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Olefin epoxidations are a class of reactions appropriate for the investigation of oxygenation processes in general.
Here, we report the catalytic epoxidation of various olefins with a novel, cross-bridged cyclam manganese complex,
Mn(Me,EBC)Cl, (Me,EBC is 4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane), using hydrogen peroxide
as the terminal oxidant, in acetone/water (ratio 4:1) as the solvent medium. Catalytic epoxidation studies with this
system have disclosed reactions that proceed by a nonradical pathway other than the expected oxygen-rebound
mechanism that is characteristic of high-valent, late-transition-metal catalysts. Direct treatment of olefins with freshly
synthesized [Mn"(Me,EBC)(OH),](PFe). (pKa = 6.86) in either neutral or basic solution confirms earlier observations
that neither the oxo—Mn' nor oxo—Mn" species is responsible for olefin epoxidization in this case. Catalytic epoxidation
experiments using the 0 labels in an acetone/water (H,'%0) solvent demonstrate that no 80 from water (H,*%0)
is incorporated into epoxide products even though oxygen exchange was observed between the Mn' species and
H,'80, which leads to the conclusion that oxygen transfer does not proceed by the well-known oxygen-rebound
mechanism. Experiments using labeled dioxygen, 180,, and hydrogen peroxide, H,'®0,, confirm that an oxygen
atom is transferred directly from the H,'80, oxidant to the olefin substrate in the predominant pathway. The hydrogen
peroxide adduct of this high-oxidation-state manganese complex, Mn"(Me,EBC)(0)(OOH)*, was detected by mass
spectra in aqueous solutions prepared from Mn'(Me,EBC)CI, and excess hydrogen peroxide. A Lewis acid pathway,
in which oxygen is transferred to the olefin from that adduct, Mn"(Me,EBC)(O)(OOH)*, is proposed for epoxidation
reactions mediated by this novel, non-heme manganese complex. A minor radical pathway is also apparent in
these systems.

Introduction In this mechanism, the critical oxygen atom is first transferred

Understandina th hani f metal-mediated to the metal ion from the oxidant to form a high-oxidation-
nderstanding the mechanisms ot meta-mediated 0Xygen-q 410 metat-oxo species; the same oxygen atom is subse-

gr{:1 njrfg)?r:gcfr\saslfjng’e?r?t?r:z Z?gcgd?:g Tv:/f)alcjiggg(;it,lotﬂz ISque.ntly trar?sfe_rred to yhe substra_te in alkane oxidaFion or
. . ) olefin epoxidation. This perspective has led chemists to

oxygen-rebound mechanism, which was conce_lved by Gfoves, expect efficient use of oxidant and high yields in the metal

has been accepted as a common mechanism for OXygenc, e iated epoxidation of olefidd.Typically, in oxygen-

transfer processes in cytochrome P-450 and related b'om"transfer processes catalyzed by manganese complexes,
including both heme and non-heme ligands, a pentavalent

metic systems, such as reactions catalyzed by certain
coordination compounds of iron, manganese, and chromium.

(3) Selected examples: (a) Garrison, J. M.; Bruice, TJCAm. Chem.
* To whom correspondence should be addressed. E-mail: busch@ku.edu. Soc 1989 111, 191. (b) Adam, W.; Roschmann, K. J.; Sahéaido

T The University of Kansas. C. R.; Seebach, Ol. Am. Chem. So€002 124, 5068. (c) Finney, N.
* The Procter and Gamble Co. S.; Pospisil, P. J.; Chang, S.; Palucki, M.; Konsler, R. G.; Hansen, K.
(1) Special topic issue: “Bioinorganic Enzymology¥Chem. Re. 1996 B.; Jacobsen, E. NA\ngew Chem., Int. Ed. Engl997, 36, 1720. (d)
96, 2237. Collman, J. P.; Chien, A. S.; Eberspacher, T. A.; Brauman, J. I.
(2) Groves, J. TJ. Chem. Eda. 1985 65 (11), 928. Am. Chem. So200Q 122 11098.
10.1021/ic0522030 CCC: $33.50 © 2006 American Chemical Society Inorganic Chemistry, Vol. 45, No. 8, 2006 3467

Published on Web 03/21/2006



Yin et al.

oxo—manganese moiety (e.g., LM#Oc9 has been radical-chain processes propagated by the combined effects
proposed as the active intermediate for both alkane oxidationof the metal ion, molecular oxygen,,Qand an initiatof?
and olefin epoxidation. In a few cases, Mnroxo species  While the active species are difficult to establish, it has been
have also been implicated in oxygen transfer even thoughsuggested that, when used as the initiator, an added aldehyde
the tetravalent manganese species are known to be lessnay also serve as a co-oxidant. The complexity is associated
reactive than the corresponding Mspecie$. The definitive with the presence of high-valent metadxo or —hydroxo
experiments establishing MO derivatives as active  complexes, acyl radicals, acylperoxy radicals, megalyl
intermediates in olefin epoxidation included the use of peroxide complexes, and the peracid resulting from hydrogen
isotopically labeled oxygen, first to confirm oxygen exchange abstraction by the acylperoxy radi¢alin the case otis-
between the manganesexo species and labeled aqueous stilbene epoxidation, the cis/trans ratio of the product, stilbene
solvent (H®0) and then to identify the Mf+=O group as oxide, was obviously metal ion dependetrans Stilbene
the source of thé®O that was subsequently transferred to oxide was the main product in each case, supporting the
the olefin, forming the epoxideSome MY=0 complexes radical mechanism, but the variations in the cis/trans ratio
have been isolated from solution successfully, although thoseindicated that the roles of various active intermediates differ
particular compounds are normally not capable of converting with the metal ion.
olefins to epoxides§. Reactions catalyzed by compounds of early-transition-
In addition to LMY=0 (where L is a ligand such as a metal ions in their highest oxidation states, such &§ W,
porphyrin or salen) as a common active intermediate for WY, MoV, and Ré&", display a distinctly different behavior.
epoxidation, mechanisms requiring other intermediates haveThe high-valent metal ions are relatively stable toward
been reported under different reaction conditions. In the changes in their oxidation states. Consequently, it has long
absence of effective axial ligands, such as imidazoles, thebeen recognized that their adducts with hydrogen peroxide
porphyrin complexes of iron and manganese catalyze theor alkyl hydroperoxides are the key intermediates in these

homolytic cleavage of the ©0O bond in alkyl hydroperox-
ides to form the alkyoxy radicals and'Fer Mn" species.

epoxidation reactions and that the role of the metal ion is
that of a Lewis acid? Recent studies have indicated that

Because of the relative reactivities of these intermediates, acertain F8' adducts of hydrogen peroxide or an alkyl
radical process dominates, implicating the radical as the hydroperoxide also serve as the reactive species in oxygen-
oxidant rather than the high-valent, transition-metal cehter. transfer processésFurther, recent studies have implicated

It has also been proposed that the alkylperoxy radical, formedthe iodosylbenzene adduct of a manganres@® complex

in subsequent steps, serves as the active epoxidizing agenas a new active intermediate in epoxidation reactféis.

in these systems. In another study, the alkylperoxy radical Previous to the studies reported in this Mn@dABC)Ch

was also proposed as the active intermediate in both catalyst syster there has been no known example of an
hydrogen-abstraction and oxygen-transfer reactions involving epoxidation reaction in which a high-valent manganese
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115 7985.
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Chem. Soc1997, 119, 6269. (c) Limburg, J.; Vrettos, J. S.; Chen, H.;
de Paula, J. C.; Crabtree, R. H.; Brudvig, G. WAm. Chem. Soc
2001 123 423.

(8) (a) Coallins, T. J.; Powell, R. D.; Slebodnick, C.; Uffelman, E.JS.
Am. Chem. Sod 99Q 112 899. (b) Collins, T. J.; Gordon-Wylie, S.
W. J. Am. Chem. Socl989 111, 4511. (c) MacDonnell, F. M;
Fackler, N. L. P.; Stern, C.; O'Halloran, T. \d. Am. Chem. Soc
1994 116, 7431. (d) Mandimutsira, B.; Ramdhanie, B.; Todd, R. C.;
Wang, H.; Zareba, A. A.; Czernuszewicz, R. S.; Goldberg, DJ.P.
Am. Chem. So@002 124, 15170. (e) Wang, H.; Mandimutsira, B.;
Todd, R. C.; Ramdhanie, B.; Fox, J. P.; Goldberg, DI.iAm. Chem.
Soc 2004 126, 18.
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complex, e.g., M, has been shown to catalyze epoxidation
reactions by the Lewis acid mechanism, i.e., via a*Win
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Aebisher, D.; Shen, R.; Chandrasena, R. E. P.; Hollenberg, P. F.; Coon,
M. J. J. Am. Chem. So@003 125 6064.
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Demonstration of Oxygen Transfer by Multiple Mechanisms

hydrogen peroxide intermediate, even though d' Mslikyl- initiated by adding 0.5 mL of 50% #D, stepwise (0.1 mL per half
peroxo complex was isolated in 19980ur preliminary data ~ hour). The reaction mixture was stirredr fb h after the addition
using hydrogen peroxide as the terminal oxidant with this Was complete. Product analysis was performed by-GIS. All
Mn(Me,EBC)CL catalyst revealed that a high-valent man- determinations were repeated to evaluate reproducibility. A parallel
ganese compound catalyzes epoxidation reactions, but nofXPerment with no isotopic labeling was rinasa control.
by the familiar manganese redox mechani8rhiere, we Isotopic Labeling: Epoxidation under *#O,. In a typical
report our continuing study in detail. Compelling evidence reaction, 3 mL of acetone containing 0.014 g (0'09375 mmol) of
- Mn'"'(Me;EBC)ChL and 0.1 g (0.554 mmol) otis-stilbene was
supports the proposal that the manganese/hydrogen peroxid

; ) SooF ; ?hjected into a 50-mL flask under atmosphel¥©,. The reaction
complex plays the key role in this epoxidation reaction. Thus, a5 initiated by injecting 1.5 mL of 2% 4@,. The reaction mixture

it is demonstrated that all three of the chemical capabilities \y4s stirred for 3 h. Product analysis was performed by-®IS.

of high-valent manganese can lead to the epoxidation of Al determinations were repeated to evaluate reproducibility. A
olefins: the redox efficacy of high-valent manganese facili- parallel experiment with no isotopic labeling was run as a control.
tates oxygen atom transfer to olefins accompanied by two- Isotopic Labeling: Epoxidation with H,80,. In a typical
electron reduction of the manganese (the rebound mecha-eaction, 0.00475 g (0.00125 mmol) of MiMe,EBC)Ch and 0.044
nism); in one-electron processes, high-valent manganese cag (0.25 mmol) of cis-stilbene in 0.05 mL of acetone were added to
produce radicals (e.g., alkyoxy and/or alkylperoxy radicals) 1 mL of acetone. The regction was initiated by gdding 0.5 mL of
that produce low yields of epoxides and, now, we show that 2% H'%0, (90% %0 enrichment, used as received; no further
the Lewis acid character of Mhcan facilitate oxygen atom calibration because of the expensive sample). The reaction mixture

transfer from hydrogen peroxide to olefins, forming the was St'rred. for.S h. Product analysis was performed by BIS.
corresponding epoxides All determinations were repeated to evaluate reproducibility. A

parallel experiment with no isotopic labeling was run as a control.

Experimental Section Results and Discussion

Mn"(Me,EBC)ChL (+99.9%) was generously supplied by the

Procter and Gamble Co. [Mi{Me,EBC)CL]PFs; and [MnY(Me,- . | . .
EBC)(OH)|(PFy), were synthesized as reportéd® Reagents nisms.The Mn' complex of a cross-bridged cyclam ligand,

containing 180 were purchased from Isotope Services. Other 4,11-d|methyl—1,4,8,11-tetraazab|cyclo[6.6.2]h_exadecane,
reagents were purchased from Aldrich or Lancaster. Elemental MN"(Me2EBC)Ch, has been explored extensively as a
analysis was performed by Quantitative Technologies Inc. Mass potential catalyst for selective oxidation reactions, and its
spectrometry (MS) spectra were measured by the Analytical Servicenovel behavior in epoxidation reactions constitutes a sig-
of the University of Kansas on a VG ZAB HS spectrometer nificant example of selectivity’?* Various olefins were
equipped with a xenon gun. catalytically epoxidized with Mn(Mg&BC)Cl, as the catalyst,
Quantitative Epoxidation of Norbornylene with [Mn - by incremental addition of 50% 4@, as the terminal oxidant,
(Me2EBC)(OH)](PF¢)2'H20. In a typical reaction, 0.32559 (0.5  gver a period of 3 h, in an acetone/water (ratio 4:1) solution,
mmol) of [Mn"(Me;EBC)(OH)](PFe)oH,O was dissolved in5mL ot yoom temperature. Substantial yields of epoxide were
of an acetone/water (ratio 4:1) solvgnt mi)fture. After 1 'mmoll of obtained in each case (Table 1). Epoxidation of cyclohexene
norbornylene was added, the reaction mixture was stirred in a provided an 18% yield of cyclohexene oxide and a 13.3%
controlled atmosphere wetbox at room temperature for at least 2. . . :
days in the absence of oxygen. Quantitative analysis of productsyleId of cyclohexen-1-one. With styrene, the yield of OXI.de
was 45.5%, and 2.8% of benzaldehyde was also obtained.

was performed using gas chromatography (GC). - ’ "
Catalytic Epoxidation of Olefins. In a typical reaction, a Norbonylene provided a 32% yield of norbornylene oxide.

solution of 50 mM (0.005 mmol) M{Me,EBC)Cl, was prepared Significantly, epoxidation otis-stilbene provided a 17.5%

in 5 mL of acetone/water (ratio 4:1). After 0.2 mL of 2.5 M (0.5 Yield of cis-stilbene oxide, accompanied by a 2% yield of
mmol) norbornylene in acetone was added to the solvent mixture trans-stilbene oxide and a 2.6% yield of benzaldehyde. This
containing the catalyst, 1 mL of 50%,8, was added stepwise  result is very similar to that reported for the iron cyclam/
(0.2 mL per half hour). The reaction mixture was stirred for an
additiona 1 h atroom temperature. The quantitative analysis of (19) (a) Hubin, T. J.; McCormick, J. M.; Collinson, S. R.; Buchalova, M.;
the products was performed using chromatography by the internal Perkins, C. M.; Alcock, N. W.; Kahol, P. K.; Raghunathan, A.; Busch,
standard method, and the identities of the products were confirmed 3555%} ckA'”}'. hcﬂheg‘d”ﬁggﬁ?? éfZAlggng" ,\glb)w'jucbig*s eT'Ht]';J.;
by GC-MS. A parallel experiment without a catalyst was run as Busch, D. H.Inorg. Chim. Acta2003 346, 76. (c) Collinson, S. R.;

a control. Alcock, N. W.; Hubin, T. J.; Busch, D. Hl. Coord. Chem2001, 52

. _—— P : 1 ; (4), 317. (e) Collinson, S. R.; Alcock, N. W.; Raghunathan, A.; Kahol,
Isotopic Labeling: Epoxidation with H;!®0. In a typical P.K.; Busch, D. Hinorg. Chem 200Q 39 (4), 757.

reaction, 0.019 g (0.005 mmol) of M(Me,EBC)Ck and 0.088 g (20) (a) Busch, D. H.; Collinson, S. R.; Hubin, T. J.; Perkins, C. M.;

Product Distributions Suggesting Multiple Mecha-

(0.5 mmol) ofcis-stilbene in 0.2 mL of acetone were added to 2.5 Labeque, R.; Williams, B. K.; Johnston, J. P.; Kitko, D. J.; Burckett-
11 0 i St. Laurent, J. C. T. R.; Hiler, G. D. Bleach Compositions Containing
mL of acetonefwater (4:1%0, 95 atom %). The reaction was Transition Metal Complex Catalysts and Peroxygen Bleaches. U.S.
Patent 4,048,763, 2004. (b) Busch, D. H.; Collinson, S. R.; Hubin, T.
(16) Komatsuzaki, H.; Sakamoto, N.; Satoh, M.; Hikichi, S.; Akita, M.; J.; Labeque, R.; Williams, B. K.; Johnston, J. P.; Kitko, D. J.; St.
Moro-oka, Y.Inorg. Chem 1998 37, 6554. Laurent, J. C. T. R. B.; Perkins, C. M. Bleach Compositions Containing
(17) Hubin, T. J.; McCormick, J. M.; Alcock, N. W.; Busch, D. hhorg. Metal Bleach Catalyst for Detergents. WO 98/39406, 1998. (c) Busch,
Chem 2001, 40, 435. D. H.; Collinson, S. R.; Hubin, T. J. Catalysts and Methods for
(18) Yin, G.; McCormick, J. M.; Buchalova, M.; Danby, A. M.; Rodgers, Catalytic Oxidation. WO 98/39098, Sept 11, 1998.
K.; Smith, K.; Perkins, C.; Kitko, D.; Carter, J.; Scheper, W. M.;  (21) Yin, G.; Danby, A.; Buchalova, M.; Hubin, T. J.; Busch, D. H.,
Busch, D. H.Inorg. Chem 2006 submitted for publication. unpublished results.
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Table 1. Epoxidation of Various Olefins by Mn(M&BC)CL and
H20, in Acetone/Water Media

substrate product yield (%)
cyclohexene cyclohexene oxide 18.0
cyclohexen-1-one 13.3
styrene styrene oxide 45,5
benzaldehyde 2.8
norbornylene norbornylene oxide 32.0
cis-stilbene cis-stilbene oxide 17.5
transstilbene oxide 2.0
benzaldehyde 2.6

aReaction conditions: solvent, acetone/water (4:1); catalyst, 1 mM;
olefin, 0.1 M; 50% HO, (1 mL) added stepwise by 0.2 mL/0.5 h; room
temperature; yield determined by GC with an internal standard.

H,0, system in which the HOOadduct was proposed as
the intermediate for epoxidatidi®

In contrast to the results obtained with hydrogen peroxide
as the terminal oxidant, epoxidation of cyclohexene using
t-BuOOH provided only a minor yield (1.4%) of cyclohexene
oxide and a much greater yield (32.3%) of 2-cyclohexen-
1-one. Correspondingly, epoxidation ofs-stilbene with Figurirl. Replgesentation of the crystal structure of the'X\iMe,EBC)-
t-BUuOOH provided only a 0.8% yield afis-stilbene oxide, (OH)Z"* cation:

withahigher 13.5% yield dfrans-stilbene oxide, apdgs.l% anism for decomposition was suspected (eq 1). Such a
yield of benzaldehyde. These results strongly indicate thatprocess could produce the corresponding’™® species,

multiple mechanisms for olefin epoxidation are operative in \ynich could be effective at epoxidation of olefins.
these hydrogen peroxide and t-BuOOH oxidant systems. The

results obtained with t-BuOOH imply a dominant radical 2Mn" < Mn" + Mn" 1)
process for oxygen transfer, as described in the literdfare. As discussed above, Mroxo®c® moieties have fre-
Failure of [Mn " (Me,EBC)(OH)](PFe). To Epoxidize quently been proposed as active intermediates for epoxida-
Olefins. MnV—oxo species, and to a lesser extent'fn tion, and while we have shown that [M(Me,EBC)(OH)]2*
oxo species, are commonly proposed to be the activedoes not epoxidize olefins such as norbornylene, the pos-
intermediates for oxygen-transfer processes in reactionssibility still exists that a MM—oxo derivative, produced by
mediated by compounds of manganese. Successful synthesigdisproportionation in basic media, might reveal its presence
of [Mn"V(Me;EBC)(OH)](PFs) provided the opportunity to by epoxidation of a substrate. One might argue that the
determine whether that particular mangareseo species presence or absence of Nircould be determined by
can epoxidize olefins directly and provide additional insights experiments designed to foster epoxidation of, e.g., nor-
into the mechanism of catalytic oxidations using hydrogen bornylene, during disproportionation of Mnto a mixture
peroxide. We specifically ask the question, “does this of the trivalent and pentavalent states in basic media. Those
catalytic reaction proceed by the oxygen-rebound mechanismexperiments were conducted by dissolving the'Mimmplex
as described in literature for other manganese systéms?”in base in the presence of norbornylene. In the subsequent
[Mn"(Me,EBC)(OHY](PF). is conveniently synthesized by  analysis of the reactants and products, no epoxide could be
oxidation of Mr'(Me;EBC)CL with hydrogen peroxide in  detected and no conversion of norbornylene was observed.
the presence of NMPF; in an aqueous solution, and the Further, when the Mh Mn", or Mn"V complex is treated
structure has been confirmed by X-ray analysis (Figuf€ 1). with various oxidants, such as,&, and t-BuOOH, in an
Attempts to produce epoxidation reactions between aqueous solution, no evidence could be found for the
[Mn"V(Me,EBC)(OH)](PFs). and various olefins, including  existence of Md—oxo species, and [MAMe,EBC)(OH)]?*
norbornylene, styrene, arws-stilbene, were performed in  has been confirmed to be the dominant species in neutral or
acetone/HO (ratio 4:1) at room temperature. However, no acidic solutions by UV-visible spectroscopy. Also, it should
direct reaction occurs between these substrates, e.g., norbe recalled that the synthesis of the Nitomplex was
bornylene, and either the Mnor Mn'"Y complex in solution, carried out by oxidation of the Mncomplex using KO, in
even upon standing for days. The solution retains the purplean aqueous solutioff.The presence in the main ligandof
color of the MV species, the substrate undergoes no systems that transmit electron density to the VMoxo
conversion, and no epoxide product was detected by GC.moiety, as in the cases of porphyrins and salen ligands, may
Clearly, the Mi complex alone is not capable of epoxida- be necessary to stabilize those Woxo species. In that
tion of olefins even though substantial amounts of the context, it is not surprising that stable Mnaoxo derivatives
compound would be expected to exist as the oxo complex do not exist with these bridged cyclam ligands because their
(pKa1 value of [MnY(Me,EBC)(OH)]?" is 6.86). complexes contain only tertiary nitrogen donors and no
Because the MW complex is unstable in base, slowly m-electron systems except those of the two monodentate oxo
degrading to MH (Me,EBC)*® a disproportionation mech-  or hydroxo ligands.
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Scheme 1 Table 2. Oxygen Source in Epoxide (%60) for Epoxdation of
+ + cis-Stilbene with Mt (Me;,EBC)CkL and Hydrogen Peroxide
O_| H,'80 1/550_| incorporation incorporation
v v S ML 7 of oxygenin  of oxygenin
MntL S cis-epoxide trans-epoxide
“OH H,160 \wOH run  oxygen source (%) (%) note
1»  HyOfair/H,0 1.74+0.3 2.6+1 180 in epoxide
(blank)
ms 342 ms 346 ®  HOJairH%0 1.7+ 0.4 38+ 0.4  280in epoxide
o ) . . . 3P Hy0/*80,/H,0 3.6+05 16+ 3 180 in epoxide
Mechanistic Insights from Isotopic Labeling. Isotopi- 45 H80/air/H,0  89.94+ 0.8 725+ 2.4 80 in epoxide

cally Iabeled, Wa_ter' b0, is used i.n a We”feSta.b”Shed aReaction conditions are described in the Experimental Sedtibata
protocol to implicate a metaloxo intermediate in the  for incorporation of oxygen are an average value for three experiments.
oxygen-transfer process of, e.g., epoxidaﬁéﬁ?or metal- ¢ Data for incorporation of oxygen are an average value of two experiments.
oxo species that equilibrate with solvent, wHé@ labeled . ) )
oxygen is found in the epoxide product, it is generally In Which the tetravalent manganese entity would hgve
concluded that a metabxo function performed the oxygen- ~ transferred an oxygen atom to the olefin while undergoing
transfer process. The basis of this conclusion is the usual@ two-electron reduction at the metal atom. Experiments with
rapid exchange dfO between 180 and metat-oxo groups. ~ Pure [Mn¥(Me;EBC)(OH)|?" had already produced the
In the present work, the exchange BD was observed Same conclusion. In contrast to those results, catalytic
between M —ox0 species containing the cross-bridged €Poxidation ofcis-stilbene using hydrogen peroxide with
cyclam and H2O (Scheme 1). When [MAWMe,EBC)- Mn'(Me;EBC)CL, providescis-stilbene oxide as the domi-
(OH),]2+ was dissolved in k%0 (95%1°0), the original MS ~ Nant product (17.5% yield dfis-stilbene vs 2.0% yield of
peak for [MrlV(Me,EBC)(O)(OH)J* atm/z= 342, observed  transstilbene oxide; see Table 1) and that domineist
for normal aqueous solutions, disappeared and a new MsStilbene oxide could not be the product of a radical reaction,
peak for [MrY(Me,EBC)(f0)(*fOH)]* appeared immedi-  I-€- Produced by peroxy radical oxidation. Similarly, the high
ately atnvz = 346. This confirmed th&0 exchange between ~ Yield of styrene oxide (45.5%), accompanied by the forma-
the bridged cyclam manganesexo complex and water.  tion of relatively little benzaldehyde, suggests the action of
Furthermore, this kind of rapitfO exchange has also been the same nonradical mechanistic process. The epoxidation
demonstrated by low-frequency resonance Rathan. of olefins by a peroxoy radical has been demonstrgted by
The ¥0-labeling experiment for the oxygen-transfer reac- He and Bruic&?in reactions mediated by F€TMP) using
tion used 50% KD, as the terminal oxidant for epoxidation t-BUuOOH as the terr_nlnal oxidant. The epoxides were (_jenved
of cis-stilbene in the presence of [MMe,EBC)(OH),]2+ from the reaction with t-BuOQather than PE=0 species.
in 4:1 acetone/bl®O (95% O atom). In the control For example, epoxidation ofis-stilbene providedtrans
experiments, 4:1 acetone/normal wates@ywas used with stilbene oxide as the dominant product with only a trace
unlabeled HO,, open to the air. The product analysis by amount of cis-stilbene oxide. Indeed, experiments using
GC—MS shows that the amount &0 introduced into the  Substituted cyclopropylethene to trap the radical intermediate
epoxide product from O is identical with that obtained ~ Strongly support t-BuOOas the active intermediate for

in the control experiments, indicating that the deviation from €POXidation in this P&(TMP)/t-BUOOH system. Similar
100% 160 in the epoxide is within experimental error (1.7 results when using t-BUuOOH as the terminal oxidant with

+ 0.4% incorporation of0 from H%0 vs 1.7+ 0.3% our manganese catalyst (domindrans-stilbene oxide vs
incorporation of#0 from normal water ircis-stilbene oxide ~ Minor cisstilbene oxide, dominant cyclohexen-1-one vs
and 3.8+ 0.4% incorporation off0 from H,1%0 vs 2.6+ minor cyclohexene epoxide, and dominant benzaldehyde vs
1% incorporation of80 from normal water inrans-stilbene m?nor styrene epoxide) indicate a dominant radical process
oxide; see Table ¢ The results of thesé®O-labeling  (Vide supra). o _
experiments strongly support the conclusion that manganese  The results of epoxidation of cyclohexene usingias
oxo species, such as MNGO)(OH)", MnV(O), and the terminal oxidant [greater yield of epoxide (18%) vs
MnY(O),*, are not responsible for the oxygen-transfer process cyclohexen-1-one (13%)] support at least two active mech-
in this manganese-complex-catalyzed reaction. This conclu-anisms for oxygen transfer, one producing the epoxide and
sion is consistent with the results in the preceding section the other proceeding by abstraction of a vulnerable allylic
where attempts to produce the epoxide of norbornylene by hydrogen. Of course, this pair of oxidation products is
direct reaction with [M# (Me,EBC)(OH)]?" and with its commonly observed in the course of cyclohexene epoxida-
disproportionation products were described. tion; however, these results summarized here differ from
As shown above, labeling experiments using®8 have those found when a radical process is dominant. In the latter

confirmed the elimination of the oxygen-rebound mechanism €as€, the main products are produced by hydrogen abstrac-
tion, with only a low yield or trace of epoxidé€s?In a

(22) (a) Nam, W.; Valentine, J. S. Am. Chem. Sod993 115 1772. (b)
Lee, K. A;; Nam, W.J. Am. Chem. S0d 997, 119 1916. (c) Chen, (24) (a) Brill, W. F.J. Am. Chem. Sod 963 85, 141. (b) Birnbaum, E.

K.; Que, L., Jr.J. Am. Chem. So®001, 123 6327. R.; Labinger, J. A.; Bercaw, J. E.; Gray, H. Biorg. Chim. Acta
(23) The 180 signal in a control experiment with normal water is a 1998 270, 433. (c) Weiner, H.; Trovarelli, A.; Finke, R. G. Mol.
background signal of MS. Catal., A2003 191, 217.

Inorganic Chemistry, Vol. 45, No. 8, 2006 3471



Yin et al.

typical O-based reaction dominated by a radical-chain Scheme 2

process, cyclohexene oxidation using t-BuOOH as the >=< H
initiator with a catalyst identified as Mh(2-OHsalphary) ( ) ( )
by Pecoraro et al%the cyclohexenylperoxy radical transfers H O H'OQ;O
oxygen to cyclohexene to form a low yield of epoxide. QJJ\R Or,l\lllnL
Simultaneously, the cyclohexenylperoxy radical, along with =/
other radicals, abstracts hydrogen from cyclohexene to @ ®)

provide the dominant hydrogen-abstraction products. Further
180-labeling experiments witO, showed that the oxygen
source in cyclohexene oxidation products was exclusively
180,, strongly supporting a radical oxidation process.

To further investigate the oxygen source in the present
studies, the epoxidation afs-stilbene was performed with
2% H,O, under an atmosphere 8§00, (see Table 2). Table
1 shows thatis-stilbene oxide is the dominant product over
trans-stilbene oxide. The deviation in tH€0 content from
100% approximates experimental error (3:6).5% vs 1.7
+ 0.3% in the blank), so it is concluded that the cis product
derives all of its oxygen from sources other thapn This
rules out a peroxy radical pathway for the formation of this
isomer of the epoxide. The small amounttans-stilbene
oxide (~2%) contained a substantial fraction (£63%) of
oxygen from*0,, implicating the expected radical pathway
of the sort described by Pecoraro etlThe remaining
oxygen (84+ 3%) either may come from a nonradical
mechanism or may be the result of the abundance of
unlabeled hydrogen peroxide and its involvement in a radical
process. The results clearly show that the dominant pathwa
for epoxidation is not a radical pathway. This conclusion is

also consistent with the catalytic results described above. trophilic, and this facilitates its oxygen transfer by a two-
In the complementary experiment in which the label goq4rqn oxygen-atom-transfer process (heterolysis). Typi-

resides on the peroxide, epoxidationcis-stilbene with 2% cally, for this MY complex, LMAY(O)(OH)" first reacts

H,180, (90% enrichment of0; used as received because with H,0; to form a “permanganic acid”, LMH(O)(OOH)"

of cost) under air provides the corresponding results, in which ..o 4 'es chanae (eq 2). The hiah charge of larizes
incorporation of'®0 in cis-stilbene oxide is 89.9- 0.8% yia ge (eq.2). g ge offpo

while 0 in trans-stilbene oxide is 72.5- 2.4% (see Table 0 a* 0 a*
2). The reproducibility is encouraging, but these experiments LMnnvLOH + H,0, —> LMnV—gpH + H,0 (2)
use very expensive labeled reactant and were run with small
samples so that their accuracy is limited. Even assuming anthe O-O bond, making the protonated distal oxygen
optimistic +5%, the observed value would be the same as susceptible to nucleophilic attack (epoxidation of olefin).
that using labeled ©That is, for labeling experiments with ~ Similar mechanisms probably pertain to the epoxidation of
180, and H'80,, the oxygen incis-stilbene oxide comes olefins by organic and permanganic peracids via transition
exclusively from the hydrogen peroxide (355%), and that ~ States a and b, respectively (Scheme 2).
in trans-stilbene oxide has two sources, 80 5% from To capture the inorganic peracid that is the expected main
hydrogen peroxide and 28 5% from dioxygen. These reactive intermediate for the epoxidation reaction described
results and preceding discussions lead to the conclusion thathere, LMi¥(O)(OOH)", the MS spectrum was determined
in the dominant reactiongis-stilbene is converted to the ~for solutions in which [M#(Me;EBC)(OH,)2]*" was added
corresponding epoxide by a nonradical pathway in which to catalyze the epoxidation reaction by hydrogen peroxide.
the oxygen comes directly from hydrogen peroxide, not via Indeed, the MS spectra of such solutions show the presence
a rebound mechanism involving oxygenation of the manga- of the HG;~ complex, [Mr¥(Me,EBC)(O)(OOH)I', as a
nese atom (recall that the Mncomplex will not produce ~ Prominent species in these catalytic systems (Figure 2). A
the epoxide). However, the manganese atom is a critical moderate MS peak at/z= 358 appears and is attributed to
element in the mechanism. [Mn"(Me,EBC)(O)(OOH)T; furthermore, accurate MS mea-
Further, because manganese in this com-ple>.< IS OXI(.jIZ.eu(ZS) (a) Dryuk, V. G.Tetrahedron1976 32, 2855. (b) Kim, C.; Traylor,
to the tetravalent state by hydrogen peroxide in media in T.'G.: Perrin, C. LJ. Am. Chem. Sod 998 120, 9513. (c) Sheidon,
which that oxidation state is stable (pH 7), the same R. A., Kochi, J. K.,_Eds.Me_taI-CataIyzed OXiFiations of Organic
species is present whether the manganese is added'as Mn \C,fmlﬁ’r%‘;]’;?rfécacfffméci;ﬁ; ';E.’;Wgé’rrr‘ﬁﬁ;gﬁ’l'VF;/.“E‘A.(;%%‘?“?\?'; D.
Mn"' or Mn"V. Unlike certain highly unstable ©F€&V or Sundermeyer, JAcc. Chem. Re004 37, 645.

'O=Mn" species with very high redox potentials, which can
transfer their oxygen atoms directly to olefins by the so-
called rebound mechanism, this Mrcomplex is stable in
an aqueous solution (pH 7) with a redox potential too
small to transfer oxygen from the=eMn'V moiety directly
to olefins!® In an example where the=€Mn" species is
stable in solution and can be isolated, that™Moxo moiety
also cannot transfer oxygen to olefin by the oxygen-rebound
pathway? It is well-known that high-oxidation-state metal
species, such as Re WY', MoV, VV, and even the
tetravalent transition-metal specie$/Tcatalyze epoxidations
through the formation of complexes that have been called
inorganic peracids because they closely resemble the organic
peracids in their epoxidation reactions. Consequently, we
conclude that a parallel pathway is to be expected foMn
and that the reaction we have described here is a prototypical
example of such an epoxidatiéh.

Although hydrogen peroxide is a relatively weak electro-
phile, substitution of hydrogen by an electron-withdrawing
carbonyl group (formation of organic peracid) or high valent
Ymetal ion (formation of inorganic peracid) polarizes the
hydrogen peroxide molecule greatly, making it more elec-
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Figure 2. Electrospray ionization MS spectrum identifying MMe,EBC)(O)(OOH)" at m'z = 358 (acetone solution containing aqueouy©}).

Scheme 3. Summarizes This Rational Mechanism for Olefin |

Epoxidation by Solutions Prepared from MMe,EBC)Ck and HO, N
H,0, H,0 (_Mn_z
>.<' MR
Figure 3. Structure of the MNn(TMTACN) moiety.

Mn'L + H0, ——> Mn"“L(O)(OH)* Mn“L(O)(OOH)" terminal oxidant. This mechanistic contrast can be rational-
ized on the basis of the physical chemistry parameters of
the O-0 bonds in these two oxidants. The bond dissociation

o) H energy of the G-O bond in HO, is 213.8 kJ/mol, which is
>u< 21.8 kJ/mol higher than that of the-@ bond in t-BuOOH

(192 kJ/mol¥” Further, the activation energy for thermal
surement proves that this MS peak corresponds precisely tocleavage of the ©0 bond in HO, is also higher than that
[Mn"V(Me-EBC)(O)(OOH)J" (M* calcd, 358.1777; found, in t-BuOOH (48 vs 42 kcal/moP® This difference in
358.1761). It follows that the only viable model to explain proclivity to undergo G-O bond cleavage appears to carry
the dominant catalytic process in these systems is theover to the metal complexes of t-BUOOH angQ4.
inorganic peracid pathway (or the Lewis acid pathway) in ~ Mn(TMTACN) (Figure 3) catalysts containing three
which an oxygen atom is transferred directly from the tertiary nitrogen donors and ne-electron system bear a
hydroperoxide complex of Mhto the olefinic double bond  substantial similarity to our catalyst, which contains four
(Scheme 3). To our knowledge, prior to the studies on this tertiary nitrogen donors and moelectron system. It has been
catalyst system, there has been no experimentally detectableeported that only oxygen from the terminal oxidant is
hydroperoxide adduct of the manganese complex reportedincorporated in the epoxide when using*¥D, with this
even though it has been generally proposed to be the transientatalyst® We suspect an epoxidation mechanism similar to
intermediate in the oxygen evolution process and other that reported here in which a manganese(lV) hydroper-
chemical and biological process€sRecently, a series of  oxide species serves as the active intermediate. Because
publications have provided evidence to support the proposed[O=MnY(TMTACN)(biphenol)}" has been detected by MS,
presence of hydroperoxide or alkyl peroxide adducts of iron an G=MnY(TMTACN)"* species was proposed as the active
complexes as the active intermediates for hydroxylation of
alkanes and epoxidation of olefitfsin retrospect, one should ~ (26) (@) Dutie C. E.; Wright, D. W.; Armstrong, W. HAngew. Chem,,

. S Int. Ed 200Q 39, 2169. (b) Riley, D. P.; Lennon, P. J.; Neumann, W.
expect the hydroperoxide adduct of Mrio exist in the L.; Weiss, R. H.J. Am. Chem. 504997 119, 6522. (c) Shul'pin, G.
reaction solution and serve as an active intermediate for B.; Nizova, G. V.; Kozlov, Y. N.; Pechenkina, I. 3lew J. Chem
epoxidation in this and other manganese systems in which ﬁ%%ﬁn,z?;ﬁﬁ;é%ﬁgihikf3@3&2@%?éiilﬁ%ﬂféﬁiﬁ?’
the MAY/Mn"" couple has a modest potential, because the S0c.2003 125, 8852. (€) Jackson, T. A.; Karapetian, A.; Miller, A.;

[\ i ini Y Brunold, T. C.Biochemistry2005 44, 1504.
Mn .I.On IS remlnlgcent of 17 from among. the early (27) Dean, J. A., EdLange’s Handbook of Chemistrgth ed.; McGraw-
transition metals, Ti, V, W, Mo, and Re, which are well- Hill, Inc.: New York, 1992; pp 4-32.
known to form Lewis acid catalysts. (28) sheldon, R. A.; Kochi, J. KMetal-catalyzed Oxidation of Organic

. . . . CompoundsAcademic Press: New York, 1981; p 20.
As discussed above, the dominant pathway for epoxidation (2g) Hagg R.; Iburg, J. E. Kerschner, J.; Koek, J. H.;pLempers, E. L M.
using HO, as the terminal oxidant proceeds via the hydrogen Martte&s,RR-PJ-;vsacherlaj UB S, Rléssevl\ll, ﬁ IYVK S_{warthg‘ff,t T.; van
f . let, L ROPL arnaar, J. b.; van aer Ol1, L.; Krijnen, Nature
peroxide adduct of MM, whereas a radical process pre- 1994 369, 637. (b) Gilbert, B, C.. Smith, J. R. L. F’,ayeras, A M.

dominates in the epoxidation reaction using t-BuOOH as the Oakes, J.; Prats, R. B. Mol. Catal., A2004 219, 265.
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intermediate for epoxidation even though =®InY- expectation that such epoxidations occur by an oxygen-
(TMTACN)]* could not be detected by M3 The occur- rebound process, in which the oxidation state of the
rence of pentavalent manganese ir=kdnV(TMTACN)- manganese changes by two units. Further, this example

(biphenol) can be rationalized because the biphenolic ligand clearly shows that high-valent manganese complexes can
is a strong electron donor, which makes the electron densityoxygenate by two mechanisms because a radical process is
in the combined ligand system resemble the well-known also supported by this catalyst. These results provide a new
salen ligand whose Mhcomplex G=Mn"(salen) has often  insight into the roles manganese can play in oxygenation
been proposed as the active intermediate for epoxid&ti®n.  processes in the laboratory, industry, and nature.

In summary, compelling evidence from experiments using
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high charge of MI polarizes the GO bond greatly, Kansas, MS measurements were performed by R. C. Drake.
facilitating oxygen transfer directly to the olefin by heteroly-

sis of the O-O bond. This stands in contrast to the usual  SuPPorting Information Available:  Properties of HO; in

acetone and GEMS graphs for the epoxidation of olefins under

(30) (a) Palucki, M.; Finney, N. S.: Pospisil, P. J.:aar, M. L.; Ishida, various reaction conditions. This material is available free of charge
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