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Abstract: The oxygenation of carbon—carbon double bonds by iron enzymes generally results in the
formation of epoxides, except in the case of the Rieske dioxygenases, where cis-diols are produced. Herein
we report a systematic study of olefin oxidations with H,O, catalyzed by a group of non-heme iron complexes,
i.e., [Fe"(BPMEN)(CH3CN).]?* (1, BPMEN = N,N-dimethyl-N,N'-bis(2-pyridylmethyl)-1,2-diaminoethane)
and [Fe'(TPA)(CH3CN),J?" (4, TPA = tris(2-pyridylmethyl)amine) and their 6- and 5-methyl-substituted
derivatives. We demonstrate that olefin epoxidation and cis-dihydroxylation are different facets of the
reactivity of a common Fe'"—OOH intermediate, whose spin state can be modulated by the electronic and
steric properties of the ligand environment. Highly stereoselective epoxidation is favored by catalysts with
no more than one 6-methyl substituent, which give rise to low-spin Fe'-OOH species (category A). On
the other hand, cis-dihydroxylation is favored by catalysts with more than one 6-methyl substituent, which
afford high-spin Fe'"-OOH species (category B). For catalysts in category A, both the epoxide and the
cis-diol product incorporate 20 from H,®0, results that implicate a cis-H*8O—FeV=0 species derived from
O—0 bond heterolysis of a cis-H,®0—Fe"'-OOH intermediate. In contrast, catalysts in category B
incorporate both oxygen atoms from H,'80; into the dominant cis-diol product, via a putative Fe'-2-OOH
species. Thus, a key feature of the catalysts in this family is the availability of two cis labile sites, required
for peroxide activation. The olefin epoxidation and cis-dihydroxylation studies described here not only
corroborate the mechanistic scheme derived from our earlier studies on alkane hydroxylation by this same
family of catalysts (Chen, K.; Que, L, Jr. J. Am. Chem. Soc. 2001, 123, 6327) but also further enhance its
credibility. Taken together, these reactions demonstrate the catalytic versatility of these complexes and
provide a rationale for Nature’s choice of ligand environments in biocatalysts that carry out olefin oxidations.

The oxygen activation mechanisms for hydrocarbon oxida-  Cytochrome P450 serves as the paradigm gfaClivation
tions by heme and non-heme iron catalysts have continued toby iron enzymed;its mechanism of action is generally accepted
fascinate bioinorganic chemists for many yearsUnderstand- to involve a (porphyrin radical)Pé&=0 specie$;” although
ing such mechanisms may lead to new insights in biocatalysis recent evidence has raised the possibility that a (porphyrin)-
and drug design as well as the development of new approached=€" —OOH species can also be the oxidant in some instanées.
for industrial catalysis. Nature has evolved iron enzymes that The proposed mechanisms for non-heme iron enzymes generally
carry out alkane hydroxylation, olefin epoxidation, and olefin follow the heme paradigm. For methane monooxygenase, an
cis-dihydroxylation. The first two transformations are carried Fe€V>(u-O). intermediate is proposed to be the analogue of the
out by catalysts with either heme (e.g., cytochrome P460)  (porphyrin radical)F€=0 oxidant}* while an Fé'—OOH
non-heme iron centers (e.g., bleomycin, methane monooxy-
genase¥;3while cis-dihydroxylation is thus far a unique activity ~ (6) Groves, J. T.; Han, Y.-Z. Ii€ytochrome P450: Structure, Mechanism,

. .. . . . and Biochemistry2nd ed.; Ortiz de Montellano, P. R., Ed.; Plenum Press:

of the non-heme iron-containing Rieske dioxygenases, which New York, 1995: pp 348.
attack arene double bonds in the first step of the biodegradation @ 3?'&".?@&32&?36{/?;”%‘335'.5?h.:“ét*é'k;o‘f‘te"?'ii.;‘\'sh"gg?f'%vgii ;CAQ-Z?O%%”SO”'
of arenes by soil bacterfa. 287, 1615-1622.

(8) Pratt, J. M.; Ridd, T. I.; King, L. JChem. Communl995 2297-2298.
(9) Vaz, A. D. N.; Pernecky, S. J.; Raner, G. M.; Coon, MPJdoc. Natl.

(1) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J.Glhem. Re. 1996 Acad. Sci. U.S.A1996 93, 4644-4648.
96, 2841-2887. (10) Lee, K. A.; Nam, W.J. Am. Chem. S0d.997 119, 1916-1922.
(2) Wallar, B. J.; Lipscomb, J. DChem. Re. 1996 96, 2625-2658. (11) Newcomb, M.; Toy, P. HAcc. Chem. Re®00Q 33, 449-455.
(3) Que, L., Jr.; Ho, R. Y. NChem. Re. 1996 96, 2607-2624. (12) Nam, W.; Lim, M. H.; Lee, H. J.; Kim, CJ. Am. Chem. So200Q 122,
(4) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee, S.-K;; 6641-6647.
Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; ZhouClem. Re. (13) Nam, W.; Lim, M. H.; Moon, S. K.; Kim, CJ. Am. Chem. So200Q
200Q 100, 235-349. 122 10805-10809.
(5) Gibson, D. T.Microbial Degradation of Organic Compound#larcel (14) Shu, L.; Nesheim, J. C.; Kauffmann, K.;"Mk, E.; Lipscomb, J. D.; Que,
Dekker: New York, 1984. L., Jr. Sciencel997, 275 515-518.
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Chart 1. Ligands Used in This Study and the Numbering Scheme
for Corresponding Iron Complexes

[Fe(L)(CH;CN),]-
(Cl10;),
1, L=BPMEN
Ry=Ry=H
[Fe(L)(OTf),]
2,L=5MeyBPMEN  [Fe(LYCHCN)J(CIO,),
Ry = Me, Ry = H 4,L=TPA; Ry =Ry =Ry=H
3,L<6MoyBPMEN 5L =5MeyTPA R = Me,
Ry=H, Ry =Me Rp=Ry=H
6,L =6-Me-TPA; Ry =R3=H,
Ry =Me
7,L=6-MeyTPA; R, = Ro = H,
— NCMe /— Ry =Me
N. | N Y/ 8a, L = 6-Meg-TPA; Ry = H,
\ //|:|e\\ Ry =Rz =Me
N [Fe(6-MesTPA)(O,CAN](CIO)
/N N \ N 8b, Ar = 4-Me-CeH,

8¢, Ar = CgHs
8d, Ar = 3-NO,-CgH,

[Fe(N4Py)(CH,CN)ICIO, (9)

the complexes studied here represent the first examples of iron
catalysts capable of olefin cis-dihydroxylation. In this study,
we provide strong mechanistic evidence for the involvement
of a formally non-heme iron(\/yoxo species in these reactions
and demonstrate that olefin epoxidation and cis-dihydroxylation
activities derive from a common fe-OOH intermediate whose
properties and reactivity can be tuned by the ligand environment.
Some aspects of this work have been published previously as
communicationg>-27

Experimental Section

Materials and SynthesesAll reagents were purchased from Aldrich
and used as received unless noted otherwis€OH85 or 96.5%4°0-
enriched), H*®0, (90% 80-enriched, 2% solution in ££0), and*0,
(96% 80-enriched) were obtained from ICON ¥ (88.8 or 98.6%
180-enriched) was obtained from Isotec. Cyclooctene was purified by
vacuum distillation, while other olefins were purified by passing through
silica gel immediately before the reactions. The epoxidesisfand
trans-2-heptenes were obtained from stereospecific epoxidation by
m-chloroperoxybenzoic acid, and the corresponding diols were from
the hydrolysis of the epoxides.

The syntheses of all complexes used in this study excefi &od
3 have been previously reported; these complexes and corresponding

intermediate has been observed in the reaction cycle of thereferences are listed as follows: [FBPMEN)(CHCN)](CIO.). (1),

antitumor drug bleomyci#® 18 These intermediates are believed
to be involved in the hydroxylation of aliphatic-¢4 bonds
and the epoxidation of €C double bonds.

[F€'(TPA)(CHCN),](CIO4)2 (4),*° [Fe" 20(TPA)R(H20)](ClO.)4 (48),*
[Fe'(5-Mex-TPA)(CH,CN),](CIO.), (5),22[F€' (6-Mey-TPA)(CHCN),]-
(ClOg)2 (6,n=1;7,n = 2; 83, n= 3) ®[Fe' (6-Mex-TPA)(O:CCcHsX)]-
(ClOg) (8b, X = 4-Me; 8¢, X = H; 8d, X = 3-NOy),* and

On the other hand, scant insight is available for the cis- [rgi(N4Py)(CHCN)(CIO.), (9).32 Caution: Perchlorate salts are

dihydroxylation of C-C double bonds by Rieske dioxygenases,
where both oxygen atoms of ,Care incorporated into the

potentially explosie and should be handled with care
Complexe® and3 were synthesized by mixing equimolar amounts

product® The active site of naphthalene 1,2-dioxygenase consistsof Fe'(OTf)»»2CHCN (OTf = trifluoromethanesulfonate) and the
of a mononuclear iron center coordinated by two histidines and tetradentate ligand in THF solution to afford a precipitate after a few
a bidentate carboxylate group, with the remaining two cis sites minutes of stirring. The precipitate was dissolved in,CHand layered

available for exogenous ligand bindifyEvidence for an iror

peroxo intermediate is suggested by the crystal structure of a

putative indole-dioxygen adduct bound to the mononuclear iron

center?? but no intermediates have been detected spectroscopi-

cally in the catalytic cycle of these enzyntdsTo date,
mechanistic speculations center on the involvement BfF&
peroxo or HO-Fe'=0 species:?!

with hexane to afford the products as yelld®y ¢r white 3) crystalline
solids upon standing at20 °C for 3 days under Ar. Elemental analyses
were performed by Atlantic Microlab (Norcross, GA). [f&-Me>-
BPMEN)(OTf)] (2). Anal. Calcd (found) for GHasFsFEN;O6S,
0.5H,0: C, 36.32 (36.13); H, 4.11 (3.94); N, 8.47 (8.40).'[@=Me>-
BPMEN)(OTf)] (3). Anal. Calcd (found) for GoHzeFsFEeN:OsS,
0.5H,0: C, 36.32 (36.15); H, 4.11 (4.07); N, 8.47 (8.38).
Crystallographic Studies. Crystals suitable for crystallographic

In the course of developing functional models for non-heme analysis were obtained from GEl/hexane for2 and from CHCIy/

iron oxygenases, we have discovered a family of non-heme irondiethyl ether for3. Data collection and analysis were conducted on a
catalysts (Chart 1) that are capable of stereospecific hydrocarbonSiemens SMART system at the X-ray Crystallographic Laboratory of
oxidations with HO, as the oxidant. We have reported a detailed the Chemistry Department of the University of Minnesota. Pertinent
mechanistic study of stereospecific alkane hydroxylation by this crystallographic d_ata and experimental conditions are summarizgd in
family of catalysts and found evidence for the participation of Table S1 (Supporting Information). The structures were solved by direct
an F&—=0 specie@? Here we present a systematic study of methods using the SHELXTL V5.0 suite of programs. All non-hydrogen
olefin oxidation by t.hese catalysts. Although examples of olefin atoms were refined anisotropically, and hydrogen atoms were placed

Lo A . " in ideal positions and refined as riding atoms with individual (or group
epoxidation with HO, by non-heme iron catalysts are kno#r; if appropriate) isotropic displacement parameters.

Instrumentation. *H NMR spectra were recorded on a Varian Unity
300 or 500 spectrometer at ambient temperature. Chemical shifts (ppm)

(15) Stubbe, J.; Kozarich, J. V@Chem. Re. 1987 87, 1107-1136.

(16) Sam, J. W.; Tang, X.-J.; PeisachJJAm. Chem. S0d.994 116, 5250~
5256.

(17) Burger, R. M.Struct. Bonding200Q 97, 287—303.

(18) Neese, F.; Zaleski, J. M.; Zaleski, K. L.; Solomon, E.IAm. Chem. Soc.
200Q 122 11703-11724.

(25) Kim, C.; Chen, K.; Kim, J.; Que, L., Jd. Am. Chem. Sod997, 119,
5964-5965.
(26) Chen, K.; Que, L., JAngew. Chem., Int. Ed. Endl999 38, 2227-2229.
(19) Kauppi, B.; Lee, K.; Carredano, E.; Parales, R. E.; Gibson, D. T.; Eklund, (27) Costas, M.; Tipton, A. K.; Chen, K.; Jo, D.-H.; Que, L., JrAm. Chem.
H.; Ramaswamy, SStructure1998 6, 571—586. So0c.2001, 123 6722-6723.
(20) Carredano, E.; Karlsson, A.; Kauppi, B.; Choudhury, D.; Parales, R. E.; (28) Chen, K.; Que, L., JIChem. Commuril999 1375-1376.
Parales, J. V.; Lee, K.; Gibson, D. T.; Eklund, H.; Ramaswamyj, $lol. (29) Zang, Y.; Kim, J.; Dong, Y.; Wilkinson, E. C.; Appelman, E. H.; Que, L.,
Biol. 200Q 296, 701-712. Jr.J. Am. Chem. S0d.997 119, 4197-4205.
(21) Wolfe, M. D.; Parales, J. V.; Gibson, D. T.; Lipscomb, JJDBiol. Chem. (30) Dong, Y.; Fujii, H.; Hendrich, M. P.; Leising, R. A.; Pan, G.; Randall, C.
2001, 276, 1945-1953. R.; Wilkinson, E. C.; Zang, Y.; Que, L., Jr.; Fox, B. G.; Kauffmann, K.;
(22) Chen, K.; Que, L., JJ. Am. Chem. So@001, 123 6327-6337. Munck, E.J. Am. Chem. Sod.995 117, 2778-2792.
(23) Nam, W.; Ho, R. Y. N.; Valentine, J. 3. Am. Chem. Sod 991, 113 (31) Kim, J.; Zang, Y.; Costas, M.; Harrison, R. G.; Wilkinson, E. C.; Que, L.,
7052-7054. Jr. J. Biol. Inorg. Chem2001, 6, 276-284.
(24) Guajardo, R. J.; Hudson, S. E.; Brown, S. J.; Mascharak, B. Am. (32) Lubben, M.; Meetsma, A.; Wilkinson, E. C.; Feringa, B.; Que, LAdgew.
Chem. Soc1993 115 7971-7977. Chem., Int. Ed. Engl1995 34, 1512-1514.
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were referenced to the residual protic solvent peaks. Electrospray
ionization mass spectral experiments were carried out on a Sciex API
Il mass spectrometer (Sciex, Thornhill, ON, CanatfaProduct
analyses were performed on a Perkin-Elmer Sigma 3 gas chromatograph
(AT-1701 column, 30 m) with a flame ionization detector. GC mass
spectral analyses were performed on a HP 5898 GC (DB-5 column,
60 m) with a Finnigan MAT 95 mass detector or a HP 6890 GC (HP-5
column, 30 m) with an Agilent 5973 mass detector. A 4%3NHH,

mix was used as the ionization gas for chemical ionization analyses.

Reaction Conditions for Catalytic Oxidations. In a typical reaction,

0.3 mL of a 70 mM HO; solution (diluted from a 35 or 50% 4@,
solution) in CHCN was delivered by syringe pump over 30 min at 25
°C in air to a vigorously stirred C}¥CN solution (2.7 mL) containing
iron catalyst and olefin substrate. The final concentrations were 0.7
mM mononuclear iron catalyst (or 0.35 mM dinuclear iron catalyst
4a), 7.0 mM HO,, and 0.70 M olefin. The solution was stirred for
another 5 min after syringe pump addition was complete. The organic
products were either directly extracted into diethyl ether solution or
esterified by 1 mL of acetic anhydride together with 0.1 mL of
1-methylimidazolé* followed by CHC} extraction. To the organic
extract was added an internal standard and the solution was subjected
to GC analysis. The products were identified by comparison of their
GC retention times, GC/MS, artth and**C NMR spectra with those

of authentic compounds.

Isotope Labeling Studies.Similar conditions as described above
were used for isotope labeling studies except for the following details.
In experiments with K80, 42uL of H,0 (0.70 M) was added to the
catalyst solution prior to the injection of 8.. In experiments with
H,1%0;, 7.0 mM H!80, (diluted by CHCN from a 2% H'%0,/H,0
solution) was used instead 0f®Gk. The organic products were subjected
to GC/CI-MS analyses. All labeling experiments were run at least in
duplicate. The data reported were the average of these reactions and
calculated on the basis of tA&-enrichment of the reagents containing
the isotope.

Results

In a recent paper, we reported an investigation of a series of
non-heme iron(ll) complexes with respect to their ability to
catalyze alkane hydroxylation withJ8, as oxidant and found
a number of these carry out stereospecific hydroxylatfdn. '
this paper, we focus on a similar series of catalysts and their Figure 1. ORTEP plots for [Fe(5-MeBPMEN)(OTf)] (2) and [Fe(6-

- 0,
ability to oxidize olefins. All complexes in this study are six- Mez BPMEN)(OT)] (3) showing 50% probability ellipsoids. Hydrogen

. . . . atoms omitted for clarity.
coordinate with a tetradentate N4 ligand based on either the ) )
tripodal tris(2-pyridylmethyl)amine (TPA) or the linebi;N-di- crystallographic data for these two complexes can be found in

methylN,N-bis(2-pyridylmethyl)-1,2-diaminoethane (BPMEN) the Supporting Informgtion. The cis-conformation favorgd by
framework (Chart 1). The remaining coordination sites are the BPMEN family of ligands in these complexes requires the

occupied by labile ligands such as @EN, trifluoromethane- WO remaining ligands, either GBN or OT, to occupy sites
sulfonate (OTf), or benzoate. that are cis to each other, as in the TPA family of complexes.

Physical Properties of the CatalystsSeveral of the com- From their. solid-state structures, it can be deduced4laaid
plexes have been crystallographically characterf2@gj29.31 5, representing the TPA and 5-M&PA complexes, respec-
Exemplifying the family of TPA-based complexes, 5, 8a, tively, have low-spin iron(ll) centers, with FeN bond Iengt_hs
and8c have two cis coordination sites for GEIN or benzoate. o_f I(_ass tha Z_A (T_able 1). The parent BPMEN complek, is
This geometry is also maintained in the BPMEN family of similar but with slightly longer Ft_eN bond lengths (Tab_le 1). _
complexes. Although the BPMEN ligand can in principle adopt The other structurally charactgrlzed complexes are .h|gh spin,
three possible conformations, only one of these is observed forWith Fe~N bond lengths averaging 2.2 A (Table 1). This change
complexesl—3 (Figure 1). The tetradentate ligand adopts a In spin state Is dug elthgr to the replacgment Of_3CN with
cis-a. conformation with the two pyridine rings coordinated to the much weaker triflate ligand or to the introduction of a 6-Me
the metal center trans to each other. While we were not able to

substituent on the pyridine ring. Although the presence of a
crystallize the bis(acetonitrile) derivatives dand3, we were ~ ©-Methyl group may be expected to make the pyridine ligand a
successful with the corresponding bis(triflate) complexes, and Strongero-donor and favor the low-spin state, steric repulsion
between the methyl group and the metal center prevents the
(33) Kim, J.; Dong, Y.; Larka, E.; Que, L., Jnorg. Chem.1996 35, 2369~ formation of the shorter FeN bonds required for the low-spin
(34) 2E3|\Zezbak, L. E., Il.; Schmitt, T.; Gary, G. Rarbohydr. Res1993 246, state and overcomes the donating effect to favor the high-spin

1-11. configuratior?®-35-37
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Table 1. Selected Bond Lengths (A) for [Fe!(BPMEN)(CHsCN),]2* (1), [Fe''(5-Me>-BPMEN)(OTf)2] (2), [Fe'(6-Me,-BPMEN)(OT),] (3),
[Fe'(TPA)(CH3CN)2J?" (4), [Fe'(5-Mes-TPA)(CH3CN),]?* (5), and [Fe'(6-Mes-TPA)(CH3CN),J>" (8a)

12 2(A)P 2(B)° 3 4 50 8a°
Fe—Namine 2.055(5) 2.214(5) 2.210(4) 2.2189(19) 1.99(1) 1.998(3) 2.15(1)
2.053(5) 2.228(5) 2.232(5) 2.2189(19)
Fe—Npyridine 2.002(4) 2.162(4) 2.196(4) 2.2899(19) 1.97(1) 1.984(3) 2.25(1)
2.015(4) 2.175(4) 2.184(4) 2.2900(19) 1.92(1) 1.969(3) 2.18(1)
1.95(1) 1.985(3) 2.24(1)
Fe—Nacetonitrile 1.942(5) 1.92(1) 1.960(3) 2.17(1)
1.950(5) 1.93(1) 1.948(3) 2.17(1)
Fe—Okifiate 2.090(4) 2.082(7) 2.1061(15)
2.127(4) 2.160(4) 2.1062(15)

aReference 282 Two crystallographically distinct molecules in the unit célReference 294 Reference 22¢ Reference 31.

Table 2. Oxidation of Cyclooctene by H,O, Catalyzed by Iron
Complexes?

cis- conv®

catalyst cis-diol>  oxide® diol:oxide (%)
1 [Fe(BPMEN)(CHCN);2* 0.9(2) 7.5(6) 1:8 84
2 [Fe(5-Me-BPMEN)(OTf)) 1.3(4) 7.8(3) 16 91
3 [Fe(6-Me-BPMEN)(OTf))] 6.2(1yY 1.5(1) 4:1 79
4 [Fe(TPA)(CHCN),J2* 4.0(2) 3.4(1) 121 74
4a [FeO(TPA)(H20)4* 41(1) 4.0(1) 11 81
5 [Fe(5-Me-TPA)(CHsCN);J2t 3.9(4) 2.8(1) 1.4:1 67
6 [Fe(6-Me-TPA)(CHCN);2+ 28(1) 21(2) 1311 49
7 [Fe(6-Me-TPA)(CHsCN),]2+ 55(1) 1.1(2) 51 66
8a [Fe(6-Mer-TPA)(CHsCN),J2t 49(6) 0.7(2) 71 56
8b [Fe(6-MerTPA)(O;CCeHs-4-Me)]t  5.0(6) 0.5(1) 10:1 55
8c [Fe(6-Mer-TPA)(O,CCsHs)] 6.1(4) 05(1) 1211 66
8d [Fe(6-MerTPA)(O,CCeH4-3-NOy)]* 6.7(3) 0.4(1) 17:1 71
9 [Fe(N4Py)(CHCN)J2+26 0 0.6 6
10 [Fe(cyclam)(OTf)]e23 0 4 40
11 [Fe(TMP)CIE3® 0 0.2 2
12 [Fe(FoTPP)CIp3® 0 8.6 86

aSee Experimental Section for reaction conditioh¥ields expressed
in moles of product per mole of irofi.Percent conversion of 4D, into
epoxide andcis-diol productsd0.2(1) TN of trans-diol also observed.
¢Values scaled to 10 equiv of 8, for comparison; cyclan+ 1,4,8,11-
tetraazacyclotetradecane; TMP tetramesitylporphinato dianion;§ PP
= tetrakis(pentafluorophenyl)porphinato dianion.

In general, the complexes maintain their spin states igGDH
solution, as determined 44 NMR spectroscopy. Thug, and
5 exhibit spectra with a compact NMR shift range of I2
ppm, as expected for diamagnetic complexes, whilg, 6, 7,
and8a—d exhibit spectra typical of high-spin Fe(ll) complexes
with shifts that range from 120 te-50 ppm. Consistent with
its crystal structurel exhibits a compactH NMR spectrum
expected of a diamagnetic complex, but only-at0 °C. The
shifts increase monotonically with an increase in temperature
such that a spectrum spanning 90 ppm in chemical shift is
observed at 30C, indicating that the iron(Il) center undergoes
a transition from low spin to high spin in this temperature range.

Catalyst Efficiency. Table 2 summarizes the results of
cyclooctene oxidation experiments catalyzed by compléxes
All catalytic oxidation experiments were performed in air at
ambient temperature by delivery of 10 equiv of®d via syringe
pump over a 30-min period. Fak, the yields of epoxide and
cis-diol were unaffected by the presence of ainCd was
introduced by syringe pump in order to minimize dispropor-
tionation of the peroxide that may be catalyzed by the iron

(35) Gitlich, P. Struct. Bondingl981, 44, 83—195.

(36) Gitlich, P.; Hauser, A.; Spiering, HAngew. Chem., Int. Ed. Endl994
33, 2024-2054.

(37) Constable, E. C.; Baum, G.; Bill, E.; Dyson, R.; Eldik, R. v.; Fenske, D.;
Kaderli, S.; Morris, D.; Neubrand, A.; Neuburger, M.; Smith, D. R;;
Wieghardt, K.; Zehnder, M.; Zubetbler, A. D. Chem. Eur. J1999 5,
498-508.

complex (catalase side reaction). For example, when the 10
equiv of HO, were added all at once in the caselpthe yields
of cyclooctene oxidation products decreased by 50%, from 7.4
to 3.8 turnovers (mol of product/mol of catalyst). lodometric
titrations of the solutions at the end of the reaction indicated
that all the peroxide had been consumed. A perusal of Table 2
shows that 4991% of the HO, was converted into olefin
oxidation products, depending on the catalyst used. Thus,
compared to other iron catalysts in the literature, the complexes
studied here have among the best conversion efficiencies for
the oxidation of cyclooctene with 4@, (Table 2). Furthermore
1-3, with ligands based on an ethylenediamine backbone, are
somewhat more effective in converting®} into oxidation
products than their TPA counterparts. This difference in
conversion efficiency has also been observed under similar
conditions in alkane hydroxylation reactiofs®

The products of cyclooctene oxidation are almost exclusively
the corresponding epoxide aois-diol. The appearance of the
cis-diol product was unexpected in the initial stages of this work,
as cis-dihydroxylation of olefins had not previously been
observed for iron catalysts and is a reaction more commonly
associated with high-valent second and third row metal centers
with a cis-dioxometal motif. Howevecis-cyclooctane-1,2-diol
can be unambiguously identified on the basis ofllisNMR
spectrum and GC/MS profile in comparison with the authentic
compound. Control experiments demonstrated that the diol did
not come from the epoxide under the same experimental
conditions. Hydrolytic cleavage of the epoxide ring should only
give thetrans-diol, and notrans-diol was found for any of the
oxidation experiments except for the small amounts observed
in the case of3. These complexes thus represent the first
examples of iron catalysts capable of olefin cis-dihydroxylation.

Many of these catalysts are robust and maintain their ability
to catalyze olefin oxidation with more equivalents oG4
(Table 3). For example, fat, the 75% conversion of #D; to
epoxide is maintained with the addition of 20 and 40 equiv of
H,0,, affording 15 and 29 total turnovers of epoxide products,
respectively. Thusl is an excellent epoxidation catalyst, an
observation that was also reported recently by White &% al.
Similarly, for 8aand8d, the respective 50 and 70% conversions
of H,O; to cis-diol are maintained with the addition of 20 and
40 equiv od HOy; these complexes are therefore excellent
catalysts for olefin cis-dihydroxylation.

Complexesl—8 differ significantly from [Fe(N4Py)(Cht
CN)I12" (9), [Fe(cyclam)(OTH)] (cyclam = 1,4,8,11-tetraaza-
cyclotetradecane), and iron porphyrin complexes with respect

(38) White, M. C.; Doyle, A. G.; Jacobsen, E. N.Am. Chem. So001, 123
7194-7195.
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Table 3. Oxidation of Cyclooctene by H,O, Catalyzed by Selected
Iron Complexes?

catalyst H,0, (equiv) cis-diol® oxide® cis-diol:oxide conv® (%)
1 10 0.9(2) 7.5(6) 1:8 84
20 1.4(2) 15(1) 1:10 82

40 2.2(2) 29(1) 1:13 78

4 10 4.0(2) 3.4(2) 1.2:1 74
20 8.3(2) 5.8(2) 1.4:1 70

40 14.9(6) 10.3(2) 1.4:1 63

8a 10 4.9(6) 0.7(2) 7:1 56
20 10(2) 0.8(1) 12:1 54

40 22(1) 1.6(2) 14:1 59

8d 10 6.7(3) 0.4(1) 16:1 71
20 15(1) 0.8(1) 19:1 79

40 28(1) 1.8(1) 16:1 75

aSee Experimental Section for reaction conditioh¥ields expressed
in moles of product per mole of irofi.Percent conversion of 40, into
epoxide anctis-diol products.

| L epoxide B cis-diol

100+
£
80
60

40

%conversion

20+

T T T T
456 78a8d 9101112

Figure 2. Percent conversion of 40, into epoxide andis-diol products
derived from cyclooctene oxidation catalyzed by compleke42 based
on data listed in Table 2. See Chart 1 for structures of compléx&s 10
= [Fe(cyclam)(OTf)]; 11 = [Fe(TPP)CI];12 = [Fe(RoTPP)CI].

123

to their ability to catalyze olefin oxidationgith H,O, as oxidant
(Table 1). Comple® has a pentadentate ligand that differs from
TPA in having an additional pendant pyridine, but unlket
is a rather poor catalyst for olefin oxidatiéhOn the other hand,
complexes of tetradentate macrocyclic ligands such as cyglam
and porphyring3940catalyze olefin epoxidation but not cis-
dihydroxylation. A structural element that distinguishes8
from the other complexes is the fact that these complexes all
have two cis labile coordination sites. As in our earlier study
of stereospecific alkane hydroxylation by this family of com-
plexes?? we will argue that this feature plays a key role in the
olefin oxidation catalysis observed.

Ligand Tuning of the cis-Diol-to-Epoxide Ratio. As shown
in Table 2 and illustrated in Figure 2, tlees-diol/epoxide ratio
depends dramatically on the nature of the iron catalyst employed.
Complexesl and?2 afford predominantly epoxide product, with
diol/epoxide ratios of 1:8 and 1:6, respectively. In contrast, the
corresponding 6-methyl-substituted analogueonverts only
15% of the HO, added to epoxide and 62% to diol for a diol/
epoxide ratio of 4:1. Thus, the introduction of 6-methyl groups
on the pyridine rings results in a 32-fold change in the selectivity
of the oxidation from epoxidation to cis-dihydroxylation.

The TPA seriesA—8 exhibits a less dramatic change in

product ratios but nevertheless emphasizes the significant effect

(39) Traylor, T. G.; Tsuchiya, S.; Byun, Y.-S.; Kim, €.Am. Chem. S02993
115 2775-2781.

(40) Bartoli, J.-F.; Le Barch, K.; Palacio, M.; Battioni, P.; Mansuy,Chem.
Commun2001, 1718-1719.
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of adding 6-methyl substituents (Table 2 and Figure 2). Complex
4 affords acis-diol/epoxide ratio of 1.2:1, a ratio that increases
only slightly with the introduction of either three 5-methyl
substituentsH) or one 6-methyl groups). However, the addition
of a second?) and a third 6-methyl grouB@) causes the ratio
to jump to 5 and 7, respectively. The high selectivityBaffor
the cis-diol product is further improved when the two GEN
ligands are replaced with a bidentate benzo@ke-@). In fact,
the cis-diol accounts for 95% of the overall oxidation product
when m-nitrobenzoate is used, makir8gl the most selective
iron catalyst reported to date for the cis-dihydroxylation of
olefins#t

Table 4 shows that the ligand preferences for olefin epoxi-
dation versus cis-dihydroxylation observed for cyclooctene are
maintained for a variety of olefinic substrates. As noted earlier,
1is primarily an epoxidation catalyst, whiRand8d strongly
favor cis-dihydroxylation, with exhibiting an olefin oxidation
preference that is intermediate between these two extremes.
Thus, a small modification of the architecture of the complex,
represented in this series by the introduction of 6-methyl
substituents on the pyridine ligands, allows the exquisite tuning
of the oxidative reactivity exhibited by the iron catalyst.

Stereoselectivity.A more detailed study of the oxidation of
the isomericcis- and trans-2-heptenes reveals a significant
ligand dependence on the stereoselectivity of the reactions (Table
5). With respect to epoxidation, all the complexes contraris
2-heptene stereospecifically to the correspondiags-epoxide
with RC values of greater than 99% (R€ 100(cis— trans)/

(cis + trans) or 100(trans- cis)/(cis+ trans) forcis- or trans
olefins, respectively). More discriminating is the epoxidation
of cis-2-heptene. The parent BPMEN and TPA complexes (
and4, respectively) afford the corresponding-epoxide with

a high degree of stereoretention (RC values of 92 and 80%,
respectively), and the results are not affected by 5-Me substitu-
tion. On the other hand, the stereoselectivitycs2-heptene
epoxidation decreases dramatically with the introduction of
6-methyl substituents. For the 6-M&PA complexes, where
the epoxide represents less than 10% of the total oxidized
product, the two epoxide isomers are formed in comparable
amounts. In sharp contrast, the cis-dihydroxylation of the
isomeric heptenes occurs with a high degree of stereoretention
for all catalysts studied. These differences show that epoxidation
and cis-dihydroxylation, although related, must proceed by
distinct mechanisms.

The loss of stereoselectivity inis-2-heptene epoxidation
suggests the participation of an oxidized olefin species capable
of fast epimerization to the more stable trans isomer prior to
epoxide ring formation, such as a radical cation intermediate.
While not very important for the parent BPMEN and TPA
catalysts, this channel becomes more predominant as the number
of 6-methyl substituents on the catalyst increases. The involve-
ment of a radical cation is also supported by the results of
styrene oxidation (Table 4). Indeed PhCHO is a significant
byproduct of the oxidation, which derives from ®@apping of

(41) The somewhat better conversion efficiencyddfcompared tBa (67 vs
49%) is not understood. However, we note that the best catalyst among
the 6-Me-TPA complexes i8d, the one with the least basic carboxylate
ligand. We speculate that the carboxylate is displaced as the acid in the
generation of the Fe—~OOH intermediate (vide infra). At the end of the
catalytic cycle, this acid protonates the bound diolate product to enhance
its displacement from the metal coordination sphere and initiate another
catalytic cycle.
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Table 4. Oxidation of Various Olefins by Selected Non-Heme Iron Catalysts?

1 3 4 8d

olefin diol® epoxide” diol® epoxide” diol’ epoxide” diol’ epoxide®
cyclooctene 0.9(2) 7.5(6) 6.4(1) 1.5(1) 4.0(2) 3.4(1) 6.7(3) 0.4(1)
cis-2-heptene 0.9(1) 5.5(3) 4.6(2) 2.0(1) 3.0(3) 1.9(2) 4.5(2) 0.4(1)
trans-2-heptene 0.6(1) 5.3(1) 2.6(2) 1.5(3) 3.3(3) 1.5(1) 5.3(1) 0.2(1)
1-octene 1.3(1) 4.1(1) 5.3(1) 0.7(1) 5.3(3) 2.2(1) 5.5(2) 0.3(2)
vinylcyclohexane 1.5(2) 5.0(2) 5.0(2) 2.2(2) 5.3(3) 2.7(1) 5.6(2) 0.5(1)
styrene 2.0(1) 1.1(2) 4.8(2) 1.6(1) 2.4(1) 1.7(1) 5.2(1) 0.6(1)

6.4(1y 2.2(4y 1.6(1y 1.9(1y

a See Experimental Section for reaction conditidhgields expressed in moles of product per mole of ifRhCHO byproduct observed due to autoxidation.

Table 5. Oxidation of cis- and trans-2-Heptenes?

cis—2-heptene trans—2-heptene
catalyst ligand diol RC® epoxide® RC® diol RC® epoxide® RC®
1 BPMEN 0.9(1) 79 5.5(3) 92 0.6(1) 88 5.3(1) >99
2 5-Me,-BPMEN 0.9(1) 79 5.2(1) 90 1.1(2) 92 5.1(1) >99
3 6-Me-BPMEN 4.6(2) 78 2.0(1) 60 2.6(2) 95 1.5(3) >99
4 TPA 3.0(3) 96 1.9(1) 80 3.3(3) 96 1.5(2) >99
5 5-Mes-TPA 4.4(1) 94 2.3(1) 83 5.2(1) >99 1.6(2) >99
6 6-Me-TPA 4.2(1) 95 1.6(1) 69 4.1(1) 94 1.1(1) >99
7 6-Mex-TPA 3.9(5) 84 1.3(1) 40 4.8(1) 95 0.6(1) >99
8a 6-Mes-TPA 4.1(4) 93 0.4(1) 35 3.8(6) 96 0.3(1) >99
8d 6-Mes-TPA, 4.5(2) 97 0.4(1) 0 5.3(1) >99 0.2(1) >99

0,CCHs-3-NO»

a See Experimental Section for reaction conditidh¥ields expressed in moles of product per mole of ibRC, the percentage of retention of configuration
in the dihydroxylation and in the epoxidation of 2-heptenes, expressed as the ratio of the diols or the epoxides:— Xi{s)4cis+ trans) forcis-olefin
oxidation and 100(trans cis)/(cis+ trans) fortrans-olefin oxidation.

This lag in product formation is rationalized by the prior

601 . gﬁ'dd;o' oxidation of the F& complex to the catalytically active He

species, which would consume only 0.5 equiv ¢fdil Once
formed, the active F¢ catalyst reacts with more J, to
generate the olefin oxidation products. Consistent with this
required preoxidation for the iron(ll) catalyst, no lag phase is
observed in product formation when [Eg(TPA)(H20),]-
(ClOg)4 (4d) is used in place o#t. Complex4a exhibits a
catalytic efficiency comparable to that 4fand, with 10 equiv

of H,0,, affords 4.1(1) TNcis-diol and 4.0(1) TN epoxide under
the same conditions (Table 2). Thus, bethand 4a act as
precursors to the active oxidant for olefin oxidation. As shown
in electrospray ionization mass spectrometry (ESI-MS) studies
Figure 3. Yields of epoxide anc_bist_jiol products as a function of the discussed below, both generate an intermediaté -2+
amount of HO, added for the oxidation of cyclooctene By species which in turn reacts with more ¥, to form the active

In_ i
a radical cation speci¢8;{*3and the amount of PhCHO formed FéW OO'[.' oxidant (Sdc?heTe Iﬁ inEeOOH int diat
decreases significantly when styrene oxidation is carried out . . € earlier proposed that a low-spin-et Intermediate
under Ar is involved in catalytic alkane hydroxylation by the TPA and

Formation of an F&' —OOH Intermediate. More detailed BPMEN families of catalyst&? Such species have recently been

studies of olefin oxidation catalyzed Byprovide insights into trallptptzd andh spec_troscopltcaﬂlﬂléltck? araﬁtenztted d n tat n:;mbt(ajr of
the nature of the metal species involved. Figure 3 shows the related non-nemeiron syste ough pentadentate igands

oxidation of cyclooctene monitored as a function of adde@1 }/xf[ar(ram ngic ?ssaryfﬁlr: rr:lar:‘yr cabse.:,v Ti r?rql'ilr }OWStamllléz the
For 4, the amounts otis-diol and oxide products increase ermediates suthiciently for observation. The Iow-sp

linearly with increasing amounts of3,, and the diol/epoxide (44) The importance of an intermediate'FeOH species raises the question of
why iron(ll) complexes are generally used as starting points for catalysis

ratio is maintained. These results support the notion ¢fsat in this study instead of corresponding iron(lll) complexes. Bbtémd4a
diol and epoxide are produced by related but independent  are effective catalysts because they have ready access to 'theCfFe
.. L. species that allows efficient formation of the key'FeOOH intermediate.
pathways, the partitioning between which is controlled by the However, iron(lll) complexes such a@a with an easily displaced water
nature of the tetradentate ligand. However, no organic products ~ ligand are not readily available. Often, the high Lewis acidity of the iron(lll)
L . ! . center leads to the formation of stable complexes with less labile ligands
are detected upon the addition of the first 0.5 equiv gDkl as that inhibit the ligand exchange needed to rapidly form thé -F@OH
i i 22 intermediate and catalyze,8, disproportionation instead. Such ligand
also noted in our StUdy of alkane hydroxylatlon WZOZ' differences have also been shown to affect the course of alkane hydroxyl-
ation by non-heme iron complex&s*s
(42) Heimbrook, D. C.; Carr, S. A.; Mentzer, M. A;; Long, E. C.; Hecht, S. M. (45) Mekmouche, Y.; Meage, S.; Toia-Duboc, C.; Fontecave, M.; Galey, J.-
Inorg. Chem.1987, 26, 3835-3836. B.; Lebrun, C.; Pecaut, Angew. Chem., Int. EQ001, 40, 949-952.
(43) Groves, J. T.; Gross, Z.; Stern, M. Korg. Chem1994 33, 5065-5072. (46) Girerd, J.-J.; Banse, F.; Simaan, AS#ruct. Bondin®200Q 97, 143-177.

Yield (TN)

0 3 6 9 12 15
H,0, (equiv)
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Scheme 1. Formation of an Fe'" —OOH Intermediate LA e e LBLL AL T
H, Hy A 478
LFe'X),  (LFe"—0—Fe"(L)

osroo,

(L)Fe"—OH

l HOOH 262

(L)Fe''-O0OH

OOH intermediate fod, albeit less stable than its pentadentate B 478 | 500
ligand counterparts, has been observee 4 °C and found to
have av(O—0) near 800 cm!,*” a value comparable to those
observed for other low-spin Pe-OOH intermediates but 482
significantly lower than those observed for high-spin''Fe
peroxo complexe$46:48.49Thus, the low-spin iron(lll) center
weakens the ©0 bond and activates it for cleava¢fe!’ Since
the conditions for alkane hydroxylation and olefin oxidation are X ) .
identical save for the nature of the substrates, it seems reasonable 454 500 550 600
to postulate the involvement of this intermediate in olefin
oxidation. mz

ESI-MS has proven to be an excellent tool for estabnshing Figurg 4. Electrosprazl iqnization mass spectra_for the reactios wfth
the molecular compositions of transient species in iron-catalyzed '("BZ)OZ i CHyCN at—40°C in the absence (A) and in the presence of styrene
oxidations® Its utility is illustrated for the reactions of the TPA ’
catalyst. When the effluent derived from combining precooled Chart 2. Proposed Structures Corresponding to the ESI-MS lons
solutions of4 or 4a and HO, in a mixing tee is introduced of the Species Generated in the Reaction of 4 and H,O; in the
directly into the mass spectrometer, two signals are observedPresence of Styrene

in the positive ion mass spectrumratz 462 and 478 (Figure Phy + +
p : o ‘[(TPA)F<O :]/ } (TPA)Fe/O \[Ph
o OH

582

516
462

4A). The m/z 462 signal has a mass and isotope distribution T
OH

pattern that corresponds {¢Fe" (TPA)(OH)](CIO4)} *, which

is the precursor to the species that gives rise to the prom- A, m/z 482 B, m/z 500

inent signal atm/z 478. The latter has a mass value and an

isotope distribution pattern consistent with its formulation as o pnl* 5 Ph 1+
{[F€" (TPA)(OOH)](CIOy)} *. MS/MS experiments show that (TPA)F?/ (TPA)Fe/ j/

the fragmentation of thavz 478 ion gives rise to a prominent OOH ~OH \O (CI0,)
daughter ion atz 445 due to the loss of OOH forming ¢
{[FE'(TPA)](CIO4)} ™ and a much weaker daughter ionnalz C.m/z 516 D, m/z 582

461, corresponding to the loss of OH formigfFeV (TPA)-

(O)](ClO4)}*. Last there is also a molecular ion signal in the atnvz482, 500, 516, and 582, in addition to the original features

negative ion mass spectrum @tz 676 corresponding to the atm/z 462 and 478. The most intense of these signaisvat

ion {[F€"(TPA)(OOH)](CIQy)3} ~ (data not shown). 582 has a mass and an isotope distribution pattern that
Notably, the molecular ion atVz 478 of the Fe-OOH species ~ correspond to a combination of the'FeOOH intermediate ion

is not affected by the presence of*fD. This result shows that ~ and styrenertyz478-+ 104). This combination can be construed

the peroxo oxygen atoms in this ion do not exchange with water as the{[(TPA)F€"' —OOH]-styreneClO} * adduct,{[(TPA)-

and that the @0 bond remains intact at this stage of the Fe"—OH]-styrene oxideClOz}*, or {[(TPA)Fe"-styrene di-

characterization, as expected. The mass spectral data unolate]CIQ}*. The MS/MS experiment on this ion shows that

fortunately do not provide any insight as to the identity of the its fragmentation generates only one major daughter ion'at

sixth ligand, which would very likely be required to achieve 482 due to the loss of HCI(XFigure Sic, Supporting Informa-

the low-spin iron(lll) state indicated by the EPR spectrum of tion). The fact that there is no daughter ion due to the loss of

the intermediat@ Considering the readily dissociable nature Styrene alone suggests that the styrene and OOH components

of this ligand, we presume that the sixth coordination site have already combined chemically. Since there is also no

is occupied by a labile solvent molecule such aszCM or daughter ion due to the loss of styrene oxide alone, it is

H,0. reasonable then to formulate th#z 582 ion as the complex of
New species are observed in the ESI-MS spectra of tHe-Fe  the diol product (structur® in Chart 2). The stability of this

OOH intermediate generated frofrand HO; in the presence ion is not surprising, given the expected bidentate coordination

of styrene. Figure 4B shows the appearance of four new signalsof the diol to the iron center and the oxophilicity of iron(lll).

The assignment of thevz 482 ion to structuréd in Chart 2

(47) Ho, R. Y. N.; Roelfes, G.; Feringa, B. L.; Que, L., JrAm. Chem. Soc.  ¢an be rationalized on the same basis. The iomga500 and

1999 121, 264-265. X ;
(48) Lehnert, N.; Ho, R. Y. N.; Que, L., Jr.; Solomon, EJI.Am. Chem. Soc. 516 both fragment by loss of diol and respective losses,af H

(49) IZ_%?W%;'%aNBZIch)_%ZQ\?N Que, L., Jr.; Solomon, EJI.Am. Chem. Soc. and OOH (Figure Slaand b, Supporting Information) and are
2001, 123 12802-12816. thus formulated as structur@andC in Chart 2, respectively.
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Table 6. |sotope Labeling Results from the Oxidation of 90
Cyclooctene by H,O, Catalyzed by Iron Complexes?
- - - & 5(5-Me,-TPA)
cis-cyclooctane-1,2-diol © 809
cyclooctene oxide-*0% H,'80 H,%0, E 4 (TPA)
_ g 704 + 6 (6-Me-TPA)
||gand Hzlﬂo HZISO2 1802h 160180 180180 160180 180180 2
o
4 TPA 9(1) 90(8) 1 86(5) 1(1) 97(3) 3(1) 2 60+
5 5-MeyTPA 2(1) 93(6) 5 8319 1(1) 97(3) 2(2) &
6 6-Me-TPA 7(1) 71(9) 22 80(1) 2(1) 94(4) 6(1) % 50
7 6-MerTPA 3(1) 61(8) 36 3(1) 1(1) 7(1) 93(3) I
8a 6-MeyTPA 3(1) 54(2) 43 1(1) o 4(1) 96(1) g 40 7(6-Me,-TPA) o
o
3 See Experimental Section for reaction conditidhSalculated consider- 30 : T 8a (S'Mes'TPA?
ing mass balance of the oxygen atom. 0 10 20 30 40 50

H 18, 18,
Thus, the product diol coordinates to the metal center in the %cyclooctene oxide- 0 from O,

course of a turnover and is presumably displaced b@.-Ho Figure 5. Linear correlation between the RC value fois-2-heptene
initiate the next round of catalysis. epoxidation and the amount ob@corporation into cyclooctene oxide for

: 2 :
180-Labe|ing Experiments. The subsequent fate of the bound gTe TPA series of catalysts?(= 0.94). Data obtained from Tables 5 and

hydroperoxide has been probed§@-labeling experiments for

the TPA series of catalysts, and these studies provide key Quite distinct from the isotope labeling results for epoxidation
insights into the nature of the oxidants in the mechanisms for are those forcis-diol formation (Table 6), emphasizing the
olefin oxidation (Table 6). As for the previously reported alkane notion that cis-dihydroxylation operates by a parallel but
hydroxylation experiment&}28 oxidations were carried out in  independent mechanism. Both oxygen atoms of disediol

the presence of added water to determine the source(s) of theobtained from/- and8a-catalyzed oxidations derive essentially
oxygen atom(s) incorporated into the epoxide aristdiol from H,O,, with no incorporation of isotope label from the
products. The presence of the added water does not significantlyaddition of 1000 equiv of k0. As previously reporteéf a
affect the product yields observed for the various catalysts in labeling experiment with a 60:40 mixture 0§90, and K0,
this study. in the oxidation of cyclooctene W§a afforded a 60:40 ratio of

The epoxidation of cyclooctene with,HO; in the presence  unlabeled and doubly labelais-diol and a negligible amount
of 1000 equiv of H'0 catalyzed byt affords the corresponding  of the 16080 isotopomer. This experiment demonstrates that
epoxide with 90% incorporation of tH€O label. When H%0, the diol oxygens irBa-catalyzed cis-dihydroxylation derive from
is used in the presence of 1000 equiv oft¥D, the comple- one molecule of BD,.
mentary result is obtained with 9% of the epoxid®-labeled. Dramatically different isotopic labeling results are obtained
Thus, all the oxygen present in the epoxide derives either from for cis-dihydroxylation by4, 5, and6, catalysts with either no
H20, or from the HO present in the solution, with essentially 6-Me substituent or only one 6-Me substituent (Table 6). In
no incorporation of @ from air into the epoxide due to these cases, only one of the oxygen atoms of disediol
autoxidation. The same results are obtainedSoiThus, the becomes isotopically labeled either from experiments carried
incorporation of'80 from H,'80 into the epoxide products  out with H,1%0, in the presence of 1000 equiv 0630 or from
requires the participation of an oxidant capable of solvent water the complementary reactions with,¥0, and 1000 equiv of
exchange in the epoxidation mechanism. H,%0. Thus, one oxygen atom of this-diol derives from HO,,

The extent of®O incorporation into the epoxide product from  while the other derives from #D. These observations require
various oxygen sources is affected by the number of 6-Me a mechanism involving an oxidizing species that can fully
substituents on the pyridine ligands (Table 6). Barith one equilibrate with solvent water.
6-Me substituent, the epoxide product derives its oxygen atom 180 incorporation from H€O into the epoxide andis-diol
71% from HO, and 7% from HO, with the remaining 22%  products of4 display saturation behavior (Figure 6), as shown
presumably from air. Né8O from H,'®0 is incorporated into previously for5-catalyzed hydroxylation of cyclohexane with
epoxide products of and8a, complexes with two or three 6-Me  H,0,.22 This behavior indicates a preequilibrium binding of
substituents, and the percentage incorporation fro@tlso water to the metal center during turnover. Double-reciprocal
decreases t0~60%, so the presumed contribution from air plots of the data (Figure 6 insets) in fact show straight lines
increases t6-40% (Table 6). In fact, the increase in percent O that give estimated association constants of about 20 and 30
from O, in cyclooctene epoxidation correlates well with the M1, respectively, values that are comparable to the 16 M
decrease in RC value in the epoxidationoi$-2-heptene, as  value obtained in the cyclohexane hydroxylation ste&yhis
shown in Figure 5. This linear correlation suggests an increasedcongruence in the isotope labeling results suggests that the same
involvement of a radical cation intermediate leading to epimer- water binding equilibrium affects the oxidizing species involved
ization and autoxidation in the mechanism of olefin epoxidation in Fe(TPA)-catalyzed alkane hydroxylation, olefin epoxidation,
as the number of 6-methyl substituents increases. This trendand olefin cis-dihydroxylation.
parallels the observations we reported previously for alkane Mechanistic Considerations.Scheme 2 shows the proposed
hydroxylation by this family of catalysts, where increasing the mechanism for olefin epoxidation and cis-dihydroxylation
number of 6-methyl substituents causes a decrease in thecatalyzed by the family of non-heme iron complexes discussed

stereospecificity in the hydroxylation efs-1,2-dimethylcyclo- here. These olefin oxidation studies build on the foundation
hexane and an increase in the percent O derived frerimt©® provided by our earlier work on alkane hydroxylation by this
the alcohol product? same family of catalystd and further validate key features of
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Figure 6. Fraction of 180-labeledcis-diol (top) and epoxide (bottom)
obtained in the oxidation of cyclooctene catalyzedifiy»O, as a function
of the concentration of F120 ([H,180]). Insets: the double-reciprocal plots.

Scheme 2. Proposed Mechanism for Catalysis

Fe'l-OOH
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a mechanism that posits the participation of af'+©OH
intermediate and the correspondingVF®© derivative. The

proposed mechanism takes into account the following observa-

tions:

1. Only complexes with two cis labile sites are effective
catalysts for olefin epoxidation and cis-dihydroxylation.

2. Category A complexes, with ligands having either no
6-methyl substituentl( 2, 4, 5 or only one 6-methyl substituent
(6), catalyze highly stereoselective olefin epoxidation and olefin
cis-dihydroxylation. Epoxide andis-diol products incorporate
180 from H,'80 via an [H80]-dependent preequilibrium.

3. Category B complexes, with ligands having more than one
6-methyl substituent3; 7, 8a—d), catalyze olefin cis-dihy-
droxylation predominantly, affordings-diols with both oxygen
atoms derived from bD,.

As proposed in our alkane hydroxylation stuciésyhat
distinguishes category A catalysts from those in category B is
the spin state of the Pe-OOH intermediate, which can be tuned
by the number of 6-methyl substituents on the tripodal ligand,

3034 J. AM. CHEM. SOC. = VOL. 124, NO. 12, 2002

as precedented by the [IF5-Me,-TPA)(OOBU)]?" series X
= 0-3)2°

Category A complexesl( 2, 4, 5, 6) afford low-spin F&' —
OOH intermediates, whose-€D bonds are weakened by the
presence of th& = 1/, iron centert” The fact that9, with the
closely related but pentadentate N4Py ligand, also forms a
similar low-spin F&' —OOH intermediat¥ but is not a catalyst
for olefin oxidatior?® suggests that the presence of the low-
spin iron(lll) center is insufficient to account for the reactivity
observed. The adjacent second labile site on the catalyst must
thus serve a critical role in activating the bound peroxide.

In the right branch of Scheme 2, we propose that peroxide
activation occurs by preequilibrium water binding to the adjacent
labile site of the Fé—OOH intermediate. A five-membered
ring species is formed that promotes-O bond heterolysis to
generate theis-H®O—Fe'=0 oxidant. The observation &fO
incorporation from H'80 into the epoxide andis-diol products
of these reactions strongly supports this mechanistic hypothesis,
as it requires another intermediate that is capable of solvent
water exchange. Partial labeling of the epoxide product with
180 from H,'80 would occur by oxe-hydroxo tautomerism of
the cis-H180—Fe'=0 oxidant, as precedented in heme sys-
tems®951 which would introduce®O into the terminal iror
oxo unit before oxygen atom transfer to the olefinic substrate.
Cis-dihydroxylation, on the other hand, entails the transfer of
two oxygen atoms from oxidant to substrate. Thus, the observa-
tion that one oxygen atom of thes-diol product derives from
H.O while the other comes from 4@, strongly supports the
involvement of the proposedis-H¥0—Fe'=0 species; it in
fact represents the strongest evidence thatitkel'80—Fe'=0
species is the oxidant for category A catalysts in the presence
of excess water.

The mechanism shown on the right branch of Scheme 2 may
apply as well for category A catalysts in the absence of excess
water, but we cannot exclude the mechanism shown on the left
branch. In this case, the e;-O0OH intermediate would be
activated by isomerization to aj7-OOH species, which may
either react directly with the olefin or convert to the high-valent
species prior to attack of the olefin. In such a pathway, the highly
stereoselective epoxide aoig-diol products derive their oxygen
atoms exclusively from pD,. The less than 10% incorporation
of 180 from H,'80 into the epoxide may argue for the
involvement of both branches of Scheme 2 for category A
catalysts, but the high level dfO incorporation into theis-
diol shows that the right branch of Scheme 2 dominates for
cis-dihydroxylation.

Category B catalysts3( 7, 8a—d), on the other hand, very
likely give rise to high-spin Fe—OOH species due to the steric
effects of the 6-methyl substituer#fsThe lack of'80 incorpora-
tion from H,'80 into epoxide anctis-diol products excludes
the right branch of Scheme 2 as the mechanism for peroxide
activation. Consistent with the alternative mechanism on the
left branch, both diol oxygens of thas-diol products derive
almost exclusively from bD,. At present, it is not clear why
category B catalysts should strongly favor olefin cis-dihydroxyl-
ation, but our data unequivocally establish this preference.
Furthermore, unlike for category A catalysts, category B
catalysts yield minor epoxide products with significant loss of

(50) Bernadou, J.; Meunier, Ehem. Commurl998 2167-2173.
(51) Meunier, B.; Bernadou, $truct. Bonding200Q 97, 1—35.
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stereochemistry and incorporation of oxygen from [Dstead bleomycin; their metal centers have only one available site with
of a mechanism involving direct oxygen atom transfer, these which to form low-spin F§ —OOH intermediate&?5253Without
observations strongly suggest a stepwise epoxidation mechanisnan adjacent labile site, such intermediates can only give rise to
involving the initial oxidation of olefin to a radical cation olefin epoxidation.

intermediate. Thus, the reactivity of high-spin'"FeOOH On the other hand, cis-dihydroxylation ofC double bonds
species differs significantly from that of their low-spin coun- is catalyzed only by bacterial non-heme iron Rieske dioxy-
terparts. genase8.These enzymes have a mononuclear iron site that is
Scheme 2 represents our best working model to date for ourcoordinated to two histidine imidazoles and a bidentate car-
family of catalysts. There is strong evidence for''FeOOH boxylate from aspartat® with two cis sites available for
intermediates as well as the participation afigHO—Fe'=0 exogenous ligand binding. Our model studies suggest that olefin

oxidant in category A reactions, but not for the intermediates cis-dihydroxylation is favored by a high-spin iron center with
shown in brackets; these various reactive species, howevertwo cis labile sites. Given the weak crystal field expected from
plausible, are at present all speculations based on detailedthe 2-His-1-carboxylate facial triad,it seems likely that the
product analysis and®O labeling. Kinetic studies may also  proposed but as yet unobserved ironfHHydroperoxo inter-
contribute to our understanding of the mechanism. However, mediate in the catalytic cycle of these enzymes will have a high-
the syringe pump conditions used in this study are not conducivespin state. Furthermore, there are two cis labile sites available
for the demonstration of a particular rate law, sinceOk for activating the bound hydroperoxide to the putatiiseHO—
concentrations are maintained at a level substoichiometric Fe’=0 species. Evidence is unavailable for the participation
relative to catalyst in order to minimize deleterious side reactions of such a high-valent species in cis-dihydroxylation by the
and maximize HO, conversion into the desired products. enzymes, sincé®O-labeling studies show that both atoms of

Summary and Perspectivesin this paper, we have char- O, are incorporated into theis-diol product. Howevert80 from
acterized a family of non-heme iron catalysts with two cis labile H,0 is found in the alcohol product of the highly enantio-
sites, which are capable of stereospecific olefin epoxidation and selective hydroxylation of indane by toluene and naphthalene
cis-dihydroxylation using kD, as oxidant. Ligand tuning of  dioxygenase$>°6so an F¥=O species can form in the Rieske
the spin state of the Fe-OOH species formed in the course dioxygenase active site and may thus be involved in cis-
of catalysis results in the range of reactivities observed. A dihydroxylation as well. The insights we have gained in the
dramatic illustration of this effect can be seen in the BPMEN foregoing study illustrate the utility of biomimetic investigations
series, where a 32-fold change in ttis-diol/epoxide ratio is to shed light on biological mechanisms for oxygen activation.
observed on going frorh, which catalyzes epoxidation almost
exclusively (89% of the total products), 8 which favors cis-
dihydroxylation (80% of the total products).

The complexes in this series are in fact the first examples of
iron catalysts capable of olefin cis-dihydroxylation, thus provid-
ing a unique opportunity to gain insight into its novel mecha-
nism. Category A catalysts give rise to low-spin''FeOOH
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