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Reaction of HO, with certain metal ions produces perexoetal
intermediates capable of releasing molecular oxygen in the singlet
(*Ag) statet In contrast to triplet{&, ) state oxygen, singlet oxygen
(*Oy,) is a reactive yet highly selective oxidant for the peroxidation
of olefinic compounds3.In particular, molybdate (Mog3™) is an
efficient catalyst for the disproportionation o£®, into *O,. Both
the mechanisfand the synthetic utilityhave been investigated. 1
In aqueous alkaline media, Mo and,® form a series of
mononuclear peroxo species, [MpQ0,) ¢~ (n = 1—4). Of these, 0 ‘ ‘ , A
especially oxotriperoxeMo (n = 3), releasedO, at a high rate, 1000 2000 3000 4000
while tetraperoxe-Mo is far more stable: Time [min]
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o Figure 1. H,0O, disproportionation catalyzed by Ma}, La (d), and the
MOO427 + nH,0,=Mo0Q,_(0,),” +nH,O combined action of Mo and La#). Conditions: 0.1 mmol Mo, 0.1 mmol
La, or 0.02 mmol Mo and 0.08 mmol La, and 0.4 mmol NaOH and 40
mmol HO; (50 wt %) were stirred (700 rpm) at 28 in 10 mL of
methanol. HO, determination by cerimetry.
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fast disproportionation requires gradual addition gbklover time. _ 'A\ ) L
The HO, concentration not only affects the rate but also the 7, 041 N |
selectivity of the reaction; at high P@,] direct oxygen-atom s /’ V|08 ) ¢
transfer from tetraperoxeMo becomes competitive witHO, E %3 / ; 06! ! AN
formation, resulting in the formation of unwanted epoxide prodticts. 2 02 ol ' ' ! o
To overcome these drawbacks, we reasoned that by adding other = ) ) 04 1/ AN
peroxo-forming metals to Mo, the stability of the perexdo 0.1 1 ) ¢ 027 T
species might be influenced in such a way that the dependence of 0 &= J o 0 ! o
the rate and selectivity on j@-] is altered and that higher catalytic 0 02 04 06 08 1 2 3 4 5 6 71 8
activities are attainable. La/ (Mo +La) NaOH/ La

Various peroxo-forming metals were screened as cocatalysts for )
N&;MoO in the disproportionation of 40 at high nitial [H,0:l S84 e BOrE e o) e e s el
(3 M in methanol, Mo/HO, = 1/2000). Addition of lanthanum- Mo, 0.4 mmol NaOH and 40 mmol 48, were stirred (700 rpm) at 25C
(11 nitrate, anothefO,-generating catalystled to a strong increase  in 10 mL of methanol. B: 0.08 mmol La, 0.02 mmol Mo, ardnmol
of the overall activity compared to the monometallic Mo or La NaOH.
catalysts (Figure 1). The combination of other peroxo-forming  The initial rates of HO, disproportionation were determined for
metals with Mo or La gave no or only small rate enhancements different Mo/La/NaOH combinations, keeping the total amount of
(Figure S1, Supporting Information). Control experiments estab- metal at 0.1 mmol. As shown in Figure 2A, at constant [NaOH],
lished the essential role of both Mo and La in the improved catalytic the reaction rate strongly depends on the Mo/La ratio, an optimum
turnover (Figure S1). Similar rate enhancements were observed inbeing observed at a Mo/La molar ratio of 1/4. These data clearly
other solvents such as water and acetonitrile. Even under nonop-show a synergistic effect between Mo and8%L.@he amount of
timized conditions (Mo/La/NaOH= 1/4/20), the overall turnover NaOH also has a profound influence on the activity of Mo and La.
frequency (TOF, based on Mda) is 219 bl In the same This was studied by varying [NaOH] at a constant Mo/La ratio of
conditions, the individual TOF for Mo and La are 4 and 3%h 1/4 (Figure 2B). A well-defined maximum is observed at a NaOH/

respectively. The low activity of Mo is due to the high JfB}], La ratio of 3/1. Under optimized conditions (Mo/La/NaG#1/4/
promoting the formation of stable tetraperexdo. The maximum 12), the overall TOF amounts to 546
activity of Mo under optimum conditions of low [,] has been Most likely, the NaOH/La optimum is related to the hydrolysis
reported to be 36 1.3 of La®*, yielding partially (NaOH/La< 3/1) or fully hydrolyzed
— La species, La(OHY In systems with only La, it is believed that
: Katholieke Universiteit Leuven. the insoluble La hydroxide is catalytically active, while partially
$ DSM Pharma Chemicals. hydrolyzed La shows much lower activityThe Mo/La ratio of

17166 = J. AM. CHEM. SOC. 2005, 127, 17166—17167 10.1021/ja0547026 CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

N

absorbance [a.u.]

o

absorbance at 450 nm [a.u.]

10 20
time [min]

o

600 30

500
wavelength [nm]

T T
300 400

Figure 3. UV —vis spectral changes at 1 min intervals (A) and time course
of the disappearance of Mogi2?~ (B) during the disproportionation of
H,0; catalyzed by Mo and La. [pD;]o is 1.65 insteadfo3 M in Figure 1.

1/4 is not readily interpreted on a molecular level. This optimum
may well reflect the maximum number of favorable interactions
between soluble peroxeMo anions and accessible La sites on the
surface of the solid La hydroxide.

Convincing evidence for the production of singleAg) oxygen
was obtained by detection of the near-infrared (1270 nm) chemi-
luminescence accompanying the radiative decayf (Figure
S2)30 This experiment confirms the very hidl, flux generated
from Mo—La. The HO, efficiency of the various Mo/La/NaOH
combinations was assessed by chemical trapping of the fot@ed
with citronellol. This alkene contains two distinct allylic hydrogen
atoms and reacts wittD, to yield an equimolar mixture of allylic
hydroperoxides. At constant [NaOH], all Md.a combinations
show HO, efficiencies around 40% with 100% hydroperoxide
selectivity (Figure S3, Table S1). Notably, the®4 efficiency of
La in the absence of Mo is only 20% at completg&kiconsumption
(24 h). Mo itself shows higher efficiency-60%), but the activity
is very low. More than 70 h are required to achieve fuliCy
conversion, and the hydroperoxide selectivity is only 70% due to
competitive epoxidation by tetraperoxio.

The exact reason for the nonlinear catalytic behavior displayed
by Mo and La is difficult to assess. Visual inspection of the reaction
medium showed no permanent adsorption of the colored peroxo
Mo species on the white La hydroxiddn situ UV—vis DRS

spectroscopy showed that a major part of Mo is present as red-

brown Mo(Gy)4~ (Figure 3A). The concentration of this species
only slightly decreases during the experiment, except at very low
[H20;] (Figure 3B). Similar spectra were obtained in the presence
of Al instead of La, but in this case, the,8, disproportionation
was very slow (Figure S4).

As to the individual metals, reaction of,&, with Mo results in
the formation of anionig;?-peroxo complexe$.La, on the other
hand, has been reported to react withOpl via a u-peroxo
coordination modé&1%-12 Possibly, in the present system, peroxide-

linked complexes are formed between Mo and La. These complexes
might possess lower stability than the individual perexeetal
species, resulting in their fast disproportionation.

In conclusion, the cooperative action between Mo and La leads
to a unique catalyst system that combines high turnover rates with
improved selectivity toward the formation &D,.
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