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Oxidovanadium(V) Complexes with Aminoethanol Bis(phenolate) [O,N,0,0’]
Ligands: Preparations, Structures, N-Dealkylation and Condensation Reactions
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The reactions between [VO(acac),] (acac™ = acetylacetonate
ion) or [VO(OPr);] and trianionic tetradentate N,N-bis(2-
methylene-4,6-alkylphenolate)aminoethanolate ligands,
[L1%- (4,6-dimethyl), L2%" (4-methyl, 6-tert-butyl), L33 (4-
tert-butyl, 6-methyl), L43- (4,6-di-tert-butyl)], afford mononu-
clear complexes [VO(L1)] (1) and [VO(L2)] (2) with a trigonal
bipyramidal coordination sphere around the VV ion, or dinu-
clear octahedral complexes [V,0,(L3),] (3) and [V,0,(L4),]
(4). In methanol an adduct with the formula [VO(L1)
(MeOH)]-1/2MeOH (5) is obtained. According to multinu-
clear NMR spectroscopy all those complexes have a mononu-

clear structure in CDCI; solutions. In wet polar solvents com-
plex 1 reacts with water and N-dealkylation occurs produc-
ing 3,5-dimethylsalicyl alcohol, which condensates with 1
and forms a new oxidovanadium complex 6. An ether bond
links 3,5-dimethylsalicyl alcohol to the L1%" ligand. To sup-
port the reaction mechanism, we have found that in dry ace-
tonitrile 1 reacts directly with salicyl alcohol forming com-
pound 7, which is similar to 6. All compounds 1-7 have been
characterized by elemental analysis, multinuclear NMR and
X-ray diffraction.

Introduction

The scientific interest in the coordination chemistry of
oxidovanadium complexes can be divided into three classes:
biological, pharmacological and catalytical. The biological
interest(!! lies in the structures of vanadium-dependent hal-
operoxidases®? and nitrogenases.[! The primer enzymes
are known to catalyze the formation of hypohalous acids
from halides in the presence of hydrogen peroxidel®! and
hence assist the formation of a variety of halogenated or-
ganic compounds. Vanadium-nitrogenases are postulated to
bind and reduce dinitrogen.[':%7! Since the clarification of
the active centre of the haloperoxidases,®! several articles
have been published concerning the binding of multidentate
ligands imitating the coordination site.>%-11]

The pharmacological interest has arisen since several va-
nadium complexes have been shown to act as insulin mi-
metics!!? 14 and recent studies have demonstrated the abil-
ity of these complexes to inhibit alkylating toxins, and
hence minimize DNA damage caused by these com-
pounds.I'>1€1 Also some vanadium complexes exhibit anti-
tumor activity.l!”]

The third major contribution to the vanadium coordina-
tion chemistry is the exploration of these compounds in
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chemical catalysis!!®!1 where especially important topics
are a-olefin polymerization!?* 23 and oxidation of various
species.[192425] Generally, vanadium-based polymerization
catalysts have been reported to be less active than titanium
ones because they suffer deactivating reduction during the
catalysis but some advantages are also reported, for in-
stance the synthesis of high molecular weight polymers with
a narrow polydispersity.2°!

The chemistry of vanadium is dominated by oxidation
states of III, IV and V although lower oxidation states are
also met under reducing conditions. Oxido derivatives of
vanadium are met at oxidation states IV and V and possess
several monomeric and dimeric cores, these starting points
lead to a variety of chemically and structurally different
species. Thus, the chemistry of oxidovanadium compounds
is greatly influenced by the reaction conditions as well as
by the nature of the ligands.[?”!

RZ

1,5:R,R?=Me

2: R'=Me, R? = Bu
3:R'=1Bu, R*=Me
4:R', R*=Bu

Scheme 1. The aminoethanol (bis)phenol ligands used in this work
and the numbering system.
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Scheme 2. Reactions of the ligands

R2

R2

R2 OH R2 /
\ 3.4
R /@\/ N \/©\R‘ R?
OH OH

iy [VO(acac),]/[VO(OPr);] + 1131, in MeCN/MeNO,, r.t.
dimerization if R'= fBu
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H;L1-HsL4 with [VO(acac),] and [VO(OPr);].
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Scheme 3. The possible course of the condensation reaction. The reaction was observed when group R! was methyl or H.

Our primary interest lies in the coordination chemistry
of transition metals with amine (bis)phenol ligands carrying
various side-arms. In our recent publications, we have dem-
onstrated that such multidentate ligands having alcohol side
chains can react either as tridentate dianions (O,N,O do-
nors) or as tetradentate trianions (O,N,0,0’ donors).[?83
In recent years, the reactions of vanadium compounds with
the amine (bis)phenol ligands with nitrogen side-arm
donors have been studied from various points of
1284
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view.[10-25:31-33] However, the reaction outcome of these va-
nadium based systems is sometimes quite difficult to predict
and surprises occur every now and then. One example of
such unexpected reactivity is vanadium-induced C-N bond
cleavage of a chelating ligand.’4!

Here we report the syntheses and structural characteriza-
tions of five new oxidovanadium(V) complexes with four
different aminoethanol (bis)phenol ligands (Scheme 1 and
Scheme 2) and discuss the structural differences of the iso-
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lated VO complexes. We also describe further reactions of
vanadium complex 1 (Scheme 3). In these reactions, the C—
N bond cleavage (N-dealkylation) of the amine group hap-
pens first and after that a condensation reaction produces
a new complex in which an unexpected triphenolic ligand
is formed.

Results and Discussion
Syntheses

Syntheses of the Ligands

The ligands H;L1-H3L4 were synthesized according to
a previously published procedure with only slight modifica-
tions.?3] The purification of the ligands H;L1 — H5L3 re-
quired crystallization as hydrochlorides; thus complexation
reactions were initially carried out using these hydrochlo-
rides as ligand precursors. However, this procedure did not
give satisfactory results (demonstrated later by HsL2), so
that the ligands were mainly used as free bases after neutral-
ization (see experimental part). Ligand HiL1 crystallizes
from toluene with the formula H;L1:1/3PhMe,[?8! and this
adduct was used in the preparation of complexes 5 and 6.
The ligand H;L4 crystallized when the reaction syrup was
dissolved in methanol and kept in a refrigerator at 5 °C for
overnight. Purity of the ligands was assured by HPLC and
by '"H NMR measurements.

Syntheses of the Complexes

Vanadyl acetylacetonate®®! was used as a starting mate-
rial in the syntheses of complexes 2-5. The reactions were
performed in open test tubes under ambient atmosphere to
enhance and enable the oxidation process of VIV to VY. The
crystals were formed during several days and no recrystalli-
zation procedures were needed. The reaction solutions were
deep blue (in some cases with a wash of red) and remained
so after the removal of the crystals indicating that the com-
plexation was incomplete.

The complexation reactions can be done using ligands as
free bases or as hydrochlorides. Although the use of hydro-
chlorides proved adequate in most cases, the use of free
bases is more convenient, as hydrochlorides must be neu-
tralized by triethylamine for the reaction to proceed. When
the hydrochlorides were used as starting materials, the reac-
tion solutions tended to be deeply coloured and slightly vis-
cous after complex formation; thus it was difficult to esti-
mate the degree of crystallization prior to the isolation of
the products.

To keep the reactions straightforward and more simple,
commercially available [VO(OPr);] was used in the prepara-
tions of complexes 1 and 6. Identical products were gen-
erally isolated also by using vanadyl acetylacetonate as a
starting material, but the reactions are much faster and
cleaner with [VO(OPr)5] as there is no need to oxidize V!V
to VV.

Solvents played a major role in the crystallization pro-
cesses of the complexes. For example, complex 2 was origi-
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nally prepared in an acetonitrile solution, which produced
analytically pure crystals of rather poor quality. However,
when the same reaction was performed in a nitromethane
solution the single crystals that formed were good enough
for the X-ray analyses.

The role of the reaction medium was found to be particu-
larly important in reactions of HsL1 with [VO(acac),]. In
acetonitrile the reaction produced complex 1 as a sole prod-
uct. When the synthesis was repeated in a methanol solu-
tion, methanol adduct 5 was obtained at room temperature.
Moreover, when the reaction mixture was heated to the
boiling point of methanol for five minutes, traces of a new
complex 6 were observed in a 'H NMR spectrum. More
evidence of the formation of this new complex was obtained
when the reaction of [VO(acac),] with H;L1-HCI was per-
formed in ethanol at room temperature. The resulting crys-
talline deposit was found to consist of two types of crystals,
i.e. both 1 and 6, while no ethanol adducts of 1 were ob-
tained. The crystal structure determination of 6 verified
that a new ligand was formed upon the coordination pro-
cess, thus the formation of this unexpected product was
thoroughly investigated (Scheme 3).

The experimental conditions were varied in order to have
compound 6 as the main product. The metal/ligand ratio
was varied from 1:1 to 1:2 and different solvents (methanol,
ethanol) and their water mixtures were used. In all these
reactions 6 was formed, but the best yields were obtained
refluxing the ligand (as a free base) and [VO(OPr);] (2:1) in
wet ethanol (10% of water). The crystals of 6 were sepa-
rated by decantation in a 33% yield (based on the metal),
while the other products remained in the hot reaction solu-
tion. After the collection of the crystals, the cooled solution
was evaporated to dryness and upon examining the residue
with 'H NMR resonances typical for 1 was seen among
others, without '"H NMR signals of 6. The solid compound
1 was washed with acetonitrile (1 is only sparingly soluble
in acetonitrile) and the solutes were analyzed by 'H NMR
spectroscopy. The spectrum consisted of overlapping signals
of the remains of 1, the free ligand and at least one other
product, which we were unable to identify. Also ethanol was
present in a stoichiometric amount to this new product
which indicates that an ethanol adduct could be formed.
Disappointingly, all attempts to separate and crystallize
these components failed.

The mechanism of formation of the new ligand in 6 is
still unclear, although it seems that water is involved in the
reaction. When 1 was solely refluxed in an acetonitrile/
water (10%) solution, complex 6 was obtained in a 32%
yield, which confirmed the participation of water in the re-
action. The reaction mixture, after separation of crys-
tallized 6, was analyzed by NMR spectroscopy. Unfortu-
nately 'H NMR did not give any new information on the
by-products. In the 'V NMR, only two strong signals (1
and 6) were seen. However, few very weak signals were seen
in the broad area between —340 to —540 ppm, which indi-
cates the presence of several vanadium compounds. This
complexity of the reaction mixture explains the difficulties
in isolating the rest of reaction products in a pure form.
1285
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There is one earlier example on N-dealkylation of a terti-
ary amine phenol in the presence of vanadium.’¥ A C-N
bond was cleaved in one arm of the mixed-valence V-
VIV complex [(VOCI,)(VCl,)bpbp], bpbpH = 2,6-bis{[N,N-
bis(2-picolyl)amino]methyl}-4-zerz-butylphenol, in a wet
acetonitrile solution to give [VOCl,bpa], bpa = bis(2-meth-
ylpyridyl)amine, and 2-{[V,N-bis(2-picolyl)amino]methyl}-
6-hydroxymethyl-4-zert-butylphenol. This supports the view
that during the formation of 6 one of the intermediates is
3,5-dimethylsalicyl alcohol.

The overall reaction for the formation of 6 can be divided
into two consecutive steps. The first step is supposedly a
hydrolytic N-dealkylation of the coordinated ligand, which
produces 3,5-dimethylsalicyl alcohol (the final product con-
tains part of 3,5-dimethylsalicyl alcohol) (Scheme 3). In the
second step, 3,5-dimethylsalicyl alcohol reacts with 1 to
form a bond to the alkoxy group of the aminoethanol part
of the ligand and to the VV ion.

A further experiment was done to study the second step
of the reaction. Compound 1 was allowed to react with sal-
icyl alcohol in dry acetonitrile at reflux temperature. As ex-
pected, the reaction resulted in a new condensation product
7, which has an analogous structure with 6. It seems that
the VY ion can direct 2-hydroxybenzyl alcohols to form
benzylic ethers with V-coordinated alkoxides.

We therefore suggest that in wet polar solvents the reac-
tion proceeds via water-induced partial N-dealkylation of 1,
which leads to the formation of 3,5-dimethylsalicyl alcohol
(Scheme 3). This diol attacks another molecule of 1 and
a condensation reaction takes place between an aliphatic
hydroxy group and an alkoxide moiety. At the same time, a
phenolic hydroxy group is coordinated to the metal centre.
As a result, a new vanadium complex 6 is formed and a
molecule of water is released back to the system. According
to the NMR spectroscopic data, several unidentified vana-
dium complexes are also formed during this reaction.

Solution Structures

'H, 13C and 'V NMR spectra of complexes 1-7 were
recorded in CDCIl;. The correlation spectra (HMQC,
HMBC) of the complexes 5-7 were recorded to assign satis-
factorily all proton and carbon shifts; these data were also
used to assist in the interpretation of the spectra of 1-4.

The 'H NMR spectra of 1 and 5 are identical except the
singlet resonance at 6 = 3.35 ppm of the solvate methanol
in 5. The '"H NMR spectra of 1, 2, 3, 4 and 5 are similar in
the region of N-CH, proton resonances. For ex. in 1, the
signals are at 6 = 2.70 ppm (t, 2 H, NCH,CH,), 3.43 (d, 2
H, Ar-CH>-N), 3.73 ppm (d, 2 H, Ar-CH,-N) and 4.82 ppm
(t, 2 H, CH,CH-0). The effect of the para-substituent on
the chemical shifts of the aromatic protons is seen when
evaluating the spectra of the studied complexes. The reso-
nances for the protons at C3/C11 and C5/C13 of 2 have
shifted downfield by 0.2 ppm compared to the equivalent
protons in 1. A similar shift is observed between the corre-
sponding protons in the spectra of 3 and 4. In the '"H NMR
1286
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spectra of 6 and 7, the ortho-methyl groups at C2 and C14
have shifted upfield by 0.4 ppm compared to those in 1. In
the '3C NMR spectra the differences are even smaller and
are caused by structural changes of the ligand. The down-
field shift is observed in aromatic carbons 4 and 12 of 2
and 4 due to the tert-butyl substituents.

According to the proton and carbon NMR spectra of 1-
5, all complexes have a mononuclear structure in a CDCl,
solution. It seems that the six-coordinate 5 decomposes in
CDCIl; to form methanol and 1, whereas dinuclear com-
plexes 3 and 4 (see below) dissociate to the mononuclear
units. In the literature, there are some reports on a corre-
sponding dissociation of dinuclear vanadium trialkanolam-
ine complexes in the solution.[37-381

The 3'V NMR spectra of complexes 1-5 show one signal
at -390 to —393 ppm, which supports the observation, that
there are complex units of only one composition present
in the solution. The monomeric complexes 6 and 7 have
resonances at —419 and —438 ppm, respectively, which indi-
cate similar six-coordinate vanadium ions in chloroform as
are found in the solid state (see below).[-3?]

Solid-State Structures

Crystal Structures of [VO(L1)] (1) and [VO(L2)] (2)

The complex 1 crystallizes in the orthorhombic space
group Pca2, with four similar mononuclear molecules in
the asymmetric unit. One of them is presented in Figure 1.
Complex 2 crystallizes in the monoclinic space group
P2,/c with a mononuclear molecule in the asymmetric unit
(Figure S1). The relevant bonding parameters for both
complexes are presented in Table S3. The ligands HsL1 and
H;L2 coordinate as an L3 -anion (all hydroxy groups are
deprotonated) in a tetradentate manner, i.e. through two
phenolate oxygen atoms and the oxygen and nitrogen atoms
of the amino alcohol group.

Figure 1. One of the similar four molecules in the asymmetric unit
of [VO(L1)] (1). Thermal ellipsoids are drawn at the 20% prob-
ability level.

As these ligands do not introduce any steric hindrance in
the close neighbourhood of the metal centre, one could ex-
pect that the coordination number of six would be easily
attained either by coordinating the solvent molecules or by
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the formation of the dinuclear units. However, in both com-
plexes the vanadium(V) ion has a slightly distorted trigonal
bipyramidal VNO, coordination sphere. The equatorial po-
sitions in 1 and 2 are occupied by phenolate and alcoholate
oxygens with V-O bond lengths of approximately 1.80 A.
The oxido group and the neutral nitrogen donor coordinate
in the axial positions. The parameter 7, which describes a
coordination sphere of five coordinated atoms, has a value
of 1 if the structure is pentagonal bipyramidal and 0 if it is
square pyramidal.®®! For 1 (four molecules in the asymmet-
ric unit) the 7 values are from 0.91 to 0.94 and in 2 (7 =
0.95).

Crystal Structures of [V;,0,(L3),] (3) and [V,0,(L4),]
(4)

Both complexes 3 and 4 crystallize in the triclinic space
group P1 with one (Figure 2) or two dinuclear molecules,
respectively, in the unit cell (Figure S2 in the Supporting
Information). The relevant bonding parameters for both
complexes are presented in Table S4. The H;L3 and H;L4
coordinate as a L3~ anion (all the hydroxy groups are depro-
tonated) in a tetradentate/bridging manner, specifically
through two phenolate oxygen atoms and the oxygen and
nitrogen atoms of the amino alcohol group. The alcoholate
oxygens act as bridging atoms between two VO groups to
form a dinuclear unit. Overall, the coordination geometry
around the vanadium(V) ions is a distorted octahedron
(VNO:s), where the phenolate and alcoholate oxygen atoms
lie in the plane and are in cis positions to the oxido group
and the nitrogen atom. It is interesting that ligands HsL3
and H;L4, which have sterically demanding fert-butyl
groups close to the phenolate oxygen atoms form dinuclear
molecules in the solid state. In both structures, the V-

Figure 2. Molecular structure of [V,0,(L3),] (3). Thermal ellip-
soids are drawn at the 20% probability level. CH hydrogen atoms
are omitted for clarity.
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O(phenolate) bond lengths are almost the same as those in
1 or 2, but the V-O(alcoholate) bonds are significantly
longer due to the formation of the alkoxide bridges. Espe-
cially the bridging V-O bond is long. The different coordi-
nation modes of the tetradentate ligands have practically no
influence on the V=0 (ca. 1.6 A) and V-N (ca. 2.4 A) bond
lengths in 1-4 as the bonding parameters found here are
typical for these types of bonds.

Crystal Structure of [VO(L1)(MeOH) ]-112MeOH (5)

Complex 5, which is principally a methanol adduct of 1,
crystallizes in the triclinic space group P1 with a mononu-
clear molecule in the asymmetric unit (Figure 3). The rel-
evant bonding parameters are presented in Table 1. Again,
the ligand H;L1 coordinates as a tetradentate trianion. The
main difference between the structures of 1 and 5 is that in
the latter structure one methanol molecule coordinates to
the vanadium(V) ion making the overall molecular geome-
try a distorted octahedron (VNOs). The phenolate and al-
coholate oxygen atoms lie in a plane and are in a cis posi-
tion to the oxido group and the nitrogen donor. The O-V—
O bond angles in this plane are approximately 90°. One
consequence of the change of the coordination number
from 5 (in 1) to 6 (in 5) is the dramatic modification in the
conformation of the ligands in these two compounds. The
aromatic rings in 5 come much closer to each other than in
1 and are almost in a face to face position. However, the
distance of the centroids (3.917 A) of the aromatic rings in
5 is so long, that the structure is not stabilized by n-n stack-
ing. The bond lengths to the vanadium ion are slightly
longer in 5 than in 1 due to the increase of the coordination
number. The V-O(methanol) bond length, 2.116(1) A, is of
a typical magnitude.[*"]

Q

o]

R o

P

Figure 3. Molecular structure of [VO(L1)(MeOH)]-1/2MeOH (5).
Thermal ellipsoids are drawn at the 20% probability level. The
methanol molecule sits between two vanadium units and is H-
bonded at a certain time to only one of them.
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Table 1. Selected bond lengths [A] and angles [°] for 5-7.

5 6 7
V=01 1.6039(14) 1.5985(16) 1.6055(14)
V-02 1.8666(13) 1.8545(15) 1.8731(14)
V-03 1.8318(13) 1.8636(15) 1.8600(13)
V-04 1.8830(14) 1.8347(15) 1.8373(14)
V-05 2.1159(14)

V-018 2.3292(15) 2.3220(13)
V-N8 2.3744(17) 2.2090(19) 2.1844(16)
01=V-02 101.98(7) 98.44(8) 98.08(7)
01=V-03 101.68(7) 99.73(8) 99.22(7)
01=V-04 96.45(7) 105.70(8) 103.92(7)
01=V-05 92.63(6)

01=V-018 169.11(7) 169.53(6)
Ol V-N8 172.34(7) 94.67(8) 94.68(7)
02-V-03 93.58(6) 159.77(7) 160.57(6)
02-V-04 93.17(6) 94.21(7) 93.00(6)
02-V-N8 84.11(6) 84.65(7) 83.85(6)
02-V-05 165.12(6)

02-V-018 80.04(6) 80.14(5)
03-V-04 158.88(6) 89.39(7) 91.38(6)
03-V-05 86.09(6)

03-V-018 80.44(6) 81.25(5)
03-V-N8 82.39(6) 85.07(7) 85.98(6)
04-V-05 82.31(6)

04-V-0l18 85.18(6) 86.51(5)
04-V-N8 78.43(6) 159.53(7) 161.40(6)

Crystal Structures of [VO(LIC1)] (6) and [VO(LIC2)]
(7)

Complexes 6 and 7 crystallize in the monoclinic space
groups P2,/n and P2,/c with a mononuclear molecule in the
asymmetric unit (Figures 4 and 5). The relevant bonding
parameters are presented in Table 1. Ligand LICI* is
formed spontaneously during the preparation of complex 1
in water containing media and ligand L1C2%* in the reac-
tion between 1 and salicyl alcohol in dry acetonitrile. Com-
pounds 6 and 7 are isostructural: the coordination spheres
consist of the same atoms and molecular geometries are
very similar.

()
= C3x L‘]_C
C

Figure 4. Molecular structure of [VO(L1C1)] (6). Thermal ellip-
soids are drawn at the 20% probability level.

The molecular geometry of VV is a distorted octahedron.
In both structures the axial position is occupied by the ox-
ido group and the ether oxygen atom (O18). Three phenol-
1288
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Figure 5. Molecular structure of [VO(L1C2)] (7). Thermal ellip-
soids are drawn at the 20% probability level.

ate oxygens and the nitrogen atom lie in a plane. The V-N
bond lengths in 6 and 7 are significantly (0.2 A) shorter
than in complexes 1-5 as the nitrogen atoms in 6-7 are in
a trans position to the phenoxido oxygen, whereas in com-
plexes 1-5 the N atoms are in a trans position to the oxido
group. In 7 the V-N bond is 0.025 A shorter than in 6.

Conclusions

We have demonstrated that [VO(acac),] (under oxidative
conditions) and [VO(OPr);] can form oxidovanadium(V)
complexes with a family of N,N-bis(2-methylene-4,6-alk-
ylphenol)aminoethan-1-ol ligands. Ligands with ortho
methyl substituents (H;L1-H;L2) react with vanadyl pre-
cursors to form compounds that crystallize as trigonal bipy-
ramidal complexes 1, 2 at room temperature from weakly
coordinating polar solvents. Complexes 1 and 2 may be
considered to model the active centre of vanadate-depend-
ent haloperoxidases. Conversely, under the same conditions,
ligands with ortho tert-butyl groups (H;L3-H;L4) form di-
nuclear complexes with a distorted octahedral geometry (3,
4). If the reaction of Hi;L1 with [VO(acac),] proceeds in
methanol at room temperature, a methanol adduct of 1 (i.e.,
complex 5) is formed.

The similarity of the '"H NMR spectra of the compounds
1-4 indicates that the dimeric units of 3 and 4 are dissoci-
ated to monomeric units in chloroform. The coordinated
methanol molecule of 5 also dissociates upon dissolution.
The 'V NMR spectra support this observation, as re-
corded chemical shifts of compounds 1-5 are seen as very
sharp singlets in a rather narrow range (ca. —392 ppm). Cor-
respondingly, the >'V NMR chemical shifts of complexes 6
and 7 (-419 and -438 ppm, respectively) indicate the per-
sisting octahedral binding also in chloroform solutions.

Solvents play an important role in the complex forma-
tion, which is particularly seen in the reactions of H;L1
with [VO(OPr);]. When starting materials were refluxed in
an ethanol/water solution (9:1 vv), the unexpected new
product 6 was obtained in a 33% yield. Complex 6 carries
a new triphenolic ligand, which is apparently formed when
a new hydroxybenzyl group is attached to the alkoxido oxy-
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gen of the coordinated L1~ by an ether linkage. The forma-
tion of 6 thus requires that one 2-methylene-4,6-dimeth-
ylphenol group must cleave from coordinated L13~ through-
out our studies. However, to achieve 6 as a pure product
and in a reasonable yield, a catalytic amount of water must
be present in the reaction media. This confirms the role
of water in the reaction chain. An analogous condensation
product 7 is formed when salicyl alcohol is allowed to react
with 1 under dry, aprotic conditions. This indicates that the
N-dealkylation of 1 and the formation of 3,5-dimethylsal-
icyl alcohol are crucial steps in the condensation process.
Unfortunately several NMR studies in the solution did not
provide further information about the reaction mechanism.
Further studies of the condensation reactions of salicyl
alcohols with VO alkoxides are under way.

Experimental Section

General Information: Starting materials for all syntheses were pur-
chased from Aldrich, Merck or Riedel and were of reagent grade
and were used as received. The solvents were of HPLC grade and
were used as purchased. All syntheses were performed under ambi-
ent laboratory atmosphere. The NMR spectra were recorded on a
Bruker AVANCE DPX 250 FT-NMR spectrometer or on a Bruker
AVANCE DRX 500 FT-NMR spectrometer. The 'H and '3C
NMR spectra were recorded in CDCl; at 30 °C. The chemical shifts
are reported in ppm and referenced internally using the residual
protic solvent resonances relative to tetramethylsilane (CDCl; ¢ =
7.26, '"H NMR; ¢ = 77.0, '3C NMR). The 'V chemical shifts are
reported in ppm using an internal VOCI; standard (0 = 0 ppm).
Elemental analyses were performed using a Vario El III elemental
analyzer. Single crystal X-ray measurements were performed with
an Enraf Nonius Kappa CCD area detector diffractometer
using graphite monochromatized Mo-K, radiation. For
liquid chromatography measurements a Perkin—-Elmer series 200
equipment was used {Column: Phenomenex Luna 5 u
C18 250 X 4.60 mm; solvent: methanol-tris-buffer [97.5% meth-
anol, 2% water and 0.5% tris(hydroxymethyl)aminomethane] 100—
90% and water 0-10%; flow rate: 1 mL/min; A = 254 nm}.

Ligand and Complex Syntheses: The ligands H;L1-HCI, H;L2, and
H;L4 were prepared according to the known procedures.?$-33 The
ligand H;L3-HCI was prepared as described below. For the num-
bering scheme of the complexes 6 and 7, see Figures 4 and 5.

[H3L3]-HCI: 3.704 g (22.6 mmol) of 2-tert-butyl-4-methylphenol,
0.683 g (22.8 mmol) of paraformaldehyde and 0.635 g (10.4 mmol)
of 2-aminoethanol were measured into a 50 mL round bottomed
flask. The flask was placed in a beaker and covered with a watch-
glass. This combined reaction vessel was placed in an oven (120 °C)
for 4.5 h. The course of the reaction was followed by HPLC. The
resulting yellow syrup was dissolved in diethyl ether (15 mL) and
treated with aqueous hydrochloride acid (6 M, 2 mL). The ether
solution was then washed with water (10 mL), the ether phase was
separated and hexane was added in 1 mL portions until precipi-
tation occurred. The white precipitate was filtered, dried in vacuo
and finally recrystallized from hot acetonitrile (20 mL); yield
1.965 g (42%). '"H NMR (250 MHz, CDCl;): 6 = 1.41 [s, 18 H, Ar-
C(CH;)3), 2.26 (s, 6 H, Ar-CH;), 3.29 (t, 2 H, NCH,CH,), 3.99 (t,
2 H, CH,CH-0), 4.36 (d, 2 H, Ar-CH,-N), 6.87, 7.16 (d, 2 H, Ar-
H) ppm. 3C NMR (126 MHz, CDCls): 6 = 20.8, (Ar-CH3), 30.1
[Ar-C(CH3);], 34.7 [Ar-C(CH3)5), 55.5 (NCH,CH,), 56.8 (Ar-CH.-
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N and CH,CH,0), 120.2, 130.2, 130.6, 131.0, 141.5, 151.9 (Ar)
ppm. CrsHygCINO; (450.1): caled. C 69.4, H 9.0, N 3.1; found C
69.8, H 8.8, N 3.0.

Neutralization of the Ligand Hydrochlorides: The ligand hydrochlo-
ride was dissolved in dichloromethane and an excess of saturated
aqueous NaHCOj solution was added. This multiple phase mixture
was shaken vigorously until all the organic solids were dissolved.
The dichloromethane phase was separated and the solvent was
evaporated off.

[VO(L1)] (1): H3L1-HCI (0.044 g, 0.12 mmol) and triethylamine
(0.028 mL, 0.2 mmol) were dissolved in acetonitrile (2 mL).
[VO(OCH,CH,CH3);5] (0.023 mL, 0.1 mmol) was added while the
color of the solution turned immediately reddish brown. The dark
red crystals were formed in 30 min and after two days they were
filtered off, washed with diethyl ether (1 mL) and air dried; yield
0.030 g (70%). '"H NMR (250 MHz, CDCl5): § = 2.26, 2.36 (s, 6
H, Ar-CH3), 2.70 (t, 2 H, NCH,CH,), 3.43, 3.73 (d, 2 H, Ar-CH,-
N), 4.82 (t, 2 H, CH,CH,0), 6.77, 6.91 (d, 2 H, Ar-H) ppm. '3C
NMR (126 MHz, CDCly): ¢ = 164, 20.6, (Ar-CHj), 53.0
(NCH,CH,), 56.0 (Ar-CH,-N), 75.9 (CH,CH,0), 124.4, 124.9,
127.9, 130.4, 132.0, 164.2 (Ar) ppm. >'V NMR (132 MHz, CDCl;):
6 =-390.3 ppm. IR: vy—0, 945 cm™!. C,oH4NO,V (393.36): calcd.
C 61.1, H 6.2, N 3.6; found C 60.8, H 6.0, N 3.5. A single-crystal
X-ray analysis was performed on one of the crystals.

[VO(L2)] (2): H5L2 (0.100 g, 0.24 mmol) and [VO(acac),] (0.054 g,
0.2 mmol) were dissolved in CH;NO, (4 mL). The solution was
shaken until all starting material had dissolved and stream of com-
pressed air was passed through the solution to enhance the oxi-
dation of vanadium. The red crystals formed by slow evaporation
during two days were filtered off, washed once with diethyl ether
(I mL) and hexane (1 mL) and air dried; yield 0.042 g (44%). 'H
NMR (250 MHz, CDCly): 0 = 1.27 [s, 18 H, Ar-C(CH>);], 2.38 (s,
6 H, Ar-CH;), 2.74 (t, 2 H, NCH,CH,), 3.48, 3.79 (d, 2 H, Ar-
CH,-N), 4.83 (t, 2 H, CH,CH,0), 6.96, 7.10 (d, 2 H, Ar-H) ppm.
13C NMR (126 MHz, CDCl;): 6 = 16.7 (Ar-CH3), 31.5 [Ar-C-
(CH;);], 34.2 [Ar-C(CH3)s], 53.0 (NCH,CH,), 56.0 (Ar-CH,-N),
75.9 (CH,CH,0), 124.0, 124.2, 124.5, 126.7, 145.5, 164.1 (Ar) ppm.
SIV NMR (132 MHz, CDCls): 6 = -392.5 ppm. IR: vy, 960 cm™!.
Co6H36NOLV (477.52): caled. C 65.4, H 7.6, N 2.9; found C 64.6,
H 7.5, N 3.0. A single-crystal X-ray analysis was performed on one
of the crystals.

[V,0,(L3),] (3): H;L3-HCI (0.054 g, 0.12 mmol) and [VO(acac),]
(0.027 g, 0.10 mmol) were weighed together, acetonitrile (2 mL) and
triethylamine (0.042 mL, 0.3 mmol) were added and the solution
was heated until all the solids had dissolved. The reaction mixture
was kept under open atmosphere for one hour and then the reac-
tion vessel was sealed. The resulting dark red solution was kept at
room temperature for three days leading to the formation of crys-
tals. The dark red crystals were filtered off, washed with diethyl
ether (1 mL) and hexane (1 mL) and air dried; yield 0.032 g (65%).
'"H NMR (250 MHz, CDCI5): § = 1.51 [s, 18 H, Ar-C(CH3)3], 2.29
(s, 6 H, Ar-CH3), 2.75 (t, 2 H, NCH,CH,), 3.42, 3.74 (d, 4 H, Ar-
CH,-N), 4.84 (t, 2 H, CH,CH,0), 6.82, 7.04 (d, 4 H, Ar-H) ppm.
13C NMR (126 MHz, CDCls): 6 = 21.0 (Ar-CH3), 29.8 [Ar-C-
(CH;)5], 34.9 [Ar-C(CH3)s], 53.1 (NCH,CH,), 56.1 (Ar-CH,-N),
75.8 (CH,CH,0), 125.4, 126.5, 128.5, 131.8, 136.5, 165.2 (Ar) ppm.
SIV NMR (132 MHz, CDCls): 6 = -392.0 ppm. IR: vy, 953 cm™!.
Cy6H3NO,LV (477.52): caled. C 65.4, H 7.6, N 2.9; found C 65.0,
H 7.4, N 2.8. A single-crystal X-ray analysis was performed on one
of the crystals.

[V,0,(L4),] (4): H;L4 (0.060 g, 0.12mmol) and [VO(acac),]
(0.027 g, 0.10 mmol) were weighed together, acetonitrile (2 mL) and
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triethylamine (0.028 mL, 0.2 mmol) were added and the solution
was heated until all the solids had dissolved. The resulting dark red
solution was kept at room temperature and the solvent was allowed
to evaporate slowly for three days, which led to the formation of
crystals. The dark red crystals were filtered off, washed with aceto-
nitrile (2 mL) and air dried; yield 0.035 g (62%). '"H NMR: 6 =
1.29, 1.52 [s, 18 H, Ar-C(CHs)3], 2.79 (t, 2 H, NCH,CH,), 3.47,
3.80 (d, 4 H, Ar-CH,-N), 4.85 (t, 2 H, CH,CH,0), 7.01, 7.26 (d,
4 H, Ar-H) ppm. *C NMR (126 MHz, CDCl5): 6 = 29.9, 31.6
[Ar-C(CH3);], 34.5, 35.2 [Ar-C(CH3)3], 53.3 (NCH,CH,), 56.6 (Ar-
CH,-N), 75.7 (CH,CH,0), 122.8, 124.7, 125.0, 136.0, 145.2, 165.1
(Ar) ppm. 'V NMR (132 MHz, CDCl;): 6 = -392.7 ppm. IR:
Vy=0, 951 cm 1. C3,H4gNOLV (561.68): caled. C 68.3, H 8.4, N 2.4;
found C 68.4, H 8.6, N 2.5. A single-crystal X-ray analysis was
performed on one of the crystals.

[VO(L1)(CH;0H)]-0.5CH;0H (5): 0.265g (1.0mmol) of
[VO(acac),] and 0.329 g (1.0 mmol) of H3L1-1/3toluene were mixed
with 10 mL of methanol. After the dark reaction mixture was kept
under open atmosphere for three hours, the reaction vessel was
sealed and the mixture was kept at room temperature for a week.
Dark, shiny crystals of the complex [VO(L1)(CH;OH)]-0.5CH;OH
were isolated and washed with methanol. Yield 280 mg (63%). 'H
NMR (500 MHz, CDCly): 6 = 2.25 [s, 6 H, Ar-C(19/20)H3], 2.35
[s, 6 H, Ar-C(18/21)H3], 2.70 (t, 2 H, NCH,CH,0), 3.43, 3.73 (d,
2 H, Ar-CH,-N), 3.49 (s, 6 H, CH;30), 4.81 (t, 2 H, NCH,CH,0),
6.76 [d, 2 H, Ar-H(5/11)], 6.90 [d, 2 H, Ar-H(3/13)] ppm. 3C NMR
(126 MHz, CDCls): ¢ = 16.4 (C18/C21), 20.6 (C19/C20), 50.8
(CH;0) 53.0 (NCH,CH,0), 56.0 (Ar-CH,-N), 75.9 (NCH,CH,0),
124.4 (C6/C10), 124.8 (C4/C12), 127.9 (C5/C11), 130.3 (C3/C13),
132.0 (C2/C14), 164.2 (C1/C15) ppm. 'V NMR (132 MHz,
CDCly): 6 = -389.3 ppm. IR: vy_o, 952cm™!. C,H,sNOsV-
1/2CH;0H (438.39): caled. C 58.9, H 6.2, N 3.2; found C 59.0, H
6.3, N 3.5. A single-crystal X-ray analysis was performed on one
of the crystals.

[VO(L1C1)] (6): H;L1-1/3toluene (0.313 g, 0.87 mmol) was dis-
solved in ethanol (99.5%) (9mL) and [VO(OCH,CH,CH3);s]
(0.092 mL, 0.4 mmol) was added to the solution and it was heated
until boiling. Water (1 mL) was added in five 200 uL portions and
the solution was refluxed for 18 h. The dark red crystals were fil-
tered off, washed twice with diethyl ether (1 mL) and air dried;
yield 0.069 g (33%). '"H NMR (500 MHz, CDCls): 6 = 1.86 [s, 6
H, Ar-C(28/31)Hs], 2.26 [s, 6 H, Ar-C(29/30)H;], 2.29 [s, 3 H, Ar—
C(27)Hs], 2.46 [s, 3 H, Ar-C(26)H;], 2.89 (t, 2 H, NCH,CH,0),
3.31 (t, 2 H, CH,CH-0), 3.76, 4.86 (d, 2 H, Ar-CH,-N), 4.52 (s, 2
H, Ar-CH,0), 6.67 (d, 1 H, Ar-H21), 6.77 [d, 2 H, Ar-H(5/11)],
6.90 [d, 2 H, Ar-H(3/13)], 7.01 (d, 1 H, Ar-H23) ppm. 3*C NMR
(126 MHz, CDCly): 0 = 15.6 [Ar-C(26/29)H3], 16.5 [Ar-C(31)H;],
20.4 [Ar-C(27/28)H3], 20.6 [Ar-C(30)Hs], 53.8 (NCH,CH,), 66.4
(Ar-CH,-N), 68.5 (CH,CH,0), 72.8 (Ar-CH,0), 119.6 (C6/C10),
123.9 (C24), 124.3 (C2/C14), 124.9 (C20), 126.5 (C5/C11), 126.8
(C21), 127.8 (C4/C12), 131.0 (C23), 131.4 (C3/C13), 131.9 (C22),
161.8 (C1/C15), 164.9 (C25) ppm. 'V NMR (132 MHz, CDCl,): §
= 418.7 ppm. IR: vy—0, 954 cm™!. CooH34,NOsV (527.53): caled. C
66.0, H 6.5, N 2.7; found C 65.7, H 6.4, N 2.4. A single-crystal X-
ray analysis was performed on one of the crystals.

[VO(L1C2)] (7): The complex was prepared by adding 1 (0.079 g,
0.20 mmol) and salicyl alcohol (0.40 mmol, 0.050 g) in dry acetoni-
trile. The solvent was dried beforehand with molecular sieves (4 A)
and a CaCl, tube was added to the experimental setup. The solu-
tion was refluxed for 20 h and cooled to 5 °C. Dark matter precipi-
tated on the bottom of the reaction vessel during two hours. The
precipitate (40.7 mg) was washed twice with diethyl ether (2 mL)
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and its subsequent 'H NMR spectrum consisted of the signals of
7 and 1 in a 1.6:1 ratio. A recrystallization by slow evaporation
from a mixture of acetonitrile and dichloromethane (9 mL, 5:4)
yielded dark, shiny crystals of 7, which were washed twice with
diethyl ether (1 mL) and air dried. To improve the poor yield
(8.6 mg) of the first recrystallization, the solvent was evaporated to
dryness, washed with diethyl ether (2X1mL), and a similar
recrystallization process was performed twice on the remains. Com-
plex 7 seemed to be practically insoluble to diethyl ether, which
helped to reduce the amount of 1 (soluble in small amounts) in the
precipitates; yield 22.3 mg (22%). '"H NMR (500 MHz, CDCl,): 6
= 1.87 [s, 6 H, Ar-C(26/29)H3], 2.25 [s, 6 H, Ar-C(27/28)H;), 2.91
(t, 2 H, NCH,CH,0), 3.34 (t, 2 H, CH,CH,0), 3.79, 4.86 (d, 2 H,
Ar-CH»-N), 4.57 (s, 2 H, Ar-CH,0), 6.78 [d, 2 H, Ar-H(5/11)], 6.92
[d, 2 H, Ar-H(3/13)], 6.92 [m, 2 H, Ar-H(22/23)], 7.01 (d, 1 H, Ar-
H24), 7.32 (t, 1 H, Ar-H21) ppm. *C NMR (126 MHz, CDCls): 6
= 15.7 [Ar-C(26/29)H3], 20.5 [Ar-C(27/28)H3], 53.9 (NCH,CH,),
66.4 (Ar-CH,-N), 68.7 (CH,CH,0), 72.8 (Ar-CH,0), 115.9 (C24),
119.6 (C6/C10), 122.3 (C23), 124.3 (C2/C14), 125.4 (C20), 126.5
(C5/C11), 128.2 (C4/C12), 128.7 (C21), 129.6 (C22), 131.6 (C3/
C13), 162.1 (C1/C15), 167.1 (C25) ppm. >'V NMR (132 MHz,
CDCly): 6 = 4379 ppm. IR: vy-o, 943cm!. C,;H;3;,NOsV
(499.48): caled. C 64.9, H 6.1, N 2.8; found C 65.4, H 5.8, N3.1. A
single-crystal X-ray analysis was performed on one of the crystals.

X-ray Crystallography: Crystals suitable for single-crystal X-ray
measurements were obtained directly from reaction tubes before
filtration. The crystal data for compounds 1-7 along with other
experimental details are summarized Tables S1-S2. The crystallo-
graphic data were collected at 123 or 173 K on an Enraf Nonius
Kappa CCD area detector diffractometer using graphite mono-
chromatized Mo-K,, radiation (4 = 0.71073 A). The data were col-
lected with ¢ and ® scans and were processed using DENZO-SMN
v0.95.373.141:421 An SADABSI*¥ absorption correction was applied
to the data sets. The structures were solved by direct methods using
the SHELXS-9744 or SIR-9731 programs and full-matrix least-
squares refinements on F? were performed using the SHELXL-
97[46] program. The heavy atoms were refined anisotropically except
the disordered carbon atoms in the side chains of the aromatic
rings of 2, which were refined isotropically. The CH hydrogen
atoms were included at fixed distances using fixed displacement
parameters from their host atoms while other H atoms were refined
using fixed displacement parameters. Structure figures were drawn
using ORTEP-3 for Windows.[*”!

CCDC-802518 (for 1), -802519 (for 2), -802520 (for 3), -802521 (for
4), -802522 (for 5), -802523 (for 6), -802524 (for 7) contain the
supplementary crystallographic data for compounds 1-7 presented
in this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Figures S1 and S2 for compounds 2 and 4. Tables S1 and S2
(crystal data for compound 1-7). Tables S3-S4 (selected bond
lengths and angles for compounds 1-4).

Acknowledgments

We thank Mr. Reijo Kauppinen for assistance of NMR experi-
ments and Mrs. Elina Hautakangas for performing the elemental
analyses.

[11 D. Rehder, Coord. Chem. Rev. 1999, 182, 297-322.

Eur. J. Inorg. Chem. 2011, 1283-1291



Oxidovanadium(V) Complexes with [O,N,0,0’] Ligands

Eur/IC

[2] G. Santoni, G. Licini, D. Rehder, Chem. Eur. J. 2003, 9, 4700—
4708.

[3] S. Raugei, P. Carloni, J. Phys. Chem. B 2006, 110, 3747-3758.

[4] R.R. Eady, Coord. Chem. Rev. 2003, 237, 23-30.

[5] A. Butler, Science 1998, 281, 207-209.

[6] D.C. Crans, J. J. Smee, E. Gaidamauskas, L. Yang, Chem. Rev.
2004, 104, 849-902.

[7] D. Rehder, J. Inorg. Biochem. 2000, 80, 133-136.

[8] A. Messerschmidt, R. Wever, Proc. Natl. Acad. Sci. USA 1996,
93, 392-396.

[9] S. Groysman, 1. Goldberg, Z. Goldschmidt, M. Kol, Inorg
Chem. 2005, 44, 5073-5080.

[10] D. Maity, J. Marek, W. S. Sheldrick, H. Mayer-Figge, M. Ali,
J. Mol. Catal. A 2007, 270, 153-159.

[11] M. Mba, M. Pontini, S. Lovat, C. Zonta, G. Bernardinelli, P. E.
Kiindig, G. Licini, Inorg. Chem. 2008, 47, 8616-8618.

[12] B. D. Liboiron, K. H. Thompson, G. R. Hanson, E. Lam, N.
Aebischer, C. Orvig, J Am. Chem. Soc. 2005, 127, 5104-5115.

[13] H. Esbak, E. A. Enyedy, T. Kiss, Y. Yoshikawa, H. Sakurai, E.
Garribba, D. Rehder, J. Inorg. Biochem. 2009, 103, 590-600.

[14] J. Nilsson, E. Degerman, M. Haukka, G. C. Lisensky, E. Gar-
ribba, Y. Yoshikawa, H. Sakurai, E. A. Enyedy, T. Kiss, H. Es-
bak, D. Rehder, E. Nordlander, Dalton Trans. 2009, 7902-7911.

[15]J. M. Fautch, P. E. Fanwick, J. J. Wilker, Eur. J Inorg. Chem.
2009, 33-37.

[16]J. M. Fautch, J. J. Wilker, Inorg. Chem. 2010, 49, 4791-4801.

[17]1 A. M. Evangelou, Crit. Rev. Oncol. Hematol. 2002, 42, 249—
265.

[18]J. Hartung, S. Drees, M. Greb, P. Schmidt, I. Svoboda, H.
Fuess, A. Murso, D. Stalke, Eur. J Org. Chem. 2003, 2388-
2408.

[19] K. I. Smith, L. L. Borer, M. M. Olmstead, Inorg. Chem. 2003,
42, 7410-7415.

[20] H. Hagen, A. Barbon, E. E. van Faassen, B. T. G. Lutz, J.
Boersma, A. L. Spek, G. van Koten, Inorg. Chem. 1999, 38,
4079-4086.

[21]C. Redshaw, M.A. Rowan, D. M. Homden, S.H. Dale,
M. R. J. Elsegood, S. Matsui, S. Matsuura, Chem. Commun.
2006, 3329-3331.

[22]J. Wu, J. Mu, S. Zhang, Y. Li, J Polym. Sci., Part A: Polym.
Chem. 2010, 48, 1122-1132.

[23] C. Redshaw, Dalton Trans. 2010, 39, 5595-5604.

[24] C. Bolm, Coord. Chem. Rev. 2003, 237, 245-256.

[25] D. Maity, M. Mijanuddin, M. G. B. Drew, J. Marek, P. C.
Mondal, B. Pahari, M. Ali, Polyhedron 2007, 26, 4494-4502.

Eur. J. Inorg. Chem. 2011, 1283-1291

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

[26] H. Hagen, J. Boersma, G. van Koten, Chem. Soc. Rev. 2002,
31, 357-364.

[27] A. S. Tracey, G. R. Willsky, Vanadium: Chemistry, Biochemistry
Pharmacology and Practical Applications. 2007, p. 200.

[28] H. Sopo, J. Sviili, A. Valkonen, R. Sillanpaa, Polyhedron 2006,
25, 1223-1232.

[29] O. Wichmann, H. Sopo, E. Colacio, A. J. Mota, R. Sillanpaa,
Eur. J. Inorg. Chem. 2009, 4877-4886.

[30] E. Laurén, H. Kiveld, M. Hanninen, A. Lehtonen, Polyhedron
2009, 28, 4051-4055.

[31] FE. Wolff, C. Lorber, R. Choukroun, B. Donnadieu, Eur. J. In-
org. Chem. 2004, 2861-2867.

[32] E. Wolff, C. Lorber, R. Choukroun, B. Donnadieu, Inorg
Chem. 2003, 42, 7839-7845.

[33] D. Maity, A. Ray, W.S. Sheldrick, H. M. Figge, B. Bandy-
opadhyay, M. Ali, Inorg. Chim. Acta 2006, 359, 3197-3204.
[34]R. K. Egdal, F. B. Larsen, A. D. Bond, C. J. McKenzie, Inorg.

Chim. Acta 2005, 358, 376-382.

[35] A. Riisio, O. Wichmann, R. Sillanpéa, Lett. Org. Chem. 2010,
7, 298-305.

[36] E. V. Fedorova, V. B. Rybakov, V. M. Senyavin, A. V. Anisimov,
L. A. Aslanov, Crystallogr. Rep. 2005, 50, 224-229.

[37]1 D. C. Crans, H. Chen, O. P. Anderson, M. M. Miller, J Am.
Chem. Soc. 1993, 115, 6769—-6776.

[38] W. A. Nugent, R. L. Harlow, J Am. Chem. Soc. 1994, 116,
6142-6148.

[39] A. W. Addison, T. N. Rao, J. Reedijk, J. Van Rijn, G. C. Ver-
schoor, J. Chem. Soc., Dalton Trans. 1984, 1349-1356.

[40] C. Chen, J. Lin, J. Kuo, S. Weng, T. Cuo, Y. Lin, C. Cheng, Y.
Huang, J. Yu, P. Chou, Org. Lett. 2004, 6, 4471-4474.

[41] Z. Otwinowski, W. Minor, Methods Enzymol. 1997, 276, 307—
326.

[42] Z. Otwinowski, D. Borek, W. Majewski, W. Minor, Acta Crys-
tallogr., Sect. A Acta Crystallogr., Sect. A: Found. Crystallogr.
2003, 59, 228-234.

[43] G. M. Sheldrick, Siemens Area Detector Absorption Correction
Program, 2008, University of Gottingen, Germany.

[44] G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.
1990, 46, 467-473.

[45] A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C.
Giacovazzo, A. Guagliardi, A. G. G. Moliterni, G. Polidori, R.
Spagna, J. Appl. Crystallogr. 1999, 32, 115-119.

[46] G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.
2008, 64, 112-122.

[47] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837-838.

Received: November 30, 2010
Published Online: February 2, 2011

1291

WWW.eurjic.org



