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We report herein a comprehensive study of (porphinato)iron [PFe]-catalyzed isobutane oxidation in which molecular
oxygen is utilized as the sole oxidant; these catalytic reactions were carried out and monitored in both autoclave
reactors and sapphire NMR tubes. In site and3C NMR experiments, coupled with GC analyses and optical
spectra obtained from the autoclave reactions have enabled the identification of the predominant porphyrinic
species present during PFe-catalyzed oxidation of isobutane. Electron-deficient PFe catalysts based on 5,10,15,-
20-tetrakis(pentafluorophenyl)porphyrin  |&s)4PH], 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetrakis(pen-
tafluorophenyl)porphyrin [B(CsFs)4PH,], and 5,10,15,20-tetrakis(heptafluoropropyl)porphyrin sfg4PH;]
macrocycles were examined. The nature and distribution of hydrocarbon oxidation products show that an
autoxidation reaction pathway dominates the reaction kinetics, consistent with a radical chain process. For each
catalytic system examined, PFspecies were shown not to be stable under moderatgé3sure at 80C; in

every case, the PEeatalyst precursor was converted quantitatively to high-spin'Rfemplexes prior to the
observation of any hydrocarbon oxidation products. Once catalytic isobutane oxidation is initiated, all reactions
are marked by concomitant decomposition of the porphyrin-based catalyst. IiGINMR spectroscopic studies
confirm the incorporation of’O from labeled water into the oxidation products, implicating the involvement of
PFe-OH in the catalytic cycle. Importantly, B(CsFs)4sPFe-based catalysts, which lack macrocycteHCbonds,

do not exhibit augmented stability with respect to analogous catalysts basegFgREe and (gF;)4sPFe species.

The data presented are consistent with a hydrocarbon oxidation process in which PFe complexes play dual roles
of radical chain initiator, and the species responsible for the catalytic decomposition of organic peroxides. This
modified Haber-Weiss reaction scheme provides for the decompositigartbutyl hydroperoxide intermediates

via reaction with PFeOH complexes; the Pl species responsible for hydroperoxide decomposition are
regenerated by reaction of PFaith dioxygen under these experimental conditions.

Introduction and Background state, commonly referred to as compound [), yet must be
available to facilitate thg — 3 and4 — 6 reductive conversions
outlined in Scheme 1. Such formidable requirements for an
Iabiological catalytic system were recognized by Grovés,
Traylor8-11Bruice 2" 1%Meunier2°-22Mansuy?3-2°Collman30-34

The development of selective catalytic hydrocarbon oxidation
reactions is of primary importance for the functionalization of
natural products, drug design, development of new chemica
feedstocks, and small molecule activation. The catalytic para-
digm for such selective substrate oxygenations at ambient
temperature has been the enzyme cytochroggg(8cheme 1}. (2) Groves, J. T., Adhyam, D. \0. Am. Chem. S0d.984 106, 2177~
While an attractive target for biomimetic catglyst dev_elopment, 3) élriiés, 3. T.. Quinn, Rnorg. Chem 1984 23, 3844-3846.
two major problems circumvent technological application of  (4) Groves, J. TJ. Chem. Educl985 62, 928-931.
such yet-to-be realized catalysts that derive their oxidizing (5) Groves, J. T.; Watanabe, ¥. Am. Chem. S0d.986 108 507—508.

equivalents from dioxygen, the world’s most abundant and least- (6) %gg’esl J. T.; Watanabe, . Am. Chem. Sod986 108 7834~

expensive oxidant: (i) the need for coreductants and (i) the 7y Groves, J. T.; Watanabe, Y. Am. Chem. Sod988 110, 8443-
fact that one oxygen atom of,ds wasted in the evolution of 8452,
water. These two facts highlight the quandaries for (porphinato)- (8) Traylor, T. G.; Marsters, J. C., Jr.; Nakano, T.; Dunlap, BJEAm.

. Chem. Soc1985 107, 5537-5539.
iron [PFe] catalysts that are modeled after cytochromg Por (9) Traylor, T. G.: Tsuchiya, Snorg. Chem 1987, 26, 1338-1339.

instance, in addition to adding cost to any hydroxylated or (10) Traylor, T. G.; Miksztal, A. RJ. Am. Chem. Sod.987, 109, 2770~
epoxidized hydrocarbons obtained by such a catalytic cycle, 2774.

i ; ind(11) Traylor, T. G.; Hill, K. W.; Fann, W. P.; Tsuchiya, S.; Dunlap, B. E.
coreductants must be sheltered from high-valent iron oxo spe(:les( 3. Am. Chem. S0d992 114 1308-1312.

responsible for selective hydrocarbon oxidation (JaFléV=O (12) Nee, M. W.; Bruice, T. CJ. Am. Chem. Sod982 104, 6123-6125.
(13) Calderwood, T. S.; Bruice, T. 3. Am. Chem. Sod985 107, 8272—
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Scheme 1. Cytochrome B Catalytic Cycle$
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and a number of other investigatdPs2® and have led to the
development of a family of porphyrin-basegsftype catalysts

(17) Woon, T. C.; Shirazi, A.; Bruice, T. norg. Chem.1986 25, 5,
3845-3846.

(18) Woon, T. C.; Dicken, C. M.; Bruice, T. @. Am. Chem. S0d.986
108 7990-7995.

(19) Castellino, A. J.; Bruice, T. Gl. Am. Chem. Sod.988 110, 158—
162.

(20) Hoffmann, P.; Labat, G.; Robert, A.; Meunier, Betrahedron Lett
199Q 31, 1991-1994.

(21) Hoffmann, P.; Robert, A.; Meunier, BBull. Soc. Chim. Fr.1992
129, 85-97.
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1975 97, 913-914.
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Scheme 2. Proposed Mechanism for Alkane Hydroxylation
Reactions Catalyzed by Electron-Deficient Iron Porphyrin
Catalysts That Exploit Dioxygen as the Stoichiometric
Oxidant

o
PFe" + O, PFe—0"
0-0
PFe—0 + PFe' — — ~ 7 T NFeP
0
PFe<IONFP . 2 pFeV-0
PFeV=0+ R PFe' + ROH

that utilize an abbreviated catalytic cyc 7 —1— 2) in
which PFéd' complexes are reacted directly with powerful,
sacrificial O atom donors, to producetPeV=0 species that
possess reactivity similar to that of compound | of cytochrome
Paso.

For the specialized functions of cytochromgd{detoxifi-
cation, enantioselective biosynthesis of oxygenated organic
substrates), Nature can afford the energetic cost to split dioxygen
into water and a metal-bound O atom with the input of two
protons and two electrons; most potential applications of
biomimetic Rso catalysts cannot. For example, in a potential
large-scale selective oxidation of a hydrocarbon feedstock
chemical, not only would a Brtype biomimetic catalyst in
which one molecule of water was generated through each turn
of the catalytic cycle be energetically wasteful, but the associated
engineering and disposal problems would assuredly impact the
economic feasibility of the process. The tremendous need for
liquefied oxygenated fuels from lightweight hydrocarbons has
led to a number of notions to circumvent this problem; perhaps
the most intriguing hypothesis, first proposed by Ellis and
Lyons3%-47involved the efficacy of potential electron-deficient
porphyrin-based catalysts in which an'Faerived PF&=0
species mirrors the reactivity of compound I'stPeV=0
oxidation level. The primary advantage of such a scheme is
that both O atoms of £xould be incorporated into hydrocarbon
substrates (Scheme 2).

Previous work showed that PFe catalysts that featured large
numbers of electron-withdrawing groups fused to the macrocycle
periphery facilitated the oxidation of branched hydrocarbons
(particularly isobutane) to oxidized alkanes when dioxygen was
utilized as the stoichiometric oxidant, suggesting that an
oxidation pathway similar to that outlined in Scheme 2 might
be operativé®*7 Not only did key questions arise related to
mechanism, but this work gave rise to speculation that perhaps
even more electron-deficient porphyrin macrocycles could lead
to the development of catalysts capable of hydroxylating primary
alkanes. Work by Labinger and Gray concluded that the likely
mechanism of these isobutane oxygenations was radical chain
autoxidatior8-50 where ferric and ferrous porphyrin complexes
played key roles in alkyl hydroperoxide decomposition; such a

(39) Bhinde, M. V.; Lyons, J. E.; Ellis, P. E., Jr. U.S. Patent 5550301 A,
1996.

(40) Ellis, P. E., Jr,;
1189-1190.

(41) Eliis, P. E., Jr.;

(42) Ellis, P. E., Jr,;
1315-1316.

(43) Ellis, P. E., Jr.;
1187-1188.

(44) Lyons, J. E.; Ellis, P. E., JCatal. Lett.1991 8, 45-51.

(45) Ellis, P. E.; Jr., Lyons, J. EEoord. Chem. Re 1990 105, 181-193.

(46) Lyons, J. E.; Ellis, P. E., Jr.; Myers, H. K., Jr.; Wagner, R. W.
Catal. 1993 141, 311-315.

(47) Wijesekera, T. P.; Lyons, J. E.; Ellis, P. E.,Gatal. Lett.1995 36,
69—73.

Lyons, J. El. Chem. Soc., Chem. Commui989

Lyons, J. ECatal. Lett.1989 3, 389-397.
Lyons, J. El. Chem. Soc., Chem. Commui989

Lyons, J. El. Chem. Soc., Chem. Commu989
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mechanism accounted for the observation that primanHC were performed by Robertson Microlit Laboratories, Inc. (Madison,

bonds were inert to functionalization under these reaction NJ). Mass spectra were performed at the Mass Spectrometry Center at
conditions. the University of Pennsylvania.

To provide new insight into this mechanistic controversy, we _ General Procedure for the Preparation of (Porphinato)iron(ll) =
brought to bear two types of in situ spectroscopy to probe the (3-Fluoropyridine), Derivatives. The appropriate PFe(py), species

L : . (~0.1 mmol) was dissolved in 3-fluoropyridine (3-F-py) (3 mL, 35.0
kinetics of these reactions and to examine the nature of productsmmol) and brought to reflux under atmosphere in a 50 mL Schlenk

reactants, and PFe species present throughout the oxidatioRjask equipped with a condenser for 3 h. The solvent was evaporated
reaction. This work couples in situ NMR spectroscopic experi- in vacuo, and the crude PF¢€3-F-pyy complex was purified by
ment$? with electronic absorption spectroscopic analysis of recrystallization from hot hexanes.

oxidation reactions carried out in autoclave reactors; such studies [5,10,15,20-Tetrakis(heptafluoropropyl)porphinatojiron(ll) —(3-
provide information distinct from that obtained previously from F-py).. Isolated yield: 95 mg (95% based on 100 mg ofR{JuPFe-
product analysis of the oxygenated hydrocarbons derived from (py)). *F NMR (400 MHz, GDe, 20 °C): 6 —79.61 (s, 12F);-84.69

reactions of hydrocarbons with dioxygen in the presence of PFe (br, 8F), —118.66 (br s, 8F)~125.28 (s, 2F). UV¥-vis (GH) [Amax
catalysts. (nm) € (M~tcm1))]: 340 (4.47), 418 (4.95), 542 (3.76), 575 (4.28).

[5,10,15,20-Tetrakis(pentafluorophenyl)porphinatoliron(ll) —(3-

In this paper, we examine the extent to which catalyst F-py).. Isolated yield: 95 mg (95% based on 100 mg ofRglPFe-
electronic structure impacts catalyst stability and reactivity, as (Oy)). F NMR (400 MHz, GDs, 20°C): & —125.95 (s, 2F)--138.14

yvell as product_ distributio_n, in the catalytic qx_ygenation o_f (s, 8F),—152.15 (t, 4F)—162.15 (d, 8F). UV-vis (CeHe) [Zmax (NM)
isobutane, probing three different electron-deficient porphyrin (¢ (M~1 cm1)]: 312 (4.39), 416 (5.26), 524 (4.07), 553 (3.75).
ligand environments: 5,10,15,20-tetrakis(pentafluorophenyl)-  [2,3,7,8,12,13,17,18-Octabromo[5,10,15,20-tetrakis(pentafluo-
porphyrin [(GFs)aPH], 2,3,7,8,12,13,17,18-octabromo-5,10,- rophenyl)porphinato]jiron(ll) —(3-F-py).. Isolated yield: 95 mg (95%
15,20-tetrakis(pentafluorophenyl)porphyrin §&sFs)PH;], and based on 100 mg of B(CsFs)aPFe-(py)z). °F NMR (400 MHz, GDs,
5,10,15,20-tetrakis(heptafluoropropyl)porphyrin {F,PH]. 25°C): 6 —123.97 (s, 2F);-138.77 (s, 8F);-151.27 (t, 8F),~162.78
We present evidence for a radical chain autoxidation mechanism,(d: 2F). UV=vis (GHe) [Amax ("M) (€ (M~ cm™))]: 345 (4.40), 452
in which (porphinato)iron(ll}-OH (PFe-OH) species not only ~ (5:12), 556 (3.70), 588 (3.74).

are responsible for the breakdown of tteet-butyl hydroper- Synthesis of Four-Coordinate (GF7):PFe. ZnHg amalgam was
oxides generated in situ during the catalytic reaction, but also PrePared using a procedure described previously by Schididtivated

lav th le of radical chain initiator in th toxidati Zn turnings (600 mg, 9.23 mmol) were added~c2 mL of freshly
play the role of radical chain inftiator n the autoxidation process.  yigijjaq Hg, and the mixture was stirred under adtmosphere for 1

. . h. (GF;)sPFe-Cl (15 mg, 0.014 mmol) was dissolved in 2.0 mL of
Experimental Section dry, degasseddDs and transferred to the ZnHg suspension. The mixture
Materials. Inert atmosphere manipulations and solvent purification Was stirred for 30 min, at which time the color of the solution changed
were carried out as described previodyMethods detailing the ~ from deep purple to dark green. The solution was filtered under N
preparation of 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetrakis(pen-and transferred to an NMR tube fitted with a Teflon valté.NMR
tafluorophenylyporphyrif? 5,10,15,20-tetrakis(pentafluorophenyl)por- (200 MHz, GDs, 23°C): 6 ~2.80 (s, 8 H)*F NMR (200 MHz, GDs,
phyrin53 and 5,10,15,20-tetrakis(heptafluoropropyl)porphSfrinave 23°C): 0 —76.84 (s, 12 F);-87.57 (s, 8 F);~106.98 (br s, 8 F).
been described previously. The syntheses of 2,3,7,8,12,13,17,18- Instrumentation . Electronic spectra were re_corded onan OLIS—_UV
octabromol[5,10,15,20-tetrakis(pentafluorophenyl)porphinato]iron(lll) - Vis—near-IR spectrophotometry system that is based on the optics of a
chloride and [5,10,15,20-tetrakis(pentafluorophenyl)porphinatojiron(lll) Carey 14 spectrophotometer. Variable-temperature and in situ high-
chloride followed those described in the literatéit&%5The syntheses ~ Pressure NMR spectra were recorded on a Varian 400 MHz spectro-
of [5,10,15,20-tetrakis(heptafluoropropyl)porphinato]ironfipyri- photometer. High-pressure NMR experiments were performed using
diney, and {[5,10,15,20-tetrakis(heptafluoropropyl)porphinatojiron- ~ Single-crystal sapphire NMR tubes; their design has been described
(Il1) } 20 have been reported recentf2,3,7,8,12,13,17,18-octabromo- elsewheré? GC analyses of our catalytic oxidation reactions were
5,10,15,20-tetrakis(pentafluorophenyl)porphinato]iror¢(pyridine) accomplished using a Perkin-Elmer gas chromatographic autosystem
and [5,10,15,20-tetrakis(pentafluorophenyl)porphinato]iror(iyri- equipped with a 30 mmx 0.53 mm x 2.65um thickness Hewlett-
dine), were synthesized using an experimental procedure similar to that Packard HP1 cross-linked methyl silicone column. A 125 mL Parr
described for [5,10,15,20-tetrakis(heptafluoropropyl)porphinatojiron- réactor equipped with a magnetic stirrer was used for the autoclave
(I) —(pyridine).5 Chemical shifts fotH NMR spectra are relative to ~ Oxidations.
residual protium in the deuterated solvents§ 6 = 7.15 ppm), while Autoclave Reactor Oxidation StudiesA 125 mL autoclave reaction
19 F NMR chemical shifts are reported relative to fluorotrichloromethane Vessel, lined with a glass sleeve, was charged with 20 mL of a 0.25
(CFCk, 6 = 0.00 ppm). Chromatographic purification of these MM solution of the PFe catalyst in the appropriate solvent and a known
compounds was accomplished on the benchtop using neutral alumina@mount of isobutane. The vessel was then heated ®tC8@nd once

(Fisher Scientific, Brockmann Activity I, 200 mesh). Elemental analyses the temperature had equilibrated, oxygen (120 psi) was introduced into
the system. An oxygen gas feed vessel was utilized to maintain constant

(48) Grinstaff, M. W. Hill, M. G.; Labinger, J. A.; Gray, H. BScience pressure in the reactor throughout the course of the catalytic oxidation.
1994 264, 13111313. Aliquots (2 mL) were removed periodically from the autoclave reactor
(49) Labinger, J. ACatal. Lett.1994 26, 95-99. for analysis; electronic absorption spectroscopy’@pdetermined the
(50) Boettcher, A.; Birnbaum, E. R.; Day, M. W.; Gray, H. B.; Grinstaff, nature of the PFe species present as a function of time, while GC
M. W.; Labinger, J. A.J. Mol. Catal.,, A1997 117, 229-242. experiments enabled identification and quantification of the organic
(1) m%orleigﬁ'_Tl'%gzowm | T.; Therien, M. JJ. Am. Chem. S0d997 products generated in the reaction. The reaction was terminated when
(52) DiMagno, S. G Lin, V. S.-Y.: Therien, M. J. Org. Chem1993 dioxygen ceased to be consumed. After depressurization and thorough
58, 5983-5993. cleaning of the autoclave, the vessel was charged with solvent,
(53) Adler, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour, isobutane, and oxygen and heated td8dor 24 h to confirm that no
J.; Korsakoff, JJ. Org. Chem1967, 32, 476. substrate oxidation took place in the absence of catalyst. If trace catalytic
(54) DiMagno, S. G.; Williams, R. A.; Therien, M. J. Org. Chem1994 activity due to reactor impurities was observed, the reactor was

59, 6943-6948.

(55) Birnbaum, E. R.; Hodge, J. A.; Grinstaff, M. W.; Schaefer, W. P.;
Henling, L.; Labinger, J. A.; Bercaw, J. E.; Gray, H.IBorg. Chem.
1995 34, 3625-3632. (57) Safo, M. K.; Nesset, M. J. M.; Walker, F. A.; Debrunner, P. G;

(56) Moore, K. T.; Fletcher, J. T.; Therien, M.J.Am. Chem. S0d.999 Scheidt, W. RJ. Am. Chem. S0d.997 119, 9438-9448.

121, 5196-52009. (58) Horvdh, I. T.; Ponce, E. CRev. Sci. Instrum1991, 62, 1104-1105.

repetitively recleaned and retested with the catalyst-free (blank) system
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Figure 1. Electron-deficient (porphinato)iron structures. l

until no hydrocarbon oxidation products could be observed for the L
control reaction.
High-Pressure NMR Studies of Catalytic Hydrocarbon Oxida- L -40
tion. Sapphire NMR tubes were charged with a 0.5 mM solution of
the PFe catalyst in benzedg-under argon in a glovebox. The tube

was cooled in a liquid Nbath; isobutane was then condensed in the [J l_L 60

chilled vessel to give a hydrocarbon concentratior-@fM. After the

tube was warmed to room temperature, oxygen gas was added at a <70 -80 -90 -100 -110 -120 -130

pressure of~160 psi, providing an isobutane-rich system possessing PPM

an 8:1 molar ratio of isobutanefOThe NMR tubes were heated to 80  Figure 2. Variable-temperatur&®F NMR spectra of (6F).PFe—(3-
°C, and the fate of the PFe species was monitore&#yr 'H NMR; F-py). in tolueneds under Ar. L represents théF signal for the 3-F-

the hydrocarbon oxidation products were conveniently analyzédtby Py axial ligand, whilea, 3, andy refer to the'SF signals that derive
NMR. While these NMR tube reactions were run until catalysis ceased, from the meseperfluoropropyl groups.
all such reactions exhibited isobutane conversions that ranged from

5% to 10%, corresponding to incorporation of-480% of the Q complexes in noncoordinating solvents that lack a sufficient
present in hydrocarbon oxidation products. quantity of an appropriate Lewis base.
tert-Butyl Hydroperoxide Decomposition Studies. (A) Electronic Following isolation of the PFe(py). complexes, facile

Absorption Spectroscopy Benzene solutions of the PFe catalystst10  replacement of the pyridine ligands with 3-fluoropyridine (3-
M) were transferred to a Schlenk-style optical cell sealed undeaN F-py) was accomplished by dissolving the Pfy), compound
sufficient quantity a 5 M decane solution dert-butyl hydroperoxide in neat 3-F-py and heating at reflux for 3 h. This axial ligand
was added at ambient temperature to provide a $08Q00-fold molar was chosen since it provides a conveniéRtNMR handle for
excess of this reagent with respect to the PFe complex. The fate of theOur spectroscopic studies of the catalytic isobutane oxidation
porphyrin catalyst was monitored by electronic absorption spectroscopy. reaction (vide infra). While binding constants for PFeom-
q ((Sgnhé'(\aﬂrﬁr:tlia::t;?ﬁf};h ZF§;£g¥$3 \t,ge;?\ ?\'fhig\{ﬁgénumi?li plexes vary with the electronic properties of the axial ligands,
N it has been shown for conventional porphyrin macrocycles that

atmosphere of Ar; 1000 equiv a@ért-butyl hydroperoxide was then . . -
added to the tube at198 °C. The hydroperoxide decomposition the absolute magnitude of the analogous ligand binding constants

reaction was monitored bF NMR spectroscopy at70°C. GC data  for the corresponding PFederivatives does not depend ap-
were analyzed fotert-butyl alcohol, acetone, artért-butyl peroxide preciably on the acidity constant for the B#B couple of the
as well as other possible oxidation products. axial Lewis base; PFelL, formation constants are in fact
Isotopic Labeling Studies.Benzene solutions of the PFe catalyst relatively uniform for axial ligands having{a values that range
were treated with 5uL of 7OH, (~20% enrichment) prior to  from 0.7 to 10.1%°
pressurization with isobutane and unlabeled oxygen in sapphire NMR ~ NMR Spectroscopy.Figure 2 displays temperature-depend-
tubes. The NMR tubes were heated to°80 1%F and’O NMR spectra ent%F NMR spectral data obtained for 4&)4PFe-(3-F-py)
were taken alternately to monitor both the state of the PFe catalyst andin tolueneds over a —60 to +80 °C temperature domain;
dfgree oft’0 incorporation into the oxidation products as a function detailed, tabulated variable-temperature (V99 NMR data for
ortime. (CsF7)aPFe~(3-F-py), (CeFs)aPFe—(3-F-py), and Be(CeFs)a-
PFe-(3-F-py) complexes are presented in the Supporting
Information. For the (€F;)sPFe—(3-F-pyyr complex, four

Synthesis of (GF+)sPFe, (C:Fs)sPFe, and Bry(CsFs)sPFe distinct 1 NMR resonances are observed; the th_mese
Complexes.The three electron-deficient PFe systems utilized h_eptafluoropropyl S|gnals are den_otedoass, andy, while the
in this study are displayed in Figure 1. All three macrocycles single 3-F-py axial ligand S|gr1al IS Iapeled as L. The temper-
are appended with electronegative substituents which Stab”izeature-dependent NMR behavior for this compound is complex.
the Fé redox state in the presence of Lewis-basic axial ligands. '\Ot€ that thex-CF, andj3-CF; resonances broaden as the sample

The corresponding low-spin PFy), complexes can be is warmed from—60 to 0°C, but progressively sharpen and

synthesized by the reaction of the respective free base porphyrinShiﬁ to higher field upon further increases in temperature. These

(PH,) with an Fd salt in pyridine at reflux. The resulting ferrous 'glznl;\)li/lraRtur'e-delp%ndgnt fs hifts andf chang.e?]m breaqlth doﬁlﬂafer?
PFe-(py). complexes can be subsequently purified via chro- barri signals e”]}’ehfom twc(:) actg)rs.dt € magf;nltu_e 0 ':c €
matography on neutral alumina (eluant 9:1 £H/pyridine) arrier to rotation of the GFCrmeso bon as a function 0

in air and do not evince any observable oxidation to '"PFe coordination number, and the fact that diamagneticf-
SPpecies. These ferrous cqmplexes a.re robust in the solid .St?‘tgsg) Walker, F. A.; Nasri, H.; Turowska-Tyrk, |.; Mohanrao, K.; Watson,
and stable in gerated solutions at ambler_1t temperature containin C. T.: Shokhirev, N. V.- Debrunner, P. G.: Scheidt, W. R.Am.
excess pyridine, but they are irreversibly oxidized to 'PFe Chem. Soc1996 118 12109-12118.

Results and Discussion
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PFe-(3-F-py)] is in equilibrium in solution with paramagnetic L

five- and four-coordinate speci€s. D
Because coordinatively unsaturated PFe or PFé' species . X

derived from PF&—L; catalyst precursors will be reactive with P

dioxygen, we examined the temperature-dependent axial ligand d i L ¢

dynamics using VI*H NMR ((CsF7)4sPFe—(L)2, (CsFs)sPFe- 7 S

(L)2) and VT 1%F NMR ((CsF7)4PFe—(L)2, (CsFs)sPFe—(3-F- , gL B

pY)2, Brg(CsFs)4PFe-(3-F-py),) spectroscopies (= 3-F-py, %, e

pyridine). While these data (presented as Supporting Informa- 14 5

tion) will be analyzed in detail elsewhere, it is important to note a L

that all of these species show spectral behavior consistent with , , — — ; —

the presence of significant concentrations of PFe species with 70 -80 -90 -100 -110 -120 -130 -140

reduced coordination number (PFe and PEe&omplexes) at PPM

80 °C. Figure 3. In situ 1% NMR spectra of a PFe-catalyzed isobutane

One interesting aspect of these data is the apparent disparat@xidation reaction in benzer-that employed (€F7)sPFe-(3-F-py)

temperature-dependent axial ligand dynamical behavior that is ij t(ge) Fgﬁ'g’%giﬁgggg ;()ﬁa)sﬁ)t“g52;(332;35rgés%?ilgtigadvz{t -

. - H . - 37)4
manifest as_a fu_nctlon of macrocycle electronic structure; in theabsencef isobutane at 80C. (C) (GF7)4PFe species observable
(CaF7)aPFe binds ligands more avidly thanefts)sPFe and By at 80°C 1 h following the addition of isobutane/Q(D) (CsF+)sPFe-
(CeFs)aPFe, consistent with axial ligand binding constant data derived species that are observed while oxidation products are being
determined from electrochemical experimeXtiloreover, in produced (reaction time 96 h at 8@, spectrum taken at 2&). Prime
contrast to what has been observed for more conventionalnotation represents th®F NMR signals that coincide with those
porphyrin macrocycle® axial ligand binding affinity increases ~ reported for [(GF),PFe}O. L represents th&F NMR resonance for

P ; - - . the 3-F-py axial ligand{ = —127.1 ppm), and X denotes th& NMR
markedly with increasing Lewis basicity of the axial donor for signal corresponding to pyriding-oxide; the signal denoted with an

(CsF7)4PFe—(L)2 species, consistent with the stronghelectron- asterisk is tentatively assigned tosfg)sPFe-OH.
withdrawing nature of the macrocyclemesoperfluoroalkyl
groups® L
To quantify the magnitude of the axial pyridyl binding | D
constant, four-coordinate ¢€;)sPFe was synthesizetti NMR | , Y
spectroscopy (Supporting Information) shows thaidté atoms - /0 c
resonate at-2.80 ppm at 23C and exhibit Curie behavior, Pz o' Ppm'm
shifting to lower field with increasing temperature. Becalise e ———
> K; (eq 1) for nitrogenous PHEeaxial ligands3®-52 and the 0" MLL__ B
Ky Ky o m
PFe-L,==PFe-L + L ==PFe+ 2L (1) L T | A

— R — — S | S—)

-110 -120 -130 -140 -150 -160 -170
o-electron- withdrawing nature of the {§&)PH, macrocycle PPM
engenders exceptional stability to the ferrous oxidation state Figure 4. In situ9F NMR spectra of a (§s).PFe-(3-F-py)-catalyzed
when the metal resides in the macrocycle plane (thus destabiliz-isobutane oxidation reaction in benzeme{A) (CeFs)aPFe-(3-F-py)
ing (GsF7)4PFe(py) relative to both (§E7)4PFe(py) and (GF7)4- at 80 °C under Ar. (B) (GFs)4PFe species present 2 days after
PFe)%6 the equilibrium constant for axial pyridyl binding can ~ Pressurization with @in theabsencef isobutane at 80C. (C) (GFs)a-

: : ~ PFe species observable at®D1 h following addition of Qlisobutane.
b_e_deteKrmliede(r)o;n (t)hés tergggrfa tur(ra] dependltlanft NMR data, (D) *°F NMR spectrum taken after oxidation products are first observed
giving Keq = (3. e ) X or the overa ] ormation (reaction time 48 h at 80C; spectrum taken at 2&). Prime notation
constant ) of the six-coordinate complex at 2&; note that  represents théF NMR resonances corresponding to J§)sPFe}O.
an axial pyridy! binding constant of this magnitude exceeds by The double prime notation denotes #1€ NMR signals assignable to
over a 1000-fold that determined for ferrous centers of (CeFs)sPFe-OH. The triple prime notation denotes resonances that are
conventional porphyrin macrocyclé4 tentatively ascribed to a ¢€s)sPFe—(O-tert-butyl) complex. L signifies

High-Pressure NMR Spectroscopic StudiesNMR experi- the 3-F-py axial ligand resonance.
ments that examined the spectroscopic behavior i@ Fe- . . . .
(3-F-py), (CeFs)aPFe—(3-F-py), and Bg(CsFs)sPFe-(3-F-py) stability, and evince (in contrast to analogous data obtained for
catalyst precursors under high dioxygen pressure in the presenc&€actions that employed ¢€,)sPFe-(3-F-pyp and (GFs)sPFe-
and absence of isobutane substrate were carried out. Figures -F-py) catalyst precursors) NMR signals that could not readily

and 4 detail these studies for systems utilizingFigquPFe—(3- e ascribed to well-characterized PFe complexes. As such,

F-py), and (GFs)4sPFe—(3-F-py) catalyst precursors. In contrast detailed analys_es of NMR data_ obtained forg(EFs)sPFe-
to earlier work that has emphasized the stability of(B¢Fs).- catalyzed reactions are not possible; these spectra are presented

PFe-based oxidation cataly4fs5.65 under the experimental for comparative purposes in the Supporting Information.

conditions explicated in this paper, these catalysts show the least. Reactivity of (Porphinato)iron Species with Dioxygen.
Sapphire NMR tubes containing thes&),PFe-(3-F-py) and

(60) Wayland, B. B.; Mehne, L. F.; Swartz, J. Am. Chem. Sod978 (CeFs)aPFe—(3-F-py), catalyst precursors were prepared under
100, 2379-2383. _ _ argon, and their®F NMR spectra were recorded at 8C

(61) ?30611423_3193;6'\?”'-1 Brault, DBiochem. Biophys. Res. Commas§73 55, (Figures 3A and 4A). The tubes were then pressurized with

(62) Rougee, M.: Brault, DBiochemistryl975 14, 4100-4106. dioxygen (160 psi); thel®F NMR spectra shown in Figures

(63) Kadish, K. M.; Bottomley, L. Alnorg. Chem.198Q 19, 832-836.
(64) Nesset, M. J. M.; Shokhirev, N. V.; Enemark, P. D.; Jacobson, S. E.; (65) Lyons, J. E.; Ellis, P. E., Jr.; Durante, V. &tud. Surf. Sci. Catal.
Walker, F. A.Inorg. Chem.1996 35, 5188-5200. 1991, 67, 99-116.
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3B and 4B were manifest immediately at 8C. No further infra). Nevertheless, these NMR experiments provide the first
spectral changes were observed over a one-week period at 8@irect analysis of the predominant PFe species that exist when
°C. Figure 3B reveals two new distinct resonances footF, the catalytic conversion of isobutane to isobutanol commetces.
fluorines, one of which is assigned to |&).sPFe}O (prime Furthermore, they illuminate the time-dependent spectral changes

notation)® Figure 4B shows that a mixture of PFOH (double that take place for these three classes of electron-deficient PFe
prime label) and [PFeD (single prime label) exists for the species while isobutane is being oxidized. Concomitantly
(CeFs)4sPFe system under dioxygen; note that multiple species obtained!3C and/or'’O NMR data allow us to chronicle the
are present under these conditions for thg®gFs),PFe system time-dependent distribution of organic products, as well as
(Supporting Information). In these NMR experiments, it is determine the approximate times that the catalytic oxidation
important to emphasize that, at 8C under the dioxygen reaction initiates and ceases.

pressure utilized, ferrous porphyrin species are not observed Figures 3C and 4C show th& NMR spectral data obtained
for any of these electron-deficient ligand environments. All three fqr the systems that, respectively, employRgsPFe—(3-F-
PFe-(3-F-py), systems evince (i) complete loss of the axial pyy, and (GFs)sPFe-(3-F-py), catalyst precursors, once pres-
ligand following O, pressurization, (ii) an NMR signal that  gyrization with isobutane and dioxygen has taken place. Note
integrates as 2 equiv of the free 3-F-py ligand, and (iii) the that Figure 4C indicates that, upon isobutane addition, the
quantitative conversion to exclus_l\(e_ly P'Fepecu_as after Q_s concentration of (§Fs)sPFe-OH has diminished, and at least
added, suggesting that the oxidizing agent involved in the one new P8 species is present. On the basis of the similarity
ferrous-to-ferric conversion derives solely from dioxygen. fthe chemical shifts of its resonances to those QF(EPFe-
Analogous experimen_ts utilizing (E7)4PFe—(3-F-py), catalyst OH, we tentatively assign this complex as aRg.PFe-(O-
precursor concentrations as high as 0.1 M (data not shown)et-hutyl) species. Whatever the nature of this compound, we
reveal stoichiometric conversion to the PRpecies highlighted  h4ye to date only observed it under catalytic conditions. Figures
in Figure 3B under similar @pressures, effectively ruling out  3p and 4D reveal the PFe species observable in solution at the
solvent impurities (e.g., peroxides) playing a significant role in - onget of catalysis, which we define as the point at which the
PFé' oxidation. Hence, these experiments show that while Br  first evidence of oxidation products is observable in @
(CeFs)aPH; and (GF7)aPH; similarly stabilize the ferrous oxida-  NMR spectrum. Comparison of tHé&F NMR data presented in
tion state?® neither class of these exceptionally electron-poor panels C and D of Figures 3 and 4 with the correspon#ifig
PFé complexes is thermodynamically stable under moderate \\R spectral data utilized to monitor the isobutane oxidation
O pressure at 80C. , products (data not shown) make apparent several general trends:
Differences between th# NMR spectra of Figures 3B and (i) No oxidation products are observed immediately upon tube
4B I|(_a in the identities an_d distribution of the predommant_‘F’Fe pressurization with isobutane and dioxygen (Figures 3C and 4C);
species present under dioxygen; the nature of thesé Bif@cies  ote also that only PHespecies are observable at this stage in
clearly depends on the steric and electronic properties of the g4ch of these three systems. (i) In each experiment, an induction
macrocyclic ligands. In Figure 3, we observe conversion of the erioq is observed during which no further PFe spectral changes
ferrous porphyrin complex to [§E7)sPFe}O u-oxo dimer upon 56 evident in thé%F NMR spectrum and no oxidation products
O, pressurization, the spectral properties of Which have peen are detectable b{C NMR spectroscopy; for Figures 3 and 4,
previously reported® The resonance labeled with an asterisk e jnquction period spans the time between the acquisition of
in Figure 3B h_as not been conclusively identified; it is likely, the NMR spectra C and D. (iii) For the §&)sPFe- and (€Fs)s-
however, that it corresponds to4&),PFe-OH, though such  ppe pased catalystthe length of the induction period ranges
a species has yet to bg independently isolated and characterlzeqrom several hours to several days; for catalytic oxidations
Similarly, when solutions of (§Fs)sPFe~(3-F-py) are pres- onioving Bg(CoFs)sPFe-(3-F-py) catalyst precursors, the
surized with dioxygen at 80C, a mixture of [(GFs)sPFe}O observed induction periods are typically lessrtHah (Sup-
an_d (GFs)4sPFe-OH spt_ameé‘5 exist in negrly equal proportion porting Information). When (657)sPFe- and (&Fs),PFe-based
(Figure 4B). Due’to steric factors that derive from the(B§E5)4- catalysts are employed, the duration of the induction period
PH, macrocycle’s highly s_addled structure, the formation of a increases at higher PFe concentrations; in contrast, the induction
[Bre(CeFs)sPFe}O u-oxo dimer specié$ is precluded; hence, periods for Bg(CeFs)4PFe-catalyzed isobutane oxidations are

all ferric porphyrin species present when solutions g{@GgFs)4- insensitive to the concentration of thesBE:Fs)sPFe—(3-F-py)
PFe.—(3—F-py)2 are pressurized with dioxygen at 8C (Sup- . catalyst precursor (data not shown). These experiments dem-
Egﬁlgg)!g;ormatlon) must correspond to mononuclear ferric onstrate that the duration of the induction period is a function
. : . . of the nature of the catalyst precursor; for a given PEg
High-Pressure NMR .Spgctroscop!c Studies .c.)f PEe- concentration, the length of the induction period varies with
Catalyzed Isobutane Oxidation Reactions that Utilize Di- the steric properties of the PFe speciesFPFe> (CoFs)e-
oxygen Sapphire NMR tu_bes were charged with penzd@a PFe> Brg(CsFs)sPFe]. Given the apparent dependence of the
PFe-(3-F-py), complex, isobutane, and oxygen; these tubes ;4" o period upon the extent of steric encumbrance at the

\éﬁ;:trg]tgno)zg::%i s:ogtfzts(svs:rethrﬁolr?i):gfertljma?:gzluir?tcittz:igc)j; bymacrocycle periphery, it is thus plausible that greater concentra-
15C or 70 NMR spectroscopy, whildF NMR was used to tions of [PFejO relative to PFeOH at the onset of catalysis

. o . . i . __are responsible for longer induction periods, congruent with the
characterize the porphyrinic species present in solution. Since b g P g

- : ) ; el
substrate-to-product conversions could be rate limited by O supposmpn that.the [P,F"'@ d|mer 'S catalyncall?/ inert
transfer from the gas to solution phase across the smaft gas _ Following the induction periodert-butyl peroxide, acetone,
liquid interface of the NMR tube, a more detailed analysis of andtert-butyl alcohol were observed as the dominant oxidation

the product distribution with respect to time was obtained for Products for each catalyst. Once oxio_latjitg‘g is initiated, new
isobutane oxidation reactions carried out in autoclaves (vide POTPhyrinic resonances are observed in e NMR spectra
(Figures 3D and 4D; Supporting Information); these signals

(66) Grinstaff, M. W.; Hill, M. G.; Birnbaum, E. R.; Schaefer, w. p.;  diminish slowly in intensity during the course of the reaction,
Labinger, J. A.; Gray, H. Blnorg. Chem.1995 34, 4896-4902. indicating that the benzene-soluble PFe species are decomposing
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during isobutane oxidation. For all three catalyst systems, the and electronic properties; instead the concentration of the PFe
oxidation ceases at the time when no porphyrin species couldspecies utilized and the nature of the solvent appear to be much
be observed by NMR; at this point in time, typically-480% more important factors. Entry 3 of Table 1B, which describes
of the O present originally in the NMR tube had been a catalytic system with a PFe concentration 20-fold greater than
consumed. Importantly, these results show clearly that even thethat of the other experiments listed therein, shows a much higher
perhalogenated dodecasubstituted porphyrin macrocycte, Br relative percentage of thert-butyl peroxide oxidation product;
(CeFs)4PH,, is not robust under the conditions of catalytic it is also noteworthy that, at this catalyst concentration,
isobutane oxidation; this is contrary to the supposition that a drastically reduced turnover numbers are observed. In further
macrocycle void of &H bonds would necessarily be rendered agreement with a hydrocarbon autoxidation mechaffigsithe

less susceptible to oxidative degradation, as well as to a numberobserved dependence of the overall conversion of isobutane to

of other previous report¥-4565 products upon reaction time, which also appears independent
Batch Reactor Studies on PFe-Catalyzed Isobutane Oxi- ~ Of macrocycle electronic properties. o
dation Reactions That Utilize Dioxygen To compliment the As would be expected from a radical process dominating PFe-

in situ NMR experiments, an analogous set of isobutane catalyzed isobutane oxidation, irreproducibility from experiment
oxidation reactions were performed in a glass-lined autoclave. to experiment is observed with respect to the length of the
Unlike the NMR experiments, the batch reactor studies enable induction periods, turnover frequency, and product distribution.
detailed kinetic analyses of the catalytic isobutane oxidation FOr example, Figure 5 shows a plot of turnover frequency vs
reactions and, importantly, direct monitoring of dioxygen reaction time for four independent &CsFs)sPFe-catalyzed

consumption throughout an autoclave reactor oxidation, which isobutane oxidation reactions carried out under identical condi-
is experimentally untenable in the NMR tube reactions. Control tions. Note that the initial turnover frequency, the rate at which
experiments in which the autoclave reactors are charged withthis turnover frequency diminishes, and the final turnover

benzene, isobutane, and oxygen were performed to Verify thatfrequency dlffel’ fOI‘ eaCh Cata|ytIC I‘_un, deSpIte the extreme care
no oxidation took place in the absence of a PFe complex; if taken to hold all controllable experimental parameters constant.

any activity was observed in the control experiments, the Because such discrepancies exist between catalytic oxidations

autoclave was repetitively cleaned and retested until no detect-carried out under presumably identical conditions, little can be
able hydrocarbon oxidation products were observable in the concluo_led regarding any potentlal roles_that catalyst electronic
catalyst-free oxidation experiment. properties (Table 1) plgy in Fhesp reactions. .

Typically, the reactors were charged with benzene -RBe In addition to t_he major oxidation produqts dgscrlbed above,
F-py), and isobutane and heated to 8D with stirring. The there are two oxidation p_roducts characterized in gas-phase GC
only reaction conditions that differed between the catalytic analy§es of these reactions th‘f"t are produced in measu.rable
oxidation experiments carried out in NMR tubes and the quantity: CQ and CO. It is plausible that these products derive

autoclave reactors were catalyst concentration (NMR experi- from the methyl radical generated in the conversion of isobu-

ments, [PFel= 0.5 mM; autoclave oxidations, [PFe} 0.25 tyloxy raqlical tp acetone (vide ‘”ff‘?‘)- . o
mM) and the fact that the reactor utilized a continuouge@d (Porphinato)iron optical absorption properties are sensitive

that maintained constant pressure. After oxygen was introduced!© macrocycle electronic structure, the oxidation state of the

to the reactor, an immediate reduction in pressure in the oxygen'ron center, and the number and nature of axial ligands. Figure
gas feed vessel was observed, indicating the dissolution, of O 6A shows the t|r_ne-_dependem spec;ral cha_nges that occur
in the reaction medium. Samples were drawn from the reactorthrotho_Ut_ an oxidation reaction carried out in an autoclave
at various time intervals and analyzed by GC and electronic that was initially charged with (€)sPFe—(py),, benzene, and
absorption spectroscopy. Parts-& of Table 1A-C show the !sobutane, unp!er conditions described previously;=a0, three
batch reactor data for reactions charged, respectively, with Intense transitions are observed_ at 418, 54.2’ and 5.78 nra (log
(CsF7)4PFe, (GFs)sPFe, and By(CeFs)sPFe catalyst precursors. 4.95, 3.76, and 4.28, respectivef§)Consistent with NMR
Product distribution, turnover frequency, and conversion (%) tqbe experiments, at 80C fqllowmg pressurization with
were consistent with those observed in the NMR tube experi- d'oxy.ge'?’ quqntltat!ve conversion of thg Premplex to P'.:@
ments; the observed induction periods, however, were signifi- SPecies 1S e\_/|dent in the= 1 h electronic spectrum of Figure
cantly shorter in the autoclave experiments relative to those 6A, which displays broad Soret features at 37'5_; ar_ld 420 nm
observed for the NMR tube reactions. The shorter induction and Q-band absorbance; at 560 and 602 nm; this sgeectrum
periods for the autoclave reactions may derive from better corresponds to that previously reported for Jtg4PFe}O.

mixing of O, with solvent in an autoclave reactor equipped with Similar to the NMR experiments discussed above,ttkel h .

a magnetic stirrer relative to an NMR tube which was neither spectrum of Figure 6.A is observed as soon as an opnc_al
stirred nor spun. It should be noted that the larger concentration SPECtrUM can b? obtained aﬁgr th? aytog:lave Is charged with
of the PFe catalyst in the NMR tube experiments was neces- isobutane and dioxygen & 5 min), indicafing that the Pfe

) | N . .
sitated by the practical requirement of minimizing the acquisition E)i ITJ'r:Ss g%r:gef'%';t; Z‘%’Ig ;ﬂt}i;mfgfﬁrzsafﬁst;:c;vxge'tnof
time required to obtain an adequate signal-to-noise ratio. Y ’ y 9

: A . catalytic activity; this is marked by a steady decrease in
As seen in Table 1, three primary oxidation products were

absorption oscillator strength throughout the 350650 nm
obtained in the autoclave reactor studidert-butyl alcohol, P 9 9

) So spectral regime during the time domain over which isobutane
acetone, andert-butyl peroxide. The distribution of these iqation is observed (Figure 6A). The 2 and 20 h spectra of
oxidation products is consistent with that observed in the NMR Figure 6A show that a (§-),PFe-derived absorbing species is

tube experiments; importantly the obsented-butyl alcohol/ present while catalytic isobutane oxidation is taking place; the
acetondkrt-butyl peroxide distribution is indicative of an  act that these spectra cannot be fit as an appropriately weighted

autoxidation process for isobutane oxidation as discussed byg,n of the optical spectra of independently characterized,PFe
Labinger and Gray®-5%-67 Congruent with such a mechanism,

the quantity and nature of isobutane oxidation products do not (67) Bimbaum, E. R.: Grinstaff, M. W.; Labinger, J. A.: Bercaw, J. E.;
appear to significantly depend on porphyrin macrocycle steric Gray, H. B.J. Mol. Catal., A1995 104, 119-122.
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Table 1. Time-Correlated Product Distribution of {&)sPFe-, (GFs)sPFe-, and By(CsFs)4PFe-Catalyzed Isobutane Oxidations at°89
selectivity (%}

reaction no.of conversiofA tert-butyl tert-butyl
entry catalyst (mmol) solvent time (hf turnover$ (%) alcohol acetoneperoxide
A. (CsF7)4PFe-Catalyzed Oxidation
1 (GsF7)4PFe-(py) (0.005) benzene 1 2034 3.38 84.2 7.0 8.8
2 4120 6.84 83.9 7.4 8.7
3 5422 9.15 82.3 7.2 10.5
5 9292 16.51 76.4 7.2 16.4
21 9974 16.98 80.5 8.0 11.5
2  (GsF7)4PFe-(py). (0.005) benzene (dried over Na) 5 460 0.77 78.3 4.3 17.4
23.5 7800 13.99 69.5 5.4 25.1
3 (GgF7)4PFe-(3-F-py) (0.005) benzene 2 3010 4.99 81.0 6.0 13.0
19 4340 7.40 78.3 55 16.1
43 5720 9.87 76.9 5.6 17.5
91 22440 35.54 84.0 8.1 7.8
4 (CsF7)sPFe-(3-F-py) (0.005) GF1a 22 8340 12.33 93.3 3.6 3.1
5 (GsF7)sPFe-(3-F-py) (0.005) 9:1 GF14/benzene 22 9320 13.94 90.8 5.6 3.6
6 (GsF7)4sPFe-Cl (0.005) benzene 18 2540 3.65 91.3 7.1 1.6
90 3440 4.92 89.5 9.3 12
114 8080 11.47 90.6 8.9 0.5
7 [(C3F7)4sPFe}O (0.005) benzene 15 1400 2.27 90.0 2.9 7.1
17 5200 8.52 88.5 35 8.1
91 6560 11.00 85.4 4.0 10.7
B. (CsFs)sPFe-Catalyzed Isobutane Oxidation
1 (CsFs)4PFe-ClI (0.005) benzene 1 1418 2.77 64.0 4.5 315
2 1870 3.74 61.1 4.4 34.5
4 2058 4.18 59.3 4.3 36.4
21 2438 5.01 57.9 4.0 38.1
28 3582 7.39 57.4 4.0 38.6
44 3914 8.09 56.9 4.0 39.0
121 6500 12.74 64.4 3.8 31.8
2 (CgFs)sPFe-Cl (0.005) 20:1 benzene/water 2 6166 9.56 87.1 7.7 5.3
5 13920 21.48 86.3 8.9 4.8
71 21774 34.08 83.0 10.7 6.3
3 (GgFs)aPFe-Cl (0.100) benzene 2 0 0.00
20 74 2.92 55.4 4.1 40.5
72 290 10.97 60.7 45 34.8
4 (CgFs)4sPFe-OH/[(CgFs)sPFe}O (0.005) benzene 5 7840 13.93 814 7.4 11.2
a7 10060 18.40 78.1 7.4 145
5 (GsFs)sPFe-OH/[(CsFs)sPFe}O (0.005) 20:1 benzene/1.0 M aqg NaOH 19 8140 13.15 82.6 4.9 12.5
43 9340 15.42 80.1 4.9 15.0
70 11320 18.84 79.0 5.1 15.9
84 15100 24.90 79.9 5.3 14.8
C. Brg(CgFs)sPFe-Catalyzed Isobutane Oxidation
1  Brg(CsFs)sFe—ClI (0.005) benzene 1 1894 3.57 77.0 5.9 17.1
3 2174 4.12 76.4 5.8 17.8
6 2472 4.74 75.0 6.0 19.0
2 Brg(CsFs)sPFe—(py)2 (0.005) benzene 42 1830 3.29 71.0 17 27.2
187 10640 15.02 73.6 5.0 21.4
3 theoretical result for the radical chain mecharfism 22 85.0 8.5 7.0

a All catalytic oxidations except entry 1 of part C were performed to the exhaustive limit, which we define as the point in time where PFe species
are no longer observed by electronic spectroscopy ancb@sumption is negligible for a period of 8 h. Reaction conditions are elaborated in the
Experimental Sectior?. For reactions carried out to the exhaustive limit, the last reaction data point recorded per entry corresponds to the time at
which the production of oxidized hydrocarbons had completely ce&Sednovers are defined as total millimoles of product per millimole catalyst.

d Conversion (%) is defined as the total millimoles of product per millimole of isobutane times 100%. The amount of isobutane utilized in these
experiments ranged from 0.46 to 0.48 mGelectivity is based on the relative intensities of the three oxidation protirttsutyl alcohol, acetone,
andtert-butyl peroxide in the GC analyses. Other oxidation products compridéd of the total integrated peak intensities fert-butyl alcohol,
acetone, andert-butyl peroxide in the GC experimenfsPFe-OH and (PFe)O species exist as an equilibrium mixture; at ambient temperature,

in H,O-saturated benzene, the molar ratio of these PFe complexes is approximat&Igdelref 49.

PFé —L,, PFé'—X, (PFd"),0, and PF#—L, complexes these autoclave reactor conditions, complete bleaching gf Br
strongly suggests that porphyrin macrocycle destruction occurs(CgFs)4PFe-derived electronic absorption spectral features is
over the time course of this experiment; consistent with this, observed at = 20 h; consistent with the results from NMR
considerable precipitate is observed at the reaction end point,studies of the catalytic isobutane oxidation reaction, the Br
further supporting this hypothesis. Likewise, systems utilizing (CeFs)sPH, macrocycle is seen to be the least robust under
(CsFs)4PFe-Cl and Bg(CgFs)4PFe—Cl catalyst precursors also  catalytic conditions, contrasting previous reports of its superior
evince prominent changes in their electronic spectral featuresstability with respect to oxidative degradatithh#>65 For the
once catalysis has initiated, along with similar diminishment PFe-catalyzed isobutane oxidations carried out in batch reactors,
of absorption intensity in the visible and low-energy UV regions it is important to note that regardless of the PFe catalyst
of the electromagnetic spectrum (Figure 6B,C). Note that, under precursor employed, cessation of catalysis coincided with the
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visible region, showing that the ultimate porphyrin-derived
decomposition products are catalytically inactive.

While NMR and autoclave experiments show that the relative
stabilities of the ferrous oxidation state in these macrocycle
environments are surprisingly similar, there is no direct cor-
relation between macrocycle stability under catalytic conditions
and the thermodynamic stability of the ferrous oxidation state
[(E1[FE"M] (benzonitrile, 1.0 M pyridine) vs SCE: BCsFs)a-
PFe—(py)z, 780 mV; (GF7)sPFe-(py)z, 540 mV; (GFs)sPFe-
(py)2), 370 mV]3® This suggests that a common catalyst
deactivation mechanism may be operative, and implicates a role
for radicals formed during the catalytic oxidation reaction (vide
infra) in Fe—N, C—N, and/or C-C bond cleavage events.

It is likely that the enhanced reactivity reported previously
for isobutane oxidation conditions utilizing 8€sFs)sPFebased
catalysts arises from two factors: (i) the high concentration of
PFe-OH initially present in the reactions, which correlates with
the observation that reactions utilizing this catalyst exhibit a
burst of substrate turnovers in the first few minutes of reaction
(Figure 5), and (ii) the fact that multipfF signals are observed
just after initiation of a B#(CsFs)4Fe-catalyzed reaction (Sup-
porting Information). This latter point indicates that significant
degradation of the highly halogenated macrocycle occurs just
after catalysis commences, which raises the possibility that these
(porphinato)iron decomposition products may also serve as
initiators of isobutane autoxidation. Again, it is important to
note that the overall activity of this catalyst with respect to the
total turnovers of isobutane determined at the exhaustive limit
of the oxidation reaction are similar to those observed for
(CsF7)4PFe- and(CgFs)4PFe-catalyzed processes (Table 1),
indicating that the concentration of activegBTsFs)4sPFe-based
catalysts must diminish rapidly with respect to time.

Axial Ligand and Solvent Effects on Catalyst Activity and
Stability. Axial ligand electronic properties play a key role in
the activation of dioxygen in heme-containing enzyrhtshas
been demonstrated for synthetic metalloporphyrin catalysts,
particularly for those systems which utilize O atom donors to
generate reactive compound | analoguesFE=0—(L), that
the nature of the metal axial ligand L influences both catalyst
reactivity and stability; for instance, the addition of imidazole
to a solution containing a PF&CI complex and excess organic
peroxyacid, generates a PFe catalyst capable of epoxidizing
olefins, while the high-valent PFe species generated in the
imidazole-free solution are unreactive with respect to unsaturated
hydrocarbong.Likewise, for metalloporphyrin-catalyzed oxida-
tions that consume oxidizing equivalents derived from dioxygen,
Ellis and Lyons have reported that the introduction of azides
as axial ligands for metalloporphyrin-catalyzed alkane oxidation
results in augmented catalytic activity/®

The temperature-dependéffe and'H NMR studies (Figure
2; Supporting Information) evince reversible axial ligand
dissociation for these PFé., systems, and demonstrate that
the 3-F-py axial ligand resonance broadens due to exchange
with increasing temperature. The effect of exogenous pyridine

catalyzed isobutane oxidation reactions carried out in autoclave reactorsUPON the catalytic isobutane oxidation reaction was probed in

when (A) (GF7)4PFe-(py)., (B) (CsFs)sPFe-Cl, and (C) Bg(CeFs)s-

both autoclave and NMR reaction vessels. As seen in entries 1,

PFe-Cl are utilized as catalyst precursors. Note the steady disappear-6, and 7 of Table 1A, no significant differences in catalyst
ance of benzene-soluble PFe complexes throughout the course ofreactivity or stability are observed for oxidation reactions in

catalysis. Reactor conditions. = 80 °C, [PFe]= 0.25 mM,Po, = 8
bar, [isobutane} 22.8 mM (see the Experimental Section for further

details). Optical spectra displayed were recorded at ambient temperatur

and pressure.

point in time at which electronic spectral analysis of the reaction

medium indicated complete bleaching of all absorbances in the

which autoclaves were charged with 3fg),PFe-Cl and

4(C3F7)4PFe]ZO species relative to those in whichg&)sPFe-

(py): served as the catalyst precursor. While the rate at which
PFe-(3-F-py» complexes are converted to PFespecies

(68) Lyons, J. E.; Ellis P. E., Jr.; Shaikh, S. Morg. Chim. Actal998
270, 162-168.
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decreases with increasing exogenous 3-F-py concentratins (
NMR and autoclave reactor data not shown), once complete
conversion of the PFeL, precursor to the ferric porphyrin

complex has taken place, a normal induction period is observed; ; . -

. . ion . executed with an independently synthesized sample ¢}
bOth. t|me-dependent_ elect_romc_ absorption MR reaction PFe-1"OH verify that the exchange process of eq 2 is facile in
profiles are essentially identical to those obtained for the benzene. Interestingly, incorporation of tH® label into the

Qnalogous reaction carried out in the absengg of added aX'aloxidation products is observed when catalytic isobutane oxida-
ligand. These results reveal that enhanced stability for the ferrousy;; raactions are carried out in the presencé’eMH, (Table
oxidation state may be temporarily achieved by the addition of 5

exogenous axial ligand, since hexacoordination precludes

[PFE"],0 + "OH, = {Fe" —OH + PFé' —'"OH (2)

carried out in aqueous systefis™O NMR experiments

reactivity with dioxygen; augmented concentrations of 3-F-py,
however, do not play a significant role in catalytic activity,
product distribution, or ultimate catalyst lifetime.

Five different solvent systems were utilized for the PFe-

catalyzed isobutane oxidation reactions: benzene, perfluoro-

methylcyclohexane (14), 9:1 GFi4benzene, 20:1 benzene/

An alternating sequence &fO NMR and®F NMR spectra
were repetitively recorded in which:8. of 20% enriched’OH,
was added to a @M benzene solution of the PEeatalyst
precursor prior to the sapphire NMR tube being charged with
isobutane and unlabeled dioxygen under conditions identical
to those described previously (Figure 7). As described above,
following NMR tube pressurization with isobutane and dioxy-

H20, and 20:1 benzene/(1 M aqueous NaOH). The PFe catalystgen,'9F NMR spectroscopy reveals the complete and irreversible
precursors and isobutane are highly soluble in both benzeneformation of PF¥ species from the PEe., precursor, while

and GF14 while the major oxidation products are very soluble
in benzene, their solubility is limited in4€,4. In general, little

170 NMR initially shows only one signal corresponding to the
labeled water present in benzetedigure 7, spectrum B). At

difference can be noted in these reactions as a function ofthe point where neWw’O signals corresponding to hydrocarbon

solvent. Entries 3, 4, and 5 in Table 1A, however, relate the
relative turnover numbers, product distribution, and selectivity
for isobutane oxidation using a {&)sPFe—(3-F-py), catalyst
precursor in benzene,7E 4, and a 9:1 @F4/benzene mixture;

oxidation products are produced (spectrum F), a change in the
nature of porphyrinic species present in solution is concomitantly
observed (Figure 7, spectra-6). The three majot’'O NMR

signals in spectra F and H of Figure 7 correspond to acetone,

these results show that although the overall turnover numberstert-butyl peroxide, andert-butyl alcohol; the integrated, relative

and conversion (%) do not vary significantly as a function of
time in these reactions, the relative selectivity fert-butyl
alcohol overtert-butyl peroxide is enhanced in the oxidation
reactions carried out with €14 solvent. Similarly, entries 2
and 3 of Table 1B seem to show that adde®Hnhances the
selectivity oftert-butyl alcohol ovetert-butyl peroxide. While

intensities of thel’0 NMR peaks are consistent with those
observed previously for analogous experiments in whfh
NMR spectroscopy was used to monitor the relative amounts
of isobutane oxidation products. The fact th&D signals are
observed in the oxidation products highlights the direct involve-
ment of water in the PFe-catalyzed oxidation of isobutane.

the data set is too limited to make broad conclusions regarding Two control experiments were performed to determine
the role played by solvent in determining the distribution of Whether any*’O oxygen incorporation into the hydrocarbon

oxidized hydrocarbons, the increased activity observed in
catalytic hydrocarbon oxidations carried out with added water
may derive from shifting the equilibrium described in Scheme
4 (equilibrium v, vide infra) toward PFeOH. The lower level

of tert-butyl peroxide (and the corresponding higher level of
acetone) obtained for catalytic oxidations carried out in the
presence of water likely correlates with enhanced rateerof
butyl peroxide decomposition in this medium.

Role of Water in PFe-Catalyzed Isobutane Oxidation.
High-Pressure’O NMR Spectroscopic StudiesSpectroscopic
evidence (vide supra) shows that PKeH is present under
catalytic conditions; production of this species would not be

possible without a proton or hydroxide source. Because water

oxidation products occurs following the PFe-dependent catalytic
reaction. Sapphire NMR tubes were charged with a bendgne-
solution of (GFs)sPFe-(3-F-py), 1’O-labeled water, and either
tert-butyl alcohol ortert-butyl peroxide (Table 2). The tubes
were heated for a prolonged peridd= 2 days at 8CC) and

the organic products monitored by GC ati® NMR spectro-
scopy. As seen in Table 2, the experiment involviedg-butyl
alcohol produced no other oxidized hydrocarbons; moreover,
no 70 incorporation into this alkanol was observed. However,
when the tube was charged witrt-butyl peroxide under these
conditions, acetone was generated with the incorpor&i@d
label’® Thus, on the basis of these control experiments, we
conclude that botkert-butyl alcohol andert-butyl peroxide do

not undergd’O exchange after their production in the isobutane

would need only be present at levels approaching that of the gyigation, and this exchange must take place prior to their

catalyst concentration to be implicated in PR&H production,
it is likely that sufficient moisture to do so would be present in

formation. Acetone, however, does exchange with water after
its formation, and is produced in significant quantity through

the solvents and apparatus used for these reactions. (Except fofne decomposition ofert-butyl peroxide under the conditions

entry 2 of Table 1A, no special care was taken to rigorously

dry the solvents or reaction vessels used in this study.) To better

of catalytic isobutane oxidation.
Role of Hydroperoxides in PFe-Catalyzed Isobutane

understand the role played by water in PFe-catalyzed isobutanepyidation. tert-Butyl Hydroperoxide Decomposition Experi-

oxidations, small amounts of 20% enrich€®H, were added

to either benzends solutions of [(GF;)4sPFe}O or a [(GFs)4-
PFe}O/(CsFs)sPFe—-OH equilibrium mixture under argon. Im-
mediately,1’O NMR reveals broadening of the free water signal
relative to that observed for &iOH, standard in benzends
(data not shown), suggesting eitdédH, association/dissocia-
tion is occurring with the PFe species present in solution on

the time scale of the NMR experiment, or a chemical exchange
process (eq 2) is taking place. Consistent with experiments

ments The catalytic decomposition of hydroperoxides by
halogenated PFe complexes has been previously sttiditd.
The major oxidation products reported in this reaction, namely,

(69) Ostrich, I. J.; Liu, G.; Dodgen, H. W.; Hunt, J.IRorg. Chem198Q
19, 619-621.

(70) Interestingly, no isobutanol was produced in this reaction, implying
that isobutane atert-butyl hydroperoxide must be present to generate
this species, since the acetone generated in this experiment assuredly
derives fromtert-butoxy radical.
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Table 2. Role of Water in PFe-Catalyzed Isobutane Oxidation:
Evidence for Oxygen Exchange from Water Prior to Product
Formatior?

major 170-labeled
oxidation productoxidation products
(GC or3C NMR) (YO NMR)

tert-butyl alcohol tert-butyl alcohol
acetone acetone
tert-butyl peroxidetert-butyl peroxide
tert-butyl alcohol (control) (4Q:L) tert-butyl alcohol none
tert-butyl peroxide (control) acetone acetone

(40uL) tert-butyl peroxide

a Experimental conditions: solvent benzeneds; [(CsF7)4PFe—(3-
F-py)] 1.0 mM; [F'OHy] 0.14 M (20% 'O enrichment);
[isobutanelx=7 M; O, pressure= ~160 psi;T = 80 °C; reaction time
= 2 days.

substrate

isobutane (400 mg)

tert-butyl alcohol, acetone, andrt-butyl peroxide, are produced

in proportions similar to those observed in PFe-catalyzed
isobutane oxidations in which the oxidizing equivalents are
derived from dioxygen; thus, the decomposition of such

peroxides has been surmised to be important in the alkane

oxidation reaction mechanistf4”7?We have augmented this
earlier work by utilizing in situ electronic absorption akF
NMR spectroscopic methods to probe the importance of this
process in the PFe-catalyzed isobutane oxidation reaction an

monitor the spectral changes that PFe complexes undergo during

hydroperoxide decomposition.

Figure 8 shows the time-dependent electronic absorption
spectral changes that occur for thesfg4P-, (GFs)4P-, and
Brg(CsFs)4P-based iron catalyst systems in the presence of a
3000-fold molar excess d@ért-butyl hydroperoxide. Isosbestic
behavior was observed for thedBEsFs)sPFe-catalyzed reactions
over a 1 htime period, highlighting the clean conversion of the
ferrous porphyrin species to a single PFemplex (Figure 8A).

In contrast, nonisosbestic behavior was observed in the analo-

gous experiment utilizing the ¢Es)4PFe catalyst (Figure 8B);
interestingly, subsequent absorption spectra taken after the initia
oxidation of (GF7)4PFe (Figure 8C) show little change with
respect to the electronic absorption spectrum recorded=at

10 min, indicating that these species may be a preferable
peroxide decomposition catalyst due to its superior stability
under these conditions. Note that, at 26, no catalyst
destruction is observed in the electronic absorption spectra,

suggesting that the processes involved in PFe decomposition

at 80°C under oxidative conditions are slow at this temperature.

Significant macrocycle destruction, however, is observed in
the electronic absorption spectra of these complexes recorde
over longer time periods~48 h) when large excessesteft-
butyl hydroperoxide are present; Figure 9 highlights such a set
of data obtained when ¢€;),PFe-(3-F-py) is used as the
catalyst precursor. Time-dependé? NMR spectra obtained
for analogousert-butyl hydroperoxide decomposition reactions
in which (GF;)4sPFe-(3-F-py) and (GFs)4PFe—(3-F-py) were

d
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absorption spectroscopy, which contrasts the results reported
above for the isobutane oxidation experiments (Figure 4).

The potential role played btert-butyl hydroperoxide in a
PFe-catalyzed isobutane oxidation reaction was examined using
in situ 1°F and 13C NMR methods for a catalytic reaction
employing a (GF7)4sPFe-(3-F-py), catalyst precursor; for these
reactions, the NMR tube was charged with the PEF-py)
complex, benzends, and 1000 equiv ofert-butyl hydroper-
oxide prior to pressurization with isobutane and dioxygen
(Figure 10). Consistent with the data of Figure 3C,3K&4-
PFe}O is the dominant PFe species present 30 min after the
isobutane oxidation reaction has initiated (Figure 10B). It is
noteworthy that if an induction period is taking place for this
reaction, it must be less thanett2 h time period required for
the acquisition of the spectrum of Figure 10B, since significant
guantities of organic products were detected in a subsequently
acquired®C NMR spectrum (data not shown). The induction
periods for (GF7)sPFecatalyzed reactions carried out under
identical conditions without added hydroperoxide are minimally
8 hin duration. These data suggest tieat-butyl hydroperoxide
serves to initiate the isobutane oxidation reaction. After 2 days
at 80 °C, the spectrum in Figure 10C is evident. No further
time-dependent spectral changes were observed due to the fact
hat all of the oxygen within the sapphire NMR tube was
completely consumed at this point in time.

Summary and Conclusions

A variety of mechanisms have been proposed for PFe-
catalyzed alkane oxidations that utilize dioxygen as the sto-
ichiometric oxidant. Initially, it was hypothesized that the
electron-deficient PFe species entered into a catalytic cycle
which involves a high-valent PFe=0O intermediaté?-45.65
Labinger and Gray proposed recently that an autoxidation
reaction pathway likely dominated the kinetics; the primary role
of the metalloporphyrin involved decomposing the hydroper-

poxides produced during the autoxidation pathWay® While

the observed ratios of organic products produced in catalytic
isobutane oxidation reactions did not coincide with that predicted
by a theoretical model for such an autoxidatfdnif was
emphasized that if a/Brtype mechanism involving reactive
PFeéV=0 species were to dominate, the selectivity towtart
butyl alcohol would have been much higher than what is
typically observed for these reactions.

Clearly, the mechanism by which the stoichiometric conver-
sion of low-spin PFe L, precursors to high-spin Pitespecies

dps accomplished at 80C in the presence of £and isobutane

rovides additional information regarding the PFe oxidation
states potentially important for catalysis; Scheme 3 shows three
established pathways by which FFepecies can be produced
stoichiometrically from a PPeprecursor. Routes that generate
PFe" requiring the production of superoxide by either @S
or S\2 process (pathway A) are not consistent with the
observation of induction periods in both the NMR tube and

utiIiz_ed as catalyst precursors corroborate these results (Supyytoclave experiments, as both these processes would produce
porting Information); furthermore, these experimerits{—70 peroxide; addition of even trace amounts of peroxide to either
to —20 °C) show the rapid conversion of these complexes t0 ap autoclave or sapphire NMR tube isobutane oxidation reaction
intermediates which were not observed during the in situ regyts in instantaneous termination of the induction period and
oxidation experiments and that, prior to the onset of the catalyst e formation of organic products. Likewise, a water-assisted

degradation, a single high-spin PFapecies is present. It is
interesting to note that, for ¢Es)4PFe-catalyzedert-butyl
hydroperoxide decomposition reactions, there is no indication
of the presence of [(§Fs)4sPFe}lO by °F NMR or optical

(71) Lyons, J. E.; Ellis, P. E., Jr. U.S. Patent 5345008 A, 1994.

metal-superoxo decomposition (pathway B) produces the
hydroperoxyl radical, an established radical chain autoxidation
initiator. Control experiments rule out the generation of 'IPFe
species from trace peroxide impurities present in either the
solvent or isobutane gas (pathway C) since (i) 'PBpecies
are stoichiometrically produced from the PHe, precursors
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Figure 7. An alternating sequence of consecutively acquifédand'’O NMR spectra for a PFe-catalyzed isobutane oxidation reaction carried out
at 80°C in benzenads in which (GFs)sPFe-(py): is used as the catalyst precursor. ¢ NMR spectrum of (6Fs)sPFe-L, at 80°C under Ar.
Spectra B-H that follow were taken during the time interval specified after the addition of labeled water, isobutane, and oxygen to the NMR tube.
Prime notation represents th# signals corresponding to [¢Es)sPFe}O, double prime notation represents resonances observedefey) fZ-e—
OH, and triple prime notation denotes resonances that are tentatively ascribedskg)zPfEz-(O-tert-butyl) complex. Resonances labeled with X
are presently unassigned. A0 NMR spectra recorded at time intervals after spectrum F show the same relative intensities©fgheducts;
19F NMR spectra taken after spectrum F evince a steady decrease in concentration of benzene-soluble PFe species.
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Figure 8. In situ time-dependent electronic absorption spectite s
butyl hydroperoxide decomposition reactions in benzene solvent in

which (A) Brs(CsFs)saPFe-(py):, (B) (CsFs)4aPFe-(py)., and (C) (GF)4-
PFe-(py). were utilized as catalyst precursors. The trace labeled “initial

spectrum” corresponds to the isolated ferrous porphyrin species in
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Figure 9. In situ time-dependent electronic absorption spectra recorded
over long time intervals that chronicle trt-butyl hydroperoxide
decomposition reaction in which §&;)4,PFe—(py). was utilized as a
catalyst precursor. (A) (§E7)4sPFe-(py). under Ar. (B) (GF7)sPFe-
(py)-derived species observedtat 5 min following the addition of

a 1000-fold molar excess tért-butyl hydroperoxide. (C) (¢~)sPFe-
(py)-derived species observed 12 h following the initial addition of
tert-butyl peroxide. No further changes in the optical spectrum were
apparent over an additionah time period; at this point, an additional
2000 equiv oftert-butyl peroxide was added. (D) Optical spectra
recorded 36 h after spectrum C.

at such a level would have been detectablétbyr 13C NMR
spectroscopy in the absence of catalyst, which was not the case),
and (iii) reducing the concentration of the PHe; precursor to
1 uM shows only the production of PHespecies in optically
monitored oxidation experiments (oxidation products are ob-
served only after the system is charged with isobutane and
dioxygen, following the intermediacy of a normal induction
period). If peroxide impurities exceeded this concentration level,
one would expect to see reaction initiation and immediate
observation of isobutane oxidation products upon addition of
isobutane and dioxygen, which is not the case.

Given these facts, and the previously presented experimental

benzene under Ar; subsequent electronic absorption spectra taken agvidence, we propose Scheme 4 as the most plausible mecha-
the labeled time intervals record the time-dependent optical changespjgm by which PFé species are produced from these 'PFe

that occur once a 3000-fold molar excesdeart-butyl hydroperoxide
has been added. All spectra were taken at°26 Experimental
conditions: [PFel 1075 M; [tert-butyl hydroperoxidel= 3 x 1072
M.

in the absenceof isobutane under £ (ii) ferrous PFe-L,
complexes are completely converted to PFepecies under
dioxygen pressure even when the PEg concentration is as
high as 0.1 M (any peroxide or hydroperoxide impurity present

L, precursors. This scheme is based on a fourth, and extremely
well-precedented, mechanigtn’# that involves a transient
PFéV=0 species in the @mediated ferrous-to-ferric porphyrin

(72) Chin, D.-H.; La Mar, G. N.; Balch, A. LJ. Am. Chem. Sod.98Q
102, 4344-4350.

(73) Balch, A. L.; Renner, M. WInorg. Chem.1986 25, 303—-307.

(74) Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski,
L. J. Am. Chem. S0d.989 111, 4357-4363.
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Figure 10. In situ % NMR spectra that examine a PFe-catalyzed
isobutane oxidation reaction in which as()sPFe-(3-F-py), catalyst
precursor was utilized in the presence of 1000 equivtenf-butyl
hydroperoxide. (A) The PFeL, complex at 26C under Ar in benzene-
ds. (B) %F NMR spectrum taken at 8C 30 min after Q/isobutane/
tert-butyl hydroperoxide addition. Alcohol production is observed in
the'3C NMR at this time (spectrum not shown). (€F NMR spectrum
obtained at 8C°C after data were acquired over the- h time
following OJ/isobutaneért-butyl hydroperoxide addition; at this point
in time, the dioxygen contained in the NMR tube was completely
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in benzené? (iii) Any HO* that escapes the [PFeOH] cage
would initiate an autoxidation mechanism. (iv) The lengths of
the induction periods that are observed for these reactions
correlate with the magnitudes of previously reported PBél
bond dissociation energié$.

Once H atom abstraction from isobutane occurs, the organic
radical will react with dioxygen and initiate an autoxidation
radical chain process; this modified Hab&keiss cycle is
shown in Scheme 5. While some of the details of Scheme 5 are
speculative in nature, note that the propagation step described
in Scheme 5A produces thert-butyl hydroperoxyl radical.
Oxidized organic products are created through the PFe-catalyzed
decomposition of the hydroperoxide (Scheme 5B,C); extensive
low-temperature spectroscopic data obtained by Balch establish
precedent for the mechanistic role ascribed to'"PBeundtert-
butyl hydroperoxo compound48¥84 The 70O NMR experi-
ments provide insight into the nature of the PFe-catalyzed
hydroperoxide decomposition process; becausé’éabel is
observed in all the major organic products produced in the
reaction fert-butyl alcohol, acetone, anrt-butyl peroxide),
PFe-OH must play a major role itert-butyl hydroperoxide
decomposition as well as reaction initiation.

consumed. The resonance labeling scheme is identical to that described A number of reactions known to occur under Habfeiss

in Figure 3.

conversion. Although PP&=0 species have been isolated and
characterized® because the species in brackets are not spec-
troscopically detected under our experimental conditions, this
route for the PP&to-PFé' conversion can only be considered

a postulate. We emphasize, however, that the most attractive

feature of this proposal is the fact that it produces no species
(HOOH, &) that either are known to directly initiate or can
be converted to species that directly initiate isobutane autoxi-
dation in the presence of PFe complef&d. is important to
note that all other commonly invoked mechanisms for an O
mediated PPeto-PFéd' conversion fail this crucial test. Pro-
cesses-+v of Scheme 4 must be rapid, since P&aH and/or
(PFe}O complexes are observed immediately upon pressuriza-
tion of either a sapphire NMR tube or an autoclave reactor
containing a PPe-L; solution with dioxygent( < 15 min. If

the mechanism of Scheme 4 is operative, the transiently
generated PPé=0 species must either react with hydrocarbon
substrates on a time scale that is long with respect to that for
reaction iv (Scheme 4) or not be thermodynamically competent
to promote alkane hydroxylation. This latter hypothesis is
consistent with thermodynamic data compiled by Sawyer which
indicate that the Fé=0 + H* — Fe—OH bond formation
energy (AGgr) compares unfavorably with the dissociative
bond energy tAHgpg) required for isobutane €H bond
homolysis’®-78 We thus propose that isobutane oxidation is
initiated by a mechanism that involves the thermodynamically
unfavorable homolysis of the PF©H bond. This proposal is
attractive for four reasons: (i) Itis consistent with the long and
often widely variable induction periods. (ii) It accounts for the
presence of the small quantities of the primary alkane oxidation
product, 2-methyl-1-propanol, observed in these reactions,
because H-atom abstraction processes involving hydroxyl
radicals and primary alkanes are thermodynamically favored

(75) Groves, J. T.; Gross, Z.; Stern, M. Korg. Chem1994 33, 5065~
5072.

(76) FéV=0 + H* — Fe(Ill)—=OH (—AGgr = 78 kcal/mol); (CH)sCH —
(CHg)3C* + H* (—AHgpe = 93 kcal/mol).

(77) Sawyer, D. TJ. Phys. Cheml1989 93, 7977-7978.

(78) The Actvation of Dioxygen and Homogeneous Catalytic Oxidation
Barton, D. H. R., Martel, A. E., Sawyer, D. T., Eds.; Plenum Press:
New York, 1993; pp 7.

conditions have been omitted from Scheme 5 for the sake of
clarity. With respect to thé’O-labeling experiments, a few of
these such reactions are worth noting in brief. It is well-known
that (porphinato)iron(ll)-(alkyl peroxide) species (Scheme 5B),
in addition to undergoing bond homolysis reactions that produce
PFe(ll) species and peroxyl radicals, decompose via both
homolytic and heterolytic ©0 bond cleavage procesdes:8>87
Either homolytic or heterolytic cleavage enables facile incor-
poration of the'’O label into the3-oxygen atom of the peroxyl
group. Once this occurs, two pathways allow incorporation of
the 170 label intotert-butyl alcohol. As noted previously, the
1’0-labeling experiments were carried out in sapphire NMR
tubes that utilized 8:1 isobutane/dioxygen (see the Experimental
Section); these reactions were run until catalysis ceased, and
exhibited isobutane conversions that ranged from 5% to 10%.
Because this corresponds to incorporation of-80% of the

O, present in the NMR tubes into products, the fact that cycle

(79) H;CCH,CH3z — H3CCH,CHy* + H* (*AHBDE =100 kcal/mol); HO

— HO* + H* (—AHgpe = 111 kcal/mol).

Assuming that a typical induction period ® h correlates directly

with *OH escape from a [PE®H] cage, and that the cage recombina-

tion reaction to produce PF&®H occurs at diffusion-controlled rates

(1® M~1s71), gives an equilibrium constaht = 4.63 x 107 14M~1

at 80 °C. Provided thatAS® for this reaction does not deviate

appreciably from 23 eu, a standard value for bond homolysis reactions

(see for example: (ajlandbook of Chemistry and Physidlst ed.;

CRC Press: Boca Raton, FL, 1990; pp D195. (b) Woska, D. C;

Xie, Z. D.; Gridnev, A. A; Ittel, S. D.; Fryd, M.; Wayland, B. B.

Am. Chem. Socl1996 118 9102-9109) allows an estimation of

AHgpe = 30 kcal mot™. This value lies intermediate in the range of

AHgpe values for PFe OH complexes that have been measured to

date (see: Richert, S. A.; Tsang, P. K. S.; Sawyer, Dndrg. Chem.

1989 28, 2471-2475. Tung, H. C.; Chooto, P.; Sawyer, D. T.

Langmuir199], 7, 1635-1641).

Arasasingham, R. D.; Balch, A. L.; Latos-GrazynskiJLAm. Chem.

So0c.1987 109 5846-5847.

(82) Arasasingham, R. D.; Balch, A. L.; Har, R. L.; Latos-Grazynski, L.
J. Am. Chem. S0d.99Q 112 7566-7571.

(83) Balch, A. L.Inorg. Chim. Actal992 198 297-307.

(84) Balch, A. L.; Olmstead, M. M.; Safari, N.; St. Claire, T. Morg.
Chem.1994 33, 2815-2822.

(85) He, G.-X.; Bruice, T. CJ. Am. Chem. S0d.991, 113 2747-2753.

(86) Traylor, T. G.; Tsuchiya, S.; Byun, Y.-S.; Kim, @. Am. Chem. Soc.
1993 115 2775-2781.

(87) Traylor, T. G.; Kim, C.; Richards, J. L.; Xu, F.; Perrin, C.L.Am.
Chem. Soc1995 117, 3468-3474.

(88) Lyons, J. E.; Ellis, P. E., Jr.; Myers, H. K., . Catal. 1995 155,
59-73.

(80)

(81)



3138 Inorganic Chemistry, Vol. 39, No. 15, 2000 Moore et al.

Scheme 3. Mechanisms by Which PleSpecies Can Be Generated from PIReecursors under Oxidative Conditions: (A)
Generation of Superoxide byw$ or S§y2 Pathways; (B) HO-Assisted Metal Superoxo Decomposition; (C) Direct Oxidation via
Hydroperoxide Impurities Present in Isobutane and/or Solvent
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Scheme 4. Proposed Initiation Mechanism for PFe-Catalyzed Isobutane Oxidation
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C of Scheme 5 produces labeled dioxygen enabl@sto be complexes are competent to catalyze isobutane oxidation at
introduced into thex-peroxyl position and hence into thert- moderate temperatures without the input of stoichiometric
butyl alcohol, since labeled dioxygen would be free to reenter reductants, such simple catalysts are not stable under the
the catalytic cycle of Scheme 4A. Alternatively, the common autoxidation reaction conditions. While porphyrin ring haloge-
Haber-Weiss reaction that producest-butyl peroxide via the nation leads to more robust epoxidation catalysts that utilize
reaction of tert-butyl radical andtert-butyl peroxyl radical PFe" complexes and an O atom donor to produce reactive
provides a second route t&O-labeled tert-butyl alcohol compound | analogues (AF€V=0) 291.92PFe alkane hydroxy-
(Scheme 5C). Because the majority of @ label at the end lation catalysts that derive their oxidizing equivalents froem O
of the catalytic reaction is incorporated into products, the-PFe
OH-dependent process of Scheme 5B must be the focal point
for peroxide decomposition. (90) Lyons J. E; Ellis, P. E., JAppl. Catal., A1992 84, L1-L6.

A large body of work has been dedicated to the study of PFe- (91) Iéag'é’é_glz@’ Dunlap, B. E.; Miksztal, A. RBasic Life Sci1988
catalyzed alkane oxidation using dioxygen as the stoichiometric g2y Trayior, P. S.; Dolphin, D.; Traylor, T. Gl. Chem. Soc., Chem.
oxidant#1-4346-48,50,67.8890 Although electron-deficient PFe Commun.1984 279-280.

(89) EI||s P. E., Jr,; Lyons, J. E.; Shaikh, S.Ghatal. Lett.1994 24, 79—
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Scheme 5. Modified Haber-Weiss Radical Chain This study highlights two roles for the PFe complexes in
Mechanism for PFe-Catalyzed Alkane Oxidation and catalytic isobutane oxidation: that of the radical chain initiator
Hydroperoxide Decomposition and, consistent with work by Labinger and Gr&y257 the
‘ o ch\ CHy species responsible for the catalytic decomposition of organic
Hac‘ 3 C~o0H peroxides. It is thus appropriate to consider the dual requirements
of radical chain initiation and facile hydroperoxide decomposi-
tion, and whether a set of experimental conditions and catalysts
o "30\ «c“a ”3°\C,$“3 can be elucidated that allows for control*6@fH concentration
2+H20 . . .- . .
and facile hydroperoxide decomposition, while protecting the
HsC\ CHg catalyst from decomposition. Furthermore, with respect to
PFe-OH HyC Co0H catalyst design and the original proposal by Ellis and Lyérf§;>
02 (Scheme 4 the development of a ligand framework that will allow a
PFeV=0 species to replicate the chemistry of the biological
e % "70H, P+FeV=0 paradigm, and direct the incorporation of both O
15“70H atoms of Q into organic substrates while suppressing autoxi-
dation radical chain processes, clearly remains a challenging
R°H*°2 PFeO?‘scC‘CH problem in biomimetic chemistry.
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Supporting Information Available: Spectroscopic data that detail

the context of an autoxidation mechanism. it has been pro OsedIhe temperature and axial ligand concentration dependences of NMR
' prop chemical shifts of these (porphinato)iron complexes, along with

that peroxides play a key role in this process and that alkoxyl additional catalytic isobutane oxidation atett-butyl hydroperoxide

radicals and hydroxide anions are produced stoichiometrically gecomposition data. This material is available free of charge via the
each time a ferrous center is oxidiz€d his study demonstrates  Internet at http://pubs.acs.org.

that such a role for ROOH is unlikely due to its extremely low
concentration under these experimental conditions and that O
is responsible for this conversion in the catalytic cycle (Scheme (93) Byme, J. E.; Battino, R.; Danforth, W. . Chem. Thermodyi974

6, 245-250.
9). Since hydroperoxides are not detected at any point in the (94) Bimolecular rate constants for dioxygen binding at five-coordinate

that are based on highly halogenateds(BgFs)4sPH, ligand
systems possess stabilities that dirainishedrelative to those
of analogous catalysts that feature;f€),PH, and (GF7)4sPH;
ligand frameworks.

Last, with respect to the conversion of PRe PFd' within

1C0002840

catalytic reaction, their concentration must be lower than the PFe—(L) complexes typically range from ¥ 106 to 5 x 108 M~
detection limit of the NMR spectrometer. Assuming that s !atambient temperature (See: Momenteau, M.; Reed, Cham.
hydroperoxide present at concentrations higher than 1/25 of that ~ R&. 1994 94, 659-698), with sterically unencumbered ferrous
- porphyrin complexes displaying an average bimolecular rate constant
for the catalyst would be detectable, the upper limit for the of ~5 x 107 M~1 s L. Because the dioxygen concentration exceeds
hydroperoxide concentration4s10~2 mM. This value is at least that of tert-butyl hydroperoxide by at least a factor of 41Gor
4 orders of magnitude smaller than the concentration 0inO reoxidation of PFe(ll) bytert-butyl hydroperoxide to compete with
" S the dioxygen-mediated reaction, the bimolecular rate constant for this
benzene under these conditions, which~$0 mM at 353 K process would have to exceed that for a diffusion-controlled process

and 1 atm of @ pressuré3% by (at least) a factor of 1000.



