J. Am. Chem. S0d.997,119,1791-1792 1791

High-Pressure NMR Studies of oxidations utilized two archetypal electron deficient PFe oxida-
(Porphinato)iron-Catalyzed Isobutane Oxidation tion catalysts; one is based on the well-studied 5,10,15,20-
Utilizing Dioxygen as the Stoichiometric Oxidant tetrakis(pentafluorophenyl)porphyrin [{€)4PH] ligand sys-
tem, while the other features the recently developed, significantly
Kevin T. Moore! Istvan T. Horvah,** and more electron poor, 5,10,15,20-tetrakis(heptafluoropropyl)-
Michael J. Therien* porphyrin [(GF7)4PH,] macrocyclel—12
) o ) Because the Pepxidation state is postulated to play a primary
Department of Chemistry, Usersity of Pennsylania role in the generation of a dioxygen-derived active alkane-

Philadelphia, Pennsybnia 19104-6323  pyqroxylating specied?the autoclave reactors and the sapphire
Corporate Research Laboratories, Exxon Research and NvR tubes were initially charged with Plgligand) com-
Engineering Company, Annandale, New Jersey 08801 pjexes. 3-Fluoropyridine (3-F-py) was used as the axial ligand
Receied May 7, 1996 for this study, since it has moderate Lewis basiitand
_ _ provides a convenient marker band f8F NMR.

We report the first high-pressure NMRtudy ofany metal- Variable temperaturéd% NMR spectra show reversible
catalyzed oxidation reaction, enabling us to identify the dissociation of axial 3-F-py over a moderate temperature domain
predominant species present in solution during a (porphinato)- for both complexes in benzemg-in the absence of isobutane
iron [PFe]-catalyzed oxidation of isobutane in which the and oxygen. Consistent with the electronic properties of the
hydrocarbon oxidizing equivalents are derived from dioxy&jén. macrocyclé'! the (GF;)4PFd -(3-F-py) complex (Figure 1A)
This is particularly important given (i) the potential commercial exists primarily as six-coordinate iron(ll) at 26 in benzene-
importance of these catalytic reactions and (i) the fact that in dg, (6 = —127.1 ppm for free 3-F-pyd = —126.1 ppm for
contrast to the wealth of information regarding both mechanism 3-F-py in (GF;)4PFd'+(3-F-py) at 26°C); in contrast, (§Fs)a-
and reactivity for catalytic oxidations of hydrocarbons involving  pFd'-(3-F-py), (Figure 1E) exhibits an equally sharp 3-F-py
PFé' complexes and O atom donors, such as iodosylberfzene, resonance at40°C, but shows a significantly broadened ligand
comparatively little is known regarding analogous catalytic peak at 26C, congruent with reversible 3-F-py dissociation at
oxidations that utilize @ Our work demonstrates that the nature  ambient temperature. At 8@, both complexes display broad
of the porphyrinic species under catalytic conditions differs from 19 NMR chemical shifts for 3-F-p¥*
what has previously been surmisétl. o _ Within 15 min of pressurizing the sapphire NMR tubes

We have performed catalytic isobutane oxidation reactions containing the PRespecies in benzends with isobutane and
at 80°C in sapphire high-pressure NMR tubé$. In situ 19 0O,, the spectra shown in Figure 1C,G are manifest. The
NMR experiments are particularly useful to establish the nature porphyrinic 1% NMR signals of Figure 1C correspond to the
of PFe species, since the magnitude of%chemlcal shifts electron pooru-oxo dimer [(GF7)4PFé"],0, while those of
for fluorine-containing porphyrins depends intimately on metal- Figure 1G verify that a mixture of [(§5s)sPFé'],0 and [(GFs)
centered electronic propertiés.Parallel experiments in glass-  prdi.OH] is present for the more sterically encumbered and
lined autoclavelenable us to monitor the formation of the  glectron rich (GFs)sPH,-based catalydgd 1516 Because the free
oxidation products by GC and the fate of the catalysts by jigand peaks integrate 2:1 relative to the porphyrin NMR peaks,
electronic absorption spectroscopy. These catalytic isobutanewe conclude that PRespecies are produced stoichiometrically
from these PPKL), precursors; thus, within the detection limits
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Table 1. Effects of (Porphinato)lron Electronic Structure on Exhaustive Isobutane Oxidation in Bénzene
product distribution (%)

PFe speciesobsd at  reaction  convsn of isobutane to

catalyst initiation of catalysi$ time (hY  oxidized products (%) tert-butyl alcohol  acetone tert-butyl peroxide
(CsF7)4PFe(3-F-pyy  [(C3F7)sPFé"],0 (major) 9 31 84 8.1 7.8
(CsF7)4PFeOH (minor)
(CeFs)aPFe(3-F-pyy  [(CeFs)sPFé"],0 (minor) 26 12 86 3.6 10.3
(CeFs)sPFeOH (major)
(CoFs)4PFeOH? not reported 3 17 80 20 not reported

aThe PFé catalyst (0.005 mmol) and isobutane (350 mmol) were dissolved in benzene (20 mL) and heaté&€ tor@@r nitrogen, giving a
total pressure of~110 psi within the autoclave. The reaction is initiated by introducing sufficienhto the autoclave to give a total pressure of
125 psi, corresponding t&3 mmol of G, present under initial conditions. The total pressure was maintained constant throughout the reaction by
utilizing a continuous @feed into the autoclavé.All reactions show small quantities of CO and £43 well as trace amounts ofldnd CH. See
refs 2 and 16¢ Determined from NMR experiment$Reaction times for the (§E,)sPFe(3-F-py) and (GFs)4PFe(3-F-py) catalysts correspond
to the time at which dioxygen ceased to be consurf&ee ref 2a.

cr ot cEpLr E moderate @ pressure; this contrasts the ambient temperature
cw—i’g. e:ﬁ}fz(;z?a CoFs ;',k.j{{’ Fp redox stability of such electron deficient PFepecies? (iii)
G es oew The equilibrium between (PP9,0 and PF¥-OH complexes
N depends on ligand steric and electronic parameters, consistent
L L with literature precedertf (iv) Because only high-spin PHe
h J. LMJ— compounds and no oxidation products are observed soon after
D N H L _ pressurizing the sapphire NMR tubes with IPEatalyst, solvent,
.7 s oL LL."; e oxygen, and isobutane, alkyl radicals that initiate the radical
€ : e N i chain may derive from a reaction involving PF©H and
B Ji . " isobutane that produces water and a'P&gecies; generating
Y

, e in addition to isobutanol, the quantity of which would be limited
T T T | [

K B
L s Lo r im HO" in benzene would be expected to yield primary alcohols
A o |
] I T |

o 1 1 O N A O S A A to the absolute mass of catalyst present and thus not detectable
PPM PPM under these experimental conditids(Furthermore, because
Figure 1. In situ’®F NMR spectra of PFe-catalyzed isobutane oxidation the production of PR& compounds occurs in the absence of
reactions. (A) (GF7)sPFe(3-F-py) at 26 °C under Ar. (B) (GF7)s- isobutane at high catalyst concentrations, it argues against
PFe(3-F-py) at 80 °C under Ar. (C) (GF)4PFe species at 80C peroxide impurities being the sole oxidizing agent for 'PFe

observed 30 min after addition of isobutang/() (CsF7)sPFe species  although we can not rule out this possibility.) (3C NMR
that are observed while isobutane oxidation products are being producedand GC analysis determine that-BuO), is produced in
(E) (CoFs)aPFe(3-F-py) at —40 °C under Ar. (F) (GFs)iPFe(3-F- substantial quantity, as predicted by Labinffarpnsistent with
py)e at 80°C under Ar. (G) (GFs)aPFe species at 8 observed 30 3 radical chain process likely dominating the observed reaction
min after addition of isobutanefO(H) (CsFs)sPFe species that are  yinetics, and given ii above, this autoxidation reaction pathway
observed while isobutane oxidation products are being produced. Thetq, isgbutane will likely be rate limited by the transient
a, f, and y refer to *F NMR resonances associated with the o ction of the reduced PFe complex. (vi) Despite the
perfluorohepty| grofup whhllenl',:en;, and)p: denotle perfiuorophenyfr substantial volume of research pageasd extensive patent
NMR resonances for the PF€3-F-py), complexes. Prime notation l . s

. iterature to the contrarythe fact that porphyrin decomposition
corresponds t&% NMR resonances for the (PFRO species; double occurs concomitant Irv%itth the onsgt gfycatalytic iZObutane

rime notation labels resonances for the 'f&H complex. The L S . .
lroepresents théSF NMR resonance for the 3-F-py axi:I ligand & oxidation under these conditions sheds considerable doubt on

—127.1 ppm for the free ligand). All chemical shifts reported are relative € Viability of simple electron deficient porphyrins as com-
to CFCE (6 = 0.0 ppm). mercial isobutane oxidation catalysts which consume stoichio-

metric oxidants that are derived from dioxygen. Future work
degraded porphyrin ligand (Figure 1D,H).In both cases the  in this area must focus on engineering enhanced reactivity in
intensity of the 3-F-py°F NMR signal far surpasses the benzene €lectron deficient (porphinato)iron species as well as tailoring
soluble porphyrin-deriveéF NMR resonances, indicating that, the microenvironment in which these hydrocarbon oxidations
whatever the oxidized porphyrin products, they are only are performed.
sparingly soluble; direct examination of the sapphire NMR tube ) ) )
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nature of isobutane oxidation products were confirmed3y

NMR experiments and GC analysis. In contrast to experiments  Supporting Information Available: Data base of NMR spectra
reported for the (6Fs)4PH; ligand system33these studies show  corroborating the assignments made in Figure 1 (14 pages). See any
a significant production aert-butyl peroxide in all our catalytic current masthead page for ordering and Internet access instructions.
oxidations. While hydrocarbon product distribution varies little  jp9615313

with respect to the electronic features of the porphyrin ligand,
a larger net conversion of substrate is observed for thE{& (18) (a) Harel, Y.; Felton, R. HJ. Chem. Soc., Chem. Comma884

PHz-based catalyst as well as an augmented time domain overZJ¢,208- () £heng, R.-J.; Latos-Grazynski, L.; Balch, Alorg. Chem.
which catalytic activity is observed. . o (19) (CHy)sCH — (CHg)sC* + H* (—AHoge = 93 kcal/mol); CH —
In conclusion, we demonstrate the following: (i) High- CHs + H* (—=AHpge = 105 kcal/mol); HO — HO* + H* (—AHpge = 111

i i istickcal/mol). See: (a) Sawyer, D. 0. Phys. Chem1989 93, 7977-7978.
pressure NMR methods can provide considerable mechamstlc(b) Barton D. H. R.- Sawyer. D. T. lihe Actation of Dioxygen and

insight into catalytic hydrocarbon oxidation reactions. (ii) Even fomogeneous Catalytic OxidatipBarton, D. H. R., Martel, A. E., Sawyer,
in a (GF7)4PH; ligand environment, Feis not stable under D. T., Eds.; Plenum Press: New York, 1993; pp7L




