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v
Abstract

The Polyoxometalate / NOy /Brx Catalysts for

Aerobic Sulfoxidations

By Zhen Luo

In attempts to make a nitrate and bromide containing transition-metal-
substituted-polyoxometalate (POM) catalyst developed in our group practically
applicable, an in situ layer-by-layer self-assembly procedure has been developed
to immobilize this POM onto solid supports. The solid-supported POMs
efficiently catalyze aerobic sulfoxidation under ambient conditions. The addition
of protic acids to the system significantly enhances the catalytic activities while

water elongates the induction period and inhibits the reaction.

To obtain disorder-free X-ray crystal structures which provide insightful
albeit indirect evidence regarding the mechanism of the POM-catalyzed
sulfoxidation, divacant [y-SiW;0036]8 and trivacant [a-P.Wi5056]:2- POMs have
been used as synthetic precursors of the catalysts. Two multi-copper-substituted
polytungstosilicates, KoNa.Cuo.5[y-Cu(H-0)SiWg0s3:].-38H.O and K3;H4;Cuos
{Cu[Cu,5SiaW16060(H20),(OH),]-}-9H-0, and a series TBA salts of Well-Dawson
sandwich POMs have been prepared and characterized by X-ray crystallography,
IR and elemental analysis. The complex [(n-C4Hg)4N]i:Hs[Cuy(P2Wi5056)21,
proved to be inactive in the absence of NO; and Br; however, a system
containing NOs-, Br- and copper-substituted POM is the most effective (rapid

and selective) catalytic system for aerobic sulfoxidation to date.



In order to probe the mechanism of the catalytic reaction, the kinetics of
sulfoxidation catalyzed by simplified systems that contain only nitrate and
bromide from different sources were investigated. The yellow active specie of the
NOy/Br system previously documented in our research group has been
unequivocally identified to be TBABr;. A mechanism based on the bromine
sulfoxidation and aerobic bromine regeneration catalyzed by NOx is proposed

and the kinetic data fit the equations associated with the mechanism.
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Chapter 1

Introduction to Transition-metal-
substituted Polyoxometalates (TMSPs)
and TMSP-Catalyzed Sulfoxidation



General Information

Polyoxometalates (POMs) are class of highly tunable inorganic compounds
formed by the linkage of early transition metals in their highest oxidation state
(d°) with oxygen atoms.3 The early transition metals which form POMs are
referred to as addenda atoms. POMs formed exclusively from addenda and
oxygen atoms are named isopolyanions. POMs formed by adding to the
addenda-based structures one or more other elements are named
heteropolyanions (Figure 1-1). The elements that can function as addenda atoms
in POMs appear to be limited to those with a favorable combination of both size
(cationic radius), charge, and the accessibility of empty d orbitals for metal-
oxygen bonding.-3 Transition metals in group VB and VIB are the only elements
known have the proper charge-radius ratio and appropriate strength of the M-O
bonds to act as addenda to form POMs. However, the heteroatoms, other than
addenda, in heteropolyanions have no such limitations and can be virtually any
element in the periodic table. A combination of the extensive acid-base and
oxidation-reduction chemistry of polyoxometalates make these complexes highly

diverse4 with applications in medicine5 and more importantly, catalysis.t-1°
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Figure 1-1. Polyhedral representation of isopolyanions, A and B, and hetero-
polyanions, C and D. A), [WeOw]?; B), [V10028]6; C), [a-SiW12040]4; D), [a-
P>Wi18062]°.



Polyoxometalates are often formed by corner-, edge- and face-sharing of
the basic MOg octahedral units. Corner- and edge-sharing linkages are the most
common linkages found in POMs. Face-sharing linkages are also found but these
linkages are rare because of the large electrostatic repulsion caused by the close
packing of the two highly charged metal atoms. It has been noticed that MOs
octahedra containing three or more terminal oxo-groups are not observed. This
restriction, named “Lipscomb principle,” has been explained in terms of the
strong trans-influence of terminal M-O bonds facilitating dissociation of the
cluster. For each MOs octahedron, there are three different types of metal-
oxygen bonds (Figure 1-2). Each metal center forms one short bond to a terminal
oxygen, which corresponds to a double bond. Four longer bonds formed between
metal center and bridging oxygens are corresponding to single bonds, and the
bond between the core oxygen and center metal is a very long and weak bond.
The terminal oxygens, O, formed the outmost layer of POMs are usually the least
basic and help prevent further polymerization which allows for the formation of
discrete complexes. The inner core oxygens, Oi, are the most basic oxygens
POMs, but they are sterically inaccessible and thus usually chemically inert. The
bridging oxygens, O, became most active according to their greater basicity and

accessibility.

The physically and chemically different environments of these oxygen
atoms provide facilitate characterization of POMs. With the weakest W-O bond,
the O; locates upfield in the 70 NMR, while the deshielding effect associated with

the terminal WO; bond makes the O:oxygens exhibit the most downfield peaks.3



In IR spectrum, the three different W-O bond strengths reflect peaks with

different and usually discrete absorption frequencies.!
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Figure 1-2. a) Bond representation of a WOs octahedron unit; b) Resonance

representation of a VOs octahedron unit.

Heteropolyanion Structures

Of the several hundred discrete POM structures known, two of the most
common are the Keggin and the Wells-Dawson polyanions. The Keggin structure
is formed by a single XO, tetrahedron surrounded by four M30,5 triad at each of
its vertices. These triads are linked by corner-sharing with each other and the
central tetrahedron. Geometrically, five isomers can be formed by successive 60°
rotation of the M50,; groups (Figure 1-3). Among all the five isomers, the o-
Keggin structure, which has the overall Tq symmetry, is the most thermodynamic

stable.



Figure 1-3. The five Baker-Figgis isomers of the Keggin structure: a, B, y, 5, ¢.
The rotated M30,5 group(s) are show in light crosshatch.



The Wells-Dawson structure has general formula [X.MgOso]n-. It is
formed by two XO, tetrahedra each coordinating one M30,; triad cap and one
M¢O,, belt which links to the other MOy, belt by sharing corner oxygen atoms
(Figure 1-4). Although Baker and Figgis'* proposed six isomers of the Dawson
structures, only four of them have been observed to date? and the a and B

isomers are the most common ones.

_ cap

2 1 3
iy -— belt
Dx 15 \114
11 i y
17 16/ |18

Figure 1-4. IUPAC numbering scheme of [a-M>W80s-]2- (the Wells-Dawson

structure)

The structurally saturated parent (or “plenary”) Keggin and Wells-Dawson
POMs are usually stable at low pH environment. At a higher pH, a complex
series of hydrolysis reactions occur. With the removal of one or more MOy unit

from the parent structure, defect or “lacunary” POMs are formed.
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Figure 1-5. General route for synthesis of dodecatungstosilcate isomers and

related mono-, bi- and tri-vacant polysilicotungstates.



For the Keggin type POMs, mono-,bi- and tri-lacuanry species can be
formed under different hydrolysis conditions. Four monolacunary Keggin
polytungstosilicate isomers are known as shown in Figure 1-5.13 All the  isomers
are unstable in solution and slowly convert to the a isomer. For the Keggin type
polytungstophosphates only the o isomer is observed. According to the
“Lipscomb Principle”, no stable {XWo} species can be prepared by removing a
WOg octahedra from the a-, ;- and B3-[XWi0039]7. Indeed, from the hydrolysis
of [B2-SiW1:059]8, a {SiW,o} species has been prepared and indentified to be [y-
SiW10036]8-. There are two types of trivacant lacunary POMs species which are
designated A and B. The A type is formed by removing three conner-sharing
WOs octahedron from three neighboring W30, triads in the POM. The B type is

formed by removing an edge-sharing W30s cap.

Multi-lacunary Wells-Dawson structures can also be prepared by
controlled hydrolysis. There are two monovacant isomers derived from the a-
Well-Dawson structure. The o. isomer, [02-P2W1,06:]1°-, is obtained by removing
a WOx octahedra from one of the cap W30,5 triads of the [a-P2W18062]5". The o,
isomer has the lacunary site in the belt position and can only be prepared by
adding WOy octahedra to a hexavacant Well-Dawson structure [P.W.04s]*4-.
The hexavacant POM is formed by removing six WOx units along the Cs axis of
the [a-P2Wi18062]". The common trivacant [PoW;5056]'2- is formed by the removal
of one of the cap M30,5 triads from the parent structure. The formation and

conversion of these species is shown in Figure 1-6.



HPO,> + WO,

[(12'P2W18061] 10- [OL—P2W12048] 14- [OL-P2W15056] 12-

/!

[OL'P2W18062] 6-

Figure 1-6. Relationships between the different polytungstodiphosphate
species.
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The lacunary POMs can react with d-electron transition metals and afford
transition-metal substituted POMs (TMSPs) with the d-electron centers
coordinated in the lacunary sites. The reaction between monovacant POMs and
transition metals usually results in saturated monosubstituted TMSPs. The
monovacant POM functions as a pentadentate ligand and usually the metal
coordinated in the lacunary site has a sixth ligand. As a consequence of the high
Tg symmetry, the transition metal in the monosubstituted a-Keggin always
disorders in the twelve symmetric positions which prevents the X-ray diffraction
from obtaining disorder-free structures.’4 As for the monosubstituted Keggin
POM, the six belt positions in the a;-monosubstituted Well-Dawson POM and the
three cap positions in the o, isomers is this polyanion are also frequently
disordered in crystals.’> The coordination between trivacant POMs and low-
valent d-electron transition metals leads to more complex TMSP compounds
than the mono-substituted Keggin and Wells-Dawson derivatives. The most
common POMs derived from the use of tri-vacant polyanions are two types of
sandwich-like structures9- 16: the A-type sandwich POMs that contain three
corner-sharing transition metal MOs octahedra between two [A-a-XWgOg4]n-
units, and the B-type sandwich POMs that contain four edge-sharing metal
octahedra between two B-a-trivacant units. These trivacant units can be derived
from either the Keggin or Wells-Dawson structural families. The divacant POM,
[y-SiW10036]8-, slowly isomerizes to [a-SiW:.040]4 in aqueous solution. The
coordination between the divacant POM and transition metals under different

conditions can lead to saturated disubstituted POMs,'7: 18 disubstituted dimers,9
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and many other complexes.20-23 Structures of some well-documented TMSPs are

illustrated in Figure 1-7.

Figure 1-7. Polyhedral representations of TMSPs: a). [(y-Cu.(H.0)SiWgOs,).]*2",
b) [Mn4(H20)2(PW¢0s34)2]10-, ¢)[y-Cro(H20)2SiWi16046]2-, d)
[{Fe2(OH)3(H20)2}3(y-SiW10036)3]'", €) [Mny(H20)(P2Wi15056)2]1%, 1) [02-
Co(H20)P.W1,06:]0, g) [01-Co(H20)PW,06,]10-.
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Decontamination: Sulfoxidation catalyzed by TMSPs

Chemical warfare agents (CWAs) have been developed in laboratories
around the world. CWAs are cheap, relatively accessible, and easy to transport
making them some of the most feared and unpredictable agents of mass
destruction in the hands of terrorists. On March 1995, the releasing of sarin
(see Figure 1-8) into the Tokyo subway system killed 12 people and injured over
5,000. Decontamination, aimed at eliminating these hazardous CWAs, is
required in battlefield as well as in public places which are vulnerable to terrorist

attacks.

4 N\

@)
CI/\/S\/\C| IU
SN0 N

Mustard Gas (HD) S
o T
P :

7T PN
F

Sarin (GB) VX

Figure 1-8. Some typical chemical warfare agents.

According to the intrinsic chemical structures of these CWAs, oxidation
and hydrolysis are the most common methods used for decontamination.24 The
nerve agents (principally VX, GB and GD) are a class of organic phosphorus

compounds and can be decontaminated by hydrolysis.2s Mustard gas (HD) and
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VX contain a reduced sulfur group making them both susceptible to potential
oxidative decontamination.24 26 Most of the decontamination systems currently
used by U.S. Army contain reagents that oxidize HD stoichiometrically although
rapidly. Popular stoichiometric decontaminants range from the old STB
(Tropical Standard Bleach, a concentrated basic solution of NaOCl) and DS2
(hydroxide in glyme type solvents) to the newer green and effective
bicarbonate/peroxide systems.24 All these reagents contain large amounts of
oxidant and are corrosive to most surfaces and deleterious to the skin. In
addition, these decontamination systems aren’t amenable to use as solids and
they must be stored in special containers. As a consequence, they aren’t viable as
components for self-decontaminating coatings, fabrics and filter materials which

are widely needed for preventive defense and protection.

TMSPs have long been investigated as oxidation catalysts because they
combine attractive physical and chemical properties with highly tunable redox
chemistry. Early studies by Hill and coworkers demonstrated that TMSPs can act
as efficient oxygenation (oxo transfer oxidation) catalysts for various
hydrocarbons.2732  Recently Okun and Hill laboratory co-workers9: 4. 33-36
reported that several TMSPs can catalyze the selective conversion of 2-
chloroethyl ethyl sulfide (CEES), a mustard (HD) simulant, to CEESO in organic
solvents under ambient conditions (Figure 1-9). Investigations revealed that NOx
species may be involved in sulfoxidation catalyzed by iron-substituted Keggin
POMs.14 Previously, Bosch and Kochi3” found that nitrogen dioxide can catalyze
selective sulfoxidation under ambient conditions by air via a nitrosonium

complex intermediate. By combining the knowledge of nitrosonium
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intermediates in catalytic sulfoxidation with the data on transition-metal-
substituted-POM catalyzed oxidation, the Hill group developed a highly active
multicomponent oxidation catalyst that the group has termed the “hot catalyst”
because of its unprecedented reactivity (not because it is thermally activated).38
The hot catalyst comprises the tetrabutylammonium (TBA) salt of
tetrabrominoferrate and the TBA salt of a d-electron-metal-substituted POM to
which nitrate is likely terminally bonded. Further investigation showed that the
hot catalyst is not only highly effective in catalyzing the sulfoxidation but also
efficiently removing many amines, aldehydes and mercaptans that constitute
nearly all odors in human environments.39 However, the mechanism of these
TMSP-catalyzed sulfoxidation and other oxidations remained uncertain in these
earlier studies.
@)
TMSPs ||

C|/\/Sv +1/2 0, > Cl/\/s\/

ambient condtions

CEES CEESO

Figure 1-9. TMSP catalyzed sulfoxidation under ambient conditions.

Goal of This Work

Recent studies have clearly shown that transition-metal-substituted POMs
developed in our group have considerable potential in commercial applications in
industrial oxidation catalysis, chemical warfare agent decontamination and
household deodorization. Significantly, the development of practically useful

TMSP-based catalysts requires the development of methods to immobilize POMs
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on various solid supports surfaces. Parts of thesis address optimization of
catalyst components, reproducible preparation of the hot catalyst, and
development of an in-situ self-assemble method for loading (immobilizing)
catalysts on different supports in order to enhance their activity and stability for

applications.

Understanding the mechanism of TMSP-catalyzed sulfoxidation is both
scientifically and practically significant. Elucidation of such mechanisms can
help us design and improve the catalytic activity of the current TMSP-based
catalysts. However, two factors have hindered mechanistic investigation to date:
these catalysts are a mixture of TMSPs and other inorganic salts, and as noted
above, these structurally and compositionally complicated systems aren’t
amenable to characterization by X-ray crystallography, due to disordred crystals,
and NMR because of paramagnetism. In this thesis, the divacant y-Keggin and
trivacant Well-Dawson POMs are used as precursors. Two novel multi-copper-
substituted polysilicotungstates and a series Well-Dawson sandwich-type POMs
are described. More importantly, a simplification of the catalytic system has lead
to the proposal of a bromine/tri-bromide based mechanism for the very fast
catalytic aerobic (air-based) sulfoxidation reactions, and considerable kinetics

and other data are consistent with this proposal.
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Abstract

A nitrate and bromide-containing transition-metal-substituted POM
(TMSP)-based catalyst has been developed. This material catalyzes fast and
selective sulfoxidation using ambient air as the oxidant. To make this catalyst
practically applicable, several different solid supports were evaluated including
TiO., SiO., carbon and cationic silica ((Si/AlO:)*). The active catalysts were
obtained by using an in situ layer-by-layer self-assembly procedure involving the
catalyst components and each support material. The subsequent work shows that
addition of proton to the final catalytic systems significantly enhances

sulfoxidation while water inhibits them.

Introduction

The development of new materials to catalyze the selective aerobic oxidation
of sulfur-containing compounds under ambient conditions (1 atm air/O. and
25°C) is of both intellectual and practical interest.>7 The sulfoxidation of sulfides
(thioethers) is important in both the organic synthesis and the decontamination
of chemical warfare agents, especially for the decontamination of sulfur mustard
(HD). The selected mono-sulfoxidated product of HD, mustard sulfoxides, is
much less toxic than the overoxidized (di-oxo) product, mustard sulfone.9 When
the decontamination research is performed in laboratory, 2-chloroethyl ethyl
sulfide (CEES), a HD analogue, is always used. The net catalytic air (O.)-based

oxidative decontamination of CEES is illustrated in Scheme 2-1.
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To date there are very few molecules or materials that catalyze rapid air-
based oxidations under ambient conditions.o- 12 In the past years, members in
Hill group have investigated sulfoxidation reactions catalyzed by several different
polyoxometalate (POM) systems. Okun and co-workers!2-1¢ reported that several
bulk and cationic silica-supported POMs catalyze the selective aerobic oxidation
of CEES to CEESO under ambient conditions. The most recent work shows that a
mixture containing Cu/Fe-substituted POMs with TBA tetrabromoferrate
(TBAFeBr,) is an extremely fast and selective catalyst (henceforth referred as the
“hot catalyst”) for this process. Turnovers for CEES to CEESO of greater than 90
with 100% selectivity can be achieved in 90 min. Furthermore, wide spectrum
tests indicate that this mixture can catalyze the oxidative decontamination of

many household odors which are composed mainly of amines and aldehydes.

catalyst
/\S/\/Cl + 050, —» /\S/\/C1
g
CEES
(HD simulant) CEESO

Scheme 2-1. Aerobic decontamination of CEES

Through the benefits of the previous work accomplished in our group, we
are now cooperating with companies such as P&G Co., Gentex Co. and TDA Inc.
to find commercially applicable catalysts.l720  Some of our work includes

optimizing the combination of catalyst components, preparing the catalyst and
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enhancing its activity and stability for future commercial applications by using
different supports, POMs and additives. Trivacant Nao[A-PW,05,] and its
derivatives are used as parent POMs, and TiO., Al.O; and SiO. are used as
supports in our investigation. The final catalysts are self-assembled on the
surface of the supports. The catalytic activities of these products are measured by
the sulfoxidation of CEES to CEESO in liquid phase. Different methods are used
to modify the catalyst. The catalyst is stable in the temperature range from o to
80°C. Experiment results indicate an induction period exists in the catalytic
oxidation. The addition of protic acids significantly reduces the induction period
and enhances catalytic ability. In contrast, a low concentration of water (>4%
weight) remarkably increases the induction period and inhibits the activity of
catalyst. Interestingly, a subsequent drying process (specifically water removal)

can lead to complete recovery of activity of the previously wet catalyst.

Experiments
General methods and materials

Nag[A-PW,03,] was prepared by the literature methods,2! and its purities
were checked by FT-IR. Carbon beads, Al.O; and TiO. nanoparticles were
obtained from Gentex Corporation; SiO. was obtained from TDA Corporation,
and all the materials were used as received. Cr(NO;);29H,O, Mn(NO,).,
Fe(NO3)329H,0, Co(NO3)2, Ni(NO3)2+6H.0, Cu(NO3).+2.5H-0, acetonitrile, 1,3-
dichlorobenzene and 2-chlorethyl ethyl sulfide (CEES) were purchased from

Aldrich and used without further purification. The infrared spectra were
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recorded on a Nicolet 510 FT-IR spectrometer. Oxidation products were
identified by gas chromatography-mass spectrometry (GC/MS; Hewlett Packard
5890 series II gas chromatograph connected to a Hewlett Packard 5971 mass
selective detector) and quantified by gas chromatography (GC; Hewlett Packard
5890 series gas chromatograph equipped with a flame ionization detector, 5%
phenyl methyl silicone capillary column, N, carrier gas, and a Hewlett Packard
3390A series integrator). The BET surface areas of carbon and catalysts were
determined by Quantachrome model NOVA 2000 surface area analyzer. The
surface charge density and point of zero charge were obtained through

potentriometric titration.

1. Preparation of the “hot catalyst”, a mixture complex contained nitrate,

bromide and transition-metal-subsituted POMs (“Fe/Cu/PW1./Br/NQO3")

Step 1.

The overall preparation starts with the preparation of TBA¢xNaxPW;,0s39.
Solid Nag[A-PW4034]*7H.O (10 g, ca. 3.7 mmol) is dissolved in 100 mL of
deionized water. To this solution TBABr (80 g, ca. 248 mmol) dissolved in 160
mL of deionized water is added. The mixture is stirred for 30 min at room
temperature. The slightly acidic conditions convert [PW¢034]9- to [PW1:054]7- in
situ. The resulting precipitate TBA,xNaxPW,039 (ca. 15.8 g) is separated by
filtration over a fine frit, washed with 2-3 portions of 100 mL of water and

vacuum dried overnight.

Step 2.
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Solid Cu(NO3)- (0.52 g, 2.8 mmol) is dissolved in 20 mL of acetonitrile to
which solid TBA,\NaxPW,O.; (4.0 g, ~ 1.4 mmol) dissolved in 20 mL of
acetonitrile is added with vigorous stirring. A greenish-blue solution is formed.
The solution is placed in a beaker for several days until all the solvent evaporates.
The resulting white-blue product (4.5 g) henceforth is referred to as

“TBA/CU/PW11/NO3”
Step 3.

An arbitrary amount of “TBA/Cu/PW.;/NO;” is weighed and mixed with
TBAFeBr, (1:1 weight %) using a mortar and pestle. The final product is dark
brown and stored in a 100 ml brown vial. This product is referred to henceforth

as “Fe/Cu/PW.,/Br/NO”.

2. Modifying the hot catalysts by using different transition metals

The effect of different first-row transition metals on the activity of the
catalytic materials was studied. The preparation of the hot catalysts with
different added transition metal complexes is similar to preparation of the parent

hot catalyst given above..

Step 1 is the same as described in hot catalyst preparation. In step 2 solid
Cr(NO3)3290H.0, Mn(NOj)., Co(NOs). or Ni(NO3).#6H.O is used instead of
Cu(NOs).. The resulting metal-substituted TBA POM salts are henceforth
referred to as TBA/Cr/PW.;/NO;, TBA/Mn/PW.;/NO;, TBA/Co/PW1;/NO;3; and
TBA/Ni/PW;/NO;. The final products are obtained by mixing an arbitrary

amount of “TBA/M/PW;/NO3;” (M = Cr, Mn, Co and Ni) with TBAFeBr, (1:1
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weight %) using a mortar and pestle and these subsequent products are
henceforth referred to as “Fe/Cr/PW./Br/NO;, Fe/Mn/PW./Br/NOs,

Fe/Co/PW.;/Br/NQOs, and Fe/Ni/PW,;/Br/NO;”.

3. Preparation of solid supported POM catalysts
Step 1.

To a solution of NagPWy0Os3,4+7H-0 (3.5 g; 1.2 mmol) in water (350 mL)
carbon beads (31.5 g) are added at once while stirring. The mixture is stirred
overnight at ambient temperature, washed with water on the filter and dried in
air. The amount of POM bound to the surface is determined by subtracting the
amount of POM (mmol) precipitated by addition of TBABr to a supernatant
combined with the water collected after washing the beads, from the initial
amount of POM used in the reaction. The resulting product (henceforth referred

to as “PWy;/C”) contains 0.099 g or 0.034 mmol of bound POM per 1 g of carbon.
Step 2.

To PW1,/C (1.0 g; 0.034 mmol POM) suspended in 10 mL of acetonitrile is
added FeBrs (0.030 g; 0.10 mmol) dissolved in 1.0 mL of acetonitrile. The
mixture is stirred until all the solvent is evaporated, washed with acetonitrile on
the filter and air dried. The resulting product is henceforth referred to as

“Fe/PW1/Br/C”.
Step 3.

To Fe/PW./Br/C (1 g; 0.034 mmol of PWy;) suspended in 10 mL of

acetonitrile is added solid Cu(NO3). (0.019 g 0.10 mmol). The mixture is stirred
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until all the solvent is evaporated, washed with acetonitrile on the filter and air
dried resulting in final product henceforth referred to as
“Fe/PW1:/Br/Cu/NO;/C”. Analogous procedures are used for preparation of all

other catalysts on Al.O3, TiO. and aluminum modified cationic silica ((Si/AlO.)+).

4. BET surface area measurements

The specific surface area of the samples is obtained by the standard
method of Brunauer-Emmet-Teller (BET) adsorption isotherms applied in a
relative pressure range from 0.06 to 0.35. Prior to determination of the isotherm
the samples (~0.3 - 0.5 g) are outgassed overnight at 150 °C under vacuum to
remove the moisture and other contaminants. The nitrogen adsorption-
desorption isotherms of the samples are recorded at 77 K and analyzed with
Enhanced Data Reduction Program, version 2.13. The pore size distribution is
calculated on the basis of desorption data by employing the Barret-Joyner-

Halenda (BJH) method.

5. Catalytic oxidation of the HD analogue 2-chloroethyl ethyl sulfide (CEES) in

acetonitrile solution

In a typical CEES oxidation reaction, 0.01 mmol of “Fe/Cu/PW;/Br/NO;”
(~ 32 mg) or 130 mg solid-supported POM is weighed out into 20-mL vial and
dissolved / suspended in 2.3 mL of acetonitrile. 1,3-Dichlorobenzene (0.095 mL)
(GC internal standard) is added to the vials, and they are sealed. After stirring for
5-10 min, 0.105 mL CEES is added via syringe to a vial fitted with a PTFE

septum. Air access during the experiment is provided through a needle in the
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cap. The reaction is monitored for 20 h. Aliquots are analyzed by GC analysis

every 20 min.

Results and Discussion
Preparation and catalytic activity of Fe/Cu/PW1./Br/NO3z complex

Sulfoxidation is an important reaction in organic synthesis and many
studies in this field have been conducted in the past decades.®-22.23 Early in 1865,
Macker24 had reported the use of nitric acid to selectively oxidize dibenzyl sulfide
to dibenzyl sulfoxide. However, the application of nitric acid for sulfoxidation in
organic synthesis has been largely ignored. More recent studies by Bosch and
Kochi! found that nitrogen dioxide can catalyze selective sulfoxidation under

ambient conditions by air via a nitrosonium complex intermediate.

Their proposed mechanism is as follows:

R.S+2NO, == [R,S,NO'INO; (1)

kET
[R.S, NO*INO;” =——— [R,S™*,NO]+NO;"  (2)

fast
R,S™* +NO;y —— » R,SO +NO, (3)

The catalytic cycle is illustrated as in Figure 2-1. In the proposed
mechanism, the formation of the nitrosonium complex and thioether radical
cation plays an important role in the sulfoxidation, and the charge/electron
transfer in the nitrosonium-thioether complex (which forms the thioether radical

cation complex) is the rate-determining step.
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Previously, Okun and coworkers!26 in our group discovered that several
iron and copper substituted POMs catalyze O./air-based selective sulfoxidation.
The data implicating the potential importance of nitrosonium intermediates in
catalytic sulfoxidation combined with the data on transition-metal-substituted
POM-catalyzed oxidation suggested to us that a metal-substituted POM
containing a terminally bound nitrate or related group might also function as a
selective catalyst for thioether oxidation. In order to find a highly active nitrate
containing POM complex, Fe(NO;);, FeBrs, Cu(NOs3). and TBAH,.xPW,059 were
used and the liquid phase catalytic activities of CEES oxidation of different

combinations are recorded as in Table 2-1.17

/ [RoS™ , NO] NO5 ‘\/

[R.S, NO*]NO,” NO + NO,

)\ } 0> 02
R,S N,O4 o———== 2 NO,

Figure 2-1. The catalytic cycle of NO.-catalyzed O.-based sulfoxidation.

R,SO
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Table 2-1. Aerobic oxidation of 2-chloroethyl ethyl sulfide (CEES) in acetonitrile

by nitrate and bromide-containing polyoxometalate (POM)-based catalysts.

o [catalyst] [POM]
Catalyst combinations % conv. TON ?
(8) (mmol)
TBAs <xH,[Fe(NO,)]/(A-
PW11039) (referred as “TBAs- | 0.020 0.005 56 98
«Fe/N”)
TBA5-XHX[FeBI‘]/(A—PW11039)
0.014 0.003 0 0

(referred as “TBAs;xFe/Br”)
TBAsH,[Cu(NO5)](A-
PWi1,049) (referred as “TBAs- | 0.024 0.005 32 56
xCu/N”)
TBA;«xFe/N + TBA;<Fe/Br 0.034 0.005 60 105
TBAsxCu/N + TBA;<Fe/Br 0.038 0.005 75 131

General conditions: 0.875 mmol (0.35 M) of CEES, catalyst (quantity given in column 2,

estimated amount of bound POM given in column 3), 1 atm of air, 0.876 mmol (0.35 M)

of 1,3-dichlorobenzene (internal standard) were stirred in 2.5 mL of acetonitrile at 25 °C

for 20 h in the 20-mL vial; 2 turnovers = moles of converted CEES/ mol of catalyst.
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The catalytic data show that without the presence of the nitrate group in
the catalyst, there is no observable CEES oxidation after 20 hours. When iron or
copper nitrate are used, the POM complexes show considerable catalytic activity
for CEES oxidation and one of the complex combinations (TBAs.xCu/N + TBAs;.
«Fe/Br) converts 75% CEES to CEESO in 20 hours, which translates to 131

turnovers.

To investigate this complicated catalytic system further, the effects of
different first-row transition metals (e.g., Fe/M/PW,;/Br/NQO3) on turnover were
assessed. Cr(NOs3)3*9H.O, Mn(NOs)., Co(NO;). and Ni(NO3).+6H.O were used
in the preparation of Fe/M/PWi;/Br/NO; materials and the effects of these
different transition metals on the catalytic activities were recorded (see Figure

2-2),

The data show that without the transition metal, the material is totally
inactive. Among these metals, the Cu-containing catalyst has the best catalytic

activity.

Based on these data, preparation for nitrate and bromide-containing
POMs (Fe/Cu/PW./Br/NO3) have been developed. The catalytic activities in
oxidizing CEES to CEESO by a typical Fe/Cu/PW,;/Br/NO5; mixture complex (the

hot catalyst) are shown in Figure 2-3.
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Figure 2-2. Conversion of CEES oxidation after 1.0 hour in the presence of 5
mM d-electron-transition-metal-substituted POM and 34 mM TBAFeBr,. Other
conditions: 25°C, 1.0 atm O,, 2.5 mL CH3CN, [CEES]= 360 mM; * 5mM of pure
TBA,PW 1,059 were used in place of the d-electron-transition-metal-substituted

POM.
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Figure 2-3. Time profile of aerobic CEES (0.35 mol/L) oxidation catalyzed by
Fe/Cu/PW,;/Br/NO; (0.05 g, 0.005 mmol based on POM) at 25°C (ambient
conditions) in 2.5 mL acetonitrile. Consumption of CEES (#) and production of

CEESO (m) are shown.
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The kinetic data show that the catalytic sulfoxidation is a pseudo-first-
order reaction. The exponential equations used for fitting both the CEES
consumption and CEESO generation curves as follows:

CEES: In[CEES]; = -1.6 - 0.231t (4)
CEESO: In(0.35-[CEESO]:) = -1.5- 0.205t (5)

The associated rate constant (k) for the reaction is 0.231 h-and 0.205 h
based on the fitting. The exponential fitted data for the consumption of CEES
and production of CEESO do not match well. This mis-match in the data could
be a result of the lower sensitivity and larger error in the gas chromatography
(GC) measurement of CEESO compared to CEES. With the highly polar sulfur-
oxo group CEESO has a higher boiling point than CEES (279°C versus
156~157°C), and it is more soluble in water than in less polar organic solutions.
Also, some unknown small peaks appeared in the beginning of reaction, which
indicate possible intermediate formed in the reaction (see Figure 2-4). All these
properties result in a less intense peak and a longer retention time in the GC trace
for CEESO versus CEES. The curve fitting calculations (by Microsoft Excel) of
kinetic data for catalytic consumption of CEES always produces a curve that is
smoother than that for CEESO production (R2= 0.9818 versus 0.9681). In order
to reduce the systematic error in the GC measurement, a conversion curve is
always used. Thus CEES consumption is used for precise kinetic measurements

(see Chapter 3). The conversion is defined as:

[CEESO],

x100% (6)
[CEES], + [CEESO],

Conversion; =
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Figure 2-4. The GC traces showing effective 100% selective oxidation of CEES

to CEESO. a), b), c) are traces taken at 1 min, 2 h and 30 h, respectively.
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The conversion data show that CEES consumption is very fast at the
beginning; however, no CEESO appears in the first 30 minutes.  After 130
minutes nearly 60% CEES in the system is converted to CEESO. The reaction
speed decreases after an hour and the 100% conversion requires about 20 hours.
No sulfone (CEESO.) peak appears in the GC trace which means the
sulfoxidation is highly selective (Figure 2-4). All the catalytic data reveal a very
powerful catalyst that has potential applicability for the decontamination of
sulfides such as mustard, thiols (ubiquitous odorants in human environments),
H2S (a toxic industrial chemical or “TIC”) and other sulfur-based functional
groups under ambient conditions. Also, the data show that the exponential
curves do not fit the data well especially at the end of the reaction, which

indicates that the sulfoxidation may have a complicated mechanism.

A mechanism involving nitrosonium cation? The first assumption

In order to develop practically applicable catalysts, many factors, such as
humidity and temperature changes, which typically do not exist under laboratory
conditions, must be considered. Clearly, understanding the mechanism of the
catalytic reaction will be very helpful in assessing and understanding the impact

of such factors.

Because catalytic data in Table 2-1 show that in the absence of nitrate the
metal-substituted POM is totally inactive, the possibility of a nitrosonium POM
salt as a catalytic intermediate should be considered. Accordingly, two possible

ways the POMs might be involved in the catalysis are as follows:
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A. Nitrosonium-POM intermediate process:

[CU(N03)PW11039]6_+ 2H* + Brr —— {[CUPW11O39]5_, NO+} + BrO- +H.O (7)

{[CUPWuOgg]S_, NO+} + CEES —— [CEES, CUPW11039, NO+]5_ (8)
K,

[CEES, CUPWnOgg, NO+]5_ — [CEES°+, NO] + [CUPWuOgg]S' (9)

CEES** + NO;—&“» CEESO + NO, (10)

The completed cycle is somewhat analogous to that in Figure 2-1.

B. Nitrosonium Bromide intermediate process:

catalyzed by [CuNO3PW{{Oq9] 6

2 H* + NOy + 2Br- =< = NO*Br- + BrO- + H.0 (11)

NO*Br-+ CEES =~ [CEES, NO*] Br - (12)
Ky

[CEES, NO+] Br - ~—=— [CEES+, NO] Br- (13)

CEES*+ + NO;- —&~ s CEESO + NO, (14)

The completed catalytic cycle is similar to that in Figure 2-1.

In proposed mechanism A, formation of a nitrosonium-POM complex in
the first step is assumed. CEES should quickly coordinate to the Cu center on the
POM in this complex. Following by a slow electron transfer process, the radical
cation, CEES** formed will be quickly oxidized to CEESO. Alternatively,
mechanism B involves the formation of nitrosonium bromide catalyzed by POM,
and the nitrosonium bromide helps catalyzing the CEES sulfoxidation. In both
mechanisms, bromate is involved in the formation of nitrosonium. Further

investigation found that the “TBAj;.Fe/N” used in Table 2-1 also contains
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considerable amount of Br- which is introduced from TBAH,xPW,039 where a

large amount of excess TBABr was used in preparation of monovacant precursor.

Recent research performed by Hillesheim, Young and Gueletii25 in our
group suggests that the proposed mechanism B is less likely. In their research
they used a simplified system: a mixture containing only NOPF¢ and TBABr. The
obvious inference is that this mixture forms the NO*Br- directly. The mixture has
also been found to be active in catalyzing the aerobic oxidation of CEES.
However, numerous observations are inconsistent with the suggestion that NOBr
is the major product. NOBr is a known volatile compound (b.p. ~24°C) and
yellow in color, but the UV-Vis spectrum of the NOPFs and TBABr mixture
displays no peaks around 225 nm and 425 nm which are characteristic of BrNO
and NOBr, respectively.26 Also, the material they isolated after a completed
catalytic reaction is a solid and retains its catalytic activity after heating to ~80
°C. The isolated material cannot be NOBr because NOBr is unstable and known
to irreversibly dissociate to NO and Br radicals at such temperatures.2” Isolation
of the stable and catalytic active compound not only directly excludes proposed
mechanism B above but also questions the formation of nitrosonium because all
the methods they used to characterize the compound (IR, UV-Vis, NMR and
mass spectrometry) showed no evidence for the existence of nitrosonium.
Unfortunately, they also failed to indentify the compound by these
characterization methods, thus they stated both the compound and its
mechanism of its sulfoxidation remain unclear. In order to understand the
“mysterious” compound obtained by Gueletii and Hillesheim, similar systems

were investigated. One key compound has now been indentified and a Br,/Bry



39

based mechanism is proposed and confirmed by kinetic studies. These studies

are summarized in Chapter 3.

Solid-supported POM catalysts

The POM-based “hot catalyst” exhibits highly selective and efficient
activity for sulfoxidation under ambient conditions. This highly unusual
property makes it a promising candidate for potential commercial applications
including chemical-weapon-decontaminating coating layers in army uniforms,
air filters and household deodorizers. However, most commercially useful
catalysts must work under heterogeneous conditions. This makes commercial

catalysts easy to apply and reuse/recycle.

In our current work, commercially available TiO. , Al.O; from Gentex
Corporation, SiO. from TDA Corporation, PET fibers from Proctor and Gamble
(P&G) and self-made cationic silica (Si/(AlO.)*) have been used as solid supports
for the hot catalyst. The catalytic activities have been measured and some factors

which hinder/enhance the catalytic activities are being studied.

Previous work in our group lead to a simple and easy method to load the
POM catalysts on solid supports.4 Generally the solid support is added to an
acetonitrile solution of the hot catalyst. After the mixture is stirred for several
hours the resulting catalyst-supported solid is collected by filtration and dried
overnight. The solid-supported catalyst prepared by this method retains its
catalytic activity in gas phase sulfoxidation. Unfortunately, the liquid phase
catalysis experiments demonstrated that the supported catalyst can be easily

washed off the supports by organic solvents resulting in completely inactive
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residual solid. Therefore, this simple established method might only be suitable
for preparing supported hot catalyst materials which are used in gas phase
catalysis. In order to attach the catalyst firmly on the surface of the supports,

alternative methods have been developed.

Since POMs are a very large (and rapidly increasing) family of metal
clusters with high negative charges, they should display strong electrostatic
interactions with a positively charged surfaces.’> 28. 29  Inspired by this
suggestion, several different methods have been tested and an in-situ layer-by-
layer (step-by-step) self-assembly catalyst preparation has been developed. In
this preparation, a solid support is first suspended in water or acetonitrile
solution, then the sodium or TBA salt of the parent POM (normally [A-PW03,]9-
or its derivatives) is added and stirred overnight. The POM-supported solid is
collected by filtration and dried. The POM not bound to the support is measured
by weighting the remains of evaporated filtrate. The calculated amount of loaded
POM varies from 5 to 15 weight percent for different supports. The dried POM-
loaded solid is resuspended in acetonitrile solution and FeBr; is added. The
solution is continually stirred until all the solvent is evaporated. After washing
the remaining solid with acetonitrile, the same procedure is repeated and
Cu(NOs). is added instead of FeBr;. The final product is obtained again by
washing the solid with acetonitrile and then drying under air. The resulting
product is stable in acetonitrile and can be used as a heterogeneous catalyst for
liquid phase reactions. During preparation, the sequence of adding FeBr; and
Cu(NO,). is exacting. The solid supported POM catalyst exhibits little catalytic

activity when it is prepared by adding Cu(NO;). first and FeBrs subsequently.



41

The solid-supported POM catalyst prepared by adding FeBr; first and then
Cu(NOs). gives a much higher activity. This phenomenon may be partially
attributed to the fast ligand exchange at the Cu(II) center of the POM. The six
coordinated Cu(II) with a d9 electron configuration has a strong Jahn-Teller
distortion in the ground state which makes axial bonds longer than equatorial
ones. This leads to a rapid ligand exchange. In constrast, ligand change for
Fe(III) is considerably slower, in part because of its charge (3+ versus 2+; the
water-exchange rate constant for Cu2* is about 107 times higher than that of Fe3+,
109 versus 102). Therefore, the catalytic activity is poor for the catalyst prepared
by adding Cu(NOs). before FeBr; since most of the nitrate group is lost in the
following resuspending and washing processes. When Cu(NOs). is added in the
last step, less nitrate group lost in the washing process resulting in high catalytic

activity of the final product.

Al,O5, TiO., SiO. and cationic silica supported catalysts have been
obtained by using the similar in-situ layer-by-layer self-assembly preparation.
Their catalytic activity data are listed in Table 2-2. This data shows that all the
bulk supports are inactive in catalyzing aerobic sulfoxidation. Also the catalysts
supported on the silica (both the commercial available “Davisil” provided by TDA
and MCM-41 made in our laboratory) are inactive. The TiO., Al.O3, and cationic
silica supported catalysts all demonstrate considerable activity while the TiO.

supported catalyst, TBA/Fe/PW, /Br/Cu/NO,/TiO., converts 20% percent of

CEES to CEESO in 20 hours (which translates 17.5 turnovers). The turnover

rates of the solid-supported catalysts are much lower than those for the catalysts
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in solution. This declining of activity is attributed to two factors: First, in a
heterogeneous system, the number of effective sites of the catalyst is much less
than that for the same amount catalyst in solution (homogeneous catalytic
conditions). Some supported catalyst molecules are always covered or residing in
crevices that renders them inaccessible or less accessible to the substrates in
solution (e.g. CEES and O. in this case). Steric constraints and other factors that
can lower the effective local concentration of the substrate at the active site of
supported catalysts, such as electrostatic repulsion, can also be operative (Figure
5). Secondly, the amount of loaded catalyst is calculated based on the amount of
unloaded POM measured at the end of the preparation of step 1; however, the

loss of POM in the subsequent stirring and washing processes is inevitable.

Figure 2-6 shows the kinetic data for air based sulfoxidation catalyzed by
TiO., Al.O3 and cationic silica supported POMs. Unlike the immediate start of
catalysis after the addition of hot catalyst, an induction period appears for all the

sulfoxidation reactions catalyzed by solid supported POMs.

® ® ) °
* Q ) ° [ J g
° ° ° O o o © o
° Y ) [ ] [ )
. O ° O Q QO O
® a) support b)

Figure 2-5. Illustration of the environment for the catalyst in homogenous (a)
and the solid-supported catalysts in heterogeneous (b) reactions; solid dots
represent the target molecules (CEES) and empty dot represented the metal-
POM complexes.
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Table 2-2. Catalytic activity of different solid-supported POM catalysts

[POM] 0

Catalyst (tmmol) % conv. TON
A1203 (6] (0] (6]
TiO, 0 0 0
Silica (Davisil Si 1600) 0 0 0
Silica (MCM 41) 0 0 0
(Si/AlO.)* (cationic silica) o) o) o)
TBA/Fe/PW,, /Br/Cu/NO,/ALOQ, 0.01" 7 6.1
TBA/Fe/PW, /Br/Cu/NO,/TiO, 0.01" 20 17.5
TBA/Fe/PW, /Br/Cu/NO,/(Si/AlO,)* 0.01" 5 4.4
TBA/Fe/PW_,/ Br/Cu/NOB/ Si0,

0.01" 0 0
(Davisil)
TBA/Fe/PW,,/Br/Cu/NO,/SiO,

0.01" 0 0
(MCM 41)

General conditions: 0.875 mmol (0.35 M) of CEES, 1.0 atm of air, 0.876 mmol (0.35 M)
of 1,3-dichlorobenzene (internal standard) were stirred in 2.5 mL of acetonitrile at 25 °C
for 20 h in the 20-mL vial. *Estimated amounts of bound POM were calculated based on

the amount of POM in the preparation procedure (see text).
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Figure 2-6. Catalytic activity of POM immobilized on the following supports:
TiO, (), Al,O5 (®) and cationic silica (¢) (0.13 g, 0.01 mmol of POM) for air-
based sulfoxidation of CEES (0.35 mol/L) at 25°C (ambient conditions) in 2.5 mL

acetonitrile. Conversion of CEES to CEESO and the fitted curves are shown.
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Among these catalysts, the TiO.-supported POM has the shortest
induction period and the POM supported on cationic silica has the fastest
reaction speed. The cationic-silica-supported POM converts 100% CEES to
CEESO in 80 hours and other two catalysts convert 100% CEES to CEESO in 150
hours. Several features of the supports may affect the POM loading and this
results in different activities of the final catalysts. Two of these properties,

surface charge and specific surface area are discussed below.

The in-situ layer-by-layer preparation principally involves electrostatic
attraction between the POM and the solid support surface. Therefore, the surface
change of the supports will greatly affect the POM loading during catalyst
preparation. The point of zero charge (pzc) is an important property of materials.
A bulk material exhibits a positively charged surface when its pH value is lower

than its pzc. The pzc of a bulk material can be determined as following

a) in the pH range below the pHp,c b) in the pH range above the pHypc

int int
K™, K™,

Sur-OH,+ Sur-OH + Hg+ Sur-OH

Sur-O- + Hg*

where the “Sur” represents the solid surface, the subscript s denotes the

surface phase. The intrinsic surface ionization constants, K™a1 and K™a2 can be

calculated from

pKintal = pH + log[ot/(1-0*) ]+ewo/2.3KT (15)
pKinta2 = pH - log[a‘/(l-a‘)]+e l//0/2.3kT (16)

pH_, =0.5(pK™a+pK™a2) (17)

pzc
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where ot and o- denotes the fraction of charged sites, which can be
calculated as a ratio of the surface charge densities. w, represents the mean
potential of the surface charge plane, which depends on the potential-

determining ionic reactions.

In practice, the point of zero charge can also be obtained by potentiometric
titration or mass titration. The surface charge density and pzc of TiO., Al.Os,
(Si/AlO.)* measured by potentiometric titration are recorded (see Figure

2-7, Figure 2-8, and Figure 2-9).

The titration results afford a pzc of TiO., Al.O; and cationic silica 9.80,
7.91 and 6.60 respectively. The pzc of commercially supplied SiO. (Davisil SI
1600) is 2.0 according to its MSDC (material safety data sheet). Clearly, in a
neutral pH condition the surface of TiO., Al.O; and cationic silica are positively
or near neutrally charged. The surface of SiO. is highly negatively charged. This
charge difference can partially explain why TiO., Al.O; and cationic silica
supported catalysts are active in sulfoxidation catalysis, but SiO. supported

catalyst is totally inactive.

Specific surface area is another important feature for a catalytic support
system. It is obvious that a support with a larger specific surface area should
absorb/load more catalyst and have more “effective sites” for catalytic reaction.
The BET surface areas of different supports and one TiO. supported catalyst

measured by nitrogen absorbance are given in Table 2-3.
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Figure 2-7. The surface charge density of TiO. nanoparticles as a
function of pH. Conditions: 25 °C; 1 atm of Ar; TiO. nanoparticles (0.05
g) were suspended in 8 mL of 0.1 M NaCl. The point of zero charge (pzc),

as determined, by titration is 9.80.
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Figure 2-8. The surface charge density of Al.O; as a function of pH.
Conditions: 25 °C; 1 atm of Ar; Al.O; nanoparticles (0.05 g) were
suspended in 8 mL of 0.1 M NaCl. The point of zero charge (pzc), as

determined by titration, is 7.91.
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Figure 2-9. The surface charge density of (Si/AlO.)* nanoparticles as a
function of pH. Conditions: 25 °C; 1 atm of Ar; Al,O5; nanoparticles (0.05

g) were suspended in 8 mL of 0.1 M NaCl. The pzc of (Si/AlO.)* is 6.60.
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The BET data prove that all the supports we tested have a high surface area
(> 100 m2/g). After POM is loaded, the surface area of the POM-loaded support
decreases correspondingly. The higher catalytic activity of the TiO.-supported
catalyst compared to the Al.Os;-supported may partially be attributed to the larger
surface area of TiO.. The catalyst supported on cationic silica, despite the
relatively low surface area of this support, gives the highest catalytic activity of
these supported catalysts. The solid-supported POM catalysts are rather
complicated systems and their catalytic activity may not be easily predicted by
analysis of a few simple factors. However, the study of surface charge and surface
area is still the most insightful way to understand the nature of POM loading on
the surface of supports and they facilitate systematic searches for better solid
supports. Based on the study, TiO., which has a large specific surface area and a
highly positively charged surface under neutral conditions, was selected as the

support for the following experiments.

Table 2-3. BET Surface area of different supports and one supported catalyst

Material TiO2 A1203 (Si/A]20)+ Fe/PWll/Br/CU/NOS/Ti02

BET surface area

(m2/g) &

550 | 480 210 314

General conditions: N, 77 K, relative pressure range 0.06 — 0.45; samples are

outgassed overnight at 150 °C under vacuum; 2 standard BET equation is applied.
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Effect of protons on the solid-supported POM catalyst

The kinetic data in Figure 2-6 show an induction period for the air-based
sulfoxidation catalyzed by the solid-supported POM materials. In the supported
catalyst, a positively charged surface not only helps bind the negatively charged
POM, but also the anions Br- and NO;~. Furthermore, because of the electrostatic
repulsion between the positively charge surface and protons, fewer protons are
associated with the immobilized POMs. Protonation phenomenons are likely
involved in the catalytic induction period. To activate the solid-supported POM
catalyst and reduce the induction period, p-toluenesulfonic acid (TsOH), a good
proton donor in organic phase, was selected and used as an additive in some
sulfoxidation reactions. Figure 2-10 shows kinetic data for sulfoxidation
catalyzed by the Fe/Cu/PW./Br/NO;/TiO. system with and without addition of

TsOH.

The kinetic data show that with the addition of 20 mg of TsOH into the
system, the sulfoxidation speed increases dramatically, and the induction period
for this catalysis reaction is effectively eliminated. @ With TsOH added
Fe/Cu/PW,;/Br/NO;3/TiO. converts 100% CEES to CEESO in no more than 30
hours; while without TsOH this reaction takes more than 120 hours. These
results confirm that the proton plays an important role in sulfoxidation catalyzed
by the nitrate-group-containing transition-metal-substituted POMs. Protons are

general co-catalysts in sulfoxidations catalyzed by these supported catalysts. .
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Figure 2-10. Profiles of aerobic CEES sulfoxidation catalyzed by
Fe/Cu/PW./Br/NO3/TiO. in the presence (®) or absence (¢) of TsOH.
Conditions: 0.13 g (0.01 mmol) of POM, 0.35 mol/L of CEES, air at 25°C
(ambient conditions) in 2.5 mL acetonitrile, and 20mg of TsOH in the acidified

reaction.
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b)

Figure 2-11. The effect of different amounts of H.O (from 1 uL to 100 uL) added

to the typical catalytic sulfoxidation system: a) conversions after 3 hrs; b)

conversions after 20 hrs.
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The effect of water on the solid-supported POM catalysts

In an open environment, humidity and temperature are two of the most
common variables. To study how the catalysts work in such an environment, the
effects of these two variables were evaluated. The changes in sulfoxidation
activity catalyzed by the solid-supported POMs have been recorded as a function
of added water (Figure 2-11). The charts clearly indicate that addition of trace
water has little to no effect on the catalysis. This is understandable given that
under ambient conditions, trace amounts of water are present, even on days with
low humidity. When considerable amounts of water have been introduced into
the catalytic system, the reaction is greatly inhibited in the first few hours. When
100 pl of water are added (~4% in weight), no CEESO peak can be detected after
3 hours, and the reaction conversion is much lower than in the other reactions
after 100 hours (20% versus 78%~99%). It is evident that large amount of water
increases the induction period and inhibits the sulfoxidation catalysis.
Significantly however, the catalyst still shows some activity even after 100 pl
water was added. This phenomenon indicates that although inhibited by water,
the active components of the catalyst are not likely damaged (irreversibly altered)

by water.

The following experiments have also been conducted to further investigate
the water effect on the TiO.-supported catalyst. The Fe/PW,;/Br/Cu/NQO;/TiO.
catalyst was treated in a vapor-saturated container for two days and then dried in
an oven at 50°C for 2 h. The activities of this catalyst before and after the vapor

treatment and after the subsequent drying are given in Figure 2-12).
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The data also confirm that the addition or existence of water/vapor
significantly inhibits the sulfoxidation catalysis. Importantly, if the water-
containing supported POM catalyst is dried most if not all its catalytic activity
returns. The data also indicate that the catalyst is stable in both high humidity
and high temperature. Catalytic time courses (reactions) for the fresh, dry
catalyst is fit well with exponential functions; these are fit less well for the water-
treated catalyst. The latter case suggests that the sulfoxidation exhibits much
more complicated kinetics than the first-order processes seen with the fresh, dry
catalyst. The wet and subsequently dried catalyst behaves kinetically like the
original dry catalyst and not like the wet catalyst. Furthermore, evaluation of
catalysts placed in a dark and dry drawer for 3 months and longer showed little

decrease in catalytic activity.
Conclusions

Based on former work in Hill laboratory, a highly active catalyst for
sulfoxidation using ambient air (O.) has been developed. More than 90
turnovers in 90 minutes are observed. Binding (immobilizing) the catalyst on
different traditional supports has been systematically investigated and an
effective way to prepare active solid-supported POM catalysts has been
developed. Liquid-phase catalytic aerobic sulfoxidation studies indicate that the
presence of a Bronsted acid greatly enhances the catalytic activity while water

remarkably inhibits the catalytic activity of the solid-supported catalysts.
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Figure 2-12. Profiles of aerobic CEES sulfoxidation catalyzed by
Fe/Cu/PW./Br/NO3/TiO. that is freshly prepared (®™), exposed to water-
saturated air or 100% relative humidity “RH” (#), and initially exposed to water
vapor and then partially dried at 50°C in an oven for 2 hours (#). Conditions:
0.13 g (0.01 mmol) of POM, 0.35 mol/L. CEES under air at 25°C (ambient

conditions) in 2.5 mL acetonitrile.
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Chapter 3

Kinetics and Mechanistic Studies

of the NOx/Br Systems for Catalytic
Aerobic Sulfoxidation
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Abstract

The kinetics of aerobic sulfoxidation catalyzed by the NOy/Br systems have
been investigated by UV-Vis and GC techniques. The yellow-colored active solid
which can be isolated from different sources of NOx and Br has been indentified
to be the TBA salt of Bry~. Without the presence of bromine and its derivatives
the system is not catalytically active in aerobic sulfoxidation. Based on bromine
sulfoxidation and aerobic regeneration of bromine catalyzed by nitrate, a
mechanism of the NO,/Br-catalyzed sulfoxidation has been proposed. The
differential equations and their solutions deduced from the mechanism match

the observed kinetic data well and strongly support the postulated mechanism.

Introduction

The “hot catalyst”, containing a complex mixture of a nitrate, bromide and
a transition-metal-substituted polyoxometalate (a TMSP), developed in Hill
group can not only efficiently catalyze the aerobic sulfoxidation but also absorb
and decontaminate many household odors. 2 To probe the mechanism of this
catalytic sulfoxidation and the nature of the hot catalyst, Hillesheim and
coworkers3 had investigated a related simplfied catalytic system that contained
only nitrate and bromide or their derivatives from different sources. They
claimed that the presence of nitrate and bromide anions is critical to the catalysis.
Unfortunately, they failed to identify the actual formula of the active catalyst and

thus referred to the simplified system as “NOy/Br”.



62

In the investigation of TMSP-containing more complex systems, we found
that if the TBAFeBr, was mixed with the freshly-prepared TBA salt of the TMSP,
the resulted brown product was very active in catalyzing the sulfoxidation of
CEES, but when recrystallized TMSPs were used, the TBAFeBr,/TBA-TMSP
mixtures were no longer active (see Chapter 6). Under the preparation
conditions an excess of nitrate was present in the freshly prepared TMSPs and
this excess was removed during the recrystallization. This phenomenon
confirmed the importance of nitrate group in the hot catalyst and led us paid too
much attention to the nitrate component of the catalytic systems in our earlier

investigations.

In the previous studies performed by Hillesheim and coworkers,3 it was
found that a light yellow complex was formed in all active systems containing
NO; and Br; also, the yellow complex can be obtained using other sources of
NOx and Br-. Furthermore, they found that the yellow complex can form a solid
after removal of solvent. The yellow complex is quite thermally stable, which
rules out volatile NOBr and BrNO. as the active species. In their investigation,
they used NOPFs and TBABr as typical sources for NOx and Br and found the best
ratio of Br: NO* for preparing the highest active catalyst was about 2:1. They
tried to identify the active species by FT-IR, UV-vis and electrospray ionization
mass spectrometry. The FT-IR exhibited no discernable nitrogen oxide stretches.
A peak near 270 nm was found in the UV-Vis spectrum but this peak did not
match any NOxBr compounds in the literature. The mass spectrum only revealed
the presence of only PFs* and Br-. They also studied the kinetics of aerobic CEES

oxidation catalyzed by the yellow complex but obtained very complicated data.
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Although these studies did not reveal the true nature of the NOx/Br system it

provided useful information.

In the work of Hillesheim and coworkers most of the characterization
methods used were aimed at trying to identify nitrosonium ion and its
derivatives. The other crucial component of the system, “Br-”, was neglected.
The absorption maximum in the UV-Vis spectrum of the isolated yellow complex
at 270 nm does not match any documented NOx compounds, but it is near the
absorbance of Brs- in acetonitrile. Furthermore, the TBABr; salt is known to be a
yellow solid, stable under below 80°C and is commercially available. According
to these facts, I surmised that the mysterious NOx/Br system is likely a mixture
containing TBA*, NOs- and Brsy. Therefore, a mechanism for sulfoxidation
catalyzed by the NOy/Br system is postulated as follows: first, Br. forms from
oxidation of Br- by NO5;/NOy. The excess of Br- associates with Br. to form Bry,
which gives the characteristic peak around 270 nm. After formation, Br./Brs
oxidizes CEES to CEESO in the system while NOx functions as the catalyst to
regenerate Br. aerobically. To prove this hypothesis, several catalytic systems
containing NOx and Br from different sources were designed and evaluated. The
kinetics of the aerobic sulfoxidation catalyzed by optimized systems is measured
by UV-vis and GC techniques. All the resulting data are consistent with the

proposed mechanism.
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Experiments
General methods and materials

Nag[A-PW,0,,] was prepared by the literature methods,4 and its purity was
checked by FT-IR. TBANO,;, TBANO., NOBF,, Br.,, TBABr, (CH.)sN4HBr;,
HCIO,, acetonitrile, 1,3-dichlorobenzene, bromocyclohexane and 2-chlorethyl
ethyl sulfide (CEES) were purchased from Aldrich and used without further
purification. The infrared spectra were recorded on a Nicolet 510 FT-IR
spectrometer. The electronic absorption spectra were taken on an Agilent 8453
UV-vis spectrometer. Oxidation products were identified by gas
chromatography-mass spectrometry (GC/MS; Hewlett Packard 5890 series II
gas chromatograph connected to a Hewlett Packard 5971 mass selective detector)
and quantified by gas chromatography (GC; Hewlett Packard 5890 series gas
chromatograph equipped with a flame ionization detector, 5% phenyl methyl
silicone capillary column, N. carrier gas, and a Hewlett Packard 3390A series

integrator).
Preparation of the catalytic systems
1. Preparation of the fresh NOx/Br catalyst

To 5 mL of CH3;CN are added 161 mg (0.5 mmol) of TBABr and 152 mg
(0.5 mmol) of TBANO;. The solution is stirring until all TBA salts are dissolved.
The mixture solution is then carefully transferred to a 10 mL volumetric flask and
diluted by CH5;CN to mark. To observe the induction period in kinetics of the

sulfoxidation, the freshly prepared catalyst must be used immediately.
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2. Preparation of aged NOx/Br catalyst

To 8 mL of CH;CN is added 20.5 pL (0.8 mmol) of Br.. To 5 ml of CH;CN
are added 161 mg (0. 5 mmol) of TBABr and 145 mg (0.45 mmol) of TBANOs.
The solution is stirred until all TBA salts are dissolved. To this solution is added
0.01 mmol of Br. (100 pL Br. solution prepared in the first step) and 14 mg (0.05
mmol) of TBANO.. The solution is transferred to a volumetric flask. To the flask
is added 25 uL of 4M HCIO, (0.1 mmol) and the solution turns to yellow

immediately. The solution is finally diluted by CH;CN to mark.
3. Modified Preparation of TBA3H.[Fe(NO3;)PW1,059]

The preparation of TBA;H,[Fe(NO3)PW ;03] is similar to the method
used by Okun and coworkerss except that TBANO; was used instead of TBABr to
obtain the precursor. Solid Na,[o-PW:;049]-74H-O (1 g, ca. 0.34 mmol) is
dissolved in 10 mL of deionized water. To this solution, TBANO; (3.8 g, ca. 12.4
mmol) dissolved in 8 mL of deionized water is added. The mixture is stirred for
30 min at room temperature. The resulting precipitate is separated by filtration,

redissolved in 15 mL of acetonitrile, to which a solid Fe(NOs); * 9H.O (0.16 g, 0.4

mmol) is added under vigorous stirring. A dark reddish-brown solution and a
small amount of oily precipitate are formed. The solution is separated from the
oily product, filtered through the fine filter paper (Fisher brand P2) to remove
the suspended precipitate, stirred for 1.5 h at ambient temperature and re-
filtered through the P2 paper. The filtrate is left in air and light green crystals

(0.5 g; 39% yield) are produced.
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Catalytic oxidation of CEES, the HD analogue, in acetonitrile solution

In a typical CEES oxidation reaction, 1 mL of NOy/Br solution, which
contains 0.05 mmol NO5- and 0.05 mmol Br-, is mixed with 1 mL of acetonitrile
in a 5 mL vial. To this mixture, 25 uL of 1,3-dichlorobenzene or
bromocyclohexane (GC internal standard) is added, and the vial is then sealed.
After stirring for 1 min, 25 uL of CEES is injected by a syringe to a vial fitted with
a PTFE septum. Air access during the experiment is provided through a needle in
the septum on the cap. In order to accelerate the reaction, the temperature is
elevated to 70°C. Aliquots are analyzed by GC analysis every 15 - 30 min and the

reaction is monitored for 10 - 20 hrs.

Result and discussion
TBABTr3: the active yellow species

When both TBA nitrate and bromide salts were dissolved in acetonitrile
solution no significant changes were observed in the first few hours. However,
the addition of a drop of acid turns the colorless solution yellow. If TBANO. or
NOBF, is used instead of TBANOs, the color change is rapid even without acid.
UV-Vis spectra of the acetonitrile solution of these NOx/Br system show that the
yellow color is due to a strong absorption peak near 269 nm which tails to A >
400 nm. The absorption maximum at 269 nm exactly matches the absorption of
Br;- in acetonitrile. Figure 3-1 shows the spectra of TBABr; standard and other
NOx and Br containing systems. The red curve is the spectrum of the standard

TBABr; which has the strong characteristic Bry- peak located at 269 nm. The
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purple curve is the spectrum of Br. dissolved in acetonitrile. Br. has a known
maximum absorption near 420 nm in gas phase. When Br. dissolves in
acetonitrile, the broad peak remains around 400 nm and two more peaks appear.
The peak under 200 nm is assigned to Br - and the 269 nm peak is assigned to
Brs-. These two species were formed by a small amount of disproportionation of
Br. in the presence of trace amount of H.O in CH3CN (egs. 1-2). The small
amount of Brs~ exhibits a strong peak because of its very high extinction
coefficient® 7 (¢ = 3.8 x 104 M- cm, which is 200 times larger than that of Br.,) in
solution. Both of the NO,/Br systems prepared from TBANO. + TBABr (blue
curve) and NOBF, + TBABr (green curve) give the same peak at 269 nm, which

indicates the formation of Brs- in these systems.

Br, + H.O ~— Br-+ BrO - + 2H* (1)
Kz
Br, + Br- =———— Bry (2)

K2 =9 x 106 M1 in acetonitrile 8

Previous work performed by Lengyel, Nagy and Bazsa9 also support the
generation of Br./Brs- in the NO,/Br system. They studied the oxidation of

bromide by nitric acid in water, egs. 2-3:

NO; + 2Br-+ 3H* ~—— Br, + HNO, + H,O (3)
Kexp = 1.6 x 106 M4

K2 \
Br. + Br- ~———— Bry (2)
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Figure 3-1. The absorption spectra of different NOx/Br systems in acetonitrile.
From up to down at peak 269 nm: red — TBABr3; green — TBABr/NOBFs; purple
—, Br,; blue — TBABr/TBANO..
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They found that the reaction is autocatalytic. An induction period was
observed and the length of induction period depends very strongly on the initial
concentration of NO.- (HNO: in acidic condition). Based on the reaction in eq. 3
proton should greatly enhance the tendency to form Br. but H.O could inhibit the
formation of Br.. The formation of HNO, catalyzes the formation of Br. which
makes the reaction autocatalytic. As see in Figure 3-2 an induction period
appears in the aerobic sulfoxidation catalyzed by the freshly prepared
TBANO;/TBABr system (no acid added). Also the water inhibition has been
observed in our earlier work (see Chapter 2). The appearances of an induction
period and water inhibition also suggest that the formation of Br./Brs- could be
the first step of the catalytic reaction.

Previously, Okun and coworkerss in our group found a mono-iron-
substituted POM system can efficiently catalyzed the aerobic sulfoxidation. No
bromide seems involved in the system. However, carefully investigation finds
that a huge excess of TBABr was used in their preparation of the precursor, TBA,.
NaxPW;059. By applying the precursor without purification in their
preparation, a considerable amount of Br - was inevitably introduced into their
final catalytic complex. In order to test the catalytic activity of the real bromide-
free system, TBANO; is used instead of TBABr in the preparation (see
preparation 3). The kinetic data of sulfoxidation catalyzed by the modified

system are shown in Figure 3-3.
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Figure 3-2. Time profile of catalytic CEES consumption in a freshly prepared
TBABr/TBANO; system. Conditions: [CEES], = 0.32 M, [TBANO;] = 0.016 M,
[TBABr] = 0.016 M, CH;CN=2.3 mL, T = 70 °C. Solid square, ®: experimental

data. Red line, —: exponential fit from 200 to 1600 min.
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Figure 3-3. Kinetics of CEES oxidation by air catalyzed by bromide-free
TBA;H:[Fe(NO3)PW1,040] (TBA{FePW,.}) (O),TBA{FePWy} + TBABr (¢) and
TBA{FePW.} + TBABr +TBANO; (A) at 25°C (ambient conditions) in
acetonitrile. Conditions: [CEES], = 0.35 M (105 pL), TBA{FePW} = 0.016 M,
[TBABr] = 0.016 M, [TBANOs] = 0.016 M, CH;CN=2.3 mL.
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The catalytic data in Figure 3-3 clearly show that the bromide-free system
obtained by the modified method exhibits no catalytic aerobic sulfoxidation
activity. However, with the addition of TBABr the system becomes active.
Adding TBANO; to the TBABr added system can further improve the activity.
This collective evidence strongly suggests that formation of Br./Brs- could be the
first step in catalytic aerobic sulfoxidation by the NOx/Br system and that TBABr;

is the yellow active species.

The mechanism of sulfoxidation catalyzed by NOyx/Br system

In Chapter 2, a nitrosonium intermediate was proposed to be involved in
the reaction mechanism. However, isolation of the actively yellow solid3 cast
doubt on nitrosonium being the active intermediate. The experiments and
results outlined above suggest that Br., instead of nitrosonium or its derivatives,
is likely to be the active oxidant in sulfoxidation. The NO,, still a crucial
component, oxidizes Br - to Br. and after aerobic oxidation the oxidative form of

NOx is regenerated.

Previously, Rossi, Martin and coworkersto-4 had investigated selective
sulfoxidation catalyzed by metallic nitrate and bromide salts. They had studied
the catalytic system by electrochemical methods and suggested that the catalytic
and selective oxidation of sulfide into sulfoxide takes place in the metallic center
with nitrate/nitrite and bromide/bromine redox cycles as oxidant and mediator
respectively. However, they paid no attention to the kinetics and barely did any
kinetics and thermodynamics studies to prove their proposal. That may partially

be because the presence of metals makes the kinetics of the catalyzed reactions
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too complicated to be analyzed. Combining data from their investigations and
those performed by our group, a mechanism similar to what they postulated for
aerobic sulfoxidation catalyzed by our NOx/Br system could also be viable. The

proposed mechanism involving no metal center is shown in Figure 3-4.

7N

Br2/Br3
UU 0
! + 2H*
H,O R/ \R
OX) NO,. 1(re)

W N

Figure 3-4. Proposed mechanism for the selective aerobic oxidation of sulfide

to sulfoxide catalyzed by the NO/Br systems.
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The mechanism of the overall reaction in eq. 4 can be written as follows:

Net reation:

Br'/NO, .
R.S +0.50. ambient conditions ” R.SO (4)
I) The formation of Br,
NO3_ + 2Br-+ 3H+ ~— Br, + HNO. + H.O (3)
IT) The sulfide oxdation by Br.
Ks Ky
st + BI‘2 = R2SBI'2 k_ R2S+Br + Br- (5)
R.S*Br + H.O —2—> R,SO+H + H* + Br- 6)
fast
R.SO+H + H,O —> R.SO + H30+ (7)
IIT) The regeneration of Br,
HNO: + 0.5 O, —— H* + NOy" (8)
NO; + 2 Br-+3H+ ~—— Br, + HNO, + H,O (3)

In the formation of Br, several different reduced forms of NOx (NO, NO.,
NO. and BrNO) are produced based on the work of Bazsa and coworkers.9 With
the introduction of air, the oxidation of these reduced forms to oxidized forms is
much faster than the reaction shown in eq. 8. Therefore, the formation of Br,

and regeneration of oxidant could be better represented by egs. 9 and 10:

NOX-1(red) + 0.5 0. — NOx(ox) (9)

NOx(ox) + 2 Br- + 2 Ht == NOx-1(red) + Br> + H.O (10)
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where NOx(ox) and NOx-req) represent the oxidized and reduced forms of

NOy, respectively.

Or the regeneration of Br, can be simply written as eq. 11:
NO,
2Br-+0.50,+2H+——> Br, + H.O (11)

Keep in mind that in acetonitrile the K value of eq. 2 is much higher than
that in water (9x10° M1 v.s. 17 M1). Therefore, Brs- is the main specie present in
the Br./Br;- equilibrium under our catalytic conditions.

The sulfide oxidation by Br»

The oxidation of organic sulfides to sulfoxides with halogens (eq. 12) is

well known.
R2S + BI‘2 + HQO —) RQSO + 2H+ + 2BI‘ b (12)

The mechanism of the oxidation of thioethers by halogens has been

intensively investigated and proposed to be that below: 1519

K5 ka
R.S + Br. R.SBr» ” R.S+Br + Br - (5)
-a
k
R.S*Br + H,O ——> R.SO*H + H* + Br- (6)
R.SO+H + H.0 —2— R,SO + H,0- )

Mixing sulfide with bromine initially forms a sulfide-bromine complex.
The sulfide in the complex is oxidized to a sulfonium cation by transfer of an

electron from the sulfur center to a bromine atom. The resulting sulfonium-
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bromine complex loses another electron to bromide upon attack by water.
Hydrolysis of the sulfonium-bromine complex is assumed to be the rate-limiting
step. Subsequent hydrolysis produces one mole of sulfoxide and two moles of
hydrobromic acid (or H+ and Br-) completing the overall reaction. According to
the proposed mechanism, the kinetics of the sulfoxidation can be deduced by
applying the steady state approximation. In the steady state approximation, the
formation and consumption of the intermediate, R.S*Br, in equation (5) are

equal. Therefore:

d[Rjist+Br] = ka [R2SBI'2 ] - k_a[R2S+BI'][BI'_ ] - kb [R2S+Br] [H2O] =0 (13)
~[R,§Br]=— RSBl KIR.SILB.] (14)
k [Br1+k,[H,0]  °k,[Br]+k,[H,O]
d[R,S'Br] _ . B k,[H,O]
———4— = K[RSBrI[H,0]=kK, K [Br 1+ k [H.O] [R.S][Br,] (15)

Because the hydrolysis step (eq. 6) is the slowest step in the postulated

mechanism, it is reasonable to assume kp[H2>0] << ko[ Br-]. Then,

_dIR,S]__d[R,S'Br] _, [H,0][Br]

dt dt *  [Br] [R.S] (16)

where Ks=kpx Ksx ka/ k.a

Since Bry is the main form of the Br./Brs equilibrium in our catalytic
system, and also because Br;- has a much higher absorption coefficient compared
to Br. in acetonitrile solution, the absorption of Br; has been chosen for the

kinetic studies. Therefore, considering eq. 2 we have:
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_dBr;1_ dIR,SI_, [H.0] % g1 [Br;1 _  [HO]

dt dt * [Br] K,[Br'] °[Br'J [R.S]{Br,] (17)

Where Kg = Ks / Ka.

In the catalytic system, all Br. and Brs- are generated from the oxidation of

bromide, then:
[Br -] = [Br-]o- 3[Brs] - 2[Brs']/(K2[Br -]) (18)

In a typical catalytic system, the initial bromide concentration, [Br -]o, is
25 mM; the absorbance of a 50-folds diluted ongoing system is around 0.04 a.u
at A = 270 nm, which translates to [Brs] = 0.04 x 50 / ¢ = 0.05 mM (g = 3.8x104
M-cm); and [Br.] = [Brs]/(K2[Br -]) = 2.2x107 mM, where Kz = 9x106 M- in
acetonitrile.8 The total amount of 3[Brs] and 2[Br.] is about 0.6% of [Br]o.
Therefore the concentration of bromide is nearly constant in the catalytic
reaction and it can be written as [Br -] = [Br -]o, or:

_diBr;]_ d[R,S]_,  [HO]
dt ~  dt  °[Br]?

[R,S][Br,] (19)

In the catalytic sulfoxidation reaction, the formation and consumption of
Br, are assumed as equal for a steady-state approximation. Therefore, the
concentration of Br,/Brs- would be stable in the reaction. In order to prove the
postulation, a catalytic sulfoxidation system is setup and the concentration of Brs-

is monitored vs. time.

Figure 3-5 is the kinetics of the consumption of CEES and the absorbance

of Brsy-at 269 nm of an aged NO;-/Br- system catalyzing the aerobic oxidation of
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CEES. In the aged system, the induction period is eliminated because the
addition of acid facilitated formation of Br,/Br; prior to catalytic sulfoxidation.
The UV-Vis absorption time profile shows that the concentration of Brs;- drops
dramatically in the first few minutes which is attributed to the fast reaction
between Br. and CEES before the steady state (which might be an establishment
of steady-state conditions). The absorbance of Br;- then remains at a low level
and nearly unchanged throughout the rest of the reaction (the absorbance values
are near 0.5 a.u because the GC internal standard, 1,3-dichlorobenzene, has
absorption peaks overlap with Brs. In order to avoid such interference the
bromocyclohexane, which has no absorption around 250 to 400 nm, was chosen
as GC internal standard for the remainder of the experiments). The data for
consumption of CEES after the induction period is well fit by an exponential
function. According to eq. 19 the first-order decay of CEES suggests the
concentration of bromide and tribromide are constant, which strongly supports

steady-state approximation.

According to the postulated mechanism of catalytic reaction, the
consumption and regeneration of Br./Brs;- occur simultaneously; therefore, in
order to obtain an equation that precisely describes the kinetics, both the

formation and regeneration steps in the catalytic system must be considered.
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Figure 3-5. Kinetics of CEES consumption in an aged TBANO;/TBABr system
catalyzed sulfoxidation (®):; red curve (—): first order fit; (®): time profile of the
absorbance at 269 nm of the reaction system (200 times diluted). Conditions:
[CEES] = 0.35 M, [TBANOs] = 0.018 M, [TBABr] = 0.110 M, [TsOH] = 0.018 M,
[1,3-dichlorobenzene] = 0.018 M, CH;CN=2.3 mL, T = 70 °C.
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The regeneration of Bro/Brs

In the steady-state approximation, the formation and consumption of
Br,/Brs is dynamic. The kinetics of Brs- consumption is obtained as in eq. 19.
However, unlike the well known sulfide oxidation by halogens, the formation and
regeneration of Br./Brs- are much more complicated. Without a detailed
mechanism the kinetics of the regeneration of Brs- cannot be concluded solely
from eqs. 9-10. Therefore, here, the equation used to describe the regeneration
kinetics is acquired from experiments. To measure the kinetics of the
regeneration of Br./Br;- a 10 uL solution of an ongoing aerobic sulfoxidation
reaction is transferred to a quartz cuvette which contains 2 mL of acetonitrile.
The reaction between Br. and CEES, therefore, is nearly arrested as a
consequence of the 50-fold dilution. The regeneration of Br,, if not inhibited by
dilution, may be detected. Figure 3-6 is a typical Br;- regeneration time profile

measured by UV-Vis.

The non-linear regression of the experimental data gives kinetics of the
regeneration in eq. 20 as shown in the table inserted in Figure 3-6. The
coefficient of determination, R2, is 0.99978 which means a perfect fit.

[Brs-] = ci- cox exp [-(c3x 1)] (20)
where ¢, = yo, ¢, = -A1 and c; = 1/11, respectively.

Thus, the differential equation for the regeneration of Brs- can be written
in eq. 21:

~ d[Br,’]

& =R-r[Br,] (21)
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Figure 3-6. (m): time profile of the absorbance at 269 nm of the regeneration of
Brs. Red curve (—): fit with eq. 18. Conditions: a portion of 10 pL solution from
an ongoing catalytic sulfoxidation reaction was diluted 50-fold; conditions of the
sulfoxidation reaction: [CEES], = 108 mM, [TBANO3] = 25 mM, [TBABr] = 25

mM, [HCIO,] = 5 mM, CH;CN=2.0 mL, T = 70 °C.
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Although the mechanism of the formation and regeneration of Br./Brs is
complex and not yet quite clear, the experimental reaction rate law is simple.
There are two terms in the right side of the differential eq. 21: R represents a
zero-order (with respect to Bry) rate for the regeneration of Brs-; r is an apparent
first order rate constant, which might be dependent on NOx and O
concentrations. This experimental eq. 21 describes well the experimental kinetics

for [Brs ] regeneration in Figure 3-6.

Knowing the kinetics of Br./Br; regeneration, the detailed kinetics of
CEES consumption can be deduced as follows. The concentration of water and
bromide are nearly constant in the catalytic reaction, then eq. 19 can be written as
follows:

_diBr;]_ dIR,S]_, [HO]
dt  dt  ° [Br]?

[R,SI[Br, 1= K[R,SI[Br,] (22)

where K=Kg x[H20] / [Br -]o2

Therefore in the steady-state approximation, the consumption and

regeneration of Br. is equal, i.e. (21)-(22) = 0; which is,

KIR,SI[Br, 1=R-r{Br, ] (23)

then,

o R
[Bry ] = r+K[R,S] (24)

Put (24) back into (22), we get,

d[R,S] R
—— 5 = KIRS]  KIR.S] (25)
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Based on eq. 25 two important conclusions can be deduced. First, when r
>> K[R.S] the equation can be simplified to eq. 26. This equation indicates that
when the reaction rate of bromine sulfoxidation is much slower than that of the
regeneration of bromine, the CEES consumption should obey a first-order rate

law.

d[R,S] RK
= IR S (26)

Second, if K[R.S] >> k21, the eq. 25 can be simplified to eq. 27. Obviously,
this equation indicates that when the sulfoxidation becomes much faster, the
overall kinetics will be controlled by a zero-order bromine/tribromide

regeneration rate.

_dIRS]

n (27)

In aerobic oxidation catalyzed by the NOx/Br system the hydrolysis step is
usually slower which results in the pseudo-first order kinetics of CEES
consumption. However, r is not always larger than K[R.S], therefore,
exponential decay do not always fit the experimental data well. A precise fit can
be obtained by solving the differential eq. 25. The results cannot be expressed as

a simple function of [R.S] versus time. Instead, they can be written as follows:

_er g [RSL _

t= R{Kln([RZS]O)+[R2S]t [R,S]} (28)
or

t = A+B-In[R.S]i+C-[RaS]: (29)

where,
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A = {(r/K)In[RoS]o+[RsS]o}/R
B = -r/(KR), C=-1/R

The eq. 29 is the precise kinetics expression for CEES consumption by
aerobic sulfoxidation catalyzed by the NOx/Br system derived from the proposed
mechanism. This equation provides the best non-linear fit to the experimental

data acquired in the following paragraphs.

The effect of water on the catalytic system

Water is an important factor which greatly affects the activity of the
catalytic system. The work performed in Chapter 2 showed that large amount of
H.O significantly inhibits the activity of the catalyst; however, eq. 19 in this
Chapter points out that the addition of water should accelerate the rate-

determining hydrolysis step.

Considering the formation/regeneration of Br,/Bry-, this paradox becomes
explicable. Although the addition of water speeds up the hydrolysis step, the
work performed by Bazsa and coworkers® revealed that water inhibits the
autocatalytic reaction (eq. 3). Therefore the more water added to an un-aged
system, the longer the observed induction period. Also, the addition of water not
only affects the formation of Br. but also regeneration of key intermediate
oxidants. Based on the proposed mechanism, the water effect becomes very

complex because water could affect nearly all the rate constants in eq. 28.
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CEES (ul)

Time (h)
Figure 3-7. Kinetics of CEES oxidation by air in water-free ([1) and water
containing (<>) NOy/Br systems at 70 °C in acetonitrile. = Conditions for the
water-free system: [CEES], = 108 mM (25 uL), [TBANOs] = 25 mM, [TBABr] =
25 mM, [H.SO,] = 2.5 mM CH3;CN=2.0 mL, T = 70°C; conditions for the water-
containing system: [CEES], = 108 mM (25 uL), [TBANOs] = 25 mM, [TBABr] =

25 mM, [HCIO,] = 5 mM, [H.O] = 277 mM (10uL), CH;CN=2.0 mL, T = 70°C
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To corroborate our proposed mechanism, it is important to investigate
experimentally the effect of water on the kinetics of aerobic sulfoxidation
catalyzed by the NOy/Br system. The hydrolysis step in the mechanism, eq. 6,
requires the presence of water for the net sulfoxidation process. Therefore the
reaction in a water-free system was carried out. The preparation of a water-free
NOy/Br system is similar to that of the aged NOy/Br catalyst except that fresh
water-free acetonitrile (from Liotta’s group) and concentrated H.SO, instead of
HClO, were used. The kinetic data in water-free system and water-containing
system catalytic sulfoxidation are shown in Figure 3-7. Clearly, the consumption
of CEES in water-free system is much slower than in the water-containing
system. There is a rapid decrease in CEES concentration in the first 30 min in
both systems due to reaction between the preformed Br. and CEES. In the
following hours the net CEES oxidation in the water-free system slowly
decreases. According to the postulated mechanism in this case, the reaction
should stop before the hydrolysis (eq. 5) because the intermediate, R.S*Br, is
stable in the absence of water. Therefore, if all the Br - in the water-free system is
oxidized to Br., the maximum conversion of CEES is determined by the total
amount of Br -. In Figure 3-7, the kinetic data obtained at the 24 hrs in water-free
system shows that 0.048 mmol of CEES is consumed, which is consistent with
the amount of TBABr (0.05 mmol) used in the reaction. In addition, CEES

consumption obeys an exponential law in the water-containing system.

As disscussed before, the concentration of water affects nearly all rate
equilibrium constants (K, R and r) in eq. 28: K is promotional to water

concentration according to eq.22; R is the =zero order rate of
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formation/regeneration of Br., which is known to be inhibited by the addition of
water; and r is the apparent rate constant for the reverse reaction in eq. 10, which
likely includes an [H.O] factor because water is present on the right side of the
reaction. From eqs. 25-27, it is expected that the changes of K and r would result
in different reaction kinetics. Therefore, varying the amount of water added into
the system may provide insightful information. Figure 3-8 shows the kinetic data
obtained with different amounts of water in catalytic NOy/Br systems. The
kinetic data and the non-liner fits perfectly match with each other and the figure
clearly shows that the appearance of the kinetic data is strongly affected by the
concentration of water. When 10 pL of H»O is added to the catalytic system, the
consumption of CEES appears to be a typical first-order decay. Upon increasing
the addition of H.O to 50 pL the CEES consumption kinetics become linear in the
first few hours and then more like exponential at the end of the reaction. If 100
uL of H.O is added to the system, the kinetic curves appear to be almost linear.
The A, B and C values obtained by a least-squares fit and the K, R and r values

obtained are listed in Table 3-1.
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Figure 3-8. Kinetics of CEES consumption catalyzed by aged NO/Br system
containing 10 pL (277 mM) (<), 50 uL (1.38 M) () and 100 uL (2.77 M) (O) of
water under air at 70°C in acetonitrile. Conditions: [CEES], = 108 mM (25 uL),
[TBANOs] = 25 mM, [TBABr] = 25 mM, [HClO,] = 5 mM, CH;CN=2.0 mL, T =

70°C. Color curves: least-squares fit based on eq. 29.
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Table 3-1. The constants and the associated K values obtained by least-squares
fit of aerobic CEES oxidation catalyzed by the NOx/Br systems shown in Figure

3-8.

[H-O] (uL) 10 50 100
A -6.8241 1.8930 4.2185
B -2.6563 -0.5419 -0.6373
C -3.2740 -42.2900 -78.1949
R 0.3054 0.0237 0.0128
K,re 1.2325 78.0402 122.6972

Unit for least squares fit: time = hour, concentration = mol/L; * The individual

values of K and r4 cannot be obtained according to the expression of A, B and C in
eq. 29.

The table reveals that with the addition of water the R value decreases.
The decreasing of R reflects the decreased rate of Br. regeneration which again
supports that the addition of water inhibits the catalytic reaction. The data in the
table also reveal that the K;r increases with the addition of water. From eq. 26,
an increase in K;r increases the overall reaction rate. The R and K/r changes
observed here can be used to explain the water effects we observed in Chapter 2:
the addition of small amount of water does not markedly change the activity of
the solid-supported catalysts because the decrease of R is offset by the increase of
K,r; when a large amount of water is added to the catalyst there is considerable
inhibition of the catalytic activity because the rate of decrease in R is faster than
the rate of increase in K;r with increasing water concentration. Also the large

changes of K;r from 10 to 50 pL of H.O added to the system indicates that [H.O]




90

may also involved in the expression of r (in other words r is dependent on water

concentration, r = f ([H.O])).

All kinetic data in water-free and in water-containing systems match the
proposed mechanism well. These data also strongly support the Br./Brs-based

mechanism for aerobic sulfoxidation catalyzed by NOy/Br.
Conclusion

A catalytic active yellow-colored solid has been isolated and indentified as
TBABr; by UV-Vis spectrometry. A mechanism for the air-based (aerobic)
sulfoxidation catalyzed by the NO«/Br system based on the Br,/Brs;- as the active
species has been proposed. The derived reaction rate law equations effectively
describe the kinetics of the catalytic reaction thus supporting the postulated

mechanism.
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Chapter 4

Multi-Copper Polyoxoanions. 1. Synthesis,
Characterization, X-ray Crystal
Structures, and magnetism of a new
dimeric silicotungstate:

K9Na2Cup s [V—CUz(Hzo)SiWSOgﬂz
38H20

with Paul Kogerler, Rui Cao, Imroz Hakim, Craig L. Hill

(publishied partially in Dalton Trans. 2008 54-58)
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Abstract

A new structurally distinct dimeric silicotungstate KgNa,Cuos[y-
Cu2(H20)SiWsg03:]2°38H.O (1) has been synthesized and characterized by
infrared spectroscopy, elemental analysis and variable-temperature magnetic
measurements. Blue needle-like crystals of 1 were obtained by reaction of Kg[y-
SiW,0036] with 2 equivalents of Cu(II) in a 0.5 M sodium acetate solution (pH
4.2) and subsequent addition of an equal volume of ethylene glycol. The
structure of 1 was determined by single-crystal X-ray diffraction: final R, = 3.41%
based on 9709 independent reflections. The structure consists of two [y-
Cuo(H20)SiWg03,]6- Keggin-like units with the [Cu.O(H20)(p3-0)(n2-0O)] moiety
of one unit bonded to the top of a [W.O¢s] moiety of the other unit. Magnetic
susceptibility measurements indicate competing ferro- and antiferromagnetic
intramolecular coupling between the four s = 1/2 Cu(II) centers in the cluster

anion.
Introduction

Transition metal-substituted polyoxometalates (POMs) constitute a large
class of highly tunable metal oxo clusters.:3 They continue to attract broad
interest from basic studies such as electron transfer,4-¢ ion pairing®* to potential
applications in medicine28 and redox catalysis.2 1926 The incorporation of
transition metals into lacunary (defect) POM precursors is generally simple and
straightforward as these precursors effectively act as chelating ligand systems.
The mechanisms, by which metal-substituted POMs are formed, however, are yet

not well understood, and even subtle changes in the synthesis conditions may
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result in different structures. Recently, much research has focused on di-vacant
[y-SiW,0036]83- moiety because it can bind two transition metal groups adjacent to
one another and might, as a consequence, reveal new features in the now well
established field of POM-catalyzed homogeneous and heterogeneous catalytic
oxidation.2729 In addition, recent research has established that this 3° moiety and

its di-metal-substituted form readily, yielding diverse POM structures.31-42

Several research groups have recently investigated the reactions of the
first-row transition metals with the potassium salt of [y-SiW0036]8- and
characterized the product complexes by single-crystal X-ray diffraction and other
methods.29 3147 Initially, Pope and coworkers3® 34. 43 successfully obtained a
series of in-pocket and out-of-pocket d-metal di-substituted [y-M.SiWi0036]* (M
=V, Cr, Mn) compounds by reaction of Ks[y-SiW10036] with various metal cations
in buffered aqueous solutions under ambient conditions. By using azido ligands,
Mialane and coworkers3% 48 obtained in-pocket di-Cu and di-Mn substituted
complexes of formula, [y-M.SiW,0036]-Lx" Subsequently, Kortz and coworkers3s
reported a series of sandwich dimers, [B-(M2SiW¢03,4)2]0+4)- (M = Mn, Cr, Zn) by
heating the precursor solutions to 90°C for 40 minutes. By changing the
synthesis conditions, they obtained several other metal substituted
silicotungstate derivitives.36: 37, 40, 41, 45, 49 Interestingly, both Mialane39:5° and
Kortz 3745 found that under certain preparation conditions, the [y-SiW10036]8-
decomposes to form a tetra-vacant {SiWsOs,} fragment by losing a {W.Os} unit.
Two or more of these {SiWgOs;} fragments tend to incorporate multiple

transition metal centers and these centers connect with each other forming multi-
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metal-substituted polyoxoanions that frequently exhibit interesting magnetic

properties.

Recently, Mizuno and coworkers reported that the diiron-substituted
silicotungstate, [y(1,2)-SiWio{Fe(OH).}.038]%-, is a catalyst for the O.-based
epoxidation of alkenes27: 28,44 and that the lacunary silicotungstate, [y-SiW0046]8
, is a highly selective catalyst for the H.O.-based epoxidation of alkenes.2? They
proposed the former complex to be an in-pocket di-iron y—Keggin derivative.
Although this complex was thoroughly characterized by many techniques, no
crystal structure was reported. Subsequent studies of this POM system by the
Hill group29 38 resulted in X-ray structures of several iron substituted
silicotungstates isolated from aqueous solution and realization that under these
conditions the primary polyoxometalates present contain out-of-pocket [y-

Siwlo{F92(H2O)2(OH)5}036]7' mOietieS.

In context with ongoing studiess!5¢ of multi-metal-substituted POMs as
catalysts for ambient-temperature, air-based oxidation of sulfides, aldehydes and
alkenes, we report here the synthesis of a new di-copper substituted dimeric
silicotungstate complex, KgNa,Cuo 5[y-Cu(H20)SiWs03:].38H.O (1) and

characterization of this complex by many techniques.
Experimental Section

General Methods and Materials: Kg[y-SiW0036]°12H.O was prepared
using the well-known procedures” and its purity was checked by infrared
spectroscopy. CuBr., acetonitrile, ethylene glycol, sodium acetate and acetic acid

were obtained from Aldrich and used without further purification. Elemental
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analyses for K, Na, Cu, Si and W were performed by Galbraith Laboratories
(Knoxville, Tennessee). The infrared spectrum (2% sample in KBr pellet) was
recorded on a Nicolet™ 6700 FT-IR spectrometer from the ThermoElectron
Corporation. The electronic absorption spectra were taken on an Agilent 8453
UV-vis spectrometer. The thermogravimetric data were collected on an ISI TGA
1000 instrument. Magnetic susceptibility measurements were performed at 0.1
to 5.0 Tesla for T = 1.8 — 290 K using a Quantum Design MPMS-5S SQUID
magnetometer. Experimental susceptibility data were corrected for diamagnetic
and (significant) temperature-independent paramagnetic contributions that were
determined from measurements on a range of diamagnetic v-Keggin
polyoxotungstate compounds (gia/Tip(1) = —1.10x10-3 emu/mol). Field-dependent
magnetization studies at 1.8 K reveal the presence of a fraction of mononuclear

Cu(II) (0.5 per mol), likely disordered over the crystal lattice.

Synthesis of KgNa2Cuo s5[Cu2(H20)SiWg031]2238H20 (1): A 5-mL portion
of acetonitrile solution containing 0.5 g (2.24 mmol) of CuBr. was dissolved in 20
mL of di-ionized water. The pH of this solution became 2.7 in three minutes.
After stirring the solution, 2.0 g (0.67 mmol) of Kg[y-SiWi0036]e12H.O was
added, the solution was stirred for an additional 20 min, and the pH stabilized at
4.2. The undissolved residues were removed from the solution by a medium frit
and the filtrate (20 mL) was collected. A 10-mL portion of filtrate was
transferred to a 50 mL beaker and to this, 0.225 g of sodium acetate and 1.5 mL
of glacial acetic acid (forming 0.5 M HOAc/NaOAc buffer solution, pH = 4.2)
were added. After stirring the solution for 5 minutes, 10 mL of ethylene glycol

(EG) was added. The solution was stirred for an additional 5 minutes and then
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placed in a 30-mL beaker in a dark cabinet. Light blue, needle-like diffraction
quality crystals of 1 grown from this 1:1 water: ethylene glycol mixed buffer
solution after three days (0.26 g, yield 13.4%). IR (2% KBr pellet, 1200-400 cm-
1): 1081 (W), 1037 (W), 998 (w), 950 (m), 876 (s, sh), 797 (W), 735 (s), 670 (W), and
517 (w). Anal. calcd. for 1: Cu, 5.30; K, 6.54; Na, 0.85; Si, 1.04; W, 54.53. Found:

Cu, 5.07; K, 6.27; Na, 0.81; Si, 0.97; W, 53.90. [MW = 5394.2 g/mol].

X-ray Crystallography of 1: A light-blue needle-like crystal of 1 with
dimensions of 0.47 x 0.10 X 0.06 mm3 was coated with Paratone N oil and
mounted on a small fiber loop for index and intensity data collection. The data
were collected under a nitrogen stream at 173 K on a Bruker D8 SMART APEX
CCD single-crystal diffractometer using Mo Ka (0.71073 A) radiation. Data
collection, indexing, and initial cell refinements were processed using the
SMARTS58 software. Frame integration and final cell refinements were carried out
using the SAINT5Y software. The final cell parameters were determined from the
least-squares refinement of 56705 reflections. From these unique reflections
(20max = 56.82°), 9709 reflections (Rint = 0.0741) were considered to be observed.
The structure was determined through direct methods (SHELXS97) for locating
the tungsten atoms and difference Fourier maps (SHELXL97). The hydrogen
atoms of the water molecules were not located in the difference Fourier maps.
The final cycle of refinement resulted at R = 0.034 and Ry = 0.048 (I > 20(1))
(Table 4-1). In the final difference map, the highest peak was at 3.687 e A-3 and

the deepest hole was at -3.387 e A-3.



Table 4-1. Crystallographic Data and Structure Refinement for 1
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1

empirical formula
formula weight
space group

unit cell

volume

Z

density (caled)
temperature
wavelength

abs. coeff

GOF

final R.2[1 > 20(1)]

final wR.P [I > 20(1)]

CuysHgoKoNa»010281:Wie
5394.2 g mol-!
P2(1)/n
a=10.8173(9) A
b = 19.5927(17) A
¢ =18.2517(16) A
B =90.165(2)°
3868.3(6) As

2

4.039 g cm3
173(2)K

0.71073 A

25.116 mm-™!
1.019

0.0341

0.0482

ARy = Z||Fol - [Fe|| / Z|Fol; wR2 = E[W(Fo? - Fe2)2]/ Z[w(Fo2)2]Y/2
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Results and Discussion
Synthesis

The K+/Na+ salt of 1 is prepared in a 1:1 water-ethylene glycol mixed buffer
solution (pH 4.2). Crystalline light-blue needles of 1 were obtained after three
days in ca. 13% yield. Attempts to improve the yield by increasing the
crystallization time failed; only crystals of copper acetate were produced. If no
ethylene glycol is added, a white-blue colored powder appears after several hours
in a yield of more than 40%. The FT-IR of the aforementioned powder is very
similar to that of 1. The major difference between the two IR spectra is the
absence of the peaks at 1081 and 1037 cm attributed to the C-O stretch of the

ethylene glycol.

Previously, Kortz and co-workers3s studied the reaction of Cu(II) with the
K+ salt of [y-SiW;0036]8-. They mixed a slight excess CuCl. with Kg[y-SiW1003s6] (3
equivalents of Cu(Il) per equivalent of Ks[y-SiWi0036]) in pH = 4.8 buffer
solution and heated the solution to 9o °C for 40 min. This procedure was similar
to that used by Pope and co-workers34 to synthesize di-chromium substituted
derivative of [y-SiWi0056]8- (reaction conducted at pH = 4.8 in NaOAc/HOAc
buffer solution followed by heating to 80 °C). However, their final Cu(II)-
containing product did not retain the {y-SiW,o} framework but isomerized to a
typical sandwich-type dimer [Cu.SiW¢034(H-0).].12- by formally losing one

{WOe} group per polyanion unit.

Previously, Mialane and co-workers3% ¢© showed that addition of azide may

be an efficient way to generate interaction between metal centers in context with
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formation of new POM structures. By adding 5.25 equivalents of NaN; to a 2:1
mixture of CuCl. and Ks[y-SiW,0036], and subsequent addition of cesium cation
afforded the cesium salt of a di-copper substituted y-silicotungstate dimer, [y-
SiW100356Cu2(H20)(N3)2]-12-.39 By increasing the concentration of Kg[y-SiW10046]
and using Cu(NOs). instead of CuCl., they obtained a copper-substituted trimer,
[{SiWsCu3(OH)(H20)2(N3)}3(Ng)]9-.  Each subunit of the trimer contains a
structural analogue of the [y-Cu.SiWg0Os3.]8- subunit of 1. It is worth mentioning
that by investigating the system of Co(II)/(y-SiW0036)8-, Kortz and co-workers
obtained a cobalt-substituted trimer45 [{CooCl.(OH)3(H20)o(SiWg0s31)s}]*7- which
has a very similar framework to the copper-substituted trimer. Although some
other cobalt-substituted polyoxometalates prepared by Kortz,37 Mialanes° and co-
workers: also contain {M.SiWsg}, the actual structural unit in these product
complexes is a {M3SiWs} unit in which the third metal center, M, is bound on the

outside of the original y-{M.SiWs}.
Structures

The novel dimeric silicotungstate, 1, crystallizes in the monoclinic space
group, P2,/n. The polyanion contains two equivalent [y-Cu.(H.0)SiWgOs;]¢-
subunits related by an inversion center (Ci symmetry; Figure 4-1). In contrast to
the great majority of d-electron transition-metal substituted silicotungstates in
which the new d-electron metal center fills the vacant position (lacuna) forming a
saturated Keggin structure, two of the five-coordinated copper atoms in 1 exist as

{Cu>0(H20)(us-0O)(u2-0O)} units and replace a {W.0s} group instead of filling the
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two vacancies in each subunit of the structure. Both of the [y-Cu.(H.0)SiWsOs3;]

subunits maintain the lacunary Keggin framework of [y-SiW0036]8 (Figure 4-2).

O11 is a pz-oxo bridging W4 on one {SiWsg} unit and Cu1 and Cu2 on the other
{SiWsg} unit. 012 is a p.-oxo bridging W5 on one {SiWsg} unit and Cu2 on the
other {SiWs} unit. Alternatively O12 can be viewed as linking a {Cu.O(H-O)(us-
0O)(u2-0)} group and a {W.0Os} group and thereby connecting two adjacent [y-
Cu.(H-0)SiWg0s;]6- moieties. Cu1 and Cu2 in each half of the polyanion are five-
coordinate and linked to define a di-pyramidal moiety. Six oxygens and two
copper atoms in this di-pyramid lie in an approximate plane (dCu-O = 1.926(6) —
2.023(6) A). The significant Jahn-Teller distortion characteristic of d9 metal
centers is manifested in part by longer Cu-terminal oxygen distances (dCu-O =
2.366(7) — 2.368(7) A). Jahn-Teller effects have been noted for Cu-containing
POMs61 and can exert considerable control in the self assembly of sandwich type
POMs.62) The distance between the two coppers is 2.9651(16) A. Bond valence
sum (BVS) calculations 63 for Cu1 and Cu2 yield an average oxidation state of
1.984 and 2.013, respectively. To our knowledge, polyanion 1 represents an

unprecedented dimeric POM structure.
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Figure 4-1. Ball and stick representation of [y-Cu.(H.0)SiWg0Os3;]»12- (1a, the
polyanion of 1) showing 50% probability ellipsoids and selected atomic labels.
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Figure 4-2. A combination polyhedral/ball-and-stick representation of the [y-

Cu2(H.0)SiWsg0s5,]6- subunit of 1.



104
Magnetic properties

The temperature dependence of the low-field susceptibility data (Figure 4-3)
reflects moderately strong ferromagnetic (FM) superexchange between the s =
1/2 Cu(Il) centers within the [y-Cu.(H>0)SiWgO3;]6~ subunits and (weaker)
antiferromagnetic (AFM) exchange between these subunits, causing a
characteristic maximum in T vs. T plots. Interestingly, similar competing
AFM/FM intramolecular exchange has been observed for other Cu(II) and
Co(ID)-functionalized POMs.37: 39, 45. 48, 64 The intra-subunit coupling (J) is
mediated via two ps-oxo groups (O9 and O11), whereby the nearly planar Cu.O-
motif coincides with the equatorial coordination plane of the Jahn-Teller-
distorted Cu(II) centers, maximizing interactions between the single occupied
Cu(3d) dx2-y2 orbitals (Cu1---Cu2: 2.9651(16) A). Based on empirical correlation
studies of oxo-bridged Cu(II) dimer compounds, the particular geometry of the
Cuo(u-0). fragments, i.e. the angles and bond distances of the Cu-O-Cu bridges
(Figure 4-4), are expected to cause FM intra-subunit exchange.®568 On the other
hand, several exchange pathways of the type O-Si-O and O-W-O exist for the
inter-subunit coupling (J.) over rather wide distances (Cu1---Cu1: 6.312 A,
Cu1---Cu2: 4.593 A). Such scenarios have are known to cause weak AFM
exchange as each pathway involves a coordination mode to one apical oxo
position of the Jahn-Teller-distorted CuOs environment (Figure 4-4), thereby
minimizing overlap between the relevant magnetic Cu(3d) orbitals. To establish
exact exchange parameters, a least-squares fitting procedure was adopted that

linked the susceptibility to the isotropic Heisenberg-type model Hamiltonian: H
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= —=Ji[S(Cu1)S(Cu2) + S(Cu1r)S(Cu2’)] — Jo[S(Cu1)S(Cu2’) + S(Cu1)S(Cu1’) +
S(Cu2)S(Cu1’) + S(Cu2)S(Cu2’)]. A uniform Jahn-Teller effect for all four Cu(II)
sites was taken into account by using typical axial and equatorial g elements (g, =
2.25, Oxy = 2.02); a fraction of uncoupled Cu(II) sites resulting in a paramagnetic
background was treated as additional parameter (see Experimental section). The
experimental data are well reproduced by an intra-subunit coupling parameter
Ji/ks = 53.2 K and an inter-subunit coupling parameter J./ks = —1.0 K (Figure
4-3). These results therefore confirm the afore-mentioned expected trends and

predict a singlet (S = 0) ground state for 1.

Table 4-2. Select bond distance (&) and bond angles (°) for 1

Cu1-O11 2.023(6) Cu2-09 1.926(6)
Cu2-011 2.035(6) Cu1-Cu2 2.9651(16)
Cu1-Og9 1.957(6) Cu1-O10 1.972(7)

Cu1-011-Cu2 99.6(3) Cu1-09-Cu2 93.9(3)
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Figure 4-3. Temperature dependence of T at 0.1 Tesla for 1 featuring a

maximum at approx. 10 K due to competing FM/AFM exchange coupling. Black

squares: experimental data; Solid line: best fit to model Hamiltonian (see text).
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~

Figure 4-4. The central fragment of the {Cu,;Wi¢} cluster anion emphasizing the
superexchange pathways between the s = 1/2 Cu(II) centers (Cu: dark gray
spheres, O: small gray spheres, Si: white spheres, W: light grey spheres). FM J,
exchange (represented by short dashed lines) is mediated by p-O bridges with
Cu-O bond distances of 1.93 — 2.04 A (dark grey bonds) and Cu-O-Cu bond
angles of 93.9° and 99.6°. Weak AFM coupling (J, long dashed lines) between
the FM coupled Cu. dimers proceeds through O-Si-O and O-W-O groups (light
grey bonds) that, in all cases, involves one Jahn-Teller enlongated Cu-O bond

(thin black).
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Chapter 5

Multi-Copper Polyoxoanions. 2. Synthesis,
Characterization, X-ray Crystal Structure
and Magnetism of a One-dimensional

Silicotungstate Array: KsH4Cuos

{Cu [CU7,5Si2W16O60(H20)4(OH)4] 2}' 9H,0

with Paul Kogerler, Rui Cao, and Craig L. Hill

(publishied partially in Polyhedron 2009, 28, 215-220)
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Abstract

A structurally distinct, multi-copper(II)-substituted silicotungstate
K3H,Cuo 5{Cu[Cu;.5 SioW1i6060(H20),(OH),]2}-9H-0 (2) has been synthesized and
characterized by FT-IR, elemental analysis, variable-temperature magnetic
measurements, electron spin resonance, and X-ray diffraction. Green crystalline
plates of 2 were obtained by the reaction of Kg[y-SiW,0036]-12H.O with 8
equivalents of Cu(II) in a 50% ethylene glycol solution. The structure of 2 was
determined by low-temperature single-crystal X-ray diffraction: monoclinic,
C2/c,Z = 4, a = 27.268(8) &, b = 22.895(6) A, ¢ = 33.304(9) A, B = 111.070(9)°
and R; = 9.79% based on 13924 independent reflections. A cationic copper center
connects the terminal oxygen atoms of neighboring polyanions, resulting in a
one-dimensional structure. Magnetic susceptibility measurements indicate weak
ferromagnetic superexchange between the Jahn-Teller-distorted s = 1/2 Cu(II)

centers.

Introduction

Polyoxometalates (POMs) substituted with one or more d-electron metal
centers constitute a large class of electronically highly tunable and structurally
robust multinuclear compoundst3 with applications in catalysis> 41t and
potential applications in electroactive materials!214, magnetism'52°, medicine
(diagnostics or therapeutics)227, and other fields. The incorporation of
transition metals into lacunary POM precursors is generally simple and

straightforward; however, the exact mechanisms by which metal-substituted
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POMs are formed are complex and not well understood. Most frequently, the d-
electron metals fill the vacant positions of the lacunary POM forming a saturated
(or plenary) structure. Complicating plenary structure reconstitution is the fact
that multi-vacant (di-lacunary or tri-lacunary) POM precursors can isomerize
under different synthetic conditions, leading to a range of metal-substituted
structures. The di-vacant silicotungstate, [y-SiW,0036]8-, readily isomerizes to o
and B structures in aqueous solution28-30, and these processes result in the
formation of a diverse set POM structures342 upon reaction with transition

metals.

Several research groups have investigated the reactions of [y-SiW;0036]8~
with first-row transition metal salts3148. Early work to prepare disubstituted {y-
M.SiWio} (M = V, Cr, Mn), where the y-isomer polyoxoanion structure is
retained, was performed by Pope and co-workers32 33. 44, These di-metal
substituted structures contain the two d metals in adjacent positions as either
“in-pocket” or “out-of-pocket” isomers. The in-pocket isomers contain bonds
between the central heteroatom oxygens and the incorporated d-electron centers.
In contrast, the out-of-pocket isomers do not contain this bond, and consequently
the d-electron metals are displaced from the center of the polyanion and
frequently multiply bonded to other adjacent polyanions or distinct structural
units. Subsequently {y-M\SiW,o} structures were reported by the research groups
of Mizuno43- 45 46, Mialane39, Peng47’, and others. By slightly changing the
synthetic conditions, Kortz and co-workers3¢ prepared a series of sandwich

dimers, [B-(M2SiW¢Os34)2]@n+4)- (M = Mn, Cr, Zn). Further investigation of the
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reactions of d-electron-metals with [y-SiW,0036]8~ by this group afforded several
other d-electron-metal-substituted silicotungstatess”: 38, 40, 41, 48, 49, Meanwhile,
Mialane and co-workers3o: 59 5t reported several different metal-substituted
silicotungstates with complicated structures by adding azide and/or other ligands
to the reaction system. Peng, Wang and co-workers4” described dimers,
[{K(H20)}2{(n5-H.0)M(H:0)}(y-SiaW20070)18- (M = Mn2+, Co2*, and Ni2+),
prepared in acidic aqueous solution, that retain the {y-SiWo} unit of the

precursor.

Recently, we obtained a di-copper substituted dimeric silicotungstate
complex, KgNa.Cuos[y-Cuz(H20)SiWgOs:]2-38H.O from the reaction of a
copper(Il) salt with Ks[y-SiW0036]-12H-0 in a acetate-buffered 50% ethylene
glycol solutions2. This copper substituted silicotungstate cluster contains two
pseudo-planar Cu.O. motifs, and strong ferromagnetic superexchange between
the S = 1/2 Cu(II) centers was observed. Simultaneously, Peng and co-workers
obtained a similar complex via a different synthetic approachs6. We report here
that reaction of [y-SiW,0056]8- and Cu(NOs). in unbuffered aqueous solution
followed by crystallization out of water:ethylene glycol (1:1) produces a one-
dimensional polymeric structure comprising {Cu:6Si;W3.} polyanions interlinked
by additional individual Cu(II) centers, K3H,Cuos{Cu[Cu;5S12Wis Oso(H20)4
(OH),4)2}-9H.0 (2). Magnetic susceptibility and ESR measurements of 2 show
that this multi-copper substituted silicotungstate exhibits more complicated
magnetic properties. As we were reporting our work, Su, Xu and co-workers 53

reported a similar multi-copper polyanion, Na;s[Cui(OH)4(H20):6
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(SiWg0s31)4]-20.5H-0, but in this work the structure entails discrete polyanion
units, and no magnetic data were reported. Herein, we describe the synthesis,

structure, and magnetic properties of 2.

Experimental Section
General Methods and Materials

Kg[y-SiW100356]-12H.O was prepared according to literature procedureso
and the purity was checked by infrared spectroscopy. Copper nitrate, acetonitrile
and ethylene glycol were obtained from Aldrich and used without further
purification. Elemental analyses for K, Cu, Si and W were performed by
Galbraith Laboratories (Knoxville, Tennessee). The infrared spectrum (2 weight %
sample in KBr pellet) was recorded on a Nicolet 6700 FT-IR spectrometer.
Thermogravimetric data were collected on an ISI TGA 1000 instrument. ESR
measurements were performed on a powder sample at 290 K using a Magnettech
Miniscope MS-100 spectrometer and DPPH as an external standard. Magnetic
susceptibility measurements were performed at 0.1 to 5.0 Tesla for T = 1.8 — 290
K using a Quantum Design MPMS-5S SQUID magnetometer. Experimental
susceptibility data were corrected for diamagnetic and (significant) temperature-
independent paramagnetic contributions that were determined from
measurements on a range of diamagnetic y-Keggin polyoxotungstate compounds
(xdia/TP(2) = —1.10 x 103 emu/mol). Field-dependent magnetization studies at

1.8 K reveal the presence of a fraction of mononuclear Cu(II) (0.5 per mol).
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2

empirical formula
formula weight
temperature
wavelength
crystal system
space group

unit cell

volume

Z

density (caled)
abs. coeff

GOF

final R2[1 > 26(1)]

final wR.P [I > 26(1)]

Clts6.sH 46K5014551,Wao
9527.6 g mol—!
173(2)K
0.71073 A
monoclinic
C2/c (#15)
a=27.268(8)A
b =22.895(6) A
¢ = 33.304(9) A
S =111.070(9)°
19402(9) A3

4

3.350 g cm3
20.778 mm!
1.034

0.0979

0.2524

3Ry = X||Fol - [Fe|| / Z[Fol; ® wR2 = Z[W(Fo? - Fc?)2]/ Z[w(Fo2)2]V/2
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Synthesis of KsH4Cuo5{Cu[Cu75Si2W16060(H20)4(0H)4]2}-9(H20) (2)

A 5 mL aliquot of acetonitrile solution containing 0.5 g (2.66 mmol) of
Cu(NO;). was dissolved in 20 mL of deionized water. To this solution 1.0 g (0.33
mmol) of Kg[y-SiW,0036]-12H.O was added with stirring. After stirring for 20
minutes, the undissolved residues were removed from the solution by a medium
frit and the filtrate (25 mL) was collected. A 5 mL portion of the filtrate was
transferred to a 15 mL vial and 5 mL of ethylene glycol was added. The mixture
was stirred for an additional 5 minutes and then placed into a dark cabinet.
Green plate-like diffraction quality crystals of 2 grew from this 1:1 water: ethylene
glycol mixed solution after two weeks (0.12 g, yield 14.4%). IR (2% KBr pellet,
1200-400 cm1): 1082 (w), 1039 (W), 990 (w, sh), 950 (m), 878 (s, sh), 787 (w),
736 (s), 696 (w), and 519 (w, sh), 491 (w). Elemental composition calcd. for
K5H,4Cuo 5{Cu[Cu;5S12W16060(H20)4(OH),]2}-9H.0: Cu, 11.00; K, 1.23; Si, 1.18;

W, 61.75; found: Cu, 11.9; K, 1.07; Si, 1.22; W, 58.2. [MW = 9527.6 g/mol].
X-ray Crystallography of 2

A green plate crystal of 2 with dimensions of 0.19 x 0.17 X 0.04 mm3
coated in Paratone-N oil was mounted on a small fiber loop for index and
intensity data collection. The data were collected at 30 K under a helium stream
on a Bruker-AXS SMART 1000 CCD single-crystal diffractometer using Mo K,
(0.71073 A) radiation. Indexing, and initial cell refinements of the collected data
were performed by the SMART54 software. The frame integration and final cell
refinements were carried out by using the SAINT55 software. The final cell

parameters were determined from the least-squares refinement of 79664
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reflections. From these unique reflections (20max = 46.52°), 13924 reflections
(Rint = 0.2197) were considered to be observed. The structure was determined
through direct methods (SHELXS97) via locating the tungsten atoms and
difference Fourier maps (SHELXL97). The hydrogen atoms of the water
molecules were not located in the difference Fourier maps. The final cycle of
refinement resulted at R = 0.0979 and Ry = 0.1513 (I > 26 (1)) (Table 5-1). In the
final difference map, a residual electron density maximum of 3.954 e A3 and a

minimum of -3.304 e A-3 were observed.

Results and Discussion
Synthesis

The potassium salt of 2 was prepared by mixing 8:1 mole ratio of Cu(NOs).
and Ks[y-SiW10056]-12H.O in a 1:1 water-ethylene glycol solution. Green
crystalline plates of 2 were obtained after weeks in ca. 14% yield. If the same
synthetic procedure is followed but without the addition of ethylene glycol, small
green needle-like crystals appear after several hours in significantly higher yield
(c.a. 46%). The FT-IR spectrum of these needles are very similar to that of 2
except that there is an absence of two peaks at 1082 and 1039 cm, which are
attributed to the C-O stretch of ethylene glycol. Unfortunately, the needles
diffracted X-rays poorly providing commensurately low quality datasets.
Complex 2 was synthesized in an acidic environment (pH = 4.2) without buffer
and the blue needle-like crystals were obtained when HOAc/NaOAc buffer was

used to maintain the same pH value. X-ray diffraction established that the blue
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crystals are a dimeric silicotungstate which contains a {y-Cu.(H.O)SiWsOs3;}
motif in each subunit. Both 2 and the dimeric POM contain the tetra-vacant {B-
B-SiWsg0s,} fragment in their structures. The appearance of this {B-B-SiWsOs;}
fragment in both multi-copper-containing POM products may indicate that Cu2+
ions facilitate conversion of the di-vacant [y-SiW;0036]8- into {B-B-SiWgOs:} in
situ and/or stabilize the latter unit via coordination. It is reasonable that the
excess acetate from the buffer and the polytungstate intermediates compete to
coordinate to the hydrated Cu2+ ions, and this competition leads to the formation
of the recently reported dimeric clusters2 56 which contains fewer copper centers

per polyanion.

Kortz and co-workers38: 48 recently reported several POM structures that
contain the {B-B-SiWgOs;} unit in their study of the Co(II)/[y-SiW10036]8- system,
where a large excess CoCl. was reacted with [y-SiW,0036]3 in aqueous solution
buffered at pH = 5.5 and heated to 50 °C for 30 min. This procedure resulted in
the  cobalt-substituted silicotungstate  trimer [{CoyCl.(OH)3(H-0)o(B-
SiWg0s1)3}]5~ of Dan symmetry. Each subunit of this trimer contains a {B-f-
SiWsgOs,} unit, which coordinates with three cobalt atoms and forms a {M3;SiWsg}
motif. By changing the pH to 4.8 and the molar ratio of Co:[y-SiW10046]8 to 2:1,
another cobalt-substituted silicotungstate, [{Cos(B-p-SiWyO35(OH))(B-p-

SiWg0.9(OH).}2]22-, was obtained which also contains the {M3SiWsg} motif 38. 48,

Mialane and co-workers39: 5157 have investigated the reaction of transition
metals and [y-SiWi0036]3 in the presence of azide and documented several

instances where azide interacts with metal centers, resulting in the formation of
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new POM structures. They obtained a copper-substituted trimer,
[{SiWg03,Cus(OH)(H20)2(N3)}3(N3) ]9, that is structurally analogous to the Co-
substituted trimer obtained by Kortz and co-workers when an excess of azide was
used. Their study of the Co/[y-SiW10036]8- system afforded several different
cobalt-substituted silicotungstates, including the dimer polyanion [{(B-p-
SiWy053)(OH)(B-SiWs029(OH).)Cos(H20)}.Co(H20).]20-. Each subunit of this
dimer contains a {B-B-SiWsgOs:} and a {B-B-SiW¢05,4} motif connected by three
cobalt atoms, and the {B-B-SiWgOs:} motif in each subunit is linked to another by
a six-coordinated cobalt center. The general polyanion framework of this Co-
substituted POM is similar to our sixteen-copper-containing polyanion, 2. Very
recently, Zhang et al.53 reported a 14-copper-containing silicotungstate by
reaction of 12 mole equivalents of a copper salt with [y-SiW10036]% in a pH 5.5
boiling aqueous solution containing D-proline for 2 hours. This Cuy
silicotungstate is structurally analogous to 2 but contains less copper since the
polyanions are not linked by Cu centres into a one-dimensional material as it is

the case in 2 (vide infra).
Structural features

The new polymeric multi-copper-substituted silicotungstate, 2, crystallizes
in the monoclinic space group, C2/c. The polyanion unit contains two equivalent
[Cu,SioW16060(H20)4(OH),]6- subunits related by a four-coordinate copper
located on the C; axis (C2 local symmetry; Figure 5-1). The inversion center is not
located at this copper, but lies in the center of the unit cell. Each subunit

contains two multi-copper substituted {B-B-SiWgOs;} motifs (Figure 5-2). The
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two motifs connect to each other via three five-coordinate copper atoms: Cu2,
Cu3 and Cugq. O30 is a ps-oxo bridging Cu3, Cuq and Si1; O35 is a py-0x0
bridging Cu2, Cu3, Cug and Si2. In the {B-p-SiWg0Os3;} motif containing Si1, two
of the copper atoms, Cu3 and Cug4, exist as a {Cu.O¢} unit which resides in the
position of the conventional {W.0Os} group, thus forming a {y-Cu.SiWgOs3;} unit
that maintains the y isomerism of the [y-SiW10036]8- precursor. Alternatively, the
{B-B-SiWgOs;} motif with Si2 contains these three copper atoms, Cu2, Cu3 and
Cug4, as a {CusOs} unit that defines a B-Keggin structure, {f-CusSiWyOs,}. The
remaining lacunary (vacant) position of the {B-Cu;SiWy05,} motif is filled by
Cu6. Two more copper atoms, Cu5 and Cu7y, are also five coordinate each
forming a pyramidal unit linked to Cu6. The three copper atoms linked via four
us-oxo groups form a nearly planar CuzO,4 motif. The pyramidal units share the
terminal O1 and O7 with the {y-Cu.SiWgOs,} motif located on the other subunit,
thus connecting the p and y motifs in different subunits to form the large cluster.
Cui, the only four-coordinate copper in the structure which is located on the C;
axis, fills the lacunary position opposite to Cu3 and Cu4 on each y motif. In each
subunit, a copper atom, Cu8, is bonded to three oxygens on the outside (away
from the central multi-copper region) of the y motif. One more cationic copper,
Cu9, connects to the terminal oxygen of Wi5 and Wi5' located on two
neighboring molecules thereby linking the clusters to form the one-dimensional

array (Figure 5-3).
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Figure 5-1. Ball and stick representation of [Cu{Cu,.5S1.W16060(H20),(OH),}2]8-
(2a, the polyanion of 2) showing 50% probability ellipsoids and selected atomic
labels. Cu: blue; O: red; Si: orange; W: green.
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Figure 5-2. A combination polyhedral/ball-and-stick representation of the
{CuySiaW16060(H20),(OH),} subunit of 2.
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Figure 5-3. Structural view of the one-dimensional array of 2 from the ¢ axis

direction.
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Electron Spin Resonance

The X-band ESR spectrum of 2, measured as a powder, displays an overlay
of several different Cu(II) environments (Figure 5-4). However, the resulting
convoluted response can be understood as an average of Jahn-Teller-distorted
Cu(II) signals characterized by vertical and parallel g tensor components, g, =
(g« + Oyy)/2 and g| = g, characteristic for Cu(II) centers in such distorted
environments. From the average values g, = 2.04 and g| = 2.48 an average
isotropic value of giso = 2.19 is derived. Note that limited solubility of 2 in polar
and nonpolar solvents prevented recording of an ESR spectrum of 2 in solution

of possibly significantly higher resolution.
Magnetic properties

The low-field (0.1 Tesla) magnetism of compound 2 indicates dominating
weak ferromagnetic intramolecular superexchange between the Jahn-Teller-
distorted s = 1/2 Cu(II) centers that are spaced apart less than 3 A (Table 5-2).
Note that ferromagnetic interactions of comparable strength are also observed in
Cu(II)-substituted polyoxometalates such as {Mos,Cus}-type clusterss® in which
the spin centers are bridged by O-Mo-O fragments and where the orthogonality
of the magnetic Cu(3d) orbitals necessary for ferromagnetic exchange is achieved
by rotation of their colinear local orbital coordinate frameworks by 60° around
the local z axis, i.e. the elongated Jahn-Teller axis. Here, the coupling within a
subunit (characterized by the exchange energy J; between Cu3 and Cug) is
mediated via a puz-oxo group (030) and a py-oxo group (035), whereby the Cu(II)

centers form a nearly planar Cu.O. motif with oxo groups in the equatorial
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coordination plane. The geometry of the Cu.(u-O). fragments are expected to
cause ferromagnetic intra-subunit exchange based on the empirical correlation
studies of oxo-bridged Cu(II) dimer compoundss9-¢2. We expect that both of
these effects, the rotation of the coordinate systems and the Cu-O-Cu bond angles
in the subunits, are the primary source for the observed ferromagnetic coupling.
However, additional weaker antiferromagnetic coupling is likely to be present,
too. The high nuclearity and the large number of intramolecular exchange
contacts in 2 precludes, however, the unambiguous determination of coupling
constants J, based on the susceptibility data, even if only a simple isotropic

Heisenberg-type model Hamiltonian is employed.

The high-temperature limit of ¥ T of 7.6 emuK/mol (at 290 K) corresponds
to the spin-only moment of 17 spin-1/2 centers with ESR-derived giso = 2.19.
Below ca. 100 K, T rises continually, and even at 1.8 K (15.3 emuK/mol) the ¥ T
vs. T graph does not show any signs of approaching a maximum (Figure 5-4).
This steep increase is, however, quenched at higher fields. At 5.0 Tesla, T

reaches a maximum at ca. 12 K.

Field-dependent magnetization measurements at 1.8 K (Figure 5-5) point
to a singlet ground state for the cluster anion and the additional presence of
uncoupled Cu(II) cations in the lattice. A fit to a Brillouin function B(s = 1/2)
yields a best fit for 0.5 Cu(II) per formula unit and giso = 2.25. The difference to
the ESR-derived value is due to the different coordination environments of the
uncoupled Cu(II) centers in the lattice and of the Cu(II) centers incorporated into

the POM structure. We are currently working to characterize this system using
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large-scale simulation techniques (Quantum Monte Carlo simulations) and will

present a more detailed description of the magnetism of 2 in forthcoming work.

f T T T |
200 250 300 350 400
H/ml

Figure 5-4. X-band ESR spectrum of compound 2, measured as a

microcrystalline powder at 290 K.
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Figure 5-6. Field dependence of the magnetization, M, of 2 at 1.8



Table 5-2. Select bond distances (&) and bond angles (°) for 2
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Cusz-Cug
Cus5-Cub
Cu6-Cu7y
Cu1-O9

Cuz-030
Cu3-035
Cug-030

Cuq-035

2.930(6)
2.954(6)
2.927(6)
1.90(3)
1.95(3)
2.05(2)
2.00(3)

2.01(2)

Cu6-037

Cu6-038

Cu3-030-Cug
Cu3-035-Cug
Cus5-037-Cub
Cus5-050-Cub
Cu6-038-Cu7y

Cu6-09-Cu7y

1.92(2)
1.85(3)
95.9(12)
92.5(10)
101.9(15)
97.1(13)
97.4(12)

94.9(11)
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Abstract

A series of tetrabutylammonium salts of transition-metal substituted
Wells-Dawson polyoxometalates have been synthesized by phase transfer
techniques and characterized by infrared spectroscopy, elemental analysis and
variable-temperature magnetic measurements. X-ray quality crystals were
obtained by a diffusion method using different organic solvents. The X-ray crystal
structure of [(n-C4Hg)4N]1:H5[Cuy(P2Wi5056)-] (3) (monoclinic, Poaym, Z = 2, a =
19.7269(6) A, b = 17.6602(5) A, ¢ = 44.2525(11) A, B = 91.182(2)°; R, = 8.35%
based on 31282 independent reflections) reveals the presence of two unusual
coordinatively unsaturated Cu(II) centers. In the absence of nitrate, 3 does not

catalyze the aerobic oxidation of organic substrates in organic solvents.

Introduction

The development of new materials to catalyze the selective aerobic
oxidation of sulfur-based compounds under ambient conditions (1 atm air/O.
and 25 °C) is of both intellectual and practical interest.1¢ In the recent years,
several different catalytic systems based on polyoxometalates (POMs) have been
investigated. Okun et al.72 reported several bulk and cationic-silica-supported
POMs that catalyze the selective aerobic oxidation of 2-chloroethyl ethyl sulfide
(CEES, a mustard gas simulant) to 2-chloroethyl ethyl sulfoxide (CEESO) under
ambient conditions. The most recent work® 2 showed that tetrabutylammonium
(TBA) salts of an iron(III)-substituted POM, TBA;[H.Fe[H(ONO.).]PW;;054]-
(HNO3;) and related Cu(II)-substituted derivatives are extremely fast and

selective catalysts for aerobic (air-based) sulfoxidation. These studies indicate
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that the cataytic turnover frequency reflects a significant synergy between the d-
electron-metal-substituted POM unit and nitrate. Unfortunately, the exact
nature of this nitrate-POM interaction, despite considerable effort to clarify this
issue experimentally, remains unclear for two reasons: (1) the X-ray structural
determinations of these mono-substituted o-Keggin polyanions reveal that the
substituted position (most frequently copper and iron in these highly active
catalysts) is always 12-fold disordered precluding identification of the terminal
ligand, and (2) the paramagnetism of these highly active catalysts makes
observation of the terminal ligands on the d-electron-metal centers impossible.

In context with ongoing studies of metal-substituted POMs as catalysts for
ambient-temperature, air-based oxidation of sulfides, tri-vacant Nai.[a-
P.Wi5056]+18H.O was chosen as the precursor to prevent disorder in the X-ray
structures of the Cu- and Fe-substituted derivatives. We report here the
synthesis of Cu,-, Cos-, Mny-, Fe,-substituted derivatives of [PaW15056]*2- as their
tetra-n-butylammonium (TBA) or tetra-n-heptylammonium (THpA) salts using a
phase transfer method that simulates the environment of the organic-solvent-
soluble POM component of the highly active Cu- and Fe-substituted POM aerobic
oxidation catalysts. The organic-soluble POMs were characterized by a range of
techniques including magnetochemical analysis of the Cu(II)-based polyanion.
We further report the provocative finding that the Cu(II) centers in the polyanion
of 3, namely 3a, are coordinatively unsaturated. The coexistence of unsaturated
and saturated Cu(II) centers is reminiscent of the polyanion, {Cu,(GeWy0s,)-},

recently reported by Yamase and coworkers.13
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Experimental Section
General methods and materials

Nao[a-PoWi5056]-18H.O and  Nay,Cu[Cuy(H20)2(a-PaWi5056)2]-53H.0
were prepared by literature methods,'4- 15 and their purities were checked by FT-
IR. All the starting reagents, Cr(NO;);-:9H.O, Mn(NOs)., Fe(NO3);-9H-0,
Co(NO3)s, Cu(NOs)o-2.5H.0, AgNOs;, CuBr,, (n-C4Ho),NBr (TBABr), (n-
C4Ho)4,NNO; (TBANO,), (n-C,H,5),NBr (THpABT), acetonitrile, dichloromethane,
chloroform, carbon tetrachloride, 1,2-dichloroethane, tetrahydrofuran, toluene,
hexane, decane, octadecene, 1,3-dichlorobenzene and 2-chlorethyl ethyl sulfide
(CEES) were purchased from Aldrich and used without further purification. Gas
chromatography (GC) was performed on a Hewlett-Packard 5890 gas
chromatograph equipped with a 5% phenyl methyl silicone capillary column,
flame ionization detector, and a Hewlett-Packard 3390A series integrator using
N. as the carrier gas. Elemental analyses for K, Na, Cu, Si and W were performed
by Galbraith Laboratories (Knoxville, Tennessee). The infrared spectrum (2%
sample in KBr pellet) was recorded on a Nicolet™ 6700 FT-IR spectrometer from
ThermoElectron Corporation. The thermogravimetric data were collected on an
ISI TGA 1000 instrument. Potentiometric titrations of the organic-solvent-
soluble POMs in acetonitrile solution with 1.0 M methanolic (n-C,Hy),NOH to
assess protonation states were carried out using a Model 240 Corning pH meter
equipped with a combination micro glass electrode at room temperature.
Magnetic susceptibility measurements were performed at applied fields of 0.1 to
5.0 Tesla for the temperature range T = 1.8 — 290 K using a Quantum Design

MPMS-5XL SQUID magnetometer.
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General method to synthesize the organic-soluble POM compounds

Phase transfer was used to produce the organic-solvent-soluble transition-
metal substituted POMs. The synthetic route to these compounds involves a
metathetical exchange by adding and mixing a stoichiometric amount of TBA salt
in organic solution to an aqueous solution of the potassium or sodium salt of the
POMs with stringent control of the solution pH.1*¢ At the appropriate pH, the
desired TBA+/H+* counterion combination associates and transfers the polyanions
to the organic phase. The yield of the TBA salt is quite dependent on the pH.
Optimizing the pH throughout the reaction can also minimize possible

degradation or hydrolysis of the POMs.

Synthesis of [(n-C4Hog)4N]11Hs[Cus(P2W15056)2] (3).

Na;4,Cu[Cuy(H20)2(0-PoWi5056)2]-53H-0 (0.60 g, 0.066 mmol) was
dissolved in 10 mL of deionized water. TBANO; (0.32g, 1.06 mmol) was
dissolved in 10 mL of CH.Cl.. These two solutions were mixed together with
vigorous stirring. To this mixture a solution of 4 M HNO; was added dropwise
under stirring until the solution became turbid. The final pH was 4.6. Upon
standing, the solution separated into a cloudy, white aqueous layer and a clear
green organic layer. The solution was then transferred to a separatory funnel and
the bottom layer (organic layer) was collected. The organic layer was transferred
into a round-bottom flask and concentrated to a solid gel using a rotary
evaporator. This green gel (0.90 g) was dissolved in a minimum amount of
CH;CN and an excess quantity (ca. 50 mL) of deionized water was then added.

The light-green precipitate that formed was collected, dried under vacuum,
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redissolved in a minimum amount of CH.Cl,, and anhydrous diethyl ether (ca.
100 mL) was added to afford a light-green powder (0.61 g, 88% yield). Crystals of
this TBA salt were obtained by gas phase (vapor) diffusion. Initially the light-
green powder of 3 (20 mg) was dissolved in 2 mL of CICH.CH.Cl in a 5 mL vial.
This small vial was then moved into a 15 mL vial containing 5 mL of CHCl;. The
15 mL vial was capped and placed in a dark cabinet. Green, block-like crystals
were obtained after one week. X-ray quality single crystals were obtained by
recrystallization using the same gas phase diffusion method. The number of TBA
cations, determined by the TGA measurement (Figure 6-1), was ca. 5.5 per P
atom. The TGA measurement also indicates the presence of solvent molecules
(CICH.CH.Cl and CHCI;) in the freshly prepared 3. However, the solvent
molecules quickly evaporated under air, which caused cracks in the crystal of 3.
No Cl was found in the elemental analysis of the cracked crystals. Potentiometric
titration of 3 indicated about five protons in the formulation (Figure 6-2). IR (2%
KBr pellet, 1200-400 cm): 1090 (s), 1060 (w, sh), 952 (s), 916(w), 850 (w), 806
(s), 761 (s), 594 (w) and 525 (w). Anal. Caled for Ci;6CusH401N110112P4W3o, [(n-
C4Hg)uN11:H5[Cus(PaWi5056)2]: Cu, 2.45; P, 1.20; W, 53.25; C, 20.41; H, 3.90; N,
1.49. Found: Cu, 2.42; P, 1.1; W 50.2; C, 20.61; H, 3.75; N, 1.39. [MW =

10357.705 g/mol].
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Figure 6-1. Thermogravimetric analysis (TGA) of fresh crystallized 3.
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Synthesis of TBAxH16-x[M4(OH2)2(P2Wi50s6)]2, M=Co (4), Mn (5)

Syntheses of the TBA salts of cobalt- and manganese-substituted {P.W5}
derivatives are similar to that of copper-substituted analogue, 3, except that
Na6[Cos(H20)2(a-P2Wi5056)2] or Naje[Mny(H20)2(0-P2W15056)2] were used in
the procedure. Prior to recrystallization, the TBA salt of the Co-substituted POM
and the Mn-substituted POM were yellow-brown and brown, respectively. X-ray
quality single crystals were obtained by vapor diffusion of CHCl; into a

CICH2CH-CI solution of the POM.
Synthesis of THpAxH44x{[Fe4(OH2)(P2W150s6)2]2}{[Fes(P2W150s6)2] (H20)2} (6)

A procedure very similar to that used for the other salts was used to
prepare the highly hydrophobic THpA salt of the structurally analogous Fe,
complex, but toluene, and THpANO; were used for the liquid phase transfer
process. Accordingly, the solvents for purification and crystal growing were
changed. The sodium salt of iron(III)-substituted POM precursor,
HsNag[Fe,(H20)2(P2W15056)2]-62H-0, (0.62 g, 0.069 mmol) was dissolved in 20
mL of deionized water. THpANO; (0.39g, 0.828 mmol) was dissolved in 25 mL
of toluene. The solutions were then mixed and vigorously stirred for 30 min. No
acid was added. Upon standing, a colorless aqueous layer and a yellow brown
organic layer separately easily. The mixture was placed in a separatory funnel
and the bottom (organic) layer was collected, transferred to a round-bottom flask
and concentrated to a thick yellow brown oil using a rotary evaporator. The
yellow brown product was redissolved a minimum amount of toluene. The

resulting solution was treated with 25 mL of anhydrous diethyl ether, which
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produced an oil-like precipitate. The precipitate was collected by centrifuge and
air dried overnight. The dried product is a yellow brown solid gel (0.78g, yield
77%). X-ray quality single crystals of the THpA salt were obtained by liquid
phase diffusion. The yellow brown solid gel of the THpA POM salt (20 mg) was
dissolved in 2 mL of toluene in a 2 mL vial. The 2 mL vial was then placed in a 15
mL vial. To the 15 mL vial was added octadecene until the octadecene level was
just above the small vial to allow for slow mixing. The 15 mL vial was then capped
and placed in a dark cabinet. Yellow needle-like crystals were obtained on the

inside wall of the small vial after three weeks.

Magnetochemical analysis

The magnetic susceptibility of 3 was recorded in the temperature interval
2 — 300 K and applied fields ranged from 0.1 to 5.0 Tesla. All data were corrected
for diamagnetic and temperature-independent paramagnetic (TIP) contributions
(the latter are significant for polyoxotungstates) that were partly derived from
tabulated values and partly from measurements on similar yet diamagnetic
polyoxotungstate compounds (ydia/mir(3) = —-2.79 x 105 cm3mol-1). All
simulations were performed using an extended version of the program CONDON
for fully isotropic Heisenberg-type exchange.’? Compound 3, measured as solid,

is ESR silent at room temperature (X-band).

X-ray Crystallography

The X-ray quality crystal of 3 was removed from the mother liquid and
quickly coated with Paratone N oil. The coated crystal was mounted on a small

fiber loop for index and intensity data collection. Because of the crystals were
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prone to cracking quickly, extra care was needed when treating the organic-
soluble crystals, especially the TBA salts obtained from chlorinated solvents. The
X-ray diffraction data were collected under a nitrogen stream at 173 K on a
Bruker D8 SMART APEX CCD single-crystal diffractometer using Mo Ko
(0.71073 A) radiation. Data collection, indexing, and initial cell refinements were
processed using the SMART8 software. Frame integration and final cell
refinements were carried out using the SAINT software. The final cell
parameters were determined from the least-squares refinement of total
reflections. The structures were determined through direct methods (SHELXS97)
for locating the tungsten atoms and difference Fourier maps (SHELXL97). The
Squeeze method was used for crystals of 4, 5 and 6 which contained large
numbers of disordered counteractions. The hydrogen atoms of the water
molecules were not located in the difference Fourier maps. The final results of

the refinement are listed in Table 6-1.



Table 6-1. Crystal data for 3-2CICH.CH.Cl-2CHCl,4

150

3

empirical formula
formula weight
space group

unit cell

volume

Z

temperature
wavelength
F(000)

0 range, deg

abs corr

no. of total reflens
no. of restraints
no. of parameters
abs. coeff

GOF

final R [1 > 2c5(1)]

final wR.P [I > 26(1)]

Ci82ClioCuyH411N110112P4 W30
10794.0 g mol-!
P2@y/m
a=19.7269(6) A
b =17.6602(5) A
c=44.2525(11) A
B=91.182(2)°
15413.5(7) A3

2

173(2)K

0.71073 A

9088

1.48 - 26.37
semi-empirical
31282

0

814

11.588 mm
1.006

0.0835

0.1904

aRy = Z||Fo| - [Fel| / Z|Fol; PwR2 = Z[W(Fo? - F2)2]/ Z[w(Fo?)2]V/2

Results and Discussion
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Synthesis

The TBA salt of the copper-substituted phosphotungstate, 3, was prepared
by an improved phase transfer method. In contrast to the general procedure in
which a stoichiometric amount of TBABr is added to the aqueous solution of the
polyoxometalate directly before the addition of organic solvent, we mixed a
solution containing a stoichiometric amount of TBA salt in an organic solvent
with an aqueous solution of the sodium salt of the polyoxometalate. The
sequence change in the initial step helps avoid the formation of insoluble
material induced by direct addition of TBA to the aqueous POM solution. The
sequence change also results in a convenient route to optimize the amount of acid
needed in the phase transfer process. Initially, with the addition of acid into the
mixture, white floccules form and disappear instantly with the vigorous stirring.
After a certain amount of acid is added, one “extra” drop of acid results in a large
amount of precipitate that does not redissolve indicating that the optimal
conditions have been reached. Absorption spectra showed the concentration of
POM in the organic layer reaches a maximum value at pH 4.6. The solution of
the crude, phase-transferred product was collected and concentrated. One
drawback of this phase transfer method is the considerable amount of excess TBA
cation present in the crude product and the less than quantitative transfer of the
POM into the organic phase. However, the excess of TBA is also inevitable in the
general literature method, and in either case the crude product must be purified
before the final analysis. In the present study, the crude product was purified by
repeated dissolving in a minimum amount of acetonitrile and then precipitation

by addition of excess water. The purified product was transferred to an
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anhydrous environment by dissolving it in a minimum amount of CH.Cl, and
then precipitating with a large amount of anhydrous diethyl ether before growing
crystals. Similar methods were applied to the preparation of the TBA salts of
cobalt- or manganese-substituted POMs and the THpA salt of iron-substituted

POM.

Previously, Pope and co-workers20-23 thoroughly studied the preparation
of transition-metal substituted POMs in anhydrous nonpolar solvents. They
reported that the THpA cation can associate with the metal-substituted POMs
resulting in phase transfer of the polyanions from aqueous solution to highly
nonpolar organic solvents such as toluene. These investigators prepared a series
of THpA salts of MXW 1,039, MX2W1,06;: and M4(XWy). (M = Mn, Ni, Cu, Co; X =
P, Si, Ge) in nonpolar solvents (benzene and toluene) by this phase transfer
method. A considerable amount of water (20-30 mol of water / mol of POM) was
found in the transferred organic layer. Further, they argued, reasonably, that the
low activity of water in highly nonpolar solutions favors dissociation of the water
molecule coordinated to the d-electron transition metal center substituted in the
POM unit. This group provided evidence from visible and EPR spectra for the
existence of unsaturated positions on the substituted d-electron-metals in the

POMs. However, no X-ray crystal structures were presented.

Previously, Finke and co-workers!® investigated the transfer of a.-
P.W;,06:(M2+-OH,)n-10 (M = Mn3+, Fes+, Co2+, Ni2+, Cu2+) from aqueous solution
to less polar organic solvents like CH:Cl. by using TBABr. Two structurally

distinct phosphorus atoms in this POM make NMR characterization possible
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even with the existence of proximal paramagnetic transition metal centers. Their
studies of this system afforded isomerically pure TBA salts of the monosubsituted
Wells-Dawson POMs as confirmed by 3'P NMR. Elemental analysis indicated
that the TBA salts of their above mono-substituted Wells-Dawson POMs each
contain exactly one extra equivalent of TBABr. This bromide was proposed to
replace the terminal aqua ligand on the d-electron transition-metal in the
polyanion. These investigators verified the existence of the bromide ligand by
absorption spectra and measured the ligand-association equilibrium constants.

Again, no X-ray structures of these hydrophobic salts were reported.

The TBA salts of POMs play an important role in studying the catalytic
properties of POMs in organic solvents. However, not many24-32
tetraalkylammonium POM structures, especially of the Well-Dawson type, have
been reported which reflects the challenges in growing diffraction-quality crystals
of many classes of these polyanion salts. The formation of gels, the rapid
cracking of efflorescent crystals after removal from the mother liquid, and the
disorder of counter-cations are some of the factors that render acquisition of X-
ray quality crystals of the TBA salts problematical. We used both liquid and gas
phase diffusion methods to grow crystals of the TBA salts in this work.
Crystalline light-green blocks of 3 were obtained by gas-phase diffusion.
Selecting the right solvents for gas phase diffusion is crucial to obtain suitable
crystals. When CH.Cl. was used as the principal solvent for the TBA salts, all the
crystals (obtained by diffusing THF or Et.O into the CH.Cl.-based mother liquid)
cracked in few minutes after removal from the mother liquid, ruining them for

crystallographic study. The fast cracking of the TBAPOM crystals is mainly
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attributed to the presence of low boiling solvents and consequent very rapid
evaporation. Several different organic solvents with higher boiling points were
tested. The results showed that the crystals obtained by diffusing CHCl; into a
CICH.CH.Cl solution of 3 are stable for at least fifteen minutes, which is

sufficient for crystal selection and mounting on the diffractometer.

The THpA salt of POM is even harder to crystallize than the TBA salt.
Both THpANO; and the THpA POM salt, 6, dissolve only in quite nonpolar
solvents like toluene and the resulting POM solutions are immisible with most of
the polar solvents, which prevent further purification. Wide spectrum tests of
different solvents found that small amounts of floccules were formed when long-
chain aliphatic hydrocarbons were added into the toluene solution of the THpA
POM salt. Based on these finding, liquid phase diffusion was used to grow
crystals instead of gas phase diffusion. The toluene solution of the THpAPOM 2
(mL) in a 2 mL vial was placed into a 15 ml vial. To the 15 mL vial was added
long-chain aliphatic hydrocarbons (decane or octadecene). The added volume of
hydrocarbon was slowly increased until it topped the small vial. After one month
a large portion of the THpA salt reformed an oil-like gel on the bottom of the
small vial; however, needle-like X-ray quality single crystals were obtained on the

inside wall of the small vial.
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Figure 6-3. Ball-and-stick representation of [Cu,(P2W15056)-]1'® (polyanion 3a of

compound 3) showing 50% probability ellipsoids and selected atomic labels.
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Structural features

The TBA salt of a copper-substituted Wells-Dawson sandwich type POM,
[(n-C4Hg)4N11:H;5[Cuy(P2aWi5056)21, 3, crystallizes in the monoclinic space group,
P2(1)/n and shows well-separated polyanions (3a), TBA cations and solvent
molecules (CICH.CH.Cl and CHCIl;). Ten of eleven TBA counterions refine
clearly and a fragment of one additional TBA is also found. The numbers of TBA
counterions exactly match that found by both elemental analysis and
thermogravimetric analysis. The polyanion, 3a, which is a conventional Walls-
Dawson sandwich structure with central  junctions,33-56 contains two equivalent
[Cu2P2W 1505618 subunits related by an inversion center (Ci symmetry; Figure
6-3). The four Cu atoms in 3a and the inversion center define a plane. Cu1 and
Cu2 have different coordination environments. Cu2 is six-coordinate center
internal to the structure and bonds to three oxygen atoms (052, O53, O56 or
0O50A, O51A, 0O56A) in each [P.W;5056]10- unit. Significantly, and distinct from
the sodium salt analogue synthesized in aqueous solution, the terminal aqua
group is absent on the two Cu(II) centers that reside in the outside positions of
the central Cu, belt. Cu1i bonds to two oxygen atoms (Os51 and 052) of
[P.Wi5056]10- on one side of the Cuy plane and three oxygen atoms (O54A, O55A,
and O56A) of [PaWi5056]'°- on the other side. BVS calculations? of the bridging
oxygen atoms (Table 6-2) reveals that four protons reside on 053, O53A, O55 and
O55A and the remaining proton is disordered between O54 and O54A. Selected
bond distances and bond angles are listed in Table 6-3. The absence of any
diffraction peak proximal to these external Cu centers confirms they are indeed

five-coordinate and coordinately unsaturated. Evidence from decades of
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investigation (synthesis, spectroscopy, X-ray diffraction and other studies) of d-
electron-transition-metal-substituted POMs (TMSPs) indicates that the d-
electron centers always bear terminal ligands with the exception of the toluene
extracted systems reported by Pope and co-workers (Katsoulis et al)20-23 We now
supply a X-ray crystallographic confirmation of coordinatively unsaturated d-
electron centers in POMs present in nonpolar environments. Note that a POM
with partially unsaturated (5-coordinate) Cu(II) centers was very recently
obtained from an aqueous reaction solution and reported by Yamase and

coworkers.13

Previously, organic-solvent-soluble POM salts (especially TBA salts) were
used during development of the catalytic aerobic oxidation systems by the Hill
group. Nitrate salts of the d-electron transition metal were used most frequently
as reactants in preparations of these POM catalysts. We propose that nitrate
could bond to the d-electron-metal in the POM and that this unit is likely
involved in catalytic turnover.'>- 12 In the phase transfer step of preparing 3,
considerable nitrate is present in the organic phase, and bonding between nitrate
and Cu atoms is not unexpected. However, the X-ray structure of 3 clearly
reveals that the external Cu(II) centers in the “belt” of the sandwich have no
terminal ligands. The strong Jahn-Teller effect exhibited by d9 Cu(II) centers
certainly explains, in part, the coordinately unsaturated Cu centers in 3. We
prepared, purified and characterized the structurally analogous Co(II)- and
Mn(II)-substituted complexes by X-ray crystallography (S1, see appendix) and
the external Co and Mn centers in both complexes bear terminal ligands.

Interestingly, the nitrate group does not coordinate to any of these complexes.
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The d7 Co(II) centers exhibit Jahn-Teller distortion but far less than do Cu(Il),

and high-spin d5 Mn(II) exhibits no Jahn-Teller distortion.

Table 6-2. Bond valence sum of selected bridge atom of 3

050
O51

O52

1.410
1.845

1.990

053
054

055

1.282

1.337

1.185

Table 6-3. Select bond distance (A) and bond angles (°) for 3

Cu1-CuiA
Cu2-Cu2A
Cu1-Cu2
Cu1-O51
Cu1-O54A
Cu1-O56A
Cu2-0O51A
Cu2-053
Cu2-056A
051-W12
053-W14
O55-W10
Cu1-CuiA
Cu2-Cu2A

Cu1-Cu2

5.532(16)
3.069(18)
3.155(15)

1.945(14)
1.942(15)
2.356(15)
2.352(14)
1.919(15)

2.015(14)
1.851(14)

2.019(14)
2.055(14)
5.532(16)
3.069(18)

3.155(15)

Cu1-O51-Cu2A
Cu1-052-Cu2
Cu2-056-Cu2A
Cu1-O52
Cu1-O55A
Cu2-0O50A
Cu2-0O52
Cu2-056
0O50-W11
052-W13
054-W15
056-P2
Cu1-O51-Cu2A
Cu1-052-Cu2

Cu2-056-Cu2A

94.6(6)
93.7(6)
98.5(6)
1.942(15)
1.938(15)
1.930(15)
2.365(16)
2.036(14)
1.955(15)
1.808(15)
1.979(15)
1.631(15)
94.6(6)
93.7(6)

98.5(6)
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Sulfoxidation of thioethers by air catalyzed by 3

Initially, Okun and coworkers 2 proposed that the mono-iron-
substituted POM, TBA;H.{Fe[H(NO;).]PW;055}, is coordinated with a nitrate
ligand which makes the POM active in the catalytic aerobic sulfoxidation and
other organic oxidation reactions. However, as noted above, the substituted a-
Keggin structure precluded use of both X-ray crystallography (positionally
disordered structures are invariably produced) and NMR for structural
confirmation.  Extensive studies with Cu- and Fe-substituted {y-SiWio}
derivatives58-7¢ conducted in media similar to those used in the catalytic aerobic
oxidation studies also failed to provide insight into the structures of the highly
reactive Cu/FePOM-NOy aerobic oxidation catalysts. Instead, multi-copper-
substituted silicopolytungstates were obtained and characterized.””:78 The latter
Cu-substituted POMs were sufficiently insoluble that investigation of their
homogenous catalytic sulfoxidation chemistry in organic solvents was not

possible.

In order to investigate the catalytic activity of 3, analogues of the “hot catalyst”
(see Chapter 3) were prepared by mixing 3 and TBAFeBry. The catalytic activities of
CEES oxidation of different combinations of the POM catalyst are recorded as
in Table 6-4. From Table 6-4 it is clear that the mixture of pure 3 with TBAFeBry, I,
has no activity in catalyzing the sulfoxidation. This is a consequence of nitrate being
absent in the system. According to the mechanism proposed in Chapter 3, without NOy
the system cannot form the direct oxidant, Br,, which makes the mixture totally inactive.

The systems contained transition metal and NOy/Br, Il and IV, are both active.



160

Interestingly, the one contained only one transition metal is more active than the one
contained both iron and copper. With the addition of nitrate group, the mixture of 3 and
TBABT4, 11, shows the best activity in catalyzing the sulfoxidation. This result indicates
that the TMSPs can facilitate sulfoxidation catalyzed by the NO,/Br systems. As such
the former can be viewed as co-catalysts. Based on our proposed mechanism for
catalytic aerobic sulfoxidation (Chapter 3), the TMSPs are likely important in the

elementary processes involving formation and regeneration of bromine.

Magnetic properties

The observed magnetism of 3 indicates medium antiferromagnetic
intramolecular exchange between the four Jahn-Teller-distorted s = 1/2 Cu(II)
centers. The exchange, mediated by bridging oxo groups, primarily proceeds
through the ligands binding to the equatorial coordination sites of the Cu centers
since their magnetic orbitals are primarily of 3dx2-y2 character. Therefore, the
exchange pathways in 3 can be grouped into three classes (Figure 6-4): (1)
significant exchange via two us-O centers (056/056A) bridging Cu2 and Cu2A
(Cu---Cu: 3.07 A; Cu-O-Cu: 98.5°); (2) weak exchange via p3-O centers (051, 052,
056 and symmetry equivalents) that interlink all four Cu centers in the Cu, ring
and assume both axial and equatorial coordination sites (Cu---Cu: 3.16 A); and (3)
very weak exchange between the distal Cu centers (Cu1/Cu1A) mediated by —O-
W-O-P-O- pathways (Cu--Cu: 5.53 A). Using an isotropic Heisenberg-type
exchange, Hamiltonian H = —J,S,-Soa — J2(Si-S2 + SiSoa + SiaSo + Sia-Son) —
J3S1-Sia augmented by a Zeeman operator, both the low-field susceptibility and

the field-dependence of the susceptibility at 2.0 K are best described for J;, = —
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10.05 cm, J, = —2.08 cm, J3 = —0.41 cm}, and g = 2.23 (Figure 6-5), in line
with the expected coupling strengths. This concurrent fitting approach avoids
overparametrization issues, contrary for example to a least squares fit to the
temperature dependence of the molar susceptibility, ym, for only a single applied
field Bo. The increased g factor is common for Cu(II) complexes and results from
an admixture of higher terms with orbital momenta to the 2E; ground state for
Cu(II) in cubic and tetragonally distorted ligand fields. We compare the recently
published [Cu,(GeWy0s3,4)2]12- polyanion!3 that features a similar pattern of an
enlongated Cu, rhombus with two ‘external’ 5-coordinate Cu(II) centers (Cu---Cu:
3.11 A) and two ‘internal’ 6-coordinate Cu(II) centers (equivalent to Cu2/Cu2A;
Cu--Cu: 5.36 A). Note that the connectivity of the Cu 014 core in both 3 and
[Cuy(GeWy0s34)-]12 are identical, However, due to the geometric differences in
bond lengths and angles the coupling parameters J;-; for 3 differ markedly from
the reported values for [Cuy(GeW¢Os34)21'2 (J1 = -49.6 cm™, J> = -12.1 cm?, J3 =
+0.02 cmfor the spin Hamilton adopted above). Note that for both
[Cuy(GeWy0sy)2]12- as well as its derivative containing two additional terminal
H.O ligands (completing the octahedral coordination environments of all four Cu
centers) relatively high g factors are found (2.18 and 2.24, respectively) that

compare well with the g value for 3.



Table 6-4.

acetonitrile catalyzed by analogues or components of the “hot catalyst” .
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Aerobic oxidation of 2-chloroethyl ethyl sulfide (CEES) in

Catalyst combinations | [catalyst](mg) ([rIr)l(r)nl\c/)Il]) (Erljrgg%) co(ﬁv.
3/TBAFeBr, 2 100 0.0046 0] 0]
3/TBAFeBr, /TBANO;b 121 0.0046 0.069 84
TBAFeBr,/Cu(NO;). © 57 0 0.069 47
TBAFeBr,/TBANO; d 71 0 0.069 72

General conditions: 50 mg (0.081 mmol) of TBAFeBr, (0.324 mmol of Br-) was used in

each sample, 0.875 mmol (0.35 M) of CEES, catalyst (quantity given in column 2,

estimated amount of POM given in column 3), 1 atm of air, 0.876 mmol (0.35 M) of 1,3-

dichlorobenzene (internal standard) were stirred in 2.5 mL of acetonitrile at 25 °C for

16.5 h in the 20-mL vial; 2 50 mg of each; » 50 mg of 3, 21 mg of TBANO,; ¢ 6.5 mg of

Cu(NOs).; 9 21 mg of TBANOs.
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Figure 6-4. Coordination environments of the central Cu(II), group in 3 with
atom numbers of positions primarily involved in magnetic exchange (Cu: large
grey circles, O: small black circles). Bonds to equatorial ligand positions are

highlighted in dark grey. Dotted bond lines indicate bonds to the two proximal P
centers of the {P.W,5} groups.
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Figure 6-5. Temperature dependence of ymT for 3 at 0.1 Tesla (2.0 K< T < 300
K). Inset: ym of 3 as a function of the applied field B, at 2.0 K, illustrating
saturation effects. Experimental data: open circles, least squares fit to the

employed model (see text): blue line.
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Conclusions

Four organic-solvent-soluble d-electron-transition metal-substituted
derivatives of the tri-vacant POM, [a-P.Wi5056]'2-, have been prepared by phase
transfer methods. By using Na;.[a-P.Wi5056]+18H.0 as a precursor and gas or
liquid phase diffusion techniques, the Cuy, Cos, Mn, and Fe, complexes have all
yielded disorder-free X-ray crystal structures. All the polyanions in these
hydrophobic POM salts exhibit the conventional Wells-Dawson sandwich
structure. Interestingly the external Cu(II) centers in the central “belt” of the
Cuy-substituted  compound, [(n-C4H),N1i:Hs[Cuy(PaWi5056)2], 3, are
coordinatively unsaturated. In contrast, the external Co, Mn and Fe centers in
the structurally analogous Cos-, Mny- and Fe4-substituted complexes do have
terminal aqua ligands. The temperature-dependent magnetism of 3 indicates
medium-strength antiferromagnetic intramolecular exchange between the four
Jahn-Teller-distorted s = 1/2 Cu(II) centers mediated by bridging oxo groups, the
exchange proceeds primarily through the ligands binding to the equatorial
coordination sites of the Cu centers. Significantly, there is no evidence from
crystallographic or solution studies that nitrate binds competitively with the
acetonitrile solvent molecules to the external Cu(II) centers in 3. The nitrate-free
crystals of 3 dissolved in acetonitrile, the principal solvent used in published
studies of aerobic organic oxidations catalyzed by Cu(II)- or Fe(III)-POM/nitrate
systems, show no catalytic activity implicating a central role for nitrate or related
NOx ligands, at least in the most active such catalysts to date, which like 3,

contain Cu(II) as the only d-electron-metal center.
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Appendix

S1. Combined polyhedral / ball-and-stick representations of the X-ray structures
of (a) TBAXH16-X[CO4(H20)2(P2W15O56)2], and (b) TBAXH16-
X[Mn4(H20)2(P2W15056)2]
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