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The catalytic oxidation of triphenylphosphine in the presence of dioxygen by the diiron(ll) complex [Fex(u-O,-
CAr™),(MesTACN),(MeCN),](OTf), (1), where ~O,CAr™ = 2 6-di(p-tolyl)benzoate and MesTACN = 1,4,7-trimethyl-
1,4,7-triazacyclononane, has been investigated. The corresponding diiron(I1l) complex, [Fea(u-0)(u-0,CAr™),(Mes-
TACN),](OTf), (2), the only detectable iron-containing species during the course of the reaction, can itself promote
the reaction. Phosphine oxidation is coupled to the catalytic oxidation of THF solvent to afford, selectively, the C—C
bond-cleavage product 3-hydroxypropylformate, an unprecedented transformation. After consumption of the phosphine,
solvent oxidation continues but results in the products 2-hydroperoxytetrahydrofuran, butyrolactone, and butyrolactol.
The similarities of the reaction pathways observed in the presence and absence of catalyst, as well as 20 labeling,
solvent dependence, and radical probe experiments, provide evidence that the oxidation is initiated by a metal-
centered H-atom abstraction from THF. A mechanism for catalysis is proposed that accounts for the coupled
oxidation of the phosphine and the THF ring-opening reaction.

Introduction of triphenylphosphine to its corresponding oxide in the

Non-heme diiron monooxygenases comprise an importantPresence of dioxygehSeveral thousand turnovers could be
group of dioxygen-activating enzymes capable of oxidizing achieved by slow addition of the phosphine to the catalyst
organic substrates, ranging from functionalized arenes to thesolution. Early experiments suggested the possibility that the
compact and highly inert molecule methane. Over the pastoxidation was occurring by a catalytic mechanism similar
two decades, much effort has been invested in synthesizingto that of MMOH, which would represent an important
functional small-molecule mimics of these enzyriesThe advance in the modeling of metalloenzymes. The concurrent
soluble form of methane monooxygenase (sMMO) (Figure discovery that the corresponding diiron(l1l) complex {e
1), containing a hydroxylase component (MMOH) which O)(O,CAr™),(MesTACN),](OTf), (2) could function as the
mediates the selective conversion of methane and dioxygencatalyst, without any detectable participation of complex
to methanol, has attracted particular intefels signature made us wonder whether our putative MMOH mimic might
transformation is remarkable from a chemical standpoint, andpe initiating rather than participating in the catalysis. We
a selective synthetic catalyst for this reaction would be of report here the results of extensive investigations of this
both fundamental and practical importance because it W0U|dsystem, which reveal that the THF solvent is a critical
allow more efficient exploitation of natural gés. component of the catalytic cycle, forming the unusual ring-

We rece_z_ntly reported that a synthetic mgotldel for the opened product 3-hydroxypropylforma@ Chart 2). Mecha-
reduced, diiron(ll) form of MMOH, [Fg{u-O,CAr'®),(Mes- nistic studies of this reaction and the coupled consumption
TACN)2(MeCN)J(OTf) (1, Chart 1), catalyzes the oxidation ¢ phosphine are described.

* Author to whom correspondence should be addressed. E-mail:

lippard@lippard.mit.edu. i ;
(1) Kim, C.; Dong, Y.; Que, L., J&J. Am. Chem. Sod997, 119, 3635 Experimental Section
3636. . . .
(2) Lee, D.; Lippard, S. J0. Am. Chem. Sod.998 120, 12153-12154. General Considerations. All reagents were obtained from
(3) Lee, D.; Lippard, S. JJ. Am. Chem. So@001, 123 4611-4612. commercial sources and used without further purification unless

(4) Merkx, M.; Kopp, D. A.; Sazinsky, M. H.; Blazyk, J. L.; Mer, J.;
Lippard, S. JAngew. Chem., Int. EQ001, 40, 2782-2807.

(5) Periana, R. A.; Taube, D. J.; Evitt, E. R.iftler, D. G.; Wentrcek, P. (6) Tshuva, E. Y.; Lee, D.; Bu, W.; Lippard, S. J. Am. Chem. Soc.
R.; Voss, G.; Masuda, TSciencel993 259, 340-343. 2002 124, 2416-2417.
10.1021/ic049460+ CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 14, 2004 4427

Published on Web 06/15/2004



Moreira et al.
A B

NAD*
F

Oz
oH ell Fe”
ST Glu243 gy 09 NADH N~
o

Glu114—< OHy >/\\o >§o y

O« !/O\ |/O .0

. : .0
His 147 (Feq 532‘ His 246 Fe"'\ :Fe”' Fell \O/Fe'”
N H o N 9]
/ » \T ( A\ H
N N
H Glu 144 H
CH3OH/w “Felv

0
Fe'V\
O

CHy
Figure 1. (A) Active site of MMOH in its reduced, diiron(ll) form. (B) The catalytic cycle of SMMO as it is presently understood.
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\ / different solvents. All solvents were purified by distillation or
N O /Ni passage through an alumina column under Ar just before use. A
F ArTol control reaction in THF was run in parallel with all experiments.
Me In cases where catalyst solubility was insufficient, a THF solution
O of the catalyst was first added directly to the NMR tube, after which
1 ArTol the solvent was removed with a stream of nitrogen; the phosphine
~ stock solution in the solvent of interest was then added to the tube

njust before measurement. Slow oxidation (affordin§0% conver-
sion after 12 h) was observed in diethyl ether and metést
butyl ether. No oxidation occurred in toluene, dichloromethane,
R chloroform, acetone, or acetonitrile.

Attempted Reaction of Tris(4-fluorophenyl)phosphine Oxide
with [Fe(u-O2CAr T),(Me3TACN) o(MeCN),](OTf) » (1). Com-
plex 1 (2.6 mg, 1.9umol) was dissolved in 4 mL of THF under
N,. Tris(4-fluorophenyl)phosphine oxide (6.5 mg, 2fhol) was
dissolved in 40Q.L of THF, and a 14QcL aliquot (7u«mol, 4 equiv)
was added dropwise over several minutes. No color change was
é)bserved. After it was stirred overnight, the solution was analyzed
by °F NMR spectroscopy. Only the starting phosphine oxide was

otherwise noted. THF and other solvents were saturated with argo
and purified by passage through activated@l columns under
an argon atmospherfeiir-sensitive manipulations were carried out
under a nitrogen atmosphere. All flasks, pipets, syringes, NM
tubes, and other glassware used in oxidation reactions were
thoroughly rinsed with freshly purified THF and dried briefly at
100°C before use. Complexdsand2 were prepared as previously
described.

Physical MeasurementsFT-IR spectra were recorded on a Bio-
Rad FTS-135 instrument, UWis spectra were recorded on a
Hewlett-Packard 8453 diode-array spectrophotometer; mass spectr,
were recorded on an Agilent 1100 Series LC/MSD system; and
1H, 13C, and®'P NMR spectra were recorded on a Varian Mercury detectepl_. . o
300 MHz spectrometer or an Inova 500 MHz spectrometer. Proton dentification of THF O_X|dat|on Prod_uct_s by *H NMR
chemical shifts are reported versus tetramethylsilane and calibrateoSpeCtrOSCOpyA repre.sentatlve.procedure is given. Comp2§2.5
using residual solvent peak®F NMR spectroscopic data were mg, 1.8umol) was dissolved n 11 m_L of THF under;Nin a )
collected on an Inova 500 MHz spectrometer using an external separate vessel, a_lstc_Jck solution of tris(4-fluorophenyl)phosphine
CFCl, standard. Acquisition parameters were optimized for a 2.0 (2-2 Mg, 7.Qumol) in air-saturated THF (3.5 mL) was prepared. A
mM solution of tris(4-fluorophenyl)phosphine (pw(98) 7.9 us, 0..7 mL aliquot of this solution was a}dded to an NMR tube.along
dl=125s, nt= 2, sw= 9429.5, tof= —2486.6). All spectra with 50 uL of ds-benzene for locking purposes. Just_pnor to
were recorded at 26C. measurement, 4L (0.5 mol %) of the catalyst stock solution was

Phosphine Oxidation in THF. Catalyst2 (2.2 mg, 1.6umol) added to _the NMR tupe and the contents were thoroughly mixed.
was dissolved in 1.0 mL of THF under a nitrogen atmosphere. In The reaction was monitored Byt NMR spectroscopy over a period

a separate vessel, tris(4-fluorophenyl)phosphine (5.1 mg6d) of 18 h Identification of 3-hydroxyprppylformate,(Chart 2) after
was dissolved in 6.0 mL of freshly purified, air-saturated THF. To d€tection by'H NMR spectroscopy in THF(7.8 (s, CHO), 4.1

an NMR tube were added 0.6 mL of the phosphine stock solution (i ~CH2)) is discussed below. The products 2-hydroperoxy-
and 0-450 uL of THF. The catalyst stock solution (5@00 uL) tetrahydrofuran 4), butyrolactone %), and butyrolactol ) were

was introduced just before measurement to give a final volume of identifieql by_ compar_ison to authentic sample_s. .
0.80 mL, a phosphine concentration of 2.0 mM, and-1L0 mol Autoxidation of Tris(4-fluorophenyl)phosphine and THF in

% catalyst relative to phosphine. The reaction was monitored by the Absence f)f Cgtalyst.A 2.0 mM solution of tris(4-fluoro- .
195 NMR spectroscopy. phenylphosphine) in THF was prepared and allowed to stand in

Phosphine Oxidation in Other Solvents. Reactions were air. Aliquots of 0.6 mL were periodically removed, mixed with
performed in a manner similar to that described above but in de-benzene _(SQ‘L)' _and anal_yzed byH NMR SpeCtrOSCOPy' In
the dark, this solution remained unchanged over a period of 23

(7) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; days. When it was subsequently exposed to ordinary room light,
Timmers, F. JOrganometallics1996 15, 1518-1520. slow autoxidation occurred. The evolution of formadeand
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phosphine oxide occurred during the first 2 days, and formation of

Phosphine Oxidation in the Presence of 2,4-Diert-butyl-

2-hydroperoxytetrahydrofuran was readily apparent once the phos-phenol. 1. With Catalyst. An NMR tube was charged with tris-

phine was fully consumed.

Isolation and Identification of 3-Hydroxypropylformate (3).
Dioxygen was bubbled through a solution of complexl2 mg,
8.9 umol) in THF (5.5 mL) at—78 °C for 30 min. After 12 h at

(4-fluorophenyl)phosphine (@mol) and 2,4-ditert-butylphenol (2.1
umol) in 800 uL of THF. Just prior to measurement, catalyst
(0.18 umol, 20 mol %) in 100uL of THF was added and the
contents were vigorously shaken. The reaction was followed by

—78°C, N, was bubbled through the solution for 15 min, and the °F NMR spectroscopy. After 2 h, the solvent was evaporated and
vessel was allowed to come to room temperature. The catalystthe solids were taken up in CDLCA *H NMR spectrum confirmed
solution was then added to a solution of tris(4-fluorophenyl)- full conversion of the phosphine to phosphine oxide; the phenol

phosphine (500 mg, 1.60 mmol) in air-saturated THFQO0 mL),

and the mixture was stirred in the air and monitored by TLC until

remained intact, with no trace of any radical-mediated dimerization.
2. Without Catalyst. A solution of tris(4-fluorophenyl)phosphine

phosphine oxidation was nearly complete. At this point, a second (2.5 mg, 0.008 mmol) and 2,4-tért-butylphenol (1.6 mg, 0.016
aliquot of (4-fluorophenyl)phosphine (500 mg, 1.60 mmol) was mmol) in 4.0 mL of THF was allowed to stand exposed to room
added and stirring was continued until the reaction was near light and air. A control experiment was run in parallel which
completion. An additional 200 mg of phosphine was added to contained no phenol. After 5 days, the reactions were analyzed by
prevent formation of peroxide-derived products, and the reaction 'H NMR spectroscopy, with a few drops of addiebenzene. The
mixture was filtered through silica. The volume of the solution was control experiment had reached 100% conversioB &md phos-

reduced to about 100 mL. Toluene§0 mL) was added, allowing
removal of the remaining THF without loss of volatile oxidation

phine oxide, and oxidation of THF to the hydroperoxide was in
progress. The reaction containing 2,4telitbutylphenol had

products, and the solution was further concentrated. Column reached 70% conversion; the phenol remained unchanged.

chromatography on silica (3240% ethyl acetate/pentane) afforded
formate 3, which was identified by COSY, HSQGH, and °C

Phosphine Oxidation in 1,3-Dioxane A 1.6 mM solution of
complex2 in CH,Cl, was prepared. A 170L portion (0.27umol,

NMR  spectroscopy. The assignment was later confirmed by 5 mol %) of this stock solution was added to a vial and the solvent
comparison of the NMR, IR, and mass spectra with those of an removed with a stream of nitrogen. To each of two clean vials were

authentic sample (see below).
Independent Synthesis of 3-Hydroxypropylformate (3)Acetic

added tris(4-fluorophenyl)phosphine (1.7 mg, @rol) and 2.7
mL of 1,3-dioxane. The contents of one of these vials was added

formic anhydride was prepared by dropwise addition of formic acid to the metal complex. Phosphine oxidation proceeded at similar

to acetic anhydride and heating at-550 °C for 2 h8 After the

rates, reaching completion after about 2 days. Forndateas

reaction was cooled to room temperature, 4.44 g (30 mmol mixed produced in tandem with phosphine oxide, as determined by GC-
anhydride, assuming quantitative yield) of this solution was added MS and!H NMR spectroscopytH NMR (in neat 1,3-dioxane with

dropwise to a solution of 1,3-propanediol (2.17 mL, 30 mmol) in
pyridine (40 mL) at—40 °C. The reaction was stirred at°C for
2 h and allowed to stand overnight &20 °C. The pyridine and

50 uL of de-benzene):o 7.80 (s, formate €H), 4.05 (t,a-CHy).
EI-MS: m/z 104 (M*).
Decomposition of 2-Hydroperoxytetrahydrofuran. ds-Benzene

acetic acid were removed by distillation. About 300 mg of the (50 ;L) was added to a 30 mM solution of 2-hydroperoxytetra-
remaining mixture of monoformate, diformate, and unreacted diol hyqrofurad (0.7 mL, 0.02 mmol) in THF. Just prior to measure-

was chromatographed on silica (280% ethyl acetate/hexanes)
to provide 96 mg of the desired monoformalid. NMR (CDCly):
0 8.09 (s, 1H), 4.34 (t) = 6.1 Hz, 2H), 3.74 (t) = 6.1 Hz, 2H),
1.92 (m, 2H).13C NMR: ¢ 30.59, 58.58, 62.29, 165.14. IR: 3370
(vo-n), 1723 cm! (ve—g). MS (El): m/z 104 (M').

Phosphine Oxidation in the Presence ofO,. Complex2 (3.4

ment, catalys® (1.4 mg, 1.0umol, 5 mol %) was added, and the
reaction was monitored b¥H NMR spectroscopy. Under these
conditions, the hydroperoxide decomposed to a mixture consisting
mainly of butyrolactone and small amounts of butyrolactol and
formate3.

The above reaction was repeated in CP®ith no THF. The

mg, 0.0025 mmol, 5 mol %) and (4-fluorophenyl)phosphine (15.8 30 mm solution was concentrated in vacuo, leaving 2-hydroper-

mg, 0.050 mmol) were dissolved in 25 mL of THF underiN a

Schlenk flask. The volume above the solution was evacuated, and

the reaction was exposed to a large exces$@f (250 mL, 11.2
mmol). The solution was cooled t678 °C for 3 min, and the flask

oxytetrahydrofuran as a clear liquid. The peroxide (20 mg, 0.19
mmol) was dissolved in CDg| catalyst2 (5 mol %) was added,
and the reaction was monitored byH NMR spectroscopy.
Butyrolactone and butyrolactol were observed, along with several

was closed and allowed to stand at room temperature for 1 h. nidentified decomposition products.

Analysis of the products by gas chromatography/electron impact

mass spectrometry showed incorporation of two atoni$®@finto
formate3. EI-MS: m/z 108 (M*).

Effect of 2,6-Di-tert-butyl-4-methylphenol on Phosphine Oxi-
dation. To each of four NMR tubes was added a solution of tris-
(4-fluorophenyl)phosphine (Zmol) in 400uL of THF. To two of
these tubes was added 2,6télit butyl-4-methylphenol (2. kmol)
in 400uL of THF. The contents of the other two tubes were diluted
with 400 uL of THF. Just prior to measurement, a solution of
catalyst2 (0.18 umol, 20 mol %) in 100uL of THF was added

Decomposition of 2-Methyl-1-phenyl-2-propylhydroperoxide
(MPPH) (Chart 3). MPPHY (1.0 g, 6.0 mmol) was dissolved in
100 mL of THF, and a solution of cataly&t(8 mg, 6umol, 0.1
mol %) in 3.7 mL of THF was added. The reaction mixture was
stirred until the hydroperoxide was consumed, and the solution was
flushed through silica with additional THF to remove the metal
complex. After concentration in vacuo, the residue was chromato-
graphed to provide a mixture of benzyl(1-benzyl-1,1-dimethylm-
ethyl)peroxide 7) (206 mg, 0.80 mmol)H NMR (CDCl): ¢
7.39-7.23 (m, 10H), 4.99 (s, 2H), 2.87 (s, 2H), 1.19 (s, 6HE

and the contents were vigorously shaken. The reactions WereNMR: 6 138.9. 137.1. 131.7. 130.2. 129.4. 129.3. 128.9. 127.2

followed by F NMR spectroscopy. At 600 s, the reactions g3 4 779 4555, 24.7), di(1-benzyl-1,1-dimethylmethyl)peroxide
containing no phenol were complete, whereas those with phenol

had reached only 25 and 27% conversion.

(9) Robertson, ANature 1948 162, 153.
(10) Arends, I. W. C. E.; Ingold, K. U.; Wayner, D. D. M. Am. Chem.
Soc.1995 117, 4710-4711.

(8) Krishnamurthy, STetrahedron Lett1982 23, 3315-3318.
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(8) (530 mg, 1.78 mmol)H NMR (CDCly): 6 7.3—7.2 (m, 10H),
2.89 (s, 4H), 1.22 (s, 12H}3C NMR: ¢ 138.6, 131.4,128.9, 127.2,
83.8, 44.9, 24.3; MS(APCI):m/z 149 ((M/2)"), 133 ((PhCH-
CMey) ™)), and a small quantity of bibenzydY (*H NMR (CDCly):

8 7.35-7.17 (m, 10H). 2.94 (s, 4H)).

Results and Discussion

Reaction of complexX with dioxygen in THF at-78 °C
generates an EPR-silent, blue-green species exhibitirggMo
bauer and UV parameters consistent witlu-4,2-peroxo
diiron(lll) species, analogous to the peroxo intermediate in
the oxidation of MMOH? When warmed to room temper-
ature, this species converts to thvegxo)diiron(lll) complex

Moreira et al.
Scheme 2

Fell Fe'

— +

Ph3P=O

in Scheme 1. Cataly& is inert to dioxygen in the absence
of phosphine, and conversel,does not react with phos-
phine in the absence of dioxygen; an observable reaction
takes place only in the presence of all three components.
The cycle in Scheme 1 could accommodate this requirement
if complex 2 and triphenylphosphine were to exist in a
disfavored equilibrium with the diiron(lll) complet and
triphenylphosphine oxide (Scheme 2). In such a case,
complex1 would be present in such small quantities as to
be experimentally unobservable but perhaps sufficient to
facilitate catalytic turnover. This possibility was eliminated
by the failure ofl to react with triphenylphosphine oxide to
form 2 and triphenylphosphine.

The catalysis is also strongly dependent upon solvent.
When exposed to air in the presence of 5 mol % catalyst,
the phosphine oxidation in THF is complete within a few
minutes. In diethyl ether or methtert-butyl ether, solvents
in which the catalyst is significantly less soluble, the reaction

2. Triphenylphosphine, added before or after generation of proceeds much more slowly, generally reaching about 50%
0.1-20 mol %2 in the presence of dioxygen, is cleanly and completion after 12 h. No oxidation is observed in toluene,
quantitatively transformed to its corresponding oxide. Com- dichloromethane, chloroform, acetone, or acetonitrile. The
plex 2 is the only spectroscopically observable metal speciesreactivity in ethers suggested the possibility of a radical
during the reaction and can itself be isolated and used as anechanism; however, addition of the radical inhibitors 2,6-
catalyst. From this limited information, we initially consid-  di-tert-butyl-4-methylphenol and 2,4-dért-butylphenol did

ered a cycle similar to that in Scheme 1, which parallels not prevent phosphine oxidation, and no products of phenolic

that of MMO (Figure 1).

Among other mono- and dinuclear iron complexes inves-
tigated, many of which are close structural analogue$ of
or 2, only those in which the diiron center is bridged by two

hydrogen abstraction were formed, as determinedtby
NMR spectroscopy.

The requirement of ether solvents suggested direct in-
volvement of the solvent in the catalytic cycle. GC-MS and

terphenyl-derived carboxylate ligands are able to catalyze 'H NMR spectroscopic analyses led to the identification of

phosphine oxidation. Notably, whereas doubly terphenyl-
carboxylate-bridged complexes [e-O)(u-O,CAr™,-
(HBpz),] (10) and [Fe(u-O)(u-OCAr* ™),(HBpz),] (11)

are catalytically active, the related diacetate compoung [Fe
(u-O)(OACkK(HBpz),] (13),** and even the mixed acetate-
terphenylcarboxylate complex [Ka-O)(u-O,CArT)(u-
OAc)(HBpz);] (12), are inactive. The presence o¢fvo

the products 2-hydroperoxytetrahydrofurdy putyrolactone

(5), and butyrolactol §). Compounds4—6 form upon
treatment of THF with catalyst and dioxygen, even in the
absence of a phosphine substrate. The products of this
reaction differ from those of uncatalyzed THF autoxidation
at 40°C in air, in which 2-hydroperoxytetrahydrofurag) (
forms as essentially the sole product, along with a trace

terphenylcarboxylate ligands is therefore necessary for amount of butyrolactone.

catalysis. This stringent structural requirement appeared to  We considered the possibility that hydroperoxitls the
support a mechanism in which the phosphine substrate isprimary oxidation product and that the phosphine oxide forms
oxidized at the metal center. Electrospray ionization mass in a subsequent reaction with Indeed, triphenylphosphine

spectrometric analysis of analog® indicates facile loss

and P(AfM); are rapidly and quantitatively converted to the

of one carboxylate ligand, suggesting that partial or complete corresponding oxides in the presencetpforming butyro-
carboxylate dissociation promoted by steric crowding may lactol as a byproduct. Further experiments indicated, how-
be a prerequisite to catalysis, perhaps to open space for arever, that this reaction is not the source6oih the metal-

incoming substrate. Other terphenylcarboxylate-bridged com-

plexes are believed to undergo similar rearrangem@érats,
does the active site of MMOH.

catalyzed reaction. Compounds-6 do not begin to form
until the phosphine oxidation is nearly complete. Careful
analysis of the metal-catalyzed reaction revealed a small

Nonetheless, we noted several features of the phosphineamount of a fourth THF-derived compound, which was
oxidation that could not be explained by the transformations isolated and determined to be the-C bond-cleavage

(11) Armstrong, W. H.; Spool, A.; Papaefthymiou, G. C.; Frankel, R. B.;
Lippard, S. JJ. Am. Chem. S0d.984 106, 3653-3667.
(12) Lee, D.; Lippard, S. dnorg. Chem.2002 41, 2704-2719.
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product 3-hydroxypropylformated). Real-time monitoring
of the reaction by'H NMR in nondeuterated THF (Figure
2) showed that this ring-opened compound, which incorpo-
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Figure 2. A sampleH NMR spectrum taken during the phosphine oxidation reaction in neat THF. Only THF is visible in the full spectrum. Expansion

of the baseline area in the region6.5—8.5 shows G-P(Ar*F); and the formate CH of THF oxidation product 3-hydroxypropylform&g és well as
ds-benzene (inset A); 2-hydroperoxytetrahydrofurd)y putyrolactone §), butyrolactol ), and compoun® show peaks betweeh 4.0 and 5.5 (inset B).

40 v Yo

a v
s Vo
30 ¢ o 7 v £
a
» v
s v 3
- VVV
k< a v a
[} s ¥ o
o vo O~ OH
I 20 [ v R
va
E 0?8e°°°
5} v nocooooo < OOH
o v oo <<
v s000 __coo
57000 B
10 - v o%a 4
v oo” 2a < > B>
oo > > OH
v _ oo < > >
E > so0 0
v .o 2 a9 e’ o
a0 s s 5828800 °%0
035538
QfFepmooeanaoaoaan @oave 1] o &O

Time (h)

Figure 3. Consumption of phosphine and formation of phosphine oxide
and THF oxidation products during the course of the oxidation reaction in
the presence &. Conditions: 2.0 mM tris(4-fluorophenyl)phosphine, 0.10
mM 2, and THF as solvent. The reaction was run in the NMR tube with 50
uL of ds-benzene added as a magnetic lock.

rates two new oxygen atoms, is the sole THF oxidation
product formed during phosphine oxidation. Compotnd
is produced cleanly and catalytically in a 1:2 stoichiometry

Scheme 3
[ ]
H )Lo/\/\o H IH
o) [Fex0] VAL
U
18 or
o, 0
PAr,

HJ\O/\/\OH 14

The mass spectra & generated from oxidations /O, vs
180, are compared in Figure 4. The'\Mpeak from theO,
experiment occurs at/z = 108, four mass units above the
molecular weight of PO]-hydroxypropylformate, indicating
that two'80 atoms have been incorporated. Its low intensity
is typical of primary alcohols. The fragmentation patterns
are characteristic of formates and primary alcohols. The
fragment [HC(O)OCHCHj] results from loss of hydroxy-
methylene; protonation of this fragment gives an iom

74, observed in the mass spectrum of th@-formate
standard. In thé®O labeling experiment, peaks of equal
intensity are seen far/z = 76 and 78, indicating incorpora-
tion of 1.5 80 atoms into this fragment. Elimination of
formic acid gives fragments [GI@HCH,O] and [CH-

with respect to the phosphine oxide (eq 1). It ceases to form CHCHOH], which ionize to givem/z = 57 and 58. In the

[Fe,0]
2Ar,P+ 20, + THF
cat.

2Ar,P=0 + HC(O)OCHCH,CH,0H (1)

labeling experiment, these peaks remain, but signats/at

= 59 and 60 of equal intensity are also present, indicating
50% incorporation of®O at the terminal hydroxyl group.
The equal distribution of the label between the hydroxy and
formate sites suggests a symmetric intermediate of general

On|y when the phosphine Supp|y is exhausted, at which point structurel4, which is further discussed below. The signal

compounds4—6 begin to accumulate. The kinetic data,
summarized in Figure 3, implicate the phosphine as a
sacrificial reductant in the €C bond-cleavage reaction. To
the best of our knowledge, although carbaarbon bond

atnvz = 88 is the molecular ion peak ofD]-butyrolactone,
which overlaps slightly with that of formate in the gas
chromatogram.®0 was incorporated into 100% of the
phosphine oxide.

cleavage between the 2 and 3 positions of THF has been Formate3is also generated, together with the phosphine

reported.®4 conversion to compound is unprecedented.
In fact, efficient methodology for the selective synthesis of
monoformylated diols is conspicuously lacking in the
literature.

Experiments conducted in the presence '@, using
P(Ar*H); as substrate resulted in 100% incorporatiortéaf
at one of the formate oxygen positions 8fand 50%
incorporation at the other two oxygen positions (Scheme 3).

(13) Suginome, H.; Wang, J. B. Chem. Soc., Perkin Trans199Q 2825~
2829.

(14) Straub, T.; Koskinen, A. M. Fnorg. Chem. Commur2002 5, 1052
1055.

oxide, in the autoxidation of PAAr = Ph, Arf) in the
absence of cataly& Provided that glassware is thoroughly
rinsed with freshly distilled THF just before use and the
reaction vial is exposed to ordinary room light, the autoxi-
dation of P(Af"); reaches completion within-23 days (as
compared with 510 min with 5 mol % catalyst). If the
glassware is not rinsed with freshly purified solvent, the
oxidation is often complete in under 12 h, presumably due
to initiators present on the glass in trace quantities. The
reaction requires light; in an experiment where the solution
was kept in the dark, only unoxidized phosphine was detected
after 23 days. As in the process catalyzed2pyormation
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by abstracting a hydrogen atom from thgosition of THF
’ If 108 and possibly by promoting its reaction with dioxygen to
R T T Y provide peroxy radicale.
That4 is not observed as a product until the phosphine
Figure 4. (A) EI-MS of formate3. (B) EI-MS of compound3, derived substrate has been fully converted requires much faster
from THF and“0,. consumption ofL6 by the phosphine than by THF solvent.
This difference in rates is expected. The reactivities of
secondary ether peroxy radicals, suchlésare similar to
those of structurally related secondary hydrocarbon peroxy
radicals® which are 4-8 times more reactive thatert-

of 3 ceases after phosphine oxidation is complete, and
2-hydroperoxytetrahydrofuran begins to build up. In the
absence 02, however, the hydroperoxide is the only product

:g:;nz(icaglt::aggﬁsﬁ] hl[?z ;?ngﬂfgghlh:riyaﬁzrzgg the butylperoxy radicals in addition reactiotfslf we assume a
.similar difference in reactivity of these peroxy radicals
between the metal-catalyzed and uncatalyzed processes IS ward PP and P(AF)s, for which the rates of reaction
the metal-catalyzed formation of butyrolactol and butyro- with t-BuOC have beer?measur &lithe rate constants for
Ia(_:tone following phos'p.hine consumption..These compounds[16 + PAr, — products] should be 6105 M1 s-* at 298
gnse;rom decomdpgsmon of hyd;qurox@?y Icomplﬁx . . The reaction ofl6 with these triarylphosphines should
, as demonstrated by treatment of independently synthesize herefore easily outcompete the rate-limiting propagation step

4 with 2in either THF or CDG . in the autoxidation of THF, in which peroxy radicab
T.O address whether the decom.p05|t|c.m4oi'nvolves a  abstracts a hydrogen atom from the ether solvient(1.1
radlcal_or nonradical pathyvay, we investigated th_e reaction M~ s-3).18 Thus, rapid reaction of triphenylphosphine with
of 2 with the hydroperoxide probe MPPH.Reaction of 16 will provide a transient but comparatively more stable

. o i .
MPPH W'th 0.1 mol 92 in THF results or_lly in products of phosphoranyl radicdl?. Loss of phosphine oxide drives the
homolytic O-O bqnd cleavage, predomlngntly compounds fragmentation of this species with concomitant C bond
7 ands, anngl V.V'th a small amount of b|bgnzy9)( No cleavage to give radical8, which is stabilized by the
products containing the tetrahydrofuranyl moiety are form(_ad. presence of two oxygen atoms adjacent to the radical center.
Alcohol 15 (Chart 3), the expected product of heterolytic Radicall8is an intermediate in oxidations of 1,3-dioxane
decomposition, is not observed. Therefore, it is likely that a known source of formatd.1-2% Reaction of18 ’vvith o '
decomposition oft also occurs by a homolytic-©0 bond- ' 2
cleavage process. (15) Cheniel_’, J. H. B.; Finkelman, M.; Howard, J. Rtepr. Am. Chem.
The observation of nearly identical reaction pathways in Soc., Db. Pet. Chem1969 14, A107-A113.

. (16) Howard, J. A.; Ingold, K. UCan. J. Chem1968 46, 2661—2666.

the presence or absence of catalyst under two different(17) Furimsky, E.; Howard, J. Al. Am. Chem. Sod973 95, 369-374.

reaction conditionsi.e., in the presence and the absence of (18) Howard, J. A. InPeroxyl ITadcijcalsAlfassri], Z., Ed.; John Wiley &
i ; ; Sons: West Sussex, England, 1997; Chapter 10.
phosphme—strongly suggests that a common intermediate (19) Elad, D.; Youssefyeh, R.gIIetrahedron Le?tl%a 4,2189-2191.

is at work in all four cases. The most plausible role for (20) Lalande, R.; Mailiard, B.; Cazaux, Metrahedron Lett1969 10,

catalyst2 is to serve as an initiator in a non-metal-centered 745-748. . .
y (21) Filliatre, C.; Brigand, G.; Lalande, Rull. Soc. Chim. Fr1971, 1,

process, probably involving free radicals. The mechanism 170-176.

in Scheme 4 proposes a common peroxy radical intermediate(22) Trifonova, V. N.; Zorin, V. V.; Zlotskii, S. S.; Rakhmankulov, D. L.
(16) for both phosphine oxidation and phosphine-free Z: Org. Khim.1982 18, 10501053,
p p p p (23) Schuchmann, H.-P.; von Sonntag,Gan. J. Chem1985 63, 1833~

pathways. In this mechanism, comp[initiates the process 1839.
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Catalytic Oxidatve Ring Opening of THF
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provides radical 9, which is reduced by a second equivalent terphenylcarboxylate ligands has been observed in NMR
of phosphine and abstracts a hydrogen atom from THF, studies of related carboxylate-bridged diiron complékas
propagating the cycle (Scheme 4). The resulting symmetricwell as in the ESI-MS spectrum of catalytically active
compound,14, is unstable and will cleave at either of the analogu€lO (vide supra). A plausible initiation mechanism
two orthoformate €O bonds to give format8, accounting would parallel the M*/M?* redox mechanism operative in
for the result of the'®O labeling study. Control reactions one-electron oxidations of electron-rich organic substrates
confirmed that phosphine oxidation in 1,3-dioxane does by F&' and C3" salt$> 28 and in Fé"- and Mr¥"-promoted
indeed generate forma8 The reaction proceeds at similar autoxidations of organic solvert$We propose the sequence
rates in the presence or absence of catdydthis solvent illustrated in Scheme 5, whereby hydrogen atom abstraction
would therefore appear to be a poor substrat@f@nd the from the coordinated solvent molecule results in a hydroxo-
observed reaction is probably a standard free-radical autoxi-bridged, mixed-valent Fe(ll)Fe(lll) specie®), and a THF
dation process, consistent with Scheme 4. After the con-
sumption of phosphine, or in its absence, peroxy radi6al  (24) Zlotsky, S. S.; Nazarov, M. N.; Kulak, L. G.; Rakhmankulov, D. L.
abstracts a hydrogen atom from THF to give hydroperoxide (5 fqﬁarf'ﬁtj;%ﬁi?iggf ﬁi;‘;y‘;fylﬁféhem. Re. 1994 94, 510-564.
4, which is then slowly decomposed by catalgst (26) Bawn, C. E. H.; Jolley, J. EProc. R. Soc. London, Ser.1®56 237,
The preference of gatalyé& for TH!:. oyer Oth.er ethers 27) ige?bg,lé: |.; Dessau, R. M.; Koehl, W. J.,JrAm. Chem. So4969
strongly suggests a direct and specific interaction between" 91 6830-6837.
the solvent and the dimetallic center. The steric bulk of the (28) Dessau, R. M.; Shih, S.; Heiba, E.J.. Am. Chem. Sod97Q 92,

. . . . 412-413.
tWO. brlldgmg C".’lrboxylates should f.aCII!tate the I|g&1_pd dis- (29) Ingold, K. U. InLipids and Their OxidationSchultz, H. W., Day, E.
sociation required for THF coordination; the lability of A., Eds.; Avi Publishing Co.: Westport, CT, 1963; Chapter 5.
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Figure 5. Effects of 2,6-ditert-butyl-4-methylphenol (BHT) on the rate
of tris(4-fluorophenyl)phosphine oxidation. Conditions: 0.83 mM P{ar
0.17 mM2, and THF as solvent; the reaction was run in air.

radical. The latter can react with dioxygen to give peroxy
radical 16 either within or outside the metal coordination
sphere; the former might react with dioxygen or peroxides
to regenerate theufoxo)diiron(lll) species?

Last, we revisited the experiments with radical inhibitors
2,6-ditert-butyl-4-methylphenol (BHT) and 2,4-deért-but-
ylphenol. It was previously reporteéthat addition of BHT

Moreira et al.

Scheme 6
tBu
OH
< e
tBu £BU
OH
tBu
21
Conclusions

The present study reveals that the catalytic conversion of
triarylphosphines and dioxygen to triarylphosphine oxides
in the presence of diiron complexdsor 2 is coupled to
oxidation of THF to afford the unprecedented ring-opened
product 3-hydroxypropylformate3). The corresponding
uncatalyzed reaction, while slow, is similarly coupled and
provides the same products. Labeling studies Wit and
experiments in 1,3-dioxane support passage through the
cyclic intermediatel4, which results from carboncarbon
bond cleavage between the 2 and 3 positions of THF. These
and additional findings provide evidence for a solvent-
assisted autoxidation reaction initiated by hydrogen abstrac-
tion from THF by catalys. We cannot completely exclude
the possibility that parallels between catalyzed and uncata-
lyzed systems are coincidental and that the diiron complex
does in fact directly mediate the phosphine oxidation. Indeed,
a carboxylate-bridged diiron complex related2das now
been developed in our laboratory which is capable of catalytic

to the triphenylphosphine oxidation reaction in the presence phosphine oxidation in acetonitrile, dichloromethane, and
of 20 mol % catalyst does not inhibit the reaction. We benzene; the last solvent, especially, is less likely to
reinvestigated the effect of BHT and found that, although propagate radical chemist#yThe difficulty in distinguishing
phosphine oxidation indeed occurs in its presence, thebetween radical and metal-centered pathways in catalytic
reaction rate is significantly retarded (Figure 5). oxidation chemistry is highlighted by recent reinvestigations
We had also previously observed that 2,4ati-butylphe- of several iron-based systems originally believed to operate
nol had no effect on the catalyzed phosphine oxidation. by nonradical mechanism&?*>33The present report joins the
Reexamination of the effects of this radical inhibitor revealed aforementioned works as a reminder that understanding and
that, even in an uncatalyzed autoxidation of Py 2,4- controlling O—0O bond reactivity will continue to challenge
di-tert-butylphenol does not react to form the expected radical chemists at the most fundamental level into the future.

product21 (Scheme 6) and remains unchanged throughout A ¢howiedgment. This work was supported by grants
the phosphine oxidation process. This resultimplies that, if 4o the National Science Foundation and the National
radicals are involved in the reaction, 2,4tdi-butylphenol it te of General Medical Sciences. R.F.M. is an NIH

is unsuitable for their detection under the conditions em- postdoctoral fellow on National Cancer Institute Training

ployed. The reasons for its failure may be debated, but itiS Gant 13504009112 and E.Y.T. held a Fulbright fellowship.
possible that the phenoxyl radical does not reach sufficiently |C049460+

high concentrations to dimerize at a competitive rate. The

above experiments demonstrate, however, that our earlierzi) carson, E. C.; Lippard, S. J. Am. Chem. So@004 126, 3412

experiments with radical probes do not constitute evidence @2) ?é413|- O W MacEaul P. A Indold. K. U.: W 5. DM
. . . H neigrove, D. ., MackFaul, P. A.; Ingola, K. U.] ayner, D. D. M.

for a metal-centered oxidation in this system. Tetrahedron Lett1996 37, 823-826.

(33) MacFaul, P. A.; Ingold, K. U.; Wayner, D. D. M.; Que, L., JrAm.
Chem. Soc1997 119 10594-10598 and references therein.

(30) Payne, S. C.; Hagan, K. $.Am. Chem. So200Q 122, 6399-6410.
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