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Monomeric metal compounds with terminal hydroxy li-
gands are important functional units in metalloproteins.[1]

Metal ±OH (M�OH) units are proposed as the active species

[�]D��112.8 (88% ee, c� 0.5, EtOH). SPH-1339 (15),[15] a
slightly more potent inhibitor of Ache than (�)-galanthamine
1, was prepared in 56% yield by this one-pot process, by using
propylamine instead of methylamine.

This new synthesis of galanthamine (8 steps, 96% ee, 14.8%
overall yield from 7 and 8) is a significant improvement over
and successfully addresses many of the shortcomings of the
previous synthesis (14 steps, 88% ee, 1.5% overall yield).
Furthermore, by exchanging methylamine for other alkyl
amines in the last step various galanthamine derivatives are
easily accessible, as demonstrated by the synthesis of 15. This
is the shortest and most efficient nonbiomimetic total syn-
thesis of (�)-galanthamine to date. The sequential palladium-
catalyzed AAA and intramolecular Heck reaction followed
by a diastereoselective allylic oxidation provided the key
intermediate 5 with all the functionality installed, except the
hydrobenzazepine ring. The one-pot reductive cyclization
represents a simple and efficient strategy to form the latter
and to access many galanthamine analogues. All the stereo-
chemistry emanates from the palladium-catalyzed AAA. This
strategy should allow for entry into a variety of Amaryllida-
ceae alkaloids related to galanthamine.
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in a wide variety of proteins and enzymes. The cis-
[M(�O)(OH)]n� center was identified in structurally charac-
terized vanadium haloperoxidases[2, 3] and it has also been
postulated as a key intermediate species in molybdoen-
zymes.[4] At present, only a few examples of structurally
characterized model mononuclear metal compounds with
terminal hydroxy ligands are known.[5] Furthermore, only the
isolation of one model monomeric compound containing the
cis-[M(�O)(OH)]n� unit (but without structural character-
ization),[6] has been reported. In almost all cases tripodal
ligands with bulky substituents were used to isolate mono-
meric metal species containing terminal hydroxy ligands or
the cis-[M(�O)(OH)]n� fragment. Herein, we report the
isolation, structural, and physicochemical[7] characterization
of the compounds 1 and 2 ¥ H2O which contain the cis-
[VIVO(OH)]� structural unit supported by the bidentate
ligands 2,2�-bipyridine (bipy) and 1,10-phenanthroline (phen).
The electronic and magnetic properties of the complexes 1
and 2 ¥ H2O have been studied by continuous-wave electron
paramagnetic resonance (c.w.EPR), electron spin echo enve-
lope modulation (ESEEM) spectroscopy, and ab initio theo-
retical studies.

cis-[VIVO(OH)(bipy)2][BF4] 1

cis-[VIVO(OH)(phen)2][BF4] 2

The mononuclear yellow-brown compound 1 was prepared
by addition of AgBF4 (5.6 mmol) to a stirred aqueous solution
(�10 mL, pH� 1) of [VOCl2(thf)2] (2.8 mmol). After remov-
al of the AgCl, the filtrate was treated with bipy (5.6 mmol).
Upon addition of bipy the blue color of the solution
immediately changed to red, a yellow-brown precipitate was
formed and the pH value of the solution changed to �4.
Compound 2 ¥ H2O, the phen analogue of 1, was synthesized in
a similar fashion to 1.

X-ray structural analysis of 1 (compound 2 ¥ H2O has a
similar overall structure)[8] revealed the presence of a discrete
cation cis-[VIVO(OH)(bipy)2]� (Figure 1) and a BF4

� anion
per molecule. The geometry of the complex cation is best
described as a severely distorted octahedron with the
vanadium center being displaced above the mean equatorial
plane defined by three bipy nitrogen atoms and the hydroxy
oxygen atom by 0.25 ä towards the oxo ligand. The notable
structural feature of 1 is the presence of a hydroxy group in a
position cis to the oxo ligand. The hydroxy group competes
with the O2� center for the same vacant dxz vanadium orbital
(see below) and this results in the substantial lengthening of
the V�O bond (1.687(2) ä). The V�O bond in 1 lies well
outside the range observed for oxovanadium(��) complexes
(�1.56 ± 1.63 ä).[9] The two bipy ligands are unsymetrically
ligated to vanadium, with two long bonds (V�N4 2.247(3) ä
and V�N2 2.175(3) ä) trans to the oxo and hydroxy ligands
and two short bonds (V�N1 and N3, �2.114(3) ä) trans to
each other. Bond valence sum calculation for O2 gives a value
of 1.02, which is clearly indicative of monoprotonation for this
oxygen atom.[10] The O1-V-O2 angle, 106.8(2)�, of the cis-
[VIVO(OH)]� core is almost identical to that observed for the
closely related cis-[VVO2(bipy)2]� ion (106.5(2)�) and very

Figure 1. Molecular structures of the cations of 1 (A) and 2 ¥ H2O (B).
Selected bond lengths [ä] and angles [�] for 1 [and 2 ¥ H2O in square
brackets]: V-O1 1.687(2)[1.677(3)], V-O2 1.761(2) [1.778(2)], V-N1
2.115(3) [2.113(3)], V-N2 2.175(3) [2.173(3)], V-N3 2.111(3) [2.111(3)],
V-N4 2.247(3) [2.246(3)]; O1-V-O2 106.8(12) [106.35(12)], O1-V-N3
93.10(12) [92.73(14)], O2-V-N3 92.20(10) [94.34(11)], O1-V-N1
100.05(11) [97.42(13)], O2-V-N1 90.13(11) [90.20(12)], N3-V-N1
165.44(11) [167.25(12)], O1-V-N2 89.56(11) [90.28(11)], O2-V-N2
160.27(11) [160.29(12)], N3-V-N2 98.88(10) [95.36(12)], N1-V-N2
75.17(11) [76.96(12)], O1-V-N4 161.75 (11) [163.74(12)], O2-V-N4
87.57(11) [86.11(12)], N3-V-N4 74.07(11) [75.61(12)], N1-V-N4 91.68(10)
[92.85(12)], N2-V-N4 79.92(10) [79.76(11)].

close to other hexacoordinate mononuclear vanadium(�)
compounds (hmvc) containing the cis-[VVO2]� unit
(�105�),[9e] in which the two V�O bonds of the cis-[VVO2]
center do not differ by more than �0.02 ä unless there are
different donor atoms in positions trans to the oxo ligands. In
hmvc containing the cis-[VVO(OR)]2� core the (O)-V-(OR)
angles are �103� and the VV�O and VV�OR bonds are �1.60
and 1.74 ä, respectively.[9e,f, 11, 12]

The frozen-solution EPR spectra for 1 and 2 ¥ H2O, record-
ed at 77 K, were characteristic of mononuclear VIVO2�

complexes.[13, 14] The 51V spin-Hamiltonian parameters, were
derived from simulations of the EPR spectra and are the
following: gx� 1.981, gy� 1.978, gz� 1.944; Ax� 53, Ay� 64,
Az� 163� 10�4 cm�1 for 1 and 2 ¥ H2O as well. The g and A
tensors for 1 and 2 ¥ H2O are identical and this can be
interpreted as an indication of similar equatorial donor atoms
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in both complexes.[14] Information concerning the hyperfine
coupling of the hydroxy proton was obtained by two-dimen-
sional ESEEM[15] spectroscopy (HYSCORE)[16] .

TheHYSCORE spectra for 1 contain two characteristic sets
of cross-peaks arising from the presence of 14N(I� 1) nu-
clei.[17] One set consists of cross-peaks at frequencies [�� ,
���]� [3.4 MHz, �7.1 MHz] and [��, ���]� [7.1 MHz,
�3.4 MHz] which can be assigned to an interacting 14N(I�
1) with Aiso� [�� ���]/8vI� 4.6 MHz. The second pair of
cross-peaks occur at frequencies [�� , ���]� [4.7 MHz,
�8.8 MHz] and [��, ���]� [8.8 MHz, �4.7 MHz] which
corresponds to an interacting 14N(I� 1) with Aiso� [�� ���]/
8vI� 6.6 MHz. The two Aiso values, that is, 4.6 MHz and
6.6 MHz, correspond to two types of equatorially coordinated
nitrogen atoms. Based on the crystal structure (Figure 1) we
assign the Aiso(14N)� 4.6 MHz to the two equivalent nitrogen
atoms N1 and N3 oriented trans to each other. In the same
context we assign the Aiso(14N)� 6.6 MHz to the atom N2,
trans to OH� group.

More interestingly the 2D HYSCORE spectrum of 1
(Figure 2) contains arc-shaped features centered at the proton
Larmor frequency, that is, near 14.4 MHz, which correspond

Figure 2. Contour plot of experimental frequency-domain main HYS-
CORE spectrum for the complex 1 in EtOH:H2O (3:7) solution. �vs is the
maximum vertical shift from the antidiagonal at (vI , �vI). Experimental
conditions: H� 3460 Gauss, �� 120 ns, sample temperature 4 K. Time
between successive pulse sets, 2 ms; microwave frequency, 9.64 GHz. The
contour plots of HYSCORE frequency-domain spectrum were obtained
after Fourier Transform in the magnitude mode, of 2D time-domain
patterns containing 256� 256 points with a step of 16 ns.

to a 1H(I� 1/2) coupled to the VIVO2� electron spin. From the
HYSCORE spectrum is deduced[18] that the hyperfine cou-
pling of this proton is characterized by Aiso� 2.2 MHz and
strong anisotropy, that is,T� 3.5 MHz. The size of this specific
proton coupling falls between the hyperfine couplings re-
ported for the two water protons in [VIVO(H2O)5]2� species.[19]

The anisotropic coupling of 3.5 MHz, when interpreted in the
point-dipole model,[17] implies a distance of 2.8 ä between the
coupled proton and the metal spin. Overall the information
from the HYSCORE data is consistent with a single 1H
nucleus located two bonds away from the metal, with the
bond-pathway being mediated by an oxygen atom. Based on
this, we assign this coupling to a hydroxy proton from the
equatorial OH� moiety (trans to N2). Overall, the c.w. EPR
and HYSCORE data provide conclusive evidence that the

complex 1 in solution has a planar donor set comprised of
three nitrogen atoms plus one OH� group.

A DFT computational study of [VIVO(OH)(bipy)2]� has
been carried out at the Becke3LYP computational level,[20]

using the effective core potential approximation of Hay and
Wadt[21] with a valence double-� basis set,[22] and the
calculations were performed using the Gaussian98 pack-
age.[23] Full geometry optimizations starting from appropriate
geometries were carried out without symmetry constraint and
gave two minima, namely cis-[VIVO(OH)(bipy)2]� and trans-
[VIVO(OH)(bipy)2]� , both being real minima in the potential-
energy surface of the molecule according to frequency
calculations.

The cis isomer was calculated to be 10.9 kcalmol�1 more
stable than the trans and its geometry agrees well with the
experimental data. The two vanadium±oxygen bonds were
calculated to be 1.690 and 1.780 ä for the oxo and hydroxy
oxygen atoms, respectively. The V�N bond lengths are 2.195
and 2.254 ä for the nitrogen atoms N2 and N4 trans to OH�

and O2�, respectively, and 2.121 ä and 2.126 ä for N1 and N3.
The optimization of the trans isomer gave a distorted
structure, with the vanadium±oxygen bonds of 1.625 ä and
1.907 ä for the oxo and hydroxy oxygen atoms, respectively,
and with a mean V�N bond lengths of 2.202 ä. A full
discussion of the structural aspects of the calculated com-
plexes will be published elsewhere.

Both the experimental and calculated bond lengths within
the vanadium coordination sphere deserve some comments.
Thus, whereas the elongation of the V�N2 bond by about
0.06 ä is nicely attributed to the trans influence of OH� group,
the substantial elongation of the V�O bond by approximately
0.1 ä, compared to normal VIV�O bond lengths (mean
d(VIV�O) 1.60 ä), needs some attention. Possible intramo-
lecular V�O ¥¥¥H�O�V hydrogen bond or intermolecular
V�O ¥¥¥H�O�V, V�O ¥¥¥H2O or V�O ¥¥¥O�V interactions
resulting in this elongation are excluded, because of the long
calculated V�O ¥¥¥H distance (3.297 ä) and the absence of
relevant short contacts in the crystal lattice of 1. Such an
elongation of the V�O bond has not been found in
[VVO2(bipy)2]� (3 ;[11] mean d(V�O) �1.626 ä) or in the
closely related alkoxo compounds [VVO(OC2H5)Cl2-
(Hpheca)] (4)[12] (Hpheca�N-(phenyl)pyridine-2-carboxa-
mide), V�O 1.585 ä, V�OR 1.746 ä), both adopt the cis
orientation of the O-V-Omoiety. Both 3 and 4 are compounds
of vanadium(�) whereas 1 is vanadium(��). Thus, it seems that
the excess positive charge on vanadium(�) in 3 and 4 lowers
the d-block, makes the metal a better � acceptor, enforces the
� interactions within the O-V-O moiety, and reduces the
extent of V�O elongation. The V�O elongation in 1 has not
been found in other VIVO2� complexes. Thus, it can not be
attributed only to the oxidation state of vanadium and still
needs some explanation on the basis of electronic factors
present in this particular case. According to our calculations
this elongation could be explained as follows: The �-type
donor orbitals of both the hydroxy (pOH) and oxo oxygen
atoms (p�0) interact with the same vacant vanadium (dxz)
orbital. The dxz/pOH interaction destabilizes dxz and increases
the dxz/p�0 energy difference, which results in a decrease of the
extent of the dxz/p�0 interaction and decrease of the double-
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bond character of the VIVO2� group. The shape of the
occupied bonding molecular orbital resulting from this
three-orbital/four-electron interaction, calculated at the
DFT level, is shown in Figure 3. Finally, the weaker V�O
bond results in a weaker trans influence of O2� to the trans
V�N bond, which is around 2.25 ä long, instead of its normal
value of �2.34 ä.

Figure 3. Shape of the occupied bonding molecular orbital resulting from
the pOH/dxz/p�O interaction, calculated at the DFT level. Only atoms the
atomic orbitals of which participate in the molecular orbital are shown.

In conclusion, two monomeric oxovanadium(��) com-
pounds 1 and 2 ¥ H2O were isolated by treating VIVO2� species
with the bidentate ligands bipy or phen. These two com-
pounds are the first examples of species containing the cis-
[VIVO(OH)]� center to be structurally characterized. The
presence of the hydroxy group cis to the O2� center causes
substantial changes in the bond lengths of these two com-
pounds. The orbital interaction responsible for these changes
can be explained by density functional computational studies.
The continuous wave EPR and ESEEM parameters, obtained
for 1 and 2 ¥ H2O provide spectroscopic signatures that enable
the assignment of the cis-[VIVO(OH)]� center in vanadopro-
teins and VIVO2�-substituted proteins.
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The contemporary interest in polyoxometalates reflects the
ubiquitous nature of this family of inorganic networks, which
exhibit a diverse compositional range and considerable
structural versatility,[1] as well as important magnetic,[2]

optical,[1] and catalytic properties.[1] A great deal of attention
has been paid to heteropolyanions containing inorganic
anionic ligands,[3] mainly tetrahedral phosphate groups, be-

cause of the fascinating electronic and structural properties of
polyoxomolybdenum and vanadium phosphates.[4] Among
these derivatized polyoxoanions, examples incorporating the
pyramidal sulfite anion as the inorganic ligand are largely
unknown, except for the molybdenum(��) derivative
[MoVI

5 O15(SO3)2]4�.[5] The lack of such complexes is surprising
for two main reasons: first, metal ± sulfite chemistry is very
attractive in view of its potential for restricting the serious
environmental problem of acid rain,[6] and second, exploring
the possibility of incorporating the pyramidal sulfite anion
into frameworks, rather than the more frequently used
tetrahedral phosphate groups, could result in unprecedented
structural features and novel properties for these frame-
works.[7] Furthermore, molybdenum± sulfite chemistry is of
great biological interest, since the enzyme sulfite oxidase,
which is associated with the in vivo oxidation of SO3

2� to
SO4

2�, contains a molybdenum atom at its active center.[8]

Herein, we describe the synthesis, structural, and physico-
chemical characterization of the first polyoxomolybdenum(�)
sulfite complexes 1 ± 3.

(NH4)20[(MoV
2 O4)6(	2-SO3)12(	3-SO3)4] ¥ 4H2O 1

(NH4)15{Na[(MoV
2 O4)6(	2-SO3)3(	6-SO3)]2} ¥ 5H2O 2

(NH4)8[(MoV
2 O4)(SO3)4(	2-SO3)] ¥ 2H2O 3

Complex 1 was prepared by treating MoVCl5 (7.3 mmol) in
concentrated (37%) HCl:H2O (1:4 v/v, pH approximately 0)
with solid (NH4)2SO3 (Scheme 1). Upon addition of

Scheme 1. The synthetic routes leading to the isolation of 1 ± 3.

(NH4)2SO3 (89 mmol) the pH of the solution changed to
approximately 5, and thus it is apparent that the SO3

2� ion
performs the dual role of raising the pH of the solution, as well
as acting as a ligand. However, if the same reaction was
performed with a larger quantity of (NH4)2SO3 (150 mmol,
final pH of the solution was approximately 6), complex 3 was
isolated (Scheme 1). Reduction of Na2MoVIO4 dissolved in
concentrated (37%) HCl:H2O (pH approximately 0) with an
excess of hydrazine, followed by addition of (NH4)2SO3 (final
pH of the solution was approximately 5.5) resulted in the
formation of 2 (Scheme 1).
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