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Treatment of a C222-vanadyl-AMP complex (C222 = cryp-
tand-222, AMP = adenosine monosphosphate) with Me,NH
in the presence of air yielded centrosymmetric dihydrogen-
decavanadate H,V,,0%g, sandwiched by two diprotonated
C222 molecules. An X-ray crystal-structure analysis was per-
formed of this compound with the overall composition
[C222(H");3]2[HzV10Q28] - 21/, H,O. Protonation sites in the

anion are p,-oxygen atoms linking two different vanadium
centres. Protonation sites at the cryptand are the nitro-
gen and/or oxygen atoms of one of the —[CH,],0l-
CH,],0|CH,],— bridges. The relevance of the compound for
the stabilisation and transport of the kinase and phosphatase
inhibitor decavanadate by biogenic ionophores is addressed.

Introduction

Condensed forms of vanadate — polyoxovanadates —
have recently attracted interest in the context ol oxidation
catalysist'! and their potential in medical applicationsil.
The role of decavanadate, particularly as an inhibitor for
phosphate-metabolising enzymes, has been documented in
several instances(®,

Decavanadate V,,0%s forms in mildly acidic solutions
and can accept up to three protons. The unprotonated,
mono-, di- and triprotonated forms have been identified
and studied in solution by °'V- and "O-NMR spec-
troscopy®3. These studies, in conjunction with X-ray
structure anatyses of the di-~'" and triprotonated forms!”!
with various counterions have revealed (he protonation
sites. In decavanadate, there are three distinguishable va-
nadium centres, noted as Va, Vb and Ve in Figure 1, all of
which are in a distorted octahedral array, differentiated by
the binding modes of the oxo groups: Va = VO(u,-O)a(s-
0):3(16-0), Vb = VO(112-0)4(ps-0), and Ve = V(p-O)x(ps-
0)5(1s-0)». There are seven different oxo groups, denoted
A—G in Figure 1, falling into [our calegories, namely ter-
minal (F and G), u, (C, D and E), 5 (B) and pg (A). In
agreement with calculations directed towards the basicity of
the oxo ligands!'?, the oxygen atoms C (p,, linking a Va
and Vb centre) and B (us, linking two Va with a Ve centre)
have been identified as protonation sites. Diprotonation
may ocecur al two centrosymmetrically related C sites!?3:10),
at two B sitesl® or at a C plus a B site!®). The counterion
might have a contributory effect!®, While the protonation
at C sites appears to be the more common case, the site B
seems to come in where the protons are involved in dimer
formation by hydrogen bonds, as in [NHy(CgH a)s-
[HyV19056]l This is also the case for the triprotonated

Chem. Ber./Recueil 1997, 130, 1123—1127

© VCH Verlagsgesellschalt mblI, D-69451 Weinheim, 1997

Figure 1. Schematic drawing of the centrosymmetric dihydrogende-

cavandate(4—), showing the three vanadium sites (Va, Vb, Vg,

shaded circles) and the seven oxo sites (A to G; open circles); the
doubly circled category ,,C* oxo group is the protonation site

anion of [PPhyls[H;V,00x], where two C sites and one B
site carry protons’”.

Results and Discussion

Vanadate forms defined complexes with nucleosides,
which have been characterised in solution?'4 as well as,
more recently, in the solid state!'®]. Studies with nucleotides
have also been carried out sporadically!!®}, but detailed in-
formation on the species formed is not yet available, con-
trasting with the more comprehensively investigated VIV
(vanadyl) nucleotide system!'”). We have recently started an
investigation of the vanadium/adenosine monophosphate
(5'-AMP) system. To overcome solubility problems with the
disodium salt AMPNa,, which was used in order to open
access to AMP-vanadium complexes by salt metathesis, the
sodium-complexing cryptand C222 (4,7,13,16,21,24-hexa-
oxa-1,10-diazabicyclo[8.8.8]hexacosane) has been em-
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ployed. Reaction ol AMPNa,, dissolved in ethanol/C222,
with [VOCly(thf),] led to a biue complex compound of the
overall composition [(C222)VO(AMP)]. Further reaction in
methylamine with exposure to air resulted in concomitant
hydrolysis of the vanadyl phosphate bond(s), oxydation of
VIV to VY and condensation, and led to the unprecedented
formation of dihydrogendecavanadate sandwiched by two
diprotonated cryptands, viz. [C222(H™);]5[H,V yO35].

The compound crystallises in the triclinic space group
P1. The structure is given in Figure 2; for selected bond
lengths and bond angles see Table 1. The centrosymmetric
anion exhibits the structural features commonly observed
for decavanadatesl®~'"1%] je. ten distorted octahedra are
edge-linked via bridging oxygen atoms (cf. Figure 1). The
distortion mainly concerns the V—0 bonds trans to the ter-
minal, doubly bonded oxo groups. In order to detect the
protonation sites, we have employed the valence bond or-
ders Xs = (dIRy) " as introduced by Brown!'") and applied
previously to oxovanadates!?”). While d is the experimental
V-0 bond length, Ry and N are listed constants which
have values of 1.79 and —5.1, respectively, for oxygen
bound to vanadium. The summation is carried out over all
bonds a specific oxygen atom is involved in; ideally Ts = 2.
Bond orders, listed in Table 2, range from 1.71 to 2.03 for
all but 09. Xs for 09, a doubly bridging type-C oxygen
atom, is 1.19; hence O9 is obliged to carry a proton. O9
and its symmetry-related counterpart are therefore the pro-
tonation siles. The relatively low Zs of 1.71 to 1.83 for sev-
eral of the other oxygen atoms might be indicative of their
participation in an extended hydrogen-bonding network be-
tween the anion [H,oV ;Os]*~ and the two cations
[C222(H™),J*™; cf., however, the dicussion below.

Two diprotonated C222 sandwich the anion. Surprisingly,
examples for protonated C222 are scarce. The Cambridge
file contains three entries for [C222(H™),]** (with an
ytterbate®!l and chloride®?, respectively, as counterions).
The oxygen atoms are oriented inwards towards the cryp-

Table 1. Selected bond lengths [A] and angles [°] for the dihydrogen-
decavanadatc anion™

v1(va) VZ(VYa) V3 (Vb) V4 (Ve) V5 (Vb)
or ¥ 1.589(7)

02 (F) L611(7)

03 (G 1.597(8)

o4 B 1932 2.064(7) 1.896(7)

05 () 159.7(7)
06 (B) [20157)] [1.916(7) 1.963(6)

07 (€ 18147 1.857%(7)

08 (C)  1.890(7) [1.772(7)]
oo () 1.954(7) 2.007(7)
ol0 (©) 1.747(7) [1.950(7)]

01l (D) 1.792(7) [1.861(7)]
012 (K) 2.024(7) 1.689(7)

013 (B) 1.687(7) 2.011(7)
0l4 (A)  [2308(6)]  2.226(6) [23236)] 210606  2.305(6)
V1-04-V2 (Va—B—Va) 97.9(3)

V1-04-V4  (Va-B-V¢) 108.8(3)

V1-07-V3__ (Va-C-Vb) 114.7(4)

v2-09-v5' (va_c—vh) 112.903)

V3-011-V5 (Vb-D-Vb) 115.14)

V3-012-V4 (Vb-E-Ve) 111.6(4)

V1-014-V2 (Va-A-Va) 170.0(3)

V1-014-V3 (Va—-A-Vb) 83.7(2)

V1 014-V4 (Va-A-Ve) 89.6(2)

V2-014-V4 (Va-A-Ve) 95.3(2)

V3-014-V4 (Vb-A-Ve) 87.92)

V3-014-V5 (Vb-A-Vb) 83.6(2)

2] For the notations of the categories of vanadium and oxygen
centres see Figurc 1; distances in square brackcts correspond to
symmetry-generated oxygen atoms. — Y1 And [2.106(6) A]. — I
Protonated oxygen atom.

tand cavity in a symmetrical manner, the protons form an
inter-cavity hydrogen-bonding network[??. In [C222-
(H"),]5[H;V054], the cryptand cations interact with the
anion in an asymmetric manner, using only part of the het-
ero atoms, which fall within three sets: Two of the oxygen
atoms of each cryptand, the “outside” oxygen atoms 040
and O41, are not involved in any binding; the oxygen atoms
050 and OS51 participate in hydrogen bonding; the oxygen
atoms O30 and 031, and the two nitrogen atoms exhibit

Figure 2. SCHAKAL plot of [C222(H7),]:[H,V00%] ¢ 2 H,0
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Table 2. Valence bond orders Zs of the oxo groups in dihydrogende-
cavanadate(4—)®

ol (it 183
02 (Bt 171
03 Gyt 179
04 B p; 191
05 (G) 1 180
06 (B) p, 188
07 )y 177

08 (C) w; 1.83
09 (C) p, 119
010 (C) p, 178
o1l (D) p, 1.1
012 (E) p, 1.87
Ol3 (B) p, 191
Ol4 (A) ne 2.03

2l The numbering of the oxygen atoms corresponds to that given
in Figure 2, categories (capital letters in parentheses) to Figure 1;
the bonding mode is also indicated: t| = terminal; the standard
deviation for Xs amounts to of 0.05.

bond orders less than those one would expect from involve-
ment in simple hydrogen bonding. Rather, these atoms are
the cation protonation sites. Since we could not locate these
protons from the Fourier difference map, we suggest that
the two protons are delocalised over O30, 031, NI and N2,
giving rise, together with the hydrogen-bonding net within
the cryptand, to the conformalion of the cryptand as de-
picted in Figure 2, somewhat distorted (see below for a
more detailed discussion) from the ideal endo-endo confor-
mation that prevails in the free cryptand-22212%, its com-
pounds with alkaline?* and alkaline earth cations!?**%, or
in [C222(H"),JCL2. In [C222(H™")5]5[H5V gO0], the in-
teratomic Nee*N distance amounts to 5.32 A, which 1s defi-
nitely less than in the empty C222 (6.87 A)P3 and in
[C222(H*),]Cl, associated with [(H20);ScCls] (6.34 A)R22),
but compares with [C222(H"),]Cl, associated = with
[H;0T1,Cl, (5.71 A)2L A similar distance, 5.75 A, has
also been noted for [C222(K *)]124al,

The “asymmetric” association of the cryptands to deca-
vanadate is reflected in conformational deviations from
those that are normally found: While in [C222(H™),}Cl, the
six oxygen atoms directed towards the cavity give rise to
torsion angles between 54 and 58° (N—C—C—0)"?% and
from 56 to 64° (O—C—C—OP?1: compare the average
value of 177° for the empty C2221%%)) torsion angles in
[C222(H*),]5[H;V1002] vary from 41 to 79° (N-C—-C-0)
and 38 to 66° (O—C—C—0). The conformational asym-
metry is also reflected in the non-bonding Ne++O distances
(Table 3).

Hydrogen-bonding interaction between dihydrogendeca-
vanadate and C222(H™),, if any, is very weak, as docu-
mented by the interatomic cation-anion distances. The clos-
est contacts, 3.8 A, are thosc between O50/03(G),07(C),
O12(E) and O30/013(E). [C222(H");];[H,V90ag] further
contains two water molecules (020) of crystallisation as-
sociated with the anion, linked by a hydrogen bond to dou-
bly bridging O11(D) and, to a lesser extent, to the terminal
F-type oxygen atoms Ol and O2 (Table 3). A further water
of crystallisation, hydrogen-bonded to OS50, has been lo-
calized in 25% of the compound represented by a 25% dis-
order of 050, C51 and C52 (not shown in Figure 2).

Physiological Aspects and Conclusion

[C222(H),)5[H;V1902g] represents an ion triplet con-
sisting of two essentially isolated cations and an anion, held
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Table 3. Interatomic distances [/D\] in [C222(H*),]!* and between
H,0 (020) and [H5V400]*~

N1-030 2.90
NI1-040 2.87
N1-050 2.80
N1-050* 3.09
N1-031 4.72
N1-041 4.43
N1-051 5.46

N2-031 2.85
N2-041 2.82
N2-051 2.87
N2-030 4.84
N2-040 5.08
N2-050 3.00
N2-050* 4.32

030-031 2.87
040-041 2.79
041-050 3.24
050-051 2.72
020-01 3.00
020-02 3.15
020-011 2.83

4] An asterisk relates to 25% of an alternate conformation of the
cryptand.

together mainly by ionic Coulomb forces. Hydrogen bonds
do not play a significant role. The diprotonated cryptand
attains a distorted endo-endo conformation, which, to our
knowledge, has so far not been observed in any cryptand
complex. The distortion comes about by an asymmetric in-
teraction with the anion: The cryptand uses only four of its
oxygen atoms, two of which form a protonation face to-
gether with the two nitrogen atoms. This kind of interaction
may be of some relevance for the encapsulation of deca-
vanadate by biogenic ionophores.

Among the various biological functions ol vanadium
a general role has been noted which is correlated to the
similarities between vanadates and phosphates®2°:: Mono-,
di- tetra- and decavanadates have been reported to mesh in
with phosphate-metabolising enzymes. Functions noted for
decavanadate are the activation of a 5'-nucleotidase from
rat kidney®”], and the inhibition of several kinases?®2*],
Ca?*-ATPase!?l and muscle phosphorylase®®). Further, the
inositol triphosphate induced Ca?" release is inhibited by
decavanadatel. Decavanadate is in equilibrium with
mono- and various oligovanadates. At the physiological le-
vel of overall vanadium concentrations (about 0.5 um), ap-
preciable amounts of decavanadate will not be present. Spe-
cial cell compartments may, however, accumulate vanadium
and hence enhance the equilibrium amount of decavana-
date. The availability of decavanadate also depends on the
pH range at which it exists: Decavandate forms under mo-
derately acidic conditions, beginning at pH =~ 6.5, The
protonated forms (HV (035, H,V (0%, H3V100%) need
more acidic media. The kinetics of the degradation of deca-
vanadate, once formed in acidic media, are slow enough,
however, to provide physiologically active decavanadate at
pH = 71231 Aparl from removal of decavanadate by
degradation to vanadates of lower nuclearity, intracellular
reduction to YO?* (and perhaps further to V') by various
intracellular reducing agents is a factor to be considered.
The half-life of vanadiom(V) in the intracellular medium
has been estimated to approximately half an hour(#,
Alternatively, appropriate “shielding” of decavanadate(V)
prior to, or simultaneously with, reduction may result in the
preservation of the decavanadate core, as has been shown
by the existence of fully reduced decavanadates(IV) deriv-
atised by surrounding the cluster shell with tripodal alkox-
idesBs,

In any case, there are limiting conditions for the existence
of decavanadate and the question arises, whether decavana-

[25]
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date(V), once formed, can be stabilised by interaction with
biogenic molecules. These molecules may be proteins such
as the substrate kinases and phosphorylases mentioned
above. The quality of binding may be 1 combination of ion-
pair interaction and hydrogen bonds as in pyridinium!™ and
guanidinium decavanadates''®!. The kinetic of this kind of
binding have been investigated for, e.g., tetravandate**., and
the binding itself documented by an X-ray diffraction study
of the complex formed between monovanadate and ribonu-
clease T,1*"l from a mould. A number of model studies,
using small peptides, has also revealed several features of
vanadate binding to peptides (and proteins)2-*8 among
these the formation of glycylglycine decavanadate
(NH,)e(Gly-Gly),V (0,4, with a non-covalent interaction
between decavanadate and glycyclglycine!'®®! — uas in
[C222(H " )a]5[H2V14025).

Alternatively to binding to proteins, which will essentially
immobilise the decavanadate anion, the interaction with
ionophores might be considered. In the context of the cryp-
tands as model systems, K" - or Na*t-carrying ionophores
such as valinomycin, antamanide and enniatin may be
quoted®?1, all of which contain, in addition to an oxygen
coordination set, nitrogen functions as potential pro-
tonation sites. These ionophores may sandwich decavana-
date — and compensate for its high anion charge — in a
similar  way (o that demonstrated here for
[C222(H*),]5[H,V 9O2;], namely by ion-pair (salt-bridge)
interactions, using a minimum of two sets of oxygen func-
tions per macrocycle for direct contacts to the cluster anion.
Decavanadate is thus removed from equilibria where it de-
composes to tetra-, di- and monovanadate. At the same
time, a protective transport system for decavanadate is pro-
vided, effective possibly also for the trans-membrane trans-
port.

This work was supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie.

Experimental Section

Starting materials were obtained from commercial sources [cryp-
tand-222 (C222): Merck-Schuchardt, disodium 5’-adenosine mo-
nophosphate (AMPNa,): Serva] or prepared according to a litera-
ture procedure [VOCI,(thf),]™", — IR: Perkin Elmer FT-IR 1720,
— NMR: Bruker AM 360 with the common instrument settings.

Bis{eryptand-222( HY ) }dihydrogendecavanadate  [(C222)H7 |-
[HoV10025]: AMPNa, (783 mg, 2 mmol) was dissolved at 40°C and
under N, in 120 ml of dry ethanol containing 4 mmol of C222.
This solution was treated with VOCI,(thf), (565 mg, 2 mmol). A
blue solid formed immediately. After 4 d of stirring at 65°C, the
precipitate was filtered off, washed with ethanol and dried under
vacuum to yield a blue powder of composition (C222)VO(AMP).
— IR (KBr): v = 3338, 3186 and 2938 cm™! (NH,, NH, OH of
water of crystallisation), 1605 (C=N), 1108 (P=0), 996 (V=0 and
phosphate), 819 (COP); & = 1688 and 1644 (NH,). — UV (DMSO):
Amax (1g €) = 261 nm (4.3), 583 (2.2), 687 (2.2), 869 (2.2). — 3P
NMR (DMSO): § = —2.4, — Thc blue product was treated with
30 ml of Me,;NH to yield a blue-green solution which turncd yellow
when exposed to air after a couple of days. Orange cryslals of
[(C222)H51:[H,V100as] * 215 H,O, suitable for the X-ray structure

1126

Table 4. Crystal structure and refinement data for
[C222(H*),[HoV9O08] * Z%HQO
empirical formula C36H7gN4O4 sVig
molecular mass [g mol’l] 754.41
cystal system triclinic
space group Pl
alAl 9.920(2)
hIAl 12.925(4)
¢[A) 13.63003)
@[] 117.15(2)
Bl° 91.91(2)
(%] 101.54(2)
V4 1
VA 1507.9(6)
Pesea, [g o™ 1.932
u[mm ] 13.4
F(000) 890
crystal dimensions [mm] 0.3%0.2x0.1
0 range [°] 3.68to 76.38
hkl range —12<h<12, -16<k<14, 0<i<17
measured reflections 6696
independent retlections 6352
Rine 0.0760
refined parameters 431
goodness of fit 1.124

final R (R,,) for reflections
with I>26(/y)
Pfin. Max/min [e A7

0.0885 (0.2209)
1.34/-1.73

analysis grew within 45 d. The absence of sodium was verified by
photomctry.

Crystal-Structure Determination: The data were collected with
a CAD 4 diffractometer in the 8-28 scan mode using a graphite
monochromator and Cu-K,, radiation (A = 154.178 pm) at 153 K.
Crystal data and details of the refincment are summarised in Table
4. The programme systems SHELXS 86 and SHELXL 93 were
employed throughout. Hydrogen atoms were placed into calculated
positions (in thc case of the protons at 09, N1/0O30 and N2/0O31)
and included with common isotropic thermal parameters in the last
cycle of refinement based on F2. The disordered cryptand atoms
050, C51 and C52 were treated with a 25:75 model and refined
isotropically and without hydrogen atoms. All other non-hydrogen
atoms were refined anisotropically. The less populated (25%) cryp-
tand conformation contained a water molccule hydrogen-bonded
to O30. Absorption corrections have been carried out with DI-
FABS. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-100259. Copies of the data can be obtained free of
charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: int. code +44(1223)336-033, e-
mail: deposit@chemerys.cam.ac.uk].
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