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Olefin epoxidation provides an operative protocol to investigate the oxygen transfer process in nature. A novel
manganese complex with a cross-bridged cyclam ligand, Mn"(Me,EBC)(OH),** (Me,EBC = 4,11-dimethyl-1,4,8,-
11-tetraazabicyclo[6.6.2]hexadecane), was used to study the epoxidation mechanism with biologically important
oxidants, alkyl hydroperoxides. Results from direct reaction of the freshly synthesized manganese(IV) complex,
[Mn(Me,EBC)(OH),](PFs)., with various olefins in neutral or basic solution, and from catalytic epoxidation with
oxygen-labeled solvent, H,'®0, eliminate the manganese oxo moiety, Mn"V=0, as the reactive intermediate and
obviate an oxygen rebound mechanism. Epoxidations of norbornylene under different conditions indicate multiple
mechanisms for epoxidation, and cis-stilbene epoxidation under atmospheric 20, reveals a product distribution
indicating at least two distinctive intermediates serving as the reactive species for epoxidation. In addition to alkyl
peroxide radicals as dominant intermediates, an alkyl hydroperoxide adduct of high oxidation state manganese(IV)
is suggested as the third kind of active intermediate responsible for epoxidation. This third intermediate functions
by the Lewis acid pathway, a process best known for hydrogen peroxide adducts. Furthermore, the tert-butyl
peroxide adduct of this manganese(IV) complex was detected by mass spectroscopy under catalytic oxidation
conditions.

Introduction complexes. The definitive experiments establishing these
metal-oxo species as the reactive intermediates include

Heme- and non-heme-containing metal complexes have i ! g
the use of isotopically labeled waterp*fD, and involve two

long attracted interest for two reasons: their contributions ) ) ' ¢

to the understanding of the enzyme mechanisms of, for S€quential reactions. In the first reaction, tH© label
example, cytochromes P-450 and insights into mechanismsconfirmed the equilibration of the metabxo moiety with
of oxygenation that are useful in industryn the case of  the labeled water, #O, to form the labeled catalyst

the P-450 enzymes, it is commonly accepted thatmm ~ Ntermediate LM=0 (L = porphyrin). In the second
species, PE=0", transfer oxygen atoms to substrates by St€P: the labeled metal complex EM®O was identified

an oxygen rebound mechanisin the key mechanistic @S the source of the oxygen atom that is transferred to the
step in hydroxylation and epoxidation reactiéns.reactions ~ ©'€fin, therelzy supporting the oxygen rebound mechanism
using such chemical oxidants as PhlO, NaClO, and peracids (Scheme 1: _ _
it has also been established that the metaio species are The situation has been less clear for the cases in which
the reactive intermediates for catalytic epoxidations mediated Piclogically important oxidants, hydrogen peroxide and alkyl

by iron, manganese, and chromium porphyrin and salen (3) For selected examples, see: (a) Groves, J. T.; Myers, B. Sm.
Chem. Soc1983 105 5791. (b) Samsel, E. G.; Srinivasan, K.; Kochi,
* To whom correspondence should be addressed. E-mail: busch@ku.edu. J. K.J. Am. Chem. S0d985 107, 7606. (c) Finney, N. S.; Pospisil,

T The University of Kansas. P. J.; Chang, S.; Palucki, M.; Konsler, R. G.; Hansen, K. B.; Jacobsen,
* Procter and Gamble Company. E. N. Angew. Chem., Int. Ed. Endl997, 36, 1720. (d) Meunier, B.;
(1) Special issue on Bioinorganic Enzymologghem. Re. 1996 96, Guilmet, E.; De Carvalho, M. E.; Poilblanc, R. Am. Chem. Soc.
2237. 1984 106, 6668. (e) Groves, J. T.; Watanabe, Y.; McMurry, TJJ.
(2) Groves, J. TJ. Chem. Educl1985 65 (11), 928. Am. Chem. Socl983 4489.
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Scheme 1 case, MATOOH 8 Similar transition metal species have been

detected and proposed to serve as the active intermediates
for oxygen transfer in hydroxylation and epoxidation pro-
cessed? The iodosylbenzene (PhlO) adduct of a manganese
complex has been proposed as the reactive intermediate for
epoxidationt! in a pathway competing with the well-known
manganeseoxo intermediates. Our recent work clearly
demonstrated that the hydrogen peroxide adduct of a novel
manganese(lV) complex, Mf{Me,EBC)(O)(OOH) (Me,-

EBC = 4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]hexa-
decane), serves as the main reactive intermediate for olefin
epoxidation using the biologically important oxidant, hy-
hydroperoxide, were used as the terminal oxidants. Het- drogen peroxide, as the terminal oxid&rRrevious to the
erolysis and homolysis of the-aD bond become competitive ~ work reported here, there has been no demonstration that
with oxygen atom transfer under varying reaction conditions. the equally important family of oxidants, alkyl hydroperox-
Heterolytic two-electron cleavage of the-@ bond leads ides, form adducts with manganese that are capable of direct
to formation of highly reactive metaloxo species, LFé= oxygen transfer to olefinic double bonds by heterolytic@

O* and LMn'=0, which serve as the reactive intermediates bond cleavage. Herein, we report our new results for olefin
in synthetic systems, as well as in P-450 enzymes. On theepoxidation usingert-butyl hydroperoxide as the terminal
other hand, one-electron homolytic cleavage leads to forma-oxidant with the Mn(MeEBC)CL catalyst. Our data reveal
tion of LFEV=0 or LMn"V=0 species, which are less active multiple mechanisms for olefin epoxidation. In addition to
or inactive as oxygen transfer reagents. Formation of thesethe radical intermediates that predominate in this oxidation
tetravalent metatoxo species initiates predominant radical reaction, the alkyl hydroperoxide adduct of manganese(IV)
reactions. In protic solvents, iron porphyrin complexes are also transfers oxygen directly to olefins by a Lewis acid

LMn
oxidant (160)

H,"0
LMn(2=160 LMn(2=180

H,"0

found to catalyze acid-assisted heterolytic cleavage of the pathway.

O—0 bond, while homolytic cleavage of the—@® bond
occurs in neutral aqueous media and in aprotic solVehts.

In the presence of imidazole or other heterocyclic bases, iron
and manganese porphyrin complexes catalyze heterolytic

cleavage of the ©0 bond to form F&E=0" and Mr'=0
in both aqueous and aprotic solveffs.

Experimental Section

Mn"(Me,EBC)Ch (+99.9%) was generously supplied by the
Procter and Gamble Company. [M(Me,EBC)ChL]PFs and
[Mn"(Me,EBC)(OH)](PFs). were synthesized as report&d?
Reagents containing’O were purchased from Isotope Services.

Recent investigations in these laboratories have shown that
the hydrogen peroxide adduct of the oxidized manganese (9) (a) Katsuki, T.; Sharpless, K. B. Am. Chem. S0d98Q 102, 5974.

complex can transfer an oxygen atom directly to the substrate
from the peroxide molecule by a Lewis acid pathway, rather

than involving a redox change at the metal afohhis recent
result has confirmed the suggestions that*Mand Fé&*

complexes might react in the same way as early transition
- (10) (a) Bach, R. D.; Su, M. D.; Andres, J. L.; Schlegel, H.JBB.Am.

metal ions, such as titanium(lV), vanadium(V), tungsten
(IV), molybdenum(lV), and rhenium(VIl), for which the
accepted intermediate is the metallo-organic periridhis

(4) (a) Bernadou, J.; Fabiano, A.; Robert, A.; MeunierJBAm. Chem.
So0c.1994 116, 9375. (b) Groves, J. T.; Lee, J.; Marla, S.JSAm.
Chem. Socl1997 119 6269. (c) Nam, W.; Valentine, J. S. Am.
Chem. Soc1993 115 1772.

(5) (a) Traylor, T. G.; Xu, FJ. Am. Chem. S0d99Q 112, 178. (b) Nam,
W.; Han, H. J.; Oh, S.; Lee, Y. J.; Choi, M.; Han, S.; Kim, C.; Woo,
S. K.; Shin, W.J. Am. Chem. So00Q 122, 8677.

(6) (a) Labeque, R., Marnett, L. J. Am. Chem. Sod.989 111, 6621.
(b) Mansuy, D.; Bartoli, J. F.; Momenteau, Metrahedron Lett1982

23 (27), 2781. (c) Arasasingham, R. D.; Cornman, C. R.; Balch, A.

L. J. Am. Chem. Sod.989 111, 7800. (d) He, G.; Bruice, T. Cl.
Am. Chem. Sod 991 113 2747.

(7) (a) Banfi, S.; Maiocchi, A.; Moggi, A.; Montanari, F.; Quici, S.
Chem. Soc., Chem. Commuir29Q 794. (b) Mansuy, D.; Battioni,
P.; Renaud, J. Chem. Soc., Chem. Comm{i884 1255. (c) Renaud,
J.; Battioni, P.; Bartoli, J. F.; Mansuy, Dl. Chem. Soc., Chem.
Commun.1985 888.

(8) (a) Yin, G.; Buchalova, M.; Danby, A. M.; Perkins, C. M.; Kitko, D.;
Carter, J.; Scheper, W. M.; Busch, D. Bl. Am. Chem. SoQ005
127, 17170. (b) Yin, G.; Buchalova, M.; Danby, A. M.; Perkins, C.
M.; Kitko, D.; Carter, J.; Scheper, W. M.; Busch, D. Horg. Chem.
2006 45, 3467.
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(b) Chaumette, P.; Mimoun, H.; Saussine, L.; Fischer, J.; Mitschler,
A. J. Organomet. Chenl983 250, 291. (c) Fujiwara, M.; Wessel,
H.; Park, H.; Roesky, H. WTetrahedron2002 58, 239. (d) Thiel,

W. R.; Priermeier, TAngew. Chem., Int. Ed. Endl995 34, 1737.

(e) Herrmann, W. A,; Kratzer, R. M.; Ding, H.; Thiel, W.; Glas, H.
Organomet. Chenl998 555, 293. (f) Xi, Z.; Zhou, N.; Sun, Y.; Lu,

K. Science2001, 292, 1139.

Chem. Soc1993 115 8763. (b) Nam, W.; Ho, R.; Valentine, J. &.
Am. Chem. S0d 991, 113 7052. (c) Sam, J. W.; Tang, X. J.; Peisach,
J.J. Am. Chem. S0d.994 116, 5250. (d) Ho, R. Y. N.; Roelfes, G.;
Feringa, B. L.; Que, L., JrJ. Am. Chem. Sod999 121, 264. (e)
Nam, W.; Lim, M. H.; Lee, H. J.; Kim, CJ. Am. Chem. SoQ00Q
122, 6641. (f) Wadhwani, P.; Mukherjee, M.; BandyopadhyayJD.
Am. Chem. So001, 123 12430. (g) Kim, C.; Chen, K.; Kim, J.;
Que, L., Jr.J. Am. Chem. S0d.997 119, 5964. (h) Newcomb, M.;
Aebisher, D.; Shen, R.; Chandrasena, R. E. P.; Hollenberg, P. F.; Coon,
M. J. J. Am. Chem. So@003 125 6064.

(11) (a) Collman, J. P.; Zeng, L.; Brauman, Jldorg. Chem.2004 43
(8), 2672. (b) Wang, H.; Mandimutsira, B.; Todd, R. C.; Ramdhanie,
B.; Fox, J. P.; Goldberg, D. B. Am. Chem. So@004 126, 18. (c)
Nam, W.; Baek, S. J.; Liao, K. I.; Valentine, J.Bull. Korean Chem.
Soc.1994 15, 1112. (d) Van Atta, R. B.; Franklin, C. C.; Valentine,
J. S.Inorg. Chem.1984 23, 4121.

(12) Yin, G.; McCormick, J. M.; Buchalova, M.; Danby, A. M.; Rodgers,
K.; Smith, K.; Perkins, C.; Kitko, D.; Carter, J.; Scheper, W. M;
Busch, D. H.Inorg. Chem.2006 45, 8052.

(13) (a) Hubin, T. J.; McCormick, J. M.; Collinson, S. R.; Buchalova, M.;
Perkins, C. M.; Alcock, N. W.; Kahol, P. K.; Raghunathan, A.; Busch,
D. H. J. Am. Chem. Soc200Q 122 2512. (b) Hubin, T. J.;
McCormick, J. M.; Collinson, S. R.; Alcock, N. W.; Clase, H. J.;
Busch, D. H.Inorg. Chim. Acta2003 346, 76. (c) Collinson, S. R;
Alcock, N. W.; Hubin, T. J.; Busch, D. Hl. Coord. Chem2001, 52
(4), 317. (e) Collinson, S. R.; Alcock, N. W.; Raghunathan, A.; Kahol,
P. K.; Busch, D. HIlnorg. Chem.200Q 39 (4), 757.
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Other reagents were purchased from Aldrich or Lancaster. Elemental
analysis was performed by Quantitative Technologies, Inc. Mass
spectra were measured by the Analytical Service of The University
of Kansas on a VG ZAB HS spectrometer equipped with a
Xenon gun.

Quantitative Epoxidation of Norbornylene with [Mn V-
(Me,EBC)(OH),](PFg)2-H20. In a typical reaction, 0.3255 g (0.50
mmol) of [Mn"Y'(Me,EBC)(OH)](PFs)2 -H,O was dissolved in a 5
mL of acetone/water (ratio 4:1). After 1. mmol of norbornylene was
added, the reaction mixture was stirred in a controlled atmosphere
wet box at room temperature for at least 2 days in the absence of
oxygen. Quantitative analysis of products was performed using gas
chromatography.

Catalytic Epoxidation of Olefins. In a typical reaction, a  Figure 1. X-ray crystal structure of [Mf{(Me,EBC)(OH)]?*. Selected
solution of 0.1 mL of 50 mM (0.0050 mmol) MMe,EBC)C golnldo'gngl\tﬂhrf }(ﬁ)zi”g ggg'gs g‘;%l'\ﬂﬁc% = 378}1}1(?4 Mﬁlﬁ'}r};
was prepared in 5 mL of acetone/water (ratio 4:1). After 0.2 mL N-Z(#l()l 171.90(16)1.2' @), = 97.44(14),
of 2.5 M (0.50 mmol) norbornylene in acetone was added to the
solvent mixture containing the catalyst, 0.34 mL of 7Qéét-

BuOOH (2.65 mmol) was added to produce the reaction. The . . - .
) ) : catalyst attracted our interest because its potential industrial
reaction mixture was stirred for 14 h at room temperature. The

quantitative analysis of products was performed using chromatog- applications rest on its dls_tmc;t%e selectivity. In the literature,
raphy by the internal standard method, and the identities of the Manganese(joxo specie¥“1®and, to a lesser extent,
products were confirmed by GC-MS. A parallel experiment without Manganese(I\/yoxo specie§ are commonly proposed to
catalyst was run as a control. be the active intermediates for oxygen transfer in reactions

Isotope Labeling: Epoxidation with H,20. In a typical mediated by compounds of manganese. Successful_synthesis
reaction, 0.019 g (0.0050 mmol) of Mn(WMEBC)Ch and 0.047 g of [Mn"(Me:EBC)(OH)](PFs). provided the opportunity to
(0.50 mmol) of norbornylene were added to 1.25 mL acetone/water determine whether that particular manganeseo species
(4:1, 80, 95 atom %). The reaction was initiated by adding 2.7 can epoxidize olefins directly and provide additional insights
mmol oft-BUOOH in decane. Then the reaction mixture was stirred jnto the mechanism of catalytic oxidations with hydrogen
for 14 h at room temperature. Product analysis was performed by peroxide and alkyl hydroperoxides. We specifically address
GC-MS. All determinations were repeated three times to evaluate the question “does this catalytic reaction proceed by the
reproducibility. A parallel experiment with no isotopic labeling was oxygen rebound mechanism as described in the literature for
run as a control. o L

Isotope Labeling: Epoxidation under 0, In a typical other manganese systems?” Our recent publication demon-

sotop g EP -2 P strated that, when hydrogen peroxide is used as the terminal
reaction, 5 mL of degassed acetone containing 1.9 mg (0.0050 . .

oxidant, the hydrogen peroxide adduct of the manganese-

mmol) of Mn'(Me;EBC)CL and 0.047 g (0.50 mmol) of nor- .
bornylene were injected into a 50 mL flask under atmospHéds (IV) complex, Mrt*(Me,EBC)(O)(OOH]’, serves as the main

The reaction was initiated by injecting 0.34 mL of 708rt- reactive intermediate for olefin epoxidati®iSurprisingly,

BUOOH (2.65 mmol). The reaction mixture was stirred for 14 h at that critical intermediate was not the expected manganese-

room temperature. Product analysis was performed by GC-MS. (IV) —oxo or manganese(\#)oxo species. Here, we address

All determinations were repeated three times to evaluate reproduc-the same question but using another important oxidartt,

ibility. A parallel experiment with no isotopic labeling was run as  butyl hydroperoxide, as the terminal oxidant. [MiMe,-

a control. EBC)(OH)](PFs). is conveniently synthesized by oxidation
ESI Mass Spectrometry.An acetone solution of 20 mM Mn- of Mn"(Me,EBC)CL with hydrogen peroxide in the presence

(Me:EBC)C, was first treated with 2 equiv of AgRFo remove  of NH,PF; in aqueous solution, and the structure has been
chloride. The resulting solution (1 mL) was mixed with excess 70% qnfirmed by X-ray analysis (Figure 1.
TBHP to initiate the oxidation, and the reaction mixture was
examined by the ESI mass spectrometer in minutes. Skipping the
removal of chloride prior to TBHP addition produced a weaker
signal attributable to Mn(M#&BC)(0)t-OOBu)". The mass spec-
trometer used in these experiments is the instrument identified at(14) () BUSCE, D.H; COIIinS_Ol:L S.R; l-éubin, T.J, Lalg:eque, R, Williims,
i ; ; B. K.; Johnston, J. P.; Kitko, D. J.; St. Laurent, J. C. T. R. B.; Perkins,
the beginning of the Experimental Section. C. M. Bleach Compositions Containing Metal Bleach Catalyst for
Detergents. World Patent WO 98/39406, Sept. 1998. (b) Busch, D.
Results and Discussion H.; Collinson, S. R.; Hubin, T. J. Catalysts and Methods for Catalytic
Oxidation. WO98/39098, Sept. 1998.

; ; ; : ; IV _ (15) Yin, G.; Danby, A.; Buchalova, M.; Hubin, T. J.; Busch, D. H.
Attempted Direct Epoxidation of Olefins Using [Mn Unpulished results.

(Me,EBC)(OH),](PF¢)2. The manganese(ll) complex of a (16) (a) Adam, W.; Roschmann, K. J.; Sah&iMdn C. R.; Seebach. Ol

selectivity®1?>-15 Probing the oxidation mechanism of this

Direct reaction between substrates such as norbornylene,
styrene, andis-stilbene and either the manganese(lll) or the

“bri i -di - -tetra- Am. Chem. So2002 124, 5068. (b) Palucki, M.; Finney, N. S.;
cross-bridged cyclam ligand, 4,11 d|met|hyl 1,4,8,11-tetra Pospisil. P. J.. Gier, M. L.: lshida. T.. Jacobsen. £. M. Am. Chem.
azabicyclo[6.6.2]hexadecane (MEBC), Mn'(Me:EBC)C, Soc. 1998 120, 948. (c) Linde, C.; Akermark, B.; Norrby, P.;

has been explored extensively as a potential catalyst for Svensson, MJ. Am. Chem. Sod.999 121, 5083.

. P . : .+ (17) (a) Groves, J. T.; Stern, M. K. Am. Chem. S0d.988 110, 8628.
selective oxidation reactions, and its novel behavior in (b) Arasasingham, R.. He, G.; Bruice, T. £.Am. Chem. S0d993

epoxidation reactions constitutes a significant example of 115, 7985.
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manganese(lV) complex does not occur in solution even after Scheme 2

the mixture is left standing for days at room temperature. - + o *
Under these conditions, no norbornylene is consumed, and ° H,'80 °

no epoxide can be detected. Clearly the'fViomplex alone Mn'VL = M

is not capable of epoxidation of norbornylene even though SoH  H®0 0H
substantial amounts of [M{Me,EBC)(OH)]?", whose X4 ms 342 ms 346

is 6.86, would be expected to exist as the oxo complex

[Mn"V(Me,EBC)(O)OH]T".

Probing the Epoxidation Mechanism with H,'%0. Iso-

Because the manganese(lV) complex is unstable in basefopically labeled water, F°0, is used in a well-established

slowly degrading to MH(Me,EBC) species, a dispropor-

protocol to implicate a metaloxo intermediate in the oxygen

tionation mechanism for decompostion was suspected. Thetransfer process of, for example, epoxidatidfor metat-

erstwhile Mn(V) complex might well be unstable and
decompose spontaneously.

2Mn(IV) <= Mn(lll) + Mn(V) — decompose

As stated earlier, Mf=0341(and in a few cases M=
0)" is frequently proposed to be the active intermediate for
epoxidation, and several M&O complexes have been
isolated from solution and characterized, with the disap-

pointing result that these particular manganese(V) complexes.

are inactive for direct oxygen transfer from manganese{(V)
O to olefins!® We have shown that [MA(Me,EBC)(OH)]*"

does not epoxidize olefins, for example, norbornylene. The

possibility still exists that a MA=O derivative, produced
by disproportionation in basic solution, might reveal its

presence by epoxidation of a substrate. We suggest that th
presence or absence of manganese(V) should be distinguishe:
by experiments designed to produce the epoxidation of
norbornylene by the manganese(V) formed during dispro-

portionation of Mn(IV) in basic media. Those experiments

e

oxo0 species that equilibrate with the solvent water, when
80-labeled oxygen is found in the epoxide product, it is
generally concluded that a metaixo function performed
the oxygen-transfer process.

The basis of this conclusion is the usual rapid exchange
of 80 between H'80 and metatoxo groups. In the present
work, the exchange dfO was observed between the Vi
O species containing the cross-bridged cyclam agtCH
(Scheme 2). When [MA(Me,EBC)(OH)]*" was dissolved
in H,'%0 (95% '0), the original MS peak for [MM(Mex-
EBC)(O)(OH)I" at m/z 342, observed for normal aqueous
solutions, disappeared, and a new MS peak for'flMe,-
EBC)(*0)(*%0H)]" appeared immediately at/z 346. This
confirmed the®O exchange between the bridged cyclam
manganeseoxo complex and water. Furthermore, this kind
f rapid 80 exchange has also been demonstrated by low-
requency resonance Raman spectroscopy 'é¢R).

The80-labeling experiment for the oxygen-transfer reac-
tion usedt-BuOOH in decane as the terminal oxidant for

were conducted: no epoxide product could be detected, andhe epoxidation of norbornylene with [M(Me,EBC)-
no conversion of norbornylene was observed upon dissolution(OH2)2]*" in 4:1 acetone/kt*0 (95% *®0). The product

of the manganese(lV) complex in basic solution in the
presence of norbornylene.

Further, treatment of the Mn(ll), Mn(lll) or Mn(IV)
complexes with various oxidants, such as PhI@DH and
t-BUOOH, in agueous solution, failed to provide evidence
supporting the existence of MmO species. In fact,
[MnV(Me,EBC)(OH)]?>" has been confirmed to be the
dominant species by UVvis spectroscopy. In this context,
it should be recalled that the synthesis of [MiVie;EBC)-
(OH),](PFs), was performed by oxidation of M(Me,EBC)-

Cl, with aqueous KD,.*? The presence in the main ligand
of m-systems that transmit electron density to theVM@®

analysis by GC-MS shows that nO from H,'%0 is
introduced into the epoxide product. The results of th&3e
labeling experiments strongly support the conclusion that
manganeseoxo or—hydroxo species, including M(Me,-
EBC)(OH)?*, Mn"V(Me,EBC)(O)(OH)", and MrY(Me,-
EBC)(O)", are not responsible for the oxygen-transfer
process in this manganese complex-catalyzed reaction. This
is consistent with the results described in the preceding
section involving the failed attempt at direct epoxidation of
norbornylene with [M# (Me,EBC)(OH)]?" in aqueous
solution, as well as additional experiments seeking to
demonstrate the disproportionation of that complex with

moiety, as in the cases of porphyrins and salen ligands, mayconcurrent generation of what might have been a more

be necessary to stabilize those Y#rO species. From that
perspective, it is not surprising that stable Y#0O species

reactive MrY complex.
Catalytic Epoxidation Implicates Multiple Mechanisms.

do not exist with these bridged cyclam ligands since they catalytic epoxidation of various olefins usit@uOOH as

contain only tertiary nitrogen donors and noeelectron
systems except for the hydroxo and oxo ligands.

(18) (a) Collins, T. J.; Powell, R. D.; Slebodnick, C.; Uffelman, EJS.
Am. Chem. Sod.99Q 112, 899. (b) Collins, T. J.; Gordon-Wylie, S.
W. J. Am. Chem. Soc1989 111, 4511. (c) MacDonnell, F. M.;
Fackler, N. L. P.; Stern, C.; O’Halloran, T. \0. 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.FAm. Chem.
Soc.2004 126, 18.
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the terminal oxidant with Mn(MgBC)CL as the catalyst
was performed in an acetone/water solvent mixture (ratio
4:1) in the presence of air for 14 h at room temperature.
The results are summarized in Table 1. The color of the
reaction mixture turns to purple upon additiontduOOH,

and UV—vis spectrophotometry shows that the manganese
is present predominantly in the tetravalent state. No dioxygen
evolution was observed under the reaction conditions ex-
plored in our studies. The reaction of cyclohexene produces
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Table 1. Epoxidation of Various Olefins by Mn(M&BC)Ck with
t-BUOOH

Table 3. Oxygen Source in Epoxide (%60) for Epoxdation of
cis-Stilbene with M (Me,EBC)Ck andtert-Butyl Hydroperoxide
(TBHP)

yield
substrate product (%) incorporation incorporation
- oxygen of 180 in of180 in
cyclohexene cyclohexene oxide 14 . : )
cyclohexen-1-one 323 run source cis-epoxide (%)  trans-epoxide (%)
styrene styrene oxide 4.8 1 TBHP/air (blank) 1.A0.3 26+1
benzaldehyde 24 2 TBHPASO, 25+ 0.3 55.1+1
norbornylene norbornylene oxide 36.0
cis-stilbene cis-stilbene oxide 0.8 S .
transstilbene oxide 135 . Significantly, the reaction of norbornylt_ane wiﬂBuOQH
benzaldehyde 6.1 in the presence of Mn(M&BC)Ch, provides a relatively

aReaction conditions: solvent, acetone/water (4:1), catalyst 1 mM, olefin
0.1 M, 0.53 Mt-BuOOH, room temp, 14 h, yield determined by GC with
internal standard.

. //.
60 - "
.—'.-‘-“_./
50 @ a—A———
= —— .
=]
@
= 40 <
5
¥ 30
c
Q L]
© 20 /
104
D ] T T ] Ll L] L
0.0 0.1 02 03 0.4 05 06
Concentration of t-BuOOH (M)
Figure 2. Influence of concentration of oxidant on norbornylene epoxi-

dation: W, conversion of norbornylen@®, yield of norbornylene epoxide;
A, yield of other products. Reaction conditions: 4:1 acetop®/H mM
catalyst, 0.1 M norbornylene, room temp, 14 h.

Table 2. Oxygen Source in Epoxide (%0) for Epoxdation of
Norbornylene with MH(Me,EBC)CL andtert-Butyl Hydroperoxide
(TBHP)

oxygen incorporation of:80
run source in norbornylene oxide (%)
1 TBHP/air (blank) 4.4+ 0.1
2 TBHPAO, 74.6+2
3k TBHP/8O, 71.8+1.8

aTBHP was used in low concentration as initiator as described in
literaturel9d

mainly the allylic hydrogen abstraction product, cyclohexen-
1-one (yield 32.3%), along with cyclohexene oxide (yield
1.4%) as the minor epoxidation product. With styrene, the
dominant reaction involves -©€C bond breaking, yielding
benzaldehyde (24%) with only small amounts of styrene
oxide (yield 4.8%).cis-Stilbene produces mostlyrans
stilbene oxide (yield 13.5%) and minor amounts a$-
stilbene oxide (yield 0.8%) plus a 6.1% yield of benzalde-
hyde. The reaction mixture also contains unreacted olefin

high yield of norbornylene oxide (36%), and the results of
detailed studies on the effect of oxidant concentration on
product distribution are in disagreement with a single radical
pathway. In a typical radical process, as described by
Pecorard?d ROO radicals participate in both hydrogen
abstraction and oxygen-atom transfer, while*ROstrictly

a hydrogen-abstracting agent. In a kinetic epoxidation process
produced solely by this radical process, one can expect the
yield of hydrogen abstraction products to increase in propor-
tion with the increase in yield of the epoxidation product.
However, such parallel yield increases do not occur during
norbornylene epoxidation (Figure 2). As the initial concen-
tration of t-BuOOH is increased, the conversion of nor-
bornylene and the yield of epoxide increase, while the total
percentage yield of products formed by radical hydrogen
abstraction changes very little, apparently decreasing slowly.
These results imply multiple oxygen-transfer mechanisms
in this manganeseBuOOH system. That is, in addition to
the alkoxy radical initiated by homolytic cleavage of-O
bond oft-BuOOH, at least one additional reactive intermedi-
ate participates in this olefin epoxidation system. Further,
the additional intermediate or intermediates do not include
the manganeseoxo species itself.

Mechanistic Insights from Isotopic Labeling of Dioxy-
gen, 180,. As mentioned abovelfO-labeling experiments
are commonly used in studies of reaction mechanism to
address the origin of oxygen atoms found in oxidation
products. For example, isotopt€O-labeled water, KO,
is used to clarify whether oxygen was incorporated from
solvent water into the product by the oxygen rebound
mechanisnt, while isotopic'80-labeled dioxygen'®O,, is
used to address whether a radical process is involved in the
reactiont®

To confront this issue, the atmospheri#,-labeling
experiment was conducted, usit@uOOH as the terminal
oxidant and Mn(MeEBC)CL as the catalyst, during the
epoxidation of norbornylene in 4:1 acetone/water (Table 2).
The product analysis by GC-MS shows substantfé
incorporation into norbornylene oxide frofO, (74.6+ 2%

80 incorporation vs 4.4 0.1% 80 incorporation in the
control experiment}? strongly indicating that the dioxygen

and traces of undetermined oxidation products. These resultg19) (a) Brill, W. F.J. Am. Chem. Sod963 85, 141. (b) Bimbaum, E.

strongly suggest a dominate radical pathway for this oxida-
tion reaction, as should be expected on the basis of earlier
literature report§31° Clearly, the manganese complex cata-
lyzes the homolytic cleavage of the-@ bond oft-BuOOH

to initiate a dominant radical process,.

R.; Labinger, J. A.; Bercaw, J. E.; Gray, H. Biorg. Chim. Acta
1998 270, 433. (c) Weiner, H.; Trovarelli, A.; Finke, R. G. Mol.
Catal. A: Chem2003 191, 217. (d) Caudle, M. T.; Riggs-Gelasco,
P.; Gelasco, A. K.; Penner-Hahn, J. E.; Pecoraro, Mnbrg. Chem.
1996 35, 3577.

(20) The 0O signal in the control experiment with normal water is a
background signal of MS.
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Scheme 3 . Proposed Mechanisms for Olefin Epoxidafion
Pathway A

ROO + >=< ——— >&< + RO
Pathway B

Mn"(Me,EBC)O)OH) + ROO° —= Mn'Y(Me,EBC)(O)(OOR)*+ OH
Mn"(Me,EBC)O)(OH)"'+ ROOH —— Mn"(Me,EBC)(O)(OOR)*+ H0

Mn'V(Me,EBC)O)(O0R)* + >—< ——— >&< + Mn"V(Me,EBC)O)OR)*

Pathway C
Mn(Me,EBC)Cl,

18,
— & _ 0,
>={ '+ RoOH N PVAYE
acetone/H,'"%0
aPathways B and C have been implicated for the system using MiEBA2)Ch andt-BuOOH.

oxidation reaction involves a radical process. However, it istry associated with the transformati®i16221Unlike other
also reveals that there are two oxygen sources in theolefins, such as norbornylene, cyclohexene, and styrene,
epoxide: 74.6t 2% of the oxygen comes from atmospheric epoxidation ofcis-stilbene provides two epoxidation prod-
dioxygen by a radical process and 25:2% of the oxygen, ucts, cis-stilbene oxide andrans-stilbene oxide. Thus, the
from the added oxidant;BuOOH, either by a radical or a  study of cis-stilbene can provide additional mechanistic
non-radical process. One might argue that this 25.2% information through the simple act of determining the ratio
oxygen could be derived from theBuOO radical, either of the cis and trans isomers of the stilbene oxide produced.
through its direct reaction or through the unlabeled dioxygen, Catalytic epoxidation ofis-stilbene was performed with our
160,, it produced. The later would simply dilute the labeled Mn(Me:EBC)Cl catalyst, under atmospheriO, using
dioxygen. In this way, both th¢-BuOO radical and its t-BuOOH as the terminal oxidant in 4:1 acetone/water (Table

derived dioxygen®0,, could serve as oxygen sources for 3). The product analysis by GC-MS shows thistilbene
180-epoxide. oxide contains 25+ 0.3% incorporation of'¥0 from

A typical radical reaction has been demonstrated by &tmospherici®O, versus 1.7+ 0.3% *°O in a control
Pecorard®in which cyclohexene oxidation was performed €xPeriment using ordinary &if whereagransstilbene oxide
with a small amount of-BUOOH as the initiator and M contains 55.H 1% incorporation of®O from atmospheric

(2-OHsalphen) as the catalyst under @0, atmosphere. Oz Versus 2.6+ 1% O incorporation in a control
The product analysis showed that the oxygen sources in the€XPeriment. One could rationally expect to find simité®

cyclohexene oxidation products were exclusively derived |trf1]corporat|on :auos for th?'s' an(t:ir:rans snl(l;)ene_ oxlldes if ;
from 180,, in general agreement with an exclusively radical '¢'€ WEreé only one reaction pathway and a single reactive

oxidation reaction. Our isotopically labelé¥D, experiment ;i:toerme'dlatﬁt:‘or epo>.<c|jdat|205nt. gggeyeratr;g .|nc|:org>.(f)fratlon of
for norbornylene oxidation witlt-BuOOH as the initiator in cis-stilbene oxide ( -3%) is definitely different

and Mn(MeEBC)CL, as the catalyst has also been carried from that intrans-stilb_ene oxide (55.1 1%). _This result .
out under conditions identical to those described by Pecoraro.!eads to _the conclus_lon that at le?St .tWO d'St'.nCt reac_t|v_e
The results reveal that, even though the concentration c)fmtermedlates occur in these epoxidation reactions. This is
t-BUOOH is as low as,, that described in literature. the also consistent with the results described above for nor-
norbornylene oxide product still contains only 718L.8% bo'z\gylsegswip?;('ia;gg' 3 the epoxidation Gisstilbene
180 incorporation from isotopic dioxygerO,, with 28.2 ; L POXIC 0
+ 1.8% 160 traceable to the initiatort-BuOOH. This prov!des mostlytra}n&stllbegéoxm_e (yield olfSéS.S/o), and
suggests a mechanistic difference between this system an rlzt)lstﬁgei; Cc%r:sailgtser?tx\?veith thdeerrg/gi(cj:eilrorgth viza(S?ﬁlv:\I;hich
the catalyst system described by Pecoraro. It is concludedRO(’) is the reactive intermediate (Schem£3 atrzlwé%ﬁd
that data both from the isotopic labeling of dioxygen and . : P :

. . S . . The substantially greater yield of cyclohexen-1-one over
from the previously discussed kinetic analysis require at least S S :

; A cyclohexene oxide in cyclohexene oxidation and the domi-

two pathways for the olefin epoxidation in this manganese

. nance of products resulting from€C bond cleavage in the
complex-catalyzed reaction. One of these pathways proceedséase of styrene oxidation suggest the same mechanism. The
to the olefin epoxide by the expected peroxy radical

hani The oth th h e di tremaining viable model for the second reactive intermediate
mechanism. The other pathway appears 1o require direc leading to this minor epoxidation product fraeis-stilbene,
transfer of an oxygen atom from the oxidarBuOOH, to

hich displ I 80 i tion (25+ 0.3%), i
the olefin but not by the familiar rebound, since the oxygen which dispiays a fowe incorporation ( 0). is

has not equilibrated with the water in the solvent. (21) (a) Linde, C.; Koliai, N.; Norrby, P.-O.; Akermark, Bhem—Eur.

: : : J.2002 8 (11), 2568. (b) Castellino, A. J.; Bruice, T. &.Am. Chem.
cis-Stilbene is a frequently used substrate for the study of S0c.1988 110, 158. (C) Heimbrook, D. C. Mulholland. R. L. Hecht,

olefin epoxidation mechanisms because of the stereochem-  S. M.J. Am. Chem. Sod.986 108 7839.
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Figure 3. Electrospray ionization mass spectrum identifying'¥\(hle,EBC)(O)tert-:OOBu)" at m/z 414 (acetone solution containing aquedes-butyl
hydroperoxide).

the Lewis acid pathway in which an oxygen atom is reaction (Figure 3). Indeed, a weak MS peak#t 414 can
transferred directly from the alkyl hydroperoxide adduct of be attributed to [MIY(Me,EBC)(O)(t-OOBu)}. A strong

the manganese(IV) complex to the olefinic double bond. peak atm/z 342 is assigned to MW Me,EBC)(O)(OH)".
Recently, we provided strong support for the corresponding Furthermore, accurate mass measurement proves that the
mechanism for olefin epoxidation by the hydrogen peroxide peak atnvz 414 corresponds precisely to [M@Me;EBC)-
adduct of the manganese(IV) complex MiMe,EBC)(O)- (O)(t-OOBuU)J" (M* calcd, 414.2403; found, 414.2402). This
(OOH)" (Scheme 3, pathway B).The manganese(lV) provides the first direct evidence for the existence of the
complex is the dominant manganese species in solutionalkyl hydroperoxide adduct of high oxidation state manga-
during the oxidation reaction (vide supra). The alkyl hydro- npese species. In heme and non-heme iron monoxygenase
peroxide adduct of that manganese(IV) complex;*\Me;- models, Fe-OOR species (R H, alkyl) have been proposed
EBC)(O)(OORYJ, should be formed by simple ligand ex- s the reactive intermediates in certain oxygenation processes,
change in whicht-BuOO™ replaces the hydroxo ligand in and MS and Raman spectra have also provided evidence for
Mn"(Me,EBC)(O)(OH)" or by oxidation of Mt'(Me,EBC)- the existence of FeOOH specied? In retrospect, one should
(O)(OH) by the ROOradical, again replacing the hydroxo  eypect the alkyl peroxide adduct of manganese(IV) to be an
ligand. Within the adduct, the high charge of manganese- 4¢tjve intermediate for epoxidation in this and other man-
(IV) and its potent Lewis acid character polarizes the®  3n65e systems in which the Mn(IV)/Mn(lll) couple has a
bond of the bound alkyl peroxide, making it susceptible 10 ,5qest potential because the manganese(IV) ion is reminis-

nucleophilic attack by the olefinic double bond, a process cent of titanium(IV). The early transition metals, Ti, V, W,

well-known for high oxidation state early transition element Mo. and Re. are. as stated above well-known to form
species, including t'tamu;n(l\./)’ Va”a‘;';“m(v)' moIbedenum— metallo-peracid species when they function as epoxidation
(V). tungstgn(Vl), and rhenium(VI1j?2 For completeness, catalysts?? Although the alkyl peroxide adduct of this
Scheme 3 includes pathway C, the oxygen rebound mech-

mism. However hown earlier. pathway C does not OCCurmanganese(IV) complex plays only a minor role in the
anism. HOWever, as shown earlier, pathway chemically catalyzed oxygen-transfer process studied here,
in the system under study here.

To detect the expected second reactive intermediate,we suggest that the same process could be much more

MnV(Me;EBC)(O)(OORY, MS spectra were determined for g?oplgrtii’;tl - ?r:gh'y selective systems such as those of
solutions in which [MH(Me,EBC)(OH),]2*, its oxidized 9 gn. ,
derivatives, and its partially deprotonated forms were making  Recently, we first identified the hydroperoxide adduct of

use oftert-BUOOH and actively catalyzing the epoxidation this manganese complex, M(Me,EBC)(0)(OOHYJ’, as the |
main reactive intermediate responsible for olefin oxygenation

(22) (a) BrikIJI, W. F.J. Arg. Chem. SOngﬁ 85, 141. g(ggs Siraba;gm,( I; in the Mn(MeEBC)CL/H,0, catalytic systeni.Various'®O
R.; Labinger, J. E.; Gray, H. Bnorg. Chim. Actal 70,433. (c ; ; ; ; ; 1
Weiner, H.; Trovarelli, A.; Finke, R. Gl. Mol. Catal. A: Chem2003 isotopically labeled eXpe”mer?tS’ mCIUdIF@%’ H,'°0, and
191, 217. H,®0, as reactants, and experimental detection ofiie,-
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EBC)(O)(OOH) by MS provide strong evidence for this
mechanism. Here, with the useteBuOOH as the terminal
oxidant, the alkyl hydroperoxide adduct of the manganese
complex, MY (Me,EBC)(O)(OORY, has also been detected
and identified as one of the reactive intermediates for olefin
epoxidation, while the ROOradical is the main reactive
intermediate for epoxidation. (Note thiaans-stilbene oxide

is the main epoxidation product as shown in Table 1.) This
contrasting mechanistic behavior can be rationalized on the
basis of the physical parameters of the @ bonds in these
two oxidants. The bond dissociation energy (BDE) of the
O—0 bond in HO; is 213.8 kJ/mol, which is 21.8 kJ/mol
higher than that of the ©0O bond int-BuOOH (192 kJ/
mol).Z Further, the activation energy for-@ bond cleavage

in H,O; is also higher than that itBuOOH (48 kcal/mol

vs 42 kcal/mol®* The Mn—O—0—t-Bu moiety more easily
undergoes homolytic ©0 bond cleavage than does the
Mn—0O—0O—H group, and this favors a radical pathway for
thet-BuOOH derivative. Consequently, it is easy to under-
stand why in some §D,-based manganese-catalyzed epoxi-
dation reactions, exemplified by this Mn(MeEBC)CL sys-
tem, the hydrogen peroxide adduct of the manganese
complex serves as the dominant intermediate leading to
epoxidation, accompanied by only a minor radical process,
while, in contrast, with-BUOOH as the oxidant, a radical
process dominates with minor participation by the alkyl
peroxide/manganese adduct.

Conclusions

In summary, we have demonstrated unambiguously that
at least two distinct reactive intermediates, the alkyl peroxy

(23) Dean, J. A., Ed.ange’s Handbook of Chemistr¢5th ed.; McGraw-
Hill, Inc.: New York, 1998; pp 432.

(24) Sheldon, R. A.; Kochi, J. KMetal-Catalyzed Oxidation of Organic
CompoundsAcademic Press: New York, 1981; p 20.
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radical, ROQ and the Mn(IV)/alkyl peroxo adduct, N¥{Me,-
EBC)(O)(OORY, serve as epoxidizing reagents in Mn(iMe
EBC)Chk-mediated oxygen-transfer reaction using alkyl
hydroperoxide as the terminal oxidant. Labeling experiments
using H*0 and*80, provide compelling evidence for this
conclusion. In agreement with our recent reports in which
the hydrogen peroxide adduct of the manganese complex,
Mn'V(Me,EBC)(O)(OOHY), was identified as the reactive
intermediate in the transfer of oxygen atoms directly to the
olefinic double bond from the hydroperoxide unit, the
t-BuOO™ adduct, M#(Me,EBC)(O)(OORY, is the first
example demonstrating that manganese can catalyze the
direct transfer of an oxygen atom to an olefin from that
biologically important oxidant. In combination, this work
shows that both hydrogen peroxide and alkyl peroxides can
transfer oxygen atoms to substrates under Lewis acid
catalysis, a pathway independent of both the commonly
recognized oxygen rebound mechanism and the peroxy
radical pathway. This provides a new insight into the roles
manganese can play in oxygenation processes in the labora-
tory, industry, and nature.
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