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In recent work, it was shown that V-containing polyoxometalates such as (n-BusN);SiWgV304 or (n-BusN)gP2W15V304,
as well as eight other V-containing precatalysts tested, evolve to a high activity, long catalytic lifetime (=30 000-
100 000 total turnovers) 3,5-di-tert-butylcatechol dioxygenase, in which Pierpont’s complex [VO(DBSQ)(DTBC)].
(where DBSQ is 3,5-di-tert-butylsemiquinone and DTBC is the 3,5-di-tert-butylcatecholate dianion) was identified
as a common catalyst or catalyst resting state (Yin, C.-X.; Finke, R. G. Vanadium-Based, Extended Catalytic
Lifetime Catechol Dioxygenases: Evidence For a Common Catalyst. J. Am. Chem. Soc. 2005, 127 (25), 9003—
9013). Herein, those findings are followed up by studies aimed at answering the following questions about this
record catalytic lifetime 3,5-di-tert-butylcatechol dioxygenase catalyst: (i) What is the key to how V leaches from,
for example, seemingly robust V-containing polyoxometalate precatalysts? (i) What is the key to the sigmoidal,
apparently autocatalytic kinetics observed? (i) What can be learned about the underlying reactions that form
[VO(DBSQ)(DTBC)),? (iv) Finally, do the answers to (i-iii) lead to any broader insights or concepts? Key findings
from the present work include the fact that the reaction involves a novel, autoxidation-product-induced dioxygenase,
that is, one in which the undesired autoxidation of the 3,5-di-tert-butylcatechol substrate to the corresponding
benzoquinone and H,O, turns on the desired dioxygenase catalysis via a V-leaching process which eventually
yields Pierpont’s complex, [VO(DBSQ)(DTBC)].. Plausible reactions en route to [VO(DBSQ)(DTBC)], consistent
with the kinetic data, the role of H,O,, and the relevant literature are provided. The results provide a prototype
example of the little observed but likely more general concept of an autoxidation-product-initiated reaction. The
results also provide considerable simplification of, and insight into, the previously disparate literature of V-based
3,5-di-tert-butylcatechol dioxygenase catalysis.

Introduction As part of the 1999 study, initial Quptake kinetic studiés
revealed a novel product and catalyst evolution pathway
In 1999, we reported that a polyoxometalate vanadium- consisting of an A— B induction period (rate constakt)
containing complex serves as an effective precatalyst for thefgllowed by an A+ B — 2B autocatalytic step (rate constant
dioxygenase-type oxidative cleavage of 3,3ati-butylcat- k), as shown in Figure 1. Note that A B — 2B is the
echol (hereafter 3,5-DTBC) with a record numke,00 000,  kinetic definition of autocatalysis, where the reaction product,
of total turnover (TTO) Catalytic lifetimes to produce the B, is also a reactant. In this manner, the ZB_product_
oxidative ring-cleavage produc®;-5, plus the autoxidation  stoichiometry autocatalytically “turns on” the reaction (and,
product,6 (Scheme 1}.The new producé was also isolated  concomitantly, as we will see, the catalyst formation reaction,
and identified by X-ray crystallography as a part of that vide infra), resulting in sigmoidal-shaped kinetic curves, as
study. The above results are of considerable interest, sinceseen in Figure 1.
man-made, highly catalytic, long-lived dioxygenase catalysts |, more recent work, evidence from electron paramagnetic
are the Holy Grail of oxidation catalysfs. resonance (EPR) spectroscopy, negative ion electrospray
ionization mass spectrometry (ESI-MS), and kinetics, as well

*To whom correspondence should be addressed. E-mail: rfinke@ as evidence from catalytic activity, selectivity, and lifetime
lamar.colostate.edu.

(1) Weiner, H.: Finke, R. GJ. Am. Chem. S0d.999 121, 98319842, studies, revealed that Pierpont’s vanadium semiquinone
(2) Hill, C. L.; Weinstock, I. A.Nature 1997, 388 332-333. catecholate dimer complex, [VO(DBSQ)(DTBg)where
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Figure 1. Autocatalytic Q-uptake kinetic curve and curve fit of a 3,5-
DTBC plus precatalyst¥BusN)7SiWsV 3040 and Q reaction. The conditions

are as follows: 1.8 mmol of 3,5-DTBC, 5:6nol of precatalyst, 8.4 mL of
1,2-GH4Cly, 40°C, and 0.8 atm @ note that for the purposes of the curve
fitting the final pressure has been subtracted from the initial pressure to
“zero” the y axis so that thenet pressure changs shown here and in

Yin et al.

However, several important questions remained unan-
swered, including (i) what is the reaction product, B, which
turns on the V-leaching and sigmoidal, A& B — 2B,
autocatalytic evolution of the true catalyst? The most likely
candidates are #, derived from the initial DTBC autoxi-
datior’ (H.O, being a precedentégdroduct required by mass
balance when the benzoquinone autoxidation prodjag
produced, as in Scheme 1); possibly the semiquinone anion;
benzoquinone®; or perhaps KO, in combination with the
benzoquinone product. If H,O, is B, then we have
discovered an example of the seemingly improbable situation
whereundesired autoxidatioturns on thedesired dioxyge-
nase chemistrya novelautoxidation-initiated dioxygenase
Another important question is (ii) can,B8, be detected
among the reaction products, or is it as rapidly consumed as
it is made? Additionally, (iii) can any insights be obtained
into the more detailed reactions of how virtually any

analogous curves hereafter. The curve s fit to the analytic kinetic equations V-CoNtaining precatalyst evolves into the apparent catalyst

for the two-step mechanism A B (k;) and A+ B — 2B (ko), as detailed
elsewheré:* The rate constants obtained from the fit &re= (1.8 + 0.3)
x 104 h T andk, = (1.94 0.1) x 1072 Torr ! h™%; these rate constants

resting state, [VO(DBSQ)(DTBC)? Also, (iv) what more
general insights, principles, or concepts emerge from ad-

are the same within experimental error as those obtained previously by andressing questions (i-iii)? It is just the above questions and

independent researcher in our fabl; = (2.84 0.9) x 104 h t andk, =
(1.6+ 0.1) x 1072 Torrt h~1. The sigmoidal form of the curve and its A
— B and A+ B — 2B curve fit are the key results here, for reasons
discussed in the Results and Discussion section.

Scheme 1. Oxidative Cleavage of 3,5-DTBC by
Vanadium-Containing Polyoxometalate Precatafysts
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aThe products are, 3,5-ditert-butyl-1-oxacyclohepta-3,5-diene-2,7-
dione; 3, 4,6-ditert-butyl-2H-pyran-2-one; 4, spiro[1,4-benzodioxin-
2(3H),2' (2H)-pyran]-3-one-46,6,8-tetrakis(1,1-dimethylethyl)5, 3,5-di-
tert-butyl-5-(carboxymethyl)-2-furanone; ané, 3,5-ditert-butyl-1,2-
benzoquinone.

DBSQ is 3,5-ditert-butylsemiquinone and DTBC is the 3,5-
di-tert-butylcatecholate dianion), is a common comporent
and apparently the catalyst resting stgpeoduced from a
wide variety of V-containing precatalystsiotably the above
V-containing polyoxometalate or nine other vanadium-
containing precatalysts, including simple VO(ag&cyhose

studies show that virtually any V-based precatalyst appears
to leach vanadium under the dioxygenase reaction conditions

to produce [VO(DBSQ)(DTBC}]

(3) Watzky, M. A;; Finke, R. GJ. Am. Chem. S0d.997, 119, 10382~
10400.

(4) Widegren, J. A; Aiken, J. D., lll; gkar, S.; Finke, R. GChem. Mater.
2001, 13, 312-324.

(5) The units ok; andk; in the captions of Figures 4 and 5 in our previous
studie$ should have beenH and Torr! h™2, respectively; the
numerical values ok, andk; are correct, however.

(6) Yin, C.-X.; Finke, R. G.J. Am. Chem. SoQ005 127 (25), 9003
9013.
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issues, for the most highly catalytically active and long-lived,
man-made dioxygenase presently known, that are the focus
of the present paper.

Experimental Section

Reagents.3,5-DTBC (Aldrich, 99%) was recrystallized three
times usingn-pentane (Fisher Scientific, 98%, pesticide grade) under
argon (melting point 99-100C, lit. mp 96-99°C) and was stored
in a Vacuum Atmospheres drybox {@vel < 5 ppm). (Note: it
is important to recrystallize the 3,5-DTBC substrate more than one
time to remove impurities such as 3,5tdrt-butylsemiquinone, due
to effects such as those shown in Figure 2.) 3,5dDi-butylben-
zoquinone (Aldrich, 98%) was recrystallized twice fronpentane
and stored in the drybox (melting point 114-13G, lit. mp 113-

115 °C). All the polyoxometalate precursors were synthesized
according to the most recent literature procedd?ésThe Na/Hg
amalgam (Strem, 20% Na of 9996 purity) was stored in the
drybox and used as received. High-performance liquid chromatog-
raphy (HPLC) grade solvents (1,2-dichloroethane and acetonitrile)
were purchased from Aldrich and stored in the drybox; each of the
above solvents was dried by standing for at least 48 h egevol

% 3- or 4-A molecular sieves, which were preactivated by heating
at 170°C under vacuum for at least 12 h and, then, cooling under
dry N, in the drybox. Tetrahydrofuran (THF) (Fisher Scientific)

(7) Tyson, C. A.; Martell, A. EJ. Phys. Chem197Q 74, 2601-2610.
(8) (a) Bianchini, C.; Frediani, P.; Laschi, F.; Meli, A.; Vizza, F.; Zanello,
P. Inorg. Chem.199Q 29, 3402-3409. Bianchini and co-workers’
studies show that $D; is the primary product when DTBC is oxidized
to the benzoquinone, at least for Rh(lll) and Ir(lll) and under their
mildly catalytic reaction conditions (ca. 30 total turnovers). (b) Barbaro,
P.; Bianchini, C.; Mealli, C.; Meli, AJ. Am. Chem. Sod.99], 113
3181-3183. (c) Barbaro, P.; Bianchini, C.; Frediani, P.; Meli, A,;
Vizza, F. Inorg. Chem.1992 31, 1523-1529. (d) Barbaro, P.;
Bianchini, C.; Linn, K.; Mealli, C.; Meli, A.; Vizza, F.; Laschi, F.;
Zanello, P.Inorg. Chim. Actal992 198-200 31-56. (e) For an
earlier work by others see: Muto, S.; Tasaka, K.; KamiyaBull.
Chem. Soc. Jprl977, 50, 2493-2494.
We define an “autoxidation-product-initiated reaction” as one where
an ROOH or other product of an (typically unintended) autoxidation
initiates and facilitates an otherwise slow reaction.
(10) Finke, R. G.; Rapko, B.; Saxton, R. J.; Domaille, P1.JAm. Chem.
Soc.1986 108 2947-2960.
(11) Hornstein, B. J.; Finke, R. Gnorg. Chem.2002 41, 2720-2730.
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was distilled over LiAlH, under Ar and stored under Ar. HBF

Our standard procedure is as follows: 406G mg (ca. 1.8 mmol)

(Aldrich) was purchased as a 54 wt% diethyl ether solution and of three-times-recrystallized 3,5-DTBC was weighed in the drybox

stored in the drybox. The sodium salt of 3,5tdit-butylsemi-
quinone (N&DBSQ") was prepared via the literature procedére
by reacting 1 equiv of Na amalgam with 3,54@iH-butylbenzo-
quinone. Its UV-visible absorbance #rBuOH is at 728 nm (580
+ 20 M~ cm 1, measured underj) literaturé® 730 nm (680 M1
cm~%, no error bar was reported). An p&O; aqueous solution
(0.05 M) was prepared from N&O3-5H,O (Fisher Chemicals,
certified ACS grade), and a pellet of KOH (Fisher Chemicals,
certified ACS grade) was added for stabilization. Ki®allinck-
rodt Powder, analytical grade),,80, (Mallinckrodt, analytical

into a 50-mL round-bottom reaction flask equipped with a septum,
a sidearm, and an egg-shaped, 3/85n3/16-in., Teflon-coated
magnetic stir bar. Approximately 8 mL of predried, HPLC grade
1,2-dichloroethane were transferred into the flask using a 10-mL
glass syringe; the flask was sealed with a Teflon stopcock and taken
out of the drybox. The flask was then connected to the oxygen-
uptake line through an O-ring joint, and the reaction solution was
frozen in a dry ice/ethanol bath (-7€) for 10 min. Two pump-
and-fill cycles were performed (with 2 Next, the dry ice bath
was replaced with a temperature-controlled oil bath. The flask was

reagent), Kl, starch (Fisher chemicals, certified ACS grade), and brought up to 4G+ 0.7 °C and allowed to equilibrate with stirring

H,0, (Fisher Scientific, ca. 30 wt % in #D) were used as received.

Instrumentation. H, 3P, and®V NMR were recorded in 5-mm
o.d. tubes on a Varian Inova (JS-300) NMR spectrométeNMR

for 25 min under @. In the drybox, 5.7 4£0.4) x 10°¢ mol of a
precatalyst was weighed into a 5-mL glass vial and dissolved in
ca. 0.2 mL of 1,2-dichloroethane. The catalyst solution was drawn

was referenced to the residual proton impurity in the deuterated into a 1-mL gastight syringe and brought out of the drybox protected

solvent, 3P NMR was referenced to 85%3PI0, in H,O using the
external substitution method, ak®/ NMR was referenced to neat

from the air by insertion of the syringe needle into a septum-capped
vial. The catalyst was injected through the sidearm of the reaction

VOCI; using the external substitution method. Spectral parametersflask, andt = 0 was set. Pressure readings from the manometer

for 3'P NMR include a tip angle of 60(pulse width 10us), an

were used to follow the reactiontQl Torr or ca.+1% precision

acquisition time of 1.6 s, and a sweep width of 10 000 Hz. Spectral Over a pressure loss of ca. 80-100 Torr). The reaction was stopped

parameters for'vV NMR include a®V tip angle of 90 (pulse width
3.1 us), an acquisition time of 0.096 s, and a sweep width of

when no oxygen loss was observed for 1-2 h.
Oxygen-Uptake Experiments with Preselected AdditivesThe

83 682.0 Hz. Gas chromatography (GC) analyses were performedfollowing substances were tested as candidates for the product, B,
on an HP (Hewlett-Packard) 5890 Series Il gas chromatograph which is able to remove the induction period and speed up the
equipped with a flame ionization detector (FID) and a SPB-1 reactions (Table 1 provides the specific amounts added): a 30%
capillary column (30 m, 0.25 mm i.d.) with the following temper-  H»O,-water solution; HO; product6 (3,5-DBQuinone); producs

ature program: initial temperature, 20CQ (initial time, 2 min); (3,5-ditert-butyl-5-(carboxymethyl)-2-furanone); 54% HBRn
heating rate, 2C min~1; final temperature, 240C (final time, 3 diethyl ether; a free radical initiator, 2;2zobisisobutyronitrile
min); FID temperature, 250C; injector temperature, 25C. An (AIBN); a mixture of 30% HO, and product; and the sodium
injection volume of 1ulL was used. Negative ion ESI-MS  salt of 3,5-ditert-butylsemiquinone (NaDBSQy-Dichlorobenzene
experiments were performed on a Thermo Finnigan LCQ Advantage and HO-saturated 1,2-dichloroethane were also examined as tests
Duo mass spectrometer which was directly coupled with a syringe of the effects of solvent and trace water. The effect of each additive
pump (feeding speed,@ min~1; spray voltage, -4.5 kV; capillary ~ was monitored by comparing the induction period with the additive
voltage, -38 to -42 V; capillary temperature, 180) using CH- to the induction period under standard conditions without the
CN as the solvent. additive. These experiments were set up exactly as described in

Impurities in Crude DTBC. GC accomplished under the above-  the previous section, Procedure of the Oxygen-Uptake Experiments,
noted conditions detected4% 3,5-ditert-butyl-1,2-benzoquinone except that the additive was injected at 2 min after the injection
(3,5-DBQuinone) impurity in crude DTBC, while liquid secondary ~ Of the precatalyst.
ion mass spectroscopy (LSI-MS), performed on a Fisons VG  H20, Detection Experiment Procedure.Because kKO, was
AutoSpec mass spectrometer at 27 kV witht @, m-nitrobenzy! shown to eliminate the induction period for two vanadium-
alcohol as the matrix, failed to detect any impurities (a 3,5- containing polyoxometalates and a vanadium catecholate precursor
DBQuinone parent ion peak was not detected by LSI-MS, perhaps and since the known stoichiometry is 3® molecule formed for
due to its ready fragmentation). every 1 equiv of the 18-25% benzoquinone forrfiattempts were

Preparation of Precatalysts. (n-BusN);SiWeV304 and (- made to detect D, in the product mixture at various times.
BusN)sP2W1sV/50s, were prepared and characterized as described SPecifically, a 0.05 M Ng&,0; solution was first standardized by
in the Supporting Information of ref 6. [fH],[VO(DTBC),]- titration with a primary standard 0.01 M Ki3olution (10 mL), 5
NCH:OH (n ~ 1—2) and [VO(DBSQ)(DTBC)] were prepared and ML of a 10% w/v Ki solution, and 4 mL of 9 M pEQ,. This results

characterized by UV-visible spectroscopy, elemental analysis, andin @ color change from dark brown to pale yellow. Next, an indicator
negative ion ESI-MS, as previously detaifed. starch solution was added to detect the presencg pihie titration

Procedure of the Oxygen-Uptake ExperimentsAll the experi- reached its end with a color change from violet to colorless. A
ments were carried out on a volume-calibrated oxygen-uptake line blank titration was also performed to account for the effects of any

as detailed in the Supporting Information of ref 1 (the total, possible oxidizing reagents in the background. Oy} tietection

calibrated volume, determined using three different-volume reaction Il'g‘_'g (Se: 30543’ Oflt(t‘/e sflgl:al seen as thg background)+.5 x
flasks, is in the range of 246-257 mL). To ensure thaty@s-to- mol (0.4 mol % of the reaction S_u strate). )
solution mass transfer is not influencing the observed kinetics, an  Attempts to detect bO, were carried out at three different

O, rate vs catalyst concentration plot was generated as a controlf€action times during an oxygen-uptake experiment2 & (i.e.,
(Figure S7 of the Supporting Information). during the induction period)t& h (after the induction period and

during the main active period of the reaction), an@& & (after the
reaction). The KO, test was accomplished as follows: the product
solution was transferred into a separation funnel, and the reaction
flask was washed three times with fresh 1,2-dichloroethane and

(12) White, L. S.; Hellman, E. J.; Que, L., J. Org. Chem.1982 47,
3766-37609.
(13) Muto, S.; Bruice, T. CJ. Am. Chem. Sod.98Q 102, 4472-4480.
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four times with distilled water. All of the washes were added to Results and Discussion

the separation funnel and shaken vigorously to extract any possible

H,0, into the aqueous layer. Next, 5 mL of a 10 w/v % Kl solution ~ Oxygen-Uptake Kinetics of Triply Recrystallized vs
and 4 mL of 9 M HSQ, were added to the water layer and tge |~ Crude DTBC. We began with a control experiment testing

was titrated by the previously standardized 0.05 M.$@; whether our normal precaution of triply recrystallizing the

solution. The results are described in the Results and DiscussionDTBC substrate under argon and storing it underwés

section and Figure 5. necessary. The red 3,5-DBQuinorte,is present in crude,
Catalyst Evolution Stoichiometry Experiments. The experi-  brownish DTBC at an~4% level, as detected by GC.

ments that follow were done to test the catalyst evolution steps  Figure 2a shows a normal DTBC oxygenation run using
postulated in Scheme 1. The experiments immediately below were precatalyst 1-BusN);SiWoV3040 and triply recrystallized
performed using a high vacuum line equipped with a high precision DTBC (mp 99-100°C) under our standard reaction condi-
Baratron pressure transducef(.1 Torr up to 1000 Torr), which  tjons, as detailed in the Experimental Section. Note the
resides in the lab of Professor S. H. Strauss at Colorado Stateypica| shape of Figure 2a with an induction period of ca. 4
University. The volume of the line was calibrated to be 96-97 mL |, * e recrystallized DTBC (mp 98-99C) behaves
via a calibration flask of known volume. Due to the necessity of similarly, as shown in Figure 2b. Howevecrude, as-
using a larger amount of the precatalyst and a smaller amount Ofreceiyed DTBC(Aldrich, labeled mp 96-99C; mp 92-95

the substrate (i.e., so as to see a measurable amountupftéke), °C in our handsbeha;es’ much differentbexhi’l:)iting a 10-

the reaction procedure was char_\ged to the foIIovying: %lmo 15 min induction period, as shown in Figure 2c, which is a
Mg (ca. 0.05 mmol) ofrtBU.N)/SiWeV/:0s was weighed in the repeatable result throughout different batches of crude DTBC

drybox into a 50-mL round-bottom reaction flask equipped with a ’ h . S
septum, a sidearm, and an egg-shaped, 3/8-8/16-in., Teflon- and by two different experimentalists. Gas-liquid chroma-

coated magnetic stir bar. Approximately 7.6 mL of predried, HPLC tography (GC) analysis shows that the product selectivity
grade 1,2-dichloroethane was transferred into the flask using a 10-for the crude DTBC is the same (within experimental error)
mL glass syringe; the flask was sealed with a Teflon stopcock and s the selectivity for triply recrystallized DTBC. These results
taken out of the drybox. The flask was then connected to the (i) emphasize that the continued use of triply recrystallized
oxygen-uptake line through an O-ring joint, and the reaction solution DTBC is crucial for the kinetic studies herein and (ii) show
was frozen in a dry ice/ethanol bath (-78) for 10 min. Two pump- that the crude DTBC contains a contaminant that, along with
and-fill cycles were performed (with ca. 500 Torp)ONext, the molecular Q, is able to dramatically shorten the induction
dry ice bath was replaced with a temperature-controlled oil bath. period.

The flask was brought up to 48 0.5°C and allowed to equilibrate
with stirring for 2 h under @ In the drybox, 44-70 mg (ca. 0.2-
0.3 mmol) of three-times-recrystallized 3,5-DTBC was weighed into

a5-mL glass vial aqd dissolved in ca 0.4 mL of 1’2'.d |chlor9ethane. recent studiésboth reveal that vanadium-containing poly-
The substrate solution was drawn into a 1-mL gastight syringe and . . S
oxometalates act as only precatalysts, displaying a significant

brought out of the drybox protected from the air by insertion of . . . ; . ot
the syringe needle into a septum-capped vial. The substrate WasIndUCtlon period, ca4 h in thecase of SiWVsO40"", before

injected through the sidearm of the reaction flask, ard0 was the oxygen up_take starts; for examples see Figures 1 and 2.
set (HO, was injected immediately after the addition of the H€NCe, in 12 independent experiments, we added each of
substrate in one separate run). Pressure readings from the transducd&h€ following key products or other additives at the beginning
were used to follow the reaction. The reaction was stopped when Of the reaction to determine which additive(s) can turn on
no oxygen loss was observed for 10-15 min. The results are the reaction and eliminate the long induction period:Ok}
described in the Results and Discussion section (Plausible Stoichi-3,5-DBQuinone (both of these are DTBC autoxidation
ometries for the Conversion of SBVs0,"~ to the Active Catalyst, products); a mixed solution of @, and 3,5-DBQuinone;
[VV(0)(DBSQ)(DTBC)}, Plus Initial Experimental Tests of Those  H,O; the carboxylic acid produck; the strong acid HBE

Oxygen-Uptake Experiments with Selected Additives:
Which Reaction Products Shorten the Observed Induc-
tion Period? Our previous kinetic studiésand our more

Stoichiometries). a free radical initiator (AIBN); or the semiquinone, NaDBSQ.
Confirmed Formation of [VO(DBSQ)(DTBC)], from The results from these 12 experiments are summarized in

[V(DTBC) 3]~ under Catalytic Conditions by EPR. The predicted Table 1.

conversion of [V(DTBCj]~ to [VO(DBSQ)(DTBC)}, under cata- The most informative results came when examining 30%

lytic conditions was also tested in experiments in toluene that are H,0; in H,O. The amount of kD, added all at once (18%
detailed elsewhefand in the Results and Discussion which follow. relative to DTBC) corresponds to the maximum amount
Kinetic Curve-Fitting: Using Origin. OriginLab’s nonlinear produced in the reactiony18% (i.e., 1 equiv of KO, was
least-squares curve-fitting program, Origin, and the analytic equation produced for each equiv of the 18% benzoquinone yield).
shown below, corresponding to the reaction steps 8 and A+ The addition of this level of kD, reduced the induction
!3—» 2B, _were used to fit the kinetic data in Figure 1, as was done periods of two different polyoxometalate precatalysts by a
in our prior work? factor of 7-14, representing a complete removal of the
induction period when the effects of the® added with

% +[Al, the HO; are taken into account, vide infra,®; also reduced

[Al, = 2 the induction period of the precatalyst [VO(DTB{) by a
14+ 2L explo+o[A] )t factor of 4. A control experiment of adding the same amount

k[A] o of water as was present in the 70%®130% HO, solution

8524 Inorganic Chemistry, Vol. 44, No. 23, 2005
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©O 3xrecrys DTBC
(standard)
O 1xrecrys DTBC

20 c

Oxygen Pressure (Torr)

3 4 5
Time (h)

Figure 2. Kinetic O,-uptake experiments for DTBC plus precatalyst (
BusN)7SiWgV 3040 and Q with (a, circles) three-times-recrystallized DTBC;
(b, squares) once-recrystallized DTBC; and (c, triangles) crude DTBC. The
conditions were as follows: 1.8 mmol of 3,5-DTBC, 5.6-G«ihol of
precatalyst, 8.2-8.4 mL of 1,2:84Cl,, 40 °C, and 0.8 atm @ note that

they axis has been “zeroed” to show the net pressure change, as described

in the caption of Figure 1.

Table 1. Effects of Products or Other Additives on the Induction
Period of DTBC Oxygenation Beginning with Three Different
Vanadium-Containing Precatalysts

induction period

additive(s) (h) Ano,/nptec® Figure
With Precatalyst (n-BuaN)7SiWgV 3040 (5.3—5.7 umol)
noné 35 0.75 2a
H20, (0.33 mmol) 0.30.5 0.71 3
H>0 (1.3 mmol) 438 0.79 3
H20, (0.31 mmol) and 0.3 0.70 S1
3,5-DBQuinone (0.32 mmol)
3,5-DBQuinone (0.32 mmol) 25 0.77 4
product5 (RCOOH, 0.090 mmol) 3.8 0.76 4
HBF4 (7.2umol) 1.0 0.79 4
AIBN (0.018 and 0.054 mmol) 3:83.9 0.73 S2
NaDBSQ (0.33 mmof) ~0 0.53 S3
HoO-saturated 1,2-4E.4Cl, 4.6 0.76 S4
o-dichlorobenzene 3.3 0.75 S5
With Precatalyst (n-BugN)gPaW 15V 306, (5.7 umol)
none 11.0 0.65 3
H20, (0.31 mmol) 1.0 0.69 3
H20 (1.3 mmol) 14.6 0.66 3

With Precatalyst [EtsNH][VO(DTBC) 2]-nCH30H (4.4—4.7 umol)
2.0 . 3

none 0.73
H.0; (0.33 mmol) 0.5 0.74 3
H.0 (1.3 mmol) 2.5 0.70 3

aThis ratio includes the autoxidation product, 3,5telit-butylbenzo-
quinone (i.e., the dioxygenasmly stoichiometry calculated elsewehkre
does not include this product) Standard reaction conditions are as follows:
8 mL of 1,2-GH4ClI; solvent, 400 mg of three-times-recrystallized DTBC,
40°C, and 0.8 atm @ © Two runs were carried out using once-recystallized
DTBC. 4 The stoichiometry and the final product, 1806% 3,5-DBQuinone
(<0.5% vyield of product®-5), show that this is an autoxidation reaction
(i.e., not an autoxidation-initiated catechol oxygenation reaction).

has theopposite effectlengthening the induction peridd,
as shown in Figure 3. Hence, it follows that the 18%0k1
effectively eliminates the induction period when the masking
effect of the added D is removed. The added,8, (plus

(14) Weiner’s preliminary results indicating that addegDHlecreased the
induction period did not prove repeatable and are updated by the
repeatable results reported herein showing th& i fact increases
the induction period. Two other findings different from the initial
experimental results provided earliaare that the pressure drop in
the early part of Figure 5A of ref 1 is an artifact (of no consequence
then or now) and that higher TTOs than previously obtained in Figure
6 (line c) of ref 1 using VO(acag)have now been achieved, as
described elsewhefe.
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Figure 3. Kinetic O,-uptake experiments for DTBC plus precatalyst alone,
precatalyst with 30% bD, (0.33 mmol), or only HO (1.3 mmol) as a
control: (A) precatalystr-BusN);SiWsV 3040, (B) precatalyst if-BuaN)g-
P,W15V30gy; or (C) precatalyst [ENH][VO(DTBC),]-nCH3zOH. The other
conditions were as follows: 1.8 mmol of 3,5-DTBC, 4.4-5ufhol of
precatalyst, ca. 8 mL of 1,2-68,4Cl,, 40°C, and 0.8 atm @ note that the

y axis has been “zeroed” to show the net pressure change.

H,0) did not change the catalyst performance, as is shown
by the number of moles of oxygen consumed; importantly,
the product yields are the samegcept that of benzoquinone
increases~10% (from ~18% to ~27% with the added
H,0,). Adding H,O, and the benzoquinoné, together has
no increased effect over adding the®d alone (Table 1).
Other products or additives have smaller or no effects on
the induction period: the autoxidation product 3,5-DBQuino-
ne, 6, alone shortens the induction period slightly from 3.5
to 2.5 h, so that the 0.25 h induction period seen for crude
DTBC (Figure 2c, vide supra) cannot be accounted for solely
by the ~4% 3,5-DBQuinone impurity in unrecrystallized
DTBC. Noteworthy here is that it is known from the
literature® as well as from our earlier work, that the
benzoquinone generally iotan intermediate (i.e., does not
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Figure 4. Kinetic O,-uptake experiments for DTBC plus precatalyst (
BusN)7SiWgV 3040 with the addition of product (0.090 mmol), 3,5-

DBQuinone (0.32 mmol), or HBH7.2 umol). The other conditions were
as follows: 1.8 mmol of 3,5-DTBC, 4:45.7 umol of precatalyst, ca. 8
mL of 1,2-GH4Cl,, 40 °C, and 0.8 atm @ note that they axis has been
“zeroed” to show the net pressure change.

Yin et al.

The key finding is that KD, does effectivly remove the
induction periods of three different vanadium-containing
catechol oxygenation precatalysts (Figure 3A-C). These
kinetic results, the fact that 4, is an 18% product along
with the benzoquinone§, and the fact that an A~ B
followed by A + B — 2B kinetic scheme fits the parent
kinetic curves (e.g., Figure 1), all require that a reaction
product, B, is formed, which then turns on the catalyst
formation. The data strongly implicate #, as that key
reaction product, B.

We also know from our recent work that Pierpont’s
complex, [VO(DBSQ)(DTBC)]? is detectable in solution
from a range of different V-containing precatalysts and
appears to be the catalyst resting state. It both is precedented
and makes chemical sense thaiOnl is the autoxidation
product that initiates the dioxygenase chemistry by forming

lead to the observed dioxygenase products). In the presentVO(DBSQ)(DTBC)}, since G*” is a powerful o- and

V-based system, the almost linear GLC curve for the 3,5-
DBQuinone product vs time graph in Figure 1 of ref 1
confirms that it is a stable product and does not go on to
yield dioxygenase products.

Products (3,5-ditert-butyl-5-(carboxymethyl)-2-furanone,
i.e., an RCOOH) has almost no effect on the induction period
(see Table 1). The strong acid HBFloes reduce the
induction period somewhat, but a significant, 1-h induction
period is still present, as shown in Figure 4 and Table 1.

The radical initiator AIBN has no effect on the oxygen-

uptake kinetics under the reaction conditions, which argues

against initiation of the dioxygenase reaction by adventitious

free radicals. We also did control experiments to ensure that

the solvent 1,2-¢H,Cl, (C—H BDE of ca. 101 kcal mot*
(ref 17)) is not involved in the DTBC oxidation chemistry
by showing that the same kinetics and @ptake within

s-donor, one well-established to tightly bind and leach V
and other transition metals out of even polyoxometalate
structures® 2% Precedent for this statement includes literature
showing that \{(O.¢% plus HO, giveg® V(0)O," and that
the peroxy complexes of vanadium V(OYO, V(0)(0,),™,
V(0)(0O,)4~, and V(Q)z~ are all knowr?! Overall, the results
provide excellent evidence for a previously little knowsChl
autoxidation-product-initiated dioxygenase catalysis.
Attempted Detection of H,O, During Oxygen-Uptake
Experiments. The finding that HO; is highly effective at
turning on the catalysis raises the question of whether free
H,0, might be detectable at any time during the reaction.
Alternatively, is HO, consumed as rapidly as it is formed?
Details of the experiments performed and several important
controls are provided in the Experimental Section. Not
surprisingly, HO, could not be detected at any stage of

experimental error are obtained in a more oxidation-resistant &t€chol oxygenation: not during the induction perioek(

solvent, o-dichlorobenzene (€H BDE of ca. 111 kcal/
mol'), as shown in Table 1 and Figure S5.

Autoxidation of 3,5-DTBC is initiated by the addition of
Na'DBSQ™, but the resultant sole product is the benzo-
quinone, with<0.5% of product2—5 being detected (Table
1), results which are confirmed by our recent study og-Na
(DTBC) (which found benzoquinoné, as the sole product
(30%), with <1% of products2—5°%).18 This result is
consistent with our mechanistic finding (vide infra) of
vanadium-bound semiquinone, but not free DBS®eing
a component of the DTBC dioxygenase catalyst.

(15) (a) Funabiki, T.; Mizoguchi, A.; Sugimoto, T.; Yoshida, Shem.
Lett. 1983 917-920. (b) Nishida, Y.; Shimo, H.; Kida, S. Chem.
Soc., Chem. Commub984 1611-1612. (c) Funabiki, T.; Mizoguchi,
A.; Sugimoto, T.; Tada, S.; Mitsuji, T.; Sakamoto, H.; Yoshida)S.
Am. Chem. Socd986 108 2921-2932. (d) An exceptional case is
RuCh(PPh)s-catalyzed DTBC oxygenation in which benzoquinone
disappears in the early stages according to GLC analysis: Matsumoto,
M.; Kuroda, K.J. Am. Chem. S0d.982 104, 1433-1434.

(16) Weiner, H.; Hayashi, Y.; Finke, R. Grorg. Chim. Actal999 291,
426-437.

(17) (a) Lide, D. R.CRC Handbook of Chemistry and Physi85th ed.;
CRC Press: Boca Raton, FL, 2062005. (b) McMillen, D. F.;
Golden, D. M.Annu. Re. Phys. Chem1982 33, 493-532.

(18) The products do show a solvent dependencei(NeBC) plus Q in
diethyl ether yields 2660%5. Speier, G.; TyeKla Z. J. Mol. Catal.
199Q 57, L17—-L19.

8526 Inorganic Chemistry, Vol. 44, No. 23, 2005

2 h), not in the middle of the oxygen-uptake reaction (5 h),
and not after the reaction (8 h), even given our sensitive
detection limit of HO, (0.4 mol % relative to the DTBC
substrate). To confirm that the;8, generated in the reaction
(Scheme 1, vide supra) is fairly rapidly consumed, four
independent experiments were performed in which authentic,
exogenous kD, (18-26% vs 3,5-DTBC, i.e., ca. 1-1.5 times
what is generated in the reaction) was added: (i) to pure
solvent (1,2-GH4Cly); (ii) to a substrate solution (3,5-DTBC

in 1,2-GH,4CI); (iii) to a precatalyst solution (¢BusN)--

(19) See the use of 4@, to solubilize NBO;&#~ into monomeric Nb-peroxy
species useful in subsequent syntheses: Finke, R. G.; Droege, M. W.
J. Am. Chem. S0d.984 106, 7274 and ref 11 therein.

(20) Connor, J. A.; Ebsworth, E. A. V. Peroxy Compounds of the Transition
Metals.Adv. Inorg. Chem. Radiochem964 6, 279-381.

(21) Butler, A.; Clague, M. J.; Meister, G. Ehem. Re. 1994 94, 625.

(22) Evidence for polyoxometalate degradation isOpl (a) Aubry, C.;
Chottard, G.; Platzer, N.; Bgeault, J.-M.; Thouvenot, R.; Chauveau,
F.; Huet, C.; Ledon, Hinorg. Chem.1991, 30, 4409. (b) Bfgeault,
J.-M.; Aubry, C.; Chottard, G.; Platzer, N.; Chauveau, F.; Huet, C.;
Ledon, H. In Dioxygen Actyation and Homogeneous Catalytic
Oxidationy Simandi, L. I., Ed.; Elsevier Publishers: Amsterdam, 1991;
pp 521-529.

(23) Lead references to Venturello’s epoxidation catal{/BtO,[W(O)-
(02)2]4} 3, utilizing H,O, and which can be formed in situ from
phosphotungstates: (a) Venturello, C.; Alneri, E.; Ricci, MOrg.
Chem.1983 48, 3831. (b) Venturello, C.; D'Aloisio, R.; Bart, J. C.
J.; Ricci, M.J. Mol. Catal.1985 32, 107.
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Figure 5. Percentages of exogenous®4 (0.3—0.5 mmol) remaining:
in the 1,2-GH4Cl, (8 mL) solvent alone; in a DTBC substrate solution
(1.8 mmol of DTBC in 8 mL of 1,2-gH4Cly); in a (n-BusN)7SiWgV 3040
precatalyst solution (5.6mol of precatalyst in 8 mL of 1,2-14,Cl,); and

in a mixed substrate plusHBusN);SiWsV 3040 precatalyst solution (1.8
mmol of DTBC and 5.umol of precatalyst in 8 mL of 1,24E4Cly).

SiWgV3040 in 1,2-GH,Cly); or (iv) to a mixed solution of
substrate and precatalyst. Figure 5 presents the results of th
iodometric titration of the remaining, detectablgdin these
four experiments. As Figure 5 reveals;®3 added to the
reaction mixture is consumed fairly rapidly when just the
(n-BusN)7SiWgV 3040 precatalyst is present, and even more
rapidly when DTBC and the V-polyoxoanion precatalyst are
both presentafter 90 min, only 2% of the added.8;
remains in this latter case.

The implied conclusion from the reaction stoichiometry,
which requires that 18% 40, is formed (concomitant with
the 18% benzoquinone produdd); from the fact that,
however, HO, is not detectable during the reactianQ.4%)
(vide supra); and from the above kinetic experiments in
which added, authentic 4@, is consumed fairly quickly is
that HO; is the key product and thienetically competent
intermediate B, that turns on the catalyst formation process
to yield the same main productBurthermore, confirming
evidence that KD, is the key reagent, B, is provided by the
fact that HO; stablé* PVW;;04¢°" is the only V-containing
polyoxoanion among many tested which failed to yield a

dioxygenase catalyst. The novel part here is, again, that the

usually undesirable, but often facile, autoxidation is what
initiates the desired catechol dioxygenase reaction, an
example of theindesired autoxidation product initiating the
desired dioxygenase catalysis!

Pseudoelementary Step Treatment of the Autocatalytic
Kinetics and Active Catalyst Formation Steps.The reader
may well be wondering exactly how one measures the
kinetics of —d[O;]/dt, as we have done, yet uses this
information to learn about the conversion of the polyoxo-

(24) (a) Nomiya, K.; Yanagibayashi, H.; Nozaki, C.; Kondoh, K.; Hirmatsu,
E.; Simizu, Y.J. Mol. Catal. A: Chem1996 114, 181-190. (b)
Nomiya, K.; Yagishita, K.; Nemoto, Y.; Kamataki, 7. Mol. Catal.

A: Chem.1997, 126, 43—53. (c) Note that the findings of the present
work support, in a general way, Venturell@ss well as Nomiya'2
findings that oxygenations with 4@, and V-based polyoxoanions
involve V-fragments of the polyoxoanions as the true catalysts, rather
than intact polyoxoanion catalysis.

metalate precatalyst to the catalyst. The answer is a connec-
tion that can be made through the employment of a concept
very useful for studying more complicated reactions, the
pseudoelementary stencept?® As discussed in greater
detail elsewhere, the pseudoelementary concept was first used
by Noyes as a kinetic tool for understanding oscillatory
reactions. We have further developed this concept in our
mechanistic work on &300-step self-assembly reaction,
which forms Ir(0).300 N@noclusters, that, as it turns out, also
displays an A— B and then A+ B — 2B sequence of
pseudoelementary reactions in, of course, a quite different
way3

As shown below, the pseudoelementary step con-
cept applied to the present case allows us to use the over-
all reaction and precatalyst-to-catalyst conversion stoichi-
ometry to connect the readily measurabie[O,]/dt to
the desired, but more difficult to obtain directly, values
—d[precatalyst]/dand-+d[catalyst]/d. The pseudoelementary
step treatment of the kinetics for the present catechol
dioxygenase is summarized in the equations below in which
A is the precatalyst (e.g./{BusN);SiWgV3040) and B is

é—|202; note that a key point is that reactions 1 and 2 also

must form the catalyst (i.e., or catalyst resting state),
Pierpont’s dimer, [VO(DBSQ)(DTBC)] The third step, (3)
below, is a fast “reporter” reaction which catalytically
amplifies how much catalyst has been made at a given
moment: the more catalyst, the faster theuptake reaction,
with, again, its overall sigmoidal shape due in large part to
the A + B — 2B autocatalytic step. The sum reaction is a
pseudoelementary reaction in that it is composed of other
elementary (or even pseudoelementary) steps. Note also that
DTBC and Q are involved in eqs 1 and 2 but have been
deliberately omitted to simplify eqs 1-3 to their most essential
features. In practice, if the DTBC and,@re in excess and

if they remain relatively constant over the time course of
the curve fitting (e.g., if one fits only the first half of the
kinetics), then these [DTBC] and ppDconcentrations can

be treated as rough constants for the purposes of the
semiquantitative work hereitesigned to determine the basic
reactionsrather than to measure accurate rate constants.

A > B
ASiW,V,0, — H,0, + 1/2[VO(DBSQ)DTBC)],]
A
A+B — 2B
(1-x)[SiW,V,0,, + H,0, —» 2H,0, + 1/2[VO(DBSQ)(DTBC),] (2)
A 2B
0O, — uptake Reporter Reaction

M

- B

+ B —

~300[DTBC + O, —&t_5 Dioxygenase Products]

Sum : SiW,V,0; + ~ 300 DTBC + ~ 3000, — H,0,
+ 1/2[VO(DBSQ)(DTBC)], + ~ 300 [Dioxygenase Products]

A3

The pseudoelementary step (“Sum” step after eq 3) allows
the following desired differentials to be written in the usual

(25) Original work using the pseudoelementary step concept: (a) Field,
R. J.; Noyes, R. MAcc. Chem. Red.977, 10, 214-221. (b) Noyes,
R. M.; Field, R. JAcc. Chem. Red.977, 10, 273—-280. (c) Noyes, R.
M.; Furrow, S. D.J. Am. Chem. S0d.982 104, 45-48.
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Scher%e 2. Plagsible, I\iliqre (IjDetaiIed R_eactifons fop®h In one experiment, SiW 304"~ was treated with 4 equiv
C:tnoei(clliljirtrla(—)gopl}r/gxgrcrtle’\tﬂaelatlgtfo iggrnp:/;rﬁlsogi%xsgenase Catalyst, of DTBC and 1 e_qu'V of HO,. The measured £uptake
[VV(0O)(DBSQ)(DTBC)} was 29+ 3% relative to DTBC, and GC showed 366%
A—>B )] conversion of DTBC to DBQuinone as the primary product.
DTBC + O, — H,0, + DBQuinone (1a) Significantly, <3% of the dioxygenase produc®s5 were
SiW,V,0; + H,0, — V(0)O; + SiW,V,0iy" + 2H" (1b) formed,indicating that the conditions of thgtoichiometry
V(0)0; + 2DTBC + 0250, — (10) experiments are producing different chemistry than the
1/2[VOMDBSQ)(DTBC)], + H,0, + H" + 0.5H,0 catalytic conditions. The observed,/OBQuinone ratio is
Sum 0.52(0.08)/1 vs a predicted ratio of 1.25/1 from Scheme
SiW,V,0%; + 3DTBC + 1.250, — H,0, + 1/2[VO(DBSQ)(DTBC)], 1. In a second experiment employing 6 equiv of DTBC, the
A - B O,-uptake was 3A 2% relative to DTBC for a ratio of
+0.5H,0 +3H' + SiW,V,0% + DBQuinone (1') O,/DBQuinone of 0.63£0.05)/1 (vs the predicted 1/1 ratio)
A+B 2B (3] and GC revealed a 5% 4% conversion of DTBC to
SiW,V,05 + H,0, + 1.250, + 3DTBC — 2H,0, + SiW,V,0%,’ DBQuinone with a small percentage2%) of dioxygenase
A + B - 2B products2-5 being formed.
+ 1/2[VO(DBSQ)(DTBC)], + 3H* + 0.5H,0 + DBQuinone (2') The product solutions from the two experiments above
were examined by negative ion ESI-MS to determine which
fashion: —d[0O,)/300-dt = —d[A = precatalyst]/t = V species were present. Two major peaks assignable, as

+d{[VO(DBSQ)(DTBC)}L}/0.5dt, where the value of 300  beforebto [VO(DTBC),]~ and [V(DTBC)]~ were observed
results from our (initial, picked for convenience) stoichiom- (Figure S6). Interestingly, Pierpont’s catalyst resting state,
etry of 1.8 mmol of DTBC (eq 3 above) vs caudnol of [VO(DBSQ)(DTBC)L, was not detectable in the product
precatalyst, A. Hence, we can follow the kinetics of the solution by either ESI-MS or EPR, despite our previous ready
dioxygenation of DTBC but learn about the desired formation detection of this catalyst resting state by both of these
of the catalyst—d[A = precatalyst)/t= +d[B = H,0,]/dt methods’ This is a key finding: we have already shown in
= +d[catalyst]/0.5dt, as long aseq 3 is faster than (1) and  our earlier work that [V(DTBGJ "~ yields diagnostic dioxy-
(2). The earlier steps, (1) and (2), are co-rate-determining in genase produc®-5 with short induction periods~10 min)

this treatment. when treated with excess DTBC under catalytic conditions
Plausible Stoichiometries for the Conversion of (see Figure 4 of ref 6). It appears, then, that the catalytic
SiWeV3040~ to the Active Catalyst, [VY(O)(DBSQ)- conditions involving a large excess of DTBC to vanadium

(i.e., which are not the conditions for the stoichiometry
studies employed above) are required for the formation of
[VO(DBSQ)(DTBC)L. It is actually reassuring that Pier-
pont’s catalyst resting state it seen under conditions
where the dioxygenase produ@sb5, that are the hallmark

of its presencé are alsonot seen. Moreover, the difference
in the observed value of ca. 0.6/1 vs the predicted value of
1.25/1 for the @DBQuinone stoichiometry makes it clear
that a competing, parallel reaction of DTBE H,O, —
DBQuinone+ 2H,0 is occurring under the conditions of
the stoichiometry experiment. If one corrects for this by

h hesized : h d fd q subtracting out the amount of DBQuinone formed from the
ypothesized reactions (e.g., the precedent of decavana aBrRC consumed, then one finds that ca. 2 equiv of DTBC

plus hydrogen peroxid€:*'V 100" + H20, — V(0)02"). reacts with 1 equiv of Si\W 3040~ and 1 equiv of HO, to

We performed an initial test of the predicted stoichiometry produce detectable amounts of V(DTBCand VO(DTBC) .
in eq 1 above via two experiments in which SiWsOuo’™ Overall, the more detailed reactions hypothesized in
was treated with 4-6 equiv of DTBC and the; Optake ~ Scheme 2 and these initial tests (i) provide independent
stoichiometry and reaction products were determined. Key evidence that bD,-assisted V-leaching from polyoxoanions
differences in the experimental conditions of #teichiom- to form species such as V(DTBE)and VO(DTBC)™ can
etry experiments vs theatalytic experiments examined so  and does occur (as detected by ESI-MS and their respective
far, which will prove important (vide infra), are (1) a different vz values of 711 and 507) and (i) detect VO(DTBChy
stoichiometric ratio of the precatalyst to DTBC had to be ESI-MS, implying that it is at least a possible intermediate
used in the stoichiometry experiments (ca. 0.05 mmol of en route to [VO(DBSQ)(DTBC)|but (iii) show thateither
SiWgV3040"~ vs 0.2-0.3 mmol of DTBC) in order to produce the formation of diagnostic dioxygenase produtss nor
sufficient material for analysis (a ratio of ca. 0.006 mmol of the previously demonstratédonversion of V(DTBCy™ into
precatalyst vs 1.8 mmol of DTBC in the catalytic runs) and the active catalyst capable of formir&-5 occursunder
(2) DTBC was added to the precatalyst in the stoichiometry noncatalytic conditions
experiments (whereas the reverse order of addition was Confirmed Formation of [VO(DBSQ)(DTBC)], from
employed in the catalytic runs). V(DTBC)3~ under Catalytic Conditions Using EPR.The

(DTBC)],, Plus Initial Experimental Tests of Those
Stoichiometries. It is possible to write more specific
stoichiometries for the conversion of A, SiM5O4"~ (the
prototype polyoxometalate studied herein), to the catalyst,
[VV(O)(DBSQ)(DTBC)}, via the involvement of the auto-
catalytic product, B, KO, generated by the autoxidation of
3,5-DTBC to the benzoquinoné, Those stoichiometries,

in turn, provide predicted reactions that can be subjected to
experimental verification or refutation. In what follows in
Scheme 2, we use the precedent of V(@)@aching from
polyoxometalates by ¥#D, as a key part of our scheme of
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experimental procedures are detailed in a previous gaper.
The reaction conditions are as follows: 1.8 mmol of DTBC
and 0.00zmol of [Na(CHOH),],[VY(DTBC)3]»:4CHOH
were allowed to react with £at 40°C in 8 mL of toluene.

some detail in that case: this substitutionally inert complex
gets oxidized by the @&sCH(OOH)CH; hydroperoxide
autoxidation product, and the resultant complex is more
readily turned into the true Ru(@hanocluster ethylbenzene

The reaction solution was sampled for EPR experiments. Thereduction catalyd? under H—an example of autoxidation-

postreaction solution gives the 9-line EPR spectrigm=(
2.006, As;v = 3.08 G) that is the signature of Pierpont’s
catalyst resting state, [VO(DBSQ)(DTBGY| The organic
products established by GC (and in toluene) are as follows:
2,in 254+ 1% yield; 3, in 54 1% yield;4, in 8 - 1% yield;
and 6, in 20 + 1% vyield. These yields in toluene are
somewhat different from the product yields in our standard
solvent (1,2-GH,4CI), as shown in Scheme 1. Nevertheless,
the EPR results confirm the finding that the specific condition
of an excess of DTBC to vanadium is key to the formation
of [VO(DBSQ)(DTBC)L.

A Return to the Question of the Broader Generality
of Autoxidation-Initiated Dioxygenases or Other Reac-
tions. An important question is are there other examples of
autoxidation-product-initiated chemistry? Is this a more

product-enhancetkeductioncatalysis.

There are surely other examples of autoxidation-product-
enhanced catalysis as well, although they are either buried
in the literature and, hence, hard to find, simply unrecog-
nized, or, in some cases, are related but conceptually distinct
chemistry%® Cyclopentadienyl ligand removal undeg &nd
activation of hydrogenation catalysts most likely qualifies
as one exampl&; another is probably the better-known
phosphine oxidation to ©PR; in the presence of trace,O
a process which opens a site of coordinative unsaturation,
thereby turning on catalys#.However, unless an ROOH
autoxidation product is the actual oxidant for thesPRis
latter case would not fall under the definition provided.

Of course, there is the present, apparently best-studied
example of an autoxidation-product-initiated reaction, that

general concept? As noted in the Introduction, this concept Of a record catalytic lifetime vanadium catechol dioxygenase

is very likely much more widespread even if rarely detected,
given that autoxidation and the formation of the resultant
ROOH products is the primary way that organic compounds
degrade in air.

One highly relevant case that may be autoxidation-initiated
chemistry is that of the oxidation of saturated hydrocarbons
with 2,6-dichloropyridineN-oxide as the oxygen donor and

initiated autocatalytically via the autoxidation productd

to form, ultimately, Pierpont’s catalyst resting state [VO-
(DBSQ)(DTBC)}. That is, we have discovered an example
of the seemingly improbable situation whevadesired
autoxidation turns on thdesired dioxygenase chemistey
novelautoxidation-initiated dioxygenas8ince the series of
radical-chain reactions known as autoxidation is the common,

[Ru'(TPFPP)(CO)] as the precatalyst (TPFPP is the 5,10,- céntral pathway by which organic compounds such as fats,
15,20-tetrapentafluorophenylporphyrinato ligand). This sys- Plastics, gasoline, lubricating oils, rubbers, etc. degrade to
tem shows induction periods similar to those seen here, andhydroperoxides with ROOH as the primary initial products

evidence exists that a Ru(V)-oxo species or a Ru(IV)-oxo
porphyrin radical cation is the reactive spedem addition,

the CHCI, solvent and @ have been described as
“noninnocent?® and would seem to be prime candidates for

at least a plausible autoxidation-product-induced reaction and

catalyst formation step.

We found at least one clear example of autoxidation-
product-enhancecdeductioncatalysis as well; notably, the
ethylbenzene autoxidation producHgCH(OOH)CH; en-

(or H,0, and benzogquinones, in the case of catechdli),
seems highly likely that autoxidation-product-initiated reac-
tions are much more common than heretofore appreciated.

Summary and Conclusions

The main findings from this study can be summarized as
follows:

(i) An example of the seemingly unlikely case of the
undesired reaction of autoxidation producing a product that

hances the rate of ethylbenzene reduction by the triruthenium(28) Siss-Fink, G., Therrien, B., Vieille-Petit, L., Tschan, M., Romakh,

cluster cation precatalyd® [Rus(uz-H)s(178-CsHe)(175-Ce-
Meg)2(us-O)]*. The catalysis-triggering process is known in

(26) (a) Groves, J. T.; Bonchio, M.; Carofiglio, T.; Shalyaev, K.Am.
Chem. Soc1996 118 8961-8962. (b) Grover, J. T. Mechanisms of
Metalloporphyrin-Catalyzed Oxidations. Presented at the ADHOC
2002 Conference, Activation of Dioxygen and Homogeneous Catalytic
Oxidation, Emory University, Atlanta, GA, June-Z, 2002. (c)
Professor Grove’s aerobic olefin epoxidation dioxygenase: Groves,
J. T.; Quinn, RJ. Am. Chem. S0985 107, 5790-5792. This classic

system has not been commercialized due, it is our understanding, to

its low catalytic turnover frequencies (ca. 1 turnover/h), irreversible
inactivation to Ru(lll), product inhibition, and eventual oxidative
inactivation of the porphyrin-based catalyst system. It is a remarkable
system nevertheless. (d) A pertinent review is the following: Groves,
J. T. Models and Mechanisms of CyctochromegsgP Structure,
Mechanism and Biochemistr@grd ed.; Ortiz de Montellano, P. R.,
Ed.; Kluwer Academics/Plenum Publishers: New York, 2004; pp
1-44.

Schissler, D. O.; Stevenson, D. P.Chem. Phys1954 22, 151—
152. The easily autoxidized benzylic—®& bond has a bond-
dissociation energy of 7% 3 kcal molL.

@7

V. B., Ward, T. R., Ed. InAbstracts of Papers, 226th ACS National
Meeting, New YorkAmerican Chemical Society: Washington, DC,
2003; p INOR-369.

(29) Hagen, C. M.; Vieille-Petit, L.; Laurenczy, G.; &u4Fink, G.; Finke,

R. G. Organometallic2005 24 (B), 1819-1831.

(30) For example, RH autoxidation to ROOH and, then, decomposition of
that metal-catalyzed ROOH to products such as the ketone and water
are well-known processes but distinct chemistry from that herein where
H»O, is formed and then is crucial in helping to create a new
(dioxygenase) catalysBSee: Chen, J. D.; Sheldon, R. A. Catal.
1995 153 1-8.

(31) Hamlin, J. E.; Hirai, K.; Gibson, V. C.; Maitlis, P. M. Mol. Catal.
1982 15, 337-347.

(32) (a) van Bekkum, E.; van Rantwijk, F.; van de PutteT@&trahedron

Lett. 1969 1. (b) Augustine, R. L.; van Peppen, J.J.Chem. Soc.,

Chem. Commun197Q 571. (c) Strohmeier, W.; Hitzel, EJ.

Organomet. Cheml975 91, 373. (d) Strohmeier, W.; Hitzel, B.

Organomet. Chenil975 102 C37. (e) Strohmeier, W.; Lukacs, M.

J. Organomet. Cheni977, 129, 331. (f) Strohmeier, W.; Lukacs, M.

J. Organomet. Chenl977 133 C49. (g) Strohmeier, W.; Weigelt,

L. J. Organomet. Chenl977 133 C43.

Weiner, H.; Trovarelli, A.; Finke, R. G. Mol. Catal. A: Chem2001,

191, 217-252 and references therein to the extensive prior literature

of autoxidation.

(33)
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initiates the desired dioxygenase reaction has been discov-active monomer, VO(DBSQ)(DTBC), prior to reaction with
ered. Autoxidation of the DTBC substrate to the correspond- O, in a rate-determining step.

ing benzoquinone, with coproduction ob®, was shown These results, along with our other work, go far in
to be key to the catalyst evolution process, with th@®H simplifying and unifying the previously disparate literature
being a key to the V-leaching, autocatalytic catalyst produc- about V-based DTBC dioxygenase catalysts. It is hoped that
tion and the resultant, observed sigmoidal kinetic curves. Of these and our additional kinetic and mechanistic studies will
interest here is that this result is very non-biomimetigdyi ~ help expedite progress in the area of highly active, long-
inhibits at least some dioxygenase enzyrifes. lived, man-made dioxygenase catalysts.

(ii) Our studies confirm the conclusion in our earlier p&per Acknowledgment. We thank Professor Steven H. Strauss
that attempts to support and prepare nonleachable V-basedor letting us use his high precision gas pressure transducer
dioxygenase catalysts will require new strategies, especiallyand vacuum line. Professor Cortland G. Pierpont is also
if H,O, and powerfulo- and z-donor ligands, such as thanked for his multiple, valuable comments and insights
[DTBC]%, will be present or can be formed. into V-based catechol chemistry as well for reading and

(iii) The novel concept ofutoxidation-product-induced comment|.ng on an earlier version of the manuscript. This
catalysis is hypothesized to be more general but little "€S€arch is supported by NSF Fund 9531110.
recognized. This hypothesis is supported by independent Supporting Information Available: O,-uptake of DTBC and
examples of both oxidative and reductive catalysis extractedthe precatalyst(-BusN);SiWsV 3040 with the addition of HO; and
from the literature and presented herein. 3,5-DBQuinone; @uptake of DTBC and the precatalystBusN)--

. . L . . SiWgV 304 with the addition of AIBN; Q-uptake of DTBC and

(iv) Our prewous_fmdm@ that Pierpont's |mport§nt, the precatalyst(-BusN);SiWgV 3040 with the addition of NaDBSQ;
structurally characterized complex [VO(DBSQ)(DTB&H O,-uptake of DTBC and the precatalyst-BusN);SiWeVsOs0 in
directly connected to the catalytic cycle remains consistent water-saturated 1,246,Cl,; O,-uptake of DTBC and the precata-
with all our findings. In a separate paper, we provide lyst (n-BusN);SiWgV3040 in o-dichlorobenzene; negative ion ESI-
compelling kinetic evidence that this complex is in fact the MS spectrum of the product solution from an experiment probing
catalyst resting state and that it fragments to 2 equiv of its the catalyst evolution stoichiometry; control experiments testing

the effectiveness of transferring®, with a stainless steel needle;
(34) Que, L., JrCoord. Chem. Re 1983 50, 73—108. and stirring rate controtsthe establishment of Omass-transfer
(35) Yin, C.-X.; Finke, R. G. Kinetic and Mechanistic Studies of Vanadium-  limitations. This material is available free of charge via the Internet

Based, Extended Catalytic Lifetime Catechol Dioxygena3esm. at http://pubs.acs.org.
Chem. Sog published online Sept 17, http://dx.doi.org/10.1021/
ja052998+. IC050717T
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