MlCatalysis

Article

Subscriber access provided by NEW YORK UNIV

A Bismuth Substituted “ Sandwich” Type Polyoxometalate
Catalyst for Activation of Peroxide — Umpolung of the
Peroxo Intermediate and Change of Chemoselectivity

Srinivas Amanchi, Alexander M. Khenkin, Yael Diskin-Posner, and Ronny Neumann

ACS Catal., Just Accepted Manuscript « DOI: 10.1021/acscatal.5b00066 * Publication Date (Web): 22 Apr 2015
Downloaded from http://pubs.acs.org on April 30, 2015

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

ACS Publications

High quality. High impact. ACS Catalysis is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 8

©CoO~NOUTA,WNPE

ACS Catalysis

A Bismuth Substituted “Sandwich” Type Polyoxometalate Catalyst
for Activation of Peroxide — Umpolung of the Peroxo Intermediate
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ABSTRACT: The epoxidation of alkenes with peroxides by W"', Mo"", V¥, and Ti" compounds is well established and it is
well accepted that the active intermediate peroxo species are electrophilic towards nucleophilic substrates. Polyoxotung-
states, for example those of the “sandwich” structure, [WZn(TM-L),(ZnW,0,,)’]"", where TM = transition metal and L =
H,O, have in the past been found to be excellent epoxidation catalysts. It has now been found that by substituting the
Lewis basic Bi"' into the terminal position of the “sandwich” polyoxometalate structure to yield [anBimz(ZntO%)z]‘4’,
leads to an apparent umpolung of the peroxo species and formation of a nucleophilic peroxo intermediate. There are two
lines of evidence that support the formation of a reactive nucleophilic peroxo intermediate. (1) More electrophilic sulfox-
ides are more reactive than more nucleophilic sulfides and (2) non-functionalized aliphatic alkenes and dienes showed
ene type reactivity rather than epoxidation pointing towards “dark” formation of singlet oxygen from the nucleophilic
intermediate peroxo species. Allylic alcohols reacted much faster than alkenes but showed chemoselectivity towards C-H
bond activation of the alcohol and formation of aldehydes or ketones rather than epoxidation. This explained via alkoxide

formation at the Bi'" center

followed by oxidative B-elimination.
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Introduction

The use of peroxides as the terminal oxidant for catalyt-
ic transformations such as alkenes to epoxides and sul-
fides to sulfoxides, originally studied in the early 20™ cen-
tury,” has been extensively investigated over the last sev-
eral decades. The investigation of the use of hydrogen
peroxide has been especially intensive related also its ad-
vantage in the context of green chemistry and low waste
reaction processing.”® As a result, catalytic reactions have
been considerably optimized with attention being focused
on turnover, rate, and catalyst stability and recovery. In
the area of H,O, activation and a broad spectrum of non-
redox transformations, tungsten based complexes have
played a central role where the Lewis acidity of the W"'
atoms logically leads to electrophilic peroxo intermedi-
ates. In this context, especially catalysts with more than
one tungsten atom, polyoxotungstates, have been shown
to be very active and selective. Three families of polyoxo-
tungstate catalysts appear to be the most reactive; the so-
called Venturello complex,”® {PO J[WO(0,),],J that is
also accessible from phosphotungstic acid,”™ y-Keggin-
type decatungstates,™ and the Tourné “sandwich” type
polyoxometalates.”™ Reactivity of H,O, as a nucleophilic
oxidant has been much-less studied. One important ex-
ample is the use of a Sn-substituted beta zeolite for the
Baeyer-Villiger reaction where the Lewis acidic Sn centers
activate the ketone rendering it susceptible to nucleo-
philic attack by H,0,** Also with electron-donating com-

plexes, typically based on Pd" and Pt", nucleophilic
peroxo intermediates have been suggested.” Under basic
conditions (pK, of H,O, = 11.75) HO,™ species can be easily
formed. In the presence of a polyamino acid, enantiose-
lective epoxidation of electron poor chalcones was ob-
served.*** More typically, however, HO,” decomposes to
singlet oxygen ('O,), the O, (*Ag) state. Thus, addition of
NaOCl to H,O, or Cl, to basic H,O, is a possible, method
for the “dark” formation of '0,.”**” The reactivity of sin-
glet oxygen with alkenes, dienes and other compounds is
well documented and very different than what is observed
with peroxo species.”®» More recently use of transition
metal compounds such as molybdenum and lanthanum
based compounds and materials have been shown to be
efficient for 'O, type oxygenations.*** In the “sandwich”
type polyoxometalate framework, it has been suggested
that there is an interaction of H,O, between a reactive
tungsten center and an adjacent Lewis acidic site, such as
Zn", at the terminal position that increases the electro-
philicity of the oxygen atom of H,O, and thus increases
reactivity towards nucleophiles. However, we know of no
reports describing the use of tungsten-based catalysts for
the formation of a nucleophilic oxidant from H,O, or for
the formation of 'O,.
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Figure 1. ORTEP presentation showing the 50% probability of
the thermal ellipsoids (left) and polyhedral representation
(right) of the [a-BiIIIZZnZ(ZnW9034)2]'4’ anion. W-black, O-
red, Zn-cyan, Bi-blue. The cations and water molecules are
omitted for clarity.

We were therefore interested in investigating the effect
of the substitution of a Lewis base site at the terminal
position within a “sandwich” polyoxometalate framework,
Figure 1, with the hypothesis that this could lead to um-
polung of H,O, to a nucleophilic intermediate species
through deprotonation. This would then significantly
influence the reactivity of H,O, and the chemoselectivity
of the reactions.

Results and Discussion

Towards realization of the above stated hypothesis we
prepared a “sandwich” type polyoxometalate with Bi"
atoms at the terminal positions with accessible lone pairs
that can act as a Lewis base, Figure 1. The synthesis of this
compound appears to be novel although a very similar
compound the [B—BiIIIZZnZ(ZnW9034)Z]'4’ isomer has been
reported.*” On the whole [a-BiIlIZZnZ(ZnW9034)Z]14' can be
considered nearly isostructural with the similar “sand-
wich” compound with Zn"-H,O replacing Bi at the termi-
nal positions, [WZn(ZnH,0),(ZnW,0,,),].* It should be
noted, however, that the bond lengths Bi - O in the equa-
torial plane are significantly longer (average ~ 2.30 A)
than those found for the Zn compound (average ~ 2.05 A).

In order to use the [()L—BIIIIZZDZ(ZDW9034)Z] " as a catalyst
in organic solvent the cations were partially exchanged
with tetrabutyl ammonium (Q) cations. A thermogravi-
metric measurement, Figure S1, showed that six Q cations
are associated with the [oc—BimZan(ZnW9034)2]‘4' anion
leading to a formulation of
QeZn,Na,H,[Bi",Zn,(ZnW,0,,).], (QBiPOM). MALDI-
TOF MS measurements in the negative anion, reflector
mode showed that various combinations of Zn, Na, and H
cations are possible with all peaks showing an intact [a-
BimZan(ZnWQOM)Z] polyoxometalate moiety, Figure S2-S3
and Table S1. The catalytic activity of QBiPOM was first
tested using cyclooctene as a model substrate, chosen
because it is typically highly reactive and selective to-
wards epoxidation with peroxide oxidants. Surprisingly,
the reactions yielded a significant amount of allylic oxida-
tion that was especially high using urea-hydrogen perox-
ide (UHP) as an anhydrous form of H,O,, Scheme 1. All
other polyoxotungstate catalysts including Q,,[WZn(Zn-

H,0),(ZnW,0,,),] that have been examined for this oxi-

dation with H,O, exclusively yielded cycoloctene oxide.”
21,44

Scheme 1. Oxidation of cyclooctene with H,0, catalyzed
by QBiPOM.

[BioZny(ZnWo03,):] OH ©
H,0p 70°C, 12 h ©

Conversion
30% H,0, 30 5 5 90
65% H,0, 35 13 20 67
UHP 52 27 56 17

Reaction conditions: 0.5 mmol cyclooctene, 0.5 mmol
H,O,, 2 pmol QBiPOM, 0.5 mL acetonitrile, 70 °C, 12 h.

Three most probable reasons for the preponderance of
oxidation at the allylic position are: (i) C-H bond activa-
tion at the allylic position by the polyoxometalate fol-
lowed by oxygen transfer, (ii) oxidation by a hydroxide
radical formed by a redox reaction between the polyoxo-
metalate and H,0,, and (iii) formation of 'O, via a HO,"
species and formation of an allylic hydroperoxide through
an ene reaction followed by decomposition of the hy-
droperoxide. We chose the latter possibility as the work-
ing hypothesis. In order to first provide evidence for the
formation of a nucleophilic oxidant, the reactivity of a
sulfide and a relatively more electrophilic sulfoxide can be
compared.®*® Thus, a catalytic reaction of thianthrene
with UHP catalyzed by QBiPOM, Scheme 2, showed the
formation of the monosulfoxide and then only the mono-
sulfone but not the disulfoxide, indicating the initial pres-
ence of a nucleophilic oxidant.

Scheme 2. Oxidation of thianthrene with UHP catalyzed
by QBiPOM.

S

O 037%

Co—-CCO ] PR g
60% CEHD 0 0 3%

Reaction conditions: 0.5 mmol thianthrene, 0.5 mmol
UHP, 2 umol QBiPOM, 2 mL acetonitrile, 70 °C, 2 h. nd-
not detected.

The formation of 'O, can be probed indirectly in several
ways, for example by the formation of an endoperoxide
from a-terpinene or 9,10-dimethylanthracene and the
observation of a migration of a double bond during an
ene reaction. The oxidation of 9,10-dimethylanthracene
Scheme 3, showed the formation of 9,10-dimethyl-9,10-
dihydroanthracene-g,10-diol and 10-hydroxy-10-
methylanthracen-g(10H)-one, instead of the expected
endoperoxide. It was demonstrated, however, that these
products are obtained from the initially formed endoper-
oxide. Thus, preparation of the endoperoxide by photoox-
ygenation using tetraphenylporphyrin as sensitizer fol-
lowed by addition of QBiPOM and further reaction in
fact yielded the aforementioned products.

ACS Paragon Plus Environment

Page 2 of 8


http://pubs.acs.org/action/showImage?doi=10.1021/acscatal.5b00066&iName=master.img-000.jpg&w=217&h=136
http://pubs.acs.org/action/showImage?doi=10.1021/acscatal.5b00066&iName=master.img-000.jpg&w=217&h=136

Page 3 of 8

©CoO~NOUTA,WNPE

Scheme 3. Oxidation of g9,10-dimethylanthracene with
UHP catalyzed by QBiPOM.

OH OH
OO [BiZno(Zn'WgOs4),] R
UHP, 70 °C, 24 h
i OH

Conversion - 53% o
Reaction conditions: 0.5 mmol 9,10-dimethylanthracene,
0.5 mmol UHP, QBiPOM, o.5 mL acetonitrile, 70 °C, 24 h.

The oxidation of o-terpinene, Scheme 4, was unambig-
uous vis a vis formation of the endoperoxide, ascaridole.
p-Cymene was formed as by-product via aromatization.

Scheme 4. Oxidation of a-terpinene with UHP catalyzed

by QBiPOM.
[BioZny(ZnWgOg4)ol

< > < UHP, 70 °C, 24 h < > < * . <

37% ~ 63%

Conversion - 38%

Reaction conditions: 0.5 mmol o-terpinene, 0.5 mmol
UHP, 2 umol QBiPOM, 0.5 mL acetonitrile, 70 °C, 24 h.

Similarly, the oxidation of 3-methylcyclohexene, showed
the formation of four allylic alcohols and ketones that can
be attributed to the formation of hydroperoxides by the
ene reaction followed by oxidation to the corresponding
allylic alcohols and ketones by UHP in the presence of
QBiPOM, Scheme s5; 3-methylcyclohexane oxide was
formed only in small amounts.

Scheme 5. Oxidation of 3-methycyclohexene with UHP
catalyzed by QBiPOM.

[Blzzng(anQOQA)g]
UHP 70°C, 24h

Conversion - 46% 129% 20% 14%

Reaction conditions: 0.5 mmol 3-methylcyclohexene, 0.5
mmol UHP, 2 umol QBiPOM, o.5 mL acetonitrile, 70 °C, 24
h

Additional oxidations of cyclic alkenes are presented in
Chart 1. As may be observed, generally high yields of a, -
unsaturated alcohols and ketones were obtained. There is
a clear preference for ene type reactions with decomposi-
tion of the initially formed hydroperoxides. It should be
noted that the formation of epoxides as minor co-
products could be from reaction with an electrophilic
peroxo species, but epoxide formation can be explained
also by intramolecular rearrangement.” Noticeably, the
reaction yields can be quite high although the reactions
are rather slow. Seemingly the formation of singlet oxy-
gen is sluggish, but the efficiency of oxidation (yield in
H,O,) is high once the active oxidant, 'O,, is formed.
Therefore, these initial studies of oxidation reactions,
preferably with anhydrous H,O,, catalyzed by QBiPOM
indicated that a nucleophilic peroxide was formed and
can account for the reactivity observed.

Chart 1. Oxidation of alkenes with UHP catalyzed by
QBiPOM.

ACS Catalysis

OH 10% O 22% 7% 49% 7%

Reaction conditions: 0.5 mmol cyclic alkene, 0.5 mmol
UHP, 2 umol QBiPOM, 0.5 mL acetonitrile, 70 °C, 24 h. The
percentages shown below the products represent relative
amounts, i.e. selectivity.

Typically, oxidation reactions of a, f-unsaturated alco-
hols with H,O, catalyzed by polyoxometalates including
“sandwich” type polyoxometalates such as
[WZn(ZnH,0),(ZnW,0,,),]"™, proceed efficiently with a
chemoselectivity that favors the formation of the epoxide
versus the ketone or aldehyde in an approximately 95:5
ratio.**** On the other hand, a, B-unsaturated alcohols
react with photochemically prepared singlet oxygen, via
an ene reaction to yield diols as the major products.”
Here, a, B-unsaturated alcohols reacted with UHP quite
differently in transformations catalyzed by QBiPOM to
yield o, B-unsaturated aldehydes or ketones chemoselec-
tively, Chart 2. As can be observed from the reaction con-
ditions these reactions are much faster than the oxidation
of unfunctionalized alkenes. In fact, the reaction profiles,
Table Sz, (see Supporting Information) for a number of a,
B-unsaturated alcohols showed that the reaction was bi-
modal with around 65-75% conversion within 15 minutes,
followed by a slower rate regime until the reported yields
were obtained, Chart 2.>° Primary aliphatic alcohols such
as allyl alcohol and methallyl alcohol, as well a secondary
aliphatic alcohols such as 1-octene-3-ol and 2-methyl-2-
pentene-4-ol yielded only the respective aldehyde and
ketone products. Geraniol also reacted to give geranial
and the isomeric neral that suggests that there may be an
accessible planar intermediate species. A cyclic substrate
such as carveol yielded carvone as the only product alt-
hough the analogous but less sterically hindered cyclo-
hexen-3-o0l did yield some epoxide as by product. Interest-
ingly, 4-isopropyl-cyclohexene-1-methanol yielded the
expected aldehyde but also the aromatized 4-
isopropylbenzyl alcohol in significant amounts.

Chart 2. Oxidation of a, B-unsaturated alcohols with
UHP catalyzed by QBiPOM.
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Reaction conditions: 0.5 mmol substrate, 0.5 mmol UHP,
2 umol QBiPOM, o.5 mL acetonitrile, 70 °C. The percentages
shown below the products represent relative amounts, i.e.
selectivity.

Since, o, B-unsaturated alcohols underwent oxidation at
the alcohol moiety, it was not surprising to observe that
QBiPOM also catalyzed the very selective oxidation of
alcohols with UHP efficiently, Table 1.

Table 1. Oxidation of alcohols with UHP catalyzed by
QBiPOM.

Substrate Product Time, Conversion,
h mol%
cyclooctanol cyclooctanone 12 >99
cyclohexanol cyclohexanone 12 95
cycloheptanol cycloheptanone 12 96
cyclopentanol cyclopentanone 12 96
mesityl alcohol mesitylaldehyde 5 96
1-octanol 1-octanal® 24 85
benzyl alcohol benzaldehyde 4.5 95
3,3 3,3- 24 90
diphenylpropanol  diphenylpropanal
diphenylmethanol benzophenone 3 o1

Reaction conditions: 0.5 mmol substrate, 0.5 mmol UHP, 2
pumol QBiPOM, o.5 mL acetonitrile, 70 °C. (a) the selectivity
was 92% 1 -octanal, 8% octanoic acid.

The different reactivity and chemoselectivity observed
in QBiPOM catalyzed transformations with UHP war-
ranted further kinetic elucidation and a mechanistic hy-
pothesis. In the past it has been reported that the analo-

14-

gous antimony(Ill) compound [SbIIIZan(ZnW9034)Z]
reacted with H,O, to yield the antimony(V)-hydroxide
compound [(SbVOH)ZZnZ(ZnW9034)Z]'2' as the catalytically
active precursor species.”’ As opposed to Sb(V) species
that are rather accessible and common, Bi(V) oxide com-
pounds are rather rare,” and their use in oxidation reac-
tions is uncommon.” An almost singular example is the
oxidation of alkenes to monoacetylated diols in acetic
acid.>* It was therefore not surprising that we were not
able to isolate any Bi(V) species upon treatment with 65%
H,O,, UHP, Cl, or S,0s". Only the reaction of
[Bimzan(angO%)z]l“’ with ozone yielded [Bi'O-
BiIIIan(ZnW9034)Z]14‘ as identified by X-ray crystallog-
raphy, Figure 2. This compound was unreactive towards
alkenes and alcohols and therefore can be excluded as a
possible reactive intermediate.

Figure 2. ORTEP presentation showing the 50% probability
of the thermal ellipsoids of the [BiVOBimZnZ(ZnWQOM)Z]14_
anion. W-black, O-red, Zn-cyan, Bi-blue. The cations and
water molecules are omitted for clarity.’® The oxygen termi-
nal to Bi(V) is shown with the arrow.

The slow reaction of alkenes compared to the much
faster reactions of a, B-unsaturated alcohols suggests they
react by a different mechanism. First, analysis of alkene
and diene oxidation as well as the product distribution in
the oxidation of thianthrene catalyzed by QBiPOM indi-
cates a nucleophilic peroxo intermediate while alkene
epoxidation catalyzed by structurally similar [WZn(M-
H,0),(ZnW,0,,),]” (M = Mn, Zn, etc.) indicates an elec-
trophilic peroxo intermediate. It should be noted that the
unique activity of Q,[WZn(M-H,0),(ZnW,0,,),] has in
the past been attributed to the tungsten atoms in proxim-
ity to the terminal metal position since reactivity was
highly influenced by steric effects (cyclohexene > 1-
methylcyclohexene ~ 2-carene >> a-pinene).” This differ-
ence in reactivity strongly suggests that the metal at the
accessible terminal position, Lewis acidic Zn" or Mn" ver-
sus Lewis basic Bi", is the determining factor in the um-
polung of the peroxo species. This umpolung then leads
to the observed different reactivity pattern. Therefore,
conceivable or exemplary reactive intermediates illustrat-
ing the umpolung of H,O, are presented in Figure 3. The
observation that aqueous H,0,, Scheme 1, is far less selec-
tive towards the ene reaction of cyclooctene and also oth-
er examples can also be understood from Figure 3. Water
can compete for the Bi"' site, therefore, preventing the
formation of a nucleophilic peroxo species and thereby
shifting the chemoselectivity towards epoxidation.
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Figure 3. Conceivable or exemplary peroxygen species (not
crystal — structures) formed upon reaction with the
[Bi",Zn,(ZnW,0,,),]'*" (left) and
[WZn(ZnH,0),(ZnW,0,,),]” (right) anions. Black - W; red -
O; turquoise - Zn; Blue - Bi; green - O from H,O,; pink - H
from O from H,O,.

A consensus mechanism for the oxidation of alcohols by
peroxygen oxidants is that the reactions occur by coordi-
nation of both reacting species, H,0, and RR'"CHOH to
the same metal center to yield a HOO-M-OCHRR' inter-
mediate species that lead to formation of RR'C=0 and
H,0.%° Such a peroxo-metal pathway with wY Mo¥!, VY,
and Ti" based catalysts are thought to be typical.”® How-
ever, when the substrates are allylic alcohols, typically
epoxidation products are obtained with high chemoselec-
tivity as is the case also with [WZn(ZnH,0),(ZnW,0,,),]*
4849 Contrarily, QBiPOM catalyzes the oxidation of a, -
unsaturated alcohols with a chemoselectivity strongly
favoring C-H bond activation and formation of carbonyl
products. In addition, there are some anomalies such as
the formation of 4-isopropylbenzyl alcohol (cuminol) by
aromatization from ((4-(prop-1-en-2-yl)cyclohex-1-en-1-
yl)methanol (perillyl alcohol), and the cis<——trans isom-
erization observed in the oxidation of geraniol and nerol.
One may reasonably suggest that the reactivity observed
in the oxidation of allylic alcohols can be best explained a
base assisted or promoted oxidation reaction where the
Bi"" center leads to formation of an alkoxide intermediate
that is then oxidized by a tungsten-peroxo species by oxi-
dative B-elimination to yield the carbonyl product, as
commonly observed in Pd" catalyzed oxidations of alco-
hols. In the case of perillyl alcohol in addition to the for-
mation of perillaldehyde, the formation of an alkoxide can
yield to a series of double bond isomerizations.”” Upon
formation of an endo-diene, oxidation will lead to for-
mation of the aromatic cuminol. Similarly, the isomeriza-
tion observed in the geraniol and nerol oxidations can
also be attribution to catalysis involving a base.>®

Conclusion

Incorporation of the Lewis basic Bi" at the accessible

terminal position of a “sandwich” type polyoxometalate
led to a change in the chemoselectivity of catalytic oxida-
tion reactions of alkenes and o, B-unsaturated alcohols.
As opposed to the previously reported and structurally

ACS Catalysis

similar Zn" or Mn" substituted polyoxometalates that
showed chemoselectivity strongly favoring epoxidation,
the Bi" substituted polyoxometalate catalyzed reactions
with minimal epoxide formation. In reactions with al-
kenes and dienes, ene type reactivity was observed, a
hallmark of singlet oxygen formation, that is explained by
an umpolung of a reactive peroxo intermediate; electro-
philic for substitution with Mn" or Zn" to nucleophilic for
substitution with Bi"". The chemoselectivity observed in
the oxidation of o, B-unsaturated alcohols strongly favors
C-H bond activation rather than epoxidation and is ex-
plained by alkoxide formation at the Lewis basic Bi"" fol-
lowed by an oxidative p-elimination.

Experimental Part

Na,(Zn(H.,0).).He[o-Bi"",Zn,(ZnW,0,,),]*~26 H,O
Na,WO,:2H,0 (3 g, 9 mmol) of was dissolved in solution
of 25 mL water and 0.5 mL 6 M HNO, and heated for 15
min at go °C. After cooling to room temperature, a solu-
tion of 0.60 g of Zn(NO,),*6H,0 (2 mmol) in 2mL of water
was added followed by the drop wise addition of a solu-
tion of 0.48 g of Bi(NO,),*5H,O (1 mmol) dissolved in 1
mL of 6 M HNO, with vigorous stirring. The pH of the
solution adjusted to 8 by adding aqueous ammonia and
then heated at 9o °C for 1 h. The mixture was filtered and
the filtrate was allowed to cool to room temperature.
Within 24 h colorless crystals of Na,(Zn(H,0),),Hg[a-
BimZZnZ(ZnW9034)2]°~26HZO were formed. These crystals
were used for analysis by X-ray diffraction. The yield was
1.65 g (50 %, based on W). IR - 918, 868, 765 cm™. Ele-
mental Analysis: Calc (exp) Na 1.57 (1.63); Zn 6.75 (6.55);
Bi 7.16 (7.33); W 56.61 (55.98); H.O 9.24 (9.5).

QsZn,Na,[Bi"",Zn,(ZnW,0,,),]. Na,(Zn(H,0),),Hs[a-
BimZZnZ(ZnW9034)2]°~26HZO (0.200 g) were dissolved in 6
mL of distilled water (pH-8.5); 20 equivalents of tetrabu-
tylammonium bromide were added and the product was
precipitated by the addition of 2 pL 6M H,SO, (pH-7.4).
The crude precipitate, Qg anNayHZ[BiIIIZZnZ(ZnW9034)Z],
was collected by filtration, washed several times with wa-
ter to remove unreacted tetrabutylammonium salt and
dried under vacuum. The number of tetrabutyl ammoni-
um cations was determined by thermogravimetric analy-
sis, Figure S1 (see supporting information) and the pres-
ence of the intact [BimZZnZ(ZnW9034)2] anion only along
with various combinations of cations was verified by neg-
ative anion MALDI-TOF MS in the reflector mode.

Na_,H_,[Bi"'Bi'O[Zn,(ZnW,0,,).]*~37H.O.
Na,(Zn(H,0),),H¢[a-Bi",Zn,(ZnW,0,,),]*~26H.0 (0.2 g,
33 pmol) was dissolved in 2 mL distilled water by heating
at 70 °C for 10 min. Ozone (concentration - 25 mg/L, rate -
6.25 mg/min), prepared by an ozonator, was then bubbled
through this solution for 1 h at room temperature during
which time the solution became mildly yellowish. The
solution was let to stand under ambient conditions; light
yellowish crystals of
Na_,H_,[Bi"'Bi'O[Zn,(ZnW,0,,),]*~37H,0 were obtained
after ten days and analyzed by X-ray crystallography. El-
emental Analysis: Calc (exp) Na 3.84 (4.02); Zn 4.36 (4.51);
Bi 6.97 (7.10); W 55.22 (55.00); H,O 11.13 (11.5). Yield - 0.08
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g (40%). IR - 1090, 883, 848, 735 cm™. Note that the crys-
tal structure shows that only one of the Bi'' centers was
oxidized to Bi'-O. Attempts to further oxidize this com-
pound by ozonation for longer time periods did not ap-
pear to yield the di-Bi'O species, but rather yielded a
compound that was not identifiable.

X-ray Crystallography. Crystals were coated in Para-
tone-N oil (Hampton Research) and mounted by liquid
nitrogen flash freezing within a MiTeGen cryo-loop. Sin-
gle crystal X-ray data was collected on either a Bruker
APEX-II or a Nonius Kappa CCD diffractometer with
MoKu (A=0.71073 nm) radiation. The data were processed
using SAINT and DENZO respectively. Structures were
solved by direct methods with SHELXS. Full-matrix least-
squares refinement was based on F* with SHELX-97.

Crystallographic data:

Na,(Zn(H,0),),He[a-Bi",Zn,(ZnW,0,,),]*~26H,0 Em-
pirical formula - Bi,OgW,sZn¢Na,; formula weight -
5788.24; crystal system - orthorhombic; space group -
Pnnm; T - 120 K; a = 16187 (3) A; b = 19.430 (4) A; ¢ =
14.641 (3); 0. = P =y = 90% V = 4604.8 (16) A3; Z = 2; Dy =
4175 g/cm’; 1 = 27.850 mm ; total reflections - 4891; in-
dependent reflections 4891 (R, = 0.0258); R(I > 20(I)) =
0.0423; wR,(I > 26(I)) = 0.1m9; R (all data) = 0.0499; R (all
data) = 0.1153; GOF = 1.063.

Na_,H_,[Bi"'Bi'O[Zn,(ZnW,0,,),]*~37H,0.  Empirical
formula - BiNa,,,,0,,5;6W;6Zng formula weight -
11867.39; crystal system - monoclinic; space group - P2,/n;
T -100 K; a =13.234 (3) A; b =17.661 (4) A; ¢ = 20.966 (4);
a=7v=90% B =9312 (3); V = 4893.0 (17) A% Z = 1; Dearc =
4.028 g/cm?; p = 25.771 mm; total reflections - 85156;
independent reflections 12704 (Ri; = 0.0610); R(I > 20(I))
= 0.0401; wR,(I > 26(I)) = 0.0985; R (all data) = 0.0602; wR
(all data) = 0.1096; GOF = 1.081.

Catalytic Reactions. Typically the oxidation reactions
were carried out in 10 mL vials in air using the conditions
given in the tables and schemes. The products were ana-
lysed by gas chromatography. Quantitative GC-FID (HP
6890) and qualitative for product identification GC-MSD
(HP 5973) instruments were used equipped with a 5%
phenyl methylsilicone 0.32 mm ID, 0.25 mm coating, 30 m
column (Restek 5MS) using helium as carrier gas.

ASSOCIATED CONTENT

Supporting Information. Additional X-ray diffraction data
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