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Abstract
Developing Oxidation Catalysts, Understanding Mechanisms of
Polyoxometalate-based Oxidations, and Systems for Color-Change
Detection Technology
By Daniel A. Hillesheim

Transition-metal anionic clusters are studied for green oxidation catalysis.
Particular attention is paid to understanding the active catalytic species and the
mechanism of the reaction. The O.-based oxidation of propane thiol by a gelating
nonporous material is presented. The catalytic conversion 2-chloroethyl ethyl
sulfide to the corresponding sulfoxide is presented for
Ag>[(CH3C(CH20)3)-V60i13] and a [Fe(H-0)PW1;,039]4- based material. A series of
catalytic systems were developed and explored in an attempt to determine the
key intermediate in the rapid and selective catalytic aerobic oxidation of sulfides
to sulfoxides by nitrogen oxides and bromide Sources of nitrogen oxides and
bromide anion were critical to catalysis. The tetra-n-butylammonium salt of [y-
SiW10032(OH),4]4 was shown to be the precursor of an active species that
catalyzes oxygen transfer from aqueous H.O- to olefins. An acid dependent H.O.-
based reaction generates the active catalyst in solution via decomposition. A
catalyst assembled in situ from monomeric components (TBA.WO,, HClO,)
exhibits similar properties. The work presented herein continues the pursuit to
isolate and characterize palladium and platinum-oxo units stabilized by
polyoxometalate ligands. The development, characterization and optimization of
a readily deployable color-change detection sensor for the chemical warfare agent

mustard is also described.
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headspace was monitored via digital manometer and plotted as mmol/2 of O.
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actually present at low concentrations due to peak tailing. Coincident curves
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Figure 1. Oxidation of CEES (0.5 M) to CEESO catalyzed by nitrate (8 mM
TBANO;) / proton (42 mM p-TsOH) / bromide (8 mM TBABr) systems in
acetonitrile at 30 °C and 1 atm O.. Conversion (%) is calculated from the ratio of
CEES to CEESO. The reactions when the following additional components are
added to the reference catalytic system above (o) are shown: (m) plus 3.6 mM
TBA,Fe(H.O)PW;,04, () plus TBAsFe(H-0)SiW1,05q, (®) plus
TBAsCu(H20)SiW1,039, (A) plus CuClOy, (dashed line) reference system with no

bromide, no POM.

Figure 2. Oxidation of CEES to CEESO by NOy/Br system with different initial
ratios of nitrosonium to bromide. Conversion (%) is calculated from the ratio of
CEES to CEESO. Red: 5.0 mM NOPFs, 2.5 mM TBABr; Blue: 5.0 mM NOPFs, 5.0
mM TBABr; Green: 5.0 mM NOPFs, 7.5 mM TBABT; : 5.0 mM NOPFs, 10
mM TBABr; Black: 5.0 mM NOPFs, 20 mM TBABr. Conditions: 3 mL
acetonitrile, 30 °C, 1 atm O., 100 pL. CEES (0.86 mmoles, 286 mM), 100 uL 1,3-

dichlorobenzene (DCB, 0.88 mmoles, 292 mM, internal standard).

Figure 3. Effects of aging and drying on NO/Br system. Conversion (%) is
calculated from the ratio of CEES to CEESO. (e) Fresh 2.5 mM NOPFs, 5.0 mM
TBABr; (1) 2.5 mM NOPFs, 5.0 mM TBABr aged in acetonitrile; ([J) 2.5 mM
NOPFs, 5.0 mM TBABr dried then reconstituted. Conditions: 3 mL of
acetonitrile, 30 °C, 1 atm O., 100 pL. CEES (0.86 mmoles, 286 mM), 100 uL 1,3-

dichlorobenzene (DCB, 0.88 mmoles, 292 mM, internal standard).



Figure 4. UV-Visible absorption spectra of various NOx/Br systems. Blue: 0.05
mM NOPFs, 0.1 mM TBABr; Red: 0.05 mM TBANO., 0.1 mM TBABr, 0.1 mM p-
TsOH; Black: 0.05 mM TBANO;, 0.1 mM TBABr, 0.1 mM p-TsOH, fresh; Green:

0.05 mM TBANO;, 0.1 mM TBABr, 0.1 mM p-TsOH, aged.

Figure 5. Dependence of stoichiometric reaction rate constant on TBABr
concentration. Conditions: 0.5 mM TBANO.; 4 mM p-TsOH; 202 mM CEES; 45

°C; Argon.
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CEES. Conditions: 0.5 mM TBANO,; 2.0 mM TBABr; 2.0 mM p-TsOH; 45 °C;

Argon.

Figure 77. Effect of the addition of acid to NOPFs / TBABr system. Conversion
(%) is calculated from the ratio of CEES to CEESO. Blue: 5.0 mM NOPFs, 10 mM
TBABr; Red: 5.0 mM NOPFs, 10 mM TBABr, 10 mM p-TsOH. Conditions: 3 mL
acetonitrile, room temperature, 1 atm O, 100uL CEES (0.86 mmoles, 286 mM),

100 pL DCB (0.88 mmoles, 292 mM).

Figure 8. Dependence of reaction rate constant k for aerobic CEES oxidation on
p-TsOH concentration. For each mole of acid added one mole of water was also
introduced since the p-TsOH used was the monohydrate from. Conditions: 0.5

mM TBANO.; 2.0 mM TBABTr; 45 °C; Argon.

Figure 9. Effects of different nitrogen oxide sources on the catalytic conversion
of CEES to CEESO by the NOy/Br system. : 2.5 mM NOPFs, 5.0 mM

TBABT; Blue: 2.5 mM TBANO,, 5.0 mM TBABr, 5.0 mM p-TsOH; Red: 2.5 mM



TBANO;, 5.0 mM TBABr, 5 mM p-TsOH aged 12 hours. Conditions: 3 mL
acetonitrile, 40 °C, 1 atm O,, 100 uL CEES (0.86 mmoles, 286 mM), 100 uL. DCB

(0.88 mmoles, 292 mM).

Figure 10. Effects of different transition-metal halides as sources of bromide on
the catalytic conversion of CEES to CEESO by the NOy/Br system. Conversion
(%) is calculated from the ratio of CEES to CEESO. : 2.5 mM TBANOs, 2.5
mM CuBr:, 10 mM p-TsOH; Blue: 2.5mM TBANO;, 2.5 mM NiBr., 5.0 mM p-
TsOH; Red: 2.5 mM NOPFg, 2.5 mM NiBr., 10 mM p-TsOH; Green: 2.5 mM
TBANO,, 2.5 mM CuBr., 10 mM p-TsOH; Black: 2.5 mM TBANO;, 1.3 mM
TBAFeBr,;, 10 mM p-TsOH. Conditions: 3 mL acetonitrile, 100 uL. CEES (0.86
mmoles, 286 mM), 100 uL. DCB (0.88 mmoles, 292 mM), 1 atm O., room

temperature.

Figure 11. Effects of different transition-metal halide combinations as sources
of bromide on the catalytic conversion of CEES to CEESO by the NOy/Br system.
(Red M): 1.0 mM Cu(NOs;),, 1.0 mM TBAFeBr,, 2.0 mM, p-TsOH; (Blue l): 0.67
mM Fe(NO3)3, 1.0 mM CuBr., 2.0 mM p-TsOH; (Red [1): 1.0 mM Cu(NOs)-, 1.0
mM TBAFeBr,; (Blue [1): 0.67 mM Fe(NOs);, 2.0 mM CuBr,; Black x: 2.0 mM
TBANOs, 1.0 TBAFeBr,, 2.0 mM p-TsOH; (Black ©): 0.67 Fe(NO-)3;, 4.0 mM
TBABr, 2.0 mM p-TsOH; (Green x): 2.0 mM TBANO;, 2.0 CuBr,, 2.0 mM p-
TsOH; (Green ©): 1.0 mM Cu(NOj)., 4.0 mM TBABr, 2.0 mM p-TsOH.
Conditions: 3 mL acetonitrile, 1 atm O, 40 °C, 50 uL tetrahydrothiophene (THT,

0.57 mmoles, 189 mM), 50 uL. DCB (0.38 mmoles, 128 mM).



Figure 12. Proposed catalytic cycle for the conversion of sulfides to sulfoxides

by N204.



Chapter Three
Figure 1. Ball and stick model of [y-SiW,0034]4. Tungsten in grey, oxygen in

red, silicon in purple.

Figure 2. Aqueous titration of [y-SiW;0036]8. The inset curves show
reversibility, while the larger curve, obtained by extended exposure to acidic

conditions, does not.

Figure 3. Typical gas chromatography trace. The cis and trans isomers of
limonene oxide were distinguishable for both expoxide locations. Retention

times in minutes are given for the respective peaks.

Figure 4. Kinetics of cis-cyclooctene epoxidation by hydrogen peroxide

catalyzed by different tungsten-containing species: (O) 1.4 mM 1; (@) 0.84 mM

TBA-WO, and 2.2 mM HCIO,. Conditions: 365 mM cis-cyclooctene, 135 mM

H.0., ca. 0.25 M H-0, 40.5 °C, acetonitrile.

Figure 5. Effects of addition of monomeric tungstate and acid on the activity of

1: (o) no additions; (A) with both 0.24 mM TBA;WO, and 0.4 mM HCIO,; (x)

with 0.4 mM HCIlO,; (o) with 0.24 mM TBA.WO, only. Conditions: 365 mM cis-

cyclooctene, 90 mM H.0., 1.2 mM 1, ca. 0.15 M H-0, 40.5 °C, CH;CN.

Figure 6. FT-IR of materials recovered after cis-cyclooctene epoxidation. 1

(blue); 1/TBA.WO,/HCIO, (black).

Figure 7. Changes in UV-vis spectra of a catalytic solution under reaction

conditions. Conditions: 365 mM cis-cyclooctene, 90 mM H.O., 1.2 mM 1, ca.



0.15 M H.0, 40.5 °C, CH3CN, 0.1 mL solution were withdrawn and added to 3 mL

CH,5CN. Reaction time: 0, 2, 3, 4 and 6 hrs.

Figure S1. TGA plot of 1. No loosely bound water molecules were observed.
Figure S2. TGA plot of 1. No loosely bound water molecules were observed.

The anomaly at ~340 °C is attributed to explosive decomposition of the peroxide.

Figure S3. Acidification of monmeric tungstate. (0) TBA.WO,; (1) Na,WO,.

No reversibility of the protonation was observed upon addition of base.

Figure S4. FT-IR spectra of Ksg[y-SiWi0036] (black) and 1 (red) as isolated

without recrystallization.

Figure S5. FT-IR spectra of 1 as isolated without recrystalization (red), 1 after
one recrystalization (yellow), and 1 after two recrystalizations (blue). The black

arrows indicate areas of most significant change.

Figure S6. FT-IR spectra of 1 after two recrystalizations (blue) and 2 as isolated

from the reaction vessel by precipitation (green).



Chapter Four

Figure 1. Comparison of the infrared spectra of
“(guanidinium)g[SiPtoW10040]+2H.0” ({SiPtaWio}; red spectrum),
(guanidinium)g[a-SiW:039]  ({SiWu}; black spectrum on left), and
(guanidinium)4[a-SiW12040] ({SiWio}; black spectrum on right) in the spectral

range relevant to metal oxygen vibrational modes.

Figure 2. Polyhedral representation of {O=PdP.W,s}. The belt tungsten atoms
are shown in ball-and-stick mode to accentuate the overlap of Pd and W (~20%
Pd, 80% W present, as determined by X-ray crystallography). Tungsten
octahedra in grey, phosphorus tetrahedra in blue, and palladium in light blue.

Bound waters omitted for clarity.

Figure 3. Polyhedral representation of {PdPhSnP.W,}. Some atoms in the belt
are shown in ball-and-stick mode to clarify positions. Tungsten octahedra are in
grey, phosphorus tetrahedral are in blue, tin is a white sphere, and palladium is
an aquamarine sphere. Bound waters, including one trans to the phenyl ring on

the tin, are atom omitted for clarity.

Figure 4. Polyhedral representation of {O=PdPhSnP.W} as seen from the
crystallographically imposed C- axis. Some atoms in the belt are shown in ball-
and-stick mode to clarify positions and accentuate the Pd/W positional disorder.
Tungsten octahedra are in grey, phosphorus tetrahedral are in blue, the tin is a
white sphere, and the palladium is an aquamarine sphere. Bound waters

including one trans to the phenyl ring on the tin are atom hidden for clarity.
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Chapter Two

Table 1. Homogeneous Air-Based Oxidation of CEES? General conditions: 0.35
M of 2-chloroethyl ethyl sulfide (CEES), catalyst (given in column 2), 1 atm of air,
1,3-dichlorobenzene (internal standard) in 2.3 mL of acetonitrile at 25 °C for 40 h
in a 20-mL vial. P conversion = (mol of CEES consumed / mol of initial CEES) x
100; ¢turnover number = (moles of CEESO / moles of catalyst); 4 NOxFePW;; =
[FelITH(ONO-)2]PW1,039]5*HNOs. ¢ In the presence of 6.0 mM of TBANO; and
8.0 mM of p-TsOH (equivalent to concentrations in NOFePWy;). f In the
presence of 8.0 mM of p-TsOH (equivalent to concentrations in

TBA3;H.NOxFePW,,). ¢ In the presence of 20 mM 2,6-di-t-butylpyridine.

Table 2. Conversion of CEES to CEESO by catalytic systems with varying NO*
counterions 2 5 mM NOPFs, 10 mM X-, 3 mL acetonitrile, 1 atm O., room
temperature, 100 uL. CEES; P percent of sulfide converted to sulfoxide after 1
hour; ¢ turnover number = (moles of sulfide / moles of -catalyst); d

tetraheptylammonium; ¢ (dodecyldimethyl-2-phenoxyethyl)ammonium.
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Abstract

The catalytic oxidative properties of inorganic compounds and inorganic-
organic hybrid materials are presented. The reactivity of a gelating nonporous
material based on a tris-triol amide linker and the hexavanadate isopolyanion
toward the room temperature O.-based oxidation of propane thiol was studied in
detail. In order to expand the knowledge of this class of gelating nonporous
materials the synthesis of a series of hybrid inorganic-organic materials all
containing similar organic linkers, 4-{2-{3,5-bis[2-(4-carboxyphenyl)-1-
ethynyl]phenyl}-1-ethynyl}benzoate  derivatives, with varying inorganic
components based on the initial gelating nonporous material was attempted. The
catalytic conversion of the mustard (HD) simulant 2-chloroethyl ethyl sulfide
(CEES) to the corresponding sulfoxide is presented for two unique systems:
Ags[(CH3C(CH20)3)2V6013] and a [Fe(H.O)PW1,059]4- based material. The last
part of the paper details the development, characterization and optimization of a
readily deployable color-change detection sensor for the chemical warfare agent

mustard.



Introduction

General polyoxometalate properties

Transition metal oxygen-anion clusters (polyoxometalates or “POMs”)

have been explored for their diverse chemical, structural, electronic, catalytic,

and magnetic properties. POMs are discrete molecules formed by the assembly

of d° metals such as VV, NbV, TaV, Mo'!, W'I and others. The individual metals

are surrounded by 5 or 6 oxo anions that can be shared with neighboring MOx

units. As the number of p-oxo linkages increases via condensation, corner, edge,

and face sharing of oxo anions is possible, as per
Figure 1. Collections of MOx units eventually reach a
point where coulombic repulsion truncates further
aggregation. Polymer formation is prevented as
metal-metal repulsion causes the M-O bond distance
to shorten and become double-bond like.r9 The
assembly of MOx units and the composition of the
POM can be controlled mainly by stoichiometry, pH,
and the choice of metals. Control of the reaction
conditions can lead to a wide variety of functional
characteristics associated with the individual
structural and compositional variations of the

POMs.7

POMs are oxidatively and thermally stable

while being extremely modifiable. Some classes of
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POMs are also hydrolytically stable in specific pH ranges.# 5 1© Despite the
overall negative charge of POM species, the oxidized clusters are generally
electron acceptors and can exhibit a wide variety of redox reactions. Changes in a
POM’s oxidation state are rarely accompanied by changes in the overall structure
of the cluster; yet more evidence for the overall stability of POMs.1* Certain POM
catalysts are also “dynamically stable” and can exist in equilibrium under
turnover conditions. This property can be employed to produce POM structures
in dynamic equilibrium that are active catalyst.’214 These properties have
allowed POM-based catalysts to be deployed in several commercial processes
involving homogeneous and heterogeneous acids under oxidative conditons.”- 15
18, The facile tuneablity of reactive properties combined with the oxidative
stability of POMs make them ideal candidates for incorporation into functional

multi-component materials.

Inorganic-organic hybrid and metal-organic framework materials

The synthesis of hybrid inorganic-organic materials has long been a goal
for materials scientists. The marriage of inorganic substrates, their varied and
controllable activities, with the easily tunable characteristics of organic
compounds is collectively promising for creating functional materials. Herein the
synthesis, characterization, and identification of the properties of two groups of
inorganic-organic hybrid materials synthesized from the same inorganic subunit,
[V6019]8, is detailed. Both compounds utilizes a polyoxometalate-based unit, a
bis(triester)hexavanadate, as the inorganic component, covalently bonded to the

organic component through ester bonds.



In order to take advantage of the tunable properties of POMs it is critical
to identify procedures by which these clusters can be successfully integrated into
functional hybrid inorganic-organic materials. Identification of the connectivity
between the POM and the organic portions of the material leads to two broad
generalizations. In the first class of such materials, the POM subunits are weakly
bound to the organic substrate. Electrochemical and electro-optical polymers
with imbedded POMs,9: 20 alternating layered films,2-24 and POMs suspended in
Sol-Gel matrixes25-27 are good examples of this class of hybrid material. Materials
formed of POMs covalently bonded to organic linkers form a second broad class.
Class II compounds bearing V-O-C28 linkages can be synthesized by surface
modification, wherein the POM is functionalized after assembly29 or, as in the
case of the NH,C(CH.0)3VsO.3, prepared in situ.3° Either preparation method
can be used with the proper organic linkers to synthesize a variety of network

polymeric inorganic-organic hybrid materials.

The minimal surface functionality of an inorganic component in a
polymeric hybrid material must be two if the inorganic unit is to be incorporated
as a building unit, and not just attached to a side chain of the polymer backbone.
Prediction of the resultant material is dependant upon well-defined functional
sites. Because of their tunable characteristics, and their relative ease of synthesis,
POMs with the proper surface modifications are ideal candidates for use as
secondary building units (SBUs); however certain limitations can arise. For
example the Keggin3' type POM (general formula [XM;2040]™, €.g. [PW12040]3")

can be functionalized by one of two methods: substitution of one or more d°



metal centers with another transition metal or substitution of one of the terminal
oxo groups with another ligand. d-Metal substitution of two positions often
results in a mixture of inseparable isomers32-36, and is therefore not an acceptable

method for reticular synthesis.

The Vs unit (general term for the hexavanadate group, “VsO.”) is a
particularly useful synthon for the rational development of functional hybrid
inorganic-organic materials. The bis-capped Vs unit is bifunctional, meaning it
can be modified with organic groups in two locations, namely the three bridging
oxygen atoms between the vanadium ions on the opposite faces of the complex.
The degree of functionality (number of attachment points) of the organic linker
determines the overall network topology of the material because the degree of
functionality of the inorganic component is fixed as two for Vs. An organic
compound with only one triol group of the type RC(CH.OH); will result in
monomeric bis-capped Vs POM compounds. Expansion of the functionality of
the organic linker from 1 to 2, 3, or 4 allows for the possibility to synthesize rods,

2-D arrays, and 3-D lattices respectively (see Figure 2).
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Figure 2. Increasing functionality of the organic linker leads to increasing

dimensionality of the material.9

Directed control of the product hybrid material based on careful choice of
organic and inorganic components is the basic concept of reticular synthesis.
This method, applicable to organic-POM functional materials, was developed by
Yaghi when referring to the design of coordination polymers.s? The term
coordination polymer refers to hybrid inorganic-organic materials wherein metal
ions serve as bridges between organic linkers.3®¢ Often encountered linker
functionalities bridging d-block transition metals are nitriles,39-43 amines,44-46
pyridines,42 4754 and carboxylates.556° A few examples of lanthanide based

metal-organic frameworks also exist.61-64



Metal-organic framework (MOF) materials are often porous. Structurally,
MOFs have been compared to zeolite materials. Figure 3 shows a typical MOF as
reported by Yaghi et al.37 Rigid linkers (organic), meet at precise angles and in
well defined bonding schemes at the inorganic metal centers. Well defined and
rigid secondary building units (hereafter SBUs) are critical to properly predict
and control the 3-D structure of the MOF. Strong covalent metal-organic bonds
ensure the stability of the system to stresses such as heat and evacuation.29
MOFs can be classified by their increasing dimensionality. Zero dimensional
materials are characterized by completely enclosed cavities.  As the
dimensionality increases channels, layers, and networks of intersecting channels

are observed.®5

MOFs characterized by networks of intersecting channels, a fully 3D

Figure 3. A typical MOF structure a, shown as ZnO, tetrahedra (blue
polyhedra) joined by benzene dicarboxylate linkers (O, red and C, black) to give
an extended 3D cubic framework b, An extended representation of the structure
(OZn,4)O0s2 clusters (red truncated tetrahedron) and benzene dicarboxylate (BDC)

ion (blue slats).37



framework, are of particular interest in gas storage and catalytic applications.
MOFs of the type shown in Figure 3 are capable of withstanding evacuation of the
guest molecules contained in the spaces without the subsequent collapse of the
structure.3” Guest molecules can also be exchanged, such that the initial solvent
molecules are replaced with the molecules of interest such as methane and
hydrogen gas.®¢-68 The material Zn,0(1,4-benzenedicarboxylate) has been shown
to adsorb up to 17.2 hydrogen molecules per formula unit at 78 Kelvin.67? Many
MOFs comprised mainly of Zn, Cu, Tb, Eu, La, and Ni as the metal joint and
varying di, tri, and tetra carboxylates as the organic ligands, demonstrate large

surface areas and structural integrity over a wide range of conditions.63. 69-81

A few MOFs have also been reported to show catalytic activity. The 2D
MOF [CdY(4,4-bipyridine)2)] was shown to catalyze the cyanosilylation of
aldehydes2 and the MOF reported by Han et. al. was shown to catalyze thiol
oxidation.®4 Recently reported MOFs have been constructed of organic linkers
that contain Lewis basic coordination sites within the walls of the compound.
These polydentate Lewis basic sites are then filled with transition metals that
often display open coordination sites. The possibility exits for accessing various

catalytic functionalities by varying the coordinated metal.65: 8384

The hexavanadate unit

The particular POM explored herein to produce MOF-like inorganic-
organic hybrid materials was first reported by Zubieta and coworkers; they
subsequently explored a variety of synthetic methods and reported several crystal

structures (Figure 4).28 8591 Control of the synthetic conditions allowed for
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Figure 4. Ball and stick
representation of the bis(triester)
capped V0,3 unit. Vanadium in green,
oxygen in red, carbon in black,

hydrogen omitted for clarity.85

assembly of the bis(triester)hexavanadate unit [(RC(CH20)3)-V6013]>" (hereafter
bis-capped Vs, R = organic ligand). The bis-capped Vs precursor H3Vi00.83" is
synthesized by acid titration of the simple metal source sodium orthovanadate.92
Equation 1 shows the balanced reaction of organic triols that leads to the self
assembly of the thermodynamically favorable and hydrolytically stable triester

chelate bis-capped Vs shown in Figure 4.28 29. 87. 93 Tri-esters of this type are

8 [(n—C4H9)4N]3[H3V10028] + 18 (HOCH2)3CR > (1)

9 [(n-C4Ho)4N]2[V6015{(OCH,)5CR}2] + 2 [(n-C4Hy)4N]o[Vi3034] + 39 H20
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notably stable to hydrolysis.87. 93, 94

The bis-capped Vs POM itself has rich redox chemistry and undergoes
color changes upon reduction. A series of e- transfers, along with the
accompanying color change, was observed by isolation and characterization of
the reduced forms. The reduced 2e-, 3e-, 4e, and 6e- forms have been reported
and evidence shows that certain organic molecules can act as the reductant.
Furthermore, vanadium containing POMs have been reported to be active
oxidation catalysts. Green oxidants such as H.O. and O. will reoxidize the Vs
POM unit to produce a catalytic cycle. Bis-capped Vs compounds have been
shown to catalyze the air-based oxidation of thiols to the corresponding disulfides

at room temperature. 9- 2987, 93,94

Further attempts to identify suitable sulfoxidation catalysts led us to
explore the bis(triester)hexavanadate POM Equation 1 shows the balanced
reaction of organic triols that leads to the self assembly of the thermodynamically
favorable and hydrolytically stable triester chelate bis-capped Vs shown in Figure
4.28 29, 87, 93 We report herein that bis-capped Vs units will also catalyze

oxidations of sulfides with accompanying color change.95

Idealized POM catalysis

The Vs unit presents a case study for the general method of designing and
identifying POMs for oxidation catalysis. Figure 5 illustrates the general scheme.
A POM in an oxidized rest state becomes reduced by a target molecule. In

reduced POMs the d: electrons are delocalized and often produce dramatic colors
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substrate

« pollutants
(environment)

« toxins (protection)

» biological targets
(medical applications)

tunable

"

selective ——)

1/2 02

POM,ed oxidized product
Figure 5. Idealized scheme for POM-based oxidation catalysis. Tuning the
POM’s redox properties to match the redox potential of the target compound is

only half of the cycle; ensuring that the oxidant (ideally O.) is able to reoxidize

the catalyst is equally important.

as a result of very intense intervalence charge transfer (IVCT) transitions. This
reduced POM is then reoxidized to complete the cycle.1t: 96-98 The success of this
method depends on controlling the redox potential of the POM (via metal
substitutions, changes charge density, varying the counterions, etc). The POM
catalyst can also facilitate oxygen transfer. Instead of accepting an electron from
the target the POM, the POM can bind or activate the oxidant (molecular oxygen,
peroxide, etc), which then oxidizes the target.99-103 Often it is helpful to separate
the steps (POM reduction from POM reoxidation), testing order to identify
stoichiometric oxidation of a target before focusing on reoxidizing the POM with
an oxidant. Choosing the right target substrate to match the correct POM is also

important.
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Oxidation of sulfides, thiols, chemical warfare agents and odorous compounds
The selective aerobic oxidation of sulfides to sulfoxides has been of
considerable interest for some time.194106  Chemical warfare agents, including
mustard (HD, Equation 2) and VX as well as more commonly encountered toxic
chemicals such as aldehydes, sulfur compounds, and nitrogen compounds are
potential targets for oxidative decontamination by reaction with 0,.107-109,
Mustard is not very reactive to oxidation (from electrophilic oxidants such as
POMs), particularly when compared to other thioethers,© such as

tetrahydrothiophene.110-112

Catalytic systems for O.-based oxidations under mild conditions remain of
considerable intellectual and practical interest.'s 13-116 Those that function with
air under ambient conditions are even more problematical to design and realize
but have potential value not only in selective homogeneous catalytic oxidation
(production of specialty chemicals, etc.) but also in nascent technologies
including coatings, fabrics and other materials that catalyze air-based oxidative
removal or decontamination of air pollutants, chemical warfare agents and other

undesirable species.117 118

The chemical warfare agent (CWA) mustard, bis(2-chloroethyl)sulfide or

al al
al al NN\
NN+ 1,0, — (ﬁ)

mustard (HD) mustard sulfoxide (HDO)
(toxic vesicant) (far less toxic than HD)

(2)
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HD, was first used on the battle field in 1917. Since that time stockpiles of the
material have been amassed and the compound remains a threat, both on the
conventional battlefield and in unconventional theaters. The Chemical Weapons
Convention (CWC) of 1997 seeks to eliminate all global stockpiles of chemical
weapons. As of December 2002 the Organization for the Prohibition of Chemical
Weapons (OPCW), charged with monitoring the progress of the CWC, reports a
total combined world wide stockpile of over 3,800 metric tons of HD.19 HD is a
persistent chemical agent and harmful quantities of the vaporized agent can be
encountered several days after initial deployment. HD is a vesicant and attacks

the eyes, skin and mucous membranes. 120

It has been shown that mustard is amenable to decontamination by
oxidation.?o7 Ideally such a process would be catalytic, operate under ambient
conditions (~25 °C, air) and produce only non-toxic products. Ceric ammonium
sulfate 12t and gold(I1I) nitrate complexes!05. 115. 122 were previously the best sulfide
oxidation catalyts,'23 but these suffered from limitations of stringent conditions
and expensive catalyst materials. For mustard the sulfoxide is significantly less
toxic than the parent sulfide and so makes an attractive decontamination
target.124. 125 Selectivity and control of the oxidation reaction are of utmost
importance as the sulfone (double oxidation) is far more toxic than the sulfoxide,

although less toxic that the parent sulfide, HD.120

Sulfoxidation catalysts that operate under mild conditions (O:/air, room
temperature) are a topic of considerable interest. Several groups, including ours,

have developed systems that can perform the decontamination reaction detailed
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identification are only two of the many requirements for the design of effective

testing strips.

in Equation 2.105. 115, 117, 118, 122, 126131 T date we have reported the most effective
catalysts, which the data suggest contain a hydrogen dinitrate group associated
with a d-electron-substituted polyoxometalate (POM), Fel'l[H(ONO.)>]PW1:034]5
. The oxygen consumption study of this system is presented here. Furthermore a
model system containing [Fe(H.O)PW,,05]4- was explored and the results are

given herein.

Paper-based CWA detection

In addition to decontamination of bulk quantities of HD, detection of this
harmful agent in an operational environment is critically important. Currently
the most widely used field detection technology are the M8 and Mg paper
detectors (Figure 6). These materials contain reactive dyes that change color

when exposed to CWAs. The technology is attractive for its ease of use and
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transportability, but suffers from several major shortcomings. Namely, detector
selectivity is quite poor and both M8 and Mg papers produce false positives when
exposed to non-toxic agents such as oil, insecticides, solvent, fuel or other non-
hazardous petroleum products. Some evidence has also been reported of false
negatives, wherein the detector papers failed to give a response to a known CWA.
Our goal is to develop a material that can overcome the selectivity concerns of the
current technology while still maintaining the positive aspects of ease of use and

transportability.132

Herein we show demonstrate a HD color-change detection system,
deployed on a cellulosic support. The copper-bromide system undergoes rapid
color-change upon exposure to the HD simulant CEES. The system is resistant to
chemical interferents, does not give false positives and maintains a reasonable

degree of color change response.

Experimental
Materials

All chemicals were commercially available reagent grade and used as
received from commercial sources unless otherwise specified. All solvents were
at least reagent grade and were used without further purification. The
isopolyvanadates [(n-C4Hg)4N]5[H5V10028]92 and [(n-
(C4H)4N]2[(CH3C(CH20)3)2V6013]85 were prepared according to literature
procedures. The polyoxometalate Fe(H.O)PW;;0394- was synthesized as the

tetrabutylammonium salt as per literature methods.!23. 133,134
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Instrumentation

Solution 'H and 3C NMR spectroscopic measurements were made on a
Varian INOVA 400 MHz spectrometer and resonance signals were referenced to
residual solvent signals. Elemental analyses were performed by Atlantic
Microlabs Atlanta, GA (carbon, hydrogen, and nitrogen) and Kontilabs, Quebec,
Canada (all elements). 5V NMR spectra were acquired on a Varian 600MHz
Unity spectrometer and externally referenced to 10 mM H4[PVMo0,,040] in 0.6 M
NaCl (8 = -533.6 ppm relative to neat VOCl;).135 Infrared spectra (3—5 wt. % in
KBr) were recorded on a Thermo Electron Corporation Nicolet 6700 FT-IR
spectrometer. Visible reflectance spectra were obtained using a HunterLab
MiniScan XE Plus hand held spectrometer. Products of catalytic reactions
identified using a Hewlett-Packard 5890 GC equipped with a HP-5 capillary
column (poly(5% diphenyl/95% dimethylsiloxane) and HP-5971A quadrupole
mass sensitive detector spectrometer. Catalytic reactions (reactant and product)
were quantified using a Hewlett-Packard 5890 GC equipped with a HP-5
capillary column (poly(5% diphenyl/95% dimethylsiloxane) and an FID detector.
UV-Vis spectra of the materials and reactions were acquired using a Hewlett-
Packard 8452A diode array spectrophotometer. Consumption of oxygen was

monitored using an Artisan RS-232 digital manometer.

Preparation of 4-{2-{3,5-bis[2-(4-carboxyphenyl)-1-ethynyl]phenyl}-1-
ethynyl}benzoic acid (1)
An oven dried heavy-walled Schlenk tube equipped with a magnetic stirrer

was charged with 1,3,5-triethynylbenzene, methyl 4-iodobenzoate, copper(I)
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iodide, triphenylphosphine, bis-(triphenylphosphine)palladium(II) chloride, and
diethyl amine. The flask was evacuated and backfilled with nitrogen, sealed with
a Teflon cap, and stirred at 70 °C overnight. The mixture was allowed to cool and
filtered through a glass fine fritted funnel. The filtrate was dried under reduced
pressure and the product was isolated via column chromatography on silica gel
(hexane:ethyl acetate, 4:1) to yield a yellow powder that was subsequently
refluxed in pH 14 water for 3 hours. Acidification and filtration yielded a pale
yellow solid: *H NMR (400 Mhz, DMSO-ds) d 8.069 (d, 6H, J = 10.4 Hz), 7.694
(s, 3H), 7.591 (d, 6H, J = 10.8 Hz); FT-IR (2% KBr pellet) 2929 (s, w), 1694 (s,
vb), 1605 (vs), 1606 (s), 1581 (m), 1559 (w), 1312 (s, b), 1278 (m, sh), 1175 (m),

1104 (m), 1017 (m), 874 (m), 770 (m) cm; C33H1806 510.5 g/mol.

Preparation of 4-{2-{3,5-bis[2-(4-carboxyphenyl)-1-ethynyl]phenyl}-1-
ethynyl}benzoic acid chloride (2)

An oven-dried round-bottom flask equipped with a magnetic stirrer was
charged with 1 (250 mg, 0.46 mmol) and 50 mL of thionyl chloride. The flask
was equipped with a water condenser and the pale yellow solution was refluxed
under a nitrogen atmosphere overnight. The solvent was removed under reduced
pressure in a roto-vap to yield a yellow and white-flecked solid. Attempts to
characterize the solid via *H NMR were hindered by water in the DMSO-ds
solvent reacting with the acid chloride functional groups. FT-IR (2% KBr pellet)
3414 (vw, vb), 1770 (s), 1736 (m), 1692 (w, sh) 1597 (vs), 1556 (W), 1404 (m), 1204

(s), 1175 (s), 878 (s), 845 (m, sh), 740 (m) cm™.
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Preparation of tris(triol) benzamide (3)

Fresh DMA was dried over activated 4 A molecular sieves for 4 hours. A
round-bottom flask equipped with a magnetic stirrer charged with
tris(hydroxymethyl)aminomethane (75 mg, 0.613 mmol) and potassium
carbonate (400 mg) was dried under reduced pressure in a vacuum oven for 3
hours. The flask was then filled with 100 mL of dry DMA via cannula transfer
under argon atmosphere and gently heated to solvate the trisamine. The flask
was cooled in an ice methanol bath and a solution of 2 (100 mg, 0.186 mmol) in
25 mL of DMA was added via cannula. The flask was equipped with a water
condenser and the solution heated to 80 °C for three days under argon
atmosphere. The solution was filtered to remove the solid carbonate species and

evaporated to dryness under high vacuum.

Preparation of bis-capped Vs / 3 hybrid material (4) with K-CO3; as base

A round-bottom flask equipped with a magnetic stirrer was charged with
[TBA]-[(H.NC(CH20)3)-V6015] (340 mg, 0.27 mmol) and potassium carbonate
(400 mg). The mixture was dissolved in 50 mL of dry DMA. A solution of 3 (100
mg, 0.186 mmol) in 25 mL of DMA was added via cannula. The flask was
equipped with a water condenser and the solution heated to 80 °C for three days
under argon atmosphere. No evidence of polymeric material was observed.
Addition of diethyl ether caused precipitation of bis-capped Ve. Starting material

2 was not recovered.
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Preparation of bis-capped Vs / 8 hybrid material (4) with (CH;CH2)sN as base
A round bottom flask equipped with a magnetic stirrer was charged with
[(H3sNC(CH20)3)-V60i3] (480 mg, .31 mmol) and triethyl amine (0.1 mL, 0.7
mmol). The mixture was dissolved in 50 mL of dry DMA. A solution of 3 (100
mg, .186 mmol) in 25 mL of DMA was added via cannula. The flask was
equipped with a water condenser and the solution heated to 80 °C for three days
under argon atmosphere. No evidence of polymeric material was observed.
Addition of diethyl ether caused precipitation of zwitterionic bis-capped V.

Starting material 3 was not recovered.

Oxidation of propane thiol to dipropyl disulfide, catalyzed by [(n-
C4Ho) ;NT144[ (V60:13),2{((OCH,)sCNHCO)5CsH 3} 56{((OCH2);CNHCO).((HOCH>)5
CN HCO)CsH3}1:s] (5)

Catalytic reactions were carried out at room temperature using pure O. as
the oxidant. The reactions were performed in 3.00 mL of acetonitrile with 230
mM propane thiol and 250 mM 1,3-dichlorobenzene as an internal standard. The
reaction mixture was sealed in a Schlenk flask equipped with a magnetic stirrer
with 1 atm of O. at 25 °C. The mole ratio of substrate to catalyst was 35790:1.
The mole ratio was calculated based on percent weight of bis-capped V¢ units.
The catalyzed and control reactions were run simultaneously under identical
conditions with no catalyst present in the control reaction vials. The substrate,
propane thiol, and its corresponding oxidation product, dipropyl disulfide, were

quantified by GC. No other products were detected by GC.
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Synthesis of Ag-[(CH;C(CH-0)3)-Vs0,5] (6)

To a solution of [(n-(C4Hy)4N]o[(CH3C(CH20)35)2V6013] (0.121 g) in
acetonitrile (6 mL) was added an excess amount of NaClO, (0.5 g). A precipitate
formed upon shaking and was isolated via filtration and dried in vacuo. The
precipitate was redissolved in water and three molar equivalents of AgNO; were
added. The resulting red-orange precipitate was separated by filtration, washed
with cold water, then ether, then dried in vacuo. Pure crystals were obtained by
ether diffusion into a concentrated acetonitrile solution. *H NMR (400 MHz,
CD5CN): 8 = 4.897 (s), 0.767 (s). 57V NMR (600 MHz, CD;CN): 6 = -498.494 (s).
FT-IR (Diamond ATR): 2955, 2923, 1614 (weak broad), 1452, 1394, 1369 (weak),
1204 (weak), 1122, 1013 (very strong), 967 (very strong), 952 (very strong), 932

(shoulder), 784 (broad), 684 (broad) cm-.

Reactions Catalyzed by 6

A solution of CEES (13.7 mM), 1,3-dichlorobenzene (internal standard, 14
mM), and TBHP (14.8 mM) in acetonitrile was prepared. Three septum-capped
scintillation vials were equipped with magnetic stirrers and charged with 3 mL
each of the prepared solution. Nothing else was added to vial 1. To vial 2 was
added 10 mg (0.010 mmol) of Ag.[(CH3C(CH20)3)-Vs0i3], 6. To vial 3 was added
4 mg AgClO, (0.020 mmol). The mixtures were stirred at 300 rpm at room
temperature. Reactions were monitored via GC and concentrations of CEES and

CEESO were calculated using internal standard techniques.



22

Reactive catalyst for aerobic sulfide oxidation.

A 25-mL round bottom flask with side arm was charged with TBANO;
(0.0105 mmol), p-toluenesulfonic acid (0.0108 mmol), TBA,;Fe(H-O)PW;;05,
(0.0045 mmol), 1,3-dichlorobenzene (0.83 mmol), and 2-chloroethyl ethyl
sulfide (CEES) (0.86 mmol). Dry acetonitrile was added to give a total volume of
5 mL. The apparatus was flushed with O. (total volume 40 mL) and equipped
with a magnetic stir bar, gas tight septum, and a digital manometer. This

apparatus was then placed in a water bath at ambient temperature

Preparations of HD-agent Sensors

In a typical experiment a stock solution of a 0.1 to 0.6 M Cu2* salt (CF3SOj5
, CH5CO., Br, ClO,) in dry acetonitrile was prepared. A 0.01 to 0.02 M stock
solution of Br (CéHs0(CH.).N(CH3).(CH.);,CH3*, (n-CH3(CH.)3)4,N+ =
tetrabutylammonium (TBA), or Li* salt) in dry acetonitrile was prepared. The
stock solutions were mixed to yield sensor solutions with known mole ratios of
Cuz+ : Br- (ratios range from 1: 0.5to 1: 20). Sensor strips were made by treating
various cellulosic supports (e.g. paper, cotton) with the Cu2* : Br- sensor solution.
Typically the paper swatches were submersed in a Petri dish containing the
sensor solution for 10 seconds to allow for even coverage. The wet treated
swatches were then suspended vertically and allowed to dry to constant weight
under ambient conditions. The sensor (Cu2* : Br- / support) was then exposed to
liquid or vaporous HD simulant (CEES). Liquid-liquid challenges of the stock

sensor solutions were also performed.
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Preparations of Coated HD-agent Sensor Strip

To 10 mL of a 0.55 M solution of Cu(CF3SO3). (20 g in 100 mL of
acetonitrile) were added 3 mL of a 0.12 M domiphen bromide (5 g in 100 mL of
acetonitrile). The solution was placed in a Petri dish and a sample of KX
Industries nano-fiber paper was placed in the solution. The paper was suspended
vertically and allowed to dry to constant weight. A suspension of 5 grams of poly-
n-butylcyanoacrylate in 15 mL of acetonitrile was applied via pipette to both sides
of the sensor, sequentially. Again the swatches were dried by vertical hanging to

yield the completed sensor materials.
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Results and Discussion
Attempted syntheses of gelating nanoarrays

Reticular synthesis is a bottom up material design concept that employs
well defined reactions and rigid components to control the creation of hybrid
materials. Bonding between the inorganic junctions and the organic linkers must
be stable and directional.3” The linker compound 1 (Figure 7) was prepared by
literature methods via a Suzuki coupling of 1,3,5-triethynylbenzene with methyl
4-iodobezoate followed by base hydrolysis.z3¢- 137 This material was found to be
insoluble in all but the high boiling polar aprotic solvents such as DMF, DMA,
and DMSO. '*H NMR and FT-IR spectra were in line with expected values for
compound 1. The acid functionalities of 1, required conversion to triol groups in
order to form a bis-capped tri-ester of the V¢ POM. The obvious route was a
reaction of the readily available tris(hydroxymethyl)aminomethane (trisamine)
with the acid form of 1 to produce a tris(triol) 3. To such end 1 was refluxed in

thionyl chloride, the FT-IR of compound 2 showed a shift in the carbonyl peak

O+_R
(
Figure 7. Tri functional organic H
linker. (a) thionyl chloride, reflux (b)
trisamine, K.CO5, DMA, 80 °C. y O N
e (o
0 R

1 2 3
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and significant reduction in the O-H stretching region. Reaction of 2 with a
solution of trisamine in DMA proved unsuccessful. ~DMA is tenaciously
hygroscopic and as such great pains were taken to dry the solvent, however in all

attempts only the starting material was recovered.

Thiol oxidation catalyzed by gelating nanoarray

The bis-capped V¢ unit is an example of oxo-ligand substitution that yields
a well-defined and controllable product.9. 28 85-91. 94,138 Control of the attachment
of an organic triol ligand to the inorganic Vs POM is effected via in situ synthetic
methods. The organic solvent soluble isopolyanion [(n-C4Hg);N]-[H3V10028] is
the synthetic precursor of bis-capped Vs. Preparation of the precursor via
literature procedures92 proceeded well and both :H NMR and FT-IR spectra
compared with previous data. Reaction Equation 1 shows the balanced reaction
while Figure 2 illustrates the thermodynamically favorable and hydrolytically
stable triester chelate.29 In an effort to asses possible synthetic condition for the
reaction of [(n-C4Ho)4N]3[H3VicO028] with 3, both the zwitterionic
[(H;NC(CH20)3)2V6013] and the TBA salt of [(H.NC(CH.0);).-VeOi3]> were
synthesized. In an attempt to circumvent the issues with the synthesis of 3, the
acid chloride 2 was reacted with both forms of the bis-capped Vs unit in DMA in

the presence of a base. No reaction was observed in either case.

Unpublished work by Zeng94 and Neiwert9 has shown that materials
synthesized from rigid tris(triol) organic linkers and the bis(triester) capped Vs
unit exhibit a range of interesting and potentially useful properties. The porous

network nanoarray material with CsH3(CONHC(CH.OH)3); as the organic linker
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Figure 8. Oxidation of PrSH () to PrSSPr (), catalyzed by 5. Reaction
conditions: 230 mM propane thiol and 250 mM decane as an internal standard
in 3.00 mL of acetonitrile with 5 as the catalyst sealed in a Schlenk flask with 1
atm of O. at 25 °C. The substrate:catalyst mole ratio was ~35790:1. The control
reaction (+), was run simultaneously under identical conditions but without any

catalyst present.

and bis(triester) capped Vs units was shown to have gelating properties,
particularly with DMF. The material was also shown to have catalytic properties.
Figure 8 shows the room temperature O.—based oxidation of propane thiol to the
respective disulfide, catalyzed by this material. As the reaction proceeded a color
change was observed, from rusty red to a dark green indicating a reduced
vanadium species. The accumulation of a reduced vanadium species, as indicated

by the color change, leads to the speculation that reoxidation of the Vs unit is the
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rate limiting step. The reaction proceeds with a turnover frequency (TOF) of ~60
h-1. Despite the slow reaction rate the turnover number (TON) for this material
was an impressive >9900 (moles product/moles catalyst). The catalyst did not
appear to be poisoned by the great excess of target compound, propane thiol.
Figure 8 also shows that, despite the detection error presented by the analysis of

the disulfide, the reaction proceeds via the predicted Equation 3.

2/\/SH +1/,0 __ 5 _, /\/S\S/\/ + H,O0 (3)

2 acetonitrile

CEES sulfoxidation catalyzed by Ag-[(CHsC(CH-0)3)-VsO:3]

Bis(triester)Vs units are known to catalyze the aerobic oxidation of thiols,
as per Equation 4, under ambient conditions% 94 but sulfoxidation had not been
addressed prior to our work. Previous results indicate that aerobic sulfoxidation
of CEES catalyzed by 6 is probably too slow under ambient conditions to be of
interest.139 We selected tert-butyl hydroperoxide (TBHP) as an oxidant for CEES
because it is inexpensive, easily handled, has a high oxygen content, and quite

safe.
Sulfoxidation by TBHP catalyzed by 6, Equation 4, shows an induction

CEES + TBHP — 5 CEESO + t-butyl alcohol (“TBA”) 4)

period. However, once Equation 4 starts, it proceeds rapidly at 25 °C to

completion. Representative kinetics are shown in Figure 9. 5V NMR, electronic
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Concentration (uM)

Figure 9. CEES (o) oxidation to CEESO ([J) by 14.8 mM TBHP in acetonitrile at
room temperature. Solid lines represent oxidation in the presence of 3.3 mM
Ago[(CH3C(CH20)3)2V6013] (6). Dashed lines represent the uncatalyzed
background reaction. The dash-dot lines represent the background oxidation in

the presence of 6.7 mM AgClO,.139

absorption spectroscopy, and gas chromatography can be used to follow the

progress of the reaction.

In compound 6, all the vanadium centers are equivalent by symmetry and
can be characterized by a single singlet peak in the 5V NMR spectrum at the
outset of the reaction. In parallel with the catalytic activity this signal decreases
and multiple signals increase. The electronic absorption spectra also exhibit a
time dependence (Figure 10). These changes in the 5V NMR and UV-visible
spectra are not seen if any one of the components of the reaction is missing. That

is, incubating 6 in acetonitrile with each of the individual components (sulfide or
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Figure 10. UV-Vis absorbance at 530 nm. The oxidation of CEES to CEESO by
TBHP catalyzed by 6 was monitored by UV-Vis spectroscopy. Changes in the
UV-Vis spectra correspond roughly to similar changes in the catalyzed reactions

themselves. Reaction conditions are described in Figure 9.139

oxidant or solvent) affords no change in spectra or any evidence of the oxidation

product (CEESO).

The spectral changes are consistent with but do not prove the formation of
a transient alkylhydroperoxide derivative of the Vs cage (replacement of a p-oxo
bridge with an alkyl hydroperoxo group), which could well be an important
intermediate in the principle catalytic cycle. While only 4 turnovers are observed,
the reaction is evidently catalytic, as the reaction does not proceed in the absence

of catalyst on the same time scale.

As the reaction proceeds a color change from rusty red to a dark green is
observed, indicating a reduced vanadium species. The buildup of reduced

vanadium species, as indicated by the color change, leads to the speculation that
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reoxidation of the Vg unit is the rate limiting step. The color changes were

monitored by UV-Vis spectroscopy (Figure 10).

Identification of O stoichiometry for a aerobic sulfoxide oxidation reaction
catalyzed by an Fe-containing POM

An unusually reactive catalyst for aerobic oxidation of sulfides to
sulfoxides, as per Equation 2, a POM with a hydrogen dinitrate group associated
with a d-electron-substituted POM, Fel'[H(ONO.).]PW1,0345- was reported by
our group.23 The organic solvent soluble salt, [(n-CH3(CH:)3)4N]s
H.FellllH(ONO.)2]PW1;054], under aerobic conditions converted 92.8% of CEES
to the corresponding sulfoxide with complete selectivity (no sulfone was detected
via GC-MS).95 123: 139 During the peer review process the validity of the of the
reported reaction stoichiometry in that publication, namely RSR + %2 O, ->

RS(O)R was called into question.

To unequivocally confirm the stoichiometry to of this equation a model
system (TBANO; and p-toluenesulfonic acid in the presence of
TBA,Fe(H.O)PW 1,054 in acetonitrile solvent) was analyzed because it afforded
more strict control the relative ratios of nitrate, proton, and Fe-POM (ca. 2:2:1
equivalents, respectively). The model system converts ~70% of the sulfide, 2-
chloroethyl ethyl sulfide, CEES (a mustard simulant) to the corresponding
sulfoxide, CEESO, with effectively 100% selectivity. No sulfone or other organic
product is detected via gas chromatographic (GC) analysis. This corresponds to

~150 turnovers with a turnover frequency of ~40 h.
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Figure 11. Oxidation of CEES ([J) to CEESO (O) catalyzed by the nitrate (4 mM
TBANOs) / proton (2 mM pTsH) / TBA;Fe(H.O)PW;,059 (0.8 mM) system in
acetonitrile (5 mL) at 25° C and 1 atm O.. The pressure drop of a pure oxygen
headspace was monitored via digital manometer and plotted as mmol/2 of O.
({»).95 Determination of CEESO via GC yields systematically smaller values than

actually present at low concentrations due to peak tailing. Coincident curves

indicate equation 2 is correct as written.123

In order to monitor both consumption of CEES and O. simultaneous with
production of CEESO we employed two separate instruments. Gas
chromatography was used for CEES and CEESO values and the -catalytic
oxidation reaction was carried out in a sealed vessel equipped with a digital

manometer to record the pressure drop. Pure oxygen was used as the headspace
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gas. The moles of O. present were determined from the ideal gas equation (with
R adjusted to room temperature). When there were low quantities of CEESO in
the reaction solution, it was problematical to achieve mass balance.
Determination of CEESO via GC yields systematically lower values than actually
present at low concentrations due to peak tailing. Despite this the reaction
proceeded quickly and when consumption of 0.5 O. was plotted on the same axis
as production of CEESO, the curves were nearly coincidental as per Figure 11.
The reaction operates under the atom efficient dioxygenase stoichiometry as

shown by the coincident curves of moles of CEESO and /2 O,.95 123

Color-change detection of mustard

A paper-supported color-change system for the detection of mustard (HD)
was developed by our group. The system consisted of a trinary mixture of
Cu(triflate)., domiphen bromide and polydialkyldiallylammonium chloride
(10,000 - 20,000 M.W., 20% solution in water) in acetonitrile. The mixture was

coated onto paper supports via brush application.’32 Treating the cellulosic

MS8

blank after oil oil, CEES
Figure 12. Comparison of M8 and

HD-sensor responses. Column two

shows M8 giving a false positive

response. In contrast the HD-Sensor HD-sensor

blank after oil oil, CEES
when exposed to oil before simulant ]

challenge still detects CEES.
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supports with the sensor solutions in acetonitrile afforded a color change
detection material that gave a rapid and reliable response when exposed to
simulant (CEES). Side-by-side comparative tests of our material to the
commonly used M8 detector paper further demonstrated that our sensor is
superior in selectivity and does not give rise to false positives when exposed to
oils unlike M8 paper (Figure 12). While most color changes are recorded via
digital photography and optimized for maximum detectable visual changes, the
color change can also be quantified satisfactorily via reflectance spectroscopy (see

Figure 13).

The system was difficult to reproduce and sensitive to atmospheric water.
Attempts proceeded to characterize the active species and optimize the sensor
system performance. A simplified system was developed (Cu(ClO,). and TBABr)
in dry acetonitrile was studied via UV-Vis spectroscopy. The concentration of
Cu2+ was maintained while the ratio of Cu2+ to Br- was varied. Overlapping peaks
were extracted by the use of OmniLab’s peak simulation program (Figure 12).
The changes in the UV-Vis spectra matched similar experiments performed by
Chmurzynski et. al.14° Analysis indicated that the copper-bromide complex(es) in
acetonitrile solution is concentration dependent. The low Cu2*-to-Br-ratio
complex is likely a tetragonally distorted octahedral CuBr(acetonitrile)s* or
CuBr.(acetonitrile),.14° As the ratio and the concentration of bromide increases,
the system undergoes a change to flattened tetrahedral complexes

CuBr;(acetonitrile)- and CuBr,2.14t The change in color is due to the change in
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Figure 13. Reflectance spectrum of HD-sensor on paper. A hand-held
spectrometer is used to quantify color changes of the HD-sensor. Circled areas

represent sampled area. The sensor before exposure to CEES is much more
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absorption transitions, from a 2E¢(D) — 2T.(D) transition for the octahedral
species’42 to a 2T.(D) — 2E(D) transition for the tetrahedral species.’43 As the
tetrahedral complexes are already darkly colored, and thus show little change
upon addition of CEES, the mole ratio of Cu2* : Br- for optimal color change in a

liquid-liquid CEES challenge was determined to be 1: 2.

We have attempted to address the only apparent significant problem
associated with this color-change sensor system, namely sensitivity to H.O, by
two routes: use of barrier-coating agents to prevent water contact with the
impregnated sensor components, and hydrophobization of both the sensor
solutions and the support material. In order to hydrophobize the sensor mixtures
themselves a variety of counter ions to both Cu2* and Br were screened.
However, because all the compounds investigated were ionic salts, the effort
proved unsuccessful. Attempts to apply a sensor solution to laminated
hydrophobic paper succeeded, but were unable to address the moisture
sensitivity of the sensor strips. It was later revealed that the lamination process

used by our collaborators, KX Industries, is incapable of producing a truly

. —— — Ll st _—
e T R BT e s o e e e

ST =

Figure 15. From left to right the ratio of Cu2* to Br- increases. The
unexposed solutions are in the background while the solutions exposed to
simulant CEES are in the smaller vials. The color change is maximized for the

second vial from the right, in which the mol ratio of Cu2* : Br-is1: 2.
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hydrophobic material for our sensor solutions. Our efforts turned instead to an
application of a barrier-coating agent to the prepared sensor strips. The coatings
were designed to exclude vaporous water while still allowing the target molecule
(CEES) to penetrate to the sensor. Several cyanoacrylates of varying molecular
weights were analyzed. Results were encouraging as the reduction in water
sensitivity was directly proportional to the thickness of the cyanoacrylate coating.
It was found that pre-polymerized n-butylcyanoacrylate suspended in acetonitrile
produced an optimal coating. Unfortunately, the coating, while protecting the
sensor mixture from water, also inhibited rapid color change, most likely due to
slowed penetration of CEES into the sensor material. The objective is a
significant color change in 10 seconds or less after exposure to HD simulant.
Current work is proceeding to finalize a sensor material for commercial

production in collaboration with Materials Technology Corporation.
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Abstract

A series of catalytic systems were developed and explored in an attempt to
determine the key intermediate in the rapid and selective catalytic aerobic
oxidation of sulfides to sulfoxides by nitrogen oxides and bromide. Selective
introduction of components to a base system was the method used to determine
that the sources of nitrogen oxides and bromide anion were critical to catalysis.
The catalytic activity of the system is dependent on the ratio of NOx to Br-. It was
discovered that acid was required to facilitate conversion to the active species
with certain nitrogen oxide sources. Transition metals potentially assist the
conversion of the nitrogen oxide source to the active catalyst. The actual formula
of the active catalyst in solution remains unknown and as such is referred to as

“NOx/Br”.



Introduction

In 2006 the Hill group reported a highly efficient and selective catalyst for
the aerobic oxidation of sulfides to sulfoxides (Equation 1).! The catalyst,
TBA;H.FelllH(ONO.).]JPW,050e(HNO,;)  (NOFePW,), where TBA is
tetrabutylammonium, was of particular interested because of its high turnover
numbers and its selectivity; no evidence of the over oxidized sulfone product was
detected. While several characterization methods were used to identify the active
catalyst, and in particular, to confirm the location and nature of the NOx species
in the catalyst (FT-IR, Cyclic voltammetry, TGA, DSC, etc.), no disorder-free
crystal structure had ever been achieved despite considerable effort toward this
end. The strongest evidence for an active hydrogen dinitrate species stemmed
from the IR spectrum where the characteristic stretches for [H(ONO.).]- were
detected. It was postulated that this species was crucial to catalytic activity.
Furthermore, an interesting correlation between the presence of acid and
catalytic activity was reported. When protons were added to the system the
catalytic activity increased, when proton-specific bases were added, no sulfoxide

was detected.!

st + 1/2 02 9 R2SO (1)

Nitrogen oxides have long been reported to oxidize thioether substrates.2-5
Nitric acid,® nitrous acid,” and sodium nitrite in the presence of hydrobromic
acid, have been used in organic oxidation reactions,® though not specifically with
sulfides. Nitric acid has been used as a stoichiometric oxidant for the conversion

of sulfides to sulfoxides,3 9 and further studies have shown that transition-metal



halides catalyze this reaction.’o Catalytic aerobic oxidations have been reported

with nitrogen monoxide,* and nitrogen dioxide.2

The conversion of one type of nitrogen oxide species to another has been
well reported. Bosch and Kochi established that NO., which is in equilibrium with
N.O, (bp 21 °C at 1 atm)'3, catalyzes aerobic sulfoxidation under mild conditions.

NO also readily forms NO. under the reaction conditions via:

NO + 12 02 52 N02 s N204 (2)

The conversion processes between various nitrogen oxides are facile and in
dynamic equilibrium, particularly in the presence of halides, oxygen and acid,4
which made the identification of the active catalyst in mixed systems, as was our

goal, particularly difficult.

Experimental
Materials

All common reagents were purchased and used as delivered. TBAsa-
MnlSiW.050,55  TBAga-NillSiWy;0s0,5  TBA0-ColSiW0s0,55  TBAeai-
VVSiW11040,55 TBAso-MnMAIW,,030,6  and TBA,a-CollAIW.;,039,©¢  were
synthesized according to literature procedures. Other than storing the NOPFs at
-30 °C, no precautions were taken to keep materials away from air and moisture.

We assumed that the acetonitrile contained some water.



Instrumentation

Transmission Infrared spectra (3—5 wt. % in KBr) were recorded on a
Thermo Electron Corporation Nicolet 6700 FTIR spectrometer. Reflectance
spectra of pure samples where recorded on the same instrument using a diamond
attenuated total reflectance accessory. Catalytic reactions (reactant and product)
were quantified using a Hewlett-Packard 5890 and 6890 GCs equipped with a
HP-5 capillary column [poly(5% diphenyl/95% dimethylsiloxane)] and FID
detectors. UV-Visible spectra of the materials and reactions were acquired using
a Hewlett-Packard 8453 diode array spectrophotometer. Electrospray mass
spectra were acquired on a Thermo Finnigan LTQ-FTMS in both positive and

negative ion modes.

Catalysis

Normally stock solutions of the reagents to be combined to create a
catalytic mixture were prepared in acetonitrile and mixed in the proper ratios to
produce the required concentration in the 20 mL reaction vial equipped with a
magnetic stir bar. Pure sulfide and internal standard (1,3-dichlorobenzene, DCB)
were added via auto-pipette. When the reaction called for 1 atm O. atmosphere,
the vial was flushed with oxygen before capping. Those vials were then equipped
with a balloon filled with O. via a 25-gauge needle to maintain positive pressure
and prevent air leaks. A thermostat-controlled water bath was used to maintain a
constant temperature around the vials. Hamilton 7000 series puL syringes were
used to deliver 0.1 uL of solvent to the GC inlet port. GC oven temperatures were

adjusted to produce optimal peak separation in a minimal amount of time for



each sulfide tested. Retention time and peak area were entered into Excel for

plotting.

Application to solid support

A stock solution of NOx/Br catalyst was prepared from 5.0 mM TBANO.,
10.0 mM TBABr and 10.0 mM p-TsOH and incubated with 0.5 g of NonoActive™
TiO,, Al.O3, and SiO. each. The mixtures were filtered and the solid material was
used as a catalyst under the normal conditions described above, with the

exception that toluene was used instead of acetonitrile.

Synthesis of functionalized SiO-

A 250 mL 2-neck round bottom flask was filled with 20 g of silica gel
(particle size 0.040 — 0.063 mm, 230 - 400 mesh). An addition funnel was used
to slowly add 7.7 g of chlorosulfonic acid over 1 hour. A large stir bar was used to
agitate the solid. The second neck was equipped with a tube submersed in 150
mL of saturated Na.COj; solution to neutralize the HCl gas byproduct of this

reaction.'”

Solid-Gas reactions

A small computer fan glued to a large stir bar was placed in the bottom of a
9 L glass desiccator. A magnetic stirrer caused the fan to rotate and circulate the
gasses in the desiccator during reactions. The lid of the desiccator was equipped
with a rubber stopper with a thermometer adaptor. The thermometer adaptor
allowed for the replacement of disposable Teflon septa between each set of

experiments. The solid catalyst was placed in a dish on a tray approximately 20



cm from the bottom of the desiccator. A gas tight syringe was used to withdraw

100 uL of gas for each GC analysis.

Results and Discussion

In order to clarify the role of nitrate, proton, and polyoxometalate (POM)
in the catalytic aerobic oxidation of sulfides, we attempted to simplify a reference
system, NOxFePW;;. As common synthetic routes to organic soluble POMs often
include the use of TBABr, we attempted to account for this in our system. We
had previously observed TBAFeBr, as a co-catalyst in a separate set of highly
catalytically systems (unpublished data). As such, we explored the possible
effects of bromide on the catalytic activity systems containing NOx. TBANO;,
TBABr and p-tolunesulfonic acid (p-TsOH) were used as sources of nitrate,
bromide, and proton respectively, while TBA,;Fe(H-O)PW 1,039 (FePW1;) was used
as a Fe-containing POM relevant to NOsFePW,,. To address a role of the central
heteroatom in  Keggin-type @ POMs, FePW,, was replaced with
TBAs;Fe(H.0)SiW1,039 (FeSiWyi:). Then to address the role of the addendum
transition metal, FeSiW,; was replaced with TBAsCu(H-0)SiW1,039 (CuSiWiy).

As a control the CuSiW,; was replaced with an equimolar amount of Cu(ClO,)..
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Figure 1. Oxidation of CEES (0.5 M) to CEESO catalyzed by nitrate (8 mM

TBANO;) / proton (42 mM p-TsOH) / bromide (8 mM TBABr) systems in
acetonitrile at 30 °C and 1 atm O.. Conversion (%) is calculated from the ratio of
CEES to CEESO. The reactions when the following additional components are
added to the reference catalytic system above (o) are shown: (m) plus 3.6 mM
TBA,Fe(H.O)PW;,04, () plus TBAsFe(H-0)SiW1,05q, (®) plus
TBAsCu(H20)SiW1,039, (A) plus CuClOy, (dashed line) reference system with no

bromide, no POM.



Table 1. Homogeneous Air-Based Oxidation of CEES?

Catalyst [Catalyst], (mM) Conversion, %P TONe
i 7 NOxFePW 4 2.0 02.8 163
2  TBA,Fe(H.O)PW,,03¢° 2.0 ~99 174
3 TBANOs 6.0 6 10.5
4  NOxFePWyy9 5.0 0 0
5 NOPFs 2.0 2.8 3.5
6 NO.BF, 2.0 2.5 4.4
7 (NH,)2CeV(NOs)s 2.4 28.0 49
8 Ti(NO3), 3.2 20.5 52

a General conditions: 0.35 M of 2-chloroethyl ethyl sulfide (CEES), catalyst
(given in column 2), 1 atm of air, 1,3-dichlorobenzene (internal standard) in 2.3
mL of acetonitrile at 25 °C for 40 h in a 20-mL vial.  conversion = (mol of CEES
consumed / mol of initial CEES) x 100; ¢turnover number = (moles of CEESO /
moles of catalyst); 4 NOFePW,; = [Fel'[H(ONO.).]PW1,059]5*HNO;. ¢ In the
presence of 6.0 mM of TBANO; and 8.0 mM of p-TsOH (equivalent to
concentrations in NOxFePW,). f In the presence of 8.0 mM of p-TsOH
(equivalent to concentrations in TBAsH.NOxFePWy,). ¢ In the presence of 20 mM

2,6-di-t-butylpyridine.8



The catalytic system consisting only of nitrate and proton shows limited
activity under both the conditions detailed in Table 1 (entry 3) and the minimally
optimized conditions in Figure 1 (dashed line). In addition, bromide functions as
a co-catalyst in the aerobic oxidation of 2-chloroethyl ethyl sulfide (CEES) by this
simplified system. In the presence of TBABr, the reaction proceeds
approximately two orders of magnitude faster but in a more complicated manner.
A significant induction period is observed and the reaction terminates before
reaching complete conversion (Figure 1). As in the reference system, the only
detectable product is 2-chloroethyl ethyl sulfoxide (CEESO). Addition of FePWy,
to the nitrate / bromide / proton system does not affect the rate or the yield but
considerably increases the induction period of the reaction. Substitution of
FeSiW,, for FePWy, results in a modest but reproducible increase in yield.
Significantly, replacement of FePW,; with CuSiW.; completely eliminates the
induction period and increases both the reaction rate and product yield. Further
simplification of the system by replacing the CuSiW, with Cu(ClO,). only

removes induction period; the yield remains unchanged.:8

We began performing reactions at elevated temperature to allow for more
rapid scanning of conditions, catalysts, and targets to more quickly produce
results that would help us identify the processes operating in this system. During
the course of the research we quickly observed a dependence of the reaction rates
on the partial pressure of oxygen. The reaction rate would slow dramatically

accompanied by a decrease in the percent yield as the reaction proceeded and the



air atmosphere in the sealed vessel was depleted of O.. A pure O. atmosphere

gave us more consistent results and allowed us to perform analyses more quickly.

Simplified NO./Br System

In order to further explore the nature of the catalytic system we modified
the precursor materials by eliminating any metals and POMs and carefully
observed the subsequent changes in activity. Based on previous work we had
observed that NOPFs alone was not an active catalyst,! however the addition of
TBABr to the system yielded a highly active mixture (turnover frequency, TOF
~98 h1, Figure 2). Although the starting materials are colorless in solution, we
immediately observed that the catalytic solution became yellow upon mixing.
Variation of the ratio of NO* to Br- showed a marked effect on catalytic activity
and the spectral properties of the solution (see Figure 4 and related discussions
later in this work). An optimized system suggested a mole ratio of NO+: Br-of 1:
1.5 would yield the best results. The experiments clearly demonstrated the
deleterious effects of insufficient or excess bromide on the catalytic activity of the
system (Figure 2). We often used a ratio of 1 : 2 when testing various additions to

the NOy/Br system to maintain a consistent basis for comparison.
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Figure 2. Oxidation of CEES to CEESO by NOy/Br system with different initial
ratios of nitrosonium to bromide. Conversion (%) is calculated from the ratio of
CEES to CEESO. Red: 5.0 mM NOPFs, 2.5 mM TBABr; Blue: 5.0 mM NOPFs, 5.0
mM TBABr; Green: 5.0 mM NOPFs, 7.5 mM TBABT; : 5.0 mM NOPFs, 10
mM TBABr; Black: 5.0 mM NOPFs, 20 mM TBABr. Conditions: 3 mL
acetonitrile, 30 °C, 1 atm O., 100 pL. CEES (0.86 mmoles, 286 mM), 100 uL 1,3-

dichlorobenzene (DCB, 0.88 mmoles, 292 mM, internal standard).

Initially we believed the color and activity observed to be a result of the
formation of highly volatile nitrosyl bromide (Br-N=0 or NOBr for simplicity) in
acetonitrile solution, however we were only able to identify a UV-Visible
absorption near 280 nm. This absorption does not strictly correspond to the
values reported in the literature for this compound (a maximum at 210 nm with

broad features from 200 to 740 nm).19: 20 Additionally both positive and negative



ion mode electrospray ionization mass spectrometry revealed only the PFs* and
Br- respectively. Some possible nitrogen-oxide containing species were
identified, but their concentrations were so low as to make unequivocal mass
assignments impossible. The extremely low concentrations of these fragments
indicated that they were a result of the analysis process and were unlikely to be
responsible for the catalytic activity observed under turnover conditions. In
order to determine if a volatile species, such as NOBr, was responsible for the
catalytic activity, freshly prepared catalytic solutions were allowed to “age” in
solution in sealed vessels as well as evaporate to dryness. Upon evaporation a
yellow-orange residual solid was collected. FT-IR analysis of this solid was
inconclusive, showing no discernable nitrogen oxide stretches (the C-H
absorptions from the TBA cations overwhelmed the NOx region). The “aged
solution” as well as the dissolved yellow solid showed remarkable catalytic
activity (Figure 3) as well as similar characteristic peaks at 280 nm (Figure 4). In
fact the “aged” solution showed a higher maximum turnover frequency. This

result rules out NOBr as a possible reactive species.
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Figure 3. Effects of aging and drying on NO/Br system. Conversion (%) is
calculated from the ratio of CEES to CEESO. (e) Fresh 2.5 mM NOPFs, 5.0 mM
TBABr; (1) 2.5 mM NOPFs, 5.0 mM TBABr aged in acetonitrile; (1) 2.5 mM
NOPFs, 5.0 mM TBABr dried then reconstituted. Conditions: 3 mL of

acetonitrile, 30 °C, 1 atm O-, 100 pL. CEES (0.86 mmoles, 286 mM), 100 uL 1,3-

dichlorobenzene (DCB, 0.88 mmoles, 292 mM, internal standard).
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Figure 4. UV-Visible absorption spectra of various NOx/Br systems. Blue: 0.05
mM NOPFs, 0.1 mM TBABr; Red: 0.05 mM TBANO., 0.1 mM TBABr, 0.1 mM p-
TsOH; Black: 0.05 mM TBANO;, 0.1 mM TBABr, 0.1 mM p-TsOH, fresh; Green:

0.05 mM TBANO;, 0.1 mM TBABr, 0.1 mM p-TsOH, aged.

The reaction mixture is colored (yellow-orange) under turnover
conditions. The intensity of color correlates with reaction rates. The spectra of
both NO;- and NO-- catalytic systems recorded in the course of catalytic process

are very similar.

Kinetics of NOx/Br
Unlike mixing NOPFs and TBABr, mixing of TBANO. and TBABr in
acetonitrile does not result in any immediate color changes. The solution quickly

turns dark yellow (absorbancy increases at 290-400 nm) upon addition of p-



TsOH. A build up of absorbancy seems to be exponential with typical reaction
time < 1 min at 45 °C (under Ar). After absorbancy reaches a plateau, it remains
almost constant (less than 10% drop after 1-2 hrs). The spectra of these solutions
are the same as obtained by mixing NOPFs and TBABr. The kinetics of the
reaction of this colored species with CEES was studied under Ar at 45 °C. CEES,
TBANO., and TBABr were mixed in a thermostated UV-Vis cell, a solution of acid
was injected to start the reaction. The reaction was followed by recording spectra
at given time interval using the “kinetic mode” of a UV-Vis instrument. The
results of this study showed that the formation of the color-producing species was

indeed an exponential process.

The dependence of the sulfoxidation reaction rate on TBABr concentration
has a bell-shape with a maximum at ~3 mM TBABr (NO- : Br- ~ 1: 6), Figure 5.
The initial rate in Figure 3 is ~ 500 mM/h (~0.5 M CEES, ~8 mM NOx/Br at 30
°C). The kinetics data collected under argon suggest a rate (k{CEES][NOy/Br]) of
~ 650 mM/h (for k =0.16 (1/mM.h) at 45 °C. There is good agreement between

the stoichiometric and catalytic rates.
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Figure 5. Dependence of stoichiometric reaction rate constant on TBABr
concentration. Conditions: 0.5 mM TBANO.; 4 mM p-TsOH; 202 mM CEES; 45

°C; Argon.

A mixing of nitrite, bromide and acid in the presence of CEES results in
quick increases in absorbance (shown to be exponential, typical reaction times
are shorter than 1 min). After reaching a maximum, the absorbance decreases
with time. This decrease is also exponential. The apparent rate constants were
obtained by fitting the kinetic curve to exponential law. The plot of this apparent
rate constant versus [CEES] is a linear function (Figure 6). Thus, the reaction

rate law follows Equation 4, where k = 0.044 M-s'! (~0.16 mMh-1):



-d[NO«/Br] /dt = Kk[NO«/Br][CEES] (Equation 3)
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Figure 6. Apparent reaction rate constants for the reaction of NOx/Br with

CEES. Conditions: 0.5 mM TBANO,; 2.0 mM TBABr; 2.0 mM p-TsOH; 45 °C;

Argon.

Effects of proton on the catalytic system

To explore the effects of acid on the simplified system, we added two
equivalents of an organic solvent soluble strong acid, p-toluenesulfonic acid. The
results showed no appreciable effect (Figure 7). This was in marked contrast to
the data reported for the POM systems where addition of acid increased reaction
rates.> 22 We believe that acid was critical to the conversion of a charged
unreactive NOy species (NO.-, NOg-, etc) into the catalytically active species in the
POM-based system. This hypothesized conversion process lead us to explore

other nitrogen oxide sources.
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Figure 77. Effect of the addition of acid to NOPFs / TBABr system. Conversion
(%) is calculated from the ratio of CEES to CEESO. Blue: 5.0 mM NOPFs, 10 mM
TBABr; Red: 5.0 mM NOPFs, 10 mM TBABr, 10 mM p-TsOH. Conditions: 3 mL
acetonitrile, room temperature, 1 atm O, 100uL. CEES (0.86 mmoles, 286 mM),

100 puL DCB (0.88 mmoles, 292 mM).

For systems where NOPF¢ was replaced with TBANO. the rate constant k
for the stoichiometric reaction decreases with [RSO;H] at low acid
concentrations and then becomes independent at [RSO;H] > 2 mM, Figure 8.
Protons are important in facilitating the conversion of some nitrogen oxide
species into the active catalyst but as can be seen from the results, only small

concentrations are needed.
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Figure 8. Dependence of reaction rate constant k for aerobic CEES oxidation on
p-TsOH concentration. For each mole of acid added one mole of water was also
introduced since the p-TsOH used was the monohydrate from. Conditions: 0.5

mM TBANO.; 2.0 mM TBABTr; 45 °C; Argon.

Sources of nitrogen oxides

In addition to NOPFs we explored other sources of “NOy”, including NO.-,
in the preparation of a catalytically active system. Nitric oxide has been
implicated in a variety of oxidative processes, including catalytic sulfoxidations®
8-12, 18, 2225 Jeading us to choose this as a likely alternate source of “NOy” to the

hygroscopic and temperature sensitive NOPFs.



The acetonitrile soluble salt, TBANO. was used to prepare the catalytically
active solutions. We observed that neither NO.* nor NO.- alone were catalytically
active. Furthermore we found that acid must be present in addition to bromide
to produce a catalytically active solution. The conversion of the almost clear
TBANO. and TBABr solution to the characteristic yellow occurs immediately (< 5
seconds with mixing). While the non-acidified solutions show no reactivity in the
conversion of thioethers to sulfoxides, the activity of the yellow acidified solutions
were comparable to that of solutions prepared from NOPFs and TBABr (Figure
9). Nitrosyl bromide could be generated as an active catalyst in solution via the

following process:

HNO. + HBr - NOBr + H.O (4)

Our previous work eliminated the possibility of NOBr as a critical part of
the reactive processes. To more rigorously quantify the observed correlation
between the characteristic yellow color of a catalytic solution and its observed
activity we analyzed the UV-Vis spectra of several solutions. The UV-Vis
spectrum of a solution of NO.- and Br- is similar to that of the fresh NO5  / Br-/
H+ system. Upon addition of acid, the solution spectrum becomes very similar to
that of the NOPF¢ / TBABr system (Figure 4). Clearly, despite the method used
to produce a catalytically active system, the reactivity and spectral properties are

virtually indistinguishable.

As indicated by the UV-Vis data, the use of TBANO; as a NOy source was

found to be particularly effective but its use resulted in an induction period.



Typically a mixture of TBANO3;, TBABr, and p-TsOH in acetonitrile was left to
stand in overnight. The mixture changed colors from clear, to yellow (Figure 4).
Solutions that were prepared without acid showed no color change and did not
show catalytic activity. If the mixture was used fresh, that is, before color change
occurred, a significant induction period was observed, and CEESO was not
detected via GC until the solution had become pale yellow. If the aged solution
was used, the solution that was already yellow, catalytic activity was immediate

and comparable to solutions prepared from NOPFs (Figure 9).
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Figure 9. Effects of different nitrogen oxide sources on the catalytic conversion
of CEES to CEESO by the NOx/Br system. : 2.5 mM NOPFg, 5.0 mM
TBABT; Blue: 2.5 mM TBANO,, 5.0 mM TBABr, 5.0 mM p-TsOH; Red: 2.5 mM
TBANO;, 5.0 mM TBABr, 5 mM p-TsOH aged 12 hours. Conditions: 3 mL
acetonitrile, 40 °C, 1 atm O,, 100 uL CEES (0.86 mmoles, 286 mM), 100 uL. DCB

(0.88 mmoles, 292 mM).



Sources of bromide

Having identified several NOx sources, we made an effort to explore the
effects of different bromide salts. We tested a variety of bromide salts, with both
inorganic and organic cations. In order to simultaneously introduce a metal
cation in the reactive mixture, we used TBAFeBr,, NiBr,, and CuBr. as bromide
sources. We maintained a NOx to Br- ratio of 1 : 2 in all cases. In the initial
experiments we used NOPFs as the NOx source, but we also tested other
previously identified sources of NOx. The Fe and Ni systems showed no
appreciable difference in catalytic activity from the NOPFs / TBABr system. The
copper-based system shows a marked increase in activity (Figure 10). We delved
deeper into the Cu-containing system by varying the NOy source. A mixture of
TBANO;, CuBr,, and p-TsOH in a 1 : 1 : 2 ratio also showed marked

improvements in activity over the standard NOPFs / TBABr system.
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Figure 10. Effects of different transition-metal halides as sources of bromide on
the catalytic conversion of CEES to CEESO by the NO/Br system. Conversion
(%) is calculated from the ratio of CEES to CEESO. : 2.5 mM TBANOs, 2.5
mM CuBr:, 10 mM p-TsOH; Blue: 2.5mM TBANO;, 2.5 mM NiBr., 5.0 mM p-
TsOH; Red: 2.5 mM NOPFg, 2.5 mM NiBr., 10 mM p-TsOH; Green: 2.5 mM
TBANO,, 2.5 mM CuBr., 10 mM p-TsOH; Black: 2.5 mM TBANO;, 1.3 mM
TBAFeBr,;, 10 mM p-TsOH. Conditions: 3 mL acetonitrile, 100 uL. CEES (0.86
mmoles, 286 mM), 100 uL. DCB (0.88 mmoles, 292 mM), 1 atm O., room

temperature.

Effects of transition-metal cations
Since we had already observed that the addition of Cu2* or Fe3+ to the
NOy/Br system generally enhances the catalytic activity, we decided to explore

the possibility more rigorously. Catalytic mixtures were prepared with copper



and iron salts serving as the sources of nitrate and bromide. Those systems
containing Cu(NOs). and TBAFeBr, showed the greatest turnover frequency. A
catalytic system produced by combining these two compounds as the NOx and Br-
source respectively, achieved the most active system. As expected acid was a
critical component, though systems that lacked it still showed some catalytic
activity. Those mixed-metal non-acidified systems, while active, did not compare

favorably to those systems with acid.
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Figure 11. Effects of different transition-metal halide combinations as sources
of bromide on the catalytic conversion of CEES to CEESO by the NOy/Br system.
(Red M): 1.0 mM Cu(NOs3)., 1.0 mM TBAFeBr,, 2.0 mM, p-TsOH; (Blue Hl): 0.67
mM Fe(NO3)3, 1.0 mM CuBr., 2.0 mM p-TsOH; (Red [1): 1.0 mM Cu(NOs)-, 1.0
mM TBAFeBr,; (Blue [1): 0.67 mM Fe(NOs);, 2.0 mM CuBr,; Black x: 2.0 mM
TBANOs, 1.0 TBAFeBr,, 2.0 mM p-TsOH; (Black ©): 0.67 Fe(NO-)3;, 4.0 mM
TBABr, 2.0 mM p-TsOH; (Green x): 2.0 mM TBANO;, 2.0 CuBr,, 2.0 mM p-
TsOH; (Green ©): 1.0 mM Cu(NOj)., 4.0 mM TBABr, 2.0 mM p-TsOH.
Conditions: 3 mL acetonitrile, 1 atm O, 40 °C, 50 uL tetrahydrothiophene (THT,

0.57 mmoles, 189 mM), 50 uL. DCB (0.38 mmoles, 128 mM).



Color changes in copper containing systems

While developing the various Cu2* containing systems, we observed a
series of color changes. The initial color of the NOPFs / CuBr. system was dark
green, the same color as an equally concentrated solution of CuBr.. Over the
course of 5 minutes the solution turned yellow, almost identical to the color of the
NOPFs / TBABr system. Upon addition of CEES the solution immediately turned
to a very dark green, almost black color. As the reaction progressed the color
faded until it was again pale yellow. The return of the pale yellow color coincided
with the total conversion of CEES to CEESO. When a catalytic system is prepared
from TBANO;, CuBr,, and p-TsOH in a 1 : 1 : 2 ratio, the initial green color
persists for about 20 minutes. The color change is nearly instantaneous if a small
portion of TBANO: is added to the solution. Once the yellow color has formed
the addition of CEES effects a rapid change to very dark green or black. This
color is only persistent as long as there is CEES in the system. As with the NOPFs
/ CuBr. system, the yellow color returns when all the CEES is consumed, as
detected by GC. While the intense black and green colors overwhelmed any
attempts to identify the indicative absorption at 280 nm, we were able to identify

this peak in the yellow solutions.

Effects of bromide replacement

Having focused strictly on sources of bromide, attempts were made to
replace Br- with another anion. The results in Table 2 show that, of the anions
tested, only bromide leads to active systems. Particularly interesting was the fact

that Cl- showed very little activity. Based on the literature we had expected to see



some catalytic activity from the NO/Cl system. Evidently the system we created
is not the same as those previously used for nitrosation and other oxidative

reactions.26 27

Table 2. Conversion of CEES to CEESO by catalytic systems with varying NO*

counterions
Catalysta Conversion (%) TONe
1 TBACN 0] 0.0
2 TBACI 4 0.2
3 LiBr 45 2.6
4 KBr 100 5.8
5 NH,Br 100 5.8
6 THABrd 100 5.8
7 p-TsOH 2 0.1
8 TBASCN 3 0.2
9 TBAI o 0.0
10 Domiphen Bromidee 50 2.9
11  NiBr, 100 5.8
12 CuBr. 100 5.8
13 TBAFeBr, 100 5.8

a5 mM NOPFg, 10 mM X-, 3 mL acetonitrile, 1 atm O., room temperature, 100 pL
CEES; b percent of sulfide converted to sulfoxide after 1 hour; ¢ turnover number
= (moles of sulfide / moles of catalyst); 4 tetraheptylammonium; e

(dodecyldimethyl-2-phenoxyethyl)ammonium.



Solid-supported NOx/Br systems

Efforts to develop a NOy/Br-type system on various solid supports for
heterogeneous catalysis have met with little to no success. Initially we added
solid K;SiW,.0,0 to a solution of NOPFs and TBABT, prepared using the standard
procedure that was confirmed to be catalytically active. We tested the POM
added system for activity in the aerobic oxidation of CEES, however after 24
hours we detected no oxidation product (CEESO). We also tested the effects of
NasAlW..040 and NagPMo:-040. Surprisingly, both POMs resulted in a dramatic
reduction of activity, to the point where only trace amounts of sulfoxide were

detected after 24 hours at 40 °C under 1 atm Os..

We proceeded to screen several polyoxometalate systems for activity.
TBAMnUSiW,;0s0, TBAGNiISiW.,059, TBACOUSiW050, TBAcVVSiWy040,
TBAsMnAIW,;049, and TBA,Co’AIW ;034 all showed a decrease in activity from
the base NOPFs/TBABr system. It was apparent that any additive in the form of
a POM eliminated any activity of the NOx/Br system with respect to sulfide

oxidation.

We explored the possibility of depositing or adsorbing a catalyst mixture
onto various materials due to the failure of the POM based supports. Catalytic
solutions were incubated with potential support materials TiO., Al.O; and SiO..
The suspensions were filtered. The TiO. and Al.O3-containing samples remained

white powders, but the SiO.3;-containing sample changed from white to a faintly



yellow color. The solids were suspended in toluene and sulfide (CEES) was
introduced. After 24 hours the titania and alumina systems showed no evidence
of sulfoxide. The silica system, however, showed complete conversion after 2
hours. We observed leaching of the yellow color from the SiO. solid into the
toluene solution. We tested the filtrates of the TiO. and Al.O; systems and
observed these to be very active. We concluded that the NOy/Br catalyst did not
adsorb on TiO. and Al.O; but did adsorb slightly on SiO.. Unfortunately

leaching of the NOy/Br precluded realization of a heterogeneous catalyst system.

Based on our positive observations of some binding of the NO/Br catalyst
to the silica, we attempted to use functionalized silica gel as a solid support.
Previously Zolfigol and co-workers had reported a system for the heterogeneous
oxidation of pyridines and disulfides using sulfuric acid-modified silica and
NaNO..17- 28: 29 We used sulfuric acid-modified silica as the acid source when
preparing solutions of catalyst from TBANO. and TBANO; with TBABr. The
solutions turned yellow as we had observed when using p-TsOH as the acid, and
in acetonitrile solvent the conversion of sulfide to sulfoxide proceeded similarly
to the reaction under the standard catalytic solutions. However, as with our
previous experiences with SiO. we were unable to produce a solid supported
catalyst that did not display obvious leeching of the chromophoric catalytically
active components in reactions where toluene or hexane was the solvent. Clearly
the source of the yellow color, which is directly related to the active catalyst
species, does not strongly bind to any to silica we tested, and the observed

reactions were not truly solid-liquid heterogeneous reactions.



Exploring heterogeneous catalytic systems

Based on the observed leeching in the attempted heterogeneous systems,
catalytic solutions were prepared and shown to be active in solvents far less polar
than acetonitrile (hexane, toluene). As the solid-liquid heterogeneous catalytic
systems failed, we developed a method for testing solid-gas heterogeneous
systems for activity. The catalyst was prepared in solution and then allowed to
evaporate on a glass dish to form a yellow solid. This dish was placed in the gas
reactor and liquid samples of dimethyl sulfide or propane thiol were aspirated
into the sealed chamber. Because the oxidized products are far less volatile, we
were only able to monitor the consumption of sulfide or thiol relative to an
internal standard. Rinsing the inside of the chamber with acetonitrile and then
analyzing the solution via gas chromatography detected some products.
Experiments showed only limited activity in the conversion of dimethyl sulfide to
dimethyl sulfoxide. We attribute this primarily to the very low surface area of the
solid catalyst. These supported catalysts from depositing the heterogeneous
NOx/Br system on a variety of materials showed no activity in the gas reactor.
Solid silica, alumina and titania were all tested as potential supports for the
NOy/Br catalyst. These composite materials failed to show any activity for the
conversion of thiol to disulfide in a gas-solid heterogeneous system. As stated
above only the NOy/Br-silica material showed any activity for the conversion of
thiol to disulfide in a liquid-solid system. We postulate that the application of the
NOx/Br on the surface of these supports either destroys the active catalyst, or
prevents any process that might lead to formation of the active catalyst. Leeching

of the NOx/Br from the silica material and the subsequent activity observed in



this system supports the hypothesis that a solid support sequesters the active

catalyst in the NOy/Br system and prevents any catalytic activity.

Conclusion

The NOy/Br system developed is a highly active oxidation catalyst for the
conversion of sulfides to sulfoxides under mild conditions. The catalyst is
selective as no detectable sulfone is produced. Over-oxidation of thioethers, i.e.
conversion of the initial sulfoxide to the sulfone, is often a competing reaction,3°-
32 and is best avoided due to the toxicity of the sulfone (CEESO. in particular).33:
34 Tt was established that the catalytic activity is highly dependent on the
presence of bromide ion. Furthermore the ratio of bromide to NOy was shown to
be critical for optimal activity; this phenomenon has not been documented

previously.

By studying the NOPFs / TBABr system we were able to rule out an acid
dependence of the actual catalytic reaction, since addition of acid had no
appreciable affect on catalytic activity. When studying systems that did not use
NOPFs as the NOy source, however, acid was proven to be critical in facilitating
conversion of the initial nitrogen oxide (nitrate, nitrite) into the catalytically
active species. We have determined that HNO. and HNO; do not catalyze
sulfoxidations under our experimental conditions in the absence of bromide.
Because of the observed acid independence of the NOPFs / TBABr system, we
have shown that acid allows for the transformation of either NO." or NOs™ into a

species that can then react with bromide to form the active catalyst in solution.



In order to explain the observed catalytic activity of NOFePWy,, it is
possible that under turnover conditions, hydrogen dinitrate is the nitrogen oxide
source, bromide could be present from the salts used to synthesize the POM, and

the acidity of the POM itself could facilitate production of the active catalyst.

When proposing possible active intermediates for our systems we
eliminated the possibility that a volatile compound, namely NOBr, is the active
catalyst based on spectroscopic data and by demonstrating that the aged and
dried catalytic solutions retain active when solvent is subsequently re-introduced.
Figure 12 shows the intermediate proposed by Bosch and Kochi wherein N.O,

disproportionates in the presence of sulfide:

[R,S* , NO] NO,-
R,SO

[R,S, NO*] NO,- NO + NO,

R,S A N,0, === 2NO, th 0,

Figure 12. Proposed catalytic cycle for the conversion of sulfides to sulfoxides

by N204.12



The intermediate is proposed to decompose to a thioether cation radical
followed the oxidation of NO by molecular oxygen.’2 While these components are
present in our system, we never directly add NO.. Furthermore, as both NO. and
N.O, are gases at room temperature, it is difficult to explain why our materials do
not show significant decreases in activity upon standing or drying and upon re-
dissolving the residual dried yellow material. Lastly, this scheme fails to explain
the key role of bromide that we have observed. Nitryl bromide (BrNO.) is an
extremely reactive species and as been implicated in high altitude atmospheric
oxidation of dimethylsulfide. However BrNO:. is not stable at room temperature
under 1 atmosphere of pressure and rapidly decomposes to molecular bromine
and nitrogen dioxidess, suggesting that this compound is not responsible for the

catalysis we observe.

While studying the kinetics of the nitric acid oxidation of sulfides, Ogata
and Kamei observed that the system behaved differently under N. atmosphere
than when molecular oxygen was present. They further observed an induction
period, which could be eliminated by the addition of nitrite. They found the
kinetics of the reaction is first order in nitrous acid. They postulated that the
reactive species N.O. exists in equilibrium according to Equation 5. Dinitrogen
dioxide reacts with acid to produce HN.O.* which then transfers an oxygen atom

to the sulfide.o



Scheme 1

4 H* + HNO; + HNO. < N.O. + H.0

N.O, + H+

I

HN-O.*

2H-.O + R.S + HN.O.* = R.SO + N.O3; + 5H*

I

N.O; + H.O 2 HNO

While Scheme 1 could certainly help explain some of the complex reactions

likely to be occurring in our solutions, it does not account for the clear bromide

dependence we observe.

While we have not conclusively identified the reactive intermediate, we

continue to explore the NOy/Br system in an attempt to discover the nature of the

catalyst.
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Decomposition of y-[(Si0;)Wi00:8(0OH),4]4 as a Pathway to an Active

Catalyst in Hydrogen Peroxide-based Homogeneous Epoxidations



Abstract

The selective, green, catalytic epoxidation of alkenes is highly desirable
because epoxides are key for manufacture of resins, adhesives, coatings, and
pharmaceutical intermediates. The organic-solvent-soluble tetra-n-
butylammonium salt of [y-SiW1003.(OH),]4- (1) was shown to be the precursor of
an active species that catalyzes oxygen transfer from aqueous H.O. to olefins.
Complex 1 transforms under the reaction conditions to a stable diperoxo species
[y-SiW,16032(02)2]4-, which has been isolated and shown to be inactive toward
oxygen transfer. As infrared spectroscopy was inconclusive in distinguishing the
various POM species, UV-Visible spectroscopy was used to monitor changes in
POM speciation. An acid dependent H.O.-based reaction is believed to generate
the active catalyst in solution via decomposition. A catalyst assembled in situ
from monomeric components (TBA-WO,, HCIO,) exhibits a similar rate but a

slightly different epoxidation regioselectivity relative to 1.



Introduction

The epoxidation of olefins is an important large-scale industrial
technology used in the production of a variety of materials from resins and
coatings to pharmaceutical intermediates. 2 The principle processes currently
used to transform olefins remain non-catalytic, such as the chlorohydrin process,
or employ non-green oxidants, such as organic peroxides in the Halcon-Arco
process.35 Catalytic systems that proceed in high selectivity at high conversion
using a green oxidant continue to be of considerable intellectual and practical
interest. Hydrogen peroxide is an ideal oxidant because it is inexpensive, easily
handled, has high oxygen content, and only produces water as a byproduct. These
are common traits for all green oxidants; atom efficient, high percentage of active
oxygen, produce only water (or nothing in the case of dioxygenase
stoichiometries with O.). Publications addressing many types of catalysts for
hydrogen peroxide and O. based epoxidations are plentiful.- 612 Mizuno, et. al.
reported the selective and efficient H.O.-based epoxidation of olefins catalyzed

by the polyoxometalate (POM), [y—SiW10036]8-.13

In a subsequent paper Mizuno, et. al. reported that a stable diperoxo
species, TBA4[y-SiW10034(0-)-], is produced under reaction turnover conditions.
They state this compound is activated by acid and peroxide (with peroxide
potentially serving as an acid) to form the active species that catalyzes oxygen
transfer.14 Herein, we attempt to determine more accurately the nature of the

active species, and the pathway by which it forms.



Experimental
Instrumentation

Transmission infrared spectra (3—5 wt. % in KBr) were recorded on a
Thermo Electron Corporation Nicolet 6700 FTIR spectrometer. Catalytic
reactions were monitored with a Hewlett-Packard 5890 GC equipped with a HP-5
capillary column (poly(5% diphenyl/95% dimethylsiloxane) and an FID detector.
Single and time dependent UV-Vis spectra were acquired using a Hewlett-
Packard 8452A diode array spectrophotometer. Aqueous pH measurements were
performed using an Orion 230 Aplus pH and ISE meter equipped with an Orion
Ross Combination pH electrode. Solution *H NMR spectroscopic measurements
were made on a Varian INOVA 400 MHz spectrometer and resonance signals
were referenced to residual solvent signals. Solution 29Si NMR spectroscopic
measurements were made on a Varian INOVA 400 MHz spectrometer with
AutoProbe pre-shimmed wusing a 29Si standard. Thermogravimetric
measurements were performed on an ISI TGA-1000. Electrospray mass spectra
were acquired on a Thermo Finnigan LTQ-FTMS in both positive and negative

ion modes.

Materials

All chemicals were reagent grade and used as received from commercial
sources unless otherwise specified. Concentrations of H.O. in aqueous stock
solutions were determined by UV-Vis spectroscopy, using €.s, = 19.6 + 0.3 Mcm-
1 [this value was found at www.h202.com, a site maintained by US Peroxide]. A

column with neutral AlO; was used to purify olefins before use in reactions.



Synthesis of Ks[f2-SiW1:034]

Based on the literature procedure,'s an aqueous solution of Na.SiO; (11g,
50 mmol) was added to an acidified aqueous solution (470 mL of 1.4 M HCl) of
Na.WO, (182 g, 550 mmol). The pH was adjusted to 5.5 and maintained for 9o
minutes by addition of 4 M HCl. The precipitate, collected by addition of excess
KCl, was redissolved and the solution filtered to remove solids. Excess KCl was
again added and the resulting precipitate collected and dried under suction to
yield 77.25 g of solid (47.5% yield). Molecular weight of Kg[B.-SiW11039]*14H-0:
3239.3 g/mol. FT-IR (KBr): 991.15, 948.66, 876.05 (very strong), 855.91 (very
strong), 806.75, 722.86, 868.16 (weak, shoulder), 620 (very broad, shoulder),

530 cm.

Synthesis of Ks[y-SiW10036]

Based on the literature procedure,’s 10 g Kg[B2-SiW1:039] (3.1 mmol) was
dissolved in water and the solution filtered. The pH was adjusted to 9.1 was
maintained for 15 minutes by addition of aqueous K.CO3. Addition of an excess
of KCl followed by filtration and air-drying yielded 6.73 g of white solid (68.8%
yield). Molecular weight of Kg[y-SiW10036]+12H.0: 3155.3 g/mol. FT-IR (KBr) :
987.52, 941.82 (strong), 902.86, 863.10 (very strong), 816.71 (strong), 738.38

(very strong), 660 (broad), 558.61 (weak), 529.8 (broad), 480 (weak) cm™.

Synthesis of TBA,[y-SiW:003-(OH),] (1)
Closely following the procedure in Mizuno et. al.,* an organic soluble form
of [y-SiW10036]8- was synthesized. The potassium salt (7 g, 2.2 mmol) was

initially dissolved in 25 mL of deionized water, the solution acidified to pH 2 with



dilute nitric acid and stirred for 15 minutes. A solution of TBABr (14 g, 44 mmol)
in 10 mL of water was quickly added, and the resulting precipitate collected via
suction filtration (5 g, 66 % yield). Purification was performed by slow addition
of water to a concentrated acetonitrile solution of 1, followed by isolation of the
solid by suction filtration. TGA analysis showed no weakly associated water
molecules (Figure S1). Molecular weight of [(C4Hg)sN]4[y-SiW10032(OH),]:
3416.4 g/mol. TBA3SiW003, was identified in the mass spectrum. FT-IR
(KBr): 1152 (weak), 1107 (weak), 1060 (weak), 1025 (shoulder), 1003.07 (weak),
962.7 (strong), 924 (shoulder), 906.99 (very strong), 876.79 (shoulder), 786.44

(very strong), 738.80, 687.51 (strong), 564.35 (shoulder), 545.6 (broad) cm-.

Synthesis of TBA ,[y-SiW1003:(05).] (2)

Closely following the procedure in Mizuno et. al.,! isolation of the diperoxo
species was performed by addition of 50% H.O. (225 uL, 3 mmol) to a cold
solution of 1 (0.5 g, .15 mmol) in 10 mL of acetonitrile. The mixture was stirred
for 2 hours at o °C. Addition of 40 mL of diethyl ether produced immediate
precipitation of a while solid that was collected via suction filtration (0.49 g, 98%
yield). TGA analysis showed no weakly associated water molecules (Figure S2).
Molecular weight of [(C4;Hg)4N]4[y-SiW10032(02)2]: 3412.3 g/mol. FT-IR (KBr):
1150 (weak), 1107 (weak), 1086.2, 1060 (weak), 1026 (shoulder), 1005.6, 965.91
(strong), 919 (shoulder), 907.91 (very strong), 883 (shoulder), 799 (strong,

broad), 740 (broad, shoulder), 667.9 (broad), 550 (board) cm.



Synthesis of TBA-WO,

Based on the literature procedure,*® solid WO3;+H-O (13 g, 51 mmol) was
added in ~2 g increments to an 80 °C solution of 285 mL aqueous TBAOH (0.35
M). The reaction was stirred continuously for about 30 minutes. After cooling to
room temperature and filtering, the solution was dried on a rotary evaporator to
produce a slurry which was subsequently dried in a vacuum oven to afford a
white hygroscopic solid (30 g, 80% yield). Molecular weight of [(C4;Ho)4N]2WOQOy,:
732.77 g/mol. FT-IR (KBr): 1152.11, 1106 (weak), 1059 (broad), 1029, 1007

(weak), 883.44, 794.58 (very strong), 740.20 cm™.

Oxidation with hydrogen peroxide catalyzed by 1

Typically a 28 mL glass vial was equipped with a magnetic stir bar,
charged with solid prescribed amounts of 1, alkene, 50% aqueous H.0., and
decane as internal standard and brought to ~3 mL volume with acetonitrile. The
vial was then sealed with a septum cap and placed in a water bath maintained at
40.5 + 1 °C. Aliquots are withdrawn with a syringe at given intervals and assayed
via gas chromatography. In the case of the R-(+)-limonene reaction, the ratio of
8,9-epoxide to total epoxides (1,2-epoxide and 8,9-epoxide) was determined from

integrated peak areas on the GC traces.

Determination of oxygen equivalents

An iodometric method was used to quantify the oxygen oxidizing
equivalents. A mixture of 1 mL of TBAI (10 mM in acetonitrile), 1 mL of acid
(0.15 M HCIO;, in glacial acetic acid), and 1 ml of 2 (2.2 mM in acetonitrile) were

combined in a quartz UV-Vis cuvette. The absorbance at 450 or 470 nm was



recorded and compared to a standardization curve produced with known
concentrations of aqueous hydrogen peroxide. Hydrogen peroxide concentration
in reaction solutions was determined in a similar fashion. A small aliquot of
reaction solution, usually 0.05 mL, was withdrawn at the desired reaction time
and mixed with 2 mL of TBAI (10 mM in acetonitrile). The absorbencies at 450
or 470 nm were recorded immediately after addition of 1 ml of 0.15 M HCIO, in

glacial acetic acid.

pH titrations
The probe was calibrated with standard solutions prior to measurement.

Values were recorded in both mV and pH units.



Results and Discussion

When compound 1 is exposed to hydrogen peroxide under catalytic
conditions compound 2 forms. It is reported that the conversion is nearly
complete in less than 10 minutes. Mizuno et. al. suggest that the peroxide unit is
formed at the position labeled a in Figure 1.4 Based on the considerable
literature in this area, transition metal peroxo species are generally of three
structural types: M(02) (m2)},3 722 M-O-O-M,% 2224 and M-O-OH.25 26 A
potential pathway for the formation of 2 is shown in Scheme 1. It was reported
that the isolated 2 was inactive with respect to oxygen transfer to olefins. As
such, a further activation step was postulated, an acid-base equilibrium step
leading to an activated oxygen species.4 Our Scheme 1 shows two potential

pathways involving aqueous acid.

1 2
4- -
/W:O—l /W_Om 4
O\ + H,Op=— O\ + H,0
W-0OH, W-00H
H,O + H*
Pathway a %20, -+ | Pathway b
8- 4
W—OH,”" g+ O,W\O_I
a o0 RO
W-OOH W

Scheme 1. Reaction of hydrogen

Figure 1. Ball and stick model of [y-

peroxide with 1 to form 2. Two

SiW10054]+. Tungsten in grey, oxygen potential acid-base equilibrium

in red, silicon in purple. pathways.



Aqueous Titration of Ks[y-SiW10036] & Acidity of 1 in acetonitrile

Given the demonstrated importance of acidity in the catalytic reactions of
1 we decided to further investigate the role of acid in the synthesis of 1. During
the synthesis of the catalyst precursor 1, an aqueous solution of Kg[y-SiW100ss] is
acidified before precipitation by TBABr. Previous studies have shown that the
catalytic activity of 1 reaches a maximum when the pH of the precipitating
solution is 2.3 27 The inset in Figure 2 shows the reversible protonation of
aqueous [y-SiW10036]8; approximately 4 protons are taken up, consistent with
the formulation [y-SiW,0032(OH),]4-; the first pka is 4.7. The primary curve in

Figure 2 shows a similar plot, but the pH of the solution was adjusted to 2, as

8

(0] 5 10 15
H+ / [Y—SiW10036] &

Figure 2. Aqueous titration of [y-SiW00s36]8-. The inset curves show
reversibility, while the larger curve, obtained by extended exposure to acidic

conditions, does not.



specified for the synthesis of the most catalytically active form of 1.13: 27 At this
point the ratio of H* to [y-SiW10036]8- is approximately 25 to 1. In this case the
reverse curve, obtained by addition of strong base, is not consistent with
reversible deprotonation of [y-SiW;003.(OH)4]4. We conclude that another
species is formed under these conditions. It is reported that [y-SiW0036]% is
unstable under very acidic conditions, converting into [B.-SiWi.040]4- via

decomposition.1s 28-30

Similar titration curves were produced for monomeric WO,2 in water
(Figure S3). The monomer showed uptake of 2 equivalents of H* near pH 5. As
with the over acidified titration shown in figure 2, there was no reversibility of

this protonation-induced chemistry upon addition of base.

In order to determine the acidity of 1 in acetonitrile, a solution of the POM
containing p-nitrophenol as an indicator was titrated with TBAOH. End point
calculations revealed that the unpurified product contained 0.6 equivalents of
labile proton per [y-SiW,0032(OH),]4 moiety. After two recrystallizations the
procedure was repeated and the material was found to have 0.5 labile protons per
molecule. As the pKa of p-nitrophenol is 7.153! 1 is deprotonated by the strong

base before the indicator.

To further determine the acidity of the 1, the indicator Methyl Orange (pKa
3.46 in water3!) was dissolved in acetonitrile. Upon addition of solid 1
(approximately 10 mg, 3 mmol) the solution changed color from pale yellow to

red-orange, signifying a protonation of the indicator dye. Furthermore dilute



perchloric acid was slowly added to a solution of Crystal Violet (pKa. 1.5 in
waters?) in acetonitrile until the color of the solution was pale green, indicating
both protonated and unprotonated dye were present. = When solid 1
(approximately 10 mg, 3 mmol) was added to the solution, the color immediately

changed to pale yellow, indicating the dye was protonated by the POM.

Compound 1 is very acidic in acetonitrile and is quickly converted to the
diperoxo species under reaction conditions. Mizuno et. al. propose a mechanism
that calls for an acid to serve as the proton donor. They suggest hydrogen
peroxide serves the role of acid.4 Given the acidity of 1 and its structural
similarity to 2, it is difficult to justify protonation of the diperoxo species by a
weak acid such as hydrogen peroxide as postulated by Mizuno et. al.4 Another

mechanism for activation of 2 to form a catalytic species seems likely.

Limonene Oxidation Selectivity

R-(+)-limonene, a terpene containing two alkene groups with differing
steric and electronic properties, was used to assess the selectivity of the various
catalytic systems. The relative amounts of 1,2 and 8,9 epoxides were compared
by GC analysis of the peak surface areas as labeled in Figure 3. To assess the
ratio of cis to trans epoxide at the 1,2 position we first analyzed a commercial
sample of (+)-cis/trans-limonene oxide via GC and then by *H NMR. By
analyzing the splitting pattern based on the Karplus equation32 we determined
the peak at 2.996 ppm corresponds to the epoxide proton in the trans isomer

while the doublet centered at 2.937 ppm originates from the cis isomer. The cis :
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Figure 3. Typical gas chromatography trace. The cis and trans isomers of
limonene oxide were distinguishable for both expoxide locations. Retention

times in minutes are given for the respective peaks.

trans ratio as determined by NMR for the epoxide produced by reaction with 1 is

1.24 : 1. The ratio as determined by GCis 1.16 : 1.

Effects of tungstate monomer

To probe the possibility that 1 decomposes under the catalytic reaction
conditions, and these byproducts were in some way affecting the catalysis of
oxygen transfer, we synthesized TBA-WO, and used it as a catalyst in the absence
and in the presence of acid (HCIO4). A mixture of TBA-WO, and HCIO, showed
an extremely high catalytic activity (Figure 4). At only 6 mol% tungsten, the
monomer catalyzes oxygen transfer at a similar rate to 1. Furthermore, the

monomeric system showed no evidence of an induction period.
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Figure 4. Kinetics of cis-cyclooctene epoxidation by hydrogen peroxide

catalyzed by different tungsten-containing species: (O) 1.4 mM 1; (@) 0.84 mM

TBA-WO, and 2.2 mM HCIO,. Conditions: 365 mM cis-cyclooctene, 135 mM

H.0., ca. 0.25 M H-0, 40.5 °C, acetonitrile.

To further analyze the differences between the monomeric system and 1,
we determined the intermolecular regioselectivity in epoxidation of the two
different double bonds in (R)-(+)-limonene. The 8,9-epoxide/(total epoxide)
ratio in the reaction catalyzed by 1 was 0.33+0.03, which is in good agreement
with a number reported by Mizuno, 0.38. This ratio varied widely in the
TBA.WO,/HClO, system when the concentration was changed, showing that

different active oxygen species are formed different concentrations. The active



species in the monomeric systems are likely different from the species formed in

the reactions catalyzed by 1.

To determine whether the decomposition of a small percentage of 1, in the
presence of acid and peroxide, is a possible reaction pathway to an active catalyst,
we studied the effects of addition of TBA,WO, and HCIO, to the catalytic system
comprising 1. It is known that sterically bulky oxidizing agents exhibit selectivity

toward the least hindered ene site, as are more electron rich oxidants.33 As seen

100
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Figure 5. Effects of addition of monomeric tungstate and acid on the activity of

1: (o) no additions; (A) with both 0.24 mM TBA;WO, and 0.4 mM HCIO,; (x)

with 0.4 mM HCIlO,; (o) with 0.24 mM TBA.WO, only. Conditions: 365 mM cis-

cyclooctene, 90 mM H.0,, 1.2 mM 1, ca. 0.15 M H.0, 40.5 °C, CH;CN.



in Figure 5, addition of monomeric tungstate and acid to 1 almost doubled the
rate of cis-cyclooctene epoxidation while nearly eliminating the induction period.
Individually, TBA-WO, and HCIO, did not have positive effects on either the rate
or the induction period. Our results show the active catalyst in solution is
selective toward the less hindered alkene moiety. By quantifying the ratio of 8,9-
epoxide to total epoxide we were able to determine that the regioselectivity of the
1/TBA-WO,/HCIO,4 mixture and 1 by itself is nearly the same. It is possible that
the same active species is formed in both cases. Our attempts to use IR-

spectroscopy to observe such a species were unsuccessful.

FT-IR studies
The synthesis and purification of 1, as well as the conversion to the

diperoxo compound 2 was monitored by FT-IR. Figure S4 shows the spectral

100:
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Figure 6. FT-IR of materials recovered after cis-cyclooctene epoxidation. 1

(blue); 1/TBA.WO,/HCIO, (black).



changes as the unprotonated [y-SiW0036]8 is converted to the organic soluble
form of 1 at pH 2. Three peaks in the spectrum of the unpurified compound 1
decrease dramatically upon subsequent recrystallizations, as marked in Figure
S5. Strikingly, conversion of 1 to 2 does not produce a distinct change in the IR
spectrum (Figure S6). Figure 6 compares the spectra of 1 with the spectrum of
the material collected from the vacuum drying of a reaction solution containing 1
plus TBA,WO, and HCIO,. The spectral changes are not significant enough to

make any determinations.

UV-Visible studies

Since the FT-IR data was not specific enough to make any determinations
about the active catalytic species, UV-visible spectroscopy was used to analyze the
catalyst under reaction conditions. As the reaction proceeded, a small aliquot
was withdrawn from the reaction vessel, diluted and the absorbance spectrum
recorded. Figure 7 clearly shows the appearance of a peak near 260 nm, which

increases over the course of the reaction. Neither cyclooctene nor the epoxide

Figure 7. Changes in UV-vis spectra

of a catalytic solution under reaction
conditions. Conditions: 365 mM cis-

cyclooctene, 90 mM H.O., 1.2 mM 1,

Absorbance

ca. 0.15 M H.0, 40.5 °C, CH3CN, 0.1

mL solution were withdrawn and

O 1 1 — - 1
230 280 330 380
Wavelength, nm

added to 3 mL CH3;CN. Reaction time:

0, 2,3, 4 and 6 hrs.



absorbs in this region. The changes are therefore attributed to a polytungstate
species formed under reaction conditions. Further work is ongoing to identify

this species.

Conclusion

We undertook this research because determining the species that is the
active catalyst and the correct epoxidation mechanism could not only lead to
optimization of this system but also clarify mechanistic issue associated with
other heavily investigated and effective POM epoxidation catalysts (V.SiWo,
Fe.SiW,o, peroxotungstates).> 34. 35 We conclude that 1 is a catalyst precursor in
the epoxidation of alkenes by hydrogen peroxide. We postulate that after the
rapid formation of 2 under reaction conditions, another species forms. Our data
indicate that this species is likely formed by the reaction of 2 with monomeric
tungstate. The source of this tungstate is the acid dependant H.O.-based

degeneration of the POM 1 under the reaction conditions.
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The anomaly at ~340 °C is attributed to explosive decomposition of the peroxide.
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No reversibility of the protonation was observed upon addition of base.
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Figure S4. FT-IR spectra of Ksg[y-SiWi0036] (black) and 1 (red) as isolated

without recrystallization.
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Figure S5. FT-IR spectra of 1 as isolated without recrystalization (red), 1 after
one recrystalization (yellow), and 1 after two recrystalizations (blue). The black

arrows indicate areas of most significant change.
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Figure S6. FT-IR spectra of 1 after two recrystalizations (blue) and 2 as isolated

from the reaction vessel by precipitation (green).
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Abstract

Palladium and platinum are two of the most commonly used catalysts in
modern industrial and chemical applications. Work to understand the intricate
mechanisms and transformations that occur on the surface of these elemental
materials and the related metal-oxide supported counterparts has been a
particular focus of the scientific community. The work presented herein
continues the pursuit to isolate and characterize palladium and platinum-oxo
units stabilized by polyoxometalate ligands. These compounds can function as
tractable molecular models, amenable to structural, spectroscopic, and chemical
characterization, for the common heterogeneous catalytic materials whose

analogous properties are not amenable to facile characterization.



Introduction

Noble metal catalysts are abundant in modern society, from vehicle
catalytic convertors to reactive catalysts for air-based oxidations.*7 Although a
great deal of research has been conducted on these heterogeneous catalysts,
many of their physical and chemical properties at the molecular level remain
unclear because they are very hard to investigate and unequivocally establish.
The availability of effective molecular and soluble representations of metal and
supported metal catalyst surfaces would greatly facilitate investigation and

establishment of these properties.

Late-transition metal-oxo (LTMO) complexes, that is terminal oxo
complexes of the transition metal elements to the right of column 8,in the
periodic table, have been suggested for O. activation at platinum surfaces in
catalytic converters,4 fuel cells,' and industrial catalysis.2 Work to stabilize
LTMO complexes has been pursued for many years81® but despite this
considerable and long-term effort only one such complex was known prior to
2004, an oxo-IrV complex.” In 2004 Anderson and co-workers published a
platium-oxo stabilized by polyoxometalate ligands.’® Metal oxygen multiple
bonds are common in the high oxidation states of the early transition metals, but
the terminal metal-oxo moiety becomes increasingly unstable in metals with high
d-electron counts.’8-28 It has been shown that the POMs can stabilize a LTMO
bond. POMs have long been know to be good elctron acceptors29: 30 and the large
diffuse metal-based orbitals of the POM are postulated to withdraw electron

density and therefore stabilize the metal-oxo bond.8: 2. 22. 29 The work herein



details the work toward the synthesis and characterization of disorder-free crystal

structures of Pd(IV)- and Pt(IV)-oxo comples.

Experimental
Instrumentation

Transmission infrared spectra (3—5 wt. % in KBr) were recorded on a
Thermo Electron Corporation Nicolet 6700 FT-IR spectrometer. Single UV-Vis
spectra were acquired using a Hewlett-Packard 8452A diode array
spectrophotometer. Aqueous pH measurements were performed using an Orion
230 Aplus pH and ISE meter equipped with an Orion Ross Combination pH
electrode. Solution *H NMR spectroscopic measurements were made on a Varian
INOVA 400 MHz spectrometer and resonance signals were referenced to residual
solvent signals. Solution 29Si NMR spectroscopic measurements were made on a
Varian INOVA 400 MHz spectrometer with AutoProbe pre-shimmed using a 29Si
standard. Solution 3'P NMR spectroscopic measurements were made on a Varian
UNITY 400 MHz spectrometer and resonance signals were referenced to 85%
H3;PO, in water. Elemental analyses were performed by Atlantic Microlabs
Atlanta, GA (carbon, hydrogen, and nitrogen) and Kontilabs, Quebec, Canada (all
elements). Thermogravimetric measurements were performed on an ISI TGA-

1000.

Materials
All chemicals were reagent grade and used as received from commercial

sources unless otherwise specified. The POMs Nag[A-a-PWoWs,] (hereafter



{ng})Sl, KS[Y—SiW10036]32, KS[O(—SiWuOSQ]32, K4[O(—SiW12O40]32 were prepared by

literature procedures.

Synthesis of “(CHsN3)s[ o-Pt2SiWi10040]” ({Pt2SiWio})

K-Pt(OH)s33 (0.2 g, 0.58 mmol) and Kg[a-SiW1,039]°13H-0 (hereafter
{aSiW1:})32 (2.8 g, 0.90 mmol) were dissolved in 50 ml of water. The pH of the
pale yellow/orange slurry was 9.5. The pH was adjusted to 11.5 by the addition of
KOH (~0.5 mL of 3.0 M), upon which all the solid dissolved. Returning the
solution to neutral pH with HNO; (~0.5 mL of 3.0 M) caused clouding in the
solution. The mixture was then concentrated to 30 mL via a boiling water bath.
Addition of guanidinium hydrochloride (0.3 g, 0.31 mmol) produced 0.7 g of a
fine white powder. FT-IR (KBr pellet) 1664 (vs), 1576 (w sh), 992, 941, 866 (vs),
793 (s), 724 (s, br), 538, 519 cm. Addition of excess guanidinium hydrochloride

gave 1.55 g of a yellow-orange powder. FT-IR (KBr pellet) 1668 (vs), 1653 (vs,

sh), 991, 941, 868 (s), 794, 727 (br, s), 539 (br).

Guanidinium salts of the POMs:

All guanidinium salts were prepared in a similar manner. The potassium
salt of the POM (500 mg) was dissolved in 10 mL of water. To this was added 0.3
mL of saturated guanidinium hydrochloride in water. The resulting precipitate
was collected via suction filtration and washed with 20 mL of cold water in two

equal portions and allowed to air dry. All yields were >95%



Synthesis of (CHsN3)xKs-[ y-SiW10036]
FT-IR (KBr pellet) 1659 (br, vs), 1579, 1384 w, 1243 (br, w), 984 (w), 937,

891 (sh), 863 (s), 770 (s), 740 (br), 570 (br) cm.

Synthesis of (CHsN3)xKsx[ o-SiW1:034]
FT-IR (KBr pellet) 1663 (br, vs), 1575 (w, sh), 992(s), 940(s), 868 (br, vs),

794 (s), 725 (br, s), 538 (br), 520 (br, s), 476 (sh), 419 (W) cm.

SyntheSiS Of (CH6N3)xK4—x[Ol—SiI/‘/12O4o]

FT-IR (KBr pellet) 1665(vs), 1572 (w), 1561 (w, sh), 1015, 996(w, sh), 970

(s), 920 (vs), 883, 789 (br, vs), 531 (br), 481 (sh), 420 (w) cm™.

Synthesis of Kis0=Pd(OH:)(A-0-PW403,)2+XH-0 ({O=PdP-W,s})

Water (25 mL) in an ice bath was acidified with 0.4 mL of 0.5 M H.SO,
(0.2 mmoles, 1 eq H*). To this solution, 100 mg of PdASO, (0.4 mmol) was added
and the resulting mixture allowed to stir for 5 minutes which produced a brown
suspension (pH 2.2). Rapid addition of 2.2 g of Nag[A-a-PW¢W3,] (0.84 mmoles,
2.1 eq) afforded a mixture that contained a yellow suspension and reached pH 6.5
after 2 minutes. The slurry was transferred from the beaker to a centrifuge tube
and the liquid separated from the solid (small pellet ~0.2 g). The decanted
solution was transferred to a beaker in an ice bath with 8.5 g of KCl and stirred
for 5 minutes. The yellow-white solid was isolated from the pale yellow solution
via centrifugation and redissolved in ~40 mL of water at 45 °C. The solution
slowly darkened as it was heated for 1 hour (pH 7.1) then filtered through fine

paper. Dark red crystals formed within 2 hours. These were allowed to grow



overnight and then collected. FT-IR (KBr pellet) 1072 (s), 1018, 961 (sh), 940 (s),

889 (w), 830 (s), 743 (br s), 704 (w sh), 612 (br ), 512 (w), 430 (w) cm™.

Synthesis of KioP2W20070224H>0 ({P2W2o})

This synthesis was adapted and optimized from the published preparation
by Contant.34 Rapid addition of 10 mL of 1.0 M phosphoric acid to a solution of
100 mL of 1.0 M potassium tungstate results in a slightly cloudy mixture of pH
8.7. The mixture is heated to 60 °C and 51 mL of 3.0 M hydrochloric acid are
added drop-wise under vigorous stirring. Localized clouding is observed at the
point of acid addition. When the mixture reaches pH 3.0 it becomes completely
clear and addition of acid should be halted to prevent formation of [PW2040]3
byproduct (identified by IR). The solution is filtered through fine filter paper into
a crystallizing dish. A white solid is collected after 2 days, dried, weighed, and re-
dissolved in ~1 mL of 50 °C water per gram of solid. Large, colorless prisms are
collected after 4 days. Yield 10.7 g (~38% with respect to the polyanion). FT-IR

(KBr pellet) 1086 9(s), 1077 (s), 1019, 954 (s), 922 (s), 857, 767 (sh), 749 (br),

659, 593(br, sh), 520, 468 (w), 446 (w), 424(w) cm.. 3'P NMR -12.3 ppm.

Synthesis of Ki1oO=Pt!V(OH2)P-W200,0eXH-0 ({O=PtP-2W32o})

{P-Wao} (0.6 g, 0.1 mmol, 1 eq) was dissolved in 30 mL H.O, and the pH
was adjusted to 7 by addition of 5M NaHCO;. Solid K.PtCl, (0.1 g, 0.2 mmoles, 2
eq) was dissolved in minimal amount of water and added drop wise to the stirring
P>W>, solution. The yellow-red solution was headed to 70 °C for 45 minutes at
which time a dramatic color change to dark green was observed. The pH of the

dark green solution was 6.9. The solution was cooled to ambient temperature,



filtered on a medium porosity frit, and allowed to evaporate in dish to produce
0.12 g of dark green powder. FT-IR (KBr pellet) 1078, 1019 (w), 941, 925 (sh),
887 (br), 850, 796 (sh), 740 (br), 694 (br), 668 (sh), 506 (W), 518, 461 (w), 420

(w) cm™.

Synthesis of Rb;KsCsHzSnP-W 19069016 H-0 ({PhSNP-Wio})

To a beaker filled with 180 mL of water, 0.333 mL of phenyltin trichloride
(2.0 mmoles, 1.15 eq) is quickly added followed immediately by 10.0 g of
Kio[P2W20070] (1.7 mmoles, 1 eq). The solution is stirred for 10 minutes followed
by drop-wise addition of 1M KOH to adjust the pH to 5.0 (~7 mL). RbCl (180
drops of 5.0 M solution) are added and the solution is gravity filtered through
fine filter paper. Crystals of the pure product are harvested after 2 days. Yield
6.33 g (~68% with respect to the polyanion). FT-IR (KBr pellet) 1083 (s), 1072 (s
sh), 1023, 949 (s), 930 (sh), 890 (w), 849, 786, 746 (W), 708, 593, 517, 443, 418
cm®. 3P NMR -10.3 ppm. Elemental composition: theoretical: C 1.22%, H
0.87%, Rb 7.21%, W 58.89%, Sn 2.00%, O 24.81%, P 1.04%, K 3.96%. Elemental

composition: experimental: C 1.22%, H 0.58%.

Synthesis of ((CH3)-NH-)Rb;K;Pd"CsH5SnP-W 19069216 H-0 ({PAdPhSnP-W,})
A solution of 25 mg Pd(NO3).+XH-0 (~0.09 mmol) in 10 mL of water was
left to stir and dissolve for 30 minutes then filtered on a 0.20 pum syringe filter to
yield a yellow-orange solution at pH 2.16. To this solution 0.5 g of {PhSnP.W o}
(~0.1 mmol) was rapidly added as a solid. The solution became dark brown-
black and opaque upon stirring for 10 minutes and the final pH was 2.65. The

dark solution was filtered on fine filter paper and 3 drops of 1.0 M



dimethylammonium chloride (DMACI) were added to the resulting red-brown
solution. Large dark red-brown prism-shaped crystals formed overnight. Yield
0.11 g (~20% with respect to the polyanion). FT-IR (KBr pellet) 1084 (s), 1062,

953 (s), 931, 899 (sh), 775 (br s), 700 (br w), 583 (w), 520 (W), 445, 414 cm™. 3P

NMR -12.87 ppm.

Synthesis of Rb,K,O=Pd(OH.)CsH;SnP-W9069*XH-0 ({O=PdPhSnP-W,})

A mixture of 25 mg Pd(NO3).«XH-O (~0.09 mmoles) in 10 mL of water
was left to stir and dissolve for 30 minutes then filtered through a 0.20 um
syringe filter to yield a yellow-orange solution at pH 2.16. To this solution 0.5 g
of PHSn19 (~0.1 mmol) were rapidly added as a solid. The solution became dark
brown-black and opaque upon stirring for 10 minutes, and the final pH was 2.65.
The dark solution was filtered through a fine filter paper and 3 drops of 5.0 M
RbCl were added to the resulting red-brown solution. Large dark red-brown
prism-shaped crystals formed overnight. FT-IR (KBr pellet) 1084 (s), 1062, 953
(s), 931, 899 (sh), 775 (br s), 700 (br w), 583 (w), 520 (W), 445, 414 cm™. 3'P

NMR -13.04 ppm.

Results and Discussion

Kortz and coworkers questioned the validity of the initially published
crystal structure of Pd-oxo, while dismissing several other lines of evidence. An
updated structure was aquired and the involving the palladium and tungsten sites
in the belt were well modeled.2t Nonetheless, Kortz continued to question the
work. In order to quell the controversy and respond to disparaging remarks

about the original work in a subsequent paper,35 we initially re-investigated the



claim of an LTMO (a di-Pt-oxo complex) reporeted by U. Lee and coworkers that

Kortz and Lee had noted in the aforementioned 2008 paper.

Debunking {Pt.SiW,o}

The compound in question was reported to be an o -Keggin silicotungstate
with two of the tungsten atoms replaced with ox0-PdY, “[a-SiPtlVaW:0040]8”
(henceforth {Pt.SiWio}). @ Two aspects of the published synthesis were
inconsistent with our observations of other oxo-PtlV POMs, the starting material
K2Pt(OH)s and the basic pH adjustments. The PtV source is far less reactive to
substitution than a Pt compound. The other reported oxo-Pt makes use of an
oxidation reaction after the more reactive Pt!! binds to the POM ligand. The
synthesis calls for the addition of KOH to adjust the pH to 11.5. It is known that
the {aSiWy} is stable between pH 4.5 and 7, but decomposes under very basic

conditions.32

When we attempted to reproduce the compound {Pt.SiW,o} we isolated a
pale-yellow powder. The IR spectrum of this material is identical to the
guanidinium salt of {SiW.}. We also compared the IR spectrum to that of
(guanidinium),[a-SiW2040]. The spectra are quite, yet we would expect them to
be similar given the comparable symmetry and therefore related vibrational
spectra (see Figure 1). When examining the elemental analysis data published for
{Pt.SiWio}, the values calculated for (guanidinium)s[SiW;039]*2H-0 are closer
than those calculated for (guanidinium)g[SiPtoWi0040]*2H-0. Furthermore,
when following the synthesis procedure published by of Lee et al.3¢ exact the

compounds isolated is a pale yellow. The other literature LTMO complexes are



all darkly colored due to electronic transitions with large extinction coefficients.:$:

21, 22

100 - 100 -

C'480 1 C‘480 _

K= K=

2 60 - 2 60 -

= =

2 2

540 1 540 1

= =

X20 - X20 -

O 1 1 1 1 1 O 1 1 1 1 1
1000 850 700 550 400 1000 850 700 550 400
Wavenumbers (cm™) Wavenumbers (cm™)

Figure 1. Comparison of the infrared spectra of
“(guanidinium)g[SiPtoW10040]+2H.0” ({SiPtaWio}; red spectrum),

(guanidinium)g[a-SiW039]  ({SiWu}; black spectrum on left), and
(guanidinium)4[a-SiW12040] ({SiWio}; black spectrum on right) in the spectral

range relevant to metal oxygen vibrational modes.

Palladium-oxo stabilized by {PW,}

To further lay any of Kortz’s concerns to rest we undertook the synthesis of
a disorder free Pd=0O stabilized by POM ligands. Our attempts began by
replicating the synthesis for the Pt-oxo compound,*® but changing the transition
metal salt from PtCl, to Pd(SO,). We were only able to observe decomposed
tungstate salts following this procedure. In order to slow the decomposition of

the POM reactant, {PW,}, we cooled the Pd suspension in an ice bath before



rapid addition of the POM. Again, we only observed decomposed tungstates as a

product.

In order to avoid the insoluble slurry observed when using sulfate salt of
Pd2+, the more soluble nitrate salt was used. The ratio of {PWy} to Pd2+ (2:1) was
more carefully controlled with this method. Variability in the pH of the initial
Pd(NOs;). solution was accompanied by variability in the color of the solution.
Unfortunately, we observed no correlation between initial pH (ranging from 1.8
to 2.3) and any reactivity. Under these conditions we were able to isolate crystals
that nominally represented mixtures of {O=PdP.W} and the all tungsten
complex, [P.WigO¢9]14-37  Figure 2 shows the X-ray crystal structure
determination of the compound isolated. The overlapping atoms of tungsten and
palladium (co-crystallization of the W-oxo and Pd-oxo units in the central
position) render this structure unsuitable for unequivocal determination of the
distances in this central unit. The 3P NMR of this compound shows 3 peaks
when freshly prepared (~2 min in solution). Ostensibly these peaks would be
{O=PdP.Wis}, {P-Wio}, and some decomposition product. When the solution is
allowed to age, the peak at approximately -11 ppm is the only one detected. This
peak corresponds to [PW039]%- and this assignment was confirmed by
comparison of the FT-IR spectrum to literature values.34  Attempts at
recrystallization yielded one of several results: (1) decomposition to a powder; (2)
isolation of the previously characterized oxo [(O=Pd).P-W9]®38; (3) reisolation

of the mixed {O=PdP.Wis} / [P2Wi9Oso]4- mixed crystals. We attributed the



decomposition to the long reaction times used (more than 20 minutes) to ensure

clear solutions and satisfactory recrystallization to obtain large crystals.

Figure 2. Polyhedral representation of {O=PdP.Ws}. The belt tungsten atoms
are shown in ball-and-stick mode to accentuate the overlap of Pd and W (~20%
Pd, 80% W present, as determined by X-ray crystallography). Tungsten
octahedra in grey, phosphorus tetrahedra in blue, and palladium in light blue.

Bound waters omitted for clarity.

We explored the possibility of preacidification of the solution. We had
previously seen that Pd2+ was not soluble above pH 5. When adding {PW,} to the
acidic Pd2* solutions we always observed increases in solution pH, even passing
neutral to become basic solutions. We postulated that these conditions prevented

the incorporation of Pd2* into a POM structure. We assumed that the insoluble



Pd material was a result of condensation. By increasing the acidity of the solution
before addition of Pd2* we prevented condensation and further improved the
solubility of the {PW,}, which we had observed to be more soluble in slightly

acidic solutions.

Based on the available evidence, the thermodynamic product of a mixture
of {PWy} and Pd2* (either as monomers or in some combined compound) in the
pH regime of acetate buffer and slightly higher (~4.2 to 5.5) is [(O=Pd).P.W¢]°-.
We obtain this product either by allowing for crystallization of 2:1 mixtures of
{PWy} and Pd2* and by redissolving {O=PdP.Wsg} followed by acidification of the
solution to the proper pH range. Crystallographic, FT-IR and 3:P NMR evidence
indicates that the kinetic product of the reaction of {PWy} and Pd2* in this pH
range is the mono-substituted {O=PdP.Wis}, thus rapid reaction times and
precipitation of the product are critical to prevent the thermodynamic

[(O=Pd).P>-W,]¢ from forming.

The final breakthrough for isolation of {O=PdP.W,s} came by shortening
the reaction times to avoid the double incorporation of palladium. This was
accomplished by rapid precipitation by addition of excess KCl. While we were
able to overcome the issue of decomposition of starting material to {PW;} and
the formation of [(O=Pd).P.W,9]®- we were unable to prevent the formation of the
all-tungsten {P.W}. Efforts are ongoing to separate the unstable, but

scientifically interesting {O=PdP.W,s}.



Palladium substituted {PhSnP-Wy}

In order to circumvent the decomposition issues presented by {PWy} in
aqueous solution, we attempted to incorporate Pd2+ into the phosphotungstate
{PhSnP,W,}.39 This compound is stable in the pH range of 2.5 to 6. We hoped
that the substitution of the phenyl-Sn in the belt of the POM would further
decrease the symmetry of any complexes containing Pd ions and allow for a
disorder-free compound to crystallize. The synthesis of {PhSnP.W} was
optimized first by adjusting the ratio of PhSnCl; to {P-W.o}. It was observed that
upon addition to water the PhSnCl; produced a small amount of white solid
determined to be ~10% by weight of the starting material, thus the compensation
using excess PhSnCl; in the reaction mixture. Upon addition of base to reaction
mixture, the compound(s) in solution transform to {PhSnP.W,}. The reaction
can be easily followed by pH probe because of a buffering effect in the pH range
of 2.3 to 5.0. Rubidium cations were found to be the best counterion for
producing crystals of {PhSnP.W} in a reasonable time frame yet a soluble

complex (molar concentrations).

The facile synthesis and good yields of {PhSnP.W,} allowed us to produce
this ligand in bulk and perform a series of reactions with Pd(NOs).. Crystals of
{Pd"PhSnP.W,y} were isolated when dimethylammonium was used as a
counterion, while {O=PdVPhSnP.W,o} was isolated with rubidium chloride. The
IR spectra of these compounds are nearly identical, but they can be distinguished
by the 3tP NMR chemical shift (-12.87 for the square planar Pd! species, -13.04

for the oxo-Pd!V species). Fresh solutions of the {PdPhSnP.W,¢} complex showed



two 3P NMR peaks, one corresponding to the Pd! complex and one
corresponding to the oxo-Pd!V complex. Based on 3'P NMR, the addition of base
results in the disappearance of the oxo-PdV peak. We postulate that the base
deprotonates the ammonium counterions and the resulting amine reduces the
PdV species. This hypothesis is further confirmed by the isolation of

{O=PdPhSnP.W,y} from solutions that contain no reducing agents.

We were able to isolate diffraction quality crystals of both the Pd! (Figure
3) and the oxo-PdV complexes, however there were issues with the
crystallography of the later (Figure 4). The complex {PdPhSnP.W,y} crystallizes
in monoclinic C2/c space group (V = 18695(3) A3, Z = 8). The Pd-O(W) bond
distances (1.979(11) - 2.009(12) A, 1.992 A by average), and bond valance sum

(2.33) are all consistent with a d® Pd! center.

The crystallographic analysis of complex {O=PdPhSnP.W,e} is more
difficult. While the phenyl-Sn group breaks down the Ds; symmetry of the
complex, a crystallographically imposed C. axis was observed. The carbon atoms
in the phenyl ring were in line with the crystallographically imposed C. axis
(Figure 4 shows an idealized structure). The complex {O=PdPhSnP.W,,}
crystallizes in monoclinic P»» space group (V = 9986.4(11) A3, Z = 4).

Furthermore there was 2-fold disorder in the W and Pd sites.



Figure 3. Polyhedral representation of {PdPhSnP.W,}. Some atoms in the belt
are shown in ball-and-stick mode to clarify positions. Tungsten octahedra are in
grey, phosphorus tetrahedral are in blue, tin is a white sphere, and palladium is
an aquamarine sphere. Bound waters, including one trans to the phenyl ring on

the tin, are atom omitted for clarity.



Figure 4. Polyhedral representation of {O=PdPhSnP.W,o} as seen from the
crystallographically imposed C- axis. Some atoms in the belt are shown in ball-
and-stick mode to clarify positions and accentuate the Pd/W positional disorder.
Tungsten octahedra are in grey, phosphorus tetrahedral are in blue, the tin is a
white sphere, and the palladium is an aquamarine sphere. Bound waters

including one trans to the phenyl ring on the tin are atom hidden for clarity.



{P-Wo} as ligand for platinum

Based on previous results, we hoped to see oxidation of Pd! to oxo-PdlV
after binding to a POM ligand.22 When {P.W.o} was reacted with K.PtCl, and
heated, the reaction exhibited a dramatic color-change characteristic of the
conversion of Pt to POM-stabilized PtIV. IR evidence showed that the stating
material {P.W.o} was consumed and a green/black powder was isolated. Various
cations were used to produce diffraction quality crystals; however, no crystals
were ever observed. A majority of crystallization attempts resulted in the
decomposition of {O=PtP.W.o} to platinum oxide and unidentifiable tungstates.
This was almost always the case when protonated ammonium salts were used.
While work on the Pd-oxo species has recently overshadowed this effort, future
work will return to the task of isolating and unequivocally identifying these

unprecedented compounds.

Conclusions

We were able to show that the first LTMO stabilized by POMs was indeed
the {O=PtP.Ws} published by Anderson et. al.’® the putative {Pt.SiW,o} of Lee
et. al. was shown to be {SiWi}, which was 12-fold disordered in the X-ray crystal
structure determination by that group.3® While great progress has been made on
isolation and identification of the palladium analog of {O=PtP.Ws}, challenges
still remain in isolating a pure compound. The possibilities presented by the

{PhSnP.W,.} ligand cannot be understated.
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Figure Si1. Thermogravimetric plot of {PhSnP.W,}. The first weight drop
corresponds to ~23 water molecules which is supported by X-ray data. The
second weight drop could be a phenyl group, but only accounts for ~40% phenyl

per molecule. Data gathered under inert atmosphere.
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Figure S2. Thermogravimetric plot of {PdPhSnP.W,o}. The first weight drop
corresponds to ~16 water molecules which is supported by X-ray data. The
second weight drop is likely to be elimination of P.Os,. Data gathered under inert

atmosphere.



100

80

60

% Transmission

40

20

1200 1100 1000 900 800 700 600 500 400
Wavenumbers (cm™)

Figure S3. FT-IR spectra of {O=PdPhSnP.Wy} in red and {PdPhSnP.W,} in

blue.



