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’ INTRODUCTION

Phosphines’ potential as reducing agents and affinity with an
oxygen atom have produced numerous useful reactions over the
past century.1 Generally, tertiary organophosphines such as
triphenylphosphine are activated by electrophiles, which are
potential oxidants, to generate highly reactive phosphonium
ion intermediates (Scheme 1). Appel reaction, which is a method
for direct transformation of alcohols into corresponding alkyl
halides, is a typical example.2,3 In this reaction, triphenylpho-
sphine is activated by molecular halogens or tetrahalocarbons to
generate a triphenylphosphonium halide, followed by reaction
with alcohols to give corresponding alkyl halides via alkoxypho-
sphonium ion. Mukaiyama and co-workers reported oxidation�
reduction condensation for the synthesis of esters or amides,
which is mechanistically quite different from simple dehydrated
condensations.4 Oxidative activation of triphenylphosphine by
di(2-pyridyl)disulfide causes generation of acyloxyphosphonium
ion intermediates from carboxylic acids, and the reaction with
alcohols or amines gives corresponding esters and amides.4

Recently, various reaction systems of the oxidation�reduction
condensation have been reported.5�8 Mitsunobu reaction is a
similar method using diethyl azodicarboxylate as an oxidant, but
stereochemical inversion of secondary alcohols occurs via alkox-
yphosphonium ion intermediates.9�12 The above examples
demonstrate that highly reactive electrophiles (oxidants) are
commonly required for the activation of alcohols or carboxylic
acids using triphenylphosphine. On the other hand, molecular
oxygen is an ideal oxidant from an economical viewpoint, but it is
used in only special cases because of the inefficient oxidation
activity. Therefore, efficient catalysts or devices are necessary to
incorporate molecular oxygen into a practical oxidation process.13,14

Among studies on aerobic oxidation, results of numerous investiga-
tions into structures and functions of heme-type or nonheme-type
enzymaticmodels, such as cytochromeP450, that activatemolecular

oxygen have been reported.15�17 Biomimetic high-valent oxoir-
on complexes generated by activation of molecular oxygen have
been shown to have interesting functions, such as direct oxyge-
nation of hydrocarbons.18�25 Commonly, organophosphines are
easily oxidized into corresponding phosphine oxides by these
biomimetic complexes.15,26 However, we found a rare example
that triphenylphosphine was catalytically activated into triphe-
nylphosphonium ion by molecular oxygen of air with the aid of
iron phthalocyanine (Scheme 1).27,28 Herein, we report a novel
esterification reaction29 that strongly suggests iron-catalyzed
aerobic activation of triphenylphosphine.30,31

’RESULTS AND DISCUSSIONS

To optimize reaction conditions, 3-phenylpropanol (1a) and
4-nitrobenzoic acid (2a) were chosen asmodel substrates (Table 1).
Treatment of amixture of these startingmaterials in heating THF
with triphenylphosphine (2 equiv) and a catalytic amount of iron
phthalocyanine (5 mol %) under air gave corresponding ester 3a
in 30% yield along with triphenylphosphine oxide (entry 1).
Results of screening of several solvents indicated that the use of
MeCNwas suitable in this reaction (entries 2�4). Since the reaction
was not completed even when the reaction time was prolonged,
the use of additives was tested with intent to promote the reaction.
Addition of a catalytic amount of pyridine or 4-(dimethylamino)-
pyridine (DMAP) to the reaction mixture caused a decline in
yield (entries 5 and 6).32,33 When a catalytic amount of pyridine
N-oxide was employed, clear acceleration of the reaction was
observed by TLC or GC analysis, but the reaction was not
completed yet (entry 7).34 4-(Dimethylamino)pyridine N-oxide
(DMAPO)35 was ineffective in this reaction (entry 8), whereas
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the use of 4-methoxypyridine N-oxide (MPO) enabled comple-
tion of the reaction in a short time with an excellent yield of
3a (entry 9). In reactions using pyridine, DMAP, and DMA-
PO, the basicity or nucleophilicity of the nitrogen atom might
interrupt the work of an iron catalyst. Electronically richer 2,4-
dimethoxypyridine N-oxides (DMPO) did not give improved
results, probably due to the bulky 2-methoxy group (entry 10).
The reaction under pure oxygen atmosphere gave unchanged
results (entry 11). The reaction was sluggish at room tem-
perature (entry 12). It was found that both triphenylpho-
sphine and molecular oxygen are indispensable for the present

reaction (entries 13 and 14), and these results ruled out the
possibility of simple dehydrated condensation by an iron
catalyst.36

Scheme 1. Activation of Triphenylphosphine

Table 1. Optimizations of Esterification

entry solvent additive time (h) yield (%)a conv (%)b

1 THF 24 30 34

2 benzene 24 43 49

3 (CH2Cl)2 24 42 55

4 MeCN 24 52 56

5 MeCN Py 24 10 21

6 MeCN DMAP 24 28 35

7 MeCN Py N-oxide 24 63 66

8 MeCN DMAPO 24 35 35

9 MeCN MPO 10 94 96

10 MeCN DMPO 24 70 75

11c MeCN MPO 9 86 92

12d MeCN MPO 92 53 65

13e MeCN MPO 24 n.r.f

14g MeCN MPO 24 3 8
a Isolated yield of 3a. bConversion yield was determined by GC analysis
with dodecane as an internal standard. cUnder O2 atmosphere. dAt
room temperature. e In the absence of PPh3.

fNo reaction. gUnder argon
atmosphere. Py = pyridine. DMAP = 4-(dimethylamino)pyridine.
DMAPO = 4-(dimethylamino)pyridine N-oxide. MPO = 4-methoxy-
pyridine N-oxide. DMPO = 2,4-dimethoxypyridine N-oxide.

Table 2. Effects of Catalysts

entry catalyst time (h) yield (%)a conv (%)b

1 Fe(Pc) 10 94 96

2 FeCl(Pc) 8 89 96

3 FeCl(TPP) 22 2 15

4 Co(Pc) 30 5 11

5 Cu(Pc) 24 n.r.

6 InCl(Pc) 24 n.r.

7 Mn(Pc) 24 n.r.

8 Ni(Pc) 24 n.r.

9 TiO(Pc) 24 n.r.

10 Zn(Pc) 24 n.r.

11 ZrCl2(Pc) 24 n.r.

12 H2(Pc) 24 n.r.

13 none 24 n.r.
a Isolated yield. bConversion yield was determined by GC analysis with
dodecane as an internal standard.

Table 3. Scope of Alcohols

a Isolated yield. Ar = 4-nitrophenyl.
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Next, the effects of catalysts were examined (Table 2). The
reaction was independent of the oxidation state [Fe(II) of
Fe(III)] of the iron phthalocyanine (entries 1 and 2). Interest-
ingly, iron(III) tetraphenylporphyrin chloride [FeCl(TPP)] was
an ineffective catalyst (entry 3). The reason is unclear, but it is
known that the catalytic activity of metal phthalocyanines is dif-
ferent from metal porphyrins.37�39 Other metal phthalocyanine
compounds did not work as catalysts (entries 4�12). Cobalt and
manganese phthalocyanines, which resemble iron phthalocyanine

in behavior, were included in the above ineffective catalysts
(entries 4 and 7).40�42 No reaction was observed without a
catalyst (entry 13).

The scope of alcohols in the present reaction is shown in
Table 3. Several primary alcohols, 1a�e, afforded corresponding
esters 3a�e in moderate to good yields (entries 1�5). The
reaction of secondary alcohol 1f also readily took place (entry 6),
whereas a tertiary alcohol 1g gave ester 3g in very low yield (entry 7).
When optically active secondary alcohols 1h and 1i were used,
retention of the stereochemistry of products was observed
(entries 8 and 9). The reaction of phenol (1j) smoothly under-
went esterification to give phenyl ester 3j in good yield (entry 10).

Results of reactions and known pKa values (2a,g-i,n,p,q,r,t,
43

2c,d,s,u,44 2b,e,f,k�m,45 2j,46 2o47) of various carboxylic acids
2a�u are summarized in Table 4. A positive relationship
between the reactivity and acidity of 4- or 3-substituted car-
boxylic acids 2a�m was observed in this esterification reaction
(entries 1�13).48,49 Reactivity of 2-substituted carboxylic acids
2n�p was moderate, probably due to the steric effect (entries
14�16). The reaction of naphthalene-2-carboxylic acid 2q read-
ily proceeded to give ester 4q in good yield (entry 17). Reactions
of cinnamic acid (2r) and aliphatic carboxylic acid 2s afforded the
corresponding esters 4r and 4s in moderate yields, respectively
(entries 18 and 19). Reactions of secondary or tertiary carboxylic
acids 2t and 2u were sluggish due to their bulkiness and low
acidity (entries 20 and 21). In the case of several carboxylic acids
2, it was found that the change of concentration improved the
yield of products (entries 7, 9, 12, 14, 18 and 19).50

To obtain support of the reaction path, examinations using
18O-labeled starting materials were employed (Scheme 2).When
18O-labeled 4-nitrobenzoic acid (2a0, 86% 18O incorporation), in
which one oxygen atomwas replaced with an 18O atom, was used
with normal alcohol 1a, 18O-labeled ester 3a0 (45% 18O in-
corporation), in which an 18O atomwas incorporated into a carbonyl
oxygen atom, and 18O-labeled triphenylphosphine oxide (22% 18O
incorporation) were obtained, respectively. On the other hand,
the reaction of 18O-labeled 3-phenylpropanol 1a0 (92% 18O
incorporation) with normal carboxylic acid 2a gave 18O-labeled
ester 3a00 (91% 18O incorporation), in which one 18O was incor-
porated along with normal triphenylphosphine oxide. The produc-
tion of stereochemically retentive esters 3h and 3i (Table 3,
entries 8 and 9) and results of 18O-labeled examinations strongly
indicate that the present esterification passes through not an
alkoxyphosphonium ion (Mitsunobu reaction intermediate), but
an acyloxyphosphonium ion intermediate.51

Table 4. Scope of Carboxylic Acids and Effects of Acidity

a Isolated yield. bConcentration is 0.50 M. cConcentration is 0.15 M.
dConcentration is 0.05 M.

Scheme 2. 18O-Labeling Experiments
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On the basis of these results, a proposed reaction mechanism
is shown in Scheme 3. Iron(II) phthalocyanine complexA having
axial ligands such as triphenylphosphine or 4-methoxypyridine
N-oxide might be oxidized into high-valent oxoiron(IV) complex
B in the presence of oxygen.27,52�54 Single electron oxidation of
triphenylphosphine by complex B might take place to give
triphenylphophine cation radical E along with basic iron(III)
oxide complexC.55�59 Complex C would abstract a proton from
carboxylic acid 2 to give carboxylate F and iron(III) hydroxide
complex D, which could be reoxidized into complex B by
molecular oxygen.60Molecular oxygen that reacted with complex
D would be reduced into hydroperoxy radical, followed by
further redox reaction to give hydroperoxide. Hydroperoxide
might have an ability to oxidize iron phthalocyanine into complex
B. In addition, simple oxidation of triphenylphosphine by com-
plex B would take place to give triphenylphosphine oxide as a
competitive reaction.27

On the other hand, formation of the oxoiron(IV) complex
from iron phthalocyanine by oxygen is not sure, unlike iron
porphyrin complexes such as cytochrome P450.15 As an alter-
native intermediate, iron(III) phthalocyanine cation radical H,
which is probably the π-cation radical of the phthalocyanine
ligand, might be formed from iron(III) phthalocyanine inter-
mediateG by oxygen-mediated single electron oxidation. Highly
reactive radical cation H would participate in the oxidation step
of triphenylphosphine to give cation radical E.61,62 In this case,
superoxide or hydroperoxide anion generated by reduction of
oxygen would deprive a proton from carboxylic acids 2. In the
esterification step, coupling of cation radical E and carboxylate F
occurs with oxidation by molecular oxygen to give acyloxy-
phosphonium ion intermediate I. Intermediate I rapidly reacts
with 4-methoxypyridine-N-oxide to generate activated ester
intermediate J along with triphenylphosphine oxide.34,35 Attack
of alcohol 1 or carboxylic acid 2 to intermediate J affords ester
product 3 or carboxylic anhydrideK, which reacts with alcohol to
give ester 3.63,64

The detection of anhydride K gave insight into improvement of
the product yield.63 We tested a catalytic generation of a reactive
mixed anhydride in situ. Addition of a catalytic amount of 2-methyl-
6-nitrobenzoic acid (5) (0.1 equiv) to the reaction system employ-
ing carboxylic acid 2s improved the yield of ester 4s (53%f 81%)
(Scheme 4). Similarly, the yields of 4i (35%f 51%), 4r (47%f
75%), and 4t (40% f 58%) were greatly improved (Scheme 4).
Promotion of the reaction could be explained by the generation of
mixed anhydride L developed by Shiina.65

’CONCLUSION

We found a new method for esterification based on the con-
cept of iron-catalyzed oxidative activation of triphenylphosphine
by air. The use of an inexpensive and nontoxic iron catalyst and
air is economical and environmentally beneficial. Although many
examples of simple oxidation reactions with molecular oxygen
have been reported, the application of molecular oxygen, especially

Scheme 3. Proposed Mechanism

Scheme 4. A Modified Method of Esterification
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air, to more complex reaction systems and the development of
practical catalysts enabling it will be important subjects in the
future. Our present work demonstrated a conceptually new
approach to aerobic reactions and a large potential of an iron
phthalocyanine as a catalyst. Further efforts will be continued to
elucidate the whole aspect of the present catalytic system and
extent of various reaction systems.

’EXPERIMENTAL SECTION

General methods. All reagents were purchased commercially
and used without further purification. Melting points are un-
corrected. IR spectra were recorded on a commercial FT/IR
spectrometer. 1H NMR spectra were recorded on a 600 MHz
spectrometer; chemical shifts (δ) are quoted relative to tetra-
methylsilane. 13C NMR spectra were recorded on a 150 MHz
spectrometer with complete proton decoupling; chemical
shift (δ) are quoted relative to the residual signals of chloro-
form. Silica gel column chromatography was carried out on
silica gel 60N. Mass spectra were recorded in electron ioniza-
tion (EI), fast atom bombardment (FAB), or direct analysis in
real time (DART).
Typical Procedure of Iron-Catalyzed Esterification. A mix-

ture of 3-phenylpropanol (1a; 102 mg, 0.75 mmol), 4-nitroben-
zoic acid (2a; 138 mg, 0.825 mmol), triphenylphosphine (394
mg, 1.50 mmol), iron(II) phthalocyanine (21.3 mg, 0.0375
mmol), and 4-methoxypyridine N-oxide (9.7 mg, 0.075 mmol)
in MeCN (3 mL) was heated at reflux (bath temperature, 90 �C)
under air (balloon) for 10 h. The mixture was filtered, and the
solvent was removed under reduced pressure. The residue was
purified by silica gel chromatography (hexane�EtOAc, 15:1) to
give ester 3-phenylpropyl 4-nitrobenzoate (3a; 199.9 mg, 94%)
as a white solid. mp 44�45 �C (lit66. 44�45 �C). IR (CHCl3) υ
1720, 1530, 1348, 1275 cm�1. 1H NMR (600 MHz, CDCl3) δ
2.15 (2H, tt, J = 7.8, 6.6 Hz), 2.80 (2H, t, J = 7.8 Hz), 4.40 (2H,
t, J = 6.6 Hz), 7.20�7.23 (3H, m), 7.29�7.31 (2H, m), 8.16
(2H, d-like, J = 8.4 Hz), 8.28 (2H, d-like, J = 8.4 Hz). 13C NMR
(150 MHz, CDCl3) δ 30.0, 32.3, 65.3, 123.5, 126.1, 128.4,
128.5, 130.7, 135.6, 140.9, 150.5, 164.6. Anal. Calcd for
C16H15NO4: C, 67.36; H, 5.30; N, 4.91. Found: C, 67.50;
H, 5.48; N, 4.91. Triphenylphosphine oxide was also isolated
in reasonable yield, and spectral data accorded with the authentic
sample.
Experiment with 18O-Labeled 4-Nitrobenzoic Acid (2a0).

18O-Labeled 4-nitrobenzoic acid (2a0) was used in a typical
procedure. 18O-Labeled 3-phenylpropyl 4-nitrobenzoate (3a0;
45% 18O incorporation): IR (CHCl3) υ 1720 (Cd16O), 1695
(Cd18O) cm�1. MS (DART) ([M + H]+, rel intensity, %) 286
(100), 288 (80). (Normal 3-phenylpropyl 4-nitrobenzoate (3a):
MS (DART) ([M + H]+, rel intensity, %) 286 (100), 288 (3.1)).
18O-Labeled triphenylphosphine oxide (22% 18O incorporation):
MS (EI) (M+, rel intensity, %) 278 (71), 280 (20). (Normal
triphenylphosphine oxide: MS (EI) (M+, rel intensity, %) 278
(68), 280 (1.6)).
Experiment with 18O-Labeled 3-Phenylpropanol (1a0).

18O-Labeled 3-phenylpropanol (1a0) was used in a typical proce-
dure. 18O-Labeled 3-phenylpropyl 4-nitrobenzoate (3a00)
(91% 18O incorporation): IR (CHCl3) υ 1720 (Cd16O); MS
(DART) ([M + H]+, rel intensity, %) 286 (9.7), 288 (100).
Triphenylphosphine oxide (<2% 18O incorporation): MS (EI)
(M+, rel intensity, %) 278 (50), 280 (0.9).
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