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Abstract: High-valent iron-oxo species have frequently been invoked in the oxidation of hydrocarbons by
both heme and non-heme enzymes. Although a formalk=& species, that is, [[PYFEV=0]", has been

widely accepted as the key oxidant in stereospecific alkane hydroxylation by heme systems, it is not established
that such a high-valent state can be accessed by a non-heme ligand environment. Herein we report a systematic
study on alkane oxidations with,8, catalyzed by a group of non-heme iron complexes, that i8(JRA)(CHs-

CN);]2t (1, TPA = tris(2-pyridylmethyl)amine) and its- andS-substituted analogues. The reactivity patterns

of this family of Fé/(TPA) catalysts can be modulated by the electronic and steric properties of the ligand
environment, which affects the spin states of a commdh-FeOH intermediate. Such an ''e-peroxo species

is high-spin when the TPA ligand has two or threeubstituents and is proposed to be directly responsible

for the selective €H bond cleavage of the alkane substrate. The thus-generated alkyl radicals, however, have
relatively long lifetimes and are susceptible to radical epimerization and trapping.bd9rCthe other hand,

1 and theg-substituted PHTPA) complexes catalyze stereospecific alkane hydroxylation by a mechanism
involving both a low-spin Pé—0OO0OH intermediate and an O species derived from-©0 bond heterolysis.

We propose that the heterolysis pathway is promoted by two factors: (a) the low-spin iron(lll) center which
weakens the ©0 bond and (b) the binding of an adjacent water ligand that can hydrogen bond to the terminal
oxygen of the hydroperoxo group and facilitate the departure of the hydroxide. Evidence fo¥Y+4® Bpecies

comes from isotope-labeling studies showing incorporatiol®ffrom H,'%0 into the alcohol product3®O-
incorporation occurs by $180 binding to the low-spin Fé—OOH intermediate, its conversion tais-H80—

Fe'=0 species, and then oxdydroxo tautomerization. The relative contributions of the two pathways of
this dual-oxidant mechanism are affected by both the electron donating ability of the TPA ligand and the
strength of the GH bond to be broken. These studies thus serve as a synthetic precedent fot=ed Fe
species in the oxygen activation mechanisms postulated for non-heme iron enzymes such as methane
monooxygenase and Rieske dioxygenases.

High-valent iron-oxo species have been proposed as key O—Fe/=0 form prior to attack of the methane-& bond?:8
intermediates in biological hydrocarbon oxidations. Prime A mononuclear F&=O species has also been proposed for
examples are those found for the porphyrin-containing cyto- Rieske dioxygenases to carry out stereospecific alkane hydrox-
chrome P450; the non-heme diiron enzyme methane mono- ylation and alkeneis-dihydroxylation reactions, although no
oxygenasé, and the non-heme mononuclear iron-containing active species has been characterized in the enzymatic‘cycle.
Rieske dioxygenaséd-or cytochrome P450, the two oxidizing  In model studies of non-heme iron enzymes, high-valentiron
equivalents required for stereoselective hydrocarbon oxidationsoxo species have frequently been invoked in biomimetic
are stored on the metal center and the porphyrin, and the activehydrocarbon oxidations by iron catalydfs12 However, no
species is formulated as [(P@feV=0]".22 The correspond-  experimental evidence has been obtained for an actiVe=-Be
ing intermediate in methane monooxygenase has a%-Fe species in a non-heme ligand environment, in contrast to the
(u-O), core where the second iron assumes the role of the well characterized [(POF€Y=0]" intermediate in heme sys-
porphyrin radicaP;® but some theoretical calculations speculate : :
that the F&,(u-O), core isomerizes to a more reactive'Fe 33((36) Lipscomb, J. D.; Que, L., Jd. Biol. Inorg. Chem1998 3, 331~
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Scheme 1.Non-Heme Ligands Studied in This Paper and
the Numbering of the Corresponding Mononuclear Iron(ll)
Complexes
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tems?13 These results raise the question of whether a formally
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(1a),"" [Fe'(N4Py)(CHCN)](CIOx) (12),% [Fe" (TPA)CE](CIO,) (1b),%
[FE"(TPA)BK;](Cl04),2% [Fe"O(TPA)(O,CCHs)](ClO4)3,2% and
[Fe"O(TPA)(O,CPh)](CIG):%® were synthesized as reported.

Bis[(5-methoxycarbonyl-2-pyridyl)methyl](2-pyridylmethyl)-
amine (5-(MeOOC)-TPA). Methyl 6-bromomethylnicotinate (1.05 g,
4.57 mmol}® was dissolved in 100 mL of anhydrous DMF under N
atmosphere. Into this solution was added 0.25 g of (2-pyridylmethyl)-
amine (2.29 mmol) and 0.82 g of €30 (2.52 mmol). The mixture
was stirred at room temperature undes Btmosphere overnight,
followed by filtration of the CsBr solid residue and vacuum distillation
of solvent. The resulting oil was further purified by column chroma-
tography using AlO; and eluting with 1% CHOH/CHCE (R = 0.8,
alumina, 5% CHOH/CHCL). After evaporating the solvent, a dark red
oil was obtained (56% yieldfH NMR (500 MHz, CDC}, 25°C): 6
(ppm) 9.13 (t; 2Ho-H), 8.55 (dd; 1H;a-H), 8.26 (dt; 2H;3-H), 7.67
(dd; 2H; y-H), 7.64 (d; 1H;-H), 7.51 (d; 1H;3-H), 7.17 (td; 1H;
y-H), 3.96 (s; 4H; CH), 3.94 (s; 6H; OCH), 3.90 (s; 2H; CH).

The syntheses of the mononucleat' Eemplexes3—6 and9 were
carried out under Ar by mixing equal molar amounts of (&O,).
6H,0 and the corresponding ligand in acetonitrile solution. The solid
was obtained by diffusion of diethyl ether or di(isopropyl) ether into
the acetonitrile solution. Complekwas synthesized by mixing equal
molar amounts of PEOTf),»2CH;CN (OTf = trifluoromethane-
sulfonate) and BPQA in THF solution while stirring under Ar. After
the solvent was evaporated, the residue was dissolved pCigEnd

iron(V) oxidation state can be attained in the absence of a layered with hexane to afford a yellow solid upon standing 26 °C

porphyrin ligand.
In the course of developing functional models for non-heme

for 3 days. All complexes gave satisfactory elemental analyses.
Elemental analyses were performed at Atlantic Microlab (Norcross,

iron oxygenases, we have discovered a family of non-heme iron GA) or M-H-W Laboratories (Phoenix, AZ). Crystals suitable for crys-

catalysts, represented by [FEPA)(CHCN);]?" (1, TPA = tris-

(2-pyridylmethyl)amine, Scheme 1), that are capable of ste-

reospecific hydrocarbon oxidations with® as the oxidant#15

tallographic analysis were obtained from gHN/hexane for [F§5-
MesTPA)(CHCN),](CIO,), (3), CH:CN/THF for [Fe/(3-Mes TPA)(CHs-
CN),]J(ClOy)2 (4), CHCly/hexane for [F&(BPQA)(OTfy] (8), and

Here we present a detailed study of alkane hydroxylation by [F&'(BQPA)(HO)(CIO.I(CIO,) (9). Caution: Perchlorate salts are

these catalysts that provides strong mechanistic evidence for

the involvement of a formally iron(\Vyoxo species in a non-
heme iron system.

Experimental Section

Materials. All reagents were purchased from Aldrich and used as
received unless noted otherwiseX¥D (85% or 96.5%4°0-enriched),
H,%0;, (90%80-enriched, 2% solution in ££0), and'®0, (96%1°0-
enriched) were obtained from ICON, NJ;'FD (88.8% or 98.6%°0-
enriched) was obtained from Isoté@ns-1,2-Dimethylcyclohexane was
purified by distillation. Cyclohexane, cyclooctane, anst1,2-dimeth-

potentially explosie and should be handled with care.

[Fe'" (5-Mes-TPA)(CH3CN),](ClO 4)2 (3). *H NMR (300 MHz, CD-
CN, 25°C): 6 (ppm) 10.8 (3H;a-H), 8.4 (3H;5-H), 7.1 (3H;y-H),
6.2 (6H; CH), 2.2 (9H; CH). Anal. Calcd (found) for @HszoNe-
FeChOg: C, 44.86 (44.81); H, 4.52 (4.50); N, 12.56 (12.42); Cl, 10.59
(10.73).

[Fe" (3-Mes-TPA)(CH3CN)2|(ClIO 4)2 (4). *H NMR (300 MHz, CD-
CN, 25°C): ¢ (ppm) 9.18 (3H-H), 7.53 (3H;5-H), 7.51 (3H;y-H),
5.04 (6H; CH), 1.99 (9H; CH). Anal. Calcd (found) for @HsNe-
FeCLOq (4-H.0): C, 43.70 (44.03); H, 4.69 (4.63); N, 12.23 (12.22);
Cl, 10.32 (10.34).

[Fe' (5-(MeOOC)-TPA)(CH3CN),](ClO 4)2 (5): *H NMR (300 MHz,

ylcyclohexane were passed through silica gel before the reactions. TheCDsCN, 25°C): 6 (ppm) 11.51 and 11.04 (3H¢-H), 8.59, 8.56, and
epimeric tertiary alcohols of 1,2-dimethylcyclohexanes or decalins were 8.48 (5H;-H), 7.88 and 7.34 (3Hy-H), 6.49, 6.41, and 6.29 (6H;
obtained by the stereospecific hydroxylation of the corresponding alkane CHz), 3.88 (3H; OCH). Anal. Calcd (found) for @HsoN7FeCkOios

substrate by F&TPP)CI (TPP= 5,10,15,20-tetraphenylporphinato
dianion) and PhiO®¢

SynthesesThe ligands 5-MeTPA,'” 3-Mes-TPA '8 5-(MeOOC)-
TPA® BPQAZ and BQPA® were obtained according to literature
procedures. Iron complexes [R&PA)(CHCN);](ClOy,), (1), [Fe'-
(BPMEN)(CHCN),](ClO4)2 (2),** [F€' (6-Mer-TPA)(CHCN)](ClOx).
(7,n=1;10, n= 2; 11, n = 3) 2! [Fe" ;(u-O)(TPA)(H20),](ClO4)4

(13) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans,
B. J.J. Am. Chem. S0d.981 103 2884-2886.

(14) Kim, C.; Chen, K.; Kim, J.; Que, L., J&. Am. Chem. S0d.997,
119 5964-5965.

(15) Chen, K.; Que, L., JIChem. Commuril999 1375-1376.

(16) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, Jdhem. Re.
1996 96, 2842-2888.

(17) Dong, Y.; Fujii, H.; Hendrich, M. P.; Leising, R. A.; Pan, G;
Randall, C. R.; Wilkinson, E. C.; Zang, Y.; Que, L., Jr.; Fox, B. G
Kauffmann, K.; Minck, E.J. Am. Chem. S0d.995 117, 2778-2792.

(18) Nanthakumar, A.; Fox, S.; Murthy, N. N.; Karlin, K. 0. Am.
Chem. Soc1997, 119, 3898-3906.

(19) Tyekla, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.;
Karlin, K. D. J. Am. Chem. S0d.993 115 2677-2689.

(20) Wei, N.; Murthy, N. N.; Chen, Q.; Karlin, K. Onorg. Chem1994
33, 1953-1965.

(21) Zang, Y.; Kim, J.; Dong, Y.; Wilkinson, E. C.; Appelman, E. H.;
Que, L., JrJ. Am. Chem. S0d.997 119 4197-4205.

(5:CHZCN-0.5H,0): C, 42.47 (42.93); H, 4.11 (4.09); N, 13.33 (13.11);
Cl, 9.64 (9.22).

[Fe'' (5-(MeOOC),-TPA)(CH3CN)(H20)](ClO ), (6): *H NMR (300
MHz, CDsCN, 25°C): 6 (ppm) 12.4 and 11.9 (3Hx-H), 9.05 and
8.89 (4H;p-H), 7.79 and 7.21 (3Hy-H), 7.21 and 6.89 (6H; C}),
3.85 (6H; OCH). Anal. Calcd (found) for @H27;NsFeCLO,3: C, 40.02
(40.41); H, 3.78 (4.04); N, 9.72 (9.69); Cl, 9.84 (9.60).

[Fe"(BPQA)(OTf),] (8). *H NMR (300 MHz, CQXCN, 25°C): ¢
(ppm) 101.9 (2H; pyr-H), 85.9 and 74.1 (4H; pyr CHl 50.4 and
47.0 (4H; pyrp-H), 50.0 (1H; quin 3-H), 35.6 (2H; quin CH 18.6
(1H; quin 7-H),—0.80 (1H; quin 4-H),—2.46 (2H; pyry-H), —3.41
(1H; quin 5-H),—58.0 (2H; quin 6-H and 8-H). Anal. Calcd (found)
for CoaH2NaFeRO;S, (8-H20): C, 40.46 (40.84); H, 3.11 (2.99); N,
7.86 (7.90); S, 9.00 (9.07).

[Fe" (BQPA)(H20)(CIO,)](CIO4) (9). *H NMR (300 MHz, CD»-
CN, 25°C): 6 (ppm) 111.1 (1H; pyoi-H), 102.6 (2H; pyr CH), 65.4
(4H; quin CH), 58.9 and 51.7 (2H; pyf-H), 56.1 (2H; quin 3-H),

(22) Lubben, M.; Meetsma, A.; Wilkinson, E. C.; Feringa, B.; Que, L.,
Jr. Angew. Chem., Int. Ed. Engl995 34, 1512-1514.

(23) (a) Kojima, T.; Leising, R. A,; Yan, S.; Que, L., . Am. Chem.
Soc.1993 115 11328-11335. (b) Norman, R. E.; Yan, S.; Que, L., Jr;;
Sanders-Loehr, J.; Backes, G.; Ling, J.; Zhang, J. H.; O’Connor, . J.
Am. Chem. Sod99Q 112 1554-1562.
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Table 1. Crystallographic Data 08, 4, 8, and9
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3 4-0.5CHCN 8 9
empirical formula QngoClee’\hOg CZGH31_£|2FGN5_503 Cz4H20F6FeN10632 C26H24C|2FGN409
formula weight 669.30 689.83 694.41 663.24
T 173(2) K 173(2) K 293(2) K 173(2) K
crystal system triclinic triclinic trigonal monoclinic
space group P1 P1 P3; P2i/n
unit cell dimensions a=8.5581(3) A a=11.468(2) A a=9.864(2) A a=10.0336(2) A
b=9.8036(3) A b=11.835(2) A b=9.864(2) A b=16.0283(4) A
c=10.6673(4) A c=12.691(2) A c=24.777(9) A c=17.3444(2) A
o= 64.651(1) o= 74.252(3) y =120° £ =101.619(1)
S =68.683(1) p=T77.657(3)
y = 87.560(1) y = 68.165(3)

\Y 746.65(7) R 1526.5(5) B 2088(1) B 2732.19(9) &

A 1 2 3 4

D (calc) 1.489 g cm?® 1.501 g cn® 1.657 gcm?® 1.612gcm?®

A 0.71073 A 0.71073 A 0.71073 A 0.71073 A

u 0.741 mm?* 0.727 mm?* 0.779 mm? 0.810 mm*

R;2 0.0245 0.0426 0.0786 0.0614

WRP 0.0621 0.0710 0.2068 0.1215

ARy = Y||Fo| — [F|l/3|Fol- PWR = (F[W(Fe? — FA)?/ T [WF*])Y2, wherew = g/o?3(F?) + (aP)? + bP.

21.6 (2H; quin 7-H), 7.9 (2H; quin 5-H)-3.2 (2H; quin 6-H),—5.3
(2H; quin 4-H),—12.1 (1H; pyry-H), —53.7 (2H; quin 8-H). Anal.
Calcd (found) for GgH2gNsFeCbO1o (9:CHCN-H20): C, 46.56 (46.33);
H, 4.05 (4.24); N, 9.70 (9.88).

The [Fé'(L)CI,](ClO4) complexes were obtained by combining equal
molar amounts of F&Cl;6H,0, the ligand, and NaClQin CH;OH.
Yellow crystals of3b (L = 5-Me;-TPA) and4b (L = 3-Mes-TPA)
were obtained upon storing the solutions &tCGlovernight. Orange-
red crystals obb (L = 5-(MeOOC)-TPA) andb (L = 5-(MeOOC)-
TPA) were obtained by vapor diffusion of diethyl ether into the
methanol solutions at ZC. All complexes gave satisfactory elemental
analyses (Atlantic Microlab, Norcross, GA).

[Fe" (5-Mes-TPA)CI;](CIO ) (3b). 'H NMR (300 MHz, CDCN,
25°C): o0 (ppm) 168, 120, 106, 14, 9.6;0.5. Anal. Calcd (found) for
CoiH2aN4sFeCEO4: C, 45.15 (45.20); H, 4.33 (4.31); N, 10.03 (9.96);
Cl, 19.04 (19.17).

[Fe'" (3-Mes-TPA)CI](CIO,) (4b). *H NMR (300 MHz, CQCN,
25°C): o (ppm) 146, 120, 7.2, 5.1, 0.38, 0.20. Anal. Calcd (found)
for Co1H24N4FeCEO,: C, 45.15 (44.71); H, 4.33 (4.34); N, 10.03 (9.87);
Cl, 19.04 (18.87).

[Fe" (5-(MeOOC)-TPA)CI2(CIO4) (5b). 'H NMR (300 MHz, C>-
CN, 25°C): 6 (ppm) 142, 116, 94, 46, 4.4, 3.8. Anal. Calcd (found)
for CooH20N4FeCEOs: C, 41.80 (41.94); H, 3.51 (3.95); N, 9.75 (9.23);
Cl, 18.51 (18.82).

[Fe" (5-(MeOOC), TPA)CI;(CIO ) (6b). 'H NMR (300 MHz, CD:-
CN, 25°C): 6 (ppm) 140, 117, 110, 95, 7.4, 4.4. Anal. Calcd (found)
for CasHo7N4sFeCkOgs (6b-0.5CH100): C, 43.04 (43.05); H, 4.06
(3.82); N, 8.37 (8.53).

Instrumentation. *H NMR spectra were recorded on Varian Unity

hydrogen atoms were refined anisotropically, and hydrogen atoms were
placed in ideal positions and refined as riding atoms with individual
(or group if appropriate) isotropic displacement parameters.

Product analyses were performed on a Perkin-Elmer Sigma 3 gas
chromatography (AT-1701 column, 30 m) and 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. NH/CH, (4%) was used as the ionization gas for chemical
ionization analyses.

Reaction Conditions. In a typical reaction, 0.3 mL of a 70 mM
H.O; solution (diluted from 35% or 50% ./H,O solution) in CH-

CN was delivered by syringe pump over 30 min at°Z5in air to a
vigorously stirred CHCN solution (2.7 mL) containing iron catalyst
and alkane substrate. The final concentrations of reagents were 0.70
mM mononuclear iron catalyst—11 or 0.35 mM diiron catalysila,

7.0 mM H0,, and 0.70 M cyclohexanejs- or trans-1,2-dimethylcy-
clohexane, 70 mMis- or trans-decalin, or 7.0 mM adamantane. The
solution was stirred for another 5 min after syringe pump addition.
The iron complex was removed by passing the solution through silica
gel followed by elution with 3 mL of CECN. An internal standard
was added at this point, and the solution was subjected to GC analysis.
The organic products were identified by G®IS comparison with
authentic compounds. In the studies of kinetic isotope effects, a substrate
mixture of cyclohexane/cyclohexamk, of 1:2 or 1:3 was used to
improve the accuracy of the KIE values obtained. All reactions were
run at least in triplicate, and the data reported was the average of these
reactions.

Isotope-Labeling Studies.Similar conditions as described above

300 and 500 spectrometers at ambient temperature. Chemical shiftswere used for isotope-labeling studies except for the following details.

(ppm) were referenced to the residual protic solvent peaks.

In experiments with k80, 42uL of H,'%0 (0.70 M) was added to the

Electrochemical studies were carried out with a CS-100 electro- catalyst solution prior to the addition of,8,. In experiments with
chemical analyzer (Cypress Systems, Inc., Lawrence, KS) using 0.1 H,%0,, 7.0 mM H,'80, (diluted by CHCN from a 2% H?0,/H,0O

M NBusBF, in acetonitrile as the supporting electrolyte. Cyclic
voltammograms (CV) were obtained with a scan rate of 100 mV s

solution) was used instead o£@h. In experiments witfO,, both the
catalyst and alkane mixture and the®d solution were degassed by

by using a three-component system consisting of a platinum disk four freeze-vacuum-thaw cycles prior to the reaction being performed
working electrode and silver wires as auxiliary and reference electrodes.under an'®0, atmosphere. The product solution in the oxidation of

Potentials were corrected to the SCE standard by usint(lksy)s]-
(ClOy)2?* as the internal standard4, (Fct9) = 380 mV under the
same conditions). All waves were quasi-reversible witf's of less
than 84 mV.

cis-1,2-dimethylcyclohexane or adamantane was passed through silica
gel, while other reaction solutions were treated with 0.1 mL of
1-methylimidazole and 1 mL of acetic anhydride to esterify the alcohol
productd® (cis-1,2-dimethylcyclohexanol was not esterified under the

Crystallographic analyses were conducted at the X-ray Crystal- experimental conditions) for GEMS analyses. A substrate mixture
lographic Laboratory of the Chemistry Department of the University of 0.35 M cyclohexaneh, and 0.35 M cyclohexane or 0.35 M
of Minnesota. Data were collected on a Siemens SMART system as cyclohexaned; and 0.35 M cyclooctane was used to study intermo-

previously reported: Pertinent crystallographic data and experimental

lecular G-H/D bond-dependerifO-incorporation, while 0.70 Mis-

conditions are summarized in Table 1. The structures were solved by or trans-1,2-dimethylcyclohexane or 7.0 mM adamantane was used

direct methods using the SHELXTL V5.0 suite of programs. All non-

(24) Burstall, F. H.; Nyholm, R. SJ. Chem. Socl952 3570-3579.

(25) Elvebak, L. E., Il.; Schmitt, T.; Gray, G. Rarbohydr. Res1993
246, 1—11.
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Figure 1. ORTEP plots of [F&5-Me;-TPA)(CH;CN)2]?" (3), [F€'(3-Mes-TPA)(CH:CN)2]2" (4), [Fe'(BPQA)(OTfY] (8), and [Fé(BQPA)(H.0)-
(ClOg)]* (9). Ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.

i r : . Table 2. Selected Bond Lengths (A) and Angles (deg) in
separately for otherl €H bond quendeﬂteO incorporation experi [F&! (TPA)(CHCN)J2* (1), [Fe!(5-Mex-TPAYCHCN)I (3),
ments. The'®*O and!®0 compositions of the alcohol products were [Fe'(3-Mex- P i

; : - : €5 TPA)(CHCN),]** (4), [Fe!(BPQA)(OTfY] (8),
determined by the relative abundances of the following peaks: cyclo- [Fe'(BQPA)(H.0)(CIO)]* (9), and [Fé(6-Mex-TPA)(CHsCN)2]2*
hexanol (Cl),mVz = 160 ¢°0) and 162 0); cyclohexanol; (Cl), (12
m/z = 171 (%0) and 173 10); cyclooctanol (Cl),n/z = 188 (0)

and 190 {t0); 1-adamantanol (Clyyvz = 170 ¢%O) and 172 {0); 1 3 4 8 9 #
(cis or 1R,2R/1S29)-1,2-dimethylcyclohexanol (Cipvz = 146 (50) Fe—Namine 1.99 1.998(3) 1.972(2) 2.208(9) 2.197(4) 2.15
and 148 {f0); the secondary alcohols in the oxidationtafns1,2- Fe—Naromaic 1.97 1.984(3) 1.973(3) 2.267(8) 2.184(4) 2.25
dimethylcyclohexane (Cl)yz = 188 ¢¢0) and 190 0); (trans or 1.92 1.969(3) 1.955(3) 2.138(9) 2.172(4) 2.18
1R 291S,2R)-1,2-dimethylcyclohexanol (El), the averagenaz = 128 1.95 1.985(3) 1.962(3) 2.196(8) 2.201(4) 2.24
(1%0) and 130 £0), 113 {0) and 115 0), 85 (°0) and 87 ¥¥0), Fe—Nacewonivie 1.92 1.960(3) 1.947(3)— - 2.17
1.93 1.948(3) 1.933(3) 2.17

71 (%0) and 73 8O). All reactions were run at least in triplicate. The - - B _
data reported was the average of these reactions and calculated baseGe ™~ Qetner igand gg?ggg; gggggg
on the'O-enrichment of the reagents containing the isotope. : :

Results and Discussion than3 and4 (Figure 2), in line with the increased Lewis acidity

A Family of Fe!l(TPA) Complexes [Fe!(TPA)(CHCN),] 2+ of the iron center on going fr(_)n°rMe to —COOMe groups. _
(1), where TPA is the tetradentate tripodal tris(2-pyridylmethyl)- The electromc effect; g¥-substituents can also be observed in
amine ligand (Scheme 1), is the first non-heme iron catalyst electrochemical studies of the corresponding'[E§Cl2](ClO4)
reported capable of stereospecific alkane hydroxylation in Complexes. Thé&,(Fe**/Fe*) value decreases as the electron
combination with HO,.14 Subsequently, we have found that donating ability of the ligand is increased, that is, 5-(MeO©C)
the same transformation is also catalyzed by the closely relatedTPA < 5-(MeOOC)-TPA< TPA < 5-Meéy TPA~ 3-Mey TPA
[F&! (BPMEN)(CHCN);]2* (2), where BPMEN is the linear (F|gure 2). These results show th.at the hlgher iron oxidation
tetradentatd\,N'-dimethyl\,N' -bis(2-pyridylmethyl)-1,2-diami- state is stabilized by electron donatjfigubstituents on the TPA
noethane ligand (Scheme ¥)Since various substituents can ligand.
be readily introduced into the pyridyl rings (Scheme 1), the TPA ~ The second group consists of complexes of TPA ligands with
ligand is flexible enough to allow a systematic study of ligand ©-substituents {—11, Scheme 1). As noted previously, sub-
electronic and steric effects on the properties and reactivities stituents at the pyridyb-position introduce steric effects on
of the iron complex. The series of iron(Il) complexes we have the metal center that prevent the pyridyl groups from approach-
synthesized for this effort can be formulated as"[E§XY], ing the iron center too closef}:228 Consequently, the
where L is the tetradentate ligand and the teis-oriented o-substituted TPA ligands favor metal centers with larger ionic
monodentate ligands X and Y may be solvent molecules suchradii, for example, Pé over Fé', high-spin over low-spin.
as CHCN and HO or anions such as ClOand triflate (OTf) Indeed, complexeg—11 all have high-spin Pe centers, as
(Figure 1). indicated by'H NMR shifts of up to 160 ppm. As previously

The family of Fd(TPA) complexes can be divided into two ~ reported for11?! the crystal structures o8 and 9 have an
categories. One group consists of F&PA) complexes wherein ~ average FeNrea distance of 2.20 A (Table 2 and Figure 1),

pyridyl 8-Hs are replaced by different functional grougs-6, distances typical of high-spin fFeenters. We have thus obtained
21 ici i i

Scheme 1). As found fd,2! the Fé center is in the dlamagngtlc (26) Gitlich, P. Struct, Bondingl981, 44, 83195,

low-spin state as shown by the2 A Fe-N distances found in (27) Gitlich, P.; Hauser, A.; Spiering, HAngew. Chem., Int. Ed. Engl.

crystal structures o8 and4 (Table 2 and Figure 1) and the 1994 33 2024-2054. _ .

compact NMR shift range of-912 ppm (Figure 2). The NMR (28) Constable, E. C.; Baum, G.; Bill, E.; Dyson, R.; van Eldik, R.;

. . . .. Fenske, D.; Kaderli, S.; Morris, D.; Neubrand, A.; Neuburger, M.; Smith,
shifts are modulated by the electronic properties of the substit- b 5 - Wieghardt, K'.; Zehnderl, M.: Zub;’-,bm, A D,Ch(‘;m‘f gur_ J1999 !

uents;5 and 6 exhibit more downfield shifted NMR features 5, 498-508.
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6 (5-(MeOOC),-TPA) 1
280 mV
12 10 8 6 4 2 0

Chemical Shift (ppm)
Figure 2. 'H NMR spectra of complexe$ and 3—6 in CDsCN at
room temperature witt;, (FE/Fe™) values of the corresponding
[FE'LCI)T complexes 1b and 3b—6b). Residual solvent peaks are
labeled “s”.

a family of Fé/(TPA) complexes that can be used to study ligand
tuning effects on their ability to catalyze alkane hydroxylation.
These studies are discussed in the next section.

Reactivity Patterns for Alkane Hydroxylation. In a typical
reaction, 0.70 mM. is treated with 7.0 mM KD, (10 equiv) in

J. Am. Chem. Soc., Vol. 123, No. 26, GRRi

® cyclohexanol
0 cyclohexanone

= cyclohexanol
) cyclohexanone

Yield (TN)

10

0 2 4 6 8 10 20 30 40

H,0, (equiv)

Figure 3. Product yields as a function of equivalents of04 added
into the acetonitrile solution of and 1000 equiv of cyclohexane in
air: (a) 0-10 equiv of HO;,; (b) 10—40 equiv of HO,.

0,, showing that the cleavage of alkane-B bonds does not
generate long-lived alkyl radicals that are susceptible to radical
chain autoxidation. Second, the results of competitive oxidations
of C—H bonds of different strengths indicate the involvement
of a rather selective oxidant. For example, intermolecular kinetic
isotope effects (KIE) of 3.23.8 are observed for cyclohexanol
formation and 3/2° ratios of 15-27 are found in the oxidation

of tertiary and secondary-€H bonds of adamantane. Third and
most significantly, 1—6 can catalyze stereospecific alkane
hydroxylation. For example, the oxidation of-1,2-dimethyl-
cyclohexane gives as the major produd® @R or 1S29)-1,2-
dimethylcyclohexanol, the tertiary alcohol with the methyl
groupscis to each other, and its epimer is not observed. The
only tertiary alcohol product in corresponding experiments with
trans-1,2-dimethylcyclohexane substrate iR(2S or 1S2R)-
1,2-dimethylcyclohexanol, the epimer with the methyl groups
trans to each other (Table S1). Thus hydroxylation proceeds

the presence of 0.70 M cyclohexane (1000 equiv) in acetonitrile with retention of configuration at C-1. The same stereospecificity
at room temperature in air. The oxidant is delivered by syringe is also observed in thicatalyzed hydroxylation of the tertiary

pump over a 30-min period to suppresgd disproportionation
and enhance its conversion to organic prodétll of the

C—H bonds ofcis- or trans-decalin. This reactivity pattern in
fact resembles that associated with iron porphyrin catalysts

oxidant is consumed at the end of the reaction as indicated by(Table 3)3°-33 Thus,1—6 are quite selective catalysts for alkane
iodometry. While no products are observed in the reaction of hydroxylation with HO..

cyclohexane and #D, in the absence of catalyst, 2.7 TN

The reactivity patterns df—6 significantly differ from other

cyclohexanol (A) and 0.5 TN cyclohexanone (K) are obtained non-heme iron catalysts reported in the literaftfrislost non-

in the presence df. This result corresponds to a 32% conversion heme iron/HO; reactions generate H@hat reacts with alkanes
of the oxidant into organic products. Essentially the same to afford long-lived alkyl radicals as indicated by four symptoms
product distribution is obtained under Ar, demonstrating that (Table 3)25-37:39(1) an A/K ratio~ 1; (2) the sensitivity of the
O, does not play a significant role in the reaction. In support, product distribution to the presence of, @ith the oxygen atom

less than 3(2)%'0 is incorporated from!€O, into the
cyclohexanol product whehcatalyzed oxidation is carried out
under ant0, atmosphere. Significantly,

of H,O; into alkane oxidation products remains the same with
subsequently repeated additions of oxidant into the mixture of

in the alcohol product deriving from £(3) low selectivity in

(30) Groves, J. T.; Nemo, T. H. Am. Chem. S0d.983 105 6243-

the percent conversion g24s.

(31) Khenkin, A. M.; Shilov, A. ENew J. Chem1989 13, 659-667.
(32) Sorokin, A. B.; Khenkin, A. MNew J. Chem199Q 14, 63-67.
(33) Dores Assis, M.; Lindsay Smith, J. R.Chem. Soc., Perkin Trans.

the catalyst and the alkane substrate (Figure 3b). Its high 1998 22212226

efficiency and robust nature as well as the short reaction time

required for reaction mak& among the best non-heme iron
catalysts reported for alkane hydroxylation wita®4.12

The alkane hydroxylation reactivity patterns observe®fo6
are very similar to that found fot (Table 3). First of all, the
alcohol accounts for80% of the products in the oxidation of

(34) Mekmouche, Y.; Duboc-Toia, C.; Mage, S.; Lambeaux, C.;
Fontecave, MJ. Mol. Catal. A: Chem200Q 156, 85—89.

(35) Trotman-Dickenson, A. Adv. Free Radical Cheml965 1, 1-38.

(36) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJB.
Phys. Chem. Ref. DatB988 17, 513-886.

(37) Miyajima, S.; Simamura, @ull. Chem. Soc. Jpri975 48, 526—

(é8) Roelfes, G.; Lubben, M.; Hage, R.; Que, L., Jr.; Feringa, Etem.

cyclohexane. The A/K ratio is unaffected by the presence of Eur. J.200q 6, 2152-2159.

(29) Kim, J.; Harrison, R. G.; Kim, C.; Que, L., J. Am. Chem. Soc.
1996 118 4373-4379.

(39) Ingold, K. U.; MacFaul, P. A. IiBiomimetic Oxidations Catalyzed
by Transition Metal ComplexgsMeunier, B., Ed.; World Scientific
Publishing and Imperial College Press: London, 2000; Chapter 2.
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Table 3. Oxidation of Alkanes with HO, Catalyzed byl—112 and Other Catalysts

cyclohexane cis—1,2-dimethylcyclohexane adamantane
Fe'L L A +KP A/K KIE® 3°-0l° RCY (%) 320 e
1 TPA 3.2(6) 5 3.5 3.8(9) 100 17
2 BPMEN 6.3(5) 8 3.2(1) 4.6(1) 96 15
3 5-Mes-TPA 4.0(5) 9 3.8(1) 3.6(1) 100 21
4 3-Mes-TPA 4.5(5) 14 3.7(6) 4.5(1) 100 27
5 5-(MeOOC)-TPA 4.0(1) 5 --- 4.1(2) 100 ---
6 5-(MeOOC)-TPA 2.3(6) 19 3.7(5) 3.4(2) 100 15
7 6-Me-TPA 4.0(4) 7 3.6(3) 2.4(3) 85 30
8 BPQA 5.8(2) 10 3.4(1) 3.4(3) 89 30
9 BQPA 1.7(2) 2 3.5(1) 2.0(2) 74 27
10 6-Mex-TPA 2.9(2) 2 4.0(8) 1.8(1) 64 33
11 6-Mes-TPA 1.4(3) 1 3.3(2) 1.0(3) 54 15
[Fe"2(O)(TPAR(H20)]*" (1&) 4.3(4) 5
[FE" A(O)(pby(H20)]* T (ref 34) 2.6 3.2 100 3.5
Fe'(ClOy)2 23
HOe (refs 35-37) 1 -2 9 2
[Fe'(N4Py)(CHCN)J?" (12)¢ (ref 38) 1.4 15 27 3.3
Fe' (Por)" (refs 30-33) 5-15 13 96 6-48

a[ron catalyst:HO,:alkane= 1:10:1000 for cyclohexane amik-1,2-dimethylcyclohexane or 1:10:10 for adamantane oxidation by syringe pump
in acetonitrile in air? Turnover number (TN, mole of product/mole of iron), A cyclohexanol, K= cyclohexanone, 3ol = all isomers of
1,2-dimethylcyclohexanoF. KIE = intermolecular kinetic isotope effect of cyclohexanol formatibRC = retention of configuration in the oxidation
of the tertiary C-H bonds ofcis-1,2-dimethylcyclohexane, expressed as the ratio of the tertiary alcohoR2R#* 1S29) — (1R,2S + 1S2R))/
3°-ol. (Note: The tertiary alcohol obtained by C1-hydroxylation with retention of configuration, i.e., having the methyl gietpgach other,
is the IR 2R or the 1S5 2Sisomer; it has been incorrectly callets-1,2-dimethylcyclohexanol in the recent literatifr®#>64put should actually be
referred to as theransisomer according to [IUPAC rules. We thank a reviewer of this paper for pointing out this €r8of2f= (1-adamantanol)/
(2-adamantanot 2-adamantanone) taking into account of the number-eH®onds in a group. See Table S1 for product turnover dgta=
(—)-4,5-pinenebipyridine. Por porphinato dianiond Under Ar." With single-oxygen-atom donors such as PhlO or NaOCI.

Table 4. Percentage offO-incorporation into Alcohol in the

C—H bond oxidation (such as a KIE value for cyclohexane Oxidation of Cyclohexane by—112

oxidation of =2 or a 3/2° ratio in adamantane oxidation of

2): (4) low stereoselectivity in the oxidation afs or trans FelL L H2*0  H'0, 10,
stereoisomers of 1,2-dimethylcyclohexane and decalin due to 1 TPA 27(2) 70(5) 3(2)
the epimerization of long-lived tertiary alkyl radicals (rate 2 BPMEN 18(3) 84(4) 0
constant estimated to be 801(° s71).31.37.4041|n fact, with i gme37$§2 gg%) 69(1) 6
Fenton’s reagent such as'f€10,),/H,0./Ht (HCIO, or Hy- e 2) _ B

g 4)2/M202 nClO, or Ry 5 5-(MeOOC)-TPA 232) - -
SOy)#2 under the same experimental conditionsReR + 6 5-(MeOOC)-TPA 19(1) — _
1S29/(1R,2S+ 1S 2R) tertiary alcohol ratios of 1.6(1) and 1.2 7 6-Me-TPA 14(4) 62(1) 25(3)
are obtained in the oxidations ofs- andtrans-1,2-dimethyl- g gggﬁ (7)(1) ;é((é)f%) 55(6)
cyclohexane, respectively. T_he reaction prqﬁl_es exhibited by 10 6-MerTPA 0 2902) 54(6)
1-6 clearly show that H® is not involved; instead, they M

. ) 11 6-Mes-TPA 1(1) 22(4) 77

strongly suggest the involvement of a more selective metal- _
based oxidant that generates short-lived alkyl radicals. alron catalyst:HO,:H,O:cyclohexane= 1:10:1000:1000 by syringe

. . pump in acetonitrile in the presence of isotopically labeled reagent.
Thea-substituted subgroup of FETPA) catalysts exhibits & 5cajcylated based on the mass balance of oxygen derived fei@ H

different reactivity pattern (Table 3). For example, the A/K ratio and H20,.
decreases significantly in the oxidation of cyclohexane for the

catalysts with more than oresubstituent. In the extreme case

of 11, nearly equal amounts of alcohol and ketone are formed.
Moreover, Q plays a significant role in these reactions, as 90 |
shown by the significant amounts 8O incorporated into the

100 1

alcohol products when the reactions are performed under an ig, 80 -
180, atmosphere (Table 4). Furthermore, the hydroxylation of <
cis-1,2-dimethylcyclohexane bg—11 affords the two epimeric R 70
tertiary alcohol products. Indeed, as illustrated in Figure 4, there

appears to be a linear correlation between the increasing amount 60 1
of *0-incorporation from'®0, into the cyclohexanol product 5

and the loss of stereoselectivity in the hydroxylatiorisf1,2- 0 20 40 60 80
dimethylcyclohexane when the 'R@PA) catalysts have more

a-substituents on the TPA ligand. These results indicate that
alkane oxidations by—11 involve alkyl radicals with longer Figure 4. The linear correlation between the stereoselectivity in the

lifetimes than those that may be produced in the reactions of hydroxylation of tertiary G-H bonds ofcis-1,2-dimethylcyclohexane
1—6. and*®O-incorporation from®0; into the alcohol product in the oxidation
of cyclohexane byi—3 and7—11 (r? = 0.991).

18
cyclohexanol-"*0% from °0,

(40) Bartlett, P. D.; Pincock, R. E.; Rolston, J. H.; Schindel, W. G.;

Si”(gi;'é-r'uéig'lﬁ’g _C&Z';‘kifogﬁ’%% gc'mzsj’g;ﬁ%i- Chem1971 75 The linear correlation in Figure 4 reflects the competition
3438-3453. T T ' ’ between the rebound of the nascent alkyl radical onto the metal

(42) Russell, G. AJ. Am. Chem. Sod.957, 79, 3871-3877. center and either the epimerization of the tertiaig-1,2-
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Figure 5. The NMR spectra of: (a) in CDsCN; (b) after the addition

of 0.5 equiv of HO, by syringe pump into an C{TN solution ofl

and 1000 equiv of cyclohexane; and (c) after the addition of 10 equiv
of H,O, by syringe pump into an C§TN solution ofl and 1000 equiv

of cyclohexane.

dimethylcyclohexyl radical or the trapping of the cyclohexyl
radical by Q. The stereospecificity o1—6 requires that the
rate of radical rebound must be at least 2 orders of magnitude
faster than the epimerization rate $3A(° s71),3141 and the
nascent alkyl radicals must have lifetimes shorter thari%€
Introduction of a-substituents in catalystd—11 presumably
slows down the rebound step significantly and lengthens the
lifetimes of alkyl radicals to the range of 18-10"% s, as

J. Am. Chem. Soc., Vol. 123, No. 26, G883

region with broader peaks spanning up to 40 ppm in shift, an
NMR spectrum characteristic of an'ffgu-0) complexl’ This
broad NMR spectrum persists in samples studied at the end of
the reaction with 10 equiv D, (Figure 5). Therefore, it is likely
that the first 0.5 equiv KD, oxidizes1 to a mononuclear Fe
species, which then converts to an oxo-bridged dimer, the
thermodynamic sink for the Hestate**

In support of this notion, we have found that {R©(TPA),-
(H20)2](ClO4)4 (18) has a catalytic efficiency comparable to
that of 1 and affords a similar A/K ratio in the oxidation of
cyclohexane. With 10 equiv #D,, la affords 3.6(4) TN
cyclohexanol and 0.7(2) TN cyclohexanone under the same
conditions as that fol (Table 3). However unlikd, there is
no lag phase observed in product formationfar Indeed, the
oxidation of cyclohexane bYa proceeds even when only 0.25
equiv of O, per Fe is added, affording 0.064(2) TN cyclo-
hexanol and<0.001(1) TN cyclohexanone (per Fe), a result
confirmed by using 10-fold higher concentrations of the catalyst
and HO,. Thus, bothl and 1a act as precursors to the active
oxidant for alkane hydroxylation.

The excellent catalytic efficiency dfa contrasts the reactivity
of other Fd!'(TPA) complexes studied here, which amet
catalysts for alkane hydroxylation. For example, no products
are observed when [F¢TPA)CL](CIO4), [FE"(TPA)Br,]-
(ClOy), [FE",0(TPA)(O,CCHg)](ClO4)3, or [FE ,O(TPA)(O,-
CPh)](CIQy)s is used as the catalyst under conditions that elicit
cyclohexane oxidation by—11. A similar ligand effect has been
observed in a study by Mekmouche etalhe differences in
catalytic behavior in these studies emphasize an important
element in catalyst design. In our study, only those complexes

calculated from their decreased stereoselectivities. This rangewith solvent ligands or weakly coordinated anions are good

of radical lifetimes is consistent with the amounts 8O-
incorporation from!80; in the oxidations of cyclohexane {O
trapping rate constant estimated to be about 80" s! under
the experimental condition4y.

The longer-lived alkyl radicals formed in alkane oxidations
by complexes7—11, however, do not derive from hydrogen
abstraction by the nonselective blOas found for alkane
hydroxylation by many other non-heme iron catalydt€om-
plexes 7—11 all give rise to KIE values of 34 in the
hydroxylation of cyclohexane/cyclohexadg-and 3/2° ratios

catalysts that carry out alkane hydroxylation via a mechanism
involving a metal-based oxidant. In our view, these weak ligands
can be readily displaced by,B8, to generate ironrperoxo
species that are responsible for the novel metal-centered alkane
hydroxylation chemistry reported in this paper.

Nature of the Metal-Based Oxidant. The reaction ofl or
la with excess HO, generates an Me-OOH intermediate,
which has been successfully trapped-d0 °C and characterized
by various spectroscopic techniqué4® The Fé'—OOH in-
termediate exhibits EPR signals gt= 2.19, 2.15, and 1.97,

>15 in the oxidation of adamantane, values comparable to thosewhich can be associated with a low-spin iron(lll) center and

found for complexed—6. Therefore, a rather selective metal-
based oxidant is still involved in the oxidation of-&1 bonds
by thea-substituted PETPA) catalysts, and the longer radical
lifetime very likely results from the steric effects of the
o-substituents.

Participation of an Iron(lll) Species. Detailed mechanistic
studies oril-catalyzed alkane hydroxylation help to clarify the
nature of the metal-based oxidant. When cyclohexane oxidation
is monitored as a function of added®}, the amounts of alcohol
and ketone products increase linearly with increasing amounts
of H,O, (Figure 3a). However, no organic product is detected
upon the addition of the first 0.5 equivw8, (Figure 3a), a result
that is confirmed with the use of 10-fold higher amounts of the
catalyst and KO, to improve the accuracy of the GC analysis.
On the other hand, the addition of 0.5 equiyd4 to 1 changes
its NMR spectrum dramatically (Figure 5), with the replacement
of the sharp NMR features of diamagnetiéin the 0-11 ppm

(43) Since the solubility of ®@in normal organic solvent is around 0.015
M/atm partial pressure of Oref 40), the concentration of Qunder our
experimental conditions is around 0.003 M. Since the reaction,afi@
simple alkyl radicals is diffusion controlled (rate constant of°1@ 1 s*

(ref 39), we can estimate the trapping rate constant of alkyl radicals;by O
as 3x 10" s

can be formulated as [Fe(TPA)(OOFRH] by electrospray
ionization mass spectrometty. Addition of H,'80 does not
affect its mass spectrum, demonstrating that the peroxo oxygens
do not exchange with solventHO.4” Resonance Raman studies
show features at 632 and 789 cththat have been assigned to
v(Fe—OOH) andv(O—0) modes, respectivel{f. These values
suggest that the low-spin [E€TPA)(OOH)E" intermediate has
a stronger Fe O bond and a weaker-60 bond relative to those
of other iron-peroxo complexe&-48

Subsequent reaction of this intermediate with alkane results
in alkane hydroxylation, which may be effected by one of the
four oxidizing species shown in Scheme 2. Thé'FOOH
intermediate itself can be the oxidant (pathway or it may
decompose by ©0 bond heterolysis to generate a formally
Fe’=0 species (pathwadly) or by O—O bond homolysis to form

(44) Kurtz, D. M., Jr.Chem. Re. 1990 90, 585-606.

(45) Mekmouche, Y.; Meage, S.; Toia-Duboc, C.; Fontecave, M.; Galey,
J.-B.; Lebrun, C.; Peaut, J.Angew. Chem., Int. EQ001, 40, 949-952.

(46) Ho, R. Y. N.; Roelfes, G.; Feringa, B. L.; Que, L., JrAm. Chem.
Soc.1999 121, 264-265.

(47) Kim, J. Ph.D. Thesis, University of Minnesota, Minneapolis, 1995;
p 135.

(48) Girerd, J.-J.; Banse, F.; Simaan, A.Skruct. Bonding200Q 97,
145-177.



6334 J. Am. Chem. Soc., Vol. 123, No. 26, 2001

Chen and Que

Table 5. &0-Incorporation from 1000 equiv of O on Alkane Hydroxylation byl/10 equiv of HO,

alkane substrate alcohol product alcoH@%
500 equiv of cyclohexand:? cyclohexanold; 1 35(2)
500 equiv of cyclohexarte cyclohexanol 29(2)
500 equiv of cyclooctarie cyclooctanol 23(2)
1000 equiv oftrans—1,2-dimethylcyclohexane 3,4- or 2,3-dimethylcyclohexanols 27(1)
(1R,2Sor 1S2R)—1,2-dimethylcyclohexanol 6(1)
1000 equiv ofcis—1,2-dimethylcyclohexane R.2R or 1S,29—1,2-dimethylcyclohexanol 6(1)
10 equiv of adamantane 1-adamantanol 6(1)

a Intermolecular competition reactions with equal amounts of cyclohesaf®/clohexane or cyclohexartkz/cyclooctane.

Scheme 2.Possible Decomposition Pathways of the
[FE"((TPA)(OOH)ET Intermediate

HO"
+
b _ LFe'=0

7 T

RH
/

LFe" + H0, — LFe"-O0H ROH

LFeV=0
\ +

c
HO.

an F&'=0 species and the highly reactive H(pathwayc).
Since catalystd—11 all exhibit cyclohexane KIE values 3
and adamantane regioselectivitied5, the nonselective HO
can be excluded as an oxidant and pathwagn be eliminated
as a possible mechanism. Therefore, only pathvaapsd b
are viable for alkane hydroxylation Hy-11.

Experiments carried out in the presence ot% show the
incorporation ofi80 label into the alcohol produdivhile control

Scheme 3.Possible Pathways for Oxygen Exchange with
the High-Valent Iror-Oxo Species

t
[FeV=0+Re|
R-H H,O t
a  Fe".OOH —~< » [FeV=0+R:] \
R-OH
R-H ke
b Fe'=0 — [Fe'V-0H+R-]
1 H.® l H,® o: %0
i e %o
A FeV-@H +Re )
Fe'=® [ € ] ©: partial 80

independent of the €H bond strength since the-¢H bond is
already broken. In fact, our experiments summarized in Table
5 show otherwise. In intermolecular competitive oxidations of

experiments show that the alcohols cannot exchange with solventcyclohexaned;, (BDEc-p (bond dissociation energy; 100.6

H'0, the oxidation of cyclohexane lyand 10 equiv KO,

in air in the presence of 1000 equiwtO gives cyclohexanol
with 27(2)%0-incorporation. The complementary experiment
with 10 equiv B0, and 1000 equiv k%0 affords 70(5)%
180-cyclohexanol, corroborating the result for thg#-labeling

kcal/mol) versus cyclohexane (BREs = 99.3 kcal/mol) or
cyclohexaned;, versus cyclooctane (BRQEn = 95.7 kcal/
mol),%° less'80 is incorporated into alcohols derived from the
alkanes with weaker €H bonds. Furthermore, in the intramo-
lecular competition between the stronger secondary and the

experiment. Analogous results are also obtained for catalystsWeaker tertiary €H bonds oftrans-1,2-dimethylcyclohexane,
2—6 (Table 4). These results exclude the direct insertion of an & greater than 4-fold difference in label incorporation is observed

Fe'—OOH peroxo oxygen into the alkane-€l bond as the
sole mechanism for alkane hydroxylation and require the

for the corresponding alcohols. A similarly low level 8O-
incorporation is also obtained for the tertiary alcohol obtained

participation of a stepwise mechanism involving a species that from the oxidation otis-1,2-dimethylcyclohexane or adaman-

allows an oxygen atom from solvent¥O to be incorporated.

tane. These differences #O-labeling may arise from steric

One possible stepwise mechanism for water incorporation and electronic properties of the nascent alkyl radicals that can

involves the intermediacy of a planar carbocation that would
be susceptible to nucleophilic attack by water. This possibility
can be excluded by the result of &®©-labeling experiment on
the 1-catalyzed hydroxylation ofis-1,2-dimethylcyclohexane;
the cis-dimethyl stereochemistry is maintained in the tertiary
alcohol product with 6(1)% incorporation éfO from water.

A similar result has been reported for the stereospecific
hydroxylation of cis-1,2-dimethylcyclohexane by.'> The
retention of stereochemistry concomitant with label incorpora-

affect the rate of €0 bond formation. However, such effects
would be expected to increase the lifetime of the tertiary alkyl
radical, retard the oxygen rebound rate and result in a larger
180 incorporation for tertiary alcohols than secondary products,
which is contrary to what is observed. Since mé#@ from
water is incorporated into alcohols derived from the cleavage
of stronger C-H bonds, there must be a competition between
the incorporation of80 from water into the oxidant and the
cleavage of the €H bond. Such a competition has in fact been

tion from H,180 argues against a planar carbocation intermediate est+aplished in the oxidation Solf various alkanes by [(FFat’=
that would give epimerized tertiary alcohol products. Instead, ©1" In the presence of #1%0.5* Thus, we conclude that water

these results support a mechanism involving a high-valentiron

exchange must occur with the\FeO species derived frorh—6

oxo species that can exchange with solvent water, analogougPhor to C—H bond cleavage.

to the [(Por)FeV=0]" species capable of oxygen incorporation
from solvent water via an “oxo-hydroxo tautomerization”
mechanisnt?

As illustrated in Scheme 3, water exchange can in principle
occur at the PFé&=O stage prior to &H bond cleavage or at
the Fé' stage after ©H bond cleavage. In the latter case, the

exchange must be rapid enough to maintain the stereospecificity
of the reaction. Furthermore, the extent of exchange should be

(49) Bernadou, J.; Meunier, EEhem. Commurl998 2167-2173.

Not surprisingly, the extent offO-labeling in the alcohol
product is also dependent on the amount g8 present in
the reaction mixture. Figure 6 shows the results of a series of
cyclohexane hydroxylation experiments conducted using catalyst
3, chosen because it is most effectivéi® incorporation from
solvent water (Table 4). It is interesting to note that the fraction
of R¥OH increases linearly at lower O concentrations as

(50) Cook, G. K.; Mayer, J. MJ. Am. Chem. Sod.995 117, 7139~
7156.
(51) Goh, Y. M.; Nam, Wlnorg. Chem.1999 38, 914-920.
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Figure 6. The fraction of*®0-labeled alcohol (%ROH) obtained in
cyclohexane hydroxylation catalyzed B§H.O, as a function of the
concentration of K80 ([H»'80]). Inset: the double-reciprocal plot
(r2 = 0.965).
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Scheme 4.General Mechanism Proposed for Alkane
Oxidation by the F&§TPA) Family of Catalysts in
Combination with HO»

LFe{"‘O\OH
(NeCHy)
L=6Mes-TPA / X L=TPA
-0 11-O O v
LFe! LFe ~OH LFe. = LFe?
~OH o+ Y SeH ‘e
H,0
VRH+'0, ¥ RH Y RH
epimerized ROH ROH
R'OH (RC = 100%) (RC = 100%)

stituents 9—11), no 80 from water is incorporated into the
alcohol product, and the oxygen in the product derives from
H»0, or O,. With only onea-substituent on the TPA ligand,
and8 incorporate oxygen into the alcohol product from all three
possible sources, thus representing a situation intermediate
betweenl—6 and9—11. Taken together, it is clear that the'Fe
(TPA) family of catalysts affords a range of alkane hydroxyl-
ation reactivities that require invoking different metal-based

H,%0 concentration is increased, but reaches a plateau at highegyiqants to carry out €H bond cleavage.

H,180 concentrations. A straight line is obtained when the

A Common Mechanistic SchemeScheme 4 shows a unified

reciprocals of both parameters are plotted, as shown in the insetmechanism that derives from a consideration of all our observa-

and an association constant of 16 Mcan be estimated from
thex-intercept of the double reciprocal plot. A similar saturation
behavior of the %MROH value has been reported in heme-
catalyzed alkane hydroxylation with 3-chloroperoxybenzoic acid
(estimated association constant of 0.2%/? This saturation
behavior indicates a preequilibrium binding of solvenfd®

to the metal center prior t680 exchange with the Fe=O
oxidant.

Experiments withBuOH support the notion of preequilibrium
binding of water to the metal center. In the presence of 100
equiv of BUOH, cyclohexane hydroxylation bi/10 equiv of
H,0,/1000 equiv of H80 affords cyclohexanol with decreased
label incorporation, from 27(2)% to 19(3)%, without affecting
the amount of alcohol that is formed (2.7(7) TN). This result
suggests thdBuOH can compete with 80 for the solvent-

labile site on the iron center of the metal-based oxidant and

inhibit 180 incorporation into the alcohol product. Indeed, we

tions. It proposes a mechanism in which botH' FEOOH and
Fe'=0 oxidants can play a role in alkane hydroxylation
(pathwaysa andb of Scheme 2). Summarized below are the
key observations that underpin the proposed scheme:

(a) Catalystsl—11 all generate oxidants that exhibit com-
parably high selectivity in €H bond cleavage, that is, KIE
values of 3-4 and adamantane’/2° ratios of 15-30.

(b) Catalysts with nax-substituents, that is,—6, carry out
stereospecific alkane hydroxylations that incorporate some
oxygen derived from water into the alcohol product.

(c) The extent of solvent water incorporation depends on the
strength of the alkane -€H bond: the stronger the bond, the
more 180 from water is incorporated.

(d) There is a fast [K80]-dependent preequilibrium that
incorporates€0 into the alcohol.

(e) Catalysts with two or threex-substituents do not
incorporate®O from solvent into product and generate longer

have reported mass spectral evidence for the binding of water|jved alkyl radicals.

or alcohols to related He-alkylperoxo specie®

The extent ofi80 incorporation from solvent water can also
be modulated by substituents on the TPA ligand. As shown in
Table 4, electron-donating-substituents increase the amount
of 180 from solvent water incorporated into the alcohol product,
while electron-withdrawing groups have the opposite effect. The
complementary experiment wigiH,180,/H,1%0 shows that, as
for 1, the balance of the oxygen in the alcohol product derives
from H,O, (Table 4). These observations parallel those of Goh
and Nan?! on the hydroxylation of alkanes by a series of iron
porphyrins. As with the porphyrins, our results support the
participation of a mechanism involving an¥=eO species. Such
a high-valent species would be stabilized by an electron-rich
ligand environment, and thus result in a gredf€rincorporation
from water.

o-Substituted PHTPA) catalysts on the other hand give
labeling results different from those of thg-substituted
analogues (Table 4). For complexes with two or thaesub-

(52) Lim, M. H.; Lee, Y. J.; Goh, Y. M.; Nam, W.; Kim, @ull. Chem.
Soc. Jpnl1999 72, 707—713.

(53) Kim, J.; Dong, Y.; Larka, E.; Que, L., Jnorg. Chem.1996 35,
2369-2372.

In this unified scheme, the first key intermediate is atf Fe
OOH species, which, depending on the particular TPA ligand,
may be high-spin or low-spin. The parent TPA ligand gives
rise to a low-spin intermediate, as do those thubstituents,
but thea-substituted TPAs favor the high-spin configuratfén.
Catalysts7 and8, with only onea-substituent, are intermediate
cases that afford both high-spin and low-spin peroxo intermedi-
ates, as reported for [H¢6-Me-TPA)(OCBuU)]?t.21 Resonance
Raman studies of such peroxo intermediates have demonstrated
that the spin state of the iron(lll) center has a profound effect
on the strength of the ©0 bond; low-spin complexes have
weaker G-O bonds {o-o < 800 cntl) than high-spin
complexesio—o > 850 cnt1).214648The difference in the spin
states of various Be-OOH intermediates can be correlated with
the differing alkane hydroxylation reactivities observed for the
family of catalysts in this study.

Catalyst®9—11 with severalt-substituents would be expected
to form high-spin F —OOH intermediate3! The O-O bonds
in such intermediates are stronger than those of low-spin
counterparts, giving rise to somewhat different chemistry. The
lack of 180-incorporation from KO for these catalysts suggests
one of two mechanistic possibilities: (a) that arYF© species
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(i.e., pathwayb, Scheme 2) is not involved or (b) that pathway
b is involved but B0 exchange with the Fe=O species does
not occur. While we cannot exclude possibility (b), we favor
possibility (a) because the steric effects of tsubstituents
would very likely make attaining the Ee=O state energetically
much less favorabl& We thus propose that alkane hydroxyl-
ation proceeds solely by the high-spid'FeOOH active species
either directly or via a stepwise mechanism involving hydrogen
abstraction and radical rebound (pathveayschemes 2 and 3).

Chen and Que

cytochrome P4565-59 and synthetic heme cataly$ts%4 There
is thus a striking parallel in heme and non-heme iron chemistry,
which earlier appeared to be quite distinct from each other but
are now better construed as variations of a common mechanistic
theme.

Accessing the Fé=0 State without a Porphyrin Ligand.
We have presented the first mechanistic evidence for a non-
heme F¥=0 species in stereospecific alkane hydroxylation by
H»0O,, transformations that are well established for their heme

However, radical rebound may be inhibited by steric hindrance counterparts involving a [(PYF€V=0]* oxidant!252 0—0
of thea-substituents, allowing some of the nascent alkyl radicals hond heterolysis of the (Por)tte-OOH species is promoted

to be trapped by @present in solution as shown by tH©,-

by the special properties of the porphyrin ligand, specifically

labeling results or to epimerize as indicated by the partial l0ss jts electron-rich dianionic nature and the ready accessibility of

of configuration observed in the hydroxylation of the tertiary
C—H bonds ofcis-1,2-dimethylcyclohexane (Figure 4). We
suggest that the'-OOH may be activated by the iron(lll) center
via isomerization to am?-OOH binding mode (Scheme 4), as
proposed earlier to rationalize this-dihydroxylation of alkenes
by 1154

Ligands with noa-substituents generate low-spin'FeOOH
intermediates, which have weakened O bond4®48and hence
a proclivity for O—0O bond lysis. As proposed in Scheme 4,
both the F&# —OOH and the F&=0 species derived therefrom
can selectively cleave alkane-El bonds (pathways andb,

its sr-cation radical state. In contrast, TPA is a neutral ligand
without extensiver-conjugation. How then may the generation
of the F&=0 species be enhanced in the case of'[H&A)-
(OOH)P+?

We propose two features that are the key to the special
reactivity of the [F& (TPA)(OOH)E" intermediate: the low-
spin nature of the iron(lll) center and an available coordination
site cis to thex'-OOH for water to bind. As suggested by both
resonance Raman studies and DFT calculatéfA%> the
coordination of a hydroperoxide to a low-spin iron(lll) center
strengthens the FeO bond and weakens the @ bond,

Scheme 2) In both Cases., the alkyl radical that may be formEdthereby promoting the prospects ofO bond |ysisl G-0 bond
must have a very short lifetime to account for the observed heterolysis in (Por)Ré—OOH species can be further enhanced

stereospecificity o€is-1,2-dimethylcyclohexane hydroxylation
and the lack of80-incorporation froni€0,. While we have no
evidence to exclude pathway the observation offO-labeled
alcohol products from K20 in the reactions catalyzed Hy-6
strongly argues for the involvement of theVFeO pathway
(pathwayb).

Exchange offO from H,180 with the F&=O species may
occur at one of two stagespH0 can bind to the Pe=O species
directly or enter the iron coordination sphere at thtd F©OOH
stage prior to @O bond heterolysis. Unlike the well-character-
ized [(Por)FeV=0]" intermediaté;? there is no direct spec-
troscopic evidence for an Fe=O intermediate in the Fe(TPA)

by protonation of the terminal peroxo oxygef57 In the case
of [Fe'(TPA)(OOH)(H0)]?t, we propose that the adjacent
water ligand directs the cleavage towaretO bond heterolysis.
This water ligand can act as an acid whose acidity is enhanced
by coordination to the metal center. An intramolecular hydrogen
bond between the water ligand and the terminal oxygen of the
adjacent HOO forms a five-membered ring (Scheme 4).
Subsequent ©0 bond heterolysis is facilitated by the release
of a molecule of water to afford theissHO—Fe'=0 oxidant.
The importance of the adjacent water ligand in promoting
O—0 bond heterolysis is emphasized by the different reactivities
of 1 and [Fé (N4Py)(CHCN)]2" (12).38 N4Py is closely related

cycle. Thus, the non-heme analogue is likely to be quite reactive to TPA, differing only by the presence of an additional pyridine
and may be_too short-lived to undergo sufficient oxygen atom Jigand (Scheme 5). Liké&, 12 reacts with HO, to form a low-
eXChange with solvent water to produce the Iabe“ng results we Spin |ron(|||) center with aml_OOH group, which also exhibits

observe. A more attractive alternative shown in Scheme 4

involves water binding to the ffe-OOH intermediate prior to
the generation of eisHO—Fe'=0 species. By analogy to heme
systems? oxo—hydroxo tautomerization of the high-valent
species transfer$O from H,'80 into the terminal oxo, which
is incorporated into the alcohol product.

The dual oxidant mechanism (Scheme 4) is consistent with

the different extents dfO-incorporation from K80 observed

(55) Choi, S. Y.; Eaton, P. E.; Kopp, D. A.; Lippard, S. J.; Newcomb,
M.; Shen, R. NJ. Am. Chem. Sod.999 121, 12198-12199.

(56) Pratt, J. M.; Ridd, T. I.; King, L. JI. Chem. Soc., Chem. Commun.
1995 2297-2298.

(57) (a) Vaz, A. D. N.; Pernecky, S. J.; Raner, G. M.; Coon, MPrac.
Natl. Acad. Sci. U.S.A996 93, 4644-4648. (b) Vaz, A. D. N.; McGinnity,
D. F.; Coon, M. JProc. Natl. Acad. Sci. U.S.A998 95, 3555-3560.

(58) (a) Toy, P. H.; Newcomb, M.; Coon, M. J.; Vaz, A. D. Bl.Am.
Chem. Soc1998 120, 9718-9719. (b) Newcomb, M.; Shen, R.; Choi,

in Tables 4 and 5. The choice of which oxidant carries out the S.-Y.; Toy, P. H.; Hollenberg, P. F.; Vaz, A. D. N.; Coon, M.JJ.Am.

C—H bond cleavage depends on relative rates efGDbond
cleavage versus-€H bond cleavage. The cleavage of weaker
tertiary C—H bonds is mainly effected by Pe-OOH, resulting

in a small amount offO labeling from water in the tertiary

Chem. Soc200Q 122 2677-2686.

(59) Collman, J. P.; Chien, A. S.; Eberspacher, T. A.; Brauman,dJ. |.
Am. Chem. So200Q 122, 11098-11100.

(60) Machii, K.; Watanabe, Y.; Morishima, J. Am. Chem. Sod.995
117, 6691-6697.

(61) Kamaraj, K.; Bandyopadhyay, 3. Am. Chem. Sod 997, 119,

alcohol products. On the other hand, the cleavage of strongergggg-g100.

secondary €&H bonds is effected mainly by FeO with
concomitant higher percentage’8® incorporation. Along the
same lines of argument, electron-donatthgubstituents on the
TPA ligand favor the Fé&=0O channel and enhance the incor-
poration of180 from solvent water into the alcohol product.

(62) Lee, K. A.; Nam, WJ. Am. Chem. Sod.997, 119 1916-1922.

(63) Lee, Y. J.; Goh, Y. M.; Han, S.-Y.; Kim, C.; Nam, \€hem. Lett.
1998 837-838.

(64) (a) Nam, W.; Lim, M. H.; Moon, S. K.; Kim, CJ. Am. Chem. Soc.
200Q 122 10805-10809. (b) Nam, W.; Lim, M. H.; Lee, H. J.; Kim, C.
J. Am. Chem. SoQ00Q 122 6641-6647.

This dual oxidant concept has also recently gained credence in89‘(1%5) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod99§ 120, 8941~

discussions of the mechanisms of methane monooxygéhase,

(54) Chen, K.; Que, L., JrAngew. Chem., Int. EdL999 38, 2227
2229.

(66) Dawson, J. HSciencel988 240, 433-439.

(67) (a) Groves, J. T.; Watanabe, ¥ .Am. Chem. S0&988 110, 8443~
8452. (b) Groves, J. T.; Watanabe,J Am. Chem. Sod986 108 7834~
7836.
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Scheme 5. Structures of TPA, N4Py, and BLM (12),38 and FeBLM? demonstrate how sensitive the-Q bond
HNOC | NHy cleavage step is to variations in the ligand environment.
N o, Fe'=0 species have been postulated in the oxygen activation
| : NN mechanisms of non-heme iron enzymes such as methane

monooxygenaseand Rieske dioxygenasé8.For methane
monooxygenase, intermediaf® the key oxidant, is proposed

)ﬁ)\(o
°N
g to have an P¥,(u-O), core® However, computational studies
Ty
W
BLM H

N
> AN EN HoN
N* N%
N g/ have suggested that this core may isomerize to dh-+@—
Fe’=0 unit that may actually carry out the attack of the methane
C—H bond’® Rieske dioxygenases catalyze tis-dihydrox-

ylation of arene double bonds in the initial step of the

aweakened 60 bond*58But. unlike forl the active oxidants  Piodegradation of aromatic molecules by soil bacteria but can
in 12-catalyzed alkane oxidation are deduced to be tHé=Fe also carry out highly stereoselective hydroxylat_ion of aliphatic
0 and HG species derived from ©0 bond homolysig8 The C—H bonds*""""® For example, the hydroxylation of indane
distinct reactivity of the [F8(N4Py)(OOH)E* intermediate can by toluene or na_phtha_lene dlox%genase affords 1_-|ndan(_)l with
be rationalized by the fact that N4Py is a pentadentate ligand, /6—100% enantiomeric excesd! Notabl;gwhen this reaction
so there is no available site on the iron(lll) center for solvent !> carried O%t in the presence o£¥0, 68% of the alcohol is
water to bind. Without the intramolecular hydrogen bond to — ©O-labeled’® This result provides a strong argument for the
promote heterolysis, the kinetic barrier for the formation of an Participation of an Fe=0 species in the enzyme reaction. The
Fe’=0 species may be too high and-O bond homolysis mononuclear iron(ll) center of naphthalene dioxygenase has two
occurs instead. cis sites available for exogenous ligand bindfigyhich, as in

The antitumor drug bleomycin (BLM, Scheme 5) represents the Fé(TPA) catalysts (Scheme 4), may be used to access the
yet another variation on this theme. BLM is a pentadentate F€'=O state. However, the all-nitrogen ligand environment of
ligand like N4Py but has an amidate functionality that makes 1PA does not match the combination of histidine and carbox-
the ligand monoanionic. BLM, in conjunction with Fand @, ylate ligands found in methane monooxygerfassd Rieske
cleaves ribose '4C—H bonds of target DNA via a low-spin  dioxygenase? so that the enzymatic mechanisms for-O
Fd''—OOH intermediate called activated BL#-71 Each of bond activation to access the=eO state may differ in some

the three pathways in Scheme 2 has been considered to explaiRSPects from that proposed for the!F&PA) catalysts. Never-

its reactivity?07273 Like [Fe(N4Py)OOH}", activated BLM thele;s, the chemls.try that we have elaborated upon in th|§ paper
generates long-lived alkyl radicals. But unlike [Fe(N4Py)- Provides a synthetic precedent for such a¥=@ species in
OOHJ*, activated BLM effects regiospecific DNA-€H bond the oxygen activation mechanisms postulated for these non-
cleavage with KIE values of 2-4.57074 observations that ~ N€Me iron enzymes.
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