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Abstract: The ruthenium-substituted “sandwich” type polyoxometalate [WZMRXGW 9Oz4)-] 11~ where X=

Zn" or Cd' has been shown to be unique in its ability to catalyze the selective hydroxylation of adamantane
at the tertiary carbon position with molecular oxygen as the oxygen donor. The hydroxylation features an
adamantane:dioxygen stoichiometry of 2:1. Kinetic studies of the reaction show that the reaction is second
order in the ruthenium-substituted polyoxometalate and zero order in adamantane. The reaction rate dependence
on molecular oxygen is complicated. Highest reaction rates were observed at approximately 1 atm of dioxygen,
but the rates decreased at lower (0.2 atm) and higher (3 atm) dioxygen pressures. Kinetic analysis as a function
of temperature showed a low entropy of activation, indicating a highly ordered transition state. The reaction
commenced only after an induction period related to formation of the “active” species from the precursor
polyoxometalate. Alternatively, the induction period could be eliminated by adding a reducing agent. The
induction period was found to be a function of both the reaction temperature and oxidation pressure.
Coordination studies carried out via UWis and IR spectroscopy indicate the formation of a ruthenium(lV)

oxo oru-peroxo ruthenium(lll) dimeric species as the active oxygenation species. This formulation is supported
by the ESR spectra observed upon addition of spin traps such as 2-methyl-2-nitrosopropane or 5,5-dimethyl-
1-pyrroline N-oxide to the reaction mixtures. In the oxidation of alkenes, catalytic and highly selective
epoxidation may be observed. Especially informative was the catalytic epoxidatimstyclooctene, which

yielded atranscis-cyclooctene oxide ratio of 20:1, providing strong evidence of a nonradical oxidation pathway.
On the basis of the reaction stoichiometry, spectroscopic evidence, reaction probes, and kinetic studies, a
mechanism is proposed calling for a dioxygenase type activation of molecular oxygen via complexation to a
ruthenium(ll) species followed by formation of a ruthenium(lV) oxo species via a ruthenium{pBroxo
intermediate.

Introduction formed is often active in selective oxidation reactions. Activa-
tion in this manner is often observed in living systems catalyzed
by oxygenase enzymes. Common monooxygenases such as the
heme type cytochrome P-450 and the non-heme methane
monooxygenase operate in the presence of an electron and
proton donor to insert one oxygen atom of molecular oxygen
into the organic substrate while the other oxygen is reduced to
water® The rarer dioxygenases, on the other hand, catalyze
insertion of both oxygen atoms into two substrate molecules

The use of molecular oxygen for oxidation of organic
substrates is carried out principally in four ways. Ground state
triplet oxygen can be activated, usually photochemically, to
singlet oxygen which is highly reactive toward organic sub-
strates. Second, organic free radicals, formed by hydrogen
abstraction from a hydrocarbon react with molecular oxygen
by a chain reaction termed autoxidation to form alkyl hydro-
peroxides which can be decomposed separately or in situ to

h d duds Additionall . b without requiring a sacrificial reducing agent.
other oxygenated products Additionally, organic substrates The challenge of developing a practical dioxygenase catalyst
can be oxygenated or dehydrogenated by transition metal

js demanding because, in general, oxidation reactions in the
catalysts to form a product and a reduced catalyst. The reduceclp g g

I b idized led) b lecul resence of a transition metal based compound and absence of
catalyst can be reoxidized (recycled) by molecular oxygen. o yeqycing agent will proceed by a metal-catalyzed autoxidation
These types of reaction are typified by Masgan Krevelef

d Wackert hani Finallv. t i tal reaction. A primary motivation for development of such
and vvackertype mechanisms. Finally, transition metals may - iy genase catalysts is therefore the possibility of achieving
bind molecular oxygen to form a complex involving metal to

. epoxidation of alkenes by an addition reaction, eq 1, rather than
oxygen charge transfér.The peroxo or oxo complex ultimately

oMn™ &+ 0, [M(n”)*—O—O—M(n”)*J 2M(n+2i+=o
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catalytic formation of 1-adamantanol. The selectivity remained
unchanged for long reaction periods and for more than 500
turnovers. This observed selectivity was very different from
the product distribution when adamantane was autoxidized in
the presence of transition metal compounds such as cobalt
acetate or with transition metal substituted Keggin type poly-
oxometalates. Other transition metal substituted analogues
where M2 and X= Zn and M1= Cd', Rh", Mn'", Ni", Cu',
Pt!, or Zn' showed no oxidation products whereas for M2 and
X = Zn and M1= F€" a typical autoxidation profile was
observed. Interestingly, for M& Ru'"', when the zinc atom at
the M2 position was replaced with Cer RU" all catalytic
activity was lost. On the other hand, when the heteroatom X
was changed to (dout the M2 position remained Zncatalytic
activity was retained. Thus, the presence of zinc(ll), a non-
oxidizable atom at the M2 position, appears crucial for catalytic
Figure 1. Structure of the “sandwich” type transition metal substituted activity W_hereas the presence O_f a redox metal at this position
polyoxometalate. was detrimental to catalytic activity. On the other hand, the
redox properties of the heteroatom that isXZn'' versus Ct
radical mechanism. Although a vast number of model and had little effect.
biomimetic systems for monooxygenase type reactions have After the observation of the initial catalytic reaction with
evolved over the last 20 years, progress toward dioxygenase][WZnRu'"';,(OH)(H20)(ZnWg034)2]**", 1, as most active cata-
models and synthetic catalysts has been comparatively verylyst, further research was carried out using this polyoxometalate
meager. Most notable has been the use of sterically hinderedexclusively. Addition of 0.25 mmol of free radical reaction
ruthenium porphyrins for alkene epoxidation with molecular inhibitors, includingtert-butylcatechol, BTH, and BHA, under
oxygen’! Unfortunately, the relatively limited thermal stability ~the reaction conditions described in Table 1 showed no
of the porphyrin nucleus under oxidative conditions has significant decline in the conversion of adamantane to 1-ada-
prevented commercialization of a porphyrin-based process.mantanol. This was initial evidence for a non free radical
Recently, we communicated the use of a ruthenium-substitutedreaction. Further evidence already repotfedhich tended to
polyoxometalate, [WZnRip(OH)(H,0)(ZnWoOs4)2] 1~ (Figure discount an autoxidation mechanism included the following: (a)
1, where M1= RuU", M2 = Zn, and X= Zn), an inorganic there was no oxidation of alkylaromatics such as cumene under
catalyst that is much more stable to oxidative decomposition, reaction conditions even though such compounds are more
as a compound effective for the dioxygenase type activation of susceptible to autoxidation compared to adamantane, (b) for the
molecular oxygef. In this article, we present our complete oxidation of adamantang3-d; a kinetic isotope effect (KIE)
results on the activation of molecular oxygen by [WZHRu of 5.7 &+ 0.2 was observed compared to a KIE R for
(OH)(H20)(ZnWsO34)2]**~ using kinetic studies, spectroscopic  autoxidation, and (c) the use &0, in place of!60, showed
measurements, and probe molecules. The investigation leadsio formation of H'80 expected for both autoxidation and
to the formulation of a nonradical dioxygenase type mechanism. monooxygenase type mechanisms.

In an additional new experiment, we monitored the oxygen
consumption concurrently with the adamantane conversion by

Hydroxylation of Adamantane. The hydroxylation of attaching a manometer to the reaction vial to measure the
adamantane with molecular oxygemqg 2, was used in the decrease in oxygen pressure. Thus, for reactiona 5 mL
reaction vial containing 0.25 mmol of adamantane and 0.25

@ 0, umol of [WZnRu'" ,(OH)(H;0)(ZnWeO34)2] 1~ in 0.5 mL of 1,2-

Results and Discussion

dichloroethane under 1 atm of,@arried out at 8CC for 2
days, an average for three runs of 1.8510% equiv of
H molecular oxygen was consumed/2 equiv of adamantane that
OH 0 underwent hydroxylation. This evidence definitely supports a
+ @ + g (2) dioxygenase type mechanism, eq 1, and is incompatible with
both monooxygenase and autoxidation mechanisms.

The reaction profiles, Figure 2, showed that the reaction was
initiated only after a significant induction period, although the
induction period could be eliminated by addition of a reducing
agent such as zinc metal with reactions proceeding at post-
induction rates$. The induction period was inversely propor-
tional to the reaction temperature (15, 11, 10, & 4rn for 70,

75, 80, 85, and 90C, respectively). Once the reactions were

1-adamantanol 2-adamantanol 2-adamantanone

evaluation of the catalytic behavior of the transition metal
substituted “sandwich” type polyoxometalates of the type shown
in Figure 1. From the results presented in Table 1, one may
observe that the presence of ruthenium or to a significantly lesser
degree palladium in the M1 position was imperative for selective

G (") (a)JG{OVXE, J.K TH lQuinn,CFrx?. ATQ%S?Q%%‘%QF? éOZ 579‘06 (b,\)/| initiated, they were zero order in adamantane. The observed
roves, J. |.; n, K. ALlnorg. em ) A . (C amenzind, M. .
3 James, B. R.; Dolphin, B. Chem. Soc.. Chem. Commass6 1137. zero _order rgte_ constantg computeq from .the .slopes* of the
(d) Marchin, J.-C.; Ramasseul, B. Chem. Soc., Chem. Commu98§ reaction profile in the postinduction time period yield&H"2s
298. = 7.22 kcal/mol andAS,5 = —54.9 cal/(mol K) according to

(8) Neumann, R.; Dahan, MNature 1997 388 353. ; ; ot

(9) (@) Neumann, R.; Khenkin, A. M.; Dahan, Mngew. Chem., Int. '.[he. Eyrlng equatlon.' The low entropy .O.f actlvathn observed
Ed. Engl.1995 34, 1587. (b) Neumann, R.; Khenkin, A. Nhorg. Chem. is indicative of a highly ordered transition state in the rate-

1995 34, 5753. determining step.
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Table 1. Adamantane Oxidation with Molecular Oxygen Catalyzed by [W(M2)(#M)Vq0s4)2]9~ “Sandwich” Type Polyoxometalates

product yields, mol %

polyoxometalate 1-adamantanol 2-adamantanol 2-adamantanone
X, M2 =zn"; M1 = Mn", Cd', Ni", Cu', Zn", Rh", Pt'
X, M2 =Zn; M1 = Fe" 5.3 1.6 1.0
X, M2 =Zn'; M1 = Ru" 12.3 (56.8)
X, M2 =zn"; M1 = Pd' 1.9

X =2Zn"; M1, M2 = RU"
X =2zn"; M1 =Cd'; M2 = Ru"
X =Cd" M1=2zn"; M2 =RuU" 11.7

@ Reaction conditions: 0.25 mmol of adamantane, Q&®| of polyoxometalate, [W(M2)(ML[XW0s4),]9~ as its trioctylmethylammonium
salt, 0.5 mL of 1,2-dichloroethane, 1 atm of oxygenlQ mL in a closed reactor), 8GC, 24 h.? After 72 h.

15 035 1
fg -0.5- 0.5
2 10 2
-1.25 T T T e -0.54
c 275 2.8 285 29 = slope = 2.15
2 (1/T)103/K 14
Q
G>) 5 15 T T T T
c -8 775 75 725 7 875
o
(&) In [Q11-1]
Figure 3. Logarithmic plot of the observed zero-order rate constant
0 20 as a function of catalyst concentration. Reaction conditions: 2.5 mmol
0 of adamantane, 2:66.0 umol of polyoxometalate, [WZnR{,(OH)-
Time, h (H20)(ZnWg034)7] 1+ as its trioctylmethylammonium salt, 5 mL of 1,2-
dichloroethane, 1 atm of oxyger25 mL in a closed reactor). Observed
% 70 °C o 75 °C 1) 85 °C A 90 °C zero rate constants were computed from initial reaction rates as

Figure 2. Reaction profiles of adamantane oxidation at different determined by adamantane to 1-adamantanol oxidation.

temperatures. Reaction conditions: 2.5 mmol of adamantangnibb 3

of polyoxometalate, [WZnR{p(OH)(H.0)(ZnWoO34)2]*t as its tri- X x
octylmethylammonium salt, 5 mL of 1,2-dichloroethane, 1 atm of 2-5J *
oxygen 25 mL in a closed reactor). The reaction was also carried o] % *
out 80°C (not shown for clarity), and the results (insert) were used for T
the Eyring plot (2 = 0.96). Measurements taken every hour showing S 154
no reaction during the induction period (prior to reaction initiation) K i
are not shown for clarity. !
o o o 05 ¥ x
Further kinetic studies involved the determination of the
reaction order in catalyst and molecular oxygen. A logarithmic 0 ] ! 7 :
plot of the zero-order observed rate constants taken from initial Pos

rates of adamantane conversion (postinduction) versus total _. .

catalyst concentration yields the order of the reaction as the Figure 4. Zero-order rate constants as a function of the molecular
| . . he plot for th .~ oxygen pressure. Reaction conditions: 2.5 mmol of adamantane, 2.5

slope, eq 3. In Figure 3 is presented the plot for the order in umol of polyoxometalate, [WZnR{x(OH)(H,0)(ZnWeOzs)2] 1~ as its

b c trioctylmethylammonium salt, 5 mL of 1,2-dichloroethane,-8®atm
dP/dt = ky,Jadamantané|O,]’[Ru] of oxygen (~25 mL in a closed reactor). Observed zero rate constants

were computed from initial reaction rates as determined by adamantane
In kyps= aln [adamantane}- b in [O,] + cIn [Ru] (3) to 1-adamantanol oxidation.

sincea = 0 and for initial rateb = 0, In =clIn[Ru . ,
Kabs [Ru] dichloroethane, and an oxygen pressure ranging from 0.2 to 3
catalyst concentration over a range of 6208 mol % atm showed that the reaction rate had a complicated dependence
polyoxometalate. The calculated order was 2.5 0.98). on the molecular oxygen pressure, Figure 4. Maximum reaction
The induction period was~10 h at all polyoxometalate rates, again expressed as zero-order rate constants under initial
concentrations. The finding from the kinetic studies showing "até conditions, were observed at-15 atm of molecular
that the rate of hydroxylation reaction is a function to the second ©Xygen. Atlower and higher pressures, reaction rates decreased
order of the polyoxometalate concentration is unusual. This significantly. Further analysis of this last result is instructive
coupled with the low entropy of activation shows that a by assuming the solubility of oxygen in the reaction solvent,
polyoxometalate transformation is involved in the rate-determin- 1.2-dichloroethane, to be 0.23 m1% (STP) of/@L of solvent
ing step which has a highly ordered transition state. The (Similar to that of CHCG{and CCl).= This translates inte-50

observed rate dependence on the polyoxometalate is much¢mol of O in 5 mL of solvent at 1 atm (maximum rate)
different from what one would expect for a metal-catalyzed containing 2.5umol of polyoxometalate (5.0mol of Ru). Thus,

autoxidation type reaction. under these conditions of maximum rate, dioxygen is an
A similar set of reactions involving 2.5 mmol of adamantane, aPProximately 20-fold excess relative to the polyoxometalate
2.5 umol of polyoxometalate, [WZnRip(OH)(H.0)(Zn- (10) Stephen, H.; Stephen, Bolubilities of Inorganic and Organic

Wg034)2]117, as its trioctylmethylammonium salt, 5.0 mL of 1,2-  CompoundsPergamon Press: Oxford, U.K., 1963; Vol. 1, Part 1, p 575.
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in the solution and this excess is retained throughout the reaction
as dioxygen is in approximately constant excess in the gas phase
above the solution (pressure decreases onhb®). It is "
crucially important to note that oxygen is, however, in limited 0"
concentration relative to adamantane. When the reaction is Pl
carried out at lower oxygen pressures suctPgs= 0.2 atm o
(P: = 1 atm), oxygen is no longer in significant excess in the :
solution versus the catalyst, and thus becoming a limiting
reagent, and the rate is significantly lower (by a factor&}.11
These kinetic results indicate that a reaction between the
polyoxometalate and dioxygen is involved in the rate-determin-
ing step. This is further supported by the fact that at elevated
molecular oxygen pressures, eRp, = 3 atm, the reaction is
inhibited due to saturation oxygen binding of the ruthenium
centers (see mechanistic discussion below for more detail). It
may be also noted that although the reaction had a complicated
dependence on molecular oxygen, the source of oxygen in the
1-adamantanol product was dioxygen. Thus, hydroxylation of
adamantane with 98% enriché&tD, yielded an average (three
trials) of 95% 1-adamantané&fo.

The investigation into the adamantane hydroxylation was
continued in an attempt to determine the significance of the
induction period. Heating a solution of 0.25 mmol of adaman- 200
tane with 0.1 mol % of [WZnR,(OH)(H,0)(ZnWeOs4)2] 1~
in 0.5 mL of 1,2-dichloroethane under argon for 12 h followed
by addition of oxygen led to no change in the induction period Figure 5. UV—vis spectra of [WZnRt(OH)(H0)(ZnWeOs)z] **~.
required for hydroxylation. On the other hand, heating a All spectra were taken as Oi@M solutions and are offset for clarity.
solution of 0.25«mol of [WZnRu" 5(OH)(H20)(ZnWeOs4)2] 1 Key: (@)~ K1uWZnRU"5(OH)(H.0)(ZnWeOsa): in water; (b) - - -,
in 0.5 mL of 1,2-dichloroethane under 1 atm of oxygen for 12 QuWZNRUI(OH)(H:0)(ZnWeOsa). in 1,2-dichloroethane; (cj--~,

" QuuWZnRU'"5(OH)(H;0)(ZnWg0s4), in 1,2-dichloroethane after treat-
h followed by addition of 0.25 mmol of adamantane led after 5 ment with 1 atm of @at 80°C for 18 h. Insert: QWZnRu'',(OH)-
h to formation of 6.5 mol % of 1-adamantanol versus 6.8 mol (1,0)(znW0s,), in 1,2-dichloroethane after treatment with 1 atm of
% in a reaction run for 17 h with all components present. These co at 80°C for 12 h.
results clearly indicate that the induction period is related to
the catalyst activation by dioxygen. This activation is strongly such an oxidized ruthenium species even after 3 days. Further
a function of temperature and more weakly a function of the evidence for a Ru(ll)/Ru(IV) manifold will be presented below.
oxygen pressure. The induction period is reasonably connected - gpectroscopic Studies and Coordination Chemistry.The
to the oxidation of the inactive original precursor ruthenium- yinetic and other studies connected with the selective hydroxy-
(Ill)-substituted polyoxometalate to an active form of a higher ation of 1-adamantane presented above already indicated the
oxidation state, e.g. ruthenium(1V). _ _ formation of an active species formed upon mixing the

Since it was known from the literature in the ruthenium ythenjum-substituted polyoxometalate and molecular oxygen.
porphyrin caseé that the Ru(ll)/Ru(IV)/Ru(Vl) manifold is T fyrther characterize the “activated species” formed during
operating in the activation of dioxygen whereas the Ru(lll)/ thjs interaction, UV-vis, IR, and ESR spectroscopy was used
Ru(V) manifold is inactive, a similar situation was hypothesized o understand the coordination chemistry between the ruthenium-
for this ruthenium polyoxometalate catalyzed reactoindeed, substituted polyoxometalate and molecular oxygen. The-UV
as stated above, reduction of the initial ruthenium(lll) poly- g spectrum of Ki—1 in water, Figure 5a, shows a W O
oxometalate with zinc or sodium ascorbate to a ruthenium(ll) charge-transfer peak at 266 nm accompanied by an additional
analogue followed by addition of molecular oxygen led to peak at 382 nm which we assigned tedltransitions in the
immediate adamantane hydroxylation at postinduction rates. py(jj))—aquo and/or Ru(ll-OH moiety. Dissolution the
Other indirect evidence pointing to a Ru(Il)/Ru(1V) rather than polyoxometalate in a 1,2-dichloroethane solution as-Q (Q
a Ru(ll/Ru(V) manifold was obtained by addition of aqueous = {ricaprylmethylammonium) under an ambient or an inert
sodium periodate to a solution of 0.25 mmol of adamantane gimosphere changes the BVis spectrum, Figure 5b, so that
and 0.25mol of [WZnRu'"5(OH)(H,0)(ZnWeOsz)z]**~ in 0.5 only the peak at 266 nm remains. Upon “activation” af 1
mL of 1,2-dichloroethane. Sodium periodate has been shownyith molecular oxygen, the spectrum changes and an additional
to oxidize Ru(lll) to Ru(V) under these conditiofs.Addition new peak appearing at 290 nm, Figure 5c, is observed. Spectral
of 1 atm of molecular oxygen showed no catalytic activity for changes such as those observed here are known for polyoxo-

(11) Results were somewhat erratic in this regime due to experimental metalates? The change of the spectrum upon dissolution in
diff(iig|)tiseZ\/igr:(?ﬁtthngﬁiiﬁ(rﬁg%?(toog rt]:gnr\l/ftlrr]zir?irsjsn-1 (V1) diaxe compounds an organic solvent can be attributed to the loss of the labile
in addition to porphyrinsare known as oxygen transfer agents: (2) Che, aguo and/or hydroxo Ilgand.. The change UPQn addlt!on .Of
C.-M.; Li, C.-K.; Tang, W.-T.; Yu, W.-Y.J. Chem. Soc., Dalton Trans. ~ Molecular oxygen can be attributed to a change in the oxidation
§9J92A %15&] étr)% SsTglctlgglé' ;<17 Bzirésztga(dé)liéﬁh;gRS\ylmﬁljdsA, M Csr.];e %e)éeoréT. statﬁ, ef.g. Ru(III)—} Ru(lvr)], the complexation of oxygen, and/h

o AM. : ;€940  YWoTW AM. LNeM. S0C. — or the formation of a ruthenium oxo or peroxo species. The
}ﬁﬁgélﬂéﬁgnlﬁ'g(g% F;ge%(g_"(; ’A'chﬁzgg" ‘J]: ﬁ:; \,\Q'Sl'lr;?” XYG?;T“Qﬁgﬁgh{' ability of the ruthenium polyoxometalate to coordinate small

K. J.Inorg. Chem1993 32, 160. (f) Bailey, C. L.; Drago, R. Sl. Chem. molecules is not limited to molecular oxygen. For instance,
Soc., Chem. Commu987, 179.
(13) Neumann, R.; Abu-Gnim, . Am. Chem. Sod.99Q 112, 6025. (14) Katsoulis, D. E.; Pope, M. T.. Am. Chem. S0d.984 106, 2737.
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Figure 7. ESR spectrum of QWZnRu",(OH)(H,0)(ZnWy034), after
addition of a spin trap. The spectrum (X-bamd= 9.185 GHz) was
measured at 120 K after 0.25 mmol of adamantane, @28l of Q.1-

WZnRU",(OH)(H,0)(ZnWeO34)2, 0.5 mL of 1,2-dichloroethane, and

' —L L L . L 1 atm of oxygen were mixed at 8C for 14 h and umol of 2-methyl-
900 800 700 2-nitrosopropane (spin trap) was added. Addition of 5,5-dimethyl-1-
Wavenumber, cm’ pyrroline N-oxide gave identical results. Solutions before addition of

either spin trap or solutions with adamantane after addition of either

i 1
Figure 6. IR spectra of @WZnRu",(OH)(H0)(ZnWgOzs)2. All spin trap were “silent”.

spectra were taken after evaporation of a solution on a KBr plate and
are stacked for clarity: (a, bottom) ®VZnRu",(OH)(H0)(ZNWeOs4)2; . ) )
(b, middle) Q:WZnRu" (OH)(H.0)(ZnWsOs.); after treatment with ~ Unchanged and the peak at 9287¢ris shifted only slightly to

160;; (c, top) QuWZnRuU'" ,(OH)(H20)(ZnWs0s.,) after treatment with 933 cnr!. The use of IR spectroscopy also allowed confirma-
180,. Insert: QWZnRU",(OH)(H20)(ZnWsOs4), (bottom) before and tion of carbon monoxide coordination. Thus, treatment gf-Q

(top) after treatment with CO. Where relevant, 0.5 mM solutions of 1, with CO at 100°C for 2 days clearly showed the formation
QuWZnRU">(OH)(H:0)(ZnWsOss). in 1,2-dichloroethane were treated  of g peak at 1738 cn clearly indicative of a carbon monoxide
with the relevant gas for 12 h at 8C. complexation, Figure 6 insert.

) ) ] ) Further investigations of the ruthenium-substituted polyoxo-
treatment of @—1in 1,2-dichloroethane with carbon monoxide, etalate, its oxidation state, and the effect of molecular oxygen
Figure 5 insert, also results in a dramatic change in the-UV  \are carried out using ESR spectroscopy. The ESR spectrum
vis spectrum with the appearance of an additional distinct peak o the original paramagnetic [WZntu(OH)(H,0)(ZnWeOs2)] 1
at 420 nm. . o ) species shows a typical spectrum for an anisotropic ruthenium-

The spectral changes visvés coordination chemistry ob-  (Jj|y species in an octahedral coordinati®h.Dissolution of
served in the UV-vis spectra can also be investigated by IR q,,—1 in 1,2-dichloroethane and treatment with molecular

spectroscopy. The IR spectrum of untreated-€1, Figure 6a,  oxygen or with molecular oxygen and adamantane as substrate
with peaks at 928, 881, and 765 chassigned to terminal  yjeld an ESR-silent solution pointing toward a diamagnetic or
W-0, corner-sharing WO—W, and edge-sharing WO—W an antiferromagnetically coupled ruthenium intermediate. At-
moieties, changes, Figure 6b, upon activation Wi, to yield tempts to change the oxidation state by addition of spin traps,

anew peak at 805 cmh. The peak position leads to the possible poth 2-methyl-2-nitrosopropane (MNP) and 5,5-dimethyl-1-
assignment as a ruthenium peroxo or ruthenium oxo speciespyrroline N-oxide (DMPO), yielded the following results. In
but appears to eliminate a ruthenium dioxygen species expectedne case of @1 treated only with molecular oxygen, addition

to appear at-1100-1200 cn*.*> Activation with 10, leads o gjther spin trap had essentially no effé&tOn the other hand,

to a significant 85 cm? shift in the observed IR spectrum,  aqdition of a spin trap to a solution whera;Q1 was treated
Flgure 6¢. This shift is hlgher than the theoretical 40-ém with molecular oxygen and adamantane y|e|ded a very clean
shift expected but is attributed to a secondary effect of spectrum, Figure 7, with, = 1.96 andy, = 2.01. No formation
interaction with the polyoxotungstate “ligand” or matrix. A of an organic radical was observed, and importantly the ESR
possible exchange 8fO with *%0 within the polyoxometalate  spectra were identical for both spin traps. In our interpretation
cannot be discounted. Evidence for the strong interaction of the results, in the sample of,@-1 treated with molecular
between the proposed ruthenium oxo/peroxo species and thebxygen, a diamagnetic ruthenium(lV) oxo or a magnetically
polyoxotungstate “ligand” can be observed by further compari- coupled ruthenium(llly-peroxo species (see also below) was
son of the IR spectra. Thus, addition 60, leaves the peak  ypaffected by the addition of the spin trap because the ruthenium
at 765 cm* unchanged, but the peak a 881 cnis slightly  center was coordinatively saturated and interaction of the
shifted to 888 cm*. The shift of the peak at 928 cthto 945 ruthenium center with the spin trap was inhibited. On the other
cm™* is much more dramatic. Significantly, the shifts of the hand, under adamantane hydroxylation reaction conditions, the
peaks at 881 and 928 crhupon activation with®O; to higher polyoxometalate was partly not saturated coordinatively as in

energies are less than what is observed for activation\¥@h a diamagnetic ruthenium(ll) species. In this case, addition of
as would be expected. Thus, the peak at 881'dmessentially

(16) There was a very weak signal barely above the noise which appeared
(15) Nakamoto, KCoord. Chem. Re 199Q 100, 363. similar to that in the spectrum observed in Figure 7.
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any spin trap led to the easy formation of a Ru(lll) species with
coordination of the spin trap at the previously noncoordinated
site. The spectrum obtained is indeed clearly indicative of a
low-spin, S = 5, ruthenium(lll) compound in an octahedral
field.

Neumann and Dahan

Scheme 1. Proposed Catalytic Cycle for Dioxygen
Activation and Substrate Oxygenation

Ru(ll)-POM

OH 0,

*

Ru(ll)-POM

R‘\{l

Alkene Epoxidation. Original experiments designed to test X

the reactivity of alkenes were carried out by mixing 0.25 mmol
of alkene and 0.25«mol of Q;—1 in 0.5 mL of 1,2-
dichloroethane under 1 atm of oxygen at & for 24 h. For

a large series of alkenes (cyclohexetis;cyclooctene, styrene,
2,3-dimethyl-2-butene, 1-octene, and norbornene), no products
were observed. Our interpretation of the results led to the
conclusion that the alkenes inhibited binding of molecular
oxygen to the ruthenium center necessary for its activation.

POM-Ru(Il)-O,
Ru(ll)-POM

[POM-Ru(lll)-0O-O—Ru(lll))-POM]

Support for this conclusion was obtained by using adamantane @ Ri” POM-Ru(IV)=0
and cyclooctene as cosubstrates under the reaction conditions } A0,
described above. The experiment conclusively showed that the

presence of cyclooctene prevented the normal hydroxylation of Ru(li-POM

adamantane. Alkenes can, however, still be oxidized using the
[WZnRu'",(OH)(H,0)(ZnWgO34)2] 1+~ polyoxometalate in one

of three ways. First, a solution of1Q-1 (1-50 mM) in 1,2-
dichloroethane may be treated with molecular oxygen &0

for 12 h followed by removal of excess oxygen and addition of
an alkene. Further reaction at room temperatur fo yielded amount of evidence indicating the catalytic oxidation of
epoxides in higher than 99% selectivitySecond, use of high  hydrocarbons catalyzed by [WZnRyOH)(H0)(ZnWeOs4)2] -
oxygen pressure compared to lower alkene concentration caniS not a free radical reaction. This evidence includes (a) a
increase the likelihood of molecular oxygen coordination to the Substrate (adamantane):dioxygen reaction stoichiometry of 2:1,
ruthenium active site and decrease the tendency for inhibition (0) the product selectivity observed frans-cyclooctene and

by the alkene. Thus, a reaction carried out by mixing 0.25 mmol @damantane epoxidation and hydroxylation, respectively, (c) the
of cis-cyclooctene and 0.26mol of Qi —1 in 0.5 mL of 1,2- fact tha@ free radical scavengers do not m_hlbl_t catalytic hy-
dichloroethane under 5 atm of oxygen at°gDfor 24 h yielded ~ droxylation of adamantane, (d) the kinetic isotope effect
5% (50 turnoversgis-cyclooctene oxide versus no reaction at  observed in 1,3-adamantadg-hydroxylation, (e) the lack of

1 atm. A control experiment without catalyst under identical réactivity of alkylaromatics such as cumene, (f) the absence of
conditions also yielded no epoxide; therefore, this is indeed a H,'%0 formation when'®O; is used as the oxidant, and (g) the
catalytic reaction. A third possibility is to use a sterically isolation of_a ruthe_nlum OXO Or Peroxo species, |t_s identification
hindered but active alkene which would be less likely to inhibit 2Y IR, and its use in the stoichiometric epoxidation of alkenes.
molecular oxygen coordination and activatiortrans-Cy- To the contrary, we have amassed a significant body of

clooctene was chosen to test this hypothesis, eq 4. A reactionformation indicating that the [WZnR(OH)(H.0)-

kinetics studies and the UWis, IR, and ESR spectroscopic

studies of the ruthenium coordination chemistry, and the results
of the alkene epoxidation experiments, a dioxygenase type
catalytic cycle is proposed, Scheme 1. There is now a large

(4)

(ZnWgy034)7]*+~ polyoxometalate catalyzes hydrocarbon oxida-

tion via a dioxygenase type mechanism in a Ru(ll)/Ru(lV) type
of 0.25 mmol oftrans-cyclooctene and 0.2&mol of Q;1—1in

manifold as described in Scheme 1. Much of the evidence that
contradicts the metal-catalyzed autoxidation also supports the
dioxygenase type mechanism. The key points favoring the
dioxygenase mechanism are the adamantane:dioxygen reaction

0.5 mL of 1,2-dichloroethane under 1 atm of oxygen a80 stoichiometry and the formation of a ruthenium oxo or peroxo
for 24 h gave 12.5 mol % (125 turnovers) of cyclooctene oxide intermediate without formation of water. The intermediate was
at atranscisratio of 20:1. In addition to proving that catalytic ~ isolated, identified by IR (supported also by BVis) spec-
epoxidations are indeed possible, this experiment gave importantfoscopy, and used as a stoichiometric epoxidizing agent.
additional proof that the reaction proceeding via the proposed Additionally, concerning the ruthenium oxidation states, the ESR
ruthenium oxo species is not of a free radical nature, because®XPeriments show that the active intermediate is diamagnetic,
the trans-cyclooctene substrate acts as a free radical clock-€- Ru(ll), Ru(IV), or Ru(Vl), or is a magnetically coupled Ru-
(Kisomerization= 10° s~1).17 Therefore, under typical autoxidation ~ (IIl) #-peroxo species. As stated above, the fact that solution
conditions, onlycis-cyclooctene oxide was formed whereas with ~ &ftér the addition of a spin trap to a mixture of polyoxometalate
reactions that are not of a free radical nature, e.g. epoxidation@nd 0xygen only shows no ESR signal indicates the presence
with dioxirané® or with a porphyrin iron oxo intermediaté, of a coordinatively saturated ruthenium species, PR (IV)=
trans-cyclooctene oxide was the major product as in this case. © ©F POM-Ru(ll) ~O—O—Ru(lll)~POM. On the other hand,

Mechanistic Proposal. On the basis of the results observed |Sn (ter;?egzzsigggn(t)f _srl;ti)sstr;zge r?egit?/;(i{rggns: isr??r]ae F(nng;utg ield
for the hydroxylation of adamantane, including those of the P b ' Y b P y

a ST-Ru(lll)=POM compound with very indicative spectrum,
typical of low-spinS = %, compounds in an octahedral field.

The formulation of the mechanism as presented in Scheme 1
is also strongly supported by the kinetic studies of the
adamantane hydroxylation. According to the mechanistic
scheme, the interaction of the ruthenium-substituted polyoxo-

(17) Shea, K. J.; Kim, J. SI. Am. Chem. S0d.992 114, 3044.

(18) Adam, W.; Curci, R.; D’Accalti, L.; Dinoi, A.; Fusco, C.; Gasparrini,
F.; Kluge, R.; Paredes, R.; Shulz, M.; Smerz, A. K.; Veloza, L. A;
Weinkdz, S.; Winde, RChem—Eur. J. 1997 3, 104.

(19) Traylor, T. G.; lamamoto, Y.; Nakano, J. Am. Chem. Sod.986
108 3529.



O, Activation by a Ru-Substituted Polyoxometalate

Figure 8. CPK model of the stipulated-peroxo dimer intermediate.

Each black sphere represents peroxo bridge and a terminal oxo attache

to a ruthenium center.

metalate may be also be described as in eq 5. Under the

K
RU'POM + O, = RU'POM-0,
k.
RU'POM-0, + RU'POM—- Ru"POM-0—-0-Ru"POM
®)

reasonable assumption that the formation of the Ruffgroxo
dimer is the rate-determining stébeq 6 can be derived. The

RU"'POM—0—-0—RU"POM— 2RUY=0

dP/dt = k[Ru(ll)][RuO,] =
kK, [Ru(1)]40,] (whereK, = [RuG,J/[Ru(l1)][O,])
[Ru;] = [Ru(ll)] + [RuO,] = [Ru(ll)] + K [Ru(I)][O,] =
[Ru(N](1 + K,[O;]) (6)
dP

. [Ruyioj)
o T N T o7

[Ruy]

0 [RU(“)] = m

J. Am. Chem. Soc., Vol. 120, No. 46,1195

Some comments are also in order to explain the initiation
of the catalytic cycle from the ruthenium(lll) precursor. The
transfer of the [WZnRU,(OH)(H,0)(ZnWyOz4)2] 11~ polyoxo-
metalate into the organic phase in our minds leads to formation
of ruthenium(lll) sites of tetragonal coordination. The formation
of such five-coordinate metal sites upon transfer of alkali metal
salts of polyoxometalates into apolar organic media with
quaternary ammonium halides is well documerfedn the
most straightforward manner, the catalytic reaction can be
initiated by the addition of a reducing agent leading to formation

f the ruthenium(ll) species. More complicated appears to be
the initiation with heating under an oxygen atmosphere. In this
case, there is an induction period where presumably ruthenium-
(1) is oxidized to a ruthenium(IV) oxo species. In the future,
the mechanistics of this process will still need to be explored.

Conclusion

In this paper, the results on the activation of molecular oxygen
using a “sandwich” type ruthenium-substituted polyoxometalate
have been described. Studies on the hydroxylation of adaman-
tane showed an adamantane:dioxygen stoichiometry of 2:1. This
finding, together with a kinetic study of the adamantane
hydroxylation, the use of U¥vis, IR, and ESR spectroscopy
to study the molecular oxygen coordination and oxidation states
of the polyoxometalate, and the study of alkene epoxidation,
including the observation of retention of conformation in the
catalytic oxidation ofrans-cyclooctene, has led to us to propose
a dioxygenase type mechanism as outlined in Scheme 1. It
would have been of course helpful to observe the various
intermediate species B§3W NMR; however, all our attempts
at these measurements failed due to insufficient solubility of
Qu1—1 in organic phases.

Experimental Section

derived rate equation indeed predicts, as was experimentally aterials. Organic substrates of highest available purity (Aldrich
observed, that the reaction should be second order in theand Fluka) were purified prior to use by passing the compounds over

polyoxometalate. Analysis of the oxygen dependence showsa neutral alumina column. Adamantane was an exception and was used

that when dioxygen is in limiting concentrations relative to the
polyoxometalate K1[O,] < 1; experimentally aPo, = 0.2 atm)

but not to the organic substrate, the reaction is dependent on
the molecular oxygen pressure. Upon an increase in the oxyge

pressure K1[O;] becomes>1), the rate at first increases but

n

without treatment. trans-Cylooctene was prepared by the known
literature procedur&. 1,2-Dichloroethane (Frutarom) was treated with
H>SO, and SnCl to remove stabilizers and peroxides, respectively,
and then distilled under ambient conditions prior to u$#, (98%
Isotopic enrichment) was obtained from Enritech. Polyoxometalates,
[WZn(M1)2(ZnWoQ3z4)2]% (M1 = Ru(lll), Mn (1I), Co(Il), Ni(ll), Cu-

the dependency on the oxygen pressure also decreases (expefir), zn (1), Rh(lll), Pt(ll), Pd(ll), Fe(lll), were prepared as alkali metal

mentally atPo, = ~0.8 to~1.5 atm). After a further increase
in oxygen pressure, for example ag,;P= 3 atm andK,[O;] >
1, it was observed that the rate decreased (Figuréog;

salts by the published literature procedutés. K [WCoRU" -
(CoWg034)7]:21H,O was prepared from NaWC03(CoWgOs4)2]*
47H,0??2 by dissolving 23 g (3.9 mmol) of NgWCo3(CoWyO34)7]*

decreased). This can be explained by a saturation effect,47H0 in 10 mL of water at 90C under an inert argon atmosphere.

whereby if K; > 1 there are fewer free Ru(ll) moieties.
Analytically, thekqps decreases from somewhat less thai;

to ~ko/K1. The reaction approaches inverse first order in O
A CPK model of a proposed intermediate is given in Figure 8.
The strong steric constraints regarding the formation of a POM
Ru(ll)—O—0O—Ru(lll) —POM species, which may be inferred
from Figure 8, nicely explain the low entropy of activation

RU'(DMSOXCI,, 4 g (12.2 mmol), was added, and the solution was
kept at 90°C under argon for 18 h. After cooling and addition of
excess KCl, the i[WCoRU" ,(CoWs03z4)2]:21H,0 product was filtered
off and recrystallized as green-brown needles (yield 46%). Anal.
Found (calcd): K, 7.21 (7.48); W, 60.0 (60.78); Co, 2.93 (3.08); Ru,
3.3 (3.54). K [WZnRu"(CoWs03s4)7]-23H,0 was prepared from Na
[WZn3(CoWg03z4)7]-45H,0 in an identical proceduri.

The alkali metal cations of the polyoxometalates were exchanged

observed in this reaction and support the assumption that itsWith a quaternary ammonium salt by a metathesis reaction. Typically,
formation is rate determining. Although the IR and ESR spectra 1 Mmol (5.75 g) of K [WZnRu"5(ZnWsOs4)] dissolved in a minimal

certainly support such a POMRu(III) —O—O—Ru(lll)—POM
intermediate, other possibilities may also be entertained.

amount of water was reacted with 11 mmol of trioctylmethylammonium
chloride dissolved in dichloromethane. After completion of the transfer

(21) (a) Katsoulis, D. E.; Pope, M. T. Am. Chem. Sod984 106

(20) This assumption is based on the fact that a very low entropy of 2737. (b) Neumann, R.; Gara, M. Am. Chem. Sod.995 117, 5066.

activation, ASHs = —54.9 cal/(mol K), was observed. This is most consistent
with the associative formation of a peroxo dimer in the rate-determining

(22) (a) TourrigC. M.; Tourrie G. F.; Zonnevijlle, F.J. Chem. Soc.,
Dalton Trans.1991, 143. (b) Neumann, R.; Khenkin, A. M. Mol. Catal.

step as opposed to a more dissociative transition state and significantly higher1996 114, 169.

AS2s expected if the formation of R{=0O from the peroxo dimer was the
rate-determining step.

(23) Feldberg, L.; Khenkin, A. M.; Neumann, R. Manuscript in prepara-

tion.
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reaction easily observable by UWis and transfer of the colored 20 uM, were prepared by dissolving :(QNVZnRU" ,(ZnWyOs4);]
polyoxometalate, phases were separated, the organic phase was drieth 1,2-dichloroethane or K[WZnRu" »(ZnWyOz4),] in water. For
with N&SQy, and the solvent was removed by evaporation. Yields polyoxometalate treated with,@r CO, the solution was placed in a
were essentially quantitative, and the[@/ZnRu" 5(ZnW¢Osa)7] catalyst glass pressure tube and @ CO was added as described above. After
Was_use_zd as a stock solution in 1,2-dich|o_roethane- o _ 18 h at 80°C, the tube was opened, the solution was transferred to the
Kinetic Studies—Adamantane Hydroxylation. The kinetic studies ¢, ette, and the spectrum was recorded immediately. IR spectra were
of adamantane hydroxylatlo_n were carried out~@5 ml. pressure measured on a Nicolet 510M FTIR instrument. In this case, 0.5 mM
tubes (Ace Glass). In”a typical procedure, 2.5 mmol of adamantane, solutions were prepared and treated as above. After 12 h 3C8a
2.54mol of QuIWZNRU'(ZnWs0Oz)z], and 5 mL of 1,2-dichloroethane ¢ | drops of a solution was placed on a KBr plate, the solvent was

were placed in the glass tube with a Teflon stirrer. Dioxygef9%
P d ygeanss d quickly evaporated under a stream of oxygen, and the the spectrum

purity, was introduced into the reaction mixture at the require - ;
temperature and pressure after a series of three ptiagv operations, ~ Was recorded. ESR spectra were measured with a Varian E-12

The tube was immersed in a temperature-controlled oil bath equipped SPectrometer at 120 K (frequency 9.185 GHz, scan range 400 G, time
with a magnetic stirrer. Aliquots of the reaction mixture were taken constant 0.3 s, modulation amplie:@ G at 10&kHz, and microwave
at the desired time intervals and directly injected into a gas chromato- power 80 mW). Solutions of 2,amol of Qu[WZnRu" 5(ZnWgOs4)]
graph (HP 5890, FID detector, He carrier gas) fitted with a capillary in 0.5 mL of 1,2-dichloroethane in 10 mL pressure tubes with or without
methyl silicone bonded phase column (RTX-1, length 30 m, i.d. 032 2.5 mmol of adamantane were treated with dioxygen for 14 h at 80
mm, coating thickness 0.26m). Reactions at less than 1 atm of °C. Aliquots of the solutions were transferred to 4 mm quartz ESR
dioxygen were carried out using the appropriate dioxygen/nitrogen tupes, and where indicated, 0.1 mmol spin trap samples (2-methyl-2-
mixtures. The adamantane:dioxygen stoichiometry was measured bynjtrosopropane or 5,5-dimethyl-1-pyrroliléoxide) were added and
introducing~1 atm of dioxygen ird a 5 mLvial containing 0.25 mmol the reactions were quenched by cooling with liquid nitrogen.
of adamantane and 0.2&nol of [WZnRu'" ,(OH)(H20)(ZnWsOs4),]**~
in 0.5 mL of 1,2-dichloroethane. The pressure was measured exactly .
using a mercury manometer and the valve closed. After reaction at80 Acknowledgment. This research was supported by the Israel
°C for 2 days, the reaction vial was cooled and the amount of oxygen Science Foundation founded by the Israel Academy of Science
consumed measured by reopening the reaction vial attached to theand Humanities. Dr. Alex Khenkin is thanked for the oxygen
manometer. _ _ : consumption measurements.

Spectroscopic Studies.UV —vis spectra were measured on a diode
array spectrometer (HP 8452) using 1 cm quartz cuvettes. Solutions,JA974243B



