erythrose are 162.8 Hz and 164.2 Hz, respectively [11]. In the NMR spectra
of VIII along with the signals of the preferred molybdate complexes of A4, type
and A, type, the signals were observed which indicated the presence of the
additional type of molybdate complex (1—2 %). This complex is displayed in 'H
NMR spectrum by the signal with é = 5.37 (J,, = 4.4 Hz) and also by the
signals in *C NMR spectrum which however could not be unambiguously
assigned. In this case apparently the complex is formed that involves hydrated
carbonyl group as well as hydroxyl groups bound to carbon atoms C-2, C-3, and
C-4. The applied technique of homocorrelated 2D-spectroscopy COSYLR with
the expressed long-range couplings as well as semiselective INEPT experiment
confirmed that aldoses V'II—X in molybdate complexes have acyclic structures.

Aldooctoses in aqueous solutions have preferably pyranoid structures [3, 12].
D-erythro-L-manno-Octose and D-erythro-L-gluco-octose transform into fura-
noid forms as a result of the formation of preferable tetradentate molybdate
complex in the acyclic part of the molecule (arabino configuration) [3]. In the
case of D-erythro-L-talo-octose (V) and D-erythro-L-galacto-octose (XI), prefer-
able formation of the molybdate complex that involves hydroxyl groups at the
carbon atoms C-5, C-6, C-7, and C-8 (arabino configuration) also takes place.
The following values of the chemical shifts are characteristic of the complex of
this type. For the carbons C-5 and C-6 683, for C-7 §x91.5 and for C-8
6x70. Together with the complex of this type with furanoid structures of
aldooctoses ¥ and X/, complexes of other types are also formed in a significant
amount, which we were not able to identify more precisely on the basis of
spectral data. These are probably the complexes of acyclic structures of aldooc-
toses. NMR spectra of the molybdate complexes of D-threo-L-talo-octose (V1)
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and D-threo-L-galacto-octose (XII) are very complex and due to this fact they
cannot be reliably analyzed. On the basis of the results of our NMR study of
the molybdate complexes of the aldoses, 2-ketoses, and alditols it can be
concluded that V7 and XII occur in the molybdate complexes in acyclic as well
as cyclic forms. In the case of molybdate complexes of X1I we were able to detect
reliably only the presence of type 4, complex in which hydroxyl groups bound
to the carbon atoms C-2, C-3, C-4, and C-5 of the acyclic structure of XII were
involved. The chemical shift values of the carbons in the complex of this type
(6/ppm for C-1 to C-5, respectively: 92.4, 81.7,91.3, 82.9, and 82.6) were in good
accord with the data determined for type A4, complex of VIII—X (Table 3).
Essentially more complicated is ¢valuation of NMR spectra of the molybdate
complexes of VI. In this case probably occur molybdate complexes of both
acyclic and cyclic structures.

The readiness to formation of the molybdate complexes is different for
different aldoses. Among aldoses /—IV of ribose homomniorphous series at the
used experimental conditions, the amount of the aldose involved in complexa-
tion reaches about 40 % of the total amount of aldose. In arabinose homomor-
phous series the ratio of complexed and noncomplexed aldose varies in greater
degree. In the molybdate complexes the amount of complexed D-arabinose is
10 %, that of p-galactose and D-glycero-L-galacto-heptose is 30 %, and of
D-glycero-D-galacto-heptose 40 %. The best complexation ability is exhibited by
aldooctoses (50 % for XII, 60 % for XI and 70 % for VI) and especially by
D-erythro-L-talo-octose (90 %). We investigated also the formation of molyb-
date complexes of D-ribose and D-galactose in dependence upon the tem-
perature. At the temperatures 25 °C and 60 °C for these D-aldoses no significant
differences were observed in the ratio of the formed molybdate complexes and
their total amount.

Experimental

For NMR measurements aqueous solutions containing aldose and ammonium mo-
lybdate in the mass ratio 1:2 at pH = 5.6—5.8 were used. For pH measurements
Standard pH-Meter PHM-82 (Radiometer, Copenhagen) was used.

'"H NMR spectra were measured using FT NMR spectrometer Bruker AM-300
(300.13 MHz) at the temperature 298 K in deuterium oxide. Sodium 3-(trimethylsilyl)-
propionate was used as an internal standard. Digital resolution was 0.12 Hz per point.

3C NMR spectra (75.46 MHz) were measured at the same conditions as 'H NMR
spectra with methanol (6 = 50.15 ppm) as internal standard. Digital resolution was
1.6 Hz per point.

An assignment of the signals in NMR spectra was carried out using the following
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techniques of homocorrelated COSY-45, COSYLR, heterocorrelated CH HETCORR,
RELAY, homonuclear J-resolved spectroscopy and semiselective INEPT. COSYLR
experiment was optimalized according to the long-range constant of the value
MJyn = 1.25 Hz.
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