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Abstract

The polyoxoanion-supported iridium complexBusN]sNag[(1,5-COD)Ir-P,W1sNb3Og2], 1, was previously shown to be
an active homogeneous catalyst for cyclohexene oxidation catalysis via a classic, Haber—Weiss-RQ©y&ohexen-1-yl)
free-radical-chain autoxidation mechanism. The question posed in the present work is: “Is the true catalyst polyoxoanion-
supported?”, an important question given that polyoxoanion-supported catalysts are one of only eight new conceptual sub-
classes of polyoxoanions in catalysis developed over the last ca. 20 years. The present work probes the above question via
a range of methods, specifically: catalytic activity and kinetic studies; isolation of the catalyst following the reaction and
characterization of the catalyst by transmission electron microscopy (TEM), elemental analysis, IR, nuclear magnetic res-
onance, ultracentrifugation and fast atom bombardment mass spectrometry molecular weight methods, plus ion-exchange
resin tests to provide evidence for inner-sphere attachment of the oxidizédripiety to the PW15NbsOgo?~ poly-
oxoanion. The results suggestri{BusN)sNaz(HO)3Ir3-PoW1sNbzOgo]. (x = 1, 2)” as aworking modelfor the aver-
age molecular formula of the catalyst. Most importantly, the results are definitive in answering the question posed: the
true catalyst is polyxoanion-supported. This finding is of significance since the autoxidation of cyclohexene beginning with
[n-BugN]sNag[(1,5-COD)Ir-P,W1sNb3Og2], 1, is, historically, the first bona fide example of a polyoxometalate-supported
catalystand, hence, the first demonstration of a new subclass of polyoxoanion-based catalysts. However, a remaining challenge
is the development of more important oxidations or other chemistries from polyoxoanion-supported catalysts.
© 2002 Published by Elsevier Science B.V.
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1. Introduction of the general formula MO, (M: metal, O: oxy-
gen), a resemblance first noted by Baké}. Such
Polyoxoaniong1-3] can be described as discrete solid oxides are well established, key components
fragments of close-packed, solid oxide structures of metal oxide-supported, heterogeneous-insofuble

* Corresponding author. Fax:1-970-491-1801. 38 Schwartz has proposed definitions that limit a homogeneous
E-mail addressifinke@lamar.colostate.edu (R.G. Finke). catalyst to one with a single, chemically unique (i.e., homogeneous)
1 pPresent address: Dow Chemical Corporation, 3200 Kanawha active site, and a heterogeneous catalyst to one with multiple,
Turnpike, South Charleston, WV 25303, USA. chemically different (i.e., heterogeneous) catalytically active sites
2 Present address: Dipartimento di Scienze e Tecnologie Chimi- [4]. Schwartz further suggests the addition of the suffix-soluble
che, Universita di Udine, via Cotonificio 108, Udine, Italy. or -insoluble for single-phase or multiphase systems, respectively.
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Fig. 1. (a) Space filling representation of the [(1,5-CODjtag-
ment supported on the “NBg" face of [n-BugN]gP>W15Nb3Og2,
where the black circles represent terminal oxygens, the white cir-
cles bridging oxygen, the black circles adjacent to the hatched
circles are terminal Nb—O oxygens, and the hatched circles are
the three Nb—O-Nb oxygens. (b) Ball and stick representation
of [n-BU4N]5N83[(1,5-COD)|I’~P2W15Nb30€,2] with the |32W15Nb3
Oe2?~ polyoxometalate serving as stereochemically rigid tripodal
ligand.

[5] catalysts. For some time now j@,7] have been
interested in using the organic-solvent soludlb,8]
tetraalkylammonium salts of M= Nb(V), V(V), or
Ti(IlV) Dawson-type trisubstituted polyoxoanions,
PoW1sM30g2"~ which, therefore, have surface oxy-
gen basicity (i.e., anionic surface charge-density)

[(1.5-COD)Ir « PyWsNbyO¢,1%
precatalyst; CH ,Cl,
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Previously, we reported the synthesis of the poly-
oxometalate iridium complex nfBusN]sNag[(1,5-
COD)Ir-P,W1sNb3Og2], 1 (Fig. 1) [10]. This proto-
type, Dawson-supported polyoxoanion complex has
been characterized By, 13C, 3P, and!®3W nuclear
magnetic resonance (NMR) spectroscopy as well as
IR spectroscopy, sedimentation-equilibrium molec-
ular weight measurements, and complete elemental
analysis. A single crystal X-ray structure on its parent,
Po>W15NbzOg2~ polyoxoanion exists as wdlrb]. A
direct demonstration usingO NMR of the Ir-O—Nb
support attachment of the (1,5-COD)Irf{l)n 1 has
also been published 1].

Our longer term interest in polyoxoanion-supported
organometallic complexes is in learning what cat-
alytic chemistry can result from using them as novel
precatalysts. In 1991 we described the first reports
using polyoxoanion-supported complexes as effective
precatalysts for both reductiy&2] and oxidativg13]
catalysts, including patents in each afé2b,13b]

In the oxidative catalysis area, we reported that
[(1,5-COD)IrP>W15Nb30g5]8~ served as an effective
precatalyst for cyclohexene oxidatiokd. (1) [13],
research whictappearedto have discovered the first
polyoxoanionsupportedcatalyst, thereby providing a
new subclass of polyoxoanion-based catalysts, one of
only eight new subclasses discovered during the last
ca. 20 years (se€ig. 1 elsewherg14])°

1

10-27% conversion,
38°C,20-24 hours

OOH O OH
2 3 4 5
(8+2%)  (9+2%)

(8+2%)  (2+1%)

1

and, hence, are able to support organometallic comp- 5 These polyoxoanion-supported analogs are not intended to re-
lexes atop their surface oxygen. (See also Klemperer's place or even to closely “model” polymetallic metal cluster par-

[9] pioneering work in polyoxometalate-supported ticles supported on solid oxides. Instead, they are new materials

complexes using, for example, the smaller hexameta- 2 aré novel compositions of mater. It follows that they wil
a exhibit their own unique chemistry and reactivity in at least some
late, NpW4019"~ system.)

reactions (and that they will also exhibit unigdisadvantagesin-

der some conditions; see footnote 5 elsewhérp). Hence, our
main goal is to create a prototype example which illustrates of
both the advantages and disadvantages of this new subclass of

Within this context it is, thereforehomogeneousoluble and
homogeneousolublecatalysts that are of greatest current inter-
est in catalysis due to the expectation that they will exhibit the polyoxoanion-based catalysts.
most selective and active catalytic chemistries. 6 Reviews of heteropolyoxoanions in homogeneous and hetero-
4 It is worth mentioning the difference between the custom-made, geneous catalysis is given in R¢L5]. A series of 34 recent pa-
basic P,W15Nb3Og%~ vs. the commercially available, well pers in a volume devoted to polyoxoanions in catalysis is given
known, and acidic polyoxoanions PMD40%~ or P,W1g0g25~ in Ref.[15b]. See also the chapters beginning in p. 113, 171, 199
which parallel CIQ~ in their conjugate acid strength. and 219 is given in Ref15g].
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Scheme 1. The classic Haber—Wej&g] radical-chain sequence mechanism for cyclohexene autoxidation reporteql if1) and based
on the product, kinetic and mechanistic work reported elsewfi&e

More recently we have studied the reaction kinetics itis likely that the true catalystis indeed polyoxoanion-
and mechanism of the cyclohexene oxidatio&dn (1) supported, and the polyoxoanion\WW1sNbzOg2%~

in some detail. The results of those studi&8] pro- is probably accelerating the redox reaction by facil-
vide unequivocal evidence that the reaction is autoxi- itating oxidation of the Irto Ir** and shifting the
dation via a classic, Haber—Weiss mechanj&617] resultant IF/"*+1 redox potential to more positive
(Scheme 1 values.

Hence, we know that the [(1,5-CODY%»W15Nbs However, it is important to obtain more evidence

Os2]® precatalyst is evolving, under the oxidizing for, or against, the true catalyst being the first ex-
conditions of the reactionEg. (1), into a catalyst — ample of a polyoxoanion-supported catafyft8]—
whose main function is to serve as an electron-transfer especially since polyoxoanion-supported catalysts are
chain initiator, M+ /M”*1, Scheme 1step (a), and

resultant alkylhydroperoxide oxidiz&iM”*+1/M"+), 7 Other reports of catalysis have appeaféf] with mixtures
step (e). We also know from our initial wofk2] that containing certain types of polyoxoanions and organo transition
the presence of the ﬁwlsNb3062]g_ polyoxoan- metal complexes. However, in each case the active catalyst, al-

. . . . though quite interesting, is clearly not a tightly supported tran-
ion is important, accelerating the rate of autoxida- sition metal-polyoxoanion complex either by design, or due to

tion (Eq. (1) by ca. 100-fold in t_he 3:b§?nce of any  the use of polyoxoanions with negligible or insufficient surface
added cyclohexene hydroperoxide initiator. Hence, oxygen charge-density.
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CH,Cl, or C4Hg

1,5-COD)IACI
« ) b air, RT
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Scheme 2. Proposed, but unverified, monomeric and dimelicstiuctures for “[IrGH13CIO],”, obtained by air-oxidation of [(1,5-COD)

IrCl] [20a].

1,5-COD)IPCl
I ’ J2 air, O,, RT

CH2C12 or CGH(,
—

{Ir,Clx(1,5-COD),(u-OH), (n-0)]
(low yield, ~5%)

Scheme 3. Air-oxidation of [(1,5-COD)IrCl]in dichloromethane or benzene to yield the X-ray crystallographically characterized, bimetallic

complex, [(1,5-CODyIr,O(OH)Cl,] [20b].

still rare and, hence, little studidd4]. Obtaining just

dichloromethane, benzene). Possible monomeric and

such evidence, is the primary goal of the present paper.dimeric structures §cheme P are discussed in this

First, however, it is useful to summarize the relevant
literature on the evolution of Iolefin complexes un-
der dioxygerf especially since some of that literature
is for a R0g>~-supported (1,5-COD)fr complex,
namely [(1,5-COD)liP30q]%~, and since we have
found that this complex behaves catalytically quite
similarly to our own [(1,5-COD)HP>W15Nb3Og2] 8~
complex.

2. Relevant literature background

There is only a small amount of literature, specifi-
cally papers by Bonnaire and Fourgerda®a], Cot-
ton et al.[20b], and Klemperer and otheifg1], in
which reactions of 1,5-COD iridium complexes with
molecular oxygen or air are reported. In 1975, Bon-
naire and Fourgerouf20a] reported the air-oxidation
of [(1,5-COD)IrCl; in dichloromethane and benzene
leading to the empirical [IrgH13(CI)(0)]-1/2 S (S:

8 Several other iridium complexes are known to be active in
oxygenation reactions; for lead references see Réj.

study based on IR and Raman spectroscopy, and el-
emental analysis. Unfortunately, no molecular weight
data were reported, however. Note that both of the
proposed structures iBcheme nvolve a less com-
mon, formally I' (d”) oxidation state; however, the
expected paramagnetism was also not confirmed ex-
perimentally[20a].

In 1986, Cotton et al[20b] reported a second
study of the air-oxidation of [(1,5-COD)IrCl]in
dichloromethane as well as in benzene; a low yield
of approximately 5% of a dimeric, diamagnetic Ir(l1l)
complex, [(1,5-CODYIroO(OHXLCI;] (Scheme 3B
was confirmed by X-ray crystallography of the solvate
complex, [(1,5-CODYIr,O(OH),Cl2]-1/2 CHCls.

In perhaps the study most relevant to the present
work, in 1990, Klemperer and co-workefgla] re-
ported the stoichiometric oxidation of the 1,5-COD
iridium complex, [(1,5-COD)kP309]%~, by molecu-
lar oxygen in acetonitrile or 1,2-dichloroethane. Us-
ing 3P NMR spectroscopy, three oxygen-containing
species were identified. One of these, an oxametal-
lacyclobutane complex, [@E120)Ir-P30g]2~ was
verified by X-ray crystallography; this intermediate
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Scheme 4. The 1,5-cyclooctadiene complexsHEO)Ir-P3Og]2~ (a), was found to react stoichiometrically with 0.5 equig, @elding first

a oxametallacyclo complex (identified by NMR spectroscopy) (b), the isomeric oxo-complex (c), is then converted into the hydroxylated

allyl complex [(GgH11OH)Ir-P30g]2~ (d) [21a]. The oxo-complex [(€H12)(O)Ir-P30g]%~ (a), could also be converted to the corresponding
aquo complex [(@H12)(OHy)Ir-P3Og] (not shown) by the addition of trichloroacetic adiglc].

is converted into an isomer, the allyl complex
[(CgH110H)Ir-P30g]%~ (Scheme %

In an additional study, Klemperer and oth§4b]
reported the comparison of oxidation @f-cyclo-
octadiene iridium(l) complexes of3Pg3~ and Cp
{Cp = 1, 3-GsH3(SiMe3),}, only now in the radical-
chain-supporting solvent 1,1,2,2-tetrachloroethane
(see Ref. [10] in[21Db]). Investigations of the re-
action of [(1,5-COD)IrCfi with oxygen implicate
a free-radical-chain mechanism of 1,5-cycloocta-
diene ligand oxidation resulting in two isomeric,
1,5-cyclooctadiene-derived, but still Ir coordinated,
ketone complexes. The different behavior of the cyclo-
octadiene iridium(l) complex of #g¢%~ in its sto-
ichiometric reaction with oxygen (leading to two
[(CgH120)Ir-P30g]2~ isomers, cf.,Scheme %is at-
tributed by Klemperer and othe{g1b] to the flex-
identate BOg3~ ligand, which can easily adopt a
k2-O-bonding mode in [(€H12)Ir(P30g)]>~ pro-
ducing a 16 electron species capable of oxidatively
adding Q, a highly plausible, but kinetically untested,
hypothesis. Due to structural similarities between
[(1,5-COD)IrP30g]?~, [(1,5-COD)IrCP] and the
[(1,5-COD)IrP>W15Nb30g2]8~  examined herein,
these interesting, albeit stoichiometric, reactions with
O> reported by Klemperer et al. provide the closest
available precedent for the initial reactions with oxy-
gen of the present [(1,5-COD)R,W15Nb3Og2]8~
system.

Other, hydroxo- and oxo-bridged species involv-
ing iridium and rhodium organometallics are known
[22a—i]. Relatively stable trix-hydroxo-diiridium and
rhodium complexes have been described for [M(C
Mes)2(OH)3][B(CsHs)4] (M = Ir, Rh). Both struc-
tures show two metal atoms, eagf-bonded to the
CsMes (=Cp*) ligand and bridged by three hydroxo
ligands[22a—e] Their catalytic activity in oxygena-

tion reactions (e.g., tetrahydrofuramtdoutyrolactone
and oxidation of triphenylphosphine) have been re-
ported previously[22i]. Bergman has described a
Cp*Ir(2-O)20rCp* precursor which, upon 0O addi-
tion, yields the monocation, [Chr(u2-OH)3IrCp*]™
[22f]. Trimeric iridium+.3-oxo-bridged clusters have
also been reportef22f]. Peroxo complexes of Ir(lll)
are fairly common, and have been shown to oxidize a
variety of reactive substrates such as CO or primary
alcohols, ROH23] (see alsd26]).

3. Results and discussion

3.1. The central issue: Is the true catalyst
polyoxoanion-supported?

The use of polyoxoanion-supported transition met-
als such as [(1,5-COD)P,W15NbzOg]8~ as precat-
alysts leads naturally to the central issue surrounding
the resultant catalysts: is the true, active catalyst
still polyoxoanion-supported?; has the organometal-
lic moiety leached off, for example, making the
polyoxoanion nothing more than an overly compli-
cated precatalyst? This plus several other conceiv-
able reaction pathways which might account for the
observed catalysis are summarized $theme 5
Refuting, or supporting, these possibilities forms
a basis for the experiments done to answer the
key question: “Is the true catalyst polyoxoanion-
supported?”.

To address the question of the nature of the true
catalyst, and to distinguish between the above possi-
bilities, we returned to a methodology that we first
developed and used elsewhere to distinguish between
homogeneous and heterogeneous catalysts (in that
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Precatalyst
(n-Bu4N)5N a3 [(I,S-COD)II"P 2W]5 Nb3062 ]

v

Y

Homogeneous Hybrid Homogeneous- Heterogeneous
Catalysis Heterogencous Catalysis Catalysis
Organometallic ~ Polyoxoanion-stabilized Colloids
Compounds [Ir,Oy(P, W1 5Nb3Og; %)y ]
|
Organometallic Catalysts  Polyoxoanion-supported Catalysts Classic Colbids
[I(CH ;CN),(1,5-COD)] * [L "™ *P, W, sNb, O, ™ eg, (110 )"

Scheme 5. Conceivable reaction pathways for the observed autoxidation catalysis starting with the polyoxoanion-supported catalyst precursor

[n-BU4N]5N63[(1,5-COD)|F P2W15Nb3062], 1.

case, polyoxoanion-stabilized, Ir(Ometal colloid)
[12d].

The methodology begins with: (i) the isolation of the
active catalyst; (ii) proving that the isolated material is
(or is not) still a kinetically competent catalyst (i.e., is
as fast if not faster kinetically than the precatalyst); and
(iii) using a variety of physical tools to characterize
the isolated catalyst in-so-far as possible. (Example:
the use of transmission electron microscopy (TEM)

ing by showing that with deliberately added ROOH
(2-cyclohexen-1-yl hydroperoxide), but still without
added catalyst, an average of ca. 9% cyclohexene con-
version in 24 ACis seen. The three main non-peroxidic
products [16], cyclohexene-1-one, cyclohexen-1-ol,
and cyclohexene oxide are formed in ratios charac-
teristic of allylic autoxidation via the Haber—Weiss,
free-radical-chain mechanisifi6,24a,b] The third
control experiment, entry Il ifable 1 shows that the

to provide evidence for, or against, the presence of parent (-BusN)gP,W15Nb3Og» polyoxoanion at the

classical Ir-oxide colloids “(IrQ@),,”).

3.2. Initial controls and catalytic activity studies

We began by first performing several necessary

standard concentration, 1.26 mM, plus added ROOH
initiator (20 mM)—but without Ir(CODJ present—
gives no conversion above background3@o). The
fact that the conversion is below that of ROOH
alone is not unexpected, and indicates the (redox)

control experiments; then, we established the besttrapping of ROO or other reaction intermediates

conditions under which to isolate the most active form
of the catalyst derived frorm{BusN]sNag[(1,5-COD)
Ir-P,W15Nb3zOg2], 1. The control experimentin entry |

in Table 1shows thatvithoutadded catalyst or ROOH
initiator, only a background level<{4%) of cyclo-
hexene conversion is seen, undoubtédlye to trace
ROOH impurities in even the purified cyclohexene,
leading to autoxidation according to the Haber—Weiss
pathway inScheme 1Entry Il confirms this find-

9 For lead reviews and references, §&a—d] For a state-of-the-

by reaction with the PWV15Nb3Og2°~ polyoxoanion
[24a—c]

With the above controls in hand, our attention
turned to the polyoxoanion-supported Icatalyst,
[n-BusN]sNag[(1,5-COD)Ir-P,W15Nb3Og>], 1. Entry
IV shows that the polyoxoanion-supported precata-
lyst, 1, under the standard reaction conditions (i.e.,

10 A control done as part of our earlier work on this reactjib6]
showed that only negligible cyclohexen-1-ol and cyclohexen-1-one
are formed due to the decomposition on the GC injector port

art study, using a computer, numerical integration-modeled process of the 20 mM of added 2-cyclohexen-1-yl hydroperoxide initiator,
with more than 74 reactions and leading to >100 products, see ROOH. (However, at higher, 73 mM ROOH, some cyclohexen-1-ol
[24d]. and cyclohexen-1-one are sef].)
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Table 1

Catalytic activity experiments, control experiments, and the effect of different precatalysts for cyclohexene oxidation in dichloromethane
using molecular oxygen and 362

No. Precatalyst ConversiBr(%) Yield (%)
(0] OH
O o O

| No catalyst; no ROOH initiator 4 2 1 1
1l No catalyst, but ROOH initiator was added 7 3 3 1

12 6 4 2

8 4 3 1

1] [ n-BU4N]gP2W15Nb3062 <3 - - -
v [ n-BusN]sNaa[(1,5-COD)Ir-P,W15NbsOg2] 25 12 10 2
v [n-BusgN]4Nag[(1,5-COD)Ir-SiWgNbzOsg] <3 - - -
VI [(1,5-COD)IrCl]» 4 3 1 -
Vil [(1,5-COD)I(CH3CN),]BF4 8 4 3 1
W [Ir 20(OH)(1,5-COD)Cly] <3 - - -
IX [(CgH12)Ir(CH3CN)2]BF4/O,; Sample A 8 4 2 2
X [(CgH12)Ir(CH3CN)2]BF4/O2; Sample B 6 3 2 1
XI [n-BusN]2[(1,5-COD)IrP30g] 20 11 7 2
Xl [ ﬂ-BU4N]2[(CaH110H)|I"P309] 13 7 4 2
Xl The precipitate from1f 12 6 4 2
XV The isolated catalyst fron19 23 12 9 2

26 13 10 3

9 5 4 -
XV The O,-oxidized 1 as precataly$t 12 6 5 1
XVI The independently synthesized catalyst (usingMsNb3Og2%")! 25 13 10 2
XVII The independently synthesized catalyst (usingdg®~)! 18 10 7 1

aReaction conditions: 6 ml C¥Cly; 1.0 ml (9.87 mmol, 1.5 M) cyclohexene; catalystl.26 mM; mol ratio catalyst/substratel:1200);
1atm dioxygen; 38-0.1°C; 24 h. In all experiments unless otherwise indicated, 0.14 mM 2-cyclohexen-1-yl hydroperoxide, ROOH initiator
was also added.

b Conversion (%) is defined as [cyclohexénanol)],—, /[cyclohexengmmol)];—o x 100%.

¢Yield (%) is defined as [produ¢mmol)]/[cyclohexendmmol)],—p x 100%; products: cyclohexene oxide, cyclohexen-1-one and
cyclohexen-1-ol.

dThe solid was recovered from theaction solutionof the stoichiometric oxidation of [(1,5-COD)Ir(GIEN);]BF4 (seeSection 4.1
and redissolved without residue.

€The precipitate was recovered from the stoichiometric oxidation of [(1,5-COD)yQDhL]BF4 (see Section 4.12 and remained
insoluble during catalysis.

f The precipitate was recovered from a run under experimental conditions (see footnote a)nBingNJsNas[(1,5COD)IrP,W1s
Nb3Og2] as precatalyst (seBection 4.3 Most of the material remained insoluble during catalysis.

9The isolated catalyst was obtained as detaile@éction 4.4 The results in line 2 of this entry are from an independent experiment.
In both cases the “isolated catalyst” was reused for catalysis immediately after its isolation. Line 3 shows the results obtained for the
“isolated catalyst” sample used for the experiment in line 2, but after storage for 4 days (in the drybox, at room temperature).

hThe oxidation product of the precatalystwas prepared using standard reaction conditions (see footnote ayitmaut added
cyclohexene (se8&ection 4.1% and was redissolved without residue.

" This material was prepared as detailedSiection 4.13

1.26 mM catalyst, 20 mM ROOH initiator, 380.1°C, be characteristic of the autoxidation of cyclohexene:
latm Q, 24 h of reaction time) exhibits a conversion cyclohexene-1-one, cyclohexen-1-ol, and cyclohexene
of cyclohexene of 25%, as high as seen for any of the oxide, entry IV {Table J.

17 entries inTable 1 The three main, non-peroxidic The results in entry V reveal that the catalytic activ-
products are again those proven elsewhi@d to ity of the (1,5-COD)Irr-polyoxometalate-supported
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Table 2

Summary of oxygen uptake results obtained for various catalyst precursors in the catalytic cyclohexene oxygenation with molecilar oxygen

H. Weiner et al./Journal of Molecular Catalysis A: Chemical 191 (2003) 253-279

No. Precatalyst (mmol)

Puptake (mmol) Ratio [@}/[precatalyst]

| [n—Bu4N]5Na@[(1,5-COD)Ir~P2W15Nb3062] (0.37)
1 [n-BusgN]2[(1,5-COD)Ir-P3Og] (0.52)
1 [(1,5-COD)IrClI], (0.44)

0.19 0.51
0.24 0.46
0.58 1.32

aReaction conditions: 1,2-dichloroethane or acetonitrile solvent, 10 ml; dioxygen, Tagn273 K; 6-8h of reaction time.

catalyst precursor depends upon the polyoxoanion When three equivalents of ;®/15NbsOg2%~ were
type, an important result consistent with and support- added to a ChICl, solution of 1 and cyclohexene,
ive of a polyoxoanion-supported species as the true the normal catalytic reaction took place, with no de-

catalyst. The Keggin-type, SiyMbsOs0’~ polyoxo-
anion complex,ifi-BusN]4Nag[(1,5-COD)Ir-SiWgNb3
Oag), is inferior to the Dawson, BV15Nb3Og2% -
supported lrcomplex (cf. entries V—IVTable 7). Note
that it is known with certainty that the SiyMbzO40"~
polyoxoanion binds Irin a different, G fashion[25]
rather than the & symmetry fashion observed for
the binding of It in 1 (the symmetries cited reflect
the support site of the underlying polyoxoanion)
[11].

The next five entries, VI-X inTable 1 are for
various polyoxoanion-freelr' or their O-oxidized
Ir™* complexes. The results confirm that the poly-

tectable difference in the rate or conversion, results
which rule out such a dissociati¥eq in the catalytic
autoxidation reaction. (Straightforward equilibrium
calculations show that sincieq is «1 (we know
this since all the observable (1,5-COD)lis bound

to the polyoxoaniorfl0a,c,11], little to no catalytic
activity would have been observed had this disso-
ciative Keq been the predominant path to the active
catalyst.)

We also determined fuptake stoichiometries for
several of the compounds ifable 1 these results
are reported inTable 2 Entry | in Table 2reveals
that 0.51equiv. of @ are consumed by the Daw-

oxoanion is necessary for the best catalyst. None of son, BW15NbsOg2°~-supported Ir complex, indicat-
entries VI-X gave better than 8% cyclohexene con- ing that 1.5mol Q is used per mole of the'licom-

version in 24 h, that is, none of the polyoxoanion-free
Ir complexes show activity that is above the back-
ground activity of added ROOH alone over the
same, 24 h{9% conversion). The results in entries
VI-X mirror previous investigations using of Vaska’'s
complex, {[(CgHs)3PLIr'(CO)CI}, which is catalyt-
ically active for cyclohexene autoxidation, but not
in its dioxygen adduct (peroxidic), oxidized form
{[(CeHs)3PLIr'" Ox(CO)CI} [26].

Semi-quantitative kinetic evidence thatand not
free (1,5-COD)Ir(solvend™ formation, is responsible

plex. Entry Il summarizes the results obtained for the
analogous §Og3~ complex, [(1,5-COD)P3z0g]2.
Again, it is found that 1.5 mol ®is consumed by this
complex. This result is consistent with the oxygen sto-
ichiometry previously reported for this complgal,
and provides further evidence for the quite similar
catalytic behavior of [(1,5-CODWP30g]?~ and the
Dawson polyoxometalate complex.

The oxygen uptake results for the dimeric [(1,5-
COD)IrCl]; are shown in entry Ill. Approximately
1.32 equiv. of @ are consumed per mole of com-

for the observed catalysis was obtained by adding free pound which is consistent with the expected—but

P,W15Nb3Og?~ to the original catalytic mixture to
test the possibility of the following dissociati¥eq to
give free (1,5-COD)l¢solveny, *:

——
_—

[(1,5-COD)Ir P ,W,sNb,0g,1*

different—1.5mol @ required for the formation of
[(2,5-CODYIr,0(OHXCIs] (Scheme Bvide supra.

(1 ,5-COD)II(SOIV€I1X)+ + P2W15Nb30629-
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To summarize the results of the catalytic tests at this
point, the best of the 12 entriesTable 1discussed so
far are those provided in entries IV and XI for, respec-
tively, the polyoxoanion-supportedn-BusN]sNag
[(1,5-COD)IrP,W15Nb3zOg2] complex, and the tri-
metaphosphate-supported-BusN]2[(1,5-COD)Ir-P3
Og] complex. These semi-quantitative kinetic/cataly-
tic results strongly suggest that the active species is
indeed polyoxoanion-supported.

3.3. The evolution of the preferred,
polyoxometalate-supported catalyst

With the above results in hand, a closer look at the
evolution of the (-BusN)sNag[(1,5-COD)IrP,W1s5
Nb3Og2], 1, complex into its active catalyst was un-
dertaken. The time dependence of cyclohexene autox-
idation in the presence dfis summarized irFig. 2a,
and a first-order In plot of the cyclohexene loss data
in Fig. 2b. Not apparent irFig. 2a, but present, is a
somewhat variable induction period (from less than
one up to several hours) as seen in our earlier work and
as fully expected for the Haber—Weiss radical-chain
mechanisni16], even when ROOH initiator is delib-
erately added. Of greater significance to the present
study, focused on whether or not the true catalyst is
polyoxoanion-supported, is that, after 15-20 h (which
corresponds to ca. 60-70 catalytic turnovers) the
reaction mixture begins to turn cloudy due to the
formation of a brownish precipitate, whereas the so-
lution remains yellow. After 48 h (ca. 300 turnovers),
the precipitate can account for up to ca. 30-50%
by weight of the original sample of., although
the exact amount varies from run to run by up to
~30%, so that in some runs no visible precipitate was
observed.

A key question which arises at this point is whether
or not the precipitate is the active catalyst, so this
point was investigated next. Note that, somewhat sur-
prisingly, the formation of the precipitate does not
affect quantitatively the shape of the cyclohexene loss
vs. time curve, and does not result indatectably
non-linear first-order kinetic plét (Fig. 2b), results

11 The linearity of the kinetic plot inFig. 2b and its inherent
10-15% error, along with the dependence of the autoxidation rate
upon the [catalys}|? demonstrated elsewhef&6], mean that up

to ca. 35% of the precatalydt can be converted into precipitate

in the specific experiment shown iRig. 2b (i.e., the [catalyst]
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Fig. 2. (a) Time course of cyclohexene autoxidation in dichloro-
methane at 38C and 1 atm oxygen in the presence of the catalyst
precursor f-BusN]sNag[(1,5-COD)IrP,W15Nb3Og2]. Legend:
cyclohexenel; 2-cyclohexen-1-one2; 2-cyclohexen-1-ol3; cy-
clohexene oxided. (b) Pseudo-first-order plot of cyclohexene
disappearance over a time range of 50h. An initial rate of ap-
proximately 114 1h~1 can be calculated from the slope of the
first-order In plot, normalized to the concentration of the catalyst
(1.26 mM).

which suggest that the precipitate is not catalytically
active, if only due to its insolubility in the reac-
tion mixture. The control experiment in entry XIlI
(Table 1), confirms this prediction: the precipitate is
at most~50% as reactive as the precatalyistbarely
more active than the background of added ROOH
alone, without added catalyst of any type (cf. entries
X, IV and Il in Table 1.

can decrease by up to 35%), without detecting more than a ca.

15% change (due to the [cataly$f] dependence) in the linearity
of the In plot (that ca. 15% change being within the maximum
experimental error of the kinetic data)—in short, the In plot in
Fig. 2b is somewhat insensitive to changes in the [catalyst] simply
due to the inherent form of the rate law.
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3.4. Isolation of the catalyst and demonstration of
the kinetic competence of the isolated material

The active catalyst was isolated from a cyclohexene
oxidation experiment carried out under our standard
cyclohexene oxidation conditions, but scaled up by a
factor of 10 as detailed i8ection 4.4The isolated ma-
terial, if reused immediately after its isolation, proved
to be as active as any catalystTinble 1(see entries
XIV, IV and XVI), exhibiting identical catalytic activ-
ity and selectivity within experimental error as the pre-
catalyst p-BugN]sNag[(1,5-COD)Ir-P,W15Nb3Og2],

1 (cf. entries XIV and IV, Table ). Interestingly, a
control experiment carried out 4 days after the actual
catalyst isolation revealed a much lower activity, com-
parable to that observed without any catalyst, but with
added ROOH initiator (i.e.Table 1 entry Il). Even
though the isolated catalyst was stored within the dry-
box after its isolation, its activity deteriorates upon
storage in the solid state. Another control experiment,
entry XV in Table 1shows that it is insufficient to
just expose the precataly4dt,to oxygen (i.e., without
cyclohexene and ROOH initiator being present), as
the resultant oxidized material is an inferior catalyst,
one barely better than ROOH alone with no catalyst
(entry II, Table ).

With the active catalyst isolated, our attention turned
to its characterization: Is it a colloidal material? Does
it contain the parent &V;15NbsOg2?~ polyoxoanion,
as required for a polyoxoanion-supported catalyst? If
S0, is the Ir to polyoxoanion ratio still 1:1? Note that, in
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b Y

(a)

Fig. 3. Literature: (a) high resolution electron micrograph of
IrO2-H20 particles as produced by gamma radiolysis. (b) Scan-
ning electron micrograph of aged Is®,0 colloids produced by
chemical methods (reprinted with permissidgy].

for the conceivable presence of such colloids. Note
that although poorly compositionally characteriZéd,
the “(IrO,),-(H20),” colloids are clearly visible by
TEM, seeFig. 3(reproduced from the literatufg7]).
Also note the dramatic effect of aging on the ap-
pearance of these particles, that is, their aggregation
into much bigger spheres, about 1000 A in diameter
(Fig. 3b) after aging, a property of these colloids that
we can compare to attempts to age our own catalyst.
Fig. 4a shows the TEM of a catalytically active
solution recovered after 50 h (310 turnovers) of oxida-
tion catalysis, with one drop of that solution deposited
onto a carbon grid, dried and then analyzed by TEM.
For a comparisorkig. 4b shows also the micrograph

the experiments below and since the catalyst solution Of the pure iridium polyoxoanion}, dissolved in
and that solution evaporated to dryness (the isolated dichloromethane then placed on a grid and analyzed
catalyst) appear to be one and the same material, thosd?Y TEM that same day. The very close similarity be-
materials were used somewhat interchangeably in thetween the particles ifrig. 4a and b, and the lack of

experiments which follow.

3.5. TEM of the reaction solution and the
precipitate

Since the cyclohexene oxidation reaction condi-
tions used in this study (molecular oxygen as oxidant,
with the formation of ROOH and $#D during the
oxidation reaction) could in principle lead to the
formation of what the literature describes as blue,
hydrous oxide type colloids “(Irg),-(H20)," [27]
(recall Scheme B TEM was used to analyze both a
sample of the reaction solution, and the precipitate,

any larger It particles (e.g., the sharp contrast with
the size and the shape in comparison to the 450)
nanoclusters identified by TEM as reported elsewhere,
for example[12c,d) argue strongly for th@bsence

of “(Ir07),,” colloids. A rough estimate of-15 A for

the size of the (polyoxoanion) particles can be made,
results which are in good agreement with the actual
dimensions of the Dawson-type\W15NbzOg2%

12 These literature colloids are presumably actually something
closer to “INO),(OH),(Cl).,"~". They are formed by hydrolysis
and reduction of hexachloroiridates; the extent of conversion de-
pends upon different factors such as the nature of the oxidant and
the pH of the solutior27].
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Fig. 4. (a) Transmission electron micrograph of the reaction so-
lution of the catalytic cyclohexene autoxidation in the presence
of [n-BuaN]sNag[(1,5-COD)IrP,W15Nb3Os2], 1. The sample for
this TEM was taken from the same sample as that used for the
ultracentrifugation MW measurements (entry Mgble 3. (b) The
micrograph shows the TEM of solution of the catalyst precursor,
1, in dichloromethane, done as a control experiment.

polyoxoanion of ca. 12 A 15A. In Fig. 5, the TEM
image of the precipitate isolated from the solution
and dissolved in acetonitrile is shown. Once again
the micrograph inFig. 5is very similar to that of

Fig. 5. Transmission electron micrograph of the precipitate
(see Section 4.4, recovered from the catalytic cyclohexene au-
toxidation reaction in the presence of the catalyst precursor
[n-BugN]sNag[(1,5-COD)IrP,W15Nb3Og2], 1, redissolved in ace-
tonitrile and applied to a carbon-coated Cu TEM grid.
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the pure polyoxoanion ifrig. 4b; the TEM inFig. 5
rules out the presence of colloids or any other parti-
cles larger than ca. 25-30A. Significantly, even after
aging the solutions for several weeks the same mi-
crographs as shown iRig. 4a were obtained. This
result especially in comparison to the dramatic size
increase for authentic hydrous “(IsQ-(H20)," col-
loids (Fig. 3b) as well as the difference in color of the
two materials (the recovered polyoxoanion catalyst is
yellow-orange while the literature “(Irg),-(H20),”
colloids are bluish), provides compelling evidence
which rules out a traditional (Irg.-(H20),”,
non-polyoxoanion-stabilizéd colloid.

3.6. Elemental analysis, IR and NMR results
on the isolated catalyst

Given that TEM confirmed that the isolated cat-
alyst is a discrete molecular species, and not a
colloid, we turned to elemental analysis in order
to establish the empirical formula of the isolated
catalyst. The IR spectrum of the isolated catalyst
(KBr pellet) clearly reveals that the;®/15NbzOg2%~
polyoxoanion is present, and structurally intact, by
its characteristic absorptions in the polyoxometa-
late region (400-1200cm; listed in Section 4.3
Elemental analysis confirms that the 1:1 Ir to poly-
oxoanion ratio in the precataly§t is retained in the
isolated catalyst (Ir:polyoxoanion ratio in the iso-
lated catalyst= 1.1; seeSection 4.3. In fact, for a
non-crystalline, polyoxoanion complex, the elemental
analysis is satisfactory for a formulation of the catalyst
as “{[(n-BLI4N)6N83(HO)3|I'3+-P2W15Nb3062]x}"2
(found) C, 19.68(20.06); H, 3.77(3.77); Ir, 3.28(3.64);
N, 1.43(1.30); Na, 1.18(1.37); Nb, 4.76(4.95); P,
1.06(1.08); W, 47.08(45.16).

13 It is important to note that the TEM results, alone, do not rule
out the possibility of a completely new, hypothetical polyoxoanion-
stabilized colloid something like “4Oy - (P2W15Nb30g2%7)." (re-
call Scheme 1centermost part). However, the solution MW and
other evidence which follows provided seemingly unequivocal ev-
idence against this possibility as well. In addition, and while the
P,W15062%~ polyoxoanion has been shown in other work to be
an unusually effective stabilizing agent for electrophilic, coordi-
natively unsaturated Ir(Q)colloidal metal surface$23,28] one
may conclude that “ifO,” colloids are probably reallyanionic
“Ir O, (OH)."~" colloids, so that thepolyanionic polyoxoanion
would be repelled by, rather than attracted to (to thereby stabilize),
these different type of hydroxy oxo-colloids.
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Fig. 6. (a)3'P NMR spectrum of the isolated catalyst (=ction
4.4) in CD3CN. (b)183W NMR spectrum of the isolated catalyst in
CDsCN. The observed three-line spectrum with relative intensities
of 1:2:2 provides direct evidence for the presence of thg C
symmetry, BW15Nb3Og2%~ polyoxoanion.

31p NMR spectroscopyHig. 6) (top spectrum),
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analysis is supported on the polar, j@»]3~ support-
site of the polyoxoanion.

The primarily three-line®3wW NMR (Fig. 6) (bot-
tom spectrum) confirms th!P NMR by showing:
() that intact BW1sNb3Og2?~ is clearly present;
(ii) that the isolated catalyst sample is primarily one
species (although, in our experience, lower levels
of other species are readily missed by the relatively
insensitive’®W NMR); (i) that the major species
present appears to be of;{Csymmetry—the most
common symmetry we have observed foiNRsNbs
Os2° -supported organometalli§s,10,11] Note that
the 183w and 3P NMR, plus the IR and elemen-
tal analysis, aralefinitive in showing that fr* plus
theP> W1sNbz 062% polyoxoanion in a 1:1 ratio are
part of the isolated, active and preferred catalyst

We also attempted to investigate the fate of the
1,5-COD ligand present in the precatalysty GC,'H
NMR and13C NMR. However, we failed to see any
signals expected for the 1,5-COD ligand or its oxy-
genation products (for details s&ection 4.%; only
the signals expected for theBusN* cations in the
catalyst precursor, as well as in the isolated catalyst,
could be detected. This is also in agreement with the
results of the elemental analysis obtained for the iso-
lated catalyst (se&ection 4.4, which provided no
evidence for the presence of C or H from sources
other than thex-BusN™ cations. It seems possible at
this point that the COD ligand has been displaced
during the transformation of into the active cata-
lyst. Overall, the elemental analysis plus spectroscopic

provides a second, direct demonstration that the iso- studies establish aapproximateformula for the ac-

lated catalyst contains s®/15Nb3Og2%, and that
the polyoxoanion is intact. Th&'P NMR further re-

tive catalyst as “[i-BusN)sNag(HO)3lr3+-P>W1sNbs
OGZ]x”-

veals that the isolated catalyst is ca. 85% one species

by integration of the main, vs. the secondat{f
peaks, and that the* found by elemental analy-

sis is almost surely supported on the polyoxoanion

[this follows by a comparison of the chemical shifts
observed { —6.8, —13.7 ppm in CRCN) to those
for the free BW1sNbsOg2%~ (5 —6.3 (+0.4), —13.5
(£0.4) ppm in CRICN)]. Note that thes —6.8 3P

3.7. Crystallization trials with the isolated
catalyst

Given that the NMR studies suggested that primar-
ily one species was present in the isolated catalyst,
we tried to crystallize the isolated catalyst from a
combination of CHCN, CH,Cl,, and CICBCH,CI.

resonance in the isolated complex is the one closest toUnfortunately no crystalline material suitable for

the [NbzOg]3~ support site (“north end”; recalflig. 1)
of the PW;15Nb306°~ and its downfield chemical
shift vs. that of the parent®V15NbsOg,%~ is strong

X-ray crystallography was ever obtained. This re-
sult, although unfortunate, is not unexpected given
the solution molecular weight studies which follow

evidence (based on our earlier work on supported and which indicate the presence o2 species in

complexes[5,10]) that the 1#* found by elemental

solution.
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3.8. Solution molecular weight experiments by
analytical ultracentrifugation

Our efforts turned next to solution molecular mea-
surements in CECN. These were used to deter-
mine the molecular weight of the principle species
present in the catalyst solution, in the isolated cat-
alyst, and in the precipitate that forms from the
catalytically active solution. First, the solution molec-
ular weight p-BusN]oP,W1s5Nb3Og2 was deter-
mined as a control experiment. The-BusN]oP
W15Nb3Og2 was synthesized under conditions that
avoid formation of the Nb—O-Nb bridged anhy-
dride [7a],'* so that a “monomeric” weight in the
sedimentation-equilibrium experiment was expected.

265

These molecular weight results confirm the TEM
studies by ruling out a colloidal, or any another, more
highly aggregated forrt for both the catalyst and the
precipitate, at least under the stated conditions of the
MW measurements and in GBN, a statement that
is fortified by the fact that Edlunf8], and Vargaftik
etal.[29], have been able to detect intact nano-colloids
by ultracentrifugation molecular measurements.

The solution molecular weight studies on the iso-
lated catalyst proved more complicated, but interest-
ing. At rotor speeds of 20,000 and 30,000 rpm two
separate experimentally determined solution molec-
ular weights of the same sample of the isolated cat-
alyst gave 10,9004500) g/mol (approximately the
expected molecular weight of a “dimer”) and 7900

Indeed, at rotor speeds of 20,000 and 30,000 rpm (£400) g/mol, respectively. These two values are ob-

the experimentally determined solution molecular
weight of [n-BusN]gP2W15Nb3Og2 ranged from 5500
(£300) g/mol to 5700 £300) g/mol. These values

viously not within experimental error of each other. It
was found that there are obvious systematic deviations
from the 0.0 line in the residuals of both experiments.

suggest that the sedimenting species is somewhereThese deviations from the 0.0 line in the residuals

between [(-BusN)sP,W15NbzOgo]*~  (for which
the calculated molecular weight is 5303 g/mol) and
[(N-BusgN)gP>W15Nb3Og]t~ (for which the calcu-
lated molecular weight is 6030g/mol). The extent
of n-BuyN™ ion-pairing observed here is consistent
with past results on similar systerféa,b,e] The data

for the experiment run at 20,000 and 30,000 rpm are

well-fit by an ideal, single-species model, as indicated
by the random distribution of residuals about the 0.0
line. Also worth noting is that the solution molecular
weight of [n-BugN]gPoW15NbzOg2 was determined

clearly indicate that an ideal, single-species model
for theisolated catalystiltracentrifugation data is not
correct[30a—d] One explanation is that the sample
is “heterogeneous”, that is, the sample contains a
mixture of non-interconverting species. For example,
a mixture of non-interconverting species containing
mostly the “dimeric” form of the catalyst, but also
containing some monomeric form, could account
for these result$® This means that the “average”
molecular weight obtained is not necessarily a true
average because the heavier species in solution have

under conditions as identical as possible to those useda greater tendency to sediment out of the measurable

for the isolated catalyst.

For the catalytic solutionafter 50h of reaction
time (the identical solution from which a sample
for the TEM in Fig. 4a was taken), a species with
a molecular weight of approximately 6008-500)

15 No heavier precipitate was seen in the bottom of the centrifu-
gation cell; that is, we took care to ensure that ultracentrifugation
rotation speed was in fact appropriate for the molecular weight of
the predominant species in solution.

a.m.u. was observed, indicating the presence of the 16 A second possibility is that some self-association phenomenon

P,W15Nb3Og2°~ polyoxoanion and the %" in a
monomeric formin the catalyst solution. Interest-
ingly, the precipitated materialshows a molecular
weight of ca. 10500, indicating that the precipi-
tate is a non-colloidal, moleculahut dimer-like
aggregate

14 Note the two typographical errors in this paper: p. 7910,
right-hand column, 12th line: “84% excess” should read “2%
excess” and p. 7910, footnote 20, 4th line: “5%” should read “0.5".

like hydrogen bonding is occurring. A third possibility is that the
sample is behaving in a non-ideal manner. A fourth possibility is
that some combination of these phenomena is occurring. The sec-
ond and third possibilities, and therefore the fourth possibility as
well, seem unlikely for the following reasons. A self-association
phenomenon (like hydrogen bonding) is unprecedented for these
compounds. Also, it is not clear why the isolated catalyst
would self-associate  whenn{BusN]gP>W15Nb3Os2 does not
self-associate under very similar conditions. The same argument
can be made for the possibility of non-ideality. Why would the iso-
lated catalyst behave non-ideally whemBusN]gP,W15NbzOs2
does not behave non-ideally under very similar conditions?
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concentration gradient at higher rotation speeds. This
is in perfect agreement with the data for tieo-
lated catalyst-the higher rotor speed (30,000 rpm
vs. 20,000 rpm) gave a smaller average weight (7900
(£400) g/mol vs. 10,9004500) g/mol, respectively).
By the same argument, the lower rotor speed gives
a better estimate of the true average molecular
weight.

Assuming that the preceding interpretation of the
data for the isolated catalyst is correct, then one can
conclude that the investigatasiolated catalysis in
a dimeric (possiblyu-OH or n-O-bridged) form that
is catalytically less active than the precatalysNote
that, due to the experimental requirements for the so-
lution molecular weight determination, this experi-
ment could not be done using the freshly isolatax,
tive catalyst. It seems possible—but unproven—then,
that the formation of a dimeric species is associated
with the observed loss in activity, and that monomeric
form maybe the active form of the catalyst derived
from 1.

3.9. Mass spectroscopy

The positive ion fast atom bombardment mass spec-
trometry (FAB-MS)[31] for the isolated catalyst is
shown inFig. 7a. The spectrum appears to be anal-
ogous to that of the parent polyoxoaniopV¥sNbs
Os2%~ (Fig. 70) with main peaks in the 5500-6200
a.m.u. as seen and assigned elsew[&0E

In Fig. 8a, the positive ion spectrum of the cata-
lyst precursorl is shown. The spectrum seen is anal-
ogous to that seen and assigned befdiig.(2 else-
where[30]), with main peaks in the 5500-6200 a.m.u.
range due to theV15NbsOg2°~ polyoxoanion (e.g.,
[H(n-Bug)gP2W15Nb3Og2] t at 6273[30]). Also seen
is a bit of a Nb—O—Nb bridged, polyoxoanion anhy-
dride peak between 10,000 and 11,000, results which
show that it is difficult to distinguish unequivocally
monomers vs. dimers of at least this type of poly-
oxoanion by FAB-MS, a conclusion also reached in
earlier work[30].

The positive ion FAB-MS for the precipitate is
shown inFig. &; the presence of a much stronger
dimer peak at ca. 10,3000 is consistent with the so-
lution MW measurement, although an even stronger,
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Fig. 7. (a) Positive FAB-MS spectrum of the isolated catalyst. The
positive FAB-MS spectrum of the paremt-BusN]gP,W15Nb3Oe;
polyoxometalate (b) is provided for comparison. The spectra are al-
most superimposable, confirming the presenceZWENbgof;zg*

in the isolated catalyst.

ditions to a monomer, or that the monomer is the true
species and the dimer has formed under the FAB-MS
conditions.

In short, the FAB-MS results: (i) confirm that the
polyoxoanion is part of the active catalyst and the
precipitate; and (ii) provide additional evidence that
the precipitate is in an aggregated, dimeric form.

3.10. lon-exchange resin experiments for
inner-sphere It to polyoxoanion bonding

A final piece of evidence that the isolated catalyst
contains covalent, inner-sphere bonding of oxidized
Ir"+ to the BW1sNbsOg2%~ polyoxoanion was ob-

broad peak centered near 5500 means, rigorously, thattained from experiments employing ion-exchange

either the dimer decomposes under the FAB-MS con-

resins. As detailed inSection 4.10 in separate
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Fig. 8. (a) Positive FAB-MS spectra of the catalyst precursor
(top), and the precipitate (b), recovered from the catalytic cy-
clohexene autoxidation in the presence of the catalyst precursor
[n-BusN]sNag[(1,5-COD)IrP,W15NbzOgs], 1.

experiments acetonitrile solutions of first the pre-
catalystl, and then the isolated catalyst, vide supra
were loaded onto @atiornrexchange column in the
n-BugN™ form, P-S@~n-BusN™* (P: macroreticular
polymer), and then slowly eluted down the column
with CH3CN. No retention of the yellow-browan-
ionic precatalystl was observed as expected; the

same result was found when the experiment was re-
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of polyoxoanion-supported Mt complexes that
are catalysts for cyclohexene and norbornene oxy-
genations using [PhlQ][14]. As part of the present
work we also performed two separate control exper-
iments (carried out under Ar) in which a solution
of [(1,5-COD)Ir(CH;CN)2]BF4 in acetonitrile was
loaded onto the same cation- and anion-exchange
columns. As expected for these controls, the cationic
[(1,5-COD)Ir(CHCN)2]™ complex is retained on
the P-S@ n-BusN™ cation-exchange column but
passes through the P-NRCI~ anion-exchange
column.

In summary, even by themselves, the ion-exchange
experiments confirm the inner-sphere bonding of
[(1,5-COD)Ir()]" to PoW15NbsOg2°~ in the precat-
alyst, 1 (a bonding directly demonstrated previously
by 17O NMR [11]), and provide good evidence for
Ir"t to P,W1sNbsOg2%~ bonding in the isolated
catalyst as well. At this point there is a clear an-
swer to the title question of “Is the true catalyst
polyoxoanion-supported or not#t.is supported

3.11. Initial development of an independent synthesis
to an activeP, W1sNbz Og2°~-supported If+ catalyst

Since the application of virtually all applicable
physical methods failed to provide the exact structure
for the active catalyst, and in the absence of strongly
diffracting single crystals, we took the one remaining
approach that we could conceive of to better identify
the catalyst’s structure: we attempted an independent
synthesis of the active catalyst.

Entry XVI in Table 1 shows that by combin-
ing the product from thepreoxidation of the irid-
ium precursor [(1,5-COD)Ir(CECN)]BF4 with
[n-BugN]gP2W15Nb3Og2 (seeSection 4.13 we have
been able tandependently synthesizecyclohexene
autoxidation catalyst that is identically as active (25%
cyclohexene conversion in 24 h, s&able J) as either

peated using a sample of the isolated catalyst. In a of the other two, most active entries Table 1(i.e.,

second series of experiments, precatalysind then
separately a sample of the isolated catalyst, were
loaded onto separatmion-exchange columns in their
CI= form, P-NRs*CI~ (P: macroreticular polymer).
In both experiments the colored, anionic complexes
were completely retained on the column. These
results are completely consistent with our recent,
analogous findings on the non-ion-exchangeability

starting with the precatalyst, entry 1V, or using the
isolated catalyst, entry XIV). Infrared measurements
on what we will call the “synthesized catalyst” con-
firm the presence of a Dawson-typeV15sNbz0g2°
heteropolytungstate framework; #P NMR spec-
trum of this material in CRCN shows two lines at

8§ —7.2 and—13.3 ppm with integrated intensities of
1:1 compared t&8 = —6.8 and —13.7 ppm for the
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isolated catalyst in CECN. (Note the error bars on (IR, and 3P and 183w NMR) which indicate the
these shifts are typically not better thai.4 for the presence, in a-1:1 ratio, of both the polyoxoanion
reasons detailed in footnote 18 elsewh§sg.) Of and the oxidized It*; (i) from MW measurements
note is that thé'P resonance observed for the “north”  (ultracentrifugation and FAB-MS) which confirm the
31p atom located directly beneath the B@ip]3~ cap presence of the polyoxoanion; (iv) frot#P NMR and
(recall the polyoxoanion’s structure back kig. 1) ion-exchange resin evidence that th&*ris bonded

is broadened and reduced in its height, direct evi- to the [NisOg]3~ support site in the fWV15NbzOg2%
dence for a support interaction between the poly- polyoxoanion.

oxoanion and the [(1,5-COD)Ir(GZ€N),]BF4/0O2 In short, the results answer the title question “Is the
oxidation product. Thé®3W NMR spectrum of the  true catalyst polyoxoanion-supported?” with “yes”,
synthesized catalyst exhibits three resonances withand reveal a working, average formula for the cata-
integrated intensities for the three peaks of 1:2:2 lyst as “[(n-BusN)sNag(HO)zlr3*-PoW1sNbsOgo] "

as expected for the presence of a largely, Cav- (x = 1, 2). The answer is significant, even if the
erage; pseuddl0a]) symmetry I#* polyoxoanion (auto)oxidation reaction catalyzed is not, as the histor-
complex. ically first exampleg[13] of a polyoxoanion-supported

The two most important points here are that: (i) the catalyst in that polyoxoanion-supported catalysts are
evidence again clearly points to the presence of a poly- one of the eight new subclasses of polyoxoanions in
oxoanion-supported, M catalyst; and (i) a new, catalysis[14].
simplified approach to characterizing the oxidized  The second example has been reported recently,
Ir+ species of an active catalyst has been unveiled. [(CH3CN), Mn"+.P,W15Nb30g,°]"~2  oxidation
Specifically, one should now be able to characterize catalysts for cyclohexene and norbornene oxygenation
the much smaller, and thus presumably more tractable, using [PhlO}, as the oxidan{tL4]. A potential third ex-
[(1,5-COD)Ir(CHCN)2]BF4/O2 oxidation product ample which employs the Fe(ll) plus vanadium poly-
beforeit is added to the parenb®/15Nbs0g2%~ poly- oxoanion complexes [(C4#CN),FePoW15V3062] "~
oxoanion to yield what we have shown is an active and [(CHCN),FeSiWgV3040]°~ serving aspre-
catalyst. We do not, however, have plans to pursue this, catalystdor a record, >100,000 total turnovers, of cat-
our own interests and funding haven taken a different echol dioxygenase catalysis using molecular oxygen
path, namely towards novel polyoxoanion-stabilized has also been report¢82]. However, the mechanis-

nanocluster catalysfd2c,d] tic work to date suggests that the true catalyst does
not involve the intact polyoxoanion or even require
3.12. Summary and conclusions Fe'*t— only V appears to be essential.

What is perhaps most telling from this study is

The main question posed in this paper is, when start- the level of effort required to develop new subclasses
ing with [n-BusN]sNag[(1,5-COD)Ir-P,W15Nb3Og2], of polyoxoanion-based catalysts, that is, to synthe-
1, as the precatalyst for the autoxidation of cyclo- size, test for catalytic activity, and then especially
hexene, “Is the resultant, true catalyst polyoxoanion- to do the necessary kinetic and mechanistic stud-
supported?”. The data obtained are compelling in ies to establish the true identity of the catalyst. In
indicating that the active catalyst indeed involves a the present case the studies have proceeded off and
P,W15Nb3Og2°~ polyoxoanion-supported it com- on over more than a decade; in the work leading
plex in a 1:1, monomeric form. The evidence comes: to novel polyoxoanion-stabilized nanoclusters, more
(i) from kinetics, since the presence of the polyoxoan- than a half-decade for the mechanistic work alone
ion increases the autoxidation rate 100-fold in the [12d]was required12c]. Even when combined, these
absence of ROOH initiatiofil3] and still ~3-fold studies only set the conceptual stage for the possi-
in the presence of a sizable amount of ROOH initia- ble discovery of practical applications of these, and
tor, entries IV and Il inTable 1 and since all forms  the other seven, new classes of polyoxoanion-based
of Ir"* tested in the absence of the polyoxoanion, catalysts shown irFig. 1 elsewhereg[14]. Those ef-
Table 2shows little reactivity above background; (i) forts will probably require combinatorial-type survey
from elemental analysis and spectroscopic evidence studies.
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4. Experimental 4.2. Instrumentation/analytical procedures

4.1. Materials Air-sensitive samples were prepared in a vacuum
atmospheres inert atmosphere glove bat ppm Q

All commercially obtained compounds were Baker concentration). The UV spectra were recorded us-
reagent grade unless otherwise noted. The following ing a HP 8452A diode array system interfaced to an
reagents were obtained from Aldrich and were used as IBM 486 computer. Infrared spectra were obtained
received: 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo on a Nicolet 5DX spectrometer as KBr disks. KBr
[8.8.8.]hexacosane [Kryptoffx 2.2.2.] (used to re-  (Aldrich, spectrophotometric grade) was used as re-
move Na ion-pairing effects from polyoxoanion ceived. The NMR spectra of routine samples were
NMRs, vide infra), anhydrous ED (HPLC grade), obtained as CDGlor CDsCN solutions in Spectra
CH3CN (HPLC grade), EtOAc (HPLC grade). Tech or Wilmad NMR tubes. Air-sensitive samples
[(1,5-COD)IrCl, was obtained from stream and used were prepared in the drybox, and the solution was
as received. Deuterated NMR solvents ¢CIN, placed in an NMR tube (5mm o.d.) equipped with
CDClz; Cambridge Isotope Laboratories) were used a J. Young airtight valve (Wilmad), at room temper-
as received. When NMR samples are stated as beingature unless otherwise stated. The chemical shifts
prepared in the drybox, the deuterated solvent was de-are reported on the scale with downfield resonances
gassed by either purging with the drybox atmosphere as positive.183W NMR spectra were collected on
or, if degassed outside the drybox, by purging with ar- a Bruker AM500 NMR spectrometer using 10 mm
gon for 0.5 h before bringing the degassed solvent into 0.d. NMR tubes. Thé®W NMR spectra were ref-
the drybox. The heteropolyoxoanion-supported com- erenced externally by the substitution method to 2M
plex [n-BusN]sNag[(1,5-COD)IrP,W15NbsOg2], 1, Na,WO4/D,0 (pD 8.0). Spectral parameters f&PW
was prepared and characterized according to our pre-(20.838 MHz) include: pulse width 30 ms; acquisi-
viously reported, improved proceduféa] (see also  tion time 1114 ms; sweep widt#14705Hz. A 10 Hz
[10]). [IroO(OH)(1,5-COD)Cly] was prepared by  exponential apodization of the FID was used on all
reaction of [Ir(1,5-COD)CH with molecular oxygen  spectra, but was removed for any linewidths reported
in dichloromethane following a procedure described herein.31P NMR (121.5 MHz) spectra were recorded
elsewhere[20b]; the product was characterized by in 5mm o.d. tubes on a Bruker AC-300P NMR spec-
IR spectroscopy in comparison to the literat{2eb] trometer. A 33mM CRCN solution (0.020 mmol of
(IR, KBr pellet, cnTl; 1490(s), 1418(s), 1328(m), polyoxoanion in 0.6 ml) was used unless otherwise
1302(m), 1228(w), 1178(w), 1088(w), 1005(m), stated. An external reference of 85%gRD; was
902(m), 885(m), 848(s), 798(m), 695(vs), 610(w), used by the substitution method. Acquisition param-
595(w), 535(w), 485(vs)).i-BusN]2[(1,5-COD)Ir-P3 eters are as follows®'P tip angle 45 (pulse width
Og] and [n-BugN]2[(CgH110H)Ir-P3Og] were pre- 5ws); acquisition time, 1.436s; relaxation delay,
pared as reported previoug®1], and characterized 1.000s; and sweep width, 10000 Hz. An exponential
by 13C and3'P NMR in comparison to the literature line broadening apodization (2.0 Hz) was applied to
[21]. [n-BusN]2[(1,5-COD)IrP30g]; 3C{*H} NMR all spectra, but removed for any linewidths reported.
(75.5MHz, CxCN, 20°C, 0.15M): § 65.3, 31.9. 1H NMR (300.15MHz) and'*C NMR (75.0 MHz)
31p NMR (121.5MHz, CRCN, 20°C, 0.15M): & spectra were recorded in 5mm o.d. tubes on a Bruker
—11.6(s). 6-BugN),[(CgH110H)Ir-P30g]; 3C{1H} AC-300 NMR spectrometer, at 2C unless otherwise
NMR (75.5MHz, CxCN, 20°C, 0.07 M): § 87.8, noted, and were referenced to the residual impurity
74.7, 44.9, 44.8, 39.4, 37.9, 31.8, 273P NMR in the deuterated solvent NMR) or to the deuter-
(121.5MHz, CDC4, 20°C, 0.04M): § —1.1(dd), ated solvent itself lC NMR). Spectral parameters
—3.3(dd), —8.4(dd). 2-Cyclohexen-1-yl hydroperox- for 'H NMR: 1H tip angle 30 (pulse width 3.0 ms);
ide was prepared, and the amount of active peroxide acquisition time, 1.36s; repetition rate, 2.35s; sweep
determined by iodometric titration, as described else- width, 6024 Hz. Spectral parameters f6C NMR:
where[16]; additional literature on 2-cyclohexen-1-yl  13C tip angle 40 (pulse width, 3.Qus); acquisition
hydroperoxide is available as w¢83]. time, 819.2ms; repetition rate, 1.31s; sweep width
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+20000Hz. The pH values reported herein were The reaction was then periodically sampled by sy-
determined with a pH-meter (Corning, Model 125) ringe and analyzed by authentic-sample-calibrated
equipped with an Orion electrode. GC was performed GC. Timet = 0 was defined after the oxygen had
by using a HP 5890 Series Il gas chromatograph been added and the solution warmed up t&-88L°C
equipped with a FID detector, a Supelcofat0 (a small error of 2-3 min is negligible compared to an
capillary column (30m, 0.32mm I.D.) and a DB-1 average of 24 h, and in some cases up to 48 h, reaction
capillary column (30 m, 0.25mm I.D.). GC-MS anal- time).

ysis was done on a Hewlett-Packard 5890/MSD 5970  Cyclohexen-1-one, cyclohexen-1-ol and cyclohex-
instrument in the EI mode with the same DB-1 cap- ene oxide were found to be the main, non-peroxidic
illary column. The following conditions were used products of the oxidation reaction; ca. 70 other prod-
for all gas chromatographic runs unless otherwise ucts have been detected at higher conversion for this

noted: oven temperature, G0nitial value, 50; rate,
10°/min; final temperature, 160final time, 5 min; in-
jector temperature, 250detector temperature, 250
flow, approximately 1-2ml/min; sample volume,
1ul. The amounts of starting materials and products
were calibrated directly by injecting known concen-
trations of authentic cyclohexene, cyclohexene oxide,
cyclohexen-1-ol and cyclohexen-1-one to construct a
calibration curve, hereafter referred to as calibrated
GC.

4.3. Cyclohexene oxidation procedure

The oxidation of cyclohexene was carried out under
1atm oxygen in a constant temperature bath at38
0.1°C. The following standard procedure was used for
all oxidation runs unless noted otherwise.

A 25 ml side-arm round-bottomed flask, equipped
with a septum and a 10mm magnetic stir bar
was transferred into the drybox. Catalyst (50 mg;
8.82 x 10~3mmol in case ofl) was dissolved in the
25ml round-bottomed flask using 6 ml of solvent.
Then, freshly distilled cyclohexene (1 ml, 9.87 mmol)
was added to the solution; in all runs a small amount
of cyclohexene hydroperoxide (0.14 mmol) was also
added to minimize the observed induction pefjib@]
during the first 4—6 h reaction time. The flask was then
sealed and brought immediately out of the drybox.

free-radical-chain autoxidation as described in detail
elsewherd16].

4.4. Isolation of the active catalyst

The active catalyst was isolated from an oxidation
run as described isection 4.3 but scaled up by a
factor of 10. In the drybox, 500 mg (0.088 mmol) of
1 was dissolved in a 250 ml round-bottomed flask us-
ing 60 ml of dichloromethane. Then 10 ml (98.7 mmol)
of freshly distilled cyclohexene was added to the so-
lution. After the addition of 25mg (0.22 mmol) of
2-cyclohexen-1-yl hydroperoxide the flask was sealed
and then immediately brought out of the drybox. The
flask was then attached to the oxidation apparatus
and the oxidation reaction was started as described in
Section 4.3 After 50 h the reaction was stopped and
the resulting suspension was allowed to cool to room
temperature. During this time a brown-amber precip-
itate accumulated at the bottom of the reaction flask.
This precipitate was collected by gravity filtration and
washed three times with 2 ml of fresh GEl,. The
precipitate was then tested in fresh cyclohexene oxida-
tion reaction according to the experimental procedure
given in Section 4.3 it exhibits a low catalytic ac-
tivity, essentially that of the background reaction (see
Table 1 entries Il and XIV), in part probably due to
its low solubility in the CHCly/cyclohexene reaction

The flask was then attached to the oxidation apparatusmixture.

(seeFig. 1 elsewherd16]), cooled to—196°C (77 K)

The clear, yellow filtrate of the reaction solu-

with liquid nitrogen after which the whole system was tion (now minus the brown precipitate), was trans-
freeze-pump-thaw degassed three times using the vacferred into a 200 ml round-bottomed flask and the
uum line that is part of the apparatjd$], and refilled solvent and any remaining unreacted cyclohexene
with 1 atm of oxygen. The reaction vessel, now under were removed by rotary evaporation using a water
1latm @, was then placed in the constant temperature bath temperature of 5%. The remaining red-brown
bath (Fischer Scientific), warmed up to 380.1°C oily liquid (ca. 1-2ml) was then triturated five
and vigorously stirred X800 rpm) with the stir bar.  times with 5ml ofn-hexane, followed by trituration
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with diethylether (five times with 5ml) to remove
organic contaminants (such as remaining unreacted
cyclohexene and higher boiling and polymeric cy-
clohexene oxidation producf46]). A yellow-orange
solid resulted, which was collected and dried in vacuo
at room temperature for 24h. The yellow-orange
product was then redissolved in approximately 2 ml of
dichloromethane, and the resultant red-brown solution
was filtered through a glass pipette containing a small
amount of filter paper. The solvent was then removed
and the yellow-orange solid was dried overnight under
vacuum and at room temperature. The yellow-orange
solid (i.e., “isolated catalyst”, 225.5mg, ca. 45% of
the weight of the starting material) is soluble in
dichloromethane and acetonitrile; it was stored within
the drybox for the duration of this study. The cat-
alytic activity of the isolated material was tested as
described inSection 4.5 The isolated catalyst mate-
rial was characterized by elemental analysis, IR,
13¢c, 31p NMR, solution molecular weight measure-
ment, and mass spectroscopy. Elemental analysis:
% calc(found) for GgH219IrNgNagNbzOgsPoW1s
{i.e., as [f\-BU4N)6N83(HO)3|I‘3+-P2W15Nb3062]x}Z

C, 19.68(20.06); H, 3.77(3.77); Ir, 3.28(3.64);
N, 1.43(1.30); Na, 1.18(1.37); Nb, 4.76(4.95); P,
1.06(1.08); W, 47.08(45.16). IR (KBr pellet, crh
polyoxometalate region 1080(vs), 1065(m), 940(s),
910(s), 895(s), 780(vs), 525(n3}P NMR, in CD:CN,
25mg Kryptofix¥ added,s (# of P, Avy,2) (Fig. 6a)
—6.8 (1 P, 21 £ 0.1Hz), —13.7 (1 P, 0 + 0.1 Hz).
183 NMR, in CD3CN, S/N after 10200 scans 28/1,
8 (# of W, Avyjp) (Fig. 6b) —124 (3W, 3+ 1Hz),
—155 (6W, 4+ 1Hz), —198 (6W, 3+ 1Hz).
Solution molecular weight determination: 10,900
MW (250 nm, 20,000rpm), 7900 MW (250 nm,
30,000 rpm).

Attempts were made, usingH NMR and 13C
NMR, to determine the fate of the 1,5-COD ligand
present in the precatalyst We attempted to compare
the obtained spectra with results found by Klemperer
and otherg21] for the [n-BusN]2[(1,5-COD)Ir-P30g]
analog, specifically for the following compounds:
[n-BusN]o[(CgH11OH)Ir-P30g];  13C{IH} NMR
(75.5MHz, CxCN, 20°C, 0.07M): § 87.8, 74.7,
44.9, 44.8, 39.4, 37.9, 318, 27.2P NMR
(121.5MHz, CDC4, 20°C, 0.04M): § —1.1(dd),
—3.3(dd),—8.4(dd); (‘I-BU4N)2[(C3H120H)|I’-Pgog]-
C4HgO; 13C{1H} NMR (75.5MHz, CxCN, 20°C,
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0.26 M): § 89.8, 80.3, 65.2, 34.7, 27.7, 26.1, 20.5.,
—3.9;3P NMR (121.5 MHz, CDQ, 20°C, 0.02 M):

8 —4.1(q),—4.6(q),—8.0(dd); 6-BuaN)4{[(1,5-COD)
(0)Ir-P30g]2}; 3C{*H} NMR (75.5MHz, C3CN,
—20°C): § 99.4, 93.1, 79.5, 78.9, 33.8, 33.1, 30.2,
28.3; 3P NMR (121.5MHz, CBRCl;, —20°C,
0.02M): § —12.4(q), —13.5(q), —21.6(dd). How-
ever, we were unable to obtain any conclusive ev-
idence about the fate of the (1,5-COD)Irmoi-
ety. A broad signal (ca. 0.5ppm) centered around
2.2ppm was identified as residual,® and con-
firmed by adding HO to the original sample in a
control experiment. No signals other than those as-
sociated with then-BusN* cations were found by
1H and3C NMR; 1H NMR (CDsCN): § 1.04, 1.56,
1.72, 3.35:13C NMR (CDs:CN): § 14.0, 19.8, 23.7,
58.1.

4.5. Confirmation of the catalytic activity of the
isolated catalyst

Using a sample of the isolated catalyst obtained in
Section 4.4above, a cyclohexene oxidation was car-
ried out under 1atm oxygen in a constant tempera-
ture bath at 380.1°C. Specifically, a 25 ml side-arm
round-bottomed flask, equipped with a septum and
a 10mm magnetic stir bar was transferred into the
drybox, and 50 mg of the isolated catalyst was dis-
solved in the 25 ml round-bottomed flask using 6 ml of
dichloromethane. Then, freshly distilled cyclohexene
(1 ml, 9.87 mmol) was added to the solution, the flask
was sealed and then brought immediately out of the
drybox. The flask was then attached to the oxidation
apparatus, cooled t6196°C (77 K) with liquid nitro-
gen and the whole system was degassed three times
using its connection to the vacuum line and by refill-
ing the system each time with 1 atm oxygen. Next, the
reaction vessel, now under 1 atm,@vas placed in the
constant temperature bath, warmed up tat381°C
and vigorously stirred with the stir bar (>800 rpm).
First, the catalytic activity of the isolated material
was tested immediately after its isolation (described in
Section 4.4. It proved to be essentially identical with
those of the starting materialin two independent ex-
periments (sedable 1 entry XIV, lines 1 and 2). A
cyclohexene conversion of 23%dble 1 entry XIV,
line 1) was found after 24 h for the isolated catalyst (vs.
25% for the precatalyst, s@@able 1, entry 1V), along
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Table 3

Ultracentrifugation of molecular weight measurements

Experiment Sample (calculated MW) Wavelength Molecular weight
no. employed (observed+~500)

| [n-BugN]gP2W15NbzOg2 (6272) 250 nm 5509 5700

Il Isolated catalyst; from reaction solution (after 310 turnovers) 250 nm FogEme®

11l [ n-BU4N]5N€G[(l,5-COD)|I’-P2W15Nb3052] (5672) 320nm 6100

v Reaction solution (after 310 turnovers) 320nm 6100

\ Precipitate recovered from reaction solution (after 310 turnovers) 330nm, 280 nm 10500, 10500

aSpeed 20,000 rpm.
b Speed 30,000 rpm.

with 12% cycloxenen-1-one, 9% cyclohexen-1-ol, and 4.8. Solution molecular weight experiments
2% cyclohexene oxide, as the observed, non-peroxidic
products. The isolated catalyst was again tested forits The results in entries | and Il iTable 3 were
catalytic activity after 4 days using an identical pro- obtained at Colorado State University in a Beckman
cedure. It was found that the material had lost most of XL-I ultracentrifuge at 25C using a 60 Ti rotor.
its activity (seeTable 1 entry X1V, line 3). Absorbance data were collected)at 250 nm using
quartz windows and a two-channel charcoal-filled
Epon centerpiece with a 12mm pathlength. Prior
to use, the centerpiece was “siliconized” by dip-
ping it into a 5% solution of dimethyldichlorosilane
(Fluka) in CHCly (Fisher) for 2min. For each ex-
periment 20Qul of the sample solution was placed in
one channel of the centerpiece and p2@f 0.1 M
[n-BusN]PFs in acetonitrile was placed in the other
channel. At 2 h intervals (following an initial 12 h de-
lay) 25 radial scans (using a 0.003 cm step size) were
averaged. Equilibrium was assured by subtracting
successive data sets.
4.7. TEM of the reaction solution and Data analysis was performed in the XL-A/XL-I
the precipitate Data Analysis Software, Version 4.0 (Beckman In-
struments) operating within Origin 4.1. The data

Transmission electron micrographs were taken at Were fit to an ideal, single-species model using the
the University of Oregon on a Philips CM-12 with an  following equation:
70um lens operated at 100 kV. Samples were prepared M1 — 5p)2(r2 — r2

) . p)w(re — ry)

as beforg12c,d] by spraying the solution onto cop- Cr=Cm exp[ oRT }
per grids covered with an amorphous-carbon thin film.
Control experiments showed that the same TEM image whereC; is the concentration at some radial position,
was obtained whether the sample was sprayed in nitro- C, the concentration at some reference posithdithe
gen or air. An control experiment showed that chang- weight-average molecular weighi, the partial spe-
ing the voltage (40kV vs. 100kV) or the exposure cific volume,p the solvent densityp the angular ve-
time (seconds vs. minutes) did not change the TEM locity, r the radial distance from the center of rotation,
images; hence, the samples appear to be TEM-beamr, the radial distance from the center of rotation to
stable. In addition, all samples were examined at both the reference positiofk the gas constant, aridis the
low (100kV) and high (430kV) magnification from temperature in Kelvin. The solution density was taken
at least three randomly chosen areas as previously deto be 0.78 g/m[6a]. The partial specific volume was
scribed in detai[12c,d]. approximated as 0.389ml/g. This value for the par-

4.6. Attempts at growing single crystals of the
isolated catalyst

Attempts to grow crystals of the isolated catalyst
suitable for X-ray crystallography were made us-
ing vapor diffusion methods (acetonitrile, dichloro-
methane, and dichloroethane as solvents) at room
temperature as well as at20°C. To date, none of
these efforts have proven successful.
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tial specific volume corresponds to the average value raw data (integrated multichannel averaging) or cen-

for similar compounds under similar conditiof&a], troided data collection on a Kratos MS-50 mass spec-

a case in which partial specific volume is not expected trometer. Xenon gas was used to generate the primary

to vary significantly[6a,34] ionizing beam from an lon-Tech FAB gun operated
The solution molecular weightn{BusN]gP,W15 at 7-8 keV. Further details on polyoxoanion FAB-MS

Nb3Og2 was determined as a control experiment. All are available elsewhere for the interested refgie}.
of the solution molecular weights have been given

5% error bars. Error bars of 5% are sufficient to as- 4.10. lon-exchange resin experiments for

sure that any time a compound’s solution molecular inner-sphere NI™ to polyoxoanion bonding
weight was determined more than once, all of the re-

sults for that compound are the same within thE% The ion-exchange experiments were carried out
experimental error. This is true even if the extreme in order to demonstrate the non-ion-exchangeability
values of partial specific volume from referenée] from the polyoxoanion of the Ir(COD) moiety in 1

are used instead of the average values. before, and of the oxidized 't after, the cyclohex-

Entries llI-V of the ultracentrifuge sedimentation- ene oxygenation. All manipulations were performed
equilibrium solution molecular weights ifable 3 outside of the drybox. Macroreticular, strongly acidic
were obtained at the University of Oregon on a Beck- ion-exchange resin (5g; Amberlyst 15;THform;
man Instruments Spinco Model E ultracentrifuge P-SQH) was placed in a beaker together with ca.
equipped with a scanning photoelectric system and 20 ml of degassed water. The resin was swirled for
an on-line IBM-compatible computer. Samples for ca. 2min, followed by removal of the water using a
MW determinations were prepared dissolving the disposable plastic pipette. This process was repeated
sample in 0.1 Mfi-BusN]PFs/CH3CN electrolyte so- until the aqueous phase was clear and colorless.
lution and the concentration of the sample adjusted The resin was then packed onto a@®&m x 1.2cm
so that the absorbance at the desired wavelength falls(lengthx diametey column. Then, 20 ml of degassed
between 0.3 to 0.6 absorbance units. The sample40% n-BusN*tOH~/H,O was diluted by ca. 1 part
was then injected into a doubly sectored cell, loaded in 10 with distilled water and then passed dropwise
into a rotor, and then spun at a speed of 20,000 rpm. through the column. When the eluant tested basic
After sedimentation-equilibrium was achieved (ap- with pH paper (S|P pH Indicator strips, Baxter Di-
proximately 24 h), the concentration vs. distance data agnostics), distilled water was passed through the
were collected and analyzed as described previously column until the eluant tested neutral with the same
[6a,10a,12c]The specific sample of the catalyst solu- pH paper. The resultant P-GOn-BusN™ column
tion was the same as the one used for the TEM shownwas then washed with four 25 ml portions of acetoni-
in Fig. 4a. In the case of the air-sensitive precatalyst, trile (Aldrich). A solution of ca. 40 mg ot in 1 ml of
everything was done as indicated above, except that CH3CN was then loaded onto the column. The brown
the precatalyst], was loaded into the cell in a drybox, solution passed through the column dropwise, with no

details given inSection 4in p. 1424 elsewherflOa] apparent retention. The brown eluant was collected,
The results of the solution-equilibrium molecular and the solvent removed by rotary evaporation under
weight measurements are summarizedable 3 reduced pressure. The IR spectrum (KBr pellet) of
2 mg of the colored residue was recorded from 400 to
4.9. FAB mass spectroscopy 1200 cn! showing the characteristic IR absorptions
of the Dawson-type £V15Nb30g2°~ polyoxoanion.
FAB-MS, in both positive ion and negative ion An anion-exchange column of identical size was

modes, was obtained at Oregon State University packed with strongly basic resin (Amberlyst A-27;
and following our earlier protocol§30]. The solid CI~ form; P-NRs*CI™) and was then washed with
powders were dissolved directly in the FAB matrix, acetonitrile. A sample ol was loaded onto the col-
dithiothreitol/dithioerythritol (5:1), and then placed umn as described above for the cation-exchange resin.
directly onto the stainless steel probe. Most analyses All of the brown sample was retained on the resin in
were carried out at mass resolutions of 1000, using the upper half of the column.
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The experimental procedure described above for

1 was then repeated exactly, only now using 40 mg
of the isolated catalyst fron$ection 4.4 Non-ion-
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The following procedure was carried out outside
of the drybox under argon. First, 250 mg df and
then 250 mg of the isolated catalyst, were placed in

exchangeability, analogous to that described above for two separate 25 mm 55 mm glass vials containing

authentic precatalydt, was found for the isolated cat-
alyst material.

These results demonstrate that neither the Ir(1,5-

COD)** in the precatalyst, nor the oxidized iridium
component of the isolated catalyst, are cleaved from
the polyoxoanion support under the oxidation cataly-
sis condition applied in this study, the latter not even
after 48 h (ca. 310 total turnovers) of cyclohexene au-
toxidation.

4.11. Experiments demonstrating the cleavage of
Ir-polyoxometalate bonding in the precatalyist
and also in the isolated catalyst

A solution of 1 was prepared by dissolving 250 mg
(0.09mmol) in 2ml CRCN; 245mg (0.89 mmol,
20 equiv.) ofn-BusN*+CI~ was then added. No visible
change in solution color could be observed. Phe
NMR spectrum (acquired in the presence of 3 equiv.
Kryptofix® 2.2.2 to remove N& ion-pairing effects
[10b]) showed two lines3'P NMR (22°C, 22 mM,
CD3CN)$: —6.3;—13.6 0.4), chemical shifts char-
acteristic of the free, parent,®/15NbsOg% [10].
The downfield shift of the phosphorus resonance
closer to the “NBOg3"cap, § —6.3 ppm, compared
to that in the precatalyss, —7.2 ppm, is further ev-
idence for cleavage of [1,5-COD)it] most likely
as [(1,5-COD)IrCl}, from the heteropolyoxoanion
support with concomitant reformation of the starting
P>W1sN b306297 .

In the drybox, 150mg ofl, and 150mg of

10 mm Teflon-coated magnetic stir bars. Next, approx-
imately 5ml of deionized BHO was added to each
vial, and the pH was adjusted to 1.5 (pH-meter) us-
ing 1:1 diluted hydrochloric acid; the resultant, two
separate mixtures were each stirred for about 30 min.
The resulting precipitates were each collected on sep-
arate, 2ml medium-glass frits and dried over night
under vacuum at room temperature. The two precipi-
tates (approximately 150 mg each) were then dissolved
in separate 1 ml portions of GEN and transferred
into separate NMR tubes (5mm o.d.). The individ-
ual 3P NMR spectra for the two materials showed
the previously reported spectrum-12.1 & 0.3 ppm;
—119+4+0.3ppm;—9.7 £+ 0.3 ppm; —9.5+ 0.3 ppm)
characteristic of the protonated, supported-metal-free
[n-BuaN]sH4P2W15Nb3Os> [7a].

The results of the above experiments show: (i)
that the cleavage of the iridium—polyoxometalate
bonding can directly be monitored b$*P NMR
spectroscopy; (i) that deliberate cleavage of the
iridium—polyoxometalate bond can be accomplished
by the addition of a large excess of TClin the
case of the precatalyst, or by the addition of(H
or HT in the cases of both the precatalyst and the
isolated catalyst; (ii) that in all three cases the cleav-
age of the organometallic iridium moiety leads to
the formation of the parent, polyoxometalate (or its
protonated form); and (iv) most importantly, that
iridium—polyoxometalate bonding is present in the
isolated catalyst and before treatment with Cl

the isolated catalyst were placed in two, separate 4.12. The oxidation of [(1,5-COD)Ir(C¥CN)]BF 4

19mm x 50 mm disposable glass vials containing

10 mm Teflon-coated magnetic stir bars. Then, approx-

imately 1 ml of a mixture of CHCN/D,O (20/80) was

In the drybox, 500 mg (1.06 mmol) [(1,5-COD)Ir-
(CH3CN)2]BF4, prepared from [(1,5-COD)IrCj]

added to each vial, and the mixtures were each stirredand AgBF, as described elsewhef&0Oa], was dis-

for about 30 min. The resulting two, yellow-brown
solutions were then placed in two separate, airtight
NMR tubes (J. Young airtight valve; Wilmad). The
31p NMR spectra show the familiar two-line spectrum
[10] (—6.34+0.4 ppm;—13.5+0.4 ppm) characteristic
of the free, parentrfBusN]gP2W15Nb3Og2, indicat-

ing that the Ir-polyoxometalate bonding present in the
isolated catalyst had been cleaved.

solved in 40ml dichloromethane using a 100ml
round-bottomed flask containing a 10mm Teflon-
coated magnetic stir bar. The flask was then sealed
using a rubber septum and transferred outside of the
drybox. The reaction flask was then cooled+@8°C

in a dry ice-ethanol bath and oxygen gas was bubbled
through the solution at this temperature for 2h. The
solution was then warmed up t620°C and stirred
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for another 4h at-20°C. After approximately the
first 2h at —20°C, the color of the bright-yellow
solution turns slowly into a deeper yellow and then,
later, to yellow-brown while also becoming cloudy,
producing a brown precipitate. The mixture was fi-
nally allowed to warm up to room temperature and
stirred under 1 atm oxygen overnight. The solvent was
then removed under vacuum at room temperature.
Next, 25 ml dichloromethane was then added to the
yellow-brown residue, and the mixture was stirred for
1h at room temperature. The resulting deep-yellow
solution was separated from a remaining brown pre-
cipitate by filtration; the precipitate was then extracted
five times with 2 ml of fresh dichloromethane, and the
fractions were combined with the first, deep-yellow
filtrate. The remaining brown precipitate (198 mg,
40%) was finally washed twice with 2 ml of diethyl
ether and dried under vacuum over night at room
temperature. The combined filtrates were dried by
removing the solvent in vacuum at room temperature,
the resulting yellow solid (137 mg, 27%) was also
washed twice with 2 ml diethyl ether and dried under
vacuum overnight.

The yellow solid obtained from the reaction so-
lution is soluble in dichloromethane and acetoni-
trile, whereas the brown precipitate is insoluble
in dichloromethane. Both materials were indepen-
dently tested for their catalytic activity in cyclo-
hexene autoxidation; only low activity<@% con-
version), essentially none above background, was
observed for both material§gble 1 entries IX and
X in comparison to entry Il) and in the absence of
any added f-BusN]JgP2W15Nb3Ogo. Approximate
molecular formulas for each material were estab-
lished by elemental analysis (all elements, except
boron). Solid A (yellow, from reaction solution):
found (%), C, 33.11; H, 4.63; N, 4.43; F, 13.6; Ir,
34.70; O, 2.76. The results found for solid A, recov-
ered from the reaction solution, give the empirical
formula GH167No.1200.07110.07Bo.0sFo.26, that is,
[C15H25N172011r1B1F4], a result which is perhaps
within experimental error (for this non-crystalline
sample) of [(GH12)(O)Ir(CH3CN)2BF4]. For solid B
(the brown precipitate): found (%), C, 24.57; H, 3.44;
N, 3.31; F, 13.4; Ir, 40.70; O, 5.80; these results lead
to a formulation of GH1 67No.1200.18!r0.10B0.09F0.34
or CioH167N12018lr10BogoF34, something per-
haps approaching [@E112)(O)2IrBF4], although this
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was not pursued further since this brown precipitate
proved uninteresting catalytically, even in the pres-
ence of added polyoxoanion (vide infra). Infrared
measurements on both materials confirm the presence
of BF4~ (KBr pellet, cnm?, v = 1040 cnt?d).

4.13. Independent synthesis of the active catalyst

In the drybox, p-BusN]gP2W1sNb3Og2 (14,
0.09 mmol) was dissolved in 10 ml dichloromethane
in a 25ml round-bottomed flask that contained a
10 mm magnetic stirr bar. A solution of 55 mg of the
oxidation product of [(1,5-COD)Ir(MeCN)BF4, ob-
tained from thereaction solution(seeSection 4.1},
was placed in 5ml of dichloromethane, and this
homogeneous solution was then added to the polyox-
ometalate solution. The resulting clear, yellow-brown
solution was stirred for 1 h at room temperature. The
reaction mixture was then evacuated to dryness and
dried under vacuum for 4 h. Reprecipitation of the
crude product was accomplished by first dissolving it
in 0.5 ml acetonitrile, and then, after filtration, adding
it (over ca. 1-2 min) under stirring to 100 ml of ethy-
lacetate. The final product (210 mg, 21% of the weight
of the [n-BusgN]oPoW1sNb3Og2 starting material)
was then collected by gravity filtration (Whatman #2
filter paper), washed twice with ca. 1 ml of diethyl
ether and dried under vacuum overnight at room
temperature. The product was characterized by IR
spectroscopy3!P and!®3W NMR spectroscopy. IR
(KBr pellet, cn1) polyoxometalate region 1082(vs),
1064(m), 1012 (w), 946(s), 893(s), 780(vs), 525(m).
31p NMR, in CD:CN, 25 mg Kryptofi® addeds (#
of P, Avy/p), —7.2 (broad)~13.3 (1 P, 0+ 0.2 Hz).
183w NMR (CD3CN, ca. 55mM) g (# of W, Avy2),
—128 (3W, 4+ 1Hz), —144 (6 W, 4t1Hz), —196
(6W, 4+ 1Hz). The catalytic activity was tested
immediately after the isolation of the product. Sig-
nificantly, the initial catalytic activity of this “syn-
thesized catalyst” proved to be essentially identical
with [n-BusN]sNag[(1,5-COD)IrP,W15NbsOg], 1
(cf. Table 1 entries XVI, XIV and IV).

The synthesis procedure described above was re-
peated using the brown precipitate, recovered from the
oxidation of [(1,5-COD)Ir(MeCNy|BF4. Due to its
insolubility in dichloromethane the procedure was car-
ried out using acetonitrile as solvent, but all other steps
were identical to the above procedure. The resulting



276

brown solid was found to be inactive in a standard
(ROOH initiated) cyclohexene oxidatior:6% cyclo-
hexene conversion after 48 h).

4.14. The stoichiometric oxidation
of the catalyst precursor
[n-BU4N]5N8@[(1,5-COD)|I‘~P2W15Nb3052], 1

The oxidation product of was prepared by reaction
of [n-BusN]sNag[(1,5-COD)IrP,W15Nb3Ogp] with
dioxygen in dichloromethane at room temperature,
but in the absence of cyclohexehethe drybox, 1.2 g
(0.2116 mmol) p-BusN]5Nag[(1,5-COD)IrP,W1s5
Nb3zOg2] was placed in a 100 ml side-arm round-bott-
omed flask, containing a stir bar. The round-bottomed
flask was sealed and brought out of the drybox. A
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IR spectroscopy, as well as ByP, and®3wW NMR
spectroscopy. IR (KBr pellet, cm}) polyoxometalate
region 1084(vs), 1060(m), 1012 (w), 942(s), 912(s),
895(s), 788(vs), 524(m§1P NMR, in CD;CN, 25 mg
Kryptofix® added,s (# of P, Avip), —6.9 (sev-
eral lines of lower intensity),-13.6.183W NMR, in
CD3CN, § (# of W, Avl/z), —126 (3W, 3+ 1Hz),
—149 (6W, 4+ 1Hz), —191 (6 W, 44 1Hz). Sig-
nificantly, the oxidized1l proved to beineffective
in the cyclohexene autoxidation, s@able 1 entry
XV.

4.15. Oxygen uptake experiments

The stoichiometric reaction oh{BusN]sNag[(1,5-
COD)Ir-PoW15Nb3Og2], 1, [n-BusN]2[(1,5-COD)Ir-

water cooled, reflux condenser was then attached P3Og], and [(1,5-COD)IrCl} with molecular oxygen

and 45ml dichloromethane was added. After bub-
bling oxygen through the solution for 1 h the reaction
mixture was stirred for 10h at room temperature.
During the 10h reaction time the reaction mixture
becomes slightly cloudy, but there is little other vis-
ible change of the yellow-brown solution during the
10 h. Significantly, there is no formation of a precipi-

in 1,2-dichloroethane were investigated using the a
gas-uptake line connected to a calibration flask and a
mercury manometer; calibration was accomplished as
before[6K].

In the drybox, ca. ® x 10*mol of one of
the above three compounds was placed in a 50ml
round-bottomed flask equipped with a 10mm

tate under these cyclohexene-free conditions (i.e., and Teflon-coated stir bar and dissolved by adding 10 ml
as is seen with added cyclohexene and, thus, underof 1,2-dichloroethane. The flask was then sealed,

autoxidation conditions). The crude, yellow-brown
material was then isolated by removing the sol-
vent in vacuum at room temperature; it is soluble
in dichloromethane, acetonitrile, methanol, dimethyl
formamide and dimethyl sulfoxidéote After stor-

ing the product under air for more than 2 weeks some
white precipitate did form when the product was re-
dissolved in dichloromethan&he crude material was
then dissolved in 200 ml of a 1:1 mixture of ethylac-
etate/acetonitrile and 259 silica gel (silica gel 60 PF
254, Merck) was then added. The slurry was stirred
for 2h at room temperature, filtered through a glass
frit, and the silica gel was rinsed with an additional
50 ml of 1:1 ethylacetate/acetonitrile; the silica gel re-

brought out of the drybox and connected to the
gas-uptake line. The reaction flask was then placed
in an ethanol/dry ice bath (195 K;78°C) for 30 min

and the uptake line with calibration flask and re-
action flask was then evacuated. The system was
then refilled with 1atm dioxygen, the connection
to the calibration flask was then closed off, and the
uptake-apparatus was again evacuated. The connec-
tion to the vacuum pump was then closed, and the
oxygen in the calibration flask was released into the
system. The ethanol/dry ice bath was then replaced
with an ice/BO bath, and the reaction mixture was
stirred for 5min to equilibrate at the reaction tem-
perature of 273K. The pressure after 5min was

mained with a light-brown color. The resulting yellow defined asp at + = 0, and pressure readings were
filtrates were combined, then evaporated to dryness atrecorded thereafter every 30min until no further
40°C using a rotary evaporator, followed by drying change in pressure was observed (6-8h). The pres-
under vacuum overnight at room temperature. The sure readings were corrected with a vapor—pressure
yellow product was stored within the drybox for the calibration curve obtained for 1,2-dichloroethane un-
duration of this study. Yield: 0.90-0.96g; 75-80% der identical conditions (10ml, 273K). The results
of the crude material. This isolated oxidation prod- of the oxygen uptake experiments are summarized in
uct from the precatalyst has been characterized by Table 2
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4.16. The catalytic activity of related compounds
in cyclohexene autoxidation

Due to the apparent similarity, and thus potential
relevance, of the §09°~/(1,5-COD)Irt system to our
own study, several catalytic tests using0g®>~ based
catalyst materials were performed:

() 10mg (278x 102 mmol) [n-BugN]2[(1,5-COD)
Ir-P3Og] [21a] was used as precatalyst in cyclo-
hexene oxidation as described Bection 4.3
A catalytic activity of approximately 80% that
of the activity of the polyoxoanion-supported
iridium complex1 was observed over ca. 300
turnovers, sedable 1, entry XI).

10 mg (963 x 10~3 mmol) of its oxidized form,
[n-BugN]2[(CgH110H)Ir-P3Og] [21a] was used

(ii)
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To measure the activity of other related compounds
(e.g. [(1,5-COD)IrCl, [Ir,O(OH)(1,5-COD)Cly],
[(1,5-COD)Ir(CHCN)2]BF4) the same catalytic pro-
cedure was used as described above for the oxidation
of cyclohexene $ection 4.3. The amount of catalyst
used was adjusted to give the same concentration
[1.26 mM] and the same [catalyst])/[cyclohexene] ra-
tio, all as detailed irSection 4.3 The results of this
survey are summarized in entries V-VIII d&ble 1
in no case was significant activity above background
detected.
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