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1. Introduction

Arsenic is the twentieth most abundant element in the Earth’s crust, fourteenth in the
seawater, and twelfth in the human body. 1 Since it was isolated in 1250 by Albertus
Magnus, this element has been a center of controversy in huma n history. It has been used
in various fields of human activity: medicine, agriculture, livestock, electronic industry
and metallurgy. 2,3
Arsenic is found in over 200 different mineral forms. Approximately, 60% of arsenic
is present in the form of arsenate, 20% in the form of sulfide or sulfosalt, and the
remaining 20% is present in the form of arsenites, arsenides, oxides, silicates, and
elemental arsenic.1 However, arsenic minerals are relatively rare in the natural
environment. The most common arsenic minerals are shown in Table 1. Higher
concentration of these minerals are found in close association with transition metals. 4
Table 1. Major arsenic minerals occurring in nature4

Mineral

Composition

Occurrence

Native arsenic

As

Hydrothermal vents

Niccolite

NiAs

Vent deposits and norites

Realgar

AsS

Vent deposits, often associated with orpiment, clays
and limestones, also deposits from hot springs

Orpiment

As2 S3

Hydrothermal

vents,

hot

springs,

volcanic

sublimation products
Cobaltite

CoAsS

High-temperature deposits, metamorphic rocks

Arsenopyrite

FeAsS

The most abundant arsenic mineral, dominantly in
mineral thermal vents

Tennantite

(Cu,Fe)12 As4 S13

Hydrothermal vents

Enargite

Cu3 AsS4

Hydrothermal vents

Arsenolite

As2 O3

Secondary

1

mineral

formed

by

oxidation

of

arsenopyrite, native arsenic , and other minerals
Claudetite

Secondary mineral formed by oxidation of realgar,
arsenopyrite, native arsenic and other minerals

Scorodite

FeAsO4 2H2O

Secondary mineral

Annabergite

(Ni,Co) 3 (AsO4 )2 8H2 O

Secondary mineral

Hoernesite

Mg3 (AsO4)2 8H2 O

Secondary mineral, smelter wastes

Haematolite

(Mn,Mg) 4 Al(AsO4 )(OH)8

Conichalcite

CaCu(AsO 4 )(OH)

Secondary mineral

Pharmaco-

Fe 3 (AsO 4 )2 (OH)3 5H2 O

Oxidation product of arsenopyrite and other As

siderite

minerals

Utilization of natural resources releases arsenic into the air, water, and soil, which can
affect arsenic level in a particular ecosystem. This includes runoff from mine tailings,
application of pesticides and fertilizers, burning of fossil fuels, coal combustion, and
disposal of industrial and animal wastes. Arsenic compounds were widely used as
insecticides and pesticides. Sodium arsenite is used as a weed killer, and has been used as
a non-selective soil sterilant since about 1890.1 The world production of arsenic
containing species is on the order of tho usands of tons per year. For example, in 1955,
37,000 tons of different arsenic pesticides were produced in the world.1 At present,
agricultural use of arsenic is declining, but it is still used in feed additives in the poultry
industry. Organic arsenicals such as 4-hydroxy-3-nitrophenyl arsenic (roxarsone), parsanilic acid, 4-nitrophenylarsonic, and benzenearsonic acids are used to prevent
coccidiosis, improve pigmentation and increase the growth of chickens.3 Every year from
20 to 50 metric tons of roxarsone are used in the poultry industry on the east coast of the
United States. 5 Arsenic is used in industrial products, such as paints, dyes, metals, drugs,
soaps, and semiconductors. About 90 percent of the industrial arsenic used in the United
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States, however, is used for wood preservation. 1 the use of phenyldichloroarsine,
diphenylchloroarsine, and diphenylcyanoarsine in the chemical weapons during last
century, created an environmental problem on some former military bases in Eastern
Europe. 6
Arsenic is known as an “essential toxin”, in trace amount s it is used as an osmolite in
some marine organisms but it is toxic at higher concentrations. The chemical form and
oxidation state of arsenic determine its toxicity. In general, the toxicity of arsenicals
decrease in the order: arsines > As(III) > As(V) > As(0). 7 It was shown that soluble
inorganic arsenicals are more toxic then the organic ones, and that As(III) is more toxic
then the As(V). Arsenite replaces the two hydrogen atoms from thiol groups of
dihydrolipoic acid protein forming a chelate complex, which blocks enzymatic activity
toward adenosine-5-triphosphate (ATP) generation. Arsenic inhibits enzymes, such as the
pyruvate oxidase, S-aminoacid oxidase, choline oxidase, and transaminase.2 Arsenate,
which has similar properties with phosphate, uncouples oxidative phosphorylation. It may
also replace the phosphate in DNA, which leads to the inhibition of the DNA repair
mechanism.2 Humans are exposed to many different forms of inorganic and organic
arsenic species in food, water, and other environmental media. Now, it is well recognized
that arsenic, even at low level, leads to carcinogenesis. 8 According to the U.S.
Department of Health and Human Services for the general population, food is usually the
greatest source of arsenic exposure. For inorganic arsenic, food is the principal route of
intake <0.02-2.0 µg/kg - body weight per day, followed by water and air. 9 Drinking water
may be a significant source of arsenic exposure in areas where arsenic is naturally present
in the ground water and especially in the areas with high levels of arsenic in soil. Arsenic
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poisoning episodes have been reported all over the world. Groundwater arsenic
contamination has been reported in 20 countries.4 Currently, in 50 out of total 64 districts
of Bangladesh, groundwater contains above 50 µg l-1 of arsenicand more then 25 million
people are drinking water with arsenic concentration above 50 µg l-1 .10 Practically the
same situation exist in West Bengal, India, where more then 6 million people are drinking
water containing >50 µg l-1 of arsenic and more then 300 000 people may have visible
arsenical skin lesions, such as melanosis, leucomelanosis, keratosis, hyperkeratosis,
dorsal keratosis, non-pitting oedema to gangrene, and cancer.10 Because of chronic
toxicological effect of arsenic, the World Health Organization recommended maximum
concentration of As in drinking water is 10 µg l-1 . 11
Arsenic can exist in several oxidation states: elemental (0), trivalent (+3, e.g. arsenite;
or -3, e.g. arsine) and pentavalent (+5, e.g. arsenate). Because it has multiple and
interconvertible oxidation states, arsenic can participitate in a number of chemical and
biological reactions, including oxidation-reduction reactions, acid-base reactions,
covalent interactions with most nonmetals and metals and methylation-demethylation
reactions. 12 Burning of the arsenic forms arsenic trioxide that dissolves in water forming
arsenious acid. In solution, the meta- form, HAsO 2 is more prevalent than the ortho-form,
H3 AsO 3 . The acidic properties of HAsO 2 are weak (K a=7×10-10 ). However, they are
stronger than the basic properties of HAsO 2 : OAsOH ? OAs+ + OH- (K b=5×10-15 ).2 The
base properties of HAsO 2 are shown in formation of AsOHSO4 in solution of As2 O3 in
100% sulfuric acid. Arsenic trioxide dissolves in aqueous base to give arsenite ions such
as [AsO(OH)2 ]-, [AsO 2 (OH)]2-, and [AsO 3 ]3-. Successive pKa values (25 o C) for H3 AsO 3
are 9.2, 12.1, and 13.4. The distribution of these species as a function of pH is shown in
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a

b
4

Figure 1. (a) Arsenite and (b) arsenate speciation as a function of pH.

Fig.1a. At pH less then about 9.2, the neutral arsenite species H3 AsO 3 predominates,
while at higher pH the anionic H2 AsO 3 - becomes dominant.4 Arsenic pentoxide can be
prepared by the oxidation
of elemental arsenic with
HNO3

followed

by

dehydration of the arsenic
acid hydrates.12 In aqueous
solution,

arsenic

acid

dissociates in three steps
with pKa values (25

o

C)

2.2, 6.9, and 11.5.2 The
dominant

form

of

dissolved arsenic (As(V))
Figure 2. Eh-pH diagram for aqueous As species in the system
As-O2 -H2O at 25 o C and 1 bar total pressure.
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species at low pH (less

then pH 6.9) is H2 AsO 4 -, while at a higher pH, HAsO 4 2- becomes dominant; H3 AsO 4 and
AsO 4 3- may be present at extremely acidic or alkaline conditions, respectively (Fig. 1b).4
Geochemical systems are commonly interpreted in terms of their response to pH and
thermodynamic redox potential EH or hypothetical electron activity pE (Fig. 2). These
parameters are related as pE = (F/2.3RT)EH.

The pE range for aquatic systems is

restricted by the stability of water and extends (for pH 4-10) from approximately 17 to 10; beyond these limits water is oxidized to O2 or reduced to H2 , respectively. 13
Formation of arsenic sulfides is common and characteristic for +3 and +5 oxidation
states of arsenic. As2 S3 and As2 S5 are insoluble in water but acidic enough to dissolve in
alkali sulfide solutions to form thio anions: 3(NH4 )2 S + As2 S3 = 2(NH4 )3 AsS3

and

3(NH4 )2 S + As2 S5 = 2(NH4 )3 AsS4 . Arsenic easily reacts with all halogens to form
trihalides and pentahalides, but for higher oxidation states only pentafluoride and
pentachloride are known. All halides rapidly hydrolyze to the respective acids.
Interesting, the reaction: AsCl3 + 3H2 O ?

As(OH)3 + 3HCl is reversible. Arsenic

trifluoride is well known as a useful reagent for fluorination of various nonmetallic
substrates. Arsenic in (-3) oxidation state forms compounds with hydrogen (arsine, AsH3 )
and different metals (arsenides, Na3 As, Mg3 As2 ). Arsine is extremely poisonous and was
used as a chemical weapon. Its thermal decomposition to arsenic is utilized in Marshal’s
test for arsenic.2
Inorganic

arsenic

can

be

biomethylated

or

converted

into

arsenosugars.

Monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), and trimethylarsine oxide
(TMAsO) can be produced by numerous microorganisms or in the process of the
detoxification of inorganic arsenic in mammals. In the process of biomethylation, As(III)
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is oxidized to As(V), CH3 + is reduced to CH3 -, and stable arsenic oxy-species are
formed.1,14 However, inside the cell arsenate can be reduced to arsine and incorporated
into organic matter as analog to nitrogen. For example, arsenobetaine is an analog of
nitrogen containing glycine betaine commonly found in marine organisms, as well as in
bacteria from arsenic rich environment.14
The chemical form of arsenic determines its mobility and it depends on pH, redox
potential, presence of sorbing components, and biological activity present in the
environment. The mineral oxides of metals such as Fe, Al, and Mg and clay have a higher
ability to bind arsenic in soils and sediments. 15 Studies of arsenic fixation,
transformation, and mobilization in sediments indicate that As(V) added to sediment
becomes associated with relatively immobile Fe and Al compounds under anaerobic
conditions. 16 It was shown that under anaerobic conditions most sediments release of
As(III) followed by the release of As(V) and organic arsenic.16, 17 Harvey at al. have
showed that arsenic and carbon release from sediments are correlated. 18

Their

experiments also suggest that respiration of organic carbon plays a role in arsenic
mobilization. Reduction of organic carbon despite the liberation of ferric oxyhydroxides
activates arsenic mobilization. The biological activity as well as geochemical factors can
influence arsenic mobility. Bacteria that oxidize 19 , methylate20 , and reductively detoxify
arsenic 21 have been described, and organisms that grow by reducing arsenate to arsenite
during anaerobic respiration22 have been found.
Dissimilatory arsenate reduction is an important ecological process in the anoxic
environment of the lake waters or sediments, because As(III) produced by arsenic
respiring bacteria is more toxic and has greater hydrologic mobility than As(V). Certain
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prokaryotes from the domains Eubacteria and Archaea can use arsenic as an electron
acceptor in the process of gaining energy e. g., are freshwater mesophiles,
haloalkaliphiles, sulfate-reducers, a reductive dechlorinator, and thermophiles. 23, 24 Many
arsenate respiring organisms are capable of using various electron acceptors including:
SO42-, SO3 2-, S2 O32-,22 Se(IV), Se(VI), 25 NO3-, NO2 -,23 and Fe(III) 26 . Dissimilatory
arsenate reduction to arsenite is catalyzed by a respiratory arsenate reductase (Arr), which
has been isolated from Chrysiogenes arsenatis. 27,30 This periplasmic enzyme consists of
two subunits with molecular masses of 87 kDa and 29 kDa. The metal analysis shows
that cofactor constituents of Arr includes molybdenum, iron, and acid- labile sulfur. Nterminal sequence data confirm the presence of iron-sulfur clusters in both subunits.
Because of the presence of two pyranopterin cofactors per molybdenum atom and ironsulfur clusters this enzyme was placed into the DMSO reductase sub family of
molybdenum

enzymes. 28,29

The

respiratory

arsenate

reductase

from

Bacillus

selenitireducenns strain MLS10 consists of two subunits arrA (110 kDa) and arrB (34
kDa) and it is a member of DMSO reductase family. 30 The arrA sequence shows 56.7%
identity and 78.8% similarity with arrA sequence from Chrysiogenes arsenatis. Later
investigation indicates that the arsenic respiring bacteria S. barnesii and related
Sulfurospirillum species have a different type of arsenate reductase. This enzyme
contains a single 48 kDa subunit and no metal associated with it.29
The other important bacterial process, which increases arsenic mobility, is the
reduction of arsenate to arsenite as a detoxification mechanism. In this case, arsenate
enters the cell via the phosphate transport system, and then is reduced to arsenite by a
cytoplasmic arsenate reductase (ArsC). The As(III) is finally excreted out of the cell via
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an energy dependent arsenite transporter (ArsB).21 This mechanism has been found in
bacteria, yeast, and a few eukaryotes and it is not involved in energy conservation. 21,3 1,32
The ArsC protein of plasmid R733 from Escherichia coli consists of five genes, arsR,
arsD, arsA, arsB, arsC, and uses reduced glutathione as electron donor to convert
arsenate to arsenite. 33 Arsenite then is exported through ATP-dependent membrane
uptake system by using of ArsA/ArsB membrane complex. The arsenic resistance operon
of Staphylococus aureus plasmid pI258 consists of three genes arsR, arsB, and arsC.21,3 4
In this case, ArsC coupled with reduced thioredoxin to reduce arsenate to arsenite, which
is exported by ATP- independent ArsB protein. Eukaryotic arsenate reductase probably
employs the same mechanism: it has been reported that yeast Acr2p arsenate reductase is
fully active with E. coli glutaredoxin and that the R733 ArsC can utilize yeast
glutaredoxin.31
Arsenite oxidation plays a significant role in the arsenic cycle, transport, and
bioavailability in the nature. Arsenate is generally more readily adsorbed to iron
oxyhydroxides and some other minerals, whic h decrease the environmental toxicity of
arsenate.16,35 Biological oxidation is more significant than chemical in environmental
systems, and the process has been described as early as 1918, for bacteria from cattledipping tanks, and since then more than 30 strains have been reported to utilize arsenic
oxidation for detoxification as well as for energy generation. 5,36 Only afew bacteria have
been reported to oxidize arsenic chemolithoautotrophically. 37,38 Most of these
bacteriaoxidise As(III) heterotrophically. 39,40 Heterotrophic oxidation of arsenite to
arsenate is catalized by arsenite oxidase, an enzyme located on the outer surface of the
inner membrane of bacteria. 41 The crystal structure of this enzyme was determined from
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Alcaligenes faecalis, a Gram- negative bacteria. 42 This mononuclear molybdenum enzyme
is a member of the DMSO reductase family, consists of a catalytic subunit (~85 kDa)
containing a Mo atom bound to two pterin cofactors, and an [3Fe-4S] cluster, and an
associated subunit (~14 kDa) containing a Rieske-type [2Fe-2S] site, which is unique
among known Mo enzymes.28,42 The chemolithoautotrophic organisms that use energy
from arsenite oxidation couplet with oxygen or nitrate reduction for carbon fixation and
growth have been reported.37,43 The enzyme catalyzing energy generated arsenite
oxidation of NT-26 species is located in the periplasm.37 Ectothiorhodospira clade of
Eubacteria, which was isolated from Mono Lake, is growing under anaerobic condition
oxidizing arsenite while reducing nitrate to nitrite.43
In this project we investigated arsenic environmental behavior from different point s of
view. First, the activity of dissimilatory arsenate reducing bacteria has been studied. We
investigated of HPLC-UV-Vis method for the quantitatively determination and
identification of arsenic species in arsenic rich bacterial media. Second, we studied the
catalytic cycle of natural arsenite oxidase through the investigation of a model system.
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2. Determination of As(III) and As(V) ions in bacterial systems
2.1. Introduction
More then 20 known arsenic species have been isolated from environmental and
biological samples (Table 2), each with different toxicity, biochemical and
physiochemical behavior. Many of the properties are tied to the concentration and
specific form of arsenic. Analytical techniques designed for arsenic speciation improved
our understanding of arsenic biogeochemistry, toxicity and metabolism. Arsenic
speciation analysis provides a more accurate assessment of arsenic s environmental
impact and health risks.
The most commonly used speciation techniques involve a combination of
Table 2. Arsenic species commonly detected in the environmental and biological systems 44
Name

Abbreviation

Chemical formula

Arsenite

As(III)

As(OH)3

Arsenate

As(V)

AsO(OH)3

Monomethylarsonic acid

MMA(V)

CH3 AsO(OH)2

Monomethylarsonous acid

MMA(III)

CH3 As(OH)2

Dimethylarsinic acid

DMA(V)

(CH3 )2 AsO(OH)

Dimethylarsinous acid

DMA(III)

(CH3 )2 As(OH)

Trimethylarsine oxide

TMAsO

(CH3 )3 AsO

Tetramethylarsonium ion

TMAs

(CH3 )4 As+

Asenobetaine

AsB

(CH3 )3 As+CH2 COO-

Arsenobetaine-2

AsB-2

(CH3 )3 As+CH2 CH2 COO-

Arsenocholine

AsC

(CH3 )3 As+CH2 CH2OH

Trimethylarsine

TMA(III)

(CH3 )3 As
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Arsines

AsH3 , MeAsH 2 , Me2AsH

(CH3 )xAsH 3-x, (x=0-3)

Ethylmethylarsines

EtxAsMe 3-x

Phenylarsonic acid

PAA

(CH3 CH2 )xAs(CH 3 )3-x,
(x=0-3)
C6 H5AsO(OH)

Arsenicals used as animal feed additives
p-Arsalinic acid

p-ASA

p-NH2 C6H4AsO(OH)2

4-Nitrophenylarsonic acid

4-NpAA

NO2 C6 H4AsO(OH) 2

3-Nitro-4-hydroxyphenylarsonic acid
p-Ureidophenylarsonic acid

Roxarsone

NO2 (OH)C6 H4AsO(OH) 2

p-UPAA

p-NH2 CONHC 6 H4 AsO(OH)2

Arsenic containing ribosides

Arsenosugars X-XVI

See Scheme 1

Scheme 1
R

O

H2 C

O

CH 2

H
C

CH 2

R2

R1
HO

OH

R

R1

R2

X

(CH3 )2 As(O)-

-OH

-OH

XI

(CH3 )2 As(O)-

-OH

-OPO 3 HCH2CH(OH)CH 2 OH

XII

(CH3 )2 As(O)-

-OH

-SO3 H

XIII

(CH3 )2 As(O)-

-OH

-OSO 3 H

XIV

(CH3 )2 As(O)-

-NH2

-SO3 H

XV

(CH3 )3 As+-

-OH

-OSO 3 H

chromatographic separation with spectrometric detection. HPLC is the most commonly
used technique for the separation of arsenic species. In addition, gas chromatography
(GC), supercritical fluid chromatography (SFC), and capillary electrophoresis (CE) have
been applied on speciation analysis to a lesser extend. 44 There are five general
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spectroscopic detection techniques that have been developed for arsenic speciation
analysis: atomic absorption spectrometry (AAS), Atomic Fluorescence Spectrometry
(AFS), Atomic Emission Spectrometry (AES), mass spectrometry (MS), and UV-Vis.44
In addition, numerous sample-handling techniques have been used for the sample
preparation, stabilization, and preservation.

2.1.1. Sample handling techniques
Maintaining the concentration of the original arsenic species in the sample is a critical
requirement for obtaining dependable speciation information. Without preservation,
As(III) can be oxidized to As(V) in natural water samples by photolytically produced free
radicals, while As(V) can be reduced to As(III) by microorganism or natural organic
matter, or arsenic species can be coprecipitate with metal oxyhydroxides. 45,4 6,47,48
Garbarino et al. reported that As(V) was reduced to As(III) within 2 days in water
initially containing an equal distribution of both arsenic species. 49 For the prevention of
arsenate reduction by living organisms most authors suggested filtration of a sample to
remove microorganisms. However, in some natural water As(V) can be reduced
spontaneously even after filtration. 50 Thus, H2 SO4 , HNO3 , and HCl have been tested as
preservatives. Only with sulfuric acid is the distribution of As(III) and As(V) preserved
for at least 100 hours. With nitric acid, the distribution is preserved for 5 days in the
absence of light.
In iron rich water samples, the formation of insoluble iron precipitates must be
prevented. The formation of these precipitates results in loss of aqueous arsenic, which
can cause inaccurate speciation analysis. Addition of EDTA to water samples containing
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Fe(III) shows less then 1 µg l-1 change in As(III) concentration in 16 days. 51 In the
presence of EDTA the original As(III) and As(V) concentration was preserved for 5 days
in two different types of water samples: those containing iron and free of it. In three well
waters, arsenic distribution was stabilized for 10 days in the presence of EDTA.
Cooling of the natural water samples before detection is one of the commonly used
techniques for preservation of arsenic species distribution. 49,52 Storing samples that
contained 0.5 µg ml-1 of As(III) and 1µ g ml-1 of As(V) at 4

o

C stabilizes this

concentration for 21 days, while some transformation has been detected after 29 days of
storage. 53 Lindemann et al. tested the storage of arsenic species at temperatures of –20,
+3, and +20 o C;54 the best results were obtained by storing the samples at +3 o C and the
worst results were obtained at –20 o C.
The field speciation methods, in which the separation of arsenic species provided
immediately after water samples collection, could be an alternative to the storage
methods. The National Water Quality Laboratory proposes using commercially available
a strong anion exchange cartridge for field speciation. 49 The ion-exchange material was
converted from the production chloride form to the acetate form by using of 1.7 M acetic
acid. The centrifuged water sample was eluted through the cartridge by a syringe.
Uncharged arsenic species, primarily arsenite, elute from the cartridge, while charged
species As(V), MMA, DMA, and others are retained on the cartridge. Arsenate and alkylarsenic species were eluted by 0.16 M nitric acid. According to a field ion-exchange
method developed by Miller et al. the organic arsenic species eluted with As(III), and so
caution should be taken in the analysis of arsenic species or determining the toxicity of
arsenic in drinking water. 55
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Methylarsenicals demonstrate a higher stability than inorganic arsenic in water and in
urine samples.45,53,54,56,57,58 Larsen at al. found that the concentrations of DMA(V),
MMA(V), and AsB were relatively constant in urine samples.45 Palacios et al. observed
that the concentrations of As(V), DMA(V), MMA(V), and AsB in urine were stable for at
least 67 days at 4 o C.57 The urine samples could be stored at a low temperature (4 or –20
o

C) up to two months without substantial changes in arsenic speciation. During the two

months, the stability of arsenic species varied with the sample matrix. 58
A freeze-dry condition was recommended for storage of algal extracts to prevent
changes in the distribution of arsenic species. The authors showed that no significant
difference in the concentration of three arsenosugars was detected after the freeze-dry
extract was stored at 20, 40, and 60 o C for 10 days. Storage in solution should be avoided
where possible, because the distribution of arsenic species depends on microbial activity,
and could be prevented by adding a small amount of methanol. 59

2.1.2. Separation techniques
Ion-pair, ion exc hange, and size exclusion chromatography are the main forms of
HPLC separation commonly used for arsenic speciation analysis.

2.1.2.1 Ion-pair chromatography
Ion-pair (IP) chromatography is commonly used for routine analysis of neutral and
ionic arsenic species. Various reverse-phase (RP) columns have been used for ion-pair
separation; among them columns packed with Spherisorb and Phenominex both C18 and
ODS material were quite popular. Tetrabutulammonium hydroxide and phosphate are

15

widely used as a pairing cations for the separation of As(III), As(V), MMA(V), and
DMA(V). 60,61,62,63 Different investigators show that As(III), DMA(V), MMA(V), and
As(V) always eluted in presented order, independent from column type.44 The resolution
of arsenic species depends on the concentration of the ion-pair reagent, flow rate, ionic
strength, and pH of the mobile phase. The optimum pH for the separation of the
mentioned above arsenic species lies between 5.0 and 7.0. According to Figure 1a,
As(III) exists as a neutral species in this pH range, and it is eluted in the void volume.44
The RP-IP chromatography was successfully used for the separation of arsenic species
including MMA(III) and DMA(III), the intermediates of arsenic biomethylation, in
human urine samples.61 The separation was performed on a reverse-phase column (ODS3) using a mobile phase containing 5 mM tetrabutylammonium hydroxide, 3 mM malonic
acid and 5% methanol at pH 5.85. As(III), As(V), MMA(V), DMA(V), MMA(III), and
DMA(III) were separated and detected within 7 min. HG-atomic fluorescence system was
used for the detection of the arsenic species. This method has been used routinely for the
toxicological and epidemiological studies.61, 64
Similar RP ion-pairing chromatographic method coupled with ICP-MS was developed
for the speciation of arsenic in animal feed in environmental and biological samples (e.g.
ground water, sediments, and urine ).60 A stainless-steel column packed with Spherisorb
C18 material was used for the separation. The mobile phase consisted of 0.5% v/v
methanol in water with 1 to 5 mM of tetrabutylammonium hydroxide; malonic acid was
added to adjust the mobile phase pH to 5.8. The authors showed that the presence of
0.1% NaCl in the sample had a significant effect on the chromatographic separation, such
as retention time and peak shapes, when a low concentration (1-2 mM) of pairing agent
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was used. This problem was avoided by using a 5 mM concentration of TBAH for the
separation of arsenic species in biological materials such as urine. This method was
successfully applied for the separation of various phenylarsonic acids (roxarsone, p-ASA,
4-NpAA) from more toxic inorganic arsenic compounds and naturally occurring
organoarsenic compounds.60
The separation of organic and inorganic arsenic (As(III), MMA(V), DMA(V), As(V))
and selenium species was successfully solved by gradient elution program. 65 The mobile
phase consists of 0.1% v/v of 10-2 mol l-1 of didodecyldimethyl-ammonium bromide (ionpairing forming agent) solution, 0.5% v/v methanol, and different concentration of
NaH2 PO4 . The separation of six species was completed within 8 min.
The

cationic

arsenic

species

were

separated

using

pentanesulfonate,66,67

hexanesulfonate, 68 and octanesulfonate 69 as the pairing anions. An ion-pair mobile phase
containing 10 mmol l-1 of octanesulfonate in a water- methanol (60+40) mixture to
adjusted at pH 2.7 with acetic acid was used to separate AsC, DMA(V), AsB, TMAsO,
and TMAs on a single reverse-phase C18 column. These five arsenic species were
detected using ion-spray tandem mass spectrometry (IS-MS-MS).69

2.1.2.2. Ion-exchange chromatography
Depending on the ionic characteristics of the arsenic species anion or cation-exchange
chromatography has been used for the arsenic speciation analysis. 70,71,72,73,74,7 5 The
different types of anion-exchange columns were mostly used for the separation of As(III),
As(V), MMA(V), and DMA(V), while the cation-exchange columns were used for the
separation of AsB, AsC, and TMAsO.
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Hamilton PRP-100 polymeric anion-exchange column, which is stable in a wide range
of pH (1-13), is commonly used for the separation of arsenic species. Phosphate buffer as
a mobile phase at pH 6 has allowed the separation of As(III), DMA(V), MMA(V), and
As(V) within 8 min.70 However, coelution of As(III) and TMAO in urine samples made
impossible to quantify those species by HG-AAS method. Use of ICP-MS can solve this
inconvenience. The same system was successfully used for the arsenic speciation in a
water extract of wool. 71 In addition to four arsenic species, MMA(III) and DMA(III)
were detected, which increase the separation time to 11 min. Martinez-Bravo et al.
examined the effect of pH (from 7.7 to 10.2) on the separation of As(III), DMA(V),
MMA(V), As(V), Cr(VI), Se(IV), and Se(VI). At pH > 8.7 the resolution decreased for
As(III) and DMA(V). At pH >9.2, As(III) is present as an anionic compound (Fig.1a, pKa
9.2) and is retained in the stationary phase, resulting in the complete overlapping of
arsenite and MMA at pH 10.2.52 Under the neutral pH cond ition, As(III) and AsB co
eluted at the void volume. Nevertheless, arsenite forms an anionic complex with tartaric
acid that could be separated from AsB. Six arsenic species were separated during 15 min
in the order of AsC, AsB, DMA(V), MMA(V), As(III), and As(V). 76 In another study, ten
arsenicals (presented in elution order: AsC, AsB, DMA(V), MMA(V), As(III), DMA(III),
MMA(III), and As(V)) were separated within 10 min on a Shodex Asahipak ES-502N 7C
anion exchange column by using a citric acid mobile phase adjusted to pH 2 by nitric
acid.74 This method was used to determine arsenic species in human blood plasma and
bile74 , and also to determine arsenic species in over 400 human urine samples from an
arsenic-affected area in West-Bengal, India 77 .
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Jackson and Bertsch stud ied the effectiveness of separation As(III), As(V), DMA(V),
MMA(V), p-ASA, and roxarsone in the poultry litter extract, achieved on a Dionex type
ion-exchange columns by gradient elution method.72 The separation of arsenic species
was attempted on three columns that differed in either functional group or degree of
cross- linking: the AS14 column has a medium- high hydrophobicity, 55% cross-linking,
and an alkyl quaternary ammonium functional group; the AS16 column has an ultra low
hydrophobicity, 55% cross-linking, and an alkanol quaternary ammonium functional
group; the AS7 column has a medium- high hydrophobicity, 2% cross- linking, and an
alkyl quaternary ammonium functional group. Various concentrations of NaH2 PO4 (pH
7.2) were used for the separation on the AS14 column by the gradient-elution method.
This column is not ideal for trace element work, because of the poor resolution of the
early eluting peaks and the broad tailing peak shape for all arsenic species. Also, the
separation of iron rich samples at pH 7.2 may leads to the precipitation of Fe oxides
within the column, which may affect the elution of As oxyanions. The separation on the
AS16 column was highly effective and provided by using an hydroxide (NaOH) step
gradient program. At the high pH used in this method As(III) is dissociated (pKa 9.2), and
therefore elutes after void volume. Both of these me thods are applicable to analysis of
soil extracts, especially when OH- or PO4 3- have been used as extractant. The AS7
column is a strong anion exchanger and has been used to separate inorganic As(III),
As(V), DMA(V), MMA(V), p-ASA, and roxarsone in poultry litter extract72,73 as well as
inorganic arsenicals and asenobetaine 78 using HNO3 as the eluant. This method is ideally
suited for coupling with ICP-MS, because nitric acid is compatible with introduction into
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this method of detection, and problems of signal drift or signal suppression should be
minimal with this eluant.72
Cation exchange chromatography has been shown useful for the separation of AsB,
AsC, TMAsO, DMA(V), TMAs species, and arsenosugars.45,59,70,75,79 A cation-exchange
Chrompack Ionospher C analytical column with sulfonic functional group coupled with
ES-MS-MS spectrometer was used for the speciation analysis of the nine organoarsenic
species including arsenosugars. The separatio n was performed by using of a mobile phase
which consisted of 15 mM of pyridinium formate in water- methanol (80-20) adjusted to
pH 2.7 by formic acid. This method was also used for the analysis of oyster tissue.75

2.1.2.3 Ion-exclusion and size-exclusion chromatography
Ion-exclusion chromatography involves the use of strong anion- or cation-exchange
resins for the separation of weakly ionized or neutral compounds. The charge of ionexchange resin is the same as that of the weakly ionized species.44 This kind of
chromatography has the potential for separating of arsenic species with different degrees
of ionization and hydrophobicity, because the separation is performed by three kinds of
different interactions, ion-exclusion, ion-exchange, and hydrophobic interaction. The
anionic arsenic species are rapidly eluted using ion exclusion, based on electrostatic
interaction of the anionic species and functional groups of the anionic resin, for example,
an anionic sulfonate functional group. Nevertheless, the cationic arsenic species are
retained due to the ion exchange by the anionic resin; the hydrophobic arsenic species are
also retained due to hydrophobic interaction by the polymeric resin. 80 This method was
successfully used for simultaneous separation of various arsenic species.80,81
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A good separation of seven inorganic and organic species was achieved using ionexclusion column packed with a carboxylated methacrylate resin (Tosoh TSKgel OApakA) and

0.35 or 2.0 mM l-1 concentration of sodium sulfate solution at pH 3.8 as the

mobile phase.80 TMAs and AsC were not resolved from each other. All process of
separation of seven arsenic species took more than an hour, although the first five arsenic
species (As(V), MMA, DMA, As(III), AsB) eluted within 13 min. The similar result was
achieved for the same system using another ion-exclusion column packed with a
sulfonate polystyrene resin (Shimadzu SCR-102H) and HNO3 solution (pH 2.1) as the
mobile phase.80 These methods were applied for the speciation of arsenic species in the
urine samples and the extract from tuna fish tissue.80 The sulfonate polysterene resin
column with mobile phase consists of trifluoroacetic acid adjusted to pH 2.1 was used for
testing seawater samples. As(V), As(III), and MMA(V) were resolved within 17 min, but
DMA(V) was not detected by this method.81
For the arsenic speciation analysis both low- and high-pressure size-exclusion
chromatography have been used. Lo w-pressure size-exclusion chromatography was
usually used to remove large matrix molecules such as proteins from serum63,82 or
biological extract. 83 Size-exclusion HPLC was typically used in conjunction with other
separation techniques to identify organic arsenic species, especially arsenosugars, in
marine organisms.83, 84, 85

2.1.3. Detection technique
Speciation of arsenic presented in the environmental and biological samples at a trace
level require a high-sensitivity detection technique. Atomic spectrometry provides the
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best sensitivity for arsenic detection, however UV-Vis detection coupled with HPLC
could be simplest method for determination As(III) and As(V).

2.1.3.1 Atomic Absorption and Atomic Fluorescence Spectrometry
Atomic absorption spectrometry was the most common analytical procedure for the
measurement of arsenic in the late 70s and 80s.9,86,87,88 This procedure is mostly useful
for the determination of total arsenic in environmental and biological samples.59,86,88,8 9,90
For AAS measurements the samples could be prepared in a variety of ways, and usually,
the gaseous hydride procedure is used.87,91,92,93,94 In this procedure, arsenic in the sample
is first reduced to arsine, then trapped and introduced into the flame. This approach able
to measure a total inorganic arsenic, but may not detect all organic forms. Digestion with
nitric, sulfuric, hydrochloric, and hydrofluoric acids degrades the organic arsenic to its
inorganic forms and total arsenic from the biological or environmental sample can be
detected. 88,89
Flame AAS has been applied for the detection of arsenic species after HPLC
separation, but this method suffers from low sensitivity and high background noise.44
Using a graphite furnace in AAS for HPLC detection is difficult. The fraction must be
collected, dried and ashed prior to furnace atomization. 95,96
The most recent application of AAS is combined with hydride generation. 65,70,91 In this
process volatile hydrides are produced upon a chemical treatment of samples with
reducing agent, typically sodium borohydride. This method has allowed enhanced
sensitivity of the detector, and separate arsenic species from all other accompanying
materials.44 After reduction, only gaseous hydrides are introduced into the detector, and
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the sample matrix is left in the liquid waste. Using AAS with hydride generation Jones et
al. determined the concentration of As(III) and As(V) in natural water samples.91 Total
arsenic was analyzed by acidifying samples with HCl, pre-reducing any As(V) with KI,
and a reaction mixture with NaBH4 in NaOH. The arsine generated was quantified in an
air-acetylene flame at 193.7 nm. For determination of arsenate ions, the sample was
added to a TRIS buffer (pH 6.0), and then sparged of the buffered solution with N2 . The
NaBH4 in NaOH is then added incrementally to liberate arsine from any As(III) in the
sample. Both of these samples are analyzed for As with hydride generation atomic
absorption spectrophotometry (HGAAS) and the As(III) concentration calculated by
difference between the pre-reduced and non-reduced samples.91
The HG has been widely used for the sample introduction to AAS after HPLC
separation. 70,92,93,94 The HPLC-HG-AAS method has been successfully applied to monitor
the concentration of As species in urine of people who have been occupationally exposed
to As.70 This method also has been used for the detection of inorganic and organic arsenic
species in seafood,92 blood,87 and water samples.92 Detection limits for As(III), As(V),
MMA(V), and DMA(V) were at low µg l-1 levels.
HG process improved sensitivity of AFS and allowed using of liquid sample
introduction technique. As have been mentioned before, after HG process only gaseous
arsines are introduced to the AFS detector, which solve interference problem caused by
sample matrix. The coupling of HPLC with AFS takes advantage in the speciation
analysis of arsenic. For this method, detection limit in the order of pg per liter has been
achieved.62,66,97 HPLC-HGAFS techniques have been applied for the speciation of arsenic
in various environmental and biological samples.61,62,65,97,98
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2.1.3.2 Inductively Coupled Plasma Atomic Emission Spectrometry
ICP-AES has been successfully coupled to HPLC for use in arsenic speciation in
environmental and biological samples.89,99,100,101,102 This method is primarily useful for
samples containing high level of arsenic; for system containing lower level of arsenic the
method does not provide sufficient sensitivity for arsenic speciation. Incorporation of HG
between HPLC and ICP-AAS can enhance the sensitivity of method. 103,104

2.1.3.3 Inductively Coupled Plasma Mass Spectrometry (ICP MS)
The coupling of HPLC with ICP MS has advantages for arsenic speciation analysis,
because of the extremely high sensitivity, multi-element capability, and isotope ratio
measurement capability that an ICP MS can offer. This method demonstrates a large
range of applications. It has been used for the determination of arsenic species in
environmental soil and water samples,49,52,60,73 as well as biological samples: blood, urine,
extracts from marine organisms, wool, and tissue.59,71,74,80 The HPLC-ICP-MS detection
limit for As(III), As(V), DMA(V), MMA(V), TMAsO, TMAs, AsC, and AsB ranges
from 0.05 to 0.34 µg l-1 .52,59,72,80 The sensitivity improvement was achieved by using HG
between HPLC and the detector. The detection limit for eight arsenic species ranged
from 0.016 to 0.075 µg l-1 for biological samples,80 and from 0.0011 to 0.0005 µg l-1 for
As(III), As(V), and MMA(V) in water.81
ICP MS technique identifies the arsenic species in samples by matching their
chromatographic retention times with those of standard arsenic compounds. The
analytical standard materials for the most of organic and inorganic arsenic are readily
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available. However, arsenosugar standards are available only in a few laboratories. The
HPLC-ICPMS method was successfully developed for the determination of arsenosugars
in marine organisms by providing structural verification of compounds using ES-MS.59,85
ICP MS technique coupled with HPLC 60,72,73 allows the speciation of arsenic animal feed
additives present in environmental and biological samples. The use of this method has
allowed for simultaneous speciation of arsenic and other relevant elements.52,68

2.1.3.4 Electrospray-MS(-MS) and Ionspray-MS
ES-MS and IS-MS enhance the possibility of arsenic speciation analysis. These
techniques lack the fundamental limitation of ICPMS, ICPAES, AAS, and AFS, where
elemental arsenic is detected and compound identification is based on the matching of
retention time. ES-MS and IS-MS provide molecular information of arsenic compounds
for positive identification. They are ‘soft’ ionization techniques which produce gas-phase
analyte ions directly from pre-existing ions in solution. They have been employed
extensively, often coupled with LC, for the characterization and identification of
organoarsenicals, such as arsenosugars and new arsenic species.59,69,75,85,105
For the first time, Corr and Larsen applied LC-ES-MS technique for the determination
of nine organoarsenic species at trace level, including four arsenosugars.75 The method
has been used for the speciation of arsenic species in the extract of oyster tissue. The
HPLC-ES-MS-MS technique has also been used for the simultaneous determination of
ten organoarsenicals.105 The selectivity achieved by using the MS-MS method allows for
a successful determination of arsenicals co-eluting during HPLC. In this study the ES
mass spectra of arsenic animal feed additives (p-ASA, 4-NPAA, roxarsone) are
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presented. Furthermore, the method was applied for the analysis of undiluted urine, and
demonstrate low detection limit (from 0.015 to 0.305µg l-1 ) for ten organoarsenicals.105
Using HPLC-IS-MS-MS, the detection limit for DMA(V), AsB, TMAO, TMAs, and AsC
was in the low µg l-1 level.69
Both HPLC-ICP and HPLC-ES-MS have been used to characterize and quantify of
arsenic species in biological samples. They have been used to study of arsenic species in
ten commercially available edible algal food products, with an emphasis on
arsenosugars.85 An extract of the brown alga Fucus serratus was found to contains four
arsenosugars together with a trace amount of DMA(V) and As(V).59 In both cases, the
identity of arsenosugars has been confirmed by ES-MS.

2.1.3.5 UV-Vis
UV-Vis spectroscopy was successfully applied for the determination of As(III) and
As(V) ions in water and water based bacterial media samples. UV-Vis detectors are
available in the most laboratories and they are usually a part of HPLC systems, which
made this method of detection highly useful.

The routine analysis of arsenite and

arsenate based on the method of Strickland and Parsons or its modifications by
spectrophotometric measurement of the arsenic molybdenum blue complex (Scheme
2).106,107,108 The sample with arsenate ion is acidified with hydrochloric acid, then an
aliquot of the acidified sample is added to a reaction mixture containing the following
components: ammonium molybdate, ascorbic acid, potassium antimonyl tartrate, and
concentrated H2 SO4 .106,107 The sample was heated at 78 o C for 10 min and the
molybdenum blue complex has been formed. The arsenate ion was determined by
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absorbance of molybdenum blue at 865 nm (Scheme 2, processII).. The total arsenite ion
concentration is determined by oxidizing the sample with KIO 3 in HCl and followed by
reactions described in process I and assaying spectrophotometrically at 865 nm (Scheme
2, process II). The difference between oxidized and unoxidized samples represents the
concentration of As(III). The most of biological samples contain phosphate ions, which
also form a colored complex with molybdenum blue reagent with the absorption band
close to that observed for arsenate ions. For instance, phosphate interferes with the assay
by acting as an analogue of arsenate, and must be removed or accounted for.107 This
method have been used for the determination of arsenic mobilization by bacterium
Shewanella alga BrY107 and proposed for arsenic quantification in sea and other natural
water, where total concentration of arsenic is less than 3×10-6 M.106
The UV-Vis method was used for the determination of arsenate reductase activity by

AsVO43-/AsIIIO33HCl
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AsVO43-/As IIIO33-
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MoO42-
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Scheme 2.
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monitoring of the oxidation of reduced benzyl viologen, using arsenate as electron
donor. 109 Benzyl viologen should be reduced chemically, with sodium hydrosulfite, or
photochemically before the interaction with arsenic sample. For enzymatic assays,
viologen dyes are used as the electron donor. Whole cells, cell extracts, or purified
arsenate reductase are used and the change in adsorbance at 546 nm (benzyl viologen) or
600 nm (methyl viologen) is measured in a spectrophotometer. In this case only As(V)
was determined.109
HPLC with UV-Vis detector was used for the separation and determination of As(III)
and As(V) in natural water samples. 110, 111 The detection limits were 0.02 mM for As(III)
and 0.04 mM for As(V).110 This method has been successfully applied for the
determination of As(V) and As(III) concentrations in Sulfurospirilum barneseii Strain
SES-3 cells grown on As(V) rich media. 112 It has been demonstrated that the
concentration of As(V) ions in the bacterial media decreased as a function of cell growth,
while the concentration of As(III) ions increased in the same time scale.
The objectives of this work are: i) to develop analytical methodology for the routine
screening of As(V) and As(III) ions in bacterial media by using HPLC-UV-Vis; ii) to
investigate the arsenic concentration as a function of growth of Clostridium sp. Strain
OhILAs.

2.2. Experimental

2.2.1. Instrumentation
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Chromatographic separations were carried out using a Waters 590 pump as the sample
delivery system. Injections were cared out using an auto sampler Waters 717. The stable
temperature during separation was achieved by using a Waters Temperature Control
Module for column. The UV detector Waters 484 was used for the detection at 195 nm
wavelengths. Chromatographic signals were processed using 3396A HP integrator. All
signals quantifications were expressed as peak area mode. The typical threshold was 2,
while attenuation was specific for each sample and varied in the range from 2 to 6.
Table 3. Optimum operating conditions for HPLC-UV-Vis
Column

Bio-Rad Laboratories Aminex HPX-87H

Column temperature/ o C

30

Mobile phase

0.0075 M H2 SO4

Flow rate/ ml min-1

1.0

Injection volume/ ηl

20

All measurements were performed in three replicates. The operational conditions are
summarized in the Table 3.

2.2.2. Materials and reagents
Ion exclusion chromatographic separations were carried out on an Aminex HPX-87H
column (300mm×7.8mm) (Bio-Rad Laboratories, Hercules, California) with an Aminex
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Cation H+ guard cartridge. Analytical reagent- grade chemicals were used throughout the
study unless otherwise stated. Deionised water was used for all experiments. 0.0075 M
H2 SO4 and 0.008 H3 PO4 were used as the mobile phases. These solutions were filtered
through a 0.45 nm membrane and degassed with helium gas before use.

2.2.3. Standards and samples
Arsenite (As(III)) and arsenate (As(V)) calibration solutions were prepared by
dissolving NaAsO 2 or Na2 HAsO 4 ·7H2 O, respectively, in 0.0075 M H2 SO4 . Clostridium
sp. strain OhILAs, which is a gram positive, nonmotile spore forming rod, was isolated
from the river sediments of the Ohio River. Three different types of sample s with
Clostridium sp. strain OhILAs bacteria were used for HPLC experiments. In the first and
second case, lactate and As(V) ions were added to the bacterial medium. In third case,
acetate and As(V) ions were added to the bacterial medium. In all sets, the samples were
acidified by H2 SO4 , filtered using the 0.45 nm membrane filter before they were frozen;
in first case after 0 and 24 hours incubation time and in second and third cases after 0, 12,
18, 24, 30, 36, 42, and 48 hours incubation time. Before the HPLC experiments, bacterial
medium samples were thawed and diluted twice with 0.075 M H2 SO4 .
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2.3. Results and discussion

In order to determine the concentration of As(V) and As(III) ions in the bacterial
media, first, five point calibration curves for As(III) and As(V) were generated with
standard solutions. In both cases, the peak area was plotted against the concentration (02.5 mM) of arsenic. The calibration curves gave a good linearity with a correlation
coefficient value exceeding 0.99. The slopes and correlation coefficients of the
calibration graphs are given in Fig. 3-4. In order to verify the resolution : time ratio, the
sample was tested with two different flow rates. First, a flow rate of 0.6 ml min-1
recommended by Bio-Rad Laboratories 113 was used for the determination of As(V) in
first sets of samples. However, better resolution was obtained with a flow rate of 1.0 ml
min-1 . In this case, the time required completing one analysis was shortened from 22 to
13 min. A divinylbenzene polystyrene based column was used. The mobile phase was
diluted sulfuric acid, adjusted to pH 2.2, as recommended for this column.113 At this pH
As(V) partly exists in an anionic form, while As(III) predominantly exist in a neutral
form. A typical chromatogram of As(V) and As(III) is shown in Fig. 5. The separation
between As(V) and As(III) is based on the ion exclusion mechanism.81 The retention
time, which was determined using standard solutions, for As(III) ions is about 9 min, and
for As(V) ions is about 6 min at a flow rate of 1.0 ml min-1 . The other peaks were related
to the bacterial media. In second set of samples the concentration ion of interest was
determined as a function of incubation time at 0, 6, 12, 18, 24, 30, 36, 42, and 48 hours.
In the first case, lactate was added in the bacterial medium as the electron donor and
carbon source. In this case, only As(V) ions were determined and their concentration
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decreased as a function of cell growth (Figure 6). The determination of As(III) ions was
not possible in the presence of lactate ions because they have the same retention time as
As(III) ions. All our attempts to change the flow rate or mobile phase (H3 PO4 was also
used) in order to get a better separation between lactate and As(III) ions were
unsuccessful (the typical examples are presented in Figure 7). In the second case, the
acetate was used instead of lactate. In this case the concentration of As(V) ions decreased
as a function of incubation time, while the concentration of As(III) ions increased (Figure
8, 9). Comparing the cell growth and As(III) curves shows that they have the same shape
(Figure 10). 114 In addition, when As(III) concentration reached about 10mM, As(V)
reduction and growth stopped.

2.4. Conclusion
The HPLC-UV-Vis method was used for the separation and quantification of As(III)
and As(V) in bacterial media used for growing Clostridium sp. strain OhILAs bacterium.
It shows good recovery with concentration of As(V) added to the medium before the
growth experiments. The arsenic species were eluted in order As(V) > As(III), and the
retention times were not affected by the bacteria l medium matrix. The main disadvantage
of the present method is its failure to separate As(III) from lactate. Thus, it is clear that
the HPLC method, even with its limitations, can be used for the determination of the
concentration of As(V) and As(III) ions in bacterial medium.
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Fig. 3. Calibration curve for As(III) ions.
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Fig. 4. Calibration curve for As(V) ions.

As(V)
As(V)
As(III
)

As(III

0 h incubation time

30 h incubation time

Figure 5. The typical chromatograms of the bacterial media containing As(V), As(III)
ions and acetate performed using H2 SO4 as eluent and detected at 195 nm
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Fig. 6. Concentration of As(V) ions in A, B, and C samples which contained lactate. Line
D represents the mean of the concentration for three samples, which were grown under
identical conditions.
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As(III) + unidentified
species from bacteria
media

As(V)

As(V)

As(III)
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48 h incubation time

Figure 7. The typical chromatogram of the bacterial media containing As(III) and
As(V) ions and lactate performed using H3 PO4 as eluent and detected at 195 nm.
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Concentration, mM

9
8
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B
C

7

D
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3
2
1
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Time, hr

40

50

One-Way ANOVA on columns selected
between Col(B) -> Col(D):
Data Mean
Variance
N
-----------------------------------------------------------A
5.25745 5.46578
9
B
5.00082 4.64526
9
C
5.47237 6.15361
9
-----------------------------------------------------------F = 0.09252
p = 0.91195
-----------------------------------------------------------At the 0.05 level,
the means are NOT significantly different.

Fig. 8. Concentration of As(III) ions in A, B, and C samples which contained acetate. Line
D represents the mean of the concentration for three samples, which were grown under
identical conditions.
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Concentration, mM

24
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D
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14
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50

Time, hr
One-Way ANOVA on columns selected
between Col(B) -> Col(D):
Data Mean
Variance
N
-----------------------------------------------------------A
18.10746
7.59196
9
B
18.55604
6.76144
8
C
18.77993
9.51949
9
-----------------------------------------------------------F = 0.13139
p = 0.87753
-----------------------------------------------------------At the 0.05 level,
the means are NOT significantly different.
Fig. 9. Concentration of As(V) ions in A, B, and C samples which contained acetate.
Line D represents the mean of the concentration for three samples, which were grown
under identical conditions.
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Figure 10. Clostridium sp. strain OhILAs growth with 20mM acetate and
20mM arsenate.114
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3.

Synthesis, characterization, and reactivity of synthetic models of arseniteoxidase

3.1. Introduction
All mononuclear molybdenum enzymes were classified by Hille into three families
named after their prototypic members: xanthine oxidase, sulfite oxidase, and DMSO
reductase.28 These enzymes catalyze the general reaction: X + H2 O ? XO + 2H+ + 2e-,
where the molybdenum center is involved in the oxygen atom transfer reaction. All
known enzymes contain a pterin cofactor coordinated to the molybdenum atom (Fig. 11).
Its structure known from the crystallographic structures of aldehyde oxidoreductase from
Desulfovibrio gigas, DMSO reductase from Rhodobacter sphaeroides, and other

O

H
N

S

S

HN

NH2

N

Mo

N
H

O

O O OR

O

Figure 11. The pterin cofactor and the active sites of the major families of mononuclear
molybdenum enzymes.

molybdenum enzymes. 115, 116 The cofactor is coordinated to the metal via its dithiolene
functionality. The structure of the active site of three families of molybdenum enzymes
are presented in Fig. 11. Members of the xanthine oxidase family, as represented by the
D. gigas aldehyde oxidoreductase, consist of single pterin cofactor coordinating to
molybdenum center. Members of sulfite oxidize family also has a single cofactor and the
40

dithiolene moiety stabilizes a cis-MoO2 unit; the remaining coordination positions are
taken by water and sulfur from a cysteine residue. Members of DMSO reductase family
are characterized by two pterin cofactors, coordinating the metal through a dithiolene
unit. The functional position may be occupied by oxygen, sulfur, or selenium and the
sixth metal coordination position may be occupied by serine, cysteine, or
selenocysteine.28

At least two mononuclear molybdenum enzymes are involved in

biogeochemical cycling of arsenic (arsenite oxidase42 and arsenate reductase29 ). Both
enzymes are members of the DMSO reductase family.

3.1.1. Atom transfer reactions
Molybdenum enzymes are known to catalyze oxygen atom transfer reactions from or
to a variety of substrates, performing transformations such as xanthine to uric acid, sulfite
to sulfate, nitrate to nitrite, amine N-oxides to amine, dimethylsulfoxide to
dimethylsulfide, and arsenite to arsenate. In addition to molybdenum enzymes a number
of metalloenzymes mediate the transfer of an atom and one or more electrons to a
substrate. Because this project concentrated on the study of oxygen atom transfer reaction
it is important give its explanation.
According to Taube, atom transfer reactions are the processes in which an atom
originating in the oxidizing agent is transferred to the reducing agent so that in the
activated complex both centers are bound to the atom being transferred. 117 The oxygen
atom transfer reactions are the most studied type of atom transfer reactions.117,118, 119, 120,
121

For example, one of the first oxygen atom transfer reactions studied by Taube117 :
Ru(NH 3) 6

2+

-

+ ClO 4

RuO(NH3) 62+ + ClO3-
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(1)

Atom transfer reactions were classified in to two types: metal and ligand based. A
metal centered atom transfer processe with one or multiple electron transfer was named
as primary atom transfer reaction. A ligand centered atom transfer reaction that involve
redox at a ligand was named as secondary atom transfer processes.119 The metal centered
processes were separated in two types: complete and incomplete atom transfer reactions.
Complete atom transfer reaction is a reaction in which the transferring atom completely
severs all of its bonds with the donor complex and is only bonded to the acceptor species
after reaction (eq 2). Incomplete atom transfer reaction is a reaction in which a binuclearbridged species is the final product (eq 3).121

LnM-X + M'Ln

LnM + X-M'Ln

(2)

LnM-X + M'Ln

LnM-X-M'Ln

(3)

Further, in the case of complete reactions the number of redox equivalents transferred
between oxidant and reductant can be the same or different from the valence of
transferred ligand. Equation 4 presents transfer of univalent chlorine accomplished by a
formal one-electron reduction of Cr(III) and a formal one-electron oxidation of Cr(II)117 :

[(H2O)5Cr*-Cl] 2+ + [Cr(H2O)6]2+

[(H2O)6Cr*] 2+ + [Cl-Cr(H2O)5]2+

(4)

In a different case, the univalent halogen (X = I, Br) mediates a formal two electron redox
reaction (eq 5)121 :
[Cp2*RuIV X] + + Cp2RuII

II

IV

+

Cp2*Ru + [Cp2Ru X]

(5),

where Cp is the cyclopentadienyl ligand.
Biological oxygen atom transfer reactions are mediated by both metal and non- metal
prosthetic groups. The majority of enzymes involved in catalysis using oxo transfer
reactions are molybdoenzymes except for cytochrome P-450 and peroxidases. Among the
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different substrates, N-oxides, sulfoxides, nitrates, sulfites, and chlorites were used in
these OAT reactions. Only in some cases reaction pathways were proved by experiments
with 18 O.

Scheme 3.
Based on labeling experiments a catalytic cycle for DMSO reductase from Rhodobacter
sphaeroides was proposed, 122 data also was supported by resonance Raman spectroscopic
interrogation of different enzymatic states in a catalytic cycle 123 (Scheme 3). The enzyme,
labeled by reoxidation of its dithionitereduced form with

18

O-labeled dimethyl sulfoxide,

quantitatively transfers 18 O to phosphine with the production of phosphine oxide.
Molybdenum is involved in a large number of oxo transfer reactions and catalytic
systems for these reactions. Several types of transformations: Mo(II)? Mo(IV),
Mo(III)? Mo(V), Mo(IV)? Mo(VI), and Mo(VI)? Mo(IV/V) are known. In our project
we are primarily interested in transitions Mo(VI)? Mo(IV). These transformations are
represented by general reaction (6)119 :
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MoO2Ln + X

MoOLn + XO

(6)

Mo2O3L2n

(7)

MoO2Ln + MoOLn

The reactions (6) could be complicated by formation of the µ-oxo Mo(V) dimer, reaction
(7).119 The µ-oxo dimer formation affects the catalytic properties of the initial complex.
When this processes fast and irreversible it precludes catalysis of substrate oxidation or
reduction; when it is reversible and equilibrates rapidly, high stoichiometric yields may
be achieved and catalysis is possible.119
In the case of molybdenum oxygen atom transfer reactions, tertiary phosphines are
generally used as oxygen atom acceptors, whose nucleophilicities usually increase with
the number of alkyl groups.119 The study of the nucleophilic effects on reaction rates
show that the rate increases from PPh3 < Ph2 EtP < PhEt2 P < Et3 P in the reaction of these
phosphines with MoO2 (S2 CNEt2 )2 .124 Usually, binuclear final product Mo2 O3 Ln2 is
formed with tertiary phosphines in two steps. OAT reaction (6) following dimerization
reaction (7). Holm proposed mechanism for this reaction119 as:
:PR3

O

Mo

VI

O:

PR3

O

Mo

IV

O:

O

Mo

IV

+ OPR3

The process is initiated by nucleophilic attack on Mo VI=O unit by respective phosphine,
possibly by interaction with the vacant π*-orbital of Mo=O. It is followed by formation
of µ-oxo complex with PPh3 , and final elimination of OPPh3 .

3.1.2. Model systems
The pyranopterin-containing molybdenum enzymes catalyze numerous important
biological processes; they take part in the global nitrogen, sulfur, and arsenic cycle. For
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the investigation of DMSO reductase, xantine oxidase, and sulfite oxidase families of
molybdenum enzymes two major synthetic systems were proposed.

3.1.2.1.Dithiolene complexes model system
The complexes with a general formula MoO(S2 C2 R2 )2 were proposed to simulate the
symmetrical pterin-dithiolene chelation in the enzymes (Fig.12).

2R

S

O
Mo

R

S

2-

S

R

R

S

S

R

R

S

IV

O O
VI
Mo
S
R

S
R

a

b

Figure 12. Mono-oxo (a) and dioxo (b) dithiolene complexes of molybdenum.

During the last ten years numerous complexes were synthesized (Table 4) and
examined for the reactivity of molybdenum mediated oxygen atom transfer reactions. For
instance, the reaction of 1(IV), 2(IV), and 5(IV) with 10 equivalents of Me3 NO was
followed by UV-Vis spectroscopy. The formation of 1(VI) and 2(VI) was observed in
situ by Raman spectroscopy, while complex 5(VI) was isolated.

The Raman

spectroscopy data show that oxygen atom transfer reactions were complete, no Raman
signals from Mo(IV) complexes were observed.123 It was shown that complex 5(VI)
reacts with tertiary phosphites (MeO)2 PhP and (MeO)3 P at room temperature forming
complex 5.127 Based on kinetics and theoretical calculations of oxo transfer reactions an
energy profile for this reaction was proposed (Figure 13). The entire reaction proceeds
through the formation of two transition states and one intermediate. The initial event is
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Table 4. Mo(IV) and Mo(VI) dithiolene complexes used for investigation of active centers of
molybdoenzymes.
N#

Molybdenum (IV) complexes
2-

Molybdenum (VI) complexes
2-

Reference

1

[MoO(S2 C2 (COOMe) 2)]

[MoO2 (S2 C2(COOMe)2)]

125

2

[MoO(S2 C2 (CONH2 )2 )] 2-

[MoO2 (S2 C2(CONH 2) 2)]2-

125

3

2-

2-

[MoO(bdt)2 ]

[MoO2 (bdt)2]

126

2-

4

[MoO(edt)2]

5

[MoO(mnt)2 ]2-

126

6

[MoO(edt)(mnt)]

7

[MoO(tfd)2 ]2-

[MoO2 (mnt)2 ]2-

126, 127

2-

126
126

2-

8

[MoO(L-S2 )2]

9

[Mo(bdt)2 (OSiButPh 2)] -

126
t

[MoO(bdt)2 (OSiButPh2 )] -

126, 128

-

10

[Mo(edt)2(OSiBu Ph2)]

11

[Mo(edt)2(ButNC)2 ]

126
126

12

[Mo(bdt)2 (MeNC)2 ]

126

13

[Mo(L-S2 )2 (MeNC) 2]

126

14

[Mo(Me4 bdt)2 (MeNC) 2]

126

15

[Mo(Me4 bdt)2 (MeNC)(CMe4 bdt)]

126

16

[Mo(bdt)2 (PMePh 2) 2]

126
-

[MoO(OPh)(S2 C2 Me2 )2]

-

17

[Mo(OPh)(S2 C2Me2 )2 ]

129, 130

18

[Mo(CO) 2(S2 C2Me2 )2 ]

131

19

[Mo(CO) 2(S2 C2Ph 2)2 ]

131

2-

20

[MoO(S2 C2 Me2) 2]

21

[Mo(OC6 H3 -2,6-Pri2 )(S2 C2 Me2) 2] -

131
131

22

[Mo(OC6 H2 -2,4,6-Pri3 )(S2 C2Ph 2) 2] -

131

23

[Mo(CO)(SPh)(S2 C2Me2 )2 ] -

131

24

[Mo(SC 6 H2 -2,4,6-Pri3 )(S2 C2 Me2) 2] -

131

25

[Mo(SC 6 H2 -2,4,6-Pri3 )(S2 C2Ph2) 2] -

131

26

[Mo(CO)(SePh)(S2 C2Me2 )2 ] -

131

2-

27

[Mo 2(µ-SePh) 2(S2 C2Ph 2) 4]

131

28

[Mo(CO)(SeC6 H2 -2,4,6-P ri3 )(S2 C2Me2)2 ] -

131

29

[Mo(CO)(SeC6 H2 -2,4,6-P ri3 )(S2 C2Ph 2)2 ] -

131

30

[Mo(S2 C2Me2 )3 ]

131

31

[Mo(S2 C2Me2 )3 ] -

131

t

32

[Mo(OSiBu Ph2 )(S2 C2 Me2) 2]

131

33

[Mo(2-AdO)(S2 C2 Me2 )2] -

132

34

-

[Mo(2-AdS)(S2 C2Me2 )2 ]

35

[Mo(2-AdSe)(S2 C2 Me2) 2]

36

[Mo(OPh)(S2 C2Ph2 )2 ] -

37

[Mo(OC6 F5 )(S2 C2 Me2) 2]

38

[Mo(OPri)(S2 C2Me2 )2 ] -

132
-

130
-

130
130
-

39

[MoO2 (OSiPh3 )(bdt)]

133
i

40
41

132

[MoO2 (SC6 H2 -2,4,6-Pr 3)(bdt)]
[MoO(α,2-tolueneditiolato) 2] 2-

-

133
134

46

Figure 13. Proposed energy profile for reaction 5(IV) with a generalized PR
substrate, where M=Mo and energies (kcal/mol) are relative to the reactants, a
lengths are optimized values; both refer to transition states and intermediates in the
reaction.

the nucleophilic attack on one oxo atom by the phosphine, causing an electron transfer to
the metal center, lengthening of one Mo=O bond of the MoIVO2 group, and formation of
weak P- O interaction. These events generate the first transition state. The activation
energy for a generation of the first transition state is 14 kcal/mol for this reaction. An
intermediate is developed upon formation of a MoI V- O coordinational bond and P=O
short bond with R3 P substrate typical for phosphine oxides. In an aqueous system, the
next event is the formation of a seven-coordinated monosolvated complex, which
represents an associative transition state. At this stage the Mo- OPR3 bond distance is
near the dissociation limit. The activation energy of this process is 19 kcal/mol. Finally,
the R3 PO ligand dissociates, and water occupies the vacated site. No associative
transition state or [MoO(mnt)2 (DMF)]2- product was observed in the DMF solution. The
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proposed reaction mechanism has not been supported by isolation and characterization of
the OAT reaction intermediate.
The next generation of des-oxo Mo 9(IV) and 10(IV) and mono-oxo Mo 9(VI) bisdithiolene complexes are potentially related to the active site Rhodobacter sphaeroides
DMSO reductase, in which molybdenum coordinated to SerO - protein ligand (Fig.11).
These complexes were obtained by silylation of 3(IV), 3(VI), and 4(IV) respectively. 126
The examination of the oxo-transfer properties of comple x 3 was conducted in an
acetonitrile solution. The transformation of 3(IV) to 3(VI) was not complete in the
presence of several equivalents of Me3 NO. The reverse reduction reaction of the Mo(VI)
to Mo(IV) complex was tested with (CH2 )4 S and (p-FC6 H4 )2 S, but no reaction was found.
The complex 3(VI) demonstrates higher reactivity towards PPh3 . However, an oxygen
atom transfer reaction did occur with the formation of more than one product.
In order to simulate the serinate binding in the natural DMSO reductase enzyme, bisdithiolate desoxo Mo 17(IV) and monooxo Mo 17(VI) complexes with an anionic oxygen
ligand were proposed.129 In the reaction similar to those of bdt complex 9(IV), treatment
of acetonitrile solution of 17(IV) with 1-1.5 equivalents of Me3 NO leads to the formation
of 17(VI). Nevertheless, 17(IV) was detected only in situ and an isolated product of this
reaction was [MoVO(S2 C2 Me2 )2 ]- (42). Direct oxo transfer was also demonstrated in the
rapid reaction of 17 with Ph2 SeO, which after product isolation gave 42. The reactions
with sulfoxides ((CH2 )4 SO, Me2 SO) lead to the formation of 92-93% of 42 after 8 h. The
direct oxo transfer to Mo(IV) center was demonstrated using

18

O labeled of Ph2 SO129 ,

C6 H4 (CH2 )2 SO, and Ph2 SeO 130 . The authors proposed that slow oxo transfer conversion:
17(IV) + R2 SO ? 17(VI) + R2 S process followed by the rapid decomposition of 17(IV)
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to 42. The energy profile for the oxygen transfer reaction with (CH2 )4 SO (OQ) was
proposed for a tungsten complex [WIV(OPh)(S2 C2 Me2 )2 ]- similar to the molybdenum
complex 17(IV). 135 The reaction coordinate involves two transition states and one
intermediate in stepwise pathway presented in Figure 14. The first transition state T1

Figure 14. Proposed qualitative reaction coordinate for reaction [W(OR')(S2 C2 R2 )2 ]1- +
(CH2 )4 SO? [WO(OR')(S2 C2 R2 )2 ]1- + (CH2 )4 S with schematic representations of transition
states (T1 , T2 ) and intermediate (I). The thick line refers to a system initially containing
reference complex [W(OPh)(S2 C2 Me2 )2 ]1-, and other lines to complexes [W(OR')(S2 C2 R2 )2 ]1containing electron-donating groups (EDG) or electron-withdrawing groups (EWD) X/X' in
the substituents R' = p-C6 H4 X' and R = p-C6 H4 X.
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involves the formation of metal substrate bond: WIV···OQ. The intermediate I is
developed upon formation of a discrete W- OQ bond, followed by transition state T2 in
which the O- Q bond is greatly weakened and the multiple bonded W=O interaction
develops. The reaction is completed by the separation of the reduced substrate Q from
complex: [W VI O(OPh)(S2 C2 Me2 )2 ]-.

3.1.2.2.Trispyrazolyl borate ligand systems
A long term hypothesis states that an overall chemical reaction cycle for oxomolybdenum centers of mononuclear molybdenum enzymes involves Mo(IV), Mo(V),
and Mo(VI) forms (Scheme 4). 136 Reaction C represents the oxygen atom transfer
reaction in which dioxo Mo VIO2 is reduced to a monooxo MoIVO center, while the
substrate is oxidized. Reactions A and B show the regeneration of the Mo(VI) center with
H2 O. The regeneration step involves a coupled electron-proton transfer (CEPT) reaction,
going through the formation of monooxo MoV center and elimination of two electrons
and two protons. This catalytic cycle has been investigated over the last 20 years by
Enemark’s, Young’s, and Basu’s groups
H2O
1e-, 2H+

MoV O

using model systems of a general formula

-

1e

LMoO2 R,
A

VI

B

X

L

is

dimethyl-1-pyrazolyl)borate.

C

Mo O2

where

hydrotris(3,5Based

on

Mo IVO these investigations the catalytic cycle
XO

could be presented in Scheme 5. The

Scheme 4.

oxygen atom transfer reaction of dioxo

Mo(VI) complexes 1Tp (where L=hydrotris(3,5-dimethyl-1-pyrazolyl)borate or
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7Tp
V

[LMo OX]2(µ-O)
2Tp

1Tp
VI

LMo O2X

PR3

IV

LMo O(OR3)X
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3Tp
IV

LMo OX

8Tp
V

Noncoordinating
solvent
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-

Coordinating
solvent

[LMo O2X]

H 2O
V

LMo O(OH)X
5Tp

H 2O

V

LMo OClX
6Tp

IV

LMo O(solvent)X

- solvent

4Tp

Scheme 5.
LP r=hydrotris(3- isopropylpyrazol-1-yl)borate; X=Cl-, Br-, NCS-, OPh-, SPh-) with Ph3 P
result in the formation of Mo(IV) species with a vacant coordination site and
Ph3 PO.137,138 For a long time it was assumed that the first step of the reaction is a rapid
oxygen atom transfer from the [MoO2 ]2+ center to Ph3 P with the formation of complex
3Tp137 , which never has been isolated. Mass spectrometric investigations detect the
formation of LMoOX(OPPh3 ) ( where X=Br, SPh, OPh) intermediates, 2Tp. 139 This
evidence was supported by the isolation of an LP rMoO(OPh)(OPEt3 ) intermediate,
synthesized by an incomplete OAT reaction.139 It was shown that the composition of the
molybdenum containing product depends on the solvent. In coordinating solvents such as
pyridine or lutidine, the resultant Mo(IV) complex is stabilized in the form of
LMoOX(solvent) (4Tp). In chlorinated solvents, the oxygen atom transfer reaction is
followed by chlorination with the formation of a LMoOClX complex 6Tp as the final
product. In toluene, despite the steric barrier provided by ligand Tp, the Mo(IV) complex
reacts with the starting Mo(VI) complex and finally a binuclear Mo(V) product 7Tp is
formed. Interesting, LP rMoO2Cl reacts with P(O iPr)3 producing [LP rMoOCl](µO)[LP rMoO(OH)].138 In contrast, the oxygen atom transfer reaction of LP rMoO2 X
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(X=SBu, OPh, OC6 H4 R) with PEt3 results in formation of a phosphine oxide complex
2Tp.139
The reverse to OAT, coupled electron-proton transfer reaction is limited by the
generation of Mo(V) complexes 5Tp such as LMoVO(OH)X and [LMo VO2 X]- (8Tp),
where L=L, LP r, and L*= hydrotris(3,5-dimethyl-1,2,4-triazol-1-yl)borate; X=Cl, Br,
NCS, OMe, OEt, OPh, SPri, SPh, SCH2 Ph. These complexes were generated
electrochemically. 140 With the exception of L*MoO2 Cl, LMo VIO2 X (X=Cl, Br, SCN)
complexes exhibit an irreversible electrochemical reduction, while LMo VIO2 X (X=OR,
SR) undergo an electrochemically reversible one-electron reduction process 1Tp? 8Tp
(Scheme 5). The dioxo Mo(V) complexes (8Tp) also were generated chemically by
reduction of 1Tp with Bun 4 NSH in dry THF. In wet solvent (THF + 1M H2 O), the dioxoMo(V) anions of L and LP r protonate rapidly by reaction with trace of water, producing
5Tp. Their EPR spectra exhibit superhyperfine coupling to a single proton.
The active center of DMSO reductase enzymes consists of a monooxo Mo center.
First, monooxo Mo model complexes LMoOXY (X,Y=Cl-, NCS-, N3-, OR-, SR-) were
synthesized by the Enemark group from LMoOCl2 (L is hydrotris(3,5-dimethyl-1pyrazolyl)borate);136 LMoOCl2 was first isolated by Trofimenko 141 . Enemark proposed
original method for synthesis of LMoOX2 (Eq 7). The synthetic pathway starts from the
reaction of MoCl5 with THF, which yields in formation of MoOCl3 (THF)2 . In the second
step, the complex reacts with KL, which leads to the formation of LMoOCl2 . Then
substitution of chlorine atoms was provided by two methods. In the first case, when
LMoOCl2 was reacted with an appropriate alcohol or thiol in the presence of equimolar
amounts of triethylamine in a nonpolar solvent such as toluene , the complexes of general
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formula LMoOClX with one substituted chlorine was the final product of the reaction. In
the second case, the sodium salt of the appropriate thiol was added and both chlorine
atoms were substituted. Cyclic voltametry demonstrated that the complexes undergo
reversible one-electron reductions, and reduction potentials depended upon the nature of
the ligands. For the complexes of monodentate ligands the reduction potentials increase
in the order OR < SR ˜ N3 < Cl < NCS. A similar behavior was demonstrated in
LMoOCl(p-OC6 H4 X) and LMoO(p-OC6 H4 X)2 (X= OEt, OMe, Et, Me, H, F, Cl, Br, I,
CN) complexes. 142,143 All of them exhibit reversible electrochemistry for both oxidation
and reduction of the Mo(V) center, and the electrochemical potentials are strongly
dependent on the nature of the substituent.142 The electrochemistry and gas phase
photoelectron spectroscopy studies showed that electron-donating substituents make the
Mo(V) center more difficult to reduce by adding electron density to the metal, while
electron-withdrawing substituents make it easier to reduce. The complexes with electronwithdrawing substituents exhibit more positive reduction potential and faster
heterogeneous electron-transfer rates for both the Mo(VI/V) and Mo(V/IV) processes
compared to complexes with electron-donating substituents. Mo(VI/V) electrochemical
potentials and gas-phase ionization energies increase in the following order: OEt < Et <
H < F < CN. In addition, the mono-phenoxy complexes are easier to reduce and more
difficult to oxidize than the corresponding bis-phenoxy complexes because of the
electron-withdrawing properties of chlorine.
The full catalytic al cycle, which mimicks the catalytic cycle of the monooxo
molybdenum center in DMSO reductase family was first investigated for the monooxo
[LMo VIOX2 ]+ complexes. 144 This cycle includes OAT and a regeneration mechanism for
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Scheme 6
the Mo(VI) center (Scheme 6). The Mo(VI) monooxo complex (where X= p-O-C6 H4OEt) was isolated after oxidation of the relevant Mo(V) complex with (NH4 )2 Ce(NO3 )6 .
The OAT reaction was performed with PPh3 . Using a
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O labeled compound it was

clearly demonstrated that the terminal oxo group in the Mo(VI) complex had been
transferred to PPh3 . Also, the intermediate Mo(IV) species 3 of this reaction was isolated
and characterized for the first time. The reduced desoxo Mo(IV) complex reacts with
water in the presence of 2,3-dicyano-5,6-dichloro-1,4-benzoquinone (DDQ) with the
formation of starting Mo(V) complex.

3.1.3. The interaction of arsenic species with molybdenum enzymes
The interaction of different arsenic compounds with molybdenum enzymes have been
studied within the last few decades. The study of the reaction of arsenite ions with the
molybdenum centers of milk xanthine oxidase shows that arsenite can be bound to the
terminal sulfur atom of the molybdenum center with the formation of a Mo-S-As
fragment. 145 The arsenite blocks the substrate-binding site of active center, which leads to
the loss of enzymatic activity of xant hine oxidase. Similar interaction of arsenate with
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sulfite oxidase also inhibits the enzymatic activity of the enzyme. 146 George et al.
proposed that arsenate binds to the terminal oxo atom of the molybdenum center. In both
cases no redox process was considered between the molybdenum center in forming the
arsenic adduct.
On the other hand, arsenite oxidase enzyme is known to oxidize arsenite following the
reaction: AsIIIO2- + 2H2 O ? AsVO4 3- + 4H+ + 2e-.41 Thus, this enzyme in involved to the
redox reaction with arsenite. The crystal structure of arsenite oxidase was published in
2001 and the structure of the molybdenum cofactor presented in Scheme 7.42 A later
investigation showed that the active site of this enzyme is lacking coordination to the
polypeptide chain (i.e. serine, cysteine, or selenocycteine). The oxidized Mo(VI) form of
the active site consists of two equivalents of pterin cofactor and two terminal oxo- groups
and was formulated as (Lbdn )2 MoO(O), where Lbdn represents the bidentate enedithiolate
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of the pterin cofactor. 147 The proposed catalytic cycle for this enzyme includes the
formation of As(V) adduct to the terminal oxo group of the molybdenum center followed
by the oxygen atom transfer reaction and finally elimination of As(V) product (Scheme
7).42 However, the reaction mechanism is yet to be supported by experimental data on the
natural enzyme or model systems.
This work seeks to mimic the catalytic cycle of the arsenate oxidase enzyme by
probing the reaction of LMoO(p-OC6 H4 R)2 , where R= OEt or CN, with different arsenic
compounds.

3.2. Experimental Section.
All syntheses were carried out in an oxygen- free, dry argon atmosphere using dry and
distilled solvents following standard Schlenk techniques.
Materials and Supplies. All chemicals were purchased from commercial sources
such as Aldrich Chemical Company and Acros Chemical Company. The solvents were
purified as follows: acetonitrile from P2 O5 , toluene, dichlormethyne, benzene, and hexane
from CaH2 .
Spectroscopy. Infrared spectra were recorded on a Perkin- Elmer FT-IR 1760X using
KBr pellets. The electronic spectra were recorded on a Cary 14 spectrophotometer with
the OLIS 14 version 2.6.99 operating system. Electrospray mass spectra (ESI MS) were
collected

on

a

Micromass

ZMD

mass

spectrometer,

with

acetonitrile

or

acetonitrile/isopropanol solutions injected via a syringe pump at a flow rate of 0.1
ml/min. NMR spectra were collected using a Brucker ACP-300 spectrometer with 1 H
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frequency at 300.133 MHz. Acetonitrile-d3 , acetone- d6 , and dichloremethane-d2 were
used as solvents.
The starting Mo(V) compounds were prepared by two different methods.
Synthesis of LMoVOCl2 .136 180 ml of tetrahydrofuran was slowly added to 24.6 g (90
mmol) of MoCl5 in a 250 ml airless flask at -77 o C precooled at -77 o C with vigorous
stirring. The reaction mixture was gradually brought to room temperature with
continuous stirring. Near room temperature an exothermic reaction began, the color
changed from dark red-brown to green and a green precipitate subsequently formed. 30 g
(89.3 mmol) of KL was added to the resulting slurry, and the mixture was heated at 50 o C
for 12 h with stirring. The resultant green precipitate was separated by filtration, washed
several times with acetonitrille, then with chloroform and dried in vacuo. Yield 26.9 g
(62.8%). MS: 481 [M]+ (40%); 521 [M+CH3 CN]+ (100%). IR: ν (MoO) 959 cm-1 ; ν (BH)
2557 cm-1 (lit.136 : IR: ν (MoO) 960 cm-1 ).
Synthesis of LMoVO(OMe)2 .148 1 g of NaOMe (18.5 mmol) was added to a mixture
of 4 g (8.4 mmol) of LMoOCl2 in 100 ml of methanol. Then a small portion (<4 g) of
mossy Zn was added. The reaction mixture was stirred at 40 o C for 2 h, cooled to room
temperature, filtered and evaporated to dryness in vacuo. The product was purified by
column chromatography on neutral alumina using CH2 Cl2 as the eluant. Yield 2.49 g
(63.2 %). MS: 496 [M+Na]+ (100%). IR: ν (MoO) 931 cm-1 ; ν (BH) 2540 cm-1 (lit.136 : IR:
ν (MoO) 931 cm-1 ).
Method 1. Synthesis of LMoVO(p-OC6 H4 X)2 (where X=OEt, CN). A 10 ml of
toluene solution containing 0.24 ml of triethylamine and 2.3 mmol of the appropriate
phenol was added to a stirred solution of LMoO(OMe)2 complex (0.28g, 0.6 mmol) in 40
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ml of toluene containing 0.29g dry MgSO4 in 50-ml flask under argon atmosphere at
40o C,. The reaction mixture was heated gradually to 70-75o C and maintained at that
temperature until completion of the reaction (typically 2h, probed by TLC with
dichloromethane as eluant). Upon completion, the reaction mixture was cooled to 50o C
and evaporated dryness, redissolved in dichloromethane, and chromatographed on silica
gel using dichloromethane as the eluant.
LMoVO(p-OC6 H4 OEt)2 The target compound was eluted as the first dark brown
band, which was evaporated to dryness. The yield was 0.23 g (56%). MS: 685 [M]+
(100%). IR: ν (MoO) 939 cm-1 ; ν (BH) 2545 cm-1 (lit.143 : IR: ν (MoO) 936 cm-1 ).
Attempt of the preparation of LMoVO(p-OC6 H4 CN)2 . The first dark red band
contained the mixture of the target compound and [LMo VO(OMe)(p-OC6 H4 CN)]. All our
attempts to separate the target compound from the mixture were unsuccessful. The
following solvent mixtures were tested: CH2 Cl2 : toluene and toluene : hexane (following
ratios v/v was used in both cases: 1:4; 1:2; 1:1).
Method 2. LMoVO(p-OC6 H4 CN)2 .143 A 15ml of toluene solution containing 3.0
mmol of triethylamine and 2.3 mmol of the p-cyanophenol was added to a stirred solution
of LMoOCl2 complex (0.50g, 1.0 mmol) in 60 ml of toluene containing 0.50g of dry
MgSO4 in 100- ml flask under argon atmosphere at 40o C. The reaction mixture was
heated gradually to70-75o C and maintained at that temperature overnight. The reaction
mixture was cooled to 50o C and evaporated to dryness, redissolved in dichloromethane,
and chromatographed on silica gel using 1:1 dichloromethane-toluene (v/v) as an eluant.
The target compound was eluted as the second orange band, which was evaporated to
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dryness. The yield was 0.19 g (28%). MS: 670 [M+Na] +. IR: ν (MoO) 949 cm-1 ; ν (BH)
2545 cm-1 (lit.143 : IR: ν (MoO) 945 cm-1 ).
[LMoVIO(p-OC6 H4 OEt)2 ]+NO-3 . 0.25 g (0.37 mmol) of LMo VO(p-OC6 H4OEt)2 was
dissolved in 5 ml of MeCN in an ice bath. To this solution a MeCN solution (5 ml) of
(NH4 )2 Ce(NO3 )6 (0.2 g, 0.43 mmol) was added with stirring. The brown color of the
solution immediately changed to deep blue. After 15 min of stirring the solution was
evaporated, dissolved in CH2 Cl2 and filtered; evaporation of the filtrate resulted in target
compound. The yield was 0.2 g (74%). MS: 685 [M]+ (100%). 1 H NMR (300 MHz,
C6 D6 ): δ 1.65 (t, 6H, CH3 ), 2.15 (s, 6H, CH3 , pyrazole), 2.24 (m, 3H, CH3 , pyrazole),
2.72 (s, 3H, CH3 , pyrazole), 2.83 (s, 6H, CH3 , pyrazole), 4.41 (q, 4H, CH2 ), 6.18 (s, 1H,
CH, pyrazole), 6.29 (s, 2H CH, pyrazole), 6.40 (br s, 2H, CH, Ph), 6.98 (br s, 2H, CH,
Ph). IR: ν (C-H,pyrazole) 3042 cm-1 , ν (C-H,alk) 2962 cm-1 , ν (B-H) 2548 cm-1 , ν(Mo=O) 946 cm-1 .
Attempt to prepare [LMoVIO(p-OC6 H4 CN)2 ]+ NO-3 . To a 10ml of cold (– 45o C)
MeCN solution containing 0.155 mmol (0.85 g) of (NH4 )2 Ce(NO3 )6 was added to a
solution of LMo VO(p-OC6 H4CN)2 (0.1 g, 0.155 mmol) in 10ml of MeCN at – 45o C. The
orange-red color of the solution immediately changes to deep blue. After 15 min of
stirring the solution was evaporated. The solid substance had brown color and did not
contain the target compound. In situ investigation of this compound shows that it is not
stable (see results and discussion chapter).
Synthesis of 7(CH3 )3 N-7-CB10 H12 .149 an aqueous solution (80 ml) containing NaCN
(0.09 mol, 4.42 g) and NaOH (0.09 mol, 3.6 g) was added to a slurry of B10 H14 (0.08 mol,
10.0 g) in hexane (20 ml). The mixture was stirred with cooling at 20 o C until all
decaborane dissolved (ca 2h). The two layer mixture was chilled to 0 o C and then
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concentrated HCl (20 ml) was slowly added with stirring during next 20 min to evolve
HCN gas (caution: highly toxic volatile!). The residual HCN and hexane were
evaporated in vacuo, the clear water solution was cooled to 0 o C and a solution of NaOH
(0.4 mol, 16 g) in water (64 ml) was added to it. After this, dimethyl sulfate (caution:
highly toxic!) (0.29 mol, 36.23 g) was added to the resulting solution under stirring for
20 min, and the mixture was stirred for an additional 1 h. The white precipitate was
filtered, washed with water (120 ml), 50% ethanol (40 ml) and dried overnight. Yield
14.4 g (92%). 1 H NMR (300 MHz, acetone-d6 ): δ 3.34 (9H, s, CH3 ); 13 C NMR (75 MHz,
acetone-d6 ): δ 57.72 (3C, s, CH3 ), 83.77 (1C, s, skeleton). MS: 251 [M+(CH3 )2 CH2 O]+
(60%). IR: ν (B-H) 2534 cm-1 ; ν (C-H, CH3) 3033 cm-1 .
Synthesis of 1-(CH3 )2 NH-1-CB11 H11 .149 A suspension of 7(CH3 )3 N-7-CB10 H12 (14.0
g, 0.073 mol) in 26 ml (20.1 g, 0.255 mol) of (C 2 H5 )3 NBH3 (caution: highly toxic!) was
heated under nitrogen to 200 o C for 8 h to evolve gaseous products. The suspension
gradually disappeared and triethylamine was distilled off. After standing overnight, 75 ml
of methanol was added. Then 22 ml of concentrated HCl was added during 1 h in order to
control the spontaneous warming up of the mixture, which was stirred for additional 6 h.
Water (75 ml) was added, the volatiles were evaporated in vacuo, and the amorphous
product was decanted. The residue was washed with hot water (25 ml) and extracted with
3 × 50 ml portions of 10% NaOH. The alkaline extract was filtered and acidified with
HCl to precipitate a voluminous white product. The product was filtered, washed three
times with water (25 ml) and dried at 20 o C. Yield 5.05 g (37.04 %). 1 H NMR (300
MHz, acetone-d6 ): δ 3.08 (6H, s, CH3 ); 13 C NMR (75 MHz, acetone-d6 ): δ 47.57 (2C, s,
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CH3 ), 83.48 (1C, s, skeleton). MS: 188 [M+(CH3 )2 CH2 O+CH3 CN]+ (50%). IR: ν (B-H)
2538 cm-1 ; ν (N-H) 3202 cm-1 .
Synthesis of 1-(CH3 )3 N-1-CB11 H11 .149 (CH3 )2 SO4 (3.93g, 0.03mol) (caution: highly
toxic carcinogen!) was added to a solution of 1-(CH3 )2 NH-1-CB11 H11 (5.0g, 0.027 mol)
in 50% methanol (56 ml) containing sodium hydroxide (2.25 g, 0.056mol) during 20 min
and the mixture was stirred of for 3 h at room temperature. The separated product was
filtered, washed with water (56 ml) followed by methanol (9 ml) and dried at room
temperature. The yield was 1.53 g (28.5 %). 1 H NMR (300 MHz, acetone-d6 ): δ 3.43 (9H,
s, CH3 ); 13 C NMR (75 MHz, acetone-d6 ): δ 47.84 (3C, s, CH3 ), 84.12 (1C, s, skeleton).
MS: 278 [M+CH3 CN+2H2 O]+ (60%); 143 [M-N(CH3 )3 ]- (100%). IR: ν (B-H) 2542 cm-1 ;
ν (C-H, CH3) 3045 cm-1 .
Synthesis of [NH(CH3 )3 ]+[1-CB11 H12 ]-.149 Sodium (0.37g, 0.016 mol) was added to a
stirred suspension of 1-(CH3 )3 N-1-CB11 H11 (1.5 g, 7.5 mmol) in liquid ammonia (20 ml)
at - 37 o C during 1 h in several portions. The blue color quickly disappeared only after
adding the last portion. After this, methanol (1.9 ml) was added over 5 min and ammonia
was left to evaporate overnight. The next day, water (10 ml) was added to the residue,
and then the solution was acidified with HCl to precipitate of 1-(CH3 )2 NH-1-CB11 H11 .
The filtrate was treated with an aqueous solution of (CH3 )3 NHCl and the voluminous salt
was dissolved by warming after an addition of sufficient amount of 95% ethanol. After
standing overnight the product was filtered washed with water and dried at room
temperature. Yield 0.63 g (41.36 %). 1 H NMR (300 MHz, acetone-d6 ): δ 3.20 (9H, s,
CH3 );

13

C NMR (75 MHz, acetone-d6 ): δ 46.16 (3C, s, CH3 ). MS: 143 [CB11 H12 ]-

(100%). IR: ν (B-H) 2536 cm-1 ; ν (C-H, CH3) 3039 cm-1 ; ν(N-H) 3193 cm-1 .
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Synthesis of [N(CH3 )4 ]+[CB11 H6 Br6 ]-.150 [NH(CH3 )3 ]+[1-CB11 H12 ]- (0.6 g, 0.003 mol)
was dissolved in 5% solution of KOH (35 ml). The evolved trimethylamine was removed
in vacuo. The solution was acidified with concentrated HCl to pH 1 and free acid of the
anion was extracted with two 25 ml portion of ether. The ether was evaporated from the
extract. Free acid was dissolved in glacial acetic acid (25 ml) and bromine (6 g, 0.0375
mol) was added drop wise to the solution, which was heated up to 90 o C for 48 h. The
acetic acid along with excess bromine was removed in vacuo. The residue was dissolved
in water (24 ml) and the residual bromine was removed by adding sodium sulfite. The
solution was filtered, neutralized with 5% KOH and precipitated with a 1.0 mol/l solution
of (CH3 )4 NCl (9 ml). The crude product was filtered, washed with water and crystallized
from hot acetone. Yield 1.09g (53.43%). 1 H NMR (300 MHz, acetone-d6 ): δ 3.46 (12H, s,
CH3 ); 2.91 (6H, s, skeleton);

13

C NMR (75 MHz, acetone-d6 ): δ 56.11 (4C, s, CH3 ). MS:

617 [CB11 H6 Br6 ]- (100%). IR: ν (C-H,skeleton) 3051 cm-1 ; ν(C-H,alk) 2960 cm-1 ; ν(B-H) 2597
cm-1 .
Synthesis

of

[LMoVIO(p-OC6 H4 OEt)2 ]+[CB 11 H6 Br6 ]-.

A

solution

of

N(CH3 )4 +[CB11 H6 Br6 ]- (0.083 g, 0.12mmol) in 3ml MeCN:C 6 H6 (in ratio 1:3 v/v) was
added to a solution of [LMoVIO(p-OC6 H4OEt)2 ]+ NO3- (0.03 g, 0.04 mmol) in 2ml of
MeCN. The mixture was stirred for 15 min and then evaporated dryness. The residue was
dissolved in C6 H6 , filtered and evaporated dryness. Yield 0.036g (69%). 1 H NMR (300
MHz, CD2 Cl2 ): δ 1.39 (t, 6H, CH3 ); 2.27 (s, 3H, CH3 , pyrazole); 2.32 (s, 3H, CH3 ,
pyrazole); 2.40 (s, 3H, CH3 , pyrazole); 2.48 (s, 6H, CH3 , pyrazole); 2.54 (s, 3H, CH3 ,
pyrazole); 2.75 (s, 6H, skeleton); 4.85 (q, 4H, CH2 ); 5.83 (s, 1H, pyrazole); 5.94 (s, 1H,
pyrazole);

5.99 (s, 1H, pyrazole); 6.66 (d, 4H, Ph); 6.78 (d, 4H, Ph); MS: 617
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[CB11 H6 Br6 ]- (90%); 685 [M]+ (100%). IR: ν (C-H,alk) 2931 cm-1 , ν (B-H) 2599 cm-1 , ν(Mo=O)
933 cm-1 .
Synthesis of [LMoVIO(p-OC6 H4 CN)2 ]+[CB 11 H6 Br6 ]-. A solution of (NH4 )2 Ce(NO3 )6
(0.03g, 0.06mmol) in MeCN (2ml) was added to a solution of [LMo VIO(p-OC6 H4 CN)2 ]+
NO3 - (0.04g, 0.06mmol) and N(CH3 )4 +[CB11 H6 Br6 ]- (0.128 g, 0.18 mmol) in 2ml of
MeCN:C 6 H6 (1:1). The mixture was stirred for 5 min and evaporated dryness. The blackblue residue was washed with C6 H6 , dissolved in CH2 Cl2 , filtered and evaporated to
dryness. Yield 0.0374g (47.9%). 1 H NMR (300 MHz, CD2 Cl2 ): δ 2.37 (br, s, 6H, CH3 ,
pyrazole); 2.59 (br, s, 12H, CH3 , pyrazole); 3.27 (s, 6H, skeleton); 5.93 (br s, 1H,
pyrazole); 6.11 (br s, 2H, pyrazole); 6.57 (br s, 4H, Ph); 7.63 (br s, 4H, Ph); MS: 617
[CB11 H6 Br6 ]- (100%); 647 [M]+ (100%); IR: ν (C-H,alk) 2932 cm-1 , ν (B-H) 2599 cm-1 , ν(C-N)
2226 cm-1 , ν(Mo=O) 940 cm-1 .
Synthesis of LMoO2 (p-OC6 H4 OEt). Toluene (4 ml) and triethylamine (0.06 ml)
were added to a mixture of LMoO2 Cl (0.05 g, 0.1 mmol) and p-ethoxyphenol (0.0734g,
exess), and the reaction mixture was stirred at 70 o C overnight. Then the solution was
filtered, evaporated to dryness, and separated by chromatography on silica gel column
using toluene as the eluant. The first orange band was collected and evaporated to
dryness. Solid residue was dissolved in CH2 Cl2 and precipitated by hexane. Yield 0.032 g
(56.5%). 1 H NMR (300 MHz, CD2 Cl2 ): δ 1.37(t, 3H, CH3 ); 2.28 (s, 6H, CH3 , pyrazole);
2.40 (s, 9H, CH3 , pyrazole); 2.76 (s, 3H, CH3 , pyrazole); 3.98 (q, 2H, CH2 ); 5.84 (s, 2H,
pyrazole); 5.93 (s, 1H, pyrazole); 6.85 (d, 2H, Ph); 6.85 (d, 2H, Ph); MS: 565 [M]+
(100%). IR: ν (C-H,pyrasole, Ph) 3010 cm-1 , ν (C-H,alk) 2928 cm-1 , ν (B-H) 2542 cm-1 , ν (Mo=O) 925
cm-1 , ν(Mo?

O)

891 cm-1 .
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Synthesis of [Et4 N](AsO2 ). 2g (0.01 mol) of As2 O3 was added to the 15 ml 20%
solution (0.02 mol) of (C 2 H5 )4 NOH, and mixture was stirred until all As2 O3 was
dissolved ( about 20 min). then solution vas evaporated to dryness. Yield 4.65 g (98 %).
MS: 130 [NEt4 ]+ (100%); 107 [M]- (100%); 215 [2M+H]- (40 %); 323 [3M+2H]-] (10
%); 305 [As3 O5 ]- (90 %). 1 H NMR (300 MHz, CDCl3 ): δ 1.31 (t, 3H, CH3 ); 3.39 (q, 2H,
CH2 )
Attempt to prepare [LMoIV(OAsPh3 )(p-OC6 H4 OEt)2 ]+ NO-3 . A 5 ml solution of
MeCN containing 0.5 g (1.63 mol, 11 times excess) of AsPh3 was added to a blue
solution of [LMoVIO(p-OC6 H4OEt)2 ]+ NO3-(0.1 g, 1.46 x 10-4 mol) in 5ml of MeCN at
room temperature. No color change was observed. This mixture was analyzed by ESI MS
and the results are described in the results and discussion section.
Reaction of [LMoOVI(p-OC6 H4 OEt)2 ]+[NO3 ]- with [Et4 N][AsO2 ]. A solution of
[LMoO VI(p-OC6 H4 OEt)2 ]+[NO3 ]- (0.06 g, 0.08 mmol) in 3 ml of MeCN was mixed with
0.019 g (0.08 mmol) of [Et4 N][AsO 2 ] in 2 ml of MeCN, stirred for 15 min, and
evaporated to dryness. The residue was dissolved in small amount of CH2 Cl2 and
chromatographed on a size exclusion column using CH2 Cl2 : toluene (6:4 v/v) as the
eluant. The second brown band was collected and evaporated dryness. The complex is
identical to the authentic [LMoO2 (p-OC6 H4 OEt)] complex. 1 H NMR (300 MHz, CD2 Cl2 ):
δ 1.37 (t, 3H, CH3 ); 2.28 (s, 6H, CH3 , pyrazole); 2.40 (s, 9H, CH3 , pyrazole); 2.76 (s, 3H,
CH3 , pyrazole); 3.97 (q, 2H, CH2 ); 5.83 (s, 2H, pyrazole); 5.93 (s, 1H, pyrazole); 6.80 (d,
2H, Ph); 6.87 (d, 2H, Ph); IR: ν (C-H,pyrasole, Ph) 3010 cm-1 , ν (C-H,alk) 2926 cm-1 , ν (B-H) 2545
cm-1 , ν(Mo=O) 926 cm-1 , ν (Mo=O) 895 cm-1 .
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Reaction of [LMoVIO(p-OC6 H4 OEt)2 ]+ [CB 11 H6 Br6 ]- with [Et4 N][AsO2 ]. 3 ml of
[LMo VIO(p-OC6 H4 OEt)2 ]+[CB11 H6 Br6 ]- (0.03 g, 0.023 mmol) in MeCN was mixed with
0.019 g (0.08 mmol) of [Et4 N][AsO 2 ] in 2 ml of MeCN, stirred for 15 min and
evaporated dryness. The residue was dissolved in small amount of CH2 Cl2 and
chromatographed on size exclusion column using CH2 Cl2 : toluene (6:4 v/v) as eluant.
The second brown band was collected and evaporated dryness. The complex is identical
to the authentic LMoO2 (p-OC6 H4OEt) complex and compound obtained by reaction of
[LMoO VI(p-OC6 H4 OEt)2 ]+[NO3 ]- with [Et4 N][AsO 2 ]. 1 H NMR (300 MHz, CD2 Cl2 ):
δ 1.33(t, 3H, CH3 ); 2.27 (s, 6H, CH3 , pyrazole); 2.38 (s, 9H, CH3 , pyrazole); 2.74 (s, 3H,
CH3 , pyrazole); 3.97 (q, 2H, CH2 ); 5.82 (s, 2H, pyrazole); 5.91 (s, 1H, pyrazole); 6.78 (d,
2H, Ph); 6.86 (d, 2H, Ph).
Reaction of [LMoVIO(p-OC6 H4 OEt)2 ]+[CB 11 H6 Br6 ]- with

Ph3 AsO and Ph3 As.

0.002g of Ph3 AsO was added to the solution of [LMo VIO(p-OC6 H4 OEt)2 ]+[CB11 H6 Br6 ](0.005g, 3.8×10-3 mmol) in 3 ml of benzene, and mixture was stirred during 2 hr at 65 o C.
The color of the reaction mixture did not change. After this period, 0.003g of Ph3 As was
added to the reaction mixture. The mixture was mixed for 48 h at 60 o C, evaporated to
dryness and chromatographed on a size exclusion column using toluene as the eluant. The
first brown band was collected and evaporated to dryness. The initial mass spectrum of
the reaction mixture collected after 24 h: 685 [LMoO(p-OC6 H4 OEt)2 ]+ (100%); 887
[LMoO(O(OH)AsPh3 )(OC6 H4 OEt)]+ (10%); 1008 [LMo(O(OH)AsPh3 )(OC6 H4 OEt)2 ]+
(20%). The final mass spectrum was collected after separation of reaction products. MS:
685 [LMoO(OC6 H4 OEt)2 ]+ (35%); 887 [LMoO(O(OH)AsPh3 )(OC6 H4 OEt)]+ (100%);
1008 [LMo(O(OH)AsPh3 )(OC6 H4 OEt)2 ]+ (60%).
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Attempt to prepare [LMoIV(OAsPh3 )(p-OC6 H4 CN)2 ]+ NO-3 . This reaction was
conducted in situ. To a solution of LMoVO(p-OC6 H4 CN)2 (0.1 g, 0.155 mmol) in 5ml of
MeCN at – 450 C was added 10ml of pre-cooled to – 450 C solution of MeCN containing
0.155 mmol (0.085 g) of (NH4 )2 Ce(NO3 )6 . When the color of the reaction mixture
changed to purple, 5 ml solution of MeCN containing 0.155 mmol (0.47 g) of AsPh3 was
added. After 15 min of stirring the solution was evaporated. All our attempts to separate
target compound from the mixture by thin- layer chromatography in the systems:
acetonitrile-dichloromethane,

dichloromethane- hexane,

toluene-hexane

and

gel-

permission chromatography with THF as eluent were unsuccessful.

Reaction of [LMoVIO(p-OC6 H4 CN)2 ]+[CB 11 H6 Br6 ]- with Ph3 As. A solution of
[LMo VIO(p-OC6 H4 CN)2 ]+[CB11 H6 Br6 ]- (0.015 g, 0.012 mmol) in 3 ml of CH2 Cl2 was
mixed with a solution of Ph3 As (0.0073 mg, 0.024 mmol) in 2 ml of CH2 Cl2 , stirred for 5
min and evaporated dryness. The residue was dissolved in CH2 Cl2 and chromatographed
on size exclusion column using CH2 Cl2 : toluene (6:4 v/v) as eluent . The first orange
band was collected and evaporated dryness. Then, the residue was dissolved in small
amount of CH2 Cl2 , and a product was precipitated by hexane. The product was filtered,
washed with hexane and evaporated dryness. MS: 851 [LMoO(OAsPh3 )(OC6 H4 CN)]+;
Reaction of [LMoVIO(p-OC6 H4 CN)2 ]+[NO3 ]- with NaAsO2 . The solution of
[LMo VIO(p-OC6 H4 CN)2 ]+[NO3 ]- (0.005g; 0.008 mmol) in 2 ml of MeCN was mixed with
the solution of NaH2 AsO 3 (0.003g, 0.02 mmol) in 2 ml of MeCN, and the color was
changed immediately from blue to brown. The mass spectrum of the reaction mixture was
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collected. MS: 670 [LMoO(OAsO(OH)2 )(OC6 H4 CN)]+ (80%); 711 [LMoO(OAsO(OH)2 )
(OC6 H4CN)(MeCN)]+ (100%) ; 755 [LMo(OAsO(OH))(OC6 H4 CN)2 ]+ (40%).

3.3.Results and discussion

3.3.1. General remarks
At the beginning of the work, it was already known that the molybdenum (VI)
complex [LMo VIO(p-O-C6 H4 -OEt]+(NO3 )- reacts with different tertiary phosphines with
the formation of isolatable OAT reaction intermediates of the general formula
[LMoI V(OPR3 )(p-O-C6 H4 -OEt]+(NO3 )- (where PR3 = PMe3 , PEt3 , PPh3 ).144 The choice of
the starting molybdenum (V) complexes for my work (LMoVO(p-O-C6 H4 -OEt)2 and
LMo VO(p-O-C6 H4-CN)2 was based on two assumptions. First, as the stability of the
[LMo VIO(p-O-C6 H4-OEt)2 ]+(NO3 )- complex and its reactivity with respect to the tertiary
phosphines was known, we planned to examine the OAT reactivity of this complex with
different As (III) compounds. Second, the OAT reactivity of the As (III) compounds is
expected to be lower as compared to that of tertiary phosphines. This assumption was
based on the following: i) the lower basicity of As(III) compounds as compared to the
phophines that would cause less favorable nucleophilic attack of the terminal
molybdenum-oxo bond by lone pair of the arsine, e. g., the pKa of the PPh3 is higher than
the pKa for AsPh3 ; 151 ii) the higher position of the AsPh3 (-43.1 kcal/mol) in the Holm’s
thermodynamic reactivity scale 118 as compared to the PPh3 (-73.8 kcal/mol). Such a
difference means that the reaction: [LMo VIO(p-O-C6 H4-R)2 ]+ + ER3 → [LMoIVO(p-OC6 H4-R)2 ]+ + OER3 (where E = As, P) would be more favorable for the phosphines as
compared to the arsines. Thus, taking into account expected lower reactivity of the
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As(III) compounds, we decided additionally to use [LMoVIO(p-O-C6 H4-CN)2 ]+ complex.
We expected that the higher reactivity of this complex toward the OAT reaction as
compared to the [LMoVIO(p-O-C6 H4-OEt]+(NO3 )- because the oxidation potential for
LMo VO(p-O-C6 H4-CN)2 complex is higher while reduction potential is lower as
compared to the LMo VO(p-O-C6 H4-OEt)2 compound.
The choice of As(III) compounds was based on their availability and solubility in the
organic solvents. Based on these criteria three As(III) compounds were tested in the OAT
reactions with molybdenum (VI) complexes: AsPh3 , NaH2 AsO 3 , and [NEt4 ](AsO 2 ). The
last compound has been prepared by the reaction of the As(III) oxide and tetraethyl
ammonium hydroxide and characterized by NMR, and ESI MS methods. The molecular
nature of this complex has been confirmed using positive (for the detection of the
[NEt4 ]+) and negative (for the detection of the (AsO 2 )-) ESI mass spectrometry. Thus, in
the case of positive scans, the only observed peak is [NEt4 ]+, while in the case of negative
scans, four major peaks have been observed at 107, 215, 305, and 323 (Figure 15). Peaks
at 107, 215, and 323 can be easily assigned to the [M]-, [2M+H]-, and [3M+2H]-, while
peak 305 belongs to the [As3 O5 ]- fragment. The appearance of the first three fragments is
typical for the very soft ionization ES I MS method. 152 The last fragment can originate
from the lost of water molecule from the [3M+2H]- fragment. 1 H NMR spectrum of the
[NEt4 ](AsO 2 ) (Figure 15) clearly show the presence of the ethyl groups of the tetraethyl
ammonium cation. Combined together, these results indicate the formation of the
[NEt4 ](AsO 2 ) compound, while the alternative [NEt4 ]3 (AsO 3 ) compound does not exist in
the organic solvent media. Finally, it should be mentioned that the [NEt4 ](AsO 2 )
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compound is highly soluble in the variety of the organic solvents (acetonitrile, DMSO,
CH2 Cl2 ) as well as in water.
In the separate experiments, we investigate the possibility of the oxidation of AsPh3
under ESI MS conditions. In these experiments, the formation of the triphenylarsineoxide
(AsOPh3 ) has been clearly detected.

3.3.2. Synthesis and characterization of the mono-oxo and dioxo molybdenum
(V) and (VI) complexes
3.3.2.1. Synthesis and characterization of the mono-oxo molybdenum (V) and (VI)
complexes
The parent complex, LMoVOCl2 has been prepared by the reaction of MoCl5 and
hydrotris-(3,5-dimethyl-pyrazolyl)borate ligand, KL (Scheme 8). First, anhydrous MoCl5
was dissolved in THF at –78o C (dry ice – acetone bath) with formation of green monooxo MoOCl3 (THF) or H[MoOCl4 (THF)] complex. The two interesting features should be
pointed out for this reaction. First, the source of the oxygen atom in this reaction is water
molecules as has been only recently shown by our laboratory on the basis of the reaction
of MoCl5 and H2 18 O water in THF. 153 Thus, the above mentioned reaction should be
written as: MoCl5 + H2 O + 2THF → MoOCl3 (THF)2 + 2HCl or MoCl5 + H2 O + THF →
H[MoOCl4 (THF)] + HCl. It is also interesting to mention that in spite of the fact that this
reaction has been known for more than 20 years136,154 the nature of the mono-oxo
molybdenum complex has not been discussed in the literature and it was assumed
MoOCl3 (THF)2 complex as the product without any evidence of its formation. Once the
green solution of the mono-oxo molybdenum salt had been formed, solid KL ligand was
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added to the solution. The green colored compound of interest (LMoOCl2 ) was separated
from the more soluble red µ-oxo dimer by washing with acetonitrile followed by
chloroform and recrystallization from CH2 Cl2 . Because this compound has been known
for more than 15 years, its purity was established on the basis of IR and UV-Vis
spectra.136 In the IR spectrum of LMoOCl2 complex, a band located at 2557 cm-1 could
easily be attributed to the B-H stretching, another band 2931 cm-1 is due to the C-H
vibrations, at 3048cm-1 due to the Pz-H vibrations, and at 959 cm-1 due to Mo=O
vibration (Figure 16). In the UV-Vis spectrum of LMoOCl2 complex (Figure 16), the low
intensity near IR band at 690 nm can be assigned to the first d-d transition in this d1
paramagnetic complex (dxy → dxz,yz ). According to the DFT calculations, the splitting
between dzx and dyz orbitals in this complex is 1.13 eV (9117 cm-1 ). Thus, in fact, the first
near IR band consists of two transitions with close energy.
LMoO(OMe)2 complex has been used as a precursor for the synthesis of LMoO(p-OC6 H4-R)2 compounds (Scheme 8). This complex has been prepared by the reaction of the
starting LMoOCl2 compound with sodium methoxide in methanol in the presence of
catalytic amount of zinc as described earlier.148 Catalytic amount of zinc reduces the
starting Mo(V) center to the Mo(IV) compound and allows faster ligand exchange
reaction between OMe- and Cl- ligands. Such an acceleration of the ligand-exchange
reaction becomes understandable on the molecular orbital level. In the case of Mo(V)
complexes, the electronic configuration d1 allows π-back donation from the chlorine inplane py orbital to the semi-occupied molybdenum dxy orbital (Figure 17). Such a back
donation leads to the higher stability of the Mo-Cl bond in LMoOCl2 complex as
compared to reduced [LMoOCl2 ]-, where this type of interaction is impossible (Figure
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17). In the IR spectrum of the pale blue LMoO(OMe)2 complex, a band located at 2540
cm-1 could be assigned to the B-H stretching, another band 2912 cm-1 was due to the
valence C-H vibrations, at 3122 cm-1 due to the Pz-H vibrations, and at 931 cm-1 due to
THF, -78oC

NaOMe/Zn
V

V

LMo O(OMe) 2

LMo OCl2

HOC6H4OEt/NEt3

KL + MoCl5
HOC6H4CN/NEt3

LMoVO(OC6H4 OEt)2

LMoVO(OC6H4CN) 2
+

-

N(CH3) 4 [CB 11H6Br6 ] /
(NH4 )2Ce(NO3 )6

(NH4 )2Ce(NO3 )6

[LMoVIO(OC6H4OEt)2] +[NO3] -

[LMoVIO(OC6H4CN)2] +[CB11H6Br6]-

N(CH3 )4+[CB 11H6Br6 ]-

[LMoVIO(OC6H4OEt)2] +[CB11H6Br6] Scheme
Scheme 8 8
the Mo=O vibration (Figure 18). In the UV-Vis spectrum of LMoO(OMe)2 complex
(Figure 18), the low intensity band at 740 nm can be assigned to the first d-d transition
(dxy → dxz,yz). This band is shifted ~50 nm in the near-infra-red region as compared to the
same band in LMoOCl2 complex. Such a shift reflects of change two equatorial electronwithdrawing chlorine ligands on two electron-donating methoxide anions primarily
because of the destabilization of the redox active dxy orbital with a small change in the
energy of the dxz,yz orbitals.
The reaction of LMoO(OMe)2 complex with excess of the p-HO-C6 H4-OEt in the
presence of the NEt3 led to the formation of the target LMoO(p-O-C6 H4-OEt)2 compound
as the major product, while a mixed-ligand complex LMoO(OMe)(p-O-C6 H4 -OEt) has
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been detected as a minor by-products. The target complex was separated using column
chromatography on silica gel (first band). On the other hand, our preliminary data
showed that direct reaction of LMoO(OMe)2 with p-HO-C6 H4 -CN leads to the formation
of monosubstituted LMoO(OMe)(p-O-C6 H4-CN) complex (second band) as a major
product and a target di-substituted LMoO(p-O-C6 H4-CN)2 complex (first band) as a
minor product after column chromatography separation of the reaction mixture on silica
gel. Thus, for this reaction, we used LMoOCl2 complex as a precursor for the formation
of LMoO(p-O-C6 H4-CN)2 as a major reaction product. Since both target complexes have
already been described in the literature,136 the characterization of these paramagnetic
compounds was done using IR, UV-Vis, and ESI MS methods.
In the IR spectrum of the brown LMoO(p-O-C6 H4-OEt)2 or the red-brown LMoO(pO-C6 H4-CN)2 complex, a band located at 2545 or 2547 cm-1 was assigned to the B-H
stretching, another bands 2973 or 2970 cm-1 are due to the valence C-H vibrations, at
3037 or 3041 cm-1 to the Pz-H vibrations, and at 939 or 949 cm-1 due to the Mo=O
vibrations

in

the

LMoO(p-O-C6 H4-OEt)2

and LMoO(p-O-C6 H4 -CN)2 complex,

respectively (Figure 19). In addition, in the case of LMoO(p-O-C6 H4-CN)2 complex, a
band located at 2219 cm-1 can be assigned to the CN group vibration. In the UV-Vis
spectrum of LMoO(p-O-C6 H4-OEt)2 complex (Figure 20), the low intensity near IR band
at 805 nm can be assigned to the first d-d transition (dxy → dxz,yz), while the same band in
the LMoO(p-O-C6 H4 -CN)2 complex located at 741 nm. This low energy shift of the first
d-d transition band again can be explained on the basis of the electronic properties of the
phenolate ligands. The difference is in the ability to stabilize the redox active dxy orbital
by electron-withdrawing p-O-C6 H4 -CN ligands and electron-donating p-O-C6 H4-OEt
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ligands. In the former case this orbital has a lower energy and thus higher energy d-d
transition as compared to the latter case (Figure 17). Finally, the molecular nature of both
complexes has been confirmed by ESI MS method, were [M]+ ions have been detected
(Figure 21). Since both molybdenum (V) complexes of interest are neutral, the intensity
of the molecular ion peaks is much lower as compared to the respective molybdenum
(VI) cations. Moreover, because of the high oxidation potential of the LMoO(p-O-C6 H4CN)2 complex, it is necessary to apply higher capillary voltage (4.0 – 4.5 kV) in order to
get an acceptable quality spectrum as compared to the LMoO(p-O-C6 H4 -OEt)2 complex,
were capillary voltage 2.5 – 3.0 kV was found to be enough for a good quality spectrum.
In addition, from the ESI MS spectra recorded at higher cone voltages, it is possible to
conclude that the weakest bond in the both complexes belongs to the Mo-O(phenol)
(Figure 21). In both cases, a fragmented [M-phenol]+ peak appeared first, with increasing
cone voltage. It also should be mentioned that in all cases, assignments in the ESI MS
spectra were made comparing the theoretical and observed peak patterns, which is
characteristic for molybdenum-containing compounds.
The oxidation of the molybdenum (V) complexes of general formula LMoO(p-OC6 H4-R)2 were R is cyano or ethoxy group, can be achieved using cerium ammonium
nitrate, (NH4 )2 Ce(NO3 )6 (CAN). The oxidation of LMoO(p-O-C6 H4 -OEt)2 complex has
been conducted in cold (~0 o C) acetonitrile in anaerobic (nitrogen or argon) atmosphere
according to previously reported procedure. The dark blue [LMoVIO(p-O-C6 H4OEt)2 ]+(NO3 )- complex is stable in the solid state for a long period of time, while in
solution it is stable for several days. It is soluble in the most organic solvents
(acetonitrile, DMF, pyridine, dichlorometha ne, chloroform, benzene) and insoluble in the

73

water, aliphatic hydrocarbons (hexane, petroleum ether) and diethyl ether. This complex
has been characterized by UV-Vis, IR, NMR, and ESI MS methods. In the UV-Vis
spectrum (Figure 22) two ligand-to- metal charge transfer (LMCT) bands have been
observed at 589 and 855 nm. These characteristic bands belong to the phenolic p-orbitals
to the molybdenum dxy orbital transitions (Figure 17). As expected, no d-d transitio ns
have been observed for this molybdenum (VI) d0 complex. In the IR spectrum of blue
[LMoO(p-O-C6 H4 -OEt)2 ]+(NO3 )- complex, a band located at 2548 cm-1 can be assigned
to the B-H stretching, another band 2962 cm-1 is due to the valence C-H vibrations, at
3042 cm-1 due to the Pz-H vibrations, and at 946 cm-1 due to the Mo=O vibration (Figure
22). The Mo=O frequency is located at a slightly higher energy region as compared to the
corresponding molybdenum (V) complex. Inspite of the fact that this situation is common
for the molybdenum mono-oxo systems, the origin of the higher energy shift is not clear.
In principle, more p-back donation from the terminal oxo-group can be expected for the
molybdenum (VI), d0 complexes as compared to the molybdenum (V), d1 analogues
(Figure 17). At low cone voltages, in the ESI MS spectrum of [LMoO(p-O-C6 H4OEt)2 ]+(NO3 )- complex, only intensive molecular ion at m/z 685 has been observed
(Figure 22), while upon increasing the cone voltage, the expected fragmentation of the
phenolic ligands can be achieved. It should be noted that it is much easier to record a
good quality spectrum of a cationic [LMoO(p-O-C6 H4-OEt)2 ]+(NO3 )- complex as
compared to the neutral molybdenum (V) analogue. In the 1 H NMR spectrum of
[LMoO(p-O-C6 H4 -OEt)2 ]+(NO3 )- complex, two doublets in the aromatic region can be
easily assigned to the para-substituted phenolic ligands, two singlets at 6.18 to 6.29 ppm
to the aromatic protons of pyrazole rings, and four singlets in the 2.15 – 2.83 area to the
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six methyl groups in the hydrotris-(3,5-dimethyl-pyrazolyl)borato ligand. In addition,
quartet and triplet belonging to the OEt group have been observed at 4.41 and 1.65 ppm,
respectively. The presence of only two aromatic pyrazole protons clearly indicated that
the effective symmetry of the complex is Cs where two pyrazol rings (in plane with the
phenolic ligands) are similar, while one pyrazole ring (trans- with respect to terminal oxo
group) is different.
In order to increase the stability of [LMoO(p-O-C6 H4-OEt)2 ]+(NO3 )- complex (like in
the case of [LMoO(p-O-C6 H4-CN)2 ]+(NO3 )- complex), the nitrate ion has been exchanged
with a hexabromocarborane ion (Scheme 8). In this exchange reaction, an excess of
tetramethyl ammonium hexabromocarborane was added to the benzene solution of the
[LMoO(p-O-C6 H4 -OEt)2 ]+(NO3 )- complex at room temperature, insoluble tetramehtyl
ammonium nitrate was filtered off the reaction mixture and the resulted solution has been
evaporated. Inspite of the simplicity of this reaction procedure, it was possible to
exchange practically all of the nitrate ions with hexabromocarborane ions. Thus,
according to the negative ESI MS data (Figure 23), the ratio of the hexabromocarborane
to the nitrate peak is about 100 : 1 in terms of the highest peak intensity and about 1000 :
1 in terms of integrated intensity. In the UV-Vis spectrum (Figure 23), two ligand-tometal charge transfer (LMCT) bands have been observed at 583 and 846 nm similar to
those observed for the nitrate ana logue. In the IR spectrum of blue [LMoO(p-O-C6 H4OEt)2 ]+(carborane)- complex, a band located at 2599 cm-1 can be assigned to the B-H
stretching, another band 2931 cm-1 is due to the valence C-H vibrations, and at 3069 cm-1
due to the Pz-H vibrations The Mo=O vibration band could not be identified because of
the presence of the carborane frequencies in this area (Figure 24). Again, at low cone
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voltages, in the ESI MS spectrum of the blue [LMoO(p-O-C6 H4-OEt)2 ]+(carborane)complex, only the intensive molecular ion at m/z 685 has been observed (Figure 23). The
1

H NMR spectrum of blue [LMoO(p-O-C6 H4-OEt)2 ]+(carborane)- complex is very similar

to that of the nitrate analogue with two doublets of the para-substituted phenolic ligands
in the aromatic region, three singlets of the aromatic protons of pyrazole rings at 5.83,
5.94, and 5.99 ppm, five singlets of the six methyl groups in the hydrotris-(3,5-dimethylpyrazolyl)borato ligand in the 2.27 – 2.54 area, and quartet at 4.85 and triplet at 1.39
belongs to the OEt group (Figure 24). Thus, as expected, the spectroscopic properties of
this complex are very similar to that of its nitrate analogue except its stability in solution,
which is significantly higher. For instance, this complex remains blue in color in solutio n
of acetonitrile at least for a week, while nitrate analogue change the color on brown
within few days.
The oxidation of the LMoO(p-O-C6 H4-CN)2 complex by CAN in acetonitrile at 0
o

C leads to the formation of the purple-violet solution. However, the formed [LMoO(p-O-

C6 H4-CN)2 ]+(NO3 )- complex is unstable in solution and at room temperature color
disappeared within 15 min (Figure 25). All attempts to isolate this complex havs failed.
Thus, the only evidence of formation of this complex comes from in situ ESI MS (Figure
25) where (unlike molybdenum (V) precursor) a strong [M]+ peak was easily observed at
the conditions excluding observation of the neutral molybdenum (V) analogue.
The next step toward the stabilization of the [LMoO(p-O-C6 H4-CN)2 ]+ cation was the
introducing of the hexabromocarborane ion in the synthesis (Scheme 8). Since the
[LMoO(p-O-C6 H4 -CN)2 ]+(NO 3 )- complex is unstable, the hexabromocarborane ion was
added to the solution of the LMoO(p-O-C6 H4-CN)2 compound before CAN. Such a
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synthetic strategy allowed us to isolate a [LMoO(p-O-C6 H4-CN)2 ]+(carborane)- complex
in acceptable yield and purity. The stability of the isolated salt is good enough for testing
reactions with different phosphines and arsines. This complex has been characterized by
UV-Vis, IR, NMR, and ESI MS methods. In the UV-Vis spectrum (Figure 26) two
ligand-to- metal charge transfer (LMCT) bands have been observed at 464 and 320 nm.
These characteristic bands are due to the phenolic p-orbitals to the molybdenum dxy
orbital transitions (Figure 17). Both of these bands shifted significantly as compared to
those observed in the case of [LMoO(p-O-C6 H4 -OEt)2 ]+ complex primarily because of
the strong stabilization by the cyano group of the phenolate p-orbitals (Figure 23). In the
IR spectrum of blue [LMoO(p-O-C6 H4-CN)2 ]+(carborane)- complex, the band located at
2599 cm-1 can be assigned to the B-H stretching, at the 2932 cm-1 area to the valence C-H
vibrations, and at the 3064 cm-1 to the Pz-H vibrations. The Mo=O vibration band can not
be identified because of the presence of the carborane frequencies in this area (Figure
26). In addition, CN group vibration has been detected at 2226 cm-1 . At low cone
voltages

(positive

mode),

in

the

ESI

MS

spectrum

of

[LMoO(p-O-C6 H4-

CN)2 ]+(carborane)- complex, only the intensive molecular ion at m/z 647 has been
observed (Figure 27), while upon increasing of the cone voltage expected fragmentation
of the phenolic ligands can be achieved. In the negative mode, the strong peak of the
carborane can be observed clearly suggesting a comple te exchange of the nitrate ion. In
the 1 H NMR spectrum of [LMoO(p-O-C6 H4-CN)2 ]+(carborane)- complex, two doublets in
the aromatic region can be easily assigned to the para-substituted phenolic ligands, two
singlets at 5.93 to 6.11 ppm to the aromatic protons of pyrazole rings, and two singlets in
the 2.37 – 2.58 area to the six methyl groups in the hydrotris-(3,5-dimethyl-
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pyrazolyl)borato ligand (Figure 27). The presence of only two aromatic pyrazole protons
clearly indicated that the effective symmetry of the complex is Cs where two pyrazol
rings (in plane with the phenolic ligands) are similar, while one pyrazole ring (trans- with
respect to terminal oxo group) is different (Figure 27). Like in the case of other carborane
salts, it is difficult to identify the B-H and C-H signals of the carborane ion (see
discussion on the carboranes in this section).

3.3.2.2. Synthesis and characterization of the dioxo molybdenum (VI) complex
The LMoO2 (p-O-C6 H4-OEt) complex has been prepared by the reaction of the
LMoO2 Cl complex with respective phenol following the standard procedure developed
by Enemark.137 The pure compound has been precipitated from CH2 Cl2 solution with
hexane. This orange complex has been characterized by UV-Vis, IR, NMR, and ESI MS
methods. In the UV-Vis spectrum (Figure 28), only high energy LMC T bands have been
observed in good agreement with the other LMoO2 (OR) compounds. In the IR spectrum
of the LMoO2 (p-O-C6 H4-OEt) complex, the band located at 2542 cm-1 can be assigned to
the B-H stretching, another band 2928 cm-1 is due to the valence C-H vibrations, and at
3010 cm-1 due to the Pz-H vibrations. The Mo=O vibrations observed as symmetric and
assymetric bands located at 925 and 891 cm-1 (Figure 28). In the ESI MS spectrum of
LMoO2 (p-O-C6 H4 -OEt) complex, only the intensive molecular ion at m/z 565 has been
observed (Figure 28), while upon increasing the cone voltage the expected fragmentation
of the phenolic ligands was achieved. In the 1 H NMR spectrum of LMoO2 (p-O-C6 H4OEt) complex, two doublets in the aromatic region can be easily assigned to the parasubstituted phenolic ligands, two singlets at 5.84 to 5.93 ppm to the aromatic protons of
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pyrazole rings, and three singlets in the 2.28 – 2.76 area to the six methyl groups in the
hydrotris-(3,5-dimethyl-pyrazolyl)borato ligand (Figure 29). In addition, a quartet and a
triplet belonging to the OEt group have been observed at 3.98 and 1.37 ppm, respectively.
The presence of only two aromatic pyrazole protons clearly indicated that the effective
symmetry of the complex is Cs where two pyrazol rings (in plane with the phenolic
ligands) are similar, while one pyrazole ring (trans- with respect to terminal oxo group) is
different (Figure 29).
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3.3.3. Synthesis and characterization of the carboranes
It is well-known that in the many cases highly reactive cationic compounds can be
stabilized by anions such as BF 4 -, PF6 -, Ph4 B-, ClO 4 -. The best known anion for the cation
stabilization, however, is hexabromocarborane (CB11 H6 Br6 -). Unlike BF 4 - and PF6 - ions,
this ion does not release any halogen ions, and more important, unlike ClO 4 - ion, it is
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stable toward the redox reactions. Thus, we choose this ion as a counterion for the highly
reactive [LMoO(p-O-C6 H4-OEt)2 ]+ and [LMoO(p-O-C6 H4-CN)2 ]+ complexes.
The total synthesis of this compound (as a (NMe4 )[CB11 H6 Br6 ] salt) includes 7 steps
(Scheme 9). The synthesis starts by the reaction of commercially available borane, B10 H14
with sodium cyanide (caution: very toxic!) at low temperature. The reaction leads to the
insertion of the cyano-anion into the dodecaborane skeleton. The resulting
aminododecacarborane has been methylated using dimethylsulfate (caution: very toxic,
carcinogenic!) with the formation of trimethylammonium-dodecacarborane (compound
I, Scheme 9). This compound has been characterized by 1 H and

13

C NMR, IR, and ESI

MS methods (Figures 30 - 31). The presence of the methyl groups was seen from the 1 H
(singlet at 3.34 ppm),

13

C (signal at 57.72 ppm) NMR and IR (vibrations at 3033 cm-1 )

spectra. The carbon atom of the carborane skeleton was observed in

13

C NMR

spectroscopy at 83.77 ppm. B-H protons cannot be observed in the 1 H NMR spectra
probably because of the line broadening as a result of the interaction with the quadrupole
11

B atoms. Such a line broadening is common for the B-H protons and has been discussed

in the literature.150 Fortunately, the presence of the B-H bonds can be easily determined
by IR spectroscopy, where a strong band at 2534 cm-1 characteristic for B-H stretch has
been detected. Finally, the molecular nature of this carborane has been determined using
ESI MS spectroscopy. As in the case of other neutral carboranes, the molecular peak was
not observed at the ESI MS conditions either in acetonitrile or acetone solutions of
carborane I. In order to protonate the molecular ion of the carborane I, we used isopropyl
alcohol. In this case, the solvated peak ([M+solvent]+) is relatively intense (60%) and
provides clear evidence (via comparison of theoretical and experimental isotope pattern)
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of the molecular structure of this carborane. Another boron atom has been inserted into
the B10 C skeleton of the carborane I by the reaction with triethylaminoborane Lewis
complex (caution: very toxic, flammable!) at high temperature. It is very interesting to
note, that in the product (carborane II, Scheme 9) of this reaction one methyl group is
eliminated from the starting –NMe3 fragment. This elimination is similar to the
Hoffman’s high temperature rearrangement of the ammonium salts and typical in organic
reactions. Carborane II has been characterized using 1 H and

13

C NMR, IR, and ESI MS

methods (Figures 32 -33). The presence of the methyl groups can be clearly seen from the
1

H (singlet at 3.08 ppm),

13

C (signal at 47.57 ppm) NMR and IR (weak vibrations at

~3000 cm-1 ) spectra. The carbon atom of the carborane skeleton can be observed in

13

C

NMR spectroscopy at 83.48 ppm. The presence of the B-H bonds was detected by IR
spectroscopy (2538 cm-1 ). The N-H proton also was not observed in the

1

H NMR

spectrum, but can be easily detected by IR spectroscopy ~3202 cm-1 . Finally, the
molecular nature of this carborane has been determined using ESI MS. As in the case of
carborane I, an isopropyl alcohol/ aceonitrile mixture was used for the ESI MS
experiments and the solvate peak with intensity of about 50% and close to the theoretical
isotope distribution has been observed. Again, carborane II was converted into the
trimethylammonium derivative – carborane III (Scheme 9) using dimethylsulfate
(caution: very toxic, carcinogenic!) as the methylating agent. This carborane has been
characterized using 1 H and

13

C NMR, IR, and ESI MS methods (Figures 34-35). The

presence of the methyl groups can be clearly seen from the 1 H (singlet at 3.43 ppm),

13

C

(signal at 47.84 ppm) NMR and IR (ν 3045 cm-1 ) spectra. The carbon atom of the
carborane skeleton can be observed in

13

C NMR spectroscopy at 84.12 ppm. The
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presence of the B-H bonds can be easily determined by IR spectroscopy, were strong
absorbance has been detected in very specific and strongly characteristic area at 2542 cm1

. Finally, the molecular nature of this carborane has been determined using ESI MS

spectroscopy. As in the case of carborane I, isopropyl alcohol/ aceonitrile mixture has
been used for the ESI MS experiments and the solvate peak with intensity of about 60%
and close to the theoretical isotope distribution has been observed. It is also interesting to
note that under mild ESI MS conditions, in the negative mode, the [M-NMe3 ]- fragment
has been observed as the most intense peak. This observation clearly shows that the C-N
bond in the carborane III is rather weak as compared to carboranes I and II, were no such
a fragmentation was observed. The C-N bond in the carborane III has been cleaved using
sodium in liquid ammonia with the formation of compound 4 (Scheme 9) at –37 o C.
Carborane III has been characterized using 1 H and

13

C NMR, IR, and ESI MS methods

(Figures 36-37). The presence of the methyl groups of the trimethylammonium cation can
be clearly seen from the 1 H (singlet at 3.20 ppm), 13 C (signal at 46.16 ppm) NMR and IR
(vibrations at 3039 cm-1 ) spectra. The carbon atom of the carborane skeleton can be
observed in

13

C NMR spectroscopy at 51.51 ppm. Such a dramatic shift from about 83

ppm position observed in the case of carboranes I – III suggests that the negative charge
is highly localized in the carbone atom area. The presence of the B-H bonds can be easily
determined by IR spectroscopy, where strong absorbance has been detected in the very
specific and strongly characteristic area at 2536 cm-1 . N-H proton also cannot be
observed in the 1 H NMR spectrum, but can be easily detected by IR spectroscopy in the
region of 3193 cm-1 . Finally, the molecular nature of this carborane has been determined
using ESI MS spectroscopy. Unlike the case of neutral carboranes I – III, it is not
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necessary to use isopropyl alcohol for the ESI MS experiments because of the ionic
nature of carborane IV. Indeed, 100% intensity of the molecular ion has been detected in
the negative mode ESI MS experiments. The carborane salt IV was converted in situ to
the acidic form (Carborane V, Scheme 9) using HCl because salt IV cannot be
halogenated us ing chlorine or bromine as halogenating agents. Because of the low
stability of this salt, it was not characterized spectroscopically. This acidic form of
Carborane IV was halogenated using bromine in acetic acid, and the desired carborane VI
(Scheme 9) can be purified using recrystallization from acetone. This carborane was
characterized using 1 H and

13

C NMR, IR, and ESI MS methods (Figures 38-39). The

presence of the methyl groups can be clearly seen from the 1 H (singlet at 3.46 ppm),
(singlet at 56.11 ppm) NMR and

13

C

IR (at 3051 cm-1 ) spectra. The carbon atom of the

carborane skeleton has not been observed in

13

C NMR spectroscopy probably because of

the line broading originates from the presence of six bromine atoms. The presence of the
B-H bonds can be easily determined by IR spectroscopy, were strong absorbance has
been detected in the very specific and strongly characteristic area at 2597 cm-1 . Finally,
the molecular nature of this carborane has been determined using ESI MS spectroscopy.
As in the case of carborane I, isopropyl alcohol/ aceonitrile mixture has been used for the
ESI MS experiments and the solvated peak with intensity of about 50% and close to the
theoretical isotope distribution has been observed. Again, unlike in the case of neutral
carboranes I – III, it is not necessary to use isopropyl alcohol for the ESI MS experiments
because of the ionic nature of carborane VI. Indeed, 100% intensity molecular ion has
been detected in the negative mode ESI MS experiments, while 100% intensity molecular
ion of [NMe4 ]+ was detected in the positive mode ESI MS experiments.
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3.3.4. Interaction of the mono - and dioxo-molybdenum VI complexes with
As(III) compounds
According to the Scheme 10, one of the goals of this project was detection, isolation
and characterization of the OAT reaction intermediates of the general formula
[LMo(O”As”)X2 ]+ where an As(V)-containing ligand is coordinated to the molybdenum
atom. We proposed the general methods for the synthesis of such OAT reaction
intermediates. It includes interaction of the mono-oxo molybdenum(VI) complexes of
general formula [LMoOX2 ]+ with different As(III) compounds.

LMoO(OAsPh3 )(p-OC6H4 OEt)
AsPh 3
AsPh3
[LMoO(p-OC6 H4OEt)2

]+ [X]-

[ [LMo(OAsPh OH)(p-OC H OEt) ] [CB
3

6

4

2

+

11 H 6Br6 ]

-

]

[NEt 4 ](AsO2 )
LMoO2 (p-OC6H4 OEt)

LMoO(OAsPh 3 OH)(p-OC6H4 CN)

fast

[ [LMo(OAsPh OH)(p-OC H CN) ] [X] ]
3

6

4

2

+

-

AsPh 3
[LMoO(p-OC6H4 CN)2] +[X] -

NaAsO 2
[LMoO(OAsO(OH)2 )(p-OC6H4 CN)]+ [NO3] - + [LMo(OAsO(OH))(p-OC6H4 CN)2] +[NO3 ]Scheme 10
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An interaction of the [LMo VIO(p-OC6 H4OEt)2 ](NO3 ) complex with AsPh3 in
acetonitrile or CH2 Cl2 at room temperature did not change the initial blue color for
several hours. The monitoring of the reaction mixture by ESI MS (Figure 40) clearly
suggests that no such intermediate was formed. Indeed, the [M]+ : [M+AsPh3 OH]+ (m/z =
1008) ratio is about 1000 : 1. Since the stability of the [LMo VIO(p-OC6 H4 OEt)2 ](NO3 )
complex in both acetonitrile and CH2 Cl2 is relatively small (the blue color disappears
within 10 – 12 hours), we tested the same reaction using [LMoVIO(p-OC6 H4 OEt)2 ]
(carborane) complex. The reaction was conducted for 48 hours at room temperature
following the gel-permeation chromatographic separation. This separation method was
used because our preliminary experiments showed that the arsenic-oxide coordinated
intermediates are not stable under chromatographic conditions (TLC or column) on silica
gel or alumina. The first brown fraction was collected and analyzed by ESI MS method
(Figure 41). Even at low cone voltages, the parent peak at 870 fragmented to 815 and 724
peaks. The comparison of the parent ion with the theoretical distribution assigned it to
the [LMoI VO(p-OC6 H4 OEt)(OAsPh3 )]+ ion. The mechanism of the formation of this ion
is not clear. It is possible that the OAsPh3 ligand can substitut e the phenol ligand in
LMoO(p-OC6 H4OEt)2 . This ion also can be formed and detected by the reverse reaction
between the dioxo LMoO2 (p-OC6 H4 OEt) complex and AsPh3 . Indeed, in spite of the fact
that this reaction is still incomplete after few hours at room temperature, the LMoIVO(pOC6 H4 OEt)(OAsPh3 ) ion was easily observed in the ESI MS spectrum (Figure 42). It is
easy to see that all of the above reactions do not lead to the intermediate molecules of
interest (Scheme 10). Among the different possibilities, the only case were the target
intermediate

has

been detected

is

the
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reaction

of

the

[LMo VIO(p-OC6 H4-

OEt)2 ](carborane) complex with the AsPh3 /OAsPh3 mixture in benzene at 65o C for 2
days. ESI MS spectrum of this reaction mixture shows two peaks at 1008 m/z (target
intermediate) and 887 m/z ([LMoO(p-OC6 H4OEt)(OAsPh3 OH)]+ complex) (Figure 43).
Again, after the separation of the reaction mixture using gel-permeation chromatography,
only the [LMoIVO(p-OC6 H4 OEt)(OAsPh3 )]+ ion has been detected in the ESI MS method
(Figure 41). All of these attempts clearly suggest that the stability of target intermediate
is extremely low.
Since the expected reactivity of the [LMo VIO(p-OC6 H4 CN)2 ](NO3 ) complex is higher
as compared to the [LMoVIO(p-OC6 H4OEt)2 ](NO3 ) complex (because of its higher
electrophilicity), this complex has been also tested in the reaction with AsPh3 . Because of
the low stability of the [LMo VIO(p-OC6 H4CN)2 ](NO 3 ) complex, this interaction was done
in situ at –40 o C under anoxic conditions. The ESI MS spectrum of the reaction mixture
is presented on Figure 44 and consists of the [LMo VIO(p-OC6 H4 CN)2 ](NO3 ) complex
peak at 665 m/z (100%) and the target [LMoI V(OAsPh3 OH)(p-O-C6 H4-CN)2 ](NO3 )
intermediate at 970 m/z (22%). It is interesting to note that unlike in the case of the
[LMo VIO(p-OC6 H4 OEt)2 ]+ complex, the arsine(V) fragment contains an additional OH
group, which is common for [LMo VIO(p-OC6 H4 CN)2 ]+ complexes. Unfortunately, all our
attempts to separate of the target compound using column, TLC or gel-permeation
chromatographies were unsuccessful. The same reaction was conducted with [LMo VIO(pOC6 H4 CN)2 ](carborane) complex led the formation of the pure target intermediate
(Figure 45). It should to be noted that this is the only intense molybdenum peak observed
in the ESI MS spectrum. Unfortunately, the only product separated after gel-permeation
chromatography was LMoO(p-OC6 H4 CN)(OAsPh3 ) (m/z = 851, Figure 46, IR, Figure
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47). The coordination of the OAsPh3 ligand can be confirmed by increasing of the cone
voltage in the ESI MS experiment. Thus, upon increasing the cone voltage from 20 to 40
and then 60 V, the molecular ion gave fragments at m/z 529 and 570, which correspond
to the LMoO(p-OC6 H4 CN) and LMoO(p-OC6 H4 CN)(CH3 CN) ions, respectively (Figure
48). Taken together, these experiments clearly show the formation of a highly unstable
intermediate of the OAT reaction, which, however, could not be isolated using
conventional techniques.
According to Holm’s thermodynamic OAT reactions scale, AsO 2 - ion is easier to
oxidize as compared to the AsPh3 . Thus, the next step was to probe the reaction of the
mono-oxo molybdenum(VI) complexes with AsO 2 - ions. The reaction between
[LMo VIO(p-OC6 H4 OEt)2 ](NO3 ) complex and (NEt4 )[AsO 2 ] at room temperature resulted
in an immediate color change from initial blue to the brown. The first brown band
separated after gel permeation chromatography gives 1 H NMR and IR spectra identical to
the authentic LMoO2 (p-OC6 H4 OEt) complex (Figure 49). Exactly the same result was
obtained when [LMoVIO(p-OC6 H4OEt)2 ](carborane) complex was used as a starting
material (Figure 50). This rather unexpected transformation cannot be easily explained
and future investigations should be conducted to find out the reaction mechanism. In an
analogues reaction between [LMoVIO(p-OC6 H4 CN)2 ]+ and NaAsO 2 , the target
[LMo VI(OAsO 2 H)(p-OC6 H4 CN)2 ]+ intermediate was detected in the ESI MS spectrum
(Figure 51). All the attempts isolate it, however, have been unsuccessful.
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3.4 Conclusion
1. The new molybdenum complexes [LMoO(p-OC6 H4OEt)2 ](CB11 H6 Br6), [LMoO(pOC6 H4 CN)2 ](CB11 H6 Br6 ), and LMoO2 (p-OC6 H4OEt) were synthesized.
2. OAT reaction intermediates [LMo(OAsPh3 OH) (p-OC6 H4 CN)2 ] (CB11 H6 Br6 ),
[LMo(OAsO(OH))(p-OC6 H4 CN)2 ](CB11 H6 Br6 ),

and

[LMo(OAsPh3 )(p-OC6 H4 OEt)2 ]

(CB11 H6 Br6 ) were detected for the first time by ES MS in the reactions between
[LMo VIO(p-OC6 H4 CN)2 ]+X- or [LMo VIO(p-OC6 H4 OEt)2 ]+X- complexes and different
arsenic(III) compounds.
3. The OAT reaction in both cases are complicated due to the elimination of one phenoxy
ligand or the formation of a molybdenum(VI) dioxo complex.
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