
JOURNAL OF CATALYSIS 128, 84-91 (1991) 

Polyoxoanion-Supported, Atomically Dispersed Transition Metals: 
The Catalytic Oxidation of Cyclohexene with Dioxygen by the 
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[(n-C4H9)4N]sNa3[(1,5-COD)Ir-P2WtsNb3062], 1, [(n-C4Hg)4N]sNa3[(1,5-COD)Rhop2WlsNb3062], 
and [(n-C4H9)4N]4.sNa2.s[(C6H6)Ru°P2WIsNb3062] have been shown to catalyze the oxygenation of 
cyclohexene with molecular oxygen. The polyoxoanion-supported iridium(I) complex, 1, shows the 
highest activity of this group with a turnover frequency of 2.9 h -1 at 38°C in CH2C12 (540 total 
turnovers), which is 100-fold greater than its parent iridium compound, [(1,5-COD)IrCI] v Additional 
experiments using H2/O2 mixtures and H202 are also discussed. The apparent rate law for the 
oxidation of cyclohexene by 02 by I is -d[cyclohexene]/dt = k,_ obsd • [1]l[cyclohexene]lP(O_0 ~'°. 
These compounds constitute the first examples of oxygenation catalysis using molecular oxygen 
and a polyoxoanion-supported transition-metal precatalyst. © 1991 Academic Press. Inc. 

INTRODUCTION 

Polyoxoanion-supported organometal- 
lics 3 offer new and exciting opportunities to 
explore the catalytic properties and mecha- 
nisms of oxide-supported, atomically dis- 
persed transition metals. A key point is that 
the composition and structure of the active 
site can be fully established at the atomic 
level for such soluble systems (Fig. I). Such 
compositional, structural, and mechanistic 
information is central to the rational design 
of improved catalysts. These discrete ana- 
logs of solid oxide-supported heterogeneous 
systems also generally present only one type 
of active site, i.e., homogeneity in their ac- 
tive sites. For these reasons polyoxoanion- 
supported organometallics, and demonstra- 
tion of catalysis by a polyoxoanion-sup- 
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ported metal, are of interest. Oxidation 
chemistry with polyoxoanion-supported 
metals is of special interest because the po- 
lyoxoanion is highly oxidation resistant, if 
not inert. 

Our overall goal is to develop the needed 
paradigm for polyoxoanion-supported catal- 
ysis. Recently we described the first exam- 
ple of reductive catalysis (cyclohexene hy- 
drogenation) (2, 3) by a polyoxoanion- 
supported metal, work which employed the 
supported catalyst precursor [(n-C4H9)4N] 5 
Na3[(I,5-COD)Ir.P2WlsNb3062], 1. Herein, 
we describe the first example 4 of oxidative 
catalysis, while surveying three different 
polyoxoanion-supported catalyst precur- 
sors. The results also demonstrate that the 
preferred catalyst precursor is again 1, 

a The stoichiometric reaction of 02 with the trimeta- 
phosphate organometallic complex [(1,5-COD)Ir. 
P309] 2- has been recently reported in an elegant x-ray 
crystallographic study by Klemperer and co-workers 
(9). 
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FIG. 1. Space filling representations of the proposed 
structures of (a) [(n-C4Hg)4N]sNa3[(I,5-COD)MoP2WI5 
Nb3062] (M = Ir, Rh) and (b) [(n-C4H9)4N]4.sNa2. 5 
[(C6H6)Ru°P2W15Nb3062] based on IH, 13C, 31p, and J83W 
NMR spectroscopic data (3, 18, 19). The black circles 
represent terminal oxygens and the white circles repre- 
sent bridging oxygens. The grey circles are terminal 
oxygens attached to the niobium (Nb-O) and the 
hatched circles are oxygens bridging two niobiums 
(Nb-O-Nb). The key is that regiospecific support 
of the organometallic cations occurs on the more 
basic "Nb3093-'' end of P2WlsNb30629- 
[ = "(PO4)~-(WIsNb3054)3-"]. Further details about the 
synthesis and the structures are available (3, 18, 19). 
Note Added in Proof." Recent 170 NMR studies demon- 
strate that, in the Ir(1) complex 1, the iridium is bonded 
to two Nb-O-Nb (hatched) oxygens and to one Nb-O 
terminal (grey) oxygen. 

which contains both iridium and the very 
basic P2WlsNb30629- polyoxoanion. 

We note that classical types of heteropo- 
lyanions (4) mediate the catalytic oxida- 
tion of organic substrates with molecular 
oxygen (5-7) and there is one report of or- 
ganometallic cations plus isopolyanion clus- 
ters catalyzing t-BuOOH oxidation of cyclo- 
hexene (8). It is important not to confuse 
the present, novel polyoxoanion-supported 
metals and their different chemistry (primar- 
ily due to cis-coordination sites, possible 
mobility on the oxide surface, and possible 
dissociation of one of the three oxide ligands 
leading to a coordinatively unsaturated and 
thus reactive site on the metal) with the 
more common situation of polyoxoanion 
framework-incorporated metals (such as the 

Nb 5+ in P2WI5Nb30629- or the V 5+ in 
P2WI5V30629- , where the Nb 5+ or V 5+ metal 
is rigidly fixed in the framework, without 
mobility and without the ability to dissociate 
oxide ligands to generate a site of coordina- 
tive unsaturation). This important concep- 
tual point is discussed in further detail else- 
where (34, footnote If). 

The catalytic oxygenation of substrates 
by molecular oxygen is of particular interest 
(10) and oxygenations of various cycloal- 
kenes with molecular oxygen and Ir, Rh, 
or Ru organometallic complexes to yield 2- 
cyclohexen-l-one, 2-cyclohexen-l-ol, and 
cyclohexene epoxide are among those that 
have been examined (11-16). However,  
even in the best examples of the oxygen- 
ation of cycloolefins with dioxygen cata- 
lyzed by Ir, low rates (0.02-0.5 turnovers/ 
h) (11, 12) and few total turnovers (3 to 14 
(15) turnovers) (12, 15) have been the rule. 
Mixed-metal systems containing Ir/Mo and 
Rh/Nb, have been shown to lead to en- 
hanced rates and turnovers in a classic paper 
in the area of allylic oxidation (17). How- 
ever, the study reported below is novel in 
comparison to all previous work. It is worth 
noting that a key to each of the catalysts 
described herein is the novel, basic oxide 
polyoxoanion PzW15Nb30629-, whose nio- 
bium oxide groups approach the basicity of 
C H 3 0 - .  (Note the difference between the 
custom-made, basic P2WlsNb30629-  and the 
commercially available, well-known poly- 
oxoanions PW120403- o r  P2W180626- which 
parallel CIO4 in their conjugate acid 
strengths.) 

EXPERIMENTAL 

The synthesis and expecially the unequiv- 
ocal characterization of pure polyoxoanion- 
supported organometallics is a key and 
time-consuming aspect of this work as de- 
tailed in separate publications (3, 18, 19). 
[(n-C4H9)4N]sNa3[(1,5-COD)Ir'P2WlsNb3062], 

1, [(n-C4H9)4N]sNa3[(1,5-COD)RhoP2WI5 
Nb3062], and [(n-C4H9)4N]4.sNa2.5[(CrH6) 
Ru°P2W15Nb3062] w e r e  prepared, 
from [(n-C4H9)4N]9P2WlsNb3062 and [1,5- 
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COD)MCI] 2 (M = Ir, Rh) or [(C6H6)RuCI2]2, 
in a -< 1 ppm 02 concentration Vacuum At- 
mospheres dry box according to our detailed 
procedures (3, 18, 19). Several modifica- 
tions have been made as these preparations 
have been improved over several years, es- 
pecially in the synthesis of the precursor 
material [(n-C4H9)4N]9P2W15Nb3062 (3, 18). 
All three compounds are O2-sensitive mate- 
rials and thus were stored under a N2 atmo- 
sphere. ([(n-C4H9)4N]5Naa[(1,5-COD)Ir'P2 
WlsNb3062] ,  1, a n d  [(n-C4H9)4N] 5 
Na3[(I,5-COD)Rhop2WjsNb3062 ] are highly 
O2-sensitive and require storage in the dry 
box). Dichloromethane (from Call2), 1,2- 
dichloroethane (from Call2), acetone (from 
K2CO3), acetonitrile (from Call2), N,N-di- 
methylacetamide (from K2CO3),  and di- 
methylsulfoxide (from 3 ,~ mol sieves) were 
distilled under dry N2 or under a partial vac- 
uum. Cyclohexene was distilled from Na 
under dry Nz to remove contaminating al- 
kylhydroperoxides. After distillation, the 
liquids were dispensed into glassware that 
had been thoroughly cleansed, dried at 
200°C, and cooled under a dry N2 flow. The 
solvents were then stored in the dry box for 
the duration of the study. 

A typical reaction was performed as fol- 
lows: In the dry box, the catalyst (25 mg, 
4.41 x 10 -3 mmol in the case of 1) was 
dissolved in a sealable glass vial (16 or 100 
mL) containing a magnetic stir bar and 3.0 
ml of the appropriate solvent. Freshly dis- 
tilled cyclohexene (0.5 ml, 4.94 mmol) was 
added to the solution, and the vial was 
sealed and brought immediately out of the 
dry box. The glass vial was then attached to 
a vacuum line, cooled to 77 K (liquid N2 
trap), and degassed by three f reeze-pump- 
thaw cycles. The vial was allowed to warm 
to 195 K (dry-ice ethanol bath) and 1 atm of 
02 gas was introduced to the system. The 
reaction vessel was then placed at 38°C 
(Ptotal = 1.6 atm) and vigorously stirred. The 
reaction vessel was removed from the bath 
every 4 h to refill the tube with 1 atm 02. 
The reaction solution was periodically sam- 
pled by syringe and analyzed by gas chroma- 
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FI~. 2. The time course of cyclohexene oxygenation 
in the presence of 02 (at a partial pressure P(O2) of 1 
atm) and [(n-C4H9)4N15Na3[(1,5-COD)Ir'P2WlsNb3Oj 
in CH2C12 at 38°C. 

tography on a carbowax capillary column. 
The amount of each product was calculated 
by comparison to a calibration curve for au- 
thentic material under identical conditions. 
Tests for active-oxidant products by io- 
dometry (20) (for example peroxides like 
cyclohexene hydroperoxide) proved nega- 
tive (-<1 x 10 . 6  mol in CH2CIz). 

RESULTS AND DISCUSSION 

The time course of cyclohexene oxida- 
tion, in the presence of the iridium(I) com- 
plex 1 and Oz and under conditions of low 
cyclohexene conversion, is shown in Fig. 2, 
during which time the light-yellow-brown 
solution changed to a deep-yellow-brown 
and remained visibly homogeneous. 5 The 
ratio of the primary allylic oxidation prod- 
ucts, 2-cyclohexen-l-ol and 2-cyclohexen- 
one, showed little change with time and the 
number of turnovers after 330 h totaled ap- 
proximately 540. Preliminary kinetic studies 
show reasonable first-order plots for the loss 
of [cyclohexene] (Fig. 3) and indicate that 
the rate of decrease of cyclohexene is 
-d[cyclohexene]/dt = kz,ob~j.[1]J[cyclo - 
hexene]l{P(O2)} l~° (Figs. 4-6) in the con- 

5 After the reaction is allowed to proceed for 118 h a 
small amount of precipitated material is observed. This 
may be caused by the catalyst's insolubility in the H20 
formed during the reaction. 
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FIG. 3. First-order plot of cyclohexene disappear- 
ance (S = cyclohexene) due to its oxygenation in the 
presence of [(n-C4H9)4N]sNa3[(1,5-COD)Ir.PzWI5 
Nb3062] at 38°C. Solvent: CH2C12 (3.0 ml); [cyclohex- 
ene]: 1.5 M; [[(n-C4Hg)4N]sNa3[(1,5-COD)Ir,P2W15 
Nb3062]]: 1.3 raM. Given the rate law under these con- 
ditions of  -d[cyclohexene]/dt  = k2,ob~a . [1]l[cyclohexe- 
ne]l{p(o2)} °, the slope is the pseudo-first-order rate 
constant, kl,obsd( = k2.o~a.[l]t). 
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FIG. 5. Cyclohexene oxidation (pseudo-first-order 
rate constant) as a function of the concentration of 
cyclohexene in CHzCIv Temperature, 38°C; partial 
pressure P(O2), 1 atm; [(n-C4H9)4N]sNa3[(I,5-COD)Ir. 
PzW15Nb3062], 1.3 mM. Additional kinetic studies, such 
as the (cyclohexene) dependence at low partial pres- 
sure of O2, are of interest (33). 

cent ra t ion  ranges  o f l ,  c yc l ohe xe ne ,  and ox- 
ygen  partial  p ressu re  [P(O2) ] f rom 1.3 × 
1 0 - 3 t o 4 . 0  × 10 -3M,  0 t o 2 M ,  a n d f r o m 0 t o  
760 m m  Hg,  respec t ive ly  (a partial p ressure  
{P(O2)} ° d e p e n d e n c e ,  that  is, sa turat ion ki- 
netics,  is r eached  by  a o x y g e n  partial pres-  
sure o f  P(O2) = 760 m m  Hg).  The  initial 
t u rnove r  f r e q u e n c y  (TOF)i, which  was  cal- 
cu la ted  f r o m  the slope o f  the f i rs t-order  plots 
and normal i zed  to the concen t r a t ion  o f  the 
ca ta lys t ,  y ie lded (TOF)i = 2.9 h-1 at 38°C 

[(TOF) i = k2,obsd [cyclohexene]i] .  This 
value is 100-fold larger than that  for  [(1,5- 
COD)IrC1]2 (21 )  examined  unde r  identical  
condi t ions  as a par t  o f  this work .  Tha t  is, as 
a ligand, P2WlsNb3069~ - gives rise to a 100- 
fold rate increase in c o m p a r i s o n  to C1-.  The  
(TOF) i for  1 is also larger than  the l i terature 
repor ts  for  Ir(CO)(PPh3)2CI(O2) (0.39 h -1, 
65°C, neat  cyc lohexene) ,  Ir(CO)(PPh3)2CI 
(0.44 h -~, 65°C, neat  cyc lohexene) ,  and [Ir 
HCI2(1,5-COD)] 2 (~0 .08  h-1 ( 1 5 ) ,  5°C, N , N -  

~ ' v  "°=~ 3.0 

~ ' ~  2.0 
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FIG. 4. Cyclohexene oxidation (pseudo-first-order 
rate constant) as a function of the concentration of [(n- 
C4Hg)4N]sNa3[(I,5-COD)Ir'P2WIsNb306 z] in CH2C12. 
Temperature, 38°C; partial pressure P(O2), 1 atm; 
[cyclohexene], 1.5 M. 
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FIG. 6. Cyclohexene oxidation (pseudo-first-order 
rate order constant) as a function of the pressure of the 
oxygen partial pressure in CHzCI 2. Temperature, 38°C; 
[cyclohexene], 1.5 M; [(n-C4H9)4N]5Na3[(1,5-COD)Ir • 
P2WtsNb3062], 1.3 mM. Additional studies to augment 
the preliminary kinetic data shown are in progress (33). 
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TABLE 1 

The Oxidation of Cyclohexene Using Molecular Oxygen in CH2C12 at 38°C 

Precatalyst % Conversion Selectivity a (%) 

o OH 

[(n-C4Hg)4N]sNa3[(1,5-COD)Ir'P2WIsNb3062] b 
[ ( n-C 4H9)4N]4.sNa2.5[ ( CrH6)Ru°P 2 W IsNb3062] c 
[(n-C4Hg)4N]sNa3[(1,5-COD)Rh.P2WzsNb3062] b'd 

[(1,5-COD)IrC1] 2 
[(n-C4H9)4N]9P2WIsNb3062 (Control reaction) 

4.2 62 32 5 
1.2 46 49 5 
0.2 80 20 Trace 

0.04 85 15 0 
0 - -  - -  - -  

Reaction with H202 

[(n-CgH9)4N]sNa3[(1,5-COD)Ir.P2WIsNb3062] b'e 2.8 

Reaction with 02 + H2 

[(n-C4H9)4N]sNa3[(1,5-COD)Ir.P2W jsNb3062] b: 5.6 

84 16 Trace 

57 38 5 

Note. [Precatalyst], 1.3 mM, 0.65 mM for [(1,5-COD)IrCI]2; [cyclohexene], 1.5 M; partial pressure P(O2), 1 
atm. 

a After 20 h. 
b The fate of the 1,5-COD has not been determined, but will likely follow the precedent in Refs. (9, 15). 
c The fate of the C r H  6 is under investigation as benzene oxidation to phenols is of interest. 
a This result was confirmed by increasing the precatalyst concentration to 52 mM. 
e In the presence of 0.61 ml of 30% H202 (5.4 = 10 -4 mol) under a N 2 atmosphere. 
f In the presence of 1 : 2 oxygen : hydrogen mixture, Ptot~ = 1 arm. CAUTION: H2 : 02 mixtures are an explosion 

hazard over a broad range (ca. 5 to 95% H2 in 02). 

dimethylacetamide) (12, 15), although the 
different conditions make the comparisons 
less meaningful. 

The catalytic oxygenations of  cyclohex- 
ene in the presence of  various catalysts and 
02 are shown in Table 1. The activity of  
the [(n-C4H9)4N]gP2WlsNb3062-supported 
Ir, Rh, and Ru compounds  decreased 
as follows: [(n-C4H9)4N]sNa3[(1,5-COD)Ir" 

P2WlsNb3062] > [(n-C4H9)4N]4.sNa2. 5 
[(C6H6))Ru.P2W15Nb3062] > [(n-C4Hg)4N] 5 
Na3[(1,5-COD)RhoP2W15Nb3062]. (A control 
(no Ir) using just  [(n-C4H9)4N]9P2WlsNb3062 
(22) shows no activity (Table 1, Entry 5), 
hence the iridium is required for catalysis.) 
However ,  the product  selectivity did not 
change significantly in this series. Further- 
more, the selectivities are reminiscent of 
those observed for H202 (Table 1, second 

to last entry) under identical conditions. In 
preliminary experiments (Table 1, last en- 
try), further enhancement of  the catalytic 
oxygenation reaction was observed for the 
mixed 1 : 2 oxygen : hydrogen system, simi- 
lar to that reported by James and co-workers 
(15). 

Table 2 summarizes the results of  the oxy- 
genation of  cyclohexene with dioxygen in 
the presence of the preferred catalyst 
precursor [(n-C4H9)4N]sNaa[(1,5-COD)Ir- 
P2W~sNb3062], 1. The rate constants for oxi- 
dation are solvent dependent decreasing as 
follows: CH2C12 > 1,2-dichloroethane > 
acetone > acetonitrile -> N,N-dimethylacet-  
amide ~ dimethylsulfoxide, with relative 
rates of 6 : 4.25 : 2.75 : 1 : 0 : 0, respectively. 
In all solvents, the primary products were 
the allylic oxidation products 2-cyclohexen- 
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TABLE 2 

The Solvent Dependence of the Oxygenation of Cyclohexene by Molecular Oxygen and 
[(n-C4H9)4N]sNa3[(1,5-COD)Ir'P2WlsNb3062] 

89 

Solvents Rate constants % Conversion Selectivity a (%) 
(10 -3 h- l )  

0 OH OH 

CH2CI 2 2.4 5.1 62 32 0 5 
1,2-C2H4C12 1.7 3.9 73 27 0 Trace 
(CH3)2CO 1. lb 2.2 56 b 29 b 13 b lb 
CH3CN 0.4 0.07 71 29 0 Trace 
CH3CON(CH3)2 0 0 . . . .  
(CH3)2SO 0 0 . . . .  

Note. Temperature, 38°C; [[(n-C4H9)4N]5Na3[ (1,5-COD)Ir'P2W 15Nb3062]], 1.3 mM; [cyclohexene], 1.5 M; partial 
pressure P(O2), 1 atm. 

After 20 h; error bars are -+10%. 
b Rate constants and selectivity to oxygenated products only. 1,3-cyclohexadiene (15%) and benzene (2%) 

were also formed (see footnote 6). 

l-ol and 2-cyclohexen-1-one, 6 with a carbon 
(mass) balance greater than 85%. 

The results prove that the P2W15Nb30629- 
polyoxoanion in I enhances the rate of cata- 
lytic oxidations 100-fold in comparison to 
the C1- ligands in [(1,5-COD)IrCI]2; this re- 
sult in turn strongly suggests (but does not 
prove) that polyoxoanion-supported iridium 
is the actual catalyst resulting from the cata- 
lyst precursor, [(n-C4H9)4N]sNa3[(1,5- 
COD)Ir.P2WlsNb3062], 1. The fact that the 
rate law is cleanly first order in the sup- 
ported-complex 1 is consistent with (but 
also not proof of) this conclusion. Further- 
more, our recent demonstration (2, 3) that 
the Ir(I).polyoxoanion bonds in 1 survive 
even under reductive (H 2 + cyclohexene) 
conditions makes it highly probable that 
these bonds, and thus polyoxoanion-sup- 
ported iridium, is present under the catalytic 
conditions where iridium is oxidized by 02 

6 The formation of 1,3-cyclohexadiene and benzene 
due to hydrogen transfer was observed for the reaction 
in acetone. The selectivities to 1,3-cyclohexadiene and 
benzene were 15 and 2%, respectively. The values 
listed in Table 1 are only for oxygenated products and 
do not include these values. 

leading to even greater Irl+n°P2WlsNb 3 
0629- electrostatic bonding. However,  addi- 
tional mechanistic studies, of the type that 
we have done for our polyoxoanion-sup- 
ported reductive catalysis (2, 3), are needed 
to substantiate this point. We expect such 
studies to confirm that the present work is 
only the second example of polyoxoanion- 
supported catalysis of any type. 

Other important mechanistic questions 
raised by this initial study include: (i) Are 
polyoxoanion-supported [Ir(III)O2] +, or 
possibly [Ir(V)( = 0)2] + and related species 
(23-25), involved in initiation of allylic oxi- 
dation (note that no induction periods are 
detected)? Alternatively, is the observed al- 
lylic oxidation simply well-known autoxida- 
tion involving RO2H intermediates and their 
Haber-Weiss (26) decomposition? And (ii) 
is there a way to change the selectivity, 
while still using 02 as the oxidant, primarily 
to expoxidation rather than allylic oxidation 
products? 

CONCLUSIONS 

To summarize, the results herein demon- 
strate: (1) The first example of a catalyst for 
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oxidation chemistry with molecular oxygen 
starting from a polyoxoanion-supported 
catalyst precursor; (2) that the preferred 
catalyst precursor, among the three 
tested (Ir, Rh, Ru), is the iridium(I) 
complex, [(n-C4Ha)4N]sNa3[(1,5-COD)It. 
P2W15Nb3062]; (3) that the presence of 
the oxidation-resistant basic oxide 
P2WlsNb30629- enhances the catalytic rate 
100-fold for allylic oxidation of cyclohex- 
ene, in comparison to the Cl- anions in 
[(1,5-COD)IrC1], to yield turnover rates 
5-120 higher than those previously ob- 
served with Ir catalysts; and (4) that the 
preferred [(n-C4H9)4N]sNa3[(1,5-COD)It-P2 
W15Nb3062] system exhibits a total turnover 
number of 540 turnovers after 330 h, a value 
39-fold higher than previously reported for 
Ir complexes. The additional kinetic, mech- 
anistic, inhibitor studies (3, 6, 7, 27-31) and 
other work needed to answer the questions 
raised by this initial study or by other rele- 
vant literature (26-32) are in progress (33) 
and will be reported in due course. 
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